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CONCEPTS

Synthetic Carbohydrate-Containing Dendrimers™*

Narayanaswamy Jayaraman, Sergey A. Nepogodiev, and J. Fraser Stoddart*

( Abstract: Dendrimers coated with carbohydrates on theiﬂ
exterior surfaces have been constructed by using both con-
vergent and divergent synthetic routes. Alternatively, clus-
ter glycosides in the form of highly branched oligosaccha-
rides can serve as dendritic wedges in the subsequent
elaboration of fully carbohydrate dendrimers. It is antici-
pated that these novel saccharide-containing polymers,
which are highly branched and water-soluble, will find ap-
plications of a biological nature as well as in the context of
new materials.

Keywords
carbohydrates -« cluster glycosides - convergent synthesis -
dendrimers - divergent synthesis

Introduction

Constructing large molecules with precise (macro)molecular
structures in a controlled manner is an cxtremely attractive
proposition because of the possibility of creating new materials
and biologically active compounds. Since the early 1980s, one of
the ways of addressing this objective has been the iterative as-
sembly of monodisperse, highly branched macromolecules!! in
the form of so-called dendrimers. Many organic, organometal-
lic, and polymer chemists have made their contributions to the
remarkable advances in dendrimer chemistry that have emerged
in this now highly interdisciplinary field of research as new
conceptual approaches to the syntheses of dendrimers have
evolved. As a result, a wide range of building blocks have been
incorporated as components into dendriners. However, until
fairly recently, no saccharides had been employed for this pur-
pose. The desire to understand the biological functions of carbo-
hydrates!? has established this class of natural products as one
of the major focuses of current biological research®! and has
prompted the remarkable progress in the synthesis of oligosac-
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charides™! and glycoconjugates!® of the last decadc or so.
Needless to say, there is an infinite array of possibilities and
opportunities in relation to the preparation of synthetic glyco-
conjugates. The unique features of carbohydrates, which are
supremely adaptable to aqueous environments and widely used
by Nature, are, as yet, under-explored and hardly exploited as
a relatively inexpensive means of creating unnatural macro-
molecules with potentially useful properties for new materials
and biologically active compounds. Recently, several groups-—
including our own—have turned their attention to the synthesis
of carbohydrate-containing dendrimers. In this short article. we
will discuss some of the early achievements and try to assess the
outlook for a rapidly expanding arca of multidisciplinary re-
search that seems to be full of promise.

Observations

There are two limiting types of carbohydrate-containing den-
dritic molecules'® which may be distinguished by the way in
which the saccharide residues are incorporated into them. The
first type, the carbohydrate-coated dendrimer, is characterized
by the presence of saccharides attached to the termini of a non-
carbohydrate interior skeleton (Figure 1a). Alternatively, the
saccharides could be used as multifunctional building blocks,
giving rise to dendrimers that are totally carbohydrate {Fig-
ure 1 b). Both these types of carbohydrate-containing den-
drimers may be considered as analogues of polysaccharides,
retaining some of their features—for example, water solubility
and biodegradability.

a) b}

Figure 1. Cartoon represcntations of the two possible types of carbohydrate-con-
taining dendrimers. a) Carbohydrate-coated dendrimers, where the saccharide
residues are located on the outer surface of the dendrimer. b) Fully carbohydrate
dendrimers, where the inner saccharide residues play a role as branching units and
are linked to three other saccharides.
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Scheme 1. The construction of the dendritic building blocks 3, 7, and 9, bearing trisglucoside clusters and containing a focal NH, group for the attachment to the central
core component 10. Reagents: a) Z-Cl/Na,CO,/H,0: b) 2.3,4,6-tetra-O-benzoyl-z-p-glucopyranosyl bromide/AgOTf/collidine/CIH,Cl,/MeNO,: ¢) DCC/HOBT;CH,CL,/

DMF: d) H,;Pd;C/EtOAc/MeOH.

1. Carhohydrate-Coated Dendrimers: The synthesis of this type
of glycodendrimer can be approached by a convergent method
or in a divergent fashion through end-group modifications of a
pre-existing non-carbohydrate dendritic core. Since the chemi-
cal manipulation with free saccharides is still a somewhat deli-
cate exercise, the use of O-protected saccharides is advanta-
geous when employing either of these two synthetic strategies,
provided that the dendritic core is stable under the conditions
required for deprotection.

Convergent Synthetic Routes: A convergent strategy for the syn-
thesis of glycodendrimers implies that branched building blocks
should carry saccharides from the very beginning of the synthe-
sis. In other words, the first step in such a strategy involves the
attachment of two or more saccharide residues to a polyfunc-
tional branching unit. This objective may be achieved by a vari-
ety of methods involving the formation of O-, S-, or N-gly-
cosides, with or without the insertion of an additional spacer
arm between the sugars and the branching unit. Quitc a number
of small molecules can be considered as feasible branching com-
ponents!” for the attachment of saccharides. In our initial inves-
tigations,’® ?7 we chose the compound TRIS (Scheme 1), be-
cause of the possibility of elaborating it further through its NH,
group, following the attachment of glycosyl residues to the
CH,OH groups. Hence, the trisglucosylated derivative 2, pre-
pared in excellent yield by a well-established glycosylation tech-
nique from the N-protected TRIS derivative 1, was converted
into the amine 3, which was used for the construction of the
larger dendritic wedges 6 and 8 by forming amide bonds. These
compounds were obtained in good yields, by coupling of two or
four molecules of 3 with the dicarboxylic acid 4 or tetracar-
boxylic acid 5. Removal of the N-protecting group from 6 and
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8 afforded, respectively, the hexa- and dodecavalent cluster gly-
cosides 7% and 9.1°! In summary, dendrons 7 and 9 are accessi-
ble in good overall yields and in high purities by using repetitive
sequences of reactions and without having to resort to employ-
ing exotic reagents. We anticipate that much higher generation
dendritic wedges could also be prepared in this manner.

The final step in the completion of a convergent dendrimer
synthesss is the attachment of the dendritic wedges to a central
core component. In our research so far, we have condensed
compounds 3, 7, and 9, all containing free amino groups at their
focal points, with the tricarboxylic acid 10 shown in Scheme 1.
In this manner, the dendrimers 9-mer, 18-mer, and 36-mer (Fig-
ure 2) bearing 9, 18, and 36 f-p-glucopyranosyl residues, respec-
tively, on their peripheries have been obtained in good yields.
Once the dendrimer assemblies are complete, all the carbohy-
drate protecting groups can be removed to uncover the free
saccharide dendrimers.

The primary advantage of the convergent synthetic method-
ology 1s that it allows the creation of dendrimers with perfect
chemical constitutions, since the number of reactions at any
particular stage is kept to the sheer minimum. In this regard, the
logic of glycodendrimer synthesis is very similar to the principles
behind assembling glycopeptides.l'® Additional possibilities as-
sociated with the convergent approach include: 1) the control-
lable introduction of different wedges (which may be carbohy-
drate or non-carbohydrate in nature) for the preparation of
unsymmetrical and mixed dendrimers, and 2) ease of variation
of the central core component.

Divergent Modifications of Pre-existing Dendritic Cores: One of
the most straightforward ways to reach carbohydrate-coated
dendrimers is through the grafting of saccharide residues on to
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Figure 2. A schematic representation of the carbohydrate dendrimers—the 9-mer, the 18-mer, and the 36-mer-—bear-
ing 9, 18, and 36 terminal p-glucopyranose residues, respectively, assembled by the convergent approach [8,9].

the pre-existing dendritic molecules {Scheme 2). Thus, pre-
formed non-carbohydrate dendrimers can be employed as well-
defined matrices for the attachment of sugar residues in an
analogous fashion to the use of proteins as carriers of saccha-
rides in the preparation of neoglycoproteins.[* This approach
requires the presence of numerous reactive groups on the outer
surface of the dendrimers and a highly efficient means of func-
tionalizing them.

Scheme 2. A cartoon representation of the construction of carbohydrate-coated
dendrimers by modification of non-carbohydrate dendritic matrices. Black dots and
open circles represent reactive functionalities located at the dendrimer outer-surface
and at the saccharide aglycone, respectively. These functionalities allow the saccha-
rides to be attached to the dendrimer.

There are many examples of dendritic macromolecules!! that
bear reactive terminal functional groups (¢.g. NH, and CO,H)
suitable for further chemical modifications. In 1995, Okada et
al.'!? reported the functionalization of Tomalia’s poly(amido
amine) dendrimers!*?! (PAMAM dendrimers) with both mal-
tose and lactose derivatives. This modification was achieved by
reaction of the terminal amino groups of the PAMAM den-
drimers with the corresponding aldonolactones (Scheme 3). On
the basis of 1*C NMR spectroscopic and GPC data, the authors
claim that the substitution of the primary NH, groups by the
carbohydrates was complete in their “sugar balls”.

Chem. Eur. J. 1997, 3, No. 8
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A range of other techniques,
which had been dcveloped for the
synthesis of neoglycoconjugates,!t?!
could be extended to the preparation
of carbohydrate-coated dendrimers.
Thus, Lindhorst and Kieburg!'#
have shown that acetylated glycosyl
isothiocyanates can be linked with
the PAMAM dendrimers: after re-
moval of the acetyl groups under
standard Zémplen conditions, water-
soluble glycodendrimers can be iso-
e\ lated. The efficiency of this approach

NH\  was demonstrated by the synthesis of
tetra-, hexa-, and octa-antennary
thiourea-bridged cluster «-p-gly-
copyranosides. A similar technique,
involving the formation of thio-
urethane linkages at the conjugation
step, was employed by Roy et al.l'”!
in the preparation of a hexavalent
dendrimer, also terminated by a-D-
mannopyranosyl residues.

In an attempt to establish a simple and general way of making
carbohydrate-coated dendrimers, we have performed!!® a series

PAMAM
Dendrimer

OH OHO
HO
T o ¢

o
HO OH HO

PAMAM

Dendritic
Carrier

Scheme 3. The attachment of saccharides to a PAMAM dendrimer by amidation of
its terminal NH, groups with aldonolactones [11]. Free lactonolactone and mal-
tonolactone (not shown) were used in the modification of several PAMAM den-
drimers of generations two, three, and four (n =12, 24, and 48, respectively).

of successful modifications of the poly(propylene imine) den-
drimers (DAB-dendri-(NH,), )" ) with sugar residues. The read-
ily available thiogalactoside and thiolactoside derivatives 11
and 12, respectively—each endowed with an activated propionic
acid aglycone unit—have been attached (Scheme 4) through
amide bonds to the terminal NH, groups of DAB-dendri-
(NH,),. Application of the well-known N-hydroxysuccinimide-
mediated coupling technique has allowed an extremely high de-
gree of substitution of the surface NH, groups with
spacer-armed saccharide residues to be accomplished.
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Scheme 4. The synthesis of glycodendrimers by modification [16] of a series of
DAB-dendri-NH;), dendrimers. Five different generations of dendrimers were
employed with the number terminal primary NH, groups x equal to 4, 8, 16, 32,
and 64.

Purification and characterization of the glycodendrimers syn-
thesized by the functionalization of high-generation dendrimers
are not always easy tasks. However, the efforts spent to accom-
plish them are compensated by the relative simplicity of the
methodology, which allows the synthetic chemist to prepare
different carbohydrate-coated dendrimers in a rather limited
number of steps, starting from the “‘standard” dendritic precur-
sors, such as PAMAM or DAB-dendri-(NH,),, or other readily
accessible dendrimers. Moreover, we can anticipate the use of
dendrimers as multivalent cores and attaching to them large
carbohydrate dendrons, which may be constructed either by
convergent or divergent approaches.

2. Cluster Glycosides and Carbohydrate-Coated Dendritic
Wedges: Concurrent with developments in the synthesis of car-
bohydrate-containing dendrimers, attention has also become
focused on the elaboration of approaches to multivalent cluster
glycosides, based on dendritic wedgelike carriers. The main
driving force for this research has been the well-established prin-
ciple!®! of the enhancement of the binding affinity of some
natural carbohydrates toward carbohydrate-binding proteins,
such as lectins, resulting from the clustering of carbohydrate
units. In order to achieve very strong binding between the sac-
charide ligands and the protein receptors (¢.g. leading to irre-
versible blocking of such receptors and thus inhibiting their
interactions with natural ligands), a number of small carbohy-
drate clusters!!® !°] have been synthesized, in addition to the
development of well-known neoglycoconjugates, constructed
through the attachment of carbohydrates to carriers such as
proteins#% and synthetic polymers.”>" Thus, it seems logical to
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extend the principle of carbohydrate multivalency to dendritic
systems. Indeed, since 1993, Roy and his co-workers(>? have
published a series of seminal papers describing the synthesis of
dendritic glycosides and evaluating their biological activities.
The first compounds in this class'**! (e.g. the octamer illustrated
in 14 in Figure 3) incorporated N-acetylneuraminic acid (sialic
acid)**! as terminal residues. A series of similar polylysine-

Figure 3. The dendritic polysialoside 14 based on the highly branched oligopeptide
core 13 [23].

based dendritic glycosides bearing nonreducing f-glucosaminyl,
B-lactosyl, B-lactosaminyl,!>®! and a-mannosyl!?®} residues, re-
spectively, have also been prepared. The construction of
polylysine scaffoldings,'*”! such as in the multibranched com-
pound 13, along with the key couplings of sugar thiols with
N-chloroacetyl groups located at all eight termini in 13, were
performed on a solid support (Scheme 5). It should be noted
that saccharide hydroxyl groups were acetyl-protecied during
the couplings and that deprotection was performed after releas-
ing the dendrites from the polymer support.

@ SH + | CICH,CONH-
n )

(Sj:) S—CH,CONH

Scheme 5. Coupling of thioylated saccharides with N-chloroacetyl termini of a
dendritic wedge. The SH group could be positioned either directly at the anomeric
center or on the end of the saccharide aglycone. The number of chloroacetylated
NH, groups (1) is typically 4-16. The method has been utilized for the construction
of dendritic glycosides by Roy et al [23,25 31].

0947-6539/97/0308-1196 § 17.50+ 30{0 Chem. Eur. J. 1997, 3. No. 8





Carbohydrate-Containing Dendrimers

1193-1199

In addition to lysine-based dendritic wedges. the Roy group
have also studied dendrons using gallic acid,’*®! the phosphotri-
ester group,???°1 and, more recently, 3,3-iminobis(propyl-

amine) % as the branching components. Modifications of these Bz0

dendrons with glucosamine, lactose, and sialic acid residues,
respectively, were carried out according to previously described
methodologies.[>*!

Despite the fact that most of the high-valency glycosides de-
signed and synthesized by Roy’s group'??! are not strictly speak-
ing dendrimers,!! > the principles employed in their construction
could readily be extended to the synthesis of symmetrical carbo-
hydrate-coated dendrimers. Their synthetic protocols could
rather easily be adapted 1) to use solid supports for assembling
dendritic peptide carriers, 2) to develop efficient coupling
methodologies for attaching carbohydrates to dendritic carriers,
and 3) to exploit the recently suggested®! application of enzy-
matic glycosylation for the proliferation of dendritic glycosides.
It should be possible to create real dendrimers by uniting some
of the carbohydrate dendritic wedges already described in the
literature by Roy’s group. Toward this end, reactions of the
focal functionalities of the dendritic wedges with appropriately
functionalized multidirectional core molecules might prove to
be worthwhile.

3. Toward Fully Carbohydrate Dendrimers: Synthetic fully car-
bohydrate dendrimers are polysaccharide analogues, which
could obviously mimic a broad spectrum of polysaccharide
structures and properties. Also, the three-dimensional closely
packed architecture of highly branched dendritic oligosaccha-
rides could be responsible for the inclusion properties associated
with the inner parts of the molecules. Here, the analogy with the
remarkable ability of cyclodextrins**! to form inclusion complex-
¢s with a wide variety of guest molecules comes to mind. It might
be anticipated that water-soluble fully carbohydrate dendrimers
could possess—Iike the cyclodextrins—internal voids, capable of
encapsulating and solubilizing hydrophobic organic molecules.

In attempts directed toward the generation of fully carbohy-
drate dendrimers, we have designed and identified a branched
oligosaccharide representing a wedge component of a den-
drimer. Taking advantage of the recent developments'®>* in the
synthesis of the phytoalexin elicitor analogues and employing a
highly convergent scheme, we have completed the multistep syn-
thesis of the gluco-heptasaccharide 18 possessing f-(1 — 3) and
B-(1 — 6) interglycosidic bonds (Scheme 6).1** The reaction se-
quence involved the initial preparation of the trisaccharide thio-
glycoside building block 15, which was then used as a glycosyl
donor in two sequential glycosylations of 3-positions in the glu-
cosyl acceptor 16 and the 6-position in the tetrasaccharide inter-
mediate 17. The attachment of this heptasaccharide wedge 18 to
a central trifunctional core should afford a C5-symmetrical glu-
codendrimer of the type anticipated by the cartoon drawn in
Figure 1 b.

Reflections
The wide range of different modes of synthesis of dendritic
saccharides demonstrates that the basis for the construction of
carbohydrate-containing dendrimers is now established. Small

and medium-sized dendritic carbohydrates can be prepared at
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Scheme 6. Synthesis of the branched glucoheptaoside 18, which can be used as a
fully carbohydrate dendritic wedge for further construction of glycodendrimers.
The focal NH, group, which can be generated by removal of the Z protecting group.
is available to react with a central core component. Reagents and conditions:
a) CF,80;H/N-iodosuccinimide/CH,Cl;, 20°C; b) 90% CF,CO,H/CH,Cl,.

present by using one of many different approaches. The synthe-
sis of high molecular weight carbohydrate dendrimers matching
the high molecular weights of some commonly known neoglyco-
conjugates is the next challenging task, which demands progress
beyond previously elaborated synthetic methodologies. It scems
that one of the optimal strategies for glycodendrimer construc-
tion might lie in a combination of the convergent approach with
the divergent methodology of terminal group modification.
Thus, multifunctional dendrimers could be regarded as core
components themselves to be used for attachment of large sac-
charide dendritic wedges in a convergent manner. The carbohy-
drate-containing dendritic wedges themselves could be con-
structed, either 1) by the modification of pre-existing dendrons
or 2) by using convergent schemes. The second approach would
be much more versatile for constructing dendrimers coated with
complex oligosaccharides. It is also worth drawing attention to
the potential use of the chemoenzymatic syntheses for the con-
struction of both carbohydrate-coated and fully carbohydrate
dendrimers. Some well-recognized advantages of this ap-
proach—such as, for example, there being no need for the in-
volvment of protecting groups- may mean that it has a unique
role to play in glycodendrimer synthesis.

For creating dendritic cores, the use of the solid support tech-
nology seems to offer a promising prospect. It might be expected
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that such dendrites would be based on highly branched peptide
structures, like the polylysine dendron 13. Such molecular archi-
tectures suffer from the disadvantage associated with their low
symmetries, which makes their characterization difficuilt. How-
ever, replacement of natural amino acids with a symmetrical
component, such as compound 4™ (Scheme 1) or N,N-bis-(3-
aminopropylglycine®® could provide a solution to this prob-
lem. Many attempts have been made to synthesize oligosaccha-
rides by application of the solid support technique.®> However,
spectacular as recent advances have been, we are still somewhat
distant from a general methodology that would allow it to be
applied forthwith to the synthesis of fully carbohydrate den-
drimers. There is, however, another way to employ solid phase
synthesis for the preparation of fully carbohydrate dendrimers,
which is associated with creating intersaccharide linkages by
means of amide bond formation. The syntheses of these types of
oligosaccharide mimetics by using solution chemistry were re-
ported recently.*>! The application of this approach to the con-
struction of fully carbohydrate dendrimers seems to be ready for
investigation.

The incentive to create carbohydrate-containing dendrimers
has emerged in part because of the potential interest which these
macromolecules, exhibiting multivalency, as they do, could
arouse in the fascinating area of glycoscience. Extensive bio-
chemical studies of dendrimers covered by specific carbohydrate
epitopes are currently in progress.[t - 14-15-23- 221 With improve-
ments in the quality and availability of dendritic carriers, as well
as advances in the development of techniques for constructing
carbohydrate dendrimers employing a convergent approach,
the attractive concept of anti-adhesive drugs'®” may become a
reality. We might also envisage that, in the case of fully carbohy-
drate dendrimers, the combination of the carbohydrate cluster
effect with the ability of the dendrimers to bind and deliver
drugs, could be the basis for a potent new therapeutic regime.
Further, synthetic carbohydrate based vaccines are being in-
creasingly realized for the development of new therapeutics to
induce immunological responses against cancer cells.*®! Appli-
cation of dendrimer chemistry may also find an avenue in the
production of such carbohydrate-based vaccines.[?84

The physicochemical properties of synthetic dendritic carbo-
hydrates need to be explored in much more detail. So many
questions need to be answered. Do glycodendrimers have glob-
ular shapes? Do they aggregate in aqueous solution? How do
the constitutions of their interior skeletons influence their over-
all shapes? Is it possible to use the unique properties of glyco-
dendrimers to grow crystallinc materials suitable for X-ray dif-
fraction studies? These and many other questions have yet to be
answered before the potential of these new dendritic systems can
reveal their full scientific and technological significance.°!
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Ac = acetyl; Bz = benzoyl: DCC =[3-dicyclohexylcarbodiimide; HOBT =

1-hydroxybenzotriazole;  TRIS = tristhydroxymethyl)methylamine: Z =
benzyloxycarbonyl; DAB-dendri-(NH,), (x =4, &, 16, 32. 64, ..)=
poly(propylene imine) dendrimers; PAMAM dendrimers = poly(amido

amine) dendrimers.

Note added in proof: The [easibility of using unprotected carbohydrates in
dendrimer syntheses has been established very recently. Kieburg and Lindhorst
have demonstrated that unprotected carbohydrates, tethered with isothio-
cyanate functional groups, can readily form thiourea bridges with amine-termi-
nated PAMAM dendrimers (C. Kieburg, T. K. Lindhorst, Tetrahedron Leit.
1997. 38, 3885-3888). In a convergent synthetic approach, we have synthesized
some lower-generation carbohydrate-containing dendrimers using unprotect-
ed carbohydrates (N. Jayaraman, J. F. Stoddart. Tetrahedron Letr., submitted
for publication). The key reaction, which proceeds in DMF/Pyridine (9:1) at
60 °C. is one between a three-directional core, carrying N-hydroxysuccinimide
cster functions, and free glucoside and mannoside-containing dendritic wedges
with amino groups at their focal points. The development of synthetic routes
utilizing unprotected carbohydrates to prepare dendrimers has the advantages
that 1) it circumvents steric inhibition caused by the presence of protecting
groups on the saccharide residues in a growing dendrimer and i) it avoids the
consequent reduction in the surface densities of the final free saccharide-con-
taining dendrimers upon removal of the protecling groups. The absence of any
protecting groups on the peripheral glycoside units should now make it possi-
ble to prepare large densely-packed carbohydrate-containing dendrimers with-
out the need to resort to protecting group manipulations on the saccharide
residucs.
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Enantioselectivity Control with Metal Colloids as Catalysts

Helmut Bonnemann* and Gerhard A. Braun

Abstract: Metal colloids protected with chiral molecules
can lead to a new type of enantioselective catalyst
combining good selectivity control with an extraordinarily
high activity in hydrogenation reactions. This concept has
been applied for the first time in the form of platinum sols
stabilized by the alkaloid dihydrocinchonidine.

Keywords
asymmetric synthesis - catalysis - colloids - hydrogena-

tions * platinum
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Mono- and multimetal colloids of 1-10 nanometer size have
been shown to be efficient catalysts for various chemical reac-
tions such as hydrogenation,!"! oxidation,!?! hydrosilylation,™
and C~C bond formation.'*! In addition, colloidal metal pre-
cursors have been used for the formation of high-performance
fuel-cell catalysts.[® In colloids the metal particles are protected
sterically or eletrostatically to prevent agglomeration. The pro-
tecting shell present at the surface of the nanoparticle has been
demonstrated to have a decisive influence on the regioselectivi-
ty'® and stereoselectivity”) in the hydrogenation of olefins and
substituted aromatics. We have recently rcported for the first
time that metal colloids protected by a chiral stabilizer can in-
duce enantioselectivity in catalytic hydrogenation.®® The con-
cept leading to this new type of catalyst is an extension to col-
loidal metals of the well-known heterogeneous enantioselective
catalyst.

Supported platinum particles modified by cinchona alkaloids
are known to catalyze the hydrogenation of 2-oxoesters[®* ¢
and -acids™? to the corresponding 2-hydroxy compounds in
optical yields of up to 95% ee.'* This reaction has been inves-
tigated systematically with respect to the catalyst prepara-
tion,!*%! reaction conditions,!'!'! kinetics,!'?! and mass transfer
phenomena.t*3! Further, the structural elements of the modifier
required to induce enantioselectivity have been studied in detail
by Pfaltz et. al.l'*! The interaction between the modifier and the
substrate on the surface can be rationalized with the help of
computer modeling,''* and the reaction rate and enantioselec-
tivity have both been monitored as a function of conversion.!*®!

[*] Prof. Dr. H. Bénnemann, Dr. Gi. A. Braun
Max-Planck-Institut fiir Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 Miilhcim an der Ruhr (Germany)
Fux: Int. code +(208)306-2983
c-mail: bocnnemanniimpi-muctheim.mpg.de

1200 —— O VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Platinum sols stabilized by dihydrocinchonidine (1, Figure 1)
can be synthesized in different particle sizes by the reduction of
platinum tetrachloride with formic acid in the presence of differ-
ent amounts of alkaloid. The resulting nanoparticles induce

HY

Figure 1. Schematic representation of the cinchona-stabilized platinum colloid
(1, X = AcO, Cl) .

enantioselectivity in the hydrogenation of ethyl 2-oxopropi-
onate (ethyl pyruvate) with optical yields of 75-80% ece
(Scheme 1)."¥ Turnover frequencies (ca. 1 s~ ') and enantiomer-
ic excess were both found to be independent of the particle size.

In order to evaluate the catalytic characteristics of colloidal
platinum, we compared the efficiency in the reaction shown in
Scheme 1 of Pt nanoparticles in ‘“‘quasi-homogeneous™ phase
with that of supported colloids of the same charge and of a

i Dihydrocinchonidine- j)H
g e .
TN 0 N > PN o 7
| stabilized Pt - colloid 1/ l
O (o]
Ho

Scheme 1. Enantioselective hydrogenation of ethyl pyruvate.

0947-6539/97/0308-1200 8 17.50 + 500 Chem. Eur. J. 1997, 3, No. &





1200-1202

conventional heterogeneous platinum catalyst. The result is
shown in Table 1. The conventional catalyst E4759 from Engel-
hardt Inc. gives the highest optical yields (91.4 % ee). The differ-
ence between the enantioselectivity of the colloidal system
(81.3% ¢e) and that of the conventional catalyst is not insignif-
icant, since the higher the enantioselectivity, the more difficult it

Table 1. Reaclion rate, turnover frequency, and optical yield achicved with differ-
ent platinum catalysts in the enantioselective hydrogenation of ethyl 2-oxopropi-
onalte.

Catalyst R[a] (mols 'm ™3] TOF [b][s™'] ee[%]
Pt colloid {“guasi-homogencous™) 547 358 81.3
supported Pt colloid 1.77 10.2 75.4
E4759 {c] 1.14 132 91.4

[a] R is the molar rate per unit volume of the reaction phase. The reactions were
performed in a reaction volume of 15 mL with a 3M concentration of ethyl 2-oxo-
propionate. The amount of platinum metal was 1 mg in all cases. H, pressure was
9 MPua, reaction temperature 292 K, 5 mg dihydrocinchonidine was added to the
reaction mixture in all cases. [b] The colloids had a dispersion of D = 0.52, estimat-
ed as described in ref. [8]; TOF is given by (mol substrate)(mol surface platinum
atom) ™! (second) "', [c] E4759 is a heterogeneous catalyst consisting of platinum
on aluminum oxide from Engelhardt Inc.’; dispersion specified, D = 0.24.

becomes to improve any further. The difference may derive
from the fact that the convential catalyst was pretreated with
hydrogen at 400°C, a procedure that was shown to improve
catalytic performance.’*™ This was not possible in the case of
the colloidal system. However, the turnover frequency of the
“quasi-homogeneous’ colloidal platinum exceeds the heteroge-
neous systems by a factor of 3. We initially assumed this effect
to be the result of mass transport limitations in the case of the
supported catalysts and investigated this possibility using the
Koros—Nowak criterion,!! 7! which relates the activity of a het-
erogeneous catalyst to the number of active centers in the ab-
sence of mass or heat-transfer limitations. Heterogeneous cata-
lysts prepared, for example, by supporting colloidal metal
particles of defined size are well-suited to fulfill this criterion,
since the metal loading and consequently the number of active
centers can be varied over a broad range without altering the
basic preparation modc or the particle size of the metal compo-
nent.'*® Figure 2 demonstrates that the size of the preformed
metal particles remains unaffected by the adsorption on the
support surface.

An inspection of Table 2 reveals that the turnover frequency
is constant in all cases, suggesting that only the metal loading
(i.e. the number of active centers) governs the reaction rate. This
provides evidence for the absence of mass and heat transport
phenomena. Up to now, we have no conclusive explanation for
the considerable enhancement in the catalytic activity observed

Abstract in German: Mit chiralen Molekiilen geschiitzte Metall-
kolloide liefern eine neue Art enantioselektiver Katalysatoren, die
zu guten Selektivititen und auferordentlichen Aktivitiiten bei
Hydrierungen fithren. Platinsole, die durch das Alkaloid Dihydro-
cinchonidin stabilisiert werden, sind das erste Beispiel fiir Verbin-
dungen, die nach diesem Konzept arbeiten.
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Figure 2. Transmission electron micrographs of platinum colloids from dihy-
drocinchonidine-stabilized sols: a) as synthesized and b) afler being supported on
silica.

Table 2. Activity and selectivity as a function of catalyst amount and metal loading.

Catalyst [mg]  Metal loading Pt[mg] R[mols " m % TOF|s7'] e¢[%

[% (g/g)]

120 1 1.2 1.9 9.0 74.4
20 5 i 1.6 8.9 75.4
70 1 0.7 1.2 9.6 73.6
10 5 0.5 0.8 9.6 74

with our colloidal metal catalyst in “quasi-homogeneous™
phase. Further, the enhanced activity does not correlate with
enantioselectivity, as might be expected from a kinetic mod-
el.[19)

The enhancement in the catalytic activity along with good
selectivity control is the most promising incentive for the devel-
opment of colloidal metal catalysts having properties between
those of classical homogeneous complex catalysts and the estab-
lished heterogeneous systems.

Future developments in the field of enantioselectivity control
using colloidal metal as catalysts may center on specific varia-
tion of the metal core, for example, by the use of metal alloys,
or a more controtled construction of the metal particle surface
by hydrothermal treatment. A second line of innovation may
come from new types of chiral stabilizers. In this respect, the use
of polymers containing cinchona building blocks or chiral den-
drimers could lead to an alternative type of colloidal metal cat-
alyst showing activity at higher reaction temperatures.
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A new type of metal colloid protected with chiral stabilizer
may derive from another well-known heterogeneous enantiose-
lective catalyst, the nickel/tartrate system,'*®! which is certainly
a good candidate for the colloidal approach to catalytic enan-
tioselectivity control.

The ultimate research goal in this field, however, is to develop
highly active nanostructured metal colloids protected by a new
generation of chiral stabilizers providing efficient enantioselec-
tivity control in the transformation of specific prochiral sub-
strates into valuable fine chemicals.
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to Figure 4 should read as follows:

molecular modelling).

Corrigendum: In the paper “Control of the Helical Chirality in Octahedral Complexes by a Chiral
Macrobicyclic Cavity Possessing Six Convergent Hydroxyl Groups™ by P. Baret, V. Beaujolais,
D. Gaude, C. Coulombeau and J.-L. Pierre (Chem. Eur. J. 1997, 3, 969—973; June issue) the legend

Stereoviews of A-(a$,aS,a$) (top) and 4-(aS.aS.aS) (bottom) [LFe]*” complexes (generated by
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A new type of metal colloid protected with chiral stabilizer
may derive from another well-known heterogeneous enantiose-
lective catalyst, the nickel/tartrate system,'*®! which is certainly
a good candidate for the colloidal approach to catalytic enan-
tioselectivity control.

The ultimate research goal in this field, however, is to develop
highly active nanostructured metal colloids protected by a new
generation of chiral stabilizers providing efficient enantioselec-
tivity control in the transformation of specific prochiral sub-
strates into valuable fine chemicals.
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to Figure 4 should read as follows:

molecular modelling).

Corrigendum: In the paper “Control of the Helical Chirality in Octahedral Complexes by a Chiral
Macrobicyclic Cavity Possessing Six Convergent Hydroxyl Groups™ by P. Baret, V. Beaujolais,
D. Gaude, C. Coulombeau and J.-L. Pierre (Chem. Eur. J. 1997, 3, 969—973; June issue) the legend

Stereoviews of A-(a$,aS,a$) (top) and 4-(aS.aS.aS) (bottom) [LFe]*” complexes (generated by

1202 ——— (O VCOH Verlagsgesellschaft mbH. D-69451 Weinheim, 1997

0947-6539:9710308-1202 § 17.50+ 500 Chem. Eur. J 19973, No. 8






FULL PAPER

Molecular Receptors for Adenine and Guanine Employing Metal Coordination,
Hydrogen-Bonding and n-Stacking Interactions

James E. Kickham, Stephen J. Loeb* and Shannon L. Murphy

Abstract: Thiacyclophane ligands 1 and 2,
containing a mera-xylyldithiaether unit,
an aromatic spacing unit and a polyether
chain, were prepared in good yield in a
threc-step synthesis. The macrocyclic
organopalladium  complexes  [Pd(L)-

Binding occurs through simultaneous
first- and second-sphere coordination.
This involves three separate interactions:
first-sphere ¢ donation from an aromatic
N atom to the Pd centre, second-sphere
hydrogen bonds between the NH, group

of the substrate and the electron-rich uro-
matic spacing units of the receptor.
'HNMR spectra exhibit chemical shift
changes indicative of the H-bonding and
n-stacking interactions in solution. X-ray
structures for thiacyclophane 1, metal-

(MeCN)JIBF,] (3: L =1; 4: L = 2) were
prepared through palladation of the re-
spective thiacyclophane ligand by reac-
tion with [Pd(MeCN) JBF,},. These
complexes act as metalloreceptors to aro-
matic amines such as p-aminopyridine
(pap), m-aminopyridine (map) and the

_ _ pi interactions
DNA nucleobases adenine and guanine.

Introduction

A substrate molecule may interact with a transition metal con-
taining receptor such that it occupics sites in both the first and
second coordination spheres. This phenomenon is known as
simultaneous first- and second-sphere coordination.!") We have
recently reported that organopalladium crown ether complexes
can act as metalloreceptors through o donation to the transition
metal (Pd) and hydrogen bonding to peripheral ether oxygen
sites on the ligand (Scheme 1).*! This type of multiple-point
binding has been applied to the molecular recognition of DNA
nucleobases cytosine!® and thymine,*! barbiturates,”? and

to)

»Substrate

qnm

Scheme 1. Schematic representation of a metallorceeptor capable of binding a sub-
strate molecule by employing a combination of 1) metal coordination, 2) = stack-
ing and 3) hydrogen bonding.

[*1 S. J. Loeb, J. E. Kickham, S. L. Murphy
Department of Chemistry and Biochemistry, University of Windsor
Windsor, Ontario, N9B 3P4 (Canada)
Fax: Int code +(519)973-7098
e-mail: loeb{@uwindsor.ca

Chem. Eur. J. 1997, 3, No. 8 D)

and polycther O atoms, and & stacking
between the electron-poor aromatic rings

Keywords
hydrogen bonds -
molecular recognition + nucleobases -

metalloreceptor -
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loreceptor  [Pd(1)(MeCN)J[BF,]  (3),
metalloreceptor/model  substrate com-
plexes [Pd(D(pap)l[BF,] (8) and [Pd(2)-
(pap)l[BF,] (7). and metalloreceptor/nu-
cleobase complexcs [Pd(1)(adenine)][BF,]
(13), [Pd(2)(adenine)][BF,] (14) and
{Pd(1)(guanine-BF;)][BF,] (15b) show de-
tails of these interactions in the solid state.

amino acids'® as well as to the design of receptors for binding
amines and the hydrazinium ion.*’

Most metalloreceptors reported to date employ hydrogen
bonding as the primary noncovalent, second-sphere interaction
to bind a substrate.l? “%! There is, however, a great deal of re-
search into the design and synthesis of organic hosts that em-
ploy m-stacking interactions (Scheme 1),!”! since this type of
charge-transfer interaction has been identified as occurring be-
tweenn DNA base pairs in the double helix.[8!

In a previous communication, it was demonstrated that palla-
dium metalloreceptors based on thiacyclophane ligands 1 and 2
(Scheme 2) were sclective for the purine nucleobases adenine
and guanine over the pyrimidine nucleobases cytosine and
thymine.'* These preliminary binding studies suggested that the
organopalladium complexes act as metalloreceptors by employ-

=
o
s

Scheme 2. Thiacyclophanes 1 and 2 with para- and mera-substituted aromatic spac-
ing units, respectively, and crown ether binding sites.
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ing three different types of bonding interactions: & Table 1. Summary of crystallographic data for ligand 1. metalloreceptor 3 and complexes 5 and 7 with
. . ; del substrate p-aminopyridine (pap).

donation to the palladium centre, 7 stacking of the model substrate p-aminopyridine (pap)
substrate with the aromatic units of the receptor 1 3 5 7

and hydrogen bonding to the peripheral ether oxy-

. . . formuls C,,11,,0,8, C,oH . .BFE,NO,PAS, C,,H,.BF,N,0,PdS, C,,H,,BF,N,0,PdS,
gen sites (Scheme 1). In this article, we report the ;;mu ' 49’(‘;02;’ T ey T 7;23_9; M 78323_9; G
syntheses of these macrocyclic metalloreceptors a. A 15.157(4) 12.076(2) 14.329(3) 9.310(5)
along with the detailed solution and solid state b A 15.361(6) 12.314(2) 15.123(2) 24.202(5)
) L . . e A 5.658(2) 11.730(2) 3.832(1) 15.518(4)
investigations of their binding properties. 2" 99.96(3) 109.59(1) 99.04(1) _
B 93.20(3) 106.18(1) 97.22(2) 105.93(3)
“, 80.53(3) 75.73 (1) 114.83(2) -
. . space group P1 (no. 2) P71 (no.2) P1 (no. 2) P2,in (no. 14)
Results and Discussion V. A3 1279.2(8)  1555.3(4) 1675.8(6) 3362(2)
p.gem? 1.29 1.56 1.55 1.55
Synthesis and Ch ization of 1 and 2: This z . 2 2 :
ynthesis an aracterization of 1 and 2: . iacy- foom” ! 540 791 7 41 7.41
clophanes 1 and 2 were prepared by a straightfor- 2. A 0.7017 0.7017 0.7017 0.7017
ward, threc-step process employing commerciall r.°C 23 23 23 23
R p P 4p ymeg . .y goodness of fit  1.59 2.14 1.32 1.62
available starting materials as outlined in R(E). % [a] 345 418 351 519
Scheme 3 for 1. The ring closure step involved the R (F). % [b] 468 4.51 3.98 5.44

rcaction between dithiol and dichloride by Kel-
logg’s Cs*-mediated method in DMF solution.!”!
This synthetic route produced 1 and 2 as colour-
less, crystalline materials in moderate overall
yields of 20 and 34% based on the starting : ) C(28)
hydroxybenzyl alcohol.

[a] B =S/F| — IEUZIENL D] Ry = (Zw(lE| = [EDHZwI)Y and w =1i6*(F).

OH HO .
on s c@n
OTs TsQ 2 Na/EtOH C(24)
+ —— -
o o reflux, 22 h s} (o} A C(23)
OH - C(14
Q o HALSC =
_/ c@2)
c(13)(y c(21)
SOCI;Ipyridin CH2C12, C(12)fy
RT 0(4)
oMEM 0
c(15)
c(19)
% o@
_Cs:COJDMF (@\ . ce) ®)
o] o) )
55 °C 48h  sSH  SH & > cony )
0 O (o] o] Figurc 1. X-ray structure of thiacyclophane 1 showing the atom numbering
\ / / scheme.
1
Table 2. Selected bond lengths (A) and angles () for thiacyclophane 1.
Scheme 3. Qutline of the synthetic route to thiacyclophane 1.
S(H-C(7) 1.821(4) S(1)-C(8) 1.796(4)
S(2)-C(27) 1.806(4) S(2)-C(28) 1.817(4)
. o1y -C(12) 1.375(4) O(1)-C(15) 1.419(5)
The 'HNMR spectrum of 1 contains well-separated reso- 0(2) CU6) 1.423(5) 0(2;,(;E17) 1.417(5)
nances attributable to three sets of OCH, protons, two types of 0(3)- CU18) 1.414(5) 0(3)-C(19) 1.398(5)
. ) o o ) 0O(4)-C(20) 1.438(5) O(4)- C(21) 1.363(5)
benzylic protons and two. d1§tlngulshable sets of aromatic pro C)-CO8) 1503(5) Ct6)-Ci7) 1.497(6)
tons due to the 1,3-xylyldithioether fragment and the para-sub- C(8)-C(Y) 1.512(6) C(15)-C(16) 1.499(6)
stituted aromatic spacer group. For 2, a very similar pattern is a9y Ceo) 1.491(6) C24)-c@n 1.508¢5)
observed; however, the two sets of aromatic protons overlap C(7-S(H-C(8) 98.4(2) C(27)-8(2)-C(28) 100.1(2)
. . . ) . . 13011 C12)-0(1)-C(15) 118.8(3) C(16)-0(2)-C(17) 113.6(4)
and the benzylic resonances are coincidental. The '°C{ I‘-Ij CU18)-003)-C19) 114.4(4) C(20)-0(4)-C(21) 1710
NMR spectra for these ligands showed well-resolved peaks for S(1)-C(7)-C(6) 114.6(3) $(1)-C(8)-C(9) 111.4(3)
all carbon atoms, and full spectral interpretations were relative- (C(S)'C(")‘C(m) 121.7(5) C8)-C9)-C(14) 19.7¢5)
o ] - o . ] (1)-C(12)-C(13) 114.8(4) O(1)-C(12)-C(11) 123.1(4)
l? straightforward. Ll.gdnd .1 was further characterized b){ a O(11-C(15)-C(16) 107.0(4) 0(2)-C(16)-C(15) 12.2(4)
single-crystal X-ray diffraction study (Table 1). A perspective 0(2)-C(17)-C(18) 109.7(4) 0(3)-C(18)-C(17) 111.0(4)
ORTEP drawing of macrocycle 1 is shown in Figure 1, and O(3)-C(19)-C(20) H02(4 O(4)-C0)-C(19) 108.9(4)
S(2)-C(27)-C(24) 113.2(3) $(2)-C(28)-C(2) 115.5(3)

some relevant bonding parameters are listed in Table 2.
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Synthesis and Characterization of Metalloreceptors 3 and 4: The
palladium centre and ancillary acetonitrile group were incorpo-
rated into the macrocycles 1 and 2 through direct metalation of
the xylyl aromatic ring by reaction with [Pd(MeCN),][BF,], in
acetonitrile solution. The complexes 3 and 4 are yellow, air-sta-
ble crystalline solids, which are soluble in most polar organic
solvents and appear to be air-stable in solution for prolonged
periods of time (Scheme 4).

Scheme 4. Metalloreceptors 3 and 4 prepared from thiacyclophanes 1 and 2. Each
contains a Pd" coordination site (with a labile acetonitrile ligand) in addition to the
aromatic spacing units and crown ether binding site.

The 'HNMR spectra indicate that metalation produces
chemical shift changes similar to those observed in other meta-
lated thiacyclophanes.[* 1% In particular, disappearance of the
aromatic resonance attributable to the proton at the 2-position
of the 1,3-xylyldithioether fragment, and the downfield shift and
broadening of the benzylic resonances are diagnostic of pallada-
tion. A single broad resonance for the meta-xylyl S-benzyl pro-
tons indicates that the size of the macrocyclic cavity is such that
inversion at sulfur is facile at room temperature.'?- 1% This is in
contrast to some previously studied palladated macrocycles of
this type in which a smaller polyether ring prevented inversion
at sulfur and resulted in an AB pattern for these protons.[?- 19

Complex 3 was further characterized by a single-crystal X-ray
diffraction study. A perspective ORTEP drawing is shown in
Figure 2 and some relevant bonding parameters are listed in
Table 3. The Pd centre adopts a slightly distorted square-planar
geometry in which three of the four coordination sites are occu-
pied by the rigid S,C chelate of the metalated macrocycle. The
fourth coordination site trans to the Pd—C bond is occupied by
a molecule of acetonitrile. The bound MeCN molecule is orient-
ed into the cavity of the macrocycle between the aromatic spac-
ing units, which are almost perpendicular to each other with a
dihedral angle of 83.5°. This demonstrates that a substrate
bound in place of the labile solvent would be positioned inside
the cavity with potential for noncovalent binding, as designed.

In order to investigate this hypothesis, two separate sets of
binding studies were performed with metalloreceptors 3 and 4.
The first involved 1:1 binding of the model substrates para- and
meta-aminopyridine and the second involved interaction with
the DNA nucleobases adenine and guanine.

Synthesis and Characterization of Metalloreceptor— Aminopy-
ridine Complexes: Metalloreceptors 3 and 4 were each treated

with an equivalent of para-aminopyridine (pap) and meta-

Chem. Eur. J. 1997, 3, No. 8
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Figure 2. X-ray structure of 3 showing the atom numbering scheme. Metallorecep-
tor 3 contains three different binding sites for multiple point interaction with a
substrate: 1) Pd" coordination site (occupied by a labile acetonitrile ligand) for o
donation, 2) aromatic spacing units for m-stacking interactions and 3) a crown
ether binding site for hydrogen bonding.

Table 3. Selected bond lengths (A) and angles (*) for [PA(I)(MeCN)J[BF,] (3).

Pd(1) - S(1) 2.316(2) Pd(1)-S(2) 2.310(2)
Pd(1)- N(1) 2.131(3) Pd(1) C(1) 1.988(5)
S(1)-C(7) 1.821(6) S(1) - C(8) 1.828(6)
S(2)-C(27) 1.828(6) S(2)-C(28) 1.818(6)
O(1)-C(12) 1.373(6) o(1) -C(15) 1.435(7)
0(2)-C(16) 1.417(8) 0QR)-C(17) 1.418(7)
O(3)-C(18) 1.394(3) 0(3) - C(19) 1.423(8)
O(4)-C(20) 1.431(7) 0(@)--C(21) 1.370(7)
N(1)-C(29) 1.119(7) C®) C(7) 1.503(8)
C(2)-C(28) 1.503(8) C(29)-C(30) 1.465(8)
C(8)-C(9) 1.496(7) C15)-C(16) 1.495(9)
C(17)-C(18) 1.491(9) C(19)-C(20) 1498 (9)
C4)-CQT) 1.517(8)

S(1)-Pd(1)-S(2) 167.68 (6) S(1)-Pd(1)-N(1) 92.3(1)
S(1)-Pd(1)-C(1) 84.9(2) $(2)-Pd(1)-N(1) 99.2(1)
S(2)-Pd(1)-C(1) 83.4(2) N(1)-Pd(1)-C(1) 175.6(2)
C(7)-8(1)-C(8) 103.3(3) C(27)-8(2)-C(28) 99.8(3)
C(12)-0(1)-C(15) 118.9(5) C(16)-0(2)-C(17) 113.1(5)
C(18)-0(3)-C(19) 114.1(5) C(20)-0(4)-C(21) 18.2(5)
C(1)-C(2)-C(28) 118.2(5) C(3)-C(2)-C(28) 121.7(6)
C()-C(6)-C(7) 120.3(5) C(5)-C(6)-C(7) 120.2(6)
S(1)-C(7)-C(6) 110.8(4) S(1)-C(8)-C(9) 107.4(4)
C(8)-C(9)-C(10) 123.5(6) C(8)-C(9)-C(14) 119.1(6)
O(1)-C(12)-C(11) 124.1(6) O(N)-C(12)-C(13) 116.0(6)
O(1)-C(15)-C(16) 109.2(6) O(2)-C(16)-C(15) 108.3(5)
O(2)-C(17)-C(18) 113.3(6) O(3)-C(18)-C(17) 108.7(6)
0O(3)-C(19)-C(20) 107.7(5) OA-CM-C(19) 106.0(5)
O(4)-C(21)-C(22) 125.0(6) 0@)-C21)-C(26) 114.8(5)
C(23)-C(24)»-C2T) 120.4(6) C(25)-C24)-CT) 120.1 (6}
$(2)-C(27)-C(24) 112.5(4) $(2)-C(28)-C(2) 108.4(4)
N(1)-C(29)-C(30) 179.2(7)

aminopyridine (map) to yield the complexes [Pd(1)(pap)][BF.]
(3), [Pd(1)(map)][BE,] (6), [Pd(2)(pap)][BF,] (7) and
[Pd(2)map)][BF,] (8) in essentially quantitative yield. The inter-
action between metalloreceptor and substrate was then studied
in solution by 'H NMR spectroscopy and, where possible, in the
solid state by X-ray diffraction.
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Table 4 shows a comparison of substrate chemical shifts in the
"H NMR spectra of free p-aminopyridine, 5, 7 and the adduct
[Pd(9)(pap)l[BF,] (11), wherc 9 is the acyclic dithiaether 1,3-

Table 4. "H NMR spectral evidence of n stacking and hydrogen bonding in metal-
foreceptor complexes of p-aminopyridine (pap).

Complex H, [a] H, NH,
praminopyridine (pap) 8.04 6.54 4.82
[PA9)pap)l|BF,] (1) 8.04 6.64 5.14
{Pd(1)(pap)]l{BF,] (5) 6.75 5.91 5.39
[PA(2)(pup)|[BF,] (7) 7.10 6.27 5.28

[a] All chemical shifts are in ppm relative to TMS. H, and H, are the protons ortho
and mera 1o the pyridine nitrogen atorm of pap.

bis(r-butylthiomethyl)benzene (Scheme 5). This data 1s consis-
tent with the occurrence of three different types of interaction
between the metalloreceptor and substrate: coordination
through a first-sphere Pd-N ¢ bond, sec-
ond-sphere NH - --O hydrogen bonding
and m-stacking interactions. There is a

+

S—P|d~S slight downfield shift of both the substrate
INI aromatic protons H, and H; (ca. 0.1 ppm)
‘ and of the substituent NH, protons
10 (0.32 ppm) upon coordination of p-

aminopyridine to Pd in complex 10. Al-
though somewhat smaller than sometimes
observed,?! these shifts must be due to for-
mation of the first-sphere Pd-N ¢ bond,
since no hydrogen-bonding or m-stacking
interactions are possible. For complexes 5
and 7, in which one or both of the para-
NH, hydrogen atoms could be directed to-
wards the polyether chain of the metallore-
ceptor, a further downfield shift of 0.25 (5)
and 0.14 (7) ppm is observed for the amino protons. This is
attributed to the second-sphere hydrogen-bonding interaction
between the substrate amino group and the polyether oxygens
of the metalloreceptor. The evidence for n stacking interactions
between the electron-poor substrate and the electron-rich aro-
matic spacing units of the receptor is quite compelling as the
aromatic protons H, and H,, show significant upfield shifts rang-
ing from 0.37-1.29 ppm in complexes 5 and 7. The direction
and size of the chemical shift changes are consistent with signif-
icant second-sphere charge-transfer interactions occurring be-
tween the bound substrate and the aromatic spacing units of the
metalloreceptor.

The X-ray structures of 5 and 7 were determined and provide
evidence to support the nature of the metalloreceptor —substrate
interactions proposed from NMR spectral data in solution. A
perspective ORTEP drawing of §is shown in Figure 3 and some
relevant bonding parameters are listed in Table 5. The coordina-
tion geometry of the PA(S,C) unit remains unperturbed by the
binding of a substrate, and the bonding parameters associated
with the unit are similar to those found for 3. The receptor
binding site rrans to the Pd—C bond is occupied by the pap
substrate, which is coordinated through the aromatic N atom.
This arrangement orients the parg-amino group towards the

Scheme 5. Complex
10. prepared by pal-
ladation  of  the
acyclic dithiacther 9,
was used specifically
for observing coor-
dination of pap and
map in the absence
of m-stacking or H-
bonding
1ions.

interac-
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Figure 3. X-ray structure of complex S showing the atom numbering scheme. The
model substrate p-aminopyridine is coordinated to the Pd atom, while stacking with
one of the aromatic units and hydrogen bonding to the polyether unit; N(2)- - O(3)
31 A.

Table 5. Selected bond lengths (A) and angles () for [Pd(1){pap)]{BF,] (5).

Pd(1) S(1) 2.312(2) Pd(1)-S(2) 2.300(2)
Pd(1)~N(1) 2.146(5) Pd(1) C(1) 1.988(6)
S(1)-C(7) 1.818(6) S(1)-C(8) 1.833(7)
S(2) €27 1.828(7) S(2)-C(28) 1.836(6)
o(1) C(12) 1.370(8) O(1)-C(15) 1.448(8)
0(2)- C(16) 1.406(9) 0(2)-C(17) 1.408 (9)
0(3)-C(18) 1.421(8) 0(3)-C(19) 1.431(8)
O()- C(20) 1.433(8) O4)-C21) 1372(7)
N(1)-C(29) 1.339(8) N(1)-C(33) 1.344(7)
N()-C(31) 1.376(8) C(2)-C(28) 1.497(8)
C6)-C(T 1.497(9) C8)-C 1.512(%
C135)-C(16) 1.50(1) CUn Cis) 1.48(1)
C(19)-C(20) 1.482(9) C4)-C(27) 1.507(9)
S(1)-Pd(1)-8(2) 160.00(6) S(1)-Pd(1)-N(1) 91.2(1)
S(1)-Pd(1)-C(1) 84.8(2) S(2)-Pd(1)-N(1) 101.1 (1)
S(2)-Pd(1)-C(1) 83.5(2) N(1)-Pd(1)-C(1) 175.3(2)
CN-S(H-CB) 98.4(3) C(27)-8(2)-C(28) 101.2(3)
C(12)-0(1)-C(15) 116.8(6) C(16)-0(2)-C(17) 115.1(6)
C(18)-0(3)-C(19) 112.5(5) C(20)-0(4)-C(21) 118.3(5)
C(29)-N(1)-C(33) 116.5(5) S(1)-C(N-C(6) 109.7(5)
SH-C(8)-C(9) 112.5(5) O(1)-C(15)»-C(16) 107.0(7)
O(2)-C16)-C(15) 113.4(7) O2-CUAT)-C(8) 109.7(6)
O(3)-C(18)-C(17) 109.7(6) 0(3)-C(19)-C(20) 110.0(6)
O(4)-C(20)-C(19) 108.3(6) SQ2)-C2T)-C(24) 110.2(4)
$(2)-C(28)-C(2) 108.1(4)

polyether chain of the receptor, and an intramolecular hydro-
gen-bonding interaction occurs [H(N2B)---O(3) 2.310(6) A
and N(2)-H(N2B)---O(3) 142.1(4)"]. An intermolecular hy-
drogen bond also occurs in the solid state between substrate
and BF, anion [H(N2A)---F(1) 2208(4)A and N(2)-
H(N2A)---F(1) 142.3(4)"]. This hydrogen-bonding scheme is
accompanied by the = stacking of one of the aromatic rings of
the mctalloreceptor with the aromatic ring of the pap substrate:
the dihedral angle is 2.03°.

A perspective ORTEP drawing of 7 is shown in Figure 4, and
some relevant bonding parameters are listed in Table 6. Again,
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C4)

Figure 4. X-ray structurc of complex 7. The model substrate p-aminopyridine is
coordinated to the Pd atom, while stacking with one of the aromatic units and
hydrogen bonding to the polyether unit, N(2) - O(3) 3.13(5) A.

Table 6. Selected bond lengths (A) and angles () for [Pd(2)(pap)}[BE,] (7).

Pd(1)-S(1) 2.309(5) Pd(1)-S(2) 2.305(5)
Pd(1)-N(1) 2.11(1) Pd(1)- C(1) 2.00(2)
S(1)-C(7) 1.81(2) S(1)-C(8) 1.83(2)
$(2)-C(27) 1.77(2) S(2)- C28) 1.84(2)
O(1)-C(13) 1.35(2) O()-C(15) 1.44(2)
0(2) C(16) 1.41(2) 0QR)-C(17) 1.41(2)
0(3) C18) 1.43(2) 0(3)-C(19) 1.40(2)
0(4)- C(20) 1.42(2) O(4)-C(21) 1.33(2)
N(1)-C(29) 1.36(2) N(1) C(33) 1.31(2)
N(2)-C(31) 1.34(2) C(2)-C(28) 1.50(2)
C(6)-C(7) 1.50(2) C@8) CY) 1.51(2)
C(15)-C(16) 1.51(2) C(17)-C(18) 1.44(2)
C(19)-C(20) 1.46(3) C(25)-C27) 1.56(2)
C(29)-C(30) 1.36(2) C(30)-C(31) 1.38(2)
C31) C(32) 1.42(2) C(32)-C(33) 1.37(2)
S(1)-Pd(1)-S(2) 163.8(2) S(1)-Pd(1)-N(1) 98.2(4)
S(1)-Pd(1)-C(1) 82.5(5) S(2)-Pd(1)-N(1) 97.7(4)
$(2)-Pd(1)-C(1) 81.5(5) N(-Pd(1)-C(1) 178.3(6)
C(7)-8(1)-C(®) 101.6(8) C(27)-S(2)-C(28) 100(1)
C(13)-0(1)-C(15) 118(2) C(16)-0(2)-C(17T) 114(2)
C(18)-0(3)-C(19) 116(2) C(20)-0(8)-C21) 119(2)
C(29)-N(1)-C(33) 117(2) S(1)-C(7)-C(6) 108(1)
S(1)-C(8)-C(9) 112(1) O(1)C(15)-C(16) 107(2)
0(2)-C(16)-C(15) 111(2) 0(2)-C(1T)-C(18) 112(2)
0(3)-C(18)-C(17) 110(2) 0(3)-C(19)-C(20) 112
O(4)-C(20)-C(19) 112(2) S(2)-C(27)-C(25) 15(1)
S(2)-C28)-C(2) 108(1)

there is little perturbation of the Pd(S,C) fragment and the
bonding parameters associated with this unit are similar to those
found for 5. The receptor binding site frans to the Pd--C bond
is occupied by the pap substrate, which is coordinated through
the aromatic N atom. The para-amino group interacts with the
polyether chain of the receptor, and an intramolecular hydro-
gen-bonding interaction occurs [H(N2A)---O(3) 2.40(1) A,
and N(2)-H(N2A)---0O(3) 134(1)°]. An intermolecular hydro-
gen bond is also formed between substrate and anion
[H(N2B)---F(3) 214(2)A and N(2)-H(N2B)---F(1)
167.5(9)°]. This hydrogen-bonding scheme is also accompanied
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by the n stacking of one of the aromatic rings of the metallore-
ceptor with the aromatic ring of the pap substrate: the dihedral
angle is 2.44°.

The only difference between the binding of pap in 5 and 7 is
in the orientation of the para- or meta-substituted aromatic
spacing unit not involved in 7 stacking to the substrate. For 5 the
para-substituted aromatic spacer makes an angle of 37.3" with
the pap substrate, while the same angle is 47.8” in 7, where the
spacing unit is meta-substituted. This difference is likely to be
insignificant. These results with model substrates pap and map
suggest that when the substrate is ancheored to the metal at least
one spacing unit can become involved in « stacking, while allow-
ing for simultaneous hydrogen bonding. The different para and
mela substitution patterns in the metalloreceptors do not appear
to require significantly different binding modes, since both n
stacking and hydrogen bonding are possible with either arrange-
ment.

Synthesis and Characterization of Metalloreceptor— Purine Com-
plexes: The addition of one equivalent of adenine or guanine
to a solution of metalloreceptor in MeCN/MeOH resulted in
isolation of the purine adducts [Pd(1)(adenine)][BF,] (13),
[Pd(2)(adenine)][BF,] (14), [Pd(1)(guanine)][BF,] (15) and
[Pd(2)(guanine)][BF,] (16). Although some features of the re-
ceptor—substrate interactions could be inferred from the
"HNMR spectra, the poor solubility of these complexes. espe-
cially those of guanine, precluded a detailed analysis in solution.
However, the solid state structures of 13, 14 and 15b were deter-
mined (Table 7) and yielded a great deal of insight into the
interaction between these metalloreceptors and the nucleobases
adenine and guanine.

Table 7. Summary of crystallographic data for complexes with DNA nucleobases.

13 14 15b [¢]

formula €, Hy BE,N,O,PdS, C,,H  BF,N,O,PdS, C,H,.BCHLE,N,-
O,PdS,

M, 824.00 824.00 1027.18

a A 11.725(3) 11.334(5) 14.589 (6)

b A 13.755(3) 13.732(3) 20.444(6)

e A 10.809(3) 22.658(3) 14.849(4)

a, " 91.52(2) -

b 100.49(2) 101.61(2) 110.78(2)

- 96.88(2)

space group  PT (no.2) P2,/n (no. 14) P2 (no. 14)

v, A3 1699.7(7) 3454(1) 4140(4)

p.gem 1.61 1.58 1.65

Z 2 4 4

. ocm™! 7.22 7.26 8.10

A A 0.7017 0.7017 0.7017

r.°C 23 23 23

goadness of fit 1.69 2.06 2.51

R(F). % [a] 449 5.29 s

RUE). % [b] 577 6.26 5.92

la] R=XNF] = |FNZIRN [B] Ry = (Xw(E] — [FDEZwEDY and w =1,
a(F). [c] X-ray structure contains onc molecule of CHCl; per molecule of com-
plex.

From Scheme 6, it can be seen that adenine has three poten-
tial pairs of metal-coordination and hydrogen-bonding sites.
Arrangement A involves N(3) and N(6) and is reminiscent of the
observed interactions with p-aminopyridine, B utilizes N(1) and
N(6), the sites employed in Watson—Crick base-pairing, and C
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between both the aromatic rings of the metalloreceplor, as is
clearly illustrated in Figure 6.
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H\N'H H\N/H H H Pd Table 8. Selected bond lengths (A) and angles (°) for [Pd(1)(adenine)][BF,] (13).
N
~ _N Pd\ S _N S _N Pd S(1) 2277(3) Pd-S(2) 2.295(4)
N \> N \> N N\ . Pd--N(3)A 2.129(7) Pd-C(1) 1.99(1)
L _ L L > adenine g, () 1.85(1) S(1)-C(8) 1.82(1)
N™ N N" N NT TN SQ2)-C27 1.84(1) S(2)-C(28) 1.80(1)
I H H H o(1)- C(12) 1.37(1) O(1)-C(15) 1.42(1)
Pd 0(2)- C(16) 1.42(2) 02)-C(17) 1.33(2)
A B c O(3)-C(18) 1.42(1) 03)- C(19) 1.41(1)
O(4)-C(20) 1.45(1) O4) -CQY 1.39()
Cl> o Pd C(2)-C(28) 1.44(2) C(6)--C(7) 1.42(2)
H., N | / C(8)-C(9) 1.51(1) C(15)-C{16) 148 (2)
N \> H‘N N C(17)-C(18) 1.48(2) C(19)-C(20) 1.49(2)
H. * Z \> guanine C(24)-C(27) 1.47(1) CHA-C(5HA 1.41(1)
N° N N H\N/'\N/ N CHA-CEIA 1.39(1) N(A-C@)A 1.34(1)
H I H h v N(DA C6)A 1.36(1) N(G)A-C(2)A 1.34(1)
Pd H H N()A - CDA 1.36(1) N(6)A-C(6)A 1.36(1)
D E N(7)A- C(HA 1.37(1) N(THA C(8)A 1.34(1)
) N(9A - C(4A 1.36(1) N(9A-C(R)A 1.33(1)
Scheme 6. DNA nucleobases adenine (A, B, C) and guanine (D, E) showing the
poasiblc metal-basc interactions. S(l)-Pd—S(Z) 168.5(1) S(1)-Pd-N(3)A 93.2(2)
S(1)-Pd-C(1) 85.2(4) $(2)-Pd-N(3)A 98.1(2)
$(2)-Pd-C(1) 83.7(3) N(3)A-Pd-C(1) 173.3(4)
] ] ) Pd-S(1)-C(7) 99,8 (4) Pd-S(1)-C(8) 111.7(4)
involves N(7) and N(6), the sites of Hoogsteen-type base-pair- C(7)-S(1)-C(®) 99.2(5) Pd-S(2)-C27) 113.5(4)
ing. A perspective ORTEP drawing of 13, in which adenine is Pd-s(z)-(?(22)1 100.4(5) Q(27)-S(27)-C(23) 99.2(6)
bound to the Pd centre in receptor 3, is shown in Figure 5 and 8:;;821‘:(21;; 1}3'8()9) Egg;gig;gg; }12((;38)
some relevant bonding parameters are listed in Table 8. S(1)-C(7)-C(6) 109.8(9) S(1)-C(8)-C(9) 113.7(9)
The receptor binding site trans to the Pd—C bond is occupied O(1)-C(15)-C(16) 1091) O(@)-C(16)-C(15) H2(1)
s o } R 0(2)-C(17)-C(18) 121 O(3-C(18)-C(17) 113(1)
by the adenine substrate, which is coordinated through N(3) of 0(3)-C(19)-C(20) 109(1) O)-C20)-C(19) 108(1)
the six-membered aromatic ring. This orients the amino group $(2)-C(27)-C(24) 112.6(8) 5(2)-C(28)-C(2) 112(1)
S o ; : COA-NMDA-C6)A  117.3(8) Pd-N(3)A-C(4)A 127.7(7)
tO‘Wd.rdS the polyether chain of the regeptor, gnd a pair PANG)A-COIA 118.9(6) COANGACHA  1134(8)
of intramolecular hydrogen-bonding interactions occur CHA-NDA-CRIA  103.59) CAA-NDA-CR)A  102.7(9)
[HIN6AA ---O(3) 2.251(8) A, N@GA-H(NGAA - O(3) Eg)ﬁgg;igg;ﬁ ﬁiﬁ()% Ilj(;;/;-gg;ﬁ-g(z)): }é;;tig;
. o )A-C - 2 (9)A- -C( .
159.1(6)° and H(N6A)A---O(2) 2.518(9) A, N(OA- N(DA-C(HA-CAA  107.0(9) N(T)A-C(5)A-C(6)A  135(1)
H(N6AA -+ O(2) 126.7(6)°]. This hydrogen-bonding scheme CAA-CHA-COA  118(1) N(DA-C(6)A-N(G)A  116.4(9)
is accompanied by the 7 stacking of the planar adenine molecule ~ NDA-COA-CHA - 119.6(9) N(O)A-COA-CBIA - 124(1)
N(DA-C(RIA-NOA  117(1)

Figure 5. X-ray structure of complex 13 showing the atom numbering scheme.
Adenine interacts with the metalloreceptor utilizing three different binding modes:
1) dircet o donation to the Pd centre through N(3A, 2) = stacking of the planar,
clectron-poor base between the electron-rich aromatic units and 3) hydrogen bond-
ing of the peripheral amino group [N(6)A. to crown ether oxygens at the base of the
macroeycle. N(GYA ---O(2) 318 (1} A, N(6)A --- O(3) 3.16(1} A]
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Figure 6. Two views of complex 13. Left: parallel stacking (~3.5 A) of the adenine
substrate between the p-aromatic spacing units of the metatloreceptor. Right: “off-
set” nature of the n stacking between the Pd-bound adenine substrate (shaded) and
the p-aromatic spacing units of the metalloreceptor.
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The binding mode observed for 13 corresponds to A in
Scheme 6. As in the binding of pap, the coordination to N(3)
orients the amino group for hydrogen bonding, while simulta-
neously allowing for m-stacking interactions. Interestingly,
adenine—metal binding usually occurs through the more basic
N(7) site.!' 11 In fact, this is only the second structurally charac-
terized example of a monometallic adenine complex bonded
through N(3). Houlton and co-workers recently reported the
first example of a mononuclear complex of adenine bound
through N(3) in which this atypical metal adenine interaction
was directed by a chelating NCH,CH,N tether.[*?! This sup-
ports the idea that hydrogen bonding in the second sphere
can direct the nature of the metal-substrate interaction and
is important in the metalloreceptor—substrate recognition
event.

The significant difference between the binding of adenine and
the binding of pap is that the electron-poor aromatic ring system
of adenine can be oriented so that the fused-ring carbon atoms
C(4) and C(5) are positioned exactly between the centres of the
parallel aromatic rings of the receptor, an “offset” arrangement
that optimizes the m—n interaction.!!® The three aromatic units
are essentially parallel, with interplanar distances between re-
ceptor and substrate of approximately 3.35 A and dihedral
angles of 3.33 and 7.58°.

Exactly the same type of binding of adenine occurs when the
aromatic spacing unit is meta-substituted. A perspective OR-
TEP drawing of 14 is shown in Figure 7, and some relevant
bonding parameters are listed in Table 9.

The adenine substrate is coordinated through N(3), which
orients the amino group towards the polyether chain of the
receptor, and intramolecular hydrogen-bonding interactions

Figure 7. X-ray structure of complex 14 showing the atom numbering scheme.
Adenine interacts with the metalloreceptor utilizing three different binding modes:
1) direct o donation to the Pd centre through N(3)A, 2) n stacking of the planar,
clectron-poor base hetween the electron-rich aromatic units and 3) hydrogen bond-
ing of the peripheral amino group, N(6)A, to crown ether oxygens at the base of the
macrocycle [N(6)A - -~ O(2) 3.00(1) A, N(6)A --- O(3) 3.26(1) Al.
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Table 9. Selected bond lengths (A) and angles (%) for [Pd(2){adenine)}[BF,] (14).

Pd-S(1) 2.286(3) Pd $(2) 2.296(3)
Pd-N(3)A 2.128(8) Pd-C(1) 1.98(1)
S) C(7) 1.82(1) S(1)-C(8) 1.82(1)
$(2)-C(27) 1.83(1) S(2) C(28) 181 (1)
O(1)- C(13) 1.34(1) O(1)-C(15) 1.46(2)
O(2)-C(16) 1.39(2) 0(2)-CU17 137(2)
0(3)-C(18) 1.18(2) 0(3)- C(19) 1.39(2)
O(4)-C(20) 1.43(2) O -Ccn 1.36(1)
C(2)-C(28) 1.48(2) C(6)-C(T) 1.49(2)
C8)-C(9) 1.51(2) C(15)-C(16) 1.47(2)
ca7n cas) 1.45(2) C(19) - C(20) 147(2)
C(25)-C27) 1.50(1) N(DA  C(D)A 1.32(1)
N(DA C(6)A 133(1) N(3)A-C(2)A 1.32(1)
NGA CAA 1.35(1) N(OYA—C(6)A 1.34(1)
N(HA-C(5)A 1.36(1) N(DA-C®A 1.35¢1)
NEA-C(4)A 1.36(1) N©A C®A 1.31(1)
C(5)A-CH)A 1.37(1) COIA- C(5A 14102
S(1)-Pd(1)-S(2) 166.2(1) S(1)-Pd(1)-N(3)A 95.6(2)
S(1)-Pd(1)-C(1) 84.0(3) S(2)-Pd(1)-N(3)A 98.0(2)
S$(2)-Pd(1)-C(1) 82.6(3) N(®A-P(H-C(1) 176.7(4)
PA(1)-S(1)-C(7) 100.1(4) Pd(1)-S(1)-C(8) 108.4(4)
C(7)-8(1)-C(8) 99.6(6) Pd(1)-8(2)-C(27) 114.0(4)
Pd(1)-8(2)-C(28) 97.8(4) C(27)-8(2)-C(28) 101.0(6)
C(13)-0(1)-C(15) 116(1) C(16)-0(2)-C(17) 114(1)

C(IR)-0(3)-C(19) 124(2) C(20)-0(4)-C(21) 17(1

S(1)-C(7)-C(6) 108.7(9) S(1)-C(8)-C(Y) 110.7(9)
O(1)-C(15)-C(16) 107(1) 0(2)-C(16)-C(15) 1

0(2)-C(17)-C(18) 112(1) 0(3)-C(18)-C(17) 127(2)

O(3)-C(19)-C(20) 109(2) 0@)-C(20)-C(19) 109(1)

S(2)-C(27)-C(25) 111.6(9) S(2)-C(28)-C(2) 108.2(9)
CA-NMA-COA  118(1) PA(1)}-N(A-CHA  124.8(8)

PA(1)»-NQ)A-CHA  122.9(8)
CHANDA-CEA  103.1(9)
NOA-CQANDA - 129(1)
NGA-CHA-C(HA  125(1)
N(MA-C(HA-C(OA  135(1)
COA-CHA-CHA  117(1)
N(DA-COA-CHA  119(1)
N(TA-CRIA-N@A  115(1)

COANRA-CA  112(1)
CAA-NOA-CERIA  104(1)
NG)A-CAHA-NDA  127(1)
NOA-CHA-CA  109(1)
N(DA-COIA-CHA  109(1)
N(DA-COA-N@GA  118(1)
NBA-C(EA-CHHA  123(1)

occur [H(N6BIA---O(2) 2.257(9) A, N(6)A-H(N6EB)A - --
0(2) 134.3(7)° and H(NGB)A---O3) 2.41(1) A, N(6)A-
H(N6B)A - - - O(3) 149.7(7)°]. This hydrogen-bonding scheme is
also accompanied by the n stacking of both of the aromatic rings
of the metalloreceptor with the fused aromatic ring system of the
adenine substrate (dihedral angles of 9.08 and 13.44°). This
receptor containing the meta aromatic spacing units does not
appear to allow all three interaction types to optimize as well as
the para compound. This is clearly illustrated by the two views
shown in Figure 8.

Scheme 6 shows that guanine has only two potential pairs of
metal-coordination and hydrogen-bonding sites. Mode D in-
volves N(3) and N(2), while E makes use of N(7) and N(2). In
our attempts to grow X-ray quality crystals of 18, crystals of a
complex 15b, containing an N(9)-substituted BF, adduct of
guanine, were isolated. Although the source of the BF, group
must certainly be the BF, anion of the metalloreceptor, at-
tempts to rationally synthesize this side product and determine
the mechanism of formation have been unsuccessful to date. A
perspective ORTEP drawing of 15b, in which the guanine
derivative is bound to the Pd centre in receptor 3, is shown in
Figure 9, and some relevant bonding parameters are listed in
Table 10.

The receptor binding site rrans to the Pd—C bond is occupied
by the N(7) atom of the five-membered aromatic ring. This
orients the amino group on the opposite side of the six-mem-
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Figure 8. Two views of complex 14. Left: parallel stacking (=3.5 A) of the adenine
substrate between the m-aromatic spacing units of the metalloreceptor. Right: “off-
set’ nature of the 7 stacking between the Pd-bound adenine substrate (shaded) and
the m-aromatic spacing units of the metalloreceptor.

0of2) 0o(@3)

Figure 9. X-ray structure of complex 15b showing the atom numbering scheme.
The guanine derivative interacts with the metalloreceptor as follows: 1) direct o
donation to the Pd centre through N(7)G. 2) = stacking of the planar, electron-poor
hase between the clectron-rich aromatic units and 3) hydrogen bonding of the
peripheral amino group, N(2)G. 1o crown ether oxygens at the base of the macro-
eyele [NQ)G -+ O2) 3.16(1) A. N(2)G -+ O(3) 2.87(1) A].

bered ring towards the polyether chain of the receptor, and a
pair of intramolecular bifurcated hydrogen bonds occur
[H(N2B)G---O(2) 24799 A, NQ)G-H(N2B)G:- 0(2)
128.5(6)° and H(N2B)G---O(3) 2.140(8)A, NQ)G-
H(N2B)G - --O(3) 132.9(6)"]. This hydrogen-bonding scheme
is accompanied by the n stacking of both of the aromatic rings
of the metalloreceptor with the fused aromatic ring system of
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Table 10. Selected bond lengths (A) and angles (%) for [Pd(1)(guanine-
BE,)[BF,]. CHCL, (15b).

Pd-S(1) 2.297(3) Pd S(2) 2.294(3)
Pd-N(G 2.153(7) Pd - C(1) 2.00(1)
S(1)-C(7) 1.84(1) S(1)-C(8) 1.83(1)
S(Q)-CeD 1.82(1) S(2)-C{28) 1.81(1)
O(1)-C(12) 1.36¢1) oy CU 1.44(1)
0(2)-C(16) 1.4t (1) o) € 13102
0O(3)-C(18) 1.34(2) O(H-C(19) 1.41(1)
0(4)-C(20) 1.40(1) Od)-Cn 1.39(1)
O6)G-C(6)G 1.23(1) NG -C(5G 1.39(1)
NG C8)G 1.31(1) NG -C6)G 1.42(1)
NG C2)G 1.36(1) N3)G-C2)G 1.32(1)
NG -CEAG 1.38(1) NG - C@G 1.34(1)
NG -C(R)G 1.37(1) NQIG-CQG 1.32(1)
C(2)-C(28) 1.53(1) C(6)-C(7) 1.47(1)
C(8)~C(9) 1.50(1) C(15)-C(16) 1.49(1)
C(17)-C(18) 1.47(2) C(19)-C(20) 1.51(2)
C3)G-CA)G 1.38(1) CH-C(27) 1.50(1)
C(5)G-CO)G 1.38(1)

S(1)-Pd-$(2) 168.6(1) S(1)-Pd-N(NG 98.4(2)
S(1)-Pd-C(1) 84.5(3) S(2)-Pd-N(T)G 92.3(2)
S(2)-Pd-C(1) 84.9(3) N(7)G-Pd-C(1) 177.1(4)
C(T)-S(H-C(®) 100.9(5) C27)-S(2)-C(28) 98.9(5)
C(12)-0(1)-C(15) 117.5(8) C(16)-0(2)-C(17) 116(1)
C(18)-0(3)-C(19) 116(1) C(20)-0(4)-C(21) 118(1)
CHG-N(NG-CEG 1061 (8) CIG-NG-COG  126.1(9)
COIG-NGG-CAHG 1201 (8) CHG-NO)G-C®G  103.5(8)
S(1)-C(7-C(6) 106.1(7) S(1)-C(8)-C(9) 111.6(8)
O(1)-C(15)-C(16) 108.4(9) O(2)-C(16)-C(15) 110(1)
0(2)-C(IN-C(18) 116(1) O(3)-C(18)-C(17) 131
0(3)-C(19)-C(20) 112(1) O(4)-C(20)-C(19) 108(1)
S(2)-C27)-C(24) 113.3(8) $(2)-C(28)-C(2) 109.9(8)
N(NG-CIG-COYG  131.6(9) N(G-C5)G-CEAG  105.6(8)
CO)G-C(YG-CAG  123(1) 0(6)G-C(6)G-NI)G  117(1)
N(DG-CQ)G-NBG  118(1) N(G-C(6)G-C5HG  112.0(9)
NGG-CRG-NRG  122(1) N(DG-CQR)G-N2)G  122(1)
NGIG-CEG-CG  120.6(9) NGIG-C@G-NOG  128.3(9)
N(HG-CBG-NOG  113.5(9) NOG-CAIG-C(HG  111.0(9)

guanine (dihedral angles are 1.90 and 2.97°). The orientation of
the aromatic rings in this stacking interaction is clearly illustrat-
ed in Figure 10, and the binding mode corresponds to E in

Figure 10, Two views of complex 15b. Left: parallel stacking (3.5 A) of the gua-
nine derivative between the p-aromatic spacing units of the metalloreceptor. Right:
“off-set” nature of the m stacking between the Pd-bound guanine derivative (shad-
ed) and the p-aromatic spacing units of the metalloreceptor.
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Scheme 6. The overall “fit” of guanine into this metalloreceptor
is quite impressive, with all three types of interactions exhibiting
nearly ideal interaction parameters.

Conclusion

The metalloreceptors studied in this work were designed to em-
ploy the complimentary interactions of metal coordination, hy-
drogen bonding and = stacking. It is evident from NMR spec-
troscopic studies that all three of these interactions can occur in
solution. The solid state structures presented allow an examina-
tion of the separate components and an evaluation of how the
interactions operate in concert in a molecular recognition event.

Experimental Section

All starting materials—triethylene glycol di-p-tosylate, 4-hydroxybenzyl alco-
hol, 3-hydroxybenzyl alcohol, m-xylene-u,o'-dithiol, p-aminopyridine (pap),
m-aminopyridine (map), pyridine (py), guanine, adenine, deuterated solvents
and anhydrous N,N’'-dimethylformamide (DMF )}—were purchased from
Aldrich Chemicals. All rcactions were performed under an atmosphere of
N, (g) using standard Schlenk or dry-box techniques, and all solvents and
liquid starting materials were dried and degassed prior to use. 'H and '*C
NMR spectra were recorded on a Britker AC 300 spectrometer locked to the
deuterated solvent at 300.1 and 75.5 MHz respectively, and infrared spectra
were recorded on a Nicolet 5 DX or BOMEM Michelson 100 FTIR spectrom-
cter. LSIMS data were obtained on a Kratos Profile mass spectrometer.
Elemental analyses were performed by Canadian Microanalytical Service,
Delta, British Columbia.

Triethylene glycol di-p-hydroxybenzyl ether: 4-Hydroxybenzyl alcohol (10.8 g,
87.0 mmol) was added to a solution of Na (2.00 g, 87.0 mmol) dissolved in
anhydrous ethanol (200 mL). Triethylene glycol di-p-tosylate (199 g,
43.5 mmol) was added slowly, and the solution refluxed for 22 h. The result-
ing mixture was filtered to remove sodium tosylate, and the solvent removed
in vacuo. The resulting solid residue was extracted with CH,Cl, (100 mL),
and this organic fraction extracted with H,O (2 x 50 mL) and then dried over
anhydrous MgSO, . After filtration and removal of solvent, the crude product
was isolated and recrystallized from CH,Cl,. Yicld 11.5 g (73%). 'HNMR
(CDCly): 0 =7.23(d,4H,J =83 Hz, Ar),6.87(d,4H, J = 8.3 Hz, Ar), 4.57
(s, 4H. Bz), 4.10 (t, 4H, J = 4.7 Hz, ArOCH,), 3.84 (t, 4H, J = 4.7 Hz,
OCH,), 3.73 (s, 4H, OCH,), 1.77 (brs, 2H, OH). '*C{*H} NMR (CDCl,):
0 =158.53, 133.43, 128.68, 114.83 (Ar), 70.99, 69.90, 67.61 (OCH,), 65.10
(Bz). Anal. caled for C, H, O4: C 66.27; H 7.24. Found: C 66.20; H 7.19.

Triethylene glycol di-m-hydroxybenzyl ether: The same procedure was em-
ployed as described for triethylene glycol di-p-hydroxybenzyl ether, except
that 3-hydroxybenzyl alcohol was substituted for 4-hydroxybenzyl alcohol.
Yield 16.13 g (93%). "HNMR (CDCl;): § =7.21-6.79 (m, 8 H. Ar), 4.59 (s,
4H, Bz), 4.09 (t, 4H, J = 4.8 Hz, OCH,), 3.83 (t, 4H, J = 48 Hz, OCH,),
3.72 (s, 4H, OCH,): '*C{'H} NMR (CDCl,): 6 =155.95, 13597, 129.96,
119.30, 114.71, 113.89 (Ar), 71.00, 69.91, 67.59 (OCH,), 64.99 (Bz). Anal.
caled for C,,H,,O,: C 66.27; H 7.24. Found: C 66.22; H 7.19.

Triethylene glycol di-p-chlorobenzyl ether: A solution of SOCI, (1.97 g,
16.6 mmol) in CH,Cl, (50 mL) was added a solution of triethylene glycol
di-p-hydroxybenzyl ether (3.00g, 8.28 mmol) and pyridine (1.31g,
16.6 mmol) in CH,Cl, (50 mL). The addition was performed over a period
of 3 h, and the solution was allowed to stir for a further 22 h. The volume of
the CH,Cl, solution was reduced to 50 mL and then extracted with H,O
(2x50mL) and 0.1M NaOH (2 x50 mL}. The organic fraction was then
dried over anhydrous MgSO,,. After filtration and removal of the solvent, the
crude solid was recrystallized from CH,Cl,. Yield 2.02 g (61%). '"HNMR
(CDCl,): 6 =7.27(d.4H, J = 8.6 Hz, Ar), 6.86 (d, 4H, J = 8.6 Hz, Ar), 4.53
(s,4H, Bz),4.10(t,4H.J = 4.8 Hz, OCH,).3.84(1,4H,J = 4.8 Hz, OCH,),
3.73 (s. 4H, OCH,). "*C{'H} NMR (CDCl,): 5 =158.84, 129.99, 129.65,
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114.79 (A1), 70.85 (OCH,), 69.69 (OCH,), 67.46 (OCH,). 46.23 (Bz). Anal.
caled for C,yH,,C1L,0,: C 60.14: H 6.07. Found: C 60.09: H 6.00.

Triethylene glycol di-m-chlorobenzyl ether: The same procedure was employed
as described for triethylene glycol di-p-chlorobenzyl cther, except that tri-
ethylene glycol di-m-hydroxybenzyl cther was substituted for tricthylene gly-
col di-p-hydroxybenzyl ether. Yield 9.23g (84%). 'HNMR (CDCl,):
§ =7.22-6.85(m, 8H, Ar). 4.51 (s, 4H, Bz). 4.11 (t, 4H. J = 4.8 Hz, OCH,).
3.84 (t, 4H, J = 48 Hz, OCH,), 3.73 (s, 4H, OCH,). *C{'H} NMR (CD-
Cly): 6 =159.12, 138.97, 129.85, 121.10. 114.93, 114.81 (Ar}. 71.00, 69.87,
67.58 (OCH,), 46.29 (Bz). Anal. caled for C, H,,C1,0,: C 60.14; H 6.07.
Found: C 60.11; H 6.02.

Thiacyclophane (1): Cesium carbenate (7.65 g, 23.4 mmol) was suspended in
DMF (400 mL) under an atmospherc of N,(g). To this mixture was added
triethylene glycol di-p-chlorobenzyl ether (4.69 g, 11.7 mmol) and m-xylene-
a,a/-dithiol (2.00 g, 11.7 mmol) in DMF (200 mL). The addition was per-
formed over a period of 48 h with the reaction temperature maintained at
55-60"C. After addition, the DMF was removed under vacuum and the
resulting solid residue extracted with CH,Cl, (150 mL). This CH,Cl, solu-
tion was extracted with H,0O (1 x 50 mL) and 0.1M NaOH (2 x 50 mL), and
then the organic fractions were dried over anhydrous MgSO, . After filtration
and removal of the solvent, the crude product was recrystallized from
CH,Cl,/ethanol. Yield 2.69 g (46%). "HNMR (CDCl;): d =7.30 (s, 3H,
Ar),7.12(d,4H,J = 8.4 Hz, p-Ar), 6.83 (s, 1B, Ar), 6.80(d,4H.J = 8.4 Hz,
p-Ar), 4.08 (t,4H,J = 4.6 Hz, OCH,), 3.88 (t, 4H. J = 4.6 Hz. OCH,). 3.74
(s, 4H, OCH,), 3.51 (s, 4H, Bz), 3.49 (s, 4H, Bz). *C{'H} NMR (CDCly):
6 =157.87, 137.83, 130.27, 130.02, 129.08, 127.50. 114.73 (Ar). 70.97, 69.72,
67.59 (OCH,), 34.82. 34.49 (B7). Anal. calcd for C,,H,,0,S,: C 67.70; H
6.51. Found: C 67.57; H 6.44.

Thiacyclophane (2): The same procedure as described for 1 was employed,
except tricthylenc glycol di-m-chlorobenzyl ether was substituted for tri-
ethylene glycol di-p-chlorobenzyl ether. Yield 2.53 g (44%). 'HNMR (CD-
Cly): 6 =7.24-6.76 (m, 12H, Ar), 4.05 (t, 4H, J = 4.6 Hz, OCH,). 3.82 (t,
4H, J =4.6 Hz, OCH,), 3.72 (s, 4H, OCH,), 3.58 (s. 8H, Bz). *C{'H]
NMR (CDCl,): 0 =158.85, 139.53, 38.11. 129.60. 129.44, 128.76, 127.60.
121.42, 115.17, 113.46 (Ar), 70.98. 69.82. 67.46 (OCH,), 35.86, 35.67 (Bz).
Anal. caled for C,4H;,0,S,: C 67.70; H 6.51. Found: C 67.60; H 6.41.

|Pd(1)(MeCN)I[BF,] (3): Thiacyclophane 1 (0.28 g, 5.6 mmol) was dissolved
in acetonitrile (60 mL) and heated to reflux. To this solution was added
[Pd(MeCN),][BF,], (250 mg, 5.6 mmol) in acctonitrile (10 mL). The resulting
solution was stirred and refluxed for a further 22 h. The acetonitrile was
removed and the resulting solid residue recrystallized from CH,Cl,/jacetoni-
trile. Yield 250 mg (76 %). "H NMR (CDCl,): § =7.35 (d. 4H, J = 8.6 Hz.
p-Ar), 6.92 (m, 3H, Pd—Ar), 6.87 (d, 4H. J = 8.6 Hz, p-Ar), 4.31 (brs, 8H,
Bz), 411 (t, 4H, J = 4.1 Hz, OCH,), 3.77 (t, 4H. J = 4.1 Hz, OCH,). 3.61
(s, 4H, OCH,). Anal. caled for C,H,,BF,NOPdS,: C 49.36: H 4.70.
Found: C 49.14; H 4.52.

[PA(2)(MeCN)IBF,] (4): The same procedure as described for 3 was em-
ployed cxcept 2 was used in place of 1. Yield 290 mg (88 %). 'H NMR
(CDCly): 6 =7.26—-6.85 (m, 11H, Ar), 430 (s. 8H, Bz). 4.18 (t, 4H,
J =4.0Hz, OCH,), 3.82 (t, 4H, J = 4.0 Hz, OCH,), 3.66 (s. 4H. OCH,).
Anal. caled for C;,H,,BF,NO,PdS,: C 49.36: H 4.70. Found: C 49.19; H
4.61.

[Pd(1)(pap)l[BF,] (5): Complex 3 (25.0 mg, 0.034 mmol) and p-aminopyridine
(pap) (3.2 mg, 0.034 mmol) were added to acetonitrile (S mL) and stirred for
24 h. The solvent was evaporated and the resulting solid residue recrystallized
from CHCl,/acetonitrile. Yield 24.9 mg (93 %). '"HNMR (CDCl,): 6 =7.03
(m, 3H, Pd—Ar), 6.99 (d, 4H, J = 8.5 Hz, p-Ar), 6.74 (d, 2H. J = 6.4 Hz,
pap-Ar), 6.45 (d. 4H, J = 8.5 Hz, p-Ar). 591 (d. 2H, J = 6.4 Hz, pap-Ar),
5.39 (s, 2H, NH,), 4.49 (s, 4H, Bz), 4.24 (s, 4H, Bz), 3.99 (1, 4H, ArOCH,),
3.77 (t, 4H, OCH,), 371 (s, 4H. OCH,). Anal caled for
Cy,H,,BE,N,0,PdS,: € 50.62: H 4.77. Found: C 50.55; H 4.70.

[Pd(1)(map)|IBF,] (6): The same procedure as described for 8§ was employed
except that m-aminopyridine (map) was substituted for p-uminopyridine.
Yield 25.1 mg (94%). '"HNMR (CDCl,): § =7.44 (s, 1 H, map-Ar), 7.41 (d,
4H,J = 8.6 Hz, p-Ar), 7.41 (s, 1 H, map-Ar), 7.01 (m, 2H, map-Ar). 6.94 (m,
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3H. Pd-Ar), 6.89 (d, 4H, p-Ar), 4.51 (brs, 2H, NH,), 4.35 (s, 8 H, Bz), 4.10
(s. 4H, OCH,). 3.74 (m, 4H, OCH,), 3.56 (s. 4H, OCH,). Anal. calcd for
C,,H,,BF,N,0,PdS,: C 50.62; H 4.77. Found: C 50.47; H 4.68.

{Pd(2)(pap)liBF,| (7): The same procedure as described for 5§ was employed
except that 4 was substituted for 3. Yield 26.5 mg (100%). '"HNMR (CD-
Cly): 6 =7.16 (m. 2H, m-Ar), 7.10 (d, 2H, J = 6.3 Hz, pap), 7.05 (m, 3H,
Pd—Ar), 6.84 (d, 2H, m-Ar), 6.69 (d, 2H, m-Ar), 6.62 (s, 2H, m-Ar), 6.27 (d,
2H.J = 6.3 Hz, pap), 5.28 (s, 2H, NH,), 4.49 (s, 4H, Bz), 4.21 (s, 4H, Bz),
4.05(t,4H, OCH,), 3.79 (1, 4H, OCH,), 3.72 (s, 4 H, OCH,). Anal. calcd for
C,,H,,BF,N,0,PdS,: C 50.62; H 4.77. Found: C 50.50; H 4.66.

|Pd(2)(map)]|BF,] (8): The same procedure as described for 6 was employed
except that 4 was substituted for 3. Yield 24.8 mg (93%). '"H NMR (CDCl,):
d =7.08 (m, 2H, map), 6.99 (m, 3H, Pd Ar), 6.96-6.55 (m, 10H, m-Ar,
map), 4.45 (s, 2H, NH,), 4.25 (s, 8H, Bz), 4.05 (s, 4H, OCH,), 3.72 (s, 4H,
OCH,), 3.52(s,4H, OCH,}. Anal. caled for C,;H;,BF,N,0,PdS,: C 50.62;
H 4.77. Found: C 50.58; H 4.75.

1,3-Bis(n-butylthiomethy[}benzene (9): #-Butanethiol (3.15 g, 38 mmol) was
added to anhydrous ethanol (100 mL), in which Na metal (0.87 g, 38 mmol)
had been dissolved. This mixture was stirred for 4 h. «,¢'-Dibromo-m-xylene
(5.00 g, 19 mmol) was added and the reaction mixture stirred for a further 4 h.
The ethanol was removed and the resulting pale yellow oil extracted with
CH,CI, (50 mL). The organic solution was washed with water (2 x 50 mL)
and then dried over anhydrous MgSO,,. Removal of the CH,Cl, gave a clear
colourless oil. Yield 5.08 g, (95%). '"HNMR (CDCl,): 6§ =7.24 7.14 (m,
4H. Ar), 3.66 (s,4H, Bz), 2.38 (t, 4H, SCH,), 1.52 (qnt, 4H, CH,), 1.33 (sxt,
4H. CH,), 0.86 (t, 6H, CH;). Anal. caled for C,,H,,S,: C 68.01; H 9.29.
Found: C 67.92; H 9.22.

{Pd(9)(MeCN)I[BE,] (10): [Pd(MeCN),][BF,], (513 mg, 1.15 mmol) and 9
(326 mg, 1.15mmol) were combined in MeCN (50 mL) and the mixture
stirred for 8 h. The solution turned form orange to bright yellow in colour.
Diethyl ether (40 mL) was added and the resulting yellow precipitate isolated
by filtration. Yield 344 mg (58%). '"HNMR (CDCL): 6 =7.09 (n, 3H,
Pd- Ar), 4.13 (br, s, 4H, Bz), 3.25 (1. 4 H. SCH,), 2.26 (s, 3H, MeCN), 1.77
(qnt, 4H, CH,), 1.46 (sxt, 4H, CH,). 0.90 (1, 6H, CH;). Anal. caled for
C,4H,¢BF,NPdS,: C41.91; H 5.48. Found: C 41.77; H 5.39.

[Pd(9)(pap)lIBE,] (11): 10 (21.2 mg, 0.041 mmol) and p-aminopyridine (pap)
(3.9 mg, 0.041 mmol) were added to acetonitrile (10 mL) and stirred for 24 h.
The solvent was evaporated and the resulting solid residue recrystallized from
MeCN. Yield 23.1 mg (99%). 'HNMR (CD,CN): 6 =8.04 (d, 2H,
J = 5.6 Hz, pap-Ar), 6.99 (m, 3H, Pd-Ar), 6.64 (d, 2H, J = 5.6 Hz, pap-
Ar), 5.14 (s, 2H, NH,), 4.33 (s, 4H, Bz), 2.89 (s, 4H, SCH,), 1.61 (s, 4H,
CH,), t.30 (m. 4H, CH,), 0.86 (m, 6H, CH;). Anal. caled for
C,oH; BF,N,PdS,: C 43.13; H 5.62. Found: C 42.99; H 5.57.

[Pd(9)(map)|[BF,| (12): Compound 10 (31.3 mg, 0.061 mmol) and m-
aminopyridine (map) (5.7 mg. 0.061 mmol) were added to acctonitrile
{10 mL) and stirred for 24 h. The solvent was evaporated and the resulting
solid residue recrystallized from MeCN. Yield 33.7 mg (97%). "H NMR
(CD,CN): ¢ = 8.04 (s, 1 H, map-Ar), 7.88 (d. 1 H, map-Ar), 7.16 (m, 2H,
map-Ar), 7.00 (m, 3H, Pd—Ar), 4.72 (s, 2H. NH,), 4.32 (s, 4H, Bz}, 2.90 (s,
4H.SCH,). 1.60 (s,4H, CH,).1.29 (m,4H, CH,),0.79 (m, 6 H, CH,). Anal.
caled for C,oH,,BF,N,PdS,: C 43.13; H 5.62. Found: C 43.00; H 5.51.

|Pd(1)(adenine)||BF,] (13): Compound 3 (25.0 mg, 0.034 mmol) and adenine
(4.6 mg, 0.034 mmol) were stirred in MeCN (S mL) and CH,OH (5 mL) for
24 h. The solvents were removed in vacuo to yield a light yellow solid. The
solid was washed with diethyl ether (5 mL) and recrystallized from MeCN/di-
ethy! ether. Yield 22.1 mg (79%). 'HNMR (CD,CN): § =10.40 (s, 1H,
NH), 7.95 (s, 1 H. H(8A)). 7.73 (s, 1H. H(2A)), 7.04 (m, 3H, Pd—Ar), 6.74
(d. 4H, J =79 Hz, p-Ar), 6.19 (brs, 2H, NH,), 6.01 (d, 4H, J =7.9 Hz,
p-Ar), 4.55 (brs, 4H, Bz). 4.24 (s, 4H, Bz). 3.85 (m. 12H, OCH,). Anal. calcd
for Cy;Hy BE,N,O,PdS,: C 40.81: H 3.80. Found: C 40.64; H 3.68.

|Pd(2)(adenine){[BF,] (14): Compound 4 (25.0 mg, 0.034 mmol) and adeninc
(4.6 mg, 0.034 mmol) were stirred in MeCN (S mL) and CH;OH (5 mL) for
24 1. The solution was filtered to remove a small amount of unreacted
adenine and the product precipitated by the addition of diethyl ether (10 mL).
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The solid was washed with dicthyl ether (5 mL) and recrystallized by slow
evaporation of a MeCN solution of the compound. Yield 22.4 mg (80%).
'HNMR (CD,CN): 6 =10.39 (s, 1 H, NH). 7.95(s, T H, H(8A)), 7.73 (s, 1 H,
H{ZA}».7.02 (m.3H, Pd-Ar), 6.74(d,4H. J = 8.0 Hz, p-Ar}. 6.19 {brs. 2 H,
NH,), 6.01 (d, 4H, J = 8.0 Hz, p-Ar), 4.55 (brs, 4H, Bz), 4.24 (s, 4H, Bz),
3.85 (m, 12H, OCH,). Anal. caled for C,,H,;BF,N.O,PdS,: C 40.81; H
3.80. Found: C 40.57; H 3.70.

|Pd(1)(guanine){BF,] (15a): Compound 3 (25.0 mg, 0.034 mmol) was dis-
solved in MeCN (5mL), and guanine (5.2 mg, 0.034 mmol) in CH,OH
(5 mL) was added with stirring. After 24 h, an off-white solid was isolated by
filtration. Yield 18.6 mg (65%). '"HNMR (CDCl,): § = 9.81 (s, 1H, NH).
8.59 (s, 1H, NH), 7.23 (d, 4H, J = 8.3 Hz, p-Ar; overlap with 1 H, H(8)G),
7.01 (m,3H, Pd-Ar),6.38(d,4H. J = 8.3 Hz, p-Ar), 5.67(s.2H, NH,), 4.31
(s, 8H, B2),4.12 (s, 4H, ArOCH,), 3.78 (s, 4H, OCH,), 3.62 (s, 4 H, OCH,).
Anal. caled for Cy3H, BF,N,O,PdS,: C 40.03; H 3.73. Found: C 40.24;: H
3.66.

|Pd(1)(guanine-BF,)|[BF,] (15b): A solution of 3 (0.8 mL, 0.0 M) was sonicat-
ed for 15 min with a 10-fold excess of solid guanine and the mixture filtered.
The solvent was evaporated and the resulting solid residue redissolved in a
1:1 solution of CHCl;/MeCN. After approximately one week, several small
crystals of the product were isolated and used in a single-crystal X-ray diffrac-
tion study. Not cnough material was isolated to obtain reliable NMR spectra.
Atterapts to repeat this procedurce to obtain more material for further spectro-
scopic analysis have not been successful to date.

[Pd(2)(guanine)][BF,] (16): Compound 4 (25.0 mg, 0.034 mmol) and guanine
(5.2 mg, 0.034 mmol) were stirred in MeCN (5 mL) and CH,OH (5 mL) for
24 h. The resulting precipitate was washed with diethyl ether (5mL) and
reerystallized from MeCNjdiethyl ether. Yield 17.6 mg (62%). 'HNMR
(CDCL,): 6 =11.13 (s, 1H, NH), 9.68 (s, 1H, NH). 7.50 (s, 1H, H8G).
7.19-6.84 (m, 3H, Pd—Ar; 8H, m-Ar), 5.29 (s, 2H, NH,). 4.48 (s, 4H, Bz),
4.28 (s. 4H, B7), 3.95 (s, 4H, ArOCH,), 3.82 (s. 4H, OCH,). 3.68 (5. 4 H.
OCH,). Anal. caled for Cy3;H(BF,N,O,PdS,: C 40.03; H 3.73. Found: C
39.87; H 3.58.

X-ray structure analyses: Colorless crystals of 1 were grown by slow evapora-
tion of a CH,Cl, solution of the compound. Yellow to yellow-orange crystals
of 3, 5 and 7 were grown by vapour diffusion of diethyl ether into an acetoni-
trile solution of the complex. Orange crystals of 13 and 14 were obtained by
vapour diffusion of diethyl ether into an acetonitrile solution of the complex.
Orange-red crystals of 15b-CHCI, were isolated by slow evaporation of a
CHCI, solution of 15a during an atiempted recrystallization of that complex.
Diffraction experiments were performed on a four-circle Rigaku AFC 68 or
AFCS5R (15b-CHCI, only) diffractometer with graphite-monochromatized
Moy, radiation. The unit cell constants and orientation matrices for data
collection were obtained from 25 centred reflections (15 < 20 < 357). Machine
parameters, crystal data, and data collection parameters are summarized in
Tables 2, 7 and S-f (deposited at CCDC). The intensities of three standard
reflections were recorded every 150 reflections and showed no statistically
significant changes over the duration of the data coliections. The intensity
data were collected using the w—26 scan technique, in four shells (20 < 30, 40,
45, and 50°). Absorption coefficients were calculated and corrections applicd
to the data. The data were processed using the TEXSAN software!' ™ package
running on an SGI Challenge XL computer. For 1, the positions of the sulfur
atoms were determined by direct methods from the E-map with highest
figure-of-merit, while for the metal complexes the position of the palladium
atom was determined by conventional Patterson methods. For each com-
pound the remaining non-hydrogen atoms were located from a series of
difference Fourier map calculations. Refinements were carricd out by using
full-matrix least-squares techniques on F by minimizing the function
Sw(F, — F.)*, where w =1/¢*(F,) and F, and F, are the observed and calculat-
ed structure factors. Atomic scattering factorst!*! and anomalous dispersion
terms!t® were taken from the usual sources. In the final eycles of relinement,
all non-H atoms were assigned anisotropic thermal parameters except for the
carbon atoms in 7 and 15b. Fixed H atom coutributions were included with
C-H distances of 0.95 A and thermal paramecters 1.2 times the isotropic
thermal parameter of the bonded C atoms. These H atoms were not refined.
but all values were updated as refinement continued. Details of the data
collection are summarized in Tables 1 and 7, and selected bonding parameters
are listed in Tables 2. 3, 5, 6, and 8§-10.117!
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with Carbenium Ions
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Abstract: The kinetics of the reactions of
trialkylamine boranes and pyridine bo-
ranes with benzhydryl cations have been
determined photometrically. Second-or-
der rate laws are obeyed, first-order with
respect to amine borane concentration
and first-order with respect to carboca-
tion concentration. As for other reactions
of carbocations with neutral nucleophiles,
the rates of these reactions are only slight-

ture—reactivity relationships and kinetic
isotope effects are in accord with a polar
mechanism procceding through a transi-
tion state where the migrating hydride is
partly bound to the entering carbon and

Keywords
amine boranes - carbocations * kinet-
ics * linear free enthalpy relationship -
reductions

to the leaving boron atom. The rate con-
stants correlate linearly with the elec-
trophilicity parameters E of the carbeni-
um ions. It is therefore possible to use the
linear free enthalpy relationship logk, =
s(E+ N) for determining nucleophilicity
parameters N for the amine boranes and
to compare their hydride-donating abili-
ties with those of other non-charged hy-
dride donors (silanes, germanes, stan-

ly affected by solvent polarity. The struc-

Introduction

Amine boranes 1 are versatile reducing agents in organic and
inorganic chemistry."! They are produced quantitatively by the
reaction of amines with diborane (Scheme 1) and are stable
coordination complexes.”?! A large number of amine boranes
are commercially avail-
able.

Because of their dipo-
lar, non-ionic character,
they are readily soluble
in water as well as in many organic solvents (e.g., ethanol, ether,
dichloromethane, toluene, or acetone).l':** While trialkyl-
amine boranes are relatively stable in water or ethanol, they
solvolyze under acidic conditions.!’**! Borane complexes of
primary and secondary amines decompose with formation of
hydrogen when heated above 70 °C,[*- 2> # but in the presence
of impurities (e.g.. amines, proton donors, or heavy-metal
cations) hydrogen evolution may occur even at room tempera-
ture 23]

ot &
2R\N + BH —— 2 R,N—>BH,

Scheme 1.

[*] Prof. Dr. H. Mayr
Institut fiir Organische Chemic der Ludwig-Maximilians-Universitit Minchen
Karlstr. 23, D-80333 Miinchen (Germany)
Fax: Int. code +(89)5902-254
c-mail: hmyw org.chemie.uni-muenchen.de
Dr.-Ing. M-A. Funke
Institut fir Organische Chemie der Technischen Hochschule Darmstadt
Petersenstr. 22, D-64287 Darmstadt (Germany)
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nanes, and dihydropyridines).

The reduction of aldehydes and ketones is usually per-
formed in aprotic solvents between 50 and 100 °C,[® whereas in
water or alcohol solution the reaction of dialkylketones with
various amine boranes proceeds at room temperature in good
yields.!”! The reactivity toward 4-rert-butylcyclohexanone in
aqueous methanol (Scheme 2) was reported to decrease accord-
ing to the order H,;N— BH,>Me,HN— BH; > pyridine -
BH,>Me,N—BH, yielding rrans-4-tert-butylcyclohexanol
with high selectivity.[]

R,N->BH,

WO
OH

e

80 - 92 % trans
Scheme 2.

Acyl chlorides are reduced with formation of alcohols,!>-#
while alkyl and alkali carboxylates do not react with amine
boranes.”™! Since hydroborations with trialkylamine boranes or
pyridine boranes require elevated temperatures,*-¥! carbonyl
groups can be reduced selectively in the presence of C=C double
bonds at room temperature.l> 71 In contrast, hydroboration of
alkenes (e.g., 1-hexene or styrene) and reduction of carbonyl
compounds (e.g., aldehydes) with sterically hindered amine bo-
ranes (e.g., N-phenyl-N,N-diisopropylamine borane) at 20° C
takes place within 1-10h in solvents such as THF or pen-
tane !9

Despite their wide use in synthesis, little information on the
mechanism of reductions with amine boranes is available.['!]
During our efforts to quantify the reactivities of various classes
of nucleophiles with respect to carbenium ions,['?! we have re-
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cently studied the kinetics of hydride abstractions from silanes,
germanes, and stannanes by benzhydryl cations.''*? In order to
add amine boranes 1 to this list of reactivities of non-ionic
hydride donors, we have now studied the kinetics of their reac-
tions with the intensely colored benzhydryl cations 2, which
yield the corresponding colorless diarylmethanes 3 quantitative-
ly (Scheme 3).

+ R,N—BH,Y

H H
R,N—>BH, + de X0 HY
Ar Ar Ar AT

la-1j 2a-2d 3a-3d

Scheme 3. Reaction of amine boranes with benzhydryl cations. For keys to the
compounds, see Table 1 (1a j) and Table 2 2a- d).

Results

All reactions of the tertiary-amine boranes 1 with the carbenium
ions 2 reported in this paper follow second-order kinetics, first-
order with respect to carbenium ion concentration and first-or-
der with respect to amine borane concentration (Tables 1 and
2). In contrast, simple rate laws were not observed for the reac-
tions of carbenium ions 2 with borane adducts of secondary
amines, and we have not pursued the preliminary investigations
of these systems.

The rate constants of the reactions of 2a-BE,, 2a-OT{, and
2a-PF, with various amine boranes were found to be indepen-
dent of the counterions (Table 3) in analogy to related studies
which have shown that the rate-determining step of the
reactions of carbocations with non-charged nucleophiles (e.g.,
alkenes, allylsilanes, trialkylsilanes, or silyl enol ethers) is usual-
ly not affected by the nature of weakly nucleophilic counter-

ions.[13' 16]

Abstract in German: Die Kinetik der Reaktionen von Trialkyl-
amin-Boranen und Pyridin-Boranen mit Benzhydrylkationen wur-
de photometrisch bestimmt. Die Reaktionen folgen Geschwindig-
keitsgesetzen zweiter Ordnung, erster Ordnung beziiglich der
Amin-Boran-Konzentration und erster Ordnung beziiglich der
Benzhydrylkationen-Konzentration. Wie bei anderen Reaktionen
von Carbokationen mit neutralen Nucleophilen werden die Ge-
schwindigkeiten dieser Reaktionen durch die Losungsmittelpolari-
(it nur wenig beeinfluft. Die Struktur- Reaktivitdits- Beziehungen
und die kinetischen Isotopeneffekte sind mit einem polaren Me-
chanismus im Einklang, bei dem im Ubergangszustand das wan-
dernde Hydridion partiell an das angreifende Kohlenstoffatom
sowie an das austretende Boratom gebunden ist. Die Geschwindig-
keitskonstanten korrelieren linear mit den Elektrophilie- Parame-
tern der Carbeniumionen. Daher ist es méglich, die Lineare-Freie-
Enthalpie-Beziehung gk, = s(E+ N) zur Bestimmung der
Nucleophilie-Parameter N der Amin-Borane zu nutzen und deren
Hydrid-Ubertragungsfiihigkeit mit der anderer ungeladener Hy-
drid-Donoren ( Silane, Germane und Dihydropyridine) zu verglei-
chen.

Table t. Second-order rate constants &, (CH,Cl,, 20 °C) and Eyring paramecters for
the reactions of the amine boranes 1 with the benzhydryl cation 2a [a].

Amine borane pK,[b] Ky [c]/ Kl AH™/ AS=/
Lmol-1s! kImol-!  Imol-! K-1
1a EtsN-»BH; 10.6 27.9 =10 466£06 -57.9%20
la-D EzN—BD; 10.6 15.6 06 500x03 -513+1.1
la-Br  EuN—BH,Br 106 224 008 — —_—
ib MesN—BH3 10.9 5.20 02 53005 -502+£19

52705 -43.0%19

1c QN*B}g 6.6 13.6 0.5
1d @‘N;BH; — 374 13

N
le QN»BH? —_ 233 0.8 —_ —_—
)~

46204 -568=*13

1f (" N>BH, 5.3 176 63 449+04 48716

1g C{*‘*Bﬂa 6.6 302 108 435+0.5 -489+2.1

1h s_CNﬁBHa 6.0 380 136 43203 -480+1.1
\ 4

350 404305 -497+19

i yeo CNQBP% 66 976

1 v =
J /N@N»B]-l} 9.7

1.3x105 [d] =4700 — —

Chem. Eur. J. 1997, 3, No. 8
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[a] Counterion X =BF; . PF =, or OTf". [b] pK, of the corresponding am-
monium ion in water according to ref.[14]. [c] If temperature dependence
was determined, k, listed in this column was calculated from the Cyring
parameters. [d] Calculated from k,(~70"C) =492 Lmol~'s™! assuming AS* x
—49Jmol 'K .

Table 2. Second-order rate constants &, (20 °C, CH,Cl,) and Eyring purameters for
the reaction of 1a with the carbocations 2 [a].

carbocation E[b] ky [c]/ AH*/ AS*/
Lmol-lsl  kImol-l JmollK:1
+
2a Me,N CH 745 279 466+0.6 -579:20
2
-
2b [d] CH—fe 292 52800 31704 -46.1=x23
2 CN & 810 776  525:03 -486=1.1
2
'
2d [d] (fc};CH 850 545  488+0.6 642121

[a] Counterion X~ = BF, or OTf~. [b] Electrophilicity parameters E of the carbe-
nium ions 2 from refs. [12,15]. [¢] Calculated from Eyring parameters. [d] fc =
ferrocenyl (CsH FeC H,).
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Tablc 3. Influence of the counterion X~ on the second-order rate constants k,
(CH.Cl,, 2041 °C) of the reactions of amine boranes 1 with 2a.

amine horane counterion X* ky/
L mol-ls
1a EzN—BH, BF, 30.4 [a]
OTt 28.8 [a]
1b MesN~—BH; BF, 5.48 {a]
OTf 5.27[a]
1e Q B BF, 14.7
-
N) BH, oTf 14.4
14 Qb}; BF, 38.0 [a]
5 H, PF, 375
1e @‘I}—;H, BF, 23.3 fa]
)\ : PFq 234 [a]

[a] Average calculated from the valucs in Table 7.

Discussion
Rate-determining step: The hydride transfer from amine boranes

{o carbenium ions may proceed by one of the three mechanisms
shown in Scheme 4.

s
/

H

Scheme 4. Possible mechanisms {or hydride transfer from amine boranes to carbenium ions.

The polar mechanism A proceeds via a transition state in
which the migrating hydride is partly bound to the entering
carbon and to the leaving boron atom. In the SET mechanism B
the initial rate-determining electron transfer step is followed by
a fast hydrogen transfer. Mechanism C refers to a reaction se-
quence which is initiated by dissociation of the amine borane
followed by hydride transfer analogous to that in mechanism A
or B.

Rate-determining electron transfer (mechanism B) was ex-
cluded by the primary kinetic isotope effect of &,;/k,, =1.81 ob-
served for the reaction of triethylamine borane 1a and deuterat-
ed triethylamine borane 1a-D with 2a at 20°C (Table 1). For
mechanism B a considerably smaller secondary kinetic isotope
effect would be expected. Comparison of the 1onization poten-

1216 — ©

+—> H-JA_ + HB—NR
Ar /7’\A[_ 2 3

mechanism A N
o — = HC H BNR
Ar’ H
‘ S+
ITR /H mechanism B IJ{ /H
"+ H-B<= NR, — — + H—Be
.C. 3 C: H—B+NR;, -
Ar N Ar 77T Ar \
. H
J g
‘ mechanism C H /H
.. [ J
— + H—B +N .
ar-© TAr N %
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tials of the pyridine boranes (1f, 9.72¢V; 1h, 9.30eV['™)
with the electron affinities of benzhydryl cations (Ph,CH™,
7.32 eVI'8) confirms that the SET mechanism B is energetically
unfavorable.

The dissociative mechanism C is excluded by the finding that
the reactivities of the borane adducts with sterically hindered
amines 1d and le toward 2a are similar to that of the less
bulky analogue 1¢, in spite of the higher tendency of 1dand 1e
to dissociate into amine and BH, I'® In addition, the reactivi-
ties of the pyridine boranes 1f-j increase with the electron-
donating ability of the substituents in pyridine, that is, in the
opposite order to that expected for the dissociation constants in
the series 1f, 1h, 1i, and 1j (Table 1). For the same reason this
ranking also excludes the possibility that the monitored disap-
pearance of the carbocation absorbance is due to coordination
of the carbocation with the amines produced by dissociation of
Tla—j.

By excluding mechanisms B and C we are left with mecha-
nism A, which is analogous to the mechanism suggested for the
hydride abstractions from silanes, stannanes, germanes,!**! and
hydridic CH groups."'®! Nucleophilic counterion assistance in
this mechanism is also excluded by the independence of the
observed rate constants of the nature of the counterions
(Table 3).

Solvent effects: The rates of the reactions of carbocations with
neutral nucleophiles have been observed to show little depen-
dence on the solvent. Whereas re-
actions of benzhydryl cations
with alkcnes were found to be
three times faster in nitromethane
than in chloroform%l  an
analogous change of solvent po-
larity did not have any effect on
H . the rate of hydride abstraction

from dimethylphenylsilane.'* 321
Table 4 and Figure 1 show that
the rate of hydride abstraction
from triethylamine borane is
slightly reduced as the solvent
polarity is increased. Variation of
solvent polarity affects these rates
in the opposite sense to the corre-
sponding reactions with alkenes,
and Reichardt’s E{(30) parame-
ter!?% again proved to be most suitable for a quantitative corre-

products

lation.

Table 4. Second-order rate constants &,(20°C) and Eyring parameters for the reac-
tion of triethylamine borane (1a) with 2a and 2d in various solvents.

E.(30)[a] AH*KJmol™' AS*/Tmol 'K~ k,(20°C) [bl;
Lmol ts™?

Cation Solvent

2a CH, 1, 40.7 46.6+0.6 —579+2.0 279
acetone 422 46.8+0.1 —62.0+0.6 15.7
CH,CN 456 46.9+03 —63.5+1.3 12.6
CF,CH,OH 5938 - 595

2d CH,Cl, 40.7 48.8+0.6 —64.2+2.1 5.45
liquid SO, =68[c] 49.1+0.7 ~81.8+2.8 0.570

[a} Ref. [20]. [b] If temperature dependence was determined, k, listed in this
column was calculated from the Eyring parameters. [¢] Estimated value (ref. [21]).
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CH,Cl,
1.5
1.0 acetone
CH,CN CF,CH,0H
g &, (20°C) .
lig. SO,
0.5

0 ¢ ' ' 4 s '
t t + + —+ + 1

35 40 45 50 55 60 65 70
-

E7(30)

Figure 1. Plot of logk, (20°C) for the reaction of la with 2a versus Reichardt’s
E,(30) values [loghs (20°C) = — 3.082x 1072 x £,(30) + 2.583, r = 0.976). The
rate constant for liquid SO, [k5(20“C) = 2.92 Lmol™'s™!] was estimated from the
relative rate of the reaction of 2d with 1a in SO, and dichloromethane.

Because of the low solubility of 2a-BF, and 2a-OTTf in ethers
or hydrocarbons (¢<5x 10~ °mol L"), kinetic investigations
in solvents of low polarity (£:(30)<40) were not performed.
Ordinary alcohols were also not used for studying solvent effects
since ethanol, in contrast with the less nucleophilic trifluoro-
ethanol, slowly reacts with 2a at ambient temperature.

Kinetic studics in liquid SO, were only performed with the
bis(ferrocenyl)methylium cation (2d) as reference electrophile,
since the dimethylamino groups of 2a undergo a coordination
with the Lewis acid SO, resulting in the formation of a complex
which is more electrophilic than 2a. This coordination, which
has also been observed upon treatment of 2a with other Lewis
acids (e.g., ZnCl,-OEt, or BCL,), is detected by a change from
the intense blue color of 2a to ycllow.

Because of the small differences in k, in Table 4, it is difficult
to assign the solvent effects to variations in either AH* or AS *.
The considerably smaller rate constant in liquid SO, is clearly
due to a more negative value of AS *. An analogous change in
AS* has been observed for the reactions of benzhydryl cations
with dimethylphenylsilane in either liquid SO, or dichloro-
methane. 2!

Variation of the amine borane: In the section ‘" Rate-determining
step” we have already discussed how electron donors in the
4-position of the pyridine ring increase the reactivities of those
complexes. The activating electronic effect of two methyl groups
in the 2- and 6-positions of the pyridine is partially compensated
by the retarding steric effect, however, and 1g is less reactive
than the 4-(rerz-butyl)pyridine complex 1h.

Comparison of 1f with the trialkylamine complexes 1a and
1b shows that the basicity of the amine is not the major factor
determining the reactivities of these compounds. Despite the
higher basicity of trimethylamine and triethylamine compared
with pyridine, the trialkylamine complexes are weaker hydride
donors than the pyridine complexes 1f—j. The observation that
the reactivity of the borane complex 1¢ of the weak base N, N-di-
ethylaniline is similar to those of the trialkylamine complexes 1a
and 1b also argues against control of the reactivitics by the
basicity of the amines.

Chem. Eur. J. 1997, 3, No. 8
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The rate constants for the reactions of the monosubstituted

pyridine boranes with 2a (logk,) do not correlate linearly with
+[22]
p

Hammett’s o, parameters (Figure 2) or ¢ parameters.

lgk, (-70°C) | 0+

Figure 2. Plot of logk, (—70°C, CH,Cl,) for the reaction of pyridine boranes 1f,
1h, 1i, and 1j with 2a versus o,

The electron-donating effect of the para substituents can be
explained by the quinoid structure of the resulting cations 1%, as
depicted for the dimethylamino pyridine borane 1jin Scheme 5.

AN M No 4 N* H \ = H
N N->B~H ——— N N-B 4+—— N— N-B
/ — \ -H / — \ Y — \
H H H
1j 1j*

Scheme 5. Stabilization of 1j* by through the para substituent.

Complex 1a-Br was the only amine borane investigated where
one of the hydrogen atoms on boron was replaced by another
atom. The fact that the reactivity of 1a-Br is twelve times lower
than that of 1a is probably attributable to the electron-with-
drawing effect of bromine, although steric effects cannot be
excluded.

Assuming that the reactivities of the amine boranes are con-
trolled by the thermodynamics of the hydride abstraction step,
we performed semiempirical MO calculations (AM 1) on the
amine boranes 1 and the cations 1% resulting from hydride
abstraction (Table 5). Figure 3 shows a linear correlation be-
tween the reactivities of the amine boranes 1 toward 2a and

Table 5. Calculated heats of formation of the amine boranes 1 and the cations 14
(AM 1 ref. [23]).

Amine borane AH{(1)/ AH; (1YY AHX(1*YY — AH; (1))
kcalmol ! kcalmol 7! kealmol ™!
la ~11.0 145.1 156.1
1a-Br —357 127.2 162.9
1b 8.1 164.7 156.6
i 347 187.2 152.5
1g 224 172.5 150.1
1h 152 164.1 148.9
1i —42 142.8 147.0
1j 40.3 177.8 137.5
0947-6539197/0308-1217 $ 17.50+ .50}0 — 1217
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5 N
N & '
= | ‘N
4 \ri ¥
3
.
3 1j N E]
Ig &, (20 °C) ¥
: BH, BH,
2 1i AN 1f
[
N Et,N~BH,
1 ¥ 1a
BH, Me,N-BH, . Et,N-BH,Br
1h ib . la-Br
g n
130 140 150 160 170

AHX1*) - AHK1)

Figure 3. Correlation between the kinetics [logk,(20 "C, CH,Cl,)] and the thermo-
dynamics [AH(1*) — AH(1)] of the reaction of 1a-j with 2a; logk,(20°C) =
— 0.1R6(AH [ (1%) — AH{ (1)) +30.4, r = — 0.987.

AH;(1*"y — AH(1). The increase of the exothermicity of the
hydride transfer step (Figure 3, from right to left) is associated
with an increase of the corresponding rate constant. The small
slope of this correlation (0.186) indicates that only 25%
(0.186 x 2.303RT) of the variation in AH?¢ is detected in AG*.

Variation of the carbocation: According to Figure 4, the rate
constants of the reactions of the triethylamine borane complex

Igk, (20 °C)

-10

Figure 4. Correlation of the second-order rate constants (logk,, 20*C. CH,Cl,) for
the reactions of tricthylamine borane (1a) with carbocations 2a - d, with their elec-
trophilicity parameters E.

la (logk,, 20°C, Table2) corrclate linearly with the elec-
trophilicity parameters E of the carbenium ions 2a—d, that is,
they obey the linear free enthalpy relationship [Eq. (1)].1'¥ The

log k,(20°C) = s(N+E) 1)

slope of this correlation (s = 0.72) is slightly larger than those of
corresponding hydride abstractions from trialkylstannanes and
trialkylgermanes (0.56-0.69)!'2! and comparable with that for
trialkylsilanes (0.64—0.76).'2) From the intersection of the
graph in Figure 4 with the abscissa a nucleophilicity parameter
of N(1a) = 9.44 is obtained, that is, the nucleophilicity of tri-
ethylamine borane (1a) is similar to that of tributylstannane
(N = 9.29).12

1218 — O

According to previous work,''?! structurally analogous hy-
dride domnors are characterized by similar values of s. One can
assume, therefore, that the slope parameter s = 0.72 determined
for 1a will also hold approximately for the other amine boranes
studied in this work, and one can calculate approximate N
parameters from the rate constants given in Table 1 (Figure 5).

VCH Verlagsgesellschaft mhH, D-69451 Weinheim, 1997

N
_— } weakhydride donors
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strong hydride donors

Figure 5. Nucleophilicity N of amine boranes 1 compared with other non-ionic
hydride donors.

If s were exactly the same for all hydride donors shown in
Figure 5, the N values would represent electrophile-independent
relative reactivities of these compounds [as a consequence of
Eq. (1)]. As discussed above, small variations in s occur, how-
ever, with the result that the order of the relative reactivities of
hydride donors with comparable N parameters may be reversed
when the electrophilic reaction partners are varied. The follow-
ing discussion, therefore, concentrates on the comparison of
compounds with large differences in V.

As shown in Figure 5, the trialkylamine boranes are more
reactive hydride donors than trialkylsilanes (sAN=4) and tri-
alkylgermanes (sAN=2). Their reactivity is comparable with
that of trialkyistannanes and 1,4-dihydropyridines. Pyridine bo-
ranes are considerably stronger hydride donors, and the most
reactive complex in this series (N, N-dimethylaminopyridine bo-
rane) exceeds the reactivity of N-benzyl-1,4-dihydronicoti-
namide by approximately four orders of magnitude.

With s = 0.72 and the N parameters listed in Figure 5, one
can use Equation (1) to calculate the rate constants for the reac-
tions of other carbocations with amine boranes. As shown in
Figure 1, these rate constants depend little on solvent polarity,
and it is possible to compare the reactivities of amine boranes
directly with those of ionic boron hydrides toward the anisylfer-
rocenylmethylium ion in water.

Table 6 shows that the reactivities of amine boranes arc simi-
lar to that of cyanoborohydride, that is, somewhat lower than
that of BH, in water. It should be noted, however, that the
comparison of the reactivities of neutral hydride donors with
those of ionic hydride donors strongly depends on solvent polar-
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Table 6. Second-order rate constants k, for the reaction of the anisylferrocenyl-
methylium ion with boron hydrides.

hydride donor N () ky /L mol-1s1
BH5CN- 7.4 x 103 [a]
Ei;N—BH; (la) 944  (0.72) 1.4 x 104 [b]
MO~ N-BH, (1) 116  (0.72) 4.9 x 105 [b]
BH," 1.5 x 106 [a]

[a] Rale constants at 25°C in water (see ref. [24]). [b] Calculated values (from
Eq. (1) with E = — 3.70; refs. [12,27b] at 20 °C in dichloromethane).

ity, and the reactivities of the ionic hydride donors BH,;CN"™
and BH, can be expected to increase considerably as water is
replaced by a less polar solvent.

Conclusions

Amine boranes are among the strongest non-ionic hydride
donors which are valuable reducing agents because of their sol-
ubility in many organic solvents, In reactions with positively
charged electrophiles, they are more reactive hydride donors
than trialkylsilanes, and comparable with NaBH,CN. As a con-
sequence amine boranes may replace this expensive and toxic
reagent in many applications (e.g., reductive amination of car-
bonyl groups). According to the linear free-enthalpy relation-
ship [Eq. (1)] the reduction of iminium ions (Ex —7)[25) is ex-
pected to proceed smoothly with all the amine boranes shown in
Figure 5. In agreement with this analysis, Moormann has re-
cently reported the reductive amination of aldehydes in protic
and aprotic solvents with pyridine borane instcad of BH;CN™
as reducing agent (Scheme 6).12%

e
| .PyrBHOH N

Schemc 6. Example of application of pyridine boranc as reducing agent [26].

Further applications of amine boranes as reducing agents can
be deduced from the reactivity scales presented by Mayr and
Patz.H'?!

Experimental Section

General: Melting points are uncorrected. High-vacuum sublimations
(0.01 mbar) were performed in a Biichi Kugelrohr apparatus. 'H NMR spec-
tra were recorded at 60 or 300 MHz and '3C NMR spectra at 75.7 MHz in
CDCly; chemical shifts are in ppm relative to TMS and coupling constants
are in Hz.

Materials: The benzhydryl salts 2a-BF,. 2a-PF,, 2a-OTf. 2¢-BF,, and 2d-
BF, were preparcd as described previously.!'® 274 The cation 2b was
generated from the acetate 2b-OAc by ionization with TMSOTF.2"™ Com-
mercially available amine boranes La. 1b. Le, 1f, 1g, and 1j were used after
either sublimation or recrystallization from pentane/CH,Cl,. The amine bo-
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ranes 1h and 1i were prepared from the corresponding amincs and diborane
as described by Mooney and Qaseem./** The haloborane 1a-Br was prepared
from 1a and N-bromosuccinimide,”*® and 1a-D was obtained by deuteration
of 1a with D,O pretreated with SOCI, .12

General procedure for the reduction of 2: At 20°C the amine borane la
(3.50 mmol) was added in one portion to a stirred solution of 2a-BF,
(2.70 mmolj in dry CH,C1, (50 mL). After disappcarance of the blue color of
the cation 2a ( <1 h) the mixture was stirred for 1 h with 6 M hydrochloric acid
(30 mL) to hydrolyze the boranes. The layers were separated. and NaOH (6 M,
40 mL) was added to the aqueous layer which was then extracted with diethyl
ether (2 x 30 mL). The combined organic layers were dried (Na,S0,). fil-
tered, and evaporated. The volatile compounds were removed at the Kugel-
rohr apparatus before sublimation or crystallization of the product 3a.

Bis(4-V,N-dimethylaminophenyl)methane (3a) was obtained from 2a-BF,
(0.92g, 270 mmol) and la (0.43g, 3.74mmol). Yield 77% (0.53 g,
2.08 mmol). The diarylmethane 3a was also obtained from 2a-BF,. 2a-OTf,
or 2a-PFg with the other amine boranes 1 in good yield (75-90%); m.p.
90-91°C (91°Cl3%%): b.p. 140-150°C (0.01 mbar); for NMR data see
rels. [31, 32].

Bis(4-/V,N-dimethylaminophenyl)-[D,Imethane (3a-D) was obtained from
2a-BF, (0.81 g, 2.38 mmol) and 1a-D (0.41 g, 3.47 mmol). Yield 86% (0.52 g.
2.04 mmol); b.p. 140-150°C (0.01 mbar); m.p. 84-85°C (84 84.5°C);I*¥
"HNMR (300 MHz, CDCl,): § =7.12 (d, J = 8.5 Hz. 4H, AA’BB’ system).
6.76(d, J = 8.5 Hz,4H, AA’BB’ system), 3.85 (brs, l H, CHD), 2.96 (s. 12 H.,
CHj;); '*C NMR (75.7 MHz, CDCl,): 4 =148.9, 130.8, 129.8, 113.6. 41.3,
394,

Ferrocenylphenylmethane (3b) was obtained from 2b-OAc (0.82 ¢,
2.45 mmol) and la (0.65 g, 5.65 mmol) in the presence of TMSOTS (0.25
1.12 mmol). Yield 87% (0.59 g, 2.14 mmol} after crystallization from cthanol
at —20°C; m.p. 73--73.5°C (73.5-74.0 °C):!** "H NMR (60 MHz: CDCl,):
6 =7.35(m, 5H, Ph), 415 (s, 9H. Fc), 3.75 (5. 2H. CH,).

Bis(4-pyrrolidinophenylmethane (3¢) was obtained from 2¢-B¥, (0.52 ¢,
1.33 mmoly and 1a (0.22 g, 1.91 mmol). Yicld 69% (0.28 g. 0.92 mmol) after
crystallization from pentane/CH,Cl, (1/1); m.p. 88-88.5 C (88 - 89 "Cl!3h;
for spectroscopic data see ref. {15].

Kinetic investigations: The consumption of the colored benzhydryl cations 2
by the amine borane was determined photometrically by using fiber optics
and the workstation described previously.['® The results are summarized in
Table 7.
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Twelve-Membered O-Bridged Cyclic Ethers of Red Seaweeds in the
Genus Laurencia Exist in Solution as Slowly Interconverting Conformers

Graziano Guella,* Giuseppe Chiasera, Ines Mancini, Aysel Oztunc¢ and Francesco Pietra*

Abstract: The twelve-membered O-bridged
cyclic ether obtusallene IV (1), a new iso-
late from the red seaweed Laurencia ob-
tusa from Kas in the Turkish Mediter-
ranean, revealed temperature-dependent
NMR signals attributable to a major con-
former in equilibrium with a minor con-
former by 180° flipping of the trans
olefinic bond. This prompted us to reex-
amine the known congeners obtusallene I
(2), 10-bromoobtusallene I (3), obtusal-
lene 11 (4), and obtusallene I1I (5), isolat-
ed both from the same and taxonomically

thetic derivative peracetylobtusallene 111
(6). Two conformers could in fact be
directly observed at room temperature
for 2—3 and at low temperature for 4.
Marked cross-saturation-transfer effects
between the couples of conformers con-
firmed these observations. Activation en-
ergies for processes involving 10-mem-

Keywords
conformation analysis * heterocycles *
hydrogen bonds - NMR spectroscopy

bered subunit rings (2—3) are higher than
for 11-membered (4-5) analogues, where
faster conformational motion occurs too
resulting in mediated vicinal J couplings.
1,3-Dihydroxy substituents in 5 form an
intramolecular hydrogen bond in low-
polarity, non-H-bonding solvents; this
results in the existence of two further con-
formers, giving more complex NMR spec-
tra. Descriptions in the literature of single
conformers for obtusallenes 2—-5 must
have resuited from overlooking minor
NMR signals or attributing them to im-

. . - obtusallenes
related seaweeds, as well as their semisyn- °

Introduction

Polyether acetogenins isolated from marine dinoflagellates have
recently attracted much attention for their ecotoxicity!'! and
other potent biological activities,!?! as well as for their unusual
array of O-heterocycles of various sizes. Red seaweeds in the
genus Laurencia are the only other organisms that rival the
dinoflagellates in imagination as builders of unusual cyclic
ethers, some of which are transferred through the diet to herbi-
vorous opisthobranch molluscs®®! and show potent biological
activity, including cytotoxicity to-
wards tumour cells. The inter-
est in all these cyclic ethers, together
with Paclitaxel®-type compounds,™!
has revived methods for the synthesis
of medium rings.[%!

RAEEERN The C,; acetogenins
from Laurencia spp. in-
1 Br  clude such oddities as

branched oxepanes!® and
1 O-bridged twelve-mem-
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purities.

bered cyclic ethers.!] A central example in the latter series is ob
tusallene I (2), isolated from Laurencia obtusa collected at
Gokceada in the Aegean Sea!’ ! and described as having
in solution”% the single conformation seen in the crystal
(2,1.e., C6 up and C5 down).[”™ Other members of this family,
10-bromoobtusallene 1(3),07¥ obtusallene 11 (4)!7? and obtusal-
lene III (trivial name coined here) (5)17°1 were similarly de-
scribed.

We recently isolated a new obtusallene from a sample of L.
obtusa collected near Kag to which the name obtusallene [V (1)
was assigned. The NMR spectrum of 1 showed resonances at-
tributable to equilibrating conformers, in sharp contrast to pre-
vious single-conformer descriptions for compounds of this class
in solution.’¥ Because of the importance of conformational
phenomena in recognition interactions with receptors, we decid-
ed to reexamine previous cases.!”!

Br H

Br
4 5

R=11
6 R=Ac
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Table 1. "HNMR spectra (21 "C) for obtusallene IV (1) in C,D, and for obtusallene 1 (2) and 10-bromoobtusallene [ (3) in CDCIly

Obtusaliene IV (1)

Obtusallene T (2): 2a2b =4:1

2b

10-Bromoobrtusallene I (3): 3a/3b = 3:1

3a

3b

6.07 (dd,1.8.5.7)

5.56 (L, 5.7)

4.47 (dt, 18,5.7)

5.94 (dd.5.7.15.9)

6.21 (dd,10.5,15.9)
4.23 (dt,6.3,10.5)
2.81 (dd, 6.3.13.3)

6.09 (brd, 6.0}
5.52 (m)

[a]

5.83 (dd. 6.0,15.9)

[a]
4.37 (td, 6.9,10.6)
297 (dd, 6.9,13.3)

6.08 (dd. 1.9.5.9)
5.54 (1, 5.9)

4.47 (dt, 2.0.5.9)
5.98 (dd. 5.9.15.7)

6.20 (dd, 10.6,15.7)
4.43 (dt, 5.9,10.6)
3.36 (dd. 59.13.2)

6.09 (dd. 2.0.5.8)
551 (t,5.8)

[a]

591 (dd, 7.3.15.9)

5(dd. 7.1.13.3)

H atom 1 2a
1 S63dd (H1.3) =356 K14 =17
3 5.07 dd (J(3.1) = 5.6, J(3.4) = 6.7)
4 4.06 tdd (J(4,1) = J(4,52) = 1.7, J(4,3) = 6.7, J(4,52) =10.8)
S 2) 1.40 ddd (J(54,6) = 2.0, J(5a.4) =10.8, J,.., =13.6)
£) 1.70 ddd (J(50,4) = 1.7, J(54,6) =10.5, Jyup = 13.5)
6 3.49 ddd (J(6,50) = J(6.7) = 2.0, J(6,56) =10.5
7 3.67 dd (J(7,6) = 2.0, J(7,84) = 4.9
8 %) £.78 m
£y 213 dd (J83,9) =7.1, J,, =14.4)
9 4.57 ddd (J(9.8f) =7.2, J(9.8%) = 9.4, J(9,10) = §.3) -
10 3.95 dd (/(10,9) = 5.3, J(10.115) = 3.8, J(10,11) =11.7)
11 2) 1.98 ddd (J(112,10) =117, J(112,12) =10.5, J,., =14.4

/) 2.42 ddd (J(114,10) = 3.8, J(11x12) =1.7, /., =14.4)
12 519 m

13 519 m
i4 437 m
15 1.13d (J(15.14) =7.0)

2.46 (dd, 10.5.13.3) 1a]

4.60 (1d, 1.5.5.1)
247 (ddd, 1.5,5.1.19.1)  [a]
2.33 (gdd, 1.5.5.1,19.1)

422 (ddd, 1.5,1.7.5.1)  [a]
3.97 (dd, 1.8,9.3) [al
3.62 (qd, 6.3.9.3)
1.10 (d, 6.3)

fa]
4.83 (1d, 7.1.10.3)
33
2.

2.44 (dd, 10.6,13.3) 2.61 (dd, 10.3.13.6)

4.61 (m) - -
2.89 (dd, 5.2,18.7)  [a]
2.67 (qd, 1.6,18.7)  [a}
4.20 (1d. 1.6,5.4) [a]

3.99 (td, 1.8.9.3) [a]

3.61 {gd, 6.59.3) 3.47 (qd. 6.5.8.7)
1.16 (d. 6.5) 1.13(d, 6.5)

3.49 {gqd, 6.4.8.7)
1.11(d, 6.4)

|a] Signal overlapped by the resonance of the major conformer. NOE effects from NOE 2 D experiments for obtusallene IV (1): H4 with H3, H;5 and H,15: H,5 with H6
and H7: Howith H,8. H12 or H13; HO with H,8 and H10; H10 with H9, H,11 and H12 or H13; H; 15 with H4, H14 and H12 or H13 (see also Experimental Procedure).

Results and Discussion

Obtusallene IV (1): HRMS-EI for T was carried out on the in-
tense heavy-halogen-bearing fragment ion deriving from loss of
the bromoallene functionality, which is supported by the char-
acteristic ?C NMR resonances 8. =73.70 d, 200.74 s and
103.32 d. This information, togcther with that on a fragment ion
attributable to Br loss from the molecular ion, and atom counts
from NMR spectra, led to the composition C,;H,,Br,CIO, for
the whole molecule, implying five unsaturated bonds. Two cy-
cles were suggested by evidence of an £ olefinic bond, positioned
as shown in 1 on the basis of COSY experiments and differential
decoupling. This and H4/C3 and H14/C15 correlations from
HMBC experiments also support the allene-C4-0O-C14-Me
fragment (Table 1), establishing a 12-membered O-heterocycle
of the obtusallene!” type. Characteristic d.. values for C6 and
C9 (Table 2). assigned by HMQC and long-range H6/C9 cou-
pling provide support for the existence of the tetrahydrofuran
moiety. On similar evidence both chlorine (8., = 62.48 d) and

Table 2. '3C NMR spectra (21 “C) tor obtusallene IV (1) in CD, and for obtusal-
fenc I (2) and 10-bromoobtusaliene 1 {3) in CDC;.

Obtus- Obtusallene I (2): 10-Bromo-
allene IV 2a2b = 4:1 obtusallenc [ (3):
3a/3b = 3:1

Atom 1 2a 2b 3a 3b
Cl) 73.5d 74.16 d 74.16d 7434 d 74.28 d
C2) 201.08 s 202.16 202.26 s 202208 202.28 s
C(3) 104.27 d 100.09 d 99.81 d 99.78 d 99.62 d
Ci4) 65.05d 69.88 d 69.70 d 69.73 d 69.73 d
(s 3877t 129.03 d 130.60 d 129.42d  130.67 d
C(6) 76.64 d 139.74d  136.42d 14024d  136.76d
(7 62.70 d 5949 d 52.72d 56.49d 4952 d
C(8) 37.58 ¢ 4333 ¢t 42.60 t 42.53 t 4312t
C(9) 78.24 d 14777 s 148.27 s 145.82 s 145.16 s
C(10)y 0.48 d 95.20d 95.79 d 9413 s 94.96 s
C(11) 37.82 brt 2699 t 2690 t 36.65t 36.56 t
C(12) la] 41.61 d 41.92d 41.92d 42.07d
C(13) [a) 81.83 d 82.29d 81.89 d 82.46 d
C(14) 7019 d 68.40 d 68.40 d 68.20 d 68.20 d
Ci1s) 14.11 ¢ 16.43 g 17.16 q 16.56 q 17.22 q

[a] Overlapped by the solvent residual signals.
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bromine (0¢;, = 49.88 d) were assigned positions. Thus, ob-
tusallene 1V (1) must be a stereoisomer of obtusallene IT (4).[7¢!
Starting from arbitrarily S-positioned C 15, the x position for
C3 rests on strong positive H; 15/H4 NOE. Support for H, 6 is
given by the large coupling constant J;,  =10.5 Hz, while H, 5
is defined by the strong NOE with H4. H6/H 7 and H9/H 10
NOEs support these cisoid relationships, as well as transoid
H6/H9. This, and an upfield d., for 1 (Table 2) with respect to
the same carbon atom in 4, resulting from the y-gauche effect of
C15 on C4, establish 1 as the C4 epimer of 4; this y-gauche
effect is also well known for the oxepanes cxtracted from these
scawceds.[®]

Given the absolute configurations assigned to obtusallene I
(2)"® and obtusallene 1T ()¢ from X-ray diffraction data, the
existence of a positive Cotton effect for 1 and negative ones for
all other obtusallenes lets us assign the S configuration to the
bromoallene sidechain in 1 and the R configuration in ail other
cases.

As anticipated, broad NMR signals were observed for 1 at
room temperature in CDCl,, in particular '*C signals for
C11-C15 (15-20 Hz linewidth) as well as C4, C9 and C10
(8—12 Hz). When the temperature was lowered to 0°C signal
sharpening occurred, and the slow exchange limit was reached
at about —20°C, where only the dominant conformer was ob-
served. On raising the temperature, we observed sharpening at
+50~C for only some signals, while other signals, in particular
for C 11-C 15, were still far from the fast exchange limit. Similar
conclusions were drawn from variable-temperature 'H NMR
spectra for 1, which also showed invariance of the proton cou-
pling pattern regardless of temperature, in the range from —40
to 4+ 50°C. or the solvent, CDCl; or C,D,.

These phenomena suggest that these processes involve slow
equilibria between at least two conformers, the minor one(s) so
scarcely populated (and therefore having quite broad weak sig-
nals) as to escape direct detection. The minor conformer(s) must
be sufficiently populated, however, to affect the resonances for
the major conformer, particularly those for the C12=C13
olefinic bond and the C10-C13 and C12-C14 portions, as
suggested from the change of sign of the average value for dihe-

(1947-6539/97/0308-1224 § 17.50+ 500 Chem. Eur. J. 1997, 3. No. &
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s low

Scheme 1. Major (1a) and minor (1b) conformers of 1.

dral angles C10-C11-C12-C13 (w, see Scheme 1) and C12-
C13-C14-O (w,) during C12=C13 flipping (D process'®)).
Cross-saturation-transfer experiments™ could not be carried
out at 300 MHz in this case as crowding of signals leaves no
signal-free zone in which to probe the system.

In a more polar solvent, CD,OD, at room temperature
all 3C signals proved to be sharper (6-11 Hz) than the
corresponding signals in either CDCl, or C D¢ (15-20 Hz),
ruling out any effect of selective broadening at the exchange
sites in the more polar solvent. Clearly in the more polar
solvent the contribution of the minor conformer has decreased
further.

Molecular mechanics (MM) calculations supported the exis-
tence of only two conformers, major 1 a and minor 1b, within an
energy window of 3 kcalmol ™! (Scheme 1). Conformer 1a rests
on a +9% NOE observed on either H13 or H;15 in the low
exchange limit (— 20°C) on irradiation at H6 or H12, respec-
tively. The MM-calculated relative weight of 1b, 35%, was not
in agreement with NMR observations, which rather pointed to
a negligible contribution of this conformer. This discrepancy
must be attributed to lack of suitable MM parameters for com-
pounds in this class. In fact, unparametrized MM calculations
led to thc dramatically wrong conclusion that 1b is the major
conformer, while parametrization!!®! improved the simulation
somewhat as indicated above. Any further lengthy refinement of
parameters to get MM calculations fitting with the experiments

is immaterial for the present conclusions and
.1 thus was not attempted.

The coupling data in Table 3, calculated
from extended Karplus relationships,' ! also
suggest that 1b is the minor conformer. Fair
agreement between calculated and observed 3J
couplings for 1a (Table 3) shows that this con-
former is the one predominantly populated in
nonpolar solvents and becomes practically the
sole conformer on changing to polar solvents.
The geometric parameters are summarized in
Table 4; the other obtusallenes are included.

These observations prompted us to examine the other ob-
tusallenes reported in the literature.!”! for which no dynamic
NMR phenomena had been described. We hoped to arrive at a
general picture of the conformational behaviour of these
bridged twelve-membered rings.

Obtusallene I (2) and 10-bromoobtusallene 1 (3): The 'H NMR
spectrum of obtusallene I (2) in CDCI,; at +21°C (Table 1)
showed a series of minor peaks that, from saturation-transfer
experiments,! could be attributed to the minor conformer 2b in
slow exchange with the major conformer 2a (Scheme 2). Satura-
tion transfer was as large as 30—35% on irradiating either H, 8
or 14 H of 2b while observing the corresponding signals of 2a.
An 85:15 2a/2b population ratio was established by '"H NMR
integration of signals under complete relaxation. '*C NMR
spectra (Table 2) led to the same conclusions. Conformation 2a
matches the one already described by both X-ray diffraction
techniques in the crysial”®® and NMR experiments in solu-
tion,!”* 9 while 2b had escaped previous attention.!” 41 {(0-Bro-
moobtusallene 11 (3),174 isolated from a sample of L. ohrusu
collected at Kas, showed similar behaviour with a 72:28 3a/3b
population ratio (Tables 4 and 5). Like 2b, 3b had cscaped
previous attention.!”d

This conformational behaviour could be nicely simulated by
MM calculations: a-type conformers were calculated to be more
stable than b-type conformers by 1.25 or 1.05 kcalmol ™! for

Table 3. Experimental and calculated *J couplings for obtusallene IV (1) and obtusallene 1 (2).

Relevant Caled *J (Hz) [a] Experimental Caled 3J (Hz) {a,b] Experimental *J (Hz) (217), CDCI,
vicinal 3J (Hz) (217, C,D, Nofx, %% = 87713 [¢] N,/x, % = 87/13 [¢]
protons la 1b la=1b 2a 2b 2a 2b
H4 H,S 11 11.5 10.8 6.6 11.4 5.7 [t]
H4-H,5 1.4 1.9 1.7 - - -
H,5 Hé6 1.7 2.1 2 - - -
H,5-H6 11.4 1.6 10.8 - -

H6-H7 2.1 241 2 1.6 6.6 10.5 6.9
H7-1,8 5.1 5.4 49 5.5 6.7 6.3 6.9
H7-H,8 1.6 1.5 1 10.9 10.1 10.5 10.6
H,8-HY 10.2 10.1 9.4 B

H,8-H9 6.5 6.7 7.2 - -
H9-H 10 5 38 53 - - -

H10-H, 11 11.8 11.5 1.7 2.9 29 1.5 N
H10-H, 11 3.8 44 38 49 4.8 5.1 [f]
H,11-H12 11.6 6.3 10.5 4.2 4.1 51 [f]

H, 11-H12 3.2 2.7 1.6 2.3 23 1.5 [f]
HI12-H13 - - - 1.5 1.6 1.7 [f]
H13-Ht4 438 8.5 5.1 [e] 9.0 8.4 9.3 8.7

[a} Evaluated by PCMODEL 4.0 subroutine based on modified Karplus cquation''! observed coupling patterns from 'H NMR in CDCI, at 21 °C. {b] The same analysis
was performed on 10-bromoobtusallene I (3) and gave similar resuits. [c] Molar ratio of a and b conformers calculated from the equation x, = [1 +exp(— AE/RT)]™ ! where
AE s the difference in strain cnergies between b and a conformers at 7 = 298 K. [d] Molar ratio of a and b conformers determined by NMR signal integration. [¢] In CDCI,

at RT. [f] 3/ could not be assigned because of signal overlapping (Table 4).
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Table 4. Endocyclic torsional angles for compounds 1--5 in the most populated conformations.

Caled conf. [a]  Rel. strain energy Endocyclic torsional angles as obtained by MM calculations [b]

[N ), [N oy, s Wy (OB [ON Wy gy Wy,
Ta 0.0 +71 +60 + 166 +122 —54 +60 —122 +173 —107 +77 —120
ib +0.5 +63 +56 +167 +119 —67 +54 +39 —174 +75 +66 —-127
2a 0.0 +60 — 167 +107 —46 +81 —167 +386 +57 —129 +61 -
2b +12 —106 +169 —53 —36 +96 — 163 + 84 +67 —114 +65 -
4a 0.0 —67 +89 +165 +119 —50 +62 —-127 +170 -7 -75 +124
4h +1.5 —74 +81 +168 +116 —58 +55 +37 -171 +100 —86 +120
4c +2.7 —81 + 55 + 165 +120 +57 —40 —76 +171 ~63 —-79 + 140
4d +0.5 —136 +59 +100 +176 +75 —48 +98 ~178 +123 -67 +102
4e +1.3 - 94 +48 +161 +126 +54 —-59 498 —-170 +109 —86 + 131
Sa +1.0 —103 +175 —53 —~70 +54 +52 +170 +106 +54 —1n +77
5b +1.5 +61 -174 +130 -79 +43 +52 + 168 +102 +48 —124 +66
5 0.0 —132 +175 — 103 +61 -89 +63 +107 +167 +81 —73 +81
S5d +1.0 +36 —178 +75 +53 —-99 +52 +103 +169 +77 —87 +78

fa] See Schemes 1--4. [b] Where the conformers differ markedly in dihedral angle values the entry is emphasized in boldface.

cxcellent agreement between calculat-
ed" ! and experimental vicinal J cou-
plings for conformers 2a and 2b. Nota-
bly, the value of J;_, is characteristic of
each conformer (Table 3) and can there-
fore be taken as a conformational probe.
That the stability of 2b is lower than
that of 2a may be attributed to torsional
strain arising from eclipsing in the C6—
C9 zone, with a C6-C7-C8-CY (w,)

R = 1I 2a 2b torsional angle of —36°.
R = bBr 3a 3b
Scheme 2. Major {2a, 3a) and minor {2b, 3b} conformers of 2 and 3. Obtusallene II (4) Obtusallene 11 (4)5

isolated not only from L. obtusa from
the Aegean and Mediterranean coasts of

either 2 or 3, corresponding to 90:10 or 85: 15 population ratios, Turkey!”*! but also from L. microcladia of 1l Rogiolo on the
respectively (Table 3). Such a behaviour may be explained by coast of Tuscany (Experimental Procedure), showed tempera-
conformational changes involving 180° flipping (D process) of ture-dependent NMR spectra that could not be rationalized by
the trans olefinic bond; in support, the largest Adc is at C7 for a D process only. Broad resonances for 4, like those of 1, instead
each couple of conformers (Table 2). The data in Table 3 show of the two series of sharp resonances for both 2 and 3, were

Table 5. Calculated and experimental 3/ values for obtusallene 11 (4) and obtusallene 111 (5).

Conformer v, [a] Vicinal J coupling [b]
4,5 4,58 Sa.6 55,6 6.7 7.8x 7.88 82.9 85,9 9.10 10,112 10,118 1212 11512 13.14

4a 0.33 18 115 1.1 8.7 2.0 5.1 16 101 6.6 54 119 37 14 3.0 6.3

4 0.10 14 112 1.0 29 2.0 5.4 1.5 98 7.0 46 11.6 43 6.2 27 10.8

4c 0.02 1.0 10.0 22 1.6 22 5.6 14 97 69 12 18 5.2 7.4 6.0 6.5

4d 0.40 8.6 13 15 113 71 6.5 12 1.7 31 0.7 24 45 44 10.7 11.6

e 0.15 1.1 8.9 0 116 23 5.4 15 104 63 14 37 23 44 10.9 1.5

4[] 44 6.9 14 103 42 5.8 14 106 52 2.4 5.5 44 74 6.9 8.6

4[de) 38 7.5 1.9 95 43 60  ~0 86 6.0 4.2 6.9 44 6.9 6.7 8.2
45 6.7 780 T8F 89 869 910 1011 10,11f 11,12 115,42 1213 1314

5a 0.40 14 6.6 29 106 5.1 1.6 1.0 330 117 13 5.1 59 9.5

b 0.05 6.6 14 2.0 94 66 115 1.0 34 117 12 58 6.4 9.6

Sc 0.40 11.2 46 2.6 40 0.9 7.9 0.5 82 85 1.4 53 16 75

5d 0.15 73 7.3 34 32 13 9.1 1.0 88 715 12 6.0 1.7 7.9

5(q] - 10.4 6.1 28 6.8 29 9.7 09 6.1 9.8 13 53 36 8.5

5 [de] - 8.6 37 2.5 8.1 25 81 ~0 59 90 1.6 5.0 38 8.1

5 [c.f] [e] 5.0 2.1 104 47 104 =0 40 105 =0 55 58 8.0

fa] x is the extimated molar ratio (see text). {b] Evaluated by PCMODEL 4.0 subroutine based on modificd Karplus equation.!" " [¢] Evaluated in the fast exchange limit
from J(m,n) = Z.xJ(mn). [d] Experimental J patterns from 'HNMR in CDCl, at 50° (fast exchange limit). [¢] Expcrimental values; all others are calculated. [f] As [d].
except for CDLOD as solvent. [g] Overlapped signal.
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observed at +19°C, and further line broad-
ening was observed on lowering the tempera-
ture to 0 °C; when the temperature was raised
to +40°C line sharpening resulted. It was
only on lowering the temperature to —70°C
that doubling of many NMR signals of 4
could be observed, indicative of a slow ex-
change between two conformers in a popula-
tion ratio of ca. 1:2. In agreement with this
observation, a nearly 100 % cross-saturation-
transfer' was observed at —40 °C for many
resonances of 4, in particular on irradiation
of 8 = 4.77 td for the minor conformer while
observing the resonance at J, = 3.95 m for
the major conformer (H9). COSY maps. ob-
tained at —60°C, enabled us to assign the
resonances for each conformer. The 'H-de-
coupled !3C spectrum at — 50 °C also showed
signals for two conformers; their resonances
were tentatively assigned on the basis of
room-temperature HMQC experiments only
(Experimental Procedure) since this is imma-
terial for the present work.

It should also be noted that at a lower tem-
perature, —64 °C, the 13C NMR signals for
the major conformer (4d) are significantly
broader than for the minor conformer (4a),
in some cases by as much as 3-5 times.

A report about sharp "H NMR signals at
360 MHz for 4 at unstated temperature,!’®
thus assumed by us to be room temperature,
contrasted with our observations at lower
field, 300 MHz. Our suspicion that the
higher-field experiments had been performed
at a higher temperature was justified: labora-
tory notes were traced by one of the previous
authors, A.0Q., indicating + 55 °C as the tem-
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———eg
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Scheme 3. The five equilibrating conformers 4a--e. The horizontally
drawn, slow equilibria are for 180° {lipping of the trans olefinic bond
(da==4b, 4c=4d, D process), and the vertically drawn, fast equi-
libria represent conformational motions in the larger subunit ring,
involving mainly Br,, to Br,, inversion (4a==4c, 4b—4d, S process).

perature for the 360 MHz experiments on 4.

On careful analysis of the coupling pattern for selected pro-
tons of 4, either under slow exchange (— 45 °C) or fast exchange
(+ 55°C) conditions, further divergence from the behaviour of
2 and 3 emerged, requiring an interplay among four equilibrat-
ing conformers 4a—d. This is shown in Scheme 3, where the
horizontally drawn, slow equilibria are for 180° flipping of the
trans olefinic bond, which brings about the exchange either be-
tween major 4a and minor 4b, or between minor 4¢ and major
4d (D processes).[®! The vertically drawn, fast equilibria repre-
sent conformational motions in the larger subunit ring, involv-
ing mainly Br_, to Br,, inversion on going from major 4a to
minor 4¢ or from minor 4b to major 4d (S processes)."”! This
explains the values J(4,5%) = 3.8, J(4,55) =7.5, J(10,112) = 6.9,
and J(11$,12) = 6.7 Hz, while on account of 4a and 4b alone
corresponding values of ca. 1.5, 11.0, 11.0, and 3.0 Hz would
have been expected (Table 5). Since S-process equilibria re-
mained fast at —45°C, the above observed 1:2 ratio of con-
former populations implies that the sum of populations 4a+4¢
must be half of 4b+4d. Being in the conditions of the low
exchange limit for D processes and the fast exchange limit for S
processes, H7 and H9 may be taken as optimal conformational
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probes through which to evaluate the relative weights of
4a/dc and 4b/4d, respectively. '"H NMR patterns were well-
defined for H9 [at Jy =4.77, with coupling pattern td
J(9.8)y~ J(9,10) = 6.3, and J(9,8¢) = 8.5 in fair agreement with
that for 4a, Table 5 and Experimental Procedure] in the 4a/4¢
couple. They were also well defined for H7 [at 6, = 4.62, with
coupling pattern brt, J(7,6)~J(7,82) = 6.2, and J(7,86)=0, in
fair agreement with that for 4d, Table 5 and Experimental Pro-
cedure] in the 4b/4d couple. These two observations indicated
that 4a and 4d are the more populated conformers.

MM calculations were carried out with an appropriate force
field for compounds of this type, MMX, and the conformation-
al space was searched. Five conformers emerged, 4a—4d de-
scribed above and 4e, which differs from 4d mainly in the values
of the dihedral angles w3 and w4 (Table 3), corresponding to a
S-type flipping of the tetrahydrofuran oxygen atom. The latter
is indicated to be cisoid to O—C4 in all conformers except 4d,
where it is transoid. MM calculations were aiso carried out on
a simplified model having a methyl group in place of the allene
side chain. In fact, any overcomplication arising from the con-
formational properties of the latter proved irrelevant to the
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conformational properties of the ring; the number of significant
conformers and their geometry and rclative stability were not
affected by the replacement of the allene side chain by a methyl
group. Thus, for R = methyl but extrapolating to R =
bromoallene, the calculated relative weights of the conformers
turned out to be in the order 4a 60% >4d 27% >4e 7% =4b
5% >4c¢ 1%. By this treatment the MM calculations correctly
emulated the experimental obscrvation that 4a is more populat-
ed than 4¢, while 4d is more populated than 4b and 4e. How-
ever, the MM calculations failed to reproduce correctly the
condition 4a+4¢ = !/,(4b+4d+4e) observed in the slow ex-
change limit of the D processes. Very likely this reflects
incomplete parametrization of the MM program. Anyway,
from Table S, last row, thc population distribution that
best matches the experimental results (4a:4b:4c:4d:4e =
0.33:0.10:0.02:0.40:0.15) allowed us to calculate J values
through extended Karplus relationships™ ! for all protons of 4
in generally good agreement with thosc obscrved under condi-
tions of fast exchange in either CDCI; (Table 5) or the more
polar CD,0D. The discrepancy between calculated and experi-
mental values proved larger than 1 Hz only for the H8-H10 J
values, probably due to fast flipping of envelope forms of the
tetrahydrofuran ring. This agrees with the NMR experiments
described above: at such low temperatures, where S processes
are also slowed down, the '3C resonances for the major form
(4b+4d-+4e) are expected to undergo a larger broadening than
for the minor form (4a+4c¢). In the former case, in fact, three
conformers begin to take equal weight, whilc in the latter case
practically only 4a is populated by the S process, thereby being
dynamically insensitive to further lowering of the temperature.

Obtusallene 111 (5) and peracetylobtusallene 11
(6): For practical reasons we have assigned a
trivial name o both 5 (obtusallene I1I), isolat-
ed from the above Kag sample of L. obtusa, and
semisynthetic 6 (peracetylobtusallene 1)1
which had no common names. Consequently 1
was called obtusallene IV. The conformational
behaviour of § in CDCIl; was monitored by
dynamic 'HNMR at probe temperature
+ 50 "C; sharp signals were observed, as previ-
ously reported for spectra taken at higher field
and lower temperature (360 MHz and room
temperature) .[7¢! In contrast, 3C NMR spec-
tra consisted of quite broad signals, some actu-
ally under coalescence conditions. As in the
case of 4, these NMR spectral features could be
accounted for by 1807 flipping of the trans
olefinic bond, by which the major conformer
5a (which corresponds to the form in the crys-
talline state!’)) undergoes slow exchange with
the minor conformer Sb. Averaging of vicinal J
couplings suggests that in the couples of con-
formers Sa/5¢ and Sb/5d rapid exchange oc-
curs. In Scheme 4 this is represented by the ver-
tically drawn equilibria,
change from equatorial to axial hydroxyl
groups (S process), while slow exchange within
the couples of conformers Sa/S5b and 5¢/5d is

which 1nvolve a

5¢
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represented in the horizontally drawn equilibria (S process) in
Scheme 4. The position of the tetrahydrofuran oxygen atom, up
in 5a and 5b and down in 5¢ and 5d (Scheme 4), as indicated
by MM calculations, determines quite different torsion angles
H10-C10-C11-H,11 and H10-C10-C11-H, 11 in the four con-
formers as well as an averaged coupling pattern for H-10
(Table 5). Were it not for a slightly faster time scale, this confor-
mational behaviour would resemble the one described for 4 in
Scheme 3. On closer inspection, however, several peculiarities
emerged for 5. First, its NMR spectra failed to reveal any split-
ting of the signals even at low temperature, implying that the
minor conformers are not populated enough to be directly ob-
servable by NMR, but are sufficiently populated to affect the
line shape of the observable conformers.

A more striking oddity emerged on replacing CDCl, with
CD,0D as solvent; in the latter the conformational behaviour
of 5 could be accounted for in terms of two conformers only,
major 5a and minor 5b. This experiment was suggested by the
results of MM calculations, which indicated 5¢ as the most
populated conformer when the dielectric constant for CDCl,
was used, while when the dielectric constant for CD,0OD was
used an equilibrium between 5a and 5bh was suggested. in accor-
dance with the experimental observations. The whole body of
these observations may be rationalized by acknowledging that a
low-polarity solvent like CHCI; favours intramolecular H-
bonding in the 1,3-diol moiety, bringing two new conformers
(5c and 5d) into play. A polar, H-bonding solvent like MeOH
is capable of disrupting the intramolecular hydrogen bonds,
leaving only Sa and 5b in play, which results in simpler NMR
spectra. With § in CDCIl; under conditions of fast exchange
(+ 50°C), the "H NMR coupling pattern for either H,80r H10
(Table 5) could not be accounted for by conformations 5a and

€9 ISR

5d

Scheme 4. Conformers 5a/5¢ and 5h/5d undergo rapid exchange (vertically drawn equilibria). which
involves a change from equatorial to axial hydroxyl groups (S process). while exchange within the couples
of conformers 5a/5b and 5¢/5d is slow (horizontally drawn equilibria. S process).
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5b alone. Relative abundances in Table 5 were obtained as the
set of values that, under conditions of fast exchange, gave calcu-
lated ! ! vicinal J values in best agreement with the experimental
data. However, the calculated Sa/5b and 5¢/5d population ra-
tios were only moderately different from experimental values.
These conclusions were supported by the NMR observation of
only two conformers of type 5a and 5b for peracetylobtusal-
lene IIT (6) in CDCl,. One wonders whether a similar depen-
dence of equilibria on the solvent nature applies to the cytotoxic
macrolide bryostatin 10, where intramolecular H-bonding oc-
curs both in the crystal and in CDCI, solution.!'* In any event,
any dependence of the conformational state on the nature of the
medium, as in the present case, is worthy of attention as a
general indication to help in unravelling the factors involved in
recognition interactions. The “hydrophobic collapse™ of the an-
titumour agent taxol serves as a lesson.1¥]

T=373K M
363K NL
353K ™M
3k M

333 KJJ\ 75 ¢

323K 55 ¢

/‘-\/\‘
i
313K
303K \ 125"
293 K L 75’

6.7 6.6 6.5 lppm} 6.7 6.6 6.5

Figure 1. Experimental (in (CD,),S0; left) and DNMR S-calculated (right)
"H NMR lineshape (or the H 1 signal of conformers 3a and 3b in equilibrium.

k=380 s-'-JVL
310 s fYA

Activation barriers: Activation barriers for conformational pro-
cesses involving 1, 4 and 5 (Schemes 1, 3, 4) were cvaluated from
dynamic NMR experiments in CDCl, in a temperature range
from —50°C to + 50 °C. Because of relatively high coalescence
temperatures for both 2 and 3, a high-boiling-point solvent like
(CD;),SO had to be used, enabling us to raise the temperature
to + 130 °C and thus to examine these systems in the whole range
from slow to fast exchange. A digression is in order here: on
heating compound 2 in (CD,),SO in the NMR probe at temper-
atures above 110 °C, 3 was formed in low yield, besides much
polymeric material, while the mixture turned a reddish colour.
When 2 was heated, under otherwise identical conditions, in the
presence of added 3,4-dihydro-2-pyran, the latter was converted
into mainly tetrahydro-2-furaldehyde while no 3 could be de-
tected at HPLC-UV sensitivity level. Moreover, dihydropyran
proved stable when heated alone in (CDj;),SO. Though not
ruling out a free-radical process, these observations may be
rationalized by a sequential electrophilic attack of BrOH at the
enol ether double bond, opening of the resulting bromohydrin
to give 2-bromo-5-hydroxypentanal, and intramolecular nucle-
ophilic replacement of the bromine atom by the hydroxyl group.

Lineshape anatysis through the DNMR 5 program!!'#! of the
H 1 signal for either 2 or 3 (only the latter case is exemplified in
Figure 1) gave AG;oec =16.34+ 0.2 and 16.1+ 0.2 kcalmol ™,
respectively. Kinetic parameters were calculated from the
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Eyring plot with transmission coefficient k =1 and 7= 298 K ;
this gave AH* =10.7 kcalmol ™! and AS* = —18.1 e.u. Over-
lapping of signals hindered the same type of analysis for 4,
where the rough equation k(T,) = nAv/[/Q“SJ was used to ob-
tain, from the absolute rate theory with transmission coefficient
k=1, AG; 4 =13.3+ 0.4 kcalmol ™!, Kinetic parameters for
180° olefinic-bond flipping are similar for 1, 4 and 5 in the same
solvent, as deduced from the coalescence temperature for some
"HNMR signals of 5 (on the assumption that A, is similar
to that for 4). This allowed us (o estimate AGF 4 =
13.040.5 kcalmol 71,

Here the results of MM calculations proved to be critically
dependent on the choice of the dihedral angle, in any case
leading to overestimation of the activation barriers by
4—5kcalmol™'. The only exception concerned the Sc¢=5d
equilibrium where, by rotation of the dihedral angle O-C4-C5-
C6 from —130° to +80° a correct estimate of the activation
barrier was obtained. For equilibria of type a == cand b = d
(Schemes 3 and 4) we obtained AH, , <10 kcalmol .

Conclusions

The behaviour of unsaturated O-bridged 12-membered-ring C, 4
acetogenins in solution 1s replete with intricacies that had been
previously overlooked,!'”! probably because conformer signals
were mistaken for impurity signals. The rules governing these
systems can be summarized as follows.

1) Trans olefinic bonds undergo 180° flipping, by which con-
formers are intercoverted. These equilibria are controlled by
enthalpic factors and are only slightly dependent on the sol-
vent nature. Activation barriers depend on the ring size,
being larger for compounds with a 10-membered (2-3) than
an 11-membered (1—4-5) subunit ring.

2) The above systems are also subjected to faster conformation-
al motions, which result in averaged vicinal J couplings.
When 1,3-dihydroxy substituents are present, control of
these equilibria depends on the solvent nature; in nonpolar
solvents this occurs through intramolecular H-bonding be-
tween the hydroxy groups, by which two extra, intramolecu-
larly H-bonded conformers come into play. In polar hydro-
gen-bonding solvents, control occurs through solute—sol-
vent H-bonding, by which the conformers arising from 180°
flipping of the olefinic bond, and having the 1,3-dihydroxy
groups in the thermodynamically favoured pseudoequatori-
al position, take greater weight.

3) The present study, together with previous studies for 9-mem-
bered xenicane diterpenest'® and 12-membered carbocy-
cles,'' 1 shows that stepwise shrinking of the ring from 12- to
9-membered is smoothly attended by an increase of the acti-
vation barrier by 3—4 kcalmol ! for each step. In this ring
size range the value of the barrier is determined just by the
ring size, while the nature of the substituents is immaterial.

Experimental Procedure

General methods: Melting points were recorded with a Kofler hot stage micro-
scope and are uncorrected. Flash chromatography (FC) was performed on
Merck Si-60, 15-25 pm, TLC on Merck Kieselgel 60 PF, ., plates, HPLC on
Merck LiChrosorb Si60 (7 um), reversed-phasc HPLC on Merck LiChro-
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spher RP8 (7 pm), in both [ast cases 25x1cm columns, solvent flux
SmLmin~!, and UV monitoring at 2 = 220 nm. UV spectra were taken with
a Perkin—Elmer Lambda-3 spectrophotometer and CD spectra with a Jasco
J710 spectropolarimeter. Polarimetric data were measured with a JASCO-
DIP-181 polarimeter; [«], values were reported in 107! °mLg~'. Unless
otherwise stated. NMR spectra were recorded at 299.94 MHz ('H) or
75.43 MHz (*3C, Varian XL-300 spectrometer) relative to internal Me, Si
(6 = 0y and J in Hz (derived from differential spin decoupling'®h in CDCI,
at probe temperature +20°C, unless otherwise stated. For variable-tempera-
ture experiments either (CD,),S0 or CDCI, were used as solvents. COSY 60
experiments™® for 4 were carried out at — 60 “C. Saturation-transfer experi-
ments were carried out with the same standard pulse sequence used for NOE
experiments. The 'HNMR probe for high-temperature measurements was
calibrated at +1°C. NMR line shape simulation was performed with the
DNMR 5 computer program.l'*! Molecular mechanics (MM) calculations
were carried out first with GLOBAL-MMX (GMMX) computer program to
search for conformational space and then refined with PCMODEL 4.0 com-
puter program (Serena Software, Bloomington, Indiana), both based on the
MMX force field. Starting conformations were drawn from Dreiding models
and minimizations were carried out by assuming a dielectric constant ¢ =1.5;
for 5 calculations were ajso carried out for the dielectric values of either
CHCl, or CH,OH. The C=C-C—H and C=C-C-C torsional parameters
were changed from (V1 =00, V2=00,.V3=—024) and (V1 = — 044,
V2=024, V3=0.06) to (V1=00, V2=00, V3= -—030) and
(Vi=—034,V2=044, V3 = — 0.60), respectively.('"

Isolation of compounds: Obtusallenes 1 -1V were isolated from air-dried sam-
ples of the red seaweed Laurencia obtusa collected either near Kag, Antala, in
the Turkish Mediterranean in October 19871741 (400 g) or recollected there
(Collection no. 752M, 250 g) in summer 1994. Work-up of the latter sample
was similar to the first one:'’*! the CH,C1,/MeOH (2:1) extract, 7 g, was
subjected to FC with n-hexane/EtOAc gradient elution, which yielded
21 fractions. Previously overlooked obtusallenc IV (1) was obtained from
fraction 3 and further purified by Si60 HPLC with n-hexane/EtOAc 95:5.
Obtusallene T (2){7* 7% 7 and 10-bromoobtusallene T (3)(79! were recrystal-
lized from n-hexane before spectral measurements. Obtusallene IT (4)!7 was
purified by TLC with n-hexane/AcOEt 85:15. Obtusallenc III (5)'7¢), which
proved rather unstable in CDCl; solution, was purified by TLC with AcOEt;
MeOH 10:1. As well as from the Turkish L. obrusa,l’®! obtusallene [1 (4) was
also isolated from L. microcladia collected at Tl Rogiolo;!® '? fractions 11-18
from the n-hexane extract'® were subjected to reversed-phase HPLC with
MeCN/H,0 (65:35) followed by HPLC with n-hexane/Et,0 (75:25), obtain-
ing 4 (1g = 5.0 min, 6.0 mg, 0.016 %) with NMR spectra and chiroptical data
matching those previously reported.[”¢!

Obtusallene IV (1): UV (MeOH): 4,,, (¢) = 204 nm (21800 mol™'Lem ™",
CD (McOH): Ag,,, (211 nm) = + 35.1; [o]y = + 247 (¢ = 0.23, MeOH);
'HNMR (CDCl,, —40°C):  =6.00 (dd, J, ; =56, J, , =1.7, H1), 5.34
(dd. J; | =5.6,J; ,=6.6,H3), 418(dddd, J, , =1.7,J, s =9.8,J, ; = 6.6,
Jisy =20, H4), 1.59(ddd, J,, ( = 2.0, J;, 4 =101, J,, =142, H,5), 1.68
(@dd. Jgp ¢ =105, Jy 4 =20, Jo, =142, H,5), 395 (dt, J, 5, =105,
Joga = Jo 5, = 2.0, H6), 438 (L, J; y, = 25, gy = J5 o = 2.0, H7), 2.40
(m, H,8), 470 (dt, J, ;o =55 Jy 4, = 8.8, Jy 4, =74 HI). 446 (ddd,
Jio.0= 55, Jig 1, =12.0, Jig 1y = 3.7, H10), 2.44 (ddd, J,,, , =12.0,
Ty =100, T, =148, H_11), 286 (ddd, J;,, o= 3.6, J1,, 5 =1.7.
Jyem =148, H 11 578 (ddd, Jy, 11, =100, Sy, =17 Jiy 5 =158,
H12), 567 (dd. Ji5 14 = 5.1, Jy5.,, =158, H13), 438 (qd, J,4 ;s = 6.6,
Jiays =51, H14), 1.30 (d, J;5 ,, = 6.6); NOE: H4 with H3, H,S and
H,15); HyS withH6 and H7: H 6 with H7 and H,8: H9 with H,8: H13 with
H6. 11,11 and H 15; H 15 with 3, H4, H12and H13; '*C NMR (CDCl,,
—10 °C): 3 =73.70 (d, C1), 200.74 (s, C2). 103.32 (d, C3), 64.45 (d. C4),
36.74(1.C5), 76.52(d, C6),62.48 (d, C7), 37.59 (t, C8), 77.99 (d, C9). 49.88
(d, C10), 38.53 (1. C11), 128.22 (d, C12 or C13), 128.08 (d, C13 or C12),
70.53 (d, C14). 14.01 (g, C15): MS (70 eV, ED: m/jz (%) = 345/347/349
(12/15/5) [M — Br]', 307/309/311 (21/27/7) [M — C,H,Br]", 227/229
(100:51) [M — C,H,Br — HBr]*, 191 (29), 147 (35), 119 (19), 81 (28);
HR-MS-El: caled for C,,H,,BrClO, [M — C,H,Br]*: 307.0056; found
307.0053 £0.001; MS (CL, NH,): m/z (%) = 440/442/444/446 (10/45/57/30)
[M+NH,]", 425/427/429/431 (12/51/65/36), [M + H]*, 407/409/411/413 (21/
70/77/56) [M+H — H,0}~, 389/391/393 (18/36/18) [M +H — HCI}*, 371/
373/375 (15/30/15) [M +H — HCl — H,0]".
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Obtusallene I (2): Previously unavailable!” " or amended data only are
reported here. UV (MeOH): /., (¢) = 205 nm (20600 mol ™ 'Lem *1): CD
(MeOH): Ae,_ . (214 nm) = — 31.6.

10-Bromoobtusallene I (3): M.p. 145-146°C; UV (MeOH): 4
(27000 mol ™' Lem™'); CD (MeOH): A

(¢) 205 nm

max

(218 nm) = — 46.5.

max

Obtusaliene I (4): UV (MeOH): 7, (¢) = 204 nm (20400 mol " 'Lcm ™ ¥);
CD (MeOH): Ag,,, (218 nm) = —16.8. At the fast exchange limit (+ 51 °C).
the "THNMR spectrum of 4 was superimposable on that previously report-
ed;1"" in Table S, last row, coupling assignments and small differences in J
values with respect to the literature are reported.”¥ *C NMR (CDCl,,
+51°C. fast exchange limit): 6 =73.42 (d, C1), 200.63 (s, C2), 102.99 (d,
C3),76.65 (d, C4), 37.78 (t, C5), 80.35 (d. C6), 61.32 (brd. C7). 40.36 (brt.
C8), 51.57(d. €10}, 39.26 (br, C11), 129.56 (brd, C12), 132.42 (brd, C13),
21.22 (g, C15). Resonances were not detected for either C9 or C 14 because
of extremely broad line shape.

Minor conformer 4a: 'HNMR (CDCl,, —60°C, slow exchange limit):
6=06.00(d, J=55H1),534(t, J= 5.5 H3), 405 (m, H4), 2.20 and 1.78
(m, H,5),4.00 (m, H6), 4.43 (td, J =1.7, 4.8, H7), 2.20 and 2.12 (m. H, 8),
4.77(td, J = 6.3,8.5, H9), 4.49 (m. H10), 2.86 (td, J = 2.5, 14.6. H115. 2.40
(td, J = 9.5,14.6, H11a), 5.98 (m, H12), 5.90 (m, H 13), 3.90 (m, H14), 1.33
(d, J =66, Hy15); 3C NMR (CDCl,, —51°C. slow exchange limit):
6 =73.49 (C1), 200.63 (C2), 102.43 (C3), 78.53 (C4), 37.92 (C5). 80.98
(C6),64.02(C7),36.67 (CR), 51.11 (C10), 37.92(C11), 126.52 (C 12), 133.28
(C13). 21.57 (C13).

Major conformer 4d: 'HNMR (CDCl,, —60°C, slow exchange limit):
0=16.04 (d, /=55, H1), 551 (t, J= 5.5, H3), 4.39 (m, H4), 2.05 (dd,
J=11.5.149, H5p), 1.88 (ddd, J = 2.0, 6.6, 14.9, H5%). 4.25 (dd, J = 6.2,
10.5, H6). 4.62{t. J = 6.2, H7), 2.32 and 1.78 (m, H, 8). 3.94 (m, H9). 4.5!
(m, H10),2.77 (m, H, 11), 5.90 (m, H12), 5.46 (m, H 13), 3.98 (m, H14), 1.26
(d, 6.6, H;15); 13C NMR (CDCly, —51°C, slow exchange limit): 6 =74.06
(C1), 200.63 (C2), 102.95 (C3), 78.88 (C4), 37.09 (C5), 80.45 (C6), 59.53
(C7), 37.92 (C8), 50.67 (C10), 41.74 (C11), 129.01 (C12), 135.03 (C13).
21.86 (C15).

Obtusallene 111 (5): UV (MeOH): 2 () = 204 nm {19600 mol ™' Lem ™');
CD (MeOH): Ag,,, (221 nm) = —16.6, At the fast exchange limit (+ 51°C)
the 'H NMR spectrum for 5 in CDCI, was superimposable on that previously
reported.’¥ except for small differences in J patterns as indicated in the
penultimate row of Table 5. 'H NMR (CD,OD, +51°C, fast exchange [im-
it): 6 = 6.23 (dd, J = 5.5, 2.0, H1), 5.55 (t. J = 5.5, H3). 4.39 (m, H4 and
H12), 5.89 (dd, J =72, 15.0, H5), 5.97 (dd, J = 5.0, 15.0, H6), 4.13 (ddd.
J=20,50,104,H7),2.29 (td, J =104, 13.4, H8p), 2.00 (1dd, J = 2.1, 4.7,
13.4, H8«}. 3.74 (m, H9, H10 and H 13}, 2.16 (ddd, J = 5.5, {0.5, 13.0.
H11f), 1.68 (brdd, J = 4.0, 13.0, H112), 3.70 (dq, J = 8.0, 6.6, H14), 1.26
(d,J = 6.6, H;15); "*C NMR (CDCly, 51 °C, fast exchange limit): § =73.41
(d, C1), 202.03 (s, C2), 102.29 (d, C3), 71.53 (d, C4), 126.64 (brd. C5).
135.10 (brd, C6), 79.83 (brd, C7), 40.11 (brt, C8), 69.16 (brd. C9). 71.42
(brd, C10). 38.47 (brt, C11), 72.39 (d, C12). 86.24 (brd, 13-C), 76.28 (brd.
C14), 18.81 (g, C15).
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New Strategies for the Generation of Large Heteropolymetalate Clusters:
The f-B-SbW, Fragment as a Multifunctional Unit

Michael Bosing, Ina Loose, Heinrich Pohlmann and Bernt Krebs*

Abstract: Proceeding from the o-B-SbW,0,, fragment 1, various novel
large heteropolyanions ([Na,SbyW, O, ,,(H,0),12* " (2), [Sb,W,,0,,(OH),]'*~ (3) and

[Sb,W,,M,0,(H,0),] 4727~ (4); M"* = Fe**, Co?*, Mn?", Ni**) have been ob- Keywords
tained in crystalline form by systematic synthesis. Their unexpected structures have been antimony - heteropolyanions
studied by X-ray diffraction: 2, 3 and 4 contain -SbW, units connected to each other by polyoxometalates * synthesis design -

Sb** ions, WO,/WQ,0H groups, and WO,/M"*(H,0), groups, respectively. Structural tungsten
details and especially the systematic synthesis strategy for the formation of these interest-

ing polytungstates are discussed in order to explain the unusual behaviour of 1 in aqueous

solution under different rcaction conditions.

Introduction

The chemistry of the early transition clements, particularly
tungsten, molybdenum and vanadium, in aqueous solution is
dominated by the formation of polyoxoanions. The first com-
pounds of this remarkable class of metal —oxygen clusters were
reported over 150 years ago, and new anions with interesting
topologies and/or different heteroelements are still being discov-
ered.'!? Owing to their unusual properties (high charges and
ioni¢c masses, oligomeric cluster structures, high solubility, etc.)
some of these polyanions have applications in chemical analysis,
catalysis and medicine.”? ~*! At present more than 70 different
elements have been reported as constituents of heteropolyan-
ions. Nonetheless, some types of anions are preferred due to
their particular stability, for example the well-known Keggin,
Dawson, Anderson and Dexter -Silverton structures.’®! For-
mally their formation can be described as exemplified by Equa-
tion (1).1°7 The driving force for this behaviour (even for the

12{MoQ " + [HPOP ™ + 23H"' —— [PMo,0, + 12H,0 &3] U'A‘[XM:O“]

[H-B-{XM_(-'J,.]

e f th lativel . | K . t Scheme 1. The a-Keggin structure and its relationship to some deficient (lacunary)
generation o e relatively simple a-Keggin structure type species. For a-4-XMy0;, and XM, 0;, the effective interconversion reactions arc

anions [XM,,0,,]"~ with an extremly high formation tendency, reversible, whereas for the three other XM,0,, anions the arrows represent only a
Scheme 1) is still not clearly understood.[”! structural relationship. The reverse conversion of 8- 4-XM O3, and 2-B-XM, 05, to
~ . . the Keggin anion is, however, possible.
Complex, largely unknown reaction mechanisms are respon-
sible for these self-organisation processes; this makes a straight-

forward reaction route for their syntheses difficult, even in some . .
apparently simple cases. Beyond this, there are larger more or

less labile anions produced from subunits of these structures

{*1 Prof. Dr. B. Krebs, Dipl.-Chem. M. Bésing, Dipl.-Chem. I. Loose,

Dr. H. Pohlmann that have not yet been synthesised by a systematic scheme; ex-
Anorganisch-Chemisches Institut der Universitdt amples are derivatives of lacunary polyoxometalates in which
Wilhelm-Klemm-Str. 8, D-48149 Miinster (Germany) 1 h b discarded ificall
Eax: Int. code +(251)83-38366 one or more metal atoms have been discarded, specifically com-
e-mail: krebs(@ uni-muenster.de plexes of XM, #7131 or XM,P 4~ 161 ynits (Scheme 1).
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A suitable method of preparation seems to be the production
of large highly negatively charged (and therefore soluble) inter-
mediate subunits. These transferable units can then be stabilised
by electrophilic protection groups or joined together in polycon-
densation reactions.!!7-*#! An example of this useful strategy is
the dimerisation of the molybdoarsenate [(AsOH);(Mo0O,);-
(AsMo0,0,,)]” . After protonation, the monomeric fragment
reacts as a stable intermediate of [AsMoy0,;]°” to give
the dimeric anion [(AsOH),(M00,),(0,M0o~0-Mo00,),-
(AsM04,05,),]'% .11 According to this general idea, we report
here a strategy for the systematic synthesis of large Sb-contain-
ing polymetalate clusters with the ability to fix various transi-
tion-metal elements.

Results and Discussion

Starting from the «-B-[SbW,0,,]°" fragment 1, we pre-
pared a series of hitherto unknown interesting large het-
eropolytungstate clusters: [Na,Sb,W,.0,,,(H,0),]**" (2),
[Sb,W,,0,,(0OH),]">~ (3) and [Sb,W,,M,0,,(H,0),]"* "~
(4); M"" = Fe3™, Co?*, Mn?*, Ni?*. All these compounds
were characterised by X-ray structure analyses, elemental analy-
ses and IR absorption spectroscopy. Clusters 2, 3 and 4 were
synthesised by means of a strategy based on the general idea
described in this paper. Furthermore, different intermediates
(B-B-SbW,0,, (1%}, Sb,W,0,; (1*), SbW,,0,, (1°) and
Sb,W,,0,, (1) are postulated to explain the strategy by a
likely reaction mechanism.

Synthesis: The syntheses of the present heteropolyanions are
described clearly by Equations (2)—(5), where M"* = Fe3™*,
9[WO,J2™ + $b3* + 6H™ > [SBW,0,,]° + 3H,0 )
1
4[SDW,0,,°~ +4Sb** +2Na” +4H,0 —
[Na,SbyW,0,5,(H,0),17* 7 (3)
2

2[SbW,05,]° " + 4[{WO,]*~ + 14H™ —>
[Sb2W22074(0H)2]12_ + 6H20 (4)
3

[Sb,W,,0,,(OH),}'?” + 2M"" + 8H,0 —>

{Sb2W20M2070(H20)6](1472")7 + 2[Wo4ll + 6H+ (5)
4

Co?7, Mn?", Ni*”. The strategy for generation of these com-
pounds is illustrated in Scheme 2 and can be explained by the
following reaction steps:

Starting fragment: The first step in the sequence of syntheses is
the preparation of the starting fragment 1. The a- B-XW, type of
this anion is obtained from the reaction of Na,WO,-2H,0 and
Sb,0, in aqueous solution at pH 7.5. This reaction must be
carried out in a nonacidic medium to avoid further condensa-
tion reactions. Besides, the unshared pair of electrons at the
Sb3* centre prevents condensation reactions with [WO,]* ™ an-
ions to form a complete spherical structure.'?! This is a basic
requirement for the further steps of synthesis. Oxidation of the
Sb™ to SbY would lead to completion of the metal—oxygen

Chem. Eur. J. 1997, 3. No. 8
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I

Sb*, WO H

(Sb,W,,0,(OH),]*
3

4

Scheme 2. Suggested reaction route with likely postulated intermediates (1%, 1. 15,
and 1%) to generate large heteropolytungstate clusters containing f-B-SbW, frag-
ments (2, 3 and 4) produced from 1. [a] For the intermediates 1* and 1€ only one of
the two possible enantiomers is shown.

framework with formation of x-Keggin type anions. Because of
its high charge, 1 tends to be stabilised by cations or to undergo
further condensation reactions, depending on the pH value of
the solution. We know from the X-ray structure analysis that in
neutral solutions 1 is stabilised by Na™ ions to give the dimeric
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product with a belt of univalent cations between the two o-B-
SbW, anions. The resulting sodium compound can be isclated
easily.

Generating intermediates: The second step involves the produc-
tion of the hypothetical intermediates 12, 1” and 1°. An aqucous
solution of 1 contains «- and f-species of the B-SbW, anion at
equilibrium.®?!! As would be expected, 1 has a higher tendency
to undergo condensation reactions in an acidic medium than in
neutral solution. Therefore, the conliguration of the o-B-SbW,
anion has to bc changed into a conformation that makes further
protonation and condensation more likely. Formally this is an
isomerisation of the a-type to the -type anion 1*. The terminal
oxygen atoms of the resulting fuc-WQ, group arc more strongly
basic than those of WO, and WO units and therefore offer sites
for further polymerisation.'??! Probably the resulting f5-B-SbW,
anion is directly protonated to obey the Lipscomb rule. There
are some other less condensed f-type fragments that may devel-
op from the x-B-SbW, anion as well. For example, the SbW,
fragment, a constitutive subunit of [NaSb,W, Og]'% 23
could be formed, or a putative ff-B-SbW, unit, which has an
analogous fragment in [As,W,0,,H]” .24 Nevertheless, a
more acidic reaction milieu renders less condensed intermedi-
ates unlikely and, indeed, 2, 3 and 4 consist mainly of intact
B-B-SbW, subunits. This indicates the important role of this
fragment as intermediate in their synthesis.

Intermediate 1* then reacts as a nucleophile with the elec-
trophilic groups Sb3* 17 or [WO,]? ™ acting as anti-Lipscomb
units!'®25 to give the intermediates Sb,W,0,s (1) and
SbW,,0;, (1%). In both cases a pair of structurally closely relat-
ed enantiomeric intermediates might be formed. In particular,
the condensed SbO, group and the WO, group are placed be-
tween the protonated fac-WO, group and a WO, group of a
neighbouring W,0,; subunit in 1*. However, the formation of
1* and 1° stabilises the highly ncgatively charged anion 1; it
supplies enough space for further condensation reactions at
the side of the anion with the lone pair of electrons at the
Sb™ centre, a necessary condition for the generation of larger
clusters.

Condensation of intermediates: The third step in the strategy
consists of stepwisc condensation to form larger clusters. Inter-
mediates 1® (two pairs of enantiomers) react after protonation
al pH 6.5 (o give the [Na,SbyW,,0,;,(H,0),** anion (2),
which combines four $-B-SbW, subunits with Na* and Sb**
between them. The condensation results from the reaction of
two Sb™—-OH groups and two protonated WO, groups of each
intermediate with simultaneous separation of water and forma-
tion of four (O;W),-0,Sb0O, -(WO;), bridges. The resulting
structure is stabilised by two Na™ ions to build a distorted
tetrahedral arrangement. In a similar fashion, intermediates 1°
(one pair of enantiomers) react after protonation of each WO,
group with a protonated WO, group of the other enantiomer to
give the [Sb,W,,0.,]'* "~ ion 1%, This unknown 20-nuclear het-
eropolyanion!?®! scems to be relatively stable and also obeys the
Lipscomb rule. Another less likely possible route to 1¢ is formal-
ly the condensation of 1* with a speculative SbW, O, unit.
However, in a further reaction step 19 can be even better sta-
bilised by the addition of two fac-WO, anti-Lipscomb units at

1234
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pH 4.5 or by addition of two M"*(H,0), groups (M"* = Fe**,
Co?*, Mn?*, Ni**) to give 3 or 4. The resulting
[Sb,W,,0.,(OH),]'*” anion (3) consists of two §-B-SbW, sub-
units connected to each other by two WO, groups and two
WO,OH groups, respectively.

Exchange reactions: The formation of clusters of type 3 con-
taining transition-metal atoms can be achieved in a final step by
exchange reactions. Starting from an aqueous solution of 3, the
addition of the transition-metal salts [Fe(NO,);-9H,0],
[CoCl,-6H,0], [Mn(NO,),-4H,0] or [NiCl, 6 H,O] leads to
novel heteropolytungstates 4 with the general formula
[Sb,W,,M,O,(H,0)]'*~ 277 126271 The simple syntheses of
these anions depend on the systematic substitution of two
M"*(H,0), groups for two relatively weakly binding fac-
WO,0H groups by moderate heating of the reaction solution.
Obviously in this reaction 3 is reduced to the less condensed
intermediate 19, which then reacts as a nucleophile with the
electrophilic transition-metal ion [M"* (H,O),] to give stabilised
anions of 4. These heteropolytungstates are more stable in
aquecous solution than anions of type 2 and 3 because of their
high degree of condensation and the less negative charge of their
whole anion framework.

Structural characterisation of the anions: Like many other het-
eropolyanions, 1, 2, 3 and 4 contain portions of the u-Keggin
structure. This well-known cluster consists of four groups of
three edge-sharing WO, octahedra, with corner sharing between
adjacent octahedra of different groups. Removal of three adja-
cent corner-sharing octahedra results in an «-4-XW,0,, anion,
removal of three edge-sharing octahedra gives an %-B-XW,0,,
anion.'?®! In several tungstates single crystal X-ray studies have
exposed an a-A-XW unit!?? and an a-B-XW, unit®" (X = P,
As), respectively. The present clusters all belong to the B-XW,
type (1 to the a-type and 2, 3 and 4 to the f-lype anions).

In particular, the X-ray structure analysis of the sodium salt
Na,[1]-19.5H,0 (Table 1) reveals a novel heteropolyanion
derived from the o-Keggin structure (Figure 1). The cluster con-
sists of three corner-sharing W,0, ; fragments with a Sb™ centre
linked by triply bridged oxygen atoms. Each of these groups is
composed of three edge-sharing WO, octahedra. The tungstate
framework of this «-B-SbW, structure is held together by four
different types of oxygen atoms.

Fifteen oxygen atoms O, of the cluster are terminally bonded
to WY atoms with bond lengths between 1.72(1) and 1.77(1) A.
Oxygen atoms Oy, connecting two WV'! atoms have bond
lengths between 1.87(1) and 2.12(1) A, depending on the asym-
metry of the bridges. This asymmetry is due to the strong trans
effect of the terminally bonded oxo groups. Another type of
oxygen atom, Oysg,, bridges three WY atoms with the Sb™
heteroatom and has W-0,,,,, bond lengths between 2.25(1)
and 2.40(1) A. Between these oxygen atoms (in the centre of the
anion) the Sb™ atom has an average Sb—0Oy, 5, bond length of
1.98 A. A special feature of this SbW, structure is the nonbond-
ing nature of the lone pair of electrons at the Sb™ centre. Togeth-
er with the O, 5, atoms the heteroatom has a distorted ¥-tetra-
hedral coordination. Bond lengths and selected bond angles are
given in Table 2. In the crystal network of 1, two [SbW,04,]°~
anions related to each other by a centre of inversion face each
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Table 1. Crystal structure data for compounds containing the anions [SbW,0,,]°" (1),

[Na,SbyW,,0,5,(H,0),]7% (2) and [Sb,W;,0,,(0OH),1'? ™ (3).027

Nao[1]-19.5H,0 [N(CH,).]1oNa,5[2]- 26 H,0 K,[3]-27H,0

formula H;oNag O, ;SbW, CaoHygoN oNay0,4,8bs Wy H;oK 50,0350, W,,

M, gmol ™} 2862.62
crystal size, mm? 0.18 x0.32x0.28
crystal colour/habit colouriess plates

11308.40
0.22x0.35x0.35
pale yellow plates

6499.60
0.17x0.27x0.13
colourless plates

crystal system triclinic tetragonal triclinic

space group PT (no. 2) 142m (no. 121) PT (no. 2)

a A 11.534(4) 19.190(4) 12.543(4)

b A 13.829(6) 19.190(4) 12.835(4)

o A 17.179(6) 29.377(7) 16.381(5)

a,° 66.46(3) 90 80.06(3)

B, 82.47(3) 90 74.20(3)

i 69.79(3) 90 7131(2)

v, A3 2357(2) 10818(3) 2393(1)

VA 2 2 1

Deated> g€ 4.03 3.47 4.51

o mm ! 22.64 20.16 27.60

F(000) 2550 10024 2828

scan mode 0-20 w 0-20

7, K 293 173 293

20 range, © 4<20<54 4<20<54 4<20<50

indep. refins. 9631 3348 8473

obs. reflns. (> 20(1)) 8633 2498 6201

variables 385 135 359

GOF on F? 1.096 1.064 1.068

R (>20(1)) R, [a] = 0.0494 R, [a] = 0.0723 R, [a] = 0.0684
wR, [b] = 0.1250 WwR, [b] = 0.1712 WR, [b] = 0.1633

R (all data) R, [a] = 0.0554 R, [a] = 0.0990 R, [a] = 0.0997

wR, [b] = 0.1308
(A/P)qwr €~ A3 2.99
(AJP)mmre” A3 —5.230

WwR, [b] = 0.1995
2.49
—2.806

wR, [b] = 0.1876
3.85
—4277

[a} R, =ZIFR) — |ENEIR]. [b] wRy = [Sw(FZ — FOXEw(FIM w, =1/[0*(FZ) + (0.0809 P)* +
33.6856 P} w, = 1/[63(F2) + (0.0943 P)? + 21.2919]. wy =1/[o*(F2) + (0.1066 P)* + $1.026 P]. P =

(F2 4+ 2F2)3.

of the anion along the fourfold axis is shown in
Figure 2. Each of the four SbO, groups con-
necting two SbW, units is built of a Sb™ atom
with W-trigonal bipyramidal coordination (in-
cluding the lone pair of electrons in the equato-
rial plane). The incomplete tungstate cage of
the f-B-SbW, fragments consists of three edge-
sharing W,0, , groups with centred Sb™ atoms
and can be derived from 1 by 60° rotation of
one W;0,; subunit around the Sb-Oy,g,
binding vector. The Sb™ atoms in their centres
arc surrounded pyramidally by three oxygen
atoms; the top of the pyramid is formed by the
lone electron pair at the Sb atom. A special
feature of 2 is the stabilisation of the metal—
oxygen framework by two sodium atoms; this
results in a tetrahedral formation of SbW, sub-
units. They are located at the corners of these
distorted tetrahedra; Na* and Sb* are placed
at the edges. As usual, different types of oxygen
atoms connect the metal network of 2. The first
four types are equivalent to the oxygen atoms
of 1 with average bond lengths of 1.74 O,,
1.93 Oy,. 2.29 Oy, and 1.97 A for the Sh-
Ousg, bond length in each SbW, subunit. Be-
tween each of these units and the bridging Sh**
1ons there is an average W - Oy, bond length
of 1.84 A, a short bond length of 1.91(2) A for
Sb—-Oys, (equatorial), and a relatively long
bond length of 2.34(2) A for Sb— O, (apical).

The bond lengths and angles in 2 are shown in Table 2. This
large anion is comparable to structures of the general formula
[M™As,W,,0, 1?8 ™™, M™* = Na™, K*, NH,", Ba?* 32
Both structures consist of four B-XW, units that are cyclically
connected through four bridging groups (Sb'™ atoms or ¢is-WO,

Figure 1. Structure of the [SbW,0,5)°” anion 1 in NagSbW,0,;-19.5H,0
(W = blue, Sb = orange, O = red).

other with their open sites. A belt of six Na* ions connects both
anions.

The X-ray structure analysis of the mixed sodium
tetramethylammonium  salt  [N(CH,),],,Na,,[2]-26 H,O
(Table 1)31] shows an interesting large heteropolyanion con-
taining four identical B-B-[SbW,0,,]°" fragments. This te-
trameric structure has crystallographic I42m symmetry. A view

Chem. Eur. J 1997, 3, No. 8

Figure 2. Structure of the large [Na,SbyW,;0,;,(H,0),]*?” anion 2 in
[N(CH,),},,Na,,[Na,SbyW,;,0,5,(H,0),] 26 H,0 (W = blue, Sb = orange, Na =
magenta, O = dark red, H,O = light red) along the fourfold axis.
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groups). The arsenatotungstate has a distorted tetrahedral
structure with As atoms at the corners and M™* in the centre of
the anion. Unlike 2, it is composed of a-type XW, fragments 133}

The X-ray structure analysis of the potassium salt
K,,[3]:27H,0 (Table 1) reveals a new heteropolyanion com-
posed of two identical f-B-[SbW,0,,]°" fragments joined
together by four WO, octahedra. These dimeric
[Sb,W,,0,,(OH),]'>" anions have centres of inversion and
form separate molecular units in the crystal (Figure 3). The
bond lengths within each SbW,, subunit arc similar to thoscin 1

Figure 3. Structure of the [Sb,W,,0.,(OH),]*?” anion 3 in K ,[Sb,W,,0,,-
(OH),]-27H,0 (W = blue, Sb = orange, O = dark red. OH = light red).

and 2, with average values of 1.75 A for W—0,, 1.95 A for
W-Oy,, 229A for W-0Oy,, and 2.01 A for Sb—Oysg,.
A remarkable feature of this cluster is the existence of WO,
octahedra without any as well as with three terminal oxygen
atoms. Only a few of these so-called anti-Lipscomb polyox-
ometalates have been characterised,’’* ! but this combination
of rare structural properties is so far unknown elsewhere. Also
the manner in which the f-B-XW, Keggin fragments are con-

Table 2. Bond lengths (A) and angles () of the anions [SbW,0,,1°" (1),
[Na,SbyW,, 0, 4,(H,0),]122~ (2) and [Sb,W,,0.,(OH),]**~ (3) with standard devi-

ations.

1 2 3

W O, [a] 1.72(1) -1.77(1) 1.67(3)~1.77(3) 1.68(2)- 1.88(2)
W O, [b] 1.87(1) 2.12(1) 1.78(2) 2.09(3) 1.78(2) 2.29(2)
W O [b] 225(1) 240(1)  2.20(2) 2.38(2)  2.26(2) 2.33(2)
W Oy 178(2) 1.91(2)

Sb  Oueass [b] 1.97(1)-1.99(1) 1.95(3)-1.99(2)  2.00(2)-2.01(2)
Sb -0, [d 1.91(2)

Sh-0,, [d] 2.34(2)

Na O 242(3)

Na Oy [b] 2.43(3)

0-W-0,, 72(1)-106 (1) T1(1) 105(1) 70(1y 105(1)
O-W-O.n 157(1)-172(1) 155(1)- 174(2) 153(1) - 176(1)
0-$b-0,,, [c] 195(2)

0-$b-0,, {d] 165(1)

0-5b-0 fe] 91(1) 93(1)-95(1) 89(1) 92(1)

[a] t = terminal. [b] The subscripted letters indicate the element(s) bonded.
[c] eq = equatorial. [d] ap = apical. [¢] Within the SbW,, subunits.
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nected with one another is most uncommeon. The unusual fac-
WO, groups each have one terminal oxygen atom with an ex-
tremely long W—O, bond of 1.88(2) A. For this rcason, these
oxo groups are assumed to be protonated and therefore to obey
Lipscomb’s rule.** Bond lengths and angles are presented in
Table 2.

As shown by the crystal structurcs of
[Sh,W,,M,0,,(H,0) J** ™ (M = Fe?*, Co?". Mn?",
Ni? '), anions of type 4% are closely related to 3. Two f-B-
SbW, subunits are linked together by two corner-sharing WO
octahedra. Furthermore, two transition-metal atoms are bond-
ed through two oxygen atoms of one unit and one oxygen atom
of the other unit to the tungsten - oxygen framework (Figure 4).
Formally the fuc-WO, groups have been exchanged for transi-
tion-metal ions with three aquo ligands. This unusual formation
leads to three free coordination sites at the transition-metal
atoms that arc completed by water molecules.

Figure 4. Structure of the [Sb, W, M,0,,(H,0),]'* 72"~ anions 4. M"™ = Fe"
Co?*, Mn?*. Ni?* (W =blue. Sb=orange. M =green, O =dark red.
H.O = light red).

Conclusion

A series of novel antimony-containing heteropolyanions have
been prepared and characterised by X-ray structure analyses.
The o-B-XW, structure type is shown in 1, fragments of the
p-B-XW, structure type were found to form the larger clusters
2, 3 and 4. Besides this, a new general reaction route for the
synthesis of large clusters containing Keggin fragments and
transition metals is proposed: stable preorganised, highly nega-
tively charged subunits (after intramolecular reorganisation, de-
pending on the reaction milieu) react with electrophilic groups
like Sb** or fac-WQO, to give stabilised intermediates. By the
coupling of these intermediates larger heteropolyanions (with
particular sites between the Keggin fragments for exchange
reactions) can be generated. They subsequently react with vari-
ous transition metals to give heteropolytungstates like 4. This
useful strategy opens a wide field in the synthesis of new poly-
oxometalates and has already been applied successfully to the
preparation of several transition-metal-containing bismutato-
tungstates.>®)
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Experimental Section

Crystal structure determination: Diffraction experiments were performed on
a Siemens R 3 (for 1) and a Syntex P2, diffractometer (for 2 and 3). respec-
tively with Moy, radiation (4 = 0.71073 A) and with corrections for absorp-
tion (empirical), Lorentz and polarisation effects. The structures were solved
by direct methods with the program SHELXS86 and refined (on F?) with
SHELXL 93 by full-matrix least-squares. Oxygen atoms were refined isotrop-
ically; all other atoms were refined anisotropically. The three crystal struc-
tures exhibit the {requent appearance in this class of polyoxometalates of
large disorder in the range of counterions and water molecules. Because of
this, the exact formulae were determined by elemental analysis. Details of the
data collection and processing, structure analysis and refinement for 1. 2 and
3 arc summarised in Table 1.

NayISbW,0,4,]-19.5H,0 (Nay[1]-19.5H,0): The salt of 1 was prepared by
the reaction of Na,WO,-2H,0O (40 g, 121 mmol) in boiling water (80 mL)
and dropwise addition of Sb,0, (1.96 g,6.72 mmol) dissolved in concentrated
HCI1 (10 mL). The mixture was refluxed for 1 h and allowed to cool slowly.
Colourless crystals of Nag[1}-19.5H,0 werc formed after evaporation of
one-third of the solution volume. Yield: 28.0 g (72%); H;,Na, 04, ;SbW,
2862.62: caled Sb 4.22, H,0 11.79; found Sb 4.25, H,O 12.18; IR (KBr):
B =920, 890 (W—-0), 767, 715cm ™" (W-0y,,).

INa,Sb,W,,0,;,(H,0),]*2” (2): Solid SbCl, (1.20 g, 5.26 mmol) was dis-
solved in a boiling solution of Nay[SbW,0,,]-19.5H,0 (15.6 g, 5.24 mmol)
in water (30 mL). The resulting yellow mixture was refluxed for 1 hat pH 6-7
and allowed to cool slowly. After addition of N(CH,),Cl (6.8 g, 62 mmol)
pale yellow microcrystals of [N(CH;)],,Na,,[Na,SbyW, O ;,(H,0)]J
72H,0 (monoclinic form) were formed over several hours. Yield: 14.5¢g
(91%); CooHa7,N oNay ,0,0,SbgWye 12137.01: caled C 417, H 1.99, N
1.36,Sb 7.76, Na 3.07. H,0 10.44; found C 4.02, H 2.06, N 1.31, Sb 8.03, Na
295, H,O 10.68. Large crystals of the tetragonal modification
[N(CH,),],,Na,,[Na,Sb W, O, ;,(H,0),]-26 H,0 used for the X-ray inves-
tigation were obtained after several days. C,(H 4N, Na ,O,,,Sb,W,
11308.31: caled C 4.24 H 1.59, N 1.23, Sb 8.61, Na 2.85, H,0 11.46; found
C 411, H 1.65, N 1.28, Sb 8.89. Na 2.93, H,0 11.83: IR (KBr): ¥ = 985
(W 0,). 900, 865, 820, 775, T45cm ' (W=0y,).

{Sb,W,,0,,(OH),I"*~ (3): The sodium salt of 1 (10g. 3.49 mmol) and
Na,W0,-2H,0 (2.3 ¢, 6.99 mmol) were dissolved in water (10 mL) while
gently hcated. By dropwise addition of 1M HCI (23.5mL) the pH of the
reaction mixture was set to 4—5; the mixture was then evaporated to one-
third ofits volume. After cooling, the sodium salt of 3 was formed with a yield
of 6.7 g (63%). Crystals of K,,[Sb,W,,0,,(OH),}-27H,0 were obtained
after recrystallisation of this compound with KCl (2.68 g, 35.9 mmol)
in  water (10mL) by diffusion techniques. Yield: 4.6g (67%);
H; oK ,0,,35b,W,, 6699.60: caled Sb 3.70, K 7.28, H,0O 7.29; found Sb
377, K 7.26, H,0 7.49; IR (KBr): ¥ =950 (W-0,), 840, 800, 715cm™!
(W-Oyp).

1Sh,W,,M, O, (H,0) 472~ (4; M"* = Fc**, Co?*, Mn?*, Ni**): Salts
of 4 were prepared by the reaction of stoichiometric amounts of 3 with the
transition-metal salts Fe(NO,);-9H,0, CoCl, 6H,0, Mn(NO,), 4H,0
and NiCl,-6H,0 at pH 6-7 and 75° C.13¢]
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Self-Assembly of Bisurea Compounds in Organic Solvents and

on Solid Substrates

Jan van Esch, Steven De Feyter, Richard M. Kellogg,*
Frans De Schryver,* and Ben L. Feringa*

Abstract: New low molecular weight gela-
tors based on the structure R-NHCONH-
X-NHCONH-R have been synthesized
and tested for their ability to cause gela-
tion of organic solvents. Compounds 2
(R = n-dodecyl, X = -(CH,),-), 3 (R =
n-dodecyl, X = -(CH,),,-), 4 (R = n-do-
decyl, X = 4,4"-biphenyl), and 5 (R =
benzyl, X = (CH,),-) form thermore-
versible gels with a wide range of organic
solvents, at concentrations well below
10 mgmL ~!. Depending on the nature of
the R and X groups, the solvents that un-

vealed that compounds 2—5 spontaneous-
ly aggregate to form thin flat fibers, which
can be several hundreds of micrometers
long and only 2—10 pm wide. Depending
on the solveat, multiple twists in the fibers
are observed. In the gels, these fibers form
an extended three-dimensional network,
which is stabilized by multiple mechanical
contacts between the fibers. Electron mi-
croscopy and X-ray powder diffraction
revealed that the fibers consist of stacks of
sheets. The thickness of the sheets is 3.65
and 3.85nm for 2 and 3, respectively.

Scanning tunneling microscopic investi-
gations of 2 absorbed on graphite showed
that 2 forms long ribbons with a width of
5.0 nm. In the ribbons the molecules have
a parallel arrangement, with the long
molecular axis perpendicular to the long
ribbon axis. The two urea groups within a
given molecule are each part of mutually
parallel extended chains of hydrogen
bonds. Based on these observations a
model is proposed for the arrangement of
the molecules in the fibers. In this model
the bisurea molecules aggregate through

dergo gelation include hexadecane, p-
xylene, 1-octanol, n-butyl actetate, cyclo-
hexanone, and tetralin. The gels are stable
up to temperatures well above 100 °C, but
are easily disrupted by mechanical agita-
tion. Light microscopic investigations re-

ureas

Introduction

Rules by which small organic molecules can be assembled into
supramolecular structures of predesigned size and shape are
becoming clearer.!’ 2! The same is true of some aggregation
phenomena in which the associative processes can, to a certain
extent, be controlled through design of the building blocks.!!
We have been interested in the gelation of organic solvents in-
duced by small organic molecules and in the way that gelation
phenomena are coupled with the formation of large supramolec-
ular assemblies.[*! However, the structures of such gels are poorly
understood, and serendipity appears to have been the major guid-
ing principle in this particular area.[* *! Most of the gelating
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hydrogen-bond formation into long rib-
bons, which assemble into sheets. In these
sheets the ribbons are tilted. Finally, the
sheets stack to form long thin fibers. This
model is supported by molecular dynam-
ics simulations.

molecules known so far possess at least one moiety that can
participate in highly directional noncovalent interactions with
other gelator molecules. Aggregation of these molecules can, for
instance, lead to extended one-dimensional arrays of hydrogen
bonds. This principle has elegantly been applied in the design of
new gelators for arganic solvents.[®! Very recently, the capacity
of urea derivatives to form extended chains of hydrogen
bonds!™ has been explored by Hanabusa and co-workers!® and
our group!®! with the aim of designing new gelators/'®! and of
forming constructs of nanodimensions. In this study, we pre-
pared a series of bisurea compounds that spontaneously assem-
ble into fibers and examined their ability to induce gelation of
organic solvents. Detailed information on the structure of the
fibers was obtained by using a combination of electron mi-
croscopy, X-ray diffraction, and scanning tunneling mi-
Croscopy.

Results and Discussion

Structures composed of two urea groups connected by a spacer
group X are attractive building blocks, since they are readily
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obtained [rom simple starting materials and can form up to
eight hydrogen bonds with neighboring molecules in their ag-
gregates. Compounds 1-6 (Table 1), prepared from the corre-
sponding isocyanates and diamines, are sparingly soluble in or-

Table 1. Bisurea derivatives examined in this paper.

o o]
R R
H H H H

R X
1 n-dodecyl -(CH,)e~
2 n-dodecyl -(CH,)s-
3 n-dodecyl CH}»-
4 n-dodecyl 4.4 -biphenyl
5 benzyl -(CH;)o-
6 (R)-1-phenylethyl- -(CH,),-

ganic solvents at room temperature (Table 2), but gradually
dissolve upon heating 1o between 90 and 150°C.I'"1 With
aliphatic or aromatic hydrocarbons or cyclohexanone as the
solvent, the isotropic solutions of 2 and 3 form stable gels upon
cooling (Table 2). The minimum gelation concentrations for 2
are remarkably low (<3 mgmL~?!) and do not depend on the
solvent used. When the dodecyl chain is replaced by more ster-
ically demanding groups, as in 5 and 6, or the long flexible linker
is replaced with a shorter linker, as in 1, or a more rigid linker,
as in 4, the gelating abilities change. For instance higher mini-
mum gelation concentrations are found for 6 (Table 2).

Table 2. Ability of bisurea compounds to act as gelators {a].

Hexadecane p-Xylene 1-Octanol n-Butyl acetate Cyclohexanone Tetralin

1 p P p P p g
2 g(3) g(3) P g(3) £(3) 23
3 g g p p g g
4 i g p p p g
5 i 2(10) £(10) p g g(")
6 p p r P p g

[a] The following abbreviations are used: gelation: g (minimum gelation concentra-
tion at 20 °C in mg compound per mL solvent); insoluble at solvent reflux temper-
ature: i; precipitate: p.

The gels formed by these bisurea compounds are stable for
months, but are irreversibly disrupted by mechanical agitation.
However, they can be restored by heating above the melting
temperature followed by cooling to room temperature; this indi-
cates that gel formation is thermoreversible. The melting tem-
peratures of the gels clearly increase with increasing concentra-
tion, but level off at higher concentrations (Figure 1A). The
melting temperature of a gel of 2 at a concentration of
12 mgmL " in tetralin is 116 °C. This corresponds nicely to the
onset of the melting endotherm at 117 °C, measured by differen-
tial scanning calorimetry (Figure 1 B). A broad endotherm with
a maximum at 125 °C points to a less cooperative phase transi-
tion. The enthalpy of melting for a gel of 2 in tetralin is
160 kJmol™*. FTIR spectra of dried gels of 2 and 3 show amide
I and amide II bands at 1616 and 1575 cm ™~ ! and an NH stretch
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Figure 1. A) Variation of the melting temperature a gel of 2 in tetralin with the
concentration of 2. B) DSC heating {top) and cooling (bottom) traces of a gel of 2
in tetralin (10 mgmL™1).

vibration at 3337 cm~!. These bands are characteristic of the
presence of hydrogen-bonded urea groups.!*?!

With the aromatic solvents p-xylene and tetralin, the bisurea
compounds form transparent gels, whereas with the other sol-
vents turbidity is observed. Light microscopy reveals that the
gels are strongly birefringent. In gels of 2 and 3 many small
fiberlike structures are observed, and the gels appear to consist
of an entangled network of such fibers (Figure 2A and
2B).1*3: 141 These fibers are only 2-5 um thick, but can be as
long as 300—400 um. The formation of fibers does not necessar-
ily lead to the formation of a gel. For instance, compound 3
forms a precipitate in butyl acetate, and examination with light
microscopy reveals the presence of many fibers (Figure 2C).
However, these fibers are broader (up to 10 pum) and shorter
(100-200 um) then those observed in gels. The single fibers in
Figure 2 B and 2 C show repetitions of strongly birefringent re-
gions and dark regions, indicating that the fibers are highly
twisted. The thickness of the fibers cannot be determined from
these micrographs. Both the width of the fibers and the degree
of twisting depend on the compound as well as on the solvent.
In general, fibers of compound 3 are somewhat broader than
those formed by 2, and fibers in butyl acetate are more strongly
twisted than those in tetralin.

The organization in the fibers was further examined by elec-
tron microscopy (EM).I'#! From the electron micrographs of a
gel of 2 in tetralin, it is clear that fibers have a multilayered
structure (Figure 2D and 2E). Typically 5 to 20 sheets are
stacked in a single fiber. The thickness (d) of the fibers and
sheets can be calculated from the length (/) of the shadow (ap-
plied at an angle o), by means of the equation d = /tan(x). From
Figure 2E we obtained a value of 0.13 um for the thickness of
the fiber, which consists approximately of 20 sheets, giving a
thickness of + 7 nm for a single sheet. The shadow length of the
top sheet in the fiber is approximately 12 nm, corresponding to
a thickness of 2.2 nm. Based on these results we estimate the
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Figure 2. Photographs taken with a light microscope of a gel of 2 in tetralin (A,
crossed polarizers, bar is 100 um), in butyl acetate (B, crossed polarizers, bar is
100 um), and of 3 in butyl acctate (C, crossed polarizers and 1/4 A plate, bar is
100 um). Electron micrographs of a gel of 2 in tetratin (D and E, bar is 0.5 pm), and
in hexadecane (F, bar is 0.5 um).

thickness of each sheet to be approximately 5 nm. Figure 2F
shows an EM picture of a single fiber of 2 in hexadecane. One
can clearly sce that the twist observed in the light micrographs
1s a single turn of the sheets along the long axis of the fiber,
rather than multiple turns or even crumpling of the sheets. Net-
works of fibers [rom other systems are often stabilized by the
presence of junction zones, which can be observed as fused or
intertwined fibers.!' 3! However, we did not observe such struc-
tures either by EM or by light microscopy.

The strong birefringence of the fibers indicates that they con-
sist of well-ordered arrays of molecules. Furthermore, the elon-
gated shape of the fibers must be the result of a strong an-
isotropic growth, also indicative of a well-ordered molecular
packing.!'®! Powder diffraction™ of the native gels did not
reveal any reflections between 1.5 and 35°. After most of the
solvent had been removed in the low-angle region 3 to 4 Bragg
reflections were observed with a periodicity of 1/1, 1/2, 1/3 and
1/4, consistent with a lamellar structure.l'® The spacings of
these lamella are 3.65 and 3.89 nm for 2 and 3, respectively, in
good agreement with the thicknesses of the sheets estimated
from EM. Remarkably, except for a clear reflection at 0.38 nm,
we observed no other reflections in the range from 5.8 to
0.25 nm.

1240 —— © VCIH Verlagsgesellschaft mbII, D-69451 Weinheim, 1997

In order to obtain a more detailed picture of the organization
at the molecular level, we investigated the structure of layers of
these gelators deposited on graphite by scanning tunneling mi-
croscopy (STM). This technique provides a powerful tool in the
study of the two-dimensional organisation of molecules phy-
sisorbed on a conductive surface.l'? 2% Monolayers of 2 phy-
sisorbed at the graphite/1-octanol interface were imaged by
STM. A closely packed arrangement of molecules of 2 on the
graphite surface with submolecular resolution can be distin-
guished in Figure 3A. The darker regions in the image corre-

(A)

(B)

Figure 3. A) STM image of an ordered monolayer of 2 formed by physisorption
from 1-octanol at a liquid/graphite interface. Image size: 13.5x 13.5 nm?. AL is the
width of one ribbon of molecules of 2. The arrow indicates the defect where hydro-
gen bonds are broken. B) Molecular model for the two-dimensional packing of 2.

spond to the location of the alkyl groups of the molecules. For
the urea groups, however, two different types of contrast are
observed. Some ribbons are characterized by bright spots corre-
lated with the position of the urea groups.l*'! In other ribbons
the urea groups appear almost as dark as the regions correlated
to the position of the alkyl groups. It is very unlikely that these
differences are due to the coexistence of two different 2D crys-
tals. No domains are formed by only one type of ribbon. The
different types of ribbons coexist randomly since the contrast of
the urea groups in one ribbon is not influenced by its neighbors.
The width of a ribbon (5.040.1 nm) and the intermolecular
distance within a ribbon (0.462 +0.005 nm)[22! are the same for
both types of ribbon. The latter valuc is in very good agreement
with the distances found for hydrogen-bonded urea moieties.(23]

From molecular modeling, it is clear that for the minimum-
energy conformation of 2 (all-trans), both carbonyl groups
point almost in the same direction. Consequently, the shape of
the molecule should be bent a little bit (Figure 3B). Indeed,
close inspection of high-quality images reveals such a bend.
Comparison of ribbons with opposite contrast with regard to
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their urea groups shows that such ribbons are two-dimensional
mirror images with the mirror plane perpendicular to the long
ribbon axis. This implies that the angle between the carbonyl
groups of the two ribbons is 180°. Therefore, the difference in
contrast of the urea groups is correlated with the orientation of
the carbonyl groups. This is also confirmed by STM imaging of
bisurea compounds I and 3 which contain spacers with an even
number of carbon atoms. In these cases, the carbonyl groups in
a single molecule point in opposite directions in an all-frans
conformation. For these molecules, the same differences with
respect to the contrast of the urea groups are observed but now
intramolecularly. A detailed discussion of these results will be
published elsewhere.!?*]

From a comparison of the thickness or width of the ribbons
on graphite with the thickness of the sheets observed in gels of
2, it becomes clcar that these are related but not identical struc-
tures. The shects most likely consist of stacks of ribbons of
bisurea molecules (Figure 4 A). In this arrangement the reflec-

Figure 4. A) Schematic view of the arrangement of ribbons of bisurea compounds
into sheets. B/C) Snapshots from a 100 ps MD simulation (300 K, NPT) of a box
containing 64 molecules of 2. showing two ribbons each consisting of 8 molecules
of 2 (B, view along y axis; the other tapes are omitted for clarity). and a stack of 8
ribbons forming a sheet (C, view along x axis).

tion at 0.381 nm observed in the powder diffractograms (vide
supra) of 2 corresponds to the spacing of the ribbons within one
sheet. A similar spacing has been found [or the stacking of
lamella in polyamide fibers.1>*! Since the width of the ribbons
(5.0 nm as estabished by STM) is significantly greater than the
thickness of the sheets (3.65 nm), the ribbons are most probably
tilted at an angle of 45° relative to the surface. Figures 4 B and
4C show snapshots taken {rom a 200 ps molecular dynamics
simulation of a rectangular box with 64 molecules of 2 arranged
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in 8 parallel stacked ribbons. Starting with tilt angles between 40
and 75° the simulations converge to a structure in which a sheet
has a thickness of 4.1 nm and the ribbons make a tiit angle of
+ 54° with the surface of the sheet (Figure 4C). The spacing
between successive ribbons is 0.40 nm, in good agreement with
X-ray and STM data. The ribbons maintain a morc or less
planar structure, but in the plane of the ribbons the bisurca
molecules are curved (Figure 4 B).

Conclusions

A new class of low molecular weight gelators comprising two
urea groups connected by a spacer have been developed, which
are very effective in inducing the gelation of various organic
solvents at very low concentration. A notable feature of these
gelators is that they are obtained from commercial starting ma-
terials (diamines and isocyanates). The simple bisurea com-
pounds described in this paper spontaneously form highly or-
dered structures, namely, ribbons when absorbed on graphite
and fibers in cooled homogencous solution. These fibers form
an extended three-dimensional network in solution, presumably
stabilized by multiple mechanical contacts between the fibers,
leading to cfficient gelation of organic solvents.!?¢! The arrange-
ment of the bisurea molecules within the ribbons and fibers
could be elucidated in detail, and it is clear that they are aggre-
gated through formation of multiple intermolecular hydrogen
bonds between the urea moieties. The overall result is exception-
ally long-term thermal stability of the structures. The well-de-
fined molecular arrangement within the sheets and ribbons and
the straightforward synthesis of the bisurea compounds offer
excellent opportunities for the exploitation of this molecular
architecture for the organization of other functional groups.

Experimental Procedure

Materials and methods: Solvents for synthesis were purified and dried when
necessary according to standard procedures. The diamines and isocyanates
were obtained form Aldrich or ACROS and purified by Kugelrohr distillation
prior to use unless noted otherwise. The solvents for gelation experiments
were of analytical grade and used as received. 'H NMR spectra were recorded
on a Varian VXR-300 spectrometer (at 300 MHz), and chemical shifts are
denoted in § units relative to CDCI, or [D]DMSO and converted to the TMS
scale with (CHCl,) =7.26 or 3(]D]DMSO) = 2.49. '*C NMR specira were
recorded on a Varian VXR-300 spectrometer (at 75.48 MHz), and chemical
shifts are denoted in é units relative to CDCl; or [D,]DMSO and converted
to the TMS scale with S(CHCI,) =76.91 or §(DMSQ) = 39.5. The splitting
patterns in the 'HNMR specira are designated as follows: s (singlet), d
(doublet), t (triplet), m (multiplet), br (broad). Melting points were measured
on a Mettler FP-2 melting point appartus equipped with a Mettler micro-
scope. Infrared spectra were recorded on a Mattson Instruments Galaxy 4020
FTIR spectrometer. Elemental analyses were carried out in the Microanalyt-
ical Department of this laboratory.

1-Dodecyl-3-[6-(3-dodecylureido)hexyllurea (1): Dodecylisocyanate (1.16 g,
5.5 mmol) was slowly added to a stirred solution of 1.6-diaminohexane
(0.29 g, 2.5 mmol) in dichloromethane (30 mL). A gel-like precipitate was
formed immediately. After stirring overnight, the crude product was collected
by filtration as a white waxy solid. The product was purified by resuspending
the waxy solid in dichloromethane (50 mL), stirring for 1 h, and collecting the
product on a glass filter. This procedure was repeated when necessary. After
drying at 60 “C under vacuum (15 mm Hg) 1 was obtained as a white solid in
87% yield. M.p. 198-199°C; '"HNMR (300 MHz, [D,JDMSO, 120°C,
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TMS): § = 5.42 (brs, 4H) 2.96 (m, §H) 1.35 (br, 8H) 1.26 (br, 40H) 0.85 (t.
3J(HLH) = 6.4 Hz, 6H); *C NMR (75.48 MHz, [D(]DMSO, 120°C, TMS):
8 =157, 38.2, 38.1, 29.9, 28.7, 27.6, 27.4, 27.2, 25.1, 24.8, 20.6, 12.3; IR
(KBr): ¥ (em™ ') = 3335, 1614, 1574; C,,H(N,O, (538.90): caled. C 71.32,
H 12.34, N 10.40; found C 71.31, H 12,42, N 10.40.

1-Dodecyl-3-[9-(3-dodecylureido)nonyljurea (2) was synthesized as described
for 1, starting from 1,9-diaminononane (0.8 g, 5mmol) and dodecyliso-
cyanate (2.3 g, 11 mmol). After drying at 60 °C under vacuum (15 mmHg) 2
was obtained as a white solid in 83% yield. M.p. 167-169°C; '"HNMR
(300 MHz, [Dg]DMSQ, 120°C, TMS): § = 5.4 (brs, 4H) 2.96 (m, 8 H) 1.35
(br, 8H) 1.27 (br, 46H) 0.85 (t, *J(H.H) = 6.5Hz, 6H); '3C NMR
(75.48 MHz, [D(]DMSO, 120°C, TMS): 6 =157.6, 38.9, 30.5, 29.4, 28.2,
28.0, 27.8, 257, 212, 12.8; IR (KBr): © (cm™!) 3335, 1616, 1574;
C,:H,,N,0, (580.98): caled. C 72.36, H 12.49, N 9.64, found C 72.24, H
12.42, N 9.46.

1-Dodecyl-3-[12-(3-dodecylureido)dodecyljurea (3) was synthesized as de-
scribed for 1, starting from 1,12-diaminododecane (0.5 g, 2.5 mmol) and
dodecylisocyanate (1.16 g, 5.5 mmol). After drying at 60 °C under vacuum
(15 mmHg) 3 was obtained as a white solid in 90 % yield. M.p. 166-167°C;
"HNMR (300 MHz, [D¢]DMSO, 120°C, TMS): 6 = 5.4 (br s, 4H) 2.96 (m,
8H) 1.38 (brs, 8H) 1.25 (s, 52H) 0.85 (t, *J(H,H) = 6.4 Hz, 6H); 3C NMR
(75.48 MHz, [D(]DMSO, 120°C, TMS): 6 =157, 38.3, 29.9, 28.8, 27.6, 27.5,
27.2, 25.1, 20.6, 12.2; IR (KBr): ¥ (cm ') 3337, 1616, 1574; C,,H,;N,0,
(623.06): caled. C 73.25, H 12.62, N 8.99, found C 73.21, H 12.73, N 8.98.

1-Dodecyl-3-[4'-(3-dodecylureido)biphenyl-4-ylJurea (4) was synthesized as de-
scribed for 1, starting from 4,4'-diaminobiphenyl (0.6 g, 3.3 mmol, recrystal-
lized from water) and dodecylisocyanate (1.4 g, 6.6 mmol) using DMSO as
the solvent. After drying at 60 °C under vacuum (15 mm Hg) 4 was obtained
as a fine white powder in 55% yield. M.p.>260°C; *H NMR (300 MHz,
[DIDMSO, 120°C, TMS): 6=8.1 (s, 2H), 742 (m, 8H), 591 (4,
3J(H.H) = 5.3 Hz, 2H), 3.1 (m, 4H), 1.46 (m4H), 1.27 (s, 36 H), 0.87 (t,
3J(H,H) = 6.6 Hz, 6H); 13C NMR (75.48 MHz, [D]DMSO, 120°C, TMS):
6 =154.1, 138.3, 132.0, 124.8, 117.2, 29.9, 28.5, 27.6, 27.4, 27.2, 251, 20.6,
12.3; IR (KBr): # (em™1) 3335, 3302, 1631, 1556; C,4H,N,0, (606.94):
caled. € 75.20, H 10.30, N 9.23, found C 75.13, H 10.30, N 9.25.

1-Benzyl-3-[9-(3-benzylureido)nonyljurea (5) was synthesized as described for
1, starting from 1,9-diaminononane (0.8 g, 5 mmol) and benzylisocyanate
(1.17 g, 10 mmol). After drying at 60 °C under vacuum (15 mmHg) § was
obtained as a white solid in 86% yield. M.p. 194-196°C; "HNMR
(300 MHz, [D,]DMSO, 95°C, TMS): 6 =7.27 (m, 10H), 6.12 (brs, 2H),5.75
(brs, 2H), 4.21 (d, *J(H,H) = 5.9 Hz, 4H), 3.05 (m, 4H), 1.39 (m, 4H), 1.28
(s, 10H); 1*C NMR (75.48 MHz, [D4]DMSO, 95°C, TMS): § =157.8, 140.7,
127.7,126.7,126.1,42.8, 39.1, 29.7, 28.6, 28.4, 26.0; IR (KBr): ¥ (cm ™ 1) 3342,
3329, 1620, 1580; C,sH;,N,O, (424.58): caled. C 70.72, H 8.55, N 13.20,
found C 70.37, H 8.56, N 13.06.

(R,R)-1-(1-Phenylethyl)-3-{9-[3-(1-phenylethyl)ureidojnonyl}urea (6) was syn-
thesized as described for 1, starting from 1,9-diaminononane (158 mg,
1 mmol) and (R)-1-phenylethylisocyanate (330 mg, 2.24 mmol). After drying
at 60 “C under vacuum (15 mmHg) 6 was obtained as a white solid in 79%
vield. M.p. 198-200°C; '"HNMR (300 MHz, [D,]JDMSO, 95°C, TMS):
6=731 (m, 10H), 623 (d, 3JMHH)=84Hz, 2H), 573 (1,
3J(H,H) = 5.5 Hz, 2H), 4.70 (m, 2H), 2.94 (m, 4H), 1.35 (m, 4H), 1.31 (d.
3J(HH) =7.0 Hz, 6H), 1.20 (s, 10H); '3C NMR (75.48 MHz, [D4]DMSO,
120°C, TMS): & = 157.0, 1454, 127.6, 125.9, 125.3, 48.2, 29.5, 28.5, 28,2,
259, 22.7; IR (KBr): ¥ (cm™*) 3341, 3310, 1622, 1568; C,,H,,N,O,
(452.64): caled. C 71.65, H 8.91, N 12.38, found C 71.39, H 8.91, N 12.36.

Preparation of gels: In a typical gelation experiment 10 mg of the bisurea
compound and 1 mL of the solvent were placed in a test tube, which was
sealed and then heated until the compound dissolved. The solution was
allowed to cool to room temperature. Gelation was considered to have oc-
curred when a homogeneous substance was obtained, which exhibited no
gravitational flow. The melting points of the gels were determined by the
dropping ball method.i2"! A steel ball with a diameter of 1 mm was placed on
the gel. The vial was closed and placed in an oil bath regulated by a ther-
mostat. The oil bath was heated at a rate of 1-2°Cmin~ !, during which time
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the height of the steel ball was observed. The temperature at which the ball
touched the bottom of the vial was taken as the melting temperature of the
gel. For light microscopy a piece of the gel was placed on a slide and covered
with a cover glass. The gels were examined with a Olympus BX-60 micro-
scope.

Differential scanning calorimetry: A given amount of gel was placed in a
preweighed pan, which was sealed and weighed on a six-decimal-place bal-
ance. Heating and cooling scans were measured on a Perkin-Elmer DSC-7
instrument at a scan rate of 10 *Cmin~!. After the measurements the pan was
weighed again in order to check for possible leakage.

Electron microscopy: For electron microscopy a sample of the gel was placed
on a formar-coated copper grid and removed after 1 min. After drying at low
pressure (<10 ° Torr) the specimen was shadowed at an angle of 10° with a
platinum/carbon layer. The grids were examined in a Philips EM-300 electron
microscope, operating at 80 kV.

X-ray diffraction: For X-ray diffraction measurements concentrated gels
(100 mg bisurea compound per mL solvent) were prepared, which were de-
posited in a 1 mm-thick layer on a glass slide. X-ray diffractograms were
recorded on a Philips powder diffractometer using Cuy,,,,, radiation
(1.54060 A and 1.54439 A). X-ray diffractograms were recorded from 1 to 30°
with a step size of 0.02°.

Scanning tunneling microscopy: STM cxperiments were performed using a
Discoverer scanning tunneling microscope (Topometrix Inc. Santa Barbara,
CA) with an external pulse/function generator (model HP 8111 A). Tips were
electrochemically etched from Pt/Ir wire (80 %/20 %, diameter 0.2 mm) in 2N
KOH/6~ NaCN solution in water. Prior to the STM experiments, the com-
pound under investigation was dissolved in 1-octanol. Concentrations used
were typically about 1 mgmL ™. Samples were prepared by spreading a drop
of this solution on the basal plane of highly ordered pyrolytic graphite
(HOPG) (grade ZYB, Advanced Ceramics Inc., Cleveland, OH). STM im-
ages were acquired in the variable-current mode (constant height) under
ambient conditions. Typically, a tunneling current of 1 nA and a bias voltage
of 0.2V up to 0.6 V referred to the graphite surface were employed. STM
images obtained at low bias voltages reliably revealed the atomic structure of
HOPG providing an internal calibration standard for the monolayer studies.

Molecular dynamics simulations were performed using the GROMOS force
field as implemented in GROMACS 1.31.1281 All simulations were carried out
using periodic boundary conditions and a cut-off range of 1.0 nm for non-
bonded interactions. The starting ensembles were constructed as follows: a
molecule of 2 in the all-trans configuration was oriented with its urea car-
bonyl groups parallel to the x axis and with the long molecular axis in the yz
plane. The tilt angle between the ribbons in the ensemble was varied by
varying the tilt angle between the long molecular axis and the y axis. 64 copies
of the molecule were placed on a rectangular lattice in the xy plane, with the
size of the box ranging from (x,y,z) = (4.0 nm, 4.5 nm, 5.0 nm) when the tilt
angle was 70° to (x,y,z) = (4.0, 5.6, 5.0) when the tilt angle was 30°. Before
starting the MD simulations the ensemble was energy-minimized using the
steepest descent method with the convergence criterion set at 0.001 kJmol ™.
In a first MD run of 50 ps (step size 2 fs) the system was allowed to heat slowly
from 0 to 300 K by employing a weak coupling (t = 5 ps) to a temperature
bath of 300 K, while maintaining constant pressure by coupling to a pressure
bath of 1 atm and a coupling constant of 2 ps. Finally, a production run of
200 ps was carried out at 300 K (r = 0.5 ps).
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Preferential Electrostatic Complex Formation and Dinitrogen Catalysis of
Benzyl Cation Rotational Automerization**
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Abstract: Diazonium ions are reactive in-
termediates in deamination reactions per-
tinent to chemical carcinogenesis. While
methyldiazonium ion has been shown to
exist as a short-lived intermediate in the
gas phasc and in solution, benzyldiazoni-
um ions have never been observed, and
the reaction intermediates in deamina-
tions of benzyl systems remain a matter of
debate. We therefore studied the benzyl
cation—dinitrogen interaction by ab initio
methods; several important conclusions
resulted. Analysis of the potential energy
surface at the level MP4(sdtq)/6-31 G*//
MP2(full)/6-31 G* + AVZPE(MP 2(full)/
6-31 G*) revealed that a classical “‘benzyl-
ion” does not exist. The
interaction of N, with benzyl cation M-1
results in an electrostatically bound com-

diazonium

Introduction

Diazonium ionst are thought to play a crucial role in chemical
carcinogenesis.?! A variety of amine derivatives form alkyldia-

plex 2C with a long C-N distance
(2.935 A) as the most stable structure. A
covalently bound planar benzyldiazoni-
um ion 2A with a “normal” C-N bond
length (1.514 f\) is the transition-state
structure for automerization of the elec-
trostatic complex with concomitant rota-
tion about the exocyclic C—C bond. The
potential energy surface characteristics re-
sult from the highly efficient n-dative
Ph — CH, bonding in M-1; this is clearly
demonstrated in its structure and that of
1t$ transition state for rotational automer-

Keywords
ab initio calculations - benzyldiazoni-
um ion - dative bonding - electrostatic
interactions - gas-phase chemistry

ization TS-1 by the very high activation
barrier for rotation (47.6 kcalmol™ 1)
and by the gradient vector ficlds of the
total clectron densities of conformers of 1
and 2. The rotational barner for 1 1s re-
duced to 27.9 kcalmol ™! in the N, com-
plex 2, and the potential energy surface
characteristics of benzyldiazonium ion es-
sentially facilitate the N,-catalyzed rota-
tional isomerization of benzyl cation. The
benzyldiazonium ion system shows for the
first time that the interaction of a donor
molecule with a carbenium 1on with a va-
lence LUMO can lead to the formation of
an electrostatic complex as opposed to da-
tive bond formation. Dative &-bond for-
mation between N, and the CH, carbon
of 1 is energetically not competitive with
dative Ph - CH, n-bond formation.

tween N, and carbenium ions.!®! The approach of N, to a cation
with a valence electron sextet leads to internal polarization of

N,, and the binding energy steadily increases as the initial elec-
trostatic attraction progresses to dative bond formation.!®! The-

zohydroxides, which can be heterolysed to diazoni-

H
um ions as the primary alkylating reagents Osn R yH K R P
~ 13.4] At . 5 | F +
(Scheme 1). The determmduf)n Aof acc1_1rate H'j, N, — N=N . >: N=N D products
binding energics and the characterization of diazo- Y X OH Hyg
nium ions are therefore pertinent to discussions of R
mechanisms of chemical carcinogenesis, and we
have studied the formation of dative bonds be- HH (*jl\H
R—‘é\ A ke A t_ kp
N— N=N >N=N  —2. products
[*] Prof. Dr. R. Glaser, D. Farmer H W _A N— Ar H I:i
Department of Chemistry, University of Missouri-Columbia N d H
Columbia, Missourl 65211 (USA)
Fax: Int. code +(573)882-2754
e-mail: chemrg:showme.missouri.edu
[**] Presented in part in the Computers in Chemistry Division at the R y - kF R + kD
212th National ACS Meeting, Orlando (FL), August 1996, \FN:N —_— )—NEN —_— products
and in the Physical Chemistry Division at the 31st Midwest H H I:i

Regional Meeting of the American Chemical Society, Sioux

Falls (South Dakota), November 1996. Scheme 1. Decomposition paths that may involve benzyldiazonium ion (R = Ph).
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oretical!” ®! and experimental!”-®- ' studies have established
that this bonding pattern applies generally to many carbon-cen-
tered cations. The decompositions of benzyl systems (R = Ph in
Scheme 1) may follow the same mechanisms but the nature of
the intermediates remains controversial. While methyldiazoni-
um ion has been unequivocally shown to exist as a reactive
intermediate in the gas phase!'! and in aqucous solution,'?!
benzyldiazonium ions have never been observed directly ']
Studies of the putative benzyldiazonium ion in solution have
focused on protonation reactions of aryldiazomcthanes and on
heterolyses of diazoates and triazenes (Scheme 1). Early solu-
tion studies were concerned with the protonation of dia-
zomethanes.I'* 1% Benzyldiazonium ions had been postulated
as stable species in proton-transfer reactions of phenyldia-
zoalkanes but labeling experiments contradicted this hypothe-
sis.[!¥ The early physical - organic studies of the acid-catalyzed
decompositions of phenyldiazomethanes by Jungelt and
Berseck!'* and by Dahn and Diderich!* established the proto-

Abstract in German: Diazonium-Ionen sind reaktive Zwischen-
stufen in Desaminierungsreaktionen, die im Hinblick auf die
Krebsentstehung von Bedeutung sind. Das Methyldiazonium-Ion
kann als kurzlebiges Intermediat in der Gasphase und in Losung
existieren. Im Gegensatz dazu konnten Benzyldiazonium-Ionen
noch nicht beobachtet werden, und die Reaktionszwischenstufen
in Desaminierungen von Benzylsystemen bleiben umstritten. In
diesem Zusammenhang haben wir die Benzylkation-Distickstoff-
Wechselwirkung mit  ab-initio-Methoden studiert und dabei
wichiige Ergebnisse erhalten.  Potentialhyperflichenanalyse
auf dem Niveau MP4(sdtq)[6-3{G*[|MP2(full}]6-31G*+
AVZPE(MP2{full)|6-31G* ) zeigte, daf das klassische Benzyl-
diazonium-Ion nicht existiert. Die Wechselwirkung zwischen N,
und dem Benzylkation M-1 ergibt einen elekirostatisch gebunde-
nen Komplex 2C mit einer langen C—N-Bindung (2.935 A) als
stabilste Struktur. Das kovalent gebundene, planare Benzyldiazo-
nium-Ion 2 A mit “normaler’”” C— N-Bindungslinge (1.514 A) ist
eine Ubergangszustandsstruktur fiir die Automerisierung des
elektrostatischen Komplexes mit gleichzeitiger Rotation um die
exocyclische C—C Bindung. Diese Eigenschaften der Potentialhy-
perfliche resultieren aus der hochwirksamen n-Donor Ph — CH,-
bindung im Benzylkation M-1. Klare Indizien fiir diese n-Donor-
bindung finden sich in der Struktur von M-1 und in der Struktur
TS-1 des Ubergangszustandes fiir die Rotations-Automerisierung,
in der sehr hohen Rotationsbarviere (47.6 kcalmol ™ '!) und in den
Gradientenvektorfeldern der Gesamtelektronendichten konforme-
rer Strukturen von 1 und 2. Die Rotationsbarriere von 1 wird im
N,-Komplex 2 auf 27.9 kcalmol™ ' reduziert, und die Potential-
fliiche des **Benzyldiazonium-lons’ kann beschrieben werden als
die Potentialhyperfliche cines N,-Komplexes, der dic “N,-kata-
lysierte Rotations-Isomerisierung des Benzylkations™ sehr er-
leichtert. Das Benzyldiazonium-lon zeigt zum ersten Mal, dafs die
Wechselwirkung zwischen einem Donormolekiil und einem Carbe-
nium-Ion mit einem Valenz-LUMO zur bevorzugten Bildung eines
clektrostatischen Komplexes fithren kann. Die dative o-Bindungs-
bildung zwischen N, und dem CH,-Kohlenstoffatom in 1 ist nicht
welthewerbsfihig mit der dativen Ph — CH ,-n-Bindungsbildung.

Chem. Eur. J. 1997, 3, No. 8 & VCH Verlugsgesellschaft mbH, D-69451 Weinheim, 1997

nation as the rate-limiting step. Finneman and Fishbein!!”!
studied the pH dependence of the protonation of aryldia-
zomethanes. Biphasic  behaviour (k, = k,;o[H '] + kypers
Pacia = — 1.14 and p ... = — 2.01) was found and a common
mechanism for both rcactions was deduced. These authors also
investigated decompositions of (E)-arylmethanediazoates in
comparison to the aryldiazomcthanes.!' The unimolecular de-
composition of diazoic acid was found to be the rate-limiting
step in the decomposition of the {(£)-arylmethanediazoates. For
the 3,5-bis(trifluoromethyl)phenyl compound 1t was concluded
that the decomposition proceeds via a free diazonium ion inter-
mediate.l'® While the rate-limiting step for product formation
is likely to be common to all of the substrates included in the
study, the ratios of products formed are sensitive to substrate
characteristics. The azide solvent selcctivities measured for
the decompositions of (3,5-bis(trifluoromethyl)phenyl)diazo-
mcthane and of (3,5-bis(trifluoromethyl)phenyl)diazoate indi-
cate that the same free diazonium ion intermediate is formed in
both decompositions. For the unsubstituted pair, on the other
hand, the azide solvent selectivities are different. The observed
linear Hammett plot for the decompositions of substituted
phenylmethanediazoic acids (p = — 1.23) was interpreted as ev-
idence for diazonium ion formation in the rate-limiting step in
all cases. The reaction constant is negative and only slightly
larger in magnitude than the reaction constant for the protona-
tion of benzylamines (p = —1.07). We find this result surpris-
ing, since one would expect a significant increase in the magni-
tude of p as there is more positive charge on the hydrocarbon
fragment of the diazonium ion compared to the ammonium ion.
The absence of this more negative p indicates that the “benzyl-
diazonium ion” intermediate has hardly formed in the transition
state of the rate-limiting step, and that the transition states are
early with regard to the N-O cleavage. Triazenes are closely
related to diazoic acids, and the same mechanistic issues arise.
Sinnott ct al.!'®! studied the dissociations of substituted benzyl-
aryltriazenes X—Ph—CH,~-N=N-NH-Ar (X = H, NO,, Cl,
Br, Mc, OMe) in aqueous solution. It was claimed that the
benzyldiazonium ion was a “free, solvent-equilibrated interme-
diate’ because the physical—organic evidence shows that the
N-N bond cleavage is rate-limiting in both the acid-catalyzed
and the pH-independent decomposition reactions.

Thus, the physical—organic solution phasc studies of the het-
erolyses of diazoates and triazenes as well as the protonations of
the diazomethanes all show that the step leading to the pre-
sumed benzyldiazonium ion intermediate is rate-limiting. These
results do not imply the existence of benzyldiazonium ion but,
rather, allow for the existence of benzyldiazonium ion and its
fast decomposition (ky> kg) in these processes. On the other
hand, the results are entirely compatible with any degree of
C—-N bond clecavage after the transition state of the rate-limiting
step has been traversed. In a recent study of dcaminations of
benzyl systems, White ct al. proposed the so-called Inert-
Molecule-Separated Ion Pair hypothesis, which holds that ni-
trogen-separated ion pairs play a key role in the mechanisms of
these reactions in nonpolar solvents.!?”! The question as to the
existence of the benzyldiazonium ion and the nature of the C-N
interaction between benzyl cation and dinitrogen remains unan-
swered to this day. In this article, we report the results of an ab
initio study of ““benzyldiazonium 1on” to address some funda-
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mental issues regarding the cation—dinitrogen interaction in the
“benzyldiazonium ion”. We will show that the interaction of N,
with benzyl cation 1 results in an electrostatically bound com-
plex 2C with a long C—N distance as the most stable structure.
A covalently bound benzyldiazonium ion 2 A scrves as the tran-
sition-state structure for automerization of the electrostatic
complex with concomitant rotation about the exocyclic bond.
The “benzyldiazonium ion” system represents the first case in
which the interaction of a donor molecule with a cation with a
valence LUMO does not lead to dative bonding but remains
limited to electrostatic interactions alone. The origin of the un-
expected potential energy surface characteristics lies with the
highly efficient n-dative Ph — CH, bonding in the benzyl cation.
The implications with regard to the involvement of benzyldiazo-
nium ions in deamination reactions are discussed and strategies
are described that may guide the search for other electrostatic
complexes of this type.

Computational Methods

Potential energy surfaces were examined with restricted Hartree—Fock
(RHF) theory and with the inclusion of clectron correlation at the second-or-
der level of Maller—Plesset theory (MP2) with all electrons included in the
active space.l?! 221 Energies were also determined at the full fourth-order level
of Meller - Plesset perturbation theory, MP4(sdtq),””™ for the MP2 opti-
mized structures and with all electrons included in the active space. This high
level of perturbation thcory provides an accuracy that comes close to
quadratic configuration interaction (QCI) and coupted cluster (CC) meth-
0ds.!?*) We showed previously for various diazonium ions RN; (R = H,/”
Me. !5+ #) Et 154 Phl®}) that this theoretical level is more than adequate. The
6-31 G* basis set was used throughout and six Cartesian d-type basis func-
tions were employed. All structures were optimized in C,, and C, symmetry,
respectively, by gradient techniques; constraints were applied to the CN bond
lengths to determine cross-sections of the potential energy surface. The first
and second energy derivatives were computed analytically at RHF/6-31 G*
and MP 2(full)/6-31 G* levels to confirm that stationary structures were in-
deed obtained and to determine harmonic vibrational frequencies. Vibra-
tional 7ero-point energy corrections to binding energies and activation barri-
ers were scaled by factors 09135 (RHE/6-31G*) and  0.9646
(MP2/6-31 G*).[25] The results of the computations are summarized in
Table 1.

Calculations were performed with the program Gaussian94(2%) on IBM RS-
6000 systems on the MU Cluster and the SP2 of the Cornell Theory Center.
The MP4 calculations were performed on an SGI PowerChallenge L systeni.
Molecular orbital plots were generated with the program Spartan'?” on a
Power Macintosh 9500/120. The color-coded gradient vector fields of the
electron density distributions were computed with the program CCGVF,?%!
which combines the display of the gradient vector field lines and of the
molecular graphf?®! with information about the magnitude of the electron
density though color coding. The CCGVF plots were generated on a Silicon
Graphics Indigo workstation.

Results and Discussion

Benzyl cation: Theoretical studies of the benzyl cation, 1, date
back to 1976 when Hehre et al.'*®! provided evidence that 1 can
exist in the gas phase, although it is thermodynamically less
stable than the tropylium ion.3'-32! Calculations at the HF/6-
31 G//HF/3-21G level predicted a preference of 7.6 kcalmol ~*
for the tropylium ion over 1.133! The rotational barrier of 1 has
not been measured to date. Four recent theoretical papers exam-
ined the double-bond character of the exocyclic bond. It was
established that the planar and C,,-symmetric minimum struc-
ture M-1 is the most stable structure and that the nonplanar C,,
symmetric structurc TS-1 is the transition state structure for
rotation. Houk et al.’®¥ reported thc RHF/3-21G structures of
M-134" and TS-1, and discussed the rotational barrier of
45.4 kealmol ™', the short C,, .~ CH, bond length of 1.356 A in
M-1, and the resonance stabilization energy of 38.6 kcalmol ™!
as indicators of strong n donation from the phenyl ring into the
CH, p AO of the planar M-1. Mulliken population analyses of
M-1 at the RHF/STO-3G and RHF/4-31 G levels by Ohwada
and Shudo indicate ring charges in excess ol +0.6 and a high
double-bond character of the exocyclic C,,,~CH, bond.*¥
These results were greatly expanded upon by the study of
Nakata et al. in which the resonance demand factors r of the
Yukawa—Tsuno equation werc compared to resonance indices
(bond lengths, Mulltken populations, and bond orders) of the
RHF/6-31 G* structures of 14 benzyl cations [Ph~CR,R,]*.1*¢)
Eiden et al. recently reported the equilibrium structure and a
detailed vibrational analysis of M-1 at the MP2(full)/6-31 G*
level, in which very good agreement between experiment and
theory was obtained.””! The only available theoretical study of
the rotational barrier did not employ polarized basis sets and the
consideration of electron correlation effects as well was prohib-
ited at the time by the size of the system.1*® In light of the rather
high barriers to rotation (>45 kcalmol™') predicted at the
RHF levels, it seemed pertinent to examinc the rotational barri-
er of the benzyl cation with a larger, polarized basis set and with
the inclusion of electron correlation. We have optimized M-1
and TS-1 at the MP2(full)/6-31 G* level; the optimized struc-
tures are shown in Figure1. The rotational barrier is
45.9 kcalmol ™' at the RHF/6-31 G* level and 49.1 kealmol ™!
at the MP2(full)/6-31 G* level. The vibrational zero-point ener-
gy of M-1 exceeds that of TS-1 by 1.8 and 2.2 kcalmol " !, re-
spectively, at the RHF/6-31 G* and MP 2(full)/6-31 G* levels,
and this difference reduces the rotational barrier by about

Table 1. Total and vibrational zero-point energies (1otal energies in atomic units and unscaled vibrational zero-point energies (VZPE) in kcalmol™ ') {a].

MP2 MPxi{iMP2

E(MP2) VZPE $ o] N [b] E(MP3) E(MP4(schq))

Molecule RHF

C-N E(RHF) VZPE N [b] C-N
1, Ph-CH,
M-1, Cy, 1.3574 —268.886732 7887 0 1.3721
TS-1. C,, 1.4544 —268.813607 7687 1 1.4214
N, —108.943950 394 0
2. PhCH,N;
2A, C,, in plane 1.5412 —377.771923 8547 1 1.4666
207, C,, perp. 1.5412 (f) —377.782707 1.4666 (f)
2C, C,. perp. 3.3390 377.832867  83.17 0 2.9349

- 269.776757 7412 74.31 0
--269.698585  71.89 78.83
—109.261574 3.12 45.87 0

—269.812280
—269.733657
—109.251950

—269.867036
—269.787586
—109.278925

—

—379.006461  79.73 83.09 1 —379.023315 —379.108750
-379.015156 —379.031099  —379.116997
—379.042724 7777 10231 0 —379.067239 379.150041

[a] Alldatacomputed with the 6-31 G* basis set. [b] N indicates the number of imaginary frequencies of the stationary structure. [c] Entropies Sincalmol™ 'K ™' for standard

conditions.

1246 ——— ©

VCII Verlagsgesellschaft mhH, D-69451 Weinkeim, 1997

0947-6539/97/0308-1246 $ 17.50 + .50/0 Chem. Eur. J. 1997, 3. No. 8





The “Benzyldiazonium lon”

1244-1253

120.3"
n7.0° He.a”
D167 _§ 9
T ('«5’\
- W
1.372 1421
157 1.454
g, 1436 2 o 1.412
- ) 146 @ e (D 1,193
93 Y 1203 gl 117.5° 12 N
120° 1.1 {0, e W 12200 S
1194 12220 % L ’ 1.384
118.9 222 \ 1210 ,«) 12000 g
B, o 1200 12050 N
Oy 1407 (] (T3
T 1403 \ } 1994
o o 1.386
-
)
M-1 TS-1

Figure t. The optimized structures of henzyl cation M-1 and the transition-state
structure for rotational automerization TS-1. Molecular models are shown of the
MP 2(full)/6-31 G* optimized structurcs and structural parameters are given for the
MP 2(full)/6-31 G* level and also for the RHF/6-31 G* level (italics).

2 kcalmol !, Higher levels of perturbation theory affect the
rotational barrier only slightly. The activation energies for CH,
rotation of 49.3 and 49.9 kcalmol ™! computed at the MP3/6-
31 G*//MP 2(full)/6-31 G* and MP 4(sdtq)/6-31 G*//MP 2(full)/
6-31 G* levels are within 1 kcalmol ™! of the value determined at
the MP 2(full)/6-31 G* level. Our best estimate of the rotational
barrier is 47.7 kcalmol ! at the level MP4(sdtq)/6-31 G*//
MP2(full)/6-31 G* + AVZPE(MP 2(full)/6-31 G*). We conclude
that the previously reported high rotational barrier is not an
artifact caused by the modest theoretical levels employed. In
fact, our higher-level data indicate an even greater rotational
barrier that comes close to the rotational barriers of alkenes.
Gas-phase measurements of the unimolecular cis—trans isomer-
izations on the singlet surfaces of ethene and butene, respective-
ly, gave activation energies of 65kcalmol™! and 51~
62 kcalmol ~ .13

The CH, carbon is trigonal planar in M-1 and TS-1, and the
C,peo~CH, bond is shorter in M-1 than TS-1 by 0.049 A at
MP2/6-31 G*. It is this C,,,—CH, bond shortening that is the
primary structural evidence for stabilization of the primary car-
benium ion center by the phenyl substituent by m donation.
While the structural changes associated with rotation about the
C,,..—CH, bond show the same trends at the MP 2/6-31 G* and
RHF/6-31 G* levels, RHF theory would predict a much larger
C, o~ CH,; bond length difference of 0.097 A between M-1 and
TS-1. A significant structural difference between M-1 and TS-1
concerns the magnitude of the bond length alternation in the
arene system: these bonds are longer and alternate more in M-1
(1.40740.029 A) than in TS-1 (1.40040.012 A). These struc-
tural results are consistent with a larger positive charge in the
phenyl ring in M-1 (less = bonding) and indicate a significant
contribution by the quinoid resonance forms to M-1. The recent
natural resonance theoretical analysis of benzyl systems by Ei-
den et al. indicates bond orders of 1.7 for the C,,,,—CH, bonds
in the benzyl cation and anion, while the corresponding bond
order in the radical is only 1.5.1373) These structural results can
be readily understood in terms of frontier molecular orbital
theory, and pertinent FMOs are displayed in Figure 2. The
methylene group perturbs the phenyl 1 MO that is asymmetric

Chem. Eur. J. 1997, 3, No. 8
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HOMO

SHOMO

Figure 2. Ab initio computed MOs of benzyl cation M-1 and of the transition-state
structure for rotation about the exocyclic C-- C bond TS-1. The LUMO in M-1 is
delocalized, while the LUMO in TS-1 is almost completely localized at the
methylene carbon. Strong n-conjugative donation Ph — CH, is clearly evident in the
SHOMO of M-1.

with respect to the main rotational axis (SHOMO). Strong
Ph — CH, m-conjugative donation is clearly evident in the
SHOMO of M-1. There are no hyperconjugative interactions
across the C,,,—CH, bond in the SHOMO or LUMO of TS-1,
and hyperconjugative donation from the C,—C,;, bonds into
the in-plane CH, p AQO plays only a minor role.

Several gas-phase studies provide evidence for the high dou-
ble-bond character of the exocyclic bond. Tsuno et al. measured
chloride ion affinities of substituted benzyl cations using ion
cyclotron resonance. ™% Linear free energy analysis of the ther-
mochemical data for chloride exchange reactions showed that
the resonance demand of the benzyl cation formation (reso-
nance demand factor r* =1.31) was higher than that of the
1,1-dimethylbenzyl cation system (r* =1.0). These gas-phase
results parallel the enhanced resonance effects described with ¢ *
plots for benzylic solvolyses!!! and photosolvolyses.[*?! Evi-
dence for m stabilization of benzyl cations also stems from
Olah’s demonstration of the absence of such stabilization mech-
anisms in highly crowded benzyl cations.'** The relative stabil-
ities computed and measured for 2-, 3-, and 4-chlorobenzyl
cations in the gas phase are also consistent with significant con-
tributions by quinoid resonance structures.[*# Eiden et al. stud-
ied several isotopomers of 1 with zero kinetic energy photoelec-
tron spectroscopy (ZEKE-PES); vibrational frequencies were
measured in the range 0-650 cm™ 1137 The frequencies of the
out-of-plane modes were determined indirectly from combina-
tion bands and ab initio calculations and provide a quantitative
measure of the bond order of the exocyclic C;,—~CH, bond. 1t
was concluded that M-1 has a substantially greater double-bond
character than the benzyl radical in the CH, torsion and quasi-
umbrella modes. In particular, Eiden et al. pointed out that the
torsional frequency of M-1 of 627 cm™*! is similar to those of
alkenes.27%

ortho
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Potential energy surface analysis of “benzyldiazonium ion”: In
the course of the RHF/6-31 G* potential energy surface analy-
sis. several cross-sections were studied; we use small letters to
differentiate between these types of structures, while capital Ict-
ters denote stationary structures. Thus, for example, 2A is a
stationary structure along the cross-section involving structures
of type 2a. We began the potential energy surface analysis of
benzyldiazonium ion 2 with that C, symmetric conformation in
which the diazo function lies in the plane of the benzene ring, 2a
(Scheme 2). Structure 2A cxhibited a C-N bond length of

N
11§
H N H =N N
N~ HoZ N7 H G H
His E
H

2a 2b 2c

Scheme 2. Conformations of the benzyldiazonium ion.

1.541 A (Figure 3) and was found to correspond to a transition-
state structure. The displacement vector associated with the
imaginary mode of 2A (887 cm ™!, a”) indicates an out-of-plane
bending of the -CH, N, function, and we anticipated finding an
asymmetrical minimum 2B in the vicinity of 2A with a stag-

gered arrangement about the C, ~CH, bond. Howcver, opti-
mization of 2 beginning with a distorted structure 2 A resulted in
rotation about the C,,,,—CH, bond such as to realize the stag-
gered arrangement in which the diazo function lies in the C|
plane perpendicular to the (best) molecular plane of the benzene
ring, 2¢, and, surprisingly, the optimization indicated a steadily
increasing C—N bond length! We then studied the cross-section
with structures of type 2¢ (Figure 4). The energy steadily de-
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Figure 4. Cross-sections of the potential energy surface of 2 as a function of the
C -N bond length for structures of types 2a (circles) and 2 ¢ (squares). Energies are
relative to the combined energies of benzyl cation M-1 and dinitrogen.

creased as d(C—N) increased and a shallow minimum 2C (Fig-
ure 3) was recached at d(C—N) = 3.339 A. Hence, a “classical”
benzyldiazonium ion does not correspond to a minimum on the
potential energy surface and such an ion does not exist in the gas
phase. The only minimum located on the potential energy sur-
face corresponds to a weakly bound electrostatic complex 2C
between benzyl cation and N,. The potential energy surface
characteristics of 2 might scem unexpected
and puzzling. For most cations, the ap-
proach of N, results in a steady lowering of
energy and the formation of a diazonium

- W @. : ) . .
(‘:)‘ y _‘_']"m i @ | @ ion usually without any barrier. In the case
|| 1514 B 45 of 2, however, the benzyl cation prefers to
114.9" || 1.513 1.492 || 1.374 . . .-
11570 gin 149" S | 7350 form merely an electrostatic complex 2 C as
Q. A f'{f‘” 2] Q. . B ___._(_i e {i‘} ® the most stable “‘diazonium ion™ while the
T _: el (:,) 1.4unQ Q 1 4;(0'” diazonium ion structure 2 A with its shorrer
92 - 38 1.395 | .39 Il 1.39 g . . .
:.'::)“ I ;._;,:; ol }:jf | L35 | :;T': C N bond remains higher in energy. At the
- ﬂ g o RHF/6-31 G* level, the electrostatic com-
e N S ’ — 1s c -t
139 @ ® o 0 i plex 2C is boun_d by a mere 1.4 kcalmol
1.383 1.402 and the benzyldiazonium ion type structure
© 2A is 36.9 kcalmol ™! [ess stable than the
isolated fragments benzyl cation +N,. We
2A ¢ L g »e b0 ®  also optimized a structure 2C for which we
1074 ] ® kept the C~N bond length fixed to the val-
¥/ / . . .
,/!"f-eo . ‘ty,, ue realized in 2A; this structure 2C’ may
ol 1467 s [/ 2935 Aassical s .
©9—Co i 1541 oo 3339 serve as a model for the classical staggered
fosbet J‘"“ o - @O—0GOCo benzyldiazonium ion. As can be seen from
4.9° 1167 . -
115.7° ;;;:’ Table 2, structure 2C’ is slightly favored

I'igure 3. The optimized structures of the clectrostatic complex 2C and of the transition-state structure 2A of
the benzyldiazonium ion. In the model structure 2C the C—N bond was kept fixed at its value in 2A. As in
Figurc 1, molecular models are shown of the MP 2(full)/6-31 G* optimized structures, and structural parame-
ters arc given for the MP 2([ull)/6-31 G* Jevel and also for the RHF/6-31 G* level (italics).
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over 2A (in part due to reduction of steric
interaction with ortho-H in 2A) but is still
more than 30 kcalmol ! less stable than
the free fragments.
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Table 2. Rotational barriers and binding energies in kealmol ' [a.b].

with the cation CHJ leads to the formation of a dative

bond.!*! The approach of N, to the cation leads to inter-

Molecule AVZPE, RHF E, RHF AVZPE, MP2 E, MP2 E,MP3 E. MP4
E,(1) —~183 4589  —2.15 4905 49.34  49.86
EJ2A), C.. in plane +2.43 3687 +2.40 2000 2567 2335
E,2C"), C.. perp. 30.10 1454 2079 1818
E 2C), C.,perp.  +0.33 ~137 4051 ~276 —189 —256
EA(2) +2.10 3824 +1.89 2276 27.56 2591

nal polarization of the N, group and steadily increases
the binding energy; theoretical'”® and experimen-
tall?- 2 19y dies have established that the same bonding
pattern applies generally to many carbon-centered
cations. Significant charge transfer occurs only for more

[a] Al energies computed with the 6-31 G* basis set. The MP 3 and MP 4(sdtq) energies are
based on the MP2(full)/6-31 G* optimized structures. The AVZPE values are scaled by
factors 0.9135 (RHF ) and 0.9646 (MP2).[b] Activation energies E,(1) specify the rotational
barrier for the benzyl cation. Binding energies E, are given for the BzN; systems with respect
to benzyl cation and N, . Activation energies £,(2) specify the rotational barrier of benzyl

cation with N, catalysis.

The structures of 2A and 2C and of the model 2C” werc
refined by optimization at the MP 2(full)/6-31 G* level, and vi-
brational analyses were carried out for 2 A and 2 C at this level.
Furthermore, we computed energies at the full fourth-order lev-
el of Maller—Plesset perturbation theory, MP 4(sdtq)/6-31 G*//
MP 2(full)/6-31 G* for these structures. The results are included
in Tables 1 and 2 and they show that the essential features all
persist al these higher levels. A closer approach of N, isindicated
in the MP2 structure of 2C, but the MP2 binding energy of
2.8 kcalmol ™! again indicates only marginal bonding, and the
same is true at the MP4 level. The in-plane transition-state
structure 2A (89.0icm ™', a”) and the model 2C’ benefit from
electron correlation effects and their relative stabilities with re-
gard to the dissociated fragments are significantly reduced.!**
As can be seen from Table 1, the vibrational zero-point energies
of 2A and 2C exceed those of the isolated fragments benzyl
cation and N, and the vibrational corrections to binding ener-
gies AVZPE are positive (Table 2). Our best estimate for the
binding energy of the clectrostatic complex 2C thus becomes
2.1 kcalmol™! at the MP4(sdtq)/6-31 G*//MP 2(full)/6-
31 G* + AVZPE(MP 2(full)/6-31 G*) level, while 2A is
25.8 kcalmol ! less stable than the free fragments at that same
level. The energy difference between 2C and 2 A is the activation
energy for rotational automerization of 2C and we find a valuc
of E,(2) =27.8 kcalmol ! at our best theoretical level. The
electrostatic complex 2C can only exist so long as the binding
energy dominates the — 7AS term. The entropy data given in
Table 1 result in AS = —17.9 calmol 'K ™! for the formation
of 2C and suggest that 2 C can exist only below temperatures of
about 110 K.

Covalently bound and electrostatically bound cation—neutral
complexes: The approach of a ncutral polarizable and possibly
di- or quadrupolar molecule to a positively charged center will
result in dipole induction and alignment; the overall result is an
electrostatic attraction that increascs as their distance is re-
duced. The ion—molecule interactions of the lithium™% and
potassium ' 9l cations are good examples. Dative bonding oc-
curs when a covalent component is added to the electrostatic
interaction. The primary requirements for dative bonding are
the availability of weakly bonded or nonbonded electron pairs
on the donor (lone pair or n bond) and a low-lying LUMO on
the acceptor. Simple diazonium ions are excellent examples of
the latter. While the bonding in the N, complexes of the cations
Li* and Na™ is primarily electrostatic,!*”! the interaction of N,

Chem. Eur. J.1997, 3, No. 8

electronegative NH;, OH™, and F* acceptors’®* 4 and
dative bonding turns into covalent bonding.*® The
bonding situation in the cation—N, systems is thus quite
different from Lewis acid —basc complexes involving the
N, donor and neutral Lewis acids. For cxample, the
N, --- BF; complex has long been known as a van der
Waals complex with a long B—N bond of 2.875 A.1#
The formation of electrostatically bound complexes is not
limited to complexes involving simple ions with full valence
shells (e.g., Li*); such complexes are also formed with molecu-
lar cations that do not have a low-lying valence LUMO. Lias
has shown that the bonding in the proton-bound “loose com-
plexes™ formed between MH" and N (M, N = NH,, PH,,
H,0, H,S, HCI) is primarily electrostatic.'*% Electrostatically
bound complexes often involve unsaturated donors and occur
for systems where isomer 1 consists of a complex between a
neutral closed-shell donor D' and a cationic acceptor ;A
with a valence electron sextet. The transfer of a proton or of a
cationic fragment!®>!! [eads to isomer 2 in which two closed-shell
compornents, namely the cationic acceptor (sA* and the neutral
donor D?, are complexed. Such isomerizations can be dc-
scribed with Brauman’s double-well model;*2! an example in-
volving the transfer of a proton is illustrated in Scheme 3.

1 1 2 2

csD osA csA csD

CH CH

Rs ’ Rs ! ‘ ’ ¢

AN N

/o — \+\ g ) +/O c\
Rq R, By R4 R. R

covalently electrostatically

& VCH Yerlagsgesellschaft mbH, D-69451 Weinheim, 1997

bound complex bound complex

Scheme 3. Electrostatically bound complexes occur with molecular cations that do
not have a low-lying acceptor LUMO.

The H-bonded electrostatically bound complexes shown in
Scheme 3 were characterized by Norrman and McMahon in
their recent study of the generation of complexes between the
terti-butyl cation and a series of small organic molecules
(CH,CN, EtOH, Me,0, Et,0, Me,C0)."*3 For the systems
examined, the low-temperature, covalently bound species were
characterized by larger —AH” and —AS® values than the elec-
trostatically bound isomers. Several other experimental obser-
vations provide evidence for clectrostatic complexes involving
closed-shell molecular cations. Liehr et al. studied the mass
spectrum of benzyl alcohol after chemical ionization with isobu-
tane and an electrostatic complex between BzOH; and
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isobutene was discussed for the [M + C,H,] " species.’**! Studies
of protonated ethyl cyanide and ethyl isocyanide by Bouchoux
et al. also provided evidence for electrostatic complexes.1>* Pro-
tonated cthyl cyanide can be thought of as the adduct of HCN
or HNC with ethyl cation. Both ions [EtCNH]* and [EtNCH]*
isomerize by f elimination into weakly bound n complexes of
ethene and [HCNH]". In these cation—olefin complexes, the
interaction of the acidic hydrogen with the olefin is principally
an electrostatic charge-induced dipole interaction.

All of the electrostatically bound cation—neutral complexes
characterized to date contain cations with high-lying o*
LUMOs. Most frequently the cation involved is a monoatomic
cation (e.g., Li*) but molecular cations also form electrostatic
complexes. In contrast, no electrostatically bound cation—neu-
tral complexes have been detected or postulated that would
involve cations with valence electron sextets where the LUMO
is part of the valence shell and low-lying. Such cations are intrin-
sically good acceptors and they always have been found to form
covalently bound complexes of the type D — o¢A: methyl
cation and water form protonated methanol, methyl cation and
carbon monoxide form an acylium ion, methyl cation and dini-
trogen form methyldiazonium ion, and so on. The approach of
a donor to a cation with a valence electron sextet, in the absence
of isomerization of the type discussed, is usually characterized
by a single-well potential energy diagram with the minimum
representing the covalently bound complex as the sole minimum
(A in Scheme 4).F5%1 Ab initio calculations at correlated levels

Energy

EBC
EBC

CBC CBC

Distance X* to donor

Scheme 4. Possible potential energy surface characteristics for the approach of a
donor molecule to a cation.

suggest that the approach of N, to nonclassical ethyl cation
involves a local minimum that corresponds to an electrostatic
complex (B).[*7 In other words, the covalently bound complex
osD — oA and an electrostatically bound complex D« oA
both exist on the potential energy surface. The activation barrier
between the minima might be due to the transition from non-
classical to classical ethyl cation in the window of the N, ap-
proach. Petric and Bohme recently presented circumstantial ev-
idence for such a double-well potential energy diagram for the
approach of NH, to fullerene cation.®®! Even if such a local
minimum D -+ oA existed, the potential energy well for the
electrostatically bound complex is rather shallow and it is much
higher in energy than the covalently bound system D — o¢A. It
would appear reasonable to assume this to be the general case.
However, the potential energy surface characteristics of “‘ben-
zyldiazonium lon” presented here exemplify the unprecedented
scenario € where the interaction between a polarizable neutral
molecule and a cation with a valence LUMO results in the
preferential formation of an electrostatic complex and not the
formation of a covalently bound complex. The ab initio calcula-
tions show that the interaction of N, with benzyl cation 1 results
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in an electrostatically bound complex as the most stable struc-
ture. A covalently bound benzyldiazonium ion 2 does exist as a
stationary structure on the potential energy surface but it is
much higher in energy and is a transition-state structure for
automerization of the electrostatic complex.

The inability of N, to engage in dative bonding with M-1
shows that the LUMO is high in energy and not localized at the
exocyclic carbon center (Figure 2). Charge delocalization in
M-1 is highly effective; this is reflected in the high barrier to
CH, rotation and the shortening of the C,,,,— CH, bond in M-1
as compared to TS-1. Only when the n interaction of the phenyl
group with the CH, group is interrupted and replaced by only
a minor hyperconjugative interaction does the LUMO become
localized at the CH, carbon and available for dative bonding.
But even then the Lewis acidity ol TS-1 remains low and the
cross-section 2a (Figure 4) shallow: the methyl cation affini-
ty!> 111 of N, is 44.0 kcalmol ™! and a magnitude higher than
the binding energy of N, in 2A. Aside from being an excellent
n donor in conformation 2¢, the phenyl group also is a very
effective o donor and capable of delocalizing positive charge
even in the conformation 2a.

Molecular orbital theory is a useful aid for the rationalization
of structural and energetic data. One should keep in mind, how-
ever, that only the total electron density is physically observable
and that FMO theory merely represents an approximation to
the true electron density deformations associated with chemical
interaction. In Figure 5, we present graphical representations of
the gradient vector fields of the total electron density distribu-
tions computed at the MP 2(full)/6-31 G* level for 1 and 2. The
color coding reflects the magnitude of the electron density and
was selected such that the red regions describe the shape of the
molecule (p>0.01 ea, ?); © bonding is indicated by blue color-
ing in the bonding region. The efficient n-dative bonding across
the C;.,—CH, bond in M-1 is clearly shown by comparison of
the gradient vector fields of M-1 and TS-1 in the =« planes (Fig-
ure 5, top center and top right). Rotation about the C;,,—CH,
bond leads to a narrowing of the x region and a general decrease
of the magnitude of the density in the C,,,,—CH, region. The
gradient vector field lines in M-1 are indicative of strong n
bonding as the GVF lines in bonding region are almost parallel
to the zero-flux surface over a wide area. As can be seen, both
of these features are absent in TS-1 and the N, systems 2 A and
2, while they are clearly maintained in the electrostatic com-
plex 2C. The Ph —» CH, n-dative bond is broken only when a
closer N, approach to the methylene group is forced, as in
model 2C’, or is made impossible by conformation, as in the
transition-state structure 2A. The gradient vector fields of 2C
and 2 A show the drastic differences in the C—N bonding situa-
tions. While a “C—N bond” is formed in 2 A (density increase in
C-N bonding region, anisotropic density deformation), the
outer regions of the electron density of 1 and N, barely touch in
2C. 2A and 2C are a very good demonstration of the fact that
electron density deformations in the “bonding region” and
bond dissociation energies are not related in the simple fashion
that is often assumed. This case illustrates better than any other
that the binding energy is the result of energy changes that are
not limited to the “bonding region” in the molecule. Character-
ization of the electron density distribution in the “bonding re-
gion” cannot describe bond strength.>* >
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Figure 5. Graphical representations of the electron-density color-coded gradient vector fields of the electron density distributions of the benzyl cations M-1 (top left and
center) and TS-1 (top right) and of the electrostatic complex 2C (bottom. left), of the model structure 2C* (bottom, center), and of the benzyldiazonium ion transition-stale
structure 2 A (botiom, right). The color coding reflects the magnitude of the electron density (pink 3-0.7. blue 0.35 0.3, yellow 0.2-0.1. red 0.05--0.01 ca, #). The bond paths
and the cross-sections of the zero-flux surfaces also are shown: the bond critical points occur at their intersections.

Dinitrogen catalysis of cation rotational automerization: Bohme
et al. recently described the N,-catalyzed isomerization of
CH,-NOj; to CH,~ONO™'.1°! The catalytic action was
attributed to the stabilization of CH; in the aggregate
O,N---CH,-N; during NO, rotation and reconnection. By
analogy, the potential energy characteristics of ““benzyldiazoni-
umion’ are best described as an N,-catalyzed rotational isomer-
ization of the benzyl cation. The rotational barrier of
E.(1) = 47.7 kcalmol ™! is drastically reduced to E,(2)=
27.8 kecalmol ! by N, complexation. For the rotational isomer-
ization to progress, the n-dative bond from the phenyl ring to
the CH, groups needs to be broken; the incipient “localized”
carbenium ion is stabilized by N,. Dative o-bond formation
between the CH, carbon of benzyl cation and N, is not compet-
itive with dative n-bond formation between the CH, group and
the pheny! 7 system. Only when the benzyl cation undergocs an
automerization by CH, rotation does a closer approach of N,
become energetically beneficial. One closely related cation—
donor system is protonated ethyl nitrate. Aschi et al. very
recently reported that the isomers EtOH---NOF and
[EtONO,H]* are almost isoenergetic, and MP2/6-31 G* com-
putations showed the EtOH -+ -NO; isomer to be an electro-
static complex with a long O~ N bond of >2.3 A1 Again, the
dative O — N bond formation is not competitive with the in-
tramolecular stabilization of NO, by n bonding.

Conclusion
The potential energy surface characteristics of ““benzyldiazoni-
um ion” show for the first time that the interaction of a donor

with a cation that has a valence electron sextet, and hence a

Chem. Eur. J. 1997, 3, No. 8
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valence LUMO, may lead to the preferential formation of an
electrostatic complex as opposed to the formation of the com-
monly encountered dative or covalently bound complex. The
electrostatic complex is energetically preferred because dative
o-bond formation between the CH, carbon of the benzyl cation
and N, is not competitive with dative Ph — CH, n-bond forma-
tion. This result suggests that, in general, clectrostatic cation—
molecule complexes involving a cation with an unfilled valence
shell have to be expected whenever intramolecular stabilization
mechanisms are more efficient than the formation of a dative or
covalent bond to the cation center. Hence, the binding cnergy
between the unsubstituted parent cation (here methy! cation)
and the neutral donor provides a good estimate for the lower
limit of the magnitude of the intramolecular stabilization neces-
sary to prevent dative bond formation in the substituted cation.
For example, the binding energy of methyldiazonium ion is
44 kcalmol !, and the electrostatic complex 2C exists because
the intramolecular stabilization of the -CH, center in benzyl
cation by the phenyl group (> 47 kcalmol ™! as measured by the
rotational barrier) exceeds the methyl cation affinity of N,.
Aside from the systems [H,_,R,X]"* ---donor with X = C,
n =3, m =1, donor = N,, these considerations of course apply
generally to all kinds of systems in which any of these variables,
or any combination of them, is altered. Variations of the identity
of the atom X of the acceptor, of the charge of the acceptor, of
the type and number of stabilizing groups attached, and of the
nature of the donor molecule present opportunities in the search
for the preferential formation of other such electrostatic com-
plexes. For example, multiply donor-substituted carbenium
ions clearly make promising candidates. Complexes between
neutral acceptors, possibly with several stabilizing groups at-
tached, and with neutral donors (e.g., N, complexes of donor-

0947-6539/97/0308-1251 § 17.50 + .50/0 — 1251





FULL PAPER

R. Glaser and D. Farmer

substituted boranes, germanes and so on) are the most likely
candidates for purely electrostatic complexes; some of these
neutral systems are known.'®®*°1 With regard to the specific
system considered hcre, the results presented provide evidence
in support of White’s inert-molecule-separated ion pair hypoth-
esis!?% in that they show that C— N cleavage of an incipient
benzyldiazonium ion occurs in the gas phase and is likely to be
facile in general. It will be interesting to explore in future how
the presence of a counterion affects the nature of the benzyl
cation—dinitrogen interaction. It will also be of interest to inves-
tigate the effects exerted by substituents attached to the phenyl
ring on the nature of the “benzyldiazonium ion”. In the light of
the shallow nature of the energy minimum of electrostatic com-
plexes, small structural and electronic changes may well have
significant geometric consequences that may be reflected in
product distributions.
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Tripodal Synthetic Peptide Bundles

Gunter Trojandt, Ulrike Herr, Kurt Polborn and Wolfgang Steglich*

Dedicated to Professor Wolfgang Beck on the occasion of his 65th birthday

Abstract: The stereochcmical course of
the formation of the two diastereomers of
trimcthyl  2.2'.2"-nitrilotris[2-(benzoyl-
aminojacetate]. 2a and 2b, is described.
The structures of both isomers were con-
firmed by X-ray diffraction studies.
Diastereomer 2b could bc obtained in

methyl esters and dipeptide esters to give
pseudo-hexapeptides and pseudo-nona-
peptides, respectively. The resulting mix-
tures of diastercomers were easily separat-
ed by crystallisation. Their absolute con-
figuration at the template unit (RRR or
SSS) was established by means of the CD

spectra. The pseudo-hexapeptide (SSS)-
N(BzGly*ValOMe), (14) was saponified
to yield the optically pure tnacid (SSS)-
N(BzGly*ValOH), (23). Compound 23 is
an ideally preorganised template for the
production of longer tripodal peptides.
This was illustrated by the synthesis of

larger quantities by epimerisation of 2a to
2b with catalytical amounts of NaOMe.

two pseudo-pentadecapeptides. Peptide
bundles with polar side chains (histidine

The (RRR/SSS)-triester 2b is a suitable ‘ Keywords . and serine) or end groups (catechol or
template for the synthesis of tripodal pep- peptide  bundles peptides - hydroxamate units) were synthesised by

tide bundles. Saponification of 2b yielded
the C,-symmetrical racemic triacid 4b,
which was coupled with amino acid

tripodal hgands

Introduction

In the last decade, organic chemists have been increasingly in-
spired by the concept of biomimetic chemistry and have tried
to imitate the remarkable features of biological systems with
synthetic compounds. The rational design and synthesis of nov-
el molecular devices with defined structural and functional fea-
tures is the ambitious aim of numerous research groups and has
provided a large variety of molecules with outstanding charac-
teristics.' In recent years, several systems have been built up
from amino acids, which function as receptors.,'® transmem-
brane channels!® or molecular switches.!®) Libman and Shanz-
er'® have described a new class of tripodal compounds in which
three peptide strands are attached to a common C5-symmetric
anchor ending with catechol or hydroxamate units. Such pep-
tide derivatives, stabilised by intramolecular hydrogen bonds,
are capable of binding ferric ions with very high formation
constants. They are of particular interest as model compounds
for metalloenzymes'”! and as synthetic analogues of natural
siderophores.1®!

As a part of our continuing investigations on electrophilic
glycine equivalents, we recently described the synthesis of novel
C,-symmetric peptide derivatives with three peptide chains con-

[*} Prof. Dr. W. Steglich, Dr. G. Trojandt, Dipl.-Chem. U. Herr, Dr. K. Polborn!*!
Institut fir Organische Chemie, Karlstrasse 23, 80333 Miinchen (Germany)
Fax: Int. code 4 (89)5902-604
¢-mail: wosiw-org.chemie.uni-muenchen.de

('] X-ray structure investigations
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using the templates 4b, 22 and 23 as
anchors.

nected by a nitrogen atom.*! A particular feature of these mol-
ccules is their uniform basic structure with three parallel peptide
chains stabilised by interstrand hydrogen bonds. Hence, these
compounds are small synthetic peptides with a defined three-di-
mensional structure.

Here, we describe the preparation and structural properties of
peptide bundles of this type. In addition, amino acids with polar
side chains or end groups have been incorporated into the pep-
tides, in order to make them suitable for the coordination of
biologically important metal ions (e.g. Fe** or Zn?"). The co-
ordination behaviour of the ligands is either already pub-
lished'®! or under active investigation.

Results and Discussion

Strategy: Our strategy for building up derivatives with three
covalently linked peptide chains is depicted in Scheme 1. The
synthesis was accomplished by a stepwise procedure: a) prepa-
ration of trimethyl 2,2,2"-nitrilotris[2-(benzoylamino)acetate] !
from methyl N-benzoyl-2-bromoglycinate!!!! and ammonia,
b) deprotection of the C-terminus and c¢) coupling of the
racemic template!*?! with amino acid or peptide esters.

Template Synthesis and Stereochemistry: Dropwise addition of
a NH,/THF solution to a mixture of bromoglycinate 1 and
tricthylamine in THF afforded N(BzGly*OMe), (2} in 78%
yield (Scheme 2). After standard workup the crude product was

0947-6539/97/0308-1254 § 17.50+ 500 Chem. Fur. J. 1997. 3, No. 8





12541268

s
i

CO,Me ; i
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Scheme 1. Strategy used for synthesis of peptide bundles.

o Br.

THF HN
3 Ph)J\H)\COZMe + NHy ——» :2/"‘ """ =0
o

(RRS/SSR)

1 2a

Scheme 2. Synthesis of pseudo amino acids 2.

product was diluted with methanol. The (RRS/SSR) pair of
enantiomers 2a (68%) precipitated immediately and was fil-
tered off. The (RRR/SSS) pair 2b (10%) crystallised from the

mother liquor by standing overnight.

NH
o HN);o
N—)=0
\
NHBz
BzhN NHBz
HaC CHs
o) Q CHj
o %o
N%O
HN-_O
OQ‘I/NH HN Er
Ph T P
Ph
(RRR/SSS)
2

The relative stereochemistries in (RRS/SSR)-2a and (RRR/
SSS)-2b were determined from the crystal structures (Fig-
ure 1).1°) In the symmetrical isomer 2b, the three a-substituted
glycine residues are of the same absolute configuration and are
aligned parallel. The structure is stabilised by three intramolec-
ular hydrogen bonds between the helically arranged benzoyl-
amino groups. The central nitrogen atom lies 0.219 A above the

plane defined by the three a-carbon atoms of the glycine

residues.

Figure 1. Crystal structure of 2a (right) and 2b (left).

Chem. Eur. J. 1997, 3, No. 8

& VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

0947-6539/97:0308-1255 § 17.50+ .50/0

The C, symmetry of 2b found in the solid state
is also reflected in the '"HNMR spectrum. As ex-
pected, only one set of signals is observed for the
three a-substituted glycine residues. The signal of
the amide NH protons of 2b is found downfield
(6 = 8.38 in CDCl,) of the corresponding signal
for the single-chain reference molecule 3 (6 = 6.85
in CDCl,) (Figure 2).1'3! The fact that this down-
field shift is preserved upon dilution suggests that
the stabilisation of the pscudo amino acid 2b is
maintained in solution.

In the unsymmetrical isomer 2 a, one of the three
a-substituted glycine residues shows the opposite
configuration and is aligned antiparallel to the
others. The structure is stabilised by three in-
tramolecular hydrogen bonds: one between a pair
of benzoylamino groups and two further intra-
chain hydrogen bonds between the amide NH and
the ester carbonyl groups of the glycine residues.
The central nitrogen atom lics 0.093 A over the
plane defined by the three z-carbon atoms of the

glycine residues. The 'H NMR spectrum shows a double set of
signals in a ratio of 1:2. The resonance of one methyl cster is
shifted to higher field (Ad = 0.48) compared to the signal of the

HiC H-C CHj
5 ™ J CH;
CHs 0 %
o / o Ox=0
N \CH3 N ?:o
\
_ _ CH ---H\-N
5=685 H—N CHy - 5=838 Nif’o N;mo
/
on ° PR H‘,o,/\ Ph
Ph
3 2b

Figure 2. Downfield shift of amide NH signal of 2b relative to the corresponding
signal in 3.

other two. This observation is
consistent with a structure in
the solid state in which one
methyl ester is positioned near
the shielding face of an aro-
matic ring (Figure 1). Further
information about the struc-
ture in solution was obtained
from NOE studies. In the
unsymmetrical isomer 2a, a
NOE cross-peak between the
ortho protons of one aromatic
ring and two methyl ester
groups supports the confor-
mation found in the solid
state. The data recorded sug-
gest that the conformations
of (RRR/SSS)-2b and (RRS/
SSR)-2a in solution corre-
spond to those in the solid
state.

The racemic template 4b
[(RRR/SSS)-N(BzGly*OH),]
was synthestsed in 92 % yield
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by saponification of (RRR/SSS)-N(BzGly*OMe), (2b)

with lithium hydroxide (Scheme 3).I'*1 Surprisingly, Bh
upon hydrolysis of (RRS/SSR)-2a, a mixture of (RRS/
SSR)-da and (RRR/SSS)-4b was obtained in a ratio 2:1,
which can be rationalised by a partial isomerisation dur-
ing saponification. This is a crucial observation since the

symmetrical triacid 4b is required on a large scale.

Ph [CHs Ph H
QO CHs >: O H
Q Ul Q a
o) LiQH lo)
AN N (%8 MeOH-H,0 HNG o (>:8
:Z/ \
o HN-O (66 %) o HN-_O
o) Bf o) HN_ o
/ Ph / Ph
HiC Ph H Ph
(RRS/SSR) (RRS/SSR)
2a 4a
(33 %)
H3C\ /CH3 H\ /H
o O CHs LIOH, o) QH
o o0 MeOH-H,0 | 0 Q%0
Nv%o e N----r\ ‘o]
— HN-__O (92 %) — HN— O
O\FNH HN Ef Oz, -NH HN sf
Ph Ph Ph Ph
Ph Ph
(RRR/SSS) (RRR/SSS)
2b 4b

Scheme 3. Preparation of symmetrical triacid 4b.

Stereochemical Course of the Template Synthesis: The template
synthesis was studied in further detail. As previously stated the
reaction of bromoester 1 with ammonia afforded 68% (RRS/
SSR)-2a and 10% (RRR/SSS)-2b. However, HPLC analy-
sis!*?1 of the crude reaction mixture yiclded a ratio of 5:1 for
(RRS/SSR)-2a and (RRR/SSS)-2b.

This ratio can be understood by comparing the possible con-
figurations of the different isomers. The isomers with the config-
uration (RRS), (RSR) and (SRR) are identical as well as the
corresponding mirror images (SSR), (SRS) and (RSS). Conse-
quently, (RRS/SSR)-2a is formed three times more often than
(RRR/SSS)-2b in the reaction. Although a 3:1 mixture of
(RRS/SSR)-2a and (RRR/SSS)-2b is expected, the experimen-
tally observed ratio 1s 5:1. This observation implics that onc or
more steps of the template synthesis are stereochemically con-
trolled. Intrigued by this fact, we undertook further experiments
in order to explain the stereochemical outcome of the formation
of 2.

Easton el al.!"®! have reported that a 1:1 mixture of the
secondary amines (RS)-6a and (RR/SS)-6b was formed by
passing a stream of ammonia through a solution of 1 in
dichloromethane. Neither (RRS/SSR)-2a nor (RRR/SSS)-2b
could be detected.!'®? This result can be explained by a rapid
conversion of the a-bromo derivative 1 into the x-amino deriva-
tive 5 by excess ammonia, followed by dimerisation of 5 to the
secondary amines 6 (Scheme 4). Further reaction of 6 to 2 does
not occur because the a-aminoglycine derivative 5 is too unreac-
tive for further alkylation-—in contrast to 1.

As a part of our investigation we prepared (RS)-6a and (RR/
S$8)-6b according to the literaturc procedurc.''®! Both isomers
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Scheme 4. Dimerisation of 1 by reaction with ammonia (E = CO,Me¢, A = NHBz).

were separately dissolved in THF and then treated with an ex-
cess of 1 (Scheme 5). It can be concluded from the 'H NMR
spectra of the crude product that the reaction of (RS)-6a with

Ph CHs Ph CHs
>:o Q >:o Q_CHs
HN 0 1, EtsN O)=0
:z/N\ """ ° > AN N‘%O
H \
Q HN—_.O 0:2/ HN-_.QO
ok o Mo
/
HiC H3C Ph
(RS) (RSRISRS)
6a / N
HsG CHa HaC CHa
0 Q b Q CHs

Oz, NH 57
\1/ o
Ph Ph Ph T en
Ph
(RRISS) (RRRISSS)
&b 2b

Scheme S. Reactions of (RS)-6a and (RR{SS)-6b with 1.

the bromo compound 1 leads to (RRS/SSR)-2a, exclusively.
Interestingly, treatment of (RR/SS)-6b with 1 affords a 2:1
mixture of (RRS/SSR)-2a and (RRR/SSS)-2b.

The mechanism of the one-pot synthesis of [N(BzGly*OMe),]
(2) can be rationalised as outlined in Scheme 6:

a) #-Bromo derivative 1 is converted into the acylimine 7 by
triethylamine.

b) Reaction of ammonia with 7 gives a 1:1 mixture of the enan-
tiomers Sa and 5b.

¢) Both isomers react with further acylimine 7 to give the sec-
ondary amines (RS)-6a and (RR/SS)-6b without stereo-
chemical control (1:1 mixture).

d) The reaction of (RS)-6a with 7 leads only to (RRS/SSR)-2a,
but (RR/SS)-6b affords a 1:2 mixture of (RRR/SSS)-2band
(RRS/SSR)-2a.

This reaction course is consistent with the ratio of 5:1 found
experimentally H'®!
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7 ’ Ph Ten
NH, NH, Ph
4b 811 -
5a A - E A sh 12-15
(S) 1:1 R) Scheme 7. Synthesis of peptide bundles 12— t5 (EDCI = N-(3-dimethylaminopropyl)- N -ethylcar-
~7~ bodiimide hydrochloride; OBt = I-hydroxybenzotriazole; NEM = N-ethylmorpholine).

6a Ej"- A | . i

N N7 A eb
] 1:1
A/\E A/\E
(3:3)
(RS) (RR/SS)

A

A E
E*N)\A 2b
A e

(RRS/SSR) (RRR/SSS)

5:1

Scheme 6. Reaction course explaining the ratio of 5:1 for (RRS/SSR)-2a and
(RRR/SSS)-2b.

Epimerisation of Esters 2a and 2b: As previously mentioned,
isomerisation and enrichment of the symmetric triacid 4b
[(RRR/SSS)-N(BzGly*OH),] is observed during saponifica-
tion of (RRS/SSR)-N(BzGly*OMe), (2a) with aqueous LiOH.
Thus, treatment of (RRS/SSR)-2a with a catalytic amount of
NaOMe in methanol should yield the symmetrical triester 2b
[(RRR/SSS)-N(BzGly*OMe),] by epimerisation accompanied
by repeated transesterfication. Indeed, upon treating a solution
of (RRS/SSR)-2a in THF/MeOH [(RRS/SSR)-2a is insoluble
in MeOH] with 15 mol% of NaOMe, a mixture of (RRS/SSR)-
2a and (RRR/SSS)-2b in a ratio of 2:1 was isolated after 24 h
of stirring.M!'% The same ratio was obtained from the symmetric
triester (RRR/SSS)-2b. These results indicate that a thermo-
dynamic equilibration had taken place.

The two diastereomers arc easily separated by HPLC,!' ! but
we have not yet found a suitable method for the separation on
a large scale. Separation of (RRR/SSS)-2b and (RRS/SSR)-2a
by crystallisation has not yet been achieved.

The ratio of 2:1 (2a:2b) was inversed to 1:2 (4a:4b) upon
hydrolysis of the crude product with lithtum hydroxide. Thus,
cpimerisation of the unsymmetric triester (RRS/SSR)-2a fol-
lowed by hydrolysis yielded a reaction mixture which contained
62% of the symmetric triacid (RRR/SSS)-4b. This mixture
could not be separated. However, it could be used as starting
material for the preparation of the purc pseudo-hexapeptides 12
and 14 on a larger scale (see Experimental Scction).

Synthesis of Peptide Bundles and of Optically Active Templates:
Pseudo-hexapeptides 1215 were obtained by coupling of
(RRR/SSS)-N(BzGly*OH), (4b) with L~amino acid methy! cs-
ters 8—11 (EDCI/HOBt)!' 7' (Scheme 7, Table 1). The resulting
peptides were isolated as 1:1 mixtures of diastcromers varying

Chem, Eur. J. 1997, 3, No. 8
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Table 1. Synthesis of peptide bundles 12--15.

Amino acid Yield (%) {a] Compound

Gly 81 12
Ala 76 13
Val 81 14
Ser 72 15

fa] Yield of diastereomeric mixture.

in the configuration of the template unit [(RRR) or (SSS)]. The
separation of the highly crystalline (S55)-pscudo-hexapeptides
was easily achieved by recrystallisation from methanol.

The stereochemistry of the glycine adduct 12 was determined
by means of its X-ray crystal structure (Figurc 3). Three cova-

G

\ c27 /
c28 @ﬁt@%{ \

P8 R
\ €31 i C32 5&
o

S as
cao B
Figure 3. Crystul structure of 12.

lently linked peptide chains are aligned in a parallel fashion. The
structure is stabilised by six intramolecular hydrogen bonds:
three betwcen the helically arranged benzoylamino groups.
which force the peptide chains in one direction and three be-
tween the amide NH and ester carbonyl groups.

In the crystal we chosc for the structure determination, only
onc single isomer could be observed. This suggests that the
pseudo-hexapeptide 12 crystallises as a conglomerate.l'®! To
confirm these results we dissolved several single crystals of the
conglomerate separately in CH,CN and analysed the solutions
by CD spectroscopy. As expected, the solutions show split CD
curves!'® with positive or negative signs obviously due to the
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nm
Figure 4. CD spectrum of the two enantiomers of 12 in CH,CN.

spatial interaction of the helically arranged benzoylamino
groups (Figure 4).

The absolute configuration at the template unit [(RRR) or
(SS9)] and the sense of orientation of the benzoylamino groups
as right- or left-handed helices—can be determined by means of
the CD speetra. According to the X-ray crystal structures of
(555)-1412% and (5§5S)-1512" depicted in Figures 5 and 6, the
three peptide chains are aligned in form of a left-handed helix.

Figure 6. Crystal structure of 15.
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Solutions of (SSS)-14 and (SS5)-15 show split CD curves
with negative sign (Figures 7 and 8). This suggests the following
rule: pseudo-peptides of type 12—15 with a right-handed helical

A x1E1

6.000 |

4.000

2.000 |

0.000

-2.000

-4.000
Fe
200.00

220.00 240.00 260.00 280.00 A

nm

Figure 7. CD spectrum of 14.

Az x1E1
4.000 |
2.000 [

0.0600 |

4.000
200.00

220.00 240.00 260.00 280.00 2

nm

Figure 8. CD spectrum of 15.

structure [{RRR) configuration at the template unit] exhibit a
split CD curve with positive sign; pseudo-peptides with a left-
handed helical structure [(SSS) configuration at the template
unit} show a split CD curve with negative sign. This is in accord
with the dibenzoate rule of Nakanishi.l'®

In order to verify this rule the racemic template 4b was cou-
pled with several dipeptide esters (Scheme 8). After standard
workup, the 1:1 mixtures of diastereomers 19-21 were separat-
ed by fractional crystallisation (Table 2).

CHy
ch\o Jchy
o Q)0

. HN
By EDCI, HOBY o g

N _CHs  NEM, THF Rl N
4b + 3 HN 7 Q —_—— HN/ R

i, H
o R o HN=0
Nynbeg
\
0

16-18 19-21

Scheme 8. Synthesis of pseudo-nonapeptides 19-21 (for abbreviations, see
Scheme 7).
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Table 2. Synthesis of pseudo-nonapeptides 19-- 21.

R! R? aa' aa® Yield (%) Compound
iPr Bn Leu Phe 40 19
iPr H Len Gly S8 20
H Pr Gly Leun 74 21

According to the X-ray structure determination of the crys-
talline isomer of 21, the threc peptide chains adopt a C;-sym-
metrical helical structure (Figure 9). The structure is stabilised

Figure 9. Crystal structure of 21.

by six intramolecular hydrogen bonds: as expected, three be-
tween the benzoylamino groups and three between the amide
NH and amide carbonyl groups. The X-ray structural analysis
also revealed the stereochemistry at the template unit to be
(RRR). This result agrees with the configuration determined by
CD spectroscopy (positive sign) (Figure 10).

. Ae x1E1

4.000 |
2.000
0000 | . . |
-2.000

-4.000 +

200.00 220.00

260.00

240.00 280.00 A

Figure 10. CD spectrum of 21.
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In summary, the symmetric triacid N(BzGly*OH), (4b) was
found to be a suitable template for the formation of peptide
bundles up to pseudo-nonapeptides. The absolute configuration
of these derivatives can be determined by recording their CD
spectra.

The pseudo-hexapeptides (RRR/SSS)-N(BzGly*GlyOMe),
(12) and (SSS)-N(BzGly*ValOMe); (14) are available in 81%
yield from 4b or from the 1:2 mixture of the two isomeric
triacids 4a and 4b on a larger scale. The X-ray crystal structures
of 12 and 14 suggest that both molecules are stabilised by six
intramolecular hydrogen bonds (Figures 3 and 5). Comparison
of the 'H NMR chemical shifts of the NH groups of 12 and 14
as a function of temperature provides further evidence for in-
tramolecular hydrogen bonding (Figure 11). For the 'H NMR
chemical shifts of the NH-Gly and NH-Val protons, we

N(BzGly*GlyOMe); {12) N(BzGly*ValOMe); (14)

9 9
8.8 8.8
- .
: &
;___; 8.6 ‘5' 88
s > ]
3 3 >
Eo '\'*.\.\._i g0
s s
§ 5
82 8.2
~—— NH-Gly —— NH-Val
—@— NHCHN —i— NH-Gly|
8 8
300 320 340 380 300 320 340 360

temperature {K} temperature {K}

Figure 11. 'H NMR chemical shifts of the NH groups of 12 and 14 as a function of
temperature (5.0mm, [D]DMSO).

observed temperature gradients (AJ/T) between 3.5 to
4.5x 107 ppmK ™', From these data the final orientation of
the hydrogen bonds cannot be determined. The corresponding
'HNMR chemical shifts of the NHCHN protons, however,
are fairly constant over a range of 300 to 360K
(<2x1073 ppmK ™). It can be concluded that they are shield-
ed from the solvent and are involved in intramolecular hydrogen
bonding.”??! Pseudo-hexapeptides 12 and 14 are therefore
strongly stabilised and preorgamsed peptide bundles.

By saponification of 12 and 14 with LiOH in THF/H,0, two
new template molecules (RRR/SSS)-N(BzGly*GlyOH); (22)
(95% yield) and (SSS)-N(BzGly*ValOH), (23) (93 % yield) are
accessible. The stereochemistry of 22 was confirmed by a single-
crystal X-ray diffraction study (Figure 12).123 As expected, the

H H H H
~0 od H ~0 /o~
o] o]
0 A 0 A
p = ¢(‘) OA=0
H, S ! H{ 3 L
N\H’\N N/H N\H NN’H N\
O O
oL "3 o
jg/w;ko N /0
H./ Nl H/ N
N ‘OY wh N Oy g1
S=oH\0 <o \0
Ph Ph Ph Ph
Ph Ph
22 23
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Figure 12. Crystal structure of 22.

three peptide chains are aligned parallel and are stabilised by six
intramolecular hydrogen bonds. There is one further inter-
molecular hydrogen bond between a carboxyl OH group and a
methanol molecule present in the crystal, as a result of which the
perfect C,-symmetric arrangement of the peptide chains is lost.

(SSS)-N(BzGly*ValOH), {[0]3° = + 18]} (23) is available in
high purity by saponification of (SS55)-14 as shown by the
"H NMR spectrum of the crude reaction product (Figure 13).

24 25

by coupling 23 with H-Val-Gly-VaiOMe and H-Leu-Gly-
PheOMe in 86% and 80% yield, respectively.

Peptide Bundles with Polar Side Chains or End Groups: Peptide
bundles deprotected at the C-terminus have proven to be ideally
preorganised for the formation of macrobicyclic metal complex-
es.["V In order to design novel synthetic siderophores!® 7> 241 or
model compounds for metalloenzymes,!”! we incorporated
amino acids with polar side chains in our bundles making them
suitable for the coordination of biologically important metal
ions.

Pseudo-peptides 26—28 are available by coupling the tem-
plate (S85)-23 with H-Met-OMe, H-Phe-Ser-OMe or H-Trp-

Figure 13. '"H NMR spectrum ([D,JDMSO) of the crude reaction product obtained by saponification

of 14.

Pseudo-hexapeptide 23 should be an ideal template for building
up longer peptide bundles and derivatives with functionalised
side chains or end groups. This was illustrated by the synthesis
of the psecudo-pentadecapeptides 24 and 25, which was achieved

1260 ——— ©

VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

~s
e e N e ) o] T Mmoo — e cu s wwnw o S
T @ M X O Lalianl o =<t e T o OO o= W — o
DD e = X e — OO =T = P — oS N 00 D frlle el e Y
W 6N e SE o e rn O N — ™~ e~ [a e M latl s ol SRS N N — 3D
% 30086 I I T st b e w TS ~ o e et Nei—SSoR
1, L . -
e - 13 g ST T
HN COaMe
>—§
O
NT):
[e]
= HN
Ph
,
_4_*_4{ - K J\ .A__JLJJLK‘LJJ& L _.NJ
T T T T T T T T T P T [ T T T T T e S 1T T HN
9.0 8.0 7.0 6.0 54 40 3.0 2.0 Vo 0.0
(ppm)

0947-6539]97i0308-1260 $ 17.50 + .50{0

Chem. Eur. J.1997. 3, No. 8





Peptidc Bundles 1254-1268
OMe, respectively [EDCI/HOBt].1'") The synthesis of peptide 0 G 1) BocHN-NHz . EtsN, THF o _Mengc
29 required the use of a side chain protected histidine ester, ' 2) wer E?
which was obtained by deprotecting commercially available OBn ) OBn
Boc-His(n-Bom)OMe - HCI with HCI in ethyl acetate!>**! and o8 (54%) o8
. . . n n
coupling H-His(t-Bom)OMe with template (S5S5)-23. The
cleavage of the Bom groups to generate the free imidazole 30 16
groups was achieved by hydrogenolysis in 80 % acetic acid >*" <!
to give 29 in 53% yield. The unique structural features of 29 RO =
with three C,-symmetrically arranged histidine residues make ro Ron oR
this ligand particularly attractive for coordination studies with
metal ions, especially with Zn?* since. seyeral enzymes c?xploit HO OH RG o) Oo“\ OR
the spatial proximity of three histidine imidazole side chains for g )OH ( 136, EDCI, HOBt, NEM (72 %) N NH"{:H
the coordination of one Zn2" ion.[?%! Details of these investiga- D 2. 1l UG (89 %) HN M
tions will be described separately. o N HN)=0 o O3/ | <
For the preparation of artificial analogues of siderophores N‘%O Nw HN) <
like enterobactin!® # or desferrioxamin,®*>27) template 23 was Ox,-NH HY\TNEFO o H';B:o
coupled with catechol and hydroxylamine derivatives. The syn- Ph fh Ph N H\N OO
thesis of a peptide bundle with three catechol residues was ac- O-NH (TS
complished as follows (Scheme 9): a) Coupling of mono-Boc- Ph Ph Ph
23 (555) 37: R=Bn
NH2 38 R=H
1.) BocHN™ "7 , EtsN, THF
N ) 31 ° H\/\NH;;CI' Scheme 10. Preparation of catechol ligand 38.
OBn 2.) HCI-EE OBn
% Bn H
OBn (37 %) OBn B"\O %;( Bn H\o %(H
0 32 BnONH,+Cl- HN/ \NH HN/ \NH
1&_39. HOBt, NEM, o oz,(Nb:IR Hal PA-C, o o:(NrfR
R o= MeOH R o=
22,23 _— - NH HN ) R _— . NH HN Do R
HN)—_—O 0 HN):O
N'?:o N-j-‘).:o
< L
HN- O - HN
OYNH HN_ O o} NH HN Bf
HO OH Ph Ph Ph Ph
o={OH Ph Ph
>—_2:O & 1.) 32, EDC), HOBt, NEM (72 %)
e HN, <‘ 2.) Hyl Pd-C (99 %) ? 39 (71%) R=H 41 (95 %)
O:%/Nﬁ'fﬂﬁg o} 40 (34%) R = CH(CHa), 2 9%
\

o=
. HN- O /
O\rNH HN Bf HN ) <
Ph Ph o HNY-0
Ph N =0
\
HN-—-O
Ox.-NH HN Br
Ph Ph
Ph
23 (S88) 33 R=Bn
34 R=H

Scheme 9. Preparation of catechol ligand 34.

ethylenediamine (31)!%8! with acid chloride 30,!?# b) cleavage
of the Boc group with HClI in ethyl acetate!?>® and ¢) coupling
of amine 32 with template (SS5)-23. The ligand 34 was obtained
by hydrogenation!23! of the benzyl-protected derivative 33. The
air-sensitive ligand 34 was characterised by 'H and '3C NMR
spectroscopy and FAB MS.

To create a catechol ligand with a more rigid structure, 38 was
synthesised from 30 and mono-Boc-hydrazine (35) according to
the same procedure (Scheme 10). The air-sensitive ligand 38 was
characterised by *H NMR spectroscopy and FAB MS.

Ligands 41 and 42 were prepared analogously by coupling
template (RRR/SSS)-22 and (SSS)-23, respectively, with O-
benzylhydroxylamine and removing the benzyl groups by hy-
drogenation (Scheme 11).
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Scheme 11. Preparation of hydroxamic acid ligands 41 and 42.

So far, we have shown that peptide bundles with well-defined
metal binding sites can be obtained by coupling amines with
template molecules activated at the C-terminus. In contrast,
template 43, which is accessible in a two-step procedure from
{SS55)-23 and 31, allows coupling with C-activated derivatives
or electrophiles. This is demonstrated by the synthesis of a pep-
tide bundle with three chains ending with squaric acid deriva-
tives as depicted in Scheme 12. This compound could be useful
as receptor for the recognition of onium compounds.[2°!

Synthesis of Tripodal Alcohols: Chiral C,-symmetric alcohols
have found wide application as catalyst ligands in asymmetric
synthesis.[3° It is possible that the stereodifferentiation might be
increased by using C,-symmetric triols as ligands for the synthe-
sis of catalysts, since the stereochemical information is concen-
trated into 120° compared to 180° for C,-symmetric diols.l*"
The reduction of the pseudo amino acid 2b and the pseudo-
hexapeptide 14 with Ca(BH,),?! allowed a straightforward
access to the racemic trialcohol 46 and the optically active triol
47, respectively (Scheme 13). The structure of 46, confirmed by
single-crystal X-ray diffraction study (Figure 14),1*3] reveals
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Scheme 12. Coupling of nucleophilic template 43 with electrophile 44.
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Scheme 13. Synthesis of tripodal alcohol 46 and 47.

that the three modified glycine residues are of the same absolute
configuration and aligned parallel. The structure is stabilised by
intramolecular hydrogen bonds: three between the helically ar-
ranged benzoylamino groups and one between the central nitro-
gen atom and a hydroxyl group. In addition, two molecules arc

Fipure 14, Crystal structure of 46.
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connected by intermolecular hydrogen bonds as a result of
which the expected C,-symmetric orientation is disturbed. The
close spatial proximity of the hydroxyl groups in 46 suggests an
ideal preorganisation for the coordination of metal ions. Work
aimed at complexing 46 and 47 with early transition metal ions
is in progress.

Conclusion

In this paper, we have shown that electrophilic glycine equiva-
lents can be uscd to synthesise C,-symmetric pseudo amino
acids, which are suitable templates for the formation of peptide
bundies of defined geometry. The stercochemistry of these
derivatives can be easily assigned by CD spectroscopy. The in-
corporation of amino acids with polar side chains (histidine,
tryptophan and serine) or end groups (catechol or hydroxamate
units) Icads to a novel series of ligands which are of particular
interest as model substances for metallocnzymes and as synthet-
ic analogues of siderophores. The coordination behaviour of
these peptide bundles with biologically important metal ions is
under active investigation.

Experimental Section

THF was distilled from potassium under an atmosphere of dry argon. All
common reagents and solvents were obtained from commercial suppliers and
used without further purification unless otherwise stated. TLC was per-
formed on alumimum-backed plates coated with silica gel 60 with F,, indi-
cator. Column chromatography was carried out using silica gel 60 (Merck.
230-400 mesh). Optical rotations were determined with a Perkin-Elmer 241
polarimeter using a Na lamp; data are reported as follows: [#}2® (concentra-
tion in g per 100 mL solvent). CD spectra were collected on a Jobin Yvon CD
6 spectropolarimeter. Melting points were determined with a Reichert Ther-
movar apparatus and a Biichi 350 and are uncorrected. IR spectra were
recorded on a Perkin-Elmer 1420 spectrometer and a Bruker IFS 45 FT-IR
spectrometer. NMR spectra were measured on a Bruker ARX300 at
300 MHz (1H) or 75.44 MHz (**C). All chemical shifts were recorded in ppm
downtield from TMS on the § scale. Mass spectra were recorded on a Finmi-
gan MAT 90 and a Finnigan MAT 95Q (high-resolution mass spectra). Ele-
mental analyses were performed by the University of Munich Microanalytical
Laboratory. X-Ray crystallographic analyses were carried out as described in
the appropriate compound characterisation sections.

Trimethyl 2,2’,2”-nitrilotris[2-(benzoylamino)acetate|] (2): To a vigorously
stirred solution of methyl N-benzoyl-2-bromoglycinate (91.4 g, 336 mmol) in
dry THF (600 mL) was added triethylamine (60.9 mL, 439 mmol) and a
freshly prepared solution of ammonia in dry THF (67.2 mmol) [34] at room
temperature. Stirring was continued for 24 h at ambient temperature. Ethyl
acetate (350 mL) was added, and the solution was washed with 2N HCl
(250 mL). saturated NaHCO, (250 mL) and brine (300 mL). dried (MgSQ,).
filtered, and then evaporated under reduced pressure. After addition of
methanol (230 mL), the unsymmetrical isomer 2a crystallised immediately.
The mixture was left for 10 min at room temperature before 2a was filtered
off. The symmetrical isomer 2b was obtained [rom the mother liquor on
standing overnight.

(RRS/SSR)-2a: Yield 27.0 g (68%) as colourless crystals: M.p. 200°C;
'HNMR (300 MHz, CDCl,): = 3.41 (s, 3H, OCH,), 3.74 (5. 6H, OCH,).
5.73(d, /=6 Hz, 2H, NHCHN), 5.75 (d. /=7 Hz. 1 H, NHCHN), 7.44~
7.59 (m. 9H, Ph), 7.62 (d, J =7 Hz, 1H, NHCHN). 7.88 (d, J = 8 Hz, 2H,
0-Ph), 8.05 (d, / = 8 Hz, 4H., 0-Ph), 8.86 (d, J = 6 Hz, 2H. NHCHN); '3C
NMR (75.44 MHz, CDCl;): 6 = 53.12, 53.17, 62.08, 63.55. 127.26. 127.54,
128.65, 128.75, 132.18, 132.95, 133.29, 166.86, 167.74, 168.76, 169.30; IR
(KBr): ¥ = 3410, 3360, 3256, 3060, 3040, 2950, 1755, 1680, 1649, 1603 cm " ':
FAB MS (NBA); mjz (%): 591.2 (0.75) [M " +H}; C,,H;,N,0, (590.59):
caled € 61.01, H 5.11. N 9.48: found C 61.18, H 5.13, N 9.38.
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(RRR/SSS)-2b: Yield 4.0g (10%) as colourless crystals. M.p. 204°C.
'HNMR (300 MHz, CDCl,): 6 = 3.89 (s, 9H, OCH,), 6.05 (d, J =10 Hz.
3H, NHCHN}), 7.17 (dd. J =7, 7 Hz, 6 H, m-Ph), 7.35 (m, 9H, Ph), 8.37 (d,
J=9.6Hz, 3H, NHCHN); *C NMR (75.44 MHz, CDCl,): 8 = 53.16,
61.84, 127.40, 128.16, 131.83, 1132.61, 167.41, 168.71; IR (KBr): ¥ = 3420,
3363, 2950, 1748, 1649, 1602, 1580, 1525, 1489 cm ~!; FAB MS (NBA); m;/z
(%): 613 (0.55) [M "+ Nal, 591.2 (0.75) [M * + H]: C;,H,,N,0, (590.59):
caled C 61.01, H 5.11, N 9.48; found C 60.91, 11 5.17, N 9.29.

(RRR[S55)-2,2’ 2" -Nitrilotris[2-(benzoylamino)acetic acid] (4b): To a cooled
(0°C) solution of (RRR/SSS)-2bh (3.0 g, 5.08 mmol) in methanol (60 mL) and
H,O (20 mL) was added lithium hydroxide (487 mg, 20.3 mmol). After 3 h at
0°C stirring was continued for 15 h at ambient temperature. After the addi-
tion of 2N HCI (80 mlL), the mixture was extracted with ethyl acetate
(3x 120 mL). The combined organic layers werc washed with brine (200 mL)
and dried (MgSO,), and the solvent was evaporaled. Yield: 2.56 g (92%) as
a colourless solid; M.p. 110°C; "HNMR (300 MHz, [DJDMSO0): § = 5.90
(d, J=9Hz, 3H, NHCIIN), 7.16 - 7.27 (m, 6 H, m-Ph), 7.35-7.51 {m, 9H,
Ph), 8.55(d, J = 9 Hz, 3H, NHCHN); 1*C NMR (75.44 MHz, [D4{]DMSO):
& =63.25 12717, 12805, 131.54, 133.15, 16649, 170.55; IR (XBr):
v = 3377, 3332, 3064, 2943, 2598, 1745, 1649, 1533, 1490 cm ™~ '; FAB HRMS
(NBA) caled for C,,H,;N,O, (M7): 547.146503; found m/e 547.146740;
C,,H,,N,0,-H,0 (566.52): caled C 57.24, H 4.63, N 9.89; found C 57.47,
H 4.73, N 10.01.

Equilibration and hydrolysis of 2a: Compound 2a (10.0 g, 17 mmol) was
dissolved in THF/methanol (360 mL, 5:1) and treated with 15 mol%
NaOMe (138 mg, 2.55 mmol). After 24 h of stirring at room temperature, 2N
HC1 (200 mL) and ethyl acetate (300 mL) were added. The aqueous layer was
separated and extracted with ethyl acetate (2 x 100 mL). The combined or-
ganic extracts were washed with brine, dried (MgSO,), and evaporated to
dryness to give a mixture of the two isomers in 95 % yield (9.44 g, 16 mmol.
2a:2b = 63:37, ratio determined by NMR and HPLC [15]). The crude
product was dissolved in methanol (90 mL) and water (30 mL), and treated
with lithium hydroxide (1.92 g, 80 mmol). After 24 h of stirmng at room
temperature, 2N HCI (150 mL) and ethyl acetate (150 mL) were added. The
aqueous layer was separated and extracted with ethyl acetate (2 x 100 mL).
The combined organic extracts were washed with brine, dried (MgSO,), and
evaporated to dryness to give a mixturc of the two isomers in quantitative
yield (8.78 g, 16 mmol, 4a:4b = 38:62, ratio determined by NMR and HPLC
[15]).

NN N"-[(RRR|SSS)-Nitrilotris[2-(benzoylamino)-1-0x0-2,1-ethanediyl]]-
tris[glycine] trimethyl ester (12): To a stirred solution of 4b (300 mg,
0.55 mmol) in THF (30 mL) were added consecutively H-Gly-OMe-HCl
(276 mg, 2.20 mmol), NEM (0.56 mL, 4.40 mmol) and HOBt (595 mg,
4.40 mmol) (for abbreviations, see legend of Scheme 7). The reaction mixture
was cooled to 0°C, treated with EDC1 (422 mg, 2.20 mmol) and then allowed
to warm slowly to room temperature (18 h), diluted with ethyl acetate
(30 mL) and washed with saturated NaHCO, (30 mL), 2x HCI (30 mL),
NaHCO, (30 mL) and brine. The organic solution was dried (MgSO,) and
evaporated to dryness. The crude material was chromatographed (SiO,,
CHC1;:MeOH 30:1) to afford a 1:1 mixture of enantiomers. Yield: 339 mg
(81 %) as a colourless solid; M.p. 220-224°C; 'H NMR (300 MHz, CDCl,):
3 =378 (s, 9H. OCH,), 3.87 (dd, J =18, 5 Hz, 3H, CH,-Gly). 4.51 (dd.
J =18, 7Hz, 3H, CH,-Gly), 5.90 (d, J = 9 Hz, 3H, NHCHN), 7.13 (1,
J=28Hz 6H, m-Ph), 7.32 (t, J = 8 Hz, 3H, p-Ph), 742 (d, /= 8§ Hz, 6 H,
0-Ph), 8.26 (d, J =7 Hz, 1.5H, NH-Gly), 8.27 (d. / = SHz, 1.5H, NH-Gly),
8.56 (d, / = 9 Hz,3H, NHCHN; *C NMR (75.44 MHz, CDCl,): = 41 .46,
52.62,62.95,127.45,128.06, 131.59, 132.94, 167.44, 168.84, 171.78; IR (K Br):
¥ = 3350, 1740, 1690, 1650, 1520, 1480, 1430, 1220 cm~'; FAB MS (NBA);
miz(%): 763 (6.41) [M ¥ + H]; C;4H,4N,0,, (761.75): caled C 56.76, H 5.16,
N 12.87; found C 56.63, H 5.04, N 12.81.

Large-scale preparation of 12: To a stirred solution of the mixture of the two
isomers 4 (4a:4b = 38%:62%, 8.76 g, 16.0 mmol) in THF (400 mL) were
added consecutively H-Gly-OMe-HCl (8.04 g, 64.0 mmol), NEM (10.1 mL,
80.0 mmol) and HOBt (10.8 g, 80.0 mmol). The reaction mixture was cooled
to 0°C, treated with N N’-dicyclohexylcarbodiimide (13.2 g, 64.0 mmol) and
then allowed to warm slowly to room temperature (18 h). The resulting
suspension was filtered, diluted with ethyl acetate (300 mL) and washed with
saturated NaHCO, (300 mL), 2x HCI (300 mL), NaHCO, (300 mL) and
brine. The organic solution was dried (MgSQ,) and cvaporated to dryness.
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The crude material was dissolved in acetonitrile (200 mL) and filtered. The
mother liquor was left for 24 h at room temperature and filtered again. After
evaporation of the solvent, the residue was taken up in methanol (200 mL).
A white powder, the 1:1 mixture of enantiomers, crystallised immediately and
was filtered off. Yield: 5.46 g (45 % relative to the mixture of the two isomers,
72 % relative to the symmetric triacid 4b).

N,N’,N"-[(RRR|SSS)-Nitrilotris|2-(benzoylamino)-1-oxo-2,1-ethanediyl])-
tris[1.-alanine] trimethyl ester (13) was prepared according to the procedure
used for the preparation of 12 from H-Ala-OMe-HCI (307 mg, 2.20 mmol).
Purification by flash chromatography (SiO,, CHCl,: MeOH 36:1) gave 13 as
a 1:1 mixture of diastereomers. Yield: 336 mg (76 %) as a colourless solid.
The (SSS) isomer could be separated by fractional crystallisation from
methanol. (SSS)-13: M.p. 279°C, [2]3° = — 23 (¢ =1, DMSO); (RRR)-13:
oil; (RRR/SSS)-13: "H NMR (300 MHz, CDCl,): § =1.53 (d. J =7 Hz. 9 H.
CH,),3.78 (s, 9H, OCH,), 4.59-4.71 (m, 3H, CH-Ala), 5.75* (d. J = 9 Hz.
1.5H, NHCHN), 5.89 (d, /= 9 Hz, 1.5H, NHCHN), 7.11 (t, / = 8 Hz, 6 H,
m-Ph), 7.30 (t, J = 8 Hz, 3H, p-Ph), 7.41 (d, J = 8 Hz, 6 H. 0-Ph), 7.94* (d,
J=7Hz 1.5H, NH-Ala), 8.10 (d. J=7Hz, 1.5H, NH-Ala), 8.43* (d.
J =9 Hz 1.5H, NffCHN), 8.60 (d, J = 9 Hz, 1.5H, Nf/CHN); (SSS) iso-
mer: 3C NMR (75.44 MHz, CDCl,): 3 =16.60, 48.73, 52.72, 62.63, 127.48,
127.99, 131.42, 133.18, 167.22, 168.20, 174.85; IR (KBr): ¥ = 3300, 2950,
1730, 1680, 1650, 1525, 1475, 1450 cm " *; FAB MS (NBA): m/z (%): 826
(7.37); C34H, sN,O,, (803.83): caled C 58.27, H 5.64, N 12.20; found C
58.59, H 5.62, N 12.18.

N,N’,N”-[(RRR|SSS)-Nitrilotris[2-(benzoylamino)-1-0x0-2,1-ethanediyl||-
tris[L-valine] trimethyl ester (14) was preparced according to the procedure
used for the preparation of 12 from H-Val-OMe-HCl (369 mg, 2.20 mmol).
Yield: 396 mg (81 %) as a colourless solid. The (SSS) isomer could be sepa-
rated by fractional crystallisation from methanol. (SSS)-14: M.p. 202
204°C, [#]3° = +23 (c=1, CHCl); (RRR)-14: oil; (RRR/SSS)-14:
"HNMR (300 MHz, CDCL,): § = 0.96-1.02% {m, 9H, CH(CH,),]. 1.04 {d.
J =7Hz, 45H, CH(CH,),]. 1.05 [d. J =7 Hz, 45H, CH(CH,),]. 2.23-2.37
[m, J =7Hz, 3H, CH(CH,),], 3.75(s. 4.5H, OCH,). 3.77* (s. 4.5H, OCH,),
4.51 (dd, J =7,7Hz. 1.5H, CH-Val), 4.56* (dd, J =7. 7 Hz, 1.5H, CH-Val),
5.81*% (d, J=9 Hz, t.5H, NHCAHN), 5.87 (d, /=9 Hz, 1.5H, NHCHN),
7.09--7.18 (m, 6H. m-Ph), 7.28-7.35 (m, 3H, p-Ph), 7.39-7.46 (m, 6H,
0-Ph),7.71* (d, J = 8§ Hz, 1.5H, NH-Val), 8.02 (d, J = 8 Hz, 1.5H, NH-Val),
8.48* (d, J =9 Hz, 1.5H, NHCHN), 8.58 (d, /=9 Hz, 1.5H, NHCHN):
(SSS) isomer: '3C NMR (75.44 Hz, CDCl,): § =18.39, 19.21, 30.36, 52.25,
58.85, 63.69,127.42, 128.11, 131.69, 132.89, 167.84, 168.72, 172.31; IR (K Br):
¥ = 3340, 3040, 2960, 1730, 1680, 1650, 1580 cm™!'; FAB MS (NBA); mjz
(%): 910 (4.70) [M * +Na); C,,H;,N,0,, (887.99): caled C 60.87, H 6.47, N
11.04; found C 60.71, H 6.51, N 11.09.

Large-scale preparation of 14: 14 was prepared according 1o the procedure
used for the preparation of 12 from H-Val-OMe-HCI (10.73 g, 64.0 mmol).
After evaporation of the solvent the residue was taken up in mecthanol
(200 mL) and left at —20°C for crystallisation. Yield: 1.74 ¢ (12%) (SSS)-14
(20% relative to the symmetric triacid 4b). The (RRR) isomer was not
isolated.

N,N’,N”-[(RRR|SSS)-Nitrilotris|2-(benzoylamino)-1-o0x0-2, 1-ethanediyl]|-
tris|L-serine| trimethyl ester (15) was prepared according to the procedure
used for the preparation of 12 from H-Ser-OMe-HCl (342 mg, 2.20 mmol).
Yield: 338 mg (72 %) as a colourless foam. The (SSS) isomer could be sepa-
rated by fractional crystallisation from methanol. (SS8)-15: M.p. 273°C;
[#]5° = +16 (¢ =1. DMSO); (RRR)-15: foam; (RRR/SSS)-15: 'H NMR
(300 MHz, CDCI,:[DJDMSO 10:1): 6 = 3.79 (s, 4.5H, OCH,). 3.82* (s.
45H, OCH;), 3.85-410 (m, 6H, CH,OH), 481 (1. J=6Hz 3H.
CH,0H/, 587 (d, / =10Hz, 1.5H, NHCHN), 593* (d, / =10 Hz, 1.5H,
NHCHN), 7.08-7.20 (m, 6H, m-Ph), 7.30-7.45 (m, 9H. Ph), 8.30 (d,
J=8Hz 1.5H, NH-Ser), 835 (d, J=06Hz, 1.5H, NH-Ser), 847 (d,
J=10Hz, 1.5H, NHCHN), 8.56 (d, J =10 Hz, 1.5H, NHCHN); (SSS)
isomer: '*C NMR (75.44 MHz, CDCl,:[D]DMSO 10:1): § = 52.45, 55.80,
61.04, 63.15,127.10, 127.92, 131.53, 132.89, 166.99, 168.43, 171.23; IR (KBr):
¥ = 3500. 3300, 1720. 1690, 1650, 1520, 1350, 1230 cm ™~ '; FAB MS (NBA);
miz (%):852(6.27)[M ™ +H]: C,;oH, s N,O, 5 (851.82): caled C 54.99, H 5.33,
N 11.46, found C 54.62, H 5.37, N 11.51.

N,N’,N”-[(RRR|SSS5)-Nitrilotris[2-(benzoylamino)- I-ox0-2, 1-ethanediyl|]-
tris-fleucylphenylalanine] trimethyl ester (19) was prepared according to the
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procedurc used for the preparation of 12 from H-Leu-Phe-OMc (643 mg.
2.20 mmol). Yield: 302 mg (40%) as a colourless foam. The (SSS) isomer
could be separated by fractional crystallisation from methanol. {SS§)-19:
M.p. 278°C; [2)3° = + 61 (c =1, CHCly): (RRR)-19: colourless foam;
(SSS)-19: '"HNMR (300 MHz, CDCly) [35]: d=0.90 [d, /=7 Hz, 9H,
CH(CH,),]. 091 [d. J=T7Hz, 9H, CH(CH,),]. 1.54-1.85 [m, 9H,
CH(CH,), and CH,-Leu], 3.13 (dd, J = 14, 6 Hz, 3H, CH,-Phe), 3.19 (dd,
J =14, 6 Hz, 3H, CH,-Phe), 3.66 (s, 9H, OCH,}, 4.28-4.46 (m, 3H, CH-
Phc).4.75-4.92(m, 3H, CH-Leu), 5.72 (d. J = 9 Hz, 3H, NHCHN), 6.44 (d.
J = 8 Hz, 3H, NH-Phe}, 7.07 -7.45 (m. 30H. Ph). 829 (d, J =7 Hz. 3H,
NH-Leu), 8.39 (d, J = 9 Hz, 3H, NJICHN); '*C NMR (75.44 MHz, CD-
Cly):d = 22.02,22.81,24.74, 37.83,40.78, 52.33, 53.35, 63.18, 127.17. 127 46,
128.07. 128.69. 129.36, 131.57, 133.06, 135.84, 167.55, 168.63, 171.74, 172.15;
IR (KBr): @ = 3290, 2950, 1740, 1650, 1650, 1520, 1490 cm™'; FAB MS
(NBA); m/z (%): 1393 (0.01) (M ' +Na]; C,Hy N ,O,5 0.5H,0 (1380.61):
caled C 65.25, H 6.64. N 10.15; found C 65.25, H 6.75, N 10.43.

NN, N”-|(RRR[SSS)-Nitrilotris[2-(benzoylamino)-1-0x0-2,1-ethanediyl||-
tris{leucylglycine| trimethyl ester (20) was prepared according to the proce-
dure used for the preparation of 12 from H-Leu-Gly-OMe (338 mg.
2.20 mmol). Yield: 352 mg (58 %); The (SSS) isomer could be separated by
fractional crystallisation from methanol. (S55)-20: M.p. 264 °C; (RRR)-20:
colourless foam; (SSS)-20: HNMR (300 MHz, CDCl;:[D(]DMSO §:2)
[36]: §=093 [d, J=7Hz 9H, CH(CH,),]. 097 [d, J=7Hz OH,
CH(CH,),]. 1.66-1.78 (m, 6 H, CH,-Leu), 1.81 -1.92 [m, 3H, CH(CH,),].
3.70 (s, 9H, OCH,;), 3.89 (dd, J =18, 6 Hz, 3H, CH,-Gly), 3.97 (dd, J =18,
6 Hz, 3H. CH,-Gly). 4.46—4.58 (m, 3H, CH-Leu). 5.72 (d, J = 9 Hz, 3H,
NHCHN), 7.14 (t, J = 8 Hz, 6H, m-Ph), 7.31-7.40 (m, 9H, Ph), .10 (t,
J =6 Hz 3H, Gly-NH).8.45(d,J = 9 Hz, 3H, NHCHN), 8.78 (d, J/ =7 Hz.
3H. Leu-NH): '*C NMR (75.44 MHz, CDCl,:[DDMSO §8:2): 6 = 20.95.
2279, 51.47, 52.27. 62.84, 126.94, 127.58, 131.19. 132.57, 166.71, 16K8.39,
169.60, 172.88; IR (KBr): # = 3320, 2940, 1750, 1680. 1650. 1520, 1480 cm ™'
FAB MS (NBA); m/z (%): 1100 (0.01) [M " +H]; C,H,,N,,0,5 (1101.23):
caled C 58.90, H 6.59, N 12.72; found C 58.58, H 6.70, N 12.60.

NN N”-[(RRR[SSS)-Nitrilotris]2-(benzoylamino)-1-ox0-2,1-ethanediyl]|-
tris|glycylleucine] trimethyl ester (21) was prepared according to the proce-
dure used for the preparation of 12 from H-Gly-Len-OMe (338 mg,
2.20 mmol). Yield: 460 mg (76 %); The (RRR) isomer could be separated by
slow diffusion of pentane into a solution of 21 in acetone. (RRR)-21: M.p.
221°C; [2)3° = — 9 (¢ =1, MeOH)(SSS)-21: colourless foam: (RRR)-21:
'HNMR (300 MHz, CDCl,) [36]: & =0.90 -0.95 [m, 18H, CH(CH,),].
1.55-1.75{m, 9H, CH(CH,), and Leu-CH,], 3.71 (s, 9H, OCH,), 3.79 (dd,
J =17, 5Hz, 3H, CH,-Gly). 4.36 (dd. 17, 7Hz, 3H, CH,-Gly), 4.55 (td,
J =28, THz, 3H, CH-Val), 583 (d, /= 9Hz, 3H, NHCIIN), 7.13 (1,
J =8 Hz, 6H. m-Ph), 7.33 ({, J = 8 Hz, 3H. p-Ph), 7.39 (d, J = 9 Hz, 6H,
0-Ph), 7.85 (d. J = 8 Hz, 3H, Leu-NH), 8.51 (d, / = 9 Hz, 3H. NHCHN),
887 (dd, J =7, SHz, 3H, Gly-NH); *C NMR (75.44 MHz, CDCl,):
d = 21.95, 22.81, 24.85, 41.63, 43.21, 50.94, 52.42, 63.34, 127.42, 128.10,
131.70, 132.50, 167.46, 169.03, 169.29, 173.10, TR (KBr): ¥ = 3200, 3080,
2960, 1740. 1680, 1630, 1580, 1520, 1490 cm™'; FAB MS (NBA): m/z (%):
1123 (0.92) [M ¥ +Na]; C.,H,,N,,0,5 (1101.23): caled C 58.90, N 6.59, N
12.72: found C $§8.63, H 6.77, N 12.66.

N, N N"-[(RRR|SSS)-Nitrilotris[2-(benzoylamino)-1-oxe-2,1-ethanediyl]}-
tris|L-glycine] (22): To a cooled (0°C) solution of (RRR/SSS)-12 (1.52 g.
2.0 mmol) in THF (60 mL) and H,0 (20 mL) was added lithium hydroxide
(240 mg, 10 mmol). After 3 h at 0°C, stirring was continued for 15h at
ambient temperature. After the addition of 28 HCI (80 mL), the mixture was
extracted with ethyl acetate (3 x 120 mL). The combined organic layers were
washed with brine (200 mL), dried (MgSO,), and the solvent was evaporated.
Yicld: 1.38 g (95%) as a colourless solid; M.p. 218-224°C; 'HNMR
(300 MHz, [D¢]DMSO0): § = 3.82(dd, J =18, 6 Hz, 3H, CH,-Gly), 4.10 (dd,
J =18, 6 Hz. 3H. CH,-Gly). 5.74 (d. /=9 Hz, 3H. NHCHN), 7.16 (t,
J=8Hz. 6H, m-Ph), 7.33-7.38 (m, 9H, Ph), 838 (d, /=9 Hz, 3H,
NHCHN), 8.54 (1, J=6Hz, 3H, NH-Gly): '3C NMR (75.44 MHz,
1D, ]DMSQ): 6 = 42.20, 63.55, 127.74, 128.71, 132.36, 133.56, 167.31., 169.10,
172.31; IR (KBr): v=3390, 3064, 2937, 2625. 1736, 1670, 1652, 1579,
1526, 1488 cm™'; FAB MS (NBA): mjz (%): 720 (8.37) [M ™ +H]:
C,3H;3N,0,-0.5H,0 (728.67): caled C 54.40, H 4.70, N 13.46; found C
5413, H 499, N 13.49.
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NN, N”-|(S$S8S)-Nitrilotris]2-(henzoylamino)-1-0x0-2,1-ethanediyl|]-
tris[L-valine] (23) was prepared according to the procedure used for the prepa-
ration of 22 from (SSS}-14 {1.95 g, 2.20 mmol). Yield: 1.73 mg (33%) as a
colourless solid: M.p. 217°C; [#]3° = +18 (¢ =1, MeOH): 'HNMR
(300 MHz, [D]DMSO): § = 0.73-0.77 [m. 18 H, CH(CH,),}. 1.93-2.08 (m,
3H, CH(CH,;),), 4.03(dd, J = 8, 6 Hz, 3H, CH-Val), 5.49 (d. / = 9 Hz, 3H,
NHCHN), 6.83-6.88 (m, 6H, m-Ph), 7.03-7.09 (m, 9H. Ph), 8.06 (d,
J=8Hz 3H. NH-Val). 811 (d, J=9Hz, 3H. NHCHN); 3C NMR
(75.44 MHz, [D,]DMSO): 6 =19.01, 19.00, 30.32, 59.24, 64.06, 127.66,
128.55, 132.17, 133.53, 167.76. 168.95, 173.53: IR {KBr): ¥ = 3334, 2967,
1729, 1680, 1667, 1656, 1630, 1530, 1486 cm ™~ '; FAB MS (NBA); m/z (%):
868 (2.16) [M ' +Nal; C,,H; N0, (845.91): caled C 59.64, H 6.08. N
11.59; found C 59.98, H 6.35, N 11.69.

N,N’,N”-|(SSS)-Nitrilotris|2-(benzoylamino)-1-0x0-2, 1-ethanediyl}]-

tris{valylvalylglycylvaline] trimethyl ester (24) was prepared according to the
procedure used for the preparation of 12 from (SS5)-23 (300 mg, 0.35 mmol)
and H-Val-Gly-Val-OMe (503 mg, 1.75 mmol). Yield: 342 mg (59%) as a
colourless solid; M.p. 150-152°C; [#]3> = — 2 (¢ = 0.7, DMSO); '"H NMR
(300 MHz, CDCl,): 6 = 0.89[d, J =7 Hz, 9H. CH(CH,),}.0.90 [d. J =7 Hz.
9H. CH(CH,),], 0.95 [d, 7Hz, 9H, CH(CH,),]. 0.96 (d. J=7Hz, 9H.
CH(CH,),], 1.01 [d, J=THz, 18H, CH(CH,),]. 2.10-2.23 [m, 6H.
CH(CH,),], 2.24-2.41 [m, 3H, CH(CH,),]. 3.68 (s, 9H, OCH,). 3.94 (dd,
J =19, 6 Hz, 3H, CH,-Gly), 4.01 (dd, J =17, 6 Hz, 3H, CH,-Gly), 4.25-
4.36 (m, 6 H, CH-Val), 4.43(dd, J = 8,8 Hz, 3H. CH-Val), 5.69 (d, / = 9 Hz,
3H, NHCHN), 7.14 (t, / = 8 Hz, 6H, m-Ph), 7.31-7.39 (m, 9H, Ph). 7.51
(d. J = 9 Hz, 3H, Val-NH), 7.72 (d, J = 8 Hz, 34, Val-NH). 7.89-7.98 (m,
3H. Gly-NH), 8.45 (d. /=8 Hz, 3H, Val-NH), 8.50 (d, /=9 Hz, 3H,
NHCHN); '3C NMR (75.44 MHz, CDCl,): § =17.99, 18.34, 18.48, 18.90,
19.32, 19.81, 30.51, 30.58, 30.79, 42.91, 51.83, 57.34, 59.12, 59.96, 63.84,
127.22,128.05, 131.69, 132.85, 167.64, 168.39, 169.23, 171,37, 171.89, 172.06:
IR (KBr): ¥ = 3300, 3060, 2980, 1730, 1650, 1500 cm~!; FAB MS (NBA};
miz (%): 1676 (5.18) [M * +Nal, 1654 (2.98) (M * +H]; Cg,H,,,N,0,,
(1653.94): caled C 58.82, H 7.31, N 13.55; found C 58.72, H 7.14, N 13.52.

NN’ ,N”-[(855)-Nitrilotris|2-(benzoylamino)-1-0x0-2,1-ethanediyl]j-
tris|valylleucylglycylphenylalanine] trimethyl ester (25) was prepared accord-
ing to the procedure used for the preparation of 12 from (SS5)-23 (300 mg,
0.35 mmol) and H-Leu-Gly-Phe-OMe (583 g, 1.75 mmol). Yield: 341 mg
(53%). M.p. 154°C, [9]3® = +16 (¢ =1.9, CHCl,;); 'HNMR (300 MHz,
CDCl,): 6 =088-098 (m, 18H, CH(CH,),), 1.02 [d. J=7Hz, 18H,
CH(CH,),]. 1.59 1.80 [m, 9H, CH,-Leu and CH(CH,),]. 2.17-2.34 [m,
3H. CH(CH,),], 2.96 (dd, J =14, 7Hz, 3H, CH,-Phe), 3.02 (dd, J =14,
7 Hz, 3H, CH,-Phe), 3.57 (s, 9H, OCH,), 3.83 (dd, / =17, 6 Hz, 3H, CH,-
Gly), 3.94 (dd, / =17, 6 Hz, 3H, CH,-Gly). 4.21-4.42 (m, 6H, CH), 4.60—
4.75 (m. 3H, CH), 5.71 (d, / =9 Hz, 3H, NHCHN), 7.08--7.28 (m, 24H.
Ph), 7.30-7.40 (m, 6 H, Ph), 7.53 (d, J/ = 8 Hz. 3k, NH), 7.70 (t, / = 6 Hz,
3H. NH-Gly), 7.84 (d, J =7 Hz, 3H, NH-Phe), 8.48 (d, 6 Hz, 3H, NH). 8.50
(d, J=9Hz, 3H, NHCHN); '*C NMR (75.44 MHz, CDCl,): § =18.41,
19.64, 21.59, 23.07, 24.65, 30.75, 37.66, 42.91, 51.96, 52.60, 53.51, 60.35,
63.60, 126.72, 127.25, 128.08, 128.34, 129.17, 131.80, 132.60, 136.35, 167.56,
169.01, 169.09, 171.58, 171.75. 172.48; IR (KBr): ¥ = 3290, 3060, 2960, 1740,
1680. 1650, 1540, 1500, 1340, 1220 cm ™ '; FAB MS (NBA); miz (%): 1861
(0.16) [M * 4+ Na], 1839 (0.06) [M * +H]; CyH ;N 4O, (1840.16): caled C
62.66, H 6.90, N 12.18; found C 62.44, H 6.95, N 11.88.

(855)-N(BzGly*ValMetOMe), (26) was prepared according to the procedure
used for the preparation of 12 from (SS5)-23 (300 mg, 0.35 mmol), methion-
ine methyl ester hydrochloride (280 mg, 1.40 mmol), HOBt (378 mg,
2.80 mmol), NEM (0.35mlL, 2.80 mmol) and EDCI (268 mg, 1.40 mmol).
Yicld: 399 mg (89 %): M.p. 260 °C (decomp.), [«]5° = +16 (¢ = 0.5, CHCl,):
"HNMR (300 MHz, CDCl,/[D(JDMSO 8:2): § =0.96 [d, J=7Hz, 9H,
CH(CH,),]. 0.97 [d. J =7 Hz, 9H, CH(CH,),], 1.87-2.13 (m, 15H. SCH,
and CH,), 2.13-2.31 [m, 3H, CH(CH,),]. 2.40-2.60 (m, 6H, CH,S), 3.57
(s.9H.0CH,),4.28 (t,J =7 Hz, 3H, CH-Val), 4.44-4.55 (m. 3H, CH-Met),
5.59 (d. J = 9 Hz, 3H, NHCHN), 7.07 (t, J = 9 Hz, 6H. m-Ph). 7.23-7.33
(m, 9H, o-p-Ph), 8.11 (d, J =8 Hz, 3H, NH-Met), 8.38 (d, J=7Hz.
3H. NH-Val), 8.44 (d, J =9 Hz, 3H, NACHNj): 13C NMR (75.44 MHz.
CDCly/[Dg]DMSO 8:2): 6 =14.88, 17.71, 19.32, 29.83. 30.36, 30.41, 51.00,
51.71, 59.00, 63.20, 126.80, 127.75, 131.41, 132.50, 166.86, 168.07. 171.14,
171.65; IR (KBr): ¥ = 3300, 3060 (w), 2980, 2940, 1750, 1650, 1580, 1530,
1490, 1430, 1350, 1280, 1210, 1180, 1120, 1080, 980, 805, 790, 720. 700; FAB
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MS (NBA); mijz (%): 1304 (0.60) [M* +Na]; CyoHy,N, 40,58, (1281.59):
caled C 56.23, H 6.61, N 10.93, found C 56.03, H 6.52. N 10.73.

(SSS)-N(BzGly* ValPheSerOMe), (27) was prepared according to the proce-
dure used for the preparation of 12 from (S55)-23 (300 mg, 0.35 mmol),
phenylalanylserine methyl ester (466 mg, 1.75 mmot) [37], NEM (0.35mL,
2.80 mmol), HOBt (378 mg, 2.80 mmol) and EDCI (268 mg, 1.40 mmol).
Yield: 440 mg (79 %); M.p. 134°C, [¢]3° = — 25 (¢ =1, CHCl,); '"HNMR
(300 MHz, CDCl,): 0 = 0.86[d, J =7 Hz, 9H, CH(CH,),]. 0.91[d, J =7 Hz,
9H, CH(CH,),]. 2.13-2.27 [m, 3H, CH(CH;),], 3.06 (dd, J =14, 9 Hz, 3H,
CH,-Phe), 3.20 (dd, J=14, SHz. 3H, CH,-Phe), 3.38-3.43 (m, 3H.
CH,OH), 3.69 (s, 9H, OCH,), 3.92-4.05 (m, 6 H, CH,-Ser), 4.12—-4.25 (m,
3H, CH), 4.43-4.53 (m, 3H, CH), 4.57-4.69 (m, 3H, CH), 5.68 (d,
J =9 Hz, 3H, NHCHN), 7.05-7.42 (m, 36 H, Ph and NH), 8.11-8.14 (m,
3H, NH), 8.46 (d, J =9 Hz, 3H, NHCHN); !3C NMR (75.44 MHz, CD-
Cly): 6 =18.71, 19.69, 30.47, 36.49, 52.99, 5533, 55.54. 61.49, 62.81, 64.18,
127.19, 127.83, 128.67, 128.90, 129.46, 132.49, 132.81, 137.42, 168.54, 169.81,
171.15, 171.35, 172.14; IR (KBr): ¥ = 3300, 3040, 2950, 1740, 1650, 1520,
1350, 1300, 1230, 1140, 1080, 930, 700. FAB MS (NBA): m/z (%): 1613 (2.00)
[M ™ +Na]; Cyg;HyoN,;0,, (1590.75): caled C 61.16, H 6.27, N 11.45, found
C 60.82, H 6.37, N 11.53.

N,N',N"-[(SSS)-Nitrilotris[2-(benzoylamine)-1-oxe-2,1-ethanediyl|}-
tris[valyltryptophan] trimethyl ester (28) was prepared according to the proce-
dure used for the preparation of 12 from (SSS)-23 (300 mg, 0.35 mmol),
tryptophan methyl ester hydrochloride (446 mg, 1.75 mmol), HOBt (378 mg,
2.80 mmol), NEM (0.35 mL, 2.80 mmol) und EDCI (268 mg, 1.40 mmol).
The crude product was recrystallised from methanol to give a colourless solid.
Yield: 273 mg (54 %); M.p. 222°C, [«]3° = + 40 (¢ =1, CHCl,); '"H NMR
(300 MHz, CDCl,): 6 = 0.58 [d. J =7 Hz, 9H, CH(CH,),}. 0.82[d, J =7 Hz,
9H, CH(CH,),]. 1.50-1.76 [m, 3H, CH(CH,),],2.88 (dd. / = 15, 10 Hz, 3 H,
CH,-Trp), 3.43 {dd, J =15, 3 Hz, 3H, CH,-Tip), 3.54--3.63 (m, 3H, CH-
Val), 3.78 (s, 9H, OCHy;), 4.72-4.85 (m, 3H, CH-Trp), 5.39 (d. J =9 Hz,
3H, NHCHN), 6.03 (d, J = 9 Hz, 3H, NH-Trp), 6.86-7.09 (m, 9H, Ph),
7.20-7.29 (m, 6H, Ph), 7.36-7.54 (m, 15H, Ph), 7.85 (d, /= 5Hz, 3H,
NH-Val), 891 (d, / = 9 Hz, 3H, NHCHN), 9.54-9.55 (brs, 3H, NH); '3C
NMR (75.44 MHz, CDCl,): 6 =18.68, 20.23, 29.15, 29.60, 52.53, 61.08,
62.12, 108.70, 110.70, 110.99, 117.63, 118.63, 121.20, 125.21, 127.25, 127.53,
128.26, 131.73, 133.43, 136.25, 167.23, 167.68, 170.56, 172.61; IR (KBr):
¥ = 3300, 3030, 2980, 1740, 1650, 1520, 1340, 1210, 1100, 750, 690; FAB MS
(NBA): m/z (%) 1446 (5.01) [M " +H]; C,5Hg,N 50,5 (1446.63): caled C
64.76, H 6.06, N 12.59, found C 65.01, H 6.24, N 12.71.

N,N’,N”-[(SS8S)-Nitrilotrisj2-benzoylamino)-1-0x0-2,1-ethanediyl|[-
trisfL-valyl- M(m)-benzyloxymethyl-1-histidine| trimethyl ester (29a): (SSS5)-23
(499 mg, 0.59 mmol) and N{n}-benzyloxymethyl-L-histidine methyl ester di-
hydrochloride (851 mg, 2.35 mmol) [38] were suspended in THF (70 mL) and
treated with NEM (0.74mL, 5.90 mmol). After cooling to 0°C, HOBt
(478 mg, 3.54 mmol) and EDCI (566 mg, 2.95 mmol) were added. Stirring
was continued for 1 h at 0°C, then the reaction mixture was allowed to warm
to room temperature (23 h). Ethyl acetate (75 mL) was added, and the organ-
ic layer was washed with saturated NaHCO, (2 x 70 mL}) and 10% citric acid
(5% 70 mL). The combined citric acid extracts were neutralised with saturat-
ed NaHCO, and extracted with ethyl acetate (5 x 70 mL). The ethyl acetate
extracts were combined and washed with brine. Drying (MgSO,) and evapo-
ration gave a colourless solid which was recrystallised from ethyl acetate/
petroleum ether. Yield: 694 mg (71%); M.p. 104—106°C; [«]2® = +10.5
(¢ =1.00, MeOH); "HNMR (300 MHz, CDCl,): § = 0.89 (d. J =7 Hz, 9H,
CH(CH;),). 0.93 (d, J =7Hz, 9H, CH(CH,),). 2.12 (m, 3H. CH(CH,),),
3.24 (m, 6H, CH,-His), 3.69 (s, 9H, OCH,), 4.26 (dd, =7 Hz, 3H, CH-
Val), 441 (d. /=12 Hz, 3H, OCH,), 4.48 (d, / =12 Hz, 3H, OCH,), 4.98
(m, 3H, CH-His), 5.34 (d, J =11 Hz, 3H, NCH,), 5.4 (d, J =11 Hz, 31,
NCH,), 5.82 (d, J = 9 Hz, 3H, NHCHN), 6.81 (s, 3H, H,-Im), 7.11 (dd,
J = 8Hz, 6H, m-Ph), 7.28-7.35, 7.40 (m, 18 H, d, J =7.2 Hz, 6 H, Ph), 7.49
(s, 3H, H,-Im), 8.08 (d, J =9 Hz, 3H, NH-Val), 833 (d, J =7Hz, 3H,
NH-His), 8.62 (d, /=9 Hz, 3H, NHCHN); '*C NMR (75.44 MHz, CD-
Cly): 6 =18.59, 19.31, 26.36, 30.73, 51.62, 52.44, 60.30, 63.49, 70.12, 73.49,
126.65,127.42, 12813, 128.27, 128.67, 129.94, 131.72, 132.89, 136.20, 138.69,
167.81, 169.00, 171.30, 171.36; IR (KBr): ¥ = 3300, 3020, 2960, 2860, 1740,
1660, 1600, 1580, 1510, 1480, 1340, 1280, 1210, 1090, 1070, 930, 750, 700, 660 ;
FAB MS (NBA); mjz (%): 1600 (96) [M *1; Co;H, 4,N; 4O 5 (1659.87), caled
C 62.95, H 6.19, N 13.50; found, C 62.81, H 6.08, N 13.58.
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N,N’,N”-[(855)-Nitrilotris[2-benzoylamino)-1-0x0-2,1-¢thanediyl]|tris{i.-val-
yl-L-histidine]| trimethyl ester (29): 29a (300 mg, 0.18 munol} was dissolved in
80 % aqueous acetic acid (30 mL) and treated with palladium on carbon
(10%, 300 mg). The suspension was hydrogenated for 24 h (monitored by
TLC). The palladium on carbon was filtered off and the solvent was evapo-
rated. The residue was neutralised with saturated NaHCO, and extracted
with ethyl acetate (5x70mL). The combined ethyl acetate extracts were
washed with brine, dried (MgSO,) and cvaporated to give a colourless solid
which was recrystallised from methanol/ether. Yield: 109 mg (47%): M.p.
145-147°C; [o)3* = — 3.2 (¢=1.00, methanol); 'HNMR (300 MHz.
[DgIDMSO): 6 = 0.92 (d, J =6 Hz, 18H., CH(CH,),), 2.11-2.18 (m, 3H,
CIICH,;),), 2.94 (brs, 6H, CH,-His), 3.52 (s. 9H. OCH,). 4.24 (dd.
J=6Hz 3H, CH-Val), 451 (m, 3H, CH-His), 5.65 (d. J =9 Hz, 3H.
NHCIIN), 6.90 (brs, 3H, H,-Im), 7.22 (dd, J = 8§ Hz, 6 H. m-Ph), 7.37-7.44
(m. 9H, Ph), 7.54 (brs, H,-Im), 8.50 (m, br, 9H, NHCHN, NH-His, NH-
Val), 11.8 (brs. NH-Im); '*C NMR (75.44 Mz, {D,]DMSO): 3 =17.97,
19.06, 28.78, 29.98, 51.53, 52.62, 58.83, 59.65, 63.23, 126.81. 128.03, 131.75,
132.57,166.41,167.75, 170.76, 171.44; IR (KBr): v = 3260. 3060, 2950. 1740,
1660, 1600, 1580, 1520, 1490, 1440, 1340, 1320, 1210, 1170, 1080, 980, 930,
800, 710, 690, 620; FAB MS (NBA); m/z (%): 1322 (9) [M ~ + Na]. 1300 (53)
[M ™~ +H], 1299 (71) [M *], 105 (100) [Ph-C=0 *]; FAB HRMS (NBA) caled
for Cy3H, N, O s (M7 +H): 1299.5911. found (m/e) 1299.5987.

N-(tert-Butyloxycarbonyl)- N'-(2,3-dibenzyloxybenzoyl)ethylenediamine
(32a): A solution of N-(fert-butyloxycarbonyl)cthylenediamine (31) (4.04 g,
25.2mmol) and triethylamine (4.2 mL, 30.2 mmol) in THF (30 mL) was
cooled to 0°C. and a solution of 2,3-bis(benzyloxy)benzoyl chloride (30)
(8.89 g, 25.2 mmol) in THF (25 mL) was added dropwise over 0.5 h. After an
additional hour of stirring at 0 °C, ethyl acetate was added (30 mL) and the
reaction mixlure was washed with saturated NaHCO,; (30 mL). 2~ HCI
(30 mL), NaHCQ, (30 mL) and brine. The organic solution was dried {Mg-
S0O,) and evaporated to dryness. The crude product and charcoal were sus-
pendced in ethyl acetate (50 mL), and the mixture was heated to reflux over
5min. The suspension was filtered through Celite and was diluted with
hexanes until a precipitate was formed, which was filtered off. Yield: 54 ¢
(45%): M.p. 135°C: 'HNMR (300 MHz, CDCl,): 6=141 [s. 9H,
C(CH3),], 3.12-3.19 (m, 2H, CH,), 3.31- 3.37 (m, 2H, CH,). 5.10 (s, 2H.
CH,Ph), 5.16 (s, 2H, CH,Ph), 7.05--7.09 (m, 2H. Ph), 7.27-7.41 (m, 1 H,
Ph), 7.60-7.64 (m, 1H, NH), 7.95 -8.05 (m, 1H, NH); '3C NMR
(75.44 MHz, CDCl;): 6 = 28.38, 39.60, 41.00, 71.36, 117.19, 123.28. 124.42,
127.21,127.69, 128.30, 128.71, 128.79, 128.90, 136.40, 146.84, 151.73. 166.00;
IR (KBr): ¥ = 3340, 2960, 2900. 1680, 1630, 1580, 1520, 1450. 1380 cm ™ ';
FABMS (NBA);m/z (%):477(15.2)[M * + H]; C,,H,,N,0, (476.57): calcd
C 70.57, H 6.77, N 5.88; found C 70.42, H 6.70, N 5.99.

N-(tert-Butyloxycarbonyl)-N'-(2,3-dibenzyloxybenzoyDhydrazine (36a) was
prepared according to the procedure used for the preparation of 32a from 30
(6.42 g, 19.2 mmol) and N-(tert-butyloxycarbonyl)hydrazine (35) (2.5¢.
19.2 mmol). The crude product was recrystallised from EtOAc/hexane.
Yield: 5.39 g (62.6%): M.p. 151 °C; "HNMR (300 MHz, CDCl,): § =1.49
[s, 9H, C(CII,),], 5.15 (s, 4H, CH,Ph), 6.50-6.70 (m. 1 H, NH), 7.10-7.52
(m, 12H, Ph), 7.68~7.74 (m, 1H, Ph), 9.56 (d, /= 4 Hz, 1 H, NH): !3C
NMR (75.44 MHz, CDCly): ¢ = 28.13, 42.50, 71.37, 81.48, 117.76, 123.37,
124.64, 125.37.127.81, 128.31, 128.50, 128.65, 129.37, 136.23. 146.83, 151.80,
155.18,164.80; IR (KBr): # = 3360, 3240, 2980, 1730, 1650, 1580, 1500, 1450,
1390, 1370, 1250, 1150; FAB MS (NBA); m/z (%): 449 (17.97) [M " +H].
C,eH,3N,O, (448.52): caled C 69.63, H 6.29, N 6.25: found C 70.13, H 6.61,
N 6.41.

(SSS)-N|BzGly*VatNHCH,CH,NHCOCH (OBn},], (33): Ethylenedi-
amine 32a (620 mg. 1.30 mmol) was treated with a solution (3m) of HCl in
EtOAc (20 mL) with vigorous stirring. After 18 h of stirring. the precipitate
32 was filtered off and dried in vacuo (70 °C). A suspension of this material
(537 mg, 1.30 mmol) in ethyl acetate (15mL) and saturated NaHCO,
(15mL) was stirred for 30 min, and then extracted with ethyl acetate
(3 x 15 mL). The combined organic extracts were washed with brine, dried
(MgSO,), filtered and concentrated in vacuo to give a colourless foam. The
crude product was coupled with (SSS)-23 (254 mg, 0.30 mmol) according to
the procedure used for the preparation of 24. Purification by flash column
chromatography (SiO,, acetone/CHCI, 1:6) gave 33 as a colourless solid.
Yield: 415 mg (72%): M.p. 136 °C: [#]3° = + 20 (¢ = 0.8, DMSO): "HNMR
(300 MHz, CDCl,): 6 = 0.94[d.J =7 Hz, 9H, CH(CH,),}. 0.95[d.J =7 Hz.
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9H. CH(CH,),). 2.12-231 [m. 3H. CH(CH,),], 3.11 3.43 (m, 12H.
NHCH,CH,NH), 4.45 (dd, J = 8, 7 Hz. 3H. CH-Val), 5.06 (s, 6 H, CH,Ph),
5.41(d. 6H, CH,Ph), 575 (d, J = 9 Hz, 3H, NHCHN), 7.03- 7.13 (m, 12 H.
Ph). 7.26-7.60 (m. 45H. Ph and NHCH,), 8.15 (1. J = 5 Hz, 3H), 8.33 (d,
J=8Hz, 3H. NH-Val), 8.54 (d. J=9 Hz, 3H. NHCHN); '*C NMR
(75.44 MHz.[DDMSO}: 5 = 18.33, 19.43,29.94, 59.47,70.35,75.26, 116.12,
121.07. 124.25, 127.14, 127.14, 127.90. 128.12. 128.23. 128.30, 128.50, 128.60,
130.91. 133.02. 136.95. 137.15, 145.37. 151.77. 166.00. 166.78, 168.51, 171.03;
IR (KBr): ¥ = 3300, 1650, 1570, 1520, 1460. 1310, 1270; FAB MS (NBA); m/z
(%): 1920 (0.01) [M ' +H]; C,,H,,;-N,;0,, (1921.23): caled C 69.39, H
6.14. N 9.48: found C 69.37, H 6.27. N 9.75.

(8$S5)-N[BzGly*VaINHNHCOC H,(OBn),|, (37) was prepared according
to the procedurc used for the preparation of 33 from hydrazine 36a (610 mg,
1.36 mmol) and (S$SS5)-23 (260 mg, 0.30 mmol). Yield: 435 mg (79%); M.p.
18°C, [#3° = +2 (¢=1, DMSO); 'HNMR (300 MHz, [D¢]DMSO):
8 =1.03 [d, J/ =7Hz. 18H, CH(CH,),], 2.10-2.39 (m, 3H, CH(CH,),).
4.22-4.43 (m, 3H, CH-Val), 5.03 (s, 6H. CH,Ph), 5.16 (s, 6H, CH,Ph), 5.77
(d. J =9 Hz, 3H, NHCHN), 6.95-7.57 (m. 54H, Ph), 8.45-8.60 (m, 6 H,
NH-Val and NACHN), 10.13 (br, 3H, NANH), 10.35 (br, 3H, NHNH;
13C NMR (75.44 MHz, [D(]DMSO): 6 =18.52, 19.37, 30.56, 58.02, 63.90,
70.29, 116.63, 121.20, 124.34, 127.15, 128.01, 128.16. 128.21. 128.30, 128.60,
128.76, 129.01, 132,00, 132.92, 136.88, 137.09, 145.49, 151.85, 164.55, 166.96,
168.10, 169.44; IR (KBr): ¥ = 3300 (m, br), 3060 (w), 3040 (w), 2980 (w),
1660 (s), 1580 (m), 1520 (s), 1480 (s), 1450 (s), 1380 (m). 1220 (m), 1090 (m),
1050 (w), 1030 (w), 970 (w), 920 (w), 860 (w), 810 (w), 760 (m), 700 (m); FAB
MS (NBA); mjz (%): 1860 (0.78) [M ' +Na]; C,osH,osN,;0,, (1837.07):
caled C 68.65, H 5.76, N 9.91; found C 68.91, H 5.93, N 9.92.

(8SS)-N(BzGly*VaINHCH,CH,NHC H,(OH),), (34): The protected cate-
cholate derivative 33 (100 mg, 0.05 mmol) was dissolved in degassed
methanol (15 mL), treated with palladium on carbon {(10%, 10 mg) and
stirred under an atmosphere of hydrogen for 24 h. The suspension was fil-
tered under an atmosphere of argon. After evaporation of the solvent, a
colourless solid was obtained. Yield: 68 mg (99%); 'HNMR (300 MHz
'"HNMR (300 MHz, [D,]DMSO): 6 =0.97 -1.05 (m, 18H, CH(CH,),).
2.18-2.25(m, 3H, CH(CH,),), 3.26-3.54 (m1, 12H, NHCH,CH,NH). 4.26
(m. 3H. CH-Val). 5.7t (d, 7 =9 Hz, 3H, NHCHN), 6.64 (t, / = 8 Hz, 3H,
Ph), 6.92 (d, J = 8 Hz, 3H. Ph), 7.18-7.23 (m, 6 H, m-Ph), 7.29-7.65 (m,
12H. Ph), 8.55(d, J = 9 Hz. 3H, NH-Gly), 8.74 (d, J = 8 Hz, 3H, NH-Val),
10.47, 10.83 (brs, 6H., NHCH,CH,NH); '*C NMR (7544 MHz,
[D,]JDMSO): ¢ =18.49, 19.39, 29.96, 58.44, 63.41, 68.01, 70.01, 70.36, 74.30,
74.48, 113.78, 117.53, 118.38, 119.41, 127.12, 128.31, 131.95, 133.07, 146.31,
149.61, 166.58, 168.22, 168.67, 170.58 ; FAB MS (NBA): m/z (%): 1403 (0.44)
[M " +Na]; 1381 (0.05) [M* +H]: CoHg,N,,0,, (1380.48).

(SSS)-N(BzGly*VaINHNHC H,(OH), ), (38) was prepared according to the
procedure uscd for the preparation of 34 from 37 (100 mg, 0.05 mmol) and
palladium on carbon (10%. 10mg). Yield: 70 mg (99%). 'HNMR
(300 MHz, [DJDMSO:CDCl, 10:1): 6 = 0.90—1.25 (m, 18H, CH(CH.),),
2.10-2.28 (m, 3H. CH(CH,),), 4.21 (m, 3H, CH-Val), 5.72 (d, J = 9 Hz,
3H, NHCHN). 6.50 (t, / =9 Hz, 3H. Ph). 6.83 (d. /=9 Hz. 3H, Ph).
7.05-7.50 (m, 18 H, Ph), 8.41 (d, J = 9 Hz, 3H, NH-Gly), 8.89 (d, J =7 Hz,
3H, NH-Val), 10.26 (s, 3H, OH), 10.85 (s, 3H. OH); FAB MS (NBA): m/z
(%): 1319 (1.36) [M ™ +Na); CyzHgoN,,0 4 (1296.32).

(RRR[SSS)-N(BzGly*GlyNHOBn), (39) was prepared according to the pro-
cedure used for the preparation of 12 from N(BzGly*GlyOH); (22) {300 mg,
0.42 mmol). O-benzylhydroxylamine hydrochloride (268 mg, 1.68 mmol),
HOBt (454 mg, 3.36 mmol), NEM (0.42 mL. 3.36 mmol) and EDCI (322 mg,
{.68 mmol). The crude product was recrystallised from ethyl acetatef
petroleum ether to give a colourless solid. Yield: 309 mg (71%): M.p. 128°C;
'HNMR (300 MHz, [D,]DMSO): § = 3.74 (dd, /=15, 6 Hz, 3H, CH,-
Gly). 3.95 (dd, J =15, 6 Hz, 3H, CH,-Gly), 4.82 (s, 6H, CH,Ph). 5.76 (d,
J=9Hz 3H,NHCHN), 7.26 (t. / = 8 Hz, 6 H, m-Ph), 7.30 - 7.54 (m, 24 11),
8.55 (d. /=9 Hz 3H, NHCHN), 8.80 (m, 3H, NH-Gly), 11.42 (s. 3H,
NHO): '3C NMR (7544 MHz, [DDMSO): J = 63.20, 77.25, 127.17,
128.29, 128.48, 129.05, 129.30, 131.95, 133.05, 135.91, 166.44, 166.58. 168.76,
194.13: FAB MS (NBA); m/z (%): 1057 (0.16) [M " +Na}; C,,H.,N,,0,,
(1035.08): caled C 62.66, H 5.26, N 13.53; found C 62.31, H 5.35, N 13.55.
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(SSS)-N(BzGly*VaINHOBn), (40) was prepared according to the procedure
used for the preparation of 12 from N{(BzGly*ValOH), (23) (300 mg.
0.35 mmol), O-benzylhydroxylamine hydrochloride (223 mg, 1.40 mmol),
NEM (0.35mL, 2.8 mmol), HOBt (378 mg, 2.80 mmol) and EDCI (268 mg.
1.40 mmol). The crude product was recrystallised from ethyl acetate/
petroleum ether to give a colourless solid. Yield: 341 mg (84 %), M.p. 257°C;
[2]2° = — 21 (¢ =1, CHCL,); "H NMR (300 MHz, [D,|[DMSO): & = 0.91 [d,
J=7Hz 9H, CH(CH,),],0.97 [d,J =7 Hz, 9H, CH(CH,),], 2.04 -2.25 [m,
3H, CH(CH,),]. 4.01-4.10 (m, 3H, CH-Val), 4.81 (s. 6H, CH,Ph). 5.74 (d,
J=9Hz 3H, NHCHN), 7.23 (t, J = § Hz. 6 H, m-Ph), 7.29- 7.48 (m, 24 H,
Ph). 8.55(d, J = 9 Hz, 3H. NHCHN), 8.64 (d. J =7 Hz, 3H, NH-Val), 11.41
(s, 3H, NHO); '3C NMR (75.44 MHz, [D4]DMSO): J = 18.68, 19.28. 29.94,
57.52, 63.69, 77.09, 127.15. 128.25, 128.39, 128.94, 131.91, 133.05. 135.97.
166.87, 167.81, 168.56; IR (KBr): ¥ = 3300, 3060, 2970, 2870, 1660, 1520,
1490. 1370, 1220, 1080, 1030, 800, 750, 670; FAB MS (NBA); m/z (%): 1183
(0.04) [M " + Na]. C¢;H,,N ;O , (1161.33): caled C 65.16, H 6.25. N 12.06;
found C 64.99, H 5.96, N 11.99.

(RRR[SSS)-N(BzGly*GlyNHOH); (41): The protected hydroxamic acid
derivative (300 mg, 0.29 mmol) 39 was dissolved in methanol (30 mL), treated
with palladium on carbon (10%, 30 mg) and stirred in an atmosphere of
hydrogen for 24 h. The suspension was filtered through Celite under an
atmosphere of argon. After evaporation of the solvent, a colourless solid was
obtained. Yield: 211 mg (95%); 'HNMR (300 MHz, CDCl,:[D,]DMSO
10:1): 6 = 3.67(dd, J =13, 5 Hz, 3H, CH,-Gly), 4.10 (dd. J = 16, 6 Hz, 3H.
CH,-Gly). 5.73 (d, /=9 Hz, 3H, NHCHN), 7.06 (t, 8 Hz, 6H, m-Ph),
7.20-7.35 (m, 9H, Ph), 8.37(d,/ = 9 Hz. 3H, NHCHN), 8.78 -8.97 (m, 3 H.
NH-Gly), 10.76 (br, 3H, NHOH,; '*C NMR (75.44 MHz, CD-
Cl,:[Dg]DMSO 10:1): 6 = 62.35, 65.27, 126.90, 127.72, 131.25, 132.86,
166.52, 166.84, 168.48; FAB HRMS (NBA) caled for C,;H;(N,,0,,Na
(M * +Na): 787.2347; found m/je 787.2412; C,,H, N ,0,, (764.71).

(SSS)-N(BzGly*VaINHOH), (42) was prepared according to the procedure
used for the preparation of 41 from N{BzGly*ValNHOBn), (40) {300 mg.
0.26 mmol) and palladium on carbon (10%. 30 mg). Yield: 299 mg (99 %);
'"HNMR (300 MHz, CDCl,:[D,JDMSO 10:1): 0 = 0.72 (d, / =7 Hz, 9H,
CH(CH,),). 0.75 (d, J=7Hz, 9H, CH(CH,),). 1.87-2.01 (m, 3H.
CH(CH;),). 3.70-3.77 (m, 3H, CH-Val), 5.49 (d. / = 9 Hz, 3H, NHCHN),
6.83 (t, J =7 Hz, 6H, m-Ph), 6.90-7.15 (m, 9H, Ph), 8.14 (d, J = 9 Hz, 3H,
NHCHN), 8.28 (d, J =8 Hz, 3H, NH-Val), 10.35 (br, 3H); '3C NMR
(75.44 MHz, CDCl,:[D]DMSO 10:1): § =19.06, 19.37, 29.63, 58.10, 62.75,
127.20, 128.00, 131.52, 133.15, 167.47, 168.73, 169.10; IR (KBr): ¥ = 3380,
3270, 2960, 1660, 1580, 1520, 1490, 1320, 1160, 1130, 1080, 1050, 930, 890,
800. 710, 690; C,,H,,N,,0,, (890.95).

NN’ ,N”-|(SSS)-Nitrilotris|2-(benzoylamino)-1-0xo-2,1-ethanediyl]| tris-[ V-
[2-(tert-butoxycarbonylamino)ethylj-L-valinamide] (43a): A solution of (SSS)-
23 (600 mg, 0.71 mmol) in THF (80 mL) was treated with 31 (568 mg,
3.55 mmol, in SmL of THF ) [28] and NEM (0.36 mL, 2.84 mmol). After
cooling to 0°C, HOBt (576 mg, 4.26 mmol) and EDCI (544 mg, 2.84 mmol)
were added. Stirring was continued for 1 h at 0°C; then the reaction mixture
was allowed to warm to room temperature (23 h). Ethyl acetate (40 mL) was
added, and the organic layer was washed with saturated NaHCO, (40 mL).
2N HCI (40 mL), saturated NaHCO, (40 mL) and brine (40 mL). Drying
(MgSO,) and evaporation gave a colourless solid which was recrystallised
from cthyl acetate/petroleum ether. Yield: 766 mg (85%): M.p. 235°C;
[2]3° = + 48.3 (¢ =1.00, DMF); 'H NMR (300 MHz, [D,]DMSO): 6 = 0.94
(d, J=6Hz, 9H, CH(CH,),), 0.96 (d, J = 6 Hz, 9H, CH(CH,),), 1.38 (s.
27H, C(CH,);). 217 (m, 3H, CH(CH;),). 3.02-3.06 (m, 6H,
NHCH,C/I,NHBoc), 3.09-3.23 (m, 6H. CiI,CH,NHBoc), 4.17 (dd.
J = 6Hz, 3H, CH-Val), 5.71 (d. / =9 Hz. 3H, NHCHN}, 6.70 (m, br, 3H,
NHCH,CH,N#Boc), 7.23 (dd, J =7 Hz. 6H, m-Ph), 741-7.43 (m. 9H,
Ph), 8.07 (brs, 3H. NHCH,CH,NHBoc), 856 -8.61 (m. 6H. NHCHN,
NH-Val); '*C NMR (75.44 MHz. [D,JDMSO): ¢ =18.11, 19.24, 28.11,
29.75, 38.69, 39.48, 59.20, 63.38, 77.60. 126.92. 127.99. 131.66, 132.65, 155.47,
166.56, 168.25, 170.77; IR (KBr): v = 3340. 3060, 2970, 2880, 1720, 1650,
1520, 1400, 1370, 1250, 1170. 1120, 1100. 1080, 1000, 930, 860, 810, 780, 720,
695; FAB MS (NBA); m/z (%) = 1295(0.02) [M ™ Na], 1273 (0.05) [M * +H],
1272 (0.11) [M "], 1172 (3.76) [M™-NHCOC(CH )], 105 (100) [Ph-C=0"]:
Cg3Hg 3N, 305 (1272.51): caled C 59.46, H 7.37, N 14.31, found C 59.45. H
7.39. N 14.31.
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N,N’,N"-{(SSS)-Nitrilotris|2-(benzoylamino)-1-ox0-2, l-ethanediyl|]tris-{ /V ' -
[2-(2-ethoxy-3,4-dioxo-1-cycobuten-1-ylamino)ethyl]-L-valinamide| (45): 43a
(165 mg, 0.13 mmol) was dissolved in 10 mL of a 2N solution of trifluoro-
acetic acid in CH,Cl,. After 2 h of stirring at room temperature, the solution
was evaporated in vacuo. The resulting oil was dried overnight on a high-vac-
uum line to provide a colourless solid (43). The crude product was taken up
in ethanol (25 mL) and treated with NEM (0.08 mL, 0.64 mmol), and 3,4-di-
ethoxy-3-cyclobutene-1,2-dione (44) (0.08 mL, 0.51 mmol). After 48 h of stir-
ring at room temperature, the solution was evaporated to dryness. The result-
ing oil was dissolved in CH,Cl, (20 mL) and washed with 2N HCI1 (20 mL),
saturated NaHCO, (20 mL) and brine (20 mL). Drying (MgSO,) and evapo-
ration gave a colourless solid which was recrystallised from CH,Cl/ether.
Yield: 102 mg (58%); M.p. 195 197°C;[2]25 = +159.16 (¢ =1.00, CHCl,);
'"H NMR (300 MHz. [D,]DMSO): é = 0.92 (d, J = 6 Hz, 18 H, CH(CII,),),
1.35(t, J =7 Hz, 9H, CH,CH,), 2.13 (m, / = 6 Hz, 3H, CH(CH,),), 3.21-
3.25,3.26-3.37, 3.55 (m, 3H, m, 6H, m, 3H, NHCH,CH,NH), 4.18 (dd,
J=6Hz 3H, CH-Val),4.63(q./ =7 Hz, 6H, CH,CH,), 5.70(d, / = 9 Hz,
3H, NHCHN), 7.23(dd, J =7 Hz, 6 H, m-Ph), 7.40-7.42 (m, 9H, Ph), 8.21,
8.68 (brs, 3H, NACH,CH,NH /, 8.49—-8.58 (m, br, 6 H, NHCHN, NH-Val);
13C NMR (75.44 MHz, [D,]DMSO): § =15.51, 17.92, 19.23, 29.79, 38.79,
39.19, 43.04, 43.55, 59.12, 63.43, 126.90, 128.03, 131.72, 132.72, 166.62,
168.20, 170.94, 172.38, 172.72, 176.43, 176.94, 189.02, 193.74; IR (KBr):
¥ = 3280, 3060, 2960, 1800, 1650, 1620, 1520, 1490, 1390, 1340, 1150, 1100,
1050, 1000, 810, 780, 720, 700; FAB MS (NBA); mjz (%) =1367 (0.47)
[M* +Na], 1345 (1.00) [M * +H], 1344 (1.55) [M '], 105 (100) [Ph-C=0 *];
CeoHg N30, H,0 (1362.47): caled C 58.18, H 6.14, N 13.36, found C
57.88, H 6.41, N 13.29.

(RRR[SSS)-N(BzGly*CH,OH); (46): 2b (430 mg, 0.73 mmol) and CaCl,
(486 mg, 4.38 mmol) were suspended in THF/ethanol (20 mL, 1:1), cooled to
—5°C, and treated with NaBH, (331 mg, 8.76 mmol). After 5 h of stirring at
—5°C, the suspension was carefully poured into a cooled solution (0 “C) of
10 % citric acid and diluted with ethyl acetate (20 mL). The aqueous layer was
extracted with ethyl acetate (2 x 10 mL). The combined organic extracts were
washed with saturated NaHCO, and brine. dried (MgS0,), and evaporated
to dryness. The crude product was recrystallised from methanol to give a
colourless solid. Yield: 176 mg (68%); M.p. 179°C; "THNMR (300 MHz,
[D,JDMSO): 6 = 3.60-3.69 (m, 6H, CH,0H), 5.00 (t, 7 Hz, 3H, CH,OH ),
5.12-5.30 (m, 3H, NHCHN), 7.20(t,J =7 Hz, 6 H, m-Ph), 7.38 (t, / = 8§ Hz,
3H, p-Ph), 7.46 (d, J = § Hz, 6 H, 0-Ph), 8.29 (d, J = 9 Hz, 3H, NHCHN),
B3C NMR (75.44 MHz, [D,DMSO): § = 61.65, 127.29, 127.99, 131.31,
133.99,166.81. C,,H;,N,O, (506.56): calcd C 64.02, H 5.97, N 11.06, found
C 63.74, H 6.05, N 10.81.

(S55)-MBzGly*ValCH,OH), {47) was prepared according to the procedure
used for the preparation of 46 from (SSS)-N(BzGly*ValOMe), (14) (300 mg,
0.34 mmol), CaCl, (226 mg, 2.04 mg) and NaBH, (154 mg, 4.08 mmol). The
crude product was chromatographed (SiO,, acctone/CH,Cl, 1:2). Yield:
123 mg (45%); M.p. 211°C, [a]§® = + 26 (¢ = 0.8, CHCl,); 'HNMR
(300 MHz, CDCl,): 6 = 098 [d, J =7 Hz, 18 H, CH(CH,),]. 1.75-1.94 [m,
3H, CH(CH,),], 3.45-3.52 (m, 3H, OH), 3.58-3.66 (m, 3H, CH-Val),
3.80-3.96 (m, 6H, CH,0H), 586 (d, /=9 Hz, 3H, NHCHN), 7.05 (t,
J = 8Hz, 6H, m-Ph), 7.22-7.32 (m, 9H, o,p-Ph), 7.76 (d, J =9 Hz, 3H,
NH), 846 (d, J=9Hz, 3H, NH); ""C NMR (75.44 MHz, CDCl,):
& =19.26, 19.76, 29.25, 58.04, 63.36, 63.77. 127.17, 127.86, 131.40, 132.83,
168.03, 169.74: IR {KBr): ¥ = 3348, 3060, 2960, 2890, 1650, 1570, 1520, 1480,
1390, 1310, 1230, 1160, 1140, 1080, 1030, 780, 710, 700, 650; FAB MS (NBA);
mjz (%o): 826 (5.19) [M * +Na], 804 (2.12) (M * + H]; C,,H,,N,0, (803.96);
caled C 62.75, H 7.15, N 12.20, found C 62.77, H 7.27, N 12.27.
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group P2,j/c (no. 14), monoclinic with «=11.068(3), »=13.730(2).
e=17257(S) A, B =104.67(2y . ¥ =25369A% Z=4.p,..s =1.326gem ™ >;
Moy, radiation {23"C}; reflections collected 3713, unique reflections 3506,
observed reflections 2784 {7> 2a(F)]. Structure solution by SHELXS-86 and
refinement by SHELXS-93, non-hydrogen atoms refined anisotropically, hy-
drogens with U, = 1.2 U, of the adjacent atoms (C, O, N). Full-matrix refine-
ment against F2. Final R1 and wR2 values were 0.0483 and 0.1299 for 2784
reflections with /> 2a(J) and 337 variables. R1 = 0.0636 and wR2 = (.1393
for all data. Weights: SHELXL-93. Maximum and minimum of the final fouri-
er synthesis 0.360 and —0.345 ¢ A3 [39].

The NH; - THF solution was prepared by bubbling dry ammonia into 200 mL
of THF over 10 min. To determine the ammonia concentration, 1 mL of the
NH, - THF solution was diluted with 10 mL water and titrated with a 1 N HCl
standard solution against methyl orange.

In the *H NMR spectrum only the crystalline (SSS) isomer is described.

In the "H NMR spectrum only the crystalline (RRR) isomer is described.

M. Jdger, PhD thesis, University of Munich 1995.

His(n-Bom)}-OMe- 2 HCl was obtained by deprotecting commercially available
Boc-His(n-Bom)-OMe-HCI with HCl in ethyl acetate (Boc = rers-butoxycar-
bonyl, Bom = benzyloxymethyl) .34

Crystallographic data (excluding structure factors) for the structures reported
in this paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-100018. 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: deposit@ chemerys.cam.ac.uk).
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Metal-Template Electrophilic Substitution on Phenols:
Synthesis and Crystal Structure of Bromomagnesium Phenolate and
Its Reactive Complex with para-Isopropylbenzaldehyde

Gabriele Bocelli, Andrea Cantoni, Giovanni Sartori,* Raimondo Maggi and Franca Bigi

Dedicated to the memory of Professor Giuseppe Casnati on the 4th anniversary of his death

Abstract: The crystal structures of the bromomagnesium phenolate S and its complex
7 with para-isopropylbenzaldehyde are reported; for the first time it has been possible

to demonstrate that the reactive complex 7, responsible for the complete ortho-regiose-
lective control in the alkylation of phenoxymagnesium bromides with aldehydes, is not
obtained by simple replacement of the ethereal ligand but by expansion of the metal
coordination sphere from 4 (usual tetrahedral configuration) to 5. We infer from

Keywords
structure
aromatic substitutions -
regioselectivity - template synthesis

crystal electrophilic

magnesium -

'HNMR studies that the magnesium coordination of complex 7 in solution is
analogous to that shown in the solid state, with a complexed ethereal molecule.

Introduction

Non-transition-metal phenolates have found numerous applica-
tions in organic synthesis; one especially important class of reac-
tions is the ortho-regioselective metal-template electrophilic sub-
stitution.!!! This reaction gives a variety of products depending
upon the nature of the electrophile involved, the metal, its ligand
and the solvent utilised. A typical set of products obtained from
the reaction of aldehydes with bromomagnesium phenolates
coordinating a convenient ligand is shown in Scheme 1.1%! This
depicts how ortho-methylene-linked polyphenols 2 or salicylic
aldehydes 3 can be synthesised with complete selectivity by re-
acting bromomagnesium phenolates 1 with formaldehyde in the
presence of a soft (Et,0) or hard (HMPA) donating ligand in a
nonpolar solvent such as toluene. Moreover, flavenes and
chromenes 4 are obtained from the reaction with «,f-unsaturat-
ed aldehydes.

Results and Discussion
Even though the synthetic applications of the reaction types in

Scheme 1 are now well established, the mechanism by which
they occur has never been fully elucidated. For example, a mech-
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OH OH
TG | -
R R,
HCHO, L = Et,0 2
OMgBr-L OH
HCHO, L = HMPA CHO
A 1 R 3
R'CH=CHCHO
H
SN
o
R 4

Scheme 1. Products obtained from the reaction of aldehydes with bromomagne-
sium phenolates. R = H, alkyl, OMe. Cl. aryl: R* = alkyl, aryl.

anism based on the initial metal-template electrophilic substitu-
tion process, which produces the intermediate 8, has been in-
voked to rationalise the formation of product 9 by reaction of
5and 6in dry toluene at 100 °C (Scheme 2). An early step in this
reaction is the interaction between the bromomagnesium phe-
nolate 5 and the aldehyde 6 to give an active oriented complex
7 in which the metal atom serves as a link between the reaction
partners. This interaction probably has two main consequences:
the simultaneous activation of both reaction partners (the alde-
hyde by increasing electrophilicity owing to the coordination
with the metal atom and the phenol by enhancing nucleophilic-
ity of the nucleus itself owing to the weakening of the magne-
sium—phenolic oxygen bond with consequently more electron
availability on the aromatic ring) and orientation with close
contact of partners, enabling the aldehyde to approach the ortho
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Scheme 2. The proposed metal-template clectrophilic substitution mechanism. Figure 2, ‘The X-ray crystal structure of complex 7 with arbitrary numbering

schesie,

position of the phenol ring easily. The [orma- Table 1. Selected bond lengths (A) and bond and torsion angles () of compounds 5 and 7.

tion of similar oriented complexes has already

Compound 5 Compound 7 Compound 5 Compound 7

been proposed by us and other authors to ex-

plain ortho-specific electrophilic substitution Br--Mg
involving metal phenolates,??* 2> 3! anilides' “Méigl
and benzyl—metal derivatives.t®! Mg-03
Spectroscopic evidence for the formation of o1 C1
. . 02-C7
a 1:1 complex between 2.4,6-trimethylphe- 02-C9
. <) ide . bR 5 -
110xynmg_znmum1 bromlld: and 2 mcthyl Br-Mg.03
propanal from 'H and '*C NMR investiga- Br-Mg-02
tions of different mixtures of the two reagents g‘;Mg-Ql
S o . ] 2-Mg-03
in dicthyl ether has been.descrlbed by Ungaro O 1-Mg-03
and coworkers.!®! Considerable efforts have 01-Mg-02
been devoted to the identification of the struc- Br-Mg-02-C7
ture of these and similar magnesium complex- Br-Mg-02-C9
Br-Mg-O1-C1

es!”! but crystals suitable for X-ray analyses

01-Mg-02-C7

2.391(3) 2.502(5) 03-Cl11 - 1.191(19)
1.942(7) 2.005(10) C7-C8 1,440 (40) 1.46% (46)
1.971(8) 2.079(13) C9-C10 1.390(41) 1.378(56)
- 2.125(11) C16-C17 : 1.406 (28)
1.368(13) 1.322(22) C18-C19 - 1.370(34)
1.524(29) 1.450(33) C18-C20 - 1.321(42)
1.462(20) 1.356(32)

96.4(3) Mg-01-C1 132.2(5) 129.0(10)

111.4(2) 106.4(3) Mg-02-C9 122.3(11) 127.8(18)

119.9(2) 110.6(3) Mg-02-C7 123.1(11) 122.6(15)

- §3.4(4) C7-02-CY 114.4(13) 108.1(22)

- 152.7¢4) Mg-03-C11 - 137.5¢10)
110.9(3) 92.5(4)

19.2(15) 27.1(18) 01-Mg-02-C9  --29.8(12) 79.1(23)

—1662(11)  —168.5(22) Mg-01-C1-C2 64.6(23) 24.9(14)

64.1(8) —64.1(13) Mg-O1-C1-C6 —118.3(16)  —155.9(8)
155.6(14)  —85.2(18)

have only rarely been isolated. Conscquently
our attention was drawn to the structural char-
acterisation of phenoxymagnesium complexes
5and 7 in order to explain the nature of their association and of
their structural properties and to provide more information
about the reaction mechanism (Scheme 2).

Crystals of complexes 5 and 7 were obtained by cooling their
toluene solutions (see Experimental Section). The molecular
structures of the two complexes arc shown in Figures 1 and 2;

Figure 1. The X-ray crystal structure of complex 5 with arbitrary numbering
schere.
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Table t shows selected bond lengths, bond and torsion angles of
compound 5 and 7. The crystal data and pertinent details of the
experimental conditions are reported in the Experimental Sec-
tion.”®? In the solid state both the compounds are dimeric, form-
ing four-membered square Mg,O, rings. Consequently the O1
and O 1" oxygen atoms are three-coordinate and adopt a trigo-
nal arrangement, while the magnesium atoms are four- and
five-coordinate in complexes 5 and 7, respectively. In both cases
the phenyl oxygens show an enhanced donor capability and act
as a bridging group between two metals.

In complex 5 the distorted tetrahedral environment of the
metals consists of two phenyl oxygens, one bromine atom and
one OEt, group. The bond angles at the metal are far from the
normal tetrahedral value, the smallest being within the four-
membered ring. This distortion may be attributed both to the
participation in the four-membered ring and to the difference in
size of the atoms bonded to the magnesium atom. Metal coordi-
nation geometry rather similar to that in complex 5 has already
been observed in [C,H;MgBr-O(-C,H,),1,.°T [C,H, ,OMgBr-
O(C4Ho),]," % and [C,H,OMgBr-O(C,H),],

In complex 7 the magnesium atom is five-coordinatce with two
phenolic oxygens, the OEt, and OHCC H,CH(CH,), mole-
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cules and one bromine atom. This distorted pyramidal arrange-
ment shows the O 1,01, 02 and O 3 atoms lying approximately
in a plane, with bromine and magnesium atoms 3.06 and 0.58 A
out of this plane, respectively. While there are a number of
systems solvated with diethyl cther in which the Mg atom is
four-coordinate, there are very few with a five-coordinate Mg
atom and a diethyl ether group: [C,H,Mg,Cl,(OC,H,)],,/"*
[OMg,Brg(OC,H,),].1"%

The Mg—Br bond lengths (2.391(3) and 2.502(5) A) are sig-
nificantly different in the two complexes, and while the latter
compares well with the value predicted (or covalent bond
length,'#) the former is, as far as we know, shorter than any
other value observed in similar molecular fragments!* ! 3 and
thus implies a strongly bonded molecule.

In both the complexes the Mg O bond lengths (ranging from
1.942(7) to 2.079(13) A) are near the sum of the ionic radii of
Mg?* and O?~. Interpolation between the value for six coordi-
nation (0.86 A) and that for four coordination 0.71 A) by
means of Shannon’s procedure!' ¢! gives a Mg—O separation of
2.01 A. The reduction of the fivefold coordination of the magne-
sium atom to four is consistent with the decrease in the Mg— O
bond lengths, which are significantly shortened in complex 5
with respect to those of 7. In the two complexes the maximum
deviation of oxygen atoms of the ether systems from the least-
squares plane of their three attached atoms is 0.11 A. while
among the atoms attached to the phenyl oxygens this deviation
has a maximum of 0.03 A. In other words, these oxygens are
practically coplanar with their attached atoms; this trigonal
coordination may influence the differences in the Mg—0O bond
lengths. Probably because of the soft character and low decom-
position temperatures of the crystals, the structure determina-
tions could not pinpoint the positions of the ethyl groups of
ether fragments and of the isopropyl groups satisfactorily and
left considerable freedom of motion for the atoms. This explains
the marked deviations of the bond lengths in these groups
from the normal C~C single bond length. At the same time, any
attempts to elucidate the ordering of these atoms over two
or more positions failed. These differences have already been
observed in a large number of similar molecular frag-
mcnts‘[f), 11,17]

The lattice structures are such that the molecules are connect-
ed by normal Van der Waals intcractions.

The unexpected coordination number in 7 clearly shows the
importance of this structure determination, since initially it was
assumed that complexation of the reagent occurred by simple
replacement of the ethereal ligand. It appears, however, that the
coordination number 1s increased from four (normal tetrahedral
configuration) to five. We think that the coordination of magne-
sium of 7 in solution is analogous to that in the solid state.
Indeed, the "HNMR spectrum in CDCl, of the crystals of 7
(used for X-ray structure determination) showed the presence of
a complexed ethereal molecule, evidenced by the downfield shift
of the methylene signal in comparison with that of free ether
(A6=~0.1).

To conclude, this paper has elucidated the metal-template
mechanism of the ortho-regioselective electrophilic substitu-
tion involving aryloxymagnesium bromide and benzaldc-
hydes, which occurs by cxpansion of the metal coordination
sphere.

Chem. Eur. J 1997, 3, No. &
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Experimental Section

Bromomagnesium phenolate 5 was prepared by reaction of ethyl magnesium
bromide (20 mmol) and phenol (20 mmol, 1.9 g) in dry ether (80 mL). Upon
removal of the solvent under reduced pressurc and addition of dry toluene
(80 mL) a solution was obtained from which white crystals of § could be
recovered on cooling. Moreover, addition of para-isopropylbenzaldehyde
(20 mmol, 3.0 g, 3.0 mL) in dry toluene (20 mL) to the phenolate § solution
and storage of the resulting solution in the cold for several days resulted in
a crop of crystals of 7 suitable for X-ray structure determination, making it
possible to directly compare the structures of the bromomagnesium phenolate
5 and its reactive complex with an aromatic aldehyde 7. Further. we veriticd
that compound 9 was obtained in 87% yield by hcating the toluene solution
of § and 6 (molar ratio 2/1) at 100 °C for S h.

2,2’-Dihydroxy-4"-isopropyltriphenylmethane (9): Pale yellow solid. m.p. 135
136°C; "HNMR (400 MHz, CDCl,, 25°C, TMS): 6 =1.2 (d. *J(H.H) =
7Hz, 6H; 2CH,), 2.9 (q, *J(H.}) =7 Hz, 1H; CH), 5.1 (s, 2H: 20H). 5.9
(s, 1H; CH). 6.8 (d, *J(H,H) = 8 Hz, 2H; H-3 and H-3' or H-6 and H-6"),
6.9 (t. *J(H.H) =8 Hz, 2H: H-4 and H-4' or H-5 and H-3). 6.9 (dd.
3JHH) =8 and 2Hz, 2H; H-6 and H-6' or H-3 and H-3), 7.1 (d.
3J(H,H) = 8 Hz, 2H; H-2" and H-6" or H-3" and H-5"). 7.1 (dt. *J(H.H) = &
and 2 Hz, 2H; H-5 and H-5" or H-4 and H-4"), 7.2 (d. *J(H,H) = 8 Hz, 2 H:
H-3"and H-5" or H-2" and H-6"); IR (KBr): ¥ = 3451 (OH): MS (70 eV): m;z
(%): 318 (63) [M 1,275 (100) [C,oH, 07 ], 181 (44) [C ,H ;O *]; anal. caled
for C,,H,,0, (318.4): C 82.99, H 6.96; found C $2.68. H 7.10.

Crystal structure analyses:'™ Specimens of both the complexes. sealed in
Lindemann capillaries under a nitrogen atmosphere, were mounted on
Siemens AED diffractomcter equipped with a IBM PS 2/30 personal comput-
er.!8 Data collection was at room temperature with Cu,, radiation. Decom-
position of 23% and 27% occurred during the data collection time for the
complexes 5 and 7, respectively. Corrections for decomposition, Lorentz and
polarisation effects were applied. Both the structures were solved with auto-
mated Patterson methods with XFPS90U'?! and refined with the CRYS-
RULER package!?” by means of SHELX 76.12") Most H atoms were found
in a DF map, the remaining ones (those of the cthyl groups) were put in their
calculated positions and refined isotropically. The absorption correction was
performed with the program DIFABS.[22]

Complex 5: C, H, 0,BrMg, monoclinic, spacc group P2,/n. M = 271.4,
a=13480(2), b =11.843(2). ¢ = 8.239(2) A, f =105.58(2)". 1" =1267.0 A%,
F(000) = 552, pa.=142gem *, p=475Tem™ ', Z =4, crystal size =
0.06x0.10 x0.17 mm, # range = 3—55°, absorption correction: ¢, . =
0.59/1.41, 0 ;0 imax = 0.99/1.36. 307 variables refined with 1162 independent
reflections observed [I>3a(J)] of 2411 total; R = 0.068.

Complex 7: C, H,,0,BrMg, monoclinic, space group P2,/c. M = 419 .64.
a=13496(3), b =11.034(2), ¢=14997(3)A, [=100.04(5). V=
2199.1 A3, F(000) = 872, p_. =1.27cem ™3, 0 =29.49cm™ ", Z = 4, crystal
size = 0.09x0.13x 0.2t mm, 6 range=3-60". absorption correction:
Dllminmax = 0.70/1.31, 000, = 0.57/1.07. 187 variables refined with 1177
independent reflections observed [7>1.5a(1)] of 3265 total; R = 0.067.
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Stereoselective Umpolung Reactions with Metalated P-Chiral Cyanohydrin
Phosphates—Enantioselective Synthesis of Tertiary Cyanohydrins**

Thomas Schrader®

Abstract: We present the first cyanohy-
drin derivative 4 that allows diastereose-
lective umpolung reactions. In 4 the OH
group of the cyanohydrin is linked with a
chiral phosphate, which can be removed
hydrolytically after asymmetric synthesis.

lowed by addition of a wide variety
of electrophiles afforded the crystalline
products 5 with high diastereomeric ex-
cesses (de up to 94%). High asymmetric
induction was also achieved for the reac-
tion of 47 Li™ with acyl halides, «-bro-

moacetates, 2-cycloalkenones, a,f-unsat-
urated esters, and y-bromoacetates. Lewis
acid assisted hydrolysis proceeded with-
out racemization and gave high yields of
ketone cyanohydrins 6. From the ring-
opened chiral auxiliary 7, optically pure

Cyclization of pseudoephedrine 1d with
POCI, gave 2d. This was followed by ad-
dition of racemic benzaldehyde cyanohy-
drin 3 to give the key intermediate 4d with
complete retention of the configuration at

X A - umpolung
phosphorus. Deprotonation of 4d, fol-

Introduction

Cyanohydrins can be regarded as umpoled carbonyl com-
pounds, because their deprotonation results in formation of
cyanohydrin carbanions and the a! carbonyl reactivity is thus
switched to d*.'"1 When these reactive intermediates are allowed
to react with electrophiles, at least one new stereogenic center is
formed at the o C atom of the cyanohydrin; often several stereo-
centers are created, depending on the choice of electrophile
(Scheme 1). Effective stereocontrol of this umpolung reaction
opens the path to a wide variety of optically active compounds,

R OH
Base *
R-X CN
] 9 0. ,OMe
R\?OH OMe . J
o) T*
CN R OH
Br A *
OMe o eN
= OMe
R OH

Scheme 1. Stereochemical potential of diastereoselective umpolung reactions with
cyanohydrin carbanions.

[¥] Dr. T. Schrader
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Fax: Int. code +(211)811-4788

[*#] Chiral Cyanohydrin Phosphates, Part 2. Part 1: see ref. [4].
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pseudoephedrine 1 was readily recovered
by acid hydrolysis. Optically pure (R) and
(S) ketone cyanohydrins are now accessi-
ble in a very general strategy, which cir-
cumvents the substrate limitations of en-
zymatic synthesis.

C bond for-

which are otherwise only obtained with difficutty.! To the best
of our knowledge, a stereoselective version of this important
C-C bond forming reaction has not been reported to date. In
the related field of aminonitrile chemistry, efficient asymmetric
procedures are also very rare; the Michael addition developed
by Enders represents a notable exception.’®) We have recently
presented a solution for the above-mentioned problem involy-
ing linking the cyanohydrin oxygen atom with a chiral cyclic
phosphate (Scheme 2) 14

Our P-chiral auxiliary has the advantage that a center of
asymmetry is positioned directly next to the cyanohydrin oxy-
gen atom; in addition, the P=O double bond provides an
excellent conformational lock for the intermediate lithiated
keteneimine 4d"Li™ by means of a Li~-O chelate.'®’ One
diastereotopic face is thus sterically shielded, and the attack of
an electrophile should be directed towards the opposite face
(Scheme 2). After alkylation, it should be possible to remove the
auxiliary hydrolytically by selective P—O cleavage. The synthet-

" (CRX
Ph\i/o\* o /N Phl -0 Ph
i O -
I AR I (s L
I o Me T 7 4 Me
N CHz N\Li'@
4d ad-Li*

Scheme 2. Key step of the diastercosclective alkylation of 4d via the lithiated
keteneimine 4d”Li™ to give tertiary cyanohydrin phosphates 5.
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C'\P,...QJ/Ph s NEts we™ e (68% from 5) A
7 ‘N 1d AY I\IAHZ Me
Me” Me e 7
2d
1. Buli, -78°C -
2. DMPU R L~ =
Phe|OH NEt; Ph\T/O Ph 3. RX Phel O\P o Ph 1. CITi(Oi Pr)s Pha i -OH
—_— I~ punO —_— T P
N (45% from 1) oN o"P‘N (40-69%) CN 0" N "t 2. H,0 CN
: Me? ad Me (de< 94%) Me' caa (66-92%) 6a-g

Scheme 3. ‘Transformation of racemic aldehyde cyanohydrin 3 into optically active ketone cyanohydrins 6 with recycling of the ephedrine auxiliary 1.

ic potential of auxiliaries based on chiral phosphonates or phos-
phonamides would thus be substantially extended.[ In the past,
the final products of these reactions have been limited to phos-
phonic acid derivatives, because of the stabiliy of the P—C bond;
the potential applications of these very effective auxiliaries were
thus enormously restricted.!™

From the reservoir of chiral amino alcohols we chosc
ephedrine derivatives 1 to construct a 1,3,2-oxazaphospholane
ring system for two reasons: they are cheap, renewable
resources®! and can be purchased in both enantiomeric
forms; ¥ they are also known to form the required intermedi-
ate 2-chloro-1,3-oxazaphospholidin-2-ones 2 diastereoselective-
1y, which can be subsequently esterified with alcohols in a highly
stereospecific manner (Scheme 3).M

Results and Discussion

Reactions of ephedrine derivatives 1 with phosphoryl chloride
led to intermediates 2, which were esterified in the same pot with
benzaldehyde cyanohydrin 3 to give cyanohydrin phosphates 4
with complete retention of configuration at the stereogenic
phosphorus atom (Scheme 3).

Diastereoselective alkylations (4 — 5): The acidic a-proton of 4d
could be removed under mild conditions (at —78 °C with »-
butyllithium) to give the light ycllow lithiated keteneimine
4d"Li*, which was alkylated by a range of different clec-
trophiles in high yields. In order to optimize the optical yield, we
tested different auxiliaries, solvents, temperatures, bases, and
cosolvents. The best combination was found to be the follow-
ing: reaction of pseudoephedrine-based cyanohydrin phosphate
4din THF at — 78 °C with #-butyllithium, followed by addition
of the HMPA-substitute DMPU (N, N'-dimethylpropylene
urea) M9 and subsequent injection of the electrophile. In this
way, tertiary cyanohydrin phosphates 5 were obtained with up
10 94% de. After chromatographic purification the cyanohydrin
phosphates were mostly obtained as crystalline material. A
single recrystallization step afforded diastereomerically pure
cyanohydrin phosphates 5 (de > 98 %) . Surprisingly, an increase
in steric bulk of the substituent at the N atom in the ephedrine
auxiliary was found to have a negative influcnce on the asym-
metric induction. In the methylation reaction, the N-benzyl
derivative 4b gave 20% de and the N-isopropyl derivative 4¢
only 5% de . This may indicate that, in addition to the P=0O
chelate, a P—N chelate is also necessary to achieve good stere-
ocontrol (Scheme 2). With growing steric bulk of the N-sub-

stituent, the latter interaction becomes more difficult; this might
explain the dramatic drop in the optical yield.

Table 1 demonstrates the versatility of the alkylation reac-
tion: a broad range of groups (e.g. long-chain alkyl, benzyl,
phenylalkyl, propargyl, and allyl groups) can be attached to the
cyanohydrin in good chemical and very good optical yields.

Table 1. Results of the alkylations of 4d with electrophile RX to give cyanohydrin
phosphates (R)-5 and of the subsequent cleavage reactions to give tertiary cyanohy-
drins {R}-6.

R X 5 Yield (%) de (%) 6  Yield (%) ee (%) (a]
allyl Br a 47 90 a 79

methyl 1 b 69 83 b 66 >96
n-propyl I [T 82 c 92

propargyl Br d 65 82 d 72

benzy! Br e 58 82 e 85 >96
3-phenylpropyl I f 54 30 f 44
{—)-myrtenyl Br g 49 48 g 58

n-octyl I h 48 81

3,3-dimethylallyl  Br i 40 94

2-bromoallyl Br k 38 71

cinnamyl Br 1 45 90

[a] The cleavage reaction was performed on recrystallized, diastereomerically pure
5; in the case of 6b and 6e the enantiomeric purity of the product was proven by
NMR shift experiments.

Normally, alkyl iodides must be used; only for activated benzyl
or allyl groups is the reactivity of the bromides sufficient for
complete conversion. Secondary alkyl halides such as isopropy!l
iodide and tertiary halides such as tert-butyl iodide do not react
atall. The following trend can be derived from the diastereomer-
ic excesses obtained: Alkyl halides give 80—-83% de, and allyl
halides in most cases 90-94% de. Among the allyl halides, a
marked increase in asymmetric induction is observed according
to the position of substitution in the order 2<3~(E)<3~(Z)
(cf. Table1: gk<al<i). We would like to emphasize that
almost every cyanohydrin phosphate 5 can be obtained in
diastereomerically pure form after a single recrystallization step.

X-ray structure of Se:!'"! The assumed conformation of the
reactive intermediate (Scheme 2) predicts that an electrophile
will attack the Si face of the metalated cyanohydrin phosphate.
Thus, (15,25)-(+)-pseudoephedrine would be expected to in-
duce an (R) configuration at the « C atom of the cyanohydrin
phosphate. We were able to check this hypothesis, because the
benzyl derivative Se gave regular single crystals suitable for
X-ray structure analysis (Figure 1, Table 2).

The absolute configuration at the new cyanohydrin stereo-
center can be established through its configuration relative to
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Figure 1. X-ray structure of the benzylcyanohydrin phosphate 5e (ball-and-stick
representation). The H atoms are omitted for clarity. except those at the oxazaphos-
pholidinone ring.

Table 2. Crystal data and structural analysis results for Se.

formuta C;sH,5N,0,P A (Moy,. A) 0.71073

M, 432.44 T(°C) 20

crystal system orthorhombic Peues (mgmm ™~ 3) 1.247

space group P2,2,2, Heaea (mm ™) 0.148

a(A) 11.472 total refl. 3769

b (A) 11.917 obs. refl. 2517 [I>26(1)]
¢ (A) 16.852 parameters 282

V(A% 2303.9 (4) Ry, wR2,,, [2] 0.052, 0.1601
z 4

[a] R1=3IIF| — |RIVZIE]; wR2 = [Ew(F; — FI)*/Sw(F2)*'"2

the known absolute configuration of the pseu-
doephedrine auxiliary. The attack was thus confirmed

to have taken place at the Si face of the lithiated
keteneimine 4d~Li*. Furthermore, the configuration

at the phosphorus atom shows that the nucleophilic Br
attack of the cyanohydrin OH group at oxazaphos-
pholidinone 2d proceeds, as expected, with retention
of configuration.

Besides confirming the absolute configurations, the
X-ray structure provides some interesting informa-
tion about the conformation of the oxazaphospholidi-
none ring, which is a crucial factor for the asymmetric induc-
tion. The ring nitrogen is almost completely sp-hybridized and
forms three bonds in one plane. This confirms earlier results on
similar ring systems." ! The favored conformation of the oxaza-
phospholidine in the crystal is a shallow half-chair with approx-
imate pseudo-C, symmetry at the phosphorus atom. The phenyl
group and the adjacent methyl group are both pseudoequatori-
al. Surprisingly, a completely different picture emerges in solu-
tion. From the '"H NMR data, that is, from the H-H coupling
constants of the secondary and tertiary cyanohydrin phosphates
4 and 5, a twisted envelope conformation can be clearly de-
duced, in which the cyanohydrin substituent is located in the
pseudoaxial position.['3! In addition, there is an equilibrium in
solution between two conformers, namely, one with the C-
methyl and phenyl groups pscudoaxial and one with both
groups pseudoequatorial. However, the contrasting results for
solution and crystal agree very well with Setzer’s experiments on
simple oxazaphospholidinone derivatives.'3] Because of the
flexibility of the auxiliary in solution, theoretical models for the
transition state to explain the high degree of asymmetric induc-
tion still appear speculative.
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Cleavage of cyanohydrin phosphates (5 — 6): Cleavage of the
cyanohydrin phosphates 5 to liberate the frec ketone cyanohy-
drins 6 is not a trivial process, because the hydrolytic reaction
must not only distinguish between benzyl and cyanohydrin es-
ter, but also avoid any C—0O bond cleavage, because this would
lead to racemization. We used a mild Lewis acid, titanium chlo-
ride triisopropoxide, to activate the reaction (Scheme 3). Subse-
quent addition of water produced a two-layer system, which
contained the free ketone cyanohydrin 6 in the organic phasc;
the ring-opened chiral auxiliary 7 was isolated from the aqueous
phase. In this manner the free optically active ketone cyanohy-
drins 6 were obtained in high yields (Table 1). Purc ( + )-pseu-
doephedrine 1d could be regenerated from 7 with SN hydrochlo-
ric acid in 68 % yield (starting from 4d; Scheme 3).['4!

Proof of enantiomeric purity and absolute configuration of 6:
NMR shift experiments were performed in order to check that
the titanium-assisted cleavage was absolutely free of racemiza-
tion. Since tertiary aromatic cyanohydrins are extremely sensi-
tive to cleavage back to the respective ketones, they cannot be
derivatized with Mosher’s reagent and are not suitable for rou-
tine GC analysis with chiral stationary phases. However, by
employing enantiomerically pure (—)-myrtenyl bromide as the
electrophile, we were able to generate diastereomeric tertiary
cyanohydrins 6g; the signal ratio for the diastereomers in the
"H NMR spectrum of 6g was found to be the same as that for
the corresponding cyanohydrin phosphate 5g (Scheme 4).

@ Ad-Li* CITi(OiPr)3
T el O - Ph\%/OH
\|/ /Pu o
7 v,
CN O /N 3 CN
Me Me
59 6g

Scheme 4. Proof that the cleavage of the cyanohydrin phosphates is free of racemization by
comparing the ratio of diastereomers in 5g and 6g.

Additional proof for the optical purity of the free ketone
cyanohydrins came from NMR experiments with TADDOL
[(4R,5R)-a a0 o -tetraphenyl-1,3-dioxolane-4,5-dimethanol] as
shift reagent.!'s! Diastereomerically pure cyanohydrin phos-
phates 5b and Se were converted into the free tertiary cyanohy-
drins. The methyl and methylene signals, respectively, showed
an enantiomer ratio of >98:2 after 1-2 molar equivalents of
TADDOL had been added (Figure 2). From these results we
conclude that all the cyanohydrin phosphates 8 which can be
prepared in diastereomerically pure form are transformed into
the optically pure ketone cyanohydrins 6 by the above hydroly-
sis procedure.

If hydrolysis of the cyanohydrin phosphates proceeds with
retention of configuration at the « C atom, the absolute config-
uration of the tertiary cyanohydrins must be (R). To prove this,
we hydrolyzed Sb (recrystallized and diastereomerically pure) to
the cyanohydrin 6 b. This was converted into atrolactic amide 8,
which was cyclized with sulfuric acid in acetone (Scheme 5). The
purified 1,3-oxazolidin-4-one 9 showed a positive specific rota-
tion corresponding to the the literature value for the (R) com-
pound.l*®

0947-6539/97j0308-1275 8 17.50+.50/0 1275





FULL PAPER

T. Schrader

(R) (R)

CN
S
(s) 6b
R S —
1.8 17 5[ppm} 1.8 17

Figure 2. Determination of the enantiomeric excess by "H NMR experiments with
TADDOL complexes of free ketone cyanohydrin 6b (methyl singlet). Samples:
20 mg 6b + 120 mg TADDOL in 0.7 mL CDCl,. Left: 6b, ce = 58 % ; right: (R)-6b,
ee>96%.

Yeon Ye o

Me
Ph\%OH HCt Ph Phali
> e
CN I H* 'I ><
07 “NH, 07 N

6b 8 9

Scheme 5. Proof of the absolute configuration of the optically pure ketone
cyanohydrin 6b after conversion into the optically pure oxazolidinone 9.

Study of the cleavage mechanism (4d — 3): How does the titani-
um reagent manage to carry out such a highly regioselective
hydrolysis of the cyanohydrin phosphates 8? This remarkable
reaction even works for 4, the starting material for the alkyla-
tion reactions. The titanium reagent is not only able to exclu-
stvely cleave the P—O bond, but can evidently even distinguish
between the secondary alcohol cyanohydrin and the secondary
alcohol pseudoephedrine. To elucidate the hydrolysis mecha-
nism, we carned out the reaction of cyanohydrin phosphate 4d
with titanium chloride triisopropoxide in an NMR tube. On
addition of the Lewis acid, the signal of the cyanohydrin x-pro-
ton immediately shifted downfield (Figure 3). We assume that
the titanium cation coordinatively binds not only to P=0, but
also to the CN functionality (Scheme 6). During the next three
hours, the signals of the starting material decrcased continuous-
ly; concomitantly, a new singlet developed for the cyanohydrin
a-proton, and a new doublet appcared for the N-methyl group,
replacing the doublet of doublets. After three hours only
product signals could be seen. Clearly, the cyanohydrin is
cleaved from the phosphorus-containing moiety (as indicated
by the missing P coupling in the magnetically equivalent enan-
tiomers), whereas the oxazaphospholidinone ring remains in-
tact and even epimerically pure with reference to the stereogenic
phosphorus atom. At the beginning of the reaction the TLC
showed a spot of the starting material on the baseline because of
complex formation, but soon a new spot appeared at R,~0.3
(toluene/acetone 10:1). We assume that an isopropoxide anion
stereospecifically attacks the phosphorus atom, facilitated by
the double coordination of the titanium cation. Then the P-O
bond is cleaved and the cyanohydrin titanium compound 10 and
optically pure 11 are released. Subsequent hydrolysis affords the
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t [min]

6.56 325 6

Figurc 3. '"HNMR experiments at different stages of the reaction shown in
Scheme 6: signal changes for the cyanohydrin x-H (left) and the N-methyl group
(right) during the development of 10 und 11.

H
A 0. Q
"t Ph\f/ N <OR R
> ¢ | TOR - N
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N

)\ME/ e
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et _o hd
o NN L o
o o”lI: N
A Ogf H2 "Me
Me
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Scheme 6. Proposed mechanism for the CITi(OiPr);-catalyzed cleavage of the
phosphate group in 4d to give the free cyanohydrin 3.

free cyanohydrin 3 and also the P—N ring-opened hydrolysis
product 7, which are present exclusively in the organic and
aqueous phases, respectively, owing to their different polarities.

This mechanism shows some remarkable similarities to the
action of phosphodiesterases!' 7! The nuclcase from staphylo-
cocci activates the P=0 bond by coordinative binding to Ca? ™,
enhanced by the electron-withdrawing effect of hydrogen-bond-
ed arginine; then, proton transfer reactions direct a nucleophilic
water molecule from the metal cation to stereospecifically cleave
the P-O bond.

Extension of the concept: In view of the great importance of
secondary cyanohydrins as synthetic intermediates in organic
synthesis and as drugs,!'®! we asked oursclves whether it would
be possible to synthesize this class of compound stereoselective-
ly by the same route. We synthesized the starting materials 12a
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and 12b in a P-epimerically pure form, starting from formalde-
hyde cyanohydrin and chlorooxazaphospholidinones 2a and
2d, respectively (Scheme 7; 2ais the (2R,4S,5R) diastereomer of
2d). All efforts to deprotonate and subsequently alkylate 12,
however, invariably led to complicated product mixtures. Here
again, the prediction of Stork and others seems to apply, name-
ly, that the carbanions of O-protected formaldehyde cyanohy-
drins will tend to self-condense and are not available as d’
building blocks.™?!

NG OH o)/ — ( OJ/
// \ // \
’ CN Me
2d 12b
1. BuLi
—X—

2. R-X ~ OJ/
CN o’ N

Scheme 7. Attempted asymmetric synthesis of secondary eyanohydrin phosphates
from formaldehyde cyanohydrin phosphate 12.

The benzaldehyde cyanohydrin carbanion 4™ Li*, however,
allows stereoselective carbon-—carbon bond formations with
many more electrophiles: we first tested acyl halides and «-halo-
carbonyl compounds (Table 3, Scheme 8). Aromatic acyl

Table 3. Reactions of the cyanohydrin carbanion 47 Li™ with electrophiles other
than alkyl halides.

Electrophile Product Yield (%) dr (%) [a]
benzoyl chloride 13 52 91:9

ethyl bromoacetate 14 53 83:17
2-cyclopentenone 15a 53 74:22:3: <1 [b]
2-cyclohexenone 15b 61 72:23:4: <1 [b]
ethyl crotonate 16a S5 80:13:5: <2 [b]
methyl cinnamate 16b 48 65:22:9: <4 [b]
methyl 4-bromocrotonate 17 69 55:27:12: <6 [c]

[a] dr = diastereomeric ratio. [b] Only three diastercomers could be detected; we
assume an (R) configuration at C, for both major diastereomers. [¢] No other
diastereomers could be detected.

halides were found to react smoothly to give 1-acylcyanohydrin
derivatives (e.g. 13), whereas aliphatic acyl halides tended to
form ketenes under the strongly basic reaction conditions. o-
Haloesters formed 2-carbalkoxymethylcyanohydrins (e.g. 14);
the more reactive a-haloketones did not react cleanly (Table 3).
When Michael acceptors were used as electrophiles, a new
stereogenic center could be generated (Scheme 8). We found
that both 2-cycloalkenones (15) and «,-unsaturated esters (16)
readily underwent Michael addition with the lithiated
keteneimine 4~ Li". In every case, only two major diastereomers
(out of 4) were formed, in a ratio of 3—6:1 (Table 3). We assume
that the strongest stereodiscrimination is operating at the
cyanohydrin-a-carbon, so that we tentatively assign the (R)
configuration at C, to both major diastereomers. This means
that a high de (up to 92%) is consistently produced at the
cyanohydrin a-carbon, while the de at the f-carbon lies at
around 50-70%.
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Scheme 8. Electrophiles other than alky! halides for diastereoselective umpolung
reactions with cyanohydrin carbanion 4~ Li*: acyl halides (—13), a-haloacetates
(—14), 2-cycloalkenones (—15), o f-unsaturated esters (—16), and y-halocroto-
nates (—17).

Cyanohydrin phosphates also provide access to cyclopropane
derivatives 17. When the carbanion 4~ Li* reacted with 3-bro-
mocrotonates, Michael addition first took place, followed by
intramolecular ring closure in which the ester enolate attacked
the bromide. Only three (out of 8 possible) diastereomers could
be detected; the cyanohydrin stereocenter is probably again
formed with high diastereoselectivity, whereas for both addi-
tional asymmetric carbons at the cyclopropane the de is lower
(Table 3, Scheme 8). Obviously the directing influence of the
small N-methyl group cannot sufficiently shield one of the enan-
tiotopic faces of the Michael acceptors. For thesec umpolung
rcactions in the real sense of the word, sterically more demand-
ing auxiliaries should be used to protect the phosphate. Model
compounds are currently under investigation.[?°]

From tertiary cyanohydrins a-branched a-hydroxy acids and
1,2-amino alcohols can be directly obtained; furthermore, im-
portant pharmacologically active substances are accessible in a
few steps (Scheme 9): 5,5-disubstituted 2,4-oxazolidinediones
18, which can be synthesized from ketone cyanohydrins in a
one-pot procedure, play an important role as anticonvulsants
and in the treatment of Diabetes mellitus.2'® Cyclization of
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Scheme 9. Chiral, pharmacologically active 24-oxazolidinediones 18 and tetronic
acids 19 are accessible from ketone cyanohydrins 6 in one-pot reactions.

tertiary cyanohydrins with malonates and subsequent hydroly-
sis affords tetronic acids 19, which are antibiotics and antitumor
agents.[21%

Conclusion

We have shown for the first time, that stereoselective umpolung
reactions can be carried out with metalated P-chiral cyanohy-
drin phosphates 4 Li*, leading to tertiary cyanohydrin phos-
phates 5 (de up to 94%). After recrystallization, the latter arc
obtained optically pure, and titanium-assisted hydrolysis af-
fords optically pure ketone cyanohydrins 6. For the related alde-
hyde cyanohydrins a multitude of asymmetric syntheses and
enzymatic procedures have been developed;!??! optically pure
ketone cyanohydrins are much more difficult to obtain.[** The
presented method can be readily carried out on a multigram
scale for the alkylation reaction; in addition, the starting mate-
rial is synthesized in a one-pot procedurc without the need for
chromatographic purification. Effenberger and Kula?# have
used (R)-oxynitrilases as an elegant alternative to chemical syn-
thesis, but these enzymes suffer from a limited substrate spec-
trum: to date, only (R) derivatives can be obtained enzymatical-
ly from ketones,> and even for these, quantitative results exist
only from methyl and ethyl ketones. Qur procedure offers the
choice between (R)- and (S)-cyanohydrins by starting with (+)-
or (—)-pseudoephedrine; furthermore, one alkyl substituent
may be varied almost completely at will. The other substituent
in this work is always aromatic, and our method thus comple-
ments the repertoire of the cnzymes. We will show in following
communications that even this substituent can be replaced by an
alkenyl or alkyl group.

Experimental Section

General: 'HNMR spectra were recorded at 20°C on a Varian EM 390
(90 MHz) and a Varian VXR 300 spectrometer (300 MHz). '*C NMR spectra
were recorded on the same instrument at 75 MHz. Chemical shifts 6 are given
relative to an internal tetramethylsilane standard (TMS). *'P NMR spectra
were recorded on a Bruker AM 200 SY spectrometer with H,PO, as external
standard. CDCl, and [D,]DMSO were purchased from Aldrich in 99.8%
purity. TLC analyses were carried out on silica gel 60 F-254 with a layer
thickness of 0.2 mm. Preparative chromatography columns were packed with
silica gel 60 (70—230 mesh) from Macherey & Nagel. All solvents were dried
and freshly distilled before use. THF (p.a.) was purchased from Aldrich and
dried over sodium metal; for the metalation reactions and for the titanium-as-
sisted cleavages it was always freshly distilled under nitrogen prior to use.
These reactions were all carried out under rigorous exclusion of air and
humidity by means of standard Schlenk techniques.

(2R.4S,5R)-2-Chloro-3,4-dimethyl-5-phenyl-1,3,2-0xazaphospholidin-2-one
(2a) was synthesized according ro ref. [9].
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(2R,45,5R)-2-Chloro-3-benzyl-4-methyl-5-phenyl-1,3,2-o0xazaphosphelidin-2-
one (2b) and (25,4S5,55)-2-chlore-3,4-dimethyl-5-phenyl-1,3,2-0xazaphospho-
lidin-2-one (2d): These compounds were prepared in situ according to the
procedure for 2¢.

(2R/S,4S,5R)-2-Chloro-4-methyl-3(1’-methylethyl)-5-phenyl-1,3,2-0xazaphos-
pholidin-2-one (2¢): Phosphoroxychloride (1.99 mlL, 3.33g, 21.7 mmol,
1.05 equiv) was slowly added over 30 min to a solution of (—)-N-isopropyl-
norephedrine (4.00 g, 20.7 mmol) and triethylamine (14.3 mL, 103.5 mmol,
5.0 equiv) in dichloromethane (0.25 L) at —5°C. The reaction mixture was
stirred overnight at 10°C. After filtration of the ammonium salts and evapo-
ration to dryness, a colorless crude product was obtained. Chromatography
over silica gel (loluene/acctone 8:1) afforded 1.8 g (32%) of the minor P-
epimer (R; = 0.40) in addition to 3.0g (53%) of the major P-epimer
(R, = 0.28) as colorless crystals.

Major  P-epimer (2R): 'HNMR (90 MHz, CDCl,): §=093 (d.
3J(H.H) = 6.9 Hz, 3H; CH,-CH), 1.40 +1.56 (2d, *J(H.H) = 6.9 Hz, 6H:
(CH,),CH), 3.4-4.3 (m. 2H; CH-N +CHMe,), 5.77 (d. *J(H.H) = 6.9 Hz,
1H; CH-0), 7.3-7.5 (m, 5H,,..). *'P NMR (CDCl,): § = 20.88 (5).
Minor  P-epimer (25): 'HNMR (90 MHz, CDCly): ¢=093 (d.
3J(H.H) = 6.9 Hz, 3H; CH,-CH), 1.42 +1.54 (2d, *J(H,H) = 6.3 Hz, 6 H;
(CH,),CH), 32-41 (m, 2H; CH-N +CHMc,), 560 (dd.
JHHH) = 6.0 Hz, *J(P.H) =18 Hz. 1H, CH-0), 742 (x5, SH,,,}). *'P
NMR (CDCly): § = 21.54 (s).

(1’R/S,2R,4S,5R)-2-[(1’-Cyano-1'-phenyl)methoxy]-3,4-dimethyl-5-phenyl-
1,3,2-oxazaphespholidin-2-one (4a): Phosphoroxychloride (5.76 mL. 9.6 g,
0.065 mol, 1.1 equiv) was slowly added over 30 min to a solution of (—)-
cphedrine (10.00 g, 0.060 mol) and triethylamine (41 mL, 0.30 mol, 5.0 equiv)
in dichloromethane (0.4 L) at —5°C. The reaction mixture was stirred
overnight at 10°C. Then benzaldehyde cyanohydrin (7.15mL, 7.99 g,
0.060 mol, 1.0 equiv) was added, and the reaction mixture was stirred again
overnight at room temperature. After filtration of the ammonium salts and
evaporation to dryness a light yellow crude product was obtained. Chro-
matography over silica ge! {toluenefacetone 5:1) gave a total yield of 11.1 ¢
(54%) of enantiomerically and epimerically pure, colorless product 4a. We
could separate the C, epimers, which were formed in equal amounts.
Epimer 1 (R, = 0.35, 6.0 g, 29%): M.p. 88°C; 'HNMR (90 MHz, CDCl,):
3 =0.76 (d, *J(H.H) = 6.9 Hz, 3H; CH;-CH), 2.78 (d, *J(P,H) =10.8 Hz,
3H; CH,-N), 3.65 (ddq, 3J(H,H) = 6.6/6.6 Hz, 3J(P,H) =19.2 Hz, 1 H; CH-
N), 5.58 (dd, 3J(H,H) = 6.6 Hz, 3J(P,H) =1.5Hz, 1H; CH-0). 6.25 (d,
SAPH) =9.6 Hz, 1H; C,-H), 7.0-7.7 (m, 10H 3P NMR (CDCl,):
5 =19.84 (s).

Epimer 2 (R; = 0.25, 5.1 g. 25%): '"HNMR (90 MHz, CDCl;): § = 0.74 (d,
*J(H.H) = 6.9 Hz, 3H; CH,-CH), 2.38 (d, 3J(P,H) = 10.5 He, 3H: CH,-N),
3.64 (ddq. *J(H.H) = 6.6/6.6 Hz, *J(P,H) =19.2 Hz, 1H; CH-N), 5.71 (dd,
*J(HH) = 6.6 Hz, *J(P,H) =1.5Hz, 1 H; CH-0), 6.20 (d, *J(P.H) = 9.6 Hz,
1H: C,-H). 7.0-7.7 (m, 10H,,.): *'P NMR (CDCl,): & =20.23 (s);
C,sH (N,O,P (342.33): caled C 63.15, H 5.59, N 8.18: found C 63.21. H
5.51, N 7.88.

arom)3

(1’R/S,2R,45,5R)-2-[(1’-Cyano-1’-phenyl)methoxy|-3-benzyl-4-methyl-5-
phenyl-1,3,2-oxazaphospholidin-2-one (4b): Preparation analogous to 4a
from (—)-N-benzylnorephedrine (4.00 g, 13.6 mmol) and triethylamine
(9.3 mL, 67 mmol, 5.0 equiv) in dichloromethane (0.2 L); after one day addi-
tion of phosphoroxychloride (1.88 mL, 3.03 g, 20.7 mmol. 1.5 equiv) at
—5°C and after another 24 h addition of benzaldehyde cyanohydrin
(243 mL, 2.72 g, 204 mmol. 1.5equiv). Chromatography of the crude
product over silica gel (toluenesacetone 15:1) afforded 1.0g (18%) of
the minor P-epimer (R, = 0.50) and 3.0 g (53%) of the major P-epimer
(R, = 0.40) as colorless oils 4b. C,-epimeric mixture of 4b: 'HNMR
(90 MHz, CDCl,): 0 = 0.77 (~d, *J(H.H) = 6.7 Hz, 3H; CH,-CH). 3.57 (m,
1H, CH-N), 410 +4.47 (2 x =~dd, 2H, CH,-Ph, ABX system), 5.43 + 5.60
(2% ~d, *J(H,H) = 6.6 Hz, 1H, CH-0), 6.25 (~d. *J(P.H) = 9.6 Hz, 1 H;
C,-H), 7.0-7.7 (m, 15H,,,). *'P NMR (CDCl,): é =18.03/18.69 (2s):
C, H,3N,0,P (418.43): caled C 68.89, H 5.54, N 6.69; found C 68.75, H
5.47, N 6.55.

(1’R/S,2R .4S,5R)-2-[(1’-Cyano-1’-phenyl)methoxy]-4-methyl-3(1’-methyl-

ethyl)-S-phenyl-1,3,2-oxazaphospholidin-2-one (4¢): Preparation from 2¢ (mi-
nor P-epimer) (1.80 g, 6.58 mmol), benzaldehyde cyanohydrin (0.83 mL,
0.92g, 691 mmol, 1.05equiv), and triethylamine (1.00 mL, 0.73 g,
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7.24 mmol, 1.1 equiv) in dichloromethane (0.15 L). Chromatography of the
crude product over silica gel (toluene/acetone 15:1) gave 1.04 g (43%) of a
colorless oil 4¢. C-epimeric mixture of 4¢c: '"HNMR (90 MHz, CDCl,):
6 =085 (~d, *J(H.H) =6.4Hz, 3H; CII;-CH). 1.13 +1.24 +1.38 +1.53
(4d. *J(HH)=68Hz, 6H, (CH,),CH), 3.1-41 (m, 2H, CHN
+CH(Me),), 5.57 +5.64 2x ~d, *JH.H) = 5.7/7.5 Hz, 1H, CH-0), 6.26
+6.32 2x ~d, *AP.H) =9.3/102 Hz. 1H: C-H), 7.0-7.83 (m, 10H
31p NMR (CDCl,): 6 =15.93/16.56 (25).

(1’R/S,25,45,55)-2-{1"-Cyano-~1’-phenylmethoxy]-3,4-dimethyl-5-phenyl-
1,3,2-oxazaphospholidin-2-one (4d): Phosphoroxychloride (29 mL, 47.7 g,
0.31 mol, 1.0 equiv) was added slowly over 30 min to 4 solution of (+)-pseu-
doephedrine (51.15g, 0.31 mol) and triethylamine (100 mL, 0.72 mol,
2.3 equiv) in dichloromethane (1 L) at 0 °C. The ice-bath was removed, and
the reaction mixture was stirred at room temperature for 3 h. Triethylamine
(54 mL, 39.3 g, 0.39 mol, 1.25 equiv) and benzaldehyde cyanohydrin (49 mL,
75 g, 0.56 mol, 1.82 equiv) werc added, and the reaction mixture was stirred
overnight at room temperature. To eliminate triethylamine hydrochloride and
excess cyanohydrin, the reaction mixture was extracted with aqueous NaOH
(500 mL, 1N), and the organic phase was dried over magnesium sulfate,
filtered, and evaporated to dryness. The crude product obtained (120 g) was
recrystallized from hot acetone jtoluene (1:6). The mother liquor was evapo-
rated slowly and the precipitated product was filtered off giving a total yield
of 60 g of light yellow crude product. This was recrystallized from ethylac-
etate/petroleum ether 60 - 80 (1:1, 700 mL) and gave 48.3 g(0.14 mol, 45.5%)
of enantiomerically and analytically pure, colorless 4d. M.p. 121°C;
'HNMR (90 MHz, CDCl,): § =1.19 +1.21 (2d, *J(H,H) = 6.2 Hz, 3H;
CH,-CH), 2.30 +2.71 (2d, *J(P,H) =11.1 Hz, 3H; CH,-N), 3.31 (dq,
YJ(HH) = 6.2/88 Hz, 1H; CH-N), 4.90 +4.92 (2dd, *J(H.H) = 8.8 Hz,
3J(P,H) = 2.9 Hz. 1H; CH-0), 6.20 +6.32 (2d, *J(P,H) = 9.5Hz, 1H; C,-
H). 7.10-7.85 (m. 10H,,.,). IR (KBrj: ¥ = 3045 (Ar), 2920 (CH,), 1490
(Ar), 1450 (CH;), 1375 + 1348 (CH,), 1260 (P=0), 1045 (P-0), 980 (P-N),
760 +730cm~' (C,Hy); *'P NMR (CDCly): 6 =19.04/19.49 (2s);
C,sH,,N,O;P (342.33): caled C 63.15. H 5.59, N 8.18; found C 62.93, H
5.64, N 8.16.

General procedure for the alkylation of 4: Compound 4 (500 mg, 1.46 mmol)
was dissolved in a dry Schlenk tube under argon in abs. THF (ca. 20 mL). The
solution was cooled to —78 °C, and n-butyllithium (1.6~ solution in hexanc,
1.1 mL, 1.7 mmol, 1.2 equiv) was added dropwise during 5 min, until the
color had changed from the light yellow monoanion to the orange dianion.
After 20 min, DMPU (0.09 mL, 1.5 mmol, 1 equiv) was added, and the reac-
tion mixture was stirred for another 20 min at — 78 °C. Subsequently the neat
electrophile (1.3 equiv; see Table 1) was injected by means of a syringe within
a few seconds, and the solution was stirred for anoher 3-6 h at —78°C.
When less reactive electrophiles were used, the reaction mixture was allowed
to warm to room temperature overnight. The alkylation was then quenched
with saturated aqueous ammonium chloride (10 mL}, and water (5 mL) was
added in order to dissolve some precipitated ammonium chloride. The organ-
ic layer was separated, extracted with THF (10 mL), and the combined
organic phases were dried over magnesium sulfate. After filtration and evap-
oration to dryness a light yellow solid was obtained. The 'H NMR spectrum
was used to show that complete conversion had taken place and to measure
the diastereomeric excess. For further purification the crude product was
either recrystallized trom toluene/acetonc or chromatographed over silica gel
(0.04—0.063 mm) with the same solvent mixture as eluent. Analytically pure,
crystalline solids 5 were obtained; oils normally crystallized during the fol-
lowing weeks.

(1'R,25,45,55)-2-|(1"-Cyano-1"-phenyl}but-3"-enoxy}-3,4-dimethyl-5-phenyi-

1,3,2-0xazaphospholidin-2-one (5a): Yield 47.0%; (R):(S) = 95:5 (90 % de);
M.p. 147°C; "HNMR (300 MHz, CDCl,): § =1.19 (d, 3J(H,H) = 6.0 Hz,
3H; CH,-CH), 2.56 (d, 3J(P,H) =11.2 Hz, 3H; CH,-N), 3.08 +3.33 (2dd,
J=7.0/139 Hz, 2H; CH,-CH=), 3.39 (dq, *J(H,H) = 5.9/8.8 Hz. 1 H, CH-
N), 4.89 (dd, *J(H,H) = 8.8 Hz, 3J(P,H) = 2.7 Hz, 1H; CH-0), 5.20-5.28
(m, 2H; CH,=), 5.60-5.75 (m, 1H; -CH=), 7.29-7.65 (m, 10H,,...); '*C
NMR (300 MHz, CDCl,): 6 =15.58 (d, *J(P,C) = 9.5 Hz, CH,-C), 28.13 (d,
2J(P,C) = 4.0 Hz, CH,-N), 46.63 (d, *J(P,C) =4.5Hz, CH,), 61.45 (d,
2J(P,C) =12.4 Hz, CH-N), 78.94 (d, 2/(P,C) = 9.7 Hz, C,), 85.62 (s, CH-0);
118.12 (d, *J(P,C) = 3.9 Hz, CN), 121.93 (s, CH,=), 125.81, 126.85, 128.68,
128.76 (45, 8C, 20 +2m), 129.19, 129.37, 129.65 (35, 3C, 2p +-CH=),

136.59 (d, 3.I(P,C)vz 6.8 Hz, C ), 136.74 (d, 3J(P,C) = 5.0 Hz,

a.arom g arom)
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*'P NMR (CDCly): 8=1521 (s); HREIMS caled for C, H,,N,0,P
382.1446, found 382.1454; C,,H, N, O,P (382.40): caled C 65.96. H 6.06. N
7.33; found C 65.58, H 5.80, N 7.36.

(1'R,25,45,55)-2-[ (1’-Cyano-1’-phenyl)ethoxy]-3,4-dimethyl-5-phenyl-1,3,2-
oxazaphospholidin-2-one (5b): Yield 69.2%; (R):(S) =91.5:8.5 (83% de):
'HNMR (300 MHz, CDCl): 8 =1.20(d, >J(H,H) = 6.2 Hz. 3H: CH,-CH),
2.23 (s, 3H; CI1,-C-CN), 2.61 (d, 3J(P,H) =114 Hz, 3H; CII,-N), 3.38
(dq, *J(HH)=6.2/88Hz, 1H; CH-N), 493 (dd, *J(H.H)=8.8 Hz
*J(P,H) = 2.9 Hz, 1H; CH-0), 7.32-7.67 (m, 10H,,.,); *'P NMR (CDCl,):
0 =15.72 (s); HREIMS caled for C, H,,N,O;P 356.1290. found 356.1298;
C,oH, N,O4P (356.36): caled C 64.04, H 5.94, N 7.86: found C 63.78. H
594, N 7.68.

(I’R,25,48,58)-2-| (1"-Cyano-1"-phenyl)butoxy]-3,4-dimethyl-5-phenyl-1,3,2-
oxazaphospholidin-2-one (5¢): Yield 58.0%:; (R):(S) = 91:9 (82% de); M.p.
145°C; '"HNMR (300 MHz, CDCl,): § = 0.92 (t, J(H,H) =7.3 Hz, 3H:
CH,-CH,), 1.19 (d, *J(H,H) = 6.1 Hz, 3H; CH,-CH), 1.2-1.6 (m, 2H:
CH,-CHj;), 2.28 +2.54 (2ddd, J = 4.7/12.8/12.8 Hz, 2H; CH,-C,). 2.56 (d.
*J(P,H) =11.1 He, 3H; CH,-N), 3.41 (dq, *J(H.H) = 6.2/8.8 Hz, 1H. CH-
N), 4.89 (dd, *J(H,H) = 8.8 Hz, 3/(P,H) = 2.7 Hz. 1H; CH-0O), 7.28-7.65
(m, 10H,,.): *'P NMR (CDCl,): 8 =15.89 (s); C,,H,N,O,P (384.41):
caled C 65.61, H 6.56, N 7.29; found C 65.87, H 6.72, N 7.15.

(1'R,25,48,55)-2-(1’-Cyano-1"-phenyDbut-3'-inoxy|-3,4-dimethyl-5-phenyl-
1,3,2-oxazaphospholidin-2-one (5d): Yield 65.0%; (R):(S) = 91:9 (82% de):
M.p. 114°C; 'HNMR (300 MHz, CDCl,): § =1.19 (d, *J(H.H) = 6.0 Hz,
3H; CH,-CH), 214 (t, *JHH)=26Hz, 1H. CH=), 262 (d,
3J(P.H) =11.4Hz, 3H: CH,-N), 330 +3.57 (2dd, J = 2.6/16.6 Hz, 2H;
CH,-C=), 340 (dq, *J(H.H)=6.1/8.8 Hz, 1H, CH-N), 490 (dd.
J(H,H) = 8.8 Hz, *J(P,H) = 2.9 Hz, 1H; CH-0), 7.33-7.71 (m. 10H,,,):
3P NMR (CDCL,): 6 =15.52 (s); C,,H,,N,O,P (380.37): caled C 66.31, H
5.56, N 7.36; found C 66.49, H 5.62, N 7.33.

(1'R,25,45,55)-2-{ (1’-Cyano-1’,4"-diphenyl)ethoxy|-3,4-dimethyl-5-phenyl-

1,3,2-o0xazaphospholidin-2-one (S¢): Yield 58.0%; (R):(S) = 91:9 (82% de);
M.p. 156°C; 'THNMR (300 MHz, CDCL): 6 =1.17 (4, *J(H.H) = 6.1 Hz,
3H; CH,;-CH), 250 (d, *J(P.H)=11.1Hz, 3H: CH,-N), 3.40 (dq,
3JHH)=6.1/89Hz, 1H, CH-N), 3.44 (dd) +3.80 (d) (J=1.2/13.4
+13.6 Hz, 2H; CH,-Ph), 4.89 (dd, *J(H,H) = 8.9 Hz, *J(P.H) = 2.7 Hz,
1H; CH-0), 7.08-7.52 (m, 15H,,,); *'P NMR (CDCl,): 5 =14.91 (5);
HREIMS caled for C,5H,;N,0,P 432.1603, found 432.1607; C,,H,;N,O,P
(432.46): caled C 69.43, H 5.82, N 6.48; found C 69.11, H 5.92, N 6.32,

(1'R,28,45,58)-2-| (1'-Cyano-1’,4"-diphenyl)butoxy)]-3,4-dimethyl-5-phenyl-
1,3,2-o0xazaphospholidin-2-one (5f): Yield 54%; (R):(S) = 90:10 (80% dv);
M.p. 127°C; 'HNMR (300 MHz, CDCl,): 6 =1.17 (d, *J(H.H) = 6.0 Hz,
3H; CH;-CH), 1.58-1.93 (m, 2H, CH,-Bn), 2.36 +2.62 (2x ~ddd, 2H,
CH,-C,), 2.54 (d, *J(P,H) =11.1 Hz, 3H, CH,-N).2.52-2.75 (i, 2H, CH,-
Ph), 339 (dq, *J(HH)=6.1/87Hz, 1H, CH-N), 489 (dd.
*J(H.H) = 8.8 Hz, *J(P,H) = 2.6 Hz, 1H: CH-0), 7.05-7.60 (m, 15H,,,..):
3P NMR (CDCL): 8 =15.21 (s); Cp,H,oN,O,P (460.51): caled C 70.42,
H 6.35, N 6.08; found C 70.12, H 6.27, N 5.93.

(1'R,25,45,55,4"R,6"8)-2-[ (1’-Cyano~(7",7”-dimethyl-bicyclo|3.1.1]hept-17-

enyl)-1’-phenyl)ethoxy]-3,4-dimethyl-5-phenyl-1,3,2-o0xazaphospholidin-2-one

(5g): Yield 58%; (R):(S) =74:26 (48% de); 'HNMR (300 MHz, CDCl,):
6 =0.73 (s, 3H, CH,), 0.96 (d, *J(H,H) = 8.6 Hz, 2H; CH,-CH). 1.09 (s,
3H, CH,), 1.17 (d, *J(H,H) = 6.1 Hz, 3H; CH,-CH), 1.90-2.34 (m, 4H,
2CH, CH,), 2.54 (d, *AP.H) =114 Hz, 3H; CH-N), 290 +3.42 (d,
J=134Hz 2H;CH,-C), 3.37 (dq, *J(H,H) = 5.9/8.8 Hz, t H, CH-N), 4.88
(dd, *J(H,H) = 8.9 Hz, *J(P,H) = 2.5 Hz, 1 H; CH-0), 5.53(s, L H_;). 7.30—
7.67 (m, 10H,.,); *'P NMR (CDCly): §=15.84 (s); C,,H,,N,O,P
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(476.56): caled C 70.57, H 6.98, N 5.88; found C 66.01, H 6.67, N 5.58.

(1’R,25,45,55)-2-[ (1"-Cyano-1'-phenyl)nonoxy|-3,4-dimethyl-5-phenyl-1,3,2-

oxazaphospholidin-2-one (5h): Yield 48%; (R):(S) =90.5:9.5 (81% de};
'"HNMR (300 MHz, CDCl,): 6 =0.85 (t, *J(H,H)=7.0Hz, 3H; CH,-
CH,), 1.18 (d, 3J(HH) = 6.2Hz, 3H; CH,-CH), 1.18 1.58 (m, 12H,
(CH,)) 2.30 +2.54 2x ~ddd, 2H; CH,-C,), 2.56 (d. *J(P.H) =11.1 Hz,
3H, CH4-N), 340 (dq, *J(HH)=6.2/8.8 Hz, 1H, CH-N), 4.90 (dd.
3J(HH) = 8.8 Hz, *J(P.H) = 2.6 Hz, 1H; CH-0), 7.26—7.65 (m. 10H

arom)
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31P NMR (CDCl,): 8 =15.83 (5); CyHyN,O,P (454.55): caled C 68.70, H
7.76, N 6.16: found C 67.67, H 7.82, N 5.76.

(1’R.,25,45,55)-2-| (1’-Cyano-1'-phenyl-4’-methyl)pent-3'-enoxy|-3,4-
dimethyl-5-phenyl-1,3,2-0xazaphosphelidin-2-one  (5i):  Yield 40.0%;
(R):(S) =97:3 (94% de); M.p. 121°C: 'THNMR (300 MHz, CDCl,):
§ =1.19(d, 3HH.H) = 6.2 Hz, 3H; CH,-CH), 1.52 (s, 3H; CH,-C=), 1.67
(s, 3H; CH,-C=), 2.58 (d, *J(P,H) =11.2 Hz, 3H: CH;-N), 3.00 +3.31
(2dd. J =7.4/143 Hz, 2H; CH,-C). 3.39 (dq, *J(H,H) = 6.1/8.8 Hz, 1H,
CH-N). 4.90 (dd, *J(HH) = 8.8 Hz, *J(P.H) = 2.6 Hz, 1H; CH-0), 5.07
(thept, J =1.4/7.4 Hz, 1H; CH=), 7.29-7.65 (m, 10H_,_.); *'P NMR (CD-
Cly): 6 =15.91 (s): C,5H,N,O;P (410.45): caled C 67.30, H 6.63, N 6.83;
found C 67.34, H 6.72, N 6.94.

(I’R,25,48,58)-2-1(3 -Bromo-1’-cyano-1"-phenyl)but-3’-enoxyl-3,4-dimethyl-
5-phenyl-1,3,2-oxazaphospholidin-2-one  (5k): Yicld 43%; (R):(S)=
85.5:14.5 (71 % de); M.p. 169 °C: "HNMR (300 MHz, CDCl,): § =1.19 (d,
SJ(H.H) = 6.2 Hz, 3H; CH,-CH), 2.61 (d, *J(P,H) =11.2 Hz, 3H; CH,-N),
3.38 +3.74 (2d, J =14.8 Hz, 2H; CH,-C)), 3.43 (dq, *J(H.H) = 6.2/8.8 Hz,
1H, CH-N), 491 (dd, 3J(H,H) = 8.8 Iz, *J(P,H) = 2.5Hs, 1H; CH-0),
5.68 (d, "J(H,H) = 2.1 Hz, 1H, CH,), 5.84 (CH-0), 5.68 (d, 'J(H,H) =
2.1Hz 1H.CH,,,). 7.32-7.70 (m, 10H, _.); *'P NMR (CDCl,): § =15.93
(s): C,,H,,N,0,PBr (461.28): caled C 54.68, H 4.81, N 6.07; found C 54.62,
H 4.87. N 6.05.

(1’R,25,45,55)-2-{ (1’-Cyano-1’,4’-diphenyl)but-3’-enoxy]-3,4-dimethyl-5-

phenyl-1,3,2-oxazaphospholidin-2-ene (51): Yield 44.8%; (R):(S)=95:5
(90% de); M.p. 112°C; 'HNMR (300 MHz, CDCly): 6 =1.18 (d,
3J(H.H) = 6.0 Hz, 3H; CH,-CH), 2.57 (d, 3J(P,H) = 11.2 Hz, 3H; CH,-N),
325 +344 (2ddd. J=7.0/13.5140Hz, 2H; CH,-C). 339 (dq.
JHH) = 6.0/88Hz, 1H, CHN), 490 (dd, 3JHH)=88Hz
SJP.H) = 2.6 Hz, 1H; CH-0), 603 (dt, J=7.3/158 Hz, 1H,,,;; =CH-
CH,), 6.55 (d, *J(H.H) =158Hz, 1H,,; =CH-Ph), 7.21-7.65 (m,
15H,,,..): 3P NMR (CDCl,): § =16.09 (s): C,,H,,N,0,P (458.50}: caled C
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70.73, H 5.94, N 6.11; found C 70.57, H 6.05, N 6.18.

5m und 5n: Preparation according to general procedure, but from 4b and 4¢
and without DMPU. After workup and purification the colorless oils Sm and
5n were obtained.

(1’S,2R,4S,5R)-2-[(1’-Cyano-1"-phenyl)ethoxy]-3-benzyl-4-methyl-5-phenyl-
1,3,2-oxazaphospholidin-2-one (Sm): Yield 56 %; (R):(S) = 60:40 (20% de);
'HNMR (90 MHz, CDCl,, epimeric mixture): 6=0.72 (d,
JHH) =63 Hz 3H; CH,-CH), 2.13 + 2.17 (25, 3H, CH,-CHPh), 3.57
(m, | H, CH-N), 3.8-4.5 (2 x ~ddd, 2H, CH,-Ph, ABX system), 5.41-5.60
(m, 1H; CHO), 7.0--7.7 (m, 15H,_ ). *'P NMR (CDCl,): § =14.95 (5).
('R[S,2R 48,5 R)-2-[(1’-Cyano-1’-phenyl)ethoxy|-4-methyl-3(1’-methylethyl)-
5-phenyl-1,3,2-oxazaphospholidin-2-one  (5n):  Yield 65%; (R):(S)=
52.5:47.5 (5% de); "HNMR (90 MHz, CDCl,, epimeric mixture): é = 0.75
+0.78 (24, *J(H.H) = 6.3 Hz, 3H; CH,-CH), 1.20 +1.25 +1.38 +1.39 (4d,
6H. *J(H,H) = 6.1 Hz, (CH,),CH), 2.13 +2.14 (2s, 3H, CH,), 3.13-3.96
(m.2H, CHN + CHMe,), 545(~d, 1H; 3J(H,H) = 5.7 Hz, CHO), 7.0-7.7
(m. 10H, ). >'P NMR (CDCl,): § =14.21 +14.45 (29).
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General procedure for the cleavage of 5 to ketone cyanchydrins 6: Under
nitrogen the cyanohydrin phosphate 5 (1.0 mmol) was dissolved in abs. THF
(20 mL). Titanium chloride triisopropoxide (1.0M solution in hexane, 4.0 mL,
4 equiv) was then added at room temperature. The mixture was stirred for 3 h
al room temperature, water (20 mL) was added under nitrogen, and the
two-layer system was vigorously stirred for another 3 h at room temperature.
After phase separation, drying over magnesium sulfate, and evaporation of
the solvent, the free tertiary cyanohydrin 6 was filtered over silica gel (toluene/
acetone 10:1; often a small amount of the cyanohydrin was cleaved back to
the parent ketone (= 5%), but racemization never occurs). From the agueous
phase the titanium salt was precipitated as the hydroxide by addition of
aqueous NaOH (ca. 5mL, 1N, pH = 9), and the filtrate was evaporated to
dryness. The obtained material (7) was hydrolyzed for 2 d at 80 °C with 5N
HC! and afforded, after neutralisation with NaOH (pH = 10) and extraction
of the alkaline aqueous phase with dichloromethane, free (+)-pseu-
doephedrine, which was again extracted for 3 h with the fourfold amount of
water to remove traces of (+)-ephedrine. The optical purity was determined
by highfield NMR and exceeded 97 % de.
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(R)-2-Hydroxy-2-phenyl-4-pentenonitrile (6a): Yield 79.3%: 'HNMR
(90 MHz, CDCl,): 6 = 2.73 (d, *J(H.H) = 7.5 Hz, 2H; CH,). 3.64 (brs. 1H:
OH), 50-54 +5.6-6.1 (m, 3H,,,;,). 7.2-7.7 (m, SH,,,.); MS (70 eV): mjz
(%): 173 (6) [M "], 146 (24) [M* — HCN], 132 (100) {M " — C,H,]. 105 (98)
[Ph-CO™*], 41 (11) [C,H].

(R)-2-Hydroxy-2-phenylpropanonitrile  (6b): Yield 65.5%; 'HNMR
(90 MHz, CDCl,): 6 =1.80 (s, 3H; CH;), 4.18 (brs, 1H: OH/, 7.2-7.6 (m,
SH,,om): MS (70 €V): m/z (%): 147 (31) [M 7], 132 (100) [M ™ — CH,}, 120
(14) [M ™ — HCNJ. 105 (51) [Ph-CO*].

(R)-2-Hydroxy-2-phenylpentanonitrile (6¢): Yield 91.9%: 'HNMR
(90 MHz, CDCl,): 6 =0.93 (t, *J(HH) =7.5Hz, 3H; CH;), 1.2-2.2 (m,
4H: (CH,),). 3.46 (brs, 1H; OH/J, 7.3-7.7 (m, SH,,,,.); MS (70 eV): mjz
(%): 175 Q1 [M '], 148 (4) [M ' — HCN]. 132 (100) [M * — C,H,]. 105 (45)
[Ph-CO "], 43 (11) [C,HT].

(R)-2-Hydroxy-2-phenyl-4-pentinonitrile  (6d): Yield 72%; 'HNMR
(90 MHz, CDCly): 6 =224 (1, *J(HH) =2Hz, 1H: CH=), 2.92 (d,
*J(H.H) = 2 Hz, 2H; CH,-C=),4.15(s, 1H: OH), 7.3-7.7 (m, 5H,,_,) MS

(70eV): miz (%): 171 (1.9) [M"'], 144 (5) [M* — HCN], 132 (100)
[M* — C,H,]. 105 (88) [Ph-CO ], 39 (10) [C,H/].

(R)-2-Hydroxy-2,3-diphenylpropanonitrile (6e): Yield 84.6%; 'HNMR
(90 MHz, CDCl,): 6 = 3.20 (s, 2H; CH,). 4.25 (brs, 1H; OH), 6.9-7.6 (m,
SH,,.): MS (70 €V): mjz (%): 223 (3) (M "], 196 (8) [M* — HCNJ, 132 (11)
{M™ —C,H,], 105 (100) [Ph-CO~], 91 (63) [C,HT].

(R)-2-Hydroxy-2,5-diphenylpentanonitrile (6f): Yield 44.2%; 'HNMR
(90 MHz, CDCl,): § =1.5-2.2 (m, 4H, (CH,),), 2.58 (t, *J(H,H) =75 Hz,
CH,-Ph), 3.27 (brs, 1H; OH, 7.0-7.6 (m, 10H,,_); MS (70 eV): miz (%):
250 (0.8) [M ' — H], 223 27) [M* — H,CN], 132 (5) [M* — C,H,,]. 120
(100) [C,H7,], 105 (72) [Ph-CO*], 91 (63) [C,HZ].

(1R.4"R,6"S)-2-Hydroxy-3-(7",7"-dimethylbicyclo[3.1.1]|hept-1”-enyl)-2-
phenylpropanonitrile (6g): Yield 57.5%; 'HNMR (90 MHz, CDCl,):
5 =0.85(s, 3H, CH,), 1.21 (d, *J(H,H) = 8.9 Hz, 2H; CH,-CH), 1.26 (s.
3H, CH,), 2.05~-2.35 (m, 4H, 2CH, CH,), 2.35-2.47 (m, 1 H; CH,), 2.58
+2.68 (2d. J =14.5Hz, 2H; CH,-C,), 3.50 (brs, 1 H; OH), 5.59 (s. 1H,,,).
7.30--7.60 (m, SH,_): C;4H,,NO (267.5) MS (70 eV): m/z (%): 266 (2.4)
[M* —H], 239 (4.0) [M* — H,CN], 135 (16) [M* — myrtenyl].

(18,2.5)-| 2-Methylammonium-1-phenyl)propyl]-(1’-methylethyl)phosphate
(7): Yield 95%; '"HNMR (300 MHz, D,0): § =1.10 (d, */(H.H) = 6.2 Hz,
3H;CH,-CH), 1.26 +1.37 (2d, 3J(H,H) = 6.6 Hz, 6 H; (CH,),CH), 3.01 (s.
3H, CH,-N), 3.86 (dq, *JHH) = 6.6/87Hez, 1H, CH-N), 4.34 (dh,
3JHH)=64Hz, 3J(PH)=64Hz, 1H, CHMe,, 530 (dd.
3J(H.H) = 8.7 Hz, 3J(P,H) = 8.7 Hz, 1H, CH-0), 7.72 (~s, 5H,,.,.). *'P
NMR (D,0): 6 = 0.53 (s).

Determination of the absolute cofiguration of the tertiary cyanchydrins:
Cyanohydrin 6b (200 mg, 1.36 mmol) was suspended in fuming hydrochloric
acid (>37%, 1 mL). For 30 min HC! gas was bubbled through the reaction
mixture, until it became a clear solution: then it was neutralized with solid
sodium carbonate (0.3 g, pH = 7), and the aqueous phase was extracted twice
with ethyl acetate. After drying over magnesium sulfate, filtration, and evap-
oration of the solvent, atrolactamide 8 (120 mg) was obtained as an oil. The
crude product was dissolved in dry acctone (0.4 mL). and sulfuric acid mono-
hydrate (0.1 mL) was added slowly at 0°C. After 24 h of stirring at room
temperature, water (1 mL) was added. The rcaction mixture was extracted
three times with diethy! ether. After drying over magnesium sulfate, filtration,
and evaporation of the solvent in vacuo, (SR)-5-methyl-5-phenyl-1,3-oxazo-
[idin-4-one 9 (140 mg, 0.68 mmol, 50 %)} was obtained as a light yellow solid.
Onc single recrystallization from hexane/acetone afforded colorless crystals
(24 mg). [#}2%s = + 38.3 (¢ =1.2, acetone); ref. [16]: +39 (¢ = 0.64; ace-
tone). [1]235 = + 51.8 (¢ =1.2, acetone); ref. [16]: + 53 (¢ = 0.64; acetone).

Experiments for the determination of the enantiomeric purity of the tertiary
cyanohydrins 6b und 6e: Cyanohydrin 6b (20 mg) and (4R.5R)-a,2,2',o-
tetraphenyl-1,3-dioxolane-4,5-dimethanol (TADDOL) (120 mg) were dis-
solved in CDCI, (0.7 mL), and the following "H NMR spectrum was record-
ed (300 MHz, CDCl,): 6 =1.00 (s, 6H. (CH,),C). 1.74 +1.76 (s. 3H. CH -
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C-CH), 2.4-4 (brs, 1H, HO-C-CN), 4.43 (s, 2H, HO-C(Ph),), 4.55 (s, 2H,
H-C), 7.20-7.54(m, 25H,.). The shift difference between the (R) and (S)
enantiomers of the cyanohydrins is 0.02 ppm. The (R)-cyanohydrin gives the
signal at lower field (here 1.76 ppm). The same is true for the benzylic
methylene singlet of cyanohydrin 6e.

{2R,45,5R)-2-Cyanomethoxy-3,4-dimethyl-5-phenyl-1,3,2-oxazaphospholidin-
2-one (12a): Formaldehyde cyanohydrin (0.24 mL, 0.26 g, 4.68 mmol,
1.1 equiv) was slowly added at room temperature over 30 min to a solution
of 2a (1.00 g, 4.25 mmmol) and triethylamine (0.65 mL, 0.47 g, 4.68 mmol,
1.1 equiv) in dichloromethane/diethyl ether (1:1, 40 mL). The reaction mix-
ture was stirred at room temperature overnight. After filtration of the ammo-
nium salt and evaporation to dryness, a colorless crude product was obtained.
Chromatography over silica gel (toluene/acetone 8:1) afforded 0.5¢ g (77 %)
colorless crystals. 'HNMR (90 MHz, CDCly): 6=079 (d,
3J(H.H) = 6.6 Hz, 3H; CH,-CH), 2.75 (d, 3J(P,H) =10.2 Hz, 3H; CH,-N),
3.72 (ddq, 3J(H,H) = 6.5/6.5 Hz, *J(P,H) =189 Hz, 1H; CH-N), 4.74
+4.88 (2 x ~dd, 2H; CH,-O, ABX system), 5.64 (dd, *J(H,H) =1.5/6.6 Hz,
{H; CHO), 7.0~7.6 (m, 5H, ).
(25.48,55)-2-Cyanomethoxy-3,4-dimethyl-5-phenyl-1,3,2-oxazaphospholidin-
2-one (12b): Phosphoroxychloride (1.80 mL, 3.07 g, 20.0 mmool, 1 equiv) was
slowly added over 30 min to a solution of (+)-pseudopehedrine (3.30 g,
20.0 mmol) and triethylamine (6.1 mL, 4.45g, 44.0 mmol, 2.2 equiv) in
dichloromethane (50 mL) at —5°C. The reaction mixture was stirred
overnight at 10 °C. Then triethylamine (3.1 mL, 2.23 g, 22.0 mmol, 1.1 equiv)
was added, followed by a solution of formaldehyde cyanohydrin (1.0 mL,
1.14 g, 20.0 mmol, 1.0 equiv) in diethyl ether (20 mL). After another 24 h the
ammonium salts were filtered off, and the filtrate was evaporated to dryness.
The light yellow crude product was recrystallized from toluene/acetone (4:1)
and afforded 2.48 g (48 %) light yellow crystals. These contained a 5:1 mix-
ture of P-epimers and were recrystallized once more from toluene. P-epimer-
ically pure product was obtained (1.40 g, 27%). "H NMR (90 MHz, CDCl,):
§ =121 (d, 3JH,H) = 6.2 Hz, 3H; CH;-CH), 2.64 (d, *J(P,H) =11.4 Hz,
3H; CH,-N), 3.38 (dq, *J(HH) = 6.2/9 Hz, 1H; CH-N), 4.74 +4.90
(2x =dd, 2H; CH,0, ABX system), 4.92 (dd, *J(H,H) = 3/8.9 Hz, 1H;
CHO), 7.38 (=s. SH, . .n)-

General procedure for the alkylation and acylation of the cyanohydrin phos-
phates 4a and 4d with new electrophiles to give products 13-17 (see Scheme 8):
Compounds 4a or 4d (500 mg, 1.46 mmol) were dissolved in a dry Schlenk
tube under argon in abs. THF (ca. 20 mL). The solution was cooled to
—78°C, and n-butyllithium (1.6N solution in hexane, 1.1 mL, 1.7 mmol,
1.2 equiv) was added slowly over 5 min, until the color changed from light
yellow (monoanion) to orange (dianion). After stirring for 20 min, DMPU
(0.09 mL, 1.5 mmol, 1 equiv) was added dropwise, and the reaction mixture
was stirred for another 20 min at —78 °C. The neat electrophile (1.3 equiv)
was then injected within a few seconds by means of a syringe, and the reaction
mixture was stirred for another 3--6 h at —78 °C. When 14 was prepared,
methylbromoacetate was added at —100°C, followed by stirring overnight at
—100°C. The reaction was quenched with saturated aqueous ammonium
chloride (10 mL)Y and water (5 mL) was added in order to dissolve some
precipitated ammonium chloride. The organic layer was separated, the
aqueous layer was extracted with THF (10 mL), and the combined organic
layers were dried over magnesium sulfate. After filtration and evaporation of
the solvent, a solid, light yellow crude product was obtained. The '"H NMR
spectrum was used show that complete conversion had taken place and to
measure the diastereomeric excess. For further purification the crude product
was chromatographed with toluene/acetone (2—5:1) over silica gel (0.04—
0.063 mm). Oily products were initially obtained, which often crystallized
during the following weeks.

(1'R,25,45,55)-2-{ (1’-Cyano-1",2’-diphenyl-2"-0xo)methoxy|-3,4-dimethyl-5-
phenyl-1,3,2-0xazaphospholidin-2-one  (13): Yield 52%; M.p. 35°C;
(R):(S)=91:9 (82% de); '"HNMR (90 MHz, CDCl,): =117 (d,
3J(HH) = 6.6 Hz, 3H; CH,-CH), 2.67 (d, *J(P.H) =12 Hz, 3H; CH,-N),
3.33 (dq, *J(HH) = 6.6/9 Hz, 1H; CH-N), 4.83 (dd, *J(H.H) = 6.6 Hz,
3J(P,H) = 42 Hz, 1H; CH-0), 7.1-8.2 (m, 15H,,,.). >'P NMR (CDCl,):
5 =16.42 ().

arom

(1R ,25,45,55)-2-| (1’-Cyano-2’-methoxycarbonyl-1’-phenyl)ethoxy]-3,4-
dimethyl-5-phenyl-1,3,2-oxazaphospholidin-2-one (14): Yield 53 %; (R):(S) =
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83:17 (66% de); M.p. 114°C; 'THNMR (90 MHz. CDCl,): 5 =1.16 (d,
3J(HH) = 6.6 Hz, 3H; CH,-CH), 2.57 (d, 3J(P,H) =11.1 Hz, 3H; CH4-N),
3.36 (dq, *J(H.H) = 6.6/8.7 Hz, 1H; CH-N), 3.57 (s, 3H: OCH,), 3.70
(~dd,2H, CI{,, ABX system), 4.83 (dd, *J(H,H) = 8.3 Hz, *J(P.H) = 3 Hz,
1H; CH-0). 71-7.8 (m, 10H,,,). *'P NMR (CDCl,): 6 =15.73 (s);
€, H,3N,0.P (414.40): caled C 60.87, H 5.59. N 6.76: found € 60.67. H
5.69, N 6.55.

(1’R,25,45,55)-2-| (1’-Cyano-1'(3"-oxoyclopentyl)-1’-phenyl)methoxy]-3.4-
dimethyl-5-phenyl-1,3,2-0xazaphospholidin-2-one ~ (15a):  Yield 53%
(dr =74:22:3: <1); M.p. 130°C; 'HNMR (90 MHz, CDCl,): § =1.19 (d,
SJ(H,H) = 6.2 Hz, 3H; CH,-CH), 1.8-2.7 (m, 3CH, +CH,), 2.53 (d,
3J(P.H) =11 Hz, 3H; CH,-N), 3.47 (dg, *J(H,H) = 6.2/9 Hz, 1 H; CH-N),
4,88 (dd, *AHH)=9Hz *JPH)=24Hz. 1H; CH-O). 7.2-7.7 (m,
10H,,0m)- 3P NMR (CDCly): 0 =15.82 (s): HREIMS caled for
C,;H,N,0,P 424.1552; found 424.1549.

(1’R,25,48,55)-2-[ (1’-Cyano-1(3”-oxeyclohexyl)-1’-phenyl)methoxy|-3,4-
dimethyl-5-phenyl-1,3,2-0xazaphospholidin-2-one ~ (15b): Yield 61%
(dr =72:23:4: < 1); '"HNMR (90 MHz, CDCly): =118 (.
JHH) =6.2Hz, 3H; CH,-CH), 1.5-2.5 (m, 8H, 4CH,), 248 (d,
3JP.H)=10.8 Hz, 3H; CH,-N), 2.67 (m 1H, CHy), 349 (dq,
3JHH)=62/9Hz, 1H; CH-N), 488 (dd, 3J(H.H)=9Hz,
3J(P.H) = 2.4 Hz, 1 H; CH-0), 7.1-7.65 (m, 10H,_.,,). *'P NMR (CDCl,):
6 =15.63 (s); C,,H,,N,0,P (438.46): caled C 65.74, H 6.21. N 6.39; found
C 65.53, H 6.32, N 6.29.

(1'R,25,4S,55)-2-[ (1"-Cyano-3’-ethoxycarbonyl-2’-methyl-1’-phenyl)pro-
poxy|-3,4-dimethyl-5-phenyl-1,3,2-oxazaphospholidin-2-one (16a): Prepara-
tion according to the general procedure, but from 4a and without DMPU.
Yield 55% (dr =80:13:5:<2); M.p. 42°C; 'HNMR (90 MHz, CDCl,):
§=0.83 (d, *J(H.H) = 6.3 Hz, 3H; CH,-CH), 1.31 (t, *J(H,H) = 6.6 Hz,
3H; CH;-CH,), 1.45 (d, *J(H,H) = 6 Hz, 3H; CH,-CH), 2.34 (m, 2H,
CH,-C), 236 (d, *J(P,H) =10.8 Hz, 3H; CH,-N), 2.98 (m, 1 H, CH;-CH,).
3.63 (m, 1H; CH-N), 4.17 (q, *J(H,H) = 6.6 Hz, 2H, CH,-CH,), 5.63 (xd,
3J(H.H) = 6 Hz, 1H; CHO), 7.1-7.8 (m, 10H,,_). *'P NMR (CDCl,):
0 =14.97 (s); C,,H,,N,0,P (456.48): caled C 63.15, H 6.40. N 6.14; found
C 61.32, H 6.50, N 6.05.

(1'R,25,4S,55)-2-](1"-Cyano-3'-methoxycarbonyl-1’,2’-diphenyl)propoxy]-
3,4-dimethyl-5-phenyl-1,3,2-oxazaphospholidin-2-one  (16b):  Yield 48%
(dr = 65:22:9:<4); 'HNMR (90 MHz, CDCl,): =071 (.
SJHH) = 6.2Hz, 3H; CH,;-CH), 2.2-2.7 (m, 2H, CH,-C), 2.42 (d.
3J(P,H) =10.2 Hz, 3H; CH,-N), 3.40 (s, 3H, OCH,), 3.57 (m, 1 H; CH-N),
3.96 (m, 1H, CHPh), 5.57 (~d, 3J(H,H) = 6.3 Hz, 1H; CH-0), 6.8—7.9 (m,
15H,,..). *'P NMR (CDCl,): §=1533 (s); HREIMS caled for
C, H,,N,O,P 504.1814; found 504.1814.

(1'R,25,48,55)-2-[ (1'-Cyano-1"-(2”-methexycarbonyl)cyclopropyl-1’-phenyl)-
methoxy|-3,4-dimethyl-5-phenyl-1,3,2-0xazaphospholidin-2-one (17): Prepara-
tion according to the general procedure, but from 4a and without DMPU.
Yield 69% (dr = 55:27:12: <6); "HNMR (90 MHz, CDCl,): § = 0.77 (d,
3J(H,H) = 6.6 Hz, 3H; CH,-CH), 1.3-1.7 (m, 2H, CH,), 2.03 (m. 1H,
CH,), 2.3-2.5(m, 1H, CH,), 2.62 (d. *J(P.H) = 9.9 Hz, 3H: CH,-N). 3.60
(s. 3H, OCIL,), 3.61 (m, 1H; CH-N), 5.62 (~d, 3J(H.H) = 6.9 Hz. 1 H;
CH-0), 7.1-7.8 (m, 10H,,,.). *'P NMR (CDCl,): § =15.78 (s).

X-ray crystallography:!'"! Data were collected at ambient temperature (20°C)
by means of the w—26 scan technique in the range of 4 <26 < 60", Data were
corrected for Lorentz and polarization effects, but.no absorption correction
was necessary. The structure was solved by direct methods (SHELXS-86).
Refinement was carried out for all unique reflections (3769) except for 10 with
very negative F2. Calculations were performed with SHELXS-86 (Sheldrick,
1990), SHELXL-93 (Sheldrick, 1993) and SHELXTL PLUS (Siemens, 1990)
on a Digital Equipment VAX station 3200 and a PC. Details of data collection
and structure refinement are reported in Table 2.

Acknowledgements: We thank Professor Mootz, Diisseldorf, for the X-ray
structure analysis.
Received: February 14, 1997 [F 614]

0947-6539/97{0308-1281 § 17.50+ 50/0 — 1281





FULL PAPER

T. Schrader

1] D. Seebach. Angew. Chem. Int. Ed. Engl. 1979, 18, 239.

[2] J. D. Albright, Tetrahedron 1983, 39, 3207.

|3] D. Enders, P. Gerdes, H. Kipphardt, Angew. Chem. [nr. Ed. Fngl. 1990, 29,
179.

4] T. Schrader, Angew. Chem. Int. Ed. Engl. 1995, 34, 917.

[5]1 T Kurihara, K. Santo, S. Harusawa, R. Yoneda, Chem. Pharm. Bull. 1987, 35,
4777,

{6] a) S. Denmark, I. E. Marlin, [ Org. Cheni. 1987, 52, 5742; by P. A. Bartlett,
K. L. McLaren, Phosphorus Sulfur 1987, 33. 1; ¢) D. H. Hua, R. Chan-Yu-
King, I A. McKie, L. Myer, J dm. Chem. Soc. 1987, 109, 5026; d) M. Sting,
W. Steglich, Synthesis 1990, 132; ¢) S. Hanessian. Y. L. Bennani, D. Delorme,
Tetrahedron Letr. 1990, 31, 6461, Recently ozonolytic cleavage of unsaturated
phosphonamides was reported: S. Hanessian. D. Andreotti, A. Gomtsyan,
J Am. Chem. Soc. 1995, 117, 10393.

[7] Exception: G. Boche, W. Schrott, Tetrahedron Lert. 1982, 23, 5403,

[8] a) H. Beyer, W. Walter, Lehrbuch der Organischen Chemie, Hirzel-Verlag,

Stuttgart, 1991, p.528; b) Aldrich, Sigma, and Fluka catalogues 1997:

(+)-ephedrine: 10 g~ DM 10; (—)-¢phedrine: 10 g=DM 10.

For reaction of 2 with simple alcohols, see: D. B. Cooper, C. R. Hall, J. M.

Morrison, T. D. Inch, J. Chem. Soc. Perkin Trans. I 1977, 1969.

[10] T. Mukhopadhyay, D. Seebach, Helv. Chim. Acta 1982, 65, 385; D. Seebach,
R. Hennig, T. Mukhopadhyay, Chem. Ber. 1982, 115, 1705.

[11] D. Mootz, H. Riitter, W. Pol}, T. Schrader; further details of the crystal struc-
ture investigation may be obtained from the Fachinformationszentrura Karls-
ruhe, 76344 Eggenstein-Leopoldshafen (Germany), on quoting the depository
number CSD-401 365.

[12] W. N. Setzer, B. G. Black, J. L. Hubbard, Phosphorus, Suffur Silicon 1990, 47,
207.

[13] W.N. Setzer, B. G. Black, I L. Hubbard, B. A. Hovanes. J Org. Chem. 1989,
54, 1709.

[9

[14] All efforts to convert 7 into the chlorooxazaphospholidinone 2 under simple
conditions failed. Ring-opening to 7 could not be avoided by employing even
milder conditions and is possibly also titanium-catalyzed.

[15] D. Seebach, C.v.d. Bussche-HUnnefeld, A. K. Beck, U. Lengweiler, Helv.
Chim. Acta 1992, 75, 438.

[16] K. Freudenberg, | Todd, R. Setdler, Justus Liebigs Ann. Chem. 1933, 501, 199.

[17] a) D. 1 Weber, A. K. Meeker, A. S. Mildvan, Biochemisiry 1991, 30, 6103;
b) F. A. Cotton, F. E. Hazen. Jr., M. I Legg, Proc. Natl. Acad. Sci. USA 1979,
76, 2551,

[18] a) F. Effenberger, Angew. Chem. Int. Ed. Engl. 1994, 33, 1555; b} G. M. R.
Tombo, D. Bellus, ibid. 1991, 30, 1193,

[19] G. Stork, A. A. Ozorio, A. Y. W, Leong, Teirahedron Letr. 1978, 52, 5175.

[20] T. Schrader, C. N. Kirsten, unpublished results.

[21] a) A. C. Veronese, R. Callegari, A. Bertazzo, Heterocycles 1991, 32, 2205;
b) M. V. Garcia, J. C. Menendez, M. Villacampa, M. M. Séllhuber, Synthesis
1991, 697.

[22] a) M. Hayashi, T. Matsuda, N. Oguni, J. Chem. Soc. Perkin Trans. 1 1992,
3135: b) A. Mort, Y. Ikeda, K. Kinoshita, S. Inoue, Chem. Lett. 1989, 2119,
¢) U. Niedermeyer, M.-R. Kula, Angew. Chem. Int. Ed. Engl. 1990, 29, 386,
d) F Effenberger, B. Horsch. S. Forster, T. Ziegler, Tetrahedron Lett. 1990, 31,
1249.

[23] a) M. T. Reetz, K. Kesseler, A. Jung, Angew. Chem. Int. Ed. Engl. 1985, 24,

989: by D. M. Dalton, C. M. Garner, J. M. Fernandez, J. A. Gladysz, J. Org.

Chem. 1991, 56, 6823.

a) F. Effenberger, B. Horsch, F. Weingart, T. Ziegler, S. Kithner, Tetrahedron

Let1. 1991, 32, 2605; b) M.-R. Kula, J. Albrecht, I. Jansen, Biotechnol. Appl.

Biochem. 1993, 17, 191; ¢} F. Effenberger, S. Heid, Terrahedron Asymmetry,

1995, 6, 2945.

[25] Recently two (S)-methyl ketone cyanohydrins were obtained with the same
enzyme by a transcyanation reaction: E. Menéndez, R. Brieva, F. Rebolledo,
V. Gotor, J. Chem. Soc. Chem. Conunun. 1995, 989.

s
S

1282 ——— & VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

0947-6539/97)0308-1282 8 17.30+ .50/0 Chem. Eur. J. 1997, 3, No. 8






FULL PAPER

Methyl Aryl Ketones in the Synthesis of
Hexaazabicycloicosane Cage Complexes
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This paper is dedicated to Gottfried Hutner, a stimulating teacher, researcher and companion

Abstract: The template syntheses of vari-
ous Co™ - hexaazaicosane-type cage com-
plexes with aromatic substituents are de-
scribed. The parent template, [Co(sen)]®*
ion {sen = 4,4 4"-ethylidynetris(3-azabu-
tan-1-amine)}, paraformaldehyde, a
methyl aryl ketone and a base were
reacted in acetonitrile to give aroyl sub-
stituents attached to the fully saturated
sarcophagine cage (l-aroyl-8-methyl-

stituents attached to an analogous imine-
type cage (2-aryl-8-methyl-3,6,10,13,16,19-
hexaazabicyclo[6.6.6]icosa-2-cne cobalt(im)
ion). Phenyl, napthyl, phenanthryl, anthra-
cenyl and anthraquinonyl substituents
have been bound to the cage simply by

Keywords
cage compounds cobalt -+
cyclic  voltammetry fluorescence

this route to give molecules that can act as
intercalators in DNA or as photosensitiz-
ers attached to reversible redox-active
metal centres and can couple an organic
two-electron reagent with an inorganic
one-electron reagent. An X-ray crystallo-
graphic analysis of a phenanthroyl cage
complex has also been carried out. These
substances and their progeny should be
useful as biological probes and fluores-

3,6,10,13,16,19-hexaazabicyclo[6.6.6]-
icosane cobalt(in) ion) and aryl sub-

Introduction
The synthesis of bicycloicosane cage molecules con-

taining six nitrogen donor atoms was originally
achieved by reacting aqueous methanal with cobalt-

(1) amines to form intermediates bearing coordinated NH

imines, which then condensed with ammonia or the

conjugate base of nitromethane and more methanal 1
to give the encapsulated products."'*! Reaction of
[Co(sen)]** {Scheme 1, 1; sen = 4,4".4"-ethylidyne-
tris(3-azabutan-1-amine)} with higher aldehydes and
paraformaldehyde in acetonitrile proved to be a successful route
for synthesizing cages with various apical substituents
(Scheme 1, 2 and 3), primarily because the mixed aldchyde syn-
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cent indicators and for energy capture and
conversion.

R T

2 :

- N.__NH .NH NH NH .NH
H S [
o 2HCHO [ [c ] NaBH, [ [L ]
— N

NPf I‘\IH\N}{
RCH,CHO

2 3

Scheme 1. Reaction of [Co(sen)]** with mixed aldehydes in acetonitrilc.

thesis can be controlled by adjusting aldehyde concentrations to
regulate condensation rates.[®- 4 Subsequently it was also shown
that when acetonitrile is used as the solvent, quite weak carbon
acids such as N-alkylated y-picoline and a pyruvate imine
cobalt(1) complex may be used to produce functionalized car-
bon-capped cages.! ¢!

The final saturated complexes described above have an ap-
proximately octahedral coordination geometry. Those with in-
equivalent apical substituents generally average C, symmetry,
but this is lost if functional groups or substituents are incorpo-
rated into one or more of the strands. The cages are scif-assem-
bled with a high degree of stereospecificity. There are seven
chiral centres in the parent saturated hexaaza complex, apart
from conformers. Additional complications arise from the sub-
stituents, but if the starting template is one chiral form then the
cage product consists of one isomer; this is the situation for the
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syntheses using the [Co(sen)]* ¥ template at ~20 °C. Essentially,
the initial configuration of the Co(N-CH,—CH,-N), moiety
in the starting material determines the same configuration for
each chiral nitrogen centre.!"

Some ketones contain methyl groups that are effective carbon
acids,!! and the carbonyl group in such compounds is also able
to condense with a coordinated amine.'® The success of earlier
syntheses prompted us to investigate the use of various methyl
ketones in template condensation reactions with [Co(sen)]®”
and paraformaldehyde, and these pursuits have given rise to a
series of cage complexes with aromatic and other substituents.
In addition to providing linking functionalities, the substituents
can also modulate certain physical properties of the complex-
es.! In some examples, aromatic substituents could act as pho-
toactive centres!'® "1 and could also be used as intercalating
agents to target DNA sites.!'?! This paper describes the reac-
tions of [Co(sen)]**, paraformaldehyde, and a series of methyl
aryl ketones to produce cages with aryl groups attached to the
apex or elsewhere in the cap. Some of the trivial nomenclature
used for these molecules has been described in previous pa-
pers.[27 691

Results

Cage syntheses: The simplest ketone used in these reactions was
acetophenone, in which the methyl group is weakly acidic
(pK, = 19).1" 31t was reacied with [Cofsen)]® * and paraformalde-
hyde in acetonitrile to produce a mixture of yellow—orange
complexes that separated into two bands during ion-exchange
chromatography. The NMR spectra in D,0 of the residue from
the first band indicated that two cage species were present, one
(4. R = C H;, Scheme 2) containing a ketone functional group

("*C NMR: 8a204), the other (5, R = C,H,) having a diol
functional group (*3*C NMR: 6§~ 97).'“ Hydration of ketones
to form diols has been observed previously in cobalt(ii) com-
plexes of keto acids!* %) and in the pyruvate-imine-capped
cagel® This increased stability of the diol indicates the electron-
withdrawing capacity of the cobalt(ii} cage, at least in relation
to the apical substituents. However, ketone hydrates are rarely
stable in the solid state" " and only the ketone form would be
expected even if the complex was crystallized from aqueous
solution. Accordingly spectra were obtained in [D4]dimethyl-
sulfoxide; these were consistent with a single cage species with
average Cy symmetry containing a ketone functional group as
an apical substituent (4, R = C,H,). Such a complex arises
from the sequential condensation of the methyl group of acc-
tophenone with three methanimine groups formed by addition
of three methanal molecules to [Co(sen)]**, as shown in
Scheme 2. When the aroyl-substituted species was treated with
NaBH,, the carbonyl group was reduced to a secondary alco-
hol.'® Two diastereoisomers (6, R = C. H,) arise from the re-
duction of the ketone, which generates a chiral centre in the
resulting secondary alcohol. The 'H NMR spectrum showed a
signal for the proton attached to the methine carbon of the
secondary alcohol at 6 = 4.58 but it did not reveal the diastereo-
isomers. The '*C NMR spectrum, however, was consistent with
an approximately equimolar mixture of two isomers, as all sig-
nals were doubled. There was no ketone or diol signal, and the
signals at 6 =76.0 and 75.7 were consistent with the presence of
an alcohol.

The 'H and '3C NMR spectra of the residue from the second
band described above were consistent with those expected for a
single cage complex [ormed by the addition of two methanal
molecules to [Co(sen)]* *, subsequent condensation of the two
methanimines with the methyl group of acetophenone and final-

R
— /
CH /& O H
K,: - RS on 1%
3+
Hy H.—|3+ Hz R
H 2 2
“Co'” HCHO -7 HCHO “Co HN. NH _NH
C T e s
S Qo 1 Gy
NH >\l NH NH NH “NH “NH L
‘ﬁ// \ﬂNH//NH %’/ NH "NH “NH
— — 2 diastereoisomers 6
HCHO
NaBH,
followed by O,
oH 13+
R._§ R0 I3+
e s+ OH
RW\\ W\\
NH NH JNH NH _NH HN,  NH .NH HN, NH _NH
NaB {: H,0 e
Nl—f NH\NH NH NH NH NH NH\‘NH N}-f I‘\JH\NH

R

Scheme 2. Mechanism and products of the capping reaction of [Co(sen)]? "
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ly condensation of the ketone functional group with the third
tripodal amine. The cage has a phenyl-substituted imine group
in the cap (7, R =C,H;). [t is asymmetric and formed
stereospecifically, as shown by the 19 signals in the '*C NMR
spectrum, four of which arise from the phenyl substituent. The
single signal at & =190.2 is attributed to the iminc carbon atom.
Treatment of 7 with sodium borohydride at pH § yielded the
orange, saturated species (8, R = C,H;). The reduction of the
imine was stereospecific, as only one diastereoisomer was de-
tected. As expected, this cage was also asymmetric; it showed
19 signals in the '>*C NMR spectrum, and the imine signal had
vanished. Experiments simply with [Co(sen)}** and acctophe-
none in acetonitrile under similar conditions did not produce
any new specics, so clearly methanal is required to connect the
ketone to the tripod. The proposed mechanism for the synthesis
of these cages is shown in Scheme 2. While the precise order of
the condensations has not been determined, this mechanism is
consistent with the data. Experiments using lesser amounts of
methanal resulted in lower yields but no difference in the cage
products.

The synthesis of two cages from a single capping reaction
was observed previously in the reaction of [Co(sen)]** with
paraformaldehyde and ethanal.’®! An unsaturated species was
formed by the initial addition of two methanal molecules to
[Co(sen)]** and the methyl group of ethanal, followed by con-
densation of the aldehyde group with the remaining coordinated
amine. The second minor cage product with an apical formyl
substituent arose from condensation of three methanal mole-
cules with the tripodal amines and the aldehyde methyl group.
The use of a methyl aryl ketone instead of ethanal is a route to
a wide range of substituted cages because it is possible to
vary the nature of the aryl group extensively. For example,
&-nitroacetophenone, methy! 2-naphthyl ketone, 9-acetylan-
thracene, 2-acetylanthraquinone and 2-acetylphenanthrene
were used in capping reactions analogous to that described
above and usually two cage complexes were isolated from each
reaction, a symmetric (C5) form with an aroyl group at the apex
and an unsymmetrical imine species with the aromatic sub-
stituent at the cap 2 position. The exception was the 9-acetylan-
thracene reaction, from which only the ketone-substituted spe-
cies was isolated.

In all instances, the 'H and **C NMR spectra and micro-
analyses confirmed the presence of the aromatic group and the
overall structure of the complexes. All the imine-bearing cages
yielded saturated products stercospecifically and in high yield
when treated with NaBH,. Reduction of the anthraquinone
imine cage was not attempted, since anthraquinone itself is re-
duced by NaBH,. Cages were prepared with 4-nitrophenyl, 2-
naphthyl, 9-anthryl, 2-phenanthryl and 2-anthraquinonyl sub-
stituents at the cap 2 position or connected to the apex (1
position) as aroyl groups. All the ketonic cages in this group
except the anthracene species showed ketone==diol equilibria in
aqueous solution, but only an aroyl-substituted complex when
the spectra were recorded in dimethylsulfoxide or acetone. They
were all less water-soluble than their imine counterparts and
cluted ahead of them from Sephadex ion exchange resin. The
yield of the imine cage was greater than that of the ketonic
derivative in most cases (5:3-5:2). As stated above, the reac-
tion with 9-acetylanthracene produced only an aroyl form, pos-
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sibly because the large 9-anthryl substituent inhibited the ke-
tone—amine condensation necessary to form the imine species.
Given the reaction concentrations used here, it sccms likely that
following the formation of a methylene imine and its condensa-
tion with the active methyl group, the intramolecular cyclization
between the carbonyl group and a remaining tripodal amine is
competitive with addition and subsequent condensation of a
third methanal molecule to the tripod.

A sccond species isolated from the 9-acetylanthracene reac-
tion contained an anthracene moicty, which was identified by
NMR spectra. The '*C NMR spectrum lacked an imine signal

but contained a signal at
& = 207 consistent with an an- 0 D
thryl ketone substituent and R
another signal at § = 82 char-
NH N/\,NH

Co’

1~

as also were doublets at
6=529 and 563 in the
"HNMR spectrum.!'®! These
data are consistent with 9
(Scheme 3), which is formed
from the addition of two coor-
dinated methanimines to 9-
acetylanthracene while a third methanimine has condensed with
a secondary amine to form a methylene bridge.

A cage complex with an aminophenyl substituent at the cap
2 position was also prepared by reducing the nitrophenyl imine
cage with tin and hydrochloric acid and then oxidizing the Co"
product with air.

acteristic of a methylene bridge, [
. i \s\
NH “NH “NH

9 R =9-anthryl
Scheme 3. R = 9-anthryl.

X-ray analysis: The structure of the cage with a phenan-
throyl substituent, [Co(PhreCO,Me-sar)]Cl,-3.35H,0 (sar =
3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane,  sarcophagine),
was established by X-ray crystallography; the crystal data are
shown in Table 1. Atomic coordinates, bond lengths and va-

Table 1. Crystal data for [Co(PhreCO,Me-sar)]Cl,-3.35H,0.

formula CioHa5.70CLCON O, 55
M, 728.34

a A 9.998 (3)

n A 12.795(3)

o A 15.809(3)

%, ° 66.95(1)

B, - 74.72(2)

7.0 69.51(2)

v, A3 1724.2(8)

7 2

space group PT (No. 2)
7,°C 23.0

2A 0.71069 (Moy,)
Peatea> gom~? 1.403

u(Moy,). cm ™! 7.74

R(F), R/}, [a] 0.036. 0.032

la] R(F) =3AIF] — IEINZIEL RAE) = (w(E] — [ EwF)2,

lence angles have been deposited at the Cambridge Crystallo-
graphic Data Centre, along with the unit cell diagrams. An
ORTEP plot of the complex cation (Figurc 1) shows that the
phenanthryl moicty is covalently attached to the apex of the
cage through a carbonyl linking group; the caption gives some
average bond lengths which are unexceptional for molecules of
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Figure 1. ORTEP diagram of the cation [Co(PhreCO,Me-sar)]** . Ellipsoids show
30% probability levels; H atoms have been omitted for clarity. Average bond
Jengths (A): Co-N 1.967(3). C-N 1.490(10), C-C(en) 1.507(4), C—C(cap)
1.552(4), CH,~C 1.534(4). C(O)- C(cap) 1.552(4), C(O)-C(aryl) 1.498(4). The
cage and aryl bond lengths and angles are typical for entities of this kind.

this kind. The complex adopts the lef, arrangement of its five-
membered chelate rings, which has been the most commonly
observed conformation for Co™-sar-type cages.[2%! The aver-
age Co—N bond length (1.967(3) A) and twist angle (55.3(2)")
are typical for this type of molecule.[?! This is the second crystal
structure determination of a Co'—sar-type cage with an aro-
matic substituent attached to the cap. The structure of an
analogous complex with a pyridine ring linked to the apex™!!
did however exhibit the ob, conformation in the cage fragment.
Both structures display extensive H-bonding between the anions
and the coordinated amine H atoms but several lattice energy
components, including hydrogen bonding, electrostatic effects
on the packing and the nature of the charge distributions within
the substituents, may determine which conformation is ob-
served in the solid state. However both the pyridine- and the
phenanthrene-substituted cage complexes in aqueous solutions
appear to adopt largely the /el type conformations.

Mass spectrometry: Some of the complexes were also character-
ized by clectrospray mass spectrometry (ESMS), a low-energy
technique which has been useful in characterizing other cage
molecules simply because at low skimmer voltages of 32-60 V
the molecular ion is frequently the most abundant ion ob-
served.[?2] The complexes studied were the chloride salts of
the following: [Co(NpCO,Me-sar)]>* (4, R = 2-naphthyl),
[Co(PhreCO,Me-sar)]** (4, R = 2-phenanthryl), [Co(Ag-
CO,Me-sar)]** (4, R = 2-anthraquinonyl), [Co(2-H;NPh,Me-
sar)l** (7, R = 4-ammoniophenyl), and [Co(2-Aq,Mc-2-
sarene)]®” (6, R = 2-anthraquinonyl). The solvents used were
aqueous acetonitrile and aqueous methanol. Representative
ESM spectra (Figure 2) demonstrate simply and conclusively
that the aromatic groups are covalently linked to the cobalt()
cages; the combination of microanalysis, 'H and '*C NMR
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100 = 311.3 a5 -
(311.1)
[cage-H+CH,0H2
e}
% 304.3
(304.1)

[cage-H+H,0}2*

. [cage-H+CH;0H+33Cl)
d? 657.3
(657.2)
|/
S, 643.3
hY, (643.2)
295.3 [cage-H+H,0+33CI]*
{295.1) g
3

[cage-H}Z*
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200 300 400 500 600 m/z 700

Figurc 2. ESM  spectrum  of [Co(AqCO.Me-sar)]*” in aqueous methanol.
AV =50V (caled mj/z in brackets).

spectroscopy and ESMS is a powerful tool to help in the charac-
terization of these molecules.

In the spectra uni-, di- and tripositive ions were clearly
visible. Assignments were made based on the structures deduced
from the analyses and NMR spectra; calculated and observed
masses agreed to within the ESMS experimental uncertainty
of +0.4mass units. In all cases, an ion assigned as [Co
cage — H}** was visible and for four of the complexes it was the
most abundant ion. The [Co cage — H+ CH,OH]** ion was the
most abundant ion for the anthraquinonoy] and phenanthroyl
cobalt(m) cages. [Co cage — H+3*°Cl}* and [Co cage
— H+?'Cl]* ion pairs were also observed in all spectra. Ion
triplets containing one cobalt(in) cage cation and two chloride
counterions were only observed in the spectra obtained with low
skimmer voltages, while ions such as [Co cage — H+H,0]** or
[Co cage — H+CH,OH]** were only observed in the spectra of
cage complexes with an aroyl group. This may indicate addition
of methanol or water to the carbonyl centre to give the hemike-
tal or diol stabilized in the gas phase. At relatively low voltages
(<50 V) the bare complex and adducts consisting of the cation
and one or more acetonitrile molecules were evident. At 90V
only the bare cation was observed and at high voltage (190 V)
dissociation and fragment ions became evident.

Electronic spectroscopy: Unlike the unsubstituted cages'':?!
only one of the ligand-field absorption bands (of origin
'A,, — 'T},, O,) was observed, as the other was obscured by the
tail of a charge-transfer absorption band from the ultraviolet
region. The position of the band with parentage '4,, — ' T}, was
relatively little affected by the nature of the aromatic sub-
stituent: for the ketone and imine complexes it was observed at
~470 nm, and for the saturated 2-substituted cages at
2480 nm. Other studies have shown that the position of this
d-d band for the sar-type cage complexes is altered signif-
icantly when substitution results in a conformational change
from lel, to ob, or vice versa.l?*! It is inferred therefore that the
conformation in aqueous solution for these ions is largely the /el
form.

The intensity of the band was not greatly affected by the
nature of the aromatic substituents, only by their position in the
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cage frame; the molar absorption coefficient was
~140m 'cm ™! for the ketone complexes, ~220M~'cm ™! for
the unsaturated cages and ~200M~ 'cm™! for the saturated,
cap-substituted forms. All these aromatic complexes absorbed
strongly in the ultraviolet, and the absorbances due to the aro-
matic group were broadened and altered by the Co™ chro-
mophore. The UV spectra of the phenanthrene ketone and
imine cages and 2-acetylphenanthrene are shown as examples in
Figure 3.

carbony! complex
— — - 2-acetylphenanthrene
imine comolex

molar absorption coefficient (M-1 cm-1)

-3-w-"'1-»*‘-|--'”"--|
200 250 300 350 400
wavelength (nm)

Figure 3. Ultraviolet absorption spectra of cage complexes with phenanthryl sub-
stituents: [Co(PhreCO,Me-sar)]** —, [Co(2-Phre,Me-sar-2-ene)]** -+, The 2-
acetylphenanthrene spectrum ( - - - ) is shown for comparison.

Fluorescence studies: Emission and excitation spectra of several
of the complexes were examined in aqueous solution. No emis-
sion was detected from the phenanthroyl Co™ cage complex or
from its Co" analogue, which was prepared by treating the for-
mer with zinc powder for 2 h. Phenanthrene-type emission was
observed when the ketone group was reduced to an alcohol in
solution with KBH, {the metal ion was concomitantly reduced
to Co™). This was also the case when the phenanthrene—imine
cage was treated with KBH, ; the Co?* ion was not lost from the
cages during these processes. When the phenanthrene Co" com-
plexes were reoxidized to the Co™ species, some residual fluores-
cence was detected, but it was clearly efficiently quenched. No
emission was detected from the anthracenoyl Co" cage complex
until after the ketone group and metal ion had been reduced in
situ with KBH,. The resulting anthracene alcohol Co® form
produced emission and excitation spectra. The fluorescent
quantum yield of the Co" cage was 0.004, but the fluorescence
almost disappeared when a slightly acidic solution (pH 5) was
oxidized to the Co™ species with oxygen. As with the analogous
phenanthrene cages, the quenching was very efficient for the
Co'" state. The fluorescence spectra {rom the anthracene alcohol
cages are shown in Figurc 4, and are similar to those obtained
from other anthracene-substituted cages.'®'"1 A previous
study has shown that anthracene-substituted cobalt™ cages only
act as coupled photosensitizers and electron relays for H, pro-
duction when the anthracene is well-separated from the metal
centre by a linking group of approximately five atoms between
the cage and the sensitizer.!!!] It seems likely that the same
situation will hold for the present molecules. These studies!*?- 11!
have also shown that the quenching mecchanism is largely an
energy transfer path. The fluorescent levels lie at higher energies
but close enough to overlap with those of the Co™ ions at
570 nm. The marked reduction in the intensity of the Co™ ab-
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Figure 4. i) Emission spectrum of [Co(AntCO,Me-sar)]** in aqueous solution
a) after reduction with KBH,, b) after reduction with KBH, and purging with
oxygen; ¢) untreated solution. ii) Excitation spectrum of [Co(AntCO,Me-sar)]**
in aqueous solution after reduction with KBH,.

sorption in this region limits the efficiency of the energy transfer
in this oxidation state and the excited state is much longer lived.

Electrochemistry: The electrochemistry of the cage complexes
was studied using cyclic voltammetry; some results are listed in
Table 2. Some aromatic species exhibited weak adsorption phe-

Table 2. Cyclic voltammetry data for some aromatic-substituted cages (glassy car-
bon working electrode, saturated calomel reference electrode, scan rate 20 mVs™!,
25°C).

Cage complex E,;» vs SHE (V) AE, (mV)
[Co(PhCO,8-Me-sar)P** [a] —0.38 118
[Co(NpCO,Me-sar)]** [b] ~0.39 101
[Co(AntCO,Me-sar)]* * [b] —0.37 63
[Co(AntCO,Me-san)* * [f.g] —0.35 65
[Co(2-Np,Me-sar-2-ene)]*>* [b] —0.45 71
[Co(2-Phre,Me-sar-2-ene)]* * [b] —0.45 84
[Co(2-Agq,Me-sar-2-ene)]** [b] —0.50 [¢] 74
—0.23 {d} 68
[Co(2-Aq,Me-sar-2-ene)]** [f,g] ~0.45 [¢] 70
0.12[d] 46
[Co(2-NO,Ph,Me-sar-2-ene)]*" [b,g] —0.49 [¢] 68

[a] Supporting electrolyte 0.tm NaClO,. [b] Supporting electrolyte 0.1m
NaCH,COO. [c] Co couple. [d] Owing to anthraquinone reduction. [e] Two
couples observed, only Co™™ couple reported. [f] HMDE, supporting electrolyte
0.1 CF,COOH. [g] Scan rate 100 mVs ™.

nomena in the oxidation wave with glassy carbon, gold and
platinum electrodes and were not studied further. The nature of
the aromatic substituents for the most part did not greatly affect
the Co™™ reduction potentials. The anthraquinone —imine com-
plex, however, showed a two-electron wave due to reduction of
the anthraquinone group at —0.23 V (vs SHE) (Figure 5) and a
one-electron wave at & — 0.5V (vs SHE) duec to the Co"™/™
couple in 0.1 M sodium acetate solution. Reduction of the metal
centre would therefore lead to reduction of the quinone by in-
tramolecular electron transfer. In 0.1 M trifluoroacetic acid, the
Co"™ potential did not change much (0.05 V) but the an-
thraquinone/anthraquinol potential changed substantially to
0.12V, that 1s, AE~0.35 V. This effect is probably related to
protonation at the oxygen sites. Reduction of the protonated
ligand would be expected at a more positive potential. The CV
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Figure 5. Cyclic voltammogram of [Co(2-Ag.Me-sar-2-ene)]* " in 0.1 M CF,CO,H
{1op) and in 0.1 NaOOCCH, (bottom); scan rate 100 mVs ', HMDE working
clectrode. 25 “C, SCE reference.

plot from sodium acetate solution could superficially indicate
some coupling between the two systems, except for the fact that
the Co™™ potential barely changes with pH. Also, modelling of
the observed CV by overlap of independent cyclic voltam-
mograms for cach couple indicates they are essentially indepen-
dent.i2# The single-clectron reduction of the anthraquinone was
not observed (even at scan rates up to 1 Vs '), and clearly the
radical product does not have a more ncgative potential than
that of Co™", otherwise the system would have been more close-
ly coupled. On a faster timescale than our equipment offers, it
might be interesting to observe the behaviour of the quinone
radical.

The reduction potentials of the imine cages were less positive
than those of the analogous ketone-substituted species. The
electrochemistry of the anthroyl and the anthraquinone imine
complexes was also measured in 0.1 M CF;COOH using a hang-
ing mercury drop electrode; under those conditions the reduc-
tion potentials were slightly more positive.

The data presented here show that the reduction potential of
the anthraquinone moiety is more positive than any of the
Co™ couples in the complexes with aromatic substituents.
Hence the opportunity now exists to place an electron donor
{for cxample anthracene in its excited state linked to the cage by
a longer spacer group!) and an electron acceptor (an-
thraquinone) at opposite ends of a cobalt(i) cage. After photo-
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lysis, charge separation could be achieved in a cascade, mediat-
ed by the metal ion in the centre of the cage complex. Experi-
ments of this kind are in train with both Co and Zn complexes.

Conclusion

Methyl aryl ketones have proved to be effective reagents in the
synthesis of hexaazabicycloicosane cobalt™ cage complexes
bearing aromatic substituents. When the solvent is acetonitrile,
the methyl groups in these ketones are sufficiently acidic to act
as nucleophiles in the syntheses. The resulting cage complexes
exhibit the same stability and other properties associated with
the cobalt(in) centre that have been observed in the simpler
analogues,!?! and they also have the ability to participate in
reactions centred on the aromatic substituent, such as photo-
chemical reactions in the case of phenanthrene- and anthracene-
substituted cages and DNA intercalation in some instances.!'?!

Experimental Section

The NMR spectra were recorded with a Varian Gemini 300 spectrometer; the
solvents were D,0, [D(]Me,CO and [D]Me,SO. The internal reference was
dioxane ("HNMR: ¢ = 3.70 and '3C NMR: § = 67.4 vs. SiMe,). Peak as-
signments were made by means of DEPT spectra and by analogy with com-
plexes containing similar chromophores. IR spectra were recorded with a
Perkin- Elmer 683 spectrometer with KBr disks. Electronic spectra were
obtained with a Hewlett -Packard 8450 spectrophotometer from aqueous
solutions. Electrospray mass spectra (ESMS) were obtained with a Fisons;
VG Biotech Quatro mass spectrometer from aqueous acetonitrile solutions.
The solvent stream was aqueous methanol. lon exchange chromatography
was performed with analytical grade Dowex S0 WX 2 (200-400 mesh) and
SP-Sephadex C-25 cation exchange resins, and evaporations were carried out
with a Biichi rotary evaporator at & 20 Torr in a water bath at less than 50-C.
Cyclic voltammetry was performed on a BAS 100 electrochemical analyser
under nitrogen in 0.10M NaClO, solutions with a glassy carbon working
electrode, a platinum wire auxiliary electrode and a saturated calomel refer-
ence electrode at 25°C. The scan rate was either 20 or 100 mVs™*.

Syntheses: Caution! Perchlorate salts are potentially explosive!
2-Acetylanthraquinone: 2-Acetylanthraquinone was prepared by oxidation of
2-ethyl anthraquinone.”®! After recrystallization the product was purified by
silica gel chromatography with dichloromethane as eluant.

General methad of cage synthesis with methyl aryl ketones: [Co(sen)]Cl, 20!
(1.0 g), paraformaldehyde (0.30 g), NaClO, (3 g) and a methyl ary! ketone
were stirred in acetonitrile 20 mL) for 10 min and triethylamine {1 mL) was
added. The suspension was stirred in a stoppered flask for 4 h, acidified with
acetic acid, diluted with water and filtered, and the filtrate chromatographed
on SP-Sephadex. Elution of the column with 0.2M K,SO, generally produced
two main orange bands (F, and F,) which, after desalting on Dowex resin.
were initially isolated as their crude chloride salts by rotary evaporation.

Phenyl-substituted cage complexes: The ketone used was acetophenone
(1 mL).

1-Benzoyl-8-methyl-3,6,10,13,16,19-hexaazabicyclof6.6.6licosane  cobalt(ir)
triperchlorate hydrate ([Co(PhCO,Me-sar)|(Cl0,);-H,0): The residue from
the first band (F,, 0.20 g. 27%) was taken up in minimum water and recrys-
tallized as the perchlorate salt by addition of conc. HCIO,. 'HNMR
([D]Me,SO): & = 0.99 (CH,), 2.5-3.6 (complex methylene envelope). 6.60.
6.72 (br, NH). 7.70, 7.80, 7.87 (m, arom.); *C NMR ([D(]Me,SO): 6 = 20.4
(CH,),41.3¢C,-CH,), 50.2,52.2, 52.4, 57.3 (CH, N}, 53.8(C, €=0).128.2
(2C). 1289 (2C), 132.9, 136.8 (arom.). 199.8 (C=0); anal. caled (found) for
Co,C,,H, N0, ,Cly: € 33.97 (33.6), H 5.18 (5.2), N 10.80 (10.6). C1 13.67
(14.3), Co 7.58 (7.6)%.
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8-Methyl-1-(phenylhydroxymethyl)-3,6,10,13,16,19-hexaazabicyclo[6.6.6]-
icosane cobalt(in) trichloride (fCo(PhCH(OH) Mec-sar)}-Cl;, two diastereo-
isomers unresolved): [Co(PhCO,Me-sar))(ClO,);-H,0 (0.5 g) was dissolved
in aqueous NaHCO, and treated with excess NaBH, for one hour. The
solution was neutralized with acetic acid, diluted with water and chro-
matographed on Sephadex (during this process the product was oxidized in
air to the Co'™ cage). The column was washed with water then eluted with 3m
HCI to remove the orange—yellow title products. '"H NMR (D,0): § = 0.85
(3H, CH;), 2.30 3.28 (complex methylene envelope), 4.58 (1H, CH(OH)),
6.74 (6 H, NH), 7.29 (m), 7.41 (m, 5H, arom.); "*C NMR (D,0): § = 20.2
& 20.3 (CH,), 42.8 & 42.9 (CH,-Cq), 51.4 & 51.5 (CH(OH)-Cq), 52.0 &
52.1,55.6 (4C), 55.6 & 55.7 (CH,-N), 75.7 & 76.0 (CH(OH)). 128.5 & 128.6,
129.5(2C), 129.6 & 129.7, 138.8 & 138.9 (arom.).

8-Methyl-2-phenyl-3,6,10,13,16,19-hexaazabicyclo[6.6.6[icosa-2-ene cobalt(in)
sesqui(tetrachlorozincate) sesquihydrate ([Co(2-Ph,Me-sar-2-¢nc)]-
(ZnCl,), 5-1.5H,0): The residue from the second band (F,. 0.47 g, 46%)
was crystallized as the tetrachlorozincate salt. "HNMR (D,0): § = 0.99
(CH,), 2.5 4.8 (complex methylene envelope), 7.57 (m, arom.); '*C NMR
(D,0): 6 =208 (CH,), 41.5 (C,-CH,), 48.0, 48.9, 52.4, 52.6, 55.1, 55.2,
55.4,55.6, 56.5, 57.9, 58.5 (CH,-N), 50.7 (C,-H). 129.1 2C), 130.1 (2C),
132.7, 1342 (arom.), 190.2 (C=N); anal. caled (found) for
Co,C,,H,gN,0,Cl ,Zny: C 32.79 (32.8), H 5.11 (4.9), N 10.92 (10.8), Cl
27.65 (27.8), Co 7.66 (7.9) %.

8-Methyl-2-phenyl-3,6,10,13,16,19-hexaazabicyclo}6.6.6licosane cobalt(1ir)
chloride tetrachlorozincate ([Co(2-Ph,Me-sar]C1ZnCl,): [Co(2-Ph.Me-sar-2-
ene)l(ZnCl,), s-1.5H,0 (0.39 g) was dissolved in NaHCO, solution and
treated with excess NaBH, for 5 min. The pH of the solation was adjusted to
= 3 with acetic acid, and the solution was chromatographed on Dowex. The
column was washed with water and eluted with 6m HCI. The product com-
plex was isolated by rotary evaporation of the solvent and crystallized as the
chloride—tetrachlorozincate salt (0.30 g, 80%). '"HNMR (D,0): 6 = 0.91
(CH,), 2.3-4.0 (complex methylene envelope), 7.51 (m, arom.); *C NMR
(D,0): § =203 (CH,), 44.0 (C,-CH,), 48.1, 54.2, 54.4, 55.0, 55.2, 55.2,
55.4,55.7, 56.2, 57.9, 58.5 (CH,-N), 54.7 (C,~H), 67.3 (CH(C H,)), 127.5
(2C), 1303 (2C), 1304, 1358 ({(arom.); anal. caled (found) for
Co,C, Hy N CloZn,: C 37.30 (37.2), H 5.66 (5.9, N 12.43 (12.3), C1 26.22
(26.4). Co 8.72 (8.7)%.

Nitrophenyl-substituted cage complexes: The kctone was 4'-nitroacetophe-
none (0.5 g).

8-Methyl-1-(4-nitrobenzoyl)-3,6,10,13,16,19-hexaazabicyclo|6.6.6]icosane

cobalt(un) trichloride trihydrate ([Co(NO,PhCO,Me-sar)]Cl,-3H,0): The
first [raction (F;, 0.41 g, 30%}) was recrystallized from water. Anal. caled
(found) for [Co(C,,H;,N,0,]Cl;-2.5H,0: C 40.16 (40.4), H 6.43 (6.6), N
14.91 (15.0), C1 16.16 (16.3) %. The chloride salt was converted to the triflate
salt to record the NMR spectra. '"H NMR ([Dglacetone): 6 =1.20 (3H, CH,),
2.82-3.96 (complex methylene envelope), 6.57 (br, NH), 6.71 (br, NH), 8.04
(d, 2H, arom.), 8.46 (d, 3H, arom.); *C NMR ([Dglacetone): § =19.4
(CH;), 42.6 (C,—CHs;), 51.7, 55.0, 55.1, 55.2 (CH,-N), 58.8 (Cq C=0),
114.4,118.6,122.8, 127.1 (CF,804 ), 123.9,128.9, 143.4, 149.7 (arom.), 199.6
(C=0); UV/Vis (water): 2., (¢,,,) =466 (137), 247 (21400), 216 nm
(17300 dm®*cm ™ ' mol ™ 1).

8-Methyl-2-(4-nitrophenyl)-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosa-2-ene
cobalt(nr) trichloride trihydrate ([Co(2-NO,Ph . Me-sar-2-ene)]Cl,-3H,0):
The second fraction (F,, 0.96 g, 70 %) was recrystallized as the chloride salt.
Anal. caled (found) for [Co(C,,H,,N,0,]Cl;-2.5H,0: C 40.16 (40.4), H
6.43 (6.6), N 14.91 (15.0), C1 16.16 (16.3)%; *"HNMR (D,0): § =1.02 (3H,
CH,), 2.59-3.65 (complex methylene envelope), 7.87 (d, 2H, arom.), 8.44 (d,
2H, arom.); *C NMR (D,0): § = 20.8 (CH,), 41.7 (CH,C), 47.9, 48.6,
52,7, 52.8, 55.0, 55.3, 55.7, 56.4, 58.3 (N-CH,), 50.5 (CH), 125.29, 130.30,
138.22, 150.52 (arom.), 188.7 (C=N}: UV/Vis (water): A, (£,.,) = 468
(217), 296 sh (9980}, 266 nm (20300 dm3em ™' mol ™ ').

8-Methyl-2-(4-nitrophenyl)-3,6,10,13,16,19-hexaazabicyclo]6.6.6icosane-

cobalt(im) triperchlorate trihydrate ([Co(2-NO,Ph,Me-san))(C10,),-3H,0):
[Co(2-NO,Ph,Me-sar-2-ene)]Cl; was reduced with aqueous sodium borohy-
dride as described above. There was some accompanying reduction of the
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nitro group (< 5%) and the resulting ammoniophenyl-substituted cage easily
separated on Dowex resin with 3M HCL. The major product was dissolved in
the minimum volume of water and precipitated by dropwise addition of
concentrated sodium perchlorate solution. Anal. caled (found) for
[Co(N,C,,H;,0,)lCl0,);-3H,0: C 30.35 (30.2). H 5.22 (5.2), N 11.80
(11.9), C1 12.80 (13.1)%; '"HNMR (D,0): § =0.98 (3H, CH,), 2.4-4.3
(complex methylene envelope), 7.85(d, 2H, arom.), 8.26 (d, 2H. arom.); '3C
NMR (D,0): 6 = 20.4 (CH,), 42.5, 44.0, 48.1, 54.2. 54.4, 54.4, 55.3., 55.6,
56.1, 56.5, 67.1, 67.2 (N-CH,, N-CH, CH,-C,, UC ). 1252 129.1.
142.9, 148.6 (arom.); UV/Vis (water): A, (2,0 = 482 (214), 259 (28264).
215 nm (21794 dm*cm ™ *mol ).

2-(4-Aminophenyl)-8-methyl-3,6,10,13,16,19-hexaazabicyclo[6.6.6] icosane
cobalt(in) trichloride hydrate ({Co(2-(4-H,NPh) Me-sar)]Cl;- v H,0): [Co(2-
NO,Ph.Me-sar)JCl, (0.755 g) and Sn (4.5 g) were placed in a round-bottomed
flask (50 mL) equipped with a reflux condenser and conc. HC1 (10 mL) was
added slowly with stirring. The mixture was stirred for one hour on a water
bath, cooled to x20°C, diluted with water to 1 L and filtered to remove the
unreacted tin. The filtrate was sorbed onto Dowex and cluted with 3m HCL.
The complex was recrystallized from water and ethanol. Yield 0.74 g, 98 %.
'THNMR (D,0): § =0.96 (3H, CH,), 2.3-4.1 (complex methylenc envel-
ope), 7.54 (d, 2H, arom.), 7.76 (d, 2H, arom.); 1*C NMR (D,0): § = 20.3
(CH,),42.4,43.8,48.1, 54.2, 54.3, 54.5, 55.1, 55.2, 55.5.55.9. 563 (H-C, ...
CH;-C,, N-CH,), 66.9 (N-CH), 124.9, 129.5, 131.5, 136.9 (arom.); UV/
Vis (water): A, (fn.0 = 481 (227). 244nm (34992 dm*cm ™ 'mol ™ 1);
low-resolution ESMS [m/z obs (caled) (%) assignment where cage =
[F*Co™N,2C,, "H,,J** (50 V)]: 223.5 (223.6) (100%) [cage — H]*~. 446.3
(446.2) (20%) [cage — 2H]". 482.2 (482.2) (45%) [cage — H+37Cl]*. The
presence of an aromatic amine was confirmed by diazotization of a small
sample.

2-Naphthalene-substituted cages: The ketone used was 2'-acetonaphthone
(0.50 g). The synthesis was as described except that fractions eluted from
Sephadex were desalted on Dowex with 6M HCl/cthanol.

8-Methyl-1-(2-naphthoyl)-3,6,10,13,16,19-hexaazabicyclo|6.6.6]icosane
cobalt(n) trichloride trihydrate ([Co(NpCO,Me-sar)}Cl,-3H,0): The first
fraction (F,, 0.48 g, 34%) was recrystallized from hot water. Anal. ealed
{found) for [Co(C, H,oNOJCH, - 3H,0: C45.26 (45.2), H 7.01 (6.9), N 12.18
(12.0), CI 15.41 (15.4)%. The chloride salt was converted to the triflate to
record the NMR spectra. "HNMR ([DJacetone): & =1.19 3H. CH,). 2.82-
4.04 (complex methylene envelope), 6.57 (HN), 6.72 (HN), 7.81 (m, 3H.
arom.), 8.14 (m, 3H, arom.), 8.48 (1 H, arom.); '*C NMR ([DJacetone):
6 =19.5 (CH,), 424 (CH3—Cq), 52.2,52.4, 54.9, 55.0, 55.1 (N-CH,), 59.1
(C,~C=0), 114.3,118.6, 122.8, 127.0 (CF,SO;), 124.3, 127.4, 127.9. 128.7,
128.9, 129.0, 129.6, 132.3, 134.4, 135.0 {arom.), 198.7 (C=0): UV/Vis (wa-
ter): Ay (Enay) = 468 (134), 251 (31100), 223 nm (51 800 dm*cm ™ "mol *1);
low-resolution ESMS [m/z obs (caled) assignment where cage =
[PCo'* N '2C, 'H,,'*0P " (32 V)]: 255.2 (255.1) [cage — HP?*. 264.2
(264.1) [cage — H+H,0]*", 275.7 (275.6) [cage — H+CH,CN]?", 545.5
(545.2) [cage — H+35CI]*, 546.9 (547.2) [cage — H~+27CI]*, 581.3 (581.2)
[cage+235CH*, 5832 (583.2) [cage+33CI+37Cl", 35914 (591.3)
[cage — 2H +2CH,CNJ", 599.2 (599.2) [cage + H,0+2*Cl]*.

8-Methyl-2-(2-naphthyl)-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosa-2-ene
cobalt(ur) triperchlorate sesquihydrate ([Co(2-Np.Me-sar-2-ene)](CI10O,),-
1.5H,0): The second fraction (F,, 0.75 g, 54%) was recrystallized from
water as the perchlorate salt with conc. sodium perchlorate solution. Anal.
caled (found) for [Co(C,H;3NKC1O,);-1.5H,0: € 37.21 (37.3), H 5.12
(5.0), N 10.42 (10.4), CI 13.18 (12.9)%; '"HNMR (D,0): § =1.00 (3H,
CHj;), 2.56-4.69 (complex methylene envelope), 7.58 (d, 1 H. arom.), 7.60
(m, 2H, arom.}, 8.04 (m, 3H, arom.), 8.17 (1 H, arom.); **C NMR (D,0):
3 =208 (CH,), 41.5 (C,- CH,). 50.7 (H-C_.), 48.1, 49.1, 52.2. 52.4.
50.0, 55.1, 55.4, 55.6, 56.5, 57.9, 58.7 (HN -CH,), 124.5, 128.7. 128.8.
129.9,129.9, 130.1, 130.3, 130.8, 132.8, 135.6 (arom.). 190.1 (C=N); UV/Vis
(water): Zo., G =470 (2293, 308 (15300). 258 (40700), 212 nm
(45800 dm®*cm ™ 'mol 1},

8-Methyl-2-(2-naphthyl)-3,6,10,13,16,19-hexaazabicyclo]6.6.6]icosane-

cobalt(iny) trichloride trihydrate ([Co(2-Np.,Me-sar)]Cl;-3H,0): [Co(Np.Me-
sar-2-ene))(C10,); was reduced with aqueous sodium borohydride as de-
seribed above and desalted on Dowex to give the chloride salt. Anal. caled
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(found) for [Co(C,sH,,N]Cl;-3H,0: C 46.63 (46.4). H 7.20 (7.5), N 13.05
(12.9). C1 16,52 (16.5)%: "HNMR (D,0): § = 0.91 (3H, CH,), 2.15-3.86
(complex methylene envelope), 7.28 (d, 1 H, arom.), 7.48 (q, 2H, arom.),
7.78 (t. 2H, arom.), 7.90 (d. 1H, arom.), 8.09 (1H, arom.); 13C NMR
(D,0): 6 =21.3 (CH;), 43.4 (C,~CH,), 449, 45.0, 48.8, 54.9, 55.0, 55.1.
553,554, 56.3, 56.4, 57.0. 57.4 (N-CH,, C,,,}, 68.6 (NC(H)Np), 126.5,
126.6, 129.2, 129.3, 129.6, 130.0, 131.2 (arom.), 134.0, 134.4, 134.5 (C,,
arom.}; UV/Vis (water): A .. (en.) =482 (199). 245 (24995), 223 nm
(96960 dm*cm ™ 'mol ™).

Emax

2-Phenanthrene-substituted cages: The ketone used was 2-acetylphenanthrenc
(0.7 g). The reaction mixture from the synthesis described above was diluted.
filtered, and the filtrate chromatographed on Dowex. Elution with 3m HCI
removed some partially capped species. Cone. HCI/EtOH separated the cage
species, which were evaporated to dryness, dissolved in water and sorbed onto
Sephadex. Two fractions (F, and F,) were eluted with 0.2m K,SO, and
desalted with conc. HCl/ethanol.

8-Methyl-1-(2-phenanthroyl)-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane

cobalt(m) trichloride trihydrate ([Co(PhreCO ,Me-sar)]Cl,-3H,0): The first
fraction (F,, 0.43 g, 27%) was recrystallized from hot water as the chloride
salt. Anal. caled (found) for [Co(C;,H,,NO)]Cl;-3H,0: C 49.90 (49.5), H
6.70 (6.5), N 11.64 (11.4), C1 14.73 (14.7) %. The complex was converted to
the triflate salt to record the NMR spectra in [DJMe,SO. "HNMR
([DIJMe,S0): 6 = 0.85 (3H, CH,). 2.50-3.60 (complex methylene envel-

ope}, 6.51 (br, 3H, NH}), 6.66 {(br, 3H, NH), 7.78. 8.01. 8.35, 8.95 (centres of

muitiplets of arom. H); 13C NMR ([D4]Me,S0): § = 20.4 (CH,), 41.3 (Cq -
CH,), 50.3, 52.3, 52.5, 53.8 (CH,N), 57.6 (Cq—C=0), 118.7, 123.0, 123.8,
1254, 127.2, 128.3, 129.0, 129.1 (2C), 131.0, 132.3, 132.6, 135.0 (arom.),
2000 (C=0): UV/VIS: /e (o) = 468 (144), 293 (15200). 254 (56.300).
214 nm (38800 dm®cm ~!mol™!); low-resolution ESMS [m/z obs (caled)
assignment where cage = [*YCo'*N,'*C,,'H,,'?0P* and cage* =
[FCo1* N, 12C,, PCTH,, ' *O]** (60 V)]: 280.3 (280.1) [cage — HI?*, 289.4
{289.1) [cage — H+H,O’", 296.4 (296.1) [cage — H+CH,OH]J**, 559.4
(559.3) [cage —2H]", 560.4 (560.3) [cage* —2H]", 591.4 (591.3)
[cage — 2H + CH,OH]*, 595.3 (595.2) [cage — H+2Cl}™, 5962 (596.2)
[cage* — H4+35CI|*, 5974 (597.2) [cage — H+37Cl*, 613.4 (613.2)
f[cage — H+3°Cl + H,0]*. 6274 (627.3) [cage — H+*°Cl + CH,0H]",
628.4 (628.3) [cage* — H+*°Cl + CH,OH]}", 629.4 (629.3)
[cage — H+37Cl + CH,OH]".

8-Methyl-2-(2-phenanthryl)-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosa-2-ene

cobalt(ti)  trinitrate  sesquihydrate  ([Co(2-Phre,Me-sar-2-ene){(NO,);-
1.5H,0): The second fraction (F,, 0.71 g, 48%) was recrystallized
from water as the mtrate salt. Anal. caled (found) for
[Co(C,oH N JNO,), 1.5H,0: C 46.77 (46.9), H 5.82 (5.8), N 16.93
(16.9)%: "HNMR spectrum (D,0): § =1.00 (3H, CH,), 2.21-3.72 (com-
plex methylene envelope), 7.20-7.39 (m, 6 H, arom.), 7.78 (1 H, arom.), 7.85
(1H, arom.), 7.92 (d, 1H, arom.); '*C NMR (D,0): § = 20.8 (CH,). 41.7
(CH;-C,), 50.6 (N~CH(Phre}), 47.8, 48.7, 53.1, 55.3, 55.7, 56.3, 58.1 (N~
CH, & H-C,,),123.8,124.4,125.3,127.2,127.9, 129.0, 129.1, 129.9, 130.1,
131. 5 132.6, 133.0 (arom.), 188.8 (C=N); UV/Vis (water): L .. (&,..,) = 466
(247), 319 (19700), 291 sh (31 100), 277 sh (46 100), 268 (51 800), 241 (33800),
211 nm (52100 dm*cm ‘mol™1).

8-Methyl-2-(2-phenanthryl}-3,6,10,13,16,19-hexaazabicyclo]6.6.6licosane
cobalt(n) trichloride trihydrate ([Co(2-Phre,Me-sar)}Cl;-3H,0): [Co(2-
Phre.Me-sar-2-ene)]Cly-3H,0 was reduced with aqueous sodium borohy-
dride as described above. The crude chloride salt was recrystallized from
water. Anal. caled (found) for [Co(C, H N )ICl;-3H,0: C 50.19 (50.3), H
6.97 (6.6), N 12.11 (12.1)%; "HNMR (D,0): § = 0.90 (3H, CH,), 2.28~
3.45 (complex methylene envelope), 7.43 (d, 1 H, arom.), 7.68 - 7.96 (m, 6 H,
arom.), 8.58 (m, 2H, arom.); *C NMR (D,0): = 20.3 (CH,), 42.4, 43.2
(C-CH;. C,. H),47.8,53.7,54.5,54.6,54.8,55.2, 55.4, 55.5, 55.6 (2C),, 56.1
(CH, N) 66.3 (CH(phre)), 123.8, 124.9, 125.5, 126.4, 127.5, 128.3, 128.5,
128.8. 129.6, 130.0, 130.5, 132.4, 132.8, 133.7 (phenanthrene C).

9-Anthracene-substituted cage: The ketone used was 9-acetylanthracene
(0.7 g) and the synthesis was as described above. After dilution, the reaction
sotution was filtered and the filtrate chromatographed on Dowex. Elution
with 3m HCI removed some incompletely reacted species; the cage and then
onc other complex were removed with conc. HCl/ethanol. The latter two
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species were isolated by rotary evaporation of solvent and sorbed onto Sep-
hadex. One fraction (F,) was cluted with 0.2M K,SO, and a second one (F,)
with 0.5M K,80,; they were isolated as their crude chloride salts after desalt-
ing on Dowcex.

1-(9-Anthracenoyl)-8-methyl-3,6,10,13,16,19-hexaazabicyclo[6.6.6]icosane
cobalt(i) trichloride hydrate ([Co(AntCO,Me-sar)]Cl;-2.5H,0): The first
fraction (F,, 1.06 g, 68 %) was recrystallized from hot water as the chloride
salt. Anal. caled (found) for [CoN.C,,H,,0]Cl,-2.5H,0: C 50.53 (50.6), H
6.64 (6.4), N 11.78 (11.5)%. The complex was converted to its acetate salt to
record the NMR spectra. 'HNMR (D,0): § = 0.85 (3H. CH,), 1.92 9H,
CH;CO,), 2.21-3.39 (complex methylene envelope), 7.40 (m, 4H, arom.),
7.53 (m, 2H, arom.), 7.69 (m, 2H, arom.), 8.08 (1H. arom.); '3C NMR
(D,0): § =20.2 (CHy), 24.0 (CH,CO;), 42.6 (CH,-C,), 53.0, 55.5 (N-
CH,). 60.8 (C,-C=0),123.9,126.8, 127.2,127.3, 129.2, 130.1. 130.7, 131.0,
131.5 (arom.), 182.6 (CH,CO;), 209.3 (C=0); UV/Vis (water): i_,.
(£max) = 406 (153), 389 (6050}, 369 (6850), 352 (5280), 335 sh (3480). 319 sh
(2130, 253 (52100, 247 sh (41 800), 216 nm (10400 dm3cm 'mol ).

3-(9-Anthracenoyl)-10-methyl-1,5,8,12,15,19-hexaazabicyclo[8.6.4]icosane
cobalt(in) trichloride (9): F, was desalted (conc. HCl/ethanol) and the residue
after rotary evaporation was extracted with warm ethanol. The extract was
filtered and the filtrate diluted with water and chromatographed on Dowex.
The column was washed with acetone and eluted with ethanol/conc. HCI. The
product was isolated by rotary evaporation of the solvent and was recrystal-
lized from water as the chloride salt. "H NMR (D,0): § =1.00 (CH,), 2.23-
4.16 (complex methylene envelope), 5.29, 5.63 (dd, J =12 Hz, N-CH,-N),
7.08,7.21,7.38,7.54,7.67 (m, arom.); 1*C NMR (D,0): § =19.8 (CH,), 47.8
(Cq),45.4,48.6,50.4,51.5, 52.3,52.5, 53.3, 54.8, 56.9, 63.1, 64.7 (CH, - C=0,
C CH,-NH), 82.3 (N-CH, -N), 124.2, 126.6, 128.0, 128.9, 129.6, 130.0.
130.9, 132.5 (anthryl carbons), 207.3 (C=0). This complex decomposes in
NaBH, solution and it was not characterized further.

2-Anthraquinone-substituted cages: The ketone used was 2-acetylan-
thraquinone (0.7 g, 3 mmol). The reaction mixture from the synthesis de-
scribed above was diluted and filtered, and the filtrate chromatographed on
Dowex. Elution with 3M HCI removed some partially capped species. Conc.
HCJ/EtOH removed the cage species, which were evaporated to dryness,
dissolved in water and sorbed onto Sephadex. Two fractions (F, and F,) were
eluted with 0.2m K,SO, and were desalted with conc. HCljethanol.

1-(2-Anthraquinonoyl}-8-methyl-3,6,16,13,16,19-hexaazabicyclof6.6.6]icosane
cobalt(tn) trichloride hydrate ([Co(AqCO,Me-sar)]Cl;-2.5H,0): The first
cage (F,, 0.252 g, 17%) was recrystallized from hot water as the chloride salt.
Anal. caled (found) for [CoC4,H,(NO;]Cl,-2.5H,0: C 48.49 (48.3), H 6.10
(6.0), N 11.31 (11.2)%. The complex was converted to the triflate salt to
record the NMR spectra. 'HNMR ([DJacetone): 8 =1.19 (3H, CH,), 2.80-
4.09 (complex methylene envelope), 6.59 (br, 3H, HN), 7.74 (3H, NH).
8.08-8.47 (7H, arom.); '*C NMR ([Dgacetone): § =19.4 (CH,). 42.7
(CqCHy), 51.8.55.0,55.2, 55.3 (N~ CH,), 58.9(C,C=0), 126.1,127.3, 127.5,
132.2,133.6.133.9, 135.9, 143.0 (arom.), 181.9 (C=0, anthraquinone), 200.0
(C=0); IR: %, =1680cm™" (C=0 stretch); UV/Vis (water): i,
(8a0) = 468 (143), 333 (5090), 277 sh (15000), 256 (54800), 206 nm
(32800 dm*cm ™~ ' mol ™ !); low-resolution ESMS {m/z obs (calcd) assignment
where  cage = [P?Co'*N'2C,, H,, 00, (60 V)]: 2953 (295.1)
[cage — HP**, 3043  (304.1) [cage — H+H,0]**, 3113 (311.1)
[cage — H+CH SOHJ**, 589.3 (589.2) [cage —2H]", 607.3 (607.2)
[cage — 2H+H,0}", 621.3 (621.3) [cage — 2H + CH,OH] ", 625.3 (625.2)
[cage — H+*3Cl]*, 6273 (627.2) [cage —H+3"Cl*, 6433 (643.2)
[cage — H+3°Cl+H,0]*, 645.3 (645.2) [cage — H+3Cl+H,0]*, 657.3
(657.2) [cage — H+35Cl4+CH,OH]", 659.3 (659.2) [cage — H+3"Cl+
CH,OH]*.

2-(2-Anthraquinonyl)-8-methyl-3,6,10,13,16,19-hexaazabicyclof6.6.6]icosa-2-

ene cobalt(im) chloride diperchlorate hydrate ([Co(2-Ag.Me-sar-2-ene)l-
Ci(ClO,),-4.5H,0j: The second cage (F,. 0.620 g, 40%) was recrystatlized
from waler as the chloride-diperchlorate with aqueous sodium perchlorate
solution. Anal. caled (found) for [Co(N4C,,H;;0,)](C10,),C1-4.5H,0: C
39.71 (39.6), H 5.40 (5.1). N 9.58 (9.6), C112.13 (11.8) %. '"HNMR (D,0):
6 =1.09 (3H, CH,), 2.65-4.11 (complex methylene envelope), 7.46—7.95,
(m, 7H, arom.); **C NMR (D,0): 6 = 20.8 (CH,). 41.9 (C,CH,), 50.5
(H-C, ... 48.7, 53.0, 55.0, 55.2, 55.4, 55.9, 56.5, 58.2, 58.2, 58.3, 58.3 (N—

apex
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CH,), 127.0, 127.9, 128.8, 134.5, 134.6, 135.0, 136.4 (CH, arom.), 132.4,
132.5, 1334, 138.1 (Cq, arom.), 182.6, 182.8 (C=0, anthraquinone), 188.0
(C=N); IR: ¥, =1675cm™ ! (C=0 siretch); UV/Vis: 4. (¢,.0) =
468 (230), 331 (R400), 261 (58000), 223 nm (31900 dm*cm™*mol~!);
low-resolution ESMS [m/z obs (caled) assignment where cage =
[SQCOMNél2C29‘H35“’02]3+. cage* = [59C014N6x2C2813C11H381602]3 b
cage*™ = [**Co'*N'2C,,*C, H,,'°0,]*, 60 V]: 280.3 (280.1)
[cage — H]**, 559.3 (559.2) [cage — 2H]™, 595.3 (595.2) [cage — H+33Cl]",
597.3 (597.2) [cage — H+3"Cl]T; ESMS (water): 187.4 (187.1) [cage]**,
187.7 (187.4) [cage*]**, 188.0 (187.7) [cage**]**, 193.3 (193.1) [cage
+H,0P".

The 'HNMR spectra in D,O were recorded for all the ketone-substituted
cages to establish the hydration of the carbonyl group.

X-ray crystallography: Crystals were obtained from a 6 M HCI/EtOH solution
of [Co(PhreCO.,Me-sar)]CL, by slow evaporation at room temperature.

Data  collection and reduction: A  yellow plate crystal of
CyoHy5.70Cl3CoNGO, 55 was attached to a quartz fibre and mounted on a
Rigaku AFC6S diffractometer equipped with a graphite monochromator.
The diameter of the incident beam collimator was 0.5 mm, the crystal to
detector distance was 200 mm, and the detector aperture was 8.0 x 4.0 mm
(horizontal x vertical) . Lattice parameters were determined with Mo, radia-
tion by least-squares refinement of the setting angles of 25 reflections in the
range 32 <26 <36°. The data were collected at a temperature of 23(1) °C by
the w — 20 scan technique to a maximum value of 50.1°. Scans of (1.40
+0.34tan6)° in w were made at a speed of 2.0°min~! in w (weak reflections
were measured with up to 4 scans) with background counts for one sixth of
the scan time on each side of every scan. Three representative reflections
measured at intervals of 150 reflections showed no significant decrease in
intensity during data collection. The data set was reduced, an analytical
absorption correction applied, and Lorentz and polarization effects were
accounted for. 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-
100424. 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: deposit@chemcrys.cam.ac.uk).

Structure solution and refinement: The structure was solved by direct meth-
ods!?™ and expanded by Fourier techniques.'*®! A diffuse area of electron
density within the lattice was assumed to arise from disordered water mole-
cules of solvation, and has been modelled by adding isotropic oxygen atoms,
with occupancies set at appropriate values, at local maximum points. All
other non-hydrogen atoms were refined anisotropically. Hydrogen atoms for
the cation were included at calculated positions but were not refined. The
final cycle of full-matrix least-squares refinement was based on 4513 observed
reflections {/>3.005(/)} and 398 variable parameters and converged (largest
parameter shift was 0.05 x its esd) with unweighted and weighted agreement
factors of R=Y||F| — [E|I/SIF] =0.036 and R, = [(Sw(E| — |E)?
SwE)?%S = 0.032. The standard deviation of an observation of unit weight
was 2.34. The weighting scheme was based on counting statistics and included
a factor (p = 0.005) to downweight the intense reflections. Plots of
(Ew(|F, — |F.|)* versus |F,|, reflection order in data collection, sin8/4 and
various classes of indices showed no unusual trends. The maximum and
minimum peaks on the final difference Fourier map corresponded to 0.50 and
—036e” A3, respectively. Neutral atom scattering factors were taken from
Cromer and Waber.[**) Anomalous dispersion effects were included in F,;B3%
the values for Af and Af” were those of Creagh and McAuley.!*!! The values
of mass attenuation coefficients are those of Creagh and Hubbel.32! All
calculations were performed using the teXsan!®3! crystallographic software
package from Molecular Structure Corporation.

Fluorescence spectroscopy: Fluorescence and excitation spectra were recorded
on aqueous solutions of the relevant cage complexes using a MFP4 Perkin
Elmer spectrofluorimeter. Samples of the anthracene and phenanthrene ke-
tone cage Co™ complexes were dissolved in water; the spectra were recorded
initially and then after treatment with zinc dust for one hour to produce the
Co'' aryl ketone cage complexes. The experiment was repeated with KBH, to

reduce the metal ion to Co" and the ketone groups to alcohols. Finally the
solutions were acidified and purged with oxygen and the fluorescence spectra
recorded again.
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New Evidence for Conformational Flexibility in Cyclodextrins from
Vibrational Raman Optical Activity

Alasdair F. Bell,* Lutz Hecht and Laurence D. Barron

Abstract: Conformational flexibility in
cyclodextrins (CDs) as a function of
methylation, solvent interaction and the
extent of inclusion complex formation has
been studied by using vibrational Raman
optical activity (ROA). The work exploit-
cd the sensitivity of ROA to skeletal mo-
bility by comparing the intensity of the
glycosidic ROA couplet between about
850 and 970 ¢cm ~ ! in maltoheptose (MH),
f-cyclodextrin (-CD), heptakis(2,6-di-
O-methyl)-f-cyclodextrin =~ (DM-$-CD)
and heptakis(2,3,6-tri-O-methyl)-f-cyclo-
dextrin (TM-f-CD) in buffered aqueous
solution, in DMSO and with sodium
benzoate and benzoic acid as guests in

couplet signal strength were interpreted in
terms of a reduction in conformational
flexibility of the CD ring. In buffered
aqueous solution the ROA intensity order
MH < TM-4-CD < $-CD < DM-p-CD
was observed. The linear molecule MH is
expected to be the most flexible of the
four oligosaccharides studied, while the
changes registered for the three CD
macrocycles may be related to the degree

Keywords
carbohydrates + conformation analy-
sis * cyclodextrins - inclusion com-
pounds - Raman optical activity

of intramolecular hydrogen bond forma-
tion and its influence on conformational
flexibility. In DMSO, the same ROA in-
tensity order is observed, but with an ap-
proximately constant increase relative to
the values obtained in aqueous solution.
This can be explained by the tighter bind-
ing of DMSO in the CD cavities com-
pared with H,O. For the inclusion com-
plexes, our results indicate that the tighter
the guest is bound, the larger is the reduc-
tion in the conformational flexibility of
the CD macrocycle. The residual mobility
sensed by ROA in CDs is similar to that
sensed in proteins; this provides further
insight into their analogous ligand-bind-

buffered aqueous solution. Increases in

Introduction

It is now generally accepted that conformational flexibility is an
important element in describing the behaviour of di-, oligo- and
polysaccharides, which in turn is crucial to understanding how
they function in biological systems.!! ~* In particular, there is a
growing appreciation that cyclodextrins (CDs) are flexible sys-
tems and not the rigid entities sometimes portrayed in the liter-
ature. Until now flexibility in CDs has mainly been investigated
by molecular mechanics (MM) and molecular dynamics (MD)
calculations.™ '] Here we apply the novel experimental tech-
nique of Raman optical activity (ROA) to this problem, since it
has become apparent from recent studies on proteins!* 2~ ¥} that
ROA displays a remarkable sensitivity to conformational mo-
bility.

ROA can be measured as a small intensity difference in Ra-
man scattered radiation from chiral samples in right and left
circularly polarized incident light.[*3 = **1Over the past few years
a series of instrumenta} advances!>% 2! have improved the sen-
sitivity of ROA measurements to the point where the spectra of

f*] Dr. A F Bell, Prof. L. D. Barron, Dr. L. Hecht
Chemistry Department. University of Glasgow, Glasgow G128QQ (UK}
Fax: Int. code +(41)330-4888
e-mail: ahbw:chem.gla.ac.uk
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ing and catalytic properties.

aqueous solutions of biological molecules, such as proteins,
nucleic acids and polysaccharides, can be recorded routinely.??
A number of previous ROA studies on carbohydrates!?3 2%
have revealed that this technique provides information on the
central stereochemical features of these molecules. In particular,
studies on di- and polysaccharides have demonstrated that ROA
can probe the type and conformation of the glycosidic
]ink.[244 251

CDs are cyclic, nonreducing oligosaccharides usually com-
posed of six, seven or eight D-glucose residues that are bonded
through a-(1 — 4) glycosidic linkages and classified as «-, - and
»-CDs, respectively.?°~*31 The CDs have the general shape of
a hollow, truncated cone, whereby the secondary hydroxyl
groups project from the wider rim, and the primary hydroxyl
groups from the narrower rim. The size of the central CD cavity
depends on the number of D-glucose residues in the ring, and as
all the C—H groups face inwards, these molecules have a hydro-
phobic centre. A remarkable property of CDs is their ability to
form inclusion complexes with a wide variety of molecules in
both aqueous solution and the solid state, which, among other
things, is exploited in their use as enzyme mimics and in the
construction of nanoscale devices.[3° 3% The extent of com-
plexation is determined by a number of factors, including the
size of the guest molecule, hydrophobic forces, van der Waals
interactions and hydrogen bonding; but it is also evident that a
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certain degree of flexibility is required in the CDs so that they
can accommodate guests of different sizes and shapes.

An early ROA study on «-, - and y-CD in aqueous solu-
tion* revealed an enormous couplet centred at about
915cm™!, approximately an order of magnitude larger than
those typically encountered, which was assigned to vibrations
involving the glycosidic link. In this first study, a strongly alka-
line solution was used to increase the otherwise low solubility of
B-CD. However, thanks to the dramatic increase in the sensitiv-
ity of our ROA instru-
ment achieved since then,
we have been able to ob-
tain excellent spectra with
much more dilute sam-
ples (0.01-0.015m) at

neutral pH.
Our results for §-CD
Figure 1. The structural formula of f-CD and the methylated
(R = R’ = H), heptakis(2,6-di-O-methyl)- derivatives DM-3-CD

p-cyclodextrin (DM-$-CD; R=H, R'=
Me) and heptakis(2,3,6-tri-O-methyl)-f-
cyclodextrin (TM-f-CD; R = R" = Me).

and TM-f-CD, the struc-
tural formulae of which
arc depicted in Figure 1,
as well as those for host—
guest inclusion complexes with sodium benzoate and benzoic
acid, indicate that the intensity of the glycosidic ROA couplet
near 915 cm ™! is a sensitive probe of conformational flexibility
in CD systems.

Results and Discussion
The Raman and ROA spectra of -CD in buffered aqueous

solution between 600 and 1500 cm ™! are presented in Figure 2.
The focus of this study is the glycosidic ROA couplet centred

"+ b

= 0 I\Af\/\A [\ PN L WP
e ol e MAAYARCGER W ]
L i
L 1 1 1 1 1 1 " 1 n ! 1 ]

600 750 900 1050 1200 1350 1500

-1
wavenumber/cm

Figure 2. The Raman (/8 + /%) and ROA (I® — I') spectra of 8-CD at 0.01 M be-
tween 600 and 1500 cm ™! in sodium phosphate buffer (pH 7, 0.02M).

around 915 cm ™!, so that, although there are some other inter-
esting features in the ROA spectra, for the other samples we
shall only display a small wavenumber region around the glyco-
sidic couplet, and for simplicity will omit their conventional

Chem. Eur. J. 1997, 3, No. 8
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Raman spectra. In Figure 3, the ROA spectra of f-CD at 20 and
40°C between about 850 and 970 cm ™! are compared. The
ROA spectra of maltoheptose (MH), f-CD, DM-A-CD and
TM-B-CD between about 850 and 970cm™ ! in buffered
aqueous solution and DMSO are presented in Figures 4 and 5,
respectively. As an example of the effect of inclusion-complex
formation, the ROA spectra of §-CD with different initial molar
ratios of sodium benzoatc as a guest in buffered aqueous solu-
tion between about 850 and 970 cm ™! are shown in Figure 6.

MH is a linear molecule composed of seven x-(1 — 4)-linked
p-glucose residucs, and il was chosen to provide a direct com-
parison between linear and cyclic molecules with the same num-
ber of D-glucose residues. TM-f-CD was included in this study
because, as a result of the methylation of both the O(2) and O(3)
groups of each D-glucose residue, this molecule is unable to form
the intramolecular hydrogen bonds that are thought to stabilise
CD ring structures.'*® =33 On the other hand, DM-$-CD can
form intramolecular hydrogen bonds, but only with the O(3)
hydroxyl group as the donor, and the O(2') hydroxyl group on
an adjacent D-glucose residue as the acceptor. Methylation of
the primary and secondary hydroxyl groups increases the size of
the hydrophobic cavity and alters physical properties, such as
solubility and binding specificity towards guest molecules, rela-
tive to 5-CD.

The conventional Raman bands associated with the glyco-
sidic ROA couplet of a-(1 — 4)-linked carbohydrates have been
assigned to C—C and C-O skeletal ring stretches coupled with
motions of the glycosidic link.1*¢~ %% Earlier ROA studies!?®: 2°!
found that the D-glucose monomer does not produce a couplet
at around 915 cm ™!, but that the dimer p-maltose does. The
intensity of this ROA couplet is found to increase incrementally
in the corresponding linear D-glucose trimer, tetramer, pen-
tamer and hexamer molecules (unpublished results), and this
provides strong evidence that the generation of the glycosidic
ROA couplet around 915cm™" in 2-(1 - 4)-linked di- and
oligosaccharides of D-glucose involves the vibrational coordi-
nates of the glycosidic link. This glycosidic ROA couplet is also
present in -CD, DM--CD and TM-f-CD in H,O, but with
approximately thirty- to sixtyfold intensity increase relative to
D-maltose.

Upon deuteration of the exchangeable hydroxyl hydrogen
atoms, this couplet collapses into a relatively weak, broad, pos-
itive ROA signal at about 880 cm ™! for 8-CD and DM-f-CD
(but not for TM-$-CD, which lacks any exchangeable hydrogen
atoms). This suggests that C-O-H deformations play an impor-
tant role in generating the ROA signal. However, TM-p-CD
lacks any C-O-H groups yet still exhibits an intense glycosidic
ROA couplet in H,O. Therefore, an alternative explanation for
the observed difterences between the spectra in H,0 and D,0O
must be sought. A possibility is that C-O-D dcformations,
which are known to occur at 942cm™' in deuterated
methanol,*"! couple with the C~C and C—O stretching coordi-
nates to create a new set of normal modes that do not generate
an intense glycosidic ROA couplet.

The ROA intensities as well as the wavenumber for the max-
ima, crossovers and minima of the glycosidic ROA couplet for
MH, -CD, DM-$-CD and TM-B-CD in buffered aqueous so-
lution, in DMSO, and with sodium benzoate or benzoic acid as
guests in buffered aqueous solution arc listed in Table 1. In what
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follows we demonstrate that these results can be interpreted in
terms of changes in conformational flexibility. A good starting
point is X-ray data on CDs, both with and without guest mole-
cules, which reveal variations of up to +30° for the glycosidic
link torsion angles, but only variations of up to +7° for the ring
torsion angles.'** These values suggest that the conformational
flexibility in CD structures resides mainly in the glycosidic links.
This is also the conclusion from a number of molecular mechan-
ics (MM) and molecular dynamics (MD) simulations, which
also revealed that, contrary to earlier expectations, CDs do in
fact enjoy a substantial degree of conformational freedom
around the glycosidic links and that this conformational flexi-
bility is a crucial factor in their ability to form inclusion com-
plexes.*~ 11

Origin of the Sensitivity of ROA Signals to Conformational Flex-
ibility: A qualitative explanation for the remarkable sensitivity
of ROA signals to conformational mobility in heteropolypep-
tides has been proposed on the basis of a simple two-group
model for the generation of ROA intensity.l*?! Basically, this
sensitivity originates in the dependence of ROA on absolute
chirality, which leads to cancellation of contributions from
enantiomeric structures, such as two-group units with equal and
opposite torsion angles, which can arise as the mobile structure
explores the accessible conformational space. In contrast, con-
tributions to observables which are “‘blind” to chirality, such as
conventional Raman band intensities, tend to be additive and
hence much less sensitive to this type of mobility.

For the CDs (and other carbohydrates) a number of
chiral two-group structures can be identified around the
glycosidic link (e.g. OS)C(MHO(NHCH), CRCLOMCH),
C(HOMCHHC(5) and C(HO()C(A)C(3) for an a-(1 —4)
linkage). Each thermally accessible torsion angle contributes to
the overall ROA intensity, so that, as a result of its sin 26 depen-
dence on the two-group torsion angle 0 for stretching coordi-
nates,!! 3 significant changes in the overall ROA intensity might
be expected even for fairly small changes in the accessible tor-
sion angles.

Temperature Dependence of the Glycosidic ROA Couplet in
B-CD: On raising the temperature from 20 to 40 °C, the intensity
of the glycosidic ROA couplet decreases by almost 20% (Fig-
ure 3). A comparison of the '3C NMR spectrum of «-CD at
30°C with that of the frozen solution at —40°C revealed a
broadening of signals on freezing, but no change in the chemical
shifts; these observations were attributed to a reduction in the
range of thermally accessible conformations.'*3! This supports
the conclusion that the intensity increases discussed below can
be related to reduced flexibility in the CD rings.

Uncomplexed CDs and MH in H,O: From Table 1 and Figure 4
it is clear that in buffered aqueous solution the glycosidic ROA
couplet intensity increases in the order MH <TM-f-CD < f-
CD <DM-B-CD. For 8-CD and its two methylated derivatives,
cyclisation restricts the conformational flexibility around the
glycosidic linkages as certain conformations are ruled out on
steric grounds.'*?! Thus it seems reasonable to expect MH,
which is a linear molecule, to have a greater degree of conforma-
tional flexibility than the CDs and, therefore, a lower glycosidic
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Figure 3. The ROA spectrum of §-CD between about 850 and 970 cm ™ ! in sodium
phosphate buffer (pH 7, 0.02m) at 20 and 40°C.

ROA intensity (I* - I
(=]

1 " 1 " 1 1 1 1
860 880 900 920 940 960
wavenumber/cm”

Figure 4. The ROA spectra of MH, -CD, DM-f-CD and TM-f-CD between
about 850 and 970 cm ™! in sodium phosphate buffer (pH 7, 0.02m).

couplet intensity. The wavenumbers of the maximum, crossover
and minimum of the MH couplet differ from those of the CD
couplets, all of which have remarkably similar wavenumber val-
ues. This observation, together with the intensity increase, may
be regarded as an indicator of the difference between this class
of cyclic molecules and their linear counterparts.

The fact that the glycosidic ROA couplet is also considerably
weaker in TM-B-CD than in either f-CD or DM-f-CD suggests
that it is considerably more flexible. Indeed, a number of solu-
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Table 1. Position of the maxima, minima and crossover points and the corrected integral intensities (7) of the glycosidic ROA couplets.

Oligosaccharide Solvent Max. [em 1] Crossover [cm ™' Min. [em ™'} I[a] (x107¢)
maltoheptose H,0 [b] 890 899 930 0.76
p-CD H,0 [b] 896 914 932 2.37
DM--CD H,0 [b] 900 915 929 2.92
TM-$-CD H,0 [b] 896 912 931 1.64
maltoheptose DMSO 886 912 951 1.07
5-CD DMSO 894 908 928 2.68
DM-$-CD» DMSO 902 915 925 3.2
TM--CD DMSO 8§98 910 924 1.98
$-CD + sodium benzoate (1:1) H,0 [b} 897 914 932 255
B-CD + sodium benzoate (1:5) H,0 {b) 895 912 933 2.64
8-CD + sodium benzoate {1:50) H,O0 [b] 896 913 932 3.29
DM-S-CD + sodium benzoate (1:5) H,0 [b] 900 915 930 295
DM-$-CD + sodium benzoate (1:50) H,0 [b} 898 915 928 298
TM-f-CD + sodium benzoate (1:5) H,0 [b] 898 914 931 1.67
TM-f-CD + sodium benzoate (1:50) H,0 [b] 897 912 927 1.88
B-CD + benzoic acid (1:1) H,0 [¢] 896 915 931 3.02
DM-$-CD + benzoic acid (1:1) H,0 [¢} 899 915 930 3.50
TM-B-CD + benzoic acid (1:1) H,O [c] 899 916 925 2,00

[a] ROA intensity corrected for acquisition time, concentration and laser power. [b] Phosphate buffer, pH 7, 0.02m. [¢] Glycine buffer, pH 2.8, 0.1 M.

tion NMR,#* 71UV circular dichroism,*8 **and X-ray stud-
ies!3% 59 have revealed a remarkable amount of distortion of
the TM-$-CD macrocycle compared to f-CD and DM-4-CD.
This increased flexibility can at least be partially explained by
the fact that TM-$-CD cannot form any intramolecular hydro-
gen bonds since all three hydroxyl groups are methylated. In the
solid state such intramolecular hydrogen bonds are known to
form between the O(2) and O(3’) hydroxyl groups of adjacent
residues and help to stabilise the ring structure and contribute to
the rigidity of the macrocycle.[*? 33 However, in aqueous solu-
tion intramolecular hydrogen bonding may be weaker due to
competition from intermolecular hydrogen bonds to the sol-
vent. Indeed, MD simulations on 2-CD incorporating water
molecules indicate that the intramolecuiar hydrogen bonds may
only be present for approximately 30 % of the time.!®! There is,
however, evidence from NMR and IR studies for intramolecu-
lar hydrogen-bond formation in [Dg]DMSO solution.[3! =33
Thus, it seems probable that a significant fraction of the in-
tramolecular hydrogen bonds will be formed in CDs in aqueous
solution at any given time. Another factor in the increased flex-
ibility of TM-$-CD are the two bulky methyl groups on the
secondary hydroxyl rim, which force the molecule to adapt its
conformation to avoid unfavourable steric clashes between
these two methyl groups.

On going from S-CD to DM-f-CD there is again an increase
in intensity for the glycosidic couplet in H,O. One possible
explanation for this increase is the stronger intramolecular hy-
drogen bonds formed by DM-f-CD compared to to f-CD, as
revealed by NMR studies.’®2 3 These studies used [D,]DMSO
as the solvent, but as can be seen in Table 1, the same trend in
the ROA intensities is observed for both H,O and DMSO, indi-
cating that the same mechanism for the increase may be respon-
sible in the two solvents. Another possibility is that methylation
of O(2) in some way restricts the rotation around the glycosidic
link. This position is also methylated in TM-$-CD, but this
derivative cannot form intramolecular hydrogen bonds and so
does not provide a direct comparison.

Comparison of Uncomplexed CDs and MH in H,O and in
DMSO: In DMSO we observe the same intensity order for MH

Chem. Eur. J. 1997, 3, No. 8 & VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

and the CDs as in H,O (Table 1, Figure 5). Comparison of the
ROA intensity data in H,O with those in DMSO reveals a
marked increase in couplet intensity and that the magnitude of

o

ROA intensity (I* - 1)

a " 1 PR

L 1
860 880 900 920 940 960

wavenumber/cm”

Figure 5. The ROA spectra of MH, f-CD, DM--CD and TM-#-CD between
about 850 and 970 cm ™' in DMSO.

this increase is approximately constant for the four oligosaccha-
rides studied. One obvious explanation for this observation is
that the increased degree of intramolecular hydrogen bonding
expected in a less polar solvent leads to a decrease in flexibility.
However, since we also observe this increase in TM-$-CD,
which is incapable of intramolecular hydrogen bonding, this is
certainly not the only factor.

Another consideration is inclusion-complex formation be-
tween the CDs and DMSO molecules. It is known that in
aqueous solution DMSO forms only very weak complexes with
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B-CD (association constant K, = 1.44%1), However, as there
are no other potential guest molecules present, and the cavity
cannot remain empty, DMSO molecules must be included. The
fact that DMSO exhibits an association constant greater than
unity means that it binds more tightly than H,0O. One conse-
quence of this tighter binding is that DMSO would be expected
to cause a greater reduction in the conformational flexibility of
the host. Thus, although the difference in binding between DM-
SO and H,0O is small, a moderate intensity increase is obscrved
since every CD cavity will have DMSO molecules included.
Furthermore, the almost constant value of this increase suggests
that the difference in binding between H,O and DMSO is simi-
lar for the three CDs studied here. In addition, it has been
demonstrated that low molecular weight chains of a-(1 — 4)-
linked D-glucose residues, such as MH, form helical wormlike
chains in DMSO solution.®¥! Such helix formation is likely to
reduce the flexibility of these chains and thus result in an in-
crease in the couplet strength which might explain the observed
intensity increase for MH.

Comparison of Uncomplexed and Complexed CDs in H,O: The
glycosidic ROA couplet intensity data for §-CD, DM-f-CD and
TM-p-CD complexed with sodium benzoate and benzoic acid in
buffered aqueous solution are compared with the corresponding
data for the uncomplexed CDs in Table 1. The pK, of benzoic
acid increases from 4.06 to 5.1 when it is complexed with -
CD.[5%! Therefore, to ensure that either benzoic acid or sodium
benzoate was the dominant species complexed, the solutions
were buffered at pH 2.8 and 7.0, respectively. Due to the far
greater solubility of the conjugate base, a larger range of molar
ratios could be investigated. We also measured the glycosidic
ROA couplet intensity of uncomplexed f-CD, DM-$-CD and
TM--CD at pH 2.8 (not shown) and, with the exception of
DM--CD for which a moderate increase was observed, found
no significant difference to the values obtained at pH 7.0.

We found that all the CD complexes studied, with the excep-
tion of DM-f-CD with sodium benzoate, exhibit an increase (of
varying magnitude) in the glycosidic ROA couplet intensity,
whereas MH shows no such increase. This we interpret in terms
of inclusion-complex formation, which is expected to reduce the
flexibility of the CDs as they must adapt to provide the best fit
for the guest molecules. This result is consistent with MM and
MD calculations on CD inclusion complexes that describe a
“freezing” of the glycosidic torsion angles upon complex forma-
tion.” """ Such calculations have also predicted an increase in
intramolecular hydrogen bonding upon complexation.[®!

Spccifically, for p-CD with sodium benzoate as a guest we
observe a progressive increase in the glycosidic ROA couplet
intensity as the starting conditions are altered to produce a
greater percentage of complexed CD molecules (i.e. increasing
the initial molar ratio in favour of the guest; Figure 6). TM-f-
CD also exhibits an increase in couplet strength upon complex
formation, although the observed change is smaller than for
f-CD. However, as mentioned above, for DM--CD with sodi-
um benzoate as a guest, the value is almost constant over the
range of initial molar ratios examined, which may indicate that
DM-f-CD forms only weak complexes with sodium benzoate.
Complex formation of the three CDs with benzoic acid is also
shown by the increase in couplet intensities listed in Table 1. The
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[=]

ROA intensity (IR - IL)

1 1 L 1 . 1

A 1
860 880 900 920 940 960

wavenumber/cm”’

Figure 6. The ROA spectra of $-CD with sodium benzoate as guest between about
850 and 970 cm ™! in sodium phosphate buffer (pH 7, 0.02m) with different initial
molar ratios (sodium benzoate: §-CD),

size of these increases, for 1:1 inital molar ratios, are much
larger in each case than for the corresponding complexes with
sodium benzoate. This observation reflects the larger K, values
for benzoic acid with CDs. For example, the K, values for §-CD
complexed with benzoic acid and sodium benzoate are 600 and
60, respectively.”®”! These values fit our ROA data if it is consid-
ered that tighter guest binding results in a greater reduction in
macrocycle flexibility. Similarly, for TM-$-CD bound to ben-
zoic acid a K, value of 200 is found," and the corresponding
change in ROA intensity upon complexation is smaller than that
observed for f-CD, which binds more tightly to this particular
guest. These results suggest that it may be possible to obtain
association constants for CD complexes from ROA data.

Concluding Remarks

Our ROA measurements provide experimental evidence for
flexibility in CD systems that supports, at least in a qualitative
manner, the results of a number of MM and MD calcula-
tions.'* "1 Such flexibility can account for the wide range of
guests that can be incorporated, since guests must be allowed to
enter and leave the CD cavity, and the CDs must adapt to
changes in rotational orientation of the guest within the cavity,
which have been observed in NMR experiments.'*®! Our results
also suggest that the main cause of this reduced flexibility is an
increase in the intramolecular hydrogen bonding.

The present ROA study on CDs, together with the previous
ROA studies on proteins,'*2~ ' provides further insight into
the analogous behaviour of the two types of molecules with
respect to ligand binding and catalytic activity. In both cases
residual mobility within the links connecting a framework of
rigid elements allows rapid sampling of a range of conforma-

0947-6539/97/0308-1296 8 17.50+ .50/0 Chem. Eur. J. 1997, 3, No. 8





Conformational Flexibility in Cyclodextrins

12921298

tions without loss of the overall three-dimensional integrity of
the structure (the native tertiary fold in the case of proteins).

In extending our earlier ROA work on the glycosidic link in
di- and polysaccharides!?*2*1 to CDs, we have discovered a
correlation between the flexibility of these systems and the in-
tensity of the glycosidic couplet at about 915 cm ™!, This rein-
forces our earlier conclusion that ROA is a valuable new source
of information on the glycosidic link, which is often the most
important factor in determining the conformation of di-, oligo-
and polysaccharides.

Experimental Section

All the samples used in this study were supplied by Sigma Chemical Corpo-
ration. MH was used without further purification; §-CD and its two methy-
lated derivatives were recrystallised from water. The samples for ROA mea-
surement were prepared by dissolving a carefully weighed quantity of
carbohydrate into 200 pL of the appropriate agueous buffer or DMSO (Sig-
ma, 99.9%). These solutions werc then passed through 0.45 um Millipore
membrane filters into quartz microfluorescence cells and centrifuged for ap-
proximately 10 min. Samples of DM-f-CD and TM-$-CD as well as the four
samples run in DMSO had moderately high fluorescence backgrounds which
were removed by photobleaching the samples overnight in the laser beam
prior to ROA acquisition. The inclusion complexes were prepared by dissolv-
ing the CDs in phosphate buffer (pH 7.0, 0.02M) or glycine buffer (pH 2.8,
0.1 M) before adding an appropriate quantity of sodium benzoate or benzoic
acid to give the required molar ratio. The resulting solutions were then stirred
for at least 1 h and left overnight to equilibrate.

The unpolarised, backscattering Raman and ROA spectra of all the samples
presented here were recorded on the ROA instrument, GUROAS3. This is an
upgraded version of the GUROASI instrument previously described in detail
elsewhere.l?”) The most important difference between the two is the introduc-
tion of a new f/1.4 stigmatic spectrograph based on a novel transmissive
diffraction grating (Kaiser, Holospec) which, like the GUROAST astigmatic
single grating f/4.1 spectrograph, is equipped with a Peltier cooled back-
thinned charge coupled device (CCD) detector for a virtually shot noise
limited detection of Raman-scattered photons, and a high optical density
holographic notch filter (OD > &) for an efficient suppression of the Rayleigh
line. This new spectrograph required some modifications to the optical sys-
tem!*" but results in roughly a five-fold increase in the speed of ROA mea-
surements with slightly improved resolution. In addition, the aluminium
coated 45° mirror has been replaced with an enhanced silver-coated mirror
(Balzers, Silflex) and a new temperature-stabilised electro-optic modulator
(EOM) has been employed. These last two components have considerably
improved the artifact suppression in this new instrument.

In this study we have concentrated on the raw ROA intensities I* — ' rather
than on the dimensionless A values A = (/* — I“)/(I® +I*), where I® and [*
are the Raman scattered intensities for right and left circularly polarised
incident light, respectively, because of the difficulties inherent in correctly
measuring accurate Raman intensities. One problem is separating the back-
ground from the signal (although this can be alleviated by using solvent
subtraction techniques), bul more important in this instance is the problem
of separating the two or more closely spaced bands found in the conventional
Raman spectra in the range of the glycosidic ROA couplet. In contrast, there
are no background or deconvolution problems associated with measuring the
ROA intensities. However, there is the possibility of small baseline offsets,
which we have combatted by adding together the modulus of the integrated
intensities of the positive and negative components of the glycosidic couplet
with a Labcalc (Galactic) array basic program, which was also used for all the
spectral manipulations.

Laser powers at the sample between 250 and 700 mW (at 514.5 nm) were
used. The width of the entrance slit was 100 um, which corresponds to a
spectral resolution of approximately 10 cm ™!, Concentrations of CDs ranged
between 0.01 and 0.15M, depending upon the solubility of the CD derivatives
in particular. All pH measurements were made with a micro-combination
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electrode (Ingold). For the ROA measurements on -CD at 40 C, hot dry air
was blown over the sample cell with an FTS systems model TC-84 AirJet
Crystal Cooler.
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Achiral Cyclodextrin Analogues™®*

Peter R. Ashton, Stuart J. Cantrill, Giuseppe Gattuso, Stephan Menzer,
Sergey A. Nepogodiev, Andrew N. Shipway, J. Fraser Stoddart,* and

David J. Williams

Abstract: The synthesis of a new family of
cyclodextrin (CD) analogues is described.
This family consists of novel cyclic
oligosaccharides built from monosaccha-
rides that possess the same relative but
opposite absolute (D- and L-) configura-
tions. The alternation of such p- and L-
residues—specifically, - and L-rhamnose
or D- and L-mannose—in a macrocyclic
structure results in S -type symmetry and,
consequently, optical inactivity. The syn-
thesis of these cyclic oligosaccharides was
achieved by an economical polycondensa-
tion/cycloglycosylation approach that re-

both a glycosyl donor (cyanoethylidene
function) and a glycosyl acceptor (trity-
loxy group). These compounds are able to
undergo Tr*-catalyzed polycondensation
which, under appropriate dilution condi-
tions, can be terminated by cycloglycosyl-
ation. Thus, compound 1-RR was con-
verted into a range of protected cyclic
rhamnooligosaccharides 15-19 in 64%
overall yield. All these products, including
the unique cyclic dodeca- and tetrade-
casaccharides 18 and 19, have been isolat-
ed by preparative HPLC. Unexpectedly,
treatment of the manno analogue of the

disaccharide 1-RR (compound 1-MM)
under the same conditions produced only
the cyclic hexasaccharide 28 and numer-
ous apparently linear oligomers. Removal
of the protecting groups from 16—19 af-
forded the free cyclic oligosaccharides 21—
24, which exhibited the predicted zcro
optical rotation and very simple NMR
spectra, indicating highly symmetrical
structures. X-ray crystallography reveals
that in the solid state the cyclooctaoside
21 possesses a (', symmetric structure, on
account of a slight deformation of its
cylindrical shape. The channel-type crys-

lies on an appropriately-derivatized disac-
charide monomer and that avoids the
time-consuming, and often low-yielding,
stepwise growth of long linear oligosac-
charide precursors. In the cases reported,
the key precursors are the disaccharide
monomers 1-RR and 1-MM, which bear

carbohydrates

sylations +

Introduction

Cyclodextrins (CDs), which are composed of (1—4)-linked «-D-
glucose residues, are the most well-known family of compounds
in the class of cyclic oligosaccharides. They have been studied
extensively " as a result of their unique ability to form inclusion
complexes with a very broad range of guest molecules. Along
with CDs, a limited number of examples of naturally produced
cyclic oligosaccharides are known: either they are formed as a
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tal packing of molecules of 21 forms
nanotubes with an internal diameter of
around 1 nm. Conversely, the cyclic hexa-
saccharide 29 possesses a C; symmetric
solid-state structure and 1ts molecules
pack to form a parquct-likc superstruc-
ture.

dna-

result of enzymatic degradation of polysaccharides!? or they are
produced by microorganisms."®! Therefore, it appears that total
chemical synthesis is the only feasible method for the produc-
tion of cyclic oligosaccharides with different structural and
chemical properties. The chemical synthesis of 2-CD and y-CD
was a remarkable achievement!*! as it was the first successful
attempt at the total synthesis of cyclic oligosaccharides. How-
ever, CDs themselves do not represent extremely interesting
synthetic targets as they can be easily obtained from enzymatic
action on a low-cost natural raw material, that is, starch. Unnat-
ural cyclic oligosaccharides are obviously more attractive syn-
thetic targets, and numerous studies on the synthesis of both
a-(1—>4)-linked CD analogues'™ and compounds with different
interglycosidic linkages!S! have been reported during the past
decade. In order to develop a practical route to the preparation
of complex cyclic oligosaccharides, we have employed!" a poly-
condensation/cyclization approach that uses a small saccharide
precursor for the synchronous preparation of a series of cyclic
oligosaccharides composed of different numbers of repeating
units (Figure 1). The basic structural requirement for the pre-
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Figurc 1. Cartoon representation of the approach to the synthesis of cyclic
oligosaccharides by the cyclooligomerization of a disaccharide monomer;
GA = glycosyl acceptor function, GD = glycosyl donor function

cursor is the presence of a glycosyl donor function at one end of
the molecule and a glycosyl acceptor function at the other end.
There are several types of glycosyl donor groups that might be
useful for this purpose, for example F® MeS,®! or n-C H,, .1
For our studies we chose the trityl (triphenylmethyl)—cya-
nocthylidene condensation method,"*'! because it is currently
the only procedure for the chemical synthesis of polysaccharides
that has been investigated extensively. Recently, we demonstrat-
ed the efficiency of the aforementioned strategy by synthesiz-
ing!”! two cyclic oligosaccharides composed of alternating L-
rhamnose and D-mannose units.

The next stage of our research program involved using the
polycondensation/cyclization methodology for the construction
of CD analogues possessing a very high degree of symmetry. In
order to achieve our goal, we decided to prepare cyclic oligosac-
charides composed of alternating residues with opposite abso-
lute configurations-—namely, D- and L-rhamnose and D- and
L-mannose (Figure 2). This design leads to achiral compounds
that possess S, symmetry—where # is equal to the number of
monosaccharide units—and consequently to loss in optical ac-
tivity of the oligosaccharide molecules. Moreover, in contrast to
CDs, which possess two constitutionally different rims lined
with either primary or secondary OH groups, thce cyclic
oligosaccharides schematically depicted in Figure 2 have enan-
tiotopic rims, which may be distinguished only by the direction-
ality of the glycosidic linkages.

The preparations of the cyclic D-manno- and L-rhamno-
oligosaccharides, described by the groups of Ogawall? and

1300 ——— .

Figure 2. Schematic representation of b/L-alternating hexasaccharide (left) and oc-
tasaccharide (right) possessing S,-type symmetry,

Nishizawa, ! are two of the most efficient processes reported
on the synthesis of cyclic oligosaccharides. Our target molecules
differ markedly from these C, symmetric structures as they in-
corporate both enantiomers of the monosaccharide residues at
the same time, giving rise to the already mentioned S, symmetry.
Furthermore, a different, relatively short, and economical syn-
thetic strategy has been employed for their preparation. In this
paper, we report the synthesis and characterization of a series of
homologous cyclic oligosaccharides, composed of alternating
D-rhamnose and L-rhamnose, which possess the structural fea-
tures already described. The same synthetic methodology was
applied subsequently to the preparation of the analogous man-
no-oligosaccharide series and these results are also described in
this paper.

Results and Discussion

Synthetic Strategy: The trityl—cyanoethylidene condensation
method™ " was used as the basic glycosylation reaction in the
polycondensation/cyclization process that led to the formation
of a series of cyclic oligosaccharides. The key intermediates for
the assembly of the target b/L alternating rhamno- and manno-
oligosaccharides were the dis-

accharide derivatives 1-RR

. Me OBz
and 1-MM (Figure 3). As a 0 0 Me
consequence of their struc- BzO BzO OA\-“‘CN
tural similarities, these com- Omo
pounds can be prepared by
following a common synthetic 1-RR
pathway (Scheme 1), which is
based on the methodology we Bzo OBz
repor‘ted previogsly.m Th.is Tro o B2 OMQ CN
generic scheme involves six BzO %
steps, starting from the cya- 080 O
noethylidene derivatives 2 to- 1-MM

gether with the glycosyl bro-
mides 5, the preparation of

Figure 3. Structure of disaccharide
precursors 1-RR and 1-MM for rham-

VCII Verlagsgesellschaft mbll, D-69451 Weinheim, 1997

which Obviously requires no- and manno-oligosaccharides.

some additional effort. The

synthesis of cyanoethylidene derivatives of L-rhamnose and D-
mannose is well documented,!'*! which prompted us to employ
these particular residues at the reducing ends of compounds
1-RR and 1-MM, leaving D-rhamnosyl and L-mannosyl
residues, respectively, to be introduced at the nonreducing ends
of the derivatives. This outcome may be achieved by coupling
D-rhamnose and L-mannose (as their glycosyl bromides 5) with
the glycosyl acceptors 4, constructed from L-rhamnose and p-
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Scheme 1. General scheme for the synthesis of trityl —cyanoethylidene-functional-
ized disaccharides suitable for cyclooligomerizations aimed at the preparation of
(1 — 4)-linked cyclic oligosaccharides. The configurations of chiral centers are not
shown.

mannose, respectively. The resulting disaccharides 6 can then be
converted into the desired precursors 1 by dechloroacetylation,
tritylation, and two-step transformations!’®! of the CO,Me
group into a CN function. During the transformations outlined
in Scheme 1, the cyano function was converted into a methoxy-
carbonyl group; the latter, in contrast to the former,!* ¢ is stable
during the reactions employed in the synthesis of 1-RR and
1-MM. The details of the synthesis of 1-RR and 1-MM and the
results of their cyclooligomerization are outlined in the follow-
ing sections.

The D-Rhamnosyl-L-Rhamnose Monomer 1-RR and its Cy-
clooligomerization: In order to prepare the disaccharide
monomer 1-RR it is necessary to synthesize the methoxycar-
bonyl derivative 4-R and the rhamnosyl bromide 5-R. The
monobenzoate 4-R was prepared by treatment of the known!!”)
diol 3-R with a mild benzoylating agent, namely BzCN in the
presence of pyridine (Scheme 2). The reaction afforded a 4:1
mixture of the desired 3-O-benzoate and the isomeric 4-O-ben-

Chem. Eur. J. 1997, 3, No. 8
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Me
o) a{G( )2Me
BzO ﬁ

—» HO (6]
Me o} Me e}

3-R 4-R

Scheme 2. Synthesis of the L-rhamnose glycosyl acceptor 4-R. Reagents and condi-
tions: a) BzCN/C.;H.N/CH,Cl,. 20"C, 18 h, 58 %.

zoate, from which the 3-O-benzoate was separated by fractional
crystallization in 58 % yield.

The synthesis of the glycosyl bromide 5-R was performed
starting from the methyl 2,3-O-isopropylidenc-4-O-benzoyl-a-
p-rhamnopyranoside 9 (Scheme 3), which was, in turn, pre-
pared in five steps by following the literature procedure,’””

Me Me Me Me
]ﬁ% a jﬁoo b
OMe OMe
10

Me

Me#

Me O me OH

- ol Q d

CICHZCOOOm LA CICHzCOgOﬁQ' L
OMe OMe

Me OBz Me OBz
mcmcoo% _e . cm@oo& -
OAc
14
" Me OBz
L cncmcoo@&'
BzO
Br
5R

Scheme 3. Synthesis of the D-rhamnose glycosyl donor 5-R. Reagents and condi-
tions: a) NaOMe/MeOH, 20°C. 6h, quantitative; b} CICH,COCICH N/
CH,Cl,, 20°C, 18 h, 77%; ¢) CF,CO,H/H,0/CHCI,, 20°C, 6 h, 96%; d) Bz(Cl
CHN/CH,CI,. 20°C, 24 h, 82%; e) Ac,0/H,S0,/CH,Cl,. 20°C, 2 1. 86%:
) AcBr/MeOH/CH,Cl,. 20°C, 2 h, 99 %.

starting from methyl x-pD-mannoside, since D-rhamnose is not
commercially available. Removal of the benzoyl protccting
group (MeONa/MeOH/CH,Cl,) from the known benzoate
9,115¢! followed by chloroacetylation (CICH,COCI/C H(N) of
10, afforded the chloroacetyl derivative 11 in 77 % yield. Re-
placement of the isopropylidene protecting group with benzoyl
groups in compound 11 was achieved by successive deacetona-
tion (CF,CO,H/H,0/CHCI;, 96%) and benzoylation (BzCl/
C.H,;N/CH,Cl,, 82%). The resulting acylated derivative 13
was subjected to acetolysis (1% H,SO, in Ac,0) to give the
1-acetate 14 in 86 % yield, which was finally converted quantita-
tively into the glycosyl bromide 5-R by treatment of 14 with HBr
in CH,Cl,.

The glycosyl donor 5-R and acceptor 4-R underwent reaction
in the presence of AgOTf/collidine to afford exclusively the a-
linked disaccharide 6-RR (65% yield), which was then
dechloroacetylated selectively at the 4'-position by treatment of
6-RR with thiourea (Scheme 4). The resulting alcohol 7-RR
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Scheme 4. Synthesis of the p-rhamnosyl-L-rhamnose disaccharide monomer 1-RR from the glycosyl
donor 5-R and the glycosyl acceptor 4-R. Reagents and conditions: a) AgOTf/collidine/CH,Cl,, 15
—30 C, th, 65%: b) (H,N),CS/MeCN/H,0, 20°C. 40 h, 91%: ¢) TrClO /collidine/CH,Cl,, n=3
20°C.4h. $4%: d) i) NH MeOH/CH,Cl,, 5t020°C, 18 h, i) BzCL/CH,N, 20°C, 18 h, 87%. 1965

(91 % yicld) was treated with TrClO, and collidinc to afford the
trityl cther 8-RR (84 %) . The conversion of 8-RR into the disac-
charide monomer 1-RR was achicved by ammonolysis (NH,/
MeOH/CH,Cl,) of the CO,Me group of 8-RR and then by
treatment of the resulting mixture of products—partially deben-
zoylated amides-—with BzCl/C H,N. This procedure afforded,
after column chromatography, the target b-rhamnosyl-L-rham-

nose monomer 1-RR

Me GBZ M in 87 % yield.
. - e . .
TIBOzOXjR‘Bzo 0—\CN The disaccharide 1-

%g\\lgx/o RR served as a
monomer in the cru-

cial step of the synthe-
a sis, the cyclooligomer-
ization. This reaction

was performed by the
trcatment of 1-RR
with TrClO, as a cata-
lyst at 25°C in a
CH,Cl, solution, us-
ing a high-vacuum
apparatus  for the
tb'c preparation of both

the reagents and the
solvent  (Scheme 5).
Special precautions to
eliminate moisturc
were necessary, since
traces of H,O can
quickly destroy the
catalyst and terminate
the growth of the
oligosaccharide chains.
The reactions were car-
ried out under moder-
ately dilute conditions

OBz 15

B Me, 0
Bzoﬂﬁ BzQ AcO 16

ey
19

il

3 3 33 3
I
~N o s W

Me Og 20
ﬁ& HO HO 21
AN

23

o
Y

1

3 3 3 3 3
il
~N O O RhWw

It

Scheme 5. Polycondensation;cycloglycosyla-
tion of the disaccharide monomer 1-RR and de-
protection of the resulting cyclic oligosaccha-
rides. Reagents and conditions: a) TrClO,f
CH,Cl,. 20°C. 48 h: b) 1) NaOMe/MeOH,
iy H,O. 20°C. 24h: ¢} NaOMe/MeOH/
CH,CL,.20°C. 24 h, 73% (21), 80% (22). 86%
(23).29% (24).
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(ca. 0.01M), in contrast to earlier polycondensa-
tion experiments,'®’ where a concentration
greater than 0.1 M was cmployed. The catalyst was
used in an equimolar amount with respect to the
monomers in order to increase the rate of reaction.

The reaction mixture, resulting {rom the cy-
clooligomerization of the D-rhamnosyl-L-rham-
nose monomer 1-RR, was investigated by
MALDI-TOF mass spectrometry.l! 3 After the re-
action had proceeded for 48 h this analysis re-
vealed that, in the region of 2000-5000 Daltons,
there were no peaks that could be assigned to lin-
ear oligosaccharides (Figure 4): instead, a series

16
n=4
2613
100 —

17
n=5
3260

50

|
.
,l ! n=6
L 3904 19
l i i n=7
ﬂ" \ 4563
‘ i !

NN
, WWWWM VNS T I T

2000 3000 4000 5000 m/z

Figure 4. Partial MALDI-TOF mass spectrum of the reaction mixture arising
from the polycondensation/cycloglycosylation of the p-rhamnosyl-L-rhamnose
monomer 1-RR. The peaks refer to [M + Na]*.

of compounds with molecular weights corresponding to the pro-
tected cyclic hexa-, octa-, deca-, dodeca-, and cven tetradecasac-
charides were identified. In the first instance, these compounds
were isolated as a mixture from the low molecular weight, trityl-
containing products by means of conventional column chro-
matography on silica gel. Thereafter, the mixture of the cyclic
oligosaccharides was subjected to reverse phasc HPLC on a
C-18 column using MeCN as the eluent.!2?! In this manner, the
aforementioned protected cyclic oligosaccharides, composed of
alternating p-rhamnose and L-rhamnose residues, were isolated
successfully and characterized as the cyclic trimer 15 (14%),
tetramer 16 (17%), pentamer 17 (15%), hexamer 18 (10%),
and heptamer 19 (7.5 %) with reference to the number of disac-
charide repeating units.

The deprotection of the cyclic oligosaccharides 15-19 was
performed by treating them with NaOMe in a mixture of
MeOH/CH, (I, followed, in the case of 15, by further exposure
to an aqueous NaOH solution, since the partially deprotected
forms of this cyclic hexasaccharide were found to precipitate out
of the reaction mixture. The free cyclic oligosaccharides 2024
(Figure 5) were purified by reverse phase HPLC (C-18 column,
H,0/MeCN).

Amongst the five homologous cyclic oligosaccharides 20-24,
only the hexasaccharide 20 was poorly soluble in H,O. Thus,
for characterization purposes, it was exhaustively acetylated
with Ac,0/C HN (Scheme 6) and characterized as the perac-
ctate 25.
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Synthesis of L-Mannosyl-D-Mannose Monomer 1-MM and its
Cyclooligomerization: The disaccharide monomer 1-MM was
also prepared by following the general strategy that was em-
ployed in the synthesis of D-rhamnosyl-L-rhamnose analogue
1-RR (Scheme 1). The previously reported’” methoxycarbonyl
derivative 4-M was used as the glycosyl acceptor for the con-
struction of the disaccharide monomer I-MM. To create the
L-mannosyl donor, we applied a simple and efficient procedure
for selective benzoylation developed®!l for the preparation
of 1,2,3,6-tetra-0O-benzoyl-D-mannose (4 equiv. BzCl/C,H.N,
—40°C), which, in the case of L-mannose, led to the tetraben-
zoate 26 in 35% yield (Scheme 7). Chloroacetylation of 26 with
CICH,COCI/C,H ,N/CH,Cl, proceeded in 96% yield, afford-
ing the chloroacetyl derivative 27, which was treated finally with
HBr/AcOH to give the mannosyl bromide 5-M quantitatively.

Next, the L-mannosyl bromide 5-M was coupled with the
glycosyl acceptor 4-M under the same conditions as thosc de-
scribed for the synthesis of 6-RR to afford the desired disaccha-
ride 6-MM in 67% yield (Scheme 8). The next four steps,
1) dechloroacetylation (NH,),CS/MeCN/H,0), 2) tritylation
(TrClO,/colliding/CH,Cl,), and conversion of the CO,Me

M OH M OAc
%o & _|o
HO Ho HO a AcO AcQ AcO
0 - - 0
Mm Me@ﬂ
0] 3 0]3
20 25

Scheme 6. Acetylation of the D-rhamnose-L-rhamnose cyclic hexasaccharide 20.
Reagents and conditions: a) Ac,O/C;H N, 20°C, 48 h, 12%.
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pyranoso)-oligosaccharides 20 - 24,

group into a CN function by 3) ammonolysis (NH,;/MeOH),
and 4) dehydration (BzCl/C;H;N) of the intermediate amide,
were carried out under the samc conditions as described for the
conversion of 6-RR into 1-RR. The disaccharide derivatives
7-MM and 8-MM, and the target L-mannosyl-D-mannosc
monomer 1-MM were obtained in 87, 84, and 74 % yield, re-
spectively.

The attempt at the cyclooligomerization of the L-mannosyl-b-
mannose monomer 1-MM afforded, after 60 h, a reaction mix-
ture with a noticeably different composition of products com-
pared with the results of the analogous reaction carried out on
1-RR. In this case, MALDI-TOFMS analysis revealed a highly
complex mixture of products. The majority of peaks in the spec-
trum could not be assigned to the desired cyclic oligosaccha-
rides. Nevertheless, one cyclic product, the hexasaccharide 28
(Scheme 9), was isolated from the reaction mixture by prepara-
tive reverse-phase HPLC. The acyl protecting groups werc re-

a BzOo OBz b
HO e HO I
o 0
HO OH BzO 08z
L-Mannose 26
Bz OBz . BzO OBz
CICH,COO 5 © . mcmcoo%
BzO OBz BzQ Br
27 5-M

Scheme 7. Synthesis of the L-mannosyl donor 5-M. Reagents and conditions:
a) BzCl/C,H N, —40 to 20°C, 24 h, 35%; b) CICH,COCI/CHN/CH,Cl,,
20°C, 4 h, 96%; ¢) AcBr/H,O/AcOH/CH,CI,. 20°C, 18 h, quantitative.
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Scheme 8. Synthesis of the L-mannosyl-D-mannose disaccharide monomer 1-MM from the glycosyl
donor 5-M and the glycosyl acceptor 4-M. Reagents and conditions: a) AgOTf/collidine/CH,Cl, .,
~30°C, 1h, 67%: b) (H,N),CS/MeCN/H,0, 48h, 20°C, 87%: ¢) TrClO,/collidine/CH,Cl,,
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Scheme 9. Formation of cyclic hexasac-
churide 28 by cyclooligomerization of
I-MM and deprotection of 28 to 29.
Reagents and conditions: a) TrClO,;
CHLCL. 206 Co60 hl 8% by 1) NaOMe/
MeOH. i) H,0.20 C.24h, 93%.
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moved successfully from
28 (by successive treat-
ment with NaOMe/MeOH/
CH,Cl, and NaOH/H,O) to
afford the free cyclic hexa-
saccharide 29.

Three similar disaccha-
ride monomers have been
investigated as precursors
for the preparation of cyclic
oligosaccharides using the
polycondensation/cyclogly-
cosylation procedure
namely, derivatives 1-RR
and 1-MM, and the previ-
ously reported 1-RM!"!
(Figure 6). The monomer
1-MM shows by far the
lowest tendency toward the
formation of cyclic oligosac-

charides (Tablc1). Con-
versely, under the same
reaction conditions, the

monomers 1-RR and 1-RM,
bearing a rhamnose residue
with D- and L-configuration,
respectively, at the nonre-
ducing end of the disaccha-
ride structure, were convert-
ed efficiently into mixtures
of cyclic oligosaccharides.
Consequently, it is tempting
Lo propose that the presence
of the benzoate group at
C-6" is responsible for the
low efficiency ol the macro-
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cyclization process. The “deactivating” effect of
the benzoyl group at O-6’ may be ascribed to
1) the different reactivity of the 4-O-Tr group as
glycosyl acceptor in benzoylated rhamnose and
mannose residues!??!) or 2) the additional steric
cncumbrance of the large benzoyl group on the
6'-position, which simultaneously reduces the ac-
cessibility of the 4-O-Tr group and makes the
macrocyclization less favorable than the linear
growth of the oligosaccharide chain. Espccially
under the dilution conditions employed, the re-
duced reactivity of the glycosyl acceptor function
favors chain-breaking reactions associated with
side reactions of the activated glycosyl donor func-
tion. The compositions of the mixture of cyclic
products, formed in the reactions of the monomers
I-RM and 1-RR, were also different; trimerization
and tetramerization were the predominant pro-
cesses in the case of the reaction of 1-RM, whereas
the linear polycondensation is a more efficient
process in the case of cyclooligomerization of
1-RR, giving rise to comparable yields of five
cyclic oligosaccharides of different size. Despite
the moderate yields obtained in the synthesis of compounds
15—-19, the rclatively short procedure involving cyclooligomer-
ization of the disaccharide monomer 1-RR is, undoubtedly,
more convenient than the alternative step-by-step preparation
of long-chain linear precursors such as hexa-, octa-, deca-,
dodeca-, and tetradecasaccharides followed by cyclization as
independent events.

Bz0O BzO
BzO Bz0 BzO
TrOMe o Me o} OAc
0 -0
B(?ZO BzO
oln
1-RM
30 n=3
31 n=4

Figure 6. Structure of cyclic [(1 — 4)-z-D-rhamnopyranosyl-(1 — 4)-x-L-rhamno-
pyranoso)-oligosaccharides 30 and 31 and their synthetic precursor 1-RM (ref. {7]).

Table 1. Yield of cyclic oligosaccharides in polycondensation/cycloglycosylation of
disaccharide monomers 1-RR, 1-MM, and 1-RM [a]. # is the number of disaccha-
ride repeating units in the cyclic oligosaccharide.

R R

R = Me or CH,0Bz

BzO OBz BzO OAc n

Disaccharide n

precursor 3 4 5 6 7

1-RR 15 (14%) 16 (17%) 17 (15%) 18 (10%) 19 (7.5%)
1-RM 30 (34%) 31(31%)

1-MM 28 (9%)

[a] For 1-RM the results are taken from ref. [7].
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Structural Characterization of Protected and Free Cyclic
Oligosaccharides: In order to prove the macrocyclic character of
an oligomeric compound, two preliminary pieces of evidence are
sufficient. They arc the fact that 1) high molecular symmetry
(C, or S,) can be deduced from NMR spectroscopy and 2) the
precise molecular masses can be measured by mass spectrome-
try. Both these pieces of evidence have been obtained for the
cyclic oligosaccharides presented in this paper.

"HNMR and 3*C NMR Speciroscopy: All the disaccharide re-
peating units in the cyclic oligosaccharides 15-19 and 28 are
equivalent on the NMR timescale and consequently relatively
simple spectra relating to disaccharide residues were obtained,
whether 'H or '3C probes werc cmployed. In the 'HNMR
spectra (Figure 7) of 15-19 and 28, signals for protons
H-1/H-1', H-2/H-2', and H-3/H-3' resonate as three pairs of
peaks with different chemical shifts—a consequence of the dif-

(@
H-3p H-1g H 1 H- 4DL M
\H aL H- ZDH 2L H- s.[JL CoL
H-35 H- 1DH 1 H-dp, M
HaL H2DH2,_ ; HSD eoL
C
H- 1DH 1 H-4 5DL "
H 3L H- 2D H- 2L oL
H-3p H-1pH-1, H-4,5p, "
| HaHzoH2 or
(e)
H-3p H-1pH-1, H45DL "
LH 3LH 2pH- 2w eoL
——r
108
U
H-3p H-1, H-1p H 4568
H~3L| H- 2L H-2, H-6b, Lo
¥ l b
g f L o ﬂww
T T T T T T T T T T YT
58 54 50 46 42 38 &

Figure 7. Partial 'HNMR spectra (300 MHz, CDCl,) showing the ring protons of
the protected cyclic oligosaccharides: a} hexasaccharide 15, by octasaccharide 16,
¢) decasaccharide 17, d) dodecasaccharide 18, ¢) tetradecasaccharide 19, and
) hexasaccharide 28.
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ferent substituents (OAc and OBz) at C-2 of the »- and L-
residues. The H-4/H-4', H-5/H-5', and H-6/H-6' protons, which
are more remote from the C-2 position, give rise Lo resonances
that are hardly distinguishable for the p- and L-residucs.

The '3C NMR spectra (see Experimental Section) of the
cyclic oligosaccharides 15 -19 and 28 are also very distinctive
and characteristic. Indeed, each of these spectra contained no
more than thirteen signals in the chemical shift region below
0 =100: one of them (J = 20.9) belongs to the acetyl group and
the remainder to the two sets of C-1-C-6 atoms. In thesc por-
tions of the spectra, the peaks for C-1/C-1’ (6 = 98.5-98.9),
C-4/C-4" (6 =77.7-81.4 for rhamnose and 5 =75.2 for man-
nose), and C-6/C-6' (6 =17.8—18.4 [or rhamnose and = 62.1
for mannosc) could be assigned, whereas the numerous signals
in the region & = 67-71.6, corresponding to C-2/C-2', C-3/C-3,
and C-5/C-5', have not been assigned.

After removal of the protecting groups from the synthetic
cyclic oligosaccharides 15-19 and 28, their D- and L-monosac-
charide residues became indistinguishable, and their compar-
able nuclei magnetically equivalent. As a result, the NMR spec-
tra of the cyclic b/L-rhamno-oligosaccharides 20—24 appear as
if they were the spectra of single monosaccharide residues (Fig-
ure 8 and Table 2). This result confirms unequivocally the as-
sumption that the compounds 21-24 possess S, symmetry. Fur-
thermore, the specific optical rotations of 21-24, which were
measured in water, were equal to zero, as expected for these
achiral compounds.[?¥

(b}

H-1 HA5 H—2 H-3 H-4 Me

M gJM
o

Figure 8. '"HNMR Spectra (400 MHz, D,Q, HOD suppressed) of the free cyclic
p-rhamnosyl-L-rhamno-oligosaccharides: a) octasaccharide 21, b) decasaccharide
22.¢) dodecasaccharide 22, d) tetradecasaccharide 24. The intensity of the peaksin
the region between & = 3.50 and 5.00 has been doubled.
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Table 2. Chemical shifts in '3C MNR spectra (75.5 MHz, D,0, 25 °C) of free cyclic
oligosaccharides 20 -24 and 29.

J E Stoddart et al.

Compound C-1 C-2 C-3 C-4 C-5 C-6
21 104.4 734 718 85.2 70.6 19.0
22 104.3 734 71.6 83.6 71.0 19.0
23 103.9 73.5 .7 82.8 7.2 19.4
24 1035 732 71.6 84.4 0.6 19.4
29 103.7 74.3 72.6 81.1 72.2 63.3

Also, in the case of the b/L-manno-oligosaccharide 29 only six
signals are present in the 'H NMR spectrum (Figure 9) as well
as in the "*C NMR spectrum (Table 2). It was possible to assign
all peaks in the "HNMR spectrum of 29, thus confirming its
structure with S, symmeiry. This spectrum was very similar to,
but not coincident with, the spectrum reported in the litera-
ture'* 2 for the cyclic (1 — 4)-z-D-manno-hexaoside.

H-1 H-2 H-3H-5H-6b H-6aH-4
. I
i T T

”\ 0 i Vol

p———

| b i
) L Urb },"M“J |

495 485" 390 380 370 5

Figurc 9. '"H NMR spectrum (500 MHz, D,0. HOD suppressed) of the cyclic hexa-
saccharide 29.

Muss Spectrometry. The molecular mass of the cyclic oligosac-
charides was determined by MALDI-TOFMS (Table 3). This
technique is cxtremely useful, not only for the protected cyclic

Table 3. Mass spectrometric data for the protected cyclic oligosaccharides 1519,
28. and free cyclic oligosaccharides 20-24 and 29.

Compound Predicted mjz Observed m/z
M [M+Naj* [M+Naj*
LSIMS [a) MALDI-TOFMS
15 1939.9 1963 1963
16 2586.5 2609 2610
17 32331 3255 3255
18 3879.8 3902 3903
19 4526.4 4549 4549
20 876.8 899
21 1169.1 1192
22 1461.4 - 1485
23 17537 1777
24 2046.0 - 2071
28 2660.5 2683 2682
29 972.8 - 995

[a] NaOAc¢ was added to the probes to promote ionization.

oligosaccharides 15—19 and 28, but also for free cyclic oligosac-
charides 2024 and 29, which were not amenable to LSIMS. It
helped greatly in assigning structures Lo the cyclic oligosaccha-
rides. The protected cyclic oligosaccharides 15-19 and 28 were
also characterized in a convincing manner by high-resolution
LSIMS.
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X-Ray Crystal Structure of the Cyclic Octasaccharide 21 : Single
crystals of the cyclic octasaccharide 21 suitable for X-ray crys-
tallography were obtained by vapor diffusion of Me,CO into an
aqueous solution of 21. The X-ray analysis of the cyclic octasac-
charide revealed a solid-state structure that departs from ideal
Ss symmetry (Figure 10). The crystallographic symmetry is C,
and the radii of the polygon formed by the eight glycosidic
oxygen atoms range between 5.35 and 5.90 A (Figure 11). The
planes of the four independent alternating (1 —4)-linked x-p-

) 4.
i

b)

o S f;]\
B M\-‘(@'?.u.{f\
OA

Figure 10. a) Space-filling and b) ball-and-stick representations of the C,-sym-
metric solid-state structure of the cyclic octasaccharide 2t. The glycosidic C-O-C
bond angles are: 116° at O-A and O-D and 118" at O-B and O-C. The numbers
displayed beside the dashed lincs indicate the distances (in A) between adjacent pairs
of glycosydic oxygen atoms and their radial distances from the center of the cyclic
octasaccharide. a) Dark grey = oxygen atoms; light grey = carbon atoms:
white = hydrogen atoms. b) Speckled grey = oxygen atoms; white = carbon
atoms.

Figure 11. The polygon formed by the eight glycosidic oxygen atoms of the cyclic
octasaccharide 21. The distances (in A) from the mean plane of this ring are shown
beside each oxygen atom. The speckled grey balls represent the eight glycosidic
oxygen atoms.
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and a-L-thamnopyranose residues A, B, C, and D (as defined by
C-2/C-3/C-5/ring-0) are inclined by 88°, 98°, 68°, and 93°, re-
spectively, to the mean plane of the eight-oxygen polygon. All
four independent rhamnopyranose residues have conventional
chair conformations. The absence of molecular rotation—reflec-
tion symmetry, coupled with a slight folding of the plane of the
macroring, results in the formation of diastereotopic faces for
the cyclic octasaccharide. This “polarity” is reflected in the
mode of both the packing and the stacking of the macrorings.
Molecules are stacked head-to-tail to form polar channels that
extend down the crystallographic C, axis with an intermolecular
translation of ca. 8 A (Figure 12). The molccules within each

Figure 12. The discrete nanotubular stack of 21 in the solid state seen looking down
onc of the stacks. Dark grey = oxygen atoms; light grey = carbon atoms;
white = hydrogen atoms.

stack are positioned perfectly in register with respect to each
other and hence form large open channels, very similar to those
reported " for the related cyclic octasaccharide 31, and reminis-
cent of the hydrogen-bonded nanotubes described by Ghadiri
and coworkers!?*! for cyclic peptides incorporating alternating
D- and L-amino acids. However, there is no indication of the
presence of intermolecular hydrogen bonding within the stacks
of 21. In one direction, the crystallographic a direction, adjacent
stacks are of the same polarity, whereas those in the crystallo-
graphic ¢ direction alternate in terms of their polarity and are
enantiomeric (Figure 13). Adjacent stacks in the a direction
are offset by half a ring thickness and are cross-linked by
[O-H--- 0] hydrogen bonds, whereas those in the ¢ direction
are almost in register but have no cross-linking intermolecular
hydrogen bonds (Figure 14).

Investigation of the Binding Abilities of the Cyclic Octasaccharide
21 : In order to gain some insight into the binding capabilities of
the D-rhamnose-L-rhamnose cyclic oligosaccharide 21, liquid
secondary ion mass spectrometry (LSIMS) experiments'?*! were
carried out as follows. Two solutions were prepared, the first
containing a 1:1 mixture of 21 and the sodium salt of an-
thraquinone-2-sulfonic acid 261 (ASANA)—a possible guest for
21, which is known!2®! to form inclusion complexes with y-CD,
the naturally-occurring cyclic oligosaccharide of a correspond-

Chem. Eur. J. 1997, 3, No. 8
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c

Figure 13. The near close-packed hexagonal array of molecules of 21. Interstack
hydrogen bonds are shown. The circle-and-dot and the cross symbols show the
respective polaritics of the stacks.

Figure 14. Ladder-like hydrogen bonds between stepped adjacent stacks of mole-
cules of 21. The [ - - - O] distance is 2.73 A. Speckled grey circles = oxygen atoms;
open circles = carbon atoms.

ing size—and the second containing a 1:1 mixture of y-CD and
ASANA as a reference standard. When the reference solution
was subjected to LSIMS (Figure 15a). a peak at m/z =1629
corresponding to the mass of the complex y-CD:ASANA was
observed along with a peak at m/z =1319 for y-CD plus Na™
ions. Similarly, when the solution containing the cyclic oligosac-
charide 21 and ASANA was subjected to LSIMS (Figure 15b),
a peak at m/z =1501 for the complex 21:ASANA was ob-
served—once again, together with the peak at m/z = 1191 for 21
plus Na™ ions. This evidence suggests strongly that the cyclic
oligosaccharide 21 has binding abilities similar to those exhibit-
ed by y-CD.

X-Ray Crystal Structure of the Cyclic Hexasaccharide 29: Single
crystals suitable for X-ray crystallography were obtained by
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[-CD+ NaJ* [21 + Na]’
100 - 1319 (a) 1001 1191 (b)
i |

50 50

[¥-CD + ASANA + Na]*

[21 + ASANA + Nal*
1629

1501
0 L‘f;ﬁ.*,'@f.‘.#wa.,..—*f% 07 w
1200 1400 1600 m/z 1200 1400 1600 m/z

Figure 15. LSIMS spectra of a) an aqueous solution containing a 1:1 mixture of

+-CDand ASANA: D) anaqueous solution containinga 1:1 mixture of the octasac-
charide 21 and ASANA.

cooling a D,0 solution of 29. The X-ray analysis of 29 reveals
a solid-state structure that exhibits marked departures from
ideal S, symmetry (Figure 16). The cyclic hexasaccharide has

Figure 16. a) Space-filling and b} ball-and-stick representations of the (; symmet-
ric solid-state structure of the cyclic hexasaccharide 29. The glycosidic C-O-C bond
angles are: 1177 at O-A and O-C and 119~ at O-B. The numbers displayed beside the
dashed lines indicate the distances (in A) between adjacent pairs of glycosydic
oxygen atoms and their radial distances from the center of the cyclic hexasaccharide.
a) Dark grey = oxygen atomis; light grey = carbon atoms; white = hydrogen
atoms. b) Speckled grey = oxygen atoms; white = carbon atoms.
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crystallographic C; symmetry and the radii of the polygon
formed by the six glycosidic oxygen atoms (which adopt the
chair-like arrangement shown in Figure 17) range between 4.01
and 4.5t A. The alternating (1-4)-linked 2-p- and 2-L-
mannopyranosyl residucs (ABCABC) have conventional *C,
and 'C, conformations. The planes of the three independent
pyranose rings A, B, and C (as defined by C-2/C-3;C-5/ring-O)
are inclined by 107°, 81°, and 92°, respectively, to the mean
plane of the O, polygon (Figure 17). Further departures from
S, symmetry are observed in the relative orientations of the
hydroxymethyl groups, the O-C-5-C-6--0-6 torsional angles
being +71°, —64°, and —65° for residues A, B, and C, respec-
tively.

~0.54

Figure 17. The polygon formed by the six glycosidic oxygen atoms of the cyelic
hexasaccharide 29. The distances (&) from the mean plane of this ring are shown
beside each oxygen atom. The speckled grey balls represent the six glycosidic oxygen
atoms.

Inspection of the packing of 29 reveals an interlocked par-
quet-like pattern with no free pathways through the superstruc-
ture (Figure 18). The overall assemblage is stabilized by both
intcrmacroring and intermolecular hydrogen bonding (involv-
ing some of the nine D,0 molecules per cyclic hexasaccharide).
These hydrogen bonds are present both within and between the
parquet-like sheet arrangements.

Figure 18. The parquci-like packing of the molecules of the cyclic hexasaccharide
29.
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Conclusion

The polycondensation/cyclooligomerization approach to the
preparation of cyclic oligosaccharides has been applied success-
fully to the preparation of cyclotris- (20), cyclotetrakis- (21),
cyclopentakis- (22), cyclohexakis- (23), and cycloheptakis-
[(1 »4)-a-D-thamnopyranosyl-(1 »4)-a-L-rhamnopyranosyl]
(24), and cyclotris[(1 »4)-o-L-mannopyranosyl-(1 —»4)-a-b-
mannopyranosyl] (29). These unique compounds possess two
cnantiotopic rims and, as a consequence of the S, symmetry,
they are achiral. The synthetic approach relies upon the rational
design of suitable disaccharide precursors, namely, the so-called
disaccharide monomers 1-RR and 1-MM. The efficient {forma-
tion of the p-rhamnose-L-rhamnose cyclic oligosaccharides
from the monomer 1-RR can be accounted for by the high
reactivity of both the rhamnose-derived glycosyl donor and ac-
ceptor functions and the preorganization of the growing
oligosaccharide chains. The axial orientation of the C-1/0-1
bond and the equatorial orientation of the C-4/0O-4 bond on the
pyranosyl rings determines the helical conformation of the lin-
ear oligosaccharides. In the case of the L-mannose-D-mannose
monomer 1-MM, the polycondensation/cyclooligomerization
reaction lacks the high efficiency observed in the p-rhamnose-L-
rhamnose series and, indeed, in the previously reported!™ L-
rhamnose-D-mannose situation. This result is probably a conse-
quence of the increased steric hindrance of the BzO group on the
C-6' position of the monomer and the concomitant decreasc in
nucleophilicity of the oxygen atom in the 4-position of the
disaccharide monomer 1-MM.

In the solid state, it has been shown that the cyclic octasaccha-
ride 21 composed of alternating p- and L-rhamnopyranosyl
residues assembles to form nanotubules of ca. 1 nm diameter,
not too dissimilar from those reported!” for the L-rhamnose-p-
mannose octasaccharide 31, but contrasting with the tight
paquet-like solid-state superstructure constructed by molecules
of the cyclic hexasaccharide 29 composed of alternating b- and
L-mannopyranosy! residues. It is conceivable that these new
families of cyclic oligosaccharides could become interesting can-
didates for research in the area of interfacial science, taking into
account the evidence presented that these novel compounds can
act as molecular receptors toward appropriately structured sub-
strates in a similar manner to the CDs, the most well-known of
the cyclic oligosaccharides.

Experimental Section

General Techniques: Chemicals, including monosaccharides, were purchased
from Aldrich, Sigma, or Lancaster. TrClO, was prepared according to a
literature procedure.’?”! Solvents were dried as recommended in the litera-
ture.[?®) Thin-layer chromatography (TLC) was carried out on aluminum
sheets coated with Kieselgel 60 F 254 (Merck). The plates were inspected by
UV light and developed with 5% H,SO, in EtOH at 120 °C. Column chro-
matography was performed on silica gel 60 F (Merck 9385, 230—400 mesh).
High performance liquid chromatography (HPLC) was carried out on Dyna-
max C-18 reverse phase columns (Anachem) with a Gilson 714 system. Frac-
tions were monitored using a variable UV detector or a Knauer Differential
Refractometer. Melting points were determined on an Electrothermal 9200
apparatus. Optical rotations were measured at 224+2°C on Perkin—
Elmer 457 polarimeter. '‘H NMR spectra were recorded on either a Bruker
AC 300 (300 MHz) spectrometer or a Bruker AMX 400 (400 MHz) spectrom-
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eter or Bruker 500 (500 MHz} spectrometer with the solvent reference as
internal standards. '*C NMR spectra were recorded on a Bruker AC 300
(75.5 MHz) spectrometer or a Bruker AMX 400 (100.6 MHz) spectrometer
using the JMOD pulse sequence. Low-resolution mass spectra (EIMS and
CIMS) were obtained on either a Kratos Profile or a VG Prospee mass
spectrometer. Fast atom bombardment mass spectra (FABMS) were record-
ed on a Kratos MS80RF spectrometer using a Krypton primary atom beam
at 8 eV and a nitrobenzyl alcohol matrix. Liquid secondary ion mass spectra
(LSIMS) were recorded on a VG Zapspec mass spectrometer equipped with
a cesium gun operating at &30 keV. Matrix-assisted laser desorption ioniza-
tion,/time-of-flight mass spectra (MALDI-TOFMS) were recorded on a
Kratos Kompact MALDT IIT instrument using a gentisic acid matrix or a
indolacrylic acid matrix. Microanalyses were performed by the University of
North London Microanalytical Service.

3-0-Benzoyl-1,2-O-1-{exo-methoxycarbonyl)ethylidene]-f-L-rhamnopyranose
(4-R): 1,2-O-[1-(exo-Methoxycarbonyl)ethylidene]--1.-rhamnopyranose!! 5
(3-R) (9.89 g, 39.8 mmol) was dissolved in C;H N (100 mL), and BzCN
(4.75 g, 39.8 mmol) was added at 0 °C. The reaction mixture was stirred under
nitrogen overnight. MeOH (10 mL) was added and the mixture was then
diluted with CH,Cl, (150 mL). The solution was washed with H,0O (100 mL)
and aqueous NaHCO, solution (3 x 100 mL), before being dried and concen-
trated. The mixture was subjected to column chromatography (SiQ,: CHCl,;
E10Ac, 80:20 to 70:30) to give a mixture of mono- and dibenzoylated com-
pounds. Crystallization from hot MeOH afforded the benzoate 4-R (8.13 g,
23.1 mmol, 58%); R, = 0.39 (CHCI,;/EtOAc, 80:20); o], —18.6 (¢ = 0.8 in
CHCI,);: '"HNMR (300 MHz, CDCl,,25°C): 8 =1.37(d. J; , = 6.2 Hz, 3H;
H-6), 1.73 (s, 3H; CCH,), 233 (d, J, oy = 4.8 Hz, 1H: OH). 4.78 (m,
1H; H-5), 3.70 (s, 3H; CO,CH,). 413 (ddd, J,,=J, ,=92Hz,
Joon=48Hz 1H; H-4),4.68 (dd. J, , = 2.2 Hz, J, ; = 4.0 Hz. 1 H: H-2),
5.21(dd,J, ; =4.0Hz, J, , =92Hz, 1H; H-3),542(d, /J, , =22 Hz tH;
H-1). 7.42-7.63 and 8.06-8.12 (m, SH: C,/I,CO); *C NMR (75.5 MHz,
CDCly, 25°C): 6 =17.8 (C-6), 23.6 (CH,C), 52.7 (OCH,). 70.6, 71.7, 74.1,
78.4(C-2,C-3,C-4,C-5),97.4(C-1}, 107.7(CH,(), 128.6,129.4,130.2, 133.6
(CyH). 1668 (C,H,CO), 169.3 (CO,CH,); FABMS: mjz = 375 [M + Na] " ;
C,,H,,04 (352.34): caled C 57.95, H 5.72; found C 57.83, H 5.65.

Methyl 4-O-Chloroacetyl-2,3-O-isopropylidene-a-D-rhamnopyranoside (11):
Methyl 4-0O-benzoyl-2,3-O-isopropylidene-z-D-rhamnopyranoside!! 7 (9,
19.06 g, 59.1 mmol) was dissolved in a mixture of dry MeOH (250 mL) and
dry CH,CL, (50 mL), and 1M NaOMe/MeOH (70 mL) was added. The re-
moval of the benzoyl group was monitored by TLC (SiO,. PhMe/EtOAc,
90:10). After 4 h, the debenzoylation was complete; the solution was neutral-
ized with 1M HCI and concentrated to give alcohol 10 as a colorless syrup.
The syrup was dissolved in CH,Cl, (150 mL), and chloroacetyl chloride
(441 mL, 55.5 mmol) and C;H N (4.48 mL, 55.5 mmol) werc added under
nitrogen while cooling to 0°C. The resulting reaction mixture was stirred
overnight at room temperature. Addition of MeOH (10 mL), followed by a
standard aqueous workup procedure, afforded a crude compound, which was
purified by column chromatography (Si0,, PhMe/EtOAc, 90:10) to give the
chloroacetate 11 (10.46 g, 42.7 mmol, 77%); R, =0.49 (PhMe/EtOAc,
90:10); [a], +16.0 (¢ = 2.42in CHCI,); "HNMR (300 MHz, CDCl,, 25 °C):
d=1.17 (d, J5 ¢ = 6.3 Hz, 3H; H-6), 1.31 (s, 3H: C(CH;),), 1.54 (s. 3H;
C(CH,),), 3.36 (s, 3H; OCH,), 3.73 (dq, 1 H: H-5), 4.07 (s, 2H; CICH,CO).
4.09-4.17 (m, 2H; H-2, H-3), 4.84 -4.09 (m, 2H; H-1. H-4): "*C NMR
(75.5 MHz, CDCl,, 25°C): ¢ =16.9 (C-6), 264, 27.7 (C{CH,},). 409
(CICH,CO), 55.0 (OCH,;), 63.5 (C-5), 76.6, 77.0, 77.5 (C-2, C-3. C-4), 98.0
(C-1), 110.0 (C(CH,),), 166.7 (C=0); FABMS: mjz = 295 [M +H] ", 317
[M+Na]™; C,,H,,ClO, (294.73): caled C 48.97, H 6.51; found C 48.82, H
6.67.

Methyl 4-O-Chloroacetyl-a-D-rhamnopyranoside (12): The chloroacetate 11
(10.4 g. 35.4 mmol) was dissolved in CHCI, and the isopropylidene group
was removed by treatment with a 10% solution of CF,COOH in H,0
(10 mL) for 6 h at room temperaturc. Removal of the solvents gave the diol
12 (8.62 g, 34.0 mmol, 96%); R, = 0.28 (CHCI;/MeOH, 90:10); m.p. 108 -
109°C: [o], +78.1 (¢ =1.2 in CHCl;); 'HNMR (300 MHz. CDCl;. 25°C):
6 =122 (d. J; , = 06.2Hz, 3H: H-6), 3.37 (s, 3H; OCH,). 3.77 (dg. 1H:
H-5), 386 (dd. J, ;=35Hz, J,,=100Hz, 1H: H-3), 393 (dd.
Jy.,=1.5Hz J, y=3.5Hz, 1H; H-2), 4.12 (m, 2H; COCH,Cl). 4.70 (d,
1H; H-1),3.79(pt, J, 5 =10.0 Hz, 1 H; H-4); "*C NMR (75.5 MHz, CDClj.
25°C): 6 =17.3 (C-6), 40.8 (COCH,CI), 55.1 (OCH;). 65.4 (C-5), 69.8, 71.0
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(C-2, C-3) 76.7 (C-4), 100.7 (C-1), 1679 (C=0); FABMS: m/z =277
[M+Na]"; C,H,ClO (254.67): caled C 42.45, H 5.94; found C 42.85, H
5.60.

Methyl 2,3-Di-0-Benzoyl-4-O-chloroacetyl-2-p-rhamnopyranoeside (13): A so-
tution of the diol 12 (8.58 g, 33.8 mmol) in CH,Cl, (100 mL) containing
C5H N (6.48 mL, 81.1 mmol) was treated with BzC1(8.63 mL, 74.3 mmol) at
0~5°C and the reaction mixture was stirred for 24 h at room temperature.
The mixture was (reated with MeOH (10 mL). diluted with CH,CL,
(200 mL), and washed with H,O (2 x 100 mL), aqueous NaHCO; solution
(2% 100 mL), and H,O (100 mL). The organic layer was dried (MgSO,) and
evaporated to dryness. The residue was subjected to chromatography
(SiO,:PhMe/EtOAc. 98:2 to 95:5), affording a colorless syrup, which was
characterized as the dibenzoate 13 (12.8 g, 27.7 mmol, 82%); R, =0.63
(PhMe/EtOAc, 96:4); [a], —102 (¢ =1.2 in CHCl;): "HNMR (300 MHz.
CDC(l,, 25°C): 6 =1.35(d, J5 ¢ = 6.3 Hz, 3H: H-6). 3.47 (s, 3H; OCHj;),
3.96 (m, 2H: COCH,CI). 4.07 (dq, 1H: H-5), 481 (d. J; , =1.7Hz, 1H;
H-1). 546 (pt. J, , = J, =100 Hz, {H; H-4), 5.61 (dd, J; , =1.7THz,
J, 3 =34Hz 1H:; H-2), 566 (dd, J, , = 3.4 Hz J, , =10.0 Hz, 1H: H-3),
7.30--8.10 (m, 10H, C,Hy); *C NMR (75.5 MHz, CDCl,, 25°C): ¢ =17.6
(C-6), 40.5 (COCH,Cl), 55.4 (OCH,), 66.0 (C-5), 69.9, 70.7, 73.3 (C-2, C-3,
C-4), 98.5 (C-1), 128.5-133.5 (CHy), 165.4, 1655 (C;HCO), 166.8
(COCH,Cl); FABMS: m/z =485 [M +Na]*, 463 [M+H]": C,,H,,ClOq
(462.88): caled C 59.68, H 5.01; found C 59.87, H 5.04.

1-0-Acetyl-2,3-di-O-benzoyl-4-O-chloroacetyl-a-D-rhamnopyranoside  (14):
The dibenzoate 13 (12.0 g, 26.0 mmol) was dissolved in Ac,0 (50 mL) and
treated with conc. H,S0O, (0.5 mL). The reaction mixture was allowed to
stand for 2 h at room temperature. NaOAc (1.7 g) was added and the mixture
was poured into ice (300 g) and stirred overnight. The product was extracted
with CHCI, (3 x 80 mL), the combined organic layers were washed with H,0
(100 mL) and an aqueous NaHCO, solution (3 x 100 mL), dried (MgSO,).
and concentrated. Following column chromatography (SiO, : EtOAc/hexane,
90:10) the product was isolated as the acetate 14 (10.95 g, 22.3 mmol. 86 %):
R, = 0.59 (PhMe/EtOAc, 96:4); m.p. 105-106°C; [a], —81.6 (c=1.11n
CHCL); "HNMR (300 MHz, CDCl,,257C): 6 =1.36 (d, J5 ¢ = 6.3 H2. 3H;
H-6). 2.23 (s, 3H; COCH,), 3.98 (m, 2H; COCH,CI), 4.17 (dq, 1H; H-5).
550 (pt, J,,=J, 5=100Hz, 1H; H-4), 562 (dd, J, ,=19Hz
J, 3 =3.5Hz, 1H; H-2), 5.69 (dd. J, ; = 3.5 Hz, J; , =10.0 Hz, 1 H; H-3).
6.26 (s, 1 H; H-1) 7.31 -8.09 (m, 10H, C,H,); *C NMR (75.5 MHz, CDCl,,
25°C): § =17.5 (C-6), 20.8 (COCH,), 40.5 (COCH,CI), 68.4 (C-5), 69.5,
69.6 (C-2. C-3), 72.6 (C-4), 90.6 (C-1), 128.5-133.5 (C,H,), 165.2, 165.4
(CcHCO), 166.6 (COCH,CI), 168.3 (CH,CO); FABMS: m/z =513
[M+Na]™; C,,H,,ClO, (490.90): caled C 58.72, H 4.72, found C 58.95, H
4.79.

2,3-Di-0-benzoyl-4-O-chloroacetyl-a-D-rhamnopyranosyl bromide (5-R): A
solution of the acetate 14 (9.00 ¢, 18.36 mmol) and AcBr (7.92mL,
108 mmol) in CH,Cl, (80 mL) was treated while cooling with MeOH
(3.82 mL, 98.4 mmol) in CH,Cl, (20 mL). The solution was maintained at
room temperature for 2 h before being poured into a separating funnel filled
with crushed ice (200 g). The crude product was separated by extraction with
CH,Cl, (3x100 mL). The combined extracts were washed with H,O
(100 mL), aqueous NaHCO, solution {2x 100 mL), dried (MgSQ,), and
concentrated. The product, which was identified as the bromide 5-R (9.23 g,
99%). was used immediately for the glycosylation reaction without further
purification; R; = 0.72 (PhMe/EtOAc, 95:5): 'THNMR (300 MHz, CDCl;,
257C): 6 =1.40 (d. J; 4 = 6.3 Hz, 3H; H-6), 4.01 (m, 2H; COCH,Cl). 4.33
(dg,J, s =10.0Hz. J; ¢ = 6.3 Hz, 1 H; H-5), 5.55 (pt, J; 4, = J, s =10.0 Hz.
1H; H-4), 583 (dd, J, , =14Hz J, ,=35Hz 1H; H-2), 6.01 (dd,
J, 3 =3.5Hz, J; , =100 Hz, 1H; H-3), 6.50 (d, J, , =14 Hz, 1H; H-1).
7.32-8.07 (m. 10H, C,H,); CIMS: m/z = 431 [M —Br]".

4-0-(4-0-Chloroacetyl-2,3-di-O-benzoyl-a-p-rhamnopyranosyl)-3-O-benzoyl-
1,2-0-{1-(exo-methoxycarbonyhethylidene]-f-L-rhamnopyranose (6-RR): A
solution of the glycosyl acceptor 4-R (2.28 g, 6.48 mmol), the glycosyl donor
5-R (3.31 g, 6.48 mmol). and collidine (0.69 mL, 5.18 mmol) in dry CH,Cl,
(5mL) was added under argon to a cooled (— 307C) suspension of AgOTf
2.00 g, 7.77 mmol) in CH,Cl, (40 mL). The reaction mixture was allowed to
warm up to room temperature. C;H N (1 mL) was added and the suspension
was diluted with CH,Cl, (100 mL). The suspension was filtered through a
layer of Celite and washed with CH,Cl, (100 mL). The fiftrates were com-
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bined and washed successively with H,0O (100 mL), aqueous Na,S$,0, solu-
tion (2 x 100 mL), and H,0O (2 x 100 mL). dried (MgSO,). and concentrated.
The product was isolated by column chromatography (SiO,:PhMe/EtOAc,
90:10 to 95:5) to give the title compound 6-RR (3.30 g, 65%): Ry = 0.24
(PhMe/EtOAc, 95:5); m.p. 96-97°C; [a], —25.8 (¢ =1.4 in CHCI):
'"HNMR (300 MHz, CDCl,, 25°C): § = 0.85(d, J; ¢ = 6.2 Hz. 3H; H-6),
1.54 (d, J; , = 6.2 Hz, 3H: H-6). 1.77 (s. 3H; CCH,), 3.62-3.70 (m, 1H,
H-5), 3.71 (s, 3H: OCH,), 3.83 (s, 2H: COCH,CI), 3.92 (dq. J, ; = 9.2 Hz,
Js ¢ = 6.2 Hz, 1H, H-5), 402 (dd, J, ,~J, 5 = 9.2 Hz, 1 H; H-4), 471 (dd.
J, ,=22Hz J,,=41Hz 1H; H-2), 520 (s, 1H; H-1"), 5.30 (dd.
JyaxJ, s =95Hz, 1H; H-4), 546-5.57 (m, 4H, H-1, H-3, H-2’, H-3"),
7.13-7.63 and 7.85-8.16 (m, 15H; C H,): '*C NMR (75.5 MHz, CDCl;,
25°C): 6 =171, 183 (C-6, C-6'), 23.6 (CCH,), 40.4 (CH,CI), 52.7 (OCH ;).
66.8, 69.4, 70.8, 70.9, 71.6, 72.8, 78.4, 78.6 (C-2, C-3, C-4, C-§, C-2', C-3',
C-4', C-5), 97.1, 984 (C-1, C-1). 107.6 (CH,CCO,CH,). 1284-133.7
(C4H,). 165.4,165.7,165.9,166.6 (C;H,CO, CICH,CO), 169.2 (CCO,CH,):
FABMS: mjz = 805 [M+Na]"; C,gH,qClO, (782.34) caled C 5981, H
5.02; found C 60.01, H 5.09,

3-0-Benzoyl-4-0-(2,3-di-O-henzoyl-z-p-rhamnopyranosyl)-1,2-O-[1-(exo-
methoxycarbonyhethylidene]-f-L-rhamnopyranose (7-RR): A solution of 6-
RR (3.22 g, 4.11 mmol) and (NH,),CS (1.6 g) in a mixture of MeCN/H,0
(110 mL, 10:1) was allowed to stand for 40 h at 20 °C, before the reaction was
concentrated, and the residue purified by column chromatography
(810,:CH,Cl,/EtOAc, 95:5) to give the title compound 7-RR (2.65 g. 91 %):
R, = 0.48 (PhMe:EtOAc, 95:5); m.p. 112-113°C; [«], 4+0.6 (¢ =13 in
CHClL); '"HNMR (300 MHz, CDCl5, 25°C): 6 =092 (d, J; ; =59 Hz,
3H:H-6),0.92(d. J; = 6.2 Hz, 3H; H-6), 1.73 (s, 3H; CH,CCO,). 3.57~
3.80 (m, 3H, H-5, H-4, H-5). 369 (s, 3H; OCH,). 397 (dd.
Jyo~J,  =92Hz, 1H; H-4), 468 (dd, J,,=22Hz J, ,=40Hz
1H; H-2), 512 (d. J; ,=1.8Hz, 1H; H-1), 535 (dd, J, , = 3.3 Hz,
Jy 4 =92Hz 1H; H-3),542-5.50 (m, 3H; H-1. H-3, H-2), 7.32-7.66 and
7.90-8.18 (m. 15H, C,H,); '*C NMR (75.5 MHz, CDCl,, 25°C): 6 =17.3,
18.3 (C-6. C-¢), 23.5(CCH;), 52.6 (OCH,), 69.5, 70.8, 71.2,71.5, 71.6, 72.4,
78.3, 78.4 (C-2, C-3, C4, C-5, C-2, C-3, C-4, C-59, 97.0,98.7 (C-1, C-1),
1074 (CH,CCCO,CH,), 1284-133.5 (CH,). 1657, 1659, 166.7
(CH,C0). 169.1 (CCO,CH,); FABMS: m/z =729 [M+Na}™: C,.H,,0,,
(705.86): caled C 62.88, H 5.42; found C 62.97, H 5.30.

3-0-Benzoyl-4-0-(2,3-di- O-benzoyl-4-O-trityl-a-D-rhamnopyranosyl)-1,2-O-
[1-{exo-methoxycarbonyl)ethylidene|--L-rhamnopyranose (8-RR): TrClO,
(2.78 g. 8.10 mmol) was added in portions during ca. 2 h to a stirred solution
of the alcohol 7-RR (2.49 g, 3.52 mmol) in CH,Cl, (30 mL) containing col-
lidine (1.0 mL, 8.1 mmol) and the reaction mixture was allowed to stand for
another 2 h. The mixture was then dituted with CH,Cl, (200 mL), before
being washed with H,0 (3 x 50 mL), dried (MgSO,), and concentrated. Suc-
cessive column chromatography (SiO,:n-hexane/EtOAc, 80:20 to 60:40;
then PhMe/Me,CO, 97:3) of the residue afforded the trityl ether 8-RR
(2.79 g, 84%); R; =0.17 (n-hexane/EtOAc, 80:20); m.p. 143--145"C; [a],
+44.0 (¢ = 0.3 in CHCl,); "HNMR (300 MHz, CDCl,, 25°C): 8 = 0.61 (d,
Js ¢ =62Hz, 3H; H-6"), 1.45 (d, J; , = 6.2 Hz, 3H; H-6). 1.70 (s. 3H;
CCH,;), 343 (dd, Jy ,=J, s = 9.5 Hz, 1H; H-4), 3.59-3.69 (m. 1H, H-5).
3.65(s.3H; OCH,), 3.87-4.01 (m, 2H; H-5, H-4).4.70 (dd, J, , = 2.5 Hz,
Jy 3 =39Hz, tH; H-2), 493 (d, J, ,=20Hz, 1H; H-11}, 526 (dd,
J,,=31Hz, 1H; H-2), 542 (d, J, , =25Hz 1H; H-1). 553 (dd.
Jy 3 =39 Hz H-3),5.63(dd. J, , = 39 Hz, J, , = 9.5 Hz, 1 H: H-3). 7.05~
8.36 (m. 30H. C,H,); '3C NMR (75.5 MHz, CDCl,, 25C): 6 =18.3, 18.4
(C-6, C-6'),23.5(CCH,). 52.6 (OCH,), 69.2. 70.9.71.3,71.5, 71.8. 72.8, 78.5,
78.6 (C-2, C-3. C-4, C-5, C-2, C-3, C-4, C-5), 88.2 (C(C4Hy),). 97.1. 98.5
(C-1, C-1%, 107.5 (CH,CCO,CH,). 126.8—133.3 (C4Hy). 144.7 (C,,,, of
C.H, in C(C.Hy)y). 1653, 165.6, 166.0 (C,H,CO). 169.2 (CCO,CH,);
FABMS: mjz = 971 [M +Na] " ; C,,H;,0,, (948.86): caled C 70.87. H 5.52:
found C 71.12, H 5.57.

3-0-Benzoyl-4-0-(2,3-di-O-benzoyl-4-O-trityl-2-D-rhamnopyranosyl)-1,2-0-

[1-(exo-cyano)ethylidene]-$-L-rhamnopyranose (1-RR): A suspension of the
trityl ether 8-RR (2.79 g, 2.94 mmol) in a mixture of MeOH (250 mL) and
CH,Cl, (40 mL) was saturated with NH, gas at —5°C and the solution was
maintained overnight at 20 °C. TLC (PhMe/Me,CO, 80:20) of the reaction
mixture revealed the formation of a number of products. The solvents were
evaporated off and the residue was dissolved in C;H N (40 mL) and evapo-
rated to dryness. The resulting residue was dissolved in C,;HN (40 mL),
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treated with BzCl (2.1 mL, 17.64 mmol), then stirred overnight at room
temperature. MeOH (2 mL) was added, the mixture was stirred for 20 min at
20 °C, and then concentrated to dryness. The residue was dissolved in CH,Cl,
(200 mL), washed with aqueous NaHCO, solution and H,O, dried, and
concentrated to a residuc. Column chromatography (SiO,:PhMe/EtOAc,
95:5) of the residue afforded the disaccharide monomer 1-RR (3.79 g, 87%);
R; =0.33 (PhMe/EtOAc, 95:5); m.p. 136--138°C; [9]), +38.7 (¢=0.8 in
CHCl,); "HNMR (400 MHz, CDCly, 25*C): 3 =0.65 (d, J; o = 6.2 Hz,
3H; H-6), 1.46 (d, J5 , = 6.2 Hz, 3H; H-6), 1.88 (s, 3H; CCH,), 3.46 (dd,
Iy 4®Jy ;=92 Hz, 1H: H4). 3.68 (dq. 1H: J, s =92 Hz, J, , = 6.2 Hz,
H-5),3.88(dd. /5 4~ J, s =92 Hz, 1H; H-4).3.99 (dg, 1H; J, s = 9.2 Hz,
Ji o = 6.2 Hz, H-5), 477 (dd. J, , = 2.1 Hz, J, , = 42 Hz 1H: H-2), 4.95
d, J,,=20Hz, 1H; H-1), 527 (dd. J, , =20Hz, J, ;=3.1Hz
1H; H-2). 546 (d, J, ,=2.1Hz, 1H; H-1), 560 (dd, J, ; =4.2Hz,
Jy.,=92Hz, 1H; H-3), 5.64 (dd, v, ; = 3.1 Hz, J, , = 9.2 Hz, 1H; H-3),
7.05-8.36 (m, 30H, C H,); >CNMR (100.6 MHz, CDCl,,25°C): 8 =18.1,
21,4 (C-6, C-6), 26.6 (CCH,), 69.3, 71.0, 71.1, 71.2, 71.5, 72.7, 78.3, 78.9
(C-2,C-3,C-4,C-5,C-2, C-3, C-4, C-5), 88.3 (C(C¢Hy)5), 96.7, 98.5 (C-1,
C-1, 101.5 (CH,;CCN), 116.7 (CN), 125.3-133.6 (C,Hy), 144.7 (C,,,, of
CeHjy in C(C Hg)y), 165.3, 165.6, 165.8 (C,H;CO); FABMS: m/z = 938
[M+Na]"; CsH oNO,, (915.86): caled C 72.12, H 5.39, N 1.53; found C
72.14, H 5.34, N 1.47.

Cyclotris{(1 — 4)-2,3-di-O-benzoyl-z-p-rhamnopyranosyl-(1 — 4)-2-O-acetyl-
3-0-benzoyl-a-L-rhamnopyranosylj (15), Cyclotetrakis[(1 — 4)-2,3-di-O-benz-
oyl-a-D-rhamnopyranosyl-(1 — 4)-2-0O-acetyl-3-O-benzoyl-a-L-rhamno-pyra-
nosyl} (16), Cyclopentakis|(1 — 4)-2,3-di-O-benzoyl-z-D-rhamnopyranosyl-

(1 - 4)-2-0-acetyl-3-O-benzoyl-a-L-rhamnopyranesylj (17), Cyclohexakis-
[(1 - 4)-2,3-di-O-beuzoyl-a-D-rhamnopyranosyl-(1 — 4)-2-O-acetyl-3-O-
benzoyl-z-L-rhamnopyranosyl] (18), Cycloheptakis[(1 — 4)-2,3-di-O-benz-
oyl-a-p-rhamnopyranosyl-(1 — 4)-2-0-acetyl-3-0-benzoyl-a-L-rhamnopyra-
nosyl| (19): A solution of the disaccharide monomer 1-RR (1.50 g, 1.64 mmol)
in CgH, (12.0 mL) was divided into two equal portions, each of which was
placed in one limb of tuning-fork-shaped tubes. The other arms were filled
with a solution of TrClO , (563 mg, 1.64 mmol) in MeNO, (2.5 mL), the tubes
were connected to a vacuum line (4 x 10™% Torr), and the solutions were
freeze-dried. CcH, (3mL) was distilled into each limb containing the
monomer and the freeze-drying was repeated. CH,Cl, (40 mL) was distilled
into each of the reaction tubes and the solutions of the monomer and the
catalyst were mixed and left for 40 h at 20 °C in the dark. The contents of all
tubes were combined, washed with H,0, and concentrated. Trityl-containing
noncarbohydrate products were separated by column chromatography
(S0, :hexane/EtOAc, 80:20) of the residue, followed by a series of impure
fractions containing cyclic oligosaccharides, which were eluted with EtQOAc.
Further purification of the first two fractions was achieved by reverse-phase
HPLC (C-18 column, MeCN) to give 15 (146 mg, 14%). 16 (181 mg, 17%).
17 (158 mg, 15%), 18 (105mg, 10%), and 19 (80 mg, 7.5%) as pure com-
pounds.

Cyclic Hexasaccharide Derivative 15: [2], —66.1 (¢ =1.08 in CHCly);
"HNMR (300 MHz, CDCl,, 25°C): § =1.24,1.29 2 xd, J; , = 6 Hz, 18H;
H-6 1-Rha, H-6 n-Rha)., 2.00 (s, 9H; CH,CO,), 3.70-3.81 (m, 6H; H-5
L-Rha, H-5 p-Rha), 4.15-4.28 (m, 6 H; H-4 L-Rha, H-4 D-Rha), 4.96 (brs,
3H: H-1 1-Rha), 5.13 (brs, 3H; H-1 p-Rha), 5.23 (brs, 3 H; H-2 L-Rha),
5.41 (brs, 3H; H-2 p-Rha), 5.61 (dd, J, ; =3.3Hz, J; , =9 Hz, 3H; H-3
L-Rha), 5.70 (dd, J, y = 3.3 Hz, J; , = 9Hz. 3H; H-3 p-Rha), 7.30-7.61
and 7.90-8.05 (m, 45H, CHy); '*C NMR (75.5 MHz, CDCl,, 25°C);
4 =18.3, 18.4(C-6 L-Rha, C-6 p-Rha), 21.0 (CH,CO,), 67.6, 70.6, 71.1, 71.1,
71.5, 71.6, 81.3, 81.4 (C-2, C-3, C-4, C-5 1-Rha. C-2, C-3, C-4, C-5 D-Rha),
98.5,98.6 (C-1 L-Rha, C-1 D-Rha), 128.2~133.4 (C H,), 165.4, 165.5, 165.8
(CeH,CO), 170.3 (CH,CO,); HRMS (LSIMS, NaOAc added): caled for
Cl03C,H 4,034 Na [M+Na]* 1963.6116, observed 1963.6167.

Cyclic Octasaccharide Derivative 6. (2], —95.4 (¢ =0.76 in CHCl,);
"HNMR (300 MHz, CDCl,, 25°C): 5 = .93,0.94 (2% d, J, , = 6 Hz, 24 H;
H-6 L-Rha, H-6 D-Rha), 2.05 (s, 12H; CH,CO,), 3.68-3.79 (m, 8H; H-5
L-Rha, H-5 p-Rha}, 3.96-3.98 {m. 8H; H-4 L-Rha, H-4 p-Rha), 4.83 (brs,
4H;H-11-Rha),4.96 (brs,4H; H-1 p-Rha), 5.11 (brs, 4 H: H-2 L.-Rha), 5.30
(brs,4H; H-2 D-Rha), 5.58 {(dd. 4, 3=3.3Hz,J; , = 9 Hz, 4H;H-31-Rha).
5.67(dd, J, , = 3.3Hz, J, , = 9 Hz, 4H; H-3 p-Rha). 7.31- 7.61 and 7.95—
8.09 (m, 60H, C4Hy); 1*C NMR (75.5 MHz, CDCl,, 25°C): 6 =17.6, 17.7
(C-6 L-Rha, C-6 D-Rha), 20.9 (CH,CO,), 68.2, 68.3, 69.9, 70.1, 70.8, 71.4,
80.8, 81.1 {C-2, C-3, C-4, C-5 L-Rha, C-2, C-3, C-4, C-5 p-Rha), 99.2,
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99.3 (C-1 L-Rha, C-1 D-Rha), 128.4-134.0 (C,H,). 165.2, 165.2, 165.7
(C,H5C0); 170.1 (CH,CO,); HRMS (LSIMS, NaOAc added): caled for
Cl353CH 3604 Na [M+Na]* 2609.8166, observed 2609.8159.

Cyclic Decasaccharide Derivative 17: [2], —106.9 (¢ =1.06 in CHCI,);
'"HNMR (300 MHz, CDCly, 25°C): § = 0.94 (bed, J; , = 6 Hz, 30H; H-6
L-Rha, H-6 D-Rha), 2.07 (s, 15H; CH,CO,), 3.70- 3.89 (m, 20 H; H-4 L-Rha,
H-4 p-Rha, H-5 L-Rha, H-5 p-Rha}, 4.78 (brs, SH; H-1 1-Rha). 4.89 (brs,
SH: H-1 p-Rha), 5.04 (brs, SH; H-2 L-Rha)., 5.19 (brs. SH: H-2 p-Rha),
546 (dd, J, s =33Hz. J; ,=92Hz, 5H: H-3 -Rha), 567 (dd.
Jy 3 =33Hz J, 4, =9.1 Hz. 5H: H-3 D-Rha)., 7.35-7.60 and 7.98-8.09 (m.
75H, C4H;); 1*C NMR (75.5 MHz, CDCl,, 25°C): 6 =17.8, 17.8 (C-6 1-
Rha, C-6 p-Rha}, 20.9 (CH,CO,), 68.4, 68.5, 69.7, 70.9, 70.9. 71.5,79.2, 79.2
(C-2,C-3,C-4,C-51-Rha. C-2,C-3, C-4, C-5p-Rha), 98.7, 98.7 (C-1 L-Rha,
C-1 p-Rha), 128.6-133.5 (CcH,), 165.1. 1651, 165.5 (C,HsCO): 170.0
(CH,CO,); HRMS (LSIMS, NaOAc added): caled for C,,,'*C,H ,,0,,Na
[M+Na]™ 3256.0216, observed 3256.0276.

Cyclic Dodecasaccharide Derivative 18: [x], —105.1 (¢ =1.19 in CHCl,);
'HNMR (300 MHz, CDCl,, 25°C): 6 =1.02 (brd. Js_, = 5 Hz. 36 H; H-6
L-Rha, H-6 D-Rha), 2.07 (s, 18 H; CH,CO,), 3.71 - 3.85 (m, 24 H ; H-4 1.-Rha,
H-4 p-Rha, H-5 L-Rha, H-5 p-Rha), 4.81 (brs, 6 H; H-1 L-Rha). 4.91 (brs,
6H; H-1 p-Rha), 5.07 (brs, 6H; H-2 L-Rha), 5.22 (brs. 6 H; H-2 p-Rha),
5.38-5.45 (m, 12H; H-3 L-Rha, H-3 pD-Rha), 7.36-7.64 and 7.94 -8.10 (m,
90H, C¢Hy): '*C NMR (75.5 MHz, CDCl,. 25°C): 6 =17.9, 17.9 (C-6 1-
Rha, C-6 n-Rha), 20.9 (CH;CO,), 67.1, 68.4, 69.6, 69.7. 70.9, 71.5. 78.2. 78.3
(C-2, C-3,C-4, C-5 L-Rha, C-2, C-3, C-4, C-5p-Rha), 98.2, 98.4 (C-1 L-Rha,
C-1 p-Rha), 128.6-133.3 (C H,), 165.0, 165.0, 165.5 (C,H.CO): 170.0
(CH,C0,); HRMS (LSIMS, NaOAc added): caled for C,,,,'*C,H,,,0,,Na
[M+Na]*™ 3902.2266, obscrved 3902,2433.

Cyclic Tetradecasaccharide Derivative 19: [«], —65.6 (¢ =1.09 in CHCl,);
'HNMR (300 MHz, CDCl,, 25°C): é =1.04 (brs, 42H; H-6 L-Rha, H-6
p-Rha), 2.08 (s, 21H; CH,CO,), 3.72- 3.90 (m, 28H: H-4 L-Rha, H-4 p-
Rha, H-5L-Rha, H-5 p-Rha), 4.81 (brs, 7H; H-1 1.-Rha), 4.91 (brs, 7H; H-1
D-Rha), 5.05 (brs, 7H; H-2 L-Rha), 5.23 (brs, 7H; H-2 p-Rha), 5.34- 5.47
(m, 14H; H-3 L-Rha, H-3 p-Rha), 7.34~7.62 and 7.88 -8.05 (m, 105H,
CeHy); PCNMR (75.5 MHz, CDCl,, 25°C): 6 =17.8, 17.8 (C-6 L.-Rha, C-6
p-Rha), 20.9 (CH,CO,). 68.5,68.5,69.7,70.9, 70.9. 71.5.77.7, 77.8 (C-2, C-3,
C-4, C-5 t-Rha, C-2, C-3. C-4. C-5 p-Rha), 98.0, 98.2 (C-1 1-Rha, C-1
D-Rha), 128.6-133.5 (C.H;). 1651, 1651, 1655 (CH,CO). 170.0
(CH4CO,); HRMS (LSIMS, NaOAc added): caled for C,,,'C,H,,,04,Na
[M + Na]* 4548.4317, observed 4548.4296.

Cyclotris[(1 — 4)-2,3-di-O-acetyl-z-D-rhamnopyranosyl-(1 - 4)-2,3-di-O-
acetyl-a-p-rthamnopyranosyl] (25): NaOMe;MeOH (1M, 1 mL) was added to
a solution of the cyclic hexasaccharide derivative 15 (23 mg, 0.012 mmol) in
CH,Cl, (5 mL) and MeOH (10 mL), and the reaction mixture stirred for 5 h
at ambient temperature. The solvents were evaporated off and the residue was
dissolved in H,O (10 mL) and stirred overnight. The solution was then neu-
tralized with 1 M HCI, the residue was dissolved in C;H N (10 mL). and Ac,O
was added. The reaction mixture was again stirred overnight. MeOH (5 mL)
was added, and the mixture was stirred for an additional 10 min. The solution
was then diluted with CH,Cl, (50 mL), washed with H,0 (2x 50 mL). 1m
HCl (50 mL), and H,O (2x 50 mL), then concentrated to dryncss. The
residuc was suspended in MeCN (1 mL), filtered, and then washed with
another portion of MeCN (1 mL). The resulting white solid was characterized
as the peracetate 25 (2 mg, 0.0014 mmol, 12%); "H NMR (300 MHz, CDCl;,
25°C): 6 =1.35(d, J; , = 6 Hz, 18H, H-6), 2.02 (s, 18H, CH,CO). 2.13 (s,
18H, CH,CO), 3.54 (dd, J, ,=J, ;=94Hz 6H, H-4), 3.96 (dt,
J,s=94Hz, J; ,=6Hz, 6H, H-5). 486 (d, J, , =2Hz 6H. H-1),
504 (dd, J, ,=2Hz, J, ,=4Hz 6H, H-2), 524 (dd. J, ,=4Hz
Jy.4 =94 Hz, 6H, H-3); 13C NMR (100 MHz, CDCl,, 31°C): § =18.3
(C-6), 21.0, 21.0 (CH,CO), 67.3, 70.4, 70.7, 80.5 (C-2, C-3, C-4, C-5). 98.4
(C-1), 170.0, 170.3 (CH;CO): HRMS (LSIMS): caled for C,,H,,0;,Na
[M +Na]* 1403.4606, obscrved 1403.4640.

Cyclotetrakis[ (1 - 4)-z-D-rhamnopyranosyl-{1 - 4)-2-L-rhamnopyrane-syl]

(21): NaOMe/MeOH (1m, 1 mL) was added to a solution of the cyclic oc-
tasaccharide derivative 16 (104 mg, 0.04 mmol) in CH,Cl, (5 mL) and MeOH
(10 mL) and the reaction mixture was stirred for 5 h at ambient temperature.
The solvents were evaporated off, the residue dissolved in H,0O (20 mL), and
neutralized with Amberlite (H*). The aqueous solution was washed with
CH,Cl, (2x15mL), concentrated, and subjected to HPLC (C-18 reverse
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phase column, H,O0/MeCN 95:5) to afford the cyclic octasaccharide 21
(42 mg, 0.036 mmol, 73%); "HNMR (400 MHz, D,0, 31°C): § =1.22 (d,
Js ¢ =06Hz 24H, H-6),3.39(dd, J; , = J, s = 9.4 Hz, 8H. H-4), 3.74 (dd,
J,3=4Hz J; ,=94Hz 8H, H-3). 394 (dd. J; , =2Hz, J, ; =4 Hz,
8H, H-2). 402 (dt, J, s=94Hz J, (=6Hz, 8H, H-5). 479 (d.
Jy , =2Hz, 8H, H-1); '*C NMR (75.5 MHz, D,0, 25°C): § =19.0 (C-6),
70.6 (C-5). 71.8 (C-3), 73.4 (C-2), 85.2(C-4), 104.4 (C-1); MALDI-TOFMS:
mjz =1192[M +Na] ™. Single crystals suitable for X-ray crystallography were
grown by vapor diffusion of Me,CO into an aqueous solution of 21.
CusHyo0;3,-Me,CO-13H,0, M =1461.4, monoclinic, g = 34.432(5),
h=7986(2). ¢=31910(3)A, B =11698(1)", V =7820(2) A3, space
group (2jc, Z =4 (molecule has crystallographic (', symmetry), p. =
1.24 gem "3, Cuy, radiation, 2 =1.54178 A, 1 (Cu,,) = 9.5¢cm’ !, F(000) =
3144. Data for a crystal of dimensions 0.33 x 0.07 x 0.07 mm were measured
on a Siemens P4/RA diffractometer with Cuy, radiation, graphite monochro-
mator, and o scans at 203 K. Of the 3987 independent reflections measured
(260 <1007), 2671 had | F,| >40(| F,|) and were considered to be observed. The
data were corrected for Lorentz and polarization effects, but not for absorp-
tion. The structure was solved by direct mcthods. The Me,CO solvent mole-
cule is disordered over two half-occupied positions, the H,O molecules over
14 positions. Hydrogen atoms were determined from AF maps and subse-
quently optimized. The H atoms were assigned isotropic thermal parameter,
U, (H) =1.2 U, (C,0), and allowed to ride on their parent atom. Anisotropic
refinement of all non-hydrogen atoms, using full-matrix Jeast squares on F *
gave R, = 0.093 and wR, = 0.234 for the 504 parameters. The maximum and
minimum residual electron densities in the final AF map were +0.67 and
—0.46eA™3. All computations were carried ot using the SHELXTL pro-
gram system {Version 5.03).12%

Cyclopentakisf (1 — 4)-a-D-rhamnopyranosyl-(1 — 4)-a-L-rhamnopyranosyl|
(22): The cyclic decasaccharide derivative 17 (80 mg, 0.025 mmol) was deacy-
lated by the same procedure as that described for compound 16, and purified
by HPLC (C-18 reverse phase column, H,0/MeCN 90:10) to afford the
cyclic decasaccharide 22 (29 mg, 0.020 mmol, 80%): '"HNMR (400 MHz,
D,0. 31°C): 8=120 (d, Js c=06Hz 30H, H-6), 3.41 (dd, J, , =
J, s =9.4Hz, 10H, H-4), 3.69 (dd, J, , = 4 Hz, J, , = 9.4 Hz, 10H, H-3),
394 (dd, J, , =2Hz, J, ,=4Hz, 10H, H-2), 403 (dt, J, ; =94 Hz,
J o =6Hz, 10H, H-5), 476 (d, J, , =2Hz, 10H, H-1); 3C NMR
(75.5 MHz, D,0, 25°C): § =19.0 (C-6), 71.0 (C-5), 71.6 (C-3), 73.4 (C-2),
83.6 (C-4), 104.3 (C-1); MALDI-TOFMS: m/z =1485 [M +Na]".

Cyclohexakis|{1 — 4)-z-D-rhamnopyranosyl-(1 — 4)-o-L-rhampopyranosyl]
(23): The cyclic dodecasdccharide derivative 18 (43 mg, 0.011 mmol) was
deacylated with the same procedure as that described for compound 16, and
purified by HPLC (C-18 reverse phase column, H,O/MeCN 95:5) to afford
the cyclic dodecasaccharide 23 (17 mg, 0.009 mmol, 86%); 'HNMR
(400 MHz, D,0, 31°C): 6 =1.22 (d, J5; = 6 Hz, 36H; H-6), 3.47 (dd,
Jy4=J4 5=94Hz 12H:H-4),3.73(dd, J, ; =4 Hz, J; , =94 Hz. 12H;
H-3),3.94(dd, J, , =2Hz J, ; =4 Hz 12H; H-2),4.00 (dt, J, ; = 9.4 Hz,
Js ¢« =6Hz, 12H: H-5), 4.81 (d, J, , =2Hz, 12H; H-1); '*C NMR
(75.5 MHz, D,0, 25C): 6 =19.4 (C-6), 71.2 (C-5), 71.7 (C-3), 73.5 (C-2).
82.8 (C-4), 103.9 (C-1); MALDI-TOFMS: mjz =1777 [M 4+ Na]".

Cycloheptakis] (1 - 4)-x-D-rhamnopyranosyl-(1 — 4)-z-t.-rhamnopyranosyl]

(24): The cyclic tetradecasaccharide derivative 19 (40 mg, 0.0085 mmol) was
deacylated by the same procedure as that described for compound 16, and
purified by HPLC {C-18 reverse phase column, H,0/MeCN 95:15) to afford
the cyclic tetradecasaccharide 23 (5mg, 0.003 mmol, 29%); "HNMR
(400 MHz, D,0. 31°C): 6 =1.22 (d, J; =6 Hz, 42H; H-6), 3.42 (dd,
Jya=Jy s =94Hz 14H; H-4),3.77(dd, J, ; =4 Hz. J; , =94 Hz 14H;
H-3),391-3.98 (m, 28 H; H-2, H-5). 4.84 (d. J, , = 2 Hz, 14H: H-1); '°C
NMR (75.5 MHz. D,0, 25°C): § =19.4 (C-6), 70.6 (C-5), 71.6 (C-3), 73.2
(C-2), 84.4 (C-4), 103.5 (C-1); MALDI-TOFMS: mjz = 2070 [M +Na]*.

1,2,3,6-Tetra-O-benzoyl-a-L-mannopyranoside  (26): 1-Mannose (6.0 g,
33.4 mmol) was dissolved in dry C;HN (50mL), and BzCl (15.5mL.
133.2 mmol) was added with cooling (— 40 °C). The reaction mixture was
stirred overnight at ambient temperature. MeOH (15 mL) was added and the
mixture was diluted with CH,Cl, (200 mL). The resulting solution was
wished with H,0 (100 mL). 1M HCI (2 x 100 mL), and H,O (2 x 100 mL),
dried, and concentrated to dryness. The product was isolated by column
chromatography (SiO,:PhiMe/EtOAc, 90:10 to 95:5) to give the tetraben-
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zoate 26 (7.06 g, 11.9 mmol, 35%); R; = 0.26 (PhMe/EtOAc, 90:10): m.p.
173-175"C (lit." ' 183-184°C for the D-enantiomer); [#], —~44.7 (¢ =1.14
in CHCL,):; "HNMR (300 MHz, CDCl,, 25°C): § = 3.24 (brs, 1H, OH),
421-428 (m, J, s =10.0 Hz, 1H; H-5), 4.32-4.42 (m, 1 H. H-4), 4.53 (dd.
Js.s0=2Hz. Jy, o =122Hz 1H; H-6a), 502 (dd, Js o = 2.3 Hz
Joaon =122 Hz, 1H; H-6b). 5.78-5.84 (m, 2H: H-2. H-3). 6.55 (d.
Jy »=15Hz, 1H; H-1), 7.23-7.72 and 7.89-8.22 (m, 20H, C,H); '°C
NMR (75.5 MHz. CDClj;, 25°C): ¢ = 62.9 (C-6), 65.4, 69.2, 72.0, 73.8 (C-2,
C-3, C-4, C-5), 91.4 (C-1), 128.4-133.3 (C H,), 165.0-166.2 (C,H,CO);
FABMS: m/z = 619 [M +Na]*; C;,H,,0,, (596): caled C 68.45, H 4.73.
found C 68.44, H 478,

1,2,3,6-Tetra-O-benzoyl-4-O-chloroacetyl-a-1.-mannopyransside (27): The te-
{rabenzoale 26 (6.73 g, 11.3 mmotl) was dissoived in dry CH,Cl, (100 mL)
and C;HN (1.37mL, t7mmol), and chloroacetyl chloride (1.35mL,
17 mmol) was added with cooling (— 20 °C). The reaction mixture was stirred
for 4 h at ambient temperature. MeOH (2 mL) was added and the mixture
diluted with CH,Cl, (200 mL). The resulting solution was washed with H,0O
(100 mL), aqucous NaHCO, solution (2 x 100 mL), and H,O (2 x 100 mL).
dried (MgSO,), and concentrated to dryness. The product was isolated by
column chromatography (SiO,:PhMe/EtOAc, 100:0 to 90:10) to give the
chloroacetate 27 (7.32 g, 10.9 mmol, 96%); R, = 0.52 (PhMe/EtOAc, 90:10);
m.p. 140—-145°C; [a}, —4.8 (¢ =1.17 in CHCl,); 'H NMR (300 MHz, CD-
Cl;,25°C): 6 = 3.96,4.01 (AB system, J, , =14.6 Hz, 2H; CICH,CO), 4.46
(m,J, s =10.0Hz, 1H;H-5),4.56 (dd, /5 ., = 2.5 Hz, J,, &, =12.8 Hz, 1H;
H-6a), 4.63 (dd, J, o, =3 Hz, J, o, =128 Hz, 1H; H-6b). 4.96 (dd,
J.,=2Hz,J, y=3Hz.1H:H-2),5%1(dd, J, ;=3 Hz J, , =10Hz, 1H:
H-3),6.06(dd, J; ,~J, ; =10Hz, 1H; H4),6.58(d, /, , =2 Hz. 1H: H-1).
7.30-7.41 and 7.87-8.20 (m, 20H, C4H,); "*C NMR (75.5 MHz, CDCl,,
25°C): 6 = 40.4 (CICH,), 61.8 (C-6), 67.2, 69.3, 69.9. 70.8 (C-2, C-3, C-4,
C-5), 91.2 (C-1), 128.6-134.2 (C H,), 165.0-169.8 (C,H,CO); FABMS:
mjz = 695 [M+Na]"; C;;H,,ClO |, (672.45): caled C 64.24, H 4.34, found
C 64.16, H 4.29.

2,3,6-Tri-O-benzoyl-4-O-chloroacetyl-z-L-mannopyranosyl bromide (5-M): A
solution of the chloroacetate 27 (7.3 g, 10.85 mmol) and AcBr (6.7 mL,
128 mmol) in CH,Cl, (80 mL) was treated while cooling (0 "C) with H,O
(1.5mL, 83 mmol) in AcOH (10 mL). The solution was stirred overnight at
room temperature. The reaction mixture was diluted with CH,Cl, (200 mL)
and extracted with CH,Cl, (3x100mL). The combined extracts were
washed with H,0 (100 mL) and aqueous NaHCO, solution (3 x 100 mL).
dried (MgSO,}, and concentrated to dryness. The product, which was identi-
fied as the bromide 5-M (6.76 g, 10.85 mmol, quant.), was used immediatcly
for the glycosylation reaction without further purification; R, = 0.48 (PhMe/
LEtOAc, 90:10); "HNMR (300 MHz, CDCl,, 25°C): § = 3.99, 4.07 (AB
system, J, z =14.7Hz, 2H; CICH,CO), 4.54-4.63 (m. 2H: H-5, H-6a),
4.67-4.74 (m, 1H; H-6b), 4.96 (dd, J; , =1.5Hz, J, ; = 3.3 Hz 1H: H-2),
6.04(dd, J; ,xJ, ; =10 Hz, 1H; H-4), 6.14(dd. J, ; = 3.3 Hz,J; , =10 Hz,
1H; H-3), 6.58 (d, J, , =1.5Hz, 1H; H-1), 7.30-8.15 (m. 15H: CH,);
CIMS: mjz = 543 [M — Br}".

4-0-(4-0-Chloroacetyl-2,3,6-tri-O-benzoyl-a-L-mannopyranosyl)-3,6-di-O-

benzoyl-1,2-0-[1-(¢xo-methoxycarbonyl)ethylidene]-f-pD-mannopyranose  (6-
MM): A solution of the glycosyl acceptor 4-M!™ (2.78 g, 5.86 mmol), the
glycosyl donor 5-M (5.48 g, 8.79 mmol) and collidine (0.93 mL, 7.03 mmol)
indry CH,Cl, (15 mL) were added under argon to a cooled { — 40 "C) suspen-
sion of AgOTf (2.41 g, 9.37 mmol} in CH,Cl, (56 mL). The mixturc was
allowed to warm up to room temperature. C;H N (1 mL) was added and (he
suspension was diluted with CH,Cl, (100 mL). The suspension was filtered
through a layer of Celite and washed with CH,Cl, (100 mL). The filtrates
were mixed and washed successively with H,O (100 mL). aqueous Na,S,0,
solution (2 x 100 mL), and H,O (2 x 100 mL). dried (MgS80O,), and concen-
trated. The product was isolated by column chromatography (S10,:PhMe/
EtOAc, 100:0 to 93:7) to give the title compound 6-MM (4.02 g, 3.93 mmol,
67%); Ry = 0.37 (PhMe/EtOAc, 85:15): m.p. 93-95"C: [«], +30.6 (¢ = 2.09
in CHCL,); 'HNMR (300 MHz, CDCl,, 25°C): § =1.68 (s. 3H; CCH,),
3.72 (s, 3H: OCHj;). 3.78 (s. 2H; COCH,Cl), 3.87-4.00 (m, 2H. H-5, H-5").
4.07-4.17 (m, 2H, H-4, H-6a"), 4.53--4.61 (m. 2H, H-6a. H-6b"). 4.75 (dd,
Ji,=15Hz, J,,=23Hz, 1H: H-2), 497 (dd. J, ,=25Hz,
Joa oo =122 Hz, 111, H-6b). 5.33 (d.J, , =1.5 Hz, 1H; H-1"), 5.54-5.61 (m,
3H, H-1, H-2", H-3}, 5.68(dd. /, , =3.5Hz J/; , =9.5Rz. 1 H; H-3). 5.82
(dd, J; s=J, s =9.5Hz, 1H; H-4), 7.12--7.58 and 7.79-8.18 (m. 25H:
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C.H;); '*C NMR (75.5MHz, CDCl,, 25°C): 8 =23.0 (CCH,), 40.1
(CICH,), 52.5 (OCH,), 61.3, 62.6 (C-6, C-6), 66.9, 69.0. 69.2, 70.3, 71.1,
72.9, 73.0, 78.0 (C-2, C-3. C4, C-5, C-2’, C-3', C-4, C-5'), 97.3, 98.0 (C-1,
C-1), 107.5 (CH,CCO,CH,), 128.1-133.6 (CH,), 165.0-169.6 (C4HCO,
CICH,CO, CCO,CH,); FABMS: m/z =1045 [M+Na]*; C,H,,ClO,,
(1022.4) caled C 61.75, H 4.68; found C 61.85, H 4.41.

3,6-Di-O-benzoyl-4-0-(2,3,6-tri-O-benzoyl-z-L-mannopyranosyl)-1,2-O-
{1-(exo-methoxycarbonyl)ethylidene|-$-D-mannopyranose (7-MM): A solution
of 6-MM (3.56 g, 3.48 mmol) and (NH,),CS (0.68 g, 8.7 mmol) in a mixture
of MeCN/H,O (110 mL, 10:1) was allowed to stand for 48 h at ambient
temperature, the reaction mixture was concentrated, and the residue dissolved
in CH,Cl, (150 mL) and washed with H,O (2 x 200 ml). The resulting solid
was purified by column chromatography (SiO,:PhMe/EtOAc, 90:10 to
80:20) to give the title compound 7-MM (2.87 g, 3.02 mmol, 87%); R, = 0.28
(PhMe:EtOAc, 80:20): m.p. 99-101°C; {«], +25.6 (¢ =1.08 in CHCl,);
"HNMR (300 MHz, CDCl,, 25°C): § =1.68 (s, 3H; CCH,), 3.71 (s, 3H;
OCH,;), 3.87-3.67 (m, 3H, H-5, H-5', H-6a'), 4.14 (dd, J, ,~J, s = 9.4 Hz,
tH, H-4),4.42(dd. J; , = 2 Hz. J,, ¢, =12.2 Hz, 1 H; H-6b"), 4.51-4.65 (m,
2H, H-6a, H-4'), 4.75 (dd, J, , = 2.5 Hz, J, , = 3 Hz, 1H; H-2), 4.92 (dd,
Js o =2.5Hz, J, o, =122 Hz, 1H; H-6b), 529 (d, J, , =1 Hz, 1H; H-1"),
5.47-5.53 (m, 2H, H-2', H-3), 5.59 (d, J, , = 2.5 Hz, 1H; H-1), 5.65 (dd.
Jy3=35Hz,J, ,=94Hz 1H; H-3),7.14- 7.59 and 7.75-8.19 (m, 25H;
C,H,): '3C NMR (75.5 MHz, CDCl,, 25°C): § =232 (CCH,). 52.7
(OCH,), 62.4, 62.9 (C-6, C-6'), 654, 70.8, 71.4, 71.6, 72.3, 73.3, 73.3, 78.2
(C-2, C-3, C4, C-5, C-2, C-3, C4, C-5), 97,5, 98.6 (C-1, C-1"), 107.6
(CH;CCO,CH;), 128.4-133.7(C¢H,), 165.1-169.2 (C;H,CO, CCO,CH,);
FABMS: m/z = 970 [M+Na]*; C5,H, O, 5 (946.92): caled C 64.69, H 4.90;
found C 64.70, H 5.08.

3,6-Di-O-benzoyl-4-0-(2,3,6-tri- O-benzoyi-4-O-trityl-a-L-mannopyranosyl)-
1,2-0-|1-(exo-methoxycarbonyl)ethylidene]-f-D-mannopyranose (8-MM):
TrClO, (1.33 g, 3.88 mmol) was added in portions during ca. 2 h to a stirred
solution of the alcohol 7-MM (3.06 g, 3.23 mmol) in CH,Cl, (50 mL) con-
taining collidine (1.03 mL, 7.76 mmol) and the reaction mixture was allowed
to stand for another 2h. The mixture was then diluted with CH,CI,
(200 mL), washed with H,O (3 x 50 mL), dried {MgSO,), and concentrated
to a residue. Successive column chromatography (SiO,:#-hexanc/EtOAc,
80:20 to 60:40) of the residue afforded the trityl ether 8-MM (3.22 g,
2.71 mmol, 84%); R; = 0.45 (n-hexane/EtOAc, 60:40); m.p. 134-136°C;
[e)y —34.2 (¢=1.02 in CHCly); 'HNMR (300 MHz, CDCl,, 25°C):
4 =1.63 (s, 3H; CCH,), 3.71 (s, 3H; OCH,;), 3.78 (dd, J; 4= 2.5Hz,
Joa op =12 Hz, 1H; H-6a), 3.91-3.99 (m, 2H, H-5, H-5"), 4.06—4.18 (m, 2H,
H-4, H-6b'), 4.54 (dd, J; ,~J, s = 9.4 Hz, 1H, H-4), 4.62 (dd, J; = 3 Hz,
Jou op =12 Hz, 1H; H-6a),4.77 (dd, J, , = 2.5Hz, J, , = 3.5Hz, 1 H; H-2),
494 (dd, J5 , =2 Hz, J, ¢, =12 Hz, 1H; H-6b), 5.28 (d, J; , = 2 Hz, 1 H;
H-1%), 5.35-5.40 (brm, 1H, H-2), 5.59 (d, J, , = 2.5 Hz, 1H; H-1), 5.71—
578 (m, 2H: H-3, H-3), 6.79-7.51, 7.56-7.74 and 7.98-8.18 (m. 40H;
C¢Hjy); 3C NMR (75.5MHz, CDCl,, 25°C): § =232 (CCH,), 52.7
(OCH,), 56.1, 56.2 (C-6, C-6), 71.0, 71.2, 71.4, 71.5, 71.6, 73.0, 73.4 (C-2,
C-3,C-4, C-5,C-2, C-3, C-4, C-5), 88.3 (C((C4Hy)3), 974, 98.1 (C-1, C-17),
107.6 (CH,CCO,CH,), 127.6-133.5 (CcHj), 165.0-169.0 (C,H,CO,
CCO,CH,;); FABMS: mjz =1211 [M + Na]™; C5 H, 40,4 (1189.28): caled C
70.70, H 5.09; found C 70.96, H 5.08.

3,6-Di-0-benzoyl-4-0-(2,3,6-tri-O-benzoyl-4-O-trityl-z-L-rhamnopyranosyl)-

1,2-0-[1-(exo-cyano)ethylidene]-f-D-mannopyranose (1-MM): A suspension
of the trityl ether 8-MM (3.20 g, 2.69 mmol) in a mixture of MeOH (200 mL)
and CH,Cl, (40 mL) was saturated with NH, gas at —5°C and the solution
was maintained overnight at 20 °C. The solvents were evaporated off, the
residue was dissolved in C;H N (50 mL), evaporated to dryness, dissolved in
CHN (60 mL), treated with BzCi (3.72mL, 32.2 mmol), and stirred
overnight at room temperature. MeOH (2 mL) was added and the mixture
was stirred for 10 min at 20 "C, then concentrated to dryness. The residue was
dissolved in CH,Cl, (200 mL). washed with H,0 (200 mL), aqueous NaH-
CO, solution (2 x 200 mL}, and H,O (2 x 200 mL); the resulting solution was
dried and concentrated to a residue. Column chromatography (SiO,:PhMe/
EtOAc, 100:0 to 95:5) of the residue afforded the disaccharide monomer
1-MM (2.31 g, 1.99 mmol, 74%): R, = 0.47 (PhMe/EtOAc, 90:10); m.p. 97—
99°C; [#]p —22.2 (¢ = 0.77 in CHCL,); "H'NMR (300 MHz, CDCl,, 25°C):
6 =1.61 (s, 3H; CCH;). 3.85 (dd, J; ¢ = 2.5 Hz, J;, ¢, =12Hz, 1H; H-6a"),
3.93-4.00 (m, 2H, H-5, H-5), 408 -4.20 (m, 2H, H-4, H-6b), 4.47 (dd,
JyaxJ, s =92Hz 1H, H-4),4.57 (dd, J; ¢ = 3.5Hz, J, , =12 Hz, 1H;
H-6a). 4.74 (dd, J, ,=25Hz, J, ,=35Hz, 1H: H-2), 496 (dd,
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Js.o = 2.5Hz, Jg, o, =12 Hz, 1H; H-6b), 5.28 (d. J, , = 2.5 Hz, 1 H; H-1,
5.35-5.40 (brm, 1 H, H-2'), 5.59 (d. J; , = 2.5 Hz, 1H: H-1), 5.73-5.82 (m,
2H; H-3, H-3'), 6.82-7.52, 7.57 7.76 and 7.98-8.18 (m, 40H; C H,); *C
NMR (75.5 MHz, CDCl,, 25°C): § = 26.4 (CCH,). 62.2, 62.3 (C-6, C-6').
70.7, 71.02, 71.4, 71.4, 73.0, 73.1, 78.7, 78.8 (C-2, C-3, C-4, C-5. C-2. C-¥,
C-4',C-5),88.1 (C(CHy),).97.0,98.2(C-1, C-1), 101.5 (CCN), 116.7 (CN),
127.0-133.8 (CH,), 144.7 (C,o. of CoHg in C(CgHg)y). 165.1 - 166.1
(CeH,CO); FABMS: mjz =1178 [M+Na]*: C; H, 0,5 (1156.22): caled C
71.68, H 4.97, N 1.21; found C 71.88, H 4.99, N 1.31.

Cyclotris[(1 — 4)-2,3-di-O-benzoyl-a-L-mannopyranosyl-(1 - 4)-2-O-acetyl-3-
O-benzoyl-a-D-mannopyranosyl] (28): A solution of the disaccharide
monomer 1-MM (1.50 g, 1.30 mmol) in C;H, (10 mL) was divided into two
equal portions, each of which was placed into one limb of tuning-fork-shaped
tubes. The other arms were filled with a solution of TrClO, (445 mg.
1.30 mmol) in MeNO, (2.5 mL), the tubes were connected to a vacuum line
(4 x 107 * Torr) and the solutions were freeze-dried. C{H, (3 mL) was distilled
into each limb containing the monomer and the freeze-drying was repeated.
CH,Cl, (40 mL) was distilled into each of the reaction tubes and the solutions
of the monomer and the catalyst were mixed and left for 40 h at 20°C in the
dark. The contents of all tubes were combined, washed with H,O, and con-
centrated to a residue. The trityl-containing noncarbohydrate products were
separated by column chromatography (SiO,:PhMe/EtOAc, 95:5t0 75:25) of
the residue. Further purification of the mixture was achieved by using reverse-
phase HPLC (C-18 column, MeCN) to give the hexasaccharide derivative 28
(93 mg, 0.034 mmol, 8%) as a pure compound; [«], +50.4 (¢ =101 in
CHCl,); '"HNMR (300 MHz, CDCl,, 25°C): § =1.85 (s, 9H; CH,CO,).
4.26-4.47 (m, 18 H, H-4 L.-Man, H-4 p-Man, H-5 L.-Man, H-5 p-Man, H-6a
L-Man, H-6a D-Man), 4.95-5.20 (m, 6 H, H-6b L-Man, H-6b b-Man), 5.18
(brs, 3 H; H-1 p-Man), 5.32 (brs, 3H,; H-1 1.-Man), 5.45 (brs, 3H: H-2
D-Man), 5.66 (brs, 3H; H-2 1-Man), 585(dd, J, ; = 3.3 Hz. /; , =9 Hz. 3
H; H-3 p-Man), 591 (dd, J, ; =3.3Hz J; , =9 Hz 3H: H-3 1-Man),
7.02-8.12 (m, 60H, C¢Hy): *C NMR (75.5 MHz, CDCl,, 25°C): 6 = 20.6
(CH,CO,), 62.0, 62.1 (C-6 L-Man, C-6 p-Man), 70.1, 70.6. 70.7, 71.1, 71.3,
75.2 (C-2, C-3, C-4, C-5 L-Rha, C-2, C-3, C-4, C-5 b-Rha), 98.6, 98.9 (C-1
L-Man, C-1 p-Man), 127.9-1343 (C H,), 165.1. 165.6. 165.7, 1658
(CeH 4€O), 169.6 (CH,CO,); HRMS (LSIMS): caled for Cy,,H,,,0,,Na
[M +Na]* 2681.7215, observed 2681.7316.

Cyclotris[(1 — 4)-a-L-mannopyranosyl-(1 — 4)-z-D-mannopyranesyl] (29): The
hexasaccharide derivative 28 (90 mg, 0.033 mmol) was deacylated using the
same procedure as that described for 16, and purified by HPLC (C-18 reverse
phase column, H,0O/MeCN 95:5), to afford 29 (30 mg, 0.030 mmol, 93%):
'HNMR (400 MHz, D,0, 31°C): § = 3.60-3.82 (m, 24H; H-4, H-5. H-
6a,b), 384 (dd, J,;=4Hz, J,,=94Hz. 6H, H-3). 389 (dd.
Ji,=22Hz J, ; =3.5Hz, 6H,H-2),4.90(d,J, , = 2.2 Hz, 6 H. H-1); '*C
NMR (100 MHz, D,0, 31°C): & = 63.3 (C-6), 72.2, 72.6, 74.3, 81.1 (C-2,
C-3, C-4, C-5), 103.7 (C-1); MALDI-TOFMS: m/z = 955 [M + Na]*. Single
crystals suitable for X-ray crystallography were obtained by cooling a D,0O
solution of 29. C; H,,D 0,,-9D,0, M =1171.3, monoclinic. space group
C2/e, a=28005(2), bh=9807(2). c=208532)A. F=117.09(1)",
V =5098.8(9) A3, Z =4 (molecule has crystallographic C, symmetry).
p.=1.53gem ™3 Cu,, radiation, i=1.54178 A, (Cuc,) =11.9cm™",
F(000) = 2424, Clear platelike needle, dimensions 0.07 x 0.20 x 0.97 mm.
Data were measured on a Siemens P4/RA diffractometer with Cu,, radia-
tion, graphite monochromator, and w-scans at 293 K. Of the 4115 indepen-
dent reflections measured (26 <126°), 3270 had |F,| >4a(|F,|) and were con-
sidered to be observed. The data were corrected for Lorentz and polarization
factors, but not for absorption. The structure was solved by direct methods
and all non-hydrogen atoms refined anisotropically. The positions of all
hydrogen atoms were determined from a AF map and subsequently opti-
mized. The H atoms were assigned isotropic thermal parameters,
U(H) = U, (C,0) and allowed to ride on their parent atoms. Refinement was
by full-matrix least-squares based on F? Lo give R, = 0.053, wR, = 0.134 for
the 373 parameters. The maximum and minimum residual electron densitics
in the final AFmap were +0.35 and —0.47 ¢ A~3. Computations werc carried
out using the SHELXTL program system (version 5.03).12%!
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The Origin of the Remarkable Regioselectivity of
Fe*-Mediated Dehydrogenation in Benzocycloalkenes

Roland H. Hertwig, Katrin Seemeyer, Helmut Schwarz,* and Wolfram Koch*

Abstract: Combined mass spectrometric experiments and density functional theory
(DFT) calculations have been performed to determine the regioselectivity and uncover
the origin of the C—H bond activation of benzocycloalkenes by “bare” Fe' cations. The

hydrocarbons investigated are benzocyclohexene, -heptene, and -octene. Extensive la-
beling experiments demonstrate that the site of C—H bond activation in the non-aro-
matic ring is dependent on the ring size. The barriers for the dehydrogenation process
as predicted by DFT calculations are in agreement with the experimental findings.

Keywords
C-H activation - density functional
calculations + gas-phase chemistry -
mass spectrometry - transition metals

Further, the combined experimental and theoretical approach applied in the present
study allows the principles underlying the remarkable ring size dependent regioselectiv-
ity of C—H bond activation in these hydrocarbons to be unraveled.

Introduction

Activation of inert C—H bonds by “bare” transition-metal
cations has emerged as a rich branch of organometallic chem-
istry since its discovery by Allison, Freas, and Ridge in 1979.11]
In fact, gas-phase experiments in general and mass spectrometry
based studies in particular have produced a wealth of informa-
tion on reactions of “bare” and/or ligated transition-metal ions
with organic substrates.[?! While these investigations yield ther-
mochemical and structural information about the entrance and
exit channels, quite often, they fail to provide any insight into
mechanistic and thermodynamic aspects of the reactive interme-
diates and transition states of such reactions. Understanding the
latter is a prerequisite for the de novo design of the reaction
centers of catalysts, which almost always contain transition
metals. Theoretical studies can contribute towards this, provid-
ed that the methods employed are judiciously chosen to suit the
problem. Unfortunately, this goal is not easy to achieve for
coordinatively unsatured transition-metal hydrocarbon com-
plexes, because dynamic and static electron correlation cffects
both play an important role,!* and within the framework of
post-Hartree—Fock methods a high level of sophistication is
required to treat correlation effects accurately. This is one of the
reasons why, in the past, the application of theory was confined
to rather small systems. Density functional theory (DFT)! af-
fords an implicit treatment of electron correlation at a computa-
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Institut fiir Organische Chemie der Technischen Universitit Berlin
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tional cost comparable to that of simple Hartree— Fock calcula-
tions. Recently, numerous studies have shown that modern den-
sity functionals, either pure DFT or ACM (adiabatic connection
or HF/DFT hybrid) methods, are useful approximations for the
treatment of (ransition-metal complexes.’! even for the de-
manding open-shell situation discussed here.[® =

In this study, we present a combined mass spectrometric and
quantum chemical investigation on the Fe " -mediated dehydro-
genation of tetralin and its homologues benzocycloheptene and
-octene. The gas-phase labeling experiments show distinct dif-
ferences depending on the position of the double bond generat-
ed in the course of the reaction, and a remarkable ring-size effect
prevails. The origin of this effect has been uncovered by DFT
calculations, which, together with thermochemical data,
provide structural information for the most imporiant station-
ary points of the dehydrogenation reactions.

Methods

As the experimental setup has been described previously in detail, " only a
brief description will be given. A 1:1 mixture of Fe{CO); and the benzocy-
cloalkene or its deuterated derivative was bombarded with 100 eV electrons
in the chemical ionization source (repeller voltage ca. 0 V) of a modified
four-sector tandem mass spectrometer of BEBE configuration (B stands for
magnetic and E for electric sector), in which MS-I is the original VG ZAB-
HF-2F part and MS-II is an AMD 604 mass spectrometer. Although the
actual mechanism by which the complexes are formed is yet unknown, the
pressure in the ion source is high enough to permit collisional cooling thus
increasing the lifctime such that time-delayed decomposition reactions take
place after ca. 1 ps (metastable ion (M) dissociation). To this end. the
organometallic complexes of Fe* and the benzocycloalkene having 8 keV
translational encrgy were mass-selected by means of B(1)E(1). Unimolecular
reactions occurring in the field-free region between E{(1) and B(2) were record-
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cd by scanning B(2). Spectra were recorded on-line and averaged by using
signal-averaging techniques employing the AMD Intectra data system. In
typical experiments, 15-20 spectra were accumulated, and the error is not
expected to exceed +10%. All compounds were synthesized by standard
laboratory procedures, purified by chromatographic means and fully charac-
terized by spectroscopic methods. A full account of the synthesis is given in
ref. [10¢].

In the computational calculations, we applied the local spin density function-
al approximation (LSDA)!''! augmented by nonlocal corrections for ex-
change and corrclation according to Becke!'?! and Perdew!!'*! (BP). The
nonlocal corrections were included self-consistently in the SCF calculations.
A finer grid than default was used in the integration of the charge density to
reduce the numcrical error in the gradient calculations. Preoptimization and
generation of a Hessian matrix using MNDO/d''*! was of great help in
speeding up the DFT optimizations. The calculations were carried out utiliz-
ing the UniChem/DGauss package!'! employing the DZVP2 all-electron
basis set!! ¢! option implemented in the program. This basis set represents a
(155,9p.5d)/5s.3p.2d] expansion of gaussian basis functions for the iron, and
(10s,6p,1d)/[3s,2p.1d] and (5s.1p)/[2s.1p] expansions for carbon and hydro-
gen, respectively, and was specifically designed for use with DFT methods. In
addition, it is augmented by a set of auxiliary basis functions to be used in a
Coulomb potential fit procedure. The calculations involved up to 289 con-
tracted gaussian functions (329 primitive functions) and 527 fit basis func-
tions for the largest complexes. All geometries were fully optimized employ-
ing analytical gradient techniques without imposing symmetry constraints.
Second derivatives of the energy with respect to the DFT optimized Cartesian
coordinates were calculated analytically to identify genuine minima or saddle
points and to obtain zero-point vibrational energy (ZPVE) corrections. In a
previous study.”® we reported on the ground state structures and energies of
complexes of cationic iron with tetralin (1) and its dehydrogenated derivatives
dihydronaphthalene (2) and naphthalene (4) using similar techniques. How-
cver, since analytic second derivatives were not available at that time and a
numerical calculation of the Hessian matrix clearly exceeded the allocated
computer resources, no ZPVE corrections were included in this earlier work.
Also, the calculation and identification of saddle points was not feasible in the
absence of second derivatives. The calculations were performed on a4 CRAY
1916/32-8192 at the Konrad Zuse Zentrum fiir Informationstechnik (ZIB) in
Berlin and on various CRAY C90 and T 90 machines at the CRAY Research
computing facilities in Eagan, MN, USA.

Experimental Results

Since the experimental results of the Fe*-mediated dehydro-
genation of tetralin (1) have been reported previously,'> ! only
a brief summary is given here. Extensive regio- and stereo-
specific labeling experiments (Table 1) demonstrate the follow-
ing: The reaction is both regio- and stercospecific, leading first
to the Fe ™ complex of 1,2-dihydronaphthalene (2) and finally to
Fe* —naphthalene (4-Fe*). Dehydrogenation of the C2/C3
protons giving rise to 3—-Fc¢™ does not take place (Figurce 1).
Also, 1.,4-elimination of molecular hydrogen, involving for ex-
ample C1/C4, can be ruled out, and the Fe*-mediated reaction
follows a clean 1,2-syn-elimination of molecular hydrogen. Fi-
nally, detailed experiments demonstrate that during the course
of the reaction the metal ion sticks to the same face of the
hydrocarbon surface.

For the next higher homologue, that is, benzocycloheptenc
(5). 1,2-syn-chimination involves both C1/C2and C2/C3;if one
ignores the operation of a kinetic isotope effect, the latter path
is slightly favored (58 % versus 42%, see also footnote [c] in
Table 1). In contrast to the Fe* —tetralin system, no further
dchydrogenation to form the Fe* complexes of 8 or 9 is ob-
served (Figure 1).

The behavior of benzocyclooctene (10) is again different in
that the activated benzylic C—H bond (C1) and the homoben-

1316 —— ()

Table 1. Unimolecular, Fe*-induced dehydrogenation of benzocyclohexene (1).
-heptene (5). and -octene (10) and their isotopologues [a}.

Am
2 3 4 5 6
@O 1 35 65
c D
o]
@iﬁrﬁn 1a 37 8 55
DD
@é 1b 29 12 59
D
@O‘D 1c 29 12 59
D
1d[b] 41 43 16

&

o

1e[b] 31 12 57

388

i 20 44 19
D
5 100
b2 oy
@ 5a 67 29 4
GC] 10 100
pPP2p
@ 10a 100
D
o]
@QD 10b 100
D
D
@ 10¢[c] a2 58
D

VCH Verlugsgeselischaft mhH, D-69451 Weinhein, 1997

[a] Data are normalized to Y. fragment =100% the data for 1-1f are taken from
ref. [10¢,9.17]. [b] Compounds 1d and 1e were studied as racemic pairs. [¢] The
ratio of H, versus D, losses from the Fe' complexes of 10¢ dependends on the
lifetime of the metastable ions: for dissociations in the first field-free region it is
52:48, in the second 50: 50, and in the third 42:58; for a discussion of the origin of
this effect, see ref. [10¢].

zylic C—H bond (C2) are not at all involved in the Fc " -mediat-
¢d dehydrogenation. Instead, molecular hydrogen originates ex-
clusively from the C3/C4 positions and stereospecific labeling
suggests the operation of a clean 1,2-syn-elimination in the gen-
eration of 13— Fe™*. As with 5, in the higher homologue 10, there
are no indications for consecutive dehydrogenation to form any
of the Fe™ complexes of 14, 15, or 16.

In contrast to the behavior of 1—Fe™, the results obtained for
the C—H bond activation of the benzocycloheptene (5) and
—octene (10) systems contradict chemical intuition and textbook
knowledge, which would predict a high preference for reaction
of the metal cation at the benzylic position for the following
reasons: 1) as the iron is bound to the aromatic part of the
molecule, reaction is likely to occur at positions adjacent to this
moiety; 2) the reaction of Lewis acids at the benzylic position is
favored by electronic factors. In our previous study of the 1-
Fe™ system,®) we found that the iron is most likely to be ligated
to the benzene ring, and the same principles are expected to
apply in 5-Fc™ and 10-Fe™*. Also, the extension of the non-
aromatic ring by one or two CH, units is not expected to have
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Figure 1. Possible and observed dehydrogenation products and product ratios as
determined by mass spectrometric labeling experiments [10¢'9-17].

a significant influence on the preferred reaction site, since the
geometry of the aliphatic part of the molecule was found to be
more or less unaffected by the presence of the iron cation in
1-Fe* "1 1t is therefore not clear whether conformational as-
pects alone can explain the remarkable effect that ring size has
on the regioselectivity of C—H bond activation in § and 10, and
it seems likely that other kinetic factors play a role, especialily in
the case of the second dehydrogenation, which is only observed
for tetralin (1). The aim of the theoretical calculations described
below 1s to shed some light on the different reactivities observed
experimentally and to clarify the origin of this behavior.

Computational results

Since the molecules discussed here are rather demanding, both
theoretically and computationally, we would like to start this
section by briefly describing the obstacles we faced and the
strategies we used to circumvent them. First of all, we had to
ensure that the theoretical approach chosen would be adequate
in tackling our system. Owing to the open-shell character and
the unsaturated ligand sphere of the complexes examined, a
large number of energetically near-degenerate electronic states
exist; substantial dynamic as well as nondynamic correlation

Chem. Eur. J. 1997, 3, No. 8

effects arc therefore expected to operate. An adequate theoreti-
cal description of such complicated electronic systems must in-
clude these effects and, as mentioned in the introduction, only
high-level multi-reference CI methods afford this in a straight-
forward manner. Since calculations of this sort are technically
beyond reach for large molecules, we had to find a level of
theory that balanced computational demand with the quality of
the results, so as to obtain a useful level of accuracy at a reason-
able price. Modern density functional theory (DFT) methods
take into account exchange and correlation effects in an implic-
it, approximate manner and furnish results that are in many
cases in good agreement with experimental and high-level ab
initio results, as shown in recent reviews on the applicability of
DFT to transition-metal systems.!”- '8! Also, while substantial
spin contamination may often be detrimental to the results with-
in the UHF formalism, this is actually much less of a problem
in unrestricted Kohn—Sham calculations.['®! In fact, in none of
our calculations did the ¢.$%) expectation values deviate from
the exact eigenvalue by more than 0.05.

But even with relatively fast DFT methods, a complete inves-
tigation of all relevant points on the PES of each of the three
Fe® complexes of 1, §, and 10 would demand an enormous
amount of computational resources, because of the large num-
ber of stationary points that lie on or in the vicinity of the
assumed reaction pathway, not to speak of the size and low
symmetry of these systems. Therefore, handling this problem
from a theoretical point of view would be impossible without
prior knowledge of the elementary mechanistic steps involved in
C-H bond activations mediated by

metal ions. Fortunately, the rele- Hy,

vant details have recently been . RS PR
published for the model systems . Fe'
Fe*/cthanc and Fe* /propane.’®! In &‘/
these theoretical studies, it was y .

demonstrated that, after insertion “‘ ]
of Fe' into a C~H bond, the reac- “

tion proceeds via a concerted mul-
ticenter transition state, leading to
the extrusion of molecular hydro-
gen (Figure 2).

The often-invoked ! high-valent
intermediates R-Fe(H); (R =
organic residue) were not found to

Q{/J C, _% i)
X e

4

Figure 2. Multicenter transi-
tion-state structure for the
rate-determining step of Fe'-
mediated C-~H bond activa-
tion in alkanes.

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

correspond to minima. This key

featurc of C—H bond activation (Figure 2) should in principle

be transferable to larger and more complicated organic sub-

strates, provided that the following is taken into account:

1) Ligands bearing functional groups (e.g. double bonds) may
slightly alter the transition-state structure by additional in-
teraction with the metal center.

2) With increasing size of the organic ligand the number of
possible sites for C—H bond insertion will grow, and the
potential energy surface will be much more complex as a
result.

3) The energetics of all possible reaction channels are of interest,
when considering the product ratios found in the gas-phase
experiments. This information and the electronic structures
of intermediates and transition-state structures provide the
link between the encounter and the product complexes.
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In the current investigation only the potential energy surfaces
of quartet multiplicity have been considered. In our previous
study.!®! we also computed species with five unpaired clectrons
(sextet state), but found them to be higher in energy. This is in
line with the results of Holthausen et al.’®! for Fe*/C,H, and
Fet/C,Hg and Bauschlicher et al. for the Fe*/benzene com-
plex,12% where the quartet states were always lowest in energy.
Figurc 3 shows schematically the possible pathways for C-H

bond activation in benzocycloalkenes

*Fe by a coordinatively unsaturated Fe™

cation attached to the n system. In the

C/D I\ course of the dehydrogenation pro-

cess, the Fe ' cation may bend towards

a specific reaction site in the aliphatic

part of the molecule or else the organic

ligand may change its conformation in

such a way that a given C~H bond
approaches the iron atom.

What are the factors that detecrmine
the relative cnergies of the saddle
points for the possible sites of attack shown in Figure 3? To
answer this question, we must consider that in all the
Fe* —benzocycloalkene complexes the iron is initially bound to
the aromatic ring in a #°® fashion' 2% and is thus far removed
from the reaction site located in the non-aromatic part of the
organic ligand. If the iron cation migrates to the insertion site,
it will, at least partially, loose its stabilizing interaction with the
benzenoid ©t system. If, on the other hand, the organic ligand
undergoes conformational changes so that insertion into 4 given
C -H bond and subsequent formation of the crucial transition
state (Figurc 3) become geometrically feasible, the ligand struc-
ture must be perturbed from its minimum-energy geometry.
Both these scenarios involve an increase in energy; which path-
way or even combination of pathways prevails depends the rel-
ative energies required for these perturbations from the equi-
librium geometry. Since benzocycloalkenes offer several sites
for C—H bond activation, different products may form through
the various possible dchydrogenation path-

W\
(CH,),

Figure 3. Possibie inscr-
tion sites for Fe ™ -mediat-
ed dehydrogenation of
benzocycloalkenes 1 (n =
4. 5. n=13), and 10
(n = 06).

the reaction pathways with the lowest barriers for benzocyclo-
hexene (1), benzocycloheptene (5), and benzocyclooctene (10)
would of course be to calculate all stationary points for all
possible reactions shown in Figure 1. This “sledgehammer” ap-
proach can be avoided by using the results from the model
studics;'® knowledge of the putative crucial transition-state
structure (Figure 2) simplifies the problem in two respects:
1) Instead of calculating all relevant stationary points. only the
decisive TS and the entrance and exit channels need be calculat-
ed. 2) Prior knwoledge of its approximate geometry simplifies
locating the TS on an extremely complicated PES. We therefore
chose the following strategy to obtain these saddle points while
minimizing computational effort; We assumed that the mecha-
nism of Fe'-mediated C—H bond activation in benzocyclo-
alkenes does not differ in principle from that derived for the
small alkane systems ethane and propane, although vartations
of the geometric features are likely. Hence, we restricted
ourselves to calculating concerted transition state structurcs
similar to that known from the model study.!®! Starting from the
approximate geometry,’® we completely reoptimized the saddle
points for all reaction channcls shown in Figure 1. This proce-
dure ensured that the individual environment of the transition-
statc structure was taken into account (i.e., additional coordina-
tion provided by the benzenoid moicty or steric interaction with
other CH, units of the ligand, etc).?!! In the following, we will
first discuss energetic and then structural aspects of the three
potential energy surfaces (PES) investigated.

The Fe™ jtetralin system: Starting from benzocyclohexene (1),
two primary dchydrogenation products are possible, namely,
1,2-dihydronaphthalene—Fe* (2—Fc¢™), resulting from inser-
tion into the C1-H1 bond followed by formation of TS, _,,
and 1,4-dihydronaphthalene—Fe™ (3—Fe™"), produced by inser-
tion into the C2-H2 bond followed by formation of TS, ;.
However, only 2—Fe* is found experimentally (Table 1). The
structures and relative energies resulting from the DFT calcula-
tions arc shown in Figure 4.

ways, which are likely to differ in the energy
required to overcome the barrier to bond acti-
vation. Moreover, it is to be expected that dif-

ferent ligands (i.e. 1, 5, and 10) will differ in
their preference for a specific reaction site. 1

The energetically most ideal situation will -104
arise when the non-aromatic ring is flexible
enough to bring one of its CH, units into the
vicinity of the #°-coordinated iron, since this
allows the iron to maintain its energetically fa-
vorable position. The worst case will arise
when the aliphatic section of the ligand is rigid
or when a given CH, unit cannot bend towards
the iron cation without generating too much
strain in the non-aromatic ring; the iron would
then have to give up its stabilizing coordination
with the aromatic @ system to migrate to the
insertion site. In between these two extremes,
several scenarios arc conccivable, involving a
mutual motion of iron cation and CH, unit
towards each other. One way of determining
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Figure 4. PES for the Fe™ -mediated single and double dehydrogenation of benzocyclohexene.
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A common feature of all benzocycloalkene—Fe™ complexes
is, as expected, the #° mode of coordination of the iron cation
to the benzene subunit, which results in a comparably high
bonding energy for the initial complex of 73 kcalmol~'. This
energy, which in the isolated system is stored as rovibrational
excitation of the encounter complex, is by and large the driving
force of the endothermic dehydrogenation. While transition-
state structures TS, , and TS, _; clearly lie below the entrance
channel 1+ Fe™ (31 and 39 kcalmol ™ !), the calculations predict
TS,_, to be 8 kcalmol™! more stable; this is in qualitative
agreement with the experimental observation that dehydrogena-
tion at the C1/C2 position prevails. We also find a TS for the
second dehydrogenation, again located below the entrance
channel (TS,_,, 24 kcalmol ™ '), supporting the experimental
finding that both single and double dehydrogenations are pos-
sible. Looking at the relative stabilities of the minima, we find
that the encounter complex 1-Fe" is the global minimum
(73 kcalmol 1). Relative to 1-Fe*, the first dehydrogenation
reaction is endothermic by 21 kcalmol ™. Interestingly the sec-
ond dehydrogenation reaction is endothermic by only a further
3 kcalmol ™ !; obviously, this reflects the aromatic stabilization
of the naphthalene ligand in complex 4—Fe™.

A detailed analysis of the structural features of the minima of
tetralin—Fe™ and its dehydrogenated derivatives was given in
our previous study;® we therefore give only a short description
here. In 1-Fe™ the iron is centered above the aromatic ring, as
is also found for benzene—Fe™ .1 2%1 Compared to those in the
free ligand, the C—C bonds in the benzenoid substructure are
slightly elongated and the C—H bonds are bent out of the plane
of the ring by 2°. Also, a Mulliken charge analysis reveals a
charge transfer from the ligand to the iron cation of 0.2-0.3
electrons, pointing to a considerable covalent component in the
bonding interactions between metal and ligand. Although it
must be assumed that the aliphatic ring is polarized by the
electric ficld of the iron cation, this does not seem to affect its
equilibrium geometry, since the conformation of the ring as well
as bond lengths and angles resemble those of the ligand in the
absence of the metal cation. It seems that the six-membered ring
(which is in principle analogous to a cyclohexene unit) is not
flexible enough to respond to the polarizing effect exerted by the
Fe* cation.

The features described above for 1-Fe™ are retained in the
complexes 2—-Fe*,3-Fc¢™,and 4-Fe™ ; this observation further
demonstrates the relative rigidity of tetralin (1) and its dehydro-
genated derivatives. In particular, in none of the dehydrogenat-
ed complexes (2-Fe*, 3—-Fc*, and 4-Fe") can the newly
formed double bond(s) get ncar enough (through conformation-
al changes) to the iron cation for additional complexation. Sc-
lected geometrical parameters of the optimized structures of the
initial complexes of Fe* with 1, 5, and 10 are given in Figure 5,
the dehydrogenated complexes are shown in Figure 6.

The structures of TS, _, and TS, _, differ fundamentally from
the minima (1-Fe*, 2-Fe*, 3—Fe*, and 4-Fe") and reveal
the reason for the energetic difference between the two saddle
points. A summary of the geometrical features of all optimized
saddle points is given in Table 2. In both transition states the
iron leaves its centered position and moves towards the non-aro-
matic ring, maintaining some interaction with the benzene ring
through #' coordination to one of the bridging carbon atoms.

Chem. Eur. J. 1997, 3, No. §
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§5-Fe’ 10-Fe

Figure 5. Selected geometrical parameters for initial complexes 1-Fe*, §-Fe',
and 10-Fe™*.

2-Fe' 4-Fe’

Figure 6. Selected geometrical parameters for the mono- and didehydrogenated
Fe* complexes.

Unlike 2-Fe*,3~Fe™, and 4—Fe™, TS, _, contains a non-aro-
matic ring distorted from the minimum geometry of tetralin.
Obviously, two effects are operating here: 1) It is unfavorable
for the iron to give up the complexation with the benzene ring
entirely by moving to the reaction site; the reaction site must
therefore bend towards the iron to some extent. 2) This induces
strain in the non-aromatic ring and leads to a higher energy
relative to TS| _,, which is formed without significant alteration
in the structure of the non-aromatic ring (see Figure 4).
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Table 2. Selected geometric features of the calculated transition-state structure. For atom numbering, see Figure 2 (distances in A, angles in degrees).

H(Fe-C1) HFe-C2) HC1-C2) HFe—H1) r(Fe—H2) H(H1- H2) F(H1-C2) a(Fe-C1-C2)  a(H1-C2-C1)
TS, 2.008 2228 1.440 1.57% 1.578 1449 1.473 78.7 62.0
TS, 2.006 2173 1.450 1.633 1.589 1.623 1314 743 65.8
TS, s 2013 2289 1.463 1.647 1.574 1.715 1.351 80.7 60.2
TS, 2.057 2.198 1.450 1.620 1.590 1.548 1341 75.4 64.9
TS, - 2.002 2243 1.442 1.576 1.577 1.445 1.445 79.5 61.3
TSy 2.006 2295 1.453 1615 1,579 1.603 1.410 81.4 59.8
TS, 2.002 2.208 1.440 1.570 1.579 1402 1.489 77.9 62.4
TSiom 14 1.998 2255 1.445 1.589 1.583 1.440 1.489 80.0 60.8
TSyo 1 2.026 2.165 1.444 1.566 1.573 1.553 1.433 75.4 64.7
TSio 1s 2.004 2.194 1.463 1.658 1.601 1.611 1.272 75.6 64.2

It should be noted that 2-Fe* could in principle also be
generated by insertion into the C2—H2 bond followed by for-
mation of the characteristic transition state (Figurc 2) by inter-
action with the C1-H { bond. We have checked this option and
found it to be less favorable than TS, _ ,, probably for the same
reasons that apply to TS, _;: the iron cation looses more of its
binding interaction with the benzenoid substructure when mov-
ing to a more distant reaction site; hence, insertion in proximate
regions of the molecule is preferred, given that the aliphatic part
molecule is rather inflexible.1??) Similar considerations apply to
the benzocycloheptene and -octene systems, discussed below.

In the second hydrogenation step, the geometrical features of
TS, ., are similar to TS, _, with regard to coordination of the
iron cation. These features are also retained in the structures of
TS, _,and TS,,_,, discussed below. This shows that reaction at
the benzylic position as a mechanistic option is largely indepen-
dent from the aliphatic residue of the molecule. As we will see,
however, other mechanistic pathways may be more favorable
for kinetic reasons.

The Fe™ |benzocycloheptene system: The initial complex 5—Fe™*
lies 79 kcalmol ™! below the entrance channel. Proceeding from
5-Fc¢™, again, two reaction chan-
nels are possible for the dehydro-
genation of the saturated ring of
5. In contrast to what was found
for the Fe™/benzocyclohexene

. 0
system, the calculated barrier 0q —
heights for the transition statcs W 5

TS;_,and TS, _, of the two com-
peting primary dehydrogenation '

reactions are separated by only —:-5 * \

1 kcalmol ™! (Figure 7). This re- g 304 L
sult compares remarkably well F§ |
with the experimental data for the ﬁ_ 7 '
product distribution of the two o 50

primary products 1,2-benzocy-
cloheptene (6) and 2.3-benzocy- -60 -
cloheptene (7) (42:58). The
agreement between theory and
experiment in this particular 80

-70 -

this cxample shows that the theoretical approach chosen is capa-
ble of predicting the relative barricrs of different reaction chan-
nels fairly precisely.

For the second dehydrogenation step of the Fe ™ jbenzocyclo-
heptene system, we focused on two of the three possible paths
(cf. Figure 3). The endothermicity for the first dehydrogenation
step is in the same range as that found for the Fe* /benzocyclo-
hexene system—21 kcalmol ™' for 6~Fe* and 17 kcalmol ™!
for 7-Fe*. Therefore, 7-Fe™ is 4 kcalmol ! lower in energy
than 6-Fe™ because of additional stabilization with the newly
formed double bond. Proceeding from 6—Fe™ and 7—-Fe™, only
the reactions involving the benzylic positions need be consid-
ered. The dehydrogenation of 6—Fe* at the homobenzylic posi-
tion is likely to be significantly higher in energy: since the dis-
tance between Fe™ and this reaction site is much larger (see
Figure 6) and because of the increased rigidity of 6 due to the
double bond formed in the first H, elimination, the non-aromat-
ic ring cannot easily change its conformation so as to facilitate
insertion into a homobenzylic C—H bond.

The results shown in the right half of the PES in Figure 7
are comparable to those for the Fe™/tetralin system in
that the barriers to the second dehydrogenation (TS, ,,

point strengthens our confidence
that the assumptions made earlier
concerning the crucial steps of the
dehydrogenation reaction are
valid and indeed transferable to
more complicated systems. Also,
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Figure 7. PES for the Fe*-mediated single and double dehydrogenation of benzocycloheptene.
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—22 kcalmol ™' and TS, _,, —23 kcalmol ™ ") arc similar to the
—24 kcalmol ! found for TS, _, (with respect to the entrance
channel). Nevertheless, the second H, abstraction is now en-
dothermic by 24 kcalmol ™! for the benzocycloheptene system
relative to the first dehydrogenation in both cases; this contrasts
sharply with the value of only 3 kcalmol ™! required in the case
of naphthalene—Fe* formation (4-Fe™). Can these figures be
correlated with the fact that neither 8~Fe™ nor 9-Fe™ are
formed in the gas-phase experiment? The calculated results on
the barrier heights imply that, from an energetic viewpoint,
consecutive dehydrogenation should be possible for benzocy-
cloheptene, and at first glance there secms to be a discrepancy
between experimental and theoretical results. One explanation
may be that the non-aromatic ring of the Fe™ /benzocyclohep-
tene system is floppier than the Fe ™ /tetralin system and can thus
more easily disperse energy by exciting the low vibrational
modes. As a consequence, the cnergy required to overcome
TS_¢ or TS, _, is no longer available, and further dehydro-
genation is thus inhibited. Also, the barrier for a second dehy-
drogenation with regard to the minima 6 -Fe™ and 7-Fe™ is
higher for this system (35 and 40 kcalmol !, respectively) than
for the benzocyclohexene—Fe* system (28 kcalmol ™'). How-
ever, the most probable origin of this apparent contradiction
can be traced back to the notorious overbinding tendency of
pure DFT methods,'*! which we have estimated to amount to
ca. 10 kcalmol ™! for equilibrium structures in our previous
study.!® While this applies also to TS,_,, where we found con-
sistency between experiment and theory, it must be suspected
that the relative energies for TS, _, or TS,_, lie near or only
slightly above the entrance channel, and subtle differences deter-
mine whether second dehydrogenation takes place or not. Addi-
tional investigations on this subject are currently taking place in
our laboratory.[?3) Preliminary results employing more sophisti-
cated HF/DFT hybrid approaches assign the energies for TS, _,
and TS, close to the entrance channel, and in these calcula-
tions TS, _, again turns out to be somewhat lower than TS, _,
and TS, _g4. From these preliminary findings, we draw two ma-
jor conclusions: The overbinding tendency of pure DFT is most
pronounced for transition states and can be reduced by use of
DFT/HF hybrid methods. However, what is more important
for the scope of the present work, the order of relative energies,
for example, for transition states leading to different reaction
channels, both methods are in good agreement with the avail-
able experimental data.

Inspection of the minimum geometries on this PES reveals
similar features to those already found for the benzocyclohex-
ene—Fe™ system. The iron coordinates with the benzenoid =
system leaving the ligand structurc nearly unaffected. An excep-
tion is 7-Fe* where the iron is actually y®-coordinated; here,
the non-aromatic ring adopts a conformation in which the new-
ly formed double bond can interact with the iron and thus adds
additional stabilization to the complex. At this point, we would
like to direct the reader’s attention to the equilibrium geometry
of 5—Fe™ (Figure 5). The equatorial hydrogen located at C3 is
already rather close to the iron (1.957 A). Also, since this equa-
torial C—H bond is stretched relative to the axial one by
0.045 A, it is apparent that some interaction between the hydro-
gen atom and the iron cation aiready exists in the initial com-
plex. This is also corroborated by analysis of the Kohn-Sham
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molecular orbitals for this complex. Therefore, one could argue
that this particular C—H bond is the most likely site for primary
insertion of the iron. However. the transition-state structurc
that follows insertion into the C—H bond located at C2 (i.e.
TS, _) is energetically more favorable for steric reasons than
the one resulting from insertion into C 3. Moreover, we find that
the conformation in which the H atom located at C2 points
towards the iron, instead of the H atom at C3, is almost isoen-
ergetic; this suggests that before forming TS,_,, 5-Fc¢*
changes its conformation to facilitate insertion into the C—-H
bond at C2, resulting in an energetically lower TS. This in turn
implies that the lowest-energy conformation of the non-aromat-
ic ring in the initial complex is not necessarily the onc adopted
in the TS. It also demonstratces that, once the non-aromatic part
of the ligand becomes more flexible, geometric arguments
derived from the initial minima alone can be misleading when
used to predict reactions.

Examination of the geometries of TS, _, and TS,_, reveals
the following: TS, _, is very similar to TS, _, as far as the Fe*
coordination is concerned (see above). The iron is positioned
perpendicular to the surface of the benzene ring above one of the
bridging carbon atoms, allowing some interaction with the ben-
zene ring in the transition-state structure; at the same time no
strain is built up in the non-aromatic ring through energetically
demanding conformational changes. In contrast, in TS, _, the
iron has only slightly migrated from the central position above
the benzene ring. The non-aromatic ring is large and flexible
enough to offer the C2/C3 C—-H bonds as reaction sites without
the iron having to disengage from the benzenoid n system.
Owing to the increased flexibility of the non-aromatic ring in
5—Fe™, it is clear why the transformation to TS,_, involves a
lower barrier. In contrast, for the homologue TS, _;, the iron
cation has to sacrifice most of its stabilizing intcraction with the
benzene ring because of the rigidity of the six-membered non-
aromatic ring. As a result, the energetic gap calculated for
TS,_; and TS,_, is reduced for the analogous transition-
state structures TS;_4 and TS _, so that they are almost isoen-
ergetic.

The Fe™ |benzocyclooctene system: Increasing the alicyclic ring
size by one more CH, unit results in a larger number of possible
dehydrogenation products (three instead of two). Yet, as men-
tioncd above (Table 1 and Figure 1), only one of the three pos-
sible primary products is formed. At first sight it is surprising
that only C—H bonds at C3/C4 are involved in dehydrogena-
tion. The relative energies of the three transition states (Fig-
ure 8) support the experimental findings.

For benzocyclooctene (10) the largest interaction energy be-
cation and the ligand 1s predicted
(82 kealmol ™ '); this is due to the increased polarization in the
ligand, but also to intramolecular solvation effects, since the
ligand structure suggests that a cavity is formed in which the
metal ion is embedded and interacts with several ligation points.
Of the three transition-state structures located, TS,,_;;. con-
neeting 10—Fe™ with the experimentally observed dehydro-
genated product 13- Fe™, is the lowest in energy. The other two
transition states are higher in encrgy by 6 (TS,,.,,) and
21 kcalmol ™! (TS,,_,,). The reaction from 10-Fe* to 13-
Fe* H, is endothermic by 8 kcalmol ™!, which is significantly

tween the iron
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tion in the benzylic position) the situa-
tion resembles those of TS,_, and
TS, . With regard to the possible de-
hydrogenated products, 11-Fe”
(double bond in the benzylic position)
shows the same features as its lower
homologues. The energetically lowest

Fe structure (13-Fe™*) and also 12— Fe™

z can achieve additional stabilization
by coordination of the {ransannular
double bond with the iron cation. In

the transformation of 10-Fe' via
TS, o_15 to 13-Fe™, the conforma-

=37 tion of the atoms not taking part in
66 reaction changes very little; this ex-

plains the low barrier and moderate
74

cndothermicity of the dehydrogena-
tion reaction, but also the high prefer- .
ence for this reaction channel.

Since none of the possible sec-
ondary dehydrogenation products for
10-Fe™ were observed experimental-
ly and in view of the size and complex-

Figure 8. PES for the Fe " -mediated single dehydrogenation of benzocyclooctenc.

lower than found for the first dehydrogenation steps of t—Fe*
and 5-Fe" (17-21 kcalmol ™).

The structural features of the Fe* complexes of benzocy-
clooctene (10) differ from those discussed above. The aliphatic
part of the molecule is much more flexible and has a multitude
of almost isoenergetic conformations. Thus, the shape of the
aliphatic part of the molecule now responds markedly to the
polarizing effect upon complexation with Fe* in all but one casc
{TS,4_1,, cf. Figure 8, in order to maximize interaction be-
tween the Fe™ and the organic ligand. The conformation of the
non-aromatic eight-membered ring of benzocyclooctene (10)
changes from being more or less flat to a folded three-dimen-
sional shape, almost surrounding the iron cation. Inspection of
the geometries of TS, ;, TS,4-1,, and TS, _ 5 reveals that,
owing to a transannular effect with the C3/C4 position of the
non-aromatic ring, in TS, _,; the iron cation remains practical-
ly unperturbed in its #® bonded interaction above the benzene
ring. At the same time, formation of this transition state pro-
ceeds without inducing significant strain in the non-aromatic
ring, as the conformation of the alicyclic part also remains large-
ly unperturbed. In fact, the shape of the whole molecule hardly
changes from 10—Fe™ to TS,,_,;. This corresponds to the en-
crgetically ideal case discussed earlier. The opposite is true for
TS,y -1, (reaction at the C2-C3 positions). The fact that this
transition-state structure is by far the highest in energy can be
rationalized by means of its geometrical featurest?#—i( repre-
sents the worst case discussed above: Because of the large dis-
tance between the iron cation and the reaction site, the iron has
to leave its position above the benzene ring completely and
migrate to the reaction site. This is duc to the fact that the
non-aromatic ring cannot adopt a conformation that is relative-
ly low in energy and at the same time allows the iron to retain
its interaction with the aromatic & system.** For TS, , _, , (reac-
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ity of this system, the corresponding
structures were not calculated.

Conclusions

In a combined experimental and theoretical approach the differ-
ences in the chemical behavior of the Fe-mediated dehydro-
genation of benzocyclohexene, benzocycloheptene, and benzo-
cyclooctene have been explored. Extensive mass spectrometric
labeling experiments show that increasing the size of the alicyclic
ring results in a shift from reactions at the benzylic position to
remote activation of the transannular C—H bonds. Density
functional calculations fully support the experimental resuits,
assigning the lowest activation barriers to the reaction channels
that lead to the experimentally observed reaction products in
every case. The relative stabilities are well reproduced by the
DFT approach chosen, thus affording a consistent picture with
the available experimental data. However, the energetic infor-
mation with regard to the entrance channel is less accurate, due
to the overbinding tendency inherent in pure DFT functionals.
More accurate calculations, employing HF/DFT hybrid func-
tionals, and application of refined population analysis schemes,
such as natural bond orbital analysis, to gain more insight into
the bonding situation are desirable and will be published in due
course.[?3

The structural and energetic information together with the
experimental observations unequivocally suggest a general un-
derlying pattern for the regioselectivity of C—H bond activation
in these systems. When the size of the non-aromatic ring is
increased from six to eight carbon atoms, the molecule changes
from a rather rigid (benzocyclohexene) via a modestly flexible
(benzocycloheptene) to a rather floppy system (benzocy-
clooctene). The iron cation, which is bound to the benzene
moietly of the molecule, prefers reaction sites that allow it to
maintain its interaction with the benzene anchor to the greatest

0947-6539/97/0308-1322 8 17.50+ .50/0 Chem. Eur. J. 1997, 3. No. &





Fe*-Mediated Dehydrogenation

1315-1323

extent possible. If the non-aromatic ring is flexible enough to
bring remote reaction centers into the vicinity of the metal cen-
ter by conformational changes without inducing too high a
strain energy, remote activation will occur, as seen for benzocy-
clooctene (10). If the non-aromatic ring is small and rigid, as in
benzocyclohexene 1, reaction will occur in the benzylic C1/C2
position, allowing the iron to maintain at least part of its inter-
action with the benzene ring. Between these extremes, both
mechanisms compete, as is seen for benzcycloheptene. Here,
remote bond activation takes place with a slight migration of
Fe* from its central position above the benzene ring; this en-
ables formation of the characteristic transition state without
necessitating disengagement of Fe* from its anchored position.
The competing mechanisms cause the barriers of different reac-
tion channels to be almost energetically degenerate, and the
product ratio shifts from the exclusive formation of only one
isomer to a mixture of isomers.

Acknowledgments: R. H. H. thanks Dr. G. Fitzgerald for providing a gener-
ous grant of CPU time on the CRAY Research computing facilities and for
helpful comments. We are grateful to the Konrad-Zuse-Zentrum fiir Informa-
tionstechnik, Berlin, for additional significant computing resources and excel-
lent service by Dr. T. Steinke. Dr. M. Holthausen and Dipl.-Chem. T. K.
Dargel are acknowledged for helpful discussions. This work has benefited
from funding by the Deutsche Forschungsgemeinschaft, the Volkswagen
Stiftung, the Fonds der Chemischen Industrie, and the Gesellschaft von
Freunden der Technischen Universitit Berlin.

Received: December §, 1996 [F 538]
Revised version: April 4, 1997

[1] J. Allison, R. B. Freas, D. P. Ridge, J. Am. Chem. Soc. 1979, 101, 1332
[2] See,e.g.:a) K. Eller, H. Schwarz, Chem. Rev. 1991, 91,1121.b) P. B. Armen-
trout in Selective Hydrocarbon Activation (Eds.: ). A. Davies, P. L. Watson,
J. F. Licbman, A. Greenberg), VCH, New York, 1990. ¢) J. C. Weisshaar, Acc.
Chem. Res. 1993, 26, 213, d) J. A. Martinho Simdes, J. L. Beauchamp, Chem.
Rev. 1990, 90, 629. ¢) D. Schréder, H. Schwarz, Angew. Chem. Int. Ed. Engl.
1995, 34, 1973
[3] See,e.g.:a) The Challenge of d and [ Electrons, Theory and Computation (Eds.
D. R. Salahub, M. C. Zerner), ACS Symposium Series 394, American Chemi-
cal Society, Washington DC, 1989. b) C. W. Bauschlicher, Jr., S. R. Langhoff,
H. Partridge in Modern Electronic Structure Theory, Part 11, World Scientific,
Singapore, 1995.
For monographs and reviews on density functional theory, see, e.g.: a) Density
Functional Methods in Chemistry (Eds.: J K. Labanowski, J. W. Andzelm),
Springer: New York, 1991. b) T. Ziegler Chem. Rev. 1991, 91, 651. ¢) Modern
Density Functional Theory: A Tool for Chemistry (Eds.: J. M. Seminario, P.
Politzer), Elsevier, Amsterdam, 1995.
a) J Hrusak, R. H. Hertwig, D. Schréder, P. Schwerdtfeger, W. Koch, H.
Schwarz, Orguanometallics, 1995, 14, 1284. b) R. H. Hertwig, W. Koch, D.
Schroder, H. Schwarz, J. Hrusak, P. Schwerdtfeger, J. Phys. Chem. 1996, 100,
12253.¢) R. H. Hertwig, J. Hrudak, D. Schréder, W. Koch, H. Schwarz, Chem.

(4

[S

Phys. Letr. 1995, 236, 194. d) C. Heinemann, R. H. Hertwig. R. Wesendrup,
W. Koch, H. Schwarz, J. Am. Chem. Soc. 1995, 117, 495.

[6] a) M. C. Holthausen, C. Heinemann, H. H. Cornehl, W. Koch: H. Schwarz,
J. Chem. Phys. 1995, 102, 4931. b) M. C. Holthausen, M. Mohr, W. Koch,
Chem. Phys. Lett. 1995, 240, 245. ¢) A. Ricea, C. W. Bauschlicher, Jr., ibid.
1995, 245, 150. d) A. Ricca, C. W. Bauschlicher. Jr., Theor. Chim. Acte 1995,
92, 123, f) A. Ricca, C. W. Bauschlicher Jr., J Phys. Chem. 1995, 99, 5922,
e) V. Barone, Chem. Phys. Lert. 1995, 233, 129: 1) V. Barone. J. Phys. Chem.
1995, 99, 11639; g) C. Adamo, F. Lelj, Chem. Phys. Letr. 1995. 246, 463;
h) V. Barone, C. Adamo, J. Phys. Chem. 1996, 100. 2094.

[7]1 W. Koch, R. H. Hertwig in The Encyclopedia of Compuiational Chemistry,
Wiley, New York, in press.

[8] a) M. C. Holthausen, A. Fiedler, H. Schwarz. W. Koch, dngew. Chem. Int. Ed.

Engi 1995, 34, 2282; J. Phys. Chem. 1996, 100, 6236. b} M. C. Holthausen, W,

Koch, Helv. Chim. Acta, 1996, 79, 1939.

K. Seemeyer, R. H. Hertwig, J. Hru§ak, W. Koch, H. Schwarz Organometallics.

1995, 14, 4409

[10] a) R. Srinivas, D. Siilzle, W. Koch, C. H. DePuy, H. Schwarz J Am. Chem.

Soc. 1991, 113, 5970. b) R. Srinivas, D. Siilzle, T. Weiske, H. Schwarz, fnr. J.

Mass Specirom. lon Processes 1991, 107, 369. ¢) K. Seemeyer, Ph.D. Thesis.

lechnische Universitdt Berlin, D 83, 1996.

a) J. C. Slater, Phys. Rev. 1951,87,285.b) S. L Vosko S. I L. Wilk. M. Nusair,

Can. J. Phys. 1980, 58, 1200. For a more recent and simpler formulation, see

also: J. P. Perdew. Y. Wang, Phys. Rev. B 1992, 45, 13244, ¢) Q. Gunnarson,

I. Lundqvist, Phys. Rev. B 1977, 4274.

[12} A. D. Becke, Int. J. Quantum Chem. 1983, 23, 1915, J. Chem. Phys. 1986. 84,
4524; Phys. Rev. 4, 1988, 38, 3098,

[13] J. P. Perdew, Phys. Rev. B 1986, 33, 8822,

[14] MNDOQY4, Version 4.1, W, Thiel, Organisch-Chemisches Institut. Universitit
Zirich, CH-8057 Ziirich, Switzerland, 1994.

[15] UniChem/DGAUSS Version 3.0, Cray Research, Inc; Eagan, USA 1995.

[16] N. Godbout, D. R. Salahub. J. Andzelm and E. Wimmer, Can. J. Chem. 1992,
70, 560.

[17] K. Seemeyer, T. Priisse, H. Schwarz, Helv. Chim. Acta 1993, 76, 113.

[18] D. R. Salahub in Ab Initio Methods in Quantum Chemistry, Part IT(Ed.: Law-
ley), Advances in Chemical Physics, Vol. LXIX, Wiley, Chichester, 1987,
p. 447,

[19] J. Baker, A. Scheiner, J. Andzelm, Chem. Phys. Letr. 1993, 216, 380,

[20] C. W. Bauschlicher, Jr., H. Partridge, S. R. Langhoff, J Am. Chem. Soc. 1992,
96, 3273.

[21] An approximate optimization procedure, in which the coordinates of the five-
membered transition-state structural element were kept frozen while the rest of
the molecule was optimized, was not found to be successful, since only the
coordinates of the transition-state structural element (i.e. those shown in Fig-
ure 3, Tuble 2} are known from the model study. Other geometrical parameters
which would also have to be kept frozen in such a restricted optimization, such
as the distance between the iron cation and the benzenoid moiety of the mole-
cule, are not known a priori. However, this distance is decisive in determining
the relative energy of the structure. Therefore, we deemed it necessary to com-
pletely optimize the geometries of all transition-state structures.

[22] One of the reviewers pointed out that through ring slippage reactions the
benzenoid part conld loose its planarity upon change of hapticity of the metal—
benzene bond, as found by §. M. O’Conner, C. P. Casey, Chem. Rev. 1987, 87,
307 and T. G. Traylor, K. J. Stewart, J. Am. Chem. Soc. 1986, 108, 6977. Such
a distortion of the aromatic unit was, however, not found in the present calcu-
lations even though the benzene ring was not forced to maintain its planarity.

[23] R. H. Hertwig, W. Koch, unpublished results.

[24] We were not able to fulfill the geometry convergence threshold entirely for the
structure of TS,,..,,, probably owing to weak interactions between the iron
cation and the benzenoid substructure.

[25] Different conformations for TS,, ,, have been checked; however, a saddle
point could not be located in any other case.

9

ftt

Chem. Eur. J. 1997, 3, No. 8

© VCH Veriagsgesellschaft mbH, D-69451 Weinheim, 1997

0947-6539197/0308-1323 § 17.50+ 50)0 —— 1323






FULL PAPER

Zirconium-Mediated Intramolecular Coupling of Terminal Alkynes

and Their Subsequent Carbonylation:

Novel Synthesis of Seven- and Eight-Membered Heterocycles

José Barluenga,* Roberto Sanz, and Francisco J. Faihanas

Dedicated 1o Professor Dieter Seebach on the occasion of his 60th birthday

Abstract: The development of a new method for the intramolecular coupling of terminal

alkynes and for the synthesis of seven- and cight-membered benzoheterocycles is report-
ed. The key steps involve the gencration of zirconocene —alkyne complexes from 2-bro-
moalkenes and the subsequent intramolecular carbometalation of olefins or acetylides.
The 8-unsubstituted zirconabicyclopentenes were carbonylated to afford unexpected
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products and allow access to polyfunctionalized molecules from simple starting ma-

terials.

Introduction

The reductive coupling of two unsaturated molecules by the use
of low-valent metals from the two extremes of the transition
series (Ni, Ti, Zr) is a very useful synthetic method.[" The unsat-
urated substrates undergo a formal reductive coupling, and the
intermediate metallacycle can then be transformed into 4 variety
of interesting products.!?) In the last few years, organozirconium
compounds have been developed into useful reagents and inter-
mediates for organic synthesis, and transformations mediated
by them have gained increasing recognition as a powerful means
for achieving reaction selectivity.'® In particular, the cyclization
of enynes and diynes, using a zirconocene equivalent prepared
from zirconocene dichloride and butyllithium,*! affords zir-
conabicycles which are fairly stable. Treatment of these metal-
labicycles with protons, halogens,!™ isocyanides,®! or oxygen!™
produces mono- and bicyclic organic compounds with high re-
gio- and stereoselectivity. Electrophilic cleavage with various
main-group halides affords a number of unusual heterocycles.!®!
Of special interest is the direct and facile generation of conjugat-
ed bicyclic enones by carbonylation of these intermediates.!?* !
This method provides an easy way of synthesizing cyclopen-
tenone skeletons from simple starting materials through a for-
mal [2+ 2+ 1] process. It has been successfully used as the key
step in the synthesis of several natural products.' Despite the
large number of carbocycles that have been obtained in this

[*] Dr. I Barluenga, R. Sanz, Dr. F. J. Faflanas
Instituto Universitario de Quimica Organometalica “Enrique Moles™
Unidad Asociada al C. S. . C., Julidn Claveria §
Universidad de Oviedo. 33071 Oviedo (Spain)
Fax: Int. code +{8)510-3446, -3450
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way, few nitrogen heterocycles have been synthesized.!' ' How-
ever, a major restriction of these reactions is that substrates
containing terminal alkynes cannot be used, presumably owing
to the ready oxidative addition of the electron-rich metallocenc
to the acidic acetylene hydrogen. 1! Moreover, this type of di-
rect cyclization rcaction has a critical limitation for the ring
size.!'?! While a convenient zirconium-mediated preparation of
five or six-membered ring compounds from nonconjugated di-
enes, enynes, or diynes has been described,’** ! only one ex-
ample!'!) of the formation of a seven-membered ring from
2.9-undecadiyne and another of an eight-membered ring deriva-
tives!'3! from stereodefined 1.4,6,9-decatetraenes have been re-
ported. To the best of our knowledge, only five and six-mem-
bered!!*! N-heterocycles have been formed so far by means of a
reductive coupling promoted by a metallocene. Moreover, sev-
en- and eight-membered nitrogenated heterocycles possess po-
tent biological activity and are attractive synthetic targets.!'?
On the other hand, the formation of metallocene y2-alkene, '’
-heteroalkene,l* 7! -alkyne,!"®! —aryne! ! or allenc!?®! complexes
by a -hydrogen activation process followed by the insertion of
unactivated unsaturated molecules is an effective method of
producing zirconacyclopentanoids, which may then undergo
subsequent reaction. We have recently reported the regioselec-
tive zirconium-mediatcd insertion of alkynes, alkencs, and elec-
tron-rich alkenes in a n?-prop-2-ynylamine zirconocene com-
plex.?'" We now report on the first zirconium-promoted
intramolecular coupling of terminal alkynes, as well as their
carbonylation and subsequent reaction with electrophiles to
form a new type of zirconabicyclopentenes.l**! A new method of
synthesizing seven- and eight-membered N-heterocycles has al-
so been developed based on this methodology.
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Results and Discussion

Intramolecular coupling of terminal alkynes: Treatment of 2-bro-
moallylalkynyl compounds la—e23) with 2 equivi?* of tert-
butyllithium in diethyl ether at —78°C gave the dianions 2,
which were characterized by deuterolysis to give dideuterated
compounds [D,]3. Their reaction with bis(cyclopentadi-
enyl)zirconium methyl chloride at temperatures ranging be-
tween — 78 and 20 °C afforded, after the addition of water, the
exocyclic dienes 6 in good yields (Scheme 1 and Table 1). The

=
X 1. +Buli,-78°C
K% 2. CpoZr(CH3)Cl, -78 to 20°C

L
3.H,0

| |

—=Li —=1Li Li
X X
K]% KD X -, ZCp2
L L ZrCpy
2 4 5
l o
,—=0D
X BN | 3
K? ~._D
[Dal6c
e 3
(D)3

Scheme 1. Intramolecular cyclization of terminal alkynes.

Table 1. Cyclization of terminal alkynes 1 to give products 6.

Starting material X Exocyclic Diene Yield (%) [a]
1a 9-Flu [b] 6a 65
1b PhN 6b 73
lc PhCH,N 6¢ 71
le PhCH,N [D;lée 70

9b has been isolated and spectroscopically characterized.
However, we found that it was not necessary to isolate any
organometallic intermediates. Compounds 9 were chemically
characterized by deuterolysis, iodonolysis and oxidation to give
pyrrolidines and fluorenyl derivatives 10—13 in good yields. In
this context, the reaction of the cyclohexenyl amine 14 gave
perhydroindole 16 as a single isomer by the deuterolysis of the
tricyclic intermediate 15. The NOE observed between protons
H, and H, of 16 indicates a cis ring-junction and, in agreement
with the literature,!?® %4 the deuterium in the cyclohexyl moi-
ety must be 7rans to the ring junction protons. This result shows
that high regio- and stereoselectivity are possible with this reac-
tion. The results obtained arc summarized in Scheme 2 and
Table 2.

1. tBuLi, -78°C | X

AN
Br 2 CpoZi{CHy)CI — X/\]VQZ'C"Z
-78 to 20°C " ZrCpy
7 8 9

iI:
X
S|

1. MeQD

X/\:CD D,S04 2N
=.-D 2. Iy, 20°C
1 12
0 9—|
| la, 20°C 1. Oy, 20°C
| 2. H,O
11 13

BaN" /D

Br 1, tBuli BAN ZiCpy| D% goN__leM2p
2. Cp,Zr(CHa)Cl H )
78 10 20°C !
14 15 16 (86%)

Scheme 2. Synthesis of §-unsubstituted zirconabicyclopentenes and reaction with
clectrophiles.

Table 2. Cyclization of allyl-2-bromoallyl substrates 7 and subsequent reaction
with electrophiles to afford products 10- 13.

[a] Isolated yield based on the starting material 1. [b] 9-Flu = 9-fluorenyl.

formation of thesc compounds can be understood by assuming
an intramolecular insertion of the acctylide moiety into the zir-
conacyclopropenes 4 leading to zirconacyclopentadienes 35,
which gencrate 6 on hydrolysis. In the case of 1¢, workup of the
reaction mixture with deuterated sulfuric acid gave the
trideuterated pyrrolidine [D,]6¢, the structure of which was
confirmed by 'HNMR and MS. The key step in the reaction
seems to be an insertion of the acetylide instead of nucleophilic
attack to generate a zirconate,'?*! presumably prevented by the
geometry of the triple bond. As far as we know, this is the first
example of intramolecular coupling of terminal alkynes mediat-
ed by zirconium.

On the other hand, treatment of allyl-2-bromoallyl substrates
7 with Buli and then with bis(cyclopentadicnyl)zirconium
methyl chloride, under the same rcaction conditions as de-
scribed above, led to zirconabicyclopentenes 9, by intramolecu-
lar carbomctalation of the double bond by the zirconacyclo-
propenes 8. These represent a novel type of zirconabicycle,
although the 8-substituted homologues are known.!*! Complex

Chem. Eur. J. 1997, 3, No. 8
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Starting material X Electrophile Product Yield (%) [a]
Ta 9-Flu [b] D,S0, 10a 78
Ta 9-Flu [b] 0, 13a 59
Thb PhN D,SO, 10b 87
7b PhN 1 11b 78
7b PhN MeOD/1, 12b 79
7b PhN o, 13b 60
Te PhCH,N D,SO, 10¢ 83
Te PhCH,N 1, 11c¢c 77
7d c-C,H N D,SO, 10d 75
7d c-C H N 0O, 13d 56
7e 4-CIC.H, N D,SO, 10e 81

[a] Tsolated yield based on the starting material 7. [b] 9-Flu = 9-{Tuorenyl.

Carbonylation of zirconacycles and subsequent reaction with elec-
trophiles: In order to test the reactivity of these new zirconabicy-
cles 9 with carbon monoxide, a solution of these compounds in
diethyl ether was stirred under a CO atmosphere at room tem-
perature for 40 minutes and then quenched with deuterium ox-
ide or water to give the unexpected saturated cyclopentanones
17 and allylic alcohols 18. It is important to note that the expect-
ed cyclopentenones 20, which are the usual carbonylation prod-
ucts of similar zirconacycles,[?® *} were not obtained. The struc-
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turcs of compounds 17 and 18 were determined by their spectro-
scopic data and their stereochemistry was confirmed by NOE
experiments on the non-deuterated products 18a and 18b. The
insertion of CO into zirconabicycles 9 can be understood by
assuming first that a m-allyl complex 191'°°! is produced by
rearrangement of the previously formed #2-ketone complex.2
The formation of a strong metal—oxygen bond in the intermedi-
ate ketone complex has been invoked to explain the occurrence
of the coupling of an alkyl and an acyl ligand to yield a ketone
complexed to the metallocene moiety.”>” The formation of 17
and 18 can be understood by the hydrolysis of complexes 19
with the zirconocene unit finishing at the bridge carbon or at the
carbon nearest the oxygen (Scheme 3 and Table 3). We surmised

H H
. D(H
o 1-CO.1atm, 20°C o+ Xm()
2.D,0 or HO ‘OH
D(H)
17 18

Pz/

-

19 20
H
1. CHp=CHGH,Br o
2. H0 PhN
=
21b (44%)
1. 4-CICH,ON
21,0
4- CICGH4 46%
(49%)
|1.PhCHO
210
23b (42%)
|1. PhRCH=NPh
200
NHPh 24b (31%)
H
o H
1.CO BnN BnN 2
OH
. H W H%SZ;
5 25 (27%) 26 (28%)
4-Pyr
1.CO
2. 4-NCsH,CN_ g o
3. H,0 H H
27 (41%)

Scheme 3. Carbonylation of 8-unsubstituted zirconabicyclopentenes and reaction
with clectrophiles.

that the 17:18 ratio would increase if more basic amines were
used, and tested our hypothesis on different aromatic amines in
order to correlate their basicity with the ratio of products after
carbonylation. However, the results were contradictory, and in
some cases not even reproducible. Nevertheless, we found that
reaction with benzylamines only gave small amounts of allylic
alcohols, which were the major products when aromatic amines
were used.
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Table 3. Carbonylation and subsequent hydrolysis of zirconacycles 9 to ketones 17
and alcohols 18.

Zirconacycles X Products (ratio) Yield (%) [a]
9a 9-Flu [b] 17a+18a (1:1) 65
9b PhN 17b+18b (1:4) 63
9b PhN 17b+18b (1:4) [c] 61
9¢ PhCH,N 17¢ [e,d] 59
9e 4-CIC,H,N 17e+18e (1:3) {c] 62
9f 4-MeOC,H,N 171+ 181 (1:4) [c] 64

[a] lsolated yield based on the starting material 7. [b] 9-Flu = 9-fluorenyl.
[c] Quenched with D,0. [d] Only small amounts of 18¢ were detected in the crude
reaction mixture.

Since it is well established that n-allylzirconium compounds
react with carbonyl compounds'®® and nitriles,?*! we tested its
reaction with several electrophiles (allyl bromide, 4-chloroben-
zonitrile, benzaldehyde, and benzylideneaniline), assuming a z-
allyl intermediate complex. After hydrolysis and purification,
1-substituted-bicyclo[3.3.0]octanones 21b—-24b and 22a were
obtained in moderate yields of ca. 40-50% based on the start-
ing amine 7b and fluorenyl derivative 7al*% (Scheme 3). The
structure of all the compounds was determined by their spectro-
scopic data. Moreover, we have assigned their stereochemistry
on the basis of NOE experiments on 23b and 24b, which indi-
cated a cis ring junction. In the case of the reaction with ben-
zaldehyde and benzylideneaniline, in which a new chiral center
is generated, a mixture of diastereoisomers is obtained. In the
samc way, treatment of 15 with carbon monoxide and subse-
quent hydrolysis afforded tricyclic cyclopentanone 25 and tri-
cyclic allylic alcohol 26. Their stereochemistry was assigned on
the basis of previous results and NOE experiments on 26. When
4-cyanopyridine was used as electrophile, diketone 27 was ob-
tained as a single isomer. The difference in the carbonylation
behavior of 9, with respect to analogous systems described in the
literature, might be due to the lack of substituents at C8; this
would favor the formation of a w-allyl complex instead of a
p-hydrogen abstraction process that would afford the bicyclic
enones. Another fact which supports the existence of a m-allyl
complex as an intermediate after carbonylation is their subse-
quent reaction to give monocyclic ketones 29 in the absence of
electrophiles. This reaction could be accelerated by refluxing it
in ether for several hours. The formation of 29 can be under-
stood by considering the hydrolysis and tautomerization of 28,
generated by a f-elimination process in 19’, one of the two
n'-allyl complexes of 19. Although this kind of process is well
documented for f-oxygenated compounds,['® 2" only one ex-
ample of deallylation reaction has been reported for a zir-
conocene complex containing a B-nitrogen.''°! Bicyclic pen-
tenone 30 is obtained from 15 in an analogous manner
(Scheme 4).

Synthesis of six- and seven-membered heterocycles: In order to
extend this methodology to the formation of N-heterocycles
with large rings, N-benzyl-N-(2-bromoallyl)amines 31 a—c were
synthesized by conventional routes. Metallacycle formation un-
der standard conditions proceeded as expected for n =1 and 2.
Piperidine 33a and perhydroazepine 33b were obtained in mod-
erate yields after deuterolysis. However, the reaction failed for
n = 3 and the azocine derivative 33¢ was not detected. We be-
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Scheme 4. Evolution of z-allylzirconium intermediates.

lieve that the reaction fails because the double bond in 31 ¢ is too
far away to coordinate with the intermediate #>-prop-2-ynyl-
amine zirconocene complex, so that intermolecular insertion of
isobutylene, generated in the lithiation step, is preferred. As far
as we know, 33b is the first seven-membered heterocycle synthe-
sized by a zirconium-mediated coupling reaction. Treatment of
zirconabicycle 32a with carbon monoxide (1 atm) and subse-
quent addition of 4-chlorobenzonitrile produced diketone 34a
as a single isomer. The structure of 34a was assigned in analogy
with the results above. In the same way, we prepared N-(2-bro-
moallyl)amines 35a,b with a terminal triple bond to test this
extension of the reaction. Treatment with 3 equiv of /BuLi at
—78°C produced the dianions 36, which were characterized by
deuterolysis, A solution of bis(cyclopentadienyl)zirconium
methyl chloride was then added, the mixture was allowed to
warm up to room tempcraturc and was stirred for eight hours.
Cleavage of the zirconacycle with deuterated sulfuric acid gave
trideuterated piperidine 37a in 61 % yield (based on 35a). On
the other hand, azepine derivative 37b was not obtained, prob-
ably because of an intramolecular interaction between the
acetylide and the metallic center, instead of formation of the
alkyne—zirconocene complex (Scheme 5).

I
B”NAM"Jm tBuLl, -78°C T 00, | D D
BN A= "P2 7 Ban_Jx D

Br 2. Cp,2Zr(Me)Cl

-78 to 20°C
31a n=1 32 33a (72%)
b n=2 1.CO b (51%})
¢ n=3 2.4-CICgH4CN ¢ (0%)
3.H,0O
BnN o
4-CICgHy4 0
34a (43%)

Li
Z /\(\/ D
= 7 1.CpZr{Me)Cl
BnN/\Mn/s #Bukj BN n -78 to 20°C A D
Br -78°C lj.’/l_i 2.D,80, BnN =D
35a n=1 36 37a (61%)
b n=2 b (0%)

Scheme 5. Zirconium-promoted synthesis of pyridine and azepine derivatives.

Chem. Eur. J. 1997, 3, No. § & VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Synthesis of seven- and eight-membered benzoheterocycles: Since
the formation of eight-membered rings from 1,9-dicnes! 2! or
1,9-diynes! ' was not favorable, and only one example has been
reported from stereodefined 1,4,6,9-decatetraenes,”' ¥ we then
turned our attention to substrates in which the double bond
approaches the bromoalkene moiety more closely. The starting
material, o-allylaniline (38), was prepared by hcating a solution
of commercially available N-allylaniline in 2~ sulfuric acid at
165°C for two hours.®!) Amine 38 was 2-bromoallylated or
3-iodohomoallylated in water with 2.3-dibromopropene or 2,4-
diiodobutene to give secondary amines 39a and b, respectively.
These were methylated with methyl iodide and NaKCO; in
refluxing DMF to give tertiary amines 40a,b. These were suc-
cessfully converted to their corresponding metallatricycles 41 by
reacting the anion, generated with z-butyllithium in ether, with
bis(cyclopentadienyl)zirconium methyl chloride. For the forma-
tion of 41b the mixture needs to be refluxed in ether. This
demonstrates that the relative position of the nitrogen cxerts an
influence on the f-hydrogen abstraction process. Compounds
41 were characterized by hydrolysis to give benzazepine and
benzazocine derivatives 42a and 42b after standard purification
by silica gel chromatography (Scheme 6). To the best of our
knowledge, 42b is the first eight-membered heterocycle to be
synthesized by zirconium-mediated coupling. We thought that
we could use our methodology (carbonylation and reaction with
electrophiles) to build up some 1-benzazepine and 1-benza-
zocine derivatives. Therefore, the atmosphere of the vessel with

NH, x N d Me\NM
X
an—1 X=Br
38 2 Xl
Me Me
40 1. +BuLi, 78°C N~n .0 N-n
2. Cp,Zr(CH3)Cl —
-78 to 20°C ZiCp,
a 42a (78%)
b (50%)
1.C0,20°C _
2.0
OH
43a (28%) 45a (21%)
b (0%) b (38%)
Me
i, Me
Me ©Ui>:0
N O,
41 1. CO, 20°C O n 44a (14/0)
2. 4-CICgH,CN OH
20°C O CI 46a (40%)
o b (35%)
1.co,20C
2. CHo=CHCH,Br é OH
20°C
47a 15%) 48a (25%)

Scheme 6. Synthesis of benzazepine and benzazocine derivatives by zirconium-me-
diated intramolecular coupling.
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the zirconium-containing compounds 41 was changed from N,
to CO at room temperature, the solution was stirred for 30 min
and subsequently hydrolyzed. This gave the 6-7-5 and 6-8-5
fused-ring ketone 43a along with ketone 44a, and alcohols 45a
and 45b, the latter as a mixture of diastereoisomers. The forma-
tion of 44a could be accounted for by assuming a f-elimination
process in the n-allylzirconium intermediate generated after car-
bonylation (see Scheme 4), followed by an intramolecular
Michael addition of the amine to the cyclopentenone moiety.
Trcatment of 41a,b with 4-chlorobenzonitrile and subsequent
carbonylation produced, almost exclusively, allylic alcohols
46a.,b and in both cases only one diastereoisomer was detected.
However, the reaction of 41a with CO and allyl bromide gener-
ated cyclopentanone 47a as single diastereoisomer and allylic
alcohol 48a as a mixture of diastereoisomers (Scheme 6). While
high diasteroselectivity is shown in the formation of five and
six-membered cycles, we found here that a mixture of diastereo-
isomers is generated in some cases. The seven- and eight-mem-
bered rings are thought to permit the zirconocene unit more
freedom to position itself at the same or the opposite side to the
hydrogen-ring junction. Although a mixture of diastereoiso-
mers is formed in some cases, this synthesis allows the genera-
tion of functionalized derivatives of benzazepines and benza-
zocines in a one-pot procedure from really available starting
materials.

Conclusions

The work described here represents the first zirconium-mediat-
ed intramotlecular coupling of terminal alkynes. The possibility
of using one equivalent of terminal enyne allows the formation
of 8-unsubstituted zirconabicyclopentenes. Their carbonylation
and subsequent reaction with electrophiles represents a new be-
havior. These intermediates cannot be obtained by treatment of
terminal enynes or diynes with “‘zirconocene” or “titanocene”.
This methodology has been extended to the formation of six-,
seven-, and ecight-membered ring heterocycles. Moreover,
simple substrates are used as starting materials, and it is a one-
pot synthesis.

Experimental Section

General techniques: All reactions involving organometallic reagents were car-
tied out under an atmosphere of dry N, using standard Schlenk techniques
and oven-dried glassware and syringes. All common reagents and solvents
were obtained from commercial suppliers and used without further purifica-
tion unless otherwise indicated. [Cp,ZrCl,] was purchased from Aldrich and
[Cp,Zr(Me)Cl] was prepared according to a published procedure.3?! BuLi
was used as a 2.5M solution in hexane. tBuLi was used as a 1.7M solution in
pentane. THF and Et,O were distilled from sodium benzophenone ketyl
under N, immediately prior to use. Hexane. AcOEt, methanol, allyl bromide,
and benzaldehyde were distilled before use. N-Benzylideneaniline was pre-
pared by refluxing in toluene a mixture of benzaldehyde and aniline in the
presence of a catalytic amount of p-toluenesulfonic acid in a system equipped
with a Dean-Stark trap: 2,d-diiodobutene was obtained by treating 4-iodo-1-
butyne with Nal, Me,SiCl, and H,0 in acetonitrile; 33 2-cyclohexenyl bro-
mide was synthesized by refluxing a mixture of cyclohexene and NBS in CCl,
in the presence of a catalytic amount of benzoyl peroxide. TLC was per-
formed on Al-backed plates coated with silica gel 60 with F,,, indicator
(Scharlau). Flash column chromatography was carried out on silica gel 60,
230 -240 mesh (SDS). Melting points were obtained on a Biichi- Tottoli
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apparatus with open capillary tubes and are uncorrected. 'HNMR (200,
300 MHz) and '3C NMR (50.5, 75.5 MHz) spectra were measured on Bruker
AC-200 and AC-300 instruments, respectively, with TMS (§ = 0.0, '"H NMR)
or CDCI, (5 =76.95, '*C NMR) as the internal standard. Chemical shifts are
reported relative to TMS in CDCl,. Homonuclear decoupling experiments
served to assign coupling constants. Carbon multiplicities were assigned by
DEPT techniques. Low-resolution electron impact mass spectra (EI-LRMS)
were obtained at 70 eV on a HP 5987 A instrument, and the intensities are
reported as a percentage relative to the base peak after the corresponding m/z
value. High-resolution mass spectra (HRMS) were determined on a Finnigan
MAT95 spectrometer. Infrared (IR) spectra were recorded on a Unicam
Mattason 3000 FTIR and only the most significant IR absorptions are given.
Elemental analyses were performed with a Perkin Elmer analyzer.

Dianions 2 and dideuterio compounds [D,]3—General procedure: serr-Butyl-
lithium (4 mmol) was added dropwise to a —78°C stirred solution of the
corresponding 2-bromoallyl substrate 1 (2 mmol) in dry Et,O (10 mL). After
stirring at — 78 °C for 60 min, the dianions were formed and then were treated
with D,0 and extracted with AcOEt (3 x20 mL). The combined organic
layer was washed with saturated aq. NaHCO, (20 mL), dried over anhydrous
Na,SO,. and concentrated under reduced pressure. The crude dideuterated
compounds were isolated without further purification as yellow oils.

9-(2-Deuterioallyl)-9-(3-deuteriopropargyl)fluorene ([D,|3a): The reaction
was performed as described in the general procedure with 1a (0.64 g, 2 mmol)
and fBuLi (3.6mL, 6 mmol). Isolated yield: 96% (0.47g); '"HNMR
(200 MHz, CDCl,;_ 25°C, TMS): 6 =7.9-74 (m, 8H, ArH), 5.0 (s, 1H,
C=CHH), 49 (s, 1H, C=CHH), 3.0 (s, 2H, CH,CD), 2.8 (s, 2H, CH,C):
13C NMR (50.5 MHz, CDCl;, 25°C): § =148.7, 140.1, 127.4, 126.9, 123.6,
119.7 (ArC), 132.9 (t, Jop = 23.5 Hz, =CD), 117.8 (=CH,), 80.7 (=C), 69.6
(=CD), 51.7 (CCH,), 41.1 (CH,C=), 28.9 (CH,C=): HRMS (EI) calcd for
C,,H,,D,: 246.1377, found 246.1377.

N-Benzyl-3-deuterio-/N-(2-deuterioallyl)propargylamine ((D,]3¢): Amine l¢
(0.53 g, 2 mmol) was treated with ¢BuLi (2.4 mL, 4 mmol). Isolated yield:
96% (0.36 g); '"HNMR (200 MHz, CDCl,, 25°C, TMS): § =7.5-7.3 (m,
5H, ArH), 54 (s, tH, CD=CHH), 5.2 (s. 1H. CD=CHH), 3.7 (s, 2H.
ArCH,N), 34 (s, 2H, NCH,CD). 3.2 (s, 2H, NCH,C); '*C NMR
(50.5 MHz, CDCl,, 25°C): ¢ =1384, 128.9, 128.1, 127.0 (ArC), 135.0 (t.
Jep = 23.2 Hz, =CD), 117.8 (=CH,), 77.8 (=C), 57.0, 56.3, 41.0 (3NCH,);
LRMS (70 eV, EI): mjz (%) =187 (17) (M *], 186 (17), 159 (28). 110 (21), 96
(24), 92 (16), 91 (100).

General procedure for the preparation of exocyclic dienes 6: To a stirred
solution of bis(cyclopentadienyl)zirconium methyl chloride (0.57 g,
2.1 mmol) in Et,O (20 mL) was added a solution of dianion 2 (2 mmol) at
—78°C under N,, generated from substrates 1 (2 mmol) and 2 equiv /BuLi.
After stirring for 1 h at this temperature, the mixture was allowed to warm
to RT and was stirred for an additional 4 h. The reaction was quenched with
H,O or with 2N deuterated sulfuric acid, filtered through Celite, and extract-
ed with AcOEt (3x20mL). The combined organic phases were dried
(Na,S0,) and the solvents removed. The residue was purified by column
chromatography to give compounds 6.

3,4-Dimethylenespirocyclopentane-1,9’-(9H )fluorene] (6a): Fluorene deriva-
tive 1a (0.64 g, 2 mmol) was treated with /BuLi (3.6 mL, 6 mmol) and
[Cp,Zr(Me)CI] (0.57 g, 2.1 mmol); the resulting crude product was purificd
by silica gel chromatography (hexane/AcOEt 50:1). Yield: 0.32 g (65%) of
diene 6a. R, = 0.35 (hexane/AcOEt 50:1); '"HNMR (200 MHz, CDCl,.
25°C, TMS): 6 =7.8-7.3 (m, 8H, ArH), 5.7 (s, 2H, 2C=CHH). 5.1 (s, 2H.
2C=CHH), 3.0 (s, 4H, 2CH,); '*C NMR (50.5 MHz, CDCl;, 25°C):
8 =151.1, 147.4,139.5, 127.3, 127.1, 122.7, 119.6 (ArC and C=CH,), 105.4
(=CH,). 53.6 (CCH,), 459 (CCH,): HRMS (El) caled for C,,H,,:
244.1252, found 2441259,

3,4-Dimethylene-1-phenylpyrrolidine {(6b): Amine 1b (0.50 g, 2 mmol} was
treated with /BuLi (2.4 mL, 4 mmol) and {Cp,Zr(Me)C1] (0.57 g. 2.1 mmol);
the resulting crude product was purified by silica gel chromatography (hex-
ane/AcOEt 25:1). Yield: 0.25 g (73 %) of diene 6b. R = 0.28 (hexane/AcOEt
15:1); 'HNMR (200 MHz, CDCl,, 25°C, TMS): § =7.4-6.7 (m, SH, ArH).
5.7-5.6 (m, 2H, 2C=CHH), 5.2 (s, 2H, 2C=CHH), 4.3-42 (m, 4H,
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2CH,N); '3C NMR (50.5 MHz, CDCl,, 25°C): & =147.2. 143.0, 129.1,
116.6, 112.0 (ArC and C=CH,), 104.4 (=CH,), 53.5 (CH,N); LRMS (70 ¢V,
EI): mjz(%) =171 (82) [M *]. 170 (40), 156 (17), 144 (73), 143 (26), 132 (23),
131.(29), 130 (82). 117 (24), 115 (27), 105 (36), 104 (89), 77 (100); HRMS (EI)
caled for C,,H, ;N: 171.1048, found 171.1044.

1-Benzyl-3,4-dimethylenepyrrolidine (6¢): Amine 1c¢ (0.53 g, 2 mmol) was
treated with /BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)CI] (0.57 g, 2.1 mmol);
the resulting crude product was purified by silica gel chromatography (hex-
ane/AcOEL 7:1). Yield: 0.26 g (71 %) of diene 6¢. R, = 0.29 (hexane/AcOEt
5:1): '"HNMR (200 MHz, CDCl,, 25°C, TMS): § =7.4-7.2 (m, 5H, ArH),
5.5-5.4(m,2H,2C=CHH), 4.9 (s, 2H,2C=CHH), 3.7 (3, 2H, ArCH,N),
3.4-33 (m, 4H, 2NCH,C); '3C NMR (50.5MHz, CDCl,, 25°C):
& =144.4,138.3, 128.6, 128.1, 126.9 (ArC and C=CH,), 103.1 (=CH,), 60.4,
59.7 (2CH,N); LRMS (70 eV, EI): m/z (%) =185 (56) [M *] 184 (67), 94 (42),
91 (100); HRMS (EI) caled for C3H,  N: 185.1204, found 185.1212.

1-Benzyl-3-( E)-deuteriomethylene-4-dideuteriomethylenepyrrolidine (JD,]6¢):
Amine 1¢ (0.53 g, 2 mmol) was treated with /BuLi (2.4 mL. 4 mmol} and
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); the cleavage of the reaction was carried
out with 2N D,SO,; the resulting crude product was purified by silica gel
chromatography (hexane/AcOEt 7:1). Yield: 0.25 g (70 %) of diene [D,]6¢.
!H NMR (200 MHz, CDCl,, 25°C, TMS): 6 =7.4- 7.2 (m, 5H, ArH), 4.9 (s,
1H, C=CHD), 3.7 (s, 2H, ArCH,N), 3.4 (s, 4H, 2NCH,C); 'C NMR
(50.5 MHz, CDCl,, 25°C): 0 =144.4, 144.3, 138.4, 128.7, 128.2, 127.0 (ArC
and 2C=), 1029 (t, Jop = 24.3 Hz, CD and CD,), 60.5, 59.7 2CH,N);
LRMS (70 eV, El): m/z (%) =188 (66) [M *], 187 (72), 97 (46), 91 (100);
HRMS (EI) caled for C,,H,,D,N: 188.1383, found 188.1386.

General procedure for the preparation of zirconabicyclopentenes 9 and their
reactions with electrophiles:

Compounds 10-13: terr-Butyllithium (4 mmol) at —78°C was added to a
solution of the appropriate substrate 703%34! (2 mmol) in Et,0 (10mL).
After the mixture had been stirred at this temperature for 1 b, it was added
to a solution of bis(cyclopentadienyl)zirconium methyl chloride (0.57 g,
2.1 mmol) in Et,0 (20 mL) at —78°C. The reaction mixture was stirred at
—78°C for 1 h. The cold bath was then removed, and the mixture was stirred
at RT for 3 h. To the zirconium-containing metallacycles 9 were added differ-
ent electrophiles: deuterated sulfuric acid (20°C, 1h), iodine (2.5 equiv,
20°C, 4h), MeOD (1.5 equiv, 20°C, 1 h), and iodine (1.2 equiv, 20°C, 2h),
dry O, (0°C, 1 h). After addition of aq. NaHCO;, the mixture was filtered
through Celite and extracted with AcOEt (3 x 20 mL) and aq. Na,S,0;. The
organic layer was collected, washed with aq. NaHCO,, dried over Na,SO,,
and filtered. The solvents were removed by rotary cvaporation and the prod-
ucts were isolated by flash chromatography as oils or solids.

7,7-Bis(cyclopentadienyl)-3-phenyl-3-aza-7-zircona-1(8)-bicyclo[3.3.0loctene
(9b): Amine 7b (0.50 g, 2 mmol) was treated with tBuLi (2.4 mL, 4 mmol)
and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol). After evaporation of the solvents,
benzene (20 mL) was added, and LiCl filtered off. The filtrate was evaporated
to dryness. Yield: 0.74 g (95%) of 9b. 13C NMR (50.5 MHz, C,Dy, 25°C):
4 =169.7 (=CH), 149.1, 142.6, 130.2, 116.7, 113.1 (ArC and C=CH), 112.1,
111.0 (Cp), 62.3, 57.3 (2CH,N), 38.3 (CH), 36.5 (CH,Zr).

3-(E)-Deuteriomethyl-4-deuteriomethylenespiro[cyclopentane-1,9’-
(9H)fluorene] (10 a): Fluorene derivative 7a (0.65 g, 2 mmol) was treated with
tBuLi (24 mL, 4 mmol) and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); after the
addition of D,SO, and the extractive workup, the resulting crude product
was purified by silica gel chromatography (hexane/AcOEt 50:1). Yield:
0.38 g (78 %) of 10a. M.p. 127-129°C (hexane); 'H NMR (200 MHz, CD-
Cl,, 25°C, TMS): 6 =7.9-7.3 (m, 8H, ArH), 52-5.1 (m, 1H, C=CHD),
3.4-32 (m, 1H, CH), 3.1 (dt, J=164, 22 Hz, 1H, CHHC=), 2.8 (d,
J=164Hz, 1H,CHHC=),2.2(dd, J =13.0,8.0 Hz, 1 H, CHHCH), 2.1 (dd,
J=13.0,10.8 Hz, 1H, CHHCH), 1.4 (d, J = 6.7 Hz, 2H, CH,D); 1*CNMR
(50.5 MHz, CDCl,, 25°C): 6 =156.8,153.3,151.6, 139.7,139.2,127.3, 127.2,
126.9, 126.8, 123.1, 122.6, 119.6, 119.5 (ArC and C=CHD), 105.6 (t,
Jop = 24.3 Hz, CHD), 55.3 (CCH,), 47.9, 44.9 (2CH,), 38.2 (CH), 19.3 (t,
Jep =19.4 Hz, CH,D); LRMS (70 eV, EI): m/z (%) = 248 (89) [M *], 233
(27). 232 (49), 219 (34), 218 (100), 217 (33), 216 (30), 204 (82), 203 (90), 202
(23), 179 (32), 178 (90), 165 (35); HRMS (EI) caled for C, H,(D,: 248.1534,
found 248.1537; anal. caled C 91.88, H/D 8.12; found C 91.96, H/D 7.99.
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3-Deuteriomethyl-4-( E)-deuteriomethylene-1-phenylpyrrolidine (10b): Amine
7b (0.50g. 2mmol) was treated with (BuLi (24 mL, 4 mmol) and
[Cp,Zr(Me)C]] (0.57 g, 2.1 mmol); after the addition of D,SO, and the ex-
tractive workup, the resulting crude product was purified by silica gel chro-
matography (hcxane/AcOEt 25:1). Yield: 0.30 g (87 %) of 10b. M.p. 63 -
65°C (hexane/CHCl;); 'HNMR (300 MHZ, CDCl,, 25°C, TMS):
8 =7.4~6.7 (m, 5H, ArH), 52-5.1 (m, 1H, C=CHD), 4.2 (dd, J=13.7,
1.9 Hz, 1H, NCHHC=), 4.0 (dd, J =13.7,1.6 Hz, 1H, NCHHC=), 3.8 - 3.7
(m, 1H, NCHHCH), 3.1-2.9 (m, 2H, NCHHCH and CH). 1.4-1.3 (m. 2H,
CH,D); '*C NMR (75.5 MHz, CDCl4, 25°C): 5 =151.4,147.8. 129.0, 116.1,
111.8 (ArC and C=CHD), 104.3 (t. Jp =23.5Hz. CHD), 55.1, 53.1
(2CH,N), 37.1 (CH), 16.3 (t, Jp, =19.6 Hz, CH,D); LRMS (70 eV, EI): m/z
(%) =175 (74) [M *]. 174 (96), 173 (31). 159 (100). 131 (46), 105 (35). 104
(49), 77 (58); HRMS (EI) caled for C,,H, ,D,N: 175.1330; found 175.1328;
anal. caled C 82.23, H/D 9.78, N 7.99, found C 82.30, H/D 9.63, N 8.06.

1-Benzyl-3-deuteriomethyl-4-( E)-deuteriomethylenepyrrolidine (10¢): Amine
7¢ (0.53g, 2mmol) was treated with ¢BuLi (24mL. 4 mmol) and
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); after the addition of D,SO, and the ex-
tractive workup, the resulting crude product was purified by silica gel chro-
matography (hexane/AcOEt 7:1). Yield: 0.31g (83%) of 10¢c. R, =0.24
(hexane/AcOEt 5:1); "H NMR (200 MHz, CDCl,, 25°C, TMS): 6 =7.4-7.3
(m, 5H, ArH), 50-49 (m, 1H, C=CHD), 3.7 (d, J=18.1 Hz, 1H,
ArCHHN), 3.6 (d, J=18.1 Hz, 1H, ArCHHN), 3.5 (d, J =13.1 Hz, 1H,
NCHHC=), 3.1-3.0 (m, 2H, NCHHC= and NCHHCH), 2.9-2.7 (m, 1H,
CH),2.2(dd, J = 8.6,8.3 Hz, 1H, NCHHCH), 1.2-1.1 (m, 2H, CH, D). !3C
NMR (50.5 MHz, CDCl,, 25°C): 6 =153.7, 138.8, 128.6, 128.1, 126.8 (ArC
and C=CH,), 103.4 (t, Jop = 23.5 Hz, CHD), 62.1, 60.5, 59.3 (3CH,N), 37.3
(CH), 17.3 (t, Jop =19.7 Hz, CH,D); HRMS (EI) caled for C,,H,;D,N:
189.1486, found 189.1483.

1-Cyclohexyl-3-deuteriomethyl-4-( E)-deuteriomethylenepyrrolidine (104):
Amine 7d (0.52 g, 2 mmol) was treated with sBuLi (2.4 mL. 4 mmol) and
[Cp,Zr(Me)C1] (0.57 g, 2.1 mmol); after the addition of D,SO, and the ex-
tractive workup, the resulting crude product was purified by silica gel chro-
matography (AcOEt/MeOH 1:1). Yield: 0.27 g (75%) of 10d. R, = 0.39
(AcOEt/MeOH 1:1); 'HNMR (300 MHz, CDCl,, 25°C, TMS): § = 49—
48(m.1H,C=CHD),3.6(d,J =13.8 Hz, 1TH . NCHHC=),3.2(dd. J = 8.2,
7.7 Hz, 1H, NCHHCH), 3.0 (dt. J =13.8, 2.2 Hz, 1 H, NCHHC=), 2.8-2.6
(m, 1H, CH), 2.0-1.6 (m, 8H, NCH, NCHHCH and 3CH, cyclohexyl),
1.3-1.1 (m, 6H, CH,D and 2CH, cyclohexyl); '*C NMR (75.5 MHz, CD-
Cly, 25°C): 8 =153.5 (C=CHD), 103.2 (t, Jop = 23.5Hz, CHD). 63.7
(CHN), 59.7, 57.4 (2CH,N), 36.9 (CH), 31.6, 31.5, 25.9, 24.9, 24.8 (5CH,
cyclohexyl), 16.9 (t, Jo, =194Hz, CH,D); LRMS (70eV, EI): m/z
(%) =181 (11) [M*], 138 (100), 137 (15), 124 (10); HRMS (El) calcd for
C,,H,,D,N: 181.1799, found 181.1804.

1-(4-Chiorophenyl)-3-deuteriomethyl-4-( E)-deuteriomethylenepyrrolidine
(10e): Amine 7e (0.57 g, 2 mmol) was treated with /BuLi (2.4 mL, 4 mmol)
and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); after the addition of D,SO, and the
extractive workup, the resulting crude product was purified by silica gel
chromatography (hexane/AcOEt 25:1). Yield: 0.34 g (81%) of 10e. M.p.
74-76°C (hexane/CHCl,); 'HNMR (200 MHz, CDCl,, 25°C, TMS):
6=172(d,J=89Hz2H, ArH), 6.5 (d, J = 8.9 Hz, 2H, ArH). 5.1-5.0 (m,
1H,C=CHD), 4.1 (d,J =13.6 Hz, 1H,NCHHC=),3.9(d,/ =13.6 Hz, 1H
NCHHC=),3.6(t,J =7.3 Hz, 1H, NCHHCH), 3.0-2.8 (m, 2H. NCHHCH
and CH), 1.3-1.2 (m, 2H, CH,D); '*C NMR (50.5 MHz, CDCl,, 25°C):
6=150.9, 1462, 128.7, 120.7. 1128 (ArC and C=CHD). 104.5 (t.
Jep = 23.6 Hz, CHD), 55.1, 53.1 2 CH,N), 37.0 (CH), 16.1 (t, Jop, =19.4 Hz,
CH,D); HRMS (EI) caled for C,,H,,D,CIN: 209.0940, found 209.0929:
anal. caled C 68.73, H/D 7.69. N 6.68; found C 68.69, H/D 7.52, N 6.73.

3-Todomethyl-4-(E)-iodomethylene-1-phenylpyrrolidine (11b): Amine 7b
(0.50 g, 2 mmol) was treated with /BuLi (2.4 mL. 4 mmol) and [Cp,Zr(Me)Cl)
(0.57 g. 2.1 mmol); after the addition of 1, (1.27 g, 5 mmol) and the extractive
workup, the resulting crude product was purified by silica gel chromatogra-
phy (hexane/AcOEt 25:1). Yield: 0.66 g (78%) of 11b. R, = 0.27 (hexane/
AcOEt 20:1); 'HNMR (200 MHz, CDCl,, 25°C, TMS): § =7.3~6.6 (m,
SH, ArH), 6.3 (s, 1H, CHI), 4.2 (d. J =142 Hz, 1H, NCHHC). 3.8 (d,
J=14.2Hz, 1H, NCHHC), 3.7 (d, J =99 Hz, 1H, NCHHCH), 3.5 (d.
J=17.7Hz, 2H, CH,I), 3.4-3.3 (m, 1H, CH), 3.3 (dd, /=10.3,9.9 Hz, 1H,
NCHHCH); '*C NMR (50.5 MHz, CDCl,, 25°C): 6 =150.4. 147.4, 129.1,
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117.4, 112.5 (ArC and C=CHI), 73.3 (CHI), 53.7, 53.3 (2CH,N), 49.5 (CH).
T(CH,I); LRMS (76 eV, ED): iz (%) = 425 (96) [M *1, 298 (70, 193 (32),
186 (34), 171 (73), 170 (89). 156 (40), 144 (32), 104 (62). 77 (100), 66 (66);
HRMS (EI) caled for C,,H,;1,N: 424.9131; found 424.9131.

1-Benzyl-3-iodomethyl-4-( E)-iodomethylenepyrrolidine (11c¢): Amine 7c¢
(0.53 g.2 mmol) was treated with /BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl]
(0.57 g, 2.1 mmol); after the addition of I, (1.27 g, 5 mmol) and the extractive
workup. the resulting crude product was purified by silica gel chromatogra-
phy (hexane/AcOEt 20:1). Yield: 0.67 g (77%) of 11c. R, = 0.24 (hexane/
AcOEt 15:1); "M NMR (200 MHz, CDCl,, 25°C, TMS): § =7.3-7.2 (m,
5H. ArH), 6.2-6.1 (m, 1H, CHI), 3.7 (d, J =129 Hz, 1H, ArCHHN), 3.6
(d, J =129 Hz, 1H, AcCHHN), 3.6 (dd, J = 9.5, 3.0 Hz, 1H, NCHHCH),
3.4 (d. J=134Hz, 1H, NCHHC), 3.4 (dd. J =10.7, 9.5 Hz, 1H, NCH-
HCH), 3.1 (dd, J =134, 1.7Hz, 1H, NCHHC}, 3.1-3.0 {m, {H, CH),
3.0-2.9 (m, 2H, CH,I); **C NMR (50.5 MHz, CDCl,, 25°C): § =151.7,
137.3, 128.6, 128.3, 127.3 (ArC and C=CHI), 72.2 (CHI), 60.0, 59.7, 59.5
(3CH,N), 49.1 (CH), 7.3 (CH,I); HRMS (EI) caled for C,,H,I,N:
438.9294, found 438.9294.

3-Deuteriomethyl-4-( E)-iodomethylene-1-phenylpyrrolidine (12b): Amine 7b
(0.50 g, 2 mmol) was treated with /BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)C]]
(0.57 g, 2.1 mmol); after the addition of MeOD (0.1 g, 3 mmol) the suspen-
sion was stirred at 20 “C for 1 hand then I, (0.6 g, 2.4 mmol) was added. After
the extractive workup, the resulting crude product was purified by silica gel
chromatography (hexane/AcOEt 25:1). Yield: 0.47g (79%) of 12b.
R, = 0.34 (hexanc/AcOEt 15:1); "H NMR (200 MHz, CDCly, 25°C. TMS):
8=73-66 (m, SH, ArH}, 6.1 (dd, =19, 1.6 Hz, 1H. CHI}, 4.2 (dd,
J=14.0,19 Hz, 1H. NCHHC), 3.8 (dd. J =14.0, 1.6 Hz, 1 H, NCHHC), 3.5
(dd. J =19.0, 6.7 Hz, 1 H, NCHHCH), 3.3 (dd, J/ = 9.0, 1.6 Hz, 1H, NCH-
HCH), 3.2-3.0 (m, 1H. CH), 1.3 (d, / =7.0 Hz, 2H, CH,D); '*C NMR
(50.5 MHz, CDCly, 257C): 6 =153.6, 147.7, 129.0, 116.6, 112.0 (ArC and
C=CHI), 69.4 (CHI), 54.5, 52.9 (2CH,N). 40.9 (CH), 18.1 (t, Jo, =19.4 Hz,
CH,D): HRMS (EI) caled for C,,H,,DIN: 300.0234, found 300.0234.

3-Hydrexymethyl-4-methylenespiro[cyclopentane-1,9’-(9H )fluorene]  (13a):
Fluorene derivative 7a (0.65 g, 2 mmol) was treated with 7BuLi (2.4 mL,
4 mmol) and [Cp,Zr(Me)CI] (0.57 g, 2.1 mmol); dry O, was bubbled through
the mixture for 1 h. After extractive workup, the resulting crude product was
purified by silica gel chromatography (hexane/AcOEt 4:1). Yield: 0.31 g
(59%) of 13a. M.p. 148-150"C (hexane/CHCl,); 'H NMR (260 MHz, CD-
Cly, 25°C, TMS): & =7.7-7.2 (m, 8H, ArH), 5.25-5.15 (im, 2H. =CH,),
3.9-3.8(m, 2H, CH,0),3.3-3.2(m, 1H, CH). 3.1(dd, 7 =15.9.2.6 Hz. 1 H.
CHHC=),2.5(d,J =159 Hz, |H,CHHC=),2.3(dd, J =12.9,10.1 Hz, 1 H,
CHHCH). 2.1 (dd, J =12.9, 8.2 Hz, 1 H, CHHCH); '*C NMR (50.5 MHz,
CDCly, 25°C): 6 =152.9, 152.5, 150.3, 139.9, 139.1, 127.4, 127.2, 127.1,
127.0, 123.0, 122.5, 119.7, 119.6 (ArC and C=CH,), 108.3 (=CH,), 65.8
(CH,0). 555 (CCH,), 46.0 (CH), 45.6, 41.7 (2CH,): IR (KBr):
¥ =3300cm ™’ (O-H); HRMS (ED) caled for C, H,,0: 262.1357, found
262.1354; anal. caled C 86.99, H 6.92; found C 86.87, H 6.95.

3-Hydroxymethyl-4-methylene-1-phenylpyrrolidine (13b): Amine 7b (0.30 g,
2 mmol) was treated with /BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl} (0.57 g,
2.1 mmol}; dry O, was bubbled through the mixture for 1 h. After extractive
workup, the resulting crude product was purificd by silica gel chromatogra-
phy (hexane/AcOEt 2:1). Yield: 0.23 g (60%) of 13b. R, =0.28 (hexane/
AcOEt2:1); 'THNMR (300 MHz, CDCl,, 25°C, TMS): 6 =7.3- 6.6 (m, SH,
ArH), 5.2 (dd, J = 4.0, 1.7Hz, 1H, =CHH), 5.1 (dd, J=4.0, 22 Hz, 1 H,
=(CHH), 4.0(dd, J =14.0, 1.7 Hz, 1 H, NCHHC), 3.9 (dd, J =14.0, 2.2 Hz,
ITH.NCHHC),3.7(d,J = 6.5 Hs, 2H, CH,0), 3.5(dd. J = 9.5, 7.7 Hz, 1 H,
NCHHCH), 3.4 (dd, J=9.5, 43 Hz, 1H, NCHHCH), 3.1-3.0 (m, 1 H,
CH), 2.2 (brs, 1H, OH); '*C NMR (50.5 MHz, CDCly, 25°C): § =147.38,
147.0, 129.1, 116.7, 112.3 (ArC and C'=CH,), 107.3 =CH,), 64.3 (CH,0),
52.9, 50.7 (2CH,N), 45.4 (CH); IR (neat): v = 3370 cm ™! (O~H); HRMS
(El) caled for C,,H,;NO: 189.1153; found 189.1149.

1-Cyclohexyl-3-hydroxymethyl-4-methylenepyrrolidine (13d): Amine 7d
(0.52 g, 2 mmol) was treated with /BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl)
(0.57 g, 2.1 mmol); dry O, was bubbled through the mixture for 1 h. After
extractive workup, the resulting crude product was purified by silica gel
chromatography (AcOEt/MeOH 1:1). Yield: 0.22 g (56 %) of 13d. R, = 0.31
(AcOEt/MeOH 1:1); "HNMR (200 MHz, CDCl,, 25°C, TMS): 6 = 5.0 (s,
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1H, =CHH), 4.9 (s, 1H, =CHH), 4.1 (brs, 1H, OH). 3.8-3.5 (m, 2H,
CH,0), 3.3 (d, J=135Hz, tH, NCHHC), 3.1 (I, /=13.5 Hz, { H, NCH-
HC), 29-2.7 (m, 4H, NCH, NCH,CH and CHCO), 2.1-1.1 (m. 10H,
5CH, cyclohexyl); '3C NMR (50.5 MHz, CDCly, 25°C): 6 =1489
(C=CH,), 105.8 (=CH,), 66.1 (CH,0), 63.0 (CHN), 57.1, 55.4 (2CH,N).
44.4 (CH), 31.2, 25.8. 24.6 (5CH, cyclohexyl); IR (neat): ¥ = 3360 cm ™"}
(O—H); LRMS (70 eV, EI}: m/z (%) =195 (13) [M *], 153 (36), 152 (100);
HRMS (EI) caled for C,H, NO: 195.1623, found 195.1633.

N-Benzyl-N-(2-bromoallyl)-2-cyclohexenylamine (14): To a stirred suspension
of N-benzyl-2-bromoallylamine (3.8 ¢, 17mmol) and K,CO, (2.6¢.
18.7 mmol) in CH,Cl, (50 mL) at 0°C was added 2-cyclohexenylbromide
(3.0 g, 18.7 mmol). The mixture was stirred at RT for 2 d and then H,O was
added to the suspension. The aqueous layer was extracted with CH,Cl,, and
the combined organic layer was washed with NaHCO, and dried over
Na,SO,. After evaporation of the solvent (15 mm Hg), the residue was puri-
ticd by column chromatography (hexane/AcOEt 30:1). Yield: 4.4 g (85%) of
14 as a colorless oil. R; = 0.33 (hexane/AcOEt 20:1); "H NMR (200 MHz,
CDCl,, 25°C, TMS): 6 =7.5-7.3 (m, 5H, ArH), 6.1 (s, 1H, BrC=CHH).
6.0-5.8(m, 2H, CH=CH), 5.6 (s, 1H, BifC=CHH},39(d,J =143 Hz, 1 H,
ArCHHN), 3.7 (d, / =14.3 Hz, 1H, ArCHHN), 3.5-3.3 (m, 3H. NCH and
NCH,C), 2.1-1.3 (m, 6H. 3CH, ring); '*C NMR (50.5 MHz, CDCl,,
25°C): & =139.8. 133.6, 130.4, 129.9, 128.3, 128.0, 126.6 (ArC, CBr, and
CH=CH), 117.0 (=CH,), 57.9, 53.7 2CH,N), 54.7 (CHN), 25.1, 23.5, 21.6
(3CH, cyclohexenyl); LRMS (70 eV, EI): m/z (%) = 307 (3) [M * +1]. 305
(3) [M* —1], 279 (10), 277(11), 198 (61), 91 (100), 79 (13). 65 (15); HRMS
(ET) caled for €, 4H,,BrN: 305.0779, found 305.0786.

(3a5*,4R*,7aS5*)-1-Benzyl-4-deuterio-3-( E)-deuteriomethyleneperhydroin-
dole (16): To a solution of 14 (0.61 g, 2 mmol) in Lt,O (10 mL) at —78°C
under a N, atmosphere was added /BuLi (2.4 mL, 4 mmol), and the solution
was stirred at — 78 °C for 1 h. This solution was added dropwise to a solution
of bis(cyclopentadienyl)zirconium methyl chloride (0.57 g, 2.1 mmol) in Et,0
(20 mL) at —78°C; stirring was continued for an additional 3 h at RT and
2N D,80, was added. The mixture was diluted with AcOEt, filtered through
Celite, washed with NaHCO; and dried over Na,SO,. The solvent was
removed (rotary evaporator) to yield an oil. Pure 16 was obtained by flash
chromatography (hexane/AcOEt 10:1) as a colorless oil. R, = 0.45 (hexane/
AcOEt 7:1); "THNMR (200 MHz, CDCl,, 25°C, TMS): d =7.5-7.3(m, 5H,
ArH),4.85-48(m,1H, =CHD).4.1(d,J =13.4 Hz, 1 H, ArCHHN), 3.6 (d,
J =143 He, 1H. NCHHC). 33 (d, /=134 Hz, 1 H, ArfCHHEN), 3.0 (dd.
J =143, 19 Hz, 1H, NCHHC), 2.82-2.75 (m, 1H, NCH), 2.67-2.59 (m.
tH. CHC=), 1.8-1.4 (m, 7H, 3CH, ring and CHD); '*C NMR (50.5 MHz,
CDCl,. 25°C): 6 =151.8, 139.7, 128.3, 128.0. 126.5 (ArC and C=CHD),
102.5 (t, Jop = 23.7 Hz, =CHD), 62.2 (CHN), 57.6, 56.6 (2CH,N), 43.8
(CHC=), 28.0 (t, Jop =15.7 Hz, CHD), 24.5, 24.0, 21.1 (3CH, cyclohexyl);
HRMS (EI) caled for C, H,,D,N: 229.1799, found 229.1792.

Ketones 17 and bicyclic alcohols 18—General procedure: A stream of CO was
bubbled through the stirred solution of zirconacycle 9 for 40 min. After
addition of H,O or D,O the mixture was stirred 15 min followed by addition
of saturated aqueous NaHCQ;. The mixture reaction was filtered through
Celite and extracted with AcOEL (3 x 20 mL). The extract was washed with
aq. NaHCO, and the combined organic extracts were dried (N2a,SO,). con-
centrated, and chromatographed on silica gel. Elution with hexanc/AcOEt
mixtures gave pure saturated ketones 17 and allylic alcohols 18 as oils or
white solids.

cis-Spiro{bicyclo[3.3.0]octane-3,9’-(9H fluorene}-7-one  (17a): Fluorene
derivative 7a (0.65 g, 2 mmol) was treated with rBuLi (2.4 mL, 4 mmol) and
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); CO was bubbled through the mixture for
40 min. After the addition of H,O and extractive workup, the resulting crude
product (1:1 mixture of 17a and 18a) was purified by silica gel chromatogra-
phy (hexane/AcOEt 5:1). Yield: 0.18 g (33%) of 17a. M.p. 236-238°C
(hexane/CHCIL;); '"H NMR (200 MHz, CDCl,, 25°C, TMS): § =7.8-7.3 (m,
8H, ArH),3.4-33(m,2H,2CH),2.7(dd, J =19.4.9.5 Hz, 2H, 2 CHHCO),
24-2.2(m,4H,2CHHCO and 2CCHHCH), 2.1 (dd, J =13.7. 8.2 Hz, 2H,
2CCHHCH): "*C NMR (50.5 MHz, CDCl,, 25°C): 6 = 220.0 (C0O), 153 .4,
150.4,139.7,127.5,127.3, 127.1, 127.0, 123.0, 122.4, 119.7, 119.6 (ArC). 59.4
(CCH,), 46.4, 44.8 (4CH,), 39.9 (2CH); IR (KBr): # =1730 cm ™! (C=O):
HRMS (El) caled for C,oH,4O: 274.1358, found 274.1355; anal. caled C
87.56, H 6.61; found C 87.40, H 6.70.
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cis-Spiro| 1(8)-bicyclo[3.3.0}octene-3,9’-(9 H /fluorene]-7-ol (182a): Yield: 0.18 g
(33%). M.p. 183-185°C (hexane/CHCl,); '"HNMR (300 MHz, CDCl,,
25°C, TMS): 6 =7.7-7.3 (m, $H, ArH), 5.6 (s, 1 H, =CH), 5.3-5.2 (m, 1 H,
CHO), 3.5-3.4 (m, 1 H, CH), 2.9-2.8 (m, 3H, CCH,C and CHHCO), 2.2
(dd, J =12.5, 8.1 Hz, 1 H, CCHHCH), 2.0 (brs, 1 H, OH), 1.9 (dd, J = 12.5,
10.8 Hz, 1 H, CCHHCH), 1.5(dt, J =12.5. 7.8 Hz, 1 H, CHHCO); *C NMR
(50.5 MHz, CDCl,,25°C): 6 =154.7,154.2, 153.5,139.1, 127.7,127.5. 126.9,
123.6,122.9,122.8, 119.6, 119.4 ArC and C=CH), 82.8 (CHO), 59.0 (CCH,),
50.1 (CH), 46.3, 44.3, 38.1 (3CH,); IR (KBr): ¥ =3225cm™' (O-H);
HRMS (EI) caled for C, H O 274.1358, found 274.1354; anal. caled C
87.56, H 6.61; found C 87.45. H 6.69.

cis-3-Phenyl-3-azabicyclo]3.3.0}octan-7-one (17b): Amine 7b (0.50 g, 2 mmol)
was treated with (BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl] (0.57 g,
2.1 mmol); CO was bubbled through the mixture for 40 min. After the addi-
tion of H,O and extractive workup the resulting crude product (1:4 mixture
of 17b and 18b) was purified by silica gel chromatography (hexane/AcOEt
3:1). Yield: 0.05 g (13%) of 17b. M.p. 78 - 80 °C (hexane/CHCl,); 'H NMR
(200 MHz, CDCl,,25°C, TMS): d =7.3-6.5(m, SH, ArH), 3.6 (dd, J = 9.6,
7.0 Hz, 2H, 2NCHH), 3.2 (dd, J = 9.6, 3.8 Hz, 2H, 2NCHH ), 3.2-3.0 (m,
2H, 2CH), 2.6 (dd, /=194, 7.9 Hz, 2H, 2CHHCO), 2.3 (dd, J =194,
4.1 Hz, 2H, 2CHHCO); '*C NMR (50.5 MHz, CDCl;,, 25°C): 6 = 218.3
(CO), 147.4,129.0, 116.1, 111.8 (ArC), 52.9 (2CH,N), 42.8 (2CH,CO), 38.9
(2CH); IR (KBr): ¥ =1730 cm ™' (C=0); HRMS (EI) caled for C,H, ;NO:
201.1154. found 201.1154; anal. caled C 77.58, H 7.51, N 6.96; found C 77.44,
H 7.55, N 6.98.

cis-3-Phenyl-3-aza-1(8)-bicyclo[3.3.0]octen-7-0l {(18b): Yield: 0.20 g (50%).
M.p. 126-128°C (hexane/CHCI,); 'HNMR (300 MHz, CDCl,. 25°C,
TMS): 6 =7.3-6.6(m, SH, ArH), 5.6 (s, 1 H, =CH), 5.3-5.1 (m, 1 H, CHO),
4.0 (d, J=13.6 Hz, tH, NCHHC=), 3.8 (d, / =13.6 Hz, 1H, NCHHC=),
3.7(t,J =82 Hz, 1 H, NCHHCH), 3.3-3.1 (m, 1 H, CH), 2.9-2.7 (m, 2H,
NCH/ICH and CHHCO), 2.2 (brs, 1H, OH), 1.4 (dt, J =124, 79 Hz, 1 H,
CHHCO); '3C NMR (75.5 MHz, CDCl;, 25°C): 6 =148.9, 147.5, 129.1,
123.9,116.0, 111.5 (ArC and C=CH), 82.5 (CHO), 53.1,46.9 (2CH,N), 47.4
(CH), 41.8 (CH,CO); IR (KBr): ¥ = 3300 cm ™' (O—H); HRMS (El) caled
for C,;H, NO: 201.1154, found 201.1157; anal. caled C 77.58, H 7.51, N
6.96; found C 77.46, H 7.57. N 6.92.

cis-1-Deuterio-3-phenyl-3-azabicyclo]3.3.0}octan-7-one (ID]17b): Amine 7b
(0.50 g, 2 mmol) was treated with BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl]
(0.57 g, 2.1 mmol); CO was bubbled through the mixture for 40 min. After
the addition of D,O and extractive workup the resulting crude product (1:4
mixture of [D]17b and [D]18b) was purified by silica gel chromatography
(hexane/AcOEt 3:1). Yield: 0.05 g (14%) of [D]17b. 'HNMR (300 MHz,
CDCl,, 25°C, TMS): 6 =7.3-6.6(m, 5H, ArH). 3.7-3.6 (m, 2H, 2NCHH),
33-32 {m, 2H, 2NCHHC), 3.1 3.0 (m, 1H, CH), 2.6-2.5 (m, 2H,
2CHHCO), 2.3-2.2 (m, 2H, 2CHHCO); 3C NMR (75.5 MHz, CDCl;,
25°C): 6 =218.4 (CO), 147.4, 129.1, 116.2, 111.9 (ArC), 53.0, 529
(2CH,N), 42.9, 42.8 (2CH,CO0), 39.0, 38.9 (CH and CD); LRMS (70 ¢V,
ED): mjz (%) = 202 (79) [M *], 201 (67), 119 (36), 91 (100}, 77 (31).

cis-7-Deuterio-3-phenyl-3-aza-1(8)-bicyclo[3.3.0]octen-7-0ol (JD]18b): Yield:
0.19 g (49%); '"HNMR (200 MHz, CDCly, 25°C, TMS): § =7.3-6.5 (m,
5H, ArH). 5.6 (s, 1H, =CH), 4.0 (d, / =13.6 Hz, 1H, NCHHC=), 3.8 (d,
J=13.6 Hz, 1H, NCHHC=), 3.7 (t, /= 8.6 Hz, 1 H, NCHHCH), 3.3-3.1
(m, 1H, CH), 2.8 (dd, J = 8.9, 8.6 Hz, 1H, NCHHCH), 2.7 (dd, J =124,
7.2 Hz, 1H, CHHCO), 1.4 (dd. J =12.4, 8.2 Hz, 1H, CHHCO); '3C NMR
(50.5 MHz, CDCly, 25°C): 6 =148.5,147.5, 1291, 123.8, 116.0, 111.5 (ArC
and C=CH), 81.8 (t, Jop = 22.2 Hz, CDO), 53.0, 46.8 (2CH,N), 47.2 (CH),
41.4 {(CH,CO); LRMS (70 eV, EI): mjz (%) = 202 (93) [M 7], 201 (25). 157
(20), 156 (55), 149 (44), 106 (100), 105 (32), 104 (40). 80 (50), 78 (21), 77 (56).

cis-3-Benzyl-1-deuterio-3-azabicyclo[3.3.0]octan-7-one ([D]17¢): Amine 7c
(0.53 g, 2 mmol) was treated with /BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl]
(0.57 g, 2.1 mmol); CO was bubbled through the mixture for 40 min. After
the addition of D,0 and extractive workup, the resulting crude product was
purified by silica gel chromatography (hexane/AcOEt 1:1). Yield: 0.25¢
(59%) of [DI17¢. R, = 0.14 (hexane/AcOEt 1:1); 'HNMR (200 MHz, CD-
Cl,,25°C, TMS): 6 =7.3--7.2 (m, 5H, ArH), 3.6 (s, 2H, ArCH,N), 2.9-2.8
(m, 1H, CH), 2.7-2.4 (m, 6 H, 2NCH,C and 2CHHCO), 2.2 (dd, J =19.1,
2.6 Hz, 2H, 2CHHCO); '3C NMR (50.5 MHz, CDCl;, 25°C): 6 = 219.9

(CO)Y, 138.9, 128.4, 128.1, 126.8 (AxC), 61.7, 61.6, 59.3 (3CH,N). 44.4, 44.3
(2CH,CO), 37.4, 37.3 (CH and CD); IR (neat): ¥ =1740cm ™' (C=0);
LRMS (70 eV, E1): mjz (%) = 216 (27) [M 7], 215 (26). 139 (29), 125 (44), 92
(28), 91 (100); HRMS (E!) caled for C, ,H,,NO: 216.1373, found 216.1377.

cis-3-(4-Chlorophenyl)-1-deuterio-3-azabicyclo]3.3.0jectan-7-one {ibj17¢):
Amine 7e (0.57 g, 2 mmol) was treated with /Buli (2.4 mL. 4 mmol) and
[Cp,Zr(Me)Cl1] (0.57 g, 2.1 mmol); CO was bubbled through the mixture for
40 min. After the addition of D,0 and extractive workup, the resulting crude
product (1:3 mixtare of [D}17e and [D]18e) was purified by silica gel chro-
matography (hexane/AcOEt 3:1). Yield: 0.07 g (15%) of [D]17e. M.p. 109
111 °C (hexane/ CHCly). '"HNMR (200 MHz, CDC1,.25"C. TMS): § =7.2
(d, /=92 Hz, 2H, ArH), 6.5 (d, J =92 Hz 2H, ArH). 3.6 3.5 {m. 2H.
2NCHHC), 3.2-31 (m, 3H. 2NCHHC and CH). 2.6 2.5 (m. 2H,
2CHHCO), 2.3-2.2 (m, 2H, 2CHHCO); '3C NMR (50.5 MHz, CDCl,.
25°C): 0 = 218.1(CO), 146.0.128.8, 121.0, 112.9 (ArC), 53.2 (2CH,N), 42.8
(2CH,CO), 39.0, 389 (CH and CD); IR (KBr): ¥ =1740cm ' (C=0);
HRMS (EI) caled for C,;H,DCINO: 236.0826, found 236.0816; anal. caled
C 65.96, H/D 6.39, N 5.92: found C 66.03, H/D 6.28. N 5.95.

c¢is-3-(d-Chlorophenyl)-7-deuterio-3-aza-1(8)-bicyclo{3.3.0locten-7-o0l (|D}18¢):
Yield: 0.22 g (47%). M.p. 160-162°C; "HNMR (200 MHz, CDCl,. 25"C,
TMS): § =7.2(d, J =9.2 Hz, 2H, ArH), 6.5 (d. J = 9.2 Hz, 2H, Arl{), 5.6
(s, 1TH, =CH),3.9(d,J =13.7Hz, 1 H, NCHHC=).3.8(d,/ =13.7 Hz, 1 H,
NCHHC=), 3.7 (t, J = 8.3 Hz, t H, NCHHCH). 3.3-3.1 (m. 1H, CH), 2.8
(dd, J =89, 83 Hz. 1H, NCHHCH), 2.7 (dd. /=124, 73 Hz 1H,
CHHCO). 1.9 (brs, 1H, OH), 1.4 (dd, J =124, 8.5 Hz, 1 H, CHHCO): '*C
NMR (50.5 MHz, CDCly, 25°C): 6 =148.3, 146.1, 129.1, 128.8, 124.1. 112.5
(ArC and C=CH), 81.9 (t, Jop = 22.5 Hz. CDO), 53.2, 47.0 (2CH,N), 47.3
(CH). 41.5 (CH,CO); IR (KBr): # = 3300 cm " ' (O-H): LRMS (70 ¢V, El):
mjz (Vo) = 238 (36) [M " +2], 236 (100) [M "], 218 (34), 190 (47), 141 (26),
140 (67), 139 (57), 138 (56), 111 (46}, 80 (52); HRMS (EI) caled for
C,5H, ;DCINO: 236.0826, found 236.0824; anal. caled € 65.96. H/D 6.39. N
5.92: found C 66.04, H/D 6.26, N 5.97.

cis-1-Deuterio-3-(4-methoxyphenyl)-3-azabicyclo|3.3.0loctan-7-one ([DH7f):
Amine 7f (0.56 g, 2 mmol) was treated with /BuLi (2.4 mL. 4 mmol) and
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); CO was bubbled through the mixture for
40 min. After the addition of D,0 and extractive workup the resulting crude
product (1:4 mixtare of D171 and [D]18f) wus purified by silica gel chro-
matography (hexane/AcOLEt 3:1). Yield: 0.06 g (13%) of [DJ17f. M.p. 81
83°C (hexane/CHCL,); "HNMR (200 MHz, CDCl,. 25°C, TMS): 6 = 6.9
(d, J=9.2Hz, 2H, ArH), 6.5 (d, J = 9.2 Hz, 2H. ArH). 3.8 (s. 3H, CH,).
3.6-3.5 (m, 2H, 2NCHH), 3.2-3.1 (m. 2H, 2NCHH/. 3.1-3.0 (m. 1H.
CH), 2.6-2.5(m, 2H, 2CHHCO), 2.3-2.2 (m, 2H., 2CHHCO); '*C NMR
(50.5 MHz, CDCl,, 25°C): § = 218.7 (CO), 151.2, 142.5, 114.8, 113.0 (ArC).
558 (CH,). 540 (2CH,N), 432 (2CH,CO). 3882 (CH). 3838 (1.
Jep = 5.0 Hz, CD); IR (KBr): 1740 cm ' (C=0); LRMS (70 eV, EI): m;=
(%) = 232 (95) [M*], 231 (50), 218 (47), 217 (100), 216 (35), 134 (28). 121
(50); HRMS (EI) caled for C, ,H,,DNQ,: 232.1322, found 232.1330; anal.
caled C 72.39. H/D 7.81, N 6.03; found C 72.45, H/D 7.70. N 6.05.

cis-7-Deuterio-3-(4-methoxyphenyl)-3-aza-1(8)-bicyclo[3.3.0]octen-7-o0l
(IDJ181): Yield: 0.24 g (51%). M.p. 129—131"C (hexane/CHCl;). "H NMR
(200 MHz, CDCl,, 25°C, TMS): 6 = 6.9 (d, J = 8.9 Hz, 2H., ArH), 6.5 (d.
J=89Hz, 2H, ArH), 5.6 (s, 1H, =CH). 39 (d, J=13.7Hz, 1H,
NCHHC=), 3.8 (s, 3H, CH,;), 3.7 (d, J=137Hz, 1H, NCHHC=). 3.6
(t, /=79 Hz, 1H, NCHHCH), 3.2-3.1 (m, 1H, CH), 2.7--2.6 (m, 2H,
NCHHCH and CHHCO). 1.4 (dd, J =12.3, 8.5Hz, 1H. CHHCO): "*C
NMR (50.5 MHz, CDCl,. 25 "C): § =150.8, 148.6, 142.5,123.6. 114.8. 112.3
(ArC and C=CH). 81.7 (1. Jop =19.8 Hz, CDO), 55.7 (CH,), 53.4, 47.4
(2CH,N),47.3 (CH), 41.2 (CH,CO); LRMS (70 eV, El): mjz (%) = 232(93)
[ 7], 231 (50), 218 (37), 217 (100), 216 (34), 134 (26), 121 (45): HRMS (ED)
caled for C,,H,DNO,:232.1322, found 232.1324; anal. caled C 72.39, H/D
7.81, N 6.03; found C 72.47, H/D 7.66, N 6.08.

Reaction of 19 with electrophiles—General procedure: A solution of zirconacy-
cle 9 was stirred at RT for 40 min under one atm CO. Then. a slight excess
of different clectrophiles (allyl bromide, 4-chlorobenzonitrile, benzaldehyde,
and benzylideneaniline) was added. Alternatively. the electrophiles could be
added before the introduction of CO. The suspension was stirred overnight
and then aqueous NaHCO, was added. The resultant mixture was filtered
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through Celite, extracted with AcOEt (3 x 20 mL), and dried over Na,SO,.
After removal of the solvent (15 mm Hg). the residue was purified by flash
column chromatography to afford functionalized bicyclopentanones 21-24.

cis-1-Allyl-3-phenyl-3-azabicyclo[3.3.0]octan-7-one (21b): Amine 7b (0.50 g,
2 mmol) was treated with (BuLi (2.4 mL. 4 mmol) and [Cp,Zr(Me)Cl} (0.57 g.
2.1 mmol). Carbon monoxide was bubbled through the mixture for 40 min.
After the addition of allyl bromide (0.36 g. 3 mmol), the mixture was stirred
overnight. Hydrolysis and extractive workup afforded the crude product,
which was purified by silica gel chromatography (hexane/AcOEt 7:1). Yield:
0.21 g (44%) of 21b. R, = 0.34 (hexane/AcOEt 5:1); '"HNMR (300 MHz,
CDCly, 25°C, TMS): 6 =7.3-6.6 (m, SH, ArH), 5.9-5.8 (m. 1H. =CH),
$.2--5.1 (m, 2H, =CH,). 3.7 (dd, J = 9.9, 7.3 Hz, 1H. NCITHCH), 3.4 (d.
J=9.7Hz, 1H, NCHHC). 33 (d, /J=97Hz 1H, NCHHC), 3.2 (dd.
J =99 4.7 Hz, 1H, NCH/ICH), 2.8--2.7 (m, 1H. CH). 2.6 (dd. J =189,
8.2 Hz, 1H, CHCHHCO). 2.4-2.3 (m, 4H, CH,CH= and CCH,CO), 2.2
(dd, J =189, 13.7 Hz, 1H, CHCHHCO); '*C NMR (50.5 MHz, CDCl,,
25°C): 8 =217.2(CO), 147.2,129.0, 116.1, 111.6 (ArC), 133.5 (CH=CH,),
1188 (CH=CH,). 56.8, 53.1 (2CH,N), 49.2 (CCH), 47.2, 43.1, 42.0
(2CH,CO and CH,CH=), 43.3 (CH): IR (neat): ¥+ =1740 cm ™' (C=0):
HRMS (EI) caled for C,H,,NO: 241.1466, found 241.1473.

cis-1-(4-Chlorobenzoyl)spiro[bicyclo|3.3.0Joctane-3,9-(9 H ) fluorenel-7-one
(22a): Fluorene derivative 7a (0.65g, 2 mmol) was treated with /BuLi
(2.4 mL. 4 mmol) and {Cp,Zr(Me)C]] (0.57 g. 2.1 mmol). Carbon monoxide
was bubbled through the mixture for 40 min. After the addition of 4-
chlorobenzonitrile (0.29 g, 2.1 mmol), the mixture was stirred overnight. Hy-
drolysis and extractive workup afforded the crude product, which was puri-
fied by silica gel chromatography (hexane/AcOEt 7:1). Yield: 0.38 g (46%)
of 22a. M.p. 162-164°C (hexane/CHCl,); '"HNMR (300 MHz, CDCl,,
25°C, TMS): 0 =7.8-7.2 (m, 12H, Arld), 4.3 (dt, J =12.0,8.2 Hz, 1 H, CH),
3.2(d,J =19.4Hz, 1H,CCHHCO),3.0(d, J =194 Hz, 1 H, CCHHCO), 2.9
(d. J=14.6 Hz, 1H, CCHHC), 2.8 (d, J=14.6 Hz, 1H, CCHHC), 2.7 (dd,
J =189, 8.2 Hz, 1 H, CHCHHCO), 2.4 (d, J =18.9 Hz, 1H, CHCHHCO),
22-21 (m, 2H, CCH,CH); "“*C NMR (50.5 MHz, CDCl,, 25°C):
6= 2162 (CH,CO), 200.1 (ArCO). 152.8, 149.8, 139.7, 139.4, 138.7, 131.3,
1310, 128.7,127.7,127.6, 127.5, 127.2, 123.2,122.3, 119.7 (ArC), 60.6. 58.6
(2CCH,). 52.0, 51.1, 457, 43.0 (4CH,), 434 (CH); IR (KBr): # =1735
(C=0), 1675 (C=0)em " !'; HRMS (EI) caled for C,,H,,ClO,: 412.1230,
found 412.1224; anal. caled C 78.54. H 5.13; found C 78.46, H 5.15.

cis-1-(4-Chlorobenzoyl)-3-phenyl-3-azabicyclo]3.3.0]octan-7-one (22b): Amine
7b (0.50 g, 2mmol) was treated with (BuLi (2.4 mL., 4 mmol) and
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol). Carbon monoxide was bubbled through
the mixture for 40 min. After the addition of 4-chlorobenzonitrile (0.29 g,
2.1 mmol), the mixture was stirred overnight. Hydrolysis and extractive
workup afforded the crude product, which was purified by silica gel chro-
matography (hexane/AcOEt 5:1). Yield: 0.33 g (49%) of 22b. M.p. 118
120 °C (hexane/CHCI,); "H NMR (300 MHz, CDCl,,25°C, TMS): § =7.9—
6.6 (m, 9H, ArH), 3.9 (d, J=10.2 Hz. 1 H, NCHHC), 3.8 -3.7(m, 2H, CH
and NCHHCH), 3.7(d, J =10.2 Hz, I1H., NCHHC(), 3.2(dd, J =12.7.9.2 Hz,
1H. NCHHCH), 3.0 (d, J =19.0 Hz, 1H, CCHHCO), 2.8 (d, J =19.0 Hz,
1H. CCHHCO), 2.7 (dd, J =191, 7.0 Hz, 1H. CHCHHCO), 2.4 (dd,
J=19.1, 4.5 Hz, 1H, CHCHHCO); '3C NMR (75.5 MHz, CDCl,. 25°C):
3 =214.5 (CH,C0), 198.4 (ArCO), 146.8, 139.7, 132.1, 130.4, 129.1. 129.0,
117.2. 112.4 (ArC). 59.4 (CCH,), 57.6, 52.9, 47.8, 42.5 (4CH,), 41.6 (CH);
IR (KBr): ¥ =1740 (C=0), 1680 (C=0)cm™'; HRMS (EI) caled for
C,,H (CINO,: 339.1026, found 339.1022; anal. caled C 70.69, H 5.34. N
4.12; found C 70.56, H 5.37, N 4.11.

cis-3-Phenyl-1-phenylhydroxymethyl-3-azabicyclo[3.3.0]octan-7-one  (23b):
Amine 7b (0.50 g, 2 mmol) was treated with tBuLi (2.4 mL, 4 mmol) and
[Cp,Zr(Me)Cl} (0.57 g, 2.1 mmol). Carbon monoxide was bubbled through
the mixture for 40 min. After the addition of benzaldehyde (0.23 g,
2.2 mmol), the mixture was stirred overnight. Hydrolysis and extractive
workup afforded the crude product {(a 4:1 mixture of diastereoisomers),
which was purified by silica gel chromatography (hexane/AcOFEt 4:1}. Yield:
0.26 g{42%) of 23b. Major diastereoisomer: R, = 0.26 (hexane/AcOEt 2:1);
"HNMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.5-6.5 (m, 10H, ArH), 4.7
(s, 1H, CHO). 3.7 (d, J =99 Hz, 1H, NCHHC), 3.6 (t. J=99Hz, 1H,
NCHHCH). 3.3 (d, J=99Hz, 1H. NCHIIC), 3.1 (dd. J=9.9, 5.6 Hz,
1H, NCHHCH). 3.0 -2.8 (m, 2H, CH and OH), 2.7 (d, /=189 Hz, 1 H,

1332 —— ¢ VCIH Verlagsgesellschaft mbH, D-69451 Weinheim. 1997

CCHHCO), 2.2 (d, J=189Hz, 1H, CCHAHCO), 2.1-2.0 (m, 2H,
CHCH,CO): *C NMR (50.5 MHz. CDCl,, 25°C): ¢ =217.7 (C=0),
147.3,140.6, 129.0,128.3, 128.2. 127.0, 116.3, 111.9 (ArC), 77.3 (CHO), 56.1,
54.1 (2CH;,N), 54.8 (CCH,), 44.5, 43.0 (2 CH,CO}), 39.9 (CH); IR (neat):
= 3450 (O—H). 1735 (C=0) em™'; HRMS (EI) caled for C, H, NO,:
307.1559. found 307.1564.

cis-3-Phenyl-1-[phenyl-(/V-phenylamino)methyi|-3-azabicyclo[3.3.0Joctan-7-
one (24b): Amine 7b (0.50 g. 2 mmol} was treated with /Buli (2.4 mL.
4 mmol) and [Cp,Zr(Me}Cl (0.57 g, 2.1 mmol). Carbon monoxide was bub-
bled through the mixture for 40 min. After the addition of benzylideneaniline
(0.38 g, 2.1 mmol). the mixture wus stirred overnight. Hydrolysis and extrac-
tive workup afforded the crude product (a 5:1 mixture of diastereoisomers).
which was purified by silica gel chromatography (hexane/AcOEt 5:1). Yield:
0.23 g (31 %) of 24b. Major diastereoisomer: R, = 0.35 (hexane/AcOE! 3:1):
'HNMR (300 MHz, CDCl,. 25°C, TMS): 6 =7.4 -6.5 (m, 15H, ArH). 4.5
(s. 1H, CHN), 4.5 (brs, 1H, NH), 3.9 (dd, / =9.9,8.2 Hz, 1 H, NCHHCH).
3.8(d.J =10.3 Hz, 1H, NCHHC), 3.4 (dd, / =10.3, 2.1 Hz, 1 H, NCHHC),
3.2 (dd, /=99, 52Hz, 1H, NCHHCH), 3.1-3.0 (m, 1H, CH). 2.8 (d,
J =187 Hz, 1H, CCHHCO), 2.3(d, J =18.7Hz, 1H, CCHHCO), 2.1-2.0
(m, 2H. CHCH,CO); *C NMR (50.5 MHz, CDCl,, 25°C): é = 2159
(CO), 147.1, 146.3, 139.4, 129.2, 129.1, 128.8, 128.0, 127.6, 117.8, 117.0.
113.4, 112.3 (ArC), 63.3 (CHN), 56.9, 54.4, 44.7, 43.3. 41.8; LRMS (70 eV.
El): mjz (%) = 382 (8) [M ']. 182 (100), 106 (25), 77 (22).

Carbonylation of zirconatricycle 15: rer-Butyllithium (2.4 mL, 4 mmol) was
added /BuLi (2.4 mL, 4 mmol) to a suspension of 14(0.61 g, 2 mmol) in Et,O
(10 mL) at —78°C. The reaction mixture was stirred for 1 h and then was
transferred by cannula into a solution of bis(cyclopentadienyl)zirconium
methyl chloride (0.57 g, 2.1 mmol) in Et,0 (20 mL) at —78°C. The mixture
was stirred at RT for 3 h. The N, in the reaction vessel containing a solution
of 15 was evacuated. CO was bubbled through the mixture over 40 min and
then the reaction was quenched with aquecous NaHCO,. filtered through
Celite, and extracted with AcOE!t (3 x 20 mL). The organic layer was washed
with brine and dried over Na,SO,. Removal of the solvent in vacuo and
subscquent column chromatography gave a 1:1 mixture of 25 and 26.

(15*,4R* 85*,11R*)-3-Benzyl-3-azatricyclo{6.2.1.0%-  'Jundecan-9-one  (25):
Yield: 0.14 g (27%). M.p. 74-76°C (hexane/CHCl;): '"H NMR (200 MHz,
CDCl,, 25°C, TMS): 6 =7.4-7.2 (m. 5H. ArH). 4.0 (d. J =13.7Hz, 1H,
ArCHHN).3.0- 29 (m, 1H, CHCHN).2.9(d,J =137 Hz, 1 H, ArCHHN),
2.6 (d.J=89Hz 1H, NCHH).2.7--2.5 (m, 2H, CHCH,N and CHHCO),
2.4-2.2 (m, 2H, NCH and CHCO), 2.15(dd, J = 8.9, 5.2 Hz, 1 H, NCHIT),
20(d,J =156 Hz, 1H, CHHCO), 2.1-1.2 (m, 6 H, 3CH, ring): C NMR
(50.5 MHz, CDCl,, 25°C): 6 = 216.7 (CO), 139.5, 128.1, 128.0, 126.5 (ArC).
62.8, 56.0 (2CH,N), 61.8 (CHN), 45.1, 40.9, 32.0 (3CH), 44.7 (CH,CO).
25.4,22.7,16.0 (3CH, cyclohexyl); IR (neat): ¥ =1735cm ™' (C=0) HRMS
(EI) caled for €', H,,NO: 255.1623, found 255.1627; anal. caled C 79.96, H
8.29, N 5.49; found C 79.83, H 8.31, N 5.47.

(4R*,85*,95*,11R*)-3-Benzyl-3-aza-1(10)-tricyclo[6.2.1.0* ! 'Jundecen-9-ol
(26): Yield: 0.14g (28%). M.p. 88--90°C (hexane/CHCI,); 'HNMR
(300 MHz, CDCl,, 25°C, TMS): 6 =74 7.2 (m. 5H, ArH), 53 (s. 1H,
=CH). 5.1-5.0 (m. 1H, CHO), 3.9 (d, / =12.8 Hz, 1 H, ArCHHN), 3.7 (d.
J=128Hz, 1H, ArCHHN), 3.5 (d. /= 55Hz, 1H. NCHH). 3.4-3.1 (m,
3H. NCHH, NCH and OH), 3.1 3.0 (m. 1H, CHCHN), 2.7-2.6 (m. 1 H.
CHCO0).1.7-0.9 (m.6H, 3CH, ring); "*C NMR (50.5 MHz, CDCl,.25°C):
0 =146.8, 138.0, 128.6, 128.2, 127.1, 121.7 (ArC and C=CH), 83.6 (CHO),
57.9 (CHN), 55.4, 49.1 (2CH,N), 50.4, 44.4 (2CH), 22.6, 20.8 (3CH, cyclo-
hexyl); IR (neat): # = 3485 cm™ ' (O~ H); HRMS (EI) caled for C,.H,,NO:
255.1623, found 255.1620; anal. caled C 79.96. H 8.29. N 5.49 found C 79.88.
H 8.33, N 5.52.

(18*,4R*,85*,11R*)-3-Benzyl-1-(4-pyridinecarbonyl)-3-azatricyclo-

16.2.1.0% ' '[undecan-9-one (27): To 4 solution of 15 was added 4-cyanopy-
ridine (0.22 g. 2.1 mmol) and then CO was bubbled through the mixture over
40 min. The reaction was stirred overnight, then hydrolyzed with ag. NaH-
CO,. After filtering through Celite and extracting with AcOEt (3x20mlL)
the solvent was removed at low pressure and the residue purified by flash
chromatography (hexane;AcOEt 2:1). Yield: 0.3 g (41%) of 27. R, = 0.26
(hexane/AcOEL 1:1). 'THNMR (200 MHz. CDCl,, 25°C, TMS): 6 = 8.7~
7.2 (m, 9H. ArH), 4.0 (d, J=13.7 Hz. 1H. ArCHHN). 3.6 (dd. J =10.7,
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6.7Hz, 1H, CHCHN), 3.1 (d, / = 9.2 Hz, tH, NCHH), 2.9 (d, J =13.7 Hz,
1H. ArCHHN), 2.8 (dd, J =17.5, 2.2 Hz, 1H, CHHCO), 2.6-2.5 (m, 2H,
CHN and CHCO), 2.5 (d, J=17.5 Hz, 1 H, CHIICO); 2.3 (d, / = 9.2 Hz,
1H, NCHH), 2.3-1.3 (m, 6H, 3CH, ring); "*C NMR (50.5 MHz, CDCl,,
25°C): 6 = 2123 (CH,C0), 201.3 (ArCO), 150.4, 142.3, 138.3, 128.2, 127.8,
126.8, 121.2 (ArC), 65.9, 55.4 (2CH,N), 61.1 (CHN), 55.3 (CCH), 48.8
(CH,CO). 44.7, 44.0 (2CH). 24.9, 22.2, 15.5 (3CH, cyclohexyl); IR (neat):
¥ =1740 (C=0), 1690 (C=0)cm "', HRMS (EI) caled for C,,H,,N,0,:
360.1838, found 360.1829.

Evolution of n-allylzirconium infermediates to cyclopentenones 29 and 30:
A solution of zirconacycles 9 or 15 were stirred under CO (40 min) in the
absence of electrophiles. The mixturc was refluxed for S h and then H,O or
D,0 was added. The mixture was filtered through Celite and extracted with
AcOEt (3 x 20 mL). The organic layer was washed with brine and dried over
Na,SO,. The solvent was removed and the residue was purified by column
chromatography.

3-Methyl-4-phenylaminomethyl-2-cyclopentenone (29b): Amine 7b (0.50 g,
2 mmol) was treated with /BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl] (0.57 g,
2.1 mmol); CO was bubbled through the mixture for 40 min. After refluxing
for 5 h, the mixture was hydrolyzed and extractive workup afforded the crude
product which was purified by silica gel chromatography (hexane/AcOEt
2:1). Yield: 0.21 g (53%) of 29b. R = 0.34 (hexane/AcOELt 1:1); 'HNMR
(200 MHz, CDCl,, 25°C, TMS): 6 =7.3-6.6 (m, 5H, ArH), 6.0 (s, 1 H,
=CH), 3.7 (brs, 1H, NH), 3.5 (dd, J=14.8, 7.3 Hz, 1 H, NCHH), 3.2-3.1
(m. 2H, NCHH and CH), 2.6 (dd, J =18.5, 5.8 Hz, 1 H, CHHCO), 2.3 (dd,
J=18.5, 1.3 Hz, 1H, CHHCO), 2.2 (s. 3H, CH,); *C NMR (50.5 MHz,
CDCl;, 25°C): 6 = 208.0 (CO), 178.5 (C=CH), 147.5, 129.1, 117.6, 112.6
(ArC), 132.2(C=CH), 454 (CH,N), 43.8 (CH), 40.1 (CH,CO), 17.4 (CH,);
IR (neat): ¥ = 3370 (N-H), 1680 (C=0)cm™'; HRMS (EI) caled for
C,,H,,NO: 201.1154, found 201.1159.

4-(4-Chlorophenylaminomethyl)-3-deuteriomethyl-2-cyclopentenone (29e):
Amine 7e (0.57 g, 2 mmol) was treated with (BuLi (2.4 mL, 4 mmol) and
[Cp,Zr(Me)C1] (0.57 g, 2.1 mmol); CO was bubbled through the mixture for
40 min. After refluxing for 5§ h the mixture was treated with deuterium oxide
and extractive workup afforded the crude product which was purified by
silica gel chromatography (hexane/AcOEt 2:1). Yield: 0.25 g (52%) of 29e.
R, = 0.37 (hexane/AcOEt 1:1); "H NMR (200 MHz, CDCl,, 25°C, TMS):
6=71(d,J=89Hz 2H, ArH), 6.5(d, J=8.9 Hz, 2H, ArH), 6.0 (s, 1 H,
=CH), 3.7 (brs, 1H, NH), 3.4 (dd, J =14.8, 7.1 Hz, 1 I, NCHH), 3.2-3.1
(m, 2H, NCHH and CH), 2.6 (dd, J =18.5, 6.2 Hz, 1H, CHHCO), 2.3 (dd,
J=18.5, 1.7Hz, 1 H, CHHCO), 2.1 (s, 2H, CH,D); '3C NMR (50.5 MHz,
CDCl,, 25°C): 6 = 207.8 (CO), 178.2(C=CH), 146.2, 128.9, 122.1, 113.7
(ArC), 132.3(C=CH), 45.4 (CH,N), 43.7 (CH), 40.1 (CH,CO), 171 (,
Jep =19.6 Hz, CH,D); IR (neat): ¥ = 3370 (N--H), 1685 (C=0)cm™!;
HRMS (EI) caled for C,3H,,DCINO: 236.0826, found 236.0825.

(18*,2R*,65*)-2-Benzylamino-9-methyl-8(9)-bicyclo[4.3.0lnonen-7-one  (30):
Amine 14 (0.61 g, 2 mmol) was treated with /BuLi (2.4 mL, 4 mmol) and
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); CO was bubbled through the mixture for
40 min. The mixture was refluxed for 5 h the mixture and then hydrolyzed.
Extractive workup afforded the crude product, which was purified by silica
gel chromatography (hexane/AcOEt 2:1). Yield: 0.21g (42%) of 30.
R, =0.41 (hexane/AcOEt 1:1); '"HNMR (200 MHz, CDCl,, 25°C, TMS):
6=74-172 (m, 5H, ArH), 6.0 (s, 1H, =CH), 3.8 (d. /=134 Hz, 1H,
ArCHHN), 3.7 (d, J =13.4 Hz, 1H. ArCHHN), 3.2-3.15 (m, 1H, CHN),
3.0(dd,J =6.4,5.7Hz, 1 H, CHCHN), 2.5-2.4 (m, 1 H, CHCO), 2.2 (s, 3H,
CH,), 2.1-1.2 (m, 7H, NH and 3 CH, ring); '*C NMR (50.5 MHz, CDCl,,
25°C): 6 =210.8 (CO), 177.9 (C=CH), 140.3, 128.2, 127.8, 126.8 (ArC),
131.8 (C=CH), 52.0 (CHN), 51.2 (CH,N), 47.9, 46.2 (2CH), 24.9, 21.4, 16.6
(3CH, cyclohexyl), 189 (CH;); IR (neat): ¥ =3300 (N-H), 1695
(C=0)cm '; HRMS (ED) caled for C,,H, NO: 255.1623, found 255.1627.

General procedure for the synthesis of N-benzyl-V-(2-bromoallyl)amines 31
and 35: N-Benzyl-N-(2-bromoallyllamine (5.58 g. 20 mmol), haloalkene
(10 mmol) {4-bromo-1-butene, S5-bromo-1-pentene, 4-iodo-1-butyne, or 5-
iodo-1-pentyne), and H,O (100 mL) were placed in a flask. The mixtures were
stirred for 2 d at 70 “C, cooled and poured into a separating funnel containing
AcOEt (30 mL). The organic layers were collected, washed with water and
brine, dried over Na,SO,, and filtered. The solvents were removed and the
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residue purified by flash column chromatography to give 31a.b and 35a.b as
colorless oils.

N-Benzyl-N-(2-bromoallyl)-3-butenylamine (31a): The reaction was per-
formed as described in the general procedure with 4-bromo-1-butene (1.35 g.
10 mmol). After extractive workup, the crude product was purified by silica
gel chromatography (hexane/AcOEt 20:1). Yield: 1.86 ¢ (67%) of 3la.
R, = 0.39 (hexane/AcOEt 15:1): '"HNMR (300 MHz, CDCl,, 25°C, TMS):
6=74-72 (m, SH, ArH), 6.0 (s. 1H, BrC=CHH), 59-58 (m. 1 H,
CH=C), 5.6 {s, 1 H, BrC=CH#/, 51-5.0 (m, 2H. CH=CH,). 3.7 (s, 2H,
ArCH,N), 3.3 (s, 2H, NCH,(), 2.6 (dt, /=73, 2.2 Hz. 2H, NC//,CH,).
23-225 (m, 2H, CH,CH=): °C NMR (50.5MHz, CDCl,. 25°C):
4 =138.9,132.1,128.6,128.1,126.6 (ArC and CBr), 136.4 (CH=CH,). 117.8,
115.5(2=CH,). 61.8, 57.5, 52.6 (3 CH,N). 31.4 (CH,CH): HRMS (E) caled
for C,H,BrN (M* —1): 278.0544, found 278.0541.

N-Benzyl-/N-(2-bromoallyl)-4-pentenylamine (31b): The reaction was per-
formed as described in the general procedure with S-bromo-1-pentene (1.49 g,
10 mmol). After extractive workup, the crude product was purified by silica
gel chromatography (hexane/AcOEt 20:1). Yield: 1.70 g (58 %) of 31b.
R, = 0.41 (hexane/AcOEt 15:1); '"HNMR (200 MHz, CDCl,, 25°C. TMS):
6=74-73 (m. SH, ArH). 6.0 (s, 1H, BrC=CHH), 5.9-5.7 (m, 1H.
CH=C), 5.6 (s, 1H, BrC=CHH}/, 5.1-4.9 (m, 2H. CH=CH,). 3.7 (s. 2H,
ArCH,N). 3.3 (s, 2H, NCH,C), 2.5 (dd. / =7.3, 7.0 Hz, 2H. NCH,CH,).
2.2-2.1 (m, 2H, CH,CH=), 1.7-1.6 (m, 2H, NCH,CH,); '*C NMR
(50.5 MHz, CDCl,, 25°C): 6 =139.0, 132.3, 128.5, 128.0, 126.6 (ArC and
CBr), 138.4 (CH=CH,), 117.8, 114.4 (2=CH,). 62.0, 57.8, 52.5 (3CH,N).
31.2,26.2(CH,CH,C=); HRMS (El) caled for C, ;H,,BrN: 293.0779, found
293.0769.

N-Benzyl-N-(2-bromoallyl)-3-butynylamine (35a): The reaction was per-
formed as described in the general procedure with 4-iodo-1-butyne (1.80 g,
10 mmol). After extractive workup, the crude product was purified by silica
gel chromatography (hexane/AcOLt 20:1). Yield: 1.62¢g (68%) of 35a.
R, =0.25 (hexane/AcOEt 15:1); '"H NMR (200 MHz, CDCl,. 25°C. TMS):
6 =74-73(m,5H, ArH). 6.0 (s, | H, BrC=CHH), 5.6 (s. 1 }[. BrC=CHH),
3.7 (s. 2H, ArCH,N), 3.4 (s. 2H, NCH,(), 2.8 (dd, J =7.7. 7.3 Hz, 2H,
NCH,CH,),2.45-2.4(m, 2H, CH,C=),2.0(t,J = 2.6 Hz, 1H, =CH): '3C
NMR (50.5 MHz, CDCl;, 25°C): 6 =138.6, 131.7. 128.5, 128.1.126.9 (ArC
and CBr), 118.1 (=CH,). 82.6 (=CH), 69.2 (=C). 61.8, 57.4, 51.8 3CH,N),
17.1 (CH,C=); HRMS (EI) caled for C, H,;BIN (M ' — C,H,): 238.0231.
found 238.0219.

N-Benzyl-N-(2-bromoallyl)-4-pentynylamine (35b): The reaction was per-
formed as described in the general procedure with S-iodo-1-pentyne (1.94 g,
10 mmol). After extractive workup, the crude product was purified by silica
gel chromatography (hexane/AcOEt 20:1). Yield: 1.74 g (69%) of 35b.
R, = 0.26 (hexane/AcOEt 15:1); '"H NMR (200 MHz, CDCl;, 25 C. TMS):
6 =174-73(m,5H, ArH). 5.9 (s, 1 H, BrC=CHH). 5.6 (s, 1 H, BrC=CHH),
3.6 (s, 2H, ArCH,N), 3.3 (s, 2H, NCH,C), 2.6 (t, /=69 Hz, 2H,
NCH,CH,), 2.3-2.2 (m, 2H, NCH,CH,), 1.9 (1, J = 2.6 Hz, 1}, =CH).
1.8—1.7 (m, 2H, CH,C=); '*C NMR (50.5 MHz, CDCl,, 25°C): § =138.7,
132.1, 128.6, 128.0, 126.8 (ArC and CBr), 118.1 (=CH,). 84.1 (=CH), 68.3
(=0), 61.9, 57.7, 51.7 (3CH,N), 26.1, 16.0 (CH,CH,C=).

Formation of six- and seven-membered heterocycles (33, 34, and 37)-—General
procedure: 2-Bromoallylamines 31 or 35 (2 mmol) were treated with BulLi
(4 mmol for 31 and 6 mmol for 35) at —78 °C in Et,O. The corresponding
anions were added to a solution of bis(cyclopentadienyl)zirconium methyl
chloride (0.57 g, 2.1 mmol) in Et,0 at —78 “C. The reaction mixtures were
allowed (o reach RT and then were quenched with deuterated sulfuric acid to
afford products 33 and 37, or were treated with CO and 4-chlorobenzonitrile
to afford diketone 34.

1-Benzyl-4-deuteriomethyl-3-( £)-deuteriomethylenepiperidine (33a): Amine
31a (0.56g, 2mmol) was treated with 7Buli (2.4mL, 4 mmol) and
[Cp,Zr{Me)C]] (0.57 g, 2.1 mmol}); after the addition of D,SO, and the ex-
tractive workup, the resulting crude product was purified by silica gel chro-
matography (hexane/AcOEt 5:1). Yield: 0.29 g (72%) of 33a. R, =0.32
(hexane/AcOEt 3:1); "THNMR (200 MHz. CDCl,, 25°C. TMS): 6 =74 7.3
(m, 5H, ArH), 4.85-4.75 (m, 1H, =CH), 3.6 (s, 2H, ArCH,N), 3.3 (dd,
J =118, 1.7Hz, 1H, CHHC=), 3.0-2.9 (m. 1H, NCHHCH,), 2.7 (d.
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J=118Hz, 1H, CHHC=), 22 (dt, J=11.4, 32 Hz, {H, NCHHCH,),
2.15-2.05 (m, 1H, CH). 1.8-1.7 (m. 1H, CHHCH), 1.5-1.3 (m, 1H,
CHHCH). 1.15-1.05 (m, 2H. CH,D): "*C NMR (50.5 MHz, CDCl,,
25 C): § =148.8, 138.0, 129.1, 128.0, 126.8 (ArC and C=CHD), 106.7 (1,
Jop = 23.9 Hz, C=CHD). 62.7, 60.7, 532 (3CH,N), 353 (CH), 34.4
(CH,CH), 17.3 (1, Jop=192Hz CH,D); HRMS (EI) caled for
C,,H,5D,N: 2031643, found 203.1638.

1-Benzyl-4-deuteriomethyl-3-( £)-deuteriomethyieneperhydroazepine  (33h):
Amine 31b (0.59 g, 2 mmol) was treated with (BuLi (2.4 mL, 4 mmol} and
[Cp,Zr(Me)Cl] (0.57 g. 2.1 mmol): after the addition of D,SO, and the ex-
tractive workup, the resulting crude product was purified by silica gel chro-
matography (hexane/AcOEt 7:1). Yield: 0.22 g (51%) of 33b. R, =0.33
(hexane/AcOEt 4:1); "H NMR (300 MHz, CDCl,.25°C, TMS): 6 =7.4-7.2
(m,SH. ArH),4.8(s. 1H,=CH), 3.7(d, J =13.3 Hz, 1 H, ArCHHN). 3.6 (d.
J =133 Hz, 1H. ArCHHN), 3.3 (d, /=138 Hz, 1H, CHHC=), 3.2 (d,
J =13.8 Hz, 1H, CHHC=), 2.8 (dt. /=129, 4.7Hz, 1H, NCHHCH,).
2.65-2.55 (m, 1H, CH), 2.55-2.45 (m, 1H, NCHHCH,), 1.9-1.8 (m, 1H.
CHHCH), 1.65 1.55(m,2H, CH,CH,CH,), 1.35-1.25 (m, 1 H, CHHCH),
1.15-1.0 (m, 2H, CH,D); 1*C NMR (50.5 MHz, CDCl,, 25°C): o =152.8,
139.7, 128.8. 128.0, 126.7 (ArC and C=CHD), 111.2 (t, Jo, = 23.5Hz,
C=CHD). 60.9, 59.7, 55.6 (3CH,N), 38.1 (CH), 36.3, 26.9 (CH,CH,CH).
21.5 (t. Jop, =19.9 Hz, CH,D); HRMS (EI) caled for C,sH, (D, N: 217.1800,
found 217.1791.

cis-3-Benzyl-1-(4-chlorobenzoyl)-3-azabicyclo[4.3.0]nonan-8-one (344a):
Amine 31a (0.56 ¢, 2 mmol) was treated with rBuLi (2.4 mL, 4 mmol) and
[Cp,Zr(Me)CI] (0.57 g, 2.1 mmol); CO was bubbled through the mixture for
40 min. After the addition of 4-chlorobenzonitrile (0.29 g, 2.1 mmol), the
mixture was stirred overnight. Hydrolysis and extractive workup afforded the
crude product, which was purified by silica gel chromatography (hexane;
AcOEt 5:1). Yield: 0.32 g (43%) of 34a. M.p. 143-145°C (hexane/CHCl,);
'H NMR (200 MHz, CDCl;, 25°C. TMS): § =7.5-6.9 (m, 9H, ArH), 3.5(d.
J=13.0Hz, 1H, ArCHHN). 3.3 3.2 (m, 1H, CH), 3.12 (d. / =13.0 Hz,
I H, ArCH#N), 3.08 (d, J=12.4Hz, 1H, NCHHC(), 2.7-2.6 (m, 1H,
NCHHCH,), 2.6 (d. J =18.1 Hz, t H, CCHHCO), 2.5(d, J =18.1 Hz, 1 H,
CCHHCO), 24-23 (m, 3H, CHCH,CO and NCHHCH,), 2.2 (d.
J =124 Hz 1H, NCHHC). 2.2-2.0 (m, t H. NCH,CHH), 1.6 (dq, J =13.6,
3.5Hz, 1H. NCH,CH#H: '?C NMR (50.5 MHz. CDCly, 257C): 6 = 214.7
(CH,C0).202.1 (ArC0), 137.9,137.1,134.7,129.3. 128 4, 128.3,127.8, 126.7
(ArC), 62.7, 56.0, 49.4 (3CH,N), 53.8 (CCH). 46.9, 39.5 (2CH,CO), 33.8
(CI), 24.8 (CH,CH,N); IR (neat): ¥ =1750 (C=0). 1665 (C=0)cm " ';
HRMS (EI) caled for C,,H,,CINO,: 367.1344, found 367.1342; anal. caled
C 71.83, H 6.03. N 3.81; found C 71.69, H 5.99, N 3.77.

1-Benzyl-3-(E)-deuteriomethylene-4-didenteriomethylenepiperidine (37a):
Amine 35a (0.48 g, 2 mmol) was treated with /BuLi (3.6 mL. 6 mmol) and
{Cp,Zr(Mc)CI] (0.57 g, 2.1 mmol); after the addition of D,SO, and the ex-
tractive workup. the resulting crude product was purified by silica gel chro-
matography (hexane/AcOEt 7:1). Yield: 0.25 g (61%) of 37a. R, =0.36
(hexane/AcOEt 5:1); '"H NMR (200 MHz, CDCI1,,25°C, TMS): 6 =7.4 7.3
(m, SH, ArH). 4.8 (s, 1H, =CH), 3.6 (s. 2H, ArCH,N), 3.1 (s, 2H,
NCH,C=). 2.6 (t. J=5.7Hz, 2H. NCH,CH,), 2.4 (t, J =57 Hz. 2H,
NCH,CH,): '*C NMR (50.5 MHz, CDCl,, 25°C): 6 =145.4, 144.6. 138.1,
129.0, 128.1.127.0 (ArC and 2C=). 1094, (t, Jo, = 23.5 Hz, CD and CD,),
62.2, 59.8, 53.2 (3CH,N). 33.4 (CH,C); HRMS (EI) caled for €, H,,D;N:
202.1549. found 202.1546.

General procedure for the synthesis of o-allylanilines 39 and 40: o-Allyl-
aniline™®'" (2.7 ¢, 20 mmol), 2,3-dibromopropene or 24-diiodobutene
(10 mmol), and water (100 mL) were placed in a flask. The mixture was
heated at 70 “C overnight, made basic, extracted with AcOEt, and dried over
Na, SO, . The solvents were removed (15 mm Hg) and the residue purified by
column chromatography to afford anilines 39. To a flask were added 39
(10 mmol), methyl iodide (2.13 g. 15 mmol), NaKCO, (1.85 g, 15 mmol),
and DMF (30 mL). The mixturc was refluxed for 3 h, allowed to cool to RT,
and then poured into a separating funnel containing AcOEt and water. The
organic layer was collected, washed with water and brine, and dried over
Na,S0O,. and the solvents were then removed. The tertiary amines 40 were
isolated by column chromatography.

2-Allyl-N-(3-iodo-3-butenyl)aniline (39b): The reaction was performed as de-
scribed in the general procedure with 2.4-diiodobutene (3.08 g, 10 mmol).
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After extractive workup, the crude product was purified by silica gel chro-
matography (hexane/AcOEt 30:1). Yield: 2.03 g (65%) of 39b. Isolated
yield: 65%. R, =0.28 (hexane/AcOEt 20:1); "THNMR (200 MHz, CDCl,.
25°C, TMS): 8 =7.2-6.7 (m, 4H, ArH). 6.2 (s, | H, IC=CHH), 6.0-5.9 (m,
1H, CH=CH,), 59 (s, 1H, IC=CHH . 5.2-5.1 (m, 2H, CH=CH,), 3.8
(brs, 1H, NH), 3.4-3.3 (m, 2H. NCH,). 2.7 (dd, /= 6.5, 6.0 Hz, 2H.
CH,CI); °C NMR (50.5 MHz, CDCl,, 25°C): § =145.5, 135.6, 129.7.
127.5, 123.5, 117.1, 1103, 108.7 (ArC. =CI, and CH=CH,). 127.6
(CH,=CI), 116.2 (CH,=ClI), 44.2, 42.1, 36.4 (3CH,): LRMS (70 eV. EI}:
iz (%) = 313 (4) [M *]. 146 (100). 131 (21), 130 (33), 118 (34). 117 (20). 91
(23).

2-Allyl-N-(2-bromoallyl)-/NV-methylaniline (40a): The reaction was performed
as described in the general procedure with 23-dibromopropene (2.0 g.
10 mmol) followed by addition of methyl iodide (2.13 g, 15 mmol). After
extractive workup, the crude product was purified by silica gel chromatogra-
phy (hexanc/AcOEt 25:1). Yield: 2.0 g (77%) of 40a. Isolated yield: 77 %.
R, = 0.40 (hexane/AcOEt 15:1); 'HNMR (200 MHz, CDCl;. 25°C, TMS):
§=73-71 (m, 4H, ArH), 6.2-6.0 (m, 1H, CH=CH,), 6.1 (s. 1H,
BrC=CIIH), 5.7 (s, 1 H, BrC=CHH, 5.3-5.2 (m, 2H, CH=CH,). 3.8 (s,
2H. NCI1,0), 3.7 (d, J = 6.7 Hz, 2H, CH,CH=), 2.8 (s, 3H, NCH,;): '*C
NMR (50.5 MHz, CDCl,, 25°C): ¢ =151.0,137.7,135.1,131.3,130.3, 126.8,
123.8, 120.7 (ArC, =CBr, and CH=CH,), 117.8, 1155 (2=CH,). 65.1
(CH,N), 41.4 (CH;). 34.8 (CH,CH); HRMS (EI) calcd for C,;H, BrN:
265.0466, found 265.0452.

2-Allyl-/N-(3-iodo-3-butenyl)-N-methylaniline (40b): The reaction was per-
formed as described in the general procedure with 39b (3.13 g, 10 mmol) and
methyl iodide (2.13 g, 15 mmol). After extractive workup. the crude product
was purified by silica gel chromatography (hexane/AcOEt 25:1). Yield:
2.62 g (80%) of 40b. Isolated yield: 80 %. R, = (0.42 (hexane/AcOEt 15:1);
"HNMR (200 MHz, CDCly, 25°C, TMS): ¢ =7.3-7.1 (m, 4H, ArH), 6.1
5.9 (m. 1H, CH=CH,), 6.0 (s. 1H, [C=CHH), 5.8 (s, 1H. IC=CHH),
5.2-5.1 (m, 2H, CH=CH,), 3.5 (d, /=64 Hz, 2H, CH,CH=), 3.2 (dd.
J=76.70Hz,2H,NCH,). 2.7 (s, 3H,NCH,), 2.6 (dd,J =7.6.7.0 Hz, 2H.
CH,CI); "*C NMR (50.5 MHz, CDCl;, 25°C): 4 =150.8, 137.7, 135.7,
130.1, 126.7, 123.7, 1209, 109.1 (ArC. =CI, and CH=CH,), 1264
(CH,=Cl, 1156 (CH,=CHj. 557 (CH,Nj, 43.3 (CH,), 43.2, 348
{(2CH,Cy; HRMS (ED caled for € H | ,IN: 327.0484, found 327.0456.

Synthesis of benzoheterocycles 42—-48—General procedure: Compound 40a
(0.53 g, 2 mmol) or 40b (0.65 g, 2 mmol) in Et,O was placed in a Schlenk
flask. Addition of (BuLi (4 mmol) at — 78 'C generated the corresponding
anions. The resulting solution was stirred at — 78 °C for 30 min and was then
added to a solution of bis(cyclopentadienyl)zirconium methyl chloride
(0.57 g. 2. mmol) at —78°C. The mixture was stirred at this temperature for
1 h, then allowed to warm to RT and, in the case of formation of 41b, the
reaction was heated to 35“C for ap additional 1 h. The hydrolysis of the
intermediate zirconatricycles 41 generated benzazepine and benzazocine
derivatives 42a and 42b by filtration through Celite, extraction with AcOEt
(3% 20 mL), washing with aq. NaHCO,, drying over Na,SO, and column
chromatography. The carbonylation of 41a,b at 20 °C, under CO (1 atm), in
the presence of different electrophiles (water, 4-chlorobenzonitrile, and allyl
bromide) allowed the isolation, after standard treatment, of benzoheterotri-
cycles 42-48.

2,3,4,5-Tetrahydro-1,4-dimethyl-3-methylene-1H-1-benzazepine (42a): Amine
40a (0.53 g, 2mmol) was treated with (BuLi (2.4 ml. 4mmol) and
[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); after the addition of H,O and the extrac-
tive workup, the resulting crude product was purified by silica gel chromatog-
raphy (hexane/AcOEt 20:1). Yield: 0.29 g (78 %) of 42a. R, = 0.32 (hexane;
AcOEL 15:1); 'HNMR (200 MHz, CDCl,, 25°C, TMS}): 4 =7.3-6.9 (m,
4H, ArH), 4.8 (s, 2H, =CH,). 3.9 (d. /=125 Hz, 1H, NCHH), 3.4 (d.
J=12.5Hz, 1H, NCHH ), 2.9 (s, 3H. NCH,), 2.85 (dd, J =13.3. 5.2 Hz.
1H, CHHCH), 2.8 (dd. /=133, 8.6 Hz. 1 H, CHHCH). 2.7-2.6 (m, 1H,
CH), 1.2 (d, J = 6.3 Hz, 3H, CH,CH); "*C NMR (50.5 MHz, CDCl,.
257°C): ¢ =150.7, 150.4, 133.2, 129.6, 126.6, 120.6, 116.5 {ArC and C=CH,},
112.8 (=CH,), 60.9 (CH,N). 41.5, 37.9 (CH,N and CH), 40.1 (CH,CH).
20.1 (CH,CH); HRMS (E1) caled for €, ;H,,N: 187.1361, found 187.1361.

1,2,3,4,5,6-Hexahydro-1,5-dimethyl-4-methylene-1-benzazocine (42b): Amine
40b (0.65g, 2mmol) was treated with /Buli (2.4mL, 4 mmol) and
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[Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); after the addition of H,O and the extrac-
tive workup, the resulting crude product was purified by silica gel chromatog-
raphy (hexane/AcOEt 40:1). Yield: 0.20 g (50 %) of 42b. R, = 0.25 (hexane/
AcOEt 30:1); 'HNMR (300 MHz, CDCl,, 25°C, TMS): 6 =7.3-7.0 (m,
4H, ArH), 4.8 (s, 1H, =CHH), 4.7 (s, 1H, =CHH), 2.95 2.85 (m, 2H,
NCH,), 2.8 (s, 3H, NCH,), 2.8-2.7 (m, 2H, CH,CH), 2.6 2.5 (m, 1H,
CH), 2.0 (ddd, / =13.8, 9.0, 3.9 Hz, 1H, CHHC=), 1.8 (ddd, J =13.8, 6.4,
39Hz, 1H, CHHC=), 1.1 (d, J=6.9Hz, 3H, CH,CH); *C NMR
(50.5 MHz, CDCl,, 25°C): 6 =154.7,151.1,138.7, 130.4, 127.1, 124.1, 121.0
(ArC and C=CH,), 110.0 (=CH,), 63.1 (CH,N), 44.4, 43.9 (CH;N and
CH), 38.3, 31.6 (2CH,C), 19.8 (CH,CH); HRMS (EI) caled for C, ;H,,N:
201.1518, found 201.1526.

3,3a,4,5,10,10 a-Hexahydro-5-methylbenzo[djcyclopent|ejazepin-2{1 H }-one
(43a) and 2,3,32,4,9,9a-hexahydro-3a,4-dimethyl-1H-cyclopent[bjquinolin-2-
one (44a): Amine 40a (0.53 g, 2 mmol) was treated with /BuLi (2.4 mL,
4 mmol) and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); CO was bubbled through the
mixture for 40 min. After the addition of H,O and extractive workup the
resulting crude product (2:1:1.5 mixture of 43a, 44a, and 45a) was purified
by silica gel chromatography (hexanc/AcOEt 5:1). Yield: 0.18 g (42%) of a
2:1 mixture of 43a and 44a. R, =029 (hexane/AcOEt 3:1); "H NMR
(200 MHz, CDCl,, 25°C, TMS): 6 =7.3-6.6 (m, 8 H, ArH), 3.2-2.8(m, 5H,
NCH,. NCH,CH and C/JHCH), 2.9 (s, 3H, NCH;, major isom.), 2.8 (s,
3H, NCH,, minor isom.), 2.7-2.0 (m, 12H, CHHCH, CCH,CII and
2x CH,CO), 1.4 (s, 3H, CCH,, minor isom.); '3C NMR (50.5 MHz,
CDCl,, 25°C): 6 = 218.2 (CO, major isom.), 215.7 (CO, minor isom.), 151.8,
144.6, 130.4, 130.2, 128.9, 127.2, 1269, 1204, 119.5, 116.4, 115.2, 111.0
(ArC), 61.3,56.8,51.3,43.4,42.0,41.3,41.2,40.9,38.5,36.4, 356,320, 27.2,
22.3; IR (neat): ¥ =1740cm ™' (C=0); HRMS (EI) caled for C,,H,,NO:
215.1310, found 215.1305.

1,2,4,5,10,10 a-Hexahydro-2-hydroxy-5-methylbenzo[b]|cyclopent|eJazepine
(45a): Yield: 0.09g (21%). M.p. 97-99°C (hexane/CHCI,); 'HNMR
(300 MHz, CDCl,, 25°C, TMS): 6 =7.2-69 (m, 4H, ArH), 5.5 (s, 1H,
=CH), 4.7-4.6 (m, 1H, CHO), 3.6 (d, J =129 Hz, 1H, NCHH), 3.5 (d,
J=129Hz, 1H, NCHH), 3.1 (dd, J =12.9, 47 Hz, 1H, CHHCH), 2.9 (s,
3H, NCH,), 2.75-2.65 (m, 2H, CH and CHHCHO), 2.55 (dd, J =12.9,
5.8 Hz, 1H, CHHCH), 1.8 (brs, 1H, OH), 1.4-1.3 (m, 1H, CHHCHO); '*C
NMR (50.5 MHz, CDCl,,25°C): 6 =151.2,145.9,134.2,131.4,129.8, 127.0,
121.8,117.6 (ArC and C=CH), 75.6 (CHO), 57.5 (CH,N), 42.4, 42.0 (CH;N
and CH), 41.6, 38.7 (2 CH,C); IR (neat): ¥ = 3355 cm ™' (O-H) HRMS (EI)
caled for C;,H,NO: 2151310, found 215.1305; anal. caled C 78.10, H 7.96,
N 6.51; found C 78.01, H 7.98, N 6.49.

2,4,5,6,11,11 a-Hexahydro-2-hydroxy-6-methyl-1H-benzo|b]cyclopent-
[e]azocine (45b): Amine 40b (0.65 g, 2 mmol) was treated with /BuLi (2.4 mL,
4 mmol}) and [Cp,Zr(Me)CI] (0.57 g, 2.1 mmol); CO was bubbled through the
mixture for 40 min. After the addition of H,O and extractive workup the
resulting crude product (5:1 mixture of diastereoisomers) was purified by
silica gel chromatography (hexane/AcOEt 3:1). Yield: 0.17 g (38 %) of 45b.
Major diastereoisomer. R, = 0.19 (hexanc/AcOEL 2:1); "HNMR (200 MHz,
CDCl,,25°C, TMS): 6 =7.3-7.1(m,4H, ArH), 5.5(s, 1 H, =CH), 4.85-4.8
(m, 1H, CHO), 3.0-2.8 (i, 3H, NCH, and CH), 2.7 (s, 3H, NCH,), 2.7- 2.6
(m, 2H., CCH,CH), 2.3 (d, / =13.7Hz, 1H, CHHC=), 2.1-2.0 (m, 2H,
CHHCHO and CHHC=), 1.8 (brs, 1H, OH), 1.5 (dt, / =13.3, 43 Hz, 1 H,
CHIICHO); '*C NMR (50.5 MHz, CDCl,, 25°C): 6 =153.5, 150.1, 139.9,
129.6. 1287, 127.4, 125.0. 121.7 (ArC and C=CH), 76.0 (CHQ), 61.2
(CH,N), 49.6, 43.8 (CH,N and CH), 42.4, 38.8, 28.6 (3 CH,C); IR (ncat):
¥ =3345cm ™! (O -H); HRMS (EI) caled for C,H,,NO: 229.1467, found
229.1473.

2-(4-Chlorobenzoyl)-1,2,4,5,10,10 a-hexahydro-2-hydroxy-5-methylbenzo-

|blcyclopent|e]azepine (46a): Aminc 40a (0.53 g, 2 mmol) was treated with
{BuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)C1} (0.57 g, 2.1 mmol); CO was bub-
bled through the mixture for 40 min in the presence of 4-chlorobenzonitrile
(0.29 g, 2.1 mmol) and the mixture was stirred overnight. Hydrolysis and
extractive workup afforded the crude product which was purified by silica gel
chromatography (hexane/AcOEt 5:1). Yield: 0.28 g (40%) of 46a. R, = 0.30
(hexane/AcOEt 3:1); 'THNMR (300 MHz, CDCl,, 25°C, TMS): 6 =7.4-7.0
(m, 8H, ArH), 5.6 (s, 1 H, =CH), 4.6 (brs, 1H, OH), 4.1 (d.J =12.5Hz, 1H,
NCHH), 3.6 (d, J=12.5Hz, 1H, NCHH/, 3.6-3.5 (m, 1H, CH), 3.5 (dd,
J=11.2,69Hz, 1H, CCHHCH), 29 (s, 3H, CH,}, 24 (d,J =112 Hz, {1 H,
CCHHCH), 2.3-2.1 (m, 2H, CH,CO); *C NMR (50.5 MHz, CDCl,,
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25°C): & = 200.2 (C=0), 150.5, 1503, 139.3, 133.1, 131.6, 131.5, 130.7.
130.1, 128.4, 127.5, 122.1, 118.3 (ArC and C=CH), 86.6 (CO), 57.8 (CH,N).
45.5.34.9 (2CH,C), 42.5, 41.2 (CH,N and CH); IR (neat): ¥ = 3450 (O H).
1670 (C=0) cm "*; HRMS (EI) calcd for C,,H,,CINO,: 353.1183, found
353.1179.

2-(4-Chlorobenzoyl)-2,4,5,6,11,11 a-hexahydro-2-hydroxy-6-methyl-1H-
benzo|b]cyclopent|elazocine (46b): Aminc 40b (0.65 g. 2 mmol) was treated
with rBuLi (2.4 mL, 4 mmol) and [Cp,Zr(Me)Cl] (0.57 g, 2.1 mmol); CO was
bubbled through the mixture for 40 min in the presence of 4-chlorobenzoni-
trile (0.29 g, 2.1 mmol) and the mixture was stirred overnight. Hydrolysis and
extractive workup afforded the crude product which was purified by silica gel
chromatography (hexane/AcOEt 7:1). Yield: 0.26 g (35%) of 46b. R, = 0.22
(hexane/AcOEt 5:1); '"HNMR (200 MHz, CDCly. 25°C, TMS): 0 =%.2
7.1 (m, 8H, ArH), 5.6 (s, 1H, =CH), 4.7 (brs, 1H, OH), 3.3 -3.2 (m, 1 H.
CH), 3.1 (d, J=12.0Hz, 1H, CCHHCH), 3.1- 3.0 (m. 1H. NCHH). 29
(s, 3H, CH;), 2.9-2.8 (m, 1H, NCHH/, 2.75 (dd. J =12.0, 42 Hz, [H,
CCHIICH), 2.5-2.4 (m, 2H, CHHC= and CHHCO), 2.3 (dd, J =14.2,
6.2 Hz, 1 H, CHHCO), 1.7 (dt, / =13.3, 4.7 Hz, 1 H, CHHC=); '3C NMR
(50.5 MHz, CDCIy, 25°C): 0 = 201.0 (C=0), 155.7, 150.4. 139.6. 138.7.
132.0, 131.8, 129.9, 129.1, 128.4, 127.9, 125.2, 121.7 {ArC and C=CH). 87.6
(CO), 60.8 (CH,N), 49.6, 44.0 (CH;N and CH), 45.8. 37.3, 28.8 (3CH,C):
IR (neat): ¥ = 3450 (O H), 1670 (C=0)cm™'; HRMS (EIl) caled for
C,,H,,CINO,: 367.1339, found 367.1348.

3a-Allyl-3,32,4,5,10,10 a-hexahydro-5-methylbenzo[b|cyclopent[e]azepin-

2(1H }-one (47a): Amine 40a (0.53 g, 2 mmol) was treated with /BuLi
(2.4 mL. 4 mmo}) and {Cp,Zr(Me)CI] (0.57 g. 2.1 mmol): CO was bubbled
through the mixture for 40 min in the presence of allyl bromide (0.36 g,
3 mmol) and the mixture was stirred overnight. Hydrolysis and extractive
workup afforded the crude product (1:1.7 mixture of 47a and 48a), which
was purified by silica gel chromatography (hexane;AcOEL 5:1). Yield: 0.08 g
(15%) of 47a. R, = 0.47 (hexane/AcOEt 2:1); "THNMR (300 MHz, CDCl,,
25°C, TMS): 4 =7.2 6.8 (m, 4H, ArH). 5.9-58 (m, 1H. =CH), 5.2-5.15
(i, 2H, =CH,), 3.3(d, J=150Hz, 11, NCHH). 3.0(d, J =142 Hz, i H,
CCHHCO), 2.8 (s, 3H, CH,), 2.8-2.3 (m, 7H. NCHH, CCHHCO, CH.
CCH,CH, CHCHHCO and CHHC=), 2.1 - 2.0 (m, 1H, CHHC=), 2.0 (dd.
J =18.5,10.0 Hz, 1H, CHCHHCO); '*C NMR (50.5 MHz, CDCl,, 25°C):
6 =216.8 (CO), 152.0, 134.2, 131.9, 128.2, 127.2, 120.6, 114.7 (ArC and
CH=CH,). 118.6 (CH,=CH), 61.1 (CH,N), 48.2, 40.9, 40.8, 34.1 (4 CH,C).
45.7 (CCH), 42.1, 40.0 (CH,;N and CH); IR (ncat): ¥ =1740 cm ! (C=0):
HRMS (EI) caled for C, H, ;NO: 255.1623, found 255.1621.

2-Allyl-1,2,4,5,10,10 a-hexahydro-2-hydroxy-5-methylbenzo|b|cyclopent-
[elazepine (48a): Yield: 0.13 g (25%) mixture of diastereoisomers 2:1.
R, = 0.25 (hexanc/AcOEt 2:1). "THNMR (200 MHz, CDCl,, 25°C, TMS):
6=73-70(m, 8H, ArH), 59-5.7 (m, 2H, CH=CH,)}. 5.5 (s, t H, C=CH,
minor diast.}, 5.4 (s, 1 H, C=CH, major diast.), 5.2 5.0 (m,4H, CH=CH,).
3.6-3.5(m, 4H, NCH,}, 3.15-3.05 (m, 2H, CCHHCH), 2.9 (5, 6H. CH,}.
2.75-2.65 (m,2H, CH), 2.6-2.4 (m,4H, CCHHCH and CHHCO),2.4-2.3
(m, 4H, CH,CH=), 1.7-1.6 (m. 3H, OH and CHHCO, minor diast.), 1.6
(dd, J =13.2, 7.2 Hz, 1H, CHHCO, major diast.); *3C NMR (50.5 MHz.
CDCly, 25°C): 6 =151.4, 148.0, 145.4, 134.2, 133.9, 133.5, 132.2, 129.9,
129.7, 1271, 1219, 117.7, 117.5 (ArC, CH=CH, and C=CH). 118.3
(CH,=CH. minor diast.), 118.1 (CH,=CH, major diast.), 82.9 (CO, minor
diast.). 82.8 (CO, major diast.), 58.0 (CH,N, minor diast.), 57.6 (CH,N.
major diast.), 458, 44.5, 38.6 (3CH,C, major diast.), 45.4, 450, 383
(3CH,C, minor diast.), 42.6, 42.5, 42.1 (CH;N and CHCH,); HRMS (El)
caled for C,,H, NO: 255.1623. found 255.1615.
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Bis(trimethylsilyl)ammonium Salts Obtained by Reaction of
Hexamethyldisilazane with TiCl,, ZrCl,, or SnCl,

Regina Bettenhausen, Wolfgang Milius, and Wolfgang Schnick*

Abstract: The reaction of hexamethyldisi-
lazane with TiCl, in CH,Cl, leads to the
formation of [(Me;SiNTICl,),] (3). Ac-
cording to the crystal structure analysis, 3
is an octameric titanium trimethylsilylimi-
do chloride. The mechanism of the forma-
tion of 3 was studied in detail by means of

[(Me,Si),NH,] *[Ti,Cly]~ (5). According
to the crystal structure analysis, protona-
tion of hexamethyldisilazane to give the
cation of 5 causes a significant lengthen-
ing of the Si—N bond from 173.5 to
186 pm. Other tetravalent metal chlo-
rides, such as ZrCl, and SnCl,, also react-

ed with hexamethyldisilazane to yield
bis(trimethylsilyl)Jammonium salts. How-
ever, the constitution of the correspond-
ing anions differs significantly. In the case
of ZrCl,, an anionic chlorotrimethylsi-
lylimidozirconate (6) [(Me;Si},NH,};-
[{CL,ZrCl, Zr(C1)(NSiMe,)},]* ~ was ob-

time-dependent '*N NMR spectroscopy.
[(Me,Si),NTiCl,] was identified as an
intermediate during the formation of
3. Two by-products were identified:
[(NH,),TiCl,] and the hitherto un-
known bis(trimethylsily)ammonium salt

Introduction

Within the framework of a systematic investigation of nitrido
bridges between main group elements and transition metals, we
studied the reaction of disilazanes with metal chlorides. Recent-
ly, we obtained [Cl,Ti{N(SiMe,Cl)(SiMe,NH,)}] (1) by the re-
action of ClMe,SiNHSiMe, with TiCl, [Eq. (1)].1!

2(IMe,SiNHSiMe, + TiCl, —>
[C1,Ti{N(SiMc,CD(SiMe,NH,) + 2Me,SiCl - (1)
1

Seyferth et al. have described a precursor with the supposed
formula [Me,SINHTICl,], which should be formed by the reac-
tion of Me,;SiNHSiMe, with TiCl,, and which might be valu-
able for the fabrication of thin films of titanium nitride on
alumina substrates by a single dip —coat—fire sequence.’?! A de-
tailed investigation concerning the structure and the mechanism
of formation of this precursor also seems to be important for the
development of novel precursor compounds for ceramics in the
Ti—-N-Si system. As an unexpected by-product of this reaction
we have now synthesized the hitherto unknown bis(trimethylsi-
lylJammonium salt [(Me,Si),NH,]*[Ti,Cl] (5).

[*] Prof. Dr. W. Schnick, Dipl.-Chem. R. Bettenhausen, Dr. W, Milius
Laboratorium [iir Anorganische Chemie der Universitit
D-95444 Bayreuth (Germany)
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tained, while SnCl, reacted to give a
novel spiro anion [N(SnCl,),(SnCl,),-
(NSiMe,),(NH),]~ together with the
bis(trimethylsilyl)ammonium ion in 7;
this anion is the first species containing a
tetrastannylated nitrogen.

Results and Discussion

Dropwise addition of hexamethyldisilazane (HMDS, 2) to a
precooled solution of TiCl, in CH,CI, leads to the formation
of a yellow solution from which a yellow solid precipitates
after warming to RT. The solid, which mainly consists of
[(NH,),TiCl], was removed by filtration. Partial evaporation
of the solvent and cooling for several days at —20 °C produced
red crystals of [(Me,;SiNTiCl,),]-0.3CH,Cl, (3-0.3CH,Cl,)
[Eq. (2)].

8 Mc,SiNHSiMe, + 8TiCl, ——

2
[(Me;SiNTICL,),] +8Mc,SiCl +8HCI 2)
3

An analysis of the crystal structure (Table 1) revealed an oc-
tameric trimethylsilylimido titanium dichloride (3). The mono-
meric units are linked by Cl bridges (Figurc 1). Additional sol-
vent molecules (CH,CIl,) were found in the crystal structurc. An

CI\ ziMeg Cl
Ti > Ti
sime, o~/ N SiMes
||q / cl SiMe, | \ "‘
cIFi ~. Ny Nticl,
N \CI\m cn/CI \r.q/
\ .
SiMe; \\ lees // SiMe;
Ti<l T
o NN
SiMe;
Figure 1. Octameric [(Me;SINTICI,)4] (3).
00947-6539970308-1337 § 17.50+ 50{0 1337






FULL PAPER

W. Schnick et al.

Table 1. Details of the crystal structure analysis for 3, 5.6, and 7. All data were obtained with a Siemens P4 four-circle diffractometer using Moy, radiation (4 =71.073 pm.

graphite monochromator).

3 5 6 7

formula Co H-CLNGSILTI 0.3CH L, CHL CIONSIL T, CyH CLNGSIZr -0.5CHL,CL, CLH,CL NGSiLSn, - 0.5CH,CL,

M, 1648 577.26 1356.37 1589.30

crystal system monoclinic monoclinic monoclinic triclinic

space group P2 fn (no. 14) P2 ic (no. 14) P2, im (no. 11) PT (no.2)

« (pm) 1827.1(2} 1051.24(5) 1858.4(4) 1166.73(9)

b {pm} 2095.2(2) 1558.34(7) 1515.6(3) 1433.49(%)

¢ (pm) 2151.5(2) 1493.26(7) 220894 1677.95(10)

2 () 71.884(5)

By 95.43(2) 110.215(4) 105.21(3) 71.139(5)

w0 71.358(6)

1 (10° pm*) 8199.3% 2295.6(2) 6003.6(21) 2448.0(3)

z 4 4 4 2

P (2EmM ™) 1.335 1.670 1.501 2.156

F(O00) 3328 1152 2688 14%6

absorption coefficient (mm™") 1.53 1.837 1.436 3.89

T(K) 293 173 293 173

crystal size [mm?] 0.60 x 0.40 x0.14 0.20x0.25x0.35 0.35%0.25x0.18 0.45%x0.25%0.20

range (7) 2<220<55" 4<20<50 3<20<50° 3<20<350°

hkd —1<h<23 ~1<h<12 —1<h<22 -1<h<13
—1<kg27 —1<k<16 —1<k<i18 —16<k<16
—27<(<27 —17<i<17 —26</<25 —19</<19

scan type [ [0} w w

total no. reflns 21970 5017 12885 9910

independent reflns 18590 (R,,, = 0.056) 3963 (R, = 0.020) 10874 (R, = 0.038) 8528 (Ri, = 0.031)

observed reflns

refined parameters
corrections
absorption correction

6254 (F,z 30(F,))

567
Lorentz, polarization
empirical (Y-scans)

3961 (FF=00(F2)
(011, 002 suppressed)
148

Lorentz, polarization
empirical (f-scans)

10874 (F2>00(F2))
404

Lorentz, polarization
empirical (f-scans)

8528 (F7=00(F}))
384

Lorentz, polarization, extinction
empirical (yr-scans)

min. /max. transmission ratio 0.560,0.965 0.424/0.488 0.506/0.618 0.167/0.253
min./max. residual electron --0.86/1.77 —0.455/0.57 —0.951/1.648 —0.878/3.01
density [eA ™)
extinction coefficient 0.00008 (2) 0.0040(2)
GOF 1.21 1.032 1.016 1.167
R indices (ali data) R = 0.1143 (against F,) R1 =0.0428 R1 = 0.087 (F,=4a(L)) Rt = 0.0388
wR = 0.0752 WwR2 = 0.0703 wR2 = 0.2257 (F2 2> 20(F2)) wR2 =0.0953
(w™ ' = g¥(F} + 0.000005 F£2)
analogous solvent-free compound has already been reported by 8(Me;Si);N + 8TiCl, ——» [(Me,SiNTICl,),]) + 16 Me,SiCl 3)
Strahle et al. from the reaction of (Me,Si);N and TiCl, 3

[Eq. (3)].7* In both compounds the molecule 3 shows nearly

Abstract in German: Die Reaktion von Hexamethyldisilazan
{HMDS) mit TiCl, in Dichlormethan fithrt zur Bildung von
[ (Me SiNTICL, )] (3). Nach dev Rontgenstrukturanalyse lift
sich 3 als oktameres Titan(trimethylsilylimid) chlorid beschrei-
ben. Durch '*N-NM R-Spektroskopie wurde der Reaktionsme-
chanismus untersucht und [ ( Me,Si) ,NTICl,] als Zwischenpro-
dukt identifiziert. [(NH,),TiClg] und das bis jetzt unbe-
kannte Bis( trimethylsilyl)ammonium-Salz [ (Me,Si),NH,]"-
[ Ti,Cl,] ™ (5) sind Nebenprodukte dieser Reaktion. Die Proto-
nierung von HM DS fiihrt laut Rontgenstrukturanalyse im Kation
von 5 zu einer signifikanten Verlingerung der Si— N Bindung von
173.5 auf 186 pm. Auch andere Chloride vierwertiger Metalle
reagieren mit HMDS unter Bildung von Bis(trimethylsilyl)-
ammonium-Salzen. Im Falle von ZrCl, bildet sich das Chlortri-
methylsilylimidozirconat [{(Me,Si),NH,} |5 [{CLLZrCl,Zr(Cl)-
(NSiMe; )}, [°7(6), und bei der Umsetzung von SnCl, mit
HMDS entsicht 7, das neben dem Bis( trimethyisilyl)ammonium-
fon das Spiro-Anion [ N(SnCl;),(SnCl, ), (NSiMe,),(NH), ]~
enthdlt. Das Salz 7 ist das erste Beispiel fiir eine am Stickstoff-
atom tetrastannylierte Verbindung.

1338 —— € VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

the same conformation and coordination for all atoms;
however, the packing of the molecules in the solid differs signif-
icantly.

Time-dependent '*N NMR investigations (Figure 2) of the
reaction between HMDS and TiCl, reveal the intermediate for-

\
ppm 200 0 -200 -400
Figure 2. Time-dependent '*N NMR spectra monitoring the reaction of HMDS
and TiCl, (1:1) in CH,Cl,. & = — 353 (HMDS). +26 [{(Me,8i),NTiCl,)]. +264

[(Me;8iNTiCl,),]). Measurements after 0. 4, 8, 12, and 16 minutes (from bottom to
top).
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mation of [(Me,Si),NTiCl;] (4) [Eq. (4)]. The unambiguous

Me,SiNHSiMe, + TiCl, —-» [(Me,Si),NTiCl,] + HCI (4)
4

identification of 4 by '*N NMR was possible aller a straightfor-
ward, independent synthesis of [(Me,Si),NTiCl,] according to
Equation (5).M

[(Me,Si),N],Pb + 2 TiCl, — PbCl, +2[(Me,Si),NTiCl,] (5)
4

In a subsequent reaction, 4 climinates Me,SiCl with forma-
tion of [Me,SiNTiCl,], which is detectable by '*N NMR after
10 min. However, spectroscopy did not reveal any evidence as to
whether [Me,SINTiICl,] forms dimers or higher oligomers in
solution. Solid-state 2°Si MAS NMR (Figurc 3) of the octa-

15 10
25 20 oo

Figure 3. 2Si CP MAS NMR spectrum (39.76 MHz) of [(Me,SiNTICl,),]
(3-CH,Cl,) (v, = 2.6 KHz, repetition time 4 s, contact time 4 ms, pulse length
29Si/'H 6 ps).

meric [(Me;SiNTiCl,),] shows four broad signals which corre-
spond to the eight distinguishable crystallographic Si sites in the
solid, owing to the approximate mirror symmetry of the mole-
cule 3.

An essential by-product of the reaction between HMDS
and TiCl, [Eq.(2)] is HCI; this leads to the formation of
[(NH,),TiCl] in a side reaction [Eq. (6)]. A further by-product
of the reaction between HMDS and TiCl, is the hitherto un-
known Dbis(trimethylsilyl)ammonium salt 5, which forms
according to Equation (7). Yellow crystals of § were obtained

2Me,SiNHSiMe, + 6 HCI + TiCl, — - [(NH,),TiCl,] + 4 Me,SiCl  (6)

Me,SiNHSiMe, + HCI + 2TiCl, ~—— [(Me,Si),NH,]*[Ti,Cl,] (7
5

approximately 15 min after combining an equimolar mixture of
HMDS and TiCl, at —78°C and warming to RT. The single
crystals of 5§ have to be isolated quickly after their formation as
they are rather sensitive to moisture. Rapid transfer of the crys-
tals to the four-circle diffractometer operating at —100°C is
necessary in order to avoid decomposition.

According to the crystal structure analysis (Table 1), 5 con-
tains the novel bis(trimethylsilyl)Jammonium cations and
[Ti,Cly]” anions (Figure 4). The Si—N bonds in the cation
(average 186 pm) are significantly lengthened compared to
non-protonated Me,SiNHSiMe, (173.5 pm).I°} Protonation of
HMDS results in a positive polarization at N that leads to a
significant destabilization of the Si—N single bonds (calculated

Chem. Eur. J. 1997, 3, No. 8
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Ci9)

Figure 4. [(Me,Si),NH,]" and [Ti,Cl,]” ions of 5 in the solid state. Selected bond
lengths (pm) and angles (°): Si—N 185.9(2) and 186.0(2). Si-N-8i 128.3(2): Ti—
Cliern 219.7(1) - 222.5(1), Ti—Cl, 14y, 248.0(1)~ 255.6(1). The hydrogen positions at
N were located unambiguously during the X-ray structure analysis.

length 180 pm).!®! As expected, the Si-N-Si angle in the cation
(128.3(2)) is slightly larger than that in HMDS (125.5(2)").1%
The hydrogens on the nitrogen were located unambiguously by
X-ray structure analysis. The solid-state 2°Si MAS NMR spec-
trum of 5 has one signal at 8 = + 32 (Figure 5), the ?°Si nucleus
is typically deshielded (e.g. 6 of HMDS: +2.4) in the neighbor-
hood of a quaternary nitrogen atom.

50 45 40 35 30 25 20 15 10
ppm

Figure 5. 2°Si CP MAS NMR spectrum (39.7 MHz) of [(Me,;Si),NH,] *[Ti,Cl,;]~
(5) (v, = 2.6 KHz, repetition time 4 s, contact time 4 ms, pulsc length 2°Si/'H 6 ps).

There have been no reports in the literaturc of any evidence
for the existence of bis(trimethylsilyl)ammonium salts. Thus,
the question arose: is the formation of the salt § a unique pecu-
liarity or is this reaction applicable to other metal chlorides? To
our surprise, the reactions of HMDS with ZrCl, or even SnCl,
also lead to the formation of novel bis(trimethylsiiyl)-
ammonium salts. However, the constitution of the correspond-
ing anions differed significantly in each case.

Dropwise addition of HMDS to a suspension of ZrCl, and
CH,Cl, at room temperature lead to the formation of the
bis(trimethylsilyl)ammonium salt 6 [Eq. (8)], which is obtained
as colorless crystals.

4Me,SiNHSiMe, + 4ZrCl, —-- 2Me,SiCl +

[(Me,Si),NH 3 [{C1,ZrCl Zr(CH(NSiIMe )}, 12
6

8)

According to the crystal structure analysis (Table 1), an an-
ionic chlorotrimethylsilylimidozirconate anion is formed along
with the [(Me,;Si),NH,]" ions (Scheme 1, Figure 6). The four-
membered ring Zr,(NSiMe,),, the central structural feature of
the anion, and its p-chloro bridges between Zr atoms show

0947-6539197/0308-1339 8 17.50+.50/0 1339
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Figure 6. [{Cl,ZrCl,Zr(CI)(NSiMe,)},]*~ don in the crystal structure of
6-0.5CH,Cl,.

similarities to 3, obtained from the analogous reaction of

HMDS with TiCl,. Accordingly, the synthesis of 6 includes

elements of the formation of both the octameric trimethylsi-

lylimido titanium dichloride (3) and thc bis(trimethylsi-
lyl)ammonium salt (5).

Solid-state 2?Si MAS NMR spectroscopy of 6 (Figurc 7)

shows signals at § = + 32 and — 1.8 which, in accordance with

5, must be attributed to

the [(Me,Si),NH,|"

ions (0 = 32) and the

N(SiMe,) groups in

the anion (6 = —1.8),

respectively. In con-

trast to the uncharged

octameric molecule 3,

the 2°Si nuclei in the

anion of 6 are signifi-

40 55 ) 30 cantly shielded.
ppm Not only did chlo-
Figure 7. 2°Si CP MAS NMR spectrum rides of tetravalent

(39.7 MHz) of [{Me;Si),NH,]; [{Cl,ZrCl,Zr- transition metals, such
CIY(NSiMe;)},)? " (6:0.5CH,Cly); o= + 32 . .
(o i RV as TiCl, and ZrCl,,

(IMe,Si),NH,]*).  —1.8 (NSiMe,) (v, =
2.6 KHz, repetition time 4 s, contact time 4 ms, yield  bis(trimethylsi-
pulse length *Si/'H 6 ). lyDammonium  salts
during reaction with
HMDS, but thc main-group metal chloride SnCl, did as well.
Dropwise addition of HMDS to a precooled solution of SnCl,
in CH,Cl, led to the precipitation of a white solid after warming
to room temperature. After removal of the solid by-product by
filtration, the solution was left to stand for several weeks to
produce colorless crystals of 7 [Eq. (9)].

6Me,SiNHSiMe, + 6SnCl, ~— $§Me,SiCl + 2HCI +

[(Me,Si),NH,] ' [N(SnCl,),(SnCl,) (NSiMe,),(NH),]~ C)]
7

1340
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The crystal structure analysis (Table 1) revealed a novel spiro
anion (Scheme 2, Figure 8), together with [(Me,Si),NH,]*
ions. The rings of the anion are formed by alternating Sn and N
atoms. The resulting distances Sn—N (200.0(6) to 229.4(6) pm)
are comparable to Sn-N single bonds (214 pm).l”! Both
NSiMe; groups represent fragments of the starting material
HMDS.

Cly cly

Sn Sn _l
Me;,SiN/ \N/ \NSiMe;,

Cl3Sn_ _SnCl,

CIZSn\N//\\N/SnCIz
H H

Scheme 2. Structure of the spiro anion in 7.

Figure §. Complex spiro anion in 7. Selected bond lengths (pm): N4-SnCl,
208.7(6) and 209.0(6), N4-SnCl; 226.9(6) and 229.4(6), N3-SnCl, 200.0(6) and
200.8(7). N5-SnCl, 200.2(7) and 200.8(7), N1-8SnCl, 206.6(6). N1-SnCl,
217.3(6) and 219.2(6), N2-SnCl, 205.4(6), N2--SnCl, 217.9(6) and 219.3(6).
N3-SiMe, 176.9(6). N5 SiMe, 176.9(7). Sn-Cl 230.0(2) to 239.6(2).
ClySn -~ SnCl, 309.1(1).

The quaternary nitrogen atoms N1, N2, and N4 possess a
formal positive charge (ammonium) and are not directly bound
to Si. Nevertheless, all of them must have been formed by sub-
stitution of SnCl, and SnCl, groups to Me,SiNHSiMe, under
complete elimination of Me,SiCl during the complex formation
of the spiro anion. Accordingly, HMDS acts as a synthon for
nitrogen in the framework of alternating Sn and N atoms of the
anion. To the best of our knowledge compound 7 represents the
first example of a tetrastannylated nitrogen.

Conclusion

For the first time, firm evidence for the existence of bis(tri-
methylsilyl)ammonium salts has been obtained. The formation
of this cation, which had remained unnoticed in the reaction
between hexamethyldisilazane and TiCl,,"®! has been investigat-
ed thoroughly. An essential prerequisite for the synthesis of the
[(Me,Si),NH,]* ions seems to be the elimination of HCl during
the initial reaction of TiCl, with (Me,Si),NH. Apparently, the
insolubility of the solid bis(trimethyisilyl)ammonium salt is a
further prerequisite for its formation, while [(Me,Si),NH,]*
would presumably deprotonate in solution. According to our
results, the bis(trimethylsilyl)ammonium salts only form during
the reaction between HMDS and an appropriate metal chloride
(e.g. TiCl,, ZrCl,, SnCl,), whilc a simple reaction of HMDS
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with an acid did not yield them. Essentially, the metal chloride
must be able to form stable chloro complexes. However, the
formation of strong bonds between the metal and nitrogen com-
petes with the metal—Cl bonds. In the case of SnCl,, Sn—N
bond formation gave quaternary N (ammonium). This repre-
sents the first tetrastannylated nitrogen.

No evidencc for the existence of simple silylammonium ions
with the formula [(R,Si),NH,_,]* with n =14 has been ob-
tained in the past.’®! Obviously, Me,SiNH, is too unstable to
undergo protonation and easily forms HMDS," ! while in the
case of (Me,Si),N the gain in energy on formation of the ammo-
nium ion is small with respect to the energetically unfavorable
increase in steric repulsion.

Recently, the first bis(trimethylstannyl)ammonium salt
[(Me,Sn),NH,]*[SnMe,Cl,]” has been characterized.!' !

Experimental Section

General techniques: All reactions were performed under Ar with standard
Schlenk techniques. CH,Cl, was refluxed with P,O,, and distilled prior to
use. '*N NMR spectra were recorded at 18.1 MHz on a Bruker ARX250
spectrometer and are referenced to neat CH;NO, as an external reference.
29Si and '*C NMR spectra were recorded at 49.7 MHz and 62.9 MHz, re-
spectively, on the same spectrometer and are referenced to TMS as an exter-
nal standard. 2°Si CPMAS NMR spectra were recorded at 39.76 MHz on a
Bruker MSL 200 and are referenced to TMS as an external standard. Infrared
spectra were obtained on a FT--IR Bruker IFS 66v spectrometer (KBr pel-
lets).

|(Me,SiNTiCl,),] (3): Hexamethyldisilazane (8.6 g, 54 mmol) was added
dropwise at —78°C to a solution of TiCl, (10.4 g, 54 mmol) in CH,Cl,
(50 mL). The mixture was allowed to warm to RT and the yellow precipitate
was removed by filtration. The filtrate was concentrated to 30 mL and red
crystals were obtained from the solution at —20°C. After recrystallization
from CH,Cl, 3 (5.2 g, 3.1 mmol) was isolated in 47% yicld. 'HNMR
(CD,Cly): 6 =042 (s); *C NMR (CD,Cl,): § =167 (s); '*“N NMR
(CD,Cl,): 6 =264 (s); 2°Si NMR (CD,Cl,, 37°C): § =16 (s); IR (KBr,
4000-400 cm '): ¥ = 2958/2898 (w, v CH,), 1409 (w, é,, H,C-Si), 1252 (s,
6, H,C-Si), 843 (vs, p C-Si), 820 (vs, v Si—-N-Ti), 764 (s, p Me-Si), 664
s (v, SiCy), 438/478 cm™ ! (w, v Ti-Cl).

Time-dependent '*N NMR investigation: Hexamethyldisilazane (64 mg,
0.4 mmol) was added at —78 °C to a solution of TiCl, (86 mg, 0.45 mmol) in
CH,CI, (1 mL). The mixture was allowed to warm to RT for a few minutes
and then measurements were started and repeated cvery 4 minutes.

[(Me,Si),NH,1*[Ti,Clg]~ (5): Hexamethyldisilazane (0.45 g, 2.7 mmol) was
added dropwise at — 78 °C to a solution of TiCl, (0.5 g, 2.7 mmol) in CH,Cl,
(1.5mL). The mixture was allowed to warm to RT without stirring. The
solution was then cooled to —78°C for a few minutes. After repeating this
procedure twice, yellow crystals were obtained. The solution was decanted
quickly and the crystals were dried. Yield: 0.5 g, 0.8 mmol, 57% of 5. IR
(K Br, 4000-400 cm™'): ¥ = 3187/3155 (s, v NH,), 2960 (w, v CH,), 1526
(w, d NH,), 1403 (w. d,, H,C-Si). 1264 (s, 6, H,C-Si), 850 (vs, p C-Si),
761 (s, p Me-Si), 421/441cm™! (w, v Ti-Cl); anal. caled for
[(Me;Si),NH,]*[Ti,Cl]~ (577.26): C 12.41, N 2.43, Cl 55.19, Ti 16.58,
S19.7; found C 13.1, N 2.71, Ci 55.4, Ti 15.9, Si 9.06.

1(Me,Si),NH, |7 [{Cl,ZrCl, Zr(CI{(NSiMe,)},I* ~ (6): Hexamethyldisilazane
(1.4 g, 85mmol) was added dropwise to a suspension of ZrCl, (2 g,
8.5 mmol) in CH,Cl, (14 mL). The mixturc was stirred at RT for 24 h and

the white precipitate was removed by filtration. Crystals were obtained from
the solution after several weeks at RT. After isolation of the crystals, the
filtrate was concentrated to 7 mL and 6 was finally obtained (0.5 g. 0.4 mmol)
in 20% yield. IR (KBr, 4000-400 cm '): ¥ = 3153 (m, v NH,), 2958 (w,
v CH;). 1526 (w. 6 NH,), 1404 (w, 8, H;C~S1), 1266 (s, 6, H,C -Si), 845 (vs.
p C-51), 870 {s. v Si-N-Zr), 746 (s, p Me  S1), 651 (s, v SiC,), 420 cm ™' (w,
v Zr—Cly. ’

[(Me,Si),NH, | *[N(SnCl,),(SnCl,),(NSiMe,),(NH),| ™ (7): Hexamethyldis-
ilazane (2.3 g, 14 mmol) was added dropwise at —78 “C to a solution of SnCl,
(3.6 g, 14 mmol)in CH,Cl, (14 mL). The mixture was allowed to warm to RT
and the white precipitate was removed by filtration. Crystals were obtained
from the solution after several weeks at RT. After isolation of the crystals, the
filtrate was concentrated to S mL and 7 was obtained (0.2 g, 0.1 mmol) in
10% yield. IR (KBr, 4000-400 cm™"): ¥ = 3226/3200 (s, v NH,), 2953 (w, v
CH,), 1523 (w, d NH,), 1415 (w, 5,  H;C Si), 1254 (s, 6, H,C-Si), 845 (vs,
p C=8i), 657 (s, v SiCy), 605 (w, v,, N—-Sn), 458 cm ™' (s, v, N-Sn).

Crystal structure determination (see also Table 1}: Crystals of 3. 5, 6, and 7
were sealed in a glass capillary under inert gas (Ar). The final unit cell
parameters were refined on the basis of at least 40 high angle reflections,
equally distributed in the reciprocal space. All structures were solved by
applying direct methods using the programs SHELXTL V.5.03 (5, 6, 7) and
SHELXTL-PLUS V.4.2 (3). The crystal structures were refined by full-ma-
trix least-squares against F2 using SHELXTL V.5.03 (5, 6, and 7) and against
F for compound 3 (SHELXTL-PLUS V.4.2). The hydrogen atoms on the
nitrogens of the anion in 7 and the cation in § were located by difference
Fourier syntheses. The remaining hydrogens were calculated in ideal posi-
tions. All hydrogens were refined with fixed U values by means of the riding
model. The non-hydrogen atoms, except those which are in split positions,
and the C atoms C7, C14, C19, C21-C24 in compound 3 were refined with
anisofropic temperature factors. Because of disorder in the anion, the cation,
and in the solvent molecules of compound 6, the quality of the reflection data
was poor. Therefore, despite the unequivocally correct molecular topology
and conformation, we will not discuss the bond lengths and bond angles.

Further details of the crystal structure investigation may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshalen
(Germany) on quoting the depository numbers CSD-406592 (3), CSD-
405897 (5), CSD-406 590 (6), and CSD-406 591 (7), respectivcly.
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1,2-cis-C-Glycoside Synthesis by Samarium Diiodide-Promoted

Radical Cyclizations

Troels Skrydstrup,* Daniel Mazéas, Mohamed Elmouchir, Gilles Doisneau,
Claude Riche, Angéle Chiaroni, and Jean-Marie Beau*

Dedicated to Professor Hans Paulsen on the occasion of his 75th birthday

Abstract: The samarium diiodide reduction of glycosyl pyridyl sulfones bearing a sili-
con-tethered unsaturated group at the C2-OH position leads to the stereo-
specific synthesis of 1,2-¢is-C-glycosides in good yield after desilylation. These reactions

proceed via an anomeric radical with subsequent 5-exo cyclization. Unlike the corre-
sponding glycosyl phenyl sulfones, the pyridyl derivatives react instantaneously with
samarium diiodide and do not require a cosolvent such as hexamethylphosphoramide

Keywords
aryl sulfones - glycosides -
reactions * samarium

radical

(HMPA). Under these reaction conditions radical cyclization precedes the second re-
duction step. Examples of 5-exo-trig and -dig ring closures are given. The synthetic
utility of this method was demonstrated by a short synthesis of methyl C-isomaltoside.

Introduction

With over 100 years of experience in O-glycosylation reactions
involving cyclic oxonium ion intermediates, organic chemists
are now able to construct almost any naturally occurring O-gly-
coside efficiently and stereoselectively by the judicious choice of
certain factors such as the C2 functionality of the glycosyl
donor, the C1-activating group, the promoter, or the type of
solvent.*!

In the last ten years O-glycoside mimics known as C-gly-
cosides, in which the interglycosidic linkage has been replaced
by a methylene group, have attracted considerable interest ow-
ing to their inherent stability to hydrolysis (chemical or enzy-
matic) and because their conformational preferences are similar
to those of the corresponding parent O-glycoside,'?! suggesting
their potential as biological tools.t*! However, no general syn-
thetic stratcgy has yet been devised that provides facile and
stereocontrolled access to a large body of such compounds by
means of a simple set of rules as in O-glycoside synthesis. Most

[*] Dr. T. Skrydstrup, Prof. Dr. J.-M. Beau, M. Elmouchir, Dr. G. Doisncau
Laboratoire de Synthése de Biomolécules, URA CNRS 462
Institut de Chimie Moléculaire, Université Paris-Sud
91405 Orsay Cédex (France)

Fax: Int. code +(1)6985-3715

e-mail: skrydswricmo.u-psud.fr

D. Mazéas

Institut de Chimie Organique et Analytique

Université d’Orléans

45067 Orléans Cédex 2 (France)

Dr. C. Riche. Dr. A Chiaroni

Institut de Chimie des Substances Naturelles, UPR CNRS 2301
91190 Gif-sur-Yvette (France)
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synthetic strategies were aimed towards a particular structure
and hence are not applicable to the synthesis of other C-gly-
cosides.!!

In 1989, De Mesmaeker et al. provided a partial solution for
a general approach to C-glycosides by employing intramolecu-
lar free-radical cyclizations for the stereocontrolled preparation
of 1,2-cis-C-glycosides under mild conditions.*! Although inter-
molecular addition of glycosyl anomeric radicals to olefins were
known at the time, mainly through the work of Giese et al..'*!
a-C-glycosides are preferentially formed owing to a configura-
tionally biased anomeric radical!%! In addition, the fact that
activated olefins are required to give acceptable coupling yields
limits the applicability of this methodology. De Mesmaeker et
al. suggested the use of a connector between the C2 hydroxyl
group and the acceptor which, because of the geometric require-
ments for cis-ring fusion in tin-hydride-based 5-exo-radical cy-
clization, allows one to efficiently prepare o- or f-C-glycosides,
depending on the configuration of the directing C2 hydroxyl
group, even with unactivated olefins.I*! The Ciba-Geigy group
has developed an acetal connection which, after cyclization, can
be modified to liberate the linking hydroxyl functionality
(Scheme 1a). This strategy was later refined by Stork et al., who
used silicon as the tethering atom.!”! Radical cyclizations onto a
dimethylsilyl-tethered phenylacetylene werce investigated for se-
ries of sugars and gave the desired 1,2-cis-C-glycosides in high
yield after removal of the tether (Scheme 1b). An interesting
adaptation of the silicon-tethered approach was provided by
Sinay et al. for the synthesis of C-disaccharides by employing 8-
and 9-endo radical cyclizations with the readily prepared silaac-
etal connectors.!®! These reactions (Scheme 1¢) are surprisingly

0947-6539/97/00308-1342 8 17.50 + 500 Chem. Eur. J. 1997, 3, No. &





1342-1356

a} De Mesmaeker et al. fref. 4]

B
Bn@o Q BugSnH Bn(;10 Q
BnO SePh AIBN BnO
(e} (e}
BN 89%
MeQ N MeO
b) Stork etal. fref. 7]
BnO BnO EZ
1) BugSnH Q .
BnO O 3 BnO 10:1
Bn&&ef’h AIBN BnO o)
0 2) BuyNF HO S )

-9 83%
N Ph
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c) Sinay etal. [ref. 8]

BnO
BnO Q
BnG SePh
0]
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0.\ 0Bn OMe
OMe

Scheme 1. Previous C-glycoside syntheses by the tethering approach.

efficient in view of the medium-sized ring intermediates formed,
although it is not always casy to predict the stereochemical
outcome at the newly formed C—C bond. The efficiency and the
stereochemistry at the anomeric center are critically dependent
on the hydroxyl protecting groups of the acceptor and donor as
well as the position of the silicon link.

When we began these studies at the end of 1992, we decided
to explore the Stork approach for the stereocontrolled construc-
tion of more complicated 1,2-cis-C-glycosides, and, in particu-
lar, whether it could be applied to the synthesis of C-disaccha-
rides. Most of the above-mentioned intramolecular radical
cyclizations use tributyltin-hydride-promoted reductions of sc-
lenoglycosides. This led us to explore other possibilities for the
generation of an anomeric radical. In recent years, several
groups have successfully used the onc-electron reducing agent
samarium diiodide to promote 5-exo-radical cyclization of suit-

ably functionalized alkyl and aryl
Q
msow Smig
?
[ R

halides or ketones.”- 191 Several

reports on the applicability of

Sml, for reductive desulfonation i
of alkyl aryl sulfones™ ! suggested Ty T
that this divalent lanthanide spe- A
cies may be suitable for the gener-
ation of an anomeric radical from
a glycosyl aryl sulfone.!*?!

Here we demonstrate that the
silicon-tether approach is not only
compatible with SmI,-based radi-
cal cyclizations for the stereo-
specific synthesis of 1,2-cis-C-gly-
cosides, but also a promising and
simple alternative to the tin-hy-

Chem. Eur. J. 1997, 3, No. §

& VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

dride-based chemistry that avoids the sometimes tedious purifi-
cation procedures of the latter. We then used this method for the
first synthesis of a C-disaccharide by silicon-tethered 5-exo rad-
ical cyclization.!'

Results and Discussion

Scheme 2 outlines the principle of this strategy for the synthesis
of C-glycosides starting from the appropriately functionalized
glycosyl aryl sulfone A. It is well known that one-electron trans-
fer to the LUMO of the aryl sulfone moiety results in cleavage
of the anomeric C—S bond with liberation of an anomeric rad-
ical."'*1 For efficient C-glycoside formation the rate of 5-exo-cy-
clization must be fast compared to the second, Sml,-promoted
electron-transfer step.'*! If this condition is fulfilled, the newly
formed exocyclic carbon radical B will either abstract a hydro-
gen atom from the ether solvent (C=C) or undergo a second
reduction to give an alkylsamarium species (C—C). In constrast,
if the cyclization is inefficient, competing reduction of the
anomeric radical Icads to the glycosylsamarium species C with
probable concomitant f-climination of the C2 heteroatom to
give the corresponding glycal.l' Removal of the silicon tether
should then be possible with previously published procedures
for the cleavage of C-Si bonds.!'®

We examined the glucosyl and mannosyl phenyl sulfones 1
and 2 for three reasons. First, the gluco and manno series were

1a R=CH=CH2
1b R=CCPh

2a R =CH=CH,
2b R =CCPh

chosen for their opposing C2 configurations, which allow the
efficiency of both - and f-C-glycoside formation to be evaluat-
ed. Secondly, the differing degrees of unsaturation not only
permitted a direct comparison of the cfficiency of S-exo-irig
versus S-exo-dig cyclization, but also with results obtained by

Q . Sml, then H*
cyclization or
—_ - — -
Q ky H-transfer

1
- Si—==—R

B
Smiy | k2
0 - RMe,SioSmi, 0
> =
(|) Sml,
—=R

—$i

c

Scheme 2. Principle strategy for the synthesis of 1.2-cis-C-glycosides from glycosyl aryl sulfones.
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Stork et al.l’1 for the tin hydride procedure. Finally, the phenyl
sulfone group was chosen for ease of preparation and with re-
gard to its previous use for the generation of C1 anions by
reductive lithiation.' ™

Synthesis and cyclization studies with the glycosyl phenyl sulfones
1 and 2: The preparation of the desired glycosyl phenyl
sulfones 1 and 2 started from the cyclic orthoesters 3 and 6
(Scheme 3).1'8:1°) The mannosyl orthoester 3 is particularly

M
\_OMe
BnO OK
D-Mannose - Bno"%o
BnO

3 (m.p. 76-78°C)

PhSH
80% | CICH,CH,CI
83°C

1) MCPBA/NaHCO;

BnO OH CHoCls, 0°C BnO OAc
BnO 0 2T pyo -Q
BnO 2) MeONa/MeOH ~ BnO
SO,Ph 74%, 2 steps SPh
5 (m.p. 136°C) 4
AW
R = HC=CH,, CCP| i
(see text) Ci
TEA, DMAP
2a (89%)
2b (80%)

1) PhSH, CHaNO,,  gnoy

BnQ
BnQ O 101°C Bno%
B _— h
no 2)MeONa/MeOH 070 SP

OH
/CQO 76%, 2 steps
OMe 7
6
o, | MCPBA/NaHCO;
9% | CH,Gl, 0°C
\Sg“
.Si.,
1a (72%) cr R Bn%”o o
ib (86%) R._ HC=CH,, CCPh BnO SO,Ph
(see text) OH
TEA, DMAP
8

Scheme 3. Preparation of glycosyl phenyl sulfones 1 and 2 from cyclic orthoesters
3 and 6.

convenient due to its high
crystallinity and facile
five-step preparation [rom
mannose without purifica-
tion in any of the interme-
diate steps. Treatment of 3
with  thiophenol under
Lewis acid catalysis
(BF;-Et,0) in CH,CI, at
0 "C resulted in the forma-

a)
Energy

Sml, —1—
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tion of numerous products including the desired phenyl
sulfide 4.

By simply refluxing a solution of the orthoester with
1.3 equivalents of thiophcnol in 1,2-dichloroethane, an 80%
yield of the phenyl thio-a-p-mannopyranoside 4 was obtained.
Sulfide to sulfone oxidation was performed with m-chloroper-
oxybenzoic acid (MCPBA) in CH,Cl, at 0°C followed by
deacetylation under standard conditions to give the crystalline
mannosyl phenyl sulfone 5 (m.p. 136°C) in 74% yield. The
glucosy! phenyl sulfone 8 was prepared analogously from or-
thoester 6. Compound 6 proved rather resistant to phenyl sul-
fide introduction by the above method and requires hot ni-
tromethane rather than dichloroethane if good yields of the
f-thioglucoside are to be obtained.

Treatment of 5 or 8 with dimethylvinylsilyl chloride and tri-
ethylamine (TEA) in CH,Cl, at 20 °C required the presence of
4-dimethylaminopyridine {DMAP) for effective silylation to af-
ford formation of acyclic precursors 1a and 2a. The silyl ethers
were purified quickly on a silica gel column as some signs of acid
instability were observed with all the silicon-tethered glycosyl
aryl sulfones discussed below. Silylation of 5 or 8 with an
alkynyldimethylaminosilane according to the procedure of
Stork and Keitz?% failed to introduce a tethered alkyne group
and only led to the recovered alcohol. In a search for an alterna-
tive approach we found that rapid addition of a large excess of
dimethyldichlorosilane (6 equiv) to a preformed solution of
lithiated phenylalkyne in THF at — 78 °C, followed by the re-
moval of excess dichlorosilane in vacuo and subsequent treat-
ment with a dichloromethane solution of 5 or 8 (0.3 equiv) in the
presence of TEA and DMAP gave good yields of the silylated
products 2b and 1b, respectively. The major by-products in
these reactions were the dialkynyldimethylsilanes, which could
easily be separated from the silyl ethers by chromatography, and
in turn reconverted, particularly in the case of the more costly
alkynes, to the liberated alkyne in high yields by simple sub-
jection to tetrabutylammonium fluoride (TBAF) in THF.
Although this approach does not solve the problem of selective
silylation upon addition of the alkyne anion to dichloro-
dimethylsilane, it nevertheless provides a facile and rapid access
to the required alkynylsilyl ethers.I?!

It has already been reported that for effective reduction of the
phenyl sulfone group the addition of a THF solution of Sml,
alone does not suffice, since the energy gap between the singly
occupicd HOMO of samarium diiodide and the o, p, level is
too large for efficient electron transfer (sec Figure 1a).[t1 121 A
cosolvent such as HMPA displaying a high affinity for the diva-
lent metal cation is necessary for fast reduction.!??) The role of
the complexing agent on the reducing power of Sml, has been
discussed.!**! The higher reactivity was attributed to an in-

c)
Energy

/ ~— 9"50,Ph

-+ oo
Smiy
(HMPA)n‘"{

Figure 1. Effect of changing the Sml, HOMO and the aryl sulfone LUMO energy levels.
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creased HOMO energy level compared with that of tHe uncom-
plexed reducing agent, which allows for the facile electron trans-
fer to the phenyl sulfone LUMO (Figure 1 b). That the phenyl-
sulfinate obtained upon reduction probably undergoes
competitive deoxygenation to the corresponding sulfenate with
Sml,/HMPA explains why an excess of Sml, (5-8 equiv) is
required for effective desulfonylation.t't 12

Addition of HMPA (20 equiv) to a 0.01mM solution of the
glucosyl phenyl sulfone 1a and Sml, (5 equiv) in THF led to
rapid decolorization of the initially blue solution and formation
of a colorless precipitate. Whereas TLC examination of the
reaction mixture revealed severc streaking that suggested the
hydrolytic instability of the cyclized compound, treatment of the
crude product under the desilylation conditions reported by
Stork (TBAF, DMF, 60°C, 4 h)!'®! afforded three new com-
pounds (Scheme 4). The major product was the a-C-glucoside 9
(75% vyield). In addition, two ring-opened products 10 were
obtained as a mixture of (£) and (Z) isomers in 8 % vyield; they
probably result from the desilylation process. These results and
our inability to detect the tribenzylglucal 11 in this reaction
suggested that the cyclization was highly cfficient.

BnO o
1a Smly (5 equiv.) BnBOnO
———-
HMPA (20 equiv.) (0]

THF, 20°C

TBAF/OMF
60°C,4h
BnO o BnO oH BnO o
BnO BnQ BnO
BnO * Bngk/"‘”Me * Bngh
HO
Me

HO

9 (75%) 10 (8%) 11 (0%)

Scheme 4. Cyclization of 1a and desilylation of the crude product to give o-C-glu-
coside 9 and (E) and (Z) isomers of 10.

The question of whether the «-C-glucoside 9 was formed by a
true 5-exo cyclization rather than by 6-endo ring closure arose
from observations by Wilt et al. of the profound changes of
exofendo cyclization ratios for SiMe,-substituted S-hexenyl rad-
icals in comparison to the all-carbon chain.’** To clarify this
point we prepared phenylselenide 12 and treated it with
Bu,SnH, followed by oxidation under conditions described by
Tamao et al. (Scheme 5).1%®) This afforded three new com-
pounds 13-15, all of which result from S-exo-cyclization.[*®!

Interestingly C-glucoside 9 did not possess the expected “C,
conformation, but rather that of a twist boat (°S,), as indicated
by the coupling constants at Jy, ps, Jys pas and Jy, s (Fig-
ure 2). This is in stark contrast to similar a-C-glucosides report-
ed elsewhere, which were either perbenzylated or unprotected
and all in a normal chair conformation.’?”! Although we cannot
explain this conformational deviation, it is possible that this
phenomenon could reproduce itself with branched oligosaccha-
rides containing an a-C-glucoside as the central unit (i.e., glyco-
sylation of unprotected 9 at both the C3 and C4 positions
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Scheme 5. Treatment of phenylselenide 12 with Bu,SnH and followed by oxidation
to give S-exo-cyclized compounds 13-15.

OBn
H4 (e}
- H1
a0~ B
Y oBn H2 Me
H5
OH
JH1,H2 =6.0Hz JH3,H4 =52Hz
JH2,H3 =3.4Hz JH4,H5 =50Hz
BnO BnO HO
BnO 0 BnO 0 HO Q
BnO BnO HO
HO BnO HO
Me =z Me
Os, 4G, (ref. [27]) “c, (ref. [27])

Figure 2. Conformational analysis of C-glucoside 9.

could lead to a situation as for 9, suggesting significant confor-
mational differences between an O- and a mixed C,0-oligosac-
charide).

We quickly found that this encouraging method was not gen-
erally applicable for the synthesis of other C-glycosides. For
example, Sml,-promoted cyclization of glucosyl phenyl sulfone
1b led to a low yield (31 %) of the (E)-2-phenylethenyl-C-glu-
coside 16 after desilylation (Scheme 6). In addition, extrapola-
tion to the marnno series with phenyl sulfones 2a and 2b was not
efficient in that C-glycosides 17 and 18 were obtained in yields
of only 37 and 27%, respectively (Scheme 6). The major by-
product in these reactions was glucal 11, indicating that compet-
itive reduction of the anomeric radical before cyclization was a
major concern. The slow cyclization rates in the 5-exo-dig cy-
clizations compared to that of the 5-exo-trig can be explained by
the deviation from an ideal approach trajectory of the anomeric
radical to the C=C triple bond."**! A similar explanation can be
invoked in the case of the inefficient f-C-mannoside formation
by 5-exo-dig ring closure owing to the preference of the anomer-
ic radical for a pseudoaxial orientation.!®!

Samarium diiodide-promoted reduction of glycosyl aryl suifones:
Two options were available for rectifying the slow cyclization

reactions of the above compounds. As the electron-transfer step
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1) Smi,, THF/HMPA

ib
2)TBAF, THF, 0°C

16 (31%)

Ph

1) Smly, THF/HMPA

BnO oH
2a BAF, DMF, 60°C BHO%

17 (37%)
s above for 1b
a ve for BnO OH
b Bno/&j&/:/':h
BnO
18 (27%)

Scheme 6. The low yields obtained from Sml,-promoted cyclization of glucosyl
phenyl sulfone 1b and mannosyl phenyl sulfones 2a and 2b.

from Sml, to the anomeric radical is concentration dependent
(k, is a second-order rate constant, Scheme 2), the rate of this
undesirable reduction step could be diminished by diluting the
reaction mixture to favor radical cyclization. This, however,
would render the approach impracticable for large-scale synthe-
sis of C-glycosides. A second and potentially more interesting
solution would be to retard the second eleciron transfer by
changing the redox potential of Sml,. Curran and Hasegawa
have previously demonstrated that radical cyclizations promot-
ed by SmI,/HMPA can be significantly improved by using only
two equivalents of HMPA ['*Talthough attempts along this line
did not lead to any improvement in our case. An alternative
approach would be to omit HMPA in these reductions, provided
the LUMO energy level of the aryl sulfone is sufficiently lowered
by chemical modification (Figure 1¢).

Kende and Mendoga recently observed that desulfonylation
of imidazolyl sulfone 19 can be performed with Sml, in the
absence of an additive (Scheme 7), whereas the analogous

Me

< |
SO, j
r 2\

OH Sml, (3 equiv.) A N
—_— -
THF, rt

78%

19

Scheme 7. Desulfonylation of imidazolyl sulfone 19 by Sml, alone.

phenyl sulfones were inert under identical conditions.!* '* Fur-
thermore, electrochemical studies by Simonet and co-workers
revealed that heteroatom-substituted alkylaryl sulfones have
more positive reduction potentials E° than the parent alkyl
phenyl sulfone.[2°! These observations suggest that heterocycle
substitution contributes significantly to the lowering of the aryl
sulfone LUMO energy level.

A short study was therefore initiated with a series of manno-
syl aryl sulfones and sulfides 20--26 in order to identify a suit-
able arene moiety for a high-yield C-glycosylation (Scheme 8).
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OAc OAc

Bn?:?O -Q 2 Sml Bn?:)no -Q
BnO “T—’ BnO

X Smi,X Smly
20-26 (X = SOLAr, SAr) l

BnO

BnO Q

BnO .

11

Scheme 8. Reaction of the mannosyl aryl sulfones and sulfides 20-26; efficacy and
yields are compared in Table 1.

The glycosides 20— 26 are ideal for this investigation as the effi-
cacy of the Sml,-induced electron-transfer reaction could easily
be measured by the rate of SmI, consumption as well as the yield
of glucal obtained from reduction of the intermediate C1 radi-
cal. Each mannosyl aryl sulfone was prepared in two steps start-
ing from the mannosy! orthoester 3 by introduction of the thiol
with or without Lewis acid assistance (sece Experimental Sec-
tion). For example, the 2-naphthalenethiol, 2-mercaptopy-
ridine, and 2-mercaptopyrimidine required addition of mercuric
bromide to catalyze the ring-opening of 3.1'?) Subsequent oxida-
tion of the aryl sulfides with MCPBA led to high yields of the
corresponding aryl sulfones in the case of 20-24. The benzo-
thiazolyl sulfone formed from the oxidation of sulfide 25 proved
too hydrolytically unstable for isolation.

Each sulfone or sulfide was then treated with Sml,, and the
number of equivalents of SmI, consumed and the consumption
rate were measured, as well as the yield of tribenzylglucal. The
results are listed in Table 1. The large differences in reduction

Table 1. Sml,-promoted reductive elimination of mannosyl aryl sulfones and sul-
fides [a].

X Equiv Sml, added  Glucal 11 (%) [b]
(consumed)
{ -SO,Ph 20 5 (nd) [¢] <51[d)
2 -SO,-2-naphth. 21 5 {nd) 22 {d]
3 -S0,-2-N-methylimid. 22 3(2) 76
4 -SO,-2-pyridyl 23 22(2) 94
5 -80,-2-pyrimidyl 24 2.2(2) 72
6 -S-2-benzothiazolyl 25 3 (nd) [e] 78
7 -8-2-pyridyl 26 3 (nd) [e] 64

[a] All reactions were run at 20 “C by adding a 0.1M THF solution of Smi, to a THF
solution of the sulfone or sulfide. [b] Unless otherwise stated, yields are based on
isolated chromatographically pure tribenzyl-D-glucal 11. [¢] nd = not determined.
[d] Conversion to glucal after 24 h according to '"HNMR analysis. [¢] Reaction
time 1.5 h.

rates upon trcatment of the isocyclic aryl sulfones with Smi,
compared with the hetcroatom-substituted analogues are note-
worthy. The former group (entries 1 and 2) reacted extremely
slowly with Sinl,, as shown by the 5% reduction of the phenyl
sulfone after 24 h. In contrast, the sulfones in entries 39, all
possessing a nitrogen atom at position 2 of the aryl sulfone,
consumed approximately two equivalents of Sml, instanta-
neously. Best yields of the glucal were obtained with the 2-
pyridyl sulfone (94 %, entry 4). Interesting and unexpected were
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the high reactivities of the sulfides (entries 6 and 7) compared to
the phenyl sulfone. These results indicated that the 2-pyridyl
sulfone group was the ideal candidate for both its rcactivity with
Sml, and its ease of preparation.

Mannosy! pyridyl sulfide 26 was thus deacetylated to alcohol
27. oxidized to sulfone 28 and then subjected to the above-de-
scribed conditions for the introduction of four silicon-tethered
unsaturated groups to give 29a-d in high yields (Scheme 9).

Bno— OF Si. BnO
B0 2 . B0 2
" TEA, DMAP "
X

26 R = Ac, X = SPyr
98% 29b R=CCPh 87%
27 R'=H, X = SPyr
MCPBA 20¢c R=CCTMS 80%

M X 83%
28 R'=H, X = SO-Py 29d R = CChexyl 95%

MeONa 29a R =CH=CH, 93%

PyrSH, HgBr, (cat.) Bgoﬁ/
g ————
CH4CN, 82°C BnO X

OAc
51%
30 X = SPyr ] Mcpea
31 X = SO,Pyr< 83%
DIBAL-H
96% | (2equiv.)
CH,Clp, -78°C
\ S
BnO Si. BnO
BnO 0 CI""R  Bno Q
BnO SO,Pyr =————  BnO SO,Pyr
o TEA, DMAP OH
~Sig 32

33a R=CCPh 86%
33b R=CCTMS 99%
33c R=CChexyl 99%

Scheme 9. Consecutive deacetylation and oxidation of mannosyl pyridyl sulfide 26
followed by introduction of four silicon-tethered unsaturated groups to give 29a—d.
and the analogous preparation of 33a-c from starting material 6.

Analogously, the glucosyl pyridyl sulfones 33a—c were pre-
pared by mercuric bromide-catalyzed ring-opening of or-
thoester 6 to give pyridyl sulfide 30, which was subsequently
oxidized with MCPBA. Deacetylation of 31 with sodium
methanolate in methanol led to low yields of the desired C2-
OH liberated sugar 32, possibly owing to competitive deproto-
nation of the acidic anomeric proton with concominant f-elim-
ination. Treatment of 31 with DIBAL-H in CH,Cl, at —78°C
proved more effective in that it afforded 32 in 96% but also
required two equivalents of the hydride for deacetylation, possi-
bly due to coordination of one equivalent to the basic ring
nitrogen. Finally, attachment of the silyl tethers gave 33a—c.
Addition of SmI, over 30 min to a 0.01 M solution of 29a at
20°C led, after work-up and desilylation, to an 80% overall
yield of the f-C-mannoside 17—a 43% increase in yield com-
pared to the phenyl sulfone 1a (Table 2, entry 1). In addition,

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

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Table 2. Sml,-promoted radical cyclizations with glycosyl pyridyl sulfones.

Pyridylsuifone C-glycoside Yield

B OH

1 29a Bnggw 80%
BnO Me
BnO

5 20b BnO’%‘&/:/ Ph 4%
BnO (E:Z,10:1)
BnO

3 29¢ BHOWTMS 61%
BnO. (E:Z,10:1)
Bno—, ©H

4 29d Bno’&/z/hexyl 25%
BnO

BnO
5 33a BnO Q 76%
BnO s (E:Z, >50:1)
BN
p
BnO
6 33b BnO 0 78%
BnO ~ (E:Z, 550:1)
EY AR

7 33c

we were not able to detect the formation of glucal 11, which
clearly indicates the efficiency of this cyclization. A nice feature
of this procedure is that completion of the reaction is easily
monitored by the persistance of the blue color of divalent samar-
ium; hence these radical cyclizations are performed more or less
as a titration. With the tethered activated alkynes 29b and 29c,
good yields of the C-glycosides 18 and 34 were likewise obtained
with (E):(Z) selectivities of approximately 10:1 (entries 2 and 3)
paralleling the previous results reported by Stork with tributyl-
tin hydride.[”! Only approximately 5% of the glucal was formed
under these reaction conditions. On the other hand, C-glycosy-
lation with an unactivated alkyne asin 29d afforded 35 in a poor
yield of 25% (entry 4), reflecting the combination of a slow
S-exo-dig cyclization and the axial-like orientation of the
anomeric radical. Unexpectedly, it was not the elimination
product which dominated in this reaction but rather the 1-dcoxy
sugar 36 (Scheme 10), isolated in a remarkably high yield of
60 %. Two explanations were put forth for the formation of 36.
Because of a slow cyclization rate, the anomeric radical interme-
diate could be either quenched by hydrogen atom abstraction
from solvent (THF), or reduced to give a possibly stable glyco-
syl organosamarium compound displaying a preference for pro-
tonation by solvent rather than f-elimination. The latter expla-
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\S; Smly(THF),
b or
Smi, gno— © \ THF
2d  ——— Bno 2 hexy! BnO BnO
BnO BnO H-abstraction o)
o5 _fomTHF BT
Iow selectivity” Q
Sml, j Ph ~Si Ph
. K EZ
F ! THE 3.2:1
S
BnO oH HH BnO ? \ Smi, reduction
Bo— -Q 9y <—2) - BO— -Q hexyl "high selectivity"
H Smil,
36 BnO o BnO o
Scheme [0, Mechanistic explanation for the high (£ selectivity in the gluco series. BnB(%O protonation BnB%O
0 Smi, o H (D, 91%)
’.Si ,_Si
nation is indeed the correct one as we have subsequently report- £ Ph : Ph
ed that C2 OH-protected mannosyl pyridyl sulfones efficiently EZ
couple to carbonyl substrates with SmI, under Barbicr condi- >50:1
tions.[*°! This example thus represents a possible limitation of
Sml,-promoted intramolecular C-glycosylations, independent
. Smi
of the aryl su_lfgne group employed. 810 O/S' redu’;‘tfon B0 Ph
Also unanticipated were the results obtained with the glucosyl BHB%SM ‘rotonation BnO— . 30%)

pyridyl sulfones when treated with Sml, (Table 2, entries 5-7).
In the case of 33a, subjection to conditions identical to those
used for 29 afforded a modest yield (51%) of the (£)- and
(Z)-C-glycosides 16 in a ratio of 3.2:1. This (£):(Z) selectivity
is considerably lower than the 10:1 ratio observed by Stork et
al.!! However, rapid addition of 5-8 equivalents of Sml, to an
approximately 0.01 M solution of 33a in THF led, after desilyla-
tion, to an improved 76 % yield of 16 with an excellent (£):(Z)
ratio of greater than 50:1. The glucal 11 was again a minor
product, isolated in 5% yield. This result is tentatively explained
in Scheme 11 by invoking the intermediacy of the stabilized
vinylic radical i.

Several groups have already reported on the competition be-
tween reduction of gem-substituted aryl or silyl alkenyl radicals
by Sml, and hydrogen abstraction facilitated by the stabilizing
effect of these substituents on intermediate vinylsamarium radi-
cals. Inanaga et al. have shown that intermolecular coupling of
carbonyls with aryl-substituted alkynes in the presence of
CD,0D leads to an approximately 50 % incorporation of dcu-
terium at the vinylic position.”*"7 A somewhat similar result was
observed by Bennett and co-workers in Sml,-induced in-
tramolecular radical cyclizations, for which 18 % deuterium in-
corporation was obtained with CH,;CH,OD as the trapping
agent.[*® Sml,-promoted cyclizations onto silylated alkynes led
to the formation of deuterated products in the presence of
D,0.7¢ Hence, under slow addition of Sml, to 33a, the low
concentration of divalent samarium maintained would suggest
that hydrogen abstraction from THF solvent by intermediate i
is the major pathway. The abundance and small size of the THF
molecule implies little preference in the direction of attack and
therefore cxplains the low (E)/(Z) selectivities obtained. In con-
trast, higher concentrations of Sml, may lead to preferential
reduction of the alkenyl radical to its anion. The large size of the
heptacoordinate metal ion32)enhances steric factors and results
in the reduction of the alkenyl radical opposite to the bulky
silicon tether and formation of a configurationally stable (E)-
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Scheme 11. Pathways from stabilized vinylic radical 7 and vinyl radical & and the
resulting (£)/(Z) ratios.

alkenyl anion, which is subsequently protonated to give 16. In
order to prove this point, 33 a was subjected to rapid addition of
Sml, (7 equiv) in the presence of six equivalents of CH,0OD, and
the cyclized product was immediately desilylated. Isolation and
analysis of the resulting alkenyl-C-glucoside revealed that 91 %
deuterium incorporation at the vinylic center had occurred, im-
plying that the stabilized alkenyl radical is indeed reduced to its
corresponding anion. To find out whether this event could occur
in the manno series, 29b was treated with Sml, and CH,0OD
under similar conditions to those used for 33a. In this case the
major product was the 1-deoxy manno-derivative 36 (54 %),
which undcrlines the importance of the mode of SmI, addition
for obtaining optimum yields of the C-glycoside. Nevertheless,
the isolated alkenyl-C-mannoside showed an (E):(Z) ratio of
20:1, twice that observed in the case of the slow addition mode.
In addition, an approximately 30% introduction of deuterium
occurred at the vinylic position, again indicative of an anionic
intermediate. However, we cannot explain the lower deuterium
incorporation observed. No deuterium labeling was found when
this experiment was repeated with slow addition, as would have
been predicted, suggesting that under these conditions the vinyl
radical if (Scheme 11} is quenched by the ether solvent before it
is reduced by Sml,.

As cxpected, a similar result was obtained on fast addition of
divalent samarium to the TMS-substituted alkyne 33b, which
gave the (E£)-alkenyl-C-glucoside 37 in 78 % yield (Table 2, en-
try 6). On the other hand, with the octyne derivative, a complex
mixture of products was obtained. After exhaustive hydrogena-
tion and acetylation, the tetraacetyl-a-C-glucoside 38 was ob-
tained in a 53 % overall yield from pyridyl sulfone 33 ¢ (entry 7).
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Finally, this radical cyclization strategem was adapted to the
synthesis of a C-disaccharide, namely, methyl o-C-isomal-
toside,*! from alkyne 40,1** easily prepared in four steps from
the benzylidene derivative 39. Tethering to pyridyl sulfone 32
was achieved as described for 33 to provide the silaacetal 41 in
79 % yield. Sml,-promoted radical cyclization under the condi-
tions for «-C-glucoside formation and then further transforma-
tion of the cyclic intermediate by desilylation, hydrogenation
and peracetylation furnished the C-disaccharide as its crys-
talline peracetate 42 (M.p. 151-152°C) in a 48 % overall yield
for four steps (Scheme 12). Again, it is interesting to note that

4 sleps

Ph—X~-0
o)

BnO

BnO OMe

39 40

1) Bulli, THF, -78°C
2) Me,SiCly (xs)
3) evaporation

4) 32, TEA, DMAP
CH.Cl,

1y Smly, THF g &/

2) TBAF, THEE SO SO,Pyr
3) Pd/C, Hy

)Ac20 Pyr

S aen %
OMe

Scheme 12. Synthesis of methyl 2-C-isomaltoside from alkyne 40, itself prepared
from the benzylidene derivative 39.

79%

——

the nonreducing sugar of C-disaccharide 42 has a normal *C,
chair conformation in solution in contrast to the methyl a-C-
glucoside 9, as indicated by their 'H—'H coupling constants.
Confirmation of the structure of the heptaacetyl C-isomaltoside
was provided by a single-crystal X-ray structure determination
(Figure 3). This solid-state structure of 42 is interesting, as such

Figure 3. Single-crystal X-ray structure of the peracetylated C-isomaltoside 42.
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X-ray investigations of C-disaccharides are scarce, with only
one other known structure, namely methyl C-gentiobioside, re-
ported in the literature.®®! As in solution, both pyranose rings
of 42 occupy the normal *C, chair conformation in the solid
state. The relative orientation of the two sugar units is represent-
ed by the torsion angles ¢ (O5-C1'-C7-C6), ¢ (C1-C7-C6-
C5) and Q (C7-C6-C5-05) with values of +49°, +64°, and
+62°, respectively. The ¢ value is in good agreement with that
observed for the unprotected disaccharide in aqueous solution
(¢ = + 50°).12"1 However, ¢y and Q deviate significantly
(Y = +165°, Q = + 80°) from the values for the solid-state con-
formation of 42.

In conclusion, we have found that glycosyl pyridyl sulfones
are quickly reduced by samarium diiodide in the absence of a
cosolvent and that this combination may be exploited for the
mild preparation of C-glycosides by radical cyclization. This
procedure has certain advantages over the corresponding tin
hydride method in that it avoids the use of toxic rcagents and
solvents such as tributyltin hydride, phenyl selenides, and ben-
zene, as well as the often difficult purification procedures.

Experimental Section

General: Unless otherwise stated, all reactions were carried out under argon.
THF was dried and freshly distilled over sodium/benzophenone.
Dichloromethane was freshly distilled over P,O,. Acetonitrile was distilled
over CaH,. Reactions were monitored by thin-layer chromatography (TLC)
analysis.

Starting materials: The following starting materials were prepared according
to literature procedures: 3.4,6,-tri-O-benzyl-$-pD-mannose 1,2-(methyl or-
thoacetate) (3),1'® 3,4.6,-tri-O-benzyl-a-D-glucose 1,2-(ethyl orthoacetate)
© 1

Phenyl 2-0-acetyl-3,4,6-tri-O-benzyl-1-thio-z-D-mannopyranoside (4): A solu-
tion of tribenzyl orthoester 3 (2.0 g, 3.94 mmol) and thiophenol (466 pL,
4.54 mmol) in 1,2-dichloroethane (10 mL) was heated under reflux for 12 h.
After cooling, the solution was evaporated to dryness in vacuo, and the
residue was purified by flash chromatography (60:1, toluene/acetone) to give
the thioglycoside 4 as a colorless syrup (1.83 g, 80%). "H NMR (300 MHz,
CDCly): § =7.50-7.18 (m, 20H; 4 Ph), 5.60 [dd, *J(H,H) = 3.0,1.9 Hz, 1H:
H2], 5.52 [d, *J(H,H) =19 Hz, 1H; H1], 4.88 [d, 3/(H,H) =10.8 Hz, 1 H;
CHPh), 4.72[d, 3J(H,H) =11.4 Hz, 1 H; CHPh}, 4.66 [d, 3J(H,H) = 12.1 Hz,
1H; CHPh], 4.57 [d, *J(H,H) =11.4 Hz, 1H; CHPh], 4.51 [d, *J(H.H) =
10.8 Hz, 1H; CHPh], 4.47 [d, *J(H,H) =12.1 Hz, 1H; CHPh]. 4.33 [ddd,
3J(HH) = 9.8,4.5,2.1 Hz, 1H; H5], 4.00-3.91 [m, 2H; H3, H4], 3.85 [dd,
*J(H,H) =11.0, 45Hz, 1H; Hé6a], 3.72 [dd, 3J(HH) =11.0, 2.1 Hz, 1H;
H6b], 2.13 (s, 3H; COCHj;).

3,4,6-Tri-O-benzyl-a-D-mannopyranosyl phenyl sulfone (5): m-Chloroperoxy-
benzoic acid (MCPBA) of 85% purity (740 mg, 3.7 mmol) was added to a
stirred mixture of sulfide 4 (866 mg, 1.48 mmol) and sodium bicarbonate
(915 mg, 11.1 mmol) in CH,Cl, (8 mL) at 0°C. The cold bath was removed
and the mixture was stirred at 20 °C for 3 h, after which it was diluted with
CH,Cl, and washed consecutively with a 50% saturated solution of
Na,S,0,, saturated NaHCO,, and brine. The organic phase was dried with
Na,SO, and concentrated to dryness in vacuo to give an oil. which was
redissolved in MeOH (15 mL) and CH,ClI, (2 mL). NaOMc in MeOH (0.1 M,
2 mL) was added and the solution was stirred for 3 h at 20 °C. The solution
was neutralized by the addition of dry ice and evaporated to dryness in vacuo.
The residue was partitioned between CH,Cl, and water, and the organic
phase was washed with water, dried with Na,SO, and evaporated to dryness
in vacuo to give a solid. Recrystallization from MeOH afforded 5 as colorless
needles (633 mg, 74%). M.p. 136°C; [2]3° = +100.1 (¢ =1.0, chloroform);
'HNMR (300 MHz, CDCl,): 6 =7.94-7.20 (m, 20H; 4Ph), 491 [d.
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*J(HH) = 29 Hz. t H; H1], 4.85 [dd, *J(H.H) = 2.9, 2.9 Hz, 1 H; H2], 4.79
(s, 2H, CH,Ph), 4.78 (d, 3J(H,H) =11.5Hz, 1H: CHPh], 4.54 [ddd,
SHHH) = 9.7, 4.0, 40 Hz, 1 H; HS], 4.53 [d, */(H.H) =12.1 Hz, 1 H; CH-
Ph|, 4.48 [d, *J(H,H) =11.5 Hz, 1 H; CHPh], 4.39 [d, *J(H,H) =12.1 Hz,
IH; CHPh]. 428 [dd, *JHH)=78, 29Hy 1H. H3], 3.81 [dd,
3J(H.H) = 9.7 7.8 Hz, 1 H; H4J. 3.62 [m. 2H; H6a, H6b]., 2.92 (brs, 1H:
OH): MS (CI, NH,): mjz =592 [M* +18]. 450 [M* +18 — PhSO,H];
C,,H,,0.S (584.7): caled C 68.97, H, 5.96; found C 68.70. H 5.88.

Phenyl 3,4,6-tri-O-benzyl-1-thio-f-D-glucopyraneside (7): A solution of or-
thoester 6 (2.0 g, 3.84 mmol) and thiophcnol (0.6 mL, 5.76 mmol) in ni-
tromethane (5 mL) was heated under reflux for 4 h. The solution was cooled
and evaporated to dryness in vacuo, and the residue obtained was then
redissolved 1 MeOH/THF (1/1, 10 mL). K,CO, (670 mg, 4.8 mmol) was
added and the mixture was stirred for 12 h at 20 “C. The reaction mixturc was
diluted with CH,Cl,. washed twice with water, dried (N4,SO,), and evapo-
rated to dryness in vacuo. Purification of the crude material by flash chro-
matography (hexane/EtOAc, 5:1) gave a colorless solid (76 %) . Recrystalliza-
tion from McOH gave colorless needles. M.p. 69°C; [2]3° = —12.4 (¢ =1.0.
chloroform); "THNMR (300 MHz, CDCl,): § =7.58-7.19 (m, 20H: 4Ph).
490 [d. 3J(H.H) =11.3 Hz, 1H: CHPh)], 4.83 [d, *J(H,H) =11.3 Hz, 1 H:
CHPh]. 4.81 [d. *J(H.H) =10.9 Hz, 1 H: CHPh], 4.60 [d, *J(H,H) = 12.0 Hz,
1H: CHPh], 457 [d, *JHH)=109Hz, 1H; CHPh], 4.53 [d,
SJ(H.H) =12.0 Hz, 1 H; CHPh], 4.48 [d, *J(H,H) = 9.5 Hz, 1H; H1}, 4.28
[dd, *J(H,H) =11.1, 2.2 Hz, 1H; Hé6a], 3.81 [dd. 3/(H,H) =11.1, 4.2 Hz,
1 H:Hé6b],3.63-3.44(m,4H; H2, H3, H4, H5], 2.37[d. *J(H.H) = 2.1 Hz,
1 H: OH].

3,4,6-Tri-O-benzyl-f-D-glucopyranosyl phenyl sulfone (8); General procedure
for sulfide to sulfone oxidation: MCPBA of approx. §5% purity (810 mg,
2.35 mmol) was added to a stirred mixture of sulfide 7 (510 mg, 0.94 mmol}
and NaHCO; (592 mg, 7.05 mmol) in CH,Cl, (10 mL) at 0 "C. The cold bath
was removed and stirring was continued for 3 h at 20°C, after which the
reaction mixture was diluted with CH,Cl, and then washed consecutively
with a 50% saturated solution of Na,S,0;. saturated NaCO,, and brine.
The organic phasc was dried with Na,SO, and concentrated to dryness in
vacuo. Flash chromatography (toluene/EtOAc, 19:2) gave 8 (500 mg. 93%)
as a colorless solid. Recrystallization from MeOH afforded colorless needles.
M.p. 74°C; [0)3® = — 6.4 (¢ =1.0, chloroform); 'H NMR (300 MHz, CD-
Cl,): 0 =7.96-7.13 (m, 20H; 4Ph], 5.01 [d, *J(H,H) =11.2 Hz. 1H; CHPh],
4.80 [d, *J(H.H) =11.2 Hz, 1H; CHPh], 4.78 [d, *J(H,H) =11.0 Hz, 1H:
CHPh].4.52 [d, *J(H,H) =11.0 Hz, 1 H; CHPh], 4.42 [d, *J(H,H) = 11.6 Hz,
1H: CHPh], 437 {d, *J(HH)=11.6Hz, 1H; CHPh], 431 [d.
3JHH) = 9.7 Hz, 1H: H1], 3.97 [ddd, *J(H.H) = 9.7.8.5. 1. 8 Hz, 1H: H2].
3.69-3.59 [m. 3H, H3; Heéa, H6Eb], 3.52-3.42 (m, 2H; H4, H5), 2.33 [d,
SJ(H,H) = 1.8 Hz, 1H; OH}; C,3,H,,0,8 (574.7): caled C 68.97, H 5.96;
found C 68.80. H 5.87.

3,4,6-Tri-O-benzyl-2-O-|dimethylvinylsilyl)-a-D-mannopyranosyl phenyl sul-
fone (2a); General procedure for the dimethylvinylsilylation of C2-hydroxygly-
cosyl aryl sulfomes: Dichloromethylvinylsilane (144 pL, 2.08 mmol) was
added to a stirred solution of sulfone 5 (200 mg. 0.35 mmol) triethylamine
(184 uL. 1.79 mmol). and DMAP (2 mg) in CH,CI, (4mL) at 0°C, after
which the solution was warmed to 20°C. After stirring for 1 h, the solution
was diluted with CH,Cl, and then washed with icc-cold waler, dried with
Na,SO,, and evaporated to dryness. The crude product was purified by {lash
chromatography to give 166 mg (72%) of 2a as a colorless syrup. As 2a
showed signs of facile hydrolysis of the O—Si bond, it was immediately used
in the subsequent reduction step. '"HNMR (300 MHz, CDCly): 4 =7.93-
7.18 (n. 20H: 4 Ph), 6.16 [dd, SJ(HLH) = 20.0, 15.0 Hz. t H; SiICH=C], 6.02
[dd. *J(H.H) =15.0, 44 Hz, 1H: ¢is-SiC=CH], 5.80 [dd. *J(H.H) = 20.0.
4.4 Hz, 1 H: 1rans-SiC=CH], 4.96 [dd, *J(H,H) = 3.0, 3.0 Hz, 1H; H?2), 4.83
[d, */(H.H) =12.0 Hz, 1 H; CHPh]. 4.81 [d, *J(H,H) =12.0 Hz, 1 H; CHPh)].
4.75[d, *J(H,H) = 3.0 Hz, 1H; H1]. 4.73 [d, *J(H.H) =12.0 Hz, 1H; CH-
Phj. 4.54 [ddd. *J(H.H) =9.0. 5.1, 2.4 Hz, 1H; H5], 4.54 [d, *J(HLH) =
12.1 Hz. 1H; CHPh]. 449 (d, *J(H.H) =12.0 Hz, 1H; CHPh], 4.39 [d.
3J(HH) =12.0 Hz, 1H; CHPh], 4.23 [dd, *J(H.H) = 9.0, 3.0 Hz, 1 H; H3],
3.91 [dd, *4(H,H) = 9.0, 9.0 Hz, 1 H; H4], 3.67 [dd. *J(H.H) =11.0, 2.4 Hz,
{H:Hé6a], 3.63 [dd, *J(H.11) =11.0, 5.1 Hz, 1 H; H6b]. 0.31 (s, 6 H; SiMe,).

3,4,6-Tri-O-benzyl-2-O-[dimethylvinylsilyl)-$-D-glucopyranosyl phenyl sulfone
(1a): The dimethylvinylsilyl ether 1a was prepared according to the general
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procedure outlined for 2a to give the title compound as a colorless solid in
89 % yield (203 mg) after flash chromatography (hexane/EtOAc, 3:1). As
compound Ia showed signs of facile hydrolysis of the O Si bond., it was
immediately used in the subsequent reduction step. 'HNMR (300 MHz,
CDCLy): & =8.00-7.07 (m, 20H; 4Ph]. 6.32 [dd, *J(H,H) = 20.6, 15.0 Hz,
1H; SiCH=C], 5.98 [dd, *J(H,H) =15.0, 3.8 Hz, 1 H; ¢is-SiC=CH], 5.79 [dd,
3J(H.H) = 20.6, 3.8 Hz, 1H; trans-SiC=CH], 4.97 [d. 3J(H.H) =11.9 Hz,
1H; CHPh], 488 [d, *J(HH)=119Hz, 1H; CHPh]. 4.67 [d,
3J(H,H) =10.8 Hz. 1H; CHPh]. 4.54 [d, */(I,H) =10.8 Hz. 1 H: CHPHh].
4.49 [d. *J(H,H) =12.0 Hz, 1H; CHPh], 4.39 [d, 3J(H.H) =12.0 Hz, 1H:
CHPh]. 4.23 [dd, *J(H,H) = 9.0, 3.0 Hz, 1 H; H3]., 3.91 [dd, *J(H.H) = 9.0.
9.0 Hz. 1 H; H4], 4.54 [ddd, *J(H.H) = 9.0, 5.1, 2.4 Hz, 1 H; H 5], 3.70-3.59
(m, 2H; H6a, H6b), 0.31 (s, 6H; SiMe,).

3,4,6-Tri-O-benzyl-a-D-glucopyranosylethane (9): Phenyl sulfone 1a (200 mg,
0.30 mmol) in THF (2 mL) was transferred through a cannula into a stirred
solution of Sml, in THF (0.1M, 1SmL, 1.5 mmol) under argon. HMPA
(1.1 mL, 6.1 mmol) was then added. resulting in an immediate color change
of the solution from blue to purple to brown and the formation of a white
precipitate. After stirring for 20 min, saturated aqueous NH,Cl and ether
were added, after which the organic phase was washed with water and brine,
dried with Na,SO,, and evaporated to dryness in vacuo. The residue was
dissolved in dry DMF (8§ mL), and a 1M THF solution of Bu,NF was added
to the resulting solution. The solution was heated to 60 °C for t h. cooled to
room temperature, diluted with ether, and washed five times with water and
then brine. After drying with Na,SO, and evaporation to dryness in vacuo
the crude product was purified by flash chromatography (hexane/EtOAc 3:1)
to give 9 as a white solid (105 mg, 75%). Recrystallization from pentane
afforded colorless needles. M.p. 86 88 °C; [¢]3? = +33.2 (¢ =1.07, chloro-
form); 'HNMR (300 MHz, CDCl;): § =7.38 7.23 (m, 15H; 3Ph), 4.69 [d,
3J(H.H) =11.8 Hz, 1H; CHPh], 4.65 [d, 3J(H,H) =11.4 Hz, 1H: CHPh],
4.59 [d, *AH.H) =11.8 Hz, 1H; CHPh], 4.59 [d. *J(H.H) =12.0 Hz, 1H:
CHPHh]. 4.58 [d, *J(H,H) =12.0 Hz, 1 H; CHPh]. 4.53 [d. *J(H.H) = 11.4 Hz.
1H; CHPh], 4.01 [ddd, *J(H,H)=5.7, 5.2, 5.0 Hz, 1H; HS]. 3.83 [dd.
3J(H.H) =10.3, 5.7Hz, 1H; H6a], 3.82-3.72 (m, 2H; H1, H3). 3.73 [dd.
3J(H,H) =10.3, 5.0 Hz, 1H; Hé6b], 3.66 [ddd, *J(H,H) =7.8, 6.0, 3.4 Hz.
1H; H2. 3.65 [dd. *J(HH)=50, 52Hz 1H; H4). 2.80 [d.
*JHH)=78Hz, 1H; OH]. 1.75-1.59 (m, 2H; CH,), 0.97 [dd,
*J(HH) =7.5,7.5 Hz, 3H; CH,J; MS (CL, NH,): m/jz = 480 [M ~ +18], 463
[M " +1]: C,oH,,04 (462.6): caled C 75.30, H 7.41; found C 75.13, H 7.52.

Further elution of the column afforded an approx. 3:2 mixture of the (£) and
(Z) olefins 10 (12 mg, 8%). Olefin 10 displayed characteristic signals in the
"HNMR (300 MHz, CDCl,) spectra at § = 5.76 - 5.45 (m; vinylic protons).
1.68 [dd, *JH.H) =67 1.5Hz 3H: CH, (E) isomer]. 1.67 [dd.
SJIHH) =49, 1.5Hz, 3H; CH, (Z) isomer): MS (CI. NH,}: m:iz = 480
[M* +18].

3,4,6-Tri-O-benzyl-f-p-mannopyranosylethane (17): The procedure employed
for the synthesis of 9 was applied to phenyl sulfone 2a and afforded the
C-mannoside 17 as a colorless oil in 37 % yield (26 mg) after flash chromatog-
raphy (hexane/EtOAc, 3:1). [¢]3? = — 2.9 (¢ =1.0, chloroform); 'H NMR
(300 MHz. CDCl,): § =7.40-7.18 (m, 15H; 3Ph), 4.84 [d, *J(H,H) =
10.8 Hz, 1H: CHPh], 4.75 [d, *J(H,H) =11.5Hz, 1H; CHPh], 4.67 [d.
3J(H,H) =11.5Hz, 1H; CHPh], 4.62 [d, *J(H,H) =12.4 Hz, 1 H; CHPh].
4.56 [d. 3J(H.H) =12.4 Hz, 1H; CHPh], 4.52 [d, 3/(H,H) =10.8 Hz, 1 H:
CHPh], 3.93 [brdd, 3J(HH)=3.4, 32Hz 1H: H2], 3.75 [dd.
3H.H) = 9.5, 9.1, 1H; H4]. 3.75 [dd, *JHL,H) =10.9, 2.0 Hz. 1 H: Héa).
3.66 [dd. *J(H,H) =10.9, 5.0 Hz, 1 H; H6b], 3.58 [dd, *J(H.H) = 9.1,3.2 Hz.
1H; H3|, 3.39 [ddd, *J(HH) = 9.5, 5.0, 20Hz, 1H; HS5], 3.21 [brdd,
SJH,H) =7.5,7.0 Hz, 1 H: H 1], 2.261d. *J(H,H) = 3.4, 1 H; OH), 1.85-1.59
(m, 2H; CH,). 0.97 [dd. 3J(H.H) =7.5, 7.0 Hz. 3H; CH,]: MS (CI. NH,):
miz =480 [M* +18]. 463 [M*+1]: C,0H,,0, (462.6): caled C 75.30,
H 7.41; found C 75.07, H 7.53.

3,4,6-Tri-O-benzyl-2-0-|dimethyl(phenylethynyl)silyl)--D-glucopyranosyl

phenyl sulfone (1b); General procedure for the dimethylalkynylsilylation of
C2-hydroxyglycosyl aryl sulfones: BuLi in hexanes (1.5M, 1.0 mL. 1.5 mmol)
was added to a stirred solution of phenylacetylene (189 ul. 1.72 mmot)
in THF (6 mL) at —78°C. After 10 min, Me,SiCl, (550 pL. 4.5 mmol)
was added quickly, followed by stirring for 30 min at —78“C and then
warming to 20°C. The solution was evaporated almost to dryness, after
which CH,Cl, (5 mL) and TEA (240 pL, 1.72 mmol) were added, followed by
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sulfone 8 (200 mg, 0.35 mmol) and DMAP (3 mg). The reaction mixture was
stirred for 1 h and then washed three times with water, dried (Na,SO,), and
evaporated to dryness. Purification of the residue by flash chromatography
(hexane/EtOAc, 6:1) afforded 1b as a colorless syrup (234 mg, 86%). As 1b
showed signs of facile hydrolysis of the O—Si bond, it was immediately used
in the subsequent reduction step. '"HNMR (300 MHz, CDCl,): § = 8.01—
7.09 (m, 25H; 5Ph), 5.20 [d, *J(H,H) =11.5Hz, 1H; CHPh], 4.93 [d,
3J(H,H) =11.5 Hz, 1H; CHPh). 4.79 [d, 3J(H.H) =11.0 Hz, 1H; CHPh],
4.54 [d, *J(H,H) =11.0 Hz, 1 H; CHPh]. 445-4.40 (m, 2H; H1, H2), 4.38
[d,3/H.H) =11.9 Hz. 1H; CHPh], 4.33 [d, >/4H.H) =11.9 Hz, 1 H; CHPh],
3.75-3.60 (m. 2H; H3, H4), 3.60 [dd, *J(H,H) =11.3, 4.6 Hz, 1H; Héa],
3.52 [dd, *J(H,H) =11.3, 2.1 Hz, 11 I16b], 3.44 [ddd. *J(H.H) = 9.6, 4.6,
2.1 Hz, 1H; HS5|, 0.59 (s, 3H: SiMe), 0.49 (s, 3H; SiMe).

3,4,6-Tri-O-benzyl-2-O-[dimethyl(phenylethynyl)silyl)-a-D-mannopyranosyl

phenyl sulfone (2b): The dimethyl(phenylethynyl)silyl ether 2b was prepared
according to the general procedure outlined for 1b to give the title compound
as a colorless syrup in 80% yield (150 mg) after flash chromatography (hex-
ane/EtOAc, 3:1). As 2b showed signs of facile hydrolysis of the O—Si bond,
it was immediately used in the subsequent reduction step. 'HNMR
(300 MHz, CDCl,): § =7.83-7.15 (m, 25H; 5Ph), 5.24 [dd, *J(H,H) = 2.2,
22Hz, 1H; H2], 504 [d, *JHH)=22Hz, 1H; H1], 491 [d.
3J(H,H) =11.5 Hz, 1H; CHPh], 4.82 [d, *J(H.H) =11.2 Hz, 1H; CHPh].
4.73 [d, *J(H,H) =11.5Hz, 1H: CHPh], 4.63 [ddd. 3/(H.H) = 9.6, 5.0,
2.6Hz, 1H; HS|, 453 [d, *J(H.H)=11.9Hz, 1H; CHPh], 446 [d,
3J(HH) =112 Hz, 1H; CHPh], 439 [d, *J(H,H) =11.9 Hz, 1H; CHPh],
431 [dd, *J(H,H) = 8.7, 2.2 Hz, 1H; H3], 3.91 [dd, *J(H,H) = 9.6, 7.8 Hz,
1H; H4], 3.67 [dd, 3J(HH) =113, 50Hz, 1H; Héa], 3.63 [dd,
3J(HH) =11.3, 2.6 Hz, 1 H; H6b], 0.40 (s, 3H; SiMe), 0.38 (s, 3H; SiMe).

2-Pyridyl 2-O-acetyl-3,4,6-tri-O-benzyl-1-thio-z-D-mannopyranoside  (26);
General procedure for the preparation of glycosyl aryl sulfones by mercury(i)
bromide catalysis: A mixture of orthoester 3 (5.0 g, 9.9 mmol), 2-mercaptopy-
ridine (1.2 g, 10.8 mmol) and mercuric bromide (350 mg, 0.97 mmol) in ace-
tonitrile (50 mL) was heated under reflux for 2 h, after which the reaction
mixture was evaporated to dryness. CH,Cl, and water were added, and the
organic phase was washed with saturated NaHCO, and brine, and then
evaporated to dryness. Purification of the residue by flash chromatography
(heptane/EtOAc, 3:1) afforded 26 as a colorless solid (4.5 g, 78 %). Recrystal-
lization from cther/heptane afforded colorless needles. M.p. 83°C;
[0)3% = +102.0 (c = 0.98, chloroform); 'HNMR (300 MHz, CDCl,):
5 = 8.47[dd, *J(H,H) = 4.8, 2.0 Hz, 1 H; pyr), 7.49 [ddd, 3J(H,H) =7.8, 7.8,
2.0 Hz, 1H; pyr], 7.35-7.16 (m, 16 H; 3Ph, pyr), 7.04 [ddd, *J(H,H) =7.8,
48, 1.0Hz, 1H; pyr), 6.40 [d, *JHH)=19Hz 1H; H1], 5.64 [dd,
3J(HH) =3.0, 1.9Hz, 1H; H2]. 488 [d. *J(H,H) =11.0 Hz, 1 H; CHPh],
4,74 [d, *J(H,H) =11.3 Hz, 1H; CHPh}, 4.63 [d, *J(H,H) =12.0 Hz, 1H;
CHPh], 4.56 [d, 3J(H,H) =11.3 Hz, 1H; CHPh], 4.52 [d, *J(H,H) =11.0 He,
1H; CHPh], 444 [d, %J(H,H)=120Hz, 1H; CHPh], 4.11 [ddd,
3J(HH) = 9.2, 4.2, 2.0 Hz, 1H; H5], 400 {dd, *J(H.H) =9.2, 9.2 Hz, 1 H;
H4], 3.92 [dd, *J(H,H) = 9.2, 3.0 Hz, 1H; H3], 3.83 [dd, 3J(H,H) =11.0,
4.2 Hz, 1 H; Héal, 3.68 [dd, 3J(,H) =11.0, 2.0 Hz, 1H; H6b], 2.19 (s, 3H;
COCH,); MS (CL, NH,): m/z = 586 [M* +1], 475 [M " +1 — pyrSH], 112
[pyrSH,1; C;,H3504NS (617.7): caled C 69.72, H 6.02, N 2.39; found C
69.37, H 6.24, N 2.53.

2-0-Acetyl-3,4,6-tri-O-benzyl-a-D-mannopyranosyl 2-pyridyl sulfone (23): The
pyridyl sulfone 23 was prepared according to the general procedure outlined
for 8, which gave the title compound as a colorless syrup in 99 % yield (2.11 g)
after flash chromatography (heptane/EtOAc, 1:1). [¢]3? = +70.0 (¢ = 0.98,
chloroform); 'HNMR (300 MHz, CDCl,): & =8.77 [dd, *J(H.H) = 4.9,
1.9Hz, 1H; pyr], 8.07 [brd, *J(H,H)=79Hz, 1H; pyr], 7.78 [ddd,
3J(HH) =17.9,7.9, 1.9 Hz, 1 H; pyr], 7.50 [brdd, *J(H,H) =7.9, 49 Hz, 1 H;
pyr], 7.39 7.18 (m, 15H; 3Ph), 6.24 [dd, *J(H,H) = 3.7, 2.0 Hz, 1H; H2],
549 [d, 3J(H,H) = 20 Hz, 1 H; H1]. 486 [d, *J(H,H) =11.6 Hz, 1 H; CH-
Ph], 4.80 [d, 3J(H,H) =11.0 Hz, 1H; CHPh], 4.63 [d, *J(H,H) =11.0 Hz,
1H; CHPh], 4.54 [ddd. *J(H.H)=10.0, 4.6, 24 Hz, 1H; H5], 449 [d,
3J(HH) =11.3 Hz, 1H; CHPh], 447 [d, *#H,H) =11.3 Hz, 1H; CHPh],
437 [dd, *J(H,H) = 8.8, 3.7 Hz, 1H; H3}, 431 [d, *J(H,H) =11.6 Hz, 1H;
CHPh], 4.00 [dd, >/(H.H) =10.0, 8.8 Hz, 1H; H4], 3.63 [dd, *J(H,H) =11.1,
4.6 Hz, 1 H; H6al, 3.57 [dd, *J(H,H) =11.1, 24 Hz, 1 H; H6b], 2.15 (s, 3H;
COCH,); MS (CL, NH,): mjz =618 [M ™ +1], 475 [M™* +1 — pyrSO,H],
112 [pyrSH,]; C;,H;;05NS (617.7): caled C 66.11, H, 5.71, N 2.27; found C
66.47, H 6.02, N 2.33,
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2-0-Acetyl-3,4,6-tri-O-benzyl-a-D-mannopyranosyl f-naphthyl sulfone (21):
The procedure employed for the synthesis of 26 was adopted starting trom
orthoester 3 and afforded the naphthylsulfide as a colorless syrup in 61 %
yield (1.15g) after flash chromatography (cyclohexanc/EtOAc, 10:1).
[o]3? = +83.6 (¢ = 0.78, dichloromethane); 'HNMR (250 MHz, CDCl,):
& =8.00~7.17 (m, 22H; 3Ph, naphth), 5.70 [d, *J(H.H) =1.7 Hz. IH: H1],
5.67[dd, *J(H,H) = 2.2, 1.7 Hz, 1H; H2], 492 [d. *J(H.H) =10.6 Hz, 1 H;
CHPh}, 4.78 [d, *J(H.H) =11.3 Hz, 1 H: CHPh{, 4.75 [d. *J(H,H) = 11.9 Hz.
1H: CHPhR], 4.62 [d. *AHH)=113Hz {(H; CHPh|, 453 [d,
3J(H.H) =10.6 Hz. 1H; CHPh]. 4.47 [d, 34H.H)=11.9 Hz, | H; CHPh].
4.41 1ddd, *J(HH) = 9.3, 4.6, 2.1 Hz, 1 H: H5], 4.03 [dd. *J(H.H) = 9.3,
9.3 Hz, 1H; H4], 3.99 [dd, *J(HH)=93, 22Hz, 1H: H3], 3.89 [dd,
SJH,H) =108, 4.6 Hz, 1H; H6a}, 3.75 [dd, *J(H.H) =10.8, 2.1 Hz, 1H:
He6b], 2.18 (s, 3H; COCH,;); C35,C4,04S (634.8): caled C 73.79, H 6.03;
found C 73.76, H 6.21.

The naphthyl sulfone 21 was prepared according to the general procedure
outlined for 8 from the corresponding sulfide and afforded the title com-
pound as a colorless syrup in 87 % yield (1.05 g) after flash chromatography
(cyclohexane/EtOAc, 4:1). [#J3? = +30.0 (c=1.1. dichloromethane):
"HNMR (250 MHz, CDCl,): ¢ = 8.50 (brs, 1H: naphth) 7.92-7.17 (m.
21H; 3Ph, naphth), 6.26 [dd, 3J(H,H) = 3.6, 2.0 Hz, 1H; H2], 4.94 [d.
3JH.H) = 2.0 Hz, 1 H; H1}, 4.89 [d, 3J(H,H) =11.2 Hz. 1H: CHPh], 4.82
[d. 3J(H,H) =11.2 Hz, 1H; CHPh], 4.73 [ddd, 3J(H,H) = 9.7, 3.5, 3.5 Hz,
1H: H5], 4.66 [d, *J(H.H)=11.2Hz, 1H; CHPh], 4.53 [d. *J(H.H) =
11.8 Hz, 1H; CHPh], 4.48 [d, 3J(X1.H) =11.2 Hz, 1H; CHPh]. 4.44 [dd.
SJ(HH) = 9.0, 3.6 Hz, 1H; H3], 4.36 [d, *J(H,H) =11.8 Hz, 1H; CHPh],
3.87[dd, *J(H,H) = 9.7, 9.0 Hz, 1H; H4}. 3.67 [m, 2H; H6a, H6b]. 2.14 (s,
3H; COCH,;); Cy5C;5048 (666.8): caled C 70.25. H 5.74; found C 70.11, H
6.01.

2-0-Acetyl-3,4,6-tri-O-benzyl-a-nD-mannopyranosyl  N-methylimidazolyl sui-
fone (22): The procedure employed for the synthesis of 4 was adopted starting
from orthoester 3 and affording the N-methylimidazolylsulfide as a colorless
syrup in 43% yield (100 mg) after flash chromatography (hexane/EtOAc,
3:1). [e]3? = +72.2 (¢ =1.21, dichloromethane); 'HNMR (250 MHz, CD-
Cly): 6 =837 [d, *J(H,H) = 5.2 Hz, 1H; imid), 7.38 - 7.10 (m, 16 H; 3Ph),
6.86 [d, *J(H.H) = 5.2 Hz, 1 H; imidl, 6.64 [d, 3/H,H) = 21 Hz, {1 H; H1],
5.64 [dd, *H(H,H) = 3.1, 2.1 Hz, 1H; H2], 4.87 [d. *J(H.H) =10.7 Hz, 1 H:
CHPL], 4.73[d, *J(H,H) =11.2 Hz, 1H; CHPh], 4.67 [d, *J(H.H) =12.3 Hz,
1H; CHPh], 4.56 [d, *J(H,H) =11.2 Hz, 1H; CHPh), 4.50 [d, *J(H,H) =
10.7 Hz, 1H; CHPh}, 4.45{d, 3J(H,H) =12.3 Hz. 1 H; CHPh]. 4.10--4.00 (m,
2H; H3, H4], 3.90 [ddd, *J(H,H) = 9.5, 3.6, 1.5 Hz, 1H; H3]. 3.86 [dd.
3J(H,H) =10.7, 3.6 Hz, 1H; Hé6a], 3.68 [dd, *J(H.H) =10.7. 1.5Hz 1H;
Hé6b], 2.46 (s, 3H; NCH,], 2.22 (s, 3H; COCHy,); C,;H;,O,N,S (588.7):
caled C 67.33, H 6.16; found C 67.63, H 6.03.

The imidazolyl sulfone 22 was prepared according to the general procedure
outlined for 8 from the corresponding sulfide to give the title compound as
a colorless syrup in 88 % yield (92 mg) after flash chromatography (cyclohex-
ane/EtOAc, 1:1). [#]3? = +48.9 (¢ = 0.88, dichloromethane); 'HNMR
(250 MHz, CDCl,): é = 8.72[d, *J(H.H) = 5.1 Hz, 1 H; imid], 7.36—7.13 (m,
16H; 3Ph, imid), 6.24 [dd, 3JH.H) = 3.8, 1.7Hz. 1H: H2], 5.78 [d.
*J(HH) =1.7Hz, 1H; H1],4.85{d, *J(H.H) =11.2 Hz, 1 H: CHPh]. 4.79 [d,
*J(H,H) =11.0 Hz, 1H; CHPh}, 4.62 [d, 3J(H,H) =11.0 Hz. 1H: CHPh],
4.54{ddd, *J(H,H) =10.0, 4.0, 2.1 Hz, 1 H: H 5], 4.52 [d, 3J(H,H) =12.2 Hz,
1H; CHPh], 445 [d, *J(HH)=112Hz, 1H: CHPh], 440 [dd.
3J(HH) = 9.1, 3.8 Hz, 1H; H3}, 431 [d, 3/(H.H) =12.2 Hz, 1H; CHPh],
3.96 [dd, *J(H.H) =10.0, 9.1 Hz, 1 H; H4], 3.68 [dd, *J(H.H) =11.2, 4.0 Hz,
1H;Héa], 3.52[dd, *J(H.H) =11.2,2.1 Hz, 1 H: H6b], 2.65 (s, 3H: NCH,);
2.19 (s, 3H; COCH,;); C;,H,,04N,S (620.7): caled C 63.85. H 5.85; found
C 64.15, H 5.72.

2-0-Acetyl-3,4,6-tri-O-benzyl-a-D-mannopyranosyl 2-pyrimidyl sulfone (24):
The procedurc employed for the synthesis of 26 was applied to orthoester 3
and afforded the pyrimidyl sulfide as 4 colorless syrup in 97% yield (113 mg)
after flash chromatography (cyclohexane/EtOAc, 2:1). [«]2* = +77.2
(¢ =1.0, chloroform); '"H NMR (250 MHz, CDCl,): ¢ = 8.47 [d, 3J(H.H) =
4.7 Hz, 2H; pyrim], 7.39-7.17 {m, 16 H; 3Ph, pyrim), 6.62 [d, *J(H.H) =
22Hz, 1H; H1], 566 [dd, *J(HH) =29, 2.1 Hz, 1H: H2), 490 [d,
3J(H.H) =10.6 Hz, 1H; CHPh), 4.77 [d, *J(H,H) =11.3 Hz, 1H; CHPHh],
4.68 [d, *J(H,H) =12.0 Hz, 1H; CHPh], 4.60 [d, *J(H,H) =113 Hz, 1H;
CHPh], 4.54 [d, *J(H,H) =10.6 Hz, 1H; CHPh], 4.48 [d, 3J(H,H) =12.0 Hz,
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1H; CHPh], 441-391 (m, 3H; H3, H4, H5), 3.88 [dd, *J(H,H) =10.8,
3.2 Hz, 1H; Héa], 3.71 [dd, *J(H,H) =10.8, 3.2 Hz, { H; H6b]. 2.23 (s, 3H;
COCH,); C45C5,04N,8-H,0 (586.7 + H,0): caled C 65.98. H 6.04; found
C 65.84, H 6.01.

The pyrimidyl sulfone 24 was prepared according to the general procedure
outlined for 8 from the corresponding sulfide to give the title compound as
a colorless syrup in 69 % vield (80 mg) after flash chromatography (pentane/
EtOAc, 3:2). [2]32 = +55.6 (¢ =1.0, dichloromethane); "TH NMR (250 MHz,
CDCL,): § =8.90 [d, 3J(H.H) = 5.0 Hz, 2H; pyrim), 7.47 [t, *J(H.H) =
5.0 Hz, 1H; pyrim], 7.37-7.16 (m, 16H; 3Ph), 6.24 [dd, *J(H.,H) = 3.7,
1.7Hz, 1H; H2], 5.77 [d, 3/(H,H) =1.7 Hz, 1H; H1], 4.87 [d, *J(H,H) =
11.2 Hz, 1H; CHPh], 4.81 (d, *J(H,H) =11.1 Hz, 1H; CHPh], 4.65 [d.
3J(H,H) =11.1 Hz, 1 H; CHPh], 4.55 [ddd, *J(H,H) =10.0, 4.4, 2.1 Hz, 1 H;
H 3], 4.52 [d, *J(H,H) =12.0 Hz, 1H; CHPh], 4.48 [d. *J(H.H) =11.2 Hz,
1H; CHPh], 4.41 {dd. *4H.H) = 9.3, 3.7 Hz, {H; H3], 4.31 [d. 3J(H,H) =
12.0 Hz, 1H; CHPh], 3.95 [dd, *J(H,H) =10.0, 9.3 Hz, 1H; H4], 3.67 [dd.
3J(H,H) =11.0, 4.4 Hz, 1H; Héa), 3.54 [dd, *J(H.H) =11.0, 2.1 Hz, 1 H:
Ho6b], 2.18 (s, 3H; COCH,); C33H;, 04N, S (618.7): caled C 64.06. H 5.54;
found C 63.77, H 5.64.

2-Benzothiazolyl-2-0-acetyl-3,4,6-tri-O-benzyl-1-thio-x-p-mannopyranoside
(25): The procedurc employed for the synthesis of 4 was adopted starting
from orthoester 3 and afforded the sulfide 25 as a colorless syrup in 70 % yield
(266 mg) after flash chromatography (cyclohexane/EtOAc, 5:1).
[2]22 = +114.1 (¢ = 0.85, dichloromethane); '"H NMR (250 MHz, CDCly):
6 =7.96[d, *J(HH) = 8.4 Hz, 1 H: benzothiaz], 7.79 [d, *J(H,H) = 8.4 Hz,
1H: benzothiaz), 7.51-7.17 (m, 17H; 3Ph, benzothiaz), 6.34 [d, *J(H.H) =
17Hz, 1H; HI1J, 567 [dd, *JH.H) =34, 1.7Hz, 1H; H2], 490 [d,
3J(H.H) =10.6 Hz, 1H; CHPh)]. 4.77 [d, J(H.H) =11.3 Hz, 1H; CHPh].
4.70 [d, 3J(H.H) =12.0 Hz, 1H; CHPh], 4.60 [d, 3J(H,H) =11.3 Hz, 1H;
CHPh], 4.54[d, 3J(H,H) =10.6 Hz, 1H; CHPh}, 4.48 [d, *J(H,H) =12.0 Hz,
1H: CHPh], 4.17 [ddd, *J(H,H) =9.6, 3.7, 1.9 Hz, 1H; H5), 4.08 [dd,
3J(HH) = 9.6, 8.7 Hz, 1 H; H4), 3.92 [dd, 3J(H,H) = 8.7, 3.0 Hz, 1 H; H3].
3.90[dd, *J(H,H) =11.0, 3.7 Hz, 1 H: H6a], 3.73[dd, *J(H,H) =11.0,1.9 Hz,
1H; H6b]. 2.23 (s, 3H; COCH,); C,,C;,0,NS, (641.8): caled C 67.37, H
5.50; found C 67.18, H 5.51.

General procedure for glucal formation from the mannosyl aryl sulfones and
sulfides: Two to five equivalents (see Table 1) of a 0.1 M solution of Smi, in
THF was added to a stirred and well degassed solution of the mannosyl aryl
sulfone or sulfide (0.16 mmol} in THF (5 mL). After consumption of the
sulfone or sulfide (see Table 1 for reaction time), saturated aqueous NH,ClL
and CH,Cl, were added, after which the organic phase was washed with
water and brine, dried with Na,SO,, and evaporated to dryness in vacuo. The
residuc was purified by flash chromatography (cyclohexane/EtOAc, 5:1) to
give glucal 11 as a colorless solid.

2-Pyridyl 3,4,6-Tri-O-benzyl-1-thio-a-D-mannopyranoside (27): A mixture of
acctate 26 (4.1 g, 7.0 mmol) and K,CO, (967 mg, 7.0 mmol) in methanol
(200 mL) was stirred at 0°C for 2 h. The reaction mixture was diluted with
CH,Cl, and washed with water several times and then dried with Na,SO,
and evaporated to dryness in vacuo. The residue was purified by flash chro-
matography (1:1, heptane/EtOAc) to give 27 as a colorless syrup (3.76 g,
98%). ()22 = +177.0 (¢ = 1.0, chloroform); 'HNMR (306 MHz, CDCl,):
& = 8.45[dd, 3J(H,H) = 5.0, 2.0 Hz, 1 H; pyr], 7.48 [ddd, 3/(H.H) =7.8. 7.8,
2.0 Hz. 1 H; pyr], 7.39-7.18 [m, 16 H; 3Ph, pyr}, 7.05 [brdd, *J(H,H) =7.8,
5.0Hz, 1H; pyr}, 633 [d, *J(HH)=21Hz, 1H; H1, 484 [d,
3J(H.H) =10.8 Hz. 1H; CHPh], 4.75 [d, *J(H,H) =11.5 Hz, 1H; CHPh].
4.69 [d, *J(H,H) =11.5 Hz, 1H; CHPh], 4.60 [d, *J(H,H) =12.0 Hz, 1H;
CHPh], 4.54 [d. *J(H.H) =10.8 Hz, 1 H; CHPh], 4.44 [d, *J(H.,H) = 12.0 Hz.
{H: CHPh], 4.29 [ddd, *J(H.H) = 3.0, 29, 2.1 Hz, 1H; H2)], 4.10 [ddd,
SJH,H) =98, 4.3, 2.1 Hz, 1 H; H5), 3.98 {dd, *J(H,H) = 9.8, 9.0 Hz, 1 H:
H4j, 3.87 [dd. *J(H,H) = 9.0, 3.0 Hz, 1H; H3], 3.78 [dd, *(H,B) =11.0,
4.3 Hz, 1H; Heéa], 3.66 [dd, *J(H,H) =11.0, 2.1 Hz, 1H; Héb], 2.03 [d,
3JIHH)=29Hz. 1H: OH]; MS (CI, NH,): mjz =544 [M*+1],
450 [MT+18 —pyrSH]. 432 [M*+18 —pyrSH — H,0], 342
[M*+18 — pyrSH — BnOH]J. 112 [pyrSH,]; C;, H;O¢NS (543.7): caled C
70.69, H 6.12, N 2.58; found C 70.78, H 5.84, N 2.29.

3,4,6-Tri-O-benzyl-a-D-mannopyranosyl 2-pyridyl sulfone (28): The procedure
employed for the synthesis of 8 was adopted for sulfide 27 and afforded the
sulfonc 28 as a colorless syrup in 85% yield (3.75 g) after flash chromatogra-

1352 ——— & VCH Verlagsgesellschaft mhH, D-69451 Weinheim, 1997

phy (heptane/EtOAc. 4:3). [¢]3> = +111.0 (¢ =1.02, chloroform); 'H NMR
(300 MHz. C,D,): § = 8.13 [dd, 3J(H.H) = 5.8, 2.0 Hz, 1 H; pyr]. 7.89 (dd,
SJHH) =79, 1.1 Hz, 1H; pyr], 7.29-7.08 (m, 15H; 3Ph), 6.82 [ddd,
3J(HH) =7.9, 7.9. 2.0 Hz, 1 H; pyr], 6.43 [ddd, *J(H,H) =7.9. 5.8, 1.1 Hz,
{H; pyr], 6.09[d, *J(H.H) = 2.2 Hz, 1 H; H1), 5.23 [ddd, *J(H.H) = 3.5.2.2,
2.1 Hz, 1H; H2], 4.88 [ddd, *J(H,H) = 9.7, 44, 2.9 Hz, 1H; H5], 4.83 [d,
3J(H,H) =11.7 Hz, 1H; CHPh], 4.55 [dd, *J(H.H) = 8.4, 3.5 Hz, 1H; H3],
4.50 [d, 3J(H.H) =11.7 Hz, 1H; CHPh}, 4.48 [d, *J(H,H) =11.4 Hz, 1 H;
CHPh], 4.42 [d, *J(H,H) = 11.4 Hz, 1 H; CHPh]. 4.29 [d, J(H,H) = 12.0 Hz.
1H; CHPhJ, 4.13 [d, *J(H.H) =12.0 Hz, 1H: CHPh], 4.05 [dd, *J(H.H) =
9.7, 8.4 Hz, 1 H; H4], 3.61 [dd, *J(H.H) =11.5, 44 Hz, 1 H; H6al, 3.57 [dd,
SJ(HH) =11.5, 2.9 Hz, 1H: H6b], 2.97 [d, J(H.H) = 2.1 Hz. 1H: OH]J;
MS (CL, NH;): m/z=576 [M*+1], 450 [M*+18 — pyrSH], 433
[M~ +1 — pyrSHI; C,,H,,0,NS (575.7): C 66.76, H 5.78. N 2.43; found C
66.54, H 5.77, N 2.51.

2-Pyridyl 2-0-acetyl-3,4,6-tri-O-benzyl-1-thio-§-D-glucopyranoside (30): The
pyridyl sulfide 30 was prepared according to the general procedure outlined
for 26 to give the title compound as a colorless solid in 70% vyield (3.22 g)
after flash chromatography (heptane/EtOAc, 3:1). Recrystallization from
heptane/EtOAc afforded colorless needles. M.p. 95-97°C: [2]3? = +10.4
(¢ = 0.9, dichloromethane); 'HNMR (300 MHz, CDCl,): = 8.42 [dd,
SJH.H) = 5.2, 2.5 Hz, 1 H; pyr], 7.46 [ddd, *J(H,H) =7.8, 7.8, 2.5 Hz, 1 H;
pyr]. 7.35-7.17 [m, 16 H; 3Ph, pyr}, 7.01 [dd, *J(H,H) =7.8, 5.2 Hz, 1H;
pyr]. 5.57 [d, *J(H.H) =10.6 Hz, 1 H; H1]. 5.20 [dd, 3/(H,H) =10.6, 8.7 Hz,
1H; H2], 482 [d, *JHH)=11.6Hz, 1H; CHPh]. 481 [d,
3J(H,H) =10.9 Hz, 1H; CHPh], 4.71 [d, *J(H,H) =11.6 Hz, 1H; CHPh].
4.58 [d, *J(H.,H) =10.9 Hz, {H; CHPh], 4.57 [d, *AH.H) =119 Hz. 1H;
CHPh]. 4.47 {d, >J(H,H) =11.9 Hz, 1H: CHPh], 3.31 [dd, *J(H.H) = 8.7,
8.7Hz, 1H; H3], 3.79-3.68 [m, 3H; H4, He6a, H6b], 3.66 [ddd.
SHHH) = 9.6, 4.3, 23 Hz, 1 H; H35]. 1.94 (s, 3H; COCH,): C;,H;;O0,NS
(585.7): caled C 69.72, H 6.02, N 2.39; found C 69.62, H 6.00, N 2.48.

2-0-Acetyl-3,4,6-tri-O-benzyl-$-D-glucopyranosyl 2-pyridyl sulfene (31): The
procedure employed for the synthesis of 8 was adopted for sulfide 30 and
afforded the sulfone 31 as a colorless solid in 83 % vyield (790 mg) after flash
chromatography (heptane/EtOAc, 2:1). Recrystallization from heptane/
EtOAc afforded colorless needles. M.p. 127°C; [a]3? = —18.6 (¢ =1.0,
dichloromethane); '"HNMR (250 MHz, CDCl,): § = 8.72 [dd, *J(H,H) =
5.0, 1.7 Hz, 1H: pyr]. 8.09 [brd, *J(H,H) =7.1 Hz, 1H; pyr]. 7.83 [ddd.
SJH,H)=7.1,7.1,1.7 Hz. 1 H; pyr], 7.46-7.10 (m, 16 H: 3Ph. pyr). 5.70 [dd,
SJH,H) = 9.7, 8.8 Hz, 1H; H2], 4.90 [d, *J(H,H) = 9.7 Hz, 1 H; H1], 4.83
[d, *J(H,H) =11.3 Hz, 1 H; CHPh], 4.79 [d, 3J(H,H) = 11.1 Hz, 1H; CHPh],
4.73 [d, *J(H,H) =11.3 Hz, 1H; CHPh], 4.57 [d, 3J(H.H) =11.1 Hz, 1 H;
CHPh], 4.30 [d, 3J(H,H) =12.0 Hz, 1 H; CHPh], 4.22 [d, *J(H,H) =12.0 Hz,
{H; CHPh], 3.80 [dd, *J(H,H)=18.8, 88Hz, 1H; H3], 3.66 [dd,
SJHH) =97, 88Hz, 1H; H4], 3.57 [dd, *J(H,H) =11.6, 4.6 Hz, 1 H;
Hé6al. 3.52[dd, *J(H,H) =11.6, 2.6 Hz, 1 H; H6b], 3.49 [ddd, 3J(H.H) = 9.7.
4.6, 2.6 Hz, 1 H; H5}, 2.04 (s, 3H; COCH,); [R: ¥ = 2880, 1755, 1325 cm™ !
C44H, OGNS (617.7): caled C 66.11, H 5.71, N 2.27; found C 65.85, H 5.82,
N 2.39.

3,4,6-Tri-O-benzyl-§-p-glucopyranosyl 2-pyridy! sulfone (32): A 1.0M solution
of DIBAL-H (8.5 mL, 8.5 mmol) was added to a stirred solution of acetate
31 (229 ¢, 3.71 mmol) in CH,Cl, (80mL) at —78°C. After stirring for
30 min, the solution was quenched with saturated aqueous NH,Cl and then
allowed to warm to 20 “C. The mixture was filtered through Celite, washed
with water and brine, and then dried (Na,SO,) and evaporated to dryness in
vacuo. The restdue was purified by flash chromatography (2:1. heptane;
EtOAc) to give 32 as a colorless syrup (2.05 g, 96%). [0]3? = —16.2 (¢ = 0.9,
dichloromethane); IR (neat): ¥ = 3540 (s), 2920 (s), 1345 (s) cm ~'; "HNMR
(300 MHz, CDCl,): & = 8.75 [dd, *J(H,H) = 4.9, 2.2 Hz, 1 H; pyr], 8.01 [d.
3J(H,H) =7.7 Hz, 1 H; pyr], 7.83 [dd, 3J(H,H) =7.1, 1.7 Hz, 1 H; pyr]. 7.50—
7.02 (m, 16 H; 3Ph, pyr). 5.09 {d, 3J(H,H) =11.0 Hz. 1H; CHPh], 4.86 [d,
SJ(HH) =11.0 Hz. 1 H: CHPh], 4.84 [d, *J(H,H) =11.0 Hz. 1H; CHPh],
4.73 [d, *J(H,H) = 9.7 Hz, 1H; H1], 4.57 [d, *J(H,H) =11.0 Hz, 1 H; CH-
Ph]. 4.39 [dd, SJ(H.H) = 9.7, 8.7 Hz, 1H; H2], 4.33 [d. 3J(H.H) =11 9 Hz,
1H; CHPh], 428 [d, *J(H.H)=119Hz, 1H,; CHPh], 3.75 [dd,
3J(H,H) = 8.7, 8.7Hz, 1H; H3], 3.75 [ddd, 3J(H,H) = 8.7, 4.0, 2.5 Hz, 1 H;
HSJ, 3.68 (s, 1H; OH], 3.63-3.50 (m. 3H; H4, Héa, H6b): Cy,H,,0,NS
(575.7): caled C 66.76, H 5.78, N 2.43; found C 66.71. H 5.88, N 2.48.
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3,4,6-Tri-O-benzyi-2-O-(dimethylvinylsilyl}-«-D-mannopyranosyl 2-pyridyl sul-
fone (292): The dimethylvinylsilyl ether 29a was prepared according to the
general procedure outlined for 2a, which afforded the title compound as a
colorless syrup in 93% yield (394 mg) after flash chromatography (heptane/
EtOAc, 5:2). As compound 29 a showed signs of facile hydrolysis of the O-Si
bond, it was immediately used in the subsequent reduction step. "HNMR
(300 MHz, C,D,): § = 8.20 [dd, *J(H,H) = 4.6, 1.9 Hz, 1 H; pyr], 7.93 {brd,
3JHH) =79 Hz, 1H; pyr], 7.42-7.10 (m, 15H; 3Ph). 6.87 [ddd.
3JIHH) =79, 7.8,1.9 Hz, 1H; pyr], 6.47 [brdd, *J(H.H) =7.8, 4.6 Hz, 1 H;
pyr]. 630 [dd, 3J(H,H)=203, 149Hz. 1H; SiCH=C], 6.03 [d,
3JHH) =18 Hz, 1H; Hil, 6.00 [dd, 3HH.H)y =149, 3.5Hz, 1H: cis-
SiC=CH], 5.86 [dd, *J(H.H) = 20.3, 3.8 Hz, 1 H; trans-SiC=CH], 5.45 [dd,
3J(H,H) = 3.0, 1.8 Hz, 1H; H2}, 5.00 [d, *J(H,H) =11.3 Hz, 1 H; CHPh],
494 [ddd, *J(H.H) = 9.9, 4.7, 2.4 Hz, 1 H; H5], 4.70 [d, *J(H,H) =11.5 Hz,
1H; CHPhH], 4.69 [dd, 3JHH)=9.1, 3.0Hz, 1H; H3]. 463 [d,
3J(H,H) =11.5 Hz, 1H; CHPh], 4.58 [d, 3J(H,H) =11.3 Hz, 1 H; CHPh],
435 [dd, *J(H,H) = 9.9, 7.5 Hz, 1H; H4], 4.30 [d, *J(H.H) =12.2Hz, 1 H;
CHPh], 4.12 [d, *J(H,H) =12.2 Hz, 1H; CHPh]. 3.64 [dd, *J(H.H) =11.0,
4.7 Hz, 1H; H6a). 3.59 [dd. *J(H.H) =11.0, 2.4 Hz, 1H; H6b). 0.33 (s. 6 H;
28iMe,).

3,4,6-Tri-O-benzyl-2-O-[dimethyl(phenylethynyl)silyl)-z-D-mannopyranosyl 2-
pyridyl sulfone (29b): The dimethyl(phenylethynyl)silyl ether 29b was pre-
pared according to the general procedure outlined for 1b to give the title
compound as a colorless syrup in 87 % yield (200 mg) after flash chromatog-
raphy (heptane/EtOAc, 3:1). As 29b showed signs of facilc hydrolysis of the
O-Si bond, it was immediately used in the subsequent reduction step.
'H NMR (300 MHz, C,D,): 6 = 8.13 [dd, 3J(H,H) = 4.7, 1.7 Hz, 1 H; py1],
7.94 [dd, 3J(H.H) =7.2, 1.5Hz, 1H; pyr], 7.75--6.99 (m, 20H; 4Ph), 6.88
[ddd, 3J(H.H) =7.5, 7.2, 1.7Hz, 1H; pyr], 6.48 [ddd, *J(H.H) =7.5, 4.7,
1.5Hz, 1H: pyr], 636 [d, *J(HH)=21Hz, 1H; H1l, 586 [dd,
3J(HH) = 3.0, 2.1 Hz, 1H; H2], 5.04 {d, *J(H,H) =11.3 Hz, 1H; CHPh],
5.01 [ddd, 3J(H,H) = 9.8, 4.6, 2.4 Hz, 1H; H5], 4.88 [d, *J(H,H) =11.5 Hz,
1H; CHPh], 4.80 [dd, 3J(H.H)=8.8, 3.1Hz, 1H; H3], 468 [d,
3J(HH) =11.5Hz, 1H; CHPh], 4.61 [d, *J(H,H) =11.3 Hz, 1H; CHPh],
4.37 [dd, *J(H,H) = 9.8, 8.8 Hz, 1H; H4], 4.34 [d, *J(H,H) =12.0 Hz, 1 H:
CHPh]J, 4.15 [d, *J(H,H) =12.0 Hz, 1H; CHPh], 3.68 [dd, *J(H.H) =11.3,
4.6 Hz, 1H; Hé6a], 3.62 [dd, *J(H,H) =11.2, 2.4 Hz, 1H; H6b], 0.52 (s, 3H;
SiCHj,), 0.48 (s, 3H: SiCH,;).

3,4,6-Tri-O-benzyl-2-0O-[dimethyl(trimethylsilylethynyDsilyl)-¢-D-mannopyra-
nosyl 2-pyridyl sulfone (29¢): The dimethyl{(trimethylsilylethynyl)silyl ether
29¢ was prepared according to the general procedure outlined for 1b to give
the title compound as a colorless syrup in 80% yield (195 mg) after flash
chromatography (heptane/EtOAc, 3:1). As 29 ¢ showed signs of facile hydrol-
ysis of the O—Si bond, it was immediately used in the subsequent reduction
step. '"HNMR (300 MHz, C,D,): é = 8.25 [dd, *J(H,H) = 4.7, 1.7 Hz, 1 H;
pyr], 7.95 [dd, *J(H,H) =7.5, 1.5 Hz, 1H; pyr], 7.51-7.11 (m, 15H; 3Ph],
6.88 [ddd, *J(H,H) =7.5,7.5,1.7 Hz, 1 H; pyr], 6.50 [ddd, *J(H,H) =7.5,4.7,
1.5Hz, 1H; pyr}, 625 [d, *JHH)=23Hz, 1H; H1j}, 591 [dd.
3J(HH) = 3.1, 2.3 Hz, 1 H; H2], 5.03 [d, *J(H,H) =11.3 Hz, 1H; CHPh],
497 [ddd, *J(H.H) = 9.9, 4.8, 2.5 Hz, L H; H5], 490 [d, *J(H,H) =11.3 Hz,
1H; CHPh], 479 [dd, *J(HH)=9.2. 3.1Hz, 1H; H3], 468 [d.
3J(H,H) =11.3 Hz, 1H; CHPh], 4.59 [d, 3J(H.H) =11.3 Hz, 1H; CHPh],
4.31 [dd, *J(H,H) = 9.9, 9.2 Hz, 1H; H4], 4.31 [d, 3J(HL,H) =12.1 Hz, 1H;
CHPh], 4.13 [d, *J(H,H) =12.1 Hz, 1H; CHPh]. 3.66 {dd, 3J(H.H) =11.3,
4.8 Hz, 1 H; H6a], 3.59 [dd. *J(H,H) =11.3, 2.5 Hz, 1 H; H6b]. 0.46 (s, 3H;
SiCH,), 0.38 (s, 3H; SiCH;). 0.33 (s. 9H; SiMe,).

3,4,6-Tri-O-benzyl-2-O-{dimethyl(1-octynylsilyl)|-a-D-mannopyranosyl 2-
pyridyl sulfone (29d): The dimethyl(hexylethynyl)silyl ether 29d was prepared
according to the general procedure outlined for 1b to give the title compound
as a colorless syrup in 95% vyield (235 mg) after flash chromatography (hep-
tane/EtOAc, 3:1). As 29d showed signs of facile hydrolysis of the O~ Si bond,
it was immediately used in the subsequent reduction step. 'HNMR
(300 MHz, C,Dy): 6 = 8.21 [dd, *J(H,H) = 4.7, 1.7 Hz, 1 H; pyr), 7.94 [dd,
3JH,H) =75, 1.5Hz, 1H; pyr]. 7.50=7.10 (m. 15H; 3Ph). 6.84 |ddd,
3JH.H) =7.5, 7.5, 1.7 Hz, 1H; pyr], 6.46 [ddd, 3J(H.H) =7.5, 4.7, 1.5 Hz,
1H; pyr], 6.30 [d, */(,H) =19 Hz, 1H; H1], 5.82 [dd, *J(HH) = 3.5,
1.9Hz, 1H; H2), 5.03 [d, *J(H,H)=11.6 Hz, 1H; CHPh], 4.98 [ddd,
3JHH) =99, 4.6, 2.7Hz, 1H; HS], 491 [d, *J(HH)=11.4Hz 1H;
CHPh)], 4.79 [dd. *J(H,H) =94, 3.5Hz, 1H; H3], 4.67 [d, *J(H.H) =
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11.6 Hz, 1H; CHPh], 4.58 [d, *J(H,H) =11.4 Hz. 1H: CHPh]. 4.32 [dd.
3J(HH) = 9.9. 9.4 Hz, 1H; H4J, 4.30 [d, *J(H H) =12.3 Hz, 1 H: CHPh,
412 [d, *J(H.H) =12.1 Hz, 1 H; CHPh], 3.65 [dd. *J(H.H) =11.3. 4.6 Hz.
1H: Hé6al. 3.59 [dd, *J(H.H) =113, 2.7Hz, 1H: Heb]. 227 (L
SJHH)=7.3Hz. 2H; CCCH,], 1.62—-1.14 (m, 8H; 4CH,). 0.88 [t.
3J(H.H) = 6.7 Hz, 3H; CH,]. 0.46 (s, 3H; SiCH,). 0.38 (s, 3H: SiCH,).

3,4,6-Tri-0-benzyl-2-O-|dimethyl(phenylethynyDsilyl]-B-D-glucopyranosyl  2-
pyridyl sulfone (33a): The dimethyl(phenylethynyl)-silyl ether 33a was pre-
pared according to the general procedure outlined for 1b to give the title
compound as a colorless syrup in 86 % yield (220 mg} after flash chromatog-
raphy (heptane/EtOAc, 2:1). As 33a showed signs of fucile hydrolysis of the
O-Si bond, it was immediately used in the subsequent reduction step.
'HNMR (300 MHz, CDCl,): § = 8.70 [brd. *J(H,H) = 5.0 Hz, 1H: pyr].
8.06 [brd., *J(H,H) =7.9 Hz, 1 H; pyr]. 7.79 [ddd, *J(H.H) =7.9. 7.9. 1.7 Hz,
1H; pyr], 7.41-7.06 (m, 21 H; 4Ph, pyr), 5.03 [d. *J(H.H) =11.3 Hz, 1H:
CHPhJ. 4.89 [d, *J(H,H) =11.3 Hz, 1 H; CHPh], 4.89 [d. *J(H.H) = 9.7 Hz,
1H; H1], 467 [d, *J(H,H) = 11.0 Hz, 1 H; CHPh], 4.56 [dd. *J(H.H) = 9.7,
87Hz, 1H; H2), 449 [d, *J(HH)=11.0Hz, 1H; CHPh], 4.22 {d,
3J(H,H) =12.0 Hz, 1H: CHPh}, 4.14 [d. *J(H.H) =12.0 Hz, 1H; CHPh],
3.73 [dd. */(H.H) = 8.7. 8.7 Hz, 1 H; H3], 3.57 [dd. *J(H,H) = 9.0. 8.7 Hz.
1H; H4}, 3.51-3.37 (m, 3H; HS5, Ho6a, H6b), 0.58 (s, 3H; SICH;). 0.46 (s,
3H; SiCH,).

3,4,6-Tri-O-benzyl-2-O-|dimethyl(trimethylsitylethynyl)sityl|--n-glucopyra-
nosyl 2-pyridyl sulfone (33b): The dimethyl(trimethylsilylethynyl)silyl ether
33b was prepared according to the general procedure outlined for Ih to give
the title compound as a colorless syrup in 99% yield (253 mg) after flash
chromatography (heptane/EtOAc, 3:1). As compound 33b showed signs of
facile hydrolysis of the O—Si bond, it was immediately used in the subscquent
reduction step. "HNMR (300 MHz, CDCl,): & = 8.62 (brd. */(H.H) =
5.0Hz, 1H: pyr), 7.98 [brd, *J(H,H)=8.0Hz, (11; pyr]. 7.72 [ddd.
3J(H,H) = 8.0, 8.0, 1.7 Hz, 1 H; pyr], 7.42-7.03 (m., 16 H; 3Ph, pyr). 5.23 [d.
3J(H,H) =10.9 Hz, 1H; CHPh], 4.81 [d, 3J(H.H) = 9.1 Hz, 1 H: H1], 4.80
[d, *J(H,H) =10.9 Hz, 1 H; CHPh], 4.62 [d, *J(H,H) =11.0 Hz, 1 H; CHPh],
4.44 [d, *J(HH) =11.0 Hz, 1H; CHPh], 4.42 [dd. *J(H.H) = 9.1, 8.7 Hz,
1H; H2], 4.16 [d, *J(H,H) =11.8 Hz, 1H; CHPh], 4.08 [d. SJILH) =
11.8 Hz, 1H; CHPh}, 3.67 [dd, *J(H.H) = 8.7, 8.4 Hz, 1 H: H3]., 3.53-3.31
(m,4H;H4, HS, Héa, Hob), 0.51 (s, 3H: SiCH,), 0.38 (s, 3H: SiCH,). 0.02
(s, 9H; SiMe;).

3,4,6-Tri-O-benzyl-2-O-[dimethyl(1-octynyl)silylj-f-1-glucopyranosyl 2-
pyridyl sulfone (33¢): The dimethyl(hexylethynyl)silyl ether 33 ¢ was prepared
according to the general procedure outlined for 1b to give the title compound
as a colorless syrup in 99 % vyield (257 mg) after tlash chromatography (hep-
tane/EtOAc, 3:1). As 33 ¢ showed signs of facile hydrolysis of the O -Si bond,
it was immediately used in the subsequent reduction step. 'HNMR
(300 MHz, CDCl,): § = 8.69 [brd, *J(H,H) = 5.1 Hz, 1 H: pyr]. 8.06 [brd,
3J(H,H) = 8.0 Hz, 1 H; pyr], 7.80 [ddd, *J(H,H) = .0, 8.0, 1.7 Hz, | H: pyr].
7.47-7.09 (m, 16 H; 3Ph, pyr), 5.26 [d, *J(H.H) =11.3 Hz, 1 H: CHPh]. 4.89
id, SAHH)=93Hz, 1H; H1], 488 [d, 2J(H.H) =11.3 Hz, 1H: CHPh},
4.70 [d, *J(H.H) =11.1 Hz, 1H; CHPh], 4.53 [dd. *J(H.H) = 9.3, 8.7 Hz,
1H; H2}, 451 [d, 3J(H,H)=11.1 Hz, 1H; CHPh]. 423 [d. *J(H.H) =
12.0 Hz, 1H; CHPh], 4.15 [d, *J(H,H) =12.0 Hz, 1H; CHPh], 3.73 [dd.
3J(HH) = 8.7, 8.7 Hz, t H; H3], 3.58 [dd, *J(H,H) = 9.3, 8.7 Hz, 1 H; H4],
3.52-3.38 [m, 3H; H 5, Hé6a, H6b], 2.04 [t, 3J(H.H) =7.3 Hz, 2H; CCCH,}.
1.45-1.14 (m,8H; 4CH,), 0.88 {t, *J(H.H) =7.3 Hz, 3H: CH,]. 0.54 (s, 3H.:
SiCH,), 0.39 (s, 3H; SiCH;).

3,4,6-Tri-O-benzyl-$-D-mannopyranosylethane (17) from 29a: A solution of
Sml, in THF (0.1 M, 6.5 mL, 0.65 mmol) was added over 40 min by syringe
to a well-degassed solution of 29a (172 mg, 0.26 mmol) in THF (26 mL) at
20°C. Saturated aqueous NH,Cl and CH,Cl, were added, and the organic
phase was washed twice with water and brine, dried (Na,SO,). and then
evaporated to dryness in vacuo. The residue was redissolved in DMF (15 mL)
and a 1.0M solution of Bu,NF in THF (1.04 mL, 1.04 mmol) was added. The
solution was stirred for 3 h at 60 °C, after which CH,Cl, and water were
added. The organic phase was washed twice with water and brine, dried
(Na,SO,), and then concentrated to dryness in vacuo. Purification of the
residue by flash chromatography (heptane/EtOAc. 3:1) afforded 17 (96 mg.
80%).

0947-6539;97/0308-1353 § 17.50+ .50/0 — 1353





FULL PAPER

T. Skrydstrup, J.-M. Beau et al.

2-Phenyl-1-(3,4,6-tri-O-benzyl-f-D-mannopyranosyl)ethylene  (18); general
procedure for the preparation of alkenyl f-C-mannosides: A solution of Sml,
in THF (0.1m, 3.4 mL, 0.34 mmol) was added over a period of 30 min by
syringe to a well-degassed solution of 29b (59.5 mg, 0.081 mmol) in THF
(8 mL) at 20"C. Saturated aqueous NH,Cl was added, and the mixture was
extracted twice with CH,Cl,. The combined organic phases were washed
twice with water, dried (Na,SO,), and evaporated to dryness in vacuo. The
residue was redissolved in THF (3mlL), cooled to 0°C, and Bu,NF in THF
(1.0m, 165 pL, 0.165 mmol) was added. After stirring for 30 min, water and
CH,Cl, were added, and the organic phase was washed twice with water,
dried (Na,S0,). and evaporated to dryness in vacuo. Flash chromatography
(heptane/EtOAc, 9:1) gave first glucal 11 (1.7 mg, 5%) and then 18 as a
colorless syrup (28 mg, 64%, (£):(Z) =10:1). The (£){(Z) mixture was sep-
arated by column chromatography. (£) isomer: [«]3? = +4.0 (¢ =1.23, chlo-
roform): "HNMR (300 MHz, CDCl,): d =7.46-7.21 (m, 20H; 4Ph), 6.74
[d. *J(H.H) =16.1 Hz, 1H; C=CHPh], 6.40 [dd, 3J(H.H) =16.1, 6.2 Hz,
IH: CH=CPh]. 489 [d. *JULH)=10.8Hz, tH; CHPh], 478 [d,
3J(HH) =11.9 Hz, 1H; CHPh], 4,70 [d, *J(H,H) =11.9 Hz, 1H; CHPh].
4.66 [d. 3JH,H)=12.7Hz, 1H; CHPh]. 4.58 [d, 3J(H.H)=12.7Hx.
{H:; CHPh], 457 [d, *J(HH)=108Hz, 1H: CHPh]. 4.10 [brd.
*AHH) = 6.2 Hz 1H; HI1J, 4.09 [d, *AH.H) = 3.2 Hz, { H; H2], 3.89 [dd.
3JHH) = 9.6, 9.1, 1H; 114], 3.81 [dd, *J(H,H) =10.8, 2.3 Hz, 1H; Hé6a].
3.77[dd, */(H,H) =10.8, 4.5 Hz, 1 H; H6b], 3.70 [dd, 3J(H,H) = 9.1, 3.2 Hz,
1H: H3]. 3.54 [ddd. 3J(H.H) = 9.6, 4.5, 2.3 Hz, 1H; H5]. 2.40 (brs, 1H:
OH): MS (CI, isobutene): mjz = 537 (M~ +1], 519 [M ' +1— H,0], 429
[M™+1—BnOH}, 411 {M~+1—BnOH — H,0]: HR-MS (Cl, CH,)
(C45H3¢05): caled for [M*+1] 537.2642, found 537.2591; caled for
[M ™ +1— H,0]519.2536, found 519.2533. (Z) isomer: "HNMR (300 MHz,
CDClL): =677 [d, *J(HH)=11.6Hz, 1H; C=CHPh}]. 6.13 [dd,
3J(H,H) =11.6, 8.8 Hz, 1H; CH=CPh).

1-(3,4,6-Tri-O-benzyl-$-D-mannopyranosyl)-2-trimethylsilylethylene (34): The
C-mannoside 34 was prepared according to the general procedure outlined
for 18 to give the title compound as a colorless syrup in 61 % yield (46 mg)
after flash chromatography (heptane/EtOAc, 9:1, (E)/(Z) =13:1) and glucal
11 (1.6 mg, 3%). The (£)/(Z) mixture was separated by column chromatog-
raphy. (£) isomer: [4]3? = + 3.0 (¢ =1.04. chloroform); '"HNMR (300 MHz,
CDCly): 6 =7.41-7.18 (m, 15H; 3Ph), 6.15 {dd, *J(H,H) =19.1, 3.7 Hz,
1H: CH=CTMS], 6.07 [d. 3J(H,H) =19.1 Hz, 1H; C=CHTMS], 4.88 [d,
3J(H,H) =10.9 Hz, 1H; CHPh], 4.78 [d, *J(H.H) =11.6 Hz, 1H; CHPhH].
4.68 [d, *J(H,H) =11.6 Hz, 1H: CHPh], 4.64 [d. 3J(H,H) =12.3 Hz, 1H;
CHPh], 4.58 [d, *J(H,H) =12.3 Hz, 1 H; CHPh], 4.54 [d, */(H,H) =10.9 Hz,
1H: CHPh], 4.08 [brdd, A, H) = 3.1, 3.0 Hy, 1H: H2], 3.91 [brd,
3J(H.H) = 3.7Hz, 1 H; H1], 3.83 [dd. *J(H,H) = 9.5,9.2, 1 H; H4], 3.78 [dd,
SJH,H) =109, 2.2 Hz, 1H; Héal, 3.72 [dd, 3JHH) =109, 4.8 Hz, 1 H;
H6b]. 3.64 [dd, */(H,H) = 9.2, 3.1 Hz, 1H; H3], 3.48 [ddd. 3J(H,H) = 9.5,
48 22Hz 1H; HS), 2.23 [d, *J(H,H)=3.0Hz 1H; OH], 0.11 (s, 9H:
SiMe,): MS (CI, isobutene): mjz =533 [M* +1], 515 [M*+1 — H,0[;
HR-MS (CI, CH,) (C;,H,,0,SD): caled for [M*+1] 533.2724, found
533.2704. (Z) isomer: 'HNMR (300 MHz, CDCly): §=6.52 [dd,
3J(HH) =14.5, 7.4 Hz, 1H; CHC—CTMS], 5.84 [brd, *J(H.H) = 14.5 Hz,
1H: C=CHTMS].

2-(1-Octynyl)-1-(3,4,6-tri-O-benzyl-f-p-mannopyranosyljethylene (35): The
C-mannoside 35 was prepared according to the general procedure outlined
for 18 to give the title compound as a colerless syrup in 25% yield (11 mg)
after flash chromatography (heptane/EtOAc, 9:1) as the (£) isomer, glucal 11
(3.7 mg, 11%), and the 1-deoxy derivative 36 (21 mg, 60 %).

C-Mannoside 35: [x}3? = +3.1 (¢ =0.32, dichloromethane); 'HNMR
(300 MHz, CDCl,): &=740-7.16 (m. 15H: 3Ph), 583 [ddd.
3J(HH) =15.7, 6.5, 6.5 Hz, 1 H; C=CHhexyl], 5.65 [dddd, 3J(H,H) =15.7.
6.0.1.3, 1.3 Hz, 1 H; CH=Chexyl], 4.87 [d, *J(H,H) =10.9 Hz, 1 H; CHPh],
477 [d, *AH.H) =11.5 Hz, 1 H; CHPh], 4.68 [d, 3J(H.H) =11.5 Hz, 1H;
CHPh]. 4.63 [d. *J(H.H) =12.3 Hz, 1 H; CHPh], 4.56 [d, *J(H,H) =12.3 Hz,
1H; CHPh], 4.531d, *(H,H) = 10.5 Hz 1 H: CHPh]. 3.98 [d. *J(ILH) = 3.4,
3.1Hz, 1H; H2), 388 [d. 3J(H,H)=60Hz 1H; H1], 3.82 [dd.
SJIH.H) = 9.8, 9.0, {H; H4], 3.76 [dd, *J(H.H) =10.8, 2.3 Hz, 1H; H6a),
3.71[dd, *J(H,H) =10.8, 4.4 Hz, 1 H; H6b], 3.62 [dd, *J(H,H) = 9.0, 3.1 Hz,
1H: H3J, 3.45 [ddd. 3J(H.H) = 9.8, 4.4, 23 Hz, 1H; HS5], 2.27 (brs, 1H;
OH). 208 (m, 2H: C=CCH,), 1.46-136 (m, 8H: 4CH,), 0.89 [,
*AH,H) =7.0 Hz, 3H; CH,); MS (CI, isobutene): mfz = 545 [M * + 1], 527
(M~ +1~H,0], 437 [M*+1 — BnOH], 419 [M ' +1 — BnOH — H,0):
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HR-MS (CIL, CH,) (C45H,,05): caled for [M ™ +1 — H,0] 527.3163. found
527.3164.

1-Deoxy derivative 36: [o];> = — 5.3 (¢ = 0.53, dichloromethane); 'HNMR
(306 MHz, CDCL): 6=740-747 (m, 15H; 3Ph), 485 [d
3J(HH) =11.0 Hz, 1H: CHPh], 4.74 [d, *J(H.H) =11.7 Hz, 1 H; CHPHJ.
4.68 [d, *J(H,H) =11.7 Hz, 1H; CHPh], 4.61 [d, *J(H.H) =12.3 Hz, 1H;
CHPH]. 4.54 [d, 3J(H.H) =12.3 Hz, 1 H; CHPh], 4.53 [d. 3J(H.H) =11.0 Hz
1H; CHPh], 4.09 |[dd, *J(HH) =12.7, 2.1 Hz, 1H; H1,]J. 402 (brs, 1H:
H2],3.77[dd. *J(H H) = 9.8,8.9, 1 H; H4].3.73[dd, *J(H.H) =10.7. 2.4 tiz.
1H; Hé6a], 3.66 [dd, *J(H.H) =107, 52Hz 1H; Héb], 3.61 [dd.
SJ(H.H) = 8.9, 3.5Hz, 1H; H3), 3.46 [dd. *J(H,H) =12.7 Hz, 1H: Hleq],
3.38[ddd, *J(H,H) = 9.8,5.2,2.4 Hz, 1 H; H5]. 2.52 (brs, 1 H: OH); MS (CI.
isobutene): m/z = 435 [M " +1]; HR-MS (CI. CH,) (C,,H;,0,): calcd for
[M ™ +1] 435.2172, found 435.2139.

2-Phenyl-1-(3,4,6-tri-O-benzyl-2-D-glucopyranesyl)ethylene (16);

General procedure for the preparation of alkenyl a-C-glucosides: A solution of
Sml, in THF (0.1 M, 11 mL, 1.1 mmol) was added quickly to a stirred solution
of 33a (106 mg, 0.14 mmol} in THF (21 mL) at 20°C. After stirring for
10 min, saturated aqueous NH,Cl was added, and the mixture was extracted
twice with CH,Cl,. The combined organic phases were washed twice with
water, dried (Na,SO,), and evaporated to dryness in vacuo. The residue was
redissolved in THF (5 mL), cooled to 0°C, and 1.0M Bu,NF in THF (285 uL.
0.285 mmol) was added. After stirring for 30 min, water and CH,Cl, were
added, and the organic phase was washed twice with water, dried (Na,SO,).
and evaporated to dryness in vacuo. Flash chromatography (heptane/EtOAc.
7:2) gave first glucal 11 (3 mg, 5%) and then 16 as a colorless syrup (58 mg.
76%). [«J3? = +38.7 (¢ = 0.92, dichloromethane); 'H NMR (300 MHz, CD-
Cly): 6 =7.41-7.28 (m, 20H; 4Ph). 6.73 [dd. *J(H.H) =16.2, 1.9 Hz, 1 H:
C=CHPh], 6.42 [dd, *J(H,H) =16.2, 58 Hz, 1H; CH=CPh], 4.78 [d.
*J(HLH) =11.5 Hz, 1H; CHPh], 4.70 [d, *J(H,H) =11.2 Hz, 1 H; CHPh)].
4.67 [d, *J(HH) =11.5Hz, 1H; CHPh}, 4.63 [ddd, *J(H.H) = 5.8, 4.7,
1.9Hz, 1H: H1], 461 [d, *J(H,H)=12.1Hz, 1H; CHPh], 4.56 [d.
*J(HH) =11.2 Hz, 1H; CHPh], 4.52 [d., *J(H,H) =12.1 Hz, 1H; CHPh)],
4,07 [ddd. *J(HH) = 6.8, 5.1, 3.5 Hz, 1 H; HS], 3.85 [dd, *J(HH) =628,
4.7Hz, 1H; H2], 3.81 [dd, 3J(H,H) =10.4, 51 Hz, 1H; Héa}, 3.74 [dd.
SIHH) =628, 6.8, tH: H4], 3.72 [dd, 3KH,H) =10.4, 3.5 Hz, 1 H; Héb},
3.68 [dd, 3J(H,H) = 6.8, 6.8Hz, 1H; H3]. 2.77 (brs, 1H; OH); MS
(CI, isobutene): mjz =537 [M*+1], 519 [M*+1-H,0], 429
[M*+1~BnOH], 411 [M™+1—BnOH — H,0]; HR-MS (CI, CH,)
(C35H;405): caled for [M*+1] 537.2642, found 537.2591; caled for
[M* +1 — H,0] 519.2536, found 519.2533.

1-(3,4,6-Tri-O-benzyl-2-D-glucopyranosyl)-2-trimethylsilylethylene (37): The
C-glucoside 37 was prepared according to the general procedure outlined for
16 to give the title compound as a colorless syrup in 78 % yield (69.5 mg) after
flash chromatography (heptane/EtOAc, 8:1). [2}3? = +58.0 (¢ =1.28, chlo-
roform}; 'HNMR (300 MHz, CDCl,): § =7.40-7.22 (m. 15H; 3Ph), 6.24
[dd, *J(H,H) =19.2, 4.1 Hz, 1H; CH=CTMS], 6.11 [dd. *J(H.H) =19.2.
1.7 Hz, 1H; C=CHTMS), 4.79 [d, *J(H,H) =11.6 Hz, 1 H. CHPh], 4.71 [d.
*J(HH) =112 Hz, 1H; CHPh], 4.68 [d, *J(H.H) =11.6 Hz, 1 H; CHPh].
4.64 [d, *J(H,H) =12.1 Hz. 1H; CHPh], 4.59 [d, *J(H.H) =11.2 Hz, 1H;
CHPh]. 4.55 [d, *J(H,H) =12.1 Hz, 1H; CHPh], 4.47 {ddd. *J(H.H) = 4.6.
4.1, 1.7 Hz, 1H; H1]J, 4.04 [ddd, *JH.H) = 9.2, 5.2, 4.0 Hz. 1H; H35], 3.83
[dd, 3J(H.H) =10.4, 5.2 Hz, 1 H; H6a], 3.81 [ddd, *J(H,H) =7.5, 5.8, 4.6 Hz.
1H; H2], 3.74 [dd. 3J(H.H) =10.4, 40 Hz, 1H; H6b], 3.72-3.65 (m, 2H:
H3. H4), 2.68 [d, *J(H.H) =58 Hz, 1H: OH]. 0.13 (s, 9H; SiMe,):
MS (CIL isobutene): mjz =533 [M'+1], 515 [M* +1— BnOH], 425
{M* +1 — BnOH]. 407 (M* +1 — BnOH — H,01: HR-MS (ClL, CH)
(C5,H,0048i): caled for [M * +1] 533.2724, found 533.2684.

2,3,4,6-Tetra-O-acetyl-a-D-glucopyranosyloctane (38): The C-glucoside 38
was first prepared from 33¢ (130 mg, 0.175 mmol) according to the general
procedure outlined for 16. After desilylation. the residue was dissolved in
MeOH (10 mL) and AcOH (2 mL), and 5% palladium on activated carbon
(30 mg) was added. The mixture was stirred for 12 h under an atmosphere of
hydrogen, after which it was filtered through Celite and evaporated to dry-
ness. The residue was dissolved in pyridine (10 mL) and Ac,0 (5 mL) with
DMAP (1 mg) and left overnight. Evaporation and coevaporation with
toluenc afforded a syrup which was purified by flash chromatography
(heptane/EtOAc, 3:1) to give 38 as a colorless solid (41 mg. 53%). Recrys-
tallization from heptane/EtOAc gave colorless needles. M.p. 57-58°C;

1997 0947-6539/97/0308-1354 8 17.50 + 500 Chem. Eur. J 19973, No. 8





C-Glycoside Synthesis

13421356

[0)2* = +64.0 (¢ =1.04, chloroform); 'H NMR (300 MHz, CDCl;): § = 5.31
[dd, *J(H,H) = 9.6, 9.6 Hz, 1H; H3], 5.06 [dd, *J(H,H) = 9.6, 5.8 Hz, 1H;
H2}, 497 [dd, *J(H,H) = 9.6. 9.6 Hz, 1H; H4], 4.21 [dd, 3J(HH) =12.0,
5.2 Hz, 1H; Héa],4.10 [ddd, 3.J(H,H) =11.5, 5.8, 3.3 Hz, 1 H; H 1], 4.08 [dd,
3J(H,H) =12.0, 2.7 Hz, 1H; H6b], 3.80 {ddd, *J(H.H) = 9.6, 5.2, 2.7 Hz,
1H; HS], 2.08 (s, 3H; COCH,), 2.05 (s, 3H; COCHj;), 2.03 (s, 3H;
COCH,3), 2.01 (s, 3H; COCH,), 1.53-1.23 (m, 14H; 7CH,), 0.88 [t,
*J(HH) =7.0Hz, CH,); MS (CI, NH,): m/z =480 [M*+18], 463
[M* +1]; C,,H,;,0, (444.5): caled C 59.45, H 8.16; found C 59.53, H 8.25.

Tethered disaccharide 41: The alkynylsilyl ether 41 was prepared according to
the general procedure outlined for 1b to give the title compound as a colorless
syrup in 79% yield (140 mg) after flash chromatography (heptane/EtOAc,
2:1). 'HNMR (300 MHz, C,D,): § = 8.24 [brd, *J(H,H) =49 Hz, 1H;
pyr], 7.93 [brd, 3J(H,H) =7.7 Hz, 1 H; pyr], 7.62—7.05 (m, 30H; 6 Ph), 6.89
[ddd, *J(H,H) =7.7, 7.7, 1.8 Hz, 1H; pyr], 6.48 [ddd, 3J(H,H) =7.7, 4.8,
1.3Hz, 1H; pyr], 538 [d, *J(H,H)=11.1 Hz, 1H; CHPh], 534 [d,
3J(H,H) =11.2 Hz, 1 H; CHPh], 5.19 [d, *J(H.H) = 9.3 Hz, 1H; H17, 5.02
[d,*J(H.H) =11.2 Hz, 1H; CHPh], 4.95 [d, *J(H{,H) =11.1 Hz, 1 H; CHPh],
4.93 [dd, *J(H,H) = 9.3, 8.7Hz, 1H; H2], 493 [d, */(H.H) =11.3 Hz, 1 H;
CHPh], 4.87 [d, *J(H,H) =11.3 Hz, 1H; CHPh], 4.59 [d, *J(H,H) =11.0 Hz,
1H; CHPh], 4.59 [d, *J(H.H) = 9.9 Hz, 1H; H5], 4.58 [d, *J(H,H) = 3.4 Hz,
1H; H1], 456 [d, 3J(H,H) =12.1 Hz, 1H; CHPh], 4.44 [d, *KHH) =
12.1 Hz, 1H; CHPh], 4.34 [d, */(H,H) =11.0 Hz, 1H; CHPh], 4.11 [dd,
SIHH) = 9.3, 9.0 Hz, 1H; H3J, 4.09 [d, *J(H.H) =12.3 Hz, 1H; CHPH],
4.01 [d, 3J(H,H) =12.3 Hz, 1H; CHPh], 3.82 [dd, 3J(H,H) = 9.9, 9.0 Hz,
1H; H4], 3.67 [dd, *J(HH)=93, 87Hz 1H; H3], 351 [dd,
3J(H,H) = 9.3,3.4 Hz, 1H; H2), 3.47 [dd, J(H,H) = 9.6, 9.3 Hz, 1 H; H4],
3.35 [dd, *J(H,H) =11.6, 48 Hz, 1H; Héa], 3.29 [dd, *J(HH) =11.6,
2.1 Hz, 1H; H6b, 3.24 [dd, 3J(H.H) = 9.6, 4.8, 2.1 Hz, 1 H; H5], 3.04 (s,
3H: OCH,), 0.82 (s, 3H; SiCH,;), 0.70 (s, 3H; SiCH,).

Methyl «-nD-C-isomaltoside heptaacetate (42): The procedure outlined for the
preparation of 38 was followed to give the title compound as a colorless solid
in 48% yield (19 mg) after {lash chromatography (heptane/EtOAc, 3:2 to
2:3). Recrystallization from heptane/EtOAc gave colorless needles. M.p.
151-152°C; [«]3* = +124.0 (¢ = 0.51, chloroform); '"HNMR (300 MHz,
CDCly): & =544 [dd, *J(HH) =102, 98Hz, 1H; H3], 532 [dd,
SHHH)=99,92Hz, 1H; H3],5.07[dd, *JH,H) = 9.9, 6.0 Hz, 1H; H27,
4,97 [dd, *JHH) = 9.2, 9.2 Hz, 1H; H41], 491 [d, *J(HH) = 3.7 Hz, 1H;
H1}, 4.85 [dd, *J(H,H) = 9.8, 9.8 Hz, 1H; H4], 4.84 [dd, *J(H,H) =10.2,
3.7Hz, 1H; H2], 4.24 [dd, 3J(H,H) =12.3, 5.3 Hz, 1H; Hé6a'], 4.15 [ddd,
3J(H.H) =12.2, 6.0, 3.5 Hz, 1H; H1}, 4.02 [dd, 3J(H,H) =12.3,2.6 Hz, 1 H;
H6b, 3.80 [ddd, 3/FLH) =92, 5.3, 2.6 Hz, 1H; H5], 3.78 (m, 1 H; HS),
3.40 (s, 3H; OCH,), 2.09 (s, 3H; COCH,), 2.07 (s, 3H; COCH,), 2.05 (s,
3H; COCH,), 2.04 (s, 6H; 2 COCHy,), 2.03 (s, 3H; COCH,), 2.01 (s, 3H;
COCH,), 2.00 (m, 1H; CH), 1.66—1.42 (m, 3H; CH,, CH); '*C NMR
(50 MHz, CDCl,): 6 =170.2, 169.9, 169.6, 169.2, 96.8, 72.4, 72.2, 71.3, 70.6,
70.2, 69.0, 68.6, 67.9, 62.4, 55.6, 26.5, 20.8, 20.6; MS (CI, isobutene): m/
z=649[M* +1], 617 [M " +1 — MeOH]; HR-MS (CI, CH,) (C,4H,,0,-):
caled for [M* +1 — MeOH] 617.2081, found 617.2083.

X-Ray crystallographic analysis of 42: Crystal data: C,;H,,0,, . M, =
648.61, colorless crystal of 0.07 x 0.10 x 0.20 mm, triclinic, space group P1,
Z =1, a=5535(5), b=11223(8), ¢ =14.442(10) A, 2 =109.13(8), f =
89.75(3), 7 = 97.17(3)°, V' = 840 (1) A3, p.a =1.28 gom ™3, F(000) = 344,
ACuy,) =1.5418 A, = 0.87 mm™".

Intensity data were measured on a Enraf-Nonius CAD-4 diffractometer with
graphite-monochromated Cug, radiation and the (- 20 scan technique up to
8 = 60° at 20°C. Of the 3019 collected reflections (— 6<h<6, —12<k <11,
—9<1<16), 2446 were unique (R, = 0.023) of which 1598 were considered
as observed [/>2.5a(I)]. Cell parameters were refined from 25 well-centered
reflexions with 8.8 60>24.7°. The structure was solyed by direct methods
with SHELXS 86 (G. M. Sheldrick, 1986, SHELXS 86, Program for the solu-
tion of crystal structures, Univ. of Goéttingen, Germany), and refined by
full-matrix least-squares with SHELX 762 by minimization of the function
Yw(Fo — |Fc|) (G. M. Sheldrick, 1976, SHELX 76, Program [or crystal
structure determination, Univ. of Cambridge, England). The hydrogen
atoms, located in difference Fourier maps, were fitted at theoretical positions
[d(C-H) =1.00 A]. They were assigned an isotropic thermal factor equiva-
lent to that of the bonded carbon atom, plus 10 %. Convergence was reached
at R = (0.044 and R, = 0.058. The residual electron density in the final differ-
ence map was located between —0.19 and 0.16 e A2,
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Crystallographic data (excluding structure factors) for the structure reported
in this paper have been deposited with the Cambridge Crystaliographic Data
Centre as supplementary publication no. CCDC-100198. 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: deposit@chemerys.cam.ac.uk).
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Palladacycles: Efficient New Catalysts for the Heck Vinylation of

Aryl Halides**

Wolfgang A. Herrmann,* Christoph Brossmer, Claus-Peter Reisinger,
Thomas H. Riermeier, Karl Ofele, and Matthias Beller*

Abstract: Cyclopalladated complexes of
the general formula [Pd,(u-L),(P—C),]
(L = bridging ligand, e.g. OAc, C}, Br, I;
P-C = cyclometallated P donor, e.g. o-
CH,C,H,P(o-Tol), or 0-CH,C H,(CH,),-
P(Mes),) are highly efficient catalysts for
the Heck vinylation of ary! halides. The
isolated complexes are easily accessible
from palladium(i) acetate by sponta-
neous metallation of ortho-methyl-substi-
tuted arylphosphines. They display im-

[Pd(OAc),] +nPPh,), and also exhibit a
higher stability towards air than conven-
tional Pd%based systems (e.g. [Pd(P-
Ph;),]). Turnover numbers (TON) of up
to 1000000 and turnover frequencies
(TOF) in the range of 5000--20000 are
achieved in catalytic coupling reactions of
aryl bromides. Even technically interest-

Keywords
aryl halides - catalysis + Heck reaction

ing aryl chlorides undergo the Heck reac-
tion (TON = 600-40000) if promoting
salts are added 10 the catalyst ((NBu,)Br,
LiBr). The new structural type for cata-
lysts is compared to palladacycles formed
in situ from mixtures of [Pd(OAc),] + P(o-
tolyl); and the established [Pd(OAc),]
+nPPhy system. The scope of the new
C-C coupling catalysts is outlined for the
vinylation of aryl halides by the use of
different mono- and disubstituted olefins.

proved activity and stability compared

) . + metallacycles -
to conventional catalyst mixtures (e.g.

Introduction

The palladium-catalyzed arylation of olefins with aryl halides—
generally referred to as the Heck reactiont!—has received in-
creasing attention in the last decade. This is primarily due to the
enormous synthetic potential of this versatile method for gener-
ating new carbon—carbon bonds.”?! However, the reaction suf-
fers from severe limitations which have so far precluded wide-
spread industrial applications.® Typically, a relatively large
amount of catalyst (1-5 mol%) is needed for reasonable con-
versions and catalyst recycling is often hampered by early pre-
cipitation of palladium black.[?**! Another drawback is the
failure of the industrially attractive aryl chlorides to undergo
Heck reactions with reasonable catalyst activities.

Only a few approaches towards catalyst improvement, such
as the use of highly basic and sterically hindered phosphines,*: 3!
the use of 4 large excess of coordinating ligands (e.g. triphenyi-
phosphine(®)) or the application of high pressure conditions!™
have been described.

[*1 Prof. Dr. W. A. Herrmann, Prof. Dr. M. Beller, C.-P. Reisinger,
T. Riermeier, Dr. K. Ofele
Anorganisch-chemisches Institut der Technischen Universitdt Miinchen
Lichtenbergstrasse 4, D-85747 Garching (Germany)
Fax: Int. code +(89}2891-3088
e-mail: beller@zaphod.anorg.chemie.tu-muenchen.de

Dr. C. Brossmer

DEGUSSA AG, Rodenbacherchaussee 4, 63403 Hanau (Germany)
Coordination chemistry and mechanisms of metal-catalyzed C-C coupling
reactions, Part 10; for Part 9, see ref. [24].
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Mechanistic consequences for the Heck
reaction in general are discussed.

Active catalyst systems have been obtained by using pallada-
cycles formed in situ from mixtures of Pd" salts and tris-o-
tolylphosphine.'®! We have recently shown that these catalyst
mixtures primarily react to form palladacycles under the condi-
tions of the Heck reaction.'®! In contrast, Pd"/P(C H,), cata-
lysts suffer from phosphine degradation due to aryl scram-
bling.[*® In the following, we report outstanding catalyst
activities for the reaction of aryl halides with alkyl acrylates,
styrenc, and alkyl enol ethers by the use of cyclometallated
palladium(ir)-phosphine complexes.

Results and Discussion

Preparation of the catalysts: When palladium(u) acetate is treat-
ed with the sterically demanding triarylphosphines P(o-Tol),
and P(Mes), in toluene, the yellow complexes 1a and 2a are
formed in high yields (90--95%). These cyclometallated com-
pounds are stable solids and result from simple C—H activation
of one ortho-methy! group in the phosphine and concomitant
elimination of acetic acid (Scheme 1).

Complexes 1a and 2a are fluxional molecules in solution, as
evidenced by broad *'P{'"H} NMR resonances at room temper-
ature. This non-rigidity is primarily due to the weakly bound
acetate ligands, which give rise to monomer/dimer equilibria in
solution. Coordinating solvents participate in these equilibra-
tions, favoring bridge-splitting of the complexes (*'P and
'"H NMR studies) .[19% 11 Cooling to —40 °C slows the dynam-
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R
Pd(CH3CO2)2 + p R’
CH,4
3
toluene - CH3COz2H

R"R R
N7 R
/@(/ /OAC\
\OAc/
/ \
R R Rr°

1a: R=o-tolylLR"=H
2a: R =mesityl, R"=CHs

Scheme 1. Synthesis of palladacycles by the direct metallation of P(o-Tol); and
P(Mes);.

ics Lo such an extent that sharp singlets are detected for 1a and
2ain the *'P{'H} NMR spectrum.

The labile acetate groups in 1a and 2a are casily exchanged
by halogen ligands X (Cl, Br, 1) by a metathesis reaction with
tetrabutylammonium salts. The resulting halogen-bridged com-
plexes, 1b and 2b respectively, are also very stable,!*?! but show
inferior solubility in noncoordinating solvents (CH,Cl,,
toluene). Addition of either strongly coordinating solvents
(DMSO, DMF, CH,CN) or donor ligands (PPh;, pyridine,
NEt,) results in bridge-splitting and formation of more soluble
mononuclear products. The presence of an excess of halide ions
has the same effect and leads to mononuclear anionic com-
plexes.

The cyclometallated Pd" complexes exhibit high thermal sta-
bility in the solid state. According to TG/MS measurements, 1a
does not decompose until 250 °C, which is about 100 °C above
the decomposition temperature of conventional Pd™ complexes
(e.g. trans-[Pd(PPh;),(0OAc),] or [Pd,(PPh,),(u-OAc),(OAc),]).

Other ortho-tolylphosphines besides P(o-Tol); and P(Mes),
are equally well cyclometallated by palladium acetate if sterical-
ly demanding groups are attached to the phosphorus atom.
Particularly r-butyl-1' T and cyclohexyl-substituted o-tolylphos-
phines have proved to be favorable candidates for cyclometalla-
tion. A variety of alkyl-substituted palladacycles (3a—6b), ac-
cessible by direct metallation of [Pd(OAc),], are presented in
Scheme 2. In contrast to 1 and 2, these analogues exhibit two
singlets in the *'P{*H} NMR spectrum at low temperature
(—70°C), which can be assigned to the cis- and rrans-configured
isomers. The latter rapidly equilibrate via mononuclear interme-
diates at ambient temperature.

Catalysis: Cinnamic ester derivatives are an interesting class of
compounds because they are used industrially as UV absorbers,
as antioxidants in plastics, and as intermediates for pharmaceu-
ticals.['3! Thus, we initially investigated the reaction of various
aryl bromides with #-butyl acrylate. C—C coupling in the pres-
ence of sodium acetate and catalytic amounts of 1 a leads quan-
titatively, or in very good yields (>90%), to the corresponding
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+ P(Cy)(o-TV \P(Cy) (o-Tol)
2

6b (X = Br)
Scheme 2. Alkyl-substituted palladacycles 3a 6b.

n-butyl cinnamates. Table 1 summarizes the results of the cata-
lyzed reactions.

An extraordinarily high reactivity has been observed for acti-
vated aryl bromides (e.g. 4-bromobenzaldehyde and 4-bro-
moacetophenonc). Extremely low catalyst concentrations (ca.
1x10"*mol%) are fully sufficient. Consequently, turnover
numbers (TON) as high as 1000000 {mol product/mol palladi-
um] have becn achieved for the first time, albeit with electron-
poor aryl bromides. Compared with the best TON from the
literature (TON: 134000, in situ catalyst: [Pd(OAc),]/
4 P(0-tolyl),) our results are about one order of magnitude bet-
ter.’®) Turnover frequencies (TOF) generally range between
5000 and 50000 [mol productmol palladium™'h™ 1] (see
Table 1). Electron-rich aryl bromides (e.g. 4-bromoanisole,
2-bromotoluene) with rather diminished reactivity require
higher catalyst concentrations (0.5—1 mmol 1a) and longer re-
action times. Nevertheless, these are the highest turnover num-
bers cver achieved for deactivated aryl bromides.

Next, different palladacycles were compared in the standard
reaction of 4-bromobenzaldehyde with #-butyl acrylate. The
reaction profiles given in Figure 1 clearly show that catalysts
containing aryl groups (o-tolyl, mesityl) bound to phosphorus
are superior to those containing the bulky #-butyl groups. The
higher rates found for 1a and 2b in comparison to 3a and 4a
may be rationalized on the basis of differing basicities of the
respective P atoms; however, steric effects of the substituents
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Table 1. Heck olefination of aryl bromides with n-butyl acrylate and palladacycles 1a and 2b as catalysts (Y = H. 4-CHO, 4-CN, 4-COCH,. 2-CH,. 4-OCH,).

Br
R o~ palladacycle
=
COOBu + NaOAc — y @Ncooau + NaBr + HOAc
No. Aryl halide Catalyst (mol% Pd)  Additive/promotor T(°C) Reaction Conversion  Yield (%) [b] TON
(mol%) time (h) [%] [a] (mol product/mol Pd}
1 4-bromobenzaldehyde la(t) - 100 2 >99 >99 100
2 4-bromobenzaldehyde 1a (0.01) - 130 3 >99 >99 10000
3 4-bromobenzaldehyde 1a (0.001) - 135 12 >99 >99 100000
4 4-bromobenzaldchyde 2b (0.01) . 130 2 >99 >99 10000
5 4-bromoacetophenone 1a (0.0001) NBu,Br (20) 130 24 >99 >99 1000000
6 4-bromoacetophenone Pd(OAc), (0.0001) PPh, (0.0002) 130 24 >99 >99 1000000
NBu,Br (20)
7 4-bromoacetophenone Pd(OAc); (0.0001) P(e-Tol); (0.0002) 130 24 >99 >99 1000000
NBu,Br (20)
8 4-bromoacetophenonc 2b (0.001) - 135 10 >99 >99 100000
9 4-bromobenzonitrile 1a (0.02) 135 1 >99 >99 5000
10 bromobenzene 1a(2) 140 48 >99 96 48
11 2-bromotoluene t1a (2) 140 48 >99 92 46
12 4-bromoanisole ta(2) - 140 48 >99 94 47
13 4-bromoanisole Pd(OAc), (1) P(o-Tol); (1) 140 93 84 75 75
14 4-bromoanisole la (1) - 140 48 93 87 87
15 4-bromoanisole 2b (2) - 138 44 85 74 37

[a] GLC-conversion of the corresponding aryl halide. [b] GLC-yield of the corresponding Heck coupling product with reference to aryl halide.
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Figure 1. Comparison of different palladacycles in the Heck reaction: concentra-
tion against time for the formation of n-butyl (E)-4-formylcinnamate (GLC). Reac-
tion conditions: 4-bromobenzaldehyde (100 mmol), #-butyl acrylate (150 mmolj,
anhydrous sodium acetate (110 mmol), N,N-dimethylacetamide (100 mL), GLC
standard (2 g); T =130 °C; catalysts: 0.005 mmole of the palladacycles 1am, 2b o,
3a e, and 4a » (0.01 mol% Pd).

should also be considered. The mesityl complex 2b shows a
slightly higher activity than the o-tolyl compound 1a (inductive
and steric effects of the methy! groups in the ortho- and para-po-
sitions). In contrast, the influence of the bridging ligand—OAc
versus Br—seems to be of minor importance.

The mechanism of the Heck reaction in the presence of pal-
ladacycles has not yet been fully established. It is known that the
Pd” salts employed in catalysis are reduced by added
organophosphine ligands to yield catalytically active zerovalent
palladium - phosphine complexes.''*?  The latter activate
haloarenes by oxidative addition with the formation of arylpal-
ladium(u) halide species.!*3! In the case of our palladacycles
(Pd") no evidence for a reduction under Heck reaction condi-
tions was observed. Neither in situ NMR spectroscopy nor iso-
lation of the palladacycle after success{ul catalysis, albeit not in
quantitative yield, indicate the formation of [Pd{P(o-Tol);},).
Other mechanisms thus have to be taken into consideration. In
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this respect, a process without a redox change or a Pd" — Pd"Y
step cannot be ruled out.I'® Unfortunately, all attempts to iso-
late an arylpalladium(iv) complex failed. It sccms that 1a does
not react with the aryl bromide until the olefin is added to the
mixture. Detailed spectroscopic studics (in situ *'P NMR) re-
vealed that the acetate-bridged complex 1a develops its catalytic
activity for 4-bromobenzaldehyde and x#-butyl acrylate at about
80 °C. An acetate/bromide exchange occurs in the early stages of
the Heck reaction. The palladacycle 1a disappears with increas-
ing conversion and, consequently, with higher bromide concen-
tration. At the end of the reaction, only the anionic complex
[Pd(o-CH,C¢H P(0-Tol),)Br,]” (1b") remains in solution (from
10100 % conversion). Other intermediates observed in the *'P
NMR experiment are the solvent-coordinated mononuclear,
neutral species [Pd(0-CH,C H,P(o-Tol),(DMF)Br]° (1b”) and
the halogen-bridged dinuclear species [(Pd(o-CH,C H P(o-
Tol),)Br),] (1b). After complete conversion, the anionic com-
plex 1b” was isolated in the form of the bromo-bridged deriva-
tive 1b, which readily crystallized from the cooled reaction
mixture. An almost quantitative yield (90 %) of 1b was obtained
after removal of the solvent and addition of diethyl ether or
n-hexane to the organic residue. However, a Pd®~phosphine
species in a very low concentration cannot be excluded as the
active catalyst, although no such species is observed in the NMR
experiment. In subsequent catalytic runs the recycled palladacy-
cle 1b can be used as the catalyst instead of 1a (see Figure 1).
Activation or functionalization of the mononuclear palladacy-
cles with the incoming substrates (olefin, aryl bromide) is very
fast at 80 °C, and could not be monitored spectroscopically.
In order to study the effect of the olefin in Heck reactions, the
reaction of aryl bromides with styrene, butyl vinyl ether and the
disubstituted olefin 1-methylstyrene were investigated in the
presence of the palladacycle 1a as the catalyst. The results are
summarized in Table 2. Styrene gave excellent TONs, similar to
n-butyl acrylate. Compared to previous data (TON: 65000, in
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Table 2. Heck olefination of aryl bromides with various olefins and palladacycle 1a as catalyst.
No. Olefin Aryl halide Catalyst Additive/
(mol% Pd) promotor
(mol %)
1 styrene 4-bromoacetophenone  1a (0.1) -
2 styrene 4-bromoacetophenone  1a (0.0001) -
3 styrene 4-bromoacetophenone  Pd(OAc), (0.0001) -
4 styrene 4-bromoacetophenone  Pd(OAc), (0.0001) PPh, (0.0002)
S styrene 4-bromofluorobenzene  la (0.1) -
6  styrene 4-bromofluorobenzene  1a (0.0001) -
7 styrene 4-bromochlorobenzene  1a (0.0001) -
8  styrene bromobenzene l1a (0.1) -
9  styrene bromobenzene 1a (0.0001)
10 styrene 3-bromotoluene 1a(0.1) -
11 styrene 4-bromoanisole 1a (0.1) -
12 styrene 4-bromoanisole 1a (0.0001) -

13 styrene 4-bromoanisole

14 4-fluorostyrene 4-bromoanisole 1a(0.1) -
15 4-methoxystyrene 4-bromoanisole 1a (0.1) -
16  l-methylstyrene  4-bromochlorobenzene 1a (0.1) -
17 n-butyl vinyl ether 4-bromoacetophenone  1a (0.1) [NBu,]Br (20)
i8 bromobenzene ta (0.1) [NBu,IBr (20)
19 4-bromoanisole la (0.1) [NBu,]Br (20)

Pd(OAc), (0.0001) PPh, (0.0002)

24 (E)-4-acetylstilbene (89) [a) 890
72 (£)-4-acetylstilbene (49) [a] 490000
72 (E)-4-acetylstitbene (56) [a] 560000
72 (E)-4-acetylstilbene (94} [a] 940000
25 (E)-4-fluorostilbene (93) [a] 930
72 (EY-4-fluorostilbene (36) [a] 360000
72 (E)-4-chlorostilbene (41) [a] 410000
26 (E)-stilbene (77) [a] 770
72 (£)-stilbene (29 ) [a] 290000
30 (£)-3-methylstilbene (62) [b] 620
30 (E)-4-methoxystilbene (69) [a] 690
72 (E)-4-methoxystilbene (22) [a} 220000
72 (E)-4-methoxystilbene (16) [a] 160000
30 (E)-4-fluoro-4'-methoxystilbene (85) [a] 850
30 (£)-4,4"-bismethoxystilbene (30) fa] 300
24 1-(4-chlorophenyl)-2-phenyl-1-propene (10) [b,c) 630

2-phenyl-3-(4-chlorophenyl)-1-propene (27) [b.c]

double arylated product (13) [b.c]

(E)-(2-butoxyethenyl)-4-acetylbenzene (52) [d] 970

(Z)-(2-butoxyethenyl)-4-acetylbenzene (29) [d]

(1-butoxyethenyl)-4-acetytbenzene (16) {d]

24 {E}-(2-butoxyethenylibenzene (44) [d] 860
(Z)-(2-butoxyethenyl)benzene (23) [d]
(1-butoxyethenyl)benzene (19) [d]

24 (E)-(2-butoxyethenyl)-4-methoxybenzene (16) [d] 540
(Z)-(2-butoxyethenyl)-4-methoxybenzene (19) [d]
(1-butoxyethenyl)-4-methoxybenzene (28) {d]

w

[a] Isolated by crystaltization. {b] Isolated by column chromatography. [c] Ratio of the isomers determined by '"H NMR. [d] GLC yield.

situ catalyst: [Pd(OAc),]/4P(o-tolyl),) for coupling reactions
with styrene, again, our data are about one order of magnitude
higher, up to a TON of 1000000.”®" The catalytic activity was
significantly lower for the electron-rich butyl vinyl ether; never-
theless, TONs up to 1000 have been achieved here for the first
time.

It is obvious from Table 2 that both the electronic nature of
the olefin and steric hindrance are decisive factors for the effi-
ciency of the catalysts. The influence of electronic factors is seen
from reactions of 4-substituted styrenes (runs 11, 14 and 15,
Table 2). Here, clectron-withdrawing groups increase the yield
of the corresponding stilbene, and vice versa. With 1-methyl-
styrene as an example of a 1,1-disubstituted olefin, it became
evident that the palladacycle catalyst is rather sensitive towards
steric hindrance. Nevertheless, the TON data are one order of
magnitude higher compared to any previous report for this
olefin (TON: 86, catalyst: [Pd(OAc),}/2 P(Ph),).['*!

This result suggests that the rate-determining step in the Heck
reaction of aryl bromides is not the oxidative addition of the
actual palladium catalyst, but rather the insertion of the olefin
into the arylpalladium intermediate.l'#<] This assumption is
further supported by the competitive reaction of styrene and
n-butyl acrylate with 4-bromoacetophenone, which led to a mix-
ture of 14% 4-acetylstilbene and 85% n-butyl 4-acetylcinna-
mate.

In agreement with data reported for Heck reactions of enol
ethers,”'™ 1a shows the usual regioselectivity for vinyl ethers.
Electron-rich aryl substrates like 4-bromoanisole favor x-aryla-
tion, whereas electron-poor aryl derivatives, such as 4-bro-
moacetophenone, strongly favor B-arylation. Attempts to im-
prove selectivity with different bases and additional salts!!®
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were not successful. However, a rate enhancement was achieved
by using an additional 0.2 equivalent of ammonium salts.

An intriguing characteristic of the new catalysts is their pro-
nounced thermal stability in solution. Heavy precipitation of
inactive Pd-black—induced by high reaction temperatures (nor-
mally 100-140 °C)—is generally not observed with palladacy-
cles; only trace amounts are found after Jong reaction periods
(>25h). The thermal stability of palladacycles is certainly a
consequence of the cyclometallated structure.?®! P—C bond
cleavage and aryl scrambling, both common processes in Pd"—
phosphine complexes,[2!** are not of any importance at reac-
tion temperatures around 130°C. The use of palladacycles is
therefore particularly advantageous for less reactive substrates.

It was thus assumed that palladacycles could also act as cata-
lysts for the activation of aryl chlorides.[) First attempts to use
1a for the reaction of 4-chloroacetophenone with n-butyl acry-
late under standard reaction conditions failed. In fact, early Pd
precipitation occurred if aryl chlorides were treated on their
own with the catalyst 1a above 120 °C. However, certain halide
salts (preferably alkali bromides and tetrabutylammonium bro-
mide) induced a considerable activation of the aryl chlorides. As
a result, Heck coupling with 4-chlorobenzaldehyde gives a 80%
yield of n-butyl 4-formylcinnamate in the presence of 0.1 mol %
1a (TON = 800)!

The resuits for the C-C coupling rcaction of chloroarenes
substituted with electron-withdrawing groups are summarized
in Table 3. n-Butyl acrylate and styrene react similarly, and
yields of 50% and 69 % were obtained for 4-cyanostilbene and
4-acetylstilbene in the presence of only 0.1 mol% catalyst
(TON = 500 and 690 respectively). Even higher TONs were
obtainable if lower concentrations of catalyst were used. Thus,
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Table 3. Heck olefination of aryl chlorides with palladacycle Ta as catalyst (Y = 4-CHO, 4-CN, 4-COCH;; R = COOBu, Ph).

Cl
paltadacycle
Y@ * R + NaOAc @‘X + NaCl + HOAc
DMAc v N—gr
No. R Aryl halide Catalyst (mol% Pd) Additive/promotor Reaction time (h)  Yield (%) TON
(mol %) (mol product/mol Pd)
1 COOBu 4-chlorobenzaldehyde 1a(2) - 24 12 [a) 6
2 COOBu 4-chlorobenzaldehyde 1a(0.2) LiBr (20) 22 63 [a] 315
3 COOBu 4-chlorobenzaldehyde ta (0.2) [NBu,[Br (20) 24 81 [a] 405
4 COOBu 4-chlorobenzaldehyde 1a (0.02) [NBu,]Br (20) 24 45 [a] 2250
5 COOBu 4-chlorobenzaldehyde 2b (0.2) LiBr (100) 24 40 [a] 200
6 COOBu 4-chlorobenzaldehyde 2b (0.2) LiBr (100) 4 40 [a} 200
7 COOBu 4-chloroacetophenone 1a (0.001) [NBu,]Br (20) 72 40 [a] 40000
8 COOBu 4-chloroacetophenone Pd(OAc), (0.001) PPh, (0.002) 72 19 [a] 19000
[NBu,]Br (20)
9 Ph 4-chlorobenzonitrile 1a (0.1) {NBu,]Br (20) 68 48 [b] 430
10 Ph 4-chloroacetophenone 1a(0.1) [NBu,]Br (20) 54 69 [b] 690
11 Ph 4-chloroacetophenone 1a (0.001) {NBu,]Br (20) 69 32 [b] 32000

[a] GLC yield. [b] Isolated by crystallization.

in the presence of 102 mol % of 1a TONs of 32000 and 40000
() were observed for the reactions of 4-chloroacetophenone
with n-butyl acrylate and styrene. Although the conversion was
not 100 % with this low amount of catalyst, the path towards an
economic large-scale activation of aryl chlorides for C—C cou-
pling now seems to be open. Previously, the best reported results
(TONs of up to 95, catalyst: [Pd(OAc),]/2 1,4-bis(diisopropy-
Iphosphino)butane) for the conversion of aryl chlorides used
highly basic and sterically hindered phosphines.[*)

The origin of the dramatic salt effect for the aryl chloride
activation is not understood in detail. Although it is known that
precipitating palladium is stabilized as a colloid in the presence
of tetraalkylammonium halides,!?3! and shows a certain activity
in Heck reactions, it is unlikely that palladium colloids are re-
sponsible for the observed catalyst activity.!**! We now assume
that a higher halide concentration yields anionic halide-coordi-
nated palladium-phosphine complexes, which are more active
than the neutral palladium catalyst systems.'?> Hence, the
search for more appropriate anionic promoters looks promising
for future improvements of new catalyst systems.

In order to compare the palladacycle 1a with conventional
catalysts, a number of the aforementioned reactions were per-
formed under identical reaction conditions in the presence of
[Pd(OAc),}/2 PPh; and of {Pd(OAc),]/2 P(o-Tol);. We were sur-
prised to find that the catalytic activities for the reaction of
activated aryl bromides (e.g., 4-bromobenzaldehyde, 4-bro-
moacetophenone) with styrene and n-butyl acrylate were similar
to those of the palladacycles. Even with 107 mol % of simple
[Pd(OAc),]—without any ligand!—4-acetylstilbene was ob-
tained in 56 % yield. This corresponds to a TON of 560000. On
the other hand, the palladacycle 1a displays advantages for
Heck reactions of deactivated bromoarenes and chloroarenes.
Here, the palladacycle is stable under reaction conditions at
140°C for several days, whereas equimolar mixtures of
[Pd(OAc),] and PPh, or P(o-Tol), (P/Pd =1/1) suffer from early
precipitation of palladium black at the same temperature.[*®)
To exemplify this, the reaction of 4-bromoanisole with n-butyl
acrylate in the presence of 1a or an “in situ catalyst’ is shown
in Figure 2. The isolated complex 1a exhibited much higher
activity and yield of Heck product than a “conventional cata-
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Figure 2. Concentration versus time diagram (GLC) for the Heck-olefination of
4-bromoanisole (as an example of a deactivated bromoarene) with n-butyl acrylate
at T =140°C. For reaction conditions, see Table 1. The decrease in 4-bromoanisole
m (reactant) and increase in n-butyl (E£)-4-methoxycinnamate o (Heck product) is
shown. Top: “in situ catalyst” [Pd(OAc),]/P(o-Tol), with Pd:P =1:1 (1 mol % Pd);
bottom: palladacycle 1a as catalyst (1 mol% Pd).

lyst” made from equimolar amounts of [Pd(OAc),] and P(o-
Tol), (same Pd/P ratio).

Deactivated chloroarcnes, ¢.g. chloroanisole, are not applica-
ble as yet, because higher reaction temperatures are necessary
for their oxidative addition. More drastic conditions, however,
lead to early catalyst decomposition and low yields ( <10 % with
0.1 mol% 1a).
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Conclusion

Palladacycles constitute a new class of well-defined catalysts or
efficient catalyst precursors for the Heck olelination of haloare-
nes. An improved catalyst efficicncy compared to all previously
described palladium-containing catalysts has been realized for
the reactions with dcactivated aryl bromides and activated aryl
chlorides. Here, advantages with regard Lo conventional cata-
lyst mixtures are based on high activity at low P/Pd-ratio and
improved thermal stability and lifetime in solution. In this re-
spect, the reactivity profiles of palladacycles explain why several
phosphine equivalents can be saved for Heck reactions. Fur-
thermore, the new catalysts are {ar less sensitive to air than the
conventional Pd%-based systems.

The rate-enhancing effect of o-tolyl groups in the phosphine
had alrcady been observed by Heck in the seventies.[*”) At that
time this finding was explained by the steric effect of ortho-sub-
stitution; 28! palladacycles were explicitly cxcluded as active
species.[2! This concept must now be revised ; indeed, the mix-
ture [Pd(OAc),]/nP(o-Tol), (“Heck catalyst”) basically consists
of the palladacycle 1a (evidence from *'P and '"HNMR). The
metallated P-C-chelate ligands presented in this paper are like-
ly to serve as a future concept for catalysis and are attractive
alternatives to electron-rich phosphine ligands.’*) As for the
mechanism of the palladacycle-catalyzed Heck reaction, more
rescarch is necessary to prove cither a Pd®/Pd" or Pd'y/Pd"
pathway B39

Moreover, we have shown for the first time that Heck reac-
tions of aryl bromides with electron-withdrawing groups can be
performed in the presence of simple [Pd{OAc),]/2 PPh, catalysts
with TONs of one to three orders of magnitude higher than
those reported to date.

Experimental Section

Palladium(in) acetate and the organophosphines P(Mes),, PCy(o-Tol}, and
PCy,(o-Tol) were gifts from Hoechst AG. Other phosphines were either pre-
pared by literature methods!®” 2°4 or obtained from Aldrich or Strem. Other
chenicals were from Fluka and Aldrich. NMR spectra (*H, 3'P, '3C) were
recorded on a Jeol IMX-GX 400 instrument. NMR multiplicitics are abbrevi-
ated as follows: s = singlet, d = doublet, dd = double doublet, t = triplet,
dt = double triplet, q = quartet, qui = quintet, m = multiplet, br = broad
signal. Coupling constants J are given in Hz. CI-MS spectra were recorded
on a Varian MAT 311 a (150 ¢V, isobutene). GC-MS spectra were measured
on a Hewlett Packard gas chromatograph GGC 5890 A equipped with a mass
selective detector MS5970B. Elemental analyses were carried out by the
Microanalytical Laboratory at the TU Miinchen. The C-C coupling prod-
ucts and palladium complexes were fully characterized (GC-MS, EA, NMR
(*H. '3C, 3'P), CI-MS) and yields were generally determined by gas chro-
matography. Quantitative analyses were performed on a Hewlett Pack-
ard 5980 A instrument using a 12.5 m HP-1 capillary column in conjunction
with a flame ionization detector (GC/FID).

Except for the work-up of reaction mixtures, all operations were carried out
under argon. N,N-dimethylacetamide was distilled prior to use. Other sol-
vents (toluene. dicthyl cther, hexane, pentane, CH,Cl,) were carefully dried
according to standard procedures. Stock solutions of catalyst were used on
account of the low concentrations. These were freshly prepared for each
reaction and used only once.

General procedure for Heck olefinations: Catalyst solution: the appropriate
palladacycle (1a,h; 2a,b, sce Table 1; 5x 107*-0.5 mmole) was dissolved in
20 mL of N,N-dimethylacetamide. The solution was degassed and purged
with argon prior to use.
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Reaction mixture: In a 100 mL three-necked flask equipped with a septum
inlet, a thermometer and a reflux condenser (Hg bubbler) were placed aryl
halide (50 mmole), anhydrous sodium acetate (4.51 g, 55 mmole), diethylene
glycol di-n-butylether (1 g, GC standard), and N N-dimethylacetamide
(30 mL). The reaction mixtare was degassed under vacuum, then argon was
passed over the condenser for 5 min to ensure an inert reaction atmosphere.
n-Butyl acrylate (10 mL, 70 mmole) was added last because of the possible
loss by evaporation. The reaction mixture was vigorously stirred and heated
to the appropriate rcaction temperature, at which it was held steady for
10 min; then preheated catalyst solution (60—80°C) was injected by syringe
(start, / = 0). For kinetic studies samples of 0.5 mL were withdrawn from the
reaction mixture, washed with 5% hydrochloric acid (5 mL) and extracted
with CH,Cl, (3.5 mL). The organic phases were removed and sealed in GC
vials as required for the gas-chromatographic determination of the yield.
Work-up was achieved by pouring the reaction mixture at RT into an excess
of water, extracting with CH,Cl, or Et,O, and drying with MgSO,. After
removal of the extraction solvent and N,N-dimethylacetamide, the products
were purified by distillation or recrystallization.

For the gas-chromatographic determination of the reaction profiles (concen-
tration versus time diagrams) reactant amounts were doubled in order to
ensure an approximately constant reaction volume.

Preparation of cyclometallated palladium(u)—phosphine complexes
trans-di(u-acetato)-bis[o-(di-o-tolylphosphino)benzylldipalladium(i1) (1a): Pal-
ladium acetate (4.5 g, 20.0 mmole) was dissolved in toluene (500 mL). To the
reddish brown solution was added P(o-tolyl), (8.0 g, 26.3 mmol). The bright
orange mixture was heated al 50°C for 3 min and then rapidly cooled to RT.
The solvent volume (375 mL) was reduced to a quarter in vacuo, followed by
addition of hexane (500 mL) to precipitate the complex. After filtration and
drying in vacuo 8.8 g of 1a was obtained as a yellow solid. Yield: 8.8 mg,
93 % referred to [Pd(OAc),]. A solution of the complex in toluene or CH,Cl,
can be further purified by filtration through a bed of Celite*. Recrystalliza-
tion from toluene/hexane or CH,Cl,/hexane gave la as microcrystalline,
analytically pure yellow crystals (TG-MS onset temperature: 251 °C).
'"HNMR (400 MHz, —70°C, CD,Cl,): & =7.31 (m, 4H, H,,), 7.2t (m, 2 H,
H,). 712 (m, 6H, H,,,,)), 7.06 (1, 2H, H,,,,,,.,. *J(H,H) =7.3 Hz). 6.92 (m,
4H, Hyy. 6.70 (8, 2H, Hy,,, HHH) =73 Hz), 6.56 {t, 2H, Hy,,..
*J(HH)=9Hz), 635 (dd. 2H, H,,,. *JHH)=79Hz *JPH)=
12.2 Hz), 3.00 (s, 6H, CHy,), 2.81 (dd, 2H, CH,H,, *J(H, H,) =14.0 Hz,
3J(P,H) = 4.5 Hz), 2.40 (dd, 2H, CH,H,, *J(H,H,) =14.0 Hz. 3/(P.H) =
1.8 Hz), 2.10 (s, 611, CH,), 1.91 (s, 6 H, CH); "3C{'H} NMR (100.5 MHz,
—70"C, CD,Cl,): 6 =178.5 (s, CH,C0O,), 157.1 (d, C,,, J(P,C) = 31.3 Hz).
141.1 (d, C,,. J(P.C) =16.0 Hz), 141.0 (d, C,,. J(P.C) = 21.0 Hz). 133.0 (s,
C,.), 1325(d. C,,. J(P,C) = 4.6 Hz), 132.4(d, C,, J(P,C) = 6.1 Hz}, 131.7
d, C,.. /(P.C)=88Hz), 1314 (d. C,,. JP.C)=13.7), 131.3 (d, C,,.
J(P.C) =9.9Hz), 1304 (d, C,,, J(P.C) =16.0 Hz), 129.9 (s, C,,), 129.1 (d.
Ca,r JIP,C) = 462 H2), 128.7 (s, C,,), 128.1 (d, C,,. J(P.C) = 33.2 Hz).
127.6 (d, C,,, J(P.C) = 23.7 Hz), 125.6 (d, C,,, J(P,C) =7.3 Hz), 125.2 (d,
Cap J(P,CY =73 Hz), 1249 (d, C,,, J(P.C) =11.4 Hz), 30.8 (s, CH,), 24.7
(d, CH,CO,, *J(P.C) = 3.1 Hz), 23.0 (d, CH,, 3J(P,C) =13.7 Hz). 22.2 (d,
CH,, *J(P.C) = 6.9 Hz); *'P{'H} NMR (161.9 MHz, —70°C, CD,CL):
6 = 34.2 (s); IR (KBr): ¥ = 3052 (m), 3007 (m), 2954 (w), 2925 (m) n(CH),
1578 (vs) [m{m,-C=0)], 1468 (s), 1416 (vs} {n(m,-C-- O)], 1341 (w}. {282 (w).
1203 (w), 1132 (m), 1069 (), 1029 (w), 805 (w), 757 (vs), 714 (m), 670 (m),
584 (m), 560 (m), 526 (s), 470 (s)em™*; MS (150 eV, CI): mjz (%) = 939
[M* +H], 880 [M* — OAc], 819 [M * — 2 OAc], 714 [{Pd{0o-CH,CH,P(o-
Tol), )y} 71z CoHaP,04Pd, (937.62): caled C 58.93, H 4.94, P 6.61. O 6.83,
Pd 22.70; found C 58.89, H 5.06, P 6.92, O 6.47, Pd 21.84,

trans-Di(p-bromo)-bis[o-(di-o-tolylphosphino)benzylldipalladium(i1) (1b): Te-
trabutylammonium  bromide (1.61g, 5.00 mmole) was added to
{Pd,{OAc), {o-CH,C H, P(o-Tol),},] (1a) (240 mg, 0.26 mmole) dissolved in
dichloromethane (20 mL). The mixture was stirred at RT for 1 h. After
removal of the solvent, the organic residuc was washed with methanol
(30 mL) to dissolve the excess tetrabutylammonium salts. The remaining
yellow precipitate was filtered and washed again with methanol (2 x 20 mL)
and dry pentane (2 x 20 mL). After drying in vacuo 1b was obtained as a fine
yellow powder. Yield: 245 mg, 98 % with respect to 1a. Complex 1b is not
readily soluble in CH,Cl, and N, N-dimethylformamide (TG-MS onset tem-
perature: 325°C). 'HNMR ([D,]JDMF with the addition of excess NaBr,
—707C. 400 MHz): {Pd{o-CH,C H,P(o-Tol),}Br,] 7: § =7.5-7.0 (m. 10H,
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Hoouyt + Hyongg): 6.76 (6, 1H, Hyenr, *JEH) = 8.5 Hz), 6.59 (4, 1H, Hyqpys
3J(H.H) = 8.5Hz), 4.07 (s, 6H, CH,), 3.74 (dd, 1 H, CH H,, 2J(H,H,) =
14.0 Hz, *J(PH,) ca. 1.2 Hz), 3.13 (d, 1H, CH,H,, *J(H, H) =14.0 Hz);
$TP{TH} NMR (CD,Cl, with the addition of [NBu,]Br, 20 °C, 161.85 MHz):
=423 (s, [Pd{o-CH,C,H,P(0-Tol),}Br,]17): MS (150eV, CI): mjz
(%) =981 [M* +H], 79t [{Pd{o-CH,C.H P(o-Tol),},Br} "], 569 [{Pd{o-
CH,C,H,P(o-Tol),}Br,} "], 490 [{Pd{o-CH,C H,P(0-Tol),}Br}*];
C,,H,Br,P,Pd, (979.33): caled C 51.51, H 4.12, P 6.33, Br 16.32, Pd 21.73;
found C 51.63. H 434, P 641, Br 1602, Pd 20.96.

trans-Di(u-chloro)-bis|o-(di-o-tolylphosphino)benzylldipalladium() (1¢): Te-
trabutylammonium chloride (1.00 g, 3.38 mmole) was added to
[Pd,(OAC),{o-CH,C H,P(o-Tol), },] (1a) (250 mg, 0.27 mmole) dissolved in
CH,Cl, (20 mL). The mixture was stirred at RT for 1 h. After removal of the
solvent, the organic residue was washed with methanol (30 mL) to dissolve
the excess tetrabutylammonium salts. The remaining yellow precipitate was
filtered and washed again with methanol (2x20mL) and dry pentane
(2 x 20 mL). After drying in vacuo 1¢ was obtained as a fine yellow powder.
Yield: 237 mg, 100 % referred to 1a). Complex 1c¢ was not readily soluble in
CH,Cl, and N,N-dimethylformamide (TG-MS onset temperature: 331 °C).
3'P{"H} NMR (CD,Cl, with the addition of [NBu,}Cl, 20°C, 161.85 MHz):
§=393 (s, [Pd{o-CH,C,H,P(0-Tol),}CL]7); MS (150eV, CI): myz
(%) = 891 [M* +H], 481 [{Pd{0-CH,C H,P(0-Tol),}Cl,} "], 444 [{Pd{o-
CH,C H,P(0-Tol),}Cl} *]; C,,H, CLP,Pd, (890.43): caled C 56.65, H 4.53,
P 6.96, Cl 7.96, Pd 23.90; found C 56.29, H 4.57, P 7.04, C1 8.14, Pd 23.49.

trans-Di(p-acetato)-bis[o-(dimesitylphosphine)-3,5-dimethylbenzyl|dipalla-

dium(n) (2a): Palladium acetate (1.30 g, 5.80 mmole) was dissolved in toluene
(200 mL). To the reddish-brown solution was added trimesitylphosphine
(2.30 g, 5.91 mmole). The mixture, which gradually turned dark yellow, was
stirred at RT for approximately 12 h. After filtration through a bed of Celite,
the mixture was reduced to dryness in vacuo. The organic residue was tritu-
rated with cold Et,O (10-20 mL) and stirred at 0°C until a voluminous
yellow precipitate was obtained. The latter was filtered and washed with a
small portion of cold ether and pentane (2 x 5 mL). After drying in vacuo 2a
was obtained as 4 yellow solid. Yield: 2.60 g, 81 % with respect to [Pd(OAc),].
For analytically pure 2a the product had to be chromatographed to remove
traces of free P(Mes); (silica/50% CH,Cl,/n-hexane). Recrystallization of
the complex leads to major losses because 2a has the same solubility charac-
teristics as trimesitylphosphine (solubility in Et,0 and n-hexane).®! P{'H}
NMR (CD,Cl,, —70°C, 161.85 MHz): 6 = 25.6 (s); MS (150 ¢V, CI): m/z
(%) =1106 [M*], 1047 [M~* — OAc], 988 [M ™ — 2 OAc], 881 [{Pd{o-
CH,CH,(CH;),P(Mes), },} *1; CsgH5oP,O4Pd, (1105.94): caled C 62.99, H
6.38,P 5.60,05.79, Pd 19.24; found C 63.32, H 6.06, P 5.94, O 5.54, Pd 19.52.

trans-Di(u-bromo)-bisfe-(dimesitylphosphino)-3,5-dimethylbenzyljdipalla-
dium(i) (2b):

Method A: Tetrabutylammonium bromide (5.0 g, 15.5 mmole) was added to
[Pd,(OAc),{0-CH,C H,(CH;),P(Mes),},] (2a, 1.23g, 1.11 mmole) dis-
solved in CH,Cl, (30 mL). The mixture was stirred at RT for 1 h. After
removal of the solvent in vacuo, the organic residue was washed with
methanol (30 mL) to dissolve surplus tetrabutylammonium salts. The remain-
ing yellow precipitate was filtered, washed again with methanol (2 x 20 mL)
and dry pentane (2 x 20 mL) and dried in vacuo to afford 2b as a fine yellow
powder. Yield: 1.1g, 86% with respect to 2a). Recrystallization from
CH,Cl,/n-hexane gave microcrystalline needles of complex 2b.

Method B: Trimesitylphosphine (8.15 g, 21.0 mmole) was added to palladi-
um acetate (4.5 g, 20.0 mmole) dissolved in toluene (approximately 500 mL).
The mixture was stirred at RT for 12 h, filtered through a bed of Celite and
reduced in vacuo to dryness. The residue was redissolved in 1-1.5L of
CH,Cl,, and tetrabutylammonium bromide (45 g, 140 mmole) was added to
the solution. After additional stirring for 6 h the solvent was removed in
vacuo and the yellow residue was triturated with 300 mL of methanol. The
yellow precipitate was filtered and washed with methanol (3 x 200 mL) and
dry pentanc (2 x 200 mL). After drying in vacuo 2b was obtained as a yellow
powder. Yield: 9.3 g. 81% with respect to [Pd{OAc),]. 'HNMR (CD,Cl,,
20°C, 400 MHz): é = 6.84 (d, 8 H, #-H,,,,, “J(P.H) ca. 3 Hz). 6.75 (s, 2H,
m-H, 0 653 (s, 2H, m-H,,,0). 328 (s, 4H, CH,), 2.34 (s, 24H, o-
CH,Mes), 2.28 (s, 12H, p-CH; Mes), 2.24 (s, 6 H, p-CH, benzyl), 1.64 (s, 6 H,
0-CH, benzyl); *'P{*H} NMR (CD,Cl,, 20°C, 161.85 MHz): d = 30.2 (s);
MS (150eV, CI): m/z (%) =1149 [M'+H], 1070 [M*+H — Br],

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

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

881 [{Pd{o-CH,C¢H,(CH,),P(Mes),},} 71, 493 [{Pd{0o-CH,CH,(CHy),-
P(Mes),}} 1. 388 [{P(Mes),} *]; Cs,Hq,Br,P,Pd, (1147.66): caled C 56.52,
H 5.62, P 5.39, Br 13.93, Pd 18.54; found C 56.63. H 5.92, P 5.41, Br 13.85,
Pd 19.12.

trans-Di(u-chloro)-bis|e-(dimesitylphosphine)-3,5-dimethylbenzyljdipalla-
dium(11) (2¢): This was prepared in a manner analogous to tetrabutylammo-
nium chloride, Methods A or B. 3'P{'H} NMR (CD,Cl,. 20°C,
161.85 MHz): 6 = 28.5(s); MS {150 eV, Cl}: miz (%) = 1060 [M * + H]., 1025
[M*+H—Cl], 881 [{Pd{o-CH,CH,{CH;),P(Mes),},}*], 493 [{Pd{o-
CH,C H,(CH,),P(Mes),}} ], 388  [IP(Mes),}*); C,,H(,CL,P,Pd,
(1058.75): caled C 61.26, H 6.09, P 5.85, C1 6.70, Pd 20.10; found C 61.56, H
5.98, P 5.47, Cl 6.85, Pd 19.92.

Di(g-acetato)-bis[o-(-butyl-o-tolylphosphine)benzyl]dipalladium(n) (3a):
t-Butyl-di(o-tolyl)phosphine {5.68 g, 21.0 mmole) was added to a solution of
palladium acetate (4.5 g, 20.0 mmole) in toluene (400 mL). The mixture was
stirred at 60 °C for 5 min. After removal of the solvent in vacuo, the organic
residue was washed with Et,0 (50 mL). The remaining precipitate was isolat-
ed, dried, and redissolved in CH,CI,. The resulting solution was filtered
through a bed of Celite to remove traces of palladium black and then evap-
orated to dryness. Recrystallization from CH,Cl,/a-hexane at —30°C gave
3a as almost colorless crystals containing 0.3—0.5 equiv of hexane in the
crystal lattice. Yield: 8.2g, 94% with respect to [Pd(OAc),]. 'HNMR
(CD,Cl,, 20°C. 400 MHz): § =7.79 (m, 2H, H,,,,,). 7.36 (t, 2H. H,,.
*J(H,H) ca. 7.5 Hz), 7.3-7.0 (m, 12H, H, ), 3.3 (br, 4H, CH,), 2.3 (br, 6 H,
CH,), 1.8 (br. 6H, CH,), 1.45 (d, 18 H, C(CH,),, *J(P,H) = 14.6 Hz), 0.8
1.0 (m, hexane); ' P{'"H} NMR (CD,Cl,, 20°C, 161.85 MHz): § = 65--63
(brm); (CD,Cl,, —90°C, 161.85 MHz, with integral [): & = 63.3 (s, truns
isomer, /= 80%), 63.8 (s, cis isomer, [ =20%): MS (150 eV, CD): m/z
(%) =870 (M " +H], 810 (M* — OAc], 751 [M* —20Ac], 375 [{Pd(o-
CH,C4H,P(-Bu)(o-Tol))} *]; C,oHsoP,0,Pd, 0.3CH , (895.43): caled C
56.07, H6.10, P 6.92, 0 7.15, Pd 23.77; found C 55.95. H 6.38, P 6.58, O 6.49,
Pd 21.88.

Di(u-acetato)-bis[o-(di-z-butylphosphino)benzylldipalladium(ut) (4a): To a so-
lution of palladium acetate (4.5 g, 20.0 mmole) in toluene {400 mL) was
added dropwise di{#-butyl}(o-tolyl)phosphine (5.0 g. 21.2 mmole). The mix-
ture was stirred at RT for approximately 6 h until a milky suspension was
obtained. After removal of the solvent in vacuo, the organic residue was
washed with Et,O (40 mL). The remaining precipitatc was filtered, dried, and
redissolved in CH,Cl, (50 mL). The resulting solution was filtered through
a bed of Celite and evaporated to dryness. Recrystallization from CH,Cl,/n-
hexane at —30°C gave 4a as colorless crystals. Yield: 7.25 g, 90% with
respect to [Pd(OAc),]. "HNMR (CD,Cl,, 20°C, 400 MHz): § =7.47 (t, 2H,
H,,, *J(H.H) =7.3Hz),7.25 (m, 4H, H, ), 7.11 (m, 2H, H,,), 3.38 (br. 4H,
CH,), 2.0-1.8 (br, 6H, CH,COO), 142 (d. 36H, C(CHj,),.
3J(P,H) =14.0 Hz); *' P{'"H} NMR (CD,Cl,, 20 °C, 161.85 MHz): § = 96 -
93 (br); (CD,Cl,, —90°C, 161.85 MHz, with integral [): 6 = 95.1 (s, cis
isomer, [ =33%), 92.0 (s, trans isomer, [ = 67%); MS (150 eV, CI): m/z
(%) =802 [M ™ +H], 742 [M* — OAc}; C,,H;,P,0,Pd, (801.55): caled C
50.95, H 6.79, P 7.73, 0 7.98, Pd 26.55; found C 50.62, H 6.95, P 8.24, 0 7.57,
Pd 26.65.

Di(u-acetato)-bis[o-(cyclohexyl-o-tolylphosphino)benzylldipalladium(i) (5a):
To a solution of palladium acetate (1.75 g, 7.80 mmole) in toluene (200 mL)
was added (cyclohexyl)di(o-tolyl)phosphine (2.45 g, 8.27 mmole). The mix-
ture was stirred at RT for approximately 6 h. After removal of the solvent in
vacuo, the organic residue was washed with Et,O (30 mL). The remaining
precipitate was isolated, dried, and redissolved in toluene (20 mL). The result-
ing solution was filtered through a bed of Celite and then evaporated to
dryness. Recrystallization from CH,Cl,/n-hexane or toluene/n-hexane at
—30°C gave 5a as pale yellow crystals. Yield: 1.5 g, 42% with respect to
[Pd(OAc),]. 'HNMR (CD,Cl,, 20°C, 400 MHz): § =74 -6.8 (m, 16H,
H,,),2.8-2.2 (brm, 4H. CH,), 2.41 (s, 3k, CH,;), 2.15 (s, 3H, CH,), 1.88
(s, 6H, CH,CO0), 2.0 0.7 (br. 22H, C,H,,}: *'P{'H} NMR (CD,Cl,,
20°C, 161.85 MHz): 6 = 58-57 {br}, (CD,(1,, —90°C, 161.85 MHz, with
integral [): & = 62 (br, trans isomer, I =70%). 54 (br, c¢is isomer, [ = 30%);
MS (150eV, CI): mjz (%) =923 [M* +H], 697 [{Pd(o-CH,C H,P(o-
Tol)(Cy)),} 1 CoaHsa0,P,Pd, (921.66): caled C 57.34, H 5.91, P 6.72, O
6.94, Pd 23.09; found: C 57.15, H 5.87, P 6.94, O 6.84, Pd 23.02.
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Di(u-bromo)-bis|o-(cyclohexyl-o-tolylphosphino)benzyljdipalladium(n)  (5b):
The preparation proceeds analogously to 6b by reaction of 5a with tetra-
butylammonium bromide.

Di(u-acetato)-bis|o-(dicyclohexylphosphino)benzylldipalladium(1) (6a): The
preparation proceeds analogously to 5a by reaction of palladium acetate with
di(cyclohexyl)(o-tolyl)phosphine. Yield: 1.45 g of a beige powder, 41 % with
respect to [Pd(OAc),].

Di(u-bromo)-bisjo-(dicyclohexylphosphino)benzylldipalladium() (6b): To a
solution of palladium acetate (4.5 g, 20.0 mmole) in toluene (400 mL) was
added di(cyclohexyl)(o-tolyl)phosphine (6.35 g, 22.0 mmole). The mixture
was stirred at RT for approximately 12 h. After removal of the solvent in
vacuo, the organic residue was triturated with Et,0 (30 mL). The remaining
precipitate was filtered, dried, and redissolved in CH,Cl, (40 mL). To this
solution was added tetrabutylammonium bromide (16.1 g, 50.0 mmole). The
mixture was stirred for a further hour and then evaporated to dryness and
washed with MeOH (2 x 20 mL) and pentane (2 x 20 mL). The resulting pre-
cipitate was recrystallized from CH,Cl,/n-hexane at —30 °C. After two weeks
6b was obtained as orange crystals. Yield: 5g, 53% yield, referred to
[Pd{OAc),]. These contain one equivalent of hexane in the crystal lattice.
‘HNMR (CD,Cl,, 20°C, 400 MHz): 6 =7.32 (q, 4H, H,,, *J(H.H) =
7.3 Hz), 7.26-7.14 (m, 4H, H,,), 3.58 +3.48 (d +d, 4H, trans +cis CH,
(benzyl), *J(P.H) = 4.9 +3.7Hz), 2.4-1.0 (br, 44H, C,H,,), 1.0~0.8 (m,
14H, C;H,); *'P{*H} NMR (CD,Cl,, 20°C, 161.85 MHz, with integral /):
6 =79.3 (s, trans isomer, I =73%), 77.6 (s, cisisomer, [ = 27%); MS (150 eV,
Cl): mlz (%) =949 [M * +H], 868 [M * — HBr], 394 [{Pd(P.Cy,(0o-Tol))} *1,
288 [P,.Cy,(o-Tol)"}; Cy4H,(Br,P,Pd,-C H,, {1033.59): caled C 51.13, H
6.83, P 6.00, Br 15.46, Pd 20.59; found C 51.38, H 6.92, P 6.50, Br 15.28, Pd
20.57.
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Abstract: A synthetic methodology to ob-
tain square-planar carbenerhodium(l)
complexes of the general composition
trans-[RhCI(=CRR")(L),] where L is a
tertiary phosphane, arsane, or stibane has
been developed. The starting material
trans-[RhCI{(C,H )(SbiPry),] (3) reacts
with diazoalkanes RR'CN, [RR’ = Ph,,
Ph(C4H,X), (CsH X),, Ph(CF;), C,,H,]
under mild conditions to give the com-
pounds  trans-[RhCl(=CRR')(SbiPr,),]

iPr;),] (13, 14) are obtained instead of car-
bene complexes. Displacement of the
SbiPr, ligands in 4 (R =R’ =Ph) by
PiPr,, PiPr,Ph, PiPrPh,, PPh;, PPh,Me,
AsiPr,, and SbEt, leads to the corre-
sponding carbene complexes trans-[RhCl-
(=CPh,)(L),} (15-21) in high yields. The
results of the X-ray crystal structure
analyses of 4 and 15 (L = PiPr,) illustrate
that the different donor—acceptor proper-
ties of SbiPry and PiPr; have little influ-

ence on the Rh—-C bond length. The reac-
tions of 4 and 15 with CO and CN/Bu
afford, by metal-assisted C—C coupling,
diphenylketene Ph,C=C=0 (23) and the
corresponding imine Ph,C=C=N/Bu
(26). On treatment of 4 and 15 with
ethene, however, two different olefinic
products, 3,3-diphenyl-1-propene (31)
and 1,1-diphenyl-1-propene (32), arc
formed. Compound 15 reacts with KBr,
NaOPh, and NaC,H; by substitution of

(4-11) almost quantitatively. On treat-
ment of 3 with EtO,CCHN, and
PhC(N,)C(O)R, the olefinrhodium and
diazoalkanerhodium compounds trans-
[RhCI{(E)-C,H,(CO,Et),}(SbiPr,),] (12)

and  (rans-[RhCI{N,C(R)C(O)Ph}(Sb- rhodium

Introduction

During the last decade, the chemistry of square-planar vinyli-
dene- and allenylidene-rhodium(i) complexes of type B and
C (Figure 1) has been studied quite extensively in our labo-
ratory.!! These compounds are not only interesting as far as
their preparation and structure is concerned but, even more
remarkably, as they offer the chance to perform novel metal-
assisted C—C coupling reactions.[**! Following this strategy
it has been possible to convert two terminal alkyne molecules to
either enynes or butatrienes via alkynyl(vinylidene)rhodium(r)
complexes as intermediates,!?” and also to prepare allene
derivatives such as CH,=CHCH=C=CPh, or Pr,PCHC-
(Ph)=C=C=CPh, 2" which are frequently inaccessible by oth-
er synthetic routes.

{*] Prof. Dr. H. Werner, Dr. P. Schwab, Dipl.-Chem. E. Bleuel, Dr. N. Mahr,
Dr. P. Steinert, Dr. J. Wolf
Institut fir Anorganische Chemie der Universitit Wiirzburg
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the chloride to give trans-[RhBr(=CPh,)-
(PiPry),] (33), trans-[Rh(OPh)(=CPh,)-
(PiPr;),] (34) and [C,H Rh(=CPh,)-
(PiPry)] (35), and with HCI by oxidative

addition to yield [RhCI,(CHPh,)-
(PiPr,),] (36).
cn~Rh"ic”"R CI——Rhﬁ—LC"‘C/R C|—Rh"‘ic—c~c""R
R v R YA
A ] c

Figure 1. A series of square-planar rhodium(i) complexes containing rhodium
carbon double bonds.

After we found out about the promising aspects of the chem-
istry of compounds B and C, we set out to prepare the corre-
sponding carbenerhodium(1) complexes A representing the
missing link in the series of Rh—C double-bond systems A-B-
C (Figure 1). Although our first attempts failed, they had an
exciting outcome insofar as they showed that the ethene com-
pound 1 (obtained from [{RhCIl(PiPr,),},]and CH,N, or, more
conveniently, from [{RhCI(PiPr;),},} and C,H,) as well as the
diazoalkane complex 2 (obtained from [{RhCI(PiPr,),},] and
Ph,CN,), in the presence of excess C,H, and Ph,CN,, can
initiate a catalytic cycle. This leads, very surprisingly, not to the
formation of 1,1-diphenylcyclopropane,'*! but exclusively to the
isomeric 1,1-diphenyl-1-propene. To explain the mechanism of
this unusual and unexpected C—C coupling reaction, we as-
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sumed that in the initial step both substrates, the olefin and the
diazoalkane, are coordinated to the metal and subsequently
cither an RhN,C; six-membered ring or a carbene(olefin)-
rhodium(1) complex is formed (Scheme 1). From both species, a

[Rh]J—N,CPh, CaHy
2
[Rh]</N2CPh2 f
N,CPh, 4 [Rh]=CPh,
N=N
Ve A
(RhI_ _CPh,
H,C—CH,
.N2
[Rh}—
I Ph CHs
1 AN i /7
c=c¢
7/ N
Ph H
Ph_ _Ph
[Rh]

Ph

Ph
[Rh}—

. § _
H H H

Scheme 1. Catalytic cycle, initiated by 1 or 2 ({Rh] = RhCI(PiPr;),), leading to the
formation of 1,[-diphenyl-I-propene from excess C,H, and Ph,CN,.

CoHy

metallacyclobutane derivative could be generated and leads, via
a m-allyl(hydrido) compound as intermediate, to the olefinic
product.'! Since, based on more recent studies,'® we equally
came to the conclusion that rhodium carbenes might be in-
volved in the synthesis of the trisubstituted olefin, the challenge
remained to prepare complexes of type A and to study their
reactivity.

In this paper we report that by a variation of the ligand L it
is possible to synthesize square-planar carbenerhodium(t) com-
pounds with various substituents at the carbene carbon atom.
Moreover, we illustrate that complexes of type A not only read-
ily undergo substitution reactions, in which the Rh=CRR’ unit
remains unchanged, but also react with ethene to give, depend-
ing on the ligand L, two different olefinic products. Some of
these results have already been communicated.!”)

Results and Discussion

Preparation of trans-|RhCl(=CRR’)(SbiPr;),| from the ethene-
rhodium precursor: The route to prepare carbenerhodium(i) com-
plexes of the general composition trans-|[RhCl{=CRR")(L),]
was developed stepwise. The observation that compounds such
as 2P0 or trans-[RhCI{N,C(C,,Hg)}(PiPr,),1.!¥ either on heat-
ing or on photolysis, react to give the dinitrogenrhodium deriva-
tive rrans-[RhCI(N,)(PiPr,),] instead of the desired metal carb-
enes, led us to conclude that it is the steric protection of the
metal by the triisopropylphosphane ligands which hinders the
formation of the rhodium—carbene bond. Therefore, PiPr, was
first replaced by AsiPr, as the ligand L. The result, however, was
disappointing. On treatment of trans-[RhCI(C,H, )} AsiPr,),]
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with Ph,CN,, the complex trans-[RhCI(N,CPh,)(AsiPr,),] was
formed which, like the phosphane analogue 2, reacted under UV
irradiation to give trans-[RhCI(N,)(AsiPr;),] but not rrans-
[RhCl(=CPh,)(AsiPr,),].l"!

To go one step further from AsiPr; to SbiPr; was the key to
success. Treatment of a solution of trans-[RhClI(C,H,}(SbiPr,),]
(3) in pentane with Ph,CN, at —78 °C, followed by evaporation
of the solvent and warming the residue to room temperature led
to an evolution of gas and a characteristic change of color from
red-brown to brownish green. Extraction of the residue with
pentane and recrystallization from acetone gave green crystals
of trans-[RhCl(=CPh,)(SbiPr;),] (4) in morc than §0% yield
(Scheme 2). The solid is only moderately air-sensitive and can
be stored under argon at —20 °C, but decomposes in solution
within a few hours. Other diaryldiazomethanes RR’CN, behave
similarly to Ph,CN, toward 3 and afford the corresponding
carbenerhodium(1) complexes 5—9 in nearly quantitative yield
(Scheme 2). The rate of the displacement of the ethene by the

| R R’ | R R’
4 Ph Ph 7 Ph p-CeHeMe
5| p-CgHsMe p-CgHsMe 8 Cy2Hg
6 Ph  o0-CgH4Me 9 | p-CoH,OMe p-CeH,OMe
N,CRR’ < R
ci—Rrh=c_
-
L
49
L L oen
N,CPh(CF
cl—RAi—|| 2CPh(CF5) ot —rh=c{
c
L h F
3 10
( ¢ ) - Ph
~CgH4)(CPhN
M-LgHy 2)2 Cl—Rh=C/
L \Q ’:L
11 C=Rh—Ci
pn” 4

Scheme 2. L = SbiPr;.

carbene ligand depends crucially on the substituent X of the aryl
group(s). Ph,CN,, Ph(p-C,H,Me)CN,, and (C,,H;)CN, react
somewhat faster than Ph(o-C;H,Me)CN, and the latter more
rapidly than (p-C,H,Me),CN, and (p-C,H,OMe),CN,. Like
4, the analogous compounds 5-9 are also green 1o brown solids,
the composition of which has been determined by elemental
analysis and spectroscopic techniques. As far as the NMR data
are concerned, the most typical feature is the low-field reso-
nance for the carbene carbon atom in the '*C NMR spectra
which appears at 6 ~300-315. The shift to lower fields is more
pronounced in this case than for the corresponding carbene-
rhodium(1) complexes of the Lappert type.[1%]

In contrast to CH,N,, PhCHN,, and Ph(CH,)CN,, which
do not react with 3 even at —78 °C to give stable rhodium-con-
taining products, Ph(CF;)CN, and (u-p-C,H,)[C(Ph)N,], re-
acted with 3 to produce the mononuclear complex 10 and the
binuclear compound 11 (Scheme 2), respectively. A very selec-
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tive reaction takes place between 3 and two equivalents of ethyl
diazoacetate. The elemental analysis of the red crystals, which
are isolated in 94 % yield, reveals, however, that the olefinrhodi-
um(1) complex 12 (Scheme 3) is formed instead of a carbene

Cl—-—Rh—"
Et0,CCHN, NoC(Ph)C(O)R
(E)- or (2)-

CaHaE,
- ¢
m—Rh—JT T ooy Cl—RA—N ZC<P;R
- z &
13: R = H
12 14: R = Ph

Scheme 3. L. = SbiPr;.

derivative. With regard to the mechanism of this reaction, we
assume that in the initial step the expected carbene species trans-
[RhCl(=CHCO,Et)(SbiPr,),] is generated, which rapidly reacts
with a second moleccule of (EtO,C)CHN,, possibly through a
[3 + 2] cycloaddition of the diazoalkane to the Rh=C bond fol-
lowed by elimination of N, , to yicld the product. Compound 12
is also obtained from 3 and diethyl fumarate or diethyl maleate
by displacement of the weakly bound ethene. In agreement with
the structural proposal, the "H NMR spectrum of 12 displays
one doublet for the olefinic CH protons at § = 4.50 and the '3C
NMR spectrum a doublet for the corresponding carbon atoms
at 0 = 32.1. The expected diastereotopic behavior of the CH,
groups of the stibane ligands is indicated by the appearance of
two singlets in the '3C NMR spectrum at § = 22.4 and 22.1.

Compound 3 also reacts quite rapidly with benzoyldia-
zomethanc and PhC(O)C(Ph)N, (azibenzil) to give the dia-
zoalkanerhodium(1) complexcs 13 and 14 (Scheme 3). The be-
havior of 3 is thus completely similar to that of the related
bis(arsane) compounds trans-[RhCI(C,H, )}L),] (L = AsiPr,
iPr,AsCH,CH,OMe), which upon treatment with Ph-
C(O)C(R)N, also bind the intact benzoyldiazomethane
unit.l!t 121 According to the spectroscopic data of 13 and 14,
which are slightly air-sensitive red solids, we assume that the
diazoalkane moiety is bonded “end-on” via nitrogen to the
rhodium center. Diagnostic for this type of coordination is a
N-N stretching frequency in the IR spectrum at ca. 1935 ¢cm ™!
and a signalin the !3C NMR spectrum for the N, C carbon atom
at 6 =117.3 (13) or 99.7 (14). In spite of the fact that both
compounds are thermally not very stable and decompose at
36°C (13) or 44°C (14), the attempts to transform them to the
corresponding carbene complexes frans-[RhCl{=C(R)C(O)-
Ph}(SbiPr;),] remained unsuccessful.

Two routes for ligand displacement reactions of trans-[RhCl-
(=CRR)(SbiPr,),]: After we found that it is extremely difficult
to substitute the PiPr, ligands in compounds of type B or C (see
Figure 1) by other two-electron donor groups,'!! the observa-
tion that bis(stibane) complexes such as 4 or 7 easily undergo
ligand displacement reactions was a real surprise. Treatment of
a solution of 4 in pentane with two equivalents of triisopropyl-

Chem. Eur. J. 1997, 3, No. 8
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phosphane at room temperature led to an exchange of SbiPr,
by PiPr, and to the formation of the original synthetic target,
the carbene complex 15 {type A in Figure 1), in virtually quan-
titative yield. Analogous substitution reactions of 4 occurred
with PiPr,Ph, PiPrPh,, PPh,, and PPh,Mec (Scheme 4), and

| PRs | PRs
15| PiPrs 18| PPh;
16| PiPrPh 19| PPhyMe
17| PiPrPh,
RsP
(L = PR3) & _Ph
—————  c—Rh=c{
Ph
FRs
15-19
iPrsSb ’P":sAS _ph
Ph L = As/iPr
ci—Rh=cZ 2L ¢ 3) Cl—Rh=C
Ph - 2 SbiPry ~ph
SbiPrs AsiPrs
4 20
EtsSb
(L = SbEts) Ph
e Cl——Rh—C<
Ph
sbet,
21
iPrySh PP
S _Ph
cr—gri=c_ 2 PPy c—rr=c_
7 p-CeHaMe - 2 SbiPrs / p-CsHeMe
SbiPrs PiPrs
7 22
Scheme 4.

also of 7 with PiPr,, to give compounds 16—19 and 22, respec-
tively, in excellent yield. The carbenebis(phosphane)rhodium(r)
complexes 15-19 are green or green-yellow solids, which are
considerably more stable than the bis(stibane) derivatives both
in the solid state and in solution (toluene, hexane). The '*C
NMR spectra of 15—19 and 22 display a low-ficld signal for the
carbene carbon atom at d = 310340, which is split into a dou-
blet of triplets due to Rh~C and P-C coupling.

Not only tertiary phosphanes but also triisopropylarsane and
even triethylstibane are able to displace the SbiPr; ligands of 4
giving the structurally related compounds 20 and 21, respective-
ly. While the properties of 20 are similar to those of the bis(tri-
isopropylphosphane) analogue 15, the bis(triethylstibane) com-
plex 21 is rather labile and produces, inter alia, the dinuclear
compound [Rh,CL(u-CPh,),(1-SbEt;)].1'*! The chemistry of
this new type of dinuclear bridging species will be described
elsewhere.

The reactions of 4 with carbon monoxide and rers-butyliso-
cyanide did not lead to a displacement of the stibane ligands
but took a different course. Instead of a carbene complex of
the general composition frans-{RhCl(=CPh,)(L},} (L = CO,
CN¢Bu), the compounds trans-[RhCI{(L)}SbiPr;),] (24, 27) were
formed (Scheme 5). The bis(triisopropylphosphane) complex 15
behaves quite similarly to 4, and on treatment with CO or
CN1Bu afforded the monocarbonyl and the monoisocyanide
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L
co Ph\
— c=Cc=0 + CI—RR—cO
Ph” R4
23 24, 25
<5 _Pn
Cl—RR=C —
L Ph
4,15
L
CNtB Ph
LT, Se=c=ntu| + ci—RR—cNBu
Ph 4

26

4, 24, 27 |SbiPrs 27. 28

15, 25, 28 |PiPr;

Scheme 5.

compounds trans-[RhCI(L)(PiPr,),] (25, 28) in almost quantita-
tive yield (Scheme 5). As the organic products, diphenylketenc
23 and N-tert-butylketenimine 26 were obtained. They were
separated from the metal-containing components by column
chromatography and identified by their IR and *3C NMR spec-
tra. Since tetraphenylethene, which is produced from CPh, gen-
erated in situ.!'* could not be detected as a by-product in the
reactions of 4 and 15 with CO and CN/Bu, we assume that both
the ketene 23 and the corresponding ketenimine 26 are formed
by C—C coupling in the coordination sphere of rhodium. In this
context it should be mentioned that the reaction of Ni(CO),
with Ph,CN, also yields diphenylketene, possibly via a car-
bene(carbonyl)nickel complex as an intermediate.™*>!

The diphenylcarbene complexes 4. 15, and 18 also reacted
with ethene to give two different olefinic products, depending on
the ligand L of the starting material (Scheme 6). On treatment

L

Ph
cl—Rrh=c_
L Ph
4,15, 18
CoHy
(L = SbiPry) 1 (L = PiPrs, PPhs) l
H H L H3C Ph
~ - RN -
_c=c{_ Ct—Rh—|f _c=c_
H CHPh, L/ H Ph
31 32
3, 29, 30
L
29 | P/Pr;3
30| PPhy
Scheme 6.

with ethene, compound 4 (L = SbiPr;) afforded the terminal
olefin CH,=CHCHPh, (31) in addition to the ethenerhodium(1)
derivative 3; in contrast, complexes 15 and 18 (L = PiPr, and
PPh,, respectively) gave the isomeric species CH,;CH=CPh,
(32), besides 29 and 30. Since the latter olefin is the product of
the catalytic reaction of ethene and diphenyldiazomethane (see
Scheme 1), the assumption that a carbenc(cthene)rhodium com-
pound is involved in the catalytic cycle!™ seems to be reason-
able. Another isomer of 31 and 32, namely 1,1-diphenylcyclo-
propane, which would be formed from C,H, and Ph,CN, in the
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presence of rhodium(i) complexes such as Rh,(OAc), . could
not be detected either in the reaction of 4 and of 15 or 18 with
ethene.

Substitution and addition reactions of zrans-|[RhCl{(=CPh,)-
(PiPr,),]: In order to find out whether, instead of the neutral
ligands L, also the chloride in the carbene complexes of type A
(Figure 1) could be replaced, compound 15 was treated with
potassium halides, NaOPh, and NaC,H,. Whilst 15 was inert
toward KF and smoothly decomposed in the presence of KI, the
reaction with KBr in pentane (i.e., in heterogeneous phase) led to
the formation of the bromo(carbene)rhodium(1) complex trans-
[RhBr(=CPh,)(PiPr;),] (33) in quantitative yield (Scheme 7).

L
KBr & _Ph
———  Br—Rh=c_
7 Ph
L
33
L L
& _Ph NaOPh Ph
cl—Rh=c PhO—Rh==C_
Ph Ph
L 15 L
HCI 34
Ph P <
H—e” L NaCsHs -
| —— _Rh
Cl—Rh—Cl L \$—Ph
L Ph
36 35

Scheme 7. L = PiPr,.

Under similar conditions (pentane:acetone = 40:1), the pheno-
lato derivative trans-[Rh(OPh)(=CPh,)(PiPr,),] (34) was ob-
tained. The spectroscopic data of 33 and 34 (the bromo com-
pound 33 in solution is somewhat more labile than the starting
material 15) arc analogous to those of 15 and thus confirm that
the phosphane ligands are trans disposed. In the '*C NMR
spectrum of 34 there is a small shift (by 4—5 ppm) of the signal
of the carbene carbon atom to higher field compared with 15
and 33, which is probably due to the coordination of the
stronger n-donor ligand OPh™ trans to the carbene unit.

The cyclopentadieny! complex [C;H,Rh(=CPh,)(PiPr,)] (35)
was prepared from 15 and NaC,H in THF. It is a blue-violet,
almost air-stable solid, which completes the series of halfsand-
wich-type compounds [C;H;Rh{=C(=C),RR'}(PiPr,)] with
n=0, 1 and 2. We note that while 35 and [C,H.Rh-
(=C=C=CPh,)(PiPr,)]"*® are accessible from the square-pla-
nar precursors  (rans-[RhCl{=C(=C),Ph,}{PiPr;),] and
NaC.H, the preferred method of synthesis for the vinylidene
derivatives [C;H;Rh(=C=CHR)(PiPr,)] is the reaction of the
rhodium(ir) complexes [RhH{C=CR)Clpy)PiPr,),] with
NaC H,.""® A compound of composition [CsH;Rh{=C(NMe-
CH,CH,NMe)}(CO)], which is related in structure to 35, has
been prepared by Macomber and Rogers from [C;H.Rh(CO),]
and bis(1.3-dimethylimidazolidin-2-ylidene) .1 7!

The carbene complex 15 and the corresponding vinylidene
derivative trans-[RhCi{(=C=CH,)(PiPr,),] behave similarly to-
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wards HCl in benzene or pentane. In both cases, addition of the
clectrophilic substrate to the Rh=C double bond takes place
and the five-coordinate compounds [RhCl,(CHPh,)}(PiPr;),]
(36) and [RhCl,(CH=CH,)(P:Pr,),]"*¥ arc formed. Complex
36 is a red solid, which is readily soluble in benzene, ether, or
acetone, but decomposes almost instantaneously in chlorinated
solvents. Although the NMR spectroscopic data of 36 (in partic-
ular the Rh—P coupling constant of the signal in the 3'P NMR
spectrum) are consistent with the assumption that the phos-
phane ligands are rrans disposed, they are not conclusive as to
whether the molecule has a trigonal-bipyramidal or a square-
pyramidal configuration. The closest analogue of 36 that we are
aware of is the five-coordinate dichlorohydridorhodium(i)
complex [RhHCI,(PiPr;),], for which a square-pyramidal struc-
ture with the hydride in the apical position and the phosphanes
and chlorides in the basal plane rrans to each other has been
determined by X-ray crystallography.!*®! Based on this resuit,
the structural proposal for 36 shown in Scheme 7 seems to be
reasonable.

The molecular structure of compounds 4 and 15: The single-crys-
tal X-ray diffraction studies of the two diphenylcarbene com-
plexes 4 (Figure 2) and 15 (Figure 3) confirm the square-planar

Figure 2. Molecular structure of 4. Principal bond lengths [A] and angles [], with
estiinated standard deviations in parentheses: Rh-C12.452(1), Rh—Sb12.5843(5),
Rh-Sb2 2.5633(5), Rh- C1 1.863(4), C1-C2 1.489(6), C1-C8 1.497(6); Sb1-
Rh-Sb2 155.48(2), Sb1-Rh-C184.15(3). Sb1-Rh-C 1 96.8(1). Sb2-Rh-C1 84.75(3),
Sb2-Rh-C1 97.6(1), Cl-Rh-Ct 171.0(1), Rh-C1-C2 115.7(3). Rh-C1-C8
127.6(3), C2-C1-C8 116.6(4).

geometry with zrans-disposed SbiPr; and PiPr, ligands. Both
the Sb1-Rh-Sb2 and P1-Rh-P2 axes are somewhat bent, with
the corresponding angle in 4 [15548(2)°] deviating more
markedly from the ideal value of 180° than in 15 [161.55(3)°].
The repulsive forces between the isopropyl and the phenyl
groups of the EiPr,; and CPh, ligands are probably responsible
for this bending. We assume that steric effects also explain why
the dihedral angle between the planes Rh/ClH/E1/E2 (E =P or
Sb) and C1/C2/C8 is not 0° (as expected by bonding consider-
ations) but 72.4(4)° in 4 and 69.5(2)° in 15.
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Figure 3. Molecular structure of 15. Principal bond lengths [A]and angles ], with
estimated standard deviations in parentheses: Rh—Cl 2.441(1), Rh-P1 2.396 (1),
Rh-P2 2.372(1), Rh-C1 1.876(3), C1-C2 1.498(5), C1-C8 1.476(4): P1-Rh-
P2161.55(3), P1-Rh-C186.59 (3), P1-Rh-C1 95.1(1), P2-Rh-Cl 86.53(3), P2-Rh-
C195.6(1), Cl-Rh-C1 166.24(9), Rh-C1-C2 116.4(2}, Rh-C 1-C8 128.5(3), C2-
C1-C8 115.0(3).

The Rh-C1i bond lengths in 4 [1.863(4) Al and 15
[1.876(3) A] are surprisingly short and are, to the best of our
knowledge, the shortest Rh—C(carbene) distances ever found.
In the structurally related compounds, studied by Lappert et al.,
the Rh—C bond length is 1.92(3)A in trans-[RhCl{=C-
(NMeCH ,CH(CH,/Pr)NMe)}(PPh;),]" %! and 2.006(25) Ain
trans-[Rh{N=C(CF;),}{=C(NMeCH,CH,NMe)}(PPh,),]..*"!

However, the most interesting aspect is that if the three types
of square-planar complexes A, B, and C, shown in Figure 1, are
compared, the shortest Rh—C distance is found for the vinyli-
dene compounds trans-[RhCl{(=C=CRR’)(PiPr,),] .[*!! The or-
der of decreasing Rh~C bond length is A>C> B, which is in
agreement with theoretical studies predicting that the highest
degree of metal-to-carbon back-bonding should be expected
for :C=CRR' as the carbon-bonded unit.*?!

Conclusion

The present investigations have shown that the diazoalkane
method, initially used by Herrmann'?* and Roper* and more
recently by Grubbs!?*! for the synthesis of carbene —metal com-
plexes, can also be applied to the preparation of corresponding
rhodium(1) derivatives. The compounds4-11 and 15-22 are the
first rhodium(r) complexes carrying a carbene ligand that is not
stabilized by linkage to a hetero atom like O, S, or N.I2%) From
the preparative point of view, it is most remarkable that not only
the primary reaction products 4—11 but also the subsequently
formed compounds 15-20 and 22 are isolated in excellent,
sometimes quantitative yields. Moreover, the ligand displace-
ment reactions of 4 and 7 leading to 15—-20 and 22 illustrate that
the attack of nucleophilic substrates such as PR, or AsR; 1s
preferentially directed to the metal and not to the carbene car-
bon atom as is found in Fischer-type carbene complexes.l?”! The
behavior of CO and CNBu seems to be exceptional since these
Lewis bases displace the carbene unit instead of the SbiPr, or
PiPr, ligands of 4 and 15, thereby generating the C~C coupling
products Ph,C=C=0 and Ph,C=C=NrBu, respectively.
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The fact that the use of SbiPr, as ligand in the starting mate-
rial opened the gate to a new family of carbenerhodium com-
plexes of the general composition trans-[RhCl{=CRR")(L},] de-
serves a further comment. Although we had already prepared 3,
24, 27, and some other mono- and bis(triisopropylstibane)-
rhodium derivatives,'?8 29 trialkylstibane compounds of the
late (electron-rich) transition metals are quite rare.*®! There is
a general belief that trialkylstibanes are weaker o donors than
the corresponding trialkylphosphanes and -arsanes, and that
also the m-acceptor properties are considerably reduced along
the series PR, > AsR,>SbR, .3 Both arguments have been
uscd to explain the problems associated with the synthesis of
trialkylstibanemetal complexes although caution should be ap-
plied.

Recent work from our laboratory has shown that not only
rhodium but also various iridium®?) and ruthenium com-
pounds'®*! containing SbiPr, and SbMe, as ligands can be pre-
pared; for M = Ru there are even examples that are coordina-
tively and electronically unsaturated. We are presently trying to
use the advantage of SbiPr; and other trialkylstibanes as ligands
also in halfsandwich-type rhodium complexes and will report
these results in due course.

Experimental Section

All experiments were carried out under an atmosphere of argon by Schlenk
techniques. The starting materials 3,1°! AsiPr,.* SbE1,.,**) CH,N,, and its
derivatives'*® were prepared as described in the literature. NMR spectra were
recorded at room temperature on Bruker AC200 and Bruker AMX 400 in-
struments, and IR spectra on a Perkin-Elmer 1420 infrared spectrometer.
Melting points were measured by DTA. Abbreviations used: s, singlet; d,
doublet; t, triplet; vt, virtual triplet; sept, septet; m, multiplet; br, broadened
signal; N = 3J(PH) + 3J(PH) or 'J(PC) + *J(PC).

trans-{RhCl(=CPh,)(SbiPr,),] (4): A solution of 3 (808 mg, 1.21 mmol) in
pentane (3 mL) was treated at — 78 °C with a solution of Ph,CN, (470 mg,
2.42 mmol) in pentane (3 mL). Under continuous stirring and warming to
room temperature, the solvent was removed in vacuo. An evolution of gas
was observed. After the remaining residue had been stored for ca. 1.5 h under
vacuo, a brownish green solid was formed. It was washed twice with 2 mL
portions of methanol (0°C) and then extracted with pentane (30 mL). The
extract was brought to dryness in vacuo, and the residue recrystallized from
acetone (15 mL). Upon storing at —78 °C for 24 h, dark gr\eé‘n‘ crystals were
formed which were separated from the mother liguor, washed with small
quantities of acetone (— 20°C), and dried; yield 839 mg (88%); m.p. 61°C
(decomp.); "THNMR (C Dy, 200 Mz): § = 8.03 (m, 4H, ortho-H of C.H,),
7.24 (m, 2H, para-H of C H,), 7.00 (m, 4H, mera-H of CHy). 2.08 [sept,
JHH)=73Hz, 6H, SbCHCH,]. 131 [d, JHH)=73Hz, 36H,
SbCHCH,]; '*C NMR (C¢Dy. 50.3 MHz): 6 = 316.2(d, J(Rh,C) = 29.1 Hz,
Rh=C], 160.1 (s. ipso-C of C4Hs), 129.7, 129.1, 123.7 (all s, C4H{),21.9 (s.
SbCHCH,), 19.1 [d, J(Rh,C)=34Hz, SbCHCH,]: C, H,,CIRhSb,
(806.6): caled C 46.16, H 6.50, Rh 12.76; tound C 46.37, H 6.76.
Rh 12.86.

trans-|RhCl{ =C(p-C H Me), }(SbiPr,),] (5) was prepared as described for 4,
from 3 (79 mg, 0.12 mmol) and a solution of (p-C;H,Me),CN, (53 mg,
0.24 mmol) in ether (3 mL); yield 92 mg (94%). Brownish green crystals;
m.p. 55°C (decomp.); 'H NMR (CeDy, 200 MHz): 6 = 8.05 (m, 4H, ortho-H
of C,H,Me), 6.83 (m, meta-H of C(cH,Me), 2.12 [sept, J(H,H) =7.3 Hz, 6 H,
SbCHCH,), 1.80 (s, 6H, CH,CH;), 135 [d. J(HH)=73Hz,
36 H,SbCHCH,; '*C NMR (C Dy, 50.3 MHz): 6 = 316.6 [d, J(Rh,C) =
28.0 Hz, Rh=C], 157.8 (s, ipso-C of C;H,Me), 131.9, 129.0, 125.5 (alls,
C H,CH,), 22.6 (s, C;H,CHy), 22.2 (s, SbCHCH,;), 19.1 [d, J(Rh,C) =
3.7 Hz, SbCHCH,]; C,3H,,CIRhSb, (834.7): caled C 47.49, H 6.76; found
C 47.63, H 6.67.
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trans-[RhCl{=C(o-C H ,Me)Ph}(SbiPr,),] (6) was prepared as described for
4. from 3 (92 mg. 0.14 mmol) and a solution of (o-C4H,Me)PhCN, (57 mg,
0.28 mmol} in pentane (3 mL}); yield 105 mg (93%). Dark green crystals: m.p.
28°C (decomp.); "HNMR (C;Dy, 200 MHz): § =7.87 (m, 3H, ortho-H of
C¢Hs and C H,), 7.00 (m, 6 H, meta- and para-H of C(H4 and C H,), 2.07
(s, 3H, C;H,CH,), 2.03 [sept, J(H.H) =7.3 Hz, 6H, SbCHCH,], 1.31 [d.
J(HH) =7.3 Hz, 36 H, SbCHCH,]; ' *C NMR (C(Dy, 50.3 MHz): § = 298.1
[d, J(Rh,C) = 31.0 Hz, Rh=C], 163.8 and 161.3 (both s, ipso-C of C4H 4 and
CeH,), 141.6,131.9, 130.8, 130.3, 130.1, 126.8, 126.5, 126.3 (all s, C;H, and
CeH,), 22.5 (s, CgH,CH;), 22.1 (s, SbCHCH;), 18.7 [d, J(Rh,C) = 3.6 Hz.
SbCHCH,); C;,H4,CIRhSb, (820.6): calcd C 46.84, H 6.63: found C 46.97,
H 6.47.

trans-|RhCl{=C(p-C ,H Me)Ph}(SbiPr,),] (7) was prepared as described for
4. from 3 (92 mg, 0.14 mmol) and a solution of ( p-C H,Me)PhCN, (57 mg,
0.28 mmol) in pentane (3 mL); yield 104 mg (92 %). Olive green crystals; m.p.
46°C (decomp.}; *HNMR (C Dy, 200 MHz): § = 8.03 (m, 4H, oriho-H of
C Hyand C,H,).7.05 (m, SH, meta- and para-H of C¢Hg. mera-H of C H,).
2.09 [sept, J(H.H) =7.3 Hz, 6H, SbCHCH,]. 1.77 (s. 3H. C(H,CH,). 1.32
[d. J(HH)=73Hz 36H, SbCHCH,]; '*C NMR (C,D,. 50.3 MHz):
6 = 316.4[d, J(Rh.C) = 28.9 Hz, Rh=C], 159.9 and 157.9 (both s, ipso-C of
C¢H; and C H,), 131.9, 130.5, 130.1, 128.8, 128.3, 128.1 (all s, C;H, and
CoH,). 22.6 (s. C;H,CH,;), 22.2 (s, SbCHCH,;), 19.1 [d, J(Rh.C) = 3.6 Hz,
SbCHCH,;]; C5,H;,CIRhSb, (820.6): caled C 46.84, H 6.63; found C 46.97,
H 6.69.

trans-|[RhCl{=C(C,,Hg)}(SbiPr;),| (8): A solution of 3 (67 mg, 0.10 mmol)
in pentane (10 mL) was treated at — 78 °C with a solution of 9-diazofluorene
(40 mg, 0.20 mmol) in ether (5 mL). An almost instantaneous change of color
from red-violel to brown occurred. The reaction mixture was warmed up to
room temperature and under reduced pressure (ca. 102 Torr) stirred for
30 min. The suspension (alrcady containing a brown solid) was concentrated
to ca. 5 mL in vacno, and then kept for 1 h at room temperature. The brown
precipitate was separated from the mother liquor, washed three times with
3mL portions of pentane, and dissolved in ether (3 mL). After the solution
had been stored at —78 °C, brown crystals were formed, which were washed
with pentane (0°C) and dried; yield 76 mg (94%); m.p. 55°C (decomp.);
"HNMR (C4Ds, 200 MHz): 6 = 8.52 (m, 2H, ortho-H of C,,H,). 7.35 (m,
2H, C,,Hy), 698 (m, 4H, C,,H,), 2.11 [sept. J(H,H) =7.3Hz, 6H.
SbCHCH,), 1.27 [d, J(H,H) =7.3 Hz, 36 H, SbCHCH,]; '*C NMR (CD,.
50.3 MHz): 6 = 309.3 [d, J(Rh,C) = 29.0 Hz, Rh=C], 151.7 and 151.6 (both
s, ipso-C of C,H,), 141.8, 138.7, 136.3, 133.0, 130.1, 129.3. 128.9, 127.1,
120.2, 119.8 (alls, C;,Hy), 22.1 (s, SbCHCH,;), 20.2 [d, J(Rh.C) = 3.4 Hy,
SbCHCH,}; C4,H;,CIRhSb, (804.6): caled C 46.27, H 6.26: found C 46.31.
H 6.13.

trans-|RhCH{=C(p-C;H,0Me), }(SbiPr;),] (9) was prepared as described for
4, from 3 (71 mg, 0.11 mmol) and a solution of di(p-anisyl)diazomethane
(54 mg, 0.22 mmol) in ether (4 mL); yield 76 mg (83 %). Brownish green
crystals; m.p. 39 “C (decomp.); '"H NMR (C,Dy. 400 MHz): 6 =7.84 (m,4H,
ortho-H of C;H,), 6.68 (m, 4H, meta-H of C4H,), 3.25 (s, 6H, OCH,;), 2.49
[sept, J(H,H) =7.3 Hz, 6H, SbCHCH,], 1.31 [d, J(H,H) =7.3 Hz, 36H,
SbCHCH,]; *C NMR (C,Dg, 100.6 MHz): ¢ = 317.0 [d, J(Rh,C) =
33.7 Hz, Rh=C], 161.3 (s, ipso-C of C;H,), 131.6 and 127.9 (both s, ortho-
and meta-C of CcH,), 113.4 (s, para-C of C(H,), 54.7 (s, C.H,OCH,), 21.8
(s, SbCHCH,), 20.1 (s, SbCHCH,;); C,;H.,CIO,RhSb, (866.7): caled C
45.73, H 6.51; found C 46.03, H 6.47.

trans-|RhCl{=C(CF,)Ph}(ShiPr,),] (10): A solution of 3 (83 mg. 0.12 mmol)
in pentane (10 mL)} was treated at —78°C with a 0.85s solution of
(CF,)PhCN, (146 nlL, 0.24 mmol) in ether (3 mL). An almost instantaneous
change of color from red to brownish green occurred. The solvent was re-
moved in vacuo, and the residue was washed twice with 1 mL portions of
methanol (— 20°C) and dissolved in pentanc (2 mL). After the solution had
been stored at — 78 °C, brown crystals precipitated, which were washed with
pentane (— 20°C) and dried; yield 90 mg (91%); m.p. 43"C (decomp.);
'HNMR (CDg, 200 MHz): § =7.35 (m, 2H, ortho-H of C¢Hy). 7.21 {m.
2H, meta-H of CcHy), 6.75 (m, 1H, para-H of CHj), 2.14 [sept.
JH.H)=73Hz, 6H, SbCHCH,|, 1.33 [d, J(HH)=73Hz, 36H,
SbCHCH,]; '*C NMR (CDy, 100.6 MHz): § = 293.6 [dq, J(Rh,C) =17.4,
J(F.C) =14.6 Hz, Rh=C], 155.7 (s, ipso-C of C Hy), 131.4.129.9, 128.8 (all s,
CeHy), 1277 [q, J(EC) = 259.8 Hz, CF,], 21.9 (s, SbCHCH,). 19.7 (s,
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SbCHCH;); 'F NMR (C,D,, 1883MHz): 6= —572 (s, CF,);
C,¢H4;CIF;RhSb, (798.5): caled C 39.11, H 5.93; found C 38.83, H 6.09.

trans,trans-|(SbiPr,), CIRh{=CPh(p-C H ,)C(Ph)=}RhCKSbiPr,),] (11): A
solution of 3 (120 mg, 0.18 mmol) in toluene (10 mL) was treated at —78 °C
with a solution of p-C H,[C(Ph)N,], (112 mg, 0.36 mmol) in toluene (3 mL).
A smooth change of color from red to brown occurred. The reaction mixture
was warmed to room temperature and under reduced pressure (ca. 10~ % Torr)
stirred for 45 min. The solvent was removed in vacuo, the remaining brownish
green solid was washed three times with 5 mL portions of pentane (20 °C) and
dried; yield 125mg (91%); m.p. 64°C (decomp.); 'HNMR (C.D,,
200 MHz): 5 = 8.04, 7.63, 6.87 (all m, 14H, C,H, and C;H,), 2.12 [sept,
J(HH)=7.6Hz, 12H, SbCHCH,], 134 [d, JHH)=7.6Hz 72H,
SbCHCH,]; **C NMR (C4Dy, 50.3 MHg): § = 315.1 [d, J(Rh,C) = 31.2 Hz,
Rh={], 160.2 and 160.1 (both s, jpso-C of C;H, and C ,H,), 131.8, 130.2,
129.3, 127.8, 124.7 (alls, C4H, and CH,), 22.2 (s, SbCHCH,), 19.2 [d,
J(Rh,C) = 3.8 Hz, SbCHCH,]; C54Hy4Cl,Rh,Sb, (1535.1): caled C 43.82,
H 6.43; found C 43.86, H 6.37.

frans-IRhCI{(E)-C,H,(CO,EL),}(SbiPr,),] (12): a) A solution of 3 (85 mg,
0.13 mmol) in pentane (10 mL) was treated at — 78 °C with ethyl diazoacetate
(27 pL, 0.26 mmol). A gradual change of color from orange to red occurred.
The reaction mixture was warmed to room temperature and under reduced
pressure (ca. 1072 Torr) stirred for 15 min. The solvent was removed in
vacuo, and the residue was washed twice with 1 mL portions of pentane
(— 20°C) and then dissolved in pentane (3 mL) at 20 °C. After the solution
had been stored for 12 h at — 78 °C, deep red crystals precipitated, which were
washed with pentane (0°C) and dried; yield 97 mg (94%).

b) A solution of 3 (132 mg, 0.20 mmol) in pentane (15 mL) was treated
at —78°C with diethyl malonate (32 uL, 0.20 mmol) or diethyl fumarate
(33 pL, 0.20 mmol). An instantaneous change of color from orange to red
occurred. After the reaction mixture had been warmed to room temperature,
the solvent was removed in vacuo, and the residue was worked up as de-
scribed for a); yield 146 mg (90%); m.p. 99°C (decomp.); IR (KBr):
¥ =1694 cm ™' (C=0); 'HNMR (C¢Dy, 200 MHz): § = 4.50 {d, J(Rh,H) =
2.0Hz, 2H, CH=CH], 4.04 and 395 [both dq, 2J(HH)=1058,
*J(HH) =7.2 Hz, CH,CH,], 2.55 [sept, J(H,H) =7.4 Hz, 6H, SbCHCH,],
1.56 [d, J(HH)=7.4Hz, 36H, SbCHCH,], 1.07 [t, JH,H)=72Hz,
6H, CH,CH,); *C NMR (C,D,, 50.3 MHz): § =174.4 [d, J(Rh,C) =
2.2 Hz, CO,], 60.2 (s, CH,CH,). 32.1 [d, J(Rh,C) =13.4 Hz, CH=CH],
22.4 and 22.1 (both s, SbCHCH ), 20.1 (s, CH,CH,), 14.3 (s, SbCHCH,);
C,H,,ClO,RhSb, (812.6): caled C 3843, H 6.70; found C 38.40,
H 6.96.

trans-[RhCH{N,CHC(O)Ph}(SbiPr;),} (13): A solution of 3 (69 mg,
0.10 mmol) in pentane (10 mL) was treated dropwise at — 78 °C with a solu-
tion of benzoyldiazomethane (15 mg, 0.10 mmol) in ether (2 mL). An instan-
taneous change of color from orange-red to deep red occurred. The solvent
was removed in vacuo, the oily residue was washed twice with 1 mL portions
of methano! (0°C) and dissolved in pentane (5 mL). After the solution had
been stored at —78°C, dark red crystals precipitated, which were washed
twice with 1 mL portions of pentane (— 20 °C) and dried; yield 71 mg (88 %);
m.p. 36 °C (decomp.); IR (CiHy): ¥ =1937 (N=N), 1632cm ™! (C=0y;
'HNMR (C¢Dy, 200 MHz): 6 = 8.15 (m, 2H, ortho-H of C4Hy), 7.13 (m,
3H, meta- and para-H of C H,), 5.53 [d, J(Rh,H) = 2.0 Hz, 1H, N,CH],
2.23 [sept, J(H,H) =7.4 Hz, 6 H, SbCHCH,), 1.25[d, JIH.H) =7.4 Hz, 36 H,
SbCHCH,]; 1*C NMR (C¢Ds, 50.3 MHz): 6 =169.9 [s, C(O)C H,], 141.0
(s, ipso-C of CgHy), 129.7,126.7, 125.9 (all 5, C,H,), 117. 3 (brs, N,C), 21.6
(s, Sb)CHCH), 20.0 (s, SbCHCH,); C, H,;CIN,ORhSb, (786.5): caled C
39.70, H 6.15, N 3.56; found C 39.85, H 5.97, N 3.39.

trans-[RhCI{N, CPhC(O)Ph}(SbiPr,),] (14) was prepared as described for 13,
from 3 (71 mg, 0.11 mmol) and azibenzyl (24 mg, 0.11 mmol); yield 85 mg
(93%). Dark red solid; m.p. 44°C (decomp.); IR (CgH,): ¥ =1933 (N=N),
1612 cm ™! (C=0); 'THNMR (C.D,, 200 MHz): § = 8.10 (m, 4H, ortho-H of
CgHy), 7.05 (m, 6 H, meta- and para-H of C Hy), 2.04 [sept, J(H.H) =7.3 Hz,
6H, SbCHCH,], 144 and 1.43 [both d, J(HH)=7.3Hz, 18H each,
SbCHCH,]; *C NMR (C¢Dg, 50.3 MHz): 6 =149.2 [s, C(O)C H;], 144.0
and 140.9 (both s, ipso-C of C¢Hy), 129.7, 128.7, 128.3, 127.7, 126.3, 123.7
(all's, C;Hy), 99.7 (brs, N,C), 21.9 and 21.5 (both s, SbCHCH,), 19.2 (s,
SbCHCH,]; C,,H,,CIN,ORNSb, (862.6): caled C 44.56, H 6.08, N 3.25;
found C 44.33, H 5.97, N 3.39.
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trans-[RhCI(=CPh,)(PiPr,),| (15): A solution of 4 (81 mg, 0.10 mmol) in
pentane (10 mL) was treated with PiPry (41 pL, 0.20 mmol) and stirred for
30 min at room temperature. The solvent was removed in vacuo, and the oily
residue was washed twice with 2 mL portions of methanol (— 20°C) and
dissolved in pentane (2mL). The solution was chromatographed an Al,O,
(neutral, activity grade V. height of column 4 cm). With hexane, a green
fraction was eluted, which was brought to dryness in vacuo. Upon recrystal-
lization from pentane (5 mL) at —78°C green crystals were obtained. They
were washed with small quantities of pentane (0 “C) and dried; yield 61 mg
(98%); m.p. 81°C (decomp.); '"HNMR (C,Dy, 200 Mz): § = 8.03 (m, 4H,
ortho-H of CgHy), 7.14 (m, 6H, meta- and para-H of C,Hy), 2.33 (m, 6H,
PCHCH;), 1.18 [dvt, N =132, J(HH) =7.1 Hz, 36H, PCHCH,): *C
NMR (C;Dq. 50.3 MHz): 6 = 316.1 [dt, J(Rh,C) = 36.9, J(P,C) = 8.4 Hz,
Rh=C], 160.6 (s, ipso-C of C H,), 129.8, 129.1, 127.9 (all s, C¢Hy), 25.3 (vt,
N =174 Hz, PCHCH,), 20.6 (s, PCHCH,); >'P NMR (C,D,. 81.0 MHz):
=229 (d, J(Rh,P) =169.4 Hz]; C, H,,CIP,Rh (625.1): caled C 59.57. H
8.39; found C 59.37, H 8.33.

trans-[RhCl(=CPh,)(PiPr,Ph),] (16) was prepared as described for 15, {rom
4 (120 mg, 0.15 mmol) and PiPr,Ph (58 mg, 0.30 mmol); yield 96 mg (92 %).
Green solid; m.p. 54 °C (decomp.); "H NMR (C,Dj, 200 MHz): ¢ =7.24 (m,
8 H, ortho-H of CgHs and C(HP), 6.92 (m, 12H, meta- and para-H of C H
and CcH,P), 2.78 (m, 4H, PCHCH ), 1.63 [dvt, N =14.8, J(H.H) =74 Hz,
12H, PCHCH,], 1.00 [dvt, N =13.9, J(H.H) = 6.9 Hz, 12H, PCHCH,}; !3C
NMR (C,D,. 100.6 MHz): § = 318.7 [dt, J(Rh,C) = 37.2. J(P.C) = 8.3 Hx.
Rh=CJ, 160.3 (v, N = 6.0 Hz, ipso-C of C,H,). 134.6 [dvt, N = 25.7.
J(Rh,C) = 2.4 Hz, ipso-C of C,H,P], 132.7 (vt, N=9.1 Hz, meta-C of
C.HP), 128.0, 127.8,127.7, 1273 (all s, para-C of C;HP and ortho-. meta-
and para-C of C Hy), 127.1 (vt, N =7.0 Hz, ortho-C of C,H,P), 24.8 (v,
N =212 Hz, PCHCH,;), 21.2 (s, PCHCH,), 19.3 (s, PCHCH,); *'P NMR
(CsDy, 1620 MHz): 6 =230 [d, J(Rh,P)=174.0Hz]; C,,H,,CIP,Rh
(693.1): caled C 64.12, H 6.98; found C 63.91, H 7.17.

trans-[RhCl(=CPh, }(PiPrPh,},| (17) was prepared as described for 15, trom
4 (116 mg, 0.14 mmol) and PiPrPh, (66 mg, 0.29 mmol); yicld 103 mg (97 %).
Green solid; m.p. 100°C (decomp.); 'HNMR (C,D,. 200 MHz): § =7.52
(m, 12H, ortho-H of C;H, and CH P), 7.00 (m. 18 H, meta- and para-H of
C,H, and CH.P), 323 (m, 2H, PCHCH,), 097 [dvt, N =15.0,
J(H,H) =7.4 Hz, 12H, PCHCH,]; *C NMR (C.Dg, 100.6 MHz): § = 310.6
[dt, J(Rh,C) = 36.2, J(P,C) =10.1 Hz, Rh=C], 159.8 (vt, N = 6.0 Hz, ipso-C
of C¢Hy), 134.6 [vt, N =10.1 Hz, meta-C of CJHP), 132.6 (vt, N = 34.2 Hz,
ipso-C of C{HP), 128.8, 1284, 128.0, 127.9 (alls, para-C of C H P and
ortho-, meta- and para-C of CH,), 127.4 (vt, N =8.1 Hz, ortho-C of
C,HP), 24.8 (vt, N =242 Hz, PCHCH,), 189 (s, PCHCH,); *'P NMR
(CsDq, 1620 MHz): 6 =276 [d, J(RhP)=1738Hz]: C,,H,,CIP,Rh
(761.1): caled C 67.86, H 5.83; found C 67.65, H 5.53.

trans-[RhCl(=CPh,)(PPh,),] (18): A solution of 4 (79 mg, 0.10 mmol) in
pentane (10 mL) was treated dropwise at —78 °C with a solution of PPh,
{52 mg, 0.20 mmol) in pentane (2 mL). Upon warming to room temperature,
a change of color to green-yellow occurred and a green-yellow solid precipi-
tated. After the reaction mixture had been stirred for 45 min, the solid was
separated from the mother liquor, washed twice with § mL portions of pen-
tane (25°C) and twice with 2 mL portions of acetone (— 20 °C), and dried;
yield 81 mg (98%); m.p. 90°C (decomp.); '"HNMR (C,D,, 200 MHz):
=781 (m, 12H, ortho-H of C;HP), 7.45 (m, 4 H, ortho-H of C H;), 6.88
(m, 24H, meta- and para-H of C;H.P and C H;); '*C NMR (CD,Cl,,
100.6 MHz): 6 = 341.2 [dt, J(Rh,C) = 41.3, J(P,C) = 8.4 Hz, Rh=(], 157.2
(brs, ipso-C of CgHy), 135.2 (vt, N =12.1 Hz, meta-C of C H,P), 135.0 (v,
N = 40.3 Hz, ipso-C of C;H,P), 129.8, 129.7, 129.1 (all s, para-C of C.HP
and ortho-, meta- and para-C of CcHy), 128.1 (vt. N = 9.1 Hz, ortho-C of
CeH:P), 1280 (s, para-C of C,H,P); *'P NMR (CD,Cl,, 81.0 MHz):
6 =19.9 [d, J(Rh,P) =183.1 Hz]; C,,H,,CIP,Rh (829.2): caled C 70.98, H
4.86; found C 70.81, H 4.69.

trans-|[RhCl(=CPh,)(PPh,Me),| (19) was prepared as described for 18, from
4 (113 mg, 0.14 mmol) and PPh,Me (48 pL, 0.26 mmol); yield 97 mg (98 %).
Green-yellow solid; m.p. 70°C (decomp.): "HNMR (C.D,, 400 MHz):
3 =17.50 (m, 12H, ortho-H of C;H, and C H,P), 6.90 (m, 18H, mete- and
para-H of C;Hg and C(H,P), 1.88 (brs, 6H, PCH,); *'P NMR (CD,Cl,,
162.0 MHz): 6 =1.6 [d, J(Rh,P) =173.8 Hz]; C,,H,4CIP,Rh (705.0): caled
C 66.44, H 5.15; found C 6591, H 5.27.
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trans-|RhCl(=CPh,)(AsiPr;),] (20) was prepared as described for 15, from 4
(91 mg, 0.11 mmol) and AsiPr, (88 pL, 0.44 mmol); reaction time 3 h; yield
68 mg (85%). Green-yellow crystals; m.p. 84 °C (decomp.}; 'HNMR (C/Dq,
200 MHz):  =8.05 (m, 4H, ortho-H of C;H,), 7.24 (m, 2H, para-H of
C¢Hy), 6.99 (m, 4H, meta-H of C H,), 2.23 [sept, J(H,H) =7.3 Hz, 6H,
AsCHCH,}. 1.32 [d, J(H,H) =7.3 Hz, 36 H, AsCHCH,]; »*C NMR (C,D,,
50.3 MHz): § = 315.9 [d, J(Rh,C) = 31.8 Hz, Rh=C], 160.5 (s, ipso-C of
CHy), 1302, 1271, 1239 (alls, C.H,), 26.1 [d. J(Rh,C)=22Hz,
AsCHCH,], 21.9 (s, AsCHCH,); C,,H;,As,CIRh (713.0): caled C 52.22, H
7.35: found C 52.53, H 7.39.

trans-[RhCl(=CPh,}(SbEt;),] (21): A solution of 4 (81 mg, 0.10 mmol) in
pentane (10 mL) was treated at —78 °C with SbEt, (32 pL, 0.20 mmol). The
reaction mixture was warmed to room temperature and stirred for 10 min, A
change of color from green to red-brown was observed. After the solvent had
been removed, the residue was extracted with ether (20 mL), and the extract
was brought to dryness in vacuo. A brownish green solid was obtained. which
was washed three times with 1 mL portions of pentane (— 20 °C) and dried
carefully in vacuo; yield 25mg (35%); m.p. 59°C (decomp.); 'HNMR
(C¢Dg. 200 MHz): 6 =7.81 (m, 4H. ortho-H of C¢Hj), 7.48 (m, 2H, para-H
of C H,). 7.27 (m, 4H, meta-H of C¢H;), 1.55 (m, 18 H, A,B, spin system,
SbCH,CH;), 119 (m, 12H, A B, spin system, SbCH,CH,);
C,H,,CIRhSb, (722.5): caled C 41.56, H 5.58; found C 41.70, H 5.43.

trans-{RhCI{=C(p-C ;H Me)Ph}(PiPr,),] (22) was prepared as described for
15. from 7 (73 mg, 0.09 mmol) and PiPr; (37 pL, 0.18 mmol); yield 55 mg
(96). Light-green crystals; m.p. 78°C (decomp.); 'HNMR (C,D;CD,,
200 MHz): d = 8.01 (m, 4H, ortho-H of C.H, and C H,), 7.30 (m, 4H,
meta-H of C¢Hg and C,H,), 6.94 (m, 1H, para-H of C(H,), 2.33 (m, 6H,
PCHCH,), 1.78 (s, 3H, C;H,CH,), 1.20 and 1.18 [both dvt, N =13.3,
JHH) =7.0Hz, 18H each, PCHCH,]; '3C NMR (C,Dq, 50.3 MHz):
§ = 316.6 [dt, J(Rh,C) =292, J(P,C) =5.1Hz, Rh=C], 160.2 and 158.5
(both s, ipso-C of C;Hg and C,H,), 130.5, 129.2, 129.1, 128.3, 127.7, 127.0
(alls. CgHg und C(H,), 253 (vt, N=17.6 Hz, PCHCH;), 21.4 (s,
C4H,CH,), 20.6 and 20.3 (both s, PCHCH,); *'P NMR (C,D,CD,,
81.0 MHz, 293 K): 6 = 28.2 [d, J(Rh,P) =170.0 Hz]: C,,H,,CIP,Rh (693.1):
caled C 60.14, H 8.52; found C 60.07, H §.47.

Reaction of trans-[RhCl(=CPh,)(SbiPr,),] (4) with CO: A slow stream of CO
was passed through a solution of 4 (81 mg, 0.10 mmol) in pentane (10 mL) for
30 s at room temperature. The solution was then stirred for 1 h. This led to
a change of color from green to orange-red. The solvent was removed, the oily
residue dissolved in hexane (2 mL), and the solution chromatographed on
Al,O; (neutral, activity grade III, height of column 6 cm). With hexane, a
yellow fraction was eluted, which gave a yellow microcrystalfine solid upon
removal of the solvent. This was identified by 'H and *'P NMR spectroscopy
as rrans-[RhCI(CO)(SbiPr;),] (24) %) With hexane/benzene (1:1), a red frac-
tion was eluted., which gave diphenylketene (23), identified by IR and *C
NMR spectroscopy ;4! yield 175 mg (90%).

Reaction of trans-]RhCl(=CPh,)(PiPr,),] (15) with CO: This reaction was
carried out analogously to that of 4 with CO, with 15 (62 mg, 0.10 mmol) as
starting material. The products were identified by IR and NMR spectroscopy
as trans-[RhCHCO)PiPr,),] (25)13%42) and 23 yield virtually quantitative.

Reaction of rrans-[RhCK=CPh,)(SbiPr,),| (4) with CNrBu: A solution of 4
(82 mg, 0.10 mmol) in pentane (10 mL) was treated with CNsBu (23 pL,
0.20 mmol) at room temperature. After the reaction mixture was stirred for
1 h it was worked up analogously as described for the solution obtained from
4 and CO. The products were identified by IR and NMR spectroscopy as
Ph,C=C=NtBu (26)*% and trans-[RhCI(CNtBu)(SbiPr,),] (27);1?% yield
virtually quantitative.

Reaction of trans-JRhCl(=CPh,}(PiPr,),] (15) with CNsBu: This reaction was
carried out analogously to that of 4 with CN/Bu, with 15 (62 mg, 0.10 mmol)
and CN¢Bu (23 uL, 0.20 mmol) as starting materials. After the products had
been separated by column chromatography, they were identified as 26!** and
trans-[RhCICN7Bu)(PiPr,),] (28); yield (of 28) 46 mg (85%). Data for 28:
Yellow solid; m.p. 102 °C (decomp.); IR (KBr): ¥ = 2151, 2056 cm ™! (C=N);
'HNMR (C.D,, 200 MHz): 6 =2.62 (m, 6H, PCHCH,), 1.38 [dvt,
N =132, J(H,H) =7.1 Hz, 36H, PCHCH,)], 0.99 [s, 9H, C(CH,),); *'P
NMR (C(Dyg, 81.0 Hz): 6 = 46.8 [d. J(Rh,P) =129.2 Hz]; C,;H,,CINP,Rh
(542.0): caled C 50.97, H 9.49, N 2.58; found C 51.12, H 9.29, N 2.63.
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Reaction of trans-[RhCH=CPh,)(SbiPr,),| (4) with ethene: In an NMR tube,
a slow stream of ethene was passed through a solution of 4 (40 mg,
0.05 mmol) in C;D, (0.6 mL). During ca. 3 min, a change of color from green
to yellow occurred. The "HNMR spectrum confirmed that both 3%! and
3.3-diphenyl-1-propene (31)1*"! were formed; yield virtually quantitative.

Reaction of frans-|[RhCl(=CPh,)(PiPr,),] (15) with ethene: This reaction was
carried out analogously to that described for 4, with 15 (31 mg, 0.05 mmol)
as starting material. The "H NMR spectrum displayed the signals of both
trans-[RhCIC,H)(PiPr,),] (29)1*% and 1,1-diphenyl-1-propene (32):13%
yield virtually quantitative.

Reaction of frans-[RhCY=CPh,)(PPh,),] (18) with ethene: This reaction was
carried out analogously to that described for 4, with 18 (33 mg, 0.04 mmol)
as starting material. The 'H NMR spectrum displayed the signals of both
trans-[RhCI(C,H,)(PPh,),] (30)™*% and 1,1-diphenyl-1-propene (32).1**! The
formation of 30 was also confirmed by the *'P NMR spectrum; yield virtually
quantitative.

trans-|[RhBr(=CPh,)(PiPr;),] (33): A solution of 15 (100 mg, 0.16 mmol) in
pentane (5 mL) was treated with finely divided KBr (1.00 g, 8.40 mmol) and
stirred for 48 h at room temperature. The solvent was removed in vacuo, and
the residue was extracted with ether (5 mL). After the extract had been
brought to dryness, a green solid was obtained. It was washed twice with
1 mL portions of methanol (— 20°C) and dried; yield 105 mg (98%); m.p.
75°C (decomp.); 'HNMR (C,Dy, 200 MHz): § = 8.05 (m, 4H, ortho-H of
C¢H;), 7.13 (m, 6 H, meta- and para-H of C H;), 2.44 (m, 6H, PCHCH,),
1.16 {dvt, N =13.2, J(H.H) = 6.8 Hz, 36H, PCHCH,]; '*C NMR (C/D;.
100.6 MHz): ¢ = 317.7 [dt, J(Rh,C) = 39.2, J(P,C) =7.3 Hz, Rh=C(]. 160.0
(s, ipso-C of C.Hy), 128.6, 128.3, 127.9 (all s, ortho-, meta- and para-C of
C¢Hj), 26.0 (vt, N =17.3 Hz, PCHCHj;), 20.7 (s, PCHCH,); *'P NMR
(C¢Dg. 1620 MHz): 6 =19.8 [d, J(Rh,P)=169.6 Hz}; C;,H,,BrP,Rh
(669.5): calcd C 55.61, H 7.83; found C 55.33, H 7.90.

trans-[Rh(OPh)(=CPh,)(PiPr,),] (34): A solution of 15 (125 mg, 0.20 mmol)
in pentane (20 mL) was treated dropwise at — 78 “C with a solutton of NaOPh
(116 mg, 1.00 mmol) in acctone (0.5 mL). Upon warming to room tempera-
ture, a change of color from green to dark red occurred. After the reaction
mixture had been stirred for 2 h at ca. 25°C, the solvent was removed in
vacuo. The residue was extracted with pentane (40 mL), and the extract
concentrated to ca. 2 mL in vacuo. After the solution had been stored for 48 h
at ~78°C, dark red crystals were formed, which were separated from the
mother liquor, washed with 1 mL of pentane (— 30 °C) and dried; yicld 98 mg
(72%); m.p. 58 °C (decomp.); '"HNMR (C.Dy, 200 MHz): § = 8.05 (m, 4H.
ortho-H of C¢Hy), 7.11 (m, 11 H, ortho-, meta- and para-H of C;HO and
metu- and para-H of C¢Hj), 1.86 (m, 6H, PCHCH,), 1.08 [dvt, N =13.0.
JHH)=66Hz, 36H, PCHCH,]; *C NMR (CD,. 100.6 MHz):
§ = 312.0 [dt, J(Rh,C) = 33.2, J(P,C) =10.8 Hz, Rh=C], 170.2 (s, ipso-C of
C H;0), 160.5 (vt, N = 4.0 Hz, ipso-C of C;Hy), 128.9, 128.7, 127.9. 127.3,
121.4, 112.7 {all s, ortho-, meta- and para-C of C¢H,O and ortho-, meta- and
para-C of C¢Hy), 24.4 (vt, N =15.1 Hz, PCHCH,), 20.3 (s, PCHCH,); *'P
NMR (C¢Dq, 162.0 MHz): 6 = 23.2 [d, J(Rh,P) =177.0 Hz]; C;,H,,0P,Rh
(682.7): caled C 65.09, H 8.42; found C 65.35, H 8.03.

[CsHgRh(=CPh,)(PiPr;)] (35): A solation of 15 (72 mg, 0.12 mmol) in THF
(10 mL) was treated with NaC H (44 mg, 0.50 mmol) and stirred for 30 min
at room temperature. A quick change of color from green to deep blue
occurred. The solvent was removed in vacue, and the oily residue extracted
with pentane (10 mL). The extract was concentrated to ca. 1 mL, and then the
solution was chromatographed on Al,O, (neutral, activity grade V, height of
column 5 cm). With hexane, a bluc fraction was eluted, which after removal
of the solvent gave a blue-violet solid. This was washed twice with 2 mL
portions of methanol (— 30°C) and recrystallized from pentane (—78 °C);
yield 47 mg (82%); m.p. 76 °C (decomp.); MS (70 eV): m/z (1) = 494 (30;
M7*), 429 (03; M* —C.Hy), 334 (100; M™* —PiPry), 328 (24
M* — CPh,). 269 (2.9; Rh=CPhJ). 168 (16; RhC,H]); "THNMR (C;D,,
200 MHz): 6 =7.43 (m, 4H, ortho-H of CiHy), 7.07 (m, 6H, meta- and
para-H of C{Hy), 498 [dd, J(Rh,H) = J(P,H) = 0.8 Hz, 5H, C,H,], 1.48
[dsept, J(P.H)=13.1, J(HH)=7.1Hz, 3H, PCHCH,], 098 [dd,
J(P,H) =13.1, JHH)=71Hz, 18H, PCHCH,]; '*C NMR (C,D,,
50.3 MHz): § = 261.0 [dd, J(Rh,C) = 50.9, J(P,C) =17.9 Hz, Rh=(], 143.6
and 141.1 (both s, ipso-C of C H,). 129.0, 128.6, 126.8, 126.6, 125.8, 1251
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(alls, C,Hy, 861 [dd, JRhC)=AP.C)=24Hz, CH], 267 [d.
J(P.C) =182 Hz, PCHCH,], 204 (s, PCHCH,); P NMR (C,D,,
81.0 MHz): 6 = 58.0 [d, J(Rh,P) = 241.2 Hz]; C,,H,,PRh (494.5): caled C
65.59, H 7.34; found C 66.06, H 7.53.

[RhCL,(CHPh,)(PiPr;),1 (36): A solution of 15 (63 mg, 0.10 mmol) in pen-
tane (10 mL) was treated at —20°C with a 0.5 M solution of HCI in benzene
(200 pL, 0.10 mmol). An almost instantaneous change of color from green to
red occurred, and the reaction mixture turned cloudy. The solvent was re-
moved in vacuo, the residue was dissolved in ether (3 mL), and pentane
(2 mL) was added. A red solid precipitated, which was separated from the
mother liquor, washed three times with 2 mL portions of pentane (— 20°C)
and dried; yield 63 mg (95%); m.p. 104°C (decomp.); 'HNMR (C(D,
200 MHz): 6 =7.73 (m, 4H, ortho-H of C.H;), 7.12 (m, 2H, para-H of
CgHjy), 6.64 (m, 4H, meta-H of CH ), 4.67 (m, 1H, CHPh,), 2.94 and 2.83
(both m, 3H each, PCHCH,), 1.46 and 1.26 [both dvt, N =138,
J(H.H) = 6.9 Hz, 18H each, PCHC/H,]; *C NMR (C.D,, 50.3 MHz):
0 =160.2 and 155.1 (both s, ipso-C of C.H,), 129.0, 127.5, 127.1, 126.8,
126.1, 123.7 (all's, C Hy), 49.0 [dt, J(Rh,C) =19.5, J(P.C) = 9.8 Hz, CH-
Ph,], 25.7 (vt, N =16.6 Hz, PCHCH,), 20.3 and 19.9 (both s, PCHCH ,); 3'P
NMR (C,Dq, 81.0 MHz): 6 = 68.3[d, J(Rh,P) =121.1 Hz]; C;,H,,ClL,P,Rh
(661.5): caled C 56.29, H 8.08; found C 56.13, H 7.97.

X-ray structure determination of compounds 4 and 15: Single crystals of 4 were
grown from pentane at —20 °C and those of 15 from hexane at room temper-
ature. Crystal data collection parameters are summarized in Table 1. Intensity

Table 1. Crystal stracture data of compounds 4 and 15.

4 15
formula C,,H,,CIRhSb, C;,H,CIP,Rh
M, 806.62 625.06
cryst. size [mm] 04x03x0.2 0.25x0.33x0.48
cryst. system triclinic triclinic
space group PT1(no.2) PT (no. 2)
a|A] 11.025(2) 10.449 (4)
Al 12.348(5) 12.244(4)
¢ [A] 14.194(2) 13.972(6)
2 [ 83.18(2) 94.01(3)
s 86.17(1) 92.81(3)
¥ [ 63.11(2) 114.26(2)
VA 1711 (1) 1620(1)
zZ 2 2
Peaten 12€M 73] 1.5606 1.28
diffractometer Enraf-Nonius CAD4
radiation (graphite-monochromated) Moy, (0.70930 A)
T [K] 223 293
wlem™'] 214 7.2
transmission min. [%] 84.11 93.2
scan method /20 w/f
20 (max) [ 44 48
absorption correction not applied not applied
total reflections 4447 5364
unique reflections 4180 4736
observed reflections [a] 3950 4409
parameters reftned 316 398
R 0.0285 0.029
R, 0.0395 0.034
reflections/parameter ratio 12.5 11.08

residual electron density [ef\*] +0.58/—0.91 +0.45/—0.31

fal [Fo>30(F)l.

data were corrected for Lorentz and polarization effects. The structures
were solved by direct methods for 4 and by the Patterson method for 15.
Atomic coordinates and anisotropic thermal parameters of the non-hydrogen
atoms were refined by the full-matrix least-squares method (Enraf-Nonius
SDP).**! The positions of the phenyl hydrogen atoms of 15 were taken
from a difference Fourier synthesis and refined isotropically. The positions of
the other hydrogen atoms of 4 and 15 were calculated according to ideal
geometry (distance C—H = 0.95 A) and used only in structure factor calcula-
tion. 451
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Stereoselective Synthesis of (.5)-3,4-Methylenedioxyamphetamines

from (R)-Cyanohydrins**

Franz Effenberger* and Jiirgen Jager

Dedicated to Professor Waldemar Adam on the occasion of his 60th birthday

Abstract: A stereoselective synthesis of (S)-3,4-methylenedioxyamphetamines (S)-7,
which are highly interesting as psychoactive compounds, is described. Starting from
readily available (R)-cyanohydrins (R)-2 the 2-amino-1-aryl alcohols (1R,25})-4 were

obtained with high diastercoselectivity by addition of Grignard reagents to the O-pro-
tected cyanohydrins (R)-3, transimination of the addition products A with primary
amines, and hydrogenation of the imino intermediates B with NaBH,. For the hydro-
genation of the benzylic hydroxyl group in the 1,2-amino alcohols (1 R,25)-4 a new, very

Keywords
amphetamines cyanohydrins
enzyme catalysis *
oxazolidinones

hydrogenations *

efficient method was developed. The optically pure amphetamines (S)-7 were obtained
under very mild conditions by catalytic hydrogenation of the oxazolidinones (4S,5R)-6,
which were readily available by phosgenation of the amino alcohols (1R,25)-4.

Introduction

3.4-Methylenedioxy-substituted amphetamines have received
great attention in the last years as important representatives of
the so-called “‘designer drugs”.!'} 3 4-Methylenedioxymetham-
phetamine (MDMA), for example, commonly known as
“Ecstasy”, has been reported to produce both stimulant and
hallucinogen-like effects in  humans!? Whercas 2,5-di-
methoxyamphetamine (DMA) is a much stronger hallucinogen
than mescaline, the corresponding 3,4-methylenedioxyam-
phetamines are considerably less potent.'®! By introduction of
N-alkyl substituents or by changing from 1,2-ethanolamines to
1,2-propanolamines or 1,2-butanolamines, the haliucinogenic
effect almost disappears.??* % 3,4-Methylenedioxyamphet-
amincs like MDMA possess antidepressive and anxiolytic prop-
erties. Reportedly they are able to evoke a well-controllable
emotional experience with relaxation, a drop in fear responses,
peaceful feelings, and increased empathy.?* *! Since these posi-
tive changes of behavior occur mostly without distortion of
sensory perception and thought and without marked stimula-
tion, these compounds could be of great medical usefulness as
adjuncts in insight-oriented psychotherapy.[®!

Investigations of differences in the biological effects of the
two enantiomers of MDMA have shown that the (S, +) enan-

[*] Prof. Dr. F. Elfenberger, Dr. J. Jagert*]
Institut fiir Organische Chemie, Universitdt Stuttgart
Pfaffenwaldring 55, D-70569 Stuttgart (Germany)
Fax: Int. code +(711)685-4269
email: franz.effenberger@ po.uni-stutigart.de
[7] This work is part of the dissertation of Jirgen Jiger, Universitit Stutlgart,
1996.

[**] Enzyme-Catalyzed Reactions, Part 29; Part 28, see ref. [14].
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tiomer is more potent as a “positive” stimulant, whereas the
(R, —) enantiomer is a markedly stronger hallucinogen. For
psychotherapeutical applications of this new class of psychoac-
tive compounds, therefore, comprehensive, more general inves-
tigations into the biological activity of the optically pure enan-
tiomers of 3,4-methylenedioxyamphetamines!”! and their
metabolites®! are necessary.

The preparation of optically pure cnantiomers of 3.4-
methylenedioxyamphetamines has already been published by
Nichols et al.:!7* ketones are allowed to react with optically
active 1-phenylethylamine to give the corresponding imino com-
pounds, which are diastereoselectively hydrogenated to amines
in situ with Raney nickel; to complete the reaction the phenethyl
group at the amino function must be removed by catalytic
hydrogenation.[™ A disadvantage of this procedure, in most
cases, is the costly preparation of the starting ketones.

The hydrogenation of 2-amino-1-aryl alcohols is an alterna-
tive approach for the synthesis of optically pure amphetamines,
as demonstrated by the preparation of (S)-methamphetamine
from (1R,2S)-ephedrine.”” Whereas the hydrogenation of the
hydroxyl group itself is difficult and gives only low yields, the
corresponding  1-chloro-1-phenyl-2-aminopropane, prepared
from the amino alcohol with SOC1,, can be hydrogenated more
readily ' This route for the preparation of (S)-amphetamines
was mainly limited to (1R,2.5)-ephedrine as starting compound
since other suitable 2-amino-1-aryl alcohols were accessible only
as racemates.

Since (1R,2S5)-2-amino-1-aryl alcohols as pure stereoisomers
became readily available from (R)-cyanohydrins in the last few
years,!' >~ 13 we have comprehensively investigated the stereose-
lective synthesis of 3,4-dioxy substituted (S)-amphetamines
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from the corresponding (1R,2S5)-amino alcohols. We were espe-
cially interested in the preparation of the 3.4-methylenedioxy
compounds for psychotherapeutical applications.

Results and Discussion

Synthesis of (1R,25)-2-amino-1-aryl alcohols (1R,25)-4: The re-
action sequence we have applied for the synthesis of the
(1R,25)-2-amino alcohols, which are the starting compounds
for the preparation of the desired (S)-amphetamines, is shown
in Scheme 1.

OH
RO CHO (R)-oxynitrilase RO é\ H
EC 4.1.2.10
o Hon —EoA12T0 eN
' iPr,0 '
RO RO
1 (R)-2
(CH:,)GS|O
(CH,),SiCl R R!
Py/EL,O CN ~CH,—
- Py~HCI b _C(CHs)z_
¢ CH,OCH, CH;
(R)-3
R2Mg /
(CH,) SO o ' H
3)010° " A
H* J: :yNHZ
\ C
NaBH, RO |
——— RZ
2 H,OH*
R'O
(1R2S)-4a-d
5a: R%=CH,
MeOH [+ R3NH,/ - NH, b: R*=C,Hg
5 ¢: R=c-C Hg
X oH H
(CHG)SSIO""MQ J; SUNHR®
Hv, \c/
\c NaBH, O L,
N R
H2
O
(1R2S)-4e-h
4 R R" Re? 4 R RS
a —CH,— CHy e CH, CH,
b ~CHp~ C.Hg f CH; C,Hg
c —C(CH,)~ CH, g CH; cC.Hs
d CH,OCH, CH; CH, h CH; CH,

Scheme 1. Enzyme-catalyzed addition of HCN to aldehydes 1 to give (R)-cyano-
hydrins 2 and subsequent preparation of (1R.28)-2-amino-1-aryl alcohols 4a—d
and (1R,25)-2-alkylamino-1-aryl alcohols 4e—h.

In an enzyme-catalyzed addition of HCN to the O-protected
3,4-dihydroxybenzaldehydes 1, the corresponding cyanohy-
drins (R)-2 were obtained with high optical purity 1. 13e 14]
Addition of Grignard compounds to the nitrile group of the
O-silyl-protected cyanohydrins (R)-3 led to the imino intermedi-
ates A. Direct hydrogenation of A with NaBH, and acidic
workup yielded the N-unsubstituted 2-amino alcohols (1R,2S5)-
4a—d.["2 The 2-alkylamino-1-aryl alcohols (1R,2S)-de—h were

Chem. Eur. J. 1997, 3, No. 8

accessible by treatment of the imino intermediates A with
methanol, transimination with a primary amine 5, and subse-
quent hydrogenation of the N-alkylimino compounds B with
NaBH,.I**!

For the synthesis of the pharmacologically interesting am-
phetamines methylenedioxyamphctamine (MDA, “"Love Drug™).
methylenedioxymethamphetamine (MDMA, “Ecstasy’’), and
methylenedioxyethylamphetamine (MDE, “Eve™), we used the
hydroxy-protected 3,4-dihydroxybenzaldehydes pipcronal (1a),
2,2-dimethyl-5-formyl-1,3-benzodioxol (1b), and 3-methoxy-
methylenoxy-4-methoxybenzaldehyde (1¢)!'#! as substrates
in the (R)-oxynitrilase-mediated cyanohydrin [ormation
(Scheme 1). As previously reported, the (R)-cyanohydrins (R)-
2a,b arc available with ee values of 93—-99 % and good chemical
yields;tt12 13T however, (R)-2¢ can only be obtained with 81 %
eel'*) According to the published procedure,!'?*! the tri-
methylsilyl protecting group was introduced in cyanohydrins
(R)-2a—c yielding the O-silylated cyanohydrins (R)-3a-¢ with
39-60% vyield based on the respective aldehydes 1a—c. The
results of the preparation of the (1R,2S)-2-amino alcohols
(1R,25)-4 from (R)-3 (Scheme 1) are summarized in Table 1.

Table 1. Synthesis of (1R,25)-2-amino-1-aryl alcohols (1R.25)-4 from O-silylated
(R)-cyanohydrins (R)-3.

(R)-3 R*MgX 5

(1R28)-4 Yield/%[a] de/%[b] []2° (¢ in MeOH) M.p.i"C

ERERE R OGTE D

CH,Mgl - a st 95 —32.5(1.40) 212
C,H.MgBr — b 45 90 —29.0 (1.00) 201
CH,Mgl - ¢ 3% >95 —15.2 (1.10) 192 [d]
CHMgl - d 131l 90 —10.0 (0.70) 204 [d)
CH,Mgl a e 47 77 —41.6 (0.80) 223 [d]
CHMgl b f 47 >95 —28.0 (1.00) 222
CHMgl ¢ g 57 >98 —26.6 (0.80) 194
C,H.MgBr a h 44 92 —31.6 (1.20) 194

[a] After crystallization as the hydrochloride. [b] Determined from crude product by
"HNMR spectroscopy. [c] Isolated as free amino alcohol after chromatography.
[d] Decomposition.
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As can be seen from Table 1, the (1R,25)-amino alcohols 4
can be isolated with a diastereomeric excess of greater than 90 %
de, with the exception of (1R,25)-de (only 77% de).

Transformation of (1R,25)-4 into (:5)-amphetamines (5)-7 by cat-
alytic hydrogenation of oxazolidinones (45,5R)-6: It is known
that the catalytic hydrogenation of benzylic hydroxyl groups
can be facilitated by improving their ability to act as leaving
groups, for example, by acetylation.!' ¥ The addition of triethyl-
amine to the reaction mixture causes a further acceleration of
the hydrogenation of acetylated benzy! alcohols.['® The hydro-
genation of (1R,2S)-ephedrine to (S)-methamphcetamine in
acetic acid/perchloric acid at 80—90°C described by Rosen-
mund and Karg!® is therefore assumed to proceed via the O-
acetylated compound. Since only relatively low yields of am-
phetamine are obtained with the amino alcohols themselves,
despite the drastic reaction conditions,’® we decided to investi-
gate the hydrogenation of the O-acetyl-2-amino alcohols.

A selective O-acetylation of 1,2-amino alcohols is not possible
without using protecting groups, since even monoacetylated
ephedrine, for example, undergoes a fast N—O shift of the
acetyl group.l' ! As model reaction we therefore first studied the
catalytic hydrogenation of O, N-diacetylnorephedrine in ethanol
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with addition of triethylamine!'®! at room temperature. Hydro-
gen uptake was complete after only 3 hours, and we were able to
isolate the corresponding N-acetylamphetamine in 90% yield.
The removal of the N-acetyl group, however, was difficult, and
we did not succeed in achieving complete deprotection with
standard methods.

The concept that we applied to avoid these difficulties was the
introduction of an “intramolecular” urethane protecting group.
The 1,3-oxazolidin-2-ones 6, which should be readily accessible
from the 1,2-amino alcohols 4 and phosgene!'® or other car-
bonic acid derivatives,” 8¢ can be viewed as cyclic urethancs.
The OH group incorporated in the oxazolidinone ring should be
sufficiently activated for hydrogenation, and the carbamic acid
formed by hydrogenation should decarboxylate readily.

Based on the procedure described by Fodor et al.['33 the
1,3-oxazolidin-2-ones (4S,5R)-6 were prepared by reaction of
1,2-amino alcohols (1R,2S5)-4 in dichloromethane with a solu-
tion of phosgene in toluene and tricthylamine (3—7-fold excess
relative to 4) (Scheme 2, Table 2). In order to achieve higher
yields of oxazolidinones 6 the free amino alcohols 4 were gener-
ally used instead of the corresponding hydrochlorides.

Tablc 2 shows that the 1,3-oxazolidin-2-ones (45,5R)-6 were
isolated with cxcellent yields. The oxazolidinones (4S5,5R)-6a,
b.e—g were purified by recrystallization from dichloromethane/

s
O/C
[
NR
Hll" ~ /
COCl /totuene C
(1R2S)}4a-h —————» RO & \
NEt, (3-7equiv.) H R?
r'O
(45,5R)-6a-h
H 3
1) Pd/C, H, RO CH,_ SANHR-HCI
E!OH/NEtJ j@/ 2\c|;
2) HCVEL,0 2
) 2 R'O R
(S)-7a-h - HCI
6,7 R R! Rz R® 67 R R* R R®
a ~CH,~ CH, H e —CH,~ CH; CH,
b ~CH- CHy, H f —CHy- CH, C,H
¢ -C(CH)~ CH, H g -CHe- CH, cCuH,
d CHOCH, CH, CH, H h -CH~ CH; CH,

Scheme 2. Preparation of (§)-amphetamines 7 via the corresponding 1,3-oxazolid-
in-2-ones (4S5.5R)-6.

Table 2. Synthesis of (4S,5R)-oxazolidinones (4S,5R)-6 from (1R.25)-2-amino
alcohols 4 with phosgene in toluene in the presence of tricthylamine (3—7 equiv).

(1R2S)4 gmin  (4S.5R)-6  Yield/% [212° (cin CH,CL)  M.p./'C
a 30 a 97 —90.0 (1.30) 105-106
b 60 b 90 ~91.5 (1.00) 133-134
¢ 30 ¢ 88 —77.5 (1.40) .

d 120 d 40 [a] — 2.4 (1.00) -

e 30 ¢ 91 —60.4 (1.00) 133

f 30 f 93 —51.0 (1.10) 87.5

g 30 g 96 —67.8 (1.10) 123

h 60 h 81 —~13.9 (1.25) -

[a] Contaminated despite chromatography twice.
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petroleum ether, while compounds (45,5R)-6¢.4,h, which were
obtained as oils, were purified by chromatography on silica gel.
In the case of (1R,25)-4d, the reaction proceeded slowly and
was accompanied by formation of by-products. Moreover, the
product (4S,5R)-6d partly decomposed during chromatogra-
phy. The low specific rotation (Table 2) indicated partial racem-
ization.

A method for determination of diastereomeric cxcess could
not be developed so far. In all cases, however, "H NMR spectra
show only one diastereomer. The specific rotation of (4R,55)-4-
methyl-5-phenyl-1,3-oxazolidin-2-one, prepared analogously
from (1S,2R)-(+)-norephedrine, agreed with published
data;!*®1°! this confirms that the reactions proceed without
racemization.

The hydrogenation of 1,3-oxazolidin-2-ones has not yet been
reported in the literature. We have now performed the catalytic
hydrogenation of the oxazolidinones (4S,5R)-6 to the (S)-am-
phetamines (5)-7 under the reaction conditions described above
for the hydrogenation of diacetylnorephedrine (Scheme 2,
Table 3). The reaction was followed by gas chromatography.
The (S)-amphetamines 7 were converted into their hydrochlo-
rides for characterization.

Table 3. (S)-Amphetamines (S)-7 from (4S5,5R)-oxazolidinones 6 by catalytic hy-
drogenation.

(4S5R)}6 th  (S)T-HCl Yield/% ee/%[a] []2° (cin H,0)  M.p.C

a 3 a 89 >95 +26.6 (1.40) 198
b 3 b 92 98 +35.6 (1.10) 165 [f]
< 6 < 98[b]  nd. +17.0 (0.80) {c] 165 f]
d s d[d 90 b} 30 —9.3(1.00) [c] 150 [f]
e 2 e 9% >99 +17.9 (1.00) 187
f s f 93 >98 +14.3 (2.00) 204
g 4 g 47 (¢} 98 +17.6 (1.00) 166
h 5  h 89 >95 +26.1 (1.00) 181

[a] Determined by HPLC on chiral phases; assignment by comparison with the
corresponding racemic amphetamines 7 as reference. [b] Yield based on free amine.
[c} In methanol. [d] Removal of the methoxymethyl protecting group during con-
version to the hydrochloride. [e] Partial cleavage of the cyclopropane ring to 1-(1.3-
benzodioxol-5-y1)-2-propylaminopropane. [f] Decomposition.

The oxazolidinones (45,5 R)-6 were almost quantitatively hy-
drogenated to amphetamines (S)-7. Minor loss of yield was
caused by conversion into the hydrochlorides (S)-7-HCI. The
relatively low yield obtained for the hydrogenation of 6g can be
attributed to a partial cleavage of the cyclopropane ring to give
1-(1,3-benzodioxol-5-yl)-2-propylaminopropane, which could
be separated from (S)-7g by chromatography. In the case of
{.5)-7d the methoxymethyl protecting group was removed under
the conditions of the hydrochloride formation.

The catalytic hydrogenation of 2-amino-1-aryl alcohols to
(S)-amphctamines via 1,3-oxazolidin-2-ones represents a deci-
sive improvement in comparison with procedures described so
far.’® 1% Even without pressure and at room temperature the
yields are practically quantitative.

Conclusion

The described stereoselective synthesis of (§)-3.4-methylene-
dioxyamphetamincs from ( R)-cyanohydrins opens not only the
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possibility for a broad structural variation of an important class
of biologically active compounds, but also for the preparation
of their optically active metabolites. Only a precise knowledge
of all the biological effects of the pure stereoisomers of these
important but controversial psychoactive compounds will allow
their risks or medical uscfulness to be assessed and predicted.

Experimental Section

Materials and methods: Melting points were determined on a Biichi SMP-20
apparatus and are uncorrected. 'HNMR spectra were recorded on a Bruker
AC250F (250 MHz) with TMS as internal standard. Preparative column
chromatography was carried out on columns packed with silica gel S (Riedel-
de Haen, grain size 0.032—0.063 mm). Specific rotations were measured on a
Perkin-Elmer polarimeter 241 LC. Reactions were followed by GC using
Hewlett-Packard 5700A and 5710A with FID, nitrogen 30 mLmin ™!, glass
column (2.3 m x 2 mm), phases OV7, 17, 101, 225 (3—5%) on chromosorb W,
Avicel cellulose and (4 )-norephedrine were purchased from Merck, piper-
onal (1a) from Fluka, and Pd/C (10%) from Degussa AG. All solvents were
dried and distilled. Reactions with organometallic compounds were carried
out under argon or nitrogen atmosphere in dried glassware. The following
aldehydes were prepared according to known procedures: 2,2-dimethyl-5-
formyl-1,3-benzodioxol (1b) (from 5-bromo-2,2-dimethyl-1,3-benzodiox-
011291 11 3-methoxymethylenoxy-4-methoxybenzaldehyde (1¢).['4

Silylation of (R)-cyanohydrins (R)-2 to (R)-3:112%1 At 0°C pyridine (1 equiv-
alent) was added to a solution of cyanohydrin (R)-2!'12 13¢ 14 iy dry diethyl
ether followed by the dropwise addition of trimethylchlorosilane (1 equiv-
alent) and the reaction mixture stirred for 5 h at room temperature. Precipi-
tated pyridinium hydrochloride was filtered off and washed with dry diethyl
ether. The combined filtrates were concentrated and the residue distilled
through a Vigreux column.

(R)-2-(1,3-Benzodioxol-5-yl)-2-trimethylsilyloxyacetonitrile (3a): 'HNMR
(250 MHz, CDCly): 6 = 0.22 (s, 9H, (CH,),), 5.38 (s, 1 H, CH), 6.00 (s, 2H,
OCH,0),6.81(d,J =79 Hz, 1 H, ArH), 6.92(dd, / =7.9,1.7 Hz, 1 H, ArH),
6.96 (d, J =1.7 Hz, 1H, ArH); C,H, ,NO,Si (249.3): caled C 57.80, H 6.06,
N 5.62; found C 58.04, H 6.11, N 5.54.

(R)-2-(2,2-Dimethyl-1,3-benzodioxol-5-yl)-2-trimethylsilyloxyacetonitrile (3b):
'HNMR (250 MHz, CDCl,): 6 =0.22 (s, 9H, (CH;);), 1.68 (s, 6H,
C(CH,),). 5.36 (s, 1H, CH), 6.71 (d, J = 8.4 Hz, 1 H, ArH), 6.84—6.87 (m,
2H, ArH); C,,H,,NO,Si (277.4): caled C 60.61, H 6.90, N 5.05; found C
60.73, H 6.85, N 4.79.

(R)-2-(3-Methoxymethylenoxy-4-methoxyphenyl)-2-trimethylsilyloxyacetoni-
trile (3¢): '"HNMR (250 MHz, CDCl,): 6 = 0.23 (s, 9H, (CH,),), 3.52 (s,
3H, CH;0), 3.92 (s, 3H, CH;0CH,), 5.25 (s, 2H, CH,0CH,), 5.43 (s, 1 H,
CH), 6.95 (dd, /= 8.3, 2.1 Hz, 1 H, ArH), 7.03 (d, J = 2.1 Hz, 1H, ArH),
716 (d,J = 8.3 Hz, 1H. ArH); C,,H,,NO,Si (295.4): caled C 56.92, H 7.17,
N 4.74; found C 56.78, H 7.09, N 4.59.

(1R,25)-2-Amino-1-aryl alcohols (1R,2S5)-4a—d: According to the known
procedure,’2®) purification as described below for 4e~h.

General procedure for the synthesis of (1R,25)-2-alkylamino-1-aryl alcohols
(1R,28)-4e—~h: At 0°C a solution of (R)-3 (4—48 mmol) in diethyl ether was
added dropwise to a solution of the Grignard reagent, prepared from Mg and
alkyl halide in diethy! ether,!' 2" and the reaction mixture stirred for 3—4 h at
room temperature. After cooling to 0°C a solution of amine 5 (2—12 fold
excess of 3) in methanol (3-20 mL) was added dropwise. The reaction mix-
ture was stirred for 1-1.5 h at room temperature and cooled to — 60 °C, and
NaBH, added in portions. The reaction mixture was allowed to warm up to
room temperature within 16 h, hydrolyzed with 0.1~ HCI, the aqueous phase
set to pH 2, and the organic phase separated. The aqueous phase was adjusted
to pH 9-10 with NaOH solution and extracted with diethyl ether or ethyl
acetate. The combined extracts were dried (MgSO,), concentrated, and the
residue chromatographed on silica gel with THF/NH, sat. ethanol (12:1) or
ethyl acetate/NH, sat. methanol (30:1). For purification the product either
was crystallized from diethyl ether/petroleum ether or precipitated as hy-
drochloride with ethereal HCI solution and recrystallized from ethanol/di-
ethyl ether.
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4b: 'THNMR (250 MHz, CDCl,): § = 0.90-1.00 (m, 3H, CH,CH,), 1.00
1.20 (m, 1H, CH,CH;), 1.30-1.60 (m, 1 H, CH,CH,}, 1.80 (brs, 3H, NH,,
OH), 2.85 (mec, 1H, 2-CH), 4.47 (d, J = 5.1 Hz, 1H, 1-CH), 5.95 (s. 2 H,
OCH,0), 677 (d, J=08Hz, 2H, ArH). 6.85 (s, 1H, ArH):
C,H,,NO;-HCl (245.7): caled C 53.77, H 6.56, N 5.70, C1 14.43; found C
53.72, H 6.44, N 5.72, Cl 14.51.

4d: "HNMR (250 MHz, CDCl,):  =1.00 (d. J = 6.5 Hz. 3H. CH,). 3.16
(dq, J = 5.0, 6.5 Hz, 1H, 2-CH). 3.52, 3.53 (each s, 3H, CH,0), 4.44 (d.
J=50Hz 1H, 1-CH), 5.22 (s, 2H, CH,0CH,). 6.80 (dd. / = 1.7. 8.2 Hz.
1H, ArH), 6.90 (d, J =1.7 Hz, 1 H, ArH), 7.10 (d. J = 8.2 Hz. 1H. ArH).

4e-HCI: 'HNMR (250 MHz, [D,JDMSO): 5 =0.94 (d. J = 6.7 Hz. 3H.
CH,), 2.59 (s, 3H, NCH,), 3.28 (brs, 1 H, 2-CH), 5.07~5.09 (m. { H. 1-CH),
6.01 (s, 2H, OCH,0), 6.12 (d, J = 4.4 Hz, 1H. OH). 6.85-6.95 (m. 3H.
ArH), 8.98 (bd, J = 22.0 Hz, 2H, NH}); C,,H,,NO,-HCI (245.7): caled C
53.77. H 6.56, N 5.70, Cl 14.43; found C 53.98, H 6.55, N 5.72, Cl 14.33,

4f: "HNMR (250 MHz, CDCl,): § = 0.85(d.J = 6.5 Hz, 3H. CH,). 1.14 (1.
J =74 Hz, 3H, CH,CH,), 2.60-2.85 (m, 4H, NHCH,CH ;. OH). 2.90 (dq.
J =40, 6.5Hz, 1H, 2-CH), 4.70 (d, J = 4.0 Hz, 1 H, 1-CH). 5.94 (s, 2H.
OCH,0), 6.77 (d, J=1.0 Hz, 2H, ArH), 6.85 (d, J = 0.5 Hz, 1H, ArH):
C;,H,;NO,-HCI (259.7): caled C 55.49, H 6.99, N 5.39, C! 13.65; found C
55.30, H 7.06, N 5.58, C1 13.48.

4g: 'HNMR (250 MHz, CDCl,): § = 0.33-0.43 (m, 2H, CH,). 0.44-0.54
(m, 2H, CH,), 0.86 (d, J = 6.5 Hz, 3H, CH,), 2.16 (mc, 1 H, NHCH), 3.00
(dg, J =40, 6.5Hz, 1H, 2-CH), 473 (d. J=4.0Hz, 1H. 1-CH), 5.94
(s, 2H, OCH,0), 6.76 (d, J=0.7Hz, 2H, ArH), 6.84 (s, 1H. ArH):
C,;H,,NO,-HCI (271.7): caled C 57.46, H 6.68, N 5.16, C] 13.04: found C
57.49, H 6.66, N 5.03, Cl 13.16.

4h-HCl: 'HNMR (250 MHz, [D,]DMSO): & = 0.84 (t, J =7.4 Hz, 3H.
CH,CH,), 1.11-1.38 (m, 2H, CH,CH,), 2.40-2.51 (m. 1 H, 2-CH). 4.72 (d,
J=4.2Hz 1H,1-CH), 5.94 (s,2H, OCH,0), 6.77(d. J = 1.0 Hz. 2 H. ArH).
6.85 (s, 1 H, ArH); C,,H,,NO,-HCI (259.7): caled C 55.49, H 6.99, N 5.39,
Cl1 13.65; found C 55.28, H 7.00, N 5.39, Cl 13.61.

General procedure for the synthesis of (45,5R)-1,3-oxazolidin-2-ones (45,5R)-
6: To an ice-cold solution of (1R,25)-4 in dichloromethane (ca. 50mm) and
triethylamine (3—7 fold excess of 4) a 2M solution of phosgene in toluene[18 a]
(1.1-1.5equiv based on 4) was added dropwise, and the reaction mixlure
stirred at room temperature for the time given in Table 2. After hydrolysis
with NaOH solution (5%) the organic phase was washed with NaOH solu-
tion (5 %) and water, dried (MgS0,), and the solvent removed. The residue
was crystallized from dichloromethane/petroleum ether or chromatographed
on silica gel with ethyl acetate/petroleum ether (7:3).

6a: 'HNMR (250 MHz, CDCl,): 6 = 0.86 (d, J = 6.5Hz, 3H, CH,). 4.15
(dq,J = 6.5,8.0 Hz, 1 H,4-CH), 5.62(d, J = 8.0 Hz, 1 H, 5-CH), 5.98 (s, 2 H.
OCH,0), 6.10 (brs, 1H, NH), 6.72-6.83 (m, 3H. ArH); C,,H,,NO,
(221.2): caled € 59.72, H 5.01, N 6.33; found C 59.59, H 5.04, N 6.20,

6b: "THNMR (250 MHz, CDCl,): 6 = 0.82 (t, J=7.3 Hz, 3H, CH,CH,),
1.07-1.17 (m, 2H, CH,CH,), 3.91 (dt, J = 5.4, 8.1 Hz, 1 H, 4-CH), 5.62 (d,
J=8.1Hz 1H, 5-CH), 599 (s, 2H, OCH,0), 6.61 (brs, 1 H, NH), 6.73-
6.82 (m, 3H, ArH); C,H ;NO, (235.2): caled C 61.27, H 5.57, N 5.96:
found C 61.27, H 5.58, N 5.89.

6¢: 'HNMR (250 MHz, CDCl,): 6 = 0.87(d. J = 6.6 Hz, 3H, CH,). 1.67 (s,
3H, CH,), 1.68 (s, 3H, CH,), 415 (dq, J = 6.6, 8.0 Hz, 1 H, 4-CH), 5.60 (d.
J=80Hz, 1H, 5CH), 6.50 (s, 1H, NH), 6.67-6.76 (m. 3H, ArH):
C,3H,sNO, (249.3): caled C 62.64, H 6.06, N 5.62; found C 62.86. H 6.12.
N 5.54.

6d: "HNMR (250 MHz, CDCl,): é = 0.85(d, J = 6.5 Hz, 3H, CH;). 3.52(s.
3H, CH;0),3.90 (s, 3H, CH,0OCH,), 4.15 (dq, J = 6.5, 7.9 Hz, 1H, 4-CH),
5.24 (s, 2H, CH,0CH,), 5.67 (d, J =7.9 Hz, 1H, 5-CH), 5.86 (s. 1 H. NH).
6.78 (dd, J =1.9,8.2 Hz, 1H, ArH), 6.79 (d, J =1.9 Hz, 1 H, ArH). 7.16 (d,
J=8.2Hz 1H, ArH).

6e: "HNMR (250 MHz, CDCL,): § = 0.83 (d. J = 6.6 Hz, 3H, CH,). 2.87 (s,
3H, NCH,;), 3.97 (dq, J = 6.6, 8.2 Hz, 1H, 4-CH), 5.49 (d, J = 8.2 Hz, 1 H,
$-CH), 5.98 (s, 2H, OCH,0), 6.70- 6.82 (m, 3H, ArH); C, ,H,,NO, (235.2):
caled C 61.27, H 5.57, N 5.96; found C 61.22, H 5.71, N 6.00.
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6f: 'HNMR (250 MHz, CDCl,): 6 = 0.81(d, J = 6.6 Hz, 3H, CH,), 1.19 (v,
J =72Hz 3H. CH,CH,), 3.58 (dq. J =7.2, 14.2 Hz, 1 H, CH,CHy,), 3.70
(dq. 1H, CH,CH,), 4.08 (dq, J=6.6, 8.2Hz. 1H, 4CH), 547 (d,
J=82Hz IH. 5-CH), 5.98 (s, 2H, OCH,0). 6.70-6.82 (m, 3H, ArH):;
€, H,,NO, (249.3): caled C 62.64, H 6.06, N 5.62; found C 62.80, H 5.87.
N 5.70.

6g: "HNMR (250 MHz, CDCl,): 6 = 0.56—0.77 (m, 2H, CH,), 0.84—1.02
(m. 2H. CH,), 0.89 (d, J = 6.6 Hz, 3H, CH;), 2.40-2.50 (mc, 1 H. NCH),
3.91(dq.J =6.6,7.7Hz, 1 H,4-CH). 541 (d.J =7.7 Hz, 1 H, 5-CH), 5.94 (s,
2H. OCH,0). 6.76 (d, J=07Hz, 2H, ArH). 683 (s, 1H, ArH);
C,,H, NO, (261.3): caled C 64.35, H 5.79, N 5.36; found C 64.24. H 5.90,
N 5.51.

6h: 'HNMR (250 MHz, CDCl,): 6 = 0.65 (t, / =7.4 Hz, 3H, CH,CH,),
1.28-1.57 (m, 2H, CH,CH,), 2.91 (s, 3H, NCH,), 3.77 (dt, J = 4.2, 8.1 Hz,
1H,4-CH).5.48 (d,J = 8.1 Hz, 1 H, 5-CH), 5.98 (s, 2H, OCH,0), 6.75--6.82
(m, 3H. ArH): C,,H, NO, (249.3): caled C 62.64, H 6.06, N 5.62; found C
62.67. H 6.33. N 5.34.

General procedure for the catalytic hydrogenation of oxazolidinones (45,5R)-6
to (S)-amphetamines (5)-7: A vigorously stirred solution of (4S,5R)-6 (0.4—
14 mmol) in ethanol containing 5% triethylamine was hydrogenated at room
temperature with Pd/C (ca. 10 mol %) as catalyst for the time given in Table 3
(GC control). The catalyst was filtered off and the solvent removed. After
removal of NEt; in high vacuo the residue was dissolved in diethyl ether, and
amphetamine hydrochlorides precipitated by addition of ethereal HCI solu-
tion.

7a: '"HNMR (250 MHz, CDCl): 6 =1.11 (d, J = 6.3 Hz, 3H, CH,), 1.63
(brs. 2H. NH,). 2.44 (ABX system, J,, =13.4, J,, = 8.1 Hz, 1H. 1-CH,),
2.03 (ABX system, J,, = 5.3 Hz, 1H, 1-CH,), 3.08-3.14 (m. 1H, 2-CH),
593 (s, 2H, OCH,0), 6.63 (dd, J=1.5, 7.8 Hz, 1H, ArH), 6.64 (d.
J=15Hz 1H, ArH), 6.74 (d, J =78 Hz, 1H, ArH); C,,H,,NO,-HCl
(215.7): caled C 55.69, H 6.54, N 6.49, C1 16.44; found C 55.62, H 6.56, N
6.49, C1 16.39.

7bh: '"HNMR (250 MHz, CDCl,): 6 =097 (t, J =7.4Hz, 3H, CH,CH;),
1.29-1.58 (m, 2H, CH,CH,), 1.79 (brs, 2H, NH,), 2.39 (ABX system,
Joy =134, J, = 8.5Hz, 1H, 1-CH,), 2.72 (ABX system, J,x = 4.7 Hz, 1H,
1-CH,). 2.81-2.91 (m, 1 H, 2-CH), 5.92 (s, 2H, OCH,0), 6.64 (dd, J = 1.5,
7.8 Hz, 1H, ArH), 6.69 (d, / =1.5Hz, 1H, ArH), 6.74 (d, / =7.8 Hz, 1H,
ArH); C,,H,NO, HCI (229.7): caled C 57.51, H 7.02, N 6.10, C1 15.43;
found C 57.35. H 7.04, N 5.83, Cl 15.27.

7¢: 'H NMR (250 MHz, CDCL,): 8 =1.10 (d, J = 9.4 Hz, 3H, CH,), 1.66 (s.
6H, C(CH,),), 2.29 (ABX system, J,; =13.3, /oy = 8.2 Hz, 1H, 1-CH,).
272 (ABX system. Ju = 5.1 Hz, 1H, 1-CH}), 3.03-3.16 (m, 1 H. 2-CH),
6.50-6.71 (m, 3H, ArH); C,,H,,NO,-HCI (243.7): caled C 59.13, H 7.44,
N 5.75, C1 14.54; found C 59.19, H 7.40, N 5.63, C1 14.43.

7d: 'HNMR (250 MHz, CDCl,): § =1.26 (d, J = 6.5 Hz, 3H, CHj;), 2.74
(ABX system, J,u =13.7, J,x =7.5Hz, 1H, 1-CH,), 2.85 (ABX system,
Jox = 6.5 Hz, 1H, 1-CH,), 3.43-3.51 (m, 1H, 2-CH), 3.86 (s, 3H, CH,0),
6.67(dd, J =1.8,80Hz, 1H, ArH), 6.77 (d, J = 8.0 Hz, 1 H, ArH), 6.82 (d,
J=18Hz 1H, ArH).

7e: '"HNMR (250 MHz, CDCl,): 4 =1.06 (d, J = 6.1 Hz, 3H, CH,;), 2.30
(brs, 1H, NH). 2.41 (s. 3H, NHCH,), 2.55 (ABX system, J,, =13.2,
Jy = 6.4 Hz, 1H, 1-CH,), 2.65 (ABX system, J,x = 6.8 Hz, 1H, 1-CH,),
2.67--2.80 (m, 1 H, 2-CH), 5.93 (s, 2H. OCH,0), 6.63 (dd, / =1.5, 7.8 Hz,
1H, ArH), 6.68 (d, / =1.5Hz, 1H, ArH), 6.74 (d, J/ =7.8 Hz, 1 H, ArH);
C,H,;NO,-HCI(229.7): caled C 57.51. H 7.02, N 6.10, Cl 15.43; found C
57.26, H 7.01, N 6.07, Cl 15.44.

76 'H NMR (250 MHz, CDCL,): 6 =1.06 (d, J = 6.2 Hz, 3H, CH,), 1.90 (1,
J =71 Hz. 3H, CH,CH,)., 2.17 (s, 1 H, NH), 2.49 2.80 (m, 4H, CH,CH,,
1-CH,), 2.80-2.94 (m, 1 H, 2-CH), 5.93 (s, 2H, OCH,0), 6.63 (dd, J = 1.6,
7.9 Hz, 1H, ArH), 6.68 (d. J =1.6 Hz, 1H, ArH), 6.74 (d, 7 =7.9 Hz, 1H.
ArH); C,,H,.NO, -HCl (243.7): caled C 59.13, H 7.44, N 575, Cl 14.54;
found C 39.33, H 7.50, N 5.70, CI 14.47.

7g: "THNMR (250 MHz, CDCl,): § = 0.25-0.54 (m, 4H, CH(CH,),), 1.09
(d. J=63Hz, 3H, CH;), 1.62 (s, 1H, NH), 2.00-2.07 (mc, 1H,
CH(CH,),). 2.51 (ABX system, J,,, =13.5. J,x = 6.5 Hz, 1H, 1-CH,), 2.68
(ABX system, J,y =7.1 Hz, 1 H. 1-CH,). 2.97 (sext, / = 6.3 Hz, 1H, 2-CH),
5.93 (s. 2H. OCH,0), 6.63 (dd, J =15, 7.8 Hz, 1H, ArH). 6.69 (d,
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J=1.5Hz, 1H, ArH), 6.74 (d, J =7.8 Hz, 1H, ArH); C,,H,,NO, HCI
(255.7): caled C 61.05, H 7.09, N 5.48, Cl 13.86; found C 61.12, H 7.05, N
5.60, Cl 13.65.

7h: *HNMR (250 MHz, CDCl,): 6 = 0.93 (t, J =7.4 Hz, 3H, CH,CH,).
1.32--1.57 (m. 2H, CH,CH,), 1.9 (s, 1H, NH), 2.38 (s, 3H, NHCH,),
2.50-2.68 (m, 3H, 1-CH,, 2-CH), 5.93 (s, 2H, OCH,0), 6.63 (dd. J = 1.6,
7.9 Hz, 1H, ArH), 6.68 (d, J=1.6 Hz, 1H, ArH), 6.74 (d, J =7.9 Hz. 1 H,
ArH); C,H,,NO, HCI (243.7): caled C 59.13. H 7.44. N 5.75, Cl 14.54:
found C 59.12, H 7.42, N 5.70, CI 14.57.
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BIPNOR: A New, Efficient Bisphosphine Having Two Chiral, Nonracemizable,
Bridgehead Phosphorus Centers for Use in Asymmetric Catalysis

Frédéric Robin, Francois Mercier, Louis Ricard, Fran¢ois Mathey,* and Michel Spagnol

Abstract: Optically active phosphorus lig-
ands are widely used in homogeneous
asymmetric catalysis. However, among
the numerous available structures of this

tetramethyl-6,6'-bis-1-phosphanorborna-
2,5-dienyl (BIPNOR), can be obtained by
thermolysis of 1,1’-bisphospholyl with
diphenylacetylene. Here, we report the

resolution of the d// isomer by means of a
chiral palladium complex to give the two
optically active forms of BIPNOR. We
then investigate the catalytic properties of

type, the subclass of optically active bis-
phosphines with at least one chiral phos-
phorus atom is rather underdeveloped. A
bisphosphine with two chiral, nonracem-
izable bridgehead phosphorus centers,
(meso,d|)-2,2',3,3'-tetraphenyl-4,4',5,5'-

+ palladium -
rhodium

Introduction

Currently, the most effective catalysts for enantioselective hy-
drogenation and related reactions incorporate chelating diphos-
phines such as BINAP!"! and DuPHOS,!?! whose chiral centers
are localized on the carbon backbone. It seems reasonable to
assume that homochiral phosphines with the chirality directly
located at the phosphorus atoms should also have an enormous
potential in enantioselective catalysis. Although such com-
pounds are well known,!3! they have found few applications;
only DIPAMP!* has been employed successfully to any signifi-
cant extent. Thus, the development of new, efficient enantiose-
lective catalysts based on ligands with chirality at phosphorus
remains an intuitively desirable and exciting goal.

Some time ago, we developed a versatile synthesis of 1-phos-
phanorbornadienes > I Subsequently, we and others have been
able to show that very high turnover frequencies can be achieved
when using these novel phosphines as ligands in rhodium-cata-
lyzed hydrogenations and hydroformylations of alkenes.[’ ~1%!
These rigid bicyclic phosphines contain nonracemizable phos-
phorus centers, whose geometry precludes any loss of enan-
tiomeric purity during catalysis or the associated recycling pro-
cesses.l'! This rigidity suggested a potential in asymmetric
catalysis for such homochiral monodentate phosphines, but pre-
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asymmetric catalysis « hydrogenations
phosphorus ligands -
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BIPNOR, incorporated in Rh! and Ru"
catalysts for the hydrogenation of olefins
and ketones and in a Pd" catalyst for
asymmetric alkylation reactions. BIP-
NOR is shown to give good results in
these catalytic reactions.

liminary screenings gave low e¢’s in the hydrogenation of dehy-
droaminoacids.['?! More recently, we have prepared the chelat-
ing bisphosphine 1 (BIPNOR) as a mixture of meso and d./
isomers.t'3! Here, we report the separation of the d and / enan-
tiomers and the evaluation of their potential in asymmetric
catalysis.

Results and Discussion

BIPNOR (1) can be easily prepared from 3.4-dimethyl-1-
phenylphosphole. The P—Ph bond is first cleaved by lithium
metal. The resulting phospholide is then coupled by means of
iodine, and the 1,1’-biphospholyl thus formed is heated at
140 °C in the presence of diphenylacetylene to yield 1.143 The
separation of the 4,/ (1a) and meso (1b) components of BIP-
NOR was achieved by converting the ligand 1 into its Pd com-
plex 2 according to the sequence described in Scheme 1. The d,/
mixture of 2 eluted first from silica gel (eluent: dichloro-
methane/ethyl acetate 19:1).

meso-BIPNOR was unequivocally characterized by X-ray
analysis of its P,P-disulfide 3. This disulfide has two inequiva-
lent phosphorus nuclei (**P NMR: § = + 54.5 and +51.9 in
CDCI, at RT); this demonstrates that the rotation of the two
phosphanorbornadiene units about the C2—C?2’ axis is slow on
the NMR timescale. Racemic BIPNOR was resolved with one
equivalent of 4"l by following the scheme proposed by
Roberts and Wild for the resolution of chiral phosphines
(Scheme 2) [+3!

The mode of complexation of /-BIPNOR is noteworthy : the
formation of a dinuclear species rather than the expected palla-
dium chelate suggests that BIPNOR has a lower chelating abil-
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[meso - BIPNOR]}PJCI, + [d,/ - BIPNOR]PdCI,
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Scheme 1. Separation of the two diastereomers of 1.

Ph
Me, Me\ M Me Me\ M
N~ e benzene N- Me
Pd\/ +di1 ——————————> FU\
c 25°C, 15 min cl
2 .
4 5a,b

Scheme 2. Resolution of d,f-1.

ity than BINAP.I?3] The diastereomeric palladium complexcs
Sa (3'P NMR: 6= + 569, C,D;) and 5b (*'P NMR:
0 = + 54.3, C,Dy) were separated by chromatography. Com-
plex Sa eluted first from silica gel (eluent: toluene/AcOEt 4:1)
and was recrystallized from Et,O/CH,Cl,. According to the
X-ray crystal structure analysis (Figure 1), the BIPNOR ligand
in 52 has an (R,R) configuration.

Classical decomplexation reactions of 5a and Sb by NaCN in
CH,CI,/H,0 (N, atmosphere, 25°C, 30 min stirring) yielded

Figure 1. Molecular structure of Sa.

1366 —— @
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(R.R)-(+)-BIPNOR {(+)-1a] and (S,S)-(—)-BIPNOR [(—)-
1a], respectively, with an {%]2° of +215 (¢ = 0.7 in CH,CL,).

Preliminary asymmetric hydrogenation experiments were
performed on olefins and ketones 6-10 to compare the proper-
ties of BIPNOR with BINAP, DIOP,!'®! and BICHEP.I?! The
results are summarized in Table 1. Apparently, BIPNOR per-
forms similarly to BINAP and BICHEP, even though its struc-
ture is very different.

In a further comparison, a [PdCl,{PhCN),]/(—)-BIPNOR
catalyst (1%) was employed in the asymmetric alkylation of
1,3-diphenyl-2-propenyl acetate by sodium dimethyl malonate
(24 h at 25°C in THF). The (R) alkylation product was ob-
tained in 60% yield, with an enantiomeric excess of 84%. A
similar experiment with an (S)-BINAP-based catalyst gave the
same product in 80 % yield, but in only 34% ee (44 h).*?! To
obtain a high degree of asymmetric induction with BINAP, a
tertiary carbanion derived from acetamidomalonate ester was
required as the nucleophile.

Conclusion

The substitution pattern in the 1-phosphanor-

= bornadiene skeleton can easily be varied: sim-

_ ply changing the substituents of the alkyne un-
Me dergoing the [2+4] cycloaddition with the
2 H-phosphole precursor provides a method for

2 fine-tuning the BIPNOR structure. Hence, it
can be optimized for reaction with any given
substrate, provided that the resolution tech-
nique is adapted to the new phosphine. We feel
that a promising new series of bisphosphines is
now available for asymmetric catalysis.

Experimental Section

meso- and d,-2: [PACL(PhCN),] (2.7 g, 7.1 mmol) in CH,Cl, (100 mL) was
added dropwise to a mixture of meso- and 4./-1 (4 g, 6.9 mmol) in CH,Cl,
(100 mL). After stirring under dry nitrogen at room temperature for 15 min,
the solvent was evaporated and the residue washed twice with diethyl ether.
The meso and d./ diastereomers of 2 were then separated by chromatography
on silica gel. The ./ complex eluted first with dichloromethane/ethyl acetate
(95:5) (R, = 0.45) and the meso complex second with dichloromethane/ethyl
acetate (80:20) (R; = 0.32). Overall yield of 2: 4.6 g (90%); meso-2: 3.2 gand
dl-2:14¢.

meso-2: 3'P NMR (CD,Cl,): § = 88.12; '"HNMR (CD,Cl,): § =1.41 (s,
6H, CHj;), 2.47 (s, 6H, CH,), 2.80 (d, 2J(H,H) =10 Hz, 2H, CH, bridge).
3.10 (g, 2J(H.H) =10 Hz, 2J(H,P) =1 Hz, 2H, CH, bridge), 6.79 - 7.44 (m,
20H, Ph); '3C NMR (CD,Cl,): 6 =19.05 (s, CH,), 20.79 (s, CH,), 68.62—
69.94 (m, CH, bridge and C sp,), 127.88-165.10 (m, C sp,).

d-2: 3'P NMR (CD,Cl,): § = 82.5; 'HNMR (CD,CL,): § =1.41 (s, 6 H,
CH,;), 2.28 (s, 6 H, CH;), 2.65 (d. *J(H.H) =10.2 Hz, 2H. CH, bridge), 3.05
(g. *J(H,H) =10.2 Hz, *J(H.P) =1 Hz, 2H, CH, bridge), 6.98-7.46 (m,
20H. Ph): '*C NMR (CD,Cl,): 6 =18.48 (s. CH,), 20.69 (s, CH,), 68.59-
70.10 (m, CH, bridge and C sp,). 127.88-165.10 (C sp,).

meso-1 (1b): NaCN (0.5 g, 10 mmol) and few milliliters of distilled, degassed
water were added to meso-2 (1 g, 1.32 mmol) in CH,Cl, 30 mL). After
vigourous stirring at room temperature under dry nitrogen for 20 min, water
(20 mL) was added. The mixture was then allowed to settle for decantation,
and the two phases were separated. The organic phase was washed twice with
brine and once with water, and the aqueous layer with dichloromethane. The
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Table 1. Asymmetric hydrogenation of substrates 7—-10 using BIPNOR complexes [a].

o]
COH
/=< COH
Ph NHAc
MeO
6 8
[0}
CO,H
9 10
Data from present paper Comparative data

Catalyst Conditions % ee (conv.) Catalyst Conditions [b] % ee (conv.) Ref.
6 [Rh(cod)((—)-L)|*PF;  EtOH, H, 3atm >98% [c] (S) [Rh(nbd)(P*P)] " CIO; 48h 84% [d] [

(1%) 25°C, 2h (100 %) P*P = (S)-BINAP (99%)
7 [Rh(cod)(—)-L)] " PF; MeOH, H, 4 atm 98% (S) [Rh(cod)(P*P)}* BF; 16 h 73 % [18]

(1%) 25°C,2h (30%) (0.1%), P*P = (—)-DIOP (100 %)
8 [RuBr((+)-L)] MeOH, H, 60atm  60% (R) [RuBr,(P*P)] (0.1 %) 100 atm, 74% [e] [19]

0.5%) S0°C, 48 h (30%) P*P = (R)-BINAP 25°C,62h (1%)
9 [RuBr,((+)-L)] iPrOH, H, 5 atm 81% [g] (R) [RuBr,(P*P)] (0.2%) S atm, 95% [20]

(0.2%), N*N [[/KOH  28°C, 10h (65%) N*N/KOH, P*P = (§)}-BINAP  28°C,6h (99%)
10 [Rh(cod)}((+)-L)] *PF MeOH, H, 3 atm 93% (S) [Rh(nbd)(P*P)]* CIO; 1 atm, 15 min 93% (R) 21)

(0.5%) 25°C, 40 min (100%) (0.2%), P*P = (R)-BICHEP (100%)

[a] (—=)-L = (—)-BIPNOR, (+)-L = (+)-BIPNOR; all ee’s measured by HPLC, except when noted otherwise. [b] Under similar conditions to those used with BIPNOR,
except where noted. [¢] With the { +)-L catalyst, the (R) product is obtained with the same ee. [d] ee is 100% under similar conditions when using (Z)-a-(benzamido)cinnamic
acid [23]. [e] Better conditions found more recently, resulting in higher ee (97 %) [20], but they have not been tested with BIPNOR on acetophenone. [f] N*N = ($,5)-1,2-di-
amino-1,2-diphenylethane. [g] Measured by "H NMR on the MTPA (x-methoxy-e-trifluoromethylphenylacetic acid) ester.

combined organic fractions were dricd over magnesium sulfate, and the
solvent evaporated to yield pure meso-1. Yield: 0.7 g (90%). *'P NMR
(CDCL,): & = —13.24; 'HNMR (CDCl,): 6 =1.31 (s, 6H, CH,), 1.69 (s,
6H, CH,), 2.02-2.24 (m, 4H, CH, bridge), 6.86-7.29 (m, 20H, Ph); 1°C
(CDCly): 6 =16.99 (s, CH;), 21.40 (s, CH,), 64.78 (s, C sp3), 71.97 (d,
LK(C,P) = 2,6 Hz, CH, bridge), 126.88—161.96 (sp, carbons).

d -1 (1a): Same procedure as for meso-1 from 4,1-2. Yield of 4,/-1: 0.7 ¢
(90%). Same spectroscopic data as for (+)-1a (see below).

3:Sg (1 g, 3.9 mmol) was added in small portions to meso-1 (1 g, 1.73 mmol)
in toluene (100 mL). After stirring under dry nitrogen at 80 °C for 2 h, the
mixture was allowed to cool to room temperature. The insoluble material
(excess sulfur) was filtered off, the solvent was evaporated, and the residue
was purified by chromatography on silica gel, (irst with toluene to elute the
remaining sulfur and then with ethyl acetate. Yield of 3: 1 g (89%). Crystals
of 3 were grown from a dichloromethane/n-hexane solution of the compound.
*'P NMR (CDCl,): (AB) 8, = 51.92, 8, = 54.52, J,, =10.15 Hz; '"HNMR
(CDCly): 6 =128 (s, 3H, CH;), 1.39 (s, 3H, CH;), 1.62 (pseudo-t,
YI*HCP) +5HCP)| =52Hz, 3H, CH,), 228 (pseudo-t, X|*/(C.P)
+3J(C,P)| = 5.6 Hz, 3H, CH,), 2.57-2.92 (m, 4H, CH, bridge), 6.93-7.31
(m, 20H, Ph); *C NMR (CDCl,): § =17.08 (d, *JC,P) = 12.8 Hz, CH,),
1822 (d, *J(C,P) =12.8 Hz, CH,), 19.26 (d, *J(C.P) =16.3 Hz, 2 CH,),
55.78 (d, LJ(C.P) =7.74 Hz, C sp,), 56.17 (d, 2J(C,P) =7.4 Hz, C sp,), 71.68
(d, 'J(C,P) = 59.4 Hz, C bridge), 73.65 (d, *J(C,P) = 57.3 Hz, C bridge),
127.1-166.7 (sp, carbons); MS (70 eV): m/z(%): 642 (23) [M*], 464 (36)
[M* — PhCCPh], 286 (100) [M * — 2PhCCPh]; C,,H;P,S, (642.8): caled C
74.74, H 5.64, P 9.64; found C 74.56, H 5.61, P 9.43

Crystal structure determination of 3 (see also Table 2):27 C, H,,CL,P,S,,
M, =727.74; space group: P2,/c (no. 14); a=13.081(1), h =17.903(2).
c=16469(Q) A; f=10831(1)"; V=366148(1.)A% Z=4; p., =
1.320 gem™3; radiation: Cuy, (A =1.54184 A); u=373em™'; F(000) =
1520; T= —150+0.5°C; final R = 0.035.
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Table 2. Crystallographic data for 3 and Sa [a].

3 5a

color, habit colorless, cube colorless, cube

dimensions 0.32x0.32x0.32 0.30x 0.30 x 0.30

max 20 0.0 60.0

h.k,l ranges 0<h<12,0<k<17 0<h<20,0<k<21
—16<i<1s 0<i<33

no. refl. measured 4124 total, 3742 unique 8451 total, 8437 unique

refl. incl. F2>3.00(F?) 3457 6979

least-squares details [b]:

parameters refined 424 613

unweighted agreement factor  0.035 0.029

weighted agreement factor 0.064 0.041

GOF 1.53 1.08

convergence, largest shift/error 0.00 0.00

instrument instability factor, p  0.08 0.06

high/low peak in final 0.24(6)/0.00(6) 0.94(8)/0.00(8)

diff. map, eA™?

[a] Details in common: instrument: Enraf-Nonius CAD4 diffractometer; correc-
tions: Lorentz polarization; solution: direct methods. [b] Details in common:
hydrogen atoms included as fixed contributions to the structure factors; minimiza-
tion function: w(}E,| — | F.|)?, where w = 4 F2[62(F?); least-squares weights: 4 F2!
o2(F2), with 6*(F?) = 6*(I) + (pF?)*.

5a and Sb: Complex 4 (1 g, 1.75 mmol) was added to /-1 (1 g, 1.73 mmol)
in benzene (50 mL). After stirring under dry nitrogen for 15 min at room
temperature, the solvent was evaporated. The diastereomers 5a and 5b were
separated by chromatography on silica gel. With toluene/ethyl acetate (80:20)
5a was eluted first (R, = 0.33) and Sb second (R; = 0.13). Overall yield of 5:
1.8 g (91%); 0.9 g of each diastereomer. Crystals of Sa were grown from a
dichloromethane/diethyl ether solution of the compound. 5a: *'P NMR
(C4Dg): 6 =56.9. 5b: *'P NMR (C(Dy): 6 = 54.3.
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Crystal  structure  determination of 5Sa (see also  Table 2):127
CooHeCLLN,P,Pd,, M, =1158.85; space group: P2,2,2; (no. 19);
a=14881(1), h =14.985(1). ¢ = 23.811(2) A; VV = 5309.56 (1.2) A3; Z = 4;
Pestea = 1450 gem ™3, radiation: Moy, (4 =0.71073A); g=87cm !;
F000) =2376; T= —150+0.5°C; final R=0029; R,6 =0041;
GOF =1.08; for the enantiomeric structure: R = 0.03305; R, = 0.04632;
GOF =1.227.

(+)-1a: Same procedure from Sa as for decomplexation of 2. The organic
phase was washed twice with a 1M HCl solution and once with water. After
evaporation of the solvent, the solid residue was purified by flash chromatog-
raphy on silica gel with dichloromethane. From 0.85 g of 5a and 0.4 g of
NaCN 0.35g of (+)-la (85%) was recovered. *'P NMR (CDCl,):
&= —13.00; '"HNMR (CDCl,): d =1.27 (s, 6H, CH;). 1.71 (s, 6H, CH,),
2.05-2.19 (m, 4H, CH, bridge), 6.95-7.29 (m, 20 H, Ph); '*C NMR (CDCl,):
5 =16.98 (s. CH;), 21.43 (s, CH;), 66.02 (s, C sp;), 71.75 (s, C bridge),
126.88-162.32 (sp, carbons); C,oH;¢P, (578.7): caled C 83.02, B 6.27. P
10.70; found C 83.39, H 6.23, P 10.35; [2]3° = + 215 (¢ = 0.7 in CH,CL,);
MS (70 €V): mjz (%): 578 (14) [M *], 400 (68) [M * — PhCCPh], 222 (100)
[M " — 2PhCCPh].

(=)-la: Same procedure as for (+)-1a. From 0.85g of 5b and 0.4 g of
NaCN, 0.35 g of {—)-1a (85%) was recovered. Same spectroscopic data as
for (+)-1a; [2]3° = — 218 (¢ = 0.7 in CH,Cl,)

Rhodium-Catalyzed Hydrogenation of x-Acetamidocinnamic Acid (6): The
substrate (1 mmol) in 25 mL of ethanol containing the rhodium complex
(0.01 mmol) (prepared by mixing 1 equiv of [Rh{(cod),][PF4] and 1 equiv of
(+)- or (—)-BIPNOR in acetone) was introduced by means of a syringe into
a 100 mL autoclave previously parged with argon. The solution was stirred
under 3 atm of H, (initial pressure) for 2 h at room temperature. Complete
conversion to product was indicated by *H NMR analysis of the crude mate-
rial after evaporation of the solvent. Enantiomeric excess was determined by
HPLC analysis of the purified product!?*! using a Shandon column HSA
(phosphate solution pH 6, 0.02M; 1 mLmin~* flow). Retention time (N-
acetyl-(S)-phenylalanine) = 8.5 min. Rctention time (N-acetyl-(R)-phenyl-
alanine) = 13.0 min. The absolute configuration was assigned by determina-
tion of the sign of the optical rotation of the pure product and according to
ref. (1].

Rhodium-Catalyzed Hydrogenation of 2-(6"-Methoxy-2'-naphthyljpropenoic
Acid (7): The substrate (1 mmol) in 25 mL of ethanol containing the rhodium
complex (0.01 mmol) (prepared by mixing 1 equiv of [Rh(cod),][PF,] and
1 equiv of (+)- or (—)-BIPNOR in acetone) was introduced by means of a
syringe into a 100 mL antoclave previously purged with argon. The solution
was stirred under 4 atm of H, (initial pressure) for 2 h at room temperature.
The conversion was calculated from the crude solution by "HNMR after
evaporation of solvent. Enantiomeric excess was determined by HPLC anal-
ysis of crude product using a Regis column whelk-01 (RR) (80/20/0.5 hexane/
ethanolfacetic acid: 1 mLmin~' flow). Retention time ((S)-naproxen) =
10.3 min. Retention time ((R)-naproxen) = 17.6 min.

Rhodium-Catalyzed Hydrogenation of Itaconic Acid (10): The substrate
(1 mmol) in 25 mL of ethanol containing the rhodium complex (0.01 mmol)
(prepared by mixing 1 equiv of [Rh(cod),][PF} and 1 equiv of (+)- or (—)-
BIPNOR in acetone) was introduced by means of a syringe into a 100 mL
autoclave previously purged with argon. The solution was stirred under 3 atm
of H, (initial pressurc) for 40 min at room temperature. Complete conversion
to product was indicated by 'HNMR analysis of the crude material after
evaporation of the solvent. In order to purify the product, the crude material
was dissolved in 10 mL of 10 m HCL After filtration of the insoluble material,
the product was extracted with ether and recovered as a white powder after
evaporation of the solvent. Enantiomeric excess was determined by HPLC
analysis of purified product using a Daicel column chiralcel OD (90/10/0.1
hexane/2-propanol;TFA; 0.75 mLmin~! flow). Retention time ((R)-methyl-
succinic acid) = 6.0 min. Retention time ((.S)-methylsuccinic acid) = 8.3 min.
The absolute configuration was attributed by determination of the sign of the
optical rotation of the pure product and according to ref. [21].

Ruthenium-Catalyzed Hydrogenation of Acetophenone (8): The substrate
(2.5mmol) in 7mL of methanol containing the ruthenium complex
(0.013 mmol) (prepared by mixing 1 equiv of [Ru(Me-allyl),(cod)], 1 equiv of
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(+)- or (—)-BIPNOR and 2 equiv of HBr (0.29M in MeOH) in acetone?*})
was introduced by means of a syringe into a 100 mL autoclave previously
purged with argon. The solution was stirred under 60 atm of H, at 50 °C for
48 h. The conversion was calculated from the crude solution by 'HNMR
after evaporation of solvent. Enantiomeric excess was determined by HPLC
analysis of the crude product using a Daicel column chiralcel OD (95/5
hexane/ethanol; 0.5 mL min~! flow). Retention time (( R)-sec-phenethyl alco-
hol) = 6.0 min. Retention time ((S)-sec-phenethyl alcohol) = 8.3 min. The
absolute configuration was assigned by determination of the sign of the
optical rotation of the pure product and according to ref. [25].

Palladium-Catalyzed Allylic Substitution Reaction of 1,3-Diphenylprop-2-enyl
acetate with NaCH(CO,Me), in THF : A mineral o1l dispersion of NaH (60 %
NaH, 1.25 mmol) was washed free of oil with dry pentane (2 x SmL). The
oil-free NaH was suspended in THF (4 mL) and cooled to 0°C, and dimethyl
malonate (1.2 equiv) was added dropwise to the stirred suspension. After the
reaction was complete, the resulting solution was cannulated into a 50 mL
flask containing 1,3-diphenyl-2-propenyl acetate (1.2 mmol), and the catalyt-
ic precursor [PACL,{(+) or (—)-BIPNORY}] (prepared by mixing 1 equiv of
[PACL,(PhCN),] and 1 equiv of (+)- or (—)-BIPNOR in CH,Cl,). The solu-
tion was stirred at room temperature for 24 h. The reaction mixture was then
worked up to give the product as a yellow oil (dilution in AcOH, extraction
with Et,O. and washing with brine). The conversion was calculated from the
crude product by 'HNMR. Alumina gel chromatography using hexanejethyl
acetate (80/20) afforded the pure allylation product. Enantiomeric excess was
determined by HPLC analysis of the purified material using a Daicel column
chiralcel OD (200/1 hexane/2-propanol; 1 mLmin~' flow). Retention time
((R)-1,3-diphenyl-2-propenyl dimethylmalonate) = 25.1 min. Retention time
((S)-1,3-diphenyl-2-propeny! dimethylmalonate) = 27.7 min. The absolute
configuration was assigned by determination of the sign of the optical rota-
tion of the pure product and according to ref. [26].

Ruthenium-Catalyzed Hydrogenation of 17-Acetonaphthone (9): The substrate
(6.5mmol) in 7mL of 2-propanol containing the ruthenium complex
(0.013 mmol) (prepared by mixing 1 equiv of [Ru{Me-allyl),(cod)]. 1 equiv of
(+)- or {(—)-BIPNOR and 2 equiv of HBr (0.29 M in MeOH) in acetone!?4)},
KOH (2equiv/Ru), and (15,25)-(—)-1,2-diamino-1.2-diphenylethane
(1 equiv/Ru) was introduced by means of a syringe into a 100 mL autoclave
previously purged with argon. The solution was stirred for 10 h under 5 atm
of H, at room temperature. The conversion was calculated from the purified
product (obtained by Kugelrohr distillation) by 'H NMR.

CH,Cl, (4 mL) was added to a mixture of 1-(1-naphthyl)ethanol (50 mg),
(R)-(+)-z-methoxy-a-trifluoromethylphenylacetic acid (70 mg, MTPA),
N,N'-dicyclohexylcarbodiimide in CH,Cl, (0.3 mL, 1.0m), and a small
amount of 4-dimethylaminopyridine. After stiring the mixture overnight at
room temperature, the solvent was removed by vaccum distillation. Ether
(4 mL) was then added to the solid residue formed, and the dissolved portion
was recovered to provide the MTPA ester of 1-(1-naphthyljethanol. Enan-
tiomeric excess of the hydrogenated product was then determined by
'HNMR analysis of its MTPA ester. The absolute configuration was as-
signed by determination of the sign of the optical rotation of the pure product
and according to ref. [20].
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