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Classification of Coordination Polygons and Polyhedra According to
Their Mode of Self-Assembly

Gerhard F. Swiegers*?] and Tshepo J. Malefetse! !

4 N

Abstract: This work extends techniques for the control-
led formation of synthetic molecular containers by metal-
mediated self-assembly. A new classification system
based on the self-assembly of such species is proposed.
The system: 1) allows a systematic identification of
suitable acceptor—donor combinations, 2) widens the
variety of design possibilities available, 3) allows a ready
comparison of the self-assembly of different compounds,
4) reveals useful commonalities between different com-
pounds, 5) aids in the development of novel architectures,
and 6) permits identification of systems capable of being
switched back-and-forth between architectures.
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Introduction

Coordination chemistry increasingly features polymetallic
compounds having highly ordered and potentially useful
structures. Many such compounds are prepared by the
spontaneous self-assembly of discrete metals and ligands into
stable, noncovalently joined coordination compounds. A
variety of molecular architectures have been obtained in this
way. Among the best known are the so-called metallocyclic
polygons and polyhedra.l'! Complexes displaying these struc-
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tural motifs have discrete, closed, two-dimensional (2D)
(polygonal) or three-dimensional (3D) (polyhedral) struc-
tures which closely resemble well-known geometric shapes,
including triangles, squares, hexagons, cubes, triangular
prisms, and octahedra. Such materials are interesting as
artificial, molecular-scale containers or receptors, in
which novel synthetic chemistry, electrochemistry, magneto-
chemistry, photoluminescent chemistry, supramolecular
chemistry, or catalytic chemistry, inter alia, can be carried
out.”

Extensive efforts have been made to rationalize and
systematize the assembly of metallocyclic polygons and
polyhedra in order to allow the deliberate formation of
desired architectures. The approach most commonly em-
ployed involves starting with the overall shape of the desired
container and then retrosynthetically determining the geo-
metric and symmetry properties necessary in the combinant
building blocks. A rational selection of the interacting units is
then possible. The symmetry properties can be determined
using the so-called Symmetry-Interaction method recently
described by Raymond and co-workers.?l A modular assem-
bly technique—the so-called Molecular Library method of
Stang and co-workersl*—is available to facilitate the choice of
geometrically suitable building blocks. While this field is still
in its infancy, these combined technologies have already
generated several interesting new classes of polygons and
polyhedra, some with near-complete geometric and dimen-
sional control.l!}

While theoretically powerful, this overall approach never-
theless has some important limitations. It does not, for
example, consider the complete range of pathways by which
a particular architecture may be self-assembled, nor does it
identify the best starting point for such an endeavor. More-
over, it does not reveal pertinent relationships between
proposed assembly methods and comparable processes pre-
viously employed. Yet such relationships could reveal simpler,
more effective ways of generating the desired architecture.

This concept article describes a new classification system
for coordination polygons and polyhedra, based on their
mode of self-assembly, which aims to overcome these
limitations. The new system is not intended to supersede the
current shape-based approach, but rather underpins it in a
complementary fashion.
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Categorization of Coordination Polygons and
Polyhedra According to Their Overall Shape and
Its Limitations

Because it is so obvious and important, the overall shape of
coordinative polygonal and polyhedral molecular containers
has hitherto served as the sole means of their description.
Most recently, Atwood and MacGillivray have formalized the
classification of molecular polyhedra by cataloging their
structural motifs in terms of their resemblance to Platonic,
Archimedean, prismatic, and antiprismatic solids, and to
irregular solids.’! This approach is useful because such solids
serve as convenient models of spheroidal or pseudo-spher-
oidal design. In addition, the Symmetry-Interaction and
Molecular Library techniques make any of these structures
theoretically accessible.

However, by focusing on the end-product, this classification
system does little to elucidate the self-assembly options
available to generate the final product. This is important
because clusters of a particular shape can usually be prepared
in several different ways. Moreover, a particular architecture
may be readily, but not obviously, obtainable using a known
self-assembly method or by a minor modification of such a
process. Identical self-assembly processes can generate quite
different product architectures depending on the structure of
the ligands and metals employed.

From a self-assembly point of view, the shape-based
classification system therefore has two distinct limitations:
1) it does not distinguish between differences in the self-
assembly of ensembles having the same overall shape, and 2)
it gives no indication of commonalities in the self-assembly of
ensembles having different overall structures.

Point 1) can be illustrated by the fact that molecular squares
can be prepared by several routes, including any one of those
shown in Figure la—c. Except for the fact that all of these
involve at least one right-angled building block, defining an
assembly as a square does not provide substantive informa-
tion about its self-assembly. Yet such information could be
important if one were, for example, wishing to obtain a square
of particular symmetry or dimensions.

Point 2) can be illustrated by considering clusters having
several metal ions arranged in a particular geometry about a
central cavity. Figure 2 depicts three representative polyhedra
containing four tritopic metal ions. Despite their different
overall shapes, all involve a ftetrahedron of metal ions about
the central cavity. A similar commonality can be seen in the
two representative polyhedra depicted in Figure 3a and b.
Both involve an approximate octahedron of metal ions about
the central cavity despite quite different overall architectures.

Recognizing such relationships can be important. For
example, Figure 3 shows how the latter commonality can be
used to conceptualize a new architecture. A progression in
topicities and stoichiometries exists in going from Figure 3a
to b. Figure 3a depicts a truncated tetrahedron containing six
ditopic ions and four tritopic ligands.?! Figure 3b depicts a
cylinder containing six tritopic ions and six tritopic ligands.”
By extending the progression, that is, by combining six
tetratopic metal ions with eight tritopic ligands, one obtains a
discrete cluster having the overall octahedron architecture

3638
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Figure 1. Selected methods for the preparation of molecular
squares.> 1519 The squares have the following classifications based on the
assembly descriptor classification proposed here; a) L? A%, b) A%, Lx,,
and c) A!lY,. Numerous other combinations of synthons exist for the
formation of squares (see Table 2). OTf = triflate = OSO,CF;.

illustrated in Figure 3c.[®] Despite their apparently different
overall shape, these three polyhedra are rather closely related
from a self-assembly point of view; all have M¢L, formulae
(M = metals, L =ligands, x =4, 6, 8).

A comparison of the topicities and stoichiometries of the
building blocks in polygonal or polyhedral clusters can
illuminate other useful relationships as well. For example,
truncated tetrahedra (e.g. Figure 3a), being ML, species, are
related to edge-bound M,L¢ species such as adamantanoids
(e.g. Figure 2a) by an interchange of metals and ligands. Thus,
like M, L, adamantanoids, M¢L, truncated tetrahedra also
typically exhibit the rare T point group symmetry in solution.

Commonalities like those described above clearly offer
valuable insights into the preparation of novel cluster
architecture or the preparation of known cluster architecture
by new pathways. The need for a coherent classification
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Figure 2. Schematic depiction of the structure and formation of molecular
polyhedra containing four tritopic metal ions (open circles) in a tetrahedral
arrangement about a central cavity; a) an edge-occupied adamantanoid,
b) an edge-occupied tetrahedron, and c) a face-occupied tetrahedron.!'7-*]
The proposed assembly descriptor classification is given below each cluster.

system which readily reveals such relationships has been
implicitly acknowledged in several earlier studies.'* 3% 10]

To overcome the limitations of the shape-based approach, it
is necessary to devise a complementary classification system
which: 1) uniquely describes each self-assembly process in a
way that 2) readily illustrates commonalities between differ-
ent assembly processes.

Classification of the Self-Assembly of Coordination
Polygons and Polyhedra by Using Modified
Assembly Descriptors

The most common descriptor methodology for the self-
assembly of polygonal and polyhedral coordination com-
pounds is one originally proposed by Stang.”! In this approach
the building blocks are considered to be either rigidly linear,
L, (i.e. subtending an angle of 180° between binding sites) or
rigidly angular, A (i.e. subtending an angle of less than 180°
between binding sites). The assembly is then denoted by
subscripting the number and superscripting the topicity of
each building block involved. A discrete structure formed by
two tritopic angular units and three ditopic linear units is
therefore symbolized A3,L%. The assemblies depicted in

Chem. Eur. J. 2001, 7, No. 17
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Figure 3. Schematic depiction and formation of face-bound molecular
polyhedra containing six metal ions (open circles) in an octahedral
arrangement about a central cavity; a) a truncated tetrahedron,?” b) a
type of molecular cylinder,! and c¢) a molecular octahedron.l®! The
proposed assembly descriptor classification is given below each cluster.

Figure 1a—c have the Stang descriptors L2 A2, A%LL?,, and
AZ,, respectively.

While this method provides a useful abbreviation of the
self-assembly process, it does not give a unique description.
However it can be readily modified to achieve this. If each of
the building blocks is further superscripted with lower case
“d”’s or “a”’s to indicate the types of binding site present (a
“d” signifies a donor site and an “a” an acceptor site), then a
unique descriptor is obtained which can form the basis for a
comparative classification system.

For ease of use, the modified descriptors need to be
uniformly formulated. The following conventions are em-
ployed in this work. Identical binding sites on the same
building block are combined into a single “a” or “d” with a
preceding numeral to indicate the number of these sites.
Nonidentical sites are designated separately. Thus, the angular
building block at the top of Figure la contains two identical
donor sites and is symbolized A?!. By contrast, the sole
building block in Figure 1c has two, nonidentical binding sites,
one a donor site and the other an acceptor site; it therefore
has the descriptor A'#!4, To easily compare different modes of
assembly, it is also necessary to standardize the order in which
the building blocks are listed in the assembly descriptor. For
convenience we will use the convention that acceptor building
blocks (i.e. metal-containing units) are listed first followed by
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hybrid building blocks (which contain both acceptor and
donor sites), and, finally, by building blocks incorporating
only donor sites. Where several donor or acceptor building
blocks are present, these are listed in order of decreasing
topicity. The squares shown in Figure 1a—c consequently have
the descriptors L2 A%, A%,1.%, and A9, respectively.
Table 1 lists and groups all previously prepared coordination
polygons and polyhedra according to their assembly descrip-
tor notation; a comprehensive review describing each of these
species in terms of the new system and listing their literature
references will be published elsewhere.?!l

Since the assembly descriptors aim to describe the manner
in which a series of separate building blocks spontaneously
form a polygon or polyhedron, it should be noted that the
nature of the binding at each link between the building blocks
is not described. Thus, the reaction of a bidentate chelate (a
donor-based binding site) with a ditopic metal ion (an
acceptor-based binding site) constitutes the formation of a

Table 1. Assembly descriptors of known coordination polygons and

polyhedra, and their molecular architecture.

Assembly Molecular
descriptor architectures

Alald, squares

Alaldy triangles, “tricorns”
Alald, squares

Alaldg hexagons

A2 A squares

A3 A3 cages

AZazAzdz (ZD)
A%,A%, (3D)

rhomboids, squares
cyclophane boxes, helicates

A2 Al squares

L?,A%, squares

A3, A2 cyclophane boxes
AP AN 1) squares

A% A% triangles, hexagons
AL, triangles, hexagons
L2,A%; triangles, hexagons
A%y A3, cyclophane boxes
A% A, square/star

A%, LM, squares, rectangles
L2,A%, squares, nanosquares
L2, Ala2d, square

A A adamantanoids, tetrahedra, boxes
AR 24 tetrahedra

A% A3, tetrahedra

A% A%, Al rectangular boxes
A% A rectangular boxes
At L4, rectangular boxes
AR hexagons

LA hexagons

AR A, truncated tetrahedra
AR A3 cylinder

AR A3B, hexagonal box
AR cylinders

ARG L33 cylinders

A% L3, cylinders

At A2 hexagon

A A2 octagon

L2 Ala2d A2d, rectangular box
ARJLM, cubes

AR AN, cuboctahedra

2a la4d la3d la2d
L2, Ald Alad, Alezd,
L2a12A1a4dlA1a3d4Ala2d4L2dg

square array
square array sandwich

A2 AN, hexahedra
P dodecahedra
3640 ——

single link despite the fact that it involves two coordinate
bonds. The descriptors also do not necessarily indicate the
total number of metals or ligands present in an assembly. The
classification system is, nevertheless, the only way to uni-
formly compare—from a self-assembly perspective—the wide
variety of molecular polygons and polyhedra known. It can,
additionally, be extended to the classification of molecular
containers formed or partially formed using other noncova-
lent links.

The Application and Advantages of the
Classification System

Systematic analysis of self-assembly pathways leading to a
particular polygon or polyhedron: One way of using the new
system involves a systematic analysis of the self-assembly
pathways which can theoretically lead to a desired polygon or
polyhedron. The most common locations of the individual
building blocks in molecular polygons and polyhedra are the
corners, edges and faces of the structure.”! Thus, in a two-unit
assembly, one building block may occupy the corners and the
other the edges or faces of the structure. Alternatively, one
unit may occupy some of the edges or corners, while the other
occupies the rest. Permutations of these and other possibilities
give all the possible combinations of building blocks which
could generate a particular structure. Table 2 lists an illus-
trative set of assembly descriptors available for the formation

Table 2. Illustrative list of possible descriptors for the assembly of
symmetrical molecular polygons containing one or two building blocks.
The occupation of corners and edges by acceptor (a) or donor (d) building
blocks is listed, along with the assembly descriptors which result.

Corners Edges Assembly
occupied occupied descriptors
square 4a 4d A2,
4d 4a L2,A%,
2a & 2d - A% AN,
la & 1d - A% AN AR
self-cyclized Alald, - Alald)
triangle 3a 3d A2,
3d 3a L2, A%,
self-cyclized Alaldg
hexagon 6a 6d A%,
6d 6a L2, A,
3d & 3a - A% A,
2a & 2d - AL, LA,

la & 1d — AanAzd1
self-cyclized Alald, | Alald, Alald)

of three representative and symmetrical molecular polygons
involving one or two building blocks—triangles, squares, and
hexagons. Because a polygon has only one face and it needs to
be open to act as a host, only permutations involving corners
and edges are typically available. The corners of polygons
must generally be occupied by acceptor or donor units since
coordinate bonding cannot occur at an angle. The edges of
polygons may, however, be formed by units formally located
on the corners, so that descriptors exist in which the edges
appear to be unoccupied; for example, A'?!4, for the square
illustrated in Figure 1c.
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Table 3 lists a similarly illustrative set of assembly descrip-
tors for two representative molecular polyhedra, a tetrahedron
and a cube. In polyhedra the building blocks may occupy
faces, as well as corners and edges. Because of the many
possibilities available, certain of these elements need not
appear occupied at all.

observed: 1) an identical self-assembly process, 2) a near-
identical self-assembly, and 3) self-assembly involving a
common building block type. Examples of 1)-3) illustrating
their usefulness are given below:

1) Identical self-assembly processes: If one were wishing to
prepare a new polyhedron using a particular self-assembly

Table 3. Illustrative list of possible descriptors for the assembly of symmetrical pathway, then a comparison of its assembly descriptor with
molecular polyhedra containing one or two building blocks. The occupation of those in Table 1 reveals any identical self-assembly process

corners, edges and faces .by accepFor (a) or donor (d) building blocks is listed, along previously employed—even if this had generated products of
with the assembly descriptors which result.

Corners Edges Faces Assembly

occupied occupied  occupied  descriptors
tetrahedron 4a 6d — A% L2

4d 6a — L2,A%,

— 6a 4d LZa6 A3d4

— 6d 4a A334L2d6

— 2a/d 2d/a A432A4d2, AZaZAZdz

4a - 4d A% AN,

4d - 4a A% AN,

la/d - 1d/a AR AY

2a &2d - — A% AN,

— 28. & 4d _ A4a2L2d4, AAaz Azdﬁﬂ L4a2 A2d4

— 4a & 2d — AZaALAdZ’ AZ“4A4"Z> L2a4A4d2

- la & 1d - A2 A2

— — 2a & 2d A4a2A4d2, A2a2A2d2

self-cyclized A, AN, A2

cube 8a 12d _ AR,

8d 12a - L2, A%,

- 12a 6d A%, A%,

- 12d 6a A% A2

8a - 6d ARAY,

6a - 8d At AN

4a/d - 6d/a A3 AN

4a/d - 4d/a At A,

_ 4a 2d L2, Add,

— 4d 2a AztanzLZd4

- 4a/d 4d/a AR L2, L2 A%,

4a & 4d - - A% AN,

2a &2d - - ASLA,

- 8a/d & 4d/a — A% A, At A

- 4a & 4d - A%,A%,

- 2a & 2d - At A%,

4a/d & 2d/a A%,AY,, A%, AN,

2a & 2d At AM) A% A

la & 1d At AN
self-cyclized

2a2d 2a2d lald 2a2d lald
A lZv‘Aa (nAa 47Aa 2,Aa 2

A much larger number of permutations are available for
each of the polygons and polyhedra in Table 2 and Table 3 if
three or more building blocks or unsymmetrical building
blocks can be used, or if an unsymmetrical overall structure is
acceptable.

A systematic analysis of this type reveals the greatest
number of design possibilities for the formation of a particular
molecular architecture. As such, it enlarges the variety of
ligands and metals which can potentially be used. Improve-
ments in the control of the self-assembly process may thereby
be realized.

Identifying commonalities between different self-assembly
processes: Another use of the classification system is as a
means of revealing commonalities between different self-
assembly pathways. Three types of commonality may be

Chem. Eur. J. 2001, 7, No. 17
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very different overall architecture. Each example of this
process provides a precedent which can, theoretically, be
altered to generate the desired product. Typical alterations
would involve changes to the directing angles or dimensions
of the building blocks so that they conform to the symmetry
and geometric requirements of the desired architecture. For
example, A%;A3, assemblies (Table 1) are known to produce
truncated tetrahedral architectures like that illustrated in
Figure 3a. However, a change in the directing angle of the
ligands from 120° to 109.5° should produce a hexanuclear
adamantanoid (Figure 4).1 A formal example of this archi-
tecture has not yet been reported, although a suitable ligand is
known.[®]

— ligand

O metal ion e)

A2a6A3d4 A2a6A3d4

Truncated Tetrahedron Hexanuclear Adamantanoid

Figure 4. Schematic depiction of the formation of a truncated tetrahedron
and a hexanuclear adamantanoid.’! The architectures have different
overall structures, but identical modes of self-assembly.

2) Near-identical self-assembly processes: Nonidentical but
similar self-assembly processes also offer comparative prece-
dents which can potentially be modified to generate a desired
architecture. For example, if one were wishing to prepare the
A% A3 octahedron architecture described earlier and de-
picted in Figure 3c, then a search through Table 1 would
reveal this to be a mode of assembly with no identical
precedent. However, several near-identical descriptors exist,

0947-6539/01/0717-3641 $ 17.50+.50/0 3641





CONCEPTS

G. F. Swiegers and T. J. Malefetse

for example, the descriptor A2*;A3, for the truncated
tetrahedra in Figure 3a. This descriptor involves a metal ion
having half the desired topicity with an accompanying
reduction in the stoichiometry of the ligand. A good starting
point would therefore be to modify a system which normally
assembles an A?*¢A%, truncated tetrahedra in such a way that
it is capable of generating an A*¢A%; octahedron. The metal
ion in such a system would have to be able to undergo the
desired four coordination. Likely modifications could involve
the use of labile, weakly bound co-ligands and an appropriate
excess of the ligand. If the system shown in Figure 3a were
employed, the Pd" ion would ideally be induced to adopt an
overall five- or six-coordinate disposition in which four
adjacent sites were occupied by the bridging ligands with
the remaining sites occupied by strongly coordinated co-
ligands.

3) Self-assemblies involving common building blocks: Be-
cause each building block is uniquely identified in the
descriptor classification, all known building blocks of a
particular topicity and type can be readily identified by
searching through Table 1. For example, consider Albrecht’s
recent elucidation of the versatility of tritopic ligands in the
formation of molecular polyhedra.l'y All compounds con-
taining such ligands have assembly descriptors which include
A units. Thus, a search for A* components in Table 1 would
reveal all of the compounds included in Albrecht’s work.
Similar searches can be carried out for any other acceptor or
donor type. A known building block whose geometry is
suitable for use in the formation of a novel polyhedron or
polygon may thereby be revealed. This use of “old” ligands in
“new” polygons/polyhedra has already been informally em-
ployed; for example, a diplatinum unit has been used in the
formation of square"! hexagon,'” and dodecahedron!"
architectures. Other examples can be readily envisioned.

Identifying “switchable” polygons and polyhedra: The con-
cept of “molecular machines” has led to increasing interest in
molecular systems which can be made to switch reversibly
from one state to another. This has also manifested itself in
the field of molecular polyhedra and polygons, with a recent
report describing switching between a triple helicate and a
tetrahedron.P! The assembly descriptor classification is well-
suited to the systematic identification of switchable polygons
and polyhedra. For example, a quick survey of Table 3 reveals
identical stoichiometry and building block topicity for the first
descriptor listed for each of the tetrahedron (A%,1.?4) and the
cube (A¥L?,). Thus, a change in the directing angles of the
acceptor units in an A%,L?% tetrahedron from 109.5° (tetra-
hedral) to 90° (square planar) could lead to its spontaneous
conversion to an A%y[.*¢, cube (and vice versa). In unrelated
systems, electrochemical switching of a similar type has been
achieved using a Cu'/Cu" couple.l']

Conclusion

Atwood and MacGillivray have described in great detail the
many different possible spheroidal shapes that synthetic

3642
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containers may adopt.’) Stang and Raymond and co-work-
ers® 4 have described how to determine the essential geo-
metric and symmetry relationships necessary for the gener-
ation of such structures. We have in this work further
formalized this general approach by focusing on the self-
assembly processes available. A classification system has been
developed to uniquely describe combinations of metals and
ligands suitable for the formation of particular structures. The
new descriptors allow a systematic retrosynthetic analysis of
acceptor—donor combinations. They widen the variety of
design possibilities available and thereby offer greater control
of the self-assembly process. They also permit a ready
comparison with previous self-assembly processes of similar
stoichiometry and type. By revealing useful commonalities
and relationships, they aid in the conceptualization of path-
ways leading to novel molecular architectures. Finally, they
provide a convenient and systematic means of identifying
assemblies capable of being switched from one architecture to
another.

Taken in concert with the earlier technology in this field, a
comprehensive and complementary suite of techniques now
exist for the controlled and rational preparation of 2D and 3D
molecular containers.
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The cuboidal [{Ti{f;E-EEME5}{_.:.-—NH}}31’_.-.-3—N I] acts as tridentate ligand
towards rhodiumii) and iridium(i) organometallic fragments.
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Rhodium/Iridium-Titanium Azaheterometallocubanes

Katrin Freitag,'”! José Gracia,™ Avelino Martin,'*! Miguel Mena,*!?! Josep-M. Poblet,™!
José P. Sarasa,!! and Carlos Yélamos!?!

Abstract: Treatment of [{Ti(s°-
CsMes)(u-NH)}5(u5-N)] (1) with the di-
olefin complexes [{MCl(cod)},] M=
Rh, Ir; cod =1,5-cyclooctadiene) in tol-
uene afforded the ionic complexes [M-
(cod)(us-NH);Tis(17°-CsMes)5(us-N) | Cl

[M=Rh (2), Ir (3)]. Reaction of com-
plexes 2 and 3 with [Ag(BPh,)] in
dichloromethane leads to anion meta-
thesis and formation of the analogous

Ir (5)]. An X-ray crystal structure deter-
mination for 5 reveals a cube-type core
[IrTi;N,] for the cationic fragment, in
which 1 coordinates in a tripodal fashion
to the iridium atom. Reaction of the
diolefin complexes [{MCl(cod)},] (M=
Rh, Ir) and [{RhCI(C,H,),},] with the

Keywords: cubanes - density func-
tional calculations - iridium - nitrido

lithium derivative [{Li(u;-NH),(u3-N)-
Ti;(7°-CsMes)5(us-N) L] - CGHg (6 C;Hy)
in toluene gave the neutral cube-type
complexes [M(cod)(us-NH),(us3-N)Tis-
(7°-CsMes)s(u-N)] [M=Rh (7), Ir (8)]
and  [Rh(CH,),(us-NH),(us-N)Tiz (17>
CsMes);(us-N)] (9), respectively. Densi-
ty functional theory calculations have
been carried out on the ionic and neutral
azaheterometallocubane complexes to

ionic derivatives [M(cod)(u;-NH);Tis-

complexes -
(17-CsMes)s(us-N)][BPh,] [M=Rh (4),

Introduction

An extensive coordination chemistry of rhodium and iridium
has been developed with tridentate nitrogen-based ligands.
Representative examples are tris(pyrazolyl)borates,!!l tris-
(pyrazolyl)methane,” and triazacyclononanes,? as well as
many others, because of their ability to serve as facially
coordinating six-electron donors. Moreover, the hydridotris-
(pyrazolyl)borate (Tp) and its substituted derivatives (Tp®)
have been claimed as monoanionic cyclopentadienyl (Cp)
analogues, although the electron-donating abilityP! and the
steric profile of such ligands are very different.’) The
electronic and especially the steric properties of tris(pyrazol-
yl)borates have given different reactivity patterns, frequently
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e, understand their electronic structures.

permitting the isolation of species whose cyclopentadienyl
relatives are highly reactive.!!l

On the other hand, the imido-nitrido complex [{Ti(#’-
CsMe;s)(u-NH)}5(us-N)] (1)8 can also be seen as a sophis-
ticated, preorganized, tridentate ligand that shows an incom-
plete cube-type structure with
three NH electron-donor imido
groups in the base (Figure 1).1

Indeed, compound 1 is prone to I.Ti]\ [Til /I_Tﬂ
the incorporation of different ‘ /\ /\\
metal complex fragments to HN NH RNH

produce cube-type deriva-
tives.l® 10-12 Tpn those studies,
we have noticed that this trinu-
clear titanium system is capable
of acting as a neutral, mono-
anionic, dianionic, and even as a trianionic polydentate ligand
to the metal centers through the basal nitrogen atoms. Herein
we report the incorporation of rhodium() and iridium(r)
diolefin fragments to give azaheterometallocubane complexes
that contain imido and/or nitrido groups bridging the d° and d®
transition metal centers. The coordination of the tripodal
organometallic ligand 1 and its monoanionic derivative
[Ti3(e3-NH),(us-N)(7>-CsMes);(u3-N)]~ to rhodium and iridi-
um is compared with the already mentioned “non-organo-
metallic” ligands. Density functional theory (DFT) calcula-
tions have been carried out on the rhodium/iridium-titanium
azaheterometallocubane complexes with the aim of compar-
ing their energies and electronic structures.

N

Figure 1. Simplified view of
the incomplete Ti cube coordi-
nated to a metal (M).
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Results and Discussion

Treatment of the diolefin complexes [{MCl(cod)},] (M=
Rh,M1 Ir;04 cod =1,5-cyclooctadiene) with 1 (2 equiv) in
toluene at room temperature leads to the precipitation of
[M(cod)(us-NH);Tis(17°-CsMes);(us-N)]Cl [M=Rh (2) 69 %,
Ir (3) 75%] as red solids (Scheme 1). Complexes 2 and 3 are

[T1] = Ti(#*-CsMes)

N
[Ti]gN T 122 [{MCl(cod)]
Y luene, 20 °C cl
\NH/[TI] NH toluene

M = Rh (2) 69%, Ir (3) 75%

Ag(BPh,),

BPh, CHoClp, 20 °C

- AgCl

M = Rh (4) 67%, Ir (5) 65%

Scheme 1. Synthesis of the ionic azaheterometallocubane complexes 2-5.

only soluble in polar organic solvents, suggesting an ionic
character. In the IR spectra, the three NH groups of these
compounds give rise to two of the three expected bands for C,
symmetry (2A’, 1A”) between 3351 and 3327 cm~!. Com-
plexes 2 and 3 show, at room temperature, equivalent NH and
7>-CsMes groups on the NMR timescale. The NMR data are
consistent with the complexes being fluxional in solution.
Treatment of 2 and 3 with [Ag(BPh,)] in dichloromethane at
room temperature leads to anion metathesis and formation of
the analogous ionic derivatives [M(cod)(us-NH);Tis(7’-
CsMes);(us-N)][BPh,] [M=Rh (4) 67%, Ir (5) 65%]. Not

Abstract in Spanish: El complejo [{Ti(n*>-CsMes)(u-NH)};(us-
N)] (1) reacciona con los derivados [{MCl(cod)},] (M = Rh,
Ir; cod=15-ciclooctadieno) para dar las especies ionicas
[M(cod)(usNH);Tis(1-CsMes)s(us-N)|Cl [M = Rh (2), Ir (3)].
El tratamiento de los compuestos 2 'y 3 con [Ag(BPh,)]
conduce a los andlogos [M(cod)(us-NH);Tis(P-CsMes);(us-N) |-
[BPh,] [M=Rh (4), Ir (5)]. La estructura cristalina del
derivado 5 pone de manifiesto la coordinacion tridentada del
complejo 1 al dtomo de iridio, originando un cubo [IrTi;N,]
como unidad central en el fragmento cationico. La reaccion del
derivado de litio [{Li(us-NH),(us-N)Ti;(1°-CsMes)s(us-N)JoJ -
C,Hg (6 - C;Hy) con los complejos [{MCl(cod)},] (M = Rh, Ir)
vy [{RhCI(C,H,),},] da lugar a los azaheterometalocubanos
neutros [M(cod)(us-NH),(us-N) Tiz(7’-CsMes)s(us-N)] [M =
Rh (7), Ir (8)] y [Rh(C,H,)s(us-NH),(us-N) Tis(1’-CsMes)5-
(us-N)] (9). El estudio teorico basado en cdlculos de DFT
realizados sobre los complejos azaheterometalocubanos ioni-
cos y neutros permite describir adecuadamente su estructura
electronica.

3646 ——

surprisingly, spectral data for complexes 4 and 5 are similar to
the chloride salts 2 and 3.

In order to establish unambiguously the ionic nature of the
complexes and the coordination geometry for the Group 9
elements, an X-ray crystal structure determination was
undertaken for complex 5. The structure reveals a cube-type
core for the cationic fragment (Figure 2). The geometry

Cpt cp'3

Figure 2. Simplified view of the cationic fragment of 5. The pentamethyl-
cyclopentadienyl ligands are not shown for clarity.

around the iridium atom is a distorted trigonal bipyramid in
which the neutral ligand [(u5-NH);Ti;(17°-CsMes);(u5-N)] co-
ordinates in a tripodal fashion, occupying one axial and two
equatorial coordination sites, in a similar way to that shown by
other triazaderivatives linked to Group 9 metals such as 1,4,7-
trimethyl-1,4,7-triazacyclononane (Cn*)B< and hydridotris-
(pyrazolyl)borates (Tp).I"] The angles and bond lengths
around the iridium center compare well with those deter-
mined for the analogous triazaderivatives as can be seen in
Table 1. The nitrogen-iridium-nitrogen angles span 83.7(3) -

Table 1. Selected bond lengths [A] and angles [°] for different triazade-
rivatives of Group 9 metals.?

5 [Ir(p*-Tp)(cod)]">*  [Rh(Cn*)(cod)][BPh,]*
M-N,, 2.106(9)  2.086(9) 2.198(2)
M-N,, 2299(8)  2.218(9) 2.339(2)
2306(8)  2.242(9) 2.335(2)
M-C,, 2.186(12)  2.13(1) 2.158(3)
2171(12)  2.12(1) 2.169(3)
M-C,, 2.097(12)  2.03(1) 2.083(3)
2.107(13)  2.06(1) 2.076(3)
M-Cm,, 2.065 2.01(1) 2.05
M—Cm,, 1.976 1.92(1) 1.952
NeM-N,,  837(3) 80.6(3) 76.8(1)
NoM-N,  864(3) 83.7(3) 80.1(1)
85.4(3) 83.1(3) 78.9(1)
Ne-M-Cm,, 140.7 1382(2) 135.9
134.8 140.0(2) 145.1
N,-M-Cm,,  89.2 90.5(2) 932
Ne-M-Cm,,  100.0 98.1(2) 102.7
97.0 98.9(3) 100.1
N,-M-Cm,, 1733 177.2(2) 1784

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

[a] Cp* = pentamethylcyclopentadienyl,  Tp =hydridotris(pyrazolyl)bo-
rate, Cn* = 1,4,7-trimethyl-1,4,7-triazacyclononane, Cm = centroid of the
olefin groups.
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86.4(3)°, whereas that formed by the centroids of the olefinic
groups with the iridium is 84.9°. The iridium —nitrogen axial
bond length (2.106(9) A) is shorter than those to the
equatorial ligands (2.299(8) and 2.306(8) A), as predicted by
Hoffmann and Rossi for complexes with this geometry.l'l The
value of the cone angleproduced by the [(us-NH);Tis(7’-
CsMes);(us-N)] ligand, which lies between those of Tp and
TpMez, and close to Cn*, is given in Table 2. This value of the

Table 2. Cone angles produced by different triazaligands linked to
Group 9 metals.?

1 (ligand) Tp®: Cn*
220°
[Ir(n* Tp)(cod)]!'>! R=H 212°
[Ir(s*-TpMe2)(H,C = CH, ), ]! R =Me 255°
[Rh(Cn*)(cod)][BPh,]i*! 220°

[a] TpMe: = hydridotris(3,5-dimethylpirazolyl)borate, Tp = hydridotris(pyr-
azolyl)borate, Cn* = 1,4,7-trimethyl-1,4,7-triazacyclononane.

cone angle might be a good point of view from which to
explain the similarity of the compared compounds with such
different ligands.

Neutral rhodium-titanium and iridium-titanium cube-type
complexes were obtained upon treatment of the diolefin com-
plexes [{MCl(cod)},] (M =Rh,[31 1r14l) and [{RhCI(C,H,), ),
with the lithium derivative [{Li(u3-NH),(¢3-N)Ti;(3°-CsMes)s-
(us-N)},] - C;Hl™! (6 C;Hg) (Scheme 2). The reactions were

[Ti] = Ti(n®-CsMes)

[TI] “\\NH”
NH [TI]
[T.]\[T']/ l IL ‘
NG \4/
[{RhCI(CoHa)s}
toluene, 20 °C

[{MCl(cod)}.],
toluene, 20 °C
T2 LiCl -2 LiCl

— O,
M = Rh (7) 72%, Ir (8) 73% M= Rh (9) 85%

Scheme 2. Synthesis of the neutral azaheterometallocubanes 7-9.

performed in toluene at room temperature to give the com-
plexes [M(cod)(us-NH),(us-N)Tis(1>-CsMes)s(u5-N) | (M = Rh
(7) 2%, Ir (8) 73%) and [Rh(C,H,),(u3-NH),(us-N)Ti;(1°-
CsMes);(1s-N)] (9, 85 %) as red or brown solids after work-up.
Complexes 7-9 are soluble in aromatic solvents; this suggests
that they have a molecular nature. IR spectra show two

Chem. Eur. J. 2001, 7, No. 17
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absorptions in the range 3351 -3324 cm~! for the NH groups.
NMR spectra reveal resonances for two nonequivalent CsMes
ligands in a 2:1 ratio and two equivalent NH groups. The
spectral data are consistent with a trigonal bipyramidal
geometry about the Group 9 metal, where the [(u;-NH),(us-
N)Ti;(7°-CsMes);(us-N)] organometallic ligand coordinates in
a tripodal fashion, the nitrido group occupying one axial and
the NH ligands two equatorial positions.

Complexes 7 and 8 are thermally stable in [D4]|benzene at
temperatures below 190°C.['8! The bis(ethene) derivative 9
exhibits a lower thermal stability in [D4|benzene solutions and
decomposes slowly at room temperature. The decomposition
process is complete in minutes at 50°C to give ethene as the
only identified product in the NMR spectra.

In preliminary NMR experiments, thodium complexes 2
and 7 were found to be efficient catalysts for highly stereo-
regular polymerization of phenylacetylene, whereas the
iridium derivatives 3 and 8 were inactive. A similar behavior
has been observed for analogous Group 9 metal complexes, in
which the the x*-«? isomerism of the polydentate nitrogen
ligands has been postulated to explain the different reactiv-
ities observed toward phenylacetylene.” %] Our results are
consistent with the existence of x*—x? isomerism in solution,
and reflect the preference of iridium for five-coordinate
geometry.

Theoretical study of the rhodium/iridium-titanium azahetero-
metallocubane complexes: To understand the electronic
structures of these azaheterometallocubane complexes, DFT
calculations were carried out. Optimized geometries were
calculated for the ionic [M(cod)(us-NH);Tis(5°-CsHs)s(us-
N)]* [M=Rh (4) and M=1Ir (5')] and neutral [M(cod)(us-
NH),(us-N){Ti(7>-CsHs)}3(us-N)] [M=Rh (7') and M=Ir
(8')] model compounds. The C, symmetry was imposed for
all calculated structures.

The DFT calculation on model §' reproduces the exper-
imental geometry very well, since the difference between
X-ray and DFT bond lengths is about 0.02 A. Asin the X-ray
structure determination, the central core is cube-type. This
result is similar for all studied compounds, with a small
contraction for the neutral ones that must be attributed to the
higher electrostatic interaction between the positive charge
localized on {M(cod)}* and the negative charge delocalized on
the preorganized incomplete-cube ligand. The analysis of the
molecular orbitals shows that all these clusters have eight
metallic electrons localized on the Group 9 element. As in the
previously studied hetero-['! and homometallocubanes?” the
LUMO is a bonding combination of titanium d orbitals,
stressing that the formation of the azametallocubane is not
accompanied by an oxidation of the Group9 element.
However, the molecular orbital (MO) composition given in
Table 3 shows that there is a non-negligible mixing between
rhodium (or iridium) and titanium d orbitals. In complex 4’
the HOMO may be described as a bonding combination
between the d_» thodium orbital (63 % ) and titanium d orbitals
(12%) with other smaller contributions. The other three
orbitals reported in Table 3 also show mixing between the
rhodium and the Ti; core orbitals, but of minor extension. By
means of these orbital combinations, the rhodium atom shares
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Table 3. Description of HOMO, LUMO, and some occupied molecular orbitals with important mixings between d® metal and Ti; d orbitals in clusters 4’ and
5'. The highest MO with an important participation of d.._,. rhodium (or iridium) orbital is also included.[?!

Complex Orbital E [eV] {(us-NH);Ti;(57>-CsHs )3(us-N)} {M(cod)}
Tl(d) N(P) C(p) M(dzf) M(dxz) M(d,\'z) M(dxzfvl) C(p)

4 57 a’ (LUMO) —6.12 82

56 a' (HOMO) —8.04 122 62.7

41 a” —8.16 75 19.6 11.6 18.7 18.1

55a’ —8.65 9.7 27.9 36.4

40 a” —8.80 7.8 14.4 39.4 16.4 8.4
5 61 a’ (LUMO) —6.08 81.9

60 a’ (HOMO) —8.04 16.1 57.7

44 a” —822 10.6 17.9 11.5 15.4 21.0

59a’ —8.64 10.0 20.7 49.6

43 a” —8.85 8.8 15.4 333 13.2 10.6

[a] The atomic d,, orbitals for Rh and Ir do not appear in the occupied molecular orbitals stressing the d® nature of the complexes. Non-negligible percentage

ofd

X273

its d electrons with the Ti; core. A similar situation has already
been reported for the series of heterometallocubanes
[M(CO)5(us-NH);Tiz(7°-CsHs)s(us-N)]  [M=Cr, Mo, and
W] and [MMo,S,] (M =Ni, Pd, Co).? For the analogous
iridium complex 5’ there is a greater mixing and, therefore, the
delocalization of iridium d electrons is somewhat larger.
Hence, the Mulliken analysis assigns a total population for
rhodium d orbitals of 7.64 e in 4, while in §' the population for
the iridium d orbitals is 7.34 e. For the neutral compounds 7’
and 8 the situation is basically equivalent to the charged
clusters, with a slightly greater delocalization of the Group 9
metal electrons. The transfer of charge associated with the
occupied metal orbitals described in Table 3 was calculated to
be 0.55 and 0.72 e for the cationic rhodium and iridium
complexes, while that for the isoelectronic neutral systems is
0.69 and 0.82 e, respectively.

In agreement with the electronic sharing for larger metals in
the iridium complexes, the dissociation energy to give the
{M(cod)} 4+ incomplete-cube fragments is computed to be
444.7 kJmol~! for 5, 66 kJmol~! above that of 4. These values
are not very different from those computed for d°-d¢
complexes,['% which range between 350445 kJ mol .

In the neutral molecules 7" and 8’ the process is manifestly
more energetic and the dissociation energies were computed
as 719.4 kY mol~' and 785.8 kJmol~!, respectively. The signifi-
cant difference in these dissociation energies is mainly related
to the charge separation in the neutral complexes, which may
be formally seen as the interaction of the two charged
fragments: {M(cod)}* and {(us-NH),(u3-N)Tis(>-CsHs);(us-
N)}-. For example, for the rhodium complex 7’ the Mulliken
analysis estimates net charges of +0.66 e for {M(cod)} and
—0.66 ¢ for the incomplete-cube. In the parent cationic
complex §' the charges for the corresponding fragments are
+0.90 and +0.10 e.

To confirm the electrostatic interaction as the origin of the
increase in the dissociation energy, we have carried out a
decomposition of the interaction energy between the two
fragments (fragment interaction energy, FIE); this is an
extension of the well-known decomposition scheme of
Morokumal® and developed by Ziegler and Rouk.?*!

The FIE can be decomposed into two terms: FIE=SR +
OI, in which SR, known as the steric repulsion term, consists

3648
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d,.,and d,._» Rh and Ir orbitals appear in lower molecular occupied orbitals which are not included in this table. Only contributions >7 % are reported.

of two components: the classical electrostatic interaction (EI)
between two unperturbed charge distributions of the two
interacting fragments, and the so-called exchange repulsion or
Pauli repulsion (PR). The latter term is composed of the four-
electron destabilizing interactions between occupied orbitals
in the fragments and is responsible for the steric repulsion. In
addition to the steric repulsions, there are orbital interactions
(OI). This term represents the stabilization produced when
the electron densities are allowed to relax and accounts for
charge transfer between fragments and mutual polarization of
each fragment. These contributions are displayed in Table 4.

Table 4. Decomposition of the interaction energies for complexes 4, §', 7',
and 8 [in kJmol~!].

Rh (4) Ir (8') Rh (7) Ir (8)
PREI 942.4 1267.8 1000.2 1341.9
EIM —767.4 —999.4 —1100.7 —1341.0
SR +175.0 +286.4 —100.5 +0.9
o1 —586.2 —756.1 —656.5 —8353
FIEF] —411.2 —487.7 —757.0 — 8344

[a] PR =Pauli repulsion. [b] EI =electrostatic interaction. [c] SR =steric
repulsion (PR + EI). [d] OI = orbital interaction. [e] FIE = fragment inter-
action energy.

Let us consider first the rhodium complexes. In the cationic
complex 4' the Pauli repulsion is larger than the electrostatic
contribution and, therefore, the SR term is repulsive
(+175 kJmol!). The other contribution to FIE, the OI term,
largely overcomes the destabilizing steric term and is the main
contribution to the bond (— 586 kJmol~!). When a proton is
removed from the {(u3-NH);Ti;(%>-CsHs);(us-N)} moiety in 7',
the situation is quite different since the electrostatic contri-
bution (EI) increases by 333 kJ mol~!, and as a consequence of
this fact, the SR term becomes attractive (— 100 kJ mol!). It is
worth noting that the change in the EI energy almost
coincides with the variation in the total FIE, +346.8 kImol .
For the §' and 8§ iridium complexes the variations in the EI
and FIE terms are also very similar. These results entirely
confirm the importance of the electrostatic interaction in the
neutral complexes.
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The values given in Table 4 also corroborate the above
qualitative MO discussion about the distinct behavior of
rhodium and iridium in these azaheterometallocubane com-
plexes, since the OI term, which accounts for the orbital
mixing between the incomplete-cube and {M(cod)} moieties,
is considerably larger when M =Ir. This difference is about
170 kJmol~! in both cationic and neutral complexes. Finally,
we should comment that the FIE term is not exactly equal to
the binding energy (BE) of the complex formation from {(us-
NH),Ti;(17°-CsHs)5(u5-N)} and {M(cod)}, since BE=FIE +
DE. Here DE is the deformation energy necessary to
transform the fragments from their optimal structure to the
geometry they adopt in the cluster. For M=Rh, DE is
~35 kJmol~!, whereas for the Ir it is ~10 kJmol~! greater.
The DE term has also been denominated as the preparation
energy.l®l A deeper discussion on the decomposition energy
used here and its ability for describing the metal-ligand
interaction in organometallic complexes can be found in the
review of Ziegler®! and in the works of Branchadell and co-
workers.[”] This methodology has also been used in the study
of more complicated complexes.?]

Conclusion

Here we have demonstrated that complex 1 and its mono-
anionic derivative [(u3-NH),(u3-N)Ti;(17°-CsMes);(us-N) |~ are
able to act as tridentate tripodal ligands with Group 9 metals.
Their coordination modes have a strong resemblance to the
well-established “non-organometallic” triazacyclononane and
tris(pyrazolyl)borate ligands. DFT calculations performed on
a series of rhodium/iridium-titanium azaheterometallocubane
model complexes have shown that the formation of the
complex is not accompanied by the oxidation of the Group 9
element, but there is a sharing of the charge density between
the d® metals and the Ti; core by means of metal—metal
couplings. Calculations also showed that in the neutral
complexes there are strong electrostatic interactions between
the two charged {M(cod)}* and {(us-NH),(us-N)Tiz(5>-
CsHs);(us-N)}~ moieties.

Experimental Section

General considerations: All manipulations were carried out under argon
atmosphere using Schlenk line or glovebox techniques. Hexane was
distilled from Na/K amalgam and toluene was distilled over sodium prior
to use. Dichloromethane and chloroform were distilled from P,0O5. NMR
solvents were dried with P,O5 (CDCl;) or Na/K amalgam (C¢D¢) and
vacuum-distilled. Oven-dried glassware was repeatedly evacuated with a
pumping system (ca. 1 x 10~3 Torr) and subsequently filled with inert gas.
Phenylacetylene was purchased from Aldrich and used as received. [{Ti(»’-
CsMes)(u-NH)}(us-N)] (1), [{Li(ees-NH),(pt3-N) Tiz (17°-CsMes)3(145-N) ] -
CH; (6- C;Hy),' [{MCl(cod)},] (M =Rh,[3 It") and [{RhCI(C,H,)},]"7"
were prepared according to published procedures.

Infrared spectra were recorded by using Nujol mulls on CsI plates. 'H and
BC{'H} NMR spectra were recorded on a Varian Unity-300 spectrometer.
Chemical shifts (0) are given relative to the residual protons or carbon of
the solvent. Electron-impact mass spectra were obtained at 70 eV. Micro-
analysis (C, H, N) were performed in a Heraecus CHN-O-Rapid micro-
analyzer.
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Synthesis of [Rh(cod)(u;-NH),Tiy(>-CsMey):(#:-N)ICl (2): A 100 mL
Schlenk flask was charged with 1 (0.27 g, 0.44 mmol), [{RhCl(cod)},]
(0.109 g, 0.22 mmol), and toluene (40 mL). The reaction mixture was
stirred at room temperature for 15 h to give a red solution and a brick red
solid. The solution was decanted, and the solid was washed with hexane
(20 mL) and vacuum dried to afford 2 (0.26 g, 69 % ). Crystallization from a
1:3 mixture of dichloromethane/hexane produced large red crystals of 2-
CH,Cl,, which were used for microanalysis. IR (Nujol): 7 =3347 (w), 3331
(w), 2724 (w), 1616 (m), 1262 (w), 1158 (w), 1026 (m), 970 (w), 871 (w), 821
(m), 778 (m), 731 (s), 669 (m), 642 (vs), 623 (s), 550 (w), 519 (m), 465 (W),
435 cm~! (s) ; 'TH NMR (300 MHz, CDCl;, 20°C, TMS): 6 =11.77 (brs, 3H;
NH), 3.61 (m, 4H; cod), 2.34-1.70 (m, 8H; cod), 2.10 (s, 45H; CsMes);
BC{'H} NMR (75 MHz, CDCL, 20°C, TMS): 6 =121.1 (C;Me;), 75.4 (d,
1J(C,Rh) =11.6 Hz; cod), 31.4 (cod), 12.1 (CsMes); MS (70 eV, EI): m/z
(%): 819 (1) [M —Cl1]*, 711 (5) [M — Cl —cod]*; elemental analysis calcd
(%) for C3Hg,N,CL,RhTi;: C49.84, H 6.65, N 5.96; found C 50.39, H 6.69, N
5.33.

Synthesis of [Ir(cod)(u;-NH);Ti;(75-CsMes);(#3-N)ICl (3): In a fashion
similar to the preparation of 2, compound 1 (0.30 g, 0.49 mmol) and
[{IrCl(cod)},] (0.166 g, 0.25 mmol) were allowed to react in toluene (50 mL)
to afford 3 (0.35 g, 75 % ). Red crystals of 3 were obtained by crystallization
in chloroform at —10°C. IR (Nujol): #=3351 (w), 3327(w), 2737 (w), 1659
(m), 1323 (w), 1294 (w), 1262 (w), 1206 (w), 1159 (m), 1090 (w), 1068 (W),
1026 (s), 970 (w), 919 (w), 906 (w), 878 (w), 860 (w), 841 (w), 803 (w), 786
(w), 737 (s), 675 (m), 638 (vs), 550 (w), 517 (s), 488 (w), 471 (m), 426 cm™!
(s); 'H NMR (300 MHz, CDCl,, 20°C, TMS): 6 = 11.64 (brs, 3H; NH), 3.41
(m, 4H; cod), 2.33-1.88 (m, 8 H; cod), 2.10 (s, 45H; C;Me;); PC{'H} NMR
(75 MHz, CDCl;, 20°C, TMS): d =121.2 (CsMes), 61.0 (cod), 32.7 (cod),
12.1 (CsMes); MS (70 eV, EI): m/z (%): 801 (16) [M — Cl — cod]*; elemental
analysis caled (%) for C3HgN,ClIrTis: C 48.34, H 6.40, N 5.93; found C
48.08, H 6.31, N 4.69.

Synthesis of [Rh(cod)(#;-NH);Ti;(75-CsMes);(#5-N) [ BPh,] (4): A 100 mL
Schlenk flask was charged with 2 (0.30 g, 0.35 mmol), [AgBPh,] (0.15 g,
0.35 mmol), and dichloromethane (50 mL). The reaction mixture was
stirred at room temperature for 16 h. A red solution was separated from a
dark orange solid by filtration. The volatile components were then removed
under reduced pressure to give 4 as a dark orange crystalline solid (0.27 g,
67%). IR (Nujol): 7=3339 (w), 3330 (w), 2727 (w), 1579 (m), 1426 (m),
1331 (w), 1303 (w), 1262 (w), 1180 (w), 1153 (w), 1065 (w), 1031 (m), 970
(w), 870 (m), 843 (m), 788 (s), 731 (vs), 703 (s), 667 (m), 637 (vs), 613 (s),
548 (w), 520 (m), 467 (m), 430 cm~"' (s); '"H NMR (300 MHz, CDCl;, 20°C,
TMS): 6 =11.13 (brs, 3H; NH), 7.43 (brm, 8 H; Ph), 7.04 (m, 8 H; Ph), 6.88
(m, 4H; Ph), 3.39 (m, 4H; cod), 2.38-1.80 (m, 8H; cod), 2.03 (s, 45H;
CsMes); BC{'H} NMR (75 MHz, CDCl;, 20°C, TMS): 6 =165.0, 136.2,
125.5, 121.6 (Ph), 121.4 (CsMes), 75.1 (d, J(C,Rh) =12.2 Hz; cod), 31.3
(cod), 12.1 (CsMes); elemental analysis calcd (%) for Co,HgyN,BRhTi;: C
65.39, H 7.08, N 4.92; found C 64.96, H 7.19, N 4.68.

Synthesis of [Ir(cod)(u;-NH);Ti;(n°-CsMes);(¢#3-N)I[BPhy] (5): In a fash-
ion similar to the preparation of 4, compound 3 (0.27 g, 0.29 mmol) and
[AgBPh,] (0.12 g, 0.29 mmol) were allowed to react in dichloromethane
(50 mL) to yield 5 as a dark red crystalline solid (0.23 g, 65% ). Suitable
single crystals for X-ray diffraction analysis were obtained by careful
layering of a dichloromethane solution (20 mL) with hexane (40 mL). IR
(Nujol): 7=3341 (m), 3328 (m), 2728 (W), 1579 (m), 1424 (m), 1329 (w),
1301 (w), 1262 (w), 1243 (w), 1207 (w), 1179 (w), 1153 (w), 1133 (w), 1065
(w), 1030 (w), 1021 (m), 968 (w), 980 (m), 869 (w), 842 (m), 802 (w), 783 (W),
770 (w), 734 (vs), 707 (s), 671 (m), 641 (vs), 624 (vs), 612 (s), 549 (w), 519
(m), 472 (m), 432 (s), 406 cm~! (m); '"H NMR (300 MHz, CDCl;, 20°C,
TMS): 6 =11.14 (brs, 3H; NH), 7.42 (brm, 8 H; Ph), 7.04 (m, 8 H; Ph), 6.88
(m, 4H; Ph), 3.24 (m, 4H; cod), 2.34-1.84 (m, 8H; cod), 2.05 (s, 45H;
CsMes); BC{'H} NMR (75 MHz, CDCl;, 20°C, TMS): 165.0, 136.4, 125.4,
121.6 (Ph), 121.5 (CsMes), 60.7 (cod), 32.7 (cod), 12.1 (CsMes); elemental
analysis calcd (%) for Cy,HgN,BIrTiz: C 60.64, H 6.57, N 4.56; found C
59.54, H 6.55, N 4.13.

Synthesis of [Rh(cod)(u3-NH),(u3-N)Tis(75-CsMes);(#3-N)] (7): A 100 mL
Schlenk flask was charged with 6 - C;Hg (0.28 g, 0.21 mmol), [{RhCl(cod)},]
(0.11 g, 0.21 mmol), and toluene (40 mL). The reaction mixture was stirred
at room temperature for 20 h to yield a dark red solution and a fine white
powder. The solution was filtered, and the volatile components removed
under reduced pressure. The red solid obtained was washed with toluene
(5§ mL) and dried in vacuo to give 7 (0.25 g, 72 % ). IR (Nujol): #=3351 (m),
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3329 (w), 2721 (w), 1325 (w), 1262 (w), 1242 (w), 1209 (w), 1173 (w), 1152
(w), 1075 (w), 1024 (m), 960 (w), 865 (m), 794 (m), 727 (vs), 714 (vs), 613 (s),
523 (m), 482 (w), 464 (w), 419 cm! (s); '"H NMR (300 MHz, C¢D;, 20°C,
TMS): 6 =10.06 (brs,2H; NH), 3.49 (m, 4H; cod), 2.36 - 1.85 (m, 8 H; cod),
2.10 (s, 30H; CsMes), 1.95 (s, 15H; CsMes): C{'H} NMR (75 MHz, C;D;,
20°C, TMS): 6 = 116.7 (CsMes), 115.9 (CsMes), 70.8 (d, 'J(C,Rh) = 11.7 Hz;
cod), 32.2 (cod), 12.0 (CsMes), 11.9 (CsMes); MS (70 eV, EI): m/z (%): 819
) [M]*, 711 (9) [M —cod]*; elemental analysis caled (%) for
C3HsoN,RhTi;: C 55.76, H 727, N 6.84; found C 56.32, H 7.37, N 6.10.

Synthesis of [Ir(cod)(u;-NH),(u3-N)Ti;(75-CsMes);(#3-N)] (8): In a similar
fashion to the preparation of 7, compound 6 - C;Hy (0.28 g, 0.21 mmol) was
treated with [{IrCl(cod)},] (0.14 g, 0.21 mmol) in toluene (40 mL) to give 8
as a red solid (0.28 g, 73 % ). IR (Nujol): 7 =3351 (m), 3324 (w), 2721 (w),
1605 (w), 1319 (w), 1262 (w), 1238 (w), 1202 (w), 1168 (w), 1152 (w), 1074
(w), 1024 (m), 980 (w), 904 (m), 860 (w), 789 (m), 728 (vs), 712 (vs), 678 (s),
667 (s), 608 (s), 523 (m), 464 (w), 422 cm™' (s); 'H NMR (300 MHz, C,Dq,
20°C, TMS): 6 =10.15 (brs, 2H; NH), 3.23 (m, 4H; cod), 2.28—-1.86 (m,
8H; cod), 2.08 (s, 30H; CsMes), 1.93 (s, 15H, CsMe;); BC{'H} NMR
(75 MHz, C;Dg, 20°C, TMS): 6 =116.8 (CsMes), 116.1 (CsMes), 55.5 (cod),
33.6 (cod), 12.0 (CsMes), 11.9 (CsMes); MS (70 eV, EI): m/z (% ): 800 (27)
[M — cod]*; elemental analysis calcd (%) for Cy;HyN,IrTiz: C 50.28, H
6.55, N 6.17; found C 51.27, H 6.61, N 4.94.

Synthesis of [Rh(C,H,),(s#;-NH),(u3-N)Tiz(°-CsMes);(u5-N)] (9): In a
fashion similar to the preparation of 7, compound 6-C,H; (0.30 g,
0.23 mmol) and [{RhCI(C,H,),},] (0.09 g, 0.23 mmol) were allowed to react
in toluene (40 mL) for 8 h to afford 9 as a brown solid (0.30 g, 85%). IR
(Nujol): 7=3354 (m), 3335 (w), 2721 (w), 1604 (w), 1262 (w), 1230 (W),
1169 (m), 1065 (w), 1025 (m), 857 (w), 802 (m), 668 (m), 613 (s), 524 (m),
482 (w), 465 (w), 420 cm™! (s); '"H NMR (300 MHz, C¢Dy, 20°C, TMS): 6 =
10.37 (brs, 2H; NH), 2.24-2.15 (m, 8H; C,H,), 2.09 (s, 30H; C;sMe;), 1.91
(s, 15H; CsMes); C{'H} NMR (75 MHz, CsDy, 20°C, TMS): 6 =116.9
(CsMes), 116.2 (CsMes), 47.4 (d, 'J(C,Rh) =12.5 Hz; C,H,), 12.03 (CsMes;),
11.96 (CsMes); elemental analysis caled (% ) for C3,HssN,RhTi;: C 53.28, H
7.23, N 7.31; found C 53.43, H 7.28, N 6.54.

Polymerization of phenylacetylene:

Catalyst 2: A 5 mm NMR tube was charged with 2 (0.010 g, 0.012 mmol)
and [D,]chloroform (1.00 mL). Upon addition of phenylacetylene (0.046 g,
0.45 mmol) the initial red solution immediately became more viscous. The
course of the reaction was monitored by 'H and C{'H} NMR spectroscopy.
Spectra taken after 4 h showed complete consumption of phenylacetylene,
with concomitant formation of poly(phenylacetylene) and complex 2. The
high stereoregularity of the polymer (head-to-tail, cis-transoidal structure)
is supported by the existence of only one set of signals in the 'H and C{'H}
NMR spectra, which are identical to those reported in the literature."”]
NMR data for the polymer: 'H NMR (300 MHz, CDCl;, 20°C, TMS): 6 =
6.96-6.94 (brm; Ph), 6.65-6.63 (brm; Ph), 5.85 (brs; vinyl); *C{'H} NMR
(75 MHz, CDCl;, 20°C, TMS): 0 =142.8 (quaternary carbon of the main
chain), 139.3 (Ph), 131.8 (vinyl) 127.8 (Ph), 127.5 (Ph), 126.7 (Ph).

Catalyst 7: In a similar fashion to that described for 2, the reaction of 7
(10 mg, 0.012 mmol) in [Dg]benzene (1.00 mL) with phenylacetylene
(0.046 g, 0.45 mmol) was followed by NMR spectroscopy. Almost imme-
diately, the reaction mixture became very viscous, and an abundant orange
solid was formed. After 16 h at room temperature, the volatile components
were removed under reduced pressure, and the resultant solid was
dissolved in [D;]chloroform. 'H and “C{'H} NMR spectra revealed the
resonances above described for poly(phenylacetylene).

X-ray structure determination of complex 5: All data were collected on an
ENRAF NONIUS CAD#4 diffractometer at room temperature. Crystallo-
graphic data for complex 5§ are presented in Table 5. Intensity measure-
ments for 5§ were performed by w — 26 scans in the range 6° <260 <40°. Of
the 5577 measured reflections, 5251 were independent; R1=0.056 and
wR2=0.150 (for 4578 reflections with F>40(F)). The values of RI and
wR2 are defined R1=ZX||F,|-|F.||/[Z| F,|]; wR2 ={[EZw(F? —
FOVEwER) ™

The structure was solved, with the WINGX package,?”) by direct methods
(SHELXS-97) and refined by least-squares against F?> (SHELXL-97).281
All non-hydrogen atoms, except those of the pentamethylcyclopentadienyl
C31-C40 ring, which was partially disordered, were anisotropically
refined. Deepest hole and highest peak (—0.82 and 2.54 ¢ A=3) are located
inside the disordered pentamethylcyclopentadienyl ring. The hydrogen
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Table 5. Crystallographic data for complex 5.

formula Cg,HgoBIrN,Ti;

M, 1228.01

T [K] 293(2)

1[A] 0.71073

crystal system triclinic

space group P1

a[Al; a [ 12.349(1); 93.08(1)
b [Al; B[] 15.269(2); 99.03(1)
c[Al; 7 [7] 15.376(3); 97.85(1)
v [A3] 2828.1(7)

V4 2

Peatea [gem ] 1.442

u (Mog,) [mm~!] 2.795

F(000) 1256

crystal size [mm] 0.50 x 0.23 x 0.12
6 range 3.10-19.98°.

index ranges 0<h<l1l,—-14<k<14,-14<I<14
reflections collected 5577

unique data 5251

observed data [/>20(l)] 5478
goodness-of-fit on F? 1.116

final R indices [ >20([)]
R indices (all data)
largest diff. peak/hole [e A=3]

R1=0.056, wR2=0.150
R1=0.067, wR2=0.158
2.540/ - 0.821

atoms were positioned geometrically and refined by using a riding model.
Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-156563.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

Computational details: All DFT calculations were carried out with the
ADF program®! by using triple-{ and polarization Slater basis sets to
describe the valence electrons of C and N. For titanium, a frozen core
composed of the 1s, 2s, and 2p orbitals was described by double-¢ Slater
functions, the 3d and 4s orbitals by triple- functions, and the 4p orbital by a
single orbital. Basis sets of the same quality were used for Rh and Ir.
Hydrogen atoms were described by triple-£ and polarization functions. The
geometries and binding energies were calculated with gradient corrections.
We used the local spin density approximation, characterized by the electron
gas exchange (Xa with a=2/3) together with Vosko-Wilk —Nusair
parametrization® for correlation. Becke’s nonlocal corrections®!l to the
exchange energy and Perdew’s nonlocal corrections?? to the correlation
energy were added. Quasirelativistic corrections were employed by using
the Zora formalism with corrected core potentials. The quasirelativistic
frozen core shells were generated with the auxiliary program DIRAC.?! In
the DFT calculations on complexes 4, 5, 7, and 8, the methyl groups were
replaced by hydrogen atoms.
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Trigonal-Prismatic versus Octahedral Molecular Structures in [ (CH;) MX,_,]

Compounds

Beatrice Roessler, Valérie Pfennig, and Konrad Seppelt*!?!

Abstract: The molecular structures of [(CH;)sMoOCH;], [(CH;),Mo(OCH;),],

[(CH;)sW(l], and [(CH;);WCI(OCHy;),] are reported. The first three structures are
based on trigonal-prismatic geometry, the last one on octahedral geometry.

Introduction

The preparations of the neutral hexacoordinate permethyl
complexes [W(CH;)4]"V and [Re(CHj;)q]? have been followed
by those of [Mo(CH;)],P! as well as [Zr(CH;)]*>-,1"
[Nb(CH;)¢]~,”! and [Ta(CHs)e] . In 1986 it had been
predicted that these complexes should be nonoctahedral,[®
and the first experimental observation supporting this was the
crystal structure of [Zr(CHj;)¢]*~. Subsequently a number of
theoretical calculations were all consistent with fact that MHj
and [M(CH3;)¢] (M = transition metal d°, d', and d?) should not
be octahedral.-13] In the meantime the gas-phase structure of
[W(CH,)s] has been determined by electron diffraction,!*l
and all the above-mentioned neutral or anionic hexamethyl
compounds have now structurally characterized by single-
crystal structure determinations.>* '3 The results can be
summed up as follows: Neutral d’° complexes such as
[W(CH;)s] and [Mo(CHj;)s] have a Cj, distorted trigonal-
prismatic structure; the structure of [Mo(CH;),] is slightly
more distorted than that of [W(CH;),]. Anionic d° complexes
have fairly regular trigonal-prismatic structures. Only
[Nb(CHj,)]~ possibly shows a very small trigonal distortion.
d'-[Re(CHj;)4] also has essentially a regular trigonal-prismatic
structure. Interestingly, even these subtle differences have
been predicted or reproduced by a thorough theoretical
investigation.['] The chemist is always in search of a simple
explanation, and here too such a “rule of thumb” can be
applied. Under the reasonable assumption that no p
orbitals of the metal atoms are involved in the metal —ligand
bonding (or that p orbital participation is very small, as indeed
is shown by calculations), the resulting sd® hybridisation of all
gerade orbitals cannot lead to an octahedral or even regular

[a] Prof. Dr. K. Seppelt, B. Roessler, Dr. V. Pfennig
Institut fiir Anorganische und Analytische Chemie
der Freien Universitit
Fabeckstrasse 34 —36, 14195 Berlin (Germany)
Fax: (+49) 30-83854289
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trigonal-prismatic structure for group symmetry reasons.['‘]
More quantitatively, Pauling’s valence bond model gives
preference for predominant bond angles of 63° and 117°
(180°-63°).17

There are several structures that can be constructed with
these angles, a strongly C;, distorted trigonal-prismatic
structure seems to be the chemically most reasonable one.
The strong distortion of the trigonal prism will be diminished
by repulsion forces between the larger methyl ligands, and can
be reduced to zero if negative partial charges on the ligands
increase the interligand repulsion further, as found in
[Ta(CH;)¢]~ and [Zr(CH;)e)*~. The stronger distortion of
[Mo(CHs;)e] and [Nb(CHj;)4]~ in comparison to [W(CHj;)4] and
[Ta(CH,),]~, respectively, is explained in terms of the onset of
the relativistic effect in the latter cases which “normalizes”
the bonding situation.'® On the other hand, only one d
electron as in [Re(CH,),] is also sufficient to reinstate the
regular trigonal prism. A thorough discussion of these non-
VSEPR structures and the influence of ligand repulsion, -
backbonding, and relativistic effects including a discussion of
the often used models (extended VSPEPR model, electron
core polarization, valence bond model, MO model) has been
published recently.['"]

Of course all compounds such as WF;, WCl,, [W(OR),],
[W(NR;)4], or their molybdenum analogues are assumed to
be octahedral, and in many cases this has been confirmed
experimentally.['8-22]

Here the question is addressed at what degree of substitution
of [(CH;),MX,_,] M=Mo, W; X=F, Cl, OCH;, N(CHj;),
etc) the trigonal prismatic/octahedral changeover occurs.
Interesting dynamic behavior can be expected for borderline
cases. For the system [(CH;),WCly_,] it has been calculated
that the trigonal-prismatic structure will prevail for n=3-6,
while for n<2 the octahedral structure predominates.*]
Previous attempts in the system [(CH,),WF,_,] did not
provide any conclusive results, due to the fact that in solutions
of [W(CH;),] in WF, the mixed substituted compounds are
present only in very small amounts, as evidenced by YF NMR
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spectroscopy.’! [CH;WCl;] has already been prepared, but all
attempts to obtain a molecular structure failed, since the
crystals are inevitably disordered.?!! The theoretical predic-
tion for its structure is that it is a slightly distorted octahedron
of only C, symmetry. Our search focuses on methyl-rich
compounds. The transition from an octahedral to a prismatic
structure is usually defined by a twist angle. In the cases
presented below this discussion is not necessary since the
found structures are very close to idealized trigonal-prismatic
or octahedral ones.

Results and Discussion

[(CH;)sMoOCH;] has been synthesized by two reactions
[Eq. (1) and (2)]. In an attempt to recrystallize [(CH;)sMo-
OCH;], [(CH;),Mo(OCHj;),] has also been detected. It can be
assumed that the formation of the latter is due to attack by
molecular oxygen on [(CH;)sMoOCH;] [Eq.(3)]. It has
previously been shown that [W(CH;),] ultimately will give
[W(OCHS,),] if oxygen is carefully applied.l! Unfortunately
the isolation of [(CH;),Mo(OCHs;),] was rather serendipitous
and is probably due to very slow diffusion of atmospheric
oxygen into the reaction vessel-—conditions which are difficult
to reproduce.

[MoOCL] + [Zn(CHa,),] — [(CH3)sMoOCH;] 1

[Zn(CH3),
—_—

MoF + Si(OCHj;), — [MoF,(OCH,),_,] [(CH;)sMoOCH;]  (2)

[(CH3)sMoOCH,] -2 [(CH,),Mo(OCH),] )

[(CH;)sWCI] was prepared from WClg and [Zn(CHs),]
[Eq. (4)], and similar to the previous reaction prolonged
storage at low temperatures afforded small amounts
of[(CH3);WCI(OCH,),].

[Zn(CH;),]

WCl,

[(CH,);WC1] -2, [(CH,),WCI(OCH,),] )

The structures of [(CH;)sMoOCH;] and [(CH;);WCI]:
These two molecules have very similar structures, see Figure 1
and 2 and Table 1. The main conclusion is that upon
substitution of one methyl group by an electron-rich ligand
in [Mo(CHj;)] and [W(CH,),] the structure clearly remains
close to trigonal-prismatic.

Table 1. Bond lengths [pm] and selected bond angles [°] in [(CH;)sMo-
OCHj;] and [(CH;)sWCl].

[(CH;)sMoOCH;]
Mo—O 184.6(1) O-Mo-C4 97.13(7)
Mo—C1 217.3(2) O-Mo-C2 96.50(7)
Mo—C2 212.8(2) C2-Mo-C4 91.59(9)
Mo—C3 219.5(2) C1-Mo-C3 74.88(9)
Mo—C4 212.7(1) C1-Mo-C5 75.09(8)
Mo—C5 219.7(2) C3-Mo-C5 77.74(10)
o—C 141.4(2) Mo-O-C6 148.72(12)
[(CH;)sWCl|

W—Cl 232.9(2) Cl-W-C1 90.0(1)
W—C1 219.1(4) C1-W-C1’ 92.4(2)
w—C2 217.8(5) C2-W-C3 79.3(2)
W—C3 215.1(6) C2-W-C2' 74.8(3)

Chem. Eur. J. 2001, 7, No. 17
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Figure 1. The molecular structure of [(CH;)sMoOCH;] (ORTEP, 50 %
probability ellipsoids).

The influence of the electron-rich ligand is visible in that
the bond angles in the hemisphere containing the electron-
rich ligand increase to 90° and above. This can be understood
in terms of increased repulsion between the ligands. Another
view would be: Starting with the C;.-distorted trigonal prism
of [Mo(CH;)s] and [W(CHj)s] with three longer bonded
methyl groups at an angle less than 80°, and three shorter
bonded methyl groups, but at angles greater than 90°, the
OCH; and Cl ligands occupy one position of the shorter
bonded methyl groups with bond angles larger than 90°.

Indeed the methyl groups in the other hemisphere of the
molecules remain at angles of less than 80° between each
other, and in case of [(CH;)sMoOCH;] these three Mo—C
bond lengths remain longer than the other two. In
[(CH;)sWC]] the opposite is observed for as yet unknown
reasons. But in both cases the methyl group that eclipses the
electron-rich ligand (if viewed along the threefold axis) has a
shorter bond length to the central atom than the other two in
the same hemisphere.

The structure of [(CH;);Mo(OCH;),]: As soon as one
proceeds from the singly substituted to the doubly substituted
compound, for example [(CH;);Mo(OCH,),], there are two
positional isomers (cis and trans), if the structure is based on
an octahedron, and three, if it based on a trigonal prism (see
Scheme 1). The serendipitous mode of preparation and
isolation of [(CH;);Mo(OCHj;),] does not rule out the
existence of other isomers than the one detected. But from
Figure 3 and Table2 it is evident that the structure
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Figure 2. The molecular structure of [(CH;)sWCl] (ORTEP, 50% proba-
bility ellipsoids). Unlabeled atoms are generated by the crystallographic
mirror plane.
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Scheme 1. Schematic representation of the two octahedral (top) and the
three trigonal-prismatic MA,X, isomers (bottom).

is still trigonal prismatic; both oxygen-carrying substituents
occur in the same hemisphere of the molecule (see Scheme 1,
bottom left). The angle between the two oxygen atoms has
now increased to almost 100°, and the other two angles within
the same hemisphere are also larger than 90°. The angles in
the other hemisphere remain smaller than 80°, and these
methyl groups have again, as in [(CH;)sMoOCH;], the larger
Mo—C bond lengths. The similarities of the structures of
[(CH;);Mo(OCHj,),] and [(CH;3)sMoOCH;] can be taken as
an indication that the observed structure of [(CH;),Mo-
(OCHs;),] is indeed the one of the most stable isomer.

3654
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Figure 3. The molecular structure of [(CH;),;Mo(OCH;),] (ORTEP, 50 %
probability ellipsoids). Unlabeled atoms are generated by the crystallo-
graphic mirror plane.

Table 2. Bond lengths [pm] and selected bond lengths [°] of
[(CH;);Mo(OCHs),] and [(CH;); WCI(OCHs),].

[(CH;),Mo(OCHy),]
Mo-O 185.9(2) O-Mo-O’ 99.67(1)
Mo—Cl1 213.4(4) O-Mo-C1 91.8(1)
Mo—C2 219.9(4) C2-Mo-C3 75.9(1)
Mo—C3 217.7(2) C3-Mo-C3 74.8(1)
C4-0 140.5(3) Mo-O-C4 146.7(1)
[(CH,);WCI(OCH)]
W-01 180.9(3) CI-W-C5 166.6(2)
W-02 182.3(3) 01-W-02 159.8(2)
W—Cl 248.9(1) C3-W-C4 145.6(3)
W-C3 212.6(6) Cl-W-01 82.6(1)
W-C4 213.3(6) Cl-W-02 82.7(1)
W-C5 221.5(6) Cl-W-C3 120.2(2)
O1-C1 141.2(6) Cl-W-C4 94.0(2)
02—C2 142.1(6) O1-W-C4 89.1(2)
O1-W-C4 94.5(2)
01-W-C5 101.9(2)
02-W-C3 89.1(2)
02-W-C4 100.2(2)
02-W-C5 95.6(2)
C3-W-C5 73.0(2)
C4-W-C5 73.2(3)

The structure of [(CH;);WCI(OCH,),]: If we move to the
third substitution of a methyl group by an electron-rich ligand,
the following predictions can be made: In a trigonal-prismatic
structure two isomers and in the case of the octahedral
structure three isomers may be considered (see Scheme 2).
Calculations have shown that [(CH;);WCl;] should have a
trigonal-prismatic structure with a substitution pattern as
shown in Scheme 2, bottom right. This is the overall mini-
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Table 3. Crystallographic data.

probably correct also for the

Compounds [(CH;);MoOCH,]  [(CHy)sWCl]  [(CH;);Mo(OCHs),]  [(CH;),WCI(OCH,),]  case of two z-donor ligands and
M, 202.14 294.47 218.14 32647 four solely o-bound ligands.
Tq _80 — 100 153 153 The case reported here for
space group P2/n P2,/m P2,/m Pi three st-donor ligands and three
a [pm] 667.74(4) 639.7(1) 626.6(1) 630.6(1) solely o-bound ligands indicates
b [pm] 1817.1(1) 1066.2(2) 1214.3(1) 765.5(1) that the octahedron start to
¢ [pm] 773.77(5) 675.1(1) 638.8(1) 999.8(2) . .
«[] 90 90 90 80.42(1) dominate as the structural prin-
61 107.646(1) 114.222(3) 108.95(1) 84.17(2) ciple at this point.
v ] 90 90 90 80.06(1)

6 3
;[10 pm’] 394.7(1) 42119.9(1) ;59.7(1) 42167‘4(1) Experimental Section
w [mm™] 1.39 13.98 1.37 12.58 All experiments were carried out un-
Omax [°] 30.5 30.6 24.9 34.95 der pure, dry argon. Compounds sta-
reflections, collected 10562 1583 938 3584 ble at room temperature were handled
reflections, independent 2737 1349 853 3448 in a glove box (concentration of O,
refined parameters 147 54 75 128 and H,0 < <1ppm). Solvents were
R 0.018 0.023 0.017 0.034 dried over sodium and degassed. MoFg
WwR2 0.041 0.052 0.042 0.092 was obtained from Merck Co. (Darm-

- X
X
X X X X X
e rd e
7’ 4 s
4 d d
N Ny N3
N N ~\
~ ~ ~
X X

Scheme 2. Schematic representation of the two octahedral (top) and the
three MA;X; isomers (bottom).

mum on the potential hypersurface.?!l The trigonal-prismatic
isomer with all three chlorine atoms in one hemisphere
(Scheme 2, bottom left) is calculated to be marginally less
stable by 2.3 kI mol~L. The isomers based on octahedra appear
only as transition states and are 26 kJmol~! higher (mer
isomer) and 61.2 kJmol™" (fac isomer) less stable than the
overall minimum (see Scheme 2.

The structure of the related [(CH;);WCI(OCHj;),] com-
pound does not follow these predictions. It turns out that the
[(CH;);WCI(OCHj;),] compound has an octahedral structure
with meridial substitution (Figure 4). The W—C bond length
trans to Cl is much longer than the other two. The overall
structure resembles very much those calculated for the mer-
[(CH;);WCl;] transition state, including the small deviations
from the ideal 90° and 180° angles. There may be two reasons
for this serious discrepancy: As in case of the double
substitution it cannot be assured that the reaction mixture
does not contain other isomers. If, however, the observed
structure represents the energy minimum for the compound,
which we presume, then one can conclude that the OCH;
ligands are better s donors than the Cl ligand, so that the
octahedral symmetry is observed already in this case.

Conclusion

The trigonal-prismatic structure is retained for hexacoordi-
nate neutral complexes when only one of the ligands has -
donor abilities, and the five others are o-bonded only. This is

Chem. Eur. J. 2001, 7, No. 17
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stadt, Germany). WCl, was made by

chlorination of W metal at 600°C.=>
MoOCl], was purchased from Aldrich Inorganics. [Zn(CHj;),] (1M solution
in heptane) was purchased from Aldrich Inorganics, and Si(OCH;), from
Fluka chemicals, Germany.

[(CH;)sMoOCH;]: MoF, (360 mg, 1.72 mmol) and Si(OCH,;), (1.04 g,
6.86 mmol) were condensed under vacuum into a 100 mL glass vessel at
—196°C. After warming to room temperature, the mixture was stirred for
25 min. The solution turned yellow-brown. All volatile material was
pumped off in vacuum for about 1 h. The remaining solid was dissolved in
diethyl ether. At —60°C [Zn(CHj;),] (190 mg, 1.99 mmol) was condensed

Figure 4. The molecular structure of [(CH;); WCI(OCHj;),] (ORTEP, 50 %
probability ellipsoids).
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into the vessel, and the color changed to orange. After the mixture had
been stirred for 30 min at — 60 to —50°C, the bulk of the diethyl ether was
pumped off. The remaining solid was condensed from 36 °C into a —196°C
cold glass ampule. The residual diethyl ether was pumped off, and n-
pentane was added. Upon cooling from —50°C to —90°C orange crystals
were formed.

[(CH;)sMoOCH;] from MoOCl,: [MoOCL] (284 mg, 1.12mol) was
dissolved in Et,0 (15mL) at —78°C, the color of this solution was
bordeaux red. [Zn(CHj;),] (230 mg, 2.41) was condensed on to the solution.
A black precipitate was formed at —77°C, and the solution turned orange
brown. The mixture was stirred for 60 min at — 78 °C, warmed over 10 min
to —10°C, kept at that temperature for 5 min, cooled to — 78 °C, Et,O was
pumped off and the remaining solid was dissolved in n-pentane at —78°C.
This solution was quickly warmed to — 15 °C and all solvents were pumped
off at this temperature. The last fraction of this vacuum condensation
contained [(CH3);MoOCH;] dissolved in n-pentane as a yellow substance.
Residual pentane was pumped off slowly at — 78 °C. The solid was dissolved
in CF;CH,CF;, and recrystallization from —40°C to —72°C afforded
orange needles of [(CH;)sMoOCH;].

A suitable crystal was isolated from the liquid by using a special device, cut
to an appropriate size, and mounted on the needle tip of the goniometer
head. All this was done while maintaining the temperature below —100°C
and under protection from air and water by nitrogen.) The goniometer
head was mounted on a precooled Bruker SMART CCD 1000 TM
diffractometer (Mo, radiation, A =71.069 pm, graphite monochromator, a
distance of 0.3°in w between frames, 10 s/frame, detector —crystal distance
4.0 cm). A full shell of data was measured by 1800 frames. Data were
reduced to intensities, corrected for background, and an semiempirical
absorption corrected was applied (SAINT and SADABS, as implemented
in the measuring routine of the diffractometer). The structure was solved?’]
and refined® by using the SHELXL procedures. All atoms except
hydrogen were refined anisotropically, hydrogen atoms were refined
isotropically. For further experimental detail of the structure, see Table 1.

[(CH;);M0(OCH;),]: In one reaction of [MoOCl] and [Zn(CHj;),]
spherical, yellow single crystals of [(CH;),;Mo(OCH,;),] were obtained,
besides the bulk of orange needles of [(CH;)sMoOCH;]. A suitable single
crystal was mounted on an Enraf Nonius CAD 4 four-circle diffractometer
with a self-made nitrogen-flow cooling system (Mog, radiation, 1=
71.069 pm, graphite monochromator). Cell constants were refined by fine
setting of 25 reflections with 20° < < 6 << 25°. Reflections were measured
by the w scan mode, with 60 s per reflection, allowing 25 % of the time for
background measurements. By applying Lorentz polarization and back-
ground correction, the data were reduced to intensities. A psi scan was
applied by measuring eight reflections with y > > 80° in 37 steps of ¢ from
0° to 380°. Structures were solved and refined by using the Shelx
procedures.?> 281 All atoms except hydrogen were refined anisotropically,
hydrogen atoms were refined isotropically with one common isotropic
displacement factor for all hydrogen atoms.

[(CH;)sWCl]: WCl, (323 mg, 0.79 mmol) was dissolved at —78°C in Et,O
(20 mL), and [Zn(CHj;),] (110 mg, 1.15 mmol) was added at —78°C. The
mixture was stirred for 3 h at this temperature, then warmed to —35°C.
After the mixture had been stirred for 30 min, the color changed from
black-green to red-brown. Et,0 was pumped off at this temperature, and n-
pentane was condensed on to the solid. The orange-brown solution was
transferred through a Teflon tube (inner diameter 1 mm) into a 8 mm glass
ampule, while undissolved material remained. At —50°C the bulk of the
solvent was pumped off, and recrystallization from —55°C to —90°C
afforded platelike crystals. Caution: [(CH;)sWCI] explodes at room
temperature, and also on contact with oxygen. It can be sublimed at
—20°C. Preparation was also achieved in CH,Cl,, crystallization is best
done with n-pentane. A suitable single crystal was measured as described
for [(CH;)sMoOCH;].

[(CH3);WCI(OCH;),]: A similar procedure to that described for
[(CH;)sWCl] afforded a small amount of yellow crystals, if the final
solution in n-pentane was kept at — 90 °C for three weeks. A suitable single
crystal was measured as described for [(CH;),Mo(OCH,),].
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Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-156645
([(CH;)sMoOCH3;]), CCDC-156646 ([(CH;3),Mo(OCHj;),]), CCDC-156647
([(CH3)sWCl]), and CCDC-156648 ([(CH;)WCI(OCHs;),]). Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (Fax: (+44)1223-336033; e-mail: deposit
@ccdc.cam.ac.uk).
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Structural Variations and Bonding in Gold Halides: A Quantum Chemical
Study of Monomeric and Dimeric Gold Monohalide and Gold Trihalide
Molecules, AuX, Au,X,, AuX;, and An, X, (X=F, Cl, Br, I)

Axel Schulz*®! and Magdolna Hargittai*!*]

Abstract: The molecular structures of
all gold mono- and trihalides and of their
dimers have been calculated at the
B3LYP, MP2, and CCSD(T) levels of
theory by using relativistic pseudopo-
tentials for all atoms except fluorine.
Our computations support the experi-
mental observation that the relative
stability of the monohalides increases
from the fluoride toward the iodide,
while the stability trend of the trihalides
is the opposite. The potential energy

nal planar Dj,-symmetry geometry does
not correspond to the minimum energy
structure for any of them. At the same
time, the amount and character of their
Jahn - Teller distortion changes gradual-
ly from AuF; to Aul;. The minimum
energy geometry is a T-shaped structure
for AuF; and AuCl;, with a Y-shaped
transition-state structure. For Aul;, the

Keywords: gold - halogens - hyper-
valent compounds - Jahn-Teller

Y-shaped structure lies lower than the
T-shaped structure on the PES. For
AuBr; and Aul;, neither of them is the
global minimum but instead an L-shap-
ed structure, which lies outside the
Jahn -Teller PES. This structure can be
considered to be a donor-acceptor
system, or a closed-shell interaction,
with I, acting as donor and Aul as
acceptor. The dimers of gold monoha-
lides have very short gold-gold dis-
tances and demonstrate the aurophilic
interaction. The dimers of the trihalides

surface (PES) of all gold trihalides has
been investigated. These molecules are
typical Jahn-Teller systems; the trigo-

distortion
tions

Introduction

Gold halides are interesting and challenging examples to
study structural and bonding peculiarities. However, they are
difficult objects for both experimental and computational
studies, even with today’s sophisticated techniques. Gold
monohalides are probably the ultimate examples of relativ-
istic effects on structural parameters, as the relativistic
contraction reaches a maximum with the filled 5d shell of
gold.! Their dimers, with their extremely short Au--- Au
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are planar molecules with two bridging
halogen atoms.

distances, are the best examples of the metallophilic inter-
action?) between metals with d!° electronic configuration,
having earned their own name “aurophilic interaction”.C!
These attractive interactions are just one of the many
unexpected closed-shell interactions in inorganic chemistry.[

The gold trihalides are subject to the Jahn - Teller effect,?
which is one of the intriguing phenomena in chemistry. It tells
us that nonlinear systems in degenerate electronic states will
be unstable and, therefore, spontaneously distort to a lower
symmetry configuration, thereby removing the electronic
degeneracy. Owing to the very nature of the effect, which
involves the coupling of the electronic and vibrational
motions of the molecule, a Jahn — Teller molecule is a basically
dynamic system. This is one of the reasons why it has been
mostly observed in crystals in which the so-called Jahn — Teller
cooperativityl® enhances it into a static effect and makes it
experimentally observable. Their detection in the gas phase is
more difficult.

It is generally supposed that even if there is a Jahn —Teller
distortion in a molecule, the symmetry of the ground state will
still be the same as that of the undistorted initial degenerate
state, that is, higher than the symmetry of the structure to
which the molecule distorts.”8] This is due to the highly
dynamic nature of these systems and to tunneling effects. The
relative magnitude of the timescale of the vibronic interac-
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tions and the timescale of the measurement by a particular
experimental technique is of importance here. In this respect,
we have to distinguish between the so-called static and
dynamic Jahn-Teller distortions. In the most frequent
dynamic cases, the molecule distorts from the high-symmetry

Abstract in Hungarian: Arany-mono- es trihalogenidek mo-
nomerjeinek es dimerjeinek a molekulaszerkezetet szamitottuk
ki B3LYP, MP2 e¢s CCSD(T) szinten, pszeudopotencidlok
alkalmazdsdval mindegyik atomon, kiveve a fluort. Szdmitad-
saink alatamasztjdk azt a kiserleti megfigyelest, hogy az arany-
monohalogenidek stabilitasa a fluoridtol a jodid fele no, mig a
trihalogenideke ebben az irdnyban csokken. Az dsszes arany-
trihalogenid potentidlis-energia feliiletet megvizsgadltuk. Ezek a
molekuldk tipikus Jahn-Teller torzult rendszerek; a Djy,
szimmetridju szerkezet egyikiik eseteben sem minimum. A
Jahn - Teller torzulds merteke fokozatosan csokken a fluorid-
tol a jodid fele haladva. Az AuF; és AuCl; molekuldk
minimum energidju szerkezete T-alaku, egy Y-alaku dtmeneti
dllapotu szerkezettel. Az Aul; eseteben az Y-alaku szerkezet
kisebb energidju, mint a T-alaku. Az AuBr; és Aul; molekuldk
globdlis minimuma mds; egy L-alaki szerkezet, ami a
potencidlis-energia feliileten a Jahn— Teller feliileten kiviil esik.
Ezt a szerkezetet felfoghatiuk, mint egy donor-akceptor
rendszer, vagy mint egy zdrt heju kolcsonhatds, amelyben a I,
a donor €s az Aul az akceptor. Az arany-monohalogenidekben
az arany-arany tdvolsdg rendkiviil rovid, ami az un. aurofil
kolcsonhatdsra utal. A trihalogenidek dimerjei sik molekuldk,
ket hidas halogen atommal.

Abstract in German: Die Molekiilstrukturen von allen Gold-
Mono- und Trihalogeniden und ihrer Dimere wurde berechnet
auf dem B3LYP, MP2, und CCSD(T) Niveau unter Verwen-
dung relativistischer Pseudopotentiale fiir alle Atome mit
Ausnahme vom Fluor. Unsere Rechnungen unterstiitzen die
experimentelle Beobachtung, dass die relative Stabilitit der
Monohalogenide vom Fluorid zum lodid grofer wird, wih-
rend der umgekehrte Trend fiir die Trihalogenide gefunden
wird. Die Energiepotentialfliichen aller Goldtrihalogenide sind
untersucht worden. Diese Molekiile sind typische Jahn— Teller-
Systeme; die trigonal-planare D s,-symmetrische Struktur ent-
spricht fiir keines der untersuchten Trihalogenide der Mini-
mumstruktur. Die Grofie und der Charakter der Jahn — Teller-
Verzerrung dndert sich graduell vom AuF; zum Aul;. Die
Minimumstruktur besitzt eine T-formige Anordnung der
Atome fiir AuF; und AuCl;, wihrend die Y-formige Anord-
nung einem Ubergangszustand entspricht. Fiir Aul; liegt die
Y-formige Struktur energetisch tiefer auf der Energiepotential-
fliche als die T-formige Struktur. Sowohl fiir AuBr; als auch
fiir Aul; repriisentiert weder die T- noch die Y-formige Struktur
das globale Minimum sondern eine L-formige AuX; Struktur,
welche auflerhalb der Jahn — Teller-Fliche liegt. Diese Struktur
kann als Donor-Acceptor-System oder closed-shell Wechsel-
wirkung aufgefasst werden, mit I, als Donor und Aul als
Acceptor. Die Dimere der Goldmonohalogenide besitzen sehr
kurze Gold-Gold-Abstinde, die auf aurophile Wechselwirkun-
gen hinweisen. Die Dimere der Trihalogenide sind planare
Molekiile mit zwei verbriickenden Halogenatomen.

3658
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configuration to a lower symmetry one along the vibrational
coordinate for which the vibrational degrees of freedom are
nonzero at the symmetric configuration. This distortion lifts
the degeneracy and the potential energy surface (PES) for
such a system is of the “Mexican hat” type, with the high-
symmetry configuration at the center (maximum) and the
distorted one around the brim of the hat (minimum). If there
is only linear vibronic coupling (that is, without higher order
coupling), the PES will be the same around the brim of the
hat, so the molecule can freely move around this minimum. In
such a dynamic Jahn —Teller case the molecule is not localized
at a particular point on the PES, and the higher symmetry of
the undistorted degenerate structure can be considered the
symmetry of the ground electronic state.

There are cases, however, when in addition to the linear
vibronic coupling, quadratic coupling becomes large enough
to cause the appearance of local saddle points along the brim
of the hat in between the minimum positions (for a trigonal
E x e case, three of them). If the energy difference between
these local minima and the saddle points is large enough, the
molecule may be locked into the minimum positions, and the
ground-state symmetry of the molecule will be nondegener-
ate. Recent theoretical calculations for E x e, T x t,,/1 and
also for H x h"l systems showed that with large enough
quadratic coupling the ground state becomes nondegenerate.
These are cases of the static Jahn —Teller distortion, and for
such molecules even a gas-phase experiment may measure the
distorted nongenerate ground-state geometries; an example
of this is the electron diffraction study of MnF;.[*?I

Gold trihalides exhibit a strong Jahn —Teller effect, as was
shown earlier for AuF; by electron diffraction experiments!!?!
and for both AuF; and AuCl; by computations.* The
electron diffraction study of AuFs;, as in case of MnFj;, proved
beyond doubt that the distortion of the molecule is static in
nature; even at the high experimental temperature, over
1000 K, the F---F peak of the radial distribution splits, which
indicates a lower than trigonal symmetry for the average
structure of the molecule.

The description of Jahn-Teller systems by computation is
rather involved. The Jahn-Teller PES presents a conical
intersection between two electronic states, and the description
of the high-symmetry degenerate structure is not without
difficulties.l'> '] The best way to calculate this point is by
multiconfigurational methods, such as the complete-active-
space self-consistent-field (CASSCF) method. Only recently
have methods been suggested to calculate spectroscopic
Jahn-Teller parameters by ab initio methods for dynamic
Jahn-Teller cases.'®! For a comprehensive discussion of
vibronic-coupling theory we refer to the monograph by
Bersuker and Polinger.[!

Gold iodides have received considerable interest recently.
It has been shown that gold iodides with excess iodine can be
used as substitutes in polyiodide networks, and this may open
up a new area of host—guest chemistry."” This brings up the
possible similarity of their bonding. I; and its ions were
studied recently by Hoffmann et al.,? who showed that the
bonding in these systems can be equally well described by
donor—acceptor bonding and by hypervalent, electron-rich,
three-center bonding.
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Experimentally only the monochlorides, -bromides, and
-iodides have been known until recently. The existence of AuF
was first suggested by computations®! and then proven by
neutralization-reionization mass spectrometric experi-
ments,??l and finally by microwave spectroscopy,?! the latter
providing the geometry of the molecule as well. Attempts to
determine their structure by electron diffraction failed.?!l The
molecular constants of AuCl and AuBr have been determined
by microwave spectroscopy®! and for AuCl also from the
rotational structure of the visible transitions in the emission
spectra.??l AuFl327.28. 291 and AuCll'* 2% 30,31 have been stud-
ied by computations at different levels; for AuBr and Aul only
two computational studies have been published.? 3! Their
dimers have only been studied by computation.l' 142731
There have also been computational studies on isolated
anions of gold halides, for example, AuX,~, AuX,", AuF,~
AuCl, " and Au,X,2~.*

The stability of the gold trihalides decreases from the
fluorides toward the iodides, and our attempt to register the
diffraction picture of the monomer of gold trichloride
failed.l'¥ The chances for an experimental gas-phase structure
determination for AuBr; and Aul; are rather slim. According
to textbooks, Aul; has not even been isolated; it only exists
in its complexes as an Aul,” ion, although a recent study
claimed to have registered a trigonal planar Aul; molecule as
an inclusion compound in a cluster.? AuBr; and Aul, have
not yet been studied by computational methods either. The
dimers of the trihalides are interesting for their
coplanar gold configuration, for example, Au,F; in
the vapor phase,!'> 53 Au,Cly in the crystall™™» 3 as

core potential covering 60 electrons ([Kr]4d!%4{'#) was used for gold. The
halogen pseudopotentials covered the following electronic configurations:
Cl: [Ne]; Br: [Ar]3d", and I: [Kr]4d". The basis set for gold was an
(8s7p6d)/[6s5p3d]-GTO valence basis set (311111,22111,411). For the
halogens a (5s5p1d)/[3s3pld] valence basis set (311,311,1) was used. Both
the pseudopotentials and the corresponding basis sets were those of the
Stuttgart group.[*l Comparison of this data set with better basis-set results
of Ref. [13] shows differences that were no larger than 0.01-0.02 A for the
bond lengths. The reliability of the pseudopotentials for the larger halogens
was checked by comparing them with the results of Ref.[14], in which
different gold trichlorides were calculated with the same basis/ECPs on Au
and several all-electron bases on chlorine. The results were within about
0.02 A of each other. The bond angles in all these molecules were constant
and relatively independent of the basis sets. Trial calculations on the Au,X,
dimers at the B3LYP and CCSD(T) level were also carried out with a larger
basis set on Au, in which two f-type polarization functions were added, a
compact one to describe the Au-X covalent bonds and a diffuse one to
describe polarizability and van der Waals interactions (with coefficients
1.19 and 0.2, respectively). These polarization functions did shorten the
distances, especially the Au--+ Au distances of the dimers (see Table 1). At
the same time, as shown by the data in Table 1, the B3LYP results of this
test calculation for Au,F, were not right; in this case the basis set was not
balanced, larger basis sets are needed for the fluorine as well to balance the
gold basis set. We tried several and at least a 6-31 + G(3d) or better quality
is needed. Therefore, to save CPU time, we carried out our further
calculations without the additional f functions on gold.

Full geometry optimizations were carried out at three different correlated
levels of theory: MP2, density functional with the B3LYP formalism,*!! and
CCSD(T). All stationary points were characterized by a frequency analysis
at the B3LYP and the MP2 level. Mulliken population analyses and natural
bond orbital (NBO) analyses!*l were carried out to investigate the bonding
in all molecules at the B3LYP level.

Table 1. Geometries [distances in A, angles in °].l2]

well as in the vapor phase,'* 1% and Au,Br in the F ca Br !
crystal.®®l This is in accord with the planarity of AuX,~  AuX,!%,, C,,
ions, but in contrast with most metal trihalide dimers ~ Av-X B3LYP 1.956 2293 2406  2.584
. . . MP2 1.946 2277 2.389 2.570
whose geometry is the typical halogen-bridged struc- CCSD(T) 1954 2903 2407  2.590
ture with two distorted tetrahedra sharing a common AuXe. A D
edge.P1 Gold trifluoride has a helical structure in its Aufxz’ oo B3LYP 2930 2564 2659  2.807
crystal with a coplanar gold configuration.! B3LYP (2f)"! 2.219 2551 2.646 2796
It seems that experimental gas-phase structural MP2 2.223 2537 2631 2782
determination is not feasible for the complete range CCSD(T) 2229 2.557 2.653 2.807
) . i CCSD(T)(2f)P 2229 2519 2613 2722
of gold halides, and the only techniques for their — , .. A, B3LYP 3.051 2818 2809  2.827
comprehensive structural study are computational B3LYP (2f)" 3.224lc] 2772 2761 2776
methods. Earlier computations utilized different MP2 3.008 2793 2776 2772
levels of theory and different basis sets, hence it ggggg;(zgm 53(5](1) ;;‘1); 5332 ;;g;
seemed worthwhile to do a consistent study .at the ¥ X-AuX B3LYP 037 1133 1162 1165
same level of theory and with comparable basis sets. B3LYP (2f) 86.9 1142 1171 1205
AuBr; and Aulj; and their dimers are studied here for MP2 94.8 113.2 116.3 120.5
the first time. CCSD(T) 97.1 1137 1166 1204
CCSD(T)(2H) 1019 1149 1176 1210
T-shaped AuX;, 'A,, C,,
Aul—X2 B3LYP 1.908 2.295 2.434 2.661
. . MP2 1.896 2.274 2413 2.632
Computatlonal Details CCSD(T) 1.902 2.287 2.428 2.655
Aul—X3 B3LYP 1.916 2.301 2.432 2.630
Our goal was to compare the structures and energetics of all MP?2 1.911 2281 2.408 2.603
simple gold halide molecules, therefore it was important to CCSD(T) 1.911 2293 2.426 2.630
carry out the calculations in such a way that the results could be X X2-Aul-X3 B3LYP 95.0 96.9 972 978
compared reliably with each other. Calculations were carried MP2 93.9 95.5 96.2 975
out with the Gaussian 98 program package.*! Pseudopotential CCSD(T) 94.4 95.9 96.2 972
techniques were applied for all atoms, except fluorine, for which A[(Aul-X2) — (Aul-X3)] B3LYP —0.008 —0.006 0.002 0.031
the 6-31G(d) standard basis set was used; the use of all-electron MP2 0015 —0.007 0.005 0.029
basis sets for first row atoms is better concerning accuracy and CCSD(T) —0.009 —0.006 0.002 0.025

efficiency. A multielectron-adjusted quasirelativistic effective

Chem. Eur. J. 2001, 7, No. 17
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Table 1. Continued used for the halogens. In each case the energy was calculated as
a function of the two X-Au-X angles in 5° steps. None of the

F a Br ! determined points was corrected for zero-point vibrations; such
Y-shaped AuXj, ‘A, C,, corrections are calculated to be rather small, of the order of
Aul—-X2 B3LYP 1.919 2.287 2.411 2.603 0.1-0.2 kcalmol ™, in the harmonic approximation.
MP2 1.909 2.254 2.375 2.569 Intrinsic reaction coordinate (IRC) calculations were carried
CCSD(T) 1.916 2.276 2.401 2.598 out to check whether the located transition states belong to
Aul—X3 B3LYP 1.909 2.310 2.450 2.688 either of the two minima under consideration. 200 points in
MP2 1.902 2291 2.425 2.631 both directions were calculated. In cases in which 200 steps did
CCsD(T) 1.903 2.301 2.444 2.671 not lead to a minimum, an optimization followed that utilized
XX2-Aul-X3 B3LYP 139.6 137.9 138.6 141.9 the last geometry of the IRC.
MP2 140.0 138.5 138.4 138.5 .
The computed geometrical parameters for all molecules are
CCSD(T)  139.6 138.2 138.6 140.1 . . . Lo
given in Table 1 and the relative energies in Table 2. The
A[(Aul—X2) — (Aul-X3)]  B3LYP 0.010 —0.023 —0.039 —0.085 . . .
computed frequencies and absolute energies are given as
MP2 0.007 —0.037 —0.050 —0.062

Supporting Information. Molecular models and the numbering

ces(T) 0.013 —0.025 0043 -0073 of atoms in all species are shown in Figure 1. In our discussion,

L-shaped AuX;, 'A’, unless otherwise noted, CCSD(T) geometries and energies will
Aul-X2 B3LYP 1.912 2275 2398 2588 be quoted.
MP2 1.925 2.259 2.380 2.571
CCSD(T) 2277 2.400 2.593
Aul—-X3 B3LYP 2.003 2.360 2475 2.666
MP2 2.237 2.381 2.474 2.654
CCSD(T) 2.400 2.500 2.684 Results and Discussion
Aul—-X4 B3LYP 3.093 3.748 3.991 4.394
MP2 3.032 3.595 3.812 4.169

Gold monohalide monomers: The stability of gold

CCSD(T) - 3.635 3.857 4.221 . . .
X3-X4 B3LYP 1572 2125 2382 2786 rnon'ohzilhdes 1ncreasefs from 'the fluorides towarc'ls
MP2 1.444 2.063 2331 2.744 the iodides; thus while Aul is a well-known solid
CCSD(T) - 2.094 2.363 2.779  with a zig-zag chain-like structure and two-coordi-
X X2-Aul-X3 B3LYP 167.3 171.6 172.6 173.9 nate gold,*! the very existence of AuF has only been
MP2 174.8 175.7 176.1 177.3 i id 2122 {ts Au—F bond
CCSD(T) i 1754 176.0 1773 proven recently (vide supora). ts Au on
¥ Aul-X3-X4 B3LYP 1193 1133 1105 107.4 length (r.) is 1.918449(5) A, from microwave spec-
MP2 109.0 107.8 105.0 101.1 troscopy.®! From among the many computed values,
CCSD(T) 107.8 105.0 101.2 the 1.922 A (MP2) value of Schwerdtfeger et al.l7) is
AwXg, 'A,, Dy, the closest to the experimental bond length, fol-
Aul—=X5 f/fPLzYP i'zzg ;ggz ;gg i'gz; lowed by our earlier MP2/F: aug-cc-PVTZ value of
CCSD(T) 1891 2296 2 445 2677 1.911.A. The bond lengths from higher level com-
Aul—-X3 B3LYP 2.062 2437 2.566 2763  putations, such as CCSD(T) and QCISD(T) tend to
MP2 2.052 2.403 2.526 2719  be a few hundredths of an angstrom larger. The
CCSD(T) 2.052 2422 2550 2751 experimental bond lengths of AuCl and AuBr
Aul- Au2 fﬁ};l’ ;}j; ;Zgg ;gg ;‘gjg (2.1990287(9)> and 2.318410(1) A, respectively)
CCSD(T) 3164 3766 3.844 3994  Aare shorter than the computed values by almost
¥ X3-Aul-X4 B3LYP 78.8 85.3 86.2 86.0 0.1 A. There is one consistent set of MP2-level bond
MP2 79.8 86.7 87.5 871 lengths for the AuX and Au,X, systems (X = Cl, Br,
cesp(T) - 791 864 87.4 87.1 I) in the literature,?!! in good agreement with our
X X5-Aul-X6 B3LYP 89.7 90.9 91.1 91.5 It
MP2 89.3 90.4 90.7 91.8 resutts. . _ o
CCSD(T) 896 90.6 90.5 90.8 Gold fluoride (AuF) is the best-studied binary
Xy, 1%, D, gold-halide so far, especially by Schwerdtfeger and
X1-X2 B3LYP 1.404 2.059 2.323 2.734  co-workers.?h272%3 These and other studies?!
MP2 1421 2.043 2310 2728 have been mostly concerned about the role of
cesD(T) 1444 2067 2.337 2760 relativistic and correlation effects on the geometry
[a] Experimental geometries: AuF:*! r(Au—F)=1.918449(5) A; AuCl: Au-Cl=  and other properties of these systems. The short-

21990287(9) A, 2.19903(21) Al AuBr:l  Au-Br=2318410(1) A; AUF;!™1 eping of bonds due to relativistic effects is especially
r(Aul-F2) =1.893(12) A, rg(Aul—F3):l.?l3(8) A, {uFZ-Aul-F%:102.5(1.9)“; pronounced in the monohalides of gold as the
AwF, (at 600 K):! r (Aul-F5)=1.876(6) A, r(Aul-F3)=2.033(7) A, ¥,F3-Aul- o o o
F4=804(16)°, ¥F5-Aul-F6=921(10); AwCl: r(Aul-Cl5)=2236(13) A,  0.184 A (MP2)/0.175 A (CCSD(T)) and the 0.192 A
r(Aul—CI3) =2.355(13) A, ¥,CI3-Aul-Cl4=86.8(1.8)°, ¥,CI5-Aul-Cl6=92.7(2.5)°.  (CCSD(T)) decreases demonstrate (these values
[b] Calculation with two additional f-type polarization functions on Au, see text. were calculated for AuF?’! and AuCl, respective-
[c] r(Au+-- Au) =2.969 A with a 6-31 + G(3d) basis set on fluorine. [d] Always trans ly). This is due to the pronounced contraction of the

geometry. 6s orbital in the d'° electronic configuration of gold.
Comparison of the bond lengths of the mono-

Our earlier results indicated that both AuF; and AuCl; are Jahn-Teller halides with those of the trihalides (vide infra) shows a
distorted molecules with a typical “Mexican hat” type potential energy

surface (PES).['* I This time the PES of AuBr; and Aul; was calculated at changing pattern. We WO.UId.eXpeCt the .m.onohahdes to have
the B3LYP level. For comparison the PESs of AuF; and AuCl, are also longer bonds than the trihalides and this 18 observed for the
shown, in these last two cases the full electron aug-cc-pVDZ basis sets were fluorides; the Au—F bond is about 0.05 A longer than the
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Table 2. Relative energies [kcalmol~'].l2]

AE, AHyy AGys

F Cl Br I F Cl Br 1 F Cl Br 1
T-AuX; — Y-AuXj;
B3LYP 4.72 2.52 130 —-1.20 412 1.92 070  —0.62 5.27 3.33 247  —2.81
MP2 5.75 2.58 1.29  —0.08 5.16 1.98 070  —0.08 6.13 3.28 237  —-0.01
CCSD(T)®! 5.65 2.95 1.52 —0.67 5.07 2.35 093  —-0.67 6.04 3.65 260  —0.60
T-AuX; — L-AuX;
B3LYP 49.65 310 -318 —-742 45.20 116 —3.89 —621 43.15 -1.11 —-6.16  —6.55
MP2 67.39 12.33 5.61 0.06 62.08 10.38 4.91 0.73 59.57 8.28 264 —185
CCSD(T)M! - 6.91 —-0.06 —5.11 - 496 —075 —4.44 - 286  —3.03 —7.02
T-AuX; — AuX + X,
B3LYP 67.87 20.18 16.43 13.14 67.23 19.56 15.81 13.12 58.22 10.96 7.51 3.10
MP2 76.25 30.36 27.24 23.77 75.49 29.73 26.61 23.73 66.21 20.89 18.01 13.54
CCSD(T)t! 68.04 2437 20.67 17.36 67.28 23.73 20.03 17.32 58.00 14.89 11.44 7.13
Y-AuX; — AuX + X,
B3LYP 63.15 17.66 15.13 14.34 63.11 17.64 15.11 13.74 52.95 7.62 5.04 591
MP2 70.50 27.78 25.95 23.85 70.33 27.75 2591 23.81 60.08 17.60 15.64 13.55
CCSD(T)P! 62.39 21.42 19.15 18.03 62.21 21.39 19.11 17.99 51.96 11.24 8.84 7.73
L-AuX; — AuX + X,
B3LYP 18.22 17.08 19.61 20.56 17.92 16.49 19.00 19.95 9.80 8.74 11.20 12.46
MP2 8.86 18.03 21.63 23.70 8.25 17.38 21.00 23.08 0.51 9.32 13.01 15.40
CCSD(T)P! - 17.46 20.73 22.47 - 16.80 20.09 21.85 - 8.75 12.10 14.17
2T-AuX; — Au, X,
B3LYP —70.74 —4690 —43.66 —37.46 —60922 —4557 —4241 —-35.06 —54.84 —31.65 —2851 —2546
MP2 —7790 —-6239 —-6091 —56.84 —-7639 —61.04 —59.65 —54.43 —602.82 —4755 —4588 —4431
CCSD(T)®! —-7736 —57.82 —5466 —48.19 —7585 —56.48 —5340 —4578 —6228 —4299 —39.63 —35.66
2AuX — Au,X,
B3LYP -1693 —-20.71 —23.74 —28.08 —-16.57 —-20.19 -—23.18 —27.50 —825 —11.34 —14.68 —18.64
MP2 —-2419 -2922 -—-33.15 -—38.99 —2384 —2872 —3259 —3840 -1514 —-19.77 —-2385 —29.35
CCSD(T)M! —2435 —29.66 —33.14 —3826 —24.00 —-29.15 -—3258 —37.67 —1530 —-2020 -—23.84 —28.62
A X, — AwX, + 2X,
B3LYP 189.56 66.54 52.77 35.67 187.11 64.49 50.84 33.80 163.03 4223 28.85 13.02
MP2 206.21 93.89 82.24 65.39 203.53 91.78 80.27 63.49 180.10 69.55 58.05 42.03
CCSD(T)t! 189.10 76.91 62.86 44.65 186.41 74.80 60.89 42.75 162.99 52.57 38.67 21.30

[a] Basis-set superposition error was not calculated, since we found no obvious ways to do the counterpoise calculation for these systems. [b] The temperature
correction was taken from the MP2 calculation, since no CCSD(T) frequencies were available; for L-shaped AuF; the CCSD(T) method did not converge.

shorter bond of the T-shaped ground-state structure of AuF;
(our earlier higher level computation gave a difference of
0.06 A).I13] For the chlorides the bond lengths are about the
same in the two molecules, while for the bromides and
especially the iodides the trend reverses and the trihalides
have longer bonds. This is in accord with the fact that the
stability of monohalides increases towards the iodides while
the opposite is true for the trihalides; hence the bonds get
gradually longer/weaker in the trihalides. Another possible
explanation is the different extent of relativistic shortening of
bonds in the mono- and trihalides. While the relativistic
shortening of the monohalides is large, due to the substantial
contraction of the 6s orbital (vide supra), it is much less
pronounced for the trihalides, for which the expansion of the
5d orbitals partially compensates the contraction of the 6s
orbitals. The increasing relativistic shortening of the heavier
monohalides compared with the lighter ones increases their
stability and makes their bonds eventually shorter compared
with the trihalides. For the trihalides, the larger degree of ionic
bonding in AuF;, compared with the heavier trihalides,
stabilizes its higher oxidation state. At the same time, the
larger relativistic effects in the heavier halides increase the
gap between the s and p orbitals, making the p orbitals less
available for bonding and, therefore, being at least partially
responsible for their decreasing stability.

Chem. Eur. J. 2001, 7, No. 17
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Gold trihalide monomers: The usual D;, symmetry trigonal
planar arrangement of metal trihalides is not a minimum
structure for either of these gold trihalides. These molecules,
with gold in a formal d? electronic configuration, are subjected
to Jahn - Teller distortions, and this is confirmed by this study
for all four molecules, in accord with earlier experimental
evidence for AuF;®l and with computations for both
AuF; Bland AuCL' ¥] (molecular models and the number-
ing of atoms in all species studied are shown in Figure 1). The
amount and character of the Jahn — Teller distortion, however,

< <2 X2
j Aul
O—
X3 gl X4 of Al X3
X3 X4 X4

X3
X8 Au2 Aul X6

X4

Figure 1. Molecular models and numbering of atoms in T-, Y-, and
L-shaped AuXj, and in Au,Xg.
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is different in the four trihalides; they change gradually from
the trifluoride to the triiodide.

We have calculated the PES of all four molecules at the
B3LYP level, see Figure?2. The Jahn-Teller surface is a
typical “Mexican hat” potential energy surface for gold
trifluoride!® and trichloride," indicative of Jahn-Teller
distortions for which the quadratic coupling terms are of
importance in describing the vibronic interaction (vide
infra).”) For all four molecules the Jahn-Teller surface has
two types of low-energy structures; a T-shaped and a
Y-shaped structure (see Figures1 and 2). The T-shaped
structure is the minimum of the Jahn - Teller surface for the
first three trihalides, and for AuF; and AuCl; it corresponds to
the global minimum of the ground-state molecule. The
Y-shaped geometry for these molecules describes the tran-
sition state between two minima by way of the exchange of the
positions of the X2 and X3 or X4 atoms. The Jahn-Teller
stabilization energy (the difference between the D5,-symme-
try singlet ('E’), trigonal planar structure, and the minimum-
energy structure on the Jahn-Teller surface) is about 29.4,
17.8, 15.5, and 14.0 kcalmol~! for AuF;, AuCl;, AuBr;, and
Aul;, respectively, at the B3LYP level. The energy difference
between the minimum energy structure and the triplet, *E’,
trigonal planar geometry is smaller and also decreases, 12.8,
6.6, 5.2, and 4.8 kcalmol~!, for the above trihalides (B3LYP).

E,, (kealimol) E,,, lhalimol)
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c 16
i '31
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Figure 2. Potential energy surfaces of all AuX; molecules at the B3LYP level (for applied basis sets see text). (See

also refs. [13] and [14]).
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Therefore, for AuBr; and Aul; the energy gain due to the
Jahn -Teller distortion is not very large; hence both species
possess a very flat potential energy surface (Figure 2 bottom).

The energy difference between the T- and Y-shaped
structures also decreases, 4.7, 2.5, 1.3, and — 1.2 kcalmol ! at
the B3LYP, and 5.7, 3.0, 1.5, and —0.7 kcalmol~' at the
CCSD(T) level for AuF;, AuCl;, AuBr;, and Aul;, respec-
tively. For Aul; the Y-shaped structure is somewhat lower in
energy than the T-shaped structure, and even that does not
appear to be a true minimum but a transition state at the MP2
level (although minimum at the B3LYP level). Thus, we found
it of importance to check the PES of AuX; further, beyond the
Jahn - Teller surface. It appears that, indeed, there is a much
lower energy structure with C, symmetry (see Figures 1 and 2,
vide supra) for AuBr; and Aul; with a direct X—X bond (vide
infra).

Due to the gradual decrease of the energy difference
between the T- and Y-shaped structures, the four molecules
can perhaps be classified into two groups. AuF; and AuCl, can
be considered as ideal examples of static Jahn — Teller systems,
for which the energy difference between the local minima and
saddle points on the brim of the PES are large enough to
prevent the molecule to pseudorotate, and thus the molecule
is locked in the nondegenerate, distorted minimum positions.
The splitting of the peak corresponding to the nonbonded
distances of AuF; on the elec-
tron-diffraction radial distribu-
tion curve provides evidence
for this (vide supra).®! The
energy difference of about
5 kcalmol™! is large enough to
keep the molecules at the mini-
ma and for the molecules to
have the T-shaped structure in
the gas phase even at the
1100 K temperature of the elec-
tron diffraction experiment. Al-
though our attempts to record
electron diffraction patterns for
L the monomeric AuCl; failed,

the energy difference is high
enough to classify the molecule
as a static Jahn - Teller case.

In contrast, the energy differ-

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

ence between the T- and
Y-shaped structures for both
AuBr; and Aul; is very small
so the molecules can be consid-
ered more as a dynamic Jahn—
Teller system. The frequency
associated with the exchange
of the halogen atoms between
the T- and Y-shaped structures
is very small; this makes
the calculations sensitive to
changes in the applied method,
basis set, etc. We may have
reached the limit for frequency
analysis here, although all three

ilz.h‘.. |‘
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methods used here (B3LYP, MP2, and CCSD(T)) agree on the
relative stabilities of the T- and Y-shaped structures, offering
some confidence in the results.

Relativistic effects enhance the Jahn-Teller distortions in
all AuX; molecules. They lower the energy of the Au 6s orbital
and increase the energy of the 5d orbital. Thus the 5d orbitals
become major contributors to the valence shell and their
shape favors a larger angular distortion. The Jahn-Teller
distortion is largest in AuF; and decreases along the series as
pronounced both in the bond lengths and the bond angles.
This is the consequence of the large contraction of the Au 6s
orbital; in spite of the large size of Au, energetically it will be
closest to the fluorine orbitals and thus will have the largest
overlap with them. Figure 3 illustrates this with two selected
sigma bonding MOs of the same symmetry; the decreasing
overlap as going from the fluoride towards the iodide is
conspicuous.

T W W 3

000 00 0 B0 e O

Figure 3. Molecular orbitals showing sigma-type bonding in T-shaped AuX; (HF orbitals at the MP2 geometry).

The decreasing amount of distortion along the series is also
reflected by their MO schemes. The splitting of the e-type
orbitals of the D;,-symmetry structure is largest for AuF; and
the orbital gaps decrease down the group among the halogens
(Table 3).

T-shaped structure: This structure has one shorter and two
longer Au—X bonds, and two smaller and one larger X-Au-X
bond angles in AuF; and AuCl; (Figure 1). The difference
between the two types of Au—X bonds, A[(Aul—X2)-—
(Aul—X3)], changes from —0.009 A in the trifluoride to
—0.006 A in the trichloride. Although the T-shaped structure
is still a minimum structure for AuBr; at all levels considered,
the character of this structure changes: there is one longer and
two shorter Au—Br bonds with a difference of 0.002 A
between them.

Aul, is different, for this molecule the T-shaped structure is
no longer the minimum of the Jahn—Teller surface; it has one

imaginary frequency and corresponds to a transition state.
The relationship of the three bond lengths is similar to that in
AuBr;; there are one longer and two shorter bonds with a
difference of 0.025 A between them. Thus, the difference of
the two types of bond lengths, A[(Aul—X2)— (Aul—X3)],
changes gradually from AuF; to Aul; as —0.009, —0.006,
0.002, and 0.025, respectively.

The bond angles of the T-shaped structure also show a
gradual change from AuF; to Aul;; the X2-Aul-X3 angle is
smallest in AuF; (94.4°) and largest in Aul; (97.2°), in accord
with the decreasing degree of Jahn-Teller distortion along
the series. It can also be explained by the increasing non-
bonded interactions. The F2.-- F3 distance in AuF; is similar
to the 1,3-nonbonded F .- F distances in other molecules. For
AuCl; this nonbonded distance is already shorter than the
average of such distances determined for other molecules,
especially if we consider molecules with similarly large central
atoms. This effect is even larger
for the tribromide and the tri-
iodide, so the observed increase
of the X2-Aul-X3 angle is not
surprising.

Y-shaped structure: This struc-
ture corresponds to a transition
state for AuF;, AuCl;, and
AuBrj;, with one imaginary fre-
quency (see Supporting Infor-
mation). The energy barrier
associated with this imaginary
frequency is largest for AuF;
(5.7 kcalmol™!), and gradually
decreases for AuCl;, (3.0kcalmol™!) and AuBr;
(1.5 kcalmol!). Finally, this structure becomes the minimum
on the Jahn-Teller surface for Aulj, being 0.7 kcalmol™!
lower in energy than the T-shaped structure. Similarly to the
T-shaped geometries, gradual changes are observed in the
actual geometrical parameters of the Y-shaped structures as
well. The difference between the two types of Au—X bonds,
A[(Aul—X2) — (Aul—X3)], varies as X =F: 0.013, Cl: — 0.025,
Br: —0.043, and I: —0.072 A. Thus, for AuF;, the Y-shaped
structure has one longer and two shorter bonds and two larger
and one smaller bond angles (see, Figure 1). This type of
relationship between the geometrical parameters of the
Y-shaped and T-shaped molecules can be expected, consider-
ing the opposite phases of the Jahn-Teller active vibration
and it is also observed, for example, in MnF;.["2l AuCl, is
different; it has one short and two longer bonds in its
Y-shaped geometry, while the relationship of the bond angles
is the same as for AuF;. Thus, for AuCl;, both the T-shaped

Table 3. Orbital energies [au]® and energy gaps [kcalmol '] due to Jahn - Teller distortion of T-shaped AuXj;, ¢’ =>b, —a, and €' = b, —a;.

b a gap(a, —by) b, ay(virt.) gap(a; — by) gap(a; —b,)
F —0.60733 —0.56547 26.30 —0.56647 —0.10506 289.50 0.63
Cl —0.47426 —0.45097 14.61 —0.44751 —0.13248 197.68 -217
Br —0.43117 —0.41228 11.85 —0.40359 —0.13293 169.84 —545
I —0.37976 —0.36577 8.78 —0.35120 —0.13180 137.67 -9.14
[a] HF orbital energies at the CCSD(T) geometry.
Chem. Eur. J. 2001, 7, No. 17 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0717-3663 $ 17.50+.50/0 3663
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ground state and the Y-shaped
transition-state structures have
one shorter and two longer
bonds. This has been interpret-
ed earlier!™ by the very short
Cl3..-Cl4 distance in the
Y-shaped molecule. Using the
present levels of calculation
and comparing with the com-
puted 1,3 X-..-X distances in
other halides with large central
atoms,”! the X3 .-- X4 distances
are about 0.6, 0.8, and 1.0 A
shorter in the AuX; (X=Cl, Br,
I) Y-shaped structures, respec-
tively. These are very large
differences and they explain
why the stability of these spe-
cies with respect to decomposi-
tion into AuX and X, decreases
towards the heavier halides
(Tables 1 and 2). Another pos-
sible reason for these differ-
ences in the geometries is the
relative role of the true Jahn—
Teller effect and the possible
pseudo-Jahn—Teller effect!*
in these molecules. It has been
suggested that pseudo-Jahn-
Teller effects can happen with
molecules with Dy, symmetry
in which the 'A; and 'E’ states
often get close in energy.l!s %!
E xe Jahn-Teller cases are
typical examples of having
both true and pseudo-Jahn-
Teller effects; their relative
magnitudes depend on the en-
ergy differences of the two
states.

Bonding in T- and Y-shaped
gold trihalides: An interesting
feature of these molecules is
their w bonding. It has been
shown!'¥] that there is a considerable 7 back-bonding in the
T-shaped structure of both AuF; and AuCl;. Figure 4 shows
the relevant MOs for all four molecules. There are three
bonding w MOs with b,, a, (both out-of-plane), and b, (in-
plane) symmetry. The a, MOs are 3-center bonds, whereas the
b, MO is delocalized over the entire molecule. As seen from
the figure, the m bonding decreases gradually from the
trifluoride to the triiodide. In Aul; there is almost no =
overlap. This is also in accordance with the decreasing
stability of the gold trihalides going from AuF; to Auls.
There is also a certain amount of & bonding in the Y-shaped
structures (Figure 5), but that decreases even faster than that
in the T-shaped molecules from AuF; to Aul;. Again, for Aul;
there is almost no m bonding. For the Au—X3 and Au—X4
bonds the it bond is present only in AuF;, and this may be one

3664
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Figure 4. Molecular orbitals showing m back-bonding in T-shaped AuX; (HF orbitals at the MP2 geometry).

Figure 5. Molecular orbitals showing 7 back-bonding in Y-shaped AuX; (HF orbitals at the MP2 geometry).

of the reasons why the relative lengths of the Aul—X2 versus
Aul—X3,4 bonds changes; while Aul—X2 is longer and the
other two are shorter in AuFj;, this reverses in AuCl; and the
rest of the molecules. The difference between the two types of
bonds increases as the halogen size increases; this is also in
accord with the weakening of the Aul—X3,4 bonds and the
instability of these molecules against decomposition into AuX
and X,.

An interesting feature of the Y-shaped molecules is their
X+ X interaction. Figure 6 shows the relevant MOs. Com-
paring the la, orbitals in the four molecules, in AuF; the
fluorine p-type AOs do not overlap with each other, rather,
they participate in a 3-center Au-F bond. The same applies for
AuCl;, although with a small amount of Aul—X2 overlap
mixing in. For AuBr; and Aulj; the p atomic orbitals (AOs) of
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Figure 6. X---X interaction in Y-shaped AuX; (HF orbitals at the MP2 geometry).

the X3 and X4 halogens overlap with each other, providing a
direct X---X interaction. There is no more interaction
between these halogens and the Au atom, while the overlap
between the Au and the third halogen is still there. The direct
interaction between the halogens is evident for all four
molecules in case of the 2a; MO (Figure 6).

The natural bond orbital (NBO) partial charges for both T-
and Y-shaped structures are given in Table 4. AuF; is a highly
polarized molecule, with the halogen charge being somewhat
smaller on the X2 atom than on the X3,4 atoms for the
T-shaped structure and vice versa for the Y-shaped structure.
The polarization decreases the heavier the halogen. The

bt
B P

charges on all atoms decrease
from the trifluoride to the tri-
iodide. The results of the pop-
ulation analysis are also given
in Table 4 for all four mole-
cules. They show that the pop-
ulation of the 6p orbitals is
small and, hence, they are not
included in the Au—X interac-
tion; only 5d and 6s Au orbitals
participate in the bond forma-
tion. In accord with decreasing
7t back-bonding and decreasing
polarization, the 6s and 5d pop-
ulations increase in the order
F<Cl<Br<«lI, especially for the Y-species. Both partial
charge and natural electron population considerations indi-
cate that assuming formal d® Au** ions to be present in these
trihalides is not correct.

;
o
S

L-shaped structures: In view of the flat Jahn — Teller surface of
AuBr; and Aul;, we further explored the potential energy
surfaces of these molecules. It appears that there is, indeed,
another low-energy structure, deeper than the minima of the
Jahn - Teller surface by about 3 and 7 kcalmol~' for AuBr;
and Aul;, respectively (see Figure 2 bottom and Table 2,
B3LYP). The CCSD(T) method yields 5 kcalmol™' lower

Table 4. Results of NBO analysis for AuX, AuX;, and their dimers [q in e].

AuX q(Au) q(X) BO(Au—X) Natural electron configuration
F 0.5273 —0.5273 0.4737 [core]6s(0.66)5d(9.74)6p(0.05)
Cl 0.5040 —0.5040 0.4853 [core]6s(0.61)5d(9.86)6p( 0.02)
Br 0.4383 —0.4383 0.5471 [core]6s(0.66)5d(9.88)6p(0.02)
I 0.3386 —0.3386 0.6420 [core]6s(0.73)5d(9.91)6p(0.02)
T-shaped AuX, q(Au) q(X2) q(X3/4) q(X3/4) — q(X2) Natural electron configuration
F 1.4383 —0.3784 —0.5300 —0.1516 [core]6s(0.51)5d(8.96)6p(0.09)
Cl 0.9689 —0.1871 —0.3909 —0.2038 [core]6s(0.62)5d(9.36)6p(0.04)
Br 0.7846 —0.1282 —0.3282 —0.2000 [core]6s(0.69)5d(9.47)6p(0.05)
I 0.5433 —0.0599 —0.2417 —0.1818 [core]6s(0.79)5d(9.60)6p(0.06)
Y-shaped AuX; q(Au) q(X2) q(X3/4) q(X3/4) — q(X2) Natural electron configuration
F 1.3458 —0.5140 —0.4159 0.0981 [core]6s(0.67)5d(8.90)6p(0.08)
Cl 0.9163 —0.4113 —0.2525 0.1588 [core]6s(0.68)5d(9.35)6p(0.04)
Br 0.7375 —0.3544 —0.1915 0.1629 [core]6s(0.73)5d(9.47)6p(0.04)
I 0.4934 —0.2825 —0.1054 0.1771 [core]6s(0.81)5d(9.63)6p(0.05)
L-shaped AuX; q(Au) q(X2) q(X3) q(X4) Natural electron configuration
F 0.5642 —0.5359 —0.0491 0.0208 [core]6s(0.78)5d(9.60)6p(0.07)
Cl 0.4680 —0.5173 0.0336 0.0157 [core]6s(0.78)5d(9.72)6p(0.02)
Br 0.3886 —0.4660 0.0638 0.0137 [core]6s(0.81)5d(9.76)7p(0.03)
I 0.2706 —0.3971 0.1052 0.0213 [core]6s(0.87)5d(9.82)6p(0.03)
Au,X, q(Au) q(X) BO(Au-+- Au) Natural electron configuration
F 0.6500 —0.6500 0.0477 [core]6s(0.36)5d(9.92)6p(0.08)
Cl 0.6205 —0.6205 0.0697 [core]6s(0.43)5d(9.92)6p(0.02)
Br 0.5375 —0.5375 0.0814 [core]6s(0.50)5d(9.92)6p(0.03)
I 0.4139 —0.4139 0.0939 [core]6s(0.61)5d(9.93)6p(0.03)
Au, X, q(Au) q(X3) q(X5) q(X3) — q(X5) Natural electron configuration
F 1.4497 —0.5427 —0.4535 —0.0892 [core]6s( 0.56)5d(8.91)6p(0.07)
Cl 0.9417 —0.3162 —0.3128 0.0034 [core]6s(0.64)5d(9.36)6p(0.04)
Br 0.7602 —0.2243 —0.2680 0.0437 [core]6s(0.70)5d(9.47)6p(0.04)
I 0.5216 —0.1000 —0.2108 0.1108 [core]6s(0.80)5d(9.60)6p(0.05)
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energy for L-shaped Aul; and about the same energy for the
L- and T-shaped AuBr;. Apparently, the heavier the halogen
the more stable this L-shaped structure becomes by all
computational methods; frequency analyses show that this
structure is a true minimum for all AuX; molecules. This
L-shaped structure has Cg symmetry, as shown in Figure 1.
The L-shaped AuCl; is estimated to be about 3 kcalmol™!
higher in energy than the T-shaped minimum by the B3LYP
method (7 kcalmol~' by CCSD(T)). At the same time this
structure is about 50 kcalmol~! higher in energy than the
T-shaped minimum for AuF; (B3LYP, the coupled cluster
calculation for AuF; did not converge.)

To gain further insight into the isomerization of the C,-
symmetry (T- and Y-shape) structures to the L-shaped C,-
symmetry structure, we have located the transition states of
the reaction paths: i) T-shaped — L-shaped for AuX;, X =F,
Cl and Br, and ii) Y-shaped — L-shaped for Aul;. The
geometrical parameters of the transition-state structures are
given as Supporting Information. The activation barrier is
calculated to be very large (58 kcalmol™') for AuF;, dramat-
ically decreasing to 18 (AuCl;), 8 (AuBr;), and 2 kcalmol~!
(Aul;) for the heavier halogen species. Several factors
contribute to the activation barrier for this type of halogen
shift: i) unfavorable charge distribution (electrostatic repul-
sion between X3 and X4 atoms, cf. Table 4); ii) breaking of the
Aul—X4 bond; iii) charge redistribution upon making the
X3—X4 bond." The large electrostatic repulsion, together
with the small F, bond energy, as compared with, for ex-
ample, Cl,, explains the large barrier for AuFs;. It should be
noted that polar solvents or lattice effects may have a
considerable influence on the activation barrier. Aul; should
be the best candidate to find the C; structure in an experi-
ment, because of the very small activation barrier to
overcome. Once the C,-symmetrical Aul; is formed, it
should be fairly stable as the activation barrier in the other
direction is larger, about 8 kcalmol~!. If we consider the
reaction Aul + I, — L-Aul;, the formation of the L-shaped
molecule happens without an activation barrier in an exo-
thermic reaction.

The L-shaped AuX; molecule has only two Au—X bonds
and one direct X—X interaction. Since experimentally Aul;
seems to be the most relevant, our discussion focuses on that
molecule. The Aul—I2 bond is about the same as in the
Y-shaped structure (which is the lower energy structure on the
Jahn —Teller surface of Aul;), and the Aul—I3 bond is only
0.013 A longer than the corresponding bond in the Y-shaped
molecule. The third gold —iodine bond of the C,,-symmetrical
trihalide disappears here. The Aul-.-14 distance, with its
4221 A length, of course, is no longer a bond; it is even longer
than the I -+« I van der Waals interaction (3.96 A). At the same
time, the I3..-14 distance is 2.779 A, which is only 0.019 A
longer than the bond in the iodine molecule calculated by the
same method, 2.760 A.

Bonding in L-shaped gold trihalides: This rather intriguing
structure can be rationalized by qualitative valence bond
(VB) considerations. Figure 7 shows three different types of
canonical Lewis structures (A —C) possible for this molecule.
In each of these structures the gold atom has an expanded
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valence shell in which the 5d : X; .:'A'u? :3'(3:
electrons are also taken into - - :)\<=
consideration. A "4
In the NBO analysis that we ]
carried out for all molecules, S Au*)'if
two-center bonds and lone pairs w2 et
are localized, and only one B R
sigma bond between Au and !
X2 and one sigma bond be- e
tween X3 and X4 are consid- KA X
ered. Hence, the NBO Lewis X

picture corresponds to struc- c

ture C (Figure 7). This structure ~ Figure 7. Canonical  Lewis
describes the molecule as con- ~ Structures of L-shaped AuX.
sisting of two separate, closed-

shell fragments, AuX and X,. This is indicated, for example,
by the partial charges. For the gold atom as well as for the X2
atom of the L-shaped trihalides, the partial charges are almost
the same as in the corresponding monohalides (see, Table 4).
On Au they change from +0.56 in AuF; to +0.27 in Aul;, an
indication of an increasing covalent character for the heavier
halides. For all species the partial charges of the X—X unit are
almost zero (<0.1) indicating that the Lewis structure C is the
best description of the system. The slightly positive charges on
X3 arise from the resonance with structure B (vide infra).
Structure A in Figure 7 represents an ionic structure that does
not seem to play an appreciable role.

In line with the idea of closed-shell - closed-shell interac-
tions, and considering the L-shaped molecule as a donor—
acceptor molecule, we looked into the intramolecular donor—
acceptor interaction between the two closed-shell fragments.
We found a strong interaction between the p-type lone pair of
X3 of the X, unit with the antibonding sigma orbital (o*) of
the AuX unit for all species. This can also be envisioned as
resonance between structures C and B, and the corresponding
sigma bond can be considered as a 4-electron 3-center bond.
The energy associated with this resonance was estimated by a
second-order perturbation approach; it is largest for the
iodide (79 kcalmol') and decreases toward the fluoride, for
which it is 28 kcalmol~! (see Table 5).[! Separation of the
total interaction between these two fragments (AuX and X,)
shows that mostly the orbitals of the X, fragment represent
the donor orbitals and the AuX orbitals the acceptor orbitals.
The overall charge transfer from the X, unit to the AuX unit is
largest for Aul; and decreases along I > Br > Cl, with a charge
transfer in the opposite direction (AuF — F,) for the fluorine
species (see Table 5). Landis and co-workers have developed
a valence-bond model that works very well in predicting
molecular shapes not only for main group elements but also
for molecules of transition metals.*®! Their prediction is in
agreement with our findings. Strong ionic-covalent reso-
nance rationalizes “hypervalent” bonding; such resonances
are usually largest for a linear arrangement of the electron-
pair bond and the electron pair localized on the ligand.

Table 5 also lists the bond orders (BO) in the L-shaped
trihalides. The covalent BO for the Au—X3 bond is less than
half of the value for the Au—X2 bond, thus indicating that
structure C should have a larger weight in the resonance
scheme. The estimated natural localized molecular orbital
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Table 5. Bond orders, donor-acceptor interactions [kcalmol™!], charge
transfer g, in €],[?l and orbital energies [au]® in L-shaped AuX; molecules.

F Cl Br 1
bond order
Aul—-X2 04383 04518 04893  0.5446
Aul—-X3 0.1150 02005  0.2147  0.2256
X3-X4 0.8675  0.8705  0.8655  0.8678
donor—acceptor interactions
SE® [X2—Aul — X3—-X4] 6.41 19.52 26.48 21.88
SE® [X3-X4 — X2—Aul] 39.62 116.63 13042 127.32
Total E® 46.03 136.15 156.9 149.20

E@[pLP(X3) - o*(Aul-X2)] 27.87 6563 7488 7899

charge transfer
G (XX — AuX)

HOMO -LUMO gap
HOMO (X—X), (m,)
LUMO (Au—X), (o)
gap (HOMO-LUMO)

—0.0283  0.0493  0.0775  0.1265

—0.66139 —0.45396 —0.41119 —0.36280
—0.03431 —0.03815 —0.03727 —0.03599
0.62708 0.41581 0.37392  0.32681

[a] At the B3LYP level. [b] HF orbital energies at the CCSD(T) geometry.

(NLMO) covalent bond orders*! for the AuX unit decrease
as expected from I > Br > Cl > F, with increasing polarization
of the Au—X bond. The X3—X4 bond order is almost the same
in all species indicating that mainly non-bonding donor
orbitals (lone pairs on X,) are involved in the interaction
between the two units.™!

In the interaction of X, with AuX, the LUMO of AuX is an
antibonding 0,* molecular orbital, while the HOMO of X, is
an antibonding 7, MO, which describes lone-pair electron
density. The HOMO - LUMO gap increases in the order I, Br,
Cl with the largest gap of about 0.63 au for the AuF/F, system.
Of course, consideration of only HOMO-LUMO interac-
tions, while being didactic and helpful in understanding the
factors leading to certain structures, is an oversimplification;
several other orbitals also take part in the Lewis acid/base
interaction. Inspection of the molecular orbitals of the
L-shaped structure shows a large number of bonding, non-
bonding, and antibonding interactions between the two
fragments as indicated by a few MOs of Aul; in Figure 8. In
contrast to the T- and Y-shaped AuX; molecules, in which

‘5
i

Figure 8. Some of the MOs in L-shaped Aul; (HF orbitals at the MP2
geometry).
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there was practically no = interaction in the heavier halides
(see Figures 4 and 5), there are not only o-type MOs, but also
strong (in- and out-of-plane) 7 interactions for L-shaped Aul;
(see Figure 8). The sigma-type MOs mainly involve the 6s and
5d orbitals, while the m-type involve only 5d orbitals on gold.

The donor—acceptor interaction, used above to describe
the bonding in L-shaped AuX; molecules, is but one example
of the so-called closed-shell interactions that have received a
great deal of attention in recent years.* 5!l They comprise all
intermolecular interactions, such as hydrogen bonds, donor—
acceptor (Lewis acid/base) or charge-transfer bonding, metal-
lophilic interactions, and any other attractive interactions
between atoms and molecules. They are especially often
encountered with large atoms of which gold and iodine are
ideal representatives. Suffice it to mention two examples; one
is the L;P - I, donor — acceptor complexes, for example, Ph;P x
I,, in which one of the iodines is attached to P with a charge-
transfer bond and has a close to linear P-I-I configuration.5?l
In this molecule the I-I bond is considerably longer
(3.16(2) A) than in free iodine, and this can be explained by
the fact that electron density shifts from the lone electron pair
of phosphorus to a o* orbital of the iodine molecule. Another
example is I;~, which was described recently as a donor—
acceptor molecule between I, and I-, with I, acting as the
acceptor and I~ as the donor, just as in PhyP-1,.?% The same
authors showed that the bonding in 15~ could also be described
as a hypervalent bond; implying equivalence between the two
bond descriptions.

The bonding in the L-shaped AuX; molecule is different
from the above two examples in that here the X, molecule is
primarily the donor and the AuX molecule the acceptor. The
geometrical parameters show this difference; in the L-shaped
AuX; system the X—X distance is almost the same as in the
free X, molecule, for example, r(I-1)=2.779 in L-AuX;
versus 2.760 A in the iodine molecule (CCSD(T)).55%

The different roles of I, in I;~, being the acceptor, and in
Aul;, being the donor, are reflected by the differences in the
geometries. I;~ is linear and, as argued by Hoffmann et al. "]
this indicates that orbital interactions are important in the
molecule; the linear shape leads to larger overlap between the
p orbital of I~ and the o orbital of I, and, thus, to stronger
bonding in the linear configuration. The Au-I-I fragment in
our L-shaped AuX; molecule is different in this respect. The I,
molecule acting as the donor and Aul as the acceptor explains
the bent shape of the molecule. With bending the molecule,
the overlap between the iodine & system and the o orbital on
Aul increases, and this stabilizes the system. The covalent
character of the AuX; molecule increases from the fluorides
towards the iodides, and this is in accord with the fact that the
Au-I-1 bond angle decreases in this order, from 109° in AuFj;,
to 101° in Aul;.

The bent shape of the Au-I-I fragment can also be
explained by the pseudo-Jahn —Teller effect (PJTE). Bersuker
et al.’¥ have recently studied the I; molecule and its positive
and negative ions and have shown that the bent shape of I,
and I;* (in contrast to I;7) can be explained by this effect. The
PJTE describes the coupling of the ground electronic state (of
the linear configuration) with the excited electronic state
through bending, which increases the covalent bonding
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character of the molecule through new o—m overlaps. This
reasoning applies to the L-shaped Aul; molecule as well.

It has been shown recently that metal iodides with excess
iodine are capable of replacing polyiodides in crystals.['"]
Among others, the [Aul,]~++ I, system was found to have an
L-shaped structure, essentially similar to that of Aul;.

Gold monohalide and trihalide dimers

Structure and bonding: We have collected the first consistent
set of data for the dimers of gold monohalides and trihalides.
The few scattered earlier studies on Au,F,,l'>?1 Au,Cl, 14
Aw,X, (X=Cl, Br, 1),Pl Au,F*3 1 and Au,Cl** 3 are in
general agreement with our data. All dimers are planar
molecules with two bridging halogen atoms connecting the
two monomeric units.

The bridging bonds in all dimers are significantly longer
than the corresponding ones in the monomers; this difference
decreases gradually from the fluoride toward the iodide, from
0.275 A in the fluoride to 0.217 A in the iodide for Au,X,. As
it was shown previously,?? 3! relativistic effects reduce the
bond lengths of the dimers, but to a lesser extent than in the
monomers, by 0.090 and 0.148 A in AwF, and Au,Cl,,
respectively. Comparison of the monomer and dimer bond
lengths for the trihalides is more difficult because of the two
different types of bond lengths in the monomer trihalides and
their changing shape as going from the trifluoride to the
triiodide. For these dimers comparison of the terminal and
bridging bonds within the same molecule is of interest. This
difference (bridging/terminal) decreases from the trifluorides
to the triiodides from 0.16 A in Au,F; to 0.07 A in Au,l,. The
latter is unusually small, which may indicate that neither Aul;
nor Au,l; is very stable.

The most interesting feature of the Au,X, dimers is their
extremely short Au--- Au distance. This is the result of the
well-known aurophilic interaction, which is one of the typical
examples of the strong closed-shell interactions.l The auro-
philic interaction is especially pronounced with soft ligands,
and generally with larger atoms as observed earlier with
numerous complexes.[! Our re-
sults for the Au,X, dimers is in
agreement with this observa-
tion; the Au--- Au distance de-
creases along the series from
2951 A in AwF, to 2.792 A in
Awl, in accordance with the
increasing covalent bond order
calculated for Au-.+Au (Ta-
ble 4). The Au-:-Au distance
in Awl, (2792 A) is shorter &
than the Au—I bond length
(2.807 A). This is in agreement
with the earlier results of
Schwerdtfeger et al.,’!! who
calculated much shorter dis-
tances for both, Au---Au
2758 A versus Au-l 2.787 A.
The gold - gold distance can be
expected to be even shorter if
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larger basis sets on Au are applied, as our trial calculations
with two additional f polarization functions indicated (see
Table 1). For comparison, the Au— Au bond length in the Au,
molecule is 2.472 A from experiment!™ and 2.45,15 2.486,50
and 2.488 A7 from computation. The Au--- Au distance in
the zig-zag chain of the gold monoiodide crystal is 3.08 A,
with a Au—T bond length of 2.62 A 43

The Au---Au distance decreases with increasing Au—X
distances going from F to I, and this results in a substantial
opening of the X-Au-X angles along the series, from 97.1° in
Au,F, to 120.4° in Au,l,. In contrast, the endocyclic bond
angles in the Au,X; molecules show constancy at about 87°
(except 79° in Au,F;) and their Au--+ Au distances increase,
accordingly, from the fluorides towards the iodides. These
distances are also considerably longer than in the dimers of
the monohalides. The more normal behavior is the result of
several factors, among them the enhanced role of d orbitals in
the valence shell in the trihalides and their decreasing stability
towards the heavier halogens. However, in Au,Fy and Au,Cl,
even the trihalide dimers have a certain amount of direct
interaction between the gold atoms in the central ring, as
indicated by their molecular orbitals in Figure 9, but much less
than in the Au,X, molecules.

The major difference between the Au,X, and Au, Xy dimers
is that in the former there are both o- and n-type molecular
orbitals participating in the Au--- Au interaction; while in the
latter only o-type Au--+ Au overlaps are found (see, Figure 9).
The two MOs (a, and b;,) represent four-center bonds for
AwF, and Au,Cl, with rather large coefficients on the
halogen. At the same time these MOs look like two-center
Au--- Au interactions in Au,Br, and Au,l,, with the halogen
coefficients being almost zero. In these last two molecules the
maximum of the electron density is in the middle of the Au---
Au axis, and this is in accord with finding the shortest gold -
gold distances in the two heavier Au,X, molecules. Although
there are m-type MOs in the Au,X; molecules as well, the
overlap is almost zero. There is an almost constant 5d
population of 9.92-9.93 e in Au,X,, while the 5d population
in Au, X increases from 8.91 e in Au,Fg to 9.60 e in Au,l,. The

C ] i [ ]

oo o890 oo

Figure 9. Molecular orbitals showing intra-ring Au--- Au interactions in Au,X, and Au,X; (HF orbitals at the
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6s population increases in both species from the fluorides to
the iodides (Table 4). The electronic populations of the
T-shaped monomer and the dimer are almost identical,
whereas in Au,X, a smaller 6s but a larger 5d population is
found than in the monomers. It is interesting to note that the
partial charge difference of gold between Au,X, (formal
gold(1)) and Au,X, (formal gold(imr)) molecules decreases from
0.8 in the fluorides to 0.1 in the iodides.

Dimerization and decomposition: Reaction energies, temper-
ature corrected enthalpies, and Gibbs free energies of several
decomposition and dimerization reactions are given in
Table 2. Both dimerizations are exothermic, but the energy
gain in the dimerization of AuXj is much larger, by about 53
(AuF;) to 10 kcalmol~! (Aul;), than that of AuX (CCSD(T)).
The dimerization energy of AuX; decreases for the heavier
halogens; the opposite trend was found for the dimerization
of AuX, indicating the change in relative stability from AuF;
(more stable than AuF) to Aul; (less stable than Aul) in the
solid state. Our computational results are in accord with this.
All decomposition reactions of AuX; (to AuX + X,) were
estimated to be endothermic but decreasingly from AuF; to
Aul; (58 vs 7kcalmol™). It should be noted that the
computations were carried out for the isolated (gas-phase)
species, thus certain differences from solid-state experimental
data can be expected. Hence solid-state (lattice and solvents)
effects may be responsible for the instability of Aul; with
respect to its spontaneous decomposition into Aul and I,.
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Novel Oxorhenium and Oxotechnetium Complexes from an
Aminothiol[NS]/Thiol[S] Mixed-Ligand System

Penelope Bouziotis,'*! Ioannis Pirmettis,/*! Maria Pelecanou,®! Catherine P. Raptopoulou,/*!
Aris Terzis,'! Minas Papadopoulos,®! and Efstratios Chiotellis*!*!

Abstract: The simultaneous action of a
bidentate aminothiol ligand, L"H, (n=
1: (CH;CH,),NCH,CH,SH and n=2:
CsH,(NCH,CH,SH) and a monodentate
thiol ligand, LH (LH: p-methoxythio-
phenol) on a suitable MO (M=Re,
9%Tc) precursor results in the formation
of complexes of the general formula
[MO(L")(L);] (1, 2 for Re and 5, 6 for
2¢Tc). In solution these complexes grad-
ually transform to [MO(L")(L),] com-
plexes (3, 4 for Re and 7, 8 for *¢Tc).
The transformation is much faster for
oxotechnetium than for oxorhenium
complexes. Complexes 1-4, 7, and 8
have been isolated and fully character-
ized by elemental analysis and spectro-

dal (r=0.06), with four sulfur atoms
(one from the L'H ligand and three from
three molecules of p-methoxythiophe-
nol) in the basal plane and the oxo group
in the apical position. The L'H ligand
acts as a monodentate ligand with the
nitrogen atom being protonated and
hydrogen bonded to the oxo group.
The four thiols are deprotonated during
complexation resulting in a complex
with an overall charge of zero. The
coordination geometry around rhenium
in complex 4 is trigonally distorted
square pyramidal (r=0.41), while in
the oxotechnetium complex 7 it is
square pyramidal (zr=0.16). In both
complexes L"H acts as a bidentate

ligand. The NS donor atom set of the
bidentate ligand and the two sulfur
atoms of the two monodentate thiols
define the basal plane, while the oxygen
atom occupies the apical position. At the
technetium tracer level (*"Tc), both
types of complexes, [*"TcO(L")(L)]
and [*"TcO(L")(L),], are formed as
indicated by HPLC. At high ligand
concentrations the major complex is
[#=TcO(L")(L);], while at low concen-
trations the predominant complex is
[*"TcO(L")(L),]. The  complexes
[#mTcO(L")(L);] transform to the stable
complexes [*"TcO(L")(L),]. This trans-
formation is much faster in the absence
of ligands. The complexes [*™TcO-

scopic methods. Detailed NMR assign-
ments were made for complexes 3, 4, 7,
and 8. X-ray studies have demonstrated
that the coordination geometry around
rhenium in complex 1 is square pyrami-

Introduction

Technetium, an element belonging to Group 7 of the Periodic
Table, has been extensively used in formulating diagnostic
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(L")(L),] are stable, neutral, and also
the predominant product of the reaction
when low concentrations of ligands are
used, a fact that is very important from
the radiopharmaceutical point of view.

. rhenium -
technetium

radiopharmaceuticals for scintigraphy and single-photon
computed tomography (SPECT) imaging studies in patients.!!
In the last 15 years more has been learned about Tc chemistry
than in all the previous years since its discovery in 1937. This
has resulted in the preparation of a great number of novel
“mTc compounds and has produced many useful radiophar-
maceuticals with a tremendous impact on the development of
diagnostic nuclear medicine. Technetium radiopharma-
ceuticals like ™ Tc-HMPAO, *™Tc-ECD, *"Tc-MIBI, *™Tc-
MAG:;, and *™Tc-tetrofosmin are now common diagnostic
tools.

Rhenium, which also belongs to Group 7, exhibits many of
the chemical properties of technetium!? and investigations of
rhenium coordination chemistry are often performed in
conjunction with technetium, providing a non-radioactive
alternative to working with technetium radioisotopes. Fur-
thermore, the S-emitting radionuclides **Re and '®*Re are of
great interest to nuclear medicine as they possess physical and
nuclear properties favorable for use in systemic radiother-
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apy.®! Further studies on the chemistry of technetium and
rhenium will eventually lead to the design of suitable back-
bones that will be used for the optimum labeling of specific
peptides and biomolecules. Therefore, these studies play an
important role in the development of novel diagnostic and
therapeutic radiopharmaceuticals.

Many studies have recently been reported on the design of
mixed-ligand oxorhenium and/or oxotechnetium complexes
containing monothiolato and tridentate derivatized thiolato
ligands in a “3+1” combination.! The major advantage of the
mixed-ligand system is the ease with which one ligand can be
substituted for another, resulting in a wide variety of “3+1”
mixed-ligand complexes. These compounds have been bio-
logically evaluated as brain perfusion agents®! or as specific
radiopharmaceuticals for brain receptor imaging.!! Since
sulfhydryl-containing ligands provide ideal molecules for the
synthesis of oxorhenium and oxotechnetium complexes, our
interest is currently focused!”! on the investigation of other
mixed-ligand systems that contain thiol residues, among
which are the bidentate aminothiol [NS] and monodentate
thiol [S] ligand systems. In contrast to the “3+1” mixed-ligand
system SN(R)S/S,> 81 the formation of stereoisomers can be
avoided by symmetric substitution on the nitrogen of the
aminothiol ligand, while the advantages of the “34-1” system
still remain.

In the present study we report the synthesis and character-
ization of novel oxorhenium and oxotechnetium complexes of
the general formulae [MO(L")(L);] and [MO(L")(L),], in

Abstract in Greek:

H tautdxpovn enidpoon uwiag¢ dLdpaotixkng BgidAng,
L"H, (n=1: (CH;3CH;),NCH:2CH,S5H kat n=2 CsHoNCH,CH,SH)  kat
pLag povodpaotitkAG 8g1dAng, LH (LH : p-methoxythiophenol)
of pla xaT&AANAR npddpoun £veon tou ReO divel oUpnioxka 10U
vEVLKOU tUmou ReOL'/(L); 4 ReOL®/({L); (1 fj 2). Ta OUURACKX
eivol ctabepd otnv atTepen p&on aAN& [o13 Sté&Avpo
petatpénoviar  otadLokd  Of  OUUNAOKX  TOU  YEVLIKOU tUnou
ReOL‘/(L)Z,\ ReOLZ/(L)z onwg enitfefoidbnke pe HPLC xat NMR.
Ta dUo gUunioxa oxnuatiloviat og eninmedo texvniiou-99g To
50o oUunioka oxnuotiloviat oe eninedo  texvnrtiou-99g
XPNOLHOnoLOvIag oav npddeouo oURRIANOKO 10 994’T::O—gluc:onate
(**9TcOL'/ (L)s, 5, n **°TcOL*/(L)s, 6, kot °*9TcOL'/(L)z, 7, f
*99TOL%/ (L),, 8) o6mwg anodeikvieta: upe tnv HPLC. Opwg, pe
v n&podo tou XpOVou 1o oUHnAoxa 5 KoL 6 petaTpénoviat
€L’ OAOKAfpoU ota oUpnAoka 7 kot 8 avii{ctoiya. Ta oUpnioko
1, 2, 4, 7, koL 8 anopovodnkov Kat Xapaxkinpeloinkav OAHLeg
pe  otolxeLoxn avéivon Kot QACUXTOCKONIKEG HEBOSOUG.
Kpuotaddoypapia axtiveov~-X £3e1ge 61l n  vyeopeipio toU
oupnAdkou 1 eival tetpoaynvikl nupapida (t = 0.06), uc
téoogpa &topa Oelou va oxnpotrilouv tnv pdon tng nupopdag
KoL 1 0§60 opdda va xataAhopBdver tnv Kopueh tng nupap{dag.
To L'H Sp& oav uOVOSPAOT LKOC UNOKATAOTAING, 10 &IOTO £ivat
npetoviewpévo kKot undpxetr deopdg udpoydvou ue v 0fo
op&da. Etol, pe tnv anonpeioviwon 1oV 1e00dpev  Og LOAGVY
Xatd 10V avii(dpaon ocuvappoyhg, To woéplo eivot oudétrepo. H
veopetpla 1ou 4 £ival TPLYOVLKOG NOPUUOPPWREVT) TETPAYLV LKL
nupapida (1t = 0.41) evd n  vyeousipia tou T gival
TETPayeVik nmupopida (1t = 0.16). ZSta 300 OUPDAOKX 10
paocikd eninedo tng nupapidag opidetaxt andé 10 &tOoMO TOU S
kot Tou N tou &18pxotikol vnokataotdtn, L°H, kol dUo &toux
S and dUo povodpactikEg BeldAeg. H 6fo opdda kataAoufévet
NV Kopuen Ing nupopidag xat otx dUo oUpnmioka. Ou 1pei¢
BeLOAEG QIUONPOTIOVLIAVOVIXL KXTA TNV SLAPKELA TNG OUVAPUOYLHS
Kot T oUpndoxa eivat oudétepa. ISiag Soung oUPNAOKX
(*™TcOL®/(L); kot °™TcOL®/(L);) oxnuatiloviat o€ eninedo
Lxvneétn (**™Pc) kaL n HETKED ToUg avadoyia sfapthrar and
TNV CUYKEVIPWON TV  XNHLKOV UNOKATXOTATOV. ZE  XUUNAEG
CUYKEVIPQOELS, To KUpLo mpotdv 1ng aviidpaong eivat 1o
#mMTCOLY/ (L), OUUNAOKO, 10 ONO{o eival otadepd of uUdalLkd
neptpf&irov. To vyeyovdog autd deixvetr O1L 10 oUotnua
#mPCOLM/ (L), unopel va  xpnoiponoin®el yia tnv  ovéantuin
P0S L oPAPUAKWY .
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which M =Re, *¢Tc, and *™Tc. A bidentate aminothiol
ligand, L'H (n=1: (CH,CH,),NCH,CH,SH and n=2:
CsH,(NCH,CH,SH), and a monodentate thiol ligand, LH
(LH: p-methoxythiophenol), react with a suitable ReYO or
98TcYO precursor to produce neutral oxorhenium and
oxotechnetium complexes. The aminothiol L"H acts as a
monodentate ligand coordinating only through the sulfur
atom, while three aromatic monothiols, LH, occupy the three
vacant positions of the equatorial plane, producing
[MO(L")(L);] complexes of the [S][S]; type (Scheme 1,

[MO(L")(L);] (R);N M
(C;Hs)pN Re

CsHyN Re

Ry N---~Tk, 1

(C;Hs),N 99T

: ) 6 CsH gN 98,
Q Q 9 (CHs)N 99mp
OCH, OCH, " -

[MO(L")(L)s]
MOL")(L),] R),N M
9 3 (CHs)N Re
S\(“TDN R, 4 CsH N Re
S/ \S 7 (C;Hs),N 99
Q Q 8 CsHoN 987,
OCH; OCH, 11 (CHs),N 9om
MO(L"}L),] 12 CsH N 99m.

Scheme 1. Structures of the mixed ligand complexes.

complexes 1, 2, 5, and 6). In solution, the nitrogen of the L"H
ligand subsequently coordinates to the metal core with the
expulsion of one monodentate thiol to give [MO(L")(L),]
complexes of the [NS][S][S] type, “2+1+1” combination
(Scheme 1, complexes 3, 4, 7, and 8). Both types of complexes
have been isolated and fully characterized for rhenium.
Although both types of complexes are formed for
the technetium carrier (*®Tc), only the complexes
[*¢TcO(L")(L),] have been isolated. For the technetium
tracer (*™Tc) both types of complexes are also formed, as
indicated by HPLC studies, with the ratio between
[*TcO(L")(L),] and [*™"TcO(L")(L),] greatly dependent on
the concentration of ligands in the reaction mixture.

Results

The synthesis of the bidentate ligands was performed
according to reported procedures.

Synthesis and isolation of [ReO(L")(L);] and [ReO(L")(L),]
complexes: Three methods were successfully employed for
the synthesis of the oxorhenium mixed-ligand complexes. The
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synthesis of the complexes was based on ligand exchange
reactions with [ReOCI;(PPh;),],'” rhenium(v) gluconate,"!
or thenium(v) citratel'? as precursors (Experimental Section,
Methods A —C) in the presence of an equimolar quantity of
the bidentate ligand L"H and an excess of monodentate thiol
LH (molar ratio of Re-precursor/L"H/LH =1:1:3). Rhe-
nium(v) citrate and rhenium(v) gluconate were used in situ
as formed by reduction of ReO,~ by Sn™. The in situ method is
commonly used in the development of rhenium radiophar-
maceuticals because radioactive rhenium comes in the form of
perrhenate salt. All three methods gave approximately the
same yield of product.

The reaction products were extracted in dichloromethane.
In each case, HPLC analysis of the crude reaction mixture
revealed the presence of one product peak with a retention
time of approximately 18 minutes (Figure 1 trace A). After

014

P T E A — B

=3
8

o
8

Absorbance

0.04 |

0.02

0.00 }—

minutes

Figure 1. HPLC analysis (UV recording at 450 nm). A: Organic extract of
the crude reaction mixture; only one product (2) is present. B: Recrystal-
lization solution; formation of a second product (4) is observed. C: The
green crystals (4) isolated from the recrystallization process of 2.

precipitation, the brown product isolated was characterized
and proved to be [ReO{(CH;CH,),NHCH,CH,S}-
(SC(H,OCH;);] (1) for the L'H ligand and [ReO-
{CsH,(NHCH,CH,S}(SC¢H,OCHs;);] (2), for the L?H ligand.

During the recrystallization process of 2, in order to obtain
crystals suitable for X-ray studies, a gradual change in the
color of the solution was observed. HPLC analysis of this
solution revealed the presence of a small amount of an
additional complex with a retention time of 22 minutes
(Figure 1 trace B). After a series of recrystallizations, green
crystals were finally isolated and proven by X-ray analysis to
be the [ReO(L?)(L),] product, [ReO(CsH;,NCH,CH,S)-
(SC,H,OCH,),] (4). HPLC analysis of the crystals of 4 gave
the peak at 22 minutes, proving that the crystallized product is
the one generated from 2 (Figure 1 trace C). Similarly, HPLC
analysis of 1 indicated the existence of a small amount of
[ReO{(CH;CH,),NCH,CH,S}(SCsH,OCHs;),] (3) at approx-
imately 22 minutes.

Chem. Eur. J. 2001, 7, No. 17
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Our findings indicate that in solution, the complexes
[ReO(L")(L)s], with three coordinated monothiols, gradually
transform into the complexes [ReO(L")(L),], with two
coordinated monothiols.

Complexes 1, 2, and 4 gave correct elemental analyses.
Complex 3 was not subjected to elemental analysis, since it
was never isolated in pure form. The IR spectra of 1, 2, 3, and
4 exhibit strong Re=0 stretching bands at 949, 943, 960, and
958 cm™! respectively. These values are consistent with those
reported for several other well-characterized mono-oxo
complexes of rhenium.!®! X-ray crystallographic data for 1
and 4 and NMR data for 3 and 4 are presented below.

Complexes 1 and 2 are brown, while 3 and 4 are green. They
are slightly soluble in dichloromethane, chloroform, metha-
nol, and ethanol and are insoluble in ether, pentane, and
water. They are stable in the solid state for a period of months,
and their stability is not affected by the presence of air.

Synthesis and isolation of [**TcO(L")(L);] and
[*¢TcO(L*)(L),] complexes: The oxotechnetium mixed-
ligand complexes were prepared in a similar manner to the
oxorhenium complexes by the reaction of the bidentate
ligands L"H (n=1 and 2) and the monodentate thiol (LH)
with *¢Tc-gluconate precursor!'¥ in a ratio of*¢Tc-precursor/
L"H/LH =1:1:3. In each case, after extraction of the reaction
mixture with dichloromethane, HPLC analysis of the organic
phase revealed the presence of two complexes (Figure 2

0.150
0.125 4
0.100 4

0.075

%

0.025 1

0.000

minutes

Figure 2. A: HPLC analysis of the crude reaction mixture from the
preparation of 5 (organic extract); two complexes, 5 at 18 min and 7 at
22 min, are present. B: HPLC analysis of the above solution three days
later; 5 has been converted to 7. C: HPLC analysis of the crystalline
precipitate (complex 7).

trace A). The major product was eluted at 18 minutes and the
minor one at 22 minutes. These retention times were the same
as those of the oxorhenium complexes [ReO(L")(L);] (1, 2)
and [ReO(L")(L),] (3, 4) suggesting the formation of analo-
gous oxotechnetium complexes, [*¢TcO(L")(L);] (5, 6) and
[#¢TcO(L")(L),] (7, 8). Three days later, HPLC analysis
showed that the peak at 22 minutes became the predominant
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peak (Figure 2 trace B) indicating a quantitative transforma-  Table 2. Selected bond lengths [A] and angles [°] of complexes 1, 4, and 7.
tion of complexes 5 and 6 ([**TcO(L")(L);]) to 7 and 8 Complex 1 Complex 4 Complex 7

99g’ n : . .
([ éTcO.(L )(L),]) respc;cFlvely. Meanwhlle, in each‘ case, a L 7o) 1.6895) Re-O1 166(2)  Teol 1.65905)
crystalline product precipitated with an HPLC retention time  ge—g1 2340(2) Re-N1 2232) Te-N1 2.256(7)
of 22 minutes (Figure 2 trace C). Elemental analysis, X-ray = Re-S2 2.327(2) Re-S1 2.287(6) Tc—S1 2.289(3)
crystallography, and spectroscopic methods confirm that the = Re=S3 2.335(2) Re—S2 2.310(5) Te=S2 2.329(3)
crystalline complexes were [*¢TcO{(CH;CH,),NCH,CH,S}- Re~54 2345(2)  Re-S3 2295(5)  Te=S3 2294(3)
(SCH,OCH,),] (7) in the case of the L'H and O1-Re-S2  109.8(2) O1-Re-N1  97.6(7) O1-Te-N1  105.3(3)
90 ) S2-Re-S3  84.3(1) O1-Re-S1  115.8(6) O1-Te-S1  111.3(2)
[*#TcO(CsHpNCH,CH,S)(SCH,OCH;),] (8) in the case of ¢y pegi 1432(1)  NI-Re-Sl  813(4)  NI-TeSl  81.3(2)
the L?H ligand. We are once again led to the conclusion that  O1-Re-s4 107.2(2) O1-Re-S3  111.8(6) O1-Tc-S3  106.6(2)
the [**TcO(L")(L);] complexes gradually convert to the S3-Re-S4  146.7(1) N1-Re-S3  84.9(4) NI1-Tce-S3  148.1(2)
[*¢TcO(L")(L),] complexes. The conversion is much faster ~©O1-Re-83  106.1(2) ~ SI1-Re-S3 ~ 1317(2) ~ SI1-Te-S3  862(1)
in the case of technetium than in the case of rhenium OL-Re-S1 106.9(2) Ol-Re-§2 105.9(6) Ol-Te:S2 11002)

- : S3-Re-SI  854(1)  NI-Re-S2  156.5(5)  NI-Te-S2  833(2)

The IR spectra of complexes 7 and 8 exhibit strong Tc=O gy re.s4 853(1) S1-Re-S2 87.4(2) S1-Te-S2  138.4(1)

stretching vibrations at 938 and 942 cm™!, respectively, which ~ S1-Re-$4 84.2(1) S3-Re-S2  111.1(6) S3-Tc-S2 87.0(1)

is consistent with other values reported for oxotechnetium
species.['’ The crystallographic data for 7and NMR data for 7
and 8 are presented below. Even though good quality crystals
were obtained for 8, complete X-ray analysis was not carried
out since the calculated unit cell parameters indicated that the
complex was isostructural to 4.

Complexes 7 and 8 are reddish-brown crystalline solids,
soluble in dichloromethane and chloroform, slightly soluble in
ethanol and methanol, and insoluble in pentane and water.
They are stable in the solid state and in solution, as confirmed
by HPLC and NMR studies.

X-ray crystallographic studies of complexes 1, 4, and 7:
ORTEP diagrams of complexes 1, 4, and 7 are shown in
Figures 3, 4, and 5, respectively, while a summary of crystal
data, and selected bond lengths and selected angles are given
in Tables 1 and 2, respectively.

In complex 1 the coordination geometry around rhenium is
square pyramidal, with four sulfur atoms in the basal plane
and the oxo group in the apical position (Figure 3). Three of
the four sulfur atoms of the basal plane come from the
monodentate thiol ligands, while the fourth belongs to the

Figure 3. ORTEP diagram of complex 1.

L'H bidentate ligand, (CH;CH,),NCH,CH,S—, which acts as a
monodentate ligand, with the nitrogen atom being protonated

Table 1. Summary of crystal data for complexes 1, 4, and 7.

1-0.2CHCL, 4 7-0.5H,0
formula C,;,H3,Cl (NO,ReS, C,;H,sNO;ReS; CyyHyNO;5S;Te
M, 776.92 624.82 533.65
a[A] 12.651(6) 7.990(5) 25.19(2)
b[A] 13.276(6) 18.091(9) 9.320(6)
c[A] 20.22(1) 16.302(9) 23.27(1)
B ] 103.34(2) 99.42(2) 118.84(2)
V [A3] 3304(1) 2324(1) 4786(1)
Z 4 4 8
Peatea [gem ™3] 1.562 1.785 1.481
space group P2)/c P2,/n C2/c
T [K] 298 298 298
u [em™] 4.010 5.519 0.886
octants collected h.k,+1 hk,+1 +hk,—1
GOF on F? 1.032 1.158 1.035
R1 0.0382I21 0.0877M1 0.05390l
wR2 0.1051121 0.202011 0.1228[

[a] For 4497 reflections with />20(I). [b] For 2669 reflections with />
20(I). [c] For 2300 reflections with 1> 2o(J).
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and hydrogen bonded to the oxo group (H--- O1 =2.48(7) A,
N---01=3.429(8) A, N-H---O =154°). The rhenium atom
lies 0.70 A out of the basal plane of the square pyramid
toward the double-bonded oxygen. The angles between the
opposite atoms of the basal plane (S2—Re—S1=143.24(7)°
and S3—Re—S4 =146.67(8)°) deviate about 35° from the ideal
180°. However, because of their almost equal values, the
calculated trigonality index (7) is 0.06, a value very close to
zero, which in turn corresponds to a perfect square pyra-
mid.'¥ The Re=0 (1.689(5) A) and the Re—S (2.335(2)-
2.345(2) A) bond lengths are in the ranges observed in other
analogous complexes.[74

The coordination requirements of rhenium in 4 are fulfilled
by the SN donor atom set of the L?H bidentate ligand and the
two S atoms of the monodentate thiols (Figure 4). These
atoms define the equatorial plane of a trigonally distorted
square pyramid, with the oxo group in the apical position. The
calculated value for the trigonality index, 7=0.41, is inter-
mediate between the theoretical values of zero for a square
pyramid and one for a trigonal bipyramid. This is due to the
great difference of ~25° between the angles N1-Re—S2 and
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Figure 4. ORTEP diagram of complex 4.

S1-Re—S3 (156.5(5)° and 131.7(2)° respectively) of the basal
plane and their large deviations from the ideal 180°. Rhenium
lies 0.70 A out of the basal plane toward the apical oxo group.
The chelating five-membered ring in the coordination sphere
adopts the stable envelope configuration with N1 being
0.77 A out of the mean plane defined by Re, C1, C2, and S1, as
is also the case of the technetium analogue presented below.
The dihedral angle of the chelating atoms of the ligand
(S1—C1—C2-N1) is 46.9°. The Re=0 bond length is 1.66(2) A,
similar to the Tc=O bond in the analogous complex 7, which is
1.659(5) A. The M—N1 (M =Re, Tc in complexes 4 and 7,
respectively) bond lengths are 2.256(7) and 2.23(2) A respec-
tively; these values are slightly longer than usual (2.0-
2.21 A),7! but have also been previously observed in analo-
gous rhenium and technetium complexes with trigonally
distorted square pyramidal geometry about the metal.['"!
Finally, the Re—S and Tc—S bond lengths fall in the range of
2.29-2.32 A, as has been observed in other well-characterized
complexes.l'”)

The coordination geometry about the technetium atom in 7
is square pyramidal with the SN donor-atom set of the ligand
and the two S atoms of the monodentate thiols in the basal
plane, while the oxo group is in the apical position (Figure 5).

Figure 5. ORTEP diagram of complex 7.

Chem. Eur. J. 2001, 7, No. 17
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Technetium lies 0.69 A out of the basal plane toward the oxo
group. The angles between the opposite atoms of the basal
plane deviate significantly from the ideal value of 180°
(N1-Tc—S3=148.1(2)° and S1-Tc—S2 =138.4(1)°), resulting
in the distortion of the square pyramid (calculated trigonality
index 7=0.16). The five-membered ring defined by the metal
and the chelating atoms of the ligand exists in the envelope
form with N1 being 0.82 A out of the best mean plane formed
by Tc, C1, C2, and S1. The dihedral angle of the chelating
atoms S1—C1—C2—N1 of the ligand is 45.1°. The bond lengths
in the coordination sphere fall in the ranges observed in
analogous complexes.['7)

NMR studies of complexes 3, 4, 7, and 8: NMR spectra of the
[ReO(L")(L),] (3, 4) and [*¢TcO(L")(L),] (7, 8) complexes
were obtained in CDCI; at 25°C. Assignments were based on
a series of two-dimensional homo- and heterocorrelation
spectra. 'H and C chemical shifts for 3, 4, 7, and 8
are reported in Tables3 and 4. Figure 6 displays the
'H-'H correlation (COSY) spectrum of complex 8. The

Table 3. 'H chemical shifts (d;;) of complexes 3, 4, 7, and 8 in CDCl; at
25°C. The numbering of the atoms is shown in Scheme 2.

3 4 7 8
H1 endo 3.13 3.230 3.14 3.22
H1 exo 2.66 2.73 2.75 2.83
H2 endo 3.37 4.42 3.63 4.30
H2 exo 3.370 3.260 3.240 3.578
H3 4.00, 3.4511  4.94,3.78lal 3.93,3.4411 492, 3.880
H4 1.57 220117761 1.65 2.21111.81
H5 3460220 1971750 3291212 1.91,l1 1.598
Ho6 1.23 1.86,1 1.571  1.22 1.84,a1 1.54(al
H7 - 3.62, 2.1814 3.49,2.13
H2' (H6') 7.49 7.51 7.50 7.53
H3' (H5) 6.91 6.93 6.89 6.90
H7 3.84 3.84 3.84 3.84
H2" (H6") 733 729 7.33 7.30
H3" (H5") 6.85 6.84 6.84 6.82
H7” 3.80 3.80 3.80 3.80

[a] Chemical shifts of overlapping multiplets were defined from the
correlation peaks of the two-dimensional NMR experiments.

Table 4. C chemical shifts () of complexes 3, 4, 7, and 8 in CDCl; at
25°C. The numbering of the atoms is shown in Scheme 2.

3 4 7 8
C1 37.32 38.74 33.69 34.95
C2 64.57 64.87 60.49 60.78
C3 54.06 64.70 52.77 63.77
Cc4 11.84 22.35 11.73 21.91
Cs 51.33 2291 50.58 23.21
C6 7.82 19.72 7.63 19.62
C7 52.56 52.03
Cr’ 143.96 144.62 139.38 139.83
C2' (C-6) 135.97 135.96 136.62 136.59
C3' (C-5) 113.64 113.68 113.65 113.68
Cc4 159.25 159.30 159.29 159.33
Cc7' 55.22 55.22 55.23 55.23
C1” fal 131.96 128.92 128.71
C2" (C6") 134.82 134.80 135.32 135.30
C3" (C5") 113.28 113.29 113.18 113.15
Cc4” 158.48 158.28 158.60 158.55
C7” 55.17 55.16 55.18 55.17

[a] Peak hidden under others.
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Figure 6. 'H-'H correlation spectrum of complex 8 (range 5.2-1.4 ppm)
in CDCl;.

[ReO(L")(L);] complexes in CDCl; gave bunched-up spectra
of low resolution, as can be seen in Figure 7 (bottom
spectrum) for complex 1. Detailed NMR assignments were
not feasible for these complexes.

2n M

initial
spectrum

J

Figure 7. Monitoring the transformation of complex 1 to complex 3 by
NMR spectroscopy.

The NMR spectra of 3, 4, 7, and 8 displayed the basic
characteristics of the aminothiol complexes observed in our
previous studies.® 13 191 Specifically: All geminal protons of
the aminothiol ligand, being diastereotopic, exhibit distinct
chemical shifts. Protons of the S—C1—C2—N part, being on the
same side as the oxygen of the oxometal core (endo protons),
generally appear downfield relative to those on the opposite
side (exo protons) with AJ reaching up to 1.2 ppm in these
types of complexes. Differentiation in chemical shift is also
observed between symmetric protons and carbons of the
diethyl or piperidinyl substituents of nitrogen. Substituents
closer to the oxygen of the oxometal core (syn substituents)
appear to be deshielded relative to those on the opposite side
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(anti substituents). For example, carbons C3 and C4 of the syn
ethyl group in complexes 3 and 7 appear downfield by 2—
4 ppm relative to C5 and C6 of the anti ethyl group.
Correspondingly, in complexes 4 and 8, carbons C3 and C4
of the piperidinyl substituent appear downfield by 12-13 ppm
relative to C7 and Cb6.

The chemical shifts of the protons essentially are not
different in analogous rhenium and technetium complexes. In
contrast, the chemical shifts of carbons close to the metal
center show metal dependence. Specifically, carbons coordi-
nated to rhenium through sulfur (carbons C1, C1’, C1”)
appear downfield by 3—4 ppm relative to their technetium
analogues. For carbons coordinated to rhenium through
nitrogen (C2, C3, C5 in complexes 3 and 7 and C2, C3, C7
in complexes 4 and 8) the difference ranges from 0.5 -4 ppm.

Because of the asymmetry of the molecules, the two
aromatic p-methoxythiophenol substituents are in different
magnetic environments and appear at different chemical
shifts. Distinction of the absolute position of each of the
aromatic substituents was not possible from the NMR data,
and the chemical shifts reported in Tables 3 and 4 are not
position specific.

The transformation of the [ReO(L")(L);] complexes 1 and 2
to the [ReO(L")(L),] complexes 3 and 4 was followed by
NMR spectroscopy. Complexes 1 and 2 were dissolved in
CDCl;, and spectra of the solutions were periodically
obtained (Figure 7). In the methoxy and aromatic proton
region new peaks appeared at dy=3.79, 6.81 and 7.28,
belonging to free p-methoxythiophenol. In the aminothiol
proton region the resonances originally present were replaced
by others corresponding to the [ReO(L")(L),] complexes as
proven by comparison of the NMR spectra with the chemical
shifts of the isolated crystalline [ReO(L?)(L),] complex 4 as
well as with the [**TcO(L")(L),] complexes 7 and 8.

Synthesis of *"Tc tracer complexes: The mixed-ligand com-
plexes with #"Tc were prepared by using equimolar quantities
of the ligands L'H and LH ranging from 2 nmol to 20 pmol
and *"Tc-glucoheptonate as the precursor (Table 5). The
complexes were extracted from the reaction mixture with
dichloromethane. When 2 nmol of the ligands were used, the
labeling yield was 5% as calculated by organic solvent
extraction of the aqueous reaction mixture. By increasing
the quantities of the ligands to 20 nmol we improved the
labeling yield to 50 % . HPLC analysis of the extracted fraction
showed the formation of two complexes (Figure 8 trace A).
The minor peak (20%) had a retention time of 18 minutes,
which was similar to that of the oxotechnetium

Table 5. Percentage yield of complexes 9 and 11 for different quantities of
(CH;CH,),NCH,CH,SH (L'H) and p-CH;0C¢H,SH (LH) ligands used.

L'H LH Extraction Percentage of Percentage of
yield complex 9 complex 11
20 pmol 20 pmol >80 % 93 7
2 pumol 2 pumol 80 % 53 47
200 nmol 200 nmol 80 % 27 73
20 nmol 20 nmol 50% 20 80
2 nmol 2 nmol <5% - -
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Figure 8. HPLC analysis, radiochromatogram, of the organic extract of the
preparation mixture of the complexes at the technetium tracer level (™ Tc)
using 20 nmol ligand (A), and 20 pmol ligand (B).

[*¢TcO(L")(L);] complex (5) and of the oxorhenium
[ReO(L")(L);] complex (1), suggesting the formation of the
[#"TcO(L")(L);] complex (9). The major peak (80%) had a
retention time of 22 minutes, the same as that of
[#¢TcO(LY)(L),] (7), indicating that complex [*™TcO(L!)(L),]
(11) is also formed at the tracer level.

The labeling yield was improved to 80 % by increasing the
amount of ligand to 200 nmol. HPLC analysis of the organic
extract showed a slight decrease in the percentage of 11
(73 %). Further increase of the quantities of the ligands to
2 umol or 20 pmol did not enhance the labeling yield, but had
a strong effect on the composition of the reaction mixture. At
a concentration of 2 pmol the two complexes were in a ratio of
about 1:1. When the concentration of the ligands was 20 pmol,
complex 9 became the predominant product of the reaction at
93% vyield (Figure 8 trace B). When complex 9 was isolated
and analyzed by HPLC after 30 minutes, 24 % of it was
converted to complex 11. Four hours after isolation, 80 % of 9
was converted to 11. Apparently, isolation of 9 from its thiol-
rich environment enhances its transformation into 11. In

Ry N---"Hh,

\

?I) UOCH3
Mo s

w
WA

S S
OCH, OCH,
M=Re, Tc
;__ 4
NR2= © N 5
—
5 6 7 6

contrast, HPLC analysis of isolated complex 11 showed that it
is stable in solution for at least six hours. The same results
were obtained when the bidentate aminothiol L?H was used.

Discussion

Our experimental evidence suggests that interaction of the
MVYO (M =**¢Tc or Re) precursors with the bidentate amino-
thiol ligand L"H and the monothiol LH in ratio of 1:1:3 leads
to initial formation of the [MO(L")(L);] type of complex. It is
important to note that [MO(L")(L);] is formed even when the
monothiol LH ligand is present at the lower ratio of 1:1:1.

The [MO(L")(L);] complexes are of the [S][S]; type with
four deprotonated thiols coordinated to the metal. The overall
charge of the complexes is zero because the nitrogen of the
L"H aminothiol ligand is protonated and hydrogen-bonded to
the oxygen of the M=O core.

The [MO(L")(L);] complexes subsequently convert to
[MO(L")(L),] complexes, with the coordination of the nitro-
gen atom of the aminothiol ligand and the expulsion of one
monothiol (Scheme 2) as evidenced by HPLC and NMR
spectroscopy. This conversion is a ligand substitution process
on the metal center and is expected to be faster for technetium
than for rhenium because of smaller ligand field splittings in
the former metal.”®! A number of examples in the literature
confirm this trend with the reported rate ratio k™/k®° ranging
from about 60 for the rate of unimolecular racemization of
MYV penicillamine complexes®! to about 10* for the bimolec-
ular exchange of pyridine in cationic trans-[M(O),(py)s]*
complexes in nitromethane.”™ Our findings for the trans-
formation of [MO(L")(L),] to [MO(L")(L),] are in agreement
with existing data in the literature, since the oxotechnetium
complexes 5 and 6 transform to the stable 7 and 8 much faster
than their oxorhenium analogues. As a result, in the
oxorhenium case only one complex at 18 minutes, [Re-
O(L")(L)5], is present in the HPLC chromatogram of the
reaction mixture (Figure 1 trace A). On the other hand, in the
oxotechnetium case the second complex at 22 minutes is
always present both in *¢Tc as well as in *™Tc preparations
(Figures2 and 8). Owing to the faster conversion of

10 2
|

S\“/"M'\"’//N R, + HS-@—OCH3

N S »
!

Scheme 2. Transformation of [MO(L")(L);] to [MO(L")(L),] and numbering for the NMR studies.
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[*¢TcO(L")(L);] to [**TcO(L")(L),] it was not possible to
isolate the [**TcO(L")(L);] complexes.

The [MO(L")(L),] complexes of [NS][S][S] type are neutral
and lipophilic. Complexes prepared at the carrier level (Re,
9¢Tc) are stable in the solid state and also in chloroform for a
period of months. At the tracer level, the [*"TcO(L")(L),]
complexes remain stable in dichloromethane and aqueous-
methanolic solutions for a six hour period (typical for
radiopharmaceutical applications of *™Tc), during which
checks were performed periodically with HPLC.

The transformation of [MO(L")(L);] to [MO(L")(L),]
appears to be a reversible process, since its rate is greatly
affected by the presence of the monothiol ligand. Removal of
the product [MO(L")(L);! from the reaction mixture for
isolation and crystallization purposes speeded up its trans-
formation to the [MO(L")(L),] complex. Apparently, the lack
of thiol shifts the equilibrium in Scheme 2 to the right. The
reversibility of the reaction was confirmed when an excess of
p-methoxythiophenol was added in a solution of 7 and 8 in
chloroform, and the complexes converted almost quantita-
tively to 5 and 6 respectively, as witnessed by HPLC.

This existing equilibrium [MO(L")(L);] = [MO(L")(L),
can explain the varying percentages of complexes
[#™TcO(L")(L);] (9) and [*™TcO(L')(L),] (11), summarized
in Table 5, when different quantities of ligands are used during
the synthesis of the oxotechnetium-99m complexes. When
200 nmol of each ligand are used, the excess of p-methoxy-
thiophenol is not high enough, the equilibrium shifts to the
right, and as a result most of the initially formed
[#mTcO(L")(L)s] converts to [*"TcO(L")(L),]. When 20 pmol
of each ligand are used, the high excess of p-methoxythio-
phenol present prevents the fast conversion of
[*"TcOL")(L)s] to [P TecO(L")(L),].

Our investigations on the relative yields of the oxotechne-
tium-99m complexes, [*"TcO(L")(L);] and [*"TcO(L")(L),],
with varying ligand concentrations led to useful information
from the radiopharmaceutical point of view. Specifically, the
finding that the stable product [*™TcO(L")(L),] is preferen-
tially formed at low concentration of ligands is an important
factor in the preparation of *™Tc¢ radiopharmaceuticals, for
which low concentrations of ligands are required.l' Data
obtained so far provide a solid foundation for the develop-
ment of potential diagnostic (**Tc) or therapeutic ('*Re or
188Re) radiopharmaceuticals using the [NS][S][S] mixed ligand
system.

Experimental Section

General: Caution!!! Technetium-99 is a weak f-emitter (0.292 MeV) with a
half-life of 2.12 x 10° years. All manipulations of solutions and solids were
carried out in a laboratory approved for the handling of low-level
radioisotopes. Normal safety procedures were followed at all times to
prevent contamination. Technetium-99m is a gamma-emitter (141 keV)
with a half-life of 6 h. Handling of solutions containing this radionuclide
always proceeded behind sufficient lead shielding.

IR spectra were recorded as KBr pellets in the 4000—500 cm~! range on a
Perkin—Elmer 1600 FT-IR spectrophotometer and were referenced to
polystyrene. 'H (250.13 MHz) and *C (62.90 MHz) NMR spectra were
recorded in CDCl; (Aldrich) on a Bruker AC250E spectrometer equipped
with an Aspect 3000 Computer. Chemical shifts (6, ppm) were referenced
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to TMS. Parameters for the two-dimensional experiments (COSY, HET-
COR, NOESY, etc.) have been previously reported.l® 511 Elemental
analyses were performed on a Perkin—Elmer 2400/II automatic analyzer.

9¢Tc was purchased as ammonium pertechnetate from the Oak Ridge
National Laboratory. The impure black solid was purified prior to its use by
treatment overnight with hydrogen peroxide and ammonium hydroxide in
methanol. Evaporation of the solvent gave ammonium pertechnetate as a
white powder. Na®"TcO, was obtained in physiological saline as commer-
cial ®Mo/*mTc-generator eluate (Cis International). All laboratory chem-
icals were reagent grade. The p-methoxythiophenol used as coligand was
purchased from Fluka. The bidentate ligands were synthesized according to
the literature,l”) as were the rhenium precursors [ReOCIl;(PPh;),]!'" and
rhenium gluconate.'! The rhenium precursor oxorhenium citrate was
generated in situ by a known method.[*?]

High-performance liquid chromatography (HPLC) was conducted on a
Waters 600 Millennium Chromatography System coupled to both a
Waters 991 photodiode array detector (UV trace for ¢Tc, Re, and ligands)
and a GABI gamma detector from Raytest (y trace for **"Tc). Separations
were achieved on a C18 RP column eluted with a binary gradient system at
a1.0 mLmin~' flow rate. Mobile phase A consisted of MeOH, while mobile
phase B was H,O. The elution profile was: 0— 10 min isocratic with 50% A
10-25 min, linear gradient to 80 % A; 25—-27 min linear gradient to 95 %
A; 27-32 min isocratic with 95% A. The column was re-equilibrated for
10 min prior to the next injection. Solvents used in chromatographic
analysis were HPLC grade.

Synthesis of [ReO{(C,H,),NHCH,CH,S}(SC,H,0CH,),] (1):

Method A, from [ReOCl;(PPh;),J: CH;COONa in methanol (1M, 2 mL)
was added to a stirred suspension of trichlorobis(triphenylphosphane)rhe-
nium(v) oxide (166.6 mg, 0.2 mmol) in methanol (10 mL). A mixture of N-
(2-mercaptoethyl)diethylamine (L'H) (26.6 mg, 0.2 mmol) and p-methoxy-
thiophenol (LH) (84 mg, 0.6 mmol) was added under stirring. The reactants
were in a 1:1:3 molar ratio and were heated under reflux for approximately
1 h, after which the solution had turned to a dark brown color. After the
mixture had cooled to room temperature, CH,Cl, was added and the
organic layer was washed with H,O. The organic extract was dried over
MgSO,, the volume of the solution was reduced to 10 mL, and then
methanol (2-3 mL) was added. Slow evaporation of the solvents at room
temperature  afforded the product of the reaction, [ReO-
{(C,H;5),NHCH,CH,S}(SC,H,OCHs);], as brown crystals (70% yield).
Crystals suitable for X-ray crystallography were obtained by recrystalliza-
tion from MeOH/CHCI; and slow evaporation. R;= 0.5 (silica gel, benzene/
CHCI/CH;CN 50:25:25); IR (KBr pellet): 7=3100 (N—H), 949 (Re=0),
825cm™! (CH—CH, aromatic); elemental analysis caled (%) for
CyH;NO,S,Re (753.1): C 43.02, H 4.82, N 1.86, S 16.98; found C 42.31,
H 4.75, N 1.68, S 16.93.

Method B, from rhenium (V) gluconate: The rhenium(v) gluconate precursor
was prepared according to literature.'!) Solutions of L'H (13.3 mg,
0.1 mmol) and LH (42 mg, 0.3 mmol) in methanol (1 mL each) were mixed
and added to a stirred solution of rhenium gluconate (1.45 mL, 0.1 mmol).
A brown, mudlike suspension formed instantly. A small quantity of CH,Cl,
was added, and the stirring was continued for a few minutes. A further
amount of CH,Cl, was added, and the mixture was extracted. The organic
phase was dried with MgSO,, filtered, and MeOH (3-5 mL) was added. A
brown product was precipitated by slow evaporation of the above solution
(60% yield). R;=0.5 (silica gel, benzene/CHCL;/CH;CN 50:25:25); IR
(KBr pellet): #=3097 (N—H), 948 (Re=0), 824 cm~! (CH—CH, aromatic).
Method C, from oxorhenium citrate: KReO, (57.8 mg, 0.2 mmol) was added
to a solution of SnCl, (38.9 mg, 0.2 mmol) in citric acid (0.5m, 5mL). L'H
(26.6 mg, 0.2 mmol) and LH(84 mg, 0.6 mmol), each in dichloromethane
(4 mL), were added to this mixture simultaneously and in a dropwise
fashion. The mixture was stirred at room temperature for 30 min. The pH
was adjusted to 9 with 0.5M NaOH, and the mixture was extracted with
CH,Cl,. Brown crystals were isolated from CH,Cl,/MeOH solution (60 %
yield). R;=0.5 (silica gel, benzene/CHCl;/CH;CN 50:25:25); IR (KBr
pellet): 7=3100 (N—H), 948 (Re=0), 824 cm~! (CH—CH, aromatic).
Synthesis of [ReO{C:H,,NHCH,CH,S}(SCH,0CH;);] (2): The above
mentioned procedures (Methods A — C) were followed, but this time N-(2-
mercaptoethyl)piperidine (L*H) (29 mg, 0.2 mmol) was used instead of N-
(2-mercaptoethyl)diethylamine. Compound 2 was isolated as brown
crystals.
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Method A, from [ReOCl;(PPh;),]: Yield: 75 %; R;=0.5 (silica gel, benzene/
CHCI/CH;CN 50:25:25); IR (KBr pellet): #=3096 (N—H), 943 (Re=0),
823 cm~! (CH—CH, aromatic); elemental analysis caled (%) for
CyH3NO,S,Re (765.1): C 43.96, H 4.74, N 1.83, S 16.76; found C 44.15,
H 4.86, N 1.97, S 17.39.

Method B, from rhenium(v) gluconate: Yield: 65%; R;=0.5 (silica gel,
benzene/CHCL/CH;CN 50:25:25); IR (KBr pellet): 7=3094 (N—H), 942
(Re=0), 823 cm~! (CH—CH, aromatic).

Method C, from oxorhenium citrate: Yield: 58%; R;=0.5 (silica gel,
benzene/CHCIl;/CH;CN 50:25:25); IR (KBr pellet): 7=3091 (N—H), 943
(Re=0), 823 cm~! (CH—CH, aromatic).

Isolation of [ReO(CsH,;,NCH,CH,S)(SC,H,0CH,),] (4): Upon dissolution
of the brown crystals of complex 2 in CH,Cl, or CHCl;, a color transition
was observed. The initially brown solution turned green. TLC monitoring
of the composition of the solution showed the transformation of the initial,
single brown product into two different products, a green one and a brown
one, with different retention factors. Fractional recrystallization yielded
green crystals suitable for X-ray studies in 25% yield. R;=0.7 (silica gel,
benzene/CHCL/CH;CN 50:25:25); IR (KBr pellet): 7=956 (Re=0),
817cm~! (CH-CH, aromatic); elemental analysis caled (%) for
C, HxNO;S;Re (624.8): C 40.37, H 4.52, N 2.24, S 15.39; found C 40.16,
H 4.74, N 2.09, S 15.04.

Synthesis of [**TcO{(CH;CH,),NCH,CH,S}(p-CH;0CH,S),] (7): A sol-
ution of stannous chloride (45 mg, 0.24 mmol) in HCl (1M, 1.0 mL) was
added to an aqueous solution of [NH,][*®TcO,] (36.2 mg, 0.2 mmol)
containing *"TcO,~ (0.1 mL, 0.5 mCi) and sodium gluconate (200 mg) to
obtain the *¢technetium gluconate precursor. The pH of the solution was
adjusted to 7.5 with NaOH (1m). This solution was added, under constant
stirring, to a mixture of L'H(26.6 mg, 0.2 mmol) and LH (84 mg, 0.6 mmol)
in a small amount of methanol. The solution was stirred for 20 min and then
extracted twice with dichloromethane. The organic phase was dried over
MgSO, and filtered. The volume of the solution was reduced to 5 mL and,
after the addition of methanol (5 mL), was left at room temperature. Slow
evaporation of the solvents afforded the product as red-brown crystals,
suitable for X-ray crystal structure determination (70% yield). R;=0.7
(silica gel, benzene/CHCl/CH;CN 50:25:25); IR (KBr pellet): 7=938
(Tc=0), 824 cm~' (CH—CH, aromatic); elemental analysis caled (%) for
CyHxNO;S;Tc (524.6): C 45.79, H 5.38, N 2.67, S 18.33; found C 45.53, H
5.59, N 2.35, S 17.99.

Synthesis of [**TcO(CsH,,NCH,CH,S)(p-CH;0CH,S),] (8): The same
procedure was repeated, this time using N-(2-mercaptoethyl)piperidine
(29 mg, 0.2 mmol) as the bidentate ligand, L>H. Red-brown crystals of
complex 8 were isolated (78 % yield). R;=0.7 (silica gel, benzene/CHCly/
CH;CN 50:25:25); IR (KBr pellet): #=942 (Tc=0), 821 cm~! (CH—CH,
aromatic); elemental analysis caled (%) for C, H,sNO;S;Tc (536.6): C
47.00, H 5.26, N 2.61, S 17.92; found C 47.23, H 5.09, N 2.78, S 18.03.

Synthesis of *"Tc complexes: A Gluco/Demoscan kit was reconstituted
with 10 mL saline and then a 1.0 mL aliquot was mixed with 0.5-1.0 mL of
PmTc-pertechnetate solution (5-10mCi). The oxotechnetium-99m(v)
glucoheptonate solution was added to a centrifuge tube containing
equimolar quantities (20 pmol) of the bidentate ligand (L"H) and the
monodentate ligand (LH) dissolved in 0.2 mL methanol. The mixture was
agitated in a vortex mixer and left to react at room temperature for 10 min.
The complexes were extracted with CH,Cl, (3 x 1.5 mL) and the combined
organic extracts were dried over MgSO, and filtered. The extraction was
nearly quantitative. In order to investigate the effect of ligand concen-
tration on radiochemical yield and purity, different quantities of ligands
were used in the same procedure. In all cases the organic extracts were
analyzed by HPLC in order to characterize the complexes. The results are
summarized in Table 5.

X-ray crystal structure determinations for compounds 1, 4, and 7:
Diffraction measurements were performed on a Crystal Logic Dual
Goniometer diffractometer with graphite monochromated Moy, radiation
(4=0.710730). Unit-cell dimensions were determined and refined by using
the angular settings of 25 automatically centered reflections and they
appear in Table 1. Intensity data were recorded using a 0 —26 scan. Three
standard reflections monitored every 97 reflections showed less than 3 %
variation and no decay. Lorentz, polarization, and psi-scan absorption
corrections were applied by using Crystal Logic software. The structures
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were solved by direct methods by using SHELXS-8612!! and refined by full-
matrix least-squares techniques on F? with SHELXL-93.12

Compound 1: 26,,,,=50°, scan speed 2.2°min~!, scan range 2.5+a,a,
separation, reflections collected/unique/used =6076/5796 (R;, = 0.0158)/
5796, 417 parameters refined, R1/wR2 (for all data) =0.0547/0.1189, 4p,.i,/
AP ax = 0.830/ — 0.575 eA3, 40=0312. All hydrogen atoms of the meth-
ylene and methyl groups were introduced at calculated positions as riding
on bonded atoms; the rest were located by difference maps and were
refined isotropically. All non-hydrogen atoms were refined anisotropically
except those of the solvate chloroform, which were refined isotropically
with occupation factors at 0.20.

Compound 4: 20,,,=48°, scan speed 0.8°min~!, scan range 2.3+a,a,
separation, reflections collected/unique/used =3837/3538 (R;,=0.0701)/
3532, 293 parameters refined, R1/wR2 (for all data) =0.1185/0.2284, A0/
APrax=0.925/ —0.794 e A-3, A6=0.010. All hydrogen atoms were intro-
duced at calculated positions as riding on bonded atoms except those on
C2, C7, and C20, which were located by difference maps and were refined
isotropically, while all non-hydrogen atoms were refined anisotropically.

Compound 7: 20,,,,=44°, scan speed 2.0°min~!, scan range 2.4+a,a,
separation, reflections collected/unique/used =3033/2938 (R, = 0.0255)/
2938, 349 parameters refined, R1/wR2 (for all data) =0.0734/0.1377, A0/
APumax = 0.966/ — 0.621 ¢ A-3, Ao =0.002. All hydrogen atoms (except those
of the methyl groups, which were introduced at calculated positions as
riding on bonded atoms) were located by difference maps and were refined
isotropically, while all non-hydrogen atoms were refined anisotropically.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-152000,
CCDC-152001, and CCDC-152002. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB21EZ,
UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Reaction Mechanism and Structure — Reactivity Relationships in the
Stereospecific 1,4-Polymerization of Butadiene Catalyzed by Neutral Dimeric
Allylnickel() Halides [Ni(C;H5)X], (X~ =Cl7, Br,, I"'): A Comprehensive
Density Functional Theory Study

Sven Tobisch*!2! and Rudolf Taube!®!

Abstract: For the first time, a compre-
hensive and consistent picture of the
catalytic cycle of 1,4-polymerization of
butadiene with neutral dimeric allyl-
nickel(t) halides [Ni(C;H;5)X], (X~ =
Cl~ (I), Br~ (II), and I~ (III)) as single-
site catalysts has been derived by means
of quantum chemical calculations that
employ a gradient-corrected density-
functional method. All crucial reaction
steps of the entire catalytic course have
been scrutinized, taking into account
butadiene m complex formation, sym-
metrical and asymmetrical splitting of
dimeric m complexes, cis-butadiene in-
sertion, and anti —syn isomerization. The
present investigation examines, in terms
of located structures, energies and acti-
vation barriers, the participation of
postulated intermediates, in particular
it aimed to clarify whether monomeric
or dimeric species are the catalytically

Introduction

active species. Prior qualitative mecha-
nistic assumptions are substituted by the
presented theoretically well-founded
and detailed analysis of both the ther-
modynamic and the kinetic aspects, that
substantially improve the insight into
the reaction course and enlarge them
with novel mechanistic proposals. From
a mechanistic point of view, all three
catalysts exhibit common characteris-
tics. First, chain propagation occurs by
cis-butadiene insertion into the m-bute-
nylnickel(i1) bond with nearly identical
intrinsic free-energy activation barriers.
Second, the reactivity of syn-butenyl

Keywords: allyl complexes - density
functional calculations - nickel
polymerization reaction mecha-
nisms structure —reactivity rela-
tionships

forms is distinctly higher than that of
anti forms. Third, the chain-propagation
step is rate-determining in the entire
polymerization process, and the pre-
established anti—syn equilibrium can
always be regarded as attained. Accord-
ingly, neutral dimeric allylnickel(11) hal-
ides catalyze the formation of a stereo-
regular trans-1,4-polymer under kinetic
control following the k;, channel with
butenyl(halide)(butadiene)Ni!  com-
plexes being the catalytically active
species. Production of a stereoregular
cis-1,4-polymer with allylnickel chloride
can only be explained by making the k,,
channel accessible by the formation of
polybutadienyl(butadiene) complexes,
which is accompanied by the coordina-
tion of the next double bond in the
growing chain to the Nif center.

The transition metal catalyzed polymerization of butadiene is
a scientifically as well as a technically important process.!:?
From a mechanistic point of view, the diene polymerization, as
a chemo-, regio-, and stereoselective C—C bond formation
reaction is of fundamental importance. Conjugated diene
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polymerization is an insertion polymerization,?! as is that of
the monoalkene. It is generally accepted that chain propaga-
tion proceeds in two steps: by coordination of free monomer
and subsequent insertion into the transition metal carbon
bond of the terminal group on the reactive growing chain.
There are two important differences between the polymer-
ization of 1-alkenes of 1,3-dienes.

First, the transition metal carbon bond is of the o-type for
1-alkenes and of the allylic m-type for 1,3-dienes. The allyl-
insertion mechanism has been proven by 'H and *C NMR
spectroscopy for both trans-regulating (e.g. [Ni(C,H,)I],1)
and cis-regulating (e.g. [Ni(C;H5)O,CCF;],]) butadiene-pol-
ymerization catalysts. The transition metal butenyl 7w bond has
peculiar features which are responsible for the particular
characteristics of diene polymerization. The bond between
the 7-butenyl group and the transition metal can exist in two
isomeric forms, namely anti and syn, which are in equilibrium.
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According to the generally accepted anti—cis and syn—trans
correlation, butadiene insertion gives rise to a cis or a trans
double bond in the newly formed C, unit of the growing
polymer chain, when starting from an anti- or syn-butenyl
group. Another characteristic of the transition metal butenyl
bond is that it has two reactive sites, C! and C3, which for
example, may give rise to 1,4- and 1,2-polymers.

Second, 1,3-dienes have a greater diversity than 1-alkenes
in their coordination to a transition metal. 1,3-Diene coordi-
nation can occur in two different modes: monodentate (%) or
bidentate (n*), either from the s-trans or the s-cis configu-
ration. An anti- or syn-butenyl terminal group is formed under
kinetic control by diene insertion to occur from the s-cis or
s-trans configuration, respectively. The mechanism of stereo-
regulation of 1,3-diene polymerization, which to date has not
been completely understood!! is, therefore, much more
complicated than the polymerization of 1-alkenes.

For a basic understanding of the cis—trans regulation of
diene polymerization, two different processes must be inter-
related, namely the anti—syn isomerization and the monomer-
insertion processes. For the chain-propagation step, two
commonly accepted mechanisms were proposed which differ
with regard to the suggested insertion mode of the butenyl
group. On the one hand, the o-allyl insertion mechanism,
suggested by Cossee and Arlman,® in which the butenyl
group in #'-0 coordination should react like an alkyl group. In
contrast, Taube et al.! suggested that the C—C bond forma-
tion can also proceed through a nucleophilic attack of the #3-
nt-butenyl group on the diene.

In a series of papers,®] we have applied density functional
theory to shed light on the mechanistic aspects of the
stereospecific polymerization of butadiene. We have focused
on the m-allyl-insertion mechanism, which is explored with
experimentally well-characterized catalysts for the Ni!l-cata-
lyzed stereospecific butadiene polymerization, as an example.
In the first step, we demonstrated that butadiene insertion
into the butenylnickel(i) bond is energetically feasible within
the m-coordination of both reacting moieties.®2) We were able
to deduce structure — activity relationships, which are respon-
sible for opening that reaction channel which yields trans-1,4
and cis-1,4 polymer units, respectively, by a theoretical
examination of the entire polymer-generation cycle for typical
trans-regulating catalysts, that is, cationic and neutral bute-
nyl(monoligand)(butadiene)nickel(i) complexes,®™! and cis-
regulating catalysts, that is, cationic polybutadienyl(butadie-
ne)nickel(i) complexes.®]

In the present study, the stereoregulation mechanism is
theoretically explored for the 1,4-polymerization of butadiene
mediated by neutral dimeric allylnickel(i) halides
[Ni(C;H;5)X], where X~ =Cl~ (I), Br~ (I), and I~ (III). The
dimeric allylnickel(11) halides have been discovered as the first
one-component butadiene polymerization catalysts.[* > All
of them catalyze the C'—C' bond formation, which yields
almost exclusively 1,4-polymers. Compound III gives a
polymer of predominantly trans-1,4 structure, I gives a
polymer of predominantly cis-1,4 structure, whilst II gives a
statistical cis/trans equibinary polybutadiene that consists of
approximately 50 % cis and 50 % trans polymer units.’® 10 10d]
Under comparable conditions, experiments verified the
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catalytic activity of III as moderate, of II as low, and I as
only very weak.['%d- 112l The dimeric allylnickel(ir) halides, at
least the iodide, are probably the most extensive experimen-
tally investigated diene-polymerization catalyst systems.
While much understanding of the catalytic cycle has been
achieved, mechanistic details still remain unclarified. For
example, which factors determine the different catalytic
activity and stereoselectivity observed for the three catalysts?
How does the equilibrium between dimeric and monomeric
catalyst complexes influence the entire polymerization reac-
tion? Computational chemistry might give an answer to these
and related intriguing questions by providing a detailed
picture of the catalytic cycle including both kinetic and
thermodynamic aspects. To the best of our knowledge, a
theoretical mechanistic study on the title reaction has not yet
been reported. Herein, we present a comprehensive and well-
founded view of the entire polymer-generating cycle with the
aim to make a contribution to enlighten the mechanism of
stereoregulation.

The known mechanistic details for the butadiene polymer-
ization mediated by allylnickel(11) halides can be summarized
as follows: 1) NMR investigation conclusively established for
the iodide, that chain propagation occurs by means of cis-
butadiene insertion.'"’s-1 An anti-butenyl group is regenerated
as the end of the reactive growing chain in the kinetic
insertion products, which subsequently undergoes anti—syn
isomerization to give the thermodynamically more stable syn-
butenyl form. 2) Experiment showed, for iodide, that buta-
diene insertion is a relatively slow process. Isomerization
could not be observed by NMR spectroscopy under polymer-
ization conditions, presumably because this process is too fast.
In the reaction solution with butadiene, only the syn-butenyl
form could be detected.l®t 1%l As a result of the anti insertion,
one must conclude that isomerization is much more rapid than
insertion. The thermodynamically more stable syn-butenyl
form must also be more reactive than the anti-butenyl
counterpart, since a polymer of predominantly trans-1,4
structure is generated with the iodide. In the case of the
iodide-catalyzed 2-alkylbutadiene polymerization, the rate of
isomerization was found to be two orders of magnitude
greater than the insertion rate.l'”] The isomerization rate,
however, was determined at the end of the polymerization
reaction after all the diene had been consumed. An accel-
eration of the isomerization can be expected in the presence
of monomers. Overall, for iodide, experiment clearly indicates
that isomerization is much more rapid than insertion and
therefore cis-butadiene insertion should be the rate-deter-
mining step. 3) Kinetic studies showed, for the iodidel’> 2Pl ag
well as for the bromide and the chloride,['!2?! that the overall
rate of the polymerization process is first-order in monomer
and half-order in catalyst concentration according to the rate
law 7, =k,[Ni,]**[C,H,] .= 12?1 A dissociative equilibrium
between dimeric and monomeric butadiene m complexes
must be assumed according to Equations (1), (2), and (3),
where C,X, = catalyst dimer and M = monomer.

CX, + M=GCX,(M) €]
CXo(M) + M=GCX,(M), 2)
C,X,(M),==2CX(M) 3
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From the half-order dependence on the catalyst concen-
tration it was concluded that the dimeric forms are inactive
and chain propagation occurs via monomeric complexes.>< 112l
For iodine, a different dependence of the overall rate on the
monomer and catalyst concentrations was observed when an
expanded concentration range was investigated. At high
monomer concentrations, the rate was found to be half-order
in monomer.’ At very lowl''l or very highl'® catalyst
concentrations, a first-order dependence on the catalyst
concentration was observed. Kormer et al.['%l concluded that
dimeric @ complexes are also active species capable of
achieving insertion: this is verified for iodide-catalyzed
polymerization of 2-alkylbutadienes. 4) Whether isomeriza-
tion does indeed occur via the dimeric or monomeric species
is not known.

Computational Model and Method

Models: Geometries and relative energies of the reactants, intermediates,
transition states, and products of competitive chain-propagation cycles as
well as of anti —syn isomerization reactions were calculated with a gradient-
corrected density-functional method, which has been shown to be quite
reliable both in geometry and in energy. To keep the computational effort
moderate, the butenyl group, which includes the noncoordinating growing
polymer chain was mimicked by a crotyl group; R = CH; was adopted for
the butadiene t complexes that formed under polymerization conditions
[RC;H,Ni(C,H¢)X] with X~ =Cl-, Br-, I for monomeric and X =
[RC;H,NIY,]-, Y =CI-, Br-, I for dimeric complexes. Dimeric bis-
butadiene  complexes of the general formula C,X,(M), (cf. Equations (2)
and (3)) were not explicitly considered since they represent highly unstable
intermediates whose thermodynamic population must be regarded as very
small (see below). The optimized geometries of key structures of the
polymerization cycle, given below, were restricted to the case of the
chloride.

Our investigations focus on the polymerization cycle and the initialization
step; the formation of the dimeric butenylnickel(l) halides from the
allylnickel(11) halide starting material, will not be considered. We restricted
our examination to the cis-butadiene insertion, and did not take into
consideration the alternative insertion of butadiene from its s-trans
configuration. A justification for neglecting this reaction pathway has
been given in the case of nickel, both by experimental’ %12 and
theoreticall®! evidence, which convincingly establish the anti-insertion
process. The effect of the solvent on the catalytic cycle was neglected since
there is no experimental evidence that the catalytic activity or cis—trans
selectivity is significantly influenced for polymerization to occur in
noncoordinating solvents.

Parts of the catalytic cycle have already been investigated in our previous
study.®! This research, however, was restricted to the iodide catalyst. The
equilibrium between dimeric and monomeric butadiene & complexes have
been not taken into account in this study and only precursors of the real
isomerization transition states have been reported.

The intrinsic energy of inserting s-cis-butadiene into a C—C bond (the
energy gain from breaking one C—C double bond and forming a C—C single
bond during the insertion) without a catalytically active Ni"' center was
estimated as the average value of the exothermicities which were obtained
for the general reaction given in Equation (4).

C4H7_(C4H6)n_C4H7 + C4H6 - C4H7_(C4H6)H+I_C4H7 (n' :0_2) (4)

This amounts to 20.3 (AE) and 174 kcalmol™! (AH). A value of
18.7 kcalmol~! was obtained experimentally for polymerization occurring
in the gas phase.["’]

Method: All reported calculations were performed with the DGauss
program within the UniChem software environment!' and the program
package TURBOMOLE,!"! developed by Ahlrichs et al. at the University
of Karlsruhe (Germany). The calculations were carried out by the use of
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LDA with Slater’s exchange functional’®®! and Vosko-Wilk — Nusair
parameterization on the homogeneous electron gas for correlation, 6!
augmented by gradient corrections to the exchange-correlation potential.
Gradient corrections for exchange based on the functional of Becke!'*!l and
for correlation based on Perdew!'®! were added variationally within the
SCF procedure (BP86).

All-electron Gaussian-orbital basis sets were used for all atoms except for
the halides. The geometry optimization, the saddle-point search, and the
frequency calculations were performed with a standard DZVP basis set
which consists of a 15s/9p/5d set contracted to (63321/531/41) for nickel,l'7]
a 9s/5p/1d set contracted to (621/41/1) for carbon,!'” and a 5s set contracted
to (41) for hydrogen.'™ The energy was evaluated for the optimized
structures with the Wachters 14s/9p/5d set!'’ supplemented by two diffuse
pl'” and one diffuse d function!'’¥ contracted to (62111111/5111111/3111)
for nickel, and a TZVP basis for carbon!'! (a 10s/6p/1d set contracted to
(7111/411/1)) and for hydrogen!'™ (a 5s/1p set contracted to (311/1)). For
the halides, the Stuttgart ECP’sl'’l that replaces all core electrons except
for the valence ns’np® electrons and the corresponding 4s/5p/1d set
contracted to (31/311/1) were adopted. The corresponding auxiliary basis
sets were used to fit the charge density.'’>! This is the standard computa-
tional methodology utilized throughout this paper.

The geometry optimization and the saddle-point search were carried out at
the BP86 level of approximation by the use of analytical gradients/Hessians
according to standard algorithms. No symmetry constraints were imposed
in any case. The stationary points were identified exactly by the curvature
of the potential-energy surface at these points corresponding to the
eigenvalues of the analytically calculated Hessian.

The reaction and activation enthalpies (AH and AH* at 298 K and 1 atm)
were calculated for the most stable isomers of each of the key species of the
entire catalytic reaction. The complete potential-energy profiles (AE) are
summarized in four Tables which are included in the Supporting
Information. For competitive pathways of monomer insertion and anti—
syn isomerization, the free activation energies (AG* at 298 K and 1 atm)
were calculated.

Labeling of the molecules: For each of the dimeric and monomeric
butadiene © complexes as well as the corresponding insertion transition
states, a number of isomers are possible, which have been carefully
explored. They originate from the anti and syn configuration of the butenyl
group and are labeled with an a and s, respectively. Additionally, four
different mutual arrangements of the reacting butenyl and butadiene
moieties have been taken into account; they originate from the prone and
the opposite supinel'®l orientation of both parts (thus giving rise to supine/
supine (SS), supine/prone (SP), prone/supine (PS), and prone/prone (PP)
arrangements). The structurally different modes of cis-butadiene coordi-
nation at the metal M in the 7 complexes are illustrated in Figure 1. For 16-

////, ",

_cis n*-cis
supine z prone
X y
/4 ///,,, ‘ ‘\\\\\\\

7P-cis 1-cis
'supine’ 'prone’
Figure 1. Structurally different modes of cis-butadiene coordination at the
metal M in butadiene ; complexes.

0947-6539/01/0717-3683 $ 17.50+.50/0 — 3683





FULL PAPER

S. Tobisch and R. Taube

electron square-planar complexes (i.e. monomeric monodentate-coordi-
nated butadiene complexes 3 and insertion products 6), the SS and PP and
the SP and PS orientations are identical with respect to the coordination
pattern. To label the different complexes in a consistent manner, the
following convention has been adopted throughout this paper. The butenyl
and butadiene moieties reside in the square-planar coordination plane (xy).
Depending on the mode of butadiene coordination, the halides occupy an
axial position (+ z direction), or a position within the xy plane (monomeric
complexes), or both of these (dimeric complexes). The orientations of the
butenyl and butadiene moieties with the terminal atoms pointing toward or
away from the axial ligand have been denoted as supine (S) and prone (P),
respectively (cf. Figure 1).

Monomeric complexes will be referred to by a single numeral (3, 4, 5, 6, 7)
attached to a lower-case a or s and two upper-case letters (e.g. 4s-SS, cf.
Scheme 1). The numeric-alphabetic labels have a 2xy prefix for the
corresponding dimeric complexes, where x and y are related to the anti- and
syn-butenyl forms of both fragments. For dimeric species that contain
butadiene, the first letter concerns the fragment in which the butadiene
resides (e.g. 2ss-4SS, cf. Scheme 1).

Results and Discussion

As a result of our calculations, we propose the catalytic cycle
given in Scheme 1 for the allylnickel(11) halide catalyzed 1,4-
polymerization of butadiene. Dimeric and monomeric bute-
nyl(halide)(butadiene)nickel(i) complexes [RC;H,Ni(C,Hq)X]
are supposed to be the catalytically active species. Although
they were examined, dimeric insertion transition states are
not included for sake of clarity. The thermochemical profile of
the entire catalytic cycle is shown in Scheme 1 where the
labeling of each species is also given (for the labeling
conventions adopted see the Computational Model and
Method Section). In Scheme 1, enthalpies for the most stable
isomers of each species are given for I, II, IIl, separated by
slashes, with the most stable dimeric bis(butenylnickel
halide)(butadiene) complex; namely, 2ss-3SP, chosen as
reference. The intrinsic energy to extend the polymer chain
by an additional C, unit in subsequent propagation cycles (see
the Computational Model and Method Section) is excluded
from the energetic profile.

We shall first give an general overview, followed by a
discussion of the catalytic cycle step-by-step.

Commencing with the catalyst starting material
[Ni(C;H;)X],, dimeric butenylnickel(tr) halides C,X,, that is
[Ni(RC;H,)X], (2), are formed after a short initialization
period.”] Subsequently, with butadiene dimeric bis(butenyl-
nickel halide)(butadiene) complexes C,X,(M) are formed
(cf. Equation (1)) which differ with regard to the mode of
butadiene coordination, namely, monodentate (or #?) 2-3, and
bidentate (or #*) 2-4. After uptake of a second butadiene and
subsequent dissociation, monomeric butenyl(halide)(buta-
diene)Ni™ complexes are formed (cf. reactions in Equa-
tions (2) and (3)), in which the coordination of butadiene is
either monodentate (3) or bidentate (4). A rapid dissociative
equilibrium can be reasonably supposed between the differ-
ent 7t complexes (in accordance with the common experience
in Ni'' coordination chemistry, with Ni" in a spin-paired d®
configuration).! cis-Butadiene insertion can take place in
dimeric or monomeric complexes through transition states 2-5
(not included in Scheme 1) or 5, respectively, which leads to
anti-butenyl kinetic insertion products in every case. After

3684
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insertion takes place successfully in monomeric complexes,
the polymer chain is elongated by a new C, unit that contains
one new cis (6a-cis) or trans (6a-trans) double bond, depend-
ing on whether the insertion proceeds by k. or k,, respec-
tively. The chain propagation continues by replacing the
growing chain with uptake of a new butadiene. This results in
monomeric 5t complexes, which may undergo dimerization
with the remaining monomeric butadiene complex not
involved in the insertion process, thus completing the catalytic
cycle. On account of anti insertion, the anti —syn isomerization
is a prerequisite step in the polymerization cycle in order to
open the route that generates the 1,4-trans polymer by k.
Isomerization can occur in the starting material (indicated by
K, but not examined in this study) and under polymer-
ization conditions (indicated by K,,?), either in dimeric (2-7)
or in monomeric (7) butadiene complexes.

Bis(rt-butenylnickel halide) complexes: The optimized geo-
metries of 2 are given in Figure 2 together with relevant
structural data. They are calculated to be minima with a
square-planar structure that adopt C, symmetry for identical
butenyl configurations (i.e. 2ss, 2aa) and C; symmetry for 2sa.
X-ray structures of analogous complexes show that the Ni—
halide bond lengths are in the range of 2.24—2.25 A for bis(u*
chloro)(1,2,3-5'-{(trimethylsilyl)oxy-2-butenyl)nickel(ir)} 2]
and of 2.33-238A for bis(u>bromo)(2-carboxymethyl)-
(mt-allyl)nickel(11).?®! The calculated geometries compare well
with the experimental results (see Figure 2 and the Supporting
Information).

The syn-butenyl forms are calculated to be thermodynami-
cally more stable than their anti counterparts. The energetic
gap between the isomers is very similar for I, II, and IIIL. 2ss is
the most stable isomer, while 2sa and 2aa are separated from
it by approximately 1.4 and 2.8 kcalmol~! (AH), respectively.
The application of Maxwell - Boltzmann statistics (298 K)
yields a ratio of 1:11 for 2sa and 1:110 for 2aa, with 2ss in
favor. This indicates that the anti—syn equilibrium in the
starting material and in 2 lies in the direction of 2ss in the
absence of butadiene. This agrees with experimental results
which indicated that all s-crotylnickel(if) halides are exclu-
sively in the syn form.s 10l

Chain propagation

Formation of butadiene complexes: Monomer m-complex
formation is envisioned to proceed in a practically barrierless
fashion commencing with 2 by uptake of a single monomer
according to Equation (1). Four- and five-coordinate
complexes are expected to be formed in which butadiene
preferentially resides in the square-planar (xy) coordination
plane. Therefore, depending on the mode of butadiene
coordination, at least one halide ligand is displaced out of
this plane during the process of butadiene uptake.

For butadiene coordination to occur in a monodentate
fashion in dimeric complexes, either both halide bridges
are retained or one of them is broken. This gives a formal
18-electron five-coordinate square-pyramidal fragment
that contains the butadiene in the former case, 2-3, and a
formal 16-electron four-coordinate square-planar fragment in
the latter (not shown in Scheme 1). The five-coordinate
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2ss " ) 2sa
0.0/0.0/0.0 1.5/1.4/1.2

2aa
3.1/29/24

Figure 2. Selected geometric parameters of the optimized structures [A] of 2 (for I as an example) together with
relative enthalpies (AH in kcalmol ') for I/II/IIL

There are some similarities
between dimeric and monomer-
ic T complexes: the syn-butenyl
forms are always thermody-
namically more stable than
their anti counterparts. The an-
ti—syn gap is of the same order
of magnitude for different =
complexes and is essentially
unaffected by the different hal-
ide. Changing the mutual ori-
entation of the reacting butenyl
and butadiene moieties has a
minor effect on the stability of
7?-com-
plexes, 2-3 and 3; however, its
influence is much more pro-
nounced for n*-complexes, 2-4
and 4. For bidentate coordina-
tion, the SS orientation is found
to give the most stable com-
plexes.

In general, cis-butadiene pre-
fers to coordinate in a mono-

complexes are calculated to be distinctly more stable than dentate fashion in dimeric and monomeric complexes. In the
the four-coordinate complexes.?!! For butadiene to coordi- case of dimeric complexes, a large energetic gap is calculated
nate in a bidentate fashion, one halide bridge must be between monodentate, 2-3, and bidentate, 2-4, T complexes, in
cleaved to give a five-coordinate square-pyramidal frag- favor of the #? species. The gap (AH) decreases from 7.0 (I) to

ment that contains the butadiene,
2-4.

The monomeric butadiene
complexes show very similar
bonding situations to those of
the corresponding dimeric com-
plexes in which one Ni-halide
bridge is cleaved. The sole differ-
ence concerns the anionic ligand
in [RGH,Ni(C;Hg)X], where
X~ =CI", Br, I for the mono-
meric complexes and X =
[RC;H,NIY,]™, Y =CI, Br, I"
for the dimeric complexes.

Several isomers of monoden-
tate- and bidentate-coordinated
dimeric and monomeric m com-
plexes were optimized. The most
stable dimeric and monomeric
syn-butenyl species are displayed
in Figure 3, and the complete
energetics (AE) are given in the
Supporting  Information (Ta-
ble 1). Since we are interested in
thermodynamic aspects in this
section, we shall focus the discus-
sion on the most stable anti- and
syn-butenyl isomers of the differ-
ent m complexes, for which the
enthalpies are summarized in Ta- 3s-SS

4s-SS

ble 1. Figure 3. Most stable dimeric and monomeric butadiene m complexes (for I as an example).
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Table 1. Formation of butadiene 7 complexes [AH in kcalmol~'] and
calculated thermodynamic stability [AH in kcalmol~'] of the most stable
species of different kinds of dimeric [Ni(C,H;)(CHX] (X =
[NiC,H,NiY,], Y-=CI- (I), Br~ (), I~ (III)) and monomeric
[Ni(C,H,)(C,Hg)X] (X-=Cl- (I), Br~ (II), I~ (III)) butadiene m com-
plexes.[a-d]

4[b]

dimeric-> dimeric-y* monomeric-7*"’ monomeric-
n n n Ui

anti-butenyl 2as-3SP  2as-4SS 3a-SS 4a-SS
3.7/3.3/28 10.1/9.2/7.4 7.1/5.5/3.9 9.3/7.0/4.7
syn-butenyl 2ss-3SP 2ss-4SS 3s-SS 4s-SS

0.0/0.0/0.0 7.0/6.0/4.7  4.6/3.3/2.1 6.7/4.4/1.9

[a] Numbers are given for I/IVII, with labeling of the species as in
Scheme 1. [b] Formation of monomeric complexes according to Equa-
tion (5): 2ss-3SS + BD — 3s-SS (+ 3s-SS). [c] 25s-3SP was chosen as the
reference point. [d] 2ss + butadiene — 2ss-3SP is —3.3/ — 2.5/ —2.1.

6.0 (IT) to 4.7 kcalmol~! (III). Thus, our calculations suggests a
decreasing stability of the doubly bridged complexes in the
order Cl > Br > I. For monomeric complexes, the difference of
the thermodynamic driving force to form #* and #*-com-
plexes, (3 and 4, respectively), is less pronounced.

The general order of stability calculated for dimeric m
complexes is 2ss-3/4>2sa-3/4>2as-3/4 >2aa-3/4 (cf.
Scheme 1). The syn-butenyl isomers, 2ss-3/4 and 2sa-3/4, are
well separated from the anti-butenyl isomers, 2 as-3/4 and 2 aa-
3/4. The configuration of the fragment’s butenyl group, where
butadiene does not reside, has a lesser influence on the complex
7 stability with syn in favor. Thus, the most stable dimeric #?/5*
syn- and anti-butenyl butadiene complexes capable of achiev-
ing chain propagation are 2ss-3/4 and 2as-3/4, respectively.

The dimeric-7? species 2-3, with 2ss-3 SP as the most stable
isomer, are found to be the most stable & complexes occurring
under polymerization conditions. 2ss-3SP is formed in an
exothermic process from 2ss [cf. Eq. (1)] with a reaction
enthalpy of ~2-3 kcalmol~!, which is very similar for all
three catalysts. A second butadiene is very weakly coordi-
nated to 2ss-3SP in an endothermic process that requires
~1 kcalmol~! (AH for I, II, III according to Equation (2)).
Thus, we think it unlikely that intermediate bis(butenylnick-
el halide butadiene) species C,X,(M), are involved in the
polymerization reaction to go along the minimum energy
pathway under normal conditions. Therefore, only dimeric
monomer complexes of the general formula C,X,(M) (2-3, 2-
4, 2-5, 2-6) will be considered throughout this paper. The
dissociative equilibrium between dimeric and monomeric
butadiene  complexes is analyzed according to the overall
reaction given in Equation (5).

CXo(M) + M=2CX(M) 5

From the enthalpies given in Table 1, we conclude that the
dissociative equilibrium between different m complexes is
largely in direction of the dimeric-5? complexes 2-3. They
constitute a thermodynamic sink. For butadiene insertion to
occur, bidentate ; complexes must be formed (i.e. either 2ss/
as-4 or 4s/a), since they represent the precursors of the
insertion transition states (see next paragraph). The energetic
gap, relative to 2ss-3SP, decreases in the order Cl > Br > I. For
the n*-butadiene m complexes, the calculations indicate that
both dimeric and monomeric species exist in similar propor-
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tions for I, whereas for II and III the monomeric species is
more highly populated.

If it is assumed that the chain-propagation step takes place
via the monomeric species, the gap (AH) between 2ss-3SP
and 4s-SS is calculated to be 6.7 (I), 4.4 (IT) and 1.9 kcalmol~!
(Im). Application of the Maxwell-Boltzmann statistics
(298 K) to the enthalpy differences (AAH) (4.8 (I) and
2.5 kcalmol~! (IT) higher than for III) yields a ratio of ~1:3300
for chloride and ~1:70 for bromide, with 1 assumed for iodine
4s-SS. The calculations clearly show that the thermodynamic
population of the catalytically active complexes, which overall
is small for the three catalysts, is highest for iodide and
decreases in the order I > Br>> Cl (of ~1 order for bromide
and of ~3orders for chloride, relative to iodide). The
moderate activity of III as well as the diminishing activity
according to Il > II > 1, verified by experiment, is confirmed
by our calculations, provided that insertion is facile and
accompanied by barriers which are very similar for all three
catalysts.

cis-Butadiene insertion: The chain-propagation step, that is,
cis-butadiene insertion into the m-allylic Ni—butenyl bond,
which occurs in dimeric or monomeric complexes, exhibits a
very similar characteristic. The insertion proceeds through
two different transition-state configurations, which are dis-
tinguished by the cis-butadiene orientation. It gives rise to
square-pyramidal supine-butadiene and trigonal-bipyramidal
prone-butadiene transition states.?? With regard to the
butadiene moiety’s distortion the former (i.e. the SS and PS
isomers of 2-5 and 5) are quite late and appear product-like,
whereas the latter (i.e. the SP and PP isomers of 2-5 and 5) are
quite early and can be characterized as educt-like. In the
transition states of the C!(butenyl)-C!(butadiene) bond
formation that occurs at distances of ~2.00-2.30 A, both
reacting parts essentially remain in s coordination (cf. Fig-
ure 4). Optimizations going downhill from slightly relaxed
transition state structures show that the #*-butadiene =
complexes are the direct precursors of the insertion transition
states. The thermodynamically more stable syn forms are also
more reactive than the corresponding anti counterparts. The
insertion via square-pyramidal supine-butadiene transition
states is disabled by rather large barriers. The chain-prop-
agation step preferably proceeds through trigonal-bipyrami-
dal prone-butadiene transition states.

For insertion to occur along the minimum energy pathway,
the butadiene moiety must change its orientation from supine
to prone. The energy required for this conversion is almost
identical for all three catalysts: it amounts to approximately
6.2 kcalmol~! and 5.7 kcalmol~! for 4s and 4a, respectively,
(AE, cf. Table 2 in the Supporting Information) provided that
the barrier associated with this process is low. Figure 4 shows
the geometries of the optimized prone-butadiene isomers of
2-5 and 5 together with the relevant structural data. The
energetics of the insertion process (AH* and AG¥) are
summarized in Table 2; however, we will focus the discussion
on the Gibbs free energies.

The intrinsic free-activation energy,?® across the most
stable of the two energetically close-lying prone-butadiene
transition states (SP and PP isomers), is nearly identical for
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Table 2. Calculated activation barriers!®®l (enthalpies AH and Gibbs
free energies AG* in kcal mol~!) for the cis-butadiene insertion into the
dimeric [Ni(C,H,)(CHg)X] (X~ =[NiC,H;NiY,]", Y-=CI- (I), Br-
(II), I~ (III)) and monomeric [Ni(C,H,)(C,Hs)X](X-=Cl- (I), Br-
(II), I~ (I)) complexes. The alternative k,. pathway is added for
comparison.

Intrinsic barrier?® Absolute barrier?3]

dimeric species
1,4-cis cycle (k'y.) 2as-4SS — 2as-5SP/PP  2ss-3SP — 2 as-5SP/PP

17.2/17.3/16.6 27.3/26.524.0
18.4/18.4/17.7 30.4/128.7126.2
1,4-trans cycle (k';;) 2ss-4SS — 2ss-5SP/PP  2ss-3SP — 2ss-5SP/PP
15.9/16.1/15.6 22.9/22.1/19.7
16.6/16.5/15.9 25.6/23.9/21.6
monomeric species
1,4-cis cycle (ky.) 4a-SS — 5a-SP/PP 2ss-3SP — 5a-SP/PP
17.7/17.6/16.9 27.0/24.6/21.6
19.4/19.0/18.1 29.7126.7/123.4
1,4-trans cycle (k) 4s-SS — 5s-SP/PP 2ss-3SP — 5s-SP/PP
15.9/16.0/15.6 22.6/20.4/17.5
17.1/116.8/16.3 25.2/22.2/119.1

2ss-3SP — 5'a-SP
27.1/26.9/25.0

1,4-cis cycle (k)

[a] Numbers are given for I/IIIII, with labeling of the species as in
Schemes 1 and 2, respectively. [b] Numbers in italics are the Gibbs free-
activation energies AG*.

insertion to occur in monomeric or in dimeric complexes.
We note that the intrinsic free-energy insertion barrier is
apparently in the same order of magnitude for all three
catalysts. It is calculated to be ~16.5 kcalmol~! (AG*) for
syn-butenyl forms and ~18.5 kcalmol~' (AG*) for the anti
forms; this indicates a higher intrinsic reactivity of the syn
species. Therefore, we think it unlikely that kinetic reasons
are decisive in the decrease of the catalyst’s activity (i.e.
I>Br>»>Cl) observed by experiment. In contrast, the
calculations clearly show that the different activity of the
three catalysts is mainly thermodynamically determined by
the concentration of the catalytically active ;T complexes.

Though for very similar free-activation energies for
insertion to take place in monomeric and in dimeric
complexes, the dissociative equilibrium between the
complexes must be taken into account (compare absolute
barriers in Table 2) in order to settle the question as to
where the insertion is likely to proceed. In accordance with
experimental results, we find for iodide and bromide that
chain propagation is likely to occur via monomeric
complexes. The calculations suggest for chloride a similar
probability for insertion to take place in dimeric and
monomeric complexes. Therefore, our calculations seem to
contradict those observed for I with the half-order depen-
dence of the polymerization rate on the catalyst concen-
tration.% 12l Ag it will be discussed in below, we think it
unlikely for chloride that butenyl(halide)(butadiene)Ni®
complexes are the catalytically active species. In contrast,

Figure 4. Selected geometric parameters of the optimized structures
[A] of transition states for cis-butadiene insertion to occur along the
minimum energy pathway for the cis-1,4 (k',, k,.) and the trans-1,4 (k'y,,
k) generating cycle in dimeric and monomeric butadiene complexes
(for I as an example).
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for chloride we would suggest that chain propagation takes
place via highly reactive cationic polybutadienyl(butadiene)-
Ni! complexes. They are formed by an unsymmetrical bond
rupture of the dimeric butadiene m complexes, thus giving
ionic products according to Equation (6).

CX,(M),=C(M)"+CX,"+M (6)

Propagation along this alternative reaction pathway, which
should also be passed through with a certain probability for
bromide, is consistent with the observed half-order depen-
dence of the overall polymerization rate on the catalyst
concentration.s 1abl

Passage via §s and 5a following the k;, and k,. channels
leads to the kinetic insertion products 6a-trans and 6a-cis,
respectively, with an anti-butenyl chain elongated by a new
trans (k) or cis (k,,) double bond. The thermodynamic
driving force (AH) of butadiene insertion relative to 4s-SS
and 4a-SS is very similar for all three catalysts. It is
approximately 9.7 kcalmol~! and 12.0 kcalmol~! along the
trans-1,4 and the cis-1,4 generating cycle (please note that the
intrinsic energy to extent the polymer chain by an additional
C, unit in subsequent propagation cycles (see Computational
Model and Methods) is excluded in Scheme 1). Together with
the monomeric & species, which
is not involved in the insertion
process, 6a-trans and 6a-cis di-
merize back to 2sa-3SP as the
most stable species after anti
insertion, with either a new
trans or cis C, unit of the
polymer chain.

Our calculations show the
dimeric #n?*-butadiene m-com-
plex 2ss-3SP to be the most

stable species under poly-
merization  conditions  (cf.
Scheme 1), which therefore

must be regarded as the resting
state of the catalyst.

anti—syn Isomerization: The
isomerization of the m-butenyl
group in cationic and neutral
Ni complexes most likely takes
place by means of a n’-t — n'-
0-C? butenyl group conversion,
followed by internal rotation of
the vinyl group around the
C*>—C3 single bond.?" The occu-
pation of the single vacant co-
ordination site occurring in this
process, thus keeping the coor-
dination number of the nickel
center as five, is a prerequisite
of a facile isomerization proc-
ess. It is reasonable to assume 2-7s
that isomerization occurs when
starting from butadiene 5t com-

Chem. Eur. J. 2001, 7, No. 17
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plexes. The isomerization step preferably proceeds via
trigonal-bipyramidal transition states, regardless of whether
they are dimeric or monomeric species.?!

Several isomers of dimeric and monomeric 0-C3-butenyl
complexes were located and the most stable are displayed in
Figure 5. They represent the rotational transition structures
for the conversion of anti-butenyl forms (arising from the
kinetic insertion products) into syn-butenyl forms that were
passed through along the minimum energy pathway in
dimeric, 2-7, or in monomeric, 7, complexes (for the sequence
of complexes involved in isomerization, see Table 3). The
dimeric species 2-7a and 2-7s differ in the anti and syn
structure of the fragment’s butenyl group which is not
involved in the isomerization process. 2-7 and 7 are confirmed
to have only one imaginary frequency. The corresponding
normal mode represents a rotational displacement around the
C>—C? single bond. In the trigonal-bipyramidal transition
states, the 0-C3-butenyl group occupies an axial position. For
monomeric species, we have assumed the coordination of the
growing polymer chain in order to make the nickel center
coordinatively saturated.?*"! Qur calculations give no indi-
cation for a participation of the polymer chain for isomer-
ization to occur in dimeric complexes. In contrast to 7, the
dimeric o-butenyl species 2-7 are stabilized by a change in

Vimag = 151i cm™!

2-7a

Vimag = 105i cm™

7

Figure 5. Selected geometric parameters of the optimized structures [A] of transition states for anti—syn
isomerization to occur in dimeric and monomeric butadiene complexes (for I as an example).
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Table 3. Calculated activation barriers®®! (enthalpies AH* and Gibbs free
energies AG* in kcalmol™) for anti—syn isomerization to occur in dimeric
[Ni(C,H;)(C,H)X] (X~ =[NiC,H;NiY,]~, Y =CI~ (I), Br~ (II), I (II)) and

monomeric [Ni(C,H,)(C,Hy)X] (X~ =Cl~ (I), Br~ (II), I~ (III)) complexes.

Intrinsic barrier!?*! Absolute barrier!23

dimeric species
17.5/17.4/17.4 21.1/20.8/20.1
18.2/18.1/118.5 22.3/122.0121.5
2as-3SP — 2-7s —2ss-3SP  2sa-3SP — 2as-3SP —
2-7s — 2ss-3SP

17.6/17.6/17.5 19.4/19.2/18.9
18.3/18.5/18.7 20.6/120.5/120.7
monomeric species 3a-SP — 7 — 3s-SS 25a-3SP — 7 — 3s-SS
20.4/20.6/21.1 25.6/24.4/23.6
22.3/122.3/122.8 26.9/25.8/25.1

2aa-3SP — 2-7a— 2sa-3SP 2sa-3SP — 2-7a — 2aa-3SP

[a] Numbers are given for I/I/III, with labeling of the species as in Scheme 1.

[b] Numbers in italics are the Gibbs free-activation energies AG*.

butadiene’s mode from #? to almost #*, while both nickel -
halide bridges are retained (cf. Figure 5).

The conversion between dimeric 7 complexes 2sa-3/4 and
2as-3/4 (cf. Scheme 1) most likely takes place by dissociative
displacement of butadiene from one fragment and subsequent
reassociation with the other fragment. This process is
expected to take place without a significant kinetic barrier.
Therefore, the population of anti and syn complexes is
kinetically determined by the isomerization barriers via 2-7
and 7.

The energetics of the isomerization process (AH* and AG*)
are summarized in Table 3. The intrinsic free-energy bar-
rier!?l is nearly identical for all three catalysts, similar to the
situation found for chain propagation. It is calculated to be
approximately 18.3 (almost identical via 2-7a and 2-7s) and
22.5 kcalmol~! (AG*) for isomerization to occur in dimeric
and monomeric complexes, respectively. When taking the
dissociative equilibrium between different kinds of butadiene
complexes into account, the gap between 2-7s and 7 increases
to more than 4.5 kcalmol™' (AGY), in favor of the dimeric
species. Therefore, the calculations predict that anti—syn
isomerization most likely takes place in dimeric complexes
through 2-7s as the preferred route.

Comparison of free-activation energies for cis-butadiene
insertion and for anti-syn isomerization: The absolute free-
energy activation barrierl for competitive insertion path-
ways and for isomerization are compared to find out which of
both crucial processes must be regarded as rate-determining.

For polymerization to occur along the minimum energy
pathway, the free-energy insertion barrier is calculated to be
25.2/29.7 (I), 22.2/26.7 (II), and 19.1/23.4 kcalmol~" (III) (cf.
Table 2) according to ky/k,,, and the free-activation energy
for isomerization is 20.6 (I), 20.5 (II), and 20.7 kcal mol~! (III)
(cf. Table 3). Thus, the calculations suggest the isomerization
to be more facile than insertion for chloride and bromide. For
iodide, our calculations seem to disagree with experimental
findings which concluded that isomerization is much more
rapid than insertion. However it must be emphasized that a
correlation between calculated barriers and relative rates is
not strictly possible because of the different rate laws of both
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processes. Since the difference in the free-activation barrier
for insertion and isomerization is predicted to be only
1.6 kcalmol~!, we think the calculations are not in conflict
with experiment, so that isomerization is more rapid than
insertion for ITI. We conclude that, for all three catalysts, cis-
butadiene insertion is rate-determining, because the free-
activation energy for isomerization for I and II is distinctly
below that of monomer insertion.

Since k> k., k, is valid, on account of the Curtin—
Hammett principle,! the stereoselectivity is solely controlled
by the difference in free energies of the transition-state
species that were passed through along the minimum pathway
of both competing cis-1,4 (following the k,. pathway) and
trans-1,4 (following the k;, pathway) generating cycles (com-
pare absolute barriers in Table 2). The calculations clearly
show that the trams-1,4 generating cycle is most probably
passed through for all three catalysts, because of a higher syn
reactivity, but with an activity that decreases in the order III >
II>>1. The anti-insertion transition states (5a-SP/PP) are
energetically well-separated from the syn forms (5s-SP/PP) by
~4.5 kcalmol~! (AAG%), in favor of the syn forms, for all
three catalysts. Therefore, we consider the generation of a cis-
1,4 polymer following the k. pathway as highly unlikely in all
cases, since the anti forms should be distinctly less reactive.
The kinetically determined polymer of predominantly trans-
1,4 structure should not possess any stereoregularity within
the methylene groups on account of to a very similar reactivity
of SP and PP transition state isomers (see the Supporting
Information).

Our calculations show some characteristics common for all
three catalysts, which are important for the elucidation of the
mechanism of stereoregulation. First, butadiene insertion into
the m-butenylnickel(ir) bond is very likely to proceed com-
mencing from s-cis butadiene (st-allyl insertion mechanism,
anti insertion). Second, the syn forms are distinctly more
reactive than the anti forms. Third, isomerization is much
more rapid than butadiene insertion, thus the insertion is rate-
determining.

The formation of a stereoregular trans-1,4 polymer by III
can be readily explained. The high cis-1,4 selectivity exper-
imentally verified for I, however, cannot be understood from
the insertion that occurred through the k; channel in
butenyl(halide)(butadiene)nickel(i) complexes. In our opin-
ion, the extremely low catalytic activity of I suggests an
essentially thermodynamic control of the activity and cis—
trans selectivity by making the k, channel accessible
(Scheme 2). The dissociation of dimeric butadiene complexes
2-3, 2-4 with participation of the monomer can take place in
two different ways. First, in a symmetrical fashion to give two
neutral monomeric butenyl(halide)(butadiene)nickel (i) com-
plexes 3 and 4 (cf. Equation (5)); thus opening the k; channel.
Second, the halide bridges can be broken unsymmetrically to
yield ionic species (cf. Equation (6)); namely, cationic poly-
butadienyl(butadiene) complexes 4’ by coordination of the
next double bond in the growing chain and the corresponding
counteranions X~ =[RC;H,NiY,]-, Y- =Cl-, Br~, I". The k,
channel would be opened by 4'a and 4's, which catalyze the
generation of cis-1,4 polymer units according to the k.
pathway.l*l
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Scheme 2. Two possible reactions channels for the 1.4-polymerization of butadiene mediated by neutral dimeric allylnickel(l]) halides either via
butenyl(halide)(butadiene)nickel(11) complexes 4a/4s (k,) or via polybutadienyl(butadiene)nickel(i1) complexes 4'a/4’s (k,) where X~ =[RC;H/\NiY,]", Y =

Cl,Br, I

The dissociative equilibrium between 2-4 and 4' (K5, K's in
Scheme 2) is largely dependent on the electronegativity of the
halide, which allows the coordinating polymer chain to
compete coordinatively with the anion ligand more or less.
Since the electronegativity of the halides and, therefore, the

acceptor strength of the Ni" center
decreases from chlorine to iodine,
the complex formation tendency of
4’ should be at its highest for I. For
all three catalysts, the k; channel is
calculated to be energetically pre-
ferred with respect to the k, chan-
nel. The energetic gap between
alternative pathways (AH* k, ver-
sus k,.), however, decreases in the
order III (7.5 kcalmol!) <1I
(6.5 kcalmol™!) <I (4.5 kcalmol™!)
(cf. Table 2, Figure 6).277 Although
the cis-1,4 cycle is still energetically
more expensive than the trans-1,4
cycle, the calculations suggest that
the k,. pathway is most feasible for I
and almost unlikely for IIL
Therefore, the production of a
stereoregular cis-1,4 polymer by the
chloride catalyst can be explained

Chem. Eur. J. 2001, 7, No. 17
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if, under thermodynamic control, the cis-1,4 cycle (k,. path-
way) is passed through. Although 4’ are only sparsely
populated, their higher reactivity (compared with that of 4)
may give rise to the extremely low catalytic activity observed
for L[4 113l The preestablished anti—syn equilibrium can be

2ss-5PP (R = C4H7)
trans-1,4 cycle via k'1¢

5'a-SP
cis-1,4 cycle via ky¢
Figure 6. Selected geometric parameters of the optimized structure [A] of the transition state for cis-

butadiene insertion to occur along the k. and k,. pathways for production of trans-1,4 and cis-1,4 polymer
units, respectively (for I as an example).
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regarded as being attained (via 2-7s) and the cis-1,4 selectivity
could arise from the higher reactivity of 4a relative to that of
4’s, which is amplified under the influence of a weakly
coordinating anion [RC;H,NiY,]~, with Y-=CI-, Br—,I-. The
k,. channel is disabled for III because of the negligible
population of catalytically active m complexes 4'. Thus, a
polymer with a predominantly trans-1,4 structure is generated
according to ki, for the moderately active iodide catalyst.
Butadiene insertion to occur with a similar probability via k;;
and k,. can be assumed to explain the statistical cis/trans
equibinary polymer given by the bromide catalyst.

Conclusion

We have studied the mechanism of stereoregulation of 1,4-
polymerization of butadiene with the neutral dimeric allyl-
nickel(t) halides [Ni(C;Hs)X], as the catalyst. We have
investigated monomer & complex formation, symmetrical
and asymmetrical splitting of dimeric & complexes, anti—syn
isomerization, and also competitive routes for chain propa-
gation occurring in dimeric and monomeric butenyl(halide)-
(butadiene)nickel(ir) complexes [RC;H,Ni(C,Hg)X].

From the present research, the following conclusions could
be drawn: in the starting material, in the absence of butadiene,
the syn configuration of the butenyl group is thermodynami-
cally more stable than the anti configuration for all three
catalysts, thus 2ss is predominant.

Commencing with the neutral dimeric allylnickel(11) halides,
the corresponding dimeric butenylnickel(i1) complexes 2 are
formed after a short initialization period.”! Subsequently,
dimeric and monomeric butadiene wt complexes, with either
monodentate or bidentate coordination of butadiene, are
formed with butadiene. All of them are in equilibrium. The
dissociative equilibrium between dimeric and monomeric
species involving butadiene is assumed to be very mobile and
can therefore be regarded as always being attained. The
conversion of anti- into syn-butenyl forms, however, is
accompanied by a significant kinetic barrier. The syn forms
are always thermodynamically more stable than the anti
counterparts under polymerization conditions. Butadiene
uptake preferentially takes place through monodentate
coordination in dimeric complexes.

The dimeric 7*-rt complexes, 2-3, are the most stable species
occurring under polymerization conditions and constitute a
thermodynamic sink. The stability of 2-3 decreases in the
order Cl>Br>1, with the most electrophilic chloro com-
plexes being the most stable. The calculations clearly show
that the thermodynamic population of the catalytically active
n*-butadiene complexes, which overall is small for the three
catalysts, is highest for iodide and decreases in the order I >
Br> Cl. Thus, the moderate activity of III as well as the
diminishing activity according to III >II>1, verified by
experiment, is confirmed by our calculations, provided that
insertion is facile and accompanied by barriers which are very
similar for all three catalysts.

Chain propagation occurs by cis-butadiene insertion into
the syn-butenylnickel(t) bond. The insertion proceeds in
monomeric complexes through trigonal-bipyramidal prone-

3692

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

butadiene transition states which always yield anti-butenyl
products under kinetic control. The thermodynamically more
stable syn forms are also more reactive than the correspond-
ing anti counterparts. The intrinsic free-energy insertion
barriers of approximately 16.5 and 18.5 kcalmol~! for syn
and anti forms, respectively, are very similar for all three
catalysts. Also, the thermodynamic driving force (AH) of the
propagation step is in the same order of magnitude for the
three catalysts. It is approximately 9.7 and 12.0 kcalmol~!
along the trans-1,4 and cis-1,4 production cycle.

Isomerization most likely takes place in dimeric complexes
through trigonal-bipyramidal o-C3-butenyl transition states,
with 2-7s energetically preferred, which constitute the inter-
nal rotation of the vinyl group around the C>—C? single bond.
The intrinsic free-energy activation barrier associated with
this process is ~18.5 kcalmol~!, which is almost identical for
all three catalysts.

The following steps are passed through along the energeti-
cally most favorable reaction pathway for generating trans-1,4
polymer units (cf. Figure 7): commencing with the most stable
cis-butadiene m complex 2ss-3, 2ss-4 is formed. After uptake
of an additional monomer and subsequent dissociation 3s
(+ 3s) and 4s (+ 3s) are formed. Complex 4s undergoes the
required conversions to pass over a moderate barrier to give
5s (following k) and decays into the kinetic anti product 6 a-
trans (see Scheme 1). With the 3s species, not involved in the
insertion process, 6 a-trans dimerizes back via 2as-3 to 2sa-3.
2sa-3 are formed as the most stable species after anti
insertion, as long as isomerization does not occur. Since
2sa-3 is readily converted into 2as-3, isomerization can take
place via 2-7s and the catalytic cycle is closed. For production
of a cis-1,4 polymer, the following sequence of species is
involved: 2as-3— 2as-4—3a (+ 3s)—4a (+3s)—5a (+
3s) — 6a-cis (+ 3s) —2as-3.

From the condensed free-energy profile for III (Figure 7), it
is evident that the cis-1,4 pathway following k. is disabled for
energetic reasons as long as the chain-propagation step is rate-
determining. Experiment determined a chain-propagation
barrier of AG*=21 kcalmol~! for the iodide catalyst.’™ In
good agreement with this experimental value, we calculated
the free-activation barrier along the k; pathway to be
19.1 kcal mol .

There are some common features for all three catalysts
which are important for elucidating the mechanism of stereo-
regulation. First, chain propagation occurs by cis-butadiene
insertion into the m-butenylnickel(tl) bond. Second, the syn
forms are distinctly more reactive than the anti forms. Third,
the chain-propagation step is rate-determining for the entire
polymerization process, and the preestablished anti—syn
equilibrium can always be regarded as attained. The isomer-
ization, therefore, is not decisive in the generation of a cis-1,4
or trans-1,4 polymer. The ratio of cis and trans units in the
polymer chain is determined by the difference in the absolute
reactivity of the syn- and anti-butenyl @ complexes.

Accordingly, under kinetic control, neutral dimeric allyl-
nickel(t) halides catalyze the formation of trans-1,4 polymer
units following the k;, pathway with a strongly decreasing
activity in the order III>II>I This agrees with the
experimental verification of the allylnickel iodide as a
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moderately active catalyst that yields almost exclusively a
stereoregular trans-1,4-polymer. Experiment determined no
stereoregularity within the methylene groups of the trans-1,4-
polymer.®l This is confirmed by our calculations.

The production of a stereoregular cis-1,4-polybutadiene
with allylnickel chloride can only be explained by making the
k,. channel accessible as a result of the formation of
polybutadienyl(butadiene) complexes which is accompanied
by coordination of the next double bond in the polymer chain
to the Ni'l center. A similar probability for butadiene insertion
to occur by routes k;, and k,. can be assumed to help
understand the formation of the statistical cis/trans equibinary
polymer afforded by the bromide catalyst.

The differences in the catalytic activity and the cis—trans
selectivity of the allylnickel(i1) halides are entirely thermody-
namically determined by the different ability to form reactive
butenyl(halide)(butadiene)nickel(i) complexes (4) or poly-
butadienyl(butadiene)nickel(i) = complexes (4'), depending
on the electronegativity of the halide.
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dimeric species; 3a-SS—7 for monomeric species. d) Absolute
isomerization barriers are defined as the energetic difference between
the isomerization transition states and the overall most stable anti-
butenyl 7 complex (note the anti insertion), namely 2sa-3SP — 2-7a
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(2sa-3SP — 2-7s) and its syn counterpart for insertion (2ss-3SP — 5a/
5s), respectively.
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isomerization and insertion (following k,,) along the minimum energy
pathway in monomeric complexes, species of the same sum formula,
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has a negligible influence on the energetics.
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Cl, Br, I"). For the 4 and 5 species with a weakly coordinating
counteranion, entropy contributions cannot be reliably estimated by
the theoretical methods employed in this study. Therefore, enthalpies
were used to estimate the probability for polymerization to proceed
along the k, or the k, channel, respectively.
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Characterisation of Zeolitic Materials with a HEU-Type Structure Modified
by Transition Metal Elements: Definition of Acid Sites in Nickel-Loaded
Crystals in the Light of Experimental and Quantum-Chemical Results

A. Godelitsas,™ D. Charistos,'*! A. Tsipis,®! C. Tsipis,*!*] A. Filippidis,'! C. Triantafyllidis,!

G. Manos,'*! and D. Siapkas!!

Abstract: Nickel-loaded HEU-type
zeolite crystals have been obtained by
well-known synthetic procedures and
characterised by X-ray fluorescence
(XRF), scanning-electron microscopy/
energy-dispersive spectroscopy (SEM-
EDS), FT-IR, diffuse reflectance UV/
Vis spectroscopy (DR(UV/Vis)S) and
X-ray  photoelectron  spectroscopy
(XPS) measurements as non-homoionic
and non-stoichiometric substances con-
taining exchangeable hydrated Ni** ions
in the micropores and nickel hydroxide
phases supported on the surface. Ther-
mogravimetric analysis/ differential
gravimetry (TGA/DTG) and differen-
tial thermal analysis (DTA) demonstrat-
ed that full dehydration below approx-
imately 400°C follows a clearly endo-
thermic process, whereas at higher
temperatures the zeolite is amorphised
and finally partially recrystallised to
Ni(ALSi) oxides, detected by powder

Introduction

HEU-type zeolites, a family of crystalline aluminosilicate
microporous solids, include both natural and synthetic

X-ray powder diffraction (XRD). The
solid acidity of NiHEU, initially deter-
mined by temperature-programmed de-
sorption (TPD) of ammonia to be
893 mgg~! NH;, is attributed to the
weak acid sites (fundamentally Lewis
sites) resolved at approximately 183°C,
and to the strong acid sites (essentially
Brgnsted sites) resolved at approximate-
ly 461°C in the TPD pattern. A more
sophisticated study based on in situ/ex
situ FT-IR with in situ/ex situ 27Al MAS
NMR and pyridine (Py) as a probe
molecule, revealed that the Lewis acid
sites can be attributed primarily to Ni**
ions, whereas the Brgnsted ones can
probably be associated with the surface-
supported nickel hydroxide phases. The

Keywords: aluminosilicates - densi-
ty functional calculations . micro-
porous materials - nickel - zeolites

spectroscopic measurements in conjunc-
tion with powder XRD and ?Si MAS
NMR data strongly suggest that distort-
ed Al tetrahedra are formed during the
dehydration process and Py chemisorp-
tion/complexation (NiHEU-Py), where-
as the crystal structure is remarkably
well preserved in the rehydrated materi-
al (NiHEU-Py/R). The structural, elec-
tronic, energetic and spectroscopic
properties of all possible nickel(1) aqua
and dihydroxy complexes absorbed in
the zeolite micropores or supported on
the zeolite surface were studied theoret-
ically by density functional theory
(DFT). The computed proton affinity,
found to be in the range 182.0-
210.0 kcalmol~, increases with increas-
ing coordination number of the aqua
and dihydroxy nickel(i) complexes.

members.'2 The naturally occurring HEU-type zeolites
(heulandite —clinoptilolite series) are the most abundant

minerals on Earth, exhibiting a zeolitic structure. They are
mostly found in specific types of sedimentary rocks (tuffs) in
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the form of small crystals (0.1 -100 um) associated with clays
and other silicate and aluminosilicate phases of similar
density.’%) However, even centimetre-scale single crystals
can grow in cavities of igneous rocks (for example, basalts)
from natural hydrothermal solutions. Tuffs containing crystals
of HEU-type zeolites (zeoliferous rocks) form large deposits
in many areas, such as the USA, Japan, the former Soviet
Union, Hungary, Bulgaria, Australia, China, Greece and
Mexico, and are low-cost industrial minerals with several
commercial applications.*'? The synthetic zeolite spe-
cies,[*1 including 1L.Z-219 and CIT-3, are all more expensive
microporous solids, as yet without extensive practical appli-
cations.

The crystal structurel'l of all HEU-type zeolites (both
natural and synthetic) is characterised by a three-dimensional
aluminosilicate framework consisting fundamentally of sec-
ondary building units (SBUs) of the 4-4-1 type, formed by TO,
(T=Si, Al) tetrahedral primary building units (PBUs)?l.
Chain-like structural subunits (SSUs) of the ke type originate
from these SBUs, and are further combined through 4.5%type
SSUs to form structural “sheets” parallel to the (010) (ac)
plane.l'201 For this spatial arrangement of SSUs, the frame-
work contains narrow four- and five-membered rings, as well
as broad eight- and ten-membered rings constituting intra-
framework micropores (channels) capable of hosting extra-
framework/exchangeable cations (for example, Nat, KT,
Ca?*) in association with mobile water molecules. The
monoclinic (C2/m) crystals of HEU-type zeolites accommo-
date two different systems of micropores interconnected
within the lattice, the first developed along the [001] ¢ axis
with both eight- and ten-membered rings forming A- and

Abstract in Greek:

HMepilnyn:  Kpdotohrot HEU-tomov {edMbBov @optwpévov pe Ni
shfebnoav pe Baon kowég peBodoug auvleang kot yupaktnpictnkay, pe
uetpiiostg XRF, SEM-EDS, FT-IR, DR(UV-Vis) kat XPS, o¢ un-
OUOIOVTIKOL KUt  UN-OTOLYEWOUETPIKOL, Tov  mepExovy  aviodrdadipa
spudatopiva 10vie Ni¥¥ pécn oTovg pupormdpovs kat doeis vipokeidiov
Tov vikghiov omy smipdvein. Metpnosig TGA/DTG kan DTA £6eiéav ou
oe Beppokpacia pikpodtepn v 400 °C cvpuPaiver mhipng apuddtwcn wov
ovvodshstn amd  kabapr ev86bepun Sepyacio, evd o VYMAOTEpEg
Osppokpuciss o LedMbog  kabictatar  apoppog  kar  Tehkd
avakpuoturhdvetar pe ™ popeny ofewdiov Ni(ALSi). H atepen ofvmyta
tov gohbov NiHEU, mov vroloyiotmke apywkd pe TPD mg appmviag oe
893 mg ¢! NH;, anodotnke 1000 og aodeveic 6&veg B&aeis (o ovoia
0éosig Lewis) mov avaiibnkav ot Beppokpacia 183 °C ,600 ka1 og 10x0pEg
dveg Oicswg (omyv ovoio Bicsg Brensted) mov avaldbnkav os
Beppokpacia 461 °C oto mpdéro TPD. M mo eéeidikevpévy pedém
Bactopévy o cvvdvaopd in-situ/ex-situ FT-IR kot in-situ/ex-situ 27Al
MAS NMR pe mopdivny (Py) g popto avagopds, £deife om ot o&wveg
Btaeic Lewis propei va anodoBody ata 16via Nit', svéd o Oiceic Bronsted
B puropovoay mbavov va awodoBovy oe paoetg vdpoeidiov Tov vikehiov
nov Ppiokoviur omyv cmpdvewr Tov (edhiBov. Ot QUOPHATOCKOMIKEG
HETPROEL, Ge GLVBLacuO pe pstpriosiy XRD-okovng ko 2°Si MAS NMR
£361£0v TO CYNUATIOUO TUPAHOPPOUEVEY APYIMKGOV TETPUESpOV KATA TNV
apLddTOoT Ko KRUsoppdenon/cuprlokonoinon g mopdivng (NiHEU-
Py), své n kpvotarhikn dou Swmpeitn o onpavukd Pabud oto
apudatopivo vhikd (NIHEU-Py/R). Or Sopikée, NAEKTPOVIKES, EVEPYEIUKES
Kot QuopaTooKomikés 1810 Ghwv twv mbavdv vduto- kar vduto-
Swdpolv-copmhéxav tov Ni¥, pshemnxav Osopnukd pe Baom m
utBodo DFT. O1 npotoviocuyyiveieg mov vrohoyicBnkav Bpiokovial otnv
neproyh tov 182,0 pe 210,0 keal mol” xon avéavovtar pe mv adEnon tov

apIBLOY COVAPLOYIS TV PENTO- ket VEATO-51SPoEV-copIAOKEY Tov Ni™,
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B-type channels (3.3 x 4.6 and 3.0 x 7.6 A respectively), and
the second developed along the [102] a axis with eight-
membered rings forming C-type channels (2.6 x 4.7 A).

The relatively “open” structure of HEU-type zeolites, with
a total pore volume (TPV) of 35 %] enhances the sorption
properties of these microporous solids, especially towards
gaseous molecules such as dinitrogen, water, carbon mon-
oxide, ammonia, methanol, methane and pyridine, which are
small enough to enter the channels. The TPV of zeolite
crystals is correlated with the crystallographic arrangement of
the aluminosilicate framework, and particularly with the
framework density (FD), which is 17.0 T sites/1000 A3 for the
HEU-type structure.’) However, the chemical composition of
the framework (the Si/Al ratio, in the range 3 -5) modulates
the ion-exchange properties of the zeolites expressed as
cation-exchange capacity (CEC, which can theoretically reach
330 meq/100 g).? The rather low Si/Al ratio and the con-
sequently increased CEC render HEU-type zeolites advanta-
geous for binding dissolved cations from aqueous solutions.
Of particular interest is the interaction of HEU-type zeolites
with metallic cations (mostly heavy metals) such as lead,
cadmium, zinc, copper and nickel, which are sorbed by the
zeolite and immobilised in the crystals, modifying the initial
HEU-type structure. This is crucial for environmental tech-
nology (for example, decontamination of wastewaters) and
for certain industrial applications. In the development of
transition metal based catalysts, precise characterisation of
the chemically modified (metal-loaded) zeolite and thorough
investigation of the chemical properties of the solid, with
particular emphasis on the definition of potential structural
Lewis- and/or Brgnsted-type active sites, are essential.

To our knowledge, nickel-loaded HEU-type zeolites, in
contrast to their copper counterparts, have not been exten-
sively studied, in spite of their importance in heterogeneous
catalytic processes. The results reported until now? deal
mainly with nickel-loaded HEU-type zeolites coexisting in
zeoliferous rocks with different silicate and aluminosilicate
minerals. These measurements must be treated with caution,
since nickel interacts with crystals of all the associated phases
(for example, clays) in the preparation process. Although the
crystal structures of pure HEU-type zeolites ion-exchanged
with several metals (Na, K, Rb, Cs, Mg, Sr, Ba, Mn, Ag, Cd, Tl,
Pb) have been determined,?! the crystal structure of the fully
or even the partially nickel-exchanged form has not been
reported. We have already published a few preliminary results
concerning the structural and chemical properties of natural
zeolite crystals modified with nickel,?! and here we report
further details of the characterisation of pure natural HEU-
type zeolite crystals loaded with nickel by means of known
wet-chemical procedures. We had four objectives: 1) charac-
terisation of these crystals using an appropriate combination
of microscopic (scanning-electron microscopy/energy-disper-
sive spectroscopy (SEM-EDS)), diffraction (powder X-ray
diffraction (XRD)), thermal (temperature-programmed de-
sorption (TPD), thermogravimetric analysis/differential grav-
imetry (TGA/DTG) and differential thermal analysis (DTA))
and spectroscopic (radioisotope-induced X-ray fluorescence
(RI-XRF), diffuse reflectance spectroscopy (DRS), X-ray
photoelectron spectroscopy (XPS), 2Si MAS NMR, in situ/ex
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situ FT-IR, in situ/ex situ Al MAS NMR spectroscopic)
techniques; 2) definition of the acid sites created in the
structure of the microporous solid by nickel; 3) exploration,
by first-principle quantum-chemical methods, of the struc-
tural, electronic and spectroscopic properties of the nickel-
containing species sorbed or surface-precipitated on the
zeolite structure; 4) investigation of the efficiency of HEU-
type zeolites in the removal of dissolved nickel ions from
aqueous media, which is of considerable technological and
environmental significance.

Experimental Section

Starting material: The HEU-type zeolite sample was of natural origin,
occurring in geodes of a basaltic rock. Pure, pale white, single crystals were
detached carefully from the rock, cleaned in an ultrasonic bath with
distilled water, air-dried and crushed in an agate mortar. A granular
fraction, particle size 20— 90 pm, which was selected taking into account the
average size of HEU-type zeolite crystals in relevant commercial products
(zeoliferous rocks), was separated with standard analytical sieves.

Preparation of nickel-loaded (NiHEU) material: The preparation of this
material was based on known proceduresi?" 2!l for heavy metal-loaded/ion-
exchanged HEU-type zeolites, through appropriate modification of the
homoionic sodium form (fully Na*-exchanged), which is a precursor phase
(NaHEU). In particular, the previously prepared NaHEU crystals were
refluxed repeatedly with a concentrated aqueous solution® of Ni(NO,),
to achieve the maximum release of Na*t ions (checked in the filtrates by
flame photometry; Bruno Lange M6a), the only exchangeable cation in the
NaHEU. The NiHEU crystals (pale green) were collected by filtration,
washed with small portions of distilled water until no traces of nickel were
detected in the filtrates by atomic absorption spectrometry (Perkin-
Elmer 5000), and stored in a desiccator over a saturated solution of
Ca(NO;),.

Spectroscopic and thermogravimetric characterisation: Preliminary char-
acterisation of NiHEU was by powder XRD (Scintag XDS2000, Cug,,
26 =2°-80° 1°min~') and SEM-EDS (JEOL JSM 840-A equipped with an
Oxford ISIS 300 EDS) also using carbon-coated polished sections of the
crystals. The total nickel content of the solid was determined directly by RI-
XRF using an 'Am secondary excitation source (Sn target) and a
Canberra LEGe detector with a 2-mil (2 x 102 inch) Be window connected
to a computer-based data acquisition/MCA system (Canberra S-100). The
initial spectroscopic study of the chemically modified zeolite was per-
formed by FT-IR (Bruker IFS113v, KBr pellets) and DR(UV/Vis)
(Shimadzu UV/Vis 2101 scanning spectrometer, BaSO, reference materi-
al). The surface of the material (up to approximately 30 A) was
investigated by XPS (V.G. Scientific 1000 instrument, Mgy, X-ray source,
10-° Torr UHV chamber), whereas characterisation of the aluminosilicate
framework of the crystal structure was based on *Si and ¥ Al MAS NMR
on Bruker MSL400 equipment with (CH;),Si and [Al(H,0)4]** reference
materials. TGA/DTG and DTA were carried out with a Chan instrument in
a He atmosphere at 20 °Cmin~" up to 800 °C. The NiHEU samples obtained
by the thermal analyses were also investigated by SEM-EDS and powder
XRD.

Solid acidity of the NiHEU zeolite: This was determined by TPD of
ammonia using a high-temperature vertical furnace with a temperature
controller and a quartz vertical reactor equipped with a thermal con-
ductivity detector (TCD) to determine the ammonia evolved. The material
(100 mg) was placed in the reactor and dehydrated at 350°C under a
continuous flow of He (50 mLmin~') for 3 h. The temperature was then
lowered to 100°C and dry ammonia was passed through the sample at
1.5 bar for 1 h. Physisorbed ammonia was also stripped at 100 °C under the
He flow for 30 min. Chemisorbed ammonia was desorbed by heating the
sample from 100 to 800 °C (heating rate 10°Cmin~!, He flow 50 mL min~")
and a known amount of HCI solution was used for titrimetric determination
after passage through the detector. The acid sites responsible for the solid
acidity of the dehydrated (activated) NiHEU crystals were defined by in
situ FT-IR and Al MAS NMR, with Py as a probe molecule.
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For in situ FT-IR experiments, thin self-supporting NiHEU wafers
(approximately 14 mgcm~2) were prepared and mounted within a special
vacuum cell containing an internal electrically heated furnace region and
appropriate windows for FT-IR measurements, adapted for a Mattson
Cygnus 100 FT-IR spectrometer. The NIHEU samples were dehydrated at
350°C under vacuum (107> Torr) for 12 h. The temperature was decreased
to 150°C to record the spectra of the activated zeolite. By continuous
adjustment to ensure this temperature, a portion of spectroscopic-grade
pyridine (3 pL), purified by several “freeze—pump-thaw” cycles to
remove dissolved gases, was inserted by syringe in the vacuum cell and
the in situ FT-IR spectra of NtHEU-Py were recorded. At that temperature
pyridine is gaseous and can be chemisorbed by the zeolite. However, to
remove possible physisorbed pyridine the pressure (initially 10~° Torr) was
decreased rapidly before the spectra were recorded, then the wafers were
removed from the vacuum cell and the material was rehydrated for two
weeks in the desiccator. The rehydrated sample (NiHEU-Py/R) was
investigated by ex situ FT-IR (with KBr pellets), SEM-EDS, powder XRD,
Si MAS NMR and Al MAS NMR.

Analogous experiments were performed using in situ Al MAS NMR.
NiHEU (an appropriate quantity) was inserted in a specially designed
aluminium-free Pyrex glass tube, which was joined to a Schlenk-type
vacuum line. The sample was dehydrated in a convenient vertical ceramic
furnace at 350 °C for 12 h and then cooled to 150 °C for sorption of pyridine.
After the reaction was complete the upper part of the tube, connected to
the vacuum line, was first sealed using a flame. The lower part of the
separated tube containing the NIHEU-Py material was sealed later with a
sharp flame while being rotated continuously in liquid nitrogen to prevent
the high temperature from affecting the sample and to obtain a well-shaped
glass capsule. This capsule was mounted in a MAS zirconia rotor fitted on
the Bruker MSL400 spectrometer. After acquisition of the spectra, the
capsule was crushed carefully and its contents were rehydrated (NIHEU-
Py/R) for two weeks in the constant-humidity chamber for further
examination by ex situ Al MAS NMR, SEM-EDS, powder XRD, FT-IR
and ¥Si MAS NMR.

Computational Details

The structural, electronic and energetic properties of all possible nickel(ir)
aqua and dihydroxy complexes absorbed in the zeolite micropores or
supported on the zeolite surface, in both their low- (singlet) and high-spin
(triplet) states, were computed using density functional theory (DFT) at the
B3LYP level of theory (B3LYP =Becke’s three-parameter hybrid func-
tional®! combined with the Lee — Yang - Parr correlation functional), using
the LANL2DZ basis set that includes Dunning/Huzinaga full double zeta
(DZ) basis on the first row and Los Alamos effective core potentials
(ECPs) plus DZ for the nickel atom. The hybrid B3LYP functional gives
acceptable results for molecular energies and geometries, as well as proton
donation, and weak and strong hydrogen bonds.’l No constraints were
imposed on the geometry in any of the computations. Full geometry
optimisation was performed for each structure using Schlegel’s analytical
gradient method,”” and the attainment of the energy minimum was
verified by calculating the vibrational frequencies that resulted in the
absence of imaginary eigenvalues of the Hessian matrix. The vibrational
modes and the corresponding frequencies were based on a harmonic force
field. Electronic transitions were computed by the configuration inter-
action (CI) singles approach. All calculations were performed with the
Gaussian 98 program suite."!

Results and Discussion

Characterisation of zeolitic materials with a HEU-type
structure modified by Ni** ions: The total nickel content of
the nickel-loaded HEU-type zeolite, determined by RI-XRF,
was 3.5% (w/w) (35 mgg"). The calculated CEC of the
precursor NaHEU zeolite (302 meq/100 g) strongly suggests
that the completely nickel-exchanged NiHEU material could
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theoretically contain 88.62 mgg~! nickel. However, if one
assumes that Ni2* ions had been sorbed through ion exchange,
the product would primarily be a partially nickel-exchanged
(non-homoionic) zeolitic material. Bulk analyses of the
material showed that a considerable amount of sodium
remained in the crystal structure of NIHEU. SEM-EDS of
polished sections of the material indicated that the distribu-
tion of nickel was remarkably inhomogeneous throughout the
grains, with significant accumulation towards the rims and
around the edges (Figure 1). This means that the non-
homoionic NiHEU crystals were also non-stoichiometric, so

A

Figure 1. SEM-EDS results, indicating the distribution of nickel in
polished sections of NIHEU crystals (Nig, - was used for the corresponding
elemental mapping). Left: typical SEM image (back-scattered electron
images) of NIHEU crystal sections. Right: typical elemental mapping of the
nickel distribution.

the nickel sorption by the zeolite may not be completely
attributable to ion exchange. The XPS study (Figure 2)
showed that the near-surface layers of the material comprised
not Ni** jons but specific compounds corresponding to
hydroxides of nickel()®32 (Ni 2p;, peak resolved at

Ni2ps/>

Intensity / arb. units

862.96 857.96 852.96 847.96

Binding Energy / eV
Figure 2. Ni 2p;, region of the XPS spectrum of NiHEU.

842.96 837.96

856 eV). This is further supported by observation of an extra
characteristic sharp band at 1384 cm™" in the FT-IR spectra of
NiHEU, associated® with the 6(OH) stretching vibrations of
metal hydroxides and/or oxyhydroxides. These data are
further verified by SEM-EDS investigation of individual
NiHEU crystals, indicating the presence of very small (up to
2 um) solid nickel phases supported on the zeolite surface
(Figure 3). In addition, the powder XRD study of NiHEU,
NaHEU and pure nickel hydroxide proved the crystalline
nature of the surface nickel hydroxide phases, by definition of
small, well-resolved peaks in the corresponding patterns
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Figure 3. SEM image showing the nickel hydroxide phases supported on
the surface of NiHEU.

gegd 15K

which were not due to the structure of the HEU-type zeolitic
substrate.P4

The NiHEU zeolitic material is not a typical partially
nickel-exchanged (non-homoionic) form of a HEU-type
zeolite, and the non-stoichiometric nickel-loaded crystals
have possibly been formed through metal sorption mecha-
nisms, which do not exclusively involve ion exchange. These
mechanisms are mainly represented by distinct surface
chemical processes, such as adsorption and surface precip-
itation,®> 3 taking place at the solid-solution interface
during treatment of the zeolite with aqueous solutions of
Ni?* ions. These processes are facilitated by the hydrolysis of
the Ni?* ion,"] which is favoured at the elevated temperature
required for sufficient metal loading. As a result, various
hydrolysis products interact progressively with the micro-
porous solid, which can also act as a forceful cation exchanger.
The positively charged solvated species, such as [Ni(H,0),]**
and [NiOH]*, are sorbed primarily through ion exchange.
replacing initial extra-framework Na* ions, whereas mono-
nuclear and/or polynuclear insoluble hydroxide species can be
bonded to the material by surface precipitation. As a
consequence, the NIHEU zeolite exhibits a rather compli-
cated structure in which nickel ions occupying different sites
in the micropores (channels) and on the surface possess
differing Lewis and/or Brgnsted acidic properties. Schoon-
heydt et al.’¥! discussed adequately the crucial importance of
such structures in possible catalytic applications with respect
to non-stoichiometric nickel-loaded Linde NaX and NaY
(NiFAU) synthetic zeolites. Accordingly, XPS measurements
by Xiao and Mengl®! demonstrated that in nickel-containing
HZSM-5 catalysts (NiMFI) nickel ions can exist in various
other coordination environments as well as in nickel hydrox-
ides supported on the surface. It is rather difficult to prepare
either fully or even partially nickel-exchanged HEU-type
zeolite crystals that are practically stoichiometric (with the
same metal content in each unit cell) in order for the crystal
structure to be resolved accurately and the positions of the
ions in the lattice to be defined precisely.

As dipositive metal cations with small ionic radii are
preferentially surrounded by H,O molecules and are less
coordinated by framework O atoms, in the nickel-loaded
HEU-type zeolite Ni2* ions with an ionic radius of 0.70 Al
are expected to be completely surrounded by water molecules
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in the large micropores (A and B), probably without
coordination by framework O atoms. The existence of
hydrated Ni** ions in the structure of NiHEU is further
supported by the DR(UV/Vis) spectra showing a character-
istic broad band in the 630-765 nm region and a band at
390 nm.*I However, the #Si and A1 MAS NMR spectra of
NiHEU (Figures 4 and 5) are identical to those of the raw
HEU-type zeolite,*>* strongly suggesting that the alumino-
silicate framework hosting the extra-framework hydrated Ni**
ions has not been affected by the sorption of nickel ions. The
Si/Al ratio of NiHEU calculated from 2°Si and Al MAS
NMR spectra*? is 3.78.

Si(1Al)

Si(1AY

-60 -70 -80 -90 -100 110 -120  -130 -140 -150

ppm
Figure 4. Si MAS NMR spectrum of NiHEU.

Altet

130 120 110 100 90 80 70 60 50 40 30 20 10 O -10 -20 -30
ppm
Figure 5. Al MAS NMR spectrum of NiHEU.

Definition of acid sites in nickel-loaded HEU-type zeolite:
The Ni** ions encapsulated in the structure of NiHEU
introduce a weak solid acidity to the material that can easily
be recognised after suitable thermal treatment (activation),
which leads to the removal of the coordinated water
molecules and the creation of Lewis acid sites due to the
dehydrated Ni*t ions.*>*! However, the nickel hydroxide
phases supported on the surface of the crystals seem to play a
more critical role in the solid acidity, for they tend to
constitute Brgnsted acid sites, adding stronger acidity to the
nickel-loaded zeolite. The thermal analyses of NiHEU (Fig-
ure 6) revealed a total weight loss of 15.93% involving
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Figure 6. TGA/DTG (top) and DTA (bottom) curves of NitHEU.

three main stages, but complete dehydration of the crystals
was realised below approximately 400 °C corresponding to a
major weight loss of approximatelyl 3%. A discrete endo-
thermic event resolved in the DTA curve at 150°C is evidently
related to the release of zeolitic H,O molecules predom-
inantly associated with the Ni** ions in the micropores
(Figure 6 bottom). The minor weight loss (2.93%) from
approximately 400 to 800°C could be attributed to dehydrox-
ylation of the surface-supported nickel hydroxide phases,
which was a potential source of volatile constituents that
could be released at higher temperatures. The SEM-EDS
examination of the thermally treated NIHEU showed that the
grains obtained retained the external morphology of the
initial zeolite crystals, but the powder XRD data indicated
that the solid had become practically amorphous. However,
careful treatment of the powder XRD patterns revealed the
presence of a small sharp peak, separated from the back-
ground, which corresponded to crystalline Ni(Al,Si) oxides.
Partial recrystallisation evidently takes place as a result of the
progressive reaction of the dehydroxylated nickel hydroxide
phases with the amorphised zeolitic substrate. These results
imply that complete dehydration (activation) of NiHEU,
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which is required for identifying the acid sites by TPD and in
situ FT-IR/MAS NMR spectroscopy, can be achieved reason-
ably well at quite low temperatures (below approximately
400°C). TPD of ammonia gave a considerable total solid
acidity of NiIHEU (8.93 mgNH,g™"). The characterisation of
zeolitic materials with a modified structure using TPD could
also provide valuable information on the strength distribution
of the acid sites recorded. ¥ Thus the broad peak in the
TPD pattern (Figure 7) with a maximum at 183°C corre-
sponds to “weak” acid sites, which are represented mainly by

NH; Desorbed/a.u.

100 ' 300 ' 500 ' 700
T°C
Figure 7. TPD of NH; from NiHEU activated at 350 °C.

Lewis-type sites such as the dehydrated Ni** ions. Associated
acid sites are also considered to be any relevant extra-
framework species located in the micropores (that is, the
residual Na* ions), including potential AI’* ions in an
octahedral coordination environment (Al°), which can be
formed in activated zeolites. The second broad peak in the
TPD spectrum, with a maximum at 461°C, corresponds to
“strong” acid sites, which are primarily attributed to Brgnst-
ed-type sites containing protonated active groups. The
characteristic Brgnsted-type sites in the structure of activated
zeolites are the so-called bridging hydroxy groups, consisting
of protons bonded to the aluminosilicate framework in the
micropores (Si-O(H)-Al). However, possible silanol groups
(Si—-OH) commonly formed on the surface of zeolites
(terminal hydroxy groups) do not constitute “strong” acid
sites and are generally of minor importance. Extended
bridging hydroxy groups are usually created in NH,"-ex-
changed zeolites as a result of the release of NH;(g) during the
thermal treatment, but are not typical of metal-loaded
zeolites. Therefore, in NiHEU the “strong” acid sites ob-
served in the TPD pattern are probably due to the surface-
supported nickel hydroxides.

The different types of acid sites were characterised further
by in situ FT-IR after exposure of the activated metal-loaded
zeolite to gaseous strong electron donor ligands such as
pyridine (Py).*! The FTIR showed clearly that Py is
chemisorbed on the activated NiHEU zeolite through reac-
tion with certain structural acid sites of the zeolite. The lack of
discrete absorption bands in the 3700-3500 cm~! region
indicates the absence of Brgnsted-type acid sites attributable
to bridging hydroxy groups. In contrast, some absorption
bands appearing in the 1700-1400 cm™' region strongly
suggest that Py can also be chemisorbed to Lewis and/or
Brgnsted acid sites different from those of the bridging
hydroxy groups. The normal vibrational modes with maxima
at 1610 cm™! and 1447 cm™! are due to the species resulting
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from the interaction of the lone-pair orbital of Py with the
appropriate vacant orbital of the Lewis acid sites, whereas
that at 1650 cm~! is characteristic of the pyridinium ion
formed by interaction of Py with the protons of the Brgnsted
acid sites. The band at 1491 cm™! could be attributed to the
pyridine ring and is common to all Py-containing species.
These data substantiate the existence of “strong” Brgnsted-
type acid sites due to surface-supported nickel hydroxides,
identified with certainty by a characteristic peak at 461°C in
the TPD spectrum of NiHEU (Figure 7). However, the Lewis-
type acid sites, verified by FT-IR spectra of the NiHEU-Py
material, could be due primarily to dehydrated Ni** ions
located in the micropores, as well as to residual Na* ions. In
addition, sufficient evidence for relevant acid sites due to
extra-framework octahedrally coordinated AI** ions was
obtained from Al MAS NMR spectra. The in situ Al
MAS NMR spectrum of NiHEU-Py exhibits, besides the
characteristic peak due to tetrahedral Al (Al*') moieties, a
second broad peak at d =56 also due to the presence of Al°*
moieties. Moreover, the ex situ Al MAS NMR spectra
recorded after rehydration of the material (forming NiHEU-
Py/R) exhibited only the single peak due to Al'*'; hence no
Al moieties were created or remained in the rehydrated
crystal structure. Consequently, distorted Al'* primary build-
ing units (Al tetrahedra) are most probably formed in the
aluminosilicate framework of the zeolite upon activation,
then further rearranged. Therefore, the Lewis-type acid sites
resolved in the in situ FT-IR spectra are represented solely by
exchangeable cationic species and particularly by the domi-
nant Ni?>* ions. A reversible structural transformation of this
kind has not been reported previously for zeolites, but it is
well known for other microporous materials, such as the
zeotype AIPO,.

Chemisorption of the Lewis-type base Py on the activated
NiHEU is apparently associated with coordination processes
affording relevant Ni?>* coordination compounds throughout
the crystals of the material (intra-zeolite and surface com-
plexes). The powder XRD patterns of NiHEU-Py/R (Fig-
ure 8) demonstrated that the crystal structure of the zeolite is
essentially preserved during dehydration/activation followed
by Py sorption and rehydration. This is important for potential
catalytic applications of HEU-type zeolites modified by Ni**

d
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Figure 8. Powder XRD patterns of NiHEU-Py/R (top) and NiHEU
(bottom).
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ions, and it is also proved by the ex situ Si MAS NMR and
FT-IR spectra, which are identical to those of the starting
NiHEU material.

Structural, energetic and electronic properties of
[Ni(OH,),]** (n=4-6) complexes: The Ni** ions may exist
in their complexes both in high-spin (triplet) and low-spin
(singlet) states. The ordering of spin states depends on the
strength and symmetry of the ligand field. Figure 9, 10 and 11
present the optimised geometries for [Ni(OH,),]*" (n=4-6)
complexes in both their singlet and triplet states.

[Ni(OH,),J** complexes: The low-spin state of the tetraaqua
Ni" cluster, [Ni(OH,),]**(S), possessing D,, symmetry, is a
local minimum in the potential energy surface (PES) at
16.9 kcalmol~! higher in energy than the high-spin ground
state [Ni(OH,),]**(T) (Figure 9). The H atoms of two
coordinated water molecules in trans positions are in the
square-planar coordination plane, whereas those of the other
two coordinated water molecules are perpendicular to the
plane. Moreover, the H atoms of the coordinated water
molecules in trans positions adopt a staggered conformation,
with dihedral angles for the two pairs of trans water ligands of
41.3° and 53.3°. All O-Ni-O bond angles are 90°. The H-O-H

IMHOH 1, 150

Emod 7L AT Harfree Em

[MEH L P T TS

F=—474 474 Horfres

Figure 9. Optimised geometries of the [Ni(OH,),]>* complexes in their low- and high-spin states computed at the

B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.
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bond angle of the coordinated water molecules is higher by
about 8° than the corresponding angle of the free water
molecule. The computed dipole moment (0.00 D) is consistent
with the D,, symmetry of the complex.

According to Mulliken population analysis the net atomic
charges on the central Ni?* ion, the O donor atoms and the H
atoms are +0.92, —0.72 and + 0.50 charge units, respectively.
The bond overlap populations of the Ni-O and O—H bonds
are 0.13 and 0.27 respectively. The HOMO at —0.661 eV
corresponds to a central Ni** atom non-bonding MO, with
predominantly d,. character (Figure 12), whereas the LUMO
at —0.496 eV corresponds to a central Ni** atom antibonding
MO with predominantly d,._y. character. Thus the HOMO -
LUMO energy gap is only 0.165 eV, implying that a triplet
state could also be possible as the ground state of the complex.

Indeed, we have found that the triplet state of the tetraaqua
Ni" cluster [Ni(OH,),]**(T), corresponding to the global
minimum in the PES, is the ground state of the complex.
Application of crystal field theory leads one to expect that the
energy of the d,._y. orbital in a square-planar crystal field rises
substantially as a consequence of strong repulsions between
electrons of the metal and the ligands, and the low-spin state is
expected to be the ground state. However, the B3LYP
calculations demonstrated that the triplet state, adopting a
distorted tetrahedral geometry
(C; point group), becomes the
ground state. The distorted tet-
rahedral geometry of the high-
spin state is characterised by
the dihedral angles: O(8)-
Ni(1)-0(2)-0(3) 110.7, O(8)-
Ni(1)-O(3)-O(11) 146.8, O(2)-
Ni(1)-O(11)-O(3) 105.1°. More-
over, bond angles are O(2)-
Ni(1)-O(3) 101.7° and O(8)-
Ni(1)-O(11) 138.2° and the
computed dipole moment is
0.55 D. The Ni—O bonds in the
triplet state are about 0.1 A
longer than those of the
square-planar singlet state. This
is not unexpected, however,
because the LUMO (d,_,. of
the central Ni** atom) involved
in the bonding is a singly occu-
pied molecular orbital (SOMO)
in the triplet state, in which the
Ni?* ion and the O donor atoms
acquire higher net atomic
charges than in the singlet state
(computed values +1.16 and
—0.77 respectively). The posi-
tive net atomic charge on the H
atoms remains unchanged. The
bond overlap populations of the
Ni—O bonds in the triplet state
are 0.02 lower than those in the
singlet state. The lower bond
overlap population indicates
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Figure 10. Optimised geometries of the [Ni(OH,);s]** complexes in their
low- and high-spin states computed at the B3LYP level of theory. Bond
lengths in A, bond angles (in italics) in °.

that Ni—O bonds in the triplet state are weaker, which is also
reflected in the longer computed bond lengths. The total
atomic spin density is located mainly on the central Ni** ion
(1.81) and much less on the O donor atoms (0.04-0.05)
(Figure 13). However, the computed isotropic Fermi contact
couplings (IFCC values) are —17.6 to —35.6 MHz. The two
doubly degenerate SOMOs at —0.698 eV correspond to
antibonding MOs with predominantly d,, and d,, character,
but the LUMO at —0.367 eV corresponds to a central Ni**
atom antibonding MO with predominantly 4s character.

A distorted tetrahedral transition state (TS2) about
1.5 kcalmol~! higher in energy was located on the PES, with
two Ni—O bonds that are shorter, and two that are longer,
than the corresponding bonds of the ground state. The TS2

3712
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structure is characterised by the dihedral angles: O(2)-Ni(1)-
0O(8)-0(3) 102.1, O(8)-Ni(1)-O(3)-O(11) 155.6, O(2)-Ni(1)-
O(11)-O(3) 102.4°. The computed dipole moment is 0.47 D.
Very close to TS2 (about 0.8 kcalmol™! higher in energy),
another transition state, TS1 (Figure 9), exhibiting a square-
planar configuration (zero dipole moment), was located on
the PES. In the square-planar triplet TS1 two of the trans
Ni—O bonds are about 0.075 A shorter than the other two. The
salient feature of the structure of TS1 is the eclipsed
conformation of the H atoms of the coordinated water
molecules in trans positions. Even the triplet square-planar
transition state is more stable than the singlet square-planar
configuration of [Ni(OH,),]**, which according to crystal field
theory is predicted to be the ground state. It is clear that the
excitation of an electron to the o antibonding d,._,. orbital
introduces an imbalance to the square-planar configuration
througha D,, distortion, leading ultimately to a tetrahedral
excited state (TS2), which then relaxes to the triplet ground
state. The high-spin states of some Ni** and other transition
metal ion complexes interacting with amino acid chains in
various coordination geometries were recently predicted?! to
be the ground states at the DFT/B3LYP level of theory.

[Ni(OH.,)s]** complexes: The low-spin state of the pentaaqua
Ni'' cluster, [Ni(OH,)s]>*(S), exhibiting a trigonal-planar
geometry, is a local minimum in the PES at 38.9 kcalmol~!
higher in energy than the high-spin ground state
[Ni(OH,)s)**(T) (Figure 10). Surprisingly, two of the water
molecules are not coordinated to the central Ni** ion, but are
involved in the formation of short, strong hydrogen bonds
with coordinated water molecules. Thus, the low-spin penta-
aqua Ni' cluster can be considered as a coordinatively
unsaturated three-coordinate complex, [Ni(OH,);]**-2H,0.
The high-spin triplet state with an analogous trigonal planar
geometry possesses one imaginary frequency and is therefore
a transition state, [Ni(OH,);]**(T), TS (Figure 10). The salient
feature of the trigonal-planar structures is the lengthening in
the high-spin state by 0.06—0.08 A of all Ni—O bonds. The
geometry of the coordinated water ligands in both states
remains unchanged.

In both electronic configurations one water molecule forms
one short, strong hydrogen bond with a coordinated water
molecule; the O—H, H--- O bond lengths are 1.150, 1.257 A
and 1.129, 1.288 A, and the O—H--- O bond angle is 3.4° and
0.9°, in the low- and high-spin states, respectively. Another
water molecule forms two weaker hydrogen bonds with the
other two coordinated water molecules, one corresponding to
O—H, H - O bond lengths of 1.017, 1.606 A and 1.010, 1.661 A
and O—H --- O bond angles of 21.7° and 22.7°, and the other to
O—H, H - O bond lengths of 1.007, 1.678 A and 1.008, 1.676 A
and O—H --- O bond angles of 25.2° and 23.3°, for the low- and
high-spin states, respectively. In the second case a six-
membered chelate ring is formed.

In both pentaaqua Ni!! cluster structures, the Mulliken net
atomic charges on the H atoms involved in hydrogen bond
formation between the coordinated and non-coordinated
water molecules are +0.53 and +0.50 charge units for the
O—H:--O and O—H---O---H-O skeletons, respectively. All
other H atoms acquire a net atomic charge of +0.48 charge

0947-6539/01/0717-3712 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 17





Zeolitic Materials with a HEU-Type Structure

3705-3721

P id.h

1977

[MIH 81
Ea—pd?an7? Mo

[ b |55 TS

Em- 2T 37 Mttt

Figure 11. Optimised geometries of the [Ni(OH,)s]** complexes in their low- and high-spin states
computed at the B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.
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Figure 12. HOMO and LUMO of the low-spin state of the [Ni(OH,),]**
complex.
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Figure 13. Atomic spin density (0.002 a.u. isospin
surface) of the high-spin ground state of the
[Ni(OH,),]* complex.

units. The bond overlap populations of the
O—H, H:-- O bonds are 0.16, 0.12 and 0.17,
0.12 for the singly hydrogen-bonded water
molecule, and 0.22, 0.06 and 0.23, 0.06 for
the doubly hydrogen-bonded water mole-
cule, for the low- and high-spin states
respectively The formation of strong hydro-
gen bonds exhibiting a high covalent com-
ponent in the singly hydrogen-bonded water
molecule is reflected in the computed bond
overlap populations, which are almost
equivalent for the O—H and H--- O bonds.
Moreover, as in the case of the tetraaqua
Ni" complex in the high-spin state, the Ni**
ion acquires a higher net atomic charge than
the singlet state (computed values +1.19
and +0.97, respectively).

The HOMO at —0.628 eV of the low-spin
state corresponds to a central Ni** atom
non-bonding MO with predominantly d,
character (Figure 14), whereas the LUMO
at —0.490 eV corresponds to a hybridised
orbital with predominantly d.._. character
directed to the fourth vacant position of the
square planar coordination environment of
the central Ni** atom. The form of the
LUMO is that expected for a T-shaped three-coordinate
fragment resulting from a square planar four-coordinate
square planar coordination compound upon removal of one
of the ligands. The HOMO-LUMO energy gap is only
0.138 eV.

Surprisingly, as in the case of the tetraaqua Ni! cluster, we
have found that the high-spin triplet state of the pentaaqua
Ni'' cluster, [Ni(OH,)s]**(T) (Figure 10), with a square-
pyramidal configuration corresponds to the global minimum
in the PES. In the square-pyramidal structure of
[Ni(OH,)s]**(T) the central Ni** atom is found about
0.123 A above the basal plane defined by four O donor
atoms. The square-pyramidal structure of the high-spin
ground state is characterised by the dihedral angles O(5)-
0(6)-0(4)-0(3) 5.9°, O(5)-0(1)-0(6)-0O(3) 84.5°, and O(5)-
O(1)-0(6)-O(4) 169.7°. The computed dipole moment is
0.51 D. The Ni—O bond lengths in the high-spin ground state
are about 0.2 A longer than those of the trigonal-planar
singlet state. In the triplet state the Ni** ion and the O donor
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Figure 14. HOMO and LUMO of the low-spin state of the [Ni(OH,)s]**
complex.

atoms acquire higher net atomic charges than those in the
singlet trigonal-planar state (computed values +1.05 and
—0.76 respectively). The positive net atomic charge on the H
atoms remains unchanged. The bond overlap populations of
the Ni—O bonds in the triplet state are 0.02 to 0.05 lower than
those in the singlet state, indicating weaker Ni—O bonds
(compare also the Ni—O bond lengths). The total atomic spin
density is located mainly on the central Ni** ion (1.79) and
much less on the O donor atoms (0.03-0.05) (Figure 15).

Figure 15. Atomic spin density (0.002 a.u. isospin surface) of the high-spin
ground state of the [Ni(OH,)s]** complex.

However, the computed IFCC values are —30.6 to
—38.0MHz. The two doubly degenerate SOMOs at
—0.660 eV correspond to antibonding MOs with predomi-
nantly d,, and d,, character, but the LUMO at —0.325 eV
corresponds to a central Ni** atom antibonding MO with
predominantly 4s character.

[Ni(OH,)s]** complexes: The low-spin state of the hexaaqua
Ni" cluster, [Ni(OH,)¢]**(S), exhibiting a square-planar
coordination geometry, is a local minimum in the PES,
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20.7 kcalmol~! higher in energy than the high-spin triplet
ground-state [Ni(OH,)¢]**(T) (Figure 11). In the low-spin
state of [Ni(OH,)4]**(S), two of the water molecules are not
coordinated to the central Ni** ion but are involved in the
formation of short, strong hydrogen bonds with coordinated
water molecules, so this species could be formulated as
[Ni(OH,),)** - 2H,0. Importantly, the conformers
[Ni(OH,)e)**(S1) and [Ni(OH,)]**(S2) (Figure 11) have been
identified as local minima in the PES of the low-spin state,
differing in energy by only 1.9 kcalmol .

In the more stable conformer [Ni(OH,)qJ>*(S1), one water
molecule forms a short, strong hydrogen bond with a
coordinated water molecule (O—H, H:--O 1.076, 1.375 A:
bond angle O—H -+ O 2.5°). The second water molecule forms
two weaker hydrogen bonds with two coordinated water
molecules in cis positions: for one, O—H, H---O 1.006,
1.669 A and bond angle O—H---O 22.8°, and for the other,
O—H, H-+- 0O 1.005, 1.670 A and bond angle O—H -+ O 23.8°.
The Mulliken net atomic charges on the H atoms involved in
hydrogen bond formation are +0.53 and +0.49 charge units
for the O—H---O and O—H:--O---H—O skeletons respec-
tively. All other H atoms acquire a net atomic charge of +0.48
charge units. The bond overlap populations of the O—H, H ---
O bonds are 0.19, 0.09 for the singly hydrogen-bonded water
molecule, and 0.23, 0.05 for the doubly hydrogen-bonded
water molecule, respectively. Moreover, the central Ni** ion
acquires a net atomic charge of +0.86, whereas the negative
net atomic charge on the oxygen atoms is in the —0.73 to
—0.79 charge unit range.

In conformer [Ni(OH,)s]**(S2), two water molecules form
equivalent short, strong hydrogen bonds with coordinated
water molecules in trans positions (O—H, H---O 1.078,
1.375 A; bond angle O—H---O 1.6°). The [Ni(OH,)s]**(S2)
conformer possesses D,, symmetry with the plane defined by
the atoms O(5), O(7), O(11) and O(9) being perpendicular to
the square planar coordination plane. The computed dipole
moment is almost zero (0.02 D). The Mulliken net atomic
charges on the H atoms involved in the hydrogen bond
formation are + 0.53, whereas all other H atoms acquire a net
atomic charge of +0.48 charge units, except those of the water
molecules involved in the hydrogen bond formation (net
atomic charge 0.46 charge units). The bond overlap popula-
tions of the O—H, H--- O bonds are 0.19, 0.09, respectively.
The central Ni?* ion acquires a net atomic charge of +0.85,
whereas the negative net atomic charge on the oxygen atoms
is in the —0.70 to —0.81 charge unit range.

The HOMO at —0.587 eV of the low-spin state corresponds
to a central Ni** atom non-bonding MO with predominantly
d,. character, whereas the LUMO at —0.418 eV corresponds
to an antibonding molecular orbital with predominantly d._.
character. The HOMO -LUMO energy gap is 0.169 eV.

Interestingly, the low-spin state of the hexaaqua Ni!! cluster
adopting the expected octahedral geometry for a six-coor-
dinate complex of a Ni?* ion was identified as a transition
state in the PES (the Hessian matrix has one negative
eigenvalue). The transition state, [Ni(OH,)s]**(S), TS, was
found to be 31.4 and 52.1 kcal mol~! higher in energy than the
more stable low-spin state [Ni(OH,)¢]**(S1) and the high-spin
ground-state [Ni(OH,)s]**(T), respectively (Figure 11).
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The high-spin state of the [Ni(OH,)s]** complex exhibiting
an octahedral stereochemistry (D,, point group) is the global
minimum in the PES and therefore it is the ground state. The
computed dipole moment is almost zero (0.05 D). The six
Ni—O bonds, at 2.075 A, are about 0.2 A longer than those of
the hydrated square-planar singlet states. In the triplet state
the Ni?* ion and the O donor atoms acquire higher net atomic
charges than those in the singlet state (computed values + 0.93
and —0.74, respectively). The positive net atomic charge on
the H atoms remains unchanged. The bond overlap popula-
tion of the Ni—O bonds in the triplet state is 0.10. The total
atomic spin density is located mainly on the central Ni** ion
(1.79) and much less on the O donor atoms (0.32) (Figure 16).
However, the computed IFCC values are — 0.0 to —33.2 MHz.
The SOMOs at —0.632 eV correspond to the doubly degen-
erate antibonding MOs with predominantly d,. and d.
character (e, orbitals in a D,, crystal field), but the LUMO
at —0.292 eV corresponds to a central Ni** atom antibonding
MO with predominantly 4s character.

-

Figure 16. Atomic spin density (0.002 a.u. isospin surface) of the high-spin
ground state of the [Ni(OH,),]** complex.

The incremental binding energy due to the successive
addition of one and two water molecules to [Ni(OH,),]** in
the high-spin ground state is 46.4 and 37.6 kcal mol~', respec-
tively at the B3LYP level. The trends seen for the incremental
binding energy are in accordance with those anticipated from
electrostatic considerations. The Ni—water interaction weak-
ens with increasing coordination of the metal. This trend
arises from the repulsion of the dipoles between the water
ligands and from unfavourable multi-body interactions.

Spectroscopic properties of [Ni(OH,),]** (n=4-6) com-
plexes: The predicted absorptions (CIS excitation energies)
for the high-spin ground states of the [Ni(OH,),]** (n =4-6)
complexes are those expected for the corresponding geo-
metries of the complexes and are in line with experimental
data'[SZ, 53]

For the square-planar [Ni(OH,),J** (D,,) complex they
constitute a band envelope involving crystal field d —d
transitions in the 658-945 nm region and ligand-to-metal
charge transfer (LMCT) transitions in the 264-283 nm
region. In the high-spin square-pyramidal complex
[Ni(OH,)s]**, the band in the visible region of the spectra
(418-542 nm) shows a blue shift relative to the corresponding
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band of the [Ni(OH,),]** complex. In contrast, the MLCT
transitions are shifted towards lower frequencies (267—
374 nm) relative to the corresponding bands of the four-
coordinate square-planar complex. For the octahedral
[Ni(OH,)¢]** complex the shape of the “middle” band
exhibiting two maxima results from the coupling of E,('E,)
and E,(°T},) electronic states. As a consequence, the *A,, —
'E, spin-forbidden transition gains significant intensity from
the spin-allowed *A,, — *T, transition, leading to the appear-
ance of a double-humped band envelope.’ The salient
feature of the electronic spectra of the [Ni(OH,),]*" (n=4-
6) complexes is the absence of a band around 440 -540 nm in
the four-coordinate square-planar complexes, whereas this
band is shifted towards higher wavelengths in the five-
coordinate complex than in the six-coordinate one. Moreover,
there is a significant shift of the spin-allowed transitions of
[Ni(OH,)s]** at 418.6 and 541.5 nm to higher wavelengths in
[Ni(OH,)¢)**. These features of the electronic spectra of
[Ni(OH,),]** (n=4-6) complexes could be used to distin-
guish the three different geometries of their high-spin states.
The computed harmonic vibrational frequencies for the
high-spin states of [Ni(OH,),]** (n=4-6) complexes were
scaled by 0.96, as suggested previously by Curtiss et al. ®> and
Scott and Radom.! Their IR spectra of these complexes are
characterised by four main bands of vibrational transitions.
The first band, in the 3511-3632, 3534-3666 and 3553-—
3683 cm™! region for the four-, five- and six-coordinated
complexes respectively, involves the symmetric, v,,(OH),
and antisymmetric, V,,,(OH), stretching vibrations of the
O—H bonds. Both stretching vibrations are shifted to higher
wavenumbers by increasing the coordination number of the
complexes. The second band, in the 1634-1648, 1608 —1620
and 1589-1599 cm~' region respectively, involves 6(OH)
stretching vibrations. The third band, in the 572-703, 517 -
668 and 510-633 cm™! region, respectively, involves skeletal
vibrations. The second and third bands are shifted to lower
wavenumbers by increasing the coordination number of the
complexes. The fourth band, in the 101-451, 115-387 and
111-456 cm™! region, respectively, involves the Ni-O-H out-
of-plane vibrations. Thus the position of the IR bands can be
used as a criterion for distinguishing the coordination
geometry of the [Ni(OH,),]** (n=4-6) complexes.

Structural, energetic and electronic properties of
[Ni(OH,),_,(OH);] (n=4-6) complexes: Figures 17, 18 and
19 depict the optimised molecular geometries for these
complexes in their low- and high-spin states, the latter being
the global minima in the PES.

[Ni(OH,),(OH),] complexes: The high-spin state of trans-
[Ni(OH,),(OH),], exhibiting a square-planar geometry, is the
global minimum in the PES. The low-spin state is a local
minimum, at 10.9 kcalmol~! higher in energy than the triplet
ground state. Very close to the global minimum (only
1.4 kcalmol~! higher in energy) was found the high-spin state
of the cis isomer, which surprisingly exhibits a distorted
tetrahedral geometry characterised by the dihedral angles
0O(2)-Ni(1)-O(5)-0O(3) 91.2, O(2)-O(4)-Ni(1)-O(3) 89.6 and
O(5)-0(3)-Ni(1)-O(4) 149.8°. The low-spin state of the cis
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Figure 17. Optimised geometries of the cis- and trans-[Ni(OH,),(OH),] isomers in their low- and high-spin states

computed at the B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.
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Figure 18. Optimised geometries of the [Ni(OH,);(OH),] complexes in their low- and high-spin states computed

at the B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.
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isomer is also a local minimum
in the PES, at 10.2 kcalmol!
higher in energy than the
ground state, so the low-spin
states of the cis and trans
isomers  differ by only
0.7 kcalmol~! in energy at the
B3LYP level. The most salient
feature of the equilibrium geom-
etries of the [Ni(OH,),(OH),]
isomers is the formation of two
intramolecular hydrogen bonds
between the coordinated water
and hydroxide ligands. In the
triplet ground state belonging
to the D, point group, the two
O—H bonds are equivalent with
O—H and H--- O bond lengths
of 1.010 and 1.669 A, respec-
tively. The O—H--- O bond an-
gle is 124.0°. The computed
zero dipole moment is in ac-
cordance with the D,, symme-
try. In the high-spin triplet state
of the cis isomer the two O—H
bonds are not equivalent
(O-H, H---O 1.008, 1.021 A
and 1.704, 1.612 A respective-
ly). The O—H--- O bond angles
are 121.3° and 126.8°, respec-
tively. The computed dipole
moment is 2.23 D. The hydro-
gen bonds of the low-spin states
of the two isomers are analo-
gous (Figure 17). The low-spin
cis and trans isomers both adopt
square planar geometries with
computed dipole moments of
223 and 0.00 D respectively.
The computed Ni—O bond
lengths range from 1.836 to
2126 A. The shorter Ni—O
bonds correspond to those of
the hydroxide ligands (1.836 to
1.874 A), and the longer ones to
the those of the coordinated
water  ligands  (1.928 to
2.126 A). In all the complexes
the hydroxide groups adopt the
anti configuration.

The Mulliken net atomic
charges of the Ni** ion and the
O donor atoms in their triplet
states (gni=+0.74, go=—0.72,
qoyn =—0.85) are higher than
those of the singlet states (gn; =
+0.52, qo=-0.69, qou=
—0.80). The positive net atomic
charge on the H atoms involved
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Figure 19. Optimised geometries of the cis- and trans-[Ni(OH,),(OH),] isomers in their low- and high-spin
states computed at the B3LYP level of theory. Bond lengths in A, bond angles (in italics) in °.

in hydrogen bonds is +0.46. Moreover, the H atoms of the
hydroxide groups acquire lower positive net atomic charge
(+0.36) than those of the coordinated water ligands (+0.40).
The hydroxide ligands clearly have a greater Brgnsted-type
basicity than the coordinated water ligands. The bond overlap
populations of the Ni—“OH, bonds (0.10) are about half of
those for the Ni—OH bonds (0.21). This is a result of the
stronger trans effect of the hydroxide than the water ligands.
The O --- H bond overlap population is 0.046 —0.058. The total
atomic spin density is located mainly on the central Ni** ion
(1.61) and much less on the O donor atoms (0.04 for OH, and
0.16 for OH) (Figure 20), whereas the computed IFCC values
are —0.00, —26.0 and —22.4 MHz for Ni**, OH, and OH
respectively. The two SOMOs of the triplet ground state at
—0.247 and —0.259 eV correspond to antibonding MOs with
predominantly metal d,,_,» and d, character, along with a
strong component of s AOs located on the O donor atoms of
the hydroxide ligands. On the other hand, the LUMO at
—0.000 eV corresponds to a non-bonding MO with predom-
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Figure 20. Atomic spin densities (0.002 a.u.
isospin surfaces) of the high-spin states of
a) cis-[Ni(OH,),(OH),] and b) trans-[Ni-
(OH,),(OH),].

inantly s character localised on one
of the H atoms of the coordinated
water ligands. Clearly, the H atoms
of the coordinated water ligands are
more acidic than those of the hy-
droxide ligands, also being the nu-
cleophilic centre of the complex.

The proton affinity (PA) of the
dihydroxy species is calculated from
the difference in electronic energies
of the protonated [Ni(OH,),|** and
deprotonated  [Ni(OH,),_,(OH),]
(n=4-6) complexes [Eq. (1)].

This corresponds to half of the energy of the deprotona-
tion [Eq.(2)], in other words the proton affinity of
[Ni(OH,),_,(OH),] (or, equivalently, the deprotonation en-
ergy of [Ni(OH,),J*").

PA = [ E([Ni(OH,), »(OH),]) — E([Ni(OH,),]*")] M

[Ni(OH,),** — [Ni(OH,), »(OH),] +2H* @

The computed proton affinities of the [Ni(OH,),(OH),]
complexes of 188.9 and 188.2 kcalmol~! for the high-spin
states, and 184.8 and 185.1 kcalmol~! for the low-spin states,
of the cis and trans isomers respectively are lower than those
of various clusters representing the zeolite ZSM-5, which are
relevant to zeolite catalysis because of the catalytic activity of
its acid sites.P7-%0

[Ni(OH,);(OH),] complexes: The high-spin state of [Ni-
(OH,);(OH),], with a trigonal bipyramidal geometry (Fig-
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ure 18), is a local minimum in the PES at 1.3 kcalmol~! higher
in energy than the low-spin ground state. In the trigonal-
bipyramidal geometry the axial Ni—O bonds are longer than
the equatorial ones; the bond angles O(4)-Ni(1)-O(5), O(6)-
Ni(1)-O(2) and O(3)-Ni(1)-O(6) are 174.8, 153.8 and 132.5°,
respectively. The low-spin state adopts a square-planar
stereochemistry with the hydroxide ligands in cis positions
(a structure similar to that of the low-spin cis-[Ni(OH,),-
(OH),]) but with a water molecule forming two almost
equivalent intermolecular hydrogen bonds with one coordi-
nated water molecule and a hydroxide ligand. The hydrogen
bonds correspond to O—H, H---O bond lengths of
1.075(1.080 A), 1.383(1.379 A) and an O—H -~ O bond angle
of 125.9°. The Mulliken net atomic charges are +0.46 on the
H atoms involved in the hydrogen bond formation, +0.37 on
those in the OH group and +0.40 charge units on those of the
coordinated water molecules. The HOMO at —0.230 eV of the
low-spin state corresponds to a central Ni** atom non-bonding
MO with predominantly d, and d,, character, whereas the
LUMO at —0.062 eV corresponds to an antibonding orbital
with predominantly d,._,. character.

In the triplet state the hydroxide ligands occupy equatorial
positions. The salient feature of the structure is that one of the
hydroxide ligands forms two intramolecular hydrogen bonds
with one equatorial and one axial water ligand. The geo-
metrical parameters of the hydrogen bonds are shown in
Figure 18. The Mulliken net atomic charges are +0.46 on the
H atoms involved in the hydrogen bond formation, +0.36 on
those in the OH groups and 0.38 - 0.40 charge units on those
of the coordinated water molecules. The total atomic spin
density is located mainly (1.67) on the central Ni** ion and
much less (0.04—0.13) on the O donor atoms (Figure 21).
The computed IFCC values are —0.00, —18.8-25.7 and

&k

Figure 21. Atomic spin density (0.002 a.u. isospin surface) of the high-spin
ground state of the [Ni(OH,);(OH),] complex.

—20.2 MHz for Ni**, OH, and OH respectively. The two
SOMOs at —0.249 and —0.259 eV correspond to central Ni**
atom antibonding MOs with predominantly d,._y., d,,, dy, and
d,y, de_y, d,, character respectively. The high degree of mixing
of the AOs is due to the low symmetry of the complex. The
LUMO at —0.002 eV corresponds to a non-bonding orbital
with predominantly s character localised on the H atom of one
of the hydroxide ligands.

The computed PAs of [Ni(OH,);(OH),] are 182.0 and
202.0 kcalmol~" for the low- and high-spin states, respectively,
very close to those of the [Ni(OH,),(OH),] complexes.
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[Ni(OH,),(OH),] complexes: The cis and trans isomers of
[Ni(OH,),(OH),] have been investigated in both their high-
and low-spin states. The high-spin triplet state of trans-
[Ni(OH,),(OH),] corresponds to a global minimum in the
PES, whereas the singlet state of the trans isomer is a local
minimum 4.4 kcalmol™' higher in energy than the triplet
ground state. The triplet state of cis-[Ni(OH,),(OH),] was
found to be only 2.5 kcalmol~! above the triplet ground state
of trans-[Ni(OH,),(OH),]. The singlet state of cis-[Ni(OH,),-
(OH),] is also a local minimum, being 19.5 kcalmol~! higher
in energy than the triplet ground state. The high-spin states of
both isomers adopt distorted octahedral geometries, whereas
the low-spin states exhibit essentially square-planar geome-
tries with two water molecules not involved in the coordina-
tion sphere. These water molecules are involved only in
intermolecular hydrogen bonding with the hydroxide and/or
the coordinated water ligands. Therefore, the low-spin states
of [Ni(OH,),(OH),] correspond to the formula Ni(OH,),-
(OH),-2H,0.

In all the structures, both hydroxide ligands are involved in
the formation of hydrogen bonds with adjacent coordinated
water ligands. It is important that the hydroxide ligands form
two intra- and/or intermolecular hydrogen bonds with adja-
cent water ligands simultaneously, the only exception being
the low-spin trans isomer in which one of the hydroxide
ligands is involved in one intermolecular hydrogen bond. The
characteristics of the hydrogen bonds are shown in Figure 19.
In the low-spin state of the cis isomer the non-coordinated
water molecules forming the intermolecular hydrogen bonds
are located above and below the coordination plane, with
dihedral angles O(5)-Ni(1)-O(13)-O(11) 44.3° and O(5)-
Ni(1)-O(13)-O(7) —45.7°. In contrast, in the low-spin
state of the trans isomer both non-coordinated water mole-
cules are located above the coordination plane, with dihedral
angles O(5)-O(2)-Ni(1)-O(6) 3.4° and O(3)-O(6)-Ni(1)-O(7)
27.5°.

The HOMO of the low-spin states of the cis and trans
isomers at —0.239 and —0.243 eV, respectively, correspond to
central Ni’** atom antibonding MOs with predominantly d,
character. However, the LUMOs at —0.069 and —0.068 eV
correspond to antibonding MOs with predominantly d._,.
character. The SOMOs of the high-spin states of the cis
(trans) isomers at —0.247(—0.247) eV correspond to anti-
bonding MOs resulting from the mixing of d,, and dy, AOs of
the central Ni’>* ion and p, AOs localised on the O donor
atoms of the hydroxide ligands. The SOMOs at
—0.264(—0.267) correspond to antibonding MOs resulting
from the mixing of d.._. and d,, AOs of the Ni** ion and p,
AOs localised on the O donor atoms of the hydroxide ligands.
The LUMO at 0.009(0.008) eV is a non-bonding MO localised
on the H atoms of the equatorial O donor atoms of the water
ligands. The total atomic spin densities of the high-spin states
of the cis and trans isomers are located mainly on the central
Ni?* jon (1.675 for both isomers) and much less on the O
donor atoms (0.04-0.08), being higher for the O donor atoms
of the hydroxide ligands (Figure 22). The computed
IFCC values of the cis(trans) isomers are —0.00(—0.00),
—17.4(—18.4) and —21.0(—20.0) MHz for Ni?*, OH, and OH,
respectively.
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Figure 22. Atomic spin densities (0.002 a.u. isospin surfaces) of the high-
spin states of a) cis-[Ni(OH,),(OH),] and b) trans-[Ni(OH,),(OH),].

The incremental binding energies due to the successive
addition of water molecules to [Ni(OH,),(OH),] in the triplet
ground states are 18.8 and 22.8 kcalmol~! for the first and
second, respectively, being much lower than those of the
[Ni(OH,),]** compounds. Moreover, the trends in the incre-
mental binding energy follow inversely the order of the
[Ni(OH,),]** compounds. This is not unexpected, as the
successive addition of water ligands to [Ni(OH,),(OH),]
increases the number of hydrogen bonds formed, thus
stabilizing the complexes with increasing coordination num-
ber. The computed PAs of [Ni(OH,),(OH),] are 209.3 and
208.0 kcalmol~' for the high-spin states of the cis and trans
isomers respectively. The PA generally increases with increas-
ing coordination number of the complexes.

Spectroscopic properties of [Ni(OH,), ,(OH),] (n=4-6)
complexes: The predicted absorptions (CIS excitation ener-
gies) for the high-spin ground states of these complexes are
those expected for the corresponding geometries of the
complexes and are in line with experimental data.[*?!

There are remarkable differences between the spectra of
the dihydroxy derivatives and those of the corresponding
unprotonated aqua complexes. The electronic spectrum of the
four-coordinate [Ni(OH,),_,(OH),] complex exhibits two
extra absorption bands with maxima at 966 and 337 nm,
which do not exist in the spectrum of the [Ni(OH,),]**
complex. In the spectrum of the five-coordinate [Ni(O-
H,);(OH),] complex there are two absorption bands with
maxima at 762.2 and 602.3 nm, which do not exist in the
spectrum of the [Ni(OH,)s]** complex. The spectrum of the
six-coordinate [Ni(OH,),(OH),] is similar to that of the
corresponding hexaaqua complex. The electronic spectra of
[Ni(OH,),J** and [Ni(OH,),_ ,(OH),] (n=4-6) complexes
could therefore be used to distinguish their various ge-
ometries.

From comparison of the calculated spectra with the
experimentally determined UV/Vis absorption spectrum of
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the NiHEU zeolitic material involving three absorption bands
at 755.9 nm (shoulder), 667.3 nm and 385.7 nm, it can be
concluded that the nickel-containing species incorporated
into the zeolite structure corresponds to the [Ni(OH,),(OH),]
complex (either cis or trans isomers), probably chemisorbed
on the surface through a fifth coordination to a bridging O
atom of the zeolite framework, in line with all the other
experimental data discussed so far.

The computed IR spectra of [Ni(OH,),_,(OH),] (n=4-6)
complexes exhibit the main features of the spectra of the
corresponding [Ni(OH,),J** (n =4 -6) complexes, but involve
some extra bands attributable to the hydroxide ligands. Thus,
the band in the 2968 -3084, 2707 —-2967 and 2520-2872 cm™!
region for the four-, five- and six-coordinate complexes
respectively involves the stretching, v(OH), vibrations of the
O---H bonds, which are shifted to lower wavenumbers by
increasing the coordination number of the complexes. The
band in the 1474-1486, 1473-1500 and 1510-1570 cm™!
region for the four-, five- and six-coordinate complexes,
respectively, involves (OH) stretching vibrations, which are
shifted to higher wavenumbers by increasing the coordination
number of the complexes. The band in the 882 -984, 859 -965
and 722-996 cm~! region for the four-, five- and six-coordi-
nate complexes, respectively, is attributed to skeletal and out-
of-plane vibrations. Thus the position of the IR bands can be
used as a criterion for distinguishing the coordination
geometry of the [Ni(OH,),]** (n=4-6) complexes.

Conclusion

In this work a carefully selected combination of experimental
(XRF, SEM-EDS, FT-IR, DR(UV/Vis)S and XPS measure-
ments) and theoretical (DFT) tools has been used to
characterize nickel-loaded HEU-type zeolite crystals as
non-homoionic and non-stoichiometric, containing exchange-
able hydrated Ni** ions in the micropores and nickel
hydroxide phases supported on the surface. Moreover,
TGA/DTG and DTA techniques have demonstrated that full
dehydration occurs below approximately 400°C following a
clear endothermic process, whereas at higher temperatures
the zeolite is amorphised and finally partially recrystallised to
Ni(ALSi) oxides (detected by powder XRD). The solid acidity
of NiHEU, determined experimentally, is due to the existence
of both weak acid sites (fundamentally Lewis sites) resolved
at approximately 183°C, and strong acid sites (essentially
Brgnsted sites) resolved at approximately 461 °C, in the TPD
pattern. A more sophisticated study, by in situ/ex situ FT-IR in
combination with in situ/ex situ Al MAS NMR with Py as a
probe molecule, revealed that the Lewis acid sites could be
attributed primarily to Ni* ions, whereas the Brgnsted ones
could not be associated with possible bridging hydroxyls but
probably with the surface-supported nickel hydroxide phases.
The spectroscopic measurements in conjunction with powder
XRD and ¥Si MAS NMR data strongly suggest that distorted
Al tetrahedra are formed during the dehydration process and
Py chemisorption/complexation (NiHEU-Py), whereas the
crystal structure is remarkably preserved in the rehydrated
material (NiHEU-Py/R). The structural, electronic, energetic
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and spectroscopic properties of all possible aqua and dihy-
droxy nickel(i1) complexes absorbed in the zeolite micropores
or supported on the zeolite surface were studied theoretically
by DFT calculations and discussed in relation to experimental
data. According to theoretical results the most likely species
to be chemisorbed on the zeolite’s surface is the [Ni(OH,),-
(OH),] complex, thus substantiating the experimental spec-
troscopic properties (FT-IR and UV/Vis absorption spectra)
of the NiHEU zeolite. The computed proton affinities found
in the 182.0-210.0 kcalmol~! range increase with increasing
coordination number of the dihydroxy aqua complexes.
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Cationic Host— Guest Polymerization of N-Vinylcarbazole and Vinyl Ethers
in MCM-41, MCM-48, and Nanoporous Glasses

Stefan Spange,*?] Annett Griser,'*! Andreas Huwe, Friedrich Kremer,"!
Carsten Tintemann,!! and Peter Behrens!®!

Abstract: The synthesis of poly(vinyl
ether)s or polyvinylcarbazole under the
conditions of constricted geometry can
be achieved by means of cationic host—
guest polymerisation of the correspond-
ing monomers in the pores of MCM-41
(pore diameter 3.6 nm), MCM-48 (pore

guest hybrid materials. The molecular
mass of the enclosed polymer and the
degree of loading of the host compounds
can be adjusted within certain limits.
The molecular dynamics were investi-
gated by using broad-band dielectric
spectroscopy. Under the conditions of

constricted geometry, molecular fluctu-
ation is observed as well as a secondary
p-relaxation, which is hardly affected (in
comparison with the free melt) and
which corresponds to the relaxation
between structural substates (dynamic
glass transition). This process is several

diameter 2.4 nm) and in nanoporous
glasses (Gelsil® with a pore diameter of
5 nm) with bis(4-methoxyphenyl)methyl
chloride (BMCC) or triphenylmethyl
chloride as the internal surface initiator.
The reaction products are new polymer/
MCM-41, polymer/MCM-48 etc., host—

lites

Introduction

The study of flexible polymers under the conditions of
constricted geometry, such as that found in cavities or
nanopores of inorganic or organic solid materials (see Fig-
ure 1), is an experimental challenge. From theoretical studies
carried out by de Gennes it can be expected that, for example,
the glass transition point of enclosed flexible polymer chains is
significantly affected by the pore geometry of the host. 2 As
the thickness of the polymer layer decreases, as a consequence
of the space available, the glass transition temperature should
decrease. Various experimental procedures are available for
the preparation of individual polymer chains within solid
materials. Individual polymer chains can be enclosed by sol-
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orders of magnitude faster in its relax-
ation rate than in the free melt and thus
follows a confinement effect. This is
already well known in lower molecular
weight systems with constricted geome-
try.

Uizczease 1n enicopy

Figure 1. Morphologies of polymer/inorganic-oxide hybrid materials. A)
sol-gel polymerysilica gel hybrid; B) polymer in the layered silicate; C)
individual polymer chains in MCM-41.

gel processes in a hybrid material, deposited in two dimen-
sions in layered silicates or adsorbed in nanopores of solid
porous materials. Figure 1 shows possible morphologies of
deposited polymer structures.

In recent years there have been many publications on
polymer/sol-(xero)gel hybrid materials and on the deposition
of synthetic polymers in layered silicates.** The threading of
linear flexible chains in highly ordered pore systems of HY
zeolites or MCM-41 (method 1) is experimentally very
difficult, as direct threading appears to be relatively unsuc-
cessful because of the associated loss of entropy (see Fig-
ure 2). A further option involves the synthesis of the polymer
directly in the pore system of a mesoporous silicate or other
host (method 2).
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Figure 2. Syntheses of one-dimensional polymer/oxide hybrids.

Various methods have been developed for host-guest
polymerisation. The pioneering work of Bein should be
mentioned in particular.'>?!l He successfully studied the
electropolymerisation of pyrrole in HY zeolites and the
radical polymerisation of methacrylates in MCM-41. In these
processes the initiation of the polymerisation occurs by
chance on or within the solid material, as the initiator used
is added in dissolved form. If the initiator is immobilised
by covalent bonding to the inner surface of a mesoporous
silicate or an aluminosilicate, a method used successfully
with transition metal complexes for ethylene polymerisation,
polyethylene fibres can be synthesised directly inside the
mesopores of, for example, MCM-41.22?"1 Mesostructured
silicates internally grafted with polyethylene are thus
formed.

One problem with all host—guest polymerisations is that
the inner surface chemistry of the host compounds must
interfere as little as possible, if at all, with the mechanism of
the polymerisation reaction, for example, by inducing transfer
and degradation reactions. In the cationic polymerisation of
vinyl ethers in nanopores of moderately acidic HY zeolites,
acid-induced reactions of the poly(vinyl ether) in the pore
system of the zeolite occur, resulting in ether cleavage and
conjugated polymer sequences.?]

Results and Discussion

We now present an extension of the concept of guest synthesis
of individual polymer chains in the pores of MCM-41 and
MCM-48 hosts, and mesoporous glasses and report for the
first time on the determination of the glass transition temper-
atures of enclosed, flexible polymer chains by using dielectric
spectroscopy. We used cationic surface polymerisation as the
synthesis method.?>32 We chose substituted vinyl ethers [(2,3-
dihydrofurans (DHF), ethyl vinyl ether (EVE), 2-chloroethyl
vinyl ether (CIEVE), and isobutyl vinyl ether (IBVE)] as the
monomers (M) so that the size of the monomer molecule and
the glass transition temperature of the (bulk) polymer formed
could be adjusted by varying the substituents and the
reactivity of the double bond. We also used N-vinylcarbazole
(NVC). Our knowledge and experience of the mechanism of
cationic surface polymerisation allowed us to adjust the
reaction conditions in such a way that the polymerisation
occurs preferentially in the silicate channels. Equation (1)

Chem. Eur. J. 2001, 7, No. 17
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gives an expression for the rate of total monomer consump-
tion, taking into consideration the reaction steps of the
cationic propagation reactions in the channels (host-guest,
HG), those on the outer surface of the MCM-41 (OS) and in
the surrounding solution (S) (see also Scheme 1). If there is

i o s (0050
i
'.1" y
"l. 1 e aurroEnding sodbvani (5]
ek 1o < haneel (HLG

Scheme 1. Possible courses of cationic polymerisation on porous materials.

exclusive cationic host —guest polymerisation the second and
third terms in Equation (1) amount to zero.

—d[M]

o ™

=konalR'hc[Mluc + kyos[R ]os[Mlos + kps[R*]s[M]s

This can best be achieved experimentally by adjusting the
concentration of the carbenium ion in the surrounding
solution [R*]s or on the outer surface [R"]os in such a way
that the contributions from second and third terms to the
overall turnover of the monomer is minimalised. Arylmethyl
halides [X—CR'R?R?] are used as cationically inactive initia-
tors for this so-called host—guest polymerisation. They are
essentially inactive in solution, but are activated specifically
on the inner surface of porous silicate materials, for exam-
ple.B3l A particularly useful initiator for cationic host— guest
polymerisations is (4-CH;0CH,),CHCI. When it is adsorbed
on the surface of the silicate, heterolytic bond cleavage occurs
at the central carbon-halogen bond. The ion formed, (4-
CH;0C(H,),CH", can be detected directly by UV-visible
transmission spectroscopy in MCM-41, measured in the
suspension by using light-conducting optics (Figure 3).]

Absorption [a.u.]

wavelength [nm] ——

Figure 3. Formation of (4-CH;0C¢H,),CH" as a function of time during
the adsorption of (4-CH;OC¢H,),CHCI in MCM-41 measured using UV-
visible transmission spectroscopy in dichloromethane at room temperature
(22°C). Peaks centered at about 250 nm and 500 nm: top to bottom, 140,
45,27, 4s.
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The transmission technique allows the carbenium ion fraction
to be determined within the mesopores, because as a result of
the high transparency of MCM-41 suspended in CH,Cl,, these
UV-visible absorptions can be measured accurately. The
influence of light scattering on the position of UV-visible
absorption can be neglected.

Figure 3 shows the increase in the UV-visible absorption of
the carbenium ions with time during the adsorption of (4-
CH;0C¢H,),CHCl in MCM-41. The formation of (4-
CH;0C¢H,),CH" can be clearly recognised from the charac-
teristic UV-visible absorption at 1=3511 nm.*¥l The largest
fraction of (4-CH;0C4H,),CH™ in terms of quantity is fixed in
the channels of the MCM-41, because on nonporous carriers,
such as Aerosil®300, no time-dependence is observed, but
instead complete adsorption occurs within seconds.?’! Fur-
thermore it reacts very rapidly with vinyl ethers or N-
vinylcarbazole, so that the conditions for rapid initiation and
thus molecular mass control of the polymer fraction formed
are given (see Figure 4).54

The deviation of the experimental curve from the theoret-
ical one (see legend to Figure 4) can be attributed to the fact
that not all the (4-CH;0C,-

H,),CHCI (R—Cl) is available

achieved by very low concentrations of particularly acidic
protons on the inner surface of the MCM-41 skeleton.s! The
propagation reaction proceeds through addition of further
monomer molecules to the active chain, whereby the chain
itself does not move within the channel, but monomer
diffusion towards the chain determines the propagation rate,
since the counterion can migrate as a result of very rapid
proton exchange between the silanol groups on the inner
surface area of MCM-41;" 3!l in other words, the exchange of
silanol protons on the inner MCM-41 surface proceeds more
rapidly than the propagation of the polymer. We presume the
overall entropy loss, which has to be overcome during direct
threading, is distributed over the individual steps of the
propagation reaction and is compensated for by the reaction
energy liberated in each addition step. Scheme 2 shows the
mechanistic principles of the cationically induced host-guest
polymerisation.

In this way many vinyl monomers that undergo cationic poly-
merisation can be converted into the corresponding polymer
in the cavities of inorganic materials. Table 1 shows the results
of selected vinyl ether and NVC polymerisations in MCM-41.

and, therefore, is not all con- Alinnnnmn
[ |

sumed during the initiation. |
. 0. 0. O
This means that the actual con- H H H
centration of [R*] is lower than
the quantity of RCI used (see OR
Experimental Section). [
The initiation of the host—
guest polymerisation is ach-

C‘)R

® [
—~~CH # CH,—CH —» ~~CH—CH,—CH®% CH,=CH —> CH,—CH—CH,—CH

MCM-41 wall
R R ey
OR
CHZZCI}I
_OR
OR OR OR CH™ O OR

\ \ \ I | ® 3.6nm

ieved by rapid addition of the H. ©H. .H H. _H. 8"'H\7 H. _H. _H. _o
diarylmethyl carbenium ion to i ](‘j (‘) | (‘) (|) Ii |(‘j (‘) C‘) C|) 1C|1|
the double bond of the vinyl Y e A A/ A I i i i

monomer.?> 3 After addition
of the monomer to the (4-
CH,0C¢H,),CH"/MCM-41

composite about three minutes
of diffusion time are required until the initiator (BMCC) is
consumed (determined by direct UV-visible measurement of
the decrease in the absorption of the (4-CH;OC¢H,),CH" at
A =511 nm in the suspension). However, initiation can also be

silanol group density is not correct.
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—ir— WA EVE
= T
E 130G = == = FVE thaomicel e
E -
= o
- -
_.r- LR 1] " R =
- _.-. -
: P
8 4000 e
B A s
5 “8
b ple=—— 104 . ! e
L] . L] (-] Efl 1] 1285

Foad b ol roerareca rn 1o e ey | e o 1T

Figure 4. Molecular mass of extracted PEVE as a function of the ratio of
the quantity of monomer to the quantity of initiator BMCC with exact
details of the M/I ratio in the diagram. The theoretical curve (dashed) was
calculated as follows: M, =M [M]/[1]+ Mgycc. M,y: molecular mass of
EVE; [M]: quantity of EVE; [I]: quantity of initiator bis-(4-methoxyphe-
nyl)methyl chloride (MeO); Mpycc: molecular mass of BMCC.
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Scheme 2. Suggestion for the course of cationic propagation reaction of vinyl ethers in an MCM-41 channel. The

Table 1. Overview of the mass (m1) of the monomer used and the quantity
(n) of monomer which actually remains in the channel as polymer. For a
better comparison the mass of polymer formed per gram MCM-41 is also
given.

System Mytonomer Mycn-a1 mPolymcr/ Myviem-41 nPo]ymcr/ Myicman™
[mgy per gc] [mge per g [mmol, per gc]
MCM-41/DHF 5948 494 7.04
MCM-41/EVE 7292 411 5.69
MCM-41/CIEVE 8006 427 4.00
MCM-41/CHVE 9117 465 3.68
MCM-41/IBVE 7765 380 3.52
MCM-41/NVC 5597 333 2.76
MCM-41/styrene 10022 100 0.96
MCM-410! 500 5.94
PA-Cu-MCM-41l 160 1.72
PMMA-MCM-411 590 5.89

[a] Ppgiymer Tefers to the quantity of monomer polymerised in the channel
which remains there as polymer. [b] The loading of an MCM-41/silicate
hybrid (pore diameter 3.0 nm) with cyclohexane is given as 0.5 gcyciohexane PET
gmemar at p/py= 0.4, which corresponds to 5.94 mmolyohexane PET Emicnm-at
according to ref. [36]. [c] Polymerisation of aniline in Cu-MCM-41 (pore
diameter 3 nm) according to ref.[18]. [d] Polymerisation of methyl
methacrylate (MMA) in MCM-41 (pore diameter 3 nm) according to
ref. [21].
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The solid hybrid materials obtained by cationic host — guest
polymerisation contain up to 30 wt % carbon as determined
by quantitative elemental analysis.**l As the comparison with
the results of other host—guest polymerisations from the
literature shows, the data in Table 1 lie within the expected
range. Part of the polymer fraction cannot be removed from
the MCM-41 by simple extraction with an organic solvent.
This indicates strong binding of the polymer to the inner
surface of the solid. Residual monomer or unreacted initiator
is extracted completely. Solid-state NMR investigations (*C
and ¥Si) have so far not given any unambiguous indication as
to whether the poly(vinyl ether) formed is actually covalently
bonded to the inner MCM-41 wall by an Si-O—CHR!OR
bond. Since acetals or ketals react readily with silanol groups
forming Si—O—CHR'OR bonds,"! this option is very likely,
especially as acetaldehyde diethyl acetal reacts smoothly with
MCM-41 with the loss of ethanol.®® However, it is very
difficult to differentiate between the 3*C NMR signal of the C
atom of the Si—O—C bond and that of the poly(vinyl ether).!
Furthermore in the poly(vinyl ether) (M,=4000 gmol-')/
MCM-41 hybrid there are approximately 40 ether bonds for
one possible Si—O—C bond, so that the resolution of the
corresponding signal is particularly difficult.

To characterise the molecular mass distribution and the
structures of the enclosed polymers more precisely it was
necessary to dissolve the PVE/MCM-41 hybrid in KOH.

We established that the number average molecular weight
(M,) of the guest poly(vinyl ether) fraction rarely exceeds
4000 gmol~! in the case of IBVE or 2-chloroethyl vinyl ether,
independent of the starting monomer concentration or the
temperature used. Theoretical considerations with regard to
the effective channel length in MCM-41 and the contour size
of the whole guest-polymer fraction show that the ratio of r.,,/
Iiemesr (Feone = contour length, 1=channel length), in the case
of smaller monomers, such as DHF or EVE, is significantly
larger than for NVC or CHVE.

Since the contour length is a theoretical parameter—the
actual chain length of the enclosed polymer in MCM-41 is
significantly smaller—a maximum of 4-5 chains should be
deposited together (estimation) (Table 2 and Scheme 3).

The pore volume of MCM-41 hybrids decreases continu-
ously with increasing polymer loading in all the samples

Table 2. Comparison of the calculated contour length sum of the polymers
with respect tothe channels available in MCM-41.

System Mpoymer Myiorar 2 Feond™ [X10°°m] 2 regndbyoma™
MCM-41/DHF 0.493 110 16.3
MCM-41/EVE 0.358 76 11.5
MCM-41/EVE 0.196 40 6.3
MCM-41/CIEVE  0.487 67 10.6
MCM-41/IBVE 0.333 51 7.7
MCM-41/CHVE 0412 51 7.6
MCM-41/NVC 0.532 40 6.4
MCM-41/styrene  0.100 14 22

[a] r=contour length. The contour length is the maximum length of a
polymer in the fully elongated conformation. The calculation of the
contour length is based on the total mass of the polymer. [b] /= channel
length. Uniform cylinder-shaped pores are assumed for the calculation of
the channel length of the MCM-41. The length /ycy.4 = 6.66 x 10'° m per
2vem.41 Was calculated from the BET surface area and the determined pore
radius.

Chem. Eur. J. 2001, 7, No. 17
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Scheme 3. Schematic comparison between polymers with differently sized
substituents in MCM-41. The upper part shows a spiral polymer with small
side groups in the channel (e.g., PEVE). A polymer with significantly larger
groups (e.g., PNVC) should be almost entirely stretched out in the channel,
as shown in the lower part.

investigated. The pore radius distribution in the hybrid
material becomes correspondingly wider, as can be seen, for
example, in the case of MCM-41/PCHVE hybrids (Fig-
ure 5).It can be recognised that in the hybrid material pores
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Figure 5. The change in the volume of adsorbed nitrogen with respect to
the pore radius gives an indication of the pore radius distribution of the
starting material MCM-41 and of two samples loaded with polymer
PCHVE.

with a smaller radius (r=1.1 to 1.8 nm) exist alongside with
the pores of unloaded MCM-41 (r=1.82 nm).

For the dielectric investigations we chose poly(ethyl vinyl
ether) (PEVE)/ and poly(isobutyl vinyl ether) (PIBVE)/
MCM-41 hybrid materials, as in both cases the corresponding
organic polymer fractions have a glass transition temperature
of about —40°C in the pure bulk and, therefore, can be
investigated particularly easily within a temperature range of
approximately — 150°C to 100°C.

Figure 6 shows two dielectric loss spectra of the poly(iso-
butyl vinyl ether) (PIBVE)/MCM-41 hybrid at different
temperatures. Two relaxation processes can be recognised.
The rapid fS-relaxation progress is attributed to movement of
the side groups. The dynamic glass transition (a-relaxation)
corresponds to the relaxation of the main chain between
structural substates.

Figure 7 shows the logarithmic relaxation rate as a function
of the reciprocal temperature for PIBVE in the free melt and
in MCM-41. The relaxation rate of the local f-relaxation of
PIBVE in MCM-41 does not differ from that of the free
polymer melt (bulk phase). The dynamic glass transition, on
the other hand, is shifted by many orders of magnitude in its
frequency position and changes with temperature. While in
the free melt the temperature dependence of the relaxation
rate follows the (empirical) Vogel-Fulcher—Tammann
law (VFT)®#1 [log 1/t =log1/ty— DT/(T— T,)], Arrhenius-

0947-6539/01/0717-3725 $ 17.50+.50/0 3725





FULL PAPER

S. Spange et al.

O 160 Kelvin

O 150 Kelvin

] J RS S ——————
10?2 10" 10° 10° 16° 10° 10
Frequency [Hz]

Figure 6. Dielectric loss as a function of the frequency for the hybrid
PIBVE/MCM-41 at 150 K (boxes) and 160 K (circles). The lines are an
approximation to the relaxation process of model functions according to
Havriliak — Negami.[*l The dashed curve describes the a-relaxation, the
dotted curve the fS-relaxation and the line represents the sum of both
contributions.

O PIBVE“bulk*

O PIBVE in MCM-41

A PIBVE in MCM-48

X Mixture of PIBVE and
unloaded MCM-41

10910 (1/7max [HZ])

1000/T K]

Figure 7. Logarithmic relaxation rate of PIBVE in the free melt (squares),
in MCM-41 (circles) and in MCM-48 (triangles) as a function of the
reciprocal temperature. The rates for the a-relaxation are shown by closed
symbols, the data for S-relaxation by open symbols. Both hybrid materials
were tempered at 310 K before measurement. The relaxation rates of the a-
relaxation (stars) and the f-relaxation (crosses) are also shown for a
mixture of PIBVE and unloaded MCM-41. Where no error bars are shown,
these are smaller than the symbols used.

like behaviour is observed for the same molecular process in
the constricted geometry of MCM-41 (log 1/t o< — EA/kT). The
VFT Law is characterised by an apparent activation energy
that becomes greater as the temperature decreases; the
Arrhenius law, on the other hand, implies a temperature-
independent activation energy E,. The calorimetric glass
transition corresponds to the temperature at which the
relaxation rate is about 0.01 s™' for dynamic measurements.
The results of the glass transition temperature determination
are shown in Tables 3 and 4.
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Table 3. Glass transition temperatures of the polymer fractions deter-
mined by DSC.

System T, [°C]
extractable polymer fraction PNVC 197
M, =34000 gmol~!

physical mixturel?) PNVC + MCM-41 nd(®!
(carbon content: 29.2 %)

hybrid (carbon content: 30.6 %) nd
extractable polymer fraction PNVC 212
M,=50000 gmol~!

extractable polymer fraction PNVC 216
M, =84000 gmol~!

extractable polymer fraction PDHF 62-69
M, =14000 gmol~!

enclosed polymer fraction PDHF!*! 52

M, =4300 gmol ™!

in MCM-41 (carbon content: 22.6 %) nd

[a] The mixtures were prepared by adsorption of the extractable polymer
fraction on dried MCM-41 in suspension. [b] nd=not detectable. No
endothermic heat absorption could be measured and, therefore, no glass
transition temperature. [c] The enclosed hybrid polymer was isolated after
dissolving out the silicate part of the hybrid.

Table 4. The glass transition temperatures of the extractable polymer
fractions, the polymer fractions enclosed in the hybrid, and polymers
physically adsorbed on MCM-41 determined by dielectric spectroscopy.

System T, [K]
PCHVE
PCHVE (polymer) 311
MCM-41/CHVE (hybrid) no dynamic 7,
PCHVE + MCM-41 (mixture)l 320
PEVE
PEVE (polymer) 239
MCM-41/EVE (hybrid) 131
PEVE + MCM-41 (mixture)® 245
PDHF
PDHF (polymer) not detectable, 335!
MCM-41/PDHF (hybrid) 128

— after tempering at 310 K 144
PIBVE
PIBVE (polymer)
244
MCM-41/IBVE (hybrid) 135

— after tempering at 310 K 172

— after tempering at 350 K 185
MCM-41/IBVEW (hybrid) 138
MCM-41/IBVE (hybrid) 139

— after tempering at 350 K
— storage for 14 h in a stream of nitrogen

no dynamic 7,
no dynamic 7,

— storage for 14 h in air 140
PIBVE + MCM-41 (mixture)t 252
MCM-48/IBVE (hybrid)®l 134

— after tempering at 350 K 166

— absorption of dichloromethanel’l 126

— after tempering at 350 K 173

— absorption of cyclohexanelfl 143

— after tempering at 350 K 168

— absorption of water!!] 123
PIBVE in porous glass Gelsil® (hybrid)!! 155

[a] The mixtures were prepared by adsorption of the extractable polymer
fraction on dried MCM-41 in suspension. [b] The glass transition temper-
ature of the polymer could be determined by using differential scanning
calorimetry and is 335 K (62 °C). [c] Hybrid prepared by using the initiator
bis-(4-methoxyphenyl)methyl chloride. [d] Hybrid prepared by using the
initiator triphenylmethyl chloride. [e] Pore diameter 2.5 nm. [f] Absorption
of a particular solvent was achieved by storage of the sample in a desiccator
in the corresponding atmosphere for 12 h. [g] Pore diameter 5.0 nm.
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The fact that the relaxation rate of the polymer in the
hybrids is many orders of magnitude greater than in the free
melt can be attributed to the constricting geometry of the
channels in porous silicates. If, on the other hand, a polymer
melt is mixed with unloaded MCM-41 powder, a slight
lowering of the relaxation rate is observed because of surface
effects (Figure 7). In the calorimetric glass transition this
would be shown by a shift to higher temperatures.

The increase in the relaxation rate of PIBVE in the
constricted geometry of the MCM materials is more pro-
nounced when the pore radius is smaller. This is shown by the
comparison of PIBVE in MCM-41 (pore diameter 3.6 nm)
and MCM-48 (pore diameter 2.4 nm) (see Figure 7). Such a
confinement effect has been investigated in detail for low-
molecular-weight systems.[*# This effect has its molecular
basis in the inherent length scale of the dynamic glass
transition, which can increase to values of a few nm with
decreasing temperature.[*> %41 The PIBVE polymer chain in
the porous channels of the MCM is surrounded by solvent
molecules, which facilitate segmental fluctuations. As a result
of annealing (at 350 K) a certain fraction of these solvent
molecules, which act in some way as a plasticiser, is removed.
This leads to a pronounced decrease of the mobility of
fluctuating polymer segments (Figure 8). Furthermore, a

PIBVE in MCM-48
B untreated
81 O tempered at 350 K
@ after absorption of CH,Cl,
] A tempered at 350 K
A @ A alter absorption of C¢H»
6 A 8 <& termpered at 350 K
o & after absorption of water
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Figure 8. Logarithmic relaxation rate of the a-relaxation of PIBVE in
MCM-48 as a function of the reciprocal temperature after tempering
(closed symbols) and the absorption of solvents (dichloromethane, cyclo-
hexane and water; open symbols). The sequence of treatment steps
corresponds to the sequence of the symbols in the legend.

considerable fraction of the chain will be immobilised. The
effect is fully reversible as proven for several solvents
(dichlormethane, cyclohexane and water).

Experimental Section

Pretreatment and preparation of the chemicals and M41S materials used:
Hexagonal MCM-41 was prepared from KOH (0.33M, 74 mL),
tetraethoxysilane (TEOS; 1.64 mL) and dodecyltrimethylammonium bro-
mide (1.16 g). Cubic MCM-48 was obtained from KOH (0.33m, 7.8 mL),
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TEOS (1.22 mL) and tetradecyltrimethylammonium bromide (1.60 g). The
reaction mixtures were stirred for 90 min in open vessels and then heated in
Teflon-coated stainless steel autoclaves for two days in a circulating air
oven at 110°C. After cooling, the products obtained were filtered and
thoroughly washed with hot distilled water. Calcination was carried out
at 600°C for 2h. The MCM-48 material exhibited clearly resolved
peaks typical for polymerisation of that phase up to a diffraction angle of
202 6°.

The solvents ethanol, hexane, carbon tetrachloride, toluene and dichloro-
methane, and the monomers EVE, IBVE, CHVE, CIEVE (99 %, Aldrich),
MP, styrene and DHF were dried over calcium hydride. All chemicals were
distilled before use. NVC was recrystallised from hexane.

In order to achieve complete desorption of the reversibly bound water from
the nanoporous carriers, the latter were baked out in a muffle oven at a rate
of 1 Kmin™' from room temperature to 400 °C. This temperature was then
maintained for at least 12 h. The hot carriers were then transferred to
Schlenk tubes under argon, cooled in their containers and kept in them
until use. Generally they were used immediately after cooling.

General procedure for the polymerisation of EVE, IBVE, CHVE, CIEVE,
St, NVC and DHF with initiators on the carriers MCM-41, MCM-48, KG 60
and porous glass: The baked-out support was transferred under argon to a
Schlenk tube and then covered immediately with dry dichloromethane
(10-20 mL). Renewed water absorption was thus avoided. MCM-41 (ca.
100 mg) or MCM-48 (ca. 100 mg), KG60 (ca. 500 mg) or 1-2 sheets of
porous glass were used. The Schlenk tube was then tempered for 10 min
and a weighed quantity of the arylmethyl initiator added (typical
quantities: my.o = 100 mg; ny.0 =37 mmol). Formation of the carbocation
on the surface could be observed immediately by the colouration of the
support. With bis-(4-methoxyphenyl)methyl chloride an orange-red carbo-
cation with UV-visible absorption at 511 nm was formed immediately, and
with triphenylmethyl chloride a yellow carbocation with UV-visible
absorptions at 411 mm and 435 mm was formed. After addition of 0.10 to
2.0 mL monomer with stirring, the support tended to become decolourised,
although not always completely. The polymerisations were carried out at
—25°C, unless otherwise stated. The reaction was finished after 24 h and
the polymer worked up. The support was separated from the solvent and
from the soluble extractable polymer by suction filtration on a G4 glass frit.
The support was washed with dichloromethane (3 x 15 mL). The combined
solvent fractions were washed with aqueous 5% sodium hydrogen
carbonate solution (20 mL) to remove acid and dried over sodium sulfate.
In the case of PEVE, PIBVE, and PCIEVE the dichloromethane was
removed on a rotary evaporator and the remaining polymer was dried in
vacuo. The solutions of the polymers PCHVE, PDHF, PSt, and PNVC were
concentrated to about 10 mL and the polymers precipitated in ice-cold
methanol (150 mL), collected by suction filtration and dried in vacuo.

The polymer obtained (PEVE and PIBVE) was viscous to highly viscous
(depending on the molecular mass), sticky and colourless. PCIEVE was
obtained in viscous form as a yellow-brown polymer. PCHVE, PDHF, PSt
and PNVC were white powders.

The silicate part of the MCM-41 polymer hybrid was readily soluble in
aqueous potassium hydroxide. The hybrid (ca. 100 mg) was suspended in
5 % potassium hydroxide (30 mL) and covered with hexane (30 mL). The
mixture was shaken for about 30 min until the hybrid had completely
dissolved. The polymer previously enclosed in the hybrid passed into the
organic phase. After phase separation the aqueous phase was then
extracted with hexane (2 x 10 mL). The combined organic phases were
dried with sodium sulfate, filtered and evaporated. The polymer obtained is
completely freed from solvent in vacuo. The poly(vinyl ether)s are resistant
to the aqueous potassium hydroxide solution used. An extractable polymer
fraction was treated with the solution and worked up as described above.
The molecular mass distributions were identical before and after the
analogous treatment of the polymer.
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Oxygen Capture by Lithiated Organozinc Reagents Containing Aromatic

2-Pyridylamide Ligands

Robert P. Davies,'”! David J. Linton,!?! Paul Schooler,'?! Ronald Snaith,'?! and

Andrew E. H. Wheatley*!?!

Abstract: The sequential reaction of
ZnMe, with a 2-pyridylamine (HN(2-
CH,N)R, R=Ph: 1; 3,5-Xy (=3,5-xyl-
yl): 2; 2,6-Xy: 3; Bz (=benzyl): 4; Me:
5), tBuLi and thereafter with oxygen
affords various lithium zincate species,
the solid-state structures of which
reveal a diversity of oxo-capture modes.
Amine 1 reacts to give both dimeric
THF - [Li(Me)OZn{N(2-CsH,N)Ph},]

Ph],}~ ion, and the trigonal Li,Zn com-
plex, bis(OrBu)-capped (THF-Li),-
[{(15-0)Bu},Zn[N(2-CsHLN)Ph),] (7).
The structural analogue of 6 (8) results
from the employment of 2, while the
use of more sterically congested 3
yields a pseudo-cubane dimer [{THF -
[Li(fBu)OZn(OrBu)Mel},] (9) notable

Keywords: lithium - oxygen capture

for the retention of labile Zn—C(Me).
Amines 4 and 5 afford the oxo-encapsu-
lation products [(¢4-O)Zn,{(2-CsH,N)-
NBz}s] (10b), and [Bu(us;-O)-
Li;(1s-O)Zns{(2-CsH,N)NMe}¢] (11), re-
spectively, with concomitant oxo-in-
sertion into a Li—C interaction resulting
in capping of the fac-isomeric
(us-O)M3M’; distorted octahedral core
of the latter complex by a fert-butoxide

(6), wherein oxygen has inserted into the
Zn—C bond of a {MeZn[N(2-CsH,N)-

Introduction

Much of the current interest in correlating the chemical and
structural properties of lithium-containing heterobimetallic
species derives from their ability to effect organic trans-
formations whose selectivity differs from that of the parent
organolithium species.[! The field of mixed Li—Zn chemistry
furnishes several such examples. Hence, triorganozincate salts
of lithium have been treated with propargylic species? to give
intermediate allenic zinc complexes and thence a-,y-disub-
stituted propargyles or allenes] with aryl halides™ to
promote halogen-zinc exchange, with 1,1-dihalocycloprop-
ylsP! and 1-haloalkenylzincates®! to afford metal carbenoids,”)
and with either 1,1-dihaloalkenes!® or 1-haloalkyls”) to give
polyfunctionalized products. The solution structures of li-
gand —reagent complexes!'”! which effect the stereoselective
alkylation of carbonyl groups!'!l have lately been probed.

- solid-state structures -

[a] Dr. A. E. H. Wheatley, D. J. Linton, Dr. P. Schooler,
Dr. R. Snaith!*]
Department of Chemistry, University of Cambridge, Lensfield Road,
Cambridge, CB2 1IEW (UK)
Fax: (+49)1223-336362
E-mail: achw2@cam.ac.uk

[b] Dr. R. P. Davies
Department of Chemistry, Imperial College of Science
Technology and Medicine, Exhibition Road
London, SW7 2AY (UK)

[*] Deceased.

3696 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

: roup.
zimc g P

Moreover, while organolithium reagents have been found to
add 1,2 across a.B-unsaturated ketones,'?l certain lithium
silyl(dialkyl)zincates have been found to effect conjugate
addition instead.!'] More recently, the dilithium tetraorgano-
zincate species Li,ZnMe;R (R =Me, CN, SCN) have been
developed.!' While these salts, with their essentially tetrahe-
dral dianions,™ have long been known,!'!! their synthetic
potential has only recently been realised.['* 7]

In spite of the many uses of lithium organozincates, the
structural chemistry of these species is not well understood.
While the first solid-state characterisation of a mixed Li—Zn
compound was of the straightforwardly ion-separated bis-
(lithium) tetraalkylzincate (Li*), ZnMe, '8! ion-separated
homoleptic triorganozincates (Li* ZnR;~) have proved to be
more common. Mixed coordination of the Group 1 metal
centre has been observed in [Li(Et,O)(TMEDA)]*
[Zn{C(H)(SiMe;),}5] ,['1  while bis(TMEDA) chelation
(TMEDA = N,N,N',N'-tetramethylethylenediamine) of the
Lit ion is recorded in the salts of the heteroleptic
zincates [Zn(Me),C(H)(Ph)SiMe;]~ and [Zn(Me){C(H)(Ph)-
SiMe;},],? and two equivalents of 1,3,5-trimethyl-1,3,5-
triazine (L) envelop the Lit ion in [Li(L),]"[Zn(Me)-
{C(H)[Si(Me),C(H),],SiMe,},] .21 The inclusion of elec-
tron-rich heteroatoms in the zinc-bonded organic residues
has afforded ion-associated species. For example,
L-[LiZn(CH,SiMe;),N(SiMe;),] displays a Li(u-N)Zn
bridge.?'l Such monobridged motifs are also possible in the
absence of a heteroatom, and in fact Li(u-C)Zn and
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Li(u-C),Zn motifs dominate the known structures of ion-
bonded lithium zincates. Monomeric THF-[LiZn-
{2-(NMe,CH,)C¢H,};] reveals a mono-aryl bridge between
metal centres,?? while double bridging is synonymous with
tetra- rather than triorganozincate salts. Hence, spirocyclic
Li(u-C),Zn(u-C),Li arrangements define the structures
of L-[Li,Zn{(CH,),},],” L-[Li,Zn(C=CPh),],?¥ L-[Li,-
Zn{(CH,SiMe,),},], (L=TMEDA) and also [Li,Zn-
{2-(NMe,CH,)C¢H,},]J?  and  polymeric  [Li,Zn{O,C-
(CH),Me},] .

In the light of advances in the controlled oxygenation of
lithium-#"! and potassium-containing?! mixed s-block metal
compounds and, more recently, lithium aluminates,? we
report here the incorporation of oxygen into mixed lithium-
zinc systems and detail the structural characterisations of
several new mixed Li—Zn species. Specifically, we discuss the
variability and selectivity of oxo-capture revealed on treat-
ment with air (pre-dried over P,O5)?") of the Li—Zn systems
which result from the reaction of ZnMe, with 2-pyridylamines
(HN(2-CsH,N)R, R=Ph: 1; 3,5-Xy (=3,5-xylyl): 2; 2,6-Xy:
3; Bz (=benzyl): 4; Me: 5) and thereafter with BuLi
(Scheme 1).

Results and Discussion

Reaction of a non-donor solution of (2-C;H,N)N(H)R (R=
Ph 1) with ZnMe, results in deprotonation and the facile
evolution of CH,. Thereafter, sequential treatment of the
system with rBuLi and with air (pre-dried over P,Os) until the
evolution of fumes subsided afforded a slurry which dissolved
on addition of Lewis base. At ambient temperature the
solution yields two crystalline materials, 6 and 7, which can be
mechanically separated. X-ray crystallography reveals 6 to be a
dimer in the solid state (Figure 1, Table 1), the halves of which
are symmetry-related—the asymmetric unit containing half of
the dimer and a whole lattice THF molecule. The structure is
built around a planar (ZnO), ring (mean Zn—O 2.016 A;
0O-Zn-O 85.6(1), Zn-O-Zn 94.4(1)°) the formation of which
renders each zinc centre tetrahedral and implies oxo-insertion
into the Zn—C bond of a lithium triorganozincate unit.*" The

a—d
R=Ph1

a—d
R=35Xy2

a—e
HN(2-CsHaN)R -
(&-Ceftall) R=2,6-Xy3

a, b, d
R=Bz4

10a

a b, dc
R=Me5

6

Figure 1. Molecular structure of dimeric 6; hydrogen atoms and lattice
THF molecule omitted for clarity.

Table 1. Selected bond lengths [A] and angles [°] for dimeric 6.

Lil-01 1.915(7) Zn1-N3 1.976(3)
Lil-02 1.936(6) 01-C23 1.432(5)
Lil-N2 2.077(7) N1-C7 1.353(6)
Lil-N4A 2.064(7) N2-C7 1.371(5)
Zn1-01 2.001(3) N3-C18 1.353(5)
Zn1-O1A 2.031(2) N4—C18 1.368(5)
Zn1-N1 1.980(3)

Lil-01-C23 116.1(3) 01-Zn1-N1 115.01(13)
Lil-O1-Znl 104.9(2) 01-Zn1-N3 11.11(12)
Lil-N2-C7 127.8(3) Zn1-N1-C7 123.6(3)
Lil-N4A-CI8A 120.8(3) Zn1-N3-C18 120.3(3)
01-Li1-02 117.0(4) N1-C7-N2 117.2(4)
O1-Lil-N2 108.1(3) N3-C18-N4 115.8(4)
O1-Lil-N4A 103.9(3)

alkali metal centres are anti-disposed about the (ZnO),
heterocycle, lying exocyclic to it and interacting with the core
O centres (Li1—O1 1.915(7) A). Each Li* centre is electroni-
cally augmented by the coordination of two pyridyl N centres
(mean Li—N 2.071 A). Since these two aromatic systems are
components of ligands which are themselves bonded to one

= THF-[Li(Me)OZn{N(2-CsHsN)Ph}o] + (THF-Li)of{(tt3-O) BulZn{N(2-CsH4N)Ph}s]

7

= THF-[Li(Me)OZn{N(2-C5sHsN)(3,5-Xy)}s]

8

KTHF-[Li(Bu)OZn(OtBu)Me]}2]
9

» BUOLi + [(us-0)Zn{N({2-CsHsN)Bz)s]

10b

= [Bu(us-O)Liz(us-0)Zng{N(2-CsHaN)Me}s]
11

Scheme 1. Reagents and conditions: a) ZnMe,/toluene; b) rBuLi/pentane; ¢) THF; d) O,; e) hexane.
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Zn centre each the result is the formation of a contiguous
(LiO-edge-fused) pair of M-O-M'-N-C-N six-membered rings
in each of which an N-C-N fragment spans a Li-O-Zn moiety.

The observation that, in spite of the reaction stoichiometry,
6 incorporates two equivalents of pyridylamide ligand per zinc
centre suggests a complex reaction mechanism involving the
formation of by-products. Weight is given to this view by the
observation of a trace aliphatic signal at 0 =1.17 in the
'H NMR spectrum of the product. Indeed, it transpires that
the synthesis of 6 is concomitant with that of 7, the solid-state
structure of which reveals a non-bonded triangular Li,Zn core
(Li-~Li2.635(6) A, mean Li---Zn 2.607 A; Figure 2, Table 2).

Figure 2. Molecular structure of Li,Zn-based 7; hydrogen atoms and
minor OrBu and THF disorder omitted for clarity.

Table 2. Selected bond lengths [A] and angles [°] for Li,Zn-based trigonal
7.

Zn1-01 2.0149(16) Li2—02 1.948(5)
Zn1-02 2.0173(16) Li2-03 1.965(5)
Zn1-N3 1.979(2) Li2—N1 2.058(5)
Zn1-N4 1.983(2) N1-C5 1.361(4)
Lil-0O1 1.941(4) N2-C16 1.359(3)
Lil-02 1.953(4) N3-C5 1.356(3)
Lil-04 1.960(5) N3-C6 1.430(4)
Lil-N2 2.057(4) N4-C16 1.353(3)
Li2—01 1.954(4) N4-C17 1.433(3)
Lil-O1-Li2 85.17(19) O1-Lil-N2 112.1(2)
Lil-01-C27 132.52(19) 01-Li2-02 80.84(17)
Lil-02-C23 132.63(19) O1-Li2-N1 104.6(2)
Lil-O1-Zn1 82.25(14) 01-Zn1-02 77.71(7)
Lil-02-Li2 85.01(19) 01-Zn1-N3 114.04(8)
Lil-02-Znl 81.89(13) 01-Zn1-N4 110.58(8)
Lil-N2-C16 126.48(19) Zn1-01-C27 123.55(15)
Li2-01-C27 132.80(19) Zn1-02-C23 123.23(16)
Li2-02-C23 133.20(19) Zn1-N3-C5 122.69(19)
Li2-O1-Znl 82.28(15) Zn1-N4-C16 123.13(18)
Li2-02-Zn1 82.38(14) N1-C5-N3 117.6(2)
Li2-N1-C5 126.7(2) N2-C16-N4 117.5(2)
01-Lil-02 81.04(16)

The integrity of this arrangement is retained for two reasons.
The first is spanning of each heterobimetallic edge of the core
by 2-pyridylamide ligands, rendering the zinc centre formally
divalent (mean Zn—N 1.981 A) with the pyridyl N centres
stabilising the Li* ions (mean Li—N 2.058 A). The second
phenomenon which facilitates retention of the core is bis-
capping of the bimetallic motif by in-situ-generated OrBu~

3698
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fragments. While this implies direct oxygenation of tBuLi
(and explains the observation of an aliphatic contaminant in
the 'TH NMR spectrum of 7), it is worth noting that in spite of
the known tendency for organolithium species to react with
oxygen to afford peroxides in the first instance,?'l the
O1:-02 distance (2.530(2) A) is incompatible with the
presence of bis(fert-butyl)peroxide in the structure of 7. The
alkoxy groups reside significantly closer to the alkali metal
centres than to the zinc centre (mean Li—OrBu 1.949 A, mean
Zn—0rBu 2.016 A) and deviate noticeably from the normal to
the Li,Zn triangular core (mean smallest C-O-(Li,Zn plane)
84.4°). This inclination of the OrBu group goes some way
towards increasing the effectiveness with which a filled
O-centred sp?® orbital is orientated towards Znl (mean Znl-
O-C(fBu) 123.39°). However, it concomitantly depletes the
interaction of the remaining, filled sp? orbitals on oxygen with
each alkali metal ion to some extent and this is reflected in the
large (mean) Li-O-C(¢Bu) angle of 132.79°.% The inclination
of the tert-butoxy fragments with respect to the isosceles
Li,Zn arrangement effectively amounts to a distortion of
LiOrBu in order to electrostatically satisfy an otherwise
divalent zinc centre. Thus, in spite of the relatively long
Li—OrBu interactions,®?! 7 is perhaps best viewed as a 2:1
LiOrBu:Zn{N(2-C;H,N)Ph}, adduct rather than as a dilithium
tetraorganozincate. This conclusion also seems to be reason-
able bearing in mind the relative sources of Me (in 6) and tBu
(in 7) groups.

Reaction of (2-C;HN)N(H)(3,5-Xy) (2) with ZnMe,,
followed by treatment with BulLi and with air (P,Os),
afforded a suspension which dissolved on treatment with
THF. The resultant solution deposited crystals which were
shown by crystallography to be 8, a solid-state dimer (one half
of which is symmetry-related to the other and for whose
formulation there exists one molecule of toluene in the
lattice) which is an oxygenated lithium triorganozincate
structurally analogous to 6 (Figure 3, Table 3). The planar
(ZnO), ring at the core of dimeric 8 (mean Zn—0 2.0222 A;
0-Zn-0 85.28(7)°, Zn-O-Zn 94.72(7)°) is extremely similar to
that noted for the 2-pyridylanilide complex. The alkali metal

Figure 3. Molecular structure of dimeric 8; hydrogen atoms and minor
THF disorder omitted.
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Table 3. Selected bond lengths [A] and angles [°] for dimeric 8.

Lil-0O1 1.897(5) Zn1-N4 1.980(2)
Lil-02 1.976(5) 01-C27 1.431(3)
Lil-N1 2.070(5) N1-C5 1.357(3)
Lil-N3A 2.070(5) N2-C5 1.365(3)
Zn1-01 2.0129(16) N3-C18 1.361(3)
Zn1-O1A 2.0314(16) N4—C18 1.343(3)
Zn1-N2 1.975(2)

Lil-01-C27 114.7(2) 01-Zn1-N2 111.34(8)
Lil-O1-Znl 105.07(15) 01-Zn1-N4 108.65(7)
Lil-N1-C5 129.1(2) Zn1-N2-C5 122.73(16)
Lil-N3A-CI8A 118.1(2) Zn1-N4-C18 121.64(16)
01-Li1-02 114.9(2) N1-C5-N2 116.4(2)
O1-Lil-N1 107.6(2) N3-C18-N4 1162(2)
O1-Lil-N3A 105.8(2)

centres, again anti-disposed about the (ZnO), heterocycle,
interact more closely with the core O centres than in the
analogous dimer (Lil—O1 1.897(5) A, cf. Lil1—O1 1.915(7) A
in 6). In spite of this, the observed coordination of each Li* ion
by two pyridyl N centres is unchanged (mean Li—N 2.070 A)
and again results in the formation of a contiguous (LiO-edge-
fused) pair of six-membered rings.

The structures observed for products 6-8, formed by
reaction of pyridylamines 1 and 2, made it desirable to
investigate the effects of employing the more sterically
congested amine substrate (2-C;H,N)N(H)(2,6-Xy) (3). This
led to the isolation and characterisation of a significantly
different product, the composition and structure of which may
be of importance not only in understanding the chemical
processes active in the reaction of 3, but also in those of both 1
and 2. X-ray diffraction reveals that the crystals deposited
from solution after dry aeration of the product(s) of reaction
between 3, ZnMe, and rBuLi are composed of the pseudo-
cubic lithium triorganozincate dimer [{THF-[Li(rBu)OZn-
(OrBu)Mel},] (9; Figure 4, Table 4). Whereas the solid-state
structure of 7 revealed significantly asymmetric bis(tert-
butoxy) capping of an Li,Zn triangular fragment, that of 9
incorporates asymmetric mono-capping both of two Li,Zn
groups and of two LiZn, fragments (with concomitantly
extended non-bonding BuO---OrBu distances; mean

Figure 4. Molecular structure of pseudo-cubic dimer 9; hydrogen atoms
and minor THF disorder omitted.

Chem. Eur. J. 2001, 7, No. 17

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Table 4. Selected bond lengths [A] and angles [°] for dimeric pseudo-
cubane 9.

Li2—-02 2.011(6) Lil-O1 2.008(6)
Li2—03 1.957(7) Lil-03 1.976(6)
Li2—04 1.977(7) Lil-04 1.982(7)
Li2—06 2.039(7) Lil-05 2.060(6)
Zn2-01 2.057(3) Zn1-01 2.060(2)
Zn2-02 2.063(3) Zn1-02 2.070(3)
Zn2-04 2.022(3) Zn1-03 2.011(2)
Zn2—C18 1.974(4) Zn1-C17 1.988(4)
02-C5 1.438(4) o1-C1 1.439(4)
03-C9 1.416(5) 04-C13 1.427(5)
Lil-01-C1 130.0(3) Li2-02-Zn1 88.4(2)
Lil-03-C9 127.6(3) Li2-02-Zn2 88.7(2)
Lil-04-C13 130.5(3) Li2-03-Zn1 91.6(2)
Lil-O1-Zn1 90.12(18) Li2-04-Zn2 90.8(2)
Lil-01-Zn2 89.5(2) Zn1-01-C1 1202(2)
Lil-03-Znl 92.50(19) Zn1-02-C5 121.9(2)
Lil-04-Zn2 91.25(19) Zn1-03-C9 1183(2)
Lil-03-Li2 85.1(3) Zn1-01-Zn2 94.95(10)
Lil-04-Li2 84.4(3) Zn1-02-Zn2 94.47(10)
Li2-02-C5 131.2(3) Zn2-01-C1 1202(2)
Li2-03-C9 130.6(3) Zn2-02-C5 121.7(2)
Li2-04-C13 127.2(3) Zn2-04-C13 120.7(3)

2.845 A). In the former case (u3-O3)-Lil-Li2-Zn1 and (us-
04)-Lil-Li2-Zn2 moieties reveal mean Li—O and Zn—O
distances of 1.973 A and 2.017 A, respectively, whereas in the
latter case ((u5-O1)-Lil-Znl1-Zn2 and (u;-O2)-Li2-Zn1-Zn2)
mean M—O distances are longer, at 2.010 A (M =Li) and
2.063 A (M=2Zn), with the lithium—oxygen interactions
dramatically extended relative to their (already long) ana-
logues in 7.2 Notably, each of the four zert-butoxy fragments
deviate from the normal to the plane described by the three
metal centres to which they each bond. The reorientations
now take two distinct forms depending on whether the alkoxy
group is capping an Li,Zn or an LiZn, triangle. In the
former case, tilting of the group directly towards the zinc
centre (mean C-O-(Li,Zn plane) 80.7°) replicates the behav-
iour noted in 7, while in the latter case the group tilts such as to
bisect the Zn-O-Zn angle (mean C-O-(LiZn, plane) 82.3°).
Lastly, the unreacted ZnMe groups in 9 contrast with the
ZnOMe fragments noted in both 6 and 8. While further
studies are required to elucidate the evidently complex
reactions undergone by systems of this type, it seems
reasonable to propose that the syntheses of species such as
6-9 are inter-related. The isolation and structural character-
isation of both 6 and 7 from the same reaction mixture
establishes that their chemistries are intimately linked.
Furthermore, removal of solvent from the oxygenated reac-
tion mixture 1/ZnMe,/fBuLi yields a microcrystalline mixture
which NMR spectroscopy suggests contains both 6 and 9
(although 7 was not obviously observable); likewise, the
equivalent treatment of a 2/ZnMe,/fBuLi reaction mixture
affords both 8 and 9.

Surprisingly, replacement of R =Ph (1), 3,5-Xy (2), or 2,6-
Xy (3) with R=Bz (4, Bz=benzyl) in (2-C;H,N)N(H)R
affords neither the structural analogue of 6 nor that of 7.3
Instead a non-donor solution of 4 can be sequentially treated
with ZnMe,, fBuLi and dry air (P,Os) to afford a solution
from which two crystalline compounds deposit. Both of these
species could be satisfactorily characterised after their
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mechanical separation, with 'H NMR spectroscopy verifying
that one of the two products was unsolvated rBuOLi 10a.
X-ray crystallography reveals that the remaining species is not
a mixed-metal compound but is, instead, the trigonal-pyra-
midal zinc complex [(14-O)Zny{N(2-Pyr)Bz}s] (10b; there is
only one third of 10b in the asymmetric unit along with one
third of a lattice toluene molecule; Figure 5 and Table 5). The
complex adheres to the beryllium acetate structurel! with a

Figure 5. Molecular structure of the (u,-O)Zn,-based tetrahedron 10b;
hydrogen atoms and lattice toluene molecule omitted and only the ipso-C
positions of the phenyl rings are shown.

Table 5. Selected bond lengths [A] and angles [°] for 10b.

Zn1A-O1 1.905(3) Zn1A—N4 1.984(7)
Zn2-01 1.902(8) N1-C1 1.369(10)
Zn1B-N1 2.069(7) N4—C1 1.356(10)
Zn2-N2 2.045(7) N2—C17 1.374(10)
Zn1A—N3 2.002(7) N3-C17 1.357(10)
Zn1A-O1-Zn1B 110.5(2) N2-Zn2-N2A 111.59(17)
Zn1A-O1-Zn2 108.4(2) Zn1A-N3-C17 121.5(5)
01-Zn1A-N3 109.4(3) Zn2-N2-C17 124.1(5)
01-Zn2-N2 107.26(18) N2-C17-N3 116.9(7)

non-bonded trigonal arrangement of three Zn centres forming
the pyramid base (ZnlA ---Znl1B 3.130(2) A) each edge of
which is spanned by a [N(2-CsH,N)Bz]|~ residue (Zn—N-
(2-CsH,N) 2.069(7), Zn—NBz 1.984(7) A). The fourth zinc
centre (Zn2) constitutes the C;, cluster apex and is stabilised
only by the pyridyl N-centres of the remaining organic ligands
(Zn2-N(2-CsH,N) 2.045(7) A). Each of these three organic
groups spans one non-bonded Znl---Zn2 (3.089(2) A) pyr-
amid edge (Zn1-NBz 2.002(7) A). Within the Zn, cluster, an
approximately tetrahedral oxo-dianion is encapsulated (mean
Zn—0O 1903 A; mean Zn-O-Zn 108.9°). While (u,-O)-
Zn, tetrahedra have been known for some time, 10b is
rendered highly unusual by virtue of its mode of synthesis.
Unlike previous examples of oxo-encapsulation by Zn,
tetrahedra it is afforded by exposure of a mixed Li-Zn
system to oxygen. In contrast, the formation of, for
example, [(u4s-O0)Zn{O,CNEL}s] ., [(u4-O)Zny(7-aza-in-
dole)e],* [(us-0)Zny(O,CR)s] (R=1Bu, Ph), [(us-O)Zn,-
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(1-methylimidazoline-2-thione)],  [(#4-O)Zn,{N(Ph)C(H)-
NPh)¢],’" and the fused tetrahedra [(us-O)Zn,R,-
{NMe(CH,);NMe},] (R=Me, Et),*l derives from the
deliberate introduction to the organometallic system either
of carbon dioxideP! or, more commonly, of water.[36-3]
Employment of the less sterically demanding reagent
(2-C;H,N)N(H)Me (5) results in the observation of significant
structural modification in the only isolable reaction prod-
uct.? X-ray crystallography reveals the unique, distorted
octahedral oxo-encapsulation complex to be [tBu(us;-O)-
Li;(ue-O)Zns{N(2-CsH,N)Me}¢] (11; Figure 6, Table 6)—

Figure 6. Molecular structure of the (us-O)Li;Zn;-based distorted octahe-
dron 11; hydrogen atoms and lattice THF molecule omitted for clarity.

Table 6. Selected bond lengths [A] and angles [°] for oxo-encapsulation
complex 11.

Zn1-01 1.944(4) Lil-0O1 2.074(13)
Zn1-N1 2.039(6) Lil-02 1.849(14)
Zn1-N2A 2.050(7) Lil-N3 2.071(14)
Zn1-N4 2.065(7) Lil-N4 2.160(13)
Znl---Lil 2.755(12) Lil - Lil 2.47(2)
Znl---LilA 2.992(12) Znl---ZnlA 3.0070(19)
Lil-O1-LilA 73.0(6) O1-Lil-N4B 91.2(5)
Lil-O1-Znl 96.2(4) 01-Zn1B-N1B 113.6(2)
Lil-O1-ZnlA 158.8(5) 01-Zn1B-N4B 97.9(3)
Lil-O1-Zn1B 86.5(3) 01-Zn1B-N2 111.7(3)
Lil-02-C13 129.6(4) N1-Zn1-N2A 102.5(3)
Lil-O2-LilA 83.7(7) Zn1-O1-ZnlA 101.4(3)
Lil-N3-C11 123.3(7) Zn1-N1-C5 123.6(5)
Lil-N4B-C11B 112.3(7) Zn1-N2A-CSA 119.1(6)
Lil-N4B-Zn1B 81.4(4) Zn1-N4-Cl1 108.7(6)
01-Li1-02 86.2(6) N1-C5-N2 116.4(7)
O1-Lil-N3 108.0(6) N3-C11-N4 115.4(7)

one third of which is related to the other two thirds by
symmetry—for which formulation there is a single THF
molecule in the lattice. Capping of the Li; face of the distorted
octahedron by a (u;-O)fBu group implicates the insertion of
an oxygen atom into a Li—C(fBu) bond (Li—O2 1.849(14) A,
Li-O2-Li 83.7(7)°).B1 The Li—O2 distance is considerably
shorter than that for the Li,(u;-O)fBu unit in 7 and those for
the Li,(1;-O)fBu and Li(u;-O)fBu moieties in 9. The three
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lithium centres bridge between this oxygen atom and the u,4-
encapsulated 0>~ ion (Li—O1 2.074(13) A, Li-O1-Li 73.0(6)°)
and this in turn bonds to the three zinc centres (Zn—O1
1.944(4) A, Zn-O1-Zn 101.4(3)°). The result of this bonding
arrangement is the formation of a molecular (ue-O)M;M';
distorted octahedron which is fac-isomeric. Whereas existing
examples of molecular 4O heterobimetallic octahedra are
known, those which have been reported have all revealed
either MM's (TiMos)P? or M,M/; (e.g. Ba,Y,,*! Bi,Na,,*!
Sb,K 142 SbaNay 81 ZrCofl and Ze K491y formy]ations. Furthermore,
while the vast majority of lithium-containing us-O octahedra
have been homometallic,* just two reports exist of such
heterobimetallic us-O octahedral complexes. Thus, the 2:1
adduct [RuH(SiHPh,)(CO)X,],[Li,Ru,0ClX,] X=
PrBu,Me) incorporates a trans-isomeric (us-O)Li,Ru, core,’]
while [Li;(us-O)Ba;(ue-O){(thf);Bas}(OrBu),;] incorporates
two oxide centres—one inside a Bag, octahedron and the
other in a Li;Ba, prismane.[*]

The coordination spheres of both Li and Zn centres in 11
are completed by [N(2-Pyr)Me]~ ligands. Three of these
residues span the 3.007(2) A Zn -+ Zn non-bonding distances
in the lower tier of the cluster (Zn—N1 2.038(7) A, Zn—N2
2.050(7) A). The remaining organic residues circumscribe the
non-bonding Li; (Li---Li 2.47(2) A) upper tier. They are
orientated such that their N-pyridyl centres are precisely in
the Li; plane, while their NMe groups span non-bonding
heterobimetallic (Li---Zn 2.75(1) A) distorted octahedron
edges (Zn1—N4 2.065(7) A). Hence, each upper tier organic
residue participates in one Li-O-Zn-N four-membered ring
and one M-O-M'-N-C-N six-membered ring, where the
deprotonated N centre along with the Zn and (u¢-O) centres
are common to both heterocycles. An sp? orbital on the
deprotonated N centre of each upper-tier anion almost bisects
the Li-N(Me)-Zn bond angle (N3-C11-N4-M torsional angle
42.8° (M=LilA) and 45.4° (M =Znl)) with the consequent
mismatch in orientation of the NMe-centred lone pair with
the Li* ion in the upper tier probably being responsible for the
differing Li—N(2-CsH,N) and Li—-NMe bond lengths
(2.071(14) A and 2.160(13) A, respectively). This variability
in amide coordination contrasts with the uniformly u,-*-* or
us-bridgingl**-+3 4547l modes adopted by ligand heteroatoms in
previously reported u,-O molecular heterobimetallic octahedra.

The mode of oxo-insertion responsible for formation of the
Lis(u3-O)tBu component of 11 inevitably leads to compar-
isons with the formation of (u#;-O)MM’, fragments 6, 8 and 9
(see above). However, the observation of oxo-encapsulation
in 11 also points to a relationship with 10b. The structures of
both compounds reveal convoluted arrangements of six-
membered M-O-M'-N-C-N heterocycles which result from
the coordination of [N(2-CsH,N)R]~ ligands. Whereas the
structures of 6, 7 and 8 all incorporate arrays of LIOZnNCN
(i. e. M =Li, M'=Zn) heterocycles, it is noteworthy that in
the structure of 10b both M and M’ are zinc, while both
homometallic (M =M'=7Zn or Li) and heterometallic (M =
Li, M’ = Zn) motifs are noted in that of 11. However, 10b and
11 share a further, unique similarity. The two species reveal
almost identical Zn;[N(2-CsH,N)R]; basal tiers (as represent-
ed in Figures5 and 6), whilst the remaining three amide
ligands exhibit significant variability between the two struc-
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tures. The orientation which they adopt when coordinating to
apical Zn2 in 10b results in their pyridyl N centres bonding
only to this zinc centre, rendering it approximately tetrahe-
dral, with their deprotonated N centres bonding only to basal
Znl. However, in 11 the upper-tier ligands are orientated such
that the pyridyl N centres lie almost exactly in the Li; plane,
deviating from it by only 0.04 A. In contrast to the structure of
10b stabilisation of adjacent lithium centres by NR groups
also takes place, with the result that these Lewis base N
centres bridge to the basal Zn tier. In consequence both 10b
and 11 can be viewed as empirically incorporating a {(u;-O)-
Zn;[N(2-C;H,N)R]4J> ligand. Flexibility in the orientations
demonstrated by the upper tier of [N(2-CsH,N)R]~ groups
means that this chelating dianion is capable of exhibiting
variable denticity-acting either as a tetradentate donor to the
Ri-symmetry Zn** cation in 10b or as a heptadentate donor to
the Cy,-symmetry [Lis(u5-O)fBu]** cation in 11.

Conclusion

Elucidation of the structural characteristics of the mixed Li—
Zn precursors to compounds 6 —12 and improving our under-
standing of the complex mechanisms by which they form
represent major goals, and will be reported subsequently.
However, the reproducibility with which 6-12 can be
synthesised by the exposure of reaction mixtures to dry air
(P,05), in conjunction with recent work on the selective and
controlled oxygenation of mixed Li—Al systems, strongly
suggests that molecular oxygen® and not moisture*-38! is the
oxo-source. Indeed, we have recently established that the
syntheses of 68 can be successfully reproduced by using O,
as the oxygen source and we are presently seeking to further
optimise reaction conditions. Results point clearly to two
modes of selective oxygenation being dominant in systems of
the type reported here. While the insertion of oxygen into a
Zn—C(Me) bond is revealed by the presence of MeO frag-
ments in both 6 and 8, the observation of OrBu groups in 7,
10b and 11, as well as the incorporation in 9 of unreacted
ZnMe groups (and also rBuO fragments) suggests competi-
tion between the oxophilicity of lithium and zinc. Finally, oxo-
encapsulation is revealed both in the homometallic beryllium
acetate structure of 10b and also (in competition with
insertion into M—C bonds) in 11. The nature and extent of
competition, both between methoxy and fert-butoxy forma-
tion and also between oxo-insertion and oxo-encapsulation is
also being probed theoretically.?!

Experimental Section

Methods and materials: All reactions and manipulations were carried out
under an inert atmosphere of dry nitrogen or argon, using standard double
manifold and glove-box techniques. Where appropriate the treatment of
air-sensitive reaction mixtures with oxygen was achieved using air which
had been pre-dried over P,Os (Lancaster). All other chemical reagents
were used as received from Aldrich without further purification. Toluene,
THF and hexane were distilled off sodium or sodium/potassium amalgam
immediately prior to use. NMR data were collected on a Bruker DRX 500
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FT NMR spectrometer (operating at 500.05 MHz for 'H). Chemical shifts
are quoted relative to TMS at 6 0.00.

Synthesis and characterisation

THF - [Li(Me)OZn{N(2-C;H,N)Ph},] (6) and (THF - Li),[{(Bu)O},Zn-
{N(2-CsH,N)Ph},] (7): ZnMe, (0.5 mL, 1 mmol, 2™ in toluene) was added
to a solution of 2-anilinopyridine (1, 0.17 g, 1 mmol) in toluene (2 mL).
After reaction had ceased the orange solution was chilled to —78°C and
fBuLi (0.59 mL, 1 mmol, 1.7M in pentane) was added. The resultant
solution was returned to room temperature and treated sequentially with
toluene (1 mL), THF (1 mL) and dry air (P,Os) (until observable reaction
ceased, ca. 1 min.). Filtration was followed by storage at room temperature
for one week whereupon colourless needles of 6 and blocks of 7 were
deposited. Mechanical separation allowed the characterisation of both
compounds. 6: Yield 61% (by 1 consumed), m. p. >300°C; elemental
analysis (%) caled for C;;H3,LiN,O5Zn: C 63.59, H 6.32, N 9.57; found: C
62.94, H 6.23, N 9.63; '"H NMR spectroscopy (500 MHz, CD;CN): 6 =
8.15-6.73 (m, 6H; Ar), 3.65 (m, 2H; THF), 3.23 (s, 1H; OMe), 1.80 (m,
2H; THF), 1.17 (s, 4H; tBu from trace 7). 7: Yield 10% (by 1 consumed),
m. p. 168-170°C; elemental analysis (% ) calcd C5Hj,Li,N,0,Zn: C 64.50,
H 7.36, N 7.92%; found: C 64.31, H 727, N 8.07; 'H NMR spectroscopy
(500 MHz, CD;CN): 6 =8.14-5.57 (m, 9H; Ar), 3.64 (m, 4H; THF), 1.81
(m, 4H; THF), 1.14 (s, 18 H; rBu).

THF - [Li(Me)OZn{N(2-CsH,N)(3,5-Xy)},] (8): ZnMe, (0.5 mL) was add-
ed to a room-temperature solution of 2-(3,5-dimethylanilino)pyridine (2,
0.20 g, 1 mmol) in toluene (2 mL). Once reaction had ceased the solution
was cooled to —78°C whereupon tBuLi (0.59 mL) was added. Warming of
the reaction mixture to room temperature afforded a suspension to which
THF (1 mL) and dry air (P,O5) were added (ca. 1 min). Complete solvation
was achieved by the addition of further THF (0.5 mL) after which storage
at room temperature for 24 h afforded blocks of 8. Yield 84% (by 2
consumed), m.p. >300°C; elemental analysis (%) calcd for C;sH,sLi,-
NgO,Zn,: C 65.38, H 6.50, N 9.84; found: C 63.59, H 5.99, N 9.52; 'H NMR
spectroscopy (500 MHz, CD;CN): 6 =8.14-7.14 (m, 6H; Ar), 6.80-6.64
(m, 1.5H; PhMe), 3.65 (m, 2H; THF), 3.50-3.28 (m, 1.2H; OMe), 2.33 (s,
6H; 3,5-Me), 2.27 (s, 1H; PhMe), 1.81 (m, 2H; THF).

[{THF - [Li(/Bu)OZn(0OrBu)Mel},] (9): ZnMe, (0.5 mL) was added to a
solution of 2-(2,6-dimethylanilino)pyridine (3, 0.20 g, 1 mmol) in toluene
(2 mL). The resultant orange solution was cooled to —78°C and treated
with BuLi (0.59 mL) before being returned to room temperature. The
addition of THF (1 mL) was followed by treatment with dry air (P,Os) (ca.
1 min) and the addition of hexane (1 mL). Reduction of the solvent volume
by one half, followed by storage at —30°C for two weeks, resulted in the
growth of crystalline 9. Yield 85 % (by tBuLi consumed), m. p. 153-155°C;

Table 7. Crystallographic data for 6—9, 10b and 11.

elemental analysis (%) caled for C;3HyLiOsZn: C 51.15, H 9.51; found: C
51.04, H 8.97; '"H NMR spectroscopy (500 MHz, CD;CN): 6 =3.65 (m, 4H;
THF), 1.81 (m,4H; THF), 1.20 (s, 9H; rBu), 1.17 (s, 9H; 1Bu), — 0.79 (s, 3H;
ZnMe).

fBuOLi (102) and [(2,-0)ZnN(2-CsH,N)Bz}s] (10b): ZnMe, (0.5 mL)
was added to a stirred solution of 2-(benzylamino)pyridine (4, 0.18 g,
1 mmol) in toluene (5mL) at —78°C. After 30 min the mixture was
warmed to —40°C and BuLi (0.59 mL) was added. After being allowed to
warm to room temperature the mixture was treated with dry air (P,Os) (ca.
1 min) and then refluxed and stored at ambient temperature for 24 h
whereupon needles of 10a (by 'H NMR spectroscopy) and blocks of 10b
formed. Mechanical separation allowed the characterisation of 10b. Yield
42 % (by 4 consumed), m. p. 140°C (decomp); elemental analysis (% ) calcd
for C;yH7#N,O0Zn,: C 64.53, H 5.04, N 11.44; found: C 64.96, H 5.16, N
11.34; 'H NMR spectroscopy (500 MHz, CD;CN): 6 =7.40-6.46 (m, 20H;
Ar + PhMe), 4.56 (s, 4H; CH,), 2.33 (s, 1 H; PhMe).

[1Bu(p3-O)Liz(u-0)Zny{N(2-CsH,N)Me}s] (11): ZnMe, (0.5mL) was
added to a stirred —78°C solution of 2-(methylamino)pyridine (5, 0.11 g,
1 mmol) in hexane (1 mL). After 30 min /BuLi (0.59 mL) was added.
Treatment of the room-temperature mixture with dry air (P,Os) (ca. 1 min)
and the addition of THF (0.08 mL) was followed by storage at room
temperature for one week whereupon blocks of 11 formed. Yield 32 % (by
5 consumed), m. p. >300°C; elemental analysis (%) calcd for CyHsoLis-
N,;,0;Zn;: C 51.69, H 6.45, N 13.45; found: C 50.68, H 6.48, N 12.64;
'H NMR spectroscopy (500 MHz, [*)Hg] THF): 6 =8.00—6.01 (m, 24 H; Ar),
3.65 (m,4H; THF), 2.81 (s, 9H; NMe), 2.53 (br,m, 9H; NMe), 1.80 (m, 4 H;
THF), 1.12 (s, 9H; rBu).

X-ray crystallography

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication nos. CCDC-157415 (6),
CCDC-157416 (7), CCDC-157417 (8), CCDC-157418 (9) and CCDC-182/
1748 (10b and 11). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk). Data for 6 - 0.5 THF,
7, 8-0.5 PhMe, 9, 10b-PhMe and 11-THF were collected on a Nonius
Kappa CCD diffractometer equipped with an Oxford Cryostream low-
temperature device. The positions of the metal atoms and their first
coordination spheres were determined by direct methods and refined
against F? using SHELXL-97.4 All non-hydrogen atoms were found by
successive iterations of least-squares refinement and treated anisotropi-
cally unless otherwise stated. Hydrogen atoms were added in calculated
positions and allowed to ride on their parent atoms.

6-0.5 THF 7 8-0.5 PhMe 9 10b - PhMe 11-THF
formula C3HyLiN,O3Zn - CiHg,LipN,OyZn - CogHoy sLipNgO4Zn,  CygHsgli,06Zn,  CroHyyN,OZny  CyyHyy75Li075N30075Z00 75
M, 585.96 708.09 1326.70 611.34 1468.98 255.24
crystal system monolinic monolinic monolinic monolinic cubic cubic
space group P2/c P2/c P2\/n P2,/c 1a3 P23
a[A] 14.4640(3) 15.4531(5) 11.6732(3) 9.5863(3) 30.8060(7) 16.694(10)
b [A] 23.9920(14) 15.1578(7) 20.5696(5) 18.3249(4) 30.8060(7) 16.694(10)
c[A] 8.6790(8) 17.8974(6) 15.4684(4) 19.6629(7) 30.8060(7) 16.694(10)
B ] 91.58(2) 114.834(2) 110.018(2) 101.100(2) 90 90
V [A3] 2901.8(3) 3804.5(2) 3489.77(15) 3389.52(18) 29235.2(12) 4882.0(10)
Z 4 4 2 4 16 4
Pealed 1.341 1.236 1.263 1.198 1.335 1.389
radiation [A] Moy, 0.71069 Mok, 0.71069 Moy, 0.71069 Mok, 0.71069  Mog,, 0.71069 Moy, 0.71069
u [mm™1] 0.885 0.688 0.742 1.446 1.350 1.513
T [K] 180(2) 180(2) 180(2) 180(2) 180(2) 180(2)
measured refl. 8520 24653 20623 24752 8240 20356
unique refl. 5040 10989 7909 5923 4297 2128
0[°] <24.96 <30.00 <27.46 <24.99 <25.02 <22.44
Riy 0.0316 0.0470 0.0509 0.0695 0.0886 0.0744
R(F), wR(F?) 0.0540, 0.1410 0.0628, 0.1879 0.0466, 0.1725 0.0413, 0.1657  0.0849, 0.1987  0.0744, 0.2093
parameters 337 518 459 395 276 205
GoF 1.022 1.081 1.153 1.220 0.993 1.190
residual electron density [eA=3] =+0.82 +0.78 +1.31 +1.73 +1.45 +1.02
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For 6 - THEF, all of the atoms of a disordered molecule of lattice THF were
not treated anisotropically; this disorder was not modelled. The carbon
atoms of the two disordered THF ligands and the disordered methyl carbon
atoms in one of the fert-butoxy groups of 7 were not treated anisotropically.
The THF carbon atoms were modelled over two sites and refined at either
0.43:0.57 or 0.61:0.39 occupancy; disorder in the methyl group carbon
centres was modelled over two sites and refined at 0.72:0.28 occupancy in
8- PhMe. Each of the carbon atoms in the THF ligands were disordered and
this was modelled over two conformations with the carbon atoms being
refined at 0.69:0.31 occupancy. For 9, all of the carbon atoms of the two
THF ligands were disordered; each disorder was modelled over two
conformations and the carbon atoms refined at either 0.62:0.36 or 0.66:0.34
occupancy. Disordered lattice toluene was not treated anisotropically in
10b - PhMe—diffraction data being of insufficient quality to allow satis-
factory modelling of this disorder—a constraint being applied to generate a
rigid hexagonal ring. For 11- THF, the atoms of the lattice THF molecule
were not refined anisotropically and the bond lengths in this molecule were
restrained (to be within 0.01 A of one another) (see Table 7).
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Stabilities and Isomeric Equilibria in Solutions of Monomeric
Metal-Ion Complexes of Guanosine 5'-Triphosphate (GTP*") and
Inosine 5'-Triphosphate (ITP*") in Comparison with Those

of Adenosine 5'-Triphosphate (ATP*")**

Helmut Sigel,*!*! Emanuela M. Bianchi,'®! Nicolas A. Corfu,!® Yoshiaki Kinjo,"!
Roger Tribolet,! and R. Bruce Martin*!!

Abstract: Under experimental condi-
tions in which the self-association of
the purine-nucleoside 5'-triphosphates
(PuNTPs) GTP and ITP is negligible,
potentiometric pH titrations were car-
ried out to determine the stabilities of
the M(H;PuNTP)~ and M(PuNTP)?-
complexes where M?*=Mg>*, Ca’,
SI‘H, Ba“, 1\/InZJr7 COH, Ni2+, Cu2+’
Zn*, or Cd** (I=0.1m, 25°C). The
stabilities of all M(GTP)>> and
M(TP)*~ complexes are significantly
larger than those of the corresponding
complexes formed with pyrimidine-
nucleoside 5'-triphosphates (PyNTPs),
which had been determined previously
under the same conditions. This in-
creased complex stability is attributed,
in agreement with previous 'H MNR
shift studies, to the formation of macro-
chelates of the phosphate-coordinated
metal ions with N7 of the purine resi-
dues. A similar enhanced stability (de-
spite relatively large error limits) was
observed for the M(H;PuNTP)- com-

plexes, in which H* is bound to the
terminal y-phosphate group, relative to
the stability of the M(H;PyNTP)~ spe-
cies. The percentage of the macro-
chelated isomers in the M(GTP)*-
and M(ITP)*~ systems was quantified
by employing the difference log
K¥ipunte) —log  Klpyntp); the lowest
and highest formation degrees of the
macrochelates were observed for
Mg(ITP)*>~ and Cu(GTP)* with 17+
11% and 97+1%, respectively. From
previous studies of M(ATP)>*~ com-
plexes, it is known that innersphere
and outersphere macrochelates may
form; that is, in the latter case a water
molecule is between N7 and the phos-
phate-coordinated M?*. Similar conclu-
sions are reached now by comparisons
with earlier 'H MNR shift measure-

Keywords: macrochelates - metal-
ion complexes - nucleic acids
nucleotides - stability constants

ments, that is, that Mg(GTP)*~ (21+
11 %), for example, exists largely in the
form of an outersphere macrochelate
and Zn(GTP)*>~ (68 £4%) as an inner-
sphere one. Generally, the overall per-
centage of macrochelate falls off for a
given metal ion in the order
M(GTP)?> > M(ITP)>~ > M(ATP)*;
this is in accord with the decreasing
basicity of N7 and the steric inhibition of
the (C6)NH, group in the adenine
residue. Furthermore, although the ab-
solute stability constants of the previ-
ously studied M(GMP), M(IMP), and
M(AMP) complexes differ by about two
to three log units from the present
M(PuNTP)?- results, the formation de-
grees of the macrochelates are astonish-
ingly similar for the two series of nu-
cleotides for a given metal ion and
purine-nucleobase residue. The conclu-
sion that N7 of the guanine residue is an
especially favored binding site for metal
ions is also in accord with observations
made for nucleic acids.
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5’-monophosphate; GMP?~, guanosine 5'-monophosphate; Guo, gua-
nosine; I, ionic strength; IMP?*", inosine 5'-monophosphate; Ino,
inosine; M?*, divalent metal ion; NMP?~, nucleoside 5'-monophos-
phate; NTP*-, nucleoside 5'-triphosphate; PuNTP*-, purine-nucleo-
side 5'-triphosphate; PyNTP*, pyrimidine-nucleoside 5'-triphos-
phate; Thy, thymidine [= 1-(2’-deoxy-f-D-ribofuranosyl)thymine];
Urd, uridine. Species written in the text without a charge either do not
carry one or represent the species in general (i.e., independent from
their protonation degree); which of the two possibilities applies is
always clear from the context. In formulas like M(H;NTP)-, the H*
and NTP*- are separated by a semicolon to facilitate reading; yet they
appear within the same parenthesis to indicate that the proton is at the
ligand without defining its location (see, e.g., footnotes to Table 2).
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Introduction

Virtually all reactions of the nucleoside 5'-triphosphates
(NTPs) involve metal ions, usually Mg?*.[ Much recent
activity centers on the so-called G-proteins, which utilize
guanosine 5'-triphosphate (GTP*") in such diverse processes
as cellular signalling, protein synthesis, vesicular trafficking,
and synaptic fusion.3 G-proteins regulate ion channels,™* 3!
affect the metabolism of Ca?*>° and participate in signal
transduction!” and exocytosis,”®! etc.’! Metal ions, mostly
Mg B9 but also Mn?*'% or Zn* 'l are needed for the
reactions.'l For example, the elongation factor Tu (EF-Tu),
which takes part in the synthesis of polypeptides in cells, forms
a complex with Mg, GTP, and aminoacyl-tRNA that
interacts with the codon-programmed ribosome; this results
in the binding of aminoacyl-tRNA to the ribosomal acceptor
site, the hydrolysis of GTP, and the release of EF-Tu-Mg-
GDP.[®l GTP hydrolysis is also essential for the insertion of
nickel into hydrogenases™ or the synthesis of activated
sulfate,l™] which is an essential step in the metabolic assim-
ilation of sulfur.

Many of the enzymes involved in the transcription and
replication of nucleic acids contain Zn?*.>.1®] The NTPs
serving as substrates for DNA and RNA polymerases also
have to be present as complexes of divalent metal ions,!'> !
and there are indications'®! that N7 of ATP might interact
with Zn?** in a RNA polymerase during the catalytic
process.'”l Hence, understanding the solution properties of
metal ion—nucleotide complexes?2! is a precondition for
appreciating their role in enzymic reactions.??

In this paper we report stability constants of the complexes
formed between Mg*t, Ca*t, Sr**, Ba**, Mn?*, Co**, Ni**,
Cu?*, Zn**, or Cd** (M?**) and GTP or its analogue ITP,
inosine = 2-deaminoguanosine (Figure 1).-%1 Despite some
early measurements,””) no comprehensive set of stability data
is available,[-3!l and several of the constants have now been
determined for the first time. More importantly, the formation
of protonated complexes is now always considered, and

o

o]
PY/O\T]B
0

Figure 1. Chemical structure of guanosine 5'-triphosphate (GTP*"), in-
osine 5'-triphosphate (ITP*), and adenosine 5'-triphosphate (ATP*") in
their dominating anti conformation.>*¢]
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the locations of the metal ions and the proton in these
complexes are defined.

Earlier, in a comprehensive paper,?? we reported and
evaluated stability constants for interactions of eight divalent
metal ions with ATP, CTP, UTP, or dTTP. About 10 % of the
Mg(ATP)?>~ complex exist as a macrochelate, as indicated in
Equilibrium (1), and larger percentages occur with divalent 3d

phosphate-ribose-base phosphate
K

I\E/IZ+

o g
~
¥

-r
i
b 1
o (1)
S
e

o
»

e-

transition metal ions.’>31 The macrochelate involves
primary binding of metal ions at the triphosphate chain
and an additional interaction at N7 of the purine
nucleobase.?: 2331 Since the basicity of the N7 site
increases in the nucleosides in the order adenosine <
inosine < guanosine,’” *¥1 larger amounts of macrochelate
are expected for guanine over adenine nucleotides for all
metal ions. Indeed, M(GMP) complexes?:¥! exhibit a
substantially greater degree of formation of macrochelates
than M(AMP) species.’ 41 A comprehensive evaluation
of the extent of macrochelate formation is given now for
M(GTP)> and M(ITP)?-, and these results are compared
with earlier onesP>3 for M(ATP)>. Most importantly,
however, the stability constants reported now provide the
long-needed reliable basis for detailed future biochemical
studies.

Results and Discussion

In the present study, great care was taken to make measure-
ments under conditions in which no self-association of the
nucleotides or their complexes occurs.?% 3 4l Most measure-
ments were made in solutions with a nucleotide concentration
of 0.5mwm; this guaranteed 3" that it was indeed the proper-
ties of the monomeric species that were being studied.

Stability constants of the purine-nucleoside 5'-triphosphate
complexes M(PuNTP - H)~ and M(PuNTP)?: Potentiometric
titrations were conducted at pH>3.0—in fact, mostly at
pH > 3.5—so that deprotonation of H,(NTP)?~ is not a main
factor [Eq. (2)].

H,(NTP)>- =H(NTP)*- + H* (2a)
H(NTP)*"|[H*

KEI(NTP) = [(7)];] (2b)
[H(NTP)™]

In the pH range up to about neutrality, the main ionization
was from the triphosphate-bound proton in H(NTP)3-
[Eq. (3)]; since this proton is at the py-phosphate, we
designated this species (NTP - H)*~.

H(NTP)>* =NTP*+ + H* (3a)
INTP* |[H']

KE(NTP) = T 3—1 (3b)
[H(NTP)" |
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In the presence of metal ions, in addition to Equilibria (2a)
and (3a), two more equilibria involving M?** coordination,
primarily at the triphosphate group, need to be considered:

M?* + (NTP-H)**=M(NTP-H)~ (4a)
[M(NTP-H) |

KM(NTP»H) T N NTD L3 (4b)
[M*][(NTP-H)™]

M?** + NTP=M(NTP)*~ (5a)
M(NTP)*

KM(NTP) = % (5b)

[M2*][NTP*]

These two Equilibria, (4a) and (5a), are connected by
phosphate deprotonation in the complex through Equili-
brium (6a):

M(NTP-H)-=M(NTP)>- + H* (6a)
H*][M(NTP)*

KII\./I[(NTP»H) = M (6b)
[M(NTP-H)]

Values for pK{jnrpn) may be calculated from Equation (7):
PKQ(NTPH) ZPKE(NTP) + log KM(NTPH) —log KM(NTP) (7)

Table 1 lists results for the two stability constants [Egs. (4)
and (5)] and the pKfjpunren) Values for proton loss from the
protonated M(GTP-H)~ and M(ITP - H)~ complexes, accord-
ing to Equations (6) and (7). Some of the equilibrium
constants that appear in Table 11?21 have been determined
before,?’» 2531 and those for the Mg?* and Ca?* complexes are
in fair agreement with the present results. However, the few
previous datal?» 230 for the GTP* and ITP*~ complexes of
the divalent 3d transition metal ions vary widely and are, in
general, somewhat lower because the formation of the
M(PuNTP-H)~ complexes has not always been considered.

This is the first time that comprehensive sets of stability
constants are presented for the M(PuNTP-H)~ and
M(PuNTP)?- complexes of GTP and ITP that allow detailed
comparisons. The constants for the M?*/GTP systems with
Sr>*, Ba?*, Ni?*, or Cd**, and those for the M?*/ITP systems
with Sr2t, Ba?t, or Cd?* have not been determined before.[25-30

An important conclusion follows immediately from Table 1.
Compared to pKfjnrp)=6.50£0.05 (footnote [a] in Ta-
ble 1)1 4 for the last triphosphate-bound proton in (GTP-
H)*~ and (ITP-H)*-, the final column in Table 1 indicates that
a metal ion bound at the triphosphate chain acidifies this
proton by about 0.8 to 2.8 log units. The conclusion that, in the
M(PuNTP-H)" species, the proton is at the phosphate chain
follows therefore from a comparison of the pKij, grp) (= 2.94)
and pkI%E 4 (= 1.89) values (Table 1, footnote [a]),[*!! due to
(N7)H' deprotonation, with the values for pK{ipuwrem
(Table 1, column 5). The latter values are considerably higher
and, hence, H* cannot be located in these complexes at the
nucleobase residue. Furthermore, since pK{ipunrem) > 3.7 (see
Table 1), H" must be located on the y-phosphate as this is the
only basic triphosphate site at pH > 3.> ¥l That the maximum
in the distribution curves seen in Figure 2 for the M(GTP-
H)~ species, with M =Mg?* or Zn?*, occurs in the pH region 3
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Table 1. Logarithms of the stability constants of M(PuNTP-H)~ [Eq. (4)]
and M(PuNTP)?~ complexes [Eq. (5)] of the purine-nucleoside 5'-triphos-
phates (PuNTPs) GTP and ITP, as determined by potentiometric pH
titrations in aqueous solution, together with the negative logarithms of the
acidity constants [Egs. (6) and (7)] of the corresponding M(PuNTP-H)~
complexes at 25°C and I =0.1m (NaNOj; or NaClO,).l==<l

PuNTP*- M2+

log K¥puxtp) log K¥puntp) PR puntp ) Ll

GTP*- Mg?* 26 +£03 4.31+£0.04 48 £0.3
Ca*t 26 +£03 3.96+0.03 5.15+03
Srzt 2.65+0.2 3.55+0.04 5.6 £02
Ba?* 2.65+0.2 3.41£0.03 5.75+£02
Mn** 3.36+0.16 5.36+0.03 4.50+0.16
Co?* 3.50£0.05 5.34+0.05 4.66 £0.07
Ni?* 3.69 £0.05 5.42+0.04 4.77+0.07
Cu?* 46 +£0.2 7.38 +0.08 37 £0.2
Zn** 3.45+0.25 5.52+0.05 4.45+0.25
Cd>* 3.92+0.08 5.82+0.05 4.60+0.10
ITP+- Mg?* 24 £0.25 4.29+0.04 46 +£0.25
Ca*t 24 £0.25 3.93+0.05 4.95+0.25
Sr2* 23 £0.25 3.42+0.10 535+0.3
Ba>* 23 £025 3.28+0.09 55 £03
Mn?* 31 +£03 5.21+£0.06 435+0.3
Co** 3.0 £03 5.08£0.07 44 £03
Ni*+ 3.0 +£04 5.01£0.10 4.45+0.4
Cu?* 39 +£04 6.71 £0.10 3.65+0.4
Zn** 31 +£03 5.32+0.06 425+0.3
Cd** 3.554+0.25 5.62+0.05 44 £0.25

[a] Acidity constants® from ref. [42]: pKH, G =2.94+0.02 [Eq. (2)],
PKliGre) =6.50£0.02 [Eq. (3)];  pKil,ure =2.19£0.05 [Eq. 2)],
pKHre) =6.47 £ 0.02 [Eq. (3)]. The micro acidity constant for the release
of the proton from the (N7)H* site in (H-ITP-H)?~ [one proton is at N7
and one at the y phosphate] was calculated as pk}l}ii,; =1.89+0.07; for
(H-GTP-H)** pKH, gre) ~pkiiGitu (for details see ref. [42]). [b] The
errors given are three times the standard error of the mean value or the sum
of the probable systematic errors, whichever is larger. The error limits of
the derived data, in the above case of pKjp.wreu Were calculated
according to the error propagation after Gauss. [c] Many of the values
given in the third column are estimates as is evident from the large error
limits. [d] These values were calculated with Equation (7) by using the
acidity constants given in [a] and the stability constants listed above.

to 5 confirms the conclusion that the proton must be at the y-
phosphate group.’l

The above conclusion disagrees with one that places the
proton on the S-phosphate and the Mg?* ion “preferentially at
the terminal” y-group in Mg(ATP - H)~.* We think that, with
the y-phosphate group monoprotonated, all three phosphate
units exhibit comparably weak basicities, and that it is
therefore unlikely that there is a single predominant location
for the metal ion in the (PuNTP-H-M)~ species in solution;
that is, a0,y as well as 5,y and @, chelates may be expected to
occur in equilibrium, depending on the geometry of the
coordination sphere of the metal ion involved.[*]

Stabilities of pyrimidine-nucleoside 5'-triphosphate com-
plexes: To be able to evaluate the M(PuNTP-.-H)  and
M(PuNTP)?> complexes with regard to the position of
macrochelate formation in Equilibrium (1), it is necessary to
know the stabilities of those complexes in which the metal ion
is coordinated only to the triphosphate chain. It has been
shownl®> ] that, in the PyNTP systems, the metal ions indeed
bind only in this way, the single exception being the
Cu(CTP)*>~ complex (for details see Section 8 in ref. [32]).
The average values of the previous setl®?) of six metal ions for
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Figure 2. Comparison of the effect of pH on the concentration of the
species present in an aqueous solution of GTP and Mg?* (upper part) or
Zn** (bottom part). The results are given as the percentage of the total M?*
present (= total GTP). The calculations were carried out with the
potentiometrically determined acidity and stability constants (Table 1) for
concentrations of 5 x 10*M for each reactant at /=0.1m and 25°C. These
conditions are close to those used in the experiments (see Experimental
Section). In the Zn**/GTP system at pH > 7.5 the complexes Zn(GTP-H)?*~
[PKZ:ore) = 8.4]P" and Zn(GTP-H)(OH)*" [pK%,Gre-myi,0) = 9-5]°™ are
also becoming important.

their complexes with UTP, dTTP, and CTP [except the one for
Cu(CTP)>"]2 are listed in entries 5-10 of Table2. To
complement this previous set, the Sr** and Ba** systems with
UTP and CTP were now also studied, and the evaluations for
the Mg?* and Ca?* systems with UTP were repeated. These
new results are summarized in footnotes [d], [e], and [f] of
Table 2. The average results valid for the M(PyNTP-H)~ and
M(PyNTP)* complexes of Mg?*, Ca*t, Sr**, and Ba?* are
given in entries 1-4 of Table 2.

The stability constants given in Table2 for metal-ion
binding to a standard pyrimidine-nucleoside 5'-triphosphate
(i.e., for complexes in which no nucleobase backbinding
occurs that results in macrochelate formation [Eq. (1)])% 3
now allow for comparisons with M?*/PuNTP systems. A rough
comparison of the stability constants of the M(PyNTP)?-
complexes for the transition metal ions (Table 2) with those
of the corresponding M(GTP)?>~ and M(ITP)*>~ complexes
(Table 1) reveals that the stabilities of these M(PuNTP)*-
species are larger, and this immediately suggests macro-
chelate formation in the purine-nucleotide complexes, as
already described for ATP*.*2 In accord with this the acidity
of the M(PyNTP-H)~ species (Table 2, column 5) is slightly
higher than that of the M(PuNTP-H)~ complexes (Table 1,
column 5).

In addition, the stability constants of Table 2 show the usual
trends for phosphate complexes: complex stability of the
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Table 2. Logarithms of the stability constants of M(PyNTP-H)~ [Eq. (4)]
and M(PyNTP)?~ complexes [Eq. (5)] of pyrimidine-nucleoside 5'-triphos-
phates (PyNTPs) as determined by potentiometric pH titrations in aqueous
solution, together with the negative logarithms of the acidity constants
[Egs. (6) and (7)] of the corresponding M(PyNTP-H)~ complexes at 25°C
and /=0.1m (NaNOj; or NaClO,).[2

No.[’} M log K¥pyntp) log K¥{pynte) pKll\_l/I(PyNTP»H)[C]
1 Mg+ 2.3 £02 4.21 £0.04(! 46 +02
2 Ca%* 2.2 +£02 3.84 £0.051¢! 485+0.2
3 Sr2+ 21540210 3.34 £0.05!0 53 +£02
4 Ba?* 2.1 £0.2M0 3.18 £0.0410 54 +£02
5 Mn?* 2.704+0.12 4.934+0.03 427+0.13
6 Co?* 2.554+0.24 4.76 +0.03 43 +0.25
7 Niz* 2.514+0.25 4.504+0.03 45 +0.25
8 Cu?* 2.804+0.08 5.864+0.03 3.44+0.10
9 Zn?* 2.734+0.09 5.024+0.02 4.21+0.10

10 Ca** 2.8940.06 5.074+0.03 4.324+0.08

[a] For the error limits see footnote [b] of Table 1. [b] The values for entries
5-10 are for log KM pynre.) =10g KMty from Table IT of ref. [32] (but
now an error limit according to footnote [b] of Table 1 is given; 30) and
those for log K} pynrp) are the averages listed in Table IV of ref. [32] (with
30). [c] Calculated with Equation (7) by using the average valuel’>*
pKiinre) =6.50£0.05 and the constants listed above. [d] Based on log
K\ ey = 2.3 £0.25 and log K& ey =22 +0.25, estimated now (the
earlier values in ref. [32] are too large), and by taking also into account the
constants given for log K¥.cre) in Table IT of ref. [32]. [e] Based on log
K\ ey =421 £0.05 or log K& yrp) = 3.82 £ 0.05, which were calculated in
this work, as well as on the values listed in Table II of ref. [32] for log
KMrre) and log K¥jcrp) by using the number of titrations (Table IT of
ref. [32]) as weighting factors. [f] These values are based on the following
results which were determined in this work: log K§ yrps =2.1+0.3 and
log K§urp) =3.38+£0.06; log K ycorpy=224+0.15 and log K§crp) =
3.30+£0.04; log KB uremy=2.0£0.3 and log KB yrp) =3.20£0.06; log
K mcre) =2.15+0.18 and log K2 rp) = 3.15 £ 0.05. For the location of the
proton in the M(H;CTP)~ species see Section 6 in ref. [32].

alkaline earth ions decreases with increasing radii. For the
divalent 3d metal ions, the long-standing experience! that
the stabilities of phosphate—metal ion complexes do not
strictly follow the Irving— Williams®l sequence is confirmed.
The observed stability order for the PyNTPs (Table 2), in
accordance with that for phosphate monoesters*’! and di-
phosphate monoesters,* is Ba>" < Sr?* < Ca?* < Mg?* <
NiZ* < Co?* < Mn?* < Cu** > Zn*" < Cd?*. The situation for
the PuNTPs (Table1) is somewhat blurred due to the
participation of the N7 of the purine moiety in metal ion
binding (see the next two sections).

Proof of an enhanced stability of the M(PuNTP-H)~ and
M(PuNTP)>~  complexes: As described previous-
Ly, [20- 21, 32-36.39, 40] pyrine-nucleotide complexes may adopt two
families of conformations: an open form in which the metal
ion is only phosphate-coordinated, designated (NTP-M)>~
for nucleoside 5'-triphosphates, and a closed form, designated
(N-M-TP)> indicating that the triphosphate-bound metal
ion forms a bridge to N7 of the purine nucleobase in a
macrochelate according to Equilibrium (1). The correspond-
ing dimensionless intramolecular equilibrium constant K; is
defined in Equation (8):
-
K1=w (®)
[((NTP-M)™]
The observed overall stability for the purine-nucleotide
complexes (Table 1, column 4) is the sum of the individual
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stability constants for the open and closed forms [see also
Eq. (5b)]:

KM _[(NTP-M)”] + [(N-M-TP)"] (92)
M(NTP) = [M2+][NTP*|

= K{renm + Kiimre) (9b)

The stability constant for the open form [Eq. (10)] is taken
from the values in Table 2 for the complexes of the standard
PyNTP*- species that do not form macrochelates.

[(NTP-M)" ]

~ [M2][NTP* ] (10)

K%TP M)

Combining the last two equations with the definition of K;
[Eq. (8)] one obtains** “I Equation (11):

K¥inrey = Koy (1 4+ K7) (11

This equation shows that the observed overall stability is
equal to the stability constant for the open form augmented by
the factor (1 + K;), which includes a contribution from the
closed form.

We define the difference in the logarithms of the observed
overall stability constants of the M(PuNTP)?>~ complexes and
those of the M(PyNTP)?~ species as given in Equation (12):

log Aypuntr) = lOg K}\]\;[[(PuNTP) —log KM(P)‘NTP) (12a)
= log K}t — log K¥rpa) (12b)
= log 4

The equality of the various terms in Equations (12a) and
(12b) is evident. It is furthermore clear that an equation for
the monoprotonated M(PuNTP:-H)~ complexes can be
written analogously:

The values according to Equations (13) and (12) are
summarized in Table 3 for the GTP and ITP systems. In all
instances log Ay punre) values larger than zero are observed. It
is remarkable that the corresponding values for the mono-
protonated M(PuNTP:H)~ complexes (Table 3, column 5)
are quite similar, in fact mostly identical within the error
limits, to those for M(PuNTP)?>~. This shows that intra-
molecular chelate formation occurs to about the same extent
in both types of complexes. However, because of the large
error limits of the log Aypunte.r) values, we shall concentrate
the further evaluation on the M(PuNTP)?- systems.

Extent of macrochelate formation in M(PuNTP)?~ systems:
From the combination of Equations (11) and (12b) follows
Equation (14):140-#]

KM

= -1 (14a)
K(NTP-M)

= 10024 -1 (14b)

Knowledge of K; allows the percentage of the closed or
macrochelated form to be calculated as given by Equa-
tion (15):

% (N-M-TP)> =100 K,/(1 + K;)=% M(PuNTP)} (15)

Table 4 lists the results of log Aypewre), Ki, and %
M(PuNTP)% for the GTP* and ITP* complexes with each
of the ten metal ions studied. The previous results for
M(ATP)>~ complexest? are given in a revised form for
comparison.

The situation in which log Aypunte) and Kj [Egs. (12) and

log Aypunteary =10g KM(PuNTPvH) —log KI\M/I(PyNTPm

(14)] both equal zero, which indicates that no macrochelate

Table 3. Comparison of the stability constants of the M(PuNTP-H)~ and M(PuNTP)?~ complexes with those of the corresponding M(PyNTP-H)~ and
M(PyNTP)?~ species having only M?*-phosphate coordination together with the resulting stability differences log Aypunrear) [EQ- (13)] and log Ayypunte)

[Eq. (12)] (25°C; I=0.1m, NaNO; or NaClO,).

PuNTP*- Mt log KM(PuNTP»H)[b] log KM(PyNTP.H)[C] log Aypuntra) log KM(PuNTP)[d] log KM(PyNTP)[e] log Ampunte)

GTP* Mg 26 £03 23 +£0.2 03 +£0.35 4.31+0.04 4.21+0.04 0.10£0.06
Ca?* 26 £03 22 +£0.2 04 +£0.35 3.96+0.03 3.84 £0.05 0.12+£0.06
Sr2+ 2.65+0.2 215+£0.2 0.5 +£0.3 3.55+0.04 3.34+£0.05 0.21£0.06
Ba* 2.65+0.2 2.1 +£0.2 0.55+0.3 3.41+0.03 3.18£0.04 0.234+0.05
Mn?* 3.36£0.16 2.70+0.12 0.66 £0.20 5.36+£0.03 4.93+£0.03 0.43 +£0.04
Co** 3.50£0.05 2.55+0.24 0.95+0.25 5.34+0.05 4.76 £0.03 0.58 £0.06
Ni* 3.69 £0.05 2.51+£0.25 1.2 +£0.25 5.42+0.04 4.50+£0.03 0.924+0.05
Cu?* 46 £02 2.80+0.08 1.8 +£0.2 7.38 £0.08 5.86 £0.03 1.524+0.08
Zn** 3.45+0.25 2.73+0.09 0.7 £0.25 5.52+0.05 5.02+£0.02 0.50£0.05
Cd?t 3.92+0.08 2.89 +0.06 1.03+0.10 5.824+0.05 5.07+0.03 0.75+0.06

1TP*~ Mg+ 24 +0.25 23 +0.2 0.1 +0.3 429 +0.04 421+0.04 0.08 +0.06
Ca’* 24 +0.25 22 +0.2 02 +0.3 3.934+0.05 3.84+0.05 0.09 +0.07
Sr2* 2.3 +0.25 2.15+0.2 0.15+0.3 3.42+0.10 3.34+0.05 0.08+0.11
Ba’* 23 +0.25 2.1 +£0.2 02 +0.3 3.28+0.09 3.18+0.04 0.10+0.10
Mn?+ 3.1 +£03 2.70+0.12 04 +0.3 5.214+0.06 4.93+0.03 0.28 +0.07
Co** 3.0 £03 2.55+0.24 045+0.4 5.08 +0.07 4.76 +0.03 0.324+0.08
Ni?+ 3.0 +£04 2.51+0.25 0.5 +0.45 5.01+0.10 4.50+0.03 0.514+0.10
Cu** 39 +04 2.80+0.08 1.1 £04 6.71+0.10 5.86 +0.03 0.85+0.10
Zn** 3.1 +£03 2.73+0.09 0.35+0.3 5.324+0.06 5.02+0.02 0.304+0.06
Cd* 3.55+0.25 2.89 +0.06 0.65+0.25 5.62+0.05 5.07+0.03 0.554+0.06

[a] For the error limits see footnote [b] of Table 1. [b] From column 3 of Table 1. [c] From column 3 of Table 2. [d] From column 4 of Table 1. [e] From

column 4 of Table 2.
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Table 4. Increased complex stability, log Aypentr) [Eq. (12)], and extent of
chelate formation [Eq. (1)] in the M(GTP)>~, M(ITP)?-, and M(ATP)*~
complexes; as quantified by the dimensionless equilibrium constant K;
[Egs. (8) and (14)] and the percentage of M(PuNTP)%  [Eq. (15)] for
aqueous solutions at 25°C and I=0.1m (NaNO; or NaClO,).?

PuNTP* M2 % M(PuNTP)3

log AM(I’uNTI’)[b] K;

GTP* Mg+ 0.10+0.06
Ca?t 0.12+0.06
Sr2+ 0.21 +£0.06
Ba*t 0.23+0.05
Mn?*  0.43+£0.04
Co** 0.58 +0.06
Niz* 0.92 +£0.05
Cu?* 1.52+0.08
Zn* 0.50£0.05
Cd>* 0.75+0.06

0.26 £0.17 21+£11
0.324+0.18 24+10
0.62+£0.22 38+9
0.70+£020 417
1.69+0.25 63+3
2.80+£0.53 74+4
7.32+£0.96 88+ 1
32.11+6.10 97+1
2.16+£0.36 68+4
4.62+0.78 82+2

ITP* Mg>* 0.08 +0.06 0.20+0.17 17+11
Ca** 0.09+0.07 0.23+0.20 19+13
Sr?* 0.08+0.11 0.20+0.30 17+21
Ba** 0.10£+0.10 0.26+0.29 21+18

Mn?* 0.284+0.07
Co?* 0.324+0.08
Ni*+ 0.514+0.10
Cu?* 0.85+0.10
Zn** 0.30+0.06
Cd**+ 0.55+0.06

0914031 48£8
1.09+0.38 52+9
22440.75 69+7
6.08 £1.63 86+3
1.00+0.28 507
2.55+0.49 72+4

ATP*+ Mg>* 0.08 +0.051 0.20+0.14 17+10
Ca** 0.07 +0.06l! 0.17+0.16 15+12
Mn?*  0.08 £0.08l 0.204+0.22 17+15
Co’* 0.21 +0.091 0.624+0.34 38+13

Ni** 0.36 +0.06!4
Cu?* 0.48 +0.041
Zn’* 0.14 +0.064
Cd** 0.27 £0.041

1.29+0.32 56+6
2.024+0.28 67+3
0.38+0.19 28+10

[
[
[
[
[
[
[
I 086+017 46+5

[a] For the error limits see footnote [b] of Table 1. [b] From column 8 of
Table 3. [c] The values for log Ayarp) for the Mg** and Ca?* systems are
based on log K} arp) of Table II of ref.[32] (but with 30) and the revised
values for log KMpynre) given in Table 2 in column 4. [d] These values are
from Table IV of ref.[32] but now an error of 30 is given.

forms, does not occur in Table 4. The greatest amount of
macrochelate occurs with Cu?*, followed (usually) by Ni**.
For the four alkaline earth metal ions, the closed or macro-
chelated forms are lower in percentage than those of
the transition metal ions; this is especially true for M(ITP)?-
and M(ATP)*~. For M(GTP)*-, Ba®* forms the macrochelate
to about 40%, whereas that of Mg?* occurs only to
about 20%. A similarly high degree of formation is
observed for Ba(GMP).?!l This may have to do with the
availability of (C6)O in GTP*-, allowing the formation of
outersphere hydrogen bonds with a coordinated water
molecule.[*]

For the six transition metal ions in Table 4, substantial
amounts of macrochelate occur; for example, up to 97%
macrochelate and only 3% open forms are observed for
Cu(GTP)>". Generally, for a given metal ion, the percentage
of macrochelate falls off in the order (G-M-TP)> > (I-M-
TP)> > (A -M-TP)?~. This order corresponds to the decreas-
ing N7 basicity of GTP and ITP (see ref.[42]). The N7
basicities of the inosine and adenosine residues are compa-
rable,”” but M?* binding at the N7 site of adenosine is
hampered by the steric influence of the (C6)NH, group.B!
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Hence, the above order is understandable and also in accord
with the observations made for the complexes of nucleoside
5’-monophosphates.?!- >

Conclusions

Comparison of the present results obtained for the M(GTP)?-
and M(ITP)>~ complexes, also including the ones for
M(ATP)> (Table 4), with those obtained earlier?-*! for
M(GMP), M(IMP), and M(AMP) (see data in ref. [21])
reveals that the formation degrees of the macrochelates are
astonishingly similar for a given metal ion and purine-
nucleobase residue. This is somewhat surprising considering
that the triphosphate complexes are more stable than the
monophosphate ones by about two to three log units.*¥! On
the other hand, it indicates that, for the extent of macro-
chelate formation, mainly the properties of the N7 site are
responsible, at least as long as the coordination sphere of the
metal ion considered is not yet saturated.

From potentiometric pH titrations only overall (global)
stability constants can be obtained, and hence, different types
of macrochelates cannot be distinguished. What is measured
is the concentration of all complexes, including the sum of all
possible macrochelated isomers. However, from the previous
studies of M(ATP)?>~ complexes, it is well known that (at least)
two types of macrochelates can form:> 31 one in which the
phosphate-coordinated metal ion binds innersphere to N7 of
the adenine residue and one in which this interaction is of
an outersphere type, that is, with a water molecule between
N7 and M?* (see Figure 6 in ref. [20b]). A similar situation
also occurs for M(GTP)?>~ and M(ITP)>~. '"H MNR shift
experiments of the corresponding Mg?* systems?! gave no
indication of macrochelate formation, which is proved to
occur by the present results and in accord with those for
Mg(ATP)*; hence, it must be concluded that Mg(GTP)?~ and
Mg(ITP)3  are of an outersphere type, and this is most
probably also true for the other alkaline earth ions. From an
early line-broadening study®™ of the Mn>*/ITP system, it
follows that at least some innersphere binding occurs with N7.
Comparisons of the present results for the Zn** and Cd**
complexes of GTP*~ and ITP* with those of a 'H MNR shift
study®! indicate that macrochelate formation for the
M(GTP)Z and M(ITP)Z species with these two metal ions
is largely innersphere with N7 (Figure 3). It is evident that
further detailed studies, either by NMR and/or spectropho-
tometry, are desirable to reveal the ratios of the macro-
chelated isomers for other metal ions as well. In addition, it
should be noted that the (C6)O carbonyl group may also
participate in outersphere metal ion binding as discussed in
detail® for M(GMP) complexes.

The above conclusions concerning the M(NMP) and
M(NTP)?*~ complexes showing that N7 of the guanine residue
(see also Table 4) is an especially favored metal ion binding
site are confirmed by observations made with nucleic acids.
For example, cis-(NH;),Pt>* interacts preferably with gua-
nine-N7 sites of DNA.F-531 Tt follows from observations made
with nucleic acids® > including ribozymes,* that this also
applies to labile metal ions like Mn?** or Zn?*.
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Figure 3. Simplified structure for one of the macrochelated innersphere
M(GTP)*>~ isomers with a hexacoordinating metal ion; all unlabeled
spheres are hydrogen atoms. The depicted M?*-triphosphate coordination
follows an earlier suggestion.?’! If intramolecular direct M>*-N7 coordina-
tion occurs, then it is sterically more favorable to have a water molecule
between M?* and the a-phosphate group, though a simultaneous inner-
sphere binding of both N7 and the a-phosphate group in complexes of
purine-NMPs is possible.” Of course, other isomers that differ in the
phosphate coordination are possible, for example, direct 3,y-phosphate and
N7 coordination, which leaves the a group free. In the above structure, the
equatorial positions of an octahedral coordination sphere could also have
been used, thus giving rise to further isomers. In the present context, we
only distinguish between macrochelated and open species, in which the
metal ion is only coordinated to the phosphate, as it is expressed in
Equilibrium (1). The above structure was drawn with the program
Chem3D Pro (Version 5.0) from Cambridge Scientific Computing Inc.;
the minimized and relaxed form is shown.

Experimental Section

Materials: The nitrate salts of Na*, Mg?*, Ca?*, Sr’*, Ba>*, Mn?*, Co?*, Ni?*,
Cu**, Zn** and Cd**, HNO;, NaOH (Titrisol), and potassium hydrogen
phthalate (all pro analysi) were obtained from Merck AG, Darmstadt,
Germany. All other reagents were the same as used recently.[*]

The titers of the NaOH solutions used for the titrations were established
with potassium hydrogen phthalate. The exact concentrations of the stock
solutions of the divalent metal ions were determined by using their EDTA
complexes.

Potentiometric pH titrations: All the equipment used, including the
potentiograph and computers, was the same as described, and the
experiments were done as before.*?l The acidity constants (see ref. [42])
are so-called practical, mixed, or Brgnsted constants.” Their negative
logarithms, given for aqueous solutions at /=0.1m and 25°C, may be
converted into the corresponding concentration constants by subtracting
0.02 from the given pK, values.’®l This conversion term contains both the
junction potential of the glass electrode and the hydrogen ion activity.*® No
conversion is necessary for the stability constants of the metal ion
complexes. The differences in NaOH consumption between solutions with
and without ligandP®! (see below) are evaluated.

All experiments with the NTPs were done in such a way that dephosphor-
ylation, which is metal ion promoted,’’! was kept to a minimum (see also
next section).’®! There was no difference between the results of the re-
evaluated data obtained from earlier experiments carried out in the
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presence of NaClO, (cf. ref. 7721) and the present ones in which NaNO; was
used as background electrolyte. The titrations for the Sr*>* and Ba* systems
with UTP or CTP were carried out by a single person. All other
measurements were performed independently by two (or even three)
persons with intervals of years.

Determination of the stability constants: The stability constants K%NTNU
[Eq. (11)] and K}¥inre) [Eq. (12)], in which M** =Mg?*, Ca**, Sr**, Ba’",
Mn?+, Co?*, Ni*t, Cu?*, Zn?*, or Cd**, were determined for GTP and ITP
under the same conditions as described for the acidity constants,*?] that is,
two sets of conditions were used: i) [HNO;]=107Mm, [NTP] =5 x 107*m,
volume 50mL, [NaOH]=0.05m (1.5mL), I=0.1m (NaNO,);
ii) [HCIO,] =1.6 x 1073 M, [NTP] =12 x 10-3Mm, volume =25 mL,
[NaOH]=0.05m (1 mL), 7=0.1m (NaClO,). The titrations were done
pairwise under N,, that is, in the presence and absence of NTP (see above).
Part of NaNO; or NaClO, was always replaced by M(NO,), or M(ClO,),
(I=0.1m, NaNO; or NaClO,; 25°C), the M**/NTP ratio being 1:1
throughout.

The stability constants of the Sr** and Ba?* complexes of CTP and UTP
[Egs. (11) and (12)] were determined with [HNO;] =1.9 x 1073m, [NTP] =
5 x 10™*m, volume =50 mL, and [NaOH]=0.05M (2 mL); the M>*/NTP
ratios again being 1:1 (/=0.1mM, NaNOj;; 25°C).

As divalent metal ions promote the dephosphorylation of NTPs, although
with a different effectiveness,"’] the two reactants were only mixed in the
last minute before the titration, which was usually completed within
15 minutes. In this way, dephosphorylation of the nucleoside 5'-triphos-
phates was minimized. The stability constants K¥{rp) (See also below)
and K}fnrp) Were calculated for each pair of titrations with the equipment
used previously!*?l and a curve-fitting procedure by taking into account the
species H*, H,(NTP)*-, H(NTP)*-, NTP*, M?*, M(NTP-H)-, and
M(NTP)>.*l The data were collected every 0.1 pH unit from either the
lowest pH that could be reached in the experiment or from a formation
degree of about 5% for M(NTP)?- to either the beginning of the hydrolysis
of M3; (e.g., with Cu** or Zn**), which was evident from the titrations
without ligand, or the beginning of the formation of M(NTP-H)3-
complexes (e.g., with Ca?* and GTP), or a formation degree corresponding
in total to about 90 % for H(NTP)*-.

The stability constants K}{rp.iy could only be determined for the M?*/CTP
and, in part, for the M?*/GTP systems because pKif,nrp) is very low,
especially for ITP and UTP. Therefore, for these systems only estimates,
with relatively large errors, for the stabilities of M(NTP - H)~ were possible;
these are in part based on our experience with related ligands." 3 %I Since
the value of K}nrp.) can have some effect on the results for Kyirp), this
effect was considered in the error limits of the latter constants, especially in
the case of the ITP complexes, by keeping K¥nrp.y constant—once with
the lower and once with the upper error limit—and by repeating the
calculations for K¥nrp). However, this effect is not overwhelming because
the degree of formation of the M(NTP - H)~ species is relatively low in the
pH range where that of the M(NTP)?>~ complexes is high.

The final stability constants in the tables are the results from the averages
of at least eight independent pairs of titrations, on average ten titration
pairs were carried out for each system.
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Dipolar Donor - Acceptor-Substituted Schiff Base Complexes with Large
Off-Diagonal Second-Order Nonlinear Optical Tensor Components

Santo Di Bella,*!*! Ignazio Fragala,!*! Isabelle Ledoux,*!*! and Joseph Zyss!"!

Abstract: The synthesis, characteriza-
tion, and two-dimensional second-order
nonlinear optical (NLO) response of a
dipolar Ni"! donor —acceptor Schiff base
complex and the related ligand are
reported. Electric-field-induced second-
harmonic generation and harmonic light
(hyper-Rayleigh) scattering techniques,
in combination with INDO/SCI-SOS
theoretical calculations, were used to

sional character of the molecular non-
linearity, respectively. Off-diagonal hy-
perpolarizability tensors can be related
to charge-transfer transitions that are
polarized perpendicular to the molecu-
lar dipolar axis, while parallel transitions

Keywords: nickel - nonlinear optics
« Schiff bases - second-order hyper-
polarizability - semiempirical calcu-

account for the diagonal hyperpolariz-
ability tensor. The role of the metal
center in enhancing the two-dimensional
NLO response of such molecules is
twofold since it acts both as the donor
and the bridging moiety of the planar
donor - (n-conjugate-bridge) —acceptor
system. These dipolar two-dimensional
molecules are interesting candidates
from the perspective of polarization-

investigate the vector part of the hyper-
polarizability tensor and the two-dimen-

lations

Introduction

In recent years much attention has been paid to the synthesis
and development of multi-dimensional second-order non-
linear optical (NLO) molecule-based materials,'! ranging
from strongly dipolar molecules?® to purely octupolar struc-
tures.’!] Compared with classical one-dimensional dipolar
chromophores,* ' octupoles may offer advantages of better
nonlinearity/transparency tradeoffl'* and, in the case of
nonpolar species, may favor the formation of noncentrosym-
metric architectures,®’! owing to the lack of a permanent
dipole moment. Multidimensional dipolar chromophores are
attractive candidates for poled polymer thin-film applications,
as they can be easily poled as classical dipolar chromo-
phores,* ®l by the application of a strong electric field to the
polymer film above the glass transition temperature. If the
octupolar contribution to the § value is much higher than the
dipolar one, it has been theoretically”! and experimentally®
demonstrated that the NLO film anisotropy significantly
decreases, opening new possibilities for the development of
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independent NLO materials.

polarization-independent materials that would be suitable for
optical telecommunications.”) However, few examples of
dipolar second-order multidimensional NLO chromophores
have been reported in the literature, most of them based on
benzene derivatives.[ 1]

We present here a comparative experimental and theoret-
ical investigation of the molecular second-order two-dimen-
sional (2D) NLO properties, f;;(—2w;w,w), of a donor-ac-
ceptor bis(salicylaldiminato)Ni! Schiff base complex (NiL)
and the related ligand (H,L),"!I which is the first example of a

X
cl Cl
=N_ _N=
Ni
7N
o o
Et,N NEt,

two-dimensional dipolar NLO metallo-organic material.l”!
This study focuses on the synthesis, linear optical spectro-
scopic, and second-order NLO response (sampled by
the electric-field-induced second-harmonic generation
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(EFISH)™®! and harmonic light-scattering (HLS)!" techni-
ques), in combination with a quantum chemical analysis
within the proven INDO/SCI-SOS (ZINDO) formalism,!”! to
describe the electronic structure and structure/NLO-property
relationships of this new class of inorganic 2D dipolar NLO-
chromophores.

Results and Discussion

Synthesis, characterization, and molecular structure: The H,L
Schiff base ligand was prepared in high-yield by condensation
of the 4-(diethylamino)salicylaldehyde with the 4,5-dichloro-
1,2-phenylenediamine. The yellow imine was readily purified
by recrystallization from a mixture of absolute ethanol/
chloroform. The crystal structure of the unsubstituted
H,(salophen)!' indicates an enolimine tautomeric (nonpla-
nar) structure, also evident in solution.l'’] Thus, an analogous,
predominantly enol —iminic, structure can be assumed for the
related donor—acceptor substituted H,L imine. In support of
this formulation, a broad resonance in the 6 = 13.25 region is
evident in the 'H NMR spectrum. It disappears upon
exchange with D,O and can be associated with the —OH
protons presumably involved in intramolecular hydrogen
bonding with iminic nitrogen atoms.

The optimized geometrical structure of H,L, obtained
without any symmetry constraint, is in agreement with the
above description (Figure 1). It predicts a nonplanar C,
structure, with two trans-imine linkages, in which the plane
of each 4-(diethylamino)salicylidene fragment and that con-
taining the phenylene bridge make an angle of 46.5°.

Figure 1. Optimized geometry of the H,L ligand.

The reaction of the ligand with the Ni jon leads to the
formation of the stable noncentrosymmetric NiL. complex.
This was characterized by FAB mass spectrometry, 'H NMR
spectroscopy, and satisfactory microanalysis. The FAB mass
spectrum indicates the existence of a monomeric species in
the gas phase. Furthermore, available X-ray structures of the
unsubstituted Ni(salophen)['®l and of a closely related donor—
acceptor-substituted Ni' complex!"”! indicate monomeric,
planar species in the solid state. Thus, an analogous planar,
monomeric molecular structure can be safely assumed for the

Chem. Eur. J. 2001, 7, No. 17
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present donor-—acceptor-substituted Nil. complex. Such a
structure is also obtained from the geometric optimization.

Linear optical spectra: UV-visible absorption spectra of H,L
and NiL are reported in Figures 2 and 3, respectively. The
spectrum of the free ligand H,L (Figure 2) exhibits two
intense absorption bands in the visible near-UV region at 410
(¢=5.9 x10%) and 374 nm (¢ =9.4 x 10*), which presumably
involve m— m* transitions. Compared with the absorption
spectrum of the unsubstituted H,(salophen) ligand,['® these
bands are more intense and red-shifted. This is consistent with
an increased m-charge delocalization due to the donor and
acceptor substituents.

£ ELOE+34- R 3

Al

wavelength [ nm

Figure 2. Optical absorption spectra and INDO/SCI-derived electronic
transitions of H,L. The bars represent the oscillator strength of the various
transitions in arbitrary units, adjusted to the strongest transition in the
experimental optical spectrum in chloroform solution (solid line). Com-
puted electronic transitions are shifted by +80 nm.

The optical spectrum of the NiLL complex (Figure 3),
compared with that of the ligand, has an additional over-
lapping feature at longer wavelength, and is generally red-
shifted. Complexation involves a larger charge delocalization,
mediated by the metal center, over the whole planar molecule.

LA+ |
' [} I
_|| i
I 2

zomsga-) :

D.DEW:J—-. L. T, "L O
300

400 500 600 T
wavelength / nm

Figure 3. Optical absorption spectra and INDO/SCI-derived electronic
transitions of NiL. The bars represent the oscillator strength of the various
transitions in arbitrary units, adjusted to the strongest transition in the
experimental optical spectrum in chloroform solution (solid line). Com-
puted electronic transitions are shifted by + 65 nm.
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This is responsible for the red shift of the optical spectrum and
for the existence of additional bands, absent in the absorption
spectrum of the free ligand, which presumably involve both
the ligand and the metal center. Unfortunately, the over-
lapping nature of these bands precluded any accurate
evaluation of solvatochromism.

Theoretical calculations on H,L and NiL are consistent with
the above description. Actually, the calculated optical spec-
trum of H,L in the visible near-UV region (Figure 2) indicates
the existence of various it — mt* transitions involving frontier
molecular orbitals. In particular, they essentially involve
orbitals of 4-(diethylamino)salicylidene fragments and those
of the C=N— groups mediated by the phenylene bridge. These
transitions have some charge-transfer (CT) character and are,
to some extent, responsible for the second-order NLO
response of the molecule.

On switching to the optical spectrum of the NiL. complex,
the calculated low-energy transitions (Figure 3) may be
characterized as m— m*, involving both the ligand and the
metal center. Under C,, symmetry, both the “in-plane” z-
polarized and x-polarized transitions are allowed. They
involve absorption of radiation with its electric vector
vibrating parallel and perpendicular with respect to the
molecular dipolar z axis, respectively. Actually, the lowest
energy electronic transitions for NiL consist of three intense
x-polarized (perpendicular), z-polarized (parallel), and x-
polarized (perpendicular) transitions, that have CT character.
These transitions are mainly responsible for the two-dimen-
sional second-order NLO response of this molecule (vide
infra).

Second-order molecular nonlinearity, EFISH results: The
dipolar molecular hyperpolarizability of the H,L. and NiL
compounds was measured by the EFISH technique. This
technique allows the determination of the x-S dot product
when an electric field is applied to a solution of an NLO-
active species. The 3, value, that is, the vector component of
the S tensor along the dipole moment direction,™ can be
extracted if the ground state dipole moment is known.
Experimental results for H,L and NiL are reported in Table 1
and are compared with calculated data. A good agreement
between theoretical and experimental « - § values is found for
EFISH data of NiL. In contrast, the calculated u - value is
significantly underestimated for the free ligand H,L.

Table 1. Experimental and calculated second-order NLO responsel® ¢l
for NiL and H,L.

" u B B U+ Perisn 4+ Perisn
measured from HLS

NiL
experiment 24 047 43 20 157 208
calculation 18 0.54 29.3 15.7 146 -
H,L
experiment 14 0.46 24 11 240 190
calculation 8 0.55 13.3 7.33 107

[a] In 1073 cm®esu~!; hw = 0.92 eV. Hyperpolarizability values are given in
the phenomenological convention, where f3;; are by a factor of 1/4 smaller
than in the Taylor series convention.[*! [b] For definition of parameters, see
text. [c] Estimated uncertainties are +8% on EFISH and +15% on HLS
data.
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It is interesting to compare these experimental EFISH
results for H,L with values that can be inferred from a simple
additive vectorial model, in which the 4 and  vectors of the
4-dimethylamino-4'-chlorostilbene (DMCS) parent mole-
culel™ are added, assuming an ideal planar geometry of the
H,L ligand. Of course, from a chemical point of view, a
stilbene-conjugated derivative significantly differs from that
of a Schiff base. However, in terms of dipolar hyperpolariz-
abilities, it has been experimentally demonstrated®! that
differences found between analogous stilbene and Schiff base
derivatives are not very large (£15%) in view of experimen-
tal errors. Thus, in a preliminary stage of analysis, we may
propose a “naive” additive model of the two arms of the
ligand to account for the EFISH response of H,L. As the
angle (6) between the two Schiff base arms of H,L approaches
0 =96° 22 the u-f value resulting from this simple additive
vector model is (- fu,) =24 fomes(1 — cosd) (in which u -
(1.34 um) =120 x 10~*® esu, as deduced from data given in
ref. [13] at 1.06 pm, using a two-level dispersion model valid
for the one-dimensional DMCS molecule). We find u - Sy, =
215 x 10~*® esu, a value comparable with the experimental
EFISH value for H,L, taking into consideration the exper-
imental error, the structural differences between DMCS and
the Schiff base arms of H,L, and the possibility of a nonzero
twist angle between these two arms (as results from the
optimized structure).

The higher u - 8 value for the free ligand, as compared with
that of the complex, confirms the tendency indicated by the
calculated dipole moments: u(NiL)=33D and u(H,L)=
5.4 D. Clearly, the relative dipolar contribution to the whole
B tensor decreases upon complexation.

Second-order molecular nonlinearity, HLS results: We have
used both EFISH and HLS techniques (at 1.34 um) in order to
experimentally determine the purely dipolar contribution to
the f tensor (EFISH), and to investigate the two dimensional
character of the microscopic nonlinearity of these molecules,
which involves a significant octupolar contribution to the
tensor (HLS). Moreover, since only the two Cartesian
components ... and f.,, should display significant values in
the case of C, molecules,? the HLS technique provides
experimental determination of these two ... and (., values
from the analysis of the depolarization ratio D = {($2.)/
(B2..).0024 This, in turn, depends on the ratio u=4,,./B...,
which defines the “Cartesian nonlinear anisotropy”,['l and is a
relevant parameter for describing the 2D character of the
molecular f; tensor. The parameter (5% represents the
orientational average value of the S ® f tensor product,
resulting in a sixth-rank tensor, that is, an even-order tensor,
which is nonzero even in centrosymmetric media, such as
standard solutions of NLO molecules. In the case of C,,
molecules Equation (1) is valid. HLS data indicate a sizable
2D character for H,L and NiL dipolar molecules, with a
significant in-plane anisotropy (u=p,./f... ) ~0.5 (Table 1).
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For both molecules, a very good agreement is found
between the experimental and calculated in-plane anisotropy.
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In contrast, a larger difference is observed between exper-
imental and calculated (%', ..., and f.,, values, especially
for H,L.

As - Bepsu =4 [Bz: + 13(Box + Buzx + Buz)], it can also
be calculated from HLS results. We have calculated this value
and compared it with the experimental value obtained by the
EFISH technique. The agreement is reasonable, when con-
sidering the relative experimental uncertainties associated
with the EFISH (£8%) and HLS (£15%) experimental
data.

Second-order molecular nonlinearity, theoretical calculations:
In view of the reasonable agreement between experimental
and theoretical data for NiL, especially for 4 - and the in-
plane anisotropy, it is interesting to analyze the contribution
of each excited state to the f8;; components (Table 2). The
nonlinearity of NiLL can be mainly attributed to the three
lowest-energy CT excited states mentioned above (S1-S3,
Figure 4). Transition dipole moment elements, ri,, associated
with these states are perpendicular, parallel, and perpendic-
ular, respectively. Moreover, since this molecule possesses C,,
symmetry, only perpendicular transition dipole moment
matrix elements (r}; j+i, where i is the dipolar axis) will
contribute to off-diagonal tensors.”! In fact, while the S2 state
mainly contributes (=65 %) to the 3., tensor, S1 and S3 states
account for off-diagonal tensor components. Moreover,
theoretical analysis indicates that the off-diagonal nonlinear-
ity of NiL is dominated by the two-level contributions, with
the three-level terms being almost negligible.?! This is in
contrast with off-diagonal nonlinearities of nondipolar multi-
dimensional NLO chromophores, the NLO response of which
is necessarily related to three-level terms.[ 3l

The difference in electronic populations between the
ground state and the three lowest (S1-S3) excited states
(Figure 4), clearly indicates that the metal and the 4-(dieth-
ylamino)salicylidene rings act as the electron donor, while the
imine groups essentially are the acceptor counterparts.

The calculated and observed enhancement of the NLO
response on passing from the free H,L ligand to the NiL
complex is clearly a consequence of a larger charge delocal-
ization over the whole planar molecule, as well as of the
increasing CT character of the involved excited states.

Conclusion

This paper presents the synthesis and characterization of a
novel class of 2D dipolar NLO complexes. It represents the
first example of a 2D dipolar NLO metallo-organic material

Figure 4. Difference in electronic populations between the ground state
and the three (S1-S3) excited states involved in the NLO response for NiL.
Solid circles are indicative of an increases of the electron density in the
charge transfer process.

involving a 2D charge transfer between a metal center and a
2D ligand with complexing sites located inside the conjuga-
tion path. The few examples of 2D multipolar (nondipolar)
complexes for quadratic NLO reported in the literature to
date ' all involve complexation sites located at the extrem-
ities of the ligand. The role of the metal center in enhancing
the 2D NLO response of such complexes is manifold; it
involves a larger charge delocalization (than in the free
ligand) between the arms of the 2D chromophore ligand on
the whole planar molecule. This is turn favors the 2D
character of the charge transfer. Moreover, it acts both as

Table 2. Computed linear optical spectroscopic and state-by-state analysis® of the second-order NLO response (10~* cm’esu~!; hiw =0.92 eV) for NiL.

State Symmetry ho, [eV] rg [D] rg [D] Ar; [D] Bz B =P Box Bu
(polarization)

S1 B, (x) 2.93 0.00 -6.75 1.99 0.0 4.5 3.0 3.7
S2 Ai(z) 3.21 —17.55 0.00 3.63 19.1 0.0 17.9
S3 B,(x) 3.45 0.00 —6.71 6.27 0.0 15.5 10.0 16.0
DS, 293 17.8 11.5 443
[a] For definition of parameters, see text.
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the donor and the bridging moiety of the planar donor—
(m-conjugate-bridge) —acceptor system.

Thus, the in-plane 2D optical nonlinearity of the NiL
complex may be related to various low-energy CT states.
While z-polarized electronic transitions, parallel with respect
to the molecular dipolar (z) axis, contribute to the diagonal
B... tensor, perpendicular x-polarized transitions contribute to
off-diagonal f3;; hyperpolarizability tensors. The good agree-
ment between experimental and theoretical results for the in-
plane anisotropy factor is quite encouraging, as calculations
appear to be able to predict the nonlinear anisotropy of these
molecules, a crucial parameter for the selection of novel and
efficient molecules for designing polarization-independent
materials and devices.

Experimental Section

General: Nickel(11) acetate tetrahydrate (reagent grade, Aldrich) was used
without purification. 4,5-Dichloro-1,2-phenylenediamine and 4-(diethyl-
amino)salicylaldehyde (Aldrich) were purified by sublimation in vacuo.
Elemental analyses were performed on a Carlo Erba 1106 elemental
analyzer. FAB mass spectra were recorded on a Kratos MS50 double-
focusing mass spectrometer equipped with a standard FAB source. FAB
MS spectra were obtained by using 3-nitrobenzyl alcohol (3NBA) as the
matrix. 'H NMR spectra were recorded on a VARIAN INOVA 500
spectrometer, using TMS as internal standard. UV/Vis spectra were
recorded with a Beckman DU 650 spectrophotometer, and 4, values are
considered accurate to 1 nm.

Synthesis of H,L: A solution of 4,5-dichloro-1,2-phenylenediamine
(0.595 g, 3.36 mmol) in absolute ethanol (20 mL) was added to a solution
of 4-(diethylamino)salicylaldehyde (1.30 g, 6.72 mmol) in absolute ethanol
(20 mL) under stirring at room temperature. One drop of sulfuric acid was
added to the stirring solution as a catalyst, and an immediate orange
precipitate was obtained. The mixture was stirred overnight at room
temperature. The precipitated Schiff base ligand was collected by filtration,
and recrystallized from a mixture of 10:1 absolute ethanol/chloroform
(1.24 g, 70%). The compound was soluble in most common organic polar
solvents and moderately soluble in nonpolar solvents. M.p. 188—-190°C;
'H NMR (500 MHz, CDCl;, 25°C, TMS): 6=1.19 (t, /=70Hz, 12H;
CH;), 3.38 (q, /=70 Hz, 8H; CH,), 6.23 (m, 4H; Ph), 7.14 (d, J=9.5 Hz,
2H; Ph), 7.26 (s, 2H; Ph), 8.38 (s, 2H; CH=N), 13.25 (s, 2H; OH); UV/Vis
(CHCL): Ay (8 x 10%) =374 (9.41), 410 nm (5.86); FAB-MS (3NBA): m/z:
528 [M+H]*; elemental analysis calcd (%) for C,sH;,CLN,O,: C 63.76, H
6.11, N 10.62; found: C 63.45, H 6.25, N 10.57.

Synthesis of NiL: The complex was prepared by reaction of an aqueous
solution (50 mL) of nickel(m1) acetate (0.321 g, 1.29 mmol) with a warm 4:1
alcoholic/chloroform solution (170 mL) of the Schiff base acetate (0.679 g,
1.29 x 10-* mol). A red-brown precipitate was obtained. The mixture was
stirred at room temperature for 24 h. The precipitated complex was
collected by filtration, washed with an H,O/ethanol mixture, and then
recrystallized from a mixture of 3:1 absolute ethanol/chloroform (0.57 g,
75%). '"H NMR (500 MHz, CDCl;, 25°C, TMS): 6 =1.20 (t, J=70 Hz,
12H; CH3), 3.37 (q,/ =7.0 Hz, 8H; CH,), 6.20 (dd,/=9.0,2.2 Hz, 2H; Ph),
6.27 (d, J=2.2 Hz, 2H; Ph), 7.07 (d, J=9.0 Hz, 2H; Ph), 7.57 (s, 2H; Ph),
7.68 (s,2H; CH=N); UV/Vis (CHCl;): A, (¢ x 10*) =357 (2.42), 435 (7.57),
455 (shoulder) (6.62), 484 nm (5.75); FAB-MS (3NBA): m/z: 585 [M+H]*;
elemental analysis caled (%) for C,3H;3CLN,O,Ni: C 57.57, H 5.17, N 9.59;
found: C 57.35, H 5.25, N 9.37.

EFISH measurements: Second-order molecular hyperpolarizability anal-
yses were performed by using a Q-switched mode-locked Nd:YAG laser
operating at 1.34 um (hw =0.92 eV) by the electric-field-induced second-
harmonic generation method. The laser delivers pulse trains with a total
duration envelope around 90 ns, each pulse duration being 160 ps. The
molecules to be measured were dissolved in chloroform (used a reference)
at various concentrations, x, between 5 x 1073—~10~*m. The sign of ,gﬂ[i, =
Bt 13(B. + Pex + Piz)) Was determined by studying the variation of
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the macroscopic susceptibility, I'(x), as a function of x. Further details of the
experimental methodology and data analysis are reported elsewhere.[?]

Harmonic light-scattering measurements: HLS experiments were per-
formed at 1.34 pm, by using a Nd":YAG laser emitting nanosecond pulse
trains at a 10 Hz repetition rate. The typical pulse energy was 1 ml.
Solutions at various concentrations of the molecule to be measured were
placed in a 4 cm long fluorescence cell, at the focus of the incoming
fundamental beam. Harmonic incoherent emission was collected in a 90°
configuration by using two convergent lenses, detected by a Hamamatsu
R2228 Photomultiplier, and sampled and averaged by using a Stanford
Boxcar Integrator. The incident fundamental intensity was continuously
varied by rotating a half-wave plate between two crossed polarizers. A
small part of the incoming beam was collected by using a glass plate and
sent onto a reference nonlinear crystalline powder for frequency doubling.
The second harmonic signal was used as the reference signal. The slope of
the line describing the Harmonic light scattering from the studied sample as
a function of this reference signal provided a value of the “whole” 3 tensor,
or more exactly the mean value of the  ® /3 tensor product. § values were
calibrated with respect to the value of the pure solvent (chloroform).

In a second step, the incident intensity was kept constant, and the incident
polarization was continuously varied by rotating a half-wave plate located
behind a Glan polarizer. The dependence of the harmonic light scattering
on the angle between the incident polarization and a given axis of the
polarization plane (here a vertical axis) provides information about the two
Cartesian components f... and f3_,, of the 8 tensor of the C, molecules, in
which the z axis is parallel to the ground state dipole moment and the x axis,
perpendicular to z, is located in the molecular plane. Details concerning
this procedure are given in ref. [10].

Special attention was paid to the elimination of the two-photon fluores-
cence contribution. A factor of four between the whole signal as detected at
0.67 um and the purely harmonic one was evaluated, leading to a large
error (by a factor of two) in the measurement of (8)!2 and in the Cartesian
components of the hyperpolarizability tensor. The fluorescence back-
ground spectrum was recorded between 0.58 and 0.70 pm by using a
spectrometer in front of the photomultiplier tube. This background was
subtracted from the whole signal at 0.67 um, yielding a reasonable estimate
of the pure harmonic scattering emission from the solution.

Computational methods: The all-valence INDO/S (intermediate neglect of
differential overlap) formalism,?”) in connection with the sum over excited
particle-hole-states (SOS) formalism,?®! was employed. Details of the
computationally-efficient ZINDO-SOS-based method for describing
second-order molecular optical nonlinearities have been reported else-
where.['”l Standard parameters and basis functions were used.””! In the
present approach, the closed-shell restricted Hartree — Fock (RHF) formal-
ism was adopted. The monoexcited configuration interaction (CIS)
approximation was employed to describe the excited states. In all
calculations, the lowest 150 energy transitions between SCF and CIS
electronic configurations were chosen to undergo CI mixing and were
included in the SOS. This SOS truncation was found to be sufficient for
complete convergence of the second-order response in all cases considered.
All calculations were performed with the ZINDO program!'®! implement-
ed on an IBM SP system. Metrical parameters used for INDO/S
calculations were taken from fully optimized structures, without any
symmetry constraint, at AM1 and ZINDO/1 levels, for H,L and NiL,
respectively, by using the HyperChem package.?”! For NiL a C,, planar
structure was found, while a conformation with two frans-imine linkages
(C, symmetry) was found to be the most stable for H,L.
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Efficient Synthesis of Isofagomine and Noeuromycin

Jens Andersch and Mikael Bols*[?!

Abstract: Starting from D-arabinose the synthesis of the very strong glycosidase

inhibitors isofagomine (2) and noeuromycin (3) was achieved in six and seven steps,
respectively. Keystep in the reaction sequence is the application of an efficient C-4
oxidation method to benzyl a-p-arabino-pyranoside. Subsequent Henry reaction of

Keywords: azasugars - glycosidases
- Henry reaction inhibitors
oxidation

the obtained aldoketose with nitromethane provided the required branched
carbohydrate precursors, which gave access to 2 and 3 in 17-21 % overall yield.

Introduction

Since the beginning of azasugar synthesis in the early 1960s—
pioneered by Hans Paulsen—and the first isolation of a
glucose mimic azasugar from natural sources in 1966[!
(deoxynojirimycin from Streptomyces roseochromogenes
R-468) a new boom in azasugar chemistry has arisen during
the last decade due to the extraordinary physiological proper-
ties of sugar mimics in which the ring oxygen or anomeric
carbon is replaced by a nitrogen atom. These compounds bind
many orders in magnitude stronger to glycosidases than their
corresponding natural substrates. They act as competitive
glycosidase inhibitors and influence many biochemical pro-
cesses essential for organisms. The a-glucosidase inhibitors
acarbose and miglitol are in use as oral medicaments for the
management of non-insulin-dependend diabetes mellitus. The
treatment of other diseases such as cancer or viral infections
are under current investigation.

With view to the mechanism of the hydrolyses of D-
glucosides we designed isofagomine (2) as a analogue of the
D-glucosyl carbocation.”l Tsofagomine (2) is a selective and
very strong inhibitor of f-glucosidase (K;=0.11 pm, sweet
almond, pH 6.8, 37°C).>3 The synthesis of 2 is relatively
difficult, because of the lack of a suitably branched carbohy-
drate precursor, which limits the application of 2 as a
biochemical tool and for pharmaceutical investigations.
Synthetic approaches starting from natural pool compounds
have the advantage of a defined stereochemistry giving
enantiomerically pure 2. Disadvantage is the complex pro-
tecting group strategy which is usually necessary for poly-
hydroxy compounds. Thus, in our original synthesis, isofago-
mine (2) was obtained from levoglucosan in ten steps.? 4

[a] Prof. M. Bols, Dr. J. Andersch
Department of Chemistry, University of Aarhus Langelandsgade 140
8000 Aarhus C (Denmark)
Fax: (+45)8619 6199
E-mail: mb@kemi.aau.dk
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Other approaches from D-lyxosel™ or from D-tartaric acid(® as
well as from arecolinel”! (leading to racemic 2) are also both
material and time consuming. A more suitable syntheses has
been reported giving 2 in seven steps from (R)-2,3-O-cyclo-
hexylidene glyceraldehyde.®l A synthesis of 2 from ethyl
nicotinate in eight steps giving 41 % overall yield has also
been reported.”’]

Recently, we have found that the 2-hydroxyanalogue of iso-
fagomine (2), noeuromycin (3), is an extremely potent inhibitor
being 2 to 1000 times more potent than 2.'] The noeuromycin
synthesis is, however, even longer than those of 2.

Our new retrosynthetic analysis of several D-glucose
resembling azasugars have led us to propose a short reaction
pathway to the inhibitors 2—4 all of them derived from the
same carbohydrate building block 1 which is available from p-
arabinose in two steps.l'”) The simple derivatives 5 and 6
should eventually give 2 -4 upon diastereoselective reductive
cyclisation (Scheme 1). We describe in this paper the results of

(0] OBn HO NH

Isofagomine (2) R=H

oH 0._OB N
s n HO “NH
T e .
BOCHNN-" "oy HO™
OH OH
6 Azafagomine (4)

Scheme 1. Strategy for an efficient synthesis of various powerful glucosi-
dase inhibitors via benzyl S-p-threo-pentopyranosid-4-ulose derivatives (5
and 6).

the use of this pathway for an improved synthesis of
isofagomin (2) and noeuromycin (3) derived D-arabinose in
six and seven steps, respectively.
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Results and Discussion

Benzyl -p-arabino-pyranoside was synthesised in 85 % yield
analogous to our procedure reported for the corresponding -
L-derivative.'’”l Following a procedure of Heyns et al. the
selective C-4 oxidation of the glycoside with the Adams
catalyst with oxygen in water led to isolation of ketone 1 in up
to 30 % yield. This was separated from the unreacted starting
material by recrystallisation from water."¥! The application of
Tsuda’s method for the regioselective mono-oxidation of non-
protected glycosides with Br, and (Bu;Sn),0 in CHCLM to
benzyl [-p-arabino-pyranoside gave 1 in 80-95% yield.
Ketone 1 was obtained as a complex isomeric mixture of
hemiketals. The high reactivity of the carbonyl group led to
the formation of dimerised hemiketals analogues to the
reported hemiketals derived from methyl a-L-arabino-pyran-
oside." The analytical characterisation of 1 is furthermore
complicated due to a small amount of the corresponding a-
anomer, which is formed by anomerisation under the strongly
acidic reaction conditions.

Nevertheless, the subsequent Henry reaction of 1 gave the
nitromethane adduct benzyl 4-deoxy-4-C-nitromethylene-(-
D-arabino-pyranoside (7a) in 36-43 % yield (see Scheme 2),
which precipitated as white needles from the reaction
mixture. Purification of the residual filtrate by flash chroma-
tography gave the epimer benzyl 4-deoxy-4-C-nitromethy-
lene-3-D-xylo-pyranoside (7b) in 12-25% yield. Several
other nitromethane adducts were detected in the filtrate by
mass spectroscopy. In the following reactions both epimers 7a
and 7b could be used. However, to prevent side reactions
from other by-products, 7a and 7b were separated and
purified before use. Especially, in the final catalytic hydro-
genation rearranged and over-oxidized compounds would
decrease the yield by intermolecular reductive aminations or
by separation problems.

Subsequent reactions could thus be carried out on either
pure 7a, 7b or the mixture of epimers. Acetylation of 7a and
7b with acetic anhydride and 4-toluene sulfonic acid provided
the very base sensitive compounds 8a and 8b. Heating of 8a
and 8b in acetic acid to 115°C or pouring the acetylation
mixture directly on a flash column provided benzyl 4-deoxy-4-
C-nitromethylene-f-D-arabino-pyranoside (5a) in up to 88 %
yield. Due to the sterical influence of the C-3 O-acetyl group
reductive elimination of 8 a or reduction of 5a with NaBH, or
K-Selectride gave mixtures of the 4R and 4S epimers of benzyl
4-deoxy-4-C-nitromethylene-f-D-arabino-pyranoside (9) in
which the desired isofagomine/noeuromycin precursor (4S)-
9 was slightly favored (< 2:1).

Catalytic hydrogenation of a diluted solution of 9 in
methanol or hydrogenation of a concentrated solution of 9
in the presence of an acid over 10 % palladium on charcoal at
atmospheric pressure and room temperature gave a mixture
of easy separable isofagomine (2) and its 5-epi-isomer 10 in
85-90% yield (< 2:1, 2:10, Scheme 2). Pure 2 could be
isolated by chromatography, using a method previously
described, in 53 % yield.

However, when the catalytic hydrogenation of 9 is per-
formed under slightly basic conditions, the nitro group of 9 is
reduced selectively without debenzylation of the anomeric

Chem. Eur. J. 2001, 7, No. 17
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H OH
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O.N T oNT
2! N 2
AO L OAC AcO L OAC
OAc OAc
8a 8b
\PPHLOIOBn f HO NHo O TNK
- . .
O2N v~ ~OoH HO" HO"
OH HO HO
9 Isofagomine (2) 10

Scheme 2. Synthesis of isofagomine: a) Pt, O,, H,O (< 30%); b) (Bu);-
Sn),0, CHClL;, Br, (80-95%); ¢) CH;NO,, NEt; (55-65%); d) Ac,O,
pTSA (82%);e) NaBH,, EtOH, then NaOMe (96 % ); f) H,, Pd/C, MeOH,
then separation (85-90%, 2:10 < 2:1).

center. The high selectivity of the hydrogenation allowed us to
protect the amino intermediate with fert-butyloxycarbonyl
dicarbonate which led to benzyl 4-C-tert-butyloxycarbonyl-
aminomethylene-4-deoxy-f3-D-arabino-pyranoside (11a) and
benzyl 4-C-tert-butyloxycarbonylaminomethylene-4-deoxy-£3-
D-xylo-pyranoside (11b). These two derivatives could be
separated by flash chromatography, which gave 11a in 44 %
yield and 11b in 41 % yield, respectively. Subsequent catalytic
hydrogenation of 11a in methanol over 10% palladium on
charcoal at atmospheric pressure and room temperature,
followed by treatment of the residue with 0.2N hydrochloric
acid gave almost quantitatively noeuromycine (3). The same
procedure applied to 11b gave 12 (Scheme 3).

0_0Bn , HO NH

BocHN\\w'(IOH HO" OH
A OH
a OH
— 1la Noeuromycin (2)

OH \
B -,
? \/CKO n d o b
BocHN s OH HO™ OH
OH HO
11b 12

Scheme 3. Synthesis of noeuromycine. a) H,, Pd/C, NEt;, MeOH, then
Boc,0, NEt;, then separation (78 %, 11a:11b < 2:1); b) H,, Pd/C, EtOH,
then HCI, H,O (98 %).
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The configuration and conformation of all compounds were
assigned on the basis of their 'H and *C NMR spectroscopic
data. It is noteworthy that in contrast to the hydrochloride of
3, which in water mainly exists in the piperidine form with the
2-hydroxy group dominantly in equatorial position (>7:3
a:f3), the hydrochloride of 12 exists in equilibrium with its
pyranose form with an exocyclic aminomethylene group in the
ratio aminol:S-pyranose:a-pyranose 9:3:2. This can for in-
stance be seen from the presence of signals at 6 =92 and 96 in
the C NMR spectrum representing C-1 of the a- and §-
anomer. The presence of pyranose forms is probably caused
by the unfavorable 1,3-diaxial interaction that will occur in the
piperidine form of 12, which forces the compound to adopt
hemiacetals (Scheme 4).

HO HO OH
R, gt
HO NH HO NH
OH

3 (a-anomer) 3 (B-anomer)

Ratio: 7 3
HO HO
s o — o7 g el
ﬁ\LOH — HN/\g\Z\OH N OH
HO 2 HO 2 HO

12 (a-anomer) 12 (B-pyranose) 12 (a-pyranose)

Ratio: 9 3 2

Scheme 4. Tautomeric forms of 3 and 12.

In conclusion, we have established a very efficient route to
isofagomine (2) From p-arabinose 2 was obtained in six steps
in 21 % overall yield. This is definitely the shortest route to
this compound so far, though it may be less efficient than the
synthesis from nicotinic ester, which used eight steps to obtain
a overall 41 % yield.’) The new synthesis of noeuromycin (3),
which is seven steps and 17 % overall yield, is definitely a vast
improvement over the previous 13-step synthesis.!"!

Experimental Section

General: See ref. [15].

Oxidation of benzyl f-D-arabino-pyranoside with Br, (largest scale
applied, 2 g scale easier to handle): A stirred suspension of benzyl 5-p-
arabino-pyranoside (8.10 g, 34 mmol, recrystallised from 94 % EtOH and
dried in vacuum) molecular sieves (30 g, 3 A), and (Bu;Sn),0 (40.2 g,
68 mmol) in dry CHCl; (180 mL) was heated under reflux for 3.5 h. Then
the mixture was cooled to 0°C. Bromine was added (about 3.5mL,
68 mmol) dropwise within 5 min until the color of the reaction mixture had
a persistant faint yellow color. The mixture was stirred further for 3 min.
Then the whole mixture was immediately poured onto a column filled with
flash gel (0.04-0.063 mm, 20 cm, & 5 cm) and CHCl;. The column had a
solvent reservoir of 1.0 L above the silica gel. First the reaction mixture was
quickly decanted onto the column, then pressure was applied to the column
until the liquid phase was absorbed, followed by quick pouring of the
residual molecular sieves onto the column and subsequent washing.
Afterwards the column was washed carefully with CHCI; until the tin
compounds were eluted (R; > 0.9, ethyl acetate/toluene 1:1). Then the
washing solvent was changed to ethyl acetate and the products eluted until
small amounts of unreacted starting material appeared (R;=0.31, CHCly/
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MeOH 8:1). All fractions containing the product (R; <0.8, ethyl acetate/
toluene 1:1 and R; >0.31, CHCl;/MeOH 8:1) were collected, evaporated
and dried in vacuum for 6 h to give 1 as a colorless syrup (727 g, 91%).
When the reaction time was extended a yellow syrup of 1 was obtained,
which has a lower quality, because of increasing amounts of -1 and other
by-products. In that case the yield of the following reaction drops and
purification of 6a by column chromatography is necessary. For character-
isation of 1 see ref.l'.,

Henry reaction of 1: NEt; (0.46 g, 4.7 mmol) was added at 0°C to a stirred
suspension of 1 (1.12 g, 4.7 mmol) in dry CH;NO, (30 mL). A clear
yellowish solution was formed which after 1 h was allowed to warm to room
temperature. The solution was then stirred at room temperature for 12 h
during which time the white product (7a) precipitated. The precipitate was
filtered off and washed with ethyl acetate (about 2 mL). The filtrate was
concentrated and the new precipitate thus obtained was collected. The
filtrate was evaporated, and the residue was pruified by chromatography
(pentane/ethyl acetate 3:1 to 1:1 to 1:2 to 0:1). The precipitate (0.58 g) and
fractions of 7a (0.03 g) were recrystallized from iPrOH/CHCI; giving
benzyl 4-deoxy-4-C-nitromethylene-f-D-arabino-pyranoside (7a) as color-
less needles (0.60 g,43 % ). M.p. 190-192°C; R;=0.57 (CHCl;/MeOH 8:1);
[a]lp=—157° (¢=1.0 in MeOH); 'H NMR (200 MHz, [Ds]DMSO): 6 =
7.38-7.15 (m, 5H, Ph), 5.14 (m, 1H, 4-OH), 5.04 (d, 1H, J=6.2 Hz, OH),
479 (d, 1H, J=6.4 Hz, OH), 4.68 (d, 1H, J=3.4 Hz, 1-H), 4.63 (m, 2H),
437 (d, 1H,J=12.4 Hz), 3.73 (d, 1H, J=11.6 Hz), 3.55 (m, 2H), 3.40 (m,
2H); 'H NMR (200 MHz, [Dg4acetone/D,0): 6 =739-721 (m, 5H, Ph),
490 (d, 1H,J=3.4 Hz, 1-H), 4.82-4.65 (m, 3H, CH,Ph, CH,NO,), 4.52 (d,
1H, J=12.0 Hz, CH,Ph), 3.95 (d, 1H, J =12.0 Hz, 5-H,), 3.80 (dd, 1H, J =
9.2, 3.4 Hz, 2-H), 3.75 (d, 1H, J=12.4 Hz, 5-H,), 3.72 (d, 1H, J=9.6 Hz,
3-H); BC NMR ([Dg]acetone): 0 =137.4, 1275, 127.0, 126.7 (6 C, Ph), 98.0
(1-C), 78.9 (CH,NO,), 72.1,69.5,69.2 (2-, 3-, 4-C), 68.4 (CH,Ph), 63.0 (5-C);
EI-MS: caled for C;3H;;NO;Na*: 322.0903, found 322.0909. Recrystalliza-
tion of the fractions with R;=0.64 (CHCl;/MeOH 8:1) from iPrOH/CHCl,
gave benzyl 4-deoxy-4-C-nitromethylene-3-p-xylo-pyranoside (7b) as
colorless needles (0.17 g, 12%). M.p. 124-125°C; [a]p=—293° (c=1.0
in MeOH); 'H NMR (200 MHz, [D¢]acetone/D,0): d =7.39-7.21 (m, 5H,
Ph), 4.88 (d, 1H, /=3.4 Hz, 1-H), 4.84-4.69 (m, 3H, CH,Ph, CH,NO,),
4.55 (d, 1H, J=12.0 Hz), 3.93 (d, 1H, /=9.2 Hz, 3-H), 3.83 (d, 1H, J=
11.7 Hz, 5-H,), 3.67 (d, 1H,J =11.7 Hz, 5-H,), 3.45 (dd, 1H,J =9.2, 3.4 Hz,
2-H); BC NMR ([DgJacetone): 6 =137.2, 127.6, 127.1, 126.8 (6 C, Ph), 97.5
(1-C), 75.7,73.6, 71.8, 69.8 (2-, 3-, 4-C, CH,NO,), 68.6 (CH,Ph), 61.3 (5-C);
ESI-MS: caled for C;H;NO,Na*: 322.0903, found 322.0909.

Benzyl 2,3,4-tri-O-acetyl-4-deoxy-4-C-nitromethylene-f-D-arabino-pyran-
oside (82a): p-TsOH - H,O (285 mg, 1.5 mmol) was added at 0°C to a stirred
suspension of 7a (448 mg, 1.5 mmol) in Ac,0O (20 mL). After formation of a
clear solution, the mixture was allowed to warm to room temperature and
was stirred over night. The solution was pored onto ice/water (50 mL) and
stirred until Ac,O was completely hydrolyzed. Then the water mixture was
extracted with CH,Cl, (100 mL). The CH,Cl, layer was successively washed
with water, saturated NaHCOj solution and brine, dried with MgSO, and
finally evaporated. The residue was purified by chromatography (pentane/
ethyl acetate 5:1) to give 8a as a colorless syrup (520 mg, 82%). The
procedure could also be performed on 8b or a mixture of 8a and 8b with
essentially identical results. R;=0.18 (pentane/ethyl acetate 5:1); 'H NMR
(200 MHz, CDCly): 6=740-723 (m, 5H, Ph), 5.59 (dd, 1H, J=11.2,
1.6 Hz, 3-H), 5.14-5.04 (m, 2H), 5.02 (m, 1H), 4.79 (m, 2H), 4.50 (m, 2H,
5-H,;), 3.90 (d, 1H, J=12.8 Hz, 2-H), 2.20 (s, 3H, CH;CO), 2.05 (s, 3H,
CH;CO), 2.01 (s, 3H, CH;CO); BC NMR ([DgJacetone): 6 =170.6, 170.3,
169.9 (3 x CH;CO), 136.7, 128.7, 1284, 128.1 (6C, Ph), 95.1 (1-C), 79.6
(CH,NO,), 74.6, 70.1, 69.6, 69.2 (CH,Ph, 2-, 3-, 4-C), 59.5 (5-C), 22.0, 20.8,
20.5 (3CH;CO); ESI-MS: caled for C;yH,;NO (Na*: 448.1220, found
448.1218.

Benzyl 2,3-di-O-acetyl-4-deoxy-4-C-nitromethylene-#-bD-arabino-pyrano-
side (5a)

Method 1: A solution of 8a (520 mg, 1.22 mmol) in Ac,0O (4 mL) was
poured unto a silica gel 60 column. Heat development was observed.
Chromatography with pentane/ethyl acetate 5:1, gave 5a as yellowish syrup
(393 mg, 88%).

Method 2: A solution of 8a (120 mg, 0.28 mmol) in HOAc (5 mL) was

heated under reflux for 2 h. The solvent was evaporated and the residue
chromatographed with pentane/ethyl acetate 5:1, providing 5a (58 mg,
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57%). R;=0.27 (pentane/ethyl acetate 5:1); [a]p=—116° (¢=1.0 in
MeOH); UV: 1=331 (2.89), 228 (4.19); 'H NMR (400 MHz, CDCL,):
0="735-726 (m, 5H, Ph), 5.98 (dd, 1H,/=10.4, 1.6 Hz, 3-H), 5.19 (d, 1 H,
J=15.0 Hz, 6-H,), 5.06 (d, 1H, J=3.4 Hz, 1-H), 4.87 (dd, 1H, /=104,
3.4 Hz, 2-H), 4.53 (d, 1H, J=12.0 Hz, CH,Ph), 4.36 (d, 1H, /J=15.0 Hz,
6-H,), 2.08 (s, 3H, CH;CO), 1.97 (s, 3H, CH;CO); 3C NMR (CDClL): 6 =
170.1, 169.4 (2CH;CO), 143.7 (CH,NO,), 136.7 (C, Ph), 134.5 (4-C), 128.8,
128.5, 128.1 (5C, Ph), 95.0 (1-C), 78.9 (CH,NO,), 72.3, 70.3 (2-, 3-C), 67.5
(CH,Ph), 569 (5-C), 20.8, 20.7 (2x CH;CO); ESI-MS: calcd for
C;H;y)NOgNa*: 388.1008, found 388.1000.

Benzyl (4R.4S)-4-deoxy-4-C-nitromethylene-f-D-arabino-pyranoside (9):
NaBH, (53 mg, 1.40 mmol) in EtOH (5mL) was slowly added at 0°C
within 15 min to a stirred solution of 8a and 8b (0.50 g, 1.17 mmol) in
EtOH (15 mL). The solution was then allowed to warm to room temper-
ature and stirred further for 40 min. Afterwards the solvent was evaporated
and the residue dissolved in dry methanol (15 mL). A freshly prepared
solution of NaOMe in MeOH (0.5 mL, 0.2N) was added. After completion
of the deprotection (according to tlc after 30 min), ion exchange resin
Amberlite IR 120 H* (about 3 mL, carefully washed before with H,O then
with Et,0) was added. The mixture was stirred until pH &6 (about 30 min)
to remove cations. The resin was filtered off, and the filtrate evaporated to
give 9 (R;=0.66, CHCl/MeOH 8:1) as colorless syrup (0.32¢g, 96%).
Column chromatography of the (4R,4S)-isomeric mixture with pentane/
ethyl acetate 1:1, provided a pure sample of (4R)-9 which structure was
assigned unequivocally by giving pure 10 after catalytic hydrogenation.
(4R)-9: R;=0.43 (toluene/ethyl acetate 1:1); '"H NMR (400 MHz, [D¢]ace-
tone): 6 =7.45-723 (m, SH, Ph), 493 (d, 1H, J=3.2 Hz, 1-H), 4.84 (dd,
1H,J=132,49Hz),4.75 (d, 1H, J=12.4 Hz), 4.53 (m, 2H), 427 (d, 1H,
J=48Hz), 3.80-3.65 (m, 4H), 3.48 (m, 1H, 2-H), 2.45 (m, 1H, 4-H);
3C NMR ([Dglacetone): d =1374, 127.5, 127.0, 126.7 (6 C, Ph), 98.2 (1-C),
73.5,73.2, 68.6, 68.3 (CH,Ph, 2-, 3-, 4-C, CH,NO,), 59.3 (5-C), 41.3 (4-C);
ESI-MS: caled for C;3H;;NO¢Na™: 306.0953, found 306.0954.

Isofagomine (2) and 5-epi-isofagomine (10): A solution of 9 (354 mg,
1.25 mmol, (4R:4S) ~4:3) derived from a mixture of 7a:7b (about 3:1) in
methanol (200 mL) was hydrogenated over Pd/C (10%) under normal
pressure at room temperature (about 16 h) until TLC indicated only two
spots of 2 (R;=0.38, iPrOH/H,0/NH,OH 7:2:1) and 10 (R;=0.26) and the
spot of benzyl (4R,4S5)-4-C-aminomethylene-4-deoxy-f3-p-arabino-pyrano-
side at R;=0.55 completely disappeared (ninhydrin). The catalyst was
filtered off, the solvent evaporated and the residue chromatographed with
iPrOH/H,0/NH,OH_ providing 2 (98 mg, 53 %) and 10 (77 mg, 42%) as
colorless solids. Addition of HCI (2.0 mL, 0.2N) and subsequent evapo-
ration provided the corresponding hydrochlorids of 2 and 10, which had
identical analytical data to those reported in refs. [4], [5], and [16].
Benzyl 4-C-tert-butyloxycarbonylaminomethylene-4-deoxy-f-p-arabino-
pyranoside (11a) and benzyl 4-C-tert-butyloxycarbonylaminomethylene-
4-deoxy-fi-D-xylo-pyranoside (11b): A solution of 9 (140 mg, 0.49 mmol) in
dry MeOH (10 mL) and NEt; (0.01 mL) was hydrogenated over Pd/C
(10 %, 30 mg) at atmospheric pressure and room temperature for about 2 h.
The catalyst was filtered off, the filtrate evaporated and the residue
dissolved in a mixture of CHCl; (20 mL) and NEt; (1.0 mL). To the solution
Boc,0 (248 mg, 0.59 mmol) was added, and the solution stirred for 2 h at
room temperature. Afterwards the solvent was evaporated and the residue
was purified by chromatography (pentane/ethyl acetate 1:1) providing 11a
(76 mg, 44%) and 11b (71 mg, 41%) as white solids. 11a: R;=0.23
(toluene/ethyl acetate 1:1); "H NMR (200 MHz, CDCl;): 6 =7.40-7.20 (m,
SH, Ph), 4.81 (m, 3H, 1-H, CH,Ph, OH), 4.48 (d, 1H, J =11.4 Hz, CH,Ph),
3.89 (m, 1H, 2-H), 3.65 (m, 3H), 3.52 (dd, 1H, J=11.4, 8.0 Hz), 3.30 (m,
1H),3.00 (m, 1H),2.21 (brd, 1H, J=5.2 Hz, NH), 2.15 (m, 1H, 4-H), 1.37
(s, 9H, rBu); '"H NMR (400 MHz, [D¢]acetone/D,0O 1:1): 6 =7.40-7.20 (m,
SH, Ph), 5.18 (d, 1H, J=11.7 Hz, 1-H), 5.02 (d, 1H, /=117 Hz, CH,Ph),
4.86 (d, 1H, J=11.7 Hz, CH,Ph), 431 (dd, 1H, J=8.0, 4.8 Hz), 3.99 (dd,
1H,/=11.8,3.2 Hz,2-H),3.92 (m, 1H), 3.84 (dd, 1 H,/=11.6,5.2 Hz), 3.57
(dd,1H,J=14.0,4.8 Hz),3.54 (dd, 1H,J =14.0,9.6 Hz),2.47 (m, 1 H, 4-H),
1.42 (s, 9H, Bu); C NMR ([Dg]acetone): 6 =157.4 (NH-COO), 137.3,
128.7,128.3, 128.2 (6 C, Ph), 97.8 (1-C), 80.2 ((CH;);C), 70.4, 70.1, 68.7 (2-,

3-C, CH,Ph), 62.3 (5-C), 39.3 ((NH-CH,), 37.7 (4-C), 28.5 ((CH5;),;C); ESI-
MS: caled for CgH»NO¢Nat: 376.1736, found 376.1734. 11b: R;=0.15
(toluene/ethyl acetate 1:1); 'H NMR (200 MHz, CDCl;): 6 =7.40-7.20 (m,
5H, Ph),4.92 (brd, 1H, OH), 4.88 (d,1H,/=3.2 Hz, 1-H), 4.69 (d, 1H,J =
11.8 Hz, CH,Ph), 4.42 (d, 1 H, J = 11.8 Hz, CH,Ph), 3.65-3.25 (m, 6 H), 2.98
(m, 1H), 2.32 (brd, 1H, J=78 Hz, NH), 1.78 (m, 1 H, 4-H), 1.38 (s, 9H,
Bu); BC NMR ([DgJacetone): 6 =1570 (NH-COO), 137.3, 128.7, 128.1
(6C, Ph), 98.0 (1-C), 80.0 ((CH,);C), 73.7, 71.4, 69.4 (2-, 3-C, CH,Ph), 61.4
(5-C), 43.6 (4-C), 39.2 (NH-CH,), 28.6 ((CH;);C); ESI-MS: calcd for
CisHyNOgNa™: 376.1736, found 376.1734.

Noeuromycin (3): A solution of 11a (42 mg, 0.12 mmol) in dry EtOH
(100 mL) was hydrogenated over Pd/C (10 %) under atmospheric pressure
at room temperature for about 16 h. Afterwards the catalyst was filtered
off, the solvent evaporated and HCl (1.5mL, 0.2N) was added to the
residue. After heating to 40 °C for 5 min the solvent was evaporated to give
hydrochloride 3 as a pale yellow solid (23 mg, 98 %), which has identical
analytical data reported in ref. [11].

5-epi-Noeuromycin (12): A solution of 11b (49 mg, 0.136 mmol) in EtOH
(100 mL) was hydrogenated over Pd/C (10 %) under atmospheric pressure
at room temperature for about 16 h. Afterwards the catalyst was filtered off
and the solvent evaporated. HCI (1.5 mL, 0.2N) was added to the residue.
After heating the mixture to 40°C for 5 min the solvent was evaporated to
give hydrochloride 12 as a pale yellow solid (27 mg, 98%). 'H NMR
(200 MHz, D,0): 6 =5.20 (d, J =3.6 Hz, f-pyranose), 4.98 (m, a-anomer),
4.50 (d, J="7.8 Hz, a-pyranose), 4.10 (m), 4.02-3.90 (m), 3.80—3.50 (m),
3.45-3.09 (m), 3.08 (d, J=12.8 Hz), 3.00-2.80 (m), 2.70 (m), 2.34 (m, main
isomer), 2.05 (m); *C NMR (D,0): main isomer: 6 =772 (2-C), 68.6, 66.8
(3-,4-C), 59.3 (6'-C), 39.8 (5-, 6-C), 39.4; minor isomers: 0 =96.2,92.1,91.3,
74.9,73.7,72.0, 70.2, 68.6, 68.2, 66.8, 59.7, 59.2, 46.1, 38.3, 37.4.
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Catalytic Antibodies Induced by a Zwitterionic Hapten

Takeshi Tsumuraya,*!*! Nobuo Takazawa,!*! Atsuko Tsunakawa,'”! Roman Fleck,™ and

Satoru Masamune*!"!

Abstract: A zwitterionic hapten 4 fea-
turing both positively and negatively
charged functional groups was designed
and synthesized with the goal of gener-
ating catalytic antibodies for the hydrol-
ysis of ester 6 and amide 7. Of the
36 monoclonal antibodies specific to
BSA -4 (bovine serum albumin) that

HS8-2-6F11 showed burst kinetic behav-
ior, which can be attributed to the
formation of an acyl intermediate, HS-
1-2D5 did not, but it did exhibit high
multiple turnover activity. The rate of
hydrolysis of 6 catalyzed by HS8-1-2D5
followed Michaelis—Menten Kkinetics;
the apparent values of the Michaelis—

Menten constant K, and the catalytic
constant k., were 488 um and 3.5 min~,
respectively. The catalytic rate enhance-
ment (k./k,,) observed for H8-1-2D5
was 1.3 x 10°, which is approximately
two orders of magnitude greater than
those for monofunctional haptens. Thus

were isolated, six accelerated the hy-
drolysis of 6. Two catalytic antibodies
with distinctively different and repre-
sentative Kinetic behaviors were select-
ed for detailed kinetic studies. Whereas

Introduction

Since antibody catalysts were first reported,l'! a large number
of catalytic antibodies have been prepared for a wide variety
of chemical transformations ranging from esterolysis to
pericyclic reactions.”! Initial studies on the generation of
hydrolytic antibodies focused on phosphonate haptens that
mimic the tetrahedral geometry of the transition state.*™!
However, rate accelerations achieved by these catalytic
antibodies were, in most cases, several orders of magnitude
lower than those realized by their natural enzyme counter-
parts.ll Clearly, achievement of further rate enhancement is
an important and challenging task to enable practical
application of catalytic antibodies.

According to the concept of reactive immunization (one
emerging approach to boosting antibody performance),
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HB8-1-2D5 compares well in catalytic
activity with antibodies isolated by a
related approach called heterologous
immunization.

haptens used for immunization form a covalent bond with
the antibody.l) This method has yielded very efficient anti-
bodies capable of catalyzing aldol and hydrolytic reactions.
Moreover, recent advances in X-ray structure analysis of
catalytic antibodies have greatly improved our understanding
of the mechanism of hydrolytic antibodies.!”!

In our recent efforts to generate more efficient esterolytic
antibodies by inducing both acidic and basic side-chain residues
in the antibody combining site, analogously to aspartic prote-
ases,’® %l we devised a heterologous immunization strategy,
whereby mice were immunized sequentially with two struc-
turally related but differently functionalized haptens 1 and
2.>-d This method yielded antibodies capable of hydrolyzing
ester 3 up to a hundredfold more efficiently than a homol-
ogous immunization protocol using only one of these haptens.

A complementary strategy for the generation of multiply
charged residues in the antibody combining site may be to use
a zwitterionic hapten that incorporates both negatively and
positively charged functionalities. However, the synthesis of
such a bifunctional hapten is usually more challenging than
that of the monofunctional haptens generally used for the
generation of catalytic antibodies. We now report the
successful synthesis of a stable, zwitterionic hapten 4, which
has been designed to induce catalytic antibodies capable of
hydrolyzing ester 6 and amide 7. It has been used to generate
catalytic antibodies that have been characterized kinetically
and thermodynamically. These experiments allowed us to
compare the two strategies, heterologous immunization and
immunization with a zwitterionic hapten.
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lize the oxyanion of the transition state. The tetrahedral
geometry of the phosphinate also serves as an isosteric
replacement for the transition state. 2) The protonated a-
amino functionality is intended to induce a basic residue in the

OH active site, which is expected to deprotonate a water molecule
in order to transform it into a hydroxide (a better nucleo-
phile). The amino group may also generate a cavity for the
incoming water molecule, thereby positioning it appropriately
for the nucleophilic attack.

OH Hapten 4 was synthesized in six steps from commercially
available p-nitrobenzaldehyde (Scheme 1). The aminophos-
phinic acid skeleton of 4 was constructed by aminoalkylation
of p-nitrobenzaldehyde with dichlorophenylphosphine and
benzylcarbamate,[') and subsequent hydrolysis provided

OH phosphinic acid 8. Esterification of the phosphinate followed
by selective reduction of the nitro group with NaBH, and
NiCl, yielded the aminophosphinic acid methyl ester 10.
EDC-mediated (EDC = 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide) coupling of 10 with 3,3'-dithiopropionic acid
afforded 11 as a mixture of diastereomers. Treatment of
disulfide 11 with trimethylsilyl iodide hydrolyzed both the
phosphinate ester and the carbamate, thus deprotecting the

4 (R = CH,CH,SH) a-amino and the phosphinic acid groups. Finally, reduction

5 (R = CH,CH,CH,COOH)
5a (R = CHg)

of the disulfide bond with dithioerythritol (DTE) gave
good yields of 4. Hapten 4 was coupled to maleimide-

KLH -4 was used for immunizations and conjugate BSA -4

H
o N\"/\/\"/OH activated keyhole limpet hemocyanin (KLH) and bovine
0 o serum albumin (BSA) through its thiol residue. Conjugate
( j/ “X

6(X=0)
7 (X =NH)

Results and Discussion

Hapten design, synthesis, and
antibody production: Zwitter-
ionic hapten 4 was designed to
induce acidic and/or basic ami-
no acid residues in the antibody
combining site by charge com-
plementarity (Figure 1). The a-
amino phosphinate moiety in 4
exhibits two distinct features. 1)
The phosphinate is expected to
induce an acidic residue in the
catalytic site that would stabi-

was used for subsequent enzyme-linked immunosorbent
assays (ELISA).

NO, NH,
NO, o _,OR 0 OMe )
d [
Q/ — — o -
OHC

NHCbz NHCbz
8 (R =H) 10
b b o R Mo

N/
Ph”” ph”
2
NHCbz 2 NH,

H
“ S N S
O, OMe \n/\/ LN O\\ /OH \"/\/ _f> 4
o) P. o]

11 12

Scheme 1. Synthesis of hapten 4. Reagents and conditions: a) H,N-CO,Bn, PhPCl,, acetic acid, reflux, 81 %;
b) EDC, DMAP, MeOH/DMSO, reflux, 90 %; ¢) NaBH,/NiCl,, RT, MeOH, 34 %; d) (S(CH,),COOH),, EDC,
CHCl;, RT, 33%; e) i) TMSI, 2-methyl-2-butene, acetonitrile, RT; ii) MeOH, RT, 91 % in two steps; f) DTE,
CHCI;, RT, 98%.

For inhibition studies, a more
water-soluble hapten that con-
tained a glutaric acid linker was
synthesized (Scheme 2). Syn-
thesis of inhibitor 5 from 8
was analogous to that of hapten
4. Selective reduction of the
nitro group of 8 with hydrazine
and a catalytic amount of palla-
dium on carbon gave the ami-

K o=, HH

Figure 1. Schematic drawing of an antibody combining site elicited against hapten 4. nophosphinic acid 13, which
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; H
R N
b 2
O\\P /OH LN O\\P /OR I
Ph” Ph”
NHCbz NHCbz

f L 8(R' =NOy c 14 (R§=H>
13 (R'=NH>) i 15 (R? = Me)

14 (R?=H)

Scheme 2. Synthesis of inhibitor 5. Reagents and conditions: a) H,N—NH,, 10% Pd/C, EtOH, reflux, 82%;
b) glutaric anhydride, DMAP, pyridine, 87 %; c) EDC, CH,Cl,/MeOH, 52 %; d) LiOH, H,O, THF, RT, 99%;

e) H,, 10% Pd/C, MeOH, RT, 97 %.

was treated with glutaric anhydride to yield crude 14. To
facilitate purification of the final inhibitor, 14 was transiently
converted into its dimethyl ester 15 by using EDC in
methanol. Basic hydrolysis of 15 with LiOH followed by
hydrogenolysis provided pure 5 in excellent yield.

Balb/c mice were immunized three times with KLH -4 and
36 monoclonal antibodies were prepared according to stand-
ard protocols.['! 12]

Thermodynamic and kinetic properties of antibodies: The 36
monoclonal antibodies ([Ab] =10 um) were screened for their
ability to hydrolyze the ester substrate 6 in a buffered solution
at three different pH values (50mmM Mes, 80 um NaCl, pH 6.2;
50mm HEPES, 80um NaCl, pH 7.8; 50mm 2-(cycloamino)-
ethanesulfonic acid (CHES), 80 um NaCl, pH 9.0) containing
dioxane (5% ). The production of the phenol derivative 16 was

H

N\"/\/\"/OH
ISR
HO

16

monitored by HPLC. Six of these monoclonal antibodies ac-
celerated the hydrolysis of 6, but no appreciable rate accel-
eration of the cleavage of the amide bond in 7 was observed.

All the catalytic antibodies were characterized further and
found to obey Michaelis—Menten kinetics for the hydrolysis
of 6. The first-order rate constants (k.,), the Michaelis—
Menten constants (K,), the dissociation constants (K,) of all
the catalytic antibodies, and the inhibition constants (K;) of
two representative ones, H8-1-2D5 and HS8-2-6F11, were
determined (Table 1). The background rate of hydrolysis of
substrate 6 (k,,) is 2.67 x 10 min~!, which compares well
with those of other unactivated esters. However, we chose an
aromatic ester as substrate as we expected the antibodies to
use the phenolic moiety as an additional recognition element.

The binding affinities of all the antibodies to 5 were
determined by competitive ELISA.['3 141 As expected, the K,
values of the antibodies against 5, which lay in the range
10~2-10-*M typically observed for antibody —antigen binding,
indicated tight binding. The increased catalytic activity of the
six antibodies, however, does not correlate with increased
binding affinity to 5. For example, the most active catalytic
antibody, H8-1-2D5, shows a moderate affinity (K,;=1.7 x
10-7m) for 5, whereas the tightest binding antibody, H8-1-
3C4 (K4=6.1 x 10°M), does not accelerate the hydrolysis of

3750
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ester 6. A similar lack of corre-

lation between catalytic activity

o and hapten affinity has been
observed previously.ll

Further characterization of cat-
alytic antibodies: The six cata-
lytic antibodies can be classified
into two groups on the basis of
their kinetic behavior. HS8-1-
4H5, HS8-1-6D2, and HS-2-
6F11 exhibited burst kinetic behavior, whereas the other
three, H8-1-2D5, H8-1-3G6, and H8-1-4D6, showed no burst
phase but did show high multiple turnover numbers (vide
infra). One representative catalytic antibody from each group,
H8-1-2D5 and H8-2-6F11, were studied further in detail.

Table 1. Michaelis—Menten parameters and dissociation constants of
catalytic antibodies.[?)

Antibody kg [min~'] K, [um] K, for § [M]P K for § [nm] k., /ky,
H8-1-2D5 3.5 488 1.7 x 1077 1.6 130000
H8-1-3G6 8.5x 1073 375 1.1 x 1077 320
H8-1-4D6 1.9 x 102 293 6.6 x 108 710
HS8-1-4HS5 0.14 1100 2.1x1077 5200
HS8-1-6D2  0.17 2100 1.1 x 1077 6400
HS8-2-6F11 0.18 356 33x10° 17 6700

[a] The Michaelis—Menten kinetic parameters for the catalytic antibodies
were determined in 50mM HEPES, 80um NaCl, pH 7.8 at 37°C. The
background hydrolysis without antibody was determined by an initial rate
analysis with extrapolation to zero buffer concentration (k,, = 2.67 X
10=> min~'). All assays were performed in duplicate. See the Experimental
Section for details. [b] Determined by competitive ELISA in PBS. See the
Experimental Section of ref. [9a] for details of this method. [c] Determined
by fitting the data to Equation (1) as described in the text.

HS8-1-2D5: This antibody showed the highest catalytic activity,
and the rate of hydrolysis of 6 catalyzed by HS8-1-2DS5
followed Michaelis—Menten kinetics (Figure 2). Apparent

1.4+ °

1.2+

0.8

v/ uM min!

0.6
0.4-]

0.2+

of—r———— ,
0 02 04 06 08 1 12 14 16

[S1/mm

Figure 2. Michaelis—Menten plot for the hydrolysis of 6 catalyzed by H8-
1-2D5 (0.5um). Assays were performed at 37°C in 50mM HEPES, 80 um
NacCl, pH 7.8. The data were corrected for the buffer-catalyzed background
reaction, measured under the same conditions. The curve was fitted to the
Michaelis —Menten equation [Eq. (4) in the text].
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values for k., and K,, at pH 7.8 (50mm HEPES, 80 um NaCl)
were 3.5 min~! and 488 um, respectively, and rate acceleration
kealky, was 1.3 x10°, which was at least two orders of
magnitude greater than for the catalytic antibodies raised
against related monofunctional haptens 17 and 18 (Ta-
ble 2).52% No significant product inhibition was observed,
resulting in actual turnover numbers greater than 500.

Table 2. Kinetic parameters for the antibody-catalyzed hydrolysis of
ester 6.

Antibody Hapten pH Ko [min~!] K, [uM] Ref.
HB8-1-2D5 4 7.8 3.5 488 this work
4 8.5 6.0 388 this work
4 7.2 1.2 370 this work
30C6 17 7.2 0.005 1120 [5a]
27A6 18 8.5 0.01 243 [5b]

Several control experiments demonstrated that the effi-
ciency of the esterolytic activity was not due to a contaminat-
ing enzyme. 1) F,;, fragments of H8-1-2D5 prepared by papain
digestion were found to exhibit hydrolytic activity indistin-
guishable from that of the parent antibody. 2) Equally active
antibodies were obtained from several different batches of
ascites or hybridoma. Repeated purification of antibodies by
different methods (protein G affinity chromatography, anti-
mouse IgG + IgM affinity chromatography, and monoQ
anion exchange chromatography) did not affect catalytic
rates. 3) The catalytic activity of H8-1-2D5 was competitively
inhibited by addition of 5 (vide infra).

Catalytic antibody HS8-1-2D5 demonstrated competitive
tight-binding inhibition by inhibitor 5 (Table 1 and Figure 3).
K; for 5§ was determined at a fixed substrate concentration
(2K, =976 um) by fitting the initial rate v, to the equation for
tight-binding inhibition [Eq. (1)], where v is the initial rate in
the presence of inhibitor §, v, is the initial rate in the absence
of 5, E is the concentration of functional catalyst, [ is the
concentration of 5, K is the apparent inhibition constant
defined by Equation (2), and S (= 2K,,) is the substrate
concentration.!

v={(v2E)[E—I—K{ + (K/ + I—E)* + 4EK/]" )

K/ =K1 + SIK,,) ()]

The K; value for inhibitor 5 derived from Equations (1) and
(2) was 1.6nM, suggesting strongly that catalytic activity is
associated with binding in the antibody combining site.

Chem. Eur. J. 2001, 7, No. 17
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12 14 16
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Figure 3. Tight-binding inhibition of antibody H8-1-2D5 by 5. Initial rates
were measured at increasing concentrations of 5 in the presence of H8-1-
2D5 (0.5um) and 6 (976 um), and the curve was fitted to Equations (1) and
(2) as described in the text.

A series of chemical modifications were carried out to
identify the amino acid residues involved in the catalytic
process. Treatment of H8-1-2D5 with phenylglyoxal (which
modifies arginine residues)'®l or diethyl pyrocarbonate
(which modifies histidine residues)!'”) resulted in complete
loss of catalytic activity. However, after the same treatment in
the presence of inhibitor Sa, antibody H8-1-2D5 retained
80% of its activity. Nitration of tyrosine residues with
tetranitromethanel®! reduced the esterolytic activity by
84 %, whereas treatment of the antibody with glycine ethyl
ester in the presence of EDC showed only a small effect (8 %
loss of activity). These results are consistent with catalytically
active arginine and histidine residues in the antibody combin-
ing site. Histidine may function as a general base, while
arginine stabilizes the developing negative charge of the
transition state.['”]

H8-2-6F11: Antibody HS8-2-6F11 exhibited a characteristic
single-turnover pre-steady-state kinetic burst (Figure 4). The
progressive curve fitted well to Equation (3), in which k is the
observed apparent first-order rate constant of the decrease in
the rate of catalysis, Vj is the initial rate, and V; is the steady-
state rate.

[P]=Vit + [(Vo— V(1 — exp(— k1) Vk ©)

The Michaelis—Menten parameters were determined for
initial and steady-state rates V|, and V;, both of which follow
Michaelis—Menten kinetics (Figure 5). For V, k. =9.2 %
102min~! and K,=356uM, and for V; k,=16x
102 min~!, K, =168 um. H8-2-6F11 was also strongly inhib-
ited by the addition of 5 (K; = 17nm).

The burst behavior of HS8-2-6F11 was unchanged by
addition of the reaction products (16 or benzoic acid), so it
cannot be accounted for by product inhibition. It could be
explained, however, by the formation and significant accu-
mulation of an acyl intermediate. Similar results were
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Figure 4. Formation of 5-[(4-hydroxyphenyl)amino]-5-oxopentanoic acid
(16) during the hydrolysis of ester 6 (500 um) catalyzed by antibody H8-2-
6F11 (2um) at pH 7.8. The curves indicate the fit of data to Equation (3) by
nonlinear regression.

0.35
0.3
0.25
0.2+

0.15+

v/ pM min”!

0.1+

0.05

T T T T T T T T ]
0 100 200 300 400 500 600
[S]/um
Figure 5. Michaelis—Menten plot (e: for initial rate V,; &: for steady-state

rate V) for the hydrolysis of 6 catalyzed by H8-1-2D5 (2.8 um). Assays were
performed at 37°C in 50mM HEPES, 80 um NaCl, pH 7.8.

observed with serine proteases such as chymotrypsin, which
catalyze the hydrolysis of amides and esters through the
formation of an acyl intermediate.?” Extrapolation of the
linear portion (steady-state V;) to time O gave the active site
concentration of 4 uM, which was in good agreement with the
experimental concentration of the antibody combining site.
Chemical modification of H8-2-6F11 and H8-1-2D5 acted
on distinctly different residues. The hydrolytic activity of H8-
2-6F11 was unaffected by treatment with diethyl pyrocarbon-
ate, but treatment with phenylglyoxal or tetranitromethane
resulted in 96 % or 98 % loss of catalytic activity, respectively.
Identical treatment of H8-2-6F11 in the presence of inhibitor
Saresulted in only 15 % loss of activity. When H8-2-6F11 was
treated with glycine ethyl ester and EDC a 33 % reduction in
its activity was observed. These results suggest the presence of
a tyrosine and an arginine residue in the active site of H8-2-
6F11. The tyrosine may act as a nucleophile in the catalytic
process by forming an acyl intermediate; this is consistent
with the antibody’s burst kinetics behavior. The participation
of a tyrosine residue in the esterolytic process through
nucleophilic catalysis has been reported previously.[%2!

3752
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Conclusion

It has been suggested elsewherel®® that immunization with a
zwitterionic hapten might serve as an alternative to heterol-
ogous immunization. Herein we have successfully synthesized
a stable, zwitterionic hapten (4), which has both positively and
negatively charged functional groups. Immunization of mice
with 4 resulted in the generation of catalytic antibody HS8-1-
2D5, which exhibited a rate acceleration (ke /ky, = 1.3 x 10%)
that was of about the same order of magnitude as that
obtained by heterologous immunization (k./k.,=1.5 x 10°)
using two structurally related haptens, 1 and 2. Although the
structures of the substrates 3 and 6 differ, these results suggest
that both heterologous and homologous immunization with a
zwitterionic hapten yield catalytic antibodies with comparable
rate acceleration and multiple turnovers in the case of ester
hydrolysis. Both strategies appear equally applicable to
chemical reactions that involve general acid and base
catalysis. However, in case the synthesis of a zwitterionic
hapten proves to be too challenging, a heterologous immu-
nization strategy may be easier to implement.

Experimental Section

General methods (synthesis): All reactions were carried out in oven-dried
glassware under an argon atmosphere. Column chromatography was
performed using 230 —400-mesh silica gel (Merck). 'H NMR and *C NMR
spectra were recorded at 300 and 75 MHz respectively on a Bruker XL-300
spectrometer. The spectra were reported as 0 downfield from tetrameth-
ylsilane. Melting points were determined with a Yanagimoto melting point
apparatus and were not corrected. Infrared spectra were recorded on a
Shimadzu 8000 FT-IR spectrometer. Mass spectra were obtained on JEOL
JMS-SX/SX 102A and JEOL JMS AX 505H mass spectrometers.

Compound 8: p-Nitrobenzaldehyde (21 g, 140 mmol) was added slowly to
dichlorophenylphosphine (13.6 mL, 100 mmol) and benzylcarbamate
(15.2 g, 100 mmol) in acetic acid (350 mL). The mixture was heated under
reflux for 1 h and cooled. The precipitate was collected by filtration and
washed with ethanol and diethyl ether to give the product as a white solid
(34.7 g, 81 %), which was not purified further. M.p. 253 -255°C (decomp);
'H NMR (300 MHz, [D¢]DMSO): 6 =8.4-8.3 (m, 1H; NHCbz), 8.17 (d,
J=9Hz, 2H; 2arom. CH (p-NO,Ph)), 7.8-7.1 (m, 12H; 2arom. CH (p-
NO,Ph), 10arom. CH (Ph)), 5.20 (dd, /=10, 16 Hz, 1H; PCH), 4.88 (dd,
J=13,21 Hz, 2H; CH,Ph); IR (KBr): 7 =3324, 1726, 1524, 1236, 964 cm;
elemental analysis caled (%) for C,,HoN,OP (412.1): C 59.16, H 4.49, N
6.57; found: C 58.88, H 4.39, N 6.43.

Compound 9: A solution of compound 8 (5.55 g, 13 mmol), EDC (7.5 g,
39 mmol) and 4-dimethylamino pyridine (DMAP, 80 mg, 0.65 mmol) in
methanol (100 mL) and dimethyl sulfoxide (10 mL) was heated under
reflux for 11 h and then concentrated. Hexane and water were added to the
residue. The precipitate was collected by filtration and washed with hexane,
water, and a small amount of diethyl ether to give the product as a white
solid (5.15 g, 90% ). M.p. 227-230°C; 'H NMR (300 MHz, CDCl;, TMS):
0=8.05 (d, J=9Hz, 2H; 2arom. CH (p-NO,Ph)), 7.7-73 (m, 12H;
2arom. CH (p-NO,Ph), 10arom. CH (Ph)), 6.10 (brs, 1H; NHCbz), 5.30
(dd,J=9,25Hz, 1H; PCH), 5.07 (dd, /=12, 18 Hz, 2H; CH,Ph), 3.73 (d,
J=11Hz, 3H; POCH,); IR (KBr): v=3216, 1724, 1520, 1348, 1250,
1214 cm™; elemental analysis caled (%) for C,,H, N,O¢P (426.1): C 60.00,
H 4.81, N 6.36; found: C 60.16, H 4.96, N 6.29.

Compound 10: Sodium borohydride (10.0 g, 260 mmol) was added to a
cooled (ice bath) suspension of 9 (13.2 g, 22 mmol), nickel chloride
hexahydrate (11.4 g, 46 mmol) in methanol (150 mL), and chloroform
(500 mL), over a period of 45 min. Stirring was continued overnight at
room temperature. The mixture was concentrated, and the black precip-
itate was dissolved in HCI (10 % ). The acidic solution was basified by the
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addition of conc. ammonium hydroxide and extracted with chloroform. The
organic layer was dried over MgSO, and concentrated. The residue was
purified by flash column chromatography, eluting with dichloromethane/
ethyl acetate (1:3 v/v with 0-2% of ethanol) to give the product as a
slightly yellow solid (3.05 g, 34 %). M.p. 226-228°C; '"H NMR (300 MHz,
CDCl;, TMS): 6=77-73 (m, 10H; 10arom. CH (Ph)), 6.97 (dd, J=2,
8 Hz, 2H; 2arom. CH (p-NH,Ph)), 6.51 (d, J=8 Hz, 2H; 2arom. CH (p-
NH,Ph)), 5.80 (br, 1H; NHCbz), 52-4.9 (m, 3H; PCH, CH,Ph), 3.70 (d,
J=11Hz, 3H; POCH,); IR (KBr) : 7= 3216, 1702, 1630, 1522, 1284, 1256,
1222 em™'; elemental analysis caled (% ) for C,,H,;N,O,P, (410.4): C 64.38,
H 5.65, N 6.83; found: C 64.50, H 5.70, N, 7.00; HRMS (FAB™): calcd for
C,H,,N,O,P, [M+H]" 411.1474; found: 411.1479.

Compound 11: A solution of 10 (530 mg, 1.3 mmol), EDC (748 mg,
3.9 mmol), and 3,3'-dithiodipropionic acid (135 mg, 0.65 mmol) in chloro-
form (50 mL) was stirred at RT for 17 h. The mixture was washed with
water, dried over MgSO, and concentrated. The residue was purified by
flash column chromatography, eluting with dichloromethane/ethyl acetate
(1:3 v/v with 0-2% of methanol) to give the product as a white solid
(210 mg, 33%). '"H NMR (300 MHz, CDCl;, TMS): 6 =825 (brs, 2H;
PhNHCO), 7.7-7.1 (m, 28 H; 28 arom. CH), 5.4-5.2 (m, 2H; PCH), 5.05
(ABq, Jap =13 Hz, A,z =41 Hz, 4H; CH,Ph), 3.58 (d, J=11Hz, 6H;
POCH,;), 3.14 (t, J=7Hz, 4H; CH,S), 2.79 (t, J=7 Hz, 4H; COCH,);
elemental analysis calcd (%) for Cs\Hs,N,O44P5S, (995.0): C 60.35, H 5.25,
N 5.63; found: C 60.00, H 5.25, N 5.33; HRMS (FAB*): caled for
Cs5oH53N,O,0P,S, [M+H]* 999.2678; found: 999.2687.

Hapten 4: Trimethylsilyl iodide (0.39 mL, 2.8 mmol) was added to a
suspension of 11 (137 mg, 0.138 mmol) and 2-methyl-2-butene (0.88 mL,
8.3 mmol) in acetonitrile (15 mL). The mixture was stirred for 24 h and
concentrated. The residue was washed with dichloromethane and dissolved
in methanol. Dichloromethane and hexane were added to this solution to
precipitate crude 12 as a yellow solid (88 mg, 91%). A mixture of 12
(88 mg, 0.126 mmol), dithioerythritol (58 mg, 0.378 mmol), and triethyl-
amine (24 pL) in methanol (6 mL) was stirred at RT for 30 min and
concentrated. The residue was dissolved in a small amount of methanol.
Dichloromethane and hexane were added to the solution to precipitate the
product as a colorless solid (86 mg, 98%). '"H NMR (300 MHz, CD;0D):
0=76-71(m,9H; 9 arom. CH), 4.23 (d,/=12 Hz, 1H; PCH), 2.79 (t,J =
6 Hz, 2H; CH,S), 2.66 (t, J=6Hz, 2H; COCH,); C NMR (75 MHz,
CD;0D): 6 =172.21 (NHCO), 139.8 (arom. C (CHC,H,NH)), 135.56 (d,
J=133.5Hz; arom. C (Ph)), 133.7 (d, J=9.3 Hz; arom. C (Ph)), 132.3
(arom. C (CHC(H,NH)), 130.6 (arom. C (CHC,H,NH)), 129.8 (d, /=
4.1 Hz; arom. C (Ph)), 128.92 (d, /=12.4 Hz; arom. C (Ph)), 120.7 (arom.
C (CHCH,NH)), 577 (d, /J=91.0Hz; PCH), 41.8 (CH,SH), 20.8
(NHCH,); elemental analysis caled (%) for C;¢H;sN,O;PS (350.4): C
54.85,H 5.47,N 8.00; found: C 54.65, H 5.40, N 7.95; HRMS (FAB™): calcd
for C;sH,N,O;P [M+H]* 351.0932; found: 351.0915.

Compound 13: A suspension of 8 (15.1 g, 35 mmol) in ethanol (250 mL)
was warmed to 50°C. Palladium/carbon (10%; 30 mg) and hydrazine
hydrate (10 mL) were added successively. The mixture was heated under
reflux for 4 h, and the precipitate was collected by filtration, washed with
hexane and a small amount of ethanol, and dried to give a slightly gray solid
(11.3 g, 82 %). This compound was not purified further as it is insoluble in
almost all organic solvents. M.p. 284 -285°C; 'H NMR (300 MHz, NaOD/
D,0): 6=75-6.8 (m, 12H; 12 arom. CH), 6.58 (d, /=7 Hz, 2H; 2 arom.
CH (p-NH,Ph), 4.6-4.9 (m, 3H; PCH, CH,Ph); IR (KBr): 7 = 3244, 2596,
1724, 1544, 1516, 1244, 1036, 1022 cm™!; elemental analysis calcd (%) for
C,H,N,0,P (396.4): C 63.63, H 5.34, N 7.07; found: C 63.93, H 5.37, N 7.27.

Compound 15: A suspension of 13 (11.3 g, 28.5mmol), glutaric anhydride
(20 g, 170 mmol), and DMAP (180 mg, 1.4 mmol) in pyridine (200 mL) was
heated under reflux for 2 h, filtered, and concentrated. When the residue
was acidified with HCI (1m), the product was precipitated. The precipitate
was washed with water and dried to give crude 14 as a white solid (12.7 g,
87%).

A suspension of crude 14 (255 mg, 0.5 mmol) and EDC (290 mg, 1.5 mmol)
in a mixture of dichloromethane (2.5 mL) and methanol (2.5 mL) was
heated under reflux for 7h and then concentrated. The residue was
dissolved in dichloromethane, washed with brine, and dried over MgSO,.
The organic layer was concentrated and purified by flash column
chromatography, eluting with ethyl acetate/dichloromethane (25-50%
ethyl acetate) to give 15 as a white solid (139 mg, 52%). M.p. 158-163°C;
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'H NMR (300 MHz, CDCl;, TMS): 6 =79-7.1 (m, 14H; 14 arom. CH),
6.05 (brs, 1 H; NHCO), 5.4-4.8 (m, 3H; PCH, CH,Ph), 3.60 (d, /=11 Hz,
3H; POCH,), 245 (t, J=7Hz, 2H; COCH,), 2.42 (t, J=7Hz, 2H;
COCH,), 2.05 (quint., J=7 Hz, 2H; CH,CH,CH,); IR (KBr): #=1732,
1670, 1606, 1538, 1214, 1026 cm™!; elemental analysis caled (%) for
C,sH;N,O,P (382.1): C 62.45, H 5.85, N 5.20; found: C 62.43, H 5.85, N
5.08.

Compound 14: A solution of 15 (270 mg, 0.5 mmol) and lithium hydroxide
monohydrate (84 mg, 2.0 mmol) in a mixture of water (4 mL) and THF
(15mL) was stirred at RT for 19 h. The mixture was concentrated and
acidified with HCI (1m) to pH 1. The precipitate was collected by filtration
and washed with a small amount of water, diethyl ether, and dichloro-
methane to give the product as a white solid (252 mg, 99 % ), which was not
purified further. M.p. 168-175°C (decomp.); 'H NMR (300 MHz,
CD;OD): 6=78-72 (m, 14H; 14 arom. CH), 52-4.9 (m, 3H; PCH,
CH,Ph overlapping with solvent’s peak), 2.41 (t, /=7 Hz, 2H; COCH,),
2.38 (t, J=7Hz, 2H; COCH,), 1.96 (t, /=7 Hz, 2H; CH,CH,CH,); IR
(KBr): #=1714, 1604, 1530, 1244 cm™'; elemental analysis calcd (%) for
CyH»N,O,P (510.48): C 61.17, H 5.33, N 5.49; found: 60.87, H 5.23, N 5.40;
HRMS (FAB™): calcd for C,sH,sN,O,P [M+H]* 511.1634; found: 511.1650.

Inhibitor 5: A suspension of 14 (122 mg, 0.24 mmol) and palladium/carbon
(10%; 15 mg) in methanol (20 mL) was stirred at RT under a hydrogen
atmosphere for 9 h. The suspension was filtered and the precipitate was
washed with hot water. The filtrate was concentrated to give the product as
a white solid (98 mg, 97%). M.p. 235-240°C (decomp.); 'H NMR
(300 MHz, D,0): 6 =74-71 (m, 7H; 7arom. CH), 8.51 (d, /=8 Hz, 2H;
2arom. CH),4.32(d,/J=12Hz, 1H; PCH),2.23 (t,/ =7 Hz,2H; COCH,),
2.08 (t, J=7Hz, 2H; COCH,), 1.72 (quint., /=7 Hz, 2H; CH,CH,CH,);
IR (KBr): 7=3416, 1668, 1604, 1544, 1440, 1202, 1132 cm™'; elemental
analysis calcd (%) for C;gH,;N,OsP (376.3): C 57.45, H 5.62, N 7.44; found:
C 5707, H 5.42, N 7.24; HRMS (FAB™): calcd for C,sH)N,OsP [M+H]*
375.1110; found: 375.1116.

Preparation of antigen: Hapten 4 (8 mg) was dissolved in a mixture of
DMF (624 pL) and DMSO (156 pL), and the resulting solution was slowly
added to a solution of maleimide—KLH or maleimide-BSA (approx-
imately 10 mg each) in phosphate-buffered saline (PBS) (2.8 mL). This
mixture was stirred gently for 8 h at RT. The hapten solution (KLH -4 or
BSA -4) was then dialyzed twice against PBS (1 L) at 4°C. The concen-
trations of KLH -4 and BSA —4 were determined by Pierce BCA protein
assay reagent to be 1.2 mgmL~! and 1.5 mgmL~!, respectively. The hapten/
protein molecular ratio, estimated by measuring the absorbance at 250 nm
(Amax Of hapten 4), was 144:1 for KLH (assumed mol. wt. KLH =10°) and
37:1 for BSA. Conjugate KLH-4 was used for immunization and
conjugate BSA -4 was used for ELISA experiments.

Antibody production and purification: Ten Balb/c mice each received an
intraperitoneal injection of KLH -4 conjugate (100 pg) emulsified in RIBI
adjuvant (MPL and TDM emulsion, RIBI Immunology Research) on days
1 and 14 (boost no. 1). On day 24, serum was taken from the animals, and
the titer was determined by ELISA. On day 35, the mouse with the highest
titer received a second intravenous boost (boost no.2) with 50 ug per
mouse of hapten 4 dissolved in PBS (100 pL, without adjuvant).

Three days after boost no. 2, the spleen was taken from the mouse and the
spleen cells were fused with 5 x 107 P3X63-Ag8.653 myeloma cells by a
Shimadzu Somatic Hybridizer SSH-10 with an FTC-34D3 electrode
(electrode distance 4.0 mm; frequency 1 MHz; primary AC voltage 80 V;
initial time 10s; pulse width 40 ps; pulse height (DC voltage) 920 V;
electric field strength 2.30 kVem™'; secondary AC voltage 80 V; pulse
repeat interval 1.0 s; number of pulses 1; pulse height (VDC) change +0 V;
final time 10s; AC voltage decrease rate 0%; adhesion intensifier off).
Hybridoma cells were plated into six 96-well plates; each well contained
100 pL of HAT-RPMI 1640 with 20 % fetal bovine serum and 5 % Briclone
(RioResearch, Ireland). After two weeks, the plates were analyzed by
ELISA to detect antibody binding to BSA -4 conjugate. All positive
colonies were subcloned twice according to the standard protocols. All the
cell lines which retained binding after subcloning were injected individually
into pristane-primed Balb/c mice to generate ascites. The harvested ascites
fluids were treated with a saturated ammonium sulfate (AS) solution to
give a final concentration of 50% AS. The precipitated antibodies were
dissolved in PBS and purified over a NAP 10 column (Pharmacia) before
chromatographic purification. Protein G affinity chromatography (loaded
onto the column in 20 mM phosphate buffer, pH 7.0, and eluted with 100 mm
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glycine/HCl, pH 2.7) was performed and the fractions containing antibody
were then subjected to mono Q chromatography (Pharmacia, linear salt
gradient from 0 to 1M NaCl in 20mm Tris/HCI, pH 7.5) to yield purified
antibody. The subclass of each antibody was determined with a monoclonal
antibody isotyping kit (Amersham RPN 29).

Kinetic measurements: Purified monoclonal antibodies were dialyzed
against assay buffer (50mm Mes, 80 um NaCl, pH 6.2; 50mm HEPES, 80 um
NaCl, pH 7.8; 50mm CHES, 80 um NaCl, pH 9.0) and the concentration was
determined by measuring the absorbance at 280 nm. Assays were
performed by HPLC (reversed-phase column, Waters uBondapak™ C18)
with acetonitrile/H,O (containing 0.1% TFA) using a 12:88 isocractic
program. o-Acetamidophenol was used as an internal standard to calculate
the amount of 5-[(4-hydroxyphenyl)amino]-5-oxopentanoic acid (16). All
assays were performed at least in duplicate.

The catalytic antibodies were screened initially at 37 °C in buffered solution
(50mm Mes, 80 um NaCl, pH 6.2; 50mm HEPES, 80 um NaCl, pH 7.8; 50 mm
CHES, 80 um NaCl, pH 9.0) containing 5% dioxane, ester 6 (500 um), and
antibody (10um). The rates were determined by measuring the initial
formation of 5-[(4-hydroxyphenyl)amino]-5-oxopentanoic acid (16) by
HPLC. Antibodies found capable of catalyzing the hydrolysis were studied
further.

The antibody-catalyzed hydrolysis rates of 6 in the presence of antibody
(0.5-10 M) were measured as a function of substrate concentration under
conditions identical to the initial screening. The concentration of substrate
was varied from 25 uM to 3.0mM to obtain at least six data points, and the
observed rates were corrected for the rate of uncatalyzed hydrolysis (in the
absence of antibody). The corrected rates were analyzed by nonlinear least-
squares fitting of the initial rate against substrate concentration to a
hyperbolic curve described by the Michaelis—Menten equation [Eq. (4)],
in which v is initial velocity, [Ab] and [S] are the antibody and substrate
concentrations, and k., and K, are the catalytic rate and Michaelis
constants, respectively. For antibodies showing kinetic burst, the progres-
sive curves were fitted to Equation (3) and initial rates (V) and steady-
state rates (V;) were determined. V,, and V; were analyzed by applying the
Michaelis —Menten equation.

v = ke A][SI/(Ky + [S]) (©)

The K; of inhibitor 5 was determined by quantitation of the effect of the
concentration of 5 on the velocity of the antibody-catalyzed hydrolysis of 6.
Rates obtained at fixed antibody and substrate concentrations were fitted
to Equations (1) and (2).

Chemical modification of catalytic antibodies: Hydrolytic activities of the
modified antibodies were assayed by using a modified antibody (0.5 pm for
HS8-1-2D5, or 2um for H8-2-6F11) and substrate 6 (1 mm for H8-1-2D5, or
0.5mwm for H8-2-6F11).

Histidine: Diethyl pyrocarbonate (25mwm) (10 pL) in phosphate buffer
(50mmM, pH 7.0) was added to an aqueous solution of the antibody (10 um) in
phosphate buffer (50mwm, pH 7.0) (500 pL), and the mixture was stirred at
RT for 1 h. The solution was dialyzed against 50mm HEPES, 80 um NaCl,
pH 7.8, and the concentration was determined by Pierce BCA protein assay
reagent.

Arginine: A mixture of phenylglyoxal (6mm; 10 pL) in NaHCO; (125 mm,
pH 8.3) and antibody (10 um, 390 pL) in the same buffer was stirred at RT
overnight. The solution was dialyzed against 50mm HEPES, 80 um NaCl,
pH 7.8, and the concentration was determined by Pierce BCA protein assay
reagent.

Tyrosine: Tetranitromethane (200mm) dissolved in dioxane (5 uL) was
added to a solution of antibody (10 um) in HEPES (50 mm, pH 7.8), and the
mixture was stirred at RT for 1 h. The low molecular weight materials were
removed by Micropure 3 (Amicon) column, the solution was dialyzed
against 50mM HEPES, 80um NaCl, pH 7.8, and the concentration was
determined by Pierce BCA protein assay reagent.

Aspartate and glutamate: Glycine ethyl ester (2mM) and EDC (2mwMm) at
4°C to a solution of antibody (10um) in phospate butter (S0 mm, pH 5.6),
and the mixture was stirred at 4°C overnight. The low molecular weight
materials were removed by Micropure 3 (Amicon) column, the eluent was
dialyzed against 50mm HEPES, 80 um NaCl, pH 7.8, and the concentration
was determined by Pierce BCA protein assay reagent.
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The Charge Density Distribution in a Model Compound of the Catalytic Triad

in Serine Proteases

Jacob Overgaard, Birgit Schiett, Finn K. Larsen, and Bo B. Iversen*!!

Abstract: Combined low temperature
(28(1) K) X-ray and neutron diffraction
measurements were carried out on the
co-crystallised complex of betaine, imi-
dazole, and picric acid (1). The exper-
imental charge density was determined
and compared with ab initio theoretical
calculations at the B3LYP/6-311G(d,p)
level of theory. The complex serves as a
model for the active site in, for example,
the serine protease class of enzymes, the
so-called catalytic triad. The crystal
contains three short strong N—H---O
hydrogen bonds (HBs) with dy.o<
2.7 A. The three HBs have energies
above 13 kcalmol~!, although the hydro-
gen atoms are firmly localized in the
“nitrogen wells”. This suggests that low-
barrier hydrogen bonding in catalytic

but not a necessary, condition for ob-
taining transition-state stabilization.
Structural analysis (e.g., covalent N—H
bond lengthening) indicates that the
hydrogen bond between H3A and O8
of imidazole and betaine respectively
(HB2) is slightly stronger than the bond
between HIA and OlA of imidazole
and picric acid (HB1), although HB1 is
shorter than HB2: (dy.o(HB1)=
2.614(1) A, dy.o(HB2)=2.684(1) A,
dy.o(HB1) =1.630(1) A, dyy.o(HB2) =
1.635(1) A,  dyny(HB1)=1.046(1) A,
dy—(HB2)=1.057(1) A). Furthermore,
the charge density analysis reveals that

Keywords: charge density analysis -
density functional calculations
enzyme catalysis - hydrogen bonds

HB2 has a larger covalent character
than HBI, with considerable polariza-
tion of the density towards the acceptor
atom. The Gatti and Bader source
function (§) is introduced to the analysis
of strong HBs. The source function is
found to be a sensitive measure for the
nature of a hydrogen bond, and compar-
ison with low-barrier and single-well
hydrogen bonding systems (e.g., ben-
zoylacetone and nitromalonamide)
shows that the low-barrier hydrogen
bond (LBHB) state is characterized by
an enormously increased hydrogen atom
source contribution to the bond critical
point in the HB. In this context, HB2 can
be characterized as intermediate be-
tween localized HBs and delocalized
LBHB:s.

enzyme reactions may be a sufficient,

Introduction

During the last decade, there has been intense debate about
the origin of the rate-enhancing effect observed upon the
involvement of enzymes in different chemical reactions. One
of the most studied classes of enzymes is serine proteases,
which are characterized by the presence of the catalytic triad,
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http://www.wiley-vch.de/home/chemistry/or from the author and in-
cludes: atomic positional and displacement parameters from the
neutron diffraction study and cif-file and multipole parameters for
the X-ray study of 1; source function contributions to the density at the
strong HBs in 1, benzoylacetone, and nitromalonamide; and residual
density plots in imidazole ring A, imidazole ring B, picric acid A, picric
acid B, and in the carboxylate group of betaine.
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a specific spatial arrangement of three amino acid residues in
the active site (Figure 1).[/' A number of researchers have
proposed that one very strong, short hydrogen bond (HB)
between a histidine and an aspartate residue, also known as a
low-barrier hydrogen bond (LBHB), could be the major
reason for the free-energy reduction necessary to increase the

Il'IIS
C—CH
{
SER'¥ — 0o H-N N-H O—C—Asp™??
Y |
H 0

Figure 1. Schematic drawing of the catalytic triad. No formal charges or
bonds orders are assumed in the sketch.

rate constant. Thus, the LBHB is postulated to be present in
the transition state (TS) in the formation of the tetrahedral
intermediate.”! The excess bonding energy of an LBHB in
comparison to an ordinary, weak HB easily amounts to 5—
10 kcalmol~1.B] Warshel and co-workers oppose the LBHB
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mechanism and argue that a LBHB will have an anticatalytic
effect in enzymes due to the polarity of the active site cavity
and the presence of water molecules.*! However, it should be
noted that these conclusions are based on speculations about
the charge distribution in LBHB systems.’! The assumption
that LBHB systems are largely uncharged has been chal-
lenged in recent studies of the LBHB of benzoylacetone.["!

In a series of papers,”l McAllister and co-workers study the
effects of the surroundings on ideal LBHBs versus weak HBs
by using high-level ab initio calculations on small model
compounds. They find that deviations from idealized con-
ditions (such as symmetrical solvation) have a large impact on
LBHBs, but that LBHBs remain stronger than localized weak
HBs, which are largely unaffected by changes in the sur-
roundings. Other theoretical investigations focus on the effect
of differences in proton affinities between the donor and the
acceptor molecules on the formation of LBHBs.®! It has been
suggested that a prerequisite for LBHB formation is a ApK,
between donor and acceptor molecule of less than one unit.
This criterion is limited by the absence of knowledge of
proton affinities in environments such as enzymatic active
sites or in crystalline materials. The issue of pK, matching has
been the center of much of the debate on the LBHB
mechanism. In this respect, it has been demonstrated both
theoretically®! and experimentallyl®! that although HBs are
strongest in pK, matched systems, there is no special
stabilization. In other words, linear relationships have been
established between ApK, and Eyy (hydrogen-bond energy).
Some theoretical studies have proposed that Eyg follows a
linear relationship with respect to the heteroatom separation
(do..0),’® %l while other studies find nonlinear relation-
ships.’2¢l It should be noted that dg. is only a relevant
parameter in geometrically linear HBs. It is well established
that HB strength depends on the bonding angle,'”! and,
therefore, a more relevant parameter is dy..o. Espinosa and
co-workers have studied 83 HBs with X-ray charge density
and ab initio theoretical methods and found that exponential
relations exist between Eyg and dyy.o."") This suggests that
HBs become much stronger when they are very short.

The complicated nature of short HBs can be exemplified by
comparing the pK,-matched systems of acetylacetonel'?l and
malonaldehydel®® with the pK,-mismatched system of ben-
zoylacetone.l’! In these systems, the pK,-matched systems
have longer heteroatom separations (2.55—-2.58 A) than the
mismatched systems (2.50 A) at all levels of theory.[®"! This has
been rationalized as being due to the presence of steric strain
in benzoylacetone. Relief of the strain was found to be
important for the formation of the LBHB state.l®! Thus,
although the general principles that govern HB interactions
are well understood and many useful structural correlations
have been established,!'*! there are fine effects which can
significantly alter a HB. The local environmental effects are
especially important for short HBs, in which small factors may
apparently change a delocalized HB (e.g., benzoylacetone!®)
to a localized HB (e.g., citrinin™) with almost equal dg..o.

We have studied the charge distributions of short HBs in
crystals in order to improve the fundamental understanding of
LBHBs.[* 'l Such studies can provide information about the
electronic structure and energetics of HBs and are relevant to
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discussions of LBHBs in enzyme catalysis. Only a few
accurate electron density distribution (EDD) studies of
LBHBs have appeared in the literature and they all concern
O—H--- O interactions.[> 13 16> 17] Since the proposed LBHB
in the catalytic triad is an N—H --- O bond, we have extended
these studies.'®! In this paper, we present a study of the charge
distribution in the co-crystal of picric acid, imidazole, and
betaine (1; Figure 2), which serves as a model compound for
the catalytic triad. This study combines analysis of very low
temperature X-ray (28 K) and neutron diffraction data
(28 K), solid-state NMR data, and high-level density func-
tional theory (DFT) calculations. The overall resemblance of
1 to the catalytic triad makes it one of the best model
compounds for the serine protease catalytic triad, which has
so far been studied by physicochemical methods. A prelimi-
nary account of the work has been published,'® in which
topological methods were used to assess the strength of the
three short N—H:---O HBs. In this paper we present an
analysis of the whole structure and directly compare exper-
imental and high-level ab initio theoretical results. This
comparison extends beyond the typical comparison of geom-
etry and tests the adequacy of current theory to reproduce
fine details of the EDD. We also introduce the source func-
tion by Gatti and Bader!" into the analysis of HBs. The
source function is found to be a sensitive measure of HB
character.

Results and Discussion

Structural analysis: A complete list of the refined geometries
of the three most important N—H --- O interactions is given in
Table 1, in which the following abbreviations for the HBs are
introduced: HB1: N1A—H1A---O1A; HB2: N3A-H3A---
0O8; HB3: N1B—H1B--- O1B. In HB1, the heteroatom sepa-
ration (dy.o=2.614(1) A) is smaller than the sum of the
van der Waal’s radii of the individual atoms (2.65 A for N and
0). In both HB2 (2.684(1) A) and in HB3 (2.676(1) A) the
sum is larger. If the heteroatom distance criterion proposed by
Hibbert and Elmsley is used, all three N—H --- O interactions
qualify as strong HBs. Since this distance neglects the N—H ---
O angle, which is significantly different in each of the three
HBs, it is more appropriate to consider dy;..o. A comparison of
the values of dy.., shows that HB1 and HB2 are of similar
strength (1.630(1) A vs 1.635(1) A) although HB3 is weaker
(1.681(1) A).

An extensive structural study has been carried out by
Steiner which correlates the dy_y and the dy;.. bond lengths in
N—H---O HBs.'Yl Based on neutron diffraction studies of
N—H---O HBs and discrimination between two- and three-
center HBs, he established a linear correlation; an increase in
the covalent N—H bond length (dy_y) implies a shorter dy..q.
Furthermore for HBs with equal primary dy.o, the bond
length dy_y is significantly longer in a three-center (bifurcat-
ed) HB than in a two-center (or isolated) HB. The increase in
the covalent N—H bond length is smaller in N—H--- O bonds
(1.00 A < dy 1y <1.08 A) than in the equivalent O—H bond
length in O—H - O bonds (0.95 A < do < 1.20 A).2 How-
ever, it should be stressed that the lengthening of this bond is
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Figure 2. ORTEP drawing of 1 at 28 K with 90 % probability surfaces shown.

Table 1. Selected N—H---O and C—H---O (A—H--O) bond lengths [A] and features that are presented here with the structure of the

angles [°]. catalytic triad as present in the native substrate-free porcine
Bond?! A-H H-O A-O X(A-H--0) pancreatic elastase (PPP). A high-resolution (d,=1.1 A)
HB1 NIA-HIA--OIA 1.046(1) 1.630(1) 2614(1) 154.6(1) X-ray crystallographic study of PPP has recently been
HIA - O2A 2.315(1) published.?!! Here, the dy..o between histidine an:i aspartate
HB2 N3A-H3A---08 1.057(1) 1.635(1) 2.684(1) 171.0(1) in the catalytic triad is found to be 2.70+0.04 A, which is
H3A -+ O6AT 2.808(2) similar to the bond length of 2.684(1) A between N3A and O8
e I:IlllEgi_H 2)21; o ;g:i(i) L681(1) - 2676(1)  157.0(1) in 1 (HB2). A description of the transition-state configuration
CSB—HSB --- O7A 1:09221; 2167(1) 32402) 167.0(1) is obtained from an atomic resolution (d,,;, =0.78 A) study of
C2A-H2A---O3B  1.092(1) 2.208(2) 3.296(2) 174.4(1) complexed B. lensus subtilisin.?’ Here the N --- O separation
C2B-H2B---O8 1.077(1)  2.459(1) 3384(2) 143.2(1) between His and Asp in the catalytic triad is found to be
C2B-H2B--02B  1.077(1) 2.577(1) 3.014(1) 1054(1) 2.62(1) A. Similar or slightly shorter distances are reported in

[a] symmetry operation ii: 0.5—x,0.5—y, —z.

highly significant, since the analysis is based on neutron
diffraction data. It is striking that dy ,(HB2) is 0.011(1) A
longer than dy (HB1) although dy..o(HB1) is 0.005(1) A
shorter than dy..o(HB2), as shown in Table 1. In addition
dy y(HB1) may be further increased by bifurcation to O2A.
Therefore the structural analysis indicates an anomaly in
HB2 in comparison to well-established structural corre-
lations. The structure also has a number of C-H:-:--O
interactions and the four shortest are listed in Table 1. The
trends observed by Steiner!" for N—H --- O HBs appear to be
valid for C-H---O HBs. A significant increase in dcy
correlates with a shorter dy..o. The considerable strength of
the two short C—H---O HBs suggests that they contribute
significantly to the stabilization of the co-crystallized com-
pound (see Table 3 later).

The resemblance of 1 to the catalytic triad in serine
proteases may be assessed by a comparison of the structural
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a recent publication on the bonding in transition-state (TS)
analogue complexes of chymotrypsin.?* From the heteroatom
distance (but not from dy..;) HB2 in the present complex
appears to be intermediate between the “non-TS” structure of
PPP and the “TS” structures of the B. lensus subtilisin and
chymotrypsin complexes. The fact that HB2 is unusually
strong, even in a “non-TS” configuration, indicates that this
HB could be exceptionally strong in the real TS, in which the
histidine and aspartate side chains are presumably closer
together.

Topological analysis: Aspherical modeling of the experimen-
tal X-ray structure factors provides the total electron density
distribution, p(r), which is the main observable in the
quantum theory of atoms in molecules (QTAM) developed
by Bader and co-workers.”l Table 2 lists the topological features
at the bond critical points (bcp) of the short N—H--- O and
C—H - O interactions. The value of p,., for HB2 is greater
than the corresponding values for HB1 and HB3; this
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Table 2. Topology of the N-H---O and C—H:--O HBs. The first line
contains the experimental values, the second line the theoretical values.

Bond Poep [GA%] Vzpbcp, [e’&ij] dl—bcp [A] dZ—bcp [A]
HB1 OlA---H1A 0.360(34) 3.58(9) 1.089 0.541

0.347 3.70 1.100 0.532
NIA-HIA  2.009 —28.4(5) 0.786 0.261
2.029 —420 0.810 0.234

HB2 08--H3A  0.399(33) 1.93(9) 1.094 0.545
0.366 339 1.110 0.531

N3A-H3A  1.930(65)  —30.5(5) 0.804 0.254
2.004 —374 0.805 0.249

HB3 OI1B--HIB 0.289(33) 3.29(8) 1.128 0.556
0.309 334 1.127 0.553

NIB-HIB  2.043(65) —31.7(5) 0.785 0.263
2.028 —418 0.810 0235

CSB-HSB  1.848(55) —19.7(3) 0.756 0.337

1.929 —246 0.727 0.360

O7A---HSB  0.102(15) 1.49(2) 1334 0.834
0.102 1.34 1.352 0.821

C2A-H2A  1912(57)  —23.9(3) 0.734 0.358

1.957 ~258 0.730 0.352

O3B--H2A  0.087(17) 1.13(2) 1.379 0.829
0.094 117 1392 0.815

C2B-H2B  1.925(56)  —23.6(3) 0.746 0331

1.971 ~25.9 0.723 0355

08--H2B  0.059(6) 0.90(1) 1.489 0.973
0.064 0.74 1.499 0.954

O2B---H2B  0.049(7) 0.91(1) 1.454 1.178
0.052 0.81 1457 1.145

indicates an increased accumulation of charge in HB2. The
Laplacian, V?p,,, for HB2 is less positive than for HB1 and
HB3; this also indicates an increased covalence in this bond.
At the same time, the lower value of oy, for N3A—H3A than
for NIA—H1A and N1B—H1B illustrates the accompanying
weakening of the covalent N—H interaction in HB2. These
observations corroborate the structural findings that were
discussed above, and the EDD supports the observed
anomaly in the correlation between dy_y and dy.o. This is
evident in Figure 3, in which the Laplacian of the electron
density in the planes of the three N—H --- O HBs is shown. The
polarization of the Laplacian around H3A towards O8 in HB2
is pronounced in comparison to the other two HBs. Such a
polarization of charge is unexpected for “normal” electro-
static HBs and suggests that HB2 is intermediate between a
normal HB and an LBHB. The features of the Laplacian of an
LBHBI‘ are characterized by a hydrogen atom that is almost
symmetrically positioned between two heteroatoms with its
charge distribution polarized towards both. Since H3A in this
complex retains the strong covalent interaction with N3A,
HB?2 is not an LBHB, though the polarization of H3A towards
the acceptor atom, O8, does resemble the polarization that
would be observed in an LBHB. This polarization is modeled
with large and highly significant quadrupolar electron-density
functions on the hydrogen (Q,.(H3A)=0.113(21)). If such
functions are not included in the multipole refinement, the
polarization disappears. This subtle point is quite important
because it shows that models commonly used in both
experimental and theoretical studies of strong HBs may not
be adequate. Theoretically, it is common practice to include p
orbitals (polarization functions) on the hydrogens. However,
p functions may not model this feature in HB2, which could

Chem. Eur. J. 2001, 7, No. 17

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

Figure 3. Contour plot of the negative of the Laplacian of the electron
density in the planes of the three strong N—H---O HB’s in 1. Top) HB1;
middle) HB2; bottom) HB3. Contours are drawn at 1, 2,4, 8 x 10", n = -3,
—2,..., 1, 2. Solid lines are positive contours, broken lines negative.

require orbitals of higher angular momentum. Indeed, Fig-
ure 4 (middle) shows that single-point calculation on 1 at the
B3LYP/6-311G(d,p) level does not decribe the large polar-
ization of HB2. A systematic study of theoretical-basis-set
limitations is beyond the scope of the present paper, but the
experimental data suggest that accurate theoretical studies of
strong hydrogen bonds should include d orbitals on the
essential hydrogen atoms.
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Figure 4. Laplacian of the theoretical density. Plots and contours as in
Figure 3.

Table 3 lists HB energies calculated from a) the Abramov
functional,™ b) a structural correlation with dj.o,l'" ¢) a
topological correlation,[''™®] and d) the theoretical wave
function using AIMPAC.?l Estimates of the HB energies
are calculated by using the empirical relation Eyz=
—1/2 V1l in which V, the potential energy density, can be
obtained either directly, as in d), or calculated from the virial
theorem and the topology, as in a) and c). By all methods of
evaluation, HB3 is the weakest of the three N—H--- O HBs,
although an Ey of approximately 13 kcalmol~! is still quite a
strong interaction. Both HB1 and HB2 are found to be

3760
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Table 3. Hydrogen-bond energies (Eyyp) obtained as Eyg=—1/2V1" in
which V' is the potential energy density, and from ab initio theory. Eyg is
given in kcalmol~.

Bond Eygl® Eyg Eygld Eygld
HB1 17.5 16.9 20.5 16.1
HB2 18.3 16.6 24.6 16.5
HB3 13.0 14.1 16.1 13.5
N3B-H3B:--- 09 41 32 33 42
C8B—HS8B - O7A 33 2.4 3.6 5.8
C2A-H2A--- O3B 25 2.1 3.4 5.0
C2B-H2B---O8 1.7 0.9 1.4 35

[a] Method: the Abramov functional.’) [b] Method: a structural correla-
tion with dy;..o.'"™ [c] Method: a topological correlation.['><l [d] Method: V/
obtained directly from the theoretical wavefunction./?)

stronger HBs and according to the definitions which are often
used for Eyp, they could be designated as LBHB ;P! however,
in this case, as discussed above, they are not. It is important to
stress that an HB can have considerable strength, although it
is not an LBHB. The anomaly, which is observed in the
structural correlation of bond length and bond strength,
becomes apparent as the method b) fails to produce the same
rank of HB strength as the other methods. The difference
between Eyz(HB1) and Eys(HB2) is small and likely insig-
nificant, although the characteristics of the structure and the
EDD indicates that HB2 is the strongest bond. The semi-
empirical Abramov expression (a) is based on closed-shell
interactions®! and does not properly account for the in-
creased covalency of HB2. Even so, HB2 is found to be the
strongest bond. The theoretical calculation (d) also neglects
some of the increased covalence of HB2 and this makes the
difference in strength between HB1 and HB2 quite small.

In order to assess the reliability of the empirical estimates
of the HB strengths, we have attempted to estimate Eyg for
HB2 using DFT calculations. For hydrogen bonds with large
covalent contributions, for example, as in benzoylacetonel®!
and nitromalonamide,l'®®! the empirical estimates may have
large errors. Thus, the empirical charge density estimates are
around 50 kcalmol~! for both molecules in comparison to ab
initio theoretical estimates of 16 kcalmol~! and 27 kcalmol~!
for benzoylacetone and nitromalonamide, respectively. The-
oretically, HB strength can be estimated by comparing the
total energy of the system with the energy of rotameric
structures® or with systems that have donor and acceptor
groups which are separated to infinity. Such procedures
assume that the HB in question is the only interaction
between the fragments. This may be a crude approximation in
complicated structures such as 1. To obtain an estimate of Eyp
for HB2 we use the neutron geometry to calculate the total
energy of fragment A, that is, the upper picric acid, imidazole,
and betaine molecules shown in Figure 2 (fragment B is
depicted in the lower part). This energy is then compared to
the sum of the total energies from a partial geometry
optimization of a picric acid/imidazole dimer and a betaine
molecule. Both structures are fixed at the neutron geometry
apart from the atoms that are involved in HB2, which are
allowed to relax after the two fragments are cut apart. In this
approach, we assume that all fragments making up the crystal
suffer equally from being cut out of the crystal environment.
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We carried out some calculations to validate the procedure,
for example, the atoms in fragment A which point towards
fragment B were allowed to relax, but this only changed the
energy by about 0.5 kcal mol~. The estimated bonding energy
for HB2 is 21 kcalmol~', a value which is in excellent
agreement with the results obtained from the experimental
CD. The theoretical calculation furthermore gives an inter-
action energy of 16 kcalmol~! between fragments A and B.
The comparable value from the experimental CD is the sum
of the four intermolecular hydrogen bonds between these
fragments. Their individual values are given in the lower part
of Table 3 and their sum varies between 9 and 19 kcalmol !
for the different types of estimates. The individual energies of
these HBs cannot be calculated theoretically due to the
complex network of intermolecular interactions present in the
crystal.

Comparison between experiment and theory: The transfer-
ability of atomic fragments or functional groups between
different molecular systems is a central concept in chemis-
try.?l The most comprehensive experimental EDD studies of
transferability have been carried out by Lecomte and co-
workers, who focus on building charge density libraries of
peptide fragments in order to construct large polypeptide
systems.?’l In such studies, it is important to know how
transferable a given unit is between different systems and if
possible, to discover how units are perturbed by their
surroundings. This is difficult because the comparison of a
given unit in two different crystal systems is affected by
differences in the systematic errors in the two experiments.
Thus observed differences between two units may be due to
differences in the chemical surroundings as well as systematic
errors in the experiments. The transferability of a given group
can be better assessed if several different units are present in
the same crystal structure, since systematic errors are
(presumably) identical. The present complex offers the
opportunity to compare different imidazoles and picric acids
by using topological methods.

In the case of fully covalent homoatomic C—C bonds, the
correlation between experimental and theoretical results is
outstanding with quantitative agreement (see Table 4). How-

Table 4. Comparison of the theoretical and the experimental topology. In
square brackets the number of bonds included in the averages are listed. The
first line contains the experimental values, the second line the theoretical values
with standard uncertainty calculated as sample esd. “be” short for betaine, “pa”
short for picric acid.

Bond (Poep) [eAT] (V200ep) [eAT] (riiep) [A] (ranep) [A] (Ry) [A]
(CO), ¥ 2.15(5) —21.5(7) 0.68(4)  071(4)  1.385(9)
2.13(3) —21.5(4) 0.69(1)  0691(9)  1.383(8)
(CO), 1.90(2) —16.5(6) 0.703)  0.75(3) 1.458(4)
1.89(2) —17.4(3) 0.715(2)  0.740(4)  1.455(5)
(C-H), M 1.85(4) —19.1(13) 069(2)  039(2)  1.086(7)
1.91(4) —23.6(9) 0.705(5)  0.383(8)  1.089(8)
(CN), 1.79(6) —16.0(12) 0903)  055(3)  1.450(8)
1.81(3) —16.5(9) 0.908(8)  0.540(8)  1.449(6)
(C-N), M 1.60(3) —10.09) 0.88(1)  0.62(1) 1.500(4)
1.62(2) —137(4) 0.924(6)  0.574(7)  1.499(5)
(N-0),,121 3.28(8) —12.1(25) 0.64(1)  059(1)  1.233(9)
3.32(6) —243(13) 0.643(2)  0.587(5)  1.231(7)
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ever, as the bonds become more polar, that is, C-H, C—N, and
N-O, there is increasing discrepancy. For N—O, theory
predicts average values of p,,=3.32(6) and V20, =
—24.3(1.3) whereas experiment gives oy, = 3.28(8) and
V204ep =—12.1(2.5). There is a tendency in theory to give
more negative values for Vo, in polar bonds, whereas pi,, is
almost perfectly matched. This tendency is further substan-
tiated in the C—N bonds, in which the agreement improves as
multiple bond character increases. On the other hand, hydro-
gen bonds show good correspondence. It appears that in the
limits of either full covalency or closed-shell interactions the
experimental and theoretical results agree well, but for
intermediate-bond types the differences are larger. In pre-
vious studies, it has been observed that both experiment and
theory may have difficulties in describing the diffuse bonding
regions.?! In the case of the X-ray method, it was found that
the radial functions, which are commonly used in the multi-
pole model, can be too rigid and can introduce model bias in
the experimental densities. It is interesting to note that the
spread of individual bond types is smaller for theory than for
experiment. This is seen in the values of V?0y,, d; e, and
d_ycp Of the polar bonds. The different spreads may reflect
real differences among the crystal bonds, which are not
modeled by theory. The larger experimental spread of the
C—C bonds suggests that the effect is at least partly due to real
differences in the surroundings.

The origin of LBHB: Our central question, which remains
unanswered, is what causes the formation of a LBHB? It is
not merely the donor—acceptor distance that determines the
HB type. As mentioned above, citrinin has a localized HB,"*!
while benzoylacetone exhibits a LBHB® although their
O---O bond lengths are almost identical. There must be
environmental effects that change the potential energy sur-
face of the hydrogen atom. One could also ask which differ-
ences in the chemical environment in and around the strong
N—H--- O HBs in 1 make HB2 stronger than the shorter HB1.
We have so far described the structural and topological
features of the three HBs in 1 and we will now examine how
the surroundings affect the HB character. This can be done by
evaluating Green’s function for the density, which is also
called the source function (S) and which was recently developed
by Gatti and Bader.'] This concept is based on the fact that
the value of the electron density at any point in space may be
separated into a sum of atomic contributions from every atom
within the molecule. The source function has so far been
encoded only for use with theoretical wavefunctions.'”! To
probe the potential use of this function in analysis of hydrogen
bonding, the source function values at the beps of HB1, HB2,
and HB3 are calculated by using the wavefunction from the
theoretical calculation. For comparison, we also calculated
the source function for two smaller molecules, which are
examples of an LBHB: benzoylacetonel® (see Figure 5) and a
single-well HB, nitromalonamide,'®! respectively (see Fig-
ure 6). The theoretical calculations on these two molecules
have been published in papers that describe accurate low-
temperature diffraction experiments.[% 1° The combination of
the different studies cover the complete range of strong HBs
(localized HB, LBHB, and single-well HB).
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Figure 5. ORTEP drawing of benzoylacetone, shown with 50% proba-
bility ellipsoids.

Figure 6. ORTEP drawing of nitromalonamide, shown with 50 % proba-
bility ellipsoids.

There are different ways to
determine the reliability of the
source function. The integrated
charge must sum to the total
number of electrons in the
complex. Furthermore, the
sum of § over all atoms at the
beps must equal the values that
are obtained from a topological
analysis of the density. These
criteria were fulfilled to within
1% for all three HBs, and the
results are listed in Tables S1—
S3 in the Supporting Informa-
tion and are visualized in Fig-
ures 7, 8, and 9. The part of the
density at the bond critical
point, Py, contributed by the
hydrogen that is involved in the
HB, is very different for the
different HBs. For HB3, the
weakest of the three HBs in 1,
the contribution is negative
(—0.0071 e A-3) and amounts
to (—)2% of the total density
at the bep. The hydrogen con-
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tribution is positive for the other HBs and increases rapidly as
the hydrogen becomes more delocalized. This correlates with
results from a theoretical study of a water dimer, in which the
source contribution from the hydrogen is negative at the
equilibrium geometry but increases and becomes positive at
an O -+- O separation of less than 2.4 A A large increase in
the source contribution from the hydrogen (S(H)) to the
density at the bep is observed in benzoylacetone and nitro-
malonamide, as shown in Figures 10 and 11, respectively.
Here, the hydrogens account for more than 30% of the total
electron density at the beps. Of course, the contribution from
hydrogen is dependent on dy;_,, Which decreases as dy;..q is
shortened. Nevertheless, for HB1 in 1, dy y, is 0.532 A in
comparison to 0.531 A in HB2. This insignificant difference
does not explain the observed increase (from 0.0038 e A~ to
0.0181 ¢ A-?) in S(H). Therefore it must be electron distribu-
tion in the hydrogen atoms that has changed, and this
confirms that HB2 differs from HB1. This result is obtained
irrespective of the fact that the theoretical density does not
contain all the experimentally observed polarization in HB2
(see above). Similarly, S(H) in the single-well HB in nitro-
malonamide is 0.1924 ¢ A-3 (doep = 0.360 A) in comparison
to 0.2655e¢A3 in the LBHB of benzoylacetone (dyye, =
0.350 A). The decrease in dyy 1, of 3 % from nitromalonamide
to benzoylacetone does not explain the increase of 38 % in
source contribution from the hydrogen. It appears that there
are differences between the systems that induce large changes
in the hydrogen source contribution.

The three donor-hydrogen—acceptor atoms contribute
more than 85% of the total density at the bcp in the low-
barrier and single-well HBs in comparison to between 55 and

H4A

H3A

HSB

06B

Figure 7. Source contributions to HB1 in 1. For every atom, the size of the circle is proportional to the source
contribution from that atom. Positive contributions are indicated with full circles, negative contributions with
dashed circles. Contributions of less than 7 x 10-* ¢ A=* are not shown.
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068
Figure 8. Source contributions to HB2 in 1. Features as in Figure 7.

03A

Figure 9. Source contributions to HB3 in 1. Features as in Figure 7.

62 % in the localized HBs in complex 1. However, the sum of
the source contributions from the donor and the acceptor
atoms seems almost unaffected by the HB type. This sum is in
a narrow range from 56 % to 61 %, and the values of the three
localized N—H --- O HBs from this study cluster around 57 %.

H2B

H4B

HSB

This seems to be valid even in
the extreme case of covalent
HBs. Thus, the main change
when approaching the LBHB
state is in the hydrogen atom
source contribution, as the
contributions from the sur-
roundings are relatively un-
changed. It is not evident from
the present data alone what
causes LBHB formation. If,
for example, release of steric
strain in benzoylacetone con-
tributes to LBHB forma-
tion,[% then the source contri-
butions to the bonds must be
evaluated at other points of
the potential energy surface
than merely the equilibrium
geometry.

A signature of an LBHB is a
very large '"H NMR chemical
shift.2fl If the three types of
strong HBs (localized HBs in
1, LBHB in benzoylacetone,
single-well HB in nitromalon-
amide) are compared, the
'H NMR chemical shift is
observed to increase from a
broad peak value of 6 =14.8 in
1 to 6=16.3 for the LBHB
system of benzoylacetone and
then to decrease to 6 =14.4 in
nitromalonamide as the sys-
tem becomes compressed.?% 31
This trend was also observed
by Madsen et all'® for the
hydrogen atomic displacement
parameters (ADPs) along the
O --- O direction. Thus, hydro-
gen ADPs increase dramati-
cally as the system becomes an
LBHB, but decrease with fur-
ther compression of the poten-
tial well. The source function
behaves similarly as the
'H NMR chemical shifts and
hydrogen ADPs with a max-
imum value at LBHB. This
suggests that the source func-
tion may quantify the reason
that '"H NMR chemical shifts
are sensitive to the character
of a hydrogen bond.

The heteroatom separation (dy..o) in 1 is shorter than the
value observed in a non-transition-state structure of a serine
proteasel!l and is of similar length or slightly longer than
stable inhibitor complexes that mimic the transition state.?!
However, we note that only dj;. o is a truly relevant parameter,
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HX1

H7

Figure 10. Source contributions to HB(O1) in benzoylacetone. Features as
in Figure 7.

021 022

Figure 11. Source contributions to HB(O3) in nitromalonamide. Features
as in Figure 7.

and this distance is not available from protein crystallographic
studies. In the TS, dy.o is supposedly further shortened
relative to the values found in 1, and this must lead to an
increase in the strength of the HB, which in serine proteases
would be analogous to HB2 in the model system. Since HB2 is
already strong, we may expect that the hydrogen bond energy
in the TS is substantial. Furthermore, if it is the TS
stabilization energy obtained from the HB (i.e., not the
nature of the HB) that is important for enzyme catalysis, the
present study suggests that discussions on this subject may
overemphasize the importance of HB character and whether
ot not an actual LBHB is involved. The present study shows
that localized HBs can be strong. Hence, an LBHB may be a
sufficient but not a necessary condition for enzyme catalysis
from an energetic point of view.’ However, there are
extensive spectroscopic datal®! that indicate the existence of
an LBHB between His57 and Asp102 in the TS of the
catalytic triad. Systematic studies that employ tools like the
source function may enable us to further probe the nature of
very short hydrogen bonds and to understand how chemical
environments could induce LBHB formation.

Conclusion

We show that the nature and strength of an HB are not
unambiguously determined by the geometrical parameters
which define the system. Topological analysis of the exper-
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imentally determined EDD reveals that a localized HB, which
is dominated by electrostatic interactions, can have consid-
erable strength. One such bond in complex 1, HB2, appears to
be intermediate between a localized and a delocalized HB
with a polarized charge distribution towards the acceptor
atom. The experimental bond energies of the HBs in 1 exceed
the generally accepted threshold for an LBHB although all
three hydrogen atoms are localized in nitrogen wells. This
suggests that LBHB is a sufficient but not a necessary
condition for TS stabilization in the catalytic triad. The source
function was introduced to analyse strong HBs. This concept
elucidates the role of the hydrogen atom EDD in the bonding.
It appears that the main change on the formation of an LBHB
is a dramatic increase in the hydrogen atom source contribu-
tion to the HB, whereas the changes in the contributions from
the surroundings are subtle. More systematic studies of similar
systems are required to quantify these changes. Ultimately,
such studies may give us a chemical understanding of the
shape of the potential energy surface in an HB.

Experimental Section

Neutron data: The main purpose of the neutron diffraction study was to
establish an unbiased structural model for the hydrogen atoms, which are
the crucial entities of the study. Secondly, neutron refinements can probe
the hydrogen thermal displacements for possible anharmonic components,
which indicate the shape of the potential energy surface. The neutron
measurements were carried out at the SCD beam line at the Intense Pulsed
Neutron Source, Argonne National Laboratory. A yellow crystal of
dimensions 2.0 x 2.2 x 3.0 mm was wrapped tightly in aluminum foil and
fastened on an aluminum pin with tiny amounts of glue on the foil. The
aluminum pin holding the sample was fitted on the cold station of a type
CS-202 Displex refrigerator, which was mounted on a type 512 Huber four-
circle diffractometer. This device employed the white beam of a spallation
source, and the diffractometer was also equipped with a position-sensitive
area detector. The speed of the SCD instrument was vital in the present
study in order to obtain high-resolution data within strict beam time
limitations on a large unit cell structure of 75 unique atoms. The instrument
had o fixed at 45°, and different volumes of reciprocal space were recorded
by setting ¢ and y at a number of values. A total of 32 three-dimensional
data histograms (x and y spatial coordinates on the detector and the time of
flight, r) were recorded during two weeks of data collection. Reflections
were restricted to those in which the wavelength of the neutrons was
between 0.7 and 4.2 A. The temperature was fixed at 28(1) K in order to
match the temperature used in the synchrotron X-ray experiment. Further
experimental details for the neutron study are listed in Table 5. Crystallo-
graphic 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-112286. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).

Local Argonne programs were used in all steps of the data acquisition, data
reduction and structure refinement.’™! The first set of programs searched
for intensity maxima in the histograms, indexed the peaks, and refined an
orientation matrix. The peak intensities were integrated by using a two-
dimensional Lehmann-Larsen type box integration.*l The algorithm
located the integration rectangle which yielded the minimum o(Z)/I value in
the spatial direction, and up to five time-slices were then added to obtain a
minimum o(/)/I for the total peak. The intensities were corrected for the
Lorentz factor and normalized according to the known spectral distribution
of the incident beam and detector efficiency. The data were also corrected
for absorption by using a spherical crystal approximation. Neutron
scattering lengths and absorption cross sections were taken from Sears.[¥’]
For hydrogen, cross sections measured by Howard et al were used.l*]
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Table 5. Experimental details for the crystallographic measurements on the co-
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flections ensured a reliable evaluation of beam instability and crystal decay.

crystal of CsSNO,H;;, C;N,Hs, and C¢N;O;H, (C,;N;0¢H,s in the asymmetric unit, A complete hemisphere of data with sin6/A < 0.51 A-!was measured in five
M,=711.51 gmol™).

Tube Synchrotron Neutron
T [K] 10(1) 28(1) 28(1)
2 [A] 0.5608 0.643(1) 0.7-42
(Agka) (Si(100)) (white beam)
a[A] 33.57(1) 33.54(2) 33.536(5)
b [A] 7.640(2) 7.64(2) 7.636(1)
c[A] 25.031(8) 24.98(4) 25.066(4)
B 114.84(2) 114.76(5) 114.90(1)
V [A3] 5826(6) 5813(30) 5822(2)
space Group C2/c C2/c C2/c
z 8 8 8
Verystal [mm?] 0.058 0.001 132
uy. [em™] 0.06 0.08 1.22 (u,)
(no correction) (no correction) 1.15 (u,)
reflections measured 16382 98132 29014
unique reflections 3187 15657
Rin 0.016 0.030
(SINO/A) s [A1] 0.51 1.08 1.30 (partial data)

0.81 (complete data)

observed reflections 11182 8867 [I>30(I)]
parameters 1128 708

R(F) 0.035 0.082

R(F?) 0.046 0.063

S 1.13 1.79

“Equivalent” reflections could not be averaged as they were recorded at
different wavelengths which, for example, leads to differences in extinction

Synchrotron X-ray data: The synchrotron data were collected at beam line
X3Al1 at the National Synchrotron Light Source at Brookhaven National
Laboratory (USA). A nearly spherical crystal with a diameter of 0.12 mm
was mounted with epoxy glue to thermally conducting carbon fibers and
connected to a brass pin via a copper wire. This arrangement was placed
directly on the cold finger of a type 201 Displex refrigerator fitted inside
the Be-vacuum cup. An antiscatter device was used to reduce parasitic
scattering.” The diffracted radiation was detected with image plates (IP)
which have an active area of 250 x 400 mm?. The IPs were scanned offline
with a FUJI BAS2000 scanner with a pixel size of 0.1 x 0.1 mm? and a
dynamic range of 10* Further details of the experimental conditions are
given in Table 5. Good coverage of the reciprocal space was achieved by
using five different combinations of crystal —detector distance (cm) and 26
angles (°) for the IP’s [(d,20) = (15.0, 0), (20.0, 0), (30.0, 0), (20.0, 40), (30.0,
50)]. For each setting an orientation matrix was extracted by using
DENZO." Integrated intensities were subsequently obtained with the
HIPPO program,*!l which uses the seed skewness method to define the
individual peak size. Only fully observed reflections were accepted for
subsequent refinement. Since the diffracted X-rays travel different
distances through the detector a 26-dependent intensity correction was
carried out.?l A total of 98132 intensities from 298 IP’s were scaled and
averaged using SORTAV.[*¥I The refined scale factors for each separate
plate were found to accurately display the beam decay. The averaging
procedure removed approximately 22000 outlier reflections, and the
remaining reflections were reduced to 15657 unique reflections with an
average redundancy of 4.9 and an internal agreement of 3.0%. Owing to
the requirement of the antiscatter device, the data set suffered from a few
missing reflections in the low-order region. It was therefore decided to
supplement the synchrotron data with low-order data from a conventional
X-ray experiment.

Conventional X-ray data: A spherical crystal with a diameter of 0.48 mm
was mounted on the tip of a glass fiber and attached to a brass pin. This was
fitted directly on the cold finger of a type 202 Displex closed-cycle
refrigerator, which was mounted on a HUBER type 512 four-circle
diffractometer at the University of Aarhus. The vacuum around the crystal
was closed by three thin-walled Be-cups. The crystal was cooled to 10(1) K
and data were collected with Ag, radiation (A=0.5608 A). The orienta-
tion matrix was determined from 29 reflections. Repeated measurement of
three intense low order reflections (hkl/=002, 602, —402) every 50 re-
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weeks. Integrated intensities were extracted with program COLLSN, which
uses the o(I)/I criteria to separate the peak from the background.* The
program DATAP was used for normalization of the intensities based on the
standard reflections.*l Both absorption and extinction was found to be
negligible. The 16382 measured reflections were averaged by the program
SORTAV™! and reduced to 3178 unique reflections with an average
redundancy of 4.7 and an internal agreement of 1.6 %.

DFT calculations: The DFT -calculations were performed with the
Gaussian 94 and Gaussian 98 suite of programs.*l Single-point calculations
in the neutron geometry were carried out at the B3LYP/6-311G(d,p) level
of theory. This basis set has been found to be a good compromise between
accuracy of calculation and cost of computation.¥) Many of the calcu-
lations mentioned in the introduction were carried out at a similar or lower
level of theory.”®l Analysis of the electron density was performed within
the framework of the quantum theory of atoms in molecules (QTAM)?* by
using the AIMPAC programs,*’ which were locally modified to handle the
large size of the system. The neutron geometry used in the calculations is
only slightly different from the geometry obtained with the partial X—N
refinement procedure due to small differences in the systematic errors
between the X-ray and neutron data sets. The mean deviation in the bond
lengths between the neutron and the X—N structures is 0.0029(2) A for
82 bonds (including all HB’s). This corresponds to about 2 esds on the
individual bond lengths and it is much smaller than the accuracy that can be
obtained in a theoretical geometry optimization. The difference in
geometry therefore has negligible influence on the comparison of the two
densities.

Neutron refinements: The refinement began with a room temperature
X-ray structure.*’] The refined structure gave an unsatisfactory corre-
spondence between the atomic displacement parameters (ADPs) deter-
mined from the X-ray data and the neutron ADPs. The origin of the
discrepancy was found to be poor integration of some of the very high order
neutron data; this was caused by peak overlap along the two short
reciprocal axes. In subsequent refinements data with H >34 and L >25
were removed. The final refinement also employed a robustness criterion,
which multiplies the minimum of (F,/F,, F./F,) on the least-squares weights
and thereby downweights outliers in the refinement. In our previous
accurate neutron diffraction studies!® refinement of anharmonic thermal
parameters was used to obtain information about the shape of the hydrogen
potential energy surfaces.l 'l In the present case, none of the hydrogens
had significant (20 level) third-order Gram — Charlier parameters. None of
the hydrogens involved in HBs moved more anisotropically than the other
hydrogens in the structure; this indicates that even the hydrogens involved
in the short N—H --- O contacts are firmly localized in their “nitrogen well”.

X-ray refinement: In the X-ray refinements, the two data sets were co-
refined. This was possible because atomic motion at 10 K and 28 K is close
to zero-point vibration values and because the thermal smearing has very
limited effect on the low-order data. Furthermore, extinction, which is
wavelength dependent, was found to be negligible for both crystals. Careful
comparisons of the two X-ray data sets revealed that singly or doubly
measured reflections measured with the IP technique sometimes contain
very poorly fitted data, which could not be spotted by an averaging
procedure.”l Therefore only structure factors that were based on three or
more observations were used. Even among the multiple measured data,
there are a few severe outliers. These reflections were identified through a
model-dependent rejection scheme. Thus structure factors with |F, — F, |/
o(F,)>10, F/F.> 5 or F,/F. < 0.2 were removed. In the rejection scheme F,
was based on an independent atom model refinement. This procedure
resulted in a final data set of 8099 synchrotron and 3083 tube reflections.
There are 2558 common data and 525 reflections unique to the tube data.

The electron density distribution (EDD) was modeled with the Hansen —
Coppens formalism“! with the XD program package.*”) The refined
neutron structural model was adopted as the initial structure and the more
accurate neutron unit-cell dimensions were used. The hydrogen positions
and ADPs were fixed at neutron values. The multipoles were truncated at
the octupolar level for all non-hydrogen atoms. Hydrogens, which are
involved in hydrogen bonding, were modeled by using all dipoles and
quadrupoles, while the remaining hydrogens were refined with one bond-
directed dipole and one quadrupole (d..). For each atom type the radial
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functions were adjusted by refinement of one x’ for the spherical valence
shells and one «;” for the multipoles (six kappa sets).

Inspection of the refined multipole parameters revealed that the data
reflect the expected local non-crystallographic mirror symmetry on the
four-ring systems. Thus only two parameters that violate the mirror
symmetry were significant at a 20 level. This supports the idea of
introduction chemical constraints in cases of limited data set or in non-
centrosymmetric structures.®” However, the extent and accuracy of the
present data allowed unconstrained refinement of all parameters. An
indication of the data quality was obtained from the comparison of ADPs
obtained independently from X-ray and neutron refinements.’!! The ADPs
can absorb uncorrected systematic errors and a good agreement between
the ADPs from a neutron experiment and a multipolar modeling of X-ray
data therefore implies that systematic errors have been minimized. The
non-hydrogen ADPs from the X-ray experiment were on average only 1%
larger than the corresponding ADPs from neutron data ((U(X)/U(N)) =
1.011(16)) . The average difference of the principal components of Uj; is
0.00091(80) A2, and the root mean-square value of AUj/o is 1.42. These are
excellent values for such a large molecular structure. This good agreement
gave confidence that the deconvolution of the thermal motion yields the
static EDD that was used in further analysis. Furthermore it demonstrated
that the neutron values for hydrogen positions and ADPs can be
incorporated into X-ray refinement. It should be mentioned that the data
strongly suggested that quadrupolar electron density functions on the
hydrogen sites should be used. This has been observed previously,*? but we
note that many studies in the literature only employ dipolar functions in
modeling of hydrogens.['"”l The quadrupolar functions were responsible for
modeling the significant polarization of the charge density that was
observed in the strong hydrogen bonds. The adequacy of the refined model
was demonstrated in the low residual densities (see Figures S1-S5 in the
Supporting Information). The highest residual is below 0.15 e A=3.

The synchrotron and the tube X-ray data may be compared to validate the
quality of the former technique. Table 6 lists residuals for the two sets of
common reflections as refined by both an independent atom model (IAM)
and by the full multipole model derived from the combined data set. In
these refinements, only the scale factor was varied. The two common data
subsets matched almost equally well the two models; which means that we
have not biased the model towards either of the two datasets.

Table 6. Refinement residuals for common reflections of the independent
atom model (IAM) and the multipole model (MM). The first line gives
results for the tube data, the second line for the synchrotron data.

R1 R2 wR1 wR2 S
1AM 0.044 0.066 0.049 0.097 2.4
0.039 0.060 0.049 0.094 2.7
MM 0.019 0.028 0.021 0.042 1.0
0.017 0.033 0.019 0.037 1.1
Acknowledgement

Work at Argonne is supported by the US Department of Energy, BES-
Materials Science, under contract No. W-31-109-ENG-38. The SUNY X3
beam line at NSLS is supported by the Division of Basic Energy Sciences of
the US Department of Energy (DE-FG02-86ER45231). The synchrotron
work is supported by the DANSYNC grant from the Danish Research
Councils. B.B.I. and B.S. acknowledge financial support from the Danish
Research Councils. The work was supported in part by the National Science
Foundation (grant CDA96-01954 by Silicon Graphics, Inc) and by the
NCSA at the University of Illinois, Urbana-Champaign (grant
MCB970001N). Dr. Carlo Gatti is thanked for fruitful discussions and for
assistance in evaluating the source function.

[1] D.M. Blow, J. J. Birktoft, B. S. Hartley, Nature 1969, 221, 337 -340.
[2] a)J. A. Gerlt, P. G. Gassman, Biochemistry 1993, 32, 11943 -11952;
b) P. A. Frey, S. A. Whitt, J. B. Tobin, Science 1994, 264, 1927-1930;
¢) J. B. Tobin, S. A. Whitt, C. S. Cassidy, P. A. Frey, Biochemistry 1995,

3766 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

34,6919-6924;d) W. W. Cleland, P. A. Frey, J. A. Gerlt, J. Biol. Chem.
1998, 273, 25529-25532; e) J. A. Gerlt, M. M. Kreevoy, W. W. Cle-
land, P. A. Frey, Chem. Biol. 1997, 4,259-267; f) C. S. Cassidy, J. Lin,
P. A. Frey, Biochemistry 1997, 36, 4576 -4584; g) A. Kahyaoglu, K.
Haghjoo, F. Guo, F. Jordan, C. Kettner, F. Felfoldi, L. Polgar, J. Biol.
Chem. 1997, 272, 25547-25554; h) C.S. Kraik, S. Roczniak, C.
Largman, W. J. Rutter, Science 1987, 237, 909-913; i) W. R. Cannon,
S.R. Benkovic, J. Biol. Chem. 1998, 273, 26527-26260; j)J.P.
Guthrie, R. Kluger, J. Am. Chem. Soc. 1993, 115, 11569-11572;
k) J. P. Guthrie, Chem. Biol. 1996, 3, 163-170; 1) C. S. Cassidy, J. Lin,
P. A. Frey, Biochem. Biophys. Res. Commun. 2000, 273, 789 -792.

[3] E Hibbert, J. Emsley, Adv. Phys. Org. Chem. 1990, 26, 255 -379.

[4] a) A. Warshel, J. Biol. Chem. 1998, 273,27035-27038; b) A. Warshel,
A. Papazyan, P. A. Kollman, W. W. Cleland, M. M. Kreevoy, P. A.
Frey, Science 1995, 269, 102-106; c¢) A. Warshel, A. Papazyan, Proc.
Natl. Acad. Sci. USA 1996, 93, 13665 -13670.

[5] C.L. Perrin, Science 1994, 266, 1665 —1668.

[6] a) G.K.H. Madsen, B.B. Iversen, F. K. Larsen, M. Kapon. G. M.

Reisner, F. H. Herbstein, J. Am. Chem. Soc. 1998, 120, 10040-10045;

b) B. Schigtt, B.B. Iversen, G.K.H. Madsen, F. K. Larsen, T.C.

Bruice, Proc. Natl. Acad. Sci. USA 1998, 95, 12799-12802; c) B.

Schigtt, B. B. Iversen, G. K. H. Madsen, T. C. Bruice, J. Am. Chem.

Soc. 1998, 120, 12117-12124; d) F. H. Herbstein, B. B. Iversen, M.

Kapon, F. K. Larsen, G. K. H. Madsen, G. M. Reisner, Acta Crystal-

logr. Sect. B 1999, 55, 767-787.

a) Y. Pan, M. A. McAllister, J. Am. Chem. Soc. 1997, 119, 7561 -7566;

b) Y. Pan, M. A. McAllister, J. Am. Chem. Soc. 1998, 120, 166—169;

¢) Y. Pan, M. A. McAllister, J. Org. Chem. 1997, 62, 8171-8176;

d) C.J. Smallwood, M. A. McAllister, J. Am. Chem. Soc. 1997, 119,

11277-11281; ¢) G. A. Kumar, M. A. McAllister, J. Am. Chem. Soc.

1998, 120, 3159 -3165.

[8] a) M. Garcia-Viloca, A. Gonzalez-Lafont, J. M. Lluch, J. Am. Chem.
Soc. 1997, 119, 1081 —1086; b) M. Garcia-Viloca, A. Gonzalez-Lafont,
J.M. Lluch, J. Phys. Chem. 1997, 101, 3880—-3886; c) J. Chen, M. A.
McAllister, J. K. Lee, K. N. Houk, J. Org. Chem. 1998, 63, 4611 -4619.

[9] S. Shan, S. Loh, D. Herschlag, Science 1996, 272, 97-101.

[10] G. A. Jeffrey, An Introduction to Hydrogen Bonding, Oxford Uni-
versity Press, New York, 1997.

[11] a) E. Espinosa, C. Lecomte, E. Molins, Chem. Phys. Lett. 1999, 300,
745-748; b) E. Espinosa, C. Lecomte, E. Molins, Chem. Phys. Lett.
1998, 285, 170-173; c¢) E. Espinosa, M. Souhassou, H. Lachekar, C.
Lecomte, Acta Crystallogr. Sect. B 1999, 55, 563 -572.

[12] J.J. Danneberg, R. Rios, J. Phys. Chem. 1994, 98, 6714 -6718.

[13] V. Barone, C. Adamo, J. Chem. Phys. 1996, 105, 11007 -11019.

[14] T. Steiner, J. Phys. Chem. A 1998, 102, 7041 —7052.

[15] P. Roversi, M. Barzaghi, F. Merati, R. Destro, Can. J. Chem. 1996, 74,
1145-1161.

[16] a)J. Overgaard, B. Schigtt, F. K. Larsen, A. J. Schultz, J. C. MacDon-
ald, B. B. Iversen, Angew. Chem. 1999, 111,1321-1324; Angew. Chem.
Int. Ed. 1999, 38, 1239-1242; b) G. K. H. Madsen, C. Wilson, T. M.
Nymand, G. J. McIntyre, F. K. Larsen, J. Phys. Chem. 1999, 103, 8684 —
8690. c) P. Macchi, B. B. Iversen, A. Sironi, B. C. Chakoumakos, F. K.
Larsen, Angew. Chem. 2000, 112, 2831-2834; Angew. Chem. Int. Ed.
2000, 39, 2719-2722.

[17] a) D. Madsen, C. Flensburg, S. Larsen, J. Phys. Chem. A 1998, 102,
2177-2188; b) C. Flensburg, S. Larsen, R. F. Stewart, J. Phys. Chem.
1995, 99, 10130-10141.

[18] For N—H:--O interactions, Gilli and co-workers have recently
presented comprehensive structural correlations for resonance-assist-
ed hydrogen bonds: P. Gilli, V. Bertolasi, V. Ferretti, G. Gilli, J. Am.
Chem. Soc. 2000, 122, 10405-10417.

[19] C. Gatti, R. E. W. Bader, Chem. Phys. Lett. 1998, 287, 233 -238.

[20] T. Steiner, W. Saenger, Acta Crystallogr. Sect. B 1994, 50, 348 -357.

[21] M. Wiirtele, M. Hahn, K. Hilpert, W. Hohne, Acta Crystallogr. Sect. D
2000, 56, 520-523.

[22] P. Kuhn, M. Knapp, S. M. Soltis, G. Ganshaw, M. Thoene, R. Bott,
Biochemistry 1998, 37, 13446 —13452.

[23] D. Neidhart, Y. Wei, C. Cassidy, J. Lin, W. W. Cleland, P. A. Frey,
Biochemistry 2001, 40, 2439 —2447.

[24] R.E W. Bader, Atoms in Molecules: A Quantum Theory, Oxford
University Press, Oxford, 1990.

[25] Y. Abramov, Acta Crystallogr. Sect. A 1997, 53, 264 —272.

[7

—

0947-6539/01/0717-3766 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 17





Hydrogen Bonds

3756-3767

[26] F. W. Biegler-Konig, R. F. W. Bader, T. -H. Tang, J. Comput. Chem. [37]
1982, 3, 317-328. [38]

[27] a) M. Souhassou, C. Lecomte, R.H. Blessing, A. Aubry, M. M.
Rohmer, R. Wiest, M. Benard, M. Marraud, Acta Crystallogr. Sect. B [39]
1991, 47, 253-266; b) M. Souhassou, C. Lecomte, N. E. Ghermani,
M. M. Rohmer, R. Wiest, M. Benard, R. H. Blessing, J. Am. Chem. [40]
Soc. 1992, 114, 2371-2382; c) V. Pishon-Pesme, C. Lecomte, H.
Lachekar, J. Phys. Chem. 1995, 99, 6242 - 6250.

[28] a) G.S. Chandler, B. N. Figgis, P. A. Reynolds, S. K. Wolff, Chem. [41]
Phys. Lett. 1994, 225, 421 -426.b) B. B. Iversen, F. K. Larsen, B. Figgis,
P. A. Reynolds, Trans. Am. Crystallogr. Assoc. 1995, 31, 1-10. [42]
[29] C. Gatti, personal communication. [43]
[30] For more comprehensive NMR tables and structural correlations [44]
consult for example:a) P. Gilli, V. Bertolasi, V. Ferretti, G. Gilli, J. Am.

Chem. Soc. 2000, 122, 10405-10417. b) W. D. Arnold, E. Oldfield, J. [45]
Am. Chem. Soc. 2000, 122, 12835-12841.
[31] NMR measurements thanks to Dr. J. Skibsted, Instrument Center for
Solid-State NMR Spectroscopy, Department of Chemistry, University
of Aarhus, Denmark.
[32] In transition metal bonding it is well known that coordination bonds
may have very different covalent contributions, but this is not an
indication of the bond strength. See for example: a) G. Frenking, U.
Pidum, J. Chem. Soc. Dalton. Trans. 1997, 1653-1662. b) P. E. M.
Siegbahn, J. Phys. Chem. 1993, 97, 9096-9102. c) P. Macchi, A.J. [46]
Schultz, F. K. Larsen, B. B. Iversen, J. Phys. Chem. 2001, in press. [47]
[33] Several complexes between formed chymotrypsin and TS-inducing
substrates have been studied by using 'H NMR spectroscopy. The [48]
following chemical shifts have been assigned to the His—Asp HB, [49]
analogous to HB2: oy (ppm): 16.51 1729118791 18.6,120]
18.912%)1 and similar values.””) The '"H NMR spectrum of 1 shows a
broad maximum at d = 14.8, which consists of the signals for all three
short N—H---O HB’s. Thus the environment around H3A in 1 is [50]
different from the corresponding hydrogen in the catalytic triad in its

activated state. a) T. -C. Liang, R. H. Abeles, Biochemistry 1987, 26, [51]
7603 -7608; b) G. Robillard, R. G. Shulman, J. Mol. Biol. 1972, 72,
507-511. [52]

[34] A.J. Schultz, K. Srinivasan, R.G. Teller, J. M. Williams, C. M.
Lukehart, J. Am. Chem. Soc. 1984, 106, 999 —1003.

[35] a) A.J. Schultz, P.C. W. Leung, J. Phys Collog. 1986, 5, 137-142;
b) A. J. Schultz, Trans. Am. Crystallogr. Assoc. 1987, 23, 61 -69.

[36] M. Lehmann, F. K. Larsen, Acta Crystallogr. Sect. A 1974, 30, 580—
584.

V. F. Sears, Neutron News 1992, 3, 26-37.

J. A. K. Howard, O. Johnson, A.J. Schultz, A. M. Stringer, J. Appl.
Crystallogr. 1987, 20, 120-122.

A. Darovsky, R. Bolotovsky, P. Coppens, J. Appl. Crystallogr. 1994, 27,
1039 -1040.

Z. Otwinowski, Oscillation Data Reduction Program, in Data Collec-
tion and Processing, Proceedings of the CCP4 Study Weekend, Jan
29-30, 1993.

R. Bolotovsky, M. White, A. Darovsky, P. Coppens, J Appl
Crystallogr. 1995, 28, 86-95.

J. Zalelski, G. Wu, P. Coppens, J. Appl. Crystallogr. 1998, 31, 302 -304.
R. H. Blessing, J. Appl. Crystallogr. 1989, 22, 396 —397.

P. Coppens, Program DATAP, Chemistry Department, state Univer-
sity of New York at Buffalo, Buffalo, New York 14260-3000, (USA).
M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson,
M. A. Robb, J.R. Cheeseman, T. A Keith, G. A. Peterson, J. A.
Montgomery, K. Raghavachari, M. A. Al-Laham, V. G. Zakrzewski,
J. V. Ortiz, J. B. Foresman, J. Cioslowski, B. B. Stefanov, A. Nanayak-
kara, M. Challacombe, C. Y. Peng, P. Y. Ayala, W. Chen, M. W. Wong,
J. L. Andres, E. S. Repogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S.
Binkley, D. J. Defrees, J. Baker, J. J. P. Stewart, M. Head-Gordon, C.
Gonzalez, J. A. Pople, Gaussian 94, Revision B.2 Gaussian, Pittsburg,
PA, 1995.

J. C. MacDonald, unpublished results.

B. B. Iversen, F. K. Larsen, A. A. Pinkerton, A. Martin, A. Darovsky,
P. A. Reynolds, Acta Crystallogr. Sect. B 1999, 55, 363 -374.

N. K. Hansen, P. Coppens, Acta Crystallogr. Sect. A 1978, 34,909 —921.
T. Koritszansky, S. T. Howard, P. R. Mallinson, Z. Su, T. Richter, N. K.
Hansen, XD, a Computer Program Package for Multipole Refinement
and Analysis of Charge Densities from X-ray Diffraction Data, Freie
Universitiat Berlin, 1999.

A. El Haouzi, N. K. Hansen, C. Le Hénaff, J. Protas, Acta Crystallogr.
Sect. A 1996, 52, 291 -301.

B. B. Iversen, F. K. Larsen, B. N. Figgis, P. A. Reynolds, A. J. Schultz,
Acta Crystallogr. Sect. A 1996, 52, 923 -931.

a) B.N. Figgis, B.B. Iversen, F. K. Larsen, P. A. Reynolds, Acta
Crystallogr. Sect B 1993, 49, 794—806; b) B. B. Iversen, F. K. Larsen,
B. N. Figgis, P. A. Reynolds, J. Chem. Soc. Dalton Trans. 1997, 2227 —
2240.

Received: January 5, 2001 [F2987]

Chem. Eur. J. 2001, 7, No. 17 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

0947-6539/01/0717-3767 $ 17.50+.50/0 — 3767






FULL PAPER

AAA in KAT/DYKAT Processes: First- and Second-Generation Asymmetric
Syntheses of (4)- and (—)-Cyclophellitol

Barry M. Trost,* Daniel E. Patterson, and Erik J. Hembre!?!

Abstract: Kinetic resolutions and kinet-
ic asymmetric transformations (KAT) as
well as dynamic kinetic resolutions and
dynamic kinetic asymmetric transforma-
tions (DYKAT) are important synthetic

formed resulting in excellent
enantioselectivity. The impact of nucle-
ophile and leaving group on the effec-
tiveness of each is outlined. The ability
to differentiate the various hydroxyl

groups is also described. For this pur-
pose, 4-tert-butyldimethylsiloxy-2,2-di-
methylbutyric acid was developed as a
nucleophile. The utility of effecting
KAT/DYKAT processes through the

protocols. The feasibility of KAT and
DYKAT processes for asymmetric allyl-
ic alkylations (AAA) is explored utiliz-
ing a single substrate —conduritol B tet-

palladium -
raesters. Both processes can be per-

Introduction

Glycosidase inhibitors not only aid in the understanding of
glycoprotein processing but also may find applications in
immunology, diabetes, virology, and cancer. Cyclophelli-
tol (1), first isolated in 1990 from the mushroom Phellinus
sp.,[!l has shown activity as an inactivator of 3-glucosidase and
an inhibitor of HIV.?! Because of its potent biological activity,
cyclophellitol has been the focus of extensive synthetic effort.
However, to date most syntheses start with enantiomerically
pure natural products, most notably carbohydrates.’! Such
strategies frequently engender long synthetic sequences due
to the need to manipulate functionality largely by the use of
protecting groups. In addition, these strategies only provide
access to one enantiomer of the natural product. In contrast,
de novo asymmetric syntheses can provide the flexibility to
access either enantiomer, and often lead to more efficient
strategies. Only one asymmetric synthesis of cyclophellitol
from achiral starting materials employing a chiral auxiliary
has been reported.[! Herein, we report a first-F! and a second-
generation asymmetric synthesis of cyclophellitol based on
the palladium-catalyzed asymmetric allylic alkylation (AAA)
of racemic conduritol tetraesters.’!

[a] Prof. B. M. Trost, Dr. D. E. Patterson, Dr. E. J. Hembre
Department of Chemistry
Stanford University
Stanford, CA 94305-5080 (USA)
E-mail: bmtrost@stanford.edu

Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.
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Pd-catalyzed AAA reaction is demon-
strated by efficient syntheses of both
enantiomers of the potent glycosidase
inhibitor cyclophellitol.

Conduritols, the various stereoisomers of 3,4,5,6-tetrahy-
droxylated cyclohexene, represent multifunctional starting
materials of growing importance.l”? The symmetry of condur-
itolB (2a and 3a) makes it a particularly interesting
asymmetric building block.®l As a chiral racemic substance,
a kinetic resolution is feasible (see Scheme 1). Since a benefit

KINETIC KINETIC DYNAMIC KINETIC ASYMMETRIC
RESOLUTION ©" ASYMMETRIC TRANSFORMATION (DYKAT)
TRANSFORMATION
OR
= OR @/
NU® “OR RO OR \
OR OR
4 Nu~ 2 _~_OR
L* a) R=H . .
+ - b) R=COR Nu “OR
Pd° OR
.
4
RO” > YOR RO” > YOR
6R OR
2 3 (ent-2)
a) R=H
b) R = COR'

Scheme 1. Methods for de-racemization of conduritols B.

of the AAA process” is incorporation of the enantiomeric
discriminating step as one of the other bond forming events,
thereby reducing the overall number of required steps, the
process would be more properly referred to as a kinetic
asymmetric transformation (KAT). Thus, the desired product
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is not the resolved starting material (e.g. 2) but the enantio-
merically enriched product (e.g. 4) of the chemical trans-
formation. However, since ionization to a m-allylpalladium
intermediate generates a complex bearing a plane of symme-
try, it is possible to also envision both enantiomers of the
substrate reacting to form an enantiomerically pure product
(e.g. 4), a process termed a dynamic kinetic asymmetric
transformation (DYKAT). In realizing this scheme, the less
reactive enantiomer of 2 or 3 must react faster than the
product 4, which still bears an allyl ester, reacts further.['l The
advantage of this latter process, if achievable, is obvious—the
theoretical yield of the desired enantiomer of the product is
now 100% rather than 50% for a KAT. In this paper, we
explore both strategies for the synthesis of cyclophellitol.

First generation: Our initial retrosynthesis of (+)-cyclophel-

litol is shown in Scheme 2.5 As depicted, cyclophellitol would
be available through a hydroxyl-directed epoxidation of a

HO.

HO\ ~
_OH _OR Li OR
O): ] [ e— ] —y I\ - y
“"OH “"OR (@) OR
OoH OR OR
(+)-cyclophellitol [ (+)-1] 5 6
OAC
= OR
[ E— X § ————) + - "
HO™ “OR AcO" ‘OAc
OR OAc
7 8

Scheme 2. First-generation retrosynthesis of (4)-cyclophellitol.

suitably protected homoallylic alcohol 5, which would result
from a 2,3-Wittig rearrangement of 6, available from the
selectively protected conduritol B derivative 7. Enantiomeri-
cally enriched conduritol B derivative 7 would come from the
palladium-catalyzed kinetic resolution of conduritol B tetra-
acetate 8.

A palladium catalyzed kinetic resolution of the racemic C,-
symmetric tetraacetate is possible using the chiral ligand
(R,R)-9 and a Pd source such as 10, since, with respect to the
ligand, one enantiomer of 8 would provide a “matched”
substrate for ionization while the other would be “mismatch-

Table 1. KAT of racemic conduritol B tetraacetate.

ed” (see e.g. 2). A pivalate was chosen as the carboxylate
nucleophile for the resolution because the resulting allyl
pivalate was anticipated to ionize much more slowly that the
starting material, and the pivalate should provide a means for
easy differentiation of the alcohol protecting groups later on.
A potential problem at this stage is the further reaction of
monopivalate 11 to provide the dipivalate 12. Due to the C,
symmetry of the system, the remaining allyl acetate in 11 is
also “matched” for ionization with respect to ligand 9. The
second ionization requires the catalyst to complex the face of
the double bond cis to the pivalate substituent. The steric bulk
of the pivalate was anticipated to hamper this undesired
ionization.

The tetraacetate 8 was synthesized in three steps from
benzoquinone by a simple modification of the procedure of
Guo etall¥ In our modification, the diacetate of the
dibromodiol was formed with acetic anhydride and potassium
carbonate to which was added acetic acid and heating to
produce the tetraacetate in a one-pot operation. [Eq. (1)] and
Table 1 summarizes our results.

/@:OAC
AcO OAc

6Ac
0 : o ©
$ (+)-8
NH HN
.
OAc
o)
PPh, PhyP )k
(+)-8 CqHg™ ~O" “OAc 1)
[n3-C3HsPdCl], (10) OAc
(PCeH13)aNBr (THAB) 1
N
{C4HgCO,H, NaOH O. _C4H
I6) \ﬂ/ 4119
H,0, CH,Cl, )L . .0
tC4Hg~ ~O" “OAc
OAc
12

Using our standard ligand 9! in a two phase water/methylene
chloride solvent system, the initial reaction using 5 mol % 10
led mainly to a mixture of recovered tetraacetate 8, monop-
ivalate 11, and only a small amount of the dipivalate 12
(entry 1). Reducing the catalyst loading in the same period of
time did further minimize the formation of dipivalate
(entries 2 and 3) although, with 1 mol% 10, there was more

Catalyst 10 9 equiv equiv M Yield [% ee](®
Mol % Mol % tC,H,CO,H NaOH conc. t[h] (+)-8 11 12
1 5 15 1.5 1.25 0.4 12 31 39 8
2 25 7.5 0.75 0.65 0.4 12 39 42 22
3 1 3 0.75 0.65 0.4 12 63 27 -
4 1 3 0.80 0.65 0.5 24 50 44 1
(88, 99bTy 97)
5 0.5 3 0.80 0.65 0.5 8 53 43
(68) 7
6 0.5 1.5 0.80 0.65 0.5 36 74 21
(30) (99)
7 0.5 1.5 0.80 0.65 1.0 24 54 39
(46) (98)
[a] % ee determined by chiral HPLC analysis using a Chiracel AD column. [b] % ee after one recrystallization from diethyl ether/petroleum ether.
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unreacted starting material than would be expected for a
kinetic resolution (entry 3). As a result, the concentrations of
all of the reactants as well as the time was increased. In this
case (entry4), an excellent result ensued. The reaction
stopped at 50 % conversion to produce a quantitative yield
(based upon a 50% theoretical yield) of recovered tetraace-
tate of 88% ee and an 88% yield (based upon a 50%
theoretical yield) of monopivalate 11 of 97 % ee. In the case of
the recovered tetraacetate (+)-8, the ee increased to 99 %
after one recrystallization from diethyl ether/petroleum ether.
Decreasing the reaction time to 8 h (entry 5) led to incom-
plete reaction as revealed by recovery of more than the
theoretical amount of tetraacetate for a kinetic resolution and
the diminished ee of the recovered tetraacetate. Further
lowering of the catalyst load (entries 6 and 7) also led to
incomplete reactions. In all of the incomplete reactions, the ee
of the product 11 was excellent (97 -99 % ee) as was expected.

With the availability of the monopivalate of 97-99% ee
almost quantitatively in a KAT, the stage was set for the first-
generation synthesis of cyclophellitol as outlined in Scheme 3.

OR B .
a,b,c OBn de - OBn

PivO" ‘OR RO" " “0Bn
OBn

OR OBn
OBn
15 RIAe 15: R'=H o
14: R=Bn 16: R'= CH,SnBus
HO Ho._
f ) “__,OBn g . ‘_ LOH
o), _— o
“OBn “1OH
18 OBn (+)-1 OH

Scheme 3. First-generation synthesis of (+)-cyclophellitol. a) NH,OH/
MeOH, room temperature, 95%; b) BnBr, Bu,NI, KH, DME, 79 %;
c) DIBAL-H, CH,Cl,, —78°C, 90 %; d) KH, Bu;SnCH,I, DME, 0°C, 88 %
e) nBuLi, THF, —78°C, 72%; f) MCPBA, CH,Cl,, 0°C, 78%; g) H,
(1 atm), Pd(OH),/C, CH;0H, room temperature, 90 %.

Introduction of the last remaining carbon through the
equivalent of an Sy2’ with retention of configuration envi-
sioned employment of a 2,3-sigmatropic rearrangement.['?]
Cleavage of the acetates of 11 in the presence of the
pivalate was straightforward with ammonium hydroxide in
methanol, whereby triol 13 was obtained in 95% yield.
Protection of the triol as the benzyl ethers as in 14, followed
by pivalate cleavage afforded alcohol 15, which could be
converted to the corresponding tin derivative 16. The stage
was set for the 2,3-sigmatropic rearrangement, which was
accomplished by treatment of 16 with n-butyllithium to put
the hydroxymethyl group in place with correct regio- and
diastereochemistry, to afford 17. Epoxidation with MCPBA,
directed by the homoallylic alcohol, gave a 78 % yield of the
desired epoxide 18 with a 7% yield of the diastereomeric
epoxide. Comparison of the spectral data for 18 with that
reported in the literatureP confirmed the stereochemistry as
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depicted. Completion of the synthesis by the published
hydrogenation procedurel¥ gave (+4)-cyclophellitol (1); its
physical and spectral properties are in full agreement with the
natural product.

Second generation: Replacing a KAT by a DYKAT has the
ability to improve the efficiency of any synthesis. Condur-
itol B constitutes a particularly favorable starting material for
such a change in strategy as pointed out in Scheme 1.
Realization of a DYKAT requires 1) the ability of both
enantiomers of the starting material, 2b and 3b, to react and
2) reaction of both to be faster than further reaction of the
allyl ester that remains in the product 4. Since further
ionization of 4 requires coordination of palladium to the face
of the double bond cis to the newly introduced nucleophile;
the steric bulk of the latter may inhibit the further reaction of
4. Adjustment of the leaving group ability of the carboxylate
esters was anticipated to overcome this hurdle. Scheme 4

~OH \OCOR
pr— pr—
Y~ YOH OCOR
OH
()1 19 20
OCOR OCOR
WOCOR A _OCOR
— + |
v~ TOCOR "OCOR
OCOR OCOR
21 ent-21 R = CCl3CH,0

Scheme 4. Second-generation retrosynthesis of (—)-cyclophellitol.

outlines a second-generation retrosynthetic analysis. As
previously, the olefin 19 is anticipated to be the immediate
precursor, but the hydroxylmethyl group is projected to be
introduced in the initial enantiodiscriminating step in the
form of a carboxylic acid equivalent (as in 20) using a DYKAT
of racemic 21. To achieve the DYKAT, the sluggishness of the
mismatched ionization experienced with the tetraacetate had
to be overcome. We, therefore, turned to the trichloroethyl
carbonate (Troc) leaving groups. The success of phenylsulfon-
ylnitromethanel® as an alkoxycarbonyl anion equivalent!'¥]
led to its use in this sequence.

The Troc-tetraester 21 was prepared in two steps from the
tetraacetate —base hydrolysis [(C,Hs);N, CH;OH, H,O, r.t.]
followed by treatement with Troc-chloride. Reaction of
racemic 21 (R = CCL;CH,0) with the sodium salt of (phenyl-
sulfonyl)nitromethane 22, 2.5 % [dba;Pd;]- CHCl; and 7.5% 9
in THF at room temperature gave the desired mono-adduct 23
in 81 % yield [Eq. (2)]. The presence of a diastereomeric pair
due to the side chain made determination of ee at this stage
difficult; thus, it was postponed. Complete conversion ob-
served in this reaction indicates that the chiral palladium
catalyst can ionize both enantiomers of (+)-21, and convert
them to a single enantioenriched product.
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(+)-21 + PhOzS

R = CCI3CH,0 22

@)

2.5 % [dbagPd,]*CHCl3,
7.5% (R,R)-9, Cs,CO5 THF

81%, 88% ee

Several methods to convert 23 to the corresponding acid or
ester were examined. Treatment of the nitronate salt of 23
with TBA-oxone,['”] or oxonel' gave mainly decomposition
products, or no reaction. Treatment with CAN,['"l also led to
decomposition, along with traces of the corresponding a.f3-
unsaturated acid. These methods may have led to decom-
position through conversion to the desired ester, followed by
deprotonation, elimination of the carbonates, and aromatiza-
tion. Simple hydrolysis of the carbonates may have also
contributed to the decomposition products. Treatment with
titanium trichloride!"®! also did not give the desired ester, but,
instead, gave the phenylsulfonyl oxime 24 which didn’t react
further [Eq. (3)].

TiClz, NH40Ac, H,0, THF
23

©)

70%

The mildness of dioxiranes!'” as oxidants led to examina-
tion of this method to convert nitrosulfone 23 to the
corresponding carboxylic acid 25. Treatment of 23 with
N,N,N',N'-tetramethylguanidine (TMG) to form the nitronate
salt, followed by reaction with dimethyldioxirane in acetone
afforded the desired acid 25 in 78 % yield. Interestingly, the
double bond of 23 or 25 was unreactive to dimethyldioxirane,
as the corresponding epoxide was never observed. Carboxylic
acid 25 was then reduced in the presence of the carbonates by
treatment with borane/dimethyl sulfide to provide the desired
alcohol 26 in 70% yield [Eq.(4)]. At this point the

1. TMG, CHyClp, 0° C

2. dimethyldioxirane, \OTroc BHz*Me,S, THF,

acetone 0°C,12h
23 ————————~
78% Y OTroc 70%
OTroc
25
4
HO
1. K,CO3, MeOH
~OTroc 2. Bz-Cl, pyridine, OBz
CH,Cl, -
R
T OTroc 71% 7 OBz
OTroc 0
OBz 27

(88% ee by HPLC)
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enantiomeric excess of the product could be determined.
Alcohol 26 was converted to the corresponding tetrabenzoate
27 which could be separated via chiral HPLC to establish the
enantiomeric excess of the palladium reaction as 88 %.
Conversion of 26 into cyclophellitol required epoxidation
directed by the homoallylic alcohol. This olefin was expected
to be fairly unreactive toward electrophilic epoxidation
because of the electron withdrawing allylic carbonate. Treat-
ment with peracids (MCPBA, trifluoroperacetic acid, or 3,5-
dinitroperbenzoic acid?”) at room temperature confirmed the
unreactive nature of 26, giving no reaction or even traces of
product. Reaction with peracids at higher temperature (with
added radical inhibitor) caused only decomposition. Treat-
ment with vanadium acetylacetonate/hydrogen peroxide
caused decomposition, while titanium isopropoxide/hydrogen
peroxidel?!l returned mainly starting material with only traces
of the desired epoxide. Reaction of 26 with dimethyldioxirane
proceeded at room temperature to give the desired epoxides
(28 and 29) in good yield, but with no facial selectivity

[Eq. (5)].

HO
WOTroc wOTroc
: aorb 4 o
Y OTroc Y "OTroc
OTroc OTroc
26 29 (5)
a: dimethyldioxirane, acetone 30% 30%
room temperature.
b: MTO, H,0, (30% aqueous), 65% 15%

CH,Cly,, room temperature

The known efficiency of rhenium-catalyzed epoxidation of
electron poor olefins,? led to its investigation for the
epoxidation of 26. Reaction of 26 with methylrhenium
trioxide (MTO) and urea/hydrogen peroxide addition com-
plex®!in methylene chloride gave a low yield (< 20 %) of the
desired epoxide, but with a reasonable diastereoselectivity of
3:1. Some reports claimed that the rhenium catalyst is more
reactive using hydrogen peroxide as the oxidant in a biphasic
(methylene chloride/water) system with added pyrazole,
pyridine or cyanopyridine as a co-catalyst.’?* 24 The basic
co-catalyst is thought to both protect the product epoxide
from acid-catalyzed ring opening, and to stabilize the catalyst.
Reaction of 26 under these conditions, however, decreased
the yield of the desired epoxide. When the reaction was
carried out without added base, using 10 % rhenium catalyst,
the conversion increased, giving complete conversion to the
desired epoxide as a 3.5:1 diastereomeric mixture favoring the
desired diastereomer 28. The diastereomers could be sepa-
rated to give a 65 % isolated yield of the desired epoxide 28
along with 15% of the undesired epoxide 29 [Eq. (5)]. The
major diastereomer derived from hydroxyl-directed epoxida-
tion,?! which was confirmed by conversion of 28 to the
enantiomer of the natural product.

The trichloroethyl carbonates of the major epoxide 28 were
hydrolyzed by treatment with potassium carbonate in meth-
anol to give a 95% yield of (—)-cyclophellitol (1) with a full
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agreement of the physical and spectral properties (except for
the optical rotation) with the natural product [Eq. (6)]. At this
point the enantiomeric excess could be improved to 99 % by a
single recrystallization from water.

HO

K»COs, MeOH, rt

28 O

(6)

95%

GH
(-)-cyclophellitol [ (-)-1]

Discussion and Conclusion

The versatility of the palladium-catalyzed AAA reaction
stems from the myriad of methods for introducing chirality.!
Kinetic resolutions and kinetic asymmetric transformations
still constitute an important strategy. On the other hand,
dynamic kinetic resolutions and asymmetric transformations
are intrinsically more efficient. Conduritol B allows exploita-
tion of both strategies and demonstrates the effectiveness of
both with the same substrate.

With the “standard” ligand 9, the kinetic resolution/KAT
was nearly perfect. The resolved tetraacetate (+)-8 was
recovered quantitatively (50% maximum yield) in 83% ee
which was increased to 99 % ee with one recrystallization. The
transformed tetraester 11 of 97 % ee was formed in 88 % yield.
The latter tetraester provides not only a resolution but also a
differentiation among the hydroxyl groups. For example,
removal of the esters proceeds straightforwardly with base to
triol 13 (see Scheme 3). The pivalate provides a steric
differentiation of the triol moiety permitting formation of
the acetonide 30. Alternatively, the two hydroxyl groups anti
to the pivalate may be preferentially protected as silyl ethers
to give a 10:1 mixture of 31 and the 5,6-bis-silyl ether from
which 31 is isolated pure in 72 % yield [Eq. (7)]. The position
of the silyl groups, as depicted, is readily discerned in the
'"H NMR spectrum. Correlation experiments indicate the
signal at 0 =3.55 corresponds to H>. This signal also shows
vicinal coupling to the OH proton.

CSA, PhCH3, 100°C
(CH3)2C(OCHg),

O\rr tC4Hg
/ 89% HO“NQ:O ©
ow/xcltH9 O7L
HO“'Q:OHO %0 @
HO

13 (0] C4Hg
\ 72% = hd
., O
TBDMS-C|  TBDMSO' ‘OTBDMS
= HO
N NH a1
THF, DMF, 0°C

A novel pivalate-like carboxylic acid 32 was designed to
allow reverse order of ester cleavage. Its synthesis involves
quenching the dianion derived from isobutyric acid with
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2-bromoethyl fert-butyldimethylsilyl ether [Eq. (8)]. It partic-
ipates in the exactly analogous fashion in the kinetic
resolution/K AT as pivalic acid as summarized in Equation (9).

o} o

1) 2 equivLDA
HOJK( ) 2 equiv HO)‘><VOTBDMS @®

32

o OAc
#8 + 32 2" (48 + TBDMSO
o1 o OAc (9)
quation (1) OAc

33

2) Br.~0TBDMS

In this case, recovered tetraacetate of 87 % ee was also
obtained quantitatively and the mono-pivalate analogue 33 of
95% ee was obtained in 88 % yield. Exposure of 33 to HF/
pyridine only effects desilylation. Acid-catalyzed lactoniza-
tion completes the removal to form the triacetate 34
[Eq. (10)]. Thus, differentiation among all of the hydroxyl
groups of scalemic conduritol B is possible by this approach.

g3 HFICsHsN o FyOre
HO W %
V%o OAc

CSA OAc (10)

The first-generation KAT synthesis provided the natural
(+)-cyclophellitol in eight steps and 26 % overall yield from
racemic conduritol B tetraacetate. The unnatural enantiomer
(—)-cyclophellitol is equally accessible, only requiring a
change in the absolute configuration of the ligand in [Eq. (2)].

By modifying the ester of racemic conduritol B, a dynamic
kinetic asymmetric transformation also becomes equally
available. With a carbon nucleophile and a trichloroethyl
carbonate leaving group, the correct balance of the effective-
ness of the leaving group to permit both a “matched” and
“mismatched” ionization of the racemic substrate and to
prevent further reaction of the enantiomerically enriched
monoalkylation product is achieved. Kinetic resolutions and
KAT processes are also possible with the Troc-tetraester 11
from which unreacted Troc tetraester of high ee can be
recovered. Thus, DYKAT is not due to equilibration of the
starting tetraester. Its utility is highlighted by the first
asymmetric synthesis of (—)-cyclophellitol in five steps in
27 % overall yield from racemic tetracarbonate 21. Obviously,
the (+)-enantiomer is equally accessible by simply changing
the absolute configuration of the ligand. The unmasking of the
phenylsulfonylnitromethane as a carboxy synthon with di-
methyldioxirane is noteworthy, especially in light of the
failure of our other mild protocols. It is also the first
illustration of the ability of the rhenium-catalyzed epoxida-
tion to be stereochemically directed by a homoallyl alco-
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hol.?>2] These methods should prove useful not only in
providing access to this important class of glycosidase
inhibitors but more generally to highly functionalized chiral
cyclohexane derivatives.

Experimental Section

General methods: See ref. [26].

(—)-(1R,28,35,4R)-1-Pivaloxy-2,3 4-triacetoxy-5-cyclohexene (11) and (+)-
(1S,2R 3R 45)-1,2,3 4-tetraacetoxy-5-cyclohexene (8): A mixture of (+)-
1,2,3,4-tetra-O-acetylconduritol B (8, 1.57 g, 5.0 mmol), pivalic acid
(0.408 g, 4.0 mmol), tetrahexylammonium bromide (0.435 ¢, 1.0 mmol),
10 (19 mg, 0.05 mmol, 1 mol %), and ligand (R,R)-9 (105 mg, 0.15 mmol,
3mol%) was degassed by evacuating and purging with argon (3 x).
Freshly distilled CH,Cl, (10 mL) was added through an air-tight syringe,
followed by a 0.5M NaOH solution (6.5 mL), which had been previously
degassed by purging with argon. The resulting biphasic mixture was stirred
vigorously at room temperature. After 16 h, the mixture was washed with,
20 % aq. K,COj; (10 mL) and the aqueous layer extracted with diethyl ether
(2 x 10 mL), the combined organic layers dried (MgSO,), and then filtered
through a short plug of silica gel to remove the catalyst. The silica gel was
rinsed with diethyl ether (20 mL) and the filtrate was concentrated in
vacuo. Chromatography on silica gel (3:1 to 1:1 petroleum ether/diethyl
ether gradient) provided the dipivalate (19mg, 1%), followed by
monopivalate 11 (776 mg, 44 %), followed by tetraacetate (+)-8 (781 mg,
50%, 83 % ee). Data for 11: m.p. 110°C; [a]¥ = —163.0° (¢ =1.11, CHCL,);
'"H NMR (CDCl;, 300 MHz): 6 =5.68 (s, 2H), 5.57 (m, 2H), 5.36 (m, 2H),
2.05 (s, 3H), 2.03 (s, 3H), 2.01 (s, 3H), 1.16 (s, 9H); *C NMR (CDCl;,
75 MHz): 6 =177.7,170.2,169.9, 169.6, 127.7,127.2, 71.6, 71.4,71.2,71.0, 38.7,
26.9, 20.8, 20.6, 20.5; IR (neat): 7= 2975, 1758, 1368, 1221 cm™'; elemental
analysis calcd (%) for C;H,,O4: C 57.30, H 6.79; found: C 57.40, H 7.00;
enantiomeric excess determined by HPLC (Chiralcel AD column, eluting
with 95:5 heptane/iPrOH, 1 mLmin~': (+)-enantiomer f =7.69 min, (—)-
enantiomer fz = 8.48 min).

(—)-(1R,28,35,4R)-2,3 4-Tribenzyloxy-1-(tributylstannyl)methoxy-5-cyclo-
hexene (16): Potassium hydride (120 mg, 30% suspension in mineral oil,
0.89 mmol followed by removal of mineral oil) was suspended in
dimethoxyethane (DME) (2.3mL) at 0°C. The alcohol 15 (190 mg,
0.456 mmol) was added slowly as a solution in DME (1 mL) and the
mixture was warmed to room temperature. After 30 min, the mixture was
cooled back to 0°C and iodomethyltributyltin (287 mg, 0.67 mmol) was
added. The mixture was warmed to room temperature. After 45 min, aq.
ammonium chloride (10 mL) was added and the mixture was extracted with
diethyl ether (2 x25mL). The organic layers were washed with brine
(10 mL), dried (MgSO,) and concentrated in vacuo. Chromatography on
silica gel (20:1 to 10:1 petroleum ether/diethyl ether gradient) provided the
tributylstannylmethylether 16 (288 mg, 88%) as a colorless oil. [a]F =
—83.9° (¢=1.32, CHCl;); '"H NMR (CDCl;, 300 MHz): 6 =7.4-72 (m,
15H),5.77 (m,2H),5.0-4.8 (m, 4H), 4.71 (ABq,J = 11.5 Hz, Av = 16.4 Hz,
2H), 4.21 (m, 1H), 3.87 (m, 2H), 3.8-3.6 (m, 3H), 1.6-1.4 (m, 6H), 1.4
1.2 (m, 6H), 0.88 (m, 14H); *C NMR (CDCl;, 75 MHz): 6 =138.9, 138.8,
138.4, 128.4, 128.3, 128.3, 128.0, 127.8, 1277, 1275, 1274, 127.3, 85.1, 83.5,
83.1,80.1,75.6,75.3,72.5,60.0,29.1,27.3,13.7,8.9; IR (neat): 7 =2924, 1454,
1069 cm .

(+)-(18,2R 3R 4R)-4-Hydroxymethyl-12 3-tribenzyloxy-5-cyclohexene
(17): n-Butyllithium (0.70 mL of a 1.6 M solution in hexanes, 1.13 mmol) was
added to a cooled (— 78 °C) solution of the stannylmethyl ether 16 (270 mg,
0.375 mmol) in THF (7.5 mL). After 2 h, the reaction was quenched with
sat. aq. ammonium chloride (10 mL), warmed to room temperature, and
extracted with diethyl ether (3 x 20 mL). The organic layers were washed
with brine (10 mL), dried (MgSO,), and concentrated in vacuo. Chroma-
tography on silica gel (2:1 to 1:1 petroleum ether/diethyl ether gradient)
provided the homoallylic alcohol 17 as a colorless oil (117 mg, 72%).
[a]E =+4104.5° (¢ =1.92, CHCl;); 'H NMR (CDCl;, 300 MHz): 6 =7.4-7.2
(m, 15H), 5.76 (dt,J =10.0, 2.5 Hz, 1 H), 5.55 (dt,/ = 10.0, 1.8 Hz, 1H), 5.01
(d, J=112 Hz, 1H), 4.94 (s, 2H), 4.70 (s, 2H), 4.66 (d, J=11.2 Hz, 1H),
4.25 (m, 1H), 3.85 (dd, /=10.0, 7.8 Hz, 1H), 3.66 (m, 3H), 2.49 (m, 1H),
1.47 (t,J=5.6 Hz, 1H); ®*CNMR (CDCl;, 75 MHz): 6 =138.7,138.2, 128.5,
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128.4, 128.3, 128.2, 128.1, 1279, 127.8, 127.7, 127.6, 85.1, 80.8, 78.5, 75.3,
75.1, 72.1, 63.3, 45.7; IR (neat): 7=3442, 3030, 2878, 1454, 1359 cm™};
elemental analysis calcd (%) for C,sH3,0,4: C 78.11, H 7.02; found: C 78.33,
H715.

(+)-2,3,4-Tri-O-benzylcyclophellitol (18): MCPBA (76 mg, 0.44 mmol) was
added to a cooled (0°C) solution of the alkene 17 (95 mg, 0.22 mmol) in
CH,Cl, (2 mL). The mixture was warmed to room temperature. After 16 h,
the mixture was diluted with ethyl acetate (20 mL) and washed with 1m
NaOH (3x10mL) and brine (10 mL). The aqueous layer was back
extracted with ethyl acetate (10 mL). The combined organic layers were
dried (MgSO,) and concentrated in vacuo to give a crystalline white solid.
Chromatography on silica gel (1:2 petroleum ether/diethyl ether) provided
the desired epoxide 18 (77 mg, 78 %) followed by the diastereomeric
epoxide (7 mg, 7%). (Both epoxides can be recrystallized from diethyl
ether/hexanes.) Data for 18: m.p. 101°C; (lit.: [3k] 92-93°C); [a]F =
+717° (¢=162, CHCL), {lit.:.®" +71.0° (¢=0.9, CHCL)}; 'H NMR
(CDCl,, 300 MHz): 6 =7.4-72 (m, 15H), 4.93 (d, /=10.7 Hz, 1H), 4.86
(ABq, J=13.1Hz, Av=15.6Hz, 2H), 477 (ABq, /J=112Hz, Av=
23.2 Hz, 2H), 4.54 (d, /=109 Hz, 1H), 3.96 (dt, /=110, 3.8 Hz, 1H),
3.85 (m, 2H), 3.59 (dd, J=10.0, 8.1 Hz, 1H), 3.47 (t,/ =10.0 Hz, 1 H), 3.34
(d,J=3.4Hz,1H),3.17 (d,/=3.9 Hz, 1H), 2.18 (m, 1H), 1.94 (dd, J=8.1,
3.2 Hz, 1H); BC NMR (CDCl;, 75 MHz): 6 =138.5, 138.0, 137.6, 128.5,
128.3,128.1,127.9,127.8,127.6,84.9,79.8,75.5,75.3,73.1,62.7,55.9,2.9,43.9;
IR (neat): 7=3314, 3030, 2891, 1454, 1359, 1064 cm~'. These data are
consistent with those reported in the literature.?!l Data for the diastereo-
meric epoxide: m.p. 135-137°C; [a]¥ = +75.7° (¢ =0.17, CHCl;); 'HNMR
(CDCl;, 300 MHz): 6=74-72 (m, 15H), 4.94-4.78 (m, 5H), 4.58 (d,
J=11.5Hz, 1H), 3.88 (dd, J=8.5, 1.7 Hz, 1H), 3.8-3.6 (m, 3H), 3.40 (t,
J=10.0 Hz, 1H), 3.31 (m, 1H), 3.13 (d, J=3.9 Hz, 1H), 2.13 (dt, J=4.1,
10.0 Hz, 1H), 1.11 (t, J=4.9Hz, 1H); *C NMR (CDCl;, 75 MHz):
0=138.6, 138.3, 138.2, 128.5, 128.4, 128.3, 128.2, 128.0, 127.9, 127.8, 1277,
127.6, 82.3,79.8, 75.8, 75.0, 72.8, 61.7, 54.9, 54.4, 44.1; IR (neat): ¥ =23356,
2923, 1072 cm™.

(1S.2R 35S 4R 5R 6R)-5-Hydroxymethyl-7-oxa-bicyclo[4.1.0]heptane-2,3 4-
triol: (+)-Cyclophellitol (1): Benzyl ether cleavage was carried out
according to the method of Ziegler and Wang.’Xl The epoxide 18 (50 mg,
0.11 mmol) was dissolved in methanol (3.3 mL) and palladium hydroxide
on carbon (Pearlman’s catalyst, 25 mg) was added. The flask was evacuated
and purged with H, three times, and then the mixture was stirred under an
atmosphere of H, (balloon). After 12 h, the hydrogen was removed and the
solution was filtered through a plug of celite and rinsed with methanol
(10 mL). The filtrate was concentrated in vacuo to give a colorless oil.
Chromatography on silica gel (10:1 to 3:1 CH,ClL,/MeOH gradient)
provided (+)-cyclophellitol (1, 18 mg, 91%) as a white crystalline solid.
M.p. 145°C (lit.::3* 149-151°C); [a]y =+102° (c=0.70, H,0), {lit.:
[a]f =+103° (¢=0.5, H,0),’¥ [a]¥ =+103° (¢ =0.40, H,0),** [a]¥ =
+97° (¢=0.35, H,O)P}; 'TH NMR (CD;0D, 300 MHz): 6 =4.00 (dd, J =
10.7, 4.4 Hz, 1H), 3.67 (m, 2H), 3.41 (m, 1H), 3.20 (dd, J=10.5, 8.3 Hz,
1H), 3.06 (m, 2H), 1.97 (m, 1H); *C NMR (CD;0D, 75 MHz): 6 =78.5,
72.8, 68.8, 62.4, 574, 56.0, 45.9; IR (neat): 7=23360, 2895, 1641, 1081 ..
These data are consistent with those reported in the literature.[ I
(3R)-(1’-Benzenesulfonyl-1'-nitromethyl)- (4R 55,65)-tris-(2,2,2-trichloro-
ethoxycarbonyloxy)-cyclohexene (23): A slurry of the tetracarbonate 21
(4.0 g, 472 mmol), the sodium salt of phenylsulfonyl nitromethane 22
(1.13 g, 5.08 mmol), [dba;Pd;]-CHCl; (120 mg, 0.115 mmol) and ligand
(R,R)-9 (240 mg, 0.348 mmol), Cs,CO; in Eq. (2) in THF (13 mL) was
stirred for 2.5 h. The reaction was concentrated in vacuo and column
chromatography on silica gel (20-50% EtOAc/petroleum ether) gave a
mixture of diastereomers of 23 as a white solid (3.29 mg, 79%). M.p. 103 -
105°C (EtOAc/petroleum ether); '"H NMR (300 MHz, CDCl;): mixture of
diastereomers 0 =8.0—-74 (m, 5H), 6.45 (d, /=10.5, 0.5 Hz), 6.33 (d, /=
10.5,0.5 Hz), 6.1-5.8 (m, 1.5H), 5.7-5.5 (m, 2H), 5.42 (m, 1H), 5.25 (t,J =
9.8, 0.5H), 5.0-4.6 (m, 6H), 40-3.8 (m, 1H); ¥C NMR (75.5 MHz,
CDCl;): mixture of diastereomers 0 =153.5, 153.2, 136.5, 135.9, 135.6,
135.5,129.9,129.6, 129.3, 127.3, 126.1, 124.7, 124.0, 97.2, 94.0, 76.2, 75.4,75.3,
745, 732, 43.8, 41.3; IR (neat): 7=2965, 1770, 1567, 1450, 1385, 1347,
1238 cm™!; elemental analysis caled (%) for C,HsCl,NO,;S: C 30.89, H
2.12, N 1.64; found: C 30.63, H 2.33, N 1.74.

(1R 4R 55,65)-4,5,6-Tris-(2,2,2-trichloro-ethoxycarbonyloxy)-cyclohex-2-
enecarboxylic acid (25): Tetramethylguanidine (0.11 mL, 0.702 mmol) was
added at 0°C to a solution of nitrosulfone 23 (500 mg, 0.585 mmol) in
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methylene chloride (2 mL) and the resulting solution was stirred for 10 min
at 0°C. Dimethyldioxirane (~0.07-0.1M soln. in acetone) was added in
7 mL portions (21 mL total) until the reaction was complete by TLC
analysis. The reaction mixture was concentrated and filtered through a plug
of silica gel to give 25 as a white foam (318 mg, 78%). [a]5 =—74.9° (c=
1.75, CH,Cl,); '"H NMR (300 MHz, CDCL): 6 =5.97 (m, 1H), 5.87 (m, 1 H),
5.56 (m, 2H), 5.36 (m, 1H), 477 (m, 6H), 3.70 (m, 1H); *C NMR
(75.5 MHz, CDCly): 0 =1771, 173.9, 153.2, 153.0, 125.9, 125.2, 94.1, 94.0,
76.2,75.6,72.8, 60.5, 47.3, 20.7; IR (neat): 7= 3320, 2962, 1776, 1718, 1381,
1289, 1240 cm™'; elemental analysis calcd (%) for C,H,;Cl,O,,: C 27.44, H
1.87; found: C 2758, H 1.79.

(1R 25.3R 45.,55,6S)-5-Hydroxymethyl-2,3 4-tris-(2,2,2-trichloro-ethoxy-
carbonyloxy)-7-oxa-bicyclo[4.1.0]heptane (28) and (15,25,3R 45,55,6R)-5-
Hydroxymethyl-2,3 4-tris-(2,2,2-trichloro-ethoxycarbonyloxy)-7-oxa-bicy-
clo[4.1.0]heptane (29): 30 % Aqueous hydrogen peroxide (0.02 mL) was
added to a solution of 26 (93.5 mg, 0.136 mmol) and methyltrioxorhenium
(3.2 mg, 0.0129 mmol) in dichloroethane (0.15 mL). The resulting yellow
solution was stirred for 40 h at room temperature. The reaction was diluted
with methylene chloride (15 mL) and was washed with water (5 mL). The
organic layer was dried (Na,SO,) and concentrated in vacuo to give a
colorless oil (crude 3.5:1 mixture of 28:29 by NMR analysis). Column
chromatography on silica gel (33 % EtOAc/petroleum ether) gave 28 as a
white foam (62 mg, 65%). [a]y =—36.3° (c=2.2, CH,Cl,); '"H NMR
(300 MHz, CDCl;): 6 =5.24 (td, /=83, 1.7 Hz, 1H), 5.15 (d, J=8.1 Hz,
1H), 5.02 (t, /=10.0 Hz, 1H), 4.80 (m, 6H), 3.91 (m, 2H), 3.57 (brs, 1H),
3.30 (m, 1H), 2.49 (t, J=4.7 Hz, 1H); *C NMR (75.5 MHz, CDCl;): 6 =
153.8, 153.4, 153.0, 94.1, 93.5, 77.1, 76.7, 75.2, 71.7, 60.8, 55.4, 52.0, 42.0; IR
(neat): 7= 3540, 2961, 1771, 1378, 1290, 1239 cm™'; elemental analysis calcd
(%) for C;sH3ClOy;: C 27.36, H 2.15; found: C 27.54, H 2.34. Further
chromatography gave a 7:1 mixture of 29:28 as a white foam (14 mg, 15%).
Spectral data for 29: 'H NMR (300 MHz, CDCl;): 6 =5.33 (m, 2H), 5.11
(m, 1H), 4.79 (m, 6H), 3.92 (d, /=11.5 Hz, 1H), 3.81 (dd, /=3.2, 11.5 Hz,
1H), 3.64 (d, /=39 Hz, 1H), 3.36 (d, J=3.9Hz, 1H), 2.49 (dd, /=2.9,
9.5Hz, 1H); ®C NMR (75.5 MHz, CDCL): 6 =154.3, 153.4, 153.1, 94.1,
711,745,733, 60.3, 54.3, 53.5, 42.9; IR (neat): # =3530, 2962, 1772, 1376,
1289, 1240 cm~".

(1R ,2S,3R 45,5S,65)-5-Hydroxymethyl-7-oxa-bicyclo[4.1.0]heptane-2,3 4-
triol: (—)-Cyclophellitol (1): K,CO; (3 mg, 0.02 mmol) was added to a
solution of 28 (42 mg, 0.060 mmol) in methanol (0.3 mL). The reaction was
stirred at room temperature for 3 h and concentrated in vacuo. The crude
residue was diluted with methylene chloride (0.5 mL), and filtered through
silica gel (20 % methanol/methylene choride) to give (—)-1 as a white solid
(10.1 mg, 95%). [a]k = —89.8° (¢ =0.5, H,0). After recrystallization from
water: m.p. 142-144°C; [a]3 =-100.7° (¢=0.32, H,0); 'H NMR
(300 MHz, CDCl;): 6 =3.90 (dd, /=104, 4.2 Hz, 1H), 3.54 (m, 2H), 3.30
(d, J=3.5Hz, 1H), 3.09 (m, 1H), 2.94 (m, 2H), 1.85 (tdd, /=9.5, 4.6,
1.8 Hz, 1H); BC NMR (75.5 MHz, CDCl;): 6 =78.5, 72.8, 68.8, 62.5, 574,
56.0, 45.9; IR (neat): 7=3362, 2921, 1642, 1426 cm~!; HRMS: calcd for
C;H,,0, [M — OH]*: 159.0657; found: 159.0665.
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Asymmetric Epoxidation with a Photoactivated [Ru(salen)] Complex
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Abstract: (Nitrosyl)(salen)ruthenium(ir) complex 1 was found to serve as an efficient
catalyst for the epoxidation of conjugated olefins under photoirradiation, with 2,6-

dichloropyridine N-oxide (2) or tetramethylpyrazine N,N'-dioxide as a stoichiometric
oxidant. High enantioselectivity was achieved irrespective of the substitution pattern
of olefins. The choice of solvent depends on stability of the resulting epoxides: high

Keywords: asymmetric catalysis -
epoxidation - N,O ligands - photo-
activation - ruthenium - salen

enantioselectivity is generally observed in the reaction with ethereal solvents, but use
of benzene is recommended when the resulting epoxides are acid-sensitive.

Introduction

Asymmetric epoxidation is a major topic in organic synthesis
and much effort has been directed toward this goal. As a
result, many efficient catalysts such as titanium-tartrate,!
metalloporphyrins,? metallosalens,®! and dioxiranes generat-
ed in situ from chiral ketones*! have been introduced, and
high enantioselectivity has been achieved in the epoxidation
of a wide range of olefins. Among these catalysts, chiral
metallosalens, especially (salen)manganese complexes (here-
after referred to as [Mn(salen)]) are efficient catalysts for
asymmetric epoxidation of conjugated olefins.?l However,
good substrates for [Mn(salen)]-catalyzed epoxidation are
mostly limited to conjugated cis-di-, tri-, and some tetra-
substituted olefins.**! Epoxidation of conjugated monosub-
stituted olefins such as styrene requires reaction temperatures
as low as —78°C.[%9 On the other hand, recent studies on the
asymmetric catalysis of chiral metallosalens uncovered that
the stereochemistry of metallosalen-catalyzed reactions is
dependent upon the metal ion, the chiral ligand, the apical
ligand, the reaction temperature, and the solvent used.l* >
Therefore, the scope of metallosalen-catalyzed epoxidation
was expected to be further expanded by tuning these factors
appropriately.

Ru complexes are well known to serve as catalysts for
oxidation!® and some chiral Ru complexes, such as Ru—por-
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Higashi-ku, Fukuoka 812-8581 (Japan)
Fax: (+81)92-642-2607
E-mail: katsuscc@mbox.nc.kyushu-u.ac.jp
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phyrin,®l Ru/Schiff base,™ unsymmetric Ru/Schiff base,]
and Ru-bis(oxazoline) complexes,[? as well as [Ru(PPz)(b-
py)] (PPz=2,6-bis[(4S,7R)-7,8,8-trimethyl-4,5,6,7-tetrahydro-
4,7-methanoindazol-2-yl]pyridine, bpy = bipyridine),™] have
been used for asymmetric epoxidation. Although the enan-
tioselectivity so far obtained with these complexes is moder-
ate, several interesting phenomena have been observed: 1)
epoxidation of p-nitrostyrene with a Ru/Schiff base complex
shows good enantioselectivity of 80 % ee, though epoxidation
of styrene is moderate (58% ee). [1>14 2) In contrast to
epoxidations catalyzed by most metallosalens and metal-
loporphyrins, trans--methylstyrene shows better enantiose-
lectivity than cis-#-methylstyrene in the epoxidation catalyzed
by the Ru-bis(oxazoline) complex (62 and 25 % ee, respec-
tively),l” and in the epoxidation catalyzed by the dioxo-
Ru complex (67 and 40 % ee, respectively).’¥ 3) Epoxidation
with Ru complexes as catalysts is stereospecific.’® 122 These
results suggested that the above-mentioned limitation of
[Mn(salen)]-catalyzed epoxidation would be overcome by
utilizing a [Ru(salen)] complex as the catalyst. Thus, we have
synthesized optically active [Ru(salen)] complexes and ex-
amined their catalytic action in epoxidation reactions.['"]

Results and Discussion

We have reported that salen ligands which bear a chiral
binaphthyl unit as a chiral element are excellent chiral
auxiliaries for Mn-catalyzed asymmetric oxidations.’® To
expand the scope of metallosalen-catalyzed epoxidation, we
synthesized a chloro(nitrosyl)(salen)ruthenium(i) complex
([RuCl(C4HyN,0,)(NO)] (hereafter referred to as [Ru-
(salen)(NO)] complex (1)) and examined asymmetric
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epoxidation of 6-acetamido-2,2-dimethyl-7-nitrochromene in
the presence of various stoichiometric oxidants (Table 1). As
expected, all the reactions showed good to high enantiose-
lectivity, but the chemical yields of the epoxide 3 were poor
except for the reaction with 2,6-dichloropyridine N-oxide (2),

Table 1. Asymmetric epoxidation of 6-acetamido-2,2-dimethyl-7-nitro-
chromene with 1 as a catalyst.

O,.N 0. ; OzN o
- .
AcHN “ (2 mol %) AcHN i
3

Entry Oxidant Time [h] Yield [%)] ee [% ]
1 PhIOM 2 1.9 85
2 NalO, 24 29 8
3 oxoneld 24 4 93
4 NaOCl 24 4 76
5 2,6-CLCsH,NOMI 24 92 93

[a] Determined by HPLC analysis using optically active column (DAICEL
CHIRALCEL OJ, hexane/2-propanol 1:1). [b] The reaction was carried
out at 4°C in CH,Cl,. [c] The reaction was carried out at 4°C in CH,Cl,/
H,O. [d] The reaction was carried out in benzene at RT.

which was originally used as a stoichiometric oxidant for Ru/
porphyrin-catalyzed epoxidation.['] The first reaction that we
tried with 2 proceeded with high enantioselectivity as well as
high chemical yield (entry 4), but this result was found not to
be very reproducible. Low reproducibility of enantioselectiv-
ity and chemical yield was also observed in the epoxidation of
dihydronaphthalene under the same conditions. However, it
was found that the epoxidation was greatly accelerated and
reproducibility of the enantioselectivity was remarkably
improved when the reaction vessel was exposed to incandes-
cent or scattered sun light (Table 2). The reaction in the dark
was sluggish (entry 4). It is also noteworthy that the enantio-
meric excess of the resulting epoxide was diminished and
formation of ketone 4 was detected as the reaction proceeded
(entries 1-3). Ketone 4 was considered to be a rearrangement
product of the epoxide. These results suggested that photo-
irradiation promoted dissociation of an apical ligand to
generate a coordinatively unsaturated and Lewis acidic
[Ru(salen)] complex, which catalyzed epoxidation through
the corresponding oxo species and with simultaneous rear-
rangement of the resulting epoxide. Photoirradiation has
also been found to promote dissociation of apical nitrosyl
ligand.['” 181
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Table 2. Asymmetric epoxidation of dihydronaphthalene with 1 as a
catalyst and 2,6- dichloropyridine N-oxide as a terminal oxidant.

2 diethyl ether, RT

Entry Time [h] Yield [% ] ee [% ]!
1 2 19 (1) 87
2 6 57.(8) 84
3 15 58 (30) 78
4 15 3.3 (0.1) 84

[a] The number in the parentheses is the yield of ketone. [b] Determined by
HPLC analysis using optically active column (DAICEL CHIRALCEL
OB-H, hexane/2-propanol 50:1). [c] The reaction was performed in the
dark.

The coordinatively unsaturated [Ru(salen)] complex was
considered to promote the rearrangement of the major
enantiomer of the resulting epoxide in preference to that of
the minor enantiomer, diminishing the enantiomeric excess of
the epoxide. To prove enantiomer-differentiation by the
[Ru(salen)] complex, we examined Kinetic resolution of
racemic 1,2-epoxy-3,4-dihydronaphthalene in the presence
of complex 1 under irradiation of scattered sunlight (Table 3).
As expected, the enantiomer corresponding to the major
enantiomer of the epoxidation product preferentially rear-
ranged to ketone, especially when diethyl ether or ethyl
acetate was used as the solvent. No rearrangement of 1,2-
epoxy-3,4-dihydronaphthalene was observed in the dark
(entry 3). It is noteworthy that the rearrangement did not
occur in the presence of 2 even under irradiation of scattered
sunlight. This is probably due to the fact that 2 is more basic
than the epoxide and binds to the coordinatively unsaturated
[Ru(salen)] complex in preference to the epoxide. This result
may also indicate that [Ru(salen)O] species generated from
[Ru(salen)(2)] adduct does not catalyze the rearrangement of
the epoxide. Kinetic resolution of racemic indene oxide was
also effected (k,,=30) by using 1 as the catalyst under the
same conditions (Scheme 1), but cyclohexene oxide was
stable to the reaction conditions.

Table 3. Kinetic resolution of racemic 1,2-epoxy-3,4-dihydronaphthalene

with 1 as catalyst.
O@ 1 (2 mol%), hv
solvent, RT *

(racemic) ©/\:\l\
¢}
Entry Solvent Conversion [% ] ee [% ] Kye
1 AcOEt 54 97.8 49
diethyl ether 54 99.0 61
3l diethyl ether <1 - -
4lel diethyl ether <1 - -

[a] Conversion was determined by 'H NMR analysis. [b] Percent ee of the
unreacted epoxide. [c] Determined by HPLC analysis using optically active
column (DAICEL CHIRALCEL OB-H, hexane/2-propanol 50:1, flow
rate = 0.5 mL min™!). [d] The reaction was carried out in the dark. [e] The
reaction was carried out in the presence of 2,6-dichloropyridine N-oxide.
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Scheme 1. Kinetic resolution of (+)-indene oxide.

@ 1 (2 mol%), hv
——— -

o AcOEt, RT, 16 h
(racemic) 52% conversion

We next examined the effect of the wavelength of light on
the activation of catalyst 1 by using a xenon short arc lamp
(Type UXL 500D-0, USHIO) and color filter glass (V-42 &
UV-D33S, TOSHIBA). A solution of 1, 2, and trans-f3-
methylstyrene was exposed to light for 2 h (Scheme 2). Light

SN

(o)
86% ee, 7.8%

SN

(o]

cataiyst 1 (2 mol%), 2

diethyl ether, RT, 450 nm, 2 h

catalyst 1 (2 mol%), 2

diethyl ether, RT, >490 nm, 2 h

O
O\/\
0.5%

Scheme 2. Effect of wavelength of light on activation of catalyst 1.

of around 450 nm accelerated the reaction the most effec-
tively. The light of longer wavelength (>490 nm) was less
efficient. Exposure of the reaction medium to UV light
provided a complex product mixture. Based on these results,
we used an incandescent or halogen lamp, which mostly emits
visible and infrared light, as the light source in the following
experiments.

We also examined solvent effect on enantioselectivity and
chemical yield by using dihydronaphthalene and trans-f3-
methylstyrene as substrates and an incandescent lamp (100 V,
60 W) as the light source. Among the solvents (benzene,
dichloromethane, diethyl ether, acetonitrile, ethyl acetate,
and acetone) examined, use of polar ones such as ethyl
acetate, acetone, and acetonitrile retarded epoxidation; the
reactions were slow in acetone and ethyl acetate, and no
reaction occurred in acetonitrile. In contrast, the reactions in
diethyl ether and benzene proceeded smoothly, and high
enantioselectivities were observed; however, the solvent of
choice was dependent on the substrate used (Tables 2 and 4).
Reduction of the enantiomeric excess of the epoxide and
formation of ketone was also observed in the epoxidation of
dihydronaphthalene in benzene, but the reduction of the
enantiomeric excess in this reaction was less than that
observed in the reaction in diethyl ether at the corresponding
times [see Table 2 (entries 1 and 3) and Table 4 (entries 1 and
2)]. This is partly attributed to less efficient enantiomer
differentiation in the rearrangement of epoxides with benzene
as the solvent (k,, =61 and 30 in diethyl ether and benzene,
respectively). On the other hand, enantiomeric excess of
trans-f-methylstyrene oxide also gradually decreased, though
ketone formation was not detected (entries 4, 5, 7, and 8).
Again, reduction of enantiomeric excess of the epoxide was
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Table 4. Asymmetric epoxidation of conjugated olefins with 1 as a

catalyst.l?]

R,1 :Ra catalyst 1 (2 mol %), 2 R,1 fo: :Ra

R2? R* benzene or diethyl ether R? R*
Entry  Substrate Time [h]  Yield [%] ee[%] Configuration
1 2 SL(5)e g7 1S2R

70 (23)9 81 1S2R

388

3lel 2 48 (4l 801l 1S2R
410 Ph "~ 2 26 86!l 18528
5l Pho AL R 64 75l 1528
6lel Ph "~ 7 60 g1l 1828
7001 Ph 6 28 822! 1828
8ol Pho~. 20 75 8ole! 1828

[a] The reaction was carried out under irradiation of visible light with
incandescent or halogen lamp. [b] The reaction was carried out in benzene
with 2 as a terminal oxidant. [c] The number in parentheses is the yield of
the corresponding ketone or aldehyde. [d] Determined by HPLC analysis
using optically active column (DAICEL CHIRALCEL OB-H, hexane/2-
propanol 50:1). [e] The reaction was carried out in dioxane with
tetramethylpyrazine N,N'-dioxide as a terminal oxidant. [f] The reaction
was carried out in diethyl ether with 2 as a terminal oxidant. [g] Deter-
mined by GLC analysis using optically active column (SUPELCO g-
DEX™ 225 fused silica capillary column, 30 m x 0.25 mm ID, 0.25 mm
film: 90°C).

slower in the reaction in benzene than in diethyl ether, but
better enantioselectivity was observed in diethyl ether at the
initial stage of the reaction (entries 4 and 7). These results
suggested that reduction of enantiomeric excesses was
attributed not only to enantiomer-differentiating rearrange-
ment of the epoxides, but also to decay of the original catalyst
into less efficient one(s) during epoxidation. This assumption
was supported from the following observation: absorption
maxima (4,,,) in the UV-visible spectrum of 1 in benzene
(2.0 x 107*Mm) are 456 (¢ 5.5 10%) and 535 nm (e 2.7 x 10%),
but the broad signal at 535 nm became gradually weak upon
the exposure of complex 1 to incandescent light under the
reaction conditions. To investigate the advantage of diethyl
ether and benzene as solvents, we examined epoxidations in
other ethereal and aromatic solvents (dioxane, THF, di-
methoxyethane, and a,a,a-trifluoromethylbenzene). Though
improvement in enantioselectivity was not obtained, the
reactions in dioxane showed enantioselectivity almost equal
to those observed in the reactions with benzene (entries 3
and 6).

Based on the above results, we examined epoxidation of
various other olefins with diethyl ether, benzene, and dioxane
as solvents. Hereafter, tetramethylpyrazine N,N’-dioxidel'®]
was mostly used as the terminal oxidant instead of 2,6-
dichloropyridine N-oxide, because the resulting tetramethyl-
pyrazine and tetramethylpyrazine N-oxide are chromato-
graphically readily separable from the products, and the
change of oxidant did not affect enantioselectivity. The best
results obtained are summarized in Table 5. Epoxidation of

0947-6539/01/0717-3778 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 17





Asymmetric Epoxidation

3776-3782

Table 5. Asymmetric epoxidation of conjugated olefins using 1 as a
catalyst.l?]

Entry Substrate Time [h] Yield [%] ee [%] Configuration!®!

1l 28 3204 82l _
0.
2Ll P 16 5411 97l 3§

3lel /k/Ph 17.5
Ph X

83 (2) 86l  1R2R

4lc) ©\ 22 62 798 1R2R
Ph

5l 2 74 88l
O,N 0

6k 5 54 o8l 3548
AcNH =
O5N (o]

7t 16 59 97l 3548
AcNH =

8 b \) 30 60 89l 1S2R

Qglm] Ph\/\Ph 72 52 87l 1R2R

10[! Ph\/\Ph 40 64 851 1R2R

11l Ph = 7 30 (2) 831§

126 Ph = 14 63 ()M 71kl §

13m Ph = 12 34 (< 1) 7901 §

[a] Reactions were carried out under irradiation of visible light with
incandescent or halogen lamp. [b] Configuration of major enantiomer was
determined by comparison of elution order in HPLC analysis with the
order of authentic sample. [c] The reaction was carried out in dioxane with
tetramethylpyrazine N,N'-dioxide as a terminal oxidant. [d] Allylic alcohol
5 (10%) and diol 6 (3%, 73 % ee) were also produced. [e] Determined by
GLC analysis with an optically active column (HP-CHIRAL (20%
permethylated S-cyclodextrin), 30m x 0.25mm ID, 0.25mm film:
120°C). [f] Product was a mixture of allylic alcohol 7 (54%, 97 % ee)
and enone 8 (4%). [g] Determined by HPLC analysis with an optically
active column (DAICEL CHIRALCEL OB-H, hexane/2-propanol
50:1). [h] The number in parentheses is the yield of the correspond-
ing ketone or aldehyde. [i] Determined by HPLC analysis with an opti-
cally active column (DAICEL CHIRALCEL OJ, hexane/2-propanol
50:1). [j] Determined by HPLC analysis with an optically active
column (DAICEL CHIRALCEL OF, hexane/2-propanol 1000:1). [k] The
reaction was carried out in diethyl ether with 2 as a terminal oxidant.
[1] Determined by HPLC analysis with an optically active column
(DAICEL CHIRALCEL OJ, hexane/2-propanol 1:1). [m] The reaction
was carried out in benzene with 2 as a terminal oxidant. [n] Determined by
GLC analysis with an optically active column (SUPELCO S-DEX™ 225
fused silica capillary column, 30 m x 0.25 mm ID, 0.25 mm film: 90°C).
[o] Determined by HPLC analysis using optically active column (DAICEL
CHIRALCEL OJ, hexane/2-propanol 9:1). [p] Determined by HPLC
analysis using optically active column (DAICEL CHIRALCEL OD-H,
hexane/2-propanol 1000:1).

(o} Lo}
OH OH
: ; OH OH [o}
5 6 7 8
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tetra-, tri-, cis-di-, trans-di-,l'"! and monosubstituted olefins all
showed good enantioselectivity greater than about 80 % ee.
Furthermore, as expected from previous reports,’ 12 the
present epoxidation was highly stereospecific: cis-olefins gave
cis-epoxides and trans-olefins gave trans-epoxides exclusively.
Formation of only a trace amount (< 0.5 %) of the isomerized
trans-epoxides was detected in the epoxidation of cis-f3-
methylstyrene by GLC analysis (entry 8). The reaction of
1,2-dihydro-3,4-dimethylnaphthalene was slow, and the re-
sulting epoxide was partly converted into the corresponding
allylic alcohol and diol during the reaction (entry 1). Rear-
ranged allylic alcohol was the major product in the epoxida-
tion of 2,2 4-trimethylchromene (entry 2). In the epoxidations
of (E)-1,2-diphenyl-1-propene and styrene, formation of a
small amount of ketone and aldehyde was observed, respec-
tively. In other reactions, epoxides were the only products.

In the above reactions, we used aryl-substituted olefins as
the conjugated olefins due to ease of handling. We also
examined the epoxidation of 4-methyl-1-phenyl-3-penten-1-
yne. The reaction proceeded to give an epoxide as the sole
product with high enantioselectivity, but the enantiomeric
excess of the product decreased as the reaction time became
long, because of decomposition of the catalyst (Scheme 3).
These results may suggest the present reaction can be applied
to various conjugated olefins.

Ph o Ph
\ P catalyst 1 (2 mol%), 2 %

*

dioxane, RT, hv /o)

2 h: 5%, 88% ee
4 h: 42%, 82% ee
18 h: 56%, 80% ee

Scheme 3. Asymmetric epoxidation of 4-methyl-1-phenyl-3-penten-1-yne.

To clarify the wide scope of asymmetric catalysis of 1, we
studied its structure. Complex 1 was recrystallized from
chloroform and acetonitrile to afford single crystals 1-
(CH;5CN), the structure of which was unambiguously deter-
mined by X-ray crystallographic analysis (Figure 1). The
geometry around the ruthenium ion was a slightly distorted
octahedral with nitrosyl and chloride ligands as the apical
ligands. The nitrosyl ligand behaved as a three-electron donor,
and Ru-N(3)-O(3) is linear (176.0(9)°). The bond length of
N(3)—0(3) (0.971(8) A) is consistent with (NO)* coordinated
to the metal ion, but the positive charge on the nitrosyl group
is likely to be somewhat neutralized by a back donation of
electron density from the ruthenium ion as indicated by a
relatively short bond length of Ru—N(3) (1.862(6) A). Due to
the strong trans influence of the nitrosyl ligand, the Ru—Cl
bond was lengthened to some extent (Ru-Cl 2.312(2) A).
Although these structural factors of 1 were comparable to the
analogous [Ru(salen)] complexes so far reported,?* 2! some
other characteristic features of 1 were found: 1) a unique
unsymmetrical stepped conformation of the salen ligand with
the right half almost co-planar to the equatorial coordination
plane defined by the N(1), N(2), O(1), and O(2) atoms and
with the left half bent downward [the dihedral angle between
the planes N(1)-C(7)-C(C8)-C(17)-O(1) and N(2)-C(34)-
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Figure 1. ORTEP diagrams for the crystal structure of 1-(CH;CN). Top:
the side view from the cyclohexane ring. Bottom: the top view from the
chloro ligand. The solvate molecule is omitted for clarification.

C(35)-C(44)-O(2) was ca. 16°: see the side view Figure 1
(top)]; 2) close proximity of C3-naphthyl and C2”-phenyl
groups and the nitrosyl ligand, suggesting that some attractive
interaction is working between them (C(25)—C(56) 3.47(1),
C(25)-C(57) 3.71(1), O(3)—C(26) 3.84(1), O(3)—C(56)
3.63(1) A). We have recently proposed that the conformation
of the salen ligand of the related cationic chiral [Mn(salen)]
complex bearing two apical aqua ligands is dictated by the
chirality at the ethylenediamine part, the conformation of
five-membered chelate ring (including manganese ion and
ethylenediamine moiety), and the attractive interaction
between two C3(3') substituents and apical ligands.??] Al-
though the five-membered chelate ring in the [Mn(salen)]
complex takes a half-chair conformation, the chelate ring in
complex 1 adopts a distorted envelope conformation. Anoth-
er difference between [Mn(salen)] and [Ru(salen)(NO)]
complexes is the bond length between metal ion and
equatorial oxygen atom; the Ru—O bond (2.03-2.04 A) is
longer than the Mn—O bond (1.84—1.87 A). This longer bond
length separates (2”-phenyl)naphthyl groups at C3 and C3’
and makes CH - interactions between the 2”-phenyl ring at
C3-substituent and the naphthyl ring at C3’ difficult. Thus,
differing from [Mn(salen)] complex, two substituents at C3
and C3’ in 1 are not parallel to each other. The conformation
of 1 reflects these differences between [Mn(salen)] and
[Ru(salen)(NO)] complexes; the unique unsymmetrical con-
formation of 1 is mainly caused by the chelate ring con-
formation and amplified by the interaction of the C3'-
substituent and the apical ligand. The contribution of the
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latter interaction to ligand conformation is supported by the
fact that the nonsubstituted [Ru(salen)(NO)] complex has the
five-membered chelate ring in a half-chair conformation and
possesses an almost planar structure.?%)

The unsymmetrical non-planar ligand conformation of
complex 1 is expected to be also reflected on the ligand
conformation of a putative oxo(salen)ruthenium species (oxo-
C) from the following consideration (Scheme 4). The apical

oxo-C

Scheme 4. Proposed structures of the photoactivated [Ru(salen)] and the
oxo(salen)ruthenium species.

nitrosyl ligand of 1 is dissociated upon irradiation to give an
active species A, which is equilibrated with another
conformer B. The equilibrium between A and B is considered
to favor A owing to the presence of unfavorable repulsion
between 2”-phenyl group and the apical chloro ligand in B.
However, the vacant apical site of A is sterically congested
and its oxidation to the corresponding oxo species should be
hampered. In contrast to this, the vacant apical site of B is
sterically less congested and it is readily oxidized to oxo
species (oxo-C). Thus, the oxo species derived from 1 is
considered to have a structure similar to 1. This deeply folded
basal salen ligand and the largely inclined orientation of the C3
substituent endow oxo-C with an open asymmetric coordina-
tion sphere around the oxene atom, which could be respon-
sible for the unique catalytic performance of 1, and the highly
enantioselective epoxidation of olefins irrespective of their
substitution pattern. In conclusion, we were able to find a
general methodology for the epoxidation of conjugated olefins.

Experimental Section

General considerations: '"H NMR spectra were recorded at 400 MHz on a
Bruker DPX400 or a Jeol GX400 instrument. All signals were expressed
with respect to tetramethylsilane as an internal standard. IR spectra were
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obtained with a Shimadzu FTIR-8600 instrument. Optical rotations were
measured with a Jasco P-1020 polarimeter. Column chromatography was
conducted on silica gel BW-820MH, 70-200 mesh ASTM, available from
Fuji Silysia Chemicals. Preparative thin-layer chromatography was per-
formed on a 0.5 mm x 20 cm x 20 cm Merck silica gel plate (60 F-254).
Enantiomeric excesses were determined by HPLC analysis with Shimadzu
LC-10AT-VP or by GLC analysis by using Shimadzu GC-17A or Perkin—
Elmer Turbomas equipped with an appropriate optically active column, as
described in the footnotes of the corresponding tables. Complex 1 was
prepared to according to the reported procedure.’! Tetrahydrofuran
(THF), diethyl ether, and benzene were dried and deoxygenated over
sodium benzophenone and distilled shortly before use. Anhydrous dioxane
was purchased from Kanto Chemical Co. Reagents and solvents were used
as received unless otherwise mentioned. Reaction temperature was
controlled by using a water-circulating bath and by attaching a infrared
filter to the light source. Equipment made with Pyrex glass were used in all
the experiments. Reactions were carried out under an atmosphere of nitrogen.

General procedure for asymmetric epoxidation with complex 1 as the
catalyst: Complex 1 (2.0 mg, 2 umol) and tetramethylpyrazine N,N'-dioxide
(16.8 mg, 0.10 mmol) were successively added to a solution of substrate
(0.10 mmol) in dioxane (1.0 mL). The whole mixture was stirred for the
period specified in the Tables 1, 2, 4 and 5 at room temperature under
irradiation with a halogen (100 W or 150 W) or an incandescent lamp
(60 W), and then concentrated in vacuo. The residue was purified by
chromatography over short silica gel column (hexane/AcOEt 9:1 to 3:2).
Enantiomeric excess and absolute configuration of the product were
determined as described in the footnotes of Tables 1, 2, 4 and 5.

3,4-Dihydro-1,2-dimethylnaphthalene-1,2-oxide: Colorless oil; yield 32 %
(82% ee); [a]% = —144.7 (c=0.39 in CHCl;); '"H NMR (CDCl;, 400 MHz):
0=755-1751 (m, 1H), 723-7.19 (m, 2H), 7.09-7.05 (m, 1H), 2.90 (ddd,
J=6.4,143,14.3 Hz, 1H), 2.49 (ddd, /=15, 5.0, 14.3 Hz, 1H), 2.19 (ddd,
J=15,64,14.3 Hz, 1H), 1.86 (ddd, J =5.0, 14.3,14.3 Hz, 1 H), 1.76 (s, 3H),
1.55 (s, 3H); IR (KBr): 7 =23429, 2928, 1728, 1383, 1277, 1076, 1040, 883,
814,760 cm~'; MS (EL 70 eV): m/z (%): 174 (23) [M]*, 159 (18), 146 (100),
131 (42), 115 (26), 91 (23); HRMS (EIL, 70 eV): caled for C,,H,,0: 174.1045;
found: 174.1051; the absolute configuration was not determined.

3,4-Dihydro-2-methyl-1-methylenenaphthalene-2-ol: Colorless oil; yield
10%; '"H NMR (CDCl;, 400 MHz): 6 =761 (m, 1H), 721-7.12 (m, 3H),
5.55 (s, 1H), 5.43 (s, 1H), 3.00 (ddd, J=5.5, 5.5, 16.5 Hz, 1H), 2.90 (ddd,
J=82,82,16.5Hz, 1H), 1.97-1.93 (m, 2H), 1.65 (brs, 1H), 1.40 (s, 3H);
IR (KBr): 7=3655, 2928, 1720, 1454, 1381, 1290, 1258, 1150, 1101, 1076,
903, 762 cm™!; MS (EL 70 €V): m/z (%): 174 (61) [M]*, 156 (91), 141 (93),
131 (87), 115 (100), 91 (50); HRMS (EI, 70 eV): caled for C,,H,,0:
174.1037; found: 174.1045.

3,4-Dihydro-1,2-dimethylnaphthalene-1,2-diol: Colorless oil; yield 3 %;
'H NMR (CDCl;, 400 MHz): 6 =7.66 (d, J=75Hz, 1H), 724-7.16 (m,
2H),7.08 (d,J=75Hz, 1H), 3.03 (ddd, J =5.3,5.3,17.2 Hz, 1 H), 2.80 (ddd,
J=85,8.5,172 Hz, 1H), 2.61 (s, 1 H), 2.46 (s, 1 H), 2.03-2.00 (m, 2H), 1.47
(s,3H), 1.37 (s, 3H); IR (KBr): 7 =3431, 2982, 2936, 1454, 1373, 1119, 1080,
920, 764, 725 cm~'; MS (EI, 70 eV): m/z (%): 192 (9) [M]*, 159 (100), 134
(16), 119 (100), 91 (50); HRMS (EI, 70 eV): calcd for C,,H,,0,: 192.1150;
found: 192.1148.

3-Hydroxy-2,2-dimethyl-4-methylenechromane: Colorless oil; yield 54 %
(97 % ee); [a]% = —22.9 (c=0.38 in CHCl;); '"H NMR (CDCl;, 400 MHz):
0="155(d,J=175Hz, 1H), 720 (t,/=7.5 Hz, 1H), 6.92 (t,/=7.5 Hz, 1H),
6.85 (d, /=175 Hz, 1H), 5.64 (s, 1H), 5.22 (s, 1H), 4.06 (d, /=7.0 Hz, 1H),
1.82 (d,J=7.0 Hz, 1H), 1.38 (s, 3H), 1.28 (s, 3H); IR (KBr): #=2980, 1481,
1456, 1375, 1304, 1256, 1144, 1097, 943, 899, 756 cm~'; MS (EI, 70 eV): m/z
(%):190 (100) [M]*+,175 (15), 161 (33), 147 (83), 131 (23), 119 (30), 91 (51);
HRMS (EI, 70 eV): caled for C;,H,,0,: 190.0994; found: 190.0992; the
absolute configuration was not determined.

(R,R)-1-Methyl-1,2-diphenyl oxirane: Colorless oil; yield 83 % (86 % ee);
[a]? =+104.1 (¢ =0.53 in EtOH) ([a]} = — 113.9 (¢ =0.9 in EtOH) for the
material of 95.5% eel*).

(1S,2R)-1-Phenylcyclohexene oxide: Colorless oil; yield 62% (79 % ee);
[a]%=479.7 (¢=0.59 in benzene) ([a]%=+116.7 (¢=121 in benzene)
for the material of 98 % eel®!).
2-Methyl-1,2-epoxy-1,2,3,4-tetrahydronaphthalene: Colorless oil; yield
74% (88% ee); [a]B =-143.1(¢c=0.71 in CHCL) ([a]% =+50.5 (c=1.02
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in CHCI,) for the material of 49 % eel®l); the absolute configuration was
not determined.

(35,45)-6-A cetamido-3,4-epoxy-2,2-dimethyl-7-nitrochromene: Colorless
oil; yield 54% (98 % ee); [a]% =+19.9 (c=0.42 in CHCL;) ([a]® =+23.2
(c 0.25 in CHCL,) for the material of >99 % eel>l).
(15,2R)-1,2-Epoxy-1-phenylpropene: Colorless oil; yield 60% (89 % ee);
[a]% =+49.2 (¢=0.25 in CHCL) ([a]% =+28 (¢=0.41 in CHCL) for the
material of 68 % eel?”)).

(15,25)-1,2-Epoxy-1-phenylpropene: Colorless oil; yield 26 % (86 % ee);
[]% = —50.4 (c =0.42 in CHCL) ([a]% = +47.8 (c = 1.04 in CHCL,) for the
material of 95.5% eel*).

(1R,2R)-Stilbene oxide: Colorless oil; yield 52 % (87 % ee); [a]R =+180.3
(c=0.88 in CHCL;) ([a]%=+126 (¢=0.88 in CHCl,) for the material of
48% eel?™).

(1S,2R)-3,4-Dihydronaphthalene 1,2-oxide: Colorless oil; yield 59%
(84% ee); [a]2 =—1176 (c=0.40 in CHCL) ([a]%=—144.9 (¢c=0.33 in
CHCI,) for the material of 98 % eel?l).

(S)-Styrene oxide: Colorless oil; yield 30% (83% ee); [a]%=+36.9 (c=
0.18 in C¢Hy) ([a]R = +44.5 (c 1.05, in C4Hj) for the material of 95 % eel®®)).

3,4-Epoxy-4-methyl-1-phenylpent-1-yne: Colorless oil; yield 42%
(82% ee); [a]%=-147 (c=0.17 in CHCL); 'H NMR (CDCl,
400 MHz): 6 =746-744 (m 2H), 7.35-729 (m, 3H), 3.44 (1H, s), 1.51
(3H, s), 1.40 (3H, s); IR (NaCl): 7=2990, 2967, 2928, 1599, 1491, 1445,
1381, 1304, 1250, 1117, 1042, 881, 791, 758, 690, 569 cm~'; MS (EI, 70 eV):
miz (%): 172 (29) [M]*, 156 (3), 143 (6), 129 (11), 114 (100), 88 (5); HRMS
(EL, 70 eV): caled for C,H;,O: 172.088; found: 172.088; the absolute
configuration was not determined.

X-ray crystal structure determination of 1: Recrystallization of 1 from
chloroform and acetonitrile afforded single crystals 1-(CH3;CN) suitable
for X-ray structural analysis. All measurements were made on a Rigaku
RAXIS-RAPID imaging plate diffractometer with graphite monochro-
mated Moy, radiation. Structural analysis was performed by using the
teXsan crystallographic software package. The structure was solved by
heavy atom Patterson methods and expanded with Fourier techniques. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
included but not refined. Structural data and experimental detail are
summarized in Table 6. 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-161815. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).

Table 6. Crystallographic data and experimental details of the structure
determinations for complex 1-(CH;CN).

formula Cy,H,N,O;CIRu

M, 1032.60

crystal dimensions [mm] 0.20 x 0.15 x 0.35
crystal system orthorhombic

space group P2.2.2,

a[A] 18.215(4)

b [A] 28.994(5)

c[A] 9.241(2)

V [A3] 4880(1)

V4 4

Peatea [gEm ] 1.405

26,0, [] 55

2 (Moy,) [A] 0.71069

scan mode w

T [K] 183

measured reflections 12614

unique reflections 8976

observed reflections [/ >3 0(/)] 6266

correction Lorentz polarization
# (Mog,) [em™] 4.29

R values [I>30(1)] R=0.055, R, =0.046
refinement full-matrix least squares against F?

residual electron density [e A=) 0.78/ —0.71
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Crown Compounds for Anions: Sandwich and Half-Sandwich Complexes of
Cyclic Trimeric Perfluoro-o-phenylenemercury with Polyhedral closo-
[B,;H;0]>~ and closo-[B;,H;;]>~ Anions

Elena S. Shubina,* Irina A. Tikhonova, Ekaterina V. Bakhmutova, Fedor M. Dolgushin,
Mikhail Yu. Antipin, Vladimir I. Bakhmutov, Igor B. Sivaev, Lylia N. Teplitskaya,
Igor T. Chizhevsky, Irina V. Pisareva, Vladimir I. Bregadze, Lina M. Epstein, and

Vladimir B. Shur*/2]

Abstract: It has been shown by IR and
NMR spectroscopy that cyclic trimeric
perfluoro-o-phenylenemercury (o-C4F,-
Hg); (1) is capable of binding closo-
[BioHi0)*~ and closo-[B,H;,]* anions to
form complexes [{(o-C¢F,Hg)s}(Bio-
Hip)l (2), [{(0-CeFiHg)s}n(BioHio) [
(3), [{(o-CsF,Hg)s}(B,Hyo)~ (4), and
[{(0-CsF,Hg)3}2(BioHpp) [~ (). Accord-
ing to IR data, the bonding of the
[BioHyo)> and [By,H;,]*~ ions to the
macrocycle in these complexes is accom-

been isolated in analytically pure form
and have been characterized by spectro-
scopic means. X-ray diffraction studies
of 3 and 5 have revealed that these
compounds have unusual sandwich
structures, in which the polyhedral di-
anion is located between the planes of
two molecules of 1 and is bonded to each
of them through two types of B-H-Hg

Keywords: anions - boranes - mer-
cury - polymercuramacrocycles -

bridges. One type is the simultaneous
coordination of a B—H group to all three
Hg atoms of the macrocycle. The other
type is the coordination of a B—H group
to a single Hg atom of the cycle.
According to X-ray diffraction data,
complex 2 has an analogous but half-
sandwich structure. The obtained com-
plexes 25 are quite stable; their stabil-
ity constants in THF/acetone (1:1) at
20°C have been determined as 1.0 x
10°Lmol~!, 2.6x10°L*mol2, 0.7 x

plished through the formation of B-H-
Hg bridges. Complexes 2, 3, and 5 have

Introduction

Recent investigations have revealed a remarkable ability of
polymercuramacrocycles to effectively bind various anions
and neutral Lewis bases with the formation of complexes in
which the Lewis basic species is simultaneously coordinated
to all Hg atoms of the cycle.l''3] This unusual property of
polymercuramacrocycles is reminiscent of the behavior of
crown ethers and their thia and aza analogues in metal cation
binding and may find useful applications in organic synthesis,
ion transport, and catalysis (see, for example, refs. [1a, 4]).
In the majority of complexes of polymercuramacrocycles
with anions, the bonding to the mercury atoms is accom-
plished through the lone electron pairs of the anionic guest,
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Russian Academy of Sciences, Ulitsa Vavilova 28
117813 Moscow (Russia)
Fax: (+7)095-135-5085
E-mail: vbshur@ineos.ac.ru

Chem. Eur. J. 2001, 7, No. 17

structure elucidation

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

10’Lmol!, and 0.98 x 10°L?mol2, re-
spectively.

but anions lacking unshared electron pairs can also form
complexes with these macrocycles. The first example of a
reaction of this type was found by Hawthorne et al., who
described a complex of the o-carboranylmercury macrocycle
(0-C,B,(HgEt,Hg), with two closo-[B;,H;,]*~ anions.?l The
isolated complex [{(o-C,B,HsEt,Hg),}(B,,H,(),]* was found
to have a bipyramidal structure, in which the [B,,H,(]*~ ions
were located above and below the metallacycle plane and
each of them was coordinated to the Hg atoms of the cycle
through B-H-Hg bridges. Interestingly, in the case of the
[Bi,H;,)*~ ion, no complexation with (0-C,B,,HgEt,Hg), was
observed.

Recently, we have found!'d that cyclic trimeric perfluoro-o-
phenylenemercury (o-C¢F,Hg); (1), which contains three Hg
atoms in a planar nine-membered cycle,! is capable of
binding borohydride anions in THF solution to form com-
plexes [{(0-C¢F,Hg)s}(BH,)]", [{(o-CsF,Hg):}(BH,),J*", and
[{(o-CcF,Hg)s},(BH,)]~. The bonding of the BH, ions to the
macrocycle is also accomplished here through B-H-Hg
bridges. Unfortunately, these complexes could not be ob-
tained as crystals suitable for X-ray diffraction studies. The
results of quantum-chemical calculations suggested that they
should have the unique half-sandwich, bipyramidal, and
sandwich structures, respectively.
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Herein, the complexation re- 0.35
actions of macrocycle 1 with
[ByH o] and [B;,Hy,]* anions 0.30 A

are described in detail. It has
been found that the reaction of
1 with [B,(H,(]*>~ ions affords
two  complexes, [{(0-CF,-
Hg)3}(ByoHyo) | (2) and
[{(0-CeF4Hg)s}2(BicHi) >~ (3),
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spectively. Similar complexes,
[{(o-CeF He)s}(BHp) > (4)
and  [{(0-CeF,Hg)s}h(BHi) [
(5), are formed in the reaction
of 1 with [B,,H,]*~ ions. An
X-ray analysis of 5§ has revealed that this compound, like 3,
also has a sandwich structure.
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Results and Discussion

The complexation of macrocycle 1 with [B,H,o]>~ and
[B,H,,)*~ ions was first studied by means of IR and NMR
spectroscopy. These studies allowed us to detect the afore-
mentioned complexes 2 -5 in solution and to determine their
compositions and stability constants. Furthermore, the solid
complexes isolated from the reaction mixtures were inves-
tigated by analytical and spectroscopic means, as well as by
X-ray structure analyses. The results of these investigations
showed the isolated complexes to be identical in their
compositions and spectral characteristics to the species
detected in solution by IR and NMR spectroscopy.

Complexes 2 and 4

IR spectroscopic data: When 1 is gradually added to an excess
of (nBuN),[B,(H,y] in THF/acetone (1:1) solution
([B1oH,(*>"], =4 x 10~*M) at room temperature, the intensities
of the v(BH) bands of free [B;yH;o]>~ anions (at 2443 and
2480 cm %) decrease, and new absorption bands appear in
the spectrum at 2280 and 2464 cm~! indicating a complexation
of [ByoH;o]*~ with the Hg atoms of 1. The decrease in the
intensities of the initial v(BH) bands and the increase in those
of new bands occurs with an isobestic point (Figure 1). When
the [B,,H,(]*":1 molar ratio becomes equal to 1:1-1:1.5, the

3784
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Figure 1. IR spectra in the v(BH) range: 1) (nBu,N),[B,,H,(] in THF/acetone (1:1); 2) - 6) reaction solutions in
THF/acetone with [B;yH;o]>:1 molar ratios of 1:0.5 (2); 1:0.8 (3); 1:1 (4); 1:1.3 (5); 1:1.5 (6).

v(BH) bands of free [B,(H,(]*~ ions practically disappear and
the spectrum shows only the aforementioned absorption
bands at 2280 and 2464 cm™! attributable to complex 2. The
band at 2280 cm™, shifted by 163 and 200 cm~!, respectively,
to the low-frequency region relative to the v(BH) bands of
free [B,,H;o]*~ anion, can be attributed to stretching vibra-
tions of the B—H bonds coordinated to the Hg atoms of the
macrocycle through B-H-Hg bridges (v(BH)®). We assign the
high-frequency absorption band at 2464 cm™! to stretching
vibrations of the terminal B—H bonds (v(BH)").

Analogous spectral changes in the ¥(BH) region occur when
1is gradually added to an excess of (nBu,N),[B,H,,] in THF/
acetone (1:1) solution ([B,H;,], =4 x 103m) at 20°C. Here,
practically complete disappearance of the ¥v(BH) band of the free
[B,H,,]* ion (at 2466 cm~'[) is again observed ata 1:1-1:1.5
molar ratio of the reagents. A decrease in intensity of the initial
v(BH) band is accompanied by the appearance of two new
absorption bands at 2292 (v(BH)®) and 2478 cm™' (v(BH)Y)
attributable to complex 4. Thus, the complexation of the
[B1-H;,]*~ anions with macrocycle 1 also leads to a very large
shift (174 cm~') of the »(BH)® band to the low-frequency region
relative to the »(BH) band of the free [B,,H;,]*~ ion. Similarly
large low-frequency shifts of the v(BH)® bands have previously
been reported for complexes of 1 with borohydride anions.!'¢]

A study of the compositions of complexes 2 and 4 by the
mole ratio and continuous variation (Job) methods!”l showed
that they contain one anionic species per molecule of 1, and
consequently they <can be formulated as [{(o-
CoFHg)s}(ByoHyo)[* and [{(o-CeF,Hg)s}(B,Hyp)]*, respec-
tively. The complexes are quite stable: their stability constants
(THF/acetone, 20 °C) were determined from the IR spectra as
1.0 x 10% and 0.7 x 102L mol~, respectively.

Complex 2 was isolated as a colorless crystalline solid by
treating 1 with an equimolar amount of (nBu,N),[B;(H,(] in
acetone, followed by addition of MeOH to the resulting
material. According to elemental analysis and X-ray diffrac-
tion data (see below), the complex does indeed have a 1:1
composition, but also contains one molecule of MeOH per
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molecule of 2. The IR spectrum of solid 2 (as a Nujol mull)
shows practically the same v(BH) absorption bands (at 2287
and 2454 cm™') as those observed in THF/acetone solution
(see above). Unfortunately, our attempts to obtain analyti-
cally pure complex 4 failed, but the IR spectrum of the
isolated product is again very similar [v(BH)=2300 and
2484 cm™!] to the solution spectrum.

NMR spectroscopic studies: The room-temperature “Hg
NMR spectrum of macrocycle 1 in [Dg]acetone is character-
ized by a broad signal at 6=-314.8. The 'Hg NMR
spectrum (295 K) of complex 2 obtained by mixing 1 with
an equimolar amount of (nBuyN),[B;,H,¢] in the same solvent
shows a poorly resolved signal at 0 =-—108. Thus, the
interaction of 1 with [B;(H,(]*~ anions to form 2 leads to a
downfield shift of the 1?Hg resonance by more than 200 ppm.
On lowering the temperature to 180 K, the position of the
1%Hg line in the spectrum of 2 is displaced to 6 = —89.

Similar changes in the room temperature “Hg NMR
spectrum are observed in the course of the formation of
complex 4. On addition of (nBu,N),[B;,H;,] to a solution of 1
in [Dg]acetone until a [B,,H;,]*:1 ratio of 1:1 is reached, the
19Hg resonance is strongly broadened and is shifted to 6 =
—176.1. Thus, the magnitude of the downfield displacement of
the '’Hg line on going from 1 to 4 is around 139 ppm. Cooling
of the solution (to 200 K) again leads to a noticeable change in
the position of the signal (6 = — 188).

The "B{'H} NMR spectrum of (nBu,N),[B;,H,(] in [D¢]ace-
tone (295 K) features two broad resonances (in a 1:4 ratio) at
0=-093 and —29.2, corresponding to the apical and
equatorial boron atoms, respectively. In the spectrum of 2,
these signals are shifted downfield to  =2.37 and — 23.9, thus
suggesting that both types of B—H groups of the [B,,H;(]*~
anion (apical and equatorial) are involved in the complex-
ation. The positions of the !'B resonances at 180 K are 6 =1.97
and —26.0, respectively.

The 'H NMR spectra of 2 and 4 proved to be uninformative
due to strong broadening of the B —H resonances.

X-ray crystallographic study of complex 2- MeOH: Figure 2
shows the structure of 2- MeOH. Selected bond lengths and
angles are listed in Table 1. The complex has an unusual half-
sandwich structure, in which the closo-[B,;H;o]>~ anion is
coordinated to 1 through two types of B-H-Hg bridges. One
type is the simultaneous bonding of the equatorial B(2)—H(2)
group of the [B,;H;o]*>~ ion to all three Hg atoms of the cycle.
The Hg(1)-H(2), Hg(2)—H(2), and Hg(3)—H(2) distances in 2
are 2.5(1), 2.8(1), and 2.8(1) A and the Hg(1)-B(2),
Hg(2)—-B(2), and Hg(3)—B(2) distances are 3.26(2), 3.32(2),
and 3.50(2) A, respectively. All these distances are notably
shorter than the sums of the van der Waals radii of mercury
and hydrogen atoms (2.1+1.2=3.3 A®), and mercury and
boron atoms (2.1+1.75=3.85 ABl). The latter feature may
indicate that the boron atom of the B(2)—H(2) group is also
involved in the bonding to the Hg centers of the macrocycle
(cf. ref. [1g]). Different types of B-H-Hg bridges are found in
complex 2 as a result of coordination of the apical B(1)—H(1)
and equatorial B(6)—H(6) groups of the [B,,H;(]*~ ion to 1.
Each of these, in contrast to the B(2)—H(2) group, is bonded
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Table 1. Selected bond lengths [A] and angles [°] in complex 2.

He(1)-H(2) 2.5(1) Hg(1)-B(2) 3.26(2)
Hg(2)-H(2) 2.8(1) Hg(2)-B(2) 3.32(2)
Hg(3)-H(2) 2.8(1) Hg(3)-B(2) 3.50(2)
Hg(1)-H(1) 2.6(1) Hg(1)-B(1) 3.24(2)
Hg(2)-H(6) 2.8(1) Hg(2)-B(6) 3.4302)
Hg(1)-C(14) 2.09(1) Hg(3)-C(8) 2.07(1)
Hg(1)-C(1) 2.09(1) C(1)-C(2) 1.41(2)
Hg(2)-C(2) 2.05(1) C(7)—C(8) 1.41(2)
Hg(2)-C(7) 2.09(1) C(13)-C(14) 1.38(2)
Hg(3)-C(13) 2.07(2)
C(14)-Hg(1)-C(1) 173.2(5) C(13)-Hg(3)-C(8) 172.4(6)
C(2)-Hg(2)-C(7) 172.3(5)
O
o
ci1s)
£o)ols)
SHS) Ha’

Figure 2. Molecular structure of complex 2-MeOH in the crystal.

only to one Hg atom of the macrocycle (Hg(1) and Hg(2),
respectively). The Hg(1)—H(1) and Hg(2)—H(6) distances are
2.6(1) and 2.8(1) A, while the Hg(1)-B(1) and Hg(2)—B(6)
distances are 3.24(2) and 3.43(2) A, respectively, which are
again noticeably shorter than the corresponding sums of the
van der Waals radii.

The complexation of the [B,oH,(]*~ anion by 1 leads to some
distortion of the polyhedral borane cage. This is manifested in
notable differences in the B,,—B., bond lengths for the
coordinated B(1) and non-coordinated B(10) apical vertices
(the average values are 1.70 and 1.64 A, respectively; 1.690 A
for the free [B,,H,J*>~ anionl). The geometry of the polymer-
curamacrocycle in 2 is also somewhat distorted. The Hg atoms
of the macrocycle deviate from the mean plane of the central
nine-membered ring of 1 towards the [B;H;o]>~ ion [the
maximum displacement is 0.10 A for Hg(3)], whereas the
perfluorophenylene rings are displaced in the opposite
direction [the maximum displacement from this plane is
0.31 A for C(16)]. As a result, the C-Hg-C fragments in the
cycle deviate slightly from linearity (the C-Hg-C bond angles
are 172.4(6), 172.3(5), and 173.2(5)°), thus showing some
perturbation of the sp hybridization of the Hg atoms.

The methanol solvate molecule is bonded to the apical
B(10)-H(10) group through an O—H:---H—B dihydrogen
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bond (see Figure 2). The H(1S)--- H(10) and O(1S)---B(10)
distances are 2.2(2) and 3.55(2) A, and the O(1S)-H(1S)-
H(10) and H(1S)-H(10)-B(10) angles are 171(18) and
116(12)°, respectively. The results of the spectroscopic and
theoretical study of the O—H --- H-B dihydrogen bonding of
the [ByoH,o)*~ and [B;,H,,]*>~ anions with proton donors are
discussed in ref. [10].

Complexes 3 and 5

IR and NMR spectroscopic data: When a solution of complex
2 in THF (|2], =4 x 1072m) is treated with additional amounts
of the macrocycle, the gradual disappearance of the v(BH)
bands of 2 (at 2280 and 2464 cm™!) is observed and three new
absorption bands (at 2300, 2410, and 2479 cm™!) attributable
to complex 3 appear in the spectrum. The decrease in
intensities of the IR bands of 2 and increase in intensities of
those of 3 also occurs with isobestic points (Figure 3). When
the 1:2 molar ratio reaches 2:1, the spectrum shows the sole
presence of complex 3 in the solution. The aforementioned
low-frequency bands (at 2300 and 2410 cm™') in the IR
spectrum of 3 can be assigned to v(BH)® stretching modes.
The high-frequency band of 3 (at 2479 cm™!) can be attributed
to the corresponding v(BH)' absorption.

Similar changes in the IR spectrum are observed upon
gradual addition of 1 to a solution of complex 4 in THF. This
reaction leads to complex 5, which is also characterized by
three »(BH) absorption bands [at 2313 (v(BH)), 2435
(v(BH)®), and 2483 (v(BH)") cm™!] in its IR spectrum. Practi-
cally complete conversion of 4 to complex 5 is achieved at a
1:4 molar ratio of 2:1.

It should be noted that the relative intensities of the
v(BH)" bands in the spectra of 3 and 5 are noticeably
greater than those of the corresponding bands in the spectra
of 2 and 4. This indicates an increase in the number of BH
groups involved in the complexation on going from 2 and
4 to 3 and 5, respectively. One may assume that two v(BH)®
absorption bands observed in the IR spectra of com-

1.60
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Optical density ——
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plexes 3 and 5 correspond to two different types of B-H-Hg
bonding.

The room-temperature Hg NMR spectra of solutions of 3
and 5 in [DgTHF (obtained by treating [B,,H;]>~ and
[Bi,H},)*~, respectively, with a threefold excess of 1) feature
broad signals at 6 =—160.7 and —284.3, respectively (0=
—323.9 for 1 in [Dg]THF!¢l). Unfortunately, all attempts to
measure the low-temperature Hg NMR spectra of 3 and 5
failed because of the low solubilities of the complexes.

Using the mole ratio and Job methods, we established that
complexes 3 and 5 have compositions of [{(o-
CoFHg)3}x(B1oH 0)]*~ and [{(0-CoF,Hg)3}2(B1,Hp) ], respec-
tively. Thus, they contain two molecules of the macrocycle per
one anionic species. These complexes are even more stable
than 2 and 4: their stability constants (determined by the mole
ratio method) amount to 2.6 x 10° and 9.8 x 102L*mol 2,
respectively. However, they are considerably less stable than
the previously described complex of macrocycle 1 with the
borohydride anion of similar composition [{(o-
CeF,Hg);},(BH,)]” (K=10"L*mol ?).I'l

Solid complexes 3 and 5 were isolated in analytically pure
form by treating 1 in ethanol with 0.5 equivalents of
(PPN),[B,;H;] and (nBu,N),[B,,H;,], respectively (PPN =
(PPh;),N). The IR spectra of the isolated complexes 3 and 5
(in Nujol mulls) also feature three absorption bands in the
v(BH) region. The positions of these bands (2309, 2408, and
2485 cm™! for 3; 2328, 2433, and 2486 cm~' for 5) are very
close to those observed in solution (see above).

X-ray study of complex 3-Et,0: Crystals of the complex
suitable for X-ray diffraction analysis were obtained by slow
vapor diffusion of diethyl ether into a solution of 3 in acetone
at 20°C. The crystals were found to contain one molecule of
Et,0 per molecule of 3. The structure of 3 is shown in
Figure 4. Selected bond lengths and angles are given in
Table 2.

The complex has a bent sandwich structure, in which the
[BioHyo]* anion is located between the planes of two
molecules of the macrocycle and is coordinated to each of
these in the same manner as in
the half-sandwich complex 2
described above. The
B(2)-H(2) and B(8)—H(8)
equatorial groups of the
[BioH;o)*~ ion in 3 are simulta-
neously bonded to all three Hg
atoms of the neighboring mol-
ecule of 1. The Hg—H(2) and
Hg—H(8) bond lengths in 3 are
in the range 2.41(4)-2.60(4) A
(average 2.52 A), while the cor-
responding  Hg—B(2) and
Hg—B(8) distances are in the
range 3.154(5)-3.489(6) A
(average 3.28 A). An additional

0.00 T ! - :
2600 2500 2400

viem' ——»

Figure 3. IR spectra in the v(BH) range: 1) complex 2 in THF; 2) and 3) reaction solutions in THF with 2:1 molar

ratios of 1:1 (2) and 1:2 (3).
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contribution to the bonding of
the [B,H;o)*" ion to 1 in com-
plex 3 involves the B(1)—H(1),
B(6)-H(6), B(4)-H(4), and

2300 2200
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B(10)—H(10) groups, each of which is coordinated to a single
Hg atom of the macrocycle. The Hg—H distances for these
groups (2.54(6)-2.75(4) A; average 2.67 A) are notably
longer than those for the equatorial B(2)-H(2) and
B(8)—H(8) groups. The Hg—B distances are in the range
3.152(6)-3.442(6) A (average 3.26 A). Thus, six of the ten
vertices of the [B,,H,]*" anion in 3 are involved in the
coordination to the macrocycle (three to each molecule of 1).

Due to the symmetrical bonding of the [B,,H,(]*>~ ion to two
macrocyclic units in complex 3, all B-B bond lengths at the
B(1) and B(10) apical vertices in this complex are close to
each other. The average B,,—B,, distance is 1.69 A, which is close
to the corresponding value for the B(1) apical vertex in 2.

In contrast to the situation in complex 2, in 3 only one Hg
atom, namely Hg(1A), is displaced (by 0.19 A) from the mean
plane of the central nine-membered ring of 1 towards the
[BioHyo]*~ ion; this leads to a noticeable deviation of the
C(1A)-Hg(1A)-C(14A) bond angle (170.8(2)°) from the ideal
value of 180°. Other C-Hg-C fragments in 3 deviate from
linearity to a lesser extent (the average C-Hg-C angle is 175°).
The mutual orientation of the macrocyclic units in 3 is close to
GFuiBl an eclipsed conformation (the Hg(3A)-X(1A)-X(1B)-Hg(3B)
torsion angle is 4°; X(1A) and X(1B) are the centers of the
corresponding macrocycles). The dihedral angle between the
planes of the macrocycles is 19°.

FieB) &

Fuse)

Fl16B)

X-ray study of complex 5: Suitable crystals of 5§ were also
grown by slow vapor diffusion of diethyl ether into a solution
of the complex in acetone. The structures of the two
crystallographically independent molecules of 5 (conformers
5a and 5b) are presented in Figure 5. Selected bond lengths
and angles for Sa and 5b are listed in Tables 3 and 4.

As can be seen in Figure 5, conformers 5a and 5b both have
bent sandwich structures like that of 3, in which the
polyhedral anion is coordinated to the molecules of 1 through
two types of B-H-Hg bridges. In each conformer, the
B(1)—H(1) and B(7)—H(7) groups are simultaneously bonded
to all the Hg atoms of the neighboring macrocycle. The Hg—H

FINAI®

Figure 4. Two views of complex 3 in the crystal.

Table 2. Selected bond lengths [A] and angles [°] in complex 3.

Table 3. Selected bond lengths [A] and angles [°] in complex 5a.

Hg(1A)-H(2) 251(4) Hg(1A)-B(2) 3.154(5)

Hg(2A)-H(2) 2.60(4) Hg(2A)-B(2) 3.213(6) Hg(1A)-H(1A) 257(5) Hg(1A)-B(1A) 3.381(8)
Hg(3A)-H(2) 2.54(4) Hg(3A)-B(2) 3.385(6) Hg(2A)-H(1A) 242(6) Hg(2A)-B(1A) 3.342(9)
Hg(1A)-H(1) 2.66(5) Hg(1A)-B(1) 3.152(6) Hg(3A)-H(1A) 2.44(5) Hg(3A)-B(1A) 3.193(9)
Hg(2A)-H(6) 2.65(4) Hg(2A)-B(6) 3.291(5) Hg(1A)-H(5A) 281(7) Hg(1A)-B(5A) 3.527(9)
Hg(1B)-H(8) 241(4) Hg(1B)-B(8) 3.182(6) Hg(3A)-H(3A) 2.94(6) Hg(3A)-B(3A) 3.529(10)
Hg(2B)-H(8) 248(4) Hg(2B)-B(8) 3.246(5) Hg(1B)-H(7A) 254(6) Hg(1B)-B(7A) 3.369(9)
Hg(3B)-H(8) 2.59(5) Hg(3B)-B(8) 3.489(6) Hg(2B)-H(7A) 2.67(6) Hg(2B)-B(7A) 3.346(8)
Hg(1B)-H(10) 2.64(6) Hg(1B)-B(10) 3.167(5) Hg(3B)-H(7A) 2.65(6) Hg(3B)-B(7A) 3.326(9)
Hg(2B)-H(4) 275(4) Hg(2B)-B(4) 3.442(6) Hg(2B)-H(11A) 2.86(5) Hg(2B)-B(11A) 3.448(8)
Hg(1A)-C(1A) 2.083(5) Hg(1B)-C(1B) 2.078(5) Hg(1A)-C(1A) 2.078(7) Hg(1B)-C(14B) 2.067(8)
Hg(1A)-C(14A) 2.090(6) Hg(1B)—-C(14B) 2.092(5) Hg(1A)-C(14A) 2.097(7) Hg(1B)-C(1B) 2.073(8)
Hg(2A)-C(2A) 2.078(5) Hg(2B)-C(7B) 2.076(5) Hg(2A)-C(7A) 2.054(8) Hg(2B)-C(2B) 2.066(8)
Hg(2A)-C(7A) 2.091(5) Hg(2B)-C(2B) 2.085(6) Hg(2A)-C(2A) 2.077(7) Hg(2B)-C(7B) 2.078(8)
Hg(3A)-C(13A) 2.078(4) Hg(3B)-C(8B) 2.075(5) Hg(3A)-C(13A) 2.053(8) Hg(3B)-C(8B) 2.062(8)
Hg(3A)-C(3A) 2.089(5) Hg(3B)-C(13B) 2.076(5) Hg(3A)-C(8A) 2.077(7) Hg(3B)-C(13B) 2.088(9)
C(1A)-C(2A) 1.416(7) C(1B)-C(2B) 1.404(7) C(1A)-C(2A) 1.419(11) C(1B)-C(2B) 1.411(11)
C(7A)-C(3A) 1.397(8) C(7B)—C(8B) 1.434(7) C(7A)-C(8A) 1.386(10) C(7B)-C(8B) 1.419(11)
C(13A)-C(14A) 1.423(7) C(13B)-C(14B) 1.391(8) C(13A)-C(14A) 1.393(10) C(13B)—C(14B) 1.416(12)
C(1A)-Hg(1A)-C(14A) 1708(2)  C(1B)-Hg(1B)-C(14B) 176.5(2) C(1A)-Hg(1A)-C(14A) 1744(3)  C(14B)-Hg(1B)-C(IB) 174.1(3)
C(2A)-Hg(2A)-C(7A)  1755(2)  C(2B)-Hg(2B)-C(7B)  174.4(2) C(7A)-Hg(2A)-C(2A) 1741(3)  C(2B)-Hg(2B)-C(7B) 172.4(3)
C(8A)-Hg(3A)-C(13A) 1756(2)  C(8B)-Hg(3B)-C(13B) 173.3(2) C(13A)-Hg(3A)-C(8A) 172.7(3)  C(8B)-Hg(3B)-C(13B) 174.7(3)
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Figure 5. Molecular structures of 5a (top) and 5b (bottom) in the crystal.

and Hg—B distances for this type of coordination are in the
ranges 2.41(6)-2.72(7) A (average 2.55 A) and 3.193(9)-
3.381(8) A (average 3.31 A), respectively. Additionally, there
are several B-H-Hg bridges (three in 5a and four in 5b) that
arise through bonding of a B—H group to a single Hg atom of
1. Here, the Hg—H and Hg—B distances are in the ranges
2.81(7)-3.06(8) A (average 2.91 A) and 3.442(9)-3.550(9) A
(average 3.50 A), respectively.
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Table 4. Selected bond lengths [A] and angles [°] in complex 5b.

Hg(1D)-H(1B) 2.59(6) Hg(1D)-B(1B) 3.360(8)
Hg(2D)-H(1B) 251(6) Hg(2D)-B(1B) 3.244(8)
Hg(3D)-H(1B) 241(6) Hg(3D)-B(I1B) 3.203(8)
Hg(3D)-H(4B) 2.92(7) Hg(3D)-B(4B) 3.442(9)
Hg(2D)-H(6B) 2.86(6) Hg(2D)-B(6B) 3.491(9)
Hg(1C)-H(7B) 2.72(7)  Hg(1C)-B(7B) 3.360(8)
Hg(2C)-H(7B) 2.52(6) Hg(2C)-B(7B) 3.282(8)
Hg(3C)-H(7B) 2.53(6) Hg(3C)-B(7B) 3.300(8)
Hg(1C)-H(2B) 2.92(6) Hg(1C)-B(2B) 3.532(9)
Hg(3C)-H(8B) 3.06(8) Hg(3C)-B(8B) 3.550(9)
Hg(1C)—-C(1C) 2.071(8) Hg(1D)—-C(14D) 2.061(7)
Hg(1C)-C(14C) 2.080(8) Hg(1D)-C(1D) 2.074(8)
Hg(2C)-C(2C) 2.061(8) Hg(2D)-C(7D) 2.080(8)
Hg(2C)—C(7C) 2.074(8) Hg(2D)-C(2D) 2.081(7)
Hg(3C)—C(8C) 2.070(9) Hg(3D)-C(13D) 2.064(8)
Hg(3C)-C(13C) 2.073(9) Hg(3D)-C(8D) 2.087(7)
C(10)-C(2C) 1.450(11) C(1D)-C(2D) 1.418(11)
C(7C)—C(8C) 1.404(11) C(7D)—C(8D) 1.399(10)
C(13C)—-C(14C) 1.427(11) C(13D)—C(14D) 1.417(10)

C(1C)-Hg(1C)-C(14C) 173.3(3)
C(2C)-Hg(2C)-C(7C)  1752(3)
C(8C)-Hg(3C)-C(13C) 174.7(3)

C(14D)-Hg(1D)-C(1ID) 176.6(3)
C(7D)-Hg(2D)-C(2D)  176.2(3)
C(13D)-Hg(3D)-C(8D) 173.6(3)

The distortions of the macrocyclic units in Sa and 5b are not
systematic. The C-Hg-C bond angles lie in the range
172.4(3)-176.6(3)° (average 174.3°). The mutual orientation
of the macrocycles in 5a is close to a staggered conformation,
whereas in Sb they are almost in an eclipsed conformation.
The dihedral angles between the mean planes of the central
nine-membered rings of the macrocycles in Sa and S5b are 58.7
and 59.1°, respectively, which is considerably greater than that
in 3 (19°, see above).

Experimental Section

The starting macrocycle 1 was synthesized according to the published
procedure.’?  The other starting reagents, (nBu,N),[B,H,)] and
(nBwN),[B;H};], were obtained as described in refs. [11, 12];
(PPN),[B,,H,,] was prepared by an exchange reaction of K,[B,,H;,] with
[PPN]*CI- in aqueous solution and was characterized by its 'H and "B
NMR spectra. Reaction solvents were purified by conventional methods
and were distilled prior to use. THF was distilled from sodium benzophe-
none under Ar.

IR spectra were measured on a Specord M-82 instrument (Carl Zeiss Jena)
with a resolution of 2cm~!. IR spectra of the reaction solutions were
recorded in the v(BH) region (1500-2500 cm™!) at various concentrations
(0.4-4 x1073M) and ratios of the reagents in CaF, cells (d=0.0125-
0.0612 cm). IR spectra of the solid samples were recorded in Nujol mulls
over the range 400-4000 cm~!. The compositions of the complexes in
solution were determined by the molar ratio and continuous variation (Job)
methods!”! (see also ref. [1g]).

Variable-temperature NMR data were acquired on Bruker AMX400 and
WP 200 spectrometers. The "B and "Hg chemical shifts were determined
with BF;-Et,0 and Ph,Hg, respectively, as external standards. All the
NMR spectra were recorded starting at low temperatures (180 K). The
solutions to be studied were prepared in 5 mm NMR tubes in a cold iPrOH
bath and transferred to precooled NMR probes.

(nBuyN),[{(o-C(F Hg);}(B,,Hyp)1 (2): At room temperature, a solution of 1
(0.1046 g, 0.1 mmol) in acetone (5SmL) was added to a solution of
(nBu,N),[B;,H;,] (0.0604 g, 0.1 mmol) in acetone (5 mL), and after 5 min
the reaction mixture was concentrated to dryness in vacuo at 20 °C. The oily
residue was treated with methanol (2 mL) to give colourless crystals of 2-
CH,;OH, which were dried at room temperature. Yield: 0.158 g (94%);
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elemental analysis calcd (%) for Cs;HgF,ON,B(Hg;: C 36.36, H 5.10, F
13.54,B 6.53, Hg 35.82; found: C36.88, H5.05, F 13.49, B 6.30, Hg 35.03; IR
(Nujol): »(BH) =2287 (s), 2454 cm™' (s).

(PPN),[{(0-C4F,Hg):},(B,yH)]1 (3): A hot solution of (PPN),[B;H,]
(0.120 g, 0.1 mmol) in ethanol (15 mL) was added to a stirred solution of 1
(0.209 g, 0.2 mmol) in ethanol (5 mL). After 5 min, colorless crystals of
complex 3 had precipitated, which were collected by filtration, washed with
EtOH, and dried at 20°C in vacuo. Yield: 0.253 g (77 %); elemental
analysis caled (%) for C,,H7F,,N,P,B;gHgs: C 39.37, H 2.12, F 13.85, P
3.91, B 3.34, Hg 36.63; found: C 39.40, H 2.26, F 13.13, P 3.81, B 3.31, Hg
36.80; IR (Nujol): »(BH) =2309 (s), 2408 (w), 2485 cm™! (m).

(nBu,N),[{(0-CFHg);},(B1,H;)] (5): A hot solution of (nBu,N),[B,H,,]
(0.031 g, 0.05 mmol) in ethanol (3 mL) was added to a stirred solution of 1
(0.105 g, 0.1 mmol) in ethanol (5 mL). A colorless crystalline precipitate of
complex 5 was immediately formed. After 10 min, the complex was
collected by filtration, washed with EtOH, and dried in vacuo at room
temperature. Yield: 0.112 g (83%); elemental analysis caled (%) for
CesHgF2N,B ,Hg,: C29.97, H 3.08, F 16.75, N 1.02; found: C 30.09, H 3.10,
F 16.49, N 0.97; IR (Nujol): »(BH) =2328 (s), 2433 (w), 2486 cm™! (m).

X-ray diffraction study: Details of the crystal data, data collections, and
structure refinement parameters for 2- MeOH, 3 - Et,0, and 5 are given in
Table 5. The structures were solved by direct methods and refined by the
full-matrix least-squares technique against F? using anisotropic temper-
ature factors for all non-hydrogen atoms. All hydrogen atoms of the borate
anions as well as the hydroxyl hydrogen of the methanol solvate molecule
in 2 were located from the Fourier synthesis and refined in the isotropic
approximation. Other hydrogen atoms in 2, 3, and 5 were placed in
geometrical positions and were included in the structure factor calculation
in the riding motion approximation. Data reduction and further calcu-
lations were performed with SAINT!"3 and SHELXTL-971' (for 3 and 5),
and SHELXTL-PLUS 5! (for 2) on an IBM PC AT. 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-154788 (2), CCDC-154789 (3), and
CCDC-154790 (5). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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2
formula Cs;HgB,oF1.N,OHg;
M, 1681.09
crystal system orthorhombic
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a[°] 90
B 1] 90
7] 90
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scan mode )
O [°] 25
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unique reflections (R;,) 6932
observed reflections [/ >20([)] 4763
parameters 756
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wR, (all data))® 0.1332

3 5

C,1,HgoB1oF24N,OP,Hg, CesHgyB12Fo,NHgg

3361.30 2718.63

monoclinic triclinic

P2,/n P1

19.4290(7) 16.7970(2)

21.5690(7) 18.7592(2)

26.492(1) 28.5834(4)

90 98.336(1)
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90 108.252(1)
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o and ¢ w and @

31.5 29
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33954 (0.0640) 39076 (0.0699)

18936 24079

1472 2113

0.0350 0.0427

0.0664 0.0936

[a] Ry =Z||F, | — | Fl/Z]|F,]|. [b] wRy = {Z[w(F3—F2)*VEZw(F3)}}'"?
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Abstract: The reaction of
[CpZrCly(thf),] with methyl 4,6-O-
benzylidene-S-D-glucopyranoside (-
MeBGH,, 1) in the presence of Et;N
results in the formation of the zirconate
complex [Et;NH][(CpZrCl),(u-Cl){u-
(B-MeBG)},] (2). X-ray structure analy-
ses were performed from the ligand
precursor 3-MeBGH, 1 as well as from
2. Compound 1 crystallizes in the mono-

held together in pairs by the formation
of hydrogen bonds between the hydroxy
functions in positions 2 and 3. Com-
pound 2 crystallizes in the orthorhombic
space group P2,2,2,. The -MeBG li-
gands are chelating the Zr atoms
through the oxygen atoms in positions 2
and 3 of the glucopyranosidato ligand
revealing a 1-zircona-2,5-dioxolane moi-
ety each; the oxygen atom in position 3

is linked to both of the Zr atoms.
Additionally one chloro ligand is bridg-
ing the two Zr centers. Two terminally
bound chloro ligands stick out from the
two Zr atoms into a chiral U-shaped
cavity constructed by the two 5-MeBG
ligands. The cavity incorporates the
tertiary ammonium cation [Et;NH],
which is bound to one of the terminal
chloro ligands through a hydrogen bond.

clinic chiral space group P2,. The mol-
ecules show a flat arrangement including
the benzylidene protecting group, and
are packed in columns. The columns are

Introduction

Low molecular building blocks based on sugars as alcoholato
ligands in classical coordination compounds have been
studied more extensively in the last two decades.! Nonethe-
less the corresponding compounds containing organometallic
moieties are still very rare.”! This is a surprizing fact, since in
the area of enantioselective catalysis using organometallic
complexes a great deal of effort has been put into the
syntheses of a plethora of chiral ligands; however, by far most
of them are not derived from saccharides although just these
carbohydrates seem to be very suitable starting materials
because of their diverse stereo information.’! Indeed, some
catalytic reactions of organometallic complexes of late
transition metals with sugar derived bisphosphinito ligands
reveal very high enantiomeric excess for example the hydro-
cyanation of vinyl arenes™ or the asymmetric hydrogenation

[a] Prof. Dr. J. Heck, Dr. L. Jessen, Dr. E. T. K. Haupt
Institut fiir Anorganische und Angewandte Chemie
Martin-Luther-King-Platz 6, 20146 Hamburg (Germany)
Fax: (+49)4042838-6945
E-mail: heck@chemie.uni-hamburg.de
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The inclusion of the [Et;NH] cation in
the U-shaped cavity, even in solution, is
demonstrated by NMR spectroscopic
data.

supra-

of the derivatives of N-acyl dehydroamino acidsl®! which was
applied for the industrial synthesis of L-dopa until 1990.[!

First of all, our interest in this research topic is focussed on
the coordination capability of positions 2 and 3 of pyranose
sugars in organometallic complexes of early transition metals
as TilM and Zr. As a next step the application of these
organometallic complexes in catalytic C,C coupling reactions
is intended.

The chelation of a metal ion with the oxygen atoms in
positions 2 and 3 of a pyranose ligand forms a 1-metalla-2,5-
dioxolane ring. The stability of the ring will depend strongly
on the dihedral angle of the chelating unit O2-C2-C3-O3,
which flexibility is limited by the anellated pyranose ring. The
emerging ring strain upon changing this dihedral angle may be
the reason, why the formation of a 1-titana-2,5-dioxolane
structure fails in the reaction of CpTiCl; with a glucopyrano-
side which was protected in position 1, 4, and 6. Without
exception the glucopyranoside forms a diolato bridge be-
tween two Ti complex moieties.l” 81 Presumably, the dihedral
angle O2-C2-C3-03 of the glucopyranoside ligand, wherein
the oxygen atoms are in a bisequatorial trans position, is too
large to chelate a small Ti'¥ ion. Only very few examples of a
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1-titana-2,5-dioxolane entity are known to date, which are
structurally characterized.”’ One example is a titanocene
derivative wherein the Ti atom is additionally coordinated to
a pinacolato ligand. The dihedral O-C-C-O angle was
determined to 47.3° only,”® which is about 20° smaller than
the corresponding angle O2-C2-C3-O3 in methyl 4,6-O-
benzylidene-a-D-glucopyranoside calculated by molecular
modelling.'”) However, in the Ti complexes known, which
indeed contain a 1-titana-2,5-dioxolane ring, the oxygen
bearing carbon atoms of the dioxolane ring are not a part of
an anellated ring system. Hence, the formation of a smaller
O-C-C-O dihedral angle is possible without considerable
strain. Since the ion radius of Zr' is found to be distinctly
larger than for Ti'V,!l we suggested that the 1-zircona-2,5-
dioxolane ring could be obtained by the 02,03 chelation of a
glucopyranoside ligand in organozirconium moieties.

Results and Discussion

Synthesis: Methyl 4,6-O-benzylidene-f-D-glucopyranoside
(B-MeBGH,, 1) was used as precursor for the bidentate 2,3-
diolato ligand, which is easily prepared from the correspond-
ing f-methyl glucopyranoside.l'?l The reaction of f-MeBGH,
1 with [CpZrCl,(thf),] in the presence of NEt; yielded the
water sensitive triethylammonium zirconate 2 (Scheme 1) as a

2 [CpZrClythfy,] + 2 Otoh
HO OMe

OH
1

+ERN

- [HNEL]Cl

Scheme 1. Synthesis of [Et;NH][(CpZrCl),(u-Cl){u-(6-MeBG)},] (2).

dinuclear complex with two glucopyranoside units acting as
2,3-diolato ligands. The yield and purity of the product 2
depend extremely on the preparation of CpZrCl; and care-
fully following the reaction procedure. Slight modifications in
the adding of the reagents lead to unidentified mixtures of
products. The dinuclear zirconate complex 2 was fully
characterized by means of elemental analysis, NMR spectros-
copy, and X-ray structure determination.
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Stuctural analysis: In order to get a better understanding of
the influence of the structural peculiarities in 2,3-diolato
glucopyranoside ligands a comparison of the structural data of
the ligand precursor 1 was necessary. Since structural data for
1 were not yet available in the literature, a crystal structure
determination of 1 has been performed. Compound 1
precipitates in pin-shaped, colorless crystals with the mono-
clinic chiral space group P2, containing two molecules in the
unit cell (see Table 1). As expected, the 4,6-O-benzylidene
protecting group induces a bisequatorial anellation of the two
six-membered rings (Figure 1).[ Consecutively, the two

Table 1. Crystallographic Data of (-MeBGH, (1) and [Et;NH]-
[(CPZrCl)(u-Cl){u-(B-MeBG)},] (2).

1 2
formula C,H 304 C,HsxCI;NO,,Zr,
M, 282.28 1084.71
T [K] 173(2) 173(2)
A [pm] 154.178 71.073
Crystal system monoclinic orthorhombic
space group P2, P2,.2.2,
a [pm] 865.6(2) 1423.0(3)
b [pm] 458.90(10) 1434.1(3)
¢ [pm] 1710.5(3) 2335.3(5)
B 95.32(3)
V [x 10° pm?] 676.5(2) 4765.(17)
V4 2 4
Peatca Mg M~3] 1.386 1.512
u [mm~!] 0.915 0.665
F (000) 300 2230
crystal size [mm?] 0.3x0.1x0.1 0.3x0.3x%x0.2
scan range [°] 2.59-72.46 1.67-28.29
index range —10<h <10 —18<h<14
—-5<k<5 -19<k<14
<21<1<21 —-31<1<29
reflections measured 3086 31518
reflections unique 2614 11709
Ry 0.0566 0.0205
parameters 184 631
reflections /> 4o(I) 2569 11079
GoFtl 1.049 1.061
R1/wR2 (I>20(I))) 0.107/0.2775 0.0204/0.0432
R1/wR2 (all data)! 0.1214/0.3492 0.0235/0.0445
resd. min/max. [e~ A3 —0.514/0.531 —0.328/0.242

S w(F¢ - F2)’
n—p
parameters).  [b] R1

[a] GoF (goodness of fit) = (n=numbers of reflections,

Fo| — |F.
SRR
ZIF

p =numbers of
S w(F; — F2)
SwFEd

Figure 1. Molecular structure of -MeBGH, (1) (ellipsoids at the 30%
level).
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hydroxyl groups in positions 2 and 3 gain a trans-bisequatorial
conformation. The phenyl substituent is coplanar with the two
six-membered rings. The flat arrangements of the glucopy-
ranoside 1 enables a column-like stacking of the single
molecules (Figure 2). Two columns are apparently held
together by bridging hydrogen atoms between position 2 of
one glucopyranoside column and position 3 of the second
column. The bond lengths and angles (see Tables 2 and 3) in
the solid state structure of 1 are as expected for organic
compounds.

Figure 2. Stacking of the molecules of 3-MeBGH, (1) in the single crystal
(along b).

Table 2. Selected interatomic distances in (-MeBGH, (1) and
[EGNH][(CpZrCl),(u-Ch{u-(8-MeBG)},] (2).

1 2

c1-C2 151.9(6) C21-C22  152.8(2) Zrl-022  202.41(12)
Cc2-C3 1526(7) C22-C23  1529(2) Zrl-043  213.7(5)
C3-C4 150.6(6) C23-C24  1512(2) Zr1-023  226.76(11)
C4-C5 152.1(6) C24-C25  1535(2) Zr2-042  203.9(7)
C5-C6 151.5(7) C25-C26  151.8(2) Zr2-023  212.71(11)
Cc7-C8 1497(7) C27-C28  1513(2) Zr2-043  2252(7)
01-Cl1 139.4(6) C21-021  139.4(2) Zrl-Cll  255.68(6)
01-Cl4 1428(7) 021-C34  1431(2) Zrl-CI3  263.63(6)
02-C2 1417(5) 022-C22  141.0(2) Zr2-Cl2  249.97(7)
03-C3 142.6(5) 023-C23  1422(2) Zr2-CI3  271.24(7)
05-Cl 1433(6) 025-C21  1443(2) Zrl--Zr2 337.41(6)
05-C5 1420(6) 025-C25  142.8(2) N--Cll  3233(2)
04-C4 1438(5) 024-C24  1432(2) NewH' 89(2)
02..03  290.0(5) 022..023 2622(2) Cll--H* 246(2)
02---031  267.6(5) Cl2---H'  344(3)
02---03"d  280.2(5)

[a] O3’ and O3"” denote the oxygen atoms O3 of the two facing f-MeBGH,
molecules in the opposite f-MeBGH, column.

Table 3. Selected angles [°] in f-MeBGH, 1 and [Et;NH][(CpZrCl),(u-
Ch{u-(B-MeBG)},] (2).

1 2
C1-01-C14 113.8(5) C21-021-C34 113.59(15)
0O1-C1-C2 106.6(4) 021-C21-C22 109.26(14)
01-C1-05 107.3(4) 021-C21-025 106.77(13)
02-C2-C1 110.3(4) 022-C22-C21 111.92(14)
02-C2-C3 109.7(4) 022-C22-C23 106.96(14)
03-C3-C2 111.8(4) 023-C23-C22 106.27(12)
03-C3-C4 112.1(4) 033-C23-C24 120.18(14)
02-C2-C3-030 64.2 022-C22-C23-0241] 51.9

[a] Dihedral angle.

Chem. Eur. J. 2001, 7, No. 17
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The structural data, which determine the chelating capa-
bility of the oxygen atoms O2 and O3, are the dihedral angle
02-C2-C3-03, the 0O2-C2-C3 and O3-C3-C2 bond angles and
the corresponding O—C and C—C bond lengths. The exper-
imentally obtained dihedral angle is 64.2° and confirms the
theoretical value of 66.3° calculated for the corresponding a-
D-glucopyranoside derivative by means of molecular model-
ling.['% Additionally, the measured and calculated nonbonding
02-03 distances of 290.0 and 286 pm, respectively, are in
good accordance to each other.

The Zr complex 2 crystallizes in the orthorhombic space
group P2,2,2, (Table 1) with four formula units. The most eye-
catching overall structural feature of 2 is the U-shaped cavity.
The wings of the cavity are formed by the benzylidene
protected glucopyranoside moieties, which are held together
by a Cp,Zr,Cl; building block. Thus, the cavity provides a
width of 1 nm which is suitable to include the Et;NH™ cation
(Figure 3). The CpZr,Cl;0, core is best described as a
distorted face sharing bioctahedral comprising a Zr,0,Cl
bicycle of two four-membered rings and two anellated ZrC,0,
five-membered rings (Figure 4).

The oxygen atoms in position 3 of the glucopyranosidato
ligands are bridging the two Zr atoms, whereas the oxygen
atoms in position 2 and two chloro ligands Cl1 and CI2 which
stick into the cavity, are bound terminally. The Zr—O and

cs1 Qﬁ, ci12

Figure 3. Molecular structure of [Et;NH][(CpZrCl),(u-Cl){u-(f-MeBG)},]
(2) in the crystal (the disordered 3-MeBG ligand, which is calculated to
19.6%, is omitted (see Figure 9); the hydrogen atoms are omitted for
clarity except the nitrogen-bound hydrogen, ellipsoids at the 30 % level).

cag
Ca3 : .!:.qz
Ciz i
f 8
o4 [TL] . S— L‘*

(- .
o5 ./n-’.zn ,o.:m
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& "' ‘: @ oz o
% G |
'i::ll
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Figure 4. SchakalP”l presentation of the Cp,Zr,Cl;0, core of the zirconate
complex 2 illustrating the face-sharing bioctahedral arrangement.
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Zr—Cl bond lengths are comparable to those recently
published for CpZr complexes containing Zr—Cl and Zr—O
bonds.[>-17]

The structure of the (CpZrCl),(u-Cl) entity of 2 very much
resembles the corresponding unit in [Et;NH][(1°-Cp*ZrCl),-
(u-Cl)(u-3,5-Me,-dpbd-1:20 1 2k0?),] (3) (3,5-Me,dpbdH, =
1,4-bis(3,5-dimethylphenyl)butan-2,3-diol).'"s] The most remark-
able difference is observed for the dihedral angles of the coor-
dinating vicinal dioxo functions which are almost 0° in 3 due to the
free rotation between C2—C3 of the butane backbone, whereas
in 2 the dihedral angle O2-C2-C3-O3 amounts to 51.9° and
53.3° caused by the anellated, riged glucopyranose ring.

The complexes 2 and 3 illustrate an interesting Zr—Cl bond
alternation. In 2 the terminal Zr—Cl bonds are distinctly
different from each other: Zr1—CI1 255.68(6) versus Zr2—CI2
249.97(7) pm. A comparable asymmetry in the (CpZrClO,),-
(u-Cl) core is found for 3, and is assumed as a result of the
hydrogen bond to the counterion [Et;NH]" which we were
able to analyze by means of the structure determination of 2.

The position of the nitrogen-bound hydrogen atom in the
[Et;NH]" cation was calculated from residual electron density,
and was refined without restriction. The resulting distances
between the hydrogen and the nitrogen atom and chlorine
atom CI1 are 89(2) pm and 246(2) pm, respectively. It is
noteworthy that the NHCl triple in 2 is not linear arranged but
encloses an angle of 145(2)°. The nonbonding distance
between N and Cl1 amounts to 323.3(2) pm, and is slightly
longer than the corresponding N—CIl distance in [Et;NH]CI
(310.7 pm).["¥l The elongation of the N-.-Cll distance in 2
compared with free [Et;NH]Cl may be explained by the
interaction of the proton with the Zr-bound chloro ligand in 2,
whereas in [Et;NH]CI the hydrogen bonding occurs with a
free chloride anion.

The hydrogen bond to the chloro ligand CI1 causes a
diminution of the Zr1—CI1 bonding interaction resulting in a
Zr1—Cl1 bond lengthening compared with the Zr2—CI2 bond.
Subsequently, the Zr1—CI3 bond, which is in trans position to
the Zr1—CI1 bond, will become shorter, as it is found in the
crystal structure of 2 (see Table 2).

The localization of the bridging hydrogen only between N
and Cl1 is corroborated by the long H*.--Cl2 distance of
344(3) pm, which is about 100 pm longer than H-.-Cl1
246(2) pm. The [Et;NH]* cation is slightly distorted from an
ideal trigonal pyramidal structure: the proton is somewhat
tilted towards C11 illustrated by the angle C11-N-H of
103.3(1.4)°, whereas the angle CI15-N-H increases to
110.1(1.4)°; the anlge C13-N-H lies in between (105.1(1.4)°).

The structural data of the 5-MeBG ligand in 2 very much
resemble those of the ligand precursor 5-MeBGH, (1) as
easily seen in Figure 5, which illustrates a superposition of the
f-MeBG entities of 1 and 2. The only larger structural
deviation is observed for the dihedral angle O2-C2-C3-O3
which decreases from 64.2° to 51.9° and 53.3°, respectively, on
going from 1 to 2. Simultanously, the bond angles O2-C2-C3
and O3-C3-C2 change from 109.7(4) and 111.8(4) in 1 to
107.0(1) and 106.3(1) or 105.6(4) and 108.7(4), respectively, in
2. Therefore, the nonbonding distance O2.--O3 decreases
almost 30 pm from 290.0 pm in 5-MeBGH, (1) to 262.2 pm in
the f-MeBG ligand of 2.
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Figure 5. Superposition of the structures of 5-MeBGH, (1) and of the non-
disordered 3-MeBG ligand in 2 (hydrogen atoms are omitted for clarity).

NMR studies: The NMR spectra obtained from CD,Cl, or
CDC(l; solutions, indicate an overall molecular symmetry
according to the point group C, for the zirconate anion.
Interesting features of 2 in solution can be stated from the
'"H NMR studies concerning the proton resonance signals of
the [Et;NH]' cation. The shift of the resonance signals
depends on the concentration of free [Et;NH]|CI: the signal of
nitrogen-bound proton of a pure sample of [Et;NH]CI is
observed at 0 =11.9, whereas the pure sample of 2 reveals the
corresponding signal at  =7.13. In Figure 6 the NMR shift of

chemical shift

6 +————rt—t——t———

04 05 06 07
mol fraction [EtzNH]CI

08 09 1

Figure 6. Chemical shift of the signal of the nitrogen-bound hydrogen
atom as a function of the mol fraction of [Et;NH]|CIL.

the ammonium proton signal is depicted as a function of the
mol fraction of [Et;NH]|CL. To a lesser extend but also
significantly the resonance signals of the methylene and
methyl protons of the ethyl substituents are high-field shifted
with decreasing concentration of free [Et;NH]CI (Figure 7).

The increased high-field shift of the averaged signals with
less amount of additional ammonium cation in the solution of
the zirconate complex 2 is a clear indication for the exchange
of free and zirconate bound [Et;NH]". The high-field shift of
the ethyl proton signals upon inclusion into the zirconate
cavity is explained by the molecular structure of 2 in Figure 3.
The ethyl substituents are situated in the shielding area of the
anisotropy cone of the phenyl rings. The inclusion of the
[Et;NH]" cation in the chiral cavity of the zirconate anion is
also confirmed by variable temperature '"H NMR experiment
(Figure 8).

The spectrum at room temperature contains a well resolved
multiplet for the methylene protons; the multiplet can
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pure [EtsNH}Cl ‘

mixture 1:1

32 30 28 26 24 22 20 18 16 14 12 1.0 08
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Figure 7. '"H NMR spectra of the Et region of the zirconate complex 2 with
different amounts of [Et;NH]CI (solvent: CDCl;)
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Figure 8. Variable temperature 'H NMR spectra illustrating the increasing
anisochrony of the methylene protons with decreasing temperature. The
upper insert demonstrates the experimental and calculated signal for the
CH, group of the Et substituent (coupling constants in Hz: H1,H2 =7.27;
H1,H3 =733, H2,H3 =6.05, H2,H4 = —10.58, H3,H4 =0.50); the resolu-
tion of the experimental signal for the methylene protons is mathematically
enhanced. The lower insert shows the deconvolution of the methylene
signal at 193 K.

satisfactory be simulated only by taking into account two
different methylene protons, which resonance frequencies are
incidentally isochronic at room temperature, but couple
differently to the ammonium proton (see insert, Figure 8).
Upon lowering the temperature to 193 K the resonance
signals of the methylene protons successively turn aniso-
chronic whereas the methyl protons still show one signal. A
deconvolution of the two broad signals at 6 =2.80 and 2.89
proves the 1:1 ratio of the two methylene protons. The
different intensities and line widths due to the different
coupling constants between the methylene protons and the
ammonium proton (Figure 8). The inclusion of the [Et;NH]*
in the chiral zirconate cavity prevents the inversion at the
nitrogen atom providing a diastereotopic interaction of the
methylene protons with the chiral cavity.

Chem. Eur. J. 2001, 7, No. 17
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Conclusion

The reaction of [CpZrCl,(thf),] in the presence of NEt; with
the selectively protected glucopyranoside -MeBGH, (1),
which contains two hydroxyl functions in positions 2 and 3,
reveals the first CpZr-glucopyranosidato complex 2 as a
dinuclear zirconate. In 2 a chiral U-shaped cavity is formed
which includes the [Et;NH]" counterion in the solid state and
even in solution. A fast exchange of the [Et;NH]" cation is
observed in the presence of [Et;NH]CI. The stability of 2 in a
supramolecular arrangement on the one side and the possi-
bility of cation exchange on the other side makes 2 a very
promising candidate for chiroselective recognition®! for
example for protonated chiral amines, which is subject of
current work.

An important outcome of the X-ray structure analysis of 2
is the formation of a 1-zircona-2,5-dioxolane entity with an
anellated glucopyranoside, demonstrating the chelating abil-
ity of the oxygen atoms in positions 2 and 3 of the glucopy-
ranosidato ligand. However, the dihedral angle O2-C2-C3-03
is decreasing upon coordination in 2 from 64.2° in free (-
MeBGH, 1to 51.9° and 53.3°, which may cause some strain in
the glucopyranoside ring. Considering the coordination of the
much smaller Ti'V ion by the chelating vicinal dioxofunction
much stronger ring strain would be effected, thus preventing
the formation of a 1-titana-2,5-dioxolane moiety with chelat-
ing glucopyranosidato ligands. To the best of our knowledge
only one mononuclear organotitanium complex with 1-titana-
2,5-dioxolane moiety has structurally been characterized to
date.’™ In this case the 1,1-bis(s°-cyclopentadienyl)-3,4-di-
phenyltitanadioxolane illustrates a still smaller dihedral anlge
O-C-C-O of 47.3° but extraordinary long Ti—O bond lengths
of 189.2 and 190.3 pm, respectively, whereas most of the Ti—O
bond lengths range between 175 and 180 pm." The general
influence of the size of cations and the shape and flexibility of
coordinating sugar ligands on the strength of complexes has
already been shown conclusively for the interaction of polyols
with lanthanides.??!

Experimental Section

General methods: All experiments were carried out under purified
nitrogen atmosphere. All solvents were vigorously dried and freshly
distilled under nitrogen. NMR: Bruker AM 360 and Varian Gemini
2000BB. Elemental analysis: Heraeus CHN-O-Rapid, Institut fiir Anorga-
nische und Angewandte Chemie, Universitit Hamburg. 3-MeBGH, 1%
and [CpZrCly(thf),]?*! were synthesized according the literature.

Triethylammonium p-chloro-bis{chloro(5°-cyclopentadienyl) (methyl 4,6-
O-benzylidene-f-D-glucopyranosidato-1x0%,1:2x03-zirconate} (2): A sol-
ution of NEt; (1.02mL, 733 mmol) in THF (20mL) was added to
[CpZrCl,(thf),] (595 mg, 1.47 mmol) dissolved in THF (40 mL). After
stirring at room temperature for 1 h a solution of 1 (415 mg, 1.47 mmol) in
THF (20 mL) was added dropwise. The reaction mixture was stirred for
14 h at room temperature, the precipitated [Et;NH]CI was filtered off and
the filtrate was evaporated to dryness. The residue was washed several
times with small portions of diethyl ether and toluene until the solution was
colorless. The title compound was obtained as a light beige microcrystalline
solid (674 mg, 85%). M.p. 210°C (decomp); 'H NMR (360 MHz, CD,Cl,,
25°C, TMS): 6 =178 (m, 4H, phenyl,.,1), 7.3 (m, 6 H, phenyli o mipara-tr)»
6.9 (s, 10H, Cp), 57 (s, 2H, CHpeppyiicene)> 4.7 (dd, *J(H3,H2) =10,
3J(H3,H4) =10 Hz, 2H, H3), 4.4 (dd, 3J(H6eq,Hb6ax) =11, *J(H6eq,H5) =
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5 Hz, 2H, H6,,), 4.2 (d, /(H1,H2) =8 Hz, 2H, H1), 4.0 (dd, */(H4,H5) =
9 Hz, 2H, H4), 3.9 (dd, 3/(H6ax,H5) = 10 Hz, 2H, H6,,), 3.8 (dd, 2H, H2),
35 (s, 6H, OMe), 32 (ddd, 2H, H5), 2.9 (m, 6H, CHyngy), 11 (t,
J(Hoen Hueaiene) =7 Hz, 9H, CHyng); “C NMR (50 MHz, CD,CL,
25°C, TMS): 6 =130, 128, 126 (phenyl), 118 (Cp), 106 (C1), 101 (C7), 86
(C3), 85 (C2), 82 (C4), 74 (C6), 72 (C5), 60 (OMe), 47 (CHyng,,), 12
(CHjngyy)); elemental analysis caled (% ) for Cy4HssCLLNO,Zr, (1081.74): C
48.85, H 5.40, N 1.29; found: C 48.69, H 5.62, N 1.54.

X-ray structure determinations: Suitable crystals for X-ray structure
analysis were obtained for 1 by slow evaporation of a concentrated CDCl;
solution of 1. The data for 1 were collected on a four circle diffractometer
with Cug, irradiation (ENRAF Nonius, CAD 4). The structure was solved
by direct methods.?*! Refinement on F? were carried out by full-matrix
least square techniques.”! All non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms were refined with a
fixed isotropic thermal parameter related by a factor of 1.2 to the value of
the equivalent isotropic thermal parameter of their carrier atoms. Weights
are optimized in the final refinement cycles (Table 1).

Suitable crystals of 2 for X-ray structure analysis were obtained from slow
diffusion of the diethyl ether to a saturated solution of 2 in a mixture of
toluene/THF (1:1). The data for 2 were collected on a four-circle
diffractometer with Mo, irradiation (Hilger& Watts, Y240). The solution
of the crystal structure was performed in accordance to 1, with the
exception of the N bound hydrogen atom. Its position was calculated from
residual electron density and was refined without restriction. The structural
analysis was hampered by a diffuse incorporation of solvent molecules such
as toluene, THF and diethyl ether in the single crystal, which induce a slight
disorder. The best structure solution was obtained by taking into account a
disorder in one of the two -MeBG ligands to a portion of 19.6%
(Figure 9). To the same amount a cavity of about 160 x 10° pm?® can be

Figure 9. Molecular structure of [Et;NH][(CpZrCl),(u-Cl){u-(5-MeBG)},]
(2) in the crystal illustrating the disordered -MeBG ligand (on the right,
open lines), which is calculated to a portion of 19.6 %. To the same amount
a cavity of about 160 x 10° pm?* can be calculated in the unit cell.?) It
contains a residual electron density, which can sufficiently refined by the
assumption of one carbon atom (for more details see Experimental Section.
The carbon atom represents the diffuse incorporated solvent molecules,
which are proven by NMR spectroscopy (the hydrogen atoms are omitted
for clarity).

calculated in the unit cell;? this cavity is large enough to encapsulate a
solvent molecule such as diethyl ether, toluene or THF, which was proven
by a NMR sample of the same crystalline material. The cavity contains a
residual electron density, which can sufficienty refined by the assumption of
one carbon atom; the alternative assumption of a water molecule is
excluded because of the sensitivity of 2 against moisture. For more details
see Table 1.
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Solid- and Solution-Phase Synthesis of Vancomycin and Vancomycin
Analogues with Activity against Vancomycin-Resistant Bacteria

K. C. Nicolaou,**! Suk Young Cho,'*! Robert Hughes,!*! Nicolas Winssinger,!*!
Christian Smethurst,/?! Harald Labischinski,”! and Rainer Endermann!®!

Abstract: Vancomycin, the prototypical
member of the glycopeptide family of
antibiotics, is a clinically used antibiotic
employed against a variety of drug-
resistant bacterial strains including meth-
icillin-resistant Staphylococcus aureus
(MRSA). The recent emergence of van-

vancomycin structure. Herein, we de-
scribe the development of synthetic
technology based on the design of a
novel selenium safety catch linker, ap-
plication of this technology to a solid-
phase semisynthesis of vancomycin, and
the solid- and solution-phase synthesis

of vancomycin libraries. Biological eval-
uation of these compound libraries led
to the identification of a number of in
vitro highly potent antibacterial agents
effective against vancomycin-resistant
bacteria. In addition to aiding these
investigations, the solid-phase chemistry

comycin resistance, viewed as a growing
threat to public health, prompted us to
initiate a program aimed at restoring the
potency of this important antibiotic
through chemical manipulation of the

evaluation -

Introduction

Vancomycin!'l (1, Figure 1), the prototypical member of the
glycopeptide class® of antibiotics, has been clinically used for
the past 40 years to treat infection by Gram-positive bacteria.
Its utility against methicillin-resistant Staphylococcus aureus
(MRSA) has made it the drug of last resort for the treatment
of this scourge.’! However, the recent emergence of vanco-
mycin-resistant Enterococci (VRE)* and vancomycin-inter-
mediate resistant Staphylococcus aureus (VISA)P! is raising
serious public health concerns.!! Accordingly, there is cur-
rently a vigorous effort to develop novel antibacterial drugs
with activity against VRE and VISA.) Vancomycin’s
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described herein is expected to enhance
the power of combinatorial chemistry
and facilitate chemical biology and me-
dicinal chemistry studies.

biological

OH
HO HO
HaN OH
. o |
vancosamine glucose
o7l o
o cl,
OH
\ e
N\l N R
H

amino acid one

1: vancomycin

Figure 1. Chemical structure of vancomycin (1).

antibacterial activity stems from its ability to inhibit bacterial
cell-wall peptidoglycan biosynthesis. Specifically, vancomycin
binds to the terminal D-Ala-D-Ala fragment of the immature
cell wall through an intricate network of five hydrogen bonds
(Figure 2), and thereby inhibits cell wall construction.!'”? This
inhibition eventually leads to bacterial death due to the
weakened cell wall’s loss of ability to withstand high osmotic
pressure. Vancomycin resistance (van A and van B) is pri-
marily conferred through the mutation of the terminal p-Ala-
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D-Ala to a terminal p-Ala-p-Lac.l'!l This structural change
results in the loss of one hydrogen bond from the vancomycin/
peptide complex (Figure 2), thereby decreasing vancomycin’s
affinity for the cell-wall by a thousand-fold, and, as a
consequence, rendering the antibiotic ineffective against such
mutants.

In contemplating new weapons against bacteria, several
strategies may be considered to reinstate the antibacterial
activity of vancomycin against VRE and VISA. One of the
most obvious tactics to potentially accomplish this goal would
be to modify the binding surface between vancomycin and its
ligand within the cell wall. Attractive as it may seem the re-
engineering of the binding pocket of vancomycin through a
systematic replacement of internal amino acids, its imple-
mentation, appears at present as synthetically complex,
although a number of attempts along these lines have been
made.['>*l A second, more practical approach to restoring
antibacterial activity to vancomycin-type structures has been
explored by scientists at Eli Lilly™ and rationalized by
Williams.['¥!' Specifically, it was recognized that peripheral
modification of the vancomycin core (particularly at the
N-terminal D-LeuNMe residue, and more so at the vancos-
amine nitrogen) could enhance the antibiotic’s activity against
VRE. Specifically, it was observed that lypophilic anchors
such as those present on the naturally occurring glycopeptide
antibiotic teicoplaninl'”! facilitate the delivery of the molecule
at its site of action within the cell wall and thus improve its
effectiveness against bacteria. A third approach for restoring
and enhancing the antibacterial activity of vancomycin is
through covalent dimerization, a strategy that will be further
discussed in the following article.!'®]

Results and Discussion

As mentioned above peripheral modification of vancomycin
can lead to striking improvements in antibacterial activity,

Zzw
e

WMy
J

'.IH"I::-:IIII"I:iII ETTETHEH Be] 0
[ LALys=D- A0 Aa]
K.z 1=t

particularly against drug-resistant strains. However, there has
been little modification of the constitution of the sugar
moieties themselves. The absence of such studies is undoubt-
edly due to the synthetic challenges associated with modifying
these domains of the molecule; although, some progress has
been made toward this goal by coaching the biosynthetic
machinery of the producing organism to produce certain
modified analogues.'”) Enabled by our recent total synthesis
of vancomycin,?” 2!l we decided to pursue the design and
construction of such vancomycin variants. We reasoned that a
solid-phase semisynthesis of vancomycin could even further
facilitate the construction of compound libraries for biological
screening, and therefore, considered such an endeavor.
Despite the recent advances in the area of solid-phase
synthesis of natural products, the highly complex nature of
the vancomycin molecule necessitated the development of
new chemistry applicable to the problem at hand.2 A
practical solid-phase semisynthesis of vancomycin, therefore,
became our initial objective.?]

Solid-phase semisynthesis of vancomycin: Cognizant that the
appropriate choice of linking?* and protecting group strat-
egies would be crucial for the success of a solid-phase
semisynthesis of vancomycin and analogues thereof, we
decided, by analogy to our solution-phase synthesis of
vancomycin, to employ persilylation as a means of protection
and chose to link vancomycin to the solid phase through its
C-terminus. The next issue we addressed was the nature of the
linker itself. Requirements of such a linker included both acid
and base stability, cleavage under mild conditions, and
compatibility with silicon protecting groups. In principle, the
photocleavable resin linkers 2 and 31’ (Figure 3) met these
stringent criteria. However, while protected vancomycin,
prepared as shown in Scheme 1, was readily loaded onto
resin 2, through Mitsunobu reaction, cleavage of the substrate
could not be effected. Conversely, resin 3 could only be loaded

VANGomycin resstan
[L-Lys-D-Ala-D-Lac]
K= =0

Figure 2. The hydrogen-bond network between vancomycin (dark structure) and the tripeptide L-Lys-D-Ala-D-Ala in ChemDraw format (left) and as a wire
frame representation (center). The diagram on the right depicts the hydrogen-bond network between vancomycin and L-Lys-D-Ala-D-Lac.

Chem. Eur. J. 2001, 7, No. 17
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OH
OH
OMe
2 3

Figure 3. Photolabile linkers that failed to solve the vancomycin linker
problem.

with a suitable vancomycin scaffold in low yield, presumably
due to increased steric congestion. Unable to reach an
acceptable compromise between loading and cleavage con-
ditions, we turned our attention to the allyl linkers 6, 7, and 8
(Scheme 1).°1 Onto all three resins (6 -8) a suitably protected
vancomycin derivative could be efficiently loaded under mild
conditions employing either Mitsunobu, olefin cross-meta-

OTBS

TBSO— TBSO
CbzH oTBS

O—Iinker

thesis, or alkylation reactions, respectively (see Scheme 1,
insert). Importantly, vancomycin derivatives could be cleaved
easily from all of the allyl resins upon exposure to palla-
dium(o)-mediated allyl transfer conditions {[Pd(PPh;),],
nBu;SnH}. Unfortunately, as events transpired during the
solid-phase synthesis, problems with all three linkers, 68,
emerged along the charted solid-phase sequence. Specifically,
after the glycosidation procedure which required Lewis acidic
conditions (BF;-Et,0), the vancomycin-loaded resins 9 and
10 (Scheme 1) suffered from low cleavage efficiency, a fact
attributed to a presumed [3,3]-sigmatropic rearrangement(?’]
as depicted in Figure 4. It was after several unsuccessful
attempts to reverse this latter reaction or to otherwise
improve the cleavage yield that we turned to acrylate linker,
8, and the corresponding vancomycin-loaded resin 11
(Scheme 1). In this case the trouble-causing [3,3]-sigmatropic
rearrangement was expected to be electronically disfavored,

OTBS

TBSO TBSO
CbzHN OTBS

HO

protected
vancomycin

OTBS [see insert]

Oy
g. [Pd(PPhs)y] (cat.), N N

nBu3Sn H

(>90 %) o
X O
(0]

9-11

a. TBSOTH, 2,6-lut.
b. Cbz-Cl, NaHCO4

(52 % for two steps)

O/\O/\=/\OH
6 o]

HO ™ P s c.DEAD, PhsP O/\O/E/\
H:N% f. allylBr,
CsCO3
g— 7% O/\O/\/
7 (o]

N O
O/ 0N s protected
vancomycin

protected
5 | vancomycin (60 %)
j I

/\
5 Q i i
8
protected e. NaHCOg3 H protected
ancomycin > i
4 v yci (72 %) 11 vancomycin

1: vancomycin

Scheme 1. Loading of vancomycin onto a variety of allyl ester resins. a) TBSOTY (excess), 2,6-lut. (120 equiv), CH,CL,/DMF 10:1, 23 °C, sonication, 8 h;
b) Cbz-Cl (5.0 equiv), NaHCO; (10.0 equiv), 1,4-dioxane/H,0 3:1,23°C, 3 h, 52 % over two steps; ¢) 6 (7.0 equiv), DEAD (7.0 equiv), Ph;P (7.0 equiv), THF,
—15°C, 1.5 h, 66 %; d) 7 (10.0 equiv), [(Cy;P),Cl,RuCHPh] (2 x 0.1 equiv), benzene, 65°C, 15 h, 60 %; ) 8 (4.0 equiv), NaHCO, (10.0 equiv), 4 A MS, 23°C
(vacuum), 0.5 h; then 65°C, 18 h, 72%; f) allylBr (10.0 equiv), NaHCO, (10.0 equiv), 4 A MS, DMF, 23°C (vacuum), 0.5 h; then 8 h, 97 % g) [Pd(PPh;),]
(0.1 equiv), nBu;SnH (4.0 equiv), CH,Cl,, 0.5h, 94%. Cbz=benzyloxycarbonyl, Cy=cyclohexyl, DEAD =diethyl azodicarboxylate, DMF = N,N'-
dimethylformamide, 2-6-lut. = 2-6-lutidine, Ms = methanesulfonyl, TBS = tert-butyldimethylsilyl.
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Figure 4. Presumed side reactions of allyl linkers 9, 10, and 11.

and indeed the cleavage efficiency from the resin was not
diminished after glycosidation. However, during further
manipulation, this allylic acrylate resin was found to suffer
premature cleavage, presumably due to nucleophilic addition
to the acrylate moiety as rationalized in Figure 4. Reluctantly,
we were forced, at this juncture, to conclude that despite the
efficient loading and cleavage protocols offered by these
novel allyl and acrylate resins, they were not appropriate for
the solid-phase semisynthesis of vancomycin.

In searching for a solution to this problem, it occurred to us
that a facile oxidation/elimination sequence involving the
recently described phenylselenenyl resin®! could be adopted
to design a masked allyl group (see Figure 5). This pro-allyl

NN
Qs X 0 H,0,
x=1or OH O\Se/\/\o)LR L
1
I 0
o s Qb L
Se 4 O
I nBu, /nBu + I/(Y\
Sn, ) HH
Q/\/ H
VI v
(0]
[Pd(PPh3),] (cat.) 1,2-syn elimination
\/\OJ\R
\%

Figure 5. Conceptual framework for selenium-based pro-allyl and pro-
alloc safety catch resins.

safety catch linker would retain the advantages of allyl
protection for the C-terminus, but should be more stable to
chemical manipulation and subsequent elaboration. The
requisite pro-allyl selenium resin was easily prepared from
the known selenium bromide resin 13 as shown in Scheme 2.
Thus, treatment of resin 13 with LiBH, provided the
corresponding lithio-selenium species which was quenched
by either 1,3-diiodopropane or 3-iodopropanol to give resin 14
or 15, respectively, and in high yield. Resin 15 was converted
into the corresponding polymer-bound chloroformate by
exposure to phosgene. In model reactions (see Scheme 3),
both loading and cleavage proceeded smoothly for the pro-
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allyl and pro-alloc resins. Thus,
loading of resin 14 or resin 15 with
4-bromobenzoate in the presence of
Cs,CO; or DCC, respectively,
and subsequent cleavage with H,O,
and removal of the allyl group with
polymer-bound tin hydridel* 2]
and catalytic amounts of
[Pd(PPhs),] gave 17 in 83 % overall
yield. The use of polymer-bound tin
hydride instead of a soluble source
of nBu,;SnH facilitates the removal
of tin by-products as required for
reliable biological assays. In a sim-
ilar manner, pro-alloc resin was
loaded with 4-iodobenzyl alcohol

protected
vancomycin

+

a. LiBHg;
Qs
I/\/\I 14
(92 %)
b. LiBHA; AN
Q—setr — @5 Non
II l/\/\OH 15
; (04.%) c. COCl,
(0]
> PN
| X ( )_Se/\/\o Cl
SeBr 16
13

Scheme 2. Synthesis of pro-allyl and pro-alloc selenium resins. a) LiBH,
(1.5 equiv), THF, 0°C, 0.5 h, wash; then 1,3-diiodopropane (4.0 equiv),
THF/DMF 1:1, 23°C, 5h, 92%; b) LiBH, (1.5 equiv), THF, 0°C, 0.5 h,
wash; then 3-iodopropanol (4.0 equiv), THF/DMF 1:1, 23°C, 5h, 94 %;
c) COCl, (4.0 equiv), THF, 23°C, 5 h.

(19) or methoxyaniline (21) in the presence of triethylamine
and catalytic amounts of 4-DMAP to give, after cleavage and
deprotection, 19 and 21 in 75 and 76% overall yield,
respectively (Scheme 3). More importantly, loading of the
protected vancomycin derivative 4 onto resin 14 employing
CsHCO; and 4 A MS gave polymer-bound vancomycin
derivative 23 in 86 % yield (Scheme 4). Cleavage facilitated
by the action of H,0,, followed by removal of the C-terminal
allyl group employing [Pd(PPh;),] and nBu;SnH) gave non-
asilylated bis-Cbz vancomycin 4 in 77 % overall yield without
any of the apparent drawbacks associated with the allyl and
acrylate resins described above.

With a suitable linking strategy now operational, we were in
a position to focus our attention on completing the solid-
phase semisynthesis of vancomycin. Scheme 5 details the
successful deglycosidation/reglycosidation sequence starting
with the vancomycin loaded resin 23. Thus, exposure of 23 to
TFA/Me,S/CH,Cl, (1:1:1) caused hydrolysis of both sugar
moieties and provided the polymer-bound phenol 24. Glyco-
sidation of this polymer-bound vancomcyin scaffold with
trichloroacetimidate 25 (6.0 equiv) in the presence of BF;-
Et,0 (9.0 equiv) gave the polymer-bound monosaccharide 26
in >90% yield. Liberation of the C-2 alloc-protected
hydroxyl group proceeded smoothly under standard palla-
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a. 14, Cs,CO3or 15, DCC

b. i. H,0, (86 % from 17) Q—=¢
ii. VI, [Pd(PPh3),] (cat.)

(96 %)

(0]
F
Br 17
c. 16, EtzN, 4-DMAP
OH

b. i. H,O, (78 % from 19)

19 ii. VI, [Pd(PPh3)4] (cat.)

I (97 %)

d. 16, Et3N, 4-DMAP
MeO—@—NHZ
2

1

e. i. HyO, (82 % from 21)
ii. VI, [Pd(PPh3)4] (cat.)

(93 %)

Scheme 3. Loading and cleavage of pro-allyl and pro-alloc resins. a)4 (1.0 equiv), 17 (4.0 equiv), Cs,CO;
(4.0 equiv), DMF, 50°C, 5h or 15 (1.0 equiv), 17 (4.0 equiv), DCC (4.0 equiv), DMF, 23°C, 15 h; b) i. H,0,
(2.0 equiv), THF, 23°C, 2 h; Me,S (4.0 equiv), 23°C, 10 h, 86 % from 14 and 78 % from 15; ii. VI (3.0 equiv),
Pd(PPh;), (0.1 equiv), CH,Cl,, 23°C, 0.5h, 96% for 17 and 97 % for 19; c) 16 (4.0 equiv), Et;N (5.0 equiv),
4-DMAP (0.1 equiv), 23°C, 6 h; d) 16 (4.0 equiv), Et;N (5.0 equiv), 4-DMAP (0.1 equiv), 23°C, 3 h; e) i. H,0,
(2.0 equiv), THF, 23°C, 2 h; Me,S (4.0 equiv), 23°C, 10 h, 82 % from 21;ii. VI (3.0 equiv), [Pd(PPh;),] (0.1 equiv),
AcOH (4.0 equiv), CH,Cl,, 23°C, 0.5 h, 93%. DCC=dicyclohexyldiimide, 4-DMAP = 4-dimethylaminopyr-

idine.

dium-catalyzed allyl transfer conditions {[Pd(PPh;),],
nBu;SnH} to give polymer-bound acceptor 27 in > 95 % yield.
This result underscores the importance of the selenium-based
safety catch allyl resin in terms of simplifying the choice of C-2
glucose protecting group. Glycosidation of the newly formed
acceptor 27 with vancosamine glycosyl fluoride 28 (4.0 equiv)
under the influence of BF;:Et,O gave the fully protected,
polymer-bound vancomycin derivative 29 in >85% yield.
Oxidative cleavage of resin 29 with H,0O, yielded the allyl
protected vancomycin derivative 5 in 80 % yield. Treatment of
the released compound § with K,CO; in MeOH induced
cleavage of the acetates and the phenol-bound silyl groups,
and subsequent removal of the remaining TBS groups with
CsF in DMF gave the bis-Cbz-O-allyl ester derivative 30 in
53 % overall yield. Removal of the C-terminal allyl protecting
group {[Pd(PPh;),], nBu;SnH]}, followed by transfer hydro-
genation (10 % Pd/C, NH;CO,H), provided synthetic vanco-
mycin (1) in 76 % overall yield for the two steps. The four-step
deprotection sequence proceeded smoothly and required only
two purifications (after the CsF step, and then at the final stage).

QOTBS

TBSO TBSO
CbzHN
; OTBS
(e}
[e) (0]
(o]

22

Q- > ™ ag

a. CsHCO3, 4 A MS,
(86 %)

b.i. H,0, (82 %)
ii. [Pd(PPhs)a]

o} Semisynthesis of vancomycin
monosaccharide analogues:
The development of the solid-
phase semisynthesis of vanco-
o mycin provided a convenient
route through which various
vancomycin analogues could
be rapidly accessed. Our initial
proposal was to replace vanco-
mycin’s disaccharide segment
with a new saccharide unit in
order to furnish a vancomycin
monosaccharide library. The
synthesis proceeded as sum-
marized in Scheme 6.

Thus, persilylation of vanco-
mycin hydroxyl groups fol-
lowed by alloc protection of
both basic nitrogens (a choice
that will save a deprotection
step) yielded vancomycin derivative 31. Compound 31 was
then loaded onto the selenium resin 14, via the carboxylic acid
group, by the action of CsHCO, and 4 A MS and from the
resulting conjugate was removed the glycosyl moiety (TFA/
Me,S/CH,Cl, 1:1:1) to give intermediate 32. For the purposes
of introducing amino sugar moieties we chose to employ
suitably protected azide sugars. Thus, for the attachment of
the sugar moieties onto the phenol scaffold 32 we utilized the
corresponding trichloroacetimidates (33, see Figure 6) in the
presence of excess BF;-Et,0O which gave polymer-bound
vancomycin glycosides 34. An azide reduction-acylation
sequence was then used to produce a number of analogues.
Thus, polymer-bound azide 34 was treated with Et;P under
carefully controlled conditions (5.0 equiv Et;P, THF/H,O
10:1, 23°C) to avoid acyl transfer from the neighboring
position, and subsequently acylated with a variety of acid
chlorides (RCOCI) to afford a series of polymer-bound
amides 35 (azide reduction under standard Staudinger con-
ditions (Ph;P, 60°C) resulted in complete transfer of the
neighboring acetate to give the undesired hydroxy acet-

oTBS
TBSO TBSO
HN
cbz , oTBS
o)
o) o
? al,
o o *
al OTBS
Q@ N
N
N N
nBu3SNH (94 %) H I H
o
O—Se/\/\ NH,
23

Scheme 4. Application of the pro-allyl selenium-based safety catch linker to the vancomycin problem. a) 14 (8.0 equiv), CsHCO; (5.0 equiv), DMF, 23°C
(vacuum), 0.5 h, 50°C, 5 h, 86 %; b) i. H,0, (2.0 equiv), THF, 23°C, 2 h; Me,S (4.0 equiv), 23°C, 48 h, 82 %; ii. [Pd(PPh;),] (0.1 equiv), nBu;SnH (4.0 equiv),

CH,CL, 0.5 h, 94%.
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AcO
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OTBS
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OTBS e. H,0, N N N Ve
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(80 %) o
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g. CsF (62 %)

f. K,CO3, MeOH (86 %)
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(0]
NH,HCO, (81 %) o
\/\O

h. [Pd(PPhs)4] (cat.),
OH nBu3zSnH (95 %)
oy o H
N N N S —
H H i. Pd/C,

1: vancomycin

Scheme 5. Solid-phase semisynthesis of vancomycin (1). a) TFA/Me,S/CH,Cl, 1:1:1, 23°C, 3 h, >95%; b) 25 (6.0 equiv), BF;-Et,0 (9.0 equiv), 4 A MS,
—40—0°C, 12 h, >90%; c) [Pd(PPh,),] (0.1 equiv), nBusSnH (10.0 equiv), CH,Cl,, 23°C, 2 h, >95%; d) 28 (4.0 equiv), BF;-Et,0 (6.0 equiv), 4 A MS,
—40—0°C, 4 h, >85%; e¢) H,0,, THF, 23°C, 48 h, 80 %; f) K,CO;, MeOH, 23°C, 6 h, 86 %; g) CsF, DMF, 23°C, 15 h, 62 %; h) [Pd(PPh;),] (0.1 equiv),
nBu;SnH, DMF, 23°C, 1 h, 95%; i) 10% Pd/C, NH,HCO,, H,O/AcOH 1:1, 23°C, 4 h, 81 %. Ac = acetate, TFA = trifluoroacetic acid.
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O_Se/\/\l (14)
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(>86 %)
d. TFA/ Me,S/ICH,Cl, 1:1:1
(>95 %)
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f. EtsP
g. R?cOcCl
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h. HzOZ
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OTBS
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nBusSnH, ca. 30 %

HO'
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Scheme 6. Solid-phase semisynthesis of a library of vancomycin monosaccharides 36. a) TBSOTT (60 equiv), 2,6-lut. (120 equiv), CH,Cl,/DMF 10:1, 23°C,
sonication, 8 h; b) alloc-Cl (5.0 equiv), NaHCO; (10.0 equiv), 1,4-dioxane/H,O 3:1, 23°C, 3 h, 60 % over two steps; c) 14 (8.0 equiv), CsHCO; (5.0 equiv),
DME, 23°C (vacuum), 0.5 h, 50°C, 5 h, 86 %; d) TFA/Me,S/CH,Cl, 1:1:1, 23°C, 3 h, >95 %; e) trichloroacetimidate 33 (5.0 equiv), BF;:Et,0O (7.5 equiv),
—40—0°C, CH,Cl,, 12 h, >90%; f) Et;P (5.0 equiv), THF/H,O 10:1, 23°C, 4 h; g) R*COCI (5.0 equiv), Et;N (10.0 equiv), CH,Cl,, 8 h, >85% (for two
steps); h) H,O,, THF, 23°C, 48 h; i) K,CO; (10.0 equiv), MeOH, 23°C, 6 h; j) CsF (5.0 equiv), DMF, 23°C, 15 h; k) [Pd(PPh;),] (0.25 equiv), nBu;SnH
(10.0 equiv), DMF, 23°C, 1 h (30 % for three steps). alloc = allyloxycarbonyl, see Figure 6 for the respective trichloroacetimidates 33.

amide). A cleavage/deprotection sequence similar to that
developed for the vancomycin semisynthesis, as summarized
in Scheme 6, provided an initial library of vancomycin
analogues for biological evaluation.

Table 1 includes the structures of the synthesized com-
pounds along with MIC values against vancomycin-suscep-
tible strains, vancomycin-intermediate resistant strains, and a
vancomycin-resistant strain. The monosaccharide vancomycin

3804 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

derivatives were found to be uniformly less active than the
parent vancomycin against all strains examined. The location
of the amino group appears to be important as evidenced by
the fact that compounds 36a and 36b (amine at the C-6
position of glucose) are at least two-fold more active than
compound 36¢ (amine at the C-3 position of glucose). Also,
these results show that incorporation of a moderate degree of
lipophilicity (compounds 36d and 36e) leads to a further
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Figure 6. Trichloroacetimidates 33 used for the generation of vancomycin-
derived monosaccharides.

Scheme 7) from the appropriate phenols by initial Mitsunobu
reaction followed by a radical-based regioselective thioace-
tate addition to the terminal double bond.

Scheme 8 summarizes the synthesis of the targeted com-
pounds in which regioselective reductive amination at the
vancosamine site was the key step. Reaction of vancomycin
with aldehydes 37, 38, or 39 in the presence of iPr,NEt
followed by addition of NaCNBHj; at 65°C led to compounds
40a-yy. The presence of iPr,NEt was found, in our experi-
ence, to be essential for ensuring smooth conversion and high
regioselectivity. As depicted in Figure 7, the regioselectivity of
the reaction was evident from mass spectroscopic fragmenta-
tion and '"H NMR analysis of the products 40 obtained.

Compounds synthesized in this manner were evaluated for
their antibacterial activity against a variety of vancomycin-

. .. o]
restoration of activity; howev- 7 0 -0
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. . - 65- 95 %
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38j : R'=Oheptyl, n=2 39j : R'=OCH,Ph, n=1
. . 38k: R'=Oheptyl, n=3 39k : R'=OCH,Ph, n=2
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low. Scheme 7. Preparation of substituted benzaldehydes 37-39 used in the preparation of vancomycin derivatives.

Construction of these ana-
logues began with the synthesis
of the requisite benzalde-
hyde derivatives (37-39, see
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a) DEAD (1.5 equiv), Ph;P (1.5 equiv), alcohol (1.5equiv), THF, 23°C, 4h; b) AcSH (2.0 equiv), AIBN
(0.2 equiv), benzene, 85°C, 2 h; ¢) NaH (1.0 equiv), R'Br (1.0 equiv), DMF, 0 — 23°C, 12h. AIBN=22'-
azobisisobutyronitrile, alcohol = allyl alcohol or 3-buten-1-o0l or 4-penten-1-ol or 5-hexen-1-ol or 9-decen-1-ol or
1-hexanol or 1-octanol or benzyl alcohol or p-chlorobenzyl alcohol, R'Br = butyl bromide, heptyl bromide, benzyl
bromide, p-chlorobenzyl bromide.
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Scheme 8. Regioselective reductive alkylation of vancomycin (1) with benzaldehyde derivatives 37-39. a) 37, 38, or 39 (1.1 equiv), iPr,NEt (1.2 equiv),
DMF/MeOH 1:1, 65°C, 2 h; then NaCNBH; (2.0 equiv), 65°C, 2 h. See Tables 2, 3, and 4 for definitions of R! and R>.

HO
/\HN -
BN

mode a

g mode b

40

Figure 7. Molecular fragmentation of alkylated vancomycins 40 during
mass spectrometric analysis. Both modes of fragmentation (a and b) are
diagnostic for determining the site of reductive amination (vancosamine or
amino acid 1).

susceptible, vancomycin-intermediate resistant, and vanco-
mycin-resistant bacteria, and these data are summarized in
Table 2 and Table 3, respectively. Most interestingly, several
of the compounds tested exhibited good activity against VRE
(strain L4001). Specifically, olefins 40d and 40i (Table 2),
showed an MIC value of 8 uygmL~! against L4001 and olefins
40h and 40k -p demonstrated potencies in the range of 1 to
2 ugmL~" against this strain. Similarly, the lipophilic thioace-
tates 40dd and 40kk — oo (Table 3) exhibited good antibacte-
rial activity with MIC values ranging from 2-4 ugmL-.
Perhaps, the lower potencies of the thioacetates as compared
to their olefinic counterparts are due to their more polar
terminus, which renders them less capable of anchoring into
the bacterium’s membrane. Interestingly, the chlorobenzyl
thioacetate derivatives 40 pp and 40 qq were found to be two-
fold more active than the corresponding benzyl derivatives
40nn and 40o00. It is tempting to speculate that this
observation is a manifestation of an additional localizing
effect by the chlorine atom on the bacterium’s cell wall as a
similar effect has been postulated in attempting to rationalize

3806 —
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the remarkable activity of Ly333328.5% Further results and
analysis are, however, required before final judgment as to the
cause of this effect.’'] In order to determine the antibacterial
spectrum of activity of these lipophilic vancomycin deriva-
tives we screened a select number of compounds against a
larger set of vancomycin-resistant strains. The collected data
are summarized in Table 4. Interestingly, while the moder-
ately lypophilic compounds 40ii, 40 dd, 40ss, 40 vv, and 40 ww
exhibited good activity against a range of vancomycin-
resistant bacteria, the much more lipophilic compounds
40xx and 40yy showed almost no activity. These observations
are consistent with previously reported results!' suggesting
that too much lipophilicity is detrimental to the antibacterial
activity.

Amino acid core modified vancomycin derivatives: A small
number of N-terminus modified vancomycin analogues were
also synthesized and tested as shown in Table2 (40q-y).
While none of these compounds were as active as vancomycin
itself against the strains examined, some of them exhibited
significant activity against a number of strains. This phenom-
enon most likely reflects the diminished, but not extinct,
ability of these compounds to bind to their target(*? within the
bacterial cell-wall. In order to probe the effect of such
substitutions further, we proceeded to apply solid-phase
chemistry to construct an expanded library of vancomycin
with various amino acids attached at the N-terminus of the
molecule.

The strategy for the synthesis of the vancomycin monomers
described above is depicted in Scheme 9. Thus, selective Boc
protection of vancomycin (1) on the N-terminus followed by
reductive alkylation under standard conditions (1.1 equiv 39e
or 40e, 1.4 equiv iPr,NEt; then NaCNBHj;, 65°C) cleanly
afforded 42a or 42b, respectively. Boc protection facilitated
the large-scale procurement of material as it allowed the
reductive alkylation to be driven to completion with absolute
regioselectivity. Removal of the Boc group with dilute TFA
followed by Edman degradation® gave vancomycin hexa-
peptide 40x or 44. The preceding sequence could be
conducted with no other purification necessary other than
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Scheme 9. Solid-phase synthesis of vancomycin analogues 48a—-48 000. a) Boc,0 (1.2 equiv), NaHCO; (2.0 equiv), dioxane/H,O 1:1, 23°C, 4 h; b) 39e or
40e (2.0 equiv), iPr,NEt (2.5 equiv), NaCNBH; (2.2 equiv), 65°C, 20 h; ¢) 10% TFA in CH,Cl,, 23°C, 1 h, 90 %; d) PAN=C=S (1.2 equiv), pyridine/H,O 1:1,
23°C, 2h, 100%; e) 10% TFA in CH,Cl,, 23°C, 2 h, 75%; f) iPr,NEt (6.0 equiv), HBTU (3.0 equiv), DMF, 23°C, 1 h; g) amino acid Fmoc-derivative
(3.0 equiv), iP1,NEt (4.0 equiv), HBTU (2.0 equiv), DMF, 23°C, 2 h; h) 5% piperidine in DMF, 30 min, 23°C; i) 5% TFA in CH,Cl,, 2 h, 23°C; j) EDC
(3 equiv), 45 (2.5 equiv), DMF/CH,CI, (1:1), 23°C, 4 h; k) 5% piperidine in DMF, 23°C, 1 h. EDC = 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride, HBTU = O-benzotriazol-1-yl-N,N,N',N'-tetramethyluronium hexafluorophosphate, pip = piperidine, py = pyridine.
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filtration. In further experiments and in order to expedite the
synthesis of several monomers, the vancomycin scaffold was
loaded onto a solid support by a method similar to that used
by Griffin.”¥ Thus, treatment of hexapeptide 40x or 44 with
polymer-bound amino acid 46 for one hour in the presence of
HBTU gave a polymer-bound heptapeptide (Scheme 9).
Coupling of Fmoc-protected amino acids to the polymer-
bound heptapeptide proceeded rapidly in the presence of
HBTU leading to an octapeptide which was deprotected and
cleaved from the solid support as follows: i) exposure to
piperidine; and ii) treatment with dilute TFA. The amino acid
building blocks shown in Scheme 9 were utilized in this
sequence to produce a small library of analogues which was
screened against a range of vancomycin-susceptible, vanco-
mycin-intermediate resistant and vancomycin-resistant
strains. Table 5 summarizes some of the results from the
antibacterial activity assays for the most active compounds
synthesized in Scheme 9. The remaining compounds showed
little, if any, activity against the strains examined, confirming
the low profitability of this substitution pattern.!

Conclusion

In conclusion, we have accomplished the solid-phase semi-
synthesis of vancomycin (1) and in the process developed a
selenium-based safety catch linker which may enjoy wider
applicability to the solid-phase manipulation of polyfunc-
tional natural products and other molecules of medicinal
interest. Using the methods developed, we designed and
synthesized several vancomycin libraries with molecular
diversity at the sugar moieties, the amino acid 1 site, and the
C-terminus. Biological evaluation of these analogues, re-
vealed several highly potent compounds effective against
vancomycin-resistant strains. Among them were a few which
rival the most active agents known in this series. Most
importantly, this work set the stage for the next phase of the
program which aimed at producing covalently linked dimeric
vancomycin constructs, some of which proved to be extremely
potent against vancomycin-resistant bacteria. The following
article describes these investigations.

Experimental Section

General: All reactions were carried out under an argon atmosphere with
dry, freshly distilled solvents under anhydrous conditions, unless otherwise
noted. Tetrahydrofuran (THF), toluene and diethyl ether were distilled
from sodium/benzophenone, and methylene chloride (CH,Cl,) from
calcium hydride. Anhydrous solvents were also obtained by passing them
through commercially available alumina columns. Yields refer to chroma-
tographically and spectroscopically ('H NMR) homogeneous materials,
unless otherwise stated. Reagents were purchased at highest available
commercial quality and used without further purification unless otherwise
stated. NMR spectra were recorded on Bruker DRX-600, AMX-500 or
AMX-400 instruments and calibrated using residual undeuterated solvent
as an internal reference. The following abbreviations were used to
designate multiplicities: s=singlet, d=doublet, t=triplet, q= quartet,
m = multiplet, br = broad. Semipreparative HPLC was performed on either
a VYDAC C18, 10 mm x 250 mm, column with flow rate 3.5 mLmin~', 0 —
100% CH;CN in H,O over 20 min or on VYDAC C18, 25 mm x 250 mm,
column with flow rate 6.5 mLmin~!, 0—100% CH,CN in H,0O over
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30 min. High resolution mass spectra were obtained by MALDI on a VG
AZB ZSE spectrometer. LCMS was performed on a Hewlett—Packard
1100 series system.

N,N'-Di-Cbz-nona-TBS-vancomycin (4): TBSOTf (47.6 mL, 207 mmol)
was added dropwise to a solution of vancomycin - HCI (2.00 g, 1.35 mmol)
and 2,6-lutidine (18.8 mL, 161 mmol) in CH,Cl,/DMF (10:1, 13.3 mL) at
0°C. The reaction mixture was sonicated for 8 h keeping the temperature
below 35°C. The reaction was quenched by slow addition of saturated
aqueous NaHCOj; (200 mL) and the resulting mixture was stirred at 25°C
for 12 h. The organic layer was separated, and the aqueous phase was
extracted with Et,0 (3 x 150 mL). The combined organic layers were dried
(MgSO,), concentrated on a rotary evaporator and the residue obtained
was purified by flash column chromatography (silica gel, 1 — 8 % MeOH in
CH,C),) to afford nona-TBS-vancomycin as a white foam (2.22 g, 65%). A
solution of this compound (4.00 g, 1.62 mmol, 1.0 equiv) in dioxane/H,0O
(10:1, 36 mL) was treated sequentially with solid NaHCO; (1.36 g,
16.0 mmol, 10.0 equiv) and CbzCl (1.32 g, 8.08 mmol, 5.0 equiv) at 0°C.
After stirring for 3 h, the reaction was quenched by the addition of
saturated aqueous NaHCO; (10 mL) and 4-DMAP (196 mg, 1.62 mmol,
1.0 equiv). The mixture was stirred for 6 h at ambient temperature and then
extracted with Et,0 (3 x 120 mL). The combined organic layers were dried
(MgSO,), concentrated, and the residue was purified by flash column
chromatography (silica gel, 0 — 4 % MeOH in CH,Cl,) to provide N,N'-di-
Cbz-nona-TBS-vancomycin (4) (3.54 g, 80 %) as a white foam. 4: R;=0.36
(silica gel, 5% MeOH in CH,Cl,); '"H NMR (600 MHz, CD;0D, 330 K):
0=765 (d, J=15Hz, 1H), 752 (dd, /=70, 1.5 Hz, 1H), 7.36-7.20 (m,
15H), 7.06 (d, J=1.5Hz, 1H), 6.99 (dd, /=70, 1.5 Hz, 1H), 704 (s, 1H),
6.77 (d, J=8.5 Hz, 1H), 6.57 (d, J=1.0 Hz, 1H), 6.39 (d, /=2.0 Hz, 1H),
6.06 (d,/=4.0Hz, 1H), 5.77 (s, 1H), 5.75 (s, 1H), 5.61 (s, 1H), 542 (d, /=
3.0 Hz, 1H), 5.33 (s, 1H), 5.13 (brd, J=1.0 Hz, 1H), 5.00 (d, /=16.5 Hz,
1H, Cbz), 4.92 (d, J=16.5Hz, 1H, Cbz), 4.88 (s, 1 H), 4.86-4.83 (m, 1 H),
4.71-4.68 (m, 1H), 4.61 (s, 1H), 4.58 (s,2H), 4.47 (q, /=70 Hz, 1H), 4.27
(t,/J=1.0Hz,1H),4.22 (d,/=2.0 Hz, 1H), 4.13-4.07 (m, 2H), 4.02 (d, /=
10.0 Hz, 1H), 3.94-3.91 (m, 2H), 3.60 (s, 1H), 2.91 (s, 3H), 2.46-2.38 (m,
2H), 1.96 (dd, J=10.0, 4.0 Hz, 1H), 1.83-1.80 (m, 2H), 1.59 (s, 3H), 1.58 -
1.47 (m, 2H), 1.03 (d, J=6.5 Hz, 3H), 1.01 (s, 9H), 0.93 (s, 9H), 0.96-0.92
(m, 6H), 0.90 (s, 9H), 0.88 (s, 9H), 0.87 (s, 9H), 0.85 (s, 9H), 0.84 (s, 9H),
0.73 (s, 9H), 0.61 (s, 9H), 0.23 (s, 3H), 0.22 (s, 3H), 0.18 (s, 3H), 0.16 (s,
3H), 0.13 (s, 3H), 0.10 (s, 3H), 0.09 (s, 3H), 0.07 (s, 6H), 0.06 (s, 3H), 0.05
(s,6H),0.03 (s,3H),0.02 (s,3H), 0.01 (s, 3H), — 0.02 (s, 3H), — 0.03 (s, 3H),
—0.09 (s, 3H); HRMS: caled for C;3;H,;5Cl,NOSi,Cs [M+Cs]*:
2889.2032, found 2889.2237.

Preparation of resin 14: LiBH, (1.5 equiv) was added at 0°C to a stirred
suspension of resin 13 (5.0 g, 1.0 equiv) in THF (60 mL). After 30 min the
resin had completely decolorized. After removal of the supernatant and
washing of the resin with THF (150 mL) the resin was re-suspended in
THF/DMF (1:1, 50 mL). To this suspension was added at 23°C, 13-
diiodopropane (4.0 equiv) and the suspension gently stirred for 5 h.
Filtration of the reaction mixture and washing of the resin with CH,Cl,
(200 mL), MeOH (200 mL), and Et,O (200 mL) provided resin 14.

Polymer-bound protected vancomycin 23: Protected vancomycin carbox-
ylic acid 4 (3.20 g, 1.17 mmol, 1.0 equiv) was dissolved in DMF (80 mL) and
CsHCO; (1.13 g, 5.85 mmol, 5.0 equiv) and flame-dried 4 A MS (1.0 g)
were added. The reaction mixture was stirred under reduced pressure
(vacuum pump) for 30 min after which time the resin (14) (6.00 g,
9.0 mmol, 7.7 equiv) was added. The reaction mixture was stirred at 50°C
for 5 h, then filtered and washed with Et,O (400 mL). The resin was dried
to a constant weight of 8.71 g (89% yield based on mass gain). The
calculated loading of this resin was 0.119 mmolg'.

Polymer-bound vancomycin aglycon 24

Hydrolysis of disaccharide from resin 23: The resin 23 (8.49 g, 1.01 mmol)
was suspended in CH,Cl, (30 mL) and Me,S (30 mL) and then treated with
TFA (30 mL) and stirred gently for 3 h (the reaction mixture turns deep
red). The reaction mixture was then diluted with Et,0 (100 mL), filtered,
washed (CH,Cl, 2 x 200 mL, MeOH 2 x 200 mL, Et,0 2 x 200 mL) and
dried to a constant weight of 7.51 g. A small portion of the resin was cleaved
and the product obtained was analyzed 24: '"H NMR (600 MHz, CD;0D,
330 K): 6 =7.69 (brs, 2H), 7.54 (dd, J=8.0, 1.0 Hz, 1 H), 742 (s, 1H), 7.35-
730 (m, 6H), 7.12 (d,/=2.0 Hz, 1 H), 7.01 (dd, J=8.5,2.0 Hz, 1 H), 6.79 (d,
J=85Hz, 1H), 6.78-5.85 (m, 1H), 6.41 (d, /=2.0 Hz, 1H), 6.38 (d, J =
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2.0 Hz, 1H), 5.92 (ddt, J=16.0, 8.0, 6.5 Hz, 1 H), 5.68 (s, 1 H), 5.48 (m, 1H),
536 (s, 2H), 5.35 (ddt, J=16.0, 1.5, 1.5 Hz, 1H), 522 (ddt, J=8.0, 1.5,
1.5 Hz, 1H), 5.22-5.17 (m, 2H), 4.96 (brs, 2H), 4.90-4.83 (m, 1 H), 4.77 -
470 (m, 1H), 4.72 (dddd, J=10.0, 6.5, 1.5, 1.5 Hz, 1 H), 4.61 (s, 1 H), 4.72
(dddd,J=10.0,6.5,1.5,1.5 Hz, 1H), 4.11 (s, 1 H), 2.93 (s, 3H, NCH3;), 2.45 -
239 (m, 2H), 1.84—-1.81 (m, 1H), 1.53-1.45 (m, 2H), 1.01 (s, 9H), 0.94 (s,
9H), 0.93-0.90 (m, 6H), 0.86 (s, 9H), 0.75 (s, 9H), 0.64 (s, 9H), 0.23 (s,
6H), 0.18 (s, 3H), 0.12 (s, 3H), 0.10 (s, 3H), 0.09 (s, 3H), 0.09 (s, 3H), 0.08
(s,3H), 0.02 (s, 3H), —0.09 (s, 3H); MS (ES): calcd for CoyH,;3,Cl,NzO,,Si5
[M+H]*: 1889.1, found 1889.1.

Vancomycin monosaccharide 26

Glycosidation of polymer-bound phenol 24: Glucose imidate 250
(915 mg, 1.51 mmol) was azeotroped with benzene (3 x 10 mL) and then
dried under high vacuum for 1 h. The imidate was then transferred as a
CH,C], (15 mL) solution to a flask containing resin 24 (2.00 g, 0.252 mmol)
and flame-dried 4 A MS (1.0 g). This mixture was stirred at ambient
temperature for 2h, then cooled to —40°C and BF;-Et,0 (330 uL,
2.26 mmol) was added dropwise. The reaction mixture was allowed to
warm up to 0°C over the course of 12 h. The reaction mixture was cooled
back to —40°C and quenched with Et;N (0.64 mL, 4.56 mmol, 2.0 equiv
relative to BF;:Et,0). The resin was filtered and washed (MeOH 2 x
20 mL and CH,Cl, 2 x 20 mL). A small portion of this resin was cleaved
and the product obtained was analyzed 26: R;= 0.33 (silica gel, 5% MeOH
in CH,Cl,); 'H NMR (600 MHz, CD;0D, 330 K): 6 =7.64 (brs, 2H), 7.39—
724 (m, 8H), 7.06 (m, 1H), 7.01 (dt, J=8.5,2.0 Hz, 1H), 6.79 (d, J = 8.5 Hz,
1H), 6.78-5.85 (m, 1H), 6.42 (d, J=2.0 Hz, 1H), 6.40 (d, J=2.0 Hz, 1 H),
5.92 (m,2H),5.72 (d,J=70Hz, 1H), 5.52-5.44 (m, 3H), 5.40 (s,2H), 5.35
(m, 2H), 5.33-5.26 (m, 3H), 5.22 (m, 2H), 5.23-5.16 (m, 2H), 5.05-5.02
(m, 1H), 4.96 (brs,2H), 4.93-4.92 (m, 1 H), 4.89-4.83 (m, 1 H), 4.77-4.70
(m, 1H), 4.72-4.58 (m, 6H), 4.61 (s, 1H), 4.43 (m, 1H), 4.19 (m, 1 H), 4.10
(s, 1H), 3.92-3.74 (m, 2H), 3.62 (m, 1 H), 2.94 (s, 3H), 2.45-2.39 (m, 2H),
2.01 (s, 6H), 1.84-1.81 (m, 1H), 1.53-1.45 (m, 2H), 1.29 (s, 9H), 1.11 (s,
9H), 0.93-0.90 (m, 6H), 0.88 (s, 9H,), 0.77 (s, 9H), 0.61 (s, 9H), 0.25 (s,
6H),0.14 (s,3H), 0.11 (s,3H), 0.10 (s, 3H), 0.09 (s, 3H), 0.02 (s, 3H), — 0.08
(s,3H), —0.10 (s, 3H), — 0.14 (s, 3H); MS (ES): calcd for C,;4H;4CL,NgO-
Sig [M+H]": 2334.2, found 2334.3.

‘Vancomycin monosaccharide alcohol 27

Removal of the alloc group from 26: Resin 26 (1.82 g, 0.215 mmol,
1.0 equiv) was suspended in CH,Cl, (25mL) at 23°C and treated
sequentially with [Pd(PPh;),] (21 mg, 21 umol, 0.1 equiv) and nBu;SnH
(623 mg, 2.15 mmol, 10 equiv). The reaction mixture was stirred for 2 h at
23°C after which time the resin was filtered and washed (CH,Cl, 2 x 50 mL,
MeOH 2 x50 mL, Et,0 2x20mL). A small amount of this resin was
cleaved and the product obtained was analyzed 27: '"H NMR (600 MHz,
CD;0D, 330 K): 6 =759 (brs, 2H), 7.54 (dd, J = 8.0, 1.0 Hz, 1 H), 7.39-7.30
(m, 7H), 7.14 (d,/=2.0 Hz, 1H), 6.98 (dd, / =8.5,2.0 Hz, 1 H), 6.78 (d, / =
8.5Hz, 1H), 6.76-5.84 (m, 1H), 6.42 (d, /=2.0Hz, 1H), 6.39 (d, J=
2.0 Hz, 1H), 5.92 (ddt, J=16.0, 8.0, 6.5 Hz, 1H), 5.68 (s, 1H), 5.47 (m,
1H), 5.34 (s, 2H), 5.35 (m, 1H), 5.30 (m, 1H), 5.21 (m, 1H), 5.22-5.17 (m,
2H, CH,-Cbz), 4.96 (brs,2H), 4.90-4.83 (m, 1H), 4.77-4.70 (m, 1H), 4.72
(m, 1H), 4.61 (s, 1H), 4.72 (m, 1H), 4.29-4.18 (m, 1H), 4.11 (s, 1H), 4.09
(m, 1H), 3.96-3.92 (m, 1 H), 3.80-3.75 (m, 1H), 3.58 (dd, /=11.0, 3.5 Hz,
1H), 2.93 (s, 3H), 2.55-2.40 (m, 2H), 2.03 (s, 3H), 2.00 (s, 3H), 1.78-1.75
(m, 1H), 1.53-1.49 (m, 2H), 1.01 (s, 9H), 0.94 (s, 9H), 0.93-0.91 (m, 6 H),
0.89 (s, 9H), 0.77 (s, 9H), 0.73 (s, 9H), 0.63 (s, 9H), 0.23 (s, 6H), 0.18 (s,
3H), 0.12 (s, 3H), 0.10 (s, 3H), 0.09 (s, 3H), 0.09 (s, 3H), 0.08 (s, 3H), 0.04
(s, 3H), 0.03 (s, 3H), —0.08 (s, 3H), —0.09 (s, 3H); MS (ES): calcd for
C110H160CLNgO4Sis [M+H]": 2247.6, found 2247.5.

Fully protected polymer-bound vancomycin 29

Second glycosidation: Freshly prepared vancosamine fluoride 287
(0.367 mmol, 6.0 equiv) was azeotroped with benzene (3 x 10 mL) and
then dried under high vacuum for 1h. The glycosyl fluoride was then
transferred as a CH,Cl, (5 mL) solution to a flask containing resin 27
(51 mg, 61.2 umol) and flame-dried 4 A MS (0.5 g). The mixture was stirred
at ambient temperature for 2 h, then cooled to —40°C and BF;-Et,0
(80 uL, 0.550 mmol) was added dropwise. The reaction mixture was
allowed to warm up to 0°C over the course of 4 h. The reaction mixture
was cooled back to —40°C and quenched with Et;N (0.152 mL, 1.10 mmol,
2.0 equiv relative to BF;-Et,0). The resin was filtered, washed (CH,Cl,
2 x50mL, MeOH 2 x50mL), a small amount was cleaved, and the
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product obtained was analyzed 29: '"H NMR (600 MHz, CD;COD, 330 K):
8=765-745 (m, 3H), 740-720 (m, 12H), 710-708 (m, 2H), 703 (m,
2H), 6.80 (d, J=8.5Hz, 1H), 6.78 (d, J=8.5 Hz, 1 H), 6.44 (d, /=2.0 Hz,
1H), 6.40 (s, 1H), 5.91 (m, 1 H), 5.83-5.78 (m, 2H), 5.64—5.45 (m, 2H),
5.44-528 (m, 5H), 5.26-5.10 (m, 5H), 4.90 (q, J=12.5 Hz, 2H), 4.64 (m,
2H), 4.18-4.07 (m, 2H), 3.85-3.80 (m, 2H), 3.64 (m, 1H), 2.94 (s, 3H),
2.48 (m, 2H), 2.03 (s, 3H), 2.00 (s, 3H), 1.98 (s, 3H), 2.05-1.98 (m, 2H),
1.55 (brs, 3H), 1.29 (s, 3H), 1.09 (m, 3H), 1.02 (s, 9H), 0.97 (s, 9H), 0.93 (m,
6H), 0.88 (s, 9H), 0.82 (s, 9H), 0.79 (s, 9H), 0.71 (s, 9H), 0.24 (s, 3H), 0.23
(s, 3H), 0.19 (s, 3H), 0.18 (s, 3H), 0.13 (s, 3H), 0.12 (s, 3H), 0.10 (m, 9H),
0.04 (s, 3H), 0.03 (s, 3H), —0.06 (s, 3H), —0.08 (s, 3H); MS (ES): calcd for
CioyHi1 CLN,O5,;Sig [M-+Na]*: 2592.9, found 2592.6.

Fully protected vancomycin 5

Cleavage from resin 29: Resin 29 (300 mg, 34.5 umol of vancomycin,
0.24 mmol of Se) was suspended in THF (4 mL) and treated with H,O,
(30% in water, 48 uL, 0.48 mmol, 2.0 equiv) and stirred for 2 h after which
time, Me,S (111 pL, 1.76 mmol, 4.0 equiv relative to H,0,) was added to
the reaction mixture which was stirred for an additional 48 h. The reaction
mixture was filtered, concentrated, and passed through a short plug of silica
gel (eluting with CH,Cl,, then 10% MeOH in CH,Cl,) to recover 5 as a
single product (54.1 mg, 80%).

Deprotection of 5 to give vancomycin (1) via intermedite 30

Deacetylation and desilylation: Fully protected vancomycin derivative 5
(48 mg, 18.7 umol, 1.0 equiv) was dissolved in MeOH (5 mL) and treated
with solid K,CO; (5.2mg, 374 umol, 2.0 equiv) and stirred at room
temperature for 6 h, at which point TLC analysis of the reaction mixture
indicated complete disappearance of the starting material. The crude
reaction mixture was filtered through Celite and concentrated. The crude
residue thus obtained was dissolved in wet DMF (0.5 mL), and solid
NaHCO; (30 mg, 0.36 mmol, 20 equiv) and CsF (30 mg, 0.197 mmol,
12 equiv) were added. The resulting heterogeneous mixture was stirred
vigorously for 15 h. The crude reaction mixture was purified directly by
HPLC to give vancomycin ester derivative 30 (20.4 mg, 62%) as a white
solid: 30: HPLC: fz =9.8 min (LiChrospher C18, 4 mm x 250 mm, flow
rate =1.0 mLmin~!, 5 — 100 % CH;CN in H,O (0.1 % TFA) over 15 min);
30: '"H NMR (500 MHz, CD,COD, 330 K): 0 =7.66 (brs, 1H), 7.56 (d, /=
2.0 Hz, 1H), 7.55 (d, J=2.0 Hz, 1 H), 7.44 (s, 1H), 7.40-7.29 (m, 12H), 6.13
(brd,/=9.0 Hz, 1H), 7.08 (d,/ = 1.5 Hz, 1H), 7.01 (dd, /= 8.5,2.5 Hz, 1 H),
6.83 (d, J=6.5 Hz, 1H), 6.47 (d, J=2.0 Hz, 1H), 6.32 (d, / =2.0 Hz, 1H),
5.96 (ddt, J=16.0, 10.0, 6.5 Hz, 1H), 5.75 (brs, 2H), 5.47 (d, J=2.5 Hz,
1H), 5.46 (s, 1H), 5.39 (ddt, J=16.0, 1.5, 1.5 Hz, 1H), 5.37 (s, 1H), 5.36 (s,
1H), 5.34 (s, 1H), 5.22 (ddt, /=10.0, 1.5, 1.5 Hz, H), 5.22-5.17 (m, 2H),
5.01(d,J=6.0 Hz, 1H), 4.92-4.86 (m, 2 H), 4.85 (s,2H), 4.74 (m, 2H), 4.65
(s, 1H), 4.21 (s, 1H), 3.87 (d, /=9.0 Hz, 1H), 3.84 (dd, J=10.5, 2.0 Hz,
1H), 3.77 (dd, J =10.5, 4.5 Hz, 1H), 3.69 (brt, J=8.0 Hz, 1H), 3.56 (t,J =
9.0 Hz,1H),3.55(q,/ =8.0 Hz, 1H), 3.43 (s, 1 H), 2.94 (s,3H), 2.38 (dd, / =
10.5, 5.5 Hz, 1H), 2.19 (d, J=13.0 Hz, 1H), 1.92 (dd, J =10.5, 4.0 Hz, 1 H),
1.74-1.68 (m, 1H), 1.61 (d, /= 8.0 Hz, 1H), 1.53 (s, 3H), 1.21 (d, /= 6.5 Hz,
3H), 1.17 (d, J=6.5 Hz, 3H), 0.90 (brd, J=6.5 Hz, 3H), 0.89 (brd, /=
6.5 Hz, 3H); MS (ES): calcd for CgsHy CLNgONa [M+Na]*: 1780, found
1780.

Removal of the allyl group: A fresh solution of [Pd(PPh;),] (1.0 mm in
DMF, 176 uL, 0.176 umol, 0.1 equiv) followed by nBu;SnH (2.5 mg,
8.8 umol, 5.0 equiv) was added at room temperature to a solution of the
above allyl ester (30, 3.1 mg, 1.76 umol, 1.0 equiv) in DMF (100 pL). The
reaction mixture was stirred vigorously for 30 min after which time HPLC
analysis of the reaction mixture indicated complete deprotection. The
crude reaction mixture was injected directly into the HPLC instrument to
recover 2.8 mg (92% isolated) of product as a white solid. HPLC: tz =
6.1 min (LiChrospher C18, 4 mm x 250 mm, low rate = 1.0 mLmin™!, 5 —
100% CH;CN in H,0O (0.1% TFA) over 15 min); 'H NMR (500 MHz,
CD;OD, 330 K): 0 =768 (brs, 1H), 7.53 (d, /=7.0 Hz, 1 H), 743 (brs, 1H),
740-729 (m, 7H), 7.14 (t,J =7.0 Hz, 2H), 7.04 (brs, 1H), 6.98 (dd, J =9.0,
1.0 Hz, 1H), 6.83 (d, /=8.5 Hz, 1H), 6.63 (d, /J=15Hz, 1H), 6.43 (d, /=
1.5 Hz, 1H),5.75 (brs,2H), 5.46 (d, J=2.5 Hz, 1H), 5.39 (s, 1 H), 5.36 (brs,
2H), 5.23 (brs, 1H), 5.01 (s, 1 H), 4.92-4.81 (m, 3H), 4.70 (s, 1 H), 4.67 (s,
1H), 4.14 (s, 1 H), 3.89-3.82 (m, 2H), 3.77 (dd, / =10.5, 4.5 Hz, 1H), 3.69
(brt,J=8.0 Hz, 1H), 3.56 (t,/ =9.0 Hz, 1 H), 3.55 (q, / = 8.0 Hz, 1 H), 3.43
(s,1H),2.94 (s,3H),2.39 (dd,/=10.5,5.5 Hz,1H),2.21 (m, 1H), 1.74-1.68
(m, 2H), 1.63 (m, 1H), 1.53 (s, 3H), 1.22 (d, /J=6.5Hz, 3H), 1.17 (d, J =
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Table 1. Antibacterial activity (MIC: ugmL~") of vancomycin-derived monosaccharides (36 a—k) against vancomycin-susceptible, vancomycin-intermediate
resistant, and vancomycin-resistant bacteria.

HO,,.

OR oL
(0] (0] 2
cl OH
H oy o |
N N “NH
N N :
H Ie) H o H
(o)
NH,
OH

(o] H
(@] NH
HO Q
]
HO OH 36
Com- R Sa8250  Sp670l 2726601 400201 2726101 48Nl 257016 LO3E 1336 MUS0M 40010
pound
ampicillin 0.4 3.13 3.13 3.13 3.13 50 25 25 <0.2 12.5 50
tetracycline 3.13 50 100 100 50 >100 25 <0.2 <0.2 25 50
1 vancomycin 0.5 0.25 2 0.5 2 1 1 0.5 0.25 4 >16
OH
36a Ho/& 4 2 8 4 8 4 8 2 4 8 >16
o NH,
OH
36b HO, OH 4 2 8 4 8 4 4 4 4 8 >16
ke o NHAc
NHAc
36¢ Ho, 1 OH 8 8 >16 16 >16 16 >16 16 16 16 >16
ke o OH
36d o®§/ 0.25 0.125 0.5 0.25 025 >16 >16 >16 >16 >16 16
HO, OH
}J\)ojVNHAc
OH
HO,/' \\\OH
36e ijn teo 4 2 4 4 4 2 4 4 2 4 >16
w0 oo
T
O/—< >—CI
36f Ho, bj, >16 16 >16 16 16 >16 >16 16 16 16 16
H
*7 o N biphenyl
T
|
369 o Q E 4 2 8 8 8 8 16 4 4 4 >16
HO, OH
L
36h o < > ¢ 4 4 8 4 4 4 8 4 8 8 >16
Ho, 1 _OH
}{ﬁoj\/NHAc
[~
o\4
36i HO, 1 .OH 4 4 8 8 8 4 4 4 4 8 >16
ke o OH
36j Ho, ? )\QH:OH 8 8 16 16 16 8 16 8 8 16 >16
Nogr
]
36Kk r@ \ >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16
(o]

I
w O
op
A
I
o
I

[a] Vancomycin-susceptible strains of Streptooccus pneumoniae. [b] Vancomycin-susceptible strains of Enterococcus faecalis. [c] Vancomycin-susceptible
strains of Staphylococcus aureus. [d] Vancomycin-intermediate resistant Staphylococcus aureus. [e] Vancomycin-resistant (van A) Enterococcus faecium.
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6.5 Hz, 3H), 0.94 (brd, J=6.5Hz, 3H), 0.90 (brd, J=6.5 Hz, 3H); MS
(ES): caled for Cg,Hg;Cl,NyOy [M+H]*: 17174, found 1717.5.

Removal of the Cbz group: To a solution of the resulting di-Cbz-
vancomycin derivative (2.1 mg, 1.22 umol, 1.0 equiv) in H,O/MeOH (1:1,
200 uL) under an argon atmosphere was added 10% Pd/C (~0.5mg,
~0.5 equiv) followed by NH,HCO, (2.0 mg, 31 pmol, 26 equiv) and the
reaction mixture was stirred at room temperature for 2 h after which time
HPLC analysis indicated complete and clean conversion to vancomycin.
The reaction mixture was filtered through a 20 pm syringe fritt and the fritt
was washed with H,O/MeOH/AcOH (1:1:1, 2 x 0.2 mL). The combined
filtrates were diluted with acetone (2 mL) and centrifuged at 15000 rpm to
obtain a white solid. Purification of this material by HPLC afforded 1.5 mg
of vancomycin (1) (85%) which was identical to authentic material
('H NMR, HPLC, HRMS). 1: HPLC: tz =4.9 min (LiChrospher C18,
4 mm x 250 mm, flow rate=1.0mLmin"!, 5—100% CH;CN in H,O
(0.1% TFA) over 15 min); '"H NMR (600 MHz, D,0, 330 K): 6 =8.03 (s,
1H),7.96 (s, 1H), 7.91-7.88 (m, 2H), 7.79-7.78 (m, 2H), 742 (s, 1 H), 7.34 -
7.32 (m, 1H), 728 (s, 1H), 6.91 (s, 1H), 6.82 (s, 1H), 6.14 (brs, 1H), 6.06
(brs, 1H), 5.86 (s, 1H), 5.82 (d, /=6.5Hz, 1H), 5.75 (d, J=4.0 Hz, 1H),
5.71 (s,1H),5.67 (s, 1H), 5.23 (brs, 1H), 5.17 (q,/ = 6.6 Hz, 1 H), 5.03-5.00
(m, 2H), 4.55 (s, 1H), 4.41 (t, J=74 Hz, 1H), 418-4.16 (m, 1H), 4.14-
4.07 (m, 1H), 3.94 (t, J=8.8 Hz, 1H), 3.87-3.84 (m, 1H), 3.78 (s, 1H),
3.40-3.39 (m, 1H), 3.15-3.14 (m, 1H), 3.11 (s, 1H), 2.72-2.70 (m, 1H),
2.42-2.40 (m, 1H), 2.38-2.34 (m, 1H), 2.16-2.13 (m, 1 H), 2.06-2.02 (m,
1H), 1.99-1.94 (m, 1H), 1.76 (s, 3H), 1.49 (d, J=6.6 Hz, 3H), 1.24 (d, /=
6.5Hz, 3H), 120 (d, /J=6.5Hz, 3H); HRMS (MALDI): caled for
CysH75CLINgO,Na [M+Na]*: 1470.4200, found 1470.4231.

General procedure for the synthesis of vancomycin monosaccharides
analogues: The preparation of these compounds proceeded in a similar
manner to the solid-phase semisynthesis of vancomycin. Conversion of
compounds 34 to 35 is detailed below.

Conversion of compounds 34 to 35: Resin 34 (200 mg) was suspended in
THF (2 mL) and H,O (2 mL) was added. To this suspension, at 23°C, was
added Et;P (5.0 equiv) and the mixture was stirred for 4 h. The resin was
filtered and washed (CH,Cl, 2 x20 mL, MeOH 2 x 20 mL, Et,0 2 x
20 mL) and then re-suspended in CH,Cl, (20 mL) at 23°C and EtN
(10.0 equiv) followed by the appropriate acid chloride (5.0 equiv) were
added. After 8 h of stirring the resin was filtered off and washed (CH,Cl,
2 x 20 mL, MeOH 2 x 20 mL, Et,0 2 x 20 mL). Product was cleaved from
the resin and globally deprotected as described above for the conversion of
5 to 1 to yield 36a—k (analytical HPLC: LiChrospher C18, 6 mm X
250 mm, flow rate 1.0 mLmin~', 0 — 100% CH;CN (0.05% TFA) in
H,O (0.05% TFA) over 10 min).

36a: t; =5.1 min; LCMS (ES): caled for Cs0Hg;CLN,O,, [M+H]*: 1306.1,
found 1306.1.

36b: 1t =5.5 min; LCMS (ES): caled for C4HgsCLNoO,, [M+H]*: 1348.1,
found 1348.4.

36¢: 1t =5.9 min; LCMS (ES): caled for Cq;HgsCLN,O,, [M+H]*": 1348.2,
found 1348.2.

36d: 1y = 6.5 min; LCMS (ES): caled for C;;HgCLN,O,, [M+H]": 1488.4,
found 1488.4.

36e: 1 =77 min; LCMS (ES): calcd for C;;HgsCL,N,O,, [M+H]*: 1488 .4,
found 1488.4.

36 f: tr =7.6 min; LCMS (ES): calcd for C,yH7CL3;NyO,, [M+H]*: 1610.8,
found 1610.3.
36g: 1z =5.8 min; LCMS (ES): caled for CiHgCL:NoO,, [M+H]*: 1430.6,
found 1430.6.
36 h: 1z = 6.8 min; LCMS (ES): calcd for C44H;CL;N¢O,, [M+H]': 1472.6,
found 1472.5.
36i: t; =6.2 min; LCMS (ES): caled for CisH,,CLLN;O,, [M+H]*: 1388.2,
found 1388.2.
36j: tr =6.1 min; LCMS (ES): calcd for C¢HggCLNgOo; [M+H]*: 1412.2,
found 1412.2.
36k: 1ty =6.7 min; LCMS (ES): calcd for CeH;,CLNgO,; [M+H]*: 1453.3,
found 1453.3.
Preparation of substituted phenols 37b—e: NaH (694 mg, 1.0 equiv, 60 %
suspension) was added to a solution of 3,4-dihydroxybenzaldehyde (37a,
2.50 g, 18.1 mmol, 1.0 equiv) in DMF (25 mL, 0.7m) cooled to 0°C. The
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reaction mixture was allowed to stir for 10 min whereupon the appro-
priate benzyl or alkyl bromide was added (1.0 equiv). After warming to
23°C with stirring over a period of 12-18 h, the reaction was quenched
with 10% aq HCI and extracted with EtOAc (200 mL). After concen-
tration, the crude residue was purified by flash column chromatography
(silica gel, mixtures of EtOAc and hexanes) to give the desired phenol
(37b-e).

37b: R;=0.43 (40 % EtOAc in hexanes); IR (thin film): 7, = 3409, 1681,
1606, 1508, 1277, 1123, 804 cm~'; '"H NMR (500 MHz, CDCl;): 6 =9.90 (s,
1H), 751 (d, J=1.8 Hz, 1H), 749-747 (m, 1H), 7.02 (d, J=8.0 Hz, 1H),
5.93 (s, 1H), 421 (t, J=6.2 Hz, 2H), 1.93-1.90 (m, 2H), 1.60-1.56 (m,
2H), 1.06 (t,J=7.5 Hz, 3H); *C NMR (125 MHz, CDCl;): 6 =191.4, 151.7,
146.6, 130.8, 124.9, 114.4, 111.2, 69.3, 31.4, 19.5, 14.1; HRMS: calcd for
C,H,,0; [M+Na]*: 217.0835, found 217.0839.

37¢: R;=0.56 (40% EtOAc in hexanes); IR (thin film): 7,,,, = 3223, 1674,
1606, 1581, 1507, 1465, 1265, 1248, 1124, 802 cm~'; 'H NMR (500 MHz,
CDCL): 6=9.90 (s, 1H), 7.51 (d, J=1.9 Hz, 1H), 749-7.47 (m, 1H), 7.02
(d, J=8.1 Hz, 1H), 5.89 (s, 1H), 4.20 (t, J=6.6 Hz, 2H), 1.94-1.90 (m,
2H), 1.56-1.52 (m, 2H), 1.46-1.38 (m, 6H), 0.97 (t, J=6.6 Hz, 3H);
3C NMR (125 MHz, CDClL;): 6 =191.4, 151.6, 146.6, 130.8, 124.8, 114.4,
111.2, 69.7, 32.1, 29.4, 29.3, 26.2, 22.9, 14.4; HRMS: calcd for C,;H,,0;
[M+Na]*: 259.2960, found 259.2962.

37d: R;=0.34 (50 % EtOAc in hexanes); IR (thin film): 7, = 3242, 1675,
1604, 1510, 1456, 1281, 1117, 1010 cm™'; 'H NMR (400 MHz, CDCl;): 6 =
9.80 (s, 1H), 745738 (m, 7H), 703 (d, J= 8.5 Hz, 1 H), 6.04 (s, L H), 5.19
(s, 2H); *C NMR (100 MHz, CDCl,): 6 =191.1, 151.1, 146.3, 135.2, 130.7,
128.8, 127.8, 124.4, 99.9, 71.2; HRMS: caled for C H,O; [M+Na]*:
251.0678, found 251.0683.

37e: R;=0.34 (50 % EtOAc in hexanes); IR (thin film): 7,,,, =3372, 1678,
1606, 1545, 1579, 1277, 1124, 1007 cm~'; '"H NMR (400 MHz, CDCL,): 6 =
9.82 (s, 1H), 7.45-7.26 (m, 6 H), 7.00 (d, J=8.1 Hz, 1H), 5.89 (s, 1 H), 5.16
(s, 2H); BC NMR (100 MHz, CDCl;): 6 =191.0, 150.6, 146.2, 134.7, 133.6,
130.9, 129.2, 129.1, 124.3, 114.5, 111.5, 70.4; HRMS: calcd for C,H,,ClO;
[M+Na]*: 285.0289, found 285.0283.

General procedure for the conversion of phenols 37 to olefins 38: The
appropriate olefinic alcohol (1.5 equiv), triphenylphosphine (1.5 equiv) and
diethyl azodicarboxylate (1.5 equiv) were added to a solution of phenol 37
(1.0 equiv) in THF (0.5M) at 23°C. The mixture was stirred for 5h at
ambient temperature and then concentrated. The residue was purified by
flash column chromatography (silica gel, EtOAc/hexanes mixtures) to give
the desired olefin 38.

38a: R;=0.36 (10 % EtOAc in hexanes); IR (thin film): 7,,,, = 1698, 1595,
1263, 990, 929, 787 cm~'; 'H NMR (500 MHz, CDClL;): d=9.98 (s, 1H),
7.53-7.46 (m,3H), 7.30-7.25 (m, 1H), 6.16-6.11 (m, 1 H), 5.55 (dd, J =3.5,
19.3 Hz, 1H), 5.41 (dd, J=3.5,19.3 Hz, 1H), 4.67-4.66 (m, 2H); *C NMR
(125 MHz, CDCly): 6 =192.4, 159.5, 138.2, 133.0, 130.4, 123.9, 122.4, 184,
113.5, 69.7; HRMS: calcd for C,,H,,0, [M+Na]*: 185.0573, found 185.0579.

38b: R;=0.45 (15% EtOAc in hexanes); IR (thin film): 7,,,, = 1697, 1597,
1487, 1451, 1263, 1146, 1039, 919 cm™~!; 'H NMR (500 MHz, CDCL;): 6 =
10.0 (s, 1H), 749—7.44 (m, 3H), 723-721 (m, 1 H), 6.00-5.94 (m, 1 H), 5.55
(dd, J=3.5, 193 Hz, 1H), 541 (dd, J=3.5, 19.3 Hz, 1H), 4.13-4.11 (m,
2H), 2.64-2.60 (m, 2H); “C NMR (125 MHz, CDCl,): 6 =192.5, 159.8,
138.1, 134.5, 130.4, 123.8, 1177, 67.8, 33.8; HRMS: caled for C,,H,,0,
[M+Na]*: 199.0729, found 199.0721.

38c¢: R;=0.48 (10% EtOAc in hexanes); IR (thin film): 7,,,, = 1697, 1597,
1488, 1391, 1263, 1148 cm~'; '"H NMR (500 MHz, CDCl,): 6 =10.0 (s, 1H),
7.54-1751 (m, 2H), 746-745 (m, 1H), 726-722 (m, 1H), 5.96—5.86 (m,
1H), 5.15-5.11 (m, 1H), 5.09-5.06 (m, 1H), 4.08 (t, /=7.0 Hz, 2H), 2.31
(9. J=70Hz, 2H), 2.00-1.95 (m, 2H); *C NMR (125 MHz, CDCl): 6 =
192.5, 160.0, 138.2, 137.9, 130.4, 123.7, 122.2, 116.9, 113.2, 37.8, 30.4, 28.7;
HRMS: calcd for C,H,,0, [M+Na]*: 213.0886, found 213.0890.

38d: R;=0.77 (20% EtOAc in hexanes); IR (thin film): 7, =1697.5,
1592.4, 14470, 1261.7, 1042.1, 912.6 cm~!; '"H NMR (500 MHz, CDCl;): 6 =
10.0 (s, 1H), 7.52-7.50 (m,2H), 7.25-7.24 (m, 1 H), 5.93-5.86 (m, 1 H), 5.12
(d, J=175Hz, 1H), 5.06 (d, J=10.3 Hz, 1H), 4.10 (t, J=6.6 Hz, 2H),
2.29-2.19 (m, 2H), 1.93-1.87 (m, 2H), 1.69-1.63 (m, 2H); C NMR
(125 MHz, CDCl): 6 =199.9, 160.0, 138.7, 138.1, 130.4, 123.7, 122.3, 115.2,
113.1, 68.4, 33.7, 28.9, 25.6; HRMS: calcd for C,3H,;O, [M+Na]*: 227.2537,
found 227.2540.
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Table 2. Antibacterial activity (MIC: pgmL") of vancomycin-derived olefins (40 a—y) against vancomycin-susceptible, vancomycin-intermediate resistant,
and vancomycin-resistant bacteria.

HO
HO
OH
(0]
0 Cl,
(o) ~
OH
O H
N N\‘ N NHMe
H o) H
O,
NH,
40
Compound R R? R? Sa825001  Sp670ll 272661 400201 2726101 48NI9 25701 LO3l 133l MUS0M 40010
1 vancomycin 0.5 0.25 2 0.5 2 1 1 0.5 0.25 4 >16
40a O~ H D-NMeLeu  0.06 <0.03 0125 <0.03 0.5 0.25 0.06 0.125 0.06 0.5 16
40b o~y H D-NMeLeu  0.06 0.06 0.25 0.13 0.25 0.25 1 0.125 0.06 0.5 16
40c o~ H D-NMeLeu <0.03  <0.03 0125 006 025 0125 0125 <003 <003 05 16
40d o H
REANEN D-NMeLeu  0.25 0.25 2 0.5 1 8 8 006 4 4 8
40e H 0~~~ D-NMelLeu 0.25 0.25 0.5 0.25 1 0.5 0.25 0.5 0.25 1 >16
40f H O~~~ D-NMeleu  0.125 0.06 0.5 013 05 1 025 0125 0.06 05 >16
409 H O~  D-NMeleu <0.03  <0.03 0125 006  0.25 0125 0125 <003 <003 05 16
40h H oL~ D-NMelLeu <0.03 <0.03 0.5 0.06 0.25 2 1 0.125 0.25 0.5 2
40i O o0_~~ D-NMelLeu 0.125 0.06 0.25 0.125 0.25 0125 0125 0125 2 0.25 8
40j O~~~ O_~._~, D-NMeLeu 1 1 2 2 2 2 2 2 2 4 16
40k oy~~~ oL~ DNMeleu 006  <0.03 0.5 025 05 1 1 1 1 1 2
40 O O pNMeleu 0125 0.06 2 05 2 2 2 2 8 2 2
40m o">ph O~ D-NMeLeu  0.06 0.06 0.125 0125 0.25 0.125 0125 0125 05 0.25 2
40n 0™ ph o0.~~# D-NMelLeu 0.125 0.06 0.25 0.125  0.25 1 0.5 025 4 1 2
400 o phpcl O~ D-NMelLeu  0.25 0.06 0.25 0.06 0.25 0.25 0.25 025 0.25 0.5 1
40p 0" ~Phpc o~ D-NMelLeu 0.125 0.06 1 0.25 0.5 1 1 1 4 1 2
40q H O~ L-Asn 4 8 >16 16 >16 >16 16 16 8 >16 >16
40r o -

H s L-Ash 1 2 4 4 4 4 >16 16 2 8 16
40s H O~ B-Ala 1 2 8 4 8 4 16 8 4 8 >16
40t H o -Al

s B-Ala 1 2 4 4 4 4 8 16 1 4 >16
40u H NN y-Abu 8 4 16 4 16 4 4 4 4 8 >16
40v H O~ L-Phe 2 4 8 4 8 4 16 16 >16 8 >16
40w H NN L-Arg 4 4 16 16 16 8 16 16 2 8 >16
40x H O~F H 2 2 16 8 16 4 8 4 4 16 >16
40y H oL H >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16

[a] Vancomycin susceptible strains of Streptococcus pneumoniae. [b] Vancomycin susceptible strains of Enterococcus faecalis. [c] Vancomycin susceptible
strains of Staphylococcus aureus. [d] Vancomycin-intermediate resistant Staphylococcus aureus. [e] Vancomycin-resistant (van A) Enterococcus faecium.
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38e: R;=0.67 (20% EtOAc in hexanes); IR (thin film): 7,,,, = 1698, 1597,
1487, 1451, 1386, 1263, 1147, 1040 cm™; 'H NMR (500 MHz, CDCL): 6 =
10.0 (s, 1H), 7.52-748 (m, 2H), 745 (d, J=2.71 Hz, 1 H), 726722 (m,
1H), 5.91-5.83 (m, 1H), 5.08-5.07 (m, 1 H), 5.01-5.00 (m, 1 H), 4.08 (t,
J=6.5 Hz, 2H),2.09-2.08 (m, 2H), 1.92-1.84 (m, 2 H), 1.55—- 1.48 (m, 2 H),
1.41-126 (m, 8H); C NMR (125 MHz, CDCL): 6 =192.5, 160.1, 139.5,
138.2, 130.3, 123.6, 122.3, 114.5, 113.1, 68.7, 34.1, 29.7, 29.5, 29.4, 29.4, 29.3
26.3; HRMS: caled for C;H,,0, [M+Na]*: 283.1668, found 283.1675.

38f: R;=0.5 (20% EtOAc in hexanes); IR (thin film): ¥, = 1687, 1591,
1510, 1435, 1268, 1132, 1027 cm~!; 'H NMR (500 MHz, CDCl;): 6 =9.90 (s,
1H), 751 (dd, J=1.9, 8.0 Hz, 1H), 748 (d, /=19 Hz, 1H), 7.02 (d, /=
8.0 Hz, 1H), 5.95-5.88 (m, 1H), 5.55 (dd, J=3.5, 19.3 Hz, 1 H), 5.41 (dd,
J=35,193 Hz, 1H), 4.15-4.11 (m, 4H), 2.73-2.67 (m, 2H), 1.99-1.89 (m,
2H), 1.62-1.53 (m, 2H), 1.07 (t, J=74 Hz, 3H); “C NMR (125 MHz,
CDCly): 6 =191.3, 155.1, 149.6, 134.5, 130.2, 127.1, 117.6, 112.3, 111.8, 69.2,
68.8, 33.9, 31.4, 19.5, 14.2; HRMS: calcd for C,H;;O; [M+Na]*: 257.1148,
found 257.1152.

38¢g: R;=0.64 (20% EtOAc in hexanes); IR (thin film): 7,,,, = 1687, 1590,
1508, 1435, 1268, 1132, 1021 cm~'; 'H NMR (500 MHz, CDCl5): 6 =9.90 (s,
1H), 751 (dd, /=19, 8.0 Hz, 1H), 748 (d, J=19 Hz, 1H), 702 (d, /=
8.0 Hz, 1H), 5.95-5.88 (m, 1H), 5.55 (dd, J=3.5, 19.0 Hz, 1H), 5.41 (dd,
J=3.5,19.0 Hz, 1H), 4.15-4.11 (m, 4H), 2.34-2.30 (m, 2H), 2.02-1.98
(m, 2H), 1.93-1.87 (m, 2H), 1.62-1.49 (m, 2H), 1.05 (t, /=77 Hz, 3H);
3C NMR (125 MHz, CDCly): 6=191.2, 155.1, 149.7, 138.1, 130.2, 1270,
115.6, 112.1, 111.5, 69.1, 68.7, 31.4, 30.4, 28.7, 19.5, 14.2; HRMS: calcd for
C;5sH,05 [M+Na]*: 271.1304, found 271.1300.

38 h: R;=0.58 (30 % EtOAc in hexanes); IR (thin film): 7, = 1687, 1589,
1435, 1266, 1131 cm~!; '"H NMR (400 MHz, CDCl;): 6 =9.82 (s, 1 H), 7.51 -
745 (m, 2H), 701 (d, J=8.1 Hz, 1H), 5.96-5.76 (m, 1H), 5.24—5.06 (m,
2H), 4.18-4.10 (m, 4H), 2.32 (q, J = 6.8 Hz, 2 H), 2.02-1.99 (m, 2 H), 1.95 -
1.88 (m, 2H), 1.60-151 (m, 2H), 1.05 (t, J=74 Hz, 3H); 3C NMR
(100 MHz, CDCl;): 6 =191.2, 155.1, 149.7, 138.1, 130.2, 127.0, 115.6, 112.3,
112.1, 111.5, 111.2, 69.2, 31.4, 30.5, 30.4, 28.7, 19.6, 14.2; HRMS: calcd for
Ci¢H,,05 [M+Na]*: 285.1461, found 285.1462.

38i: R;=0.73 (20% EtOAc in hexanes); IR (thin film): 7, = 1691, 1591,
1508, 1435, 1268, 1132, 808 cm~!; 'H NMR (500 MHz, CDCl;): 6 =9.92 (s,
1H), 751 (dd, /=19, 8.0 Hz, 2H), 748 (d, J=19 Hz, 1H), 7.02 (d, /=
8.0 Hz, 1H), 5.98-5.90 (m, 1H), 5.55 (dd, J=3.5, 19.0 Hz, 1H), 5.41 (dd,
J=35, 19.0Hz, 1H), 4.14 (q, J=5.1 Hz, 4H), 2.34 (q, J=70Hz, 2H),
2.04-1.99 (m, 2H), 1.96-1.90 (m, 2H), 1.58-1.52 (m, 2H), 1.50-1.41 (m,
2H), 1.38-1.37 (m, 4H), 0.96 (t, J=6.9 Hz, 3H); *C NMR (125 MHz,
CDCly): 6 =191.3, 155.1, 149.7, 138.1, 130.2, 127.0, 115.6, 112.1, 111.5, 69.5,
68.7, 32.1, 30.4, 29.3, 28.7, 26.3, 22.9, 14.4; HRMS: calcd for C;;H,,0;
[M+Na]*: 299.1617, found 299.1612.

38j: R;=0.57 (20% EtOAc in hexanes); IR (thin film): 7,,,, = 1688, 1590,
1510, 1268, 1132 cm~'; '"H NMR (500 MHz, CDCl;): 6 =9.90 (s, 1 H), 7.51 -
748 (m, 2H), 7.03 (d, J=8.1 Hz, 1H), 6.03-5.95 (m, 1H), 525 (d, J=
172 Hz, 1H), 5.19 (d, J=10.3 Hz, 1 H), 4.13-3.97 (m, 2H), 2.69-2.65 (m,
2H), 1.95-1.90 (m, 2H), 1.57-1.55 (m, 2H), 1.46 - 1.38 (m, 7 H), 0.98-0.95
(m, 3H); BC NMR (125 MHz, CDCL;): 6 =191.3, 155.1, 149.5, 134.5, 130.2,
127.1,117.6, 112.2, 111.8, 69.5, 68.7, 33.9, 32.1, 29.3, 26.2, 22.9, 14.4; HRMS:
caled for CgH,,O; [M+Na]*: 313.1774, found 313.1778.

38k: R;=0.61 (20 % EtOAc in hexanes); IR (thin film): 7, = 1691, 1591,
1508, 1466, 1435, 1288, 1132 cm™'; 'TH NMR (500 MHz, CDCl;): 6 =9.98 (s,
1H), 7.50-7.46 (m, 2H), 7.02 (d, /= 8.1 Hz, 1 H), 5.98-5.90 (m, 1 H), 5.18 -
5.05 (m, 2H), 4.16-4.12 (m, 4H), 2.33 (q, /=8.0 Hz, 2H), 2.06-1.97 (m,
2H), 1.96-1.90 (m, 2H), 1.58 - 1.52 (m, 2H), 1.50-1.35 (m, 6 H), 0.96 (t,J =
6.8 Hz, 3H); BC NMR (125 MHz, CDCl,): 6 =191.3, 155.1, 149.7, 138.1,
130.2, 1270, 115.6, 112.1, 111.5, 69.5, 68.7, 32.1, 30.4, 29.3, 28.7, 26.3, 22.9,
14.1; HRMS: caled for C;gH,3O5 [M+Na]*: 327.1930, found 327.1932.

381: R;=0.61 (20% EtOAc in hexanes); IR (thin film): 7, = 1686, 1589,
1507, 1434.8, 1266, 1131, 1015 cm~'; 'H NMR (500 MHz, CDCl;): 6 =9.90
(s, 1H), 7.53-7.40 (m, 7H), 7.09 (d, J=8.1 Hz, 1H), 6.20-6.13 (m, 1H),
5.53(d,J=172 Hz,1H),5.39 (d,/=10.6 Hz, 1H), 5.32 (s,2H), 4.76 (d,J =
5.1 Hz, 2H); ®C NMR (125 MHz, CDCl;): 6 =191.2, 154.4, 149.4, 136.6,
133.1,130.7, 129.0, 128.5, 1274, 126.9, 118.4, 113.3, 112.1, 71.2, 70.1; HRMS:
caled for C;H,,O; [M+Na]*: 291.0991, found 291.0988.

38m: R;=0.48 (30 % EtOAc in hexanes); IR (thin film): 7,,,, = 1686, 1588,
1507, 1435, 1268, 1130, 1019 cm~'; "H NMR (400 MHz, CDCl;): 6 =9.83 (s,
1H), 7.38-7.26 (m, 7H), 7.00 (d,J=8.2 Hz, 1H), 5.96 -5.88 (m, 1H), 5.18 -
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5.12 (m, 4H), 4.14 (t, J=6.7 Hz, 2H), 2.63 (t, J=6.5 Hz, 2H); C NMR
(100 MHz, CDCL): 6 =190.9, 153.9, 149.4, 136.2, 134.1, 130.4, 128.6, 128.0,
1269, 126.5, 1173, 112.9, 111.1, 70.7, 68.2, 33.5; HRMS: calcd for C,H 0,
[M-+Na*: 305.1148, found 305.1146.

38n: R;=0.3 (10% EtOAc in hexanes); IR (thin film): ¥,,,, = 1693, 1600,
1575, 1508, 1256, 1161, 832 cm™~!; '"H NMR (500 MHz, CDCl;): 6 =9.90 (s,
1H), 7.90 (d, J=9.5 Hz, 2H), 7.05 (d, J=9.5 Hz, 2H), 5.98-5.91 (m, 1 H),
5.51-5.48 (m, 1H), 5.40-5.37 (m, 1H), 4.69-4.68 (m, 2H); *C NMR
(125 MHz, CDCl,): 6 =191.2, 164.0, 132.7,130.4, 118.7, 115.4, 69.3; HRMS:
caled for C,gH,,O5 [M+Na]*: 319.3491, found 319.3498.

380: R;=0.28 (20% EtOAc in hexanes); IR (thin film): 7, = 1686, 1589,
1502, 1433, 1267, 1132, 1011, 809 cm~!; '"H NMR (500 MHz, CDCL;): 6 =
9.91 (s, 1H), 7.51-7.42 (m, 6 H), 7.05 (d, J=8.05, 1H), 6.20—6.12 (m, 1 H),
5.52(d, J=18.7Hz, 1H), 5.39 (d, /=92 Hz, 1H), 5.27 (s, 2H), 4.75-4.74
(m, 2H); BC NMR (125 MHz, CDCl;): 6 =191.1, 154.0, 149.4, 135.1, 134.3,
133.0,130.9, 129.2, 128.8, 126.8, 118.5, 113.3, 112.0, 70.5, 70.1; HRMS: calcd
for C;H;5sClO; [M+Na]*: 325.0602, found 325.0608.

38p: R;=0.18 (10 % EtOAc in hexanes); IR (thin film): 7,,,, = 1686, 1589,
1507, 1434, 1388, 1267, 1130, 1012 cm~'; '"H NMR (500 MHz, CDCl;): 6 =
10.0 (s, 1H), 7.53-7.40 (m, 6H), 7.05 (d, J=8.1 Hz, 1H), 6.03-5.95 (m,
1H), 529-5.15 (m, 4H), 419 (t, J=75Hz, 2H), 2.70-2.66 (m, 2H);
13C NMR (125 MHz, CDCLy): 0 =191.2, 154.0, 149.9, 135.2, 134.5, 134.2,
131.0, 129.3, 128.8, 126.7, 117.7, 113.5, 111.6, 71.4, 68.6, 33.9; HRMS: calcd
for C;gH;;ClO; [M+Na]*: 339.0758, found 339.0760.

38q: R;=0.18 (10 % EtOAc in hexanes); IR (thin film): 7,,,, = 1686, 1589,
1508, 1434, 1388, 1266, 1130, 1012 cm~!; '"H NMR (500 MHz, CDCl,): 6 =
9.89 (s, 1H), 7.49-7.40 (m, 8H), 7.04 (d, J=8.1 Hz, 1H), 5.22 (s, 2H), 5.13
(d,J=172 Hz, 1H), 5.08 (d, /=102 Hz, 1H), 4.15 (t,/=6.2 Hz, 2H), 2.34
(9, /=6.9 Hz, 2H), 2.05-1.99 (m, 2H); ¥C NMR (125 MHz, CDCl;): 6 =
191.2,154.0, 150.0, 138.0, 135.2, 134.2, 131.0, 129.2, 128.8, 128.7, 126.6, 115.7,
113.3, 111.4, 704, 68.6, 30.5, 28.7; HRMS: calcd for C,yH,,ClO; [M+Na]*:
353.0915, found 353.0912.

38r: R;=0.4 (15% EtOAc in hexanes); IR (thin film): ¥, = 1690, 1599,
1506, 1425, 1310, 1256, 1160 cm™!; 'H NMR (400 MHz, CDCl;): 6 =9.87 (s,
1H), 7.80 (d, J=9.0 Hz, 2H), 7.01 (d, J=9.0 Hz, 2H), 6.09-5.99 (m, 1H),
5.40 (d,J=170 Hz, 1H), 5.32 (d,/ =11.0 Hz, 1H), 4.66 (d,J = 6.0 Hz, 2H);
13C NMR (100 MHz, CDCl;): 6 =191.9, 164.5, 133.0, 1327.7, 130.7, 119.0,
114.9, 69.4; HRMS: calcd for C,(H,,O, [M-+Na]*: 185.0573, found 185.0576.

38s: R;=0.4 (15% EtOAc in hexanes); IR (thin film): ¥, = 1695, 1600,
1575, 1508, 1256, 1159, 832 cm™!; 'TH NMR (500 MHz, CDCl;): 6 =9.90 (s,
1H), 7.90 (d, J=9.5 Hz, 2H), 7.05 (d, J=9.5 Hz, 2H), 5.98-5.91 (m, 1H),
5.28-5.16 (m, 2H), 4.15-4.09 (m, 2H), 2.60-2.59 (m, 2H); *C NMR
(125 MHz, CDCL,): 6 =191.2, 164.3, 134.3, 132.2, 130.2, 117.8, 115.0, 67.9,
33.7; HRMS: calced for C,;H,,0, [M+Na]*: 199.0729, found 199.0734.

38t: R;=0.42 (15% EtOAc in hexanes); IR (thin film): 7, = 1696, 1601,
1575, 1256, 1159, 832 cm~'; 'H NMR (500 MHz, CDCl;): 6 =9.90 (s, 1 H),
7.90 (d,J=9.5Hz, 2H), 7.05 (d, /] =9.5 Hz, 2H), 5.88-5.79 (m, 1H), 5.08 -
4.99 (m, 2H), 4.06 (t, J=6.5 Hz, 2H), 2.29-2.25 (m, 2H), 1.97-1.91 (m,
2H); BC NMR (125 MHz, CDCl;): 6 =191.1, 164.5, 137.8, 132.3, 130.4,
115.8, 115.0, 68.1, 30.4, 28.5; HRMS: caled for C,,H,0, [M+Na]*:
213.0806, found 213.0799.

38u: R;=0.41 (20 % EtOAc in hexanes); IR (thin film): 7, = 1696, 1601,
1575, 1256, 1159 cm~'; 'H NMR (500 MHz, CDCl;): 6 =10.0 (s, 1H), 7.90
(d,/=9.5Hz, 2H), 705 (d,J=9.5 Hz, 2H), 5.88-5.79 (m, 1 H), 5.08 -4.99
(m, 2H), 4.04 (t, J=6.4 Hz, 2H), 2.16-2.12 (m, 2H), 1.86-1.80 (m, 2H),
1.62-1.56 (m, 2H); *C NMR (125 MHz, CDCL): 6 =191.0, 164.5, 138.7,
132.4,130.2, 115.2, 115.1, 68.1, 33.7, 28.9, 25.6; HRMS: calcd for C;;H;;0,
[M+Na]*: 227.1043, found 227.1048.

38v: R;=0.5 (15% EtOAc in hexanes); IR (thin film): 7, =2926, 1695,
1601, 1575, 1509, 1257, 1158 cm~'; '"H NMR (500 MHz, CDCL;): 6 =9.97 (s,
1H),7.89 (d,J =10.0 Hz, 2H), 7.06 (d,J =10.0 Hz, 2H), 5.91-5.83 (m, 1 H),
5.08-5.07 (m, 1H), 5.01-5.00 (m, 1H), 4.08 (t,/=6.5 Hz, 2H), 2.09-2.08
(m, 2H), 1.92-1.84 (m, 2H), 1.55-1.48 (m, 2H), 1.41-126 (m, 8H);
BC NMR (125 MHz, CDCL): 6 =191.1, 164.6, 139.4, 132.3, 130.1, 115.1,
114.5, 68.7,34.1,29.9, 29.7, 29.6, 29.4, 29.2, 26.3; HRMS: calcd for C\;H,,0,
[M+Na]*: 283.1668, found 283.1660.

38w: R;=0.30 (10% EtOAc in hexanes); IR (thin film): 7,,,, = 2926, 2856,
1687, 1588, 1508, 1436, 1389, 1268, 1131, 1018 cm~'; 'H NMR (400 MHz,
CDCl;): 6 =9.82 (s, 1H), 7.45-7.32 (m, 7H), 6.98 (d, J=8.2 Hz, 1H), 5.23
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Table 3. Antibacterial activity (MIC: ugmL~") of vancomycin-derived thioacetate (40z—qq) against vancomycin-susceptible, vancomycin-intermediate

resistant, and vancomycin-resistant bacteria.

HO
HO
OH
(0]
0 Cl,
(o) “
OH
(o] H o)
N NHMe
N ~ N a\
H (‘) b
O,
NH,
40
Compound  R! R? Sa8250l1  Sp670ll 272661 4002101 2726101 48Nl 25701l LO3E 1336 MUS0M 40011
1 vancomycin 0.5 0.25 2 0.5 2 1 1 0.5 025 4 >16
40z O ShAe H 05 0.25 0.5 05 1 0.5 05 05 025 2 >16
40aa  Ogac H 0.5 0.25 0.125 0.125 0.25 0.125  0.25 0.06 <0.03 05 16
40bb O~ ~_ SAC H 05 0.5 0.125 0.125 0.25 0.125 0125 0.06 <0.03 05 16
40cc o SA 0.5 0.5 0.125 0.125 0.125 0125 0.125 0.125 <0.03 0.5 16
W c H
40dd o SAc H 0.5 0.5 2 1 1 4 4 4 2 8 4
H/G\/\/
40ee H O ~-SAC 0.5 0.25 1 0.5 1 0.5 0.5 05 025 2 >16
40ff H O sac 0.5 0.25 0.25 0.25 0.5 0.25 0.25 0.125 0.06 1 >16
40gg H O~ SAC 05 0.25 0.125 0.25 0.25 0.25 0125 0.125 <0.03 1 >16
o SA 0.5 0.25 0.125 0125 0125 0125 0.125 006 <003 05 16
40hh H M;\/\/ c
40ii H 0\%\/\/5*\0 1 0.5 4 2 2 8 8 8 4 8 8
40jj O~ O~ ShAc 0.5 0.25 0.25 0.25 0.5 0.25 0.25 025 4 0.5 8
40kk O~ Ongye 0.125  0.06 0.25 0.06 0.25 0.25 0.125 0125 0.125 0.5 2
40 o o SA 12 0.06 2 0.5 1 2 2 1 2 2 2
f/g\/\ - SAC 0.125
40mm R A T 1 0.5 2 0.5 2 8 2 4 8 4 4
40nn o Ph O~ SAC 1 1 05 0.25 0.5 05 0.5 0.5 1 1 4
4000  o7ph Ossnc 2 0.25 0.25 0.25 05 1 0.5 05 05 1 4
40pp 0 “Phoci O._~_SAc 05 0.5 0.5 0.25 05 0.5 0.5 025 1 1 2
40qq  OTPhpCl  Ogac 0.25 0.125 0.5 0.25 0.5 1 1 1 0.5 1 2

[a] Vancomycin-susceptible strains of Streptococcus pneumoniae. [b] Vancomycin-susceptible strains of Enterococcus faecalis. [c] Vancomycin-susceptible
strains of Staphylococcus aureus. [d] Vancomycin-intermediate resistant Staphylococcus aureus. [e] Vancomycin-resistant (van A) Enterococcus faecium.

(s, 2H), 4.08 (t, J=6.7 Hz, 2H), 1.88—1.84 (m, 2H), 1.51 - 1.47 (m, 2H),
1.33-129 (m, 8H), 0.89-0.87 (m, 3H); *C NMR (100 MHz, CDCL,): 6 =
191.0, 153.9, 149.6, 136.3, 130.3, 128.6, 128.0, 126.9, 126.3, 112.8, 110.8, 70.7,
69.0, 317, 29.3, 29.2, 29.0, 26.0, 22.6, 14.1; HRMS: caled for Cp,H,0,
[M+Na]*: 363.1930, found 363.1935.

38x: R;=0.33 (10% EtOAc in hexanes); IR (thin film): 7,,,, =2924, 2854,
1688, 1588, 1508, 1436, 1389, 1268, 1131, 1016 cm™'; 'H NMR (400 MHz,
CDCly): 6 =9.82 (s, 1H), 7.45-7.32 (m, 7H), 6.99 (d, J=8.0 Hz, 1H), 5.23
(s, 2H), 4.08 (t, J=6.7 Hz, 2H), 1.89-1.82 (m, 2H), 1.50-1.47 (m, 2H),
1.36-1.26 (m, 12H), 0.88 (t, J=6.72Hz, 3H); C NMR (100 MHz,
CDCly): 6 =191.0,153.9, 149.6, 136.3, 130.3, 128.6, 128.0, 126.9, 126.9, 126.3,
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112.8, 110.8, 70.7, 69.0, 31.8, 29.6, 29.5, 29.3, 29.0, 26.0, 22.6, 14.1; HRMS:
caled for C,H3,O;5 [M+Na]*: 391.2243, found 391.2239.

38y: R;=0.16 (10 % EtOAc in hexanes); IR (thin film): 7, = 1685, 1588,
1507, 1434, 1434, 1387, 1269, 1129 cm™~'; '"H NMR (400 MHz, CDCl,): 6 =
9.81 (s, 1H), 7.50-7.36 (m, 12H), 7.01 (d, J=8.1 Hz, 1 H), 5.26 (s, 2H), 5.22
(s,2H); BC NMR (100 MHz, CDCl;): 6 =190.8, 154.2, 149.1, 136.5, 136.2,
130.2, 128.6, 128.5, 128.1, 128.0, 127.3, 127.0, 126.7, 113.0, 112.2, 70.9, 70.7;
HRMS: calcd for C,;H,30; [M+Na]*: 341.1148, found 341.1156.

38z: R;=0.35 (10% EtOAc in hexanes); IR (thin film): 7,,,, = 2924, 2854,
1686, 1586, 1509, 1270, 1126 cm™'; 'H NMR (400 MHz, CDCl;): 6 =9.83 (s,
1H), 7.42-7.35 (m, 6 H), 6.96 (d, J=8.0 Hz, 1H), 5.18 (s, 2H), 4.07 (t, J =
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6.4 Hz, 2H), 1.88-1.83 (m, 2H), 1.49—-1.46 (m, 2H), 1.34—1.28 (m, 10H),
0.88 (t, J=6.7 Hz, 3H); 3C NMR (100 MHz, CDCL,): 6 =190.9, 153.5,
1497, 134.8, 133.8, 130.5, 1287, 128.3, 126.2, 112.8, 110.8, 70.0, 69.0, 31.7,
293,292, 29.0, 26.0, 22.6, 14.1; HRMS: calcd for Cy;H,,CIO; [M+Nal*:
411.1697, found 411.1691.

38aa: R;=0.36 (10% EtOAc in hexanes); IR (thin film): ¥,,,, =2921, 2850,
1684, 1585, 1508, 1462, 1270, 1234, 1124 cm'; 'H NMR (400 MHz, CDCL,):
5=9.82 (s, 1H), 741-732 (m, 6 H), 6.95 (d, J = 8.2 Hz, 1H), 5.19 (s, 2H),
4.06 (t, J=6.2 Hz, 2H), 1.86-1.82 (m, 2H), 1.49-1.43 (m, 2H), 1.35-1.27
(m, 14H), 0.87 (t, J = 6.3 Hz, 3H); *C NMR (100 MHz, CDCL): 6 = 190.9,
153.5, 149.7, 134.8, 133.8, 130.5, 128.7, 128.3, 126.2, 112.8, 110.8, 69.9, 69.0,
31.8, 29.6, 29.6, 29.5, 29.3, 29.0, 26.0, 22.6, 14.1; HRMS: calcd for
C,sHL,CIOS[M+Na]*: 439.2010, found 439.2016.

38bb: R;=0.08 (10 % EtOAc in hexanes); IR (thin film): 7,,,, = 1686, 1590,
1506, 1435, 1269, 1130, 1012, 809 cm~!; '"H NMR (400 MHz, CDCl;): 6 =
9.81 (s, 1H), 746-7.26 (m, 10H), 7.00 (d, J = 8.2 Hz, 1H), 5.19 (s, 2H), 5.15
(s, 2H); BC NMR (100 MHz, CDCl,): 6 =190.7, 153.8, 148.9, 134.9, 134.5,
134.0, 133.8, 130.4, 128.8, 128.7, 128.6, 128.4, 126.9, 112.9, 112.0, 70.0;
HRMS: calcd for C,;H,(CL,O; [M+Na]*: 409.0364, found 409.0364.

Preparation of thioacetates 39 from olefins 38: Thioacetic acid (2.0 equiv)
followed by AIBN (0.2 equiv) was added to a solution of olefinic aldehyde,
38, (1.0 equiv) in benzene (0.1m). The reaction mixture was heated to reflux
and stirred for 1.5 h. After cooling, the solvent was removed under reduced
pressure and the residue was purified by flash column chromatography
(silica gel, EtOAc/hexanes mixtures) to give the desired thioacetate 39.

39a: R;=0.44 (20% EtOAc in hexanes); IR (thin film): 7,,,, = 1695, 1592,
1260, 1137, 1038, 955 cm™!; 'H NMR (500 MHz, CDCL;): 6 =10.0 (s, 1H),
754-751 (m, 2H), 746-745 (m, 1H), 7.26-722 (m, 1H), 4.14 (t, J=
6.3 Hz, 2H), 3.01 (t, J=6.3 Hz, 2H), 2.40 (s, 3H), 2.17-2.13 (m, 2H);
3C NMR (125 MHz, CDCl;): 6 =196.0, 193.0, 160.3, 138.5, 130.9, 124.5,
123.2, 113.9, 68.5, 31.1, 30.6, 26.8; HRMS: calcd for C,H,,0;S [M+Na]*:
261.0556, found 261.0559.

39b: R;=0.43 (20% EtOAc in hexanes); IR (thin film): 7, = 1696, 1594,
1487, 1450, 1263, 1134, 789 cm~'; '"H NMR (500 MHz, CDCL;): 6 =10.0 (s,
1H), 7.54-7.51 (m, 2H), 746 -7.45 (m, 1H), 726 -7.22 (m, 1H), 4.14 (t,/ =
6.3 Hz,2H), 3.01 (t,J =6.3 Hz,2H), 2.40 (s,3H), 1.97-1.92 (m, 2H), 1.97 -
1.81 (m, 2H); *C NMR (125 MHz, CDCL;): 6 =196.2, 192.5, 159.8, 138.1,
130.4, 123.8, 122.3, 113.1, 67.9, 31.0, 29.1, 28.5, 26.6; HRMS: calcd for
C3H 4058 [M+Na]t: 275.0712, found 275.0719.

39¢: R;=0.2 (10% EtOAc in hexanes); IR (thin film): 7, = 1695, 1596,
1488, 1263, 1137, 951 ecm~'; 'H NMR (500 MHz, CDCl,): 6 =10.0 (s, 1H),
754-751 (m, 2H), 746-745 (m, 1H), 726-722 (m, 1H), 4.09 (t, J=
6.9 Hz, 2H), 2.98 (t, J=6.9 Hz, 2H), 2.40 (s, 3H), 1.93-1.87 (m, 2H),
176 -1.72 (m, 2H), 1.66-1.61 (m, 2H); *C NMR (125 MHz, CDCL;): 6 =
196.3,192.5,160.0, 138.2, 130.4, 123.7,122.3, 113.1, 68.3, 31.0, 29.7, 29.3, 29.0,
25.6; HRMS: calcd for C;,H,;505S [M+Na]*: 289.0869, found 289.0873.

39d: R;=0.3 (10% EtOAc in hexanes); IR (thin film): 7, = 1695, 1596,
1488, 1263, 1137, 951 ecm~'; '"H NMR (500 MHz, CDCl,): 6 =9.97 (s, 1H),
745-744 (m, 2H), 739-7.38 (m, 1H), 7.18-7.14 (m, 1H), 4.01 (t, J=
6.6 Hz, 2H), 2.89 (t, J=6.6 Hz, 2H), 2.31 (s, 3H), 1.84-1.79 (m, 2H),
1.65-1.54 (m, 4H), 1.51-1.43 (m, 2H); BC NMR (125 MHz, CDCL): 6 =
196.1, 192.4, 160.0, 138.1, 130.3, 128.6, 123.5, 122.1, 113.2, 68.4, 30.9, 29.8,
29.4,29.3,28.8,25.9,25.4; HRMS: calcd for C;sH,,O5S [M+Na]*: 303.1025,
found 303.1018.

39e: R;=0.37 (10% EtOAc in hexanes); IR (thin film): ¥, = 1695, 1595,
1451, 1262, 1138, 1039, 953 cm~'; 'H NMR (500 MHz, CDCl;): 6 =10.0 (s,
1H),7.52-748 (m,2H), 745 (d,J=2.7 Hz, 1H), 726 - 7.22 (m, 1 H), 4.08 (t,
J=6.5Hz, 2H), 2.93 (t,J =736 Hz, 2H), 2.39 (s, 3H), 1.89-1.85 (m, 2H),
1.66-1.61 (m, 2H), 1.55-1.53 (m, 2H), 1.43-1.34 (m, 10H); “C NMR
(125 MHz, CDCl3): 6 =196.4, 192.6, 160.1, 138.1, 130.9, 123.7, 122.3, 113.1,
68.6, 31.0,29.9. 29.8, 29.7, 29.6, 29.5, 29.5, 29.4, 29.1, 26.3; HRMS: calcd for
CoH505S [M+Na]t: 359.1651, found 359.1649.

39f: R;=0.31 (20% EtOAc in hexanes); IR (thin film): ¥,, = 1692, 1592,
1509, 1434, 1268, 1132 cm~'; '"H NMR (500 MHz, CDCl;): 6 =9.89 (s, 1 H),
7.50 (dd, J=1.9, 8.1 Hz, 1H), 7.46 (d, J=1.85 Hz, 1H), 7.02 (d, J = 8.1 Hz),
4.17-4.13 (m, 4H), 3.14 (t, J=7.0 Hz, 2H), 2.40 (s, 3H), 2.20-2.15 (m,
2H), 1.96-1.88 (m, 2H), 1.60-1.54 (m, 2H), 1.05 (t, /=73 Hz, 3H);
3C NMR (125 MHz, CDCLy): 6 =195.9, 191.2, 155.1, 149.4, 130.2, 1272,
119.4, 112.2, 69.2, 67.8, 31.4, 29.5, 26.1, 25.5, 19.6, 14.2; HRMS: calcd for
CsH,,0,S [M+Na]*: 333.1131, found 333.1140.
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39g: R;=0.20 (20% EtOAc in hexanes); IR (thin film): 7,,,, = 1691, 1589,
1509, 1435, 1268, 1132, 1025 cm™!; 'H NMR (500 MHz, CDCl;): 6 =9.87 (s,
1H), 747 (d,J=8.5 Hz, 1 H), 742 (s, 1H), 7.00 (d, /= 8.0 Hz, 1H), 4.12 (m,
4H),3.01 (t,/ =74 Hz,2H), 2.40 (s, 3H), 1.98-1.94 (m, 2H), 1.93-1.81 (m,
4H), 1.60-1.52 (m, 2H), 1.04 (t, J=74 Hz, 3H); *C NMR (125 MHz,
CDCly): 6 =196.1, 191.1, 155.1, 149.5, 130.2, 127.1, 119.4, 112.1, 111.5, 69.1,
68.9,31.4,29.5,26.1,25.5,19.6, 14.2; HRMS: calcd for C\;H,,0,S [M+Na]*:
347.1287, found 347.1292.

39 h: R;=0.58 (30 % EtOAc in hexanes); IR (thin film): 7, =2928, 1691,
1588, 1510, 1268, 1132, 1014 cm~'; '"H NMR (500 MHz, CDCl5): 6 =9.90 (s,
1H), 7.50-7.45 (m, 2H), 7.02 (d, J=8.5 Hz, 1H), 4.16-4.10 (m, 4H), 2.97
(t, /=74 Hz, 2H), 2.39 (s, 3H), 1.96-1.90 (m, 4H), 1.79-1.72 (m, 2H),
1.65-1.63 (m, 2H), 1.56-1.52 (m, 2H), 1.43-1.37 (m, 6H), 0.96 (t, /=
7.0 Hz, 3H); 3C NMR (125 MHz, CDCl;): 6 =196.2, 191.3, 155.0, 149.6,
130.2,127.0,112.1,111.4,69.5,69.2,32.1, 31.0, 29.6, 29.3, 28.9, 26.9, 25.7,22.9,
14.4; HRMS: calcd for C;yH50,S [M+Na]*: 375.1200, found 375.1201.
39i: R;=0.51 (30% EtOAc in hexanes); IR (thin film): 7, =2928, 1686,
1588, 1509, 1268, 1131 cm~!; '"H NMR (400 MHz, CDCL;): 6 =9.82 (s, 1 H),
743-7.37 (m, 2H), 6.94 (d,/ =82 Hz, 1 H), 4.06 (t,/ = 6.1 Hz, 2H), 2.97 (t,
J=6.1Hz, 2H), 2.30 (s, 3H), 1.93-1.77 (m, 8 H), 1.48-1.30 (m, 8H), 0.89
(t, J=6.7Hz, 3H); C NMR (100 MHz, CDCl;): 6 =195. 0, 190.9, 154.6,
149.1, 129.7, 126.7, 111.6, 110.9, 69.0, 68.4, 31.7, 30.6, 28.9, 28.8, 28.7, 28.0,
26.3, 25.8, 22.5, 14.0; HRMS: caled for C,H;0,S [M+Na]*: 389.1757,
found 389.1759.

39j: R;=0.50 (30% EtOAc in hexanes); IR (thin film): 7, = 1686, 1587,
1506, 1435, 1267, 1132, 1025 cm™!; 'H NMR (500 MHz, CDCL;): 6 =9.91 (s,
1H), 7.53-747 (m, 7TH), 7.08 (d, J=8.0 Hz, 1H), 5.23 (s,2H), 4.22 (t, /=
6.3 Hz, 2H), 3.17 (t, J=70 Hz, 2H), 2.41 (s, 3H), 2.23-2.20 (m, 2H);
13C NMR (125 MHz, CDCL): 6 =196.0, 191.2, 154.4, 149.7, 136.6, 130.7,
129.0, 128.5, 127.4,113.3, 111.8, 71.2, 67.8, 31.0, 29.5, 26.2; HRMS: calcd for
C,oH,00,S [M+H]*: 344.1082, found 344.1081.

39k: R;=0.34 (30% EtOAc in hexanes); IR (thin film): 7, = 1687, 1588,
1508, 1436, 1268, 1131 cm~'; '"H NMR (400 MHz, CDCl;): 6 =9.82 (s, 1 H),
744-732 (m, 7H), 6.99 (d,J=79 Hz, 1H), 5.21 (s, 2H), 4.09 (t, / = 6.5 Hz,
2H), 2.96 (t, J=6.5Hz, 2H), 2.32 (s, 3H), 1.94-1.91 (m, 2H), 1.80-1.76
(m, 2H); ®C NMR (100 MHz, CDCl,): 6 =195.8,290.9, 153.9, 149.4, 136.2,
130.0, 128.6, 128.0, 127.0, 126.5, 112.7, 111.0, 70.7, 68.4, 30.6, 28.7, 28.0, 26.3;
HRMS: calcd for C,H,,0,S [M+Na]*: 358.1239, found 358.1237.

391: R;=0.38 (30 % EtOAc in hexanes); IR (thin film): 7,,,, = 1692, 1591,
1508, 1435, 1267, 1012, 811 ecm~'; 'H NMR (500 MHz, CDCl;): 6 =9.90 (s,
1H), 7.49-739 (m, 6H), 7.05 (d, J=79 Hz, 1H), 5.27 (s, 2H), 4.18 (t, /=
11.8 Hz, 2H), 3.14 (t, J=9.7 Hz, 2H), 2.40 (s, 3H), 2.24-2.17 (m, 2H);
3C NMR (125 MHz, CDCLy): 6=195.2, 191.2, 154.1, 149.7, 135.1, 134.3,
130.9, 129.2, 128.8, 126.9, 113.3, 111.7, 70.4, 67.8, 31.0, 29.5, 26.2; HRMS:
caled for C;yH;,O,CIS [M+Na]*: 401.0585, found 401.0589.

39m: R;=0.42 (30% EtOAc in hexanes); IR (thin film): 7,,,, = 1686, 1589,
1508, 1435, 1267, 1132, 1011, 811 cm™!; '"H NMR (500 MHz, CDCl;) 6 =9.90
(s,1H),751-744 (m, 6H), 7.05 (d,/ =79 Hz, 1H), 5.28 (s, 2H), 4.15 (t, J =
6.2 Hz,2H), 3.05 (t,J =6.6 Hz,2H), 2.40 (s, 3H), 2.03-1.96 (m, 2H), 1.92 -
1.84 (m, 2H); *C NMR (125 MHz, CDCLy): 6 =196.1, 191.2, 154.0, 149.9,
135.1, 134.3, 130.9 129.2, 128.8, 128.7, 126.7, 113.2, 111.5, 70.4, 68.8, 31.0,
29.1, 28.5, 26.8; HRMS: calcd for C, H,,CIO,S [M+Na]*: 415.0741, found
415.0749.

39n: R;=0.27 (20 % EtOAc in hexanes); IR (thin film): 7,,,, = 1693, 1600,
1577, 1510, 1254, 1160, 1029, 956, 833 cm~'; 'H NMR (500 MHz, CDCl):
0=10.0 (s, 1H), 7.90 (d, J=9.5 Hz, 2H), 7.05 (d, J=9.5 Hz, 2H), 4.10 (t,
J=6.4Hz, 2H), 3.01 (t,J=6.3 Hz, 2H), 2.40 (s, 3H), 2.17-2.13 (m, 2H);
BC NMR (125 MHz, CDCL): 6 =196.3, 191.2, 164.1, 132.4, 130.2, 119.5,
115.1, 68.4, 31.5, 29.8, 26.0; HRMS: caled for C,,H;,0;S [M+Na]*:
261.0556, found 261.0547.

390: R;=0.39 (20% EtOAc in hexanes); IR (thin film): 7, = 1695, 1600,
1575, 1509, 1258, 1159 cm~'; '"H NMR (500 MHz, CDCL,): 6 =10.0 (s, 1 H),
7.90 (d, J=9.5Hz, 2H), 7.05 (d, J=9.5 Hz, 2H), 4.10 (t, J=6.4 Hz, 2H),
2.97 (t,J =72 Hz,2H),2.36 (s,3H),1.93-1.87 (m, 2H), 1.75-1.70 (m, 2H);
BC NMR (125 MHz, CDCL): 6 =196.3, 191.2, 164.1, 132.4, 130.2, 119.5,
115.1, 68.4, 31.0, 29.7, 29.2, 25.6; HRMS: calcd for C;3H;c0;S [M+Na]*:
275.0712, found 275.0717.

39p: R;=0.26 (15% EtOAc in hexanes); IR (thin film): 7,,,, = 1695, 1600,
1509, 1257, 1159, 833 cm~!; '"H NMR (500 MHz, CDCl;): 6 =10.0 (s, 1H),
7.90 (d, J=9.5Hz, 2H), 7.05 (d, J=9.5 Hz, 2H), 4.10 (t, /=70 Hz, 2H),
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Table 4. Antibacterial activity (MIC: pgmL~") of monomeric vancomycin derivatives against vancomycin-susceptible, vancomycin-intermediate resistant,

and vancomycin-resistant bacteria.

HO,
HO

OH

40

Compound R! R*  MUS506 1331 400211 1528l 26891 274101 278111 28051 4001 1669 26711 2823k 180311 192411 194411
tetracycline 50 02 50 100 100 >100 50 50 50 100 50 25  >100 25 50

1 vancomycin 313 039 039 >100 50 >100 100 25 >100 100 50 100 50 25 50

409 Y Oﬁ:\SAC 8 2 2 1 1 2 2 2 2 05 1 1 1 0125 1
40dd Ot s H 4 2 05 2 4 4 4 4 8 1 2 2 05 0125 2
40ii H Oﬁ:m 05 4 4 2 8 8 4 8 8 1 1 4 1 006 1
40rr o™ph  OH 025 0125 025 2 16 0.5 4 2 8 8 4 1 1 1 4
40ss  o™pn o™Pn 05 05 025 1 2 0125 2 0.5 4 2 2 1 05 025 2
aou o™>ph Oﬁg\ 8 8 2 8 8 4 8 16 8 4 8 2 2 1 4
40uu o~ OH;\ >16 >16 16 >16  >16 >16 >16  >16 >16 >16  >16  >16 16 16 16
AW o™emer oH 025 025 0125 025 2 0125 2 0.25 4 2 05 05 025 0.5 1
4oww oot o emel 5y 1 4 4 4 4 4 4 2 4 1 1 05 2
A40xx opmpc Oﬁ;\ >16 >16 16 >16 >16  >16 >16  >16 >16  >16 >16 >16 16 8 16
40yy o Pnpc oY~ >16  >16 >16 >16 >16 >16 >16  >16 >16  >16 >16 >16 >16 >16 >16

8

[a] Vancomycin-intermediate resistant Staphylococcus aureus. [b] Vancomycin-susceptible Enterococcus faecalis. [c] Vancomycin-resistant (van A) Enter-
ococcus faecalis. [d] Vancomycin-resistant (van A) Enterococcus faecium. [e] Vancomycin-resistant (van A) and Synercid-resistant (sat G) Enterococcus
faecium. [f] Vancomycin-resistant (van A) and Synercid-resistant (sat A) Enterococcus faecium.

2.98 (t, J=6.9 Hz, 2H), 2.39 (s, 3H), 1.92-1.87 (m, 2H), 1.75-1.69 (m,
2H), 1.65-1.59 (m, 2H); ¥C NMR (125 MHz, CDCl;): 6=196.2, 191.1,
164.5,132.3,130.2,119.4, 115.1, 68.4, 31.0, 29.6, 29.2, 25.5; HRMS: calcd for
C;H 3058 [M+Na]*: 289.0869, found 289.0868.

39q: R;=0.25 (15% EtOAc in hexanes); IR (thin film): 7,,,, = 1695, 1600,
1510, 1257, 1159, 833 cm~!; 'H NMR (500 MHz, CDCl;): 6 =9.96 (s, 1H),
7.90 (d, J=9.5Hz, 2H), 7.05 (d, /=9.5 Hz, 2H), 4.10 (t, J=7.0 Hz, 2H),
2.98(t,/=7.1Hz,2H),2.38 (s,3H), 1.91-1.85 (m, 2H), 1.72-1.66 (m, 2H),
1.59-1.49 (m, 4H); C NMR (125 MHz, CDCL): 6 =196.2, 191.1, 164.5,
132.3, 130.2, 115.1, 68.5, 31.0, 29.8, 29.3, 28.8, 25.9, 25.5; HRMS: calcd for
C;5sH,05S [M+Na]*: 303.1025, found 303.1030.

39r: R;=0.34 (10% EtOAc in hexanes); IR (thin film): 7,,,, = 1683, 1601,
1257,1159, 833 cm™!; '"H NMR (500 MHz, CDCl;): 6 =9.97 (s, 1 H), 7.89 (d,
J=10.0 Hz, 2H), 7.06 (d, J =10.0 Hz, 2H), 4.08 (t, /= 6.5 Hz, 2H), 2.93 (t,
J=74Hz, 2H), 239 (s, 3H), 1.89-1.85 (m, 2H), 1.66-1.61 (m, 2H),
1.55-1.53 (m, 2H), 1.43-1.34 (m, 10H); C NMR (125 MHz, CDCL;): 6 =
196.4,192.5, 164.6, 132.4, 130.1, 115.1, 68.6, 31.0, 29.9, 29.7, 29.6, 29.5, 29.4,
29.1, 26.3, 25.5; HRMS: caled for C;gH,05S [M+Na]*: 359.1651, found
359.1652.

General procedure for the reductive alkylation of vancomycin: DIEA
(15.0 pL, 1.2 equiv, 82.7 umol) was added to a solution of vancomycin (1,
100.0 mg, 1.0 equiv, 69.0 umol) in DMF/MeOH (1:1, 0.01m) and the
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appropriate aldehyde (37, 38, or 39, ~18.0 mg, 1.3 equiv, 89.6 umol). The
solution was heated at 65°C for 2h and then allowed to cool to room
temperature prior to addition of NaCNBH; (8.6 mg, 2.0 equiv, 138.0 umol).
The reaction mixture was then stirred at 65°C for an additional 2 h and
allowed to cool to ambient temperature overnight (12—-18 h). Purification
by preparative reverse-phase HPLC (VYDAC C18, 25 mm x 250 mm, flow
rate 6.5 mLmin~!, 0 — 100% CH;CN (0.1 % TFA) in H,O over 30 min)
gave the desired compounds 40 (analytical HPLC data given below for
LiChrospher C18, 6 mm x 250 mm, flow rate 1.0 mLmin~!, 0 — 100%
CH;CN (0.05% TFA) in H,O (0.05% TFA) over 10 min for 40a—qq, over
8 min for 40rr-yy.).

40a: t=70min; '"H NMR (500 MHz, CD,0D, 330K): =792 (d, J=
9.0 Hz, 2H), 776 (d, J=15.0 Hz, 2H), 7.66 (d, J=9.5 Hz, 1H), 748 (br,
1H),722(d,J=8.5 Hz, 1H), 7.11 (s, 1 H), 705 (d, ] = 9.5 Hz, 2 H), 6.78 (brs,
2H), 6.62 (s, 1H), 6.49 (d, J=2.2 Hz, 1 H), 6.08 (brs, 2H), 5.98-5.91 (m,
1H), 5.65 (d, J=77 Hz, 1H), 5.58 (d, /= 4.4 Hz, 1H), 5.46 (d, /= 14.0 Hz,
2H), 5.35 (d, J=3.9 Hz, 1 H), 5.28-5.10 (m, 2H), 4.90 (q, J = 6.6 Hz, 1 H),
4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d, J = 8.8 Hz, 1 H), 420-3.88 (m, 6H), 3.72
(d,J=8.0 Hz, 2H), 3.49 (m, 1 H), 3.01 (d, /= 14.6 Hz, 1 H), 2.60-2.59 (m,
2H),2.15 (m, 2H), 2.01 (d,J = 13.5 Hz, 1 H), 1.7 (s, 3H), 1.36 (m, 2H), 1.25
(d, J=625Hz, 3H), 1.00-097 (m, 6H); LCMS (ES): caled for
CygHgCLN,O,5 [M+H]*: 1623.5, found 1623.5.
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40b: 1z =72 min; 'H NMR (500 MHz, CD;0D, 330 K): 6=7.80 (d, /=
9.2 Hz,2H),7.80 (s, 1H), 7.73 (d,/ =13.0 Hz,2H), 7.60 (d, / = 10.0 Hz, 1H),
748 (br,1H), 724 (d,J=8.5Hz, 1H), 7.11 (s, 1H), 7.06 (d, /=10.0 Hz, 2H),
6.80 (s, 2H), 6.65 (s, 1H), 6.50 (d, J=2.5 Hz, 1H), 6.08 (s, 2H), 5.88-5.79
(m, 1H), 5.63-5.57 (m, 2H), 547 (d, J=15.0 Hz, 2H), 5.35 (d, J=3.9 Hz,
1H), 5.08-4.99 (m, 2H), 4.90 (q, /= 6.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, 1H),
4.36 (d, J=8.8Hz, 1H), 420 (s, 1H), 4.06-3.88 (m, 6H), 3.72 (d, /=
8.0 Hz, 2H), 3.49 (m, 1H), 3.01 (d, J=14.6 Hz, 1H), 2.29-2.25 (m, 2H),
2.15 (m, 2H), 2.01-1.91 (m, 3H), 1.78 (s, 3H), 1.36 (m, 2H), 1.25 (d, J=
6.25 Hz, 3H), 1.04-1.00 (m, 6H); LCMS (ES): calcd for C;oHy CLNyO,s
[M+H]*: 16375, found 1637.5.

40c: =73 min; 'H NMR (500 MHz, CD;0OD, 330K): =791 (d, /=
9.8 Hz, 2H), 7.68 (d, J=13.0 Hz, 2H), 7.66 (d, J=9.5 Hz, 1H), 7.58 (brs,
1H), 724 (d, J=8.6 Hz, 1H), 7.11 (s, 1H), 7.10 (d, /=10.0 Hz, 2H), 6.8 (s,
2H), 6.62 (s, 1H), 6.50 (d,J =2.5 Hz, 1 H), 6.10 (s, 2H), 5.88-5.79 (m, 1 H),
5.65 (d,J=77Hz, 1H), 5.56 (d,J=4.5 Hz, 1H), 5.46 (d, J=14.0 Hz, 2H),
5.35(d, J=3.9 Hz, 1H), 5.08-4.99 (m, 2H), 4.90 (q, /= 6.6 Hz, 1 H), 4.82
(s, 1H), 4.69 (s, 1H), 4.36 (d, J=8.8 Hz, 1H), 4.20 (s, 1H), 4.04-3.88 (m,
6H),3.72 (d,J=8.0 Hz,2H), 3.49 (m, 1 H), 3.01 (d, /= 14.6 Hz, 1H), 2.16 -
2.12 (m, 4H), 2.01 (d, J=13.5 Hz, 1 H), 1.86-1.74 (m, 5H), 1.62-1.56 (m,
2H), 1.36 (m, 2H), 1.25 (d, J=6.25 Hz, 3H), 1.04 (d, /=5.8 Hz, 3H), 1.02
(d, J=5.85Hz, 3H); LCMS (ES): caled for CgHo;CLNoO,s [M+H]*:
1651.5, found 1651.4.

40d: t="9.0 min; '"H NMR (500 MHz, CD,OD, 330K): 6 =792 (d, J=
9.0 Hz, 2H), 780 (s, 1 H), 775 (d, J=13.0 Hz, 2H), 748 (br, 1H), 720 (d,
J=82Hz, 1H), 711 (s, 1H), 705 (d, J = 9.9 Hz, 2 H), 6.80 (s, 2H), 6.63 (s,
1H), 6.50 (d, J=2.5 Hz, 1H), 6.08 (brs, 2H), 5.91-5.83 (m, 1H), 5.65 (d,
J=177Hz,1H),5.58 (d, ] =4.4 Hz, 1 H), 5.47-5.35 (m, 3H), 5.08—-5.07 (m,
1H), 5.01-5.00 (m, 1H), 4.90 (q, J = 6.6 Hz, 1 H), 4.82 (s, 1 H), 4.69 (s, 1 H),
436 (d, J=88 Hz, 1H), 420 (s, 1H), 4.08-3.88 (m, 6H), 3.72 (d, J=
8.0 Hz, 2H), 3.49 (m, 1H), 3.01 (d, J=14.6 Hz, 1 H), 2.15-2.01 (m, SH),
1.92-1.74 (m, 5H), 1.41-136 (m, 10H), 1.25 (d, /=63 Hz, 3H), 1.04 (d,
J=58Hz, 3H), 1.02 (d, J=58Hz, 3H); LCMS (ES): caled for
CysHgoClNyOys [M-+H]*: 1693.7, found 1693.8.

40e: 1t =71 min; 'H NMR (500 MHz, CD;0D, 330 K): 6 =778 (s, 1H),
7.76 (d, J =15.0 Hz, 2H), 7.66 (d, J=9.5 Hz, 1H), 749 -7.44 (m, 4H), 7.23 -
721 (m,2H),7.11 (s, 1H), 6.80 (s,2H), 6.62 (s, 1H), 6.49 (d,/ =2.2 Hz, 1H),
6.08-5.94 (m, 3H), 5.65-5.55 (m, 3H), 5.58 (d,/=4.4 Hz, 1 H), 5.46-5.35
(m,3H),5.35(d,/=3.9 Hz, 1H), 4.90 (q,/ = 6.6 Hz, 1 H), 4.82 (s, 1 H), 4.69
(s,1H),4.36 (d,/ =8.8 Hz, 1 H), 4.20 (s, 1 H), 4.13-4.10 (m, 2H), 4.04 - 3.88
(m, 4H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1H), 3.01 (d, J=14.6 Hz, 1H),
2.64-2.60 (m, 2H), 2.15 (m, 2H), 2.01 (d, J=13.5 Hz, 1H), 1.77 (m, 3H),
1.36 (m, 2H), 1.25 (d, J=6.25 Hz, 3H), 1.04-0.98 (m, 6H); LCMS (ES):
caled for CgHgyCLNyO,s [M+H]*: 1623.5, found 1623.5.

40 f: tz =72 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =778-7.75 (s,
1H), 7.73 (d, J=17.0 Hz, 2H), 7.60 (d, J=9.0 Hz, 1H), 7.54-745 (m, 4H),
726-722 (d,J=8.5Hz,2H), 711 (s, 1H), 6.78 (brs, 2H), 6.62 (s, 1 H), 6.49
(d, J=2.2 Hz, 1H), 5.96-5.86 (m, 1H), 5.66 (d, /=8.0 Hz, 1H), 5.58 (d,
J=4.4Hz, 1H), 546 (d, J=14.0 Hz, 2H), 5.35 (d, /=39 Hz, 1H), 5.15-
5.06 (m,2H), 4.90 (q,J=6.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d,J =
8.8 Hz, 1H), 4.20 (s, 1 H), 4.08-3.88 (m, 6 H), 3.72 (d, /= 8.0 Hz, 2H), 3.49
(m, 1H),3.01 (d,/=14.6 Hz, 1 H), 2.20 (m, 4 H), 2.01 - 1.95 (m, 3H), 1.76 (s,
3H), 1.36 (m, 2H), 1.25 (d, J=6.25 Hz, 3H), 1.02-1.00 (m, 6H); LCMS
(ES): caled for C;yHy;Cl,N,O,5 [M+H]": 1637.5, found 1637.4.

40¢g: 1 =75 min; 'H NMR (500 MHz, CD;0D, 330 K): 6 =780 (s, 1H),
773 (d, J=13.5Hz, 2H), 763 (d, J=10.0 Hz, 1H), 7.52-745 (m, 4H),
724-722 (m, 2H), 7.11 (s, 1H), 6.78 (s, 2H), 6.62 (s, 1H), 6.50 (d, J=
2.5Hz, 1H), 6.00-5.90 (m, 3H), 5.65 (d, /=7.7Hz, 1H), 558 (d, J=
4.4 Hz, 1H), 5.46 (d, J=14.0 Hz, 2H), 5.35 (d, J=3.9 Hz, 1H), 5.12-5.06
(m, 2H), 4.90 (q, J=6.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d, /=
8.8 Hz, 1H), 4.20 (s, 1 H), 4.10-3.88 (m, 6 H), 3.72 (d, /= 8.0 Hz, 2H), 3.49
(m, 1H), 3.01 (d, J=14.6 Hz, 1 H), 2.30-2.15 (m, 4H), 2.00-1.90 (m, 3H),
1.80-1.74 (m, 3H), 1.70-1.64 (m, 5H), 1.36 (m, 2H), 1.25 (d, J=6.25 Hz,
3H), 1.04 (d, J=5.8 Hz, 3H), 1.02 (d, J =5.85 Hz, 3H); LCMS (ES): calcd
for CgHo3CLNGO,5 [M+H]*: 1651.6, found 1651.6.

40 h: t; =9.4 min; 'H NMR (500 MHz, CD,0D, 330 K): 6 =785 (s, 1 H),
773 (d,J =15.5 Hz, 2H), 7.68 (d, J = 9.0 Hz, 1 H), 7.52- 748 (m, 4H), 726
722 (m,2H),7.11 (s, 1H), 6.83 (s, 2H), 6.62 (s, 1 H), 6.49 (d, /= 2.2 Hz, 1 H),
6.08 (brs, 2H), 5.91-5.83 (m, 1 H), 5.60-5.45 (m, 4H), 5.35 (d, J=3.9 Hz,
1H),5.28-5.10 (m, 2H), 4.90 (q, J = 6.6 Hz, 1 H), 4.82 (s, | H), 4.69 (s, 1 H),
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436 (d, J=88 Hz, 1H), 420 (s, 1H), 4.08-3.88 (m, 6H), 3.72 (d, /=
8.0 Hz, 2H), 3.49 (m, 1H), 3.01 (d, J = 14.6 Hz, 1H), 2.15-2.01 (m, 5H),
1.92-1.70 (m, 11 H), 1.5 - 1.48 (m, 2 H), 1.41 - 1.25 (m, 12 H), 1.03-0.99 (m,
6H); LCMS (ES): calcd for CgsHoyCLNyO,s [M+H]*: 1693.7, found 1693.8.
40i: t; =8.5 min; 'H NMR (500 MHz, CD;0D, 330 K): 6 =7.76-7.72 (m,
2H), 7.66 (d, J = 9.5 Hz, 1H), 750747 (m, 3H), 7.22 (d, J = 8.45 Hz, 1 H),
711 (s, 1H), 702-7.00 (m, 1H), 6.80 (s, 2H), 6.62 (s, 1H), 6.49 (d, J =
2.2 Hz, 1H), 6.08 (brs, 2H), 5.95-5.88 (m, H), 5.65-5.57 (m, 2H), 5.58 (d,
J=4.4Hz, 1H), 5.46-5.42 (m, 3H), 535 (d, J=3.9 Hz, LH), 4.90 (q, J =
6.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, 1 H), 436 (d, /= 8.8 Hz, L H), 420~ 3.88
(m, 9H), 3.49 (m, 1H), 3.01 (d, J = 14.6 Hz, 1H), 2.73-2.67 (m, 2H), 2.15
(m, 2H), 2.01 - 1.85 (m, 3H), 1.77 (s, 3H), 1.62 - 1.53 (m, 2 H), 1.36 (m, 2 H),
125 (d, J=625Hz, 3H), 1.05-0.99 (m, 9H); LCMS (ES): caled for
CyyHysCLN, O, [M-+H]*: 1682.6, found 1682.6.

40j: t=8.8 min; 'H NMR (500 MHz, CD,OD, 330 K): 6 =7.82 (s, 1H),
777 (d, J=13.7 Hz, 2H), 7.69 (d, J=9.3 Hz, 1H), 7.50-7.48 (m, 3H), 7.25
(d,J=8.70 Hz, 1H), 7.13 (s, 1 H), 702700 (m, 1 H), 6.78 (brs, 2H), 6.62 (s,
1H), 6.49 (d,J =2.2 Hz, 1 H), 6.08 (brs, 2H), 5.95-5.88 (m, 1 H), 5.65-5.57
(m, 2H), 5.58 (d, J=4.4 Hz, 1H), 5.46-5.42 (m, 3H), 5.35 (d, J=3.9 Hz,
1H), 4.90 (q, J = 6.6 Hz, 1H), 4.82 (s, 1 H), 4.69 (s, 1 H), 4.36 (d, /= 8.8 Hz,
1H), 4.20-4.11 (m, 5H), 4.04-3.88 (m, 4H), 3.72 (d, /=8.0 Hz, 2H), 3.49
(m, 1H), 3.01 (d, J=14.6 Hz, 1H), 2.34—-2.30 (m, 2H), 2.15 (m, 2H), 2.03 -
1.99 (m, 2H), 1.80—1.74 (m, 6 H), 1.62~1.49 (m, 2 H), 1.36 (m, 2H), 1.25 (d,
J =63 Hz, 3H), 1.05-1.00 (m, 9H); LCMS (ES): calcd for CgHy,CLNyOsg
[M+H]": 1696.0, found 1696.0.

40k: t; =9.8 min; 'H NMR (500 MHz, CD;0D, 330 K): 6 =7.76 (s, 1 H),
773 (d, J=15.0 Hz, 2H), 7.64 (d, J = 9.4 Hz, 1 H), 7.51 -7.48 (m, 3H), 7.22
(d, J=8.5 Hz, 1 H), 711-705 (m, 2H), 6.76 (s, 2H), 6.62 (s, LH), 6.49 (d,
J=22Hz, 1H), 6.05-5.97 (m, 3H), 5.65 (d, J=7.7 Hz, 1H), 5.58 (d, J =
44Hz, 1H), 5.46 (d, J=14.0 Hz, 2H), 5.30-5.20 (m, 3H), 4.90 (q, J =
6.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, L H), 4.36 (d, J =8.8 Hz, 1 H), 420-3.75
(m, 8H), 3.49 (m, 1H), 3.01 (d, J = 14.6 Hz, 1 H), 2.70-2.66 (m, 2 H), 2.00—
1.90 (m, 6H), 1.83-1.77 (m, 3H), 1.73-1.33 (m, 12H), 1.25 (d, J=6.2 Hz,
3H), 1.03-0.95 (m, 9H); LCMS (ES): caled for CyH, o CLNyO,, [M-+H]*:
1724.6, found 1724.7.

401: 1, =10.1 min; 'H NMR (500 MHz, CD;0D, 330 K): 6 =782 (s, 1 H),
773 (d, J=15.3 Hz, 2H), 7.63 (d, J =9.3 Hz, 1H), 7.51-7.48 (m, 4H), 7.22
(d,J=84Hz, 1H), 713 (s, 1H), 708 (d, J =8.0 Hz, 1 H), 6.80 (s, 2H), 6.62
(s, 1H), 6.49 (d,J =2.2 Hz, 1 H), 6.08 (brs, 2H), 5.98-5.90 (m, 1 H), 5.65 (d,
J=7.7Hz,1H),5.58-5.52 (m,2H), 5.46-5.41 (m,3H), 5.35 (d,J=3.9 Hz,
1H), 4.90 (q, J = 6.6 Hz, 1 H), 4.82 (s, 1H), 4.69 (s, 1 H), 4.36 (d, J = 8.8 Hz,
1H), 420-4.13 (m, 5H), 4.04-3.88 (m, 4H), 3.72 (d, J =8.0 Hz, 2 H), 3.49
(m, 1H), 3.01 (d,J = 14.6 Hz, 1 H), 2.37-2.34 (m, 2H), 2.15 (m, 2 H), 2.04 -
1.98 (m, 3H), 1.96-1.90 (m, 2H), 1.77 (m, 3H), 1.58—1.52 (m, 2H), 1.50—
1.36 (m, 4H), 1.38-1.26 (m, 7H), 1.25 (d, J = 6.25 Hz, 3H), 1.04-0.95 (m,
9H); LCMS (ES): caled for CgsH,;CLINyO,¢ [M+H]*: 1738.6, found 1738.6.

40m: 7z =7.4 min; '"H NMR (500 MHz, CD;0D, 330K): 6="776 (d, /=
15.0 Hz, 2H), 7.63 (d, J=10.0 Hz, 1H), 7.50-747 (m, 3H), 7.38-7.23 (m,
6H), 7.12 (s, 1H), 7.05 (m, 2H), 6.78 (brs, 2H), 6.62 (s, 1H), 6.49 (d, J =
2.2 Hz, 1H), 6.20-6.15 (m, 1H), 6.08 (brs, 2H), 5.65 (d, /=77 Hz, 1H),
5.58-5.48 (m, 4H), 5.41-5.35 (m, 2H), 4.90 (q, /=6.6 Hz, 1H), 4.82 (s,
1H), 4.77 (s, 2H), 4.69 (s, 1H), 4.36 (d, J=8.8 Hz, 1H), 4.20 (s, 1H), 4.16 -
3.88 (m, 6H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1H), 3.01-2.94 (m, 3H),
2.29-2.20 (m, 4H), 2.15 (m, 2H), 2.01 (d, J=13.5 Hz, 1H), 1.77 (s, 3H),
1.36 (m, 2H), 1.25 (d, /=6.3 Hz, 3H), 1.05-1.01 (m, 6H); LCMS (ES):
caled for CgsHosCLNyO,6 [M+H]™: 1730.6, found 1731.0.

40n: t; =7.1 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =779 (s, 1H),
773 (d,J=14.7 Hz,2H), 7.62 (d,J =9.0 Hz, 1 H), 7.46 - 7.23 (m, 9H), 7.11 (s,
1H), 6.80 (brs, 2H), 7.00 (d, J=8.0 Hz, 1H), 6.64 (s, 1H), 6.49 (d, /=
2.2 Hz, 1H), 6.08 (brs, 2H), 5.65 (d, J=7.7 Hz, 1H), 5.96-5.88 (m, 1H),
5.58 (d,/=4.4 Hz, 1H), 5.46 (d,J=14.0 Hz, 2H), 5.35 (d, /=3.9 Hz, 1 H),
5.18-5.14 (m, 4H), 4.90 (q, /= 6.6 Hz, 1 H), 4.82 (s, 1 H), 4.69 (s, 1 H), 4.36
(d, J=8.8 Hz, 1H), 4.20 (s, 1H), 4.14-3.88 (m, 6H), 3.72 (d, J=8.0 Hz,
2H), 3.49 (m, 1H), 3.01 (d, J=14.6 Hz, 1 H), 2.63-2.60 (m, 2H), 2.15 (m,
2H), 2.01 (d, J=13.5Hz, 1H), 1.80-1.72 (m, 6H), 1.36 (m, 2H), 1.25 (d,
J=62Hz, 3H), 1.04 (d, J=5.8 Hz, 3H), 1.02 (d, J=5.8 Hz, 3H); LCMS
(ES): caled for Cg,Ho;CLNoO, [M+H]*: 1716.6, found 1716.3.

400: tx =77 min; '"H NMR (500 MHz, CD;0D, 330 K); 7.90-7.80 (m, 3H),
768 (d,J =9.3 Hz, 1H), 7.48 (br, 1 H), 723 (d,J = 8.4 Hz, 1 H), 7.10-7.05 (m,
3H), 6.80 (s, 2H), 6.61 (s, 1H), 6.50 (d, J=2.4 Hz, 1H), 6.10 (brs, 2H),
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Table 5. Antibacterial activity (MIC: pgmL") of amino acid 1 modified vancomycin derivatives against vancomycin-susceptible, vancomycin-intermediate

resistant, and vancomycin-resistant bacteria.

HO
HO
OH
o
0 L
(] 2
OH
Oy

NH,
X% CHyAC
48 X2 CH=CH,

Com- R! R X MUSOR 1330 400211 1528l 2689[ 2741( 2781l 2805l 400114 16691 2671l 2823l1  1803!1 192417 194410
pound
1 vancomycin 313 0.39 0.39 >100 50 >100 100 25 >100 100 50 100 50 25 50
48a Gly H Xt >16 >16 >16 >16 >16 >16 >16 >16 >16 >16  >16 >16 >16 >16  >16
48c Gly L-Ala X! 8 2 4 8 >16 4 >16 8 >16 >16 16 16 8 16  >16
489 Gly eAhx x! 16 4 4 8 >16 8 >16 >16 >16 >16 >16  >16 16 >16 16
48i Gly Lval X! 8 4 4 8  >16 4 >16 8 >16 >16 >16 16 16 16  >16
48k Gly Lleu X* 8 4 4 16 >16 4 >16 16 >16 >16 16 16 8 16 16
48l Gly Lser X' 16 4 4 >16 >16 16 >16 >16 >16 >16 >16  >16 16 >16 16
48s Gly Llys X! 8 2 4 >16 >16  >16 >16 >16 >16 >16 >16  >16 >16 >16 18
48w Gly H X2 >16 >16 >16 >16 >16 >16  >16 >16  >16 >16 >16 >16 >16 >16 >16
48x  Gly L-val X2 2 1 2 8 >16 2 16 8 8 8 8 8 8 8 >16
48z  Gly L-Cha X2 8 4 4 16 >16 16 16 16 16 16 16 8 16 8 2
48ee gly Llys x2? 4 1 4 >16 >16 >16  >16 >16 16 >16 >16 16 16 16 16
48ff L-Val H X2 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16  >16 >16 >16 >16 >16
4899 L-val L-val x? 8 4 4 >16 >16 >16 >16 >16 >16 >16 >16 >16  >16  >16 g
48ww L-Phe L-lys Xx? 8 4 4 >16 >16  >16  >16 >16 >16 >16 >16 >16 >16 >16  s1p
48ddd L-Glu  L-Thildl X? 4 1 2 16 >16 4 >16 16 >16  >16 >16 >16 16 16 >16
48hhh L-Lys L-val X? 8 1 2 >16 >16 8 >16 >16 16 16 16 16 8 8 8
48000 L-Lys L-Lys x2 16 1 4 >16 >16 >16 >16 >16 16 >16 >16 16 16 16 16

[a] Vancomycin-intermediate resistant Staphylococcus aureus. [b] Vancomycin-susceptible Enterococcus faecalis. [c] Vancomycin-resistant (van A) Enter-
ococcus faecalis. [d] Vancomycin-resistant (van A) Enterococcus faecium. [e] Vancomycin-resistant (van A) and Synercid-resistant (sat G) Enterococcus
faecium. [f] Vancomycin-resistant (van A) and Synercid-resistant (sat A) Enterococcus faecium. [g] Thi is 5-(2-thienyl)alanine.

5.88-5.70 (m, 2H), 5.60 (d, /=5.0 Hz, 1H), 5.46 (d, /= 14.0 Hz, 2H), 5.35
(d, J=3.9Hz, 1H), 5.05-4.90 (m, 3H), 4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d,
J=8.8Hz, 1H), 4.20 (s, 1 H), 4.04-3.88 (m, 6H), 3.72 (d, J=8.0 Hz, 2H),
3.49 (m, 1H), 3.05-3.00 (m, 1H), 2.15-2.10 (m, 4H), 2.01 (d, J=13.5 Hz,
1H), 1.83-1.74 (m, 5H), 1.64-1.59 (m, 5H), 1.36 (m, 2H), 1.25 (d, /=
6.2 Hz,3H), 1.04 (d,/=5.8 Hz, 3H), 1.02 (d, /=5.8 Hz, 3H); LCMS (ES):
caled for CgsHyyClsNoO, [M+H]*: 1765.0, found 1766.0.

40p: t; =7.6 min; 'H NMR (500 MHz, CD;OD, 330 K): 6 =780 (s, 1H),
775 (d, J=13.0 Hz, 2H), 7.62 (d, J=10.0 Hz, 1 H), 7.51-739 (m, 7H), 7.25
(d, J=8.6 Hz, 1H), 7.13 (s, 1H), 7.05-7.04 (m, 1H), 6.72 (s, 2H), 6.62 (s,
1H), 6.49 (d, J=2.2 Hz, 1H), 6.08-5.97 (m, 3H), 5.65 (d, J=7.7 Hz, 1H),
5.58 (d,/=4.4 Hz, 1H), 5.46 (d,J=14.0 Hz, 2H), 5.35-5.27 (m, 5H), 4.90
(q, J=6.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d, J=8.8 Hz, 1H),
4.20-4.18 (m, 3H), 4.04-3.88 (m, 4H), 3.72 (d, /=8.0 Hz, 2H), 3.49 (m,
1H), 3.01 (d, J=14.6 Hz, 1H), 2.70-2.68 (m, 2H), 2.15 (m, 2H), 2.01 (d,
J=13.5Hz, 1H), 1.77 (s, 3H), 1.36 (m, 2H), 1.25 (d, /= 6.2 Hz, 3H), 1.03 -
1.00 (m, 6 H); LCMS (ES): calcd for Cg,Hy,CLLN¢O,s [M+H]*: 1751.9, found
1752.0.
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40z: 1, =6.9 min; 'H NMR (500 MHz, CD,OD, 330 K): 6 =790 (d, /=
9.5 Hz, 2H), 7.74-7.67 (m, 4H), 748 (br, 1H), 722 (d, J =8.5 Hz, 1 H), 711
(s, 1H), 7.05 (d, J =9.4 Hz, 2H), 6.78 (brs, 2H), 6.62 (s, 1H), 6.49 (d, J =
2.2 Hz, 1H), 6.08 (brs, 2H), 5.65 (d, /=77 Hz, 1H), 5.58 (d, /=4.4 Hz,
1H), 5.46 (d,J=14.0 Hz, 2H), 5.35 (d,J = 3.9 Hz, 1 H), 4.90 (q, J = 6.6 Hz,
1H), 4.82 (s, 1H), 4.69 (s, 1 H), 4.36 (d, J = 8.8 Hz, 1 H), 4.20 (s, 1 H), 4.10—
3.88 (m, 6H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1H), 3.05-3.01 (m, 3H),
240 (s, 3H), 2.17-2.13 (m, 4H), 2.03-2.00 (m, 1H), 1.79 (s, 3H), 1.36 (m,
2H), 1.25 (d, J=6.3 Hz, 3H), 1.02-0.98 (m, 6H); LCMS (ES): calcd for
CogHgCLN,O5S [M+H]*: 1671.6, found 1671.6.

402a: 1, =7.1 min; '"H NMR (500 MHz, CD;0OD, 330 K): 6="7.89 (d, J=
9.3 Hz, 2H), 7.78-7.76 (m, 3H), 7.70 (d, J = 9.6 Hz, 1 H), 748 (br, 1 H), 724
(d,J=8.50 Hz, 1 H), 7.11-7.05 (m, 3H), 6.80 (s, 2H), 6.62 (s, 1 H), 6.49 (d,
J=2.2MHz, 1H), 6.08 (brs, 2H), 5.65 (d,J =77 Hz, 1 H), 5.58 (d, /= 4.4 Hz,
1H), 5.46 (d, J=14.0 Hz, 2H), 5.35 (d, J = 3.9 Hz, 1H), 4.90 (q, / = 6.6 Hz,
1H), 4.82 (s, 1 H), 4.69 (s, 1 H), 436 (d, J=8.8 Hz, 1 H), 4.20 (s, 1 H), 4.10-
3.88 (m, 6H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1H), 3.05-3.01 (m, 3H),
2.40 (s, 3H), 2.17-2.13 (m, 4H), 2.01-1.87 (m, 3H), 1.80-1.70 (m, 8H),
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1.65-1.59 (m, 2H), 1.36 (m, 2H), 1.25 (d, J = 6.25 Hz, 3H), 1.03-1.00 (m,
6H); LCMS (ES): caled for C;HyCLNyO,S [M+H]*: 1685.6, found
1685.6.

40bb: t; = 7.2 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =7.90-7.80 (m,
3H), 775 (d, J=13.5 Hz, 2H), 7.67 (d, J=9.6 Hz, 1H), 7.48 (br, 1 H), 7.32
(d,J=8.5Hz, 1H), 7.10-7.07 (m, 3H), 6.78 (brs, 2H), 6.62 (s, 1 H), 6.50 (d,
J=23Hz, 1H), 6.10 (s, 2H), 5.65 (d, J=77 Hz, 1H), 5.58 (d, J=4.4 Hz,
1H), 5.46 (d,J=14.0 Hz,2H), 5.35 (d, /=3.9 Hz, 1H), 4.90 (q, /= 6.6 Hz,
1H), 4.82 (s, 1H), 4.69 (s, 1 H), 4.36 (d, J=8.8 Hz, 1 H), 4.20 (s, 1 H), 4.10-
3.90 (m, 6H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1H), 3.05-2.95 (m, 3H),
2.38 (s,3H), 2.15 (m, 2H), 2.05-1.87 (m, 3H), 1.64-1.48 (m, 7H), 1.36 (m,
2H), 1.25 (d, J=6.3 Hz, 3H), 1.04 (d, /=5.8 Hz, 3H), 1.02 (d, J=5.8 Hz,
3H); LCMS (ES): caled for CgHyCLNGOLS [M+H]*: 1699.6, found
1699.6.

40cc: 1t =74 min; 'H NMR (500 MHz, CD;0D, 330K): 6=7.90 (d, J=
9.2 Hz, 2H), 7.78 (s, 1 H), 7.76 (d, J = 15.0 Hz, 2H), 766 (d, J = 9.5 Hz, 1 H),
748 (br, 1H), 722 (d, J =8.5 Hz, 1H), 7.11 (s, 1H), 705 (d, J = 9.4 Hz, 2H),
6.78 (brs, 2H), 6.62 (s, 1 H), 6.49 (d, J = 2.2 Hz, 1 H), 6.08 (brs, 2H), 5.65 (d,
J=77Hz, 1H),5.58 (d,/=4.4 Hz, 1H), 5.46 (d, J=14.0 Hz, 2H), 5.35 (d,
J=3.9Hz, 1H), 4.90 (q,J = 6.6 Hz, 1H), 4.82 (s, 1 H), 4.69 (s, 1H), 4.36 (d,
J=8.8 Hz, 1H), 4.20 (s, 1 H), 4.10-3.88 (m, 6 H), 3.72 (d, J=8.0 Hz, 2H),
3.49 (m, 1H), 3.01-2.98 (m, 3H), 2.38 (s, 3H), 2.15 (m, 2H), 2.01 (d, J =
13.5 Hz, 1H), 1.91-1.74 (m, 5H), 1.72-1.66 (m, 2H), 1.59-1.49 (m, 4H),
1.36 (m, 2H), 1.25 (d, J=6.3 Hz, 3H), 1.02-0.98 (m, 6H); LCMS (ES):
caled for CgHysCLINyO,S [M+H]*: 1713.6, found 1713.6.

40dd: t =8.9 min; 'H NMR (500 MHz, CD,0D, 330 K): =790 (d, J=
10.0 Hz, 2H), 7.78 (s, 1 H), 7.76 (d, J = 15.0 Hz, 2H), 7.66 (d,J = 9.5 Hz, 1 H),
748 (br, 1H), 722 (d, 7 =8.5 Hz, 1H), 711 (s, 1 H), 705 (d, J = 9.7 Hz, 2 H),
6.78 (brs, 2H), 6.62 (s, 1 H), 6.49 (d, J = 2.2 Hz, 1 H), 6.08 (brs, 2H), 5.65 (d,
J=177Hz, 1H),5.58 (d, J=4.4 Hz, 1 H), 5.46 (d, /= 14.0 Hz, 2H), 5.35 (d,
J=3.9Hz, 1H), 4.90 (q,J=6.6 Hz, 1 H), 4.82 (s, 1 H), 4.69 (s, 1 H), 436 (d,
J=88Hz, 1H), 420 (s, 1H), 4.12-3.88 (m, 6 H), 3.72 (d, J=8.0 Hz, 2H),
3.49 (m, 1H), 3.01-2.95 (m, 3H), 2.38 (s, 3H), 2.15 (m, 2H), 2.01 (d, J=
13.5 Hz, 1H), 1.89-1.74 (m, 5H), 1.66—1.61 (m, 2H), 1.55-1.53 (m, 2H),
1.43-1.34 (m, 12H), 125 (d, J=6.3 Hz, 3H), 1.04—1.00 (m, 6H); LCMS
(ES): caled for CysH,,C1LNgO,S [M+H]*: 1769.7, found 1769.7.

40ee: 1, =7.0 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =790 (s, 1H),
775 (d, J=13.5 Hz, 2H), 7.66 (d, J = 9.5 Hz, 1 H), 754~ 745 (m, 4H), 726 -
722 (m, 2H), 7.1 (s, 1H), 6.78 (brs, 2H), 6.63 (s, 1 H), 6.50 (d, J =2.4 Hz,
1H), 6.08 (brs, 2H), 5.67 (d, J=7.6 Hz, 1H), 5.58 (d, J =4.4 Hz, 1 H), 5.46
(d, J=14.0 Hz, 2H), 5.35 (d, J = 3.9 Hz, 1 H), 4.90 (q, J = 6.6 Hz, 1H), 4.82
(s, 1H), 4.69 (s, 1H), 4.36 (d, J=8.8 Hz, 1H), 420 (s, 1H), 4.14 (t, J=
6.3 Hz, 2H), 4.04-3.88 (m, 4H), 3.72 (d, /=8.0 Hz, 2H), 3.49 (m, 1H),
3.03-3.01 (m, 3H), 2.40 (s, 3H), 2.17-2.13 (m, 4H), 2.01 (d, J=13.5 Hz,
1H), 1.80~1.74 (m, 6 H), 1.36 (m, 2H), 1.25 (d, J = 6.3 Hz, 3H), 1.03-0.99
(m, 6H); LCMS (ES): calcd for C;sHgyCl,N¢O,,S [M+H]*: 1671.6, found
1671.6.

40 ff: t; = 7.2 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =7.77-7.75 (m,
1H), 775 (d, J=15.3 Hz, 2H), 7.63 (d, J=9.3 Hz, 1 H), 7.54-7.45 (m, 4H),
725-722 (m, 2H), 711 (s, 1H), 6.78 (brs, 2H), 6.62 (s, 1H), 6.49 (d, J=
2.2 Hz, 1H), 6.08 (brs, 2H), 5.62 (d, /=78 Hz, 1H), 5.58 (d, J=4.4 Hz,
1H), 5.46 (d,/=14.0 Hz,2H), 5.35 (d, /=3.9 Hz, 1H), 4.90 (q, /= 6.6 Hz,
1H),4.82 (s, 1H), 4.69 (s, 1H),4.36 (d,/=8.8 Hz, 1H), 4.20 (s, 1L H), 4.14 (t,
J=6.2Hz,2H), 4.04-3.88 (m, 4H), 3.72 (d, /= 8.0 Hz, 2H), 3.49 (m, 1 H),
3.04-3.00 (m, 3H), 2.39 (s, 3H), 2.15 (m, 2H), 2.01-1.92 (m, 3H), 1.78 (s,
3H), 1.36 (m, 2H), 1.25 (d, J=6.2 Hz, 3H), 1.02-0.99 (m, 6H); LCMS
(ES): caled for C;yHy CLLNyO4S [M+H]*: 1685.6, found 1685.6.

40gg: 1z =7.8 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =7.80-7.75 (m,
3H), 7.68 (d, J=10.0 Hz, 1 H), 7.54-7.48 (m, 4H), 726 -7.22 (m, 2H), 7.11
(s, 1H), 6.65 (s, 1H), 6.49 (d, J=2.2 Hz, 1H), 6.08 (brs, 2H), 5.63 (d, /=
75Hz, 1H), 5.58 (d,/=4.4 Hz, 1 H), 5.46 (d, J=14.0 Hz, 2H), 5.35 (d, J =
3.9 Hz, 1H),4.90 (q,J=6.6 Hz, 1H), 4.82 (s, 1 H), 4.69 (s, 1H), 4.36 (d,J =
8.8 Hz, 1H), 4.20 (s, 1H), 4.14 (t, /= 6.3 Hz, 2H), 4.08 -3.88 (m, 6 H), 3.72
(d,J=8.0 Hz,2H), 3.49 (m, 1H), 3.05-3.01 (m, 3H), 2.40 (s, 3H), 2.15 (m,
2H),2.01-1.92 (m, 7H), 1.77 (s, 3H), 1.66 - 1.62 (m, 2H), 1.36 (m, 2H), 1.25
(d,/=6.2Hz,3H),1.04 (d,/=5.8 Hz,3H), 1.02 (d,/ = 5.8 Hz,3H); LCMS
(ES): caled for CggHo;Cl,NoO,S [M+H]*: 1699.6, found 1699.7.

40 hh: 1 =7.7 min; 'H NMR (500 MHz, CD,0D, 330 K): 6 =7.80 (s, 1 H),
773 (d, 7 =145 Hz, 2H), 7.66 (d, 7= 9.5 Hz, 1 H), 7.55-7.44 (m, 3H), 740 -
7.10 (m, 4H), 6.78 (s, 2H), 6.62 (s, 1 H), 6.50 (d, J =2.5 Hz, 1 H), 6.08 (brs,
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2H), 5.65 (d, J=7.7 Hz, 1 H), 5.59 (d, J = 4.3 Hz, 1H), 5.46 (d, J = 14.0 Hz,
2H), 5.35 (d,J=3.9 Hz, 1H), 4.90 (q, J = 6.6 Hz, 1H), 4.82 (s, 1 H), 4.69 (s,
1H), 4.36 (d, J =8.8 Hz, 1H), 4.20 (s, 1 H), 4.03-3.88 (m, 6H), 3.72 (d, ] =
8.0 Hz, 2H), 3.49 (m, 1H), 3.01-2.90 (m, 3H), 2.30 (s, 3H), 2.15 (m, 2H),
2.01(d,J=13.5 Hz, 1H), 1.85-1.75 (m, 5H), 1.65—1.55 (m, 5H), 1.52— 1.40
(m, 2H), 1.36 (m, 2H), 1.25 (d, J=6.25 Hz, 3H), 1.04 (d, J=5.8 Hz, 3H),
1.02 (d,J=5.85Hz, 3H); LCMS (ES): calcd for CgHysCL,N¢O,S [M+H]*:
1713.6, found 1713.6.

40ii: t,=9.2 min; 'H NMR (500 MHz, CD;OD, 330 K): 6 =782 (s, 1H),
775 (d, 7 =15.5 Hz, 2H), 7.63 (d, ] = 9.6 Hz, 1 H), 752748 (m, 4H), 7.26 -
722 (m, 2H), 711 (s, 1H), 6.78 (s, 2H), 6.62 (s, 1 H), 6.50 (d, ] = 2.2 Hz, 1 H),
6.08 (brs, 2H), 5.67 (d,J = 8.0 Hz, 1 H), 5.58 (d,J = 4.4 Hz, 1 H), 5.46 (d, ] =
14.0 Hz, 2H), 5.35 (d,7 =3.9 Hz, 1 H), 4.90 (q, ] = 6.6 Hz, 1 H), 4.82 (s, 1 H),
4.69 (s, 1H),4.36 (d, J=8.8 Hz, 1 H), 420 (s, 1 H), 4.08-3.88 (m, 6H), 3.72
(d,7=8.0Hz, 2H), 3.49 (m, 1 H), 3.01 -2.93 (m, 3H), 2.39 (s, 3H), 2.15 (m,
2H), 2.01 (d, 7=13.5Hz, 1H), 1.89-1.74 (m, 8H), 1.66—1.61 (m, 2H),
1.55-1.53 (m, 2H), 1.43-1.34 (m, 12H), 1.36 (m, 2H), 1.25 (d, /= 6.25 Hz,
3H), 1.04-1.00 (m, 6H); LCMS (ES): caled for CysH 3CLNyOy6S [M-+H]*:
1769.7, found 1769.7.

40jj: tx =72 min; 'H NMR (500 MHz, CD;OD, 330 K): 6 =778 (s, 1H),
776 (d, J=15.0 Hz, 2H), 7.66 (d, J=9.5 Hz, 1 H), 7.50~ 746 (m, 3H), 7.22
(d, J=8.5Hz, 1H), 711 (s, 1H), 702 (d, J=8.1 Hz, 1H), 6.78 (brs, 2H),
6.62 (s, 1H), 6.49 (d, J=2.2 Hz, 1 H), 6.08 (s, 2H), 5.65 (d, J=7.7 Hz, 1 H),
5.58 (d,J = 4.4 Hz, 1H), 5.46 (d, J = 14.0 Hz, 2H), 5.35 (d, J=3.9 Hz, 1 H),
4.90 (q,J = 6.6 Hz, 1H), 4.82 (s, 1 H), 4.69 (s, 1H), 4.36 (d, /= 8.8 Hz, 1 H),
420-4.13 (m, SH), 4.04-3.88 (m, 4H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m,
1H), 3.14 (t, /=70 Hz, 2H), 3.01 (d, /= 14.6 Hz, 1 H), 2.40 (s, 3H), 2.20
215 (m, 4H), 2.01 (d, J=13.5 Hz, 1 H), 1.96—1.88 (m, 2H), 1.79 (m, 3H),
1.60-1.54 (m, 2H), 1.36 (m, 2H), 1.25 (d, J=6.3 Hz, 3H), 1.05-1.00 (m,
9H); LCMS (ES): caled for Cg,Hy,CLNGO,S [M+H]*: 1743.6, found
1743.6.

40Kkk: 1 =74 min; 'H NMR (500 MHz, CD,0D, 330 K): 6 =7.80 (s, 1 H),
775 (d,J = 14.7 Hz,2H), 7.63 (d, 7 = 9.8 Hz, 1 H), 748 - 747 (m, 2H), 742 (s,
1H), 722 (d, J=8.5 Hz, 1H), 711 (s, 1 H), 7.00 (d, J="7.9 Hz, 2H), 6.62 (s,
1H), 6.49 (d, =22 Hz, 1H), 5.66 (d, /=78 Hz, 1H), 5.58 (d, /=4.4 Hz,
1H), 5.46 (d, J=14.0 Hz, 2H), 5.35 (d, J=3.9 Hz, 1H), 4.90 (q, / = 6.6 Hz,
1H), 4.82 (s, 1 H), 4.69 (s, 1 H), 436 (d, J=8.8 Hz, 1 H), 4.20 (s, 1 H), 4.12—
4.10 (m, 2H), 4.04-3.88 (m, 4H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1 H),
3.05-3.01 (m, 3H), 2.40 (s, 3H), 2.15 (m, 2H), 2.01 (d, /=13.5 Hz, 1H),
1.80—1.74 (m, 10H), 1.60-1.52 (m, 4H), 1.36 (m, 2H), 1.25 (d, /=6.2 Hz,
3H), 1.04-0.98 (m, 9H); LCMS (ES): calcd for CzHyyCLN,O,,S [M-+H]*:
17579, found 1758.0.

4011: t; =8.1 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =7.90 (s, 1H),
776 (d, J=15.0 Hz, 2H), 7.65 (d, J=9.3 Hz, 1H), 7.50-7.44 (m, 3H), 7.22
(d, J=8.4Hz, 1H), 711 (s, 1H), 7.00-6.92 (m, 3H), 6.62 (s, 1 H), 6.49 (d,
J=22Hz,1H), 6.08 (brs,2H), 5.67 (d,/=72 Hz, 1H), 5.59 (d,/=4.5 Hz,
1H), 5.46 (d,J=14.0 Hz, 2H), 5.35 (d,/=3.9 Hz, 1H), 4.90 (q, J = 6.6 Hz,
1H), 4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d, / = 8.8 Hz, 1 H), 4.20-4.10 (m, 5H),
4.04-3.88 (m, 4H), 3.72 (d, /=8.0 Hz, 2H), 3.49 (m, 1H), 3.02-2.91 (m,
3H), 2.37 (s, 3H), 2.15 (m, 2H), 2.00-1.75 (m, 10H), 1.65-1.50 (m, 7H),
1.44-120 (m, 11H), 1.05-1.00 (m, 9H); LCMS (ES): caled for
CgsH,3CLNGO,,S [M+H]*: 1785.7, found 1785.6.

40mm: t = 8.4 min; 'H NMR (500 MHz, CD;0OD, 330 K): 6 =7.81 (s, 1 H),
776 (d, J=15.2 Hz, 2H), 7.76 (d, J = 9.6 Hz, 1H), 7.50~7.40 (m, 3H), 7.22
(d,J=8.5Hz, 1H), 7.1 (s, 1 H), 6.94—6.90 (m, 1 H), 6.78 (brs, 2H), 6.62 (s,
1H), 6.49 (d, J =22 Hz, 1H), 6.08 (brs, 2H), 5.63-5.55 (m, 2H), 5.45 (d,
J=13.0 Hz, 2H), 5.35 (d, J=3.9 Hz, 1 H), 4.90 (q, / = 6.6 Hz, 1 H), 4.82 (s,
1H), 4.69 (s, 1 H), 4.36 (d, J = 8.8 Hz, 1 H), 4.20 (s, 1 H), 4.05-3.90 (m, 6 H),
3.72(d,J =8.0 Hz, 2H), 3.49 (m, 1 H), 3.05-2.90 (m, 3H), 2.73 (s, 3H), 2.15
(m, 2H),2.01 (d,J=13.5 Hz, 1 H), 1.80—1.74 (m, 3H), 1.65-1.20 (m, 18 H),
1.05-1.00 (m, 9H); LCMS (ES): calcd for CgH,(sCLLN,O,S [M+H]*:
1799.7, found 1799.7.

40nn: t; = 8.6 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =778 -7.73 (m,
2H), 7.53-748 (m, 8H), 7.22 (d, J=8.5 Hz, 1H), 7.11-7.08 (m, 2H), 6.78
(brs, 2H), 6.62 (s, 1H), 6.49 (d, J=2.2 Hz, 1H), 6.08 (brs, 2H), 5.60-5.58
(m, 2H), 5.47 (d, J=14.1 Hz, 2H), 5.35 (d, J=3.9 Hz, 1H), 4.90 (q, /=
6.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d, J=8.8 Hz, 1H), 4.22-4.20
(m, 3H), 4.04-3.88 (m, 4H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1H), 3.17 -
3.15 (m, 2H), 3.01 (d, J=14.6 Hz, 1H), 2.40 (s, 3H), 2.23-2.15 (m, 4H),
2.01 (d, J=13.5Hz, 1H), 1.77 (s, 3H), 1.36 (m, 2H), 1.25 (d, /=6.3 Hz,
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3H), 1.04-1.02 (m, 6 H); LCMS (ES): calcd for CgsHosCLL,N,O,,S [M+H]*:
1778.7, found 1778.7.

4000: 1 =8.8 min; 'H NMR (500 MHz, CD;0D, 330 K): 6 =7.79 (s, 1H),
776 (d,J=15.1 Hz, 2H), 7.63 (d, J = 9.7 Hz, 1 H), 7.50-7.32 (m, 8H), 7.20 -
6.95 (m,3H), 6.78 (brs,2H), 6.62 (s, 1H), 6.49 (d,J/ =2.2 Hz, 1H), 6.08 (brs,
2H), 5.67 (d, /=79 Hz, 1H), 5.58 (d, J=4.4 Hz, 1 H), 5.46 (d, J=14.0 Hz,
2H),5.37-5.25 (m,3H), 4.90 (q,J/ =6.6 Hz, 1H), 4.82 (s, 1 H), 4.69 (s, 1 H),
4.36 (d, J=8.8 Hz, 1H), 4.20-3.90 (m, 7H), 3.72 (d, J=8.0 Hz, 2H), 3.49
(m, 1H),3.00-2.95 (m, 3H), 2.36 (s,3H), 2.15 (m,2H), 2.03-1.74 (m, 7H),
1.64 (s,3H), 1.36 (m, 2H), 1.25 (d, /= 6.3 Hz, 3H), 1.04 (d, /= 5.8 Hz, 3H),
1.02 (d, J=5.8 Hz, 3H); LCMS (ES): calcd for Cg4Hy;CLLN,O»,S [M+H]*:
1792.3, found 1792.3.

40pp: tg =77 min; '"H NMR (500 MHz, CD;0D, 330 K): =776 (d, J=
15.0 Hz, 2H), 7.68 (d, J=9.5Hz, 1H), 7.50-745 (m, 5H), 722 (d, /=
8.45 Hz, 1H), 711 (s, 1H), 7.02 (d, J=8.0 Hz, 1H), 6.78 (brs, 2H), 6.62
(s, 1H), 6.49 (d,J=2.2 Hz, 1 H), 6.08 (s, 2H), 5.65 (d, J=7.7 Hz, 1H), 5.58
(d,J=4.4 Hz, 1 H), 5.46 (d, J=14.0 Hz, 2H), 5.35 (d, J=3.9 Hz, 1 H), 4.90
(q, J=6.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d, J=8.8 Hz, 1H),
4.20-4.10 (m, SH), 4.04-3.88 (m, 4H), 3.72 (d, /=8.0 Hz, 2H), 3.49 (m,
1H), 3.01-2.97 (m, 3H), 2.39 (s, 3H), 2.15 (m, 2H), 2.01-1.90 (m, 5H),
1.80-1.74 (m, 5H), 1.65-1.63 (m, 2H), 1.56-1.37 (m, 5H), 1.25 (d, /=
6.2 Hz, 3H), 1.04-0.96 (m, 9H); LCMS (ES): calcd for CysHoyCl3NyOo;S
[M+H]*: 1813.1, found 1813.8.

40qq: tr; =7.8 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =7.78 (s, 1H),
7.76 (d, J=15.0 Hz, 2H), 7.66 (d, J=9.5 Hz, 1H), 7.51-7.44 (m, SH), 7.22
(d, J=85Hz, 1H), 711 (s, 1H), 7.05 (d, J=8.0 Hz, 1H), 6.78 (brs, 2H),
6.62 (s, 1H), 6.50 (d, J=2.5Hz, 1H), 6.08 (brs, 2H), 5.67 (d, /=79 Hz,
1H),5.58 (d,J=4.4 Hz, 1H), 5.46 (d,J =14.0 Hz, 2H), 5.35-5.28 (m, 3H),
(d,J=3.9Hz, 1H), 4.90 (q, /=6.6 Hz, 1H), 4.82 (s, 1 H), 4.69 (s, 1 H), 4.36
(d, J=8.8 Hz, 1H), 4.20-4.15 (m, 3H), 4.04-3.88 (m, 4H), 3.72 (d, /=
8.0 Hz, 2H), 3.49-3.45 (m, 1 H), 3.05-3.01 (m, 3H), 2.40 (s, 3H), 2.15 (m,
2H),2.03-1.96 (d,/=13.5Hz, 3H), 1.92-1.74 (m, 5H), 1.36 (m, 2H), 1.25
(d, J=62Hz, 3H), 1.04-1.02 (m, 6H); LCMS (ES): caled for
CgHoCLN,O,,S [M+H]*: 1826.1, found 1826.2.

40rr: ty =6.6 min; 'H NMR (500 MHz, CD,0D, 330 K): 6 =778 (s, 1 H),
776 (d, J=15.0 Hz, 2H), 7.66 (d, J=9.5 Hz, 1 H), 7.50~7.38 (m, 8H), 7.22
(d, T=84Hz, 1H), 711 (s, 1 H), 703-6.78 (m, 3H), 6.62 (s, 1 H), 6.49 (d,
J=22Hz, 1H), 6.10-6.04 (m, 3H), 5.65 (d, J="7.7 Hz, 1H), 5.58 (d, J =
4.4 Hz, 1H),5.46 (d,J =14.0 Hz, 2 H), 5.35 (d, /= 3.9 Hz, 1H), 5.20 (s, 2 H),
4.90 (q, J=6.6 Hz, 1H), 4.82 (s, 1H), 4.69 (s, 1H), 436 (d, J = 8.8 Hz, 1H),
420 (s, 1H), 4.04-3.88 (m, 4H), 3.72 (d,J = 8.0 Hz, 2H), 3.49 (m, 1 H), 3.01
(d,J=14.6 Hz, 1H), 2.15 (m, 2H), 2.01 (d, J = 13.5 Hz, 1 H), 1.80-1.74 (m,
3H), 1.64 (s, 3H), 1.36 (m, 2H), 1.25 (d, J = 6.3 Hz, 3H), 1.04 (d, /= 5.8 Hz,
3H), 1.02 (d, J=5.8Hz, 3H); LCMS (ES): caled for CyHgClLNyOy
[M+H]*: 1661.5, found 1661.5.

40ss: t; =77 min; 'H NMR (500 MHz, CD;0OD, 330 K): 6 =777 (s, 1 H),
775 (d,J =14.5 Hz, 2 H), 7.66 (d, J=9.6 Hz, 1H), 7.50-720 (m, 14H), 7.11
(s, 1H), 7.01-6.78 (m, 3H), 6.62 (s, 1 H), 6.49 (d, J=2.2 Hz, 1 H), 6.08 (brs,
2H), 5.65 (d,7=7.7 Hz, 1 H), 5.58 (d, J = 4.4 Hz, 1 H), 5.46 (d, J=14.0 Hz,
2H), 5.35-5.26 (m, 5H), 4.90 (q, /= 6.6 Hz, 1H), 4.69 (s, 1 H), 436 (d, J =
8.8 Hz, 1 H), 4.20 (s, 1 H), 4.04—-3.88 (m, 4H), 3.72 (d, J = 8.0 Hz, 2 H), 3.49
(m, 1H), 3.01 (d, J=14.6 Hz, 1 H), 2.15 (m, 2H), 2.01 (d, /= 13.5 Hz, 1 H),
1.80-1.74 (m, 3H), 1.36 (m, 2H), 1.25 (d, /=6.3 Hz, 3H), 1.04 (d, J=
5.8 Hz, 3H), 1.02 (d,/ = 5.8 Hz, 3H); LCMS (ES): caled for CyHy;Cl,NyO
[M+H]*: 1752.6, found 1752.6.

40tt: 1, =8.5 min; 'H NMR (500 MHz, CD;0D, 330 K): 6 =7.80 (s, 1H),
773 (d, J=14.9 Hz, 2H), 7.67 (d, J = 9.4 Hz, 1H), 7.50~7.32 (m, 5H), 7.23
(d, J=8.5Hz, 1H), 711 (s, 1H), 6.96-6.86 (m, 3H), 6.62 (s, 1 H), 6.49 (d,
J=22Hz, 1H), 6.08 (brs, 2H), 5.65 (d,/=7.7 Hz, 1H), 5.58 (d,/=4.4 Hz,
1H), 5.46 (d,J =14.0 Hz,2H), 5.35-5.32 (m, 3H), 4.90 (q,/ = 6.6 Hz, 1H),
4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d, J =8.8 Hz, 1 H), 4.20 (s, 1 H), 4.10-3.92
(m, 6H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1H), 3.01 (d, J=14.6 Hz, 1H),
2.15 (m, 2H), 2.01 (d, J=13.5 Hz, 1 H), 1.85-1.70 (m, 8H), 1.51 - 1.45 (m,
2H), 1.35-1.25 (m, 13H), 1.00-0.86 (m, 9H); LCMS (ES): calcd for
CagH03CLNGO, [M+H]*: 17747, found 1774.7,

40uu: t; = 9.4 min; 'H NMR (500 MHz, CD,0D, 330 K): 6 =7.82 (s, 1 H),
776 (d, J=15.0 Hz, 2H), 7.67 (d, J =9.7 Hz, 1 H), 749-730 (m, 8H), 7.23
(d,7=8.4Hz, 1 H), 7.05-7.00 (m, 2H), 6.80 (brs, 2H), 6.63 (s,  H), 6.49 (d,
J=22Hz, 1H), 601 (s, 2H), 5.65 (d, /=75 Hz, 1H), 5.59 (d, J=4.5 Hz,
1H), 5.46 (d, ] =14.0 Hz, 2H), 5.33-5.23 (m, 3H), 4.90 (q, / = 6.6 Hz, 1 H),
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4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d, J=8.8 Hz, 1H), 4.20 (s, 1 H), 4.07-3.81
(m, 6H), 3.72 (d, J = 8.0 Hz, 2H), 3.49 (m, 1H), 3.01 (d, J =14.6 Hz, 1 H),
2.15 (m, 2H), 2.01 (d, J=13.5 Hz, 1 H), 1.83—1.75 (m, 8H), 1.50-1.45 (m,
2H), 1.36-1.00 (m, 23 H); LCMS (ES): calcd for CogH,0;CLNgOys [M-+H]*:
1802.7, found 1802.7.

40vv: t =7.0 min; '"H NMR (500 MHz, CD;OD, 330 K): 6 =778 (s, 1 H),
776 (d, J =15.0 Hz, 2H), 7.66 (d, J = 9.5 Hz, 1 H), 745-7.20 (m, 8H), 708
700 (m, 2H), 6.78 (brs, 2H), 6.62 (s, 1 H), 6.49 (d, J = 2.2 Hz, 1 H), 6.08 (brs,
2H),5.89 (m, SH), 5.65 (d,J =8.0 Hz, 1 H), 5.58 (d,J = 4.4 Hz, 1H), 5.46 (d,
J=14.0 Hz, 2H), 5.35 (d, J=3.9 Hz, 1H), 5.16 (s, 2H), 4.90 (q, / = 6.6 Hz,
1H), 4.82 (s, 1H), 4.69 (s, 1 H), 4.36 (d, J = 8.8 Hz, 1 H), 4.20 (s, 1 H), 4.04 -
3.88 (m, 4H), 3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1H), 3.01 (d, J=14.6 Hz,
1H), 2.15 (m, 2H), 2.01 (d, J=13.5 Hz, 1H), 1.78—1.70 (m, 6H), 1.36 (m,
2H), 1.25 (d, J = 6.2 Hz, 3H), 1.04 (d, J=5.8 Hz, 3H), 1.02 (d, /= 5.8 Hz,
3H); LCMS (ES): calcd for CgHgCLsN,O,¢ [M+H]*: 1696.9, found 1696.8.
40 ww: 1, = 8.0 min; '"H NMR (500 MHz, CD;OD, 330K): 6 =777 (d, J=
14.7 Hz, 2H), 7.67 (d, J=9.5Hz, 1H), 7.51-726 (m, 12H), 7.11 (s, 1H),
700-6.9 (m, 3H), 6.62 (s, 1H), 6.51 (d, J=2.5 Hz, 1H), 6.10 (s, 1 H), 5.65
(d,J=7.7 Hz, 1H), 5.58 (d, J = 4.4 Hz, 1 H), 5.46 (d, J = 14.0 Hz, 2H), 5.35
(d, 7=3.9 Hz, 1H), 5.21-5.16 (m, 4H), 4.90 (q, J=6.6 Hz, 1H), 4.82 (s,
1H), 4.69 (s, 1H), 4.36 (d, ] =8.8 Hz, 1 H), 4.20 (s, 1 H), 4.04 - 3.88 (m, 4H),
3.72 (d, J=8.0 Hz, 2H), 3.49 (m, 1H), 3.01 (d, J=14.6 Hz, 1 H), 2.15 (m,
2H), 2.01 (d, J=13.5 Hz, 1H), 1.80-1.74 (m, 3H), 1.64 (s, 3H), 1.36 (m,
2H), 1.25(d,J=6.25Hz,3H), 1.04 (d, J =5.8 Hz, 3H), 1.02 (d, /= 5.85 Hz,
3H); LCMS (ES): calcd for Cg;Hy, CLLN,O,¢ [M+H]*: 1821.5, found 1822.0.
40xx: t; =9.2 min; '"H NMR (500 MHz, CD;0D, 330 K): 6 =7.78 -7.74 (m,
3H), 7.66 (d, J =9.5 Hz, 1H), 744—7.12 (m, 9H), 6.92—6.78 (m, 2H), 6.60
(s, 1H), 6.50 (d, J=2.0 Hz, 1 H), 6.05 (s, 2H), 5.65 (d, J=7.7 Hz, 1H), 5.58
(d, J=4.4Hz, 1H), 546 (d, J=14.0 Hz, 2H), 535 (d, J=3.9 Hz, 1H),
5.20-4.90 (m, 2H), 4.82 (s, 1 H), 4.69 (s, 1H), 4.36 (d, J = 8.8 Hz, 1 H), 4.20
(s, 1H), 4.08—3.89 (m, 6 H), 3.72 (d, J = 8.0 Hz, 2 H), 3.49 (m, 1H), 3.01 (d,
J=14.6 Hz, 1H), 2.15 (m, 2H), 1.96-1.70 (m, 9H), 1.50~1.39 (m, 4H),
134-120 (m, 10H), 1.05-0.90 (m, 9H); LCMS (ES): caled for
CagH,2CLNyO5 [M+H]*: 1809.1, found 1809.2.

40yy: t, =9.8 min; 'H NMR (500 MHz, CD,OD, 330 K): 6 =776 (d, J =
15.0 Hz, 2H), 765 (d, J=9.8 Hz, 1H), 742-7.22 (m, 8H), 702-6.82 (m,
4H), 6.60-6.50 (m, 3H), 6.14 (s, 2H), 5.65 (d, /=77 Hz, 1 H), 5.58 (d, / =
4.4 Hz, 1H),5.46 (d,J =14.0 Hz,2H), 5.35 (d,/ = 3.9 Hz, 1H), 5.22 (s, 2 H),
4.90 (q,J = 6.6 Hz, 1H), 4.82 (s, 1 H), 4.69 (s, 1 H), 4.36 (d, J = 8.8 Hz, 1 H),
420 (s, 1H), 4.08-3.88 (m, 6H), 3.72 (d, J = 8.0 Hz, 2 H), 3.49 (m, 1 H), 3.01
(d,J=14.6 Hz, 1H), 2.15 (m, 2H), 2.01 (d, J = 13.5 Hz, 1 H), 1.81-1.70 (m,
8H), 1.50-1.20 (m, 21H), 1.09-0.80 (m, 9H); LCMS (ES): caled for
CooH,06CLN,Oys [M+H]*: 18362, found 1835.9.

Preparation of Boc-protected 42a and 42b: NaHCO; (430.0 mg, 1.5 equiv,
5.3 mmol) and Boc,O (1.6 g, 2.2 equiv, 7.7 mmol) were was added at 0°C to
a solution of vancomycin (1, 5.0 g, 1.0 equiv, 3.5 mmol) in 1,4-dioxane/H,O
(1:1, 60.0 mL, 0.06 m). After stirring for 4 h at 0°C, acetone (500 mL) was
added to precipitate the desired product. After filtration, the residue was
dissolved in MeOH/DMF (1:1, 50 mL) and precipitated by the addition of
acetone (500 mL). A portion of the isolated precipitate (1.0 g, 1.0 equiv,
0.6 mmol) was dissolved in DMF/MeOH (4:1, 25 mL) and the appropriate
aldehyde (39e or 40 e) was added (=250 mg, 2.0 equiv, 1.2 mmol) followed
by iPr,NEt (460 uL, 4.0 equiv, 2.4 mmol) and NaCNBH; (160.0 mg,
4.0 equiv, 2.4 mmol). The mixture was warmed to 65°C and stirred for
20 h. After cooling of the reaction mixture, Et,0 (200 mL) was added to
precipitate the product (42a or 42b; HPLC data: LiChrospher C18,
6 mm x 250 mm, flow rate=1.0mLmin™!, 0 — 100% CH;CN (0.05%
TFA) in H,0O (0.05% TFA) over 10 min) which was then collected by
filtration and used without further purification.

42a: t; =8.5 min; LCMS (ES): caled for C,;Hg,CLN,O,s [M+H]*: 1610.5,
found 1610.5.

42b: t; =9.0 min; LCMS (ES): calcd for C,sHgyCLN¢O,S [M+H]™: 1672.6,
found 1672.6.

General procedure for the conversion of 42a and 42b to 40x and 44: TFA
(10 mL) was added dropwise at ambient temperature to a vigorously stirred
suspension of Boc-protected vancomycin derivative (42a or 42b, 2.0 g,
~1.1 mmol) in CH,Cl, (90 mL). After stirring for 1 h, the reaction mixture
was concentrated under reduced pressure and the residue was dissolved in
MeOH (40 mL). Et,0O (250 mL) was then added to precipitate the desired
product. A portion of this product (1.00 g, 1.0 equiv, ~0.68 mmol) was
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dissolved in pyridine/H,O (1:1, 22 mL, 0.03m) and phenylthioisocyanate
(82.5 pL, 1.5 equiv, 1.03 mmol) was added. After stirring for 4 h at ambient
temperature, Et,0 (250 mL) was added to precipitation the desired
thiourea which was isolated by filtration. To a suspension of the
intermediate thiourea in CH,Cl, (50 mL) was added of TFA (2.5mL)
dropwise. After 2h, MeOH (100 mL) was added and the solution was
carefully evaporated to dryness without heating. Dissolution of the residue
in MeOH (25mL) and precipitation with Et,0 (200 mL) followed by
filtration gave the pure hexapeptide. HPLC data: LiChrospher CI18,
6 mm x 250 mm, flow rate=1.0mLmin"!, 0 — 100% CH;CN (0.05%
TFA) in H,O (0.05% TFA) over 10 min.

40x: t; =6.9 min; LCMS (ES): caled for C,\H;,CLN;O,, [M+H]*: 1483.2,
found 1483.2.

44: t; = 6.8 min; LCMS (ES): calcd for C;H;4Cl,NzO,sS [M+H]*: 1545.3,
found 1545.3.

40y (Table 2, prepared in a similar manner as above): f =7.2 min; LCMS
(ES): caled for C;,H7CLLNgO,, [M+H]*: 1511.3, found 1511.4.

Preparation of compounds 40 q—w (Table 2) Acylation of the hexapeptide
(40x or 40y): iPr,NEt (7.0 uL, 3.0 equiv, 40.0 pmol) followed by HBTU
(7.7 mg, 1.5 equiv, 20.0 umol) were added room tempeature to a solution of
the hexapeptide 40x or 40y (20.0 mg, 1.0 equiv, ~13.3 umol) in DMF
(660 uL, 0.02m) and the appropriate Fmoc-protected amino acid
(Scheme 6, ~6.6 mg, 1.5 equiv, 20.0 umol). After stirring for 2 h, Et,O
(15 mL) was added to precipitate the product. After filtration, dissolution
of the residue in MeOH/DMF (1:1, 2.0 mL) followed by precipitation with
Et,0 (10 mL) gave the desired Fmoc-protected heptapeptide. Dissolution
of this compound in 5% piperidine in DMF (600 pL, 0.02m) gave, after
30 min, the desired heptapeptide 40q or 40y which was precipitated by
addition of Et,0 (10 mL) and purified by preparative HPLC (VYDAC
C18, 25 mm x 250 mm, flow rate 6.5 mLmin~!, 0 — 100% CH;CN (0.01 %
TFA) in H,O over 30 min). Analytical HPLC data given below for
LiChrospher C18, 6 mm x 250 mm, flow rate =1.0 mLmin~!, 0 — 100 %
CH;CN (0.05% TFA) in H,0 (0.05% TFA) over 8 min.

40q: t; = 6.6 min; LCMS (ES): calcd for C;,Hg CLLN (O, [M+H]*: 1597.3,
found 1597.4.

40r: t; =72 min; LCMS (ES): caled for C,sHgCLN,,O,s [M+H]*: 1625.4,
found 1625.6.

40s: tr =6.4 min; LCMS (ES): calcd for C;3H;0CLN,O,s [M+H]*: 1554.3,
found 1554.2.

40t: t; =7.0 min; LCMS (ES): calcd for C;sHg;CLNgO,5 [M+H]*: 1582.4,
found 1582.4.

40u: t; = 6.5 min; LCMS (ES): caled for C,;Hg CLN,O,s [M+H]*: 1568.3,
found 1568.3.

40v: 1t =6.8min; LCMS (ES): calcd for C;yHgCLN,O,s [M+H]*: 1630.4,
found 1630.4.

40 w: t; = 7.00 min; LCMS (ES): caled for Cg;HgyCLN 30,6 [M+H]*: 1766.6,
found 1766.5.

General procedure for the solid phase synthesis of analogues 48a—48 000
(Scheme 9): A solution of vancomycin-derived olefin 40x or thioacetate 44
(~260 mg, 2.0 equiv, 0.18 mmol) in DMF (10.0 mL) was added to a
suspension of the appropriate resin-bound amino acid (46, 250.0 mg)
followed by the addition of iPr,NEt (62.0 mL, 4.0 equiv, 0.35 mmol) and
HBTU (66.0 mg, 2.0 equiv, 0.18 mmol). The reaction mixture was shaken at
room temperature for 1 h, the resin was collected by filtration and washed,
sequentially, with DMF (10 mL), MeOH (10 mL) and CH,Cl, (10 mL). A
portion (25 mg) of the vancomycin-loaded resin thus obtained was mixed
with the appropriate Fmoc-protected amino acid 47, (Scheme 9, ~5 mg,
2.0 equiv, 14.0 umol) and suspended in DMF (1.0 mL). To this suspension
was added iPr,NEt (5.0 uL, 4.0 equiv, 28.0 umol) at ambient temperature,
followed by HBTU (5.3 mg, 2.0 equiv, 14.0 umol). The suspension was
shaken for 2 h before the resin was collected and washed as described
above. After re-suspension of the resin in 2% piperidine in DMF (1 mL)
and shaking for 1 h at room temperature to remove the Fmoc protecting
group, the resin was collected and washed as above. To cleave the
vancomycin derivative from the resin, a suspension of the resin in CH,Cl,
containing 2.5% TFA (1.5 mL) was stirred for 1.5 h at ambient temper-
ature. The resin was filtered, washed with MeOH (10 mL), and the
combined washings were concentrated to afford vancomycin analogue 48 in
essentially pure form. Analytical HPLC data given below for LiChrospher

Chem. Eur. J. 2001, 7, No. 17

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

C18, 6 mm x 250 mm, flow rate 1.0 mLmin~!, 0 — 100% CH;CN (0.05 %
TFA) in H,0 (0.05% TFA) over 10 min.

48a: tp =74 min; LCMS (ES): caled for C;3;H,9CLNO,S [M+H]*: 1601.4,
found 1600.9.

48b: ty =7.4 min; LCMS (ES): calcd for C;sHg,CL,N,,O,,S [M+H]": 1659.5,
found 1659.6.

48c: t; =72 min; LCMS (ES): caled for C;sHg,CLLN,O,,S [M+H]*: 1673.5,
found 1673.2.

48d: 1y =73 min; LCMS (ES): calcd for C,¢Hg,CLLN,0,,S [M+H]*: 1673.5,
found 1673.5.

48e: ty =7.3 min; LCMS (ES): calcd for C;sHgCL,N;0,,S [M+H]*: 1673.5,
found 1673.5.

48 f: 1, =72 min; LCMS (ES): calcd for C;;Hg,CL,N,,0,,S [M+H]*: 1687.5,
found 1687.5.

48g: ty =7.4min; LCMS (ES): calcd for C,0HgyCLLN;,O,,S [M+H]*: 1714.6,
found 1715.0.

48 h: 1tz =7.6 min; LCMS (ES): calcd for C;0HgyCL,N;(O,,S [M+H]*: 1715.5,
found 1715.6.

48i: 1 =73 min; LCMS (ES): calcd for C;sHgCLN,,0,,S [M+H]*: 1701.6,
found 1701.5.

48j: 1, =8.1 min; LCMS (ES): calcd for Cg,Ho,CLLN,,0,,S [M+H]*: 1755.7,
found 1755.6.

48k: 1z =74 min; LCMS (ES): calcd for C;0Hg CLN;,O,;S [M+H]*: 1715.5,
found 1715.5.

481: 1ty =73 min; LCMS (ES): calcd for C,sHgCLLN,,O,S [M+H]*: 1689.5,
found 1689.5.

48m: 1z =74 min; LCMS (ES): caled for C;;HgCLN(O5S [M+H]*:
1703.5, found 1703.6.

48n: 1tz =76 min; LCMS (ES): caled for C,HgCLN,,O,S, [M+H]":
1733.6, found 1733.6.

480: 1 =77 min; LCMS (ES): calcd for Cg,HgsCLN,O,;S [M+H]*: 1749.6,
found 1749.6.

48p: ty =7.5 min; LCMS (ES): calcd for Cg,Hg CL,N;(O,sS [M+H]": 1765.6,
found 1764.9.

48q: ty =7.6 min; LCMS (ES): calcd for CgHg;CL,N,,O,,S [M+H]": 1755.6,
found 1755.6.

48r: ty = 7.7 min; LCMS (ES): caled for C;sHgoCLN,,0,,S [M+H]*: 1715.5,
found 1715.5.

48s: 1 =73 min; LCMS (ES): calcd for C,0Hy,CLN;;0,,S [M+H]*: 1730.6,
found 1730.5.

48t: ty =72 min; LCMS (ES): caled for C,yHgyCLLN;,0,5 [M+H]*: 1759.6,
found 1759.6.

48u: 1 =7.5 min; LCMS (ES): calcd for Cg;Hy,CLLN;(O,0S [M+H]*: 1772.6,
found 1771.9.

48v: t =7.6 min; LCMS (ES): calcd for Cg,Ho,CLLN,,O5S [M+H]*: 1787.6,
found 1787.6.

48x: t; =7.3 min; LCMS (ES): caled for C;;HgCLN, (O, [M+H]": 1638.5,
found 1638.5.

48y: t; =7.6 min; LCMS (ES): caled for C;gHgCLN (O, [M+H]*: 1653.5,
found 1653.4.

48z: t; = 8.0 min; LCMS (ES): calcd for Cg;Hy,CI,N;(O,s [M+H]*: 1693.5,
found 1693.5.

48aa: rr=75min; LCMS (ES): caled for C,;HgCLN,(OxS [M+H]":
1671.5, found 1671.5.

48bb: t; = 7.2 min; LCMS (ES): calcd for C,sHg,CLN,,O,; [M+H]*: 16274,
found 1627.5.

48cc: tr=76 min; LCMS (ES): caled for C,HgCLN;,O5S [M+H]":
1693.5, found 1693.5.

48dd: t; = 7.7 min; LCMS (ES): caled for CgHgCLN,,O, [M+H]*: 1687.5,
found 1687.5.

48ee: t; = 7.3 min; LCMS (ES): calcd for C;gHgyCLN O, [M+H]*: 1668.5,
found 1668.5.

48 ff: t; = 7.5 min; LCMS (ES): calcd for C;sHg;CLNyO,s [M+H]*: 1582.4,
found 1582.4.
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48¢gg: 1, = 7.8 min; LCMS (ES): calcd for CgyHy,CLLN,(O, [M+H]*: 1681.5,
found 1681.5.

48 hh: t; =83 min; LCMS (ES): caled for CgHyCLNO, [M+H]*:
1694.6, found 1694.6.

48ii: 1 = 8.3 min; LCMS (ES): calcd for CgyHysCI,N;(O, [M+H]*: 1735.6,
found 1735.5.

48jj: tr =7.8 min; LCMS (ES): calcd for CgyHy,CLLN(O4S[M+H]*: 1713.6,
found 1716.6.

48Kk : 1, = 7.6 min; LCMS (ES): calcd for C,gHgCLN,(O,; [M+H]*: 1669.5,
found 1669.5.

4811: 1 = 8.0 min; LCMS (ES): calcd for Cg,HyCI,N;(O,s [M+H]*: 1735.6,
found 1735.6.

48mm: f;=8.1min; LCMS (EI):caled for CgHy,CLN,O, [M+H]*:
1729.5, found 1729.5.

48nn: tp = 7.7 min; LCMS (ES): calcd for Cg;HysCL,N ;0,5 [M+H]*: 1710.6,
found 1710.6.

4800: t; = 7.9 min; LCMS (ES): calcd for C,yHgCLN,O,s [M+H]*: 1630.4,
found 1630.6.

48 pp: 1 = 8.1 min; LCMS (ES): calcd for CgHo,CL,N,,O, [M+H]*: 1729.6,
found 1729.7.

48qq: ty = 8.0 min; LCMS (ES): calcd for CgsHo,CLLN,,O, [M+H]": 1742.6,
found 1742.6

481r: 1, =8.7 min; LCMS (ES): calcd for CggHgyCLN,,O5 [M+H]*: 1783.6,
found 1783.6.

48ss: tp = 8.3min; LCMS (ES): calcd for Cg,Hg,CL,N,,05S [M+H]*: 1761.6,
found 1761.6.

48tt: t; = 8.0 min; LCMS (ES): caled for C,sHgCLN,,O,y [M+H]*: 1699.4,
found 1699.5.

48uu: tz =83 min; LCMS (ES): caled for CgHgCLN;,O,S[M+H]*:
1783.7, found 1783.7.

48vv: 1ty =8.3 min; LCMS (ES): calcd for CgHo,CLN (O, [M+H]*: 1777.6,
found 1777.6.

48ww: t;=8.1 min; LCMS (ES): caled for CgHysCLN O, [M+H]:
1758.6, found 1758.6.

48xx: tg =7.0 min; LCMS (ES): calcd for C;sHg CLLN,O,, [M+H]*": 1612.4,
found 1612.3.

48yy: tr = 7.4 min; LCMS (ES): calcd for CgyHy CLLN,(O,5 [M+H]*: 1711.5,
found 1711.5.

487z t; = 7.6 min; LCMS (ES): calcd for CgHy,CLN,;,O4 [M+H]*: 1725.5,
found 1725.5.

48aaa: t; =8.0 min; LCMS (ES): caled for CgHyCLN(O,5 [M+H]*:
1765.6, found 1765.6.

48bbb: f; =7.6 min; LCMS (ES): caled for CgHyCLN(O%S [M+H]*:
1743.5, found 1743.5.

48 ccc: 1ty =73 min; LCMS (ES): caled for C,sHgsCLLN,O5 [M+H]": 1699.4,
found 1699.4.

48ddd: 1z =6.9 min; LCMS (ES): caled for CgpHgCLN,(Oy [M+H]™:
1765.5, foud 1765.5.

48eee: 1z =77 min; LCMS (ES): caled for CgHyCLN,O, [M+H]*:
1758.5, found 1785.5.

48 fff: 1t =7.3 min; LCMS (ES): calcd for Cg;Hy;CL,N; O, [M+H]*: 1740.5,
found 1740.5.

48ggg: 1z =70min; LCMS (ES): caled for C,HgCLN,O,5 [M+H]":
1611.5, found 1611.6.

48 hhh: f; =73 min; LCMS (ES): caled for CgHosCLN, 0, [M+H]*:
1710.6, found 1710.6.

48iii: 1t = 7.6 min; LCMS (ES): calcd for Cg,Hy,CL,N,,0,s [M+H]*: 1723.6,
found 1723.6.

48jjj: tr=8.1min; LCMS (ES): caled for CgH,,CLN; O, [M+H]*:
1764.6, found 1764.5.

48KKkk: t; =7.6 min; LCMS (ES): calcd for CgHysCLN;O5S [M+H]*:
1742.6, found 1742.6.

4811l: 1 =72 min; LCMS (ES): calcd for C,iHy, CL,N,,0,; [M+H]*: 1698.5,
found 1698.5.
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48mmm: fz; =7.6 min; LCMS (ES): caled for Cg;HosCLN,,O5S [M+H]*:
1764.7, found 1764.7.
48nnn: t; =7.7 min; LCMS (ES): caled for CgsHgsCLN, Oy [M+H]*:
1758.6, found 1758.6.
48000: 1R =69 min; LCMS (ES): caled for CgHgCLN,,O, [M+H]™:
1739.6, found 1739.6.
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Abstract: Based on the notion that
dimerization and/or variation of amino
acid 1 of vancomycin could potentially
enhance biological activity, a series of

dimerizing vancomycin derivatives and
applications of target-accelerated com-
binatorial synthesis (e.g. combinatorial
synthesis in the presence of vancomy-

cin’s target Ac,-L-Lys-D-Ala-D-Ala) to
generate libraries of vancomycin dimers.
Screening of these compound libraries
led to the identification of a number of

synthetic and chemical biology studies
were undertaken in order to discover
potent antibacterial agents. Herein we
describe two ligation methods (disulfide
formation and olefin metathesis) for

evaluation -

Introduction

The emergence of microorganisms resistant to antibiotics
poses a serious threat to public health.! In particular, the rise
of bacterial resistance to vancomycin (1, Figure 1), the drug of
last resort for the treatment of many Gram-positive infections,
has spurred vigorous research activities into discovering new
classes of antibacterial agents, as well as toward modifying
existing types of antibiotics®”! in order to check the latest
bacterial moves. In the preceding paperl®! we described the
synthesis and biological evaluation of a series of monomeric
vancomycin derivatives, some of which exhibited good to
excellent activity against vancomycin-intermediate suscepti-
ble Staphylococcus aureus (VISA) and vancomycin-resistant
Enterococci (VRE). In this article we describe the synthesis
and biological evaluation of dimeric derivatives of vancomy-
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highly potent antibiotics effective
against vancomycin-suspectible, vanco-
mycin-intermediate resistant and, most
significantly, vancomycin-resistant bac-
teria.

biological

cin (1) by parallel and target-accelerated combinatorial
synthesis in a study that led to the identification of a number
of highly potent antibiotics effective against vancomycin-
resistant bacteria.

I=
\_O
{j?.d
Iz (o}
o
S
I

1: vancomycin

Figure 1. Chemical structure of vancomycin (1).

A number of glycopeptide antibiotics form non-covalent
dimers!* and the tendency of these compounds to dimerize
has been correlated with their ability to eradicate bacteria.!
The reasons for this phenomenon are manifold. First, there is
a benefit from the multivalency.l! Second, in the case of head-
to-tail, back-to-back dimer formation, the hydrogen bonds
that form the dimer interface are mediated by the same amide
units which are responsible for binding to the terminal p-Ala-

0947-6539/01/0717-3824 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 17
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D-Ala, vancomycin’s binding site, through a different network
of hydrogen bonds!” (see Figure 2). The net result of this
cooperative interaction is that the dimer has a higher affinity
for the p-Ala-p-Ala ligand than the monomer, and ligand-
bound monomer has a higher propensity to dimerize than the
free monomer. In the case of vancomycin, the dimerization
constant!® for free vancomycin (1) is about 700M~!, while the
dimerization constant for the vancomycin/ligand complex!” is
about 10*M~'. Given these considerations, we designed a
strategy for the generation and identification of highly potent
vancomycin dimers employing target-accelerated combinato-
rial synthesis (TACS). Similar dynamic combinatorial strat-
egies have been proposed and advanced in different contexts
by Lehn,! Sanders,'”) Benner,[''l and others.['”

Attempting to harness the benefits of multivalency and
cooperativity for the generation of potent vancomycin-
derived antibiotics with activity against vancomycin-resistant
strains, several groups have synthesized dimeric derivatives of
vancomycin. Griffin and co-workers!™¥ synthesized covalent
dimers linked through the C-terminus of vancomycin (Fig-
ure 3). Significantly, in this first example of covalent dimeri-
zation of this antibiotic, compounds were produced which
displayed respectable antibacterial activity against vancomy-
cin-resistant strains. Additionally, the Whitesides group con-
structed head-to-head dimers.'¥! Perhaps, however, of more
biological relevance are the head-to-tail dimers. Constructs of
this type were synthesized by the Williams group,™ linking
from the C-terminus to the N-terminus, and by groups at
Abbottll and Eli Lilly,'” both bridging their monomeric
units through the vancosamine nitrogen. Finally, a vancomy-
cin-derived trimer!"! has been reported as well as an
oligomeric system,!'"”) the latter exhibiting improved bacter-
iacidal activity against vancomycin-resistant strains.

Results and Discussion

Having decided to explore the compelling dimer approach to
improving vancomycin’s biological activity, we faced the
following issues: a)choice of the site of dimerization;
b) choice of the appropriate bridge to join the two monomeric

% L g |
hackbons=

units; and c) the type of reaction to be used for the ligation.
On the basis of the expected ligand binding enhancement, due
to cooperative effects of the head-to-tail, back-to-back dimer,
we reasoned that the saccharide domain, specifically the
vancosamine nitrogen, would be the most appropriate site at
which to construct the bridge between the two vancomycin
units. It should be noted that dimerization from the C-termi-
nus to the N-terminus, as has been accomplished by Wil-
liams,[! could also generate a back-to-back dimer capable of
similar cooperative effects. However, as we envisioned a one-
step dimerization process, this arrangement seemed overly
complicated. With the location of the tether decided upon, the
more challenging problem of selecting the tether itself that
would maximize the cooperative binding to the ligand needed
to be addressed. To this end, we envisioned a target-
accelerated combinatorial synthesis (TACS) strategy for the
construction of vancomycin dimers to simultaneously eval-
uate the effect of tether length and binding pocket modifica-
tions on the overall activity of vancomycin dimers (see
below). This approach required a ligation method that was
compatible with vancomycin’s polyfunctional structure, able
to operate at ambient temperature and in aqueous solution,
and reversible, at least as long as the TACS reaction was in
progress, so as to allow for dynamic equilibration toward the
thermodynamically most stable assemblies. It appeared that
both the classical formation of a disulfide bond and the more
contemporary olefin metathesis reaction could meet these
stringent requirements.

Disulfide dimers: During our initial investigation of the two
chosen dimerization processes (disulfide formation and olefin
metathesis) several dimeric compounds were synthesized and
biologically evaluated. As depicted in Scheme 1, saponifica-
tion of the vancomycin-derived thioacetates (2, prepared as
described in the preceding article)P! with NaOH (10.0 equiv)
in H,O at 23°C proceeded smoothly to give, after sponta-
neous aerial oxidation, disulfides 3. Special care was necessary
in this procedure in order to balance the increased rate of
reaction under basic conditions with the decomposition which
appeared to take place at high pH. The antibacterial activities
against a variety of vancomycin-susceptible, vancomycin-

Figure 2. Hydrogen-bond network of vancomycin head-to-tail, back-to-back dimer (left) and its wire frame representation (right, one vancomycin unit is

gray and the other is black).’]

Chem. Eur. J. 2001, 7, No. 17
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Figure 3. Types of previously synthesized vancomycin dimers: a) Griffin"¥ and Whitesides!'* (head-to-head); b) Williams!"¥ (head-to-tail), ¢) Abbott!'® and

Eli Lilly!"”! groups (back-to-back).

intermediate resistant, and vancomycin-resistant bacteria for
these disulfide dimers were determined and are presented in
Tables 1 and 2. For the non-substituted dimers 3a—d (Table 1)
and 3n-o (Table 2) the activity against vancomycin-resistant
strains is far superior to that exhibited by vancomycin. Indeed,
compounds 3a and 3b (Table 1) showed MIC values against
VRE strain L4001 of 1 pgmL~! and 2 pgmL-!, respectively.
Also, apparent from these data is a dependence on tether
length of antibacterial activity. This trend is summarized in
Figure 4 and reflects a requirement of a fifteen to twenty atom
bridge between the vancosamine nitrogens of the two joined

3826 ——
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vancomycin units for optimal activity. Efforts to further
enhance the activity of such vancomycin dimers through
introduction of certain lipophilic groups as membrane
anchoring devices, as in compounds 3 f—m (Table 1), failed
to produce the desired higher potency. Not only did such
groups fail to endow the dimers with enhanced biological
activity, but in fact, as the lipophilicity of the side chain
increased the activity of the compounds decreased. For
instance, 3 h and 3i were found to be less active than 3 f and
3g; and 31 and 3m exhibited decreased activity as compared
to 3j and 3k. In further studies, some of the most active
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” W;X

NH;

Ligation via disulfide formation

\Q';\( NaOH, air (O,), H,O
j )l\k( (50 - 90 %)

Scheme 1. Dimerization of vancomycin analogues 2 to vancomycin dimers 3 through disulfide bond formation. NaOH (10.0 equiv), H,O, 23°C, 48 h, 50—

90%. See Tables 1 and 2 for definitions of R and n. Ac = acetate.

compounds were screened against additional strains of
vancomycin-resistant organisms (Table 3). We were pleased
to find that some of these compounds (3b-d, m, o, q)
exhibited uniformly excellent activity against this broader
range of resistant bacterial strains.

The ease by which disulfide dimers could be formed
encouraged us to further consider such constructs. A hetero-
dimer with one vancomycin unit capable of binding the
natural D-Ala-D-Ala segment of the cell-wall and the other
vancomycin moiety poised to bind its mutant counterpart (p-
Ala-p-Lac) was contemplated as an attractive proposition for
the development of uniquely active and broad spectrum
agents effective against drug-resistant pathogens. In order to
explore this possibility, a number of heterodimers with the
optimum tether length was designed and targeted for syn-
thesis. Thus, as shown in Scheme 2, vancomycin-derived
thioacetate 2a was converted, in 80% yield, to the mixed
disulfide 4 by the action of NaOMe and pyS-Spy in MeOH.
Treatment of a 1:1 mixture of this mixed disulfide 4 and a
binding pocket modified thioacetate (5, R =various amino
acid residues, see Table 4) synthesized as previously de-
scribedP! with NaOMe in MeOH gave smoothly, and in 65—
90 % vyield, the desired heterodimers 6. The latter compounds
6 were screened against a panel of vancomycin-resistant
bacteria revealing a number of interesting data (Table 4).
Thus, several of the compounds synthesized rival the “natu-
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ral” homodimer (entry3b, 3¢, 3m; Table 3) in activity.
However, it appears that the D configuration of amino acid
1 endows the dimer with higher biological activity than the
corresponding L-amino acid does. For example, compound 6-
(D-Ala) exhibited excellent antibacterial activity while 6-
(@L-Tle) and 6-(L-Val) showed less antibiotic activity.?’l Inter-
estingly, compound 6-(H) (lacking an amino acid) proved to
be still reasonably active. Additionally, amino acid substitu-
tions bearing a heteroatom such as in 6-Ser and 6-Thr resulted
in improved activity.

Olefinic dimers: Encouraged by the success of the disulfide
dimers we sought to develop the second ligation method that
was based on the olefin metathesis?! and by which olefinic
(mixture of cis and trans) dimers were expected to be formed.
As this work was in progress Arimoto and co-workers['®l
reported the application of the ring opening metathesis
polymerization (ROMP) reaction in methanolic solution to
the construction of vancomycin-based oligomers. However,
our circumstances dictated the requirement of conducting the
dimerization in aqueous media. Initial experiments using the
emulsion (H,O/CH,Cl,) conditions reported by Grubbs*
were encouraging as we were able to obtain dimeric
compounds. As applied to the formation of vancomycin
dimers, however, this protocol required heating to 50°C and
the amount of CH,Cl, was too high for our purposes. After
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Table 1. Antibacterial activity (MIC: pygmL~") of vancomycin-derived disulfide dimers (3a—m) against vancomycin-susceptible, vancomycin-intermediate

resistant and vancomycin-resistant bacteria.

Compound ~ R! R Sa82501  Sp670ls 2726611 400201 2726101 48NICT 2570119 LO3IC 13319 MUS0M4 4001k
1 vancomycin 0.5 0.25 2 0.5 2 1 1 0.5 0.25 4 >16
. H <0.03 <0.03 1 1 1 8 8 8 1 8 1

e Y
3 5 YS s H <0.03 <0.03 2 1 1 4 8 8 1 8 2
e H 0.125  0.06 4 2 2 8 8 16 2 8 2
3d o S0 H 05 1 8 8 8 16 16 16 8 16 8
3e o/\é)/gs‘s/\ﬁ/)g H >16 >16 >16 >16 >16 >16 >16 >16  >16 >16 >16
3 oS s 9 O~ 2 2 4 4 8 8 8 4 8 8 4
39 oS P O 2 4 8 4 8 8 8 8 8 8 4
. (0]
3 o USsHe Ot 16 8 16 16 16 >16 >16 16 16 >16 >16
R e U Oy~ >16 >16 >16 >16 >16 >16 >16 >16 >16  >16 >16
3 o™ s o Ph 4 2 8 4 8 8 8 8 8 16 4
3k o UP s o”"Ph 4 4 8 4 8 16 >16 >16 16  >16 4
3l . " PhpCl >16 >16 >16 >16 >16 >16 >16 >16  >16  >16 >16
O/\st s/\é/)f o pC

o”"Phpci >16 16 >16 >16 >16 >16 >16 >16  >16 >16 >16

Mmoo s R

[a] Vancomycin-susceptible strains of Streptococcus pneumoniae. [b] Vancomycin-susceptible strains of Enterococcus faecalis. [c] Vancomycin-susceptible
strains of Staphylococcus aureus. [d] Vancomycin-intermediate resistant Staphylococcus aureus. [e] Vancomycin-resistant (van A) Enterococcus faecium.

considerable experimentation, we found that by employing
thoroughly degassed H,O and a phase transfer catalyst
(C;,H,sNMe;Br) and a trace of CH,Cl, (<5 %), the reaction
proceeded smoothly at 23°C. Furthermore, dimeric vanco-
mycin derivatives were cleanly obtained as the only product
under these new conditions. Indeed, the fact that this reaction
proceeds so well in H,O with such polyfunctional substrates as
vancomycin derivatives is a testament to the robust nature of
the Grubb’s catalyst [(PCy;),Ru(CHPh)CL,] system. Inciden-
tally, the recently reported water soluble ruthenium-based
catalyst®! was also assayed but failed to yield significant
amounts of product. The successful olefin metathesis based
ligation reaction is summarized in Scheme 3. Thus, mono-
meric olefins 7 were subjected to the olefin metathesis
conditions {[(PCy;),Ru(CHPh)Cl,] (0.2 equiv), C;,H,sNMe;Br
(2.2 equiv), H,O/CH,Cl, (>95:5), 23°C] to give dimers 8
in good yields. The dimers shown in Table 5 and Table 6
were synthesized by this method and tested for antibac-
terial activity against a variety of bacterial strains. As with the

3828
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disulfides, a strong relationship between the length of the
tether and the antibacterial action was noted (Figure 4).
The dependence of activity on tether length is more pro-
nounced for the olefins than for the disulfides, with the
optimal length of sixteen atoms between the nitrogens of
the vancosamine moieties. Furthermore, activity decreased
when additional lipophilic branching was introduced to the
dimers (compounds 8¢g and 8 h, as compared to 8¢ and 8d,
respectively, Table 5). However, this effect is less dramatic
than in the case of the disulfides. In addition, we have
synthesized eleven dimeric olefins with modified binding
pockets (amino acid 1 variations, see Scheme 4). The anti-
bacterial activity of these compounds against a range
of bacterial strains is summarized in Table 7. Several of
these compounds (the most potent being 10¢, 10e, 10 h)
rival the activity of natural vancomycin-derived homodimers
(see Table 5 and Table 6). Interestingly, the inclusion of a
C-terminal valine (compound 10k, Table 7) reduced the
activity of the dimers by some two to four-fold over the
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Table 2. Antibacterial activity (MIC: pgmL~") of vancomycin-derived disulfide dimers (3n-s) against vancomycin-susceptible, vancomycin-intermediate
resistant and vancomycin-resistant bacteria.

WNH
OH

Compound R Sa8250  Sp670l 2726611 400200 27261F  48NICT 257011 LO3C 133 MUS0M 40011
1 vancomycin 0.5 0.25 2 0.5 2 1 1 0.5 0.25 4 >16
3 o YSe 2 <0.03  <0.03 2 1 1 4 8 16 1 8 2
30 oS 0.5 0.25 8 4 4 8 8 >16 4 8 4
3q 0 ISP 8 4 16 16 16 >16 >16 >16 >16 >16  >16
ar o SR 8 4 16 16 16 >16 >16 >16 16 >16  >16
3s oUSLe >16 >16 >16 >16 >16 >16 >16 >16 >16 >16  >16

[a] Vancomycin-susceptible strains of Streptococcus pneumoniae. [b] Vancomycin-susceptible strains of Enterococcus faecalis. [c] Vancomycin-susceptible
strains of Staphylococcus aureus. [d] Vancomycin-intermediate resistant Staphylococcus aureus. [e] Vancomycin-resistant (van A) Enterococcus faecium.

. - unsubstituted variety (compound 8¢, Table 5). In reflecting on
the above findings and considering the potential metabolic
instability of the disulfides, we opted to further pursue only

) the olefinic dimers.
MIC

uganrL
Target-accelerated combinatorial synthesis of vancomycin

15 dimers: In order to more rapidly access potent vancomycin
dimers than possible by the parallel synthesis described above
: 3 we contemplated a combinatorial approach to such systems.
5 \* ‘_’_,_,;'74 At the onset of our studies we were aware of the work of Lehn
. and colleagues® who have advanced the concepts of dynamic

- iF 98 AR BO . PB. B4 combinatorial libraries. Similar concepts have also been
tathar langth (A atoms reported by Sanders,'”! Benner,'!! and others.'>? This

strategy, whereby the building blocks of a potential combina-
torial library are allowed to pre-organize and react in the
presence of a target (or a host) (see Figure5), should
generate, preferentially, products with the highest affinity
for the target out of all “virtually” possible library members.
The vancomycin D-Ala-D-Ala system appeared to us an ideal

WIC
ngiml
Figure 4. Correlation of tether length and antibacterial activity against
vancomycin-susceptible and vancomycin-resistant strains of disulfide
1 dimers (a) and vancomycin olefin dimers (b). Tether length is the number
of atoms between neighboring vancosamine nitrogens. The vancomycin-
susceptible data is an average of nine strains [Streptococcus pneumoniea
: - ] = - (Sa8250 and Sp670), Enterococcus faecalis (27266, 4002, 27261), Staph-
4 5 = T =x ylococcus aureus (48N, 25701, LO3, 133)]. See Table 2 and Scheme 1 for
Leahner lange LT alome structures. The disulfide dimers with tether lengths of 12 and 16 atoms were
CanSomyCin-sussRphbin —¢ — prepared from thioacetates bearing a 2-(CH,CH,SAc) or a
SANComyCIn- res st -} 4-(CH2CH2$AC) substituted benzyl appendage to the vancosamine nitro-

gen, respectively.
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a. NaOMe, MeOH

B ———— .

Q S N, o H oy o |
AN N s—s7 N P N N N N oNH
H (80 %) H H

o) o)

OH
HO HO
HN , o
G (0]
N7 Ss—s'/3
(@]
O O

H
cl,

(0]
(0]

HO

b. NaOMe, MeOH
(55 - 90 %)

|
NH

Scheme 2. Formation of the vancomycin-derived heterodimers 6. a) NaOMe (10.0 equiv), pyS-Spy (5.0 equiv), MeOH, 23 °C, 30 min, 80 %; b) 4 (1.0 equiv),
5 (1.1 equiv), NaOMe (10.0 equiv), MeOH, 23°C, 45 min, 55-90%. See Table 4 for definitions of R. Compounds are designated and referred to as 6-(xxx)
where xxx is the three letter code for the amino acid represented by R. py = pyridine.

L%
et l o l’

Figure 5. Schematic representation of target-accelerated combinatorial
synthesis. A target (red) is incubated with a library of building blocks
(blue). The assembly with the highest affinity to the target should be
formed preferentially upon ligation under dynamic conditions.

case to apply such a strategy. Specifically, we hypothesized
that a target (D-Ala-D-Ala)-accelerated combinatorial syn-

3830
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thesis (TACS) would facilitate the generation of dimeric
vancomycin derivatives with optimized biological properties,
since both binding to p-Ala-pD-Ala and the non-covalent
dimerization were implicated in the mechanism of action of
this antibiotic. According to this plan, a library of vancomycin
monomers bearing appropriately reactive functionality would
be allowed to pre-organize themselves onto D-Ala-D-Ala.
Supramolecular complexes that adopt the most stable bond-
ing arrangement should be selectively ligated to form covalent
dimers. As mentioned, vancomycin has a higher dimerization
constant in the presence of its target and, as such, we reasoned
that TACS would be able to select for both the proper tether
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Table 3. Antibacterial activity (MIC: pgmL~") of selected vancomycin-derived disulfide dimers (3b-d, mn, o, and q) against vancomycin-susceptible,
vancomycin-intermediate resistant, and vancomycin-resistant bacteria. See Tables 1 and 2 for structures.

Compound MU50lH 13311 400201 152801 2689l 27410 278111 2805¢1 40014 1669 2671kl 2823[ 180311 1924[1 19441
1 vancomycin 3.13 0.39 0.39 >100 50 >100 100 25 >100 100 50 100 50 25 50
3b 8 1 1 1 1 1 2 0.25 2 0.5 0.5 1 0.5 0.25 0.5
3c 8 2 2 1 1 2 2 2 2 0.5 1 1 1 0125 1
3d 16 8 4 8 8 8 8 4 8 8 4 4 4 1 4
3n 16 2 1 1 1 1 1 0.5 2 0.125 025 05 0.13 0.06 0.25
30 8 4 2 2 2 4 2 >16 2 1 2 1 2 0.5 1
3q 16 8 8 4 8 8 8 8 8 2 2 4 4 2 4

[a] Vancomycin-intermediate resistant Staphylococcus aureus. [b] Vancomycin-susceptible Enterococcus faecalis. [c] Vancomycin-resistant Enterococcus
faecalis. [d] Vancomycin-resistant Enterococcus faecium. [e] Vancomycin-resistant (van A) and Synercid-resistant (sat G) Enterococcus faecium.
[f] Vancomycin-resistant (van A) and Synercid-resistant (sat A) Enterococcus faecium.

length and for optimum amino acid 1 substitution which is
postulated to perturb vancomycin’s binding pocket (Figure 6).

In order to determine whether or not the dimerization of
vancomycin monomers would be effected with accelerated
rates in the presence of vancomycin’s target (Ac-D-Ala-D-Ala
or Ac,L-Lys-D-Ala-D-Ala), we subjected olefinic monomers
7-(LeuNMe)C, and 7-(LeuNMe)C, separately to the olefin
metathesis conditions {olefin (550um), C;,H,sNMe;Br
(2.75mMm), [(PCy;),Ru(CHPh)CL] (110um), H,0O/CH,Cl,
(>95:5), 23°C} in the presence of 110 um Ac-p-Ala-D-Ala or
Ac,-L-Lys-D-Ala-D-Ala. The reaction progress was monitored

by HPLC analysis of aliquots taken at regular time intervals.
As shown in Figure 7, a pronounced rate enhancement for
dimerization was observed, particularly in the case of Ac,-L-
Lys-pD-Ala-p-Ala as expected since this peptide binds to
vancomycin more tightly®! and induces its dimerization to a
greater extent”) than Ac-p-Ala-pD-Ala.

Having demonstrated the validity of the target-accelerated
synthesis of vancomycin dimers from individual monomers,
we then proceeded to investigate a combinatorial version of
the dimerization process. To this end, three vancomycin
analogues 7-(LeuNMe)C,, 7-(LeuNMe)C;, and 7-(LeuN-

Ligation via olefin metathesis

[(PCy3)2RU(CHPh)CIy], C1,HosNMegBr
H,0I/CH,Cl, (>95:5)
(30 - 80 %)

) OH
T HOp, HO
20 W & °
DTN
o) o7 o
o)
o o

H
al,

8 HO

Scheme 3. Dimerization of vancomycin analogues 7 to vancomycin dimers 8 through olefin metathesis. [(PCy;),Ru(CHPh)Cl,] (0.2 equiv), C;,H,sNMe;Br
(2.2 equiv), H,O/CH,CI, (>95:5), 23°C, 30-80%. See Tables 5 and 6 for definitions of R!, R? and n. Cy = cyclohexyl.
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Table 4. Antibacterial activity (MIC: uygmL~") of vancomycin-derived disulfide heterodimers (6) against vancomycin-susceptible, vancomycin-intermediate

resistant, and vancomycin-resistant bacteria.

OH
OH OH
o wh ~
O
O [e] OM
o cl,
o (0] =

OH HO,, O%OHO I
NHR N N NH
o j o H
o) o
6 ©S Lon e
HO

Compound R MUS0R 1330 400200 152811 2689l 27411l 2781191 28051°1 400114 1669c] 2671l 28231 18031 19241 194411
1 vancomycin 3.13 0.39 0.39 >100 50 >100 100 25 >100 100 50 100 50 25 50
6-(H) H >16 4 2 4 8 2 16 8 16 8 4 4 2 1 4
6-(Gly) Gly >16 4 1 4 8 1 8 8 16 4 2 4 05 1 2
6-(D-Ala) L-Ala >16 4 2 2 8 2 8 4 8 8 4 2 1 1 1
6-(B-Ala) B-Ala >16 4 2 4 8 2 16 8 16 8 8 4 1 2 4
6-(Sar)ld! Sar 16 2 1 2 4 1 4 2 8 4 2 2 0.5 1 1
6-(y-Abu) y-Abu  >16 8 2 4  >16 1 >16 8 >16 8 4 4 1 0.5 4
6-(e-Ahx)l9]  e-Ahx >16 4 2 4 8 2 8 2 16 4 2 2 0.5 1 2
6-(lle) L-lle >16 16 8 8 16 8 16 16 16 16 8 8 4 4 4
6-(val) L-Val >16 >16  >16 >16  >16 >16 >16  >16 >16 >16  >16 >16  >16 >16 >16
6-(Cha)ld! L-Cha  >16 8 4 4 4 2 8 8 8 4 4 2 2 1 2
6-(Leu) L-Leu >16 >16 >16 >16 >16 >16 >16 >16 >16 >16  >16 >16 >16 >16 >16
6-(Ser) L-Ser 16 2 1 2 4 2 8 2 8 4 2 2 05 0.25 2
6-(Thr) L-Thr >16 8 2 4 8 1 8 4 16 8 4 2 1 0.5 2
6-(Met) L-Met >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16
6-(Phe) L-Phe >16 >16 >16 >16 >16 >16 >16 >16 >16 >16  >16 >16 >16 >16 >16
6-(Tyr) L-Tyr >16 8 4 4 4 2 8 4 8 4 1 2 1 1 1
6-(Thi) L-Thi >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16
6-(Orn)ldl L-Orn 16 8 4 8 16 2 16 8 16 8 8 4 2 2 4
6-(Lys) L-Lys >16 >16 >16 >16 >16 >16 >16 >16 >16 >16  >16 >16 >16 >16 >16
6-(Cit)!9! L-Cit >16 8 2 4 16 1 16 16 16 8 4 8 2 1 4
6-(Asp(OtBu)) R[N >16 16 16 8 8 4 16 8 >16 8 4 4 4 1 4
6-(Glu-(OtBu)) R >16 16 16 8 8 4 16 16 16 8 4 4 4 2 4

[a] Vancomycin-intermediate resistant Staphylococcus aureus. [b] Vancomycin-susceptible Enterococcus faecalis. [c] Vancomycin-resistant (van A) Enter-
ococcus faecalis. [d] Vancomycin-resistant (van A) Enterococcus faecium. [e] Vancomycin-resistant (van A) and Synercid-resistant (sat G) Enterococcus
faecium. [f] Vancomycin-resistant (van A) and Synercid-resistant (sat A) Enterococcus faecium. [g] Sar is sarcosine; e-Ahx is 6-aminocaproic acid; Cha is 8-
cyclohexylalanine; Orn is ornithine; Cit is citrulline. [h] R = Asp(OrBu). [i] R = Glu(OtBu).

Me)C, bearing tethers of differing length were mixed and
subjected to target-accelerated covalent dimerization by
olefin metathesis (Scheme 5). The experiment was monitored
by mass spectrometric analysis performed, periodically,
directly on the reaction mixture. In the absence of the target
(Figure 8),2% the expected statistical mixture (1:2:3:2:1; two
permutations are degenerate) of the six possible dimers [8-
(LeuNMe)C,-(LeuNMe)C,, 8-(LeuNMe)C,-(LeuNMe)C;, 8-

3832 —
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(LeuNMe)C,-(LeuNMe)C,, 8-(LeuNMe)C;-(LeuNMe)C;, 8-
(LeuNMe)C;-(LeuNMe)C,, 8-(LeuNMe)C,-(LeuNMe)C,]
was observed, whereas in the presence of the target (Ac,-L-
Lys-p-Ala-D-Ala) a clear preference for the dimers with
shorter tethers [8-(LeuNMe)C,-(LeuNMe)C,, 8-(LeuN-
Me)C,-(LeuNMe)C;] was evident (Figure 8). From evaluating
the biological activity of the pure dimers (Table 5), it was
apparent that a strong correlation between target-induced
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Table 5. Antibacterial activity (MIC: pgmL~") of vancomycin-derived olefinic dimers (8a—w) against vancomycin-susceptible, vancomycin-intermediate
resistant and vancomycin-resistant bacteria. Unbranched compounds (8a—f and 8 0 —w) are referred to in a short-hand to convey tether length and position
one amino acid substitution. Thus, compound 8w is designated as 8-(H)C,-(H)C,. This designation implies that 8-(H)C,-(H)C, was formed by joining two 7-
(H)C, molecules (see Scheme 3). The olefin bridge is ~1:1 mixture of cis:trans isomers.

OH

OH HO
HO OH
o (@)
o .o, -
o 1 N\ ,OH o OH
j“ LS jN\ H,R3
o H 0
o (@]
NH, NH,
8 Ho OH

Compound R! R? R3 Sa8250  Sp670ll 272661 400201 272611 48NICT 25701kl LO3k 13361 MUS0M 40016
1 vancomycin 0.5 0.25 2 0.5 2 1 1 05 025 4 >16
8a o0~F O H D-NMeLeu 1 1 16 >16 >16 >16 >16 >16  >16 >16 >16
8b 0" H p-NMeLeu 0.06 <0.03 2 2 2 4 4 4 2 8 8
8C oSO H D-NMeLeu <0.03  <0.03 0125  0.25 025 025 025 025 025 1 2
8 oty H D-NMeleu  <0.03  <0.03 1 1 1 4 4 2 1 8 4
ge o Y H D-NMeLeu 4 8 >16 16 16 16 >16 16 16 >16 >16
8f oS0 H D-NMeLeu  >16 >16 >16 >16 >16 >16 >16 >16  >16 >16 >16
89 07 SO O._~._~ D-NMelLeu 1 0.5 8 4 8 8 8 8 8 16 8
8h o (™ O~ D-NMeleu 4 2 16 8 16 16 16 16 16 16 16
8l g O D-NMeleu 4 4 8 8 16 16 16 8 8 16 8
8] OWZO 0\9;\/\ D-NMeLeu >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16
8k oSO o ph D-NMeLeu 2 0.5 4 2 4 4 4 4 16 8 4
8l o NyP oTen D-NMeleu 4 2 8 8 16 8 8 8 8 16 8
BM A~ O0 o Phoc D-NMelLeu 4 4 8 8 16 >16 >16 >16 16 >16 16
81 o2 o Pwer D-NMeleu 4 8 8 8 >16 >16 >16 >16  >16 >16 >16
80 SO H L-Asn 4 16 16 16 >16 16 16 8 >16 >16
8p o P H L-Asn 4 16 8 16 16 >16 16 16 >16 >16
80 eSO H B-Ala 0.25 0.25 1 0.25 1 2 16 8 >16 4 >16
oy H B-Ala 1 0.5 4 2 4 2 >16 16 2 4 8
8 oo H y-Abu 0125 025 1 05 8 8 8 05 1 8 >16
Bt SNLO H L-Phe 0.5 1 4 1 2 16 4 1 2 16 >16
8U SO H L-Arg 05 1 1 0.5 1 16 2 2 1 16 >16
8V SO H H 8 >16 >16 >16 >16 >16 >16 >16  >16 >16 >16
8w o NP H H 8 4 16 8 16 16 16 16 8 >16 >16

[a] Vancomycin-susceptible strains of Streptococcus pneumoniae. [b] Vancomycin-susceptible strains of Enterococcus faecalis. [c] Vancomycin-

susceptible strains of Staphylococcus aureus. [e] Vancomycin-resistant (van A)

Enterococcus faecium.

[d] Vancomycin-intermediate resistant Staphylococcus aureus.
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Table 6. Antibacterial activity (MIC: pgmL~") of vancomycin-derived olefinic dimers (8x—z) against vancomycin-susceptible, vancomycin-intermediate
resistant and vancomycin-resistant bacteria. The olefin bridge is ~1:1 mixture of cis:trans isomers.

ooty
?ﬁc

HO
" o OH 8
Compound R Sa8250/ Sp670 27266/ 40020 272610 48Nl 257011 LO3l 133l MU50¢ 40010
1 vancomycin 0.5 0.25 2 0.5 2 1 1 0.5 0.25 4 >16
8x szo 0.125 0.125 2 1 2 2 2 2 1 8 4
N 0
8y 0W3 0.125 0.125 1 0.5 1 2 2 1 0.5 4 2
8z x o >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16
oy,

[a] Vancomycin-susceptible strains of Streptococcus pneumoniae. [b] Vancomycin-susceptible strains of Enterococcus faecalis. [c] Vancomycin-susceptible
strains of Staphylococcus aureus. [d] Vancomycin-intermediate resistant Staphylococcus aureus. [e] Vancomycin-resistant (van A) Enterococcus faecium.

Table 7. Antibacterial activity (MIC: pgmL~") of vancomycin derived olefinic dimers (10a—k) against vancomycin-susceptible, vancomycin-intermediate
resistant and vancomycin-resistant bacteria. The olefin bridge is ca. 1:1 mixture of cis:trans isomers.

OH OH
oy o 4
N _R? R?
! T
(o] (o]

NH, Rt NH,
1o

10 HO OH

Compound R! R? MUS0@ 13301 400201 1528l 26890 2741(1 2781(1 28051 40011 166911 2671l 2823[ 18031 192411 19441

1 vancomycin 313 039 039 >100 50 >100 100 25  >100 100 50 100 50 25 50
10a Gly H >16 >16 >16 >16  >16  >16 >16 >16  >16 >16 >16  >16 >16 >16  >16
10b Gly L-Met >16 >16 >16 >16  >16  >16 >16 >16  >16 >16 >16  >16 >16 >16  >16
10c  Gly L-Ser 2 0125 1 1 2 >16 4 1 0.25 4 >16 05 >16 0.5 0.25
10d Gly Lcha¥l >16 >16 >16 >16 >16 1 >16 >16 >16 >16 05 >16 1 >16 >16
10e Gly Llys 2 0.25 1 2 4 1 4 1 0.25 8 05 0.5 2 0.5 0.25
10f Gly L-Phe >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16 >16
10g Gly L-Val >16 8 4 4  >16 2 >16 16  >16 >16 >16  >16 >16 >16  >16
10h  Gly  L-Thild 2 0.25 1 2 2 1 4 2 0.5 8 05 2 2 1 0.25
100 Gly Lle >16 8 >16 >16 >16  >16 >16 >16 >16 >16 >16  >16 >16 >16  >16
10j Lval LChaldl >16 >16 16 >16 >16  >16 >16 >16  >16 >16 >16  >16 >16 >16  >16
10k  L-Val D-NMelLeu 16 2 2 2 16 2 8 4 8 8 4 4 >16 1 4

[a] Vancomycin-intermediate resistant Staphylococcus aureus. [b] Vancomycin-susceptible Enterococcus faecalis. [c] Vancomycin-resistant (van A) Enter-
ococcus faecalis. [d] Vancomycin-resistant (van A) Enterococcus faecium. [e] Vancomycin-resistant (van A) and Synercid-resistant (sat G) Enterococcus
faecium. [f] Vancomycin-resistant (van A) and Synercid-resistant (sat A) Enterococcus faecium. [g] Cha is -cyclohexylalanine; Thi is 5-(2-thienyl)alanine.
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Figure 6. Schematic representation of dynamic target-accelerated syn-
thesis of vancomycin dimers. A library of vancomycin analogues (V, blue)
are incubated with their target, Ac,-L-Lys-D-Ala-D-Ala (T, red). Since the
dimerization constant of vancomycin (Ky ~7 x 10°M7!) is greater in the
presence of its target (K ~10*M™'), it is expected that the target-bound
dimeric assemblies (III) should ligate preferentially over their non target-
bound counterparts.

[k

rate acceleration and biological potency (Figure 4) does exist.
Most significantly, dimers from both the olefinic and disulfide
classes with optimal tether length (1618 atoms between the
two nitrogens), predicted by the TACS experiment described
above, exhibited potent antibacterial activities, particularly
against VRE.

With the optimum length of the tethering bridge deter-
mined, we then turned our attention to the influence of the
binding affinity of the target (Ac,-L-Lys-D-Ala-D-Ala) to the
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Figure 7. Proof of principle of target-accelerated combinatorial synthesis
of covalently linked vancomycin dimers through the olefin metathesis
reaction in the absence and presence of the target. a) 7-(LeuNMe)C, — 8-
(LeuNMe)C,-(LeuNMe)C,; b) 7-(LeuNMe)C, — 8-(LeuNMe)C,-(LeuN-
Me)C,. Vancomycin analogue (550 mm), C;,H,sNMe;Br (2.75mm), target
(110 mm), [(PCy;),Ru(CHPh)Cl,] (110 mm), H,O/CH,CI, (>95:5), 23°C
(see Table 5 for structures of compounds).

ligand (vancomycin scaffold) on the rate of dimerization. A
most direct and potentially more productive way of modulat-
ing this affinity is to vary the first amino acid residue of
vancomycin. Thus, a mixture of two vancomycin analogues [7-
(LeuNMe)C, and 7-(-Ala)C,] was treated under the olefin
metathesis conditions described above in the absence and
presence of the Ac,-L-Lys-D-Ala-pD-Ala (Scheme 6), and
product formation was again monitored by mass spectroscopy
(see Figrue 9).

It was interesting to note that, in the absence of the target,
the homodimer of the f-Ala-substituted vancomycin [8-(f-

Amino acid 1 modified
dimers

[(PCy3)2RU(CHPN)Cl5], C1oHp5NMesBr
H,0/CH,Cl, (>95:5)
(40 - 75 %)

H
cl,

10

Scheme 4. Dimerization of vancomycin-derived olefins 9, with modifications at the amino acid 1-position, to vancomycin dimers 10. [(PCy;),Ru(CHPh)Cl,]
(0.2 equiv), C;,H,sNMe;Br (2.2 equiv), H,O/CH,CL, (> 95:5), 23°C, 40—75%. See Table 7 for definitions of R' and R
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Olefin metathesis driven TACS

[(PCy3)2Ru(CHPh)CI], C12H25NMe3zBr
H,0/CH,Cl, (>95:5)

with and without
Acy-L-Lys-D-Ala-D-Ala

n=2,3,4

- [s5mn]

n=2:7-(LeuNMe)C,; n=3:7-(LeuNMe)C3; n=4:7-(LeuNMe)C4

Scheme 5. Target-accelerated combinatorial synthesis (TACS) of vancomycin dimers: the effect of tether length.
An equimolar mixture of 7-(LeuNMe)C,, 7-(LeuNMe)C;, and 7-(LeuNMe)C, (200 um each) was treated with the
metathesis catalyst, [(PCy;),Ru(CHPh)CL,] (120 um), in the presence of C,,H,sNMe;Br (2.75 mm) in H,O/CH,Cl,
(>95:5) at 23°C, in the presence and absence of the target (Ac,-L-Lys-D-Ala-D-Ala, 120 um).

substituted vancomycin mono-
mer to dimerize in the absence
of the target. In the presence of
the target, however, the parent
vancomycin homodimer [8-
(LeuNMe)C,-(LeuNMe)GC,]

was obtained preferentially as
expected. The preferences ob-
served in this experiment are
again consistent with the poten-
cies exhibited by these com-
pounds. The results were also
consistent with the notion that
stronger affinity for the target
translates into higher dimeriza-
tion rates through monomer
selection. The observed en-
hancement results also estab-
lished that the background re-
action is relatively inconse-
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Figure 8. Mass spectrometic analysis of the TACS experiment described in
Scheme 5. In the absence of the target (a) a statistical mixture [1:2:3:2:1] of
products is observed whereas in the presence of the target (b) the shorter
tether dimers 8-(LeuNMe)C,-(LeuNMe)C, and 8-(LeuNMe)C,-(LeuN-
Me)C,; are preferentially formed.

Ala)C,-(f-Ala)C,] was formed preferentially over the parent
vancomycin homodimer [8-(LeuNMe)C,-(LeuNMe)C,]. This
outcome may be attributed to a higher tendency of the $-Ala-

3836 ——
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quential. Table 8 summarizes
the results of additional two-component target-accelerated
dimerization experiments. In all cases the results of the TACS
experiments faithfully predict the trend in biological poten-
cies.
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Figure 9. Mass spectrometric analysis of the vancomycin dimer mixture
formed as described in Scheme 6. Note that in the absence of the target (a)
less of the dimer containing the (LeuNMe) is formed. However, in the
presence of the target (b), 8-(LeuNMe)C,-(LeuNMe)C, is formed in
preference to 8-(-Ala)C,-(f-Ala)C,.
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Olefin metathesis driven TACS

cl, [(PCy3),RU(CHPh)CIy], C12Ho5NMesBr

o) O - H,0/CH,Cl, (>95:5)
| OH
H Oy
N NJ N N-R with and without

H H Ac,-L-Lys-D-Ala-D-Ala

o) o]
O R = D-NMeLeu, p-Ala
NH,

H 7

Ol

2 Monomers  f-------- »| 3 Dimers

R = LeuNMe : 7-(LeuNMe)C; ; R = B-Ala : 7-(B-Ala)C,

Scheme 6. Target-accelerated combinatorial synthesis (TACS) of vanco-
mycin dimers: the effect of modulating binding affinity. An equimolar
mixture of 7-(LeuNMe)C, and 7-(f-Ala)C, (275 um each) was treated with
the metathesis catalyst, [(PCy;),Ru(CHPh)CL,] (110 um), in the presence of
C,H,sNMe;Br (2.75mwm) in H,O/CH,Cl, (>95:5) at 23°C, in the presence
and absence of the target (Ac,-L-Lys-D-Ala-D-Ala, 110 pum).

In an effort to examine the preferred orientation of
vancomycin monomers during dimerization, we designed
and synthesized olefin derivatives 11 and 12, which are
functionalized at the N-terminus and C-terminus, respec-
tively. In combination these derivatives were subjected
to TACS under the olefin metathesis conditions in the
absence and presence of Ac,-L-Lys-D-Ala-D-Ala as shown in
Scheme 7.

In both instances, mass spectroscopic analysis (Figure 10)
revealed the heterodimer 11-12 as the major product; but in
the presence of the target, the heterodimer strongly predomi-
nated in the ratio of 1:4.7:1.1 (11-11:11-12:12-12) as opposed
to the essentially statistical distribution of dimers ob-
served in the absence of the target [ratio of 1:2.6:1.2 (11-
11:11-12:12-12)]. These observations are in line with
the proposition, as supported by modeling, that only the
heterodimer (11-12) can adopt a head-to-tail, back-to-back
orientation, and thus enjoy the maximum benefit of the
hydrogen-bonding network associated with such an arrange-
ment.

Table 8. Binary dimerization experiments. Reactions were conducted under the same conditions as indicated in

the legend of Scheme 6.

Entry  Time [h] Reactants Additive Product Ratiol®!
1 91 7-(H)C4 + 7-(D-LeuNMe)C, Aco-L-Lys-D-Ala-D-Ala 1.0:6.1:3.3
2 91 7-(H)Cy4 + 7-(D-LeuNMe)C,4 None 1.0:1.7:2.1
3 120 7-(H)C, + 7-(D-LeuNMe)C, Ac,-L-Lys-D-Ala-D-Ala 1.0:6.0:4.3
4 120 7-(H)C, + 7-(D-LeuNMe)C, None 1.0:75:27
5 91 7-(B-Ala)Cy4 + 7-(D-LeuNMe)C4 Acy-L-Lys-D-Ala-D-Ala 10:21:1.2
6 91 7-(B-Ala)C, + 7-(D-LeuNMe)C, None 3.8:45:1.0
7 72 7-(B-Ala)C, + 7-(D-LeuNMe)C, Acy-L-Lys-D-Ala-D-Ala 1.0:25:1.4
8 72 7-(B-Ala)C, + 7-(D-LeuNMe)C, None 37:75:1.0
9 91 7-(Asn)Cy + 7-(D-LeuNMe)Cy Ac,-L-Lys-D-Ala-D-Ala 1.0:6.0:4.8

10 91 7-(Asn)Cy4 + 7-(D-LeuNMe)Cy None 1.0:18:1.1

[a] The product ratio is listed as 8-(AA)C,-(AA)C,:8-(AA)C,-(0-NMeLeu)C,:8-(d-NMeLeu)C,-(D-NMe-
Leu)C, as determined by mass spectroscopic analysis of the indicated mixture at the appropriate time. The
antibacterial activities of the homodimers formed in the above reactions are reported in Table 5 [7(H)C, — 8w,
7(H)C, — 8v, 70-LeuNMe)C, — 8d, 7(D-LeuNMe)C, — 8¢, 7(f-Ala)C, — 8r, 7(f-Ala)C, — 8¢, 7(Asn)C, —
8p, and 7(B-Ala)C, — 80].

Olefin metathesis driven TACS

[(PCy3)>RU(CHPh)CIy], C12H2sNMegBr
HoO/CH,Cly (>95:5)

with and without
Acy-L-Lys-D-Ala-D-Ala

11-11 : Homodimer
11-12 : Heterodimer
12-12 : Homodimer

Scheme 7. Target-accelerated combinatorial synthesis (TACS) of vancomycin dimers: Examining the effects of orientation. An equimolar mixture of 11 and
12 (275uM each) was treated with the metathesis catalyst, (PCy;),Ru(CHPh)Cl, (110 um), in the presence of C,,H,sNMe;Br (2.75 mm) in H,O/CH,Cl,
(>95:5) at 23°C, in the presence and absence of the target (Ac,-L-Lys-D-Ala-D-Ala, 110 um). Compound 12-12 is the dimer formed from the union, through
olefin metathesis, of two molecules of 12. Likewise, 11-11, is the dimer formed from two units of 11 and 11-12 is the corresponding heterodimer.
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Figure 10. Mass spectrometric analysis of the experiment depicted in
Scheme 7. Note that in the presence of the target (b) there is a greater
preference for the heterodimer 11-12 which can, apparently, adopt a head-
to-tail, back-to-back orientation. Furthermore this mode of dimerization
appears to be enhanced in the presence of the target (b).

An additional experiment performed with vancomycin

monomers 7-(LeuNMe)C, and 13 in the absence and presence
of the target Ac,L-Lys-D-Ala-D-Ala (Scheme 8) was also

OH
HO HO
HoNY- OH
o]
o]

revealing. Thus, in the absence of the target, mass spectro-
scopic analysis (Figure 11) showed a ratio of 0:2.7:1 for 13-
13:13-7-(LeuNMe)C,:8-LeuNMe)C,-LeuNMe)C, as opposed
to a ratio of 0.1:1:1.1 for this same reaction mixture in the
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Figure 11. Mass spectrometric analysis of the experiment depicted in
Scheme 8. Note that in the presence of the target (b) homodimer 7-
(LeuNMe)C,-(LeuNMe)C, is favored, apparently, due to its enhanced
ability to adopt head-to-tail, back-to-back orientation.

Olefin metathesis driven TACS

[(PCyz),Ru(CHPh)CIy], C12HasNMe;Br
HaO/CH5Cl (>95:5)

with and without
Ac,-L-Lys-D-Ala-D-Ala

13-13 : Homodimer
13-7-(LeuNMe)C, : Heterodimer
8-(LeuNMe)C,-(LeuNMe)C, : Homodimer

7-(LeuNMe)C,

Scheme 8. Target-accelerated combinatorial synthesis (TACS) of vancomycin dimers: Examining the effects of orientation. An equimolar mixture of 13 and
7-(LeuNMe)C, (275 um each) was treated with the metathesis catalyst, [(PCys;),Ru(CHPh)CL,], (110 um), in the presence of C;,H,sNMe;Br (2.75 mm) in H,O/
CH,Cl, (>95:5) at 23°C, with or without the target (Ac,-L-Lys-D-Ala-D-Ala, 110 um). Compound 13-13 is the dimer formed from the union through olefin
metathesis of two molecules of 13. Likewise, 8-(LeuNMe)C4-(LeuNMe)C,, is the dimer formed from two units of 7-(LeuNMe)C, and 13-7-(LeuNMe)C, is

the corresponding heterodimer.
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presence of Ac,-L-Lys-D-Ala-D-Ala. The increased abundance
of 8-(LeuNMe)C,-(LeuNMe)C, observed, relative to the
other dimers, in the presence of vancomycin’s target is not
surprising in view of the fact that this is the only dimer from
this set that can readily adopt the head-to-tail, back-to-back
orientation. Thus, these TACS experiments suggest the
preferred supramolecular structure, in solution, of the dimeric
vancomycin-derived complexes.*!

Having demonstrated that the target-accelerated dimeriza-
tion of vancomycin analogues selects for both the adequacy of
the tether and the affinity for the target, we proceeded to
perform an eight-component [7-(LeuNMe)C,, 7-(LeuN-
Me)C,, 7-(Asn)C,, 7-(Asn)C,, 7-(f-Ala)C,, 7-(f-Ala)C,, 7-
(H)C,, and 7-(H)C,] target-accelerated (Ac,-L-Lys-D-Ala-D-
Ala) combinatorial synthesis experiment employing the olefin
metathesis reaction as a means of ligation (Scheme 9). From

Olefin metathesis driven TACS

[(PCys3),RU(CHPh)CI,], C15Ho5NMesBr

cl,
e} 0o i H,0ICH,Cl, (>95:5)
| OH
H o H with and without
N N N-R Acy-L-Lys-D-Ala-D-Ala
H
o
NH,

N
o H
D-NMelLeu, B-Ala
O, R=
H, L-Asn
H 7

O n=24

------------ o]

Scheme 9. Target-accelerated combinatorial synthesis (TACS) of 36
vancomycin dimers: simultaneously selecting for binding affinity and
tether length.

AT RTES

123 & 3 8B 7 B 8

Figure 12. Target-accelerated combinatorial synthesis of a 36-member vancomycin dimer library. The vertical
bars represent the relative abundance of vancomycin dimers as compared to that of a): 8-(LeuNMe)C,-
(LeuNMe)C, after the appropriate statistical adjustment. The data above represent the average of three
experiments. Compounds are labeled as follows: 1: 8-(H)C,-(H)C,, 2: 8-(H)C,-(H)C,, 3: 8-(H)C,-(H)C,, 4: 8-
(H)C,-(B-Ala)C,, 5: 8-(6-Ala)C,-(H)C,, 6: 8-(H)C,-(Asn)C,, 7: 8-(H)C,-(LeuNMe)C,, 8: 8-(H)C-(f-Ala)C,, 9: 8-
(Asn)C,-(H)C,, 10: 8-(f-Ala)C,-(f-Ala)C,, 11: 8-(LeuNMe)C,-(H)C,, 12: 8-($-Ala)C,-(f-Ala)C,, 13: 8-(Asn)C,-
(H)C,, 14: 8-(f-Ala)C,-(Asn)C,, 15: 8-(LeuNMe)C,-(H)C,, 16: 8-(f-Ala)C,-(f-Ala)C,, 17: 8-(LeuNMe)C,-(f-
Ala)C,, 18: 8-(f-Ala)C,-(Asn)C,, 19: 8-(f-Ala)C,-(LeuNMe)C,, 20: 8-(Asn)C,-(Asn)C,, 21: 8-(Asn)C,-(8-
Ala)C,, 22: 8-(LeuNMe)C,-(Asn)C,, 23: 8-(f-Ala)C,-(LeuNMe)C,, 24: 8-(LeuNMe)C,-(LeuNMe)C,, 25: 8-
(Asn)C,-(Asn)Cy, 26: 8-(Asn)C,-(LeuNMe)C,, 27: 8-(LeuNMe)C,-(LeuNMe)C,, 28: 8-(Asn)C,-(Asn)C,, 29: 8-
(Asn)C,-(LeuNMe)C,, 30: 8-(LeuNMe)C,-(LeuNMe)C, (see Table 5 for structures of compounds).

Chem. Eur. J. 2001, 7, No. 17

0 11 12136 1S M1 1R TR 20 3 2 23 A ST 2R 3900

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

the thirty-six members expected, only thirty could be ob-
served as distinct peaks by mass spectrometry as a conse-
quence of the degeneracy of the dimers. The vertical bars in
Figure 12 reflect the observed relative abundance of each of
the thirty distinct (with regard to their mass) vancomycin
dimers after adjustment to account for the expected statistical
occurrencel® (average values for three experiments). Fig-
ure 13 graphically exhibits the antibacterial activities of ten

L)

rAc

1 1 1 1 1 1 ]
& Bo d = [ g b |
Hank |oompound]

Figure 13. Correlation of relative abundance of vancomycin dimers (a-j,
Figure 12 and Table 5), with antibacterial activity (MIC, average of the
vancomycin susceptible strains listed in Table 5).

individually prepared compounds. Gratifyingly, the target-
accelerated dimerization strategy predicted quite reliably the
overall trend of the observed biological potencies of the
library members, with only relatively minor deviations. The
identification and correct ranking of compounds [a: 8-
(LeuNMe)C,-(LeuNMe)C,, b: 8-(LeuNMe)C,-(f-Ala)C,, c:
8-(LeuNMe)C,-(LeuNMe)C,] as highly potent antibiotics
effective against both vancomycin-susceptible and vancomy-
cin-resistant strains is highly significant. Since six out of the
seven most abundant com-
pounds contain LeuNMe, the
results also underscore the im-
' portance of the amino acid
residue at position one for
strong binding and presumed
(observed in some cases) bio-
logical activity.

Conclusion

In this and the preceding paper
we have synthesized a series of
vancomycin derivatives starting
from vancomycin itself and
subjected a number of them to
target-accelerated combinato-
rial synthesis, a strategy that
facilitated the rapid discovery
of potent dimeric vancomycin-
derived antibiotics. Active
against vancomycin-susceptible
and vancomycin-resistant bac-
teria, some of these compounds
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Table 9. Antibacterial activity (MIC: pgmL~") of selected vancomycin-derived disulfide and olefinic dimers (3b, 3¢, 3n, 10¢, 10e, and 10 h) against
vancomycin-susceptible, vancomycin-intermediate resistant, and vancomycin-resistant bacteria. See Tables 1, 2, and 7 for structures.

Compound MUS50R 13301 400201 1528l 2689l 2741l 2781kl 28051 400114 166911 2671l 28231 180311 192411 19441
1 vancomycin 3.13 0.39 0.39 >100 50 >100 100 25 >100 100 50 100 50 25 50
3b 8 1 1 1 1 1 2 0.25 2 0.5 0.5 1 0.5 0.25 0.5
3c 8 2 2 1 1 2 2 2 2 0.5 1 1 1 0.125 1
3n 16 2 1 1 1 1 1 0.5 2 0.125 025 0.5 0.13 0.06 0.25
10c 2 0.125 1 1 2 >16 4 1 0.25 4 >16 0.5 >16 0.5 0.25
10e 2 0.25 1 2 4 1 4 1 0.25 8 0.5 0.5 2 0.5 0.25
10h 2 0.25 1 2 2 1 4 2 0.5 8 0.5 2 2 1 0.25

[a] Vancomycin-intermediate resistant Staphylococcus aureus. [b] Vancomycin-susceptible Enterococcus faecalis. [c] Vancomycin-resistant Enterococcus
faecalis. [d] Vancomycin-resistant Enterococcus faecium. [e] Vancomycin-resistant (van A) and Synercid-resistant (sat G) Enterococcus faecium.
[f] Vancomycin-resistant (van A) and Synercid-resistant (sat A) Enterococcus faecium.

rival (see Table 9) or exceed, in potency, the most active
antibacterial agents known today. The concept of target-
accelerated combinatorial synthesis (dynamic combinatorial
synthesis) has been validated in a sophisticated system and in
a practical way leading to the discovery of potential drug
candidates. Further application of the principles involved and
the ligation reactions used in this study (disulfide bond
formation and olefin metathesis) in other situations are
envisioned. These may include RNA and DNA binding
constructs as well as protein and saccharide-type receptor
ligand systems.

Experimental Section

General: See paper one in this sequence.F!

General procedure for the conversion of thioacetates 2 to disulfides 3
(Scheme 1): A solution of thioacetate 2 (10 mg, ~6.2 umol) in water
(1.0 mL) was treated with NaOH (2.5 mg, 10.0 equiv, 62.5 pmol) and stirred
for 24-48 h at ambient temperature. Purification by reverse-phase HPLC
(VYDAC C18, 25 mm x 250 mm, flow rate 6.5 mLmin~!, 0 — 100%
CH;CN (0.05% TFA) in H,O (0.05% TFA) over 30 min) provided the
desired disulfide 3 in yields ranging from 50—-90 % (analytical HPLC given
below for LiChrospher C18, 6 mm x 250 mm, flow rate 1.0 mLmin~!, 0 —
100% CH;CN (0.05% TFA) in H,O (0.05% TFA) over the time
indicated).

Representative 'H NMR spectral data for compounds 3

3a: 'TH NMR (500 MHz, CD;0D, 330 K): 6 =7.76-7.71 (m, 8 H), 7.40-7.38
(m, 8H), 7.15-7.09 (m, 10H), 6.54-6.51 (m, 4H), 5.57-5.37 (m, 10H),
4.85-4.80 (m, 6H), 4.25-3.87 (m, 30H), 3.13-3.11 (m, 2H), 2.96-2.90 (m,
10H), 2.88-2.84 (m, 5H), 2.38-2.22 (m, 2H), 2.11-2.09 (m, 5H), 1.81-
1.74 (m, 2H), 1.62-1.50 (m, 6H), 1.39-1.34 (m, 6H), 1.05-1.03 (m, 6H).
3a: fz=70min (gradient over 10min); LCMS (ES): calcd for
C,5,H,7,CLN;505,S, [M+2H]*: 1628.5, found 1628.8; [M+3H]*": 1086.0,
found 1086.1.

3b: tz=6.8min (gradient over 8min);

Ci5sH176CLN1305,S, [M+2H]*: 1643.5, found
found 1095.8.

3c¢: r=72min (gradient over 10 min);

Ci56Hig0CLNiO5,S, [M+2H]": 16577, found
found 1105.2.

3d: % =9.0min (gradient over 10 min);
CissHigsCLN(O5,S, [M+2H]*: 1671.5, found
found 1114.4.

3e: tz=8.6min (gradient over 8min); LCMS (ES): caled for
Ci66HaoCLN1305,S, [M+2H]": 17278, found 1727.7; [M+3H]": 11512,
found 1151.7.

LCMS (ES): caled for
1643.2; [M+3H]*: 109622,

LCMS (ES): caled for
16572; [M-+3H]*: 11054,

LCMS (ES): caled for
1672.4; [M+3H]*: 11143,
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3f: r=4.0min (gradient over 7 min);
Ci60H15sCLiN505,S, [M+2H]™: 1702.0, found
found 1134.4.
3g: r=42min (gradient over 7min);
Ci6H1:CLN(305,S, [M+2H]": 1715.5, found
found 1144.2.
3h: tz=44min (gradient over 7 min);
Ci66Ha00CLN 1305, S, [M+2H]*: 1743.2, found
found 1162.1.

LCMS (ES): caled for
1702.8; [M+3H]": 1134.5,

LCMS
1715.5;

(ES): caled for
[M+3H]": 11442,

LCMS
1744.5;

(ES): caled for
[M+3H]*: 1162.5,

3i: r=45min (gradient over 7min); LCMS (ES): calcd for
Ci6sH0sCLN305,S, [M+2H]": 17577, found 1758.2; [M+3H]|" 1172.1,
found 1172.8.

3j: tr=76min (gradient over 8min); LCMS (ES): caled for

CiesH134CLN1305,S, [M+2H]*: 1735.8, found
found 11574.

3k: tzy=4.1min (gradient over 7 min);
C6sH 5sCLIN3O5,S, [M+2H]*: 1749.5, found
found 1166.5.

3l: =43 min (gradient over 7 min);
Ci66H15,CIgN505,S, [M+2H]*: 1770.2, found
found 1180.4.

3m: =43 min (gradient over 7 min);
Ci6sH156CleN1305,S, [M+2H]*: 1785.2, found
found 1190.6.

3n: tz=69min (gradient over 10 min);
Cy5,H,,,CLINO05,S, [M+2H]*: 1628.5, found
found 1086.1.

30: tz=69min (gradient over 8min);
CisiHi76CLN3O50S, [M+2H]*: 1643.5, found
found 1096.2.

3p: tx=75min (gradient over 8 min);
C56H,50CLIN3O50S, [M+2H]*: 16577, found
found 1105.0.

3q: tx=80min (gradient over 8 min);
Cy5sH15sCLUN305,S, [M+2H]™: 1671.5, found
found 1114.4.

3r: r=85min (gradient over 8min); LCMS
Cie6HaoCLiN1305,S, [M+2H]*: 1727.8, found 17279;
found 1151.9.

3s: tzx=87min (gradient over 8min); LCMS
Ci66H200CLiN1505,S, [M+2H]*: 17278, found 1727.9;
found 1151.1.

Preparation of thiopyridyl vancomycin derivative 4: A mixture of
thioacetate 2a (120 mg, 72 pmol) and dipyridyldisulfide (160 mg,
10.0 equiv, 720 umol) was dissolved in MeOH (5.0 mL). To this mixture
was added a solution of NaOH (28 mg, 10.0 equiv, 720 umol in 3.5 mL
MeOH). After 30 min, the reaction mixture was purified by reverse-phase
HPLC (VYDAC C18, 25 mm x 250 mm, flow rate 6.5 mL min~',0 — 100 %

1735.6; [M+3H]*: 11572,

LCMS
1750.7;

(ES): caled for
[M+3H]": 11662,

LCMS
1770.7;

(ES): caled for
[M+3H]": 1180.9,

LCMS
1785.7;

(ES): caled for
[M+3H]*: 11902,

LCMS
1628.7;

(ES): caled for
[M+3H]*: 1086.0,

LCMS
1643.5;

(ES): caled for
[M+3H]*: 1096.2,

LCMS
1657.2;

(ES): caled for
[M+3H]": 1105.4,

LCMS
1671.7;

(ES): caled for
[M+3H]": 1114.3,

(ES): caled for
[M+3H]": 11512,

(ES): caled for
[M+3H]*: 1151.2,
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CH;CN (0.05% TFA) in H,0 (0.05% TFA) over 30 min) to give 4 (124 mg,
80 % ). Analytical HPLC: tz = 8.2 min (LiChrospher C18, 6 mm x 250 mm,
flow rate 1.0 mLmin~!, 0 — 100% CH;CN (0.05% TFA) in H,O (0.05%
TFA) over 10 min); '"H NMR (500 MHz, CD;0D, 330 K): 6 =7.88-7.71 (m,
SH), 7.54-745 (m, 4H), 726720 (m, 2H), 7.14-705 (s, 2H), 6.78 (brs,
2H), 6.63 (s, 1 H), 6.50 (m,2H), 6.08 (brs,2H), 5.67 (d,/ =7.6 Hz, 1H), 5.58
(d, J=4.4Hz, 1H), 546 (d, J=13 Hz, 2H), 5.35 (d, J =3.9 Hz, 1 H), 4.90
(m, 1H), 4.82 (s, 1H), 4.69 (s, 1H), 4.36 (d, J=8.8 Hz, 1H), 4.20 (s, 1H),
4.14 (t, J =63 Hz, 2H), 4.04—3.88 (m, 4H), 3.70 (d, J="79 Hz, 2H), 3.49
(m, 1H), 3.03-3.00 (m, 3H), 2.41 (s, 3H), 2.17-2.13(m, 4H), 2.01 (d, /=
13.5 Hz, 1H), 1.83-1.74 (m, 6 H), 1.36 (m, 2H), 1.20 (d, J=6.3 Hz, 3H),
1.03-1.00 (m, 6H); LCMS (ES): caled for CgHyCLN,(O,5S, [M+H]":
1739.5, found 1739.3.

General procedure for the synthesis of disulfide heterodimers 6
(Scheme 2): A 1:1 mixture (=2 mg, 1.2 pumol) of thiopyridyl vancomycin
derivative 4 and thioacetate 5 was dissolved in MeOH (0.8 mL) and NaOH
(1.6 mg, 10.0 equiv, 12.0 umol) was added. The reaction mixture was stirred
for 45 min at ambient temperature and the product was purified by reverse-
phase HPLC (VYDAC C18, 10 mm x 250 mm, flow rate 3.5 mLmin~', 0 —
100% CH;CN (0.05% TFA) in H,O (0.05% TFA) over 20 min) to give
pure heterodimer 6 in yields ranging from 55-80 % (analytical HPLC data
given below for LiChrospher C18, 6 mm x 250 mm, flow rate 1.0 mL min~},
0 — 100% CH;CN (0.05% TFA) in H,O (0.05% TFA) over 10 min).

6-H: t; =7.7 min; LCMS (ES): calcd for C,;;H;s,CL,N305,S, [M+2H]*:
1594.8, found 1594.1; [M+3H]*: 1063.5, found 1063.6.

6-Gly: 1t =78 min; LCMS (ES): calcd for C4H;ssCI4NoO5,S, [M+2H]*:
1622.8, found 1621.4; [M+3H]": 1082.5, found 1082.8.

6-Ala: t; =7.9 min; LCMS (ES): calcd for C5H,,,CLN;4,O5,S, [M+2H]*:
1629.5, found 1629.0; [M+3H]*: 1086.7, found 1086.4.

6-f-Ala: tr = 7.8 min; LCMS (ES): calcd for C50H,5,C1,N;,O5;S, [M+2H]*:
1629.5, found 1629.5; [M+3H]*: 1086.7, found 1086.8.

6-Sar: 1, =7.9 min; LCMS (ES): calcd for C,5)H,s;CLLN,,O5,S, [M+2H]*:
1629.5, found 1629.8; [M+3H]*: 1087.5, found 1087.1.

6-y-Abu: t; = 7.7 min; LCMS (ES): calcd for C,5;H,5CLN,,O5,S, [M+2H]*:
1636.5, found 1636.2; [M+3H]*: 1091.3, found 1091.8.

6--Ahx: t; =7.8 min; LCMS (ES): calcd for C,5;H,7;CI,N,oO5;S, [M+2H]*:
1650.2, found 1650.1; [M+3H]*: 1100.5, found 1100.0.

6-Ile: t; =8.0 min; LCMS (ES): caled for C,53H;7;CI,NoO5;S, [M+2H]*:
1650.3, found 1649.3; [M+3H]*: 1101.5, found 1101.0.

6-Val: t; =7.8 min; LCMS (ES): caled for C;5,H;7;CI,N4O5;S, [M+2H]*:
1643.5, found 1643.1; [M+3H]*: 1096.3, found 1096.4.

6-Cha: 1 =82 min; LCMS (ES): caled for C5H,7;CL,N4,O5,S, [M+2H]*:
1670.0, found 1669.8; [M+3H]*: 1113.5, found 1113.2.

6-Leu: f; =7.9 min; LCMS (ES): caled for C53H,7;CI4N4O5,S, [M+2H]*:
1650.3, found 1651.5; [M+3H]"*: 1101.5, found 1100.4.

6-Ser: 1z =7.8min; LCMS (ES): calcd for C;s0H;¢;CI,N4O5,S, [M+2H]*:
1637.5, found 1637.5; [M+3H]": 1091.8, found 1092.2.

6-Thr: t; =79min; LCMS (ES): caled for C;5;H;cCILN4O5,S, [M+2H]*:
1645.2, found 1644.8; [M+3H]*: 1097.5, found 1097.5.

6-Met: 1, =8.00 min; LCMS (ES): calcd for Cy5,H,7,CI4N,4O5,S; [M+2H]*:
1659.8, found 1659.3; [M+3H]*: 1107.5, found 1106.7.

6-Phe: r; =8.1 min; LCMS (ES): calcd for Ci5xH;7,CLiN4O5,S, [M+2H]*:
1668.6, found 1667.2; [M+3H]*: 1112.5, found 1112.8.

6-Tyr: t; =8.1 min; LCMS (ES): calcd for C;ssH;;;CLLN,4O,S, [M+2H]*":
1676.3, found 1675.4; [M+3H]*: 1117.5, found 1117.2.

6-Thi: t; =8.0 min; LCMS (ES): calcd for C5,H;6CIN4,O5,S, [M+2H]*:
1671.5, found 1671.4; [M+3H]": 1114.2, found 1114.5.

6-Orn: 1 =79 min; LCMS (ES): caled for Cy5,H;7,CIN,O5,S, [M+2H]*:
1651.2, found 1651.6; [M+3H]*: 1100.2, found 1100.4.

6-Lys: t =7.7 min; LCMS (ES): caled for C,53H,,,CI,N,Os,S, [M+2H]*:
1658.2, found 1658.3; [M+3H]*: 1105.2, found 1105.6.

6-Cit: r; =7.8 min; LCMS (ES): calcd for C,5;H;;;CLN,,05,S, [M+2H]*:
1672.2, found 1672.2; [M+3H]*: 1115.3, found 1115.0.

6-Asp(OrBu): 1 =88 min; LCMS (ES): caled for C,;ssH;sCliN;9O5;S,
[M+2H]*: 1679.2, found 1679.6; [M+3H]": 1120.2, found 1120.5.
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6-Glu(OrBu): 1z =8.1min; LCMS (ES): caled for C,sH;7;CLN;4Os3S,
[M+2H]*: 1687.5, found 1686.8; [M+3H]*: 1124.2, found 1122.8.

General procedure for dimerization of 7 to dimers 8 through olefin
metathesis (Scheme 3): C,,H,sNMe;Br (4.2 mg, 14.0 equiv, 86.0 umol) was
added under argon to a solution of olefin 7 (10 mg, ~6.25 umol) in
degassed water (1.0 mL). To this vigorously stirred solution (ambient
temperature) was added, dropwise, a solution of Grubb’s catalyst
[(CysP),Ru(CHPh)CL,] (1.0 mg, 0.2 equiv, 1.25 umol) in CH,Cl, (200 uL).
After complete addition, argon was purged through the system until only a
trace of CH,Cl, remained (=20 min). After stirring vigorously for 48-96 h
at ambient temperature, the desired olefinic dimer 8 was isolated, in pure
form, after purification by reverse-phase HPLC (VYDAC C18, 25 mm x
250 mm, flow rate 6.5 mLmin~!, 0 — 100 % CH;CN (0.05% TFA) in H,O
(0.05% TFA) over 30 min). Analytical HPLC given below for LiChrospher
C18, 6 mm x 250 mm, flow rate 1.0 mLmin~', 0 — 100% CH;CN (0.05 %
TFA) in H,O (0.05% TFA) over 10 min.

Representative 'H NMR spectroscopic data for compounds 8

8c: 'H NMR (500 MHz, CD,0D, 330 K): 6 =780-770 (m, 10H), 745~
735 (m, 7H), 713-7.06 (m, 10H), 6.6-6.51 (m, 6H), 5.55-5.35 (m, 12H),
4.83-4.81 (m, 8H), 4.26-3.82 (m, 25H), 3.23-3.21 (m, 4H), 2.96-2.89 (m,
11H), 2.88-2.83 (m, 6H), 2.13-2.09 (m, 5H), 1.80—1.74 (m, 2H), 1.65—
1.55 (m, 6H), 1.37-1.32 (m, 6H), 1.07-1.05 (m, 6H).

8a: t; =7.6 min; LCMS (ES): caled for C;50H;¢CLN3;O5 [M+2H]*: 1581.2,
found 1581.3; [M+3H]*: 1055.2, found 1055.2.

8b: 1ty =7.7 min; LCMS (ES): calcd for C,5,H;7iCI,N305, [M+2H]*: 1596.3,
found 1595.8; [M+3H]*: 1064.2, found 1064.2.

8c: 1p =8.9 min; LCMS (ES): calcd for C,5,H,,,CI,N 305, [M+2H]*: 1610.0,
found 1610.3; [M+3H]*: 1073.6, found 1073.8.

8d: 1 =8.4 min; LCMS (ES): caled for C,5¢H,7sCL,N ;05 [M+2H]*: 1623.2,
found 1624.3; [M+3H]*: 1083.5, found 1083.7.

8e: ty=11.5min; LCMS (ES): caled for C,oH;;0,CLLN;O5, [M+2H]":
1679.5, found 1679.8; [M+3H]*: 1119.6, found 1119.5.
8f: tr=11.5min; LCMS (ES): caled for C,sH,0,Cl,N;sO5, [M+2H]":
1679.5, found 1679.3; [M+3H]*: 1119.6, found 1120.1.

8g: tx =9.2 min; LCMS (ES): calcd for C,¢H;4,CLN3Os5, [M+2H]*: 1668.5,
found 1668.6; [M+3H]*: 1112.6, found 1112.4.

8h: tz=9.5min; LCMS (ES): caled for C,,H;o0CLN;3Os, [M+2H]*:
1682.5, found 1682.4; [M+3H]*: 1122.2, found 1121.4.

8i: 1r=103 min; LCMS (ES): caled for C;,H;o3CIN3Os, [M+2H]":
1710.5, found 1710.2; [M+3H]*: 1122.2, found 1122.7.
8j: tg=11.0min; LCMS (ES): caled for C;H,,ClN;3Os, [M+2H]":
1724.5, found 1724.8; [M+3H]*: 1150.2, found 1150.1.

8k: fz=78min (gradient over 8min); LCMS (ES): caled for
Ci66H152CL4N 1305, [M+2H]*: 1702.5, found 1701.8; [M+3H]*: 1135.3, found
1135.2.

81: 1z = 9.5 min; LCMS (ES): caled for C,,5H,5sCLLN 505, [M+2H]*: 1716.5,
found 1716.2; [M+3H]*: 1144.6, found 1144.4.

8m: 7z =9.8min; LCMS (ES): caled for CH;5ClN;3sOs, [M+2H]*:
1737.1, found 1737.2; [M+3H]*: 1158.3, found 1158.6.

8n: =102 min (gradient over 8min); LCMS (ES): calcd for
C65H154CIgN 505, [M+2H]*: 1751.0, found 1750.6; [M+3H]*: 1167.7, found
1167.7.

80: 1y =7.8 min; LCMS (ES): calcd for C,44H;5sC1,N,,Os, [M+2H]*: 1582.4,
found 1582.4; [M+3H]*: 1056.4, found 1056.3.
8p: tg =8.2 min; LCMS (ES): caled for C,50H,,C1N,,Os, [M+2H]*: 1611.4,
found 1611.4; [M+3H]*: 1074.6, found 1074.6.
8q: tr =7.8 min; LCMS (ES): calcd for C,,,H,;5,CLyN 305, [M+2H]*: 1540.2,
found 1540.3; [M+3H]*: 1027.8, found 1027.9.
8r: ty = 8.3 min; LCMS (ES): calcd for C,4H,5,CIyN 305, [M+2H]*: 1568.3,
found 1569.0; [M+3H]*: 1045.9, found 1046.8.
8s: tr = 6.8 min; LCMS (ES): caled for C,46H;53C1,N 305, [M+2H]": 1554.2,
found 1554.2; [M+3H]*: 1036.3, found 1036.6.
8t: fz=75min (gradient over 8min); LCMS (ES): caled for

C15sH16,CLN 4O5) [M+2H]*: 1616.4, found 1616.2; [M-+3H]*: 1078.8, found
10778.
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8u: fz=6.7min (gradient over 8min); LCMS (ES): caled for
Ci50H16sCLN5,O50 [M+2H]*: 1625.4, found 1625.4; [M+3H]": 1083.9, found
1083.9.

8v: tx =7.5 min; LCMS (ES): calcd for C,3;3H,4,CI,N;(O4s [M+2H]*: 1469.2,
found 1469.2, [M+3H]*: 979.2, found 979.3.

8w: ;=831 min; LCMS (ES): caled for C;,H;5,CliN Oy [M+2H]*:
14973, found 1498.4; [M+3H]*: 998.5, found 999.3.

8x: 1z =8.64 min; LCMS (ES): caled for C,5H,;,,CNOs, [M+2H]*:
1609.7, found 1610.3; [M+3H]*: 1073.6, found 1073.8.

8y:1x =9.7 min; LCMS (ES): calcd for C,ssH;7sCI,N 305, [M+2H]": 1623.2,
found 1623.9; [M+3H]*: 1083.5, found 1082.9.

8z: ty=11.4min; LCMS (ES): caled for C;,H,0,CLLN3O5, [M+2H]*:
1679.5, found 1679.9; [M+3H]*: 1119.6, found 1120.4.

Dimerization of vancomycin derivatives 9 to dimers 10 through olefin
metathesis (Scheme 4): The dimerization of compound 9P to dimeric
vancomycin derivative 10 (Scheme 4) through olefin metathesis was carried
out in the same manner as described above for the conversion of
compounds 7 to 8 (analytical HPLC given below for LiChrospher C18,
6 mm x 250 mm, flow rate 1.0 mLmin~!, 0 — 100 % CH;CN (0.05% TFA)
in H,O (0.05% TFA) over 10 min).

10a: =71 min; LCMS (ES): caled for C,;,H;5,CL,N 305, [M+2H]*":
1526.3, found 1526.4; [M+3H]*: 1017.8, found 1017.0.

10b: =73 min; LCMS (ES): calcd for C;4H;sCI,N,O5,S, [M+2H]*:
1729.6, found 1729.6; [M+3H]*: 1153.4, found 1153.9.

10c: tz=71min; LCMS (ES): caled for C,5sH,,,CL,N,,Os, [M+2H]*:
1685.4, found 1685.4; [M+3H]*: 1123.9, found 1123.8.

10d: 7z =8.0min; LCMS (ES): calcd for C,5H;4,Cl,N,Os, [M+2H]*:
1679.5, found 1680.2; [M+3H]*: 1120.0, found 1119.3.

10e: =69 min; LCMS (ES): caled for C;5,H,7,CLN,,Os, [M+3H]*:
1103.3, found 1103.2.

10f: tz=73 min; LCMS (ES): caled for C,s)H;zCLLN,Os, [M+2H]":
1673.4, found 1673.6; [M+3H]*: 1115.9, found 1116.1.

10g: tzx=7.1min; LCMS (ES): caled for C5,H;;CIN,Os, [M+3H]*:
1083.9, found 1083.8.

10 h: t; =7.3 min; LCMS (ES): caled for CH;50Cl4N5Os,S, [M+2H]*:
1751.6, found 1751.7; [M+3H]": 11670, found 1167.2.

10i: 7z =6.8 min; LCMS (ES): caled for C;5H;;,CLN,Os, [M+2H]*:
1639.4, found 1638.3; [M+3H]*: 1093.3, found 1093.3.

10j: tz=8.0min; LCMS (ES): caled for C,4H,0,CL,N,Os, [M+2H]*:
1721.6, found 1720.8; [M+3H]": 1148.0, found 1148.2.

10k: =78 min; LCMS (ES): caled for C,,H;5,CIN,Os, [M+2H]*:
1681.5, found 1681.7; [M+3H]": 1121.3, found 1121.5.

Kinetics of dimerization through olefin metathesis in the presence and
absence of ligand (Figure 7): Olefinic vancomycin analogue 7-(LeuNMe)C,
(6.0 mg, 3.72 umol) was dissolved in degassed H,O (6.0 mL). To this
solution was added C,,H,sNMe;Br (5.5 mg, 18.2 umol). This solution was
split into three equal parts (2.0 mL each) and to each solution was added
either H,O (200 puL), a solution of Ac-pD-Ala-p-Ala (49 pug in 200 pL of
H,0), or a solution of Ac,-L-Lys-D-Ala-pD-Ala (90 pg in 200 uL of H,O). To
these individual, vigorously stirred solutions was added, dropwise, a
solution of Grubbs’ catalyst [(PCy;),Ru(CHPh)CL,] (181 pg) in CH,Cl,
(200 uL) at ambient temperature. After complete addition, argon was
purged through the system until only a trace of CH,Cl, remained
(~20 min). The final concentrations of the components in the reaction
mixture were as follows: 7-(LeuNMe)C, (550um), C;,H,;NMe;Br
(2.75mm), ligand (110um), and [(PCys;),Ru(CHPh)CL] (110um). The
reactions were monitored by HPLC (LiChrospher C18, 6 mm x 250 mm,
flow rate 1.0 mLmin~!, 0 — 100% CH;CN (0.05% TFA) in H,O (0.05%
TFA) over 10 min, with detection at 254 nm) at the following time
intervals: 12,36, 72, and 144 h. The percentage of dimer formed was plotted
against time as shown in Figure 7. The kinetic experiment with vancomycin
analogue 7-(LeuNMe)C, (Figure 7b) was performed under identical
conditions and the analysis performed at the following time intervals: 12,
24, 36, and 60 h.

Target-accelerated combinatorial synthesis (length selective dimerization,
Scheme 5): An equimolar mixture of three vancomycin analogues 7-
(LeuNMe)C, (644 pg, 0.4 pmol), 7-(LeuNMe)C; (650 pg, 0.4 umol), and 7-
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(LeuNMe)C, (655 pg, 0.4 umol) was dissolved in degassed H,O (1.8 mL).
To this solution was added C,,H,sNMe;Br (1.7 mg, 5.56 umol). This
reaction mixture was split into two equal parts (900 uL each). To one part
was added H,O (100 pL) and to the other was added a solution of Ac,-L-
Lys-p-Ala-p-Ala (45 pg in 100 pL of H,O). To these individual, vigorously
stirred solutions was added, dropwise, a solution of Grubbs’ catalyst
[(PCy;),Ru(CHPh)CL,] (98 ug) in CH,Cl, (200 uL) at ambient temper-
ature. After complete addition, argon was purged through the system until
only a trace of CH,Cl, remained (/20 min). The final concentrations of the
components in the reaction mixture were as follows: 7-(LeuNMe)C,
(200pum),  7-(LeuNMe)C;  (200um),  7-(LeuNMe)C, (200 pum),
C,H,sNMe;Br (2.75mm), ligand (120um), and [(PCy;),Ru(CHPh)CL,]
(120 um). After stirring for 24 h, the reaction mixtures were examined by
MS (Hewlett Packard 1100 Series, electrospray). The z*3 region of the mass
spectrum is depicted in Figure 8.

Target-accelerated combinatorial synthesis (binding selective dimerization,
Scheme 6): An equimolar mixture of two vancomycin analogues 7-
(LeuNMe)C, (866 pg, 0.55 umol) and 7-(f-Ala)C, (855 pg, 0.55 umol)
was dissolved in degassed H,O (1.8 mL). To this solution was added
C,H,sNMe;Br (1.7 mg, 5.56 pmol). This reaction mixture was split into two
equal parts (900 uL each). To one part was added H,O (100 uL) and to the
other was added a solution of Ac,-L-Lys-D-Ala-D-Ala (41 pg in 100 pL of
H,0). To these individual, vigorously stirred solutions was added, drop-
wise, a solution of Grubbs’ catalyst [(PCy;),Ru(CHPh)CL,] (90 pg) in
CH,Cl, (200 uL) at ambient temperature. After complete addition, argon
was purged through the system until only a trace of CH,Cl, remained
(~20 min). The final concentrations of the components in the reaction
mixture were 7-(LeuNMe)C, (275um), 7-(f-Ala)C, (275um),
C,H,sNMe;Br (2.75mm), ligand (110um), and [(PCy;),Ru(CHPh)CL,]
(110 um). After stirring for 24 h, the reaction mixtures were examined by
MS (Hewlett Packard 1100 Series, electrospray). The z+3 region of the mass
spectrum is depicted in Figure 9. The experiments summarized in Table 8
were conducted under identical conditions.

Target-accelerated combinatorial synthesis (orientation selective dimeri-
zation, Scheme 7): An equimolar mixture of the two vancomycin analogues
11 (901 pg, 0.55 umol) and 12 (885 g, 0.55 wmol) was dissolved in degassed
H,0 (1.8mL). To this solution was added C,,H,sNMe;Br (1.7 mg,
5.56 pmol). This reaction mixture was split into two equal parts (900 uL
each). To one part was added H,O (100 pL) and to the other was added a
solution of Ac,-L-Lys-D-Ala-pD-Ala (41 ug in 100 uL H,0O). To these
individual, vigorously stirred solutions was added, dropwise, a solution of
Grubbs’ catalyst [(PCy;),Ru(CHPh)CL,] (90 pg) in CH,Cl, (200 uL) at
ambient temperature. After complete addition, argon was purged through
the system until only a trace of CH,Cl, remained (=20 min). The final
concentrations of the components in the reaction mixture were as follows:
11 (275um), 12 (275um), C,H,sNMe;Br (2.75mwm), ligand (110 pum), and
[(PCy;),Ru(CHPh)CL,] (110um). After stirring for 24 h, the reaction
mixtures were examined by MS (Hewlett Packard 1100 Series, electro-
spray). The z*3 region of the mass spectrum is depicted in Figure 10.

Target-accelerated combinatorial synthesis (orientation selective dimeri-
zation, Scheme 8): An equimolar mixture of the two vancomycin analogues
13 (885 g, 0.55 pumol) and 7-(LeuNMe)C, (901 pg, 0.55 pmol) was
dissolved in degassed H,O (1.8mL). To this solution was added
C,H,sNMe;Br (1.7 mg, 5.56 pumol). This reaction mixture was split into
two equal parts (900 uL each). To one part was added H,O (100 pL) and to
the other was added a solution of Ac,-L-Lys-D-Ala-D-Ala (41 pg in 100 uL
of H,0). To these individual, vigorously stirred solutions was added,
dropwise, a solution of Grubbs’ catalyst [(PCy;),Ru(CHPh)Cl,] (90 pg) in
CH,Cl, (200 uL) at ambient temperature. After complete addition, argon
was purged through the system until only a trace of CH,Cl, remained
(~20 min). The final concentrations of the components in the reaction
mixture were as follows: 13 (275um), 7-(LeuNMe)C, (275um),
C,H,sNMe;Br (2.75mm), ligand (110um), and [(PCy;),Ru(CHPh)CL,]
(110 um). After stirring for 24 h, the reaction mixtures were examined by
MS (Hewlett Packard 1100 Series, electrospray). The z* region of the mass
spectrum is depicted in Figure 11.

Target-accelerated combinatorial synthesis (eight component competition,
Scheme 9): An equimolar mixture of eight vancomycin analogues [7-
(LeuNMe)C, (708 pg, 0.44 umol), 7-(LeuNMe)C, (721 pg, 0.44 umol), 7-(f-
Ala)C, (684 pg, 0.44 umol), 7-(f-Ala)C, (696 pg, 0.44 pmol), 7-(Asn)C,
(703 pg, 0.44 pmol), 7-(Asn)C, (715 pg, 0.44 umol), 7-(H)C, (652 pg,
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0.44 pmol), and 7-(H)C, (664 pg, 0.44 umol)] was dissolved in degassed
H,0 (3.6mL). To this solution was added C,H,NMe;Br (3.3 mg,
10.9 umol). This reaction mixture was split into two equal parts (1.8 mL
each). To one part was added H,O (200 pL) and to the other was added a
solution of Ac,-L-Lys-pD-Ala-p-Ala (261 pug in 200 uL H,O). To these
individual, vigorously stirred solutions was added, dropwise, a solution of
Grubbs’ catalyst [(PCy;),Ru(CHPh)CL,] (289 pg) in CH,Cl, (200 pL) at
ambient temperature. After complete addition, argon was purged through
the system until only a trace of CH,Cl, remained (=20 min). The final
concentrations of the components in the reaction mixture were as follows:
7-(LeuNMe)C, (110 um), 7-(LeuNMe)C, (110 um), 7-(f-Ala)C, (110 um), 7-
(p-Ala)C, (110um), 7-(Asn)C, (110um), 7-(Asn)C, (110um), 7-(H)C,
(110pum), and 7-(H)Cy; (110um), C,H,sNMe;Br (2.75mm), ligand
(176 pm), and [(PCy;),Ru(CHPh)CL,] (176 um). After stirring for 24 h, the
reaction mixtures were examined by LCMS [LiChrospher C18, 6 mm X
250 mm, flow rate 1.0 mLmin~!, 0 — 100% CH;CN (0.05% TFA) in H,O
(0.05% TFA) over 10 min, with detection at 254 nm] specifically observing
the z*3 region (Hewlett Packard 1100 Series, electrospray). From these
data, the relative amounts of each dimer were determined taking into
account the expected statistical abundance for each compound [i.e., the
abundance of heterodimers was halved due to the occurrence of two
equivalent combinations for each, e.g. 8-(LeuNMe)C,-(LeuNMe)C, is
equivalent in mass to 8-(LeuNMe)C,-(LeuNMe)C,]. The average result of
three experiments are plotted in Figure 12.
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