Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with
documents contained within a PDF Package. By updating to the latest version, you'll enjoy
the following benefits:

- Efficient, integrated PDF viewing
- Easy printing

« Quick searches

Don’t have the latest version of Adobe Reader?

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8,
click a file in this PDF Package to view it.



http://www.adobe.com/products/acrobat/readstep2.html


CONCEPTS

The Quest for Extra-Large Pore, Crystalline Molecular Sieves

Mark E. Davis*

Abstract: The definition and reasons for desiring extra
large pore, crystalline molecular sieves are ennumerated.
A historical perspective on the development of these mate-
rials is presented with emphasis on critical features impor-
tant for practical application. Based on the known physio-
chemical properties of extra-large pore materials, several
avenues for their synthesis are suggested. Finally, a few
issues of concern when dealing with this class of materials
are presented.

Keywords: large-pore materials materials science
h molecular sieves * zeolites

Introduction

Zeolites and zeolite-like materials comprise a broad range of
microporous, crystalline solids whose main uses are as adsor-
bents, ion-exchangers, and catalysts. These solids have tunable
properties such as pore size, shape, and capacity, and lead one
to believe that designer catalysts may someday be possible
through the molecular engineering of these structures. Zeolites
are constructed from the tetrahedral units SiO, and AlO,,
which connect to form crystalline structures of composition
M, -(Si, _,+AL)O,-yH,0, where M is a monovalent cation,
y is the amount of occluded water, and 0 <x <0.5. These mate-
rials contain complex pore networks that can be used to sort
molecules.

Figure 1 illustrates framework structures and pore sizes for
three zeolites: CaA, ZSM-5, and NaX. When using this repre-
sentation for the structures, the straight line segments denote
bridging oxygen atoms, and their intersection points the silicon
and aluminum atoms. Zeolites with 8, 10, and 12 oxygen atoms
(likewise 8, 10, and 12 silicon + aluminum atoms) used to con-
truct the rings of the pores are called small-, medium-, and
large-pore materials, respectively. Thus CaA, ZSM-5, and NaX
are small-, medium-, and large-pore zeolites with pore sizes of
approximately 4.5, 6, and 8 A, respectively (defined by means of
adsorption experiments as well as from crystal structure data).
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In 1982, Wilson and co-workers!! disclosed a new class of
zeolite-like molecular sieves that comprised AlOQ, and PO, tetra-
hedra. These phosphate-based, crystalline molecular sieve mate-
rials provide a wealth of new structures (see Figure 1) not ob-
served in zeolites (in addition to several that are structural
analogues). Additionally, a large variety of element combina-
tions successfully form phosphate-based materials (e.g. AIPO,,
GaPO, etc).1M

Prior to 1987, all zeolite and zeolite-like molecular sieves con-
tained large pores (12 oxygen atoms) or smaller. Thus, the pore
sizes were all below 10 A. In spite of this boundary, zeolites
have revolutionized the oil and chemical industries since the
1950s.2-41 Zeolites are used in many applications as catalysts,
for example, catalytic cracking, synthesis of ethylbenzene and
cumene from benzene and ethylene or propylene, respectively.
One of the hallmark features of molecular sieve-based catalysis
is the ability to perform shape-selective reactions. Figure 2 illus-
trates reaction shape-selectivity using medium- (ZSM-5, TS-1)
and large-pore (ZSM-12, Ti-f) molecular sieve catalysts. The
alkylation reactions shown in Figure 2 can be accomplished with
para-isomer selectivities of greater than 90%. For the epoxidation
reactions listed, the yields of the epoxides are greater than 95%
(the reaction of cyclooctene can not be accomplished with TS-1
because the pore size is too small to allow the olefin to enter;ie.,
discrimination between olefins on the basis of size).

The availablity of zeolites and zeolite-like materials with pore
sizes of 10-20 A should open new catalytic chemistry in the
petrochemical and life-sciences fields. Because of the lack of
materials with uniform pore size in the 10-20 A region, and
because of the great desire to perform shape-selective adsorp-
tion/separations and catalysis on molecules in this size range
(the movement to liquid-phase reactions and conversions in-
volving fine chemicals and pharmaceuticals is occurring), there
has been a standing goal to prepare zeolite and zeolite-like
molecular sieves with pores consisting of greater than 12 oxygen
atoms. We proposed to call molecular sieves that contain ring
sizes above 12 extra-large pore materials.(®! It was not until 1987
that an extra-large pore material was prepared, namely, VPI-
5.1 VPI-5 has set the stage for the development of numerous
other extra-large pore materials.

Discussion

History of Extra-Large Pore Materials: Like so many other
pioneering ideas and concepts in molecular sieve science and
technology, Richard Barrer and his collaborators were the first
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Figure 1. Correlation between pore size of molecular sieve as measured from the crystal structure (top of bar) and adsorption studies (top of shaded region in each bar) and

the kinetic diameter (o) of various molecules.

Acid Catalyzed Reactions
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Figure 2. Reactions illustating shape-selectivity in medium- (ZSM-5 [3], TS-1 [5])
and large-pore (ZSM-12 [6], Ti-g [7]) materials.

to report on the idea of preparing extra-large pore materials.['?!

Barrer and Villiger presented a series of hypothetical structures
related to zeolite L (large pore) that had 24 membered ring
(24MR) pores with a free diameter of approximately 15 A.
Some of these networks consisted of known local atomic ar-
rangements that do not violate crystal chemistry constraints, for
example, bond lengths and angles (the model having a hexago-

nal unit cell of a = 22 A, ¢ =7.5 A gives a satisfactory distance
least-squares refinement (DLS-76' 1)) of the atomic positions).
Subsequently, other hypothetical, extra-large pore networks
were reported. For example, Smith and Dytrych illustrated sev-
eral nets with channels of unlimited diameter.!' 2! Figure 3 shows

(a) (b) (c)

Figure 3. Schematic framework [001] projections of AIPO,-tridymite {a), AIPO,-5
(b), and VPI-5 (¢).

an example of one of these nets. The net that is comprised of all
6 MR’s is the topology of AIPO,-tridymite. Insertion of a 4 MR
between the 6 MR’s gives a net that contains a 12 MR and is the
topology of AIPO,-5. Subsequent insertion of a 4 MR adjacent
to each 4 MR in AIPO,-S gives a net that has an 18 MR and was
subsequently shown to possess the topology of VPI-5.1°!

In addition to hypothetical, extra-large pore networks, the
structure of an extra-large pore material, the mineral cacoxenite,
was reported by Moore and Shen in 1983 and contained a chan-
rel of 15 A diameter.'® Cacoxenite is a hydrated, basic, ferric
oxyphosphate mineral, which has yet to be synthesized. Addi-
tionally, it possesses iron octahedra, and structural (OH) and
H,0 groups: [Al(ALFe);Fe;;04(0H),,(PO,),;(H,0),,].1""
Thus, it is not a network containing only oxide tetahedra as are
zeolites. Cacoxenite is not able to function as an adsorbent or
catalyst because the structure collapses upon heating to remove
the water occluded within the pore network.
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By the mid-1980’s, hypothetical extra-large pore nets were
known, phosphate-based molecular sieves were known, and the
structure of the 15 A pore, phosphate-containing mineral cacox-
enite was known. Thus, it is not surprising that the first extra-
large pore material, VPI-5, 1s a phosphate-based material,
namely, an aluminophosphate. After the discovery of VPI-5,
numerous phosphate-based, extra-large pore materials were
prepared. Table 1 summarizes these materials. All of these solids

Table 1. Summary of extra-large pore materials.

Material Year Main framework
reported  composition

Ring size  Poresize  Ref.
(O atoms) [a]

VPI-S 1988 AIPO, 18 13 9]
AIPO,-8 1990 AlPO, 14 <10 [14,15]
Cloverite 1991 GaPO, 20 <10 [16]
JDE-20 1992 AlPO, 20 ~[q] 07
ULM-5 1994 GaPO, 16 NR [d] (18]
AlMepO-f 1995 AL(CH,PO;), 18 6 (191
TPA-SnS-3 1995 Sn,S, 32 [b] NR [20]
not named 1996 V,0,(PO,), 16 NR P21
ULM-16 1996 GaPO, 16 NR 221
UTD- 1996 $i0, 14 10 (23]
ULM-15 1997 FePO, 16 NR [24]

{a] In A; proven by adsorption. [b] Contains a total of 32 atoms. [¢] Collapse upon
activation. [d] NR: not reported.

except UTD-1 and TPA-SnS-3 are phosphate-based molecular
sieves. Although the materials listed in Table 1 all have extra-
large rings in their as-synthesized form, some of these materials
decompose upon attempts to remove occluded material (mostly
organic molecules) from their void spaces (e.g. JDF-20), or have
limited thermal stability that make their use as a molecular sieve
difficult. This is not surprising in view of the fact that all the
materials listed in Table 1 except UTD-1 have at least one of the
following features: mixed metal-ion coordinations (e.g., octahe-
dral/tetrahedral aluminum), terminal (OH) groups and other
nontetrahedral framework groups (e.g., OH, H,0, F), that like
in cacoxenite lead to low stability relative to zeolites. For ex-
ample, the as-synthesized form of VPI-5 possesses octahedral
and tetrahedral aluminum. The octahedral aluminum is in the
center of the so-called triple crankshaft chains that make up the
fused four-membered rings (see Figure 4a). The dehydrated
triple crankshaft chain is very strained and the hydration and
coordination change (tetrahedral to octahedral) releases this
strain. If the water from as-synthesized VPI-S is not carefully
removed, it can assist in the transformation of VPI-5 to AIPO,-§
by participating in the hydrolysis of Al1-O-P linkages (see
Figure 4b). Because the reorganization of the VPI-S structure
occurs randomly, the AIPO,-8 thus formed has a high degree
of stacking disorder endowing it with a very low adsorption
capacity.

The practical value of phosphate-based extra-large pore ma-
terials is limited by their poor thermal and hydrothermal stabil-
ity compared to zeolites. Thus, the desire for extra-large pore
zeolites is high and the preparation of UTD-1 proves that the
formation of extra-large pore materials is not limited to nonte-
trahedral frameworks and phosphate-based materials. UTD-1
is a high-silica zeolite possessing only tetrahedral atoms of sili-
con and aluminum and is thermally stable like other known
zeolites.[23 UTD-1 shows that an extra-large pore material can
have the stability necessary for commercial application.

Chem. Eur. J. 1997, 3, No. 11
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Figure 4. Structure of as-synthesized VPI-5 illustrating the octahedral aluminum
(a). Transformation of VPI-5 to AIPO,-8 (b). Each symbol adjacent 1o the center of
the fused 4-ring represents two water molecules bonded to an Alatom. and indicates
water molecules at different layers due to the alternation of Al and P in the frame-
work.

Stability: After the discovery of VPI-5, it was found that this
material has limited thermal and hydrothermal stability.[?3]
Because of the instability of VPI-5, concern was raised over
whether all extra-large pore materials would possess this fea-
ture. My co-workers and I have spent much effort addressing
the origin of the instability of VPI-5 and clearly the reasons
enumerated above are important (ref [25] and references
therein). Thus, it could be argued that the lack of stability in
VPI-5 is not due to the presence of the extra-large ring, but
rather to the nature of the structural units, for example, the
strained, fused four-membered rings. UTD-1 proves this
premise. UTD-1 contains structural units observed in other
high-silica zeolites and possesses 14 MR’s. The thermal and hy-
drothermal stability of UTD-1 is not diminished from large-
pore, high-silica zeolites,'?*! thus supporting the premise that
the extra-large ring is not the cause of the destabilization in the
other extra-large pore materials. Rather, the lack of stability is
due to other structural features as mentioned above.

Methods for New Synthesis: The preparation of VPI-5 and
UTD-1 set the precedence for the existence of extra-large pore
molecular sieves and zeolites, respectively. There continues to be
a great desire for extra-large pore materials, especially silica-
based ones now that the stability of such a material is proven.
UTD-1 begins to approach the pore size of interest, 1020 A,
but there is a need for larger pores.

One approach to the synthesis of extra-large pores is through
the use of large, organic, structure-directing agents. In the syn-
thesis of high-silica materials that are somewhat hydrophobic,
water-soluble organic molecules, such as quaternary ammoni-
um compounds, can be used to organize the inorganic compo-
nents into an as-synthesized, organic—inorganic composite ma-
terial. For more details on this, see refs. [26,27]. Removal of the
organic component, most typically by combustion in air, opens
the pore space of the high-silica zeolite. The problem with
preparing large organic molecules for this use is their solubility
in water.l*®1 The molecule used to prepare UTD-1 is bis(pen-
tamethylcyclopentadienyl)cobalt(ur) hydroxide, and it has suffi-

0947-6539/97/0311-1747 $ 17.50 +.50/0 1747





CONCEPTS

M. E. Davis

cient solubility in water at 175 °C to act as a structure-directing
agent. Thus, this route to extra-large pore materials 1s viable but
will rely on skillful preparation of organics. For example, the
polymer shown in Figure 5a is known to structure-direct the
formation of large-pore zeolites such as gmelinite*°! and ZSM-
12.13% This polyelectrolyte is quite water-soluble. One approach
to preparing structure-directing agents for extra-large pore zeo-
lites could be to replace the DABCO unit (each bridge contains
two methylenes) with a larger moiety as illustrated in Figure 5b.
This expansion in size from the DABCO unit was insufficient in
impeding the structure-direction of gmelinite and ZSM-12
(Davis et al., not reported). Thus, larger moieties like those
illustrated in Figure Sc will be necessary to produce extra-large
pore zeolites.

(@) ——n~" TSN (CH), ——

Figure 5. Polycation polymers: a) DABCO-based polymer used to prepare gmelin-
ite and ZSM-12, b) polymer also capable of producing gmelinite and ZSM-12, and
¢} suggested class of new polymers for structure-directing extra-large pore materi-
als.

In addition to the use of large structure-directing agents, there
is another possibility that may lead to extra-large pore materi-
als. Brunner and Meier have shown that there is a correlation
between the minimum framework density (FD) defined as the
number of tetrahedral atoms per cubic nanometer and the
smallest ring size in the framework. The minimum known FD is
12.5 and is from a structure that consists of ring sizes of four
(4MRs) or larger. Meier speculated that all extra-large pore
structures that are based on 4 MR’s will have one-dimensional
channel systems.[* This is because hypothetical frameworks
with multidimensional, extra-large channels yield FD’s below
12. However, this boundary on FD is lowered to below 10 if the
frameworks are based on 3 MR’s. Challenged by these ideas, we
began a program to purposefully prepare materials with 3 MR’s.
Based on the facts that zincosilicate minerals contain 3MR’s
and zinc is a cheap and abundant element that is not toxic
(beryllium-containing silicates also possess 3MR units33)), we
initiated work on the synthesis of microporous zincosili-
cates.[33- 1 Thus far, we have prepared four crystalline, micro-
porous zincosilicates that contain 3 MR’s. However, the largest
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pore size of these solids is a 9MR. We believe that this area of
research deserves further attention.

In our investigation on the preparation of zincosilicates, we
synthesized a new material we denoted as VPI-8.1%1 VPI-8 is a
high-silica molecular sieve that requires the presence of zinc for
its preparation. Instead of creating 3 MR’s, the presence of zinc
formed a new atomic arrangement we denoted as the “‘pin-
wheel” building unit (because of the arrangement of the 5MR’s
in the shaded area in Figure 6). Note that the 12 MR large-pore

(a)

(b)

14MR

Figure 6. Schematic illustrations of a) the structure of VPI-§ and b) extra-large
pore nets constructed from the “pinwheel” unit.

of VPI-§ is constructed of four “pinwheel” units connected to-
gether. By simple insertion of 4 MR’s between the “pinwheel”
units in a manner similar to that of Smith and Dytrych for the
hexagonal nets shown in Figure 3, extra large pore nets can be
formed (see Figure 6). It is unlikely that the 188 MR and 20MR
nets could be realized because of the presence of the fused four-
membered rings (VPI-5 has this feature, but it is able to do so
because it is an AIPO, that allows for octahedral coordination
of Al). However, the 14 MR and 16 MR nets appear feasible. It
is important to note that unlike other building units, the ““pin-
wheel” unit can only construct nets of 12 MR’s or larger. Thus,
it is well-suited to form extra-large pore structures. Note also
that these nets all have one-dimensional channels as predicted
by Meier for nets lacking 3MR’s. A suggested strategy for
preparation of these extra-large pore materials would be the use
of zincosilicate chemistry and large, organic structure-directing
agents.

0947-6539/97/0311-1748 $ 17.50 +.50/0 Chem. Eur. J. 1997, 3, No. 11
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Clearly, there are numerous lines of thought to the prepara-
tion of extra-large pore materials. Here, I have outlined only a
few.

Issues of Concern with Extra-Large Pore Materials: In spite of
the great progress that has quickly been achieved in preparing
extra-large pore materials since the announcement of VPI-5 in
1987, there remain numerous unresolved issues. The stability of
UTD-1 provides reason to believe that extra-large pore materi-
als will find practical application in the future. Although the
issue of stability will not vanish, it is clearly being resolved.
Below, I discuss issues of concern for the prepartion of extra-
large pore materials.

One question that always arises is how large a pore size is
possible? As before, I would argue that the extra-large ring size
is not the cause of instability, but rather the stability is dictated
by the stability of the units that build the structure. Thus, 24 MR
nets like those of Barrer and Villiger appear feasible from a
structural point of view. However, it is not clear whether the
organizational complexity of the synthesis medium must in-
crease with increasing ring size. I will discuss two issues here that
relate to the problems of synthesizing extra-large pore materials.
First, it is unlikely that a molecular sieve material could be
synthesized in water if the density of the crystal were to be less
than that of water (for all practical concerns, water is the synthe-
sis medium of choice). This is because the crystals thus formed
would float to the surface upon nucleation and make the subse-
quent growth difficult (implies a nonviscous reaction medium).
If no organic structure-directing agents are used, this is not an
issue. If however, organic—inorganic composite structures are
formed, then this issue becomes relevant. For example, by using
a framework density of 2.5 gcm ™3, water at 1 gcm ™3, and an
organic density of 0.6 gecm ™3, the relation shown in Equa-
tion (1) can be formulated, where x is the void fraction of the

(2.5gecm (1 —x) + x(0.6 gem™3) <t gecm™? M

inorganic organic

crystal. Use of this approximation gives x <0.79. Void fractions
of known zeolites are all less than 0.5 and the void fractions of
the 24 MR structures fall below this predicted boundary. How-
ever, the correlation of Brunner and Meier suggests that 3 MR-
type frameworks could have void fractions in the range of
0.7--0.8. If this crude calculation provides an approximation to
the bound on void volume, then it appears there is plenty of
operating space for the synthesis of extra-large pore materials.
Additionally, if the molecular sieve were to nucleate within a gel
particle, then it may be trapped in the gel and not allowed to
float to the surface. Thus, the bound on void volume may only
apply to those preparations not involving thick gels. Second, if
larger rings are to be constructed, can the organizational com-
plexity that is expected to increase with increasing ring size when
using uniform-sized building units be overcome by employing
larger building units? The answer to this question is unclear
because it remains unknown how these structures are assembled
at the molecule level. Clearly, larger building units could lead to
large rings (e.g., “‘pinwheel” units). Compare, for example, the
f-cage in zeolite A with the a-cages that are in cloverite (see
Figure 7). (Although these cages are most likely not the units
that actually build the pore structures during the assembly pro-

Chem. Eur. J 1997, 3, No. 11
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Figure 7. Schematic illustrations of the structures of zeolite A (left) and cloverite
(right).

cess, they show how larger entities can construct larger pores.)
1f larger units can be forced to form, then it may be possible to
dictate the creation of extra-large pores. It is known that te-
tramethylammonium (TMA) cations that form S-cages can be
used in combinations with larger organics (e.g., tetrapropylam-
monium (TPA) cations) to form the large pore material SAPO-
37 (TMA in B-cages and TPA in large cages*®)). Thus, struc-
ture-directing o-cages or even larger cages in conjunction with
extra-large pore containing features by using two different or-
ganics appears feasible. Alternatively, instead of thinking about
building structures from the assembly of small species, one can
imagine the construction of three-dimensional structures from
precursors that already have some degree of order. Schreyeck et
al. showed that a two-dimensional (layered) material that had a
high degree of structural order could be transformed into a
zeolite of the ferrierite type.*” The transformation from a lay-
ered to a three-dimensional structure appears to occur with
other materials as well, for example, VPI-5,3% MCM-22,13
and ERB-1.14%1 Therefore, another strategy for the preparation
of extra-large pore materials could be through the use of a
structured intermediate.

Summary

Although it has only been a decade since the discovery of VPI-5,
the first extra-large pore material, the preparation of numerous
other extra-large pore materials, including zeolites, has oc-
curred. Additionally, the understanding of some of the issues
germane to the preparation and use of crystalline solids with
pore sizes above 10 A is proceeding. Thus, it is likely that it is
only a matter of time before commercial application of extra-
large pore materials will appear. However, it is clear that al-
though these types of molecular sieves could be useful in certain
applications, they could be too large for others, as can be seen,
for example, in the hydrocracking results of Santilli et al.™*"
Therefore, judicious choices of reaction/separation applications
will be necessary for successful commercialization.

Although great progress is currently being made in the quest
for extra-large pore molecular sieves, there are numerous ques-
tions that remain. For example, a large body of work is emerg-
ing on the preparation of organic-based networks that possess
extra-large rings (e.g., ref. [42]). Will these materials be able to
function in a manner similar to the inorganic solids described
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here? Clearly, they will not be useful for high-temperature appli-
cations. However, they may find use and compete with the inor-
ganmic materials for low-temperature (and most probably liquid-
phase) applications. Additionally, numerous hypothetical
organic and inorganic networks have appeared, and it remains
unclear why these materials, such as the 24 MR structures of
Barrer and Villiger, have eluded synthesis thus far. Despite the
fact that numerous unanswered questions remain, the field of
extra-large pore materials is flourishing. The demand for these
types of materials is increasing and will thus motivate expanded
cfforts in this area.
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Carbohydrate-Modified Metal Carbenes: Synthesis and First Applications
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Abstract: Carbohydrate-modified carbene complexes can

be synthesised by combining a sugar electrophile with a
metalate nucleophile or vice versa. Acyclic sugar skeletons
adopt conformations that are controlled by the minimisa-
tion of 1,3-interactions and are not significantly affected by
the incorporation of a metal fragment. Thus, the latter can
be used exclusively for reactivity tuning. Sugar carbene
complexes undergo regio- and stereoselective ligand- and
metal-centred reactions such as C,-homologisation and
benzannulation.

Keywords: asymmetric synthesis - carbene complexes -
carbohydrates - glycosylidenes - spiro compounds

Introduction

Carbohydrates are widespread compounds in nature and are of
growing interest in biochemistry as well as in stereoselective
synthesis. During the past two decades it has been recognised
that sugars participate in important biochemical processes; for
example, the carbohydrate units of glycoconjugates strongly
influence biological selection processes such as molecular recog-
nition at cell walls.' They also play an active role in intracellu-
lar enzyme transport,(?) infection processes!® and cell adhe-
sion.[

Up to now, a broad variety of synthetic methods
have been developed for the synthesis of oligo- and
polysaccharides, but it still remains a major chal- RO
lenge to activate the C-1 carbon atom smoothly for RO
glycosidation reactions.[”! Whereas organometallic
chemistry is widely used in stereoselective organic
synthesis, its impact on carbohydrate chemistry is
still underdeveloped. Carbohydrates are used as
valuable auxiliaries in stereoselective synthesis.'®! As ligands
bound through oxygen to titanium they facilitate Lewis acid
catalyzed Diels-Alder!” and aldol reactions.!®’ However, the
tuning of the anomeric centre for glycosidation reactions by
means of organometallic reagents is mainly restricted to lithia-
tion and stannylation.” In addition, very few transition metal

[*] Prof. Dr. K. H. Détz, Dr. R. Ehlenz
Kekulé-Institut fiir Organische Chemic und Biochemie der Universitdt Bonn
Gerhard-Domagk-Strasse 1. 53121 Bonn (Germany)
Fax: Int. code +(228)73-5813
e-mail: doetz@ snchemiel.chemie.uni-bonn.de

Chem. Eur. J. 1997, 3, No. 11

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

complexes have been used in C-glycosidation reactions.!'®! Sta-
ble glycosyl complexes have been reported for cobalt,!’ %! man-
ganese!'°~ ¥ and iron,!' °¢ T and manganese compounds 1 have
been employed in the synthesis of C-glycosides, although wider
application is hampered by the high-pressure conditions re-
quired (Scheme 1).

Because of the inherent polarity of the metal —alkyl bond in 1,
the anomeric centre experiences an umpolung and thus reacts as
a nucleophile. On the other hand, a pronounced electrophilicity
is expected when C-1 is modified to a glycosylidene carbon
atom, coordinated to a metal carbonyl fragment. Such Fischer
carbene complexes are promising candidates for both ligand-
and metal-centred reactions, which may enlarge the scope of
carbohydrate synthetic methodology.

So far, carbohydrates have been used to introduce chiral in-
formation into the carbene ligand by addition of partially pro-
tected carbohydrates to isonitrile complexes of gold or plat-
inum"! to cationic manganese and rhenium carbynes!!?
or to alkynyl carbene complexes of chromium or tungsten
(Scheme 2).1'3! These methodologies allow the modification of
the carbene ligand with an O-linked sugar skeleton to give com-
plexes of type 2 and 3; however, no synthetic applications have
been reported so far.

Apart from the modification of Fischer carbene complcxes
with carbohydrates described above, a promising strategy is the
activation of sugar carbon atoms as electrophilic carbene car-
bons. With regard to this aim three topics are of interest:

R COMe OR
16} 1. = RO QO 0
Mn(CO)s 6 Kbar RO _CO,Me
2 hv OR (CHy)»
1
Scheme 1. High-pressure C-glycosidation with manganese complexes.
Ph
@ __©  NaO"Sugar"
[ CocOpMn=—pn | BF, UL cpcopmn
0"Sugar"
2
OFEt
OFt
(CO)sM
e : <c0>th<R
R 0"Sugar"
3
Scheme 2. Carbene complexes modified with O-linked sugars.
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1) What strategies can be developed for the synthesis of carbo-
hydrate-functionalised carbene complexes?

2) To what extent does a bulky organometallic substituent in-
fluence the conformation of the carbohydrate skeleton?

3) Do carbohydrate-functionalised carbene complexes adhere
to the typical carbohydrate reactivity patterns, and can they
be used in diastercoselective reactions, in C-glycosidations
and in the formation of non-glycosidic linkages?

Discussion

Acyclic sugar carbene complexes: Carbene complexes are
generally synthesised by combining a metal electrophile and a
C-nucleophile™* or vice versa.!' 3 The latter strategy, which has
been applied to the synthesis of glycosyl complexes, can also be
exploited for the transformation of the C-1 of acyclic, protected
carbohydrates into a transition metal stabilised carbene centre.

Strong organometallic bases like sodium cyclopentadienyl-
dicarbonylferrate or potassium pentacarbonylmanganate add
to hexonic and pentonic acid chlorides to yield neutral sugar
acyl complexes 4,1'% as demonstrated for the D-galactose series.
Contrary to the iron compounds, the manganese analogues de-
carbonylate under mild conditions. Whereas simple acyl com-
plexes of iron undergo ready O-alkylation when treated with
hard electrophiles, the transformation of 4 into cationic iron
carbenes 5 is hampered by the presence of the acetyl protecting
groups. However, with increased nucleophilicity of the acyl oxy-
gen, such as in anionic acyl complexes of Group 6 or 7 meta-
lates, clean alkylation occurs to give the neutral carbene com-
plexes 6 (Scheme 3).I'7

The reactivity of the neutral carbene complexes such as 6
generally resembles that known for Fischer-type carbene com-
plexes. The addition of nucleophiles such as amines!!3% or
ynamines!! 3" results in the formation of aminocarbene com-
plexes of type 7 and 8, respectively (Scheme 4). Whereas aminol-
ysis occurs readily with gaseous ammonia, the reaction with
sterically more demanding amines is accompanied by a compet-
ing ester cleavage. Attempts to perform cyclopropanation under
thermal conditions have been unsuccessful so far; instead, ow-
ing to the leaving group character and neighbouring group par-
ticipation of the ester protecting groups, elimination of two
vicinal acetoxy groups and the metal carbonyl fragment occurs
leading to the formation of sugar encates 9.8

Surprisingly, the incorporation of the bulky metal carbonyl
fragment has no significant impact on the conformation adopt-
ed by the sugar backbone. Low-temperature NMR studies show

Abstract in German: Kohlenhydrat-modifizierte Carbenkomplexe
sind durch die Kombination von Zucker-Elektrophil mit Metallat-
Nucleophil oder umgekehrt zugdnglich. Acyclische Zuckergeriiste
hevorzugen Konformationen entlang der Zuckerkette, die durch
eine Minimierung von 1,3-Wechselwirkungen der Schutzgruppen
bestimmt sind. Somit kann das Metallkomplexfragment aus-
schlieflich zur Modifizierung der Reaktivitit des Zuckers heran-
gezogen werden. Die Zucker-modifizierten Carbenkomplexe
gehen regio- und stereoselektive Ligand- und Metall-zentrierte
Reuaktionen wie C,-Homologisierungen und Benzanellierungen ein.
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Os_Fp RO Frl O®
OAc Ac
@0
_ NaFp _ Ac0 LX__%, AcO
AcO AcO
Cl ] OAc OAc
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OAc c OAc
AcO 4 5
AcO -
OAc
OAc MeO Cr(CO)s
OA
1.) K,Cr(CO)s ¢
AcO
2) Me;0%BES AcO
QAc
OAc
6
Scheme 3. Carbohydrate-modified acyl and carbene complexes (Fp=

CpFe(CO),).

that the per-O-acetylated iron acyl complexes with D-galacto
and L-arabino configurations adopt planar zigzag conforma-
tions, whereas the p-gluco and D-ribo compounds suffer from
unfavourable 1,3-interactions, which force the sugar skeletons
to adopt sickle-shaped conformations. X-ray studies indicate
that the D-galacto and D-gluco acyl complexes show the same
preferences in the solid state (Scheme 5).1*¢) Similar observa-
tions have been made for acyclic sugar carbene complexes; com-
parative X-ray structure analyses of the D-galacto chromium
complex and its isolobal analogue methyl galactonate demon-
strate that the conformation of the sugar backbone is controlled
by 1,3-interactions of the protecting groups rather than by the
bulky organometallic substituent at C-1.1182]

Cercoys
MeO.__M(CO)s 7
H3;CO—1—0.
Qo
AcO S )
AcO Ny
OAc AcO—j
OAc F—OAc
M= Mo L —OAc
—==NEt,
M=W M=Cr
NH; A
EpN Mo(CO)s A
1'13C0 L CH3
OAc HN__W(CO)s CO,CE
AcO OAc Vi
AcO AcO
OAc AcO AcO
OAc OAc OAc
OAc
4 diastereomers OAc
ratio” 1:2:2.5:1
8 7 9

Scheme 4. Reactions involving the C-1 carbon of acyclic sugar carbene complexes.
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HEHE AcQ H*

H20Ac

AcO

AcO HS  H30Ac

D - galacto

AcO

H3oac

AcO: #°

D-gluco

Scheme 5. Preferred conformations of p-galacto and p-gluco iron acyl complexes.

Carbohydrate oxacyclopentylidene complexes: An elegant
method for the preparation of oxacyclopentylidene complexes is
based on the cyclisation of alkynols.''®? This methodology has
been exploited for the preparation of spirocyclic tetrahydro-
furanyl ethers,>®! which are important structures in natural
product synthesis, because of their pharmacological reactivity
patterns; calyculine, for example, is a phosphatase inhibitor,!? 2]
and papulacandines inhibit (1—3)-f-glucansynthase.[21% ¢!
Generally, butynols are readily accessible by the addition of
propargylic organometallics to carbonyl compounds. In the
synthesis of carbohydrate-functionalised butynols, however, al-
lenylmagnesium bromide turns out to be the reagent of choice,

00, 05,

MgBr
— (CO)sCITHF
_ = —_—
RT
° o\ Yoo
10
(CO¥Cr
HO.. ,CH,C=CH o
Bio (CO)CrTHE B y
BnO RT BrnO
OBn OBn
OBn OBn
OBn OBn

Scheme 6. Metal-assisted sugar alkynol cycloisomerisation.
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\
Cr(CO)s

n-BuLi 12

W
Cr(COYs

MexN=CH,12C1®

C’\o

\Cr(CO)5

13

Scheme 7. a-Functionalisation of spiro pyranosyl carbene complexes.

which adds diastereoselectively to sugar-based lactones and ke-
tones. The subsequent reaction of the sugar butynols with a
solvent-stabilised pentacarbonylchromium template yields
spirocyclic 2-oxacycloalkylidene complexes, as demonstrated in
the psicose series for carbene complex 10 (Scheme 6).1221 The
cycloisomerisation strategy can be similarly applied to acyclic
carbohydrates. In contrast, the diastereoselectivity of the allenyl
Grignard addition to sugar aldehydes is considerably lower.
Separation of the diastereoisomers can most readily be achieved
after cycloisomerisation at the chromium template to give pen-
tose- or hexose-modified chromium oxacyclopentylidenes, as
depicted for the mannose derivative 11 (Scheme 6).(231

The potential of metal carbenes in stereoselective synthesis is
based both on the pronounced acidity of the «-CH in the alkyl
side chain of the carbene'* and on the cycloaddition reactions
centred on the metal®! or carbene ligand.I?®! The incorpora-
tion of the sugar backbone into the carbene ligand leads to an
asymmetric modification of these carbon—carbon bond form-
ing reactions. For example, on a-benzylation of psicose complex
10, the monoalkylated compound 12 is obtained as a single
diastereomer (Scheme 7), along with a minor amount of the
bisalkylation product.

The conjugated base generated from psicose complex
10 can be modified into the a-exo-methylene derivative 13
upon reaction with methylenedimethyliminium chloride
(Scheme 7). This type of transition metal complex bears
a carbon-carbon double bond activated by the metal
carbene moiety for cycloaddition reactions. The Diels—
Alder reaction with 2,3-dimethylbutadiene gives the bis-
spiro carbene complex 14a/b in > 90 % de (Scheme 8).122%!
A sterically more demanding dienophile, however, may
fail to undergo a [4+ 2] cycloaddition, as demonstrated
for the benzylidene analogue. 2-Oxacyclopentylidene
complexes with acyclic sugar side chains show similar
high diastereoselectivities in alkylation and Diels—Alder
reactions. Whereas the exo-methylene oxacyclopentyli-
dene complexes are susceptible to ligand-centred cy-
cloaddition reactions, the metal-centred benzannulation
reaction of 13 fails under our standard conditions.

The pronounced electrophilicity of the metal-coordi-
nated carbene carbon atom is the most remarkable fea-
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Scherne 8. Bisspiro carbene complexes by diastereoselective Diels—Alder reaction.
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Scheme 9. 2-Azacyclopentylidene complexes formed by ring opening/recyclisation.

ture of the Fischer carbene complexes, and this can be exploited
in an exchange of alkoxy for amino substituents at this position.
The aminolysis of diastereopure 2-oxacycloalkylidene complex-
es (although with unknown configuration at the ring carbon
atom bearing the sugar side chain) results in a ring-
opening reaction to give acyclic aminocarbene com- ><O
plexes 15 bearing an unprotected hydroxyl group in 0
the y-position. This substitution pattern allows a
recyclisation under Mitsunobu conditions to give

0=—<0 —CH,

present in the metal carbonyl! electrophile, the addition of the
lithioglucal occurs at the metal centre rather than at the car-
bonyl ligand. Cleavage of the donor ligand and concomitant or
subsequent elimination of the 3-silyloxy group result in the for-
mation of unsaturated pyranosylidene complexes 20
(Scheme 11).

The aminolysis/recyclisation sequence can also be applied to
metal furanosylidenes.”” This route provides a novel approach
to azasugars with inversion of configuration at the carbon atom
C-4 (Scheme 12). X-ray structure analyses of the isopropyli-
dene-protected mannosylidene complex 17 and its epimeric aza
analogue 21 demonstrate that this transformation has no signif-
icant impact on the conformation of the sugar ring. A com-
plementary approach to metal azacyclopentylidenes uses a
combination of a sugar electrophile and a carbony! metalate
nucleophile. According to the procedure reported by Hege-
dus!®?! the protected erythrono lactam 22 is modified into the
corresponding furanosylidene complex 23 upon addition of
dipotassium pentacarbonylchromate and deoxygenation assist-
ed by TMS chloride (Scheme 12) 1271

The electrophilicity of the metal carbene centre can be ex-
ploited for the homologisation of the glycosylidene ligands.
Electron-rich alkynes undergo insertion into the metal carbene
bond to give the C, homologue containing a new metal carbene

O
>od o
0=><Q —=Cr{CO)s

+ (CO)Cr=C(Ph), —>

2-azacyclopentylidene complexes 16 with concomi- 17
fant epimerisation at the former C-1 position of the Scheme 10. Furanosylidene complexes by stoichiometric olefin metathesis.
carbohydrate chain (Scheme 9).123
OTIPS
N . Cr(CO)g 0
Glycosylidene complexes: Attempts to synthesize - —— TTPSO®_<)Me
glycosylidene complexes, which are promising TIPS Mcs0 BF, TIPSO = o)
reagents for novel C- and heteroatom glycosidation TlPso@ ) "HCO)s
reactions, by means of the classical Fischer or the TIPSO N —
pentacarbonyl metalate dianion procedure failed.
However, the stoichiometric olefin metathesis reac- 18 OTIFS
tion, in which an electron-rich alkene is coupled Cr(CO)sL /®:
with an electron-deficient metal carbene, allowed L = PPhs, THF TIPSO — Creon
the exo-methylene furanoses to be modified into 2
furanosylidene complexes such as 17 in good yields Scheme 11. Access to glucal carbene and pyranosylidene complexes .
(Scheme 10).127!
a,f-Unsaturated carbene complexes have many
applications in organic synthesis. They undergo 1,2 ><8 o L) NH E
or 1,4 nucleophilic additions, and metal-centred ey =Cr{CO)s ks L0
benzannulation or cyclopentannulation reactions. 2.) DEAD, PPy o
Their carbohydrate-based analogues can be formed ><O
from glycals, which can be incorporated into the 17 21
carbene ligand according to the Fischer route.l'
The addition of lithioglucals such as 18 to binary Me Me
metal carbonyls and subsequent alkylation provide Ko [Cr(CO)s] 1\11
a straightforward access to unsaturated carbohy- =0 W’ 5 7=CrCO)s
drate carbenc complexes 19.28 The addition of the ;—\T
glucal nucleophile to the metal carbonyl electrophile ><0 0><0

is controlled by the ligands in the coordination
sphere of the latter. If a ligand combining donor and
leaving group properties such as PPh; or THF is

1754 ———— % WILEY-VCH Verlag GmbH, D-69451 Weinheim. 1997

22

Scheme 12. Syntheses of azaglycosylidene complexes.
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moiety.[3%7 While the insertion of ynamines leads to the forma-
tion of both isomers across the exo-alkylidene bond, the reac-
tion with ethoxyethyne provides a stereoselective access to the (£)
isomer.?®) The metallatriene system 24 resulting from the C,-
homologisation of 20 offers a choice of three conjugated centres
for the addition of nucleophiles. Under kinetic control ammonia
adds regioselectively to the hard metal—carbene centre to give
25; conjugate addition at the oxygenated f-position or at the
C-3 carbon atom in the unsaturated sugar ring are suppressed
under these conditions (Scheme 13). Similarly, upon addition of
amines, the glucal-derived chromium carbene 20 favours
aminolysis at the carbene carbon over Michael addition to the
glucal, yielding the acyclic unsaturated carbene complex 26.

OTIPS OTIPS
. o EO
(0] ==—0Ft CHCO)s
TIPSO Cr(CO)s TIPSQuue-
— — H
2 24
NH; NH;
NH,
OTIPS
/ Cr(CO)s
o H;N
Cr(CO
OTIPS TIPSO fCO)s
OH = H
OTIPS
26 25

Scheme 13. Homologisation by two carbon atoms and regioselective aminolysis of
pyranosylidene complexes (TIPS = triisopropylsilyl).

The glucal carbene 19 is a promising candidate for diastereo-
selective benzannulation. Upon reaction with 3-hexyne the
Cr(CQO),-coordinated benzoglucal 27 is formed along with a
comparable amount of the uncoordinated benzannulation
product 28 (Scheme 14).11#% 28! Tn addition to the chiral centres
originating from the sugar moiety, the Cr(CO), —arene complex
contains a plane of chirality. A single diastereomer (with still
unknown configuration at the chromium arene bond) is ob-

RySi0

Et—==—FEt

—_— +
R3Si0 OCH;
O Et
19
R;3S10" Lt
OSiR; OH 28

Scheme 14. Benzannulation of glucal carbene complexes.
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tained from the benzannulation reaction. This might be the
result of a diastereoselective benzannulation; however, at
present, it cannot be excluded that the decomplexed annulation
product arises from the other diastereomeric annulation
product in which the chromium is bound to the opposite face of
the arene ring.

Outlook

Successtul carbohydrate synthesis requires a variety of tunable
experimental procedures. Organometallic reagents, which have
already played a major role in the development of stercoselec-
tive organic synthesis, provide an ample choice for the optimisa-
tion of metal-ligand combinations and promise to become
equally successful in the preparation and modification of multi-
functional sugar skeletons. In particular, metal carbene com-
plexes are useful tools, which offer unconventional reaction pat-
terns and thus are well-suited to extend the scope of established
synthetic methodologies.
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The Stable (Phosphino)(silyl)carbene as a Useful Building Block:
Synthesis and Reactivity of 2-Phosphorus-Substituted 2 H-Azirines

Valérie Piquet, Antoine Baceiredo, Heinz Gornitzka, Francoise Dahan, and Guy Bertrand*

Abstract:  [Bis(dicyclohexylamino)phos-
phinoltrimethylsilylcarbene (1) reacts
with benzonitrile leading to the corre-
sponding 2-phosphino-2H-azirine 3 in
85% yield. Treatment of 3 with trifluoro-
methanesulfonic acid, methyl trifluoro-
methanesulfonate, or elemental sulfur
leads to the P-hydrogeno-2-phosphonio-,

with BF, OEt,, BH,-SMe,, Lawesson’s
reagent, or methyl isothiocyanate gives
heterocycles 9 (90% yield), 10 (76%
yield), 12 (83 % yield), or 13 (80% yield),
while under the same experimental condi-
tions, heterocycle 8 reacts with the same
reagents to give 9 (82 % yield), 11 (83%
yield), 12 (86% yield), and 15 (56%

yield), respectively. Thermolysis of the P-
hydrogeno-2-phosphonio-2 H-azirine 4 at
55°C leads to the cationic, four-mem-
bered heterocycle 17 (96% yield), while
photolysis of the P-methylazirine ana-
logue 5 in the presence of dimethyl
acetylenedicarboxylate affords pyrrole 19
(64% yield). Irradiation of the thiox-

P-methyl-2-phosphonio-, or 2-thioxo-
phosphoranyl-2 H-azirine (4, 5, and 7) in
77, 87, and 91 % yields, respectively. [rra-
diation of 3 gives rise to the 1,24%-azapho-
sphete 8 (Y8% yield). Treatment of 3

Introduction

The chemistry of 2H-azirines A, the smallest of the nitrogen-un-
saturated heterocycles, has been extensively explored because of
the high reactivity of this ring system towards nucleophilic and
electrophilic reagents, as well as for their versatile photochemi-
cal and thermal behavior."'! A retrosynthetic analysis of A is
given in Scheme 1. Routes () and (b) can be considered as mod-
ified Neber rcactions,!? route (c) refers to the thermolysis of
isoxazoles'! or oxazaphospholines,! route (d) to the ring clo-
sure of nitrile ylides.!”! and route (¢) to the thermolysis or pho-
tolysis of viny! azides.'®! Surprisingly, one of the most obvious
routes to 2H-azirines A, namely the cycloaddition of a carbene

to a nitrile [route (f)], has not been used before this work!™

{Scheme 1).

Interestingly. all three bonds of the azi.ri.ne ring can be
cleaved, depending on the experimental conditions used. In the
absence of other reagents and under photolytic or thermolytic
conditions, heterocycle A can undergo ring-opening reactions
involving either € C bond cleavage leading to transient nitrile
ylides B,!*1or a C- N bond cleavage with formation of transient
viny! nitrenes C,'! or even cheletropic fragmentation to nitriles
and carbenes D! (Scheme 1).

[*] G. Bertrand, V. Piquet. A. Baceiredo, H. Gornitzka, F. Dahan
Laboratoire de Chimic de Coordination du CNRS
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ophosphorany! azirine 7 gives the 1,3,54%-
thiazaphosphole 20 in 79 % yield. The in-
fluence of the coordination state of
phosphorus on the reactivity of 2-phos-
phorus-substituted 2H-azirines is studied.

phosphinocar-
ylides

X A
N, NG Y
YO/ \ R -¢-
arC % p e
o
X
Y (a) N d R?
U R ,
R'—C-C-R2 <=R1 C//\C,Rz%ﬂhc:ﬁ:c\ ,
R® A R B 7
7 N
1= s
R'—C=N [}I ,RZ
R2 R'—C=C s
ol R
D C\R3 c

Scheme 1. Retrosynthetic analysis of A.

Here we report the synthesis of the 2-phosphino-2H-azirine 3
by means of the unprecedented cycloaddition reaction of a car-
bene to a nitrile and its transformation into new 2H-azirines
4~7 that contain a phosphorus substituent in various coordina-
tion states. The photochemical, thermal, and chemical behavior
of heterocycles 3—7 is also presented.

Results
The phosphinocarbene 1'% reacts with a large excess of ben-
zonitrile in toluene at room temperature to afford 2-phosphino-
2H-azirine 3 in 85 % isolated yield. Azirine 3 can also be directly
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obtained in 78 % yield by heating a toluene solution of {bis(dicy-
clohexylamino)phosphino}(trimethylsilyl)diazomethane (2)!'%
at 75 °C with excess benzonitrile (Scheme 2). Compound 3 has
been characterized in solution and by a single-crystal X-ray
diffraction study.!”!

which highlights the ionic structure. The presence of a proton
directly bound to the phosphorus atom is revealed by the *'P
NMR spectrum, which showed a doublet of quintets at
8= +26.6 (*J(P,H) = 562.8 Hz and *J(P,H) =15.1 Hz). The
13C NMR signal of the imino carbon appears as a doublet at

5 =156.6 (J(P,C) = 6.0 Hz). The

RE X P-methyl-2-phosphonio-2H-
+HX R’P‘ SiMes azirine 5 was prepared in 87%
X = CF380; N/:“:\C 4 yield by adding a stoichiometric
R, . *Ph amount of methyl trifluoro-
R’P\ SiMes 25°C (18) R, RMe X rMe X methanesulfonate to a toluene so-
T PRGN R ,SiMeg + MeX P SiMes H,0 R:PTC’ lution of 3. The presence of the
R\P. SiNte /N - CF 450, /\ /\ methy! group bound to the phos-
et 75°C (18h) N—C‘Ph N——C\Ph N‘““C\Ph phorus is revealed by NMR
N, 2 -Np 3 5 6 spectroscopy  ['H: =252
R\(S‘ 2J(P.H) =10.8 Hz; '3C: § =15.9,
+ 86 P, _.SiMes TJ(P,C) = 84.0 Hz], while the
- /\ 7 presence of the azirine ring can be
N—C, Ph deduced from the IR spectrum

Scheme 2. Synthesis and some reactions of azirine 3. R = ¢-Hex,N.

The azirine 3 reacts at —78 °C with a stoichiometric amount
of trifluoromethanesulfonic acid to afford the P-hydrogeno-
phosphonioazirine 4, which was isolated as a white powder in
77% yield. Derivative 4 is hardly soluble in nonpolar solvents,

Abstract in French: Le [bis(dicyclohexylamino)phosphino -
triméthylsilylcarbéne (1) réagit avec le benzonitrile pour donner,
avec un rendement de 85 %, la 2-phosphino-2 H-azirine 3. Le com-
posé 3 réagit avee Pacide trifluorométhanesuifonique, le trifluoro-
méthanesulfonate de méthyle et le soufre pour conduirve respective-
ment aux P-hydrogéno-2-phosphonio-, P-méthyl-2-phosphonio et
2-thioxophosphoranyl-2 H-azirines 4, § et 7
avec des rendements respectifs de 77, 87 et
91%. Le 1,223-uzaphosphéte 8 {98 % yield) est

(#=1753cm™ ") and the '3C
NMR signal at 6 =163.6 (CN, d,
J(P,C) =3.3Hz). The carbon-
silicon bond can be easily cleaved: washing compound § with
wet THF is sufficient. The 2-phosphonio-2 H-azirine 6 was iso-
lated as a colorless powder in 78 % yield (Scheme 2).

Compound 3 also reacts cleanly with excess elemental sulfur
to afford the 2-thioxophosphoranyl-2H-azirine 7 in 91 % yield.
The structure of 7 was clearly established by a single-crystal
X-ray diffraction analysis (Table 1). The solid-state structure of
the molecule is illustrated in Figure 1. As in the starting azirine
371 the C1-N1 bond in 7 is very long [3: 1.629(4), 7:
1.623(3) Al

We now turn to the photochemical, thermal and chemical
behavior of these synthesized phosphorus-substituted azirines.

Table 1. Crystal structure data of 7, 10, 14 and 19.

obtenu par irradiation de 3. La réaction de 3 7 10 14 1
avec BF,.OFt,, BH,-SMe,, le réactif de La- . . . . .

wesson et Uisothiocyanate dz’ méthyle ]eret la t&imum Z;f 2@8N3PSSX g&ﬁi’P BrSE ?ggi};“N“Ps gggff°F’N“O*PS
synthése des hétérocyles 9 (90% ), 10 (76 % ), TiK] 2932 29-3.(2) 193(2} 173'(23)
12 (83% ) et 13 (80% )}, alors que dans les mé- Z;ﬁ:;:ﬁi:m ;’20 I;SCIlmC ;’70 "“?Climc tricinic triclinie
mes conditions expérimentales 'héiérocycle 8 a A} 19.295(3) 1(;%/1( 1) {3549 7 Pi,
réagit avec les mémes réactifs en donnant, res- ’T[}i‘f 10.157(1) 10385(1) 11,'979((9)) 11 2;5: ((;?))
pectivement, 9 (82%), 11 (83% ), 12 (86% ) ;IH] ig‘309(3) 75(5‘778(3) 15.4%3 (14) xeiezz(;)
et 15 (56% ). La thermolyse 4 55°C de la P-hy- #11 116.64(2) 99.91(2) &1125(:) ‘mt;ii’
drogéno-2-phosphonio-2 H-azirine 4 conduit & 7‘1'/[0}&3 % % 111.91¢3) 288(0)
Thétérocycle a quatre chainons cationique 17 Z[ } 25945(8) 2573'3(9) 1656(2) 3324'3(6)
(96 % ), alors que la photolyse de la P-méthyla- Oeatear Mgm ™3 1131 1.104 1165 1269
zirine 5, en présence d’ acétylénedicarboxylate ngo)gile ] (1)3; 60 1045 (1)350 40 403 632 932

de diméthyle, donne le pyrrole 19 (64% ). L ir- 20,,‘; [b"]< o a7 2‘24, b4 2;,7 0204
radiation de la thioxophosphoranylazirine 7 reflns collected 5306 5271 8675 13519
permet la synthése, avec un rendement de 79 %%, ‘ﬁ,‘iif;?iinljfiiﬁ;‘;m ji:ﬁmal ﬁ;‘irica, ?462 fgm

du 1,3,5/7-thiazaphosphole 20. L influence de la Tain> Toax 0.911, 0.999 0.985, 0.999

coordinance de 'atome de phosphore sur la ré- %a(r?fiﬁ%) (3)4(?36 . é‘g’%o 362 604
a.clivité des 2 H-azirines substituées en posi- WwR2 [;] (all data) 0.0915 01123 g?gi? 8'?’:222
tion 2 par des groupements phosphorés sera pré- (A/p)n A7) —0.183 —0.177 ~0.304 ~0.325
sentde. (A/P)mae e A3 0.206 0.206 0.215 0.283
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Figure 1. Crystal structure of 7; anisotropic displacement parameters depicting
50% probability. Hydrogen atoms have been omitted for clarity. Selected bond
lengths [A] and angles [’]: C1-C2, 1.466 (4); C1-N1,1.623(3): C2-N1, 1.268 (3);
C1-8i, 1.913(3); C1-P, 1.805(3); N1-C1-C2, 48.2(2); C1-C2-N1, 72.4(2);
C1-N1-C2, 59.4(2); N1-C1-P,117.7(2); C2-C1-P, 118.5(2); N1-C1-Si, 115.4(2);
C2-C1-5i, 1159(2); P-C1-§i, 120.6(2).

Irradiation at 254 nm of a pentane solution of the phosphi-
noazirine 3 led to the 1,24°-azaphosphete 8, which was isolated
in 98% yield.[”! Addition of a catalytic amount of transition-
metal complexes, such as dichloro( p-cymene)ruthenium(ir),
[Mo(CO),(HNCH,,),] or [CpFe(CO),],, to a dichloro-
methane solution of 3 also afforded compound 8 in 95, 95, or
96% yield respectively (Scheme 3). The four-n-electron, four-
membered heterocycle 8 has been fully characterized, and the
NMR data compared very well with those of the recently report-
ed 1,24%-azaphosphete EP! [31P: § = + 52.3 (8), +52.6 (E);
BCuand f:6 = + 84.9and +192.4 (8), +92.4and 181.7 (E)].

A stoichiometric amount of BF,-OEt, reacted with 3 to give
the four-membered heterocycle —borane complex 9 (90 % yield),
which can also be obtained in 82 % yield by adding BF;-OFEt, to

o R, SiMes
’#*"__. o=
or cat. N
g Ph
R\ SiMea
BF3OEt2 P— BFaOEtQ
Tl /| —— ]
R/N—
FsB" g Ph
R\R\E SiMeg
2 BH;.SMe, Hed _j\ N BH,;.SMe;
N X
H fTJ Ph
H 10
Me;Si Ph
+1/2 LR R,_EG +1/2 LR
/P\ /N
R s—P-nr
12 S
MeN,
Me-N=C=S R, LS
Py ,C—SiMe; %
R N-C, Me-N=C=S
13
8. .8 A
LR P{ R H0
Ve 7N
A" S 'S eN
Ar = CgH4OCH; RG-S
P C-H
R = c-HexoN R \N—c/'\
Ph
14

Scheme 3. Photochemical, thermal, and chemical reactions of azirine 3.
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8 (Scheme 3). As already shown for similar compounds,'! 1
NMR data for 9 indicated that the four-n-electron, four-mem-
bered ring structure is only slightly disturbed by complexation
of the ring nitrogen. The presence of boron was confirmed by a
broad singlet at § = — 1.0 in the ''B NMR spectrum.
Completely different behavior was observed with BH;-SMe, .
Indeed, one equivalent of borane reacted at room temperature
with a toluene solution of azirine 3 to afford the five-membered
heterocycle 10 in 76 % yield. The broad signal observed by 3P
NMR (6 = +108.8) is in agreement with boron directly bound
to a phosphorus atom.l'3 Doublets at § = 80.0 (J(P.C) =
40.3 Hz) and 177.8 (J(P,C) = 35.2 Hz) in the '*C NMR spec-
trum are consistent with a PC=C sequence. In the IR spectrum,
a band around ¥ = 2400 cm ™! indicates the presence of the BH,
group, while absorption at ¥ = 3411 ¢cm™! confirms the NH
fragment. The structure of 10 was unequivocally determined by
an X-ray diffraction study (Table 1, Figure 2). The five-mem-

Figure 2. Crystal structurc of 10; anisotropic displace-
ment parameters depicting 50% probability. Most of
the hydrogen atoms have been omitted for clarity. Se-

R CO,Me
P lected bond lengths [A] and angles [7]: C1-C2,
= 1.404(3); C2-N1, 1.336(3); N1-B, 1.522(3); B--P,
COMe 1.982(2); P-C1, 1.779(2); P-C1-C2, 105.1(2); C1-
E 2 C2-N1, 1220(2); C2-NI-B, 118.1(2); N1-B-P,
97.2(1); B-P-C1, 96.1(1).
bered ring system features a P-B-N link-
R. SiMe, age and is nearly planar, as shown by the
= maximum deviation from the best plane
R N= [0.0739(2) A]l. The bond lengths in the
HB Ph . . N
1 ring are consistent with single bonds for

P-C [1.779(2) A], P-B [1.982(2) A], B—
N [1.522(3) A], and C—N [1.336(3) A].
and with a double bond for C-C
[1.404(3) A]. Note that azaphosphete 8
reacted cleanly with borane, affording

o c the four-membered ring adduct 11
4 “N (Scheme 3).
R ,N—Q Addition of 2.4-bis(4-methoxyphenyl)-
Me S 15 1,3,2,4-dithiadiphosphetane-2,4-disuifide
j H.O (Lawesson’s reagent) to 3 resulted in the
H Ph formation of the six-membered heterocy-
R \//C—C\\' cle 12 (83 % yield). The structure of this
R,P\N_{’ compound was established by NMR. The
Me” s presence of two different phosphorus

16 atoms was indicated by an AX system in
the *'P NMR spectrum at § =79.2 and

0947-6539/97/0311-1759 $ 17.50 + .50/0 1759





FULL PAPER

G. Bertrand et al.

56.7 (3J(P,P) =13.9 Hz). The ylidic and imino carbons ap-
peared, in the '*C NMR spectrum, as doublets of doublets at
6 = 57.2 (J(P,C) = 86.7 and 26.6 Hz) and 176.3 (J(P,C) = 28.1
and 4.4 Hz), respectively. Interestingly, the same heterocycle 12
was obtained, in good yield, by reacting half an equivalent of
Lawesson’s reagent with azaphosphete 8 (Scheme 3).

Methyl isothiocyanate reacted with azirine 3 leading to 2-imi-
no-1,2-dihydro-1,4,3/°-thiazaphosphinine 13 in 80 % yield. The
carbon--silicon bond appeared to be very sensitive towards
moisture, and attempts to recrystallize 13 led to 14, which was
isolated as colorless crystals. Heterocycle 14 was fully character-
ized, including determination of the molecular structure by X-
ray diffraction (Table 1, Figure 3). Addition of methyl isothio-

Figure 3. Crystal structure of 14; anisotropic displacement parameters depicting
50 % probability. Most of the hydrogen atoms have been omitted for clarity. Select-
ed bond lengths [A] and angles [']: C1-81, 1.767(5); S1-C2. 1.744(5); C2-C3,
1.348(6); C3-N1, 1.389(5); N1-P1, 1.567(4); P1-Ct, 1.835(4); C1-S1-C2,
106.4(2): S1-C2-C3. 128.7(4);: C2-C3-N1, 124.8(4); C3-N1-P1, 127.2(3);: N1-
P1-C1,109.6(2); P1-C1-S1, 116.4(3).

cyanate to the azaphosphete 8 gave the isomeric 2-thioxo-2,3-di-
hydro-1.3,445-diazaphosphinine 15, which was isolated as a
brown powder in 56% yicld. The *'P NMR signal at 6 = 61.5
suggested an ylidic structure.!'* This was confirmed by the '3C
NMR spectrum, which exhibited a resonance at ¢ =106.1
['J(P,C) = 82.7 Hz], consistent with a carbon atom in this type
of environment. Similarly to 13, the C—Si bond of 15 was easily
cleaved by hydrolysis to produce the six-membered ring 16
(Scheme 3).

A chloroform solution of phosphonioazirine 4 hecated at 55°C
for 6 h afforded the N-protonated azaphosphete 17, which was
isolated in 96 % yield (Scheme 4). Heterocycle 17 can also be
obtained by addition of trifluoromethanesulfonic acid to aza-
phosphete 8. Addition of one equivalent of BuLi to 17 regener-
ated the four-membered ring 8 in nearly quantitative yield
(99%). Photolysis of the P-methylphosphonioazirine 5 at
254 nm led to a number of products which could not be identi-
fied. However, when the irradiation of 5 was carried out in the
presence of a slight cxcess of dimethyl acetylenedicarboxylate,
pyrrole 19 was isolated in 64 % yield; it was fully characterized,
by single-crystal X-ray diffraction amongst other techniques
(Table 1, Figure 4).

Irradiation of 2-[bis(dicyclohexylamino)thioxophosphoranyl]-
3-phenyl-2-trimethylsilyl-2 H-azirine (7) in pentane at 254 nm
led to the formation of heterocycle 20, which was isolated in

1760 —— iy WILEY-VCH Verlag GmbH, D-69451 Weinheim. 1997
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Scheme 4. Thermal or photochemical reactions of phosphonio-2H-azirines 4. 5,
and 7. R = ¢-Hex,N, N = CF,;80,.

Figure 4. Crystal structure of 19; anisotropic displacement parameters depicting
50% probability. The hydrogen atoms, the uncoordinated lattice diethyl ether mol-
ccule, and the CF;80; anion have been omitted for clarity. Selected bond lengths
{A] and angles []: C1-C2, 1.388(3); C2-C3, 1.419(3); C3-C4, 1.385(2); C4-
N1, 1.383(2); N1-C1, 1.364(2); C1-C2-C3, 107.8(2); C2-C3-C4, 107.9(2): C3-
C4-N1,106.2(2); C4-N1-C1, 111.5(2); N1-C1-C2, 106.6(2).

79 % yield. The disappearance of the azirine ring was observed
in the infrared spectrum, while mass spectrometry supported the
formation of an isomer of 7. The ring expansion to the five-
membered heterocycle was corroborated by the **C NMR spec-
trum: a doublet was observed at § = 86.4 (J(P,C) = 43.9 Hz)
for the ylide fragment, and a singlet at 6 =170.5 for the imino
carbon. The structure of 20 was confirmed by hydrolysis on
silica gel and by addition of H,S, which led to (phosphoranyl)
thioamide 21 (99 % yield) and (thioxophosphoranyl)thioamide
22 (48 % vyield), respectively (Scheme 4).

Discussion

Electrophilic carbenes are known to react with nitriles to give
transient!®} or even stable nitrile ylides.!'*! However, phosphi-
nocarbenes have not yet demonstrated any clectrophilic charac-
ter, and thus nitrile ylide 23 is probably not the intermediate
leading to 3. A stepwise mechanism, involving the initial nucle-
ophilic attack of the carbene at the carbon atom of the nitrite,
would lead to the 1,3-dipole 24, which can also be regarded as
the azabetaine 24’, or the vinyl nitrene 24”. The ring closure of
vinyl nitrenes to produce azirines is known,!® but Padwa et
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al.l'6al and Nishiwaki et al.l'®® ! showed that vinyl nitrenes,
generated by thermolysis of azirines, are efficiently trapped by
phosphanes to give phosphazene adducts; therefore, in the case
of the vinyl nitrene 24” an intramolecular reaction of this type
should lead to the azaphosphete 8. However, since 24 can also
be the intermediate in the ring expansion reaction of azirine 3 to
8, it can be postulated that azirine 3 is the kinetic product of the
stepwise reaction of the stable carbene 1 with benzonitrile, while
azaphosphete 8 is the thermodynamic product. On the other
hand, the formation of 3 by a concerted [1 + 2] cycloaddition of
the carbene 1 to the nitrile cannot be excluded, nor can the
formation of 8 from a concerted ring expansion reaction, as
postulated in the case of 2-phosphino-2H-diazirine F.!7!

; Ph MeaSi Ph
MesSii  + - Me,Si. Ph o Me,Si _z €3 >__
C=N=C~Ph ES 2 RPN
RoP” RP7Y N RoP N 2
+
23 24 24' 24"
bh N
C /C\ - (I;
N/——\\N NG 7 TINN-E
R,P” E N
F G H
MesSi, BN N MegSi, P
L= - >:‘k C=C. A
ReP” +VN-BXg RoP N-H RoP :\N“Ff\\s
BH, K]
25 26 »7
R, SiMey R, SiMey
R-P—¢’ RUF ¢
o AL -l
—):P( “ph Me\N/C: “ph
S Ar s
29 30
R . ,
MesSi\ _+ - R MesSi  + -
Me—p’ =N=C—Ph MesSi /== 5o ON= —Ph
/‘,: > \,FI’
RR Me—P% N~ “Ph o
3 E: - 33
R X
32
R = c-HexoN

It is well known that azirines undergo selective electrophile-
induced ring-opening reactions via the transient formation of
azirinium ions G or azaallyl cations H.1*®! Although the forma-
tion of 8 (metal catalysis) or 9 could be explained by the forma-
tion of an azirine complex, which could undergo a ring expan-
sion reaction by the nucleophilic attack of the phosphorus atom,
the formation of the five-membered heterocycle 10 strongly sug-
gests the transient formation of the azaallyl-borane adduct
258 Indeed, it seems quite reasonable that at this stage a
hydride transfer occurs from the tetracoordinated boron atom
to nitrogen, leading to the y-phosphinoborane 26; the observed
product 10 results from the interaction of the phosphine with
the borane. The superior migratory ability of H™ compared to
F~ easily accounts for the difference in the results observed
between BH, and BF,. This hypothesis is reinforced by the
formation of the four-n-electron, four-membered-ring complex-
es 9 and 11 by direct addition of BF,-OEt, and BH,-SMe, to 8.

In the same way, the formation of the heterocycle 12 probably
involved the zwitterionic intermediate 27, resulting from the
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R,P—C—S_SiMeg
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electrophilic attack of Lawesson’s reagent on the nitrogen atom
of the azirine 3 followed by a ring closure. With methyl isothjo-
cyanate, a different reaction must take place, since heterocycle
13 is obtained instead of 15. In this case, the first step is the
insertion of Me—N=C=S into the P-C bond of 3 to afford
thioazirine 28, with a subsequent ring-expansion reaction.i'?!
Note that 12 and 15 are obtained starting from azaphosphete 8,
via adducts 29 and 30.

The reactivity of 3 towards Bronsted acids and alkylating
agents such as trifluoromethanesulfonic acid and methyl tri-
fluoromethanesulfonate is also of great interest. Here, the pres-
ence of the phosphino center primarily prevents the protonation
or the alkylation of the nitrogen atom, and thus ring opening.
However, formation of the cationic, four-mem-
bered ring 17 by heating P-hydrogenophos-
phonioazirine 4 probably results from a depro-
tonation at the phosphorus site and reprotona-
tion at nitrogen to give an azirinium G and then
an azaallyl cation H. Of course, the methyl
group of P-methylphosphonioazirine § does
not migrate, and under irradiation, this com-
pound appeared to be a precursor of the tran-
sient C-phosphonio nitrile ylide 31, which was
trapped by dimethyl acetylenedicarboxylate,
feading to 1H-pyrrole 19; the initially formed

/\ 2H-pyrrole 32 could not be directly detect-
N_C\Ph ed,['™ while the highly moisture-sensitive 18

was characterized solely by *'P NMR.
Lastly, the photochemical behavior of thiox-
ophosphoranylazirine 7, which leads to five-
membered heterocycle 20, can easily be ratio-
nalized by the transient formation of the
C-thioxophosphoranyl nitrile ylide 33, which is
trapped intramolecularly by the P=S moi-

ety.[20

Me

28

Conclusion

The synthesis of 2H-azirine 3 provides new evidence for the
carbene nature of 1. The extension of this synthetic method to
transient carbenes is currently under investigation.

The P-methyl-2-phosphonio- and 2-thioxophosphoranyl-2 H-
azirines 5 and 7 behave as classical 2H-azirines: on irradiation
the C—C bond is cleaved to produce the corresponding transient
nitrile ylide. In contrast, the 2-phosphino- and P-methyl-2-
phosphonio-2H-azirine 3 and 4 undergo ring-expansion reac-
tions in which the C-N bond is broken. If the lability of the
C-N bond and the presence of the tricoordinated phosphorus
center are employed, a variety of novel heterocycles can be pre-
pared.

Experimental Section

All experiments were performed under an atmosphere of dry Ar or N,.
Melting points were obtained on an electrothermal capillary apparatus and
were not corrected. 'H, 1P, 13C, 1B, and *°Si NMR spectra were recorded
on Bruker AC 80, AC 200, WM 250, or AMX 400 spectrometers. 'H and '3C
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chemical shifts are reported in ppm relative to Me,Si as the external standard.
3P and "'B downfield shifts are expressed with a positive sign relative to
external 85% H,PO, and BF,-OEt,, respectively. For the '*C NMR data of
cyclohexylamino groups the following labeling has been used: N-CH (C,),
N-CHCH, (C,), N-CHCH,CH, (C,), N-CHCH,CH,CH, (C,). Infrared
spectra were recorded on a Perkin—Elmer 1725X. Mass spectra were ob-
tained on a Ribermag R1010E instrument. Conventional glassware was
used.

2-{Bis(dicyciohexylamino)phesphino}-3-phenyl-2-trimethylsilyl-2H-azirine (3):
A large excess of freshly distilled benzonitrile (25 mL, 245.15 mmol) was
added to a toluene solution (80 mL) of [bis(dicyclohexylamino)phosphinol-
(trimethylsilyl)diazomethane (2, 6.0 g, 11.90 mmol). The mixture was heated
at 75°C for 18 h. After evaporation of the solvents, the orange oil obtained
was washed several times with pentane. Crystallization at —20°C in pentane
gave 3 as yellow crystals (5.38 g, 78%). M.p. 104-105°C; *'P NMR
(32 MHz, CDCl,): é = 69.3; *°Si NMR (16 MHz, CDCl,): 6 = 4.26 [d,
J(P.Si) = 51.7 Hz]; 'HNMR (200 MHz, CDCl,): 6 =7.91-7.46 (m, 5H;
CeHs), 2.89-2.53 (m, 4H; NCH), 1.85-0.83 (m, 40H; CH,), 0.06 (s, 9H;
SiCH,); *C NMR (50 MHz, CDCl,): § =165.5 (C=N), 131.9 (p-C H,),
129.4, 128.4 (0-,m-C Hy), 126.8 (ipso-C4Hy). 57.7 1d, 2J(P,C) =7.9 Hz; C,],
35.3,34.6 (C,). 26.8,26.6,25.7, 25.6 (C; and C,), — 0.6 [d, *J(P,C) = 3.5 Hz;
SiCH,], PC was not observed; IR (CH,Cl,): ¥ = 2019, 1726 cm ™' (C=N);
MS (NH,, CI): mjz 580 [M +1]; C,sHssN,PSi: caled C 72.49, H 10.08, N
7.25; found C 72.23, H 9.97, N 7.26.

The 2H-azirine 3 was also obtained in 85% yield (0.41 g) by the reaction of
excess benzonitrile (257 ul, 2.52 mmol) with phosphino(silyl)carbenc 1
(0.40 g, 0.84 mmol) for 18 b at RT in toluene solution (10 mL).

2-[Bis(dicyclohexylamino)phosphonio]-3-phenyl-2-trimethylsilyl-2 H-azirine
(4): A stoichiometric amount of trifluoromethanesulfonic acid (95 uL,
0.11 mmol) was added to a CH,Cl, solution (15 mL) of 3 (0.62 g, 0.11 mmol)
at — 78 °C. The mixture was stirred for 2 h at RT, and the solvent evaporated.
The residue was washed several times with ether to give 4 as a white powder
(0.60 g, 77%). M.p. 77-78°C; ¥'P NMR (32 MHz, CDCl,): § = 26.6 [dq,
3JPH) =151 and 'J(P,H)=562.8 Hz]; '"HNMR (250 MHz, CDCl,):
& =8.02-7.63 (m, 5H; C,H,), 7.98 [d, *J(P,H) = 562.8 Hz, 1 H; PH], 3.26-
2.92 (m, 4H: NCH), 2.06-0.91 (m, 40H; CH,), 0.25 (s, 9H; SiCH,); '*C
NMR (63 MHz, CDCl,): § =156.6 [d, J(P,C) = 6.0 Hz; C=N], 135.6 (p-
CeHs), 1304, 1301 (o-m-C,Hg), 1214 (ipso-CiHy), 1203 |[q,
YJ(CF) = 319.7 Hz; CF,), 58.2, 57.3 (C)), 34.2 (C,). 26.4, 24.7, 24.6, 24.5
(Cyand C,), —1.5(SiCHj;), PC was not observed ; IR (THF): ¥ = 1753 cm ~*
(C=N); C34H;,F;N;0,PSSi: caled C 59.23, H 8.15, N 5.76; found C 58.94,
H 8.08, N 5.68.

2-[Bis(dicyclohexylamino)methylphosphonio]-3-phenyl-2-trimethylsilyl-2 H-

azirine (5): A stoichiometric amount of methyl trifluoromethanesulfonate
(49 pL, 0.43 mmol) was added to a toluene solution (5 mL) of 3 (0.25 g,
0.43 mmol). After stirring for 15 min at RT, the addition of pentane (10 mL)
precipitated 5 as a pale yellow powder (0.26 g, 87 %). M.p. 139 °C (decomp.);
P NMR (81 MHz, C4Dy): 6 =724; 'HNMR (200 MHz, C,D,):
6 =2835-742 (m. 5H; CyH,j, 3.42-297 (m, 4H; NCH), 2.52 [d,
*J(P,H) =10.8 Hz, 3H; PCH,], 2.00-0.86 (m, 40H; CH,), 0.23 (s, 9H;
SiCH,); '3C NMR (50 MHz, C,D,): § =163.6 [d, J(P,C ) = 3.3 Hz; C=N],
135.2 (p-CgHy), 1319, 130.7 (0-m-C Hy). 122.4 (ipso-C Hy), 120.1 [q,
'J(C,F)=320.8 Hz; CF,}, 59.7 [d, *J(P.C)=28Hz; C,, 569 [d,
2J(P.C) = 4.6 Hz; C,], 36.3, 35.9 (C,), 27.5, 27.3, 26.9, 265, 25.7, 25.5 (C,
and C,). 15.9 [d, 'J(P,C) = 84.0 Hz; PCH,], —0.7 (SiCH,), PC was not
observed; IR (CH,CL,): #=1753 cm™ ' (C=N); MS (FAB): m/z 594 [M *};
C,:Hg F;N;O,PSSi: caled C 59.73, H 8.26, N 5.65: found C 60.14, H 8.32,
N 593

2-[Bis(dicyclohexylamino)methylphosphonio]-3-phenyl-2 H-azirine (6): A wet
THF solution (10 mL) of 5 (0.20 g, 0.27 mmol) was stirred for 2 h at RT.
Cleavage of the carbon-silicon bond was monitored by *!P NMR spec-
troscopy. Addition of pentane (10 mL) precipitated 6 as a white powder
(0.14 g, 78%). M.p. 112°C (decomp.); *'P NMR (32 MHz, CDCl,):
8 =57.0; "HNMR (250 MHz. CDCl,): § = 8.01-7.63 (m, 5H; C;H), 3.93
[d. /PH)=130Hz {H; PCH], 3.36-3.12 (m, 4H; NCH), 213 [d,
*J(P.H) =12.4 Hz, 3H; PCH,;], 2.09-0.98 (m, 40H; CH,); !3C NMR
(63 MHz, CDCly): 6 =160.3 (C=N), 135.4 (p-C.Hy), 130.6, 130.1 (o-m-
CeHy). 121.3 (ipso-CgHy), 120.6 [q, "J(C,F) = 320.7 Hz; CF;], 58.4 [d,
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2J(P,C) = 3.4 Hz; C], 57.8 [d, *J(P,C) = 3.5 Hz; C,], 34.2, 34.1, 34.0, 33.8
(C,).28.5,26.7,26.5,25.0,24.9,24.6 (Cy and C,), 15.7 [d, ' J(P.C) = 55.3 Hz;
PCH,}, PC was not observed; IR (CH,Cl,): #=1749cm™' (C=N),
C4,H;3F;NO4PSi: caled € 60.78, H7.95, N 6.25; found C 60.52. H 7.87, N
6.07.

2-[Bis(dicyclohexylamino)thioxophoesphoranylj-3-phenyl-2-trimethylsilyl-2 H-

azirine (7): Excess elemental sulfur (0.4 g, 12.50 mmol) was added to a THF
solution (40 mL) of 3 (1.0 g, 1.73 mmol). The mixture was sonicated for 1 h
at RT. After evaporation of the solvent the excess sulfur was precipitated by
adding pentane. After filtration and evaporation of pentane the residue was
purified by flash chromatography on silica gel (pentane/ether 98:2) to give 7
as a pale yellow powder (0.96 g, 91%). M.p. 191°C (decomp.): 3'P NMR
(81 MHz, CDCl,): & = 86.7 (br); *°Si NMR (16 MHz, CDCl,): 5 = 4.83 [d.
J(P,Si) = 26.9 Hz]; "HNMR (200 MHz, CDCl,): & = 8.08-7.48 (m. SH;
C4Hy), 3.76-3.44 (m, 4H; NCH), 2.15-0.86 (m, 40H; CH,), 0.21 (s. 9H:
SiCH,); '*C NMR (50 MHz, CDCl,): § =164.9 [d, J(P,C) = 4.1 Hz; C=N],
133.0 (p-CgHy), 1309, 129.0 (0-.m-C(Hj), 1253 (ipso-CHy). 58.2 [d,
2J(P,C) =49 Hz; C], 57.0[d, 2J(P.C) = 4.7 Hz; C ], 36.1, 34.8 (C,). 27.7,
27.6.27.4,26.9, 26.0, 25.8 (C5 and C,), 0.2 (SiCH,), PC was not observed;
IR (CDCly) ¥ = 2047, 1741 cm ™! (C=N); MS (CH,, CI): m/z 612 [M +1]:
C,5sHgN,PSSi: caled C 68.69, H 9.55, N 6.87; found C 68.70, H9.51, N 6.91.

[2-Bis(dicyclohexylamino)-4-phenyl-3-trimethylsilylj-245-azaphosphete (8):
Method a: A catalytic amount of [(p-Cym)RuCl,], (<5 mg) was added to a
CH,CI, solution (10 mL) of 3 (0.50 g, 0.86 mmol) at RT. After stirring for
5 min and evaporation of the solvent, the four-membered ring 8 was obtained
as a brown-yellow oil (0.47 g, 95% yield): *'P NMR (32 MHz. C,D):
0 = 52.3; 'THNMR (200 MHz, C;D): 8 = 8.36{d, / =7.1 Hz. 2H; 0-C¢H,].
7.28=7.13 (m, 3H; m-p-C H,), 3.49-3.30 (m, 4H; NCH). 2.11-0.96 (m.
40H; CH,), 0.45 (s, 9H; SiCH,); *C NMR (50 MHz, C,D,): § =192.4 [d,
2J(P.C) = 46.7 Hz; PCC], 139.0 [d, *J(P,C) = 55.7 Hz; ipso-C,H], 130.7
(p-CgHy), 128.8,128.7 (0-,m-C4H,), 84.9 [d, J(P,C) = 42.8 Hz; PC], 58.3 [d.
2J(P.C) = 49 Hz; C,], 34.3, 34.1 (C,), 27.8, 27.6, 26.4 (C, and C,), 3.5 [d,
J(P,C) = 3.9 Hz; SiCH,); MS (NH;, CI): m/z 580 [M +1).

The four-membered ring 8 was also obtained under the same experimental
conditions using a catalytic amount of Mo(CO) (HNC,H )}, after 20 h or
[CpFe(CO),], after 96 h (yields: 95 and 96 % respectively).

Method b: A freshly distilled pentane solution (5 mL) of 3(0.14 g, 0.24 mmol)
was irradiated at 254 nm. The reaction was monitored by 3'P NMR spec-
troscopy and was complete after 19 h. The solvent was removed under vacu-
um and the four-membered ring 8 was obtained as a brown-yellow oil (0.14 g,
98%}.

Method ¢: Butyllithium in hexanes (1.6M, 28 pL, 0.04 mmol) was added to a
THF solution (3 mL) of compound 17 (0.03 g, 0.04 mmol) at — 78 °C. After
the solution was stirred for 15 min at RT, the solvent was removed under
vacuum, and pentane (10 mL) was added to the residue. Elimination of the
lithium salts by filtration, followed by evaporation of pentane afforded the
four-membered ring 8 as a brown-yellow oil (0.03 g. 99%).

BF; complex 9: A stoichiometric amount of BF,-OEt, (8.5 puL, 0.07 mmol)
was added to a toluene solution (3 mL) of 3 (0.04 g, 0.07 mmol) at —78°C.
The solution was stirred for 2 h at RT. After evaporation of the solvent the
residue was washed several times with pentane to give derivative 9 as a pale
yellow powder (0.04 g, 90%). M.p. 85-87°C; *'P NMR (81 MHz, C,D,):
d=489; "B NMR (26 MHz, C,D¢): 6 = —1.0; 'HNMR (250 MHz,
CeDg): 6 =7.83-7.08 (m, 5H; CH,), 3.22-2.96 (m, 4H; NCH), 2.09-0.88
(m, 40H; CH,), 0.07 (s, 9H; SiCH,); '3C NMR (62 MHz, C,D,): 6 =181.6
[d. 2J(P.C) = 33.2 Hz; PCC], 134.6 [d, *J(P,C) = 40.1 Hz: ipso-CH ], 130.5
(p-CgHj), 129.2, 128.1 (0-,m-C¢Hy), 102.2 [d, J(P,C) = 62.8 Hz; PC], 59.3[d,
2J(P.C) = 49 Hz; C ], 33.8,33.7(C,), 27.1, 27.0, 26.0, 25.7 (C, and C,), 1.9
(SICH,); C;5HgBF,N,PSi: caled C 64.90, H 9.02, N 6.49; found C 64.34,
H 9.02, N 6.40.

The complex 9 was also obtained in 82% yield (0.04 g}, under the same

experimental conditions, starting from 8 (0.04 g, 0.07 mmol) and BF; OEt,
(8.5 uL, 0.07 mmol).

Five-membered ring 10: A stoichiometric amount of BH; -SMe, (88 uL,
0.93 mmol) was added to a toluene solution (10 mL) of 3 (0.54 g, 0.93 mmol)
at RT. The solution was stirred for 2 h at RT. After the solvent was removed
under vacuum, the residue was purified by crystallization from pentane at
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—20°C to give five-membered ring 10 as colorless crystals (0.42 g, 76%):
M.p. 150-151°C; *'P NMR (32 MHz, C,Dy): § =108.8 (br); ''B NMR
(26 MHz, CD): 6 = —15.0 (br); '"HNMR (200 MHz, CDy): § =7.21—-
7.00 (m, 5H; C¢Hy), 3.56~3.38 (m, 4H; NCH), 2.11-1.11 (m, 40H; CH,),
0.27 (s, 9H; SiCH;), NH and BH, are not observed; 1*C NMR (50 MHz,
CeDy): 6 =177.8 [d, J(P,C) = 35.2 Hz; PCC}, 1434 [d, J(P,C) =16.7 Hz;
ipso-CH), 1292, 1288 (o-m-CjH), 1273 (p-C/Hy), 80.0 [d,
J(P,Cy=403Hz; PCl, 586 [d, J(PC)=56Hz; CJ, 362 [d,
3J(P.C) = 2.3 Hz; C,1, 35.5 [d, *.0(P,C) = 2.1 Hz; C,], 28.7, 28.4, 27.8, 27.2
(Cy and C,), 4.7 (SiCH,); IR (C,Dy): ¥ = 3411 (N-H), 2400 cm ™! (B-H);
C,HgBN,PSi: caled C 70.80, H 10.36, N 7.08; found C 70.38, H 10.24. N
6.88.

BH; complex 11: To a CH,Cl, solution (SmL) of 8 (0.13 g, 0.22 mmol) was
added at —78°C a stoichiometric amount of BH,-SMe, (21 pL, 0.22 mmol).
After stirring the solution for 10 min at RT, the solvent was removed under
vacuum and the final product was precipitated by adding pentane (10 mL).
Compound 11 was obtained as a pale yellow powder by filtration (0.11 g,
83%). M.p. 132°C (decomp.); *'P NMR (32 MHz, C,D,): 6 = 53.2; ''B
NMR (26 MHz, C;D,): 6 = —21.2; '"HNMR (200 MHz, C,D,): § = 8.06~
7.13 (m, 5H; C4Hy), 3.62-3.20 (m, 4H; NCH), 2.19-1.01 (m, 40H; CH,),
0.18 (s, 9H; SiCH,), BH, was not observed; **C NMR (50 MHz, C,D,):
3=186.7 (d, *J(P,C) = 31.9 Hz; PCC], 135.0 [d, *J(P.C) = 44.7 Hz; ipso-
CH,], 130.8 (p-C H,), 129.3,128.7 (0-,m-C4H;), 95.9 [d, J(P,C) = 60.6 Hz;
PCI, 59.0 [d, 2J(P,C) = 4.2 Hz; C,], 34.1, 34.0(C,), 27.8, 27.5, 26.6. 26.1 (C,
and C,), 2.8 [d, J(P,C) = 4.1 Hz; SiCH,]; C,H,BN,PSi: calcd C 70.80,
H 10.35, N 7.08; found: C 70.52, H 10.28, N 6.98.

6-Bis(dicyclohexylamino)-2-( p-methoxyphenyl)thioxo-4-phenyl-5-trimethylsil-
yI-1,2-dihydro-1,3-thiaza-24%,645-diphosphinine (12): A suspension of Lawes-
son’s reagent (0.09 g, 0.22 mmotl) in toluene (10 mL) was added to a toluenc
solution (5 mL) of 3(0.25 g, 0.43 mmol). After stirring for 30 min at RT, the
solvent was removed under vacuum and the residue was recrystallized from
pentane/toluene (3:1) at —20 °C to give 12 as a white powder (0.28 g, 83%).
Mp. 112°C (decomp.); *'P NMR (32MHz, CDCL): §=79.2 [d,
J(P,P) =13.9 Hz), 56.7 [d, J(P,P) =13.9 Hz]; '"HNMR (250 MHz, CDCl,):
d =7.71[dd, *J(P,H) =14.3 Hz, 3J(H,H) = 8.7 Hz, 2H; 0-C;H,0CH,], 7.22
{t, *J(H,H) =7.4 Hz, 1H; p-C,H,], 7.07 [dd, J(H,H) =7.4 and 7.3 Hz, 2H;
m-CeHsl, 688 [d, *JMHH)=73Hz, 2H; oCH,), 642 [dd,
*J(H,H) = 8.7 Hz, *}P.H) =23 Hz, 2H; m-C,H,0CH,], 4.16- 4.01 (m,
4H; NCH), 3.70 (s, 3H; OCH,). 2.14-1.13 (m, 40H; CH,), —0.09 (s, 9H;
SiCH,); '*C NMR (62 MHz, CDCl,): § =176.3 [dd, J(P.C) = 28.1 and
44Hz; C=N], 160.3 [d, */(P,C)=29Hz: p-C,H,OCH,], 133.4 [d,
*(P,C) =14.2 Hz; m-C,H,OCH,], 131.3 [d, *J(P,C) = 35.9 Hz; ipso-CH,],
1289 (p-C4Hy), 128.0, 126.9 (0-,m-C,Hs), 113.2 [dd, J(P,C) = 65.7 and
3.8 Hz; ipso-C4H,OCH,], 111.6 [d, 2J =15.0 Hz; 0-C,H,OCH,), 60.7 [d,
AJ(P.C) = S.0Hz; C], 57.2 [dd, J(P.C) = 86.7 and 26.6 Hz; P=C], 55.1
(OCH,), 354, 353 (C,), 270, 26.8, 255, 248 (C, and C,), 0.8 [d.
J(P,C) = 3.3 Hz; SiCH,]; C,,H¢ N,OP,S ,Si: caled C 64.50, H 8.38, N 5.37,
found C 64.35, H 8.32, N 5.41.

Diphosphinine 12 was also obtained under the same experimental conditions
by using 0.25 g (0.43 mmol) of 8 (vield: 0.29 g, 86 %).

3-Bis(dicyclohexylamino)-2-imino-5-phenyl-6-trimethylsilyl-1,2-dihydro-
1,4,31%-thiazaphosphinine (13): A stoichiometric amount of methyl isothio-
cyanate (0.04 g, 0.55 mmol) was added to a toluene solution (10 mL) of 3
(0.32 g, 0.55 mmol). The mixture was heated at 80 °C for S h. After evapora-
tion of the solvent, the residue was washed several times with acetonitrile to
give heterocycle 13 as an orange-yellow oil (0.29g, 80%). *'P NMR
(32 MHz, C,Dy): 6 =0.2; '"HNMR (250 MHz, C.Dy): § =7.67-7.16 (m,
SH; C¢Hs), 3.40-3.27 (m, 4H; NCH), 3.35 [d, J(P,H) = 3.2 Hz, 3H;
NCH,}, 1.91-0.99 (m, 40H; CH,), 0.12 (s, 9H; SiCH,); '3C NMR
(62 MHz, C,Dg): 6 =159.6[d, J(P,C) =141.1 Hz; PC], 156.8 (CC,H,), 147.6
fd, J(P,C) =19.5 Hz; ipso-C4H,], 129.3, 128.2 (0-,m-C(Hy), 127.7 (p-C H,),
95.0 {d, *J(P,C) =17.4 Hz; PCSC], 57.3 [d, 2HP,C) = 4.6 Hz; C,], 41.1 [d,
J(P,C) = 20.9 Hz; NCH, |, 34.8, 34.1 (C,), 27.9, 278, 27.7, 26.6 (C, and C,).
2.1 (SiCH;); MS (EI) m/z 652 [M *].

3-Bis(dicyclohexylamino)-2-imino-5-phenyl- 1,2-dihydro-1,4,345-thiazaphos-

phinine (14): Attempts to recrystallize compound 13 from acetonitrile gave
heterocycle 14 as colorless crystals in a quantitative yield. M.p. 87-89 °C; 3'P
NMR (81 MHz, CDCl,): § = 4.4; 'HNMR (250 MHz, CDCl,): § =7.80-
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7.16 (m, 5H; CeH), 5.66 [d, J(P.H)=3.1Hz 1H; SCH]. 3.24 [d.
J(P,H) =3.2Hz, 3H; NCH,}, 3.18-2.76 (m, 4H: NCH). 1.98-0.80 (m,
40H; CH,): *C NMR (50 MHz, CDCl,): 6 =144.8 (CC H.). 141.6 (ipso-
CeHs).  127.5, 1253 (0-,m-CgHy), 1264 (p-C H.). 842 [d.
*J(P,C) = 20.7 Hz; SCH], 56.4[d, 2J(P.C) = 4.3 Hz; C,], 41.0 (NCH,), 34.0.
331 (C,), 27.0, 26,9, 206.6, 25.7 (C; and C,), PC was not observed;
C3,H3N,PS: caled C 70.31, H 9.20, N 9.64; found C 69.98, H 9.16, N 9.58.

4-Bis(dicyclohexylamino)-2-thioxo-5-trimethylsilyl-6-phenyl-2,3-dihydro-
1,3,445-diazaphosphinine (15): A stoichiometric amount of methy! isothio-
cyanate (0.04 g, 0.55 mmol) was added to a toluene solution (10 mL) of 8
(0.32 g, 0.55 mmol). The mixture was heated at 50 °C for 60 h. After evapo-
ration of the solvent, the residue was washed several times with pentane
(25 mL) to afford heterocycle 15 as a brown-yellow powder (0.20 g, 56%
yield). M.p. 147°C (decomp.); *'P NMR (32MHz, CDCl,): d = 61.5;
THNMR (250 MHz, CDCl,): 6 =7.43-7.31 (m. SH; C,H,), 3.20 (d.
J(P.H) =9.7Hz, 3H; NCH,), 3.22-3.07 (m, 4H; NCH), 1.88 0.86 (m,
40H; CH,). 0.08 (s, 9H; SiCH); *C NMR (62 MHz, CDCl,): § =167.5[d,
J(P,C) = 6.1 Hz; C=8], 155.0 (C=N), 1445 [d, JP.C) =18.1 Hz: ipso-
C,Hgl, 1283, 127.6 (0-m-CcHy), 127.5 (p-CHy), 106.1 [d. J(P.C) =
82.7 Hz; P=C], 58.1 [d, 2J(P,C) = 4.5 Hz; C,], 36.5 [d, J(P.C) = 4.6 Hz:
NCH,], 34.3, 342 (C,), 274, 27.3, 269, 26.8 (C, and C,), 2.3 [d,
J(P,C) = 2.1 Hz; SiCH,).

4-Bis(dicyclohexylamino)-2-thioxo-6-phenyl-2,3-dihydro-1,3,445-diazaphos-
phinine (16): Attempts to recrystallize compound 15 in pentanefether (5:1).
at —20°C, yielded heterocycle 16 as pale yellow crystals. M.p. 113°C (de-
comp.); *'P NMR (32 MHz, CDCl,): & = 38.1; 'HNMR (200 MHz, CD-
Cly): 6 =7.91-7.31 (m. 5H; C{Hy), 5.14[d, J(P.H) =14.9 Hz, 1 H; P==CH],
3.43(d, J(P,H) = 6.2 Hz, 3H; NCH,], 3.24-3.05 (m, 4H; NCH). 2.13-0.97
(m, 40H; CH,); "*C NMR (50 MHz, CDCl,): § =183.2 [d, J(P.C) = 3.8 Hz;
C=8], 1591 [d, J(P,C) = 3.8 Hz; C=N], 140.0 [d, J(P.C) =17.4 Hz; ipso-
CeHsl, 1293 (p-CHy), 1278, 1271 {0-m-C¢Hy), 78.7 [d. JP.C) =
167.9 Hz; P=C}, 58.1 [d, 2XP,C) = 4.0 Hz; C ). 38.7 [d. J(P.C) = 4.2 Hz:
NCH,;[, 34.1, 32.9 (C,), 26.7, 26.6, 25.5, 25.1 (C; and C,); MS (CH,, CI):
mjz 581 [M+1]: C3 H 3N, PS: caled C 70.31, H 9.20, N 9.64; found C 70.62,
H 9.25, N 9.60.

Cationic, four-membered heterocycle 17: A stoichiometric amount of tri-
fluoromethanesuifonic acid (76 pL, 0.86 mmol) was added to a CH,Cl, solu-
tion (10 mL) of 8 (0.50 g, 0.86 mmol) at —78 °C. After the solution was
stirred for 15 min at RT, the solvent was evaporated and the residue washed
with pentane several times to give 17 as a pale yellow powder (0.54 g, 86%).
M.p. 80-82°C; *'P NMR (32 MHz, CDCl,): § = 48.1; 'H NMR (200 MHz,
CDCly): 6 = 8.43 (m, 1H; NH), 7.83~7.51 (m, 5H; C,H,). 3.46-3.18 (m,
4H; NCH), 2.07-1.08 (m, 40H; CH,), 0.29 (s, 9H; SiCH,); '3C NMR
(50 MHz, CDCly): 6 =172.5 [d, J(P,C) = 29.1 Hz; PCC]J, 132.9 (p-C Hy),
129.6 Id, J(P,C) = 30.7 Hz; ipso-CH], 129.0, 128.5 (0-,m-CyHy). 120.3 (q.
'J(C.F)=3204Hz; CF], 1045 [d, JPP,C)=61.8Hz; PC], 588 [d,
*J(P.C) =43 Hz; C|], 32.9 (C,), 284, 26.3, 24.8, 24.4 (C, and C,). 1.1
[d, J(P.C)=3.1Hz SiCHy); IR (CDCly): ¥ =3066cm™! (N--H);
Cy4HoF3N,O,PSSi: caled C 59.23, H 8.15, N 5.76; found C 59.45, H 8.19,
N 5.70.

Derivative 17 was also obtained in 96 % yield (0.20 g) by heating, for 6 h at
55°C, a chloroform solution (5 mL) of azirine 4 (0.21 g, 0.29 mmol).

Photolysis of azirine 5: A mixture of freshly distilled THF solution (8 mL) of
azirine 5 {0.25g, 0.37 mmol) and a stoichiometric amount of dimethyl
acetylenedicarboxylate (46 ul., 0.37 mmol) was irradiated at 254 nm. Accord-
ing to *'P NMR spectroscopy, 5 completely disappeared after 1 h and two
new compounds were formed: 18 (6 = 51.2, 44%) and 19 (5 = 44.5, 56%).
After evaporation of the solvent, the residue was washed several times with
acetonitrile. Only derivative 19 was obtained as a yellow powder. Recrystal-
lization from a dichloromethane/ether (5:1) solution. at —20°C, gave 19 as
white crystals (0.17 g, 64% yield). M.p. 218-219°C (decomp.); *'P NMR
(81 MHz, CDCly): 6 = 44.8; "HNMR (200 MHz. CDCl,): 4 =10.20 (m,
1H; NH), 7.57-7.40 (m, 5H; C,H,), 3.85 (s, 3H; OCH,), 3.71 (s, 3H;
OCHj,), 3.69-3.39 (m, 4H; NCH), 2.54 [d. J(P.H) =12.9 Hz, 3H; PCH ),
1.86-1.04 (m, 40H; CH,); '*C NMR (50 MHz, CDCL,): § = 164.6, 164.1
(C=0), 142.9 [d, J(P.C) =10.3 Hz; PCNC], 129.5 (p-C,H,), 129.2, 128.2
(0-,m-C¢Hy), 128.1 (ipso-C H,), 126.8 [d, J(P,C) =13.2 Hz; PCCC], 120.2
(q. J(P,C) = 319.5 Hz; CF,], 116.2(PCC), 115.1 [d, ' J(P,C) = 146.7 Hz; PC],
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58.8[d, 2J(P,C) = 5.7 Hz; C,], 52.6, 51.9 (OCH,). 34.8, 34.3 (C,), 26.8, 26.6,
254 (C, and C,), 17.6 [d, "J(P,C) = 80.0 Hz; PCH,); IR (CDCl,): ¥ = 3425
(N-H). 1726 cm ™' (C=0); C,oH4,F,N,0,PS: caled C 59.03, H 7.31, N
5.16; found C 58.87, H 7.28, N 4.96.

1,3,5,5-Thiazaphosphole (20): A freshly distilled pentane solution (80 mL) of
azirine 7 (1.42 g, 2.32 mmol) was irradiated at 254 nm. According to *'P
NMR spectroscopy, the transformation of 7 into 20 was complete after 14 h.
Evaporation of the solvent gave 20 as an orange oil (1.12 g, 79%): 3!P NMR
(81 MHz, CDCl,): 6 =97.9; *HNMR (250 MHz, CDCl;): § =7.61-7.43
(m. 5H; CH,), 3.45-3.25 (m, 4H; NCH), 1.87-0.85 (m, 40H; CH,), 0.26
(s, 9H; SiCH;): "*C NMR (63 MHz, CDCl,): § =170.5 (C=N), 138.7 (ipso-
CeHs), 132.5(p-CyH,), 128.9,127.4 (0-,m-C Hy), 86.4[d, J(P,C) = 43.9 Hz;
P=(], 58.5[d, 2J(P.C) = 3.0 Hz; C,}, 33.9[d, *J(P.C) = 2.9 Hz; C,], 33.5[d,
3J(P.C) = 2.4 Hz; C,], 27.4, 26.9, 26.8, 25.4 (C, and C,), 1.6 (SiCH;); MS
(NH;, CI): mjz 612 [M +1].

(Phosphoranyl)thioamide (21): A CDCIl; solution (3mL) of 20 (0.12 g,
0.20 mmol) was filtered through silica gel with ether as eluent. Evaporation
of the solvent under vacuum led to 21 as an orange powder (0.11 g, 99%).
M.p. 151-153°C (decomp.); *'P NMR (81 MHz, CDCl,): d =29.1;
'HNMR (250 MHz, CDCl,): 6 =8.70 [d, *J(H.H) = 4.5Hz, 1H; NH],
7.84-7.28 (m, 5H; C¢H,), 4.18 [dd, 2J(P.H) = 9.7 and *J(H,H] = 4.5 Hz,
2H; PCH,), 3.08-2.87 (m, 4H; NCH), 1.96-0.80 (m, 40H; CH,); '3C
NMR (63 MHz, CDCl,): § =198.0[d, */(P.C) =10.6 Hz; C=S], 140.7 (ipso-
C Hy), 131.9 (p-CHy), 128.2, 126.8 (0-m-CHy), 55.8 [d, 2J(P,C) = 4.5 He;
C,l. 46.3 [d, "J(P.C) =115.2 Hz; PCH,], 33.8, 33.5 (C,), 27.3, 26.8, 26.7,
26,6, 257, 253 (C, and C,); IR (CDCly): ¥=1265cm™' (P=0);
C,,H;,N;OPS: caled C 68.90, H 9.40, N 7.53; found C 68.69, H 9.48, N 7.43.

(Thioxophosphoranyl)thioamide (22): A pentane solution (30 mL) of azirine 7
(0.48 g, 0.79 mmol) and excess elemental sulfur was irradiated at 254 nm for
14 h. After removal of unreacted sulfur by filtration and evaporation of the
solvent, the residue was purified by flash chromatography on silica gel (hex-
anefether: 98/2) to yield 22 as an orange powder (0.22 g, 48%). M.p. 254 -
256°C (decomp.); >'P NMR (81 MHz, CDCl,): é=69.2; 'HNMR
(200 MHz, CDCL,): & = 9.17 (m, 1 H; NH), 7.91-7.23 (m, SH; CH,), 4.23
[dd, 2J(P.H) = 8.1 and *J(H,H) = 4.7 Hz, 2H; PCH,], 3.30-2.96 (m, 4H;
NCH), 1.97-0.85 (m, 40H; CH,J; '*C NMR (50 MHz, CDCl,): 6 =196.9
|d. *J(P.C) =11.6 Hz; C=S], 140.4 (ipso-C H;), 131.2 (p-C,H,), 1284,
126.7  (0-m-C,Hy), 568 [d. 2J(P.C)=42Hz; C,], 489 [d,
LJ(P,C) = 91.4 Hz; PCH,,}, 34.0, 33.4 (C,), 27.0,26.8,25.7,25.4(C; and C,);
C,,Hs,N;PS,:caled C66.97, H 9.13, N 7.32; found C 67.15, H9.18, N 7.28.

Solution and refinement of structures 7, 10, 14 and 19: Crystal data for all
structures are presented in Table 1. The data for 7 and 10 were measured on
an Enraf-Nonius CAD4 diffractometer with Moy, (A = 0.71073 A) radia-
tion and w-26 scans. A Huber Stoe-Siemens AED diffractometer with a
CCD detector was used to collect data for 14, and a STOE-IPDS diffractome-
ter for 19 with Mo, (2 = 0.71073 A) radiation and @-scans. A semiempirical
absorption correction was employed for 7 and 10. All structures were solved
by direct methods using SHELXS-86!21) (structures 7 and 10) and SHELXS-
9001 (structures 14 and 19) and refined with all data on F* with a weighting
scheme of w™! = aX(F2) + (gl x P)* + (g2 x P) with P =(F2 + 2F2)/3 in
SHELX1.-931222 (structures 7 and 10) and SHELXL-96122% (structures 14
and 19). All non-hydrogen atoms were treated anisotropically except those of
the phenyl rings in 7 and 10, which were refined isotropically. For the atoms
C40, F1, F2, and F3 in structure 19 a disorder in two positions was found
and refined with an occupancy of 0.55/0.45, for the atoms C41 and C42 in
structure 19 a disorder in two positions was found and refined with an
occupancy of 0.6/0.4. Al hydrogen atoms were located by difference Fourier
maps and were refined with a riding model, except for H atoms bonded to the

Batom in 10, which were refined with constraint bond lengths, and H1 in 19,
which was refined free. 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-
100358. Copies of the data can be obtained free of charge on application to
The Director, CCDC, 12 Union Road, Cambridge CB21EZ, UK (Fax: Int.
code +(1223)336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Nondipolar Structures with Threefold Symmetry for Nonlinear Optics

Riidiger Wortmann,* Christoph Glania, Peter Kramer, Ralf Matschiner,
J. Jens Wolff,* Stefan Kraft, Bjorn Treptow, Eugen Barbu,
Daniela Lingle, and Gunter Gorlitz

Abstract: The second-order polarizabili-
ties f(— 2w;w,w) of six nondipolar
NLO chromophores—1,3,5-tris(isopropyl-
amino)-2,4,6-trinitrobenzene (1), 1,3,5-
tris(isopropylamino)-2,4,6-tris(trifluoro-

methinium perchlorate (6)—were studied
by polarized hyper-Rayleigh scattering
(HRS). The NLO activity of these two-di-
mensional NLO chromophores is at-
tributed to three-level contributions to the

f values, for which different optimization
strategies are investigated. Exceptionally
large second-order polarizabilities were
observed for the conjugationally elongat-
ed structures: the ff value of triazine 41is 15

methylsulfonyl)benzene (2), tris(dimethyl-
imoniomethyl)methide diperchlorate (3),
2.,4,6-tris[4-(N,N-dicthylamino)phenyl-

ethynyl]-1,3,5-triazine  (4), 2,4,6-tris[4-
(N,N-diethylamino)phenyl]-1,3,5-triazine
(8), and tris(2-dimethylaminoethenyl)-

aluminium -
Si ligands -

Introduction

Organic materials for nonlinear optics (NLO) offer a number of
advantages over inorganic solids.!!) They are not only relatively
easy to synthesize and to integrate into polymeric structures, but
also have high optical nonlinearities and their response is fast.
Since their bulk properties, to a first approximation, may be
determined by the summation of molecular contributions,
strategies for the rational optimization of organic materials
must begin at the molecular level. Until recently it has been a
universally held view that extended = systems with a consider-
able molecular dipole (e.g., stilbenes substituted with donors
and acceptors in para positions) show the greatest promise as
second-order NLO materials.!!! Molecules devised on the basis
of this concept are close in chemical structure and frequently
belong to known classes of dyes (e.g., the merocyanines). In
these molecules, only the component f,,, of the second-order
polarizability tensor parallel to the dipole axis z is relevant and
can be optimized. Owing to the lack of significant off-diagonal
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times larger than that of the one-dimen-
sional two-level chromophore 4-nitroani-
line. Results obtained with the polarized
HRS experiment are discussed with re-
spect to local field corrections, calibra-
tion, and systematic sources of error.

hydrolyses -

components, f§ may be termed “one-dimensional” (1 D). In the
two-level model!? 31 B is associated with only one HOMO-LU-
MO electronic transition of charge-transfer (CT) character. The
two-level contributions to f are given by Equation (1), where

6w?
(ga) . ag( ,,ag\2 “ag
ﬂ ( 2&),(,0, (U) A.u (H ) hZ(wgg (,02) ((ug.g 4(02) (1)

Au® denotes the dipole change associated with the transition
from the electronic ground state g to the excited state a, u* the
corresponding transition dipole, and w,, the circular frequency
of the transition. As in previous work,*! we adopt the Taylor-se-
ries convention for f.1%1

While there has been great progress in devising chemical
structures based on the two-level approach,!® ™ it has become
apparent that some problems in NLO cannot be effectively
solved in this way. One of these problems is the efficiency—
transparency trade-off, which is of crucial importance for sec-
ond-harmonic generation (SHG).!!- 81 The efficiency of the ener-
gy conversion must be high, but reabsorption of the converted
light low—a condition that is difficult to fulfill with classic &
systems, because the desirable increase in second-order polariz-
ability is accompanied by a bathochromic shift of the electronic
transition.[®! Alternative concepts for the design of NLO chro-
mophores are thereforc needed.

One new approach is based on molecules with a two-dimen-
sional (2D) character of 8. It was shown previously ™! that off-
diagonal tensor components of f can become significant in
dipolar molecules with C,, symmetry where the direction of the
transition dipole is perpendicular to the C, axis. This causes
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interesting phenomena such as deviations from Kleinman sym-
metry'! and could be useful in circumventing the efficiency -
transparency trade-off.®*1 A series of C,, symmetric NLO
chromophores with large off-diagonal components of f and
remarkable transparency properties was recently reported.'
This paper deals with a second class of molecules with 2D
character of f, which has been suggested by Ledoux and
Zyss.''®! By a formal analysis of f it was shown'°% that, in
certain point groups with threefold rotation symmetry, mole-
cules without a dipole can display NLO activity. It was argued
from model calculations that trisdonor —trisacceptor substitut-
cd benzenes of D5, symmetry, which have four significant com-
ponents of f, may combine constant UV/Vis absorption with
larger values of fi. In terms of chemical concepts, the origin of
the improved second-order polarizabilities is based on the de-
generate LUMO found for 7 systems of minimum symmetry C,.
The second-order polarizability may now be approximated as
being proportional to the product of transition dipoles between
three levels (HOMO and 2 LUMO's) 1292 The three-level contri-
butions arising from the ground state, g, and two—not necessar-
ily degenerate —excited states, ¢ and b, are of the general form
given in Equation (2),!'%% where, for reasons of simplicity,

12 w?
ab  bg ag
# W (wZ,— o) (w2, —4w?) 2)

PP —20; 0, w) = P u

degeneracy of states @ and b, @,, = w,,, was assumed. A com-
plete perturbation theoretical expression for f in terms of two-
level and three-level contributions 9% and $%** was given pre-
viously.!*!

1,3.5-Triamino-2,4,6-trinitrobenzene (TATB) was the first
prototype molecule with D5, symmetry for which second-order
NLO cffects in the solid state could be demonstrated."°" The
origin of this NLO activity was controversially discussed in the
literature!'°™ 'Y and could only recently be interpreted in terms
of the presence of two polymorphic forms in samples used to
evaluate powder efficiencies.! ') Considerable second-order po-
larizabilities were also observed for trinitrophloroglucinol and
1.3,5-tris(isopropylamino)-2,4,6-trinitrobenzene  (1)."'?)  The

Abstract in German: Die Polarisierbarkeiten zweiter Ordnung
Bl — 2m; w w) der nichtdipolaren NLO-Chromophore 1,3,5-Tris-
(isopropylamino )-2 4,6-trinitrobenzol (1), 1,3,5-Tris(isopropyl-
amino )-2 4,6-tris( trifluoromethylsulfonyl ) benzol (2), Tris(di-
methylimoniomethyl) methid-diperchlorat (3), 2,4,6-Tris[4-( N,N-
diethylamino jphenylethinyl J-1,3,5-triazin (4), 2,4,6-Tris{4-( N,N-
diethylamino Jphenyl]-1,3,5-triazin (5) und Tris( 2-dimethylami-
noethenyl)methinium-perchlorat (6) wurden durch polarisiert
detektierte Hyper-Rayleigh-Streuung (HRS) bestimmt. Die
NLO-Aktivitit dieser zweidimensionalen NLO-Chromophore
wird auf Dreiniveau- Beitrige zu B zuriickgefiihrt, fiir die mehrere
Optimierungsstrategien untersucht werden. Ungewdhnlich grofie
Polarisierbarkeiten zweiter Ordnung treten bei Strukturen mit
vergrioferter Konjugationslinge auf. Der -Wert von 4 ist 15mal
grofier als der des eindimensionalen Zweiniveau-Chromophors
4-Nitroanilin. Die durch polarisiert detektierte HRS erhaltenen
Resultate werden im Hinblick auf lokale Feldkorrekturen, Kali-
brierung und systematische Fehlerquellen diskutieri.
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method of choice for studying such nondipolar NLO chro-
mophores is hyper-Raylcigh scattering (HRS).[" Since this ex-
perimental technique relies on incoherent frequency doubling,
no poling of the solution is required, as is necessary with the
electric field induced second harmonic generation (EFISH)
method."* 3! Thus nondipolar and even ionic species can be
studied by HRS. Several nondipolar 2D NLO chromophores
were investigated by HRS in the recent literature '3 The
exceptionally high f values initially reported for organometallic
(ruthenium) complexes''®%-*! have been brought into question
or proven much lower.l'® Transiently noncentrosymmetric
structures were studied by optical poling techniques.!'”!

In this work, we have followed three different strategies to
optimize second-order polarizabilities of nondipolar NLO chro-
mophores with threefold symmetry. Figure 1 summarizes the

NO2
iPrNH, NH/Pr

Et:N NEt2

~
4
Ny AN SOCFy 2
NMe; ’ \ iPrNH NHiPr
@
MeN" N7 2¢109
« 4 F3CO2S SO.CF3
3 gMez NHiPr
NEtz
EtN. NEt;
® N
6 /NMez = |
5 NN
MeoN. = P
o X
clo;
NMez
NEt,

Figure 1. Nondipolar NLO chromophores with threefoid symmetry investigated in
this work.

investigated structures. In the hope that increased electronic
polarization would lead to enhanced second-order polarizabili-
ties, we first replaced the nitro groups in 1 with the stronger
acceptor trifluoromethylsulfonyl''®) to give 2. Since benzene
derivatives of type 1 and 2 adopt conformations with nonplanar
rings and decreased conjugation in comparison to hypothetical
planar structures,!'® we sought to construct molecuies with de-
creased steric hindrance, as in the symmetric triazines 4 and 5.
In 4, the m system was also considerably enlarged in comparison
to 1 or 2. In general, the extension of a 7 system leads to an
increase in the magnitude of the transition dipole,'>?! which is a
prerequisite for large second-order polarizabilities [cf. Egs. (1)
and (2)]. The third approach is exemplified by the branched C,,
symmetric cyanines 3 and 6. Cyanines are known to have the
highest linear polarizabilities of conjugated organic m sys-
tems, > but owing to their centrosymmetry do not display sec-
ond-order polarizabilities. Branching removes the center of in-
version and gives rise to a nonvanishing f, as has been
demonstrated by Stadler et al. for 3.1'%¢1 In general, organic salts
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may present advantages over neutral compounds in optimiza-
tion of crystalline bulk structures.'¥ Exchange of counterions
of NLO-active molecular ions may allow much more rapid and
facile screening of crystal structures than tedious chemical mod-
ifications of the NLO chromophore itself. In this paper, we
present the characterization of the nondipolar 2D NLO chro-
mophores 1-6 by polarized HRS experiments and report the
syntheses of 2, 4, and 5. We also address some possible sources
of inaccuracies that may arise when the HRS technique is used
to evaluate second-order polarizabilities.

Theory

Hyper-Rayleigh Scattering: The phenomenon of incoherent fre-
quency doubling (hyper-Rayleigh scattering, HRS) by liquids
was first observed by Terhune et al.l?3!in 1965. It was recently
established as a new method for the determination of second-or-
der polarizabilities of molecules in solution by Clays and Per-
soons.!'? 24 HRS is an alternative to the electric field induced
second harmonic generation (EFISH) method commonly ap-
plied for dipolar molecules and is the only available technique
that enables measurement of § for nondipolar or ionic mole-
cules. The experimentally detected HRS signal S, is a quadrat-

830 =CI,, (3)

., where C is a quadratic fit
coefficient that can be expressed in terms of the number densi-
ties of solvent and solute and the rotational averages {f*)> of
their second-order polarizabilities.?* Solvent and solute contri-
butions can be separated by investigating a concentration series.
A general protocol for the determination of molecular quanti-
ties from measurements on macroscopic systems of two con-
stituents was described previously.!2%: 34!

With suitable calibration of the HRS apparatus, the averages
{B?> can be derived from the results of polarized HRS measure-
ments. For molecules with C,, symmetry, there are eight nonva-
nishing tensor components of which two are independent. The
nonzero componenis are f_=—f,. . =—f_ =—f,., and
By = — Byoe = — PB.y. = — Py Where x, y, z indicate Cartesian
tensor components in the molecule-fixed frame. The rotational
averages for parallel (ZZ) and perpendicular (ZX) polarization
of the scattered 2w photons relative to the polarization of the
incident laser light can be calculated by standard techniques.[2¢]
The results are given in Equations (4) and (5). The same rela-

ic function of the incident intensity 7,

48
B2 =505 Bz + B (CY)
32
<ﬁ2>zx = 21-0 (ﬁzzzz + /3}2”) (5)
tionships hold for D;, molecules with ... = — ., =—f,.. =

- B,.2" and B, =0. For both D,, and C,, NLO chro-
mophores, the depolarization ratio is expected to be p =
P22/ {B*ax =1.5.

For molecules with symmetry C,,, f has seven nonvanishing
tensor components of which five are independent. The nonzero
components are By, = Prse: Bu: = By Fors By and ... where
z is the C, axis. The components containing transition dipoles
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perpendicular to the molecular plane f,.. = f.., and p_., are
usually negligible.®! The rotational averages of the remaining
four components are given by Equations (6) and (7).1*! For

L

B2z = 575 OB 12y +24 Boccbey + 24 B2 By

2482 +652) 6)

¥y

1
PP = 7156 BrA 8By — 128,80, — 120.,,B,.,
+16 B2, +18B2) (N

dipolar 1 D NLO chromophores with only one significant com-
ponent f3,_., the depolarization ratio is expected to be p = 5.
Details of the calibration of the HRS apparatus and the deter-
mination of depolarization ratios are described in the Experi-
mental Section.

Local field corrections: The local field acting on a molecule in
sotution differs from the applied macroscopic field in the medi-
um. This difference has to be taken into account in the quantita-
tive evaluation of linear and nonlinear optical experiments on
condensed systems. In practice, only models based on classical
clectrodynamics and continuum approaches to the solvent envi-
ronment, the Lorentz and Onsager corrections, have been used.
Within Onsager’s reaction field modell?8! the solute molecules
are considered as polarizable point dipoles in the center of a
spherical or cllipsoidal cavity in the solvent. The solvent itself is
treated as a homogeneous and isotropic dielectric. Recently, a
consistent extension of the reaction field model to second har-
monic generation (SHG) was presented.[®*#! Assuming spherical
cavities and equal polarizability volumes of solvent and solute
molecules, the general relations'™ reduce to the approximate
expression (8) for the effective sccond-order polarizability in

B~ 20;0,w; EX%)
CE+ )22+ 1) (8°+2)
N 9g2e 9

®)

B(—2w;w,w; ER®)

solution, where £2% and &“ are relative permittivities of the sol-
vent at the respective frequencies. Note that Lorentz type local
field factors, (£“ + 2)/3, occur only for the fundamental frequen-
cy @ but not for 2.4 B as obtained from Equation (8) is
usually quoted as the experimental result of EFISH or HRS
measurements in solution. It does not, however, represent the
second-order polarizability of the free molecule. In the Onsager
model, it still contains a component that is induced by the static
reaction field E®®, which is associated with the permanent
dipole moment p of the solute molecule. Applying the same
approximations as in Equation (8) and assuming a spherical
cavity of radius a, ER? can be represented by Equation (9),

(" —DET+2)

RO
= E T ) 9
E 6mega’(2e° + ek ©)

where 0 is the static relative permittivity of the solvent, £ the
optical permittivity extrapolated to infinite wavelength,[?9! and
&, the permittivity of free space. The reaction field gives rise to
an induced contribution to the second-order polarizability ac-
cording to Equation (10). The induced contribution yE®® can

B(=2w;m,w0; EX®) = B(—=2w;w,w) + y(—2w;w,»,00EX® (10)
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be significant for polar molecules and may lead to a strong
dependence of § on the solvent polarity.?*2°) For 4-nitroani-
line (pNA) this effect has been studied quantitatively by experi-
ment?* and quantum chemical calculations.*® It should be
noted that the reaction field also causes solvent effects on the
position and intensity of optical absorption bands.*! The ab-
sence of reaction field induced bathochromic shifts of the ab-
sorption bands for nondipolar 2D NLO chromophores is a
major advantage of these compounds compared to dipolar 1D
NLO chromophores.

Results and Discussion
The UV/Vis spectra of NLO chromophores 1—6 are displayed

in Figure 2. The spectra of 3-6 are characterized by intense
transitions at low energies, which are a prerequisite for large
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550500 450 400 350 300 250
10w0 | -l — - I L
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T 1000
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Figure 2. Absorption spectra of NLO chromophores 1-6. « is the molar decadic
absorption coefficient (T = 298 K ; solvents as listed in Table 1).

nonlinearities. The absorptions of 1 and 2 are less intense and
exhibit more structure, possibly indicating conformational dis-
tortions. All NLO chromophores are essentially transparent at
532 nm (18800 cm '), enabling nonresonant HRS measure-
ments at A = 1064 nm. The HRS measurements for 1 and 2 were
carried out in dioxane solution. For reasons of solubility, 4 and
5 were studied in acetone, and the cyanine salts 3 and 6 in
acetonitrile. Typical results illustrating the quadratic depen-
dence of the harmonic signal S, on the fundamental intensity
1, according to Equation (3) and the lincar dependence of the
quadratic fit coefficient C on the mass fraction w of the solute
are displayed in Figures 3 and 4, respectively. Concentrated
solutions of 6 showed a weak absorption at 532 nm, probably
caused by the low-energy tail of the main absorption band. This
led to absorption losses in the HRS signal and to deviations
from the linear dependence of C on the mass fraction w, which
were taken into account by applying Beer’s law. The HRS sig-
nals of all NLO chromophores except 4 and 5 were confirmed
to be free of background fluorescence. Probable sources for the
fluorescence of 4 and 5 are multiphoton processes, such as two-
photon absorption, three-photon absorption, or reabsorption
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Figure 3. HRS signal S,,, (arb. units) as a function of the fundamental laser inten-
sity 1, (arb. units) for dioxane solutions of 1 with mass fractions w = 0.0, 0.0044,
0.0080. 0.0104, and 0.0144. Each point represents an average over 300 laser pulses.
The solid lines are quadratic fits.
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Figure 4. Quadratie fit coefficient C (arb. units) as a function of the mass fraction
w of 1 in dioxane solution. The straight line is a linear fit.

of an internally generated third harmonic. The true HRS coeffi-
cients of 4 and 5 were extrapolated from results obtained with
interference filters of varying bandwidth, as described in the
Experimental Section below. The HRS apparatus was external-
ly calibrated against a pNA standard. Local field corrections of
the second-order polarizabilites were carried out by use of the
modified Lorentz expression Equation (8). More refined correc-
tions within the ellipsoidal Onsager model yielded only slightly
different results; differences are typically on the order of 10% or
less.*?! Significant nonlinearities were observed for all NLO
chromophores; the results are listed in Table 1.

The second-order polarizability f of the nondipolar 2D NLO
chromophore 1 is found to be significantly lower than § of the
1 D NLO chromophore pNA in the same solvent (cf. Table 2
below). It should be noted, however, that § of pNA in solution
is strongly enhanced by reaction field induced contributions'*®!
[cf. Eq. (10)]. Quantum chemical calculations for the isolated
molecules indicate similar values for pNA and the related NLO
chromophore 1,3,5-triamino-2.4,6-trinitrobenzene (TATB).[104]
Compound 1 has been studied previously!*?! in chloroform and
nitromethane with comparable results for . Here we compare
NLO chromophore 1 with 2, in which the nitro groups have
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Table 1. Results of hyper-Rayleigh-scattering measurements on NLO chromophores 1-6 (4 =1064 nm, T = 298 K).
pNA 1 2 3 4 5 6
solvent dioxane dioxane dioxane acetonitrile acetone acetone acetonitrile
A (NIT) 354 375 290 320 425 375 430
Komae (m2mol 1) 1590 3850 4040 2710 12600 13300 7750
M (gmol ™) 138.13 384.39 645.60 382.20 594.81 522.74 321.80
P 5.0+02 1.5940.03 1.5+04 - 1.70+0.04 11+0.4 -
B(— 2w; 0 w) [a] (1073 Cm3V~2) 274428 [b) 18.4+1.2 [b] 7.140.3[b] 8.7+1.4[c] 404+ 10 [b] 162+12 [b] 10246 [c]
Bo [d] (107°° Cm3V~2) 13.5 8.1 4.6 5.0 123 A 30

[a] Second-order polarizabilities are given in Taylor series convention [5]. [b] f = f...; the approximate symmetry is Ds,. [c] § = (B%.+$2,)"'%; the approximate symmetry
Fyy

is Cy,. [d] Bo = f(0;0,0) determined by extrapolating of w-»0 in Equation (2).

been replaced by the stronger acceptor trifluoromethylsulfonyl.
The substitution leads to a pronounced blue-shift of the main
absorption maximum 2_,, from 375 to 290 nm, but also to a
significantly lowered f value (Table 1). This result suggests
that trifluoromethyisulfony! is a weaker © acceptor than nitro,
although in general comparable nonlinearities have been ob-
served for 1 D NLO chromophores substituted with fluorinated
sulfone and nitro groups."*®! Distortions occurring in the steri-
cally crowded system 2 could also contribute to the lower f
value.

The results for cyanine salts 3 and 6 are interesting in a num-
ber of ways. Compound 3 is nonabsorbing in the whole visible
region (see Figure 1). The transparency is even higher than for
2, although the absorption maximum of 3 is more bathochromic
by 30 nm. The second-order polarizability of 3 observed here
based on a careful external calibration of the HRS apparatus is
significantly lower than the value published by Stadler et al.'**<!
for 3 in aqueous solution. Nevertheless, f of 3 is remarkably
high for such a small chromophore and comparable to f§ of the
tricyanomethanide anion reported by Verbiest et al.’>"! Increas-
ing the conjugation length, however, leads to much larger sec-
ond-order polarizabilities; § of the next higher homologue cya-
nine 6 is about twelve times larger than that of 3. At the same
time, the absorption is red-shifted to 430 nm.

The most promising results were obtained for the trisdonor-
substituted triazines 4 and 5. Symmetrically substituted triazines
have been investigated previously by Ray and Das,**! who
demonstrated the superiority of the triazine over the benzene
ring as a central unit in nondipolar NLO chromophores with
threefold symmetry. The most efficient donors studied in refer-
ence [33] were methoxy and phenyl. In the triazines presented
here, we introduce substituents with stronger donor properties
(diethylaminophenyl in 5) and elongated conjugation (diethyl-
aminophenylethynyl in 4). In this way threefold donor—accep-
tor structures with exceptional second-order polarizabilities are
created. The f(—2w;w,w) of 5 is six times and that of 4 even
fifteen times larger than that of pNA in dioxane (Tables 1 and
2). An approximate measure of nonlinear efficiency is the
ratio of second-order polarizability and molar mass /M. The
value of /M for the triazine 4 rcported here is among the
highest observed so far for a nondipolar NLO chromophore,
especially in view of the rather short-wavelength absorption
maximum.

We finally comment on the observed HRS depolarization
ratios p (Table 1). All ratios were found to be close to the ideal
value of 1.5 expected for D,, and C;, symmetry [cf. Egs. (4)
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and (5)]. The p values of the cyanine salts 3 and 6 were
not measured, and p of 2 and 5 could only be determined with
a relatively large error because of experimental difficulties
such as small signals, background fluorescence, and absorption.
Small but experimentally significant deviations of p from
1.5 were observed for 1 and 4. These deviations are probably
caused by symmetry-lowering distortions of the molecules or
conformational distributions. Distortions of the benzene ring
in hexasubstituted aromatics have been studied previously.[35!
In 5 the phenyl substituents may rotate out of the plane of
conjugation. Any deviation from D,, symmetry introduces
dipolar contributions to the second-order polarizability. This
usually leads to an increase of the observed depolarization
ratio because p for a 1 D dipolar chromophore is 5 [cf. Eqs. (6)
and (7)].

Conclusion

New nondipolar NLO chromophores were synthesized and
studied by the hyper-Rayleigh scattering (HRS) technique. The
HRS experiment was performed with polarized detection. Ef-
fects of finite aperture on the depolarization ratio were dis-
cussed and suitably corrected. The fluorescence background ob-
served in some experiments was eliminated by the use of
interference filters with varying bandwidth.

Two 1,3,5-trisacceptor-substituted 2,4,6-tris(isopropylamino)-
benzenes 1 and 2 were studied to compare the effects of the
nitro and the trifluoromethylsulfonyl acceptor in nondipolar
chromophores with threefold symmetry. It was found that
the trifluoromethylsulfonyl derivative 2 was inferior in its
nonlinear efficiency, but superior in its short-wavelength
transparency. Highly polarizable cyanine salts 3 and 6 werc
investigated as prototypes of NLO chromophores with cross-
conjugated structures. The large § values of 4 and 5 demon-
strate the high potential of 2,4,6-trisdonor-substituted s-tri-
azines as interesting new NLO chromophores that combine
large second-order polarizabilities with good transparency
properties. The absence of exocyclic acceptor groups in these
NLO chromophores reduces steric interactions and enables
the introduction of large and effective donors, opening a
field for further optimization. Increasing the conjugation
length was demonstrated to be an efficient strategy to maxi-
mize three-level contributions to f and achieve high nonlineari-
ties in nondipolar NLO chromophores with threefold sym-
metry.
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Experimental Section

Solvents: Spectrogradc acetone was purchased from Merck and used as re-
ceived. Dioxane was purified according to a previously described proce-
dure.®! Acetonitrile was distilled from P,O, , and the procedure was repeated
until the PO, residue was found to remain colorless. The distilled acetoni-
trile was further purified by percolation through 3 A molecular sieves fol-
lowed by distillation from P,O,,.

HRS Apparatus: The experimental set-up for HRS is an extension of the
EFISH-apparatus described previously and similar to the one described by
Clays et al.!?" The pulses of the Nd: YAG-Laser (4 = 1064 nm) were focused
into a cell containing the liquid sample. The incoherently scattered 2« pho-
tons were collected orthogonal to the laser beam by a condenser system
containing an aspheric lens and a concave retroreflection mirror, After pas-
sage through a rotatable dichroic sheet polarizer and an interference filter, the
signal was focused onto the cathode of a photomultiplier (Burle C31034-02).
Measurements with three different 532 nm interference filters (1, 3, and 10 nm
fwhm) were performed to check the 2w signal for fluorescence. When a
fluorescence background was present, the true HRS signal was separated by
extrapolating to zero bandwidth. In this procedure, the carefully measured
transmission characteristics of the filters and the fluorescence bandshapes
were taken into account. We found that this method yields reliable results as
long as the fluorescence contribution does not exceed about 65 % of the signal
with the 10 nm filter. For 4 the fluorescence contribution was less than 40%.

The photomultiplier was placed in a cooled housing (Products for Research
Inc.: TE-104RF) and operated at —30°C. Cooling lowered the dark current
and increased the sensitivity of the photocathode.®®! The ratio of the SHG
signal generated in the sample and in a reference crystal, respectively, was
recorded with a boxcar averager. The fundamental energy in the sample beam
was varied by rotating a half-wave plate in a motorized rotation stage (OWIS
controller 200) followed by a fixed Glan laser polarizer. In both the reference
and the sample beam, the energy of the laser pulses was monitored by a dual
energy meter (Laser Precision Rm 6600). Finally, the output signals of the
energy meter and the boxcar were transferred via an JEEE interface to a
personal computer for storage and subsequent manipulation. Absorption
spectra were recorded on a Perkin-Elmer UV/340 spectrophotometer using
Suprasil quartz cells.

HRS Calibration: It has frequently been suggested!!3 23-24] that the nonlin-
earity of the solvent can be used as an internal standard in the calibration of
HRS measurements. The main disadvantage of this method is that it is
applicable only when the nonlinearity of the solvent is known and large
enough to be measured with sufficient accuracy. In general, the solute contri-
bution to the HRS signal is much larger than that of the solvent. Hence
internal calibration of the slope (solute contribution) by the intercept (solvent
contribution) in the linear regression analysis of concentration dependent
HRS measurements introduces an unnecessarily large statistical error. There-
forc we preferred to calibrate the HRS device by measuring solutions of
4-nitroaniline (pNA) with several concentrations. The same solvent was used
in the reference measurement with pNA and the chromophore under study.
Because the second-order polarizability of pNA is known to be strongly
solvent dependent,®7 pNA was characterized in each solvent by electric field
induced second harmonic generation (EFISH).®' The results are summarized
for three different solvents in Table 2. This calibration method ensures consis-
tency of second-order polarizabilities measured by HRS or EFISH and
rclates them to the same nonlinear standard (quartz, d,,(1064 nm) =
0.5pmV~1H.0Bl

Table 2. Second-order polarizability §...( —2m;w, ) of pNA in different solvents
obtained by EFISH (4 = 1064 nm, T = 298 K).

Solvent Gns (M) £...(107°Cm*V™?)
dioxane 354 274428
acetonitrile 364 49.6+4.0
acetone 366 54.7+4.1

Measurement of the HRS depolarization ratio: Another important aspect of
the calibration is related to the depolarization ratio p. The theoretical depo-
larization ratio of a dipolar 1D NLO chromophore is p = 5 [cf. Egs. (6)
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and {7)]. Usually, the measured depolarization ratio p is strongly dependent
on the detection aperture. The correct result for orthogonal detection geome-
try is obtained only by extrapolating p to vanishing aperture. This yields
p=5.010.2 for pNA in dioxane, in excellent agreement with theory and
larger than the value obtained by Heesink et al.”*® who carried out the
experiment with a fixed aperture. p of pNA was confirmed to be independent
of the solvent within experimental error. In general, the aperture dependence
of the second harmonic intensity is a function of p. This implies that it is
necessary to determine p when 2D NLO chromophores are measured relative
to the 1D pNA standard. To minimize statistical errors, we measured p at
high concentration and performed the concentration dependent HRS mea-
surements using vertical polarization (ZZ) and large aperture.

Compounds: 1,3,5-Tris(isopropylamino)-2,4.6-trinitrobenzene  (D!'* and
tris(dimethylimoniomethyl)methide diperchlorate (3)2*"! were obtained ac-
cording to previously published procedures, The syntheses of compounds 2
and 4 are shown in Schemes 1 and 2. respectively. Solvents for the syntheses
were dried and purified according to standard procedures. For reactions
under inert gas, the Schlenk technique was used. Melting points (hotstage
microscope) are given uncorrected.

NO2 NO. nH;
SnCl; Ci Cl
CuS =
__LI_C_F_:;, H,02HCI
I | FiCS SCF3 F3iCS SCF3
Cl
1.NO"
2.0y
SOLF; SCF3 [
(ot} Cl Cl Cl Ci Cl
iPrNH2 CrOs CuSCF3
2 -————= -— -—
FaCOLS SO.,CF3 FiCS SCF3 FaCS SCF3
c [o}] |

Scheme 1. Synthesis of 2.

3,5-Bis(triflooromethylthio)nitrobenzene was synthesized by reaction of 3.5-di-
iodonitrobenzene %! with CuSCF, in DMF under argon.*!" We found a
reaction temperature of 100 °C (lower than used previously) applied for 3 h
to give much improved yields. Since the preparation of the reagent is either
hazardous and inconvenicnt,"*'% or very expensive,*?! it is important to note
that only 1.5 instead of 2 equiv of CuSCF,; per iodine atom are necessary to
effect the conversion in the modified procedure. At higher temperatures, the
rcagent decomposes™?! to give Cu,S which also reacts with the substrate. The
thiocther was purified by silica gel chromatography (3/97 Et,O/light
petroleum). 93% yield. 'HNMR (CDCl,, 200 MHz): §=18.26 (1.
J=1.5Hz, 1H), 8.61 (d, J =1.6 Hz, 2H). 3C NMR (CDCl;, 50.3 MHz):
6 =128.37(q, /= 2.3 Hz), 128.71 (q, J = 309.4 Hz), 132.53, 148.01, 148.68.

3,5-Bis(trifluvoromethylthio)aniline: To a solution of 3,5-bis-trifluoromethyl-
nitrobenzene (3.923 g, 12.14 mmol) in ethanol (20 mL), a solution of Sn-
Cl,-2H,0 (11.0 g. 48.6 mmol) in concentrated HCI (20 mL) was added slow-
ly. After the exothermic reaction had subsided, the mixture was heated to
reflux tor 1 h. The ethanol was distilled in vacuo, and the residue cooled with
ice and made strongly alkaline with a concentrated solution of KOH. It was
extracted with Et,O (3 x 30 mL). The extracts were washed with water, satu-
rated brine, and dried with Na,SO,. The solvent was removed, and the
residue distilled in a Kugelrohr oven at 125°C/1 mm. Colorless crystals were
collected (3.339 g, 11.39 mmol, 93.8%), m.p. 53— 54 °C (59 “CI418)) 1H{ NMR
(CDCl,, 300 MHz): d =3.95 (s, 2H), 7.03 (d, J =13 Hz, 2H), 7.30 (t. 1 H,
coupling not resolved). '*C NMR (CDCl;, 75.5MHz): 6 =123.80 (m,
J~0.8 Hz), 126.36 (q. J = 2.1 Hz), 129.39 (q, J = 308.3 Hz). 132.14 (m,
J = 0.8 Hz). 147.92.

2,4,6-Trichloro-3,5-bis(trifluoromethylthio)aniline: The literature proce-
dure!*!el was followed except that the reaction mixture had to be stirred for
30 min after appearance of the turbidity; otherwise, considerable amounts of
a dichlorinated product were also observed. Crude yield, 91%; from heptane
at —25°C, 89%; m. p.93-96°C (96-97°CH!). '"HNMR (CDCl,.
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300 MHz): § =4.93 (). '*C NMR (CDCl,. 75.5 MHz): 6 =123.57 (q,
J=23Hz), 128.86 (q. J=311.9 Hz), 130.58 (m, J~0.8 Hz), 13838 (m,
J20.7-0.8 Hz), 141.39.

1,3,5-Trichloro-2-iodo-4,6-bis(trifluoromethylthio)benzene: Within 15 min, a
solution of the above trichloroaniline (1.769 g, 4.461 mmol) in glacial acid
(10 mL) was added at 0°C to nitrosyl sulfuric acid (335 mg NaNO, and
10 mL conc. H,S0O,) with vigorous stirring. After 20 min, the mixture was
slowly poured into a vigorously stirred solution of KI (1.60 g) and iodine
(1.60 g) in water (25 mL}); gas was evolved. The mixture was then briefly
heated to 80°C. After 15 min, the mixture was cooled, iodine removed
by addition of Na,SO;, and the mixture extracted with ether (3 x 30 mL).
The extracts were washed with water, neutralized with aqueous sodium
carbonate, and dried with Na,S8O,. The solvent was removed and the
residue (2.243 g) chromatographed on silica gel with pentane to give colorless
crystals (2.206 g, 4.347 mmol, 97.4%), m.p. 92-95.5°C. An analytical
sample was further purified by crystallization from a minimum amount of
pentane to give colorless prisms, m.p. 95.5-96.5°C. '"HNMR (CDCl,,
300 MHz): no signal. '*C NMR (CDCl,, 75.5 MHz): 4 =104.92, 123.87
(q, J =2.3Hz), 128.75 (g, J=312.3 Hz), 152.08 (m. J =0.9 Hz), 152.89
(m, J~0.9 Hz). Anal. caled for C,CLFIS, (507.47): C, 18.93; H, 0.00;
Cl 20.96; 1, 25.01; S, 12.64. Found: C, 18.98; H, 0.00; Cl, 20.57; 1, 24.85;
S, 12.69.

1,3,5-Trichloro-2,4,6-tris(trifluoromethylthio)benzene: The above iodide
(2.290 g, 4.513 mmol) was stirred with a 2M solution of CuSCF; (10 mmol)
in DMF undcr argon at 90 °C for 21 h. The mixture was cooled and stirred
with diethyl ether (50 mL), and the ether was decanted. The residue was
washed again with ether (50 mL). The combined ethereal phases were washed
with water (3 x30mL) and saturated brine. After drying (Na,SO,), the
solvent was removed and the residue (2.118 g) chromatographed on silica gel
with light petroleum. The tristhioether was obtained as semi-solid diamond-
shaped colorless plates, m.p.~27-35°C (1.833 g, 3.806 mmol, 84.3%),
slightly contaminated by a reduction product (3%, GC), see below. For
analysis, a sample was recrystallized from methanol at —20 “C to give color-
less plates of the same habit, m.p. 39.5-40.5°C. '"HNMR (CDCl;,
300 MHz): no signal. '3C NMR (CDCl,, 50.3 MHz): § =126.41 (q,
J=23Hz), 128.66 (q, J=312.3Hz), 15621 (brm). Anal. caled for
C,Cl,FyS, (481.64): C, 22.44; C122.08; S, 19.97. Found C, 22.43; H, 0.00,
Cl, 21.80; S, 20.15.

Higher reaction temperatures (120 °C), as used previously!*'*“ for Ullmann
reactions with CuSCF;, led to appreciable decomposition of the reagent, and
gave low yields of mixtures of approximately equal amounts of the trisether
and a reduction product, 1,3,5-trichloro-2,4-bis(trifluoromethylthio)benzene,
separable only by analytical GC. Data for the latter: *HNMR (CDCl,,
300 MHz): 6 =7.79 (s). '*C NMR (CDCl,, 75.5 MHz): § =124.60, (q.
J =23 Hz), 128.72 (q, J = 312.0 Hz), 130.38, 147.37 (m, J=0.6 Hz), 153.04
(m, J~0.6 Hz). MS (EI): 380 (M * for 33Cl,).

In addition, bis{(2,4,6-trichloro-3,5-bis(trifluormethylthio)phenyl] sulfide
was isolated in 11% yield at these high reaction temperatures. It possibly
arises from the reaction of Cu,S** with the starting material; large prisms
from n-heptane, m.p. 120-121.5°C. '"H NMR (CDCl,, 300 MHz): no signal.
13C NMR (CDCly, 75.5 MHz): § =126.13, 128.59 (g, J = 312.3 Hz), 134.39,
150.46, 152.28. MS (EI): 790 (55%, M ™* for **Cl,; isotope cluster in accor-
dance with C,(CI F,,S;).

1,3,5-Trichloro-2,4,6-tris(trifluoromethylsulfonyl)benzene: A mixture of the
tristhioether (738 mg, 1.53 mmol), concentrated sulfuric (20 mL), and tri-
fluoroacetic anhydride (10 mL) was stirred for 20 min at RT. It was cooled
to 0°C, and finely powdered chromium trioxide (1.8 g, 18 mmol) was
added with vigorous stirring. The mixture was left stirring in the ice bath
for 20h at RT. It was poured on ice, and the precipitate filtered and
washed with water. The crude product was dried (790 mg), and recrystallized
from toluene to give colorless needles, m.p. 193—194 °C (closed capillary;
528 mg, 0.914 mmol, 59.7%). 'HNMR (CD,CN, 200 MHz): no signal.
13C NMR (CD,CN, 50.3 MHz): 4 =120.75 (q, J=328.2Hz), 137.18
(q. J = 2.9 Hz), 152.95. Anal. caled for C,CLF,0.S; (577.64): C, 18.71;
Cl, 18.41; S, 16.65. Found: C, 18.57; H: 0.00; Cl, 18.53; S, 16.78.
MS (ED): 576 (2%, M * for *3Cly; isotope cluster in accordance with
C,CLFOS,).
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1,3,5-Tris(isopropylamino)-2,4,6-tris(trifluoromethylsulfonyl)benzene (2): A
mixture of the above trichloride (330 mg, 0.519 mmol), excess isopropyl-
amine (1 mL), and dry DMSO (10 mL), was heated to 100 "C for 16 h under
argon. It was then diluted with water (59 mL), and acidified with hydrochlo-
ric acid. It was extracted with diethyl ether (3 x 30 mL). and the ethereal
layers were washed with water (3 x 30 mL) and brine, and dried. The residue
left behind after evaporation of the solvent (320 mg) was chromatographed
on silica gel with light petroleum/diethyl ether (94/6) as eluent to give a pale
yellow oil, which was crystallized from absolute methanol at —20°C to give
triangular plates, m.p. 111.5-114°C (194 mg, 0.30 mmol, 57.9%). '"H NMR
{CD,Cl,, 300 MHz): all signals are broadened; 6 =1.11-1.41 {(m, 18H).
4.34-4.69 (m, 3H), 7.39 (brd, Jx8.1 Hz, 1 H), ca. 7.58 (brs. 1 H). 7.85 (brd,
J~7Hz, 1H), ca. 8.05 (brs, 1H), 870 (brd, J=8 Hz, 1H), 8.78 (brd,
J=8.3 Hz, 1H). *C NMR (CD,Cl,, 75.5 MHz): all signals are broadened
to different extents due to conformational dynamics; § = 21.42, 21.65, ca.
22.1, ca. 22.7, 23.04, 23.26, 23.61, 23.98, 53.93, 56.44, 72.68, 73.05, 79.58,
91.98,121.21 (q, J = 329 Hz), 121.78 (q. J = 331 Hz), 160.02, 162,98, 163.65,
164.26. Anal. caled for C H,,FoN,O,S, (645.59): C, 33.49; H. 3.75; N,
6.51; S, 14.90. Found: C, 33.65; H, 3.86; N, 6.69: S, 15.11.

St
cHo A T
N
PhsP=CBr; BuLi F~ NT °F 4

BuLi
—

NEt; NEt; NEt,;
Scheme 2. Synthesis of 4.

N,N-Diethyl-4-ethynylaniline: Previously published procedures'**! proved
cumbersome and gave the desired alkyne in low yields. We found the two-step
sequence given below, which is modified from the protocol by Corey-
Fuchs,'**! to be much more convenient. Alternatively, it was obtaincd by
Pd-mediated cross-coupling of N,N-diethyl-4-iodoanilinc with the zinc salt of
acetylene or with TMS acetylene, followed by removal of the TMS group with
base.[*¢1

1,1-Dibromo-2-(4-N N-diethylaminopheny! jethene: Under argon, a mixture
of zinc (4.9 g, 75 mmol), triphenylphosphine (19.67 g, 74.99 mmol), and car-
bon tetrabromide (24.87 g, 74.99 mmol) in dry dichloromethane (250 mL)
was sonicated in a standard laboratory ultrasonic cleaning bath for 2 h with
cooling. The reagent precipitated as a greyish solid. 4-N,N-diethylaminoben-
zaldehyde (5.30 g, 29.9 mmol) was then added, and the mixture stirred
overnight, whereupon the precipitate dissolved to give an orange-brown solu-
tion. The mixture was concentrated, and light petroleum (500 mL) was added,
whereupon a tarry precipitate was formed. It was washed twice with 1/1
CH,Cl,/light petroleum (100 mL each). The combined organic phases were
concentrated, and the residue was chromatographed on silica gel (150 g),
eluting with 1/1 CH,Cl,/light petroleum to give the bromoalkene as a yellow
oil (5.187 g, 15.57 mmol, 52.1%). 'HNMR (CDCl,, 300 MHz): § =1.18 (t.
J=7.1Hz, 6H), 3.37 (q, J =7.1 Hz, 4H), 6.63 (pseudo-d, J = 8.9 Hz, 2H),
7.33 (s. 1H), 7.49 (d, J = 8.9 Hz). 1*C NMR (CDCl,, 75.5 MHz): § =12.6,
44.3, 83.5, 110.8, 121.9, 129.9, 136.6, 147.7.

N,N-Diethyl-4-ethynylaniline: n-Butyllithium (1.6M in hexanes, 41.0 mL,
65.7 mmol) was added dropwise via syringe to a stirred solution of the dibro-
moalkene (9.503 g, 28.53 mmol) in dry THF (190 mL) under argon at
—78°C. After the addition had been completed, the mixture was stirred for
45 min at this temperature, and then for 1 h at RT. Water (20 mL) was added
cautiously, and the organic layer was decanted. The solvent was removed, and
the residue taken up in diethyl ether. It was then washed with water (50 mL)
and saturated brine, and dried over Na,SO, . The ether was removed, and the
residue was distilled in a Kugelrohr oven at 110 °C/0.1 mm to give a very palce
yellow oil (4.149 g, 23.95 mmol, 83.9%); colorless needles from pentane, m.p.
20°C (colorless 0il™*). "THNMR: identical to lit.**<! 13*C NMR (CDCl,,
75.5 MHz): 6 =12.46, 44.25, 74.39, 85.01, 107.63, 111.03, 133.37. 147.79.

2,4,6-Tris[4-(V,N-diethylamino)phenylethynyl]-1,3,5-triazine (4): Under ar-
gon, r-butyllithium (1.6 M inn hexanes, 4.2 mL, 6.7 mmol) was added dropwisc
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via syringe to a stirred sotution of the alkyne (1.17 g, 6.75 mmol} in dry THF
{20 mL), cooled to ~ 78 “C. The cooling bath was removed after 1 h, and the
solution stirred for another 20 min at RT. It was then cooled again to — 78 °C,
and a solution of cyanuric fluoride (260 mg, 1.93 mmol) in dry THF (2 mL)
was added dropwise. The mixture was warmed to RT, and stirred for 2 h.
CH,Cl, (20 mL) and water (20 mL) was added. the phases separated, and the
aqueous phase extracted with CH,Cl, (3 x 10 mL). The combined organic
layers were washed with saturated brine, and dried (Na,SO,). The solvent
was removed, and the residue chromatographed (basic alumina, act. 111; 1/1
dicthyl ether/light petroleum) to give small yellow leaflets, m.p. 235°C
(430 mg, 0.723 mmol, 37.5%). "THNMR (CDCl,, 300 MHz): § =1.18 (1.
J=70Hz, 18H). 3.37 (q. J=7.1 Hz, 12H), 6.61 (pseudo-d, J = 9.0 Hz,
6H), 7.55 (pseudo-d, J= 8.9 Hz, 6H). '*C NMR (CDCl,, 75.5 MHz):
& =12.48, 44.41, 87.07, 96.89, 105.51, 110.97, 135.22, 149.17, 160.33. MS
(EI): 594 (100, M 7). Anal. caled for C4oH,,N (594.81): C, 78.74: H, 7.12;
N: 14.14. Found: C, 77.92; H, 7.15; N, 14.39.

2,4,6-Tris(4-diethylaminophenyl)-1,3,5-triazine (5) was obtained by addition
of a solution of 4-lithio-N,N-diethylaniline (from 4-bromo-N,N-diethylani-
line and nBulLi at —60°C) in THF to a stirred solution of ¢yanuric chloride
in the same solvent under Ar, first at —70°C and then at RT for 2d.
Purification by chromatography (silica gel, CH,Cl,); 20% yield; yellow
prisms from toluene. m.p. 286--290°C. 2-choro-4,6-bis(4-diethylamino-
phenyl)-1,3.5-triazine was also isolated (50% yield). '"HNMR (CDCl,,
300 MHz): 6 =1.26(t,J =7.1 Hz, 18 H), 3.49(q, / =7.1 Hz, 12H), 6.83 (AA’
part of AA'MM' system; m, 6 H), 8.69 (MM’ part of AA'MM’ system; m,
6H). 13C NMR (CDCl,, 75.5MHz): § =12.54, 44.39, 110.70, 123.84,
130.37, 150.40. 170.23. Anal. caled. for C,,H,, N, (522.74): C, 75.82; H,
8.10: N, 16.08. Found: C, 75.66; H, 8.12; N, 16.10. MS (EI): 522 (M *, 100);
507 (M* — CH,, 85).

Tris(2-dimethylaminoethenyl)methinium perchlorate (6) was obtained accord-
ing 1o ref. [47], but with a reaction time of 3 h instead of 16 h; orange needles
from EtOH/MeCN; m.p. 190°C (decomp.), lit.: red needles m.p. 214-215°C
(EtOH/MeCN), NMR data as reported in ref. [47].
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Synthesis and Properties of O-Glycosyl Calix[4]arenes (Calixsugars)**

Alessandro Dondoni,* Alberto Marra, Marie-Christine Scherrmann,
Alessandro Casnati, Francesco Sansone, and Rocco Ungaro

Abstract: Model O-glycosylation reac-
tions at either rim of calix[4]arenes are de-
scribed with the aim of providing access to
a new family of carbohydrate-containing
calixarene derivatives named calixsugars.
One or two sugar moietics (D-mannofura-
nose and D-glucopyranose) were intro-
duced at the lower rim of the parent cal-
ix[4]arene by glycosylation of the phenolic
hydroxy!l groups by mcans of a Mitsu-
nobu reaction. Tetrapropoxy calix[4]-
arenes bearing two or four hydroxy-

galactoside

calixarenes -
sylations

Introduction

Following cyclodextrins and crown ethers, calixarenes and their
derivatives!!) arc enjoying a burgconing role in host—guest
chemistry.!?! In particular calix[4]arenes provide a versatile plat-
form of well-defined shape for the construction of more sophis-
ticated structures, which in turn can be used as receptors of ions
and neutral organic molecules.3! Thus, calix[4]arenc moieties
have been assembled into multiple systems, or connected to
porphyrins,’® crown ethers,!®) fullerenes ! cyclodextrins. ' and
amino acids.”? Quite often, the elaborated receptor systems
have enhanced binding ability or show new propertics with
respect to the original calixarenc. Surprisingly, carbohydrate-
linked calixarenes have not been described. The presence of
polyhydroxylated chiral substituents such as mono- or disac-
charides at one or both the calixarene rims may induce water
solubility and therefore create the conditions for applications of
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methyl groups at the upper rim wcre cou-
pled with perbenzoylated thioethyl »-
and D-lactoside in the
presence of the thiophilic promoter cop-
per(n) triflate. In this way f-linked bis-

Keywords
carbohydrates -
host - guest chemistry
Mitsunobu reaction

and tetrakis-O-galactosyl calix[4]arenes
were obtained in good yield, the latter
showing some solubility in water. For the
O-lactosyl derivatives only the bis-substi-
tuted compound could be obtained be-
cause of the competing formation of an
intramolecular ether linkage between 1,3-
hydroxymethy!l groups. Preliminary bind-
ing studies showed some affinity of the
galactose-containing calixsugars toward
charged carbohydrates and dihydrogen
phosphate anion.

glyco-

these compounds as enzyme mimics and molecular receptors in
aqucous solutions. Furthermore the presence of the hydrophilic
chiral domain determined by the sugar moieties and the adja-
cent hydrophobic cavity of the calixarene may result in en-
hanced binding properties particularly toward polar organic
molecules. Given the relevance of hydrogen bonding in molecu-
lar recognition processes,!' 9! the numerous binding sites offered
by the carbohydrates should allow strong interactions with sim-
ilar molecules. Since sugars play significant roles in biological
systems, including cellular recognition and adhesion, and cell
growth and differentiation,!''! carbohydrate recognition is a
subject of increasing importance.l'?! To address these issues, we
have considered the synthesis of O-glycosyl calix[4]arene deriva-
tives (calixsugars) and explored conditions for the introduction
of one or more furanose and pyranose moieties at the lower and
upper rims. Following earlier reports on this synthetic work,**!
we would like to describe herc the results of a more cxtensive
research project together with the initial study of the receptor
properties of this new class of calixarene derivatives.

Results and Discussion

Glycosylation at the Lower Rim: Given the ready availability of
the calix[4]arene!'*! 1a and the p-terz-butyl calix[4]arene 1b, we
first examined the glycosylation at the lower rim of these com-
pounds, taking advantage of the phenolic hydroxyl groups. Var-
ious methods are known for the synthesis of O-aryl gly-
cosides,!' ¥ however, the low nucleophilicity of the phenolic
hydroxyl group requires very reactive glycosyl donors or acti-

0947-6539/97/0311-1774 $ 17.50 + .50/0 Chem. Eur. J. 1997, 3. No. 11





1774-1782

vated glycosyl acceptors (e.g. silylated or stannylated phenol
derivatives). The need for prior activation of the reactants can
be avoided by use of Mitsunobu conditions,'*® that is, by con-
densation of a phenol and a carbohydrate unprotected at the
anomeric position in the presence of diethyl azodicarboxylate
(DEAD) and triphenylphosphine.'*”’ This method was tested
for the glycosylation of 1a with the configurationally stable
o-p-mannofuranose diacetonide!'8! 2 (Scheme 1). Successful
coupling of these compounds was carried out in the presence of
DEAD and PPh, in toluenc at 70 “C to give the monogtycosylat-
ed calixarene 3 (71 %) after purification by column chromatog-
raphy on silica gel. The insertion of only one sugar unit in the
reaction to give 3 may be due to the higher acidity of one cal-
ix[4]arene hydroxy! group with respect to the others."! ¥ The use

R >
+
HaT, H

OH
1a,R=H 2
1b, R = +Bu
DEAD, PPh;
Toluene
1.1 equiv. of 2 2.2 equiv. of 2
71% 50%

Scheme 1.

Abstract in Italian: Le reazioni di O-glicosilazione al bordo infe-
riore o superiore di calix[4 Jareni hanno permesso di sintetizzare
aleuni calixareni contenenti carboidrati, denominati calixzucche-
ri. L'introduzione di una o due unita di D-mannofuranosio o D-glu-
copiranosio al bordo inferiore é stata effettuata mediante reazione
di Mitsunobu tra lo zucchero in forma emiacetalica e gli ossidrili
fenolici. La glicosilazione di tetrapropossi-calix(4]areni aventi
due o quattro gruppi idrossimetilici al bordo superiore é stata
realizzata impiegando il tioetil D-galattoside e il tioetil D-lattoside
perbenzoilati come glicosil donatori e il triflato di rame(11) come
attivatore tiofilico. In questo modo si sono ottenuti, stereoseletti-
vamente ¢ in buona resa, sia il bis- che il tetrakis-O-galattosil-
calix{ 4 ]arene solubile in acqua. D’altra parte si sono potuti sinte-
tizzare solo bis-O-lattosil-calix{4 Jareni a causa di una reazione
intramolecolare competitiva che porta alla formazione di un lega-
me etereo. Gli studi preliminari di riconoscimento molecolare han-
no mostrato che i D-galattosil-calix{4 Jareni possiedono proprieta
complessanti nei confronti di carboidrati dotati di carica e dell
anione diidrogenofosfato.
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of 4.4 equiv of 2 produced a complex mixture of compounds
apparently devoid of glycosylated calixarcne derivatives. In-
stead a substantial amount of N-mannofuranosyl hydrazide
derivative EtO,CN(R)-NHCO,Et (R = mannofuranosyl) was
isolated. However, when calix[4]Jarene 1a was first sonicated in
the presence of DEAD (3 equiv) and PPh;, (3 equiv) to allow the
formation of the Mitsunobu adduct, and subsequently treated
with the hemiacetal 2 (2.2 equiv), the bisglycosylated calixarenc
4 was obtained in 50 % yield.

Both the mono- and bisglycosylation reactions appearcd to be
f-selective as expected for nucleophilic displacement by the phe-
noxide ion on the glycosyloxyphosphonium intermediate. The
glycosyl linkages in calixsugars 3 and 4 were established to be
by means of the coupling constant values of the anomeric pro-
tons in the 'H NMR spectra?®! (J, , == 3.0 and 3.6 Hz, respec-
tively) and the enhancement between H-1 and H-4 observed in
NOE experiments. Moreover the cone conformation of the cal-
ixarene moiety in both compounds was substantiated by the
chemical shifts of the protons and the multiplicity pattern of
their signals,’*!! along with the chemical shifts of the carbon
atoms of the methylene bridges.[*?! Calixsugars 3 and 4 ap-
peared to be fixed in the conc conformation since the 'H NMR
spectra showed these characteristic features over a wide range of
temperatures (from — 80 to 160 °C).f2*

Unfortunately, attempted deacetonization of glycosides 3 and
4 failed since only one O-isopropylidene group was removed in
AcOH/H,0 (4:1) at room temperature, while substantial de-
composition took place at higher temperature. Therefore the
corresponding unprotected compounds could not be prepared.

The glycosylation of 1a by Mitsunobu coupling with
1.1 equiv of tetraacetyl-u,f-D-glucopyranose?#! (5) (Scheme 2)
produced a complex mixtures of diastereomeric mono- and bis-
glycosides. Column chromatography on silica gel afforded a 3:1
mixture of ¢- and f-monoglycosides'?*1 (x 60%) and a 1:1 mix-
ture of a,a- and a,f-bisglycosides (220 %). Attempts to isolate
the individual monoglycosides were unsuccessful even by
HPLC. 129} On the other hand, the rcaction of 1a with 2.2 equiv
of 5 afforded an approximately 1:1 mixture of «,a-bisglycoside
6 and o,f-isomer 7 in approximately 45% overall yield. Since
the a-anomer of 5 is significantly favored over the f-isomer (3:1
ratio),*”! the x-selectivity in these Mitsunobu couplings might
be explained by assuming a higher concentration of the glycosy-
loxyphosphonium intermediate derived from the f rather than
from the a-anomer of 5.1281 The bisglycosides 6 and 7, separated
by HPLC and purified by crystallization, were recovered in
16 % and 14 % vyield, respectively.

The configurations at the anomeric positions in 6 and 7 could
be clearly established from the 'HNMR spectra since J; , val-
ues of around 3.5 and 8.0 Hz were observed, as expected for
a-p-aldopyranosides and f-p-aldopyranosides in “C, confor-
mations having dihedral angles H-1/C-1/C-2/H-2 of ncarly 60
and 180°, respectively. The cone conformation of the macro-
cycle was assigned also in this case from 'H and '*C NMR
spectra as discussed above.[?! 22! The symmetrical substitution
in 6 was casily deduced from the presence of only two types of
diastereotopic carbons for the four methylene bridges in the '3C
NMR spectrum. The symmetrical substitution of the intrinsical-
ly unsymmetrical compound 7 could not be established in the
same way. However, this problem was solved by a simple chem-
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Ac
Ac
Ac Ac H
5
1a —_— R
a R

6 R=Ac
b|—- 8 R=H

—

Scheme 2. Reagents: a) DEAD, PPh,, toluene; b} MeOH, Et,)N, H,0.

ical correlation. Upon deacetylation with CH,OH/Et,;N/H,0,
compound 7 was converted into the unprotected bis-O-glucosyl
calix[4]arene 9, which was sequentially permethylated and deg-
lycosylated to give the known!?*! 1,3-dimethoxy-calix[4]arene
10 (Scheme 3). Unfortunately, the calixsugar 9 as well the iso-
mer 8, which was obtained in the same way from the octaacetyl
derivative 6, proved to be insoluble in water.

1. Mel, NaH
2. TFA, H,0 O O
0, H2
50% MeO oH 2
10
Scheme 3.

Having set up the conditions for a satisfactory Mitsunobu
coupling of the model furanose 2 and pyranose 5 with cal-
ix[4]arene 1a, we attempted to apply the same method to the
p-tert-butyl calix[4larenc 1b. We were able to observe that this
calixarene also reacted with 5 in the presence of DEAD and
PPh, in refluxing toluene. However, we did not isolate the con-
densation products, because their separation by crystallization

Bz0
Bz
Bz Et
Bz
12
’ a,b (65%)
H
1
BzO
| Z Bz
' Bz
{ Bz
; Bz Bz B Et
' 14 “
a, b (25%)

Scheme 4. Reagents: a) Cu(OTf),. CH,CN; b) MeONa, MeOH.
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was inefficient and chromatographic purification was problem-
atic due to the low solubility in the majority of common sol-
vents.

Glycosylation at the Upper Rim: The symmetrical 1,3-dihy-
droxymethyl calix[4]arene®® 11, whose cone conformation is
blocked by the four O-propyl groups at the lower rim, was
considered to be a suitable substrate for the introduction of two
carbohydrate moieties at the upper rim. The numerous methods
available for stereocontrolled glycoside synthesis!®!! offered us
a wide choice for this reaction. Since thioglycosides are stable
and readily available molecules, which can act as efficient
donors upon direct activation by various thiophilic catalysts,??!
thioethyl tetrabenzoyl-f-D-galactopyranoside 12 was selected as
model glycosyl donor. The benzoyl substituent at C-2 is known
to be supcrior to acetyl for the stereoselective synthesis of 1,2-
trans glycosides.*31 Copper(n) triflate [Cu(OTf),] was consid-
ered as a convenient promoter 34 of the glycosylation reaction,
since it is a stable, commercially available, nontoxic, and yet
very efficient reagent. Thus the coupling between the calixarene
11 and 2.4 cquiv of the pyranoside 12 in the presence of
Cu(OTf), and acetonitrile proceeded rapidly (45 min) at room
temperature (Scheme 4). In contrast, the reaction carried out in

15
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dichloromethane was sluggish and did not afford appreciable
amounts of product. The isolation of the benzoylated calixsugar
that was formed in the reaction in acetonitrile was quite trouble-
some, because of the presence of unreacted calixarene 11, galac-
toside 12, and products derived from the hydrolysis of the latter.
The removal of the benzoyl protecting groups by a transesterifi-
cation reaction with sodium methoxide in methanol allowed the
isolation by chromatography of the ex-
pected B-linked'®®! bis-O-galactosyl calix-
arene 13 in pure form and satisfactory
yield (65%). This compound also proved
to be insoluble in water. The ether-
bridged calixarene 16 was also isolated in
very low yield (2%). Evidently this com-
6 pound was formed through intramolecu-
lar acid-catalyzed coupling of the two hy-
droxymethyl groups. In agreement with "H NMR data of other
calixarenes bridged at the upper rim,*®! compound 16 showed
a set of broad signals at unusually high field (6 & 5) correspond-
ing to the aromatic protons of the two ether-linked phenyl rings.
The considerable flattening of the macrocycle due to the bridg-
ing subjects these protons to the anisotropic effect of the other
aromatic rings.

The diol 11 was also subjected to glycosylation with thio-
ethyl heptabenzoyl-f-pD-lactoside 14, to investigate whether the
method would allow the insertion of a disaccha-
ride moiety. It was hoped that the extension of
the hydrophilic domain with longer carbohy-
drate chains could provide some water solubili-
ty to the system. The coupling between 11 and 12
14 (2.4 equiv) under the above conditions
(Cu(OTf), CH,CN, RT), followed by treat-
ment of the crude reaction mixture with sodium
methoxide, afforded the B-linked ! bis-O-lac-
tosyl calixarene 15 in only 25% isolated yield.
In this case the sluggish glycosylation reaction
was surpassed by the competing intramolecular
coupling of the two hydroxymethy! groups of
11 to give the capped calixarene 16 as major
product (50% yield). No attempts were made
to improve the yield of 15 since this calixsugar
also turned out to be insoluble in water.

We therefore turned our attention to increas-
ing the number of carbohydrate moieties at the
upper rim of the macrocycle by the introduction
of four sugar moieties, one for each aromatic
ring. To this end the tetrahydroxymethylated
calix[4Jarene 20 was prepared from la via

a, b (60%)

20

14

a, b (25%)

1 19 R=GHO
8 ¢ (100%) E

20 R = CH,OH

Scheme 5. Reagents: a) nPrl, NaH; b) (CH,) N,, TFA; ¢) NaBH,.
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the tetrapropoxy derivative 18 and the tetraaldehyde 19
(Scheme 5). The glycosylation of 20 with 6 equiv of the thioethyl
galactoside 12 in the presence of Cu(OTf), and CH,CN fol-
lowed by methanolysis afforded a rewarding 60 % yield of the
water-soluble (up to Smm), B all f-linked 3% tetrakis-O-galac-
tosyl calixarene 21 (Scheme 6). The by-product in this reaction
was the ether-bridged bis-O-galactosyl calixarene®°! 17, which

17

was isolated in very small amounts (3 %). In the coupling of the
tetrol 20 with the thioethy! lactoside 14, a sumilar compound,
namely, the capped calixsugar!'3%! 22 (Scheme 6) was the only
product obtained in low yield (25%) . In this case the formation
of the intramolecular ether bridge is favored over the introduc-
tion of the third bulky carbohydrate moiety.

21

22

Scheme 6. Reagents: a) Cu(OTf),, CH,CN; b) MeONa, MeOH.

Binding Studies: The bis- and tetrakis-f-pD-O-galactosyl cal-
ix[4]arenes 13 and 21 were used for an exploratory investigation
into the ability of calixsugars in recognizing neutral and charged
molecules. Preliminary complexation studies were carried out
by 'HNMR titration!®®) with monosaccharides, amino acids.
and other compounds, which are expected to interact with car-
bohydrates. Because of the low solubility of 13 and 21 in conve-
nient solvents for investigating host—guest chemistry operating
through hydrogen bonding®®! (CDCl,) and hydrophobic inter-
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actions!!??! (H,0), the measurements were carried out in highly
competitive solvents such as [D,]MeOH or {DJDMSO. Various
neutral carbohydrates and N-protected amino acids did not ap-
pear to be complexed.'**! On the other hand, complexation oc-
curred between 21 and charged guests such as D-glucosamine
hydrochloride and tetrabutylammonium dihydrogen phosphate.
In the first case significant changes in the chemical shifts of the
guest signals were observed, but the quantitative analysis of the
data in terms of binding constants was complicated by the simul-
tancous presence of both 1:1 and 2:1 host—guest complexes.
In the case of dihydrogen phosphate anion (H,PO,") there
was good evidence for 1:1 complexation.!*!) The titration curve
(Figure 1) gave a good fit between the experimental and theoret-
ical data by the use of three signals as probes. A mean stability
constant value of 314+4M™"! was obtained. It is known that
phosphonate groups can interact with diols and alkyl glycosides
giving association constants of the order of 102~10° in acetoni-
trile."*3 The much lower stability constant obtained for H,PO}
and 21 is probably due to the highly competitive solvent
[DJDMSO employed in this case. Nevertheless this result is
very promising and indicates the potential of this and other
calixsugars as receptors of phosphate- or phosphonate-bearing

molecules of biological relevance.!**)

0.08 -

0.06 - R
= p .. H-4 galactose
g 0.04- -
g o
% 0.02 .

O%:lg o H-aromatic
::::.,V::l‘l:-,...,. ________ BRUSR =
40,02 - e P .

0 0.01 0.02 003 004 005 0.06
[HyPO47] (mol/L)
Figure 1. Plots of complexation-induced shifts (Ad) for H-4 of the galactose moiety

and (wo aromatic protons in the 'H NMR spectra ({[DsJDMSO) of host 21 as a
function of concentration of H,PQ, .

Conclusions

The model O-glycosylation reactions described above allowed
the regio- and stereoselective introduction of sugar moieties at
either rim of calixarenes. These routes should pave the way for
the synthesis of appropriately designed host systems. The final
aim of this research topic was to provide an entry into the
molecular recognition of polar chiral substrates, especially car-
bohydrates, both in water and in organic solvents. The prelimi-
nary binding studies, showing some affinity of calixsugars for
charged molecules, indicate a direction for further development
of this chemistry.1>%1

Experimental Section

All moisture-sensitive reactions were performed under a nitrogen atmosphere
in oven-dried glassware. Anhydrous solvents were prepared according to
standard procedures!** and freshly distilled prior to use. Commercially avail-
able powdered 4 A molecular sieves (50 um average particle size) and cop-
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per(in) triflate (white powder, 98 % pure) were used without further activa-
tion. Reactions were monitored by TLC on silica gel 60F,, with detection
by charring with sulfuric acid. Flash column chromatography*> was per-
formed on silica gel 60 (230400 mesh). Melting points were determined with
a capillary apparatus and are uncorrected. Optical rotations were measured
at 20+ 2°C in the stated solvent. 'H (300 MHz) and '*C (75 MHz) NMR
spectra were recorded at RT for CDCl, solutions, unless otherwise specified.
Assignments were aided by homo- and heteronuclear two-dimensional exper-
iments. In the "H NMR spectra reported below, the nn and m values quoted
in geminal or vicinal proton-proton coupling constants J, . refer to the
number of the corresponding sugar protons. FAB and MALDI-TOF mass
spectra were acquired by using 3-nitrobenzyl alcohol and x-cyano-4-hydrox-
yeinnamic acid, respectively, as the matrix. Since the elemental analyses of
calixarenes are very often uncorrected®! (found carbon values considerably
lower than the calculated ones}, the identity of the following new compounds
were established by MS and NMR analyses.

25-(2,3:5,6-Di-O-isopropylidene--p-mannofuranosyl)oxy-26,27,28-triky-
droxy-calix|4]arene (3): Diethyl azodicarboxylate (118 uL., 0.75 mmol) was
added to a vigorously stirred mixture of calixarene 1a (212 mg. 0.50 mmol).
hemiacetal 2 (143 mg, 0.55 mmol), triphenylphosphine (198 mg. 0.75 mmol),
and anhydrous toluene (10 mL). Stirring was continued at 70 °C for an addi-
tional hour; then the mixture was cooled to RT and concentrated. The residue
was eluted from a column of silica gel with 3:1 cyclohexane;AcOFEt to give
3 (236 mg, 71%) as a colorless foam: [a), = —43.0 (¢ =1.0, CHCI,).
'HNMR: § = 9.91,9.42,8.65 (35, 3H; 30H), 7.20 (dd, 1 H. / = 1.6. 7.5 Hz;
Ar), 7.08--6.91 (m, 8H; Ar), 6.68, 6.67, 6.61 (3t,3H, J =7.5 Hz: Ar), 5.38 -
5.33 (m, 2H: H-1, H-2), 4.90-4.85 (m, 1H; H-3), 4.65 (d, 1H, J =13.8 Hz;
H,,of AtCH,Ar).4.56 (d, 1 H, ./ =13.0 Hz; H,, of ArCH,Ar), 4.55 (dt. 1 H.
Jy s =63,J5 o =58Hz H-5),434(d, 1H, J =134 Hz; H_ of ArCH,Ar),
4.23(d. 1H, J =13.7 Hz; H,, of ArCH,Ar). 4.14 (d, 2H; 2H-6), 3.68 (dd.
TH. J; 4, = 3.8 Hz; H-4), 3.47, 3.46, 3.43, 3.39 (4d, 4H; 4H_, of ArCH,Ar).
1.84, 1.57, 1.43, 1.39 (4s, 12H; 4CH;). 'HNMR ([D(]DMSO): o = 9.61,
9.35,8.30 (35, 3H; 30H), 7.34 (dd, 1H, J =1.6, 7.6 Hz: Ar). 7.21 (dd, 1 H,
J=1.6,7.6Hz; Ar), 7.17-7.08 (m, SH; Ar), 6.97 (dd, 1H, J =1.6. 7.6 Hz;
Ar), 6.93 (1, 1H, J=7.6 Hz; Ar), 6.64 {t, 1H, J =7.6 Hz; Ar), 6.54 (1, 1 H.
J=T76Hz; Ar), 548 (d, 1H, J ,=30Hz H-1), 525 (dd. 1H,
J, 3 =60Hz; H-2), 483 (dd, 1H, J; , =3.7Hz; H-3). 4.55 (d. 1H,
J=133Hz; H, of ArCH,Ar),4.44 (d, L H,J/ =12.5Hz; H,, of ArCH,Ar),
4.40 (ddd, 1H, J, s =45, J5 4, =J56 =65Hz: H-5), 411 (d, 1H.
J=13.0Hz; H,, of ArCH,Ar), 4.05(d, 1H, J =133 Hz; H_, of ArC#,Ar),
4.04 (d, 2H; 2H-6), 3.85 (dd, 1 H; H-4), 3.52, 3.51. 3.43 (3d, 4H: 4H_, of
ArCH,Ar), 1.71, 1.46, 1.29, 1.26 (4s, 12H; 4CH,). *C NMR: § =151.1,
150.8,150.3, 149.4, 134.9, 134.7, 130.0-126.7, 121.5. 121.4, 120.9 (Ar), 113.4,
109.1 (20-C-0). 106.4 (C-1), 79.1 (C-2), 78.5 (C-3), 76.9 (C-4), 73.2 (C-5),
66.4 (C-6), 32.0 (ArCH,Ar), 31.8 (2ArCH,Ar). 309 (ArCH,Ar). 26.7
(CH,), 253 (2CHy), 24.2 (CH,). FAB-HRMS. Caled for C,,H,,0,
[M™ +H]: 667.2907; found: 667.2916.

25,27-Bis|(2,3:5,6-di-O-isopropylidene-f-D-mannofuranosyl)oxy}-26,28-dihy-
droxy-calix[4jarene (4): Diethyl azodicarboxylate (11t puL, 0.70 mmol) was
added to a stirred solution of 12 (100 mg, 0.24 mmol) and triphenylphosphine
(185 mg, 0.70 mmol) in anhydrous toluene (3 mL). The biphasic mixture was
sonicated in an yltrasonic cleaning bath at RT until a suspension was formed
(~10 min), before 2 (135 mg, 0.52 mmol) was added. Stirring was continued
at RT for an additional 30 min, and the mixture was then concentrated. The
residue was eluted from a column of silica gel with 20:1 CHCI,/ THF to give
4 (107 mg. 50%) as a white solid: m.p.>350°C; [a]y = ~ 24.7 (¢ =1.0.
CHCl,). '"HNMR: 5 =7.08(d,4H,J =7.4 Hz: Ar), 6.73-6.57 (m, 8H: An),
6.51 (s, 2H: 20H), 504 (d, 2H, J , = 3.6 Hz: 2H-1), 4.90 (dd. 2H.
Jy 3 =37Hz; 2H-2), 4.80 (dd, 2H, J, , = 3.5 Hz; 2H-3), 4.70. 3.27 (2d.
4H, J=13.8 Hz: 2ArCH,Ar), 452 (ddd. 2H, J, =74, J5 ,, = J5 61
5.1 Hz; 2H-5), 4.38, 3.33 (24, 4H, J =13.3 Hz; 2ArCH,Ar). 4.11--4.06 (m.
4H;2H-6),3.57(dd, 2H; 2H-4), 1.72,1.45,1.41, 1.38 (45, 24 H: 8 CH,). '*C
NMR:d =153.3,151.4,133.9, 131.9, 128.7, 128.6, 128.5, 128.3, 128.1, 124.9.
118.4 (Ar), 113.9, 109.1 (40-C-0), 106.1 (2C-1). 79.2, 79.1 (2C-2, 2C-3).
76.8 (2C-4), 73.1 (2C-3), 66.7 (2C-6), 31.4, 30.8 (4 ArCH,Ar). 26.8. 26.2.
25.5,25.3 (§CH,). FAB-HRMS. Caled for C;,H,,0,, [M ™ + H]: 909.4061;
found: 909.4120.

When the same reaction was performed at 70 “C similar results were obtained.
The use of tributylphosphine instead of triphenylphosphine led to lower
yields of bisglycoside 4.
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25,27-Dihydroxy-26,28-bis[(2,3,4,6-tetra-O-acetyl-«-D-glucopyranosyloxyl|-
calix[4]arene (6) and 25,27-dihydroxy-26-(2,3,4,6-tetra-O-acetyl-a-D-glucopy-
ranosylyoxy-28-(2,3,4,6-tetra-O-acetyl--D-glucopyranosyl)oxy-calix[4]arene
(7): Diethyl azodicarboxylate (236 uL, 1.50 mmol) was added to a stirred
solution of calixarene la (212 mg, 0.50 mmol), hemiacetal § (383 mg,
1.10 mmol), and triphenylphosphine (393 mg, 1.50 mmol) in anhydrous
toluene (5 mL). Stirring was continued at RT for an additional hour, and the
suspension was then filtered through a pad of Celite and concentrated. The
residue was cluted from a column of silica gel with 4:1 Et,O/cyclohexane to
give crude 6 and 7 together with unreacted 5 and other by-products (0.40 g).
The mixture was purified by HPLC (25 x 200 mm silica gel column, 60 A,
6 um, 72:28 cyclohexane/AcOEt, 28 mL min ™!, detection at 280 nm) to give,
first, 6 contaminated by 5 (145 mg). Crystallization from Et,O afforded pure
6 (87 mg, 16%): m.p. 223 °C (softening at 132°C); [a], = + 94.5 (¢ = 0.9,
CHCL,). '"HNMR: § =7.16-7.09 (m, 4H; Ar), 6.79 (t, 2H, J =7.5 Hz; Ar),
6.70- 6.63 (m, 4H; Ar), 6.59 (t, 2H, J=7.5Hz; Ar), 585 (dd, 2H,
Jy 4 =10.3,J; , = 9.5Hz; 2H-3), 549 (d,2H, J, , = 3.7 Hz; 2H-1), 540 (s,
2H;20H), 526 (dd. 2H. J, 5 =10.4 Hz; 2H-4), 520 (dd, 2H; 2H-2), 470
(ddd, 2H, J; 4 =48, Js 4, =20Hz; 2H-5), 454, 3.40 (2d, 8H,
J =140 Hz; 4ArCH,Ar), 449 (dd, 2H, J;, 4, =12.4 Hz; 2H-6a), 4.14 (dd,
2H;2H-6b),2.08,2.04,2.02,1.88 (45,24 H; RCH,CO). P*CNMR:3 =170.9
(2CH,C0), 170.1 (4CH,C0), 169.9 (2CH,CO), 152.7, 152.0, 131.6, 131.4,
129.7,129.0-128.5, 125.1, 119.8 (Ar), 100.6 (2C-1), 71.3 (2C-2), 70.1 (2C-3),
69.9 (2C-5), 68.0 (2C-4), 61.7 (2C-6), 31.3, 30.8 (4ArCH,Ar), 20.5-20.2
(8 CH,CO). FAB-MS for C;4H,0,, (1085.10): m/z =1086 [M * +H].
Compound 7 eluted second contaminated by uncharacterized by-products
(125 mg). Crystallization from Et,O gave pure 7 (76 mg. 14%): m.p. 242
244°C; [o], = + 29.3 (¢ = 0.9, CHCl,). 'THNMR: § =7.17-7.04, 6.82-6.50
(2m, 12H; Ar), 5.88 (dd, 1H, J, , =10.5, J; , = 9.5 Hz; H-3a), 5.70, 5.28
(2s,2H; 20H), 5.55(dd, 1 H, J; , =82, J, ; = 9.4 Hz; H-20), 5.42(d, 1 H,
Jy 5 =3.5Hz; H-1a), 534 (dd, 1H, J; , = 9.5 Hz; H-3f), 5.30 (dd, 1H,
J, s =10.6 Hz; H-4a), 5.26 (dd, 1H, J, s = 9.8 Hz; H-4f), 5.14 (dd, 1H;
H-2%), 5.07 (ddd, 1 H. J5 ¢, = 3.8, J5 ¢, = 1.6 Hz; H-50), 4.87 (d, 1H; H-18),
4.70-4.61 (m, 3H, H-6a0. 2H,, of ArCH,Ar), 449 (d, 1H,J =14.5Hz; H_,
of ArCH,Ar), 440 (d, 1H, J=13.2Hz; H,, of ArCH,Ar), 433 (dd, 1H,
Joa on =12.6 Hz: H-6ba), 4.25(dd, 1H. J5 ¢, = 4.4, J;, ¢, =12.4 Hz; H-6af}),
4.11 (dd, 1 H, J; 4, = 2.5 Hz; H-6bp), 3.60 (ddd, 1H; H-5f), 3.39-3.28 (m,
4H; 4H,, of ArCH,Ar), 2.14, 2.04, 1.86 (35, 24H; 8 CH,CO).'*C NMR:
§ =171.1, 170.7, 170.4, 170.2, 169.8, 169.7, 169.5, 169.3 (8 CH,CO), 153.0,
152.9, 152.6, 149.1, 134.4, 131.8, 131.7, 131.2, 130.3, 129.3-128.0, 126.0,
124.7,119.8, 119.2 (Ar), 103.4 (C-15), 101.0 (C-12), 72.6 (C-38), 72.0 (C-5f),
71.9 (C-22), 70.6 (C-2f), 70.0 (C-3a), 69.4 (C-50), 68.4 (C-4f), 68.0 (C-4a),
62.0 (C-6a), 61.3 (C-6p), 31.6, 31.3, 31.0, 30.3 (4ArCH,Ar), 20.6-20.1
(8 CH,CO). FAB-MS for C . H,0,, (1085.10): mfz =1086 [M ™ +H].

25,27-Bis[ (z-D-glucopyranosyl)oxy]-26,28-dihydroxy-calix[4]arene (8): A so-
lution of 6 (108 mg, 0.10 mmol) in 8:1:1 CH,OH/Et;N/H,0 (2 mL) was kept
ar RT overnight, and then concentrated. The residue was cluted from a
column of Sephadex LH-20 (1 x 80 cm) with 1:1 CH,Cl,/CH,OH to give 8
(66 mg, 88%) as a white solid: m.p. 194-197°C (from MeOH/AcOEt);
[o]y = +143 (¢ = 0.8, CH;0H). 'HNMR (CD,0D): § =7.10-7.04, 6.96—
6.91 2m, 8H; Ar), 6.71, 6.63 (2t, 4H, J=7.5Hz; Ar), 541 (d, 2H,
J, , =39Hz; 2H-1). 5.00, 3.36 (2d, 4H, J=13.5Hz; 2ArCH,Ar), 4.67,
335 (2d, 4H, J=13.0Hz; 2ArCH,Ar), 448 (ddd, 2H, J, =99,
Js 6a =Js. 6o = 3.3Hz; 2H-5) 4.24 (dd, 2H, J, ; =99, J, ,=95Hz;
2H-3),3.89-3.82 (m,4H;4H-6),3.79 (dd, 2H; 2H-2), 3.57 (dd, 2H; 2 H-4).
3C NMR (CD,0D): 6 =154.2, 153.3, 135.7, 134.3, 131.1, 130.3, 130.1,
129.9, 129.8, 129.6, 126.4, 120.8 (Ar), 106.6 (2C-1), 77.1 (2C-5), 74.5 (2C-3),
74.1 (2C-2), 71.1 (2C-4), 62.3 (2C-6), 32.8, 32.6 (4 ArCH,Ar). FAB-HRMS.
Caled for C,oH,,NaO,, [M ¥ +Na]: 771.2629; found: 771.2631.

25-(x-nD-Glucopyranosyloxy-27-(f-p-glucopyranoesyl)oxy-26,28-dihydroxy-

calix[4]arene (9): The bisglucoside 7 (108 mg, 0.10 mmol) was deacetilated as
described for the preparation of 8 to afford 9 (67 mg, 90%) as a white solid:
m.p. 210-212°C (from MeOH/AcOEY); [a], = + 29.4 (¢ = 0.8, CH;O0H).
'HNMR (CD,0D): § =7.13-6.95 (m, 8H: Ar), 6.81, 6.74, 6.64, 6.61 (4t,
4H, J=75Hz; Ar). 532 (d, 1H, J, ,=38Hz: H-1x), 512 (4, IH,
J=138Hz; H,, of ArCH,Ar), 491 (d, 1H, J, , =7.8 Hz; H-1f), 4.69
(d, 2H, J =13.2 Hz; 2H,, of ArCH,Ar), 4.61 (d, 1H, J=13.4Hz; H,, of
ArCH,Ar), 4.59 (ddd, 1H, J, ; =99, J, ,, = Js ¢, = 3.2 Hz; H-30), 4.19
(dd, 1H, J, 3 =10.0, J; , = 9.2 Hz; H-3%), 3.91 (dd, 1H, J, ; = 9.2 Hz;
H-28), 3.87 (d, 2H; 2H-60), 3.84 (dd, 1H, J5 4, = 2.3, J, o, =11.9 Hz;
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H-6af),3.77 (dd, 1 H; H-2¢), 3.73 (dd. 1 H, /s _,, = 5.2 Hz; H-6bf). 3.62 (dd,
1H; H-4),3.61 (dd. 1H, J; , = 9.0 Hz; H-3f), 3.55(dd, 1 H, ./, 5 = 9.3 Hz:
H-4f), 3.45-3.31 (m, 4H; 4H,, of ArCH,Ar). 3.28 (ddd, 1 H: H-54). *C
NMR (CD,0D): ¢ =154.3, 153.7, 153.3, 150.5, 137.1, 136.4, 1348, 134.7,
130.9-129.0, 127.4,126.5, 121.3, 120.7 (Ar), 107.5 (C-15). 106.8 (C-1%), 70.6
(C-5p), 77.8 (C-3p), 76.7 (C-5x), 76.1 (C-2f), 74.7 (C-3x). 74.0 (C-22), 71.4
(C-4), 7T1.0 (C-4a), 62.6, 62.2 (C-6a, C-68), 334, 328, 326, 319
(4ArCH,Ar). FAB-HRMS. Caled for C,oH,,NaO , [M " + Na]: 771.2629:
found: 771.2617.

25,27-Dihydroxy-26,28-dimethoxy-calix|4]arene (10): NaH (23 mg,
0.568 mmol, of a 60% dispersion in oil) and then CH,I (57 pL, 0.908 mmol)
were added to a stirred, cooled (0°C) solution of 9 (17 mg, 0.023 mmol) in
DMF (2 mL). The mixture was stirred at 0°C for an additional 2 h, then
diluted with aqueous 1M HCl (2mL), and extracted with CH,Cl,
(2x 10 mL). The combined organic phases were dried (MgSO,) and concen-
trated. A solution of the crude product in 1:4 water/trifluoroacetic acid
(2 mL) was stirred at 100 °C for 15 min, then cooled to RT. and concentrated.
The residue was submitted to preparative TLC (silica gel 60F,,. 0.5 mm
layer, 2:1 cyclohexane/AcOEt) to give known?*1 10 (5 mg, 50%). The struc-
ture of 10 was confirmed by MS and NMR analyses.

Ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-$-p-galactopyranoside (12): A solution
of 1,2,3.4,6-penta-O-acetyl-f-D-galactopyranose (7.03 g. 18.0 mmol) and
ethanethiol (1.46 mL, 19.8 mmol) in anhydrous CH,Cl, (120 mL) was treated
with BF;-Et,O (2.26 mL, 18.0 mmol) at RT for 2h, diluted with Et;N
(2 mL), and concentrated. The residue was cluted from a column of silica gel
with 4:1 cyclohexane/AcOEt to afford ethyl 2,3 4,6-tetra-O-acetyl-1-thio-f-
D-galactopyranoside (5.65 g). A solution of the product in freshly prepared
~0.5M solution of CH;ONa in CH,OH (60 mL) was kept at RT overnight.
then neutralized with Amberlite IR 120 (H* form), and concentrated. Fresh-
ly distilled benzoyl chloride (8.70 mL, 75.0 mmol) was slowly added to a
stirred solution of the crude ethyl 1-thio-f-b-galactopyranoside in pyridine
(40 mL). The mixture was stirred at RT for an additional 2 h, then diluted
with CH;OH (S mL), and concentrated. The residue was dissolved in CH,Cl,
(200 mL), washed with H,O (40 mL), dried (Na,SO,), concentrated, and
cluted from a column of silica gel with cyclohexane/AcOEt (from 6:1 to 2:1)
to give 12 (8.19 g, 71%) us a colorless foam: [a], = +106 (¢ =1.0, CHCL,),
ref. [47] +145 (¢ = 2.1, CHCl;). "THNMR: § = 8.10-7.22 (m. 20H; 4Ph).
6.04 (dd, 1H, J, , =3.3, J, s =08Hz; H-4), 585 (dd, 1H. J;, , =98,
J, 3 =10.0 Hz; H-2), 5.65 (dd, 1H; H-3), 488 (d, 1H; H-1), 4.68 (dd, 1H,
Js 60 =37, Jg, oo =103 Hz; H-6a), 441 (dd, 1H, J; ,, = 6.5 Hz; H-6b),
4.36 (ddd, 1H; H-5), 2.87, 2.81 (2dq, 2H, J =7.4, 12.2 Hz; CH,CH;), 1.33
(1, 3H, J =7.4 Hz; CH,CH,). '*C NMR: § =166.0 (C=0), 165.5 (2C=0),
165.3 (C=0), 133.6—-133.3, 129.9-128.3 (Ph), 84.3 (C-1), 75.0 (C-5), 72.7
(C-3), 68.3 (C-4), 68.2 (C-2), 62.2 (C-6), 24.5 (CH,CH,). 15.0 (CH,CH ).
Anal. caled for C;6H,,04S: C, 67.48; H, 5.03; 8, 5.00. Found: C, 67.49: H,
5.115 S, 4.80.

5,17-Bis{{B-p-galactopyranosyl)oxymethyl]-25,26,27,28-tetrapropoxy-

calix[4]arene (13): A mixture of diol 11 (130 mg, 0.20 mmol), thioglycoside 12
(102 mg, 0.16 mmol), and anhydrous CH;CN (10 mL) was stirred at 50 °C
untif a clear solution was obtained, and was then cooled to RT and treated
with activated 4 A powdered molecular sieves (0.80 g) and, after 15 min, with
copper(1) triflate (58 mg, 0.16 mmol). Two portions of both thioglycoside 12
and copper(1) triflate (0.16 mmol each) were added to the reaction mixture
after 15 and 30 min. Stirring was continued at RT for an additional 15 min.
The mixture was then diluted with an excess of Et;N and CH,Cl,, filtered
through a pad of Celite, and concentrated. The residue was eluted from a
short column (2 x 7 cm) of silica gel with 3:1 cyclohexane/AcOEt in order to
remove the copper salts. The crude mixture was treated with freshly prepared
~0.1m solution of CH;ONa in CH;OH (10 mL) at RT overnight, then
neutralized with AcOH, and concentrated. The residue was eluted from a
column of Sephadex LH-20 (1 x 80 cm) with 1:1 CH,CI,/CH,0OH to give.
first, 16 (3 mg, ~2%) contaminated by an uncharacterized by-product.
'HNMR: § =7.16 (d, 4H, J =7.4 Hz; Ar), 6.98 (t, 2H, J =7.4 Hz; Ar),
6.00--5.60 (m, 4H; Ar), 4.44. 3.13 (2d, 8H, J =14.0 Hz; 4ArCH,Ax),
393 (t. 4H, J=75Hz; 2CH,CH,CH,). 3.65 (t. 4H. J=65Hz;
2CH,CH,CH,), 1.90-1.78 (m, 8H; 4CH,CH,CH,), 1.12 (t, 6H,
J=73Hz; 2CH,CH,CH,), 0.85 (t, 6H, J=7.5Hz; 2CH,CH,CH,).
13C NMR: 6 =154.6, 137.5, 133.1, 129.0, 127.2, 121.5 (Ar), 76.5,
76.2, 75.8 (4CH,CH,CH,, 2ArCH,0), 30.9 (4ArCH,Ar), 23.4, 229
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(4CH,CH,CH,). 10.7, 9.7 (4 CH,CH,CH,). CI-MS (CH,) for C,,H,05
(634.86): mjz = 635 [M * +H].

Compound 13 was eluted second (127 mg, 65%). This compound proved to
be >95% pure by "H NMR analysis. An analytical sample was obtained by
preparative HPLC (25 x 100 mm C 18 column, 60 A6 um, 85:15 CHOH/
H,0, 13 mLmin ™!, detection at 280 nm): m.p. 227-228 °C (from CH,OH-
H,0); [o]p = — 24.8 (¢ = 0.9, CH;OH). '"HNMR (CD,0D): d = 6.85 (s,
4H: Ar), 647 -6.36 (m, 6H; Ar), 4.68, 440 (2d, 4H, J=11.0 Hz;
2ArCH,0), 444, 313 (2d, 8H, J =133 Hz; 4ArCH,Ar), 426 (d, 2H,
Ji , =1.7Hz; 2H-1), 3.91, 3.77 (2t, 8H, J =7.5 Hz; 4CH,CH,CH,), 3.82
(dd, 2H, J; =33, J, ;=08Hz; 2H-4), 3.78 (dd, 2H, J5 (, =46,
Joa op = 11.3 Hz: 2H-62), 3.73 (dd. 2H, J; 4, = 5.3 Hz; 2H-6b), 3.55 (dd,
2H. J, ;= 9.6 Hz; 2H-2), 3.49 (ddd, 2H; 2H-5), 3.44 (dd, 2H; 2H-3),
2.02-1.86 (m, 8H; 4CH,CH,CH,), 1.05, 098 (2t, 12H, /=74 Hz:
4CH,CH,CH,). *C NMR (CD,0D): 6 =158.3, 157.5, 137.0, 136.9, 135.6,
132.2, 1302, 1294, 129.3, 1232 (Ar), 1037 (2C-1), 78.0, 77.9
(4CH,;CH,CH,), 76.8 (2C-5), 75.1 (2C-3), 72.6 (2C-2), 72.0 (2ArCH,0),
70.4 (2C-4), 62.6 (2C-6), 31.9 (4 ArCH,Ar), 24.5, 243 (4CH,CH,CH,).
11.0, 106 (4CH,CH,CH,). FAB-HRMS. Caled for C,;,H,;,NaO 4
[M ™ +Na}: 999.4718; found: 999.4769.

When the glycosylation reaction was carried out in CH,Cl, instead of
CH,CN as the solvent, only trace amounts of glycosylated calix[4]arenes were
detected.

Ethyl 2,3,6-tri-O-benzoyl-4-0-(2,3,4,6-tetra-O-benzoyl-B-D-galactopyranosyl)-
1-thio-f-v-glucopyranoside (14): Freshly distilled benzoyl chloride (790 pL.,
6.80 mmol) was slowly added to a stirred solution of ethyl 4-O-(f-p-galac-
topyranosyl)-1-thio-g-pD-glucopyranoside *# (250 mg, 0.65 mmol) in pyridine
(5 mL). The mixture was stirred at RT for an additional 6 h, then diluted with
methanol (1 mL), and concentrated. The residue was eluted from a column
of silica gel with 15:1 toluene/ethyl acetate to give 14 (541 mg, 75%) as an
amorphous solid: [}, = + 49.8 (¢ =1.0, CHCl,). *‘HNMR: § = 8.05-7.11
{m. 35H;7 Ph), 5.83 (dd, 1H, J, 5 = 9.5, J, , = 9.3 Hz; H-3), 5.73 (dd, 1H,
Jy oo =34,J, 5 =08Hz; H-4),572(dd, 1H. J,. ,, =79, J,. 5 =10.3 Hz:
H-2.5.48 (dd, 1H. J, , = 9.8 Hz; H-2), 537 (dd, 1H; H-3), 4.87 (d, 1H;
H-1), 473 (d. 1H; H-1), 4.60 (dd. 1H, J; (, =1.8. J, ¢, =12.2 Hz; H-6a),
448 (dd, 1H, J, , = 4.7 Hz; H-6b), 423 (dd, 1H, J, , = 9.5 Hz; H-4), 3.91
(ddd, 1H, J5 o = Js. ¢ = 6.5 Hz; H-5), 3.87 (ddd. 1 H; H-5), 3.75- 3.70
(m. 2H: H-6), 2.75-2.62 (m, 2H; CH,CH,), 1.20 (t, 3H, J=7.5Hy;
CH,CH,). ’C NMR: § =165.8-164.7 (C=0), 133.5- 133.2, 129.9-128.2
(Ar). 100.9 (C-1"), 83.7 (C-1), 77.0 (C-5), 75.9 (C-4), 74.0 (C-3), 71.7 (C-3),
71.3 (C-5), 70.5 (C-2), 69.8 (C-2'), 67.4 (C-4Y), 62.6 (C-6), 61.0 (C-6), 24.4
(CH,CH;), 148 (CH,CH;). Anal. caled for C;,H,,0,,8: C, 67.85; H, 4.88.
Found: C, 68.07; H, 4.96.

3,17-Bis| (4-O-(p-p-galactopyranosyl)- f-D-glucopyranosyl)oxymethyl]-
25,26,27,28-tetrapropoxy-calix[4jarene (15): The diol 11 (33 mg, 0.05 mmol)
was glycosylated with thioglycoside 14 (134 mg, 0.12 mmol) in the presence
of copper(11) triflate (43 mg, 0.12 mmol), as described for the preparation of
13 After debenzoylation the crude mixture was eluted from a column of
Sephadex LH-20 (1 x80 cm) with 1:1 CH,CIl,/CH,0H to give, first, 16
(16 mg, ~50%) contaminated by uncharacterized by-products. Eluted
second was 15 (16 mg, 25%): m.p. 214-216°C (from CH,OH-H,0);
[#]p = —19.5(c = 0.4, CH,0H). 'HNMR (CD,OD) selected data: § = 6.82
(s. 4H: Ar). 6.51-6.39 (m, 6H,; Ar), 4.64, 440 (2d, 4H, J=11.0 Hz;
2ArCH,0), 445, 3.13 (2d, 8H, J=14.0Hz; 4ArCH,Ar), 4.37 (d. 2H,
Jy., =74Hz;2H-1),431(d,. 2H, /. ,- =7.9Hz; 2H-1'), 2.00-1.88 (m, 8 H:
4CH,CH,CH,), 1.05, 0.99 (2t, 12H, J=7.5Hz; 4CH,CH,CH,). '*C
NMR (CD,0D) selected data: 6 =158.1, 157.3, 136.8, 135.5, 131.8, 130.2,
130.1, 129.3, 129.2, 123.1 (Ar). 105.1, 102.5 (2C-1, 2C-17), 62.5, 61.9
(2C-6, 2C-6'), 319 (4ArCH,Ar), 24.5, 24.4 (4CH,CH,CH,), 11.0, 10.7
(4 CH,CH,CH,). FAB-HRMS. Caled for C, H,,NaO,, [M*+Na]:
1323.5775; found: 1323.5826.

25,26,27,28-Tetrapropoxy-calix[4larene (18): A mixture of calix{4]arene 1a
(2.00 g, 4.7 mmol), NaH (2.26 g. 47.1 mmol, of a 50% dispersion in oil),
propy] iodide (4.6 mL, 47.1 mmol), and DMF (30 mL) was stirred at RT
overnight, and then slowly poured into agueous 1 M HCI (100 mL) to precip-
itate crude 18. The solid was recovered by filtration, dried, and triturated with
CH,OH to give pure 18 (2.09 g, 75%): m.p. 197-199°C; ref. [49] 197-
199°C. '"HNMR: d =6.61- 6.55 (m, 12H; Ar), 444, 3.14 (2d, 8H,
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J=133Hz; 4ArCH,Ar), 384 (t. 8H, J=74Hz; 4CH,CH,CH,).
191 (frsext, J=7.4Hz; 4CH,CH,CH,), 098 (t, 12H, J=7.5Hz
4CH,CH,CH,). '3C NMR: & =156.6. 135.1, 128.1, 121.9 (Ar), 76.7
(CH,CH,CH,), 3.0 (ArCH,Ar), 232 (CH,CH,CH,), 103
(CH,CH,CH,). CI-MS (CH,) for C, H,,0, (592.82): m/z = 593{M * + H].

5,11,17,23-Tetraformyl-25,26,27,28-tetrapropoxy-calix[4]arene (19): A mix-
ture of calixarene 18 (570 mg, 0.96 mmol), hexamethylenetetramine (4.04 g,
28.84 mmeol), and trifluoroacetic acid (20 mL) was stirred at 125°C for4 hin
a screw-capped vial, then cooled to RT, diluted with aqueous 1M HC1 (50 mL)
and CH,Cl, (50 mL), and vigorously stirred at RT for 3 h. The organic layer
was separated, and the aqueous layer was extracted with CH,Cl, (50 mL).
The combined organic layers were washed with saturated aqueous Na,CO,
(50 mL), dried (Na,SO,), and concentrated. Crystallization of the residue
trom CH,OH afforded 19 (590 mg, 87%) as a white solid: m.p. 289-290"C.
"THNMR: é = 9.58 (s, 4H; 4CHO), 7.15 (s, 8H; Ar), 4.51, 3.35 (2d. 8H,
J=13.8Hz; 4ArCH,Ar), 394 (t, 8H, J=74Hz; 4CH,CH,CH,).
1.90 (f-sext, J=74Hz; 4CH,CH,CH,), 1.01 (t, 12H, J=75Hz;
4CH,CH,CH,). *3C NMR: § =191.1 (CHO), 161.7, 135.4, 131.3, 130.1
(Ar), 76.4 (CH,CH,CH,), 30.8 (ArCH,Ar), 23.2 (CH,CH,CH,), 10.1
(CH,CH,CH,). CI-MS (CH,) for C,,H, Oy (704.87): mjz =705 [M * + H].

5,11,17,23-Tetra(hydroxymethyl)-25,26,27,28-tetrapropoxy-calix|d}arene

(20): A suspension of 19 (1.00 g, 1.4 mmol) in 5:1 EtOH/THF (25 mL) was
stirred with NaBH, (161 mg, 4.26 mmol) at RT for 1 h, and then concentrat-
ed. The residue was treated with aqueous 1 M HCI (30 mL) and extracted with
CH,CI, (30 mL). The organic layer was separated, washed with H,O
(2x15mL), dried (MgSO,), and concentrated to give 20 (1.01 g, 100%) as
a white solid: m.p. 271- 272 °C (from CH,OH). "THNMR: § = 6.69 (s, 8H:
Ar), 4.42,3.15(2d. 8H, J =13.0 Hz; 4 ArCH,Ar), 4.34 (5, 8H; 4CH,OH).
3.84 (t, 8H, J=7.5Hz; 4CH,CH,CH,), 1.94 (y-sext, J=7.5Hz:
4CH,CH,CH,), 0.99 (t, 12H, J=7.5Hz; 4CH,CH,CH,). 3C NMR:
0 =155.9,134.8,134.6,127.0 (Ar), 76.9 (CH,CH,CH,), 64.7 (CH,OH), 31.0
(ArCH,AT), 233 (CH,CH,CH,), 10.3 (CH,CH,CH,). CI-MS (CH,) for
CuyH 5 Og (712.93): mjz =712.6 [M ™ +H]J.

5,11,17,23-Tetrakis] (B-D-galactopyranosyl)oxymethyl]-25,26,27,28-tetrapro-
poxy-calix[4]arene (21): A mixture of tetrol 20 (213 mg, 0.30 mmol), thiogly-
coside 12 (384 mg, 0.60 mmol), and anhydrous CH,CN (15 mL) was stirred
at 50°C until a clear solution was obtained. It was then cooled to RT and
treated with activated 4 A powdered molecular sieves (1.20 g) and, after
15 min, with copper(i) triflate (217 mg, 0.60 mmol). Two portions of both
thioglycoside 12 and copper(11) triflate (0.60 mmol each) were added to the
reaction mixture after 15 and 30 min. Stirring was continued ar RT for an
additional 15 min. The mixture was then diluted with an excess of Et,N and
CH,Cl,, filtered through a pad of Celite, and concentrated. The residue was
eluted from a short column (3 x 8 cm) of silica gel with 2:1 cyclohexane;
AcOEt in order to remove the copper salts. The crude mixture was treated
with freshly prepared ~0.1M solution of CH,;ONa in CH,OH (10 mL) at RT
overnight, then neutralized with AcOH, and concentrated. The residue was
eluted from a column of Sephadex LH-20 (2.5 x 80 cm) with 1:1 CH,Cl,;
CH,OH to give, first, 17 (10 mg, =3 %) slightly contaminated by uncharac-
terized by-products. '"HNMR (CD,0D) selected data: & =7.27, 7.21 (25,
4H. Ar), 593. 5.67 (2bs, 4H, Ar), 493, 475 (2d, 4H, J=11.7 Hz:
2ArCH,O-sugar),4.42,3.11 (2d, 8H,J =13.7 Hz; 4 ArCH,Ar), 441 (d. 2 H.
Jy., =77Hz; 2H-1), 1.87-1.77 (m, 8H, 4 CH,CH,CH,), 1.15. 0.86 (2t,
12H, J=73Hz; 4CH,CH,CH,). MALDI-TOF MS for C;H,,0,,
(1019.21): m/z =1041.9 [M * + Na).

Compound 21 eluted second (245 mg, 60%) as an amorphous solid and
proved to be >95% pure by *HNMR analysis. An analytical sample was
obtained by preparative HPLC (25 x 100 mm C 18 column, 60 A, 6 um, 80:20
CH,OH/H,0, 13 mLmin !, detection at 280 nm): [z}, = — 33.4 (¢ = 0.4,
CH,OH). 'HNMR (CD;0D): § = 6.70 (s, 8H; Ar), 4.55, 4.33 (2d. 8H.
J=113Hz:4ArCH,0), 4.44, 3.14 (2d, 8H, J =13.1 Hz; 4 ArCH ,Ar). 4.21
(d.4H,J; , =75Hz; 4H-1),3.84 (t, 8H, J =74 Hy; 4CH,CH,CH,), 3.81
(dd, 4H, J; , =33, J, ;=07Hz; 4H-4), 379 (dd, 4H, J; ,, =7.0.
Jon o =11.4 Hz; 4H-6a), 3.72 (dd, 4H, J; o, = 5.3 Hz; 4H-6b), 3.54 (dd.
4H, J, ; =9.7Hz; 4H-2), 3.47 (ddd, 4H; 4H-5), 3.46 (dd. 4H: 4H-3).
2.00~-1.88 (m, 8H; 4CH,CH,CH,), 102 (t, 12H, J=7.5Hz:
4CH,CH,CH,). 13C NMR (CD,0D): 5 =157.8, 136.2, 132.2, 130.2. 130.1
(Ar), 103.3 (C-1), 78.0 (CH;CH,CH,), 76.8 (C-5), 75.0 (C-3), 72.5 (C-2).
71.7 (ArCH,0), 704 (C-4), 626 (C-6), 319 (ArCH,Ar), 244
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(CH,CH,CH,), 10.8 (CH,CH,CH,). FAB-HRMS. Caled for
CesHosNaO, [M ™+ Na]: 1383.5986; found: 1383.6040.

Since some batches of crystalline 20 proved to be partially soluble in CH,CN
at room temperature, the glycosylation reaction was also carried out in 1:1
CH,CN/CH,Cl, with similar results. However, when the reaction was per-
formed in pure CH,Cl, as the solvent, only trace amounts of glycosylated
calix[4]arenes were detected.

Bis(#-D-lactosyl)calix[4]arene derivative 22: Tetrol 20 (29 mg, 0.04 mmol) was
glycosylated with thioglycoside 14 (268 mg, 0.24 mmol) in the presence of
copper(n) triflate (87 mg, 0.24 mmol), as described for the preparation of 21.
After debenzoylation the crude mixture was eluted from a column of Sep-
hadex LH-20 (1 x 80 cm) with 1:1 CH,Cl,/CH;OH to give a mixture of 22
and several by-products. This mixture was submitted to preparative TLC
(silica gel 60F,5,. 0.5mm layer, 5:3:2 AcOEt/iPrOH/H,0) to afford 22
(13 mg, =25%) slightly contaminated by an uncharacterized by-product.
'HNMR (CD,OD) selected data: § =7.28, 7.21 (2d, 4H, J = 2.0 Hz; Ar),
6.00--5.50 (m, 4H; Ar), 4.92, 4.76 (24, 4H, J =11.5 Hz; 2 ArCH,0-sugar),
4.50 (d, 2H, J,. ,. =79 Hz; 2H-1), 442 (d, 4H, J =138 Hz; 4H_, of
ArCH,Ar), 437 (d, 2H, J; , =7.5 Hz; 2H-1), 3.12, 3.11 (2d, 4H; 4H_, of
ArCH,Ar). MALDI-TOF MS for CgH,,0,, (1343.50): m/z =1365.2
[M*+Nal, 1381.6 [M* +K].
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Synthesis, Structure and Hydrolysis Studies of
Dimethyltris(trimethylsilyl)methylmetallanes of Aluminium and Gallium

Christoph Schnitter, Herbert W. Roesky,* Thomas Albers, Hans-Georg Schmidt,
Cord Ropken, Emilio Parisini and George M. Sheldrick*

Dedicated to Professor Manfred Weidenbruch on the occasion of his 60th birthday

Abstract: The reactions of [(Me;Si);CLi-
2thf] with Me,MCl (M = Al, Ga) afford
the mixed trialkylmetallanes [(Me;Si),-
CAlMe, - thf] (1) and [(Me,Si);CGaMe,
thf] (2) in high yields. The coordinated
THF molecule of compound 2 can be
removed by sublimation in vacuo to
yield the solvent-free product [(Me,Si),-
CGaMe,] (3). Hydrolysis of compound 2
with one equivalent of water at 0°C
gives the trimeric hydroxide [{(Me,Si),-
CGaMe(u-OH)} 5] (4), while the reaction

CGaMe(OH)(p-OH)MeGaC(SiMe,), }

H,0-2thf] (6). On heating, compound
6 is converted to the hydroxide
[{(Me;S1);C},Ga,(u-0),(w-OH),]  (5),
which has a heteroadamantane-like core.
The hydrolysis of compound 1 with one
equivalent of water at —25°C gives the
dimeric hydroxide [{(Me,Si);CAIMe(u-
OH)},-2thf] (7), while the reaction with

Keywords

aluminium - gallium - hydrolyses -

two equivalents of water results in the
formation of the novel hydroxide
[{(Me;81),CLLAL-0),(i-OH),)  (8).
which is isostructural to the gallium com-
pound 6 with the adamantane-like struc-
ture. The molecular structures of com-
pounds 1, 2, 4, 5-3THF, 6, 7 and
8-0.5THF have been determined by
X-ray structure analysis. Compound 7 is
the first structurally characterised alu-
minium hydroxide containing methyl
groups, and 8 is the smallest structurally

with two equivalents of water at room tem-
perature yields the unusually stable gallium
hydroxide—water complex [{(Me;Si);-

Si ligands -

Introduction

The recent interest in the oxo and hydroxo(oxo) chemistry of
aluminium and gallium is partly due to their potential as co-cat-
alysts for certain polymerisation reactions, which were first
studied in the early 1960s.I* ~ ! The renaissance of this chemistry
in 1980 was started by Kaminsky and Sinn, after their discovery
of the very high co-catalytical activity of methylalumoxane!”
(MAO) for Group 4 metallocenes in olefin polymerisation reac-
tions.’® Although the role of MAO seems to be well under-
stood,l®” 111 the mechanism of'its formation and the structure of
the catalytically active species of MAO remain unknown. Be-
cause of the presence of multiple equilibria and rapid exchange
reactions,!'! 713} crystallographic data of methyl-containing
alumoxanes is rare and only limited to the anionic com-
pounds [Al,OMe, 7.1 [(Me,AlOAIMe,),]2 "7 and
[PhCO,(MeAl),O0AIMe,] " 1'® and to the neutral species

[*] Prof. H. W. Roesky, C. Schnitter, T. Albers, H.-G. Schmidt, C. Répken,
Dr. E. Parisini, Prof. G. M. Sheldrick
Institut fiir Anorganische Chemie der Universitit Gottingen
Tammannstrasse 4, D-37077 Gottingen (Germany)
Fax: Int. code +(551)393-373
e-mail: hroesky(@gwdg.de
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characterised galloxane hydroxide de-
scribed in literature.

[(Me,AlOLI), -7 thf- LiCl],"*? which was recently synthesised
by our group.

In contrast, the substitution of methyl by groups that ate
sterically more demanding increases the kinetic stability of the
hydrolysis products and permits the isolation of some reactive
intermediates. Hydrolysis of tri-ferf-butylaluminium and -galli-
um, in particular by Barron et al., led to a series of structurally
characterised fert-butylaluminium and -gallium hydroxides, hy-
droxide oxides and metalloxanes.[20 2!

We have recently reported the controlled hydrolysis of trime-
sitylaluminium and -gallium and verified the mechanism of
these reactions by monitoring the reaction using 'H NMR
spectroscopy!?® 2% and by determining the crystal structures of
the intermediates along the reaction pathway. In the first step of
the reaction, a monomeric water adduct is formed, which is
stabilised by complex formation with solvent THF molecules
[Eq. (1), M = Al, Ga]. The adducts subsequently eliminate

THF

Mes,M + H,0 —-——— [Mes,M-OH,2thi] 1)

v,

—0

mesitylene to form the dimeric dimesitylmetal hydroxides,
stabilised by THF molecules [Eq. (2); M = Al,n = 2; M = Ga,

[Mes,M-OH,-2thf] __THF |

[{Mes,M(z-OH)}, - nthf] + MesH  (2)
—10to 0°C

1
2
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n =1]. Heating these hydroxides leads to further mesitylene
elimination and to the formation of the corresponding metallox-
anes [Eq. (3), M = Al, Ga}."?®! The reaction of the dimeric di-

[{Mes,M(u-OH)},-nthf] — 2[{MesM{-O)}o] +2MesH +nTHF 3)

mesitylgallium hydroxide with additional water at room tem-
peraturc results in the formation of the first structurally charac-
terised galloxane hydroxide!?®! [Eq. (4)]. The next step is the
3[{Mes,Ga(u-OH)},] + 2H,0 ———— [Mes Gay(t5-0),(13-OH),]  (4)
—6MesH

transfer of the knowledge gained from the hydrolysis of aryl
aluminium and gallium compounds to the corresponding alkyl
derivatives to obtain metalloxanes that are more closely related
to MAO.

The tris(trimethylsilyl)methyl ligand (““trisyl ligand™") can be
regarded as a very bulky ligand having stabilising electronic
properties.t?) After an efficient method to produce trisyllithium
[(Me,Si),CLi-2thf] in good yields had been found,?®~31
Eaborn et al. were able to prepare trisyl compounds of metals
and metalloids that displayed unusual properties. The remark-
able resistance of (Me,Si),CSiCl, towards hydrolysis, even in
refluxing methanol containing AgNO, or NaOMe,[**! indicates
that the related compounds of aluminium and
gallium ([(Me,Si),CMCl,}) might be interest-
ing starting materials for hydrolysis studies.

Table 1. Selected bond
[(Me,Si);CGaMe, -thf] (2).

Compound 1is white and 2 yellow, both are air- and moisture
sensitive solids and were characterised by 'H, '*C and 2°Si
NMR spectroscopy, mass spectroscopy, IR spectroscopy and
elemental analyses (see experimental section), all of which indi-
cate monomeric species with four-fold coordination of the alu-
minium or gallium centres. Crystals of compounds 1 and 2 suit-
able for X-ray diffraction analyses were obtained from THF at
—26°C. The structure of 1 is shown in Figure 1 (compound 2 is
isostructural to 1); selected bond lengths and angles for 1 and 2
are given in Table 1.

Figure 1. Crystal structure of [(Me,Si),CAlMe,- thf] (1) with anisotropic displace-
ment parameters depicting 50% probability. All the hydrogen atoms of the mole-
cule have been omitted for clarity.

lengths (A) and angles (°) for [(Me,Si);CAIMe, thf] (1) and

Our intention was the stabilisation and charac-

terisation of unusual intermediates resulting ! 2 ! 2
from hAydrolys1s. reaction§ 11.1 order tq obtain M(1)-C(1) 2.030(3) 2.046(2) C(1)-si(1) 1.88103) 1884(2)
more Information on similar reactions of M(1)—C(40) 1.977(3) 1.980(3) C(1)-5i(2) 1.891(3) 1.893(2)
trimethylaluminium. M(1)-C(41) 1.972(3) 1.979(3) C(1)-Si(3) 1.884(3) 1.879(2)

M(1)-0(50) 1.969(2) 2.1818(19)

C()-M{1)-C(40)  117.35(14)  119.40(13) M()-C(1)-Si(1) ~ 111.74(12)  109.35(11)
. . CO)-M(1)-C(41)  117.01(13)  119.19(12) M(1)-C(1)-Si(2) ~ 104.84(12)  102.79(1t)
Results and Discussion CO-M(1-0(50)  11049(30)  107.88(9) M(1)-C(1)-Si3)  11024(12)  111.93(11)
C0}-M(1)-C(41)  109.72(17)  111.38(16) Si(1)-C(1)-Si2)  110.18(13)  110.24(12)
The alumintum compound [(Me,Si),CAICI,] CA0O-M(1)-0(50)  99.62(13) 96.79(11) Si(1)-C(1)-8i(3) 110.35(13)  111.11(12)
C@1-M(1}-0(50)  99.74(12)  96.55(11) Si(2)-C(1)-Si(3)  109.35(12)  111.11(12)

was first prepared in low yield by Eaborn et

al.®31 by the reaction of trisyllithium and alu-

minium trichloride. However, we were not able

to reproduce this reaction and observed only products from

cleavage reactions of ether.l>#! In contrast, the reaction of the

trichlorides MCl, of the homologues gallium and indium with

trisyllithium gave the complexes [Li(thf),(u-C)MCI,-

{C(SiMe,),}1, rather than the dichlorides [(Me,Si),CMCl,}.I*!
However, the reactions of the dimethylchlorometalianes of

aluminium and gallium with trisyllithiom in THF gave the

mixed trialkylmetallanes 1 and 2, respectively, in high vields

[Eq. (5)).

Me,MCl + [(Me,Si;)CLi-2 thf] ~——

—LiC

THF

> [Me,Si);CMMe, - thf] 5
[LM=AL2 M =Ga

The coordinated THF of 2 can be removed by sublimation in
vacuo (x 110 °C) to yicld the solvent-free product 3 [Eq. (6)]. In

10 * Torr, 110°C

[(Me,Si);CGaMe, -thf} - — > [(Me,81),CGaMe,) (6)
2

3

contrast, compound 1 sublimed without dissociation in vacuo at
150 °C, while [(Me,S1),S1GaMe, - thf] decomposed under simi-
lar conditions.?¢!
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Both 1 and 2 crystallise in the monoclinic system (space group
P2,/n). The metal atom in both compounds is coordinated to
three carbon atoms and one oxygen atom. The metal-C_
distances in both compounds are nearly equal within their stan-
dard deviations (av.: 1, 1.974 /OX; 2, 1.979 A) and somewhat
shorter than the metal -C, ., distances (1, 2.030 A:2.2.046 A).
This can be explained by the high steric demand of the trisyl
group. The main difference between both structures is the
metal-oxygen distance, which is 0.21 A shorter in the alumini-
am compound (1, 1.968 A) than in the gallium compound (2,
2.182 A), although the gallium-oxygen single bond is only
0.04 A longer than the aluminium-oxygen single bond.>” This
is due to the higher Lewis acidity of aluminium compared to
gallium, 138 which also explains the higher thermal stability of 1
with respect to 2. Compound 2 loses the coordinated THF mol-
ecule during sublimation in vacuo to yield the solvent-free
product 3.

Unfortunately, we were not able to obtain crystals of the
solvent-free compound 3 from non-coordinating solvents and
so we have no direct information on the degree of oligomerisa-
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tion. However, the mass spectrum of 3 shows only signals of
fragment ions of the monomeric species.

Hydrolysis of [(Me;Si),CGaMe,-thf] (2): Based on our previ-
ous studies of trimesitylaluminium and -galium com-
pounds,’ ¢~ 281 the hydrolysis of organogallium compounds is
easier to control, owing to the lower oxophilicity and Lewis
acidity of gallium compared to aluminium.™®® This is the reason
why we began our hydrolysis experiments using gallium com-
pound 2.

Several methods are described in literature' ' for the hy-
drolysis of organoaluminium and -gallium compounds. How-
ever, the most convenient procedure is the dropwise addition of
water to a stirred solution of the organoaluminium or -gallium
compound in an organic solvent at low temperatures. Since the
solubility of water in aprotic solvents is low, we preferred to use
THF as phase transfer reagent to avoid two-phase reactions that
may produce by-products.[27]

The hydrolysis of 2 was monitored by 'H NMR spectroscopy.
The experiment was carried out within a temperature range
(— 30 to +30°C)in [D{THF. The spectra were recorded as the
solution warmed up, in steps of 10 °C. The spectrum of com-
pound 2 (at — 30 °C) shows two singlets: one for the trisyl ligand
(8 = 0.16) and the other for the methyl groups bonded to galli-
um (6 = — 0.21). After addition of one equivalent of water, the
signal of the water protons appeared at 6 = 6.87 together with
upfield-shifted signals of the trisyl ligand (5 = 0.12) and of the
methyl groups bonded to gallium (5 = — 0.36); these signals
clearly indicate the formation of [(Me;Si),CGaMe, -H,O-
nthf]B% [Eq. (D].

[(Me,S),CGaMe, thf] + H,0 1 —20°C, M
2

[(Me,Si),CGaMe, OH, - nthf]

The spectra recorded in the range —20 to 10°C show no
significant differences except for a reversible downfield shift for
the trisyl ligand (as far as § = 0.14) and the methyl groups
bonded to gallium (as far as 6 = — 0.33), along with a reversible
upfield shift for the water protons (as far as ¢ = 6.25, very
broad). The higher stability of [(Me,Si);CGaMe,-OH, - nthf]
compared to [Mes,Ga-OH,-2thf],12"" which starts to eliminate
mesitylene at 0 °C, is explained by the greater clectron donating
ability of the trisyl ligand compared to the mesityl groups. This
results in a lower acidity of the gallium centre. Unfortunately,
we were not able to obtain crystals of the water complex suitable
for X-ray structural analysis.

The elimination of methane starts slowly at 23 °C. This is
indicated by the decreasing peaks of the water protons and the
methyl groups bonded to gallium as well as by the appearance
of three new, small singlets (d = 2.34, 2.02 and 1.18) of equal
intensity from hydroxyl protons. Moreover, many signals of
different intensity are found in the range § = 0.29 t0 0.13 from
the protons of the trisyl groups and the methyl groups bonded
to gallium. The signals of the water adduct disappears complete-
ly after a reaction time of 3 h, and the "H NMR spectrum shows
only the signals described above. The complex spectrum of the
intermediates indicated either the formation of several products
or of an asymmetric oligomer such as [{(Me;Si1);CGaMe(u-
OH)},] with nonequivalent trisyl and methyl groups, as ob-
served for [{(Me;Si),CGaMe(u-X)},;] (X = F, C1).1#%

Chem. Eur. J. 1997, 3, No. 11

(> WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

Equipped with these spectroscopic insights, we then carried
out the hydrolysis of 2 in THF on a preparative scale (at 0°C).
After addition of one equivalent of water, the pale yellow solu-
tion was stirred for 10 minutes at 0 °C and then for 18 hours at
room temperature. After concentration of the clear, slightly yel-
low solution and crystallisation (— 26 °C), gallium hydroxide 4
was obtained in high yield [Eq. (8)].

THF, 0°C
—

—-CH, (8)
%[{(MQSSi)JCGaME(u-OH)}3]
4

[(Me,Si),CGaMe, thf] + H,0
2

The IR spectrum of 4 indicates the presence of free OH
groups by the characteristic vibration (¥ = 3615cm™*) as a
sharp band (i.e. no coordination of THF). The signal with the
highest mass in the EI mass spectra (m/e =767), which is as-
signed to the fragment ion of the trimeric hydroxide 4 with loss
of one trisyl group, implies the existence of 4 even in the gas
phase. The 'H NMR spectrum of 4 in [Dy]THF shows the com-
plicated signal pattern described above. However, in C,D, there
is one singlet each for the trisyl and the methyl groups bonded
to gallium (at & = 0.35 and 0.39 respectively, in the ratio 81:9),
and three singlets for the hydroxyl protons (at 6 =1.27, 2.08
and 2.44 in the ratio 1:1:1). The *°Si NMR spectra of 4in C,D,
and in [D4]THF both contain three singlets of different intensity
(0 =-—32, =34 and —3.6). We are currently investigating
whether these signal patterns are due to the ring structure
(see below), resulting in a hindered rotation of the trisyl
groups with low energy barriers that depend on the solvent used,
or to an equilibrium between different oligomers [{(Me,Si),-
CGa(OH)Me},] in solution.

Compound 4 could also be synthesised in 88 % vield by care-
ful addition of one equivalent of water to a hexane solution of
3 at 0°C and additional stirring at room temperature for 20 h
[Eq. (9)]. The spectroscopic data of the resulting microcrys-
[(Me,Si),CGaMe,] + H,0 M:—Rl [{(Me,S1),CGaMe(u-OH)},]  (9)
3 T 4
talline solid, which was obtained by crystallisation at —26°C,
agreed with that of the product obtained from THF solutions
and confirmed that there are no coordinated THF molecules, in
contrast to compound 7 (see below) or our previously reported
[(Mes,GaOH)-thf].[27

A compound of composition [(Me;Si),CGa(OH)Me] was
first described by Eaborn et al.®* as a product of the hydrolysis
during workup of the reaction of GaCl, with trisyllithium in
Et,O/THF. However, the spectroscopic data given for this com-
pound [m.p. 186-187°C; IR (Nujol mull); % = 3620 cm !
(OH); "HNMR (CD{): 8 = 0.65(s,3H),0.72 (s, 27H), 2.45 (s,
1H); EI mass spectrum (70 €V): m/e 317, 301] is not consistent
with our data.

Crystals suitable for X-ray diffraction were obtained from
both hexane or THF by cooling the solution (— 26 °C). Com-
pound 4 crystallises in the monoclinic crystal system (space
group either P2,/c or Pc, see crystallographic section). Because
of extensive disorder in the crystal it is not appropriate to dis-
cuss bond lengths and angles. However, the trimeric nature of 4
and the conformation of the ring can be recognised. The six-
membered Ga,(u-OH), ring takes up a flat boat conformation,
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similar to that observed in the trimeric aluminium difluorides
[{(2,6-Pr,Ph)NSiMe, AlF, } ] and [{(Me;Si),CAIF,},].#%
This may be caused by the large steric demand of the ligands at
the metal centres. In the boat conformation all trisyl groups can
adopt the thermodynamically favourable equatorial position
with only two of the trisyl groups on one side of the ring. In
contrast, the chair conformation demands that in the 1,3,5-
trisubstituted compounds all three equatorial ligands are locat-
¢d on the same side of the ring, which may be impossible for the
extremely bulky trisyl group. A ball-and-stick representation of
compound 4 is given in Figure 2.

Figure 2. Ball-and-stick representation of [{(Me;Si);CGaMe(u-OH)};] (4). All the
hydrogen atoms of the molecule have been omitted for clarity. Owing to the poor
quality of the crystals, the structure could not be refined anisotropically (see Exper-
imental Section).

The gallium hydroxide 4 has a very high thermal stability. No
evolution of methane was observed on heating 4 to 150°C at
atmospheric pressure, and even after heating in vacuo (150 °C
for 5h) compound 4 remained nearly unchanged. Monitoring
the thermolysis of 4 (above 250 “C) by mass spectrometry result-
ed in new signals (including m/fe 1304 (5%), 1289 (10%) and
1071 (40 %)), which could be assigned to a galloxane hydroxide
with the empirical formula [{{Me;Si),C},Ga,(0),(OH),] (5)
and to its corresponding fragment ions.

The formation of a galloxanc hydroxide in the thermolysis of
a gallium hydroxide is unusual. Normally the final products in
the thermolysis of gallium hydroxides are galloxanes—as
observed for the formation of [{(tBujGa(uy-O)}e] from
[{(/Bu),Ga(u-OH)},]“? or of [Mes,Gag(u-0)(i5-0);] from
[{Mes,Ga(u-OH)}, - thf].1*#] One reason for this high thermal
stability may be that the elimination of methane from
[{(Me,;Si);CGaMe(u-OH)},] (4) is an intermolecular reaction,
which would be strongly sterically hindered by the bulky trisyl
groups, rather than an intramolecular process. However, fur-
ther investigations with similar compounds are necessary to
prove this assumption.

A possible mechanism for the formation of the galloxane
hydroxide 5 from the thermolysis of 4—which requires the for-
mal addition of water to 4-—could be the dissociation of the
trimeric hydroxide into dimeric or monomeric species at high
temperatures, followed by elimination of methane and conden-
sation. These species would not be as sterically hindered as in
compound 4.

These observations encouraged us to prepare and isolate the
galloxane hydroxide on a preparative scale. Hydrolysis of a
solution of 2 in THF at 0 °C was carried out by addition of two
cquivalents of water. The reaction mixture was stirred for 1 h at
0°C and then for 18 h at room temperature until evolution of
gas had ceased. After concentration of the clear yellow solution
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and storage at —26 °C, colourless crystals formed, which were
suitable for an X-ray diffraction analysis. Surprisingly, not the
expected galloxane hydroxide § was obtained, but the unusual
dialkylgallium hydroxide—-water adduct 6 [Eq. (10)].
2[(Me,$i),CGaMe, -thf] + 3H,0 — "0 RT,

2 —2CH, (10)
[{Me,8i),CGaMe(OH)(u-OH)MeGaC(SiMe,), } -H,O- 2 thf}

6

The crystal structure of compound 6 is shown in Figure 3,
selected bond lengths and angles are given in Table 2. Com-
pound 6 crystallises in the monoclinic system (space group
P2,/c). The central unit of the molecule is a six-membered
Ga,0,H ring in a twisted conformation with an angle of 5.9°
between the planes defined by O3/Ga1/0O1 and 03/Ga2/02.

Figure 3. Crystal structure of {{(Me;S1);CGaMe(OH)u-OH)MeGaC(SiMe, )5, -
H,0-2thf] (6) with anisotropic displacement parameters depicting 50 % probabili-
ty. All the hydrogen atoms of the molecule have been omitted for clarity.

‘Table 2. Selected bond lengths (A) and angles (") for [{{Me,;S1);CGaMe(OH)(p-
OH)MeGaC(SiMe,);} - T1,0-2 thf] (6).

Ga(1) -O(1) 1.895(4) Ga(2)-0(2) 1.918(4)
Ga(1)-0(3) 1.968 (4) Ga(2)-0(3) 1.963(3)
Ga(1)-C(1) 2.003(5) Ga(2) C(2) 2.024(4)
Ga(1)-C(3) 1.968(5) Ga(2)-C(4) 1.969(5)
O(1)-Ga(1)-0(3) 92.99(15) C2)-Ga2)-C4)  121.3(2)
C(H-Ga(D-C3) 121202 C21Ga2)-02) 11191 (17)
C(D-Ga(1)-0()  112.39(17) C(2-Ga(2)-0(3)  111.60(16)
C(1)»-Ga(1)-0(3)  111.97(16) C(#)-Ga(2-02)  110.0(2)
C(3)-Ga(1)-O(1) 109.7(2) C(4)-Ga(2)-0(3) 106.67(19)
C(3)-Ga(1)-0(3) 10572 Ga(1)-0(3%-Ga(2)  137.90(19)
0(2)-Ga(2)-0(3) 91.07(15)

In comparison to the starting material 2 (Ga—C, > 1.979 A,

Ga-C

“trisyl®

2.046 A) the Ga—C,,,,, distances (av. 1.968 A) and
Ga~-C,, (av. 2.013 A) are somewhat shorter, consistent with
the higher effective positive charge of the gallium atom caused
by the electronegative oxygen atoms. The Ga-OH(terminal)
bond lengths are shorter (av. 1.907 A) than the Ga - OH(bridg-
ing) bond lengths (av. 1.966 A), although an additional hydro-
gen atom bridges O1 and O2. The hydrogen bond closing the
ring between O1 and O2 is very short (01-02, 2.44 A) and
nearly linear (O-H-O, 176°). This hydrogen bond stabilises the
coordinated water molecule. Because of the lower Lewis acidity
of gallium compared to aluminium, the water proton is not
sufficiently acidic to permit methane formation from the
complex.
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Compound 6 shows a very unusual thermal stability in solu-
tion. No evolution of methane was observed, even in boiling
THF. After this reaction mixture had been cooled to —26°C,
compound 6 crystallised unchanged, as confirmed by X-ray dif-
fraction analyses. However, when the solvent was removed from
these crystals in vacuo at room temperature, compound 6 de-
composed immediately to several products, as shown by NMR
spectroscopy. This is probably due to the removal of the coordi-
nated THF molecules, which stabilise the terminal hydroxyl
protons. From this mixture of products the above-mentioned
galloxane 5 could be isolated only in low yield. However, if the
residue obtained by removal of the solvent of compound 6 was
heated in vacuo (at 150 °C for 4 h), followed by extraction with
THE, then 5 could be obtained from this solution after storage
at —26°C as colourless crystals in moderate yield [Eq. (11)].

T HOMe,50,C1 G001 OH) (1)

The IR spectrum of § shows the characteristic OH vibrations
as a sharp band (v = 3621 cm ™ '), indicating the presence of free
hydroxyl groups, not coordinated by THF. The signal of the
hydroxide protons can be detected by "H NMR spectroscopy as
a sharp singlet (8 = 2.07 in [DyJTHF); the resonances of the
trisyl protons are also observed as a singlet (6 = 0.32). The
singlet of the trisyl groups in the *°Si NMR spectrum is shifted
downfield (6 = — 2.6) relative to compound 2 (6 = — 3.8). Un-
fortunately, no 'HNMR spectrum of 5 in C¢;Dy could be
recorded owing to the poor solubility of the compound in this
solvent. The El mass spectrum shows the molecular ion peak
(m/e =1304), indicating the existence of this compound even in
the gas phase.

Suitable crystals of compound 5 for an X-ray diffraction anal-
ysis were obtained from THF (— 26 °C). The crystal structure of
5 is shown in Figure 4; selected bond lengths and angles are
given in Table 3.

@

Figure 4. Crystal structure of [{(Me;Si),C}.Ga,(u-0),(1-OH),] (5) with anisotrop-
ic displacement parameters depicting 50 % probability. All the hydrogen atoms of
the molecule have been omitted for clarity.

Compound 5, the smallest structurally characterised gallox-
ane hydroxide, crystallises in the cubic system (space group
Fd3). The central unit of 5 is a heteroadamantane core similar
to those observed for [(Ga,I,(SCH,),S,].1*3 It consists of four
equal six-membered Ga,Oj, rings in a chair conformation. Each
gallium atom is coordinated by one carbon and three oxygen
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‘Table 3. Selected bond lengths (A) and angles (%) for [[(Me;S1),C},Gay(u-0),(p-
OH),| (5) 3THFE.

Ga(l) O1) 1.8948(12) Si(2)-C(2) 1.883(3)
Ga(1)-0(1A) 1.8948(12) Si(2)-C(3) 1.881(3)
Ga(1)-0(1B) 1.8948(12) Si(2)-C(4) 1.873(3)
Ga(1)-C(1) 1.998 (4) C(1)-Si(2B) 1.8953(15)
Ga(1C)-0(1) 1.8948 (12) C()-S$i(2D) 1.8953(15)
Si(2)-C(1) 1.8953(15)

O(1A»Ga(1}-0O(1B)  100.45(9) CH-SID-C( 113.93¢11)
O(1A)Ga(D)-O(1)  100.45(9) C2)-Si(2)-C(1) 113.32(16)
O(UB)-Ga(D-O(1)  100.45(9) Ga(1)-0(1)-Ga(1C)  125.41(14)
O(1A»Ga(1)-C(1)  117.44(7) Si(2B)-C(1)-Si2D)  111.46(12)
O(1B)-Ga(D-C(1)  117.44(7) Si(2B)-C(1)-Si(2) 111.46(12)
O(1)-Ga(1)-C(1) 117.44(7) Si2D)-C(1)-Si{2) 111.46(12)
C(4)-Si(2)-C(3) 105.12(14) Si(2B)-C(1)-Ga(l)  107.4(13)
C(4)-Si(2)-C(2) 107.97(14) SiED)-C(1)-Ga(l)  107.4(13)
C(3)-Si(2)-C(2) 105.30(15) Si(2)-C(1)-Ga(1) 107.4(13)
C(4)-5i(2)-C(1) 110.66(13)

aloms in a distorted tetrahedral environment (av. O-Ga-O,
100.5%; O-Ga-C, 117.4°). Each oxygen atom is coordinated by
only two gallium atoms (av. Ga-O-Ga, 125.4%). in contrast to
[Ga,,tBu,,(1;-0)y(1-0),(u-OH), " and our previously de-
scribed [{Mes Gay(u;-0),(us-OH),} -6thf]*%) which are the
only other examples of galloxane hydroxides described in the
literature, and in contrast to the related indium compound
[{(Me,S1),C} In (u-O}p-OH) ] .4 Formally, the molecule
contains four hydroxyl and two oxide groups, but the four hy-
droxyl hydrogen atoms are statistically distributed on the six
oxygen atoms with the consequence that all gallium-—-oxygen
distances are equal. The short Ga—O distances (1.897 A) are
comparable with those observed for gallium oxide (1.87-
1.89 A)251 and Ga—(p,-O) distances in ({Mes,Gag(it;-0),(1t5-
OH),}-6thf] (1.855-1.890 A)126! and [Ga,,rBu,,(u,-O)y(u-
0),(u-OH),] (1.878-1.915 A).12%1 In contrast to [{Mes, Ga(u;-
0).(1;-OH),} -6 thf],[2°1 the hydroxyl groups of 5 do not
coordinate THF molecules. This may be due to the greater steric
demand of the trisyl groups compared to the mesityl groups.
The gallium-C,; , distances (1.998 A) arc somewhat shorter
than in compound 2 (2.046 A) and 6 (av. 2.014 A): this may be
due to the electron-withdrawing properties of the three oxygen
atoms coordinated at each gallium centre.

Hydrolysis of [(Me;Si),CAlMe,-thf] (1): In order to find out
whether the aluminium compounds are hydrolysed in the same
way as their gallium analogues, we monitored the reaction of 1
with water by "HNMR spectroscopy. The spectrum of 1 in
[DJTHEF (— 30 °C) shows two singlets, one for the trisyl group
(6 = 0.17) and one for the methyl groups bonded to aluminium
(6 = — 0.68). After addition of one equivalent of water at this
temperature, an upfield shift of the singlets of the trisyl group
(6 =0.16) and the methyl groups bonded to aluminium
(6 = — 0.82), as well as a signal for complexed water protons
(6 = 8.74), indicated formation of the aluminium -water com-

plex [Eq. (12)].
[(Me,Si),CAIMe, -thf] + H,0 12 —30C,
1

(12)
[{Me,Si),CAlMe,-OH, - nthf]

Compared with the homologous gallium compound
2-OH,-nTHF, the complex [(Me,;Si);CAlMe,-OH, -#nthf] is
stable at —30°C. The difference between the two complexes is
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the acidity of the water protons, which is shown by the distinct
downfield shift of the signal for the water protons (from
0 =687for2-:OH,-nTHF to é = 8.74for 1-OH,-nTHF). An-
other indication of the higher Lewis acidity of the aluminium
compound 1 with respect to the homologous gallium compound
2 is the temperature at which the elimination of methane takes
place. This begins at —20°C for 1-OH,-n THF and at 20 °C for
2-OH,-nTHEF, indicated by the decreasing signals of the com-
plexed water protons and the methyl groups bonded to alumini-
um along with the appearance of new signals in the range
0 = 6.7-35.2 for the hydroxyl groups and at 6 = 0.25 to —0.85
for the trisyl groups and the methyl groups bonded to alumini-
um. Unfortunately, the spectra in the range from —10°C to
room temperature show very complicated signal patterns, which
we were unable to interpret. As mentioned for the hydrolysis of
2, this could be due to the formation of various intermediates.
After reaching room temperature, the signal for the water pro-
tons completely disappears and the spectrum shows only the
signal pattern described above.

Equipped with these spectroscopic insights, we carried out the
hydrolysis of 1 on a preparative scale. The reaction of 1 with
1 molar equivalent of water (— 25 °C) led, with elimination of
methane, to the dimeric aluminium hydroxide 7 [Eq. (13)]. We

[(Me,Si);CAIMEe, -thf] —*3(:5;% 1[{(Me,S$i),CAIMe(s-OH)} , 2 thf]  (13)
1 —CH, 7

assume that the high acidity of the water protons in the complex

[(Me,Si);CAIMe,-H,0 - nthf] is the reason why we could not

obtain crystals suitable for X-ray structure analysis (the micro-

crystalline water adduct decomposed within several hours).

It should be noted that the hydrolysis of [(Me,Si);-
CGaMe, - thf] (2) gave [{(Me,Si),CGaMe(u-OH)},] (4) nearly
quantitatively, while the hydrolysis of 1 led to the formation of
several products, with 7 as the major component isolated in
yields from 45 to 64 % 1*3! Unfortunately, we have been unable
to isolate or identify the additional hydrolysis products up to
now.

The IR spectrum of 7 displays two types of hydroxyl groups:
a sharp band at ¥ = 3631 cm ™! indicating free OH groups due
to partial loss of THF from the crystals, and a broad band at
¥ =3230 cm ™! indicating coordinated OH groups. In the
"HNMR spectrum in C4Dy there is a corresponding singlet at
0 = 4.87(at 6 = 6.461in [Dg]THF). The trisyl proton resonances
are found as a singlet (6 = 0.43), shifted somewhat downfield
with respect to the corresponding signals in 1 (§ = 0.39) and in
the gallium hydroxide 4 (3 = 0.35). The 2°Si NMR spectrum of
7 shows, in contrast to the homologous gallium hydroxide 4,
only one singlet (3 = — 4.3 in C;Dy; 6 = — 4.5 in [D4]THF).
Compound 7 is dimeric in the solid state, as confirmed by X-ray
crystallography. The fragment ion [M — MeH] in the EI mass
spectrum indicates its dimeric nature in the gas phase. Crystals
suitable for X-ray diffraction analysis were obtained from THF
(3 months at —26 °C). The molecular structure of compound 7
is shown in Figure 5. Selected bond lengths and angles are given
in Table 4.

Compound 7, the first structurally characterised aluminium
hydroxide bearing methyl groups on the aluminium, crystallises
in the triclinic system (space group PT) with half a molecule in
the asymmetric unit. The other half is generated by a centre of
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Figure 5. Crystal structure of [{(Me,Si);CAlMe(x-OH)}, -2 thf] (7) with anisotrop-
ic displacement parameters depicting 50% probability. Al the hydrogen atorus of
the molecule have been omitted for clarity.

Table 4. Sefected bond lengths (A) and angles (") for [{(Me,Si),CAIMe(u-
OH)!,-2thf] (7).

Al(1)-0(1) 1.8230(2) Si(1)-C(13) 1.871(3)
AK1)~O(1A) 1.847(2) Si(2)-C(14) 1.873(4)
Al(1)-C(1) 2.016(3) Si(2)-C(1%) 1.881(3)
All1)-C(2) 1.951(3) Si(2)-C(16) 1.876(3)
C(-Si(1) 1.885(3) Si(3)-C(17) 1.882(4)
C(1)-Si2) 1.895(3) Si(3)-C(18) 1.870(4)
C(1)-Si(3) 1.898(3) Si(3)-C(19) 1.873(4)
Si(1)-C(11) 1.887(3) o)---0) 2.695
Si(1)-C(12) 1.877(3)

AlD-O(1)-Al(1A)  100.82(10) O(1A)-Al1)-C(1)  118.83(11)
O(1)-AL1)-O(1A)  79.18(10) O(1A)-AN1)-C(2)  108.67(13)
O(1)-Al(1)-C(1) 119.19(11) C)-Al(1)-C(2) 115.47(14)
O(1)-Al(1)-C(2) 110.09(13)

inversion in the middle of the ring. In contrast to the trimeric
gallium hydroxide 4, the molecule of 7 consists of a planar,
distorted four-membered Al,O, ring (av. Al-O-Al 100.8°,
0-Al-O 79.1°). Compared to the corresponding values in the
starting material 1 (av. Al-C 1.975 A, Al-C,, 2.030 A),
the aluminium-C,_,,,, distances (1.951 A) and aluminium-—
C iy distances (2.017 A) are somewhat shorter, an effect due to
the higher positive charge of the aluminium atom caused by the
electronegative oxygen atoms. Unlike the gallium hydroxide 4,
compound 7 has two THF molecules coordinated to the two
u-OH groups, indicating the higher polarity of the O~H bond
and hence the much more effective hydrogen bonding®! com-
pared to the situation in 4. The short O1---O2 distance
(2.695 A) together with the bending of the O—H - -+ Oy unit
(angle at H1 177.2°) reveal strong hydrogen bonding between
the THF molecule and the u-OH groups and are in good agree-
ment with the values observed for the related compounds
[{Mes,Al(u-OH)}, - 2thf]27 (av. O Oy distance 2.664 A,
av. angle at H of the O-H - - - Oy unit 169.4°) and [{(+Bu),Al(x-
OH)},-2hf]'** (av. O - - - Oy, distance 2.756 A, av. angle at H
of the O-H - Oyye unit 175.9°) and the water adduct
[AI(OSiPh,),(H,0)(thf),]™*" (av. O Oqyy distance 2.62 A).
Furthermore, the strongly coordinated THF molecules indicate
a more pronounced O°~ —H°* - - Q% charge polarisation and
therefore higher acidity of the hydrogen atoms in 7 compared to
4 (see Table 6). The presence of strongly coordinated THF mol-
ecules in 7 may also be the reason for the difference in the degree
of oligomerisation of these two hydroxides, although the cova-
lent radii of aluminium and gallium are nearly equal.!3%

methyl
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Compound 7 is stable towards decomposition at room tem-
perature for several days in the solid state, but in solution (as
well as in coordinating THF) it rapidly decomposes above
~10°C to give [{(Me;S1);C}4AL(1,-0),(1,-OH),] (8) (con-
firmed by mass spectroscopy) and other unidentified by-prod-
ucts. In contrast to the thermolysis of the gallium hydroxide 4,
we found no evidence for the formation of an alumoxane on
heating compound 7.

As observed for the gallium compound 2, the alumoxane
hydroxide 8 can be synthesised in higher yields by reaction of 1
with water. After addition of two equivalents of water to a
solution of 1in THF at — 10 °C, the reaction mixture was stirred
for 1 h at this temperature and then for 60 hours at room tem-
perature. The reaction mixture was filtered, the solvent removed
in vacuo and the pale yellow residue washed with pentane
to give compound 8 as a white solid in 92% yield [Eq. (14)].

THF, RT
—

4](Me,Si),CAIMe, - thf] [{(Me,8i);C}, Al (u-0),(u-OH),] (14)
1 8

4

A stable water complex corresponding to compound 6 was not
observed in our experiments, possibly due to the higher Lewis
acidity of aluminium in comparison to gallium.!**

The sharp band for the hydroxyl groups in the IR spectrum
of 8 (7 = 3629 cm ™ !) indicates the presence of free OH groups.
The singlet of the hydroxy! protons in the 'HNMR spectrum
(6 = 2.63) is downfield of the value for the corresponding galli-
um compound 5 (§ = 2.07), while the trisyl protons have nearly
the same chemical shift (8, = 0.31; 5, § = 0.32). The trisyl
groups resonate as a singlet in the 2°Si NMR spectrum
(6 = — 4.4), which is somewhat upfield of the value for the
homologous gallium compound 5 (6 = — 2.6). The mass spec-
trum shows at m/fe =1118 (20%) and 901 (100 %) signals of
fragment ions of 8 with loss of one methyl and one trisyl group,
respectively.

Crystals suitable for X-ray diffraction analysis were obtained
from THF (— 26 °C). The molecular structure of 8 is shown in
Figure 6; selected bond lengths and angles are given in Table 5.

Compound 8 crystallises in the cubic system {space group
Pa3). The core of 8 is an heteroadamantane-like structure with
an Al, O core, similar to that of compound 5 (a fit of compound
5 on compound 8 is given in Figure 7). The Al-O distances (av.
1.797 A) are shorter than the Ga—O distances in the gallium

Figure 6. Crystal structure of [{(Me,Si);C},Al(1-0),(u-OH),] (8)-0.5THF with
anisotropic displacement parameters depicting 50% probability. All the hydrogen
atoms of the molecule have been omitted for clarity.
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Table 5. Selected bond lengths (A) and angles (%) for [{(Me,S1),C} AL (u-0), (-
OH),] (8)-0.5THF.

Al()-0(1) 1.800(3) Al2)-0(1) 1.799(3)
Al(H-0(2) 1.790(3) Al(2)-0(1A) 1.799(3)
Al(1)-OQA) 1.798(3) Al2)-0(2A) 1.799(3)
Al(1)-C(1) 1.965(4) Al(2)-C(2) 1.966(7)
C{)-AID-0(1) 116.70(17) O(D-AL1-O(1A)  101.05(13)
C(1)-Al(1)-0(2) 116.95(17) OQ)»-Al(1)-0(2A)  101.38(18)
C)-ALD-0(2A)  117.26(16) CQ)-Al(2)-0(1) 116.96(10)
O(D)-Al(1)-0(2) 101.22(14) A-O(D-AL)  124.33(17)
O(1)-Al(1)-02A)  100.50(14) Al(1D-0(2)-Al(1A)  124.60(17)

Figure 7. Fit of the crystal structure of compound 6 (solid) onto the crystal struc-
ture of compound 8 (dashed line).

compound 5 (av. 1.895 A); this can be explained by the greater
oxophilicity and Lewis acidity of aluminium compared to galli-
um.[*® The same effect is observed for the metal-C,, dis-
tances (8 av.: 1.966 A:5av.: 1.998 A). The Al - Al distances
(av. 3.18 A) are somewhat longer than in [Cl,Al (u-NMe),(u-
NMe,),]*® (3.10 A), but distinctly shorter than in the related
aluminium - sulfur compound [AlI,(SCH,),S,]*?! (3.74 A),
which are the only other examples of aluminium compounds
with an heteroadamantane core.

A comparison of the chemical shifts and the characteristic
OH vibrations of the known organoaluminium and -gallium
compounds with the compounds reported here is given in
Table 6.

Conclusions

We have shown that the bulky tris(trimethylsilyl)methyl ligand
in trialkylaluminium and -gallium compounds can be used to
stabilise unusual reaction intermediates in hydrolysis studies. By
monitoring the hydrolysis using 'H NMR spectroscopy it is pos-
sible to determine the reaction conditions allowing the isolation
of intermediates. The first step of the hydrolysis is the formation
of the water adducts [(Me,;Si);CMMe, OH,-nthf] (M = Al,
Ga), which subsequently climinate methane to form the corre-
sponding hydroxides. Further thermolysis of these hydroxides
Jeads to the new metalloxane hydroxides [{{Me;Si);} M, (u-
0),(p-OH),] (M = Al, Ga) with a heteroadamantane-like core
in low yield, rather than the corresponding metalloxanes ob-
served for other aluminium and gallium hydroxides. These
metalloxane hydroxides can be prepared in higher yields by
reaction of the trialkylmetallanes with excess water.
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Table 6. Chemical shifts of hydroxide protons and #(OH) vibrations of organoalu-
minium and -gallium compounds.

$(OH) [em ']
(nujol mull)

Compound 3 [ppm]

8.05 (EL,0)
775 (Et,0)

8.16 (E1,0)

9.20 ([D,]THF)
7.20 ([Dg] THF)
8.74 ([D4]THF)
6.87 ((DJTHF )

6.50 (EL,0)
6.25 (Et,0)
6.30 (Et,0)

{Me,Al-OH.] {al, [52]
[Et,AL-OH,] [al. [52]
[(Bu;Al-OH,] {a]. {52]
[Mes,Al-OH,] [4]. [27]

[Mes Ga-OH,] [27]
[(Me,S1);CAIMe, OH, nthf] [a]
[(Me,S1),CGaMe, OH, nthf] [a]
[(Me,AlOH),] [a], [52]
[(ELAIOH),] {a]. [52]
[(/Bu,AIOH), ] [a]. [52]
{
[

(Mes,AIOH), -2thf] [27] 7.69 ([D,JTHF) 3702
{(Mc,Si),CAIMe(-OH)},-2thf] (7). 6.46 ([D,JTHF) 3631, 3230
487 (C,D,)
[(/Bu, AIOH),) [23] 2.02 (CDy) 3584
[(/BUAIOH),- 21hf} [23] 3.42(C,Dy) 3690
[(zBUAIOH),-MeCN] [24] 3.29 (C,Dy) 3586
[(/BuAIOH), 2 MeCN] [23] 3.90 (C,Dy) 3594
[(/BUAIOH)] [al. [23] 112 (CeDy) 3697
({Me,Si), CHELAIOHY [a], [53] 2.71 (C,Dy) 3700
[salen(/BwAIOH] {56} 1.52 (CDC,) 3474
[{(Me,EtC), Al(u-OH)} ] [a], (57] 2.06 (CDy) 3578 [d}
[{(Me,EtC), Al(u-OH)! ] [a], [57] 1.55 (C4Dy) 3673
[(Me,GaOH),] [54] 3571 [b]
[(Mes,GaOH), -thf] [27] 5.75 ([D,JTHF) 3653
[{1(Me,Si),CH},GaOH},] [53] 1.79 (C,Dg) 3663
L(/BuGaOH), - thf] [a]. [20] 482 (C4Dy) 3285
[(1BuGaOH),] [22] 0.73 (CDCL) 3613
[(rBuGaOH),] [21] 0.77 (CDCI,) 3610
[(/BuGaOH),] [20] 0.73 (C,Dy) 3610
[1C F.Ga(OH)CL},] [55) 0.29 (C,Dy) 3675
[1(Me ,81),CGaMe(p-OH)} ] (4) 2.34.2.02, 1.18 ([D,]THF)

244, 2.08,1.27 (C,Dy) 3615

[£(Me,8i),C1LAL(1-0),(1-OH)} 8)  2.75 (C,Dy) 3629
2.63 ([DLITHF)
[/Bu-ALOOH) [24] 2.29 (CDy) 3675
[1Bu,ALO(OH),] [24] 2.56.1.72 (C,D,) 3681, 3599
[BULALOL(OH),] [24] 271 (CeDy) 3610, 3599
[Bu,ALO,(OH).] [25] 248 (C,Dy) 3424
[1(Me,81),C1.Gai-0),(w-OH),] (5)  2.07 (IDyTHF) 3621
[1BU,>Gay0,(OH ), -4 K0T [25] 1.10 (C4Dy) 3600
[Mes,Ga,O,(OH), 4 thf] [26] 6.47. 525 (DLTHF) [¢] 3673

{a] No structural information. [b] Coordinated OH. [¢] rac-, meso-form. [d] Solution
in C,Dy.

Experimental Section

All experiments were performed using standard Schlenk techniques under an
atmosphere of dry nitrogen becausc of the sensitivity of the reagents and the
products towards air and moisture. A Braun MB 150-G! drybox was used to
store the compounds and to prepare the samples for spectroscopic character-
isation. All solvents were dried over sodium/benzophenone, freshly distilled
and degassed prior to use. Chlorodimethylalane was purchased from Aldrich
Chemical Co, chiorodimethylgallane!® and [(Me,Si),CLi-2thf]?? 2! were
prepared as described in the literature.

Elemental analyses were performed by the analytical laboratory of the Insti-
tut fiir Anorganische Chemie der Universitdt Gottingen. It is known from the
literature that the values of carbon in Group 13 compounds are often incor-
rect due to the generation of metal carbides.!”!? In the compounds containing
silicon reported here this deficit is further increased by the generation of
silicon carbide. NMR spectra were recorded on MSL-400 Bruker, AM-250
Bruker and AM-200 Bruker spectrometers and were relerred to external
TMS. FT-IR spectra were measured on a Bio-Rad FTS-7 as Nujol mulls
belween KBr plates in the range 4000- 400 cm ™! (abbreviations used: vs,
very strong: §. strong; m, medium) and El mass spectra on Finnigan
MAT 8230 or Varian MAT CH 5 instruments. Melting points were measured
in sealed glass tubes and are not corrected.

1790 ——- i WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

[(Me;Si);CAlMe,thi] (1): To a stirred solution of [(Me;Si),CLi-2th{] in
THF (80 mL), prepared from tris(trimethylsilyl)methane (20.3 g, 87.2 mmol)
and methyllithium (54.5 mL, 1.6Mm in Et,O, 87.2 mmol), was slowly added a
solution of chlorodimethylalane (8.14 g, 88.0 mmol) in hexane (40 mL) at
room temperature. The reaction mixture was stirred overnight at room tem-
perature, the solvent removed in vacuo and the slightly yellow residue extract-
ed with hexane (150 mL). Removal of the solvent and sublimation of the
white powder in vacuo (1072 Torr) at 150 °C gave product | as colourless
crystals (26.6 g, 85%). M.p. 211 °C: '"HNMR (250.13 MHz, C,D,): § = 3.53
(m, 4H, OCH,CH,). 0.98 (m, 4H, OCH,CH,), 0.39 (s, 27H, Si(CH,),).
—0.37 (s, 6H., Al(CH,),); *C NMR (100.60 MHz, C.D,): ¢ =71.8
(OCH,CH,). 24.5 (OCH,CH,), 6.4 (Si(CH;);). 3.4 (C(SiMe,),). —2.5
(A(CH,;),); 2°Si NMR(79.46 MHz, C.D,): 6 = — 4.3 (s); MS (70 ¢V): mje
(%) = 273 ({M — Me — THF], 100); IR (Nujol mull): ¥ =1348 (m), 1257
(vs), 1247 (vs). 1194 (s). 1044 (m), 1006 (s), 962 (m), 924 (m}, 853 (vs), 785
(s), 722 (m). 701 (s), 671 (vs). 666 (vs), 566 (m)cm™'; C, H,,AlOSi,
(360.75): caled C 53.27, H 11.46, A1 7.48, Si 23.36; found 51.1, H 11.2, Al 7.3,
Si 22.8.

[(Me,Si);CGaMe, thf] (2): A solution of chlorodimethylgallane (8.72 g.
64.5 mmol) in hexane (40 mL) was slowly added dropwise to a stirred solution
of [(Me,Si);CLi-2thf] in THF (80 mL), prepared from tris(trimethylsi-
lyl)methane (15.0 g, 64.5 mmol) and methyllithium (40.3 mL. 1.6M in Et,0.
64.5 mmol), at room temperature. The reaction was stirred for 15 h at room
temperature, all volatiles were removed in vacuo, the yellow residue extracted
with hexane (100 mL) and the solvent removed in vacuo to yield product 2 as
a colourless solid (23.4¢, 90%). M.p. 244°C; 'HNMR (250.13 MHz,
[Dg]THF): 6 = 3.62 (m, 4H, OCH,CH,), 1.77 (m, 4H, OCH,CH,), 0.17 (s,
27H, Si(CH;);). —0.18 (s, 6H, Ga(CH,);); *°Si NMR (49.69 MHz.
[D,ITHF): 6 = — 3.8 (s); MS (70 eV): mje (%) = 389 ([M — Me]. 5), 315
(M — THF — MeH], 100); IR (Nujol mull): ¥ =1285 (m), 1261 (vs), 1199
(m), 1092 (m), 1030 (s), 858 (vs), 800 (vs), 725 (m), 674 (vs), 659 (s), 630 (m).
614 (m), 559 (m), 541 (m), 455 (m) cm ™~ '; C, (H,,GaOSi, (403.49): caled C
47.63, H 10.24, Ga 17.28, Si 20.89; found C 47.3, H 10.2, Ga 17.0. Si 20.5.

[(Me;Si),CGaMe,] (3): Compound 2 (23.4 g, 58.0 mmol) was sublimed in
vacuo (1072 Torr) at 110°C to yield the solvent-free product 3 as slightly
yellow crystals (18.0 g, 94%). M.p. 278 °C; '"H NMR (250.13 MHz, C,D,):
d=022 (s, 27H, Si(CH,),), 0.20 (s, 6H, Ga(CH,);); '"*C NMR
(100.60 MHz, C,D,): 8=56 (Si(CH,),), 34 (C(SiMey),). —14
(Ga(CH,);); **Si NMR (49.69 MHz, C,D,): 6 = — 4.5(s); MS (70 eV): mie
(%) = 331 ([M]. 2), 315 ((M — MeH], 100); IR (Nujol mull): ¥ =1285 (m).
1261 (vs). 1253 (vs), 1199 (m), 1033 (m), 859 (vs), 842 (vs), 779 (s), 725 (m),
674 (vs), 658 (s). 630 (m}, 614 (m), 559 (m), 541 (m)em™': C,,H,;GaSi,
(331.39): caled C 43.49, H 10.04, Si 25.43; found C 43.5, H 10.1, Si 24.8.

[{(Me,Si),CGaMe(u-OH)}, | (4):
Method 1: To a solution of compound 2 (2.25 g, 6.79 mmol) in THF (20 mL)
was slowly added at 0 °C a solution of degassed water (122 pL., 6.77 mmol) in
THF (20 mL). The rcaction mixture was stirred for 1 h at 0°C and then for
18 h at room temperature. The clear solution was concentrated under reduced
pressure (10 mL) and stored for 3d in a freezer at —26°C to vield 4 as
colourless crystals (1.63 g, 72%). M.p. 263°C; '"HNMR (250.13 MHz,
CyDg): 0 =2.44 (s, 1 H, OH). 2.08 (s, 1 H, OH). 1.27 (s. 1H, OH), 0.39 (s.
9H, GaCH,), 0.35 (s, 81 H, Si(CH,),); 'HNMR (200.13 MHz. [D,|THF):
0 =2.34(s,1H,OH),2.02(s, 1 H, OH), 1.18 (s, L H, OH), 0.29-0.13 (m(br.),
90H, SiCH, and GaCH,); **Si NMR (49.69 MHz, C,D¢): 6 = — 3.2 (s).
—3.4(s), —3.6 (5); *°Si NMR (79.46 MHz, [DTHF): § = — 3.2 (s), —3.4
(), —3.6 (s): MS (70eV): mle (%) =767 (IM — C(SiMe;),), 8), 749
([M — C(SiMe;); — H,0}, 4), 315 ([(Me;Si);CGa0]. 100); IR (Nujol mull):
¥ = 3615 (s, OH). 1261 (vs), 1251 (vs), 1215 (m), 1020 (s), 976 (s), 861 (vs).
843 (vs). 804 (s), 784 (s), 752 (m). 722 (s), 672 (s), 661 (s), 628 (m), 616 (m).
561 (m), 500 (s) em ™ *; C4,H,,Ga,0,Si, (1000.07): caled C 39.63. H 9.37, Ga
20.91, Si 25.28; found C 39.8, H 9.4, Ga 20.7, Si 25.5.

Method 2: Degassed water (54.0 uL, 3.02 mmol) was added by means of a
syringe to a solution of compound 3 (1.00 g, 3.02 mmol) in hexane (40 mL)
at 0°C. The solution was stirred at 0°C for 1 h and then for 20 h at room
temperature. After filtration through Celite, the reaction mixture was concen-
trated under reduced pressure (15 mL) and stored for 3 days at —26 C to
yield product 4 as colourless crystals (0.88 g, 88%). The spectroscopic data
are 1dentical to those of product 4 obtained using Method 1.

0947-6539/97/0311-1790 $ 17.50 + .50/0 Chem. Eur. J. 1997, 3, No. 11





Metallanes of Aluminium and Gallium

17831792

[{(Me,Si),C} ,Ga,(¢-0),(ui-OH),j (5): To a stirred solution of compound 2
(1.51 g, 4.56 mmol) in THF (20 mL) was slowly added a solution of degassed
water (164 pL, 9.12 mmol) in THF (20 mL) at room temperature. The reac-
tion mixture was stirred for 24 h at room temperature, the solvent removed
in vacuo and the slightly yeliow residue heated without solvent to 150 °C for
4 h. Recrystallization of the crude product from THF at —26 °C gave com-
pound 5 (0.82 g, 55%) as colourless crystals; m.p. 335°C. Crystals suitable
for X-ray diffraction analysis, 5-3 THF, were obtained from THF at —26 °C.
"HNMR (250.13 MHz, [DJTHF): & = 207 (s, 4H, OH), 0.32 (s, 108°H,
SI(CH,),); 29Si NMR (49.69 MHz, [DJTHF): § = — 2.6 (s); MS (70 eV):
mje (%) =1304 (M ~H], 10), 1289 (M —Me], 30), 1073
{{M — C(SiMe,),}, 60), 315 ([{Me;S1),CGa0], 100); IR (Nujol muil):
¥ = 3621 (m, OH), 1262 (s), 1253 (s), 1097 (m), 1018 (m), 974 (m), 860 (vs),
847 (vs), 803 (s), 674 (m), 528 (m) cm ™ *; C, H |, ,Ga,0,5i, , (1305.29): calcd
C 36.81, H 8.65, Ga 21.37, Si 25.82; found C 37.2, H 8.6, Ga 21.3, Si 26.0.

[{{Me,Si),CGaMe(OH)(u-OH)MeGaC(SiMe,),} -H,0-2thf] (6): To a
stirred solution of 2 (2.23 g, 6.73 mmol) in THF (30 mL) was slowly added at
0°C a solution of degassed water (242 pL, 13.4 mmol) in THF (20 mL). The
reaction mixture was stirred for 1 h at 0°C and then 18 h at room tempera-
ture. The solution was concentrated under reduced pressure (10 mL) and
cooled for 3d in a freezer (— 26°C) to yield compound 6 as colourless
crystals. Removal of solvent from the crystals in vacuo led to decomposition
of 6.

1{(Me,Si),CAIMe(u-OH)}, -2 thf] (7): A solution of degassed water (50 pL,
2.77 mmol) in THF (20 mL) was slowly added dropwise to a solution of 1
(1.00 g, 2.77 mmol) in THF (20 mL) at —25“C. The solution was stirred for
1h at —20°C and then concentrated under reduced pressure (10 mL) at
—25°C. Cooling overnight in a freezer at —26°C produced colourless crys-
tals of 7, which were filtered and dried at —20°C (0.64 g, 64%). M.p. 137°C
(decomp.); "HNMR (200.13 MHz, C,D,): 5 = 4.87 (s, 2H, OH), 3.51 (m,
8H, OCH,CH,), 1.36 (m. 8 H, OCH,CH,), 0.36 (s, 54H, SiCH,}, —0.14 (s,
6H, AICH,); "HNMR {200.13 MHz, [D|THF): § = 6.46 (s, 2H, OH), 3.62
(m, 8H, OCH,CH,), 1.78 (m, 8, OCH,CH,), 0.22 (s, 54 H, SiCH,), —0.48
(s, 6H, AICH,); 2°Si NMR (49.69 MHz, C,Dy): 6 = — 4.3 (s); 2°Si NMR
(49.69 MHz, [Dy]JTHF): 6= —45 MS (70eV): mje (%) =565
(M — 2THF — MeH], 8), 547 ({M — 2THF — MeH — H,0], 40), 349
([M — 2THF — C(SiMe,);], 40), 331 ((M — 2THF — C(SiMe,), — H,0],

Table 7. Crystal data for compounds 1, 2, 4, 5-3THF, 6, 7 and 8-0.5THF.

100); IR (Nujol mull): ¥ = 3631 (m, OH), 3230 (m. OH). 1252 (s). 1062 (s),
1050 (s), 978 (s), 851 (vs). 805 (s), 754 (m), 722 (m). 674 (s). 666 (5). 623 (m).
570 (m) cm ~1; C o HogALO,Si, (725.45) C 49.67, H 10.84, Al 7.44. $i 23.23;
found C 47.6, H 10.4, Al 7.8, Si 23.0.

[{(Me;8i),C} Al (#-0),(u1-OH),| (8): To a stirred solution of 1 (5.00 g.
13.9 mmol) in THF (40 mL) was slowly added at —10°C a solution of de-
gassed water (499 pL., 27.69 mmol) in THF (20 mL). The reaction mixture
was stirred for 1 h at —10°C and then for 60 h at room temperature. After
filtration through Celite and removal of the solvent in vacuo, the pale yellow
residue was washed with pentane (20 mL) to yield compound 8 (3.72 g, 92%)
as a colourless solid; m.p. 293°C. Crystals suitable for X-ray diffraction
analysis, 8-0.5THF, were obtained from THF at —26°C. 'HNMR
(250.13 MHz, C(D¢): 6 =275 (s, 4H, OH). 0.43 (s, 108H, Si(CH;),);
'HNMR (200.13 MHz, [D,JTHF): 6 = 2.63 (s. 4H, OH). 0.31 (s, 108 H,
Si(CH,),); *C NMR (100.60 MHz, C,D): d =63 (S{CH,),). ~08
(C(SiMe,),); 29Si NMR (79.46 MHz, C,Dg): 6 = — 4.0 (s): 2°Si NMR
(49.70 MHz, [D¢JTHF): 6= —44 (s); MS (70eV): m/e (%) =1118
([M —~ MeH], 20), 901 ([M — HC(SiMe,),). 100); IR (Nujol mull): ¥ = 3629
(m, OH), 1271 (m), 1252 (s), 978 (s), 938 (m). 862 (vs), 8358 (vs), 794 (s), 670
(m), 631 (m), 561 (m) cm ™ ; C, H,,,Al,O048i,, (1134.33): caled C 42.35, H,
9.95, Al 9.51, Si 28.72; found C 42.5, H 10.0. Al 8.9, Si 25.0.

Crystal structure solution and refinement for 1, 2, 4, 5-:3THF, 6, 7 and
8:0.5THF (Table 7): Diffraction data for compound 1, 2, 5-3THF and 6
were collected on a Stoe-Siemens AED four-circle diffractometer. For com-
pounds 4, 7 and 8-0.5THF diftraction data were collected on a Stoe-
Siemens—Huber four-circle diffractometer equipped with a Siemens SMART
CCD area detector. Moy, radiation (2 = 0.71073 A) was used in all cases. For
compound 6 a semi-empirical absorption correction using the program
XPREPU® was performed. Diffraction data for compounds 4, 7 and
8-0.5THF were corrected for absorption with the program SADABS.!%%

Structures were solved with direct methods (SHELXS-96)!%°1 and refined
against F? using all data (SHELXL-97).19*1 All non-hydrogen atoms in com-
pounds 1, 2, 5-3THF, 6, 7 and 8 0.5 THF were refined anisotropically. The
coordinates of hydroxy! hydrogens were refined free, with the OH distance
being restrained to a standard value. All other hydrogen atoms were included
in calculated positions using the riding model. Compounds 1 and 2 are
isomorphic.

1 2 4 5 3THF 6 7 8 0.5THF
formula C,H,AlOSI;  C,6H,.,Ga0Si; C33He3Ga 0,81, Cs,H 3,Ga, 0,81, CyHgoGa,0:8i;  CioH..ALOSI,  CyuoH,6ALO, (S,
M, 360.74 403.48 1000.5 1527.62 828.92 725.42 1170.35
cryst. size (mm] 0.5%05%x03  07x07x0.7 05x05x0.5 0.8x0.8x0.8 0.5%0.5x0.15 0.5%x0.5x%0.5 0.7x0.7x%0.7
TK] 193(2) 193(2) 193(2) 213(2) 193(2) 133(2) 193(2)
crystal system monoclinic monoclinic monoclinic cubic monoclinic triclinic cubic
space group P2,jn (no. 14) P2,/n(no.14) P2jc (no. 14) Fd3 (no. 203) P2,jc (no. 14) PT (no. 2) Pu3 (no. 205)
a (A} 9.531(3) 9.523(1) 14.071(3) 25.379(3) 13.986(4) 9.808(2) 24.041(3)
b[A] 18.892(4) 18.865(2) 31.069 (6) 25.379(3) 24.334(38) 10.125(2) 24.041(3)
¢ [A] 12.605(5) 12.722(2) 14.277(3) 25.379(3) 13.705(5) 12.058(3) 24.041(3)
2 7] 90 90 90 90 90 100.57(3) 90
B 91.42(5) 91.45(2) 118.19(3) 90 97.31(2) 110.37(3) 90
y[4] 90 90 90 90 90 94.85(3) 90
cell ¥ {A%] 2269(1) 2284.9(6) 5501¢2) 16347(3) 4626(3) 1089.1(4) 13895(3)
z 4 4 4 8 4 1 8
Poatea [gem 7] 1.056 1.173 1.208 1.236 1.190 1.106 1.119
wlmm~1] 0.247 1.361 1.68 1.522 1.35 0.264 0.311
F(000) 800 872 2136 6496 1784 400 5120
26 range [] 6<20<50 6<20<55 4<20<50 8<20<45 6<20<45 4<20<53 4<20<50
no. reflections measured 4835 6159 47270 2687 14478 13887 137459
no. unique reflections 3978 5233 9358 906 6036 4387 3942
Rin 0.024 0.0169 0.027 0.036 0.070 0.061 0.0599
min/max transmission - - 0.374 / 0.562 0.139/0.175 0.601 / 0.894 0.664 / 0.862
no. of restraints 0 0 6938 [d] 91 1280 1 22
refined parameters 201 201 1071 [d] 87 577 204 222
extinction - - - - - - -
goodness of fit S [a] 1.058 1.042 1.202 [d] 1.037 1.040 1.038 1.238
R1 [I>20(D)] [b] 0.0491 0.0429 0.1092 {d] 0.0277 0.0489 0.0593 0.0745
wR2 [c] [all data] 0.1235 0.1151 0.2845 [d] 0.0671 0.1264 0.1764 0.1419
largest diff. peak/hole [e A ~3) 0.37/ —0.23 0.82/ — 0.89 1.28/ —1.22[d]  0.24/ — 0.15 0.88/ —0.35 0.88/ — 0.68 0.37; — 0.25

[a] S =[Zw(FZ = F*2(n—pl'"2.1b] R =X\E| — |FI/SIF. [c] wR2 = [Ew(F2 — F2)?]/[Xw(F2)?]Y2. [d] See X-ray part in Experimental Section.
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The assignment of a space group for 4 is problematic. The reflections with
indices 0/ (/% 2 n) are clearly systematically absent, thus indicating a ¢ glide
plane. In contrast, the mean intensity of the reflections 0k0 (k2 n) is about
seven times less than the intensity of a general reflection but still much higher
than the intensity of the reflections defining the glide plane. The |E? —1]
statistic gives the ambiguous valae of 0.893.

The structure could not be refined satisfactorily in the space group P2,/c, as
peaks of height more than 10 ¢A~* appeared ~1.5A from each gallium
atom on the difference electron density map. The difference peaks might be
interpreted as an alternative orientation of the six-membered ring. The trisyl
ligands also seem to be severely disordered. The disorder is also present in the
space group Pc. Refinement of disorder reduced the residual density to
1.3¢A"% and the Rf to 0.109 (wR2 = 0.285), but this is still not entirely
satisfactory. For this reason we do not discuss the structure in detail and have
not deposited coordinates.

Orthorhombic twinning (by & = @+ ¢ and ¢’ = a — ¢) or a hexagonal twisting
(by rotation around the b axis) is impossible since the value of R, for both
higher symmetry Laue groups is too high (about 0.5 for both cases).

The trisyl group around C2 in 6 is disordered over two sets of positions with
occupancy of 7:3. The coordinated THF molecules also show signs of disor-
der. Chemically equivalent 1,2~ and 1,3-distances in the trisyl groups and the
THFs werc restrained to be equal; anisotropic refinement of the disordered
parts was made possible by rigid-bond and similarity restraints. The bridging
hydrogen atom was refined without geometrical restraints.

One of the THF molecules is disordered around a 23 site and another around
a 3 site. The oxygen position of the solvent molecules could not be assigned
and alt atoms were refined as CH, groups. Chemically equivalent 1,2- and
1.3-distances in those molecules were constrained to be equal. Due to severe
overlap of the atomic positions, only one common isotropic displacement
parameter was refined for each of these molecules. The solvent sites may not
be fully occupied.

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-100288. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: depositi@;ccde.cam.ac.uk).
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Intermediates in the Catalytic Dehydrogenative Coupling of Arylgermanes

John E. Bender 1V, Kyle E. Litz, Dimitrios Giarikos, Norman J. Wells,*
Mark M. Banaszak Holl,* and Jeff W. Kampf

Abstract: The use of a new electron-with-
drawing germane, H,Ge[3,5<(CF,),C H;l,
(3), has facilitated the isolation and
characterization of three new complexes
implicated in the dehydrogenative cou-

form of this product, [(Et,P),HPtGe(Ar),-
Ge(Ar),PtH(PEL;),] (6). Complexes such
as 6 and 8 have not previously been isolat-
ed as intermediates in dehydrogenative
coupling reactions. An X-ray crystal

structure was determined for complex 6,
confirming the cis geometry of the hydro-
gen and germanium ligands; this provides
yet another example of the stability of
germyl hydrides towards reductive elimi-

pling of bisarylgermanes by Pt®-phos-

phane complexes. The intermediates

include a digermyl species, trans- Keywords
[(Et;P),Pt{GeH(Ar),},] (7), a bound di-

germane showing the first stage of Ge—Ge um - platinum -
catenation,  cis-[(Et;P),Pt(H){Ge(Ar),-

GeH(Ar),}] (8), and the Ge—H activated

Introduction

Dehydrocoupling reactions of silanes and germanes have at-
tracted considerable attention in recent years owing to an in-
creased interest in silicon and germanium backbone poly-
mers.! 731 Interesting conduction, photoconduction, and
thermochromic properties have spurred further investigations
of the materials and encouraged efforts to control macromolec-
ular properties, such as molecular weight and polydispersity.
Significant progress has been achieved in the areas of new cata-
lyst development and understanding of the mechanisms in-
volved. Key breakthroughs include the development of Cp,M
(M = Ti, Zr)-derived catalysts that greatly enhance the degree
of polymerization possible,* ! and the recent discovery of a
Ru-based demethanative coupling catalyst.[®] Progress has also
been made towards understanding the mechanism of the plat-
inum- and palladium-based oligomerization catalysts. How-
ever, important aspects of the reaction have remained elusive,
including the role of silylene or germylene complexes in the
formation of the E-E bond (E = Si, Ge).l"!
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nation. A similar c¢is geometry was ob-
served for complex 8. Performing the de-
hydrogenative coupling reaction under a
CQO, atmosphere failed to yield any prod-
ucts containing trapped germylene spe-

+ structure elucidation cies.

Recently, we observed the reversible reaction of the dihy-
drogermane H,Ge[N(SiMe,),|, with (Et,P),Pt(CO), to give
cis-{(Et;P),Pt(H)Ge(H){N(SiMe,),},] (1) and then [(Et,P),-
PtGe{N(SiMe;),},] (2) in a stepwise conversion with loss of CO
and H, .8 The observation of a stable #'-germylene complex in
the dehydrogenative reaction of a germane demonstrates that
germylene formation accompanied by loss of H, is a feasible
step in the dehydrogenative coupling of germanes. In this case,
the steric bulk of the germane prevented oligomerization. In
order to probe the role of germylenes in the dehydrocoupling
reaction, we decided to utilize the stable germylene complex 2 as
a precatalyst, and to add a less sterically bulky bisarylgermane
as the substrate.

The electronic character of the ligands on the germanium
were expected to play a major role in determining the stability
of the metal — germylene species and should have interesting ef-
fects on the physical properties of the germanc oligomer as well.
It was hoped that the presence of electron-withdrawing groups
would strengthen the m-interaction between the filled Pt d or-
bitals and the empty germanium p orbitals. In addition, the Si
and Ge polymers tend to have relatively low oxidation poten-
tials,’™ and the introduction of electron-withdrawing groups
could help to stabilize the polymers. Trifluoromethy! groups
were chosen to functionalize the phenyl rings because they were
expected to yield hydrocarbon-soluble complexes and polymers.
Halogenated functional groups, although very desirable as part
of a polymer, are problematic in the monomer because they can
be sensitive to the Wurtz coupling conditions"'® as well as to the
dehydrogenative coupling catalysts based on Group 4 transition
metals.!'!!
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Experimental Section

All procedures utilized air-free techniques and dry, de-oxygenated sol-
vents.!'?! GeBr, was preparcd by the method of Curtis and Wolber.!'¥ 3,5-
bis(trifluoromethyl)bromobenzene was used as received from Aldrich. Com-
plex 2 was synthesized according to the literature procedure.®*! 'H
(360 MHz) and '*C NMR (90.6 MHz) spectra were recorded in C;Dy and
shifts referenced to the residual protons of C;Dy at 6 =7.15 and the natural
abundance '3C in C D, at é =128.0, respectively. *'P shifts are reported
against 85% H,PO, in D,0. IR spectra were recorded on a Nicolet SDXB
spectrometer.

H,Gel3,5-(CF,),CeH;l, (3): A LiAlH, pellet (0.361 g, 9.48 mmol) was dis-
solved in cther (30 mL) by stirring at RT for 2 h; a slight gray residue
remained. The LiAIH, solution was cooled to —78°C and a solution of
[3.5-(CF,),C H,4),GeBr, (7.50 g, 11.4 mmol) in ether (15 mL) was added
slowly by syringe. The mixture was allowed to warm to ambient temperature
and stirred for an additional 30 minutes. Ether was removed in vacuo leaving
a gray-white solid which was extracted with warm hexane (2 x 40 mL). The
extracts were combined and the solvent was removed to give a white solid.
Vacuum sublimation at 65-70°C gave 4.81 g (84 %) of fur-like, air-stable,
white crystals. 'HNMR (CeDy): 6 = 4.59 (s, 2H, GeH), 7.55 (s, 4H, 0-CH),
7.70 (s, 2H, p-CH); '*C NMR (C(Dy): 6 =135.90 (s, i-C), 134.88 (m, m-
CIy, 131.79 [q. C-CF,, 2KFC)=33.2Hz], 123.67 [heptet, p-CH,
AJ(ECY = 3.6 Hz). 123.76 [q, CF,, "J(F.C) = 273.1 Hz]; **F NMR (CyDy):
b= — 6281 (s, CF,): IR (Nujol/NaCl): ¥ = 2086 em ™! (Ge-H).

Br,Ge[3,5-(CF,),C¢H,| 4): 3,5-Bis(trifluoromethyl)bromobenzene
(22.8mL, 0.132mol) was added in 3 portions to Mg turnings (3.35g,
0.138 mol) suspended in ether (100 mL) at 0 °C. The resulting dark brown-red
mixture was added slowly by cannula over a period of 1 h to a solution of
GeBr, (49.24 g, 0.1255 mol) in ether (150 mL) at 0 °C. The reaction mixture
was then allowed to warm to 20 °C and stirred for 12 h. Ether was removed
in vacuo and the solid residue was extracted with hexane (2 x 100 mL). The
solids were allowed to settle and the extract removed with a syringe. Removal
of hexane in vacuo left a crude liquid product. Vacuum distillation (65°C,
10" * Torr) gave a colorless liquid. Yield: 48.37 g (73%); "HNMR (C;Dy):
3 =7.61(s,2H, 0-CH), 7.87 (s, 1 H, para-CH); >C NMR (C,Dy): § =123.0
[q. CF,. "J(E.C) = 273.5 Hz], 126.4 [heptet, p-CH. 3J(F.C) = 3.7 Hz], 131.02
(m, m-CH), 132.65[q. - CF,, 2/(F,C) = 34.0 Hz], 139.54 (s, i-C); ! °F NMR
(CyDy): 0 = — 63.062 (s, CFy).

Br,Ge|3,5-(CF,),C.H,], (5): 3,5-Bis(trifluoromethyl)bromobenzene
(6.90 mL, 0.040 mol) was added in 2 portions to Mg turnings (0.971 g) sus-
pended in ether (60 mL) at 0°C. The resulting Grignard reagent was added
slowly to a solution of 3,5-(CF,),C H;GeBr, (20.04 g, 0.038 mol) in ether
(50 mL) at 0°C. Within 30 minutes, a precipitate appeared; the dark red-
brown mixture was stirred for 12 h at 20 °C. The ether was removed in vacuo
and the resulting mixture of liquid and solid extracted with warm hexane
(2 x 50 mL). The extracts were combined and evaporated to give a viscous
brown oil. Vacuum distillation (88—90°C, 10 " Torr) gave 9.57 g of a color-
less 0il (38 %). "H NMR (C,D,): 8 =7.53 (s, 2H, p-CH), 7.82 (s, 4H, 0-CH):
13C NMR (CDy): § =123.18 [q. CF,, "J(F,C) = 273.5 Hz], 126.11 [heptet,
p-CH. *J(EC) = 3.6 Hz), 132.58 (m, m-CH), 132.92 [q, C-CF,. 2J(F.C),
33.9 Hz], 137.04 {s, i-C). A small amount (< 5%) of an umdentified impurity
was also present, probably [3.5-(CF,),C.H,],;GeBr. It does not yield a
volatile hydrogenation product which makes separation convenient following
hydrogenation.

I(Et,P),HPtGe(Ar),Ge(An),PtH(PEL,),] (6): [(Et;P),PtGe{N(SiMe,),},]
(2) (203 mg, 0.25 mmol) was heated to 40 °C in benzene (15 mL) in the pres-
ence of H,Ge(Ar), (123 mg, 0.25 mmol). An initially formed white precipi-
tate redissolved over a 4 h period at which time all volatiles were removed in
vacuo. The resulting white solid was recrystallized from ether to afford 6
(52 mg, 23%). ‘HNMR ([D4ITHF): 8 = — 4.67 [dd w/Pt satellites, 2H,
2J(P.H) =159 Hz, 2J(P,H) =16.5 Hz, 'J(Pt,H) =767 Hz], 0.74 (m, 18H,
CH,CH,),0.95(m. 18H.CH,CH};), 1.34 (m, 12H, CH,CH,), 1.79 (m, 12H,
CH,CH,). 7.75 (s. 4H, p-CH), 8.01 (s, 8H, 0-CH); '*C NMR ([Dg]THF):
§=137.0 (m). 13040 [q. C-CF,, 2J(F.C)=322Hz], 125.12 [q. CF,,
'HF.Cy=272.7 Hz]. 121.0 {m). 22.53 (m, CH,CH,)}, 19.14 (m. CH,CH,),
8.78 (m, CH,CH,); *'P NMR (CDy): 4 =18.54 [dd with Pt satellites,
YJPLP)=2270 Hz, *J(P,P)=13Hz] 13.88 [dd with Pt satellites,
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LI(PL.P) = 2220 Hz, 2J(P.P) =16 Hz]; TR (Nujol/NaClj: @ = 2052 cm ™!
(Pt—H): MS (CH,. CI): m/z = 931 with an isotope pattern consistent with
the molecular formula C, H,,Ge,P,Pt,. We were unable to detect the ipso-
carbon in either [D¢]benzene or [D]JTHE.

Crystal structure anmalysis of 6:1'°! Space group P2,/c, «=1186.3(2).
b =1575.2(2), c = 2001.3(2) pm, B =102.12(1)", ¥ = 3.6564(9) nm®, Z = 2,
w(Moyg,) =1.147mm™ . 9186 reflections measured, 20,,, = 52*, T =178 K.
empirical absorption correction (XABS 2), 7176 unique reflections. refined in
full-matrix on F2. All non-hydrogen atoms anisotropic, H atoms in idealized
positions. R1 = 0.028, wR? = 0.056 (I>201); R1 = 0.046. wR* = 0.058 (all
data).

trans-{(Et,P),Pt{GeH(Ar),},] (7): A benzene solution (3 mL) of [(Et,P),-
PtGe{N(SiMe,),},] (2) (150 mg, 0.182 mmol) and H,Ge(Ar), (182 mg.
0.364 mmol) was stirred at 20 “C for 2.5 h. Dissolution of the starting mate-
rials was followed by evolution of gas and rapid formation of a white precip-
itate. The volume of the solution was reduced by half and filtered to give 7
as a white powder (163 mg, 63%). 'HNMR ({D4]THF): § = $.14 (s, $H,
0-CH), 8.02 (s, 4H, p-CH). 5.25 [t with Pt satellitess, 2H, Ge H,
*J(P,H) =10.3 Hz, 2J(Pt,H) =74 Hz], 2.00 (m, 12H, CH,CH,). 0.88 (m.
18H, CH,CH,); IR: ¥ =196t cm™' (Ge—-H); MS (FAB, Xe) njz =1432
[M —1]; C H, F,,Ge,P,Pt: caled C 36.9, H 3.1; found C 35.1, H 3.03.

cis-[ (Et;P),Pt(H}{Ge(Ar),GeH(Ar),}| (8): trans-[(Et,P),Pt{GeH(Ar),},]} (7)
(150 mg, 0.121 mmol) was heated to 75°C in benzene (90 mL) in a 100 mL
round-bottom flask in under Ar for 2 h to yield a colorless solution. All
volatiles were removed in vacuo. The resulting white solids were dissolved in
hexane, filtered, and recrystallized to give a white powdery solid (35mg,
23%). '"H NMR (CeDg) 0 = 8.11 (s,4H, 0-CH), 7.89 (s, 4 H, 0-CH). 7.75 (s.
2H, p-CH). 7.73 (s, 2H, p-CH), 5.54 (m with Pt satellites, 1 H, Ge-H,
2J(Pt,H) = 55 Hz], 1.38 (m, 6 H, C#,CH,), 0.99 (m, 6 H, CH,CH,), 0.75 (m.
9H, CH,CH), 0.49 (m, 9H, CH,CH,), —4.74 [dd with Pt satellites, Pt—-H.
LJ(Pt,H) =760 Hz, 2J(P,H)=17.3 and 157.5Hz]; *C NMR (C,D,):
0 =150.35 (s, i-C), 142.02 (s, i-C), 135.92 (m, m-CH), 13519 (m, m-CH),
131.50 [q. C-CF,, 2J(F.C) = 32.8 Hz], 131.20 [q, C-CF,. 2J(F.C) = 32.6 Hz].
124.10 [q, CF,, "J(F,C) = 273.0 Hz], 123.90 [q, CF,, *J(F.C) = 272.9 Hz],
122,63 (m, p-CH), 121.91 (m, p-CH), 21.76 (m, CH,CH,), 18.66 (m.
CH,CH,), 831 (m, CH,CH,); 3P NMR (C/D,: &=1845
[LJ(PLP) = 2462 Hz. 13.14 ['J(Pt,P) = 2189 Hz]; C,,H,,F,,Ge,P,Pt: caled
C 36.9, H 3.1; found C 37.0, H 3.04.

[3,5-(CF,),C H,|,(H)GeGe(H)|3,5-(CF,),CH,l, (9): A mixture of 3
(500 mg) and 2 (50 mg, 6 mol %) dissolved in benzene was refluxed for 60 h.
All volatiles were removed in vacuo and the solid washed with pentane (5 mL)
to afford 9. Yield: 65%. '"HNMR (C,Dy): 6 =7.66 (s, 4H. p-CH), 7.52 (s,
8H, 0-CH), 4.91 (s, 2H, Ge-H); *C NMR ([D,]THF): 6 =138.27 (s, i-C).
136.33 (s, o-C), 13261 [q, 2J(C,F)=33Hz, m-C). 12451 [q.
YKC.F) = 273 Hz, CF,), 124.83 (s, p-C); MS(FAB, Xe) m/z =1000 [M +1]:
Cy,H,,F,,Ge,: caled C 38.45, H 1.41; found C 37.69, H 1.72

Results and Discussion

H,Ge{3,5-(CF;),CsH;], (3) was synthesized from GeBr, by the
general method of Tabern et al.l'¥l An ethereal solution of
the aryl Grignard was added to GeBr, to afford Br,Ge[3,5-
(CF;),CH,] (4). Repeating this procedure on the isolated tri-
bromide gave Br,Ge[3,5-(CF;),C H;l, (5), which was isolated
and then reduced by LiAlH, to give the desired bisarylger-
mane 3.

The reaction of one equivalent of 3 with [(Et,P),-
PtGe{N(SiMe,),},] (2) at 40 °C in benzene resulted in the initial
formation of a white, crystalline precipitate. After 4 h at 40°C,
a new set of inequivalent PEt, multiplets appeared at § =1.43,
1.00, 0.80, and 0.53. They are associated with two new aryl
singlets at § =7.83 and 8.28. The spectroscopic data suggest a
cis squarc-planar geometry for the platinum complex ; however,
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we were perplexed at the absence of Ge—H features in the IR or
NMR spectra for a complex that otherwise appeared simifar to
1. Single crystals of the product were grown from diethyl ether
at —10°C and the X-ray structure of [(Et,P),HPtGe(Ar),-
Ge(Ar),PtH(PEt,),] (6) was determined (Figure 1; Ar = 3,5-
(CF,),C,H;) '3 The most striking feature is the presence of
two platinum centers in the cis geometry on each end of the
nascent organogermane oligomer. Distortion of the square-pla-
nar geometry of the platinum center is observed, consistent with
the steric requirements of the ligands. Bond lengths are as ex-
pected from consideration of the covalent radii, with the excep-
tion of the Pt—Ge bond length of 2.4363 (5) A.l'®1

Figure 1. X-ray crystal structure of [(Et;P),HPtGe(Ar),Ge(Ar),PtH(PEt,),] (6).
Selected bond lengths (A) and angles (*): Pt—Ge, 2.4363(5); Pt -P1, 2.2904(12);
Pt—-P2, 2.3131(12); Ge—Ge, 2.4663(10); Ge-C1, 1.9994(4); Ge-C9, 2.003(4);
P1-Pt-Ge, 158.97(3); P2-Pt-Ge, 97.41 (3);, P 1-Pt-P2, 103.49 (4); P1-Ge-Ge, 116.86;
C1-Ge-C9, 102.1(2); C1-Ge-Pt, 109.73(13); C9-Ge-Pt, 121.85(12); C1-Ge-Ge,
103.17(13); C9-Ge-Ge, 100.73(14).

Formation of 6, as well as the continued growth of
the oligomer, is possible by a Curtis—Epstein type!>'" or
germylene-containing mechanisms.™ '8 In order to gain clues
to the mechanism of the dehydrogenation and oligomerization
steps, the identity of intermediate species was pursued. The ini-
tially formed white precipitate was identified as 7 (Scheme 1) on
the basis of IR, MS, NMR, and elemental analysis. This com-
plex could be isolated in a 63% yield by adjusting the reaction
conditions to the more appropriate 2:1 stoichiometry of ger-

PEt,
Et;P—Pt—H
EtyP, 1 equiv. HyGe(Ar), (AnGe
Eup SPt—Ge[N(SiMe;), 1 c(Ar),
¢ _ -
3 Ge[N(SiMe3),l, prlt —PE,
2 equiv. ) PEt;
H,Ge(Ar), | - Ge[N(SiMe;),);
(Ex;P)thGe{N(SiMepz}zT - Ge[N(SiMes),]l;
Ar,Ge—H
Et,P—Pt—PEt; > (ADGe,
Ar,Ge—H Ge(Ar),
H—Pt—PE(,
7 I
PEt;
8

Scheme 1. Synthesis of complexes 6, 7, and 8 (Ar = 3,5(CF,),CH,).
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mane: Pt complex. Compound 7 did not dissolve in benzene at
ambient temperature; however, heating 150 mg in 90 mL of
benzene at 75 °C for 2 h yielded 8 (Scheme 1). It is interesting to
note that complex 8 does not undergo facile irreversible reduc-
tive elimination or f-elimination reactions, unlikc the related
alkyl complexes.!'?! The reaction of 8 with one equivalent of 2
afforded 6. These results confirm that 7 and 8 are intermediates
in the formation of 6.

The two complexes characterized on route to 6, as well as
the isolation of 6 itself, provide new cvidence regarding the
possible intermediate species involved in dehydrogenative cate-
nation reactions with Group 10 metals. Direct hcating of 6
yielded the germane dimer [3,5-(CF,),CH,],(H)GeGe(H)([3.5-
(CF,),CsHa,l, (9). In addition, catalytic coupling of 3 to give the
dimer 9 was achieved by refluxing 5 mol% precatalyst 2 with
500 mg of germane 3 in benzene for 60 h. The overall yield of 9
was 65% according to the 'HNMR spectrum; the remainder
was a distribution of higher oligomers. We note that silicon
complexes related to 7 and 8 had been previously observed by
Michalczyk et al..'?®! but not as intermediates in dehydrocou-
pling reactions.?*! Complex 8 is thermally stable to at least
75°C, unlike the spectroscopically characterized Si analogue,
which decomposes when warmed above —25°C. Silicon com-
plexes related to 6 have also been observed during the dehydro-
genative coupling of organosilanes by Tilley et al.t??! and
Tessier - Youngs et al.l?3!

In principle, platinum germylenes could be present during the
dehydrogenation and/or the oligomerization steps. Experiments
designed to detect the presence of intermediate germylene spe-
cies in these reactions by trapping with CO, failed to detect the
presence of any platinum germylenes. Based on the observed
formation of a square-planar Pt" complex upon the reaction
of 2 with CO,®3 and the irreversible binding of CO, by
[(Et,P),PtGe{CH(SiMe,),},].15% we believe that a species such
as [(Et,P),PtGe{3,5-(CF,),C H;},] should bind CO, to form a
stable complex. Although our conclusion is clearly speculative,
this evidence suggests that germylene species are nof formed
during the course of this dehydrogenative oligomerization, re-
quiring a scries of oxidative additions and the formation of a
formal PtV intermediate prior to the formation of digermyl
7.[7¢.17.23a GQtydies designed to elucidate the mechanistic
pathways and to differentiate between Curtis—Epstein and
germylene-based mechanisms in a more definitive fashion are in
progress.

Acknowledgements: The authors thank Alfa-Aesar for a generous loan of
K,PtCl, and the Horace H. Rackham School of Graduate Studies for finan-
cial support. J. E. B. thanks the NSF for a graduate fellowship.

Received: May 20, 1997 {F698]

{1} a) T. Imori. T. D. Tilley. Polyhedron 1994, f3. 2231; b) T.D. Tilley, Acc.
Chent. Res. 1993, 26, 22.

[2] a) P. Trefonas, R. West, J. Poly. Sci. Poly. Chem. 1985, 23, 2099: b) R. D.
Miller, R. Soociyakumaran, iid. 1987, 25, 111; ¢) K. Mochida, H. Chiba,
J. Organomet. Chem. 1994, 473, 45.

3] a) K. Takeda, K. Shiraishi, N. Matsumoto, J. 4m. Chem. Soc. 1990, 112, 5043
b) H. Isaka, M. Fujiki, M. Fujino, N. Matsumoto, Macremolecules 1991, 24,
2647.

4] a) T. Imori, T. D. Tilley, J. Chem. Soc. Chem. Conmmun. 1993, 1607; b) T.
Imori, V. Lu, H. Cai. T. D. Tilley, J. Am. Chem. Soc. 1995, 117.9931:¢) 1. K.
Harrod in Inorganic and Organometallic Polvmers (Eds.: M. Zeldin, K. J.
Wynne, H. R. Allcock), ACS Symposium Series 360, American Chemical Soci-
ety, Washington, DC, 1988, pp. 89 -100.

0947-6539/97/0311-1795 $ 17.50+.50/0 — 1795





FULL PAPER

N. J. Wells et al.

[5] For the use of Cp,M catalysts to synthesize polygermanes see: C. Aitken, J. F.
Harrod, A. Malek, E. Samuel, J. Organomet. Chem. 1988, 349, 285.

[6] & A. Reichl, C. M. Popoff, L. A. Gallagher, E. E. Remsen, D. H. Berry, J. Am.
Chem. Soc. 1996, 118, 9430.

[7} a} H. Yamashita, M. Tanaka, Bull. Chem. Soc. Jpn. 1995, 68, 403, and refs.
therein; b) H. Okinoshima, K. Yamamoto, M. Kumada, J. Organomet. Chem.
1975, 86, C27;¢) K. A. Brown-Wensley, Organometallics 1987, 6, 1590; d) H.
Yamashita, M. Tanaka, M. Goto, ibid. 1992, 1/, 3227; ) S. Shimada, M.
Tanaka, K, Honda, J. Am. Chem. Soc. 1995, 117, 8289.

18] a) K. E. Litz, K. Henderson, R.W. Gourley., M. M. Banaszak Holl,
Organometallics 1995, 14, 5008; b) K. E. Litz, J. E. Bender, J. Kampf, M. M,
Banaszak Holl, Angew. Chem. Int. Ed. Engl. 1997, 36, 496.

9] A. F. Diaz, R. D. Miller, J. Electrochem. Soc. 1985, (32, 834.

[10] R. D. Miller, J. Michl, Chem. Rev. 1989, 89, 1359.

(11] T. D. Tilley, H.-GG. Woo, Polym. Preprints 1990, 31, 228.

[12} D. E Shriver, M. A. Drezdzon, The Manipulation of Air Sensitive Compounds,
3rd ed., Wiley, New York, 1986.

{13] M. D. Curtis, P. Wolber, Inorg. Chem. 1972, 11, 431.

[14] D. L. Tabern, W. R. Orndorff, L. M. Dennis, J. Am. Chem. Soc. 1925, 47,
2039.

[15} 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-100469. Copies of the data
can be obtained free of charge on application to The Director, CCDC,
12 Union Road, Cambridge, CB21EZ, UK (fax: Int. code +(1223)336-033;
e-mail: deposit@ chemcrys.cam.ac.uk).

{16] For other M-E-E-M complexes see: aj G. Barsuaskas, D. Let, M. J. Hampden-
Smith, E. N. Duesler, Polyhedron 1990, 9, 773; b) K. H. Pannell, J. Cervantes,
L. Parkanyi, ¥. Cervantes-Lee, Organometallics 1990, 9, 859.

[17} M. D. Curtis, P. S. Epstein, Adv. Organomet. Chem. 1981, 19, 213.

[18] a) T. Kobayashi, T. Hayashi, H. Yamashita, M. Tanaka, Chem. Lett. 1988,
1411; b) K. Tamao, G. Sun, A. Kawachi, J. 4m. Chem. Soc. 1995, 117, 8043.

[19] See, for example: a) M. Hackett, J. A. Ibers, P. Jernakoff, G. M. Whitesides,
J Am. Chem. Soc. 1986, 108, 8094; b) M. Hackett, I A. Ibers, G. M.
Whitesides, ibid. 1988, 110, 1436.

[20] M. J. Michalczyk, C. A. Recatto, J. C. Calabrese, M. J. Fink, J. Am. Chem. Soc.
1992, 114, 7955, depe = dicyclohexylephosphinoethane.

[21] a) Another related complex, Ru(H)(PMe,),(GeMeHGeMe,), was reported by
C. M. Popoff, PhD dissertation 1995, University of Pennsylvania; b) J. A.
Reichl, C. M. Popoff, D. H. Berry. manuscript in preparation.

[22] R. H. Heyn, T. D. Tilley, J. Am. Chem. Soc. 1992, 114, 1917.

[23] a) E. A. Zarate, C. A, Tessier-Youngs, W. I. Youngs, J 4Am. Chem. Soc. 1988,
170, 4068; b) E. A. Zarate, C. A. Tessier-Youngs, W. J. Youngs, J Chem. Soc.
Chem. Commun. 1989, 577.

1796 ——— 45 WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

0947-6539/97/0311-1796 $ 17.50 + .50,0 Chem. Eur. J 1997, 3, No. 11






FULL PAPER

Two New Closely Related MoY Hydroxymonophesphates Built Up
of Cd[Mo¢P,0,(OH)¢], and Cd[Mo,P,0,(OH)s], Clusters

A. Guesdon, M. M. Borel, A. Leclaire* and B. Raveau

Dedicated to Professor H. G. von Schrnering on the occasion of his retirement

Abstract: Two new molybdenum(v) hy-
droxyphosphates have been synthesized
hydrothermally, Na,Cd,;(Mo,0,0H),- for 1
(PO,),(PO;0H)([N(CH;),), 10H,0 (1)
and Cdy(Mo,0,0H),,(PO,)s(PO;0H),,-
[N(CH,),]s-15H,0 (2). Their structures
have been determined from single-crystal
X-ray diffraction. The water molecules
and hydroxyl groups have been deduced
from valence calculations. Both com-

c=14717(2) A,

cadmium

- molybdenum

Introduction

Hydroxyphosphates of transition or post-transition elements
involving amine derivatives as templating agents are of great
interest for the construction of microporous compounds,
demonstrated, for instance, for numerous oxyfluorinated com-
pounds with open structures."! In this respect the chemistry of
MoV phosphates offers great possibilities, owing to the particu-
lar configuration of the molybdenyl species, which allows great
flexibility of the structure, as shown for many new tunnel and
layered structures of anhydra molybdenum phosphates.[>3]
In the case of hydroxyphosphates, the association of MoV to
sodium and/or to a second transition or post-transition element
such as zinc or iron stabilised a new anionic cluster
Mo P, X,,]" (X = O, OH)."* =7 The connection of such clus-
ters with MOy octahedra (M = Na, Zn, Fe etc.) suggests the
possibility of generating a huge number of new frameworks,
depending on the nature of the M cations and on the presence
or not of a templating agent. During the study of the system
Na-Mo-P-0O-H, we discovered a new Mo" hydroxyphos-
phate, Nay(Mo,0,0H), (PO,);(PO,0H) -nH,0,®  whose
[NaMo.P,0O,.(OH),], clusters had already been encountered in
several other Mo" hydroxyphosphates.!* 3! But the great origi-
nality of this structure is its tridimensionality, resulting from the
fact that such clusters are connected through NaO, octahedra,

[*] Dr. A. Leclaire, Dr. A. Guesdon, Dr. M. M. Borel, Prof. B. Ravean
Laboratoire CRISMAT, ISMRA et Université de Caen
UMR 6508 associée au CNRS
Bd. du Maréchal Juin, F-14050 Caen Cedex (France)
e-mail: leclaire(@crismat.ismra.fr
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pounds crystallize in the triclinic space
group PT, with the cell parameters
a =12.340(2),
2 =107.24(1)°, f=

Keywords
- crystal structure -
thermal synthesis - hydroxyphosphate

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

89.83(1)°, v =114.31(1)°, V=
1972.3(4) A3, and for 2 a =11.942(1),
h=13.339(2), ¢=26765(3}A, «=
85.33(1)°, B =186.87(1)°, y = 64.08(1)",
¥ = 3821.3(9) A®. The two frameworks
can be described on the basis of similar
Mo P, X;,I"™ (X = O, OH) anionic clus-
ters, but 1 is a tridimensional structure,
whereas 2 exhibits a monodimensional
structure.

b =12.596(1),

hydro-

forming intersecting tunnels. In order to understand the influ-
ence of the other cations upon the stability of the [MoP,X,,]"”
clusters we studied the introduction of cadmium in thosc phos-
phates, as its covalent character was likely to modify the crystal
chemistry of MoV hydroxyphosphatcs significantly. Moreover,
we introduced the tetramethylammonium cation as templating
agent. The synthesis and crystal structures of two closely related
new Mo" hydroxymonophosphates, Na,Cdy(Mo,0,0H),-
(PO,),(PO;O0H)[N(CH,),). 10H,0 (1) and
Cdy(M0,0,0H),,(PO,)o(PO;0H),([N(CH,).]5 ISH,0  (2),
are described here.

Results and Discussion

The two MoY hydroxymonophosphates 1 and 2 were
synthesized hydrothermally from Na,MoO, 2H,0, Mo,
CdO, H,PO, and (CH,),NOH, and their structures were deter-
mined from single-crystal X-ray diffraction data (Table 1)
according to the experimental procedure described below.
Solution of the single-crystal X-ray data for 1 and for 2
yields the chemical formulae Na,Cd;Mo,,P;N,C,,O,, and
CdyMo, P, (NyC5,0,,,, respectively. In spite of the good accu-
racy of the structure refinement it was not possible to localize
the hydrogen atoms. Therefore an analysis of the electrostatic
bond strengths was performed using the Brese and O’Keeffe
relation™ for MoV, PV, Cd" and Na! and the Brown curve!!?!
for the valence H- - - O (acceptor) bond versus the O--- O dis-
tance. These calculations''!! showed a lack of electrostatic va-
lence of about 0.70 for one oxygen atom linked to molybdenum,
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Table 1. Summary of crystal data, intensity measurements and structure refinement

parameters.

A. Leclaire et al.

1 2
space group PT P1
a (A) 12.340(2) 11.942(1)
b (A) 12.596 (1) 13.339(2)
e {A) 14.717(2) 26.765(3)
2{) 107.24(1) 85.33(1)
B 89.83(1) 86.87(1)
) 114.31(1) 64.08 (1)
volume (A)? 1972.3(4) 3821.3(9)
V4 2 2
Pearea EEM ) 2.68 2.87
£ (Moy,) 0.71073 0.71073
scan mode w20 w=0
scan width () 1.05 + 0.35tn0 1.30 + 0.35tn0
slit aperture (mm) 1.03 + tnf 1.10 + mf
max 0 () 35 40

standard reflections
measured reflections

3 measured every 3600 s
18083

3 measured cvery 3600 s
47802

reflections with 7> 3¢ 2170 17399
w(mm™y 2.9 3.4

parameters refined 306, R = 0.040 561, R = 0.040
agreement factors R, =0.034 R, =0.044
weighting scheme w=1{g? w=1/o?

and for one oxygen atom belonging to some of the phosphorus
tetrahedra, so that the formulae of these hydroxyphosphates
can be established as Na,Cd;(Mo,0,0H)(PO,),(PO,OH),-
[N(CH,),],-10H,0 and Cdy(Mo,0,0H),,(PO,)s(PO,0H),,-
[N(CH,), s 15H,0, respectively.

The projection of these two structures along & (Figures 1, 2)
shows that they both contain Cd[Mo,P,0,.(OH)], clusters
but the hydroxyphosphate 2 exhibits a second sort of cluster,
Cd[Mo.P,0,(OH);],. The geometry of these clusters (Fig-
ure 3) 1s very similar to that observed for scveral sodium, iron or
zinc hydroxyphosphates,'* ~8! cadmium replacing these cations.
Tt differs mainly from the latter in the distribution of the hydrox-
yl groups. Both clusters are built up of two rings of six
Mo(O,0H) edge-sharing octahedra; the two “Mo,” rings are
connected through one CdO, octahedron (Figure 3) exactly as
for Nay(Mo,0,0H),(PO,),(PO,0H)-nH,0,® Cd replacing
Na. The cluster Cd[Mo.P,0,(OH),], contains six PO;OH te-

Abstract in French: Deux nouveaux hydroxyphosphates de mo-
Ivbdene(v) ont été obtenus par synthése hydrothermale:
Nu,Cdy(M0,0,0H) (PO, ),(POOH)(N(CH,), |, 10H,0
(1) et Cdy(Mo,0,0H) ,(PO,)s(POOH) ([N(CH;), ]y
15 H,0 (2). Leurs structures ont été déterminées par diffraction
des rayons X sur monocristaux. Les molécules d’eau et les groupe-
ments hvdroxyles ont été déduits des calculs de valence électrosta-
tique. Les deux composés cristallisent dans le groupe d’espace
triclinique PI, avec les paramétres de maille suivants: a =
12340(2), b=12596(1), c=14.717(2) A, o =107.24(1)",
B=8983(1)°, y=11431(1)°, V =1972.3(4) A* pour 1 et
a=11.942(1), b =13339(2), ¢ =26.765(3) A, o = 85.33(1)°,
B=28687(1)" y=064.08(1)", V=238213(9) A> pour 2. Les
deux charpentes comportent des clusters anioniques de type
[ Mo P Xy, " (X =0, 0H), mais 1 présente une structure 1ri-
dimensionnelle tandis que 2 a une structure monodimensionnelle.

1798

€2 WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

Cd1 cluster’ ' 3

Figure 1. Projection of 1 along &.
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Figure 2. Projection of 2 along 4.

trahedra and two PO, tetrahedra (Figure 3a) whereas the clus-
ter Cd[MoP,0,,(0H),], contains four PO,OH tetrahedra and
four PO, tetrahedra (Figure 3b). This distribution of the OH
groups is slightly different from that observed for the cluster
Na[Mo P,0,,(0H),], .1 where only two PO,OH tetrahedra
are observed per cluster (Figure 3¢). This distribution of the
hydrogen atoms is fundamentally different from that observed
by Haushalter et al. in similar clusters;!*~ 7! these authors never
found any evidence of Mo(O OH) octahedra.

The analysis of selected bond lengths for 1 and 2 shows that
the MoO, octahedra in both structures present the characteris-
tic geometry of MoV, with a short Mo—O bond (ranging from
1.65 t0 1.69 A) opposed to an abnormally long Mo-O bond
(ranging from 2.22 to 2.36 A) and four intermediate equatorial
Mo -0 bonds with distances ranging from 1.91 to 2.13 A .11l
Nevertheless, one can see that the equatorial distances can be
assigned to three categories: a) the shortest ones (ranging from
1.91 to 1.99 A) correspond to the oxygen atoms that bridge
two edge-sharing octahedra (i.e., to Mo-O-Mo bonds);
b) intermediate distances (from 2.05 to 2.10 A) characterize the
Mo—-O-P bonds; ¢) thelongest Mo—O distances (from 2.08 to
2.13 A) correspond to the hydroxyl groups bridging two MoOy
octahedra, Mo—OH-Mo. The valence calculation confirmed
the pentavalent character of molybdenum atoms, since values
ranging from 4.76 to 4.94 were obtained. The Mo—Mo distances
observed in Mo,O,, rings show that these rings can be consid-
ered more as an association of three Mo,O |, dimers than as a
ring of six edge-sharing octahedra. There are indeed two types
of Mo—Mo distances: three short distances (from 2.60 to
2.61 A) on one hand and three longer ones (from 3.52 to 3.57 A)
on the other hand.
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| b) Cd[Mo,P,0,,(0H).], cluster;
1 ¢) Cd[Mo,P,0,,(OH),], cluster.

The central CdO, octahedra are fairly regular, with Cd—-O
distances ranging from 2.24 to 2.32 A. The monophosphate
groups, with PO distances ranging from 1.48 to 1.60 A, are
less regular than those observed in many monophosphates.
Note that the longer PO distances correspond either to P-O—
H or to P-O--Mo bonds.

The great novelty of these new hydroxymonophosphates lies
in the relative positions of their clusters and their mode of con-
nection through NaO, or CdO, octahedra, which are funda-
mentally different from all other hydroxyphosphates that con-
tain similar units. The hydroxyphosphate 1 exhibits a
tridimensional structure (Figure 1). Each Cd[Mo¢P,0,(OH)],
cluster (called Cd 1) is linked to the next one along ¢through two
distorted CdO,(H,0), octahedra (Cd2) in the following way:
each Cd2 octahedron shares two apices with two P tetrahedra
of one Cd1 cluster (the central PO, tetrahedron and one
PO,OH peripheral tetrahedron), and one apex with one
PO,OH tetrahedron of another Cd1 cluster located below or
above it along ¢. This assemblage of Cd1 clusters and Cd2
octahedra forms [Cd;(Mo,0,0H)(PO,),(PO,OH),-8H,0] .
columns running along & (Figure 1). Laterally, that is, in the
(001) plane (Figure 1), columns are held together through
NaO,0H(H,0), octahedra (Na): each Na octahedron shares
one edge with one Cd2 octahedron of one column and two
apices with two PO,OH tetrahedra of two other columns. This
tridimensional framework built up of “CdMoP” clusters, Cd
and Na octahedra forms large tunnels running along 4 (Fig-
ure 1) and along & (Figure 4) and smaller tunnels running along
& (Figure S). The [N(CH,),]* cations and the additional H,O
molecules (a fully occupied O(35) site and 74 % occupied O(36)
site) are located at the intersection of the [100] and [001] tunnels.
Thus the Mo" hydroxyphosphate 1 can be described as an inter-
secting tunnel structure, whose microporous character is further
enhanced by the fact that one of the H,O sites (O(37)) that

Chem. Eur. J. 1997, 3, No. 11

Figure 3. a) Cd[Mo,P,0,.(OH),], cluster;
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c b
H,0(36)

Figure 5. Projcction of 1 along 5.

forms the NaO,OH(H,0), octahedron is partially occupied
(29%). It must be cmphasized that the Cd(2) -0 distances of the
CdO,(H,0), octahedra (2.29 to 2.36 A), as well as the Na—-0O
bonds corresponding to the NaO,OH(H,0), octahedra (2.24 to
240 A, excepting O(37), which does not contribute to the stabil-
ity of the structure) are short. This feature strongly supports the
description of this structure as a tridimensional framework, the
specific role of the clusters Cd[Mo,P,0,,(OH),], being consid-
erably attenuated comparatively to other Mo" hydroxyphos-
phates that exhibit similar units. In this respect the compound
1 is rather similar to Nag(Mo,0,0H),(PO,),-(PO,OH)-
nH,0.1¥

In contrast to the compound 1, the hydroxyphosphate 2 that
contains no sodium exhibits a unidimensional structure. In this
structure (Figure 2), the clusters Cd[Mo,P,0,(OH),], and
Cd[Mo¢P,0,,(OH);],, Cd1 and Cd2 respectively, alternate
along ¢ Two successive “Cd 1/Cd 2™ clusters are linked through
four cadmium octahedra, Cd3, Cd4, CdS and Cd6. The Cd3
and Cd4 sites correspond to CdO,H,0 and CdO,0OH(H,0},
octahedra, respectively; they are both fuily occupied with Cd—
O distances ranging from 2.220 to 2.509 A for Cd3 and from
2.253 to 2.542 A for Cd4.1'"1 Cd3 shares two adjacent apices
with the two “‘central” tetrahedra of two different clusters, one
apex with a “peripheral” PO, tetrahedron of one cluster, and a
fourth corner with a bridging oxygen atom of two edge-sharing
molybdenum octahedra of the other cluster. The Cd4 octahe-
dron shares one apex with a “peripheral” tetrahedron of one
cluster, one apex with two edge-sharing MoO, octahedra of the
same cluster, and one edge with a peripheral tetrahedron of the
next cluster. The Cd 5 site is split over two sites, Cd 5, and Cd §,,
that are 70% and 30% occupied, respectively. Cd 5, forms a
CdO4H,0 octahedron that shares one face with one Cd 3 octa-
hedron, whereas Cd5,, corresponding to a CdO;0H(H,0), oc-
tahedron, shares one edge with Cd3, but also one apex with
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Cd4. The Cd 5, and Cd 5, octahedra are severely distorted, with
Cd -0 distances ranging from 2.178 to 2.567 A and from 2.213
to 2.84 A, respectively. The CdO,(H,0), octahedra corre-
sponding to Cd 6 are half occupied with Cd-0O distances rang-
ing from 2.222 to 2.61 A. This octahedron shares one edge with
one unit and two apices with the other unit. Note that when Cd 6
and Cd 5, are simultaneously present in the structure, their octa-
hedra share one edge (O(52) and O(62)).

This assemblage of Cd[Mo4P,0,(OH)¢], and Cd[Mo.P,0,,-
(OH),], clusters through cadmium octahedra results in
[Cdy(Mo0,0,0H),,(PO,),(PO,0OH),,-11H,0], columns run-
ning along & (Figure 2). The cohesion of the structure is ensured
by hydrogen bonds in the following way:

a) Along b the “frec” (i.e., not bonded to Cd) water molecules
(O(70) and O(71)) link two columns according to the scheme:
Cd(4)-O(65)H - -- O(70) - - - HO(59)~P(7)
P(6)-0(58) - - - HO(70) - - - HO(59)- P(7)
Mo(1)-0(2) - - - HO(70) - - - HO(59)-P(7)
P(6)~O(57)H - -- O(71) - - - HO(68)—-Cd(6)
P(6)~O(5TH - - - O(7T1HH - - - O(60)—P(7)
P(6)-O(57)H - - - O(71)H - - - O(40)—Mo(10)
b) Along it is principally the water molecules O(67) and O(64)
that ensure the bonding according to the scheme:

M - O(62)-P(®)
------ O(44)-Mo(11)

As in 1, the [N(CH,),]" cations are located between the
infinite columns (Figure 2).

Experimental Section

Synthesis: Single crystals of 1 and 2 were synthesized hydrothermally (heated
for 36 hours at 220 °C and then cooled at 1.67° per hour to 20 °C) in Teflon-
lined autoclaves from Na,MoO,-2H,0, Mo, CdO, H,;PO, (75%),
(CH,),NOH and water in the molar ratio of 2:1:1:18:7:500. The resulting
mixture was filtered off, washed with water and air-dried at ambient temper-
ature. The result was a mixture of reddish-brown powder with well-formed
orange crystals of 1 and 2. Several attempts to prepare large amounts of each
phase in the form of powdered samples were unsuccessful.

Structure determination: Two orange crystals with dimensions 0.058 x
0.045 x 0.039 mm for 1 and 0.167 x 0.103 x 0.128 mm for 2 were selected for
the structure determinations. The cell parameters reported in Table 1 were
determined and refined by diffractometric technigues at 294 K with a least-
squares refinement based upon 25 reflections with 18 <8 <22°. The data were
collected with an Enraf Nonius CAD4 diffractometer with the parameters
reported in Table 1. Of the 18083 and 47802 reflections that were measured
for 1 and 2, respectively, 2170 and 17399 with /> 3a(]) were corrected for
Lorentz and polarization effects for 1 and 2, for absorption for 1 and for
secondary extinction for 2. Structure determinations and refinements were
performed with the aid of the XTALL program package. The atoms were
located with the heavy atom method and the refinements led to R = 0.040 and
R, =0.034 for 1 and to R = 0.040 and R, = 0.044 for 2.
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Aggregation, Reaggregation and Degradation of a Trifunctional Thallium(r)
Amide Induced by Weak TI'--- TI' Attraction

Konrad W. Hellmann, Lutz H. Gade,* Roland Fleischer and Thomas Kottke

Dedicated to Professor Mary McPartlin on the occasion of her 65th birthday

Abstract: Metal exchange of the
solvated  tripodal  lithium  amide
[H,CC{CH,N(Li-solv)SiMe, };] a,
solv = ether solvent) with thallium(1)
chloride leads to the previously reported
pentametallated dimeric thallium amide
[{H,CC(CH,NSiMe,),},(H)TL;] (2) in
high yield. That the redox-induced partial
demetallation of the amide presumably

both cases the central structural motif, de-
fined by weakly attractive T1---Tl con-
tacts, is a tetrahedral metal array in which
a triangular thallium triamide unit is
capped by an exposed Tlatom of a second
building block. Compound 3 may be con-
verted to 2 by metal exchange with TICIL.
The two supramolecular components of 2
reaggregate upon recrystallization in a

nonpolar solvent such as pentane to yield
the dimeric aggregate of the fully metal-
lated thallium amide [H,CC{CH,N(TI)-
SiMe,}5], (4). An X-ray crystallographic
study of 4 established the existence of
dimeric aggregation through T1--- Tl in-
teractions leading to a more open dimeric
form than 2 and 3, which is interpreted as
being due to a structural mismatch of the

occurs at an intermediate stage of the
metal exchange is inferred from the isola-
tion and structural characterization of the
mixed TI-Li amide [H,CC{CH,N(TI)-
SiMe,},)[H,CC{CH,NSiMe, } ,(HX(TI)(Li
—thf)]-(toluene) (3), which has a crystal
structure closely related to that of 2. In

interactions -
thallium

Introduction

Aggregation of molecular units, defined by attractive metal—
metal interactions, to form finite or infinite supramolecular
structural motifs in the solid state is one of the most character-
istic, though incompletely understood, features in the chemistry
of the heavy post-transition metals. The past ten years have
witnessed an intense debate as to the nature of the attractions
between formally closed-shell metal atoms with d'° and d'%s?
electronic configurations.'’! While these interactions have been
studied extensively in the chemistry of monovalent gold (d'%)[
and the divalent heavy Group 14 metals (d'%s?),"* much less is
known about the structures which monovalent thallium com-
pounds (d*%s?) may adopt.[*

A theoretical study of the TIH dimer performed at SCF-CI
level led to the conclusion that attractive interactions between
the molecules through metal—metal contacts are weak, proba-
bly less than 20 kJmol ™ 115! a situation which has offered sup-
port for alternative explanations for the observed aggregates in

[*] Priv.-Doz. Dr. L. H. Gade, Konrad W. Hellmann, R. Fleischer, Dr. T. Kottke
Institut fiir Anorganische Chemie der Universitat
Am Hubland, D-97074 Wiirzburg (Germany)
Fax: Int. code +(931)888-4605
e-mail: lutz.gade@mail.uni-wuerzburg.de
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building blocks. Compound 4 may be
thermally degraded by prolonged stirring
in toluene at ambient temperature to yield
the previously reported mixed-valence
TITI" amide [H,CC(CH,NSiMe,),T1,]
(5).

metal - metal

the solid. A most suggestive picture is that put forward by
von Schnering, aptly termed “‘the umbrella effect”, which re-
lates the packing of molecules in the crystal primarily to their
shape, thus generating close metal-metal contacts as a sec-
ondary effect [

In view of the potential ambiguity in the interpretation of the
T1--- Tl contacts between mononuclear molecular species due
to the weakness of the interaction, the fixation of several Tl
centres at close proximity in polynuclear thallium() complexes
was thought to offer the opportunity of a higher intermolecular
metal—metal “connectivity”. The effect that the postulated
weak attraction has upon the forms of aggregation in the solid
(or possibly in solution) might therefore be enhanced. Such a
situation is present in the dimeric aggregate of a completely
metallated triaminosilane, [CH;Si{N(T1)/Bu},],, reported by
Veith et al., which represents a unique structural array in amide
chemistry.!”! In contrast to the almost spheroidal cage formed
by the lithium analogue, which is based mainly on ionic amido -
N-metal interactions, the thallium compound aggregates via
metal—metal contacts generating a structure in which the dispo-
sition of the six metal atoms may be viewed as defining a pair of
edge-sharing tetrahedra.

In a systematic investigation of this type of behaviour using
bidentate and tripodal amido ligands we have recently estab-
lished a variety of novel types of aggregation for TI'
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amides.'® "19 The compounds were synthesized by metal ex-
change of the respective lithium amides with TICl in ether sol-
vents. The metal exchange is in competition with another reac-
tion pathway, partial redox disproportionation, which
generates TI" species that either dimerize to give complexed
T4 units®! or, as radical species, abstract hydrogen atoms
from the ether solvent to generate formally “protonated”, that
is, incompletely metallated, products.’® An example of such a
product of combined metal exchange and redox disproportion-
ation 1s the pentanuclear species [{H;CC(CH,NSiMe;);},-
(H)TL;] (2), obtained in high yield from the reaction of
[H,CC{CH,N(Li-solv)SiMe,},] (1, solv. = ether solvent) with
TICl in dioxane, the remarkable solid-state structure of which
we reported recently.!”? Out of this first result several important
questions arose: 1) At what stage does the redox-induced
demetallation occur? 2) Since the two units aggregating in the
solid appear to be dissociated in solution, could a change in the
conditions of crystallization lead to a redistribution of the
molecular components yielding, ultimately, the completely
metallated target product [H,CC{CH,N(T1)SiMe, },],? 3) How
would the presumed aggregation of the latter in the solid relate
to the result obtained by Veith and coworkers?

In this paper we report the results of a study aimed at eluci-
dating the issues raised above and gaining new insight into the
possibility of using molecular thallium(1) compounds as build-
ing blocks for discrete supramolecular arrays in solid materials.

Results and Discussion

Isolation and Structural Characterization of an Aggregated
Mixed Tl-Li—Amide: In order to obtain more detailed infor-
mation about the course of the metal-exchange reaction be-
tween the lithium amide 1 and TIC] to generate 2, the reaction
was carried out in THF, which permits work to be carried out at
low temperatures. After addition of TICl at —30 “C, the cooling
bath was removed and the solution stirred for another
10 minutes before the reaction was stopped by removing the
solvent in vacuo. After extraction with toluene an orange solu-
tion was obtatned, from which a mixed Li-- Tl amide 3 crystal-
lized in 10—15% yield upon cooling. While the mixed-metallic
nature of the amide, its elemental composition and the presence
of at least one protonated amido-N function (IR: ¥(N-
H) = 3390 cm ™ ') could be deduced from the spectroscopic and
analytical data obtained, its correct formulation and structure
could only be determined by means of a single-crystal X-ray
structure analysis of the compound. This established compound
3 as [H;CC{CH,N(TDSiMe,} ;][H,CC{CH,NSiMe, } ;(H)(TI)-
(Li—thf)]-(toluene), with a crystal structure which is closely
related to the type of cluster arrangement previously determined
for 2. The molecular structure of 3 is depicted in Figure 1a and
the molecular structure of 2 in Figure 1b.

The relationship between the structures of 2 and 3 is immedi-
ately apparent, the most striking feature being in both cases the
central tetrahedral arrangement of the thallium atoms. In both
cases the amido—N function at N6 is converted to an amino
function, as cvidenced by the slight pyramidalization of the
donor atom [> (X)) = 348.1°]. It should be noted that the ex-
pected orientation of the lone pair at T14 is towards the centre

1802
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Figure 1. a) Top: molecular structure of 3; bottom: orientation of the capping T1
unit in 3 with respect to the triangle T11-T12-T13. b) Top: molecular structure of 2;
bottom: orientation of the capping T! unit in 2 with respect to the triangle T11-T12-
T13 (redrawn from ref. [9]).

of the metal triangle defined by TI1-TI13, as is shown in Fig-
ure 1a (bottom). In the structure of 3 there are three amido-
bridged TI-Tl contacts [TI1-TI2 3.8535(7), TI2-TI3
3.5180(7), TI1-TI3 3.9037(7)A] and three unsupported
metal —metal contacts [T11-T14 3.3150(6), TI2-T14 3.4611(9),
T13-T14 3.6759(7) A] which are close to the shortest TI-Tl
distances observed in thallium metal (3.408 and 3.457 A). As
stated previously, we interpret the metal—metal interactions be-
tween the Tl centres as being primarily of a van der Waals type,
a notion which is supported by the almost complete dissociation
in benzene (as determined by cryoscopy), but sufficiently strong
to cause the aggregation in the crystalline material. A compari-
son of the metric parameters related to the Tl tetrahedron in 2
and 3 is given in Table 1b. This establishes the structural array
found in the crystal structures of both compounds as an impor-
tant supramolecular motif in finite aggregates.

The close structural relationship between 2 and 3 raised the
question of whether it was possible to convert 3 to 2 by the
standard metal-exchange procedure with TICl. Although some
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Table 1a. Selected bond lengths [A] and angles [°] for 3. Average TI-N: 2.410 A,
ranging from 2.324(7) (TI4-N5) to 2.464(8) A(TIT-N1).

TI-TI4 3.3150(6) TI-TI2 3.8535(7)
TI1-TI3 3.9037(7) TI2-Ti4 3.4611(9)
TI2-TI3 3.5180(7) TI3-Ti4 3.6759(7)
TI4-TI1-T)2 57.15(2) TI4-T11-T13 60.574(13)
T12-T11-T13 53.935(12) TI4-T12-T13 63.561 (13)
TI4-TI2-TIt 53.574(14) TI3-TI2-TI 63.761(13)
TI2-TI13-T4 57.47(2) TI2-T13-Tlt 62.30(2)

TI4-T13-T11 51.765(11) TI1-T14-T12 69.279(14)
TI1-T14-T13 67.661(13) T12-T14-T13 58.974(13)

Table 1b. Comparison of the geometrical features of the central Tl, tetrahedra in
the previously reported compound 2 as well as in 3.

2 3
TI-N av. 2.43 2.410

{min., max.} [A] 12.39(1), 2.49(1)) {2.324(7), 2.464(8)}
TI-Tl av. 3.590 3.6212

{min., max.} [A] {3.403(3), 3.837(3)} {3.3150(6), 3.9037(7)}
TI-TI-Tl av. 61.19 60.00

{min., max.} ['] {56.07(6), 67.7(7)} (53.57(1), 69.28(1))

decomposition is observed upon performing the metal exchange
in THF, compound 2 could indeed be isolated from the product
mixture in 60-70% yield based on 3 (Scheme 1).

ay

- -N
MexSim N+T1-Nw MezSiw NET =N
3 Tll‘-'fN:'-\Tl/ SiMe; T!*NfTI SiMex
MegSi /. TICI Me3Si /.
MesSi Ti MesSi T .
3 ?/T\‘/SiMes THF /‘—/‘4._/S|Me3
T i
N/‘H N/:H
: e
SiMe3 SiMe3
3 2

Scheme 1. Conversion of 3 — 2.

The isolation and characterization of the partially metallated
3 has shown that redox disproportionation inducing partial
demetallation of the amides already occurs during the course of
the metal-exchange reactions; thus there are two competitive
reaction pathways. The demetallation is therefore not the result
of a subsequent thermal decomposition of the fully metallated
product. This latter aspect will be discussed below in more de-
tail.

Reaggregation of [H;CC{CH,N(TI)SiMe,},] to Give the Fully
Metallated Amido Dimer: As mentioned above, a cryoscopic
study of 2 in benzene indicated that the dimeric system is essen-
tially completely dissociated in solution;!®! in other words, in a
recrystallization step (performed in toluene) the building blocks
of compound 2 first dissociate and then reaggregate, generating
the same dimeric arrangement in the solid. The situation de-
scribed here and the interpretation of 2 as being a weakly bound
association of amide building blocks implied that there might be
a possibility of obtaining a different combination of the compo-
nents in 2, and thus a different product, by changing the condi-
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tions of crystallization. This proved to be the case for solvents
of reduced polarity, namely saturated hydrocarbons such as
pentane or hexane. Recrystallization of the deep red compound
2 in pentane yielded an orange crystalline product, the analytical
data of which were consistent with its formulation as the com-
pletely metallated amide [H;CC{CH,N(TI)SiMe,},], (4). A re-
distribution of the components of 2 had thus taken place
(Scheme 2). The isolation of 4 simply by recrystallizing 2 indi-

oy

71-N

MesSi ?I/tj'NIIT’{N\S.'MeJ Me3Si~%'|,EN T/ \SiMes
A ot 7TT
Mea,Si recrystallization MesS| ﬂ;m;»SIMes
Messl_‘— /T\I-,./SiMe;; from pentane Me}SI\N/r 1;|T:,:l’/5iMe3
= SN &
: i
/
NzH

\SiMe;,

2 4

Scheme 2. Isolation of 4 by recrystallization of 2 in pentane.

cates that solvent—solute interactions may be as critical as the
weakly attractive T1-T] contacts in determining the aggregation
of the TI'amides, a notion which confirms the interpretation of
these interactions given earlier in this paper. Attempts to re-
trieve the second partially metallated component by crystalliza-
tion from the mother liquor failed owing to its slow thermal
decomposition.

In order to establish to which degree the molecular ami-
dothallium units in 4 associate in the solid, a single-crystal X-ray
structure analysis was carried out. The asymmetric units con-
tains 1.5 dimeric aggregates; the unit cell therefore comprises
3 dimeric units, one of which is generated by the crystallograph-
ic centre of inversion. The arrangement of the monomeric sub-
units within the complete dimer of the asymmetric unit suggests
the presence of a second centre of inversion. However, this could
not be established crystallographically, as confirmed by apply-
ing the Le Page algorithm.l''! Both types of dimers are struc-
turally closely related, and therefore only average metric
parameters will be discussed. The dimer that is not located
around the centre of inversion is shown in Figure 2, while the
principal bond lengths and angles are listed in Table 2.

Figure 2. Molecular structure of the dimeric unit in the crystal structure of 4.
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Table 2. Selected bond lengths [A] and angles [°] for 4. Average TI-N: 245 A,
ranging from 2.34(2) A (T12-N1) to 2.55(2) A (T11-N2 and TI13-N1).

T TI2 3.519(4) TI4-Ti5 3.663 (4)
TI2-TI3 3.411(3) TI7-TI9 3.643(4)
TI2-Tl6 3.767(3) TIS-TI9 3.542(3)
TI2-T14 3.768(3) TIS-TI9A 3.706 (3)
TI3-Ti4 3.793(3) TI9-TI9A 3.807(4)
Tl4- Tié 3.566(3)

TI3-TI2-Ti1 86.09(9) TI5-T14-T13 100.11(8)
TI3-TI2-T6 120.05(8) TI2-T14-T13 53.63(6)
TI-TI2-TI6 99.35(8) Ti4-T16-T12 61.77(6)
TI3-TI2-Ti4 63.55(7) TI9-TI8-TISA 63.34(7)
TH-T12-T14 95.86(9) TI8-T19-T17 79.02(8)
Ti6-T12-Ti4 56.49(6) TIS-TIS-TISA 116.66(7)
TI2-T13-114 62.82(7) TI7-TI9-TISA 102.09(8)
TI6-TI4-T15 77.82(8) TIS-TI9-TI9A 60.43(7)
TI6-T14-T12 61.74(6) TI7-T19-TI9A 91.53(9)
T15-TI4-Ti2 89.05(9) TISA-TI9-TI9A 56.23(6)
T16-T14-T13 115.37(8)

The structural centrepiece of the dimeric ag-
gregates is the array of the six Tl atoms joined
by amido bridges within the molecular units
and by Tl - - Tl contacts between the two tripo-
dal amides [d, (T1-T1) = 3.768 A). In this way
an open ladder-type structure of the dimeric
units emerges in which each half is distorted
considerably with respect to the almost ideally
threefold symmetric trithallium units in 2 and 3
which are “capped” by the linking Tl atom
(T14) in the latter. This appears to imply that in
a supramolecular aggregate based on attractive
metal-metal interactions the “‘best fit”
through such contacts may be achieved by
combination of nonequal, that is, complemen-
tary building blocks, generating polyhedral
metal arrays with maximum T1---T] connec-
tivity. This is not the case in the structure of 4,
in which two Tl atoms (T12 and T14 in Figure 2) are bent to-
wards each other to come into contact, a situation which is most
apparent when the trithallium amido units of 2, 3 and 4 are
viewed along an axis defined by the bridgehead C—CH, axis of
the tripodal ligands (Figure 3). Whereas the symmetrically
capped T, unit in 2 and 3 displays almost ideal threefold sym-

Figure 3. Comparison of the T1, building blocks in 2 and 3 (a) and in 4 (b) showing
the distortion of the latter from the almost trigonal symmetry found for the centrally
“capped” Tl triangles.
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metry, one of the Tl atoms in 4, T12, protrudes out of the plane
otherwise spanned by the metal atoms of the monomeric unit in
4, pushing the other two Tl atoms T11 and TI3 further apart
(4.61 A).

A closer inspection of the way these dimeric units are packed
in the crystal reveals no significant intermolecular metal —metal
interactions, the shortest TI-TI distance being larger than 4.3 A
and thus outside the range of significant intermolecular con-
tacts. Figure 4 a displays the relative arrangement of two dimer-
ic units, while a view of the unit cell of 4 is offered in Figure 4b.

A comparison of the crystal structure of Veith’s

[H,CSi{N(T1)#Bu},], with that established for compound 4 is
instructive. In both cases an aggregation through Tl -- Tl con-
tacts is observed with the two (distorted) Tl, triangles adopting
a “slipped” arrangement with respect to each other. However,
4 aggreggates to form a more open Tlg array, possibly as a

Figure 4. Packing of the dimers in the crystal structure of 4. The SiMe, groups of the amide units are
not shown in the view of the unit cell for reasons of clarity.

consequence of the greater degree of steric demand of the ligand
periphery operating in the latter.

Redox Disproportionation of [H,CC{CH,N(THSiMe,},], (4):
While compound 4 appears to be stable in pentane solution over
a period of several days or weeks, its solution in toluene under-
goes selective redox disproportionation to yield thallium metal
and the previously reported TI'TI" mixed-metal species
[H,CC(CH,NSiMe,),TL,], (5), which was shown to contain a
covalent TI"-TI" bond (Scheme 3).1°! After the solution had
been stirred at ambient temperature for 24 hours complete con-

» version had occurred and the product could be isolated simply

by centrifugation of the metallic thallium, separation of the
solution and removal of the solvent. We have previously report-
ed the isolation of this compound in ca. 30 % yield after stirring
the lithium amide 1 and thallium chloride for three days and
subsequent work-up. The selective generation of 5§ from the
completely metallated species 4 sheds new light upon the way
this mixed-valence compound is generated. We now propose
that in the course of the metal exchange of the Li amide with
TICl, redox disproportionation of partially transformed mixed-
metal species leads to radical intermediates that abstract the
hydrogen atoms from the ether solvents, forming incompletely
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Scheme 3. Selective thermal redox disproportionation of 2 in toluene to yield the previously

characterized mixed-valence species 5.

metallated species such as 2 and 3, whereas the slower redox
degradation of the fully transmetallated compound 4 affords the
dimeric TI'TI" complex, which is characterized by the covalent
T1-TI bond. The partially “‘protonated’” molecular fragments
observed appear to decompose thermally with concomitant
precipitation of Tl metal, while complex 5 is considerably more
stable and may be isolated even after prolonged stirring in
solution. The proposal put forward is additionally supported
by the isolation of 5 from solutions of 2 and 3 in quantities
accounting for the amount of [H,CC{CH,N(T})SiMe,},].
The network of reactions proposed here is summarized in
Scheme 4.
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Scheme 4. Summary of the conversions of the tripodal amides (S = ether). i) TICl/
THF, 10min; 1) TICYTHF 3h; in) TiCl/dioxane; iv) recrystallization from
pentane; v) thermal degradation in toluene
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Conclusions

Thallium amides of the type discussed in this paper
aggregate in solids to generate finite or infinite
supramolecular structural motifs defined by weak
metal-metal contacts. The monomeric units may be
viewed as building blocks which, depending upon the
conditions of crystallization, may form different ag-
gregates as established by the redistribution of com-
pound 2 to yield 4. Redox disproportionation is a
prevalent feature of this type of chemistry and may
lead to partial demetallation of the amides or the for-
mation of well-defined mixed-valent species. The re-
action pathways leading to either of the two products
appear to depend on the stage in the synthesis of the TI' amides
at which the redox chemical degradation takes place.

In current and future studies we are investigating the possibil-
ity of combining different TI' building blocks having comple-
mentary “sticky ends”. These should be able to form discrete
polyhedral arrays of maximum metal—metal connectivity such
as the tetrahedra that are characteristic of the solid-state struc-
tures of 2 and 3.

+ 2 Tl

Experimental Procedure

All manipulations were performed under purified argon in standard
{Schlenk) glassware, which was flame-dried with a Bunsen burner prior to
use. Solids were separated from suspensions by centrifugation only, all filtra-
tion procedures being thus avoided. The centrifuge employed was a Rotina 48
(Hettich, Tuttlingen, Germany), which was equipped with a specially de-
signed Schlenk tube rotor.'¥ Solvents were dried according to standard
procedures. The deuterated solvents used for the NMR spectroscopic mea-
surements were degassed by three successive “freeze-pump-thaw™ cycles and
dried over 4 A molecular sieves. All other chemicals were used as previously
reported.[> 1314

The 'H and "Li NMR spectra were recorded on a Bruker AC 200 spectrom-
eter equipped with a B-VT-2000 variable-temperature unit {200.13 and
71.78 MHz, respectively) with tetramethylsilane and Lil (1M in H,O, ext.) as
references. Attempts to record '>C NMR spectra were unsuccessful owing to
considerable decomposition of the samples in the course of the experiments.
Elemental analyses were carried out in the microanalytical laboratory of the
chemistry department at Wiirzburg.

Preparation of [{H,CC(CH,NSiMe,);},(H)(Li—thf)Tl,|-(CH,C,H;) (3):
TICl (2.16g, 9.00 mmol) was added to a stirred solution of
[H;CC{CH,N(L)SiMe;),}thf),] (1.70 g, 3.00 mmol) in THF (30 mL) at
—30°C. After the mixture had been stirred for 10 min at room temperature
the solvent was removed in vacuo and the residue extracted with toluene
(20 mL). The mixture was centrifuged and the isolated red solution concen-
trated to ca. 8 mL. After storage at —35°C for several days, compound 3 was
obtained as an orange crystalline solid (toluene monosolvate). Yield 0.52 g.
0.32 mmol (21%). "H NMR (200.13 MHz, [D4]benzene, 25°C): § = 0.17 (s.
27H; Si(CHs),), 0.25 (s, 27H; Si(CH,),), 0.56 (s, 3H; H,CC). 0.66 (s, 3H;
H,CC), 1.29 (m, 4H; CH,CH,0), 2.10 (s, 3H; C;H,CH,;), 2.95 - 3.38 (brm,
12H; C(CH,),), 3.53 (m, 4H; CH,CH,0), 6.95-7.14 (m, SH. C ,H,CH,);
{TH}’Li NMR (77.78 MHz, [Dg]benzene, 25°C, Lil/H,0): & =4.20;
CysHgs LINGOSIT1, (1650.15): caled C 28.37. H 5.43, N 5.09, T1 49.51:
found C 28.01, H 5.23, N 4.85, T1 49.31.

Preparation of {H,CC{CH,N(TD)SiMe,},], (4): [{H,CC(CH,NSiMe,),},-
(H)TL] (2, 1.00 g, 0.59 mmol) was dissolved at room temperature in pentane
(25 mL). The red solution was concentrated to ca. 15 mL and compound 4
precipitated as an orange crystalline solid after storage at —35°C for 12 h.
Yield based on the fully metallated fragment in 2: 0.41 g, 0.22 mmol (73 %).

'HNMR (200.13 MHz, [D4Jbenzene, 25°C): & = 0.21 (s, S4H; Si(CH,),).
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0.55 (s, 6H: H,CC), 3.52 (brs, 12H; C(CH,),); C,yH,,N,SigTl, (1887.73)
caled C: 17.82, H 3.84, N 4.45, Tl 64.96; found C 17.01, H 3.63, N 4.25, Tl
64.61.

Conversion of 3 to [{H,CC(CH,NSiMe,),},(H)TL] (2): TICI (14.5 mg,
0.06 mmol) was added to a stirred solution of [{H,CC(CH,NSiMe;);!,-
(H)(Li-thf)T1,}-(C;H,) (100 mg, 0.06 mmo!) in THF (10 mL) at —30°C.
After the mixture had been stirred for 25 min at room temperature the solvent
was removed in vacuo and the residue extracted with 10 mL toluene. The
mixture was centrifuged and the isolated red solution concentrated to ca.
4 mL. Compound 2 (67 mg. 0.042 mmol) crystallized at —35°C as a red solid
in 69 % yield. The analytical, crystaflographic and spectroscopic properties of
the isolated matcrial were identical to those reported previously for 2.1

Conversion of 4 to [H,CC(CH,NSiMe,),TL], (5): Solid 4 (100 mg,
0.05 mmol) was dissolved in toluene (10 mL) and stirred at room temperature
for 24 h. During this period thallium metal precipitated as a grey-black
powder. After centrifugation the solvent was removed in vacuo. The
'H NMR spectrum of the product indicated almost complete conversion of
4 to S. An analytically pure sample was obtained after the centrifugation by
concentrating the supernatant yellow solution to ca. 3 mL and storing the
solution at —35°C. The yellow, crystalline solid had identical analytical,
spectroscopic and crystatlographic properties to those reported previously for
519

X-ray Crystallographic Study of 3 and 4: Data for 3 were collected at —120°C
from an oil-coated shock-cooled crystal™*®! on a Stoe-Siemens AED using
Moy, radiation (4 = 0.71073 A). Intensity data were measured with profile-
fitted "1 20/ scans. Semiempirical absorption correction was applied using
azimuthal (-} scans (i > 80%).' 7 Crystals of 4 were selected and mounted at
—507C1in a drop of perfluorinated polyether using a low-temperature crystal
mounting device. Data were collected at —100°C with profile-fitted ® scans
on an Enraf-Nonius CAD4 four-circle diffractometer equipped with a
homemade low-temperature device and using graphite-monochromated
Moy, radiation (i = 0.71073 A). Semiempirical absorbtion correction was
performed using azimuthal (-) scans (i > 83°). Both structures were solved
by Patterson methods (SHELXS-90*841) and refined to convergence by full-
matrix. lcast-squares iteration against F? (SHELXL-96!'8%) minimizing
the function w(F? — F2) where w =1/[c*(F2) + (g,P)* + g,P] and P =
[max(F2,0) + 2 F2}/3. Unless otherwise stated. non-hydrogen atoms were re-
fined anisotropically using geometric and ADP restraints. A riding model was
employed in the refinement of the hydrogen atom positions, with the isotropic
displacement parameters fixed to 1.2 imes (NH, CH, CH,) and 1.5 times
(CH,;) the value of U, of the attached carbon atom. The carbon atoms of the
SiMe, groups in 4 were refined with equal isotropic U values within each
group; geometric restraints were applied. The crystallographic data of both
structures are reported in Table 3.

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-100594. Copies of the data
can be obtained free of charge on application to The Director, CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: deposit@chemcrys.cam.ac.uk).
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Biomimetic Crystallization of Calcium Carbonate Polymorphs
by Means of Collagenous Matrices

Giuseppe Falini, Simona Fermani, Massimo Gazzano and Alberto Ripamonti*

Abstract: Crosslinked gelatin films with
entrapped poly-L-aspartate were used to
induce the crystallization of calcite and
aragonite polymorphs. Calcite with high
degrees of isomorphous substitution (up
to 12mol% magnesium) has been ob-
tained. The morphology and laycred or-
ganization of magnesium calcite crystals
grown inside the crosslinked gelatin films
with entrapped poly-L-aspartate resemble
some structural features of radial calcitic

poly-L-aspartate and the uniaxial defor-
mation of the films control the growth of
aragonite aggregates inside the filns.
Such aggregates grown inside uniaxially
deformed films consist of parallel rods
with an architectural assembly similar to

Keywords
aragonite * biomineralization - calcite
- crystal growth - peptides

that found in some marine organisms.
The crystals’ aggregation and the control
of calcium carbonate polymorphism are
related to the modelling of the nucleation
sites by poly-L-aspartate structure and
concentration, local supersaturation and
microenvironment shape. The results in-
dicate that the collagenous matrices with
entrapped polyelectrolytes are versatile
systems which can contribute to the eluci-
dation of strategies for biomimetic mate-

ooids. The concentration of entrapped

Introduction

Many organisms are able to build organic—inorganic composite
materials of elaborate morphology and texture. Furthermore,
they can control the polymorphism and the chemical composi-
tion of the inorganic phase.’*! Calcite and aragonite, two poly-
morphs of calcium carbonate, can be selectively precipitated,
and considerable amounts of magnesium calcite can be detected
in the hard parts of many organisms.!!-?!

Association between organic and inorganic substances has
also been observed in the sedimentary environment. It has been
suggested that in radial calcitic ooids organic concentric shells
act as growth surfaces for carbonate.!® Biogenic calcites and
radial calcitic ooids can contain up to 40 and 12T mol %
magnesium, respectively. However, in laboratory experiments
at room pressure and temperature, it is not possible to obtain
high-magnesium calcite from saturated solutions of calcium car-
bonate containing magnesium. Substitution of up to 6.5 mol %
magnesium into calcite has been reported in conditions close to
the biological ones.!! Magnesium ions in solution induce the
formation of aragonite, and at high magnesium/calcium molar
ratios (> 4) mainly aragonite is formed.[]
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rials chemistry.

Model studies of crystallization at the organic—inorganic in-
terface suggest that control of crystallization of inorganic com-
pounds is affected either by the abilities of organic templates to
mimic the lattice of a two-dimensional face or by the sterco-
chemistry of the functional groups at the interface.!¥) These
studies offer valuable insights not only into natural processes
but also for biomimetic materials chemistry.!!®!

Recently it has been found that aspartate-rich macro-
molecules extracted from aragonitic or calcitic mollusc shell
layers are responsible for the selective precipitation of aragonite
and calcite in vitro.[?" Furthermore it has been shown that these
soluble proteins alone are sufficient to control phase switching
between calcite and aragonite.!®’ Poly-L-aspartate (Pasp) has
been considered an analogue of these proteins, which are in
some way bonded to an insoluble protein matrix with gelling
properties. It is difficult to attribute to the insoluble matrix a
defined function besides that of mechanical support. However,
its gelling properties could be related to the compartmental
strategy used to control size, shape and aggregation of biologi-
cal crystals.I8a 80 10)

Although the structure of gelatin, which is constituted of de-
natured and degraded collagen molecules, is rather complex as
a model, crosslinked gelatin with entrapped Pasp nevertheless
has favourable properties for the simulation of the role of the
mollusc organic matrix in the biological crystallization of calci-
um carbonate. In a previous communication we used cross-
linked gelatin films with entrapped Pasp as a tool to obtain
oriented crystallization of calcite.l'!) Recently the growth of
fluoroapatite aggregates by diffusion into a gelatin matrix has
been reported.''?! Gels have been used to grow calcite crys-
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tals,"'3 and the crystallization in gels has been thoroughly stud-
jed with the aim of growing inorganic single crystals."* Com-
pared to noncrosslinked materials, gelatin films made rigid and
insoluble by glutaraldehyde crosslinking are versatile systems in
which to incorporate water-soluble polyelectrolytes. Thus the
nature, density and structural geometry of the charged groups
responsible for the crystallization of calcium carbonate can be
easily regulated by changing the kind and amount of the
polyelectrolyte entrapped in the film. Furthermore, the struc-
ture of the polyelectrolyte—gelatin supramolecular assembly
can be changed by means of a simple mechanical deformation,
which modifies the microenvironment of the nucleation and
growth sites.

We have investigated the growth of calcium carbonate poly-
morphs in the presence of crosslinked gelatin films. Calcite with
high degrees of isomorphous substitution, up to 12 mol % mag-
nesium, has been obtained (rom solutions conlaining magne-
sium ions. The morphology and layered organization of magne-
sium calcite crystals grown into crosslinked gelatin films with
entrapped Pasp resemble some structural features of radial cal-
citic 00ids.®! Moreover, we found that the concentration of
entrapped Pasp and the macromolecular orientation induced by
uniaxial deformation of the films controlled the formation of
aragonite crystal aggregates to result in an architectural assem-
bly similar to that found in the nacreous layers of marine organ-
isms.H!

Results

Characterization of gelatin films: Since the casting process has a
pronounced effect on the structure of gelatin films," *! the great-
est care was taken in their preparation, and their ultrastructural
organization was checked on dry samples by SEM and X-ray
diffraction. SEM micrographies and X-ray diffraction patterns
show that during the uniaxial deformation the gelatin layers

Abstract in Italian: Films di gelatina reticolata contenenti Poly-L-
aspartato { Pasp) sono stati usati per indurre la cristallizzazione
di calcite ed aragonile. Essi hanno permesso di ottenere magnesio
calcite ad elevaio grado di sostituzione isomorfa (12% in moli) ¢
51 ¢ potuto dimostrare che la morfologia e la struttura a strati degli
aggregali di magnesio calcite cresciuti all'interno dei films di gela-
t1ina contenenti Pasp hanno aspetti strutturali in comune con gli
ooidi calcitici radiali. La concentrazione del Pasp e la deformazio-
ne uniassiale dei films controllano la crescita di aggregati di ara-
gonite all'interno dei films. I cristalli di aragonite si aggregano a
Jormare cilindri paralleli con un’architetiura simile a quella trova-
ta in alcuni organismi marini. L'aggregazione dei cristalli ed il
controllo del polimorfismo del carbonato di calcio vengono messi
in relazione con la forma dei siti di nucleazione, con la struttura
e concentrazione del Pasp, con la sovrassaturazione locale e con il
microambiente in cui avviene la crescita. I visultati indicano che la
matrice collagenosa contenente polielettroliti rappresenta un si-
stema versatile che puo contribuire a chiarire le strategie “biomi-
metiche” da applicare alla chimica dei materiali.
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reorganized into bundles parallel to the direction of elongation
(Figure 1). These bundles contained oriented segments of colla-
gen molecules, as indicated by the characteristic X-ray diffrac-
tion maxima at 0.29 and 1.1 nm, preferentially oriented parallel
and perpendicular to the direction of the elongation, respective-
Jy.Lrel

Figure 1. SEM image of a longitudinal section of uniaxially deformed gelatin film
showing bundies of collagen molecule segments. Scale bar 10 ym. Iuset: X-ray
diffraction pattern of uniaxially deformed gelatin film with the X-ray beam perpen-
dicular to the film surface.

About 30 pg of material per millilitre solution was released
from the films at the end of crystallization experiments. The
amino acid composition indicated that the films were made up
of gelatin and contained only traces of Pasp. Swelling of the
crosslinked films did not depend on the presence of Pasp, but
was sensitive to stretching. In fact, when the vnstretched films
swelled they could increase in weight by up to 290(30) %, where-
as the stretched films (200% deformed) could increase by
150 (10) weight %. The standard error in parentheses was calcu-
lated from three independent experiments.

Crystallization in the presence of unstretched gelatin films: Cal-
cite crystallization on crosslinked unstretched gelatin films with
entrapped polymers containing carboxylate and/or sulphate
groups has been previously described.!’!! For all the polyelec-
trolytes considered, the induction times decrease and the nucle-
ation density increases on increasing the polyelectrolyte content.
Unlike the other polyelectrolytes, Pasp at low content induces
preferential (001)-oriented crystallization of calcite. The highest
frequency of oriented crystals was found for a content of 0.5 pg
of Pasp per gram of gelatin.

When crystallization occurred from a solution of calcium and
magnesium chloride at different molar ratios the crystalline
product was mainly obtained on the gelatin film; just a few
crystals were observed at the air—solution interface. The miner-
al phasc was highly crystalline, as shown by the X-ray diffrac-
tion patterns. Magnesium calcite (Figure 2) was the sole calcium
carbonate polymorph present on the gelatin films for a magne-
sium/calcium molar ratio less than 2.5 and entrapped Pasp con-
centration lower than about 0.5 mg per gram of gelatin. The
nucleation density of magnesium calcite on the films decreased
on increasing the relative amount of magnesium in solution.

The gelatin film allows a high degree of magnesium replace-
ment of calcium in calcite independent of its Pasp content. The
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Figure 2. X-ray powder diffraction pattern of magnesium calcite containing
12 mol % magnesium. The peaks are shifted from those of pure calcite, which are
indicated by lines beneath the spectrum. The black circles indicate the silicon peaks
of the internal standard.

magnesium content of calcite, evaluated by comparison of the
unit cell parameters (Table 1) with literature data,l'” reached
12(1) mol % when obtained from a solution with a magnesium/
calcium molar ratio equal to 2.5. This value compares with that
of 14.0(1) mol % magnesium obtained from atomic absorption
spectroscopy. The substitution of magnesium in the calcitic
structure was confirmed by the FTIR spectra, where the peak of
pure calcite at 712 cm ™~ {8 is shifted to 717 cm ', A shift in
the same direction was observed for a sample of biogenic
calcite containing 14 mol % magnesium, which has a peak at
719 cm™ !,

Table 1. Unit cell volume of calcite as a function of magnesium/calcium molar ratio
in solution for different amounts of entrapped Pasp in the crosslinked gelatin film.
The standard deviations are reported in parentheses.

Amount of Pasp [Mg?*}[Ca?*}=1.0 [Mg?*)/[Ca%*} =25

vol (A%) % Mg [b] vol (A%) % Mg
0.0 [a] 364(1) 4.2(6) 358.4(2) 12(1)
0.5 364(1) 42(6) 358.3(2) 12(1)
500 363(1) 4.6(6) 358.3(1) 12(1)

[a] The amount of entrapped Pasp m pug per 1 g of gelatin. [b] Magnesium mole
percent in calcite obtained by the volume reduction of the unit cell.l'”!

The presence of magnesium in solution induced a substantial
change in the crystal morphology. In the first stages of crystal
growth, at a magnesium/calcium molar ratio equal to 1 and in
the absence of entrapped Pasp, calcite crystals occurred as
prisms elongated in the direction of the ¢ axis, and capped with
rhombohedral {104} faces. The single crystals aggregated with
an angular spread of the hexagonal axis of a few degrees (Fig-
ure 3 A). During growth the spread increased until the aggregate
attained a globular shape (Figure 3 B). The core of a fractured
globular aggregate is shown in Figure 3C. In the presence of

Chem. Eur. J. 1997, 3, No. 11
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Figure 3. SEM images of magnesium calcite aggregates grown on the surface of a
gelatin film without Pasp from a solution with a magnesium/calcium molar ratio
of 1. A) Initial stage of growth; B) shape of an aggregate after four days;
C) fractured scction of an aggregate. Scale bars: A, Sum: B, 10 um; C. 1 um.

entrapped Pasp, the rhombohedral faces exhibited more round-
ed edges, which disappeared completely at a concentration of
entrapped Pasp of about 0.5 mg per gram of gelatin.

At a magnesium/calcium molar ratio of 2.5, the aggregates of
acicular magnesium calcite crystals, elongated in the ¢ axis direc-
tion and radially oriented, consisted of a smaller hemisphere
grown inside the film joined with a larger one grown towards the
solution. Under the microscope between crossed polarizers they
exhibited a pseudouniaxial black cross. In the presence of Pasp.
at a concentration in the range 0.5 ug—0.5mgg~! gelatin, the
smaller hemisphere was formed by a central core surrounded by
concentric layers (generally two) of radially oriented crystals.
The diameter of the inner core was about 40-60 pm and the
average thickness of an external concentric layer was about
1.5 um. These concentric layers were not observed in the larger
hemisphere, which was formed of radially oriented acicular
magnesium calcite crystals. A typical aggregate is shown in Fig-
ure 4, together with the mark left on the surface of the gelatin
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Figure 4. A) SEM image of an aggregate of magnesium calcite crystals grown from
a solution with a magnesium/calcium molar ratio of 2.5. The aggregate was removed
from the surface of a gelatin film containing 0.5 mg of Pasp per gram of gelatin.
B) View of the broken surface of the smallest hemisphere in A) at higher magnifica-
tion, showing the characteristic layered structure. C) View of the mark left on the
eelatin film surface by the aggregate in A). Scale bars: 10 um.

film. It must be noted that no influence on the calcite morphol-
ogy and on magnesium substitution was observed in control
experiments with an amount of gelatin in solution equal to that
released from the crosslinked films.

Concentrations of entrapped Pasp higher than about 0.5 mg
and up to the highest used concentration of 1.0 mg per gram of
gelatin provoked a polymorphic switch from calcite to aragonite
independent of the presence of magnesium ions in solution. This
mineral phase nucleated inside the gelatin films and was orga-
nized in globular aggregates with a diameter in the range of
30-70 um. Also, in this case, the density of nucleation of arag-
onite aggregates increased with the relative amount of en-
trapped Pasp in the gelatin film.
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Crystallization in the presence of uniaxially deformed gelatin
films: The presence of entrapped Pasp in uniaxially deformed
films controls the deposition of calcium carbonate. In the ab-
sence of Pasp, calcite crystals with typical rhombohedral mor-
phology were observed outside the film whereas no mineral
phase was found in the film (Figure 5A). In the presence of
Pasp, even at a concentration lower than 0.5 mg per gram of
gelatin, the inorganic phase was mainly deposited inside the
film, as can clearly be seen in Figure 5B. Only a few rhombohe-
dral calcite crystals were formed outside the film. The amount of
the inorganic phase deposited inside the film increased as the
Pasp content increased.

—

Figure 5. Optical micrographs of caicium carbonate deposits grown in the presence
of uniaxially deformed film (200 % elongation). A) Rhombohedral calcite crystals
formed on film without entrapped Pasp. B) Aragonite aggregates formed inside the
film with entrapped Pasp. Scale bars: 100 pm.

Under the microscope between crossed polarizers the inor-
ganic deposits inside the film exhibited a pseudouniaxial black
cross. The X-ray diffraction patterns obtained with the X-ray
beam perpendicular or parallel to the surface of the film indicat-
ed that the deposits consisted of aggregates of aragonite crystals
independent of the presence of magnesium ions in solution;
aragonite was the only calcium carbonate polymorph revealed
inside the gelatin films by X-ray diffraction analysis. X-ray fibre
diffraction of collagen is easily recognizable and the typical
meridional and equatorial reflections at 0.29 nm and 1.1 nm,
respectively, indicated the direction of the film elongation paral-
lel to the fibre axis (Figure 6). The aragonite crystals showed a
slight preferential orientation with the ¢ axis perpendicular to
the direction of elongation. The aragonite diffraction maxima
(012), (112) and (013) were spread into two symmetric long arcs
when the X-ray beam was parallel to the surface of the film and
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Figure 6. X-ray diffraction pattern of intact uniaxially deformed gelatin film with
aragonite grown inside. The X-ray beam is parallel to the gelatin film surface and
perpendicular to the direction of elongation as shown. The reflection at 0.29 nm is
due to collagen bundles oriented along the direction of the film elongation.

perpendicular to the direction of elongation (Figure 6). The arc
lengths increased with increasing Bragg angle; the centres of
greatest darkness were aligned perpendicular to the fibre axis.
The Debye ring of the maximum (111) formed four arcs ar-
ranged symmetrically with respect to the meridional and equa-
torial directions. A similar, even if much smaller, orientation
effect of the aragonite crystals was observed when the X-ray
beam was perpendicular to the surface of the gelatin film. This
crystal orientation was checked in fragments of deproteinated
aragonite deposits, which give clearer diffraction patterns. Al-
though the degree of orientation was low, the diffraction data
suggested that the aragonite crystals were oriented radially to
the direction of elongation, so the crystals oriented with the ¢
axis perpendicular to the X-ray beam contributed more to the
diffraction than the oblique ones. The aggregates appeared as
flat lozenges with contours and lengths depending on the elon-
gation of the films and on the presence of magnesium ions in
solution, but they were invariably aggregates of aragonite crys-
tals. The presence of magnesium ions in solution induced the
formation of more rounded lozenges, which were shaped by the
bundles of the denatured and degraded collagen molecules. The
observed correlation between the degree of elongation and the
form of lozenges indicates that their form reflects the initial
shape of the sites where they grow. The modelling of the organic
matrix was more evident in the deproteinated samples. The ag-
gregates of aragonite crystals formed rods parallel to the direc-
tion of elongation (cross-section 2—3 pm in diameter, Figure 7).
The slight orientation effect observed in the diffraction patterns
suggests that the crystals that form each rod are preferentially
oriented with the ¢ axis perpendicular to the rod length.

Discussion

The results of this study, summarized in Table 2 and Figure 8,
show that the collagenous matrices with entrapped Pasp are able
to control aragonite or calcite polymorph deposition. Aragonite
invariably crystallizes inside the crosslinked gelatin films, inde-
pendently of the presence of magnesium ions in solution. How-
ever, magnesium ions as well as the stretching of the film influ-
ence the architectural assemblies of the crystals.

Crystallization of calcite: In the absence of magnesium ions in
solution and of entrapped Pasp in the films the crystallization of

rhombohedral calcite occurred on the film surface.
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Figure 7. A) SEM image of aragonite aggregates formed inside the uniaxially de-
formed gelatin film with entrapped Pasp: B) view of fractured deproteinated arag-
onite aggregates. The arrows indicate the direction of the film elongation. Scale
bars: 10 pm.

Table 2. Crystallization of calcium carbonate polymorphs.

Crosslinked Pasp concentration [a]

gelatin films 0.0 <0.5ug 0.5pug-05mg 0.5-1mg
Unstretched unoriented  oriented caleite {c} aragonite {d}

calcite [b] calcite [b]  aggregates aggregates
Uniaxially deformed unoriented  oriented aragonite [d]  aragonite [d]
(200% elongation) caleite {b] calcite [b]  rods rods

[a] The amount of entrapped Pasp in 1 g of gelatin. {b] Calcite containing up
to 12mol% of magnestum with [Mg?*}/[Ca’*] = 2.5. [c] Ooid-like aggregates
of magnesium calcite were obtained from solution with [Mg?*]j[Ca®'] = 2.5.
{d] Aragonite was always found inside the film.

| ecaxis
AN

Y

oriented calcite

gelatin film with

entrapped Pasp P aggregate of radially oriented

magnesium calcite erystals

magnesium calcite ooid-like
aggregates towards the film

aragonite rods
inside the film

direction of e¢longation

Figure 8. Schematic illustration of calcium carbonate crystallization on and inside
the crosslinked gelatin films.

Entrapped Pasp induced the highest frequency of (001)-ori-
ented crystallization of calcite on the films surface when its
content did not exceed 0.5 ug per gram of gelatin.'! Many
studies have attempted to define the interplay of polyanionic
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proteins and other biomolecules with specific crystal planes of
biogenic calcium carbonate.l® The binding of Pasp to calcite has
also been studied by atomic force microscopy and molecular
modelling.'°) Energy optimizations revealed that the polypep-
tide assumed the most energetically favourable beta conforma-
tion when the local electrostatic interactions did not prevail, and
that the strongest binding was with the calcite (001) basal plane.
On this basis we postulated a beta structure for entrapped Pasp.
Carboxylate groups protruding from the surface of calcium-
preloaded crosslinked gelatin films provide the stereochemical
interaction with the (001) planes and, as a consequence, the
oriented crystatlization.l! !l

When magnesium ions were present in solution (magnesium/
calcium molar ratio equal to 2.5), calcite containing up to
12 mol % magnesium crystallized in the presence of unstretched
gelatin films. The presence of entrapped Pasp had no effect on
the magnesium substitution in the calcite (Table 1). The mecha-
nism which leads to the formation of magnesium calcite with
high degrees of magnesium substitution for calcium is still un-
known. The difficulty of accommodating the magnesium ion in
calcite is probably related to its high charge density, which
makes the hydration enthalpy and the radius of the hydrated
ions higher for magnesium than for calcium. According to this
hypothesis, the reduction of magnesium hydration energy in
water —alcohol mixtures leads to the crystallization of calcite
with a magnesium content up to 14 mol %, unusual for a syn-
thetic calcite obtained at room temperature.!*®! Since the pres-
ence of gelatin in solution did not influence the magnesium
substitution for calcium, it seems likely that the crosslinked
gelatin films may make the incorporation of magnesium in the
calcite easier by reduction of the hydration sphere on nucle-
ation.

The presence of magnesium in solution caused considerable
changes in the crystal morphology.!® 2% Globular aggregates of
radially oriented magnesium calcite crystals elongated in the ¢
axis direction were made up of two hemispheres. The smaller
one, grown towards the film, was formed by a central core
surrounded by concentric layers of radially oriented magnesium
calcite crystals. The formation of these layers could be related to
the compartmental structure of the unstretched gelatin films.!'#
The adsorption of Pasp on the (001) plane of the calcite might
interrupt the crystal growth along the ¢ axis dircction. The poly-
meric covering thus formed might serve as a substrate for fur-
ther crystallization, giving rise to another shell, and so on with
a mechanism similar to that proposed by Davies et al. for the
formation of ooids in supersaturated seawater solution contain-
ing humic acids.®® The homogeneity of the layer thickness
(about 1.5 pm) and the presence of the layered structures in the
different stages of growth strongly suggest a constant mineralo-
gy and exclude any recrystallization effect.

Habit modifications of growing crystals are the most obvious
consequences of the effect of the additives on the crystal
growth.[®®) Therefore control experiments on the influence of
the macromolecular components released from the film were
carried out. The presence of a small amount of gelatin in solu-
tion (30 ugmL ") did not influence the morphology of crys-
talline phases, whereas in the presence of Pasp in solution the
crystals showed rounded edges and often completely lost their
crystal morphology.'® The simultaneous presence in solution of
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both additives enhanced this effect, but neither globular aggre-
gates nor layered organization were observed. These results in-
dicate that supramolecular assembly of Pasp and gelatin in the
crosslinked films is responsible for the observed morphological
effects.

Crystallization of aragonite: The crystallization of aragonite as
a unique calcium carbonate polymorph inside the film occurred
in the presence of the entrapped Pasp. At a Pasp loading greater
than 0.5 mg up to the highest used concentration of 1.0 mgg ™'
gelatin, crystallization occurred almost exclusively inside the
gelatin films, giving rise to aggregates of aragonite crystals inde-
pendently of the presence of magnesium ions in solution. Arag-
onite formation in uniaxially deformed crosslinked gelatin films
occurred at a lower Pasp content (0.1 mgg™' gelatin). There-
fore, the control of mineralization into the film depends on the
entrapped Pasp concentration and on the film deformation. As
the content of Pasp increased, ionic diffusion into the films
increased and more calctum ions could bind to Pasp in the
microenvironments where nucleation and growth occur. This
suggests that the crystallization of aragonite is related to the
modelling of the nucleation sites by the structure and concen-
tration of Pasp, local supersaturation and microenvironment
shape. Control experiments carried out in the absence of gelatin
films excluded any supersaturation or foreign-ion effect on the
control of aragonite crystallization inside the films.

The X-ray diffraction patterns indicate that the triple helical
structure of collagen at least partially survived the denaturation
and degradation process into gelatin, and that molecular orien-
tation can be induced by uniaxial deformation of the gelatin
films. The reorganization of the molecular segments into bun-
dles might be responsible for the variation of the permeability,
as shown by swelling measurements, as well as for the change
of the nucleation site shapes. Unfortunately, these possible
changes in structure or ordering of entrapped Pasp on stretching
cannot be detected either by X-ray diffraction or by spectro-
scopic techniques because of its low content compared to
gelatin. However, it seems likely that the mechanical strain not
only orders the molecular segments of collagen but also induces
the orientation of the polypeptide chains along the direction of
elongation. The crystalline deposits of aragonite formed inside
the uniaxially deformed crosslinked films were partially orient-
ed with the ¢ axis perpendicular to the direction of elongation.
No orientation was found in the aragonitc aggregates grown
into unstretched films.

The architectural assembly of the aragonite crystals is un-
doubtedly controlled by the molecular organization of the
crosslinked gelatin films. When the organic matrix is dissolved
by treatment with hydroxylhydrazine, the aggregates formed
inside the stretched films clearly appeared to be composed of
parallel rods circular in cross-section (Figure 7). These rods
consisted of small aragonite crystals preferentially oriented radi-
ally to the rod length, and extended parallel to the bundles of
crosslinked gelatin. Although greater in diameter, they resemble
those found by Mutvei in the septal nacre of Spirula spiru-
1a.12*-22 This finding suggests that the supramolecular organi-
zation of the Pasp chains and degraded collagen molecules in the
stretched collagenous matrices might mimic the function of the
organic matrix of the aragonitic layers in marine organisms.
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Recently Miyamoto et al.l?*! suggested that the collagenous
repeat domain Gly-X-Asn (where X = Asp, Asn, or Glu)
found in nacrein, a soluble matrix protein of the nacreous layer
in oyster pearls, could form a network like collagen molecules,
capable of contributing to aragonite crystal growth. This hy-
pothesis is very impressive in view of our findings on the arago-
nite crystallization inside collagenous matrices, even if at this
stage it is difficult to formulate a persuasive detailed model for
the mineralization process.

Concluding Remarks

Crosslinked gelatin films with entrapped Pasp represent a useful
tool to mimic calcium carbonate deposition in natural processes
such as the formation of calcitic ooids or the regulation of bio-
logical crystal growth by skeletal intracrystalline components of
marine organisms. These films are versatile systems that offer
valuable insights into the applications of important biomimetic
principles relevant for the formation and design of inorganic
materials: 8241 a) the precipitation of high-magnesium calcite
is regulated by the gelatin matrix; b) the immobilization of Pasp
within the gelatin matrix provides a substrate that is capable of
induced-oriented nucleation by molecular templating; c) the as-
sembled polymeric matrix (Pasp and crosslinked gelatin) pro-
vides spatially constrained environments for control of calcite
and aragonite polymorphism and for construction of organized
aggregates of crystals.

Experimental Section

High-grade (NH,),CO,, CaCl,-2H,0 and MgCl, 6 H,O reagents (Merck),
type A gelatin from porcine skin (300 Bloom) and poly-L-aspartic acid (sodi-
um salt, M, 9600; Sigma) were used. Deionized water (2 pS, Millipore) was
used.

Noncrosslinked films were obtained on the bottom of a tissue culture Petri
dish of diameter 5.5 cm after water evaporation at room temperature from
10.0 mL of 5% aqueous gelatin solution containing up to 1.0 mg of Pasp per
gram of gelatin. The films were crosslinked by soaking for 24 hours at room
temperature in 5.0 mL of a Swt % glutaraldehyde!?*3 solution, The film kept
on the bottom of the dish was then washed three times with water, equilibrat-
ed for 24 h with 5 mL of 2mm CaCl, solution and then washed again with
water and dried. The air-dried films are about 100 pm thick.

The noncrosslinked films were cut into strips 0.3 cm wide and allowed to swell
in water/ethanol solution (2/3 v/v) for 3 days. Each strip kept in the water/
ethanol mixture was stretched by means of an Instron 4465 tensile tester
instrument at a speed of 0.5 cm/min up to a maximum elongation of 300%.
The drawn sample was air-dried at room temperature at constant elongation.
The crosslinked films were washed three times with water, incubated for 24 h
in a 2mM CaCl, solution and then washed again with water and dried.
Crystallization solutions with different Mg?*/Ca?* molar ratios (0.0; 1.0;
2.5) were obtained by addition of the required mass of magnesium chloride
to a known volume of 10mM calcium chloride solution. Calcium carbonate
crystals were grown as reported by Addadi et al.!?¢! at a temperature of 18°C
by very slow diffusion of (NH,),CO, vapour onto Petri dishes containing
3 mL of crystallization solution over the gelatin films. Although it is difficult
to reproduce the nucleation density, the same mineral forms and the same
trend in the nucleation density as a function of Mg?*/Ca®* molar ratio was
observed in repeated experiments. Control experiments without films were
carried out with Pasp and gelatin added to the crystallization solution at
about the same concentration of the material released from the films.

The swelling of the crosslinked gelatin films with or without entrapped Pasp
in 10mM CaCl, solution was followed gravimetrically. Square samples of
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0.3 cm edge were cut. The weighed samples were then equilibrated in the
CaCl, solution for 48 h at room temperature, dried with blotting paper and
weighed.

Crystals on gelatin films were initially examined by optical microscopy. More
detailed morphological investigations were carried out by means of a Philips
XL-20 Scanning Electron Microscope. Samples were deposited on aluminium
stubs and sputter-coated with a thin layer of gold. Inorganic phases crystal-
lized inside the films were examined as such and after treatment with hydrox-
ylhydrazine, which dissolves the organic matrix.i2”

High angle X-ray diffraction analysis employing Cug, radiation was carried
out by means of a flat camera. X-ray powder diffraction patterns were record-
ed with a Philips PW 1050/81-PW 1710 system. The least-squares method was
used to calculate the unit cell parameters from the well-determined positions
of the three most intense reflections. The peak positions were corrected with
silicon as internal reference.

Fourier transform infrared spectra (FTIR) were obtained from KBr pellets
using a Nicolet 250 FTIR spectrometer. A biological sample of magnesium
calcite (from sea urchin teeth) containing 14 mol% magnesium was used for
comparison.

Magnesium and calcium contents of the crystals were determined with an
atomic absorption spectrometer (Perkin—~Elmer 373).

The amino acid composition of the material released from the films at the end
of the crystallization experiments was determined after hydrolysis in 6M HCI
at 110°C under nitrogen. The analyses were carried out by HPLC following
the method of Galletti et 128!
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Calix|4]arene Podands and Barrelands Incorporating 2,2’-Bipyridine Moieties
and Their Lanthanide Complexes: Luminescence Properties

Gilles Ulrich, Raymond Ziessel,* Ilse Manet, Massimo Guardigli, Nanda Sabbatini,
Franca Fraternali, and Georges Wipff

Abstract: A new family of cone-shaped
podands and barrel-shaped cryptands
based on calix[4]larenes incorporating
5,5 -substituted 2,2'-bipyridine subunits
were prepared and characterized. The
Eu®* and Tb** complexes of the podands
bearing two, three, or four bipyridine
chromophores could be isolated. High
molar absorption coefficients (&, =
39600M ™ 'cm ™! for Fu4 and
26700M ™ 'em ™! for Eu3) and high metal

Eud and 15% for Eu3) were obtained.
Molecular dynamics simulations on Eu4
showed that the bipyridine arms wrap
around the lanthanide cation, efficiently
shielding the cation from solvent mole-

Keywords
calixarenes lanthanides lumin-
escence molecular dynamics
N ligands

cules. In the presence of chloride counter-
ions the fourth bipyridine arms does not
coordinate the lanthanide ion. Ligands
bearing two bipyridine units and two ad-
ditional functional groups—ethyl bu-
tyrate or N-propylpyrrole—did not give
stable lanthanide complexes. The barre-
land containing two calix[4Jarene moieties
and four bipyridine groups did not form
complexes with lanthanide ions, most
probably because of the rigidity of the

luminescence quantum yields (16% for

Introduction

Complexation of Eu3* and Tb** ions by encapsulating ligands
has been extensively studied in the last few years.'! % In these
complexes metal luminescence can result from a light conver-
sion process consisting of ligand absorption (A), ligand-to-
metal energy transfer (ET), and metal luminescence (E) (Fig-
ure 1). The main interest in these studies is due to the fact that
the Eu®" and Tb3* ions possess long-lived luminescent states
and exhibit line-like emission in the visible region. As a result,
their complexes can act as valuable labels in bioaffinity assays
based on time-resolved luminescence measurements, since they
can enhance the sensitivity of the assay by minimizing interfer-
ence of the short-lived, background luminescence in the UV
region of the biological species.[® 7

Among the encapsulating ligands used for Eu®* and Tb**
complexation, functionalized calixarenes constitute an impor-
tant class. For example, the Eu®** and Tb** complexes of the
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ligand.

2,2%bipyridine

A absorption of the bipy
ET ligand-metal energy transfer
E emission from the cation

Figure 1. Luminescence process in a Eu’* -podand complex.

p-tert-butylcalix[4]arene ~tetraacetamide ligand!®! are stable in
water. The Tb®* complex is strongly luminescent in aqueous
solution, while the Eu®* complex shows only weak emission. In
order to obtain more intense metal luminescence,!®! chro-
mophores have been attached to cahxarenes to form more
strongly absorbing ligands for Eu** and Tb** complexa-
tion.['®~ 141 In fact, efficient ligand absorption and a high quan-
tum yield for metal luminescence are necessary to obtain high
metal luminescence intensity, which is the quantity of interest
for the above-mentioned application. The Eu®** and Tb** com-
plexes of a calix[4]arene bearing four pyridine-N-oxide units as
chromophores have been shown to exhibit metal luminescence
upon ligand excitation in methanol.*® The same is true for
almost all Eu®* and Tb>" complexes of calixarenes with phenyl
and diphenyl substituents as chromophores.!** '

Despite the important opportunities offered by appropriately
functionalized oligopyridine ligands in metal complexation, cal-
ix[4Jarene substituted with 2,2'-bipyridine (bipy) molecules have
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only recently been synthesized.!!~'®! Ligands containing two
bipy’s and two amides or four bipy’s, with the bipy’s ligated to
the calix[4]arene moiety through C° (ortho position of the pyri-
dine nitrogen), have been prepared.’3- 14} These ligands form
1:1 complexes with Eu®* and Tb3" ions in acetonitrile, and
metal luminescence is obtained upon bipy excitation. The syn-
theses of ligands with 2,2'-bipyridine units attached to the calix-
arene moiety through C> (meta position of the pyridinic nitro-
gen) have recently been reported in a preliminary communica-
tion .19 In this case, the bipyridine was attached in the meta
position to the calixarenc to avoid steric hindrance around the
complexed lanthanide ion, and kinetically inert complexes were

Abstract in French: Une nouvelle famille de podands dérivés du
calix[4 Jaréne en conformation cone ainsi que des cryptands en
Jorme de tonnelet, tous possédant des sous-unités 2,2’-bipyridines
substituées en position 5 et 5' ont été synthétisés et caracterisés.
Les complexes d'Ew®™ et de Th*™ avec des podands possédant 2,
3 ou 4 chromophores (bipyridines) ont pu étre isolés. Des coeffi-
cients d’extinction molaire élevés (¢, = 39600 pour Eud et
26700 Yem™ Y pour Eu3), ainsi qu'un trés haut rendement
quantique de luminescence (16% pour Eud et 15% pour Eu3)
ont é1é obtenus. Les ligands possédant des unités
bipyridine et deux groupes fonctionnels supplé-
mentaires (éthylbutyrate ou propyl-N-pyrrole)
ne forment pas de complexes stables avec des
ions lanthanides. La présence de deux plate-for-
mes calix[4 Jaréne et de quatre groupes bipyridi-
nes dans le calixbarreland impose une grande
rigidité, ce qui empéche la diffusion du lanthani-
de dans la cavité de Uhdte. Des calculs de dyna-
migue moléculaire pour Eud ont montré que les
bras bipyridines enveloppent les cations de lan-
thanide, ce qui les protégent efficacement des
interactions avec le solvant. En présence d'un
anion, seulement trois bras bipyridines attachés
sur la sous-unité calixaréne participent a la com-
plexation du cation.

n=2or3or4

Scheme 1.

Abstract in Italian: Sono stati preparati e caratterizzati nuovi
podandi e criptandi basati su calix{4]areni in conformazione a
cono, contenenti come cromofori unita 2,2'-bipiridile sostituite in
5e 5. Icomplessidi Eu* e Th®* dei podandi contenenti 2, 3 e
4 cromofori sono stati isolati. Essi mostrano elevati coefficienti di
e = 396000 tem™" per Eud e ¢, =
26700 M Yem™ Y per Eu3) e alti rendimenti guantici di lumines-
cenza del metallo (16 % per Eud ¢ 15% per Eu3). Simulazioni
di dinamica molecolare per il complesso Eud indicano che nei
complessi i cromofori bipiridilici circondano lo ione lantanide
proteggendolo dall’interazione con il solvente. In presenza di anio-
ni, soltanto tre unita bipiridilici partecipano alla complessazzione
dello ione lantanide. I leganti contenenti due unita bipiridile e due

estinzione molare (¢

gruppi etilbutirrato o propil-N-pirrolo non formano complessi sta-
hili con gli ioni lantanidi. Lo stesso accade per il criptando conte-
nente due unita calix{4 [arene e quattro gruppi bipiridilici, proba-
bilmente a causa della rigidita del legante.

1816 —————
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produced as a result. Here we give a full account of the synthesis
of these new ligands and of the luminescence properties of their
corresponding lanthanide complexes together with some molec-
ular dynamics calculations.

Results and Discussion

Podands 2-4 were prepared by adapting the synthesis for 1,3-
disubstituted calix[4]arene ethers or tetrasubstituted calix{4]-
arene ethers in a cone conformation (Scheme 1).1*! For the
synthesis of the compound bearing three bipy subunits, a
monopropylcalix[4larene was used in order to fix the cone con-
formation of the resulting polysubstituted compound.?!!

KoCO5/CH3CN
— 2
79%
&5/ : L NaH/DMF 3
{ Lo
HO OH, OR 24%
1aR=H
1b R = n-C3H;
NaH/DMF
—_——— =
29% 4

The reaction of tetra(feri-butyl)calix[4]arene 1al*? with
2.2 equiv of 5-bromomethyl-5'-methyl-2,2'-bipyridine in anhy-
drous acetonitrile, in the presence of K,CO; (5equiv) as the
base, afforded ligand 2 in 79 % yield. The 'H NMR spectrum of
2 shows the characteristic single AB system for the bridging
methylene groups, a singlet for the OCH,,bipy moieties, and two
singlets for the phenyl protons. In the '*C{'H} NMR spectrum,
the signal for the bridging methylene groups appears at
d = 31.8, clearly indicating a cone structure and a 1,3-distal
substitution pattern of the calix[4]arene.!?3: 24

Reaction of 1a with NaH in anhydrous dimethylformamide
and then with 5-bromomethyl-5"-methyl-2,2"-bipyridine result-
ed in the formation of ligands 3 in 24% yield. An analogous
reaction starting from propoxycalix[4Jarene 1b!® led to 4 in
29% yield. The 'HNMR specira show two AB systems for
ligand 3 and a single AB system for 4, corresponding to the
bridging methylene groups; two singlets for 3 and one singlet for
4, assigned to the OCH,bipy moieties; and three singlets for 3
and one singlet for 4, corresponding to the phenyl protons. In
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the 13C{'H} NMR spectra, the bridging methylene groups ap-
pear as two signals at 6 = 31.5 and 31.4 for 3 and as one signal
at 0 = 31.4 for 4. Both spectra clearly indicate a cone conforma-
tion of the calix[4]arene moiety and its substitution with three
and four bipy’s in ligands 3 and 4, respectively.

Hybrid podands 5—-6 were prepared in a similar manner to
that described above (Scheme 2) by treating ligand 2 with NaH
in anhydrous DMF and then with ethyl 4-bromobutyrate or

NaH/DMF

Scheme 2.

N-(3-bromopropyl)pyrrole.**! The 'H NMR spectra of ligands
5 and 6 exhibit a single AB system for the bridging methylene
groups, one singlet for the OCH, bipy moieties, and two singlets
for the phenyl protons. The '*C{'H} NMR spectra of 5 and 6
each show one signal (at 6 = 31.5 and 31.9, respectively) for the
bridging methylenes. The spectroscopic data unambigously in-
dicate that the cone conformation is retained during alkylation
in both cases.

Cage-type molecules, commonly named calixbarrelands,
were synthesized as depicted in Scheme 3. Reaction of 1a with
1.1 equiv of 5,5-bis(bromomethyl)-2,2"-bipyridine!*® in anhy-
drous acetonitrile with K,COj, (5 equiv) as base afforded ligand
7 in 23 % yield. Reaction of semibarreland 7 with NaH in anhy-
drous THF and then with 5,5-bis(bromomethyl)-2,2'-
bipyridine (2.2 equiv) gave calix[4]barreland 8 in low yield

[19]

Br

NaH, THF, 80°C
4%

Scheme 3.
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(4%). Compound 8 could not be prepared directly from the
sodium tetraanion of p-tert-butylcalix[4]arene. High-dilution
conditions are not required for the synthesis of molecules 7 and
8. A template effect of potassium could not be excluded in the
case of 7, even though cryptands free of alkali metals were
isolated at the end of the reaction. The yield for the bifunctional
alkylation process leading to 8 is low because side-reactions
(polymerization, cross-linking, etc.) compete with the in-
tramolecular closure. To the best of our knowledge,
calixbarreland 8, obtained from the semibarreland 7,
is the first tetrabridged cage molecule based on biscal-
1x[4]arenes connected through the lower rims. The ap-
propriate choice of spacer module (methylene groups
attached to the 5,5 positions of the 2,2’-bipyridine) is
crucial for the success of cyclizations connecting the
lower rims, as recently reviewed in the literature.[2”]

The "H NMR spectra of 7 and 8 show the charac-
teristic single AB system for the bridging methylene
groups, a singlet for the OCH ,bipy moieties, and two
singlets in 7 and one singlet in 8 for the phenyl pro-
tons. The '*C{"H} NMR spectra of 7 and 8 each show
one signal for the bridging methylenes at 6 = 31.9 and

6 33.6, respectively. Both spectra clearly indicate a sym-
metrical environment of the bipyridine subunit, a
cone conformation, and a 1,3-distal substitution pat-
tern of the calix[4Jarenes in 7 and complete alkylation
of the phenol groups in 8.

The Eu®", Tb**, and Gd** complexes of ligands
2—-4 and 7 were prepared by reaction of equimolar quantities of’
the ligands and the lanthanide salts in a methanol/
dichloromethane mixture. The complexes decomposed in water
and methanol, but were stable in anhydrous acetonitrile, with
the exception of the lanthanide complexes of semibarreland 7,
which slowly decomposed in most solvents. The photophysical
properties were therefore studied in acetonitrile for lanthanide
complexes of ligands 2-4.

Surprisingly, solid samples of lanthanide complexes of lig-
ands 5, 6, and 8 could not be isolated. This might be explained
by the fact that the appended ethyl butyrate or N-propylpyrrole
substituents in § and 6, respectively, force the chelating bipy
subunits apart,’?®! thus markedly decreasing the complexation
ability of the latter. In ligand 8 the two calix[4Jarene moieties
and the four bridging bipy’s produce a rigid system, which in-

hibits diffusion of the lanthanide ion into the
“ A
o

5

cavity. Molecular dynamics simulations on
the Eu®* complex of calixbarreland 8 show
that it is thermodynamically stable, and that
the complexation does not induce significant

000 O
strain in the ligand, which wraps perfectly
\ : ® /I : N around the metal ion, while the counterions
N are situated in its second coordination shell
Ny ’INN\/' (Figure 2, top). However, diffusion of the
( \ cation into the cavity to form the complex is

probably prevented by a high kinetic barrier,
related to the separation of the cation from
the counterions and to the rigidity of the lig-
and. Some flexibility, absent in calixbarre-
land 8, may be required to lower this energet-
ic barrier so as to allow complex formation.
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Figure 2. The EuCl, complex of 8 (top), and the Eu® ' (middle) and EuCl, (bottom)
complexes of 4. after 200 ps of MD simulation in acetonitrile (orthogonal views are
shown in each case).

The absorption spectra of 2 (Figure 3), 3, and 4 (Figure 4) are
dominated by the typical features of the n—n* transitions of the
bipy chromophore, characterized by high molar absorption co-
efficients proportional to the number of bipy units. Complexa-
tion of the lanthanide ion by these ligands results in a red shift

06  —v e e 160
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i & '
120 4
= i ‘ 3
o | 23
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® oo ’ 0
“‘ u\ L 40 5
| o
0 L IR — 7g’>‘*>, 0
250 300 350
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Figure 3. Absorption spectra of ligand 2 (-—) and Eu2 (-~ ). and metal lumines-
cence excitation spectrum of Eu2 (- - -~ in anhydrous acetonitrile.
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Figure 4. Absorption spectra of ligand 4 (~——) and End (-~ ). and metal lumines-
cence excitation spectrum of Fud ( --—--) in anhydrous acetonitrile.

of the absorption maxima and in a decrease of the molar absorp-
tion coefficients, as has been observed previously for lanthanide
complexes of other encapsulating ligands containing the bipy
chromophore.l! For each ligand, the absorption spectra of the
Eu**, Tb**, and Gd*”* complexes coincide completely and are
characterized by high molar absorption coefficients. Compari-
son of the absorption spectra of the complexes of these ligands
shows that the spectra of 2 differ from those of 3 and 4. In
particular, the absorption spectra of 2 show a single band with
maximum at 310 nm, typical for the complexed bipy moiety.
The presence of a multicomponent band centered at 300 nm in
the absorption spectra of 3 and 4 suggests that the bipy units
interact differently with the metal ion, probably because of ster-
ic hindrance. For the complexes of each ligand, the absorption
spectra and metal luminescence excitation spectra obtained
upon ligand excitation are similar (Figures 3 and 4). This indi-
cates that all the bipy units are involved in the ligand-to-metal
encrgy transfer.

The lifetimes of the metals emitting from the D, state of the
Tb** complexes of ligands 2-4 (Table 1) are rather short, and

Table 1. Photophysical data in anhydrous acetonitrile [a].

Absorption Emission [b]

Complex A (NM) € (M fem ™) T (ms) " (ms) @

Eu2 310 22500 1.20 1.30 0.03

Th2 310 23400 Q.15 1.07 0.001
0.70

Fu3|q] 305 26700 160 1.00 0.15

Th3 305 31500 .15 1.07 4.002
0.80

Eu4 305 39600 1.60 1.30 0.16

Th4 305 42800 0.25 0.98 0.007
G.8G

[a] Data were obtained at 300 K. unless otherwise noted. [b] Excitation of the
ligand was performed at the 4., values indicated in this table: the lifetimes were
measured from the D, - 7F, and *D, — "F, emissions for Eu®* and Th**, respec-
tively. [c] Values were obtained in the presence of tetracthylammonium nitrate
added to dissolve the complex completely.

the metal luminescence quantum yields obtained upon bipy ex-
citation are very low. The decay curves of the metal emitting
state of these complexes at 300 K are nonexponentional and
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give a satisfactory fit with a biexponential equation. The nonex-
ponential decay may be due to the presence of a small amount
of free Tb®™ in solution. Even though the free Tb®* ions have
very low molar absorption coefficients at the excitation wave-
length, their luminescence could interfere with the lifetime mea-
surement of the Tb** complexes, owing to the very low metal
luminescence quantum yield of these complexes. In analogy
with previous studies, we investigated whether the low quantum
yield and lifetime values are due to nonradiative deactivation of
the Tb®™ D, emitting state by means of back-encrgy transfer to
the lowest ligand triplet excited states. To this end, the ligand
phosphorescence spectra of the Gd** complexes were recorded ;
the lowest energy values obtained for the ligand triplet excited
states are about 22200 cm ™. Considering that the energy of the
Tb** *D, emitting state is 20400 cm ™!, this value seems too
high to allow efficient metal-to-ligand back-energy transfer.
However, in these cases, the 77 K value may not be appropriate
because the energies of the ligand excited states depend on the
mode of complexation. Considering the flexible nature of lig-
ands 2—4, complexation at 300 K may be different from that at
77 K. The presence of ligand-to-metal back-energy transfer can-
not therefore be excluded.

In contrast to the Tb** complexes, the Eu®* complexes are
characterized by rather high lifetime and quantum yield values.
It is interesting that the lifetimes of Eu3 and Eu4 are similar to
and their quantum yields greater than the corresponding values
observed for Eu2. The higher complexation constants for 2,
suggested by spectral data, should result in a more efficient
metal-ligand interaction, which is a determining factor for the
metal luminescence quantum yield. Therefore, nonradiative de-
activation by vibronic coupling with the high-energy OH oscil-
lators present in 2 may be responsible for the lower values of
Eu2. Interestingly, the lifetimes of Eu3 and Eu4 are very similiar
to those of other Eu?* complexes with encapsulating ligands
containing the bipy chromophore, studied in solvents that do
not contain high-energy oscillators.['! Further, the similarity of
the quantum yields of Eu3 and Eud is in agreement with the
complexation characteristics of 3 and 4 deduced from the spec-
tral data.

Molecular dynamics simulations on the Eud complex in pres-
ence and absence of chloride counterions in acetonitrile solution
show that the bipyridine arms wrap around the cation thereby
shielding it efficiently from the solvent (Figure 2, middle and
bottom). The role of the calix[4]arene moiety is to bring together
the bipy subunits in order to form a kinetically stable complex.
When 4 complexes the Eu®* ion in absence of counterions, all
four bipy’s are coordinated to the cation. However, in the pres-
ence of counterions, the complex spontaneously relaxes to a
form in which only three bipy’s are coordinated; one bipy is
forced apart from the Eu center and one anion coordinates
directly the cation (Figure 2, bottom). Thus, interaction be-
tween cation and anion also contributes towards preventing
direct solvent coordination to the cation. The MD simulations
suggest that the introduction of the fourth bipy unit should
not improve the complexation ability of 4 with respect to 3.
The MD simulations are in agreement with the experimental
results, which show that the Eu?* complexes of ligands 3 and 4
have similar properties, such as lifetime and quantum yield
values.

Chem. Eur. J. 1997, 3, No. 11

C; WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1597

Conclusion

In comparison with the Eu** and Tb®* prototype complexes
of p-tert-butylcalix[4larene —tetraacetamide, the present Eu3™*
complexes show luminescence intensities enhanced by up to four
orders of magnitude, as a result of their higher molar absorption
coefficients and quantum yields. Conversely, for the Tb** com-
plexes, luminescence intensities (and corresponding emission
quantum yields) are low, in spite of the high molar absorption
coefficients. Analysis of the metal luminescence intensily as a
function of the chromophores attached to the calix[4]arene moi-
ety reveals that the highest molar absorptions are obtained for
complexes of 4 containing four bipy units. With regard to the
quantum yields, there was no difference between complexes of
ligands containing three or four bipy units. It is worthwhile
noting that Eu®** complex of 4 is characterized by one of the
highest values for metal luminescence intensity among the Eu3™*
and Tb** complexes of encapsulating ligands containing the
bipy chromophore.

The trapping of a lanthanide cation during the synthesis of
the barrel-shaped cryptand (by a template effect) before the
cavily is locked is expected to lead to a kinetically inert and
thermodynamically stable complex, which may have outstand-
ing luminescence properties.

Experimental Section

General: UV/Vis spectra: Shimatzu UV-260 or Perkin-Elmer Lambda 5 spec-
trophotometer. FT-IR spectra: Bruker IFS25 spectrometer; KBr pellets.
NMR spectra: at RT unless otherwise noted; Bruker-SY-200 or AC-200
[200.1 MHz ("H) or 50.3 MHz ("*C)}; 8(H) in ppm rel. 1o the solvent CDCl,
(6 =7.25); 8(C) in ppm rel. to the solvent CDCl, (8§ =77.0). MS: fast-atom
bombardment (FAB, positive mode ZAB-HF-VG-Analytical apparatus in 4
m-nitrobenzyl alcohol (m-NBA) matrix unless otherwise specified.

Materials: NBS (Fluka), AIBN (Janssen), SiO, (Merck), alumina (Merck),
potassium carbonate (Prolabo), NaH (Fluka), europium{u) nitrate hexa-
hydrate (Janssen), europium(lit) chloride hexahydrate (Janssen). terbium i)
nitratc hexahydrate (Ventron), terbium(ii) chloride hexahydrate (Janssen),
gadolinium(i) nitrate pentahydrate (Janssen), gadolinium(mi) chloride hexa-
hydrate (Tanssen), ethyl 4-bromobutyrate (Aldrich).

Spectroscopic measurements: The solvents used for the photophysical mea-
surements were acetonitrile (99.8%, Merck UVASOL) and anhydrous ace-
tonitrile (99.9 %, ROMIL). Tetraethylammonium nitrate was obtained from
FLUKA (99%). The UV/Vis absorption spectra were measured with a
Perkin-Elmer Lambda 6 spectrophotometer. The luminescence spectra were
obtained with a Perkin-Elmer LS50 spectrofluorimeter. The decay of the
metal emitting state was recorded with a Perkin-Elmer LS 50 spectrofluorime-
ter and analyzed with a least-squares fitting program. The luminescence
quantum yields were obtained by the method described by Haas and Stein'?”!
with the standards [Ru(bipy),;]** (@ = 0.028 in aerated water®®) for the
Eu®* complex and quinine sulfate (@ = 0.546 in H,SO, 1N"")) for the Tb*~
complex. The measured values were corrected for the refraction index.!*?!

Molecular dynamics calculations: MD simulations were performed on the
Eu** and EuCl, complexes of 4 and 8 with the AMBER 4.0 package and the
AMBER force field.*3! with Eu?®' represented as described in ref. [34]. The
noncovalent interactions were calculated by using a 1 -6-12 potential with a
residue based cut-off of 10 A. The atomic charges on the ligand were taken
from previous studies on calixarenes’®*Tand on hipyridine-containing helicate
molecules.*%! The acetonitrile molecules were represented with the OPLS
parameters.®” in a cubic box of about 30 A in length, using periodic
boundary conditions. The MD simulations were performed at 300 K. with a
time step of 1fs and SHAKE on solvent molecules and X-H bonds. The
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starting structures were modelled with Eu®* equidistant from the bipyridine
nitrogen atoms. Counterions were added at 6-7 A from Eu®*, in a plane
perpendicular to the C, symmetry axis. After immersion in solution followed
by a conjugate gradient energy minimization, MD simulations were run first
for 20 ps keeping the solute rigid in order to allow for the solvent relaxation
around the complex. This was followed by 200 ps of free MD simulations.

5,11,17,23-Tetra(tert-butyl)-26,28-bis[5-methyl-2,2"-bipyridine-5'-yl)methoxy]-
calix[4]arene-25,27-diol (2): A solution of tert-butylcalix[4]arene (1a) (0.5 g,
0.77 mmol) and potassium carbonate (0.532 g, 3.85 mmol) in dry acetonitrile
(30 mL) was heated at 80°C during 30 min, after which 5-bromomethyl-5-
methyl-2,2"-bipyridine {0.445 g, 1.69 mmol} was added as a solid. The mixture
was heated for one day at 80°C, and then quenched with water. Extraction
with dichloromethane (3 x 50 mL), drying of the organic layers over magne-
sium sulfate, and chromatography (silica treated with triethylamine, ethy!
acctate/toluene, 1:1) gave the analytically pure title compound (0.61 g, 78 %).
'H NMR (200 MHz, CDCl,, 25°C): 6 = 8.85(d, 2H, *J =1.8 Hz), 8.42 (m,
4H), 8.26 (d, 2H, 3J = 8.1 Hz), 8.13(dd, 2H, 3J = 8.1 Hz, *J = 2 Hz), 7.50
(dd, 2H, 3J = 8.1 Hz, *J = 2.0 Hz), 7.11 (s, 1 H, OH calix), 7.08 (s, 1 H, OH
calix), 7.04 (s, 4H, Ar-H calix), 6.80 (s, 4H, Ar-H calix), 5.16 (s, 4 H, bipy-
CH,-0),3.75 (AB quartet, 8H, J,, =13.1, Av =193.6 Hz, Ar-CH,-Ar calix),
2.35 (s, 6H, bipy-CH,). 1.28 (s, 18H, rBu), 0.96 (s, 18H, /Bu); *C{*H}
NMR (50 MHz, CDCl,, 25°C): ¢ =156.0, 153.4, 150.5, 149.4, 148.4, 147.2,
141.6,137.3, 136.6, 133.1, 132.5,132.1, 127.6, 125.7, 125.0, 120.8, 120.7, 75.4,
33.9, 33.8. 31.8, 31.7, 31.4, 30.9, 18.3; IR (KBr): v = 3397, 2956, 1655,
1466, 1194, 1123cm™!; UV (CH,Cl,): 1 () =290 (44900), 230 nm
(36300M *cm™'); FAB* (m-NBA): m/z=1013 [M+H]", 831
[M — CH,bipyCH, +2H], 647 [M — 2(CH,bipyCH )+ H}; Anal. caled for
CogH,cO N, (M, =1013.38): C, 80.60; H, 7.56; N, 5.53. Found: C, 80.48;
H, 7.38: N, 5.37.

5,11,17,23-Tetra(rert-butyl)-26,27,28-tris{(5-methyl-2,2’-bipyridine-5'-yl)-
methoxy}-25-propoxycalix|d]arene (3): To a solution of 5,11,17,23-tetra(rers-
butyl)-25-propoxycalix[4]arene (1b) (0.2 g, 0.29 mmol) in freshly distilled
DMF (10 mL) was added sodium hydride in its commercial form (55 % in oil,
0.063 g). The mixture was heated at 80 °C overnight, after which solid §'-bro-
momethyl-5-methyl-2,2"-bipyridine (0.305 g, 1.15 mmol) was added. The mix-
ture was heated 3 d at 80 °C, and then quenched with water. Extraction with
dichloromethane, drying of the organic layers over magnesium sulfate, and
short chromatography (alumina, ethyl acetate/toluene, 1:9) gave the analyt-
ically pure title compound, which was recrystallized in dichloromethane/
hexane (0.085 g, 24%). "H NMR (200 MHz, CDCl,,25°C): 6 = 8.78 (d, 2 H,
*J=1.5Hz), 8.60 (d, 1H, %/ =1.6Hz), 845 (s, 3H), 825 (dd, 4H,
*J=81Hz, *J=3.0Hz), 817 (d, 2H, 3J=81Hz), 7.72 (dd, 2H.
3J=41Hz, *J=20Hz), 754 (d, 4H, 3J=81Hz), 681 (d, 4H,
“J = 2.2 Hz, Ar-H calix), 6.72 (d, 2H, *J = 2.2 Hz, Ar-H calix), 6.68 (d, 2H,
4J = 2.2 Hz, Ar-H calix), 5.02 (s, 2H, bipy-CH,-0), 4.96 (s, 2H, bipy-CH,-
0). 491(s. 2H, bipy-CH,-0), 3.74 (t, 2H, 3J =7.8 Hz, O-CH,-CH,), 3.66
(AB quartet. 4H, J,5 =12.5 Hz Av = 255.7 Hz, Ar-CH,-Ar), 3.49 (AB quar-
tet, 4H. J,, =12.6 Hz, Av = 236.8 Hz, Ar-CH,-Ar), 2.36 (s, 9H, bipy-CH,).
1.87 (sext, 2H, 3J =7.7 Hz, CH,-CH,-CH,), 1.12 (s, 9H, /Bu), 1.10 (s, 9H,
(Bu), 1.03 (s, 18 H, ¢Bu), 0.80 (t, 3H, 3/ =7.4 Hz); *C{'H} NMR (50 MHz,
CDCl,, 25°C): 6 =155.7, 155.5, 153.6, 152.1, 150.4, 149.5, 145.2, 145.0,
144.6, 138.1, 137.9, 137.5, 137.4, 134.2, 134.1, 133.7, 133.5, 133.3, 133.2,
133.0,125.4,125.3,125.1,120.8, 120.0, 119.9, 76.5, 74.2, 73.7,33.9, 31.5, 31.4,
23.5, 16.4. 10.2; IR (KBr): v = 2960, 1599, 1466, 1194, 1122cm™!; UV
(CH,CL): 7 (s) =284 (64700), 223 nm (57100 M ‘cm™'); FAB® (m-
NBA): m/z=1237 [M+H]*. 1055 (M — CH,bipyCH,+2H], 871
[M — 2(CH,bipyCH;)+ HJ; Anal. caled for Cq;Hy,O N (M, =1237.64): C,
80.55; H, 7.49; N, 6.79. Found: C, 80.38; H, 7.30; N, 6.59.

5,11,17,23-Tetra(rert-butyl)-25,26,27,28-tetra(S-methyi-2,2’-bipyridine-5'-

methoxy)calix[4larene (4): To a solution of 5,11,17,23-tetra{tert-butyl)-
calix[4]arene (12a) (0.1 g, 0.154 mmol) in freshly distilled DMF (10 mL) was
added sodium hydride in its commercial form (55% in oil, 0.035 g). The
mixture was heated at 80 °C overnight, after which 5-bromomethyl-5-methyl-
2,2"-bipyridine (0.185 g, 0.693 mmol) was added. The subsequent mixture was
heated 3d at 80°C, and then quenched with water. Extraction with
dichloromethane, drying of the organic layers over magnesium sulfate, re-
moval of the solvent under vacuum, followed by chromatography (silica
treated with triethylamine, ethyl acetate/toluene, 2:8) gave the analytically
pure title compound, which was recrystallized in dichloromethane/hexane
(0.63 g, 29%). "H NMR (200 MHz, CDCl;, 25°C): 6 = 8.75 (s, 4 H), 8.41 (s,
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4H), 8.18 (d, 8H, 3J =8.1 Hz), 7.61 (d, 4H, 3J=9.5Hz), 7.54 (d, 4H,
3/ = 8.1 Hz), 6.78 (s, 8 H, Ar-H calix), 4.92 (s, 8 H, bipy-CH,-bipy), 3.51 (AB
quartet, 8H, J,5; =12.3 Hz, Av = 242.7 Hz, Ar-CH,-Ar), 2.36 (s, 12H, bipy-
CH,). 1.07 (s, 36H, rBu); "*C{'H} NMR (50 MHz, CDCl,, 25°C):
6 =155.4,153.5, 151.8, 150.3, 149.3, 145.2, 137.7, 137.3, 133.9, 133.1, 125.2,
120.7, 119.8, 74.1, 33.8, 31.4, 31.1, 18.3; IR (KBr): ¥ = 2959, 1600, 1469,
1194, 1123em™'; UV (CH,CL): A () =290 (69500), 230nm
(56200 M 'ecm™'); FAB'T (m-NBA): m/z=1377 [M+H]", 1195
{M — CH,bipyCH, +2H], 1013 [M — 2(CH,bipyCH,)+3H]); Anal. caled
for Cy,Hy,O,Ny (M, =1377.842): C, 80.20; H, 7.02; N, 8.13. Found: C,
80.06; H, 6.96; N, 7.99.

General Procedure for the Synthesis of the lanthanides complexes of ligands 2,
3, and 4: To a solution of ligand (0.10 g, 1 equiv) in CH,C, (3 mL) was added
a lanthanide solution (1.1 equiv) in MeOH (3 mL). The mixture was stirred
at 60 °C overnight and then cooled to room temperature. The solvent was
removed under vacuum, and the solid was twice recrystallized from ethyl
acetate/pentane for the nitrate salts and ethanol/ether for the chloride salts.
The analytically pure complexes were obtained in 51 to 91% yields for the
nitrate and 60 to 70% yields for the chloride.

[{5,11,17,23-Tetra(tert-butyl)-26,28-bis{(5-methyl-2,2’-bipyridine-5'-yl)-
methoxy}calix[4]arene-25,27-diol }europium(n)J(NO,), (Eu2): Yield: 91%;
IR (KBr): ¥ = 2959, 1653, 1482, 1384, 1313, 1030 cm " !; FAB* (m-NBA):
mfz =1288 [M — NO,}*, 1227 [M —2NO,); Anal. calkd for
CesH,603N,Eu-4H,0 (M, =1351.636 + 72.061): C, 57.38; H, 5.95; N.
6.89. Found: C, 57.19; H, 572; N, 6.71.

[{5,11,17,23-Tetra(tert-butyl)-26,28-bis{(5-methyi-2,2’-bipyridine-5’-yl)-
methoxy}calix|4larene-25,27-diol}terbium(nD(NO,), (Th2): Yield: 83%; IR
(KBr): ¥ = 2953, 1637, 1483, 1384, 1047 cm ™~ !; FAB™ (m-NBA): m/z =1295
[M — NO,]*, 1233 [M — 2NO,], 1169 [M —3NO, — 2H]; Anal. caled
for C,4H,,O ;N Tb-5H,0 (M, =1358.328 + 90.076): C, 56.39; H. 5.98;
N, 6.77. Found: C, 56.25; H, 5.74; N, 6.62.

1{5,11,17,23-Tetra(tert-butyl)-26,28-bis{(5-methyl-2,2’-bipyridine-5'-yl)-
methoxy}calix[4]arene-25,27-diol}gadolinium(mm)J(NO,); (Gd 2): Yield: 71%;
IR (KBr): ¥ =2963, 1637, 1483, 1384, 1047cm™!; FAB* (m-NBA}):
mfz =1294 (M —NO,)*, 1168 [M —3NO; —2H]; Anal. caled for
CesH;,0,3N,Gd-4H,0 (M, =1356.653 +72.061): C, 57.17; H, 593; N,
6.86. Found: C, 56.92; H, 5.74; N, 6.59.

[{5,11,17,23-Tetra(tert-butyl)-26,27,28-tris{(5-methyl-2,2"-bipyridine-5'-yl)-
methoxy}-25-propoxy-calixf4]arene}europium(imj(Cl); (Eu3): Yield: 63%;
IR (KBr): 7 =1963, 1603, 1478, 1092, 1047cm™'; FAB* (m-NBA):
m/z =1459 M-, 1424 (M - 2Cl}; Anal. caled for
Cy3Hy,O,NGEuCl;-4H,0 (M, =1496.015 +72.061): C, 63.58; H. 6.43; N,
5.36. Found: C, 63.41; H, 6.29; N, 5.21.

{5,11,17,23-Tetra(tert-butyl)-26,27,28-tris{(5-methyl-2,2’-bipyridine-5’-yl)-
methoxy}-25-propoxy-calix{4]arene} terbium(mm)|(NO,); (Tb3): Yield: 75%;
IR (KBr): ¥ = 2964, 1604, 1480, 1384, 1090, 1047 cm™'; FAB* (m-NBA):
mjz =1519 [M —~ NO;]*; Anal. caled for Cg;H,,0,,N,Tb-4H,0 (M, =
1582.636 + 72.061): C, 60.25; H, 6.09; N, 7.62. Found: C, 60.03; H, 5.86;
N, 7.41.

[{5.11,17,23- Tetra(tert-butyl)-26,27,28-tris{(5-methyl-2,2’ -bipyridine-5'-yl)-
methoxy}-25-propoxycalix|[4]arenc}gadolinium(nm(Cl), (Gd3): Yield: 70%:
IR (KBr): ¥ = 2963, 1603, 1480, 1198, 1089, 1047 cm ™ '; FAB* (m-NBA):
mjz =1464 [M —ClJ"; Anal. caled for CgH,,0,N,GdCl;-4H,0
(M, =1501.305 + 72.061): C, 63.36; H, 6.41; N. 5.34. Found: C, 63.18:
H, 6.23; N, 5.12.

[{5,11,17,23-Tetra(tert-butyl)-25,26,27,28-tetra{(5-methyl-2.2’-bipyridine-5'-
yDmethoxy}calix[4]arene}europium(u)(NO,), (Eud): Yield: 51%; IR
(KBr): v= 2973, 1639, 1479, 1384, 1088, 1047cm~'; FAB" (m-NBA):
mjz =1653 [M —NO,}', 1591 [M —2NO,]; Anal. caled for
CyyHoqO 3N | Eu3H,0 (M, =1715.817 + 54.046): C, 62.44; H, 581; N,
8.71. Found: C, 62.38; H, 5.41; N, 8.62.

1{5,11,17,23-Tetra(tert-butyl)-25,26,27,28-tetra{(5-methyl-2,2 -bipyridine-5'-
yl)methoxy}calix[4]arene} terbium(m)|(NO;), (Tb4): Yield: 63%; IR (KBr):
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% = 2974, 1636, 1479, 1384, 1089, 1047 cm~'; FAB* (m-NBA): m/z =1659
[M — NO, — H]*; Anal. caled for Cy,Hg,0,,N,, Tb-4H,0 (M, = 1722.782
+ 72.061): C, 61.57; H, 5.84; N, 8.58. Found: C, 61.53; H, 5.49; N, 8.51.

[{5,11,17,23-Tetra(rert-butyl)-25,26,27,28-tetra{(S-methyl-2,2’-bipyridine-5’-
yDmethoxy }ealix[4]arene} gadolinium{in)] Cl, (Gd4): Yield: 60%; IR (KBr):
¥ = 2975, 1638, 1479, 1261, 1088, 1048 cm™!; FAB* (m-NBA}): m/z =1604
[M —Cl]*; Anal. caled for Cy,HaO,NgGdCl;-3H,0 (M, =1641.451 +
54.046): C, 65.17; H, 6.06; N, 6.61. Found: C, 64.93; H, 591; N, 6.43.

5,11,17,23-Tetra(tert-butyl)-26,28-bis(5-methyl-2,2’-bipyridine-5’-methoxy)-
25,27-diethoxycarbonylbutoxycalix[4]arene (5): A solution of 2 (0.1¢g,
0.098 mmol) in dry DMF (5 mL) was heated overnight at 80 °C with sodium
hydride in its commercial form (55% in oil, 0.01 g). Ethyl 4-bromobutyrate
(0.058 g, 0.29 mmol) was then added. The solution slowly turned brown and
was quenched one day later with water. All the solvent was removed, and the
residue extracted with dichloromethane. The organic layers were dried over
magnesium sulfate and chromatographed on alumina (toluene/ethyl acetate,
95/5) to give the expected product (0.076 g, 60%). 'HNMR (200 MHz,
CDCl,, 25°C): 6 = 8.76 (d, 2H, *J = 1.6 Hz), 8.49 (s, 2H), 8.30 (dd, 4H,
3] =8.0Hz, *J = 2.7Hz), 7.81(dd, 4H, 3/ = 8.1 Hz, *J = 2.1 Hz), 7.60 (dd,
4H, 3J = 8.0 Hz, *J =1.9 Hz), 6.90 (s, 4H, Ar-H), 6.62 (s, 4H, Ar-H), 4.96
(s, 4H, bipy-CH,-0), 4.03 (quat, 4H, 3J =7.1 Hz, CH,-CH,-O-but), 3.80 (t,
4H,3J = 6.9 Hz, -CH,-CH,-0-Ar), 3.63 (8H, J,,, =12.5 Hz, Av = 249.9 Hz,
Ar-CH,-Ar), 2.38 (s, 6 H, bipy-CH,-0O), 2.16 (m, 8H), 1.17 (m, 24H), 0.95
(s, 18H); 1*C{*H} NMR (50 MHz, CDCl,, 25°C):  =173.7 (COO), 155.7,
153.7, 153.6, 151.7, 150.4, 149.5, 144.9, 144.8, 138.1, 1374, 134.5, 133.3,
132.9,125.2,124.9, 120.7, 120.5, 120.1, 74.5, 73.9, 60.1, 33.9, 33.7, 31.5, 31.3,
31.0, 30.6, 25.2, 18.4, 14.2; FAB* (m-NBA): m/z =1241 [M+H]*, 1127
[M — C;H,COOC,H +H], 1059 (M — CH,bipyCH; + H}; Anal. calcd For
CgoHosOgN, (M, =1241.68): C, 77.39; H. 7.79; N, 4.51. Found: C, 77.25;
H, 7.61; N, 4.45.

5,11,17,23-Tetra(tert-butyl)-26,28-bis(5-methyl-2,2’-bipyridine-5-methoxy)-
25,27-bis(3-(pyrrol-1-yl)propoxy)calix|4larene (6): A mixture of 2 (0.108 g,
0.106 mmol} in dry DMF (5 mL) was heated overnight at 80 °C with sodium
hydride (55% in oil, 0.024 g). N-(3-Bromopropyl)pyrrole (0.08 g, 0.4 mmol)
was then added. The solution turned slowly brown, and was guenched one
day later with water. All the solvent was removed. The residue was extracted
with dichloromethane. The organic layers were washed with water, dried over
magnesium sulfate, and chromatographed on alumina (toluene/ethyl acetate,
95/5) to give the expected product (0.058 g, 43%). 'HNMR (200 MHz,
CDCl,, 25°C): 6 = 8.85 (d, 2H, *J =1.4Hz), 8.55 (s, 2H), 8.40 (t, 4H,
3J =7.7 Hz), 7.65 (m, 4H), 6.97 (s, 4H, Ar-H), 6.63 (s, 4H, Ar-H), 6.54 (4,
4H,*J = 2.0 Hz, H; ,-pyrrole), 6.09 (t, 4H, *J = 2.0 Hz, H; ,-pyrrole), 4.88
(s, 4H, O-CH,-bipy), 3.80 (t, 4H, 3J =7.6 Hz, CH,-pyrrole), 3.68 (t, 4H,
3J =6.9 Hz, CH,-0),3.65 (8H, J,5 =12.4 Hz, Av = 238.5 Hz, Ar-CH,-Ar),
2.41 (s, 6H, bipy-CH ), 2.20 (q, 4H, 3J = 7.4 Hz, CH,-CH,-CH,-0), 1.24 (s,
18H, Bu), 0.98 (s, 18 H, rBu); *C{*H} NMR IMod (CDCl,): § =156.0
(Cguar)» 153.5(Cyu)s 1533 (Cypad)» 1511 (C,,), 150.3 (CH), 149.7 (CH),
145.0 (C,.,0, 1449 (Cy.), 1379 (CH), 137.5(CH), 134.5 (C,,,), 133.5
(Cuar)» 132.7 (Cyua). 132.6 (C,,), 1254 (CH), 124.9 (CH), 120.7 (CH),
120.5 (CH), 120.2 (CH), 107.9 (CH), 74.4 (CH,), 72.1 (CH,), 46.5 (CH,),
33.9 (Cyuar)s 33.7 (Cyuad)» 31.9 (CH,). 31.5 (CH,), 31.2 (CH,;), 31.1 (CH,),
29.7 (CH,), 183 (CH,); FAB* (m-NBA): mjz =1227 [M]*, 1045
[M — CH,bipyCH; + H]; Anal. caled for Cg,H,,0,N¢ (M, =1227.70): C,
80.22; H, 7.72; N, 6.85. Found: C, 80.09; H, 7.64; N, 6.74.

Calix[4]semibarreland (7): A mixtare of rers-butylcalix[4]arene (1.000 g,
1.54 mmol) with potassium carbonate (0.82 g) in dry CH,CN (100 mL) was
heated for 30 min at 80°C and then cooled. 5,5-Dibromomethyl-2,2"-
bipyridine (0.580 g, 1.69 mmol) was poured into the solution, and then heated
overnight at 80 “C. The solvent was removed under vacuum, and the organic
products extracted with dichloromethane. The pure product was obtained
after chromatography on alumina (toluene/ethyl acetate, 8:2) (0.29 g, 23%).
'HNMR (200 MHz, CDCl;, 25°C): § =9.07 (d, 4H, */ =13 Hz, H, -
bipy), 8.92 (d, 4H, 3J =8.1 Hz, H, ,-bipy), 8.27 (dd, 4H, *J = 8.2 Hz,
$J =19 Hz, H, ,-bipy). 7.37 (s. 4H, OH), 7.09 (s, 8H, Ar-H), 6.88 (s, 8H,
Ar-H), 517 (s, 8H, O-CH,-bipy), 3.87 (AB quartet, 161, J,, =13.0,
Av =184.7 Hz, Ar-CH,-Ar), 1.32 (s, 36 H, Bu), 1.01 (s, 36 H, /Bu); '*C{'H}
NMR (50 MHz, CDCl,, 25°C): § =156.1, 150.7, 149.9, 147.9, 147.4, 141.5,
136.0,132.7,132.5,127.4,125.7,125.0, 121.6, 75.5, 34.0, 33.8, 31.9, 31.7, 31.0;
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IR (KBr): ¥ = 3401, 2959, 1656, 1599, 1483, 1203, 1124 cm ™ '; UV (CH,Cl,):
J (6) = 290 (68400), 231 nm (66900 M~ 'em ™ '); FAB™ (m-NBA): m/z =1657
[M+H]"; Anal. caled for C,,H,,30N, (M, =1658.29): C, 81.12; H, 7.78:
N, 3.38. Found: C, 81.01; H, 7.53; N, 3.21.

Calix[4]barreland (8): A solution of 7 {0.2 g, 0.13 mmol) and NaH in oil
(0.024 g, 0.5 mmol) in dry THF (15ml) was heated for 2h at,80°C. A
solution of 5,5'-dibromomethyl-2,2"-bipyridine (0.09 g, 0.27 mmol) in dry
THF (20 mL) was then added dropwise to the mixture. After a 1 d heating,
the solution was quenched with water, evaporated to dryness, and then
extracted with toluene. Chromatography on alumina (toluene/ethyl acetate,
95:5), followed by recrystallization from a CH,Cl,/hexane mixture enabled
us to obtain the pure title compound as a white powder (0.01 g, 4%).
'HNMR (200 MHz, CDCly, 25°C): § = 8.52 (s, $H, H ,-bipy). 8.05 (d,
8H, *J = 8.3 Hz, H, ;-bipy), 7.60 (d, 8H, *J = 8.2 Hz, H, ,-bipy). 6.82 (s,
16 H, Ar-H), 4.67 (s, 16 H, bipy-CH,-0), 4.00 (AB quartet, 16 H, J,5 =12.9,
Av = 230.1 Hz, Ar-CH,-Ar), 1.10 (s, 72H, (Bu); 1*C{*H} NMR (50 MHz,
CDCl,, 25°C): 8 =156.7, 155.0, 151.9, 146.5, 139.7, 134.8, 134.3, 1274,
122.7,75.7, 35.6, 33.6, 33.0, 31.5; IR (KBr): ¥ = 2957, 1656, 1600, 1477, 1192,
1124 cm™Y; UV (CH,ClL,): 2 (¢) = 284 (63100), 230 nm (72100 M~ 'cm ™ ):
FAB" (m-NBA): m/z = 2019 [M+H]"; Anal. caled for C, ;,H,,,O4N,
(M, = 2018.712): C, 80.91; H, 7.19. Found: C, 81.28; H, 7.01.

[{Calix[4]semibarreland (7)}europium(u)j(NO,); (Eu7): To a solution of 7
(0.02 g, 0.012 mmol) in dichloromethane (3 mL) was added a methanolic
solution (2 mL) of Eu(NO;);-6H,O (0.0059 g, 0.013 mmol). The mixture
was then heated at 80 °C during $ h. After evaporation of the solvents, the
complex was recrystallized from a diethyl ether/hexane mixture to give the
desired complex (0.02 g, 76%). FAB™ (m-NBA): m/z =1933 [M — NO,]".
1871 [M —2NO,}; Anal. caled for C,,,H,,,0,,N;Eu-6H,0-CH,CI,
(M, =1996.266 + 108.092 + 84.933): C, 62.00; H, 6.54: N, 4.48. Found: C,
62.05; H, 6.27; N, 4.52.
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Noncovalent Assembly of Functional Groups on Calix[4]arene Molecular Boxes

Peter Timmerman, Remko H. Vreekamp, Ron Hulst, Willem Verboom, David N. Reinhoudt,*
Kari Rissanen, Konstantin A. Udachin, and John Ripmeester

Abstract: Calix[4]arenes diametrically
substituted at the upper rim with two
melamine units spontaneously form well-
defined box-like assemblies in the pres-
ence of two equivalents of 5,5-diethylbar-
bituric acid. These assemblies, consisting
of nine different components, are held to-
gether by 36 hydrogen bonds and are
stable in apolar solvents at concentrations
of up to 10”*M. This paper reports the
first X-ray crystal structure, and the
MALDI TOF mass spectra together with
the complete 'HNMR spectroscopic
characterization of these hydrogen-bond-

ly shows that the assemblies are stereo-
genic, as a result of the antiparallel
orientation of the two rosette motifs. Fur-
thermore, the synthesis of twelve new 1,3-
bis(melamine)calix[4]arenes carrying dif-
ferent numbers and types of functionali-
ties at the upper rim is described. Detailed
'H NMR spectroscopic studies on the as-

Keywords
calixarenes - hydrogen bonds - molec-
ular boxes - noncovalent assembly -
supramolecular chemistry

sembly behavior of these functionalized
calix[4]arenes shows that 1) polar sub-
stituents (e.g. nitro, cyano) hardly affect
the stability of the hydrogen-bonded as-
sembly; 2) hydrogen bond donating or
accepting groups, like amino and acetami-
do, can disturb assembly of the boxes un-
der certain conditions by destabilizing the
calix[4]arene pinched cone conformation
as a result of intramolecular hydrogen
bond formation; and 3) sterically bulky
groups (e.g. 1Bu) can significantly inhibit
the formation of the hydrogen-bonded as-
sembly, but this effect very much depends

ed assemblies. The crystal structure clear-

Introduction

The unique ability of enzymes,!*! monoclonal antibodies,!?! and
T-cell receptors'®! to recognize their targets with exquisite selec-
tivity arises from the cooperative action of a unique set of func-
tional groups in a specific three-dimensional arrangement. Uti-
lizing the highly specific way proteins fold into well-defined
three-dimensional structures, nature can generate a large variety
of functional group arrays simply by varying the amino acid
sequence in the peptide chain. Supramolecular chemists are try-
ing to achieve the same goal in a different way, namely, by
anchoring functional groups to synthetic platforms, such as cy-
clodextrins,!! calix[4]arenes,!) resorcinarenes,!®! or a combina-
tion thereof,!”! using the stepwise, irreversible formation of
covalent bonds. However, for functional group arrays of in-

[*] Prof. dr. ir. D. N. Reirhoudt, Dr. P. Timmerman, Dr. ir. R. H. Vreekamp,
Dr. W. Verboom
Laboratory of Supramolecular Chemistry and Technology
University of Twente, P. O. Box 217, 7500 AE Enschede (The Netherlands)
Fax: Int. code +(53)489-4645
e-mail: smct@ct.utwente.nl
Dr. R. Hulst
Laboratory of Chemical Analysis, University of Twente
Prof. dr. K. Rissanen
Laboratory of Organic Chemistry, University of Jyviskyld
P. O. Box 35, FIN-40351 Jyvaskyla (Finland)
Dr. K. A. Udachin, Prof. dr. J. Ripmeester
Steacie Institute for Molecular Science, National Research Council, Ottawa,
K1AOR6 (Canada)
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on the exact positions of the groups.

creasing complexity this approach has severe limitations, such
as the time required for syntheses and the yields obtained. As a
result, reversible noncovalent assembly is increasingly being
considered as a valuable alternative to classical covalent synthe-
sis, because it allows self-correction.’®! Very recently, Kang and
Rebek described a unique type of catalysis inside a self-assem-
bled dimeric capsule.ll Other examples include the noncovalent
assembly of dendrimers,[1® 11! tetrahedral cavities,!'?! and
molecular boxes!3! or squares.l'4!

In a previous communication we reported the hydrogen bond
directed assembly of calix[4]arene molecular box (1a),-(DEB),
(Scheme 1; DEB: 5,5-diethylbarbituric acid),!*®! a process that
involves the cooperative formation of 36 hydrogen bonds in a
rosette motif, which was first described by Whitesides!'®! and
Lehn.''"] In this assembly six functionalizable sites (R* and R?,
see Figure 1) are situated at the periphery of a box-like cavity.
In view of our objective to generate functional group diversity
in or around noncovalently assembled cavities, we undertook a
study of how the nature of the functionality at positions R* and
R? affects the stability of such calix[4]arene box-like assemblies.
In this paper we present the first X-ray crystal structure and
MALDI TOF mass spectrum of a hydrogen-bonded assembly
of this type, and describe ten new molecular boxes carrying
different numbers and types of functional groups at the periph-
ery. Furthermore, we show that formation of intramolecular
hydrogen bonds in the calix[4]arene units can disturb assembly
of the boxes under certain conditions by destabilization of the
pinched cone conformation.
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Results and Discussion

In order to investigate the structure—stability relation-
ship of noncovalently assembled calix[4]arene molecular
boxes, we synthesized bis(melamine)calix[4]arenes 1-12
carrying a variety of different functionalities at positions
R! and R? (Scheme 1). Using a combination of 'H NMR
spectroscopy, MALDI TOF mass spectrometry, and
single crystal X-ray diffraction, we then tested their abil-
ity to self-organize into box-like assemblies in the pres-
ence of two equivalents of 5,5-diethylbarbituric acid
(DEB).

Synthesis of Bis(melamine)calix[4]arenes: Bis(melamine)-
calix[4]arenes 112 were prepared starting from the cor-
responding calix[4]arene diamines 13—20, some of which
(13-15) had been synthesized previously.l'® 1% Di-
aminocalix[4]arenes 16 and 17 were prepared from the
corresponding 1,3-dinitrocalix[4Jarenes 2129 and 22,9
either by reduction with hydrazine/Raney Ni in
MeOH2! (16) or with SnCl, in EtOH[?% (17); both
methods gave quantitative yields. The trimethyl- and tri-
ethylsilylacetylene functions in 18 and 19 were intro-
duced by means of a Heck-type coupling of 1,3-diiodo-
calix[4]arene 17 with either trimethylsilylacetylene (yield
not determined owing to extensive decomposition during
column chromatography) or triethylsilylacetylene (50 %
yield) in the presence of 5-10 mol% Pd(PPh;),Cl, and
Cul in NEt,.2* Monophthalimidocalix[4}arene 24 was
prepared in 50% yield by treatment of 1,3-dinitrocal-
ix[4]arene 21124 with one equivalent of AgCF,COO/I,
followed by a Cu'-catalyzed reaction with phthalimide in
refluxing collidine.!?>! Finally, reduction of 24 with SnCl,
in EtOH 22! gave diamine 20 in 93 % vyield.

The melamine units were introduced in 1-12 by slight-
ly modifying the procedure reported by Whitesides.[?¢!
1.3-Diaminocalix[4]arenes 1320 were treated with cya-
nuric chloride and then NH, to afford the bis(chloro-

(ORY),

(OR’),

Figure 1. Schematic representation
of the noncovalently assembled cal-
ix[4]arene molecular boxes (X),-
(DEB), (X =1-12).

a) (21)
b) (22, 24)
13 R'=R°=H
2 R-R-1 14 R'=R'=CN
R ] 15 R'=R’=NO,
24 R'= phthalimido, R®= H od) 16 R'=R’=tBu

e)

17 R'=R=|
18 R'= R’= C=CSi(CH,), ﬂ
19 R'= A= C=CSi(CH,CH,),

20 R'= phthalimido, R*= H

1 R'=R’=H

2 R'=R’=CN

3 R'=R=NO,

4 R'=R’z=NH, .

5 R's R’= NHC(=O)CH, : i 25 R'=R’=H

6 R'=NH, R°=H 0 26 R'=R’=CN

7 R'= NHC(=O)CH,, R*=H Z 27 R'=R’=NO,

8 R'=R=tBu 28 R'=R‘=tBu

9 R'=R=| 29 R'=R’=i

10 R'= R’*= C=CSi(CH,), 30 R'= R*= C=CSi(CH,),
11 R'= R*= C=CSi(CH,CH,), l j) 31 R'=R*=C=CSi(CH,CH,),
12 R'=R*= C=CH 32 R'= phthalimido, R*= H

Scheme 1. For compounds 1, 13, and 25: a, R* = C,H,s; b, R® = C,H,. For compounds
2-12, 14-20, and 26- 32: R* = C;H,. Reaction conditions: a) excess hydrazine/Raney Ni
in refluxing MeOH, 2h (>95%); b) SnCl, (10equiv), EtOH, reflux, 15h, acidic
workup (>95%); ¢} AgCF;COO (1.0equiv), I, (1.0equiv), CHCI;. reflux. 30 min.;
d) phthalimide (1.5equiv), Cu,O (0.75 equiv), collidine, reflux, 16h (overall 50%):
¢) trimethyl- (18) or triethyl- (19) silylacetylene (3.0 equiv), PA{PPh,},Cl, (10 mol %}, Cul
(10 mol%). NEt,, 40-45°C, 15 h; f} cyanuric chloride (2.5--3.0 equiv), diisopropylethyl-
amine (5- 6 equiv), THF, 0°C, 2 h; g) excess gaseous NH;, THF, 0°C. 3 h; h) nBuNH,
(36 equiv), DIPEA (12 equiv), THF, reflux, 5-19 h; i) acetyl chloride (excess). 1M K,COj;,
EtOAc/THF, RT, 1 h; j) 1~ NaOH, THF/MeOH (1:1), RT, 1 h.
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triazine)calix[4]arenes 25—32 as stable intermediates, the major-
ity of which have very limited solubility in most organic sol-
vents. Compounds 25-31 were converted into the correspond-
ing dimelamines 1-3 and 8—11 in overall yields of between 49
and 100%, by reaction with excess sn-butylamine in refluxing
THF. During the reaction of bis(chlorotriazine) 32 with n-butyl-
amine the phthalimide group was partially removed and there-
fore the product was treated additionally with excess hydrazine
in refluxing EtOH to give directly the monoamino dimelamine
6 in 54% yield. Reduction of the nitro groups in 3 with hy-
drazine/Raney Ni in MeOH"?!! gave diamino dimelamine 4 in
quantitative yield. Of all the dimelamines synthesized, com-
pound 4 was by far the least soluble; this might be related to the
cavity becoming significantly more rigid because of the forma-
tion of intramolecular hydrogen bonds (vide infra). Acylation
of the amino groups in 4 and 6 with excess acetyl chloride under
Schotten—Baumann conditions gave the corresponding dime-
lamines 5 and 7 in 83 and 65% yield, respectively. The
trimethylsilyl groups in 10 were removed with 1N NaOH to give
diacetylene 12 in quantitative yield, as was unambiguously con-
firmed by the appearance of the acetylene resonance at § = 2.95
in the 'HNMR spectrum.

Noncovalent Synthesis of Calix[4]arene Molecular Boxes: Titra-
tion of dimelamine 1a with DEB in [D,]chloroform shows sev-
eral characteristic features (Figure 2). Already at very low con-
centrations of DEB two signals become evident at very low field.
These resonances, which remain at 6 =14.10 and 13.32 regard-

free DEB 1a: DEB

_.J\‘_J\.,WMML—};_JULM\ 1:35
e \ JU - 1:2

_ ) meMu 1;1

NH,

14 12 10 8 6 4
3 (ppm)
Figure 2. "HNMR titration (400 MHz) of 1a (R!, R? = H, R? = C,,H,;) with
DEB in [D,Jchloroform at 25°C. Separate 10 mu solutions of 1a and DEB were
mixed in various ratios.
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less of the 1a:DEB ratio, are assigned to the hydrogen-bonded
NH protons of DEB in the complex. These protons are observed
at different chemical shifts as a result of the unsymmetrical
substitution of the melamine units, which gives the two protons
a chemically different environment in the complex. When the
amount of DEB is increased, the signal corresponding to the
NH, protons of free 1a decreases in intensity, but remains at the
same position. At the same time, two signals are observed at
around 6 = 6.9 (¢) and 6.7 (d) corresponding to the two NH,
protons. Two additional signals appear at = 8.37 (e) and 7.43
(f), which correspond to the two secondary amine protons of 1 a
in the hydrogen-bonded complex. The aromatic protons of the
melamine-substituted aromatic rings of calix[4]arenc 1a give
rise to signals at 6 =7.15 (g) and 6.03 (h). In free 1a these
protons are observed as broad signals at 0 = 6.65—6.05. The
resonance at 0 = 6.03 is in accordance with a pinched cone
structure in which the two melamines approach each other.”*”
The fact that the other aromatic proton (g) is observed at signif-
icantly lower field is the result of formation of an intramolecular
hydrogen bond with a triazene ring nitrogen (N—H distance in
crystal structure (vide infra) is 2.23 A).

At a ratio of 1a:DEB of 1:2 the spectrum is sharp; this
indicates the absence of free 1a. The 1:2 ratio is consistent with
the box-like assembly that is represented in Figure 1. When
more than two equivalents of DEB are added, the signal for the
NH protons of free DEB is observed alongside the two signals
for the hydrogen-bonded DEB. This indicates that exchange
between hydrogen-bonded and free DEB is slow on the NMR
timescale. The self-assembled calix{4]arene boxes (1);-(DEB),
are stable in apolar solvents like chloroform and toluene. For
instance, in [D,]chloroform (1b),-(DEB);, is the only assembly
(>97%) observed in the spectrum over a concentration range of
at least 10~ *~10"*Mm (lower limit for '"H NMR spectroscopy).
However, their stability progressively decreases when signifi-
cant amounts (10-20%) of highly polar solvents (like DMSO
and methanol) are added.

In order to investigate to what extent functional groups can
alter the assembly of the calix[4]arene molecular boxes, we test-
ed the ability of calix[4]arene dimelamines 2—12 to self-organize
into box-like assemblies in the presence of two equivalents of
5,5-diethylbarbituric acid (DEB). The nature of the substituents
at positions R and R? significantly influences the assembly of
the boxes. The results are summarized in Table 1. Diagnostic for
the formation of the box-like assemblies is the appearance of
the barbituric acid NH signals around 6 =14.1 and 13.3
([D Ichloroform) or § =14.6 and 13.8 ([Dg]toluene) in the
'HNMR spectra.l'5-26) The introduction of polar substituents
at positions R! and R?, such as nitro or cyano, does not influ-
ence the stability of the cyclic hydrogen-bonded assembly to any
significant extent. Compounds 2 (R!, R* = CN) and 3 (R',
R? = NQO,) readily assemble in [D,]chloroform solution in the
presence of DEB, and their *H NMR spectra are virtually iden-
tical to that of (1b),-(DEB), (R*, R? = H), except for the sig-
nals of the aromatic protons ortho to R! and R2. The titration
of 2 with DEB clearly proved the 3:6 stoichiometry of the box-
like assembly formed.

Recrystallization of the assembly (3);-(DEB), from toluene
gave large single crystals suitable for X-ray diffraction studies.
The crystal structure (see Figure 3) provides the first crystallo-
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Table 1. Characteristic '"H NMR resonances for the hydrogen-bonded assemblies obtained by mixing dimelamines 2—12 with 2 equiv of DEB (overall + 5 mwu solutions).

4 in [D,]chloroform

¢ in [Dgltotuene

Imide NH Imide NH ArNH Imide NH Imide NH ArNH
resonance [ resonance [I resonance resonance [ resonance [l resonance
2 14.0 (s) 13.2 (s) 8.4 (s) - [a] - [a] [a]
3 13.9 (s) 13.2(s) 8.4 (s) 14.3 (s) 13.6 (s) 8.8 (s)
4 14.6-14.1 (brm) [b] 9.6-9.4 (brm) [b] 14.6 (s) 13.9 (s) 8.9 (s)
5 14.5-14.0 (brm) [¢c] 9.6-9.4 (brm)[c] —[d] - [d] —-[d]
6 14.2 (brs) 13.5-13.3 (brm) 8.4 (s) 14.8-14.6 () 14.1-139 (m) 9.0-8.9 (m)
7 14.1 (brs) 13.5-13.2 (brm) 8.4 (s) 14.6 (brs) 13.9-13.7 (m) 8.9 -8.7 (m)
8 - [e} —-[e] 9.2-9.4 (brm) - [a] - [a] - [a]
9 14.1 (brs) 13.4 (brs) 8.4 (s) - [a] — [a} - [a}
10 14.1 (brs) 13.4 (brs) 8.35(s) - [a] [a] - [a]
1 14.1 (brs) 13.4 (brs) 8.3(s) —[a] [a] - [a}
12 14.0 (brs) 13.3 (brs) 8.35 (s) - [a] - [a] —[a]

[a] Not measured. [b] Spectrum recorded at —30°C. [¢} Spectrum recorded at 0°C. [d] No resonances observed at room temperature owing to very low solubility. [e}] No

resonances observed at room temperature.

graphic evidence for the formation of this type of molecular
box.?®1 The structure confirms that the calix[4]Jarene units are
fixed in a pinched cone conformation,?” which is the only con-
formation that allows simultaneous participation of the cal-
ix[4]arene units in both rosette motifs. The two rosettes tightly
stack on top of cach other with an interatomic separation of
3.5A at the edges and 3.2 A at the center of the box, which
leaves little space for guest molecules. Interestingly, the struc-

Figure 3. Top (top) and side (bottom) view {some atoms are omitted for clarity)
of the X-ray crystal structure of calix[4]arene box-like assembly (3);:(DEB)y-
(toluene),, (R', R? = NO,) obtained by crystallization from toluene (solvent mol-
ecules are not shown). Nitrogen atoms are represented in blue, oxygen atoms in red,
carbon atoms in black, and hydrogen atoms in white.

1826 ——
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ture reveals that the two rosette motifs are oriented in an anti-
tiparallel fashion!®®! (see also Figure 1), which means that the
assembly is stereogenic. The enantiomers are expected to have a
lifetime of the order of seconds, considering the fact that their
racemization requires the simultancous breakage of at least nine
cooperative hydrogen bonds.[3%

The crystals of (3);-(DEB); belong to the highly symmetric
space group R3c. The box is of trigonal shape (triangle); its
sides are approximately 3.2 nm long, and its thickness lies be-
tween about 0.7 (center) and 1.3 (periphery) nm. The O—N and
the N-N distances in the hydrogen-bonded network forming
the rosettes lic between 2.85 and 3.03 A; the range of values
arises because the rosettes in the crystal lattice are slightly un-
symmetrical. The crystal packing of the flat boxes is quite re-
markable. The boxes are separated by 1.7-1.8 nm, and thus
form large cavities accommodating up to 20 toluene sites (Fig-
ure 4). Some toluene molecules occupy a single site, while others
are disordered over 2—3 locations. Significant disordering of the
hydrocarbon chains in the rosette is observed: the propyl chains
at the calix[4]arene skeleton are disordered over four sites with
the site occupancy varying from 0.1 to 0.4; the n-butyl chains
connected to the NH groups are disordered over five locations
with the site occupancy varying from 0.1 to 0.3.

Evidence for the fact that the solid state structure of
(3);-(DEB), resembles the structure in solution comes from a
strong NOE enhancement observed between the NCH, protons
in 3 and one of the ethyl CH, groups of DEB. The interatomic
distance of these protons within a single rosette is too large (ca.
6.4 A) to cause the observed NOE connectivity. Therefore, it
must arise from a proximity effect between the two rosette mo-
tifs, and this puts a limit on the possible orientations that they
can adopt relative to one another. In the antiparallel orientation
observed in the crystal structure, the two protons are 2.8 A
apart, which is in perfect agreement with the strong NOE ob-
served. The presence of this NOE connectivity provides strong
evidence for the fact that the structure in solution closely resem-
bles the solid state structure determined by X-ray crystallogra-
phy.

Additional evidence for the self-assembly of the boxes was
obtained by using MALDI TOF spectroscopy.*! In the
presence of 1.5-2.0equiv of Ag®CF,COO the assembly
(2), (DEB), gives rise to an intense signal at an m/z of 4220
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(caled for *3C,"2C,,,H,,N, 05017 Ag? complex: 4219} in
the mass spectrum (see Figure 5).1* Signals corresponding to
partially formed aggregates or higher oligomers were not ob-
served in the spectrum. In the absence of AgMCF,COO, none
of the assemblies 1-3 showed any significant signal in the
MALDI-TOF spectrum. Apparently, a Ag" ion is coordinated
to one of the cyano groups in 2, giving the assembly an overall
positive charge. The applicability of this method for the mass
spectrometric detection of other hydrogen-bonded assemblies is
currently being investigated.

Surprisingly, the stability of assembly (4),-(DEB), (R!,
R? = NH,) s highly solvent dependent. The 'H NMR spectrum
in [Dgltoluene is very well-defined (see Figure 6) and shows two
singlets at 6 =14.55 and 13.85 for the magnetically inequivalent
barbituric acid NH protons. In [D,Jchloroform, however, the
spectrum is very broad and does not show any resonance in the
region between § =13 and 15 at room temperature; this indi-
cates a preference for nonspecific oligo- or polymer formation in
this solvent.*3! The decreased stability of (4);-(DEB), in the
more polar solvent [D,]Jchloroform is most probably related to
the hydrogen bond donating ability of the two NH, groups.

a)

b)

Figure 4. Different views a) and b) of the crystal packing of (3);(DEB),-
(toluene),, (R!, R? = NO,) showing the positioning of the solvent molecules
(disorder as well as 50% of the solvent molecules in view b) are excluded for
clarity).

Chem. Eur. J. 1997, 3, No. 11

Molecular modeling studies with
monomer 4 suggest that an in-
tramolecular hydrogen bond is formed
between the ArNH, groups and the
melamine NH protons, which forces
the calixarene to adopt a perfect cone
conformation. In the pinched cone
conformation observed in the box-like
assembly (vide supra) these hydrogen
bonds, which lead to an overall de-
crease in stability of the hydrogen-
bonded assembly relative to the
monomers, cannot be formed. Sup-
porting evidence for the importance of
intramolecular hydrogen bond forma-
tion was obtained from the assembly
of 6 (R! = NH,, R? = H), which pos-
sesses only one of the two ArNH,
groups in 4. The overall decrease in
stability of the hydrogen-bonded as-
sembly (6),- (DEB), is only half of that

1823-1832
2 ||
o
b)
c) ,
Y L VA
d) /,-'\\»/\
B
16 14 12

3 (ppm)

Figure 6. '"HNMR spec-
tra (400 MHz, RT) of cal-
ix[4]arene box-like assem-
blies: a) (4),-(DEB), (R,
R? = NH,)in [Dg]toluene
(5mm).  b) (4);(DEB),
(R!, R = NH,) in [D,}-
chloroform (Smm), ¢)
(6);"(DEB), (Rl = NH,,
R?=H) in [D,]chloro-
form  (S5mm), d) (7~
(DEB), [R'= NHC(0)-
CH,. R?=H)] in [D,}-
chloroform (5 mm).
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in (4), (DEB),. Both in [Dg]toluene

and in [D,]chloroform compound 6

forms a stable box-like assembly (see Figure 6¢). Apparently,
the presence of the additional intramolecular hydrogen bond in
calix[4Jarene 4 is responsible for the fact that assembly into the
box-like aggregate is not observed in the more polar solvent
[D;]chloroform.

Compound 5 [R!, R? = NHC(O)CH,] does not form the
box-like assembly in either [D,]chloroform or [Dg]toluene. Both
"THNMR spectra exhibit broad resonances indicating non-
specific aggregation. Removal of one of the acetamido sub-
stituents of 5 fully restores the ability of the system to form the
box-like assembly. Compound 7 [R' = NHC(O)CH,, R? = H]
gives a well-defined "H NMR spectrum both in [D,]chloroform
and [Dg]toluene, which is fully in agreement with the formation
of the corresponding box-like assembly. Again, the formation of
intramolecular hydrogen bonds, namely, between the amide
carbonyl and the melamine NH proton, seems to be primarily
responsible for preventing the assembly of 5. Molecular me-
chanics calculations predict a somewhat stronger intramolecu-
lar hydrogen bond for acetamido-substituted calix[4]arene 5
[RY, R? = NHC(O)CH,] than for 4 (R, R? = NH,);** this
most probably explains the different assembly behavior of these
two compounds in [Dg]toluene.

15000 [
Counts |
10000 ;
4220.0 (M + “Ag)’ }

5000 ;
s :

0 L |

|

—— e —r - :
2000 2500 3000 3500 4000 4500 5000 5500 6000
Mass (m/2)

e

Figure 5. MALDI TOF muass spectrum of calix[4larene box-like assembly
(2); (DEB), (R*, R? = CN)in the presence of 2 equiv of Ag"CF,COO. Dihydroxy-
benzoic acid (DHB) was used as a matrix.
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Introduction of the bulky iodo substituents at positions R!
and R? in 9 significantly broadens the imide resonances at
0 =13.3 and 14.1; this reflects the reduced stability of the assem-
bly as a result of unfavorable steric interactions. Increasing the
steric bulkiness of the substituents further, completely inhibits
the assembly into the box-like aggregates. Thus, the '"H NMR
spectrum of 8 {R?, R? = rBu] in the presence of two equivalents
of DEB is extremely broad and poorly defined, and does not
show the imide signals at 6 =13.3 and 14.1. In sharp contrast to
this, the dimelamines 10 [R!, R? = C=CSi(CH,),] and 11 [R’,
R? = C=CSi(CH,CH,),}, in which the bulky trialkylsilyl sub-
stituents are separated from the aromatic rings by an acetylene
spacer, do form rosette structures, as judged from the appear-
ance of the somewhat broadened resonances at 6 =13.3 and
14.1. The corresponding free acetylenes give much sharper imide
resonances; this proves that the trimethylsilyl substituents also
destabilize the assemblies to some extent. The strikingly differ-
ent behavior of compounds 9 [R*, R? = C(CHj,),], and 10
[R!,R? = C=CSi(CH,),] nicely demonstrates that the exact po-
sition of the bulky substituents does have a profound effect on
the stability of the box-like assemblies.

Conclusions

In this paper we have presented the complete characterization
of noncovalently assembled calix[4larene molecular boxes by
"HNMR spectroscopy, single crystal X-ray diffraction, and
MALDI TOF mass spectrometry. The assemblies, which are
highly stable in apolar solvents, are stereogenic as a result of an
antiparallel orientation of the two rosette motifs. Comparing
the stability of the various molecular boxes carrying different
types of functionalities at the periphery, we have shown that:

1) Polar substituents, like nitro and cyano groups, hardly influ-
ence the stability of the hydrogen-bonded assembly.

2) The exact position of steric bulky groups strongly influences
the stability of the corresponding box-like aggregates.

3) intramolecular hydrogen-bond formation can destabilize the
pinched cone conformation of the calix[4]arene units and
thus prevent assembly of the corresponding box-like aggre-
gates.

We believe that additional conformational constraints at the
calixarene skeleton will be required in order to observe the non-
covalent assembly of calix[4]arene molecular boxes in the pres-
encce of multiple hydrogen bond donating and/or accepting
groups.

Experimental Section

General: All experiments were carried out in an argon atmosphere. THF was
distilled from Na/benzophenone ketyl, and hexane (referring to petroleum
ether fraction with b.p. 60-80°C), CH,Cl, and EtOAc from K,CO,. All
chemicals were of reagent grade and used without further purification. NMR
spectra were recorded on a Bruker AC250 (‘H NMR 250 MHz) or a Varian
Unity 400 ("HNMR 400 MHz) spectrometer in [D,]Jchloroform at room
temperature, unless stated otherwise. Residual solvent protons were used as
internal standard, and chemical shifts are given relative to tetramethylsilane
(TMS). FAB and EI spectra were measured on a Finnigan MAT 90 spectro-
meter with m-nitrobenzyl alcohol (NBA) as a matrix. MALDI-TOF mass
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spectra were recorded on a PerSpective Biosystems Voyager-DE-RP spec-
trometer. A 337 nm UV nitrogen laser producing 3 ns pulses was used in the
linear and reflectron modes. Melting points were determined with a Reichert
melting point apparatus and are uncorrected. Flash chromatography was
performed on silica gel (SiO,, E. Merck, 0.040-0.063 mm, 230240 mesh).
The presence of solvents in the analytical samples was confirmed by 'H NMR
spectroscopy. The synthesis of compounds 132,13 13b-15,11°} 21,1201 23 (241
and 22997 have been described elsewhere.

5,17-Dinitre-11-phthalimido-25,26,27,28-tetrapropoxycalix[4Jarene (24): A
solution of 1,3-dinitrocalix[4]arene 23 (1.0 g, 1.5 mmol) in CHCI, (25 mL)
was added to a suspension of AgCF,COO (0.32 g, 1.5 mmol) in refluxing
CHCI, {25 mL), and the cloudy solution was refluxed for 15 min. Then I,
(0.37 g, 1.5 mmol) was added in portions until the deep purple color was
permancnt. During the addition, Agl precipitated from the solution as a
yellow solid. The reaction mixture was refluxed for another 15 min, filtered
over Celite, and evaporated to dryness. The residue was taken up in EtOAc
(50 mL), washed with a 10% Na,S,0, solution (10 mL), H,0O (3 x 10 mL),
and brine (10 mL), and dried over Na,SO,. The solvent was removed under
vacuum, and the crude material refluxed in collidine (25 mL) for 24 h in the
presence of phthalimide (0.33 g, 2.2 mmol) and Cu,O (0.16 g. 1.0 mmol). The
reaction mixture was cooled to RT and diluted with CH,Cl, (50 mL). It was
then washed with 5% H,S0, (2x25mL), 2~ NaOH (10mL), H,O
(2x25mL), and brine (25 mL), and dried over Na,SO,. Evaporation of the
solvent gave a black solid material, which was purified by column chromatog-
raphy (S8iO,, CH,Cl,) to give monophthalimide 24 in 50 % yield as a yellow
solid. M.p. 148—150°C (CH,Cl,/MeOH). 'HNMR: 6 = 8.0-7.7 (m, 4H,
ArH), 7.7-7.6 (m. 4H, 0-NO,ArH), 6.78 (s, 2H, o-phthalimidoArH),
6.7-6.4 (m, 3H, ArH), 4.52, 449 (24, 4H, *J(H,H) =13.6 Hz, ArCH,Ar),
4.1-3.9 (m, 4H, OCH,), 3.86, 3.83 (2t, 4H, *J(H,H) = 8.0 and 7.7 Hz,
OCH,), 3.31,3.28 (2d, 4H, *J(H,H) =13.6 Hz, ArCH,Ar), 2.1~ 1.8 (m, 8H,
OCH,CH,), 1.1-0.9 [m, 12H, O(CH,),CH,]. MS (FAB): m/z = 828.2 (100)
(IM+H)", caled 828.3). CgH,4N,0,,: caled C 69.63, N 5.08, H 5.97;
found: C 69.54, N 4.99, H 5.98.

5,17-Diamine-11,23-bis(1,1-dimethylethyl)-25,26,27,28-tetrapropoxycalix-
|4larene (16): A solution of 1,3-dinitro 21 (0.50 g, 0.63 mmol), hydrazine
monohydrate (0.50 mL), and a catalytic amount of Raney Ni in MeOH
(25 mL) was refluxed for 2 h. After filtering the hot solution over Celite, the
solvent was removed under reduced pressure. The residue was dissolved in
CH,Cl, (50 mL), washed with H,O (2 x 25 mL) and brine (25 mL), and dried
over Na,SO,. Evaporation of the solvent gave 1,3-diamine 16 as an orange-
brown solid in quantitative yield. '"H NMR: § = 6.98 (s, 4H, 0-/BuArH), 5.39
(s, 4H, o-NH,ArH), 4.32, 2.95 (ABq, 8H, *J(H,H) =13.3 Hz, ArCH,Ar),
3.9-3.8 (m,4H, OCH,), 3.54 (1,4 H, */(H,H) = 6.6 Hz, OCH,), 1.9~1.7 (m.
8H, OCH,CH,), 130 [s, 18H, C(CH,),], 1.01, 0.77 [2t, 12H,
3J(H.H) =7.4 Hz, O(CH,),CH,). 3C NMR: § =155.8, 149.3, 144.1, 140.1,
136.1, 134.1, 125.6, 115.8, 34.1, 31.8, 31.4, 23.5, 22.9, 10.9, 9.8. MS (FAB):
mjz =735.9 (100) (M +H"], caled 735.5). C,;H¢N,0,.0.5 H,0: caled
C 77.48, N 3.77, H 9.08; found: C 77.42, N 3.56, H 8.92.

5,17-Diamino-11,23-diiodo-25,26,27,28-tetrapropoxycalix[4]arene (17): A sus-
pension of 1.3-dinitro 22 (1.16g, 1.24 mmol) and SnCl,-2H,0 (2.8¢.
12 mmol) in EtOH (50 mL) was refluxed for 15 h, and the hot solution was
then poured onto ice. CH,Cl, (100 mL) was added, and the solution stirred
at RT for 1 h. This was followed by the addition of 1~ NaOH (100 mL) and
stirring for another 30 min at RT. The organic layer was washed with H,0
(2x 25 mL) and brine (25 mL), and dried over Na,SO,. Evaporation of the
solvent gave pure 1,3-diamine 17 in quantitative yield as a white solid.
M.p.>280°C (CH,Cl,). '"HNMR: § =7.16 (s, 4H, o-1ArH), 5.81 (s, 4H,
0-NH,ArH), 4.30, 2.97 (ABq, 8H, *J(H.,H) =13.3 Hz, ArCH,Ar), 3.9-3.8
(m, 4H,OCH,), 3.67 (1,4H, *J(H,H) =7.2 Hz, OCH,), 3.1 (brs, 4H, NH,),
2.0-1.7 (m, 8H, OCH,CH,), 0.99, 0.90 [2t, 12H, *J(H,H) = 7.5 and 7.4 Hz,
O(CH,),CH,]. 3*C NMR: 6 =157.4,149.2,141.0, 138.6, 137.0, 134.1, 115.7.
85.5, 30.8, 23.3, 23.1, 10.6, 10.1. MS (FAB): m/z = 874.3 (100) (M ", calcd
874.2). C gHggN,0,: caled C 54.93, N 3.20, H 5.53; found: C 55.04, N 3.52,
H 5.57.

5,17-Diamino-11,23-{(trimethylsilyl)ethynyl]-25,26,27,28-tetrapropoxycalix-

[4larene (18): Pd(PPh;),Cl, (10 mg, 10 mol %), Cul (2 mg, 10 mol%). and
trimethylsilylacetylene (50 pL, 0.34 mmol) were added to a thoroughly de-
gassed suspension of 1,3-diamine 17 (0.10 g, 0.11 mmol) in NEt; (20 mL).
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The reaction mixture was heated at 40 °C for 16 h. The solvent was removed,
and the residue dissolved in CH,Cl, (50 mL), washed with H,O (2 x 25 mL)
and brine (25 mL), and dried over Na,SO,. Evaporation of the solvent gave
crude 1,3-diamine 18, which was used as such in further reaction. 'H NMR:
4 =716 (s, 4H, o-TMSC=CArH), 5.41 (s, 4H, o-NH,ArH), 4.20, 2.90
(ABq. 8H, 2J(H,H) =13.3 Hz, ArCH,Ar), 3.9-3.8 (m, 4H, OCH,), 3.45 (¢,
4H, 3JHH) =7.2Hz, OCH,), 2.6 (brs, 4H, NH,), 1.9-1.6 (m, 8H,
OCH,CH,), 0.94, 0.71 [2t, 12H, *J(H,H) =7.4 Hz, O(CH,),CH,], 0.16 [s,
18H, Si(CH,),]. MS (70eV, EI} m/z 8143 (100) (M "', caled for
C5oHgN,0,8i, 814.5).

5,17-Diamino-11,23-bis[(triethylsilyl)ethynyl]-25,26,27,28-tetrapropoxycalix-
[4]arene (19): Pd(PPh,),Cl, (50 mg, 20 mol%), Cul (5 mg, 10 mol%), and
triethylsilylacetylene (0.19 mL, 1.0 mmol) were added to a thoroughly de-
gassed suspension of 1,3-diamine 17 (0.30 g, 0.34 mmol) in NEt, (30 mL).
The reaction mixture was heated at 45 °C for 15 h. The solvent was removed,
and the residue dissolved in CH,Cl, (50 mL), washed with H,O (2 x 25 mL)
and brine (25 mL), and dried over Na,SO, . Evaporation of the solvent gave
crude 1,3-diamine, which was purified by column chromatography (SiO,,
5% MeOH/CH,Cl,) to give pure diamine 19 as a foam in 50% yield.
'HNMR: 6 =7.25 (s, 4H, 0-TESC=CArH), 5.54 (brs, 4H, o-NHArH),
433, 3.03 (ABq, 8H, “/(H,H) =133 Hz, ArCH,Ar), 41-39 (m, 4H,
OCH,), 3.57 (t, 4H. 3J(H ,H) = 6.6 Hz, OCH,), 2.9 (brs,4H, NH,), 2.0-1.7
(m, 8H, OCH,CH,), 1.2-1.0[m, 24H, O(CH,),CH; + Si(CH,CH,),], 0.84
It, 6H, 3J(H,H) =7.4 Hz, O(CH,),CH,], 0.71 [q, 12H, *J(H,H) =7.8 Hz,
SI(CH,CH,),]. 13°C NMR: § =159.0, 137.2, 132.7, 116.0, 107.4, 89.7, 76.6,
31.0, 23.5,22.9, 10.9, 9.8, 7.6, 4.6. MS (FAB): m/z = 899.6 (100) ((M +H]",
caled for C;cH,N,0,8i,: 899.6).

5,17-Diamino-11-phthalimido-25,26,27,28-tetrapropoxycalix[4]arene (20): A
solution of 1,3-dinitro 24 (0.50 g, 0.60 mmol) and SnCl,-2H,0 (1.4¢g,
6.0 mmol) in EtOH (50 mL) was refluxed for 13.5 h. The hot solution was
then poured onto ice. CH,Cl, (100 mL) was added, and the solution stirred
at RT for 1 h. This was followed by the addition of 1N NaOH (100 mL) and
stirring for another 30 min at RT. The organic layer was washed with H,O
(2 x 25 mL) and brine (25 mL), and dried over Na,SO,,. Evaporation of the
solvent gave pure 1,3-diamine 20 in 93% yield as a yellow foam. 'HNMR:
& =8.0-7.7 (m, 4H, ArH), 6.98 (s, 2H, o-phthalimidoArH), 6.87 (d, 2H,
3JHH)=74Hz, ArH), 6.73 (t, 1H, *JHH) =74Hz, ArH), 583,
576 (2d, 4H, *“J(HH)=2.7Hz, o-NH,ArH), 443, 440 (2d, 4H,
2J(H,H) =13.3 Hz, ArCH,Ar), 4.0-3.8 (m, 4H, OCH,), 3.69 (t, 4H,
3J(HH) =7.1Hz, OCH,), 3.09, 3.05 (2d, 4H, 2*J(H,H)=13.3Hz,
ArCH,Ar), 3.0 (brs, 4H, NH,), 2.1-1.8 (m, 8H, OCH,CH,), 1.04 [t, 6H,
3JH,H) =7.4 Hz, O(CH,),CH,], 1.0-0.9 [m, 6H, O(CH,),CH,]. *3C
NMR: § =167.6, 157.5, 157.2, 149.3, 140.9, 136.7, 136.1, 134.8, 134.2, 134.0,
132.0, 128.6, 126.4, 125.0, 123.5, 121.8, 115.8, 115.6, 76.7, 76.6, 31.1, 23.4,
231 (2x), 10.7, 10.1, 10.0. MS (FAB): m/z =767.5 (100) (M ", caled for
C,sH43N,04: 767.4).

General Procedure for the Preparation of Bis(chlorotriazine)calix{4]arenes
252a-32: A solution of the 1,3-diaminocalix[4]arene in THF was added drop-
wise to an ice-cooled solution of cyanuric chloride (2.5-3.0 equiv) and diiso-
propylethylamine (DIPEA, 5—-6 equiv) in THF. The solution was stirred at
0°C for 2 h. Then gaseous NH; was gently bubbled through the solution for
another 3 h, while keeping the temperature at 0 °C. The reaction mixture was
subsequently diluted with CH,Cl, (50 mL), washed with H,0 (25 mL) and
brine (25 mL), and dried over Na,SO,. Evaporation of the solvent gave
crude bis(chlorotriazine), which was used without further purification.

5,17-N,V’-Bis|4-amino-6-chloro-1,3,5-triazin-2-yl|diamino-25,26,27,28-tetra-
kis(dodecyloxy)calix{4larene (252) was prepared from diamine 13a (1.47 g,
1.30 mmol), cyanuric chloride (0.72 g, 3.9 mmol), and DIPEA (1.35mL,
7.82 mmol) in THF (30 mL). The yellowish bis(chlorotriazine) 25a was ob-
tained in 63% yield after trituration with s-butanol and r-hexane and used
without further purification. 'HNMR ([DJDMSO) §=9.73 (brs, 2H,
ArNH), 7.15-6.65 (brm, 6H, ArH), 6.27 (s, 4H, o-NHArH), 4.40, 3.19
(ABq, 8H, 2J(H,H) =12 Hz, ArCH,Ar), 4.1-3.85 (brm, 4H, OCH,), 3.75-
3.35 (brm, 4H, OCH,), 2.0-1.65 (brm, 8H, CH,), 1.40-1.05 (m, 72H,
CH,), 0.81 (t, 12H, *J(H,H) = 6.2 Hz, CH;). MS (FAB): m/z =1384.5 (100)
(M +H]", caled for Cy,H,,,*>°Cl,N,,0,: 1384.0).
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5,17-N,N’-Bis|4-amino-6-chloro-1,3,5-triazin-2-yl)diamino-25,26,27,28-tetra-
propoxycalixj4jarene (25b) was prepared from diamine 13b (0.50 g,
0.80 mmol), cyanuric chloride (0.45g, 2.4 mmol), and DIPEA (0.84 mL.
4.8 mmol) in THF (50 mL). Instead of the normal workup, H,O (100 mL)
was added to the reaction mixture, and the resulting suspension stirred for
15 min at RT. The white solid was filtered off and washed successively with
H,O, n-butanol, and n-hexane. After the solid had been dried under high
vacuum, bis(chlorotriazine) 25b was obtained in 93 % yield and used without
further purification. 'HNMR ([Dg]DMSO) § = 9.65 (brs. 2H, ArNH),
7.6-7.3 (m, 6H, ArH), 6.27 (s, 4H, o-NHArH), 4.34, 3.12 {ABq. 8H,
2J(H,H) =12.9 Hz, ArCH,Ar), 4.0-38 (m, 4H, OCH,). 3.64 (t, 4H,
3J(H,H) = 6.5 Hz, OCH,), 2.0-1.8 (m, 8§ H, OCH ,CH,), 1.07,0.90{2t, 12 H,
3HH.H) =7.4 Hz, O(CH,),CH,]. MS (FAB): m/z = 878.1 (100) (M *, calcd
for C, Hs,*°Cl,N, 0, 878.4).

5,17-N,N’-Bis[4-amino-6-chloro-1,3,5-triazin-2-yl|diamino-11,23-dicyano-
25,26,27,28-tetrapropoxycalix{djarene (26) was prepared from diamine 14
(0.90 g, 1.3 mmol), cyanuric chloride (0.74g. 4.0 mmol), and DIPEA
(1.4 mL, 8.0 mmol) in THF (50 mL). Bis(chlorotriazine) 26 was obtained in
61% yield after trituration with EtOH and used without further purification.
'THNMR: § =7.45 (s, 4H, 0-CNArH), 6.4 (brs, 4H, o-NHArH), 4.45, 3.22
(ABq,8H, 2J(H.H) =13.3 Hz, ArCH,Ar), 4.2-4.0 (m, 4H, OCH,), 3.8-3.5
(m, 4H, OCH,), 2.0-1.7 (m, 8H, OCH,CH,), 1.06, 0.90 [2t, 12H,
3J(H,H) =7.4 Hz, O(CH,),CH,}. MS (FAB): m/z = 929.5 (100) (M +H"],
caled for C,gH,,**CLLN,,0,: 929.3).

5,17-N,N’-Bis[4-amino-6-chloro-1,3,5-triazin-2-yl|diamino-11,23-dinitro-
25,26,27,28-tetrapropoxycalix{4]arene (27) was prepared from diamine 15
(0.40 g, 0.56 mmol), cyanuric chloride (0.32 g, 1.7 mmol), and DIPEA
(0.60 mL, 3.4 mmol) in THF (25 mL). Bis(chlorotriazine) 27 was obtained
in 86% yield after recrystallization from DMSO/CH,Cl,. 'HNMR
([DcJDMSO} 6 =99 (brs, 2H, ArNH), 7.8-74 (m, 8H, 0-NO,ArH
+NH,), 6.89 (s, 4H, o-NHArH), 4.35, 3.30 (ABgq, $H, *J(H,H) =13.6 Hz,
ArCH,Ar), 4.3-4.1 (m, 4H, OCH,), 3.92, 3.74 (2t, 8H, *J(H,H) = 6.3 Hz,
OCH,), 1.9-1.8 (m, 8H, OCH,CH,), 1.09,0.86]2t, 12H, *J(H.H) =7.4 Hz,
O(CH,),CH,]. MS (FAB): m/z =969.5 (100) ((M+H"], caled for
C,6Hso > CLN,,0,: 969.4).

5,17-N,N’-Bis[4-amino-6-chloro-1,3,5-triazin-2-yljdiamino-11,23-bis(1,1-di-

methylethyl)-25,26,27,28-tetrapropoxycalix|[4]arene (28) was prepared from
cyanuric chloride (0.38 g, 2.0 mmol), DIPEA (0.71 mL, 4.0 mmol), and di-
amine 16 (0.50 g, 0.68 mmol) in THF (25 mL). Crude 28 was obtained as an
orange solid in quantitative yield and used without further purification.
'HNMR: § =7.04 (s, 4H, 0-1BuArH), 6.1 -5.8 (m, 6 H, o-NHArH + NH,),
4.38, 3.06 (ABq, 8H, *J(H,H) =13.5Hz, ArCH,Ar), 40-39 (m, 4H,
OCH,), 3.58 (t, 4H, *J(HH)=65Hz, OCH,), 2.0~1.7 (m, 8H,
OCH,CH,), 1,30 [s, 18H, C(CH,),], 1.02 [, 6H, *J(HH)=74Hz,
N(CH,);CH,], 1.03, 0.79 [2t, 12H, 3J(H.H) =7.4 Hz, O(CH,),CH,]. MS
(FAB): mjz = 991.5 (100) (M +H*], caled for C5,Hgg* CIN| O, 991.5).

5,17-N,N’-Bis[4-amino-6-chloro-1,3,5-triazin-2-yl|diamino-11,23-diiodo-
25,26,27,28-tetrapropoxycalix[4]arene (29) was prepared from 1,3-diamine 17
(0.88 g, 1.0 mmol), cyanuric chloride (0.56g, 3.0 mmol), and DIPEA
(1.0 mL, 6.0 mmol) in THF (50 mL). Crude bis(chlorotriazine) 29 was ob-
tained as a white solid in quantitative yield and used without further purifica-
tion. 'HNMR: § = 8.3 (brs, 1H, NH), 7.43 (s, 4H, o-IArH), 6.3 (brs, 4 H.
0-NHATH), 5.3 (brs, 1H, NH), 4.31, 3.01 (ABq, 8H, %J(H,H) =13.4 Hz,
ArCH,Ar),4.0-39 (m,4H, OCH,), 3.54 (t, 4H, *J(H.H) = 6.6 Hz, OCH,),
2.0-1.7 [m, 8H, OCH,CH,], 1.01, 0.81 [2t, 12H, SJ(H,H) =7.4 Hz,
O(CH,),CH,]. MS (FAB): m/z =1131.2 (100) ([M+H7]. caled for
CLeH o CLIN, (O, 1131.1).

5,17-N,N’-Bis}4-amino-6-chloro-1,3,5-triazin-2-yljdiamino-11,23-bis(tri-
methylsilylethyny})-25,26,27,28-tetrapropoxycalix[4jarene (30) was prepared
from crude diamine 18 (125mg, 0.114 mmol), cyanuric chloride (63 mg,
0.34 mmol), and DIPEA (0.12 mL, 0.69 mmol) in THF (15 mL). Crude 30
was obtained quantitatively and used without further purification. "H NMR:
8 =732 (s, 4H, o-TMSC=CArH), 6.3 (brs, 4H, o-NHArH), 5.3 (brs, 2H,
NH,), 4.39,3.11 (ABq, 8H, 2J(H,H) =13.3 Hz, ArCH,Ar),4.1-3.9 (m, 4 H,
OCH,), 3.63 (1, 4H, *J(HH)= 6.6 Hz, OCH,), 2.0-1.7 (m, 8H,
OCH,CH,), 1.10, 0.89 [2t, 12H, 3J(H,H) =7.3 Hz, O(CH,),CH,], 0.20 [s,
18H, Si(CH,),]. MS (FAB): m/z =1073.1 (100) ([M+H"], caled for
C5Hyg**CIP7CIN, ,0,Si,: 1073.4).
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5,17-N,N’-Bis[4-amino-6-chloro-1,3,5-triazin-2-yl]diamino-~11,23-bis(tri-
ethylsilylethynyl)-25,26,27,28-tetrapropoxycalix[4]arene (31) was prepared
from cyanuric chloride (55 mg, 0.30 mmol), DIPEA (0.11 mL, 0.60 mmol),
and diamine 19 (90 mg, 0.10 mmol) in THF (15 mL). Crude 31 was obtained
as an off-white solid in quantitative yield and used without further purifica-
tion. 'THNMR: 6 =7.32 (s, 4H, o-TESC=CArH), 6.3 (brs, 4H, o-NHArH),
5.3 (brs, 2H, NH,), 4.39, 3.11 (ABq, 8H, *J(H,H) =13.3 Hz, ArCH,Ar),
4.1-3.9 (m.4H, OCH,), 3.63 (t, 4H, J(H,H) = 6.6 Hz, OCH,), 2.0-1.7 (m,
8H. OCH,CH,), 1.2-1.0 [m, 24H, O(CH,),CH, +Si(CH,CH,),], 0.87 [t,
6H, *JHH)=73Hz, O(CH,),CH,], 0.69 [q. 12H, *J(H,H) =7.8 Hz,
Si(CH,CH,);]. MS (FAB): mjz=1155.6 (100) ([M+H"), caled for
Cy.Hgo*’CLLN,,0,Si,: 1155.5).

5,17-N,N'-Bis|4-amino-6-chloro-1,3,5-triazin-2-yl]Jdiamino-11-phthalimido-
25,26,27,28-tetrapropoxycalix[4]arene (32) was prepared from diamine 21
(0.43 g, 0.56 mmol), cyanuric chloride (0.26 g, 1.4 mmol), and DIPEA
(0.49 g, 2.8 mmol) in THF (25 mL). Crude 32 was obtained in 70 % yield and
used without further purification. 'HNMR ([D,Jmethanol/{D,]chloroform
1:9): §=7.6-7.4 (m, 4H, ArHj, 6.95 (d, 2H, 3KH,H) =7.4 Hz, ArH),
6.85-6.75 (m, 1H, ArH), 6.2 (brs, 2H, o-NHArH), 4.39 (d, 4H,
2J(H,H) =134 Hz, ArCH,Ar), 40-3.8 (m, 4H, OCH,), 3.64 (t, 4H,
SJ(H.H) = 6.9 Hz, OCH,), 3.2-3.0 {(m, 4H, ArCH,Ar), 2.0-1.7 (m, 8H,
OCH,CH,), 1.01 [t, 6H, *J(H,H) =7.3 Hz, O(CH,),CH,], 0.9-0.8 [m, 6 H,
O(CH,),CH,]. MS (FAB): m/z =1063.4 (40) ([M+H3"Cl+H]"), 1042.3
(100) ((M+NH,]*), 1024.4 (50) ([M+H]"*, caled for C;,H;s*°CI,N, 04
1024.4].

General Procedure for the Preparation of Bis(melamine)calix[4]arenes 1-3, 6,
and 8—-11: A solution of the bis(chlorotriazine), n-butylamine (36 equiv), and
DIPEA (12 equiv) in THF (25~ 50 mL) was refluxed for 5.5~19 h. The mix-
ture was then evaporated to dryness. The residue was dissolved in CH,Cl,
(50 mL), washed with H,O (3 x25mL) and brine (25 mL), and dried over
Na,SO,. Evaporation of the solvent gave the crude calix[4]arene dimelamine
as a white solid, which was further purified when necessary.

5,17-V,N’-Bis[4-amino-6-(butylamino)-1,3,5-triazin-2-ylldiamino-25,26,27,28-
tetrakis(dodecyloxy)calix[4]arene (1a) was prepared from bis(chlorotriazine)
13a (1.0 g, 0.72mmol), s-butylamine (2.5mL, 25mmol), and DIPEA
(1.5 mL, 8.7 mmol) in THF (250 mL). Crude dimelamine 1a was triturated
with acetone and recrystallized from EtOAc and CH,Cl, to give pure dime-
lamine 1ain 74% yield. '"HNMR:§ =7.05-6.7 (brm, 6 H, ArH), 6.65-6.05
(brm, 6H, o-NHArH +NH), 5.25-4.7 (brm, 6H, NH), 442, 3.11 (ABq,
8 H, 2J(H,H) =13.3 Hz, ArCH,Ar), 4.1-3.9 (brm, 4H, OCH,), 3.8-3.6 (m,
4H, OCH,), 3.4-3.2 (m, 4H, NCH,), 2.0-1.75 (m, 8H, OCH,CH,),
1.6-1.15 (m. 72H, CH,), 1.0-0.8 (m, 12H, CH,). MS (FAB): m/z = 1458.4
(100) ([M+HT™], caled 1458.1). CgoH,,,N,,0,: caled C 74.14, N 11.53,
H 9.95; found: C 74.29, N 11.60, H 10.26.

5,17-N,N’-Bis{4-amino-6-(butylamino)-1,3,5-triazin-2-yl|diamino-25,26,27,28-
tetrapropoxycalix|[4]arene (1b) was prepared from bis(chlorotriazine) 13b
(0.50 g, 0.57 mmol), r-butylamine (2.0 mL, 21 mmol), and DIPEA (1.2 mL,
6.8 mmol) in THF (50 mL). Crude dimelamine b was absorbed on silica gel
by addition of silica gel (5% of dry weight used for column) to a solution in
THF (10—15mL) followed by careful removal of the solvent and drying
under high vacuum. Subsequent purification by column chromatography
(810,, 10% MeOH/CH,Cl,) and recrystallization from EtOAc gave dime-
lamine 1b as a light orange solid in 74 % yield. M.p. 175-180°C. 'HNMR:
0 =7.0-6.7(brm. 6 H, ArH), 6.6-6.2 (brm, 4H, 6-NHArH +NH), 5.0--4.8
(brm, 6H, NH), 443, 3.11 (ABq, 8H, 2J(H,H) =13.3 Hz, ArCH,Ar),
4.1-3.9 (m, 4H, OCH,), 3.69 (t,4H, *J(H,H) = 6.7 Hz, OCH,), 3.31 (g, 4H,
AJ(HH) = 6.5Hz, NCH,). 2.0~1.7 (m, 8H, OCH,CH,), 1.6-1.3 (m, 8H,
NCH,CH,CH,). 1.06 [t, 6H, 3J(HH) =74 Hz, O(CH,),CH,]. 1.0--0.8
{m. 12H, N(CH,);CH, +O(CH,),CH,]. MS (FAB): m/z = 954.0 (100)
([M+H"], caled 953.6). C5,H,,N,0,.0.5EtOAc: caled C 67.43, N 16.86, H
7.68; found: C 67.31, N 16.98, H 7.52.

5,17-N,N’-Bis|4-amino-6-(butylamino)-1,3,5-triazin-2-yl]diamine-11,23-di-

cyano-25,26,27,28-tetrapropoxycalix[4larene (2) was prepared from bis-
(chlorotriazine) 26 (0.76 g, 0.82 mmol), n-butylamine (2.9 mL, 29 mmol), and
DIPEA (1.7 mL, 9.8 mmol) in THF (50 mL). Crude dimelamine 2 was ab-
sorbed on silica gel by addition of silica gel (5% of dry weight used for
column) to a solution in THF (1015 mL) followed by careful removal of the
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solvent and drying under high vacuum. Subsequent purification by column
chromatography (Si0,, 10% MeOH/CH,Cl,} and recrystallization from
CH,Cl1,/MeOH gave bismelamine 2 as a light brown solid in 49% yield
(based on diamine 14). M.p. 231-233°C. '"HNMR: § =7.2-7.0 (brm, 4H,
0-CNArH), 6.7-6.2 (brm, 6H, o-NHArH +ArNH), 5.0-4.7 (brm, 6H,
NH), 4.35, 3.09 (ABq, 8H, 2J(H,H) =13.6 Hz, ArCH,Ar), 4.0-3.8 (m, 4H,
OCH,), 3.75-3.55 (m, 4H, OCH,). 3.28 (g, 4H, J(H,H) = 6.6 Hz, NCH,).
2.0-1.7 (m, 8H, OCH,CH,), 1.6~1.2 (m, 8H, NCH,CH,CH,), 1.0-0.8 [m,
18H, O(CH,),CH, +N(CH,),CH,]. MS (FAB): mj/z =10034 (100)
(LM + H"], caled 1003.6). CyH,N,,0,.0.5 MeOH: caled C 66.60, N 19.25,
H 7.12: found: C 66.18, N 19.52, H 7.08.

5,17-V,V’-Bis[4-amino-6-(butylamino)-1,3,5-triazin-2- yl]diamino-11,23-dini-
tro-25,26,27,28-tetrapropoxycalixj4]arene (3) was prepared from bis(chloro-
triazine) 27 (4.6 g, 4.8 mmol), n-butylamine (17.0 mL. 171 mmol), and
DIPEA (10.0 mL, 57.0 mmol) in THF (100 mL}. The residue was recrystal-
lized from CH,Cl,/EtOH to give pure dimelamine 3 as a yellow solid in 81%
yield. M.p. 185-190°C. '"HNMR: § =7.7 (brs, 4H, 0-NO,ArH), 6.7-6.2
(m, 4H, o-NHArH + ArNH), 5.2-4.7 (m, 6H, NH), 4.39, 3.17 (ABq, 8H.
2J(H,H) =13.6 Hz, ArCH,Ar), 4.1-3.9 (m, 4H, OCH,), 3.8-3.6 (m, 4H,
OCH,), 3.3-3.1 (m, 4H, NCH,), 2.0-1.6 (m, 8 H, OCH,CH,), 1.6-1.2 (m,
8H, NCH,CH,CH,). 1.1-0.8 [m, 18 H, O(CH,),CH; +N(CH,),CH,]. MS
(FAB): m/z =1044.3 (100) (1M + 2H '], caled 1044.6). C4,H, N, ,0,-EtOH:
caled C 61.74, N 18.00, H 7.03; found: C 61.67, N 18.23, H 7.12.

5,17-Diamino-11,23-N,N’-bis[4-amino-6-(butylamino)-1,3,5-triazin-2-yl|-
diamino-25,26,27,28-tetrapropoxycalix[4]arene (4): Excess hydrazine mono-
hydrate (1.0 mL) and a catalytic amount of Raney Ni were added to a
suspension of 1,3-dinitro 3 (0.50 g, 0.48 mmol) in THF/MeOH (100 mL, 1:1
v/v). The mixture was refluxed for 2 h. Then the suspension was filtered
immediately over Celite and evaporated to dryness to give pure diamine 4 as
a white solid in quantitative yield. M.p. 175-180°C (MeOH). 'HNMR:
8 =6.6-62(m, 10H, ArH +NH), 5.1-4.8 {m, 6H, NH), 4.35, 2.97 (ABq,
8H, 2J(H,H) =13.0 Hz, ArCH,Ar), 3.9-3.6 (m, 8H, OCH,), 3.34 (q, 4H,
SJH,H) = 6.5 Hz, NCH,), 2.0-1.3[m, 16 H, OCH,CH, + NCH,CH,CH,},
1.04 [t, 6H. *JHH)=72Hz, O(CH,),CH,], 1.0-0.8 [m, 12H,
N(CH,),CH, +O(CH,),CH,). MS (FAB): m/z = 983.9 (100) ((M+H"*],
caled 983.6). C;, H,,N,,0,-2H,0: caled C 63.62, N 19.24, H, 7.71; found:
C 63.76, N 19.00, H, 7.52.

5,17-Bis(acetamido)-11,23-/V,N’-bis{4-amino-6-(but ylamine)-1,3,5-triazin-2-
ylldiamino-25,26,27,28-tetrapropoxycalix[4]arene (5): K ,CO, (1 M) was added
to a turbid solution of 1,3-diamine 4 (100 mg, 0.102 mmol) in THF/EtOAc
(40 mL, 1:1 v/v), which rapidly clarified. Excess acetyl chloride (0.3 mL) was
then added, and the two-phase solution was vigorously stirred for 1 h, after
which TLC analysis showed the complete disappearance of starting material.
The reaction mixture was washed with H,0 (3 x 25 mL) and brine (25 mL)
and dried over Na,SO,. Removal of the solvent and recrystallization from
CHCl,/hexane gave pure 5 as an off-white solid in 83% yield. M.p. 258—
260°C. '"HNMR ([D,)Jmethanol/[D,Jchloroform 1:9) § =7.0 (brs, 4H,
ArH), 6.4 (brs, 4H, ArH), 4.32, 3.03 (ABq, 8H, *J(H,H)=13.2 Hz,
ArCH,Ar), 4.0--3.8(m, 4H, OCH,), 3.56 (t,4H, *4H,H) = 6.6 Hz, OCH,),
34-32 (m, 4H, NCH,), 2.0-1.7 (m, 8H, OCH,CH,), 1.84 [s, 6H,
C(O)CH,], 1.6-1.2(m, 8H, NCH,CH,CH,), 1.00 [t, 6H, *J(H,H) =7.3 Hz,
O(CH,),CH,], 1.0-0.7 [m, 12H, N(CH,);CH, +O(CH,),CH,]. MS
(FAB): mjz=1068.1 (100) ([M+H]*, caled 1067.6). Cs,H. N,,O,"
0.25CHCI;-0.5n-hexane: caled C 64.52, N 17.20, H 7.54; found: C 64.58, N
17.48, H 7.53.

11-Amino-5,17-N,N’-bis[4-amino-6-(butylamine)-1,3,5-triazin-2-yl|diamino-

25,26,27,28-tetrapropoxycalix|4]arene (6) was prepared from monophthal-
imide 32 (0.20 g, 0.20 mmol), »-butylamine (0.7 g, 7.0 mmol), and DIPEA
(0.49 g, 2.8 mmol) in THF (25 mL). The crude material was refluxed for 2 h
in EtOH/THF (30 mL, 5:1) in the presence of excess hydrazine (0.20 mL).
After evaporation of the solvents, the residue was dissolved in CH,Cl,
(50 mL), washed with 1~ NaOH (2x25mLj, H,O (2x25mL}, and brine
(25 mL), and dried over Na,SO,. Removal of the solvent gave crude dime-
lamine 6, which was recrystallized from CH,Cl,/hexane to give pure 6 in 54 %
yield. M.p. 150-155°C (slow phase transition). 'HNMR: § =7.0--6.1 (m,
9H, ArH), 4.9 (brs, 6H, NH), 4.41, 4.35 (2d, 4H, 2J(H,H) =13.5 and
13.2Hz, ArCH,Ar), 40-3.6 (m, 8H, OCH,), 3.5-3.2 {m, 6H, NCH,
+NH,), 3.09, 296 (2d, 4H, *J(H,H)=134 and 13.3 Hz, ArCH,Ar).
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2.0-1.8 (m, 8H, OCH,CH,), 1.6-1.3 (m, 8H, NCH,CH,CH,), 1.04
it, 6H, 3J(HH) =74 Hz, O(CH,),CH,}, 1.0-0.8 [m, 12H, O(CH,),CH,
+N(CH,);CH,]. MS (FAB): mjz = 968.8 (100) ([AM+H]", caled 968.6).
Cs,H,;N;0,-0.6CH,Cl,-0.25n-hexane: calcd C 64.74, N 17.50, H 7.52;
found: C 64.61, N 17.54, H 7.48.

11-Acetamido-5,17-N, V’'-bis{4-amino-6-(butylamino)-1,3,5-triazin-2-yl]di-
amino-25,26,27,28-tetrapropoxycalixj4]arene (7): The reaction was carried
out according to the procedure described for compound 5, by using
monoamine 6 (50 mg, 52 ymol) and excess acetyl chloride (0.10 mL) in a
mixture of EtOAc/1M K,CO, (20 mL, 1:1), to give monoamide 7 in 65%
yield after recrystallization from CH,Cl,/hexane. M.p. 150-155°C (slow
phase transition). '"HNMR: § =7.0- 6.1 (m, 9H, ArH), 5.1 (brs, 6H, NH),
441, 438 (2d, 4H, 24H,H) =13.1 and 13.2 Hz, ArCH,Ar), 4.0-3.6 (m,
8H, OCH,), 3.5-3.2 (m, 4H, NCH,), 3.09, 3.07 (2d, 4H, *J(HH)=
13.3 and 129Hz, ArCH,Ar), 2.06 [s, 3H, C(O)CH,], 2.0-1.7 (m,
8H, OCH,CH,), 16-1.2 (m, 8H, NCH,CH,CH,), 1.01 [t, 6H,
3J(HH)=73Hz, O(CH,),CH,], 092 [t, 12H, 3JHH)=7.1Hz,
O(CH,),CH,+N(CH,),CH,]. MS (FAB): m/z =1011.0 (100) (M +H]",
caled 1010.6). C,H, N ,05-0.5CH,Cl,-0.51-hexane: caled C 65.21,
N 16.62, H 7.30; found: C 65.22, N 16.64, H 7.47.

5,17-N,N’-Bis{4-amino-6-(butylamine)-1,3,5-triazin-2-yl]diamine-11,23-
bis(1,1-dimethylethyl)-25,26,27,28-tetrapropoxycalix{4]arene (8) was prepared
from crude bis(chlorotriazine) 28 (0.57 g, 0.57 mmol), n-butylamine (2.0 mL,
21 mmol), and DIPEA (1.2 mL, 6.9 mmol). Calix[4]arene dimelamine 8 was
obtained as an orange oil in 97% overall yield (based on diamine 16).
'HNMR: 6 = 6.97 (s, 4H, 0-1BuArH), 6.2-5.8 (m, 4H, o-NHArH), 5.5-4.8
(m, 6H, NH), 4.34, 3.03 (ABq, 8H, >J(H,H) =13.3 Hz, ArCH,Ar), 4.0-3.8
(m, 4H, OCH,), 3.57 (t, 4H, *J(H,H) = 6.6 Hz, OCH,), 3.19 (q, 4H,
3J(H.H) = 6.5 Hz, NCH,), 2.0~1.7 (m, 8H, OCH,CH,), 1.5-1.2 (m, 8H,
NCH,CH,CH,), 1.25 [s, 18 H, C(CH,),], 1.02, 0.78 [2t, 12H, *J(H,H) =
7.4 Hz, O(CH,),CH,], 0.84 [t, 6H, *J(H,H) =7.2Hz, N(CH,);CH,].
HRMS (FAB): m/z =1065.7 (100) ((M+H"*], caled for CzyHggN,,0,:
1065.7).

5,17-N,N’-Bis[4-amino-6-(butylamino)-1,3,5-triazin-2-yl|diamino-11,23-di-
iodo-25,26,27,28-tetrapropoxycalix[4]arene (9) was prepared from crude bis-
(chlorotriazine) 29 (1.3 g, 1.0 mmol), #-butylamine (4.0 mL, 40 mmol), and
DIPEA (2.3 mL, 13 mmol). Crude calix[4]arene dimelamine was mixed with
2 equiv of DEB and subsequently purified by flash column chromatography
(8i0,, MeOH/CH,Cl, 10:90). The product containing fractions were
washed with 1N NaOH (3x25mL), H,0 (3x25mL), and brine (25 mL),
and dried over Na,SO,. Evaporation of the solvent in vacuo gave pure
dimelamine 9 as a yellow solid in a 75% overall yield (based on 1,3-diamine
17). M.p. 185-187°C (CH,Cl,). '"HNMR: §=7.35 (s, 4H, o-IArH),
6.6—-6.1 (m, 6H, o-NH,ArH +NH), 4.9 (brs, 6H, NH), 4.35, 3.05 (ABq,
8H, 2J(H,H) =13.3 Hz, ArCH,Ar), 4.0-3.9 (m, 4H, OCH,), 3.64 (t, 4H,
3J(H.H) = 6.9 Hz, OCH,), 3.34 (g, 4H, *J{H,H) = 6.5 Hz, NCH,), 2.0-1.8
(m, 8H, OCH,CH,), 1.7-1.3 (m, 8H, NCH,CH,CH,), 1.1-0.8 [m, 18H,
O(CH,),CH, +N(CH,),CH,]. MS (FAB): m/z =1205.6 (100) (M +H"],
caled 1205.4). C,,H,,I,N;,0,: caled C 53.82, N 13.95, H 5.86; found:
C 53.95, N 13.93, H 6.00.

5,17-N,N’-Bis|4-amino-6-(butylamino)-1,3,5-triazin-2-ylldiamino-11,23-

bis| (trimethylsilyl)ethynyl]-25,26,27,28-tetrapropoxycalix[4]arene (10) was
prepared using crude bis(chlorotriazine) 30 (110 mg, 0.114 mmol), »-butyl-
amine (0.41 mL, 4.1 mmol), and DIPEA (0.24 mL, 1.4 mmol) in THF
(20 mL). The crude material was purified by flash column chromatography
(S10,, 5% MeOH/CH,Cl,) to give pure dimelamine 10 as a colorless sticky
solid in 46 % overall yield (based on 1,3-diamine 18). '"HNMR: é =7.19 (s,
4H, o-TMSC=CArH), 6.3-6.0 (m, 6H, o-NHArH +NH), 5.3-4.7 (brm,
6H, NH), 4.30, 3.01 (ABgq, 8H, *J(H,H) =13.4 Hz, ArCH,Ar), 4.0-3.9 (m,
4H, OCH,), 3.55 (t, 4H, *J(HH) = 6.7Hz, OCH,), 3.25 (q, 4H,
3J(H,H) = 6.5 Hz, NCH,), 1.9-1.7 (m, 8H, OCH,CH,), 1.5-1.2 (m, 8H,
NCH,CH,CH,), 1.01 [t, 6H, 3J(H H) =7.4 Hz, O(CH,),CH,],0.9-0.7 [m,
12H, O(CH,),CH, +N(CH,);CH,}, 0.21 [s, 18H, Si(CH,),]. MS (FAB):
mjz =1145.7 (100) ((M+H"], caled 1145.7). C4,Hy N, ,0,8i,-1.5H,0:
caled C 65.55, N 14.33, H 7.82; found: C 65.62, N 14.39, H 7.63.

5,17-N,N’-Bis[4-amino-6-(butylamino)-1,3,5-triazin-2-ylldiamino-11,23-
bisf (triethylsilyl)ethynyl}-25,26,27,28-tetrapropoxycalix|4jarene (11) was pre-
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pared from crude bis(chlorotriazine) 31 (90 mg, 0.10 mmol), n-butylamine
(0.36 mL, 3.6 mmol), and DIPEA (0.21 mL, 1.2 mmol) in THF (15mL).
Pure dimelamine 11 was obtained as a colorless foam in quantitative yield.
'HNMR: 6 =7.19 (s, 4H, o-TESC=CArH), 6.3-6.1 (m, 6H, o-NHArH
+NH), 4.9 (brs, 4H, NH,), 4.7 (brs, 2H, NH), 4.30, 3.02 (ABq, 8H,
2J(H,H) =13.4 Hz, ArCH,Ar), 4.0-39 (m, 4H, OCH,), 3.55 (1, 4H,
3J(H,H) = 6.6 Hz, OCH,), 3.24 (q, 4H, *J(H.H) = 6.5 Hz, NCH,,), 1.9-1.7
(m, 8H, OCH,CH,), 1.5-1.2 (m, 8H, NCH,CH,CH,), 1.1-1.0 [m,
24H, O(CH,),CH,+Si(CH,CH,),], 0.86 [t, 6H, *J(H.H)=7.1Hz,
N(CH,),CH,], 0.79 [t, 6 H, *J(H,H) =7.5 Hz, O(CH,),CH,], 0.63 [q, 12 H,
3J(H,H) =7.8 Hz, Si(CH,CH,),]. MS (FAB): m/z =1229.9 (100) (M + H "],
caled 1229.8). C;0H,4oN,;,0,8i,-H,0: caled C 67.37. N 1347, H 8.24;
found: C 67.28, N 13.47, H 8.41.

5,17-N,N’-Bis|4-amino-6-(butylamino)-1,3,5-triazin-2-yljdiamino-11,23-di-
ethynyl-25,26,27,28-tetrapropoxycalix[4]arene (12): To a solution of calix-
[4}arene dimelamine 11 (33 mg, 29 pmol) in THF/MeOHR (10 mL, 1:1 v/v) was
added 1~ NaOH (1-2 mL), and the mixture was stirred at RT for 1 h. After
removal of the solvent, the residue was taken up in CH,Cl, (25 mL), washed
with H,0 {3 x 10 mL) and brine (10 mL), and dried over Na,SO,. Evapora-
tion of the solvent gave diacetylene 13 as a colorless solid in quantitative yield.
M.p. 165-180°C (slow phase tramsition). 'HNMR: § =7.16 (s, 4H,
0-HC=CArH), 6.5-6.1 (brm, 6H, NH/ArH), 5.2-4.8 (brm, 6 H, NH), 4.32,
3.02 (ABq, 8H, 2J(H,H) =13.5 Hz, ArCH,Ar), 4.0-3.9 (m, 4H, OCH,),
3.57 (t, 4H, *J(H,H) = 6.7 Hz, OCH,), 3.24 (q, 4H, 3J(H.H) = 6.5 Hz,
NCH,), 2.95 (s, 2H, ArC=CH), 2.0-1.7 (m, 8H, OCH,CH,), 1.6-1.2 (m,
8H, NCH,CH,CH,), 1.0 [t, 6H, *J(H,H) =7.4 Hz, O(CH,),CH,], 0.9-0.7
[m, 12H, O(CH,),CH, +N(CH,),CH,}. MS (FAB): m/z =1002.1 (100)
(M +H*], caled 1001.6). C;5H,,N,,0,-0.5H,0: caled C 68.95, N 16.64,
H 7.28; found: C 68.65, N 16.62, H 7.27.

Rosette Formations: Calix[4]arene dimelamine 2—12 (10 mg) were each mixed
with 2 equiv of DEB and suspended in [D,]chloroform or [Dg]toluene. The
resulting mixtures were stirred until all solid material had dissolved. In cases
where the material did not dissolve, addition of 10% methano! was usually
sufficient to rapidly dissolve the solid material. The resulting solution was
then evaporated to dryness, and the residue redissolved in [D,]Jchloroform or
[Dgltoluene to give clear solutions of the corresponding hydrogen-bonded
assemblies.

MALDI-TOF Mass Spectra: The samples were prepared by stirring a solu-
tion of 10 mg of (2);-(DEB), and +1.0 mg (1.0 equiv) of AgCF,COO in
1.0 mL of CHCI, until all solid material had dissolved. 10 pL of this solution
was then mixed with 20 puL of a solution containing 3 mgL ~ ' of 2,5-dihy-
droxybenzoic acid in nitromethane. 1 pL of the resulting solution was finally
loaded on the gold sample plate and submitted for the MALDI-TOF mea-
surement.

Single Crystal X-Ray Diffraction: Crystal data and structure refinement for
(3); (DEB) (toluene),, (Cys50H,4,N5,0,,); crystal size = 0.60 x 0.60 x
0.50 mm, M, = 6077.58, rhombohedral crystal system, space group R3c,
a=38.7950(4), c=42.0004(9) A, y=120°, ¥ =54743.9(14) A3, Z =6,
Peaica =1.106 Mgm 3. The diffraction data were collected with Mo, radia-
tion (4 =0.71073 A, 26, <40°, w scan mode, absorption coefficient =
0.066 mm ") and a graphite monochromator on a Siemens SMART diffrac-
tometer equipped with a CCD detector. Reflections collected 90185, indepen-
dent reflections 5693 (R, = 0.0478). The structure was solved by direct
methods using the SHELXTL suite of programs.[**! All non-hydrogen atoms
on the host were refined anisotropically; those of the guest (solvent) mole-
cules were refined isotropically by full-matrix least-squares on F?; hydrogen
atoms were placed in calculated positions and allowed to ride on the parent
atoms. No corrections were made for polarization or absorption. Data/
restraints/parameters 5151/93/611, goodness-of-fit on F? =1.090, final R
indices [I>2.50(I)]: R, =0.1236, wR, = 0.3359, R indices (all data)
R, =0.1641, wR, = 0.4331, extinction coefficient 0.00051 (11}, largest diff.
peak and hole 0.515 and —0.352 A~3.

The crystals are very sensitive to the absence of the solvent and are destroyed
by exposure to air within several seconds. Selection of crystals to be intro-
duced into the capillary was carried under the solvent. After the crystal was
placed inside the capillary, a small amount of solvent was added and the
capillary sealed.
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Experiments were carried out on the same crystal at two temperatures;
—150°C and +20°C. At a temperature of approximately — 60 °C, the reflec-
tion widths broadened by several orders of magnitude, indicating a change in
the crystal. Therefore the experimental errors at —150°C were much more
significant. However, the low-temperature experiment made it possible to
observe the toluene molecules and these coordinates were used as the starting
points for the refinement of their locations for the experiment at 420 °C.

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-100561. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: deposit@;cede.cam.ac.uk).
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Abstract: The reaction of four equivalents
of the monomeric trimethoxysilyl(T)-
functionalized ether—phosphine ligand
CyP(CH,CH,OCH,)}(CH,),SiR; (R=
OMe [1a(T%], Me [1b]) with [{u-
CIRh(COE),},] yielded the monomeric
pseudo 14 electron rhodium(r) complexes
[Cth(Iga)(P~O)] (2a(T?),, 2b). For the
sol—gel process the complex 2a(T®), was
protected by introduction of the volatile,
reversibly binding ligand pyridine. Thus,
the monomeric compound 2a(T®), was
co-condensed with two and eight equiv-

(D-C4-D), was treated with a variety of
small molecules in the gas/solid and lig-
uid/solid interphases. It was shown that a
facile cleavage of the Rh—O bond in the
ether—phosphine chelate occurred even in
the solid state. The reaction of 2(T"),-
(D'-C4-DY), with carbon monoxide, car-
bon disulfide, and diphenylacetylene re-
sulted in the irreversible coordination of
the molecule to the metal. In the presence
of pyridine, the polysiloxane-bound com-
plex 2(T"),(D*-C,-DY), oxidatively added

hydrogen to give the octahedrally con-
figurated complex [CIRhH,(Py}P~ O),]
[6(T™),(D'-C(-DF),]. Treatment of dry
2(T™),(D-C4-D), with ethene led to the
reversible formation of the corresponding
complex. Although the materials display
low surface areas, at least 75% of the
rhodium centers within the matrix are ac-
cessible to the rather bulky tolan mole-
cules. The complexes 2(T"),(D-Cq-DY),
(y = 2, 8) show high activities and selec-
tivities in the hydrogenation of tolan.
The conversion was found to depend

alents of the co-condensation agent markedly on the amount of co-condensate
MeSi(OMe),(CH,)4(MeO),SiMe (D°-C,- Keywords D'-C,-D° and on the polarity of the sol-
D?) to give the polysiloxane-bound con- immobilized catalysts + polysiloxanes vent. The polysiloxane-bound complexes
geners 2(T%),(D-C¢-DY), (y =2 and 8, - P ligands edinm 2(T™),(D*-C¢-D*), are more active than

respectively; i=0-2; n=0-3). The sol—gel processes
polysiloxane-bound  complex  2(T"),-
Introduction

Chemical systems in which the reactive centers are anchored to
polymeric matrices are gaining in significance because they are
able to combine the advantages of both homogeneous and het-
erogeneous catalysts.!™' 3 In this context sol—gel chemistry
opens up the prospect of preparing suitable polymer frame-
works under mild and low-temperature conditions.!>~3! The
simultaneous co-condensation of trimethoxysilyl (T)-function-

{*] E. Lindner, T. Schneller, F. Auer, P. Wegner H. A. Mayer
Institut fiir Anorganische Chemie, Universitit Tibingen
Auf der Morgenstelle 18, D-72076 Tiibingen (Germany)
e-mail: hermann.mayer@uni-tuebingen.de

[**] Supported Organometallic Complexes Part 14. Part 13: E. Lindner, A. Jager,
F. Auer, W. Wielandt, P. Wegner, J. Mol. Catal. in press.

Notation used in this paper: Fn = functionality; D, T, and Q denote alkoxysilanes
with two, three, and four Si-O bonds, respectively; the superscript denotes the
number of Si-O-Si bonds formed during the scl—gel process and is a measure of
cross-linkage; for example, T" = MeSi(OMe),. P~O: #'-P-coordinated ether—
phosphine ligand; $0: #2-0,P-chelating ether - phosphine ligand. Cy = cyclohexyl,
COE = cyclooctene, Py = pyridine.
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their monomeric congener 2a(T?),.

alized transition metal complexes with Q, T, D, or D-C.-D
alkoxysilanes [Q® = Si(OEt),; T® = MeSi(OMe),; D°=
Me,Si(OEt),; D°-C_-D® = MeSi(OMe),(CH,).(MeO),SiMe,
z =6, 8, 14] allows these materials to be modified extensively
(Figure 1). The resulting Fn-T/Q, Fn-T/T, Fn-T/D, and
Fn~T/D-C,-D blends®! are organometallic—inorganic hybrid
materials, which can be formed with a wide variety of anchored
metal complexes and excellent properties; for example, 1) the
density of functional groups can be adjusted, 2) the leaching of
the catalysts reduced, and 3) a high degree of condensation
achieved.™ '®! Even sensitive metal complexes can be processed
by sol-gel methods provided that a special “‘trapping” tech-
nique is applied. This was recently demonstrated with the poly-
condensation of a water-labile (ether—phosphine)palladium(ir)
complex.["1] These polymer networks are considered to be sta-
tionary phases consisting of the matrix (polysiloxane), the spac-
er (-CH,-CH,-), and the reactive center (metal complex).[*?!
They can overcome the problems encountered with the surface
coverage in silica gel,l'>7 131 such as leaching of functional
groups and the restricted loading of catalysts. Appropriate
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gascous or liquid reactants (mobile phases) are able to penetrate
these stationary phases on a molecular scale forming inter-
phascs, that is, homogeneous mixtures are not formed (see Fig-
urc 1).

Fn-Si(OMe), + y MeSi(OMe),(CH,)(MeO),SiMe
H,0 | - MeOH
[Fn-Si0,J[MeSiO, ;(CH,),0,,SiMe],

T units D-C;-D units

RO Me o}
d
N o _K A
Support/Matrix ‘
B ~(CH,),
Pt = Spacer Stationary Phase
[ML,] = Reactive Center
@  -soventiSubstrate  Mobile Phase

Figure 1. Schematic description of an interphase.

In the interphascs the active centers become highly mobile
simulating the properties of a solution, and a fast exchange
process in the ligand sphere of a transition metal complex can
even occur. A good example of these properties is the fluxion-
al behavior of the polysiloxane-bound nonrigid complex
[HRUCI(P~0),(PO)] in the interphase.!'?! It has been demon-
strated that all three cther—phosphine ligands compete for one
coordination site. The fluxionality of the system is a precondi-
tion for the catalytic activity of a complex. However, the activ-
ities and selectivities of various types of anchored organometal-
lic catalysts are still not satisfactory.
investigations we the dynamic
propertics of the T-functionalized ether—phosphine ligands
PhP(CH,CH,OCH,)}CH,) Si{OMe); (x =3, 6, 8) and their
ruthenium, palladium, and rhodium complexes, which were
bound to a variety of silicon matrices.!'® ¢! Different mobil-
ities were found depending on the nature of the co-condensate
and the length of the spacer (Fn—T/Q«Fn-T/T<Fn-T/
D-C,-D = Fn—T/D-C¢-D <Fn-T/D-C ,-D<Fn-T/D; x=
3<6<8).1! The bis(silylated) network modifiers D*-C_-D?
form highly cross-linked polymer frameworks, but still show
high mobilities. In contrast to the Fn—T/D copolymers, the
metal complex density within the Fn—T/D-C,-D systems can be
tuned. It is expected that high mobility combined with sufficient
swelling ability of the stationary phases would lead to more
uniform reactive centers and therefore to better accessibility,

In recent examined
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turnover frequency, and selectivity in the catalytic and stoichio-
metric interphase reactions.

In continuation of this work, we set out to examine the possi-
bility of embedding the catalytically active (cther—phos-
phine)rhodium(1) complex of the type [Cth(@)(P««O)] in a
polysiloxane network. In the design of this stationary phase the
co-condensation agent D*-C¢-D® was employed in the sol-gel
process, owing to its above-mentioned favorable properties. An
important objective of the present work is the investigation of
the accessibility of the transition metal center within the station-
ary phase. Therefore, stoichiometric and catalytic model reac-
tions have been performed at the reactive center in gaseous/solid
and liquid/solid interphases. The opening of the 112-}32) chelate
by the coordination of various substrate molecules and the oxi-
dative addition of hydrogen under mild conditions were selected
as stoichiometric reactions. In addition, the catalytic activities
and sclectivities of the polysiloxane-bound rhodium(r) complex
2(T"),(D*-C¢-D'),""® (Scheme 4) in the hydrogenation of
diphenylacetylene (tolan) has been studied.

The stereochemistry of the transition metal complexes is es-
tablished by IR, *'P, and '*C CP/MAS solid state NMR spec-
troscopy. For the determination of the degree of condensation
of the matrix components and the integrity of the hydrocarbon
backbone of the ligand and the co-condensate, #°Si and 1*C
CP/MAS NMR spectroscopy are applied.

Results and Discussion

Synthesis and Characterization of the Monomeric Ligands
and Complexes: The reaction of the starting compound
[{u-CIRh(COE),},] with four equivalents of the O,P ligand Ph-
P(CH,CH,0CH,)(CH,),Si{OMe), in acetone resuited in the
formatigg of a mixture of the neutral monochelate complex
[CIRW(PO)P ~ O)] and the dimeric species [{ u-CIRh(P~ O),},].
Cleavage of the chloro bridges under UV irradiation, as de-
scribed earlier,!' led to a decomposition of the complexes. The
more basic ether—phosphine ligands 1a(T®) and 1b were
therefore prepared (Scheme 1). The intermediate cyclohexyl-
(methoxyethyl)phosphine was obtained by treatment of the cor-

oM 1B _CH,—CH,—OMe
M H 2 CICH,CH,OMe ﬂ H
R = Si(OMe), (a), SiMe; (b) hv | H,C=CH—CH,-R

_CH,—CH,—OMe

ﬂ CH,—CH,—CH,-R

1a(T", 1b
T
P (o)
21a(T, 21b A4
1/2 [u-CIRh(COE),}, ——————— Rh
- VAN
2 COE O-P cl
2a(T",, 2b

Scheme 1. Synthesis of the monomeric ether - phosphine ligands 1a(T") and 1b and
of their monochelated rhodium(r) complexes 2a(T®), and 2b.
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responding lithium phosphide HP(Cy)Li with 1,2-chloro-
methoxyethane in THF.P2?! Photochemically induced addition
of the secondary phosphine HP(Cy)(CH,CH,0CH;) to the
olefinic double bond of the allylsilanes CH,=CHCH,SiR,
[R = OMe (a), Me (b)] gave the ether—phosphine ligands
1a(T°®) and 1b, respectively, in high yields.?"! This method was
found to be generally applicable for the preparation of a variety
of silylalkyl(ether)phosphines.'2! These ether - phosphines con-
tain a strong phosphorus donor atom and an oxygen functional-
ity incorporated in an open chain or in a cyclic ether moiety,
which is able to stabilize coordinatively unsaturated metal com-
plexes by formation of a weak metal-oxygen bond."*! In addi-
tion, 1a(T®) contains a hydrolyzable trimethoxysilyl group,
whereas 1b has a nonhydrolyzable trimethylsilyl group and can
thus be used in model reactions under sol—gel conditions (see
below).

Treatment of a suspension of [{u-CIRh(COE),},] in acetone
with the ligands 1a(T?) and 1b led to the quantitative formation
of the monomers 2a(T®), and 2b, respectively, as orange otls
(Scheme 1), which are analogues of the Wilkinson com-
plex 124251 The products are rather air sensitive and decompose
slowly even when stored under an inert atmosphere. At low
temperatures (243 K in C4Dj) the *'P{*H} NMR spectrum of
2a(T®), displays two well-resolved AB parts of two ABX sys-
tems for the two different phosphine ligands [two diastereomers,
due to the chirality of 1a(T?)]. For the assignment of these
diastereomers a two-dimensional *'P,*'P{'H} COSY NMR
spectrum was recorded. The chemical shifts and coupling con-
stants of 2a(T?), agree well with those of similar known com-
plexes.?* 25! The values of the 2J(PP) coupling constants
(Table 2) are consistent with the cis arrangement of the phos-
phine ligands as displayed in Scheme 1. Owing to its incorpora-
tion into a five-membered ring, the phosphorus atom of the
chelated ligand resonates at lower field.1?¢- 27 This is also re-
flected in the *C{'H} NMR spectrum of 2a(T?), in which the
signals of the OCH, and OCH, groups of the n2-(PO)-coordi-
nated ether—phosphine ligand are shifted to lower field. These
resonances are observed as multiplets (diastereomers). The FD
mass spectrum of 2a(T?), confirms its composition. The model
compound 2b (Scheme 1) shows nearly the same chemical shifts
and coupling constants as 2a(T?), in its *'P{'"H} NMR spec-
trum (see Experimental Section).

The monomeric (ether-phosphine)rhodium() complexes
4a(T®),-8a(T®), (Scheme 2) were synthesized from 2a(T?%),
by analogy to the reactions of [CIRh(PO)P~O0)] [O.P =
Cy,P(CH,CH,0CH ;)] with CO, CS,, H,/pyridine, ethene, and
diphenylacetylene (see Experimental Section).[?> 28! The com-
plexes 4a(T®),-6a(T®), and 8a(T?®), were fully characterized by
3pTH} NMR, 3C{'H} NMR, 'HNMR, and IR spec-
troscopy, and by mass spectrometry (see Experimental Sec-
tion).[2%? The data obtained are in good agreement with those of
analogous complexes and confirm the geometries of the com-
pounds shown in Scheme 2.12%- 281 In the case of the CS, adduct
5a(T"), the *'P{'H} NMR spectrum reveals four doublets with
nearly identical 'J(RhP) coupling constants (Experimental Sec-
tion), which are attributed to four diastereomers. If the two
chiral phosphine ligands are taken into account, only two
diastereomers are expected. The four diastereomeric forms are
explained by the nonplanar Rh-CS, fragment containing an
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P~O P~O P~O
Ch. I ch... F(l s H..,,’i O
“Rh “ Rh
l \CO I ™~ g H/ ] \Py
P~0 P~Q \\S P~0O
4a(To), 5a(T), 6a(Tv),
P~0 P-0
Cl.. | Cl... )qh C/Ph
"“Rh
| >~/ |~/
P-O P-0 C
Ph
7a(T?), 8a(T"),

Scheme 2. Products from the reaction of the monomeric chelated rhodium(i) com-
plex 2a(T"), with CO, CS,, H,/Py, C,H,, and tolan.

72-(C,S)-coordinated carbon disulfide, which leads to an addi-
tional center of chirality at the carbon atom of the CS, frag-
ment.128:3% Although 2a(T?), is closely related to the above-
mentioned complex [CIRh(ﬁe))(P~O)] with the ligand
Cy,P(CH,CH,0OCH,), its reactivity toward ethene, hydrogen,
and oxygen is rather different. When oxygen was bubbled
through a solution of 2a(T?%), at 233 K, the corresponding
dioxygen complex [CthOZ(lSB)-(P~O)] was not formed, and
the ether — phosphine ligand was quantitatively oxidized. In con-
trast to [CIRh(C,H (P~ 0),] [O,P = Cy,P(CH,CH,OCH,)],
the n2-ethenc complex 7a(T?), was only found to be stable in the
presence of ethene. Under vacuum 7 a(T?), extruded ethene, and
the monochelated complex 2a(T"), was regenerated. The
3STplTH}, 13C{'H}, and 'H NMR data compare well with those
of other n?-ethene rhodium(i) complexes.[2#- 28

Treatment of a solution of 2a(T®), in [D,]toluene with hydro-
gen (1 bar) at ambient temperature led to an oxidative addition
of H, (Scheme 3). This reaction is completely reversible. The

P-0
PN
0
PO/ H, (1 bar) O-F, C’l o
2 Rh Rh R
or” o o-p” o’ [ H
P-O
2a(T"), 9a(T%),

Scheme 3. Reaction of 2a(T"), with hydrogen.

31P{IH} NMR spectrum displays two groups of doublets in a
ratio of 1:1. Three diastereomeric forms can be distinguished in
this spectrum. The 'J(RhP) coupling constants of the low-tield
doublets are typical for a square-planar gcometry of binuclear
rhodium(r) complexes of the type [{u-CIRh(PR),},], while the
group of resonances at about & = 28 reveal 'J(RhP) coupling
constants characteristic for octahedral rhodium(in) complexes
(see Experimental Section). Only the phosphorus nuclei that
resonate at higher field interact with the hydride protons. In the
hydride region of the '"H NMR spectrum of 9a(T?), the typical
A, part of an A,M,X spin system is observed. These data sets
are in agreement with those obtained for the binuclear mixed-
valent Rh"/Rh' complex [H,Rh(PPh,),(u-Cl),Rh(PPh,),] and
corroborate the generation of the corresponding dihydride
product 9a(T?), (Scheme 3).[3132

0947-6539/97/0311-1835 § 17.50+.50/0 1835





FULL PAPER

E. Lindner et al.

Preparation of the Polycondensed Mono(chelate)rhodium(1)
Complexes (see Table 1): The hydrolysis and polycondensation
of a mixture of the monomeric rhodium complex 2a(T?), with
the co-condensation agent D®-C_-D°, water, and EtOH, in the
presence of any one of the catalysts (#Bu),Sn(OAc),, NaOH,

Table 1. Copolymers prepared and the corresponding monomers.H*#

Monomeric complex vla] Product
[CIR(PO)P~O)] [2a(T"),] 2 2(T")(D-C-D'),
2(T"),(D*-C4-Df)y
[CIRA(PY)(P ~O),] [3a(T*),}
[CIRh(CO)P ~0);] @amo),) 2 4(T"),(D-C,-DY),
[CIRR(CS (P ~0),] [5a(T"),) 2 5(T"),(D-Cg-D'),
[CIRhH,(Py)(P ~0),] [6a(T),] 2 6(T"),(D-C¢-D'),
[CIRWCH)P ~0):] [7a(T),] 2 7(T")o(D-C-DY),
[CIRMPRC=CPhYP ~ 0);] [8a(T"),] 2 8(T"),(D'-C¢-DY),
[H,RI(P ~ 0),(u-Cl),RI(P ~ 0)s] [9a(T)] 2 [b]

[4] Amount  of the co-condensation agent D®-C-D?. [b] The oxidative addition
of H, to 2(T™),(Di-C¢-D'), gives at least two compounds, which cannot be satisfac-
torily characterized.

NEt,, HC|, or NH,F led to the decomposition of the mctal
complex. The polycondensation catalysts are responsible for
this result. We were therefore interested in finding out whether
it might be possible to stabilize the labile transition metal com-
plex 2a(T"), during the polycondensation process by introduc-
ing a volatile ligand that binds reversibly. When the latter is
eliminated by evaporation after the sol—gel transition, the de-
sited complex should be generated within the matrix.t'!]
Pyridine was found to easily cleave the Rh—~O bond and to
coordinate reversibly to 2a(T®), and 2b forming the cis/trans
isomers of [CIRh(PY)(P~0),]} [3a(T"),, 3b; Scheme 4].

/'\O

N 7
7 Rh\ 7]//H (0]
o~ al :
2a(T",, 2b
Py
Sol-Gel Process
o ) P_ 0
y D°C-D N~/
cisftrans-CIRh(Py)(P~0), Bh
H,O SN
3a(T%),, 3b Ro ©

polysiloxane-bound
2(1"),(0-C;-D),
Composition of the Polycondensates
idealized [FN-SiO5lIMeSIO,,(CH,)Oz:SiMel,
2(T°)(D°-Ce-D?),
realistic [Fn-Si0,»(0X)a.,IMESIO (0X), (CH,)e(X0),0p28IMe),

2(T"),(D"-C-D),

Scheme 4. Synthesis of the polysitoxane-bound chelated rhodium(1) complexes
2(T")(D-C¢-D'),: v = number of co- condensed D-C,-D molecules; v =2, 8;
i, n = number of $i-O-8i bonds; 7 = 0-2; 1 = 0-3; X = H, Me.
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At 223 K the 3'P{'H} NMR spectrum of 3a(T"), consists
of a doublet [§ = 28.3, 'J(RhP) =167 Hz] and the AB part
of an ABX pattern [0 = 30.0, 'J(RhP) =193 Hz; é = 30.9,
'J(RhP) =162 Hz, 2J(PP) = 49 Hz]. The coupling constants of
the ABX multiplet are in the same range as observed for the
analogous complex cis-[CIRh(Py)(PPh;),], and these signals can
be assigned to the complex with a cis arrangement of the ether—
phosphines.!*3! The doublet corresponds to 3a(T?), with a trans
configuration of the ligands.

Mixtures of 3a(T®), with variable amounts y of D°-C,-D°,
water, the catalyst, and a minimum amount of MeOH under-
went hydrolysis and polycondensation (Scheme 4). After ap-
proximately 14 hours a highly swollen gel was formed. Subse-
quent drying of the crude products and solvent processing (see
Experimental Section) resulted in a complete elimination of the
coordinated pyridine ligand and in the formation of the
monochelated polysiloxane-bound complexes 2(T%) ,(D¥-C¢-D?),
(Table 1; Scheme 4, y =2, 8). The orange polymers 2(T"),-
(D'-C¢-D'), are very air-sensitive powders. Two isotropic signals
in the 3'P CP/MAS NMR spectrum of 2(T"),(D*-C4-D'), (Fig-
ure 2 A), with the same chemical shifts as those of its monomeric
congener 2a(T"), (Table 2), are characteristic for one chelated

Table 2. Comparison of the *'P NMR data of the copolymers in the solid state with
those of their monomeric counterparts in solution (coupling constants J in Hz).

Monomeric
complex d

3P{IH} NMR
LJ(RhP) 2/(PP)

2P CP/MAS
NMR, 4§

Polymeric
complex

2a(T%, [a.bc] 535 1868 519 AT",(D-Ce-Di), 579

423 2045 51.9 42.5

2T (D-Ce-Df)y, 577

43.0

4a(T", [d] 230 1175 4T"),(D-Ce-DY), 221

5a(T?), fa.b] 131 1063 5(T",(D-Ce-DY), 117
6a(T"), [d] 274 111 6(T"),(D-C-D¥),  25.9
7a(T"), [d] 171 1199 T D-C ), 157
8a(T?), [a.c] 133 1163 8(T"),(D-C,-D}), 129
9a(T?), [a.b] 349 191

88 1112 ] 28.2

fa) The data set for only one of the of diastereomers are listed: for the other data
sets, see Experimental Section. [b] In[Dg)toluene. [c] At243 K.[d} InC,D,.[e} In
CD,Cl,. [[] The oxidative addition of H, to 2(T"*),{(D-C¢-DF), gives at least two
compounds which cannot be characterized with satisfaction.

and one nonchelated ligand. The additional peak at 6 =17 in the
31p CP/MAS NMR spectrum (Figure 2 A) is assigned to the
polysiloxane-bound binuclear species [{u-CIRh(P ~ O),},]. Ow-
ing to the enhanced chemical shift dispersion of the phosphorus
nuclei in those amorphous materials, the coupling constants
between rhodium and phosphorus are not resolved. This effect
reduces the information deduced from solid state NMR spectra
to the chemical shifts. When the sol—gel experiment was repeat-
ed with the nonhydrolyzable complex 3b, 2b was formed exclu-
sively (Scheme 4). The chemical shifts in the *'P{"H} NMR
spectrum of 2b are compatible with those of P! and P? in the 3'P
solid state NMR spectrum of 2(T"),(D*-C-D'), (Figure 2A).
The dimerization of coordinatively unsaturated 14 clectron
rhodium(1) complex fragments of the type [CIRh(PR,),] is a
well-known phenomenon.[3* 7 %% Some systems are binuclear in
solution and in the solid state (e.g. [{#-CIRh(PMe,),},]). and
some mononuclear in both solution and the solid state (e.g.
[Cth(IGE))(P~O)], O,P = iPr,PCH,CH,0CH,)."** 3" In be-
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Figure2. A) 3P CP/MAS NMR spectrum of polysiloxane-bound 2(T"),-
(D-C4-DY), (v, =10 k Hz); B) the corresponding '*C CP/MAS NMR spectrum.
The filled star marks the signal for the dimeric species; the circle, asterisk, and
outlined star denote spinning side bands.

tween these extremes, a series of complexes exist which are
mononuclear or in equilibrium with their dimers in solution,
and dimeric in the solid state (e.g. [{u-CIRh(PiPr,),},],
[{u-CIRh(PCy,),},]). The degree of dimerization depends on
the steric and electronic properties of the phosphine ligands.
Since the monomeric complex 2a(T?), reacts with hydrogen
with formation of the aforementioned binuclear complex
9a(T?), (Table 1; Scheme 3), steric reasons for the dimerization
of 2(T"),(D*-C4-D), can be excluded. Also, it is rather unlikely
that some other impurity is responsible for the signal at 6 =17,
because treatment of the polymer 2(T*),(D*-C,-D*), with mole-
cules like CO led to uniform reaction products (see below), and
the simulation of the sol—gel conditions with 3b (vide supra) did
not show any indications of by-products. Moreover, the high-
field shift of the resonance attributed to the polysiloxane-bound
binuclear species [{u-CIRh(P ~ O),},] relative to its mononucle-
ar counterpart 2(T™),(D-C4-D?), is consistent with results re-
ported elsewhere.[**]

A study of the *'P CP/MAS NMR contact time variation
performed for 2(T"),(D-C¢-DF), revealed no significant differ-
ences in the cross-polarization dynamics of the various phos-
phorus species within the copolymer (see Experimental Sec-
tion). Therefore the ratio of the mononuclear to the binuclear
form was directly determined by peak deconvolution of the
corresponding signals in the 3'P CP/MAS NMR spectrum of
2(T™),(D'-C4-D¥),. Most of the complexes (67 %)!*® are in the
mononuclear form shown in Scheme 4.

A characteristic feature in the *C CP/MAS NMR spectrum
of 2(T*),(D*-C-DY), is that the resonances of the *3C signals of
the OCH, and OCH, groups incorporated into the ;12-156
ether—phosphine ligand are shifted downfield compared to the
corresponding signals of the dangling ligand (P~0) (Fig-
ure 2B, Table 3). No perceptible cleavage of Si—-C and P-C
bonds of the co-condensate and of the ligand takes place, since
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Table 3. Comparison of selected '*C NMR chemical shifts of the copolymers in the solid
state with those of the corresponding monomers in solution.

Monomeric 3C{'H} NMR Polymeric 13C CP/MAS NMR
complex CH,0 OCH; RhC complex CH,0 OCH; RhC
2a(T%, [ab] 750 618 2T"),(D-C-DY), 751 612
717 585 68.8 579
2AT",(D-Ce-D)y 745 614
68.9 580
4a(T?), [d] 685 569 187.6[d]  4T",(D-CeDi), 686 581  188.0[d]
5a(T%), [a] 693 582 2347[c] S(T(D-CeDY, 682 583 2307 [e]
6a(T%, [c] 69.3 578 [f] 6(T"),(D'-Ce-DH,  68.6  58.0 (f)
7a(T®, [c] 704 583  38.7[g] 7(T"),(D*-C4-DY), 685 580 [h]
8a(TO, [i] 69.6 584 84.6(i 8(T*),(D\-C-DH), 679 S80O  85.67[]]

fa) In [Dgltoluene. {b] At 243 K. [c] In CcDy. [d] RhCO (monomeric complex: dt,
'J(RhC) =74.0, 2HPC) =15.7 Hz). [e] Rh(CS,) (monomeric complex: multiplet due to
diastereomers). [f] The **C resonances of the coordinated pyridine are as follows: mono-
meric complex: 6 =154.0 (0-C), 135.4 (p-C), 123.6 (m-C); polymeric complex: & =155.7
(0-C), 136.5 (p-C), 1244 (m-C). [g) Rh(C,H,) (monomeric complex: d. 'J(RhC) =
14.2 Hz). [h] The resonances of the coordinated ethene carbon nuclei are hidden by those of
the hydrocarbon backbone of the polysiloxane matrix. [i] In CD,Cl,. {j] Rh(-C=C-)
(monomeric complex: multiplet due to diastereomers).

the '*C CP/MAS NMR spectrum shows the expected reso-
nances of the SiCH, and SiCH, groups as well as those of the
methylene groups of the hydrocarbon backbone (see Experi-
mental Section). In the aromatic region of the !3C CP/MAS
NMR spectrum (Figure 2B) additional small peaks are ob-
served, which are attributed to traces of pyridine remaining on
the matrix. From the peaks of residual nonhydrolyzed methoxy
substituents (Figure 2 B) the degree of hydrolysis can be estimat-
ed: %1 2(T™) (D'-C(-D),, 97 % ; 2(T*),(DF-C-DF),. 96 %.

The real T:D ratios in the polysiloxane-bound complexes
2(T"),(D*-C4-D¥), were determined by 2°Si CP/MAS NMR
spectroscopy (see Experimental Section). They are in acceptable
agreement with the stoichiometries employed in the sol- gel pro-
cess.

Reaction of the Polymer-Supported Complex 2(T"),(D'-C4-D?),
with Small Molecules: The polysiloxane-bound complex
2(T"),(D-C,-D?), was subjected to various catalytically inter-
esting reactions, such as the coordination of CO, CS,, ethene,
tolan, and the oxidative addition of hydrogen in the presence
and absence of additional pyridine (Scheme 5). The reaction
with hydrogen can be regarded as a model reaction for the
generation of the key intermediate [CIRhH,(olefin)}(PR,),].
which is proposed to exist within the catalytic hydrogenation
cycle.[** 41 In particular, the accessibility of the rhodium cen-
ters to molecules of different size was investigated for various
interphases. It is anticipated that the reactions in the interphase
occur under mild conditions with cleavage of the Rh—O bond.

Reactions in Gaseous/Solid Interphases: When the dry solid
2(T")(D'-C-DF), (stationary phase) was exposed to an atmo-
sphere of carbon monoxide (mobile phase) at ambient tempera-
ture, the initial orange color rapidly turned to yellow, indicating
the formation of the corresponding carbonyl rhodium(y) com-
plex 4(T"),(D*-C4-D'), (Table 1; Scheme 5). In the *'P CP/MAS
NMR spectrum of 4(T"),(D-C4-D'), (Figure 3 A) one isotropic
signal is observed at ¢ = 22.1, which confirms a quantitative
reaction. All the '*C signals corresponding to the OCH,, and
OCH,; groups appear at § = 69.1 and 58.1, respectively, and a
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Scheme 5. Activation of small molecules in the interphase.
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Figure 3. A) *'P CP/MAS NMR specirum of polysiloxane-bound 4(T"),-
(D-C-D'), (v, =10 k Hz) and B) the corresponding '*C CP/MAS NMR spec-
trum; * = phosphine oxide: o = spinning side bands.
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small new pcak is observed at 5 = 188.4, which is assigned to the
carbonyl C atom (Figure 3 B). All data sets of 4(T"),(D'-C¢-D),
are closely related to those of the corresponding monomer
4a(T?), (see Experimental Section), and the gecometry depicted
in Scheme 5 can thus be confirmed.

A cleavage of the Rh--O bond also took place on treatment
of the copolymer 2(T"),(D'-C4-DF), with ethene (1 bar) in the
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absence of solvent. The resulting polysiloxane-bound complex
7(T™),(DF-C¢-DF), (Table 1; Scheme 5) gives rise to one signal in
the 3'P CP/MAS NMR spectrum with nearly the same chemical
shift as its monomeric congener 7a(T?), in the corresponding
HP{'H} NMR spectrum (Table 2). Like 7a(T®),, the yellow
material 7(T"),(D-C,-D%), is only stable in the presence of
ethene. Because the ethene pressure cannot be maintained dur-
ing the transfer of the material into a zirconia rotor, the reso-
nance peaks of the starting compound 2(T"),(D-C-DY),
(45%)138! were also detected in the *'P solid state NMR spec-
trum. However, the loss of ethene in the immobilized complex
7(T™),(Di-Ce-D*), occurred more slowly than in 7a(T®),.

The copolymer 2(T"),(D'-C¢-DP), reacted smoothly with
molecular hydrogen in an oxidative addition; a change of color
from orange to yellow was observed. This was accompanied by
the appearance of a broad absorption band at 2070 cm™ ' in the
hydride region of the IR spectrum. One broad peak in the corre-
sponding 3'P CP/MAS NMR spectrum at § = 28 (Table 2)
points to the generation of at least two compounds within the
material. From the present data no definitive conclusions can be
drawn about the types and geometries of these complexes.

Reactions in Liquid/Solid Interphases: When the oxidative addi-
tion of hydrogen was performed with a suspension of 2(T"),-
(D-C4-D¥), (stationary phase) in ethanol/pyridine (mobile
phase), 6(T"),(D"-C,-D*), was obtained, which contains octahe-
drally configurated centers (Scheme 5). The yellow powder is
characterized by the appearance of one signal in the *'P CP/
MAS NMR spectrum (Table 2) and by the expected resonances
of the coordinated pyridine ligand in the !3C CP/MAS NMR
spectrum (Table 3). The RhH, band (2056 cm ™ ') in the IR spec-
trum provides further evidence for the existence of 6(T"),-
(D-C-D'),. All measured data are compatible with those of the
monomeric congener and establish the geometry displayed in
Scheme 5.

Upon treatment of a suspension of 2(T"),(D-C-D%), in »-
hexane at 243 K with CS, (mobile phase) the polysiloxane-
bound 5%-(CS) carbon disulfide complex 5(T"),(D-C4-D'),,
which is orange-brown and temperature-labile, was generated in
the interphase. Its *'P CP/MAS NMR spectrum shows one
peak at the same position as the doublet of the monomeric
complex 5a(T?), in the *'P{'H} NMR spectrum; this confirms
the geometry of the CS, adduct 5(T"),(D*-C-D'), (Table 2;
Scheme 5). The 3C CP/MAS NMR (Table 3) and IR data
(Experimental Section) of 5(T*"),(D-C4-D), provide additional
evidence for its formation.

At ambient temperature the reaction of the swollen gel
2(T"),(D'-C,-D'), in toluene with diphenylacetylene in the same
solvent (mobile phase) afforded the yellow 2-diphenylacetylene
complex 8(T"),(D-C¢-DF), (Scheme 5). In Figure 4 A the *'P
solid state NMR spectrum displays mainly one peak attributed
to this supported compound (Table 2). Besides the signal of the
converted complex 8(T"),(D'-C4-D*),, those of the starting ma-
terial 2(T"),(D-C¢-DF), are still present. After deconvolution of
the 3'P CP/MAS NMR spectrum the amount of the tolan com-
plex within the material was estimated at 75 %.1381 Clearly most
of the rhodium atoms within the matrix are accessible even for
the bulky tolan molecules. The resonances of the coordinated
quaternary alkyne carbon atoms and the resonance of the
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Figure 4. A) *'P CP/MAS NMR spectrum of polysiloxane-bound 8(T"),-
(D-C¢-D%), (v, =10 k Hz) and B) the corresponding '*C CP/MAS NMR spec-
trum; o and * denote spinning side bands.

phenyl groups of the tolan molecule in the **C CP/MAS NMR
spectrum (Figure 4 B; Table 3) are consistent with the structure
of 8(T"),(D-C,-D*),. Recently it was demonstrated that in-
creasing the temperature or amount of the co-condensation
agent D-C,-D results in higher mobilities of the Fn—T/D-Cg-D
copolymers.!’ ° 1t is assumed that more mobile materials lead to
a better accessibility of the reaction centers in the stationary
phase. Therefore, the observed value for 8(T"),(D*-C4-DY), is
considered to be at the lower limit for accessibility. This sugges-
tion is corroborated by the results of the catalytic hydrogenation
experiments (vide infra).

Catalytic Hydrogenation of Tolan in the Interphase: The
polysiloxane-bound rhodium(1) complexes 2(T"),(D*-C4-Df),
and 2(T™),(D*-C4-Df), (stationary phases) proved to be efficient
catalysts in the hydrogenation of diphenylacetylene in organic
solvents (mobile phases) under very mild conditions, typically at
303 K and S bar H,. The selectivity toward cis-stilbene was high
(usually 98 %), as long as the conversion of tolan did not exceed
95%.

Several observations support the assumption that the catalyt-
ically active species is an immobilized rhodium complex and
that the tolan complex 8(T"),(D'-C¢-D*), (Scheme 5) is involved
in the catalytic cycle:

1) The hydrogenation of the alkyne, perceptibie by the pressure
drop inside the autoclave, started instantaneously after addi-
tion of hydrogen, that is, there is no activation period.

2) After hydrogenations with incomplete conversions, the tolan
complex 8(T™),(D-C¢-DY), could be recovered; this was
demonstrated by IR and 3'P CP/MAS NMR spectroscopy.

3) Even small amounts of carbon monoxide mixed in with the
hydrogen completely deactivated the catalyst, owing to the
quantitative and irreversible formation of the carbonyl com-
plex 4(T"),(D*C¢-D*), (Scheme 5).

Chem. Ewr. J 1997, 3, No. 11

€ WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

4) When the polymer was recovered from the reaction mixture
and then used again in a reaction with new solvent and tolan,
hydrogenation was observed with identical selectivities and
only slightly smaller conversions (Table 4). This insignificant
drop of activity is traced back to a partial oxidation of the
air-sensitive metal complex during catalyst separation.

Table 4. Conversions and selectivities of four consecutive hydrogenation runs with
a recycling of the catalyst 2(T"),(D*-C¢-D), [a].

Run no. Conversion cis-Stilbene trans-Stilbene  Bibenzyl TON TOF
[%] [] (%] [%] [b] [c}

1 92.1 97.8 1.8 0.4 143 190

2 95.0 97.5 2.0 0.6 147 196

3 88.5 98.2 1.5 0.3 137 183

4 82.5 98.2 1.5 0.3 128 171

[a] Reaction conditions: 303 K., 5 bar H,, 45 min. 30 mL methanol:toluene = t:1,
tolan:rhodium =155:1. [b] Turnover number [mol,, mol_']. [c] Turnover fre-
quency [mol,, mol, h™"].

5) The reaction solutions of four consecutive hydrogenation
runs were separated from the polymer, concentrated, and
subjected again to the reaction conditions described above,
in the absence of the polymer. No further hydrogenation of
remaining tolan took place. Therefore, the catalytically ac-
tive species cannot be a soluble metal complex which might
be formed under the reducing conditions by the negligible
leaching of rhodium from the matrix (only 2.5% rhodium
was found to be detached from the support).

In order to investigate the differences in the catalytic behavior
of 2(T"),(D:-C4-D?), (v = 2, 8) with varying conditions, such as
pressure, temperature, solvent, and content (y) of the co-con-
densate, the reaction was stopped after 20 minutes. The com-
parison of the observed conversions and selectivities are de-
scribed below.

Influence of hydrogen pressure: An increase of the hydrogen
pressure led to an increase in conversion. However, this effect is
less pronounced than expected. On doubling the pressure from
20 to 40 bar, the hydrogenation was not accelerated significant-
ly. This result shows that the oxidative addition of hydrogen is
not the rate-determining step of the reaction. As expected, the
increase in pressure was accompanied by a slight drop in the
selectivity from 99 to 97.6 % for cis-stitbene (Figure 5, Table 5).

Influence of temperature: A linear relationship between the con-
version and the reaction temperature was established. Again,
the gradient of the plot of conversion versus temperature is
smaller than expected, and the increase in temperature is accom-
panied by a slight decline in selectivity (Figure 6, Table 6). Our
explanation for the relatively small influence of temperature and
pressure on the turnover rate is that the diffusion of the rather
bulky tolan molecules through the polysiloxane matrix is the
rate-determining step, rather than any elementary step within
the catalytic cycle.

Influence of solvent: A significant increase in conversion was
observed with increasing amounts of methanol in the toluene/
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Figure 5. Dependence of conversion and selectivity on pressure in the hydrogena-
tion of tolan catalyzed by 2(T"),(D'-C¢-D'), (for reaction conditions, see Table 5).

Table 5. Influence of the hydrogen pressure on conversion and selectivity [a].

Conversion and Selectivity [%]

P Conversion c¢is-Stilbene  trans-Stilbene  Bibenzyl TON TOF
[bar] [%] {%] (%] [%] (b] (e]

5 61.9 99.0 1.0 - 96 288
10 77.2 98.7 1.0 0.3 120 359
20 83.0 98.1 1.3 0.6 129 386
40 88.3 97.6 1.4 1.0 137 411

[a] Reaction conditions: 303K, 20min, 30mL methanol:toluene =1:1,
tolan:rhodium catalyst 2(T"),(D-C¢-D¥), =155:1. [b] Turnover number
[mol,,,mol']. [c] Turnover frequency [mol,,,mol;'h™'].
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Figure 6. Dependence of conversion and selectivity on temperature in the hydro-
genation of tolan catalyzed by 2(T"),(D*-C(-D'), (for reaction conditions, see
Table 6).

Table 6. Influence of the temperature on conversion and selectivity {a].

T Conversion  cis-Stilbene  trans-Stilbene  Bibenzyl TON  TOF
K1 [%] (%] [a] [*o] [b] fe]
303 61.9 99.0 1.0 - 96 288
313 69.9 99.0 0.8 0.2 108 325
323 80.8 98.3 1.2 0.5 125 376
333 85.0 96.8 2.2 1.0 132 395

[a] Reaction conditions: 5bar H,, 20 min, 30 mL methanol/toluene 1:1,
tolan:rhodium catalyst  2(T"),(D-C¢-D), 155:1. [b] Turnover number

[mol ,,mol_']. [c] Turnover frequency [mol,,, mol;;th™1].
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methanol solvent mixture (Figure 7, Table 7). A similar increase
in reaction rate was observed with increasing solvent polarity
(toluene, THF, ethanol, methanol; Figure 8, Table 8). This is
another example for the common phenomenon, namely, that
many transition metal catalyzed hydrogenations are favored in
polar sotvents, especially in alcohols.
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Figure 7. Dependence of conversion and selectivity on the composition of the sol-
vent in the hydrogenation of tolan catalyzed by 2(T"),(D-C,-D), [v = 2 (A). 8 (B)]
(for reaction conditions, see Table 7).

Table 7. Influence of the amount of the co-condensation agent and of the solvent
composition on conversion and selectivity [a].

Catalyst MeOH Conver- cis- trans-  Bibenzyl TON TOF
sion Stilbene  Stilbene

[%] [6] [%] [%] (%] [%] ][4

2(T"),(D-C,-D'), 0 19.9 95.4 4.6 - 31 93
25 32.7 95.8 3.3 0.9 51 152
50 61.9 99.0 1.0 - 9 288
75 85.0 98.0 1.8 0.2 132 395
100 94.3 96.1 33 0.6 146 438

2T, (D'-Ce-Di)y 0 295 99.6 0.4 - 46 137
50 74.7 99.2 0.7 0.1 116 347
100 98.2 97.1 2.4 0.5 152 457

[a] Reaction conditions: 303K, Sbar H,, 20min, tolan:rhodium =155:1.
[b} Content of methanol in a 30 mL mixture of methanol and toluene. [¢] Turnover
number [mol,,, mol,']. [d] Turnover frequency [mol,, mol h™].
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Figure 8. Dependence of conversion and selectivity on the polarity of the solvent in
the hydrogenation of tolan catalyzed by 2(T"),(D'-C4-D'), (for reaction conditions.

see Table 8).
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Table 8. Influence of the solvent on conversion and selectivity [a].

Solvent Conversion cis-Stilbene frans-Stilbene  Bibenzyl TON  TOF
[%] [] [%) [%] [b] le]
toluene 19.9 95.4 4.6 31 93
THF 342 98.6 11 0.3 53 159
ethanol 75.8 99.3 0.7 - 117 352
methanol 94.3 96.1 33 0.6 146 438

[a] Reaction conditions: 303 K, 5 bar H,, 20 min, 30 mL solvent, tolan:rhodium
catalyst  2(T*),(D'-C¢-D¥), 155:1. [b] Turnover number [mol,,mol;'].
[c] Turnover frequency [mol,,, mol,' h™'].

Influence of co-condensate: Raising the ratio of co-condensate
D°-C4-D° to 2a(T?), from 2:1 to 8:1 generally led to an increase
of turnover frequency (Table 7). This result can be traced back
to the better accessibility of the rhodium centers within the
stationary phase in the more flexible polysiloxane frame-
work "% It is noteworthy that the enhancement of the reaction
rate was more conspicuous for toluene than for methanol. This
observation can be explained by the fact that the relatively non-
polar carrier swells to a greater extent in the less polar solvent,
and this partially compensates the faster catalytic hydrogena-
tion in the more polar solvent.

Table 9. Influence of the ratio (#) of tolan to catalyst 2(T"),(D*-C4-D*), on conver-
sion and selectivity {a}.

r t Conversion c¢is-Stilbene trans-Stilbene Bibenzyl TON TOF

[min] %] (%] (%] (%] bl I
155:1 20 619 99.0 1.0 - 96 288
1000:1 120 89.9 983 13 04 899 449

[a] Reaction conditions: 303 K, Sbar H,, 30mL methanol:toluene = 1:1.
[b] Turnover number {mol,, mol;']. [¢] Turnover frequency {mol,,, mol, h™*].

Influence of tolan. catalyst ratio: A higher tolan: catalyst ratio of
1000:1 instead of 155:1 noticeably increased the turnover fre-
quency to more than 400 mol,,, mol,, ~'h~* (Table 9). This can
be explained by the higher gradient of tolan concentration be-
tween the solution and the active center, which results in a faster
diffusion of substrate molecules to the catalyst within the ma-
trix.

Influence of the immobilization: The comparison of the catalytic
activity of the monomeric precursor complex 2a(T?), with that
of its immobilized counterpart 2(T*),(D*-C¢-D), under identi-
cal conditions gave a surprising result: the turnover frequency
of the monomeric catalyst was only about half that of the poly-
mer. This difference cannot be explained by cocatalytic effects
of traces of water or tin compounds, which might still be ad-
sorbed on the carrier after polycondensation, because the con-
trolled addition of water and (nBu),Sn(QAc), to the reaction
mixture of the homogeneous catalyst 2a(T?), did not change the
reaction rate at all. Also, the lower activity cannot be attributed
to coordination of the silicon-bound methoxy groups to the
rhodium center in 2a(T®),; an experiment with the analogous
trimethylsilyl-functionalized complex 2b under the same condi-
tions afforded the same conversion. The enhancement of cata-
lytic activity upon immobilization of a transition metal complex
has been observed in other cases.[*2: 43 As described above the
monomeric monochelated complex 2a(T?), dimerizes quantita-
tively under an atmosphere of hydrogen to form the mixed-va-
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lence binuclear dihydrido species 9a(T?), (Scheme 3). Such
binuclear complexes are less active in catalysis.**] We assume
that the immobilization of the monochelated rhodium com-
plex 2a(T?), prevents the dimerization of the spatially
separated mononuclear metal complexes within the polymer
2(T"),(D*-C4-D*),. Hence 2(T™),(D-C¢-DY), provides a larger
number of catalytically active mononuclear rhodium centers.
Another reason that might contribute to the change in catalytic
activity after immobilization is a higher reaction temperature
around the polymerized complex centers, due to the reaction
enthalpy produced within the rather small volume of the poly-
mer particles.

Conclusion

The sol—gel process has been shown to be an excellent method
for the design of tailored stationary phases containing reactive
transition metal complexes. The sol-gel conditions can be
adapted to the particulzg requirements of the monomeric pre-
cursor complex ([CIRR(POYP ~O)] [2a(T®),], so that even this
sensitive, coordinatively unsaturated, pseudo 14 electron rhodi-
um(1) complex can be incorporated into a polysiloxane matrix.
The matrix was modified by employing the co-condensation
agent D®-C4-D° during the polycondensation reaction. In this
way, organic—inorganic hybrid polymer networks were ob-
tained, which are highly cross-linked, but still have sufficient
mobility and swelling capacity. This is the main reason why the
rhodium atoms within these novel stationary phases are readily
accessible for small molecules like CO, ethene, CS,, and H,/
pyridine. This was demonstrated by their stoichiometric reac-
tions in solid/gaseous and solid/liquid interphases. It was con-
cluded that the accessibility of the reactive centers for the rather
bulky tolan molecules is at least 75 %. Various catalytically im-
portant reaction steps, such as the coordination of olefins and
alkynes to the reaction center, were found to take place in the
interphase in a similar manner to the reactions in solution. The
organometallic—organic hybrid polymers 2(T") ,(D*-C(-D’ ), dis-
played high turnover frequencies and selectivitics in the hydro-
genation of tolan under very mild conditions. The reaction rates
were found to depend on the various factors that affect the rate
of diffusion of the substrate into the polysiloxane, above all the
content of co-condensation agent in the polymer and the solvent
polarity; the conditions influencing the reaction rates within the
catalytic cycle (hydrogen pressure and temperature) have a less
pronounced effect. Therefore, the diffusion of the tolan to the
rhodium centers within the polymers 2(T"),(D*-C¢-Df), is con-
sidered to be the rate-determining step. The immobilization of
the rhodium complex markedly enhances the catalytic activity
with respect to that of the monomeric precursor 2a(T?),. This
phenomenon can be explained by the fact that immobilization
prevents the catalytically inactive binuclear hydrido species
from being generated.

Experimental Section

Characterization: The elemental analyses were carried out on a Carlo Erba
analyzer, Model 1106. The surface areas were determined by analyzing the N,
adsorption isotherms according to the BET method using a Micromeritics
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Gemini I1. For the photochemical reactions a Heraeus Hg high-pressure lamp
of the type TQ 150 Original Hanau was employed. IR data were obtained on
a Bruker IFS 48 FT-IR spectrometer. The solution nuclear magnetic reso-
nance spectra (NMR) were recorded on a Bruker AC 80 [*'P{'H}; at 243 K]
and a Bruker DRX 250 spectrometer [**P{'H}, *C{'H}, 'H; at 296 K,
unless otherwise noted). The frequencies and standards are as follows:
SIP{'H} NMR: 32.44 and 101.25 MHz, external 85 % H,PO, in [D¢]Jacetone.
13CI'H} NMR: 62.90 MHz. '"HNMR: 250.13 MHz. The chemical shifts in
the *C{'H} and 'H NMR spectra were measured relative to partially deuter-
ated solvent peaks, which are reported relative to TMS. The 2 D *'P,*'P{*H}
COSY NMR spectrum of compound 2a(T?), was recorded on the Bruker
DRX 250 spectrometer. Mass spectra (field desorption) were acquired on a
Finnigan MAT 711A modified by the AMD measurement and data systems
(8 kV, 30°C) and reported as mass/charge (m/z).

The CP/MAS solid state NMR spectra were recorded on a Bruker MSL 200
[2°Si] and a Bruker ASX300 ['3C and *!'P] multinuclear spectrometer
equipped with wide-bore magnets (field strengths: 4.7 and 7.05 T). Magic
angle spinning was applied at 3 (2°Si) and 10 kHz (*'P, '3C). All measure-
ments were carried out under exclusion of molecular oxygen. Frequencies and
standards: 2Si, 39.75 MHz (Q¢M,); 3C, 75.47 MHz [TMS, carbonyl reso-
nance of glycine (§ = 176.03) as the second standard]; *'P, 121.49 MHz [85%
H,PO,, NH,H,PO, (§ = 0.8) as the second standard]. The cross-polariza-
tion constant Ty, of 2(T"),(D'-C¢-D?), was determined by variation of the
contact time 7, (22 experiments). The proton relaxation time in the rotating
frame was measured by direct proton spin lock—7—CP experiments as de-
scribed by Schaefer and Stejskal.l*>) The relaxation time data were obtained
by using the Bruker software SIMFIT or Jandel software PEAKFIT. For
quantification of the silyl species in 2(T"),(D*-C¢-D*), and 2(T"),(D*-C¢-D'),,
29Si CP/MAS NMR spectra at a contact time T, of 4 ms were recorded by
accumulating 7000—12000 fid’s until acceptable signal/noise ratios were ob-
tained. Peak deconvolution of the spectra was performed with the Bruker
software XNMR using Voigtian line shapes. The relative amounts /, of each
of the D°, D!, D2, T, T2, and T? species in one sample were calculated by
known methods.[38¢-46. 471

Catalysis: The hydrogenation experiments were carried out in a 100 mL steel
autoclave equipped with a magnetic stirring bar. The autoclave was evacuat-
ed and flushed with argon three times before the reaction mixture was intro-
duced [31-56 umol catalyst with respect to rhodium, 4.75- 8.68 mmol of
tolan (ratio Rh:substrate 1:155) in the solvent (30 mL) unless otherwise
noted]. After being heated to the desired temperature, the suspension was set
under hydrogen pressure and stirred. The analyses were performed quantita-
tively on a GC 6000 Vega Series 2 (Carlo Erba Instruments) with an FID and
a capillary column CP Sil 88 [17 m; carrier gas, He (50 kPa); integrator,
Hewlett Packard 3390 A}. The amount of detached rhodium was determined
with a Perkin-Elmer Modell 4000 atomic absorption spectrometer.

General Methods: All manipulations were performed under argon by employ-
ing the usual Schlenk techniques. Methanol was dried with magnesium and
distilled, and cthanol was distilled from NaOEt. n-Hexane and toluene were
distilled from sodium benzophenone ketyl. H,O and (#Bu),Sn(OAc), were
distilled under inert gas prior to use. All solvents were stored under argon.
The monomeric co-condensation agent D°-C-D® and the starting complex
[{u-CIRh(COE),},] were synthesized as described previously.['® 48]

Synthesis of Ligands 1a(T") and 1b: A solution of #BuLi in n-hexane (113 mL
of a 1.6M solution) was added dropwise to a solution of C;H,,PH, (20.0 g,
172 mmol) in THF (200 mL) at 0°C. The yellow solution containing
C H, ,PH(LI) was allowed to warm up to room temperature and stirred for
30 min. Tt was then refluxed for 1 h and cooled down to room temperature.
CICH,CH,0OCH; (16.1 g. 172 mmol) was added dropwise within 1 h. The
solution was stirred for another 30 min under reflux to complete the reaction
and then cooled down to room temperature. To the colorless reaction mixture
a degassed aqueous solution saturated with NH,C1 (250 mL) was added, and
the organic layer was separated. The organic solution was dried (NaSO,) and
separated from the solid residue. After evaporation of the volatiles under
vacuum the crude product was distilled under vacuum to yicld 22.5 g (75%)
of the intermediate C;H,,PH(CH,CH,OCH,) as a colorless air-sensitive oil.
B.p. 329 K; *'P{'"H} NMR (32.44 MHz, acetone): § = — 61.8. In a quartz
Schlenk tube the specified amount of C,H, ,PH(CH,CH,OCH;) and the
corresponding allylsilane CH,=CHCH,SiR; [R = OMe (a) , Me (b)] were
stirred and subjected to UV irradiation (4 = 254 nm) for 18 h. The distillation
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of the product mixtures under vacuum afforded analytically pure colorless
liquids.

Cyclohexyl(2-methoxyethyl)(3-(trimethoxysilyl)propyl)phosphine  [1a(T")]:
The photochemical treatment of CyH, PH(CH,CH,OCH,) (13.6g,
78 mmol) and allyltrimethoxysilane (13.5 g, 83 mmol) and subsequent distil-
tation under vacuum gave 19 g (72%) of 1a(T?) as an air-sensitive oil. B.p.
398-408 K; *'P{'H} NMR (101.25 MHz, C,Dy): é = —22.9; 3C{'H}
NMR (C¢Dy): 6 =71.7 (d, 2J(P,C) = 23.9 Hz; PCH,CH,0CH,), 58.3 (s;
PCH,CH,0CH;). 50.4 (s; SiOCH,), 35.8 (d, *J(P,C) =12.0 Hz; PCH of
CeHyy). 25.5-299 (m; PCH,CH,OCH,, PCH,CH,CH,Si, 5CH, of
CeH, ), 20.5 (d, 2/(P,C) =17.0 Hz; PCH,CH,CH,Si), 11.9 (d. *J(P.C) =
10.7 Hz; PCH,CH,CH,Si); 'HNMR (C,D,): § =340-3.53 (m, 2H:
PCH,CH,0CH,), 3.44 (s, 9H; SiOCH,), 3.14 (s, 3H; PCH,CH,0CH,),
1.10-1.80 (m, 17H; PCH,CH,OCH,, PCH,CH,CH,Si, C;H ), 0.81-0.87
(m, 2H; PCH,CH,CH,Si); MS (FD): m/z (%): 336 (100) [M*];
C,sH;,0,PSi (336.5): caled C 53.54, H 9.89; found C 53.85, H 10.24.

Cyclohexyl(2-methoxyethyl)(3-(trimethylsilyl)propyl)phosphine [1b]: The pho-
tochemical treatment of C,H,,PH(CH,CH,0OCH,) (9.4 g, 54 mmol) and
allyltrimethylsilane (6.6 g, 58 mmol) and subsequent distillation under vacu-
um gave 9.1 g (58%) of 1b as an air-sensitive oil. B.p. 403 -413 K; *'P{'H}
NMR (101.25 MHz, C;Dg): 6 = —22.9; 1*C{'H} NMR (C,Dy): § =71.8
(d.2J(P.C) = 24.5 Hz; PCH,CH,0CH,;), 58.4 (s; PCH,CH,OCH,), 36.0 (d.
Y(P,C) =120 Hz; PCH of C¢H,j). 257-29.9 (m; PCH,CH,OCH;,
PCH,CH,CH,Si, 5 CH, of C(H,,), 21.7 (d. *JP,C)=164Hz;
PCH,CH,CH,Si), 19.3 (d, 3J(P,C) = 9.4 Hz; PCH,CH,CH,Si), —1.3 (s;
SiCH;); "HNMR (C,D): & = 3.46-3.55 (m, 2H; PCH,CH,0CH,), 3.15
(s. 3H: PCH,CH,OCH,), 1.15-180 (m; 17H; PCH,CH,OCH,,
PCH,CH,CH,Si, C¢H; ), 0.60-0.66 (m; 2H; PCH,CH,CH,Si), 0.0 (s. 9H;
SiCH,); MS (FD): m/z (%): 288 (100) [M *]; C, sH,,OPSi (288.5): caled C
62.45, H 11.53; found C 62.22, H 11.60.

Synthesis of the Monomeric Complexes 2a(T®), and 2b: The specified
amounts of the ligand 1a(T® or 1b were added to a suspension of the
corresponding amount of [{#-CIRh(COE),},] in acetone (6 mL). The reac-
tion mixtures were stirred for 20 min at 273 K. After cvaporation of the
solvent under vacuum orange viscous oils were obtained. The very air-sensi-
tive oils were dissolved in n-hexane (6 mL), and the mixtures again treated
under vacuum to remove all volatiles. This procedure was repeated, and the
products were subsequently dried under vacuum for 4 h.

Chlorobis[cyclohexyl(2-methoxyethyl)(3-(trimethoxysilyl)propyl)phosphine-
P30, P'Irhodium() [2a(T?),]: The reaction of 1a(T*) (134 mg. 0.4 mmol) with
[{u-CIRh(COE),},} (72 mg, 0.1 mmol) gave 162 mg of 2a(T®), (100%).
SIP{'H} NMR (101.25 MHz, [Dgjtoluene): & (diastereomer IT) = 53.7
(dd, 'J(Rh,P) =185.5 Hz, 2J(P,P) = 52.1). 38.3 (dd, 'J(Rh,P) = 203.2 Hz,
2J(P.P) = 52.1); *C{’"H} NMR ([Dgltoluene): 6 = 50.5 (s; SiOCH,;), 35.8
(m; PCH of C¢H ;). 25.5-29.9 (m; PCH,CH,OCH,, PCH,CH,CH,Si, §
CH, of C;H, ), 10.1-12.0 (m; PCH,CH,CH,Si); MS (FD): m/z (%): 810
(14) [M* —H], 352 (38) [C,sH;;0,PSi7], 231 (100) [C,,H,,0,P*]:
C,,Hg ClO P, RS, (811.3): caled C 44.41, H 8.20, C14.37; found C 44.87,
H 8.47, Cl 4.48.

Chlorobis[cyclohexyl(2-methoxyethyl)(3-(trimethylsilyl)propyl)phosphine-
P;0’,P'irhodium(1) (2b): The reaction of 1b (173 mg, 0.6 mmol) with [{u-
CIRh(COE),},] (72 mg, 0.15mmol) gave 2b in a quantitative yield. The
product was characterized by 3'P NMR spectroscopy. *'P{'H} NMR
(32.44 MHz, acetone): & (diastereomer I) = 57.5 (dd, 'J(Rh,P) =185.4 Hz,
2JP.P) = 52.4),4% 427 (dd, 'J(RhP)=12038 Hz, 2J(P.P)=523); &
(diastereomer 1) = 57.5 (dd, 'J(Rh.P) =185.4 Hz, 2J(P.P) = 52.4).1*°1 38 9
(dd, 'J(Rh,P) = 203.1 Hz, 2J(P,P) = 52.5).

cis[trans-Chlorobis|cyclohexyl(2-methoxyethyl)(3-(trimethoxysilyl)propyl)-
phosphine-Pl(pyridine-V)rhodium(1) [3a(T"),}: Compound 2a(T*"), (153 mg,
0.19 mmol) was dissolved in CD,Cl, (0.3 mL), and pyridine (0.2 mL) was
added. The reaction mixture darkened to red—brown, and the resulting com-
plex 3a(T"), was characterized by *'P{'H} NMR spectroscopy.

trans-Carbonylchlorobis|cyclohexyl(2-methoxyethyl)(3-(trimethoxysilyl)pro-
pylphosphine-Plrhodium(i) [4a(T"),]: A solution of 2a(T%, (162 mg,
0.2 mmol) in acetone (4 mL) was stirred at ambient temperature under an
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atmosphere of CO (1 bar). The orange color of the solution turned immedi-
ately to lemon yellow. The product was purified analogously to 2a(T®), and
dried under vacuum to give 4a(T"), in quantitative yield. **C{'H} NMR
(CeDg): 3 = 49.0 (s; SIOCH;), 35.2 (vt, N = 25.6 Hz;5" PCH of CH,,),
22.1-28.3 (m; PCH,CH,OCH,, PCH,CH,CH,Si, 5CH, of C;H, ), 17.8 (s;
PCH,CH,CH,Si), 10.6 (vi, N =12.1 Hz;"*® PCH,CH,CH,Si); IR (ace-
tone): ¥ =1955cm ™! (C=0); MS (FD): m/z (%): 839 (100) [M *]. 804 (25)
[M* —Cl], C;,Hg,CIO,P,RASi, (839.3): caled C 44.36, H 7.93, Cl 4.22;
found C 44.57, H 7.85, Cl 4.37.

(Carbondisulfide-C,S)chlorobis[cyclohexyl(2-methoxyethyl)(3-(trimethoxysil-
yl)propylphosphine-Pjrhodium(r) [Sa(T®),]: A solution of 2a(T%), (153 mg,
0.19 mmol) in acetone (4 mL) was treated with carbon disulfide (0.1 mL) at
243 K. Instantaneously, the orange color of the reaction mixture darkened.
The product was purified in analogy to 2a(T"), and dried under vacuum to
give 5a(T"), as an orange-brown oil in quantitative yield. *'P{'H} NMR
(101.25 MHz, [Dg)toluene): & (diastereomer IT) =13.0 (d, 'J(RhP) =
106.4 Hz), & (diastereomer 11I) =12.9 (d, 'J(Rh,P)=106.5Hz),
(diastereomer 1V) =12.6  (d, !'J(Rh,P) =106.5Hz}); '*C{'H} NMR
{({Dgltoluene): & = 50.3 (s; SiOCH,), 35.2-36.0 (m; PCH of C;H, ), 19.0-
29.9 (m; PCH,CH,OCH,, PCH,CH,CH,Si, 5§ CH, of C(H,,), 17.3 17.6
(m; PCH,CH,CH,Si), 11.6-12.3 (m; PCH,CH,CH,Si); IR (KBr): # =1239
[v,(CS,)], 1188 [v(CS,)], 603 em ™" [6(CS,)]; MS (FD): m/jz (%): 854 (100)
[M*—S—H], 819 (10) [M* —S—H~Cl], C;;HCIOP,RhS,Si,
(887.5): caled C41.96, H 7.51, C14.060, S: 7.23; found C41.71, H 7.61, C1 4.00,
S 7.30.

Chlorobis|cyclohexyl(2-methoxyethyl)(3-(trimethoxysilyl)propylphosphine-P]-
dihydrido(pyridine-V)rhodium(u) [6a(T®),]: A solution of 2a(T%), (167 mg,
0.21 mmol) in ethanol (5 mL) and pyridine (0.2 mL) was stirred at ambient
temperature under a pressure of 1 bar hydrogen until a yellow solution was
obtained. The reaction took approximately 30 min. After purification of the
product 6a(T®), in analogy to 2a(T?), a light yellow oil was obtained in
quantitative yield. **C{'H} NMR (C.D,): & = 50.3 (s; SIOCHj), 36.2 (vt,
N=250Hz;"" PCH of CgH,;), 248-279 (m; PCH,CH,OCH;,
PCH,CH,CH,Si. 5 CH, of C{H,,), 17.7 (s; PCH,CH,CH,Si), 11.7 (s:
PCH,CH,CH,Si); "THNMR (C¢Dg): 6 = 9.3 (brs; o-H of pyridine), 6.93—
7.09 (m; p-H of pyridine), 6.75- 6.80 (m; m-H of pyridine), —19.1 to —18.4
(m; RhH,). IR (KBr): ¥ = 2052 cm~! (br, RhH,); MS (FD): m/z (%): 810
(100) [M™* — pyridine — 3H], 775 (72) [M* — pyridine — 3H — Cl],
C,sH,CINO4P,RhSI, (892.5): caled C47.11, H 8.24, C13.97, N 1.57; found
C 459551 H 8.24, C14.03, N 1.81.

Chlorobis{cyclohexyl(2-methoxyethyl)(3-(trimethoxysilyl)propylphosphine-PJ-
(*-ethene)rhodium(t) [7 a(T"),]: A solution of 2a(T®), (206 mg, 0.25 mmol) in
C.D, (0.5mL) was stirred at ambient temperature under an atmosphere of
ethene (1 bar). The solution immediately turned from orange to yellow. The
compound 7a(T®), is only stable in the presence of ethene. '*C{'H} NMR
(C,D,): 8 =503 (s; SIOCH,), 36.3 (vt, N = 24.0 Hz;5% PCH of C;H ,,),
19.4- 30.0 (m; PCH,CH,0CH,, PCH,CH,CH,Si, 5 CH, of C;H,,), 18.7
(s; PCH,CH,CH,Si), 11.9 (s; PCH,CH,CH,Si); "THNMR (C¢Dy): 8 = 2.6
(brs: Rh(C,H,)).

Chlorobisfcyclohexyl(2-methoxyethyl)(3-(trimethoxysilyl)propylphosphine- P}~
(i*-diphenylacetylene)rhodium(1) [8a(T"),]: Addition of diphenylacetylene
(34 mg, 0.19 mmol) to a solution of 2a(T?), (153 mg, 0.19 mmol) in n-hexane
(6 mL) gave a yellow solution. The product was purified in analogy to
2a(T?), and dried under vacuum to give 8a(T®), as a bright yellow oil
in quantitative yield. 3'P{'H} NMR (101{.25MHz, CD,Cl,): ¢ (dia-
stereomer 1) =13.1 (d, 'J(Rh.P) =1154 Hz); *C{'H} NMR (CD,Cl,):
6 =127-130.7 (m; C-Ph), 69.4 (s; PCH,CH,OCH, of diastereomer II), 58.2
(s; PCH,CH,OCH, of diastereomer 1I), 50.6 (s; SiOCH,), 34.8 (vt,
N = 22.2 Hz;% PCH of diastereomer I}, 34.7 (vt, N = 22.2 Hz;**) PCH of
diastereomer II), 21.3-29.5 (m; PCH,CH,OCH,, PCH,CH,CH,Si,
S CH, of C¢H,,), 189 (s; PCH,CH,CH,Si of diastereomerI), 18.8
(s; PCH,CH,CH,Si of diastereomer II), 12.0 (vt, N =11.5Hz:"%
PCH,CH,CH,Si); IR (CH,CL,): # = 1875 cm " 1 (C=C); MS (FD): m/z (%):
989 (100) [M *), C,,H,4C10,P,RhSt, (989.6): caled C 53.41, H 7.74, C1 3.58;
found C 53.49, H 7.94, Cl 4.01.

#-Dichloro-trans-bis[cyclohexyl(2-methoxyethyD)(3-(trimethoxysilyl)propyl-

phosphine- P|(dihydrido)rhodium(im)-cis-bis[cyclohexyl(2-methox yethyl)-(3-
(trimethoxysilyl)propylphosphine-Plrhodium() [9a(T%),]: A solution of
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2a(T?%), (143 mg, 0.18 mmol) in [Dy]toluene (0.5 mL) was stirred at ambient
temperature under an atmosphere of hydrogen (1 bar) until a ycllow solution
was obtained. The reaction took about 20 min. The compound 9a(T?), was
only stable under an atmosphere of hydrogen. *'P{'"H} NMR (101.25 MHz,
[Dgltoluene): & (diastereomer IT) = 34.8 (d; 'J(Rh,P) =190.8 Hz), & (dia-
stereomer I1) = 28.7 (d; *J(Rh,P) =110.9 Hz). ¢ (diastereomer 1I1) = 28.3
(d; 'J(Rh,P) =111.3 Hz); "3C{’H} NMR ([Dgltoluene): d =70.2-71.2 {m:
PCH,CH,0CH,), 58.2 (s; PCH,CH,0OCH;), 50.3 (s; SiIOCH,). 36.6 (m:
PCH), 19.5-29.6 (m; PCH,CH,OCH,, PCH,CH,CH,Si. SCH, ot C H ),
18.8 (s; PCH,CH,CH,Si), 11.8-12.5 (m: PCH,CH,CH,Si); '"HNMR
([Dgltoluene): = — 21.3to -21.6 (m; RhH,): IR (CH,Cl,): ¥ = 2065 cm !
(br; RhH,).

Sol-Gel Processing: The monomeric complex 2(T?), was dissolved in the
specified amount of pyridine. The solution darkened rapidly to red-brown
indicating the formation of 3(T?), . Subsequently y equiv of D-C-D? (1 = 2.
8), 2.5 times the stoichiometric amount of water, « minimum amount of
MeOH, and the catalyst (nBu),Sn(OAc), were added. The homogeneous
mixtures were sealed in a Schlenk tube and stirred for approximately 14 h at
ambient temperature until a swollen gel was formed. The solvent was then
removed under reduced pressure, and the gels were dried for 5h. Solvent
processing was performed by stirring the large gel particles vigorously in
toluene (40 mL, 12 h) to form swollen gels. The wet gels were washed with
additional toluene (40 mL), EtOH (40 mL), and »n-hexane (40 mL), and dried
under vacuum (2 h).

Chlorobis[cyclohexyl(2-methoxyethyl)(3-(polysiloxanyl)propyl)phosphine-
P30, Plthodium()(D¥-C-DY),  [2(T"),(D'-C¢-D),): A mixture  of
[Cth(lSE))(P~O)] [2a(T%),] (394 mg, 0.49 mmol), 2equiv of D°-C-D°
(286 mg, 0.97 mmol), pyridine (0.4 mL), MeOH (1 mL). water (153 mg,
8.51 mmol), and (nBu),Sn{OAc), (34 mg, 0.10 mmol) was processed by sol-
gel methods to yield 518 mg (98 %) of 2(T™),(D-C4-D'), as an orange gel. 3'P
CP/MAS NMR (dynamic parameters [v,, =7.5 kHz]): 0 =57.9 (Ipy =
021 ms. Ty, =103ms), 425 (T, =019ms, T, =103ms) 579
(Toq = 0.16 ms, T, 4 =10.3 ms); '*C CP/MAS NMR: é = 49.7 (SiOCH,),
38-234 (CeH ;s Si(CH,),CH,CH,(CH,),Si, PCH,CH,CH,Si.
PCH,CH,OCH;), 179 (PCH,CH,CH,Si, S{CH,),CH,CH,(CH,),SD.
—0.2 (SiCH;); 2°Si CP/MAS NMR (silicon substructure): d = — 2.3 (D",
I,=29), —14.6 (D', I,=330), —22.1 (D% I,=1239), —555 (T*,
Iy =3.1), —59.9 (T2, I, = 24.6), —67.6 (T®. I, =37.8). real T:D ratio =
1:2.4, degree of condensation of the D groups = 88 %, degree of condensa-
tion of the T groups=284%:20 N, surface area: 1.6mig™':
CaoHg,CIO P, RS, (idealized stoichiometry): caled C 44.57. H 7.85, Cl
3.71; corrected stoichiometry:1**1 C 44.02, H 7.99, C1 3.01; found C 42,77, H
8.30, C1 3.71.

Chlorobisfcyclohexyl(2-methoxyethyl)(3-(polysiloxany!)propyl)phosphine-
P;0 Plthodium()(D*-C(-DY),  [2(T"),(D-C-Di)g]l: A mixture  of
[CIRh(POYP~O)] [2(T",] (219 mg, 0.27 mmol), 8equiv of D*-C,-D°
(637 mg, 2.16 mmol), pyridine (0.2 mL), MeOH (1 mL), water (231 mg,
12.85 mmol), and (vBu),Sn(OAc), (34 mg, .10 mmol) was processed by sol -
gel methods to yield 613 mg (99 %) of 2(T"),(D*-C4-D*), as an orange gel. '3C
CP/MAS NMR: 8 = 49.7 (SiOCH,), 38-23.4 (C,;H,,. Si(CH,),CH,CH,-
(CH,),Si, PCH,CH,CH,Si, PCH,CH,OCH,). 17.9 (PCH,CH,CH,SI.
Si(CH,),CH,CH,(CH,),S1}, —0.1 (SiCH,): 2°Si CP/MAS NMR (silicon
substructure): § = — 2.1 (D, [, =8.7), —13.8 (D', J, =15.4). —22.4 (D?,
1, =78.6), —58.8(T% I, = 6.2), —67.6(T* I, =7.4), real T:D ratio =1:7.6,
degree of condensation of the D groups = 84 %, degree of condensation of
the T groups = 85% ;1?1 N, surface area: 0.9 m?/g; CyH,,,ClO, P,R1SI
(idealized stoichiometry): caled C 46.11, H 8.44, Cl 1.55; corrected stoi-
chiometry: ™ C 45.00, H 8.49. C1 1.57; found C 44.16. H 8.72. CI 1.59.

trans-Carbonylchlorobis[cyclohexyl(2-methox yethyl)(3-(polysiloxanylpropyl)-
phosphine-Plrhodiam(1)(D-C-D'), [4(T")(D~C¢-D¥),]: A Schlenk tube was
charged with the powdery gel 2(T"),(D*-C¢-D"), (226 mg, 0.21 mmol), which
was exposed to an atmosphere of carbon monoxide (1 bar) and stirred with
a magnetic stirring bar. The color rapidly changed to lemon yellow. After
evaporation under vacuum the product 4(T"),(D'-C4-D¥), was obtained
quantitatively. **C CP/MAS NMR: § = 49.8 (SiOCH,). 38--234 (C,H,,,
Si(CH,),CH,CH,(CH,),Si. PCH,CH,CH,Si, PCH,CH,OCH;). 17.7
(PCH,CH,CH,S8i, Si(CH,),CH,CH,(CH,),S1). —0.2 (S§iCH,): IR (KBr):
5 =1952em ™! (C=0); C4,H,,ClO, (P, R1Si (idealized stoichiometry): cal-
cd C 44.53, H 7.66, C1 3.21; corrected stoichiometry: 331 C 43.99, H 7.80, Cl
2.94; found C 43.24, H 7.93, CI 2.88.
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(Carbondisulfide-C,S)chlorobis{cyclohexyl(2-methoxyethyl)(3-(polysiloxanyl-
propyl)phesphine- Plrhodium(i)(D'-C4-D'), [S(T"),(D*-C-D'),]: Upon addi-
tion of CS, (0.2mL) to a suspension of 2(T"),(D*-C¢-DF), (200 mg,
0.19 mmol) in n-hexane (20 mL) at 243 K, the color rapidly darkened. The
orange-brown polymer was washed with n-hexane (20 mL) and dried under
vacuum to give 5(T"),(D'-C(-D'), in a quantitative yield. '*C CP/MAS
NMR: § = 49.9 (SIOCH,), 38-23.3 (C,H,,. Si(CH,),CH,CH,(CH,),Si,
PCH,CH,CH,Si, PCH,CH,0CH,), 17.5 (PCH,CH,CH,Si, Si(CH,),-
CH,CH,(CH,),8i), —04 (SiCH,); TR (KBr): 5 =1242 [v,(CS,)]. 1193
[v(CS,)], 605 em™ ! [8(CS,)]; C4,Hg, CIO P, RIS, S, (idealized stoichiome-
try): caled C 42.67, H 7.34, Cl 3.07, S 5.56; corrected stoichiometry:[*3!
C 42.31, H 7.50, C1 2.83, S 5.11: found C 42.46, H 7.53, Cl 3.10, S 6.03.

Chlorobisfcyclohexyl(2-methoxyethyl)(3-(polysiloxanylpropyl)phosphine- P{-

dihydrido(pyridine-N)rhodium(m)(D'-C-D'), [6(T™),(D-C,-D%),]: A suspen-
sion of 2(T"),(D-C¢-Df), (163 mg, 0.15 mmol) in a mixture of EtOH (10 mL)
and pyridine (0.5 mL) was exposed to an atmosphere of hydrogen (1 bar).
The reaction mixture was stirred for about 30 min. The product was washed
with toluene (20 mL) and n-hexane (20 mL). After evaporation under vacu-
um 142 mg (81%) of 6(T"),(D*-C¢-D), was obtained as a light yellow
powder. '*C CP/MAS NMR: ¢ =49.7 (SiOCH;), 38-23.4 (C/H,,,
Si(CH,),CH,CH,(CH,),Si, PCH,CH,CH,Si, PCH,CH,0CH;), 182
(PCH,CH,CH,Si, Si(CH,),CH,CH(CH,),S1), —0.3 (SiCH;); IR (KBr):
#=2056cm ' (br; RhH,); C,sH,, CINOGP,RhSi, (idealized stoichiome-
try): caled C 46.63, H 7.91, C1 3.06, N 1.21; corrected stoichiometry:!>
C 45.95, H 8.03, C1 2.81, N 1.11; found C 44.68, H 7.92, C1 3.09, N 0.82.

Chlorobis|cyclohexyl(2-methoxyethyl)(3-(polysiloxanylpropyl)phosphine- P]-
(12-ethene)|rhodium(1)(D*-C¢-D), [7(T"),(D-C4-D¥),]: A Schlenk tube was
charged with the powdery gel 2(T"),(D*-C4-D%), (100 mg, 0.09 mmol), which
was exposed to an atmosphere of ethene (1 bar) and stirred with a magnetic
stirring bar. The color rapidly changed to yellow. After 30 min the yellow
polymer 7(T"),(D'-C¢-D), was directly transferred into a zirconia rotor and
characterized by solid state NMR spectroscopy. '*C CP/MAS NMR:
3=498 (SiIOCH;), 38-234 (C,H,,, Si(CH,),CH,CH,(CH,),Si,
PCH,CH,CH,Si, PCH,CH,0CH,), 17.7 (PCH,CH,CH,Si, Si(CH,),-
CH,CH,(CH,),S1), —0.2 (SICH,).

Chlorobis{cyclohexyl(2-methoxyethyl)(3«(polysiloxanylprepyl)phosphine- P|-
(17%-diphenylacetylene)rhodium()}(D'-C-D'), [8(T"),(D*-C¢-D'),]: The start-
ing complex 2(T"),(D-C4-D¥), (183 mg, 0.17 mmol) was allowed to swell in
toluenc (5mL). After 10 min a solution of tolan (151 mg, 0.85 mmol) in
toluene (5 mL) was added, and the reaction mixture was stirred for 30 min.
The supernatant solution was separated, and the solid washed with toluene
(10 mL) and n-hexane (20 mL). The product was dried under vacuum to yield
187 mg (88 %) of 8(T"),(D'-C¢-DF), as an intensive yellow gel. 1*C CP/MAS
NMR: 4 =49.7 (SIOCH,), 38-23.5 (C¢H,,. Si(CH,),CH,CH,(CH,),Si,
PCH,CH,CH,Si, PCH,CH,OCH;), 17.7 (PCH,CH,CH,Si, Si(CH,),-
CH,CH,(CH,),8i), —0.2 (SiCH,): IR (KBr): ¥ =1870cm ' (C=C);
C,,H,,ClO,P,RhSi, (idealized stoichiometry): caled C 51.63, H 7.54, Cl
2.82; corrected stoichiometry:133 C 49.15, H 7.75, Cl 2.70; found C 46.46,
H 7.73. C1 2.78.

Oxidative Addition of Hydrogen to 2(T"),(D-C¢-Df),: A Schlenk tube was
charged with the powdery gel 2(T"),(D*-C¢-Df), (150 mg, 0.14 mmol), which
was exposed to an atmosphere of hydrogen (1 bar) and stirred with a magnet-
ic stirring bar. The color rapidly changed to yellow. After 30 min the product
was directly transferred into a zirconia rotor and investigated by *'P CP/
MAS NMR and then IR spectroscopy.

Behavior of 2b under Sol-Gel Conditions: A solution of 2b (87 mg,
0.12 mmol) in MeOH (1 mL) was treated with water (16 mg, 0.9 mmol),
pyridine (0.4 mL), and (#Bu),Sn(OAc), (34 mg, 0.10 mmol). The red-brown
mixture was stirred for 14 h. After evaporation of the volatiles 2b was recov-
ercd, as shown by *'P{'H} NMR spectroscopy.
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Zinc(m)-Catalyzed Disproportionation in Rubber:
The Mechanism of Sulfur Vulcanization Revisited

Peter J. Nieuwenhuizen, Sandjai Timal, Jaap G. Haasnoot,

Anthony L. Spek,** and Jan Reedijk*

Abstract: Model studics have shown that cross-link precursors, that is, intermediates in
the sulfur vulcanization of rubber, are transformed into cross-links by a nonsymmetric

but regioselective disproportionation mechanism. Thus, two equivalents of the cross-
link precursor of the type R—-S-S8—-X are transformed into X—S—X and the actual
cross-link R-~S—-S-S -R. Exchange of sulfur atoms is a prerequisite. A mechanism mate -
involving an Sy/’ reaction with an allylic moiety, suggested in the literature, has not been
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observed. The disproportionation reaction is catalyzed by rubber-soluble zinc- dithio-
carbamate complexes, an important class of vulcanization accelerators. By virtue of
ligand - functional-group exchange reactions these complexes serve to transport and

exchange sulfur atoms.

Introduction

Sulfur vulcanization of rubber is the primary industrial process
for the production of a large range of consumer and other prod-
ucts. Of these, rubber tires are the most important and well-
known example. In general, vulcanization involves the heating
of mixtures of sulfur, accelerators, and a polymer containing
unsaturation.!'-2) It is firmly established that this leads to the
formation of sulfur bridges between rubber polymer molecules,
so-called cross-links, which account for the elasticity and
strength of the rubber. The cross-links are attached to allylic
positions of the polymer and are formed according to the simpli-
fied route depicled in Scheme 1.1

S

)]\ ,S NMEZ

1.Sg s 8 2,

Me,N S\ﬂ/ — /U\)I\ — /U\

S MesN SX NMEZ HS

Accelerated sulfur vulcanization is, however, a complex
(physico)chemical process. It is not surprising, therefore, that
important aspects of the chemistry of sulfur vulcanization are
still not understood, despite extensive research efforts and large-
scale industrial application over more than 60 years. One such
matter concerns the transformation of cross-link precursors into
cross-links, step 3 of Scheme 1. Cross-link precursors consist of
a sulfur chain attached to a polymer molecule and are terminat-
ed by an accelerator residue, a dithiocarbamoyl group in the
case of TMTD-accelerated vulcanization.!! Despite consider-
able research effort,!’ ~ Vit has remained unclear by what mech-
anism these precursors are transformed into cross-links. Con-
sensus, however, has evolved!'% 111 that cross-links form either

S NMez
S A G <\ )P
NMe,

Scheme 1. Generalized scheme for sulfur vulcanization accelerated by tetramethylthiuram disulfide (TMTD), adapted after Morrison and Porter [3
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by disproportionation or by reaction of a precursor with the
allylic moiety of a second polymer molecule (Scheme 2). The
latter involves an Sgi’ reaction in which a hydrogen atom is
removed with concomitant isomerization of a double bond of
the substrate.'”! Until now neither of these mechanisms could be
excluded or proven. This can be attributed to a plethora of
difficulties, such as the incompatibility of conventional analyti-
cal techniques and vulcanized materials, and the low concentra-
tion of reactants and products during vulcanization. Moreover,
in many studies the possibility that competing routes complicate
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Scheme 2. Suggested mechanisms for cross-link formation from precursors.

the picture could not be excluded. Recently, McGill et al.l'?!
observed that for certain vulcanization recipes in which no
zinc(1) is present, cross-link precursors are first deactivated and
subsequently reactivated to yield a different type of precursor,
apparently to react with an original precursor to form a cross-
link. This route has been established in addition to the proposed
disproportionation or Sy pathways.

An important method for the study of vulcanization concerns
Model Compound Vulcanization, that is, vulcaniza-
tion experiments in which a low molecular weight
olefin is substituted for the rubber polymer.[*3 Model
Compound Vulcanization is especially suited for
studying the vulcanization process, because the over-
all course of reaction is similar to that of real vulcan-
ization experiments. More important, reactants, in-
termediates, and products are easily detected and
studied. The degree of insight can even be improved
by considering only one mechanistic step at a time. This ap-
proach, which we call Reaction Stage Modeling, is described in
this paper for the stage of cross-link formation.

The present study employs synthetic models for cross-link
precursors, of which the reactivity is studied under well-defined
and controlled conditions. We now prove for the first time that
cross-links are formed as a result of nonsymmetric regioselective
disproportionation. These reactions are catalyzed by rubber-
soluble zinc(11) complexes; this provides unique and unprece-
dented evidence that homogeneous catalysis plays an important
role in rubber vulcanization.

SClp

Abstract in Dutch: Model studies hebben aangetoond dat cross-
link precursors, tussenproducten tijdens de zwavelvulkanisatie van
rubber, worden omgezet in daadwerkelijke crosslinks via een niet-
symmetrisch, doch regioselectief disproportioneringsmechanisme.
Hierbij worden 2 equivalenten crosslink precursor van het type
R-S-S-X omgezet in enerzijds X—S—X en anderzijds een
crosslink R—-S—S5-S—-R. Er vindt dus een uitwisseling van
zwavelatomen plaats. Een mechanisme waarbij een Syi' reactie
met een allylische functionaliteit is betrokken, gesuggereerd in de
literatuur, is niet waargenomen. De disproportioneringsreactie
blijkt te worden gekatalyseerd door in rubber oplosbare zink—
dithiocarbamaat-complexen, een belangrijke klasse van vulkani-
satieversnellers. Door de uitwisseling van liganden voor func-
tionele groepen zorgen deze complexen voor het transport en de
uitwisseling van zwavelatomen.

Chem. Eur. J. 1997, 3, No. 11
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Results and Discussion

Synthesis of starting materials: Suitable models for cross-link
precursors 1-3, depicted in Figure 1, were derived from 2,3-
dimethyl-2-butene. This olefin has successfully been applied in
Model Compound Vulcanization. From such reaction mixtures
small amounts of the model
cross-link precursors 1 and 2 S 1 x
were obtained and their X-ray /'\r\sx/lLNMeZ ';’:
Figure 1. Synthetic model cross-link
precursors used in this study.

[ TR

2
structures were reported./!4- 1] 3
For the present study 1 was
synthesized in high yield by
the reaction of 1-bromo-2,3-
dimethyl-2-butene with sodium dithiocarbamate, whereas 2 was
obtained by oxidation of 2,3-dimethylbut-2-enethiol and sodi-
um dimethyldithiocarbamate in the presence of iodine. A non-
symmetric substitution at SCl, using 2,3-dimethylbut-2-enethiol
and sodium dimethyldithiocarbamate afforded 3 in 23 % yield
(Scheme 3). The propensity of S—Cl moieties to add to double
bonds!'®! was suppressed by performing the reaction at low
temperature.

N

/'\(\SH )L
———— - ————ree
Et,0, -80°C Et,0, -80°C

Scheme 3. Synthesis of 3.

s
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3

The '"HNMR spectrum of 3 is very similar to that of 1 and 2,
except that the signal of the allylic methylene hydrogen atoms is
shifted slightly to lower field relative to that of 2. Compound 3
is labile in acid and decomposes readily on silica, but could be
purified by crystallization. Recrystallization from ethanol gave
crystals suitable for X-ray analysis. The crystal structure in Fig-
ure 2 exemplifies the stability of this trisulfidic compound and is

Figure 2. ORTEP diagram of 3 at the 50% probability level.

a rare example of a nonsymmetrically substituted trisulfide
chain.' 71 The observed bond lengths and angles are not unusual
for polysulfidic species.!'® We have found that this compound
is particularly active in reactions leading to cross-link forma-
tion.

Reactivity experiments: From several experiments in which
model precursor 1 was heated for 3 h at 140°C, a common
vulcanization temperature,''®! it appeared to be completely un-
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reactive. This observation is endorsed by the fact that function-
alities similar to 1 have been found in rubber mixtures.!'? !4
They are regarded as desulfuration products of active—polysul-
fidic—precursors, leading to unreactive, so-called pendant
groups.

When 2 is heated for 3 h at 140 °C in the inert solvent n-hex-
ane, small amounts of the bis(alkenyl) trisulfide 4 and te-
tramethylthiuram disulfide S are formed (Scheme 4).

X So
X .S.__NMe, n-hexane /H/\ s 7s #
Y Thaese
140 °C . 4
2

3 hrs. S

Scheme 4. Asymmetric disproportionation of 2.

Table 1 contains details of reagents and conditions of the
various experiments performed with 2. To prevent any possible
interference of dioxygen, such as oxidation or radical forma-
tion, all experiments reported were performed under an argon
atmosphere. However, control experiments performed in the
presence of dioxygen showed no alteration of the general course
of the reaction.

Table 1. Disproportionation of 2 with or without Zn catalysis.

No Initial conditions Product
Solvent {a] 2 (umol) Zn(dmtc), 4 (umol) conversion Turnovers
(umol) (%)
] n-hexane  278.0 - 1.449 0.52 -
2a n-hexane  276.8 2.747 9.387 339 34
2b n-hexane  283.5 2.747 8.487 3.00 3.1
3 toluenc 278.3 - 2.615 0.94
4 toluene 276.3 2.747 13.79 4.99 5.0
5a 2-dmb 271.5 - 3.834 1.38 -
5b 2-dmb 284.3 - 3.131 1.10 -
6a 2-dmb 281.3 2.747 8.307 2.95 3.0
6b 2-dmb 2794 2.747 10.02 3.59 3.6
7 1-dmb 279.7 - 2.485 0.89 -
8 1-dmb 282.6 2.747 8.441 2.97 31

{a] 2-dmb = 2,3-dimethyl-2-butene; 1-dmb = 2,3-dimethyl-1-butene.

The formation of the trisulfide 4 from 2 is rather surpris-
ing, as straightforward disproportionation would provide a
(bis)alkenyl disulfide as the expected product. Interestingly, the
reaction is accelerated by a factor of 4—6 by the addition of a
catalytic amount (x1%) of bis(dimethyldithiocarbamate)-
zinc(n) (Zn(dmtc),). Although bis(dialkyldithiocarbamate)-
zinc(11) complexes are frequently added as an accelerator for
vulcanization,!'® or form as a result of the (poorly understood)
reaction of TMTD with zinc oxide!??? (added as a rubber filler
and vulcanization activator), their role is rather obscure. They
are known!- 2! to induce precursor formation by a mechanism
that is unknown; they have been attributed?# a role in desulfu-
rization of cross-links (cross-link shortening), and they have
been suggested'!! to be stoichiometric reagents for the conver-
sion of cross-link precursors into cross-links. The accelerated

1848 ——— © WILEY-VCH Verlag GmbH, D-69451 Weinhcim, 1997

conversion of 2 into 4 now shows definitely that these complexes
serve as homogeneous catalysts for the disproportionation reac-
tion.

The RP-HPLC chromatograms of the zinc-catalyzed reaction
of entry 2a in Table 1 are depicted in Figure 3. Although Sis the
initial product of disproportionation, it appears that te-
tramethylthiuram monosuifide 6 is formed in excess over S dur-
ing the course of the reaction. It is of interest to note that the

/ .

=
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YN 3

UV Absorbance at 254 nm

M__\_J\_./\:l
_AJX_JL#_*

5.0 100 15.0

Retention time (min)

Figure 3. RP-HPLC chromatograms for the reaction of 2 in the presence of =1%
Zn(dmtc),.

amounts of 6 and 4 increase almost linearly, whereas the
amount of 5 present in the reaction mixture stabilizes at a cer-
tain level. Furthermore, the formation of 3 leads to the conclu-
sion that 5 and the trisulfidic cross-link 4 originate from a non-
symmetric disproportionation of 2 and 3. Two molecules of 2
apparently cannot engage in a symmetric disproportionation.
Finally, the slow formation of the (bis)alkeny! tetrasulfide is
assumed to be the result of disproportionation of two molecules
of 3. The catalyzed disproportionation proceeds in a similar
fashion in other nonnucleophilic solvents such as toluene (en-
tries 3 and 4 in Table 1), although the cross-link yields may vary.
This is probably due to differences in solubility of the reagents
and dielectric constants of the solvents, which influence the
reactions.

To probe whether cross-link precursors react with allylic moi-
eties in rubber according to the suggested Syi’ reaction, the
model cross-link precursor 2 was heated for 3 h at 140 °C in the
solvent 2,3-dimethyl-2-butene, both in the absence and presence
of Zn(dmtc), (entries 5 and 6 in Table 1, respectively). This
olefin readily produces cross-links in TMTD-accelerated Model
Compound Vulcanization.!3! Indeed cross-links are observed
here as well, but only as a result of the aforementioned nonsym-
metric disproportionation. The formation of allylically-re-
arranged monosulfides or dimethyldithiocarbamic acid, as
shown in Scheme 2, can be excluded. With the objective of
excluding the influence of steric hindrance at the double bond
on the rate of the reaction, 2 was also heated with the isomeric
olefin 2,3-dimethyl-1-butene, which possesses a terminal double
bond (entries 7 and 8, respectively). Again, only nonsymmetric
disproportionation takes place.
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To obtain additional mechanistic understanding of the dis-
proportionation, a mixture of 2 and 5 mol% of 3 was heated
both in the absence and presence of the catalyst (entries 1 and 2,
Table 2). Cross-link formation proceeds readily in both cases,
but, in the absence of Zn(dmtc),, §, not 6, is the main product.
When Zn(dmtc), is present, cross-link formation is abundant
and formation of polysulfidic analogues of 3 takes place.

Table 2. Disproportionation of 2 with or without Zn catalysis in the presence of
additives.

No Initial conditions Products
solvent 2 (umol) Additive  Zn(dmtc), 4 (wmoly Conver- turn-
(pmol) (pmol) sion [a] (%) overs
1 n-hexane 279.6 3(11.59) 8.814 315 -
2 n-hexane 278.2 3(12.82) 2.747 31.34 11.27 11.3
3 n-hexane 285.4 S¢ (37.35) - 14.16 4.96 -
4 n-hexane 281.0 Sg (37.15) 2.747 24.31 8.65 8.5

[a] Conversion based on 2.

In order to study the interaction between catalyst and cross-
link precursor, 4 mol% of bis(diethyldithiocarbamate)zinc(ir)
was added to a solution of 2 in n-hexane. As deduced from the
immediate formation of 2b, attributed to an equilibrium depict-
ed in Scheme 3, it was that shown ligand - functional-group ex-
change between Zn(dmtc), and 2 is very facile. '"HNMR and
HPLC analysis unambiguously indicated all four components
to be present in the reaction mixture.

Et;N—( Zn:8=>—NEt,

S,
‘ MeN— Zn=8=>—NMe;
S s

n-hexane
+ _— +
rt
. NM: .S NE;
Yoy YooY
2 S 2 S

Scheme 5. Ligand-functional group exchange reactions between Zn{dmtc), and 2.
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Finally, the addition of 16.6 mol % of S, to the reaction mix-
ture (entries 3 and 4, respectively) leads to the formation of large
amounts of polysulfidic analogues of 3, the number of sulfur
atoms ranging from 2 to 6, and, with a short delay, formation
of polysulfidic cross-links (number of sulfur atoms in the chain
varying from 3 to 6) with a clear preference for 4.

Rationalization of the observations: The experiments performed
in this study indicate that Sy/' reactions do not occur. It can be
concluded that cross-links do form in the absence of zinc(m), as
long as they are sufficiently activated, for example. contain a
sufficient number of sulfur atoms. However, for disproportion-
ation to take place from 2, 3 must be formed first, for which
zinc(ll) complexes are catalysts. A radical mechanism for the
formation of 3 can be ruled out, as zinc(11) is known not to take
part in chemistry involving changes of its oxidation state. Also,
a mechanism involving the formation of cationic sulfur species
can be excluded; such very electrophilic species would immedi-
ately react with olefins.[*®! Instead the catalytic cycle shown in
Scheme 6, which is in excellent agreement with the observations,
is now proposed.

The cycle 1s initiated by a ligand —functional-group exchange
reaction of Zn(dmtc), with 5, which is known to be present as
an impurity in 2. This results in the formation of a small amount
of 6 and a so-called trithio—zinc(11) complex, in which a sulfur
atom is incorporated in the zinc—dithiocarbamate ring.
Ligand—functional-group exchange between 5 and bis(di-
alkyldithiocarbamate)zinc(ir) has been reported to be very
fast,[23 241 a result similar to our observations for ligand - func-
tional-group exchange between 2 and Zn(dmtc),. The trithio-
carbamate ligand subsequently exchanges with the dithiocar-
bamoyl moiety of 2 in the first step of the cycle, affording 3, now
activated by the additional sulfur atom. This intermediate un-
dergoes a nonsymmetric disproportionation with 2, which is
present in excess, explaining the initial formation of 4 and 5.
Because 5 is more readily desulfurized than 2, as a result of a
ligand exchange reaction with Zn(dmtc),, it will be transformed

S JSI\ S‘
Zns Se—NMe
NMe, © S 2
6 MEZN

MezN S

Scheme 6. Proposed initiation reaction and
catalytic cycle for the formation of 4 from 2
with Zn{dmtc), as catalyst.
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into 6 and the trithio—zinc(1) species, thereby completing the
catalytic cycle. The net effect is that one sulfur atom is removed
from 5 and inserted into a cross-link precursor. Thus, the ex-
change of a trithio ligand for a dithio functional group, and vice
versa, is the basis of the observed catalytic reaction.

From the experiments with elemental sulfur added to the
mixture, Zn(dmtc), appears to be able to incorporate purely
inorganic sulfur as well, which must occur by another mecha-
nism that that described above. Indeed, the solubility of sulfur
in benzene has been reported to increase proportionally with the
amount of zinc(11).1**1 Obviously, under practical vulcanizing
conditions where large amounts of sulfur are present, the latter
will be the primary mode of incorporation of sulfur atoms in the
zinc ~dithiocarbamate ring. This aspect is currently under inves-
tigation. At this stage, it can already be noted that the sulfur
atoms are inserted into the precursor one by one, and not as an
octatomic cluster. This presumably reflects the fact that not
more than onc sulfur atom at a time can be accomodated in the
zinc—dithiocarbamate ring; this would agree with a suggestion
by Fackler et al. for the related zinc-dithiolate complexes.!?®!
The latter class of complexes constitutes more evidence for the
involvement of trithio - zinc complexes in rubber vulcanization;
bis(trithiolate)zinc complexes have been synthesized and char-
acterized by means of X-ray crystallography.?”- 28 However,
incorporation of more than one sulfur atom in the zinc—dithio-
late ring could not be achieved, presumably due to the opposing
effects of chelate ring size and resonance stabilization.t?®]

It must be added here that until now it has not been possible
to isolate trithiocarbamate—zinc complexes, nor to observe
them by any spectroscopic technique.'?! This must be due to
their extreme instability and low concentration. Trithiocarba-
mate—zinc complexes are, however, regarded important inter-
mediates in TMTD-accelerated vulcanization.” ) The existence
of the related trithiolate—zinc complexes and the observations
presented in this paper clearly support this postulate.

The turnover numbers for the zinc-catalyzed disproportiona-
tions are quite moderate, even when it is taken into account that
these are somewhat obscured by the fact that the disproportion-
ation product 4 is monitored, and not the primary product of
ligand - functional-group exchange 3. However, in rubber vul-
canization, the molar ratio of clemental sulfur vs. accelerator
usually is about 3:1.1'° Overall this would result in a 1:1 ratio
of catalyst and cross-link precursor, so the presence of a large
amount of catalyst will compensate for its low activity. The ratio
of 100:1 employed in the present study was chosen to enable
careful determination of the reactivity of cross-link precursors
and the role of the catalyst.

Conclusion

The study described in this paper allows for a balanced ap-
praisal of the reactivity of cross-link precursors and the role of
zinc -dithiocarbamate complexes in the stage of cross-link for-
mation during the vulcanization process. Based on the olefin
2.3-dimethyl-2-butene, which is known to be a realistic model
for rubber in Model Compound Vulcanization experiments,
model compounds for cross-link precursors were synthesized.
From reactivity studies it can be concluded that the primary
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route for cross-linking during accelerated sulfur vulcanization
of rubber most likely involves disproportionation of two poly-
sulfidic dithiocarbamoy! groups (or cross-link precursors). An
Syi” mechanism, in which a precursor directly reacts with an
allylic moiety, has not been observed, and it is therefore as-
sumed that such a mcchanism is unlikely to operate during
rubber vulcanization. For the disproportionation reaction,
Zn(dmtc), serves as a homogeneous catalyst, inducing sulfur
exchange and sulfur transport via (trithio)ligand - functional-
group exchange reactions. The complex is able to incorporate
sulfur atoms from TMTD, polysulfidic cross-link precursors,
and elemental sulfur.

Experimental Section

General: Sodium dimethyldithiocarbumate (Aldrich) was dried by heating for
6 h in vacuo at 60°C and was stored under argon. 2,3-Dimethyl-1-but-2-
enethiol was synthesized by bromination of 2,3-dimethyl-2-butene with NBS,
followed by treatment with thiourea and base after Goodrow and Musker.[?*!
SCI, (80 %) was obtained from Aldrich and used without further purification.
Analytical-grade diethyl ether (Baker) for syntheses was freshly distilled
from LiAlH, before use. Pyridine (Baker) was used as provided. Bis-
(dimethyldithiocarbamate)zinc(r) was purchased from Aldrich and recrystal-
lized trom chloroform. Zn{dmtc), solutions were prepared using p.a.-grade
dichloromethane (Aldrich). 2,3-Dimethyl-2-butene (98 %) and 2,3-dimethyl-
1-butene (98 %) were obtained from Aldrich, distilled prior to use, and stored
over activated 4 A molecular sieve, as was p.a.-grade n-hexane (Baker).
Molecular sieves were shown not to catalyze the reaction.

'H NMR spectra were recorded in CDCl, on a Bruker WM-300 spectrometer
(300.13 MHz). '*C NMR spectra were recorded at 75.47 MHz. Chemical
shifts (J) are given relative to tetramethylsilanc as an internal standard for
"H NMR data and relative to CDCl, for ' *C NMR data. Mass-spectrometric
analyses were performed on a Finnigan MAT900 equipped with a direct
insertion probe. kept under vacuum al 40 °C. Spectra were collected in elec-
tron impact (ET) mode at 70 eV. Exact measurements were performed using
a peak matching procedure with perfluorokerosine as internal calibrant. Ele-
mental analyses were performed at the Microanalytical Laboratory of Uni-
versity College Dublin, Ireland. Reversed-phase HPLC analyses were per-
formed using a Gynkotek M480 ternary gradient pump equipped with
Gastorr model GT-103 on-line degassing device, Marathon XT autoinjector.
Alltech Nucleosil 100 C18 5 um stainless steel RP-HPLC column, maintained
at 30°C, and Gynkotek HPLC UVD 320S photodiode-array detector.
Methanol was used as the mobile phase at a volumetric flow rate of
0.45 mLmin~'. Data acquisition and management were performed with the
Gynkosoft chromatography data system installed on a PC. Column chro-
matography was performed using Merck Kieselgel 60 (0.040-0.063 mm).
Petroleum ether (40/60) and diethyl ether used for chromatography were of
technical grade and distilled prior to use.

Synthesis of 1-dimethyldithiocarbamoyl-2,3-dimethyl-but-2-ene (1): A 250 mL
flask was charged with 2,3-dimethyl-2-buten-1-yl-thiuronium bromide
(3.00 g, 12.6 mmol), sodium dimethyldithiocarbamate (1.70 g, 12.6 mmol)
and water (150 mL). The mixture was stirred for 1.5 h at 80 "C and tested for
the absence of thiuronium bromide with picrinic acid. The solution was then
extracted twice with dichloromethane, the organic layers were dried on
Na,SO,, filtered, and concentrated in vacuo. Column chromatography by
elution with a 4:1 mixture of petroleum ether/diethy! ether gave I as a white
solid (1.32 g, 6.50 mmol; yield: 52%). "HNMR: § =1.70 (s. 3H), 1.75 (s.
6H). 3.36 (s, 3H), 3.55 (s. 3H), 3.94 (s, 2H); '*C NMR: 3 =18.19, 20.39.
20.66, 41.16, 43.43, 44,79, 120.62, 131.26. 198.02; MS: 203 (41) (M *]. 120
(17) [Me,NC(S)S*]. 88 (100) [Me,NC(S)*], 83 (49) [C H,]: exact mass:
caled 203.08024; found 203.07902; anal. caled for CoH(,NS, (202.36) C,
53.16: H. 8.43: N 6.89; found: C, 53.43; H, 8.52; N, 6.86.

(2,3-Dimethyl-2-butene-1-yl)(dimethyldithiocarbamato)sulfide (2): A solution
of1, (1.09 g, 4.3 mmol) in pyridine (20 mL) was added dropwise to a solution
of 2,3-dimethyl-2-butenethiol (0.50 g, 4.3 mmol) and sodium dimethyldithio-
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carbamate (0.62 g, 4.3 mmol) in pyridine (20 mL), during which the reaction
slowly turned brown. The mixture was stirred for 2 h, after which pyridine
was removed in vacuo. The residue was extracted with diethyl ether
(3 x 30 mL) and filtered. The diethyl ether was evaporated in vacuo, the crude
product dissolved in dichloromethane, and purified by column chromatogra-
phy. Initial elution with petroleum ether, followed by a 4:1 mixture of
petroleum ether and diethyl ether gave 2 as a solution in the eluent, from
which the product was obtained as white crystals by repeated crystallization.
Total yield: 50% (0.51 g, 2.17 mmol}. "HNMR: § =1.70 (s, 3H), 1.79 (s,
3H), 1.81 (s, 3H). 3.43 (s, 3H), 3.59 (s, 3H). 3.60 (s, 2H); '*C NMR:
& =18.18, 20.71, 20.78, 41.40, 43.00, 46.93, 121.73, 132.33, 197.63; MS: 120
(7) [Me,NC(S)S*], 115 (24) [C,H, ;S *]. 88 (100) [Me,NC(S)*]; exact mass:
caled 235.05232; found 235.05305; anal. caled for C,H NS, (235.42): C,
45.90; H, 7.22; N, 5.95; found: C, 46.10; H, 7.33; N, 5.99.

(2,3-Dimethyl-2-butene-1-yl)(dimethyldithiocarbamato)disulfide (3): A solu-
tion of sulfur dichloride (0.24 g, 2.37 mmol) in freshly-distilled diethyl ether
(10 mL) was cooled to —80°C. A solution of 2,3-dimethyl-2-butenethiol
(0.25 g, 2.15 mmol) in diethyl ether (10 mL) was added slowly and the temper-
ature was allowed to rise to —50°C. The solution was then cooled again to
—80°C and sodium dimethyldithiocarbamate (0.31 g, 2.15 mmol) was added
as a solid, while stirring vigorously. The reaction mixture was then allowed
to rise to room temperature and the solvent was removed in vacuo. The
residue was crystallized from petroleum ether, affording a yellow—white solid
(0.13 g, 0.49 mmol; 23 % yield). Recrystallization from ethanol gave crystals
suitable for X-ray crystal structure analysis. 'THNMR: $ =1.69 (s, 3H), 1.76
(s. 6H), 3.43 (s, 3H), 3.60 (s. 3H). 3.76 (s, 2H, CH,); MS: 184 (14)
[Me,NC(S)S; 1, 153 (15) [Me,NC(S)S;], 120 (17) [Me,NC(S)S*], 115 (13)
[C4H,,S™], 88 (100) [Me,NC(S)], 83 (26) [C,H[,]; exact mass: calcd
267.0244; found 267.0232; anal. caled for CyH NS, (267.48): C, 40.45; H,
6.42; N, 5.24; found C, 40.58; H, 6.49; N, 5.35.

Reaction of 2 with Zn(detc),: The reaction mixture obtained after following
the product formation from reaction of 2 (65.45 mg, 278 pmol) and Zn(detc),
(14.16 pmol) was transferred to a flask, the solvent evaporated under reduced
pressure, the residue dissolved in dichloromethane, and purified by column
chromatography with petroleum ether. (2,3-Dimethyl-2-butene-1-yl)(diethyl-
dithiocarbamato) sulfide (2b, 4 mg, {5 pmol) was obtained as a colorless
liquid (53%). 'HNMR: é =1.29 (t, 6H), 1.70 (s, 3H}, 1.77 (s, 3H), 1.80
(s, 3H). 3.60 (s, 2H). 3.80 {q, 2H). 4.06 (q. 2H); MS: 180 (7} [E1,NC(8)S 1.
148 (7) [Et,NC(S)S*], 116 (100) [Et,NC(S)*], 83 (9) [C¢HT]; exact mass:
caled for C, H, NS, 263.08362; found 263.08304.

Reactivity experiments: All reactivity experiments were carried out under an
argon atmosphere in 30 mL tailor-made Schlenk-type reaction vessels
equipped with Teflon valves and screw caps with Teflon inserts. To preclude
cross-contamination of catalyst, the reaction vessels were treated before use
with concentrated hydrochloric acid, thoroughly rinsed, and dried overnight
in a stove at 150°C. In a typical experiment, a vessel was charged with
2.00 mL of a 1.373 mM solution of Zn(dmtc), in dichloromethane. A mag-
netic stirrer bar was added, the solvent was evaporated in vacuo, and a precise
amount (=~ 65 mg) of 2 was weighed into the vessel. The vessel was then
evacuated three times and filled with argon, after which 2.00 mL »-hexane
was added under outstream of argon. A 50 pL sample was taken for HPLC
analysis and the vessel was closed, the valve closed, and the vessel partly
immersed at 140.0 °C in an oil bath equipped for magnetic stirring. For 3 h,
every 30 min the vessel was removed from the oil bath and the reaction
stopped by immediate cooling in liquid dinitrogen. When the vessel had
reached room temperature, the argon pressure was reinstated, the screw cap
was removed, and a sample (50 pL) taken under outstream of argon. The
vessel was then closed again. Pressure effects due to the decrease in liquid
volume were neglected. The 50 uL samples were diluted with methanol to
5.00 mL and analyzed using RP-HPLC within a period of 6 h, or—in view of
the inherent instability of polysulfanes—stored at —20 °C and analyzed with-
in 12 h. Products were identified by comparison of their HPLC retention
times and real-time UV spectra (200-350 nm) with those of reference com-
pounds. Yields were determined using an RP-HPLC calibration curve for
bis(2,3-dimethyl-2-buten-1-yltrisulfide (4) at 254 nm.

Crystallographic data for 3: CNS, H ;. M_ = 267.50, colorless, transparent,
cut to size (0.18x0.38 x0.45 mm), monoclinic, space group P2,/c. with
a=22937(3), bh=T4918(8), ¢=76503)A, B=90481(11), V=
1314.5(6) A3, Z =4, paa=1352gem™%, F000) = 568. (Moy,) =
6.9cm™!, 6461 reflections measured, 2995 independent (R, = 0.07),
0<27.5°. T =150 K, Moy, graphite monochromator, £ = 0.71073 A, Enraf
Nonius CAD4T on rotating anode. The structure was solved by Patterson
techniques (DIRDIF 96) and refined on F? by full-matrix least-squares meth-
ods(SHELXL 96). Hydrogen atoms were located from a difference map and
their positions refined with U(iso) related to the Ufeq) of the atom they are
attached to. A disorder model was refined for the hydrogens on C4 (60:40).
Convergence was reached at R, = 0.048 [for 2170 reflections with /> 2e(/)]
and wR, = 0.116 (¢ =1.006, 188 parameters). Final residual density was in
the range —0.39<Ap<0.60ecA 2.
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A Quintupled Superstructure of the KHg, Type Realized for the

New Stannide EuAuSn

Rainer Pottgen,* Rolf-Dieter Hoffmann, Ralf Miillmann, Bernd D. Mosel

and Gunter Kotzyba

Abstract: The title compound was pre-
pared from the elements by reaction in a
sealed tantalum tube at 1320 K followed
by slow cooling to 970 K. EuAuSn crys-
tallizes with a pronounced subcell of space
group Imma (KHg, type). Additional
very weak reflections required a quintu-
pled » axis. The superstructure was re-
fined from single-crystal four-circle dif-
fractometer data (Fmm 2, a = 479.1(1) pm,

= 3833.6(5) pm, ¢ = 820.1(1) pm, Z =
20, wR2 = 0.0834, 3675 F? values and 94

ent europium sites occur in the superstruc-
ture. Each europium site has an ordered
near-neighbour environment of six gold
and six tin atoms in the form of two tilted
hexagons. Magnetic susceptibility mea-
surements show Curie—Weiss behaviour
above 50 K with an cxperimental magnet-

Keywords

conductivity * curopium + gold - mag-

netic properties © superstructures « un

ic moment of 7.6(1) uy/Eu, indicating di-
valent europium. EuAuSn orders antifer-
romagnetically at about 12 K and under-
goes a metamagnetic transition at a criti-
cal field of 2.0(2) T. Electrical conductivi-
ty measurements show metallic behaviour
with a room temperature value of
260 pQem. '*'Eu and ''°Sn Mdssbauer
spectroscopic experiments are compatible
with divalent europium and show com-
plex magnetic hyperfine field splitting at
low temperature.

variables). Six crystallographically differ-

Introduction

The ternary rare earth (RE)/transition metal (T) intermetallics
of the simple composition RETX with X = Ga, In, Si, Ge, or
Sn exhibit an unusually large variety of different crystal struc-
tures and magnetic properties."*2! Today more than 1000 of
these equiatomic compounds are known. They crystallize in
more than 30 different structure types.!3! Several of these resem-
ble ordered ternary variants of well-known binary structures.
We have recently synthesized a whole series of new equi-
atomic EuTX compounds with X = In, Ge, Sn.'*! Most of these
intermetallics adopt the KHg,-type structure!> with a statistical
distribution of the transition metal and X atoms on the mercury
position, or crystallize with the TiNiSi-type structurc,'® an or-
dered ternary version of the KHg, type. Characteristic struc-
tural motifs of these structure types are chains of transition
metal centred trigonal prisms that are formed by the europium
and the respective X atoms. With the 33 K ferromagnet Eu-
AuGe (space group [mm?2)!7-% we obtained a newly ordered
version of the KHg, type. The different ordering in the EuAuGe
structure results from a new type of arrangement of the trigonal
[AuGe,Eu,] prisms. In going to the higher homologue tin, we
observed another novel prism arrangement for EuAuSn.

[*] Dr. R. Péttgen. Dr. R.-D. Hoffmann, Dipl.-Chem. G. Kotzyba
Anorganisch-Chemisches 1nstitut, Universitit Miinster
Wilhelm-Klemm-Strasse 8, 48149 Miinster {Germany)
e-mail; pottgenf:nwz.uni-muenster.de
Dipl.-Chem. R. Milllmann, Dr. B. D. Mosel
Institut fir Physikalische Chemie. Universitit Miinster
Schiossplatz 4/7, 48149 Miinster (Germany)
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In the present paper we give a full account of the refinements
of the subcell and the superstructure of EuAuSn and discuss the
crystal chemistry of these structures in the context of a group—
subgroup scheme following the Barnighausen formalism.[°-19!
Additionally, we have determined the magnetic and electrical
properties of this new stannide, which we have also investigated
by '1°Sn and '*!Eu M®&ssbauer spectroscopy.

Experimental Section

Synthesis: Starting materials for the preparation of EuAuSn were ingots of
europium (Johnson Matthey), gold wire (Degussa, diameter 1.0 mm) and tin
granules (Merck), all with stated purities better than 99.9%. The large eu-
ropium ingots were cut into smaller pieces in a dry box and kept under argon
before reaction. Very careful handling of the europium ingots was necessary
in order to minimize the introduction of impurities such as ferromagnetic
EuO or EuN, which can irreversibly affect the magnetic measurements. The
argon was purified over molecular sieves, titanium sponge (900 K) and an
oxisorb catalyst.'' ! The elemental components were mixed in the ideal 1:1:1
atomic ratio and sealed in a tantalum tube under an argon pressure of about
800 mbar. The tantalum tube was subsequently sealed in a silica tube to
prevent oxidation, and in a first step annealed at 1320 K for two days. The
temperature was then lowered by 50 K every other day and finally held at
970 K for three weeks. After the tube had been cooled by radiative heat loss,
the silvery product could easily be separated quantitatively from the tantalum
tube.

X-ray investigations: A modified Guinier powder pattern!*?! of the sample
was recorded with Cuy, | radiation using SN silicon (g = 543.07 pm) as an
internal standard. To ensure correct indexing of the diffraction lines, the
observed pattern was compared with the calculated one!” *! using the position-
al parameters of the refined structure. The lattice constants were obtained by
a least-squares refinement of the Guinier powder data. Single-crystal intensity
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data were collected by use of a four-circle diffractometer (Enraf—Nonius
CAD4) with graphite monochromatized Moy, radiation and a scintillation
counter with pulse-height discrimination. Since the superstructure reflections
were all very weak, long counting times were chosen in order to achieve a
reliable peak/background ratio. The longest total counting time was 240 s per
reflection, corresponding to a minimum scan speed for § of 0.33°min~ 1. All
other relevant data concerning the data collections are listed in Table 1.

Magnetic measurements: The magnetic susceptibilities of polycrystalline
pieces were determined with an MPMS SQUID magnetometer (Quantum
Design) between 4.2 and 300 K with magnetic flux densities of up to 5.5 T.

Electrical conductivity: The specific resistivities were measured on a small
block (1.3x1.2x 1.0 mm?®) with a convenitonal four-probe technique over
the temperature range 4.2-300 K. Cooling and heating curves were identical
within the error limits, and reproducible for different samples.

Massbauer spectroscopy: Europium and tin Mossbauer experiments were
performed on a polycrystalline sample from the same batch as for the suscep-
tibility measurements. The '**Sm:EuF, and Ca'!*™Sn0O, sources were held
at room temperature while the temperature of the absorber was varied be-
tween 4.2 and 300 K.

Results and Discussion

Polycrystalline samples of EuAuSn are light grey and stable in
air over long periods of time. No decomposition whatsoever was
observed after several months. Single crystals have very irregu-
lar platelet-like shape and exhibit a metallic lustre.

Lattice constants: The structural similarity of EuAuSn to the
KHg,-type structure was instantly visible on the modified
Guinier film.!'?) The powder pattern could easily be indexed
with a small body-centred orthorhombic cell: @ = 479.20(4) pm,
b =766.85(6) pm, ¢ = 820.26(6) pm and ¥ = 0.30142(5) nm®.

Abstract in German: Die Titelverbindung wurde durch eine Reak-
tion der Elemente bei 1320 K in einer geschlossenen Tantalampul-
le und anschliefiendes langsames Abkiihlen auf 970 K hergestellt.
EuAuSn kristallisiert mit einer stark ausgeprdgten Unterzelle der
Raumgruppe Imma (KHg,-Typ) . Zusdtzliche sehr schwache Re-
flexe bedingten eine Verfiinffachung der b-Achse. Die Uberstruk-
tur wurde anhand von Einkristalldiffraktometerdaten verfeinert:
Imm2; a=479.1(1) pm; b=3833.6(5) pm; c =820.1(1) pm;
Z =20, wR2 = 0.0834; 3675 F*-Werte und 94 Variable. In der
Uberstrukiur treten sechs kristallographisch unabhdngige Euro-
piumatome auf. Jedes Europiumatom hat eine geordnete Umge-
bung von sechs Gold- und sechs Zinnatomen, welche jeweils in
Form zweier geneigter Sechsringe um die Europiumatome ange-
ordnet sind. Magnetische Messungen zeigen Curic— Weiss-Ver-
halten oberhalb von 50 K mit einem experimentellen magnetischen
Moment von 7.6 (1) g, was auf zweiwertiges Europium hindeu-
tet. EuAuSn ist ab ca. 12 K antiferromagnetisch und hat einen
metamagnetischen Ubergang bei einer kritischen Feldstirke von
2.0(2) T. Leitfdhigkeitsuntersuchungen zeigten metallisches Ver-
halten mit 260 uQcm bei Raumtemperatur. *>* Eu- und °Sn-
Mdopbauer- spektroskopische Messungen sind in Einklang mit
zweiwertigem Europium und lassen bei tiefer Temperatur kom-
plexe magnetische Hyperfeinfeldaufspaltungen erkennen.
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Table 1. Crystal data and structure refinements for the subcell and the superstructure of

EuAuSn.
Subcell Superstructure

empirical formula EuAuSn

formula weight 467.62 gmol ™!

temperature 293(2) K

wavelength 71.073 pm

crystal system orthorhombic

space group Imma (no. 74) Imm?2 (no. 44)

unit cell dimensions a =479.1(1) pm a=479.1(1) pm

(diffractometer data) b =766.7(1) pm b = 3833.6(5) pm
¢ =820.1(1) pm ¢ =820.1(1) pm
¥ = 0.3012 nm? ¥ =1.5063 nm*

formula units per cell Z=4 Z=20

calculated density 10.31 gem ™+

crystal size 10 x 10 x 20 ym*

scan type ®/20

absorption correction from ty-scan data

transmission ratio (max/min) 0.997:0.241

absorption coefficient 77.03 mm "}

F(000) 768 3840

0 range for data collection 2110 70° 210 70"

range in Ak/ +7, £12, £13 +7, +61. +13

total no. reflections 1829 9061

independent reflections 385 (Rin = 0.0662) 3676 (R,,, = 0.0672)

reflections with 1> 26(/) 371 (Ryigma = 0.0360) 1909 (R, = 0.0724)

refinement method full-matrix least-squares on F?

data/restraints/parameters 385/0/12 3675/1:94

goodness of fit on F? 1.351 1.036

final R indices [/> 2a{]}]

R indices (all data)

R (subcell reflections) [a]

R (supercell reflections) {a]
R (overall) [a]

extinction coefficient
absolute structure parameter
largest diff. peak/hole

R1=00252, wR2 = 0.0604
R1 =0.0266, wR2 = 0.0604

6.026 (1)

2.483) — 2477 enm 3

R1=100294, wR2 = 0,0824
R1=0.0909, wR2 =0.0834
675> 1a(F). R1 = 0.0490
1880 > la(#), R1 = 0.0462
2555> 1a(F), R1 = 0.0470
0.00092(2)

—0.04(2)

4.019/ — 3467 enm~*

[a] These values were calculated with the program RWERT [14] using the formula

R=XI|F - E|/IZ\E).
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The strongest (121) and two further superstructure reflections
(1112 and 1132} were visible on the Guinier pattern only as
very weak lines.

Lattice constants of the subcell and the superstructure cell of
the single crystal were refined from 25 high-angle reflections on
the four-circle diffractometer (see Table 1). The refined data for
the subcell reflections of a = 479.10(1) pm, » =766.67(1) pm,
¢ =820.10(1) pm and V¥ = 0.30123(5) nm® were in excellent
agreement with the lattice constants derived from the Guinier
powder data.

Structure determination and refinements: Single crystals of
EuAuSn were isolated from the sample by mechanical (ragmen-
tation and examined by Buerger precession photographs to es-
tablish both symmetry and suitability for an intensity data col-
lection. The photographs (reciprocal layers hk0 and 0k/)
clearly showed the quintupled KHg,-type cell with orthorhom-
bic Laue symmetry mmm and the only systematic extinctions
found were those for a body-centred lattice. All relevant crystal-
lographic data and experimental details are listed in Table 1. At
this point it is noteworthy that the superstructure reflections
were observed for all crystals investigated, and also for those of
other samples.

The structure of the subcell (KHg, type, space group Imma
with a statistical distribution of gold and tin atoms on the mer-
cury position) was evaluated first. The compiete data set was
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therefore reduced by eliminating all superstructure reflections
and considering only the smaller subcell. The starting atomic
parameters were obtained {rom an automatic interpretation of
direct methods with SHELX-86.'%1 The subcell structure was
subsequently refined with anisotropic displacement parameters
for all atoms by means of SHELXL-93.1'¢] The refined compo-
sition for the subcell was BuAu g4,,904 g6(2,- The residuals and
atomic coordinates are listed in Tables 1 and 2.

The key to solving the superstructure was to find the ordering
for the gold and tin positions along each side of the zigzag chains
of the europium atoms (Figure 1). Since the subcell structure of
EuAuSn adopts the space group /mma, only the subgroups of
Immua need be considered as possible space groups for the super-
structure.l'” In the superstructure both translational and rota-
tional symmetry are lost. Thus, the asymmetric unit of the su-
perstructure is ten times as large as that of the subcell. Such a
symmetry reduction of index 10 is only possible in two separate
steps: a translationengleiche reduction of index 2 (t2) followed
by an isomorphic reduction of index 5 (i5) or, equivalently, in
the first step an isomorphic reduction of index 5 (i5) followed by
a translationengleiche reduction of index 2 (t2). The 15 reduc-
tion is not a maximal isomorphic tranformation of the lowest
index and therefore it is not listed in the International Tables.!!”]
The complete symmetry tree for EuAuSn in going from
the aristotype AlB, will be discussed later, under the heading
Crystal chemistry.

The single-step symmetry reduction of the translationengle-
iche 12 type is already known for EuAuGe.!”-® This germanide
crystallizes with an ordered version of the KHg, type, but with-
oul losing translational symmetry. Its space group is Imm?2, a
translationengleiche subgroup of index 2 (t2) of Imma. From a
geometrical point of view, the EuAuGe structure is built up of

+-%

ZU EuAuSn
x up (C+t+——++t— —Ftt—+++-)

Figure 1. Projections of the crystal structures of EuAuGe, EuAuln and EuAuSn
along the short axis. All atoms lie on mirror planes at x = 0 and x = %2 (EuAuGe
and EuAuSn), indicated by thin and thick lines, respectively. The mirror planes in
EvnAuln are at y = Ve and » = %. The transition metal centred trigonal prisms are
outlined. The orientations of the prisms are labelled +if they point in the +:z
direction and —if they point in the opposite direction.

trigonal [Eu,Ge,] prisms centred by gold atoms (Figure 1). Be-
cause of the non-centrosymmetricity of the structure and the
therefore polar z axis, the germanium atoms of these prisms
point only towards the —z direction (Figure 1). We assign to
this prism arrangement the notation “— — * for the two prisms
along one b translation period.

Table 2. Atomic coordinates and anisotropic displacement parameters (pm?) for the subcell and the superstructure of EuAuSn. U, is defined as a third of the trace of the
orthogonalized U,; tensor. The anisotropic displacement factor exponent takes the form: =2n2[(ha*) Uy, +... +2hka*b*U ;).

a) Subcell

Atom Imma X v z Uyy U,, Uss U, Uy

Eu 4e 0 Ya 0.53971(9) 115(3) 110(3) 100(4) 0 108(2)
M {a] &h 0 0.04399(7) 0.16484(6) 97(2) 213(3) 81(3) —2(2) 130(2)
b) Superstructure

Atom Imm?2 x y z Uy, U,, Uss Uss Uy
Eu! 2h Va 0 0.7063 (3) 97(7) 106(6) 99(10) 0 101(3)
Eu2 4d Vs 0.80002 (3} 0.7069 (2) 124(5) 9% (4) 87(7) —10(5) 103(2)
Eu3l 4d V2 0.60090 (3} 0.7097 (2} 122(6) 116(4) 82(7) —6(5) 107(3)
Eud 2u 0 0 0.2910(3) 116(7) 120(7) 107(10) 0 114(4)
Eus 4d 0 0.80039(3) 0.2872(2) 104(5) 99(4) 102(7) 2(5) 101(2)
Eu6 4d 0 0.59868 (3) 0.2856(2) 97(5) 99(4) 1447 8(5) 103(3)
Aul 4d Vs 0.74332(2) 0.4113(2) 89(3) 151(3) 84(5) 2(5) 108(2)
Aul 4d [t} 0.93965(2) 0.5825(2) 108(4) 161{4) 93(5) ~2(5 121{2)
Aul 4d 0 0.54372(2) 0.5830(2) 116(4) 147(3) 93(6) —1(6) 119(2)
Aud 4d Ya 0.85942(2) 0.4128(2) 97(4) 169(4) 98(6) —6(4) 1210
Aus 4d V2 0.65610(2) 0.4119(2) 91(4) 163(3) 91(5) 4(5) 115(2)
Sni 4d Va 0.94022(4) 0.4118(3) 72(7) 209(7) 83(10) 15(8) 121(4)
Sn2 4d e 0.53914(3) 0.4127(3) 75(7) 120(7) 67(9) 4(8) 87(3)
Sni 4d 0 0.73903(4) 0.5811(2) 83(6) 101(5) 71(8) 6(8) 85(3)
Sn4 4d 0 0.86033 (4) 0.5839(3) 90(7) 125(6) 51(9) —6(7) 89(3)
Sns 4d 0 0.66074(3) 0.5822(3) 82(6) 104(6) 67(9) —8(8) 84(3)

{a] M denotes a slatistical occupancy of 50% Au and 50% Sn.
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In deducing the superstructure of EuAuSn, three aspects have
to be taken into account:

1) It was assumed that the positions of the europium atoms are
hardly affected by the ordering of the gold and tin atoms, as
was the case for the EuAuGe structure. Thus, each europium
position of the superstructure can be precalculated from the
subcell parameters.

2) The measurement of the Friedel pairs of all reflections during
data collection clearly indicated a non-centrosymmetric
structure.

3) The task was to arrange ten gold-centred [Eu,Sn,] trigonal
prisms in a chain along the y axis of the superstructure cell.

Considering the non-centrosymmetricity, the prism arrange-
ment “— + + + — — + + + — 7 (shown in Figure 1 in the same
formalism as for EuAuGe) is the only reasonable one in accor-
dance with the space group Imm?2 (Figure 2). This ordering
scheme was assumed for the calculation of all starting atomic

positions from the subcell sites. No

P6/m2/m2/im damping was necessary during the re-
finement procedure, which went
tl3 smoothly to the residuals listed in

a, a+2b, ¢ Table 1.
Caima/mz/m . As a check for the correct composi-
"2 tion, all occupancy parameters were re-
a,b,2¢c fined in a separate series of least-squares
12,/m2,/m2,/a cycles. The qccupan(?y paramet?rs and
also the equivalent isotropic displace-
| ment parameters gave no indication of
t2 mixed occupancy of the gold and tin

sites. Within the refinement, only one
reflection with F2 < — 2¢(F?) was treat-
ed as unobserved.''®! A final difference
a 5i5byc Fourier synthesis was flat and revealed

no significant residual peaks. The results
of the refinement are summarized in
Table {. Atomic coordinates and

Imm2

fmm2

Figure 2. Group--sub-
group relationship for
EuAuSn starting from
the aristotype AiB,.
The indices of the klas-

interatomic distances are listed in Ta-
bles 2 and 3. Listings of the observed
and calculated structure factors are
available.['8 Although the refinement

sengleiche (k), the trans-
lationengleiche (t) and
the isomorphic (i) tran-
sitions, as well as the
unit cell transforma-
tions, are given.

converged to excellent residuals for all
reflections, we prefer to calculate sepa-
rate residuals (Table 1) for the super-
structure reflections, since the overall
residual is strongly affected by the dom-
inating subcell reflections. The low
residuals for the superstructure reflections (assuming a 1lg cut-
off} emphasize the high quality of the superstructure refine-
ment.

Crystal chemistry: With EuAuSn we observed a new ordered
ternary version of the KHg, type. Although such an atomic
arrangement is commonly called the CeCu, type'®!in the liter-
ature, we call it the KHg, type!®! since KHg, is the first com-
pound to have been identified with this structure. EuAuSn
belongs to a large family of intermetallic compounds with struc-
tures derived from the well-known AIB, type. The crystal—
chemical relationship in going from the aristotype AlB, is

Chem. Eur. J 1997, 3, No. 11
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Table 3. Interatomic distances (pm) in EuAuSn. All distances shorter than 475 pm
(Eu--Eu, Eu-Au, Eu-Sn) and 410 pm (Au-Au, Au- Sn. Sn - Sn) are listed: stan-
dard deviations are all equal or less than 0.2 pm.

Eut 4Sn2 3294 Eu6 1 Au3 3223 Aus 18n4 2763
2Sn1 3329 2 Au2 3267 28n5 2778
4 Au2 3482 2Sn4 3308 1 Eu3 3231
2 Au3 3515 1 Sn5 3402 1 Aul 3343
2 Eu6 3838 1Snt1 340.9 2 Eu2 3376
2 FEud4 4164 2 Aud 3414 2Eu6 3414
1 Aud 3454 1t Eus 3500
Eu2 1Aul 3256 28n2 3469
1 Aud 3317 1 Eul 3838 Sntl 1 Au3  276.6
2Aul 3363 1 Eu2 3937 2 Au2 2774
2 Aus 3376 2Eu3 4224 1 Aud  309.8
18n3 3415 2 FEul 3312
1Sn5 3426 Autl 28n3 2775 1 Eul 3329
28n4 3478 1Sn3 2792 { Eu6 3409
2Sn3 3503 1 Eu2 3256 2 Eud  346.0
1 Eu5  390.5 1 AuS 3343
1 Eu6 3937 2Eu2 3363 Sn2  2Aul 2779
2 Eus 4194 2 EuS 3400 1 Au2 2828
1 Eu5 3508 1$n2  300.1
Eu3 1AusS 3231 2Eul 3294
2 Aud  320.1 Au2 2S8nl 2774 1 Eu3 3397
28n1  331.2 1Sn2 2828 1 Eud 3446
18Sn2 3397 1Sn4  304.1 2Eu6 3469
2 Au3 3409 2 Eu6 326.7
1Sn4 3410 1 Eud4 3327 Sn3 2Aul 2775
1Au2 3430 1 Eu3 3430 1 Aul  279.2
2S8n5 3478 2 Eul 3482 1Sns5  300.2
1 Eus 3837 2 EusS 3298
1 Eud 3925 Aul3 1Sn1 2766 1 EuS 3368
2Eu6 4224 28n2 2779 1 Eu2 3415
1 Eu6 3223 2 Eu2 3503
Eud4 2 Au2 3327 1 Au3 3352
4 Au3l 3385 2 Eu4 3385 Snd 1 AuS 2763
28n2 3446 2 Eu3 3409 2 Aud 2777
4S8n1 3460 1 Eul 3515 1 Au2 3041
2 Eu3 3925 2 Eué 3308
2 Eul 4164 Aud4 2Sn4 2777 1 EusS 3347
1SnS5 2819 1 Eal3 3410
Fu5 2S8n5 3284 1Sn1 3098 2 Eul 3478
2Sn3 3298 2Eu3l 3291
1Sn4 3347 1 Eu2 3317 Sn3 2Auw5 2778
1Sn3 3368 2EuS 3453 1 Aud 2819
2 Aul 3400 1 Eu6 3454 1Sn3  300.2
2 Aud 3453 2 Eus 3284
1 Aus 3500 1 Eug  340.2
1 Aul 3508 1 Eu2 3426
1 Eul 3837 2Eul 478
1 Eu2 3905
2Eu2 4194

shown in a group—subgroup scheme in Figure 2 following a
formalism proposed by Birnighausen.” 1 A complete AIB,
tree with more than 30 different structure types will be published
in a forthcoming paper.?” The complete AlB, tree has a hexag-
onal and an orthorhombic branch. The structure of EuAuSn
belongs to the latter. Starting from the aristotype AlB,, there is
a translationengleiche symmetry transition of index 3 (t3) from
space group P6/mmm to space group Cmmm followed by a
klassengleiche transition of index 2 (k2). Thus the KHg, type
structure in space group Imma is reached (Figure 2). At this
point it is worthwhile to note that the latter symmetry reduction
from the hexagonal to the orthorhombic system allows a tilting
of the hexagons surrounding the cation, whereas in all hexago-
nal structures even the puckered hexagons are parallel to each
other. Continuing from the KHg, structure, we have two pos-
sible ways of lowering the symmetry in order to reach the Eu-
AuSn type. One is a translationengleiche transition (t2) via the
EuAuGe structure (space group Imm?2) followed by an isomor-
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phic transition of index 5 (15). On the other hand this symmetry
reduction can be attained by an isomorphic transition of index 5
(i5) to space group Imma followed by a translationengleiche
transition (t2). We have considered the first way, since the Eu-
AuGe structure in space group Imm2 is already known to exist
(Figure 2).

From a geometric point of view, the structure of EuAuSn can
be built up from trigonal prisms. The europium atoms form
zigzag chains running along the y axis at two different heights
(x =0 and x =1!/,). Together with the tin atoms, the zigzag
chains form trigonal prisms, which are centred by the gold
atoms. Three-fifths of these trigonal prisms point towards the
+ z direction while the other two-fifths point towards the —:z
direction. This is the direct reason for the non-centrosymmetric-
ity of the structure. For a better comparison, the structure of
two other ordered ternary variants of KHg, are also presented
in Figure 1. In the well-known centrosymmetric TiNiSi-type
structure of EuAuln, the trigonal [AuEu,In,] prisms are alter-
nately arranged in the +z and —z direction, while the
[AuEu,Ge,] prisms in EnAuGe point exclusively in the —z di-
rection. Considering this geometrical view, the different order-
ing variants are clearly distinguishable.

For a closer look at the EuAuSn structure, it is interesting to
compare the individual coordination polyhedra. All six crystal-
lographically different europium atoms have coordination num-
ber (CN) 16, with six gold, six tin and four europium atoms in
their coordination shell (Figure 3) with the gold and tin atoms
forming different distorted and tilted Au,Sn, hexagons. Where-
as the polyhedra have an almost identical europium coordina-
tion, there are large differences in the coordination by the gold
and tin atoms. The most remarkable feature of the coordination
polyhedra is the tilting of the different Au,Sn, hexagons, which
directly results from the symmetry reduction from the hexago-
nal to the orthorhombic crystal system. This tilting strongly
influences the europium coordination.

In hexagonal EuCuGe with the AlB,-type structure,*! each
europium atom has six europium neighbours within the basal
hexagonal plane (at the same distance) and two further europi-
um atoms perpendicular to it. The copper and germanium
atoms form a sandwich-like coordination of two Cu,Ge,
hexagons around each europium atom (Figure 3). Because of
the strong tilting of the hexagons in EuAuSn, two of the six
curopium atoms from the basal plane are now at shorter dis-
tances from the central europium atom, while the four other
europium atoms have moved away. This is a direct consequence
of the Eu—-Eu zigzag chains (Figures 1 and 3), as can be seen by
comparison with the straight lines in the highly symmetric AlB,-
type structure of EuCuGe. The six europium polyhedra (Fig-
ure 3) can be divided into three groups with similar coordination.

There are three different arrangements of the Au,Sn,
hexagons present. Whereas the gold and tin atoms within the
tilted hexagons are directly superimposed for Eul, Eu2, Eu4
and Eu 35, the hexagons are rotated by about 60° for Eu3 and
Eu6. This results in weak Au—Au and stronger Sn-Sn interac-
tions between neighbouring gold and tin atoms for the Eut,
Eu2, Eu4 and Eu 5 polyhedra, whereas there are only Au—Sn
interactions between the hexagons for Eu3 and Eu6. The tilting
of the hexagons consequently leads to the formation of chains of
different Au,Sn, squares (Figure 3).

1856
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CulGe
Eu

EuCuGe P6/mmm subcel-EuAuSn Imma

superstructure-EuAuSn Imm2

Figure 3. Coordination polyhedra of the curopium atoms in the structures of
EuCuGe (AIB; type) and EuAuSn. All the neighbours listed in Table 3 are drawn.
The anisotropic displacement parameters of the subcell polyhedron are drawn with
a 95% probability limit.

The Au—S8n intralayer distances within the different Au,Sn,
hexagons vary from 276.3 to 282.8 pm with an average value of
278.2 pm. This average Au-Sn distance is only slightly larger
than the sum of Pauling’s single bond radii of 273.5 pm for gold
and tin,'?!) indicating essentially covalent bonding within these
hexagons. These distances compare well with the average Au—
Sn distance of 275.3 pm in NaAuSn, which has a TiNiSi-type
structure.[??- 23] The interlayer Au-Sn distances of 304.1 and
309.8 pm in the polyhedra around Eu3 and Eué are much
longer.

The different Au—Au distances between the hexagons range
from 334.3 to 335.2 pm, and the Sn—>Sn distances from 300.1 to
300.2 pm. The Sn—S8n interactions may certainly be considered
to be bonding in comparison with B-tin, where each tin atom has
two neighbours at 302 pm and two further neighbours at
318 pm forming a flattened tetrahedron.l**! The formation of
these Sn- Sn bonds may be one reason for the formation of the
superstructure and for the stability of this compound. The Au-
Au interactions are only weak in comparison with the corre-
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sponding Sn—Sn interactions. The interlayer Au—Au distances
of 3343 and 335.2pm are significantly longer than in fcc
gold,®¥ where each gold atom has twelve neighbours at
288.4 pm. The interlayer Au-Au distances of 316.0 pm in
EuAuGe!” 8! and of 327.9 pm in Er,Au,Sn!?*! may also be
considered to be weak interactions. All these distances
compare well with those in molecular compounds such as
[{Au(iPrO),PS,},],1*% [{PEINH,AuC=CCH}*" or
[Au™(DMG),Au'CL,],12® where such secondary Au—Au bonds
(291.4 up to 327 pm) are sufficiently strong to cause dimeriza-
tion in solution and polymerization in the solid state. Similar
weak Au—Au intcractions were also observed in Au,P; and
Au,P, 129

Similarly, different arrangements of the hexagons are also
present in the hexagonal structures of ScAuSi and YAuSi,®”
but the puckered hexagons in these structures are parallel to
each other. Whereas the yttrium silicide crystallizes with the
LiGaGe-type structure in space group P6,mc with staggered
Au,Si, hexagons, ScAuSi adopts its own structure type (space
group P6m?2) with an eclipsed arrangement of the Au,Si,
hexagons. This results in weak Au—Au (294 pm) and Si-Si
(276 pm) interactions between the hexagons.

Chemical bonding in EuAuSn may to a first approximation
be described by the concept of a polyanionic network. The eu-
ropium atoms are by far the most electropositive component of
EuAuSn, and they will largely have transferred their two valence
electrons to the three-dimensional [AuSn] network. The divalent
character of the europium atoms was determined by magnetic
susceptibility and '*'Eu Méssbauer spectroscopic measure-
ments (see below). The formula of our compound may then be
written as Eu?[AuSn]?~, but, because of the complex atom
distribution within the three-dimensional polyanion, a simple
assignment of oxidation numbers is clearly not possible.

A more detailed view of chemical bonding in KHg,- and
TiNiSi-type intermetallic compounds based on extended Huckel
calculations was given in a very recent paper by Nuspl et al.[>3]
These authors investigated the crystal and electronic structures
of the isotypic TiNiSi-type compounds CaPdIn, CaPdSn,
CaPdSb and CaAgSb. In these four palladium intermetallics the
T, X, rectangles within the [TX] polyanions are all tilted in order
to maximize the distance (i.e. minimize the repulsion) between
the more electronegative atoms. We observed this independent-
ly, from the structure refinements of a whole series of such
intermetallic compounds with europium as the electropositive
component, !

However, for the recently reported germanides EuAuGe
and NaAuGe[*" as well as for EuAuSn, we observe new ar-
rangements of these rectangles. In these three compounds the
tilted hexagons are stacked on each other; this results in weak
Au—Au, Ge-Ge and Sn—Sn interactions within some of these
rectangles. The different arrangements of the T,X, rectangles in
EuAuSn are outlined in Figure 3. Theoretical studies of the
electronic structures of EuAuGe and EuAuSn are now in pro-
gress.

In Figure 3 we also present the coordination polyhedron of
the europium atom in the subcell refinement, drawn with an-
isotropic displacement parameters. The larger U,, parameter
for the 8% position of the subcell refinement (Table 2) is a direct
indication of an ordering between the gold and tin atoms. The

[7.8]
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clearest indication of the superstructure, however, was given by
the additional reflections on the Buerger photographs. Yet in
several other disordered KHg,-type compounds'® 32~ where
the U,, parameters are also about three times as large as U,
and U,,, no superstructure reflections occur. We interpret these
larger U,, values as an indication of a large degree of short
range order within these compounds.

At this point it 1s important to ask whether or not other
compounds may be ordered, especially those with large differ-
ences in scattering factors between the transition metal and the
main-group element that are described as having a statistical
distribution (disordered KHg,-type). Only detailed investiga-
tions of single crystals can clarify this question.

We have recently investigated the ternary compounds
EuZnGa,B* EuAgGa, EuAuGa\*®! EuZnIn'*! EuAglnB®
EuAgGe,33! EuCuSn and EuAgSn"? by X-ray diffraction of
single crystals, first by Buerger precession photographs and lat-
er by refining their structures from four-circle diffractometer
data. However, none of these compounds, even EuAuGa, with
large differences in the scattering factors between gold and gal-
lium, showed any superstructure reflections indicating an order-
ing between the transition metal and main group element. These
results may be attributable to a deviation from the correct 1:1:1
composition indicating homogeneity ranges; however, the com-
positions refined from the single-crystal X-ray data were all very
close to the ideal compositions EuTX. High-resolution electron
microscopy may be helpful for studying the short-range order of
this interesting class of compounds.

In summary, we have observed a new quintupled superstruc-
ture of the KHg, type structure which elegantly extends the rich
crystal chemistry of AlB,-related intermetallic compounds.

Magnetic and electrical properties: The temperature dependence
of the inverse susceptibility of EuAuSn is presented in Figure 4.

3.5f06
3.0r 04 ﬁ T
2.5t02

10 20 30 40

1z, - 10° moiim °]
N
(=]

50 100 150 200 250 300
T[K]

Figure 4. Temperature dependence of the inverse magnetic susceptibility of
EuAuSn measured at a magnetic flux density of 2 T. The inset shows the low-tem-
perature data obtained at 0.01 T.

EuAuSn shows Curie—Weiss behaviour above 50 K. The
straight line indicates the absence of a possible EuO impurity
(Tc =70 K). The magnetic moment of p,,, = 7.6(1) uy deduced
from the Curie-Weiss graph is in good agreement with the
theoretical value of p., =7.94u, for the free Eu?* ion. The
paramagnetic Curie temperature (Weiss constant) of —8(1) K
was obtained by extrapolation of the linear 1/y versus T plot to
1/x = 0. EuAuSn orders antiferromagnetically at 8.5(5) K at
small magnetic flux densities, as is evident from the inset of
Figure 4. A second minimum is apparent in this curve at
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5.5(5) K, most probably due to a different antiferromagnetic
spin alignment. Magnetic ordering has already been detected at
12 K by the Méssbauer experiments, as discussed below. The
dependence of magnetization on external flux density is shown
in Figure 5. In this plot we observe a straight line up to a [lux
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B{T]

Figure 5. Magnetization vs. external magnetic flux density of EuAuSn at 2 and
0K

density of 2.0(2) T, as can be cxpected for an antiferromagnet.
The magnetization curve shows a slight curvature above 2 T,
indicating a metamagnetic transition (antiferromagnetic to fer-
romagnetic spin alignment). The magnetic moment at the
highest obtainable flux density of 5.5 T amounts to 3.5(1) y,/Eu
at 2 K, much smaller than the maximum saturation moment of
7.0 iy for divalent europium. In view of the six crystallographi-
cally different curopium positions in the superstructure, one can
casily understand that the nature of magnetic ordering in Eu-
AuSn is very complex.

The specific resistivity (p) of EuAuSn (Figure 6) decreases
with decreasing temperature, as is usual for metallic conductors.
The room-temperature value of the specific resistivity of
260 pQcm indicates quite good metallic conductivity for this
ternary stannide.

250+

200} i

150}

pluQcm]

100 ]
0 50

100 150 200 250 300
T[K]

Figure 6. Temperature dependence of the specific resistivity of EuAuSn.

'19Gn and 'S'Eu Mossbauer spectroscopy: '°'Eu Mssbauer
spectra at 78, 9.2 and 4.2 K are presented in Figure 7, together
with theorctical transmission integral fits including static mag-
netic hyperfine splitting. The fitting parameters for these and
some additional measurements are listed in Table 4. Above the
magnetic ordering temperature of 12+1 K (as determined by
'S'Eu Mdssbauer spectroscopy; compare with the magnetic
data above) a single line is detected in the Eu! region with an
isomer shift § = —11.0 mms ™! at room temperature and with
vanishing electric field gradient. In the Eu™ region an impurity
component can be secn at § =1.3 mms !, which is included as
a simple Lorentzian in all fits, but not reported in the table. At
4 K the area of the impurity is about 7% of the total area.
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Figure 7. '*'Eu Mdssbauer spectra of EuAuSn containing a small amount of an
Eu™ impurity.

Table 4. Fitting parameters of ' *! Eu Méssbauer measurements on EuAuSn. Num-
bers in parentheses represent the statistical errors in the last digit. Parameters with-
out parentheses were kept fixed. Linewidth parameters and isomer shifts of the
different components were coupled.

TiIK S/mms™! Iimms™' 18,1iT |B,|iT 1B,/ T
300 —11.02(3) 23 - - -
78 —10.86(4) 2.3(L) - - -
14.7 —10.94(6} 222 - - -
13.8 —10.80(5) 2.3(1) - - -
i1 —10.73(7) 2.3 7.6(8) 43(7) -

9.2 —10.68(9) 23 14.8(6) 6.1(7) 1.4(5)

4.2 —10.88(9) 3.5(4) 21.4(6) 10.3(9) 2.2(6)

Below the ordering temperature the Eull spectrum is symmet-
ric, indicating that the quadrupole interactions are negligible.
The magnetically split spectrum can be fitted by three hyperfine
components with ratios fixed at 4:3:3. This ratio agrees reason-
ably well with crystallographic information, indicating that the
six different Eu sites can be grouped into three pairs (see Fig-
ure 3) of very similar coordination. At 4.2 K the internal fields
of the three components are very different, amounting to 21.4,
10.3 and 2.2 T. At this temperature the enhanced linewidths of
the fit indicate that the grouping into three components is only
an approximation. The six crystallographically different europi-
um sites certainly cause a very complex hyperfine ficld splitting
at low temperature.

The ''?Sn Méssbauer spectra are shown in Figure 8, together
with the fits. The fitting parameters are given in Table 5. Above
the magnetic ordering temperature of europium, the spectrum
is fitted well by one component with an isomer shift
§=1.93mms™ " at room temperature and a quadrupole split-
ting AE, = 0.77 mms~". In this signal a tin impurity must be
included, corresponding to the Eu impurity mentioned above.
In a previous Méssbauer study on EuZnSn!3 7! with only a single
tin site, tin was subjected to a large transferred magnetic hyper-
fine field of 12.8 T at 4.2 K. The magnetically split spectrum was
then well separated from the signal of the impurity, which was
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Figure 8. '1°Sn Méssbauer spectra of EuAuSn showing transferred magnetic

hyperfine fields below the magnetic ordering temperature of europium. The
small magnetic hyperfine splitting of the central component is simulated by line
broadening,

Table 5. Fitting parameters of '!°Sp Méssbaver measurements on EuAuSn.
Linewidth parameters, isomer shifts and electrical field gradients of the different
components are identical except that the small hyperfine splitting of the most promi-
nent peak in the spectrum in Figure 8 is simulated by Lorentzian line broadening
A, =21(# mms ' at42K.

TiK S/mms”' I/mms™'  AE,/mms™' |B./T |B,1/T
300 1.93(1) 0.98(4) 0.77(3) - -

78 1.98(2) 1.04(6) 0.76(4) - -

15 1.99(1) 1.03(5) 0.77(3) - -

10 1.97(1) 1.52(6) —0.38 0.7(2) -

42 1.98 14(1) ~0.38 83(2) 42(1)

located near 2.1 mms ™~ ' and was therefore hidden when hyper-
fine fields were smaller or totally absent.

In EuAuSn magnetic hyperfine fields are also transferred to
the various tin sites below the ordering temperature of europi-
um. As in the europium spectrum, three subspectra were used to
fit the experimental data with intensities in the ratio 1:3.5:1 at
42K. Two magnetic flux densities of |B,| =8.3 and
|B,| =4.2 T are well separated at 4.2 K. Their directions are
both perpendicular to that of the electrical field gradient princi-
pal axis, which results in a change of AE, by a factor of —'/,
and produces the correct asymmetry of the signal. The third
component of the magnetic hyperfine spectrum represents the
tin sites with a small transferred hyperfine magnetic field. This
component is simulated by a simple Lorentzian curve and also

includes the presumed impurity near 2.1 mms™ 1.
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A Study of the Gas-Phase Reactivity of Neutral Alkoxy Radicals by
Mass Spectrometry: a-Cleavages and Barton-Type Hydrogen Migrations
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and Helmut Schwarz*
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Abstract: The reactivity of neutral alkoxy
radicals in the absence of any interfering
intermolecular interactions is investigated
by means of the recently introduced
method of neutral and ion decomposition
difference (NIDD) spectra. These are ob-

alkoxy radicals undergo 1,5-hydrogen mi-
grations from carbon to oxygen, that is,
Barton-type chemistry. This facile rear-
rangement has been studied in detail for
n-pentoxy radicals by isotopic labeling ex-
periments and computation at the Becke

3LYP/6-31G* level of theory. Further,
the NIDD spectra of 3-methylpentoxy
radicals permit for the first time the iden-
tification of the diastereoselectivity of the
gas-phase hydrogen migrations. The re-
sults from the NIDD method are com-

tained from quantitative analysis of the
corresponding neutralization—reioniza-
tion (NR) and charge reversal (CR) mass
spectra. The following trends emerge:
alkoxy radicals with short (C,-C5) or
branched alkyl chains give rise to a-cleav-
age products, whereas longer-chained

spectrometry -

Introduction

Ever since the discovery of specific 1,5-hydrogen migrations in
alkoxy radicals, the so-called Barton reaction,’" the reactivity!?
of alkoxy and related heteroatom-centered radicals has attract-
ed special attention.’®) Alkoxy radicals play a crucial role in the
oxidation of alkanes, for example in combustion and atmo-
spheric processes.'! However, experimental studies of the reac-
tivity of alkoxy radicals in solution are quite demanding in terms
of analytical techniques and manpower.l®! Here, we describe a
simple mass spectrometric approach for the investigation of
some aspects of the intramolecular reactivity of gaseous alkoxy
radicals.

Over the last two decades, mass spectrometry has developed
from a mere analytical method to a sophisticated means for the
gas-phase investigation of both unimolecular and collision-in-
duced ion fragmentations, and of bimolecular ion—molecule
reactions.’ Since the mass analysis relies on the interaction of
the charge with magnetic and electrostatic sectors, the method
has long been limited to the examination of ionic species. How-

[*1 Prof. Dr. H. Schwarz, Dr. D. Schroder, Dr. C. A. Schalley,
Dipl.-Chem. G. Hornung, Dipl.-Chem. M. Dieterle
Institut fiir Organische Chemie der Technischen Universitit Berlin
Strasse des 17. Juni 135, D-10623 Berlin (Germany)
Fax: Int. code +(30)314-21102
e-matl: schw0531 @ www.chem.tu-berlin.de

1866

Keywords
alkoxy radicals - Barton reaction -+
density functional calculations -
radicals

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

pared to those from carlier studies in the
condensed phase. This new mass spectro-
metric approach is suggested as a tool for
the examination of intramolecular reac-
tions of free alkoxy radicals which can
usefully complement theoretical studies.

mass

ever, in the late 1960s Lavertu et al. and Devienne!”! demon-
strated that collisions of fast-moving ions with appropriate
target gases can lead to the formation of transient neutral mol-
ecules. The pioneering work of McLafferty and coworkers de-
veloped neutralization—reionization (NR) mass spectrometry!®!
into a general technique for structural characterization of un-
conventional neutral species generated from appropriate ionic
precursors by vertical electron transfer.'®] Most often, this
method has been used to address the existence and structural
characterization of neutral species, and until now only a few
studies™ ™ 1% have dealt with the reactivity of the neutral spe-
cies, most of them using the advantages of variable-time NR
experiments.” °°! It is indeed often difficult to recognize which
fragmentations in a NR experiment occur in the neutral species
itself, since the projectile and recovery ions also undergo frag-
mentations. Recently, we developed a fairly simple approach to
separate these phenomena by subtracting normalized charge
reversal (CR)!"' ! spectra from NR spectra.l'?! This method re-
lies on the difference in fragmentation intensities of charged and
neutral species, and thus has been denoted neutral and ion de-
composition difference (NIDD) mass spectrometry.[*!

Here, we examine the gas-phase reactivity of alkoxy radicals
by means of the NIDD method. As solution chemistry of alkoxy
radicals has been studied in great detail by a variety of experi-
mental' ~* and theoretical™™* techniques, the present results
will also serve to evaluate the performance of the NIDD
method. The timescale of NR experiments (ca. 10~ % s) is quitc
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suitable for studying typical alkoxy radical fragmentations,
such as a-cleavage of C—H or C—C bonds.''* In addition, for
alkoxy radicals with sufficiently long side chains, the regio- and
diastereoselectivity of 1,5-hydrogen migrations (the Barton re-
action)!'**! can be probed in the highly diluted gas phase by the
NIDD method for substrates bearing a specific isotopic label.

The error bars of the resulting difference spectra are of course larger than
those of the individual CR and NR spectra. To evaluate the reproducibility
of the results, each NIDD spectrum reported below was independently
checked at least once.

The unlabeled alcohols and their trimethylsilyl derivatives, which served as
precursors for the generation of the corresponding alkoxide ions 1-8, were
either commercially available or synthesized, purified by distillation or

Experimental Section Hyc HD,c”°

. . . 17 1a”
The experiments were performed with a modified VG ZAB/HF/
AMD four-sector mass spectrometer of BEBE configuration (B
stands for magnetic and E for electric sectors), which has been D b
described in detail previously.!*®) Briefly, for the generation of the o )QO' 0. o
alkoxide ions, mixtures of the corresponding alcohols and N,O
were ionized in a chemical ionization source (repeller voltage 2a” 2b”
=0 V) with a beam of electrons of 50-100 eV kinetic energy. For
“NR ~ experiments, 7 which require rather large ion abundances, o o o
the alkoxide ions were made by negative-ion chemical ionization A~ )\ )<D /]\
(NICT) of the corresponding trimethyl silyl ethers in a NF; plas- D,C CD,
ma.!*® This method increases the alkoxide ion intensities signifi- 4 4a” 4b~
cantly, because defluorosilylation occurs with high selectivity and
the undesired formation of enolate ions by dehydrogenation of the - - D,C O~
alkoxides within the source is thus largely reduced.!'!- '] X X
The ions of interest were accelerated to 8 keV translational energy DsC CD, D,C CDs
and mass-sclected by means of B(1)/E(1) at mass resolutions of S5a” 5b”
m{Am = 2000-5000. Unimolecular decompositions of metastable
alkoxide ions (MI) occurring in the field-free section preceding E(1)
were recorded with this sector. For collisional activation (CA) ex- N0 D,c” ~""0"
periments,[*®) the ions were made to collide with helium in the Ba_
field-free region preceding B(2) at 80% transmission {(7) of the
incident beam, which corresponds approximately to single-collision _ b D
conditions.1?% The fragmentations were monitored with B(2). NSNS /\/Yo /\)K/O-
In neutralization —reionization (" NR ™) experiments, the alkoxide _bD
ions were neutralized by high-energy collisions with molecular oxy- 7a 7b
gen (80% T') in the first of two differentially pumped collision cells
located in the field-free region between E(1) and B(2). Unreacted _ b b _ "
ions were deflected away from the beam of neutral species by /Y\/O MO 030/\/\/0
applying a voltage of 1 kV on a deflector electrode located between
the two collision chambers. Subsequent reionization to cations oc- 7d” 7e
curred in a second cell by collisions with oxygen (80% T). The
resulting mass spectra were recorded by scanning B(2). Due to the DD
reduced total ion currents in “NR ™ experiments, these were per- o o o~
formed in the field-free region between B(1) and E(1). To this end, /Y\/ m DD e DD
the ions were mass-selected with B(1), neutralized with O, (80% _ 3

8a 8b~ 8c”

T), and reionized with benzene (70% T') in the field-free region
preceding E(1), while this sector was scanned. Charge-reversal
mass spectral’ ! of alkoxide ions to cations (" CR ') were obtained
by colliding the ion beam with oxygen (80% 7) in the field-free
region preceding B(2). It should be noted that under these condi-
tions two-electron oxidations occur in a single step, although some
of the ions undergo multiple collisions. Therefore, a small contribu-
tion of NR processes is inherent in the CR mass spectra. In order
to study any possible perturbation of the NIDD spectra by multiple collisions
(see below), the pressure of the target gas in the "CR™ experiments was
systematically varied between 90-60% T. For the alkoxide ions under study,
no distinct sensitivity towards collision gas pressure was observed, with one
exception: the intensity of the CO’"* signal in the “CR* mass spectra of the
alkoxide ions increases with rising collision gas pressure. A detailed explana-
tion for this behavior is discussed below. Charge-reversal/collisional activa-
tion { "CR* /CA) mass spectra of alkoxide ions were obtained by colliding the
charge-reversed ion beam with helium (80 % 7)) in the field-free region follow-
ing B(2) and scanning the electric sector E(2).

All mass spectra were accumulated and processed online with the AMD-In-
tectra data system; usually, 20 to 100 scans were averaged to improve the
signal-to-noise ratio. The "NIDD* spectra were obtained by subtracting the
normalized peak heights of the ions in the raw data files of the CR™ spectra
from those of the corresponding “NR™ spectra according to Equation (1).

L(NIDD) = [[;(NR)/Z,[;(NR)] — [[,(CR)/ZI;(CR)] €]

Chem. Eur. J. 1997, 3, No. 11
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preparative gas chromatography, and identified by 'H NMR as well as mass
spectrometry. The deunterated alcohols were made by reduction of the corre-
sponding carbonyl compounds with either LiAlH, or LIAID, (Aldrich Chem-
icals, >98% D). For example, CD;CH,OH was prepared by reduction of
CD,COOD with LiAlH, in diethyl ether, then the ether was removed trom
the reaction mixture under vacuum, the residue was treated with a small
excess of saturated Na,SO, solution (—78—-0°C), and the product
was isolated by distillation and subsequently further purified. Similarly,
[4.4.4-D,]1-butanol was prepared by a) treatment of acctic acid with lithium
diisopropyl amide (LDA) in tetrahydrofuran to yield the dianion,
b) alkylation of the dianion with CD,CH,Br, followed by aqueous workup
and the isolation of [4,4,4-D,]butyric acid, and ¢) reduction of the labeled
acid with LiAlH,, work-up with saturated NH,Cl solution, and isolation of
the desired alcohol. In an analogous manner, 8b-8d were prepared. For
example, 8b was synthezised by a) treatment of propionic acid with LDA in
tetrahydrofuran to yield the corresponding dianion, b) alkylation of the
dianion with CH,CD,Br followed by isolation of [3,3-D,]2-methylbutyric
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acid, ¢} reduction of this acid with LiAIH, and conversion of the alcohol
obtained to the bromide by treatment with HBr, d) generation of the corre-
sponding Grignard reagent, which was converted to [4.4-D,]3-methylpen-
tanoic acid by reaction with CO,, and finally, ¢} reduction of the acid with
LiAlD, followed by conventional aqueous work-up and distillation.

The diastereoselectively labeled [4-D,]3-methylpentan-1-ols 8e and 8f were
prepared as racemic pairs starting from commercially available cis- and trans-
butene (Linde AG, 98 % purity), respectively (Scheme 1), via a) epoxidation

Some key aspects of the "NIDD ™ variant used in this study of
importance for the understanding of the present results are dis-
cussed in the next section.

The “NIDD™* method: The method relies on the comparison of
mass spectral data from neutralization—reionization ("NR*;
Figure 1a) and charge reversal ("CR ™" ; Figure 1b).Ina "CR~
experiment, a mass-selected, fast-moving anion
(usually with a kinetic energy in the keV range) is

D
1) NBS/H20 o) 1) LIAID4 i CH2(COgEt) made to collide with a target gas, and the following
2) 3N NaOH W M 2) TosClipy H NaOEt analyzer is adjusted to transmit positive ions so
OTos that charge-reversed species are detected. The vast
majority of “CR™ events involve vertical, two-
electron transfer processes to yield the correspond-
1) KOH ng catl?ns. . . '

D CO,Et 2) H30* D LiAH, D In a "NR™ experiment (Figure 1a), the mass-
; ; —_— _A OH selected anion is subjected to two sequential colli-

ACoEt BA A \CoH AN ; A jectec N
H H H sion events, in both of which a one-electron trans-
ge fer process occurs. In the first collision, the

Scheme 1. Preparation of diastereoselectively labeled [4-D,]3-methylpentan-1-ol.

with NBS under basic conditions, b) reduction of the epoxides with LiAlD,.
c) tosylation of the corresponding [3-D,]2-butanols, d) subsequent nucle-
ophilic displacement by diethyl malonate, ) saponification of the resulting
diesters with aqueous KOH, f) thermal decarboxylation of the diacids, and
g) reduction of the carboxylic acids with LiAIH,.

Computational details: The calculations were carried out with the hybrid
DFT/HF Becke 3LYP method, as implemented in Gaussian 94,'! ysing the
standard 6-31 G* basis set for all atoms.!??! Geometry optimizations were
performed with gradient procedures, and vibrational frequencies were calcu-
lated in order to determine the nature of stationary points. The unscaled!??
frequencies were also used to derive zero-point vibrational energy (ZPVE)
corrections. All energies are given as heats of formation instead of relative
energies. As an anchor point, the experimental value for protonated 2-
methyltetrahydrofuran (AH, = 110.0 kcalmol ~ ') has been chosen.!?* Select-
ed geometrical data for calculated species are indicated in Schemes 5 and 6.
A complete set of Cartesian coordinates for each of the species is given in
ref. {12d] and is available upon request.

In general, the Becke 3LYP approach is expected to provide an accuracy of
ca. +5kcalmoi™! for relative energies:**! nevertheless, the level of theory
applied here does not reproduce well the electron affinity (EA) of the pentoxy
radical as derived from literature data. The calculated value of 0.96 eV is only
about half of the EA(n-C,H,,0) of ca. 2 eV as extrapolated from the litera-
ture datat?* for methoxy (1.59 ¢V). ethoxy (1.72 eV), a-propoxy (1.79 eV),
and n-butoxy (1.90 eV) radicals. This failure is certainly due to the basis set
used, which is not appropriate for a quantitative prediction of electron affini-
ties, and diffuse basis functions have to be added for this purpose.[*®) How-
ever, this is no serious drawback in the present context, because the crucial
processes that determine structure and reactivity and which form the focus of
the present study take place on the neutral and cationic surfaces. As will be
shown by comparison of the theoretical results with known experimental data
for several key species (see below), the leve! of theory and the corresponding
basis set chosen are appropriate for a gualitative, if not semiquantitative
description of these systems. Therefore, the problem of an accurate computa-
tional evaluation of electron affinities was not further pursued here.

Results and Discussion
This paper uses a new mass-spectrometric approach to study the
reactivity of neutral organic radicals. This approach, the NIDD
technique, was introduced in ref. {13], to which the interested

reader is referred for an in-depth methodological description.
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Figure 1. Schematic representation of a) "NR™* and b) "CR ™ experiments.

anion yields the corresponding neutral species and the remain-
ing ions are deflected away by a high voltage of ca. 1 kV. The
neutral can travel freely for a distance of some ¢cm, which corre-
sponds to a lifetime of the order of several microseconds. A
second collision leads to reionization of the fast-moving neutral
beam to give cations which are then detected by conventional
mass spectrometric techniques. The key feature of the NIDD
approach is thatina "NR ™ experiment, unimolecular reactions
and fragmentations of the neutral(s) may take place in the ps
time interval preceding reionization, while these do not occur in
the “"CR™ event. Hence, the product ions may differ, yielding
information on the processes taking place in the neutrals. In
other words, CR spectra are dominated by fragmentations of
1onic species, while NR spectra also contain contributions from
the fragmentations of the neutral intermediates. The contribu-
tions of the neutral and the ionic species can be identified by
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subtracting the normalized CR spectrum from the normalized
NR spectrum. This yields a NIDD mass spectrum, in which the
positive intensities correspond to the fragmentation of neutrals,
while ionic fragmentations appear as negative peaks.

From these considerations, some conditions can be derived
for the application of this approach.

a) Only those ions can be studied which give rise to structurally
indicative CR spectra. While this may be a drawback for the
investigation of cationic precursors, the “CR " procedure is
expected to be applicable to almost any anionic species.[!*

b) The neutral under study has to be formed as a major compo-
nent of the particle beam in the neutralization event. This
can be checked by recording “"NR™ mass spectra, in which
intense recovery signals should be present.

¢) The internal energies and lifetimes of the neutrals formed
should fit the time window of the experiment. Thus, unstable
neutrals which decompose immediately after neutralization
or neutrals which are stable in the ps timeframe will not give
meaningful NIDD spectra.

d) The systems under study should not be very sensitive to the
pressure of target gases in the collision cells. This is of partic-
ular importance, because the CR procedure requires only
one collision, while two collisions are needed for a NR exper-
iment. A strong sensitivity of the spectra to the collision
conditions may give rise to artifacts in the NIDD spectra.

e) The reactivity of the reionized species should not be too
sensitive to changes in internal energy, because this would be
reflected in additional differences between the NR and CR
mass spectra.l’ 2] Such changes in internal energy may occur
because of the vertical nature of the electron-transfer pro-
cesses.

f) Finally, the nature of NIDD mass spectrometry as a differ-
ence method requires high reproducibility of CR and NR
spectra.

The application of "NIDD* to alkexide ions: Exploratory exper-
iments demonstrated that the requirements defined above hold
true for this class of compounds. In particular, the "CR™* and
“NR* spectra of alkoxide ions are well reproducible and show
a distinct dependence on the structure of the precursors.[*”!
Further, "NR™ mass spectra (see below) of alkoxide ions con-
firm that the neutral alkoxy radicals are formed as major com-
ponents such that fragmentation of the anions hardly interferes.
Finally, except for the CO"* signal (see below), the “CR ™ mass
spectra are barely sensitive towards collision gas pressures.
Hence, all prerequisites are fulfilled for the alkoxides, so "CR™
and "NR™ experiments can be performed and the normalized
spectra subtracted from each other to afford the corresponding
“NIDD™" spectra. Two major advantages of the NIDD ap-
proach should be mentioned. a) The measurements do not de-
mand special instrumentation as needed for variable-time NR
experiments.['%® b) NR and CR experiments can be carried out
directly one after the other while ion source and focus condi-
tions can be kept constant, thereby eliminating several possible
eITor SOUICes.

The gas-phase chemistry of neutral alkoxy radicals: «-C—H and
«-C—C bond cleavage: As we are proposing an entirely new

Chem. Eur. J. 1997, 3, No. 11
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approach to investigate the reactivity of alkoxy radicals in the
gas phase, let us dwell upon the parent system, the methoxy
radical, in more detail. In 1979, Bursey et al.l?”! reported the
“CR" spectra of several alkoxide ions. From a comparison with
the CA mass spectra of independently generated cationic iso-
mers they concluded that alkoxy cations with an electron-defi-
cient oxygen atom are produced upon charge inversion. Five
years later, Burgers and Holmes!?8! showed that singlet
methoxy cations, *CH,O7, rearrange without a barrier to the
hydroxymethyl cations, 'CH,OH*, while the much less stable
triplet electromer *CH,O" rests in a shallow minimum on the
3[C,H,,0]" potential energy surface.?°! Collisional activation
of mass-selected survivor ions in a “CR*/CA experiment un-
ravels the methoxy connectivity: fragments at m/z =15 and 16
indicate the presence of a methyl group and an oxygen atom,
whereas a signal at m/z =17 is negligible. The CH,OH ™ isomer
instead gives rise to signals at m/z =14 and 17, while almost no
peak is detected at m/z =15.

The "NR™ (Figure 2a) and “CR ™ (Figure 2b) mass spectra
of the methoxide ion 17 reveal very similar intensity distribu-
tions. Notable differences are only observed for the losses of

® HCO"
H,CO™
Recovery
signal
*CH,0"
H,CO™
Recovery
CH," co” signal
l \ /SCHso*
m/z —»
@ H 200'* Recovery
co™* signal
\ I I[ 3CH30+
CH,"
HCO"
m/z ~-—»

Figure 2. a) "NR™ mass spectrum (O,, 80% T; O,, 80% 7). b) "CR™ mass
spectrum (O,, 80% T), and ¢) “NIDD™ spectrum of methoxide ions 1 .

atomic and molecular hydrogen (»/z 30 and 29, respectively;
Table 1). Considering the electron affinity of 1.59 eV for the
methoxy radical,®*#! electron loss should be a relatively facile
process in the collisions of fast 1~ with a target gas such that
methoxy radicals will be produced as the major component of
the neutral beam. This conjecture is supported by the "NR~
spectrum of 17, in which the survivor signal for reionized
CH ;0" represents the base peak. Furthermore, the “CR ™" mass
spectrum hardly depends on collision gas pressure.
Subtraction of the normalized “CR™ intensities (Table 1,
entry 2) from the "NR™ peak heights (entry 1) leads to the

1869

0947-6539/97/0311-1869 § 17.50+.50/0





FULL PAPER

H. Schwarz et al.

Table 1. Mass differences (in amu) observed in the "NR™ and “CR' mass spectra (entries | and 2) of methoxide ions (17) and “NIDD* mass spectrum (entry 3). The
intensities of the "NR* and “CR ™ mass spectra arc normalized to the sum of all fragmentations equal to unity including the recovery signal.

Entry miz >
31 30 29 28 16 15 14 13 12

1 “NRT 0.020 0.142 0.688 0.105 0.007 0.015 0.010 0.007 0.006 1

2 “CR” 0.015 0.095 0.754 0.096 0.004 0.016 0.008 0.007 0.003 1

3 NIDD* 0.005 0.047 --0.066 0.009 0.003 —0.001 0.002 0.000 0.001 0

“NIDD* spectrum listed in entry 3 of Table 1 and in Figure 2¢.
The most important feature is that the signal for CH,O" is
positive, indicating that the loss of a hydrogen atom occurs from
neutral CH,O". From the "NIDD¥ spectrum of isolopomer
1a~ a primary kinetic isotope effect of ky:kp = 2.1 for the loss
of atomic hydrogen can be derived. In contrast, the elimination
of molecular hydrogen to give rise to HCO™ appears with neg-
ative intensity; this is in line with the known fact that dehydro-
genation proceeds after reionization to the methoxy cation.?®
Also, the “"CR ™ mass spectrum exhibits a signal (though weak-
cr) for the loss of atomic hydrogen. This finding can be traced
back to two processes: a) A small quantity of neutral species is
generated in the charge reversal procedure (see Experimental
Section), and their fragmentations obviously contribute to the
observed spectrum. b) In addition, part of the CH,O" " signal
observed in the CR spectrum is due to collision-induced frag-
mentations of the reionized methoxy cations. This is in agree-
ment with the observation of a small CH,O"" signal (=10%
relative to the base peak) in the “CR™/CA mass spectrum, in
which the recovered methoxy cation is mass-selected and colli-
stonally activated. Nevertheless, the positive signal observed for
CH,O"" in the "NIDD* spectrum gives evidence that the ma-
jor contribution is due to neutral CH;0O". Instead, the major
process in the "CR™*/CA mass spectrum corresponds to loss of
H,. This indicates that the formation of HCO™ occurs from
reionized CH;0~ fully in line with the negative “NIDD ™ signal
for this ion.

In conclusion, the result of the “NIDDY experiment
can be summarized in a simple picture (Scheme 2,
R'=R?=R?=H): on neutralization of the anion, the
methoxy radical undergoes loss of atomic hydrogen by «-C-H
bond cleavage, yielding formaldehyde as the favorable neutral
product. In contrast, the negative signal for m/z 29 (HCO™) in
Figure 2¢ implies that 1,1-elimination of molecular hydrogen
from the radical is not significant, and rather prevails for the
cationic species.

R' O~
s
_ o]
ot -2e -e Jk
Plog (CR) (NR) r?
3
R V\R1R2 y
07 RR RO R'O° R”
%
R1 RZ R3 -~ RZKRS 1
ot ‘/R1R3 —RX*

Scheme 2. Interpretation of the " NIDD™* spectrum in Figure 2c.
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Let us now briefly return to the origin of the CO'* signal,
which shows up in the "NIDD7™ spectrum as a positive peak. In
the "CR™* experiment, this signal increases with rising collision
gas pressure. An earlier NR study of acetaldehyde radical
cations? reported that the CO"* signal is due to loss of CH,
at the neutral stage. In addition, a strong pressure dependence
of this particular signal is observed when the neutral is collision-
ally activated in an NCR (neutralization —collisional activation
of the neutral—-reionization) experiment, in perfect agreement
with our observations. Thus, in the case of alkoxy radicals, the
CO" " signal can be rationalized by consecutive fragmentation
consisting of a-cleavage leading to formation of a neutral car-
bonyl moiety, which further decomposes to give rise to CO,
subsequently detected as its radical cation after reionization.

The observed reactivity of the neutral fully agrees with ther-
mochemical considerations (Table 2). Methoxy radicals can, in
principle, decompose by two different bond cleavage reactions

Table 2. Heats of reaction (AH,) for several fragmentation reactions of alkoxy
radicals. Energies are given in kcalmol™* [a].

Reaction AH,
CH,O" - CH, 0+ H’ 224
CH,O" - CH; +0O 90.7
CH,O" - HCO + H, 7.0 [b]
CH,O’ - CH + H,0 80.9 [b]
CH,O" - CH, + OH" 98.6 [b]
CH,CH,O’ — CH,0 + CH; 13.0
CH,CH,O» - CH,CHO + H" 16.7
CH,CH,CH,0" - CH,0 + CH,CH; 11.9
CH,CH,CH,O0" - CH,CH,CHO + H’ 17.2
(CH,);CHO" - CH,CHO + CH; 7.7
(CH,),CHO" - (CH,;),CO +H" 127
(CH ),COr — (CH,},CO + CH; 5.7

[a] Calculated on the basis of literature data.[?* {b] These reactions do not corre-
spond to simple bond cleavages, and the presence of a barrier has to be taken into
account (see text).

Rupture of one of the C~H bonds to
afford CH,O + H® is endothermic
(22.4 kcalmol ™). In comparison, cleav-
age of the C-0O bond is much more en-
ergetically demanding (90.7 kcalmol ™ ');
consequently, this process does not con-
R® tribute to the observed radical reactions.
The formation of an HCO" radical con-
comitant with H; is located energetically
below the H° loss (7.0 versus
22 4 kcalmol ~1). However, in the neu-
tral species the calculated barrier for the
H, elimination reaction exceeds that for
hydrogen-atom loss by more than
20 kcalmol ~'.12Y1 Finally, the formation
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of CH' +H,O0 (80.9kcalmol™") and of CH,+ OH’
(98.6 kcalmol ') can also be ruled out for energetic reasons. In
conclusion, the loss of hydrogen atoms from methoxy radicals
is the process of lowest energy demand, which is in good agree-
ment with the experimental findings and literature data.[*- 131
In order to probe whether the reactivity pattern depicted in
Scheme 2 can be generalized, a series of alkoxide ions (1-8) was
investigated by means of the "NIDD" approach. Neutral
ethoxy radicals 2° (R' = R?*=H; R®=CH,) give rise to
methyl loss competing with hydrogen-atom expulsion. The loss
of CHj is somewhat less endothermic (13.0 kcalmol ™", Table 2)
than the expulsion of a hydrogen atom (16.7 kcalmol ™). This
thermochemistry is in line with the experimental observation
(Figure 3a) that more CH; than H' is expelled from 2°. In con-

® H,CO™
co* ¥ CH,CHO™
N |
e | |
f ' l
CH,"
HCO'
m/iz —»
® chfo‘*

CO'\: l CH.CDO™
S o
CH;,

DCO’

m/iz —»
©® H,CO™
CD,CHO™
co™
. .Tl'l A 'II
CH;

HCO"

m/z —

Figure 3. a) “NIDD™* spectrum of ethoxide ions 27. b) "NIDD* spectrum of
[1-D,]ethoxide ions 2a~, and ¢) “NIDD™ spectrum of [2-D;Jethoxide ions 2b~.

trast, ethoxy cations yield predominantly HCO™ concomitant
with methane formation by 1,1-¢limination. In addition, a less
intense 1,1-elimination of H, is found supporting the reactivity
pattern as displayed in Scheme 2. These conjectures are further
supported by the "NIDD™ spectra of the isotopomers 2a° and
2b* (Figures 3b,c). Their "NIDD™* spectra reveal that neutral
2a’ exhibits losses of D™ and CH}, whereas 2b" expels H" and
CD;. In addition, DCO™* and HCO*, respectively, represent the
products of the 1,1-eliminations of CH,D and CD,H from these
isotopomers at the ionic stage.l?%

Analogous reactivity was observed for the radicals 3°, 4°, and
5 generated from the corresponding alkoxide ions. For
example, neutral n-propoxy radicals 3 (R!=R2?=H;
R3 = CH,CH,) give rise to ethyl loss in conjunction with a
small amount of hydrogen-atom expulsion. The loss of C,H: is
5.3 kcalmol ™! (Table 2) less endothermic than the expulsion of
a hydrogen atom, fully in line with the experimentally observed
intensities in the “NIDD* mass spectrum (Figure 4a). In con-
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CH, HCO"
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CH,” HCo* CH,CO"
m/iz —»
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b
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Figure 4. a) “NIDD™ spectrum of a-propoxide ions 3 ", b) “NIDD " spectrum of
i-propoxide ions 47, and ¢} “NIDD™* spectrum of r-butoxide ions 5.

trast, for n-propoxy cations a strong HCO™ signal correspond-
ing to the loss of C,H by a 1,1-¢limination reaction is observed.
In addition, a less intense 1,1-elimination of H, is also found.
The "NIDD™ mass spectrum of /-propoxide 4~ (Figure 4b)
reveals that the formation of acetone and acetaldehyde by elim-
ination of H' and CHj;, respectively, proceeds during the neutral
stage prior to reionization. As the difference of the reaction
enthalpies for H' (AH, =16.7 kcalmol ™ !; Table 3) and CH;
losses (AH, =7.7 kealmol ™) is larger than in the ethoxy sys-
tem, the hydrogen expulsion can hardly compete with the elim-
ination of a methyl radical. These thermochemical consider-
ations are in good qualitative agreement with the observed
intensities in the “NIDD* mass spectrum of 4°, displaying a
small positive signal for (CH,),CO'" and a large peak for
CH,CHO"". In contrast, losses of methane and ethane, which
are formed from 47 in formal 1,1-elimination processes, bear
negative intensities in the difference spectrum. Labeling experi-
ments show that the expulsion of methane from 4* is a genuine
1,1-elimination, that is, there are large, negative signals for loss-
es of CH,D and CHD, from 4a~ and 4b ™, respectively. The
homologous f-butoxy radical 5* expels CHJ exclusively (Fig-
ure 4¢). From the "NIDD™ spectrum of 5a~ the secondary
kinetic isotope effect for the elimination of *“CH, versus "CD,
can be estimated to be k31 kcny =1.2. The formation of acetyl
ions by 1,1-elimination can be established by an examination of
labeled 5b~. In the “NIDD* mass spectrum of 5b " the signal
for the acetyl ions is shifted to m/z = 46, which indicates that
three deuterium atoms are present in this ionic fragment. If
propyl ions are formed instead, they should incorporate seven
deuterium atoms (m/z = 50); however, only a small peak is ob-
served at this mass-to-charge ratio.

In conclusion, “NIDD™* is well suited for the investigation of
the reactivity of neutral alkoxy radicals. A general reaction
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scheme evolves for radicals with short or branched side chains
in that they lead to the carbonyl compounds by competing «-
cleavages (Scheme 2). If the carbon adjacent to the radical cen-
ter is substituted with different alkyl groups, a competition be-
tween different reaction channels is observed, depending on the
thermochemical stabilities of the carbonyl compounds and the
radicals formed during these processes. Last but not least, since
similar results have been observed for alkoxy radical reactivities
with entirely different experimental approaches,'* '3 the differ-
ence method seems suitable to probe the reactivity of gaseous
alkoxy radicals.

Barton-type 1,5-hydrogen migrations in transient alkoxy radi-
cals: A new situation is encountered for alkoxy radicals with a
chain length of more than three carbon atoms. These radicals
have already been found!!"# 5! to undergo Barton-type 1,5-hy-
drogen migrations from C(4) to the oxygen atom via six-mem-
bered transition structures,' ! thus resulting in the activation
of C—H bonds remote from the functional group.P*3! A large
number of mechanistically related gas-phase reactions of radical
cations giving rise to distonic ions are known and have been
reviewed earlier.®* To our knowledge, however, rearrange-
ments of neutral radicals have so far not been studied using the
NR technique.

n-Butoxy radical: In Figure 5 the "NR* and "CR™* mass spec-
tra of 6~ are displayed together with the corresponding differ-
ence spectrum. Three salient features of these spectra should be
pointed out: a) The recovery signals are weak in the "NR ¥ and
“CR™ spectra. b) Fragments corresponding to radical decom-
positions according to Scheme 2 are observed, such as the «-
cleavage leading to propyl radicals and, with weak intensity,
formaldehyde, which upon reionization give positive signals in

®  CHy| M
.  Recovery
{M-H,0] signal

[C4Hg, 01

xt0

CH20H+’ miz —»
@ o
C,H Recovery
j‘/ & signal
[CHg O

M-H,O}"
CH; [M-H,0]
e “Ixt0
CH,0OH" m/z —»
©® CH,OH"  C,Hy |[M-H,0]
CgHy
ll
i e | PR ;
CH; .
CsHS
CZH; m/z —»

Figure 5. a) "NR™ mass spectrum (O,, 80% T; O,, 80% T), b) "CR™ mass
spectrum (O,. 80% T), and ¢) “NIDD* spectrum of #-butoxide ions 6.
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the "NIDD™* spectrum (Figure 5¢). ¢) In addition, three sig-
nals indicate the occurrence of an intramolecular hydrogen
transfer to the oxygen centered radical:1*¥ protonated
formaldehyde ions show up as a positive signal in the difference
spectrum, indicating the formation of ‘CH,OH radicals from
neutral 6°. This is further supported by the positive signal for the
C,H;" fragment, which is the counterpart to the loss of
*CH,OH from 6°. Finally, the loss of water indicates the occur-
rence of a double hydrogen transfer to oxygen. Conducting
these experiments with labeled 6a™, the origin of the migrating
hydrogen atom is uncovered. In the “NR ™ mass spectrum of
6a, CH,OD" and [D,]propene cations are observed, the for-
mer clearly in line with a six-membered transition structure for
a 1,5-hydrogen migration as observed in the Barton reaction.!
However, the water loss is subject to partial H/D-exchange lead-
ing to a H,0:HDO:D,O0 ratio of ca. 1:10:5.

n-Pentoxy radical: Compared with the n-butoxy system, the
differences between charge reversal and neutralization - reion-
ization mass spectra are more pronounced for the n-pentoxide
ion (Figures 6a,b); hence, the "NIDD* spectrum is also more

[M-H,01"
Recovery
signal

[CsH,. 0"

CH;
! “)x20
CH,OH*” miz —»
® C,H3 Catts Recovery
signal
CHy [CsH,,,0F

[M-H,0F ML

ki “Ix20

CH,OH* m/z ——»
[M-H,01"
© CHy :
CH,OH"
il 1

N
CH;

CH;  CiHg miz —»

Figure 6. a) “NR* mass spectrum (O,, 80% T; O,, 80% T), b) "CR" mass
spectrum (O,, 80% T), and ¢) "NIDD™ spectrum of n-pentoxide ions 77

instructive. Water loss as well as signals for the CH,OH™
cations and the complementary C,H;* fragment are observed,
which all give rise to positive signals in the difference mass
spectrum (Figure 6¢). In fact, the hydrogen-atom transfer to the
oxygen-centered radical within the neutral is more pronounced
compared to that in the C, system: while the signal for the water
loss amounts to less than 15% of the base peak (C;H7) in the
“CR™" mass spectrum (Figure 6b), it is the most abundant ion
in the "NR™* experiment (Figure 6a). Products due to a-cleav-
ages are not observed for 7" as positive signals in the “"NIDD™*
spectrum.
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Owing to the fact that 7° gave the most pronounced effects
and that the products of the hydrogen migration are not masked
by a-cleavages, we decided to study the [C5,H,,,0]" system in
more detail by isotopic labeling experiments in conjunction with
ab initio calculations. In order to exclude a conceivable hydro-
gen migration proceeding within the anion prior to neutraliza-
tion, in the next sections we will first discuss the unimolecular
and colliston-induced fragmentation reactions of #-pentoxide
ions 7. Then the neutralization process and the relevant parts
of the potential energy surface for the neutral [C,,H,,,0]" iso-
mers will be described, followed by a presentation of the cationic
[C,s.,H,,,0]" potential energy surface.

Metastable alkoxide ions are known[*®! to undergo dehydro-
genation to yield enolates. The investigation of the labeled pre-
cursors 7a”~ —7e” provides a clear picture of this reaction. For
7c¢”—7e"~, which are labeled at positions remote from the oxy-
gen atom, only elimination of H, is observed, while 7a”~ and
7b~ decompose exclusively by expulsion of HD. The same re-
sult is obtained irrespective whether MI or CA mass spectra
were recorded. No other processes are observed, most likely
because electron loss sets an upper limit for the energy demands
of these reactions. As demonstrated earlier,?%! the loss of molec-
ular hydrogen from 77 leads to the corresponding enolate ion in
a formal 1,2-elimination; this conjecture is fully in line with the
isotopic labeling results. In marked contrast, the water loss in
the "CR* and "NR™ mass spectra of 7a~ and 7b~ is isotopi-
cally pure H,O. Thus, these findings, together with the positive
signals for [M — H,0}" in the difference spectrum of 7~ (Fig-
ure 6¢) clearly demonstrate that the transfer of a hydrogen atom
from the chain to the oxygen atom does not occur in the n-pen-
toxide ion. Rather, rearrangement is confined to a later stage,
that is, to the neutral radical or the cation.

It is important to ensure that the neutralization step in the
“NR"* experiments conducted with 7~ yields predominantly the
corresponding radical 7' in the first step. This is indeed found
experimentally, since the base peak in the "NR ™ mass spectrum
corresponds to reionized 7" accompanied by a small signal for
the [7 — H,]™ enolate ion (<10 % of the recovery signal). Fur-
thermore, the “CR ¥ mass spectrum of 7" is rather insensitive to
changes in the collision gas pressure. Therefore, the conditions
outlined above for an application of the difference method are
fulfilled. The resulting difference spectrum of unlabeled 77 is
depicted in Figure 6¢, and the spectra of the isotopomeric spe-
cies 7Ta~ —7e” in Figure 7.

In order to establish the course of the hydrogen-atom
transfer, the experiments were carried out with isoto-
pomers 7a~—7e~. While the “"NR* and “CR™* mass
spectra are rather complex, the mass shifts introduced by
labeling can be analyzed quite easily in the difference
spectra (Figure 7) as far as the positive components are
concerned. Upon deuteration at C(1) (Figure 7a), forma-
tion of CD,0OH ™ concomitant with C,H3* is found. This
result supports the assumption that both fragments are
due to the cleavage of the C(1)—C(2) bond in the neutral
radical, followed by reionization. If this bond cleavage
were to occur after reionization, on energetic grounds
only an intense hydroxymethyl cation peak would be ex-
pected, following Stevenson’s rule,’*”! due to the different
lonization energies of the fragments, IECCH,OH) =

Chem. Eur. J. 1997. 3, No. 11

& WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

1866—1883
@ (M-H,OT"
CHy
CD,0H*
.
.
® IM-H,OF"
C,HD;
CHZOH*
| I ' -
@ ]‘ll ,IM-HDO]
C,HDy M-H,0T"
CH,OH*
\

)] [M-HDOJ*
[M-D,0"

M-H,O]"

CH,0D]_ CH7D’ \. (M0l

S

M-H,0]*
[M- HDO]
C,HsDy
L 'I T
I miz —»
Figure 7. "NIDD™* spectra of a) [1,1-D,]pentoxide 7a~, b) [2.2-D,]pentoxide

77, ¢ [3,3-D,Jpentoxide T¢7,
pentoxide lons 7e™.

d) [4.4-D,lpentoxide 7d7. and ¢} {5.5.5-D,)-

7.56 eV, IE(C,H,) > 9 V.24 381 Analogously, all initial deuteri-
um atoms are completely retained in the butene fragments for
7b~,7¢”, and 7e” (Figures 7b, c, ¢), demonstrating that only
the C(4) position serves as the origin for the transferred hydro-
gen. This is further confirmed in that 7d~ (Figure 7d) transfers
one deuterium atom exclusively resulting, after reionization, in
CH,OD™ and C,H,D"". From these findings, we conclude that
the hydrogen-atom transfer in 7" is regiospecific’*°! and follows
a Barton-analogous 1,5-hydrogen migration pattern, pre-
sumably involving a six-membered transition structure TS7°/9°
(Scheme 3) without any competing H/D-exchange processes.
As far as the loss of water is concerned, the situation is some-
what more complicated, in that partial H/D-exchange is ob-
served in the "NIDD ™ mass spectra. Figures 7c—e demonstrate
that mostly the hydrogen atoms originating from C(3)~C(5) of
the hydrocarbon backbone contribute to this process. Owing to

C,Hs + CH,OH

A 7N\

C,Hs* CH,OH*

Scheme 3. Hydrogen-atom transfer in 7° along a Barton-analogous 1,5-hydrogen migra-
tion pathway via a six-membered transition structure TS77/9".
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the fact that the first hydrogen transfer within the n-pentoxy
radical is not subject to H/D-exchange (see above), the latter
process must be associated with the migration of the second
hydrogen to the hydroxyl group. On thermochemical grounds it
18 not reasonable to assume a second hydrogen transfer occur-
ring within the neutral species. Instcad, it is morc plausible to
argue that reionization to 9 precedes this migration. Following
the mechanism depicted in Scheme 4, the second hydrogen

Scheme 4. Hydrogen transfers in 9 via cyclic transition states.

transfer can be regarded as an intramolecular proton abstrac-
tion via a five-membered cyclic transition structure TS9*/12%
that leads to 12* .11 Furthermore, reionization of the carbon-
centered radical 9" to a carbenium ion can easily account for the
experimentally observed partial H/D-exchange processes, if the
proton transfer is reversible and facile Wag-
ner - Meerwein rearrangements between 9%
and 137 are assumed to be involved prior to
the water loss. After isomerization of 9% to
137, intramolecular proton transfer via
TS13%/12" is possible. However, as will be
shown below, the five-membered transition
structure TS9*/12* is quite favorable in

Ts13*12*

“CH,OH

at the neutral stage; however, at least one of the reaction steps
involved has to take place within the neutral intermediate.
Therefore, this aspect has to be carefully considered in the inter-
pretation of NIDD spectra.*"]

Often, the interpretation of mass spectral data is aided by the
independent generation and investigation of ions of known con-
nectivity. Comparison of the unimolecular and collision-in-
duced fragmentations of a reference compound with the pro-

cesses reflected in the difference
spectra may thus provide addi-
+F tional support for the proposed
mechanism for the H,O loss.

T Ao
Therefore, we generated proto-
12* nated 3-pentene-1-ol (12%) by
/ chemical ionization of the neu-
e l tral alcohol in a CH; plasma.
CHE + HO The major reaction route in the

MI and CA mass spectra of 127
is dehydration, in agreement
with the proposal that 127 is an
intermediate en route to the wa-
ter loss.

Theoretical study of the n-pentoxy system: The experimental
results for the [C5,H,,0]"™ systems are supported by extensive
theoretical calculations performed at the Becke 3 LYP/6-31 G*
level of theory. The relevant parts of the [C4.H,,.0]" potential
energy surface are depicted in Figure 8, the calculated energies

*CH,CH,OH

RN TS9

PN,
30.8 ~

TS9/10° /
18.0

cnergy. Thus, although the participation of
TS13% /12" cannot rigorously be cxcluded,
this path was not pursued any further. A mi-
nor hydrogen exchange involves the C(5) posi-
tion, as indicated by the positive “"NIDD™*
signal for loss of HDO in Figure 7e. Neverthe-
less, the H/D-exchanges can only be partial;
this becomes clear from an inspection of Fig-
ures 7a and 7b, because the water loss shows
no deuterium incorporation from the C(1)and
C(2) positions. This would be expected if the
Wagner —Meerwein processes within the alkyl

+ ﬁ
CH;
AN oH,0H
+CH,0 .
" \

\

-(13.0)

TS7' /T

J' -{22.1)
~(25.1 -(24.1)
(25.1) i

-24.4 -237
9 9’
TS9' /9
-20.5

TS7"/9"
-13.4

Figure 8. Calculated [C5,H,,,0]" potential energy surface at the Becke 3 LYP/6-31 G* level of theory. The
neutralization process 7° —7° is depicted as a vertical arrow. Note that the experimental energy de-
mand ?* for the n-C,H; + CH,0 exit channel is ca. 5 kcalmol™" higher than the calculated value (for
details see Table 3 and text).

chain were much faster than the expulsion of
the H,0 moiety.

The water loss reveals an interesting aspect of the NIDD
method. Although this process appears as a positive signal in the
"NIDD™ spectrum of 77, it actually involves five individual
steps: a) an initial hydrogen-atom transfer at the neutral stage
to generale 9°, followed by b) a single electron transfer upon
reionization, ¢) a subsequent proton migration, d) partial
Wagner — Meerwein rearrangements, and ¢) loss of the water
moiety. In other words, positive signals in the NIDD spectra
need not necessarily represent processes which occur exclusively
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of [C4,H,,,0]" isomers and corresponding transition structures
are listed in Table 3, and the corresponding optimized ge-
ometries of relevant species are depicted in Scheme 5. All frag-
ment energies needed for the evaluation of the energetics of exit
channels are given in Table 4.

The extended structures 7~ and 7" are chosen as representa-
tives for the whole variety of different conformers of un-
branched C;H,,0""; as shown in Scheme 5, the geometric dif-
ferences between these two species are quite minor. As the
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Table 3. Calculated total energies (E,.). zero-point vibrational energies (ZPVE), and calculated as well as experimental heats of formation (AH) of [C5,H,,.0] /" isomers

and relevant fragmentation reactions.

E,... (hartree) [a] ZPVE (hartree) AH, (kcalmol ') [b] AH, (kcalmol 1) [c]
7" —272.196193 0.150244 —47.3 —651[d]
T —272.160739 0.151802 —25.1 —18.9
TS7 /7" —272.156026 0.152228 —221
7 —272.159290 0.152286 —24.1
TS7"19" —272.142100 0.147003 —-134
9 —272.159690 0.152114 —24.4
TSS9 /9" —272.153480 0.150961 -20.5
9 —272.158560 0.151210 —237 —23.9 [e]
TSO /10 —272.092098 0.147030 18.0
10 —272.158109 0.151473 —234
TSY —272.073945 0.148196 30.8
CH,CH,CH,CH; + H,0 —272.141536 0.144220 —13.0 ~8.0
11 +H —272.101957 0.142118 11.8 10.0
CH,CH=CH, + "CH,CH,0OH —272.12168t 0.144704 -0.5
trans-CH,CH=CHCH, + "CH,OH —272.132907 0.146039 —-7.6 —-9.1
CH,CH,CH=CH, + *CH,0OH —272.126587 0.146510 —36 —-6.3
¢-C,H,CH, + "CH,OH —272.116463 0.147586 —27 07
3CH,CHCH,CH," + "CH,OH —272.031570 0.139679 56.0

[a] Total energies based on Becke 3 LYP/6-31 G* optimized structures including ZPVE corrections (unscaled). [b] Calculated on the basis of literature data for the protonated
2-methyltetrahydrofuran, 14* (see Computational Details). [c] Experimental data have been taken from ref. [24]. [d] Estimated on the basis of literature electron affinities
for C, - C, alkoxy radicals (see Computational Details and ref. [24]). [¢] Estimated assuming BDE(RO~H) =104 kcalmol~ Yand BDE(C-H) = 99 kcalmol ~ ! for secondary

atkyl C-H bonds (ref. [42]).
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Scheme 5. Optimized geometries for species discussed in the text.

Table 4. Calculated total energies (E,,.;). zero-point vibrational energies (ZPVE),
and experimental heats of formation (AH;) of fragmentation products.

E,.. (hartree) [a] ZPVE (hartree) AH,
(kcalmol™ ") [b]

H —~0.5002728 - 524
H,0 76387794  0.021159 —578
CH,0 —114.473657  0.026814 —26.0
"CH,OH —~115.014517  0.037515 —62
CH,CH=CH, —117.827487  0.080067 48
"CH,CH,OH —154.294194  0.064637
trans-CH,CH=CHCH, —157.118390  0.108524 —29
CH,CH,CH=CH, —157.112070  0.108995 -0.1
¢-CyH,~CH, —157.101946  0.110071 5.5
3CH,CH'CH,CH; —157.017053  0.102164
CH,CH,CH,CH; —~157.667879  0.117406 18.0
CH,CHCHCHCH? —195.532002  0.124661 185.0
CH,CHCHCH,CH,OH (11) —271.601684  0.142118 —42.0 [¢]

[a] Total energies based on Becke 3LYP/6-31 G* optimized structures including
ZPVE corrections (unscaled). [b] Experimental data have been taken from
ref. [24]. [c] Estimated on the basis of AH{CH,=CHCH,CH,CH,OH) =
— 41.0 kcalmol ™1, AH(CH,=CH,CH,CH,0H) = — 36.0 kcalmol "', and
AH(CH,CH=CHCH,0OH) = — 37.0 kcalmol "' [24].

1,5-hydrogen migration does not proceed from 7°, we searched
first for the transition structure for rotation, TS7'/7”, to pro-
duce a conformer 7" which serves as a starting point for the
Barton rearrangement. TS7°/7” is located energetically ca.
3 kcalmol ! above 7', and conformer 7 is 1 kcalmol ™! less
stable than 7°. The exit channel of lowest energy demand from
7" corresponds to the a-cleavage to generate n-C,H; and CH, O,
as discussed above (Scheme 1). Note that the calculated energy
is ca. 5kcalmol™! lower than the experimental numbers.'*#)
This reaction defines an upper limit for the energy demand of
any conceivable unimolecular rearrangement of C,H,,O'.
Thus, the transition structure TS7°/9”* for the Barton reaction
must be located below this threshold. Indeed, TS7°/9 fulfills
this requirement, and the barrier height amounts to
~11 kcalmol " !, in fair agreement with literature data.t3! In a
previous study,’ the geometry of similar transition structures
for the 1,5-hydrogen transfer in 2-hexoxy radicals has been dis-
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cussed based on force-field calculations. In line with earlier ar-
guments,!'**4 these authors proposed that the C(4)~H-O
subunit is expected to be almost linear. For TS77°/9”, the ge-
ometry optimized at the Becke 3LYP/6-31G* level of theory
gives a chairlike transition structure, where the C(4)-H-0O
bond is only slightly bent with < C(4)HO =150.3°; relevant
bond lengths are /(C(4)-H) =1.261 and {H-0) =1.326 A.
The <« C(2)C(3)C(4)H dihedral angle is only 25.3° instead of 60°,
which is expected for a perfect chair conformation. The calculat-
ed transition structure can be interpreted as a compromise be-
tween a favorable chairlike conformation and minimized anti-
bonding interactions between the unpaired radical electron and
the C—H bond as realized in a quasilinear C-H-O subunit. The
hydrogen migration product 9" can undergo rotation along the
C(2)-C(3) bond to give rise to conformer 9° with an extended
hydrocarbon backbone. The calculated heat of formation of 9°
is slightly higher than that for 7°, while widely accepted litera-
ture data’™?! suggest that the bond dissociation energy of the
O-H bond is about 5 kcalmol™! higher than that of a sec-
ondary C—H bond. However, these differences are within the
error limits of the theoretical approach.

Concerning the energetics of possible exit channels for 97,
several pathways can be ruled out because these are much too
high in energy compared with the C,H; + CH,O exit channel
from 7°:a) Loss of a hydrogen atom from 9" yielding 3-pentene-
1-0l (11) is about 25 kcalmol™! higher in energy than the
threshold. Indeed, this channel is not observed experimentally.
b) Cleavage of the C(2)-C(3) bond leads to
propene and a "CH,CH,OH radical, and a very
minor positive signal is observed for the cation in
the "NIDD ™ mass spectrum of 7°. ¢) Asfar as the

C(3) to C(2). This reaction would give rise to trans- or cis-2-
butenc and "CH,OH. However, we unfortunately did not suc-
ceed in localizing this TS and the quest for the exact mechanism
for the fragmentation step yielding C,H, and "“CH,OH remains
uncompleted.**!

Part of the [C4,H,,,0]" potential energy surface (Figure 9)
can already be constructed from energetic data (Table 5) for
several isomers and transition structures (Scheme 6) relevant for
a rationalization of the water loss. The starting point is the

TS12*
1449

TS12"'112°
139.6

TS9'M2"

134.8
trans-12*

trans-12'*

TS913*
136.7

110.0
14*

Figure 9. Part of the calculated [C,,H,,.O]* potential energy surface relevant for
the water loss at the Becke 3LYP/6-31 G* level of theory.

Table 5. Calculated total energies (£,,,)), zero-point vibrational energies (ZPVE), and calculated as
well as experimental heats of formation (AH,) of [Cs.H,,,0]" isomers and relevant fragmentation

E,, (hartree) [a] ZPVE (hartree) AH, AH;
(kcalmol ™) [b] (kcalmol™ ') [c]

formation of C,H, is concerned, several isomers reactions.

are conceivable. Simple bond cleavage of the

C(1)-C(2) bond in 9 yielding a 1,3-butadiyl bi-

radical in its triplet state needs ca. 80 kcalmol ™?

and is not feasible. A transition structure TS 9" for 2;9,, -
S9+/12

the formation of methylcyclopropane by backside trans-12"*

attack of the C(4) centered radical at C(2) with TSI /12

"CH,OH as a leaving group could be located. i’:f'lef

However, with an energy demand of more than cis-12%

50 kcalmol~?, this path is far outside the energy Issfr

regime and can thus be ruled out. Formation of TS9*/13*

1-butene together with "“CH,OH radicals appears 14*

as an alternative, but the isomerization of 9°* to 10° S:

by a 1,2-hydrogen shift (TS9°/10%), which neces- 35+
sarily has to precede this type of C(1)-C(2) bond
cleavage, is too high in energy. Assuming that the

TS374 215"
CH,CH=CHCHCH};-H,0 —271.91979

—271.908699 0.151700 133.1
—271.906776 0.149739 134.3
—271.916990 0.154839 127.9
—271.898304 0.154271 139.6
—271.906007 0.154060 134.8
—271.913%42 0.155070 1298
--271.903386 0.154378 136.4
—271.888717 0.147004 144.9
—271.90685% 0.151430 134.3
—271.902932 0.150930 136.7
—271.945512 0.158183 110.0 110.0 {b]
—271.933449 0.155413 117.6 118.0
—271.823780 0.148624 186.4
—271.811232 0.147812 1943
—-271.761287 0.143567 225.6
0.145820 126.1 127.2

literature heat of formation of — 8.0 kcalmol ™!
for the C,H} + CH,O0 exit channel and the one for
the "CH,OH radical (— 6.2 kcalmol™!) are cor-
rect, no C,H, isomers with heats of formation of
more than — 1.8 kcalmol ™! are likely to be formed. Thus, only
cis- and trans-2-butene (—1.9 and —2.9 kcalmol ™!, respective-
1ly)!2#! or 2-methyl propene {— 4.0 kcalmol™') represent pos-
sible reaction products. Formation of the latter needs extensive
rearrangement of the hydrocarbon backbone, which is not very
likely to occur. Therefore, we tried to optimize a transition
structure for the cleavage of the C(1)-C(2) bond of 97, coupled
with a concerted, radical-assisted 1,2-hydrogen migration from

1876 ——— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

{a] Total energies based on Becke 3LYP/6-31 G* optimized structures including ZPVE corrections
(unscaled). [b] Calculated on the basis of literature data for the protonated 2-methyltetrahydrofuran.
14* (see Computational Details). [c] Experimental data have been taken from ref. {24].

reionized species 9*. In addition to the reactions depicted in
Scheme 4 several other rearrangements are feasible: a) Ring
closure by attack of one of the nucleophilic lone pairs of the
oxygen atom at C(4) leads to protonated 2-methyltetrahydro-
furan (147), which is more stable than 97 by ca. 23 kcalmol ™ !.
As 9% and 14" were characterized as genuine minima, one
would expect to see a transition structure connecting both.
However, several attempts to locate TS9* /14" failed. Although
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Scheme 6. Optimized geometries for species discussed in the text.

the energy demand for ring closure is not known, it is expected
to be rather low. This is also indicated by MI experiments with
independently generated protonated methyltetrahydrofuran,
which expels only water upon unimolecular decay. This process
points to a rather facile ring-opening reaction. b) In contrast to
anions™® or radicals, secondary carbenium ions such as 9%

Chem. Eur. J. 1997, 3, No. 11
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are expected to undergo facile interconversion with 137
(Scheme 4).1471 This is supported by the calculations. The spe-
cies 9% and 13" are more or less isoenergetic, with heats of
formations of 133.1 and 134.3 kcalmol~*, respectively. The
transition structure TS9*/13™, which connects the two carbeni-
um ions, is located only 3.6 kcalmol ! above 97, but clearly
below the transition structure TS 127 leading to the water loss.
Hence, as observed experimentally, H/D-exchanges invoking
C(3)/C(4) are easily accessible. ¢) Surprisingly, the barrier
TS9+/12’* describing the intramolecular proton abstraction
(Scheme 4) is located only ca. 1 kcalmol ! above 9%, It is con-
nected with protonated trans-3-pentene-1-ol (trans-12’+), which
is stabilized in its bent conformation owing to interactions of the
double bond with one of the acidic hydrogens at the oxygen
atom (Scheme 6).1'%1 This becomes clear when considering a
rotation around the C(1)—C(2) bond (TS12"7/12") leading to
the extended hydrocarbon side chain in trans-12*. Conformer
12* is higher in energy than 12°" by ca. 7 kcalmol ! and even
higher than TS9*/12’*. For comparison, the corresponding cis
isomers were also optimized; they were found to be located
above their trans-configurated analogues by =x1.5 to
2 kcalmol " !. Finally, the water loss most probably does not
proceed stepwise with a primary 3-pentene-1-yl cation as inter-
mediate, since this cation is not expected to exist as a minimum
on the [Cs,H,]* potential energy surface.[*®! Instead, we suc-
ceeded in locating a transition structure TS 12* for a concerted
water loss combined with a 1,2-migration of one of the C(2)
hydrogen atoms to C(1) yielding the energetically favorable
1,3-dimethylallyl cation as ionic product. TS12" is located
~12 kcalmol ™! above reionized 9* and is higher in energy as
compared to TS9*/12°* and TS12'*/127.

Nevertheless, the computed potential energy surface does not
satisfactorily explain the experimental H/D-distribution ob-
served for the water loss. As TS9*/12’* is located more than
10 kcalmol ! below TS 12", the intramolecular proton transfer
proposed in Scheme 4 is reversible. Furthermore, the 1,2-proton
shift 9° —137 can easily compete with the water loss due to the
low energy demand of TS9*/13". Thus, from the calculated
[Cs,H,,,01" potential energy surface, one expects a more com-
plete H/D-equilibration prior to the water loss, in particular
also participation of the hydrogen atoms at C(1) and C(2). This
is not in perfect agreement with the isotope pattern for the water
losses observed in the “"NR* mass spectra of 7a~—7e~. Note
that the water loss from 12* could also be described in terms of
an ion-dipole mechanism.[*°! Nevertheless, for this mechanistic
alternative too an activation of the C—H bonds at C(1) and C(2)
would be expected. This is not observed in the experiments
(Figure 7a and 7b). Therefore, this aspect remains open to fur-
ther investigation and will not be pursued further.

Furthermore, the computational study explains why the
“NR* spectra do not exhibit an intense survivor signal, al-
though 9" or 13™ represent stable cations: single-point calcula-
tions of 9" and 97 at the equilibrium geometry of the neutral
yield a vertical ionization energy of 9" of =173 kcalmol ™! this
number is about 15 kcalmol ™' larger than the adiabatic IE.
Thus, most of the 97 ions generated during the reionization step
contain enough internal energy to surmount the barrier for the
water loss, and only very few ions exhibit lifetimes long enough
to give rise to the recovery signals in the NR spectra.
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As already stated, it is known from the methoxy system that
triplet alkoxy cations can be generated by charge inversion of
the anions.'?”- 28] Therefore, some exploratory calculations were
performed for the *[C,,H,,,0]" potential energy surface. While
all attempts to locate a singlet pentoxy cation failed and geome-
try optimization always resulted in protonated pentanal (15%)
the triplet pentoxy cation *7* was found to be a stable species.
However, it is located energetically far above the singlet poten-
tial energy surface; for example, the energy difference between
9% and 37" amounts to more than 53 kcalmol ~!. Similarly,
3157 is higher in energy than its singlet analogue 15% by as
much as =77 kealmol 1. In addition, the transition structure
TS37*%/315" has been localized; both *15* and TS?*7*/215*
are found to be even higher in energy than *7*. In principle, 377
bears radicaloid character and would, therefore, be expected to
exhibit a similar reactivity to that of neutral 7°. Consequently,
the differences between the "NR™ and “CR" mass spectra
might be due to formation of *7* with different internal energy
content. In order to ensure that the positive signals in the
“NIDD™ spectra are indeed due to the reactivity of neutrals, we
performed single-point calculations for *7* at the geometries of
7" and 7 as a qualitative measure for the amount of excess
energy stored in *7* formed by either "NR* or “"CR ™" experi-
ments. One-electron oxidation of neutral 7° leads to triplet pen-
toxy cations with ca. 8 kcalmol ™!, while two-electron oxidation
of 7~ gives rise to 7% with ca. 11 kcalmol™ ! excess internal
energy. Although it is not impossible that 377 is formed in the
“CR* or "NR" experiments, the positive signals in the
"NIDD ™ spectra are not likely to originate from these species,
because the difference in internal energy is rather small.

There is one additional aspect which has to be pointed out.
Once 7' is formed by neutralization of 77, two competing reac-
tion pathways are accessible: direct bond cleavage to yield
CH,O together with n-C,H;, and hydrogen-atom transfer to
give rise to the Barton product. According to the calculations,
both processes have the same energy demand, so the bond cleav-
age should be entropically favored over the hydrogen migration.
Nevertheless, the experiments reveal a preference for the rear-
rangement pathway. This can be attributed to the fact that the
calculated CH,O +n-C,H, exit channel is underestimated by
ca. Skcalmol™! compared to the literature data,’**! while the
calculated energy demand for TS77°/9” is at the upper limit of
the data given in the literature.[*! Besides this limitation, the
experimental and theoretical results are reasonably consistent.

Finally, let us address the differences in the “NIDD ™ spectra
of 6" and 7. Although the mechanistic features of the 1,5-hydro-
gen migration in n-butoxy radicals 6° are expected to be similar
to that of 7°, the thermochemistry differs slightly. While the
energetics of the ¢-cleavage reaction to give rise to CH,O and R’
is comparable** for C,H,0O" (6") and C;H,,0" (7°), this is not
the case for the initial product of the Barton rearrangement: ¢’
gives rise to a primary carbon-centered radical, while the more
stable secondary radical 9" is formed from 7'.

Diastereoselectivity of the 1,5-hydrogen transfer in neutral 3-
methylpentoxy radicals: In the last section of this study, stereo-
chemical features of the 1,5-hydrogen migration in alkoxy radi-
cals should be tackled. To this end, we introduced a methyl
group at the C(3) position of a pentoxy radical as a stereochem-
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ical marker. As will be shown, the stereoselectivity of the hydro-
gen migration can be monitored using the diastereospecifically
labeled [4-D,]3-methylpentoxy radicals 8e" and 8f', while the
regiochemistry is assessed with 8a"—8d".

Typically, mass spectra of stereoisomers differ in only a few,
structurally significant fragmentations,[*% 31 while most of the
observed dissociations yield little or no stereochemical informa-
tion. The same applies to the fragmentations observed in the
“NR* and "CR"* spectra of 8 (Figure 10) and its isoto-

©) LCH?
C,H;
CsHye™ L IM-HOI
T L
] ju o
CH,OH" m/iz —»
® CoHy
¥
L CH
. C5H10'+
CH; !
! , (M-H,0T"
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CH,OH* miz —»
®© «CH; «[M-H,0["
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A TT IR T
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Figure 10. a) NR mass spectrum (O,, 80% T7; O,,80% 7T), b) CR mass spectrum
(0,, 80% T, ¢) difference mass spectrum of rac-3-methylpentoxide ion 87.

pomers, and we will refrain from discussing in detail the rich
chemistry which these species exhibit upon neutralization—
reionization or charge reversal to cations. Rather, we will focus
on those processes which are relevant for the elucidation of the
diastereoselectivity in the 1,5-hydrogen-atom transfer in the
neutral alkoxy radicals.

In analogy to the n-pentoxy system, the "NIDD™ spectrum
of 8~ (Figure 10c) shows two particular features which indicate
a hydrogen-atom transfer from the alkyl chain to the oxygen-
centered radical: a) A fragment corresponding to the hydroxy-
methyl cation CH,OH* (m/z = 31) appears as a positive signal
in the difference spectrum and points towards O—H bond for-
mation in the neutral radical. Note that the corresponding coun-
terpart C;H 5 does also give rise to a positive signal together
with the characteristic C,H>" fragment. b) Similarly, the posi-
tive signal for loss of water (Am = 18) can only be accounted for
by a double hydrogen transfer to oxygen. However, for the
discussion of the regio- and diastereoselectivity associated with
the hydrogen-atom transfer only the formation of the hydroxy-
methyl cation is instructive. As for 7°, water loss from 8 is
associated with partial hydrogen cxchange; for example, for the
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isotopomer 8b 7, a ratio for H,0:HDO:D,0O loss of 1.1:2.9:1.0
is observed in the difference spectrum. In addition, formation of
C,H;}, the counterpart of CH,OH ", suffers from isobaric in-
terferences by alkyl fragments formed at the ionic stage.

Prior to the discussion of stereochemical effects, the site selec-
tivity involved in the formation of CH,OH " needs to be elabo-
rated. In contrast to the n-pentoxy radical, model system 8 has
two sites that are in principle suitable for a 1,5-hydrogen-atom
transfer. To this end the "NR™* and the “CR* spectra of the
isotopomers 8a~ —8d~ were recorded and the corresponding
difference spectra derived. In particular for the alkoxides 8¢~ —
8d~, multiple labeling was essential to avoid isobaric interfer-
ences. Upon deuteration at C(1), positive signals for CD,OH*
(m/z = 33) in conjunction with its congener C,;H}{ are observed
in the difference spectrum of the isotopomer 8a~. This finding
indicates that both fragments are formed by cleavage of the
C(1)-C(2) bond on the neutral stage followed by reionization.
The origin of the transferred hydrogen atom is clearly revealed
by the signals for CD,OH™* versus CD,0OD7 in the difference
spectra of the labeled precursors 8b™-8d~ (Table 6). For ex-

Table 6. Normalized data for the intensities of hydroxymethyl cations in the differ-
ence spectra of isotopomeric 3-methylpentoxide ions (8a™ -8f7) [a].

Precursor CH,OH* CH,OD* CD,0H* CD,0D*
8a~ - - 100 0
8b~ - — 16 84
8¢~ - - 88 12
8d~ - - 97 3
8e~ 87 [b] 13 b - -
81~ 33 [b] 67 [b] - -

[a] Intensities are normalized to the sum of hydroxymethyl loss =100%.
[b] Reported intensities are the average of several independent measurements, and
the error bars do not exceed 10 %.

ample, 8b~ leads to the formation of 16% CD,OH* and 84%
CD,OD*, whereas in the difference spectrum of 8¢~ 88%
CD,0OH" and 12% CD,OD™" are observed. These results un-
doubtedly reflect the preference of the oxygen-centered radical
to abstract a hydrogen atom from the secondary C—H bond of
the C(4) position as compared to the cleavage of a primary C-H
bond from the methyl group attached at C(3). While both pro-
cesses represent 1,5-hydrogen migrations, the latter results in an
energetically less favorable primary carbon-centered radical 17°
(Scheme 7). Accordingly, the isotopomer 84~ displays a very
small signal (3%) for CD,0D" in conjunction with a large
signal (97 %) for CD,OH ", thus indicating that hydrogen-atom
transfer from the C(5) position is negligible. From these find-
ings, we conclude that the hydrogen-atom migration proceeds
preferentially by a 1,5-hydrogen transfer mechanism involving
the C(4) position, and to a first approximation®2 the branching
ratio amounts to 86:14 (Scheme 7).

In the following discussion of the diastereoselectivity of the
1,5-hydrogen migration we neglect the small contribution of the
path proceeding via TS8°/17°, which—as will be shown—does
not affect our analysis of the observed diastereoselective dis-
crimination. Hence, the diastereoselectivity can be assessed by
comparing the intensities of the CH,OH* and CH,OD " frag-
ments arising from the diastereoisomers, that is, the alkoxy rad-
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Scheme 7. 1,5-hydrogen migrations from the oxygen-centered radical 87 the cleav-
age of a primary C—H bond from the methyl group at C(3) results in an energetically
less favorable primary carbon-centered radical 17* than abstraction of a hydrogen
atom from the secondary C—H bond of the C(4) position.

icals 8¢’ and 8f. Note that these fragments are not subject to
isobaric interference from alkyl fragments. The "NIDD™ spec-
tra (Figures 11 and 12) demonstrate that the ratio of CH,OH"*
versus CH,OD™ formation is significantly larger for the isoto-
pomer 8e” (6.4:1) than for its diastereoisomer 8~ (0.5:1). As
the only difference between the anions 8e~ and 8f~ is the
relative stereochemistry at the C(3) position, the striking
diastereoselectivity has to be traced back to the transition struc-
tures in the course of the 1,5-hydrogen (deuterium) migration.

Of course, in addition to a stereochemical effect (SE), the
measured CH,OH*/CH,OD" ratios for 8¢~ and 8f~ are also
affected by the operation of a kinetic isotope effect (KIE). As-
suming the combined action of a steric and a kinetic effect, it is
possible to estimate semiquantitatively the magnitude of these
two effects by applying a simple algebraic approach.[! 24311 The
measured intensities of CH,OH™ and CH,OD™* allow the de-
termination of the two relevant components as KIE =1.8+0.3
and SE = 3.6 +1.3 for the 1,5-hydrogen-atom transfer in neu-
tral 3-methylpentoxy radicals.[33 %

A straightforward analysis of these experimental results can
be accomplished on the basis of the idealized mechanistic sce-
nario depicted in Scheme 8 for the diastereoisomer 8e™.1%3]
Upon electron detachment from the anion 8¢ the neutral rad-
ical 8¢’ is formed, which can subsequently adopt conformations
with suitable geometries for the 1,5-hydrogen (deuterium) trans-
fer involving C(4}. Thus, two chairlike conformations are pos-
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Figure 11. a) NR mass spectrum (O,.80% T 0,,80% T),b) CR mass spectrum
(0,. 80% 7). ¢) difference mass spectrum of a diastereomerically pure mixture of
(35, 4S)-[4-D,)- and (3R, 4R )-[4-D,]3-methylpentoxide ions 8e ™.
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Figure 12. a) NR mass spectram (O,,80% T:;0,, 80% T),b) CR mass spectrum
(0,, 80% T). c) difference mass spectrum of a diastereomerically pure mixture of
{3R.4S)-[4-D,}- and (3S, 4R }-[4-D,]3-methylpentoxide ions 8.

sible, TS8e"/16e" and TS8e¢’/16¢”, leading to H- and D-atom
transfer, respectively. As a result, the carbon-centered radicals
16¢” and 16¢” are formed, which subsequently decompose and.
after reionization of the neutral hydroxymethyl fragments, yield
the corresponding CH,OH */CH,OD ™ cations. For the diastc-
reoisomer 8e’, the geometry of the TS associated with migration
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Scheme 8. ldealized mechanistic scenario for the diastereoisomer 8e™.

of'a hydrogen atom is a chairlike structure in which both methyl
substituents adopt favorable equatorial positions. In contrast,
deuterium transfer from 8e” has to proceed via TS8e’/16e”, in
which one of the methyl groups is forced into the energetically
less favorable axial position.

However, the theoretical investigation of the n-pentoxy par-
ent system has revealed that this model is idealized, in that it
assumes a perfect chairlike transition structure for the 1,5-hy-
drogen migration, neglecting the partial linearization of the
C(4)-H -0 moiety (see above). The Newman-type representa-
tions depicted in Scheme 9 clarify the influence of this effect. For
example, in TS8e’/16¢" (corresponding to the migration of a
hydrogen atom, Scheme 8) the 1,2-interactions of the two
methyl groups at C(3) and C(4) are reduced upon linearization

D
H,C H
gauche — ’ M
H,C T 1
H H
linearization l
H,C 5 H
3
Y j,},@/
HC | H

TS8e'/16€
(hydrogen transfer)

f <
H H
gauche ? M
H™ T > p 7
H H

linearization l

H,C
by

TS8e’/16e"
(deuterium transfer)

Scheme 9. Newman-type representations showing the partial linearization of the
C(4)—H-0 moiety in the n-pentoxy transition structure and its results.
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of the C(4)-H-O subunit. In contrast, in TS8e¢’/16¢” for the
deuterium shift, these steric interactions are intensified com-
pared to an ideal chairlike structure.

Both pictures, the conformational analysis of chairlike transi-
tion structures and the description in terms of 1,2-interactions of
the methyl groups, predict that the isotopomer 8e” will preferen-
tially undergo hydrogen-atom transfer, because this path is fa-
vored by the reduced steric interaction as well as by the kinetic
isotope effect, thus giving rise to a large CH,OH*/CH,0OD"
ratio. In contrast, in the diastereoisomer 8f with an inverted
relative stereochemistry at the C(3) position, deuterium-atom
transfer will be conformationally favored, but kinetically ham-
pered; consequently SE and KIE almost cancel out, as is indced
observed experimentally.

These findings are in qualitative agreement with previous
studies of alkoxy radicals in the condensed phase. For example,
Green et al.®®! examined the stereoselectivity and the kinetic
isotope effect for the 1,5-hydrogen transfer reaction of 2-hexyl-
oxy radicals in order to probe the transition structure for the
Barton reaction. However, in contrast to the 3-methylpentoxy
system studied in this contribution, a large kinetic isotope effect
of the order of 6 at 25°C and relatively little stereochemical
discrimination (1.23:1) were found. These differences can easily
be attributed to the different model compounds employed; the
3-methylpentoxy system is affected by 1,2-interactions, whereas
in the case of the 2-hexyloxy radicals only 1,4-interactions are
feasible; these are expected to be weaker. The kinetic isotope
effect, however, is much larger in solution, as these experiments
were performed at ambient temperature, while the internal ener-
gies of the transient radicals correspond to higher temperatures.
In addition, radical reactions studied at a molecular level in the
gas phase cannot directly be compared to analogous investiga-
tions performed in solution, in particular when the generation of
polar groups (e.g. OH) is involved.[!

Conclusions

Two distinct reactivity patterns arise for the alkoxy radicals
presented in this study. Small neutral alkoxides react by a-cleav-
age to yield the corresponding carbonyl compounds. Alkoxy
radicals with side chains bearing more than three carbon atoms
give rise to Barton-type hydrogen migrations. This process has
been studied in detail by experimental as well as theoretical
means for n-pentoxy radicals, leading to a pleasing agreement of
the gas-phase data with results obtained in condensed matter.
The application of the NIDD method to diastereoselectively
labeled {4-D,]3-methylpentoxy radicals demonstrates that, de-
spite the high-energy collisions used to generate the neutrals,
these species show distinct regio- and stereochemistry in the
subsequent Barton-type reaction at the neutral stage.
Inconclusion, it has been demonstrated that this new applica-
tion of sector mass spectrometry provides direct insight into the
chemistry of radicals at a molecular level. When this type of
equipment is available, the experiments are readily performed;
such mass spectrometry provides an alternative approach to
examine the reactivity of radicals unperturbed by any inter-
molecular interactions. In addition, besides the investigation of
the reactivity of neutral intermediates in the gas phase, this
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technique used in conjunction with isotopic labeling can be em-
ployed to probe subtle effects such as the kinetic isotope effects
and the stereoselectivity of reactions occurring at the neutral
stage. Despite its limitations, we believe that this method opens
a new field in mass spectrometric research to the experimental-
ists as well as theoreticians. The prospect of applying the NIDD
method to study the reactivity of radicals which can only be
generated by neutralization—reionization mass spectrometry is
particularly appealing.
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following equations can be derived. The kinetic isotope effect [KIE, Eq. (2)]

disfavors the transfer of a deuterium atom, while the steric effect [SE, Eq. (3)]

[53

ku

KIE = ij (2)
Keq

SE = . 3y

is due to the presence of an equatorial or axial methyl group in a chairlike,

six-membered transition structure. These definitions lead to the expression in

Equation (4) for the ratio of hydrogen versus deuterium transfer for 8¢, where

o kHAI‘,’i = g
= = KIE'SE {4)

ID D Rax

the C(5) methyl group is equatorial during the H-shift and axial if D is trans-
ferred. In analogy, for the diastereoisomer 8 Equation (5) is derived; here, the

Iy _ kuky KIE
L kpk,  SE

(5

G
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C(5) methyl group is axial upon H transfer and equatorial during the D migra-
tion: By combining Equations (4) and (5), the KIE can easily be separated from
the SE [Eqs. (6) and (7)] as follows: The ratios of the intensities Jy,/ Iy, and B/ I,

_l/(lﬂ’D)

SE =\ r (6)
_|/<{ﬂ'

KE=\\1"7 9

are derived from the intensities of CH,OH* versus CH,OD" jons in the two
“NIDD* mass spectra depicted in Figures {1 and 12 for 8¢’ and 81", respec-
tively. As average of several independent measurements we obtain Expres-
sions (8) and (9), respectively, for 8¢” and 8f. In combination with Equa-
tions (6) and (7) the kinetic isotope and the steric effects can be estimated.

{54]

(53]

1866—-1883
L 87
=73 =669 (8
I, 33
1: =5 = 0¥ 9)

Taking into account the reaction path proceeding via TS8' /17" (Scheme 7).
which contributes with = 14% to the formation of CH,OH™ from 8¢’ and 8f,
we obtain the following corrected values for the kinetic isotope and the steric
effects: SE = 3.74 1.3 and KIE =1.5+0. 3. Thus, the qualitative picture is not
significantly altered by this side reaction.

For the sake of clarity, in Scheme 8 conly the reactions of one enantiomer of the
racenic pair 8e” are shown. For the diastereoisomer 81 all essential features
are identical, except that the H/CHj; substituents in the C(3) position are inter-
changed.
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Structure and Properties of BagNi,sS,-

M. C. Gelabert, M. H. Ho, A.-S. Malik, E. J. DiSalvo,* P. Deniard, and R. Brec

Abstract: BaNi,.S,,, synthesized by
solid-state reaction of BaS, NiS, and Ni at
675°C, is cubic (Pm3m, a =10.057(1) A).
The structure was refined by using pow-
der X-ray diffraction and Rietveld meth-
ods with R =628%, R, =813%,
¥? = 3.120. The structure, isotypic with
Ba,Co,;S,,, consists of an extended net-
work of NiS,, pseudo-cube clusters,
NiS, octahedra, and Ba,S octahedra. Ex-
tended Huckel calculations of this com-
pound indicate the band structure near

d-character orbitals of tetrahedral Ni, and
reveal a peak in the density of states slight-
ly below the Fermi level. The temperature
dependence of the electrical resistivity ex-
hibits a local maximum with thermal hys-
teresis at around 230 K. Above and below
this transition, the slope of the resistivity

Keywords
conducting materials
structure - magnetic properties - phase
transitions - sulfur

electronic

is positive, with a room-temperature resis-
tivity (p = 0.23 mQcm) in the range for
that of a poor metal conductor. Magnetic
susceptibility measurements from 4 to
900 K indicate a sharp change in slope at
around 225 K, with a steadily increasing
susceptibility up to 900 K. The suscepti-
bility below 225 K suggests Pauli para-
magnetic behavior. Low-temperature
powder X-ray diffraction and subsequent
structure refinement shows that the lattice
parameter, «, undergoes a slight change in

the Fermi level to be composed mostly of

Introduction

Many of the ternary phase diagrams between alkaline earth
metals, late transition metals (Fe, Co, Ni, Cu, Zn), and chalco-
gens comprise a small number of phases, and all contain only a
few ternary compounds, except for Ba-Fe—S, whose phases
number about 20.'' " Virtually all of the compounds in this
system contain FeS, tetrahedra as the primary units, either iso-
lated or connected by the corners or edges. The structures of
these phases range from infinite chains of edge-sharing tetrahe-
dra to isolated single tetrahedra; many motifs exist that are
between these two extremes. Most of these compounds are insu-
lating and antiferromagnetic. Only three barium cobalt sulfides
have been reported: 1) metallic Ba,Co,S,,;%12) BaCoS,,l” =
a Mott—Hubbard insulator with distorted square-pyramidal Co
coordination; and 3) Ba,CoS,,"* % an antiferromagnetic insula-
tor that contains only tetrahedrally coordinated Co. In the Ba-—
Cu-S system there are two diamagnetic phases, of which one,
BaCu,S, "1~ 13 contains Cu in tetrahedral coordination and
the other, BaCu,S,,!''# has two polymorphs and contains
tetrahedrally and trigonally coordinated Cu. In the barium zinc

[*] F.J. DiSalvo. M. C. Gelabert,*! M. H. Ho. A.-S. Malik
Department of Chemistry. Cornell University
Ithaca, NY 14853-1301 (USA)
Fax: Int. code +(607)255-4137
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P. Deniard, R. Bree
Laboratoire de Chimie des Solides, I. M. N.
2 rue de Ja Houssiniére, 44072 Nantes, Cedex 03 (France)
[*] Current address: Department of Ceramic Enginecring
Rutgers State University of New Jersey, Piscataway, NJ 08855 (USA)
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slope at temperatures of around 235 K.

sulfides there is only one phase, Ba,ZnS,, which contains tetra-
hedrally coordinated Zn.['3!

The Ba—Ni—S phase diagram contains just two ternary com-
pounds: metallic BaNiS,, first reported as a new structure type
in 1970,1'%T and BaNi, S, . In BaNiS,, Niis in a square-pyra-
midal environment of sulfur; these pyramids are edge-sharing in
an anti configuration to form square [NiS, S]?~ sheets, with
Ba?™ above and below each pyramid. BagNt, .S, was first men-
tioned in an article about Ba,Co,.S,,; attempts to synthesize
BaNi,S,, resulted in multiphase products.'®] Here, the synthe-
sis conditions necessary to produce single-phase material are
described, as well as electrical resistivity and magnetic suscepti-
bility measurements. Powder X-ray diffraction data were used
in the structure refinement. A phase transition, observed in the
resistivity and susceptibility measurements, prompted some
variable-temperature X-ray powder diffraction work in order to
determine whether this phenomenon is structural in origin. Ex-
tended Hiickel calculations on the refined structure were per-
formed.

Experimental Procedure

Commercial BaS (Cerac 99.8% metals basis) was used in several reactions
first. For the final few syntheses, BaS was synthesized from the elements in
dry liquid ammonia by a similar procedure to that used for K,S." 7' NiS was
synthesized from the elements (Ni, Alfa—~Aesar 4N6; S, Metalspecialties
5N5). Before this synthesis, the Ni was reduced under a hydrogen stream at
600°C; this treatment resulted in a negligible mass loss, demonstrating that
the Ni did not contain much NiO or Ni(OH), contamination.

Stoichiometric quantities (BaS/NiS/Ni = 6:21:4) of the sulfides (total mass
0.4 g) and Ni were ground into a fine powder, pelletized, and placed in a
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graphite crucible, which was then sealed in an evacuated quartz tube
(<5 mtorr). The tubes were taken to 675 °C over 8 h, held at that temperature
for three days, and allowed to cool slowly with the furnace. The initial
products were ground, pelletized, and reheated at least once to ensure sample
homogeneity. The single-phase product had a reddish-purple color.

Attempts to synthesize this material at a temperature greater than 675°C
resulted in a mixture of Ba¢Ni,.S,,, BaNiS,, and NiS, observed by powder
X-ray diffraction. Thermodynamically, this phase has an upper limit of stabil-
ity around this temperature; by 700 °C, significant melting occurs and reflec-
tions from BaNiS, and NiS begin to appear in the X-ray diffraction patterns.

Room-temperature powder X-ray diffraction data were collected on a Scintag
2000 diffractometer with Cu,, radiation in a -6 geometry. Sintered powder
was passed through several meshes, to give a final particle size of 37 um. A
data set was collected over the range 5<20<100° for Rietveld analysis, using
a step size of 0.03° and a time per step of 20 s.

Low-temperature powder X-ray diffraction was performed on a Siemens 5000
diffractometer with Cuy, radiation in a -6 geometry. Sintered powder was
passed through several meshes, to give a final particle size of 40 pm. Data sets
were then collected over the range 133 < T<293 K in 20 K increments; pow-
der histograms were collected over 10<260<100° for Rietveld analysis, using
a step size of 0.03° and a time per step of 50s.

For the room-temperature data, lattice parameters were first determined with
the Scintag peakfinder and K, stripping routines found in the VMS soft-
ware.l'8! A least-squares fit to the lattice parameter was subsequently found
by means of a refinement code written in our laboratories. This lattice
parameter was also used for the low-temperature structure refinements. Since
the reflections in the powder pattern could be indexed exactly to that of
Ba,Co,S, ., the same space group (Pm3m) and atomic positions were used
for the structural model. Qut of all the cubic space groups, there is only one
other, Pm3, that is primitive and retains a center of symmetry. Refinement
in this latter space group proved to be significantly less stable at high and low
temperatures.

GSAS software was used to refine the structure!'®! for all temperatures. For
the low-temperature data, the shifted Chebyshev polynomial function was
used for the background. The powder used for the low-temperature data
collection had a small (2—3 %) NiS impurity, which was refined together with
BagNi, S, . The refined structures from pure and impure powder were iden-
tical within conservative standard deviations. The pseudovoigt peak function
was refined along with lattice parameters, z and polarization corrections,
atomic coordinates, and isotropic thermal parameters.

The 8 mm diameter pellet for electrical resistivity measurements was sintercd
from single-phase powder at 675°C for one day and cooled slowly. The
product had a smooth surface and homogeneous color. Resistance was mea-
sured at 18.0 Hz by means of a four-probe AC apparatus with lock-in detec-
tion. Spring-loaded gold pins were used to make electrical contact to the
pellet, and a machined molybdenum standard of the same diameter and
similar thickness was measured to determine the geometrical conversion fac-
tor to resistivity. It was found that the /- V characteristic was linear over a
current range of 80 -400 mA, and that the contact resistances were less than
1Q.

Magnetic susceptibility from 4 to 900 K was measured on an 85.3 mg sample
of polycrystalline powder with a Faraday microbalance, in a previously cali-
brated system.!?®! The field dependence of the susceptibility was measured
from 0.2 to 1.2 T at room temperature and at 4 K. A plot of the gram
susceptibility versus 1/H showed a decrease of about 6% over the measured
field range, indicating a very small contribution from ferromagnetic impuri-
ties. At 4.2 K, the susceptibility differed by about 18% over the field range.
The room-temperature valuc of the magnetic susceptibility extrapolated to
infinite field is 1.80 x 10~ ® emug™"'. This extrapolation eliminates the contri-
bution to the susceptibility from ferromagnetic contamination, and this cor-
rection was applied to all data.

Results

Details of the data collection and Rietveld refinement at room
temperature are summarized in Table 1 and Figure 1. A pseu-
dovoigt function was used to fit the peak profiles. The atomic
parameters and isotropic thermal parameters (Table 2) behaved
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Table 1. Collection and refinement parameters for X-ray powder diffraction data

recorded at room temperature.
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empirical formula Ba Ni,S,,
formula weight 3157.52 gmol ™!
crystal system cubic
space group Pm3m
a 10.0565(2) A
v 1017.03(7) A3
Z 1
p (calculated) 5155 gem™?
radiation Cuyg,
Aus Ay 1.5405, 1.5443 A
T 293(1 K
20 5-100"
step size, time/step 0.03%, 20
no. of data points 3167
no. of reflections 84
parameters 49
background function cosine fourier series
profile function pseudovoigt
Gaussian and Lorentzian fractions GW =1.049, LX = 6.138
transparency coefficient 0.6989
asymmetry term 0.929%
R, 0.062&
R.» 0.0813
% 3.120
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Figure 1. Calculated (solid line), observed (+) and difference plots for powder
structure refinement from powder X-ray diffraction data.

Table 2. Atomic coordinates and isotropic thermal parameters for X-ray powder
refinement in space group Pm3m.

Atom Wyckoff X ¥ - U (AD
symbol
Ba 6f 1,2 I 0.1945(2)  0.019(2)
Nit fa 0 0 0 0.035(4)
Ni2 24m 0.1360(2) 0.3562(2) 0.1360(2) 0.033(3)
S1 1h 1/2 1/2 172 0.026(6)
$2 e 0 02377(5) 0 0.019(3)
S3 8g 0.2822(3) 0.2822(3) 0.2822(3) 0.028(3)
S4 12h 0 172 0.2416(4) 0.020(2)

reasonably well; in the last stages of the refinement, both were
varied simultaneously without producing a noticeable change in
either parameter. The atomic positions did not deviate signifi-
cantly from those of Ba,Co,.S,,, whose structure was deter-
mined by single crystal X-ray diffraction.!®}

The structure of BayNi,;S,, can most easily be envisaged as
the coordination of the two crystallographically distinct Ni
atoms in the structure (Figure 2). Nit is octahedrally coordinat-
ed by S2; these NiS, octahedra are at the corners of the cell. The
Ni2 atoms form tetragonally distorted cubes that are face-
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Figure 2. Structure of BagNi,,S,,, with the dark Ba,S octahedron in the middle
and the light NiS; octahedra at the corners of the unit cell. The large spheres are Ni
atoms, which form Niy pseudo-cubes that are face- and corner-capped by sulfur
atoms (small spheres).

capped by S2 and S4, and corner-capped by S 3, making NigS, ,
clusters (Figure 3); the coordination of Ni2 by sulfur is approx-
imately tetrahedral. These NigS,, clusters sit at the middle of the
edges of the unit cell, and share S2 with the Nil octahedra.
Finally, in the middle of the unit cell is S1 surrounded by six Ba
atoms in an octahedral environment. This structure can be relat-

Q. /@ P @

15%;: }‘ﬁi._,-'”
f( R A /'/ , o
" | ¥ \\ b f:;

Figure 3. NiS,, cube cluster arrangement in BagNi,S,,. The dark spheres repre-
sent Ni2, and the light spheres S. Crystallographically distinct sulfur atoms are
labeled.

ed to that of perovskite!® by considering the placement of the
pscudocubes and octahedra in the cubic unit cell. Along all three
[100] directions of this structure, NiS, octahedra alternate with
Ni,S,, cubes to form chains, and Ba,S fills the dodecahedral
holes in the cluster framework.

Important bond lengths and angles for the room-temperature
structure are listed in Table 3. Ni-—S bond lengths in other com-
pounds vary significantly with Ni coordination and defect den-
sity. For tetrahedral Ni, as found in Ni;S, (albeit significantly
distorted), values range from 2.25 to 2.29 A *" Square-pyrami-
dal coordination, found in BaNiS,, yields bond lengths of 2.32
to 2.35 A.1'91 [n octahedral coordination, as found in NiS, and
hexagonal NiS,22! the distances range from 2.39 to 2.40 A. The
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Table 3. Selected bond lengths (A) and angles (%) for BagNiysS,.

Ba-S1 3.072 S$2-Ni2-53 128.7
Ba1-S3 x4 3.221 $2-Ni2-S4 1047
Bal-S4 x4 3.253 S$3-Ni2-S4 107.8
Nil-S2 x6 2.390 S$4-Ni2-S4 99.21
Ni2-82 2.272 Nit-S2-Ni2 121.6
Ni2-83 2.208 Ni2-§3-Ni2 90.34
Ni2-84 x2 2.256
Ni2-Ni2 x2 2.736
Ni2-Ni2 2.892
Ni2-Ni2 3.132

Ni-S distances in rhombohedral millerite (NiS) are 2.30 A.[23
In the binary nickel sulfides, there exist many other phases, such
as Ni,S, B4 Ni, .S, ¢.*" and Ni,S, 12! which contain unusual
or severely distorted Ni coordination, ordered defects, or
metal-metal bonding; these in turn produce a large overall
range of Ni—S distances (2.15-2.56 A). The Ni-S$ tetrahedral
(2.21-2.27A) and octahedral (2.39A) bond lengths in
Ba¢Ni,.S,, compare well with those of the above-mentioned
binary and ternary phases. In Ba,Co,;S,,, the octahedral and
tetrahedral Co—S bond lengths also vary in a similar way. The
Ba-—S distances (3.07-3.25 A) in Ba,Ni,;S,,; are comparable
with those in Ba-S phases (3.11-3.54 A), BaNiS, (3.10-
3.50 A), and Ba,Co,,S,, (3.05-3.27 A).

The room-temperature resistivity of this material was deter-
mined to be 0.232(7) mQcm, about two orders of magnitude
higher than that of pure copper metal; this value is in the range
expected for a poor metal conductor. The temperature depen-
dence from 4 to 350 K (Figure 4) displays metal-like behavior

240x10° ~
230
220-|
210

200~

p/ Q-cm

190 |

180 ..

176 T T —T T T T T
0 50 100 150 200 250 300 350
T/K

Figure 4. Electrical resistivity versus temperature for a sintered, polycrystalline
pellet.

(positive slope) throughout most of the temperature range (4—
230 K). Around 230 K there is a broad anomaly in the resistiv-
ity, which exhibits thermal hysteresis.

Magnetic susceptibility data as a function of temperature
(Figure 5) display a Curie tail at low temperatures. At 225 K
there is a break in slope, which correlates very well with the
first-order phase transition seen in the resistivity data.

Fitting the low-temperature susceptibility data to the
Curie—Weiss law [Eq. (1)] over the range 40 < 7'< 230 K yields

N — C
=70 +(T+9) (1)
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Figure 5. Magnetic susceptibility vs. temperature. The uncorrected low-tempera-
ture data are shown, as well as values obtained by subtracting small ferromagnetic
and Curie contributions determined from those data.

C=1786)x10"emuKg ™!, y,=1641(3) %10 ®emug !,
0= —9()K, and p/Ni = 0.134 yp. From this Curie con-
stant, the estimated fraction of localized spin 2 moments
{g = 2) 15 0.6%. The calculated fraction is 0.07 % for spin 2 and
g =2 (assuming paramagnetic Fe impurities); this fraction is
somewhat higher than the stated Ni purity of 99.996 %. Never-
theless, the fraction of localized moments is small, indicating
that the intrinsic susceptibility at low temperatures is tempera-
ture-independent, because of the expected Pauli and Van Vieck
paramagnetism.

Above 225K the susceptibility increases steadily from
1.75x107° to 2.35x 10 emug™' at 890 K. The effective mo-
ment per formula weight can be calculated from the formula
Herr = Bxm T2, where y, is the molar susceptibility. A graph
of this calculated value versus temperature (Figure 6) shows

T T L T T
500 600 700 800 900
T/K
Figure 6. Effective magnetic moment as a function of temperature is estimated
from the formula p., = (8 xT)'2, where 1, is the corrected molar susceptibility.
The lower curve was obtained by determining yy from y,, the temperature-indepen-
dent susceptibility term from the Curie—Weiss fit to the low-temperature data.

—T T T T
100 200 300 400

that it increases continuously from 3.0 up at 225 K to 7.2 pp at
900 K. If it is assumed that g = 2, these values correspond to
12.0 and 69.1% of the Ni, respectively, possessing a localized,
spin '/, moment.

Lattice parameters and bond lengths were examined carefully
as a function of temperature in the region of the anomalies in the
resistivity and susceptibility measurements. The lattice parame-
ter a as a function of temperature (Figure 7) shows the usual
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Figure 7. Lattice parameter ¢ as a function of temperature, determined from Ri-
etveld refinements on temperature-dependent powder X-ray diffraction data.

contraction upon cooling, with a broad rollover at around
237 K. Similar plots of bond lengths indicate that those of Ba—
S, Ni—Ni, and Ni—-S are only weakly temperature-dependent,
as expected for thermal contraction.

Extended Hiickel calculations of BaNi,,S,, werc per-
formed.[2¢-27) The total density of states (DOS), along with
specific contributions to the DOS, arc shown in Figure 8 for the

sulfur octahedral Nid tetrahedral Ni d

Energy (eV)

_
\\’\;

-104

Figure 8. Results of extended Hiickel calculations. The total density of states
(DOS) is indicated by the solid line; the shaded region is the contribution to the total
DOS: the dotted curve is the integration of the specified DOS contribution: the
horizontal dotted line is the Fermi level.

energy window from —10.5 to —6.5 eV. The calculations show
that most of the contribution to the DOS in the region of the
Fermi level is due to the d orbitals of the tetrahcdrally coordi-
nated Ni, with very little contribution from S. The d orbitals of
the octahedrally coordinated Ni are concentrated above and
below the Fermi level, with negligible contribution at the Fermi
level. This leads to a calculated oxidation state of + 1.8 for the
octahedrally coordinated Ni. There is a broad local maximum in
the DOS slightly below the Fermi level.

Discussion
The structure of Ba Ni, S, is that of djerfisherite.'?® 739 Orig-
inally found in meteorite deposits, the minerals in this group

have been allocated many molecular formulas, including
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K(Cu.Fe),S,¢Cl and K Na(Fe,Cu,Ni),,.,S,,CL>® They of-
ten contain a different metal for the octahedrally coordinated
Ni1, and a Cl atom in place of S1 in the middle of the unit cell.
There are many compositional variations that retain this struc-
ture type, and most of them occur naturally. This structure is
also reminiscent of pentlandite, M,S,, which, in nature, is found
with mixtures of mostly Fe, Co, and Ni in the M site.?'T Like
Ba,Ni,S,,, pentlandite also contains transition metal cube
clusters and octahedra.

There are two models that may explain the high-temperature
susceptibility behavior of BagNi,sS,,. Despite the observed
metallic behavior, a fraction of the available electrons could be
localized on the Ni atoms, introducing the possibility of magnet-
ic exchange interactions. The other possibility concerns the pres-
ence of a peak in the density of states near the Fermi level, .
The Pauli paramagnetic contribution to the susceptibility is pro-
portional to the DOS, within a few k3T of ¢r. Thus, the modest
peak found in the DOS just below & should increase the Pauli
paramagnetic contribution to the susceptibility with increasing
temperature.

In order to investigate further the first model, an analysis of
the individual exchange pathways within the structure provides
some insight into the potential magnetic interactions within this
structure. The Ni—Ni distance between tetrahedra and octahe-
dra is 4.071 A, so the octahedrally coordinated Nil is quite
isolated compared with the tetrahedral Ni2, and may possess a
magnetic moment. However, the effective moment exhibited by
this material is too high to be accounted for by this single Nil
atom. In NiS and NiS,, octahedrally coordinated Niis divalent;
furthermore, band calculations estimate the octahedral Ni oxi-
dation state to be approximately + 11. Therefore, it is reasonable
to assert that octahedral Ni in BaNi,.S,, is divalent (d®,
spin 1). With a Landé g factor of 2, the effective magnetic mo-
ment calculated from such a state is 2.83 ;. Although this cal-
culated value is close to the room-temperature measured mo-
ment, at high temperatures it is much lower than the average
measured magnetic moment per formula unit.

The NigS,, pseudo-cube clusters form the same lattice as the
anions in the perovskite structure, that of AB-stacked kagomé

ncts (Figure 9). The magnetic frus-
tration exhibited by this arrange-
ment of sites is well documented.
Examples include the oxide pyro-
chlores,®?!  magnetoplumbites,®*!
hexagonal ferrites,®" and cubic
Laves phases.’** Every site shown
in Figure 9 is occupied by the cube
cluster. The intracluster (edge-
clusters in B N1, ((111] di- sharing) Ni2-Ni2 bond lengths
rection perpendicular to the are 2.736 and 2.892 A (for com-
page). parison, the elemental Ni—Ni bond
length is 2.49 A). These values are
close enough for significant direct orbital overlap for magnetic
exchange within each cluster. This direct interaction may
compete with the ever-present superexchange through the
sulfur anions. The short intercluster (corner-sharing) Ni2—-Ni2
distance of 3.132 A is also close enough to have some elec-
tronic and magnetic interaction through superexchange path-
ways.

Figure 9. Arrangement of cube
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The short Ni—Ni distances within and between these clusters
are unquestionably a major contributor to the high conductivity
and metallic behavior of BaNi,S,,. The domination of these
bands at ¢, further supports this conjecture. Potential frustra-
tion can easily be observed magnetically within a single (111)
layer, by attempting to assign antiferromagnetic spins to
adjacent tetrahedra and carrying this over to the next
cluster. However, the relationship, if any, between this magnetic
structure and the high-temperature susceptibility data is
not yet understood. Magnetically frustrated compounds
usually exhibit a spin—glass transition at low temperatures,
with behavior below this transition depending on the
magnetic history of the sample upon cooling. Ba,Ni,sS,,
shows no such behavior in the magnetic susceptibility
data.

If there were Ni moments, the measured susceptibility would
be consistent with a large exchange constant between Ni atoms,
so that the susceptibility would show a maximum at high tem-
perature due to short- or long-range magnetic order. This was
never observed at any temperature up to 890 K, which is just
60 K below the incongruent melting point. The fact that the
susceptibility and the effective magnetic moment increase
steadily to such a high temperature suggests that the exchange
energies would have to be greater than approximately 900 K, or
about 0.1 eV.

Given the metallic behavior of this phase, the second model is
also possible, namely, that the increase in susceptibility is at-
tributable to structure in the DOS near ¢;. In transition metal
compounds, the Pauli susceptibility is often temperature-depen-
dent. BaNiS,, also a poor metallic conductor, exhibits similar
susceptibility behavior up to 1000 K.B®®F The Ni—Ni bond
length of 3.49 A in BaNiS, is much longer than that in
Ba(Ni,,S,,. It is interesting to note that if the susceptibility of
a metallic system were interpreted as arising from localized mo-
ments, the magnitude of such moments (i = (8 yu7)?)
would increase with temperature. However, if y,, is taken from
%o, the Pauli term, the curve shown in Figure 6 is obtained.
Although similarities between the observed and calculated effec-
tive moments exist at low temperature, a significant deviation
from the experimental data occurs at high temperatures. The
assumption that the magnetic data arise from localized mo-
ments may be misleading. Taking this into account, we favor the
band model to describe this compound.

The structure change seems quite subtle compared with the
transitions observed in resistivity and susceptibility data. The
deviation in the lattice parameters as a function of temperature
occurs around 237 K, at the intersection of straight-line esti-
mates below and above the transition, with a slope increase
below 237 K. The observed lattice-constant change and phase
transition upon cooling are within 10 K of each other, and well
within the observed range of temperature for the structural
change. The slope change at 237 K certainly indicates differ-
ences in local bonding interactions, which may produce the
significant effects in magnetic and electrical behavior. However,
the hysteresis observed in the resistivity data implies the exis-
tence of domains which are likely to be structurally different.
The changes associated with shifting of these domains may have
magnetic consequences independent of any local electronic ef-
fects.
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The observations seen in this study—the change in tempera-
ture dependence of the lattice parameter, the broad resistivity
transition, and the sharp change in susceptibility behavior-—ap-
pear to be highly correlated. The changes in the physical proper-
ties of BagNi, S, at around 230 K are reflected in a change in
slope of the plot of lattice parameter versus temperature. At
temperatures below 230 K, BagNi, S, is metallic and shows a
temperature-independent susceptibility (Pauli paramagnetism),
plus a small Curie “tail”” due to localized paramagnetic impuri-
ties. The high-temperature behavior of the susceptibility is not
completely understood. BagNi,.S,, is still metallic even at
350 K ; this suggests that the susceptibility behavior at high tem-
peratures is due to an increase in DOS at the Fermi level. Ex-
tended Hiickel calculations indicate some structure of the DOS
near the Fermi level, which supports this explanation for the
high-temperature magnetic data. Alternatively, the electrons
may become more correlated above 230 K, producing some
short-range magnetic order without a magnetic transition. At
this point, it is not clear what interactions drive the phase tran-
sition observed near 230 K.

The extended clusters found in BagNi,:S,, and Ba,Co,sS,,
are chemically intriguing, because of the different coordinations
of the transition metal within one structure and the similarity to
related molecular clusters. Ba,Co,;S,, is a paramagnetic metal-
lic compound, which has been suggested to have significant
electron—electron correlations.[®! Given their unusual structure
and properties, these cluster phases are worthy of further study,
including more detailed band calculations, ESR, NMR, and
neutron diffraction experiments on the parent phases, and
chemical substitution investigations.

Acknowledgments: We acknowledge the support of the US Department of
Energy (Grant number DE-FG02-87ER45298). MCG is grateful to Simon
Clarke for discussions on magnetism.

Received: February 24, 1997 [F621]

{1} S. Cohen, N. Kimizuka, H. Steinfink, J. Solid State Chem. 1980, 35, 181-186.

[2] S. Cohen, L. E. Rendon-Diazmiron, H. Steinfink, J. Sofid State Chem. 1978,
25,179-187.

[3] J. T. Hoggins, H. Steinfink, Acta. Crystallogr. Sect. B 1977, 33, 673—-678.

4] J. T. Lemley, J. M. Jenks, ). T. Hoggins, Z. Eliezer, H. Steinfink. J. Solid State
Chem. 1976, 16, 117-128.

[5] 1. E. Grey, J. Solid State Chem. 1974, 11, 128-134.

6] G. J. Snyder, M. E. Badding, F. I. DiSalvo, Inorg. Chem. 1992, 31,2107--2110.

[7} G. 1. Snyder, M. C. Gelabert, F. 1. DiSalvo, J. Solid State Chem. 1994, 113,
355-361.

{8] N. C. Baenziger, L. Grout, L. S. Martinson, J. W. Schweitzer, 4cta Crysiallogr.
Sect. C 1994, 50, 1375-1377.

[9] M. C. Gelabert, N. E. Brese, F.J. DiSalvo, S. Jobic, P. Denjard. R. Brec,
J. Solid State Chem. 1996, 127, 211-218.

[10] H. Y. Hong, H. Steinfink, J. Solid State Chem. 1972, 5, 93-104.

[11] A. Ouammou, M. Mouallenn-Bahout, O. Pefia, J. Halet, J. Saillard, C. Carel,
J. Solid State Chem. 1995, 117, 73-79.

[12] M. Saeki, M. Onoda, H. Nozaki, Mater. Res. Bull. 1988. 23, 603-608.

[13] J. 1glesias, K. Pachali, H. Steinfink, J. Solid State Chem. 1974, 9. 6-14.

[14] J. iglesias, K. Pachali, H. Steinfink, Muater. Res. Bull. 1972, 7, 1247-1258.

[15] H. G. von Schnering, R. Hoppe, Z. Anorg. Allg. Chem. 1961, 312, 99-109.

[16] 1. E. Grey, H. Steinfink, J. 4m. Chem. Soc. 1970, 92, 5093~ 5095.

[17) F. Feher in Handbook of Preparative Inorganic Chemistry (Ed: G. Brauer), 2nd
ed., Academic Press, New York, 1963, p. 360.

[18] PADV Diffraction System Users” Manual 1.0, Scintag, Santa Clara (CA) 1987.

[19] A.C. Larson, R. B. Von Dreele, General Structure Analysis Svstem Software,
University of California, 1994.

[20] I Vassiliou, M. Hornbostel, R. Ziebarth, F. I DiSalvo, J Solid State Chen.
1989, 81, 208 -216.

[21] . B. Parise, Acta Crystallogr. Sect. B 1980, 36, 1179-1180.

[22] a) D. B. McWhan, M. Marezo, J. P. Remeika, P. D. Dernier, Phys. Rev. B
1972, 5, 2552-2554; b) J. T. Sparks, T. Komoto, J. Appl. Phyvs. 1968, 39, 715.

{23} H. H. Kilkmeijer, A. L. T. Moesveld, Z. Kristallogr. 1931, 80, 91-102.

[24] M. E. Fleet, Acta Crysiallogr. Sect. B 1972, 28, 1237-1241.

25} G. Collin, C. Chavant, R. Comes, Acta Crystatlogr. Sect. B 1983, 39,289 -296.

[26] The parameters used in the calculations are (in the order H;; [eV], {,, {,, C,,
C,):Babs: —5.2,1.5;Ba6p: —3.2,1.5; Ni4s: —78,2.1; Nidp: —3.7,2.1;
Ni3d: —9.9,5.75,2.0,0.5683,0.6292; S 3s: ~20.0,1.817:S 3p: —13.3,1.817.
84 k points were used in the irreducible wedge.

[27) a) R. Hoffmann in Solids and Surfaces: A Chemist’s View of Bonding in Ex-
tended Structures, VCH, New York, 1988; b) T. A. Albright, J. K. Burdett,
M.-H. Whangbo in Orbital Interactions in Chemistry, John Wiley, New York,
1985.

[28] A. M. Clark in Hey’s Mineral Index, The Natural History Museum, London,
1993, p. 183.

29] L. H. Fuchs, Science 1966, 153, 166-167.

[30] J. Riley, Neues Jahrb. Min. Monatsh. 1978, 10. 433.

{311 O. Knop, C. Huang, K. 1. G. Reid, 1. S. Carlow, F. W. D. Woodhams, J Sofid
State Chem. 1976, 16, 97~-116.

[32] 1 E. Greedan in Magnetic Properties of Non-Metals in Landolt— Bornstein New
Series, Vol. I11/27g (Ed: H. P. J. Wijn), Springer, Heidelberg, 1992.

[33] B. Martinez, A. Labarta, R. Rodriguez-Sola, X. Obradors, Phys. Rev. B 1994,
50, 15779-15786.

[34] B. Martinez, F. Sandiumenge, [. Golosovski, S. Gali, A. Labarta, X. Obradors,
Phys. Rev. B 1993, 48, 16440—16448.

[35] R. Ballou, J. Deportes, R. Lemaire, B. Ouladdiaf, J Appl. Phys. 1988, 63,
3487 -3489.

[36] 1. Hase, N. Shirakawa, Y. Nishihara, J. Phys. Soc. Jpn. 1995, 64, 2533~2540.

Chem. Eur. J 1997, 3, No. 11

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1997

0947-6539/97/0311-1889 $ 17.50 + .50/0 —— 1889






FULL PAPER

2,3,7,8,12,13,17,18-Octafluoro-5,10,15,20-tetraphenylporphyrin:
First Synthesis and X-Ray Crystal Structure of the Zn" Complex

Jacques Leroy,* Arnaud Bondon, Loic Toupet, and Christian Rolando

Abstract: 2,3,7.8,12,13,17,18-Octafluoro-5,10,15,20-tetraphenylporphyrin  has been
prepared from 3,4-difluoropyrrole and benzaldehyde under Lindsey conditions. An

X-ray crystal structure study of its Zn" complex has shown that the macrocycle core is
nonplanar, a result in apparent contradiction with a blue-shifted UV/Vis spectrum. The
results reported here demonstrate that a wide range of f-octafluoro-meso-arylated

Keywords
heterocycles fluorine -
porphyrinoids * zinc

porphyrins, a new class of highly electron-deficient ligands, are potentially accessible
from 3,4-difluoropyrrole, thus opening the door to, inter alia, efficient and robust

oxidation catalysts.

Introduction

Haloporphyrins and their metal derivatives have spurred a
growing interest during the last few years owing to their excel-
lent catalytic properties including robustness and efficiency.
While the observed effects, for example, in metalloporphyrin-
catalyzed oxygenation reactions, have resulted mainly from the
presence of clectron-withdrawing substituents in the S-posi-
tions, it has been shown that steric factors due to meso or ff-sub-
stitution could also markedly affect the porphyrin properties by
distorting the macrocycle.f'-!

So far, most of these studies have been confined to various
B-polybromo- or f-polychloroporphyrins!® prepared by direct
halogenation of the parent porphyrin or a metal derivative with
the corresponding N-halosuccinimide*~ =% or occasionally
with bromine,! chlorine,!?®! or phenylselenyl halides.!*"

Primarily due to the lack of convenient synthetic routes, only
two examples of f-fluoroporphyrin syntheses have been report-
ed to date. In the first, Ogoshi et al. prepared 2,7,12,17-
tetrafluoro-3,8,13,18-tetramethylporphyrin in 2% yield by
tetramerization of 4-fluoro-5-hydroxymethyl-3-methylpyrrole-
2-carboxylic acid.[¥ In the second, it was claimed that
2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetrakis(pentafluoro-
phenyl)porphyrin (F,,TPPH,) had been prepared by direct flu-

{*] I Leroy. C. Rolando
Ecole Normale Supérieure, Département de Chimie, URA CNRS 1679
24 rue Lhomond, F-75231 Paris Cedex 05 (France)
Fax: Int. code +(1)4432-3325
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A. Bondon
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Université de Rennes 1, UMR CNRS C6509, F-35042 Rennes Cedex (France)
L. Toupet
GMCM, UMR CNRS C6626, Université de Rennes |
F-35042 Rennes Cedex (France)
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orination of the parent metalated porphyrin (F,,TPPZn) with
silver or cobalt fluorides,” or with fluorine combined with
small amounts of one of these fluorides.l®) Unfortunately, full
characterization data were not available from the reports on F,
fluoroporphyrins, which are mainly confined to the patent liter-
ature. In an alternative approach to these promising ligands, we
sought to elaborate the octafluoroporphyrin macrocycle from a
fluorinated pyrrole unit.

Results and Discussion

As an attempted synthesis of the parent 2,3,7,8,12,13,17,18-
octafluoroporphyrin  (OFP) from 3,4-difluoro-2-(hydroxy-
methyljpyrrole failed,[®) we came to use 3,4-difluoropyrrole (1)
as the starting material in a route to 2,3,7,8,12,13,17,18-
octafluoro-5,10,15,20-tetraphenylporphyrin (2), selected as a
model. For this purpose, the final step of our previously de-
scribed preparation of 1, that is, decarboxylation of 3,4-di-
fluoropyrrole-2-carboxylic acid in quinoline in the presence of
barium-promoted copper chromite,!’! proved to be unsatisfac-
tory. In a reexamination of this crucial step, the classical “*dry”
decarboxylation over copper powder afforded 3,4-difluoro-
pyrrole (1) in 70—80 % yield.

Whereas the protocol of Treibs and Héaberle (1, PhCHO,
HOAc/pyridine, air)'® failed to produce any trace of porphyrin
2, 3.4-difluoropyrrole (1) was found to react "normally”
(compared with pyrrole) with benzaldehyde under Lindsey
conditions,'”! to give the intermediate B-octafluoro-meso-
tetraphenylporphyrinogen (identified by mass spectrometry).
Subsequent oxidation of the porphyrinogen with 2,3-dichloro-
3,6-dicyano-1,4-benzoquinone (DDQ) afforded the desired
2,3,7,8,12,13.17,18-octafluoro-5,10,15,20-tetraphenylporphyrin
(B-F;TPPH,) (2). Isolation of the free ligand was preferably
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achieved by prior formation of its zinc(ir) complex 3
(6-F,TPPZn) with zinc acetate in methanol and purification of
this complex by column chromatography. Subsequent quantita-
tive demetalation of 3 with trifluoroacetic acid via the (green)
diprotonated form of 2, 8-F,TPPH2"*, afforded the free ligand
2 in a yield of up to 40%.

The structures of 2 and 3 were established unambiguously by
UV/Vis spectroscopy, '*C, 'H, and F NMR spectroscopy,
mass spectrometry, and by an X-ray crystal structure analysis
for 3.

A remarkable feature for porphyrins 2 and 3 appears in
their electronic absorption spectra, which show a systematic
12—18 nm hypsochromic shift compared with those of meso-
tetraphenylporphyrin (TPPH,) and its Zn" complex (TPPZn)
{Table 1). For example, the Soret (B) absorption band of 2 was

Table 1. UV/Vis data for fluoroporphyrins 2 and 3 and their hydrogen-substituted
analogues [a,b].

Compound Soret Q bands
B-F,TPPH, (2) 404 500 534 581 637
(164400) (13100) (4700) (3200) (3300)
B-FsTPPZn (3) 410 540 571
(336000) (17 100) (5600}
TPPH, 419 516 550 593 651
TPPZn 427 556 595

la] Zmay [nm]. [b] In chloroform.

found at 404 nm (cf. 419 nm for the analogous transition of
TPPH,), while that of 3 was found at 410 nm (cf. 427 nm
for TPPZn). In contrast, the Soret and Q bands of
2,3,7,8,12,13,17,18-octabromo-5,10,15,20-tetraphenylporphyrin
exhibit a large red-shift of approximately 6 nm, with respect to
the bands observed for TPPH,, for each bromine atom intro-
duced.®" This effect, first pointed out by Callot for f-bromo-
porphyrins,[2#! was attributed mainly to the saddle-shaped con-
formation adopted by the molecule, a consequence of van der
Waals repulsion between the meso and f substituents.(?* 1% The
same trend was observed for f-octachloro-meso-tetraphenyl-
porphyrin with a Soret band at 452 nm."' ! A comparison of the
UV/Vis spectra of 2 and 3 with those of the two related struc-
tures reported to date was not conclusive with respect to the
unusual blue-shift observed. The Soret band of 2,7,12,17-
tetrafluoro-3,8,13,18-tetramethylporphyrin ~ was found at
387 nm,'3 while that for B-octamethylporphyrin was at
398 nm;'?! the Q bands were also blue-shifted. As these two
porphyrins are free of 7 or steric interactions due to substituents
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at the meso positions, the observed hypsochromic shift for the
tetrafluoroporphyrin can be interpreted as a direct effect of the
electronegativity of fluorine. In contrast, the Soret absorption
band of F,;TPPH, has been reported at 430 nm, which is red-
shifted relative to the 411 nm for the 5,10,15,20-tetrakis(penta-
fluorophenyl)porphyrin ligand (F,,TPPH,) (also, 441 nm for
F,sTPPZn vs. 417 nm for F,,TPPZn) 1 '3

The °F NMR spectrum of the sparingly soluble free-base 2
in CDCl, was also unusual. At 293 K, two very broad signals
(Av1548 Hz at 282 M Hz) werc observed, attributable to two
types of fluorine nuclei in slow exchange on the NMR time
scale. On heating, coalescence was reached at approximately
313 K. Above this temperature the signal sharpened as the
fluorine atoms became equivalent on the NMR time scale.
The free energy of activation AG™* for the observed dynamic
process, identified as NH tautomerism, was calculated at
the coalescence temperature as 13.3 kcalmol ~','* which
compares well with the value reported for NH tautomerism
in TPPH, (12.3kcalmol™!; 303 K, '3C NMR)!*3! and in
2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraphenylporphyrin
(OETPPH,) (13.7 kcalmol ™ '; 293 K, "HNMR)."® In con-
trast, the '°F NMR spectrum of the metalated porphyrin 3
appears as a sharp singlet.

A single crystal of 3, suitable for X-ray diffraction analysis,
was obtained as the acetone solvate by slow evaporation of an
acetone solution; in addition a molecule of water was bound to
the zinc atom. The porphyrin core of 3 was found to be nonpla-
nar, displaying essentially a pronounced saddle shape (see Fig-
ure 1), like the zinc(n) complexes of f-octaethyl- and f-oc-
tamethyl-meso-tetraphenylporphyrins (which crystallized as the

Figure 1. Molecular structure of §-F,TPPZn (3) (thermal ellipsoids at the 50%
probability level).

methanol and pyridine adducts, respectively)!'®! or f-octabro-
mo-meso-tetraarylated porphyrins in their free-base form!!’s!
or complexed with zinc(u),!*7* 183 nickel(in),!** '8 or cop-
per(i) [18Y

As shown in Figure 2, the pyrrole rings are tilted alternately
upwards and downwards relative to the mean porphyrin plane;
the macrocycle core is also gently ruffled (S,-distorted) with a
maximum displacement of 0.13 A for the C,,,, atoms and
0.59 A for the C,atoms.""* in contrast, all atoms of the macro-
cycle core of the five-coordinate adduct (5,10,15,20-tetraphenyl-
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Figure 2. Diagrammatic representation of the porphyrin core of -FyTPPZn (3),
illustrating the extent of the macrocycle distortion in units of 0.01 A

porphinato)Zn"-H,0 (TPPZn-H,0) are coplanar.*® The zinc
atom of 3 is displaced axially from the porphyrin least-squares
plane from 0.28 A (cf. 0.173 A for TPPZn-H,0%" and 0.22 A
for OETPPZn -MeOH!*%Y). The average Zn-N distance of
2.068(5) A is typical of five-coordinate Zn porphyrins.'2! Nev-
ertheless, the Zn—O distance of 2.092(5) A is significantly short-
er than that found, for example, in TPPZn-H,0 (2.228 A)12% or
OETPPZn-MeOH [2.226(5) A].l'® This shortening may be re-
garded as an effect of the fluorine electronegativity.

It is now established that structural changes in porphyrins
have a dramatic electronic effect by modulation of the HOMO -
LUMGO energy gap. While the bathochromic shifts observed in
the optical spectra of porphyrins, for example, §-BryTPPH, 121
have been considered to be intrinsic to ring distortion, recent
studies on nonplanar dodecaalkylporphyrins!'®¢t and meso-
(perfluoroalkyl)porphyrins*!) have suggested that these shifts
originate from core conformations and substituent effects. Al-
though the conformation in solution of porphyrin 3 has not
been determined to date, we suppose that the unprecedented
hypsochromic shift observed in its UV/Vis absorption spectrum
is merely a consequence of the strong overall electron-withdraw-
ing effect of the eight fluorine atoms completely offsetting a
(possible) bathochromic shift due to macrocycle distortion.

Conclusion

It has been shown for the first time that f-octafluoroporphyrins
can be obtained from 3.4-difluoropyrrole, the reactivity of
which appears to be unexpectedly close to that of pyrrole itself.
Further studies on the properties of these porphyrins and others
are underway, including their redox behavior and catalytic ac-
t1vity.

Experimental Section

2,3,7,8,12,13,17,18-Octafluoro-5,10,15,20-tetraphenylporphyrin (8-F,; TPPH, ,
2) and its Zn" complex (B-F,TPPZn, 3): Boron trifluoride diethyl etherate
(30 uL) was added in one portion to a stirred solution of pyrrole 1 (76 mg,
0.745 mmol) and freshly distilled benzaldehyde (79 mg, 0.745 mmol) in anhy-
drous CH,Cl, (74 mL) under argon. Stirring was continued for 1h, and
DDQ (127 mg, 0.559 mmol) was added in one portion. After 1 h of additional
stirring, the mixture was concentrated. The residue was filtered off and
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washed with methanol to afford 66 mg of crude 2. The product was dissolved
in CH,Cl, (100 mL) and stirred overnight with 2 mL of a saturated solution
of zinc acetate in methanol (UV/Vis monitoring). After concentration.
column chromatography (silica gel, CH,Cl,) afforded 3 as red microcrystals.
Yield: 66 mg (43%). Quantitative demetalation was performed with tri-
fluoroacetic acid, affording 2 as brownish microcrystals.

2: 'HNMR (500.13 MHz, CDCl,): 6 = —4.19 (s, 2H, NH), 7.66 (t, 8H,
m-H), 7.72 (t, 4H, p-H), 8.00 (d, 8 H, o-H); *°F NMR (282.4 MHz, CDCl;):
8= —140.9 (vbrs, 4F), —146.4 (vbrs, 4F); high-resolution MS (EI)
(CoH,,FN,): caled 758.1716, found 758.1708.

3: 'THNMR (500.13 MHz, CDCly): § =7.69 (t, 8H, m-H), 7.75 (t, 4H, p-H).
8.0 (d, 8H, o-H): °F NMR (235.35 MHz, CDCl,): 6 = —143.3 (s); '*C
NMR (125.75 MHz, CDCl,/CD;0D): 6 =118.42 (s, meso-C), 126.92 (s, m-
Cppe)» 12821 (s, p-C, ), 13177 (5, 0-C ), 133.61 (m, 2-C), 138.30 (s, ipso-
C), 146.28 (dd, J = 275.0, 10.1 Hz, 3-C); high-resolution MS (FAB, 3-ni-
trobenzyl alcohol/glycerol matrix) (C,,H,FgN,Zn): caled 820.0851: found
820.0848.

Crystal structure amalysis for 3-H,0-C,H,O: C, H,;FN,0,Zn,
M, = 898.13. Crystal dimensions: 0.35 x 0.40 x 0.40 mm, deep purple, mono-
clinic, space group P2,/c, a =14.504(9), b =13.476(9), ¢ = 22.502(5) A,
f=9136(4)0, V=4397@4)A% Z=4, paa=13%gm ™3, u=
6.436 cm !, F(000) =1824. Diffractometer: CAD4 Enraf-Nonius, graphite
monochromated Mo, radiation (i =0.70926 A), 7 =293 K. Program:
MOLEN Enraf-Nonius.[?2! Measurements details: the cell parameters were
obtained by fitting a set of 25 high-theta reflections. The data collection
{20, = 50°, scan w/20 =1, 1, = 60 s; range of hki: h = — 26 to 26, k =0
to 16, [ = 0 to 17; intensity controls without appreciable decay (1.3%)] gave
8396 reflections of which 3247 were independent (R, = 0.038) with > 3a(/).
After Lorentz and polarization corrections, the structure was solved by direct
methods revealing the Zn and N atoms. The remaining non-hydrogen atoms
were found after successive scale factor refinements and Fourier differences.
After isotropic (R = 0.105), then anisotropic refinement (R = 0.095), two
groups of some disordered atoms were found {acctone molecules) and the
hydrogen atoms located with a Fourier difference (between 0.57 and
0.23 ¢ A~3). The whole structure was refined by the full-matrix least-squares
techniques (use of F magnitude; x, y, z, §;; for Zn, N, C. and O atoms and
x, », z for H atoms, solvent atoms refined with B, ; 632 variables and
3247 observations; w = 1/6(F,)* = [o(I) +(0.04 F2)?]~'/?) with the resulting
R=0.054, R,=0.050 and S, =1.44 (residual Ap<0.26 eA~3). Atomic
scattering factors came from ref. [23]. The multiplicity of acetone molecules
was estimated at approximately 0.5. In the second group of atoms, it was not
possible to assign the oxygen atom unambiguously. Under these conditions,
the formula was assumed to be C,,H,,F;N,0Zn-C,H,O.
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-100203. Copies of the data
can be obtained free of charge on application to The Director, CCDC, 12
Union Road, Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033;
e-mail: deposit(@cede.cam.ac.uk).
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Electronic and Geometrical Structures of Dialuminoxane, Diboroxane,
and Their Sulfur Analogues: Ab Initio Study of H,X-Y-XH,
X =AlL B; Y =0, S) Compounds

Laurent Boiteau, Isabelle Demachy, and Francois Volatron*

Abstract: The structures of H,X-Y-XH,
compounds (X = B, Al; Y = O, S) have
been studied by means of ab initio calcula-
tions at the MP4/6-311 G**//MP2/6-
311 G** Jevel. The potential energy sur-
face (PES) of the aluminoxane species

the PES: a planar C,, structure, a C,
structure in which one hydrogen atom
bridges the two X atoms, and a C,, struc-
ture with two bridging hydrogen atoms.
For H,Al-S-AlH,, the C, structure is
the most stable, and the planar C,, and

6.7 kcalmol ™ ! higher, respectively. Quali-
tatively similar results are obtained for
H,B-S-BH,: the C, and planar C,, struc-
tures are nearly isoenergetic, and the
dibridged minimum lies 19.4 kcalmol !
above the planar C,, minimum. These re-

H,Al-O-AlH, is rather flat: the energy
differences between the various located
extrema are less than 1.5 kcalmol ™!, and
this shows that the observed geometrical
preference is not due to electronic factors.
For the sulfur analogues H,X-S-XH,
(X = B, Al), three minima are located on

the dibridged

boron -

Introduction

Here we address the electronic and geometrical structures of
H,X-Y-XH, species (X = B, Al; Y = O, S) by ab initio calcula-
tions. All these molecules have the same number of valence
electrons as allene H,C=C=CH,. Therefore, a perpendicular
D,, arrangement, as found in H,C=C=CH, (1), which maxi-
mizes the conjugation between the p

orbitals of the XH, and Y fragments

- pn_~.mH is expected to be most favorable.
C=—=C=—=C<gy o

/ It has been shown that diboroxane
1 systems (X = B; Y = O) can indeed

adopt such a perpendicular geometry

2.1l However, an alternative structure of C,, symmetry 3 lies
almost at the same energy as 2. It is characterized by a small
B-O-B angle (123° at the MP2/6-311 G** level) and the whole

H

H H\ e} /H
N o—pg” B B
/ Sy | ]
H 0 H H
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sults are rationalized by analyzing the
ability of these systems to bend, depend-
ing on the nature (oxygen or suifur) of the
central Y atom. The conjugation in these
species is also discussed, and calculations
on model systems H,X-YH (X = B, Al;
Y = O, S) are presented.

aluminum -

molecule is planar. These two minima can interconvert through
a very weak energy barrier (1.2 kcalmol ™ !); this indicates that
the potential energy surface (PES) is rather flat between these
two structures. Experimental data on substituted diboroxanes
(R,B-0-BR,) confirm these findings: the experimentally deter-
mined geometries do not belong to the D, or C,, symmetries,
but are intermediate between the two. The smaller the B-O-B
angle is, the smaller is the twist angle between the two BR,
planes. An orbital analysis may explain the origin of the mini-
mum-energy geometries for H,B-O-BH,. In the D,, structure,
each 2p oxygen lone pair is stabilized by conjugation with one
empty boron 2p orbital. As a result, two two-center, two-elec-
tron stabilizing interactions are effective in this geometry. In the
C,, structure, the n oxygen lone pair is stabilized by conjugation
with the vacant in-phase combination of the two boron 2p or-
bitals. The in-plane ¢ oxygen lone pair is stabilized by the rehy-
bridization that occurs upon B-O-B bending. Two ways of stabi-
lizing the two oxygen lone pairs are therefore available for this
molecule. They are roughly equivalent, and the D,, and C,,
structures are almost isoenergetical minima on the PES.
Recently,!?) Uhl et al. described a rather puzzling result: the
structure of a dialuminoxane [R,Al-O-AIR ,, R = CH(SiMe,),]
is planar, with a linear Al-O-Al arrangement 4 and a C,Al-O-

R R R/ S R
/.. _— \ /
\AI——- o———A|/ Al Al
\ i :
A 4 R R s R
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AlC, skeleton of D,, symmetry. This X-ray structure is clearly
at odds with the theoretical results on H,B-O-BH, mentioned
above, provided that aluminum and boron behave similarly.
This prompted us to undertake ab initio calculations on unsub-
stituted aluminoxane H,Al-O-AIH, in order to understand the
electronic differences between aluminum and boron that might
explain the different geometrical preferences of dialuminoxane
and diboroxane.

If the central oxygen atom is replaced by sulfur, the
experimentally determined structure™ is rather different [5,
R = CH(SiMe,),], although both atoms have the same number
of valence electrons. In contrast with the linear Al-O-Al ar-
rangement in R,Al-O-AIR,, the R,Al-S-AIR, moiety is strong-
ly bent (Al-S-Al =117.5°), and the two aluminum coordination
planes are rotated by 39.9° (average value) with respect to the
Al-S-Al plane. Therefore, we studied the unsubstituted H,Al-S-
AlH, system and its boron analogue H,B-S-BH,. To our
knowledge, no crystallographic data are available for the latter
type of molecule.**!

Methods of Calculation

The 6-311 G** basis set was used throughout. All geometries were optimized
at the MP2 level by an analytical gradient method. The extrema were charac-
terized by analytical frequency calculations at this level. The stationary points
may be minima (Min, no imaginary frequency), transition states (TS, only
one imaginary frequency), or nth order saddle points (#-SP, n imaginary
frequencies). In the last case (n>1), the stationary point has no chemical
significance. The correlation energy was then calculated at the MP 4 level on

Abstract in French: Les structures géométriques et électroniques
des composés HyX-Y-XH, (X = B, Al; Y = O, §) ont été déter-
minées par des calculs ab initio a I'aide de la méthode MP4/6-
311G**//MP2/6-311G**. La surface de potentiel associée au
dialuminoxane H,Al-O-AIH, est trés plate: les trois extrema lo-
calisés (D,,, D,,, C,,) différent en énergie par moins de
1.5 kealmole ™. En conséquence, la préférence conformationnelle
du dialuminoxane caractérisé expérimentalement ( R,Al-O-AIR,
avec R = CH(SiMe,),) n'est pratiquement pas gouvernée par
des facteurs électroniques. Les composés soufrés H,X-S-XH,
(X = B, Al) présentent trois minima sur la surface de potentiel:
un minimum plan C,,, une structure C; on un atome d’hydrogéne
est en pont entre deux atomes X et une structure C,, possédant 2
hydrogenes pontant. Pour le systéme H,Al-S-AIH,, la

structure C, monopontée est la plus stable, les structures

C,, plane er bipontée se situant respectivement 3.2 et R
6.7 kcalmole™ au-dessus. Pour le systéme H,B-S-BH,, \
les structures Cg et C,, planes sont pratiquement isoénergé- R
tigues et le minimum biponté est déstabilisé de

19.4 kcalmole™" par rapport a la structure C,, plane. Les
stabilités relatives des différents extrema dépendent essen-
tiellement de deux facteurs: dune part de la facilité de
Sfermeture de l'angle X-Y-X selon la nature de Y, et d’autre
part de la stabilisation apportée par lu conjugaison entre les paires
libres de Y et les orbitales vacantes des fragments XH,. Des
calculs sur les sytémes modéles H,X-YH (X = B, Al; Y= 0, 5)
sont également présentés et discutés.
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the geometries optimized at the MP2 level. Our best level of calculation is
therefore MP4/6-311 G**//MP2/6-311 G**. The Gaussian92 set of pro-
grams'®! was used.

Results and Comparison with Experimental Data

H,Al-O-AlH, (6): Three stationary points were located and
characterized on the PES. They are of C,,, D,,, and D,, symme-
try, and no extrema of lower

symmetry (C, or C,) were Hext Ho
found. The D,y structure is A|/O\A|/
characterized as a minimum, \
the C,, one as a transition H

int Him
state, and the D,, one as a sec- 6

ond-order saddle point. The
energetical and geometrical characteristics of these extrema are
given in Table 1.

Table 1. Geometrical parameters (A and ) and relative energies (kcalmol ™ ") of the
optimized extrema of the H,Al-O-AlH, system (see 6 for the nomenclatare of the
atoms). The D,, absolute energies (in a.u.) are — 561.48028 (MP 2) and — 561.51819
{(MP4/MP2).

Dlh DZd (‘Z\
Al-C 1.703 1.702 1.704
Al-H,, 1.572 1.572 1.572
Al-H,, - - 1.571
Al-O-Al 180.0 180.0 169.9
0O-Al-H,, 119.1 1189 1193
0O-Al-H,,, - 118.9
type 2-SP min TS
AE(MP2) 1.4 0.0 1.4
AE (MP4) 1.4 0.0 1.4

The three extrema are very close in energy (the energy differ-
ence is less than 1.5 kcalmol ~! at both MP2 and MP4/MP2
levels). Only the D, structure is a true minimum on the PES.
The C,, transition state allows the interconversion between two
equivalent D,, minima (Scheme 1): the transition vector associ-
ated with this TS mainly develops with the coupled rotation of
the two AlH, groups. The Al-O-Al bending is marginal in this
motion, since the C,, extremum is weakly bent (Al-O-Al =
169.9°, Table 1). Following each of the two transition vectors
from the D,, second-order saddle point leads to the C,, transi-
tion state or to the D,y minimum.

R R /
/A|——0—A|-\4,§ — A O — gé’*Al—O—N\

| |
Dzg R G Dog
CZV

Scheme 1. Interconversion between the two equivalent D,, minima of R,AIFO-AIR, via the
C,, transition state,

The results listed in Table 1 show that there is no electronic
preference for a particular geometry in this species. In addition,
the optimized geometrical parameters are nearly the same in
each extremum; for instance, the difference between between
the longest and the shortest Al-O bond lengths is only 0.002 A
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(Table 1). Consequently, it can be concluded that the PES is
rather flat around these extrema. Steric effects or crystal pack-
ing forces are then likely to determine the geometry of the sub-
stituted dialuminoxane species. The experimental finding of Uhl
et al.,[?! although unexpected, is thus not surprising in the light
of our results. Finally, our structural parameters obtained for
D,, geometry agree well with those found by Uhl et al.: the
aluminum atom is in an approximately planar trigonal environ-
ment. and the Al-O distance (1.688 A) is slightly shorter than
our calculated value (1.703 A).

H,B-O-BH,: The results have been reported and analyzed else-
where.!! The C,, and D,, structures are almost isoenergetic
minima on the PES. The D,, structure is characterized as a
second-order saddle point, and the two imaginary frequencies
are associated with motions that lead to the C,, or D,, minima.
For the sake of comparison, the geometrical and cnergetical
results are listed in Table 2. On the whole they agree with the
experimental data.!"!

Table 2. Geometrical parameters (A and ©) and relative energies (kcalmol ™ ') of the
optimized extrema of the H,B-O-BH, system.

DZh DZd Clv
B- O 1.356 1.343 1.376
B--H,, 1.197 1.193 1.194
B--H.,,, - - 1.191
B-O-B 180.0 180.0 123.0
O-B-H,, 119.4 118.5 120.1
0-B-H,,, - - 1171
type 2-SP min min
AE (MP2) 11.3 0.8 0.0
AE (MP4) 11.3 0.6 0.0

H,Al-S-AlH,: Six extrema were located on the PES for this
molecule. Three minima and three nth order saddle points were
characterized. No attempt was made to locate the TS’s for the
interconversion between the minima. The optimized geometri-
cal parameters and the relative energies of these extrema are
given in Table 3. Two results strongly differ from those found in
the preceeding cases: first, the D,, geometry is no longer a
minimum but a second-order saddle point, and second, two
bridged minima (7 and 8) appear on the PES. The monobridged
structure 7 is the absolute minimum.

H2 H2
2 1 T~al, AT
Al Al e
N4 N/
He Y 1 H 1
H H
7 8

The planar C,, structure is a real minimum on the PES, and
its geometry can be compared to the experimental structure. The
optimized Al—S bond length (2.178 A) s a little shorter than the
experimental value (2.187 A) and, in agreement with the crystal-
lographic structure, the Al environment is approximately trigo-
nal planar. However, some discrepancies exist between the the-
oretical and experimental geometries.l’! First, the Al-S-Al angle
(104.9°) is smaller than the experimental value (117.5°). Second,
the Al coordination planes are rotated in the experimental struc-
ture (average twist angle: 39.9°), whereas our calculated struc-
ture is planar. Both these differences probably originate from
the presence of bulky substituents [R = CH(SiMe,),] on the
aluminum atoms: minimization of steric repulsion should cause
an opening of the Al-S-Al angle and rotation of the aluminum
coordination planes. To investigate the influence of steric ef-
fects, we performed some additional geometry optimizations on
dimethyl- and tetramethyl-substituted compounds 9 and 10
within the C, symmetry point group. In each case, we find an

Ho, Swe_ M CHy, s ChHy
',A'/ \AI "id/ \AI/
CHs CHs CHy CHs
9 10

opening of the Al-S-Al angle [Al-S-Al =108.0° (9) and 106.2°
(10)] and a twist of the aluminum coordination planes (Tw) with
respect to the Al-S-Al plane [Tw =16.2° (9) and 24.4° (10)].
These values are intermediate between the optimized values in
the unsubstituted system (Al-S-Al =104.9°, Tw = 0, Table 3)
and those experimentally determined in the substituted system
(AI-S-Al =117.5°, Tw = 39.9°). This shows that these two geo-
metrical parameters strongly depend on steric effects, which are
partly taken into account in 9 and 10.11 The optimized bond
lengths arc close to those observed experimentally [Al-
S =2183A(9),2.190 A (10), 2.187 A (exp.); Al-C =1.957 A
(9); 1.959 A (av. value in 10); 1.93 A (av. exp. value)].

Table 3. Geometrical parameters (A and °) and relative energies (kcalmol™ ') of the optimized extrema of H,Al-S-AlH, system. The planar C,, absolute energies (in a.u.)

are —884.03611 (MP2) and —884.08478 (MP4/MP2).

D, D,y C,, planar C,, butterfly C, monobridged C,, dibridged
S- Al 2.149 2.145 2178 2.178 2.105 2211
S-Al2 - - - B 2.285 -
All-H1 1.567 1.566 1.570 1.570 1.657 1.773
All1-H2 - - 1.568 - 1.556 1.555
Al2-H3 - - - - 1.572
Al-S-Al 180.0 180.0 104.9 107.0 75.4 63.9
S-Al1-H1 118.3 117.8 120.1 119.1 99.6 90.6
S-Al1-H2 - - 116.4 141.7 141.9
S-Al2-H3 - - - - 1159 -
Al1-8-Al2-H3 - 0.0 90.9 101.2 383
ype 3-SP 2-SP min 2-SP min min
AE (MP2) 14.0 12.2 0.0 7.6 —-2.7 4.0
AE (MP4) 14.5 12.5 0.0 7.8 —32 3.5
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Surprisingly, the D, geometry corresponds to a second-order
saddle point located 12.5 kcalmol™! above the C,, structure,
and not to a minimum as in the above oxygen systems. The two
imaginary frequencies associated with this structure are degen-
erate and develop only on the Al-S-Al angle. The associated
motions allow the stabilization to the C, monobridged mini-
mum 7. Since the two H,AIS planes are equivalent in D,, ge-
ometry, the two vibrations corresponding to these motions are
degenerate. One of them (the in-plane motion) is depicted in
Scheme 2.

/! e

Hi g

H“’AI S Al — Al A'\
\ vy o/ TH
W H) ¥

Scheme 2. In-plane motion of the D,y geometry of H,Al-S-AlH, to give the C,
monobridged minimum 7.

For the H,Al-S-AlH, system, the absolute minimum belongs
to the C, point group and results from a large bending of the
Al-S-Al angle away from D,, geometry. The C, minimum is
2.7 kcalmol ~! lower in energy than the C,, minimum. We at-
tribute this stability to the fact that one hydrogen atom of the
in-plane AlH, group bridges the two aluminum atoms in this
structure. The distance between the nonbonded atoms Al2 and
H1 is indeed rather short (1.895 A). This bridging interaction is
also reflected by a 0.1 A lengthening of the Al-H distance of the
bridging hydrogen atom compared to that of the terminal
one (Al1-H1 =1.657 A and Al1-H2 =1.556 A; see 7 and
Table 3) and by a small S-Al-H 1 angle (99.6° instead of 120° for
trigonal coordination}. This bridging interaction is probably the
origin of the small valence angle at sulfur (Al-S-Al =75.4°).

The dibridged structure 8 of C,, symmetry is also a real min-
imum located 3.5 kcalmol ~ ! above the planar C,, minimum. In
this dibridged structure, the two hydrogen atoms are symmetri-
cally bound to the aluminum atoms. The Al-H distance
(1.773 A) is longer than that found in the monobridged species:
the valence angles are small due to the quasicyclic constraint
(S-Al-H = 90.6° and Al-S-Al = 63.9°, Table 3). The terminal
Al-H bond (1.555 A) lies within the range of values found for
the other geometries.

Neither of the two bridged structures 7 or 8 fits the experi-
mental findings for these systems. This is not surprising since

there are no hydrogen atoms directly bound to the aluminum
atoms in the experimentally synthesized molecule. The carbon
atoms bound to aluminum are probably less able than hydrogen
to bridge the two aluminum atoms. This should explain why the
experimental structure more closely resembles the planar C,,
structure (which is less than 3 kcal mol ™! higher in encrgy) than
the bridged structures.

H,B-S-BH,: The results obtained for this species are listed in
Table 4. They are very similar to those obtained for H,Al-S-
AlH,: three minima and three nth order saddle points are found
on the PES. The D,, geometry is a second-order saddle point.
and two bridged minima are found. In this case, the planar C,,
structure is the absolute minimum, and the monobridged mini-
mum lies only 0.4 kcalmol~? above it. Except for these two
minima, the energetic ordering of the extrema is as for the alu-
minum species, although the energy differences are larger for
boron compounds.

Discussion

The results obtained are almost independent of the calculation
level. For each calculated structure, the energy ordering is the
same at both MP2 and MP 4/MP 2 levels, and the relative ener-
gies are the same within 0.5 kcalmol ™', except for the H,B-S-
BH, dibridged structure, for which the MP4/MP 2 relative ener-
gy is 1.8 kcalmol™' higher than the MP2 energy. This
consistency of the results means that the computational level is
adequate for these systems. Two features of these molecules are
discussed in the following: bending and conjugation.

Bending in H,X-Y-XH, species: The bending ability of these
molecules is reflected in the D,, — planar C,, interconversion.
The energy differences are reported in Table 5. In each case, this
motion stabilizes the compound.

Table 5. Energy differences {in kcalmol ') between D, and C,, structures and
XYX bending angles (in °) in C,, geometry for H,X-Y-XH,.

H,B-0-BH, H,ALO-AlH, H,AlS-AlH, H,B-$-BH,
E(D,,) — E(C,,) 1.3 0.01 14.5 44.4
X-Y-X angle 123.0 169.9 104.9 102.4

Tabie 4. Geometrical parameters (A and ") and relative energies (kcalmol ™) of the optimized extrema of H,B-S-BH, system. The planar C,, absolute energies (in a.u.) are

—449.57383 (MP2) and —449.62693 (MP4/MP2).

D, Dy, C,, planar C,, butterfly C, monobridged C,, dibridged

S-B1 1.807 1.760 1.802 1.843 1.703 1.871
S-B2 - - - - 1,943 -
B1-H1t 1.186 1.184 1.187 1.189 1.312 1.364
B1-H2 - - 1.189 - 1.181 1.178
B2-H3 - - - - 1.190 -
B-S-B 180.0 180.0 102.4 91.1 62.2 50.6
S-B1-H1 117.7 116.8 120.2 119.4 111.8 99.4
S-Bt-H2 - - 1171 - 139.6 138.5
S-B2-H3 - - - - 1148 -
B1-S-B2-H3 - - 0.0 91.0 105.7 42.6
type 3-SP 2-Sp min 2-Sp min min
AE (MP2) 443 28.5 0.0 259 —0.3 17.3
AE (MP4) 44.4 28.2 0.0 26.1 04 19.1
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The calculated stabilization energy upon bending show two
tendencies: a) itislarger for S than for O, and b) it is larger for
boron than for aluminum compounds. Thus, it is approximately
zero for H,Al-O-AlH, and rather large for H,B-S-BH,
(44.3 kcalmol™'). The greater ability of boron to form bent
structures compared to aluminum compounds is difficult to ex-
plain. It may originate from the electronegativity difference be-
tween boron and aluminum or from the lengthening of Al-Y
bonds with respect to B—Y bonds. Both these factors may play
a role, and we did not find a satisfactory explanation for
this difference.

The difference between sulfur and oxygen is more eas-
ily understood. The stabilization upon bending is due to
the rehybridization of the central atom o lone pair by
mixing with the o* orbital in the linear geometry (Fig-
ure 1). Since oxygen is more electronegative than sulfur,

HI:.. g .|\\H
H ‘ (Y H

Dy, structure

XH, fragments is still under debate.!” ¥ According to Uhl et
al.,l?] this conjugation should be the origin of the observed D,,
structure in R,Al-O-AlR;,. In order to discuss whether this con-
jugation is at work in the studied systems, we shall focus first on
the D,, — D,,interconversion. In the D,, geometry, only the Y
7 lone pair is stabilized by conjugation with the two XH, vacant
p orbitals, whereas both lone pairs are stabilized in the D,
structure (Figure 2). The results for the various systems are

summarized in Table 6.
H H
/
E“*g—%x\ He-Qpraf
H
\ ,-‘J
Y

Dog structure

Figure 2. Stabilization of the lone pairs of Y in the D,, and D, structures of H,X-Y-XH,.

c* _/

lone pair

Figure 1. Schematic cvolution of the in-plane Y lone pair of H,X-Y-XH, species
upon bending.

its lone pair is lower in energy. The energy gap to the antibond-
ing orbital is then greater in the oxygen compounds than in the
sulfur compounds. Thus the sulfur systems will be more bent
than their oxygen analogues (Table 5). This difference between
divalent sulfur and oxygen species is well known: for instance,
H,S is more strongly bent (H-S-H = 92.1°) than H,0 (H-O-
H =104.5%), and the same holds true for methylated com-
pounds (C-S-C =105° in Me,S and C-O-C =111° in Me,0).
The reluctance of sulfur to form linear structures is further illus-
trated by considering the D, — butterfly C,, deformation
(Scheme 3). For H,X-S-XH,, it stabilizes the compound by
6.7 kcalmol ™! (X = Al, Table 3) and 18.3 kcalmol ™! (X = B,
Table 4), but is destabilizing in both oxygen-based systems.

s
x/\)\ X
, 9 Y
H 7
H/ \HH

Scheme 3. The Dy, -» butterfly C,, deformation in H,X-S-XH,.

Hy,,, LnH
HI;’X—S—_X“\H

Starting from D,, geometry leads to similar results: bending
results in destabilization for oxygen as central atom, and stabi-
lization for sulfur by 15.7 kcalmol ' (X = Al, Table 3) and
27.8 kcalmol ™! (X = B, Table 4). As expected, the stabilization
for this D,, — C, motion is greater than for the D,, — butterfly
C,, deformation, since the lone pair is less strongly destabilized
in the latter case.!!]

Conjugation in H,X-Y-XH, species: The importance of conjuga-
tion between the Y lone pair and the vacant p orbital on the two

1864
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Table 6. Energy differences (in kcalmol ™ ') between the D,, and D, structures for
H,X-Y-XH,.

H,B-O-BH, H,AlO-AIH, H,Al-S-AIH, H,B-S-BH,

E(D,} — ED,y) 10.7 14 2.0 16.2

In each case, the D,, structure is more stable than the D,
structure; this indicates that the two conjugative interactions in
D,, geometry are more strongly stabilizing than the single inter-
action in the D,, structure. As expected, the values are smaller
than that found in allene (76 kcalmol ~*).1”! More important is
the fact that this energy difference is significantly smaller for
aluminum (1-2 kcalmol™!) than for boron (> 10 kcalmol ™).
It can be concluded that the BH, fragment conjugates with
oxygen or sulfur more strongly than the AIH, fragment. This
difference in behavior may originate, at least in part, from the
clectronegativity difference [y(Al) = 1.6 and y(B) = 2.0 on Paul-
ing’s scale], which indicates that boron conjugates more effi-
ciently than aluminum with electronegative atoms such as sulfur
[(S) = 2.7] or oxygen [3(O) = 3.2]. In addition, the aluminum
3p orbitals are more diffuse than the boron 2 p orbitals, and this
Ieads to poorer overlap with oxygen or sulfur orbitals. This last
point has already been put forward to explain why second-row
atoms form rather weak T bonds.!'? It can then be concluded
that the energetic differences between the two geometries are
noticeable only in the BH, case. For H,Al-Y-AlH, (Y = O, S)
systems, the rotational barrier is weak. As a consequence (see
preceding section), the experimentally observed geometry of
R,Al-O-AlIR, does not correspond to the lowest-energy geome-
try of the unsubstituted species.

Model systems study: In order to obtain a more detailed descrip-
tion of these conjugative interactions, we performed additional
calculations on model systems H,X-YH (X = Al B; Y = O,
S). The calculation level is the same as before (optimization and
characterization of the extrema at the MP 2/6-311 G** level and
subsequent MP4/6-311 G** calculation on the optimized ge-
ometries). In each case, a planar and a perpendicular structure
were fully optimized. Regardless of the nature of the X and Y
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atoms, the planar and perpendicular structures are a minimum
and a transition state, respectively. Therefore, the rotational
barrier (planar — perpendicular) may be a good indication of
the conjugation between X and Y atoms. The energetical results
are given in Table 7.

Table 7. Rotational barrier (in kcalmol ™ ') for H,X-YH (X = Al B; Y =0, S).

H,ALOH  H,B-OH H,ALSH  H,B-SH
AE (MP2) 36 16.9 76 205
AE (MP4/MP2) 39 171 78 20.6

As in the H,X-Y-XH, study, both sets of results are
nearly identical; the rotational barrier differs by less than
0.3 kcalmol™! on changing the computational level. A weak
rotational barrier (3.9 kcalmol™ ') is found for H,Al-OH. It
increases slightly to 7.8 kcalmol ™! for H,Al-SH, and becomes
significant in H,B-OH (17.1 kcalmol™') and H,B-SH
(20.6 kcalmol ™). These calculations confirm our results: con-
jugation increases in the order Al1-O <Al-S<B-0<B-S (cf.
Tables 6 and 7). It is weak when aluminum is involved, especial-
ly with oxygen, and becomes important for boron with both
sulfur and oxygen. For boron compounds, our results agree well
with those of Ashby and Sheshtawy,!'"! who find slightly
smaller rotational barriers for boron systems (14.3 and
18.0 kcalmol " ! for H,B—OH and H,B—SH, respectively, at the
HF/6-31 G* level). Previous calculations by Gropen et al.l'?
gave very similar results for H,B~SH (19.5 kcalmol™!). Our
results are also consistent with those of Zyubina and Chark-
in.13! For aluminum compounds, our results agree well with
those of Fink et al.,’8! who found rotational barriers of 3.5 and
7.3 kcalmol™! for H,Al-OH and H,Al-SH, respectively.
However, our conclusion of a small conjugation between Al and
O is at variance with that of Barron et al.,”'* who found a
substantial conjugation with oxygen in three- and four-coordi-
nate aluminum compounds. In this case, the discrepancy may
arise from the fact that the authors only discussed the geometri-
cal features of some aluminoxy compounds.!3]

Conclusion

The geometrical and electronic structures of H,X-Y-XH,
(X = Al B; Y =0, §) systems have been studied by means of
ab initio calculations. The H,Al-O-AlH, molecule has D, sym-
metry, and the energy difference to the D,, structure is very
small. When the central atom is sulfur, we find a strongly bent
minimum in both cases (X = Al or B). In H,Al-S-AlH,, the
absolute minimum is a hydrogen-bridged structure, which
should be experimentally characterizable provided that at least
one hydrogen is directly bound to the aluminum atom. Finally,
calculations on model structures indicate that the rotational
barrier is large in boron compounds and becomes weaker in
H,Al-SH. It is small in H,Al-OH, a result that explains the
very small energy difference between the D,, and D, geometries
in H,Al-O-AlH,.
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Asymmetric Addition Reactions with Optimized Selenium Electrophiles

Thomas Wirth* and Gianfranco Fragale

Abstract: The synthesis of various nonracemic diselenides by different methods is de-

scribed. These diselenides are precursors for optically active selenium electrophiles.
Their facial selectivity upon addition to styrene was investigated with respect to the
chiral moiety neighboring the selenium. Diselenides 14, 1n, and 1v yielded addition

Keywords
asymmetric synthesis - chirality
diselenides - selenium

products 7 with diastereomeric excesses up to 95%. Some diselenides, intermediates,
and products of the addition reaction were investigated by 7’Se NMR spectroscopy.

Introduction

The stereoselective functionalization of nonactivated C=C
double bonds is still a challenge in organic chemistry. Efficient
methods are available for asymmetric epoxidation!'! or dihy-
droxylation!?! of unfunctionalized alkenes; however, stoichio-
metric addition reactions of chiral reagents to unfunctionalized
alkenes deserve further investigation. Adducts formed using this
method could provide access to highly desirable building blocks
in further syntheses.

Recently, we showed that optically active diselenides of type
1 are easily accessible.l3] After conversion to the corresponding
selenium clectrophiles these compounds can add to alkenes in
the presence of a nucleophile (Scheme 1). A seleniranium ion 2

.
W

.

X 1. Bry, AgOTf Nu "~
—_—— Se---X PE——
Se)y gy v /A o OTE™
2. 7N g
1 2

provides an entry into radical chemistry. 2. By oxidation of the
selentum to the selenoxide, f-hydride elimination can occur.
Further oxidation to the selenone generates an excellent leaving
group. 3. Deprotonation in the o position is possible, as well as
a selenium—metal exchange which opens up the broad field of
carbanionic chemistry.

Herein we report the synthesis of various optically active di-
selenides of type 1 and their addition to styrene. We and other
research groups have already reported that unsaturated car-
boxylic acids or unsaturated alcohols can undergo intramolecu-
lar selenoetherification or selenolactonization reactions.t 3! We
applied such an addition reaction followed by intramolecular
radical cyclization to the synthesis of furofuran lignans.'®! Here
we investigate the development of efficient and easily accessible

selenium electrophiles that can participate in addi-
tion reactions. As a test reaction we studied the addi-
tion of selenium cations to styrene using methanol as
nucleophile. A wide range of alkenes can be em-

SeAr* . .. .
. ear . Dloyed in these addition reactions; however, some-
times higher diastereoselectivities are obtained with
Nu trans-disubstituted alkenes than with styrene.
3

Scheme 1. Optically active diselenides 1 are converted to the corresponding selenium electrophiles,

which then add to alkenes in the presence of a nucleophile.

is formed and trapped from the anti side by either an external or
internal nucleophile. The addition products 3 are obtained in
good yields and with high diastereoselectivities. Because they
still contain the selenium functionality they are versatile starting
materials for subsequent reactions:™! 1. The homolytic cleav-
age of the carbon-selenium bond generates radicals and thus

{*] Dr. T. Wirth, Dipl.-Chem. G. Fragale
Institut {tr Organische Chemie, Universitit Basel
St. Johanns-Ring 19, CH-4056 Basel (Switzerland)
Fax: Int. code +(61)267-1105
e-mail: wirth{@:ubaclu.unibas.ch
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Results and Discussion

Different research groups have employed optically active seleni-
um compounds in asymmetric addition reactions. Most of these
compounds have an asymmetric moiety with a heteroatom in
close proximity to the selenium atom. Because of the facile syn-
thesis of diselenides 1a—k with X = OR’ we were able to vary
the substituents R and R and to investigate their influence upon
the addition reaction. Several methods are known for the syn-
thesis of diselenides.l’! The reaction of aryllithium compounds
(generated either by halogen —lithium exchange or by ortho de-
protonation) with elemental selenium produces selenols, which
are subsequently oxidized by air to diselenides. If halogenated
precursors are available, the reaction of these substrates with
sodium diselenide may be an alternative for the synthesis of
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diselenides, especially if functional groups in the molecule do
not tolerate the use of butyllithium. The method of diselenide
synthesis did not affect the optical purity of the asymmetric
center. The enantiomeric excess of optically enriched starting
material can be correlated within experimental error to the
diastereomeric excess in the resulting diselenide, which can be
determined by NMR spectroscopy. The same diselenide (e.g.,
1i, Scheme 2) prepared in different ways had equal optical rota-
tions, showing again the stereochemical integrity of the chiral
center during diselenide formation.

triflates in diethyl ether, and these conditions were used in all
experiments (see experimental section, GP4).

We first investigated diselenides of type 1 with an oxygen
atom (X = OR’) in the chiral side chain. It turned out that an
intramolecular oxygen-—selenium interaction is necessary for
high diastereoselectivity. The smaller the residue R’ on the oxy-
gen, the better is the interaction with the selenium and the trans-
fer of chirality to the newly generated stereocenter. This means
that diselenides 1 with a free hydroxy group (X = OH) give the
highest diastereoselectivities (Table 1). The diastereomeric ex-

cesses of the addition products 7 were determined by
NMR spectroscopy as well as by GC analysis of the

-]
wntg

1. Se
2. air

@/\X ortho-lithiation @\X
— e -
Li

4

o'

@Cx

e)

cleavage product 8. The configuration of the newly
generated stereocenter was determined by an inde-
pendent synthesis of 8.

Diselenide 11 shows greater conformational flexi-

T Buli NaoSe, R X bility because the interaction of the oxygen and the
/ la: Me  OfBu selenium lead not to a five-membered but to a six-
R il’f 1\1\2: gﬁe membered ring. The diastereomeric excess decreases
A X i Et  OMe to approximately 4:1 (60 % de). Selenocyanates can
@\/\ le:  CH,Ph OMe also serve as precursors for selenium cations. In
Br If: Bu OMe compound 1m the oxygen atom is adjacent to a

s jove oM hiral dagainafi bered h 1
e B OCH)0Me chira center and again a five-membered eterocycle

li: Et OH is formed by interaction of selenium with oxygen;

1j: nPr  OH however, the much greater flexibility of this system

1k Bu OH

Scheme 2. Different synthetic routes to diselenides 1.

The selenium electrophile 6 is generated from diselenides 1 via
the selenenyl bromide and exchange of the bromine with the less
nucleophilic triflate. Addition to styrene in the presence of
methanol yields the addition products 7 (Scheme 3). For the
comparison, only the reactions with styrene are described. Dif-
ferent counterions as well as different solvents were screened.
We obtained the highest diastereoselectivities with the selenenyl

R
1. Bry H styrene « AIBN
2. AgOTE @f\ X MeOH Ph3SnH
ge* Ph” “OMe Ph”™ “OMe
oTf~
6 7 8

Scheme 3. Generation of selenium electrophile 6 from diselenide 1 via selenenyl
bromide. Addition of 6 to styrene in the presence of methanol yields 7, which is
cleaved to give 8.

Abstract in German: Es wird die Synthese nichtracemischer
Diselenide mit Hilfe verschiedener Methoden beschrieben. Diese
Diselenide sind Vorldufer fiir optisch aktive Selenelektrophile. Die
Seitenselektivitiit bei der Addition der Selenelekirophile an Styrol
wurde besonders im Hinblick auf die chirale Einheit neben dem
Selenatom untersucht. Die Diselenide 1i, 1n und 1v lieferten die
Additionsprodukte 7 mit Diastereomereniiberschiissen bis zu
95%. Einige Diselenide, Intermediate und Produkte der Addi-
tionsreaktionen wurden zuséitzlich mit 7" Se-NMR Spektroskopie
untersucht.
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leads to an addition product with 0% de. Therefore
we synthesized diselenides 1n and 1o, in which the
conformational flexibility is reduced by the annula-

Table 1. Reactions of diselenides with styrene and methanol to give addition prod-
ucts 7.

1 R X T[°C] Yield 7[%)  de [a] 7 [%]
la Me OrBu —78 68 36
1b Me OEt -8 58 74
lc Me OMe -8 63 74
1d Et OMe —78 51 69
le CH,Ph  OMe —-78 75 32
1 [b] /Bu OMe -78 45 72
1g Me OH —78 70 77
1g Me OH ~100 67 83
1h Et O(CH,),0Me  —78 54 70
1i Rt onu ~100 81 89
1i Et OH —114 46 92
1j nPr OH —100 54 87
1k[b]  Bu OH ~100 33 35
11 78 63 60
im —78—-20 26 0
In - 100 28 93
io ~100 46 85
1q —78520 56 0

[a] The de values of 7 differ only slightly (£3%) from the ¢e values of the corre-
sponding cleavage product 8. [b] Diselenides 1f and 1k were employed as race-
mates.

tion of a second ring. They are accessible from the optically
active alcohols!®! by the ortho-lithiation route.!”! The addition
products were obtained with diastereomeric excesses of 93 %
(n=1) and 85% (n = 2), respectively.!'® We then examined
diselenides bearing chiral side chains with two heteroatoms. The
isoxazoline-derived diselenide 1p did not react in the addition
reaction. Neither diselenide 1q, with an acetal moiety, nor dise-
lenide 1h, with an ethoxymethoxy substituent, were more effi-
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cient in the addition reaction than the diselenides with a free
hydroxy group. This indicates that a strong oxygen—selenium
interaction is necessary to obtain high diastercoselectivities in
the addition reaction.

Following on from these results, we varied the electronic
properties of diselenide 1i. Attachment of substituents at the
aromatic ring should change the electrophilicity of the selenium
cations and therefore have an influence upon their reactivity as
well as upon the diastercoselectivity of the addition reaction.
Additional substituents at the sccond ortho position to the sele-
nium do indeed have a dramatic influence. These diselenides
have a low reactivity towards alkenes and the addition products
are formed with low yields and diastereoselectivities (results
listed in Table 2). A methyl substituent (1r) is not tolerated, and

Table 2. Reactions of further diselenides with styrene and methanol to give addition
products 7.

Diselenide 71°C] Yield 7 [%]  de [a] 7 [%]
Is R = 6-CF, 78 520 38 21
lu R = 5-/Bu —100 33 53
1y R = 4-NO, ~100 72 93
v R = 4-NO, —114 37 95
tw X = NMe, 0 64 10
Ix X = pyrrolidin-1-yf ~ —78 20 55 0
1y 78 20 40 6

[a] See Table 1.

with a trifluoromethyl (1s) group only about 20% de was ob-
tained in the addition product. Even a terz-butyl group in posi-
tion 5 (1u) decreases the diastereomeric excess to 53 %. By con-
necting a second chiral side chain at

it position 6 identical to that at posi-

: tion 2, a C,-symmetrical diselenide
(1t) is generated. Because the seleni-
um cation is now stabilized by two
hydroxy groups, we found it to be

1i: completely unreactive towards alke-

R=H
:r Ej:‘ g:h nes!'’ The diselenides 1s and lu
1: R=6 ) (S)?CH(OH)EI c.ould be obtaiped by the ortho—.lithig-
lu: R=5-{Bu tion route; this was not possible in
Iv:  R=4-NO, the synthesis of 1r and 1t, where the

optically active brominated precur-
sors were synthesized. They were lithiated by a bromium - lithi-
um exchange and treated with elemental selenium to yield the
diselenides after oxidative workup.
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Electron-withdrawing substituents in position 4, however, do
enhance the electrophilicity of the selenium species. Diselenide
tv, with a nitro group in the para position to the selenium, adds
to styrene with a diastereoselectivity of 95%. The nitro-substi-
tuted precursor 10 was synthesized from bromopropiophenone
{9). Compound 10 could not be lithiated without decomposition
and was therefore transformed to the diselenide 1v by treatment
with sodium diselenide,l”™ as shown in Scheme 4.

Et I. conc. [INO; ‘;3‘
@0 2. (-(Ipc),BCl 0N ou  NaSe
—_———— - —_— 1y
Br Br
9 10

Scheme 4. Diselenide 1v was obtained from 9 via 10, which could not be lithiated
without decomposition and was therefore treated with sodium diselenide.

The precursor 12 necessary for the synthesis of a diselenide
with a nitro group in the ortho position to selenium was synthe-
sized from 2-bromo-3-nitrobenzaldehyde (11)!'?) by a se-
quence of alkylation,!'3 oxidation, and asymmetric reduction
(Scheme 5), but the diselenide synthesis failed. A different
product, the diazo compound 13, was isolated from the reaction

1. MeTi(O-iPr);

e
7] Eu,
o~ ty

o

CHO 3 ¢ro, o NasSe
—_— B — N> N
Br 3. (5)-(Ipc),BC! Br s
NO, NO, o
11 12 BT

Scheme 5. The precursor 12 was synthesized from 11 by a sequence of alkylation,
oxidation, and asymmetric reduction, but the diselenide synthesis gave the unex-
pected product 13.

mixture and its structure determined by X-ray analysis.l'* It is
known that nitro compounds can be coupled to symmetrical
diazo compounds with reducing agents,! >} but a benzannulated
selenooxole moiety has, to our knowledge, not been described
till now.

We also synthesized a variety of diselenides 1 with nitrogen
instead of oxygen as the heteroatom coordinated to selenium.
For example, the diselenides 1w and 1x can be easily prepared

i

X 7 Tom
N
Se) N Se),
iw: X =NMe, ly

Ix: X = pyrrolidin-]-yl

from commercially available optically active phenylethylamine.
We were able to show that these diselenides are excellent procat-
alysts for the diethylzinc addition to aldehydes.['®! But, in con-
trast to other nitrogen-containing diselenides,®> ¢ they add
only slowly and with low diastereoselectivites to styrene, as
shown in Table 2.
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The addition products from pyridinium-based selenium
cations are known to be more reactive precursors for a B-hy-
dride elimination than the benzene counterparts.!!” For this
reason diselenide 1y was prepared, but the diastereomeric excess
of the addition product is very low (6% de). Compound 1y was
the only diselenide from which crystals suitable for an X-ray
analysis could be obtained. The X-ray structure of 1y"*® indi-
cates small oxygen—selenium distances of about 2.90 A even in
the solid state. It has been observed several times that divalent
selenium can interact with nearby heteroatoms in solution as
well as in the solid state.[!*]

We also analyzed the addition reaction of 1i to styrene by
77Se NMR. The chemical shift of diselenide 1i (§ = 456) is with-
in the range of the diselenides synthesized (6 = 414—475, except
1r: § = 368). After addition of bromine the sclenenyl bromide
is generated with a resonance at é = 872. This value is almost
unchanged by the addition of silver triflate to generate 6i
(6 = 882) or the corresponding hexafluoroantimonate with
d = 895. Compared with the literature value for phenylselenenyl
bromide (6 = 867) or with the selenenyl bromide generated
from 1b (8 = 880) this indicates only a small influence of the
coordinating oxygen on the resonance in the 7’Se NMR spec-
trum. The coordination of a nitrogen has a much greater influ-
ence on the chemical shift of the ’’Se nucleus. The chemical
shifts of the selenenyl bromides generated from 1w and 1x are
observed at & = 995 and 974, respectively. The corresponding
selenenyl triflates 6w (5 =1409, or 1382 in the presence of
methanol) and 6x (5 =1263) are more markedly influenced by
the counterion. This was also observed by other research
groups.[?® The selenium cations were generated at —40°C be-
cause decomposition was observed at room temperature. After
addition of styrene to the selenenyl bromide generated from 1i,
a signal at § =1005 was observed which may correspond to the
seleniranium ion 2. When the selenenyl triflate 6i was used, no
signal was observed in the 77Se spectrum. However, quenching
this reaction mixture with methanol at —40 °C apparently re-
sulted in a reaction to the desired product 7i because a signal at
& = 237 appeared. Compound 7i was also isolated from the
reaction mixture in the NMR tube after aqueous workup.

Conclusion

A series of new optically active diselenides has been synthesized.
Many of them are easily accessible in a short synthetic sequence.
The diselenides of type 1 bearing a free hydroxy group were
found to give the highest diastereoselectivities in the addition
reactions to styrene. Structural as well as electronical aspects of
these compounds were studied, leading to the production of
optimized diselenides like 11, 1n, and 1v. Diastercomeric excess-
es of up to 95% were found in the addition products of the
selenium cations generated from these diselenides. Although
slightly enhanced diastereoselectivities were found with dise-
lenides 1n and 1v, we use the diselenide 1i in synthetic applica-
tions because of the low-cost accessibility of gram quantities of
this reagent.[®! The 77Se NMR spectra of the diselenides 1, of the
products 7 and of some intermediates of the addition reaction
support the findings described.
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Experimental Section

General: All reactions were performed under argon with anhydrous solvents.
'H and *3C NMR spectra were recorded with a Varian Gemini 300 spectro-
meter (solvent: CDCL,), chemical shifls are reported relative to tetramethyl
silane as internal standard, coupling constants in Hz. Multiplicities in the '3C
NMR spectra were determined by the APT pulse sequence. 77Se NMR spec-
tra were recorded with a Varian Gemini 400 spectrometer (solvent: CDCI;)
with diphenyl diselenide (§ = 475) as external standard. IR spectra were
measured with a Perkin-Elmer 781 spectrophotometer. MS spectra were
recorded with a Finnigan MAT 312 apparatus. Optical rotations were mea-
sured with a Perkin—Elmer 141 polarimeter.

General procedure for the synthesis of diselenides from the bromo precursors by
bromine—lithium exchange (GP1): The bromo precursor (2 mmol) was dis-
solved in dry THF (20 mL) under argon, cooled to — 78 C and treated slowly
with fBuli (6 mmol). After warming up and stirring for 30 min at 0°C,
selenium powder (2.2 mmol) was added. The mixture was allowed to warm up
to room temperature and stirred for an additional 3 h, then 1~ HC! (20 mL)
was added. After extraction of the resulting mixtuare with rers-butyl methyl
ether (3 x25mL) and drying of the combined organic phases with MgSO,,
powdered KOH (100 mg) was added. The solvent was removed under vacu-
um and the residue purified by flash chromatography on silica gel. The
diselenides were obtained as yellow oils.

General procedure for the synthesis of diselenides from the bromo precursors
with sodium diselenide (GP 2): Sodium diselenide (4 mmol) was prepared from
sodium and selenium in dry THF (10 mL).!” The bromo precursor (2 mmol)
was dissolved in dry THF (3 mL) and added to the solution. After refluxing
for a further 4 h the mixture was cooled to room temperature and water
(20 mL) was added. After extraction of the resulting mixture with rers-butyl
methyl ether (3x20mL) the combined organic phases were dried with
MgSO,. The solvent was removed under vacuum and the residue purified by
flash chromatography on silica gel. The diselenides were obtained as yellow
oils.

General procedure for the synthesis of diselenides via ortho deprotonation
(GP3): The precursor (5mmol) and TMEDA (10 mmol, 1.16 g) were dis-
solved in dry pentane (10 mL) under argon, cooled to 0°C and treated slowly
with nBuLi (10.5 mmol, solution in hexane). The mixture was refluxed for
14 h. After cooling to 0°C, selenium powder (5 mmol, 395 mg) was added.
The mixture was allowed to warm up to room temerature and stirred for an
additional 5h, then 1~ HCl (20 mL) was added. After extraction of the
resulting mixture with fert-butyl methyl ether (3 x 50 mL) and drying of the
combined organic phases with MgSO,, powdered KOH (100 mg) was added.
The solvent was removed under vacuum and the residue purified by flash
chromatography on silica gel. The diselenides were obtained as yellow oils.

General procedure for the addition of selenium cations to styrene (GP4): The
diselenide (0.1 mmol) was dissolved in dry diethyl ether (4 mL) under argon,
cooled to —78°C and treated with bromine {0.11 mmol, 0.11 mL of a Im
solution in CCl,). After 10 min a solution of silver triflate (72 mg. 0.28 mmol)
in methanol (0.1 mL) was added and stirred for 10 min at —78 °C. The
reaction mixture was cooled to — 100 °C and treated with styrene (0.4 mmol,
0.046 mL). After 3-4h of stirring at —100°C, sym-collidine (0.3 mmol,
0.04 mL) was added, followed by water (4 mL). After extraction of the reac-
tion mixture with teri-butyl methyl ether (3 x 10 mL), drying of the combined
organic phases with MgSO, and removal of the solvent under reduced pres-
sure the residue was purified by flash chromatography on silica gel, yielding
the addition products as colorless oils. The diastereomers could not be sepa-
rated by flash chromatography and enrichment was excluded by comparison
with the diastereomeric excess of the crude reaction mixtures. Spectroscopic
data are given only for the major diastereomers of 7.

The starting materials for the synthesis of the diselenides were prepared by
chiral reduction!?! of the corresponding ketones and subsequent alkylation
(if necessary) of the hydroxy group by standard procedures: Ia, 1b, L¢, and
1g: 2-bromoacetophenone yielded (S)-1-(2-bromophenyl)ethan-1-ol (96 %
e¢),1?2! 1d and 1h: 1-(2-bromophenyl)propan-1-one'*3 yielded (S)-1-(2-bro-
mophenyl)propan-1-ol  (93% ee),??) le: 1-(2-bromophenyl)-2-phenyl-
ethanone!* yielded (S)-1-(2-bromophenyl)-2-phenylethan-1-o] (92 % ee) 122!
1j: 1-(2-bromophenyl)butan-1-one!?%! yielded (S)-1-(2-bromophenyl)butan-
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-0l (96% e€),1*9 11: 1-(2-bromophenyl)propan-2-one?”! yielded (S)-1-(2-
bromophenyljpropan-2-ol (74% ee),”*®! 1m: 3-bromo-1-phenylpropan-
1-onet?* yielded (S)-3-bromo-1-phenylpropan-1-ol (enantiomeric excess de-
termined after reduction to 1-phenylpropan-1-ol with LiAIH,: 97% ee[?¢1),
1y: 1-(2-bromopyridin-3-yl)ethanone*? yielded (S)-1-(2-bromopyridin-3-
yhethan-1-ol (94% ee).13* Because it was not possible to perform a chiral
reduction with 1-(2-bromophenyl)-2,2-dimethylpropan-1-one, the corre-
sponding alcohol?* was employed as a racemate for the synthesis of 1f and
1k. The precursors for the synthesis of other diselenides are described else-
where: 1n and 1o: ref. [8]; 1p: ref. [33]; (S)-(+)-valinol is commercially
available; 1q: from 2-bromobenzaldehyde according to ref. [34]; (R,R)-1,2-
diphenylethane-1,2-diol is commercially available; 1r, 1s and 1u: ref. [16a],
determination of ee described therein; 1t: ref. {35], determination of ee de-
scribed therein.

(S,.5)-Bis{2-[1-(1,1-dimethylethoxy)ethyl]phenyl} diselenide (1a): GP 1, purifi-
cation: fert-butyl methyl ether/pentane 1:25, yellow oil, yield: 39%.
[2]3° = + 88.5 (¢=1.0 in CHCl,); 'HNMR: § =1.15 (s, 18H), 1.42 (d,
J=6.5Hz 6H), 5.04 (q, /= 6.5Hz, 2H), 7.11 (dd, J=7.5Hz, J =7.5 Hz,
2H),7.23(dd, J =7.5Hz, J =7.5Hz,2H), 7.45(d, J = 6.5 Hz, 2H), 7.75(d,
J=75Hz, 2H); '3C NMR: & = 25.6, 28.5, 70.0, 74.8, 126.5, 127.6, 127.7,
132.8, 134.4, 147.8; ""Se NMR: § = 414.3; IR (CHCl;): ¥ = 2976, 2359,
1462, 1367, 1212, 1190, 1083 cm ™~ '; UV (MeOH): 4,.,, = 241 nm; MS (70 eV,
ED): mjz (%) = 514 (15) [M *], 201 (23), 183 (36), 104 (9), 91 (8), 77 (8). 57
(100): C,,H;,0,Se, (512.34): caled C 56.26, H 6.69; found C 56.18,
H 6.60.

(S,S5)-Bis[2-(1-ethoxyethyl)phenyl] diselenide (1b): GP1, purification: tert-
butyl methyl ether/pentane 1:10, yellow oil, yield: 58%. [¢]2° = +70.5
(¢ =1.0in CHCL,); '"THNMR:d =1.20(t,J =7 Hz, 6H), 1.46 (d, J = 6.5 Hz,
6H), 3.33(q, J =7 Hz. 4H), 482 (9, J = 6.5 Hz, 2H), 7.14 (dd, J =7.5 Hz,
J=7.5Hz, 2H), 7.25 (dd, J =7.5Hz, J =7.5Hz, 2H), 7.35 (d, / =7.5 Hz,
2H), 7.73 (d, J =7.5 Hz, 2H); 13C NMR: 6 =15.5, 22.7, 64.2, 77.2, 126.3,
128.0, 128.2, 128.8, 133.1, 144.3; 7"Se NMR: & =424.8; IR (CHCL,):
v = 2978, 2871, 2359, 1464, 1437,1210,1097 cm~*; UV (MeOH): /., = 242,
205 nm; MS (70 eV, EI): m/z (%) = 458 (24) [M ], 229 (22), 199 (26), 183
(100),157 (12), 104 (36), 91 (32), 77 (34); HRMS caled for C,H,,O,Se,
[M *]: 458.0262, found 458.0269.

(S,5)-Bis|2-(1-methoxyethyl)phenyl] diselenide (I1c¢): GP1, purification: fers-
butyl methyl ether/pentane 1:10, yellow oil, yield: 58%. [2]3° = + 54.8
{¢c =1.0in CHCl,); "HNMR:§ =1.45(d, J = 6.5 Hz, 6 H), 3.21 (s, 6 H), 4.73
(g, J=65Hz, 2H), 7.15 (dd, J=75Hz, J=75Hz, 2H), 7.27 (dd,
J=7.5Hz, J=75Hz 2H), 7.34(d, J=6.5Hz, 2H), 7.73 (d, J =7.5Hz,
2H); *CNMR:§ = 22.5,56.5,79.0, 126.3, 128.1, 128.3, 129.6, 133.3, 143.8;
77Se NMR: § = 427.5; IR (CHCl,): ¥ = 3011, 2931, 2825, 2358, 1586, 1463,
1372, 1212, 1109 em ™~ '; UV (MeOH): A, = 242, 204 nm; MS (70 eV, EI):
miz (%) = 430 (29) [M *], 215 (35), 183 (100), 157 (7), 102 (21), 91 (29), 77
(18); C,4H,,0,8¢, (428.17): caled C 50.49, H 5.18; found C 50.91, H 5.19.

(S,5)-Bis[2-(1-methoxypropyl)phenyl] diselenide (1d): GP 1, purification: tert-
butyl methyl ether/pentane 1:50, yellow oil, yield: 81%. [«]3° = + 98.6
(¢ =1.0 in CHCL); "THNMR: § = 0.93 {t, J =7.5 Hz, 6 H), 1.65-1.85 (m,
4H), 3.16 (s, 6H), 448 (dd, J=74Hz, J=57Hz 2H), 7.14 (dd,
J=175Hz, J=7.5Hz, 2H), 7.21-7.30 (m. 4H), 7.73 (d, J =7.5 Hz, 2H);
f3C NMR: 6 =10.4, 30.0, 56.9, 84.7, 126.9, 1278, 128.2, 129.9, 133.1, 142.5;
77Se NMR: § = 427.1; IR (CHCl,): ¥ = 3009, 2934, 2826, 2359, 1586, 1462,
1356, 1118, 1078 em ™', UV (MeOH): 4, = 242, 204 nm; MS (70 eV, EI):
miz (Vo) = 458 (39) [M ], 229 (23), 197 (100), 182 (29), 157 (13), 116 (63),
91(25),77 (19); C,H,50,Se, (456.23): caled C 52.65, H 5.74; found C 52.68,
H 5.80.

(.S,8)-Bis[2-(1-methoxy-2-phenylethyl)phenyl] diselenide (1e): GP1, purifica-
tion: tert-butyl methyl ether/pentane 1:20, yeillow oil, yield: 48%.
[212° = +179.0 (¢ =1.0 in CHCl,); '"HNMR: § =2.96 (dd, J=13.5Hz.
J = 5.5Hz, 2H), 3.08 (s, 6H), 3.10 (dd, J=13.5Hz, J =7.7 Hz, 2H), 4.80
(dd, J=7.7Hz. J = 5.5 Hz, 2H), 7.10-7.30 (m, 16H), 7.69 (d, J = 8 Hz,
2H); 3*C NMR: 6 = 43.8,57.0, 84.3, 126.4, 127.0, 128.2, 128.3, 128.5, 129.7,
130.3, 133.7, 138.3, 142.2; 7"Se NMR: § = 432.7; IR (CHCI,): ¥ = 3010,
2932, 2359, 1496, 1454, 1217, 1096 cm ™~ '; UV (MeOH): /_,, = 242, 204 nm;
MS (70 eV, EL): m/z (%) = 582 (16) [M *], 491 (7), 459 (6), 259 (95), 231 (33),
201 (32), 178(79), 157 (22), 121 (28), 91 (100), 77 (27), 57 (25); HRMS caled
for C,oH;,0,8e, [M T]: 582.0575, found: 582.0580.
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(RS,RS)-Bis[2-(2,2-dimethyl-1-methoxypropyl)phenyl] diselenide (1f): GP1,
purification: terz-butyl methyl ether/pentane 1:50, yellow oil, yield: 61%.
THNMR: § =1.00 (s, 18 H), 3.00 (s, 3H). 3.20 (s, 3H), 4.42 (s, 1 H), 4.50 (s,
1H), 7.12-7.44 (m, 6H), 7.77(d, / =7.5 Hz, 1H), 791 (d, / =7.5 Hz, 1 H);
3C NMR: § = 26.5, 36.6, 57.3, 57.5, 89.5, 127.2, 127.3, 127.5, 128.0, 128.1.
128.3,128.5,133.6,140.3; 77Se NMR: § = 445 (br); IR (CHCl,): ¥ = 2977,
2869, 2358, 1480, 1462, 1362, 1210, 1096cm™'; MS (70eV, El): m/z
(%) = 514 (14) [M*], 457 (9), 231 (42). 225 (100}, 210 (24), 199 (10), 185
(17, 157 (13), 129 (15), 91 (22), 77 (16), 57 (35); HRMS caled for
C,,H,;,0,8¢e, [M™]: 514.0888, found: 514.0892.

(5,9)-Bis[2-(1-hydroxyethyl)phenyl] diselenide (1g): GP1. purification: tert-
butyl methyl ether/pentane 1:2, yellow oil, vield: 48%. [a]3® = + 246.5
(¢ =1.0in CHCl,). '"HNMR:§ =1.38(d, J = 6.5 Hz, 6 H), 2.18 (s, 2H), 5.06
(q, J=065Hz, 2H), 7.20 (dd, J=7.5Hz, J=7.5Hz, 2H), 7.34 (dd.
J=75Hz,J=75Hz,2H), 7.51 (d, J=75,2H),7.74 (d, J = 7.5, ZH); '3C
NMR: § = 24.4, 69.4, 125.8, 128.4, 129.1, 129.3, 135.2, 147.3; 7’Se NMR:
6 =445.9; IR (CHCl,): ¥ = 3599, 3416, 3010, 2976, 1586, 1464. 1434, 1369,
1254, 1210, 1087, 1002 cm ™ !; UV (MeOH): Amax = 240, 205 nm. MS (70 eV,
ED): m/z (%) = 402 (21) [M *],199 (34), 183 (100), 157 (15), 104 (25),91 (34),
77(38). 51 (16), 43 (95); C, H, 50,5, (400.24): caled C 48.02. H 4.53; found
C 48.26, H 4.61.

(S,5)-Bis{2-{1-(2-methoxyethoxy)propyl|phenyl} diselenide (1h): GP 1, purifi-
cation: fert-butyl methyl ether/pentane 1:2, yellow oil, yield: 81%.
[#13° = + 94.5 (¢ =1.0 in CHCL,); 'HNMR: § = 0.94 {1, J =7.5 Hz, 6 H).
1.62-1.93 (m, 4H), 3.30-3.45 (m, 4H), 3.36 (s, 6H), 3.50 (dd, J = 5.0 Hz,
J=43Hz, 4H).462(dd,J=7.5Hz,J = 55Hz 2H),7.14(dd. J =7.5 Hz,
J=7.5Hz, 2H), 7.25(dd, J =7.5Hz,J =7.5 Hz, 2H), 7.34 (d, J =7.5, 2H),
7.71 (d, J =7.5, 2H); '3C NMR: § =10.5, 30.2, 59.0, 68.3, 72.0, 83.3, 127.0,
128.0, 128.2, 129.8, 133.4, 143.0; "'Se NMR: & =428.6; IR (CHC,):
¥ = 3018, 2878, 2359, 1462, 1214, 1081 cm™'; UV (MeOH): /,, = 242,
205 nm; MS (70 eV, ED): m/z (%) = 546 (12) [M*], 213 (9), 197 (28), 183
(10y, 116 (15), 91 (&), 77 (4}, 59 (100}, 45 (19}; C,,H,;,0,8e, (544.34): caled
C 52.96, H 6.30; found C 52.96, H 6.28.

(S,5)-Bis[2-(1-hydroxypropyl)phenyl| diselenide (1i): Preparation and charac-
terization see ref. [6a].

(5,5)-Bis{2-(1-hydroxybutyl)phenyl] diselenide (1j): GP 1, purification: tert-
butyl methyl ether/pentane 1:2, yellow oil, yield: 80%. [«]3° = + 241.0
(c =1.0 in CHCL,). 'HNMR: & = 0.84 (t, J =7.4 Hz. 6H), 1.17-1.38 (m,
4H), 1.55-1.65(m,4H),2.59 (s, 2H), 4.84 (dd,J = 7.7 Hz, J = 5.2 Hz, 2H),
7.16 (dd, J =7.5Hz, J =7.5Hz, 2H), 7.31 (dd, J =7.5Hez, J =7.5 Hz, 2H),
7.44 (d, J =17.5,2H), 7.74 (d, J =7.5, 2H); 13C NMR: § =13.9, 19.1, 40.6,
73.1, 126.3, 128.3, 129.2, 129.8, 135.6, 147.0; 77Se NMR: ¢ = 455.9; IR
(CHCl,): v = 3604, 3063, 2961, 2934, 1601, 1463, 1266, 1134, 1049,
1016 cm™'; MS (70 eV, EI): m/z (%) = 458 (16) [M *], 227 (20). 211 (34), 183
(100), 157 (28), 130 (69). 115 (45), 102 (26), 91 (51, 78 (76); HRMS caled
for CyoH,,0,S¢, [M*]: 458.0262, found: 458.0272.

(RS, RS)-Bis|2-(2,2-dimethyl-1-hydroxypropyl)phenyl] diselenide (1k): GP1,
purification: fert-butyl methyl ether/pentane 1:5, yellow oil, yield: 18%;
'HNMR: § = 0.77 (s, 18 H), 2.38 (s, 2H), 4.46 (s, 2H), 7.10-7.36 (m, 6 H),
7.89(d.J =7.7Hz, 2H); *C NMR: § = 25.9,36.1, 79.5. 128.1, 128.3, 128.7,
134.3, 136.9, 145.0; IR (CHCL,): ¥ = 3606, 3433, 2956, 2870, 2359, 1479,
1463, 1364, 1004 cm ™ 1; MS (70 eV. EI): m/z (Ye) = 486 (8) [M *]. 411 (6). 241
(6),225(43), 211 (17), 185 (100)., 157 (15). 144 (8), 129 (10), 104 (10). 78 (43).
57 (57); HRMS caled for C,,H;,0,Se, [M *]: 486.0575, found: 486.0558.

(5,85)-Bis{2-(2-hydroxypropyl)phenyl] diselenide (11): GP 1, purification: tert-
butyl methyl ether/pentane 1:1, yellow oil, yield: 52%. [2]3° = — 67.0
(¢=1.0 in CHCl,); '"HNMR: § =1.19 (d, /= 6.2 Hz, 6H), 1.59 (s, 2H),
2.76-2.97 (m, 4H), 3.87 (m, 2H), 7.10-7.26 (m, 6H), 7.70 (d. J =7.7 Hz,
2H); "*CNMR: 6 = 23.1,45.7,68.3,127.7, 128.5. 130.6, 132.2, 134.7, 140.1;
77Se NMR: § = 448.5; IR (CHCL,): ¥ = 3600, 3442, 3062, 3010, 2930, 2359,
1586, 1464, 1378, 1256, 1116, 1041,933 cm ™' ; MS (70 eV, EI): m/z (%) = 430
(18) (M *1. 214 (8, 197 (40), 183 (12), 170 (21}, 116 (21). 91 (100), 77 (9, 65
(11); HRMS caled for C,4H,,0,Se, [M ]: 429.9949. found: 429.9940.

(S)-1-Phenyl-3-selenocyanatopropan-1-ol (1m): (S)-3-Bromo-1-phenylpro-
pan-1-ol (1 mmol, 215mg) was treated with potassium selenocyanate
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(1 mmol, 144 mg) in DMF (2 mL) at 60°C for 2 h. After addition of water
(10 mL) and extraction with ters-butyl methyl ether (3 x 10 mL) the combined
organic phases were washed with water (4 x 5 mL) and dried with MgSO,.
The solvent was removed under vacuum and the residue purified by flash
chromatography (sert-buty]l methyl ether/pentane 1:3) on silica gel. Com-
pound 1m was obtained as a white solid in 73% yield (175 mg). M.p.:
51-53°C; '"MNMR: 6 = 2.05 (s, 1H), 2.31 (m, 2H), 3.22 (dt, J = 4.8 Hz,
J=6.7Hz, 2H),4.89 (m, 1H), 7.30-7.42 (m, 5H); 13C NMR: 6 = 25.8 (1),
38.9(1),73.0 (d), 103.0 (s), 125.5 (d, 2C), 127.9 (d), 128.5 (d, 2C), 142.8 (s);
T8¢ NMR: § =523.1; IR (CHCL,): 7= 3604, 3064, 2919, 2359, 2153,
1602, 1496, 1455, 1398, 1266, 1335, 1050, 1016 cm™'; MS (70 ¢V, EI):
mfz (%) =241 (1) (M 7], 213 (3), 133 (3), 117 (9), 107 (100), 79 (52), 77 (28),
51 (9); C,oH, NOSe (240.17).

(5,S)-Bis[1-(8-hydroxy-5,6,7,8-tetrahydronaphthyl)| diselenide (1n): GP3, pu-
rification: ters-butyl methyl ether/pentane 1:2, yellow solid, m.p.: 54—57°C,
yield: 36%. [«]3® = — 88.8 (¢ =1.02 in CHCl,); '"HNMR ({D4]benzene):
4 =1.65-2.08 (m, 8H), 2.37 (s, 2H), 2.60-2.85 (m, 4H), 5.02 (m, 2H), 7.10
(dd, J=75Hz, /J=75Hz, 2H), 7.08 (d, J=7.5Hz, 2H), 7.63 (d.
J=7.5Hz,2H); "*C NMR: 6 =18.1 (1), 30.2 (t), 32.6 (1), 66.8 (d), 128.5 (d),
128.8(d), 129.5 (s}, 130.2(d}, 134.9 (s}, 1384 (s); "Se NMR: § = 436.2; IR
(CHCL,): ¥ = 3591, 3406, 3006, 2942, 2869, 1562, 1457, 1440, 1378, 1074,
1005, 962 cm ™' MS (70 eV, EI): m/z (%) = 454 (15) [M*], 226 (51), 211
(24), 147 (31), 129 (100), 115 (45), 91 (53), 77 (17), 65 (12), 51 (12); HRMS
caled for C, H,,0,Se, [M *}: 453.9949, found: 453.9970.

(S$,8)-Bis{1-(5H-6,7,8,9-tetrahydrobenzocyclohepten-9-6l)]  diselenide (1o):
GP3, purification: rert-butyl methyl ether/pentane 1:2, yellow solid, m.p.:
56-59°C, yield: 75%. [0)3® = +327.4 (¢ =0.85 in CHCl,); 'HNMR:
5 =1.31-216 (m, 10H), 2.61 (d, 7 =7.0 Hz, 4H), 3.33 (t, / =7.0 Hz, 4H),
5514, J =7.0 Hz, 2H), 6.95-7.12 (m, 4H), 7.67 (d, J =7.5 Hz, 2H); 13C
NMR: § = 24.8 (1), 28.2 (1), 32.8 (1), 35.7 (1), 73.5 (d), 128.4 (d), 131.4 (d),
131.7 (s), 133.4 (d), 144.3 (5), 144.4 (s); ""Se NMR: 6 = 482.8; IR (CHCl,):
¥ = 3596, 3419, 3005, 2932, 2856, 1445, 1073, 993 cm ™~ *; MS (70 eV, EI}: m/z
(%) = 482 (20) [M ], 239 (68), 224 (71), 209 (8), 195 (27), 183 (10), 169 (16),
143 (100), 129 (74), 115 (80), 104 (22), 91 (72), 77 (26), 63 (13), 51 (12);
HRMS calcd for C,,H,,0,Se, [M *]: 482.0262, found: 482.0220.

(S,S8)-Bis{2-[4,5-dihydro-4-(1-methylethyl)oxazol-2-yljphenyl} diselenide (1p):
GP 3, purification: fert-butyl methyl ether/pentane 1:10, pale yellow crystals,
m.p. 187-189°C, yield: 23%. [«J3> = —138.0 (¢ =1.0 in CHCl,); 'H NMR:
) =1.03(d, /= 6.8 Hz, 6H), 1.13(d, J = 6.8 Hz, 6 H), 1.87 (sept, J = 6.8 Hz,
2H), 4.14-4.30 (m, 4H), 448 (dd, J = 9.0 Hz, / =7.7 Hz, 2H), 7.22-7.28
(m, 4H), 7.81-7.88 (m, 4H); '*C NMR: § =19.0, 33.4, 70.7, 73.4, 125.6,
126.1.129.5, 130.6, 131.4, 133.7, 163.0; 7"Se NMR: § = 473.1; IR (CHCL,):
¥ = 2961, 1646, 1464, 1359, 1210, 1208, 1134, 1081, 1024, 963cm™!; UV
(MeOH): A, =314, 204 nm; MS (70 eV, CI[NH,]): mjz (%) = 537 (2)
IM* +H], 457 (4), 270 (100), 228 (4), 190 (90), 146 (4), 104 (2);
C,,H,4N,0,8e, (534.30): caled C 53.95, H 5.28, N 5.24, O 5.99; found C
53.18, H 5.17, N 5.14, O 6.17.

(R,R)-Bis{2-[4,5-diphenyl-1,3-dioxolan-2-yl[phenyl} diselenide (1q): GP 1, pu-
rification: rers-butyl methyl ether/pentane 1:10, yellow oil, yield: 29%.
[#]3° = —23.1 (¢ = 0.74in CHCl,); 'THNMR: § = 4.96 (d, J = 8.1 Hz, 2H),
5.04 (d, J=81Hz, 2H), 6.62 (s, 2H), 7.30-7.37 (m, 24H), 7.74 (dd,
J=72Hz, J=21Hz 2H), 7.91 (dd, J=73Hz, J=1.8 Hz, 2H); 13C
NMR: 6 =285.1(d.2C),87.5(d, 2C), 104.2 (4, 2C), 126.3(d, 4C), 127.1 (d,
6C), 127.5 (d, 2C), 128.2 (d, 2C). 128.5 (d, 10C), 130.3 (d, 2C), 130.8 (s,
2C), 133.1 (d, 2C), 136.2 (s, 2C), 137.0 (s, 20C), 138.2 (5, 2C); ""Se NMR:
J =431.7; IR (CHCL,): ¥ = 3066, 2916, 1588, 1496, 1454, 1360, 1126, 1088,
1025 cm™*; MS (70 eV, EI): m/z (%) =762 (2) M 7], 471 (2), 380 (4), 275
(10), 180 (61), 165 (42), 91 (100), 77 (42); C4,H3,0,8¢e, (760.53): caled
C 66.33, H 4.51; found C 66.35, H 4.70.

(S.8)-Bis[2-(1-hydroxypropyl)-6-methyiphenyl] diselenide (1r): GP 1, purifica-
tion: fert-butyl methyl ether/pentane 1:2, yellow solid, m.p.: 57-59°C, yield:
34%. [a)3® = — 46.4 (c =1.15in CHCl,); 'HNMR: 8 = 0.71 (1, J =7.4 Hz,
6H), 1.44 (m, 4H), 1.63 (s, 2H), 2.64 (s, 6 H), 4.48 (1, / = 6.2 Hz, 2H), 5.04
(d, J=8.1Hz, 2H), 7.26-7.33 (m, 6H); '3C NMR: § =10.2 (q), 24.6 (),
31.6 (1), 74.6 (d), 123.7 (d), 129.2 (d), 129.5 (s). 129.9 (d). 143.6 (s), 150.0 (s):
"7Se NMR: § = 367.8; IR (CHCI,): ¥ = 3564, 3063, 3005, 2965, 2932, 1602,
1460, 1378, 1266, 1178, 1135, 1049, 1016, 973, 813 cm ™ '; MS (70 eV, EI): m/z
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(%) = 458 (47) [M '], 228 (62), 212 (100), 199 (69). 130 (35), 115 (21). 91
(58), 71 (16), 57 (32); HRMS caled for C,,H,,0,Se, [M ~]: 458.0262, found:
458.0269.

(5,8)-Bis[2-(1-hydroxypropyl)-6-trifluoromethylphenyl] diselenide (1s): GP3,
purification: rers-butyl methyl ether/pentane 1:4, yellow oil, yield: 14%.
(218> = + 217.4 (¢ = 0.61 in CHCL,); '"THNMR: § = 0.70 (t. J = 7.4 Hz, 6 H),
1.40-1.60 (m, 4H), 2.75 (s, 2H), 4.67 (1, J = 6.1 Hz, 2H), 7.53 (m, 2 H), 7.74
(d,J=77Hz, 2H), 7.79 (d, J = 7.7 Hz, 2H); '*C NMR: 5 = 9.9 (q). 32.2
(1), 74.5(d), 123.7 (s, "Je p = — 264 Hz), 126.4 (s), 126.6 (d), 129.8 (d). 130.3
(d), 1350 (s, 2, . = —27Hz), 151.8 (s): 7"Se NMR: 4 =4337: IR
(CHCI,): ¥ = 3604, 3419, 2967, 2932, 2877, 1462, 1418, 1313, 1136, 1093,
1048, 997 cm™'; MS (70 V. EI): m/z (%) = 566 (37) [M *]. 282 (76). 266
(68), 253 (100), 184 (29), 145 (22), 115 (27). 57 (24): HRMS caled for
C0H,0F0,8e, [MT]: 565.9697, found: 565.9698.

(8,8)-Bis|2,6-bis-(1-hydroxypropyl)phenyl} diselenide (1t}: GP 1, purification:
tert-butyl methyl ether/pentane 1:1, yellow oil, yield: 46 %. [2]3% = + 322.6
(¢ =0.96 in MeOH); 'HNMR: ¢ = 0.85 (m, 12H). 1.50- 1.85 (m, § H). 3.50
(s, 4H), 5.00 (m, 4H), 7.20-7.55 (m, 6 H); '3C NMR: § =10.1 (g}, 31.6 (1),
74.7 (d), 125.0 (s), 125.7 ¢d), 130.5 (d), 149.2 {¢I); IR (K Br): ¥ = 3363. 2963,
2930, 2498, 1458, 1170, 1047, 979 cm ™!, MS (70 eV, EI): m/z (%) = 546 (0.4)
[M], 300 (18), 272 (100), 255 (37), 243 (97), 223 (37), 209 (52). 197 (46), 182
(29), 156 (25), 142 (20), 129 (22), 115 (54), 102 (14), 91 (38), 77 (31):
C,,H;,0,Se, 544.46.

(5.5)-Bis|5-(1,1-dimethylethy])-2-(1-hydroxypropyl)-phenyl] diselenide (1u):
GP3, purification: rerr-butyl methyl ether/pentane 4:1, yellow oil, vield:
42%. [w]3® = + 465.6 (¢ =1.05in CHCl,); "HNMR: 6 = 0.81 (t, J = 7.4 Hz,
6H), 1.27 (s, 18 H), 1.62 (m, 4H), 2.05 (s, 2H), 4.69 (t, J = 6.6 Hz, 2H), 7.34
(5, 4H), 7.78 (s, 2H); PC NMR: 6 =104 (q), 31.1 (1), 31.2(q). 34.7 (s). 74.4
(d), 125.7(d), 126.3 (d), 129.5 (s), 132.8 (d), 143.9 (5), 151.3 (s): 77Se NMR:
0 =461.7; IR (CHCl,): ¥ = 3599, 3426, 2966, 2875, 1596, 1481, 1463, 1383,
1263, 1115, 1041, 971 e ™' MS (70 eV, EI): mfz (%) = 542 (10) [M *]. 269
(22), 254 (27), 239 (42), 197 (18), 117 (12}, 91 (11), 77 (5), 57 (100); HRMS
caled for C, H,,0,Se, [M*}: 542.1201, found: 542.1215.

(8,5)-Bis[2-(1-hydroxypropyl)-4-nitrophenyl] diselenide (1v): GP2, purifica-
tion: fert-butyl methyl ether/pentane 1:2, yellow oil, yield: 45%. {«]3° =
+132.3(c = 0.31in CHCI,); '"THNMR:§ =1.03 (1, J = 7.5 Hz, 6 H), 1.90 (in,
4H), 2.32(s,2H), 499 (1. J = 6.5 Hz, 2H), 7.84 (d, / = 8.7 Hz, 2H), 7.99
(dd, /=87Hz, J=25Hz 2H), 827 (d. J=2.5Hz 2H); 3C NMR:
6 =10.1(q), 30.3 (1), 74.7 (d), 121.1 (d), 122.6 (d), 132.0 (d). 137.6 (s), 145.3
(), 147.2(s); "7Se NMR: § = 441.5; IR (CHCl,): ¥ = 3596, 2967, 1571, 1522,
1456, 1345,1204, 1134, 1048, 1016, 813 cm ™~ '; MS (70 eV, El): /2 (%) = 520
(8) [ 7], 440 (11), 405 (10), 259 (37), 243 (40), 230 (100). 196 (24), 182 (30).
156 (18), 115 (53), 77 (24), 57 (36); HRMS caled for C, gH 0N, 0 Se, [M *:
519.9651, found: 519.9654.

(R,R)-Bis{2-{1-(dimethylamino)ethyllphenyl} diselenide (1 w): Preparation and
characterization see ref. [16a).

(R,R)-Bis{2-[1-(pyrrolidin-1-yl)ethyllphenyl} diselenide (1x): Preparation and
characterization see ref. [16a).

(S,5)-Bis|3-(1-ethoxyethyl)pyridin-2-yl[ diselenide (1y): GP1, purification:
tert-butyl methyl ether/pentane 1:2, yellow solid, yield: 26%. [¢]3% = 96.3
(¢=0.54 in CHCly); "HNMR: 6 =1.20 (d, J=6.9Hz, 6H), 1.48 (d.
J=165Hz, 6H), 3.38 (4, /= 6.9 Hz, 4H). 4.80 (q, / = 6.5 Hz, 2H). 7.10
(dd,J=7.6Hz, J = 47Hz 2H), 7.55(dd, J =7.6 Hz, J =1.6 Hz, 2H), 8.33
(d, J =4.7Hz, J =1.6 Hz, 2H); "*C NMR: § =15.5 (q), 22.4 (q). 64.5 (1),
759 (d), 122.1 (d), 1334 (d), 140.1 (s), 149.2 (d), 152.5 (s); "'Se NMR:
& = 474.8; IR (CHCly): ¥ = 3019, 1574, 1396, 1214, 1102, 760; MS (70 eV.
ED:m/z (%) = 460 (15) [M 7], 379 (11), 333 (6). 231 (15), 200 (61), 184 (100),
122 (10), 104 (56), 92 (13), 78 (51), 65 (8). 51 (25): C, 4H, N,0,Se, (458.20):
caled C 47.18, H 5.28, N 6.11; found C 47.17, H5.17, N 6.11.

1-}(S)-1-(1,1-Dimethyletboxy)ethyl]-2+[(R)-(2-methoxy-2-phenyl)ethyl|seleno~
benzene (7a): GP4, purification: zert-butyl methyl ether/pentane 1:50, color-
less oil, yield: 68%. '"HNMR:6 =1.15(s, 9H), 1.33(t, / = 5.8 Hz, 3H). 3.12
(dd, J=12Hz, J=53Hz, 1H), 328 (s, 3H), 3.36 (dd, J=12Hz,
J=7.6Hz, 1H), 443 (m, 1H), 5.08 (m, 1H), 7.12 (1, J =7.2 Hz, 1 H). 7.24
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(t. J=75Hz, 1H), 736 (m. 7H), 7.60 (d, J=74Hz 1H);
13C NMR: § = 25.8, 28.6, 35.1, 57.1, 68.8, 74.3, 832, 126.6, 126.7. 127.0,
127.2, 127.9. 128.2. 128.6, 131.8, 140.9, 148.9; IR (CHCl,): ¥ = 2976, 2932,
2358, 1454, 1367, 1234, 1192, 1134, 1083, 1050, 1016, 956, 813 cm™'; MS
(70 eV, EL): m/z (%) = 392 (19) [M *], 199 (59). 183 (24). 135 (14), 121 (100),
103 (20), 91 (24). 77 (20); HRMS caled for C,,H,;0,5 [M*]: 392.1254,
found 392.1244,

1-J(S)-1-Ethoxyethyl]-2-]( R)-(2-methoxy-2-phenyl)ethyl]lselenobenzene (7b):
GP4, purification: rers-butyl methyl ether/pentane 1:50, yellow oil, yield:
27%. '"HNMR: 6 =1.17 (t, J =7 Hz, 3H), 1.40 (d, J = 6.4 Hz, 3H), 3.05
(dd, J=12Hz, J=5Hz, 1H), 3.24 (s, 3H), 3.33 (m, 3H), 4.36 (dd,
J=85Hz, J=51Hz 1H), 488 (q, /= 6.5 Hz, 1 H}, 7.13 (td, J =7.5 Hz,
J=25Hz, 1H), 7.22-7.52 (m, 8H); '>C NMR: 6 =15.5, 23.3, 35.3, 57.1,
64.0, 76.3, 83.1, 125.9, 126.7, 127.4, 127.5, 127.8, 128.2, 128.6, 132.6, 140.9,
145.5: IR (CHCI,): ¥ = 2978, 2929, 2872, 1601, 1454, 1398, 1266, 1135, 1108,
1050, 1016 cm™*; MS (70 €V, EI): m/z (%) = 364 (17) [M *], 228 (18), 199
(12), 183 (16), 149 (14), 135 (11}, 121 (100), 103 (17), 91 (20}, 77 (20); HRMS
caled for C,,H,,0,Se [M *]: 364.0941, found: 364.0958.

1-[(S)-1-Methoxypropylj-2-{(R)-(2-methoxy-2-phenyl)ethyl|selenobenzene
(7d): GP4, purification: rert-butyl methyl ether/pentane 1:50, yellow oil,
yield: 51%. '"HNMR: § = 0.95 (t. / =7.3 Hz, 3H), 1.71 (m, 2H), 3.08 (dd,
J=12Hz, J=5Hz 1H), 3.22 (s, 3H). 3.26 (s, 3H), 3.32 (dd, /=12 Hz,
J=284Hz, [H), 439 (dd, /=83 Hy, J=5Hz 1H), 461 (t, /= 6.6 Hz,
tH), 7.16 (t1d. J=7.6 Hz, J=1.7 Hz, 1H), 7.23-7.42 (m, 7H). 7.47 (dd,
J=7.7Hz J=13Hz 1H); 1*C NMR: § =10.3, 30.4, 35.5, 56.8, 57.0, 83.1,
83.5, 126.4, 126.7, 127.2, 127.8, 128.2, 128.6, 130.6, 132.6, 140.9, 143.6; IR
(CHCY,): # = 3008, 2934, 2826, 1463, 1234, 1210, 1134, 1106, 1050, 1016,
813cm ™' MS (70 eV, EI): mjz (%) = 364 (20) [M ], 228 (14), 197 (9), 183
(7). 149 (9), 135 (11), 121 (100), 103 (16), 91 (21). 77 (19); HRMS calcd for
CoH,,0,Se (M *]: 364.0941, found: 364.0945.

1-[(S)-1-Methoxy-2-phenylethyl}-2-[ (R)-(2-methoxy-2-phenyl)ethyl]seleno-
benzene (7e): GP4, purification: rer/-butyl methyl ether/pentane 1:10, yellow
oil, yield: 75%. 'HNMR: § = 2.90-3.10 (m, 3H), 3.15 (s, 3H), 3.23 (s, 3H),
3.25-3.36 (m. 1 H), 4.35 (m, 1H), 4.92 (m, 1H), 7.10-7.40 (m, 14H); '*C
NMR:§ =35.7,44.1,57.1,83.1,83.4,126.5, 126.6, 126.7,127.3,127.4, 128.0,
128.1, 128.2 128.7, 129.6, 133.0, 138.9, 140.9, 143.3; IR (CHCI,;): ¥ = 3005,
2935, 2826, 1602, 1495, 1454, 1366, 1102, 1050, 909 cm™'; MS (70 eV, ED):
miz (%) = 426 (8) [M 7], 335 (35), 259 (9). 231 (47), 199 (10), 178 (19), 157
(8). 135 (13), 121 (100), 103 (23), 91 (43). 77 (25); HRMS caled for
C, H,.0,Se [M7]: 426.1097, found: 426.1102.

1-[(S*)-2,2-Dimethyl-1-methox ypropylj-2-[(R*)-(2-methoxy-2-phenyl)ethyl]-
selenobenzene (7f): GP4, purification: fer-butyl methyl ether/pentane 1:50,
yellow oil, yield: 45%; "HNMR: § = 0.92 (s, 9H), 3.04 (dd, J =12.1 Hz,
J=352Hz, 1H), 3.11 (s, 3H), 3.25 (s, 3H), 3.32 (dd, J=12.1 Hz,
J=282Hz, 1H), 440 (dd, J=82Hz, J=52Hz 1H), 451 (5, 1H), 7.16
(td, J=7.7Hz, J=17Hz, 1H), 7.20-7.41 (m, 7H), 7.50 (d, J=7.7 Hz,
1H); "*C NMR: § = 26.3(3C), 36.4(2C), 57.0, 57.2, 83.2, 88.6, 126.4, 126.5,
126.7,127.7, 128.1, 128.3, 128.6, 132.6, 140.9, 141.4; IR (CHCl,): ¥ = 3008,
2955, 2870, 1462, 1362, 1097 cm~*; MS (70 eV, EI): m/z (%) = 392 (4) [M ],
335 (16), 231 (31). 199 (6), 135 (8), 121 (100}, 103 (10), 91 (18), 77 (12), 57
(6): HRMS caled for C,,H,50,Se [M 7]: 392.1254, found: 392.1256.

(8)-1-2-{|(R)-(2-Methoxy-2-phenyl)ethyl|seleno} phenyl)ethanol (7g): GP4,
purification: rerf-butyl methyl ether/pentane 1:2, yellow oil, yield: 67%.
"HNMR: 4 =147 (d, J = 6.5 Hz, 3H), 2.56 (s, 1 H), 3.10 (dd, J =12.2 Hz,
J=4.8Hz 1H), 3.22 (s, 3H), 3.24 (dd, J =12.2 Hz, J = 8.6 Hz, 1 H), 4.34
(dd. J=86Hz, J=48Hz, 1H), 528 (¢. J=6.5Hz, 1H), 7.14 (id,
J=7.5Hz, J =1.5Hz, 1H), 7.22-7.35 (m, 6 H), 7.48 (m, 2H); '3C NMR:
d=1241,36.1,57.0,69.2, 83.1,125.7, 126.7 (2C), 127.8, 128.1, 128.2, 128.5,
128.6 (2C), 133.8, 140.8, 147.0; IR (CHCI,): ¥ = 3603, 3437, 3064, 3006,
2933, 1601, 1494, 1454, 1266, 1135, 1104, 1050, 1016, 843 cm™1; MS (70 eV,
El): mjz (%) = 336 (13) [M 7], 200 (22), 183 (12), 135 (10), 121 (100), 103
(18),91(23), 87 (14), 77 (26); HRMS caled for C,,H,,0,Se [M *]: 336.0628,
found: 336.0622.

1-{(S)-1-(2-Methoxyethoxy)propyl}-2-[(R)-(2-methoxy-2-phenyl)ethyljseleno-
benzene (7h): GP4, purification: terf-butyl methyl ether/pentane 1:5, yellow
oil, yield: 54%. "HNMR: é = 0.97 (t, J =7.4 Hz, 3H), 1.74 (m, 2H), 3.08
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(dd, J =12.1 Hz. J = 5.1 Hz, 1 H), 3.26 (s, 3H), 3.37 (s, 3H), 3.26-3.55 (m.
SH),4.39(dd, J = 8.2 Hz, J = 4.9 Hz, 1 H), 4.72 (m, 1 H), 7.14 (1, / =7.6 Hz,
1H), 7.23-7.38 (m, 6H), 7.45 (4, J =7.7 Hz, 2H); 1*C NMR: § =10.5, 30.6,
35.5, 57.0, 59.0, 68.2, 72.0, 82.3, 83.1, 126.6, 126.7 (2C), 127.3,127.8, 128.2.
128.6 (20), 130.5, 132.4, 140.9, 143.9; IR (CHCL,): ¥ = 3005, 2933, 2877,
1455, 1134, 1104, 1084, 1050, 1016 cm ™ *; MS (70 €V, EI): m/z (%) = 408 (6)
[M *1. 213 (4), 197 (8), 183 (6), 135 (7), 121 (100), 103 (11). 91 (16). 77 (12),
73 (19). 59 (39); HRMS caled for C,,H,50,Se [M *]: 408.1203, found:
408.1223.

(S)-1-(2-{[(R)-(2-Methoxy-2-phenyljethyllseleno} phenyl)propanol (7i): GP4,
purification: ferr-butyl methyl ether/pentane 1:4, colorless oil, yield: 81 %.
'"HNMR: 3 =098 (t,/ =7.4 Hz, 3H), 1.79 (quint, J =7.3 Hz, 2H), 2.41 (s.
1H), 312 (dd, J=122Hz, J=48Hz, 1H), 3.24 (s, 3H), 3.27 (dd.
J=122Hz, J =8.5Hz, 1H), 4.36 (dd, J=8.5Hz, J =49 Hz, 1H), 5.04
(m, 1H), 7.13-7.51 (m, 9H); 1*C NMR: § =104, 31.2,36.2, 57.0, 74.7, 83.0,
126.4,126.7 (2C), 127.6, 128.0, 128.2, 128.6 (2C), 129.7, 133.7, 140.8, 146.0;
77Se NMR: § = 267; IR (CHCl,): ¥ = 3604, 3442, 3064, 3005. 2935, 2877,
1601, 1455, 1266, 1135, 1105, 1049, 1016 cm™*; MS (70eV, EI): mjz
(%) =350 (3)[M*], 214 (8), 185 (7), 157 (4), 135 (6), 121 (100), 115 (6), 103
(9), 91 (14), 77 (18), 73 (23). 51 (5). 43 (6); HRMS caled for C,H,,0,Se
{M™]: 350.0784, found: 350.0793.

(S5)-1-(2-{{(R)-(2-Methoxy-2-phenyl)ethyl|seleno} phenyl)butanol (7j): GP4.
purification: feri-butyl methyl ether/pentane 1:3, colorless oil, yicld: 54 %.
"THNMR: § =096 (t, J=73Hz, 3H), 1.30-1.82 (m, 4H), 2.42 (d,
J=42Hz 1H), 3.12 (dd, J =122 Hz, J = 4.9 Hz, 1 H). 3.25 (s. 3H), 3.27
(dd, J =122 Hz, J=8.5Hz, 1H), 436 (dd, J=8.5Hz, J=4.9Hz, 1H),
543 (m, 1H). 7.16 (td, J=7.7 Hz, J =1.6 Hz, 1 H), 7.25-7.41 (m, 6 H), 7.47
(m, 2H); *C NMR: § =14.1, 19.3, 36.2, 40.5, 57.0, 73.2, 83.1, 126.4, 126.7
(20),127.6,128.0,128.2,128.6 (2C), 129.5, 133.7, 140.8, 146.4; IR (CHCl,):
¥ = 3603, 3444, 3064, 3006, 2934, 2876, 1494, 1455, 1135, 1105, 1050, 1016,
957 cm ™ 1; MS (70 eV, EI): mjz (%) = 364 (12) [M "], 228 (20), 185 (14). 149
(10). 135 (11), 121 (100), 103 (15), 91 (20), 77 (22); HRMS caled for
CoH,,0,8e [M *]: 364.0941, found: 364.0944.

(5)-2,2-Dimethyl-1-(2-{[(R)-(2-methoxy-2-phenyl)ethyl|seleno} phenyl)pro-
panol (7k): GP4, purification: rert-butyl methyl ether/pentane 1:3, colorless
oil, yield: 33%. 'HNMR: 6 =095 (s, 9H), 2.03 (s, 1H). 3.10 (dd,
J=12.1Hz, J=52Hz, 1H), 3.26 (s, 3H), 3.28—3.35 (m. 1 H), 4.36 (dd.
J=82Hz J=152Hz 1H), 5.03 (s, 1H), 7.15-7.54 (m, 9H); '3C NMR:
3 =261 (3C), 36.9, 37.0, 57.0, 79.5, 83.3, 126.6, 126.7 (2C), 126.8, 127.9,
128.1, 128.4, 128.5 (2C), 133.3, 140.5, 142.0; IR (CHCl,): ¥ = 3605, 3064.
2955, 2870, 1601, 1480, 1464, 1395, 1364, 1266, 1135, 1105, 1049, 1016,
1002 cm ™ '; MS (70 eV, ED): mjz (%) = 378 (14) [M ], 289 (23), 185 (100),
157 (16), 135 (9), 121 (63), 103 (21), 91 (24), 77 (30); HRMS calcd for
C,oH,60,Se [M*]: 378.1097, found: 378.1098.

(S)-1-(2-{[(R)-(2-Methoxy-2-phenyl)ethyl]seleno } phenyl)propan-2-ol T
GP4, purification: rerz-butyl methyl ether/pentane 1:4, colorless oil, yield:
81%. '"HNMR: § =1.25 (d, 7 = 6.2 Hz, 3H), 1.64 (s, 1 H). 2.81~3.00 (m,
2H), 3.08 (dd, J=12.2Hz, /=48 Hz, 1H), 3.24 (s, 3H), 3.29 (dd,
J=122Hz, J=86Hz, 1H), 404 (m, 1H), 434 (dd, J=8.5Hz
J=49Hz 1H), 7.05-7.38 (m, 8H), 7.48 (d, / =7.8 Hz, 1H); 1*C NMR:
0 =23.0, 35.6, 45.8, 57.1, 68.4, 83.1, 126,7 (2C), 127.1, 127.4, 128.2, 128.6
(2C), 130.6, 132.2, 133.1, 140.3, 140.9; IR (CHCl;): ¥ = 3596, 3064, 3006,
2932, 1601, 1494, 1454, 1377, 1135, 1106, 1049, 1016 cm ™' MS (70 ¢V, EI):
mjz (%) = 350 (15) [M "], 274 (8), 170 (8), 135 (14), 121 (100), 103 (15), 91
(28). 87 (17), 77 (17); HRMS caled for C | H,,0,S¢ [3 "1: 350.0784, found:
350.0789.

3-{l(R,S)-(2-Methoxy-2-phenyl)ethyl]seleno}-1-phenylpropan-1-ol (Tm):
'HNMR: § =1.80-2.12 (m, 2H), 2.16 (d, J = 3.5 Hz, 1H), 2.58 (m, 2H),
2.76 (ddd, J = 9.1 Hz, / = 5.3 Hz, / = 3.8 Hz, 1 H), 2.97 (ddd, / =12.5 Hz,
J=179Hz, J=4.6Hz, 1H), 3.23 (s, 3H), 4.32 (m, 1H), 4.78 (m, 1H),
7.26-7.38 (m, 10H). "*C NMR: § = 21.0 (1), 31.3 (1), 39.5 (1), 57.0 (q). 73.9
(d), 84.4 (d), 125.9(d, 2C), 126.7 (d, 2C), 127.7 (d), 128.1 (d), 128.5(d. 4C).
141.2(s), 144.2 (s); IR (CHCL,): ¥ = 3604, 3436, 3065, 3006, 2933, 2826. 1602,
1493, 1454, 1135, 1106, 1049, 1016 cm ™ '; MS (70 eV, EI): m1/z (%) = 350 (8)
[M*],214(29), 183 (6), 133 (21), 121 (100), 105 (13), 91 (18), 77 (23); HRMS
caled for C,gH,,0,Se [M *]: 350.0784, found: 350.0789.
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1-{[(R)-(2-Methoxy-2-phenyl)ethyl]seleno}-(S)-5,6,7,8-tetrahydronaphth-8-ol
(7n): GP4, purification: terf-butyl methyl ether/pentane 1:4, yellowish oil,
yield: 28%. [2]3° = — 69.5 (¢ = 0.45in CHCl,); 'HNMR: 8 =1.79 (m, 3H),
2.00 (m, 1H), 2.18 (m, 1 H), 2.82 (m, 2H), 3.23 (d, J =7.0 Hz, 2H), 3.26 (s,
3H), 4.38(t, J =7.0 Hz, 1H), 512 (d, J/ = 3.2 Hz, 1 H), 6.97-7.39 (m, 8 H);
BCNMR: 8 =176 (1), 30.1 (1), 31.3 (1), 36.5 (1), 57.0 (), 66.1 (d), 83.5 (d),
126.6 (d,2C),128.17(d), 128.22 (d), 128.7(d, 2C), 128.8 (d), 132.0(d), 133.5
(s), 138.4 (s), 139.8 (5), 140.8 (s); ""Se NMR: & = 231.8; IR (CHCL,):
v =3595, 3423, 3003, 2981, 2831, 1469, 1388, 1366, 1078, 1020, 908,
849 cm™'; MS (70 eV, EI}: m/z (%) = 362 (6) [M *], 226 (11), 147 (8), 121
(100), 103 (6), 91(10), 77 (9); HRMS caled for C, H,,0,Se [M *]: 362.0784,
found: 362.0784.

1-{[(R)-(2-Methoxy-2-phenyl)ethyljseleno}-(S)-(5 H-6,7,8,9-tetrahydro)benzo-
cyclohepten-9-0l (70): GP 4, purification: rers-butyl methyl ether/pentanc 1:4,
yellowish oil, yield: 46 %. 'HNMR: § =1.41 (m, 1 H), 1.72 (m, 2H), 1.97 (m,
1H), 220 (m, 3H), 2.62 (dd, J=14.0Hz, J=6.6 Hz, 1H), 3.10 (dd,
J=122Hz, J=49Hz, 1H), 320 (m, 1H), 324 (s, 3H), 3.39 (t,
J=12.4Hz, 1H), 437 (1, J = 5 Hz, 1H), 5.81 (d, J= 6 Hz, 1H), 7.02 (m,
2H), 7.27-7.43 (m, 6 H); '*C NMR: § = 24.5 (1), 28.2 (1), 32.8 (1), 35.7 (1),
36.5 (1), 57.0(q), 73.3 (d), 83.2 (d), 126.6 (d. 2C), 128.0 (d), 128.1 (d), 128.7
(d, 2C), 130.6 (d), 131.6 (s), 132.5 (s), 140.9 (s), 144.3 (s), 146.0 (s); 77Se
NMR: § = 248.6; IR (CHCI,): ¥ = 3600, 3442, 3005, 2933, 1857, 1453, 1354,
1103, 1073, 993, 909; MS (70 eV, E): m/z (%) = 376 (17} [M T, 240 (39), 161
(22), 121 (100), 103 (17), 91 (24), 77 (19); HRMS calced for C,H,,0,Se
[M *1: 376.0941. found: 376.0955.

2-(R,R)-[4,5—Diphenyl-1,3-dioxolan-2-yl]-l-{[(R,S)-(Z-methoxy-z-phenyl)-
ethyl]seleno}benzene (7q): GP4, purification: rer-butyl methyl ether/pentane
1:50, colorless oil, yield: 56%. HNMR: §=23.16 (dd, J= 8.6 Hz,
J=49Hz 1H), 3.22 (s, 3H), 3.29 (dd, / =102 Hz, J = 8.7 Hz, 1H), 4.34
(m, 1H), 4.97 (s, 2H), 6.78 (s, 1 H), 7.20-7.38 (m, 17H), 7.62 (d, J =7.4 Hz,
1H), 7.84 (m, 1H); *C NMR: § = 36.3, 57.0, 83.0, 85.3, 87.3, 104.1, 126.3—
128.6, 129.7, 134.5, 136.6, 138.5, 139.2, 140.9; IR (CHCL,): ¥ = 3065, 3006,
2919, 1698, 1601, 1496, 1455, 1398, 1267, 1135, 1091, 1049, 1016 cm™!; MS
(70 eV, ED): m/z (%) = 516 (1) [M 7], 410 (5), 381 (7), 301 (29), 275 (24), 215
(12), 196 (17), 185 (39), 167 (12), 135 (11), 121 (100), 105 (34), 91 (70), 77
(19); C3,H,50,8¢ 515.52.

(8)-1-(2-{1(R)-(2-Methoxy-2-phenyl)ethyl]seleno}-6-[trifluoromethyl]phenyl)-
propanol (7s): GP4, purification: rer-butyl methyl ether/pentane 1:4, color-
less oil, yield: 38%. [¢]3® = — 38.5 (c = 0.80 in CHCL,); 'HNMR: 6 =1.00
(t,J=7.4Hz 3H), 1.77 (Quint, J = 7.4 Hz, 2H), 2.68 (s, 1 H), 2.80—-3.20 (m,
2H), 3.26 (s, 3H), 435-4.50 (m, 1 H), 547 (t, J = 6.3 Hz, 1 H), 7.20-7.35
(m, 5H), 7.45 (td, J =8.0Hz, J=3.0Hz, 1H), 7.64 (m, 1H), 7.71 (d,
J=76Hz 1H); "*CNMR: 3§ =10.5(q), 31.4 (1), 38.6 (1), 56.9 (q), 74.7 (d),
83.4(d),124.0(s, Jo p = — 274 Hz), 126.4 (d, 2C), 126.5 (s), 128.1 (d), 128.6
(d, 2C), 129.18 (d), 129.22 (d), 130.1 (d), 135.0 (s, Jo p = — 27 Hz), 140.7 (5),
151.3 (s); 77Se NMR: § =196.2; IR (CHCL,): ¥ = 3672, 3417, 3006, 2935,
1455, 1312, 1161, 1134, 1101, 836 cm™'; MS (70 eV, EI): m/z (%) = 418 (6)
[M "], 282 (12), 135 (11), 121 (100), 103 (10), 91 (10, 77 (11), 43 (6); HRMS
caled for C,,H, F,0,Se [M *]: 418.0658, found: 418.0652.

(8)-1-(2-{[(R)-(2-Methoxy-2-phenyl)ethyl[seleno }-5-[(2,2-dimethylethyl]-
phenyl)propanol (7u): GP 4, purification: terr-butyl methyl ether/pentane 1:4,
colorless oil, yield: 33%. '"HNMR: 6 = 0.98 (t, J=7.4 Hz, 3H), 1.31 (s,
9H), 1.79 (m, 2H), 2.34 (d, J=4.5Hz, 1H), 3.12 (dd, J=12.3 Hz,
J=49Hz, 1H), 3.24 (s, 3H), 3.25(dd, J =123 Hz, J = 8.4 Hz, 1H), 4.34
(dd, J = 8.4 Hz, / = 49 Hz, 1 H), 5.01 (m, 1H), 7.26-7.38 (m, 7TH), 7.58 (d,
J =1.7Hz, 1 H); "*C NMR: § =10.5(q), 31.1 (t), 31.3 (g, 3C), 34.6 (5), 36.3
(1), 57.0 (q), 74.6 (d), 83.0 (d), 124.9 (d), 126.0 (d), 126.6 (d, 2C), 128.1 (d),
128.5(d, 2C), 129.1 (s), 131.3 (d). 140.8 (s), 143.2 (s), 150.9 (s); IR (CHC,):
V= 3603, 3440, 3005, 2967, 2875, 1597, 1482, 1454, 1382, 1265, 1135, 1104,
1049, 1016, 965 cm ™ ; MS (70 eV, EI): m/z (%) = 406 (15) [M *], 270 (23).
241 (21),191(21), 135 (13), 121 (100), 103 (13), 91 (14), 77 (13); HRMS calcd
for C,,H,,0,Se [M *]: 406.1410, found: 406.1420.

(8)-1-(2-{{(R)~(2-Methoxy-2-phenyl)ethyi[seleno}-4-nitrophenyl)propanol

(7v): GP4, purification: rerf-butyl methyl ether/pentane 1:4, colorless oil,
vield: 44%. [«)3®> = + 482 (c=0.35 in CHCl,); 'HNMR: 6 =1.02 (t,
J=74Hz,3H),1.79 (m, 2H), 2.37 (s, t H), 3.20--3.40 (m, 2 H), 3.26 (s, 3H),
444 (m, 1H), 498 (t, J=63Hz, 1H), 7.30--7.42 (m, SH), 7.45 (d,
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J=8.6Hz 1H),7.94(dd, J=8.6 Hz, J = 2.6 Hz, 1 H), 8.32 (d. J = 2.6 Hz,
1H); 'C NMR: 3 =10.2 (q). 30.7 (1), 35.4 (1), 57.1 (q). 73.4 (d), 82.7 (d),
120.9 (d), 122.2 (d). 126.6 (d, 2C), 128.5 (d), 128.8 (d, 2C), 130.6 (d), 140.2
(s), 140.3 (), 146.3 (s), 146.6 (s); ""Se NMR: d = 265.1; IR (CHCl,):
¥ = 3604, 3436, 2934, 2877, 1600, 1574, 1520, 1455, 1342, 1135, 1107, 1016,
976 cm ™t MS (70 eV, EI): mfz (%) = 395 (6) [M *], 259 (5). 121 (100), 103
(10), 91 (12), 77 (14); HRMS calcd for C 4 H,,NO,Se [M *]: 395.0635,
found: 395.0635.

2-[(R)-1-(Dimethylamino)ethyl|-1-{[(R,S)-(2-methoxy-2-phenyl)ethyliseleno }-
benzene (7w): GP4, purification: zert-butyl methyl ether/pentane 1:2, color-
less oil, yield: 64%.'HNMR:é =1.31(d, J = 6.6 Hz, 3H). 2.20 (s, 6 H},, 3.06
(m, 1H), 3.25 (s, 3H), 3.28 (m, 1 H), 3.80 (m, 1 H). 4.37 (m, 1 H). 7.08-7.46
(m, 9H); 13C NMR: 4 =16.4 (q), 34.8 (1), 41.9 (q, 2C), 57.0 (q). 63.4 (d).
83.2 (d), 126.4 (d), 126.6 (d. 2C), 126.9 (d), 127.2 (d). 128.0 (d), 128.5 (d,
2C), 131.5 (d), 132.7 (s), 141.2 (s), 145.4 (s); IR (CHCI,): ¥ = 2987, 2937,
2862,2824, 1586, 1455, 1178, 1104, 952 cm ™' ; MS (70 eV, El}: /2 (%) = 363
(20) [M ], 348 (58), 332 (9), 228 (100), 212 (35), 183 (53), 147 (36), 121 (41),
104 (52}, 91 (58), 72 (86); HRMS caled for C, H,sNOSe [M "]: 363.1101.
found: 363.1101.

1-{I(R,S8)~(2-Methoxy-2-pheny))ethyllseleno}-2-{(R)- 1-(pyrrolidin-1-yljethyl|-
benzene (7x): GP4, purification: rert-butyl methy! ether/pentane 1:2, color-
less oil, yield: 55% . "HNMR: § =1.35 (d, J = 6.5 Hz, 3H), 1.76 (m. 4H),
2.45 (m, 2H), 2.56 (m, 2H), 3.05 (dt, / =12.0 Hz, J = 4.7 Hz, 1 H), 3.25 (s,
3H), 327 (m, 1H), 378 (q. J=65Hz 1H), 437 (dd. J =86 Hz
J=151Hz, 1H), 7.09 (td, J =7.5Hz, J =1.7Hz, 1H), 7.20 (t. J =7.1 Hz,
1H), 7.29-7.42 (m, 6H), 7.50 (d, J =7.7 Hz, 1 H): '*C NMR: § = 21.8 (q).
23.6 (1, 2C), 34.9 (1), 52.3 (t, 2C), 57.0 (q). 63.5 (d), 83.0 (d). 126.6 (d, 2(),
126.8 (d), 127.1 (d), 127.5 (d), 128.0 (d), 128.5 (d, 2C), 130.5 (s). 131.5 (d),
141.2 (s}, 146.5 (s); IR (CHCl,): ¥ = 2977, 1711, 1366, 1178, 1078, 848 cm ™ !
MS (70 eV, EI): m/z (%) = 389 (23) [M *], 374 (52), 254 (100). 240 (10}, 183
(29), 174 (16), 121 (21), 104 (36). 98 (60), 91 (36), 70 (59): HRMS caled for
C,,H,,NOSe [M *]: 389.1257, found: 389.1259.

3-[(S)-1-Ethoxyethyl|-2-[(R,S)-(2-methoxy-2-phenyl)ethyl|selenopyridine
(7y): GP4, purification: rers-butyl methyl ether/pentane 1:10, yellow oil.
yield: 40%. '"HNMR: 8 =1.21 (t,J = 7.1 Hz, 3H), 1.43 (d, J = 6.4 Hz, 3H).
3.30 (s, 3H), 3.30-3.52 (m, 3H), 3.7t (ddd, J=12.5Hz, J=4.5Hz
J=2.6Hz 1H), 447 (dt, J = 8.8 Hz, J = 5.0 Hz, 1 H), 4.61 (q. J = 6.5 Hz,
1H). 7.07 (dd, J=7.4Hz, J = 4.7Hz, 1H), 7.25-7.43 (m, 5H), 7.59 (d.
J=67Hz,1H),834(dd, J =47 H2,J =1.7Hz, 1H); '3C NMR:§ = 15.4,
22.5,32.8,57.2, 64.3, 74.4, 83.5, 120.4, 126.8 (2C), 127.9, 128.5 (2C). 132.7,
139.6, 141.5, 148.5, 153.5; 77Se NMR: 6 = 303.8; C ,H,,NO,Se 364.35.

(S)-1-Methoxy-1-phenylethane (8): Selenide 7 (0.5 mmol), triphenyltin hy-
dride (0.75 mmol, except for 7v: 7.5 mmol) and AIBN (10 mg) were dissolved
in toluene (0.5 mL) and heated under reflux for 1 hour.*®! Flash chromatog-
raphy of the reaction mixture (zerz-butyl methyl ether/pentane 1:50) yielded
7. The enantiomeric excess was determined by GC (Chrompack, f-CD-per-
methylated, 25 m, 40°C).

(S)-1-[2-(1-Bromo-4-nitrophenyl)lpropan-1-ol (10): 2-Bromo-propiophenone
987 was nitrated™®! to give 2-bromo-5S-nitropropiophenone, which was then
reduced with (—)-B-chlorodiisopinocampheylborane!! and 10 was ob-
tained. Yield: 68 % after recrystallization from hexane, >99% ee:P” m.p.:
74-75°C, [a)3> = —43.6 (c=1.01 in CHCl,); '"HNMR: =105 (t.
J=74Hz, 3H), 1.63-1.95 (m, 2H), 2.1 (d, J=3.8Hz 1H), 5.05 (dt,
J=3.8Hz J=74Hz 2H), 7.70 (d, / = 8.7 Hz, 1 H), 7.97 (dd. J = 8.7 Hz,
J=28Hz, 1H), 845(d, J =28 Hz, 1H); > C NMR: 6 = 9.8 (q). 30.4 (t).
73.5 (d), 122.4 (d), 123.0 (d). 128.7 (), 133.5 (d), 145.9 (s), 147.4 (s): IR
(KBr): ¥ = 3304, 2970, 2932, 1607, 1574, 1527, 1455, 1340, 1274, 1192, 1108,
1028, 982, 879, 833, 813 cm™'; MS (70 eV, El): m/z (%) = 2617259 (9/9)
[M™], 232/230 (99/100), 185/183 (12/11), 156 (4), 77 (8); CoH (BrNO,
(260.09): caled C 41.56, H 3.88, N 5.39; found C 41.45, H 3.90, N 5.37.

2-Bromo-3-nitroacetophenene: Prepared by oxidation of (RS)-1-[2-(1-bromo-
2-nitrophenyl)lethan-1-ol with chromium(vi) oxide. Yield: 99%. 'H NMR:

= 2.65 (s, 3H). 7.54 (s, 1 H), 7.55 (d, J = 2.1 Hz, 1H), 7.78 (m, 1 H); 3C
NMR: é = 30.5(q), 110.0 (s), 126.0 (d), 128.6 (d), 130.5 (d), 145.0 (s}, 151.1
(s}, 200.1 (s); IR (CHCl,): ¥ = 3028, 1710, 1592, 1541, 1418, 1356, 1266, 1203,
1134, 1049 cm ™ '; MS (70 eV, EI): m/z (%) = 245/243 (37/36) [M * ). 230,228
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(99/100), 184/182 (38/39). 156/154 (9/9), 118 (6), 103 (13), 103 (13), 89 (10),
75 (59). 63 (14), 43 (99). C,H,BrNO, (244.05).

{§)-1-2-(1-Bromo-2-nitropheny!)lethan-1-o0l (12): Prepared by reduction of
2-bromo-3-nitroacetophenone  with  (—)-B-chlorodiisopinocampheylbo-
rane.?’) Yield: 99%, 94% e [5)2% = — 66.2 (c=1.42 in CHCl,);
"HNMR: 6 =1.50 (d, J = 6.3 Hz, 3H). 2.10 (s, 1H), 5.35 (q, J = 6.0 Hz,
1H), 7.48(t,/ =7.7Hz, 1H),7.59 (dd,J =7.8 Hz, J =1.7 Hz, 1 H), 7.59 (dd,
J=78Hz, J=14Hz 1H); '*C NMR: § =23.8 (q), 69.2 (d), 112.3 (s),
124.0 (d). 128.5 (d), 129.8 (d). 148.0 (s), 151.0 (s): IR (CHCly): ¥ = 3604,
1538, 1365, 1211, 1110, 921 em ~*; MS (70 eV, ED): m/z (%) = 247/245 (8/9)
[M 7], 232/230 (95/100), 185 (10), 157/155 (7/8), 120 (5), 105 (11), 91 (14),
75 (31),65(10), 43 (34); C4H NGO, Br (246.06): caled C 39.05, H 3.28, N 5.69,
O 19.51; found C 39.23, H 3.27, N 5.51, O 19.39.

Bis-(3-methyl-2-oxa-1-selenaindan-7-yldiazene (13): GP 2, purification: rer/-
butyl methyl ether: pentane 2:1, then CHCly, black crystals, m.p. >280"C,
yield: 31%. 'HNMR: 6 =1.57 (d, J = 6.3 Hz, 6H), 5.60 (g, J = 6.3 Hz,
2H).721(d,J=73Hz2H),748(dd, J =81Hz J=73Hz 2H), 8.17 (d,
J=8.1Hz 2H): *CNMR:J =23.4(q), 78.6 (d). 123.7(d), 124.0 (d), 126.3
(s),128.1(d). 144.7 (s), 145.0 (s); IR (KBr): ¥ = 3430, 2924, 1655, 1575, 1416,
1340, 1276, 1046, 953, 875, 782, 722cm™}'; UV (MeOH): 4. (&) = 593
(14300), 359 (9900). 269 (12100) nm; MS (70 eV, EI): mjz (%) = 426 (24)
[M "1, 409 (100), 292 (10), 232 (16), 213 (8). 197 (38), 181 (12), 169 (19). 156
(14), 135 (10), 119 (27), 102 (12), 89 (25), 75 (34), 63 (26), 43 (53);
C,6H4N,0,8e, (424.10): caled C 45.31, H 3.33, N 6.61; found C 44.71, H
343, N 6.35.
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