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CORRIGENDA

In the paper by K. C. Nicolaou et al. published in Chem. Eur. J. 2001, 7, 53595371, the enantiomeric structures of the Diels—
Alder components in the transition states TS, and TS, are required to account for the observed enantiomers 8, (—)-5, 8, and 5’
shown in Scheme 9.

In the paper by I. Jiang, N. Kobayashi, and D. K. P. Ng et al. in Chem. Eur. J. 2001, 7, 5059 — 5069, the true space group for all the
double-deckers 4 0.5 CsHy,, 6,9-0.5 C¢H,», and 14 is Pnam (No. 62; interchange of the b and ¢ axes as reported in the paper leads
to the standard symbol Pnma). The [M™(nc)(oep) ] molecule lies on a crystallographic mirror plane that contains the lanthanide
atom, two trans-related isoindole N donor atoms of the nc ring, and a pair of trans-related meso CH groups on the oep ligand. In
the complexes 4:0.5C¢H;, and 9-0.5 C;H,,, the chair-shaped cyclohexane molecule has half-site occupancy with two of CH,
groups lying in a mirror plane. The authors apologize for these errors.
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CONCEPTS

1,3,5-2,4,6-Functionalized, Facially Segregated Benzenes—Exploitation of
Sterically Predisposed Systems in Supramolecular Chemistry

Gunther Hennrich and Eric V. Anslyn*[?!

~

Abstract: In the present article, we introduce the unique
steric features of 1,3,5-substituted triethylbenzenes as a
design principle for host molecules and supramolecular
systems. Due to steric gearing, all three functional
substituents are disposed on the same side of the phenyl
plane. The use of this benzene scaffold has lead to the
synthesis of various receptor molecules for a wide range
of different guest species. Furthermore, the facially
segregated systems can be used as building blocks with
a controlled conformation in the synthesis of macrocycles
or self-assembled supramolecular systems.

Keywords: host—guest systems ligand design
Ksteric gearing - preorganization - receptors )

Introduction

A fundamental design principle in the construction of supra-
molecular assemblies is the alignment of functional groups on
a respective molecular platform to achieve complementarity
binding interactions towards a targeted structure.l'! In regard
to host—guest chemistry, the chemical and steric features
given by a guest molecule have to be matched by a sufficiently
predisposed host. In receptor molecules, binding groups are
commonly arranged with a distinct conformation controlled
by the covalent architecture of the receptor. The most
common approach is the use of macrocycles and polyfused
rings. In particular, structures that possess a special desired
topology, such as calixarenes,” fused (aromatic) rings,!
steroids,”! or smaller molecules like glycolurils®®! and cis,cis-
1,3,5-substituted cyclohexanes of the Kemp’s acid type,l¥! are
frequently applied as platforms for supramolecular systems.
To introduce the required amount of conformational rigidity,
some additional covalent synthesis is still often necessary even
for these scaffolds.ll In host molecules based on coordination
compounds, the desired conformational control is achieved

[a] Prof. Dr. E. V. Anslyn, Dr. G. Hennrich
Department of Chemistry and Biochemistry
The University of Texas at Austin, Austin, TX 78712-1167 (USA)
Fax: (+1)512-471-7791
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only upon complexation of an additional component, usually
a metal cation.l®!

In order to avoid extensive synthetic effort, that is more or
less required for the examples cited above, it would be
favorable to exploit “steric gearing”. Here, certain subunits
within a molecule obtain and retain a preorganized geometry
due to adoption of a thermodynamically favored conforma-
tion where steric interactions are minimized.”! The use of
spiropyran receptors with defined conformations for metal
complexation is a novel example taking advantage of this
principle. The tris(spiro) compound A turns out to be a highly
selective ligand for Li* cations in its A-ax conformation. This
is the thermodynamically preferred conformation due to 1,3-
axial interactions, with all three furane oxygens in axial
positions (Figure 1).1' We have designed the sterically geared

Figure 1. Receptor molecules (A, B), preorganized due to steric gearing.

bis-zinc receptor B for the hydrolysis of phosphoesters. The
methyl groups of the pyridine and imidazole rings “mesh” in
such a manner to create a rigid preorganized structure without
using fused rings.!"

The Benzene Platform

The benzene ring is useful as a small, rigid platform for
receptor systems. However, in the easy accessible 1,3,5-
substituted benzenel' (C) or mesitylene-based host mole-
cules (D), a conformational control of the binding groups is
essentially non-existent (Figure 2).

0947-6539/02/0810-2219 $ 20.00+.50/0 2219
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C D E X =S or-CH,

Figure 2. Benzene (C), mesitylene (D) and hexasubstituted benzene
systems (E).

In 1976, McNicol discovered the preorganization of the
functional groups in hexasubstituted benzene derivatives
(E).['" In these systems, six identical substituents are disposed
alternatingly above and below the benzene plane. Both
McNicol and Vogtle have created a number of ligand systems
exploiting the predispose of metal coordinating side arms
around the benzene platform.['”! The major limitation for a
wider use of these persubstituted benzene systems was the
difficulty to synthesize receptors with different functionalities
on one phenyl ring, that is the fact that all six substituents had
to be the same.

Concept

Starting with the pioneering work of Mislow and co-workers
on the structural investigation of metal complexes of hexa-
ethylbenzene,['%) the stereodynamics of 1,3,5-substituted 2,4,6-
triethylbenzenes and their metal-arene complexes were
examined. The energetic barriers for the rotation of the
substituents on the phenyl ring,['”) or the rotation around the
metal—arene bond in 7°-arene complexes of transition metals
were studied by means of temperature dependent NMR
studies.l'¥! The energy required for the rotation around the
CaryiCinethylene bOnd was determined in several persubstituted
benzene derivatives (AG*~11-12 kcalmol ™).l As con-
firmed by X-ray structures,?” the 1,3,5-R-2,4,6-R’-substituted
benzenes adopt a preferred conformation (thermodynami-
cally favored by ~4 kcalmol~! compared with next stable
conformation) with an alternating ababab geometrical pat-
tern.?!! They display a 1,3,5- versus 2,4,6-facial segregation of
the substituents around the benzene core (Figure 3).[2

This exceptional stereochemical characteristic is leading
many chemists to use such persubstituted systems as platforms
for supramolecular systems. In fact, there has been a recent

Py

1:R=-CHz

2:R = -Si(CHg)3
Figure 3. ababab-Substituted benzene scaffold displaying facial segrega-
tion of the respective substituents around the phenyl plane; as established
from the hexaethyl (1) or 1,3,5-tris(trimethylsilyl)-derivative (2).

NH
HoN . Br
P NH, 1. NaN3, 89% P
N
2. PPh;
THF/H,0; 99 %
4a 4

Scheme 1. Synthetic pathways to tris(amino)benzenes 4a and 4b.
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explosion in the literature describing the use of this scaffold, a
concept that is being rapidly exploited by many researchers.

Synthesis

Although the excellent aptitude of the 1,3,5-substituted 2,4,6-
triethylbenzene scaffold as a building block in supramolecular
devices was shown by the early work of Raymond et al. (see
below), the poor synthetic accessibility of the basic persub-
stituted phenyl unit set a limit to a wide application of such
systems. 1,3,5-Functionalized triethylbenzene derivatives
were usually obtained in low yields by the copper() mediated
1,3,5-cyanation of triethylbenzene under harsh conditions
with a considerable workup effort being required.!

By the independent discovery of an easy synthetic route to
1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene by Walsdorffl?4]
and us,®! following a different approach outlined by van
der Made,”! the threefold bromomethylation of triethyl-
benzene lead straightforward to the trisbromomethyl deriv-
ative 4 that was converted into the tris-amines 4a or 4b as
starting materials for different ligand systems (Scheme 1).

Most recently, Kilway and Siegel reported the synthesis of
tris(chloromethyl)benzene 5 as an even more easily available
starting material for other alternating persubstituted ben-
zenes by the use of chloromethyl methyl ether and SnCl,,["! a
method that was also under use in our group.?’

Cation Coordinating Compounds

Having the synthetic tools in hand, the use of the 1,3,5-
substituted 2,4,6-triethylbenzene scaffold in supramolecular
chemistry has emerged rapidly. Several receptor molecules for
cationic (Figure 4) and anionic guests have been designed by
placing various binding groups—conformationally controlled
in the manner discussed above—around the phenyl platform.

The group of Raymond took advantage of the structural
feature of this scaffold to predispose three catechol units
around the benzene core to create a tripodal ligand (3) for the
Fe!l cation.?® After having synthesized the respective 1,3,5-
tris(catechol)benzene and mesitylene, the perfectly preorgan-
ized receptor 3 exhibited superior complexation properties
compared to the previously studied receptors. The binding
constant of 3 for Fe' even exceeded that of the natural
compound enderobactin, a siderophore with a uniquely strong
binding affinity towards Fe'™.

Other inorganic complexes have been explored using this
benzene motif. By using 1,3,5-tris(pyrazol-1-ylmethyl)-2,4,6-
triethylbenzene (5) as a ligand for Pd", Hartshorn and Steel
reported the spontaneous formation of the highly symmetric,

NH,

HoN
gr 1 NH,CN, 65% 2
/ NH,

2. LiAIH,, AICI3
98%

4b
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OH o

H 0 OH

9:R'=H, R2=Ph
10: R'=R%2="Ph

Figure 4. 1,3,5-Tris-substituted 2,4,6-triethylbenzenes (3, 5-10) for the
complexation of cationic species.

ten-component metallosupra- (
molecular cage.? It consists of
six trans-dichloropalladium
units that are arranged in a
pseudo-octahedral array and
are bridged by four pyrazol
ligands. The four central ben-
zene units create a cavity of a

N
H

11

Y ; HoN
4.7 A radius. As a model com- :
pound for bio-inorganic sys-
tems,?) Saak and co-workers

NH

prepared complexes from 6
with Fe,S, clusters. The tris-
thiol ligand proved to be per- NH
fectly preorganised and rigid
enough to create isolated, 3:1
subside-differentiated clus-
ters.}! The tridentate ligand 7
forms trinuclear complexes
with Cu! in which the Cu cen-
ters are kept on the same side of

+
NH
J\ HN
NB~
/

properties of these benzene-based ligands were applied for
selectively sensing NH,* and alkylammonium cations. Ion
selective electrodes (ISE) using the immobilized tris(pyrazo-
le)benzene 8 responded to NH," over Na* and K* by a
selectivity factor of nearly 5, working in a concentration range
between 10~* and 10-'m.[3 Ahn and co-workers also studied
the complexation of different alkylammonium cations by tris-
oxazoline benzenes in chloroform. The ligands 9 and 10
displayed a high selectivity for nBuNH;* with association
constants of 10?7 and 10*, respectively.l*l

Anion Receptors

In our group, 1,3,5-substituted triethylbenzene derivatives
have been extensively explored as receptors for polyfunc-
tional, biorelevant, anionic guest molecules (Figure 5). Here-
to, different functional groups are predisposed around the
benzene core to match with the functionalities and geometries
given by the targeted guest. Initially, we prepared receptors,
which possess the same functionalities in the 1,3- and
S5-position on the benzene ring.

Receptor 11 binds citrate selectively over other similar
carboxylates in D,O with a binding constant of 6.9 x 103m~.[2]
By employing a colorimetric competition assay method, a
chemosensor was established using 11, that was able to
quantify the amount of citrate in various commercially
available beverages.’" In our competition assays, an indicator

HN/§ HN/H
=NH R =NH
+ R NH HN™ F

(HO)3B_
"B(OH)3
HO)3B”
NH, Hy HoN

N Ha

/ N
\+

13 14

the central benzene plane with
distances around 7 and 8 A.
Electrochemical studies
showed the separate transfer
of three electrons from each
Cu cation, subsequently.l*?

In the groups of Kim and
Ahn the cation coordination

Chem. Eur. J. 2002, 8, No. 10
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HN
NH
+ o
NH Y OHL
J\ NH BZ
” N ¥ /
/s NH\
\
15 16

Figure 5. Benzene-based receptors (11-16) for biorelevant anionic guests.
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dye binds to the receptor and is displaced by a stronger
binding guest molecule. As a consequence, the indicator’s
microenvironment is changed as it is released from the host
into the solution, which affects its UV/Vis or fluorescence
spectroscopic properties. Hence, the choice of the indicator to
bind with the respective receptor is crucial in these assays.[!

The same competition assay method proved that the bowl
shaped host 12 bound inositol trisphosphate in buffered water
with a binding constant of 2.2 x 10*m~!, while again, conceiv-
ably competing substances showed significantly lower binding
affinities. In this case, the binding of the different guests was
monitored by fluorescence spectroscopy.?’l Addressing the
same type of guests, we synthesized aza-calixarene 13 that
forms a large cavity. Again, in a fluorimetric competition
assay, selective binding of inositol triphosphate (K,=2.4 x
10°m~!) and fructose-1,6-diphosphate (K, =5.0 x 10*M~!) was
obtained in aqueous solution.’¥! Similarly, the use of a dye
displacement assay with the tris-boronic acid receptor 14
revealed selective binding of glucose-6-phosphate over glu-
cose and phosphate in water (30 % )/methanol.[*”]

The mono-Boc protection of 1,3,5-tris(aminomethyl)-2,4,6-
triethylbenzene (4a) is being used as a starting material for
several receptors we are currently developing. This gives
access to triethylbenzenes with different functional groups in
the 1,3- versus 5-position. Tartrate and malate bind to the
imidazolinium functions of receptor 15 through their carboxy
groups and additionally to the boronic acid groups with the
hydroxy functions. Receptor 15 was used in a chemosensor
ensemble to measure the amount of tartaric and malic acid in
wines with high accuracy.™ The metalloreceptor 16 functions
as a fluorescent sensor for citrate which coordinates to both
imidazolinium groups and the Cu!! center.[*!]

A different approach to analyte sensing was taken by
attaching two tripeptide side arms onto the benzene scaffold
bound to a resin (Figure 6). On the solid support, a library of

HZN o\

NH HN—Ser-Tyr-Ser—|  Fluorophore
NH
NH /
>/-—NH HN—Ser-Tyr-Ser—|  Fluorophore
H2N
HN
\

Fluorophore

Figure 6. ATP-selective resin-bound chemosensor ensemble 17.

17

approximately 3600 receptors with different peptide sidearms
was scanned by looking for a fluorescence response in the
presence of fluorophore-labeled ATP (adenosine triphos-
phate). ATP was found to bind cooperatively to Ser-Tyr-Ser
peptide arms and the guanidinium functions of 17. The fluo-
rescent receptor system 17 was synthesized by attaching
fluorescent end groups to the Ser-Tyr-Ser peptide arms, which
displayed the best selectivity and sensitivity among all
tripeptides. Hence, a sensor ensemble was obtained that
distinguishes between, ATP, AMP and GTP, with only ATP
inducing a 1.5-fold fluorescence enhancement upon bind-
ing.[42l

2222
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Cage Molecules

The preorganization of functional groups around the phenyl
ring makes the 1,3,5-substituted triethylbenzene scaffold a
valuable building block in the synthesis of macrocycles. The
known difficulties in the syntheses of such compounds
(Figure 7) can be overcome by arranging the reactive centers
in a way that forces the closure of the desired ring system.[*]

of\%—JEOJ
A @ :I/ﬂ
%2,\

\

=

(e}

=

Figure 7. Macrobicyclic compounds for anion (18), and cation sensing (19),
and for the study of the self-assembled formation of 20.

/\O]/z
/lk§
w—w/v4

n—auw

HN

N Noa
(o]
\
o

o

I

)

Taking advantage of the predisposed NH, functionalities in
the tris-amine 4a, compound 18 was obtained in a 40 % yield
under mild conditions in a one-step reaction using 4a and
pyridine-2,6-dicarbonyl dichloride. We reported the synthesis
of the bicyclic cyclophane 18 and its ability of forming defined
inclusion complexes with nitrate and acetate anions.*!! In a
dye displacement assay 18 was employed in the optical sensing
of inorganic anions.!*! Further, by encapsulation of various
enolates into the cavitiy of 18, we were able to estimate the
contibution of NH-m bonding versus hydrogen bonding to
the nitrogen lone electron pair in the deprotonation of CH-
acidic compounds.[!

Subsequently to our report of 18, Kim and co-workers
investigated the binding properties of 19 for NH,*, Na*, and
K*. The selective ammonium binding turned out to be
partially the result of a cooperative cation—m interaction
within the receptor’s cavity. In accordance to their previous
work, 19 was incorporated into a ISE membrane to build a
cation sensing device.[*”]

The steric gearing induced by the benzene scaffold also lead
to the macrobicycle 20 in good yields. Even though the

0947-6539/02/0810-2222 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 10
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formation of three disulfide bridges in the molecular assembly
is disfavored in terms of enthalpy due to the torsion angle
strain, the dimeric compound 20 self-assembled from two
equal monomers carrying terminal thiol functions. Under
equilibrium conditions, 20 was present in solution together
with the monomeric tris-thiols and an oligomeric adduct. ]

Rebek et al. took advantage of the predisposition of three
glycoluril groups around 1,3,5-substituted triethylbenzenes to
achieve the formation of dimeric, hydrogen-bonded capsu-
les.”] Analogous to previously described self-assembled
capsules,®” the supramolecular assemblies formed by the
“half-bowl” monomers 21 and 22 are capable, according to the
size of the cavities and the guest molecules, of encapsulating
and re-release the guest reversibly (Figure 8).

H AT H
N
HAH O_ﬂ/ =0
NN N-TN
o=< =0

21: X =NH, Y = C(O)
22:X=C(0), Y =NH

Figure 8. Monomers 21 and 22 form self-assembled dimeric capsules
assisted by the predispose of the two complementary “half-bowls”.

Outlook

The facial segregation of the substituents located above or
below the phenyl plane, makes 1,3,5-substituted 2,4,6-tri-
ethylbenzene an ideal platform for supramolecular systems.
By analyzing the examples presented here, it can be seen that
its usefulness is being increasingly recognized by chemists
working in many different fields, ranging from inorganic to
organic, and to analytical applications.”!l We believe that this
benzene scaffold will continue to be applied in supramolec-
ular chemistry, and to an even wider extent in the future, as we
just have seen its exploitation rapidly increase within only the
last few years.
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Abstract: Multiple competing molecu-
lar interactions (metal -ligand, m-stack-
ing and hydrogen-bonding) in the sil-
ver() complexes of 4'-thiomethyl-
2,2":6',2"-terpyridine give rise to a range
of different molecular architectures, in
which the metal-ligand coordination
requirements are satisfied in quite dif-
ferent ways. Polynuclear supramolecular
spirals, aggregated mononuclear and
aggregated dinuclear units are all struc-
turally characterised. The metallo-su-
pramolecular architecture obtained dis-

plays a remarkable dependence both on
the choice of non-coordinated anion and
the type of solvent used (coordinating or
non-coordinating). The anion depen-
dence is particularly surprising, since
the anions are not integrated into the
centre of the supramolecular structure.
The solution behaviour is also solvent

Keywords: helical structures - N
ligands - noncovalent interactions -
silver - supramolecular chemistry

and anion dependent, with aggregation
of planar mononuclear cations observed
in acetonitrile, but oligonuclear spiral
species implicated in nitromethane. The
extraordinarily variable geometries of
these systems suggest that they provide a
novel example of the “frustration” prin-
ciple, in which opposing tendencies
cannot simultaneously be satisfied and
identify an alternative approach to the
design of metallo-supramolecular sys-
tems whose structure is responsive to
external agents.

Introduction

The design of complex molecular architectures is an impor-
tant goal for synthetic chemistry as it provides the opportunity
to control or encode the properties of a material at the
molecular level. Supramolecular chemists!!l and crystal en-
gineers?l have made considerable progress towards this goal
by using noncovalent interactions such as hydrogen bonding
and m-stacking interactions. Notable contributions have also
resulted from the use of metal-ligand interactions to
generate sophisticated molecular architectures?! and discrete
helices, knots and boxes have been reported as well as
polymeric solid-state cavity-containing arrays.? In such
metallo-supramolecular species, the large energies associated
with metal-ligand bond formation usually overwhelm the
effects of weaker supramolecular interactions and the global
architecture is primarily dictated by the metal —ligand inter-
actions, that is, by 1) the coordination requirements of the

[a] Dr. M. J. Hannon, Dr. N. W. Alcock, C. L. Painting,
E. A. Plummer, L. J. Childs
Centre for Supramolecular and Macromolecular Chemistry
Department of Chemistry, University of Warwick
Gibbet Hill Road, Coventry CV4 7AL (UK)
Fax (+44)24-7652-4112
E-mail: m.j.hannon@warwick.ac.uk
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metal ions, 2) the donor sets afforded by the ligands and 3) the
relative spatial dispositions of the metal-binding sites.[!
Consequently the role of weaker supramolecular interactions
is restricted to influencing the precise microarchitecture of the
metallo-supramolecular array.!

However, recently metallo-supramolecular systems have
been described in which anions play an important role in
structure determination, through being integrated into the
molecular architecture.>®) The most striking examples are
perhaps the “circular double helicates” described by Lehn in
which the choice of anion dictates the selection of a square,
pentagonal or hexagonal architecture from a “virtual combi-
natorial library” of many possible structures.’! In the Lehn
system, flexible linkers connect the metal-binding domains
and a range of structures of different nuclearity are possible,
all of which afford similar metal—ligand coordination envi-
ronments. The weaker noncovalent interactions between
anion and cation are thus able to influence which architecture
is adopted.

We describe herein a different type of system in which
multiple competing molecular interactions (metal —ligand, -
stacking and hydrogen-bonding) give rise to a range of
different molecular architectures, but in which the metal —
ligand coordination requirements are satisfied in quite differ-
ent ways. The metallo-supramolecular architectures obtained
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display a remarkable dependence both on the choice of non-
coordinated anion and the type of solvent used (coordinating
or non-coordinating). The anion dependence!” is quite
distinct from that observed in the circular helicates and
particularly striking, since the anions are not integrated into
the centre of the supramolecular structure. Furthermore, the
extraordinarily variable geometries of these systems suggest
that they provide a novel example of the “frustration”
principle, in which opposing tendencies cannot simultaneous-
ly be satisfied (originally proposed for parallel and antipar-
allel magnetic interactions).!®!

Our studies arose from our interest in the development of
second-generation supramolecular arrays in which discrete
supramolecular entities are further assembled into larger
arrays of defined architecture.[” 1% We recently reported the
controlled aggregation of supramolecular boxes to give a
polymeric array of boxes,® achieved through linking poly-
pyridyl boxes!®® together through the coordination of a
silver(l) centre to a thioether group attached to the outside
of the box array. On examining related literature we were
surprised to find that, outside of macrocyclic chemistry,
structurally characterised silver(l) —thioether interactions
were rarel'!l and indeed that no previous reports of sil-
ver(l) —arylthioether interactions had appeared.'”! To inves-
tigate further the efficacy of this interaction and assess its
application for assembling large supramolecular arrays, we
chose to investigate the coordination behaviour of silver(l) to
the simple ligand 4'-thiomethyl-2,2":6',2"-terpyridine (L).

SMe

The chemistry of the unsubstituted parent ligand 2,2:6',2"-
terpyridine (tpy) has been the subject of numerous studies,
stimulated by the excellent chelating properties of the ligand
and the exciting photophysical properties of metal - polypyr-
idyl compexes.'3] The tpy ligand most commonly acts as a
planar tridentate ligand and in a handful of examples acts as a
didentate ligand with a non-coordinated residue.'l While
silver(l) terpyridyl complexes have received less attention
than those of many other d-block metal ions, in the presence
of a donor solvent, such as acetonitrile, tpy forms simple,
monocationic, planar, four-coordinate, silver(l) complexes of
1:1 stoichiometry such as [Ag(tpy)(MeCN)]* (Scheme 1,
top).1!

We envisaged that adding a thiomethyl group to the 4'-
position of tpy would result in cyclic oligomers or linear
polymers (shown schematically in Scheme 1, bottom) through
coordination of the thioether group from an adjacent
molecule to the silver centre. Instead, to our considerable
surprise, most of the resulting complexes contain spiral chains
of silver ions coordinated by the tpy nitrogen atoms, but not
involving Ag---S interactions.

Chem. Eur. J. 2002, 8, No. 10
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Scheme 1. Top: The planar [Ag(tpy)(MeCN)]" ion. Bottom: Potential
aggregation motifs formed through Ag-:-S interactions.

Results

The ligand L was prepared according to the procedure of
Potts.'”l Complex formation was achieved by warming
solutions of the ligand with silver(l) acetate in methanol.
Treatment with solutions of suitable anions afforded white
precipitates of stoichiometry {AgL(X)} (X=PF;; ClO,; BF,;
CF;CO,). The FAB mass spectra of the four salts are similar
and reveal a dominant peak corresponding to [Ag(L)]*
together with some weak peaks corresponding to higher
aggregates.

Structural characterisation of the solids crystallised from
acetonitrile: Crystals of all four salts were obtained from
acetonitrile and their structures determined.

ClO, salt: Recrystallisation of the perchlorate salt from
acetonitrile by the slow diffusion of benzene yielded colour-
less crystals that proved suitable for X-ray analysis.

The solid-state structure of this perchlorate salt (Figure 1)
contains neither the planar {AgL}" units found for the
unsubstituted ligand nor the expected Ag-:-S interactions.
Instead the structure of the cation is a spiral polymer of
stoichiometry [AgsLs(MeCN),],>**, in which every terpyridyl
ligand bridges two silver() centres. There are five distinct
silver centres with coordination numbers of three or four. In
addition these centres have short silver-.-silver contacts
(3.03-3.15 A). Such silver --silver interactions are a common
feature in silver coordination compounds.®® 8 The silver
atoms define a shallow helical spiral about the axis of the
array with small displacements from the mean spiral axis (in
the range 0.30 to 0.59 A). Each of the five silver atoms has a
subtly different environment. Within the Ags subunit a total
of three acetonitrile molecules are involved in the coordina-
tion and in one of the tpy ligands the same N atom bridges
between two silver ions. The environments can be described in
terms of three- and four-coordinate Ag, but other Ag—N
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Figure 1. Crystal and molecular structure of the [AgsLs(MeCN);],** ion in
the compound [AgsLs(MeCN);],[ClO,]s, crystallised from acetonitrile.

contacts are only just longer than those notionally considered
to be bonding, as seen in Table 1.

All the terpyridyl ligands bridge two metal centres, but their
precise coordination modes vary; they are either bis-diden-
tates with a bridging central pyridyl bound to both silver

Table 1. Bond lengths in the spiral [Ags(L)s(MeCN);],[ClO,]s, -

Coordination L bond MeCN bond  Longer

number range [A] [A] interaction [A]
Agl 3 2.215-2.512 Ag-L 2.693
Ag2 3 2.280-2.540 Ag-L 2.730;

Ag-MeCN 2.639

Ag3 4 2.331-2478 2434 Ag-1L2.721
Agd 4 2.242-2.486
Ag5 4 2274-2.536  2.329 Ag-L 2.886

centres or they are didentate to one silver centre and
monodentate to the other. As would be expected for such
modes the ligands are twisted about the interannular bonds
with torsion angles in the range of 13-51°. Very extensive
face —face m—m stacking('”! is found within the spiral chain
(centroid —centroid distances 3.54—3.85 A); all three pyridyl
rings  stack with the three rings of the ligand both above and
below (for all but one pair of ligands, between which there are
only two stacking interactions). Three of the five silver()
centres are also coordinated to acetonitrile molecules.

The infinite spiral chains have a pitch of 31 A. Alternate
chains have opposite chirality and the crystals contains both
enantiomers in equal numbers. The chains are packed
together in a grid (Figure 2) leaving large inter-chain voids
that contain the perchlorate anions (there are no short

2228
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Figure 2. Packing of the [AgsLs(MeCN);],>* spiral ions in

[AgsLs(MeCN);],[CIO,]s,-

contacts from the perchlorate anions to the silver centres).
For each Ags repeat, the lattice contains two additional
acetonitrile solvent molecules together with a benzene solvent
molecule (which forms a face —edge (CH++-t) 7 stack to the
edge of one of the pyridyl rings in the spiral; centroid-centroid
48A).

BF, salt: The tetrafluoroborate salt was also crystallised from
acetonitrile by the slow diffusion of benzene. The structure is
very similar to that of the perchlorate salt (although less well
defined because of anion and solvent disorder) and contains
infinite cationic molecular spirals of stoichiometry
[AgsLs(MeCN);], >+ with silver(l) centres bridged by the
terpyridyl ligands (Figure 3). The coordination patterns of
the five independent silver atoms are identical to those in the
perchlorate salt. The chains are again packed in a grid
surrounded by anions and solvent.”” Thus this slightly smaller
tetrahedral anion (approx 90% of the size by volume
compared to perchlorate) gives an infinite spiral structure
very similar to that observed with perchlorate.

PF, salt: Recrystallisation of the hexafluorophosphate salt
from acetonitrile by the diffusion of diethyl ether also
afforded material suitable for X-ray analysis; this time the
X-ray crystal structure reveals simple mononuclear cations of
formula [AgL(MeCN)]|" (similar to those observed for the
unsubstituted ligand), which contain silver(l) centres in a four-
coordinate pseudo-square-planar coordination environment,
bound to a tridentate terpyridyl and a monodentate acetoni-
trile ligand (Figure 4). The terpyridyl ligands are essentially
planar (interannular torsion angles: 3.8 and 4.7°). Neither
short Ag--- Ag nor short Ag---S interactions are present. In
the solid state, the planar cations are stacked, with double-ring
face—face m—m interactions with the molecules both above
and below (centroid—centroid 3.66-3.68 A). In addition a
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Figure 3. Crystal and molecular structure of the [AgLs(MeCN),],
(MeCN);],[BF,]s, crystallised from acetonitrile.

Figure 4. Crystal and molecular structure of the [AgL(MeCN)]* ions in
the compound [AgL(MeCN)][PF] crystallised from acetonitrile.

short contact is observed between the silver ion and the =
system of the complex towards which it is displaced. As is
usual for silver --- 7t interactions, % rather than #° coordination
is implied; however, the observed shortest Ag-:- C distance
(327 A) is towards the long end of the range proposed for
such interactions (indeed Munakata has proposed a cut-off
value of 3 A),2 and it is unclear whether this distance
represents a significant bonding interaction.

The m—m stacking links the planar cations into chains
(Figure 5) that are separated by the hexafluorophosphate
counterions and non-coordinated acetonitrile solvent mole-
cules (one per cation).

CF;CO, salt: The trifluoroacetate salt of the complex crystal-
lised on treatment of the reaction mixture with ammonium
trifluoroacetate. These crystals were also recrystallised from
acetonitrile by the slow diffusion of diethyl ether; both sets
of crystals are identical. They show a third structural type

Chem. Eur. J. 2002, 8, No. 10
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for this system: here silver—
terpyridyl wunits are linked
by Ag—S bonds, as envisaged
at the outset of this study.
Rather than leading to the
formation of a polymer, the
Ag---S interactions result in
the dimeric structure illustrated
in Figure 6.

The silver(l) centre is coordi-
nated to a tridentate terpyridyl
unit with a monodentate tri-
fluoroacetate anion completing
a planar environment. The thio-
methyl substituent on an ad-
jacent terpyridyl ligand is coor-
dinated in an axial position
giving a pseudo-square-pyramidal coordination environment.
The Ag—S distance (2.7798(13) A) is comparable with (and
slightly shorter than) those that we have previously observed
in the silver complex of 4-thiomethyl-6-(4-pyridyl)-2,2"-bipyr-
idine (2.94-2.96 A).’"l The dimer is also supported by a
face —face m-stacking interaction between the central pyridyl
rings of the ligands (centroid —centroid 3.46 A). The dimers
aggregate into a polymeric chain (Figure 7) supported by two
face —face m-stacking interactions between each dimer (cent-
roid —centroid 3.80 A). This interdimer link is also associated

ion in the compound [AgsLs-

[PF].

Figure 6. Crystal and molecular structure of [Ag,L,(CF;CO,),] crystallised

from acetonitrile or methanol.
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Figure 7. The m—m stacking of the [Ag,L,(CF;CO,),] units to form chains.

with a long Ag---m interaction (shortest Ag-.-C distance
3.42 A) opposite the axially coordinated thiomethyl group. It
is unclear whether this contributes to the bonding.?'! The
chains of dimers pack together in a co-parallel fashion.

Structural characterisation of the solids crystallised from
nitromethane: Suitable crystals of the hexafluorophosphate
and tetrafluoroborate salts were also obtained from nitro-
methane.

PF; salt: The hexafluorophosphate salt was recrystallised
from nitromethane by diffusion of benzene. In contrast to the
mononuclear structure obtained from acetonitrile, an infinite
spiral motif of stoichiometry {Ag,L,}"t is obtained from
nitromethane (Figure 8). How-
ever, the structure contrasts
with the other spirals as the
asymmetric unit contains only
one AgL group; the spiral is
formed by its repetition along
the fourfold axis. Each terpyr-
idyl ligand bridges between two
silver(l) centres coordinating as
a didentate ligand to one centre
and a monodentate to the next.
The ligands twist about the
interpyridine links to afford
the spiral environment (inter-
annular torsion angles: 20 and
26°) rendering the didentate
unit nonplanar. Each silver(l)
centre is three-coordinate and
there are no coordinated sol-
vent molecules. The silver(l)
centres are separated with
Ag---Ag distances of 2.72 A
(with the chains containing ei-
ther one or another alternative

but equivalent sets of Ag posi-  nitromethane.
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tions). There is extensive face —face m—m stacking within the
spiral array with each ligand forming a pair of m stacks
(centroid —centroid 3.47-3.69 A) to both of the adjacent
ligands. The pitch of the helix is 10.82 A and, as seen in the
earlier spirals, the silver chain itself describes a shallow helical
spiral within the centre of the array, with the silver() atoms
displaced 0.19 A from the mean axis. The packing of the
chains is similar to those of the other spirals with a gridlike
arrangement of chains, between which the anions are packed.

BF, salt: The tetrafluoroborate salt was recrystallised from
nitromethane by diffusion of diethyl ether. Although pre-
pared with a 1:1 stoichiometry, the material that crystallised
contained spiral pentanuclear cations of stoichiometry
[AgsL¢]’* (Figure 9). In this unit, the two terminal ligands
coordinate in a conventional tridentate fashion to a single
silver(i) centre, while the other four ligands bridge two metal
centres, acting as a didentate ligand to one silver and a
monodentate to the other. Thus three of the silver centres
form four bonds (2.27-2.52 A), while the two others have
only three bonds which are significantly shorter, 2.19-2.38 A;
all the N atoms of the terpyridine ligand are coordinated and
none are multidentate. The terminal ligands are close to
planarity (interannular torsion angles: 9.7, 10.6°; 9.0, 9.9°),
while the other ligands twist about the interannular bonds to
afford the spiral structure (torsion angles: 11-33°). The two
terminal silver(l) centres at the ends of the pentanuclear array
are four-coordinate, bound to one tridentate ligand and one
monodentate. The adjacent centres are three-coordinate
bound to a didentate ligand and a monodentate one, while
the central silver()) is four coordinate bound to two didentate
bridging ligands. Intermetallic Ag—Ag distances are in the
range 3.01-3.09 A. The silver chain again describes a shallow
helical spiral within the centre of the array, with the silver(1)

Figure 8. Crystal and molecular structure of the [Ag,L,]"" ions in the compound [Ag,L,][PF4], crystallised from
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Figure 9. Crystal and molecular structure of the [AgsL]** spiral cations in
the compound [AgsL][BF,]s crystallised from nitromethane.

atoms displaced 0.38 A from the mean axis. Within the
pentanuclear unit each ligand forms a pair of m-stacking
interactions with both adjacent ligands.

The pentanuclear units associate through a pair of face -
face m-stacking interactions (centroid-centroid 3.58 and
3.60 A) with other units of the same helicity to form an
infinite spiral structure (Figure 10). This infinite array super-
ficially resembles the other spiral structures, but has a slip or

Figure 10. Packing of the [AgsL¢]** ions to afford an infinite spiral chain.

displacement every five metals. The inter-unit Ag—Ag dis-
tance is 3.68 A, only slightly longer than the intra-unit
separation. The resulting spiral chains are again packed into
a gridlike array between which the counterions and solvent
(one nitromethane per silver centre) reside. However, in
contrast to the other spiral structures, neighbouring spiral
units have the same helicity and the crystal contains sponta-
neously resolved domains of alternate helicity.

Discussion
Structures obtained from solutions of the salts in acetonitrile:
The infinite spiral chain motif observed in the structures of the

perchlorate and tetrafluoroborate salts is most remarkable

Chem. Eur. J. 2002, 8, No. 10
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and was quite unexpected. The formation of such infinite
polymeric spiral chain structures is unprecedented in terpyr-
idine chemistry. Indeed any systems containing bridging
terpyridyl ligands are rare.'> 2219 With copper(l), several
dimetallic double-helical [M,(Rtpy),]** complexes of substi-
tuted terpyridines (Rtpy) have been reported.’? In each case
the ligand bears one or more substituents in the 6-position(s)
of the ligand, which are required to stabilise the metal centre
towards oxidation, but which must also serve to destabilise a
planar terdentate ligand configuration.®! Previous work by
Constable et al. has indicated that such dimetallic double-
helical [M,(Rtpy),]** complexes may also be formed with
silver(1) in solvents other than acetonitrile. Indeed for ligands
bearing bulky substituents in the 6-position two such di-
silver() double-helical complexes have been crystallised from
acetone solution.["*¢] However, from acetonitrile solution
only crystals containing mononuclear [Ag(Rtpy)(MeCN)]*
ions were obtained.['”! There is one previous example of a
bridging terpyridine ligand which does not bear substituents
at the 6-position; a helical cation of 3:4 stoichiometry,
[Ags(tpy).J**, which (despite its stoichiometry) was reported
to crystallise from an acetonitrile solution of 1:1 stoichiom-
etry.'l This trication contains two bridging tpy ligands and co-
crystallises along with simple [Ag(tpy)(MeCN)]" ions. Per-
haps significantly this trinuclear complex was also obtained as
the perchlorate complex; solutions of the hexafluorophos-
phate salt in acetonitrile give crystals only of the monomeric
[Ag(tpy)(MeCN)]" ion.

Having stumbled across this unexpected spiral structure we
investigated whether this remarkable spiral structural motif
was observed for all complexes of this ligand (L) with silver(l),
or whether alternate motifs containing, for example, the desired
Ag---S interactions might also be observed with other anions.
The similarity of the tetrafluoroborate and the perchlorate
salts, both infinite spiral chains, led us to examine whether anion
shape might be crucial factor. Consequently we next prepared
and crystallised the analogous hexafluorophosphate salt.

The difference in structure between the perchlorate and
hexafluorophosphate salts is dramatic, despite the fact that
neither anion coordinates to the metal or is encapsulated
within a cavity in the complex. The hexafluorophosphate salt
contains the mononuclear [AgL(MeCN)]|" ions commonly
found for silver () terpyridyl complexes. Intriguingly, however,
these units stack through m-m and Ag-.-7 interactions to
form infinite chains. Although these chains do not contain
bridging terpyridyl units, and consequently do not exhibit the
spiral structure, they nevertheless form infinite chains which
pack into a grid like array and thus show some superficial
similarity to the structure of the perchlorate complex.

To try to rationalise the effect of the anions we examined
the weak interactions between the anions and the cation
chains. For the perchlorate salt, the perchlorate groups make a
number of short O --« H—C contacts?¥ in the range 2.1-3.0 A
to the methyl groups of the acetonitrile molecules and
thiomethyl moieties, and also to the pyridine ring protons
(on average each perchlorate makes 1.8 O -+« H contacts at less
than 2.5 A, 6.0 contacts at less than 2.7 A and 12.8 contacts at
less than 3.0 A).%) Such C—H ++- O interactions may contrib-
ute to the stabilisation of the solid-state structure.
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The tetrafluoroborate salt contains a number of short F..-
H contacts in the range of 2.2-3.0 A. The number and
distribution (by distance) of these close contacts mimics those
of the O---H contacts observed in the perchlorate structure,
but the extensive disorder of the anions makes any further
analysis impossible.

For the hexafluorophosphate salt, short F.-«H—C con-
tacts?¥ in the range of 2.3-3.0 A are formed, predominantly
between the anions and the methyl groups on the acetonitrile
and thiomethyl groups. As might be anticipated, more short
contacts are observed per anion for this hexafluorophosphate
salt than the perchlorate salt. (Each hexafluorophosphate
makes three F.-H—C contacts at less than 2.5 A, eight
contacts at less than 2.7 A and 18 contacts at less than 3.0 A.
However if these numbers are corrected to allow for the
higher number of potential hydrogen-bond acceptors on the
hexafluorophosphate anion—six rather than four—the pat-
tern of contacts per acceptor is very similar to that observed
for the perchlorate salt).

Clearly the anion does play a role in the determination of
the solid-state structure and it seems quite likely that the
number and position of the potential hydrogen-bond accept-
ors may be an important influence. However, using these to
control the architecture of the cation chain in a systematic and
predictable fashion would be a considerable challenge. The
anion influence does imply that there must be little energetic
difference between the spiral structure and the stacked
mononuclear units. This is perhaps surprising given the
different number of donors available to the silver centre in
the two structures (3.6 per metal in the spirals and four per
metal in the stack of monomers). This implies that the
presence of Ag--- Ag interactions (one per metal) in the spiral
compensates for the lower number of donors and makes a
significant contribution to the bonding. The secondary
interactions within the two chain types are similar: the spiral
structures are associated with extensive 5t — stacking (2.8 per
ligand), while the stack of mononuclear units also contains a
series of m-stacking interactions (two per ligand) together with
(long) Ag---m interactions (one per metal).

Although we prepared the trifluoroacetate salt to examine
the effect of introducing a very differently shaped anion, the
structure is fundamentally different to the others, since this
anion coordinates to the metal. Consequently no information
about anion shape effects can be gleaned from this structure.
Nevertheless the structure is particularly interesting in its own
right, since it contains the Ag--S interactions envisaged at the
outset of the study. Only in this isolated case do we observe these
silver —thioether interactions, and even then they are associated
with a concomitant m-stacking interaction. Supramolecular
crystal engineering by its nature relies on the balance between
a series of weak intermolecular interactions, and it appears that,
unlike many metal-ligand interactions, these silver —thioether
interactions are insufficiently strong to automatically over-
whelm other interactions and dictate the solid-state structure.
While the Ag---S interaction does have potential for control
and ordering aggregation,’ 21 it appears to be weak and thus
may be overwhelmed by competing interactions.

The Ag---S interaction (with its associated w—m interac-
tion) gives rise to dimers which then further associate into
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chains through additional m—um interactions. The chains are
packed in a grid arrangement and consequently there is again
some similarity to the motifs observed in the other structures.
Short C—H --- F interactions do not appear to play a significant
role (F+--H; only four below 3.0 A, all of which are in the
range 2.7-2.9 A); this is consistent with the less polarised
nature of the hydrogen-bond acceptors in this anion. Some
short C—H -+ O interactions are observed within and between
the chains, most notably within the dimeric unit from the non-
coordinated oxygens to the thioalkyl groups above or below
them (O---H;2.59 A).

The range of structures obtained from acetonitrile for a
simple 1:1 Ag/L stoichiometry is quite remarkable (and at first
sight bewildering), yet in fact they all contain ordered cationic
infinite chain motifs that run through the crystal domain. The
precise type of chain motif obtained is dependent on the
anions which are packed around (or in the case of trifluoro-
acetate, incorporated into) the infinite chains.

Structures obtained from solutions of the salts in nitro-
methane: In three of the above structures acetonitrile acts as a
coordinating ligand, and presumably contributes significantly
to the coordination of the silver(l) centres. To examine the
effect of removing this coordinating unit we also attempted to
crystallise the salts from a non-coordinating solvent. Nitro-
methane was selected as being such a solvent, but one in
which the complexes nevertheless retained a reasonable level
of solubility. In particular, we anticipated that mononuclear
{AgL(solvent)}* species were unlikely to be stabilised by
nitromethane. However, the spiral structures observed for the
tetrafluoroborate and perchlorate salts from acetonitrile, also
incorporate coordinated acetonitrile solvent molecules (three
per five silver(l) centres); if a spiral motif were to be retained
in the absence of the acetonitrile ligands, some structural
rearrangement would be required. We were able to crystallise
two of the salts from nitromethane and have investigated their
structures. In both cases spiral arrays are obtained.

The hexafluorophosphate salt crystallises as an infinite
spiral motif of stoichiometry {Ag,L,}"*. This contrasts with the
stack of planar mononuclear units obtained from acetonitrile.
Each terpyridyl ligand bridges between two silver(l) centres
and there are no additional coordinated solvent molecules. In
the absence of coordinated solvents, the formal number of
donors per metal (i.e., three) is lower than observed in the
other chains. All the silver ions have the same geometry, with
three bonds to pyridyl nitrogen atoms (2.222-2.377 A); all
the tpy-N atoms are coordinated and none are multidentate.
The intermetallic Ag— Ag distance within the spiral is 2.72 A,
significantly shorter (~10%) than in the other spirals
obtained from acetonitrile; this may indicate that the
enhanced silver—silver interactions offset the lower formal
coordination number at the metal. Although there is sub-
stantial m—m stacking (two stacks per ligand) it is less
extensive than in the acetonitrile spirals; this is a consequence
of the absence of solvent co-ligands, with the terpyridyl
ligands being required to wrap more symmetrically around
the metal — metal axis. This more symmetric local distribution
also leads to a much reduced helical pitch (10.82 A).
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The hexafluorophosphate anions reside in the channels
between the chains and make a number of short F..-H-C
contacts in the range 23-3.0 A from the hexafluorophos-
phate groups to the methyl groups of the thiomethyl moieties
and also to the pyridine ring protons (each hexafluorophos-
phate makes four F..-H contacts at less than 2.5 A, seven
contacts at less than 2.7 A and twelve contacts at less than
3.0 A). At contacts of <2.5 A and <2.7 A these numbers are
very similar to those for the mononuclear planar hexafluoro-
phosphate complex crystallised from acetonitrile, but the
interactions are less extensive above 2.7 A in this spiral.

Given the propensity of the tetrahedral anions to induce
spiral formation in acetonitrile, from nitromethane one might
anticipate a very similar structure for the tetrafluoroborate
salt to the spiral observed for the hexafluorophosphate salt.
However from a 1:1 Ag/L solution, a complex of stoichiom-
etry [AgsL¢J’* crystallised that contains spiral pentanuclear
cations. The metals are encapsulated within a spiral array with
an average number of donors per metal of 3.6. This number is
the same as that observed in the spirals obtained from
acetonitrile, and (perhaps consequently) the intermetallic
Ag— Ag distances (3.01-3.09 A) observed are similar to those
in the acetonitrile spirals (rather than to the shorter distances
in the hexafluorophosphate spiral from nitromethane). Three
of the silver centres form four bonds to the pyridine moieties
(2.27-2.52 A), while the two others have only three bonds,
which are significantly shorter, 2.19-2.38 A; all the tpy-N
atoms are coordinated and none are multidentate. The
pentanuclear units associate with other units of the same
helicity through a pair of face —face m-stacking interactions to
give rise to a third class of infinite spiral structure. This infinite
array superficially resembles the other spiral structures, but
has a slip or displacement every five metals.

Presumably the formation of this 5:6 stoichiometry struc-
ture is driven by the metal centres seeking to increase the
number of coordinated donors, although the fact that this 5:6
stoichiometry complex is not obtained with hexafluorophos-
phate indicates that additional anion effects must contribute
to the selection of structural array. Short F ..« H-C contacts
are observed in the range 2.2-3.0 A from the tetrafluorobo-
rate groups to the methyl groups of the nitromethane and
thiomethyl moieties and also to the pyridine ring protons (on
average each tetrafluoroborate has 22F..-H contacts
<25 A; 84contacts <2.7A; 12.8 contacts <3.0 A). This
pattern of contacts is similar to those for the perchlorate
and tetrafluoroborate spirals crystallised from acetonitrile,
although once again, using such a pattern to deliberately
control or induce a structural type or stoichiometry would be
challenging. The crystallisation of a helical 3:4 stoichiometry
cation from a 1:1 solution of tpy with silver(1) perchlorate in
acetonitrile” is presumably driven by similar anion contact
effects.

Solution studies: The anion and solvent dependence of the
solid-state structure is quite remarkable and we were in-
trigued to investigate whether this was reflected in the
solution behaviour of these complexes.

Chem. Eur. J. 2002, 8, No. 10
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Solution studies in acetonitrile: The 'H NMR spectra of the
tetrafluoroborate, perchlorate and hexafluorophosphate salts
in CD;CN are identical and reveal a single set of five aromatic
and one aliphatic resonances. This indicates either a single
solution species or multiple rapidly-exchanging species (rapid
on/off kinetics are common for silver(l) complexes). The
electrospray mass spectral?’l of these three salts in acetonitrile
solution are analogous and exhibit a main peak corresponding
to [AgL"] together with a slightly weaker peak corresponding
to [AgL(MeCN)*], consistent with a solution species
[AgL(MeCN)]*. Weaker peaks are also observed that corre-
spond to [Ag,L,X"] (X=anion) together with some weak
peaks corresponding to higher aggregates. For these three
salts it seems most likely that the predominant species is the
[AgL(MeCN)]" ion (as observed in the crystal structure of the
hexafluorophosphate salt). The 'H NMR spectra of these
complexes are concentration dependent with small, but
reproducible downfield shifts on dilution observed for all
the aromatic signals (the effect is greater for the resonances
corresponding to H6', H3 and H3' than for H4 and H5). The
resonance corresponding to the SMe protons is not signifi-
cantly affected by dilution implying that any effects do not
arise from aggregation caused by coordination of the thio-
methyl group (at least at these concentrations; 1 —10mm). We
speculate that the observed changes reflect concentration
dependent aggregation through a combination of .-,
Ag--+ Ag or Ag-:-m interactions (perhaps in a similar fashion
to the crystal structure of the hexafluorophosphate salt), with
ring current effects causing the upfield shifts at increased
concentration. Such aggregation effects are well known for
planar platinum(i1) terpyridyl complexes [Pt(tpy)X]"* in both
the solid state and solution.?! The observed shifts are not
consistent with a simple decomplexation equilibrium; from
the chemical shifts of the free ligand, a mix of upfield and
downfield shifts would be expected.

The 'H NMR spectrum of the trifluoroacetate salt in
CD;CN is at first sight almost identical to those of the
hexafluorophosphate, perchlorate and tetrafluoroborate salts,
revealing a single set of resonances, whose precise chemical
shifts vary slightly with concentration (again the effect being
greater for H6', H3 and H3' than for H4 and HS). However,
analysis of the complexes at identical concentrations, reveals
that the aromatic resonances are all shifted slightly downfield
in the trifluoroacetate salt. Addition of one equivalent of
ammonium trifluoroacetate to a solution of the tetrafluoro-
borate salt in CD;CN resulted in similar small downfield
shifts, while a second equivalent caused no further significant
changes. This implies that the trifluoroacetate group competes
effectively with the acetonitrile solvent for the fourth
coordination site on the planar [AgL(X)]"" complex and that
for this salt the predominant solution species is [AgL(CFs;-
CO,)]. This is supported by the observation of a peak in the
electrospray mass spectrum corresponding to [AgL-
(CF;CO,)"] in addition to the main peak which corresponds
to [AgL']. This is also consistent with crystallisation of
[{AgL(CF;CO,)},] rather than [{AgL(MeCN)},][{CF;CO,},]
from acetonitrile. Although, no change in chemical shift is
observed for the anion in the YF NMR spectrum (relative to
[NH,][CF;CO,]), this may simply reflect the remote nature of
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the CF; group from the silver centre. As with the other salts,
the resonance corresponding to the SMe protons is not
significantly affected by concentration, implying that solution
aggregation is similarly through mw—m, Age--Ag or Ag:m
interactions.

Solution studies in nitromethane: In solution, as in the solid
state, we anticipated that nitromethane was less likely to
stabilise mononuclear {AgL(solvent)}* species and conse-
quently alternate structural motifs might predominate.

The 'H NMR spectra of the tetrafluoroborate, perchlorate
and hexafluorophosphate salts in nitromethane are indeed
dramatically different from those observed in acetonitrile; the
resonance corresponding to HS is observed upfield at 6 ~7.2
and the other pyridyl resonances are bunched between 6 =
7.8-8.2. These spectra bear a striking resemblance to those
obtained for the double-helical silver(l) and copper(l) com-
plexes of 22":6'.2": 6¢'2"-quaterpyridine (qtpy) in acetoni-
trile.”® (The 'H NMR spectra of double-helical dinuclear
complexes of qtpy are quite different from those of planar
mononuclear qtpy complexes.!) The 'H NMR spectra of the
silver(1) terpyridyl complexes in nitromethane seem therefore
to imply that alternate helical structure(s) may be present in
this solvent.

The tetrafluoroborate and hexafluorophosphate salts both
exhibit good solubility in this solvent. However, in both cases
the spectra are considerably broadened throughout the
concentration range studied (2—6mm) and the spectra are
concentration dependent with the resonance corresponding to
H6 showing the most dramatic changes in chemical shift
(A6 ~0.1 ppm over this concentration range). While the
spectra of the two salts are similar in pattern, the chemical
shifts of the resonances are not identical (even allowing for
the concentration dependence); this implies anion, as well as
concentration, dependence. Spectra of both concentrated and
dilute samples of the tetrafluoroborate salt have been
recorded at low temperature (255 K), but in both cases the
spectra remain considerably broadened. The perchlorate salt
exhibits spectra similar to those of the tetrafluoroborate and
hexafluorophosphate salts; however, its lower solubility in
this solvent prevented accurate concentration-dependent
measurements. A dilute sample of the trifluoroacetate salt
exhibited sharp resonances with a pattern more similar to that
obtained in acetonitrile, but poor solubility prevented further
investigation.

These results imply the presence of multiple rapidly
exchanging solution species in nitromethane, with the com-
position of the mixture being sensitive to concentration and
also to the choice of counterion.’” For the perchlorate,
tetrafluoroborate and hexafluorophosphate anions, the chem-
ical shifts are consistent with the presence of one or more
multinuclear helical/spiral species, rather than merely the
mononuclear cations.”” 3 The chemical shifts of the trifluoro-
acetate salt are consistent with retention of a planar mono-
nuclear conformation, presumably with the anion coordinated
in the fourth coordination site. This is perhaps unsurprising
given that for this salt, even in acetonitrile, the solvent does
not appear to a coordinate.
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Conclusion

We have shown that infinite helical spiral arrays and
aggregated monomers or dimers may all be prepared in
simple silver(l) terpyridyl systems. The first reports of
terpyridyl chemistry appeared in the 1930s and included a
description of a silver(i) terpyridyl complex;B! it is perhaps
remarkable that, despite the attention that the coordination
chemistry of this ligand has subsequently received,™ its
chemistry still retains the capacity to surprise.

It remains to consider why these particular Ag-tpy
complexes take up such remarkable structures. The silver—
ligand interaction must dominate energetically, needing to be
satisfied in any potential structure. With other polypyridyl
ligands such as 2,2-bipyridine and 2,2:6,2":6",2"’"-quater-
pyridine, silver(l) is most commonly associated with four-
coordinate N, coordination in which the four donors arranged
in a pseudo-tetrahedral fashion. However, the tpy ligand
system does not readily accommodate such an environment. It
is the combination of this inability of the ligand to sustain a
pseudo-tetrahedral N, geometry and the range of potential
interactions (Ag—N,,, Ag—Ny.cn, Ag—S, Ag---Ag, Ag---m,
weeeqt, C—H.-- X) that leads directly to the structural diver-
sity.

The planar mononuclear tpy coordination motif [AgL(X)]
exhibited in the trifluoroacetate salt and the hexafluorophos-
phate salt from acetonitrile, permits a coordination number of
four to be achieved but the spatial distribution of donors
about the metal is unsatisfactory. By contrast the spiral
structural motif, permits a more efficient distribution of the
donors about the metal centre, but the silver() centres are
associated with less than 4 nitrogen donors. The combination
of additional Ag--- Ag interactions and tpy-tpy m--+7 inter-
actions overcomes this donor deficit and thus underpins the
formation of the spiral chains. The spiral formed on crystal-
lisation of the hexafluorophosphate salt from nitromethane
has the lowest formal coordination number (3) but this is
offset by closer Ag--+ Ag contacts. The tetrafluoroborate salt
from nitromethane has three distinct coordination environ-
ments (3 or 4 coordinate) while the perchlorate salt from
acetonitrile is even more complex with five different silver
environments (also 3 or 4 coordinate). In all these systems, the
ligands spiral around the silver chain to improve the silver
coordination. To achieve the best n- stacking of the ligand
rings, the silver atoms are pulled slightly away from the linear
Ag--- Ag--- Ag axis, leading to the spiraling silver chains
characteristic of all these systems.

The extreme variation in environment suggests that to
achieve ideal coordination geometry, the silver ions and the
ligands are subject to conflicting forces, which cannot
simultaneously be satisfied. Such a situation (and indeed the
resulting spirals) bring to mind the effects of 'Frustration’. In
its original application to the orientation of magnetic spins,
energy terms simultaneously favouring parallel and anti-
parallel spins result in spiralling spin vectors, often incom-
mensurate with the crystallographic repeat.®!l The concept has
been applied to more specifically chemical systems in aligned
polymer helices which attempt simultaneously to have the
same and opposite chirality.’?l We suggest that the present
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systems demonstrate the same principle, in a still more
directly chemical application. No simple geometry satisfies
both the silver and the tpy requirements simultaneously,
leading to the existence of a whole series of reasonable but not
ideal coordinations. The result is that the silver ions take up a
variety of subtly variable geometries, which lead to the
diversity of structures.

This “chemical frustration” has led to a set of unusual spiral
molecular architectures not anticipated for this simple ligand
system. It points to an alternative approach to the design of
metallo-supramolecular systems whose structure is responsive
to external agents (such as anions)—the types of systems
Lehn describes as “virtual combinatorial libraries”.! Such a
“frustration” approach is most likely to be effective with
metals (such as silver(l)) that do not have a strong geometric
coordination preference.

The distribution of the short C—H-.--X contacts to the
anions indicates that the choice of anion (and its number and
spatial distribution of hydrogen-bond acceptors) can be used
to control the supramolecular architecture formed, even when
the anion is not encapsulated within the supramolecular
structure. To achieve this, the system must have a number of
potential structures of very similar energy, the selection of
which may be tipped by interactions of small energy (indeed
this is intrinsic to Lehn’s concept). However, with current
knowledge, prediction of potential structures and of how they
might be selected by a given anion (or solvent) is not yet
feasible. For such a system, guidelines for architecture control
are most likely to arise through experimental observation.

The effects are not restricted to the solid state. In
acetonitrile, planar mononuclear species are formed. For
non-coordinating anions, acetonitrile completes the coordi-
nation sphere. There appears to be a preference for coordi-
nation of trifluoroacetate over acetonitrile, and this may
represent an electrostatic effect. The planar cations stack in
solution to form higher aggregates at millimolar concentra-
tions. However, in nitromethane, it appears that, for non-
coordinating anions, an exchanging mixture of helical spiral
oligomers is formed.”! The average molecular weight and
polydispersity for such a system is expected to be concen-
tration dependent, and indeed concentration dependence is
observed in the '"H NMR spectra. Anion effects may also play
a role in this solvent.

Dinuclear double-helical silver() complexes have previous-
ly been described for tpy ligands substituted at the 6-position
and crystallised from acetone, and it was proposed that this
was the structure formed by the unsubstituted tpy ligand in
non-coordinating solvents too.['**! Our study indicates that the
silver() chemistry of terpyridyl ligands that do not bear
substituents in the 6-position(s) is more complex and that the
structure in non-coordinating solvents is not a simple dinu-
clear double helicate, but that oligomeric spirals are formed
(of which the dinuclear double helicate is a low nuclearity
example). Substituents in the 6-position sterically prevent the
terpyridyl from engaging in the formation of trinuclear or
higher oligomers and consequently drive the systems to give
dinuclear double helices. Our rationalisation of the extra-
ordinary geometries of these systems also leads to the
suggestion that similar spiral motifs might well appear in the
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silver complexes of larger unsubstituted or thiosubstituted
poly(pyridyl) ligands.

Experimental Section

4’-Thiomethyl-2,2":6'2"-terpyridine (L) was prepared by the literature
method of Potts.!'”]

Silver@ complexes of L: Silver(l) acetate (0.0181 g, 0.11 mmol) and L
(0.0302 g, 0.11 mmol) were heated to reflux in methanol (15 cm?®) for
2 hours. The resulting colourless solution was filtered through cotton wool
to remove trace impurities and the filtrate treated with an excess of a
saturated methanolic solution of the appropriate anion.

Tetrafluoroborate salt: Treatment with ammonium tetrafluoroborate
(excess). On leaving the solution to stand, a white precipitate was formed
and isolated by filtration (0.0356 g, 68 % ). IR (KBr): 7#=1635 (w), 1585 (s),
1562 (m), 1538 (m), 1469 (m), 1434 (w), 1407 (m), 1326 (w), 1245 (w), 1060
(s), 867 (w), 825 (w), 786 (s), 740 (W), 682 (w), 655 (W), 574 (w), 520 cm™!
(w); '"H NMR (CD;CN, 250 MHz, 3.5mM, 298 K): 6 =8.57 (d, J(H,H) =
4.0 Hz,2H; H6), 8.28 (d, J(H,H) =7.75 Hz, 2H; H3), 8.03 (s, 2H; H3'), 7.99
(td, J(H,H) =76, 1.8 Hz, 2H; H4), 7.51 (ddd, J(H,H) =76, 5.0, 1.2 Hz, 2H;
H5),2.71 (s, 3H; SMe); '"H NMR (CD;NO,, 250 MHz, 5.9mm, 298 K): 6 =
8.13(d,J(H,H) =7.1 Hz,2H, H3), 8.03-7.88 (m, 6 H; H6, H3’, H4), 7.24 (br,
2H; HS),2.71 (s, 3H; SMe): MS (+ve FAB): m/z: 386 [AgL], 494 [Ag,L],
667 [AgL,], 773 [Ag,L,], 861 [Ag,L,(BF,)], 1336 [Ag;Li(BF,),], 1530
[AgLs(BF,);], 1809 [Ag,L4(BF.);], 2003 [AgsL,(BF,),]; MS (ESI; MeCN):
mlz (%):386 (100) [AgL*], 427 (30) [AgL(MeCN)*], 665 (35) [AgL,*], 759
(1) [AgLo(BE,)*]. 861 (1) [Ag.Lo(BE,)*], 1140 (1) [Ag,Ls(BE,)*]. 1226 (1)
[Ag,L,(BF,),"], 1335 (1) [Ag;Ls(BF,),"], 1614 (1) [Ag,Ls(BF,),"], 1809 (1)
[AgsL;(BF,)s]; elemental analysis caled (% ) for AgC,sH3N;SBF, - H,0: C
39.1, H 3.1, N 8.5; found: C 39.1, H 3.1, N 8.8.

Hexafluorophosphate salt: Treatment with ammonium hexafluorophos-
phate. On leaving the solution to stand, a white precipitate was formed and
isolated by filtration (0.0429 g, 79%). IR (KBr): 7=1585 (s), 1562 (m),
1538 (w), 1473 (m), 1434 (w), 1411 (m), 1330 (w), 1249 (w), 1160 (w), 1126
(m), 1014 (w), 995 (w), 836 (s), 786 (s), 740 (m), 682 (m), 682 (W), 655 (W),
624 (w), 559 cm™! (s); 'HNMR (CD;CN, 250 MHz, 3.5mm, 298 K): 6 =8.57
(d, J(H,H) =4.0 Hz, 2H; H6), 8.28 (d, J(H,H) =7.76 Hz, 2H; H3), 8.03 (s,
2H; H3'), 799 (td, J(H,H) =77, 1.8 Hz, 2H; H4), 7.51 (ddd, J(H.H) = 7.6,
4.9, 1.2 Hz, 2H; H5), 2.71 (s, 3H; SMe); 'H NMR (CD;NO,, 300 MHz,
5.9mwm, 298 K):  =8.13 (d, J(H,H) =7.0 Hz, 2H; H3), 8.05-7.90 (m, 6H;
He6, H3', H4), 7.24 (br, 2H; H5). 2.71 (s, 3H; SMe); MS (+ve FAB): m/z:
386 [AgL], 494 [Ag,L], 667 [AgL,], 919 [Ag,L,(PFs)]; MS (ESI; MeCN):
milz (%): 386 (70) [AgL*], 427 (30) [AgL(MeCN)*], 537 (1) [AgL(PF¢)*],
576 (1) [AgL(MeCN)(PF¢)*], 667 (40) [AgL,"], 817 (1) [Ag,L,(MeCN)*],
919 (5) [AgLy(PFs)*], 1000 (1) [Ag,L,(MeCN),(PFs)*], 1198 (1)
[AgLy(PF)*], 1452 (1) [AgsLy(PE,),*]. 1731 (1) [Ag:Ly(PF,),*]; elemental
analysis caled (% ) for AgC,H,3sN;SPF¢: C 36.1, H2.5, N 7.9; found: C 36.4,
H?2.6,N78.

Trifluoroacetate salt: Treatment with ammonium trifluoroacetate. On
leaving the solution to stand, yellow crystals precipitated and were isolated
by filtration (0.0831 g, 77 %). IR (KBr): 7=1662 (s), 1585 (m), 1562 (m),
1542 (w), 1469 (m), 1434 (w), 1403 (m), 1326 (w), 1292 (w), 1199 (s), 1180
(s), 1122 (s), 998 (w), 964 (w), 821 (m), 786 (s), 721 (m), 682 (w), 655 (W),
624 (w), 574 cm™! (m); 'H NMR (CDs;CN, 250 MHz, 3.5mM, 298 K): 6 =
8.61 (d,J(H,H) =4.25 Hz,2H; H6), 8.30 (d, J(H,H) = 8.0 Hz, 2H; H3), 8.04
(s, 2H; H3'), 8.02 (t, J(H,H)=7.5Hz, 2H; H4), 754 (dd, J(H,H)=7.6,
1.8 Hz, 2H; H5), 2.71 (s, 3H; SMe); 'H NMR (CD;NO,, 300 MHz, 298 K):
0=28.11 (d, J(H,H) =4.5 Hz,2H; H6), 8.06 (d, J(H,H) =8.4 Hz, 2H; H3),
7.85 (m, 4H; H3', H4), 725 (ddd, J(H,H) =7.9,5.2, 1.1 Hz, 2H; HS), 2.71 (s,
3H; SMe); MS (+ve FAB): m/z: 386 [AgL], 667 [AgL,], 773 [Ag,L,], 887
[Ag,L,(CF;CO,)]; MS (ESI; MeCN): m/z (%): 237 (5) [AgL(MeCN),>],
386 (100) [AgL*], 427 (30) [AgL(MeCN)*], 506 (10) [AgL(CF;CO,)*], 667
(40) [AgL,*], 887 (25) [AgLy(CF:CO,)], 1108 (1) [AgsLo(CF,CO,), ],
1223 (1) [Ag;L,(CF;CO,);t], 1385 (1) [Ag;L;(CF;CO,),"]; elemental
analysis caled (%) for Ag,CsHyNgS,04F-0.5H,0: C 42.8, H 2.7, N 8.3;
found: C 42.8, H 2.6, N 8.0.

Perchlorate salt: Treatment with sodium perchlorate. On leaving the
solution to stand, a white precipitate was formed and isolated by filtration
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(0.0375 g,72%). IR (KBr): 1578 (m), 1561 (s), 1540 (w), 1464 (w), 1393 (m),
1384 (s), 1147 (s), 1122 (s), 1077 (s), 1005 (w), 785 (s),730 (W), 680 (w), 667
(w), 637 (w), 630 (w), 624 (m), 575 cm™! (m); '"H NMR (CD;CN, 250 MHz,
3.5mmM, 298 K): 6 =8.57 (d, J(H,H) =4.01 Hz, 2H; H6), 8.28 (d, J(HH) =
7.78 Hz, 2H; H3), 8.03 (s, 2H; H3"), 7.99 (td, J(H,H) = 7.6, 1.8 Hz, 2H; H4),
7.51 (ddd, J(H,H) =76, 5.0, 1.2 Hz, 2H; H5), 2.71 (s, 3H; SMe); 'H NMR
(CD;NO,, 300 MHz, 298 K): 6 =8.14 (brd, J(H,H) = 6.9 Hz,2H; H3), 7.97
(brm, 6H; H6, H3', H4), 7.24 (br, 2H; H5). 2.71 (s, 3H; SMe); MS (ESI;
MeCN): m/z (%): 386 (100) [AgL*], 429 (45) [AgL(MeCN)*], 667 (20)
[AgL;'], 873 (2) [AgL,(ClOy)*], 1152 (1) [AgLs(ClOy)*], 1359 (1)
[Ag;L;(ClO,),*]; elemental analysis caled (%) for AgC,¢H;;N;SCIO,-
0.5H,0: C 38.8, H 2.8, N 8.5; found: C 38.7, H 2.6, N 8.3.

X-ray crystallographic structural characterisations: For all crystals, data
were collected with a Siemens SMART three-circle system with CCD area
detector. A summary of the crystallographic data can be found in Table 2.
Specific details of the refinement were as follows:

[{AgsLs(MeCN);},1[C10,]s,: Crystals were obtained from acetonitrile by
the slow diffusion of benzene. Systematic absences indicated the space
group Pbca. As well as three molecules of MeCN coordinated to Ag, the
asymmetric unit contained lattice solvent comprising one C¢Hg, two 100 %
occupancy MeCN and an additional highly disordered group modelled as
two partial occupancy MeCN molecules.

[{AgsLs(MeCN);},1[BF,]s,: Crystals were obtained from acetonitrile by the
slow diffusion of benzene. Both the crystal finally used and a previous one
showed a very rapid fall-off in diffraction intensity at higher angle,
attributed to the anion disorder. The borofluoride anions were very
severely disordered and could not be completely modelled. Three full-
occupancy and two half-occupancy anions were modelled as rigid bodies,
with three further part-occupancy fluorine atoms. All residual peaks were
in the region containing the disordered anions, but the largest peak was
only 0.66 ¢ A-3 and no further complete anions could be located; this region
probably also contains some disordered solvent. The terminal methyl
groups (projecting into the anion region) were found to have high thermal
motion and the S—Me distances were restrained to be equal. Anisotropic
displacement parameters were used for all non-hydrogen atoms, apart from
low occupancy anion atoms and the most mobile S—Me group (C519). The
absolute structure of the individual crystal chosen was checked by
refinement of a delta-f” multiplier. Absolute structure parameter x=
0.11(5). A merohedral twinning parameter was refined (value 0.190(1);
inclusion of this parameter gave a substantial improvement in the R
values.)

[AgL(MeCN)][PF]: Crystals were obtained from acetonitrile by the slow
diffusion of diethyl ether. Systematic absences indicated either space group

Table 2. Crystallographic data.

Cc or C2/c. The former was chosen on the basis of intensity statistics and the
apparent value of Z, and was shown to be correct by successful refinement.
The absolute structure of the individual crystal chosen was checked by
refinement of a delta-f” multiplier. Absolute structure parameter x =
0.06(5). Floating origin constraints were generated automatically.
[Ag,L,(CF;CO,),]: Crystals were obtained from methanol on leaving the
solution to stand. No solution or refinement problems were encountered. A
second sample recrystallised from acetonitrile (by slow diffusion of diethyl
ether) rather than from MeOH proved to have an identical unit cell and
structure.

[Ag,L,][PF¢],: Crystals were obtained from nitromethane by the slow
diffusion of benzene. The Ag atom was found to be disordered between two
positions about 0.9 A apart, so that the shortest Ag— Ag chain interactions
are between two Ag atoms of the same type. The absolute structure of the
individual crystal chosen was checked by refinement of a delta-f” multi-
plier. Absolute structure parameter x = 0.00(9). Floating origin constraints
were generated automatically. Extinction coefficient 0.00026(9).

[AgsLs][BF]s: Crystals were obtained from nitromethane by the slow
diffusion of diethyl ether. Systematic absences indicated space group
C222,, but the structure was solved by direct methods in space group C2
with additional symmetry later identified and added. One thiomethyl group
was disordered between two positions. The asymmetric unit contained five
molecules of nitromethane, one of which lay on a special position and one
of which was modelled at 50 % occupancy; one residual peak was modelled
as the oxygen of a 25% occupancy water molecule. The BF, counterions
were also partly disordered with two at half occupancy (one close to a
symmetry element); the B—F and F—F distances were restrained in anion 4.
The absolute structure of the individual crystal chosen was checked by
refinement of a delta-f” multiplier and it was found to show racemic
twinning with absolute structure parameter x =0.67(3).

CCDC 167628-167633 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK fax:
(444)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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[{AgsLs(MeCN)3},][CIO.]5, [{AgsLs(MeCN)s},][BF.]s, [AgL(MeCN)][PFs] [AgL,(CF;CO,),] [Ag,L,][PF], [AgsLg][BF.]s
formula AgsCyClsH7N 150555 - AgsBsCyeFroH7uNsSs AgCysFeH,N,PS - AgCiFH;sN;0,8  AgCieFHsNsPS  AgsBsCogFygHzgN S, -
2CH3;CN - C¢Hy-x CH;CN - x CH3CN CH,;CN 4 CH3;NO,
M, n(2712.69 + x41.05) n(2492.86 + x41.05)n 614.30 500.24 n532.19 2893.70
crystal system orthorhombic tetragonal monoclinic triclinic tetragonal orthorhombic
a[A] 25.0558(4) 26.346(2) 11.901(2) 8.266(3) 26.3004(3) 28.7382(4)
b [A] 28.5128(4) 26.346(2) 27.314(4) 8.696(3) 26.3004(3) 26.83560(10)
c[A] 30.83410(10) 30.516(4) 7.2602(10) 13.027(5) 10.8198(2) 31.2778(5)
a[’] 90 90 90 80.319(5) 90 90
AN 90 90 96.825(4) 84.767(5) 90 90
v [°] 90 90 90 76.677(5) 90 90
V[A3] 22028.2(5) 21182(4) 2343.3(6) 896.9(6) 7484.17(18) 24121.6(5)
T [K] 180(2) 180(2) 185(2) 185(2) 180(2) 180(2)
space group Pbca )z Cc Pl I4,cd C222,
V4 8 8 4 2 16 8
crystal size [mm] 0.2 x 0.2 x 0.1 0.85 x 0.12 x 0.15 0.5 x 0.1 x 0.06 0.6 x 0.08 x 0.06 0.58 x0.14 x0.14 0.6 x0.1 x0.1
data/parameters  17253/1381 18560/1198 2824/310 3930/254 29271263 29493/1484
R(F) [I>20(1)] 0.0869 0.0635 0.0445 0.0372 0.0600 0.0595
wR(F?) (all data) 0.1735 0.1884 0.0969 0.0821 0.1723 0.1691
goof (F?) 1.084 1.121 0.891 0.887 1.069 1.064
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Controlled Synthesis and Magnetic Properties of 2D and 3D Iron Azide
Networks [Fe(N;),(4,4-bpy)] and [Fe(N;),(4,4'-bpy)]

Aihua Fu,!* ! Xijaoying Huang,!*! Jing Li,*!*! Tan Yuen,™ and Chyan Long Lin!"!

Abstract: Controlled synthesis of tran-
sition metal complexes with mixed li-
gands has led to two new compounds
with the same empirical formula
[Fe(N3),(4.4-bpy)] (4.4'-bpy = 4.4~
bipyridine). The compound 2D-
[Fe(N5),(4,4-bpy)] (I) contains end-on
(EO) bridging azido ligands. It crystal-

(I) contains end-to-end (EE) azido
bridges. It belongs to the tetragonal
crystal system, space group P4,2,2 (No.
92): a=8.132(1) A, b=8.132(1) A, c¢=
16.708(3) A, V=1104.9(5) A3, and Z=
4. Crystals of I and II have been grown
by the diffusion method. Phase-pure
samples of both compounds have been

obtained by means of an optimal solu-
tion synthesis. Spontaneous long-range
magnetic ordering was found in both I
and II, with I being a metamagnet, and
II being a ferromagnet. For L, in the low-
field region, multiple transitions at
Txi =20 K and Ty, =5 K were observed,
and these indicated the existence of Fe

lizes in the orthorhombic crystal system,
space group Cmmm (No. 65):
a=11.4442) A, b=151813) A, c=
3.458(1) A, V=600.8(2) A3, and Z=2.
The compound 3D-[Fe(N,),(4,4'-bpy)]

iron -
polymers

Introduction

A significant amount of re-
search has been dedicated to
the study of molecular-based
magnets, the structures of which
are built upon inorganic motifs
bridged by organic compo-
nents.' In the light of controlled
synthesis, we have recently pro-
posed and successfully prepared a group of two-dimensional
layered networks based on six-coordinate, divalent metal
centers, [M(ox)(4,4'-bpy)] M =Fe, Co, Ni, Zn; ox =C,0,%",
4.4'-bpy = 4,4"-bipyridine) and [MCl,(4,4-bpy)] (M =Fe, Co,
Ni, Co/Ni).] In these structures, metal centers are bonded by
a u,-bridging ligand, L, to form one-dimensional magnetic
chains, as illustrated in Figure 1 (left). A second, lengthier and
rigid bridging ligand, such as 4,4-bpy (approx. length:
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Figure 1. One-dimensional magnetic chains of ML, (left, M = metal center, L = u, ligand) are interconnected by
another rigid and lenthier ligand to form a two-dimensional crystal structure (right).
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moment reorientation. Heat capacity
measurements on II confirmed ferro-

properties - magnetic transition at 7-=20 K.
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~7.1A), is used to complete the metal coordination and to
interconnect the parallel chains, which generates a two-
dimensional network structure. The intrachain metal —metal
interactions constitute the primary cause for the magnetic
ordering in these compounds, whereas interchain interactions
are usually secondary. Evidently, the magnetic properties are
directly affected by the nature of the bridging ligand, L. While
comparisons have been made between the two structures,
with L being C,0,2~ and Cl-, from which some interesting
conclusions have been derived, the two ligands are quite
different in a number of ways. Synthesis of related structures
containing ligands (L) with similar properties and bonding
nature would therefore be of great value for understanding
the ligand effect on the magnetic interactions and the
structure — property correlation.

The investigation of transition metal azide coordination
complexes has become an area of increasing interest. This is
primarily due to the versatility of the azido ligand in the self-
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assembly of extended networks and interesting magnetic
properties exhibited by these compounds. u-(1,1)(EO),P! u-
(1,3)(EE),™ u-(1,1,1),5) u-(1,1,3) ! alternating u-(1,1), and u-
(1,3) in the same structure’l and monodentate u-(1)F are
among the various coordination modes of the azido ligand
that have been reported. Such a coordination versatility has
not only resulted in a variety of crystal structures of zero, one,
two, and three dimensions, but also the tuning of magnetic
properties of these compounds by adjusting the relative
positions of metal atoms and the exchange coupling param-
eter J.4a > 72-d. 801 Tt has been noted that the induced magnetic
orderings are ferromagnetic when bridging azido ligands are
in #-(1,1) mode with small bridging angles (e.g. less than 108°
for Cu,l’* but antiferromagnetic when the coordination mode
of the azido ligands is u-(1,3) or u-(1,1) with big bridging
angles.’) Since N;~ is an excellent coordinating ligand in
mediating magnetic exchange coupling, a one-dimensional
magnetically active network with a two-dimensional crystal
structure similar to [MCl,(4,4’-bpy)] is anticipated if Cl~ can
be replaced by this pseudo-halide ion. This would allow us to
investigate the effect of the similar ligands on the magnetic
properties of the [ML,(4,4'-bpy)] type structure.

In this work, we present the controlled synthesis, crystal
structures, and magnetic properties of 2D-[Fe(N3),(4,4'-bpy)]
(I) and 3D-[Fe(N,),(4,4-bpy)] (I). The two polymorphic
phases contain N;~ azido ions with different coordination
modes. They are end-on (EO) in I, and end-to-end (EE) in IL
While 2D-[Fe(N;),(4,4"-bpy)] (I) represents a new member of
the [ML,(4,4-bpy)] family, 3D-[Fe(N;),(4,4"-bpy)] (II) crys-
tallizes in a very different structure type. It is also worth
mentioning that optimized experimental conditions were
achieved, which allowed a total isolation of phase-pure
samples of the two compounds. The magnetic and heat
capacity measurements have revealed very interesting mag-
netic behavior of the two: while intrachain coupling (along the
c direction) of Fe?* is positive, 2D-[Fe(N;),(4,4-bpy)] (I)
orders antiferromagnetically below 20 K, due to the negative
interchain coupling. Also a metamagnetic transition occurs
around a critical field of 25kG for T=2K. For 3D-

a)

[Fe(N;),(4,4"-bpy)] (II), the Fe?* —Fe?* coupling is negative
at high temperature, but changed to positive below 31 K. The
system orders ferromagnetically with a transition temperature
of T-=20K.

Results and Discussion

Synthesis: Rational control in the construction of extended
networks remains a great challenge in crystal engineering.
Low-temperature synthesis is favored to preserve the struc-
tural units from the reactants to the products.' In the
preparation of the title compounds, we employed both room-
temperature diffusion techniques and solution synthesis. Slow
diffusion allowed the development of a different predisposi-
tion of metal atoms and ligands in the bond forming process of
the extended crystal motifs. Hence, high-quality crystals of
both I and II, suitable for single-crystal X-ray diffraction
analysis, were obtained in the same diffusion tube. Initial trial
solution synthesis involved aqueous solutions of iron(i) salts
and NaNj, as well as a solution of 4,4’-bpy in methanol. This
resulted in a mixture of polycrystalline I and II. The optimum
conditions for generating pure products of I and Il were found
by direct reaction of metal ions and ligands under different
conditions. Compound I was isolated as a single product when
an aqueous solution of NaN; was added quickly to a mixture
of a solution of 4,4’-bpy in methanol and an aqueous solution
of FeCl,-4H,O0. Single-phase polycrystalline II was obtained
by slowly mixing of a solution of 4,4-bpy in methanol,
followed by dropwise addition of an aqueous solution of NaNj;
to a stirred aqueous solution of an iron(i1) salt. The mixture
was then continuously stirred for three hours. Figure 2 shows
the X-ray powder diffraction patterns of the two phases,
compared with those calculated from single-crystal X-ray
diffraction data.

As a pseudo-halide ion, N;~ may use either an end-on (EO)
or an end-to-end (EE) bonding mode to form two-dimen-
sional structures. Structure 1, which is very similar to that of
[ML,(4,4-bpy)] (L=%C,0,2, CI"),? was formed with an

b)

5000 2500
4500
4000 2000
3500

. 3000 1500

Intensity
2500 Intensity
2000 1000
1500
1000 J 500
) L4
0 ]I 0 1 :\J 1 ‘ ‘ T

30 40
2-Theta —

20

60

30 40
2-Theta —

10 50

Figure 2. Experimental and calculated powder X-ray diffraction patterns for a) 2D-[Fe(N;),(4,4'-bpy)] (I) and b) 3D-[Fe(N;),(4,4"-bpy)] (II).
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exclusive EO (or u-(1,1)) coordination mode of N;~, in which
all three N atoms of the N;~ ligands direct outwards from the
Fe(bpy) layer. The geometric arrangement of this 2D
structure is quite stable. However, when adopting an EE
mode, all N atoms were forced into the layer creating a severe
steric problem, and consequently an instable structure. Two
adaptations to decrease the steric hindrance and maintain a
2D-structure motif were reported in similar systems. First, in
the case of [Cd(SCN),(4,4"-bpy)],, the SCN™ ligand adopts an
extremely bent shape with torsion angles of 93.7° for Cd—S—C
and 139.3° for Cd—N—C. This positions the three atoms, S, C,
and N, further away from the metal layer.'!l Second, in the
series of [M(u-(1,3)—N;),(bpa)] (M =Mn, Co, Ni, bpa=1,2-
bis(4-pyridyl)-ethane),l'”) which contains a longer and more
flexible bidentate ligand, bpa, the 2D structure was stabilized
by increasing the metal distance through the bpa bridges, and
by a significant twisting of bpa (67° dihedral angle between
the two pyridyl rings). Conversely, in the case of [Fe(u-
(1,3)—N;),(4,4-bpy)] (II), neither the tighter ligand, N5~, nor
the more rigid ligand, 4,4-bpy, could provide adequate
stabilizing functions through the aforementioned geometric
distortions. The 2D structure had to break down, and
consequently the 3D structure of compound II was formed.
Similar decompositions, due to changing bonding modes of
azido ligands, have been reported.[?!

The following chart illustrates the synthesis and structural
relationship based on the above discussions.

2D-{Fe(u-(1,1)-N3)2(4,4"-bpy)]

Fe*"+2Ny'+4,4-bpy—> 2D-[Fe(u-(1,3)-Na)(4,4'-bpy))

3D-[Fe(u-(1,3)-N3)2(4,4-bpy)] ¢—

Structures: The crystal structure of compound I consists of
two-dimensional [Fe(N;),(4,4-bpy)] layers parallel to the
crystallographic ac plane. Its three-dimensional structure is
completed by stacking these layers on top of each other with a
shift of Y2a + Y4c between the adjacent layers (Figure 3). All Fe
atoms are octahedrally coordinated with four u-(1,1) azide
ligands in the equatorial plane and two 4,4’-bpy molecules at
the axial sites. The Fe—N,,;,. bond length is 2.208(6) A, and the
distance between Fe and N, ., is 2.192(11) A, comparable
with Fe—N bond lengths in the previously reported coordina-
tion compounds.['! The octahedral geometry around each Fe
atom is slightly distorted through axial contraction and
equatorial distortion. For each 4,4’-bpy ligand, the two pyridyl
rings are coplanar and lie in the crystallographic ab plane. The
terminal nitrogen of the azido ligand is disordered. The
N-N-N angle in an azide is 160(3)°. All angles of
Nypy—Fe=N,i¢. are 90°. However, there are two different
angles for N,iic—Fe—N,,iq., 76.9(4) and 103.1(4)°, respectively.
The bridging angle of Fe—N,,..—Fe is 103.1(4)°. The Fe—Fe
distances are 3.462 A between the azido-bridged Fe atoms,
and 11.430 A along the Fe—bpy one-dimensional chains,
respectively.

Compound II has a three-dimensional structure, with each
Fe atom bonded to four u-(1,3) azido ligands and two 4,4"-bpy

Chem. Eur. J. 2002, 8, No. 10
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b)

Figure 3. Two-dimensional network of [Fe(N;),(4,4-bpy)] (I): a) view
showing a single layer projected along the b axis; b) the 2D layers of
[Fe(N;),(4,4-bpy)] (I) stacked in a staggered fashion along the b axis. The
cross-shaded circles are Fe, solid circles are C, single-shaded circles are N.

ligands in the trans position (Figure 4). The two pyridyl rings
in each 4,4-bpy ligand are not coplanar, and the dihedral
angle is ~31.3(2)°. The three N atoms from the same azido
ligand are nearly linear (N-N—N =176.8(5)°). Each Fe atom
lies on a crystallographic twofold axis that also passes the two
N atoms of each 4,4-bpy ligand. There are two different
Fe—N,,, bond lengths, 2.188(4) A for Fe-N1, and 2.230(4) A
for Fe—N2". The bond lengths between Fe—N,,,. are
2.160(4) A for Fe—N5i and Fe—N5i, and 2.136(4) A for
Fe—N3 and Fe—N3!. These bond lengths are asymmetric due
to the prohibition of a crystallographic inversion center in the
P4,2,2 crystal system, which is also reflected from the
nonequivalence of bond angles. All angles of Ny, —Fe—N,;4.
are around 90°. The angles of N,,;qc—Fe—N,,iq. are 91.11(15)°
for N3i-Fe—N5! and N3—Fe—N5i and 88.89(15)° for
N3—Fe—N5% and N3—Fe—N5', The Fe—N,, N angles
are 153.0(4)° for Fe'-N4—N5 and 128.1(3)° for Fe—N3—N4.
The dihedral angle between the Fe—N3—N4-N5 and
Fe"-N5-N4—N3 planes plays an important role in the
magnetic properties of related compounds.I’! This angle is
75.62° in II. The Fe—Fe distance is 5.867 A through all EE
azido bridges and 11.50 A when separated by 4,4"-bpy ligands.
The structural features presented in II compare well with the
isostructural compound [Mn(Nj3),(4,4'-bpy)].["¥l Strong -
interactions between the pyridyl rings of 4,4-bpy may be
anticipated in II. Figure 5 shows the 4,4'-bpy ligands within a
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portion of the structure. The dotted lines connect the atoms
from adjacent pyridyl rings. These distances range from 3.6 to
3.8 A, and are therefore highly subject to m - interactions.

Magnetic properties: In Figure 6, the low-temperature por-
tion of y T data for I is plotted, measured under several fields.
The anomalies observed in y7 data of 50 G and 1 kG suggest
that spontaneous antiferromagnetic ordering of Fe>* and Fe>*
moment reorientations exists in this compound. As reflected
in the ZFC (zero-field-cooled) x7 of 50 G, the transition
temperatures are Ty; =20 K, T, =5K, and possibly a third
between Ty; and Ty, at about 73 =7 K. However, in ZFC 4T
of 1kG, only the anomaly at Ty, is readily apparent,

4T

N

T

b)

Figure 4. a) Structural fragment showing the octahedral coordination
environment around Fe and the atom-labeling scheme; b) 3D structure
of [Fe(N;),(4,4-bpy)] (II) with all 44-bpy ligands represented by
black sticks.

2242
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—» ¢

Figure 5. Structural fragment showing the neighboring pyridyl rings of
44'-bpy in 3D-[Fe(N;),(4,4-bpy)] (II). Dotted lines indicate distances
between 3.6 and 3.8 A.

while in ¥ 7T of 10 kG, none of the anomalies appear. In the
temperature range of 100 to 350 K, the x T data were fit to the
Curie - Weiss law, yT=C/T+ 0). The fitted effective mag-
netic moment and the Curie — Weiss temperature were ;=
52uz and O=+45K, respectively. The positive 6 value
indicates a dominant positive interaction between Fe?* ions
in this compound, presumably through the one-dimensional
Fe—2N,;—Fe chain along the c direction. The interchain
interactions of Fe?* are supposedly negative, which lead
to the three-dimensional long-range antiferromagnetic order-
ing.

The M(H) data measured at 2 K on a random-oriented
powder sample of I are shown in Figure 7. The sample was first
cooled to 2 K in a zero magnetic field, then a measurement
was made with a sequence of 0 —54kG —0——-54kG —
0—54kG. A clear slope change is evident in the first
ramping-up curve (data with triangles) at about H. =25 kG,
and this indicates a metamagnetic transition. At fields below
H, the M(H) data are that of a typical antiferromagnet. At
fields higher than H, all Fe?* moments are turned to the
direction of the magnetic field. This initiates a large saturation
moment of more than 2ug per Fe?*, and the system behaves
like that of a soft ferromagnet. The ramping-down data, and
the data in the loop with negative fields, reflect this change.
The M(H) of the second ramping-up curve (data with solid
circles) does not repeat that of the first. Instead, it follows
closely the data of the ramping-down curve, consistent with
the behavior of a metamagnet.

Figure 8 shows the M(H) data measured on a field aligned
sample of I, with a field parallel to the easy direction. In
contrast to M(H) of the randomly oriented sample, M(H) of
this aligned sample in the easy direction behaves much like
that of a hard magnet. A very large coercivity (H,, =34 kG) is
demonstrated, and this indicates a very large anisotropic
energy is present in this compound. To the best of our
knowledge, such a large hysteresis effect has not been
observed before in molecular magnetic systems. The magnet-
ization reaches 2.15u; per Fe** at H =250 kG.

In Figure 9 we present ZFC and FC (field-cooled) ¥ 7T data
for II, measured with a very small applied field of 0.5+ 0.5 G.
The sudden increase of T below 20 K indicates the existence
of a spontaneous ferromagnetic ordering in this compound.
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Figure 6. yT versus T data measured with applied fields of 50 G (triangles), 1 kG (squares), and 10 kG

(diamonds) for 2D-[Fe(N;),(4.4-bpy)] (I).
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Figure 8. M(H) versus H measured at 2 K for a field aligned sample of
2D-[Fe(N;),(4,4"-bpy)] (I). The applied field in the measurement was in the
easy direction.
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is typical behavior of a ferro-
magnet. Plotted as 1/y7 versus
T, the susceptibility data meas-
ured at 500 G, 1 kG, and 10 kG
are also presented in Figure 9
as an insert. For the temper-
ature above 40 K, these curves
can be well fitted with the
Curie—Weiss law C/(T-0).
The effective paramagnetic
moment u.; and the Curie—
Weiss temperature 6 yielded
from fitting, are 4.9ug and
—26 K, respectively.

The negative sign for 6, as seen clearly in the insert of
Figure 9, suggests an overall antiferromagnetic coupling
between the Fe?* moments at temperatures above 40 K. This
seems in contradiction to the observed ferromagnetic order-
ing below 20 K in the system. Nonetheless, the antiferromag-
netic nature of the Fe?* interaction at high temperature is also
evidenced in the 7 versus 7T plot shown in Figure 10 and its
insert. As temperature 7 is lowered, the y7 data decrease
from ~3emuK 'mol™! at room temperature, which is
expected for a free Fe?*, to a minimum of ~2 emuK~"'mol~!
at T=31 K. Such variation of T versus T is expected for an
antiferromagnetic coupling. However, as T is further de-
creased from 31 K, which is still well above T of 20K, 4T
starts to increase, until it reaches its maximum value at ~16 K.
xT decreases as T decreases from 16 to 0 K, due to the Fe?*
saturation at low 7. The increase in %7 upon cooling in the
16 K< T<31K range indicates that a positive exchange
coupling of Fe?* is dominant at temperatures below 31 K, and
it could be responsible for the ferromagnetic-like phase
transition at 20 K. A similar change in sign for the exchange
coupling from “—” at high 7 to “4” at low T was previously
observed in the isostructural compound [Mn(4,4'-
bpy)(N3),],l'> 17 and in two other metal —azido networks with
2D networks, [Mn(4-acpy)»(Ns)s,™) and [Mn(py)s(N5),],."
However, the turning points for ¥7 in these systems are all
very close to the transition temperatures of the long-range
magnetic ordering characterized as an antiferromagnetic kind
with canting phenomena. This is very different from what is
observed in our 3D-[Fe(N3),(4,4'-bpy)] system, that is, the
turning point for y 7 is at 31 K, 11 K higher than T¢.

Figure 11 illustrates the M(H) data measured at 2 K on IL
In the low-field region, the M(H) curve behaves somewhat
like a ferromagnet. A noticeable hysteresis loop is observed as
shown in the insert of Figure 11. The coercivity is found to be
H,.,.=900 G, much smaller than that of I. The M(H) value
continues to increase with a rather large slope, as the field

60 80
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component in a particular di-

0.07 - Abdsanaga,,, rection, though for most of the
faa . cases involving canting phe-
0.06 | s : g(r::c nomena, the M(H) values
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00s | Ly vvtoen g ba, a of 3D-[Fe(N3),(4,4-bpy)].
foa, N The data of molar heat ca-
M [ emu o, it C(T) di

0.04 100 s, . pacity measured in zero
24 N field and a field of 35 kG are
0.03 80 ALB%AA . presented in Figure 12. A cusp-
' 160 T Y like anomaly with a peak value

‘ s .
! 40 s, of 32 Jmol'K-! at T=20K is
0.02 z 1 molemu” AAAA clearly seen for the zero-field
0 a C(T) data set, consistent with
0.01 7 A the spontaneous ferromagnetic
a phase transition observed in the
0.00 ‘ ‘ o “a xT measurements. The Curie
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Figure 9. M(T) versus T measured in an applied field of 0.5 G on a powder sample of 3D-[Fe(N;),(4,4"-bpy)] (II).
The empty triangles are the zero-field-cooled (ZFC) data, and the solid triangles are the field-cooled (FC)
data. The insert shows 1/y versus T data measured with an applied field of 500 G (squares), 1 kG (triangles), and

10 kG (circles).

temperature 7, determined
from C(7) measurements, is
consistent with that determined
from the y7 measurements. In
the C(T) of the 35 kG data set,
the peak is shifted to 21.5 K,
and the anomaly is spread out

60.0 1 8 to a much wider range of 7. The
co shift towards to a higher tem-
500 ' 8° perature of the C(T) anomaly
o® T under an applied field is typical
T 20.0- .. oy K- mor‘z'og for ferromagnetic systems, thus
o X 15 © 500 G the result of C(7) measure-
xT/emuKTmolT o 0 2 TkG ments supports strongly the
300 ' °10kG ferromagnetic ground state ex-
05 hibited in I Due to a lack of
20.0 5500 G 0-0(‘) 100 200 200 kl.lowl.edge on the phonon con-
s 1kG T/K —» tribution to the total heat ca-
°10kG pacity, magnetic entropy re-
10.0 moval AS, was estimated by
. integrating AC(T)/T versus T
0.0 — e | ————————— curve from 15 to 21.5K, in
50 100 150 200 250 300

T/IK —»

Figure 10. xT versus T data of 500 G (squares), 1 kG (triangles), and 10 kG (circles) for 3D-[Fe(N3),(4,4"-bpy)]

(IT). The insert is a blowup in the lower temperature region.

increases from 30 kG and above. At the largest field of
250 kG, M(H) reaches 13 x 10° emumol~, which is 2.33u; per
Fe?*, a little less than half of the u. for Fe** at the high
temperatures. Possible existence of a large anisotropy energy
in this compound may be considered for the explanation of
the nonsaturation behavior of the M(H) curve. In contrast to
M(H) of the isostructral compound [Mn(4.,4"-bpy)(N3),],, for
which a canting antiferromagnetic structure that produces
weak ferromagnetism was proposed, the M(H) of 3D-
[Fe(N5),(4,4-bpy)] is very suggestive that the ground state
magnetic structure of it is ferromagnetic. Yet, we could not
exclude the possibility that such behavior is due to the fact
that the ground state magnetic structure is not a truly
ferromagnetic one. In other words, there could exist a certain
kind of canting structure that would produce a ferromagnetic
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which AC(T) is the difference
between the measured C(T)
curve and a smooth curve
C'(T), obtained by extrapolat-
ing the C(T) data at far below,
and far above the anomalous region. The estimated AS,, is
3.2 Jmol'K~!, which is about 24 % of 13.5 Jmol 'K, a value
calculated from AS.q= Nkgln(2§+1), assuming S=2 for
free Fe>*. It is also interesting to note that the shape of the
zero-field C(T) anomaly is not that of a typical second-order
transition, in that the slopes on both sides of the cusp are
rather symmetric, which is different from the asymmetric, 1-
like shape predicted by a mean-field theory. Further inves-
tigations are on the way to see whether a crystalline structure
transformation also occurs in the vicinity of T, participating
in the overall C(7) anomaly, in addition to the anomaly
originating from the magnetic phase transition.

The magnetic interactions of Fe?* in the 3D-[Fe(N;),(4,4'-
bpy)] network are achieved mainly through the u-(1,3)
bridging azido ligands. Because the u-(1,3) bridging is
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Figure 11. M(H) versus H measured at 2 K for 3D-[Fe(N;),(4,4"-bpy)] (I).
The circles are the data measured by using an in-house SQUID magneto-
meter. The triangles are the data measured by using a vibration-sample
magnetometer in a 30-tesla magnet at the National High Magnetic Field
Laboratory (NHMFL). Shown in the insert are the data of a 2 K hysteresis-
loop measurement.

expected to be antiferromagnetic, the unique network of 3D-
[Fe(N5),(4,4-bpy)] involving the two types of helical pathways
would produce a very interesting arrangement for the Fe**
moments when ordered: for the Fe?* lining along both [010]
(the direction for both helices) and [100] direction, their
moments would have to be oriented in the same direction, or
at least a component of their moments would be in the same
direction. In effect, this would be true for the Fe** moments
lining along the 4,4’-bpy molecular axis as well. The complex
antiferro—ferromagnetic magnetic correlation observed in
both [Mn(4.,4"-bpy)(N;),], and 3D-[Fe(N;),(4,4"-bpy)] systems
may have originated from this topological uniqueness. How-

40 -
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C/Jmol"K'1T 20 -

15 |
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0 ‘
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—

T/IK

Figure 12. Specific heat C(7T), defined as molar heat capacity measured
in zero field (circles) and a field of 35kG (triangles) for
3D-[Fe(N3),(4,4-bpy)] (II).
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ever, this alone cannot explain the overwhelming ferromag-
netic interaction of the Fe?*, which leads to the long-range
ferromagnetic ordering with rather high 7. in the 3D-
[Fe(N3),(4,4-bpy)] system, in contrast to the weak ferromag-
netic behavior exhibited in the Mn isostructural compound.
Orbital contribution to the Fe** moment, especially at low
temperatures, should be considered because of the distorted
octahedral environment of iron. Low-temperature structural
information will also be crucial. Our ongoing investigations
using complementary experimental techniques will further
reveal the true nature of the magnetic ordering of this
compound.

Conclusion

Single crystals of 2D-[Fe(N;),(4,4-bpy)] and 3D-
[Fe(N3),(4,4-bpy)] were obtained using a diffusion method.
Phase-pure samples of both compounds were synthesized by
optimal solution reactions. Different coordination modes of
azido bridges, end-on (EO) in I and end-to-end (EE) in II,
induced different magnetic coupling in the two compounds.
The 2D-[Fe(N;),(4,4-bpy)] (I) represents another member of
the [ML,(4,4"-bpy)] series. The magnetic properties of 2D-
[Fe(N;),(4,4'-bpy)] are similar to those of metamagnets
[MCIl,(4,4'-bpy)], except that the critical-field H. and the
coercivity H,, for 2D-[Fe(N;),(4,4-bpy)] (I) is much larger.
The low-temperature magnetic behavior of 3D-[Fe(N3),(4,4"-
bpy)] (II) is that of a ferromagnet, in contrast to that of
isostructural [Mn(N;),(4,4-bpy)]. The dominant exchange
coupling of Fe?* in I is ferromagnetic, as expected for the u-
(1,1) bridging by the azide unit. However, the exchange
coupling of Fe?t in II changes sign from negative at high
temperature (consistent with the predicted antiferromagnetic
coupling by u-(1,3) azido bridging), to positive at low temper-
ature, which leads to the long-range ferromagnetic ordering.
Further investigations will contribute to a better understand-
ing of the structure—property correlation and its origin in
these and related compounds.

Experimental Section

Chemicals and reagents: All chemicals used were as purchased without
purification: FeCl,-4H,0 (99+ %, Acros), FeSO,-7H,0 (Analytical
Reagent, Mallinckrodt), NaN; (99 %, Alfa Aesar), 4,4'-bipyridine (98 %,
Alfa Aesar), and methanol (99.9 %, Fisher).

Synthesis of 2D-[Fe(N),(4,4-bpy)] (I): Plum plate crystals of I were
obtained from a diffusion reaction in a U-tube with ethylene glycol as
diffusion mediate. An aqueous solution (3 mL) of FeCl,-4H,0 (0.01988 g,
0.1 mmol) was added to the left side of the diffusion tube. A mixture of a
solution of 4,4'-bpy in methanol (1 mL, 0.1m) and an aqueous solution of
NaN; (2 mL, 0.1m) was added to the right side. The tube was then left at
room temperature for one month, with the opening of both sides covered
by parafilm. A pure powder sample of I was prepared by quickly mixing a
solution of 4,4'-bpy in methanol (10 mL, 0.1M) with an aqueous solution
(20 mL) of FeCl,-4H,0 (0.1988 g, 1 mmol), followed by addition of an
aqueous solution of NaN; (20 mL, 0.1m). Brown powder of I was filtered
out and collected (153 mg, yield 52 % ) after the beaker was placed at room
temperature for 20 hours with the opening covered by parafilm.

Synthesis of 3D-[Fe(N;),(4,4'-bpy)] (II): Deep red polyhedral crystals of IT
were grown from the same reaction as described above for I. A pure
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powder sample of IT was obtained by slowly adding a solution of 4,4"-bpy in
methanol (10 mL, 0.1M) to a stirred aqueous solution (20 mL) of FeCl, -
4H,0 (0.1988 g, 1 mmol), or FeSO,-7H,0 (0.2780 g, 1 mmol). Then, an
aqueous solution of NaN; (20 mL, 0.1m) was added dropwise. The stirring
was continued for three hours under ambient conditions. A deep red
powder of I was then filtered out and collected (44 %) after the beaker was
placed at room temperature for 29 hours, with the opening covered by
parafilm.

Crystallographic studies: A plum column crystal of I with approximate
dimensions 0.22 x 0.10 x 0.0l mm?3, and a deep red crystal of II with
approximate dimensions 0.20 x 0.20 x 0.10mm?, were mounted on glass
fibers in air and used for crystal structure analysis on an Enraf-Non-
ius CAD4 automated diffractometer. Twenty reflections for I and twenty
five reflections for II were centered by using graphite monochromated
Moy, radiation. Crystal data were collected with the w-scan technique,
within the limits of 3.56° < 6 <24.99° for I and 2.79° < 6 < 25.95° for II at
293 £1 K. Intensity values were corrected for Lorentz and polarization
effects, and an empirical absorption correction based on y-scan datal'l was
applied in each case. The structures were solved by using the SHELX-97
program.?l Non-hydrogen atoms were located by direct phase determi-
nation and subjected to anisotropic refinement. For I, the hydrogen atoms
were determined theoretically, while for II, the hydrogen atoms were
located from a difference Fourier map and refined isotropically. The unit
cell parameters, along with data collection and refinement details for I and
II, are shown in Table 1. Final atomic coordinates and isotropic thermal
parameters are given in Tables 2 and 3. Selected bond lengths and angles
are presented in Tables 4 and 5. The structural factors and anisotropic
displacement parameters were deposited at CCDC. Crystal drawings were
generated by SCHAKAL 97.2!

Table 1. Crystallographic data for I and II

I n
empirical formula C, HgFeNg C, HgFeNg
M, 296.09 296.09
space group Cmmm (No. 65) P4,2,2 (No. 92)
a[A] 11.444(2) 8.132(1)
b [A] 15.181(3) 8.132(1)
c[A] 3.458(1) 16.708(3)
V [A3] 600.8(2) 1104.9(3)
Z 2 4
T [K] 293 +1 203+1
2 [A] 0.71073 0.71073
Peatea [gem ™3] 1.637 1.780
u [mm1] 1.254 1.364
RE [I>20(1)] 0.0725 0.0408
R, 0.1454 0.0856
2 2)2
[a] Rl:Z Il Fol —IF. H. [b] wR2 > W(FS Izc)] and
2 IF| S w(F3)
2 2)\2
Goof— S— S Iw(Fi - FY) ]‘

n—p

Table 2. Atomic coordinates and equivalent isotropic temperature factors
[A?] for L

Atoms x y b4 U,

Fe 0 0.5000 0.5000 0.034(1)
N1 0.1916(10) 0.5000 0.5000 0.033(3)
N2 0 0.4095(6) 0 0.034(3)
N3 0 0.3341(7) 0 0.058(4)
N4l 0.0350(6) 0.2590(10) 0 0.100(3)
c1 0.2505(11) 0.4272(6) 0.5000 0.061(3)
2 03714(11) 0.4238(6) 0.5000 0.065(4)
c3 0.4344(12) 0.5000 0.5000 0.031(3)
H1 0.2094 0.3743 0.5000 0.074

H2 0.4096 0.3697 0.5000 0.078

[a] U, defined as one third of the trace of the orthogonalized U tensor.
[b] N4 atoms are half occupied.
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Table 3. Atomic coordinates and equivalent isotropic temperature factors
[A2] for IL.

Atoms X y z U™

Fe 0.2910(1) 0.2910(1) 0 0.022(1)
N1 0.4812(4) 0.4812(4) 0 0.026(1)
N2 1.0971(4) 1.0971(4) 0 0.025(1)
N3 0.4222(5) 0.1603(5) 0.0907(2) 0.045(1)
N4 0.3799(4) 0.0430(5) 0.1263(2) 0.030(1)
N5 0.3460(5) —0.0745(5) 0.1607(3) 0.047(1)
c1 0.6417(5) 0.4439(5) ~0.0008(4) 0.031(1)
2 0.7642(5) 0.5582(5) ~0.0009(3) 0.029(1)
c3 0.7235(5) 0.7235(5) 0 0.026(1)
c4 0.8535(5) 0.8535(5) 0 0.023(1)
cs 1.0036(6) 0.8290(5) ~0.03753) 0.030(1)
c6 1.1189(5) 0.9519(6) ~0.0360(3) 0.030(1)
H1 0.6640(4) 0.3320(4) 0.0030(2) 0.015(8)
H2 0.8690(4) 0.5200(4) 0.0050(2) 0.017(9)
H3 1.0450(5) 0.7360(5) ~0.0570(2) 0.030(12)
H4 1.2090(6) 0.9340(6) ~0.0650(3) 0.048(14)

[a] U., defined as one third of the trace of the orthogonalized U tensor.

Table 4. Selected bond lengths [A] and bond angles [°] for LI

Fe-N1 2.192(11) N2-N3 1.146(12)
Fe-NIi 2.192(11) N2—Fe 2.208(6)
Fe-N2 2.208(6) N3-N4vi 121(3)
Fe-N2i 2.208(6) N3-N4 1.21(3)
Fe—N2i 2.208(6) Fe—N2ii 2.208(6)
N1-Fe-N1i 180.0 N2i—Fe—N2i 180.0
N1-Fe-N2 90.0 N1—Fe-N2 90.0
N1-Fe-N2! 90.0 N1—Fe-N2' 90.0
N2—Fe—N2 76.9(4) N3-N2-Fe 128.46(18)
N2—Fe—N2! 180.0 N3-N2-Fe* 128.46(18)
N1-Fe-N2i 90.0 Fe—-N2-Fe 103.1(4)
N1—Fe—N2i 90.0 N2-N3-N4v 160(3)
N2—Fe—N2i 103.1(4) N2-N3-N4 160(3)
N1—Fe—N2i 90.0 N1—Fe—N2ii 90.0
N2—Fe—N2i 76.9(4) N2—Fe—N2ii 103.1(4)

[a] Symmetry transformations used to generate equivalent atoms: i —x, —
y+1,—z+1, i xyz+1, iii —x,—y+1,-2z, iv x,—-y+1z, v x,yz—-1,
Vi—X,y, — Z.

Table 5. Selected bond lengths [A] and bond angles [°] for ILE!

Fe-N3i 2.136(4) N3-N4 1.176(5)
Fe-N3 2.136(4) N4-N5 1.148(5)
Fe—N5' 2.160(4) N5—Fev 2.160(4)
Fe—N5i 2.160(4) Fe-N1 2.188(4)
Fe—N2¥ 2.230(4) N2—Fe 2.230(4)
N3—Fe-N3 179.8(3) N3—Fe-N5' 91.11(15)
N3—Fe-N5i 88.89(15) N3—Fe—N5i 88.89(15)
N3—Fe—N5 91.11(15) N4-N3-Fe 128.1(3)

N5i—Fe—N5i 179.3(2) N5-N4-N3 176.8(5)

N3—Fe-N1 89.92(12) N4-N5—Fevi 153.0(4)

N3—Fe-N1 89.92(12) N1-Fe-N2v 180.00(17)
N5i-Fe-N1 90.37(12) N5ii—Fe-N1 90.37(12)
N3—Fe—N2V 90.08(12) N3—Fe—N2¥ 90.08(12)
N5i—Fe—-N2¥¥ 89.63(12) NSii—Fe—N2v 89.63(12)

[a] Symmetry transformations used to generate equivalent atoms: i y,x, — z,
i y+172,—x+12z—-1/4, iii —x+12y+1/72,—z+1/4, iv x—1y—1z2,
vx+1y+1z vi—-y+12x—12,z+1/4.

X-ray powder diffraction analyses were performed on a Rigaku D/M-2200T
automated diffraction system (Ultima*). The measurements were made
with a 260 range between 5 and 80°, at the operation power of 40 KV/40 mA.
X-ray powder diffraction analyses were used for phase identification.

CCDC-171656 (I) and CCDC-171657 (II) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
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charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (444)1223-336-033; or e-mail: deposit@ccdc.cam.uk).

Magnetic measurements: Magnetic susceptibility and field- (/) dependent
magnetization measurements up to =54 T were performed by using a
Quantum Design SQUID magnetometer. These measurements included
the field-dependent magnetization, M(H), at several temperatures and
magnetic susceptibility, y 7, under a number of applied magnetic fields. y7'is
defined as M(7T)/H, in which M(T) is the temperature-dependent magnet-
ization. yT of different fields was measured from 2 to 350 K. Both zero-
field-cooled (ZFC) and field-cooled (FC) measurements were performed
for each sample. The applied magnetic field H for the M(H) measurements
was increased from O to 5.4 T and then decreased back to OT. In the
hysteresis measurements, H was varied according to the following: H =
0—H,,—0—->—-H,,—0—H

High-field M(H) measurements (H,,,=30T) at T=2 K were performed
at the National High Magnetic Field Lab, Tallahassee, by using a Lakeshore
Vibration Sample Magnetometer with a 33-tesla magnet. For I, M(H) was
measured on polycrystalline powder samples with random orientation
(powder pressed into a pellet), and with field aligned orientation. The field-
aligned sample was prepared by using a process, in which the sample
powder was mixed with 30-minute epoxy, then cured at room temperature
in a high magnetic field of 20 tesla. For I, M(H) was measured only on
powder samples with random orientation.
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Smectic Liquid Crystals from Supramolecular Guanidinium

Alkylbenzenesulfonates

Fabrice Mathevet, Patrick Masson,* Jean-Francois Nicoud, and Antoine Skoulios!?!

Abstract: A homologous series of guanidinium alkylbenzenesulfonates from ethyl to
tetradecyl were synthesized and characterised. Their thermotropic polymorphism

was investigated by polarizing optical microscopy, differential scanning calorimetry,
and dilatometry. The structure of the smectic liquid crystal phases obtained at high
temperature with the compounds from octyl to tetradecyl was analysed by X-ray
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diffraction. The supramolecular assembling of the ionic species inside the smectic

layers was investigated by infrared spectroscopy.

Introduction

The crystal structure of a variety of guanidinium alkane- and
arenesulfonates has only recently been investigated by X-ray
diffraction.l'! Strongly interacting through coulombic forces,
the positive and negative ions were, interestingly enough,
found to self-assemble into supramolecular two-dimensional
networks as a result of “equal numbers of donor and acceptor
hydrogen-bonding sites and three-fold topology common to
both guanidinium and sulfonate ions”. Separated by the
organic residues of the sulfonate ions, these networks were, in
turn, found to pile up periodically over one another to form
lamellar structures. With bulky residues, unable for apparent
reasons to sit all on the same side of the supramolecular
networks, the ionic sheets are covered by the residues on both
sides, and the lamellar structure is single-layered. Inversely,
with thin residues, the ionic sheets, covered only on one side
are associated in pairs by bracketing together their polar
surfaces, and the lamellar structure is double-layered. Figure 1
illustrates the double-layered structure of guanidinium ben-
zenesulfonate, showing the in-layer hydrogen-bonded supra-
molecular network of the guanidinium and sulfonate ions, the
double-layered arrangement of the ionic species, and the
interdigitated packing of the benzene rings.

Careful inspection of the crystal structure of the benzene
derivative (Figure 1) gives one interesting observation. As
deduced from the lattice parameters,! the packing area of the
interdigitated benzene rings, Yacsinf=22.6 A2, s large
enough to permit the addition of long alkyl chains in the
para position of the benzene rings without disruption of the
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Groupe des Matériaux Organiques
Institut de Physique et Chimie des Matériaux
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E-mail: patrick.masson@ipcms.u-strasbg.fr
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ion packing in the crystals (the cross-sectional area of linear
paraffins in the crystalline state is of only 18.5 A2).) In such a
para alkylated compound, the benzene rings should of course
disentangle and the ionic sublayers should be drawn apart in
order to make enough room for the alkyl chains to fit into the
structure (Figure 1c). More interestingly, the packing area of
the benzene rings is large enough even to permit the disordering
of the alkyl chains (the cross-sectional area of disordered alkyl
chains in smectic liquid crystals generally lies between 21 and
27 A?).5-4 Taking this last remark as a basis, one may then
formulate the conjecture that para alkylated guanidinium
benzenesulfonate salts should be able to produce smectic liquid
crystals after melting of the alkyl chains at high temperature.

The objective of the present work is to check the soundness
of the above conjecture. It is also to test whether the strength
of the hydrogen bonding of the guanidinium and sulfonate
ions is sufficient to maintain the supramolecular architecture
of the layers despite the melting of the alkyl chains in the
smectic state. For this purpose, a series of guanidinium
alkylbenzenesulfonates from ethyl to tetradecyl (abbreviated

© ®
H(CHz)@sos C(NHz)3

GABA-n
to GABS-n, with n even ranging from 2 to 14) were prepared;
their thermotropic polymorphism was investigated by polar-
izing optical microscopy, differential scanning calorimetry,
and dilatometry; their structure at high temperature was
determined by X-ray diffraction; and their supramolecular
architecture was checked by infrared spectroscopy.

Results and Discussion

Synthesis: The GABS-n compounds were synthesized follow-
ing the general method described in the literature,!! by
precipitation from solutions of equimolar amounts of guani-
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Figure 1. Crystal structure of guanidinium benzenesulfonate drawn by molecular modelling from experimental data of reference:[!l a) projection on b, ¢
lattice plane of two layers of interdigitated molecules, b) packing mode in a, c lattice plane of sulfonate and guanidinium ions sitting on upper surface of
upper molecular layer (benzene rings are omitted for clarity), c) splitting of the upper molecular layer, the molecules being drawn apart in order to leave
enough space for the alkyl chains to be attached to the benzene rings, d) projection on a, c lattice plane of the upper layer of the interdigitated molecules
(guanidinium ions are omitted for clarity), e) projection on a, ¢ lattice plane of half the upper molecular layer (all guanidinium ions and molecules with
sulfonate groups pointing downwards are omitted). Carbon atoms in green, sulphur atoms in yellow, oxygen atoms in red, nitrogen atoms in blue, hydrogen
atoms in white. Cell parameters: a =7.50, b =23.287, ¢ =12.060 A, p=92.24°.

dine hydrochloride and sodium 4-alkylbenzensulfonate. To
ensure purity, special care was taken to select the appropriate
solvent (pure water for n <8, or water/ethanol 1:1 v/v mixture
for n >8) and to control its rate and extent of evaporation
during the precipitation process. Not commercially available,
the sodium 4-alkylbenzensulfonates used were synthesized

Chem. Eur. J. 2002, 8, No. 10
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beforehand by action of chlorosulfonic acid on alkylbenzene
and subsequent saponification, a method known to produce
para isomers exclusively.F]

Thermal and optical studies: Studied by thermogravimetry,
the GABS-n compounds were all found to be thermally stable
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up to temperatures of about 320°C. Examined by polarizing
optical microscopy in the temperature range from ambient up
to 300°C, they appeared to melt sharply at the temperatures
indicated in Figure 2, transforming either into an isotropic
liquid for chain lengths n <6, or into a strongly birefringent

I
200 | O\
O\
‘ 175 | © Sm
T/°C
150 -
Cr
125 b o
1 1 L 1 1 L 1
2 4 6 8 10 12 14

Figure 2. Phase transition temperatures of the guanidinium alkylbenzene-
sulfonates measured by polarizing optical microscopy and confirmed by
differential scanning calorimetry (onset of hottest endotherm) as a function
of the number of carbon atoms in the alkyl chains (Cr: crystal, I: isotropic
liquid, Sm: smectic).

fluid stable up to the highest temperature explored for chain
lengths n >8. The focal-conic textures observed (Figure 3)
clearly show that the birefringent fluid phases are genuine
smectic liquid crystals. With the object of characterising more
precisely the crossing over from the isotropic to the smectic
state as a function of growing chain length, a set of binary
mixtures of GABS-6 and GABS-8 were carefully investigated
at high temperature by optical microscopy and X-ray
diffraction. Practically independent of temperature, the cross-
ing over was thus found to proceed through a very narrow
biphasic region at an average chain length of n 226.7.

Figure 3. Focal-conic smectic texture of guanidinium octylbenzenesulfo-
nate at 184°C.

The thermotropic transition from a crystal to a smectic
phase was fully confirmed by differential scanning calorim-
etry. Ranging from 60 to 120 Jg~!, the enthalpies measured
could not be analysed in detail, particularly as a function of
increasing chain length, because of a complex polymorphism
in the solid state difficult to control.

Dilatometric investigation of the smectic phases: As stated in
the section below, a quantitative interpretation of the smectic

2250
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structure requires the knowledge of the molecular volumes.
Three GABS-n compounds, namely GABS-8, GABS-10, and
GABS-12, were therefore analysed by dilatometry as a
function of increasing, then of decreasing temperature.[*-
Figure 4 shows the phase transition from the low-temperature
crystal to the high-temperature smectic phase in the particular
case of GABS-12 taken as an example. In agreement with the
results of optical microscopy and differential scanning calo-
rimetry, the molecular volume was found to grow with
temperature in the stability range of each one of the phases
observed and to jump abruptly at the crystal to smectic phase
transition by some 36 A3, Upon cooling, the volume decreases
quite reversibly in the whole range explored, and the smectic
phase supercools, as usual, well below the melting temper-
ature.

660 l
’ 640 P A4
v/ A o
620 ©
o
Moo
600
1 1 1 1
100 120 140 160 180

T/°C
Figure 4. Variation of the molar volume of guanidinium dodecylbenzene-
sulfonate as a function of increasing (open circles) and decreasing (solid
circles) temperature, showing the melting of the crystals and the super-
cooling of the smectic phase. Arrow indicates the transition temperature
detected by optical microscopy.

Figure 4 further shows, in agreement with previous obser-
vations of liquid crystals, that the molecular volume of the
smectic phase increases with temperature in a linear fashion,
according to the following Equations (1) —(3) established by a
least-squares linear fit of the experimental data (R > 0.9999):

GABS-8: V [A% =480.43.00, + 031960001 T [°C] 1)
GABS-10: V [A%=534.21,,0; + 0.3623 0000 T [°C] ®)
GABS-12: V [A%] =587.91,0; + 041110000 T [°C] (3)

The same for the three compounds, the relative thermal
expansion coefficient deduced from the equations above, (0V/
0T)/V =7 x 104K, is equal to that currently given in the
literature for organic materials in the molten state.! Finally,
the molecular volume at 190 °C (where the smectic structure is
to be analysed in the section below) increases with the number
n of carbon atoms in the alkyl chains in a linear fashion
(Figure 5), according to the Equation (4) (R =0.99999):

V [A3]=291.2,, 443122014 1 4)

0947-6539/02/0810-2250 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 10
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Figure 5. Variation of the molar volume of guanidinium alkylbenzenesul-
fonates in the smectic state at 190°C as a function of chain length.

Structural investigation of the smectic phases: The smectic
nature of the GABS-n compounds suggested by optical
microscopy was fully confirmed by X-ray diffraction. Indeed,
the powder patterns recorded at high temperature contain
two sharp, equidistant reflections in the small-angle region,
related to the smectic layering of the molecules, and a unique
diffuse ring in the wide-angle region at about 4.7 A, related to
the liquid-like conformation of the alkyl chains and to the lack
of long-range ordering of the ionic species within the smectic
layers (Figure 6). With the concept of microphase separation

6
41
Intensity /
countsx10*® /
T W
0+ JWI,M,, _
1 1 )
10 20 30
201/°

Figure 6. X-ray powder diffraction pattern of guanidinium dodecylbenze-
nesulfonate in the smectic phase at 190 °C. For clarity, intensity at Bragg
angles 260 > 4.8° is multiplied by 15.

of amphiphiles (with their constituent parts being incompat-
ible with one another) taken for granted,®!®l the smectic
structure consists of an alternate superposition of nonpolar
and polar sublayers, here made respectively of the alkyl chains
and the ionic headgroups of the molecules (Figure 7).

The smectic periods measured increase linearly with the
number n of carbon atoms in the alkyl chains (Figure 8),
according to the Equation (5) below, determined at 190°C by
a least-squares linear fit of the experimental data (R=
0.9996).

d[A]=16.87,015+1.228 415 1 )

Chem. Eur. J. 2002, 8, No. 10
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Figure 7. Schematic representation of the structure of the guanidinium
alkylbenzenesulfonates in the smectic state: o benzene rings; o sulfonate
anions; @ guanidinium cations; wavy lines: molten alkyl chains.

The slope of the d versus 7 line represents the growth of the
thickness of the smectic layers per methylene group added to
the molecules. As for its extrapolation down ton = 0, it gives
an estimate of the thickness of the guanidinium benzenesul-
fonate polar sublayers (d,=16.87 A), which turns out per-
fectly consistent with that calculated otherwise by molecular
modelling (~16.1 A).

32

d/A
28 L

24

Figure 8. Smectic period of the guanidinium alkylbenzenesulfonates in the
smectic state at 190°C as a function of the (average) number of carbon
atoms in the alkyl chains. Solid circles correspond to pure compounds, open
circles to hexyl/octyl, octyl/decyl, and decyl/dodecyl binary mixtures.

Considering that a layer of N molecules, occupying a
volume N-V and covering an area N-S, has a thickness d =
VIS, one may easily calculate S using the values found
experimentally for d and V (except for GABS-14, where the V/
value was extrapolated from the V versus n equation). It is
worth emphasising that parameter S measures the contribu-
tion of one molecule to the lateral spreading of the layers and
hence represents the cross-sectional area of two molecules
coupled end on through their ionic headgroups. As shown in
Figure 9, this parameter is not constant but increases slowly
with the length of the alkyl chains, so proving beyond question
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Figure 9. Variation of S with the chain length for guanidinium alkylben-
zenesulfonates in the smectic state at 190°C. Solid circles correspond to
volumes measured experimentally, and open circle corresponds to a
volume determined by extrapolation.

that the bulkiness of the chains does play an important part in
the packing of the ionic species.

It is important to note that the value of S (ranging from
203 A2 for GABS-8 to 21.4 A2 for GABS-14) is actually
slightly smaller than that (acsinf/4=22.6 A%) measured
crystallographically for the guanidinium benzenesulfonate
crystals.'! Surprising at first sight, this result is, however, easy
to understand—it simply originates in the puckering of the
ionic layers, that is, in the distortion of the hydrogen-bonded
sheets (by bending of the hydrogen bonds) from strict
planarity due to the packing requirements of the bulky
residues.!!' As shown in Figure 1a, the ionic species in the
puckered sheets are indeed alternately shifted up and down
along the c direction, and the interdigitated benzene rings
alternately tilted left and right with respect to the layer
normal to maximise van der Waals contacts and to accom-
modate closer packing. Moreover, as often mentioned in the
literature 'l the benzene rings adopt an edge-to-face arrange-
ment in the nonpolar sublayers to satisfy s interactions
(Figure 1d). Now, in the presence of long alkyl chains
preventing the interdigitation of the benzene rings, the
molecules find themselves arranged in double rows oriented
along the a direction (Figure 1c and e). Strengthened by the
ni-interactions and leaving empty spaces between them, these
rows have a possibility to draw nearer to one another and so to
allow a reduction of the molecular area S by accentuating the
puckering of the ionic sheets.

Infrared spectroscopy: Since the smectic phases described
belong to the class of the so-called disordered smectic phases,
in which the in-layer ordering extends over only a few
molecules, the question immediately arises of whether the
hydrogen bonding that holds the molecules together in the
crystal survives at high temperature in the liquid crystal. In a
search of specific information about this bonding, one of the
compounds, namely GABS-12, was carefully investigated by
infrared spectroscopy.

The spectra recorded as a function of increasing temper-
ature, particularly in the 3000-3600 cm~! N—H stretching
region where the hydrogen bonding shows up most clearly
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(Figure 10), permit the detection of the phase transitions quite
clearly: One transition at about 80°C between two crystal
forms and one other at about 120 °C between a crystal and the
smectic phase. In the crystalline state at room temperature,

3000 3200 3400 3600 3800

-1
wavenumber/ cm

Figure 10. IR absorption spectra of guanidinium dodecylbenzenesulfonate
in the 3000-3600 cm~! N—H stretching region, recorded as a function of
increasing temperature in the range from 30°C (upper curve) to 220°C
(lower curve) with steps of 10°C.

the spectra contain four absorption bands (3198, 3263, 3351
and 3430 cm™!, as determined by a least-squares multiple-
Lorentzian fit of the experimental data, see for instance
Figure 11) that are very close to those reported in the
literature for GABS-0 (guanidinium benzenesulfonate)
(3186, 3258, 3341 and 3341-3400 cm~').l'! Evidently, the

abs

3100 3200 3300 3400 3500 3600

wavenumber/ cm’”

Figure 11. Deconvolution of the IR absorption spectrum of guanidinium
dodecylbenzenesulfonate in the crystalline state at room temperature.

hydrogen-bonding pattern of the molecules in both GABS-12
and GABS-0 is essentially the same. In the smectic phase at
high temperature, on the other hand, the absorption bands,
which are lower but wider, have basically the same position
(3186, 3282, 3369 and 3442 cm™!) and the same area (84 cm™!
at 150°C, instead of 101 cm~" at 30°C) as in the crystal. The
number of hydrogen bonds is therefore little affected by the
melting process—even though disorderly assembled within
the smectic layers, the molecules continue to be extensively
hydrogen-bonded to form rather large two-dimensional
supermolecules. This result may appear surprising at first
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sight on account of the disordering that takes place inside the
layers at the crystal to smectic phase transition; it is, however,
easy to understand because the acquisition time of the spectra
(~1073s) is way larger than the characteristic time (=10~"s)
of the local-order fluctuations in the smectic layers.

Conclusion

To conclude, it is appropriate to emphasise the main result of
the present work, namely, the production of supramolecular
smectic liquid crystals from guanidinium alkylbenzenesulfo-
nates. The idea that prepared the way for this venture—and
that proved perfectly valid—originated in the simple remark
that the packing area of the ionic species in the layers of
guanidinium benzenesulfonate crystals is large enough, not
only to permit the introduction of long alkyl chains in the para
position of the benzene rings without disruption of the
supramolecular hydrogen-bonded association of the ions,
but also to permit eventually their melting at high temper-
ature, leading to the formation of smectic liquid crystals. The
disordered nature of the smectic phases obtained, implying
that the ordering of the molecules inside the layers is not
extending over long distances, could at first sight be taken to
suggest that the supramolecular self-assembly of the ions
vanishes completely in the smectic state. In fact, this is
definitely not the case as proven by infrared spectroscopy. The
supramolecular organisation described is all the more satisfy-
ing as the smectic phases, rather fluid, reach their thermody-
namic equilibrium easily.

Experimental Section

General: 'H NMR spectroscopy: Bruker spectrometer at 200 MHz in
[D¢]DMSO, 25°C. Elemental analysis: performed at Institut Charles
Sadron, Strasbourg. Thermogravimetry: Setaram TGA 92, argon flow,
heating rate of 10 °Cmin~". Polarizing optical microscopy: Leitz-Orthoplan,
Mettler FP82 hot stage. Differential scanning calorimetry: Perkin — Elmer
DSC7, heating-cooling rates of 10°Cmin~!. Dilatometry: home-made
computer-driven dilatometer, 1 g of carefully degassed sample immersed
in about 10 mL of mercury, heating and cooling steps of 0.1 °C every 2 min.
X-ray diffraction: Guinier focusing camera, Cug,,; radiation, powder
samples in Lindemann capillaries, INSTEC hot stage, INEL CPS-120
curved position-sensitive detector. Molecular modelling: MSI Insight IT
software, Silicon Graphics. Infrared spectroscopy: ATI Mattson FTIR
spectrometer, resolution of 4 cm~!, samples in KBr pellets heated in a
home-made temperature-controlled hot stage.

Synthesis of tetradecylbenzene: Tetradecylbenzene, which is not commer-
cially available, was synthesized by Kumada’s cross-coupling reaction.l”) A
Grignard reagent was prepared under argon by slow addition of 1-bromo-
tetradecane (0.2 mol) to magnesium (0.2 mol) in dry ether (100 mL) and
heating at reflux for 2h. Chlorobenzene (0.16 mol) and NiCl,(dppp)
(0.4 mmol) used as a catalyst were dissolved in diethyl ether (60 mL) and
added with the ether solution of the Grignard reagent; the mixture, turning
from red to pale green, was then heated at reflux overnight. After cooling
to 0°C, the mixture was hydrolysed with aqueous 2N HCI (100 mL). The
organic layer was washed with water and a saturated aqueous solution of
NaHCOs;, the organic layer was dried over MgSO, and evaporated to
dryness. The liquid tetradecylbenzene obtained was finally purified by
distillation at 164-166°C (7 mmHg) (71 % yield). 'H NMR: 6 =718 (d,
3J(HH)=8.0Hz, 5H, Ar-H), 6=2.59 (t, J(HH)=76Hz, 2H, Ar-
CH,CH,),,CH;), 1.57 (m, 2H, Ar-CH,CH,(CH,),,CH3;), 1.26 (m, 6H, Ar-
CH,CH,(CH,),,CH;), 0.88 (t, */(H,H)=6.35Hz, 3H, Ar-(CH,);;CHj;)];

Chem. Eur. J. 2002, 8, No. 10
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elemental analysis calcd (%) for C,Hs, (274.49): C 87.52, H 12.45; found C
87.60 H 12.45.

Synthesis of sodium 4-alkylbenzenesulfonates: The synthesis of the decyl
derivative, taken as an example, is as follows. Decylbenzene (from Aldrich)
(40 mmol) in dichloroethane (30 mL) was added dropwise at room
temperature with chlorosulfonic acid (40 mmol) in dichloroethane
(10 mL). After stirring overnight, 4-decylbenzenesulfonic acid was isolated
as a yellow viscous liquid (occasionally crystallising at room temperature)
by evaporation to dryness. It was carefully added under stirring with NaCl
(5 g) in water (85 mL). The sodium 4-decylbenzenesulphonate formed as a
white precipitate was filtered off and recrystallized in water (90 % yield).
The whole set of sodium 4-alkylbenzenesulfonates synthesized (yields
growing from 55% for ethyl to 90% for higher than octyl) were
characterised by '"H NMR: 6 =748 (d, 3J(H,H) =8.0 Hz, 2H, Ar-H ortho
SO;), 710 (d, 3/(H,H) =8.0 Hz, 2H, Ar-H meta SOs), 2.53 (t, 3/(H,H) =
73 Hz, 2H, Ar-CH,(CH,),_,CH,), 1.52 (m, 2H, Ar-CH,CH,(CH,),_;CH,),
1.22 (m, (2n—6)H, Ar-CH,CH,(CH,),_sCHj3), 0.83 (t, 3J(H,H)=6.3 Hz,
3H, Ar-(CH,),_,CHj;).

Synthesis of GABS-n: Salts with n <8 were prepared in pure water. For
example, GABS-2 was synthesized by dissolving guanidine hydrochloride
(used as received from Aldrich) (3.1 mmol) and sodium 4-ethylbenzene-
sulfonate (prepared as described above) (3.1 mmol) in hot water (10 mL).
Precipitating as transparent crystals by simple cooling, the expected
product was filtered off, dried in vacuum, and controlled by '"H NMR (70 %
yield). On the other hand, salts with n > 8, were prepared in water/ethanol
mixtures. For example, GABS-10 was synthesized by dissolving guanidine
hydrochloride (3.1 mmol) and sodium 4-decylbenzene-sulphonate
(3.1 mmol) inhot water/ethanol 1:1 v/v mixture (20 mL). Precipitating by
cooling to room temperature and partial evaporation of the solvent, the
product was filtered off, dried, and controlled by 'H NMR (82% yield).
Following this procedure, the whole set of GABS-n compounds from n=2
to 14 were synthesized. To make up the shortage in guanidinium of the
long-chained compounds, due to co-crystallisation with small amounts of
unreacted sodium 4-decylbenzenesulphonate, the products obtained were
redissolved in hot water/ethanol 1:1 v/v mixture (20 mL), treated with
additional guanidine hydrochloride (0.3 mmol), and isolated by precipita-
tion and evaporation as previously. The final compounds were character-
ised by '"H NMR: 0 =748 (d, *J(H,H) =8.0 Hz, 2H, Ar-H ortho SO3), 7.10
(d,*J(H,H) = 8.0 Hz, 2H, Ar-H meta SOs), 6.95 (s, 6 H, [C(NH,);]"), 2.53 (t,
3J(HH)=72Hz, 2H, Ar-CH,(CH,),,CH;), 152 (m, 2H, Ar-
CH,CH,(CH,), sCH;), 122 (m, (2n—6)H, Ar-CH,CH,(CH,), ;CH,),
0.83 (t, *J(H,H) = 6.3 Hz, 3H, Ar-(CH,),_;CHj;)]; elemental analysis calcd
(%) for GABS-2 (245.08): C44.07, H 6.16, N 17.13; found C43.88, H 6.21, N
17.13; elemental analysis calcd (% ) for GABS-4 (273.11): C48.33, H7.01, N
15.37; found C 48.27, H 7.02, N 15.33; elemental analysis calcd (%) for
GABS-6 (301.15): C 51.81, H 7.69, N 13.94; found C 51.66, H 7.73, N 13.82;
elemental analysis calcd (%) for GABS-8 (329.18): C 54.69, H 8.26, N
12.75; found C 54.61, H 8.30, N 12.75; elemental analysis calcd (%) for
GABS-10 (357.21): C57.11, H 8.75, N 11.76; found C 57.28, H 8.80, N 11.75;
elemental analysis caled (%) for GABS-12 (385.24): C 59.19 H 9.15, N
10.90; found C 59.60, H 9.26, N 10.79; elemental analysis calcd (%) for
GABS-14 (413.27): C60.98, H 9.50, N 10.16; found C 60.90, H 9.54, N 10.22.
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UV Monitoring of Microwave-Heated Reactions—A Feasibility Study

Gareth S. Getvoldsen,'?! Nils Elander,! and Sharon A. Stone-Elander*!‘!

Abstract: UV/Visible spectroscopy has been used to monitor the progress of the
formation of benzimidazole from the reaction between 1,2-diaminobenzene and

formic acid. The reaction was performed at three concentration levels, each
becoming more dilute so that at the most dilute level direct UV monitoring from
the reaction sample was possible. At each level the reaction was conducted by
conventional and by microwave heating. The success of the microwave reaction at the

Keywords: cyclization - heterocy-
cles - microwaves - nitrogen hetero-
cycles - UV/Vis spectroscopy

most dilute levels encourages the construction of a microwave reactor/UV/Vis
spectrometer hybrid instrument for the monitoring of this and other reactions.

Introduction

Microwave-assisted synthetic chemistry—a background: Mi-
crowave-assisted synthesis is a relatively young science. While
the heating effects of microwaves were discovered in 1945,
and synthetic inorganic and organic chemistry have been
established sciences for at least 150 years, the first microwave-
enhanced organic syntheses were not published until 1986.1% 3
Today, the number of papers published on microwave-assisted
chemistry is increasing rapidly. Observations made have been
summarized in a number of reviews.[*]

The signature of microwave-enhanced chemistry is that the
rates of reactions involving polar components are usually very
fast. Reactions that require hours or days of conventional
heating may often be accomplished in minutes by microwave
heating. Product distributions sometimes differ for microwave
and conventional heating.’l Reactions which otherwise give
no or very small amounts of product may give good yields
under microwave irradiation.*™¢ These improvements have
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often been attributed to so-called “special” microwave effects.
Critical studies have, however, asserted that most of the
proposed microwave effects can be explained as thermal
at extreme conditions.” Further, detailed investigations
of the microwave-enhanced chemical reactions are clearly
motivated.

Macroscopic in situ probing of reactions usually involves
monitoring the temperature and pressure of the reaction
sample. For microwave-assisted reactions this is not as trivial
as it is for conventional heating since the microwaves may
interact with the monitoring device. Thermocouples or optical
fiber-based thermometers that are designed for use in micro-
wave fields, though not common, are commercially available.
Various laboratory microwave devices use built-in monitoring
of the IR radiation emitted from the outside of the reaction
vessel for estimating the sample temperature. Such a method
requires knowledge about the energy diffusion from the
reaction to the vessel surface; that is standard vessels have to
be used. The IR method is as reliable as the more direct
fiberoptic technique if these requirements are fulfilled and is
therefore often preferable since the fiberoptic probe may be
sensitive to the chemicals in the reacting sample. Also any
probe placed in the reaction mixture may act as a point for
nucleation, thereby reducing superheating effects. Pressure in
the reaction vessel may be monitored by connecting to
pressure gauges through microwave-transparent lines or by
measuring the mechanical movement of, for instance, a
membrane connected to the vessel. We are interested in
developing a method for observing the progress of the
chemical reaction itself. Dynamically monitoring the changes
in chemical composition would give valuable information
about how a particular process develops as a function of time
and how and why it may differ under various reaction
conditions.

0947-6539/02/0810-2255 $ 20.00+.50/0 2255
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Choice of monitoring method: The method chosen should
probe without essentially disturbing the process. The mon-
itoring should be in situ and the method should utilize specific
properties of the sample components that can be used to
estimate relative concentrations. This led us to consider
spectroscopic methods, since most compounds have charac-
teristic microwave, IR, visible, and UV spectra.

The fact that broad-band microwave-emitting circuits
coupled to solid-state microwave spectrometers are commer-
cially availablel®! makes the use of microwave spectroscopy
attractive. The absorption or emission microwave spectra of a
compound relate to discrete transitions between rotational
states of the molecule. The spectra are characterized by sharp
lines for the pure rotations in the gas phase, but quite broad
bands in the liquid phase since the rotations are hindered as
the molecules come closer to each other. The spectrum may
be disturbed by the intense reaction-driving microwave
irradiation and we therefore conclude that in situ microwave
spectral characterization of a reaction may not be the best
approach.

IR spectroscopy is used to characterize vibrations of
functional groups in molecules. These spectra have a rich
structure of more or less broad peaks describing various
normal modes characteristic for the molecule. However, the
intensity of the vibrational transitions varies with the temper-
ature of the sample. Most IR instruments have an energy
range that corresponds to 1500-1900 cm~'. The fact that we
want to use this technique for in situ studies in a sample with
temperatures ranging from 25 to 350°C with blackbody
temperature peaks between 5 to 10 micrometer makes the use
of IR spectroscopy as the probe less feasible.

Raman spectra arise from inelastic collisions between
molecules and photons that are usually in the visible energy
range. The emitted Stokes or anti-Stokes lines are in the same
energy region as the exciting radiation. Raman spectra are
unaffected by the presence of blackbody type radiation. The

2.0

Absorbance —»
P

unfavorable cases, excite a significant fraction of the mole-
monitoring method.

ecules and are characteristic

source with a continuous or 1

excite more than a small frac-

may or may not be affected by

absorbances by various com- 0.0

+

spectroscopy to be most suitable for in situ spectroscopy of
microwave-irradiated reacting samples.

Realistic requirements: The purpose of this study was to
examine whether or not it is feasible to monitor a microwave-
assisted reaction by using UV/Vis spectroscopy. The UV/Vis
spectra of the reactants and products should be characterized
by relatively sharp peaks, which are easily identifiable.
Product peaks should preferably not overlap with those of
the reactants. The peak positions should not significantly vary
with temperature. Spectral changes caused by the environ-
ment (solvent, sample pH, etc.) should be small or predict-
able.

The model reaction: Imidazoles and benzimidazoles are basic
structures in endogenous compounds such as the amino acid
histidine and the purines and pyrimidines of the nucleic acids.
They serve as an important biostere for the catechol structure
in medicinal chemistry and are important building blocks in
combinatorial chemistry directed toward new pharmaceutical
agents. According to Meth-Cohn,”! one third of the pages of
the Drug Compendium of the Comprehensive Medicinal
Chemistry!™ contain imidazole or benzimidazole units.

As early as 1963, Wagner and Millet!'] described that the
heterocyclization reaction forming benzimidazole (3) (Fig-
ure 1a) proceeds to give 85% yields after conventionally
heating at 100°C for 2 h. A commercial microwave oven has
been used to reduce the times for this reaction.'? Though the
conditions were not specified in detail, yields of 70 % were
obtained when the sample in an Erlenmeyer flask was heated
for 3 min at a low power setting.

As shown in Figure 1b—d, the spectral characteristics of the
components of this reaction are quite favorable for the
planned feasibility study. The major features of the spectrum
of 1,2-diaminobenzene (1; Figure 1b) are the broad shoulder
at 230-240 nm and the broad peak between 256 and 304 nm
with a maximun at 293 nm. On addition of formic acid (2)
(=reaction mixture at ¢, Figure 1c,), the shoulder becomes a
defined peak at 230 nm, the absorbance of the second peak
decreases significantly and its maximum shifts slightly to
280 nm. Benzimidazole in dilute formic acid (Figure 1d) has a

H,0 N
HCOOH N o+ 2H0
microwaves / A f‘{
H
2 3
c) :1+2 d) : 243
20 20

weakness of the observed Raman lines suggests the use of a

laser as an excitation source. However, the laser light may, in

cules in the reaction to be studied. For this reason Raman

spectroscopy may not be a good choice for a general
UV/Vis spectra are the result a)

of electronic excitations of mol-

NH,
for the molecules. A normal, NH,
broad-band, background light
semicontinuous spectrum is
not usually intense enough to
tion of the molecules in the
absorption cell. The spectra
the temperature of sample.

Even though spectra of the
pounds in a reaction sample 200
may overlap, we find UV/Vis

2256 ——
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Figure 1. Model reaction with UV profiles at key stages.
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peak at 233 nm, which was not separable from that of the
starting material with the spectrometer used here. However,
the two distinct peaks at 267 and 274 nm were easily
distinguishable from that of the starting mixture.

Results and Discussion

Calibration of UV absorbance to concentration of 3: The UV
absorbance was calibrated for the product concentration by
adding, in a stepwise fashion, aliquots (5 pL) of an acidified
stock solution (7.1 x 10~3 M) of 3 to a cuvette containing water
(3mL) and acquiring the spectrum between each addition.
The absorbances corresponding to 100 % yields of 3 across the
concentration ranges of interest are depicted in Figure 2.
During the progress of a reaction, plots acquired of the
absorbances of the peaks at 267 and 274 nm (Figure 3) follow
a similar trend, indicating that either can be used in monitor-
ing the progress of the reaction.

1.2
T 1
o 08
S 06
g ©
s 047 —o- 274nm
£ 02 -@- 267nm
0 +
0 1 2 3 4 5 6 7

Conc.of 3/Mx 105

Figure 2. Calibration plot used to quantify 100% yield for a known
concentration of benzimidazole.

0.5
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Figure 3. Absorbance of chromophores at 267 and 274 nm versus time
during experiment 6 (Table 1).

Effect of temperature on the sample UV: We were concerned
about the influence of reaction temperature on the UV
spectra and, consequently, the conclusions drawn about the
course of a reaction being heated. To assess the size of this
effect, we heated samples of different compositions to 60 °C in
the microwave and allowed them to cool to room temperature
in a cuvette placed inside the spectrophotometer. The sample
temperature was measured with a thermometer every minute
immediately prior to acquisition of the spectrum. The blank
for acetone was acetone at room temperature, for the other
two (both aqueous solutions) water (at room temperature). In
Figure 4, the spectral changes for the most dilute reaction
mixture used here (see Table 1) were examined and are
compared with changes for other typical solvents, neat
acetone and DMSO/H,0 (1:6, v/v). The UV absorbance

Chem. Eur. J. 2002, 8, No. 10
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Figure 4. Effects of temperature on UV absorbance (experiment 9).

change for this reaction mixture and for acetone were
negligible, while that of DMSO was 0.4 over a 30°C range.
These differences illustrate that temperature effects on the
UV spectra need to be assessed for the reaction systems/
solvents used. Here, to completely eliminate any possible
contributions from temperature on these results, we took the
extra precaution of cooling the sample to room temperature
before each UV measurement. However, in an in situ
monitoring situation, this would probably not have been
necessary with this particular reaction mixture.

Reaction of 1 with 2 to yield 3: Literature procedures for the
cyclization reaction have been performed at or around the
boiling point of 2 (101 °C for the concentration used). For our
microwave/conventional heating comparisons we performed
the conventional heating at both 70 and 100 °C. The latter was
just at the boiling point of water and just below that of 2 so
that the fastest heating could be achieved without having to
use pressurized vessels or reflux equipment to avoid concen-
tration changes due to evaporation during prolonged heating.
One lower temperature, 70°C, was chosen for its reasonable
separation from the maximum conventional temperature and
from the average temperature in the microwave heated
samples.

To prevent loss of reaction sample by evaporation, closed
vessels were used throughout. When using a closed vessel, a
balance needs to be reached between sample volume and
headspace in the reaction vessel, to give as long a reaction
time as possible before the vessel integrity is compromised.
The smaller the reaction sample is, the quicker it is heated,
evaporates, and pressure builds up. However, with larger
reaction samples the headspace available for evaporation is
smaller. For our vessels (11 mL) we found that heating for 60 s
at 150 W gave a useful heating time at a reasonably high
power setting. If heated for longer times at the same input
power, the septum usually blew after an additional 10-15s.

The monomodal microwave equipment used here was not
equipped with built-in temperature monitoring which could
continually adjust the microwave power so that a constant
reaction temperature could be maintained. So we independ-
ently measured a sample temperature every second during the
heating and subsequent cooling. As can be seen in Figure 5,
the temperature very rapidly increased and achieved a
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However, since the published
microwave procedurel'? did not
specify the scale for this partic-
ular reaction, the differences
cannot be strictly compared.
The yields estimated here by
the UV monitoring are in good
agreement with the yields of

100 isolated product previously re-
ported!'! and we were there-
fore encouraged to dilute to
concentrations more appropri-
ate for our feasibility study.
The reaction dynamics for

the microwave heating of a
sample diluted 70-fold (section
B, Table 1) is shown in Figure 6.

140_ Microwaves
heating ceased
120_| Reflux
120 Superheating
B 100 | [
J+= I T~
80
40
0 T T T T T T
0 200 400 600 800 1000 1200

Time /s

Figure 5. Heating profile of reaction 6 in the microwave at 150 W for 60 s.

nucleation-limited boiling temperature of 105-106 °C, which
is in good agreement with that previously reported for
water.M3l When boiling started after about 40 s, the pressure
in the vessel increased and the temperature rapidly rose to a
maximum temperature of 132°C, which was maintained for
10s. As soon as the microwave was turned off, the temper-
ature immediately and rapidly decreased. After 4 min at room
temperature, the sample temperature was below 70°C. The
average temperature during those 5 min was 87°C.

Three concentrations (Table 1) were investigated. In sec-
tion A, the reagents were undiluted. In section B, the reagents
were diluted to a concentration, which permitted an inde-
pendent, direct qualification and quantification with the
available GC. In section C, the reagents were diluted to a
concentration, which here allowed a direct UV analysis with
the available spectrophotometer (i.e. no dilution before
measurement). Since in this type of reaction the liquid acid
also usually serves as the solvent, a molar excess of 2 (>15-
fold) was used in all experiments.

In the undiluted reactions (section A, Table 1), the times
required for completion are close to, but are less than those in
the conventional and microwave-heated literature syntheses.

Table 1. Experimental conditions and yields of the model reaction.

Yields increased rapidly for the
initial 6—7 min of heating. Fur-
ther heating did increase the
yield slightly but changes were
very slow after the endpoint
taken here as 8 min. The sim-
ilarity in the three graphs demonstrates the reproducibility of
the microwave treatments. With reactions at these concen-
trations we were able to corroborate our UV results with
qualification and quantification by the independent (non-UV
based) GC method. The changing amounts of reaction
components at expected retention times, the endpoints and

100+
T 80
o 60 4
s A 120X 104 M
™ /7
5 404 & . 41 1.09x10%m
© | o7
° 2 887x105m
> 201
0 . . . . -
0 2 4 6 8 10

Time / min. —

Figure 6. Progress of three typical microwave reactions from section B,
Table 1.

Experiment Number Heating Conc. of Max. yield Time to
section method 1 [mol] of 2 [%] completion
1 conventional/70°C 0.7 >80 2h
A 2 conventional/100 °C 0.7 >80 45 min
3 microwave/150 Wi2 0.7 >80 <2 min®
4 conventional/70°C 1.07E-02 85 22h
B 5 conventional/100 °C 1.01E-02 79 4 h20 min
6 microwave/150 Wi 1.04 x 102 85 8 minl!
7 conventional/70°C 8.87 x 1073 no reaction after 7 days
C 8 conventional/100 °C 8.87 x 1073 <30 3 days
9 microwave/150 Wi 8.87 x 1073 66 20 min[®!

[a] Maximum temperature measured 132°C. [b] Heating periods of 1 min with intermediate cooling.
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the reaction trend all mirrored those observed with the UV
measurements.

When the reaction mixture was diluted 170-fold (section C,
Table 1), a clear advantage with microwave treatment became
apparent. The reaction actually happened and in a reasonable
time. A clear endpoint was reached after heating for 19—
20 min (Figure 7), while the conventionally heated samples
reacted very slowly or apparently not at all. The microwave
conditions and UV estimations were highly reproducible, as
judged by the near superimposibility of the curves. This
concentration range for this model reaction should be feasible
for a direct implementation in the planned in situ monitoring
system.
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°\ 40
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Figure 7. Progress of three typical microwave reactions from section C,
Table 1.

According to the Arrhenius law, a reaction should proceed
twice as quickly for every 10°C increase in the sample
temperature. For the two samples conventionally heated at 70
and 100°C in levels A and B, the changes in speed are
essentially as expected. However, the microwave heating does
not fit the same pattern—the reaction is faster than would be
expected using the above rule of thumb, independently of
whether you consider the time at maximum temperature or at
the average temperature, or the time at or above 110 or 70°C.
For section B, the temperature during the microwave
reactions should have instead been 150°C. Observations
similar to these have previously been attributed to, for
example, “special” microwave effects, to the rapid rate of
heating, to elevated solvent boiling temperatures, to local
“hot spots”, and to increased mobility of the reactants.’”]

In Figure 8, predicted results for the planned in situ
monitoring system are simulated from the spectral monitoring
performed here. All these six spectra were taken from one
microwave experiment of intermediate dilution (1.64 x 10~3).
Both the decrease of starting materials (peak at 226 nm) and
the increase in product peaks at 267 and 274 nm give clear
indications of the progress of reaction. The reaction endpoint
is easily ascertained. The promising results from this feasi-
bility study can be directly used to road test the new
microwave/UV equipment and its implementation in moni-

Chem. Eur. J. 2002, 8, No. 10
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Figure 8. Simulation of the type of output we aim to produce from in situ
monitoring with the microwave/UV hybrid instrument.

toring the rapid reactions promoted by exposure to oscillating
electromagnetic fields.

The reported study shows that the formation of benzimi-
dazole from 1,2-diaminobenzene and formic acid is another of
the ever expanding group of reactions which have been
enhanced under microwave acceleration. The aim of the study
was to decide whether it would be 1) practical and 2) useful to
use UV/Vis spectroscopy as a tool for in situ monitoring of
reactions in a microwave.

The results of our study show that UV/Vis spectroscopy is
unaffected by the mechanics of heating by microwaves and it
itself does not impinge on the methods of heating. While
certain variables (i.e. temperature) of the reaction mixture
may have an effect on the appearance of the UV spectrum, we
are aware of these factors and their minimal nature can be
negated.

So to the question of the usefulness and the feasibility of a
microwave/UV hybrid instrument. The study demonstrates
that this would be an excellent analytical tool for monitoring
the progress of a reaction, determination of endpoints, and
derivation of quantitative and kinetic data. The concentration
of reactants in the section C experiments were low, but we
were still able to observe the reaction proceeding across a
short time frame. The easiest way to use higher concentrations
and still see absorbance in the customary 0-2 range would be
to shorten the path length. It may also be possible to digitally
process the data in a way which reduces the level of
absorbance seen. We have in this feasibility study not found
any physical impediments for the construction of a hybrid
microwave, UV/Vis spectrometer instrument. On the con-
trary, our results indicate that such an instrument would be a
valuable tool for those interested in studying microwave
enhancement of chemical reactions.

Experimental Section

General: 1,2-Diaminobenzene (1) and benzimidazole (3) were commer-
cially available from Aldrich, and formic acid (85%) (2) was purchased
from Apoteksbolaget. Chemicals were used without further purification.
UV analyses were performed with a Shimadzu 160 spectrophotometer.
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Chromatographic analyses were carried out on a Shimadzu GC14A (flame
ionization detector) coupled to a C-R5A integrator. All GC analyses were
run on a SGE BP1 dimethyl polysiloxane capillary column with injector
and detector at 250 °C and helium as the carrier gas (flow 9 mLmin'). The
temperature program was as follows: isocratic at 60 °C for 4 min, increase
20°Cmin~" to 240°C, isocratic for 5 min followed by cooling for 7 min to
60°C. The retention times were 4.2 and 7.1 min for 1 and 3, respectively. For
the microwave treatment, a monomodal cavity, Microwell 10 (Personal
Chemistry AB, Uppsala, Sweden) was used. The reaction vessels, described
previously in reference [14] were Pyrex tubes (11 mL) fitted with a screw
cap and a silicone/teflon septum. Temperature measurements were made
with a Nortech NoEMI TS-Series fibreoptic thermometer with a TP-21
probe.

Synthesis of 3 (Table 1): Initial experiments (A) were performed by using 1
(300 mg) in 2 (4 mL). In the second group of experiments (B) 1 (4.4—
4.6 mg) was dissolved in water (4 mL). To this solution 2 (30 pL) was added.
For the final group of experiments (C) 1 (0.96 mg) was dissolved in water
(100 mL). To a 4mL sample of this solution 2 (3 uL) was added.
Conventional experiments were performed in a magnetically stirred oil
bath. Microwave experiments were run at 150 W for 1 min. Between each
period of heating the vessel was allowed to cool to room temperature.

Analyses of reaction mixtures: For all UV analyses 3 mL samples were
analyzed against water references. For analysis of experiments from A, a
sample from the reaction mixture (1.5 uL) was dissolved in water (100 mL).
For experiments from section B, a reaction sample (20 pL) was taken and
diluted in water (3 mL). For section C a sample of the reaction mixture
(3 mL) was analyzed without dilution. This sample was recombined with
the rest of the reaction mixture before heating was resumed. For GC
analysis (section B) a 5 puL sample was taken directly from the reaction
mixture for injection.
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A Highly Regioselective Approach to Multiple Adducts of Cg, Governed
by Strain Minimization of Macrocyclic Malonate Addends

Uwe Reuther, Torsten Brandmiiller, Wolfgang Donaubauer,

Frank Hampel, and Andreas Hirsch*!*!

Abstract: New macrocyclic malonates
2-5 have been prepared by reaction of
malonyl dichloride with alkanediols.
Reactions of these cyclo-[n]-alkylmalo-
nates with Cg, are highly regioselective.
The macrocycles containing identical
alkyl spacers selectively form bis- and
trisadducts of Cy, with rotational sym-

adducts have been synthesized to show
the scope of this approach. “Exotic”
addition patterns such as trans-4,trans-
4. trans-4, which has been synthesized
and completely characterized for the
first time, are also accessible by this
method. The regioselectivity is ruled by
the even distribution of the strain within

the macrocyclic malonates containing
spacer alkane chains of identical
lengths: addition patterns with rotation-
al symmetry provide exactly identical
distances of the malonate oxygen atoms
and are thus exclusively formed by this
method. In contrast, when macrocycles
with two different alkyl spacer lengths

metry. The addition pattern of the
regioselectively formed oligoadducts is
determined by the size of the alkyl
spacer within the macrocyclic malonate.
A variety of bis-, tris-, tetra-, and hexa-

Keywords:
fullerenes -

Introduction

The high-yield synthesis of fullerene multiadducts with a
defined addition pattern by means of the Bingel routel!l is
mainly hampered by the fact that the regioselectivity of this
reaction is quite low. In fact, the second addition of diethyl
malonate to a monoadduct of Cy4, leads to a mixture of seven
out of eight possible regioisomers.” Although the reaction
favors the equatorial and trans-3 addition pattern with 15.5 %
and 12.0% yield, respectively, the product mixture has to be
purified by a tedious chromatographic separation. The
regioselectivity of further additions to bisadducts is higher;
however, the separation of the reaction products remains
difficult.

Consequently, the search for alternatives to this stepwise
procedure has been a challenge ever since the development of
fullerene chemistry began. One way to achieve a high degree
of control of the regiochemistry of additions to fullerenes is
the use of tethered addend systems, for example, malonates
which are connected by a more or less rigid spacer.’l The
tether method proved to be a major breakthrough and

[a] Prof. Dr. A. Hirsch, Dipl. Chem. U. Reuther,
Dipl. Chem. Brandmiiller, W. Donaubauer, Dr. F. Hampel
Institut fiir Organische Chemie
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are used, such as 9 and 10, the reaction
exclusively yields C,-symmetric bisad-

. ducts.
semiem-

provides relatively facile access to otherwise strongly disfa-
vored addition patterns, such as frans-1."1 The complex
regiochemistry of C,, can also be controlled, as demonstrated
by a recent contribution by the group of Diederich et al.Fl, [°]

The selectivity of the known tether methods can be very
high and may lead to quite unusual addition patterns.]
However, the tethers are sometimes difficult to synthesize
and up to now no facile building-block principle is available
which enables a fast and reliable access to the whole variety of
fullerene multiadducts with high regioselectivity. In addition
to the synthesis of bisadducts, examples for tether-directed
synthesis of trisadducts directly from Cg, are also very rare. In
fact, the only reaction published to date which achieves this
goal was worked out by the Diederich group.®! This approach,
which uses a cyclotriveratrylene tether, allows the synthesis of
a roughly 1:1 mixture of trans-3.trans-3,trans-3 and e,e,e-
trisadducts. The overall yield is about 20%. Although the
synthesis of the tether system is
not too difficult, it does require
a multistep sequence.”] Despite
these important improvements,
the regioselective high-yield
synthesis of fullerene trisad-
ducts still remains an important
goal in fullerene chemistry. For
example, facile access to the
e,e,e-hexaacid 11 is most desir-
able, because it exhibits a high 1
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solubility in water and is a very
potent antioxidant compound,
much stronger indeed than vit-
amin E.I"1 Tt has thus attracted
much attention for possible use
as a drug, since it is also likely
that 1 or similar compounds will olos
find use as therapeutics against C
neurodegenerative diseases.!"?!

Furthermore, one-step teth-
er-directed syntheses of tetra-
or higher adducts are complete-
ly unknown to date. Here we
introduce a new concept of a
tether approach, which allows
us to develop an easy to use
“construction kit” for fullerene
multiadducts. The tether system
exhibits the following char-
acteristics: a) facile synthesis
from cheap starting materials;
b) facile adaptation to a wide diversity of steric requirements;
c) possibility to attach external functionalities; d) high yield
and regioselectivity for the direct addition to Cg,.

Results and Discussion

The concept: The direct synthesis of Cy multiadducts is
basically possible by two different approaches: the first one,
which has been used exclusively up to now, is the reaction with
a specifically designed tether, which bears, for example,
malonates in a preformed and quite rigid steric arrangement.
This can be accomplished quite easily for several bisadduct

Abstract in German: Durch Reaktion von Malonyldichlorid
mit Alkandiolen wurden neue makrozyklische Malonate wie
2-5 hergestellt. Reaktionen dieser cyclo-[n]-Alkylmalonate
mit Cyy sind hoch regioselektiv. Die Makrozyklen mit identi-
schen Alkylspacern bilden mit Cg, selektiv drehsymmetrische
Bis- und Trisaddukte. Das Additionsmuster eines regioselektiv
gebildeten Mehrfachadduktes ist durch die Linge des Alkyl-
spacers innerhalb des makrozyklischen Malonates festgelegt.
Zur Demonstration der Leistungsfihigkeit dieses Ansatzes
wurden eine Auswahl von Bis-, Tris-, Tetra- und Hexaaddukten
synthetisiert. Auch “exotische” Additionsmuster wie trans-
4 trans-4,trans-4, das erstmalig synthetisiert und vollstindig
charakterisiert wurde, sind durch diese Methode zugdnglich.
Die Regioselektivitit wird von der gleichmdapfligen Spannungs-
verteilung in den makrozyklischen Malonaten mit Spacer-
Alkanen identischer Linge bestimmt: Additionsmuster mit
Rotationssymmetrie weisen exakt identische Abstinde der
Malonatsauerstoffatome auf und werden daher durch diese
Methode ausschliefilich gebildet. Wenn andererseits Makro-
zyklen mit zwei verschiedenen Alkyl-Spacerlingen, wie 9 und
10, verwendet werden, fiihrt die Reaktion ausschlieflich zu C;
symmetrischen Additionsmustern.

2262

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

trans-3 trans-2 trans-1
CE Cz 'DEI'I

ali-e
Cs

Figure 1. Possible bis- and trisadducts of Cg, containing rotational axes. All distances between adjacent addend
positions are identical. The yellow bonds denote the positions of the addends, such as malonates.

patterns. However, if tris- and higher adducts are the target of
the synthesis, the design of a suitable steric arrangement
becomes an increasingly difficult, if not impossible task. A loss
in regioselectivity and/or total yield is the consequence of
insufficient preorganization of the malonates.

This is where the second alternative comes into play: the
solution is to completely abandon the concept of rigid spacers
and substitute them by the most flexible and simplest system
at hand, which would be an alkyl chain. Of course, almost all
regioselectivity would be lost, if this system were open-
chained. To compensate for this, we incorporate the malo-
nates into a macrocyclic ring.[” This way, the regioselectivity
is not based on steric preorganization, but on the avoidance of
unequal strain in the alkyl chains. This has consequences for
the symmetry of the addition pattern of the products:
macrocycles with two and three malonate units are forced to
form adducts with rotational symmetry, that is C, for
bisadducts and C; for trisadducts. All other regioisomers are
excluded a priori, since they would result in different
distances between the ester functions and thus introduce
strain. Figure 1 shows the addition patterns of bis- and
trisadducts that fulfill these restrictions. The cis-1,cis-1,cis-1
isomer will not be formed because of steric crowding.?!

The trans-1 bisadduct and the trans-4,trans-4,trans-4 trisad-
duct are special cases since they contain additional symmetry
elements (i.e., mirror planes). However, this should not
influence the selectivity. It is reasonable to assume that the
selectivity can be adjusted by varying the length of the alkyl
chain, which accounts for the high versatility of this method.

When mixed macrocycles with two alkyl spacers of different
length are used, this selection rule can be reversed because
now C,-symmetric bisadducts would exhibit different strain in
the alkyl chains. The consequence is the selective formation of
bisadducts with a Ci-symmetrical addition pattern, as outlined
in Figure 2. Again, the cis-1 isomer is sterically unfavorable.

In this paper, we present our concept for the highly
regioselective synthesis of several examples of bis- to
tetraadducts with rotational symmetry or with C, symmetry.

0947-6539/02/0810-2262 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 10
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cis-1 cis-2 e
Cs Cs Cs

Figure 2. Bisadducts of Cy, with C, symmetry. The two possible distances between adjacent addend positions are
different. The yellow bonds denote the positions of the addends such as malonates.

Synthesis of the macrocycles: Scheme 1 shows the quite
simple synthesis of macrocycles obtained from the condensa-
tion of octanediol and malonyl dichloride. The reaction is best
carried out at a concentration of ~30 mmolL~! diol. Further
dilution only leads to a small increase in the total yield. Since
the systematic names of the macrocycles are impractical, we
use a simple nomenclature. We call these macrocycles “cyclo-
[n]-alkylmalonates”. The number in brackets represents the
number of repetition units. Compound 2 is therefore named
“cyclo-[2]-octylmalonate”.

Compounds 2-5 can all be obtained in a pure form by
separation with flash chromatography on silica gel. The
elution sequence correlates with the number of repetition
units; the smaller rings elute first. In principle, the larger
macrocycles can also be obtained, but they have not been
isolated here, since they are not important in this context.
Macrocycles with up to nine repetition units can be detected
in the FAB mass spectrum.

The synthesis of macrocycles with other chain lengths is also
straightforward, and we produced a series of cyclo-[n]-
propylmalonates with n=2-6. In addition, we synthesized
cyclo-[2]-dodecylmalonate (6), cyclo-[2]-hexadecylmalonate
(7), and cyclo-[3]-tetradecylmalonate (8) to study the influ-
ence of the chain length on the bis- and trisaddition patterns.
To test the selectivity of the formation of C-symmetric
addition patterns, the mixed macrocycles cyclo-[2]-butyl-
octylmalonate (9) and cyclo-[2]-octyl-tetradecylmalonate
(10) were prepared by a statistic reaction of a 1:1 mixture of
the corresponding diols and malonyl dichloride. To enable a

clean separation of the product
mixture, the chain lengths of
the two diols should differ by at

least four methylene units.
The cyclo-[n]-octylmalonates
show pronounced differences in
trans-4 their crystallizability: those
c, with even n crystallize quite
readily (melting points are
98.8°C and 117.3°C of 2 and 6,
respectively), whereas those
with odd n exhibit a strong
crystallization inhibition and are usually isolated as highly
viscous oils. The X-ray structures of compounds 2, 6, and 10
are shown in Figure 3 along with representations of the unit

cells.'
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Figure 3. X-ray crystal structures of 2, 6, and 10 together with representa-
tions of the unit cells.

These structures are very remarkable for two reasons:
firstly, the macrocycles crystallize in a perfectly rectangular
shape. Secondly, the molecules arrange into columnar struc-

tures with a channel in the
middle of each column (Fig-

S ~~~OH 4
HO ci”~al ure 4). In the case of 2 and 6,
this channel is not really hollow
g;;'ﬁgllﬁ e because the hydrogen atoms fill
it up almost completely. In the
09\,90/\/\/\/\0 o case of 3-5, how§ver, this
(o)e) t;o channel should be big enough
00 Q9 o~o~r~GQ g 3 ~ G
o~ o o~o C to serve as a kind of “pore” in
o 0 the crystal structure, which
2 3 4 o 5 could promote transport pro-
o N Og 5 cesses of guest molecules
(0]
O ~O O 0 8} o ‘gb through the crystal.
(o)Ne] 070~~~ ~0"0 O~~~ 0~ 0 F/—/_/J
Q

Scheme 1. Synthesis of the cyclo-[n]-octylmalonates 2—5.
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Bisadducts: As already stated
above, reactions of cyclo-[2]-
alkylmalonates with two identi-
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Figure 4. View of the “molecular channels” in the X-ray structure of 2.

cal alkyl chains with C4 are expected to give selectively
bisadducts with rotational symmetry. Indeed, we were able to
prove this with the formation of the trans-3 and trans-1
adducts. The other two patterns (cis-3 and trans-2) represent
special cases: because of the steric arrangement of the
malonate bridges, both isomers would require quite long
alkyl spacers. However, if the chain is of sufficient length, the
formation of trans-3 and trans-1, respectively, is also possible
and is actually preferred by the system. Introduction of a
defined rigid bend (e.g., an ortho-disubstituted benzene ring)
into the alkyl spacer may change the selectivity to cis-3 and
trans-2. Experiments in this direction are currently underway.
The bisadducts have been synthesized by the iodine variant of
the Bingel reaction originally described by Bingel* and used
extensively by the group of Diederich!"® and ourselves.['”] In
the case of macrocyclization reactions this method seems to
be superior to the usual CBr,/DBU sequence (DBU =1,8-
diazabicyclo[5.4.0Jundec-7-ene).l'8]

When cyclo-[2]-dodecylmalonate 6 is treated with Cg, under
the Bingel conditions, the trans-3 bisadduct 11 was obtained
almost exclusively with a yield of 56 % (Scheme 2). Traces of
oligomeric side products can be removed by simple flash

2264
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toluene,
I, DBU

B = (CH2)12

Scheme 2. Synthesis of the frans-3 bisadduct 11

chromatography. If, on the other hand, cyclo-[2]-octylmalo-
nate 2 is used under the same conditions, a complex mixture of
several adducts as well as polymeric material is formed, which
could not be separated even by HPLC. The polymeric
material does not move on silica gel. Evidently, this macro-
cycle 2 is not suitable for the formation of a strain-free
bisadduct with rotational symmetry because of the specific
length of its spacer units. Nevertheless, this clearly demon-
strates the high selectivity of our approach. In all of the
further reactions described below, suitable macrocycles were
used that allow the selective formation of oligoadducts. In
almost every case, the only side products are intermolecular
addition adducts (oligomers and polymers) that do not move
on silica gel.

The structure of 11 was ascertained by comparison of its
UV spectrum with that of the known trans-3 bisadduct.['”l The
NMR spectra are also in accordance with the proposed
structure. Figure 5 shows the calculated structure of 11 as a
space-filling model.

Figure 5. PM3 calculated structure of the trans-3 bisadduct 11.
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Although the formation of the trans-2 and trans-1 addition
patterns should be conceptually possible, it is apparently
necessary to use even longer chains to disfavor the trans-3
addition pattern. Consequently, we used cyclo-[2]-hexadecyl-
malonate 7 and were able to isolate a 55:45 mixture of the
trans-3- and trans-1-bisadducts 12 and 13 (Scheme 3). It is
reasonable to assume that the relative yield of the trans-1
bisadduct can be further increased by the use of even longer
alkyl chains.

toluene,
I,, DBU

12 13

B = (CHy)16

Scheme 3. Synthesis of the trans-3- and trans-1-bisadducts 12 and 13.

When Cg, was treated with cyclo-[2]-butyl-octylmalonate
(9) or cyclo-[2]-octyl-tetradecylmalonate (10), the exclusive
formation of adducts that have a C,-symmetric bisaddition
pattern was observed, as expected. In the former case, the cis-
2 bisadduct 14 was isolated and in the latter the e-bisadduct 15
(Scheme 4). The isolated yields of 14 and 15 were 39.5 % and
51.1%, respectively. Their isolation was achieved by simple
flash chromatography and thus use of tedious HPLC separa-
tion was not necessary.

Trisadducts: The reaction of cyclo-[3]-octylmalonate (3) with
Cy can theoretically lead to the four isomers shown in
Figure 1, namely cis-1,cis-1,cis-1, e,e.e, trans-4,trans-4,trans-4,
and trans-3,trans-3.trans-3. From these, the cis-1,cis-1,cis-1
isomer is sterically impossible with malonate addends. Other
trisadducts should not be formed, since they do not possess
threefold rotational symmetry.

When the reaction is carried out, it leads to the e,e,e isomer
16, which is formed in 94 % relative and 42 % isolated yield
(Scheme 5). The raw product of the reaction contains 59 % of
16 (HPLC); this indicates that a substantial amount is lost
during work-up. As a less polar byproduct, the hitherto
unknown trans-4,trans-4,trans-4 trisadduct 172" was formed.
The solutions of the trisadduct 17 exhibit an olive-green color.
Both isomers can be isolated in a pure form by preparative

Chem. Eur. J. 2002, 8, No. 10
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Scheme 4. Synthesis of the C, symmetric cis-2 and e-bisadducts 14 and 15.

O O
S
o H)j |

toluene,
1,, DBU

16 17

94 % relative yield 6 %

Scheme 5. Synthesis of the ee.e- (16) and trans-4,trans-4 trans-4- (17)
trisadducts.

HPLC on Nucleosil; the trans-3,trans-3,trans-3 trisadduct
could not be detected at all.

This result was corroborated by semiempirical calculations
(PM3)B of the three possible isomers. The trans-3,trans-
3,trans-3 isomer is noticeably higher in energy than 16 and 17
(Figure 6). Because of the considerable conformational free-
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Figure 6. Relative PM3 heats of formation of the three possible Cy,
trisadducts with rotational symmetry (excluding all-cis-1). The dashed line
shows the median value from the five molecular dynamics calculations.

dom of the alkyl chains, the calculations were carried out on
five different geometries for each isomer that were generated
by consecutive molecular dynamics calculations followed by a
force-field minimization. The median values of the calcula-
tions are connected by the dashed line in Figure 6 and show a
small increase in energy in going from the all-e
(298.8 kcalmol?) to the all-trans-4 isomer (299.3 kcal mol ),
which accounts for the observed product distribution. The
value for the all-frans-3 isomer (327.1 kcalmol™) is consid-
erably higher, which is in good agreement with the exper-
imental observations.

The BC NMR spectra of 16 and 17 are in complete
accordance with the proposed structures and are shown in
direct comparison in Figure 7. For the trisadduct 16 the
expected 18 signals for the sp? carbon atoms of the fullerene

160 140 120 100 80 60 40

Figure 7. ¥C NMR spectra of the trisadducts 16 and 17.

cage are found in the range of d =148-140. In agreement
with the higher symmetry, 17 shows only the expected ten
signals in this region. Furthermore, in contrast to 16,
compound 17 has only one resonance for the carbon atoms
of the carbonyl group. The signal set for the carbon atoms of
the alkyl tether also contains only four resonances at 6=
67.74, 29.13, 28.79 and 26.14, which accounts for the Cj,
symmetry of 17.

2266 ——
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The UV spectrum of 17 (Figure 8) is mainly characterized
by a series of three distinct bands in the region 1=550-
700 nm.?2
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ot
E 80000+ 20004
2]
£
8 60000 10004
Q
c
2
D 40000 0 ———————
o
g 500 600 700 800
u
20000 -
0— T T T T T L
300 400 500 600 700 800

Wavelength / nm

Figure 8. UV/Vis spectrum of the all-trans-4 trisadduct 17.

The trisadduct 16 can be saponified to the corresponding
e,e,e-hexaacid 1 by the standard procedure described above.*!
Therefore, this reaction sequence provides a valuable tool for
the large-scale production of water-soluble 1. When the cyclo-
[3]-tetradecylmalonate 8 was treated with Cg, under the same
conditions, the trans-3,trans-3,trans-3 trisadduct 18 was iso-
lated as the only trisadduct in 29.9% yield. The work-up
required flash chromatography only and further purification
by HPLC was not necessary. This is an impressive example for
the almost complete change of regioselectivity from e,e,e to
trans-3 trans-3,trans-3 effected by a simple change of the
tether length from eight to fourteen methylene groups.

Tetraadducts: When cyclo-[4]-octylmalonate (4) is used as the
tether component in the reaction with C, it is evident that no
highly symmetric adducts can result, since tetraadducts of Cy,
with a C,-symmetric addition pattern are not possible. The
only alternative would be the D,,-symmetric trans-1,¢.e’
addition pattern described by the group of Diederich.?4
However, this addition pattern is thermodynamically disfa-
vored,™! and is thus unlikely to be formed with a flexible
tether system, such as 4. The main product from the reaction is
the trans-1,e’,e”"-tetraadduct 19 together with a less polar
byproduct 20 in a 86:14 ratio, as determined by HPLC. Both
products can be obtained in a pure form by HPLC.
Tetraadduct 19 was identified as the trans-1,¢',e” isomer by
comparison of its UV spectrum with that of the corresponding
octaethyl ester.’”] Corroboration of this assignment by
3C NMR spectroscopy is not possible as the molecule is C;-
symmetric because of the arrangement of the tether arms.
However, the reaction of 19 with an excess of diethylmalonate
under Bingel conditions leads to a hexaadduct with a
tetrahedral addition pattern, as will be shown in the next
section, thus further corroborating this assignment.

The C NMR spectrum of 20 (Figure 9) reveals pure C,
symmetry: the expected number of 26 signals with equal
intensity appears in the sp® region, four carbonyl signals can
be found from 0=164.80 to 163.32. Furthermore, four
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Figure 9. 3C NMR spectrum of the tetraadduct 20.

fullerene sp® peaks (0 =72.04-69.81), two signals for the
bridgehead carbons (0 =52.43 and 48.46), four signals for the
—O—CH, groups of the tether, and 11 of the 12 expected
signals for the remaining methylene groups of the tether (6 =
29.20-26.03, one with double intensity) are present in the
spectrum.

To obtain a sensible structure suggestion for tetraadduct 20,
a systematic overview of all possible Cg, tetraadducts with
pure C, symmetry is given in Table 1. It can be shown that a
C,-symmetric tetraadduct pattern can always be split into two
bisadduct patterns which also have C, symmetry. There are
only three such patterns, namely cis-3, trans-3, and trans-2.
The D,,-symmetric trans-1 pattern, however, must also be
considered, since it contains three C, axes. A combination of
these patterns leads to the ten possible C,-symmetric tetraad-
ducts shown in Table 1. Three setup possibilities exist for the
trans-1 pattern, corresponding to the three C, axes. These are
marked with (1), (2), and (3) in Table 1. It has to be noted that
the combination of two identical patterns, for example, cis-3/
cis-3 leads to patterns with a symmetry higher than C,.
Therefore, such combinations do not appear in the table.

It is unlikely that the tetraadduct 20 contains cis relation-
ships in its structure because such structures would result in a
very uneven distribution of the addends over the cage. The
only pattern without a cis relationship is the trans-4,trans-3,e
isomer 6. Since this is also the isomer with a minimum of
strain difference in the alkane chain, we postulate that this is
the correct structure for 20. The structures of 19 and 20 are
shown in Figure 10.

When two equivalents of cyclo-[2]-dodecylmalonate 6 are
treated with Cy, the formation of a C,-symmetric tetraadduct
containing two macrocycle addends is observed. As 6 leads to

Table 1. All possible Cy, tetraadducts with C, symmetry.

B =(CH3)s

Figure 10. Structures of the trans-1,¢',e”- (19) and trans-4,trans-3,e- (20)
tetraadducts.

the completely regioselective formation of trans-3 patterns
(see bisadduct 11), it seems reasonable to assume that the
addition pattern of the tetraadduct 21 contains two such
relationships. The only C,-symmetric structure which meets
this requirement is the cis-3,trans-3,trans-2 isomer shown in
Figure 11. This adduct contains a subaddition pattern of a
hexaadduct recently synthesized by Diederich et al.l!

B = (CHz)yz

Figure 11. Structure of the cis-3,trans-3,trans-2-tetraadduct 21.

Isomer No. Addition pattern Absolute addend positions Addition pattern Constituting addition patterns
(short nomenclature) (complete nomenclature)

cis-3 1 cis-2, cis-3, e 1,2/8,24/28,29/31,32 1, II12, IV*, elI? cis-3, trans-2

2 cis-3, trans-2, e 1,2/18,36/28,29/56,57 I, IV, el', 11%3 cis-3, trans-3

3 cis-1, cis-1, trans-1 1,2/3,4/9,10/55,60 I, II', 113, I* cis-3, trans-1 (1)

4 cis-2, cis-3, trans-3 1,2/8,24/16,17/33,50 I, 112, IVY, TIT#! cis-3, trans-1 (2)

5 cis-3, trans-4, trans-1 1,2/16,17/28,29/37,38 I, IV, IV4 TV#2 cis-3, trans-1 (3)
trans-3 6 trans-4, trans-3, e 1,2/18,36/43,44/48,49 L, el!, TV*#3, TII** trans-3, trans-2

7 cis-1, trans-2, trans-1 1,2/3,4/53,54/55,60 I, II', 112, I* trans-3, trans-1 (1)

8 cis-2, cis-2, trans-1 1,2/7,21/13,30/55,60 I, 100, 11153, I* trans-3, trans-1 (2)

9 cis-3, trans-4, trans-1 1,2/19,20/33,50/46,47 1, IV, I TV trans-3, trans-1 (3)
trans-2 10 cis-2, trans-3, trans-1 1,2/7,21/33,50/55,60 1, I, II0*, I trans-2, trans-1

Chem. Eur. J. 2002, 8, No. 10
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Hexaadducts: The adducts produced by the reaction of Cg
with one macrocycle unit can be further derivatized either by
reaction with other macrocycles or untethered malonates. For
example, the trisadduct 16 can be treated with another
equivalent of cyclo-[3]-octylmalonate 3 as well as with an
excess of didodecylmalonate under template activation con-
ditions with 9,10-dimethylanthracene (DMA)? to produce
the two hexaadducts 22 and 23 (Scheme 6).

00
rRO*0OR

DMA, =
I, DBU R =-(CH2)11CH3

22 23
Scheme 6. Synthesis of the hexaadducts 22 and 23.

The BC NMR spectra of 22 and 23 are depicted in
Figure 12. The C;-symmetric hexaadduct 23 shows 15 signals,
one with double intensity, for the 16 different sp? carbons of
the fullerene cage. The number of all the other signals is also
in accordance with this symmetry.

e

Jzz

23

l
N

| L

—_
—
——

170 160 150 140 130 126 100 100 90 &0 70 60 50

5
Figure 12. Comparison of the *C NMR spectra of the hexaadducts 22 and
23.

The UV spectrum of 23 is identical to that of normal 7,-
symmetric hexaadducts.’”l The same is true of the hexaadduct
22, but instead of two signals in the sp? region of the *C NMR
spectrum, six signals are observed, two of them with double
intensity. The reason for this effect is the symmetry lowering
from T, to C;; caused by the tether chains. For a hexaadduct of

2268
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this point group, eight signals of the same intensity are
expected in the sp? region (Figure 13): all symmetry-equiv-
alent carbon atoms are shown in the same color. The signals
are divided into two groups, one consists of the signals for the
carbons a to the sp® carbons (sets 1, 4, 5, and 7) and the other
one of the signals for the 3 carbons (sets 2, 3, 6, and 8). The
same principle holds true for the sp? signals of 23, the only
difference is the double signal set as consequence of the lower
symmetry.

Figure 13. Sets of symmetry-equivalent sp? carbon atoms in the hexa-
adduct 22.

To prove the structure of the trans-1,¢',e” tetraadduct 19
unambiguously, compound 19 was treated with an excess of
diethylbromomalonate and DBU under template activation
conditions to yield the hexaadduct 24 (Scheme 7). The
reaction proceeds very smoothly and the product can be
isolated in pure form by simple flash chromatography.

B = (CHp)g
19 24
Scheme 7. Synthesis of the mixed hexaadduct 24.

Although the C NMR spectrum of 24 still shows C,
symmetry, a “clustering” of the sp? carbon signals into two
groups at 0 ~ 141 and 146 (the signal positions of a normal T-
symmetric hexaadduct) as in the spectra of 22 and 23 takes
place, indicating the formation of an octahedral hexaaddition
pattern (Figure 14). For a C;-symmetric addition pattern, 48
signals are expected in the sp? region. In the cluster around
0 =146, 19 signals are found, three of them with double and
one with threefold intensity, which corresponds to 24 carbon
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Figure 14. The sp? region of the *C NMR spectrum of 24.

atoms. The cluster around 6 = 141 contains 21 resolved signals
with three of double intensity, and thus also corresponding to
24 carbons. Figure 14 also shows the integral curves of both
clusters, which have exactly the same height. The UV
spectrum of 24 is characteristic for a hexaadduct containing
a local Ty-symmetrical addition pattern and therefore un-
ambiguously corroborates the structure assignment.?”

Conclusion

With the cyclo-[n]-octylmalonates 2—5 we have introduced a
new concept for the tether-directed multifunctionalization of
Cg- As a result of the identical spacer lengths in these
macrocycles, only bis- and trisadducts with rotational sym-
metry are formed. Reactions with these tether systems usually
proceed with a very high degree of regioselectivity and very
good yields, which has been demonstrated by several exam-
ples ranging from bis- to tetraadducts. In many cases, the only
byproduct is some polymeric material that does not move on
silica gel. Furthermore, this approach is highly flexible and
allows a very exact fine tuning of the addend system, so that it
is possible to address alternative addition patterns by simple
variation of the macrocyclic ring size. The very regioselective
formation of adducts with Ci-symmetric addition patterns is
also possible by this method, when mixed cyclo-[n]-alkylmal-
onates with different spacer lengths are used, as has been
demonstrated by the isolation of the cis-2- and e-bisadducts.
The use of cyclo-[n]-alkylmalonates with additional anchor
groups on the alkyl chain, which provide an facile access to
highly functionalized fullerene architectures, as well as of
chiral macrocyclic malonates allowing for the diastereoselec-
tive synthesis of dissymmetric addition patterns, is currently
under investigation.

Experimental Section

General: 'H NMR and *C NMR: Jeol INM EX 400 and Jeol JNM GX 400.
MS: Finnigan MAT900 (FAB). FT IR: Bruker Vector22. UV/VIS:
Shimadzu UV 3102 PC. Analytical HPLC: Shimadzu SIL10A, SPDM 10A,
CBM10A, LC10AT. Preparative HPLC: Shimadzu SIL10A, SPD10A,
CBM10A, LC8A, FRC10A. TLC: Macherey-Nagel, Alugram SilG/
UV254. Reagents used were commercially available reagent grade and
were purified according to standard procedures.

cyclo-[n]-Octylmalonates 2-5: In a dry 2L round-bottomed flask
equipped with a gas inlet, 500 mL dropping funnel, and magnetic stirrer,
octanediol (2.00 g, 13.7 mmol, 1.00 equiv) was dissolved under argon in dry
dichloromethane (1 L). Pyridine (2.16 g, 27.3 mmol, 2.22 mL, 2.00 equiv)
was added to this solution. Subsequently, a solution of malonyl dichloride

Chem. Eur. J. 2002, 8, No. 10

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

(3.85 g, 27.3 mmol, 2.66 mL, 2.00 equiv) in dry dichloromethane (500 mL)
was added dropwise over a period of 8 h. After stirring for 2 d at room
temperature, the mixture was concentrated with a rotary evaporator and
filtered over a silica plug (6 x 6 cm) with CH,CL,/EtOAc 90:10 to remove
polymeric material and pyridine salts. The solution was evaporated, and the
resulting slightly yellow crude product separated by flash chromatography
on silica gel (6 x 35 cm, CH,CL/EtOAc 90:10). The order of elution was 2,
3, 4, and 5. The product fractions were evaporated to dryness to give
colorless solids (2 and 4) or oils (3 and 5). Total yield of macrocycles:
30.3%. Crystals of 2 suitable for X-ray analysis were grown from CH,Cl,/
pentane.

Compound 2: Yield: 462 mg (1.08 mmol), 15.8%; m.p. 99°C; 'H NMR
(CDCl,, 400 MHz): 6 =4.11 (t, %J(H,H) = 6.7 Hz, 8H), 3.33 (s, 4H), 1.61 (tt,
3J(H,H) =6.7 Hz, 8H), 1.29 (m, 16 H); ¥C NMR (CDCl;, 100 MHz): 6 =
166.44, 65.49, 42.18, 29.26, 28.49, 25.83; IR (KBr): 7=2960, 2921, 2854,
1746, 1325, 1264, 1253, 1217, 1137, 1064, 1028, 1003, 891, 724, 675, 616, 583,
478, 469 cm™'; elemental analysis caled (%) for (C;;H3O,), ((214.26),): C
61.66, H 8.47; found C 61.71, H 8.57; MS (FAB/NBA): m/z: 429 [M*].

Compound 3: Yield: 251 mg (0.390 mmol), 8.6%; 'H NMR (CDCl,,
400 MHz): 6=4.11 (t, 3J(H,H)=6.6 Hz, 12H), 3.33 (s, 6H), 1.60 (tt,
3J(H,H) =72 Hz, 12H), 1.29 (m, 24 H); *C NMR (CDCl,, 100.4 MHz): 6 =
166.55, 65.43,41.74,28.90, 28.34,25.57; IR (film): 7 = 2933, 2858, 1735, 1466,
1413, 1388, 1330, 1272, 1152, 1013, 666 cm™!; MS (FAB, NBA): m/z: 643
[M*].

Compound 4: Yield: 114 mg (0.133 mmol), 3.9%; 'H NMR (CDCl,,
400 MHz): 6 =4.11 (t, ] =6.7 Hz, 16 H), 3.34 (s, 8H), 1.61 (tt, *’J=7.2 Hz,
16H), 1.30 (m, 32H); C NMR (CDCl;, 100.4 MHz): 6 =166.63, 65.51,
41.71, 29.01, 28.40, 25.67; IR (film): 7 =2932, 2853, 1747, 1730, 1466, 1406,
1346, 1315, 1273, 1227, 1194, 1165, 1063, 1026, 956, 666 cm~'; MS (FAB,
NBA): m/z: 857 [M*].

Compound 5: Yield: 59.1 mg (0.0552 mmol), 2.0%; 'H NMR (CDCl;,
400 MHz): 0 =4.08 (t, %/ =6.7 Hz, 20H), 3.32 (s, 10H), 1.59 (tt, >/ = 7.1 Hz,
20H), 1.27 (m, 40H); *C NMR (CDCl;, 100.4 MHz): d =166.55, 65.43,
41.60, 28.93, 28.34, 25.59; IR (film): 7 =2933, 2858, 1731, 1466, 1412, 1388,
1331, 1273, 1151, 1013, 879, 725, 666 cm~'; MS (FAB, NBA): m/z: 1071
(M].

cyclo-[2]-Dodecylmalonate (6): Synthesis and separation were analogous
to those of the cyclo-[2]-octylmalonate. Yield: 640 mg (1.12 mmol, 8 %).
Colorless solid; m.p. 117°C; 'H NMR (CDCl;, 400 MHz): 6=4.11 (t,
3J(H,H) =6.6 Hz, 8H), 3.33 (s, 4H), 1.61 (tt, */(H,H) =6.6 Hz, 8H), 1.29
(m, 32H); C NMR (CDCl;, 100 MHz): 6 =166.53, 65.60, 42.11, 29.65,
29.62, 29,31, 28.51, 25.87; IR (KBr): 7=2959, 2917, 2851, 1743, 1477, 1326,
1263, 1234, 1216, 1138, 1066, 1050, 1035, 1022, 1007, 984, 892, 718, 616, 583,
419 cm~'; MS (FAB/NBA): m/z: 541 [M*];elemental analysis calcd (% ) for
C30Hs,05 (540.73): C 66.64, H 9.69; found C 66.17, H 9.53.

cyclo-[2]-Hexadecylmalonate (7): Synthesis and separation were analo-
gous to those of the cyclo-[2]-octylmalonate. Yield: 73.4 mg (0.075 mmol,
6% ). Colorless solid; 'H NMR (CDCl;, 400 MHz): 6 =4.08 (t, 3/(H,H) =
6.4 Hz, 8H), 3.21 (s, 4H), 1.57 (tt, 3J(H,H) = 6.8 Hz, 8H), 1.29 (m, 48H);
3C NMR (CDCl;, 100 MHz): 6 =171.02, 66.44, 36.90, 30.40, 30.37, 30.33,
30.28, 30.05, 29.93, 26.51; IR (KBr): 7=2961, 2920, 2853, 1744, 1477, 1332,
1263, 1217, 1138, 1099, 1022, 975, 910, 892, 852, 802, 720. 676, 616, 584,
470 cm™'; MS (FAB/NBA): m/z: 653 [M~].

cyclo-[3]-Tetradecylmalonate (8): Synthesis and separation were analo-
gous to those of the cyclo-[2]-octylmalonate. Yield: 52.3 mg (0.06 mmol,
8%). Colorless solid; '"H NMR (CDCl;, 400 MHz): 6 =4.14 (t, 3/(H,H) =
6.8 Hz, 12H), 3.36 (s, 6H), 1.63 (tt, *J(H,H) = 6.8 Hz, 12H), 1.37-1.24 (m,
60H); *C NMR (CDCl;, 100 MHz): 6 =166.56, 65.61, 42.08, 29.72, 29.66,
29.60, 29.30, 28.51, 25.87; IR (KBr): 7= 2959, 2917, 2851, 1740, 1479, 1326,
1263, 1216, 1137, 1066, 1053, 1035, 1020, 1007, 984, 892, 718, 616, 585 cm™;
MS (FAB/NBA): m/z: 896 [M*].

cyclo-[2]-Octyl-tetradecylmalonate (10): In a dry 2L round-bottomed
flask equipped with a gas inlet, 500 mL dropping funnel, and magnetic
stirrer, octanediol (322 mg, 2.2 mmol, 1.00 equiv) and tetradecanediol
(500 mg, 2.2 mmol, 1.00 equiv) were dissolved under argon in dry dichloro-
methane (1 L). Pyridine (418 mg, 5.2 mmol, 0.43 mL, 2.40 equiv) was added
to this solution. Subsequently, a solution of malonyl dichloride (744 mg,
5.3 mmol, 0.51 mL, 2.40 equiv) in dry dichloromethane (500 mL) was
added dropwise over a period of 8 h. After stirring for 2d at room
temperature, the mixture was concentrated with a rotary evaporator and
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filtered over a silica plug (6 x 6 cm) with CH,CL/EtOAc 95:5 to remove
polymeric material and pyridine salts. The solution was evaporated, and the
resulting slightly yellow crude product separated by flash chromatography
on silica gel (6 x 35 cm, CH,CL/EtOAc 95:5). The product eluted as the
third fraction with the other fractions being cyclo-[2]-octylmalonate (2) and
cyclo-[2]-tetradecylmalonate (8). The product was evaporated to dryness to
give a colorless solid. Yield: 112.7 mg (0.22 mmol, 10%). Crystals of 10
suitable for X-ray analysis were grown from CH,Cl,/pentane. '"H NMR
(CDCls, 400 MHz): 6 =4.14 (m, 8H), 3.35 (s, 4H), 1.62 (m, 8 H), 1.31-1.25
(m, 28H); C NMR (CDCl;, 100 MHz): 6 =166.51, 166.48, 65.53, 65.47,
41.95, 29.38, 29.30, 29.28, 29.10, 29.02, 28.46, 28.43, 28.38, 25.78, 25.72; IR
(KBr): #=2994, 2952, 2914, 2851, 1754, 1733, 1476, 1412, 1319, 1287, 1217,
1164, 1080, 1049, 1030, 982, 954, 889, 861, 833, 790, 774, 718, 689, 607, 585,
571, 491, 455, 424 cm~'; MS (FAB/NBA): m/z: 513 [M~].

cyclo-[2]-Butyl-octylmalonate (9): Synthesis and separation were analo-
gous to those of compound 10. Yield: 48.0 mg (0.13 mmol/3.3 % ). Highly
viscous oil; 'H NMR (CDCl;, 400 MHz): 6 =4.17 (m, 8H), 3.37 (s, 4H),
1.74 (m, 4H), 1.64 (m, 4H), 1.32 (m, 8H); *C NMR (CDCl;, 100 MHz):
0=166.44, 166.39, 65.38, 65.00, 42.00, 28.59, 28.25, 25.48, 25.21; IR (KBr):
7=2996, 2950, 2911, 2848, 1757, 1728, 1476, 1411, 1320, 1287, 1219, 1160,
1081, 1049, 1035, 980, 955, 889, 863, 831, 790, 771, 719, 689, 605, 587, 573,
493, 455, 422 cm™'; MS (FAB/NBA): m/z: 373 [M*].

trans-3-(cyclo-[2]-Dodecylmalonyl)tetrahydro[60]fullerene (11): In a dry
100 mL three-necked flask equipped with a gas inlet, dropping funnel, and
magnetic stirrer, Cq, (50 mg, 0.069 mmol, 1.1 equiv) was dissolved under
argon in dry toluene (50 mL). Subsequently, the macrocycle 6 (34 mg,
0.063 mmol, 1.0 equiv) and iodine (32 mg, 0.13 mmol, 2.0 equiv) were
added to the solution followed by the dropwise addition of a solution of
DBU (38 mg, 0.25 mmol, 4.0 equiv, 38 uL) in dry toluene (20 mL) over a
period of 1.5 h. After additional stirring at room temperature for ~10 min,
the raw mixture was subjected to flash chromatography on silica gel (6 x
25 cm). The bisadduct 11 was eluted with toluene. Precipitation from
CH,Cl,/pentane yielded 44.4 mg (0.0353 mmol, 56 %) of 11. Brown solid;
'"H NMR (CDCl;, 400 MHz): 6 =4.76 (m, 2H), 4.54 (m, 2H), 4.31 (m, 4H),
1.80-0.90 (m, 40H); 3C NMR (CDCl;, 400 MHz): 6 =164.42 (2C, C=0),
163.40 (2C, C=0), 14726 (2C), 147.05 (2C), 14701 (2C), 146.75 (2C),
146.67 (2C), 146.47 (2C), 146.33 (2C), 146.26 (4C), 145.45 (2C), 145.23
(2C), 145.09 (2C), 144.61 (2C), 144.23 (2C), 144.09 (2C), 143.83 (2C),
143.45 (4C), 143.29 (2C), 142.76 (2C), 142.41 (2C), 141.83 (2C), 141.54
(2C), 14141 (2C), 141.35 (2C), 140.20 (2C), 139.02 (2C), 138.37 (2C),
7171 (2C, sp?), 71.63 (2C, sp?), 6794 (2C, O-CH,), 67.74 (2C, O-CH,),
53.22 (2C, quart), 30.16 (2C, alkyl), 30.03 (2C, alkyl), 29.64 (2C, alkyl),
29.54 (2C, alkyl), 29.42 (2C, alkyl), 29.39 (2C, alkyl), 28.86 (2C, alkyl),
28.84 (2C, alkyl), 27.40 (2C, alkyl), 26.85 (2C, alkyl); IR (KBr): 7=2924,
2851, 1753, 1729, 1462, 1430, 1388, 1231, 1213, 1176, 1104, 1064, 709, 529,
522 cm™Y; UV/Vis (CH,CL): Ane (8) =249 (110000), 297 (45000), 411
(3900), 422 (3200), 485 nm (2900 mol~!dm*cm~'); MS (FAB, NBA): m/z:
1257 [M*], 720 [Cg*].

Reaction of Cy, with macrocycle 7 to give trans-3-(cyclo-[2]-hexadecylma-
lonyl)tetrahydro[60]fullerene (12) and trans-1-(cyclo-[2]-hexadecylmalo-
nyl)tetrahydro[60]fullerene (13): In a dry 100 mL two-necked flask
equipped with a gas inlet, dropping funnel, and magnetic stirrer, Cg,
(43.2 mg, 0.06 mmol, 1.0 equiv) was dissolved in toluene (50 mL) under
argon. Subsequently, the macrocycle 7 (39.2 mg, 0.06 mmol, 1.0 equiv) and
iodine (38.0 mg, 0.15 mmol, 2.5equiv) were added followed by the
dropwise addition of a solution of DBU (36.5 mg, 0.24 mmol, 35.9 uL,
4 equiv) in dry toluene (20 mL) over a period of 1h. The solution was
stirred at room temperature for 2 d. The raw mixture was subjected to flash
chromatography on silica gel (6 x 25 cm). The bisadducts were eluted with
toluene. Precipitation from CS,/pentane yielded 10.6 mg (0.0083 mmol,
12.9%) of 12 and 7.5 mg (0.0059 mmol, 9.1 %) of 13 as brown and olive-
green solids, respectively.

Compound 12: 'H NMR (CDCl;, 400 MHz): 6 =4.78 (m, 2H), 4.52 (m,
2H), 4.40 (m, 4H), 1.84-0.88 (m, 56 H); *C NMR (CDCl;, 100 MHz): 6 =
164.02 (2C, C=0), 163.73 (2C, C=0), 147.08 (2C), 146.98 (2C), 146.90
(2C), 146.61 (2C), 146.42 (2C), 146.33 (4C), 146.20 (2C), 145.59 (2C),
145.35 (2C), 144.56 (2C), 144.38 (2C), 144.14 (2C), 143.87 (2C), 143.57
(2C), 143.51 (4C), 143.38 (2C), 143.06 (4C), 142,51 (2C), 142.35 (2C),
142.31 (2C), 141.86 (2C), 141.58 (2C), 140.43 (2C), 138.29 (2C), 13747
(20), 7191 (2C, sp’), 71.54 (2C, sp’), 6743 (2C, O-CH,), 66.83, (2C,
0-CH,), 52.95, (2C, quart), 29.61, 29.50, 29.43, 29.28, 29.25, 29.18, 28.84,
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28.66, 28.60, 28.39, 26.10, 25.76; IR (KBr): 7 = 2924, 2851, 1753, 1729, 1462,
1430, 1388, 1231, 1213, 1176, 1104, 1064, 709, 529, 522 cm~!; UV/Vis
(CH,CL,): Anay (£) =248 (85000), 275 (49000), 317 (28000), 377 (7500), 412
(3000), 423 (2500), 485 nm (2000 mol~'dm*cm~'); MS (FAB, NBA): m/z:
1369 [M*], 720 [C*].

Compound 13: '"H NMR (CS,/CDCl;, 400 MHz): 6 =4.59 (t, 3J(H,H) =
5.5 Hz, 8H), 1.86 (tt, J(FLH) =4.9 Hz, 8H), 149 (tt, 3/(ILH)="77 Hz,
8H), 1.30-1.13 (m, 36 H), 0.90 (t, J(H,H) =72 Hz, 4H); 3C NMR (CS,/
CDClL, 100 MHz): 6 = 163.48 (4C, C=0), 145.02 (4C), 144.93 (§C), 144.50
(8C), 143.86 (8C), 143.35 (4C), 143.17 (8C), 141.00 (8C), 138.23 (8C),
69.99 (4C, sp®), 67.16 (4C, O-CH,), 35.39 (2C, quart), 30.55 (4C, alkyl),
30.28 (4C, alkyl), 30.20 (4C, alkyl), 30.01 (4C, alkyl), 29.90 (4C, alkyl),
29.19 (4C, alkyl), 27.17 (4C, alkyl); IR (KBr): 7=2923, 2852, 1743, 1637,
1457, 1384, 1232, 1209, 1093, 1061, 1032, 864, 810, 738, 702, 672, 573, 544,
524 e UV/Vis (CHLCL): Anas (€) =237 (92500), 254 (75 500), 318 (4100),
442 (3300), 472 nm (3900 mol~'dm3’cm~'); MS (FAB, NBA): m/z: 1369
[M*], 720 [Ce*].

cis-2-(cyclo-[2]-Butyl-octylmalonyl)tetrahydro[60]fullerene (14): In a dry
100 mL two-necked flask equipped with a gas inlet, dropping funnel, and
magnetic stirrer, Cg (94.0 mg, 0.13 mmol, 1.0 equiv) was dissolved in
toluene (50 mL) under argon. Subsequently, the macrocycle 9 (48.0 mg,
0.13 mmol, 1.0 equiv) and iodine (66.0 mg, 0.26 mmol, 2 equiv) were added
followed by the dropwise addition of a solution of DBU (79.0 mg,
0.52 mmol, 78.0 pL, 4 equiv) in dry toluene (20 mL) over a period of 1 h.
The solution was stirred at room temperature for 2 d. The raw mixture was
subjected to flash chromatography on silica gel (6 x 25 cm). The bisadduct
was eluted with toluene. Precipitation from toluene/pentane yielded
55.1 mg (0.0505 mmol, 39 %) of 14 as a dark red solid. 'H NMR (CDCl;,
400 MHz): 6 =4.68 (m, 2H), 4.41 (m, 6H), 2.09-1.26 (m, 16 H); *C NMR
(CDCl;, 100 MHz): 6 =163.65 (2C, C=0), 163.50 (2C, C=0), 149.3 (2C),
1474 (2C), 1474 (2C), 147.3 (2C), 146.8 (2C), 146.2 (2C), 145.9 (2C), 145.8
(2C), 145.3 (2C), 145.3 (2C), 145.0 (2C), 145.0 (2C), 144.7 (2C), 1445
(2C), 1444 (2C), 1443 (2C), 144.1 (2C), 143.7 (2C), 143.6 (2C), 143.4
(20), 1425 (2C), 1424 (20), 1412 (2C), 141.0 (2C), 139.1 (2C), 1375
(20),136.2 (2C), 136.1 (2C), 70.69 (4 C, sp*), 6749 (1C, O-CH,), 6743 (1C,
0-CH,), 66.60 (2C, O-CH,), 50.90 (2C, quart), 28.27 (2 C, alkyl), 27.69 (2C,
alkyl), 26.71 (2C, alkyl), 24.74 (2C, alkyl); IR (KBr): 7 =923, 2853, 2334,
1944, 1749, 1731, 1458, 1389, 1262, 1230, 1210, 1174, 1099, 1059, 1019, 953,
905, 807, 730, 704, 646, 580, 551, 526 cm~'; UV/Vis (CH,Cl,): A,,,x (€) =257
(86000), 273 (57000), 322 (25000), 346 (14000), 371 (9000), 382 (8000), 438
(2300), 465 nm (1900 mol~'dm3*cm!); MS (FAB, NBA): m/z: 1089 [M*],
720 [Co*].

e-(cyclo-[2]-Octyl-tetradecylmalonyl)tetrahydro[60]fullerene (15): In a
dry 100 mL two-necked flask equipped with a gas inlet, dropping funnel,
and magnetic stirrer, Cy, (86.5 mg, 0.12 mmol, 1.0 equiv) was dissolved in
toluene (50 mL) under argon. Subsequently, the macrocycle 10 (60.0 mg,
0.12 mmol, 1.0 equiv) and iodine (60.9 mg, 0.24 mmol, 2 equiv) were added
followed by the dropwise addition of a solution of DBU (73.1 mg,
0.48 mmol, 72.1 pL, 4 equiv) in dry toluene (20 mL) over a period of 1 h.
The solution was stirred at room temperature for 2 d. The raw mixture was
subjected to flash chromatography on silica gel (6 x 25 cm). The bisadduct
was eluted with toluene. Precipitation from toluene/pentane yielded
75.2 mg (0.0612 mmol, 51.1 %) of 15 as a dark red solid. '"H NMR (CDCl,,
400 MHz): 6 =4.82 (m, 1H), 4.73 (m, 1 H), 4.64 (m, 1H), 4.56 (m, 1 H), 4.36
(m, 1H), 4.29 (m, 1H), 4.23 (m, 1H), 4.18 (m, 1H), 1.77-1.10 (m, 36 H);
BC NMR (CDCl;, 100 MHz): 6 =164.35 (1C, C=0), 163.23 (1C, C=0),
163.12 (1C, C=0), 163.00 (1C, C=0), 148.8 (1C), 1479 (1C), 147.1 (1C),
146.4 (1C), 146.3 (1C), 146.3 (1C), 146.1 (1C), 146.0 (1C), 145.9 (1C),
145.5 (3C), 1452 (3C), 1451 (1C), 145.0 (1C), 145.0 (1C), 1449 (1C),
144.7 (3C), 144.6 (3C), 1445 (1C), 1443 (1C), 1442 (1C), 144.1 (1C),
144.0 (1C), 1439 (1C), 143.8 (1C), 143.7 (1C), 143.6 (1C), 143.6 (1C),
1435 (1C), 143.4 (1C), 143.3 (1C), 143.3 (1C), 1432 (1C), 143.0 (1C),
143.0 (1C),141.9(1C), 1419 (1C), 141.8 (1 C), 141.7 (1C), 141.6 (1 C), 141.6
(1C), 1414 (1C), 1409 (1C), 1394 (1C), 139.3 (1C), 138.7 (1C), 138.4
(1C), 71.95 (2C, sp?), 71.84 (2C, sp?), 6794 (1C, O-CH,), 67.88 (1C,
0O-CH,), 67.09 (1C, O-CH,), 66.50 (1C, O-CH,), 54.22 (1C, quart), 52.51
(1C, quart), 30.64, 30.33, 29.70, 29.48, 29.36, 29.23, 29.04, 28.82, 28.45, 27.60,
2731, 26.57, 26.40, 25.90; IR (KBr): 7 =2994, 2952, 2914, 2851, 1754, 1733,
1476, 1412, 1319, 1287, 1217, 1164, 1080, 1049, 1030, 982, 954, 889, 861, 833,
790, 774, 718, 689, 607, 585, 571, 491, 455, 424 cm~'; UV/Vis (CH,CL): Aax
(¢) =252 (85000), 282 (49000), 313 (32000), 360 (12000), 398 (3500), 421
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(2200), 475 nm (2600 mol~'dm*cm~); MS (FAB, NBA): m/z: 1229 [M*],
720 [Co'].-

Reaction of Cg with macrocycle 3 to give e,e e-(cyclo-[3]-octylmalonyl)-
hexahydro[60]fullerene (16) and trans-4,trans-4.trans-4-(cyclo-[3]-octyl-
malonyl)hexahydro[60]fullerene (17): In a dry 1L three-necked flask
equipped with a gas inlet, 250 mL dropping funnel, and magnetic stirrer, Cq,
(255 mg, 0.354 mmol, 1.0 equiv) was dissolved under argon in dry toluene
(400 mL). Subsequently, the macrocycle 3 (205 mg, 0.319 mmol, 0.9 equiv)
and iodine (243 mg, 0.956 mmol, 2.7 equiv) were added to the solution
followed by the dropwise addition of a solution of DBU (404 mg,
2.65 mmol, 7.5 equiv, 397 uL) in dry toluene (160 mL) over a period of
3 h. The color of the solution turned to deep orange. After additional
stirring at room temperature for about 10 min, the raw mixture was
subjected to flash chromatography on silica gel (6 x 25 cm). Traces of Cy,
and other impurities were eluted with toluene, then the eluent was changed
to toluene/ethyl acetate 98:2 and the trisadducts 16 and 17 were eluted
together as a bright orange band. Compounds 16 and 17 were separated by
preparative HPLC on Nucleosil (toluene/ethyl acetate 98:2). Precipitation
from CH,Cl,/pentane yielded 174.0 mg (0.128 mmol, 40.2 %) of 16 (orange
solid) and 8.8 mg (0.0065 mmol, 2.0 %) of 17 (olive-green solid).

Compound 16: '"H NMR (CDCl;, 400 MHz): 6 =4.71 (m, 6H), 4.12 (m,
3H), 401 (m, 3H), 1.78 (m, 3H), 1.56 (m, 12H), 137 (m, 3H), 1.19 (m,
18H), 0.86 (m, 3H); 3C NMR (CDCl,, 100 MHz): 6 = 162.87 (3C, C=0),
162.63 (3C, C=0), 14794 (3C), 146.69 (3C), 146.60 (3C), 146.56 (3C),
14639 (3C), 146.37 (3C), 146.33 (3C), 145.61 (3C), 145.59 (3C), 144.49
(3C), 144.45 (3C), 143.83 (3C), 143.66 (3C), 142.76 (3C), 142.56 (3C),
14179 (3C), 141.08 (3C), 140.95 (3 C), 71.30 (3C, sp*), 70.62 (3C, sp?), 67.16
(3C, O-CH,), 66.41 (3C, O-CH,), 54.28 (3C, quart), 29.36 (3C, alkyl), 29.19
(3C, alkyl), 29.03, (3C, alkyl), 28.94 (3C, alkyl), 26.35 (3C, alkyl), 25.71
(3G, alkyl); IR (KBr): 7#=2928, 2855, 1747, 1458, 1384, 1273, 1254, 1233,
1214, 1178, 1104, 1065, 741, 714, 704, 528, 522 cm~!; UV/Vis (CH,CL,): Apax
(£) =251 (82000), 281 (60000), 305 (44 000), 380 (5900), 481 (4000), 565 nm
(1300 mol ' dm?cm-'); MS (FAB, NBA): m/z: 1357 [M*], 720 [Cq*].

Compound 17: '"H NMR (CDCl;, 400 MHz): 6 =4.55 (m, 6H), 4.35 (m,
6H), 1.68 (m, 12H), 1.20 (m, 24H); C NMR (CDCl;, 100 MHz): 6 =
164.89 (6C, C=0), 14767 (6C), 145.58 (6C), 144.74 (6C), 143.22 (6C),
142.95 (6C), 142.49 (6C), 142.22 (6C), 141.77 (3C), 140.08 (6C), 134.78
(6C), 71.29 (3C, sp®), 70.54 (3 C, sp?), 67.73 (6 C, O-CH,), 50.48 (3 C, quart),
29.12 (6C, alkyl), 28.79 (6 C, alkyl), 26.13 (6 C, alkyl); UV/Vis (CH,CL,):
Amax (8) =238 (100000), 262 (73 000), 294 (47000), 313 (35000), 349 (17000),
447 (2900), 463 (3100), 526 (1200), 564 (830), 624 (670), 690 nm
(520 mol~'dm’*cm™"); MS (FAB, NBA): m/z: 1357 [M*], 720 [C*].

trans-3,trans-3,trans-3-(cyclo-[ 3]-Tetradecylmalonyl)hexahydro[ 60 Jfuller-
ene (18): In a dry 100 mL two-necked flask equipped with a gas inlet,
dropping funnel, and magnetic stirrer, Cy, (44.7 mg, 0.06 mmol, 1.0 equiv)
was dissolved in toluene (50 mL) under argon. Subsequently, the macro-
cycle 8 (50.0 mg, 0.06 mmol, 1.0 equiv) and iodine (42.5 mg, 0.17 mmol,
2.7 equiv) were added, followed by the dropwise addition of a solution of
DBU (72.0 mg, 0.47 mmol, 69.5 uL, 7.5 equiv) in dry toluene (20 mL) over a
period of 1 h. The solution was stirred at room temperature for 2 d. The raw
mixture was subjected to flash chromatography on silica gel (6 x 25 cm).
The trisadduct was eluted with toluene. Precipitation from CH,Cl,/pentane
yielded 29.9 mg (0.0181 mmol, 29.9%) of 18 as a red solid. 'H NMR
(CDCl;, 400 MHz): 6 =4.59 (t, *J(H,H) =5.5 Hz, 8H), 1.86 (tt, *J(H,H) =
4.9 Hz, 8H), 1.49 (tt, 3J(H,H) =7.7 Hz, 8H), 1.30—1.13 (m, 44H), 0.90 (t,
3J(HH)=72Hz, 4H); "C NMR (CDCl;, 100 MHz): 6=163.48 (4C,
C=0), 145.02 (4H), 144.93 (8H), 144.50 (8H), 143.86 (8H), 143.35 (4H),
143.17 (8H), 141.00 (8 H), 138.23 (8 H), 69.99 (4 C, sp?), 67.16 (4 C, O-CH,),
35.39 (2C, quart), 30.55 (4C, alkyl), 30.28 (4C, alkyl), 30.20 (4C, alkyl),
30.01 (4 C, alkyl), 29.90 (4C, alkyl), 29.19 (4 C, alkyl), 27.17 (4C, alkyl); IR
(KBr): 7=2922, 2850, 1742, 1637, 1457, 1432, 186, 1253, 1230, 1210, 1176,
1103, 1062, 1034, 813, 709, 671, 572, 544, 528 cm~'; UV/Vis (CH,CL,): Ay
() =240 (78000), 295 (36000), 399 (3400), 473 (2600), 556 (1100), 630 nm
(240 mol~'dm’*cm™"); MS (FAB, NBA): m/z: 1611 [M*], 720 [C*].

Reaction of Cg, with macrocycle 4 to give trans-1,¢ .e”-(cyclo-[4]-octylma-
lonyl)octahydro[60]fullerene (19) and trans-4.trans-3,e-(cyclo-[4]-octyl-
malonyl)octahydro[60]fullerene (20): In a dry 250 mL three-necked flask
equipped with a gas inlet, 100 mL dropping funnel, and magnetic stirrer, Cy,
(119 mg, 0.164 mmol, 1.0 equiv) was dissolved under argon in dry toluene
(400 mL). Subsequently, the macrocycle 4 (141 mg, 0.164 mmol, 1.0 equiv)
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and iodine (167 mg, 0.658 mmol, 4.0 equiv) were added to the solution,
followed by the dropwise addition of a solution of DBU (250 mg,
1.64 mmol, 10 equiv, 246 uL) in dry toluene (50 mL) over a period of
1.5 h. After additional stirring at room temperature for 2 d, the raw mixture
was subjected to flash chromatography on silica gel (6 x 25 cm). Traces of
impurities were eluted with toluene, then the eluent was changed to
toluene/ethyl acetate 95:5 and the tetraadducts 19 and 20 were eluted
together as a bright orange band. Compounds 19 and 20 were separated by
preparative HPLC on Nucleosil (toluene/ethyl acetate 98:2). Precipitation
from CH,Cly/pentane yielded 67.0 mg (0.0427 mmol, 26.0%) of 19 and
14.9 mg (0.00949 mmol, 5.8 %) of 20 as bright orange (19) and olive-green
(20) solids.

Compound 19: 'H NMR (CDCl;, 400 MHz): 6 =4.73 (m, 4H), 4.44 (m,
4H), 4.33 (m, 1H), 4.17 (m, 6 H), 3.98 (m, 1H), 1.85 (m, 1H), 1.71 (m, 8H),
1.57 (m, 8H), 1.44 (m, 1H), 1.23 (m, 28H), 0.97 (m, 1H), 0.87 (m, 1H);
3C NMR (CDCl;, 100 MHz): 6 =164.69 (1C, C=0), 163.88 (1C, C=0),
163.77 (1C, C=0),163.71 (1C, C=0),163.34 (1 C, C=0), 163.31 (1 C, C=0),
162.74 (1C, C=0), 162.55 (1C, C=0), 14759 (1 C), 14750 (1 C), 14742 (1 C),
147.38 (1C), 14729 (1C), 14725 (1C), 146.90 (1C), 146.87 (1C), 146.79
(1C), 146.61 (2C), 146.55 (1C), 146.47 (1C), 146.37 (1C), 146.08 (1C),
146.01 (1C), 145.86 (1C), 145.46 (1C), 145.41 (1C), 145.38 (2C), 145.29
(1C), 145.14 (1C), 145.02 (1C), 144.51 (1C), 144.49 (1C), 144.45 (1C),
144.42 (1C), 144.37 (1C), 144.09 (1C), 144.06 (1C), 143.84 (1C), 143.76
(1C), 143.68 (1C), 143.54 (1C), 143.30 (1C), 143.25 (2C), 143.03 (1C),
142.33 (1C), 142.30 (1C), 142.25 (1C), 142.19 (1C), 142.10 (1C), 142.05
(1C), 141.98 (1C), 141.61 (1C), 141.43 (1C), 139.97 (1C), 139.93 (1C),
139.77 (1C), 139.42 (1C), 70.95 (1C, sp?), 70.79 (1C, sp®), 70.69 (1C, sp?),
70.44 (1C, sp?), 69.77 (1C, sp?), 69.51 (1C, sp®), 69.24 (1C, sp?), 68.76 (1C,
sp?), 67.44 (1C, O-CH,), 6721 (1C, O-CH,), 67.15 (2C, O-CH,), 67.07 (1C,
0-CH,), 67.00 (1C, O-CH,), 66.91 (1C, O-CH,), 66.43 (1C, O-CH,), 55.36
(1C, quart), 54.01 (1C, quart), 46.72 (1C, quart), 46.61 (1C, quart), 29.24
(1C, alkyl), 29.22 (1 C, alkyl), 29.18 (1 C, alkyl), 29.03 (2 C, alkyl), 29.00 (2C,
alkyl), 28.79 (1C, alkyl), 28.70 (1C, alkyl), 28.62 (1C, alkyl), 28.53 (1C,
alkyl), 28.50 (1C, alkyl), 28.47 (1C, alkyl), 28.36 (2C, alkyl), 28.08 (1C,
alkyl), 26.28 (1C, alkyl), 26.18 (1C, alkyl), 26.15 (1C, alkyl), 26.07 (1C,
alkyl), 26.03 (1 C, alkyl), 25.92 (2 C, alkyl), 25.72 (1 C, alkyl); IR (KBr): 7=
2930, 2855, 1748, 1460, 1388, 1353, 1253, 1215, 1172, 1107, 1075, 1020, 993,
709, 667, 526 cm™!; UV/Vis (CH,CL,): Apa (€) =244 (98000), 285 (73000),
346 (18000), 373 (7600), 423 (3800), 498 (3200), 543 nm
(2000 mol~'dm*cm'); MS (FAB, NBA): m/z: 1570 [M*], 720 [Cg*].

Compound 20: '"H NMR (CDCl;, 400 MHz): 0 =4.74 (m, 4H), 4.59 (m,
2H), 428 (m, 10H), 1.87 (m, 2H), 1.69 (m, 11H), 1.51 (m, SH), 1.34 (m,
15H), 1.19 (m, 15H); C (CDCl, 100 MHz): 6 = 164.80 (2C, C=0), 164.61
(2C, C=0),163.75 (2C, C=0), 163.32 (2C, C=0), 147.51 (2C), 14701 (2C),
146.99 (2C), 146.91 (2C), 146.46 (2C), 146.09 (2C), 146.03 (2C), 145.43
(20), 145.16 (2C), 14450 (2C), 144.14 (2C), 144.08 (2C), 143.58 (2C),
142.99 (2C), 142.87 (2C), 142.59 (2C), 142.23 (2C), 141.84 (2C), 140.59
(2C), 140.09 (2C), 139.93 (2C), 139.75 (2C), 139.69 (2C), 139.19 (2C),
139.15 (2C), 135.49 (2C), 72.04 (2C, sp*), 7172 (2C, sp®), 71.54 (2C, sp®),
69.81 (2C, sp), 67.77 (2C, O-CH,), 67.62 (2C, O-CH,), 67.15 (2C, O-CH,),
67.10 (2C, O-CH,), 52.43 (2C, quart), 48.46 (2C, quart), 29.20 (2C, alkyl),
29.17 (2C, alkyl), 29.13 (2C, alkyl), 29.04 (2C, alkyl), 28.87 (4C, alkyl),
28.83 (2C, alkyl), 28.76 (2C, alkyl), 26.28 (2C, alkyl), 26.12 (2C, alkyl),
26.08 (2C, alkyl), 26.04 (2C, alkyl); IR (KBr): #=2929, 2855, 1749, 1726,
1460, 1389, 1294, 1273, 1225, 1174, 1114, 1073, 992, 705, 669, 548, 519 cm™!;
UV/Vis (CH,CL): A (€) =238 (110000), 274 (70000), 287 (67000), 386
(7600), 412 (4300), 464 (4100), 599 (910), 673 nm (160 mol~'dm*cm~'); MS
(FAB, NBA): m/z: 1570 [M*], 720 [Ce*].

cis-3.trans-3,trans-2-Bis(cyclo-[2]-dodecylmalonyl)octahydro[ 60 ]fullerene
(21): In a dry 100 mL three-necked flask equipped with a gas inlet, 100 mL
dropping funnel, and magnetic stirrer, Cy, (43.2 mg, 0.06 mmol, 1.0 equiv)
was dissolved in toluene (50 mL) under argon. Subsequently, the macro-
cycle 6 (38.9 mg, 0.07 mmol, 1.2 equiv) and iodine (38.0 mg, 0.15 mmol,
2.5 equiv) were added, followed by the dropwise addition of a solution of
DBU (36.5 mg, 0.24 mmol, 35.9 pL, 4 equiv) in dry toluene (20 mL) over a
period of 1 h. The solution was stirred at room temperature for 2 d. The raw
mixture was subjected to flash chromatography on silica gel (6 x 25 cm).
Two fractions were obtained. The first consisted of the fullerene 11,
whereas the second was the fullerene 21. Further purification by HPLC on
Nucleosil was necessary (toluene/EtOAc 97:3). Precipitation from toluene/
pentane yielded 5.0 mg (0.0028 mmol, 4.7%) of 21 as a dark red solid.
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'H NMR (CDCl,, 400 MHz): 6 =4.40 (m, 16H), 1.58 (m, 32H), 1.27 (m,
48H); 3C NMR (CDCl,, 100 MHz): 6 =165.85 (2C, C=0), 164.59 (2C,
C=0), 163.56 (2C, C=0), 163.47 (2C, C=0), 148.72 (4C), 148.52 (6C),
14760 (6C), 14748 (4C), 14712 (4C), 146.46 (4C), 145.57 (4C), 144.30
(4C), 14321 (4C), 143.02 (4C), 142.30 (4C), 141.83 (4C), 141.01 (4C),
71.88 (1C, sp*), 7165 (1C, sp*), 71.55 (2C, sp’), 67.97 (2C, O-CH,), 67.89
(2C, O-CH,), 6762 (2C, O-CH,), 6730 (2C, O-CH,), 53.41 (2C, quart),
52.53 (2C, quart), 30.16 (2C, alkyl), 30.01 (2C, alkyl), 29.84 (2C, alkyl),
29.75 (2C, alkyl), 29.73 (2C, alkyl), 29.67 (2C, alkyl), 29.62 (2C, alkyl),
29.59 (2C, alkyl), 29.51 (2C, alkyl), 29.46 (2C, alkyl), 29.41 (2C, alkyl),
29.38 (2C, alkyl), 29.31 (2C, alkyl), 29.28 (2C, alkyl), 29.25 (2C, alkyl),
2921 (2C, alkyl), 28.83 (2C, alkyl), 28.69 (2C, alkyl), 28.60 (1C, alkyl),
28.43 (1C, alkyl), 28.40 (2C, alkyl), 2743 (2C, alkyl), 26.72 (2C, alkyl),
26.05 (2C, alkyl), 25.82 (2C, alkyl), 25.78 (2C, alkyl); IR (KBr): #=2923,
2852, 2055, 1741, 1637, 1460, 1432, 1384, 1225, 1178, 1108, 1062, 805, 723,
709, 529 cm™'; UV/Vis (CH,CL): Amex () =241 (93500), 295 (45300), 401
(3900), 473 (3400), 559 (1500), 606 nm (500 mol-'dm3*cm'); MS (FAB,
NBA): m/z: 1793 [M*], 720 [Ce*].

e,ee.e.ee-Bis(cyclo-[3]-octylmalonyl)dodecahydro[60]fullerene (22): In a
dry 100m L three-necked flask equipped with a gas inlet, 100 mL dropping
funnel, and a magnetic stirrer, the trisadduct 16 (50.0 mg, 0.0368 mmol,
1.0 equiv) was dissolved under argon in dry toluene (50 mL). Subsequently,
the macrocycle 3 (23.7 mg, 0.0368 mmol, 1.0 equiv) and iodine (28.0 mg,
0.110 mmol, 3.0 equiv) were added to the solution, followed by the
dropwise addition of a solution of DBU (42 mg, 0.276 mmol, 7.5 equiv,
41.2 uL) in dry toluene (20 mL) over a period of 2 h. After additional
stirring at room temperature for 5 d, the reaction mixture was quenched
with HCI (200 pL, 2N), concentrated, and subjected to flash chromatog-
raphy on silica gel (4 x 25 cm) with toluene/ethyl acetate 95:5 as the eluent.
The column was equipped with an UV/Vis detector set at A =320 nm to
provide a better detection of the pale yellow product band eluting after
traces of the reactants. Precipitation from CH,Cl,/pentane yielded 10.4 mg
(0.00522 mmol, 14%) of 22 as a pale yellow solid. '"H NMR (CDCl;,
400 MHz): 6 =4.58 (m, 12H), 4.17 (m, 6H), 4.06 (m, 6H), 1.75 (m, 8H),
1.59 (m, 12H), 135 (m, 8H), 1.21 (m, 36H), 1.01 (m, 8H); “C NMR
(CDCl;, 100 MHz): 6 =163.94 (6 C, C=0), 163.25 (6 C, C=0), 145.48 (6 C),
145.38 (6C), 145.09 (12C), 142.31 (6C), 141.80 (6C), 141.02 (12C), 69.34
(6C,sp?),69.23 (6 C, sp?), 67.07 (6 C, O-CH,), 66.75 (6 C, O-CH,), 46.86 (6 C,
quart), 29.33 (6C, alkyl), 28.89 (6C, alkyl), 28.84 (6 C, alkyl), 28.54 (6C,
alkyl), 26.46 (6 C, alkyl), 25.70 (6 C, alkyl); IR (KBr): #=2931, 2857, 1748,
1461, 1384, 1356, 1264, 1219, 1171, 1082, 994, 759, 714, 540, 527 cm™'; UV/
Vis (CH,CLy): A,x (8) =245 (94000), 272 (72000), 281 (76 000), 316 (47 000),
335 (38000), 383 nm (5500 mol~'dm?*cm~!); MS (FAB, NBA): m/z: 1993
(M.

e,e.e.e.e.e-(cyclo-[3]-Octylmalonyl)tris| di(dodecyloxycarbonyl)methano]-

dodecahydro[60]fullerene (23): In a dry 100 mL three-necked flask
equipped with a gas inlet, 100 mL dropping funnel, and magnetic stirrer,
the trisadduct 16 (34.5 mg, 0.0254 mmol, 1.0 equiv) and dimethylanthra-
cene (26.2 mg, 0.127 mmol, 5.0 equiv) were dissolved under argon in dry
toluene (50 mL) and stirred for 2 h at room temperature. Subsequently,
didodecylmalonate (33.6 mg, 0.0763 mmol, 3.0 equiv) and iodine (19.4 mg,
0.0763 mmol, 3.0 equiv) were added to the solution, followed by the
dropwise addition of a solution of DBU (29.0 mg , 0.191 mmol, 7.5 equiv,
28.5 uL) in dry toluene (20 mL) over a period of 1h. After additional
stirring at room temperature for 7 d, the reaction mixture was subjected to
flash chromatography on silica gel (4 x 20 cm). DMA and byproducts were
eluted with toluene, the product fraction with toluene/ethyl acetate 95:5.
The hexaadduct 23 was obtained in pure form by preparative HPLC on
Nucleosil with toluene/ethyl acetate 99:1 as the eluent. Precipitation from
CH,Cl,/pentane yielded 12.0 mg (0.00449 mmol, 18%) of 23 as a pale
yellow solid. "H NMR (CDCl;, 400 MHz): 6 =4.64 (m, 6H), 4.18 (m, 15H),
3.99 (m, 3H), 1.62 (m, 26H), 1.23 (m, 130H), 0.86 (t, 18 H); *C NMR
(CDCl;, 100 MHz): 6 =163.86 (3C, C=0), 163.71 (3C, C=0), 163.64 (3C,
C=0), 163.16 (3C, C=0), 146.39 (3C), 145.91 (3C), 145.69 (3C), 145.61
(3C), 145.32 (3C), 144.90 (6C), 144.86 (3C), 141.98 (3C), 141.85 (3C),
141.80 (3C), 141.78 (3C), 140.82 (3 C), 140.68 (3C), 140.66 (3 C), 69.27 (3C,
sp?), 69.26 (3C, sp?), 69.21 (3C, sp?), 69.11 (3C, sp?), 67.05 (3C, O-CH,),
66.95 (6 C, O-CH,), 66.23 (3C, O-CH,), 46.67 (3 C, quart), 45.63 (3C, quart),
31.92 (6C, alkyl), 29.66 (21 C, alkyl), 29.57 (6 C, alkyl), 29.37 (6 C, alkyl),
29.27 (6C, alkyl), 29.19 (3C, alkyl), 28.85 (3C, alkyl), 28.80 (3C, alkyl),
28.45 (3C, alkyl), 28.41 (3C, alkyl), 26.37 (3C, alkyl), 25.85 (6 C, alkyl),
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25.61 (3C, alkyl), 22.69 (6C, alkyl), 14.12 (6 C, alkyl); IR (KBr): 7#=2925,
2854, 1748, 1634, 1464, 1380, 1353, 1263, 1217, 1081, 994, 760, 715, 540,
528 cm™!; UV/Vis (CH,CL): Ayl =245, 272, 282, 317, 335, 378 nm; MS
(FAB, NBA): m/z: 2673 [M*], 720 [Cq"].
e.e.e.e.ee-(cyclo-[4]-Octylmalonyl)bis[di(ethoxycarbonyl)methano]-
dodecahydro[60]fullerene (24): In a dry 100 mL three-necked flask
equipped with a gas inlet and magnetic stirrer, the tetraadduct 19
(60.0 mg, 0.0382 mmol, 1.0equiv) and dimethylanthracene (31.5 mg,
0.153 mmol, 4.0 equiv) were dissolved under argon in dry toluene
(50 mL) and stirred for 2 h at room temperature. Subsequently, diethyl-
bromomalonate (36.6 mg, 0.153 mmol, 4.0 equiv, 25.7puL) and DBU
(46.6 mg, 0.306 mmol, 8.0 equiv, 45.6 pL) were added to the solution. After
additional stirring at room temperature for 1 d, the color of the reaction
mixture had changed from orange to yellow. The reaction mixture was
subjected to flash chromatography on silica gel (4 x 15 cm). DMA and
byproducts were eluted with toluene, the hexaadduct 24 with toluene/ethyl
acetate 95:5 (the column was equipped with an UV/Vis detector set at A =
320 nm to provide a better detection of the pale yellow product band).
Precipitation from CH,Cl,/pentane yielded 45.9 mg (0.0244 mmol, 64 %) of
24 as a pale yellow solid. 'H NMR (CDCl;, 400 MHz): 6 =4.59 (m, 4H),
4.30 (m, 14H), 4.07 (m , 6H), 1.60 (m, 16 H), 1.30 (m, 12H), 1.19 (m, 27H),
0.99 (m, 4H), 0.82 (m, 1H); *C NMR (CDCl;, 100 MHz): 6 =164.72 (1C,
C=0),164.54 (1C, C=0),164.40 (1C,C=0),163.78 (1C, C=0),163.76 (1C,
C=0),163.65 (1C, C=0),163.63 (1C,C=0),163.54 (1C,C=0),163.43 (1C,
C=0),163.38 (1C, C=0),163.36 (1C, C=0), 163.10 (1, C=0), 146.13 (1C),
146.07 (1C), 14591 (2C), 145.87 (1C), 145.84 (1C), 145.71 (2C), 145.67
(1C), 145.52 (1C), 145.37 (1C), 14530 (1C), 14526 (1C), 145.23 (3C),
145.21 (2C), 145.17 (1C), 145.08 (1C), 144.90 (1C), 144.80 (1C), 144.72
(1C), 144.70 (1C), 142.15 (1C), 142.03 (2C), 142.01 (1C), 141.98 (1C),
141.74 (1C), 141.72 (1C), 141.69 (1C), 141.64 (2C), 141.60 (1C), 141.51
(1C), 141.50 (2C), 141.48 (1C), 141.19 (1C), 141.07 (1C), 141.03 (1C),
140.92 (1C), 140.74 (1C), 140.59 (1C), 140.53 (1C), 140.42 (1C), 140.26
(1C), 69.42 (1C, sp?), 69.30 (1C, sp?), 69.27 (2C, sp?), 69.20 (1C, sp?), 69.18
(1G, sp?), 69.13 (1C, sp®), 69.11 (2C, sp?), 69.06 (1C, sp?), 68.81 (1C, sp?),
68.74 (1C, sp®), 67.16 (1C, O-CH,), 67.09 (1 C, O-CH,), 67.00 (1C, O-CH,),
66.98 (1C, O-CH,), 66.91 (1C, O-CH,), 66.82 (1C, O-CH,), 66.72 (1C,
0-CH,), 66.19 (1C, O-CH,), 62.97 (1C, O-CH,-CH3;), 62.93 (1C, O-CH,-
CH,), 62.70 (1C, O-CH,-CH,), 62.65 (1C, O-CH,-CHy), 46.81 (1 C, quart),
46.50 (1C, quart), 46.48 (1C, quart), 46.40 (1C, quart), 45.66 (1C, quart),
45.43 (1C, quart), 29.30 (1C, alkyl), 29.12 (2C, alkyl), 28.97 (1C, alkyl),
28.95 (1C, alkyl), 28.84 (1C, alkyl), 28.77 (1C, alkyl), 28.73 (1C, alkyl),
28.66 (1C, alkyl), 28.54 (1C, alkyl), 28.49 (1C, alkyl), 28.35 (1C, alkyl),
2831 (2C, alkyl), 28.25 (1C, alkyl), 28.08 (1C, alkyl), 26.25 (1C, alkyl),
26.20 (1C, alkyl), 26.15 (1C, alkyl), 26.02 (1C, alkyl), 25.99 (1C, alkyl),
25.88 (1C, alkyl), 25.81 (1C, alkyl), 25.51 (1C, alkyl), 14.06 (1C, CHj),
14.05 (1C, CHj;), 14.03 (1C, CHj;), 14.01 (1C, CH;); IR (KBr): #=2932,
2857, 1748, 1635, 1462, 1388, 1368, 1265, 1220, 1172, 1081, 1045, 1018, 760,
714, 540, 528 cm™~!; UV/Vis (CH,CL,): A,,.x (g) =245 (94000), 272 (73000),
282 (77000), 318 (48000), 335 (40000), 377 nm (6100 mol~!dm*cm~!); MS
(FAB, NBA): m/z: 1885 [M*].
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Novel C;-Symmetric Molecular Scaffolds with Potential Facial Differentiation

Gunther Hennrich, Vincent M. Lynch, and Eric V. Anslyn*!?!

Abstract: The conversion of 1,3,5-sub-
stituted benzene and mesitylene by
electrophilic aromatic substitution and
Sonogashira cross-coupling, respective-
ly, furnished the C;-symmetric, hexasub-
stituted benzene derivatives 1 and 2 with
an alternating substitution pattern.
Based on the molecular scaffolds ob-
tained, the two systems serve as model
compounds for novel receptor mole-

X-ray structures have been obtained for
1 and 2, which are discussed in regard to
their aptitude as receptor platforms or
supramolecular building blocks. By
looking at the rotational barriers for

Keywords: cross-coupling ligand

design molecular recognition
receptors . supramolecular
chemistry

the functional groups placed around the
molecular scaffolds by variable temper-
ature 'H NMR spectroscopy, 1 and 2
turn out to exist in rapidly interconvert-
ing conformations. The alignment of
these potential binding groups around
the molecular scaffolds should be
strongly biased by specific interactions
with suitable guest molecules.

cules with distinct geometric features.

Introduction

During the last few years, an emerging number of supra-
molecular systems has been reported in which the principle of
steric gearing is employed to circumvent the difficulties in
synthesis arising form covalent architecture.l>? Here, the
suitable preorganization of functional groups and conforma-
tional constraint is achieved by controlling the stereochem-
istry through steric hindrance of the substituents around a
rigid platform.P!

In this context, persubstituted benzenes have been intense-
ly investigated,! mainly due to their applications in supra-
molecular chemistry.’! However, all of the benzene based
conformationally controlled systems are either symmetrically
hexasubstituted with the same six functional groups (A); or in
the case of 1,3,5-triethyl benzene derivatives (B), facial
segregation is brought about through different functionalities
in the 2,4, and 6-positions, while the triethyl-face lacks any
function.l’! Nevertheless, both compound classes have found
wide application in molecular recognition, and as building

[a] Prof. E. V. Anslyn, Dr. G. Hennrich, Dr. V. M. Lynch
Department of Chemistry and Biochemistry
The University of Texas at Austin, Austin, TX 78712-1167 (USA)
Fax: (+1) 512-471-7791
E-mail: anslyn@ccwf.cc.utexas.edu
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blocks in supramolecular assemblies.”) Yet, when targeting
guest molecules or aiming at structurally matching partners,
their size is restricted by the phenyl platform.

We report here new molecular scaffolds that allow the
introduction of altered function on either face. The variation
of the geometry of the functional groups on the different faces
of the benzene core, or the extension of the benzene platform
to larger sizes, could lead to molecular receptors that target a
whole variety of new potential guest molecules.

Results and Discussion

In this paper, we present two representatives of alternating
hexasubstituted benzene scaffolds: 1,3,5-tris(acetoxymethyl)-
2,4,6-thiophenyl benzene (1) and 1,3,5-tris(acetoxymethyl)-
2,4.6-tris(2-ethoxycarbonylphenyl)ethynyl benzene (2). The
platforms are expected to exist in rapidly interconverting
conformations, and are drawn as facially differentiated (see
below).

onc NS
Aco\/s>_\g onc

& o R s

Syntheses: The syntheses of both target molecules is con-
ducted in a modular approach. Aryl and acetyl moieties are
chosen as representative functionalities that could be easily
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replaced in the synthesis by other similar reactants. By
following the pathway depicted in Scheme 1, these

Table 1. Reaction conditions for Sonogashira coupling of acetylene 9 with
2-iodoethoxybenzoic acid.l'"]

functionalities are introduced in the last two steps for

Run Catalyst (mol %)

Base/solvent T [°C] ¢[h] Yield® [%] Ref.

both 1 and 2 (Scheme 1). The starting materials 5and 9 5
are easily accessible and can be prepared on a large B
scale. The synthesis of 5 starting from tris-bromomesi- €

[Pd(PPh;),CL] (4), Cul (8) DIEAMTHF RT 36 8 113
[Pd(PPh;),CL] (5), Cul (5) NEt, RT 72 15 114
[PA(PPhs),] (5), Cul (5) piperidine RT 48 23 13

tylene is straightforward.®l Bromination of 1,3,5-tris-
bromomesitylene (3) with elemental bromine gives
compound 4. The threefold substitution of bromine
with potassium acetate yields the tris-acetate S as a versatile
starting material. As shown by Lehn et al., the final
nucleophilc substitition by sodium thiophenolate proceeds
smoothly under mild conditions by using DMI as solvent.”]
Working in DMF requires harsher conditions and lowers the
yield considerably.['%]

The preparation of compound 2 is based on the coupling of
aryl iodides with free acetylenes under Sonogashira condi-
tions.''!l NBS bromination of 7, whose synthesis has been
described,[” gives the tris-bromide 7 in reasonable yields.
Upon applying a six fold excess of potassium acetate to
substitute the methylene bromides in 8, the acetylene
functions are desilylated at the same time to give 9. Consid-
ering the plethora of various literature procedures with
sometimes subtle differences in the conditions, the choice of
these is crucial in the final coupling reaction of 9 with 2-iodo
ethoxybenzoic acid (Table 1). Finally, owing to the electronic
deactivation of the aryliodide and the steric hindrance of both
the iodide and the alkyne, a 23% yield can be considered
satisfactory for a threefold conversion reaction.

[a] Isolated yields, in case of run C calculated on the isolated deacylated tris-alcohol
compound (2a). [b] DIEA: diisopropylamine.

Stuctural investigations: As seen by X-ray crystallography, the
thiophenyl rings of 1 are positioned above or below the
central phenyl plane. The phenyl substituents are oriented
nearly aligned with the S to central benzene bond, instead of
being perpendicular to it. The C(Ar)-S-C(Ar) angles are in
the range of 103-104° (Figure 1). As a consequence of this,
two molecules of 1 form a dimer, interlocking with two
thiophenyl groups each (Figure 1b). The two free thiophenyl
moieties place each dimer into a packing superstructure. This
packing creates the two-up-one-down configuration of the
acetoxymethyl and the thiophenyl groups in the solid state.['”]

Molecule 2 is almost planar with the acetoxylmethyl groups
pointing perpendicular out of the plane. The two-up-one-
down conformation of these substituents is attributed to the
crystal packing. The expected unbiased conformational pref-
erence of the aryl groups around the triple bonds in solution is
reflected in the positioning of the ethoxycarbonyl functions
towards or away from each other in the solid state (Figure 2 a).
The distance between the three arylcarbonyl functions,
analogous for potential binding sites, is approximately 7 A

Route (1)
Br _OAc OAc
I AcQO_S
Br Br Br,, DBE Br. Br KOAc, HOAc Br- Br NaSPh = s, 0Ac
refl,24h  Br W
929% 140°C, 24 h DML 24h
Br Br Br 90% Br OAc
3 4 5 1
Route (Il)
Br
™S ™S ™S - ™S
, | X x =
TMS-acetylene, NEt3 NBS, DBP
. P Br:
[Pd(PPh3),Cl,], Cul CCly, refl., 16 h
| rt., 72 h, 79% | ‘ 64% | | Br
TMS T™MS
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Scheme 1. Syntheses of tris(thiophenyl) compound 1 (route I) and tris(arylacetylene) compound 2 (route II). a) See Table 1 for reaction conditions. DBE:
1,2-dibromoethane; DMI: 1,3-dimethyl-2-imidazolidone; DBP: dibenzoylperoxide.
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a)

Figure 1. a) Top view of 1. Displacement ellipsoids are scaled to the 30 %
probability level. The hydrogen atoms are omitted for clarity. b) Molecules
of 1 form tightly packed dimers around crystallographic inversion centers
at 0, 0, Y.

b)

Figure 2. a) Top view of 2. Displacement ellipsoids are scaled to the 30 %
probability level. The hydrogen atoms are omitted for clarity. b) Side view
of 2. The arrow indicates the distance between two arylcarboxy functions.

while the acetoxy functions encircle a binding site of the same
dimension as in similar systems.®! Hence, the two-faced
platform contains a wider upper and a narrower lower
“rim” poised to distinguish between guests with not only
different functionalities but also of different sizes (Fig-
ure 2b).[18]

As revealed by variable temperature 'H NMR experiments
(in [Dg|toluene and [D¢]DMSO, respectively), for both
molecules 1 and 2 the respective acetyl or thiophenyl groups

2276 ——
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are placed statistically above or below the central benzene
core and are freely rotating. Even at —70°C, no rotational
barriers for these substituents can be determined as evidenced
by no broadening of the '"H NMR signals. Similarly, a rapid
rotation of the ethoxycarbonylbenzene moieties around the
acetylenic bonds is observed at this temperature. In support,
calculations have shown for different tolane systems, that the
energetic barrier for the rotation of the phenyl groups around
the acetylene bond is in the order of 0.3 kcalmol~11"")

In the presence of suitable guest structures, we expect the
substituents to adopt a three-up-three-down conformation of
the binding groups around the benzene plane of 1 and around
the triple-bond expanded platform of 2.

Conclusion

Versatile synthetic routes for two novel molecular scaffolds
have been worked out that allow the introduction of various
functionalities onto a central core. Considering the low
rotational barriers of the “masked” binding substituents
around the core structure, the directing input of a suitable
guest should easily align the functional groups and therefore
induce and bias a two-face preorganisation of the scaffold. For
both 1 and 2, a selective face-dependent interaction is
envisioned by the use of different binding groups as well as
the matching with the different geometries of both faces.

Experimental Section

General methods: All reagents and solvents, which were of the highest
purity available, were obtained from Aldrich. Column chromatography was
carried out with silica gel 60 (No. 7731, Merck). For characterization of the
substances, NMR data were recorded at 25°C on a Bruker AC-250
spectrometer, CDCl; was used as solvent with chemical shifts reported as
ppm and CDCl; serving as solvent internal standard. Low and high
resolution mass spectra were measured on a Finnigan TSQ70 and a VG
analytical ZAB2-E mass spectrometer, respectively. The variable temper-
ature 'H NMR experiments were carried out on a Bruker AMX-500
spectrometer. The temperature was varied in 20 °C increments from —70°C
to 90°C in [Dg]toluene as solvent for 1 and 2, and additionally for 1 from 20
to 100°C in [Dg]DMSO.

Materials

1,3,5-Tris(bromo)-2.4,6-tris(bromomethyl) benzene (4): Bromine (9.8 g,
3.14 mL, 0.06 mol) was added over a period of 1 h to a refluxing solution of
1,3,5-tris-bromomesitylene (3, 10g, 0.012mol) in 12-dibromoethane
(40 mL) and the reaction mixture was refluxed for another 24 h. The solid
precipitating from the cold solution was filtered, washed several times with
water and recrystallized from ethanol/benzene (2:1) to give pure 4 as
colorless crystals (4.85 g, 68%). M.p. 218°C; 'H NMR: 6 =4.90 (s, 6H;
CH,); 3C NMR: 6 =137.40, 12847 (Ar), 35.50 (Ar-CH,); CI*-MS: m/z
(%): 594 (3) [M]*, 513 (100), 435(5); HRMS: calcd for CoHBry: 587.5569;
found: 587.5559.

1,3,5-Tris(acetoxymethyl)-2.4,6-tris(bromomethyl) benzene (5): Com-
pound 4 (2.0 g, 3.4 mmol) and potassium acetate (2.2 g, 0.022 mol) in
glacial acetic acid (40 mL) were heated for 16 h at 140°C in a sealed tube.
The solvent was removed and the remaining solid was stirred with water
(50 mL) and dichloromethane (50 mL) for 15 min. The phases were
separated. The organic phase was washed subsequently with saturated
bicarbonate solution, water, and brine (50 mL each). After drying over
Na,SO,, the solvent was removed in vacuo and the remaining solid was
recrystallized from ethanol to give pure 5 as colorless crystals (1.62 g,
90%). M.p. 154°C; '"H NMR: 6 =5.52 (s, 6H; CH,), 2.08 (s, 9H; CHS;);
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BC NMR: 6 =170.43 (C=0), 135.63, 131.44 (Ar), 68.09 (Ar-CH,), 20.60
(CH,); CI*-MS: miz (%): 533 (3) [M + H]*, 471 (100), 445 (64), 417 (19),
393 (14), 365 (3); HRMS: calcd for C;sH;4O4Br;: 528.8497; found: 528.8480.

1,3,5-Tris(acetoxymethyl)-2,4,6-thiophenyl benzene (1): Compound 5§
(500 mg, 0.94 mmol mmol) and sodium thiophenolate (621 mg, 4.7 mmol)
were stirred in DMI (5 mL) under argon at room temperature for 24 h. The
solvent was removed by Kugelrohr distillation. To the remaining solid
water (20 mL) was added, and the suspension was extracted with dichloro-
methane (3 x 10 mL). The organic phase was dried (MgSO,). The solvent
was removed in vacuo and the remaining solid was recrystallized from
cyclohexane to give pure 1 as colorless crystals (418 mg, 72% ). M.p. 136—
138°C; '"H NMR: 0 =721-6.90 (m, 15H; Ar), 5.65 (s, 6H; CH,), 1.52 (s,
9H; CH;); BC NMR: 6 =170.14 (C=0), 148.23, 139.46, 137.29, 128.97,
126.93, 125.45 (Ar), 65.29 (Ar-CHy,), 20.07 (CH,;); CI*-MS: m/z (%): 618
(23) [M]*, 559 (100), 529 (9), 499 (6), 439 (14); HRMS: calcd for
C33H5004S;: 618.1205; found: 618.1209.

1,3,5-Tris(bromomethyl)-2.4,6-tris(trimethylsilylethynyl)  benzene (8):
1,3,5-Tris(trimethylsilylethynyl) mesitylene (7, 2.0 g, 4.9 mmol), N-bromo-
succinimide (0.026 mmol, 4.6g) and dibenzoyl peroxide (200 mg,
0.8 mmol) were heated in CCl, (40 mL) at reflux for 16 h. The solution
was cooled, filtered, and the filtrate was concentrated in vacuo. The
remaining yellow oil was purified by column chromatography (hexanes/
benzene 10:1, R;=0.60) and the resulting solid was recrystallized from
methanol/ethanol (1:1) to give pure 8 as colorless needles (2.05 g, 64 %).
M.p. 184-188°C; 'H NMR: 0=4.82 (s, 6H; CH,), 0.31 (s, 27H; CH;);
3C NMR: 6 =141.99, 124.10 (Ar), 108.78, 98.04 (C=C), 30.08 (Ar-CH,),
—0.47 (CH;); CI*-MS: m/z (%): 647 (26) [M + H]*, 631 (48), 573 (20), 565
(100), 521 (14), 493 (36); HRMS: calcd for C,,H3,Si;Br;: 642.9518; found:
642.9507.

1,3,5-Tris(acetoxymethyl)-2.4,6-tris(ethynyl) benzene (9): Compound 8
(500 mg, 0.78 mmol) and potassium acetate (495 mg, 5.0 mmol) were
stirred in dry DMF (5 mL) at room temperature for 16 h. The solvent was
removed. To the remaining solid, water (20 mL) was added, and the
suspension was extracted with dichloromethane (3 x 10 mL). The organic
phase was dried (MgSO,), the solvent was removed in vacuo, and the
remaining solid was recrystallized from cyclohexane to give pure 9 as
colorless crystals (254 mg, 72 % ). M.p. 157-160°C; '"H NMR: 6 =5.42 (s,
6H; CH,), 3.56 (s, 3H; C=CH), 2.04 (s, 9H; CH;); *C NMR: 6 =170.58
(C=0), 140.77, 125.86 (Ar), 87.87 (Ar-C=C-), 7714 (C=CH), 63.23 (Ar-
CH,), 20.44 (CH,); CI*-MS: m/z (%): 366 (2) [M]*, 343 (2), 307 (100), 265
(8); HRMS: calced for C,;H;3O4: 366.1103; found: 366.1099.

1,3,5-Tris(acetoxymethyl)-2.4,6-tris(2-ethoxycarbonylphenyl)ethynyl ben-
zene (2): 2-Iodoethoxybenzoic acid (497 mg, 1.8 mmol) was stirred together
with palladium(t1)-bis(triphenylphosphine)dichloride (51 mg, 0.072 mmol)
and copper(l) iodide (15 mg, 0.072 mmol) in dry degassed triethyl amine
(5 mL) under argon for 30 min, before 9 (175 mg, 0.48 mmol) was added.
The suspension was stirred at room temperature for 72 h. After removing
the solvent, an ammonium hydroxide solution (1N, 25 mL) was added to
the solid residue and the mixture was extracted with ethyl acetate (3 x
10 mL). The organic phase was dried (MgSO,) and the solvent was
removed in vacuo. The remaining solid was purified by column chroma-
tography (hexanes/ethyl acetate 1:1, R;=0.27) and finally by recrystallisa-
tion from cyclohexane/benzene (2:1) to give pure 2 as orange crystals
(58 mg, 15%). M.p. 154°C; '"H NMR: 6 =7.98-7.95 (m, 3H; Ar), 7.67-7.64
(m, 3H; Ar), 7.54-7.36 (m, 6H; Ar), 5.75 (s, 6H; CH,), 438 (q, /=7 Hz,
6H; CH,CH,), 2.05 (s, 9H; CO-CHj;), 1.36 (t, J=7 Hz, 9H; CH,-CH;);
BC NMR: 0 =170.97 (CH;-C=0), 165.37 (CH;CH,-C=0), 139.42, 134.40,
131.99, 131.78, 130.24, 128.56, 127.44, 122.93 (Ar), 97.82, 88.44 (Ar-C=C),
64.02 (Ar-CH,), 61.21 (CH,CH;) 20.92 (CO-CH,), 14.26 (CH;CH,); CI*-
MS: m/z (%): 685 (15) [M]*, 524 (16), 519 (14), 515 (14), 447 (76), 335 (69),
305 (20),299 (10), 263 (100), 253 (22), 185 (43); HRMS: calcd for C,,H3;0,:
685.2438; found: 685.2446.

1,3,5-Tris(hydroxymethyl)-2,4,6-tris(2-ethoxycarbonylphenyl)ethynyl ben-
zene (2a): 2-lodoethoxybenzoic acid (552 mg, 2.0 mmol) was stirred
together with  palladium()-tetrakis-(triphenylphosphine) (116 mg,
0.1 mmol) and copper() iodide (19 mg, 0.1 mmol) in dry degassed
piperidine (3 mL) under argon for 30 min, before 9 (245 mg, 0.67 mmol)
was added. The suspension was stirred at 80°C for 48 h. The solvent was
removed and the remaining solid was purified by column chromatography
(hexanes/ethyl acetate 5:1, then 1:1); R;=0.42 (hexanes/ethyl acetate 5:2)
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and finally by recrystallisation from methanol to give pure 2a as bright
yellow crystals (102 mg, 23 % ). M.p. 96—-98°C; '"H NMR: 6 =7.91-7.88 (m,
3H; Ar), 7.51-710 (m, 9H; Ar), 4.61 (s, 6H; CH,), 431 (q, /=7 Hz, 6H;
CH,CH,), 1.7 (brs, 3H; OH), 1.32 (t, /=7 Hz; 9H, CH,-CH;); C NMR:
0=167.61 (CH,CH,-C=0), 14737, 138.40, 134.84, 134.49, 132.10, 130.62,
130.00, 129.51, 127.56, 126.58 (Ar), 115.46, 110.95 (Ar-C=C), 61.04 (Ar-
CH,), 31.91 (CH,CH,), 14.23 (CH;CH,); CI*-MS: m/z (%): 810 (8) [M]*,
795 (7), 751 (100), 737 (5), 723 (5), 709 (32), 693 (5); HRMS: calcd for
C,sH,,04,: 810.2676; found: 810.2687.

CCDC-175643 (1) and -175644 (2) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax:
(444)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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Synthesis, Resolution, and Reactivity of Benzylmesitylphenylphosphine:
A New P-Chiral Bulky Ligand

Joan Albert,/! Ramon Bosque,!*! J. Magali Cadena,!®! Sergio Delgado,*! Jaume Granell,*!!
Guillermo Muller,*?! Juan I. Ordinas,'*! Mercé Font Bardia, and Xavier Solans!"!

Abstract: The synthesis of P,P’-dimesi-
tyl-P,P’-diphenyldiphosphine and ben-
zylmesitylphenylphosphine is described
as well as the resolution of the latter
ligand by means of homochiral organo-
metallic complexes. The absolute con-

ular mechanics calculations were per-
formed in [PdCl-(R)-(+)-C,\HcCH-
(Me)NH,(PBnMesPh)], and showed
that the rotation around the Pd—P bond
is restricted in this complex. [Pd(y3-2-
MeC;H,)CI(PBnMesPh)] was obtained

and used as a precursor in the catalytic
hydrovinylation of styrene. Benzylmesi-
tylphenylphosphine has a strong tenden-
cy to form phosphapalladacycles by
activation of one of the ortho-methyl
groups. The formation of this metalla-

figuration of the phosphine is assigned
by NMR spectra, using the homochiral

cycle from cyclopalladated N-donor de-
rivatives by a ligand-exchange reaction

K ds: ligand:
palladacycle as a reference point. The eywores e is also described.
. . . asymmetric  catalysis chiral
configuration has been confirmed by . .
phosphines - palladium

single crystal X-ray diffraction. Molec-

Introduction

Transition metal complexes with chiral phosphines are widely
used as catalysts in asymmetric synthesis.!] Among the chiral
phosphines developed for application in asymmetric catalysis,
monodentate ligands possessing a stereogenic phosphorus
atom are rare, even though asymmetric induction is expected
to be improved if the stereogenic center is close to the metal
atom in the catalyst.’] In this sense, recent results on
asymmetric hydrogenation or hydroformylation reactions
have shown the predominance of the P-center chirality over
the carbon-backbone effect.?!

In some catalytic processes, such as the hydrovinylation
reaction, the catalyst becomes inactive in the presence of
bidentate phosphines, and particular attention has therefore
been given to systems containing Horner phosphines
(PR'R?R?®). Unfortunately, optically pure Horner phosphines
are not easy to prepare.l) Nevertheless, the synthesis and
resolution of some monodentate P-chiral phosphines have
been reported by using chiral resolving agents.”! Besides this,
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J. M. Cadena, S. Delgado, J. I. Ordinas
Departament de Quimica Inorganica
Universitat de Barcelona, Diagonal 647, 08028 Barcelona (Spain)
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the asymmetric synthesis of some P-chiral phosphines,
PR'R?R3, by using borane compounds has been reported,®
through dynamic resolution of racemic tert-butylphenylphos-
phine with (—)sparteine,”! from oxazaphospholidine com-
plexes,®! by reaction between Grignard reagents and phos-
phinates® or by using cyclometallated derivatives.'"!
Following our work on chiral phosphinest" ™ ! we describe
here the synthesis, resolution and reactivity of benzylmesityl-
phenylphosphine, a new bulky P-chiral ligand.

Results and Discussion

Synthesis of phosphines: We have previously reported the
synthesis of (+)-benzylisopropylphenylphosphine™ and (+)-
benzylcyclohexylphenylphosphinel®! with high yields by using
the selective cleavage of one P-CH,Ph bond of PBn,Ph by
lithium and the subsequent reaction between the benzylphe-
nylphosphide anion formed and isopropyl chloride or cyclo-
hexyl bromide, respectively. When the same methodology was
used in order to obtain (+)-benzylmesitylphenylphosphine,
the final product of the reaction was a mixture of PBn,Ph and
PBnMesPh in an approximate ratio of (3:1). The high amount
of PBn,Ph present can be explained by a transmetallation
reaction between the benzyl lithium, formed in the reaction
between lithium and PBn,Ph, and mesityl bromide, which
affords benzyl bromide and mesityl lithium. The benzyl
bromide formed can react with the benzylphenylphosphide,
regenerating the starting material.
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The use of diphosphines as starting materials permits an
alternative approach for the synthesis of mono-phosphines,
because the P—P bond is easily cleaved by treatment with
lithium, yielding the lithium phosphide. The subsequent
addition of an organic halide produces the corresponding
mono-phosphine. The synthesis of bulky diphosphines has
been reported by reaction of an excess of organolithium or
Grignard reagents with chlorophosphines. The use of bulky
groups prevents the cleavage of the P—P bond by further
organometallic species and stabilizes the diphosphines.['”

P,P'-Dimesityl-P,P'-diphenyldiphosphine was obtained as a
white solid, moderately stable in air, by reaction in THF
between dichlorophenylphosphine and mesitylmagnesium
bromide. This diphosphine was characterized by elemental
analysis and 'H and 3'P NMR spectra. NMR data showed the
presence of the two possible diastereomers in a relative ratio
1:8.

(+)-Benzylmesitylphenylphosphine was synthesized by re-
action between P,P'-dimesityl-P,P’-diphenyldiphosphine and
lithium metal in THF under a dry nitrogen atmosphere. After
1 h of stirring at room temperature, complete cleavage of the
P—P bond of the diphosphine was accomplished, with the
formation of the mesitylphenylphosphide anion. *P NMR
spectra, under nitrogen, clearly illustrated the formation of
this anion (0= —49.38), and these spectra were used to
monitor the progress of the reaction. Subsequent addition of
benzyl chloride afforded the racemic (+)-benzylmesitylphe-
nylphosphine (1), in THF solution (see Scheme 1).

Resolution: ortho-Palladated derivatives of optically active
N-donor ligands are good resolving agents for Lewis bases.['’]
The optically pure cyclopalladated dinuclear compounds 3
and 4 were obtained from the optically active amines as
reported.l'™® 14l Reaction of dimers 3 and 4 with benzylmesi-
tylphenylphosphine afforded the mononuclear complexes
[PACI(C—N)(PBnMesPh)], as a 1:1 mixture of diastereomers
(R¢,Rp)-5, 6 and (R¢,Sp)-5, 6 (Scheme 2).

All the new organometallic compounds obtained were
characterized by elemental analysis, IR spectra, and 'H and
SIP NMR spectra. In some cases, two-dimensional NMR
experiments and positive FAB-mass spectrometry were
carried out to complete the characterization. The high-field
shift of the aromatic protons of the metallated group in § and
6 due to the aromatic rings of the phosphine indicates the cis
disposition of the phosphorus relative to the metallated
carbon atom. The chemical shift of the phosphorus confirms
this arrangement,!™ which is usual in cyclopalladated com-
pounds containing phosphines.['¢]

Me Me
i) ii)
Me—QBr MeQMg—Br = PhMesP-PMesPh yield, respectively, with a de
Me Me o higher than 95% in both cases.

iii
PhMesP—PMesPh —)>

Scheme 1. i) Mg, THF, reflux, 1 h; ii) PCL,Ph, THF, room temperature, 30 min; iii) Li, THF, room temperature,

20 min; iv) PhCH,CI, THF, 0°C, 30 min; v) NH,Cl, H,O.
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Scheme 2. i) PBnMesPh, THF, room temperature, 30 or 45 min; ii) CHCl,,
silica gel, room temperature, 5 d; iii) L, CDCl;, room temperature.

The efficiency of cyclopalladated compounds derived from
1-(1-naphthyl)ethylamine as resolving agents has been related
to the locked asymmetric envelope conformation of the
metallacycle, because the methyl substituent of the chiral
carbon atom adopts an axial disposition to avoid the
unfavorable interaction with H® (see Scheme 2)."1 The
NOESY spectra of both diastereomers of 5 and 6 showed
that the methinic proton of the chiral carbon atom H’ had
strong negative off-diagonal peaks with H® and H® (or Me?)
and, in contrast, the methyl protons of the chiral carbon atom
presented only strong NOE interaction with H” and H® (or
Me’). These data confirmed the axial disposition of this
methyl group and the equatorial disposition of H’ in these
complexes.!!8]

Attempts to separate the diastereomers (Rc,Rp)-5 and
(Rc,Sp)-5 by recrystallization or column chromatography
were unsuccessful and only partially enriched mixtures of
these compounds were obtained. The best separation of these
diastereomers was accomplished when the mixture was eluted
through a silica gel column, using chloroform/acetone
(100:3.5). In this case the diastereomer (Rc,Sp)-5 was
obtained in 80 % yield, with a 60 % de and the second isomer
(R¢,Rp)-5 was obtained in 32 % yield, with a de higher than
95% (see below for the assignment of absolute configura-
tion). Nevertheless, better results were obtained with the
mixture of diastereomers 6. The elution of this mixture in a
silica gel column with CHCly/acetone (100:2) as eluent

permitted the separation of
the diastereomers (Rc,Sp)-6
and (R¢,Rp)-6 in 86 and 40 %

Assignment of the absolute

PBnMesPh configuration of phosphorus
2) by NMR techniques: It has
been demonstrated that NOE
techniques!'’® 15 1% or the NMR
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chemical shift regularities® can be used to determine the
absolute configurations of coordinated chiral diphosphines.
Dunina et al.’el have recently extended these studies to the
monodentate P-chiral ligand tert-butylphenyl(4-bromophe-
nyl)phosphine. These authors have shown that it is possible to
assign the absolute configuration of this phosphine by NMR
techniques using the homochiral palladacycle as a reference
point.

We have shown that the rotation around the Pd—P bond is
rather restricted in compounds [PdCI(C—N)(PBnRPh)] (C—N
being a chiral cyclopalladated ligand and R =isopropyl or
cyclohexyl group), and that this fact permits the assignment of
the absolute configuration of phosphorus by NMR experi-
ments.P" Tt is known that in all these complexes the benzyl
group is separated from the metallacycle and that this group is
located on the opposite side of the coordination plane in
relation to the methyl group of the chiral carbon atom. In
consequence, the difference between the two diastereomers is
the relative position of the phenyl and R groups. In one
diastereomer, the metallated ring is near to the phenyl group
of the phosphine; in the other, the metallated ring is near to
the group R.

In the NOESY spectra of the first eluted diastereomer of
compound 6 there was a strong NOE interaction between H!
(0 =6.61) and the methyl in the ortho-position of the mesityl
group (0 =2.64). In contrast, in the NOESY spectra of the
second diastereomer eluted of compound 6, H' shows a NOE
interaction with the ortho-hydrogen atoms of the phenyl
group of the phosphine (6 =7.90-7.97). In conclusion, the first
eluted diastereomer of compound 6 has the absolute config-
uration (Rc,Sp) and the second eluted diastereomer is
(Rc,Rp)-6. In the NOESY spectra of the second eluted
diastereomer of compound 5, which contains the primary
amine metallated, H' shows a strong NOE interaction with
the ortho-hydrogen atoms of the phenyl group of the
phosphine (6=7.88) and, in contrast, no NOE interaction
was observed with the mesityl protons, showing that this
diastereomer has the absolute configuration (Rc,Rp). It
should be noted that in no case was a NOE interaction
observed between the CH,P group and the metallated ring
protons. The 3P NMR spectrum of the solution obtained
when dppe was added to the first diastereomer eluted of 6 and
the free phosphine formed was treated with the cyclopalla-
dated compound (R)-[PdCI(CqH,CHMeNH,)],, confirmed

that the absolute configuration of the phosphine is the same in
the first eluted diastereomers of § and 6.

In order to estimate the height of the energy barrier
corresponding to the rotation of the phosphine ligand, a
coordinate driving study, based on the molecular mechanics
methodology, was undertaken in compound 5. The phospho-
rus —palladium bond was rotated in nine degree steps, keeping
the C-Pd-Cl and N-Pd-P angles fixed at 180° and optimizing
the remaining geometric parameters. Figure 1 shows the
variation of the relative energy as a function of the
Cl-Pd—P—C(Ph) dihedral angle, 6. There are two energy
minima, corresponding to 0 values of 71.9 and 288.0°; the third
minimum, corresponding to 195.3°, is 8.6 kcalmol~! higher in
energy, due to the steric hindrance between one of the protons
of the CH, moiety in the benzylic group of the phosphine and
the hydrogen bonded to the Cl atom (Scheme 2). The
maximum energy corresponds to a 0 value of 60.5°. In this
conformation there is a steric hindrance between the phenyl
ring of the phosphine and the aforementioned hydrogen
bonded to the C1 atom. The height of the rotation barrier,
taken as the difference of the minimum and maximum values,
is 30.2 kcal mol~, which is too high to allow the free rotation
of the phosphine at room temperature, thus confirming the
results obtained from NMR experiments.

Cyclometallation of phosphine by ligand exchange reaction:
The formation of new compounds was observed when the
mononuclear complexes 5§ or 6 were eluted in a silica gel
column, and the same was observed when these mononuclear
derivatives were kept in solution for several weeks. Careful
purification by column chromatography showed that
the cyclopalladated compound [Pd(u-Cl){(2-CH,-4,6-
Me,C¢H,)PBnPh}], (7) was formed, as a 2:1 mixture of
diastereomers, and in some cases the mononuclear complex
[PACl{(2-CH,-4,6-Me,C,H,)PBnPh}(PBnMesPh)] was also
detected. When CHCI, solutions of optically pure (Rc,Rp)-
or (R¢,Sp)-6 were stirred for several days at room temperature
in the presence of silica gel the formation of only one
diastereomer of 7, the major one, was observed (6 =57.3 from
the 3'P{'H} NMR spectrum). This result discards the possi-
bility that the two signals in P NMR spectra are due to
geometric isomerism around the Pd,X, fragment and it shows
that the signal 6 = 57.3 corresponds to (Rp,Rp)- or (Sp,Sp)-7 and
the other signal in the 3'P NMR spectrum (6 =57.9) corre-
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Figure 1. Variation of the relative energy of 5 as a function of the C,.iaaea— Pd—P—C(Ph) dihedral angle, 6.
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sponds to (Rp,Sp)-7 (the minor isomer). Compound 7 was
characterized by elemental analysis, IR, 'H, and 3P NMR
spectroscopies. The mononuclear complexes 8, 9, and 10 were
obtained in an NMR tube by mixing 20 mg of 7 with a few
drops of [Ds]pyridine or with the stoichiometric amount of
triphenylphosphine or benzylmesitylphenylphosphine, re-
spectively (see Scheme 2). All these data show that 7 is a
dinuclear cyclopalladated compound obtained by regioselec-
tive activation of an ortho-methyl group of benzylmesitylphe-
nylphosphine with formation of a five-membered metalla-
cycle. It has been known, since the early work of Shaw and co-
workers, that bulky phosphines undergo internal metallation
with palladium and platinum centers.?'! More recently, the
cyclopalladation of trimesitylphosphine by reaction between
[PACL(PhCN),] and PMes; has been described.?? The syn-
thesis of 7 from the cyclopalladated compounds 5 and 6
deserves some additional comments. This process can be
considered as a ligand-exchange reaction between a metal-
lated C—N ligand and benzylmesitylphenylphosphine, or a
transcyclometallation reaction using the term recently pro-
posed by van Koten. This reaction has been used to prepare
new metallacycles and to evaluate the relative stability of
these complexes.s) Some examples of this process are known
and the exchange usually takes place between two N-donor
ligands,*¥ although, in some cases, this reaction has been
described between metallated phosphites and N-donor li-
gands,®! between metallated N-donor ligands and dimetox-
ythiobenzophenone (with the formation of a metallated C—S
ligand),?®! or between metallated N,N-dimethylbenzylamine
and benzyldiphenylphosphine (with formation of a metallated
C—P ligand by activation of an ortho-Cqmic—H bond).?"]
Recently, van Koten and co-workers have described the
synthesis of the bis ortho-cyclometallated platinum complex
[Pt(PCP)Cl] (PCP=[C¢H;(CH,PPh,),-2,6]") from the
cyclometallated  compound  [Pt(N-C-N)ClI] (NCN=
[CsH;(CH,NMe,),-2,6]).81 The reaction here described is,
to the best of our knowledge, the first synthesis of a
phosphapalladacycle, containing a CH,~Pd bond, by a
ligand-exchange reaction.

Synthesis of [PdCl,(PBnMesPh),] and metallation of the
ligand: [PdClL,(PBnMesPh),], containing the racemic phos-
phine as ligand, was obtained by reaction between (+)-
benzylmesitylphenylphosphine and [PdCl,(PhCN),] in THF.
After 30 min of stirring at room temperature, tetrahydrofuran
was replaced by diethyl ether and [PdCL{(+)-PBnMesPh},]
precipitated as a 1:1 mixture of diastereomers (Scheme 3).
Complex 11 was characterized by elemental analysis, IR,
FAB-mass, 'H, and *'P NMR spectroscopies. Surprisingly, 11
was recovered in relatively low yield (approximately 40—
50%) when eluted on a silica gel column with CHCI; as
eluent, and the phosphapalladacycle 7, which was not present
in the sample before the column chromatography elution, was
isolated from the more polar fractions. This result shows that
the activation of an ortho-methyl group of benzylmesityl-
phenylphosphine, of the coordination compound 11,
took place in the column with formation of the five-
membered  phosphapalladacycle  [Pd(u-Cl){(2-CH,-4,6-
Me,C¢H,)PBnPh}],. This finding confirms the strong tenden-
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Scheme 3. i) THF, room temperature, 30 min.

cy of benzylmesitylphenylphosphine to afford cyclopalladated
complexes.

Compound 11, containing the phosphine in optically pure
form, can be obtained by the addition of dppe to a solution of
one of the optically pure diastereomers 6, in a 1:1 ratio and
subsequent reaction of the free phosphine formed with
[PACL,(PhCN),].

Synthesis of [Pd(n*-2-MeC;H,)ClI(PBnMesPh)] (12), and
some studies on the hydrovinylation of styrene: This com-
pound, containing the racemic phosphine as ligand, was
obtained by reaction between (+)-benzylmesitylphenylphos-
phine and the dinuclear allyl complex [Pd(u-Cl)(n3-2-
MeC;H,)],, in toluene. Complex 12 was characterized by
elemental analysis, IR, FAB-mass, 'H, and *'P NMR spectros-
copies. NMR data show that 12 occurs in two diastereomeric
forms, I and II, because of the lack of a symmetry plane in this
complex (see Scheme 3). Proton NMR data of the allylic
group were assigned by comparison with literature values.?’]
Unusually high field shifts of H® and H? were observed,
showing that these protons are in close proximity to aromatic
phosphine rings. Two-dimensional 'H NMR NOESY experi-
ments, carried out in CDCl; solutions, permitted the unam-
biguous assignment of peaks in the NMR spectrum. In
addition to the negative NOE cross-peaks that arise from
cross-relaxation, the phase-sensitive two-dimensional RO-
ESY experiment also shows a series of positive cross-peaks
connecting the diastereomers I and II, thereby indicating that
these isomers are in equilibrium in solution, see Table 1.

Table 1. Selected exchange cross-peaks (positive NOEs) for 12.14)

H? (syn, trans) [4.36] -«« H® (syn, cis) [3.12]
H? (syn, trans) [4.32] -« H® (syn, cis) [3.26]
He (syn, cis) [3.26] --- HY (anti, cis) [2.51]
He (syn, cis) [3.12] --- HY (anti, cis) [2.27]
H" (anti, trans) [3.34] --- H¢ (anti, cis) [2.27]
H" (anti, trans) [3.33] --- H¢ (anti, cis) [2.51]

pseudorotation
pseudorotation
7T— 0 — 1T process
7T—0— T process
pseudorotation
pseudorotation

[a] In CDCl; at 20°C; values in brackets are the proton chemical shifts.
trans and cis are referred to phosphorus atom.

0947-6539/02/0810-2282 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 10





A P-Chiral Bulky Ligand

2279-2287

These data show that the interconversion between both
diastereomers occurs by the two mechanisms known for
palladium allyl complexes: the t— o - process and the syn—
syn, anti—anti exchange (apparent allyl rotation).l?% 3

Compound 12, containing the phosphine in optically pure
form, can be obtained by the addition of dppe to a solution of
one of the optically pure diastereomers 6, in a 1:1 ratio, and
subsequent reaction of the free phosphine formed with the
dinuclear allyl complex [Pd(u-Cl)(7*-2-MeC;H,)],.

The X-ray structure of 12, containing the optically pure
phosphine obtained from the first diastereomer eluted of 6,
has been determined (Figure 2). This complex crystallizes in
the P2, group. The absolute configuration of the phosphine

Figure 2. ORTEP plot of the structure of (S)-12.

ligand in this diastereoisomer is (S), confirming the assign-
ment proposed by two-dimensional NMR techniques. The
structure shows the typical geometry of an 7*-allyl bound to a
transition metal and the stereochemistry around palladium is
approximately square planar. Bond distances and angles are
similar to those reported for related allyl compounds and the
different Pd—C lengths are in agreement with the larger trans
influence of phosphine with respect to the chloro ligand, see
Table 2.5 The dihedral angle between the plane defined by
carbon atoms Cl, C2, and C3, and that defined by the
palladium, phosphorus, and chlorine atoms is 63.2°. The

Table 2. Selected bond lengths [A] and angles [°] for (Sp)-12.

Pd—C3 2.100(11)
Pd—C2 2.161(12)
Pd—Cl 2.172(10)
Pd-P 2310(2)
Pd—Cl 2365(3)
P-CI2 1.801(14)
P-CI8 1.868(8)
P-C5 1.877(13)
Ccl1-c2 1.40(2)
Cc2-C3 1.357(16)
C3-Pd-C2 37.1(4)
C3-Pd-Cl 66.6(6)
C2-Pd-Cl 37.8(6)
C3-Pd-P 105.2(4)
C2-Pd-P 136.7(4)
C1-Pd-P 170.9(4)
C3-Pd-Cl 164.1(3)
C2-Pd-Cl 130.2(4)
C1-Pd-Cl 97.8(5)
P-Pd-Cl 90.11(11)
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methyl group is 0.29 A out of the plane defined by C1, C2, and
C3, the other carbon atoms of the allyl ligand.

The X-ray structure of 12, containing racemic phosphine as
ligand, has also been determined. This compound crystallizes
in the P1 group. The crystal structure consists of discrete
molecules separated by van der Waals distances and contains
the four stereomers possible.

[MCl(allyl)L] compounds (M =Ni, Pd; L =monodentate
phosphine) are precursors of active species in the catalytic
hydrovinylation of olefins. The hydrovinylation reaction, a
codimerization process where one of the olefins is ethylene, is
an attractive carbon—carbon bond formation reaction. Be-
tween the interesting characteristics of this reaction can be
underlined the atomic economy of the process and the
regioselectivity of the carbon-hydrogen addition observed
in some subtracts.’2l Asymmetric hydrovinylation of vinyl
aromatic derivatives can afford 3-phenyl-1-butene and related
derivatives, which are starting materials for the synthesis of
2-arylpropionic acids, widely used as anti-inflammatory drugs
such as Ibuprofen and Naproxen.’¥ We have used the
complex [Pd(n*-2-MeC;H,)(PBnMesPh)(solvent)|BF,, pre-
pared in situ from 12 and AgBF, in CH,CI, solution, as a
catalyst for asymmetric hydrovinylation of styrene. The
results obtained are shown in Table 3. The good degree of
reproducibility of the results obtained with this catalyst, and
their excellent selectivity, should be pointed out. The ee value
obtained is only moderate but it should be noted that these
results were obtained at room temperature.

Table 3. Hydrovinylation of styrene  using
(PBnMesPh)(solvent)|BF, as a catalyst.

[Pd(77-2-MeC,H,)-

Run T t Conversion TOF Selectivity ee
['C]  [min]  [%] [h] [%] [%]

1 15 90 39 240 96.3

2 15 120 49 235 96.3

3 25 45 64 770 94.5

4 25 60 73 720 92.0

5 25 60 80 785 875

6 25 60 64 625 92.5 40(S)
7 25 60 61 595 94.9 40(S)

[a] Initial ethylene pressure 15 bar; ratio olefin/catalyst 1000:1. Catalysts
were filtered solutions of 12+styrene+AgBF,, in runs 6 and 7 the catalyst
contains the homochiral phosphine in their (S)-configuration. Conversion
of the starting olefin. Selectivity of 3-phenyl-1-butene respect to the
hydrovinylation fraction. TOF calculated as the total amount of arylbu-
tenes formed. Solvent: dichloromethane, 10 mL.

Conclusion

The synthesis, resolution, and assignment of the absolute
configuration and reactivity of benzylmesitylphenylphos-
phine, a new bulky P-chiral ligand has been described, as
well as the strong tendency of this phosphine to form
phosphapalladacycles by activation of one of the ortho-methyl
groups. The formation of this metallacycle from cyclopalla-
dated N-donor derivatives by a ligand-exchange reaction (or a
transcyclometallation reaction following the term recently
proposed by van Koten) is also described. To the best of our
knowledge, this is the first synthesis of a P-chiral phospha-
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palladacycle by this process. The extension of this reaction to
the synthesis of new phosphapalladacycles, as well as the
application of benzylmesitylphenylphosphine to some asym-
metric catalysis processes, are currently in progress.

Experimental Section

General methods: '"H NMR at 200 MHz were recorded on a Varian
Gemini 200 spectrometer and '"H NMR at 500 MHz, '*C at 75.42 MHz, and
SIP{'H} at 101.26 MHz were recorded on a Varian VXR 500, a Varian 300
and a Bruker DRX 250 spectrometer, respectively. Chemical shifts were
measured relative to SiMe, for 'H and “C and to 85% H;PO, for 3P.
Microanalyses were performed at the Institut de Quimica Bio-Organica de
Barcelona and at the Serveis Cientifico-Tecnics de la Universitat de
Barcelona. Infrared spectra were recorded as KBr disks on a Nicolet 520
FT-IR spectrometer. The optical rotations of the complexes were
determined in CHCl; at 20 °C using a Perkin — Elmer 241-MC polarimeter.
Mass spectra were recorded on a Fisons VG-Quattro spectrometer. The
samples were introduced in a matrix of 2-nitrobenzylalcohol for FAB
analysis and then subjected to bombardment with cesium atoms. GC
analyses were performed on a Hewlett—Packard 5890 Series 11 chromato-
graph equipped with a 50 m Ultra-2 cross-linked 5% phenylmethyl silicon
capillary column and a FID detector connected to an HP 3396 A integrator.
Mass spectra were obtained with a Hewlett—Packard 5890 Series II
chromatograph equipped with the same column coupled to a Hewlett—
Packard 5971 A mass selective detector. Enantiomeric excess of the
hydrovinylation products was determined by GC analysis with a Hew-
lett—Packard 5890 chromatograph fitted with a 30 m FS-CYCLODEX
column and a FID detector connected to an HP 3396 A integrator. Helium
was used as a carrier gas in all cases. Conditions of analysis were: He flow:
1.30 mLmin~!, 80°C; retention times: R-isomer, 13.43 min; S-isomer:
13.75 min.

Materials and synthesis: All the reactions involving free phosphines were
carried out using Schlenk techniques under a nitrogen atmosphere. All
solvents were dried and degassed by standard methods. Tetrahydrofuran
and toluene were distilled over sodium/benzophenone, under nitrogen,
before use. All chemicals were of commercial grade and used as received.
Ethylene (99.95% quality) was used as received. [Pd(u-Cl)(1°-C,H,)],,
[PACL(PhCN),], and compounds 3 and 4 were prepared according to
procedures described elsewhere. [P 14.35.30]

Synthesis of P,P'-dimesityl-P,P’-diphenyldiphosphine (1): Mesityl bromide
(10.5¢g, 52.5mmol) was added to magnesium (3.5g, 144 mmol) in
tetrahydrofuran (30 mL) and the mixture refluxed for 1 h. The resulting
suspension was allowed to cool at room temperature and a solution of
dichlorophenylphosphine (4.3 g, 24.0 mmol) in tetrahydrofuran (30 mL)
added. The resulting mixture was stirred for 30 min and hydrolyzed with an
aqueous solution of ammonium chloride (15%). Afterwards, the resulting
solution was washed twice with water (100 mL), the organic layer dried
over anhydrous Na,SO, and the solvent removed in vacuo. The addition of
absolute ethanol caused the precipitation of P,P'-dimesityl-P,P'-diphenyl-
diphosphine as a white powder (3.9 g, 72%). 'P{'H} NMR (101.26 MHz,
CDCly): 6 = —34.33 (s; minor isomer), —30.84 (s, major isomer); 'H NMR
(250 MHz, CDCl;): 6 =2.16 (s, 3H; 0-Me major), 2.29 (s, 3H; o-Me minor),
2.41 (s, 3H; p-Me major), 2.50 (s, 3H; p-Me minor), 6.62 (s, 4 H; aromatic
Mes), 6.80-740 (m, 10H; aromatic ); MS (positive FAB): m/z: 471
[M+O]*; elemental analysis calcd (% ) for C3Hs,P,: C 79.28, H 7.10; found
C 77.84, H 7.09.

Synthesis of (+)-benzylmesitylphenylphosphine (2): Small pieces of lithium
were added to a solution of PP'-dimesityl-P,P'-diphenyldiphosphine
(2.68 g, 5.90 mmol) in tetrahydrofuran (30 mL) and the mixture stirred
for 1h at 20°C. The excess of lithium was removed by decantating, the
solution cooled to 0°C and then an excess of benzyl chloride (3.73 g,
29.5 mmol) was added. The resulting mixture was stirred for 30 min and
hydrolyzed with an aqueous solution of ammonium chloride (15%),
washed twice with water (100 mL), and the organic layer dried over
anhydrous Na,SO,. Tetrahydrofuran was removed in vacuo, and the
addition of absolute ethanol caused the precipitation of benzylmesitylphe-
nylphosphine as a white powder (2.7 g, 72 %). 3P{'"H} NMR (101.26 MHz,
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CDCl;): 6=-19.7; '"H NMR (250 MHz, CDCL;): 6 =2.20 (s, 6H; 0-Me),
226 (s, 3H; p-Me), 3.58 (dd, J=33.5, /= 13.1 Hz, 1H; CH,), 3.59 (dd, J =
3321, /=133 Hz, 1H; CH,), 6.85 (s, 2H; Mes), 7.20-740 (m, 10H;
aromatic); elemental analysis calcd (%) for C,,H,;P: C 82.99, H 7.28; found
C82.8, H73.

Synthesis of [PdCI-(R)-(+)-C,,H;CH(Me)NH,)(PBnMesPh)] (5): A mix-
ture of 3 (200 mg, 0.32 mmol) and PBnMesPh (204 mg, 0.64 mmol) in
tetrahydrofuran (40 mL) was stirred at room temperature for 45 min and
the resulting solution concentrated in vacuo. The solid obtained was eluted
by silica gel column chromatography with CHCly/acetone (100:5) as eluent.
Compound 5 (1:1 mixture of diastereomers) was isolated as a yellow solid
(200 mg, 50 %). *'P{'"H} NMR (101.26 MHz, CDCl;): 6 =11.7 (s), 15.4 (s);
MS (positive FAB): m/z: 594 [M — Cl]*; elemental analysis calcd (%) for
C;3,H3sNCIPPd: C 64.77, H 5.60, N 2.22; found C 64.9, H5.5, N 2.2.

Separation of diastereomers 5: Compound 5 (200 mg) was carefully eluted
at room temperature, in a silica gel column (50 g silica gel) with CHCL,/
acetone (100:5) as eluent. The fractions eluted (15 mL) were concentrated
in vacuo and checked by 'H NMR spectroscopy. The fractions of the
optically pure compound (by 200 MHz 'H NMR spectroscopy) were
selected using the aromatic proton signals H'. The first diastereomer eluted
was (R¢,Sp)-5 (80 mg, 80 %, 60 % de). *'P{'H} NMR: 6 =11.7 (s); 'H NMR
(500 MHz, CDCl;): 6 =1.62 (d, J(H,H) =6.2 Hz, 3H; Me), 2.32 (s, 3H; p-
Me), 2.44 (s, 6H; 0-Me), 3.40 (br, 1H; NH’), 4.05 (br, 1H; NH?®), 4.14 (t,
J(HH)=128Hz, 1H; CH,P), 449 (dd, J(PH)=102Hz, J(HH)=
13.2Hz, 1H; CH,P), 5.03 (q, JAHH)=5.6Hz, 1H; H’), 6.78 (dd,
J(PH)=5.0, J(HH)=8.8 Hz, 1H; H'), 6.88 (s, 1H; [C,H,]), 6.89 (s, 1H;
[CeHa]), 7.39-7.0 (m, 11 H; aromatic), 7.65-7.52 (m, 4H; aromatic).

The second diastereomer eluted was (Rc,Rp)-5 (32 mg, 32%, >95% de.
[a]® =+133.8 (c=1); 3'P{'H} NMR (101.26 MHz, CDCl,): 6 =154 (s);
"HNMR (500 MHz, CDCL;): 6 =1.78 (d, J(H,H) = 6.5 Hz, 3H; Me), 2.02 (s,
6H; 0-Me),2.24 (s,3H; p-Me), 3.45 (br, 1H; NH°), 3.74 (t, J(H,H) = 13 Hz,
1H; PCH,), 3.96 (br, 1H; NH?®), 4.85 (dd, J(H,H) =13, J(P,H)=9.5 Hz,
1H; PCH,), 5.11 (m,J(H,H) =5.5 Hz, 1H; H’), 6.68 (s, 1 H; [CsH,]), 6.69 (s,
1H; [CsH,)), 6.99 (dd, J(HH)=38.5, J(PH)=5.0 Hz, 1H; H'), 718-7.16
(m, 2H; aromatic), 7.1-7.04 (m, 4H; aromatic), 7.36-7.26 (m, 5H;
aromatic), 7.56 (d, J(H,H)=8.5Hz, 1H; H°), 761 (d, J(H,H)=28.0 Hz,
1H; H?), 7.88 (m, 2H; 0-C4H;P).

Synthesis of [PACI(R-(+)-C,;H,CH(Me)NMe,){(+)-PBnMesPh}] (6): A
suspension formed by 4 (170 mg, 0.25 mmol), PBnMesPh (160 mg,
0.50 mmol), and tetrahydrofuran (30 mL) was stirred at room temperature
for 30 min and the resulting solution concentrated in vacuo. The solid
obtained was recrystallized from acetone. Compound 6 (1:1 mixture of
diastereomers) was isolated as a yellow solid (300 mg, 90 % ). 3'P{'H} NMR
(101.26 MHz, CDCl;): 6 =11.7 (s), 15.4 (s); MS (positive FAB): m/z: 622
[M — Cl]*; elemental analysis caled (% ) for C;H;yCINPPd: C 65.66, H 5.97,
N 2.13; found C 65.4, H 6.0, N 1.9.

Separation of diastereomers 6: Compound 6 (200 mg) was carefully eluted
at room temperature, in a silica gel column (50 g silica gel) with CHCL/
acetone (100:2) as eluent. The fractions eluted (15 mL) were concentrated
in vacuo and checked by 'H NMR spectroscopy. The fractions of the
optically pure compound (by 200 MHz 'H NMR spectroscopy) were
selected using the aromatic proton signals H'.The first diastereomer eluted
was (Rc,Sp)-6 (86 mg, 86%, > 95% de). [a]f =—75.84° (c=1); *'P{'H}
NMR (101.26 MHz, CDCl;): 6 =14.3 (s); '"H NMR (500 MHz, CDCL;): 6 =
1.61 (d, J(H,H)=6.5Hz, 3H; MeCH), 2.31 (s, 3H; Me), 2.60 (d, 3H,
J(H,P)=15Hz; Me?®), 2.64 (s, 6H; Me), 2.90 (d, J(H,P)=3.0Hz, 3H;
Me?), 4.11-4.05 (m, 2H; H’, CH,P), 4.36 (t, J(H,H) =J(H,P) =12.5 Hz,
1H; CH,P), 6.61 (dd, J(H,H) =8.5 Hz, J(H,P) =6.0 Hz, 1H; H'), 6.94 (m,
3H; H?, aromatic), 7.05-7.15 (m, 5H; aromatic), 7.18 (t, J(H,H) = 7.5 Hz,
1H; aromatic), 725-7.35 (m, 5H; o-C,H;CH,, aromatic), 7.60-7.65 (m,
3H; H°, aromatic).

The second diastereomer eluted was(R¢,Rp)-6 (40 mg, 40%, >95% de.
[a]® =+9.87° (c=1); 3'P{'"H} NMR (101.26 MHz, CDCl;): 6 =19.0 (s);
'"H NMR (500 MHz, CDCL,): d =1.75 (d, J(H,H) = 6.0 Hz, 3H; MeCH),
2.07 (s, 6H; Me), 2.21 (s, 3H; Me), 2.57 (d, J(H,P) = 1.5 Hz, 3H; Me?®), 2.87
(d, J(H,P)=3.5Hz, 3H; Me°), 3.83 (t, J(HH)=J(H,P)=13.5Hz, 1H;
CH,P), 4.21 (q, J(HH)=J(H,P)=6Hz, 1H; H’), 4.89 (dd, J(HH)=
13.5 Hz, J(H,P) =10.5 Hz, 1H; CH,P), 6.65 (s, 1H; [CsH,]), 6.66 (s, 1H;
[CeH,]), 6.88 (dd, J(H,H)=8.5Hz, J(H,P)=5.5Hz, 1H; H'), 6.97 (d,
J(H,H) =8.5 Hz, 1H; H?), 7.03-7.09 (m, 2H; aromatic), 7.24-7.38 (m, 7H;
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0-C4H;CH,, aromatic), 7.60 — 7.65 (m, 3H; H®, aromatic), 7.90-7.97 (m, 2H;
0-C4H;P).

[Pd(u-C1){(2-CH,-4,6-Me,C,H,)PBnPh}], (7): Compound 7 can be ob-
tained, in the first fractions, when 5 or 6 were carefully eluted at room
temperature, in a silica gel column with CHCls/acetone 100:5 or 100:2,
respectively. Compound 7 can also be obtained if a suspension formed by 5
or 6 (0.25mmol) and silica gel (3g) in CHCl; was stirred at room
temperature for 5 days. The resulting suspension was filtered and the silica
gel was extracted with CHClI, to obtain 7 as a 2:1 mixture of diastereomers
(70 mg, 60 % ). Elemental analysis calcd (%) for C,,H,,CL,P,Pd,: C 57.54, H
4.84; found C 57.6, H 5.0.

Major isomer: 3'P{'H} NMR (101.26 MHz, CDCl;): 6 =57.3; 'H NMR
(250 MHz, CDCl,, 240 K): 6 =2.14 (s, 6 H; Me), 2.25 (s, 6 H; Me), 3.05 (br,
2H; CH,Pd), 3.45 (br, 2H; CH,Pd), 3.65 (brt, J(H,H) =J(H,P) =15 Hz,
2H; CH,P), 4.55 (br, 2H; CH,P), 6.74 (s, 2 H; [CoHs]), 6.98 (s, 2 H; [C;Ha)),
7.00-7.70 (brm, 20 H; aromatic).

Minor isomer: 3'P{'H} NMR (101.26 MHz, CDCl;): 6=57.9; 'H NMR
(250 MHz, CDCl,, 240 K): 6 =2.16 (s, 6 H; Me), 2.23 (s, 6 H; Me), 3.05 (br,
2H; CH,Pd), 3.45 (br, 2H; CH,Pd), 3.65 (brt, J(H,H) =J(H,P) =15 Hz,
2H; CH,P), 4.55 (br, 2H; CH,P), 6.79 (s, 2H; [CeHL]), 6.95 (s, 2 H; [CoHL]),
7.00-7.70 (brm, 20 H; aromatic).

The mononuclear complexes 8, 9, and 10 were obtained in an NMR tube by
mixing 7 (20 mg) with a few drops of [Ds]pyridine or with the stoichio-
metric amount of triphenylphosphine or benzylmesitylphenylphosphine,
respectively.

Compound 8: 'H NMR (250 MHz, CDCl;, 240 K): 6=2.01 (s, 6H; Me),
2.70 (brd, 1H; CH,Pd), 2.99 (brd, 1H; CH,Pd), 3.51 (t, J(H,H) =J(H,P) =
15 Hz, 1H; CH,P), 4.52 (br, 1H; CH,P), 6.64 (s, 1H; [CsH,]), 6.71 (s, 1 H;
[C¢H,]), 7.03-7.60 (m, 10 H; aromatic); *P{'H} NMR (101.26 MHz, CDCl;,
298 K): 6 =55.77 (brs).

Compound 9: 'H NMR (250 MHz, CDCl;, 240 K): 6 =2.20 (s, 3H; Me),
2.22 (s,3H; Me), 2.20-2.48 (m, 2H; CH,Pd), 3.77 (m, 1 H; CH,P), 4.67 (t,
J(H.H)=J(H,P) =12.5 Hz, 1H; CH,P), 6.45 (s, 1H; [C;H,]), 6.81 (s, 1H;
[C¢H,]), 7.18-7.75 (m, 25 H; aromatic); *P{'H} NMR (101.26 MHz, CDCl;,
240 K): 6 =51.50 (d, J(PP) =394 Hz; P'), 22.40 (d, J(P,P) =394 Hz; P?).
Compound 10 (1:1 mixture of diastereomers): 'H NMR (250 MHz, CDCl;,
240K): 6=1.95-2.37 (m, 15H; Me), 3.53-3.63 (m, 2H; CH,Pd), 3.92—
5.02 (m, 4H; CH,P), 6.55-756 (m, 24H; aromatic); *P{'H} NMR
(101.26 MHz, CDCl;, 240 K): 0 =53.57 (d, J(P,P) =396 Hz; P'), 50.96 (d,
J(PP) =397 Hz; P'), 6.31 (d, J(P,P) =396 Hz; P?), 4.91 (d, J(P,P) =397 Hz;
P?).

Synthesis of [PdCL{(+)-PBnMesPh},] (11): Benzylmesitylphenylphos-
phine (0.468 g, 1.47 mmol) was added to a solution of [PdCL(PhCN),]
(0.289 g, 0.735 mmol) in tetrahydrofuran (25 mL) and stirred for 30 min at
room temperature; the solution was then concentrated to dryness. The solid
obtained was eluted by silica gel column chromatography with CHCI; as
eluent. Compound 11 (1:1 mixture of diastereomers) was isolated as a
yellow solid (150 mg, 25%). 3'P{'H} (101.26 MHz, CDCL): 6 =799 (s),
5.77(s); "H NMR (200 MHz, CDCL;): 6 =1.97 (s, 12H; 0-Me), 2.12 (s, 12 H;
0-Me), 2.23 (s, 12H; p-Me), 3.75 (m, 4H; CH,P), 4.25 (m, 4H; CH,P), 6.72
(brs, 4H; Mes), 7.05-7.70 (m, 44H; aromatic); MS (positive FAB): m/z:
777 [M—CI]*, 742 [M—2CI]"; elemental analysis caled (%) for
C,HyCLP,Pd: C 64.92, H 5.70; found C 64.9, H 5.7.

Synthesis of (RpRp)- or (SpSp)-[PdCL,(PBnMesPh),] (11): 1,2-Bis-(diphe-
nylphosphino)ethane (0.236 g, 0.60 mmol) was added to a solution of
optically pure 5 or 6 (0.60 mmol) in CHCl; (30 mL) and the mixture stirred
under nitrogen for 15 min at room temperature. [PdCL,(PhCN),] (0.116 g,
0.30 mmol) was added to the resulting suspension and the mixture stirred
for 30 min at room temperature and then concentrated in vacuo. The solid
obtained was eluted by silica gel column chromatography with CHCI; as
eluent. Compound 12, containing optically pure phosphine, was isolated as
a yellow solid (60 mg, 25%). *P{'H} (101.26 MHz, CDCl;): 6=7.99;
'H NMR (200 MHz, CDCL): 6 =2.12 (s, 12H; 0-Me), 2.23 (s, 6H; p-Me),
395 (dt, J=33.5Hz, J=13.1Hz, 2H; CH,P), 425 (dt, J=33.21, J=
13.3 Hz; 2H; CH,P), 6.72 (s, 2H; Mes), 7.05-7.70 (m, 22H; aromatic).
Synthesis of [Pd(53-2-MeC;H,)CI((+)-PBnMesPh)] (12): Benzylmesityl-
phenylphosphine (0.234 g, 0.735 mmol) was added to a solution of [Pd(u-
Cl)(>-2-MeC;H,)], (0.145 g, 0.367 mmol) in tetrahydrofuran (25 mL) and
the mixture stirred for 30 min at room temperature, then tetrahydrofuran
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was replaced by diethyl ether and [Pd(7*-2-MeC;H,)Cl((£)-PBnMesPh)]
precipitates as a white solid as a 1:1 mixture of diastereomers. The solid
obtained was eluted by silica gel column chromatography with CHCl,/
acetone (100:4) as eluent. Compound 12 was isolated as a yellow solid
(0.265 g, 70%). *'P{'"H} NMR (101.26 MHz, CDCl;): 6 =17.5 (s), 17.8 (s);
'H NMR (500 MHz, CDCl;): d =1.60 (s, 3H; Me), 1.88 (s, 3H; Me), 2.17 (s,
6H; 0-Me), 2.25 (s, 3H; p-Me), 2.26 (s, 3H; p-Me), 2.27 (s, 1 H; HY), 2.29 (s,
6H; 0-Me), 2.51 (s, 1 H; HY), 3.12 (br, 1 H; H¢), 3.26 (d, J=2.5 Hz, 1 H; H°),
3.33 (d, J=9.5Hz, 1H; H®), 3.34 (d, J=10.5 Hz, 1H; H®), 4.05-4.25 (m,
4H; CH,), 4.32 (dd, /=775, J=3.0 Hz, 1H; H?), 4.36 (dd, /=6.5, J=
3.0 Hz, 1H; H?), 6.78 (d, J=3.0 Hz, 2H; Mes), 6.82 (d, J=2.5Hz, 2H;
Mes), 7.00-7.30 (m, 20H; aromatic); elemental analysis caled (%) for
C,H;,CIPPd: C 60.60, H 5.87; found C 60.3, H 5.8. Crystals of 12 for X-ray
structure determination were obtained from diethyl ether.

Synthesis of [Pd(n*-2-MeC;H,)Cl{(R;)-PBnMesPh}] or [Pd(y3-2-
MeC;H,)Cl{(Sp)-PBnMesPh}] (12): 1,2-Bis-(diphenylphosphino)ethane
(0.059 g, 0.15 mmol) was added to a solution of optically pure 5 or 6
(0.15 mmol) in CHCl; (30 mL) and the mixture stirred under nitrogen for
15min at room temperature. [Pd(u-Cl)(7°-2-MeC;H,)], (0.029 g,
0.075 mmol) was added to the resulting suspension and the mixture stirred
for 30 min at room temperature, then concentrated in vacuo. The solid
obtained was eluted by silica gel column chromatography with CHCIly/
acetone (100:4) as eluent. Compound (Rp)- or (Sp)-12 was isolated as a
yellow solid (0.055g, 70%). Crystals of [Pd(1’-2-MeC;H,)Cl{(Sp)-
PBnMesPh}] for X-ray structure determination were obtained from diethyl
ether.

Hydrovinylation reaction: Hydrovinylation reactions were performed in a
stainless-steel autoclave fitted with an external jacket connected to an
isobutanol bath and the temperature controlled using a thermostat to
+0.5°C. The internal temperature was monitored by means of a
thermocouple. Internal temperature and pressure as a function of time
were registered with a Linseis L-200 Recorder.

A mixture of 4.0x 10 mol of the neutral palladium complex, 4.4 x
10~ mol AgBF, and styrene (0.0400 mol) in freshly distilled CH,CI,
(10 mL) was stirred for 5 min in the dark in a nitrogen atmosphere. After
filtering off the AgCl formed, the solution was placed in a thermostat-fitted
autoclave, which had previously been purged with successive applications
of vacuum and argon, and ethylene was admitted until a pressure of 15 bar
was reached. After the desired time the autoclave was slowly depressur-
ized, 10% HCI (10 mL) added, and the mixture stirred for 10 min in order
to quench the catalyst. The CH,Cl, layer was decanted and dried with
Na,SO,. The quantitative distribution of product fractions was determined
by GC analysis.

Crystallographic studies: A prismatic crystal of racemic-12 (0.1 x 0.1 x
0.1 mm) or (Sp)-12 (0.1 x 0.1 x 0.2 mm) was selected and mounted on an
Enraf-Nonius CAD4 diffractometer. Unit-cell parameters were deter-
mined from automatic centering of 25 reflections (12 < 6 < 21°) and refined
by least-squares method. Intensities were collected with graphite-mono-
chromatized Moy, radiation, using @/260 scan technique. For racemic-12,
7127 reflections were measured in the range 2.16 < 6 <29.96, 7083 of which
were nonequivalent by symmetry (R;, (on 7)=0.039). 2029 Reflections
were assumed as observed applying the condition />20([). For (Sp)-12,
3846 reflections were measured in the range 2.20 < 6 <29.96, 3639 of which
were nonequivalent by symmetry (R;, (on 7)=0.035). 1898 Reflections
were assumed as observed applying the condition />20([). For both
crystals three reflections were measured every two hours as orientation and
intensity control, significant intensity decay was not observed. Lorentz-
polarization but not absorption corrections were made. A summary of
experimental details is given in Table 4.

The structures were solved by direct methods, using the SHELXS computer
program and refined by a full-matrix least-squares method, with the
SHELX97 program,?” using 7083 reflections for racemic-12 and 3639 re-
flections for (Sp)-12 (very negative intensities were not assumed). The
function minimized was X Ww[|F,|?—|F.|*]>, where w=[0*(I)+
(0.0831 P)*]! for racemic-12 and w = [0?*(I) + (0.0404 P)*]"' for (Sp)-12,
being P=(|F,|*+ 2| F.|?)/3; f,f and f” were taken from the International
Tables of X-Ray Crystallography.[*! The chirality of (Sp)-12 was defined
from the Flack coefficient, which is equal to 0.04(6) for the given results.l*]
For racemic-12 the final R (on F) factor was 0.041, wR (on F2)=0.113 and
the goodness of fit 0.801 for all observed reflections. The number of refined
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Table 4. Crystal data and structure refinement for 12.
rac-12 (Sp)-12
formula CyH;,CIPPd C,H;,CIPPd
Fy 515.32 515.32
T [K] 293(2) 293(2)
2[A] 0.71069 0.71069
crystal system triclinic monoclinic
space group Pi P2,
a[A] 8.117(4) 9.403(2)
b[A] 11.806(2) 13.763(3)
c[A] 13.604(3) 9.587(4)
a (] 77.94(2)
AN 83.29(3) 100.16(2)
vl 73.28(2)
V[AY] 1218.7(7) 1221.2(6)
Z 2 2
Pearca [Mgm?] 1.407 1.401
u [mm] 0.946 0.944
F(000) 530 528
crystal size [mm] 0.1x0.1x0.2 0.1x0.1x0.2
0 range [°] 2.16 to 29.96 2.20 to 29.96
reflections collected 7127 3846
reflections unique 7083 3639
data/restraints/parameters 7083/12/262 3639/1/278
GoF on F? 0.800 0.978
final R indices [I > 20(])] R1=0.0419 R1=0.0625
wR2=0.1133 wR2 =0.0993
R indices (all data) R1=0.2054 R1=0.1944
wR2=0.1838 wR2=0.1257
largest diff. peak/hole [e A 3] 0.905/ —0.615 0.895/—0.743

parameters was 262. Max. shift/esd = 0.00, mean shift/esd = 0.00. Max. and
Min. peaks in final difference synthesis were 0.905 and —0.615eA-3,
respectively. For (Sp)-12 the final R (on F) factor was 0.062, wR (on F?) =
0.099 and the goodness of fit 0.977 for all observed reflections. The number
of refined parameters was 278. Max. shift/esd =0.00, mean shift/esd = 0.00.
Max. and Min. peaks in final difference synthesis were 0.895 and
—0.743 ¢ A3, respectively.

CCDC-172978 and 172979 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax:
(+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).

Computational details: All the calculations were performed with the
Spartan 5.1 suite of programs.*” The molecular mechanics geometry
optimizations were done using the MMFF94 force field*] with the
parameters supplied by the program.
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Diastereoselective Noncovalent Synthesis of Hydrogen-Bonded
Double-Rosette Assemblies

Leonard J. Prins, Ron Hulst, Peter Timmerman,* and David N. Reinhoudt*!?!

Abstract: Chiral centers present either
in the dimelamine components of cal-
ix[4]arene 1 or in the cyanurate compo-
nents CA quantitatively induce one
handedness (P or M) in the correspond-
ing hydrogen-bonded assemblies 1;-
(CA)s (de>98%). The high degree of
chiral induction results from the pres-
ence of six chiral centers in close prox-
imity (C,) to the core of the assembly. A
much lower level of chiral induction is

ters that are more remote (Cj). All
diastereomerically pure assemblies 1;-
(CA)4 exhibit very high CD activities
(| Aepax |~ 100 Lmol~'ecm™!), in sharp
contrast to the low CD activities
(| Aepax | <8 Lmol~!cm™!) shown by the

Keywords:  diastereoselectivity
hydrogen bonds noncovalent
interactions self-assembly

free components. The assemblies display
spontaneous resolution under thermo-
dynamically controlled conditions (i.e.,
heteromeric assemblies containing both
peripheral R and S centers are not
observed. Remarkable assembly behav-
ior is observed if both components 1 and
CA are chiral. In general, formation of
well-defined assemblies is only observed
when both components contain unidir-
ectional information for the induction of

observed for assemblies with chiral cen-

Introduction

Biological H-bonded structures express abundant supramo-
lecular chirality; for example, the double helix of DNA,M the
triple helix of collagen,”@ or the a-helical coiled coil of
myosin.’l The generation of chiral assemblies—consequently
with chiral binding sites—means that chirality plays an
important role in biological molecular recognition processes.
Control over the supramolecular chirality of synthetic assem-
blies is of crucial importance for their application in the fields
of molecular recognition, catalysis, and materials science.[*!
Just like metal-coordinated assemblies,”® many synthetic
H-bonded assemblies display supramolecular chirality as a
result of the dissymmetric arrangement of their achiral
components (Figure 1).0-13 The general method for control-
ling supramolecular chirality is the introduction of chiral
substituents into the components. In this way, the resulting
assembly exists as a mixture of two diastereomers, the
diastereomeric excess (de) of which is determined by the
difference in AG®.

Initial efforts to induce diastereoselectivity in H-bonded
capsules by chiral-guest encapsulation resulted only in

[a] Dr. P. Timmerman, Prof. Dr. Ir. D. N. Reinhoudt, Dr. L. J. Prins,
Dr. R. Hulst
Laboratory of Supramolecular Chemistry and Technology
MESA* Research Institute, University of Twente
P.O. Box 217, 7500 AE Enschede (The Netherlands)
Fax: (+31)53-4894645
E-mail: smct@ct.utwente.nl
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supramolecular chirality
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either M or P chirality.

moderate de’s of ~35%.01% In the meantime, quantitative
diastereoselection in capsules with a chiral exterior was
achieved.'® In a similar fashion, diastereomeric rosette
assemblies have been synthesized with a maximum de of
50% through the use of chiral cyanurate components.['!
Recently, '"H NMR studies by Davis and Gottarelli et al. have
shown that the supramolecular chirality in guanosine octa-
mers, templated by K*, is quantitatively induced by the eight
chiral sugar moieties.!?]

Meijer et al. demonstrated the strong induction of supra-
molecular helicity in H-bonded macromolecular stacks com-
prising chiral components.'¥] Similar results were obtained
with other H-bonded macromolecular assemblies.'>'71 Anal-
ysis of the diastereoselectivity of the assembly process is
severely complicated by the fact that individual assemblies
may comprise domains of opposite helicity separated by helix
inversion points. For that reason, the induction of chirality in
macromolecular assemblies is commonly analyzed by means
of chiral amplification experiments.['8-20]

In a previous communication we showed that the supra-
molecular chirality of the hydrogen-bonded assemblies 1;-
(CA),4 can be quantitatively induced by chiral centers present
in the components (Figure 2).2! In this paper we give full
details of these experiments, together with new results that
reveal that the extent of chiral induction is strongly related to
the distance between the chiral centers and the core of the
assembly. Furthermore, the assembly behavior of chiral
dimelamines 1 with chiral cyanurates CA is described, and
reveals a remarkable sensitivity to conflicting chiral informa-
tion present in both components.
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Figure 1. Examples of chiral H-bonded capsules: a) Supramolecular chirality in capsules, caused by a dissymmetric arrangement of the components.!'”)
b) Supramolecular chirality in a tetraurea calix[4]arene capsule consisting of differently substituted urea units.'!l ¢) Supramolecular chirality in rosette
assemblies as a result of two possible orientations (M or P) of the melamine fragments.l'?! d) Stacking of two G-quartets in a supramolecularly chiral head-to-
tail arrangement templated by K*.I'¥] The arrows indicate the handedness of the assemblies.

Results and Discussion

Calix[4]arene-based double-rosette assemblies: Earlier work
in our group showed that assemblies 1;- (CA), form sponta-
neously when calix[4]arene dimelamines 1 are mixed either
with barbiturates or with cyanurates (CA) in a 1:2 ratio in
apolar solvents such as chloroform, toluene, or benzene.?>24
In principle, the assemblies can exist in three different
isomeric forms: with D;, Cy,, or C, symmetry (Figure 2).2"
The X-ray crystal structure of assembly 1bs- (DEB), clearly
shows that this particular assembly fully adopts a Ds-
symmetric structure (Figure 3), which is chiral.?!l This form
of supramolecular chirality is the result of an antiparallel
orientation of the two melamine fragments of 1b, which
can be either clockwise (P) or counterclockwise (M)
(Scheme 1).5Y In order for 1bs-(DEB), to form, all three
calix[4]arene dimelamines in the assembly must have an
identical orientation of the melamine fragments: that is, either
all (P)-1b or all (M)-1b.

The M and P isomers of assembly 1b;- (DEB); exist in an
enantiomeric relationship and are therefore equal in free
energy (AG°),= AG°p). Consequently, assembly 1b;- (DEB);
is present in solution as a racemic mixture of the M and P
enantiomers. Upon addition of 10 equivalents of Pirkle’s

Chem. Eur. J. 2002, 8, No. 10
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reagent, a well-known chiral shift reagent, to a 1.0 mm
solution of 1b;-(DEB)y, splitting of the calix[4]arene CH,
bridge proton signals of 1b was observed (Figure 4a, b). None
of the other proton signals was affected; this indicates that
Pirkle’s reagent forms a weak complex with 1b;-(DEB),,
presumably through coordination of the hydroxyl group to the
nitrogen of the triazine ring of 1b that is not involved in
hydrogen bonding. The same experiment performed with an
assembly with exclusively P chirality (1e;«(RCYA)q, vide
infra) did not result in splitting of the signals; this indicates
that the splitting observed for assembly 1b;+ (DEB); is indeed
related to the presence of both M and P enantiomers
(Figure 4c, d).

The binding of Pirkle’s reagent is too weak to cause a
measurable energy difference between the M and P isomers
of assemblies 1b;+ (DEB),. In order to study whether chiral
centers in the components can induce diastereoselection in
assemblies 15+ (CA)g, chiral analogues of both 1 and CA were
synthesized. The chiral analogues of CA include both
barbiturates and cyanurates.

Synthesis: Dimelamines 1a—c and bis(chlorotriazine) 2 were
synthesized by literature procedures.? Similarly, calix[4]-
arene dimelamines 1d-1g were synthesized by treatment of
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Ca, c. P-D, ’ M-D;

Figure 2. Formation of assemblies 15+ (CA), from calix[4]arene dimelamines 1 and barbiturates/cyanurates CA. Schematic representations of the possible
isomers with Dj, Cy,, and C; symmetry. Both the M and the P enantiomers of the D; symmetrical isomer are depicted.

HoG s e,

oo
_J\ML e
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Figure 4. a and b) Addition of 10 equivalents of Pirkle’s reagent to a
1.0 mM solution of racemic assembly 1b;+ (DEB); in [D,]dichloromethane
results in a splitting of the signals corresponding to the CH, bridge protons
of 1b (indicated with an arrow). ¢ and d) No splitting was observed when
the same experiment was performed with assembly 1¢;+ (RCYA)y, which is
present exclusively as the P isomer.

fop view

bis(chlorotriazine) 2 with an excess of the corresponding
amine (99% ee) in THF (Scheme 2), in yields varying
between 65-85%.

side view The synthesis of cyanurates RCYA and SCYA started with
Figure 3. X-Ray crystal structure of 1b;- (DEB),.** condensation of the corresponding amines (ee > 99 %) with an

2290 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0810-2290 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 10





Diastereoselective Synthesis of Double-Rosette Assemblies 2288-2301

excess of nitrobiuret to give the
nitrobiuret adducts (R)-3 and
(S)-3 (Method A, Scheme 3).532
Subsequent ring-closure with
diethyl carbonate and sodium
ethoxide gave RCYA and
SCYA in overall yields of
74% and 82%, respectively.
The cyanurates SPheCYA,
SValCYA, and SLeuCYA were
prepared in one step by treat-
ment of the corresponding
methyl-ester-protected L-ami-
no acids (ee > 99%) with
N-chlorocarbonyl isocyanate,
in yields varying between
50% and 65% (Method B,
Scheme 3).

The chiral barbiturates
RBAR and SBAR were pre-
pared in three steps starting
with the bromination of
(R)-2-phenylpropan-1-ol and
(S)-2-phenylpropan-1-ol (ee’s >
99%), followed by alkylation
with diethyl ethylmalonate to
give (R)-5 and (5)-5, respectively R=
(Scheme 4). Ring closure of A ) CH3 (R SpCHs
(R-5 and (S)-5 with urea in the g g d d%**s 6 cH, =2<

. . OCH,

presence of sodium ethoxide

(R” = H if not stated otherwise)

1a 1b 1c 1d 1e 1f 19
1 1 1 1 1 1

gave RBAR and SBAR in over- R’=NO,

all yields of 14% and 16 %,

respectively. o barbiturates: DEB SBAR
H J\ -H C C,

Induction of supramolecular l“\ /& X= ( \ (

chirality through the use of oX SU=H

chiral dimelamines: Mixing di- CA CHs

melamine 1d (R!=(R)-1-phe-

nylethyl) and DEB in a 1:2

ratio in either chloroform or cyanurates:  RCYA SCYA SPheCYA SValCYA SLeuCYA

toluene resulted in the quanti- . (R)N H (S)N - (s;\‘ SN (Sl)\l °
tative formation of assembly - ©)€H3 dﬁ s Oﬁ o% o :{ﬁ-q_<CH3
1d;-(DEB)¢, as shown by OCH, OCH, OCH;,

'H NMR spectroscopy (Fig-
ure 5) and MALDI-TOF mass
spectrometry. The 1:2 stoichi-
ometry of the components 1d
and DEB was confirmed by
integration of the CH, bridge-

proton resonances of 1d (k—n) cl '\{H
and the NH-proton resonances 1
of DEB (@ and b). The 'H NMR R'NH,

spectrum of assembly 1d;- m

(DEB), in [Dg]toluene is highly reflux

characteristic of double-rosette

assemblies in general and will

therefore be discussed in detail.

Similar results were obtained in 2

[D]chloroform. Scheme 2. Synthesis of calix[4]arene dimelamines 1d—-g.
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Method A
(o] Q
W 3
1 1
R'NH, —————» Ru
? DMF, H,0 N NN,
100 °C
(R)-3/(S)-3
j\ Na, EtOH
Et0” “OEt reflux
Method B
o 0
1) cicNc=0, THF
R
> 2)reflux, 12 h O)\N/J%o
|
R1
RCYA R' = (R)-a-CH(C4Hs)CHs
SCYA R' = (8)-0-CH(CgHs)CHs

SPheCYA R’ = (S)-CH(CH,C4Hs)C(O)OCH,
SValCYA = (8)-CH(CH(CH,),)C(O)OCH,
SLeuCYA R’ = (S)-CH(CH,CH(CH,),)C(O)OCH,

Scheme 3. Synthesis of cyanurates RCYA, SCYA, SPheCYA, SValCYA,
and SLeuCYA.

eq

M@ A

a b g
14 12 10
B 5

Figure 5. '"H NMR spectrum of assembly 1d;-(DEB); recorded in
[Dg]toluene (5 mm, 400 MHz, 298 K), with assignment of the proton signals.

As a result of H-bonding, the NHpgg protons (a and b) are
strongly shifted downfield from their normal position
(OntsreepEs = 8.40). Two signals are observed at 6=13.67
and 14.59, due to the fact that the a and b protons reside in
chemically different environments within the assembly. This is
a result of the nonsymmetrical substitution of the melamine
fragments of 1d. Furthermore, it shows that the DEB
components are in slow exchange on the 'H NMR chemical
shift timescale. Similarly, strong downfield shifts are observed
for the NH and NH, protons of the melamine fragments of 1d
(c—f), which appear at 6 =8.71, 8.26, 7.48, and 7.14, respec-
tively. Two signals at 6 =6.35 and 7.48 are observed for the
aromatic protons g and 4 of the melamine-substituted phenyl
rings of 1d. On the basis of "TH NMR studies by Ungaro et al.,
the signal at 0 =6.35 (k) is indicative of a pinched cone
conformation of 1d with the two melamine-substituted
phenyls in close proximity.** The fact that the other signal
appears at 0 =748 (g) is attributable to the formation of a
weak hydrogen bond between this proton and the triazine ring
nitrogen not involved in H-bonding.

'H NMR spectroscopy also provides important information
on the symmetry of assembly 1d;:-(DEB)s. Assembly 1d;-
(DEB); can exist in three different isomeric forms: with D,
Cyy,, or C; symmetry. Because 1d is chiral, the D; isomer can
be present in two diastereomeric forms, with either M or P
chirality. The symmetry of the assembly is most clearly
reflected by the number of signals observed for the NHpgg
protons.”l Based on symmetry arguments, two, four, and
twelve signals are predicted for the D;, Cy,, and C; isomers,
respectively. The presence of only two signals at 6 =13.67 and
14.59 implies that assembly 1d;- (DEB); is exclusively present
as one of the two possible diastereomers with D; symmetry:
M-D; or P-D;. The presence of both the M and the P
diastereomers of the D; isomer would result in four signals for
the NHpgg protons. That the presence of two signals for the
NHpgg protons results from a fast exchange between the M-
D; and P-D; isomers can be ruled out, since in that case only
one signal would be expected for protons g and /4, and only
two doublets for the CH, protons k—n in 1b. The complete
absence of signals for the other diastereomer indicates that its
concentration must be <107*M, based on the sensitivity
threshold of 'H NMR spectroscopy. Since the assembly
concentration is 5 x 1073M, this means that the chiral sub-
stituents in 1d induce a de >98% in assembly 1d;- (DEB),.
This corresponds to a AG® (298 K) between the M and the P
diastereomers of >11.4 kJmol~.

The 'H NMR spectra of assemblies 1e;- (DEB)¢ and 1f;-
(DEB); in either [D]chloroform or [Dg]toluene only show one
set of proton signals. This means that the (R)-1-naphthylethyl

o)
EtO 0
H o) H\NJI\N/H
Br 1) , NaH NJ\
CBu, PPh; THF, RT, 1 h EtO OEt H N NH, o 0
_ —_—
THERT 5 CHs 2) reflux for 3 days Na, EtOH
CH, reflux CH
H H 3
(R)-4/(S)-4
(R)-5/(S)-5 RBAR/SBAR

Scheme 4. Synthesis of barbiturates RBAR and SBAR.
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substituent in 1f and the L-alanine a)

substituent in 1g also quantitatively H:
induce a single handedness in the
corresponding assemblies.
Additional evidence for the forma-
tion of assembly 1d;+(DEB), was
obtained from MALDI-TOF mass
spectrometry after Ag*-labeling.?* ¥
The MALDI-TOF mass spectrum
shows a strong signal at m/z =4358.3

..|.\\‘|‘°...,|1+

@

(caled for Cy3H,eeN 5050 7Ag™: 8

4360.2), corresponding to the mono- H;H,

valent Ag* complex. No other signals
for partially formed assemblies were
detected. Presumably, the Ag* cation
is complexed between the phenyl ring
of the appended (R)-1-phenylethyl substituent and the
melamine-substituted phenyl rings of 1d.

The 'H NMR and MALDI-TOF spectra of 1e;- (DEB), are
identical to the spectra of 1d;+(DEB),. The only difference
between these enantiomeric assemblies is reflected by their
different optical activities (vide infra).

Determination of the absolute configuration of assembly 1e;-
(DEB),: Two-dimensional Rotating Frame Overhauser Effect
Spectroscopy (ROESY) was used to correlate the S absolute
configuration in the chiral substituents in 1e to the induction
of P chirality in assembly 1e;-(DEB)s. Connectivities were
observed between protons H; and H, —H, and protons H; and
H,-H; (Figure 6). These connectivities are only possible if
assembly 1le;-(DEB), adopts a P configuration. If the

2 150
cD
1100
-1 50 l
oy
< 0 -
3
2\
1-50 o
3,
1-100
200 000 Yy 1-150
e
[5]
~_ 150 000
[«]
£
=L
W
T 100 000
50 000F
0 T T T
250 300 350

—— A/nm

7
H,

Figure 6. a) Part of the ROESY spectrum of 1e;:(DEB), recorded in [Dgltoluene (1.0 mm, 400 MHz,
298 K), showing the most important connectivities. b) Three-dimensional representation of the orientation
of the (S)-1-phenylethyl substituent, based on the observed connectivities.

assembly were to adopt an M configuration, connectivities
between protons H; and H; and protons H; and H; would be
expected. No connectivities between the protons of the
appended phenyl group and any of the protons H, ; were
observed; this indicates that the phenyl group is directed away
from the assembly. In addition, the fact that five different
signals were observed for the appended phenyl group shows
that the chiral substituent adopts a very rigid conformation.

CD spectroscopy: It was found that assemblies 1d;+ (DEB),
and 1le;-(DEB)s have very strong CDs (| Agpay|~
100 Lmol~!cm™). In sharp contrast, the individual compo-
nents 1d and 1le are hardly CD active (|Agp.y|<
8 Lmol~'cm™); this indicates that the observed CD is a
direct result of assembly formation (Figure 7a). The strong

150
b)
100
50 l
o
0o T
3
2.
50 o
3,
100
200 ooo{uv 1 -150
e
(5]
<> 150000
o
g
=
w
T 100 000}
50 000
0 T T T
250 300 350

——> A/nm

Figure 7. a) CD spectra of 1d (——-), 1e (++), 1d;+ (DEB)s (——), and 1e;+ (DEB); (seee), together with the UV spectrum of 1d;+ (DEB),. All spectra were
recorded in dichloromethane (3.0 mm for 1d and 1e, 1.0 mm for 1d;+ (DEB), and 1e;- (DEB);) at 298 K. b) CD and UV spectra of assemblies 1f;- (DEB);
(——) and 1g;- (DEB) (seee). All spectra were recorded in chloroform (1.0 mm) at 298 K.
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intensity of the Cotton effects,
the bisignate nature of the CD
curves, and the fact that the
intercept with the x-axis coin-
cides with the maximum in the
UV spectra all indicate that the
observed CD is mainly a result
of exciton coupling between
chromophores present in the
core of the assemblies.’S It is
almost impossible to determine
which chromophores are exci-
ton-coupled, since all chromo-

phores in the assemblies have

overlapping UV absorptions. 14 12

The CD curves of (M)-1d;-
(DEB)¢ and (P)-le;-(DEB),
are perfect mirror images; this
reflects their enantiomeric rela-
tionship. The sign of the CD curve is therefore a good measure
of the supramolecular chirality of the assembly: assemblies
with M chirality give positive CD curves, whereas assemblies
with P chirality give negative CD curves. This seems to
contradict theoretical studies by Harada and Nakanishi, who
found that in cases of exciton coupling a positive CD curve
originates from a P configuration of the chromophores.P!
However, it should be emphasized that the assignment of M
and P chirality to assemblies 15+ (CA), is arbitrarily based on
the relative orientation of the melamine fragments in 1, and
not on the relative orientation of the exciton-coupled
chromophores. Recently published assembly studies with a
chromogenic barbiturate clearly show consistency between
the assignment of M and P chirality to the assembly and the
observed CD of the chromophores.[’]

The CD spectra of assemblies 1d;-(DEB)—1g;-(DEB);
all have very similar shapes and amplitudes (Figure 7b).
Apparently, peripheral chromophores (benzyl, carbonyl,
naphthyl) only affect the intensity of the Cotton effect at
wavelengths lower than 275 nm. For higher wavelengths, the
CD spectra of assemblies 1d;-(DEB)s—1g;:-(DEB); are
virtually identical. From the sign of the CD curves it can be
concluded that the (R)-1-naphthylethyl substituents in 1f
induce M chirality and the L-alanine substituents in 1g induce
P chirality.

Induction of supramolecular chirality through the use of chiral
cyanurates: Assembly 1b;:(RCYA); forms quantitatively
upon mixing 1b and RCYA in a 1:2 ratio in [D]chloroform,
as shown by the presence of the characteristic signals for
double-rosette assemblies in the 'H NMR spectrum (Fig-
ure 8). As in the cases of assemblies 1d;:-(DEB);—1g;-
(DEB),, which incorporate chiral dimelamines, only one set
of signals is observed; this means that RCYA quantitatively
induces the chirality of 1b;- (RCYA),. Additional evidence
for the quantitative induction was obtained from the addition
of 10 equivalents of Pirkle’s reagent to a 1.0 mm solution of
1c;+ (RCYA)q in [D,]dichloromethane. In contrast to racemic
assembly 1¢; - (DEB)g, no splitting of the signals was observed
(Figure 4c and d).
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Figure 8. '"H NMR spectrum of assembly 1b;+ (RCYA), in [D]chloroform (1.0 mm) at 298 K.

Just like assemblies 1d;+(DEB)s—1g;+-(DEB),, assembly
1b;+ (RCYA);, is strongly CD active (Figure 9). The negative
CD curve shows that RCYA induces P chirality. It is
interesting to note that the same chiral group [(R)-1-phenyl-
ethyl] induces P chirality when present in the cyanurate
component and M chirality when present in the dimelamine

cD 1 200
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02
=
1-100 3
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£ 120 000f
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£ 8o ooof
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T 0 —
260 300 340 380
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Figure 9. CD and UV spectra of assemblies 1b;+ (RCYA), (seee) and 1b;-
(SCYA); (—) in dichloromethane (1.0 mm) at 298 K.

component (1d;-(DEB)s). This makes perfect sense if the
location of the chiral centers with respect to the calix[4]arene
is considered (Figure 2). When present in the cyanurate
component, the chiral center is located on the left-hand side of
the calix[4]arene (P isomer), whereas it is located on the right-
hand side when present in the dimelamine component.

The CD spectrum of assembly 1b;-(RCYA); shows a
Cotton effect at 335 nm (Aégs3s=—25 Lmol'cm™!) originat-
ing from the NO,-substituted phenyl groups of the calix[4]-
arenes. This unambiguously shows that the chiral centers
present in RCYA create a chiral environment for the NO,-
substituted phenyl groups of 1b. The enantiomeric assembly
(M)-1b;-(SCYA), forms when SCYA is used; this is clearly
reflected in the identical 'H NMR spectrum and the mirror-
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image CD curve. Similar results (de > 98 % ) were obtained for
combinations of RCYA (and SCYA) with achiral dimelamines
laand lec.

In addition, it was found that the amino-acid-derivatized
cyanurates SPheCYA, SValCYA, and SLeuCYA all quanti-
tatively induce chirality in assemblies formed with any one of
the achiral dimelamines 1a, 1b, or 1c¢ (de>98%). The
'H NMR spectra, recorded variously in [D]chloroform,
[Dg]toluene, or [Dy]benzene, all show the exclusive presence
of one diastereomer. The CD curves all have shapes and
intensities similar to those of assemblies (1d-g);-(DEB);
(A&~ 100 Lmol~'em™!). The negative sign of the CD
curves shows that all L-amino-acid-based cyanurates induce
P chirality in the corresponding assemblies.

Induction of supramolecular chirality through the use of chiral
barbiturates: All chiral dimelamines and cyanurates so far
studied quantitatively induce supramolecular chirality in
assemblies 15+ (CA)s;. A common characteristic of all these
components is that the chiral centers are located at the closest
possible proximity (at C,) to the core of the assemblies. In
order to determine the inducing effect of chiral centers more
remote from the core, the assembly behavior of chiral
barbiturates RBAR and SBAR, with chiral centers at Cg,
was studied.

Assembly of 1b with either RBAR or SBAR results in the
quantitative formation of assemblies 1b;- (RBAR); and 1b;-
(SBAR),, as shown by 'H NMR spectroscopy. In contrast to
previously studied assemblies incorporating chiral compo-
nents, the 'H NMR spectrum of assembly 1b;: (RBAR), in
[D]chloroform contains two sharp sets of signals for all
protons (the 6 =13 -15 region is depicted in Figure 10a). The
unequal intensities of the signals show that two different
isomers of assembly 1b;-(RBAR); are present. Based on

symmetry arguments, the number of signals can only be
explained by the presence of both the M and P diastereomers
of 1b;+(RBAR),, with a uniform orientation of the RBAR
components.¥] Corey —Pauling — Kultun models indeed sug-
gest that the NO, groups in 1b only allow one orientation of
the RBAR units in assembly 1b;-(RBAR),, with the chiral
substituent pointing away from the assembly. The concen-
trations of both diastereomers were determined by integra-
tion of the NHpgg signals, which gave a de of 17%
(AG°(298 K) =0.9 kImol~!). From the positive CD curve
measured for assembly 1b;- (RBAR)q, it was concluded that
the M diastereomer has the higher thermodynamic stability
(= AG°p<— AG®y) (Figure 10d).

Remarkably, the de is strongly solvent-dependent (Fig-
ure 10b and c). In [Dg]toluene, a much higher de of 88%
(AG”p(298 K) = 6.9 kJ mol~!) was observed. In [Dg]benzene,
signals corresponding to the unfavorable P diastereomer were
hardly detectable; this means that RBAR nearly quantita-
tively induces M chirality in assembly 1b;-(RBAR) (de=
96 % ; AG®,;,p(298 K) = 9.6 kI mol~!). The reason for the large
difference between chloroform and toluene/benzene is not
known, but could be due to the increased strength of H-bonds
in apolar solvents such as toluene and benzene. This reduces
the flexibility of the assembly, thus enhancing the steric effects
at its periphery.

Different results were obtained for assemblies 1as-
(RBAR); and 1¢;+ (RBAR)g, which lack the NO, substituents
of 1b. The 'H NMR spectra of 1a;:(RBAR), and 1c;-
(RBAR); show a large number of signals (>10) in the 6 =
13-15 region, which prevents determination of the de.
Apparently, in the absence of the NO, substituents, two
different orientations for RBAR are possible; this results in a
large number of different isomers of assemblies 1a;+ (RBAR),
and 1¢;- (RBAR);.
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Figure 10. Part of the '"H NMR spectrum of assembly 1b;- (RBAR); in: a) [D]chloroform, b) [Dg]toluene, and ¢) [D¢]benzene. All spectra were recorded at
1.0 mM concentrations at 298 K. o = M diastereoisomer, @ = P diastereoisomer, d) CD spectra of assembly 1b; - (RBAR); in chloroform (- - - -) and benzene
(—), and assembly 1b;- (SBAR), in benzene (seee), together with UV spectra of assembly 1b;+ (RBAR), in chloroform (----) and benzene (——). All

spectra were recorded at 1.0 mm concentrations at 298 K.

Chem. Eur. J. 2002, 8, No. 10

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

0947-6539/02/0810-2295 $ 20.00+.50/0 2295





FULL PAPER

P. Timmerman, D. N. Reinhoudt et al.

The assembly studies with RBAR and SBAR clearly show
that the location of the chiral centers with respect to the
assembly core is critical for chiral induction. The smaller
inducing effect of chiral barbiturates RBAR and SBAR in
comparison with those of chiral cyanurates and dimelamines
is attributed to the increased distance between the chiral
centers and the core of the assembly.

Observation of error correction in H-bonded assemblies: All
assembly studies described so far were performed under
thermodynamically controlled conditions: the assemblies
were at thermodynamic equilibrium when the measurements
('"H NMR or CD) were performed. In order to learn more
about the chiral induction process, experiments were per-
formed under conditions in which the thermodynamic equi-
librium was reached slowly.

Assembly 1c¢;-(DEB) is, by definition, present as a
racemic mixture of the M and P enantiomers (Scheme 5).
Upon addition of 1.2 equivalents of RCYA (relative to DEB)
to a 1.0 mm solution of 1¢;+(DEB)g at —20°C, the barbitu-
rates are replaced by cyanurates, because of their higher

(M)-1¢,+ (DEB), (M)-1¢,+ (RCYA),

/RN
+ RCYA T

_—r )
Kenantio .20 °C Kd'a

[D,]toluene

(P)-1c,+(DEB), (P)1¢,+ (RCYA),

Scheme 5. The addition of 1.2 equivalents of RCYA (relative to DEB) to a
1.0 mu solution of assembly 1¢;+ (DEB), in [Dg|toluene at 253 K results in
the formation of diastereomeric assemblies (M)-1¢;+(RCYA)q and (P)-
1¢;- (RCYA);.

affinity for the melamine units.’* %1 As a result, a 50:50
mixture of the M and P diastereomers of 1¢;+ (RCYA), is
formed, as judged from the presence of two main sets of
signals for the NH protons in the resulting 'H NMR spectrum
of assembly 1¢;+ (RCYA), (Figure 11a). The additional small
signals most probably arise from heteromeric assemblies
containing both DEB and RCYA. Previously reported kinetic
studies have revealed that under these conditions (—20°C,
[Dgltoluene) the interconversion between the M and P
enantiomers is very slow.*] As a result, both the M and P
diastereomers of 1e;: (RCYA), are initially formed in equal
amounts as the kinetic products of the exchange reaction.
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Figure 11. Part of the '"H NMR spectrum of assembly 1¢;- (RCYA), in
[Dg]toluene: a) immediately after the addition of RCYA at 253 K, b) at
273 K (~10 minutes), and c) at 298 K (~20 minutes).

However, with increasing temperature, the two signals at 0 =
15.10 and 13.86 slowly disappear (Figure 11b) and ultimately
only one set of signals remains, at 6 =14.52 and 14.21
(Figure 11¢)."? These signals correspond to the P diaster-
eomer of 1le;+(RCYA)g, which has the highest thermody-
namic stability. These results clearly illustrate the error-
correction process that occurs in dynamic assemblies, and
which is one of the most attractive properties of noncovalent
synthesis.

Spontaneous resolution under dynamic conditions: The
exclusive formation of assemblies (M)-1d;-(DEB) and (P)-
1e;- (DEB), shows the strong preference of dimelamines 1d
and le to become incorporated into assemblies with M or P
chirality, respectively. In order to study the possibility of
whether 1d or 1le can also adopt the unfavorable P or M
configurations, mixtures of assemblies (M)-1d;+(DEB), and
(P)-1e;- (DEB), were studied.”!) The exchange of achiral
components 1a and 1b in a mixture of racemic homomeric
assemblies 1a;«(DEB)4 and 1b;- (DEB), causes the forma-
tion of heteromeric assemblies 1a,1b;_,:-(DEB)s (n=1,2).
Previously, 'H NMR studies showed that, for these assemblies,
the distribution is nearly statistical (homomer/heteromer =
1:3).%1 Mixtures of diastereomerically pure assemblies (M)-
1d;- (DEB); and (P)-1e;- (DEB), display completely differ-
ent behavior. The "TH NMR spectrum of a 1:1 mixture of these
assemblies in [Dg]toluene is identical to that of the separate
assemblies (Figure 12a—c). No additional signals were ob-
served; this indicates that the heteromeric assemblies
1d,1e,_,-(DEB), (n=1,2) were not formed to a significant
extent. Titration experiments of (M)-1d;-(DEB); with (P)-
le;- (DEB)s, monitored by CD spectroscopy, show similar
results (i.e., a strictly linear decrease in the CD intensity
(Figure 12d)). Other systems commonly show a different
dependence of the CD intensity on the R:S ratio.** I In those
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Figure 12. Sections of the '"H NMR spectra of: a) 1d;+«(DEB),, b) 1e;-
(DEB)y, and c) a 1:1 mixture of 1d;+ (DEB), and 1e;: (DEB),. All spectra
were recorded in [Dg]toluene (1.0 mm) at 298 K. d) Plot of the CD intensity
at 286 nm (m) versus the mole fraction of 1d in a mixture of assemblies 1d;-
(DEB); and 1e;+ (DEB),. The dashed line represents the expected curve if
no heteromeric assemblies 1d,1e;_,+ (DEB)s (n =1,2) are formed. All CD
spectra were recorded in toluene (1.0 mm) at 298 K.

cases, the supramolecular chirality of the assemblies is
determined by the excess of R over S components or vice
versa, a principle commonly referred to as the “majority
rule”.™l For the assemblies discussed here, this would imply
that assembly 1d,1e - (DEB), should have a preference for M
chirality, since it incorporates two R components 1d and one §
component 1e. Analogously, assembly 1d1e, - (DEB), should
have a preference for P chirality. The presence of these
heteromeric assemblies would result in a nonlinear decrease
in the CD intensity for increasing amounts of (P)-1e;+- (DEB);
up to 50%. The observed linear decrease thus implies that
components 1d and 1e do not participate in the heteromeric

s M ol

assemblies 1d,le;_,« (DEB), (n=1,2); this emphasizes their
strong preference either for M or for P helicity.

The self-resolution displayed in solution by these H-bonded
assemblies had previously only been observed for H-bonded
assemblies in the solid'” and liquid-crystalline states. Very
recently, Davis et al. reported a similar enantiomeric self-
sorting in a racemic mixture of D- and L-isoguanosines.[*? 4

Assemblies incorporating both chiral dimelamines and chiral
cyanurates: All studies discussed so far have demonstrated
the quantitative inducing effect of both chiral cyanurates and
dimelamines on the supramolecular chirality of the corre-
sponding assemblies. This raises the question of what happens
if both components 1 and CA are chiral and have opposite
preferences for M or P chirality. Therefore, the assembly
behavior of both 1d and its enantiomer le with chiral
cyanurate SCYA was studied. "H NMR spectra recorded in
[D,]dichloromethane reveal the formation of both assemblies
1d;-(SCYA), and 1le;-(SCYA)¢ (Figure 13a and b). Both
spectra show sharp signals, indicating well-defined assemblies.
Integral comparison of the CH, bridge protons of dimel-
amines 1d and 1e with the NHgcy, protons shows that both
assemblies 1d;+(SCYA), and 1le;-(SCYA), form nearly
quantitatively (>98 and 95 %, respectively). The difference
between the 'H NMR spectra reveals the diastereomeric
relationship between assemblies 1d;-(SCYA); and 1le;-
(SCYA)s. CD spectroscopy shows a strong optical activity
for assembly 1d;-(SCYA), with characteristic shape and
intensity (Figure 13c). The positive sign shows that assembly
1d;-(SCYA), displays M chirality. This is consistent with
previous studies that revealed that both 1d and SCYA induce
M chirality. On the other hand, assembly 1le;:(SCYA)q is
hardly CD active (Figure 13¢).] This shows that the con-
flicting chiral components 1e and SCYA either strongly affect
the orientation of the chromophores responsible for the CD
activity or coincidentally cause identical but opposite CD
activity. The absence of the characteristic CD curve prevents
the assignment of either M or P chirality to assembly le;-
(SCYA);.

The difference in assembly behavior of any of the chiral
cyanurates SPheCYA, SValCYA, or SLeuCYA with dimel-
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Figure 13. 'H NMR spectra of: a) assembly 1d;- (SCYA) and b) 1e;- (SCYA), in [D,]dichloromethane (1.0 mm) at 298 K. ¢) CD spectra of 1d;-(SCYA),

(—) and 1e;: (SCYA); (seee) in dichloromethane (1.0 mm) at 298 K.
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amines 1d and 1e is even more pronounced. Assembly of 1e
with any one of these cyanurates in [D]chloroform or
[Dg]toluene results in the clean formation of assemblies
1le;: (SPheCYA)q, 1e;+ (SValCYA),, or 1e;+ (SLeuCYA), as
concluded from the "H NMR spectra (Figure 14a). The sharp
signals indicate the formation of well-defined, highly sym-
metrical assemblies. Furthermore, all assemblies exhibit the
bisignate CD curve characteristic for assemblies with P
chirality. The maximum CD intensity for assembly le;-
(SPheCYA); (A€p=—124 Lmol~'cm™) is slightly higher
than commonly observed (Ag,,,~ 100 Lmol-'cm™'); this
might be caused by the increased number of chromophores
(Figure 14c). Earlier it was shown that 1e and any one of these
S cyanurates all induce P chirality in the corresponding
assemblies. Therefore, no conflicting chiral information that
would prevent assembly formation is present in the com-
ponents of 1e;-(SPheCYA),, 1le;-(SValCYA),, and 1les-
(SLeuCYA)q.

The assembly behavior of 1d with SPheCYA, SValCYA, or
SLeuCYA is completely different. A chirality conflict arises,

a)

32
a
o
o

-
o
(=)

—— Ag/L mol ‘cm
(4,
(=]

-100 |

-150 -

Figure 14. 'H NMR spectra of: a) assembly 1e;+(SPheCYA)g, and b) as-
sembly 1d;- (SPheCYA), in [Dgltoluene (1.0 mm) at 298 K. ¢) CD spectra
of assemblies 1e;+(SPheCYA)s (eoee) and 1d;:(SPheCYA)s (——) in
toluene (1.0 mm) at 298 K.
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because 1d has a preference for M chirality. As a result, 1d;-
(SPheCYA);, 1d;- (SValCYA),, and 1d;+ (SLeuCYA), do not
form. Only broad signals were observed in the 'H NMR
spectra of these mixtures in both [D]chloroform and [Dg]tol-
uene; this indicates the formation of undefined assemblies
(Figure 14b). H-Bonding must take place, as downfield signals
are observed in the 0 =13-15 region. In addition, the CD
curves have a completely different shape from the CD curves
commonly observed for well-defined double-rosette assem-
blies (Figure 14c). Compared to cyanurate RCYA, the amino-
acid-derivatized cyanurates SPheCYA, SValCYA, and SLeu-
CYA apparently either have less flexibility to adapt to the
unfavorable M chirality induced by chiral dimelamines 1d or
simply do not fit.

Conclusion

The supramolecular chirality of assemblies 15+ (CA), can be
controlled quantitatively (de > 98 %) by the incorporation of
chiral centers into either the calix[4]arene dimelamine or the
cyanurate components. The high degree of induction is a
result of the presence of a total of six chiral centers in close
proximity to the core of the assemblies. The studies with chiral
barbiturates show that the chiral induction is much less when
the chiral centers are present at the Cy-position. Furthermore,
these studies showed that the extent of chiral induction is
highly solvent dependent. A quantitative induction of chir-
ality (de=96%) was only observed in benzene. All assem-
blies are strongly CD active, in contrast to the individual
components, which hardly show any CD activity. This makes
CD spectroscopy a suitable tool with which to study assembly
formation with dilution or titration studies. The assemblies
display spontaneous resolution under thermodynamically
controlled conditions, that is, no heteromeric assemblies
containing both M- and P-inducing components are observed.
This strong preference becomes even more evident when the
assembly behavior of chiral dimelamines and chiral cyanu-
rates is considered. Generally, well-defined assemblies only
form when the complementary components contain unidirec-
tional information.

Application of the results described in this paper, for
example in nanotechnology®* and for selective guest recog-
nition, are currently under investigation. Interesting results in
both areas have recently come forward and will be described
shortly.[52b 33

Experimental Section

THF was freshly distilled from Na/benzophenone, EtOAc and hexane
(referring here to the petroleum ether fraction with b.p. 60-80°C) from
K,CO;, and CH,(lI, from CaCl,. All chemicals were of reagent grade and
used without further purification. NMR spectra were recorded either on a
Bruker AC250 (250 MHz) or on a Varian Unity300 ("H NMR 300 MHz)
spectrometer at room temperature. Residual solvent protons were used as
internal standard, and chemical shifts are given relative to tetramethylsi-
lane (TMS). CD spectra were recorded on a JASCO J-715 spectropo-
larimeter at room temperature. UV/Vis spectra were recorded on a
Hewlett Packard 8452 A diode array spectrophotometer at room temper-
ature. FAB-MS spectra were recorded with a Finnigan MAT 90 spectrom-
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eter, with m-nitrobenzyl alcohol (NBA) as a matrix. EI mass spectra were
recorded on a Finnigan MAT 90 spectrometer with an ionizing voltage of
70 eV. MALDI-TOF measurements were performed on a PerSeptive
Biosystems Voyager-DE-RP MALDI-TOF mass spectrometer equipped
with delayed extraction.’”! A UV nitrogen laser (A =337 nm) that produced
3 ns pulses was used, and the mass spectra were obtained both in the linear
and in the reflectron modes. Mass assignments were performed with
nonmanipulated spectra (no smoothing or centering, etc.). Elemental
analyses were performed with a Carlo Erba EA1106. The presence of
solvents in the analytical samples was confirmed by 'H NMR spectroscopy.
Flash column chromatography was performed with silica gel (SiO,, 0.040—
0.063 mm, 230240 mesh, Merck).

Calix[4]arene dimelamines 1a—1¢ and bis(chlorotriazine) 2 were synthe-
sized according to literature procedures.?* Barbiturate DEB was obtained
from Fluka.

General procedure for the synthesis of calix[4]arene dimelamines 1: A
solution of bis(chlorotriazine) 2, diisopropylethylamine (12 equiv.), and the
corresponding amine (36 equiv.) in THF (25-50 mL) was heated under
reflux for 12 h. The mixture was evaporated to dryness. The residue was
dissolved in CH,Cl, (50 mL), washed with H,O (2x25mL) and brine
(25 mL), and dried over Na,SO,. Evaporation of the solvent gave 1 as a
crude product, which was purified by column chromatography (SiO,,
CH,Cl,/MeOH/NH,OH 90:9.5:0.5).

5,17-N,N’-Bis[4-amino-6-(R)-1-phenylethylamino-1,3,5-triazin-2-yl | diami-
no-25,26,27,28-tetrapropoxycalix[4]arene (1d): Compound 1d was ob-
tained as a white solid (65%). 'H NMR (250 MHz, [D¢]DMSO, 25°C):
0=28.5(brs,2H;NH),74-7.2 (m, 12H; ArH,NH), 6.2-6.1 (m, 14 H; ArH,
NH,), 5.26 (brs, 2H; CHCH;), 4.32, 3.02 (ABq, 2J(H,H)=12.8 Hz, 8H;
ArCH,Ar), 3.89, 3.63 (2t, 3J(H,H) =8.3 Hz, 8H; OCH,), 2.1-1.8 (m, 8H;
OCH,CH,), 142 (d, ¥(HH)=6.1Hz, 6H; CHCH;), 1.09, 0.89 (t,
*J(H,H) =74 Hz, 12H; OCH,CH,CH;); MS (FAB): m/z: 1049.6 ([M *+H],
calcd: 1049.6); elemental analysis calcd (%) for C,,H;,N,,0,+0.2 CH;0H:
C 70.76, H 6.95, N 15.92; found C 70.56, H 6.83, N 15.85.

5,17-N,N’-Bis[4-amino-6-(S)-1-phenylethylamino-1,3,5-triazin-2-yl Jdiami-
no-25,26,27,28-tetrapropoxycalix[4]arene (1e): Compound le was ob-
tained as a white solid (67%). The 'H NMR and FAB-MS spectrum of
1e were identical to those of compound 1d; elemental analysis calcd (%)
for C4,H;,N,0,+0.2CH;0H: C 70.76, H 6.95, N 15.92; found C 70.43, H
6.75, N 15.62.

5,17-N,N’-Bis[4-amino-6-(R)-1-naphthylethylamino-1,3,5-triazin-2-yl]di-
amino-25,26,27,28-tetrapropoxycalix[4]arene (1f): Compound 1f was ob-
tained as a white solid (75 %). "H NMR (300 MHz, [D¢]DMSO, 25°C): 6 =
8.6 (brs,2H; NH), 8.3 (brs,2H; NH), 79-7.2 (m, 18 H; ArH), 6.3-6.2 (m,
10H; ArH, NH,), 6.1 (brs, 2H; CHCHS,), 4.32, 3.03 (ABq, ¥(H,H) =
12.8 Hz, 8H; ArCH,Ar), 3.80, 3.63 (2t, */(H,H) =83 Hz, 8H; OCH,),
1.9-1.8 (m, 8H; OCH,CH,), 1.62 (d, J(HH) = 6.1 Hz, 6H; CHCH,),
1.15, 0.91 (t, 3/(H,H) =74 Hz, 12H; OCH,CH,CH,); MS (FAB): m/z:
1149.6 ([M*+H], calcd: 1149.6); elemental analysis caled (%) for
C;0H7N,0,4+-0.2CH;0H: C 72.97, H 6.69, N 14.55; found C 72.77, H 6.61,
N 14.89.

5,17-N,N’-Bis[4-amino-6-(N-1-alaninemethylester)-1,3,5-triazin-2-yl] di-
amino-25,26,27,28-tetrapropoxycalix[4]arene (1g): Compound 1g was
obtained as a white solid (43%). '"H NMR (400 MHz, [Ds]DMSO, 25°C):
0=238.5 (brs, 2H; NH), 7.4-73 (m, 4H; ArH), 7.0 (brs, 2H; NH), 6.2-6.1
(m, 10H; ArH, NH,), 4.5 (brs, 2H; CHCHs;), 4.30, 3.08 (ABq; 2/(H,H) =
12.8 Hz, 8H; ArCH,Ar), 3.88,3.70 (2t, 3/(H,H) =8.3 Hz, 8H; OCH,), 3.61
(s,6H; OCH;), 1.9-1.8 (m, 8H; OCH,CH,), 1.33 (d, *J(H,H) =7.0 Hz, 6 H;
CHCH,), 1.06, 0.87 (t, *J(H,H) = 74 Hz, 12H; OCH,CH,CH,); MS (FAB):
m/z: 1013.4 ([M*+H], calcd: 1013.5); elemental analysis calcd (%) for
CsHgN1,O5+- 0.2 CH;0H: C 63.86, H 6.80, N 16.49; found C 63.74, H 6.73,
N 16.40.

N-[(R)-1-Phenylethyl]imidocarbonic acid ((R)-3): Nitrobiuret®? (2.3 g,
15.5 mmol) was added to a solution of (R)-1-phenylethylamine (1.88 g,
15.5 mmol) in DMF (25 mL) and H,O (5 mL). The mixture was heated at
95°C for 1 h, after which a second portion of nitrobiuret (1.88 g, 15.5 mmol)
was added. Heating was continued for 1 hour, after which a final portion of
nitrobiuret (1.88 g, 15.5 mmol) was added. After having been heated for
another hour, the mixture was cooled to room temperature, and H,O
(100 mL) was added. The aqueous layer was extracted with CH,Cl, (3 x
25 mL). The combined organic fractions were washed with 1N HCI (2 x
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25 mL) and brine (25 mL), and dried over MgSO,. After evaporation of
the solvents, compound (R)-3 was obtained as a colorless oil (3.0 g, 93%).
'H NMR (400 MHz, [D4]DMSO, 25°C): 6 = 8.51 (s, 1 H; C(=0)NHC(=0)),
791 (d; 3J(HN) =7.3 Hz, 1H; C*HNHC(=0)), 7.33-7.20 (m, 5H; ArH),
6.73 (s,2H; NH,), 4.80 (dq, *J(H,H) = 7.3 Hz, 1H; C*H), 1.35 (d, 3/(H,H) =
7.3 Hz, 3H; CH,); ®C NMR (75 MHz, [D4]DMSO, 25°C): 6 =155.4,153.5,
144.3,128.4, 126.8, 125.6, 48.4, 22.8; MS (EI): m/z: 207.1 ([M *+H], calcd:
208.1).

N-[(S)-1-Phenylethyl]limidocarbonic acid ((S)-3): Compound (S5)-3 was
obtained as a colorless o0il (97 % ) by the same procedure as used for (R)-3.
The 'H and *C NMR and the MS spectra of (S)-3 were identical to those of
compound (R)-3.
N-[(R)-1-Phenylethyl]-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (RCYA):
Compound (R)-3 (1.0g, 4.8 mmol) and diethyl carbonate (1.20¢g,
10.2 mmol) were added to a solution of Na (0.34 g, 14.8 mmol) in EtOH
(20 mL), and the mixture was heated under reflux overnight. After the
mixture had cooled to room temperature, toluene (25 mL) was added, and
the resulting precipitate was filtered off and redissolved in H,O (25 mL).
The solution was acidified with 6N HCI to pH~1-2, after which the
resulting precipitate was collected, washed with H,O (2 x 25 mL), and
dried under high vacuum. RCYA was obtained as a white solid (80% ).
'"H NMR (400 MHz, [Dg]DMSO, 25°C): 6 =11.4 (s,2H; NH), 7.30-7.20 (m,
SH; ArH), 5.80 (q, */(H,H) =73 Hz, 1H; C*H), 1.72 (d, *J(H,H) = 7.3 Hz,
3H; CH;); BC NMR (75 MHz, [D¢]DMSO, 25°C): 6 =149.5, 148.6, 140.2,
128.0, 126.7, 126.2, 49. 9, 16.2; MS (FAB): m/z: 234.1 ([M *+H], calcd:
234.1); elemental analysis caled (%) for C;;H;;N;05-0.3H,0: C 55.37, H
4.90, N 17.61; found C 55.27, H 4.94, N 17.33.
N-[(S)-1-Phenylethyl]-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (SCYA):
Compound SCYA was obtained as a white solid (85%) by the same
procedure as used for RCYA. The 'H and '*C NMR and FAB-MS spectra
of SCYA were identical to those of compound RCYA; elemental analysis
caled (%) for C;;H;;N;O;: C 56.65, H 4.75, N 18.02; found C 56.55, H 4.73,
N 17.86.

General procedure for the synthesis of cyanurates SPheCYA, SValCYA,
and SLeuCYA (Method B):* This reaction must be performed under
flame-dried conditions and under a continuous flow of argon. Before
leaving the system, the argon was passed through water in order to trap any
phosgene formed. The HCI salt of the corresponding methyl-ester-
protected amino acid was suspended in THF, and N-chlorocarbonyl
isocyanate (2equiv.) was added slowly. After being stirred at room
temperature for 2 hours, the mixture was heated under reflux for 2 days.
After evaporation of the solvent, the residue was redissolved in CH,Cl,
(50 mL), washed with H,O (2 x 25 mL), dried over Na,SO,, and purified by
column chromatography (SiO,, CH,Cl,/MeOH/NH,OH 90:9.5:0.5). Occa-
sionally, the products were recrystallized from MeOH.

N-(I-Phenylalanine methyl ester)-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(SPheCYA): Compound SPheCYA was obtained as a white solid (62 % ).
'H NMR (300 MHz, [D4]DMSOQ, 25°C): 6 =11.61 (s, 2H; NH), 728 -7.15
(m, 5H; ArH), 5.46 (dd, 3J(H,H) =5.7 Hz, 3J(H,H) =10.2 Hz, 1 H; C*H),
3.39(dd,?/(H,H) =13.8 Hz, *J(H,H) =5.7 Hz, | H; CsHCHH), 3.65 (s,3H;
OCH,), 3.17 (dd, 2J(H,H) =13.8 Hz, 3/(H,H) =10.2 Hz, 1H; C*HCHH);
BCNMR (75 MHz, [D¢]DMSO, 25°C): 6 =164.1, 143.6, 142.4,131.5,124.5,
124.2,122.7,51.1, 48.5,29.8; MS (FAB): m/z:292.1 ([M *+H], caled: 292.1);
elemental analysis calcd (%) for C3H3N;O05: C 53.61, H 4.50, N 14.43;
found C 53.62, H 4.56, N 14.42.

N-(I-Valine methyl ester)-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (SVal-
CYA): Compound SValCYA was obtained as a white solid (50%).
'H NMR (300 MHz, [D4]DMSO, 25°C): 6 =11.73 (s, 2H; NH), 4.72 (d,
3J(HH)=9.3 Hz, 1H; C*H), 3.59 (s, 3H; OCH,), 2.51-2.40 (m, 1H;
C*CH), 1.10 (d, 3J(H,H) =6.6 Hz, 3H; CCH,), 0.77 (d, 3/(H,H) =6.9 Hz,
3H; CCHj;); *CNMR (75 MHz, [D]DMSO, 25°C): 6 =164.8,145.5, 144.1,
54.1, 48.0, 23.3, 174, 14.6; MS (FAB): m/z: 244.1 ([M *+H], calcd: 244.1);
elemental analysis calcd (% ) for CoH3N;05: C 44.45, H 5.39, N 17.28; found
C 44.55, H 5.50, N 17.25.

N-(I-Leucine methyl ester)-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (SLeu-
CYA): Compound SLeuCYA was obtained as a white solid in 66 % yield.
'"H NMR (300 MHz, [D¢]DMSO, 25°C): d =11.67 (s, 2H; NH), 5.13 (dd,
3J(H,H) =5.7 Hz, 3J(H,H) =8.7 Hz, 1H; C*H), 3.60 (s, 3H; OCH,), 1.87
(m, 2H; CH,), 1.53 (m, 1H; CH(CH,),), 0.87 (d, */(H,H) =6.6 Hz, 3H;
CHCH;), 0.85 (d, 3/(H,H)=6.6 Hz, 3H; CHCHj;); C NMR (75 MHz,
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[Dg]DMSO, 25°C): 0 =165.7, 145.3, 144.3, 48.3, 4777, 33.1, 20.3, 18.9, 17.5;
MS (FAB): m/z: 258.1 ([M *+H], calcd: 258.1); elemental analysis calcd
(%) for C,(H;sN;O5: C 46.69, H 5.88, N 16.33; found C 46.82, H 5.91, N
16.07.

(R)-2-Phenyl-1-bromopropane ((R)-4):°'! Triphenylphosphine (12.0 g,
45.9 mmol) was added to a mixture of (R)-2-phenylpropan-1-ol (5.0¢g,
36.7 mmol) and CBr, (15.2 g, 45.9 mmol) in the minimum amount of THF
(25 mL) required to dissolve the reagents. After being stirred at room
temperature for 2 hours, the reaction mixture was poured into water
(200 mL) and extracted with CH,Cl, (3 x 50 mL). The combined organic
fractions were dried over MgSO,. Evaporation of the solvent gave (R)-4 as
a crude product, which, after filtration, was purified by column chroma-
tography (SiO,, CH,Cl,/hexane 80:20). Compound (R)-4 was obtained as a
colorless oil (7.10 g, 97 %). '"H NMR (300 MHz, [D]chloroform, 25°C): 6 =
7.43-727 (m, 5H; ArH), 3.65 (dd, 2J(H,H) =9.9 Hz, 3/(H,H) =8.1 Hz, 1 H;
CHHBr), 3.54 (dd, *J(H,H)=9.9 Hz, 3/(H,H)=6.3 Hz, 1H; CHHBI),
3.34-3.10 (m, 1H; CH), 149 (d, 3/(H,H) =72 Hz, 3H; CH;); “C NMR
(75 MHz, [D]chloroform, 25°C): 6 =143.23, 128.12, 126.57, 126.51, 41.74,
39.49, 19.50; MS (EI): m/z:200.0 ([M "+H], caled: 199.0).
(S)-2-Phenyl-1-bromopropane ((S)-4): Compound (S)-4 was obtained as a
white solid (95 %) by following the same procedure as used for (R)-4. The
'H and C NMR and EI-MS spectra of (S5)-4 were identical to those of
compound (R)-4.

Diethyl 2-[(R)-2-phenylpropyl]-2-ethylmalonate ((R)-5): After trituration
with hexane, NaH (55% dispersion in mineral oil, 0.32 g, 7.2 mmol) was
suspended in THF (100 mL), and diethyl ethylmalonate (2.3 g, 12.2 mmol)
was added dropwise at 0°C. After the mixture had been stirred for 1 hr at
room temperature, (R)-4 (1.2 g, 6.0 mmol) was added, and the mixture was
stirred for a further 30 minutes at room temperature and subsequently
heated under reflux for 3 days. After evaporation of the solvent, the residue
was redissolved in CH,Cl, (100 mL), washed with H,O (2 x 25 mL) and
brine (25 mL), and dried over Na,SO,. The solvent was evaporated, and
residual diethyl ethylmalonate was removed under high vacuum (p=
0.1 Torr at T=80°C). Compound (R)-5 was obtained as a colorless oil
(0.73 g, 40%) after column chromatography (SiO,, CH,ClL,). 'H NMR
(300 MHz, [D]chloroform, 25°C): 6 =7.30-7.14 (m, 5H; ArH), 4.13 (dq,
2J(HH) =9.6 Hz, °J(H,H) =72 Hz, 1H; OCHHCHs;), 4.12 (dq, 2/(H,H) =
9.6 Hz, 3J(H,H) =72 Hz, 1H; OCHHCHs;), 3.87 (dq, 2J(H,H) =10.5 Hz,
3J(HHH)=72Hz, 1H; OCHHCH;), 3.65 (dq, 2J(H,H)=10.5Hz,
3J(H,H) =72 Hz, 1H; OCHHCH,), 2.81-2.69 (m, 1H; C*H), 2.40 (dd,
2J(HH) =14.4 Hz, *J(H,H) =9.0 Hz, 1H; C*CHHC), 2.25 (dd, 2J(H,H) =
144 Hz, *J(H,H)=4.8 Hz, 1H; C*CHHC), 1.97 (dq, */(H,H)=14.4 Hz,
3J(H,H) =72 Hz, 1H; CCHHCHs;), 1.94 (dq, 2/(H,H) = 14.4 Hz, */(HH) =
72 Hz, 1H; CCHHCHs;), 1.26 (d, *J(H,H) =72 Hz, 3H; C*CH,), 1.23 (t,
3J(HH)=72Hz, 3H; OCH,CH,), 110 (t, 3J(HH)=72Hz, 3H;
OCH,CH;), 0.78 (t, *J(HH)=72Hz, 3H; CCH,CH;); C NMR
(75 MHz, [D]chloroform, 25°C): 6 =171.35, 170.71, 146.23, 127.62, 126.77,
125.56, 60.42, 60.17, 56.85, 38.39, 35.22, 24.57, 24.33, 13.49, 13.25, 7.91; MS
(FAB, glycerine matrix): m/z 307.2 ([M *+H], calcd: 307.2).

Diethyl 2-[(S)-2-phenylpropyl]-2-ethylmalonate ((S)-5): Compound (S)-5
was obtained as a colorless oil (38 %) by the same procedure as used for
(R)-5. The 'H and *C NMR and FAB-MS spectra of (S)-5 were identical to
those of compound (R)-5.

5-[(R)-2-Phenylpropyl]-5'-ethylbarbiturate (RBAR): A solution of (R)-5
(0.53 g, 1.7 mmol) in EtOH (5 mL) was added dropwise to a solution of Na
(0.17g, 7.3 mmol) in EtOH (20 mL) at room temperature. The mixture was
heated under reflux for 2 days, after which the solvent was evaporated. The
residue was redissolved in water (50 mL), acidified to pH ~2-3 with 6N
HCI, and extracted with CH,Cl, (4 x25mL). After being dried over
Na,SO,, the combined organic fractions were evaporated to dryness.
Compound RBAR was obtained as a white solid (0.18 g, 38%) after
column chromatography (SiO,, CH,ClL,/MeOH/NH,OH 90:9.5:0.5).
'"H NMR (300 MHz, [Dg]THEF, 25°C): 6 =10.40 (s, 1H; NH), 9.93 (s, 1H;
NH), 719-706 (m, 5H; ArH), 2.81-2.69 (m, 1H; C*H), 2.41 (dd,
2J(H,H) =13.5 Hz, 3J(H,H) =9.6 Hz, 1H; C*CHHC), 2.13 (dd, 2/(H,H) =
13.5 Hz, 3J(H,H) =5.4 Hz, 1H; C*CHHC), 1.85 (q, *J(H,H) =72 Hz, 2H;
CH,CHj;), 1.16 (d,*J(H,H) = 6.9 Hz, 3H; C*CH,), 0.74 (t, *J(H,H) = 7.2 Hz,
3H; CH,CHj;); *C NMR (75 MHz, [Dg]THF, 25°C): 6 =172.2,171.5, 148.5,
144.3, 1274, 126.9, 125.7, 54.3, 45.1, 36.9, 33.9, 22.3, 7.6; MS (FAB): m/z:
2752 ([M*+H], caled: 275.1); elemental analysis caled (%) for
CsHxN,O;: C 65.68, H 6.61, N 10.21; found C 65.89, H 6.73, N 9.76.
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5-[(S)-2-Phenylpropyl]-5'-ethylbarbiturate (SBAR): SBAR was obtained
as a white solid (43 %) by the same procedure as used for RBAR. The 'H
and C NMR and FAB-MS spectra of SBAR were identical to those of
compound RBAR; elemental analysis caled (%) for C;sHsN,0;: C 65.68,
H 6.61, N 10.21; found C 65.52, H 6.30, N 9.66 (+0.23).

General procedure for the formation of assemblies 1; - (CA)4: Two methods
were randomly used for the formation of H-bonded assemblies 15+ (CA)s.
Method 1: After both components 1 and CA had been dissolved in a 1:2
ratio in THF, the solvent was evaporated, and the resulting assembly was
dried under high vacuum.

Method 2: Components 1 and CA were both suspended, in a 1:2 ratio, in the
desired organic solvent. After 30 minutes’ sonication, a clear solution of the
assembly was obtained.
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Enantioselective Noncovalent Synthesis of Hydrogen-Bonded
Double-Rosette Assemblies
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Abstract: The noncovalent synthesis of
enantiomerically pure hydrogen-bonded
assemblies (M)- and (P)-13-(CA)s is
described. These dynamic assemblies
are of one single handedness (M or P),
but do not contain any chiral compo-
nents. They are prepared by using the
“chiral memory” concept: the induction

ness of the assemblies. Racemization
studies have been used to determine an
activation energy for racemization of
105.9 + 6.4 kJmol~! and a half-life time
to racemization of 4.5 days in benzene at
18°C. Kinetic studies have provided
strong evidence that the rate-determin-
ing step in the racemization process is

the dissociation of the first dimelamine
component 1 from the assembly 1;-
(CA)¢. In addition to this, it was found
that the expelled chiral barbiturate
(RBAR or SBAR) acts as a catalyst in
the racemization process. Blocking the
dissociation process of dimelamines 1
from assembly 1;:-(CA)s by covalent

of supramolecular chirality is achieved
through initial assembly with chiral
barbiturates, which are subsequently
replaced by achiral cyanurates. This
exchange process occurs quantitatively
and without loss of the M or P handed-

Keywords:

interactions -

Introduction

Chiral molecules have asymmetric arrangements of atoms and
form structures that are nonsuperimposable mirror images of
each other. Specific mirror images (enantiomers) may be
obtained from enantiomerically pure precursor compounds
either through enantioselective synthesis with a chiral catalyst
or by resolution of racemic mixtures of opposite enantiomers
by means of crystallization or chiral chromatography. Re-
gardless of the methods used, it is crucial that racemization is
sufficiently slow to permit isolation of the enantiomerically
pure compound.

Noncovalent assemblies can similarly adopt chiral supra-
molecular structures when the individual components arrange
themselves in a dissymmetrical fashion.'#l Several studies
have shown that supramolecular chirality (M or P) in metal-
coordinated™ % and hydrogen-bonded assemblies,” ¥ or com-
binations of both,” ' can be induced by means of chiral
centers present at the periphery of the assemblies. In cases in

[a] Dr. P. Timmerman, Prof. Dr. Ir. D. N. Reinhoudt, Dr. L. J. Prins,
Ir. J. J. Verhage, Dr. F. de Jong
Laboratory of Supramolecular Chemistry and Technology
MESA* Research Institute, University of Twente
P.O. Box 217, 7500 AE Enschede (The Netherlands)
Fax: (+31)53-4894645
E-mail: smct@ct.utwente.nl
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capture through a ring-closing metathe-
sis (RCM) reaction produces an increase
of more than two orders of magnitude in
the half-life time to racemization.

noncovalent

which the assemblies are held together by relatively strong
interactions, such as metal coordination, methods analogous
to those used to obtain chiral molecules yield enantiomeri-
cally pure noncovalent products.l''' However, the resolution
of assemblies formed through weak interactions, such as
hydrogen-bonding, remains challenging, reflecting their lower
stability and significantly higher susceptibility to racemiza-
tion.

In a previous communication we described the designing of
supramolecular structures 1;+(CA),, held together by the
cooperative action of multiple H-bonds, which provide
sufficient kinetic stability to allow the isolation of the pure
enantiomers (Scheme 1).'8l The assemblies were synthesized
enantioselectively by using the “chiral memory” concept
previously employed for the enantioselective syntheses, both
based on strong ionic interactions, of a porphyrin complex
(Aida et al.") and of a polymeric system (Yashima et al.,?).
Very recently, a similar approach was employed by Rebek
et al. for the resolution of H-bonded capsules.?!l In this paper
we give a full experimental account of the enantioselective
synthesis of assemblies (M)- and (P)-1;-(CA),, including
studies of the different thermodynamic and kinetic character-
istics of barbiturate and cyanurate assemblies. In addition, we
provide a detailed description of the kinetic studies that we
performed to unravel the racemization mechanism. Further-
more, we show that the half-lives of these H-bonded

0947-6539/02/0810-2302 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 10
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132(CA)

P-D,

M-D,

Scheme 1. Left: assembly 15+ (CA), forms quantitatively upon mixing dimelamines 1 and barbiturates/cyanurates CA in a 1:2 ratio in apolar solvents such as
chloroform and toluene. Right: schematic representations of the M-D; and P-Dj; isomers of assembly 15+ (CA)s.

assemblies (4.5 days at 20°C in benzene) can be increased by
two orders of magnitude by covalent capture of the structure
through a ring-closing metathesis (RCM) reaction.

Results and Discussion

Thermodynamic stabilities of double-rosette assemblies com-
prising barbiturates and cyanurates: This paper starts with a
study of the thermodynamic and kinetic stabilities of assem-
blies 15+ (CA),. These studies provide important information
regarding the isolation of the enantiomerically pure assem-
blies (M)-1;- (CA), and (P)-15- (CA),.

Previously, we described the formation of a wide variety of
assemblies 1;+(CA); upon mixing of dimelamines 1 with
either barbiturates or cyanurates.”>? A crucial difference
between assemblies incorporating barbiturates and those
incorporating cyanurates is that cyanurates form much
stronger complexes with melamines than barbiturates do.
This difference in stability is clearly illustrated by comparison
of the association constants for the 1:1 model complexes 2-3
and 2-4, which (in chloroform) are (1.0 +0.1) x 10>mM~! and
(1.5£0.1) x 10*m~!, respectively.??! The increased binding
strength of cyanurates relative to barbiturates presumably
results from the presence of the nitrogen atom, which
produces a higher electron density on the carbonyl moieties
and increases the acidity of the NH protons.?’! For that
reason, the NH protons of cyanurates in assemblies 1;- (CA),
resonate at a much lower field (0 = 14-16) than barbiturates
do (6=13-15).

To study the effect of the presence of barbiturates and
cyanurates on the thermodynamic stability of assemblies 15+
(CA)s, THF titration experiments were performed with
assemblies 1a;+(DEB)s and 1as-(BuCYA), in chloroform.
The polar solvent THF competes favorably with H-bond
formation within the assemblies and, consequently, reduces

barbiturates:

X =

cyanurates:

Chem. Eur. J. 2002, 8, No. 10 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

(R2 = H if not stated otherwise)
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H CH,
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(R—p
CH,
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their thermodynamic stability.*” The thermodynamic stability
was evaluated in terms of the y5,., value, which represents the
percentage of THF at which 50% of the assemblies are
dissociated.’-3 The CD intensities of assemblies 1a,-
(DEB)s and 1a;-(BuCYA); were measured in CHCL;/THF
mixtures varying between 100:0 and 0:100. As reported
previously, CD spectroscopy is a very useful tool for assessing
the thermodynamic stability of these assemblies, since dis-
sociation of the assemblies results in almost complete loss of
the CD activity.[*”!

From the resulting plots of relative CD intensity versus the
percentage of THEF, ysy, values of 11% and 95% were
determined for assemblies 1a;- (DEB)s and 1a;+ (BuCYA),,
respectively (Figure 1). This large difference shows the
enormously increased thermodynamic stability of cyanurate-
based assemblies relative to assemblies that incorporate
barbiturates. Even in pure THF, the CD measurements show
the presence of a significant amount of 1as-(BuCYA),
(40%). This was confirmed by 'H NMR spectroscopic
measurements on the assembly 1a;-(BuCYA), in [Dg]THF,
which show the characteristic H-bonded NHp,cy, signals at
0 =14.60 and 14.15 (Figure 2). Comparison of the integrals of
these signals with those of the calix[4]arene CH,-bridge
signals of 1a shows that 30% of 1a;- (BuCYA); is associated,
in good agreement with the CD data.

NO O,N
1¢,-(DEB),

1b,+(DEB); 1b,(DEB);

Kinetic stabilities of barbiturate and cyanurate assemblies:
Despite the fact that double-rosette assemblies 1;- (CA), are
thermodynamically stable, the individual components 1 and
CA are continuously in exchange. As will be shown, the
higher binding affinity of cyanurates (in comparison with
barbiturates) to melamines also significantly increases the
kinetic stability of the assemblies.

e
(=]
o

o

23
o
°

D

o
[

o

—» rel. CD intensity,agnm / %

40 » ®
20 .
0
0 20 40 60 80 100

———» conc. THF / vol %
Figure 1. Relative CD intensities of solutions of assemblies 1a;+(DEB);
(m) and 1a;-(BuCYA), (¢) in CHCL/THF plotted against the concen-
tration of THF/vol %. Spectra were recorded at 286 nm at room temper-
ature. The CD intensities were related to the CD intensities of assemblies
1a;-(DEB)4 and 1a;- (BuCYA), in CHCL; (1.0mm).

8

| Il
e I M

_

Figure 2. Part of the '"H NMR spectrum of assembly 1a;-(BuCYA), in
[Dg]THEF.

Exchange rates for dimelamine components 1 from assemblies
1;- (CA),: The kinetic stability of dimelamines 1 in assemblies
1;- (DEB), can be studied by mixing solutions of homomeric
assemblies 1b;-(DEB), and 1¢;- (DEB),. The heteromeric
assemblies 1b1lc,: (DEB)¢ and 1b,1lc¢-(DEB), are formed
spontaneously as a result of the interassembly exchange of
dimelamines 1b and 1c¢ (Scheme 2).

This process can be conveniently monitored by 'H NMR
spectroscopy, since the heteromeric assemblies give rise to
separate signals for the NHpgs protons (Figure 3).4 The

NO, O,N

1b,1c+(DEB), 1b1c,+(DEB); 1¢,+(DEB)g

Scheme 2. Mixing of homomeric assemblies 1b;+(DEB); and 1¢;+ (DEB), results in the formation of heteromeric assemblies 1b1¢,: (DEB)g and 1b,1¢-

(DEB); through exchange of dimelamines 1b and 1c.

2304

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

0947-6539/02/0810-2304 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 10





Enantioselective Synthesis of Double-Rosette Assemblies

2302-2313

a)

©)
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Figure 3. Sections of the 'H NMR spectra of: a) 1b;- (DEB),, b) 1¢;- (DEB)g, and c) a mixture of 1b;- (DEB), and 1¢;- (DEB), (1:1 ratio) recorded after
2.5 hours. All spectra were recorded in [Dg]toluene at room temperature. These results have been published in a preliminary communication.’!

thermodynamic equilibrium has been reached when the ratio
between the assemblies 1b,1¢;_, - (DEB); (n =0-3) does not
change further. We have previously reported that, in [Dg]tol-
uene, it takes 2.5 hours at room temperature before thermo-
dynamic equilibrium is reached.’™ Two-dimensional NMR
spectroscopic analyses showed that the dimelamine compo-
nents 1a and 1b were distributed nearly statistically over the
four assemblies.!

A much smaller exchange rate for dimelamines 1 was
observed for the cyanurate-based assemblies 1b;+ (BuCYA);
and 1c¢;- (BuCYA),. Upon mixing 1b;- (BuCYA), and 1¢;-
(BuCYA); in a 1:1 ratio in [D¢]benzene at 70 °C, only signals
corresponding to the homomeric assemblies were observed in
the '"H NMR spectrum (Figure 4a—c). In time, new signals
originating from the heteromeric assemblies 1blc,-(Bu-
CYA)¢ and 1b,1c-(BuCYA), slowly appeared (Figure 4d).
Extrapolation with model calculations (vide infra) show that
it takes 10 hours at 70°C before thermodynamic equilibrium
is reached. At room temperature, no trace of the heteromeric
assemblies 1b,1¢;_, - (BuCYA), (n=1-2) was detected even
after one day. This clearly illustrates the much higher kinetic
stability of the cyanurate-based assemblies.

Exchange rates for cyanurate components CA in assemblies
1;-(CA)s: In a similar fashion, the exchange of cyanurate
components was studied. Mixing of homomeric assemblies
1¢;-(RCYA)s and 1¢;+ (BuCYA), in a 1:1 ratio in [Dg]ben-
zene at room temperature resulted in the formation of the
heteromeric assemblies 1¢;+ (RCYA),(BuCYA),_, (n=1-5)
through exchange of the cyanurates RCYA and BuCYA
(Scheme 3). The 'H NMR spectrum recorded immediately
after mixing showed the presence of numerous new signals

1¢;(RCYA)s

1¢,(RCYA),

1¢,-(BuCYA), +

1¢,-(RCYA),(BUCYA),

1¢,+(RCYA)5(BUCYA)

a) b)

[\ )
WW‘WWMWMM
— T
15 14 15 14
— —»
c) d)
; |
MMMW#
—T T T T T —— T T T T T T
15 14 15 14
—>» 4 —

Figure 4. Sections of the "H NMR spectra of: a) assembly 1b;- (BuCYA);,
b) assembly 1¢;- (BuCYA)g, ¢) a 1:1 mixture of 1bs;+(BuCYA), and 1¢;-
(BuCYA), immediately after mixing, and d) the same mixture after 3 h. All
spectra were recorded in [Dg]benzene (1.0mm) at 70°C.

originating from the assemblies 1¢;:(RCYA),(BuCYA),_,
(n=1-5) (Figure 5c). The much faster exchange rate of
cyanurates compared to dimelamines is not surprising, since
only six H-bonds need to be broken in order to expel a
cyanurate from the assembly. Combined with the much higher
binding affinity of cyanurates—in comparison to barbitu-

1¢,-(RCYA),(BUCYA),

1¢,+(RCYA),(BUCYA),

1¢,-(RCYA)(BUCYA)s 1¢5-(BUCYA)s

Scheme 3. Mixing of homomeric assemblies 1¢;+(RCYA); and 1e¢;-(BuCYA), results in the formation of heteromeric assemblies 1¢;+ (RCYA),-
(BuCYA),_, (n=1-5) through exchange of the cyanurate components RCYA and BuCYA.

Chem. Eur. J. 2002, 8, No. 10
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Figure 5. Sections of the 'H NMR spectra of: a) 1¢;- (RCYA)q, b) 1¢;- (BuCYA),, and ¢) a 1:1 mixture of 1¢;+ (RCYA); and 1¢;- (BuCYA), immediately
after mixing. All spectra were recorded in [D¢]benzene (1.0mm) at room temperature.

rates—for melamines, this offers the possibility of applying
the chiral memory concept to H-bonded assemblies 15+ (CA)4, -
as is shown next.

cm

-1

Enantioselective synthesis of hydrogen-bonded assemblies
(M)-1c¢;3+- (BuCYA), and (P)-1c¢;- (BuCYA),:

—» Ag/L mol

Exchange of a chiral barbiturate for an achiral cyanurate:
Application of the chiral memory concept to assemblies 15+
(CA)¢ implies the induction of supramolecular chirality
through the use of chiral barbiturates, which are subsequently
replaced by achiral cyanurates. We have previously reported
the induction of supramolecular chirality through the use of
chiral barbiturates RBAR and SBAR.I'S:37 Tt was found that
RBAR nearly quantitatively induces M chirality in assembly
1c;- (RBAR), in benzene (de =96 % ). Integration of the two
NHgar proton signals at 0 =12.69 and 14.46 in the 'H NMR
spectrum revealed that these
corresponded to 98% of all the
signals in the 6 =12-15 region.
Similarly, the chiral barbiturate JL Jl
SBAR induces P chirality in ‘
assembly 1e¢;-(SBAR);. The
enantiomeric relationship be-
tween  assemblies (M)-1c;-
(RBAR)¢ and (P)-1¢;- (SBAR)
is clearly reflected in their iden-
tical 'H NMR spectra and mirror
image CD curves (Figure 6).
Subsequently, the exchange of
chiral barbiturate RBAR for
achiral cyanurate BuCYA was
studied by a 'H NMR titration
experiment. Increasing amounts
of BuCYA were added to a
1.0mM solution of assembly
(M)-1¢;- (RBAR)¢ in [Dg]ben-
zene. The observed changes in
the 60=12-15 region of the
'H NMR spectrum clearly
showed that the RBAR units in 15
assembly (M)-1¢;+-(RBAR),
were substituted for BuCYA
units (Figure 7). The exchange
was instantaneous, since the
spectral changes occurred imme-
diately after mixing. At a 1:1.3

a)

»)

PR

13
—> S

BenCYA (relative to DEB).
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Figure 6. CD spectra of assemblies (M)-1¢;+(RBAR); (1), (M)-1¢;+ (Bu-

CYA)s (2), (P)-1¢53: (SBAR)s (3), and (P)-1¢;- (BuCYA), (4). All spectra

were recorded in benzene (1.0mm) at room temperature.
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Figure 7. a) '"H NMR titration of assembly (M)-1¢;-(RBAR), (1.0mMm) and BuCYA (amounts of BuCYA are
relative to RBAR). All spectra were recorded at room temperature in [Dg]benzene. b) MALDI-TOF mass
spectrum of assembly 1d;- (DEB); after Ag*-labeling, and c) the same sample after the addition of 2.3 equiv. of
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ratio of RBAR and BuCYA,
the exchange was quantitative,
as shown by the new set of
signals at 0 =14.42 and 14.89
for assembly 1c¢;+(BuCYA),
and the complete disappear-
ance of the signals at 6 =12.69
and 14.46 for assembly (M)-
1c;- (RBAR);.

Additional evidence for the
fact that cyanurates quantita-
tively replace barbiturates was obtained from MALDI-TOF
mass spectrometry measurements.?> 3] Since assembly 1e¢;-
(BuCYA) lacks the essential binding site for Ag™, an
exchange experiment was performed with dimelamine 1d
and BenCYA. The MALDI-TOF mass spectrum of assembly
1d;- (DEB), after Ag* labeling showed an intense signal at
m/z =4277.2, corresponding to the Ag* complex of assembly
1d;- (DEB), (calcd for CysH,7605NysAg: 4276.6; Figure 7b).
After addition of 2.3 equivalents of BenCYA (relative to
DEB), only a signal at m/z=4487.3 was observed, corre-
sponding to the Ag™ complex of assembly 1d;-(BenCYA),
(calcd for C,yH,5503Ns,Ag: 4486.7; Figure 7c). No signals at
all were observed for assemblies 1d;:(DEB),(BenCYA),_,
(n=1-6), in which only partial exchange of DEB for
BenCYA had occurred.

1b.+(DEB);

and 1¢;+ (BuCYA);.

Chirality memory by assembly Ic;+-(BuCYA)y: The crucial
question to be answered is whether assembly 1¢;+ (BuCYA)q,
synthesized by exchange of the RBAR components for
BuCYA in (M)-1¢;- (RBAR),, “memorized” the M chirality
induced by the RBAR units. The CD spectrum of assembly
1¢;- (BuCYA) measured immediately after the addition of
1.2 equivalents of BuCYA (relative to RBAR) to assembly
(M)-1¢;+(RBAR), did indeed show very strong CD, despite
the fact that the assembly no longer contained any chiral
components (Figure 6). In a similar manner, the P enantiomer
of assembly 1¢;- (BuCYA), was synthesized by addition of
BuCYA to diastereomer (P)-1¢;- (SBAR),, as reflected in the
opposite sign of the CD curve from that of assembly (M)-15-
(BuCYA);.

Three arguments provide strong evidence that the enantio-
meric excess of the assembly 1¢;+ (BuCYA), must be equal to
the diastereomeric excess of assembly (M)-1e;-(RBAR),
(i.e., 96 %). Firstly, the observed CD intensity of the assembly
(M)-1;- (BuCYA)s (Aépay~90Lmol~'s™!) is of the same
magnitude as that commonly observed for similar assemblies
with single handedness (Aég,,, ~80-100 Lmol~'s™"). Second-
ly, at room temperature, racemization does not occur on the
timescale (seconds) in which RBAR is exchanged for BuCYA,
as shown later. Thirdly, it was shown by an additional 'H NMR
exchange experiment that exchange of the dimelamine
components—and thus racemization (vide infra)—does not
take place during barbiturate/cyanurate exchange.

Assemblies 1b;+ (DEB), and 1¢;+ (DEB), were mixed in a
1:1 ratio in [Dg]toluene at —5°C. Previously, it had been
shown that, under these conditions, the formation of hetero-
meric assemblies 1b,1¢;_,- (DEB)s (n=1,2) is very slow.*
The addition of 1.2 equivalents of BuCYA (relative to DEB)

Chem. Eur. J. 2002, 8, No. 10
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Ny/AN
BuCYA ON NO, . Q
[Dgltotuene B
50 NO, O,N
1b,-(BuCYA)g 1¢5(BuCYA)q DEB

Scheme 4. Addition of 1.2 equiv. of BuCYA (relative to DEB) to a 1:1 mixture of assemblies 1b;+(DEB), and
1c¢;- (DEB)g in [Dgltoluene (1.0mm) at —5°C results in the quantitative formation of assemblies 1b; - (BuCYA),

resulted in the quantitative formation of the homomeric
assemblies 1b;+ (BuCYA), and 1¢;+ (BuCYA), (Scheme 4), as
attested to by the presence of four signals in the 0 =12-16
region of the 'TH NMR spectrum (Figure 8). No signals were
observed at all for the heteromeric assemblies 1b,1¢c;_, -
(BuCYA)s (n=1,2).

]
i

|
—— T
15 14
—— 6
Figure 8. Section of the 'H NMR spectrum after addition of BuCYA,
showing that the exchange of DEB for BuCYA does not result in an

exchange of dimelamines 1b and 1¢. The spectrum was recorded at room
temperature.

Several control experiments were carried out in order to
exclude the possibility that the memory of chirality observed
in (M)-1¢;+ (BuCYA), was due to the presence of free RBAR.
First of all, it was found that the addition of free RBAR to the
racemic assembly (M/P)-1¢;- (BuCYA) did not give rise to
CD of significant intensity (Aé,,,, <5 cm? mmol~!), even after
the mixture had stood for one hour at room temperature.
Moreover, the CD intensity of assembly (M)-1¢;- (BuCYA)q
in the presence of the free RBAR was reduced to zero after a
solution in benzene was heated at 70°C for 45 minutes, and it
was not restored after the solution had cooled to room
temperature and been left to stand for an additional hour.

Activation energy for racemization: Assembly (M)-1¢;-(Bu-
CYA), is the kinetic product of the exchange reaction of
RBAR for BuCYA in assembly (M)-1c¢;-(RBAR)s. As a
result of racemization, assembly (M)-1e;-(BuCYA), will
convert in time into a racemic mixture of the M and P
enantiomers. In order to determine the activation energy for
racemization, the racemization rate was measured by mon-
itoring the decrease in the CD intensity over time at different
temperatures (Figure 9a).
The resulting curves were fitted to the following racemiza-

tion model:

k,

k

(M)-1¢;- (BuCYA), — (P)-1¢;- (BuCYA), )

0947-6539/02/0810-2307 $ 20.00+.50/0 2307





FULL PAPER

P. Timmerman, D. N. Reinhoudt et al.

Q
~
=y
o
o

o 22 [od
o o o
1 L I

N
o
L

—> rel. CD intensity,, /%

o
(=]
[42)
o 4
o
-
[3.]
S A
(=]
N
(52
S A
o

b,

Figure 9. a) Racemization of assembly (M)-1¢;+ (RBAR); as monitored by
the decrease in CD intensity over time at various temperatures. The time-
dependent measurements were started immediately after addition of
1.2 equiv. of BuCYA (relative to DEB) to a 1.0mwm solution of (M)-1¢;-
(RBAR); in benzene at room temperature. The solid lines represent the
calculated best fits of the experimental data to the racemization model
described in the text. b) Arrhenius plot of Ink,, versus 1/7.
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in which k., [s7!] is the rate constant for racemization. Linear
regression analysis gave the values for k,,. reported in Table 1.
Subsequent analysis of these data using Arrhenius’ equation
(i.e., ke = Ae~F/RT) gave an activation energy for racemiza-
tion of 105.9 4 6.4 kJmol~' (Figure 9b). The calculated half-
life to racemization for assembly (M)-1¢;+ (BuCYA), at 18°C
was found to be approximately 4.5 days. These results clearly
reflect the high kinetic stability of the enantiomers of this
H-bonded assembly.

Table 1. Rate constants for the racemization of the enantiomerically pure
assembly (M)-1¢;- (BuCYA), as a function of temperature.

T[Cl Keye [10-571]
70 67.0£0.30
60 20.6 :0.07
50 8.2+0.05
40 1.8+0.03

Mechanism for the racemization of assemblies 1;- (CA),:

Kinetics of the racemization process: The enantioselective
synthesis of assembly (P)-1¢; - (BuCYA), provides for the first
time an opportunity to study the racemization mechanism of
double-rosette assemblies. In principle, three species can
play a role in the racemization mechanism: the assembly (P)-

2308
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1c;- (BuCYA)j itself, the expelled SBAR molecules, and the
BuCYA molecules present in excess. However, a possible role
for free BUuCYA can be ruled out because of the very low
solubility of BuCYA in benzene (<0.1mm). Therefore, the
racemization of the assembly (P)-1¢;+ (BuCYA), was meas-
ured as a function of the initial concentrations both of
assembly (P)-1c;+(BuCYA); and of SBAR at 50°C in
benzene. The initial racemization rates, R,_,, were determined
by the racemization model described earlier:

d([P - 1¢;-(BuCYA),))

" = Krae[(P)-1¢5+ (BUCYA)gl @

in which k. [s7'] is the overall racemization rate constant.
The values of R,_, obtained in this way were analyzed by
using:

Ri_y=k.o[SBAR]}[(P)-1¢;- (BuCYA)]: 3)

Different initial concentrations of (P)-1¢;- (BuCYA), were
obtained by performing the exchange of SBAR for BuCYA at
different concentrations of (P)-1¢;+(SBAR),. It is important
to realize that in this way the concentration of expelled SBAR
is altered as well. Therefore, the slope of 1.8 0.2 found for a
plot of InR,_, against In[(P)-1¢;+ (BuCYA)4], (assuming the
order m in SBAR to be 0) cannot be directly interpreted as the
order n. The influence of SBAR on the racemization rate (i.e.,
m) was studied independently by performing racemization
studies at a constant initial concentration of (P)-1¢;-(Bu-
CYA),, in the presence of additional amounts of SBAR. A
plot of InR_, against In[SBAR], gave a straight line with
slope m =0.9 £ 0.1, this showed the active role of SBAR in the
racemization process (Figure 10b).

a)

—»INR,

-8 75 7 65 X
——> In [(M)-1c (BUCYA)] ,_,

b)

-52 -5.0 -4.8 -4.6 -4.4 -4.2
— > In[SBAR] _,
Figure 10. Dependence of the racemization rate R_, on the initial

concentrations of (P)-1¢;+(BuCYA)s and SBAR. a) Plot of InR_, versus
In[(P)-1¢;+ (BuCYA)g]y, and b) plot of In R,_, versus In[SBAR],_,.
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Based on these results, the following model is proposed for
the racemization of assembly 1¢;+ (BuCYA),:

uncat

(P)-1¢;- (BuCYA); f: (M)-1¢;- (BuCYA), 4)

keat
(P)-1e; (BuCYA); + SBAR —= (M)-1c;- (BuCYA), + SBAR )

cat

this results in the following rate equation:

d[(P)-1¢;-(BuCYA),]
dt
= Kuneatl (P)-1¢5+ (BuCYA)g]y + ke[ SBAR][(P)-1¢;- (BuCYA)q],

R_y=—
6

Values for kyn=(1.0£0.6) x 10s7! and k, =(7.5+
0.8) x 1073 Lmol~'s~! (at 50°C) were determined by plotting
k., versus [SBAR] for the concentration-dependent racemi-
zation studies discussed above (Figure 11 and Table 2). The
value for k. was determined by extrapolating k.. to
[SBAR] =0mwm. Since only a relatively small concentration
range (6—13mm) of [SBAR] was studied, the k., value has a
relatively large error. Unfortunately, the nature of the
exchange experiment does not allow the determination of
Kunear IN @n independent manner.

117

1

-4

oy k. M0"s

0.9

0.7

051

6.0 8.0 10.0 12.0 14.0
—  » [SBAR]/mM
Figure 11. Determination of k., and k., by plotting k,,, against [SBAR].

Table 2. Rate constants for the racemization of the enantiomerically pure
assembly (P)-1e¢;+(BuCYA),, together with exchange of dimelamine
components l¢ as determined by CD and 'H NMR spectroscopy,
respectively.

Method T[°C] Kunear [1073571] koo [1073571]
racemization CD 50 1.0+£0.6 75+0.8
exchange 'H NMR 70 70+04 162+0.2

From the k. and k., values it can be calculated that
racemization of a 1.0mw solution of (P)-1¢;+ (BuCYA), (and
consequently 6.0mm SBAR) occurs 81% by the catalyzed
pathway and only 19 % by the uncatalyzed pathway. However,
this ratio is strongly concentration-dependent. For example, at
0.1 mM concentrations the uncatalyzed pathway predominates
(ratio 31:69), whereas at 10mM the uncatalyzed pathway no
longer plays any significant role (ratio 98:2).

Kinetic studies on the exchange of dimelamine components 1
from assemblies 1;-(BuCYA),: The kinetic data obtained
from the concentration-dependent CD studies do not indicate
whether dissociation of the assembly is a prerequisite for
racemization to occur. In order to determine whether
racemization occurs intramolecularly or by a dissociative

Chem. Eur. J. 2002, 8, No. 10
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mechanism, the exchange of dimelamine components 1b and
1c in assemblies 1b;+(BuCYA), and 1¢;- (BuCYA), (vide
supra) was studied in more detail by '"H NMR spectroscopy.
Heteromeric assemblies 1b1c,:(BuCYA), and 1b,1c:(Bu-
CYA), can only form after dissociation of dimelamines 1b and
1c from the homomeric assemblies, a process that requires the
disruption of twelve hydrogen bonds. Previous studies re-
vealed that the assembly process displays strong cooperativity,
and that partly-formed assemblies are completely absent.??!
Therefore, it is reasonable to assume that dissociation of the
first dimelamine from the homomeric assemblies is the rate-
determining step for dissociation of the assembly, and that
further dissociation of the assemblies is very fast.
Assemblies 1b; - (BuCYA)4 and 1¢;- (BuCYA) were mixed
at different concentrations, and 'H NMR spectra were
recorded at regular time intervals at 70°C in [Dg]benzene.
The concentrations of both the homomeric and heteromeric
assemblies were determined as a function of time by
integration of the signals (Figure 12a). The resulting curves

a) 0.80
060}

0401

—» conc/mMm

0207

b 152
-156

-16.0

—>» IR,

-16.4

-16.84 - T . . T "
7.2 -6.8 -6.4 -6.0

—» In [homomeric assemblies] =0

Figure 12. a) Time-dependent changes in the concentrations of homomer-
ic assemblies 1b;-(BuCYA), and 1c¢;+(BuCYA), (m) and heteromeric
assemblies 1b1¢,- (BuCYA), and 1b,1c-(BuCYA); (@) after mixing of
1b;- (BuCYA), and 1¢;- (BuCYA), in 1:1 ratio in [Dg]benzene (0.8mwm) at
70°C. The concentrations were determined by integration of the corre-
sponding signals of the homomeric and heteromeric assemblies in the
'"H NMR spectrum. The lines represent the calculated best fits of the
experimental data to the model described in the text. b) Plot of InR_,
versus In[1b;+ (BuCYA), + 1¢;+ (BuCYA)g]—o-

were fitted to a simple kinetic model in which assemblies 1b;-
(BuCYA), and 1¢;- (BuCYA), were treated as the identical
species “homomer” and assemblies 1b1lec,-(BuCYA), and
1b,1c- (BuCYA), were treated as the species “heteromer”.
These species are in equilibrium through:

3 Kabs

homomer

= heteromer (7)
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with kg, [s7!] being the rate constant. The initial rate of
exchange, R,_, is given by:

d([homomer])
R_,=— — =3 kq[homomer], 7)

Linear regression analysis of the experimental data for a
plot of InR_, against In[homomer] resulted in k.= (7.0+
0.4) x 107> s~ and an order n=1.1 +0.1 (Figure 12b).]

In order to determine whether free SBAR accelerates the
dissociation of the assemblies, additional exchange experi-
ments were performed at constant concentrations of assem-
blies 1b;-(BuCYA); and 1c¢;-(BuCYA)s (1.3mm) in the
presence of increasing amounts of SBAR (1.6—4.6mm).
Similarly to what was observed for the racemization experi-
ments, a plot of In R_, versus [SBAR] shows an increase in the
dissociation rate with increasing [SBAR] (Figure 13a). The
determined order of 0.5 £ 0.2 is on the low side, but this might
be partly attributable to the fact that only three different
concentrations of SBAR were studied. From a plot of
kqs versus [SBAR], a value for k., of (16.2+0.2) x
103 Lmol's~! was obtained (Figure 13b).[*]

a)

-14.4
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—» In Ry

-15.2

66 62 58 5.4
—— In[SBAR]
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o
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<
e}

20 30 40 5.0
— » [SBAR]/mM

Figure 13. a) Plot of InR,_, versus In[SBAR], and b) determination of k.,
by plotting k, versus [SBAR].

N
<)

The exchange of dimelamines 1b and 1c¢ from assemblies
1b;- (BuCYA), and 1¢;- (BuCYA), as determined from the
'H NMR exchange experiments can be expressed by a rate
equation similar to that used for the racemization of 1e¢;-
(BuCYA) (Table 2). The slightly higher values for dimel-
amine exchange are attributable to the higher temperatures at
which the '"H NMR experiments were conducted (70°C) and
the relatively large error in the experimentally determined
order for [SBAR].

2310
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Proposed Mechanism of Racemization: The results of the
exchange experiments strongly indicate that racemization
occurs predominantly through a dissociative mechanism, both
catalyzed and uncatalyzed (Scheme 5). The rate-determining
step in the uncatalyzed pathway involves dissociation of the
first calix[4]arene dimelamine from the intact (P)-1c;-(Bu-
CYA), assembly by breaking a total of twelve hydrogen
bonds. The intermediate produced (P)-1¢,+ (BuCYA); either
falls apart rapidly and subsequently reassembles to give either
the M or the P enantiomer, or alternatively, intermediate (P)-
1¢,- (BuCYA) racemizes quickly and immediately reforms
after uptake of a dimelamine.

In the catalyzed process, formation of an activated complex
(P)-1¢;- (BuCYA)s« (SBAR), resulting from (weak) associa-
tion of an SBAR unit to assembly (P)-1¢;+ (BuCYA),, precedes
dissociation of the intact assembly. Binding of SBAR to one of
the melamine DAD (donor-acceptor—donor) arrays presum-
ably takes place. It is very unlikely that, for this interaction to
occur, the melamine completely breaks all three hydrogen
bonds with the BuCYA unit, because that interaction is known
to be much stronger. However, interaction of the melamine
with the SBAR could occur while the melamine - cyanurate
interaction stays largely intact and is only weakened slightly.
Subsequently, dissociation of the activated complex should be
much faster, since breaking of the slightly weakened mel-
amine —cyanurate H-bonds would occur more easily.

Increase of the Kkinetic stability through covalent capture of
double rosette assemblies: We have previously shown that
treatment of assembly 1e;-(CA), which has six oct-1-enyl
side chains, with Grubbs’ catalyst in toluene results in the
quantitative formation of assembly 5+ (CA), (Scheme 6).14- 4
A threefold RCM covalently connects the three calix[4]arene
dimelamines 1e to give macrocycle 5. In view of the fact that
dissociation of dimelamines 1 from assembly 1;- (CA); is the
rate-determining step in the racemization process, covalent
capture of this structure would be expected to reduce the
racemization rate of the H-bonded assembly significantly.
For the preparation of an enantiomerically enriched
covalently captured assembly by the chiral memory concept,
it is essential to induce the supramolecular chirality with a
chiral barbiturate. Therefore, the assembly behavior of
dimelamine 1e with RBAR was studied. Comparison of the
integrals of the NHypar signals in the 6 =13-15 region and
the calix[4]arene CH, bridge protons of le revealed the
quantitative formation of assembly 1e;- (RBAR),. However,
numerous signals for the NHggar moieties were present,
similarly to what had been observed for other RBAR-
containing assemblies (Figure 14a).’”] Presumably, these sig-
nals arise from assemblies with reduced symmetry, caused by
different orientations of the RBAR components. Although
this may hardly affect the induction of supramolecular
chirality by RBAR, this large number of signals precludes
any accurate determination of the de of assembly 1le;-
(RBAR),. Moreover, we cannot exactly determine the optical
purity of the mixture from comparison of the CD signals with
closely related assemblies, since the chromophores are in most
cases not the same.™! Therefore, a quantitative comparison is
excluded. However, the maximum CD intensities of assem-

0947-6539/02/0810-2310 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 10





Enantioselective Synthesis of Double-Rosette Assemblies

2302-2313

(P)-1¢,-(BuCYA)¢

(P}-1¢,(BUCYA)

7\

(P)-1¢.(BUCYA)e-(SBAR)* (P)-1¢, (BUCYA),

(M)-1¢,«(BUCYA)s

(M)-1¢, (BUCYA),

(M)-1¢,-(BUCYA)s(SBAR)*

Scheme 5. Proposed mechanism for the racemization of the assembly (P)-1¢;+ (BuCYA),. Racemization can occur both through an uncatalyzed pathway
and through a catalyzed pathway in which free SBAR acts as a catalyst. In both pathways, the rate-determining step is dissociation of the first dimelamine 1¢
from the intact assembly. This slow step is followed by rapid racemization and formation of the enantiomeric assembly (M)-1¢;+ (BuCYA);.

[Dgltoluene,
RT

5+(CA);

L84

5

Scheme 6. Covalent capture of assemblies 1e;:(CA), through an RCM
reaction to give assembly 5+ (CA),.
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blies 1e;-(RBAR); (Agysym~—45Lmol~'cm™') and 5-
(BuCYA); (A ~—95 Lmol~'em™; see Figure 14d) (vide
infra) are at least comparable, in a qualitative sense, with
those of the corresponding uncaptured assemblies 1c;-
(RBAR); and 1¢;+ (BuCYA)g (Aépa~—50 Lmol~'cm™! and
~ —90 Lmol~'cm™). Therefore, we assume that the extent of
chiral induction should be more or less the same (de >80%).
Actually, it is not at all important to know the exact de for
determination of the rate constant, since the value is
independent of the initial M/P ratio in the mixture.
Covalent capture of assembly 1e;- (RBAR), by means of an
RCM reaction was performed by addition of Grubbs’ catalyst
(30 mol %) to a 0.75mm solution of 1e;+ (RBAR), in [Dg]tol-
uene. The reaction was monitored by 'H NMR spectroscopy,
which showed the complete disappearance of the signals for
the terminal vinylic protons of 1e at 6 =5.5 and 4.8, and the
appearance of a new signal at 0 =5.45, corresponding to the
internal vinylic protons of assembly 5:(RBAR)s. Judging
from the fact that the combined NHgpar signals did not
decrease in intensity (Figure 14b), the reaction proceeds
without destruction of the assembly. After covalent capture of
the H-bonded structure, the number of NHyg,r signals even
increased, presumably due to the different steric effect
imposed upon the RBAR units by the connected octenyl side
chains. The quantitative formation of covalently captured
assembly 5:(RBAR), was also evidenced by the exclusive
presence of a signal at a mass-to-charge ratio of 3098 in the
FAB mass spectrum, corresponding to exclusive formation of
trimer 5 (calcd for C,g)H,,)N3c0;, =3098). No signals corre-
sponding to monomeric or dimeric structures were observed.
The CD curves recorded before and after covalent capture are
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Figure 14. Sections of the 'H NMR spectra of assemblies: a)le;-
(RBAR),, b) 5-(RBAR);, and ¢) 5-(BuCYA),. d) CD spectra of assem-
blies: 1e;: (RBAR); (1), 5-(RBAR), (2), and 5- (BuCYA), (3). All NMR
and CD spectra were recorded in [Dg|toluene (0.75mM) at room temper-
ature.

nearly identical; this shows that assemblies 1e;+ (RBAR), and
5.(RBAR), have very similar de’s (Figure 14d).

Enantiomerically enriched assembly 5.(BuCYA), was
prepared by addition of 1.2 equiv. of BuCYA (relative to
RBAR) to a solution of assembly 5:(RBAR), in toluene
(0.75mm) at room temperature. The quantitative exchange of
RBAR for BuCYA was evidenced by the exclusive presence
of only two new signals at d = 14.87 and 14.38 inthe 6 =13-15
region of the 'H NMR spectrum (Figure 14c). All signals
corresponding to assembly 5:(RBAR), had completely dis-
appeared. Assembly 5 (BuCYA), exhibited very strong CD
activity (Aézpoum =—92 Lmol~'cm™!), comparable to that
of the uncaptured assembly 1c¢;+(BuCYA)s (Agsponm~
—85Lmol'cm™); this shows that this assembly had also
quantitatively “memorized” the chirality induced by the
RBAR components.

Racemization of the enantiomerically (almost) pure as-
sembly (P)-5-(BuCYA), was monitored by measuring the
decrease in CD intensity (300 nm) as a function of time at
70°C (Figure 15). Fitting the curve to our model for race-
mization (vide supra) resulted in a value of k.= (1.0+0.1) x
10=°s! and a corresponding half-life to racemization of

2312
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Figure 15. CD spectra showing the racemization of (P)-5;+ (BuCYA), (o)
and 1¢; - (BuCYA), (2) over time. Spectrum measured at 300 nm and 70°C.

95 hours (~4 days). Comparison with the half-life of uncap-
tured assembly 1c¢;-(BuCYA)—0.14 hours under similar
conditions (benzene, 70°C)—shows that covalent capture of
the assembly decreases the racemization rate by a factor of
650. The high kinetic stability of assembly 5-(BuCYA), is
emphasized by the fact that the CD intensity had decreased by
only 9% after two weeks at room temperature in toluene.

These results clearly show that blocking the dissociative
racemization pathway by covalent capture decreases the
racemization rate by more than two orders of magnitude. The
racemization mechanism of the captured assembly is un-
known at present, but most likely involves an intra-assembly
rearrangement in which most of the 36 hydrogen bonds have
to be broken.

Conclusion

The enantiomerically pure H-bonded assembly 1c;-(Bu-
CYA), has been prepared by the “chiral memory” concept:
induction of supramolecular chirality is achieved with chiral
barbiturates, which are subsequently replaced by achiral
cyanurates in a qualitative manner. The success of this
approach relies primarily on the association between cyan-
urates and melamines being much stronger than that between
barbiturates and melamines and the very low dissociation rate
of dimelamine 1e¢ from the double-rosette assembly 1e¢;-
(BuCYA),. Racemization studies revealed an activation
energy for racemization of 105.9 + 6.4 kJmol~! and a half-life
of 4.5 days in benzene at 18 °C. These values clearly reflect the
remarkably high stability of these H-bonded assemblies,
which results from the cooperative action of multiple weak
interactions. Kinetic studies have provided strong evidence
that dissociation of the first dimelamine 1e¢ from assembly
1¢c;- (BuCYA), is the rate-determining step in the racemiza-
tion process. Remarkably, a catalytic role was observed for the
expelled barbiturate, which presumably enhances the disso-
ciation of dimelamines lc through the formation of an
“activated” complex with assembly 1¢;+ (BuCYA).

The kinetic stability of the assemblies was increased
significantly by covalent capture of the H-bonded structure
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through an RCM reaction, which connects the three dimel-
amine components 1e to give the assembly 5- (BuCYA),. In
this way the dissociative racemization pathway was blocked;
this resulted in a half-life to racemization of ~4 days in
toluene at 70°C. Relative to assemblies 1c;- (BuCYA),, the
half-life has been increased by more than two orders of
magnitude.

Experimental Section

The syntheses of dimelamine 1a,?¥ barbiturates RBAR and SBAR "] and
BuCYAP* have been described elsewhere. Dimelamines 1b—e and model
compounds 2 -4 were prepared according to literature procedures.?> 26411
Barbiturate DEB was obtained from Fluka.

N-(Benzyl)imidocarbonic acid: N-(Benzyl)imidocarbonic acid was pre-
pared by following the procedure for the synthesis of N-[(R)-1-phenyl-
ethyl]imidocarbonic acid.l’)
N-(Benzyl)-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (BenCYA): BenCYA
was prepared by following the procedure for the synthesis of cyanurate
RCYA, with N-(benzyl)imidocarbonic acid as an intermediate.’]

Barbiturate — cyanurate exchange experiments: Typically, a solution of
BuCYA (15mwm, 500 pL, obtained after sonication at elevated temper-
atures) in benzene was added to a solution of assembly 1;-(BAR)s in
benzene (6.0mm, 100 pL). CD and 'H NMR measurements at variable
temperatures were performed immediately after the components had been
mixed.

Metathesis reaction: The metathesis reactions were performed by follow-
ing the previously published procedure.?* 4!l
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Abstract: The rhenium() and rutheni-
um(i) complexes of a fullerene-substi-
tuted bipyridine ligand have been pre-
pared. Electrochemical studies indicate
that some ground state electronic inter-
action between the fullerene subunit
and the metal-complexed moiety are
present in the Re! but not the Ru"
complex. The photophysical properties
have been investigated by steady-state
and time-resolved UV/Vis-NIR lumi-
nescence spectroscopy and nanosecond
laser flash photolysis in CH,Cl, solution,
and compared to those of the corre-
sponding model compounds. Excitation
of the methanofullerene moiety in the
dyads does not lead to excited state

ligand-charge-transfer  excited state
(®MLCT) centered on the Re'- or Ru'-
type unit is quenched with a rate con-
stant of about 2.5 x 10® s~%. The quench-
ing is attributed to an electron-transfer
(EIT) process leading to the reduction of
the carbon sphere, as determined by
luminescence spectroscopy for the Ru™
dyad. Experimental detection of elec-
tron transfer in the Re! dyad is prevent-
ed due to the unfavorable absorption of
the metal-complexed moiety relative to
the fullerene unit. However, it can be
postulated on the basis of energetic/
kinetic arguments and by comparison

with the Ru'-type array. The primary
EIT process is followed by charge-re-
combination to give the lowest-lying
fullerene triplet excited state (’Cy,) with
quantitative yield, as determined by
sensitized singlet oxygen luminescence
experiments. Direct MLCT — 3Cg trip-
let—triplet energy-transfer (EnT) does
not successfully compete with EIT since
it is highly exoergonic and located in the
Marcus inverted region. The quantum
yield of singlet oxygen sensitization (®,)
of the Re'-based dyad is found to be
lower (0.80) than for the corresponding
Ru'" derivative (1.0). This is likely to be
the consequence of different conforma-
tional structures for the two dyads,

intercomponent interactions. Instead,
excitation of the metal-complexed unit
shows that the lowest triplet metal-to-

Introduction

The ability of fullerenes to act as electron acceptors make
them attractive for participation in photoinduced electron-
transfer (EIT) processes.' It is therefore not surprising that
a large number of fullerene multicomponent architectures,
including sophisticated tetrads,® hexads,”! and dendrimers(®!
have been prepared and their photophysical properties
investigated in detail. One of the main goals of this research
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rather than a different yield of 3Cy,
formation.

- ruthenium -

activity is that of producing, by means of light inputs, long-
lived and high-energy intramolecular charge-separated states,
which can be exploited for practical applications such as solar
energy conversion.!!l

The long lived metal-to-ligand-charge-transfer (MLCT)
excited states characterizing some transition metal complexes
such as tris(2,2'-bipyridine)ruthenium(ir),'? bis(1,10-phenan-
throline)copper(®),™ or (2,2"-bipyridine)rhenium@ have
been widely exploited to design multicomponent molecular
architectures featuring photoinduced electron- and energy-
transfer (EnT) processes.I'> 13 Interestingly, the MLCT excit-
ed states of these compounds have a marked reducing
character that, in principle, make them ideal partners for
the construction of donor-acceptor systems with Cg, full-
erenes. However, not many examples of such arrays have
been reported to date, and they include only Ru''2] or
Cul,® 2 but not Re! complexes.

Herein, we report on the preparation of the first rhenium(t)
complex of a methanofullerene-substituted bipyridine ligand
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(F—Re) (Scheme 1), and of the
corresponding  [Ru(bpy);]**-
type dyad (F—Ru). The electro-
chemical properties of F—Re
and F—Ru have been investi-
gated and compared to those of
the corresponding model com-

)_O/\/\/ B
o LN,
"Re(CO)4Br
ZN
s |

pounds F[?2 Re, and Ru. By F-Re R =CgHy; &

means of steady-state and time- =N
Re(CO)3Br

resolved UV/Vis-NIR lumines- AN (CO)s

cence spectroscopy and nano-
second laser-flash photolysis we
showed that, in CH,Cl, solu-
tion, the lowest-lying triplet
metal-to-ligand-charge-transfer
excited state CMLCT) centered
on the Ru'ltype unit is
quenched by EIT leading to
the reduction of the carbon
sphere, followed by charge-re-

Re

F-Ru R= C8H17 ¥ = Ru

Scheme 1. Structures of compounds F-Re, F—Ru, Re, Ru, and F.

combination to give the lowest THPO HO
fullerene triplet excited state
(’Cq) with quantitative yield. ~

i |
The unfavorable absorptlor} of N 1) LDA/THE/0°C \ b-TSOH / EtOH / A x
the metal-complexed moiety T . N - Y
relative to the fullerene unit i N 2) THPO ™~"~Br (58%)
prevents experimental detec- (64%) i h\' i K\'
tion of electron transfer in the 2 3

Re! dyad. However, such a
quenching mechanism can be
supported by energetic argu-
ments and comparison with
the Ru'-type array. The
charge-separation/charge-re-

combination sequence is pres-

Y

ent both at 298 and 77K for
F-Re but only at 298K for
F-Ru. Interestingly, the direct
SMLCT —3Cy, triplet—triplet
EnT is found to be uncompeti-
tive with EIT. Finally, the quantum yield of singlet oxygen
sensitization (@,) is found to be different for the two dyads
and this is ascribed to structural factors related to the
flexibility of the interchromophoric spacer.

(78%)

Results and Discussion

Synthesis: The preparation of fullerene-substituted bipyridine
ligand 1 is depicted in Scheme 2. Compound 2 was obtained
from 4,4'-dimethyl-2,2'-bipyridine by deprotonation of one of
the methyl groups with lithium diisopropylamide (LDA) to
generate the corresponding carbanionic species, followed by
reaction with 4-bromobutyl tetrahydropyran-2-yl ether.[*!
Subsequent cleavage of the 3.,4,5,6-tetrahydro-2 H-pyranyl
(THP) protecting group, followed by treatment of the
resulting 3 with 42?1 under esterification conditions (N,N'-
dicyclohexylcarbodiimide (DCC), 4-dimethylaminopyridine
(DMAP), 1-hydroxybenzotriazole (HOBt)) yielded ligand 1.

Chem. Eur. J. 2002, 8, No. 10

DCC / DMAP / HOBt
CH,Cl, / 0°C to RT

Scheme 2. Preparation of Ligand 1.

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

The corresponding rhenium() complex F—Re was then
obtained by reaction of 1 with [Re(CO);sBr] in refluxing
toluene. Model compound Re was prepared under similar
conditions from the commercially available 4,4"-dimethyl-2,2'-
bipyridine and [Re(CO);Br]. F-Ru and Ru were prepared by
reacting the corresponding ligand with [Ru(bpy),CL,] under
standard conditions.!'8! All of the spectroscopic and elemental
analysis data were consistent with the proposed molecular
structures.

Electrochemistry: The electrochemical properties of F—Re,
F—Ru, F, Ru, and Re were investigated by cyclic voltammetry
(CV) in CH,Cl, + 0.1m nBu,NPF; solutions (Table 1). In the
anodic scan, only the oxidation of the metal complex??* 2
could be observed for F-Re and F—Ru. In the cathodic region,
F—Re and F-Ru show two reversible one-electron reduction
processes followed by a dielectronic peak. As shown by the
comparison with model compounds F, Re, and Ru, the two
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Table 1. Electrochemical properties of F-Re, F-Ru, Re, Ru, and F
determined by CV on a glassy carbon working electrode in CH,Cl, +0.1m
nBu,NPF; solutions at room temperature.

Compound Reduction Oxidation
E, E, E; E,

Flb] —-1.03(59) —141(80) —1.84(110)

Re —1.88 (80) +0.92(cd

F—Re -0.99 (70) —1.37(80)  —1.83 (140)ll 4 0.96!

Ru —1.76 (80) -+0.92 (90)

F—Ru —1.02(80) —1.40(80)  —1.81 (100)€  +0.91 (70)

[a] Values for (E,, + E,)/2in V vs. Fc*/Fc and AE,. in mV (in parentheses)
at a scan rate of 0.1 Vs™'. [b] From ref. [19]. [c] Irreversible process, E,,
value reported. [d] Reversible for V>1 Vs~ [e] Dielectronic process.

first waves correspond to Cg-centered reductions and the
third peak to the simultaneous reduction of the metal
complex® 2! and the fullerene. Interestingly, in the case of
F—Re, the two first fullerene-centered reduction potentials
are shifted to more positive values by about 40 mV with
respect to the corresponding fullerene model compound F. On
the other hand, the metal-centered oxidation potential is
found to be more positive in F-Re when compared to Re. The
latter observations could be a consequence of small electronic
interactions between the rhenium(l) complex and the meth-
anofullerene unit in F—Re, suggesting that this compound may
adopt a folded conformation in which the two moieties are
close to each other. This is in agreement with previous reports
in which derivatives with a metal center and a fullerene unit,
forced to be spatially close, behave similarly (more facile
fullerene reduction, harder metal-centered oxidation).['™] This
effect is not observed in the case of F—Ru, the oxidation and
reduction potentials being substantially unchanged when
compared to those of the corresponding model compounds
F and Ru. In this case, the charged ruthenium(i) complex and
the carbon sphere are likely to be far from each other. In other
words, F-Ru must adopt an extended conformation prevent-
ing sizeable electronic interactions among the two moieties in
the dyad.

Photophysical properties and photoinduced processes: The
electronic absorption spectra of the reference compounds F,
Re, and Ru in CH,Cl, (Figure 1) are in agreement with
previous reports. The C, fullerene F exhibits intense absorp-

124 /

ex10Y M'em™
®

300 450 600 750
A/nm
Figure 1. Absorption spectrum of F (:+-), Re (——), and Ru (----) in

CH,Cl,; in the region above 420 nm the spectra are multiplied by a factor
of 10.
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tion bands in the UV, whereas weaker features are observed in
the Vis region, with the diagnostic methanofullerene bands at
426 (¢ =3000M 'cm!) and 687 nm (e =200M 'cm ). 201 In
the UV side, Re and Ru display ligand-centered (LC) bpy-
type bands with a spectral peak at around 290 nm. The
spectral features in the Vis spectral region are attributed to
IMLCT transitions, which lie higher in energy for Re (A, =
382 nm) than for Ru (4,,, =456 nm), as expected.?” I

The absorption spectra of F—Re and F-Ru in CH,Cl, are
depicted in Figure 2 and match the profiles obtained by
summing the spectra of the component units within an
experimental uncertainty of £ 15 % . For F-Re, the absorption
features of the Cg, unit largely dominate the entire spectral
profile, unlike F—Ru. Importantly, in the case of F-Ru an

15

pry
o
1

ex10*/M'em

300 450 600 750
A/ nm

Figure 2. Absorption spectrum of F—Re (——) and F—Ru (- - - -) in CH,Cl,;
in the region above 420 nm the spectra are multiplied by a factor of 10.
Inset: fluorescence spectra of isoabsorbing solutions (O.D.=0.200) of
F (+:++) and F-Re (—); A, =550 nm, where only the C,, moiety absorbs
in F-Re. Identical fluorescence relative intensities are obtained by
comparing the spectra of F and F-Ru upon excitation at 625 nm.

almost selective excitation of the metal-complexed moiety
(>85%) is possible at 456 nm, corresponding to the max-
imum of the MLCT absorption band. At A > 600 nm the Cy,
moiety can be excited exclusively. In contrast, selective
excitation of the Re! moiety is not possible in F—Re and the
highest extent of excitation of such a unit is achieved at 292
and 380 nm, that is 35 and 30%, respectively. Conversely,
selective excitation of the Cg moiety is possible at any
wavelength above 490 nm.

Table 2 summarizes the emission properties and excited
state lifetimes of the reference compounds F, Ru, Re, and of
the dyads F—Re and F—Ru, both in CH,Cl, at 298§ K and in a
CH,C1,/MeOH (1:1, v/v) 77 K glass.

F exhibits the typical short-lived methanofullerene fluo-
rescence band peaked at 698 nm (Figure 2),2" 2 that is also
observable at 77 K (4., =706 nm). The latter result allows
the location of the lowest singlet fullerene excited state at
1.78 eV. Attempts to detect phosphorescence with time-gated
techniques were unsuccessful, as were attempts using glasses
containing heavy atom solvents such as ethyl iodide.*] We
therefore take the energy value of the lowest fullerene triplet
excited state to be 1.50 eV, as earlier estimated for methano-
fullerenes by theoretical calculations.?!]
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Table 2. Luminescence properties in CH,Cl, at 298 K and in CH,Cl,/MeOH (1:1 v/v) at 77 K.

298 K, Cy Fluo

298 K, MLCT Band

77K, Cq Fluo 77K , MLCT Band

2.l @, [0 el 2, lal @, [0 el A, el Al el
[nm] [x10%] [ns] [nm] [x10%] [ns] [nm] [ns] [nm] [ns]
F 696 41 1.0 706 1.6
(698) (706)
Re 585 1.2 75 518 5300
(625) (1.5) (102) (530)
F-Re 6961 3.6 0.8 582l ~0.02 3.8 69814 1.7 508lel 3.7
(698) (622) (700) (524)
Ru 605 43 448 578 7300
(616) (85) (1009) (580)
F-Ru 698l 3.7 1.0 605le! ~0.07 44 69411 1.7 578lel 6800
(702) (616) (696) (580)

[a] Emission maxima from uncorrected and, in parentheses, corrected spectra. [b] Emission quantum yields in air-equilibrated and, in parentheses, air-free
solutions. [c] Excited state lifetimes in air-equilibrated and, in parenthesis, air-free solutions, 1., =337 nm. [d] A.,, =550 nm. [e] A,y =380 nm. [f] Aoy =

625 nm. [g] Aey. =456 nm.

Re and Ru exhibit the typically intense and long-lived
MLCT luminescence bands at room temperature and 77 K
(Table 2, Figure 3).

208 K

1/au.

{/a.u.

500 600 700 800

Alnm
Figure 3. Top: MLCT Luminescence spectra of Re and F-Re at 298 K
(CH,Cl, solution) and 77 K (CH,Cl,/MeOH 1:1 V/V); Aee=292 nm,
isoabsorbing solutions (O.D.=0.350). Bottom: MLCT Luminescence
spectra of Ru and F-Ru at 298 K (CH,Cl, solution) and 77 K (CH,CL,/
MeOH 1:1 v/v); A =456 nm, isoabsorbing solutions (O.D. = 0.200).

It is worth pointing out that at 298 K the emission band of
Re is broader than that of Ru and the corresponding
maximum in Re is slightly red-shifted relative to Ru.
Conversely, at 77 K, the Re band is substantially blue-shifted,
if compared to that of Ru. This trend can be explained by
considering that Re is a neutral complex which, upon MLCT
excitation, brings about a larger solvent reorganization than
the doubly charged Ru complex.?®! Consequently, in a rigid
matrix, because of lack of solvent repolarization, the MLCT
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excited states of Re are more destabilized than those of Ru.
The Re complex is also characterized by a larger Stokes shift
(SS) relative to Ru, that is 6600 versus 2100 cm™, as can be
obtained from Equation (1).*

SS= Eis— Eem— Es_r (1)

In Equation (1) E,, and E,,, are, respectively, the maxima
of the absorption (‘MLCT) and emission (*MLCT) bands at
298 K, and Es_r is the energy difference between the lowest
'MLCT and *MLCT excited states, estimated to be about
3600 cm! for electronically similar Os" complexes.?! This
difference in SS values is reflected in the wider emission band
profile exhibited by Re.

The most important consequence of these peculiarities in
Re and Ru photophysics is the difference in energy of the
lowest MLCT excited state, which is estimated to be 2.37 and
2.14 €V, respectively, from the 77 K emission band maxima.
This apparently slight variation is the origin of a significantly
different trend in photoinduced processes for the dyads F—Re
and F—Ru, as will be discussed below.

Upon excitation at 550 (F—Re) and 625 nm (F—Ru), where
only the C4, chromophore absorbs, the typical methanofuller-
ene fluorescence band is substantially unaffected for both
dyads if compared to that of the reference compound F
(Table 2, Figure 2). This indicates that intercomponent photo-
induced processes do not occur when the Cq, chromophore is
excited.

On the contrary, when excitation is addressed to the metal
complex moiety, intercomponent excited-state events are
evidenced for both dyads. The emission spectrum of F—Re
following light excitation at 292 nm (35% of light on the Re
moiety, see above) show that: 1) the strong and long-lived
MLCT luminescence of the Re unit is substantially quenched
(Table 2, Figure 3); 2) the C,, fluorescence yield is reduced by
about 35% relative to reference compound F (Figure 4).
Similar results are obtained for F—Ru (Table 2, Figure 3, and
Figure 5) but in this case the excitation can be more selective
(see above). Importantly, for both dyads, when excitation is
addressed where both moieties absorb, the measured quan-
tum yield of Cg, fluorescence reflects the amount of light
directly exciting the fullerene moiety (Figure 4 and Figure 5).
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500 600 700 800 1200 1300
Al nm
Figure 4. Fluorescence spectra of isoabsorbing solutions (O. D. = 0.450) of
F (++-+) and F-Re (—). A.,c =292 nm, where 30 % of the incident light is
addressed to the metal-complexed moiety F—Re. In the IR region are

reported the sensitized singlet oxygen luminescence bands of isoabsorbing
solutions (O.D. =0.200) of F (++:+), Re (0), and F~Re (—), 4., =380 nm.

//a.u.

700 800 1200 1300
A/nm

Figure 5. Fluorescence spectra of isoabsorbing solutions (O.D.=0.170) of
F (:+--) and F-Ru (—); 4., =510 nm, where light is equally partitioned
between the two chromophores. From the spectrum of F—Ru the back-
ground of the residual (quenched) MLCT emission has been subtracted. In
the IR region are reported the sensitized singlet oxygen luminescence
bands of isoabsorbing solutions (O.D.=0.200) of F (----), Ru (0), and
F-Ru (—), 4., =456 nm.

This suggests that 1) photoinduced processes are not triggered
by excitation of the Cq, moiety; 2) the SMLCT excited state of
the metal-complexed moiety does not sensitize the lowest
fullerene singlet excited state.

As far as the quenching of the MLCT excited states is
concerned, time-resolved luminescence spectroscopy allows
the calculation of the rate constants of the quenching
processes (k,) by means of Equation (2) (z and 7, are the
lifetimes of the quenched and unquenched *MLCT excited
states), which turn out to be practically identical, that is 2.5 x
108 s~! (F—Re) and 2.3 x 10-%s~! (F—Ru).

kg=1/t—1/z, ?2)

On the basis of the energy of the lowest excited states of the
various moieties, as determined by emission spectroscopy, an
energy level diagram for the two dyads can be drawn
(Figure 6). Importantly, for both dyads, the electrochemical
results allow the location of a charge-separated state (CS)
corresponding to the reduction of the C4 moiety and the
oxidation of the metal-complexed unit [F~-M*].5% Owing to
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Figure 6. Energy level diagram for F-Ru and F-Re. The localized excited-
state energies are estimated from the 77 K emission band maxima, while
the position of the CS state is obtained from the electrochemical data. The
F--M* CS level and fullerene localized excited states are indicated with a
single notation since they are identical for both dyads.

its energy position (~1.95 eV in both cases), such a CS state
might play an active role in the cascade of photoinduced
processes following MLCT excitation.

From the diagram of Figure 6 it is evident that, in principle,
two different processes can account for the observed SMLCT
luminescence quenching in the two dyads: 1) electron-trans-
fer leading to the [F--M*] (namely F—-Re** or F-Ru**) CS
state or 2) energy transfer to the lowest fullerene triplet state.
Energy transfer to the lowest fullerene singlet excited states is
ruled out because luminescence data do not show any
fullerene fluorescence sensitization (see above).

To investigate in detail the excited state dynamics within
the F—Re and F—Ru dyads, transient absorption studies would
be useful but are hampered by the unfavourable light
partition on the metal-complexed moiety at the wavelengths
of our Nd:YAG laser flash-photolysis instrumentation. For
F—Re the situation is extremely unfavourable because the Re
moiety does not absorb at 532 nm and, at 266 and 355 nm,
nearly 90 % of light is absorbed by the Cg, unit. Under these
circumstances any experimental effort to investigate photo-
induced processes arising from the Rel-complexed fragment
can hardly give reliable results. The most favourable case is
that of F—Ru where, at 532 nm, the Ru moiety absorbs about
30% of the incident light. The transient absorption spectrum
of F—Ru at A,.=532 nm is shown in Figure 7. It displays a
maximum at 690 nm and is practically identical to that of the
reference compound F under the same conditions. We can
therefore safely attribute it to the triplet—triplet transient
absorption spectrum of the fullerene unit.?!2°]

Importantly, the rise of the transient absorption signal is
identical for F—Ru and F, indicating that the *F—Ru is formed
at a faster rate than our instrumental resolution (20 ns). The
fullerene triplet lifetimes of F, F—Re, and F—Ru in air-
equilibrated and argon-saturated solution are reported in
Table 3; they show sizeable differences, which are commented
on below.

Because of the difficulties of studying in detail the photo-
induced excited-state dynamics within the two dyads by
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Figure 7. Transient absorption (AA) spectrum of F—Ru at 298 K in CH,Cl,
air-equilibrated solution upon laser excitation at 532 nm (energy =5 mJ per
pulse). The spectra were recorded at delays of 100, 400, 900, 1500, and
4000 ns following excitation. The inset shows the time profile of AA
(690 nm) from which the spectral kinetic data were obtained; the fitting is
monoexponential and gives a lifetime of 755 ns.

Table 3. Fullerene triplet lifetimes in CH,Cl, aerated and deaerated
solutions as determined by transient absorption spectroscopy.

Aerated [ns] Dearated [ns]

F 714 24600
F-Re 776 14900
F-Ru 755 18000

means of transient absorption spectroscopy, a different
approach was attempted aimed at determining the yield of
formation of the lowest available excited level, that is the
fullerene triplet (Figure 6). This yield can give valuable clues
about excited state intercomponent processes involving
upper-lying levels.

It is known that light excitation of pristine Cg, populates the
lowest singlet excited state (!Cg*) that is then converted to
the lowest triplet state (°Cgy*) with nearly unitary yield (&=
1) by intersystem crossing (isc).P:3 In air-equilibrated
solution *Cg* is then quenched by dioxygen, that is sensitized
to its 'A(O,) excited state, which deactivates back to the
ground state giving rise to emission in the IR spectral region
(Amax = 1268 nm).[3 The whole sensitization process can be
schematized as in Equation (3), where 'O,* stands for
O,('A,), commonly named “singlet oxygen”.

Cop 0 1Cqp¥ 25, 3Cq* 25 Cp + 'O* (3)

The yield of sensitization of 'O,* is termed @, and is unity
for pristine Cg,.?? The @ values of substituted fullerenes are
lower than 16431 and are reported to be 0.8 for methano-
fullerenes.?" 3 Importantly, the values of @, and ®; are
found to be identical for Cy and its closed-cage® or open-
cagel derivatives as well as for higher fullerenes such as
C,¥Mand C,¢.® Therefore, the measure of @, can be taken as
an indirect evaluation of @ for all fullerenes.]

We first determined the @, of the reference fullerene
compound F (0.8) using as reference Cq (®@,=1). The 'O,
emission bands of solutions containing F—Re (4., =380 nm)
and F-Ru (4,,.=456 nm), and their corresponding model
compounds, are reported in Figures 4 and 5.
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In the case of F—Ru, the results are straightforward.
Despite the fact that its components are characterized by
@, values of 0.8 (F) and 0.7 (Ru), for F—Ru a higher amount of
singlet oxygen is formed corresponding to @, = 1.0. This means
that the °F — Ru state is formed with unitary yield (&= 1.0) and
confirms that the fullerene lowest singlet state (less efficient in
forming the triplet state, @:=0.8 for F) is not involved in
photoinduced processes following *MLCT excitation.

The situation is different for F—Re for which @, =0.8 is
found. This value is higher than that expected admitting no
fullerene triplet sensitization from the MLCT state, that is
0.6, taking into account the interchromophoric light partition
at 380 nm and the low @, of Re (0.25, see Figure 4).
Therefore, we have to conclude that the fullerene triplet is
sensitized in F—Re, though to a lesser extent (80%) than
F—Ru (100%).

We can argue whether in our dyads the fullerene triplet
population is obtained 1) by direct triplet-triplet (T-T) EnT
from the SMLCT of the metal-complexed unit, or 2) through
an EIT leading to F—-M™ followed by charge recombination to
the fullerene triplet (Figure 6). Earlier studies suggest that T—
T (Dexter-type) EnT processes display strong similarities with
electron-transfer processes and can be treated by a similar
formalism.“ 4!l In the case of dyads made of a Re' complex
and an aromatic subunit the rate constant of T-T EnT as a
function of reaction thermodynamics obeys a Marcus-type
behavior, where the maximum rate is obtained for AG°
~—0.3-0.4¢eV¥ In our case AG°=— 0.87 (F-Re) and
—0.64 eV (F-Ru), so it is reasonable to assume that the
T-T EnT process is positioned in the inverted region,
whereas the lower exoergonicity of the competing CS
processes (AGcs” in the range 0.2-0.4eV) is optimal to
locate the EIT process in the proximity of the maximum of the
Marcus parabola as has been found, for instance, in Zn'' -
porphyrins/Cg, molecular dyads.**l The same thermodynamic
arguments apply to the CR process which is likely to be faster
in giving the C, triplet (AG°~—0.55eV) rather than the
ground state (AGcRr° ~— 1.95 eV). Therefore, on the basis of
the above considerations, we would tend to ascribe the
quenching of the MLCT excited states to electron transfer
rather than to direct triplet —triplet energy transfer.

To find evidence supporting the EIT mechanism, we
recorded 77 K luminescence spectra for F-Re and F—Ru to
check if there is any difference relative to the room-temper-
ature behavior. It is in fact known that the energy of a charge-
separated state is expected to increase in a rigid matrix, where
the effective solvent reorganization energy increases dramat-
ically because the solvent molecules cannot reorientate to
stabilize the newly formed ions.*! Hence, when the EIT
process is slightly exoergonic at room temperature, it may
become endoergonic (blocked) at 77 K. Consequently, for
multicomponent arrays where the occurrence of photoin-
duced processes is signaled by luminescence quenching in
solution, the lack of such quenching in a rigid matrix is taken
as evidence to support the EIT mechanism in the fluid
medium. Very interestingly, the *"MLCT emission of the metal-
complexed moiety is recovered for F—Ru (Figure 3)! and a
lifetime of 6.8 us is measured, which is identical within
experimental uncertainties (see Experimental Section) to
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that of Ru (7.3 ps). This suggests that triplet —triplet energy
transfer, though thermodynamically allowed, is extremely
inefficient at 77 K and is not able to compete with intrinsic
deactivation of the Ru moiety, which gives rise to its typical
SMLCT emission. Importantly, since the rates of energy-
transfer processes are known to be scarcely affected by
temperature,’l we can also argue that at 298 K, EnT can
hardly compete with EIT deactivation. Finally, the fact that at
77 K the SMLCT emission quenching is not observed for
F—Ru strongly supports the electron-transfer mechanism at
298 K for the SMLCT excited state (see above).

For F—Re, recovery of the MLCT luminescence is not
observed at 77 K (Figure 3), and a quenched lifetime of 3.7 ns
is determined (to be compared to 5.3 ps for Re), correspond-
ing to a quenching rate constant of 2.7 x 108 s~ [Eq. (1)]. We
believe that this can be explained considering the higher
energy of the *MLCT level, if compared to F—Ru. A 0.42 eV
difference between *MLCT and the CS state (Figure 6) is
likely to be too large to make the electron-transfer reaction
endoergonic at 77 K, as it happens for F-Ru (AG°® —0.19 eV).
Accordingly, the S’MLCT excited state of F—Re is quenched by
electron transfer even in a 77 K rigid matrix, also because the
EnT mechanism is likely to be as inefficient as in the case of
F—Ru, given the similarity of the involved thermodynamic
parameters (Figure 6).

As for the low @, value found for F—Re, it is noteworthy
that the Re chromophore is neutral, unlike that of Ru which
bears a double positive charge. This could give different
conformations of the two dyads in solution, also considering
the flexible nature of the linker. The hydrophobic fullerene
fragment could be in tighter vicinity with the metal-com-
plexed counterpart in the case of F-Re, and this could shield
the Cg unit from the interaction with O, molecules (a well
documented “physical” effect for carbon spheres),** 471 thus
leading to a lower @, value. This shielding would imply that,
in this case, the assumption @, = @ cannot be applied and,
despite the fact that the fullerene triplet sensitization is
quantitative, its usual “probe” ('O, luminescence) cannot be
profitably employed due to structural reasons. To support this
hypothesis we note that the excited state lifetimes of the
fullerene singlet (Table 2) and triplet (Table 3, air-free
solution) is the lowest for F—Re, when compared to F-Ru
and F. This suggests faster intersystem crossing processes,
possibly favored by close vicinity with the heavy-atom
complexed moiety. On the other hand, the fact that the air-
equilibrated triplet lifetime is the longest for F-Re, seems to
give further support to the hypothesis of a substantial
protective action exerted by the Re! chromophore on the
Cq carbon sphere, even able to counterbalance the heavy-
atom effect under these conditions. Finally, this is in good
agreement with the electrochemical data suggesting spatial
proximity for the two chromophores in F—Re but not in
F-Ru.

Conclusion

Two dyads, F-Re and F—Ru, in which a methanofullerene
moiety is coupled with a metal complex unit such as
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[Re(bpy)CO;Br| or [Ru(bpy);]** have been prepared, and
their electrochemical and photophysical properties have been
investigated. We have showed that, in CH,Cl, at 298 K, light
excitation of the lowest SMLCT excited states of the Re!- and
Ru'-complexed moieties is followed by electron transfer to
the C4, counterpart, followed by quantitative charge recom-
bination to the lowest fullerene-centered triplet-excited state
(’Cq), as determined by singlet oxygen sensitization experi-
ments. The direct triplet—triplet energy-transfer quenching
route *MLCT — 3Cy,) is uncompetitive with electron transfer.
As far as the Ru-complexed dyad is concerned, the photo-
physical results reported here show some differences if
compared to related dyads made of Ru coordination
compounds and fulleropyrrolidines in CH,Cl, solution, as
reported by Guldi et al. In particular, in a series of papers
those authors show that quenching of the *MLCT excited
states are due to 1) electron transfer followed by repopulation
of the MLCT level,l'! 2) electron transfer followed by charge
recombination to the ground state,!'” or 3) direct T-T energy
transfer to the C triplet.['®]

The different trends observed can be explained by some
differences for chromophores, for example, methanofuller-
enes (this work) versus fulleropyrrolidines (Guldi et al.) or for
linkers, for example, flexible!'” versus rigid.l'* % In particular,
for the above case (3)!') the MLCT level of the Ru!
chromophore is very low-lying (1.75 eV, since a strong -
acceptor chelating ligand is used: dpq=2,3-bipyridin-2-yl-
quinoxaline), thus making the triplet —triplet EnT route much
more thermodynamically favoured (AG® = — 0.25 ¢V) than in
our case.

Interesting differences are found in the behavior of the two
dyads of the present work. In particular: 1) EIT is blocked in a
rigid matrix for F—Ru but not for F—Re, thanks to the
different energy location of the 3MLCT levels in the two
cases; 2) the quantum yield of singlet oxygen sensitization is
lower for F—Re, and this is explained by means of structural
arguments, corroborated by electrochemical and photophys-
ical experimental findings. This latter effect is being inves-
tigated in our laboratories, by studying complexes with a
larger number of fullerene units.

It has been shown earlier that low-lying triplets such as
those of fullerene,*® #! free-base porphyrin,* or carotenel>!l
can offer efficient charge-recombination routes to upper-lying
charge-separated states in several fullerene-containing multi-
component arrays. In the present work we show that this is
also the case for dyads containing Re! and Ru!' metal-
complexed units where, although photoinduced electron
transfer is effective, the final product of photoinduced
processes is the low-lying fullerene lowest triplet (*Cgy*).

We believe that this outcome must be carefully taken into
account in the design of fullerene multicomponent systems
containing Re' and Ru' metal complexes. In fact, in a solvent
of intermediate polarity like CH,Cl,, we find that the energy
difference between the CS and 3Cy, states is rather high
(~0.45 eV). This suggests that, even in a more polar solvent
like benzonitrile,*" it is hard to depress the CS state energy so
as to eliminate such an energy gap. Accordingly, for this kind
of dyad, fast deactivation to 3Cg, constitutes a formidable
obstacle for obtaining high yields of long-lived and highly
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exoergonic CS states that can be exploited for practical
applications.

In turn, our present findings suggest that in order to build
up fullerene dyads with metal complexes displaying low-lying
MLCT levels, the choice should be oriented to more reducing
MLCT excited states. In this way it would be possible to lower
the CS level below 1.5 eV and make it the final destination of
photoinduced processes, before charge recombination. In this
regard, Cu'-phenanthrolines, owing to their electrochemical
and excited state properties,'®l seem to be more promising
candidates with respect to Re! or Ru'-bipyridines.?!] We are
currently working along this line.

Experimental Section

General: Reagents and solvents were purchased as reagent grade and used
without further purification. THF was distilled over sodium benzophenone
ketyl. Compounds 4-bromobutyl tetrahydropyran-2-yl ether,?! F?? and
422 were prepared as previously reported. All reactions were performed in
standard glassware in an inert Ar atmosphere. Evaporation and concen-
tration were performed at water aspirator pressure, and drying was in vacuo
at 102 Torr. Column chromatography: silica gel 60 (230 —400 mesh, 0.040 —
0.063 mm) was purchased from E. Merck. Thin-layer chromatography
(TLC) was performed on glass sheets coated with silica gel60F,s,
purchased from E. Merck, visualization by UV light. IR spectra (cm™")
were measured on an ATI Mattson Genesis Series FTIR instrument. NMR
spectra were recorded on a Bruker AC200 with solvent peaks as reference.
Mass spectra (MS) were obtained on an electrospray (ES) triple quadru-
pole mass spectrometer Quattro 11 with a mass-to-charge (m/z) ratio range
extended to 8000 (Micromass, Altrincham, UK). Sample solutions were
introduced into the mass spectrometer source with a syringe pump
(Harvard type551111: Harvard Apparatus Inc., South Natick, MA,
USA) with a flow rate of 6 uLmin~'. Calibration was performed using
protonated horse myoglobin. Scanning was performed in the MCA (Multi
Channel Analyzer) mode, and several scans were summed to obtain the
final spectrum. Elemental analyses were performed by the analytical
service at the Institut Charles Sadron, Strasbourg.

Compound 2: A 2M solution of lithium diisopropylamide (LDA) in THF
(5.4 mL) was added slowly to a solution of 4,4'-dimethyl-2,2'-bipyridine
(2.00 g, 10.85 mmol) in anhydrous THF (60 mL) at 0°C under Ar. After 1 h,
a solution of 4-bromobutyl tetrahydropyran-2-yl ether (3.10 g, 13.02 mmol)
in THF (25 mL) was added dropwise. The resulting mixture was stirred for
2h at 0°C, then 15 h at room temperature. The solution was then poured
into ice water (150 mL). The mixture was extracted with Et,O (3 x 100 mL)
and the combined organic layers were dried (MgSO,), filtered and
evaporated. Column chromatography (SiO,, CH,Cl,) yielded 2 (2.36 g,
64 %) as a pale yellow oil. 'H NMR (CDCl;, 200 MHz): 6 =1.24-1.81 (m,
12H), 2.44 (s, 3H), 2.71 (t, /=6 Hz, 2H), 3.41 (m, 2H), 3.76 (m, 2H), 4.58
(t, J=6Hz, 1H), 713 (m, 2H), 8.24 (brs, 2H), 8.56 (m, 2H).

Compound 3: A solution of 2 (830 mg, 2.44 mmol) and p-TsOH (682 mg,
4.87 mmol) in EtOH (200 mL) was refluxed for 24 h. The solvent was then
evaporated. Column chromatography (AlL,O;, CH,Cl, containing 0.5%
MeOH) yielded 3 (360 mg, 58%) as a colorless oil. 'H NMR (CDCl;,
200 MHz): 6 =1.38-1.90(m, 6 H); 2.43 (s, 3H); 2.71 (t, /=6 Hz, 2H); 3.64
(t, J=6Hz, 2H); 713 (m, 2H); 8.22 (s, 2H); 8.55 (m, 2H); “C NMR
(CDCl;, 50 MHz): 6 =21.17,25.39, 30.08, 32.47, 35.38, 62.63, 121.30, 122.09,
123.95, 124.66, 148.28, 148.81, 148.94, 152.61.

Compound 1: DCC (168 mg, 0.814 mmol) was added to a stirred solution of
4 (1.00g, 0.814mmol), 3 (167 mg, 0.651 mmol), DMAP (16 mg,
0.130 mmol), and BtOH (catalytic amount) in CH,Cl, (50 mL) at 0°C.
After 1 h, the mixture was allowed to slowly warm to room temperature
(within 1h), then stirred for 12h, filtered and evaporated. Column
chromatography (SiO,, CH,Cl, containing 2% MeOH) yielded 1
(750 mg, 78%) as a dark red glassy product. 'H NMR (CDCl;,
200 MHz): 6=0.89 (t, /=6 Hz, 6H), 1.45 (m, 26H), 1.77 (m, 4H), 2.50
(s,3H),2.75 (t,/J=7Hz,2H),3.90 (t, /=6 Hz, 4H), 424 (t,/=7 Hz, 2H),
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4.95 (s,2H), 5.46 (s,2H), 6.40 (t,/ =2 Hz, 1H), 6.60 (d, /=2 Hz, 2H), 7.20
(m, 2H), 8.36 (brs, 2H), 8.55 (m, 2H); *C NMR (CDCl,, 50 MHz): 6 =
14.09, 21.15, 22.62, 25.42, 26.06, 28.28, 29.22, 29.34, 29.88, 31.77, 35.21, 51.26,
62.54, 65.57,68.05, 69.05, 71.12, 101.57, 107.19, 121.20, 122.03, 123.81, 124.62,
125.22, 128.15, 128.96, 136.49, 138.36, 139.71, 140.83, 141.69, 141.82, 142.08,
142.81, 142.90, 143.71, 143.76, 144.40, 144.54, 144.79, 144.85, 145.08, 148.11,
148.81, 148.94, 152.19, 155.80, 156.00, 160.38, 162.91, 166.40; IR (CH,CL,):
7=1748 cm~' (C=0); elemental analysis calcd (%) for C,,HgN,Og: C
85.23, H 4.13, N 1.91; found C 85.21, H 4.27, N 1.95.

Compound F—Ru: A mixture of cis-dichloro-bis(2,2'-bipyridine)rutheni-
um(n) dihydrate (16.5 mg, 0.034 mmol) and silver tetrafluoroborate
(16.6 mg, 0.085 mmol) in acetone (10 mL) was refluxed for 2 h. After the
mixture had been cooled and filtered, the solvent was removed and the
mixture taken up in DMF (10 mL). Compound 1 (50 mg, 0.0341 mmol) was
then added. The resulting mixture was refluxed for 3 h. After the mixture
had cooled, the crude product was precipitated as its PF salt by addition of
a methanolic solution of NH,PF; (NH,PF, (2g) in MeOH (50 mL))
followed by water. The brown solid was filtered, washed with water,
MeOH, and Et,0. Column chromatography (SiO,, CH,Cl, containing 10 %
MeOH) followed by recrystallization from CH,Cly/hexane yielded F-Ru
(30 mg, 40 %) as a dark red powder. 'H NMR (CDCl;, 200 MHz): 6 =0.86
(t, J=6Hz, 6H), 1.28 (m, 26 H), 1.72 (m, 4H), 2.51 (s, 3H), 2.81 (m, 2H),
3.88 (t, /=6 Hz, 4H), 4.21 (m, 2H), 4.95 (s, 2H), 5.46 (s, 2H), 6.39 (t, /=
2 Hz, 1H), 6.58 (d, /=2 Hz, 2H), 726 (m, 2H), 7.43 (m, 6 H), 7.70 (m, 4H),
7.95 (m, 4H), 8.25 (m, 6H); ¥C NMR (CDCl;, 50 MHz): 6 =14.12, 21.20,
22.64,25.51,26.09, 28.14, 29.24, 29.37, 31.77, 35.12, 35.22, 51.36, 62.63, 65.52,
68.09, 69.15, 71.18, 101.62, 107.32, 121.20, 122.04, 123.83, 124.18, 124.65,
128.02, 129.05, 136.55, 137.83, 138.30, 139.76, 140.80, 141.69, 141.85, 142.10,
142.85, 142.94, 143.75, 144.43, 144.54, 144.63, 144.84, 145.12, 148.88, 149.00,
150.14, 150.62, 151.20, 154.21, 155.97, 156.27, 156.54, 156.62, 156.69, 160.40,
162.97,166.54; MS (ES): 2024.1 [M — PF4]*; 939.3 [M — 2 PF4]**; elemental
analysis calcd for C,,H,sN;OsRuP,F;,: C 68.67, H 3.53, N 3.87; found: C
68.69, H 3.83, N, 3.60.

Compound Ru: A mixture of cis-dichloro-bis(2,2'-bipyridine)ruthenium(ir)
dihydrate (100 mg, 0.23 mmol) and silver tetrafluoroborate (112 mg,
0.575 mmol) in acetone (10 mL) was refluxed for 2 h. After the mixture
had been cooled and filtered, the solvent was removed and the mixture
taken up in DMF (10mL). 4,4'-dimethyl-2,2"-bipyridine (42.4 mg,
0.23 mmol) was then added. The resulting mixture was refluxed for 3 h.
After the mixure had cooled, the crude product was precipitated as its PFg
salt by addition of a methanolic solution of NH,PF, (NH,PF, (2¢g) in
MeOH (50 mL)) followed by water. The solid was filtered, washed with
water, MeOH and Et,0. Recrystallization from CH;CN/toluene yielded
Ru (168 mg, 82%) as an orange solid. 'H NMR (CD,Cl,, 200 MHz): 6 =
2.50 (s, 6H), 724 (m, 2H), 746 (m, 6H), 7.71 (m, 4H), 8.04 (m, 6H), 8.25
(brs, 2H), 8.42 (m, 2H); elemental analysis calcd for C;,H,sNeRuP,F,-
H,0: C 42.44, H 3.34, N 9.28; found: C 42.18, H 3.66, N 9.25.

Compound F—Re: A solution of 1 (100 mg, 0.068 mmol) and [Re(CO);Br]
(27.7 mg, 0.068 mmol) in toluene (100 mL) was refluxed for 2h. The
reaction mixture was cooled to room temperature and evaporated to
dryness. The residue was dissolved in a minimum amount of CH,Cl, and
slowly added to a cold solution of pentane. The resulting red precipitate
was filtered and dried under vacuum to yield F-Re (80 mg, 64 %) as a red
powder. '"H NMR (CDCl;, 200 MHz): 6 =0.88 (t, /=6 Hz, 6 H), 1.30 (m,
26H), 1.77 (m, 4H), 2.57 (s, 3H), 2.81 (t, J=6 Hz, 2H), 3.89 (t, /=6 Hz,
4H),4.27 (t,J =6 Hz, 2H), 4.96 (s,2H), 5.47 (s, 2H), 6.41 (t, /=2 Hz, 1H),
6.60 (d, /=2 Hz, 2H), 7.31 (m, 2H), 7.95 (s, 1H), 8.00 (s, 1 H), 8.88 (d, J =
6 Hz, 1H), 8.90 (d, /=6 Hz, 1H); C NMR (CDCl;, 50 MHz): 6 =14.08,
21.59, 22.60, 25.37,26.03, 28.17, 29.18, 29.31, 29.50, 31.73, 35.33, 51.98, 62.57,
65.24, 68.06, 69.04, 71.09, 101.49, 107.19, 123.05, 123.98, 126.91, 127.78,
136.46, 138.31, 139.68, 140.77, 141.60, 141.79, 142.04, 142.82, 142.90, 143.70,
144.32, 144.37, 144.50, 144.76, 145.04, 145.13, 151.14, 152.45, 152.66, 155.10,
155.20, 155.38, 160.37, 162.66, 162.95, 166.43, 189.05, 196.88; IR (CH,Cl,):
7=2021, 1918, 1896 (C=0), 1750 cm~! (C=0); elemental analysis calcd for
Ci7HeN,O;;ReBr: C 70.78, H 3.33 N 1.54; found: C 71.02, H 3.48, N 1.31.
Compound Re: A solution of 4,4'-dimethyl-2,2"-bipyridine (45.3 mg,
0.025 mmol) and [Re(CO)sBr] (100 mg, 0.025 mmol) in toluene (10 mL)
was refluxed for 2 h. The reaction mixture was cooled to room temperature
and evaporated to dryness. The residue was dissolved in a minimum
amount of CH,Cl, and slowly added to a cold solution of pentane. The
resulting yellow precipitate was filtered and dried under vacuum to yield
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Re (101 mg, 76 %) as a yellow powder. 'H NMR (CD,Cl,, 200 MHz): 6 =
2.58 (s, 6H), 7.36 (dd, /=1 and 6 Hz, 2H), 8.03 (d, /=1 Hz, 2H), 8.85 (d,
J=6Hz, 2H); IR (CH,CL,): 2020, 1916, 1895 cm~! (C=0); elemental
analysis calcd for C;sH;;N,O;ReBr: C 33.71, H2.26, N 5.24; found: C 33.81,
H 242, N 5.18.

Electrochemistry: The electrochemical studies were carried out in CH,Cl,
(Fluka, spectroscopic grade used without further purification) containing
0.1m Bu,NPF, (Merck, electrochemical grade) as supporting electrolyte. A
standard three-electrode cell was connected to a computerized electro-
chemical device Autolab (Eco Chemie B.V. Utrecht, Holland). The
working electrode was a glassy carbon disk (3 mm in diameter), the
auxiliary electrode a platinum wire, and the reference electrode an aqueous
Ag/AgClreference electrode. All potentials are given versus Fc/Fc* used as
internal standard.

Photophysical measurements: The spectroscopic investigations were
carried out in CH,Cl, (Carlo Erba, spectrofluorimetric grade). The samples
were placed in fluorimetric 1-cm-path cuvettes and, when necessary, purged
of oxygen by bubbling Ar for 5 min. Absorption spectra were recorded with
a Perkin-Elmer 140 spectrophotometer. Uncorrected emission spectra
were obtained with a Spex Fluorolog 11 spectrofluorimeter (continuous
150 W Xe lamp), equipped with a Hamamatsu R-928 photomultiplier tube.
The corrected spectra were obtained using a calibration curve determined
with a previously described procedure.’? Fluorescence quantum yields
obtained from spectra on an energy scale (cm™!) were measured with the
method described by Demas and Crosbyl® using as standards air-
equilibrated solutions of [Ru(bpy);]** in water (@®,,=0.028)1 or
[Os(phen);]** in acetonitrile (@, = 0.005).%] Attempts to obtain delayed
phosphorescence spectra were performed with the above mentioned Spex
Fluorolog 11 spectrometer equipped with a pulsed Xe lamp (1934D
Phosphorimeter). To record the 77 K luminescence spectra, the samples
were put in glass tubes (2 mm diameter) and inserted in a special quartz
dewar, filled up with liquid nitrogen. When necessary, spectra of the glass
matrix were recorded and then subtracted as a background signal, in order
to eliminate the contribution from light scattering.

The steady-state IR luminescence spectra were obtained with a construct-
ed-in-house apparatus available at the Chemistry Department of the
University of Bologna (Italy) and described in detail earlier.’”l A
continuous 450 W Xe lamp was used as a light source in order to be able
to excite at 380 and 456 nm (see Discussion). The determination of the
yields of singlet oxygen sensitization, according to Darmanyan and
Foote,) was obtained by monitoring the steady-state singlet oxygen
luminescence intensity at 1268 nm and taking Cy, in CH,Cl, as the relative
standard (@, = 1.0).2!! Solutions with the same optical density and solvent
(CH,Cl,) were used, making corrections due to these factors unneces-
sary.l%l

Emission lifetimes on the nanosecond time scale were determined with an
IBH single-photon-counting spectrometer equipped with a thyratron-gated
nitrogen lamp working in the range 2-40 KHz (4., =337 nm, 0.5 ns time
resolution); the detector was a red-sensitive (185-850 nm) Hamamatsu
R-3237-01 photomultiplier.

The transient absorption spectra and fullerene triplet lifetimes were
obtained by using the second harmonic (532 nm) of a Nd:YAG laser (JK
Lasers) with 2 ns pulse and 1-2 mJ of energy per pulse. The details on the
flash-photolysis system are reported elsewhere.[¥’]

Experimental uncertainties are estimated to be +8% for lifetime
determinations, +20% for emission quantum yields, £5% for relative
emission intensities in the NIR, £1 nm and £5 nm for absorption and
emission peaks respectively.
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Abstract: In this paper we present the
results of density functional theory
(DFT) calculations on the ethyl ligand
and some related organic moieties; we
then proceed to consider a range of
alkyllithium complexes studied by DFT
calculations and high-resolution X-ray

pair at the C, atom or of the Li—C
bonding electrons. Negative hypercon-
jugation is thus shown to arise from
delocalization of the lone pair or the
Li—C bonding electrons over the alkyl
fragment, with depletion of the metal-
directed charge concentration at C,, and

characteristic ellipticity profiles for the
bonds involved in hyperconjugative de-
localization. In the case of so-called
lithium agostic complexes, we show that
close Li--- H contacts are a consequence
of this delocalization and further second-
ary interactions, with Li--- H—C agostic

and neutron diffraction. Topological
analysis of the charge density is used to
follow changes in the electronic struc-
ture of the organic fragment. The charge
concentrations (CCs) in the valence
shell at the a and [ atoms reveal
faithfully the delocalization of the lone

density

Introduction

Electron delocalization and its concomitant stabilization is a
natural feature of the molecular orbital approach to bond-
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interactions, playing only a minor role.
The ellipticity profiles and the magni-
tude of the CCs at C, provide a quanti-
tative measure of the extent of delocal-
ization, and show excellent agreement
between experiment and theory.

interactions -
charge
. density

ing.! In 1932 Pauling introduced the concept of resonance
into the valence bond model to account for the stabilization
observed in m-conjugated organic systems;? 3] Wheland and
others subsequently developed these ideas further. The
concept of hyperconjugation was introduced by Mulliken at
about the same time to account for the stabilization attendant
on o— m* delocalization.’! Somewhat later, the idea of
negative (anionic) hyperconjugation was proposed by Rob-
erts to include the effects of T — 0% delocalization.[! Negative
hyperconjugation is often also referred to as the generalized
anomeric effect.l’ In spite of long-standing controversy about
its nature, negative hyperconjugation has been shown to have
widespread and important energetic and geometrical conse-
quences.[®!

Hyperconjugation has found much favor in the valence
bond approach popular with organic chemists, being invoked
to account for a variety of stereoelectronic effects in the
structure and reactivity of organic compounds.’! It has been
demonstrated very recently that hyperconjugation, rather
than steric repulsion, is the primary cause that determines
molecular conformation in simple organic molecules like
ethane.['"]

Although beautifully simple in concept, the effects of
hyperconjugative delocalization have proved remarkably
difficult to quantify in a general manner on the basis of
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experimental observables. Whereas its geometrical conse-
quences can be followed by careful structural studies,
concomitant changes in electronic structure are rather diffi-
cult to trace by experiment. However, analysis of the topology
of the charge density exploiting the “atoms in molecules”
(AIM) approachl'l offers a powerful method with which to
analyze the electronic effects of delocalization. Pioneering
studies by Bader etal. and by Cremer et al. have related
conjugative interactions to the existence of ellipticity (¢) in a
bond, thus establishing a direct link with the molecular charge
density—an observable property.['! According to these stud-
ies, hyperconjugation is also reflected in the bond order #,
which can be evaluated in terms of the charge density at the
bond critical point (BCP), p(r.).l'*® Accordingly, C—C bonds
with n>1 and ¢ >0 can show evidence of hyperconjugative
interactions. However, experimental evidence for charge
transfer from a carbanion lone pair to an electronegative
group, or of charge delocalization due to negative hyper-
conjugation, is still difficult to obtain. To observe such effects,
analysis of atomic charges['!! valence shell charge concen-
trations['* and atomic dipole or quadrupole polarizations!'¥
offers charge-density-based criteria accessible by experiment.

Organolithium compounds have provided a challenge to
chemical theories of structure and bonding since their
discovery.'®! They share certain structural and chemical
similarities with their transition metal counterparts. Thus, as
early as 1950, 8-hydride elimination in alkyllithium complexes
was studied by Ziegler et al.'®l In 1974—a decade before the
concept of agostic bonding was established—Stucky et al.
reported close Li---H—C contacts in crystalline cyclohexyl-
lithium.['"! Tn 1988 Kaufmann et al. introduced the term Li -+
H agostic interaction to account for this general phenomen-
on.'l A recent Cambridge structural database search by
Braga et al. revealed more than one hundred alkyllithium
complexes with Li -+ H distances shorter than 2.20 A.[1"

In this paper we apply theoretical and experimental
methods to derive the charge-density distribution for a series
of model organic and organolithium systems, and use Bader’s
AIM approach!"l to analyze this charge density in each case.
We demonstrate that the charge concentrations in the valence
shell of the a and f atoms of the alkyl fragment vary with the
degree of electron delocalization from the a to the  atom. We
also propose the concept of bond path ellipticity,?*14®21] ag
novel and general method to characterize the nature and
extent of delocalization in alkyl complexes.

Results and Discussion

Charge distribution within the ethyl ligand: As this study
explores the bonding in a series of ethyllithium complexes, we
first consider the intrinsic charge distribution within the ethyl
ligand and related organic moieties. We start with ethane,
C,H¢ (1): Figure la shows a relief map of the negative
Laplacian of the charge density, L(r)=— V2o(r), for the
electrons in one of the three symmetry-equivalent H-C-C-H
planes at the B3LYP/6-311G(d,p) level of theory. Unless
specified otherwise, this will be our standard level employed
in the density functional theory (DFT) calculations. Positive
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4 valence
bl shell CC
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Figure 1. a), c), e): Relief map of the calculated negative Laplacian of the
charge density, L(r), in the C,-C;4-H plane of ethane 1, the ethyl anion 2, and
in the o, plane (bisecting the CH, plane) of ethene 3, respectively; default
contour levels are drawn at —0.001, +2.0x 10", +4.0 x 10", +8.0 x
10" e A-5, where n=0, 3, £2, +1; positive and negative values are marked
by solid and dashed lines, respectively. Extra contour lines at 15, 25, 84, 105,
240, 280, 350 eA-Sare drawn, and the contour lines at 80, 200 and 400 have
been omitted to reveal the relative positions of the CCs, which are indicated
by arrows. b), d), f): Molecular representation of 1-3, respectively, showing
the spatial orientation of the CCs (L(r) values are specified in e A=5).

values of the L(r) function indicate that charge is locally
concentrated at r, whereas negative L(r) values are character-
istic of regions suffering local charge depletion. As shown by
Bader et al.l'?? the L(r) function reveals the shell structure of
the atoms. Accordingly, the principal quantum shells of the
carbon atoms in ethane, K and L, are characterized by regions
of charge concentration and depletion (Figure 1a). The charge
concentration (CC) in the L shell of the carbon atoms, the so-
called valence shell charge concentration (VSCC), appears to
be rather distorted showing local maxima and minima.
Indeed, the L(r) functions in Figure la reveal two maxima
in the L shell of each carbon atom in the H-C-C-H plane.
These two maxima or (3, — 3) critical points!'!l are henceforth
denoted as bonded charge concentrations [bonded CC(1) and
CC(2)], since they are located on the C—H and C—C bond
paths.?! In Figure 1a the relative positions of CC(1) and
CC(2) are revealed by the contour lines at 25.5 and 20.0 e A3,
respectively. In total, four such maxima are evident, located
along each of the three C—H bonds and the unique C—C bond;
Figure 1b shows the relative location of all four CCs. In
addition to their location, these four CCs can also be classified
by their relative magnitudes. Thus, CC(2) for 1, with a value of
20.0 e A5, represents our benchmark value for the bonded
CC for a symmetrical C—C single bond.
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Turning to the carbanionic system [C,Hs]~ (2), significant
asymmetry is now apparent in the charge density, o(r), along
the C—C bond, as revealed by the different magnitudes of
CC(2) and CC(2') (14.0 and 23.0 e A-5, respectively; Fig-
ure 1c, d). CC(1), which characterized a C—H bond in 1, now
represents a nonbonded CC (L(r) =22.0 e A-%). This serves as
our standard for the CC of a free, non-coordinated carbanion
lone pair. Our third benchmark system, C,H, (3), character-
izing a symmetrical C=C double bond, displays only three CCs
at each carbon atom, each of which is located within the
molecular plane (Figure 1le, f). Thus, the two different types of
carbon atoms in 1 (sp*-hybridized) and 3 (sp*>-hybridized) can
be clearly distinguished through the topology of L(r).

Henceforth, we use these characteristic features to explore
the nature of fS-substituted alkyl ligands and a series of
ethyllithium complexes, and we show that the electronic
nature of a wide range of such systems can be analyzed
reliably by consideration of the features outlined above for
1-3.

Stabilization of the ethyl ligand—negative hyperconjugation:
We now address the stabilization of the alkyl ligand by
negative hyperconjugation in alkyllithium complexes, and we
show delocalization of the M—C bonding electrons to be the
driving force behind this phenomenon.

In Figure 2 constant probability density surfaces of the
HOMOs of C,Hg (1), [C,Hs]~ (2), and [CH,SiH;]~ (4) are
shown. The HOMO of C,Hg is C—C antibonding but C—H
bonding.?¥ The clear C—C antibonding character of the
HOMO in ethane is less pronounced in the ethyl anion, while

HOMO (&) b) HOMO (&)

a
] C’ZHG CHQSi H3'

HOMO (a’)
CZHE

HOMO {a")
CoHsli

Figure 2. Constant probability density surfaces for the HOMOs of a) C,Hg

(1), b) CH,SiH;~ (4), ¢c) CH,CH;™ (2), and d) LiCH,CH; (5).

c) d)

in the case of our model system CH,SiH;~, the HOMO
already indicates a degree of m character in the C—Si bond.
This can be interpreted as stabilization of the CH,—SiH;~
anion by negative hyperconjugation (Scheme 1).5% Accord-
ing to the MO formulation of Schleyer et al. (Scheme 1), such
negative hyperconjugation involves interaction of the occu-
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Scheme 1.

pied lone pair orbital (p) of the anion with the occupied myy
and the vacant w3y orbitals.[®]

In the case of the ethyl anion 2, however, the nté; —p(C,)
interaction is assumed to be weak, and the destabilising four
electron mey—p(C,) interaction dominates: thus the ethyl
anion is assumed less stable than the methyl anion.®l How-
ever, this situation is reversed when Y is an electronegative
element. Here the iy —p(C,) interaction is large and, in the
extreme when Y =F, negative hyperconjugation forces com-
plete transfer of charge to the fluoro ligand and a rupture of
the C—F bond.®! Thus, successful strategies developed to
stabilize carbanions have generally relied on the introduction
of second-row substituents at the a-position; these stabilize
carbanions more efficiently than their first-row counter-
parts.”l A silyl group is frequently employed in this respect,
as this furnishes a polarizable and electropositive Si atom
causing low-lying o* orbitals which can support negative
hyperconjugation.?!

Figure 3a depicts the contour plot of L(r) in the C,-Si-H’
plane of [CH,SiH;]~ (4), which suggests that the extent of
negative hyperconjugation might be revealed quantitatively
by the Laplacian of the total charge density of a molecule.
Here we use the superscripts “ or ” to denote atoms located
within or out of the plane of molecular symmetry, respectively.
In fact, CC(1) (L(r)=155eA5) at the a-carbon atom
appears significantly depleted compared with the correspond-
ing CC in the ethyl anion (Figure 1c, d). This depletion of
CC(1) in the lone pair region of the carbanion indicates a
redistribution of charge within the valence shell of C,, and
may also signal charge delocalization over the C,-Si-H’
moiety involved in negative hyperconjugation.?’

The structural parameters deduced for 4 are consonant with
such a description: the Si—H' bond anti to the lone pair is
clearly elongated (1.557 A) and the C—Si bond is shortened
(1.783 A) compared with the corresponding values for
CH,SiH; 11 (1.488 and 1.885 A, respectively).8! The Si—H”
bonds (1.518 A) are less affected, highlighting the dependence
of the interaction between the 7%y orbital and the p carbanion
orbital on the torsional angle (7): hyperconjugation will be
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Figure 3. Contour maps of the calculated negative Laplacian of the charge
density, L(r), in the C,-X;-H' plane (X=C, Si) of a) CH,SiH;~ (4),
¢) LiCH,SiH,CH; (6), and e) LiCH,CH; (5); default contour levels as
specified in Figure 1 are drawn; solid lines correspond to positive values of
L(r) while broken lines indicate negative values of L(r). b), d), f):
Molecular representation of 4—6 showing the salient geometrical param-
eters (distances in A; angles in °) and spatial orientation of the CCs (L(r)
values are specified in ¢ A=5).

optimized at T=0 and 180°, falling to zero at r =90°.5*! The
corresponding C—H’ bond in the ethyl anion is slightly
enlarged by about 0.04 A relative to the standard C—H bond
in ethane 1.5%

Coordination of the ethyl ligand to lithium: We next consider
how the charge distribution of the anion is perturbed by
coordination to the lithium cation, the system LiCH,CH; (5)
representing the simplest such case. The significant asymme-
try evident in the C—C bond of the ethyl anion 2 is redressed in
5, with values for CC(2) and CC(2') of 16.3 and 20.4 e A5,
respectively (Figure 3e, f). Furthermore, CC(1) (L(r)=
18.9 eA’S), which characterizes the anion lone pair in 2, is
significantly reduced in 5 on development of the Li—C bond,
and shows a clear deformation towards the Li atom consonant
with polarization of CC(1) by the highly Lewis acidic metal
centre. The calculated Li—C bond length of 1.992 Ains agrees
well with that determined recently in the gas phase for LiCH,
(1.959 A).BU The Li-C-C angle of 118.5° shows evidence of
distortion at the a-carbon atom.2%] The topological features
of p(r) in 5 show the Li—C bond to be predominately ionic,
with relatively depleted charge density at the BCP (p(r.) =
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0.150(2) e A-3), along with a negative value of L(r,)
(—4.90 e A-%). We note that values of L(r.)> 0 indicate that
charge is locally concentrated at r,, while negative L(r.) values
are characteristic of regions suffering local charge deple-
tion.? The energetic criteria®! [H(r)=G(r.) + V(r)=
0.007; G(r.)/p(r.) =1.17] also point to an ionic Li—C bond,?]
while the reduced magnitude of CC(1) conforms with charge
depletion of the lone pair at the a-carbon atom through
polarization towards the metal centre.

At this stage it is pertinent to point out a further difference
between the ethyl anion 2 and the lithium complex 5. In 2 the
C;—Hj; bond was shown to be lengthened by about 0.04 A,
characteristic of weak hyperconjugative stabilization, whereas
a normal C;—Hj bond (1.10 A) and a slightly elongated C—C
bond are calculated for 5 (Figure 3e, f), which represents the
archetypal carbanion complex with no significant hypercon-
jugation. Here we need a new density-based criterion to
discriminate clearly between hyperconjugation and charge
polarization in the stabilization of carbanions. For this
purpose we introduce the bond ellipticity ¢ as a measure of
electron delocalization within an alkyl group. When ¢ is traced
along the full C,—X; (X = C, Si) bond patbh, it serves as a very
sensitive measure of distortion of the electron density from
cylindrical, or o symmetry.l"l According to the mathematical
definition (Figure 4), ¢ values greater than zero indicate
partial ; character in a bond or electronic distortion away
from o symmetry along the bond path, as revealed by the
ellipticity profile of the benchmark system ethene (3) along
the C,—C; bond path.

0.8

o
=

CHyCHg™ =
CH3CHLi —5--

Bond Ellipticity —=
o
(%)

Cy=2

-0.6 -0.2 0 02 0.6
Distance from the Bond Critical Point / A
Figure 4. Calculated bond ellipticity profiles (¢) along the C,—C; bond
path of CH,CH;~ (2) and LiCH,CHj; (5) in comparison with C,Hy (1) and
C,H, (3). The definition of ¢ is illustrated by the p(r) contour map in the
right-hand corner showing the charge density in the plane perpendicular to
the bond path at the C—C bond CP of 3 (denoted 1 in this figure). Thus, ¢ is a
measure of the non-spherical charge distribution of p(r): e =1,/A, — 1. 4, are
the eigenvalues of the corresponding eigenvectors v, and v, of the Hessian
matrix of p(r).

We note that 3 has a bell-shaped ellipticity profile around
the BCP characteristic of a C=C double bond, whereas C,Hg
(1) exhibits zero ellipticity along the whole bond path,
indicating no deviation of p(r) from o symmetry. However,
the situation is more complex for the carbanion systems
[CH,CH;]~ (2) and LiCH,CHj; (5). Despite different magni-

0947-6539/02/0810-2327 $ 20.00+.50/0 2327





FULL PAPER

W. Scherer, McGrady et al.

tudes of ¢(r), both 2 and 5 exhibit profiles characteristic of
carbanionic C—C bonds, with a pronounced maximum in &
close to C, and a non-zero value at the BCP. Analysis of the
charge density in the plane perpendicular to the bond path at
both ¢,,, and at the BCP of the C—C bond in 2 (Figure 5)
reveals the different nature of ¢ at these salient points along
the bond path.

A g
a) ) el 6 pir)
2 @
o CC
sie} !
|b) Ly d) Lir}

Figure 5. Contour maps of the calculated charge density, p(r), and negative
Laplacian of the charge density, L(r), in the plane perpendicular to the
bond path at both ¢, (denoted 2 in Figure 4), and at the BCP of the C—C
bond in 2 (denoted 3 in Figure 4). The plane is oriented in each case such
that the lone pair of 2 points down, whereas the C—H’ bond points up. The
orientation of v,, the major axis of curvature, is indicated in a) and c) by an
arrow. Default contour levels are drawn as specified in Figure 1. The two
charge concentrations (CCs) around the C—C bond path at ¢,,,, are labeled
CC and CC'.

At &, the p(r) contour map (Figure 5a) displays a
pronounced asymmetry along the eigenvector v, (major axis
of curvature). In the positive direction the charge distribution
appears more diffuse and deformed in the direction of the
C,—H bonds. This feature is clearly revealed by the corre-
sponding L(r) contour map in the same plane: two CCs of
different magnitude (denoted CC and CC’ in Figure 5b) are
evident. CC' is more pronounced and is located close to
CC(1), the CC in the lone pair region. Thus, the influence of
CC(1) is still detectable along the C—C bond path close to the
carbanionic carbon C,. However, Figure 5c and 5d show that
its influence on the charge distribution decreases significantly
when the bond path approaches the BCP. Here the p(r) and
L(r) contour maps indicate an elliptical charge distribution
around the bond path, revealing some m-bonding character.
Thus, the nature of charge distribution and the origins of
charge deformation can be analyzed along the bond path. In
this case, the smaller amount of negative hyperconjugation in
5 relative to 2 results in development of partial C=C character
at the BCP, which is revealed in a unique manner by bond
path analysis of &(r).

Li--- H—C agostic interactions: The two preceeding sections
describe how carbanions can be stabilized by negative hyper-
conjugation and/or coordination to Li*, and how the charge-
density distribution is altered by each of these processes. In
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this section we consider the existence of so-called Li--- H-C
agostic interactions and how these affect the charge distribu-
tion in the carbanion. Earlier, Kaufmann et al. considered the
interaction in terms of oy — Li donation of electron den-
sity,'®! by analogy with the model accepted at that time for
agostic interactions in transition metal alkyls.’”!

In Figure 3c, d the model system LiCH,SiH,Me (6) is
shown. In accord with the experimental structures of Li[HC-
(SiHMe,),] (7)P¥ and [{2-(Me;Si),CLiCsH,N},] (8),24) an
acute Li-C-Si angle of 88.0° and short Li---H contacts of
2.258 A are found for 6.1 Li---H contacts in the range 1.8—
2.2 A are typically considered to represent agostic interac-
tions (for a general structural and statistical study on Li
agostic systems see reference [19]). According to this defi-
nition, such interactions are clearly absent in LiCH,CH; (5),
but might be present in 6. In this respect, 6 serves as perhaps
the simplest model system for a complex displaying intra-
molecular agostic Li---H contacts. Figure 3¢ depicts the
contour plot of L(r) in the Li-C,-Si plane of 6. In comparison
with 5 (Figure 3e), the CC in the lone pair region of the
carbanion, denoted CC(1) (16.1 e A-%), is depleted yet further,
as is CC(2) (14.9 e A-5); this is suggestive of redistribution of
charge density by electron delocalization. Indeed, the struc-
ture shows two different C—Si bond lengths (C,—Si=1.834;
Si—C,=1.946 A). A similar situation pertains for the related
carbanion [CH,SiH,Me|~ (6a) (C,Si=1773; Si-C,=
1.953 A), implying the presence of negative hyperconjugation
in 6. However, the conformation of the alkyl backbone in 6 is
radically different from that in 6 a. In the anion 6 a the position
of the methyl group is energetically favored in an anti
orientation towards CC(1), and the C-Si-C angle (125.4°) is
widened by more than 17° relative to 6.1 So why is the
orientation of the terminal methyl group reversed and
accompanied by an acute Li-C-Si angle in the lithium complex
6 and the experimental structures of 7 and 8 ? Clearly, negative
hyperconjugation is not the only phenomenon exerting an
influence on the electronic structure of 6. Are additional Li ---
H—C interactions the driving force for the geometrical
deformations of the alkyl ligand?

The answer to this question is provided by a combined high-
resolution X-ray and neutron diffraction charge-density study
on [{2-(Me;Si),CLiCsH,N},] (8) at 115K and a further low
temperature neutron diffraction study at 20 K.l We first
discuss the geometry of 8 on the basis of the neutron
measurement and in the next step its electronic structure
derived from the combined charge density study. Figure 6
shows the relevant molecular fragment in 8 on the basis of the
neutron study at 20 K. An acute Li-C1-Si2 angle of 88.8(2)°
results in short Li---Si2, Li---C7, and Li--- H7c contacts of
2.850(5), 2.658(5), and 2.320(6) A, respectively. In addition,
two further short intermolecular Li---H contacts (Li---
H3b* =2.329(5) and Li---H3c*=2245(5) A) and a rather
short Li--- C3* contact of 2.496(4) A are evident. All the Li -+
H contacts are remarkably short (ca. 0.7 A less than the sum
of the van der Waals radii; cf. the Li--- H distance of 2.043(1)
in crystalline LiH),*? suggestive of agostic Li---H interac-
tions. However, no significant elongation of the C—H bonds is
evident from the neutron diffraction data (C7-H7a=
1.089(4), C7-H7b =1.086(4), C7-H7c=1.087(4) A;
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Figure 6. Molecular structure of [{2-(Me;Si),CliCsH,N},] (8) based on a
single crystal neutron diffraction study at 20 K; probability level 50 %. Only
relevant H atoms are shown. Atoms labeled with or without * are related
by a crystallographic inversion center at the midpoint of the Li—Li* vector.
a) The location of the agostic alkyl group is indicated by a shaded area.
b) The corresponding agostic alkyl backbone is shown and salient geo-
metrical parameters are given; distances in A and angles in °.

C3—H3b=1.085(3), C3—H3c =1.097(4) A). The same is true
for the B3LYP/6-31G(d) optimized geometry of 8 and also for
the calculated model systems 6, 7, and LiCMe,SiMe; (9). In
spite of short Li---H—C con-
tacts in all computed model
systems (6: 2.258 A; 7: 2.170-
2.348 A; 9: 2.106-2.308 A), no
corresponding C—H bond elon-
gation characteristic of agostic
interaction was observed (6: 0.19
1104 A; 70 1.100-1.104 A; 9: 014

saddle
izl PNt [

1.101-1.105A; C-H bond  0.10
lengths corresponding to short HT7c
Li---H—C contacts <2.4 A; for 0.08

comparison, see C—H bond
lengths in the terminal methyl

a)

within the Li-C1-Si2 plane (Figure 7a) indeed reveals no
significant charge accumulation between H7c¢ and Li. In
contrast to the Li—C1 bond, no BCP exists for the Li---H
contact. As pointed out in a combined experimental and
theoretical charge density study the existence of a M --- H—C
bond critical point is not a necessary condition for the
presence of an agostic interaction.***l However, the absence
of any charge accumulation between Li and H, rules out
significant covalent interaction.l*! The same is true for the
intermolecular Li---H3c contact. However, in this case an
intermolecular Li--- C3 BCP is found in both the experimental
and the calculated total charge density (o(r.)=0.082(1)
[0.06] e A3, L(r)=-0.828(1) [1.30]eA~5; £=0.69 [0.98];
calculated values in square brackets).

Thus, Li --- H-C interactions are not pronounced in 6 and 8;
the deformation of the alkyl skeletons in 6 and 8 seems to
result instead from delocalization of the Li—C, bonding
electrons over the entire alkyl group, resulting in a reduced Li-
C,-Si;z angle, pronounced C,—Si; double bond character, short
Li---Sig, Li---C,, and Li--- H, distances, and thus facilitating
more efficient charge transfer between the electron-deficient
metal centre and the agostic C,-Sis-C,-H, backbone (C,, Sig,
C,, and H, correspond to C1, Si2, C7, and H7c in 8,
respectively).?!l Indeed, both 6 and 8 show low calculated
L(r) values for CC(1) (16.1 and 13.5 ¢ A=5), and CC(2) (14.9
and 15.0 e A=), respectively. In Figure 7b the corresponding
experimental L(r) contour map is shown. There is a pro-
nounced difference in magnitude between CC(1) and CC(2)
(18.0 and 24.6 e A, respectively), and, in addition, the
experimental L(r) values for 8 are in general larger than the
corresponding calculated ones.[*’! However, the general
trend—delocalization of the carbanionic lone pair—is con-
sistently revealed by both experiment and theory. Figure 7c
shows an envelope map as an alternative representation of the
experimental L(r) function at C1. In this representation, the
close-to-merging situation between the two valence charge
concentrations CC(1) and CC(2) is clearly visible and
indicates delocalization of the Li—C bonding electrons.

The conclusion that delocalization, rather than Li--- H-C
agostic interaction, is responsible for the observed distortions

cn

CC{2) 246

AT

A mm
18.0 CG(1)

Oiwe /1 O

b)

group of 5: 1.097 -1.102).14344]
Thus, agostic Li---H—C inter-
actions do not appear to be the
driving force responsible for the
unusual geometry of 8. Inspec-
tion of the total charge density
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Figure 7. a) Total experimental charge density, p(r), inside the Li,C1,Si2 plane of [{2-(Me;Si),CLiCsH,N},] (8).
Default contour levels are drawn at 0.06, 0.1, 0.142, 0.19, 0.4, 0.54, 0.8, 1.45, 1.85, 4, 8, 20 e A3, The saddle point, or
(3,—1) BCP between C1 and Li is indicated by an arrow and allocated between the contour lines at 0.14 and
0.19 e A3, b) Contour map of the experimental L(r) function in the Li,C1,Si2 plane of 8. Default contour levels as
specified in Figure 1 are drawn; solid lines correspond to positive values of L(r), while broken lines indicate
negative values of L(r). The valence charge concentrations denoted CC(1) and CC(2) almost merge into each
other. ¢) This close-to-merging situation of CC(1) and CC(2) is more clearly revealed at C1 by an envelope map of
L(r)at 17 e A,
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is further supported by the bond ellipticity profiles of [{2-
(Me;Si),CLiCsH,N},] (8) and of the model systems
[CH,SiH;]~ (4) and CH,=SiH, (10) (Figure 8).14! Complex 8
represents the first system for which calculated and exper-
imental &(r) plots have been compared. These profiles show

0.6 1 : o .
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Figure 8. Experimental and calculated bond ellipticity profiles (¢) along
the C,-Siz bond path of 8 (C, and Sis correspond to Cl and Si2,
respectively) in comparison with CH,SiH;~ (4), CH,SiH, (10), and
CH;SiH; (11). In the right-hand corner the corresponding L(r) function
at the BCP of 4 is shown, revealing that charge is locally concentrated
above and below the molecular plane of 4 resulting from the presence of
ni-electron density.

remarkable agreement. However, the bond profile is rather
complex, showing a pronounced maximum in &(r) close to C,
and a shoulder close to the BCP. This maximum highlights
once again the influence of the carbanion lone pair on the
charge distribution in the region of C,. The shoulder can,
however, be related to C=Si double bond character as
revealed in the model system CH,=SiH, 10. Compound 8
clearly shows a pronounced degree of C=Si character, where-
as the carbanion nature is reduced in comparison with
[CH,SiH;]~ (4).

The C,=Si double bond character in 8 is also revealed by the
geometrical and topological features at the BCPs obtained by
a topological analysis of the experimental charge density. The
Li-C,-Sis-C,-H, backbone displays two significantly different
C-Si bonds: C,—Si; and C,—Si; (C1-Si2=1.8592(4) and
Si2—C7 =1.8947(7) A). Whereas C,—Si, is slightly enlarged
compared with a standard single C—Si bond such as Si2—C5(6)
or Sil—C2(4) (Si—C = 1.8781(7) - 1.8888(6) A), C,=Sigis clear-
ly shortened. Furthermore, the discrepancy in Si—C bond
lengths is accompanied by significant differences in the nature
of the C,—Si and C,—Si bonding. The value of p(r) at the BCP,
p(r.), for the C,—Siz; bond (o(r.)=0.86(2) e A7) is clearly
larger than that for the corresponding C,—Si; bond
(0.72(2) e A-3), implying a greater bond order in the C,—Si
than in the C,—Si bond.

Hence, we conclude that charge polarization along the
Li—C, bond, delocalization of the Li—C, bonding electrons,
and additional electrostatic interactions between the C,-Sis-
C,-H, backbone and the metal centre all play a role in
stabilizing 8.
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Conclusion

The charge distribution within the ethyl anion [C,H;]~ (2) and
the related organic moieties C,Hg (1) and C,H, (3) has been
explored by DFT calculations, and the valence shell charge
concentrations thus deduced have been charted, revealing
characteristic features of the bonding and electronic structure
of these species. Replacement of the Cg atom by Si in 2 leads
to significant delocalization of the lone pair charge density on
C, through negative hyperconjugation. This is clearly re-
vealed by a depletion of the lone pair charge concentration
CC(1). This delocalization is also revealed in the geometry of
[CH,SiH;]~ (4), with a shortening of the C,—Si bond and
elongation of the Si—H bond anti to the lone pair. When 2 is
coordinated to Li* to produce LiC,H; (5), the lone pair is
strongly polarized towards the metal, resulting in a predom-
inantly ionic Li—C bond with an Li-C-C angle of 118.5° and a
normal C—H bond distance anti to the Li—C bond; this
precludes significant hyperconjugative or Li--- H—C agostic
interactions. The anion [CH,SiH.Me]~ (6a) displays signifi-
cant asymmetry in its Si—C bond lengths, with Si—C,
approximately 0.2 A shorter than Si—C,, and a terminal methyl
group trans to the anionic lone pair. In its lithium complex,
LiCH,SiH,Me (6), the asymmetry in the Si—C bond lengths is
preserved, but the conformation is quite different to 6 a, with a
smaller C,-Si-C, angle, an acute Li-C-Si angle, and the terminal
methyl group cis to the anionic lone pair, resulting in a short
Li---H—C, contact. These features result from a combination
of 1) negative hyperconjugative delocalization of the Li—C,
bonding electrons along the alkyl fragment and 2) additional
secondary interactions as signaled by the short Li---Si, Li--- C,,
and Li---H, contacts. These additional secondary interactions
appear to be reponsible for the energetic preference of the cis
orientation of the terminal methyl group to the Li—C bond.

The conclusions drawn for these calculated systems are
corroborated by an experimental X-ray and neutron diffrac-
tion charge-density study®! on [{2-(Me;Si),CLiCsH,N},] (8),
which shows similar distortions in its Li-C,-Sis-C,-H, frag-
ment. Here also, there is neither significant elongation
apparent for the C,—H bonds, nor any evidence of significant
agostic Li---H—C interactions. Electron delocalization and
stabilization by additional secondary interactions between the
metal and the alkyl backbone allow distortion of the ligand by
drawing the Siz-C,-H, fragment towards the metal. The
delocalization of the Li—C electron density is revealed by an
envelope of the Laplacian of the charge density, which clearly
shows a significant depletion of CC(1), the charge concen-
tration in the region of the carbanionic lone pair at the C,
atom. Furthermore, both valence shell charge concentrations
CC(1) and CC(2) (located in the Li-C,-Si plane) appear to
merge into each other, suggesting a partial rehybridization
from sp® towards sp? at the C, atom. Thus, the carbanion
character in 8 is reduced by negative hyperconjugation, a
conclusion supported by the geometry and the topology of the
electron density of 8, which both imply significant double
bond character for the C,—Si bond and a bond order n < 1 for
the Si—C, bond.

Bond ellipticity (&) profiles have been calculated for most of
the model systems presented, and have been used to reveal
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the nature and extent of electron delocalization in each case,
with good agreement between experimental and calculated
profiles. The asymmetry in ¢ charts the degree of mt character
(or deviation from ¢ symmetry) along a bond path, whereas
the position and magnitude of ¢, reveals the extent of
delocalization of the lone pair in a carbanion.

Charge concentrations and bond ellipticity profiles have
each been shown to be reliable and sensitive criteria for
quantifying the extent of electron delocalization in the model
systems presented here. Both parameters can be derived from
the charge density; hence, they are physical observables,
which are accessible both by experiment and theory. Although
the application of these novel criteria is limited in this study to
simple organic and organolithium species, these simple but
powerful concepts are applicable across a wide range of
chemical and bonding situations, including organo-transition
metal complexes, and inorganic or organometallic rings and
clusters.*! Hence, they offer the first direct experimental
measure of delocalization, and open up exciting possibilities
for the exploration of this phenomenon in all its guises.

Experimental Section

Neutron diffraction of 8: A well-formed, yellow crystal with dimensions
4.5 x2.2x1.7mm was fixed and sealed under nitrogen atmosphere in a
suitable glass capillary for neutron data collection. Three-dimensional data
were collected using the hot neutron four-circle diffractometer D9 (100 K
measurement) and the thermal neutron four-circle diffractometer D19
(20 K measurement) at the ILL reactor (Institut Laue-Langevin, Grenoble,
France), equipped with a two-stage Displex cryorefrigerator and a 8° x 8°
(64° x 4°) position sensitive detector. Values for the measurement on D19
are given in parentheses. A Cu (220) monochromator in reflection
geometry was used to select a neutron beam of wavelength 0.82306 A
(0.9507 A). The sample was slowly cooled (2 Kmin~') to 100 K (20 K),
while monitoring a strong reflection. No splitting or change in mosaicity of
the peak was observed.

Intensity data [100 K: A(—18/18), k(0/15), I(—15/15), 20, =79.9°; 20 K:
h(—13/13), k(—5/11), I(—5/14), 20,,,, = 67.6°] were measured by means of
coupled w-x6 scans with a scan width between 1.5 and 2.9° and x ranging
from 0 to 1.8 (20 K: w-scans, scan width between 1.8 and 2.4°). The initial
measuring time of about 2.5 s per step (21000 monitor counts per step,
31 steps) was increased to approximately 4.2 s (35000 monitor counts per
point) for higher angle data. In the D19 experiment the measuring time was
4.1 s per step (48000 monitor counts per step, 31 steps). During the whole
measurement three strong reflections were monitored regularly and
showed no significant variation. In addition, two ¥ scans indicated that
absorption and extinction effects should be negligibly small (u.=
2.31 cm™!). No significant A/2 component was observed.

In all, 4322 (4077) reflections were collected and integrated in three
dimensions by using the ILL program “Racer” (“Retreat”). The final unit
cell [100K: a=11.7220(13), b=9.8640(12), c¢=12.7517(15) A, B=
93.479(4)°, a=y=90°; 20K: a=11.6982(5), b=9.8218(5), c=
12.6895(6) A, =93.5114(19)°] was determined by the ILL program
“Rafd9” (“Rafd19”). After merging with the program “SHELXL-97" 15
a sum of 3811 (2161) independent reflections remained (R;,, = 0.0216 and
0.0407, respectively) which were used for a full-matrix least-squares
refinement (in the monoclinic space group P2,/n) by minimizing
Ew(F2 — F?)? with a “SHELXL-97” weighting scheme. The initial atomic
coordinates for the heavy atoms were taken from the X-ray structure
determination and the neutron scattering lengths were taken to be b (C) =
6.646, b.(H)=-3.739, b (Li)=-190, b(N)=9.36, and b (Si)=
4.1491 fm.’'"1 During the refinement, difference Fourier maps clearly
revealed all of the hydrogen atom positions: all atoms of the asymmetric
unit were refined anisotropically, giving a final R value of 0.0330
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(Ry [I>20(1)]; 20 K: 0.0311) and 0.0670 (wR, [I>20(I)]; 20 K: 0.0652),
respectively (GOF =1.083 and 1.098, respectively; shift/err < 0.001).

X-ray diffraction study of 8

Data collection: A well-formed, yellow crystal with the dimensions 1.12 x
0.41 x 0.28 mm was glued inside a 0.01 mm thin-walled capillary and
mounted on a Nonius KappaCCD detector system. The sample was cooled
with an Oxford Cryostream System to 115K in 1.5h with a mean
temperature gradient of —2 Kmin~!. Preliminary examination and final
data collection were carried out with graphite-monochromated Moy,
radiation (1 =0.71073 A) generated from a Nonius FR 591 rotating anode
running at 50 kV and 60 mA. Intensity data were collected using 1° ¢ and w
scans with a detector-to-sample distance of 40 mm. For the low-order data
ten scan sets (1257 frames in total) were collected at a scan angle (©) in the
range of 0.0 to —17.0° and a scan time between 5 and 30 seconds per frame.
For the high-order data four scan sets (455 frames in total; @ = —32°) with
a scan time of 120 seconds per frame were chosen.["]

Data reduction: Crystal data for [{2-(Me;Si),CLiCsHN},] at 115 K: M, =
486.85, a=11.7233(2), b=9.8814(2), c=12.7702(2) A, f=93.4810(11)°,
V'=1476.60(5) A%; monoclinic; space group P2/n; Z=2; F(000)=528;
Peacd = 1.095 gem™>; £ =0.22 mm~". The unit cell was determined from
28093 reflection positions. An initial orientation matrix was determined
from ten frames of the first scan set and refined during the integration of
the individual scan sets. The intensities were first corrected for beam
inhomogeneity and crystal decay by the program “Scalepack” using a tight
scale restraint (0.001).5®l An absorption correction was then applied
(Tin=0.795, Ty =0.942) and symmetry equivalent and multiply meas-
ured reflections were averaged with the program “Sortav”.’dl After
rejection of 2025 statistically out-lying reflections, the internal agreement
factor was R, (I)=0.0360 for a total of 78323 reflections yielding
15534 unique reflections. This data set provided 97.5% of data in 5.4 <
20 <101.2° (sin@/A < 1.087 A-1).

Multipolar refinements and determination of the deformation density: First,
an independent atom model (IAM) refinement was carried out, in which all
atoms were treated as spherical. Anisotropic thermal parameters were
introduced to describe the thermal motion of all non-hydrogen atoms. All
hydrogen atoms were found in the difference map and refined isotropically.
The refinement finally converged at R, =0.061, wR,=0.104 and GOF =
1.089 for 12231 reflections (sin@/4 < 1.00 A~1) and 233 parameters.!!

A multipole model was then adopted to describe the deformation of p(r)
from a spherical distribution. According to a method proposed by
Stewart,**l the electron density p(r) in a crystal is described by a sum of
aspherical pseudoatoms at the nuclear positions {R;} [Eq. (1)].

p(n)=3_p(r-R) O

Based on the Hansen-Coppens formalism,5 the pseudoatom density
p,(r—R,) is expressed in terms of multipoles [Eq. (2)]:5¢!

Imax  +Hmax

Pj("j):PcPc(’j)+K’3Pvpv(’<’rj)+z Z KPRy (17) Y1 (0,,6;) (2

[ ——

In the refinement of our best model the multipole expansion was truncated
at the octapole level (/,,,=3) for the heavy atoms carbon, nitrogen, and
silicon. Lithium and hydrogen were treated with monopoles (/=0) and, in
the case of hydrogen, with bond-directed dipoles (/=1) in addition. Core
and spherical valence densities were constructed using Clementi and Roetti
Hartree —-Fock (HF)P7 atomic wave functions expanded over Slater-type
basis functions.®® The radial functions for the valence deformation
densities were of single Slater-type. During the refinement the Li and H
atom positions were fixed at the values obtained by neutron diffraction
(100 K), while their anisotropic displacement parameters were scaled by
the average ratio (Uj; x.ray/ Ujj, neuron) = 1.30 to account for the temperature
difference. The thermal parameters of the heavy atoms were freely refined.
To reduce the number of multipole populations to be refined the two
methyl group carbons C2, C4 and C5, C6, respectively, the aromatic
carbons C12, C13, and C14, the aromatic hydrogens (H12, H13, H14, H15)
and all methyl group hydrogens, except for H3b, H3c, H7b and H7c, were
assumed to be chemically equivalent (chemically constrained model, see
also S3, S4 in the Supporting Information). In addition, local C;
pseudosymmetry was imposed on C2, C4, C5, and C6, and a local pseudo
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mirror plane on C12, C13, C14, and C15. A radial scaling (x’) for the
spherical density was refined for each heavy atom type while for H atoms «’
was kept fixed (1.20). In addition, for chemically non-equivalent atoms
different ' factors were used (14 in total). The molecule was kept neutral
during all refinements.

With the experimental model this procedure refined to x'=1.051(7) and
1.031(7) for Si2 and Sil, respectively, k' =0.983(2) for N, «’ = 0.966(fixed)
for C1, ' =0.986(3) for C2 and C4, ' =0.984(fixed) for C3, k' =0.984(3)
for C5 and C6, ' =0.985(5) for C7, k' =1.030(4) for C11, and ' =1.009(2)
for C12, C13, Cl14, and CI15. Both fixed ' values were obtained by
refinement, but fixed in the last cycle due to correlation. The final
agreement factors were R, =0.0250, wR,=0.0314, and GOF=1.062 for
8905 reflections (F, >30(F,); sin@/A < 1.00 A-1) and 301 parameters (N,./
N,.r=29). The residual electron density map was practically featureless
with the maximum and minimum values of 0.21 and —0.20 ¢ A3 (sin@/A <
0.8 A1), respectively (see also S5b in the Supporting Information for
details).

Hirshfeld’s rigid bond test™ was applied to the atomic displacement
parameters obtained from the refinements. The difference between mean-
square amplitudes for all heavy atom bonds except for the Si—C bonds
Si2—C6, Si2—C7, Sil—C2, Sil—C3, and Sil—C4 is within the limit of 1.0-
10-3 A2 proposed by Hirshfeld. However, the difference for the above-
mentioned Si—C bonds, due to the different masses of the bonded atoms, is
somehow larger, but never exceeds a value of 1.8-10-3 A2l CCDC-
169890, CCDC-169891, and CCDC-169892 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.
uk).

Computational details: All refinements were carried out with the full-
matrix least-squares program “XDLSM” of the “XD” suite of programs ;!
the quantity minimized was ¢ =3w (| F,|—k | F.|)? where k is a scale
factor, based on 8905 reflections with F, >3 o(F,). Weights were taken as
w, = 1/6*(F,). Convergence was assumed when a maximal shift/esd <10-!!
was achieved. For the topological analysis, critical points of the electron
density were searched by a Newton Raphson algorithm implemented in
“XD”. Properties of p(r) and V2p(r) were calculated after transformation
of the local axis system into a global system.®!]

DFT calculations with the Becke3LYP density functionall® were carried
out with the “Gaussian98” program suite.[®! Unless specified otherwise, the
6-311G(d,p)!*! basis set was our standard for all model systems. Only
compound 8 was optimized employing the 6-31G(d) basis set, while the
topological analysis was performed at the B3LYP/6-311G(d,p)//B3LYP/
6-31G(d) level of theory. All geometry optimizations of our model
systems [except 1 (Dsy), 2 (C;), 3 (D,4), 4 (Cy), 5 (Cy), 6a (Cy), 6 (Cy), 7 (Cy),
10 (C,), 11 (Cs,)] were performed without imposing any symmetry
constraints; see also the Supporting Information and references
[30, 38, 40, 41] for further information. All models were found to be
minima on the potential energy surface by calculating analytical frequen-
cies. The topological analysis of the theoretical electron densities was
carried out with the “AIMPAC” software package.[*’]

Acknowledgements

This work was supported by the Deutsche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie. We gratefully thank Prof. W. A.
Herrmann for his support, the Alexander von Humboldt Foundation for
a Postdoctoral Fellowship (to D.S.), and for support through an Australian
Research Council Large Grants Scheme (M.G.G.).

[1] a) E. Hiickel, Z. Phys. 1931, 70,204-286; b) E. Hiickel, Z. Phys. 1931,
72,310-337; c) E. Hiickel, Z. Physik 1932, 76, 628 —648.

[2] a) L. Pauling, Proc. Natl. Acad. Sci. USA 1932, 18, 293-297; b) L.
Pauling, J. Sherman, J. Chem. Phys. 1933, 1, 606-617.

[3] L. Pauling, G. W. Wheland, J. Chem. Phys. 1933, 1, 362—374.

[4] G. W. Wheland, Resonance in Organic Chemistry, Wiley, New York,
1955.

2332 —— © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

[5] R.S.Mulliken, J. Chem. Phys. 1933, 1, 492 -503.

[6] J. D. Roberts, R. L. Webb, E. A. McElhil, J. Am. Chem. Soc. 1950, 72,
408 -411.

[7] a) E. L. Eliel, Angew. Chem. 1972, 84, 779-791; Angew. Chem. Int.
Ed. Engl. 1972, 11, 739-750; b) E. L. Eliel, S. H. Wilen, Stereo-
chemistry of Organic Compounds, Wiley, New York, 1994.

[8] P.von R. Schleyer, A.J. Kos, Tetrahedron, 1983, 39, 1141 -1150.

[9] “Origin and Quantitative Modeling of Anomeric Effect”: P. Petillo, L.
Lerner, ACS Symp. Ser. 1993, 539, 156 -175.

[10] a) F. Weinhold, Nature 2001, 411, 539-541; b) V. Pophristic, L.
Gooman, Nature 2001, 411, 565 —568.

[11] “Atoms in Molecules: A Quantum Theory”: R. F. W. Bader, Int. Ser.
Monogr. Chem. 1994, 22, 1-438.

[12] a) R. E. W. Bader, T. S. Slee, D. Cremer, E. Kraka, J. Am. Chem. Soc.
1983, 105, 5061 -5068; b) D. Cremer, E. Kraka, T.S. Slee, R. F. W.
Bader, C. D. H. Lau, T. T. Nguyen-Dang, P. J. MacDougall, J. Am.
Chem. Soc. 1983, 105, 5069 —5075.

[13] S.T. Howard, J. P. Foreman, P. G. Edwards, Inorg. Chem. 1996, 35,
5805-5812.

[14] See for example: a) C. Heinemann, T. Miiller, Y. Apeloig, H. Schwarz,
J. Am. Chem. Soc. 1996, 118,2023 -2038; b) M. Tafipolsky, W. Scherer,
K. Ofele, G. Artus, W. A. Herrmann, G. S. McGrady, J. Am. Chem.
Soc. 2002, in press.

[15] See, for example: a) W. N. Setzer, P. von R. Schleyer, Adv. Organomet.
Chem. 1985, 24, 353-451; b) A. B. Sannigrahi, T. Kar, B. Guha-
Niyogi, P. Hobza, P. von R. Schleyer, Chem. Rev. 1990, 90, 1061 —1076.

[16] K. Ziegler, H. G. Gellert, Justus Liebigs Ann. Chem. 1950, 567, 179 —
184.

[17] R. Zerger, W. Rhine, G. Stucky, J. Am. Chem. Soc. 1974, 96, 6048 —
6055.

[18] E. Kaufmann, K. Raghavachari, A.E. Reed, P.von R. Schleyer,
Organometallics 1988, 7, 1597 -1607.

[19] D. Braga, F. Grepioni, K. Biradha, G.R. Desiraju, J. Chem.
Soc.Dalton Trans. 1996, 3925 —3930.

[20] a)J. R. Cheeseman, M. T. Carroll, R. F. W. Bader, Chem. Phys. Lett.
1988, 143, 450-458; b) F. Cargnoni, C. Gatti, Theor. Chem. Acc. 2001,
105, 309-322; c) F. Cargnoni, C. Gatti, L. Colombo, Phys. Rev. B.
1998, 57, 170-177.

[21] W. Scherer, P. Sirsch, M. Grosche, M. Spiegler, S. A. Mason, M. G.
Gardiner, Chem. Commun. 2001, 2072 -2073.

[22] a) R.F. W. Bader, H. Essén, J. Chem. Phys. 1984, 80, 1943-1960;
b) R. P. Sagar, A. C. T. Ku, V. Smith, J. Chem. Phys. 1988, 88, 4367 —
4374; c) Z. Shi, R. J. Boyd, J. Chem. Phys. 1988, 88, 4375—-4377.

[23] For a definition of the bond path or atomic interaction line which
follows the ridge of the charge density between bonded atoms see
reference [11].

[24] Hence, this is termed the m,* orbital of ethane or the ethyl ligand.

[25] P.von R. Schleyer, T. Clark, A. J. Kos, G. W. Spitznagel, C. Rhode, D.
Arad, K. N. Houk, N. G. Rondan, J. Am. Chem. Soc. 1984, 106, 6467 —
6475.

[26] See for example: a) A. E. Reed, P. von R. Schleyer, J. Am. Chem. Soc.
1990, 712, 1434—-1445; b) A. E. Reed, C. Schade, P. von R. Schleyer,
P. V. Kamath, J. Chandrasekar, J. Chem. Soc. Chem. Commun. 1988,
67-69.

[27] Although negative hyperconjugation is defined as an orbital inter-
action, charge transfer as well as polarization may be a consequence of
delocalization; see reference [8].

[28] Similar values have been obtained earlier (ref. [25]). For consistency,
the anionic model systems in this work are discussed on the basis of
our standard basis set, even though diffuse basis sets should be used
for an adequate description of carbanionic systems. However, neither
the topological features nor the geometry changes significantly when
more diffuse and flexible basis sets are employed (see Supporting
Information for results employing various basis set combinations).

[29] See for example: a) G. Gundersen, D. W. H. Rankin, H. E. Robertson,
J. Chem. Soc. Dalton Trans. 1985, 191-197; b) G. Gundersen, R. A.
Mayo, D. W. A. Rankin, Acta Chem. Scand. Ser. A 1984, 38, 579—-591;
¢)D.G. Anderson, A.J. Blake, S. Cradock, E.A.V. Ebsworth,
D. W. H. Rankin, A. J. Welch, Angew. Chem. 1986, 98,97 -99; Angew.
Chem. Int. Ed. Engl. 1986, 25, 107 -108.

[30] However, the C—C bond in the ethyl anion is rather invariant
compared with ethane, as a consequence of the weak niy-p(C,)

0947-6539/02/0810-2332 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 10





Alkyllithium Complexes

2324-2334

[31]

(32]

[33]

[34

[35]

(36]

(37]

(38]

Chem. Eur. J. 2002, 8, No. 10

interaction in 2 (Figure 2, Scheme 1). Thus, negative hyperconjugation
is not predominant in 2 in contrast to 4. However, we note, that 2 is the
only system in our study that shows a strong dependency of the
geometrical and charge density parameters on the choice of the basis
set. Thus, at the B3LYP/6-311 + + G(3df,3pd) level of theory the C—C
bond in 2 is shorter than the one in 1 at the same level of theory (1.525
vs. 1531 A) and CC(1) in 2 becomes rather depleted (17.0 ¢ A-5).
Thus, the effect of negative hyperconjugation is present in the ethyl
anion but is revealed only when rather diffuse and flexible basis sets
are employed.

D. B. Grotjahn, T. C. Pesch, J. Xin, L. M. Ziurys, J. Am. Chem. Soc.
1997, 119, 12368 —12369.

As noted before (see for example R. Boese, D. Bliser, N. Niederpriim,
M. Niiss, W. A. Brett, P. von R. Schleyer, M. Biihl, N. J. R. v. Eikema
Hommes, Angew. Chem. 1992, 104, 356 —358; Angew. Chem. Int. Ed.
Engl. 1992, 31, 314-316) the C-C-X angles are wider for electro-
positive X substituents: these induce larger C-C-X angles in the
pyramidalized carbanions on account of the more pronounced
carbanion character at the C, atom. Similar wide M-C-C angles can
be also observed in early transition metal complexes such as EtTiCl,
(Ti-C-C=116.6(11)°); see ref. [33] for further information.

W. Scherer, T. Priermeier, A. Haaland, H. V. Volden, G. S. McGrady,
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L(r,) at a (3,1) bond CP describes the nature of the interaction
between bonded atoms as ionic (L(r.) <0) or covalent (L(r.)>0).
L(r,) is related to the principal curvatures 4; (i=1, 2, 3) of p(r.); 15 is
the curvature along the bond path and is always positive, while 4, and
A, are the curvatures perpendicular to the bond path and are always
negative. If |1, | + |4,|> 43, a positive value of L(r.) results, indicating
a contraction of the charge density towards the bond path and thus
implying the presence of a covalent bond.

Cremer and Kraka pointed out that analysis of L(r.) gives a rather
sensitive measure of the charge-density accumulation, but is not
always sufficient to distinguish between covalent and closed-shell
interactions. The chemical bonding can be described sufficiently only
when both the electron-density based criteria and energetic contribu-
tions are taken into account. They therefore proposed analysis of the
electronic kinetic energy density G(r) and the electronic potential
energy density V(r) at the bond critical point, since the magnitudes of
both are related to the Laplacian by an equation derived by Bader
(R.F. W. Bader, J. Chem. Phys. 1980, 73, 2871-2883) viz. 2G(r) +
V(r)=1/4V?p(r). For covalent bonds it has been shown that the local
energy density H(r.) = G(r,) + V(r.) is less than zero (D. Cremer, E.
Kraka, Angew. Chem. 1984, 96, 612 —614; Angew. Chem. Int. Ed. Engl.
1984, 23, 627 -628), and that, in addition, the ratio G(r.)/o(r.) should
be less than unity (P. Macchi, D. M. Proserpio, A. Sironi, J. Am. Chem.
Soc. 1998, 120, 13429 -13435).

The nature of the Li—C bond is the subject of controversy in the
literature. On the basis of a natural population analysis monomeric
LiCHj; is reported to be 88 % ionic (ref. [18]), whereas the degree of
ionicity of the Li—C bond (50 % ) was asssumed not to dominate when
Hirshfeld charges are taken into account (F. M. Bickelhaupt, N. J. R.
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b) T. Fjeldberg, M. F. Lappert, A. J. Thorne, J. Mol. Struct. 1985, 127,
95-105; ¢) We note in contrast to the polymeric solid state structure
(Li-C-Si=87.7-103.1°), a non-acute Li-C-Si angle of 115(2)° was
found by gas electron diffraction (GED); see ref. [38b] for a detailed
description). However, B3LYP/6-311G(d,p) calculations starting at
the experimental geometry of the GED study converged to a C
symmetric structure with two Li-C-Si angles of 87.4°, in good
agreement with the solid-state structure. Frequency calculations
confirmed this geometry as a minimum on the potential energy
surface (Li—-C=1.998, C,—Si=1.829, Si—C,=1.950, Li--- H1, =2.170,
Li---H2,=2.348, Li---H3,=3.428, C,—H1,=1.104, C,—H3,=1.094 A,
7(LiC,SiC,)=—72°). We note that the experimental difficulties
inherent in locating the light Li atom in the presence of a bulky
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ligand containing two heavy Si atoms may be responsible for the
discrepancies observed between the calculated, solid-state, and gas
phase structures deduced for this benchmark compound.

R.I. Papasergio, C. L. Raston, A. H. White, J. Chem. Soc. Chem.
Commun. 1983, 1419 -1420.

We report all structural and topological parameters of 6 based on
geometry opimizations implying C; symmetry constraints. Frequency
calculations indicate that the C; geometry might represent a first-order
transition state at the B3LYP/6-311G(d,p) level (one imaginary
frequency; 33i). However, refinements without any symmetry con-
straints reveal only insignificant changes in geometry away from C,
symmetry. Since also the total energy remains virtually unchanged
(<0.01 kcalmol~') we report only data for the C; model. We further
note, that the energy for 6 assuming an all-staggered C, conformation
with a fixed Li-C-Si angle of 112° is only 0.62 kcalmol~' higher in
energy. Thus, the Li-C-Si potential-energy surface appears to be rather
featureless.

Even under the constraints of C, symmetry, the hypothetical cis
conformer of 6a is unstable with respect to inversion at C, and is
energetically disfavored, while the 180° form, in which the Si—CHj;
bond and the carbanion lone pair interact through hyperconjugation,
is most stable. The energetic preference of the 180° form over the 0°
form has been been discussed in detail for other benchmark
compounds in the literature; e.g. refs. [8, 25].

E. Zintl, A. Harder, Z. Phys. Chem. Abt. B 1935, 28, 478 —480.
According to the classical definition of agostic C—H bonds given by
Brookhart, Green, and Wong, the agostic C—H distance falls in the
range 1.13-1.19 A, and is elongated 510 % relative to a nonbridging
C—H bond (ref. [37]). Indeed, strong agostic Li--- H-C interactions
have been observed and confirmed experimentally by neutron
diffraction only for CD,Li, (ref.[44]). In this case, short Li---
D(2)—C distances of 2.06(2) A, and correspondingly a significantly
elongated C—D(2) bond of 1.18(2) A were observed; furthermore the
shortest known Li---H distance of 1.72(3) (Li---D(1)—C) is also
established for this compound. For typical agostic C—H bond lengths
in early transition metal complexes see for example ref. [45].

a) G. D. Stucky, M. M. Eddy, W. H. Harrison, R. Lagow, D. E. Cox, J.
Am. Chem. Soc. 1990, 112, 2425-2427; b)J.J. Novoa, M.-H.
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(>0.5 e A-3); W. Scherer, M. Tafipolsky, P. Sirsch, unpublished results.
Further combined experimental and theoretical topological studies of
the L(r) function are needed to evaluate the origin of this small
discrepancy. However, the L(r) function—as the negative Laplacian
of the charge density—is of course very sensitive to small changes in
the charge density distribution. Thus, the agreement between theory
and experiment is surprisingly good.

We note that the smaller CC in 10 (see L(r) contour map in the right-
hand corner of Figure 8) is directed inwards in the agostic cyclic
fragment (Li, C,, Sig, C,, H,,), as expected for a cyclic delocalized
system (ref. [12a]).

W. Scherer, P. Sirsch, G. S. McGrady, E. Gullo, unpublished results.
G. M. Sheldrick, SHELXL-97, Program for Crystal Structure Refine-
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A New Highly Efficient Three-Component
Domino Heck - Diels — Alder Reaction with Bicyclopropylidene:
Rapid Access to Spiro[2.5]oct-4-ene Derivatives**

Hanno Niiske,!*! Stefan Brise,"! Sergei I. Kozhushkov,[*! Mathias Noltemeyer,!*!
Mazen Es-Sayed,!! and Armin de Meijere*!?!

Abstract: Bicyclopropylidene (1) was
found to surpass even methyl acrylate
(174a) in its rate of undergoing carbopal-
ladation with aryl- or alkenylpalladium
species, leading to substituted allylide-
necyclopropanes 5, 7 and 10, mostly in
high yields (37-78 %). These dienes and
cross-conjugated trienes react in a
Diels— Alder mode with dienophiles to
give spiro[2.5]octenes 18a-Ph, 18b-Ph
and 18a-Vin, respectively, in good yields

high yields (49—-100 % ). The reaction of
1 with iodobenzene (2-Ph) and 17a gave
18a-Ph in virtually quantitative yield—
also on a gram scale—using only
1 mol% of catalyst, and even bromo-
benzene (22) gave 18a-Ph in 59 % yield.
Bicyclopropylidene (1), in the presence
of palladium acetate/triphenylphos-
phane underwent rearrangement to al-
lylidenecyclopropane (5-H), which in
turn dimerized (73%) in the absence

of other reaction partners, or could be
trapped by diethyl fumarate (17¢) to
give the Diels—Alder adduct 18¢-H in
45% yield. The coupling of oligoiodo-
benzenes with 1 and subsequent cyclo-
addition could be extended to a multi-
component reaction. In this way, 14-
diiodobenzene (37), 1 and an alkyl
acrylate gave the products 38 of a
twofold Heck - Diels— Alder reaction
in up to 87 % yield, 1,3,5-triiodobenzene

(89, 69 and 65%). The overall trans-
formation can be achieved as a one-pot
three-component reaction with a variety
of dienophiles to furnish the domino
Heck - Diels— Alder products 18 regio-
selectively in most cases in good to very

Keywords:

Introduction

Domino processes have stirred a steadily increasing interest in
recent years,'!l and multicomponent reactions have definitely
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(39) reacted in up to 72% yield and
ultimately 1,2,4,5-tetraiodobenzene (41)
gave the fourfold domino Heck — Diels —
Alder product 42 in 47 % isolated yield,
in a single operation in which 12 new
carbon-carbon bonds were formed.

domino

found an important place in the tool-box of organic chemists.
Several elegant and facile constructions of highly complex
structures starting from simple molecules in one synthetic
operation make use of these concepts. Especially the need for
highly efficient and flexible synthetic approaches to carbo-
and heterocyclic systems with a combinatorial potential has
led to a dramatic increase in research activities.

In the context of studying various aspects of intramolecular
Heck reactions,”! we also examined domino Heck — Heck-[*
and Heck - Diels — Alder processesi®™ which led to an easy
access to bicyclo[4.3.0]nonene systems. Thus we became
aware that the Heck —Diels— Alder reaction even proceeds
with 2-bromo-1,m-dienes containing a highly strained meth-
ylenecyclopropane end group or bromomethylenecyclopro-
pane starter to yield a-spirocyclopropane-annelated bicy-
clo[4.3.0]nonene skeletons.B In this context, the reactions of
certain tetrasubstituted alkenes® were examined, most of
which are generally referred to as being unreactive in the
Heck coupling.”! Several methylenecyclopropanes with two
substituents at the methylene terminus, and especially bicy-
clopropylidene (1) were found to be highly reactive alkenes
that underwent palladium-catalyzed cocyclizations with ac-
ceptor-activated and with strained alkenesP! as well as Heck-
type carbopalladations, the latter even more rapidly than alkyl
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acrylates.[’) Herein we present the full account of the recently
developed!® new three-component domino reaction combin-
ing bicyclopropylidene (1) with aryl or alkenyl halides and a
dienophile. For comparison, some other methylenecycloal-
kanes with tetrasubstituted double bonds were also tested.

Results and Discussion

The cross-coupling reaction of bicyclopropylidene (1), a
particularly strained tetrasubstituted alkene, which has re-
cently become easily available,l with iodobenzene (2-Ph)
under typical Heck conditionsl® gave the 1-phenylallylidene-
cyclopropane (5-Ph) as a sensitive oil in 78% yield
(Scheme 1). Besides this product, a significant amount of
polymeric material containing cyclopropane moieties was

Y4 I'a Pal Y pai - Pl

A * - - Ju - =
Ph Ph Ph

1 2-Ph 3

4 5-Ph (78%)

I*é\' : JI\/

1 6 7-H (37%)
X AV
B
| + —_— -
1 8 X = ONf 10 (52%)
9X=1

Scheme 1. Heck reaction of bicyclopropylidene (1) with aryl (2-Ph) and
alkenyl halides (6, 9) or alkenyl nonaflates (8) and rearrangement to
allylidenecyclopropanes. A: Pd(OAc),, PPh;, Et;N, DMF, 80°C; B:
Pd(PPh;),, Et;N, MeCN, 80°C.

observed.l’! The mechanism involves carbopalladation of the
double bond in 1 by the initially formed phenylpalladium
iodide, cyclopropylmethyl to homoallyl rearrangement and
subsequent -hydride elimination to form the diene substruc-
ture. The reaction of 1 with iodoethene (6) gave the unusual
cross-conjugated triene 7-H in up to 37% yield. This
represents a novel access to the so-called dendralenes which
are usually prepared by pyrolysis or elimination reac-
tions.'> "1 Another [3]dendralene, the hydrocarbon 10, was
obtained in 52 % yield by the palladium-catalyzed reaction of
cyclohexenyl nonaflate (8) with 1. Both new dendralenes 7-H
and 10 are prone to undergo polymerization and thus—to
achieve better yields of their cycloadducts—ought to be trapped
with a dienophile immediately after formation or in situ.
Upon treatment of bicyclopropylidene (1) alone with
palladium acetate and triphenylphosphane in benzene at
room temperature, it underwent a slow isomerization to
allylidenecyclopropane (5-H)'Zl (Scheme 2), the appearance
of which can be monitored by 'H NMR spectroscopy. The
formation of the diene 5-H is presumably initiated by a
palladium hydride addition to the double bond in 1, followed
by cyclopropylmethyl to homoallyl rearrangement and termi-

Chem. Eur. J. 2002, 8, No. 10
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nated by f-hydride elimination. The yield of 5-H increased
from 43 to 55% when the reaction was performed in the
presence of a mixture of 10% Et;N/HOAc (1:1). This
isomerization was not observed in diethyl ether. In dichloro-
methane the conversion was only 20 % after 24 h at ambient
temperature.

Although allylidenecyclopropane (5-H) had been reported
to be unreactive in palladium-catalyzed transformations,24
prolonged stirring of the mixture of 1 and the catalyst in
benzene at ambient temperature led to slow formation of
oligomers of 5-H. Upon heating at 80°C, a mixture of four
bicyclopropylidene dimers 11-14 was formed within 2 h,
apparently by a Pd-catalyzed subsequent reaction of the
initially formed diene 5-H.

This type of transformation turned out to be highly
dependent on the type of catalyst and ligand additive. Thus,
bicyclopropylidene (1) remained unchanged under similar
conditions (heating at 80°C in benzene), but with Pd(dba),-
iPr;P as a catalyst. Yet at 110°C in the absence of any other
activated alkene, one molecule of bicyclopropylidene (1),
after opening of a distal bond, underwent formal [3+2]
cycloaddition to a second molecule of 1 to give 8-cyclo-
propylidenedispiro[2.0.2.3]nonane (16).5

7
Y o | X
= [T] - o
1 5H 11 (35%) |
Y 4 4
x

LT L

12 (11%) 13(14%) 14 (12.5%)
ivl B D:<' !
— —PdL,| —™
A :
1 15 16 (48%)

Scheme 2. Palladium-catalyzed isomerization of bicyclopropylidene (1)
and further transformations. A: Pd(OAc),:2PPh;, C¢Dg, 80°C, 2 h; B:
Pd(dba),, P(iPr);, toluene, 110°C, 4 h.

The allylidenecyclopropanes 5-Ph, 5-H and 10,['* ¥l when
heated either in isolated form or without isolation after having
been formed in the Heck reaction, with a dienophile gave the
Diels— Alder products*! 18a-Ph, 18¢-H, 18a-Vin, 18d-Vin,
19b and 20b in moderate to good yields (Scheme 3).

The constitutions of the Diels—Alder products were
determined by extensive NMR studies as well as by X-ray
crystal structure analysis in several cases (Figure 1), and it
turned out that in all reactions with alkyl acrylates only the
quasi-meta product was formed, in accordance with previously
reported observations.'” Calculations showed that allylide-
necyclopropane (5-H) has an almost symmetrical highest
occupied molecular orbital (HOMO),!!%I which is in contrast
to other 1-donor-substituted alkenes.'” The [3]dendralene 10
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co.Et NB.25°C,24h  1)C,6,75°C,20h
T2 9y47¢,80°C, 2h 2)17a,25°C,20h &7
CO,Et CO,Et CO,Me

18¢-H (45%) ETOZC—/17C

18a-Vin (65%)
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1

COR* = NN 18d-Vin (35%)
o D 8,17b
0 o 100 °C, 18 h
4
a COZMe H
b COMe CO,Me

e COztBu H
19b  43% (1:1.5)

Scheme 3. Stepwise Heck—Diels—Alder reactions with bicyclopropyli-
dene (1). A: CDCl;, A, 12 h; B: Pd(OAc),, PPh;, C(Dg; C: Pd(OAc),, PPh;,
Et;N, DMF; D: Pd(PPh;),, Et;N, DMF.

underwent a single Diels—Alder reaction with dimethyl
maleate with low regioselectivity to yield both the cyclo-
hexenyl-substituted spiro[2.5]octene 19b and the spirocyclo-
propanated octahydronaphthalene derivative 20b (ratio
1:1.5). Apparently, both 1,3-diene units in the dendralene 10
have about the same reactivity towards the dienophile.

Surprisingly, when the three components bicyclopropyli-
dene (1), iodobenzene (2-Ph) and methyl acrylate (17a), were
mixed with the palladium catalyst system [Pd(OAc),, PPh;,
K,CO5/Et,NCl or Et;N] in acetonitrile and the mixture heated
in a Pyrex bottle, only a trace of methyl cinnamate, the Heck
coupling product of 2-Ph and 17 a, was detected. Best yields of
the domino Heck —Diels— Alder products 18 were obtained
applying the Jeffery protocol [Pd(OAc),, PPh;, K,CO;,
Et,NCI, MeCN],'®l and increasing the concentration of all
reactants to 4 M finally led to a virtually quantitative formation
of 18a-Ph with 1.0 mol % of precatalyst (Scheme 4). Thus, the
tetrasubstituted alkene 1is more rapidly carbopalladated than
even methyl acrylate, which is known to be a particularly good
substrate in Heck coupling reactions. This high reactivity of 1
must have to do with its unusual nucleophilicity!'”) which
facilitates the attack of the electrophilic organopalladium
species.

However, only the frans-spiro[2.5]oct-4-ene-7,8-dicarboxy-
late 18f-Ph was isolated from the one-pot Heck-Diels—
Alder reaction of bicyclopropylidene 1 and phenyl iodide
(2-Ph) with dimethyl cis-but-2-ene-1,4-dioate (dimethyl mal-
eate) (17b) under Heck as well as under Jeffery conditions
(Table 1, entries 3, 4). The identity of the samples of 18 f-Ph
prepared with dimethyl maleate (17b) (Table 1, entry 3) and
with dimethyl fumarate (17 f) (Table 1, entry 7) was corrobo-
rated by their NMR spectral data and was rigorously proved
by X-ray crystal structure analyses (Figure 1).2° Moreover,
excessive 17b isomerized to 17f (15 to 30%) under the
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[l See Scheme 3.

Scheme 4. Three-component reactions with bicyclopropylidene (1). For
details and conditions see Table 1.

conditions employed.?!! Partial isomerization of excessive
dimethyl maleate (17b) (10%) was detected even in the
Diels— Alder reaction of 17b with isolated diene 5-Ph
(Scheme 3), yet in this case the major Diels— Alder product
was cis-configurated cis-18b-Ph, and the trans-diastereomer
18 f-Ph was formed only in trace quantities. No isomerization
of dimethyl maleate 17b was observed upon heating in the
absence of 1 and 2-Ph under Heck or Jeffery conditions for
extended times (20—24 h). It is not quite clear at this point
whether these findings indicate that the [4+2] cycloaddition
(at least in some extent) proceeds stepwise under these
conditions and thus partially forms the thermodynamically
more stable frans-isomer. A conceivable alternative mecha-
nism with addition of the homoallylpalladium intermediate 4
onto 17b, followed by 6-endo-trig ring closure in intermedia-
te I is highly unlikely. Just like the cyclopropylcarbinylpalla-
dium intermediate 3, the cyclization product II should rapidly
rearrange to the corresponding ring-opened homoallylpalla-
dium species which would undergo $-hydride elimination to
yield the diene III or its [4+2] cycloaddition product.

The cross-conjugated triene 7-H formed from bicyclopro-
pylidene (1) and iodoethene (6) is prone to undergo a so-
called transmissive cycloaddition, that is a domino Diels—
Alder reaction in which the diene for the second step is
formed by the first reaction. The three-component reaction of
1, 6 and methyl acrylate (17a) gave the spirocyclopropanated
octahydronaphthalene derivative 21a in 59 % isolated yield.
The analogous reaction of 1, 6 and dimethyl fumarate (17 f)
yielded only 35 % of the twofold adduct 21 f along with 25 %
of the onefold Diels— Alder product 18 £-Vin (Scheme 4).

Scope and limitations of this new three-component reaction
were tested with variation of the aryl and alkenyl halide as
well as the dienophile (Scheme 4 and Table 1).
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Table 1. Three-component reactions of bicyclopropylidene (1), an aryl 2 or

alkenyl iodide 9 and a dienophile 17. See Scheme 4.

Entry Aryl/ Dienophile Conditions? Product Yield [%]
Alkenyl halide
1 PhI (2-Ph) 17a A 18a-Ph 100
2 PhI (2-Ph) 17a B 18a-Ph 99
3 PhI (2-Ph) 17b A 18f-Ph 96
4 PhI(2Ph)  17b C 18£-Ph 98
5  PhI(2Ph)  17e A 18e-Ph 87
6 PhI (2-Ph) 17e C 18e-Ph 78
7 PhI(2-Ph)  17f A 18£-Ph 97
8  PhI(2-Ph)  17g A 18g-Ph 49
9 4-Toll (2-Tol) 17a A 18a-Tol 91
10 4-Toll (2-Tol) 17a C 18a-Tol 87
11 4-Toll (2-Tol) 17e A 18e-Tol 83
12 4-Toll (2-Tol) 17f A 18f-Tol 99
13 4Toll 2-Tol) 17f C 18f-Tol 80
14 3Pyl (2Py) 17a A 18a-Py 67
15  3-PyI(2Py) 17e A 18e-Py 81
16 3-Pyl 2-Py) 17t A 18£-Py 63
17 PhI(2-Ph)  17h A 18 h-Ph 76
18 PhI(2Ph)  17i A 18i-Ph 0
19 PhI(2Ph) 17 A 18j-Ph 0
20 9 17a A 19a + 20a (1:2) 84
21 9 17e A 19e + 20e (1:3) 83
22 PhI(2-Ph) 17k A 18k-Ph 47

[a] A: 5 mol % Pd(OAc),, 15 mol% PPh;, K,CO;, Et,NCI, MeCN, 80°C, one
step. B: as in A, 1 mol % Pd(OAc),, 3 mol% PPh;. C: Pd(OAc),, PPh;, Et;N,

DMEF, 80°C, one step.

Excellent results were obtained with iodobenzene (2-Ph),
4-iodotoluene (2-Tol; Table 1, entries 1 -7, 9—-13) as well as
3-iodopyridine (2-Py; Table 1, entries 14-16) with various
dienophiles 17. The reaction with acrylic acid amide (17g,
entry 8) gave the corresponding spiro[2.5]octene derivative
18 ¢-Ph in moderate yield (49 % isolated). With 1-iodocyclo-
hexene (9) instead of cyclohexenyl nonaflate (8) and methyl
(17a) or tert-butyl acrylate (17e) in highly concentrated
solution the products 19 and 20 were also isolated in high
yields (Table 1, entries 20, 21). Even aryl bromides such as
bromobenzene (22) and bromothiophenes (24, 26) underwent
coupling with 1, but in two of these cases significant amounts
of the products arising from direct coupling of the bromides
and the acrylate, were isolated (Scheme 5).

A special feature of the 8-phenylspiro[2.5]oct-7-ene deriv-
atives 18 prepared, as demonstrated by the X-ray crystal
structure analyses of the dimethyl spiro[2.5]octenedicarbox-

A 17a ~F
1 + — 18a-Ph +

22 (59%) 23 (16%)
A 4
A 17a S
Dy A
E
24 25 (88%)
Br
A17a &
1 + / \ _ — S\
S + — /\E
E
26 27 (68%) 28 (18%)

Scheme 5. Heck —Diels— Alder reactions of bicyclopropylidene (1) with
bromoarenes and methyl acrylate (17a). A: Pd(OAc),, PPh;, K,CO;,
Et,NCI, MeCN, 80°C, 48 h; E = CO,Me.
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ylate 18 f-Ph, 18 f-Tol and and 18k-Ph (Figure 1), is that the
phenyl ring is perpendicular to the plane of the double bond
which must be caused by steric interaction between the
spirocyclopropane moieties and the ortho hydrogens on the
aromatic rings.

18k-Ph
Figure 1. Structures of 18 f-Ph, 18 f-Tol and 18k-Ph in the crystals.*"]

In the absence of any dienophile and under high pressure
(10 kbar), the dendralene 5-Ph itself acted as the dienophile to
give the spiro[2.5]octene derivative 29 in 28% yield
(Scheme 6).

Ph

Y 1 A v A
+ L. ——
A ©/ Phb
h
1 2-Ph 5-Ph 29 (28%)

Scheme 6. Dimerization of the allylidenecyclopropane 5-Ph. A:
Pd(OAc),, PPh;, Et;N, DMF, 10 kbar, 80°C, 24 h.

Substituted acrylates were also tested. Whereas methyl a-
methylacrylate 17 h gave the corresponding spiro[2.5]octene
derivative 18 h-Ph in good yield (76 % ), no products could be
isolated from reactions with the S-substituted 17i and 17j
(Table 1, entries 18, 19).[13d]
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The lack of reactivity of methyl cinnamate (17j) as a
dienophile in this Heck-Diels— Alder sequence could be
overcome by the introduction of a strongly electron-with-
drawing substituent. Thus, o-, m- and p-nitrocinnamates 30 all
gave the corresponding cross-coupling cycloadducts, but
interestingly both possible regioisomers 31 as well as 32
(Scheme 7). The reactions required longer heating (up to 4 d).

A
25-93%
NO, E = CO,Me
0-30 0-31 (15%) 0-32 (10%)
m-30 m-31 (38%) m-32 (13%)
p-30 p-31 (62%) p-32 (31%)

Scheme 7. Heck - Diels — Alder reactions of 1 and iodobenzene (2-Ph) with
nitro-substituted cinnamic acid esters 30. A: 1, 2-Ph, Pd(OAc),, PPh;,
K,COs;, Et,NCl, MeCN, 80°C, 4 d.

In the case of p-30 one third (31 % isolated) of the product
mixture was the quasi-ortho adduct p-32 as proved by an
X-ray crystal structure analysis (Figure 2).

anti-34eb

Figure 2. Structures of p-32 and anti-34eb in the crystals.*"]

The influence of substituents on the aryl iodides was also
examined. An ortho-methyl group on the iodobenzene does
not interfere with the Heck-Diels—Alder reaction with
methyl acrylate (17a) but does cause a significant decrease
in yield in the reaction with the bulkier tert-butyl acrylate
(17e) (Scheme 8 and Table 2). This steric effect is even more
pronounced in the reaction with the ortho-benzyl substituted
iodide 33b. In all reactions with ortho-substituted phenyl
iodides, two atropisomeric products anti- and syn-34 were
formed due to the hindered rotation around the aryl-
spirooctene bond, with a predominance of the anti-isomer
(with respect to the substituent on the aryl group and the
alkoxycarbonyl group on the spirooctane moiety) of up to 3:1
("H NMR), slightly depending on the size of the alkoxycar-
bonyl group. Based on a coalescence temperature between 50
and 75 °C the rotational barrier is estimated to be in the range
of 75-81 kImol L™ The structure of crystalline anti-34eb
was proved by X-ray crystal structure analysis (Figure 2). The
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3

\/ AtTaortze RY
,17aor 17e
(. | Al7aorize O 7/
16-99% _
E

R2 R1 R1
34a E = CO,Me
34b E = CO,Bu

1 33a-d

Scheme 8. Heck —Diels— Alder reactions of 1 with substituted iodoarenes
33 and methyl (17a) or fert-butyl acrylate (17e). A: Pd(OAc),, PPh;,
K,CO;, Et,NCI, MeCN, 80°C, 48 h. For details see Table 2.

Table 2. Heck—Diels—
Schemes 4 and 8.

Alder reactions of 1 with substituted iodoarenes 33. See

Arl R!' R?> R3? Dienophile Product Yield [%] Isomer
ratio anti/lsyn

33a Me H H 17a 34aa 99 2.0:1

33a Me H H 17e 34ea 7621 3.0:1

33b Bn H H 17a 34ab 85 2.0:1

33b Bn H H 17e 34eb 390l 3.0:1

33¢ Me Me H 17a 34ac 98 2.5:1

33¢c Me Me H 17e 34ec 160 2.7:1

33d Me H Me 17a 34ad 56[°1 -

[a] Along with traces of the corresponding cinnamic acid esters formed by
direct coupling of 33 with 17. [b] Along with 22% of the corresponding
allylidenecyclopropane formed from 1 and 33d.

coupling product of the o,0’-disubstituted iodoarene 33d
underwent [4+2] cycloaddition only with methyl (17a) and
not with ftert-butyl acrylate (17e), and a significant amount
(39 %) of the unreacted 1-(2',6'-dimethylphenyl)allylidenecy-
clopropane was isolated.

Eventually, substituted bicyclopropylidenes 35 were used in
the Heck —Diels— Alder sequence (Scheme 9). In this case,
depending on the regio- and stereochemical differentiation in
the initial attack of the arylpalladium species on 35, up to four

By ey

E
Y/ A, 2-Ph, 17a

JAN 36%
35a anti,(2)-36a (5:4, GC) anti(E)-36a
(CHy)4CHg
; A, 2-Ph, 17a
H —  complex mixture (29%)
35b

Scheme 9. Heck —Diels— Alder reaction with substituted bicyclopropyli-
denes 35. A: Pd(OAc),, PPh;, K,CO;, Et,NCI, MeCN, 80°C, 48h. E=
CO,Me.

different regioisomers are possible.?! With the easily acces-
sible®! methyl bicyclopropylidenecarboxylate (35a), surpris-
ingly, only two diastereomeric products anti,(Z)-36a and
anti,(E)-36a (36 %, 5:4 according to GC) stemming from the
opening of the unsubstituted cyclopropane ring were isolated,
none of the other isomers was detected by NMR spectroscopy
in the crude product. NOESY NMR measurements disclosed
that in both stereoisomers the ester group on the cyclo-
propane ring is orientated towards the phenyl substituent. In
contrast, the reaction of the alkyl-substituted n-pentylbicy-
clopropylidene (35b) led to a complex mixture of isomers and
stereoisomers (29 % yield), in this case the NMR spectrum
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showed signals indicating that also the substituted ring had
been opened in the course of the reaction.

The extension of this new domino three-component reac-
tion to oligoiodoarenes was also examined. Treatment of 1,4-
diiodobenzene (37) in the presence of the palladium catalyst
system, with bicyclopropylidene (1) and a dienophile 17, gave
the products 38 of a twofold Heck — Diels — Alder reaction in
good yields (Scheme 10, Table 3). Under high pressure the
yield of 38a could be raised to 87 %. Performing the reaction
at lower concentrations (0.2M) of the starting materials
yielded the mono-coupling-cycloaddition products 18-C¢H,I
predominantly along with only small amounts of 38. Surpris-
ingly, the product 38a was formed as a single diastereomer, as
proved by an X-ray crystal structure analysis.?! Even the
crude product showed only a single set of signals in the
13C NMR spectrum.

17e CO,Bu H
17f CO,Me CO;Me

Scheme 10. Twofold Heck —Diels— Alder reaction of bicyclopropylidene
(1) with 1,4-diiodobenzene (37). A: Pd(OAc),, PPh;, K,CO;, Et,NCI,
MeCN, 80°C. For details see Table 3.

Table 3. Heck—Diels— Alder reaction of bicyclopropylidene (1) with 1,4-
diiodobenzene (37) and alkyl acrylates 17a, e, f.

Dienophile Conditions® Time [h] Product Yield [%]
17a A 48 38a 64
17a B 24 38a 87
17a C 21 18a-C¢H,I 45
38a 8
17e A 48 38e 69
17e B 24 38e 60
17e C 72 18e-C¢H,I 50
38e 6
17f A 48 38f 54
17f B 24 38f 60

[a] A: Pd(OAc),, PPh;, K,CO;, Et,NCl, MeCN, 80°C, one step. B:
Pd(OAc),, PPh;, Et;N, DMF, 80°C, 10 kbar, one step. C: As in B, decreased
concentration (0.2M), 1 bar.

Even the reaction of 1 with 1,3,5-triiodobenzene (39) and a
dienophile 17 gave excellent results: In these formal seven-
component reactions yields of up to 60 % of the nominally Cs-
symmetrical products 40 were achieved. Finally, with 1,2.4,5-
tetraiodobenzene (41) twelve new carbon—carbon bonds were
formed in one synthetic operation to give the fourfold cross-
coupling cycloadduct 42 in 47 % yield (Scheme 11). This result
shows that this unprecedented assembly of nine highly
reactive small molecules proceeds smoothly and completely
selectively. Nine component all-carbon-carbon bond forming
reactions have been, if at all, scarcely ever been observed.

In order to probe the unique features of bicyclopropylidene
(1), some other tetrasubstituted alkenes with alkylidenecy-
cloalkane units were tested in the palladium-catalyzed
coupling with iodobenzene (2-Ph) (Scheme 12). Such tetra-
substituted alkenes are readily accessible in good yields by

Chem. Eur. J. 2002, 8, No. 10
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39 17
R' R?

17a CO,Me H 40a (73%)

17e CO,Bu H 40e (60%)

17f CO,Me CO,Me 40f (57%)

AOPsOS
XA 0
1+ ——
o L0
E \VARRAV/ E
a1 42

(47%)

Scheme 11. Multicomponent domino reactions of 1 with 1,3,5-triiodoben-
zene (39) as well as 1,2,4,5-tetraiodobenzene (41) and dienophiles 17. A:
Pd(OAc),, PPh;, K,CO;, Et,NCl, MeCN, 80°C, 2-3 d; E=CO,Me.

Wittig olefinations of the corresponding ketones with in situ
formed cycloalkylidenephosphoranes.?”!

The reaction of cyclopropylidenecyclohexane (43a) with 2-
Ph under Heck conditions [Pd(OAc),, PPh;, Et;N, DMF,
80°C, 12 h] gave the three isomeric olefins 44, 45 (isolated as
an unseparable 1:1 mixture, 35 % yield) and (Z)-46% (53 %).
The reaction of isopropylidenecyclopropane (47) with 2-Ph
under the same conditions gave 1-phenyl-1-(2’-propenyl)cy-
clopropane (48) (5%), 4-methyl-3-phenyl-1,3-pentadiene
(49)281 and 2-methyl-3-phenyl-1,3-pentadiene [(Z)-50] (ob-
tained as an unseparable 1.7:1 mixture, 60% yield). Cyclo-
butylidenecyclohexane (43b) did not react with 2-Ph under
the applied conditions and could be completely recovered.
The alkene 43b was also left unchanged when it was added to
a reacting mixture of 43a and 2-Ph.

Apparently, these transformations of 43a and 47 start with a
regioselective carbopalladation of the double bond in such a
way that the phenyl group is attached at the less sterically
demanding cyclopropane ring. The resulting cyclopropylmeth-
ylpalladium iodide of type 51 then rapidly rearranges to the
homoallylpalladium iodide of type 52, which, by S-hydride
elimination yields 49. The dienes (Z)-46 and (Z)-50 must arise
by deprotonation of a m-allylpalladium iodide of type 53
(Scheme 12), probably formed by -dehydropalladation of 52
with rehydridopalladation. Proton abstraction from 53 can
also lead to 49, while 48 is formed by f-dehydropalladation
from 51 without rearrangement.*]

Thus, the domino Heck — Diels— Alder reaction of bicyclo-
propylidene (1) with a variety of aryl as well as alkenyl halides
and dienophiles is indeed unique in terms of regioselectivity,
achievable yields and versatility. This new three-component
reaction holds a high potential for combinatorial applications,
since various hetero-dienophiles®! and acceptor-substituted
bicyclopropylidenes can be employed. Its suitability for solid-
phase synthesis has already been demonstrated.?” The
resulting spiro[2.5]octene derivatives can be further elabo-
rated, for example the 4-ethenyl derivative 18-Vin might be
used as a precursor to carotenoid analoguesi! in which the

0947-6539/02/0810-2355 $ 20.00+.50/0 2355





FULL PAPER

A. de Meijere et al.

A\l Ph Ph Ph
A
+ 2-Ph — + +
88%
44 45

43an=1 (2-46
43bn=2
\V4 A Ph  Ph | Ph
/[k + 2-Ph —— + +
65%
a7 48 49 (250

4

4
l / Pdl\
Ph Ph Ph
Pdl -
51 52
Scheme 12. Heck reactions with tetrasubstituted alkenes other than
bicyclopropylidene (1). A: Pd(OAc),, PPh;, Et;N, DMF, 75°C.

spirocyclopropane unit mimics a gem-dimethyl group. Spi-
ro[2.5]octene substructures are also present in various natural
products such as the cytotoxic illudines, carcinogenic ptaqui-
losides or the antibiotic leaianafulvene.’? Therefore, the
presented chemistry is set for applications in combinatorial
and natural product synthesis.

Experimental Section

General: 'H and '*C NMR spectra were recorded with Bruker AW 250 or
Inova-500 instruments at 250 or 500 MHz and 62.9 or 125.7 MHz,
respectively. Chemical shifts in CDCl; or [D4]benzene are reported in &
(ppm) relative to tetramethylsilane (TMS), chloroform or benzene as
internal reference unless otherwise stated. IR spectra were recorded with a
Perkin - Elmer 1720 FTIR or a Bruker IFS 66. Low resolution EI mass
spectra were obtained on a Varian MAT 731 with Varian Aerograph 1740
with an ionizing voltage of 70 eV. High resolution MS were obtained with a
VG-70-250S. Elemental analyses were performed by the Mikroanalytisches
Laboratorium der Universitit Gottingen (Germany). Melting points are
uncorrected. Solvents for extraction and chromatography were technical
grade and distilled before use. Flash chromatography was performed using
Mereck silica gel 60 (200-400 mesh). Analytical gas chromatography (GC)
was performed using a Siemens Sichromat 4 equipped with a 25 m capillary
column coated with CP-Sil-55-5B. All reactions were carried out under an
atmosphere of anhydrous nitrogen or argon in oven- and/or flame-dried
glassware. Acetonitrile was dried over phosphorus pentoxide, DMF and
CH,(Cl, were distilled from CaH,. Bicyclopropylidene (1) and isopropyli-
denecyclopropane (47) were prepared according to de Meijere et al.l’]
General procedure for the Heck reaction on methylenecyclopropane
derivatives and bicyclopropylidene (1) (GP1): A 50 mL Pyrex-bottle
containing anhydrous DMF (10 mL) was charged under argon with
palladium(r) acetate (11.2mg, 49.9 umol) and triphenylphosphane
(39.3 mg, 150 pmol). argon was bubbled through the mixture for 5 min
and the mixture was treated with 1.00 mmol of the respective aryl or
alkenyl halide, triethylamine (202 mg, 2.00 mmol) and 2.00 mmol of the
respective alkene. After the reaction mixture had been stirred for the given
time at the stated temperature it was cooled to ambient temperature,
extracted with pentane (5 x 20 mL); the combined organic phases were
washed with water (15 mL) and dried (MgSO,). After removal of the
solvent in a rotatory evaporator the residue was subjected to chromatog-
raphy on silica gel eluting with pentane.

General procedure for the Heck — Diels — Alder reaction on methylenecy-
clopropane derivatives and bicyclopropylidene (1), one-pot, two steps
(GP 2): A 50 mL Pyrex-bottle containing anhydrous DMF (10 mL) was
charged under argon with palladium(ir) acetate (11.2 mg, 49.9 umol) and
triphenylphosphane (39.3 mg, 150 umol), argon was bubbled through the
mixture for 5 min and the mixture treated with 1.00 mmol of the respective
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aryl or alkenyl halide, triethylamine (202 mg, 2.00 mmol) and 2.00 mmol of
the respective alkene. After the reaction mixture had been stirred for the
given time at the stated temperature, the bottle was cooled to ambient
temperature, the corresponding dienophile (2.00 mmol) added, and then
the mixture was stirred for additional time at the given temperature. The
solution was added to water (10 mL), extracted with diethyl ether (5 x
20 mL), the combined organic phases washed with water (4 x 10 mL) and
NacCl solution (10 mL) and dried (MgSO,). After removal of the solvent in
a rotatory evaporator the residue was subjected to chromatography on
silica gel.

General procedure for the Heck — Diels — Alder reaction on methylenecy-
clopropane derivatives and bicyclopropylidene (1), one-pot, one step, Heck
conditions (GP 3): A 5mL sealable bottle with anhydrous DMF (1 mL)
was charged under argon with palladium(ir) acetate (11.2 mg, 49.9 pmol)
and triphenylphosphane (39.3 mg, 150 umol). Argon was bubbled through
the mixture for 5 min and the mixture was treated with 1.00 mmol of the
respective aryl or alkenyl halide, triethylamine (202 mg, 2.00 mmol),
2.00 mmol of the respective alkene and 2.00 mmol of the respective
dienophile. After having stirred the mixture for the given time at the stated
temperature the mixture was cooled to ambient temperature, the solution
added to water and extracted with diethyl ether (5 x 20 mL). The combined
organic phases were washed with water (4 x 10 mL) and NaCl solution
(10 mL) and dried (MgSO,). After removal of the solvent in a rotatory
evaporator the residue was subjected to chromatography on silica gel.

General procedure for the Heck — Diels — Alder reaction on methylenecy-
clopropane derivatives and bicyclopropylidene (1), one-pot, two steps,
alkenylsulfonates (GP 4): A 50 mL Pyrex-bottle was charged under argon
with anhydrous acetonitrile (10 mL) and treated with tetrakis(triphenyl-
phosphano)palladium (57.8 mg, 50.0 umol). Argon was bubbled through
the mixture for 5 min and then it was treated with cyclohexenylnonaflate
(8-ONf, 380 mg, 1.00 mmol), triethylamine (202 mg, 2.00 mmol) and
2.00 mmol of the respective alkene. After having stirred the mixture for
the given time at the stated temperature the bottle was cooled to ambient
temperature, the corresponding dienophile (2.00 mmol) added, and then
the mixture was stirred for additional time at the given temperature. Water
was added and the aqueous phase was extracted with diethyl ether (5 x
20 mL). The combined organic phases were washed with water (4 x
10 mL), NaCl solution (10 mL) and dried (MgSO,). After removal of the
solvent in a rotatory evaporator the residue was subjected to chromatog-
raphy on silica gel.

General procedure for the Heck — Diels — Alder reaction on bicyclopropy-
lidene (1), one-pot, one step, Jeffery conditions (GP 5): A 5 mL sealable
bottle was charged with anhydrous acetonitrile (1 mL), K,CO; (277 mg,
2.00 mmol) and Et,NCI (166 mg, 1.00 mmol). Argon was bubbled through
the mixture for 5 min. After the reaction mixture was stirred for another
10 min, palladium(i) acetate (11.2mg, 49.9 umol), triphenylphosphane
(39.3 mg, 150 pmol), 1.00 mmol of the respective aryl or alkenyl halide,
bicyclopropylidene (1, 160 mg, 2.00 mmol) and 2.00 mmol of the respective
dienophile were added. After the reaction mixture had been stirred for the
given time at the stated temperature the bottle was cooled to ambient
temperature, diethyl ether (50 mL) was added, the mixture washed with
water (5 x 25 mL) and dried (MgSO,). After removal of the solvent in a
rotatory evaporator the residue was subjected to chromatography on silica
gel.

General procedure for the Heck — Diels — Alder reaction on bicyclopropy-
lidene (1), one-pot, one step, high pressure conditions (GP 6): A sealable
Teflon tube with anhydrous DMF (5 mL) was charged under argon with
palladium(u) acetate (11.2mg, 49.9 umol) and triphenylphosphane
(39.3 mg, 150 pmol). Argon was bubbled through the mixture for 5 min
and the mixture was treated with 1.00 mmol of the respective aryl halide,
triethylamine (202 mg, 2.00 mmol), bicyclopropylidene (1, 160 mg,
2.00 mmol) and 2.00 mmol of the respective dienophile. After heating at
the given temperature for the given time at 10 kbar, the solution was cooled
to ambient temperature, added to water (50 mL) and extracted with diethyl
ether (5 x 20 mL). The combined organic phases were washed with water
(4 x10mL), NaCl solution (10 mL) and being dried (MgSO,). After
removal of the solvent in a rotatory evaporator the residue was subjected to
chromatography on silica gel.

1-Cyclopropylidene-1-phenylpropene (5-Ph): According to GP 1, bicyclo-
propylidene (1, 160 mg, 2.00 mmol), iodobenzene (2-Ph, 204 mg,
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1.00 mmol), palladium(t) acetate (11.2 mg, 49.9 umol), triphenylphosphane
(39.3 mg, 150 umol) and triethylamine (202 mg, 2.00 mmol) were heated in
anhydrous DMF (5 mL) for 4 h at 100 °C. Work-up and chromatography on
silica gel (column 1 x20cm, pentane) yielded 5-Ph as a colorless oil
(122 mg, 78 %), which polymerized upon standing at ambient temperature.
R;=0.42 (pentane); IR (film): #=3111, 3047, 3014, 2951, 2913, 2860,
1680 (C=C), 1513, 1368, 1237, 1078, 911, 831, 762, 737, 704, 649 cm™;
'H NMR (250 MHz, C;Dy): 6 =740-720 (m, SH; Ar-H), 6.25 (dd, 3/ =
170, 37=10.6 Hz, 1H; CH,~CH), 4.90 (dd, 2J,3=2.3, /=170 Hz, 1H;
CH,=CH), 4.70 (dd, 2J,s =2.3,*/=10.6 Hz, 1H; CH,~CH), 1.00-0.80 (m,
4H; cPr-H); ®C NMR (125.7 MHz, CDCL): 6 =139.6 (Cyua), 134.6 (+,
CH=C), 132.8 (Cyua), 128.8 (+, Ar-C), 1279 (4, Ar-C), 1273 (+, Ar-O),
112.4 (Cyyar» C=0), 111.9 (=, CH,), 6.4 (—, CH,), 4.2 (—, CH,); MS (70 €V,
EI): m/z (%): 156 (82) [M ], 141 (56) [M* — CH;], 128 (66) [M+ — C,H,],
115 [M+ — C;Hs]; HRMS: m/z (%): caled for C,Hy,: 156.0939; found:
156.0939.

Dimerization of bicyclopropylidene (1)

trans-1-(3"-Cyclopropylidenepropen-1"-yl)-1-(propen-3'-yl)cyclopropane
(11), cis-1-(3"-cyclopropylidenepropen-1'-yl)-1-(propen-3'-yl)cyclopro-
pane (12), 3-[1'-(propen-3”-yl)cyclopropyl]-1,3,5-hexatriene (13), and
1-[1'-(propen-3"-yl)cyclopropyl]-1,3,5-hexatriene (14): Under argon, a
mixture of bicyclopropylidene (1, 400 mg, 469 pL, 5.00 mmol), Pd(OAc),
(56 mg, 0.25 mmol, 5 mol%) and PPh; (131 mg, 0.500 mmol) was heated
under stirring in anhydrous benzene (5 mL) at 80°C for 2 h, then cooled
and concentrated under reduced pressure. Column chromatography (50 g
silica gel, 120 x 2 cm column, hexane, R;=0.48) gave a mixture of C,H
hydrocarbons (290 mg, 72.5 %) which according to GC analysis contained
11 (48.3%), 12 (15.2%), 13 (19.3 %), and 14 (17.2%). This corresponds to
yields of 35, 11, 14, and 12.5 %, respectively. The analytical samples were
prepared by preparative gas chromatography (20 % SE 30 on Chromosorb
W-AW-DMCS, 2000 mm x 8.2 mm column, 135°C).

Compound 11: '"H NMR (250 MHz, CDCl;): 6 =6.35 (dm, 3/=11.3 Hz,
1H;=CH), 6.14 (dd, *J=16.1,3/=11.3 Hz, 1 H; =CH), 5.69-5.91 (m, 1H;
=CH), 5.47 (d,*/ =16.1 Hz, 1H;=CH), 5.07 (dd, *J=15.2,2/=1.0 Hz, 1H;
=CH,), 5.02 (dd, 37 =8.0, 2/ =1.0 Hz, 1H; =CH,), 2.22 (d, *J=8.1 Hz, 2H;
CH,), 1.09 (brs, 4H; cPr-H), 0.65 (brs, 4H; c¢Pr-H); °C NMR (62.9 MHz,
CDCl;): 6 =138.0 (+, C-3"),136.2 (4, C-2"), 126.1 (+, C-1"), 123.7 (Cyuar>
cPr-C), 1189 (4, C-2), 116.2 (—, C-1), 40.0 (—, C-3'), 21.2 (Cyyy, cPr-C),
14.1 (—,2cPr-C),2.5 (-, cPr-C),2.2 (—, cPr-C); MS (EI): m/z (% ): 160 (19)
[M+*],145 (10) [M+*—H - CH,], 132 (9) [M+ - C,H,], 131 (21) [M*—-H —
C,H,], 117 (36) [M* —H — CH, — C,H,], 105 (38) [CsH,*], 92 (20) [C;H, "],
91 (100) [C;H;*], 79 (77) [CsH,*], 77 (65) [C¢Hs*]; HRMS: m/z (%): caled
for C\,H,4: 160.1252; found: 160.1252.

Compound 12: 'H NMR (250 MHz, CDCl;): 6 =6.35 (dm, 3/ =11.3 Hz,
1H;=CH), 6.13 (dd, > =10.5,3/=11.3 Hz, 1H; =CH), 5.92-5.76 (m, 1H;
=CH), 5.55 (d, 3/ =10.5 Hz, 1H; =CH), 5.05 (dd, 2/=1.0,*/ =170 Hz, 1H;
=CH,), 5.00 (dd, 2/ =1.0, 3/ =8.0 Hz, 1H; =CH,), 2.16 (d, 3J=7.0 Hz, 2H;
CH,), 1.13 (dm, 3/ =7.5 Hz, 4H; ¢Pr-H), 0.60 (brs, 4H; cPr-H); *C NMR
(62.9 MHz, CDCl;): 6 =136.4 (+,=CH), 132.5 (+,=CH), 129.8 (+,=CH),
126.8 (Cyyar> cPr-C), 115.9 (4, C-2'), 115.6 (—, C-1), 43.4 (—, C-3), 19.5
(Cquat» Pr-C), 12.9 (—, 2¢Pr-C), 2.6 (—, cPr-C), 1.8 (—, cPr-C); the mass
spectrum is analogous to the previous one; HRMS: m/z (%): calcd for
C,H4: 160.1252; found: 160.1252.

Compound 13 (a 6.2:1 mixture of isomers): Major isomer: 'H NMR
(250 MHz, CDCl;): 6 =6.73 (ddd, /=170, 3/=12.0, 3/=8.6 Hz, 1H;
=CH), 6.05 (d, ¥/ =12.0, 1 H; =CH), 5.88-5.72 (m, 1H; =CH), 5.65 (dd,
3/ =171, =9.5 Hz, 1 H; =CH), 5.26-4.76 (m, 6H; 3=CH,), 2.11 (d, 3/ =
7.5 Hz, 2H; CH,), 0.55 (brs, 4H; cPr-H); *C NMR (62.9 MHz, CDCl;): 6 =
139.0 (Cyuar» C-3), 1365 (+,=CH), 134.3 (+,=CH), 132.2 (+,=CH), 131.7
(+,=CH), 1179 (—, =CH,), 116.0 (—, =CH,), 115.7 (—, =CH,), 41.8 (—,
C-3"), 18.8 (Cyuar» cPr-C), 11.6 (—, 2 cPr-C); the signals of the minor isomer
are covered by the signals of the major diastereomer or are indistinguish-
able; HRMS: m/z (%): caled for C,H,4: 160.1252; found: 160.1252.

Compound 14 (a mixture of isomers): Major (trans,trans-isomer): 'H NMR
(250 MHz, CDCLy): 6 =6.55-6.51 (m, 1H; =CH), 6.37 (dd, 3/ =16.6, 3] =
10.8 Hz, 1H; =CH), 6.14 (dd, 3/ =16.6, 3/ =8.5 Hz, 1H; =CH), 5.99 (dd,
3J=15.7, 3] =8.5Hz, 1H; =CH), 5.86-5.68 (m, 1H; =CH), 5.47 (d, /=
15.7 Hz, 1H; =CH), 5.19 (dd, 3/ =175, 3/ =9.5 Hz, 2H; =CH,), 5.05 (ddd,
3/=170, J=9.8, */=1.7 Hz, 2H; =CH,), 2.23 (d, 3/ =6.5 Hz, 2H; CH,),
0.67 (dm, 3/ =8.0 Hz, 4H; cPr-H); *C NMR (62.9 MHz, CDCl;): 6 =141.4
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(+,=CH), 1372 (4, =CH), 136.0 (+, =CH), 133.6 (4, =CH), 130.6 (+,
=CH), 126.6 (+,=CH), 116.3 (—,=CH,), 116.0 (—,=CH,), 38.7 (—, C-3),
21.4 (Cq“m, cPr-C), 14.5 (—, cPr-C); the signals of the minor isomers are
covered by the signals of the major diastereomer or are indistinguishable;
MS (EI): m/z (%): 160 (48) [M*], 145 (20) [M*—H — CH,], 132 (10)
[M*—C,H,], 131 (26) [M*+—H—C,H,], 119 (34), 117 (55) [M*—H—
CH, — C,H,], 105 (20) [CgHo'], 92 (18) [C;Hg'], 91 (100) [C;H;*], 79 (19)
[CeH 1], 77 (35) [CeHst]; HRMS: m/z (%): caled for C,H4: 160.1252;
found: 160.1252.

8-(Cyclopropylidene)dispiro[2.0.2.3]nonane (16): Under argon, a mixture
of bicyclopropylidene (1, 86 mg, 1.07 mmol), Pd(dba), (15 mg, 0.026 mmol,
2.4mol%) and triisopropylphosphane (4.2 mg, 5 uL, 0.026 mmol) was
heated under stirring in anhydrous toluene (1 mL) at 110°C for 4 h, cooled,
concentrated under reduced pressure and purified by column chromatog-
raphy (50 g silica gel, 20 x 2 cm column, hexane) to give 16 as an oil (41 mg,
48%). R;=0.62 (hexane); 'H NMR (250 MHz, CDCL,): 6 =2.51 (t, °J =
22Hz, 4H; 2CH,), 1.00 (p, >J=22Hz, 4H; cPr-H), 0.35-0.14 (m,
AA'BB', 8H; cPr-H); *C NMR (62.9 MHz, CDCLy): 8 =128.9 (Cquyy, cPr-
C), 110.8 (Cyyar» =C), 41.6 (—, 2CH,), 26.2 (Cyyyy» 2¢Pr-C), 8.3 (—, 4cPr-C),
2.2 (=, 2¢Pr-C); MS (EI): m/z (%): 160 (3) [M ], 159 (6) [M " —H], 145
(52) [M*—H—-CH,], 132 (26) [M*— C,H,], 131 (52) [M*—H - C,H,],
117 (85) [M*—H—CH,—C,H,], 105 (56) [CsH,"], 92 (40) [C,Hg'], 91
(100) [CH,f]; HRMS: m/z (%): caled for C,,H;e: 160.1252; found:
160.1252.

Methyl 8-phenylspiro[2.5]oct-7-ene-5-carboxylate (18a-Ph): a) According
to GP 5, palladium(t) acetate (11.2 mg, 49.9 umol), triphenylphosphane
(39.3 mg, 150 umol), bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO;
(277 mg, 2.00 mmol), Et,NCl (166 mg, 1.00 mmol) and iodobenzene (2-Ph,
204 mg, 1.00 mmol) were stirred in anhydrous acetonitrile (1 mL) with
methyl acrylate (17a, 172 mg, 2.00 mmol) for 48 h at 80°C. After work-up
and being dried over MgSO, the solvent was removed in a rotatory
evaporator. The residue was subjected to chromatography on 50 g silica gel
(column 2 x 20 cm, pentane/diethyl ether 10:1) and yielded 18a-Ph as a
yellowish oil (241 mg, 100%). R;=0.45 (pentane/diethyl ether 30:1); IR
(film): 7 =3030, 2990, 1730 (C=0), 1650 (C=C), 1575, 1510, 1100, 890, 830,
750, 730 cm™!; 'H NMR (250 MHz, C,Dy): 6 =7.30-7.00 (m, SH; Ar-H),
5.53 (dd, *Js5,=06.0, 3z, =2.8 Hz, 1H; 7-H), 3.85 (s, 3H; CH;0), 2.86
(dddd, 3J455=2.9, 355 =11.6, 3J544 =6.0, J5.5=9.9 Hz, 1H; 5-H), 2.58
(ddd, 2J,g =177, 356 =9.9, 3Jep,=2.8 Hz, 1H; 6-Hp), 2.42 (ddd, /=
177, 3564 = 6.0, 3J4p7="06.0 Hz, 1H; 6-H,), 2.24 (ddd, 2,5 =12.9, /p5=
11.6, /4565 = 1.4 Hz, 1H; 4-Hg), 1.36 (ddd, 2,5 =12.9, 3 40.5=2.9, Y4a6=
1.0 Hz, 1H; 4-H,), 0.73 (ddd, 2J5g=3.9, 3J1o2=9.1, 3/ ;g5 =52 Hz, 1H;
2-Hp), 0.56 (ddd, 2J,g=3.5, /1524 =9.8, 3155 =5.2 Hz, 1H; 1-Hp), 0.44
(ddd, 2xp=3.9, 3124 =5.5, 3 1p2a = 9.8 Hz, 1H; 2-H,), 0.30 (ddd, 2/, =
3.5, ia2a=5.5, 3o =9.1 Hz, 1H; 1-H,); *C NMR (62.9 MHz, C;Dy,
DEPT): 6 =174.8 (Cquu» CO), 143.0 (Cyur, C-8%), 1404 (Cyp» Ar-C*),
129.2 (+, Ar-C), 128.1 (+, Ar-C), 126.6 (+, Ar-C), 124.0 (+, C-7), 50.8 (+,
CH;0), 39.3 (+, C-5), 37.5 (=, C-6), 28.6 (—, C-4), 20.0 (Cyyo» C-3), 12.8
(=, C2),11.6 (—, C-1); MS (70 eV, EI): m/z (%): 242 (25) [M *], 210 (65)
[M*+—CH,O], 183 (100) [M*—CO,CH;], 91 (49) [C;H;*]; HRMS: m/z
(%): caled for Ci¢H,50,: 242.1307; found: 242.1307.

b) According to GP 5, palladium(ir) acetate (11.2 mg, 49.9 umol), triphe-
nylphosphane (39.3 mg, 150 umol), bicyclopropylidene (1, 160 mg,
2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg, 1.00 mmol)
and bromobenzene (22, 157 mg, 1.00 mmol) were stirred in anhydrous
acetonitrile (1 mL) with methyl acrylate (17a, 172 mg, 2.00 mmol) for 48 h
at 80°C. After work-up the residue was subjected to chromatography on
50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1) and yielded
18a-Ph as a yellowish oil (144 mg, 59 %).

c) According to GP 3, palladium(i1) acetate (27.0 mg, 120 umol, 1 mol %),
triphenylphosphane (94.2 mg, 360 umol, 3 mol % ), bicyclopropylidene (1,
1.92 g, 24.0 mmol), K,CO; (1.66 g, 12.0 mmol), Et,NCl (966 mg, 5.8 mmol)
and iodobenzene (2-Ph, 2.45g, 12.0 mmol) were stirred in anhydrous
acetonitrile (3 mL) with methyl acrylate (17a,2.07 g, 24.0 mmol) for 48 h at
80°C. After work-up, the crude product was subjected to chromatography
on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1) and
yielded 18a-Ph as a yellowish oil (2.86 g, 99 %).

d) According to GP 5, palladium(tr) acetate (11.2 mg, 49.9 umol, 5 mol %),
triphenylphosphane (39.2 mg, 150 umol, 15 mol % ), bicyclopropylidene (1,
160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg,
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1.00 mmol) and bromobenzene (22, 157 mg, 1.00 mmol) were stirred in
anhydrous acetonitrile (1 mL) with methyl acrylate (17a, 172 mg,
2.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1)
gave:

Fraction I: Methyl cinnamate (23) as a colorless oil (26 mg, 16 %); R;=0.58
(pentane/diethyl ether 10:1).

Fraction II: 18a-Ph as a yellowish oil (144 mg, 59 %); R;=0.50 (pentane/
diethyl ether 10:1).

Methyl 8-ethenylspiro[2.5]oct-7-ene-5-carboxylate (18a-Vin): According
to GP 2, iodoethene (6, 154 mg, 1.00 mmol), bicyclopropylidene (1, 320 mg,
3.99 mmol), palladium(i) acetate (11.2 mg, 49.9 umol), triphenylphosphane
(39.3 mg, 150 umol) and triethylamine (202 mg, 2.00 mmol) were heated in
anhydrous DMF (10 mL) at 75°C for 20 h. After cooling, methyl acrylate
(17a, 172 mg, 2.00 mmol) was added and stirred for additional 20 h at
ambient temperature. After work-up, chromatography of the crude
product on silica gel (column 2 x 20 cm, pentane — pentane/diethyl ether
50:1) gave:

FractionI: A mixture (100 mg) of polymers and 7-H, solvents not
completely evaporated; R;=0.8-0.5 (pentane).

Fraction 1I: 18a-Vin as a colorless oil (125 mg, 65%); R;=0.35 (pentane/
diethyl ether 10:1); IR (film): 7 =2990, 1730 (C=0), 1650 (C=C), 1100, 890,
840, 730 cm~!; 'H NMR (250 MHz, C¢Dg): 6 =5.81 (dd, /557 =54, g, =
3.0Hz, 1H; 7-H), 5.75 (dd, 3/=10.6, 3/=170 Hz, 1H; 1'-H), 5.27 (dd,
2\ =2.3,°J =170 Hz, 1H;2'-Hg), 4.85 (dd, 2/, =2.3,%/ =10.6 Hz, 1H; 2'-
H,), 3.85 (s, 3H; OCHy;), 2.71 (dddd, 3J,;,5=2.9, 3/;55=11.6, /554, = 5.0,
3565 =10.0 Hz, 1H; 5-H), 2.52 (ddd, 2J,5=178, 3Jse=10.0, 3Jp;=
3.0 Hz, 1H; 6-Hp), 2.31 (ddd, 2/, =17.8, 3Js44 =5.0, 3Jsp;=5.4 Hz, 1H,;
6-H,), 2.11 (dd, %, =12.9, 3J;5.s=11.6 Hz, 1H; 4-Hp), 1.36 (dd, 2/, =
12.9, 3J,4.5s=2.9 Hz, 1H; 4-H,), 0.90 (ddd, %J\g =4.6, 3J x5 =94, 3J g =
5.9 Hz, 1H; 2-Hyg), 0.65 (ddd, 2/ 5 =4.3, 3/ 15,4 = 10.4, 3J 15,5 =5.9 Hz, 1 H;
1-Hp), 0.40 (ddd, 2/, =4.6, 3J1p04 = 3.6, *J 1524 = 10.4 Hz, 1H; 2-H,), 0.25
(ddd, %ag=4.3, Jjx0a =56, J1ao5=94Hz, 1H; 1-H,); *C NMR
(62.9 MHz, CDg, DEPT): 6 =174.2 (Cyyy, CO), 139.4 (Cyyi, C-8), 139.4
(Cquar» C-8), 134.6 (+, CH=*), 121.6 (+, C-7*), 114.8 (—, CH,), 51.1 (+,
CH;0), 39.3 (4, C-5), 37.7 (-, C-6), 289 (—, C-4), 19.5 (Cyyy, C-3), 13.5
(=, C2),11.3 (=, C-1); MS (70 eV, EI): m/z (%): 192 (20) [M *], 160 (65)
[M+—CH,O], 133 (100) [M*— CO,CH;]; HRMS: m/z (%): calcd for
C,H;0,: 192.1150; found: 192.1150.

Methyl 8-(4'-methylphenyl)spiro[2.5]oct-7-ene-5-carboxylate (18a-Tol):
a) According to GP3, palladium() acetate (11.2mg, 49.9 pmol,
5 mol %), triphenylphosphane (39.2 mg, 150 pmol, 15 mol % ), bicyclopro-
pylidene (1, 160 mg, 2.00 mmol), para-iodotoluene (2-Tol, 218 mg,
1.00 mmol) and triethylamine (204 mg, 2.02 mmol) in anhydrous DMF
(1 mL) were heated with methyl acrylate (17a, 172 mg, 2.00 mmol) for 2 d
at 80°C. After work-up, chromatography of the crude product on 50 g silica
gel (column 2 x 20 cm, pentane/diethyl ether 10:1) yielded 18a-Tol as a
yellow oil (223 mg, 87 %). R;=0.50 (pentane/diethyl ether 10:1); IR (film):
7=2998,2949, 1736 (C=0), 1636 (C=C), 1512, 1435, 1259, 1193, 1168, 1022,
820 cm™!; 'TH NMR (250 MHz, CDCl;):  =7.07 (d, 3/ =79 Hz, 2H; Ar-H),
6.94 (d, 3/ =79 Hz, 2H; Ar-H), 5.52 (t, >/ =3.8 Hz, 1H; 7-H), 3.72 (s, 3H;
OCH,), 2.91 (ddt, 3/ =11.8, 3/=8.0, 3/ =3.0 Hz, 1H; 5-H), 2.48 (dd, 3/ =
8.0, 3/=3.8 Hz, 2H; 6-H), 2.33 (s, 3H; Ar-CHj3), 2.20 (dd, 2/=12.9, 3/ =
11.8 Hz, 1H; 4-H), 1.50 (dd, 2/ =12.9, 3/ =3.0 Hz, 1 H; 4-H), 0.69-0.38 (m,
4H; cPr-H); C NMR (62.9 MHz, CDCl;, DEPT): 6 =176.0 (Cy,, CO),
142.8 (Cyuar» Ar-C*), 137.2 (Cyuar> Ar-C¥), 136.1 (Cyye» C-8%), 129.0 (+, Ar-
C),128.1 (+, Ar-C), 123.6 (+, C-7), 51.6 (+, OCH3), 39.3 (+, C-5), 374 (—,
C-6),28.5 (=, C4),21.1 (+, Ar-CH3), 20.0 (Cyuy» C-3), 12.8 (—, cPr-C), 11.5
(=, cPr-C); MS (70 eV): mlz (%): 256 (60) [M~], 225 (14) [M*+— OCHj,],
197 (100) [M *— CO,Me], 181 (88) [M* — CH; — MeOH — CO], 169 (40),
155 (35); elemental analysis calcd (% ) for Ci;H,,0, (256.3): C 79.65, H 7.86;
found: C 79.37, H 8.05.

b) According to GP 5, palladium(11) acetate (11.2 mg, 49.9 umol, 5 mol %),
triphenylphosphane (39.2 mg, 150 umol, 15 mol % ), bicyclopropylidene (1,
160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg,
1.00 mmol) and para-iodotoluene (2-Tol, 218 mg, 1.00 mmol) were stirred
in anhydrous acetonitrile (1 mL) with methyl acrylate (17a, 172 mg,
2.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1)
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yielded 18a-Tol as a yellow oil (233 mg, 91 %). R;=0.63 (pentane/diethyl
ether 10:1).

Methyl 8-(3'-pyridinyl)spiro[2.5]oct-7-ene-5-carboxylate (18a-Py): Ac-
cording to GPS5, palladium(ir) acetate (11.2 mg, 49.9 umol, 5 mol%),
triphenylphosphane (39.2 mg, 150 umol, 15 mol%), bicyclopropylidene
(1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg,
1.00 mmol) and 3-iodopyridine (2-Py, 205 mg, 1.00 mmol) were stirred in
anhydrous acetonitrile (1 mL) with methyl acrylate (17a, 172 mg,
2.00 mmol) for 24 h at 80°C. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, diethyl ether) yielded 18 a-Py
as a yellowish oil (163 mg, 67%). R;=0.74 (diethyl ether); IR (film): 7=
3001, 2950, 2927, 1734 (C=0), 1652 (C=C), 1636, 1436, 1262, 1195, 1173,
1027, 805, 720 cm™!; '"H NMR (250 MHz, CDCL,): 6 =8.44 (dd, 3/ =4.9,4] =
1.9 Hz, 1H; 4-H), 8.28 (dd, ¥/ =2.0, >/ =0.6 Hz, 1H; 2"-H), 7.32 (ddd, 3/ =
77,41 =2.0, 47 =19 Hz, 1H; 6'-H), 715 (ddd, 3/ =777, 3] =4.9, > =0.6 Hz,
1H;5-H),5.54 (t,3/=3.9 Hz, 1H; 7-H), 3.67 (s, 3H; OCH,), 2.87 (ddt, 3/ =
11.6, 3/=8.6, 3/=3.0 Hz, 1H; 5-H), 2.47 (dd, 3/=8.6, ’J=3.9Hz, 2H;
6-H), 2.15 (dd, 2/=13.0, 3J=11.6 Hz, 1H; 4-H), 1.49 (dd, 2/=13.0, 3/ =
3.0 Hz, 1H; 4-H), 0.57-0.36 (m, 4H; cPr-H); C NMR (62.9 MHz, CDCl;,
DEPT): 6=175.6 (Cyuar» CO), 149.7 (+, C-6'%), 148.0 (+, C-2'*), 139.4
(Cquars C-3%%),136.4 (+, C-7), 135.5 (Cyuar, C-8%%), 125.8 (4, C-4'%), 122.4
(+,C-5*),51.6 (+, OCHj;), 39.0 (+, C-5), 371 (—, C-6),28.3 (—, C-4),20.0
(Cquat» C-3),12.4 (—, cPr-C), 11.1 (—, cPr-C); MS (70 eV): m/z (%): 243 (28)
[M+], 228 (3) [MT—CH;], 212 (9) [M*—OCH;], 184 (100) [M+—
CO,CH;], 168 (29), 156 (55), 132 (13); elemental analysis calcd (%) for
C;sH7;NO, (243.3): C 74.05, H 7.04; found: C 74.34, H 7.32.

Dimethyl cis-8-phenylspiro[2.5]oct-7-ene-4,5-dicarboxylate (18b-Ph): In
an NMR tube, 5-Ph (50.0 mg, 320 umol), dimethyl maleate (17b, 72.0 mg,
500 umol) and hydroquinone (2 mg) were heated under nitrogen in CDCl;
(0.5 mL) at 60°C. In certain intervals the probe was cooled and a 'H NMR
spectrum recorded. After 30 min, a conversion of ca. 50 % was determined,
while after 12 h complete conversion to 18b-Ph was detected. The solvent
was removed in vacuo and the residue was subjected to chromatography on
silica gel (column 1 x 20 cm, hexane/diethyl ether 5:1) to yield 18b-Ph as a
colorless oil (66.5 mg, 69 %). R;=0.13 (hexane/diethyl ether 5:1); IR (film):
7=3030, 2990, 1730 (C=0), 1650 (C=C), 1575, 1510, 1100, 890, 830, 750,
730 cm~'; "TH NMR (250 MHz, CDCLy): 6 =7.35-7.15 (m, 3H; Ar-H), 7.08 -
704 (m, 2H; Ar-H), 5.54 (dd, 3/ =2.7, 3/ =4.6 Hz, 1H; 7-H), 3.75 (s, 3H;
OCH,), 3.73 (s, 3H; OCH,), 3.14 (ddd, °J=3.6,*J=6.5, 3/ =11.3 Hz, 1H;
5-H), 2.77 (ddd, 2J=185, 3/ =2.7, 3’J=113 Hz, 1H; 6-H), 2.58 (d, /=
3.6 Hz, 1H; 4-H), 2.56 (ddd, 2J=18.5, 3/=4.6, ’/=6.5Hz, 1H; 6-H),
1.00-0.87 (m, 2H; c¢Pr-H), 0.60-047 (m, 2H; ¢Pr-H); BC NMR
(62.9 MHz, CDCl;, DEPT): 6 =173.9 (Cyyu» CO;), 172.6 (Cyua, CO,),
141.0 (Cyyar> Ar-C*), 139.8 (Cypar» C-8%), 129.0 (+, 2 Ar-C), 127.5 (4, 2 Ar-
C), 126.7 (+, Ar,,,-C), 124.4 (+, C-7%), 51.9 (4, OCHj), 51.7 (4, OCH3),
50.7 (4, C-5%), 40.9 (+, C-4%), 25.4 (—, C-6), 23.0 (Cyyar, C-3), 134 (—,
C-2),13.1 (—, C-1); MS (70 eV, EI): m/z (%): 300 (7) [M *],268 (15) [M*+ —
CH,0], 241 (81) [M+ — CO,CHj;], 209 (63) [M * — CO,CH; — CH,0], 181
(100) [M+—-2CO,CH;—H]; HRMS: m/z (%): caled for C;sH,O,:
300.1362; found: 300.1362.

Diethyl trans-spiro[2.5]oct-7-ene-4,5-dicarboxylate (18 c-H): Under argon,
an NMR tube was charged with bicyclopropylidene (1, 86 mg, 1.07 mmol),
Pd(OAc), (11 mg, 0.05 mmol, 4.6 mol % ), PPh; (26 mg, 0.10 mmol), AcOH
(6 mg, 5.7 uL, 0.1 mmol) and Et;N (10.1 mg, 13.9 uL, 0.10 mmol) in C,Dy
(1 mL) and stirred at ambient temperature. The conversion of starting
materials was monitored by 'H NMR spectroscopy to be complete before
the work-up. After 24 h, when the allylidenecyclopropane 15 had been
formed in 55% yield, the mixture was filtered through a pad of celite,
diethyl fumarate (17¢, 100 mg, 95 pL, 0.58 mmol) was added to the filtrate,
and the obtained solution was heated at 80°C for 1 h. After cooling and
concentration under reduced pressure, the residue was purified by column
chromatography (50 g silica gel, 15 x 1.5 cm column, hexane/Et,O 4:1) to
give the diester 18¢-H (66 mg, 45%). R;=0.20 (hexane/Et,O 4:1); b.p.
95°C (1 Torr); IR (film): 7#=2982, 1734, 1445, 1373, 1307, 1249, 1186, 1097,
1036, 975, 717 cm™'; '"H NMR (250 MHz, CDCl;): 6 =5.63 (ddd, 3/ =9.8,
3J=43, 3] =32Hz, 1H; 7-H), 5.00 (dt, 3/=9.8, /=2.0 Hz, 1H; 8-H),
4.17-4.00 (m, 4H; 2 OCH,), 3.11 (ddd, 3/=9.0, 3/ =9.0, 3J=5.5Hz, 1H;
5-H), 2.97 (d, 3J=9.0 Hz, 1H; 4-H), 2.43 (dddd, 2/ =17.7, 3] =5.5, 3] = 4.3,
4/=2.0Hz, 1H; 6-H), 2.28 (dddd, /=177, 3] =9.0, 3/ =3.2, /=2.0 Hz,
1H; 6-H), 1.24 (t, 3J=7.1Hz, 3H; CH;), 1.23 (t, 3/ =72 Hz, 3H; CHj;),
0.98-0.79 (m, 1H; cPr-H), 0.72-0.69 (m, 1H; cPr-H), 0.58-0.49 (m, 2H;
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cPr-H); *C NMR (62.9 MHz, CDCly): 6 =174.2 (Cyys, CO), 172.3 (Cyuar;
CO), 133.8 (+, C-8), 122.6 (+, C-7), 60.33 (—, CH,CH;), 60.25 (—,
CH,CH,), 46.8 (4, C-5), 41.4 (+, C-4), 26.6 (—, C-6), 18.3 (Cyya, cPr-C),
14.0 (+,2 CH;),12.9 (-, cPr-C), 11.9 (—, ¢Pr-C); MS (EI): m/z (%): 252 (8)
[M+], 207 (20) [M*—OC,H;s], 206 (11) [M*—H-OGCHs], 179 (71)
[M+—CO,C,Hs], 151 (19) [M* - C,H,— CO,C,Hj], 133 (35), 105 (100)
[CsHo™], 91 (23) [CH,*], 79 (20) [CH,T]; HRMS: m/z (%): caled for
Ci Hy0,: 252.1361; found: 252.1361; elemental analysis caled (%) for
C,4H,,0, (252.3): C 66.64, H 7.99; found: C 66.92, H 8.29.

[3aS-[(1R*),3ac,6a,7af31]-1-[ (8-Ethenylspiro[2.5]oct-7-en-5-yl)carbonyl]-
8.8-dimethyl-3a,6-methanohexahydro-3H-2,1-benzisothiazole-2,2-dioxide
(18d-Vin): According to GP 2, bicyclopropylidene (1, 320 mg, 3.99 mmol),
iodoethene (6, 154 mg, 1.00 mmol), palladium() acetate (11.2 mg,
49.9 umol), triphenylphosphane (39.3 mg, 150 umol) and triethylamine
(202 mg, 2.00 mmol) were heated in DMF (10 mL) for 4 h at 100°C, the
mixture then stirred with (7'R)-1-(10",10'-dimethyl-3'-thia-4'-azatricy-
clo[5.2.1.0"°]dec-4"-yl)prop-2-enon (17d, 270 mg, 1.00 mmol) for additional
4.5 h at 75°C. Chromatography on silica gel (column 2 x 20 cm, pentane —
pentane/ethyl acetate 1:1) gave three fractions:

Fraction I: Polymers and 7-H, which had not completely evaporated; R;=
0.8-0.5 (pentane).

Fraction II: 18d-Vin as a colorless solid (130 mg, 35%); m.p. 61°C; R;=
0.25 (petroleum ether/ethyl acetate 10:1); [a]} = —14.9 (¢ =1.0 in CHCL;);
IR (KBr): 7=2995, 1715 (C=0), 1650 (C=C), 1175, 1100, 890, 830, 750,
735 cm~!; 'TH NMR (500 MHz, CDCly): 6 =6.08 (dd, 3J=5.4, 3/ =3.0 Hz,
1H; CH=C), 5.81 (dd, *J=170, 3/=10.6Hz, 1H; CH=CH,), 5.75 (dd,
2z =23, 3/ =170 Hz, 1H; CH=CH,), 5.50 (dd, 2/, =2.3, 3J=10.6 Hz,
1H; CH=CH,), 3.84 (dd, 3/ =6.9, 3/ =6.9 Hz, 1H; CHNCH,), 3.60-3.75
(m, 1H; CHCO), 3.50 (d, 2/,5=13.9 Hz, 1H; CH,SO,), 3.44 (d, /5=
13.9 Hz, 1H; CH,SO,), 2.50 (ddt, /=1.6, 2J,5=170, 3/=5.3 Hz, 1H;
CH,C=), 2.40 (dd, 2/, =17.0,3] =2.5 Hz, 1H; CH,C=), 2.36-2.30 (m, 1 H;
CH,), 2.10-2.08 (m, 2H; CH,), 1.90-1.84 (m, 3H; CH,), 1.45 (d, 3/ =
9.0 Hz, 1H; CH,), 1.40-1.35 (m, 2H; CH,), 1.20 (s, 3H; CHj;), 0.99 (s, 3H;
CHs;), 0.72-0.68 (m, 1 H; cPr-H), 0.56 - 0.55 (m, 2H; cPr-H), 0.48 —0.44 (m,
1H; cPr-H); BC NMR (62.9 MHz, CDCl;, DEPT): 6 =174.9 (Cy., CO),
138.6 (Cquar» CH=C), 135.2 (+, CH=C), 120.5 (+, CH=C), 116.1 (-, CH,),
64.6 (4, CHN), 53.8 (—, CH,S0,), 48.4 (Cyya» CCH,), 46.4 [Cyyo» C(CHs),],
45.0 (+, CH), 40.8 (+, CHCO), 38.6 (—, CH,), 36.4 (—, CH,), 32.5 (—,
CH,), 30.3 (—, CH,), 270 (—, CH,), 21.6 (+, CH;), 20.9 (+, CH;), 20.6
(Cquat> Pr-C), 13.2 (—, cPr-C), 11.4 (—, cPr-C); MS (70 eV, EI): m/z (%):
375 (25) [M~*], 160 (9) [C;H,,O*], 159 (17) [C;;H;;O], 132 (100)
[CioHi;f]; HRMS: m/z (%): caled for C,HyNO5S: 375.1868; found:
375.1868.

tert-Butyl 8-phenylspiro[2.5]oct-7-ene-5-carboxylate (18 e-Ph): a) Accord-
ing to GP 3, palladium(t1) acetate (11.2 mg, 49.9 umol), triphenylphosphane
(39.3 mg, 150 pmol), bicyclopropylidene (1, 160 mg, 2.00 mmol), iodoben-
zene (2-Ph, 204 mg, 1.00 mmol) and triethylamine (202 mg, 2.00 mmol)
with fert-butyl acrylate (17e, 256 mg, 2.00 mmol) in anhydrous DMF
(1 mL) were heated at 80 °C for 2 d. After work-up, chromatography of the
crude product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether
10:1) yielded 18 e-Ph as a yellowish oil (222 mg, 78 %). R;=0.59 (pentane/
diethyl ether 10:1); IR (film): #=3078, 2977, 2930, 1727 (C=0), 1642
(C=C), 1600, 1492, 1456, 1442, 1367, 1259, 1151, 1023, 849, 703 cm™';
'H NMR (250 MHz, CDCl,): 6 =7.26-7.22 (m, 3H; Ar-H), 7.05-7.01 (m,
2H; Ar-H), 5.52 (t,3/=3.6 Hz, 1H; 7-H), 2.79 (ddt, 3/ =11.7,3] =9.7, 3] =
2.8 Hz, 1H; 5-H), 2.43 (dd, 3/=9.7, 3] =3.6 Hz, 2H; 6-H), 2.15 (dd, 2/ =
12.8, 3J=11.7 Hz, 1H; 4-H), 1.47 (s, 9H; (Bu-H), 1.44 (dd, 2/ =128, 3/ =
2.8 Hz, 1H; 4-H), 0.63-0.34 (m, 4H; cPr-H); B*C NMR (62.9 MHz, CDCl;,
DEPT): 6=175.0 (Cyyo, CO), 1429 (Cyyy» Ar-C*), 140.4 (Cy» C-8%),
129.2 (+, Ar-C), 1274 (+, Ar-C), 126.5 (+, Ar-C), 124.0 (+, C-7), 80.0
(Cquar» Bu-C), 40.4 (+, C-5), 374 (—, C-6), 28.7 (—, C-4), 28.1 (+, tBu-C),
20.1 (Cyqyar> C-3),12.8 (—, cPr-C), 11.6 (—, cPr-C); MS (70 €V): m/z (%): 284
(2) [M~], 228 (100) [M+ — C,Hg], 211 (29), 182 (83) [M + — rBuOH — CO],
167 (37), 155 (46), 141 (39), 57 (48) [C,H,"]; elemental analysis calcd (%)
for C,H,,0, (284.4): C 80.24, H 8.51; found: C 80.07, H 8.48.

b) According to GP 5, palladium(t1) acetate (11.2 mg, 49.9 umol), triphe-
nylphosphane (39.3 mg, 150 pmol), bicyclopropylidene (1, 160 mg,
2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg, 1.00 mmol)
and iodobenzene (2-Ph, 204 mg, 1.00 mmol) were stirred in anhydrous
acetonitrile (1 mL) with fert-butyl acrylate (17e, 256 mg, 2.00 mmol) for
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48 h at 80°C. After work-up, chromatography of the crude product on 50 g
silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1) yielded 18 e-Ph as
a yellowish oil (248 mg, 87 %). R;=0.66 (pentane/diethyl ether 10:1).

tert-Butyl 8-(4-methylphenyl)spiro[2.5]oct-7-ene-5-carboxylate (18 e-Tol):
According to GP 5, palladium(i) acetate (11.2 mg, 49.9 umol, 5 mol %),
triphenylphosphane (39.2 mg, 150 pmol, 15 mol %), bicyclopropylidene (1,
160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg,
1.00 mmol) and para-iodotoluene (2-Tol, 218 mg, 1.00 mmol) were stirred
in anhydrous acetonitrile (1 mL) with rert-butyl acrylate (17e, 256 mg,
2.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 20:1)
yielded 18e-Tol as a yellow oil (247 mg, 83%). R;=0.66 (pentane/diethyl
ether 20:1); IR (film): 7 = 3080, 2929, 1727 (C=0), 1635 (C=C), 1456, 1367,
1259, 1151, 1027, 806 cm~'; 'H NMR (250 MHz, CDCl;): 6 =7.07 (d, 3/ =
7.8 Hz, 2H; Ar-H), 6.93 (d, *J =78 Hz, 2H; Ar-H), 5.51 (t,3/=3.7 Hz, 1H;
7-H), 2.79 (ddt, 3/ =11.7, 3/ =9.7, 3/ =2.9 Hz, 1H; 5-H), 2.43 (dd, 3/ =9.7,
3J=3.7Hz, 2H; 6-H), 2.32 (s, 3H; Ar-CH;), 2.16 (dd, 2/=12.8, /=
11.7 Hz, 1H; 4-H), 148 (s, 9H; Bu-H), 1.45 (dd, 2/=12.8, /=29 Hz,
1H; 4-H), 0.68-0.37 (m, 4H; cPr-H); C NMR (62.9 MHz, CDCl;,
DEPT): 6 =175.0 (Cyuar» CO), 142.9 (Cyar, Ar-C*), 1374 (Cyy, Ar-C¥),
136.0 (Cyua» C-8%), 129.1 (+, Ar-C), 128.1 (4, Ar-C), 123.8 (+, C-7), 80.0
(Cquar» 1Bu-C), 40.5 (+, C-5), 374 (—, C-6), 28.7 (—, C-4), 28.1 (+, tBu-C),
21.1 (4, Ar-CHjy), 20.1 (Cyuee» C-3), 12.8 (—, cPr-C), 11.6 (—, cPr-C); MS
(70 eV): miz (%): 298 (5) [M~], 242 (100) [M+— CHy], 225 (22) [M*—
OrBu], 197 (37) [M+— COxBu], 181 (51), 169 (19), 155 (22); elemental
analysis calcd (%) for C,yH,0, (298.4): C 80.50, H 8.78; found: C 80.71, H
8.79.

tert-Butyl 8-(3'-pyridinyl)spiro[2.5]oct-7-ene-5-carboxylate (18e-Py): Ac-
cording to GPS5, palladium(i) acetate (11.2mg, 49.9 umol, 5mol %),
triphenylphosphane (39.2 mg, 150 umol, 15 mol%), bicyclopropylidene
(1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg,
1.00 mmol) and 3-iodopyridine (2-Py, 205 mg, 1.00 mmol) were stirred in
anhydrous acetonitrile (1 mL) with fert-butyl acrylate (17e, 256 mg,
2.00 mmol) for 24 h at 80°C. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, diethyl ether) yielded 18 e-Py
as a yellowish oil (231 mg, 81 %). R;=0.62 (diethyl ether); IR (film): 7=
3080, 2977, 2931, 1726 (C=0), 1641 (C=C), 1367, 1263, 1154, 1026, 806,
719 cm~!; 'H NMR (250 MHz, CDCl,): 6 =8.47 (dd, 3/ =4.8, J=1.8 Hz,
1H; 6'-H*), 831 (d, ¥/ =3.9 Hz, 1H; 2’-H*), 7.19 (dd, *J=7.8, 3/ =4.8 Hz,
1H; 5'-H), 5.57 (t, >/ =3.6 Hz, 1H; 7-H), 2.79 (ddt, *J=11.6,3/=9.5, %] =
3.5 Hz, 1H; 5-H), 2.45 (dd, 3J=9.5, 3J=3.6 Hz, 2H; 6-H), 2.14 (dd, 2/ =
12.2,3/=11.6 Hz, 1H; 4-H), 1.47 (dd, 2/ =12.3,°/ =3.5 Hz, 1H; 4-H), 1.46
[s, 9H; C(CH,)], 0.61-0.41 (m, 4H; cPr-H); 3C NMR (62.9 MHz, CDCl,,
DEPT): 6=174.6 (Cyy, CO), 149.8 (+, Ar-C), 148.0 (4, Ar-C), 139.4
(Cguar» AT-C¥%),136.5 (+, Ar-C), 135.8 (Cyyo, C-8%%), 126.1 (+, Ar-C¥),
122.4 (+, C-7%), 80.2 (Cyya» tBu-C), 40.3 (4, C-5), 371 (—, C-6), 28.6 (—,
C-4),28.1 (+, Bu-C), 20.0 (Cyq C-3), 12.4 (—, ¢Pr-C), 11.3 (—, cPr-C); MS
(70 eV): mlz (%): 285 (1) [M*], 228 (68) [M*+—C,H,], 212 (17) [M*—
C,H,0], 184 (100) [M*+— C,H,0 — CO], 168 (21), 156 (42), 115 (40), 57
(55) [C4Hy*]; elemental analysis caled (%) for CsH,;NO, (285.4): C 75.77,
H 8.12; found: C 75.67, H 8.15.

Dimethyl (E)-8-phenylspiro[2.5]oct-7-ene-4,5-dicarboxylate (18 f-Ph):
a) According to GPS5, palladium() acetate (11.2mg, 49.9 pmol,
5 mol %), triphenylphosphane (39.2 mg, 150 umol, 15 mol %), bicyclopro-
pylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCI
(166 mg, 1.00 mmol) and iodobenzene (2-Ph, 204 mg, 1.00 mmol) were
stirred in anhydrous acetonitrile (5 mL) with dimethyl fumarate (17f,
288 mg, 2.00 mmol) for 48 h at 80°C. After work-up, chromatography of
the crude product on 50 g silica gel (column 2 x 20 cm, hexane/diethyl ether
5:1) yielded 18 f-Ph as colorless crystals (291 mg, 97 % ). R;=0.27 (hexane/
diethyl ether 5:1); m.p. 71-73°C (from hexane); IR (film): ¥ =3021, 2951,
1737 (C=0), 1492, 1436, 1259, 1196, 1025, 760, 705 cm~'; 'H NMR
(250 MHz, CDCl;): 6 =7.28-722 (m,3H; Ar-H), 7.08 - 7.05 (m, 2H; Ar-H),
5.53 (dd, 3/=3.8, 3/ =3.8 Hz, 1H; 7-H), 3.72 (s, 6H; 20CH,), 3.31 (ddd,
3/=64,3=64,3=6.4Hz, 1H; 5-H), 2.97 (d, 3/ =6.4 Hz, 1 H; 4-H), 2.55
(ddd, 3/ =3.8, 3/ =64, 3/ =6.4 Hz, 2H; 6-H), 0.69-0.59 (m, 3H; cPr-H),
0.49-0.43 (m, 1H; cPr-H); *C NMR (62.9 MHz, CDCl;, DEPT): 6 =174.5
(Cquats CO,), 173.3 (Cquars CO,), 141.8 (Cyyar, Ar-C*), 139.7 (Cyuar, C-8%),
129.2 (+,2 Ar-C), 1275 (+, 2 Ar-C), 126.7 (+, Ar,,,,-C), 123.4 (+, C-7%),
51.88 (4, OCH;), 51.84 (+, OCHs;), 49.3 (4, C-5%), 41.4 (+, C-4*),26.3 (—,
C-6), 20.0 (Cyue» C-3), 11.0 (—, C-2), 10.2 (—, C-1); MS (70 &V, EI): m/z
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(%): 300 (18) [M*], 268 (22) [M* —CH,O], 267 (18), 241 (81) [M* —
CO,CH,], 240 (85), 209 (63) [M* — CO,CH, — CH,O], 181 (100) [M* —
2 CO,CHj; — H]; elemental analysis caled (%) for Ci3H,,0, (300.4): C 71.98,
H 6.71; found: C 71.76, H 6.68.

b) From the same quantities of reagents, but dimethyl maleate 17b instead
of dimethyl fumarate 17 f, compound 18 f-Ph (288 mg, 96 % ) was obtained
according to GP 5 after column chromatography.

c) According to GP 3, palladium(i1) acetate (11.2 mg, 49.9 pmol), triphe-
nylphosphane (39.3 mg, 150 pmol), bicyclopropylidene (1, 160 mg,
2.00 mmol), iodobenzene (2-Ph, 204 mg, 1.00 mmol) and triethylamine
(202 mg, 2.00 mmol) with dimethyl maleate (17b, 288 mg, 2.00 mmol) in
anhydrous DMF (3 mL) were heated at 80°C for 20 h. After work-up,
chromatography of the crude product on 50 g silica gel (column 2 x 20 c¢m,
pentane/diethyl ether 10:1) yielded 18 f-Ph (294 mg, 98%).

Dimethyl  (E)-8-(4-methylphenyl)spiro[2.5]oct-7-ene-4,5-dicarboxylate
(18 -Tol): a) According to GP 3, palladium(t1) acetate (11.2 mg, 49.9 umol,
5 mol %), triphenylphosphane (39.2 mg, 150 pmol, 15 mol %), bicyclopro-
pylidene (1, 160 mg, 2.00 mmol), para-iodotoluene (2-Tol, 218 mg,
1.00 mmol) and triethylamine (204 mg, 2.02 mmol) in anhydrous DMF
(1 mL) were heated with dimethyl fumarate (17 f, 288 mg, 2.00 mmol) for
48 h at 80°C. After work-up, chromatography of the crude product on 50 g
silica gel (column 2 x 20 cm, pentane/diethyl ether 5:1) yielded 18 f-Tol as
colorless crystals (252 mg, 80 % ). R; = 0.33 (pentane/diethyl ether 5:1); m.p.
48°C; IR (KBr): #=3008, 2953, 2929, 1731 (C=0), 1719 (C=0), 1652
(C=C), 1437,1321, 1179, 1159, 1127, 818 cm~!; '"H NMR (250 MHz, CDCl,):
0="706 (d, /=78 Hz, 2H; Ar-H), 6.95 (d, >/ =7.8 Hz, 2H; Ar-H), 5.50 (t,
3J=3.8Hz, 1H; 7-H), 3.72 (s, 6H; OCH,), 3.30 (dt, 3J=6.7, 3J=6.5 Hz,
1H;5-H),2.97 (d,3/ = 6.7 Hz, 1H; 4-H), 2.53 (dd, 3/ =6.5,3/ =3.8 Hz, 2H;
6-H), 2.32 (s, 3H; Ar-CH,), 0.69-0.59 (m, 3H; cPr-H), 0.50-0.44 (m, 1H;
cPr-H); BC NMR (62.9 MHz, CDCl;, DEPT): 6 =174.6 (C,,,(, CO), 173.4
(Cquar» CO), 141.7 (Cyay» Ar-C*), 136.8 (Cypar, Ar-C¥), 136.3 (Cyae» C-8%),
129.1 (+, Ar-C), 1282 (+, Ar-C), 123.2 (+, C-7), 51.8 (+, OCH3;), 49.2 (+,
C-4), 415 (+, C-5), 26.4 (—, C-6), 21.1 (4, Ar-CHj), 20.1 (Cyye» C-3), 10.9
(=, cPr-C), 10.2 (—, cPr-C); MS (70 eV): m/z (% ): 314 (21) [M 7], 282 (14)
[M+—-CH,O], 255 (100) [M*—CO,CH;], 223 (52) [M*™— CO,CH;—
CH,O], 195 (86) [M+-CO,CH;—CH,O—CO], 179 (31), 165 (34);
elemental analysis caled (%) for C;yH,,0,4 (314.4): C 72.59, H 7.05; found:
C 71.94, H 7.30.

b) According to GP 5, palladium(11) acetate (11.2 mg, 49.9 umol, 5 mol %),
triphenylphosphane (39.2 mg, 150 umol, 15 mol %), bicyclopropylidene (1,
160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg,
1.00 mmol) and para-iodotoluene (2-Tol, 218 mg, 1.00 mmol) were stirred
in anhydrous acetonitrile (1 mL) with dimethyl fumarate (17f, 288 mg,
2.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1)
yielded 18 f-Tol as a yellow oil (310 mg, 99%). R;=0.22 (pentane/diethyl
ether 10:1).

Dimethyl (E)-8-(3'-pyridinyl)spiro[2.5]oct-7-ene-4,5-dicarboxylate (18 f-
Py): According to GPS5, palladium() acetate (11.2mg, 49.9 pmol,
5 mol %), triphenylphosphane (39.2 mg, 150 pmol, 15 mol %), bicyclopro-
pylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCI
(166 mg, 1.00 mmol) and 3-iodopyridine (2-Py, 205 mg, 1.00 mmol) were
stirred in anhydrous acetonitrile (1 mL) with dimethyl fumarate (17f,
288 mg, 2.00 mmol) for 48 h at 80°C. After work-up, chromatography of
the crude product on 50 g silica gel (column 2 x 20 cm, diethyl ether)
yielded 18 f-Py as a yellowish oil (190 mg, 63 %). R;=0.54 (diethyl ether);
IR (film): 7#=3005, 2952, 1734 (C=0), 1646 (C=C), 1436, 1262, 1197, 1172,
1027, 804, 720 cm™!'; '"H NMR (250 MHz, CDCl;): 6 =8.47 (dd, 3/ =4.9, 4] =
1.6 Hz, 1H; 2'-H), 8.32 (d, / =2.0 Hz, 1H; 2’-H*), 742 (ddd, 3/ =77, %] =
2.0, /=18 Hz, 1H; 4-H*), 7.19 (dd, 3/ =77, 3/=4.9 Hz, 1H; 5-H), 5.58
(dd,3J=3.9,3 =3.8 Hz, 1H; 7-H), 3.73 (s, 6H; OCH3), 3.33 (ddd, 3/ = 6.4,
3J/=6.1, 3/ =52 Hz, 1H; 5-H), 2.92 (d, 3/ =6.1 Hz, 1H; 4-H), 2.63 (ddd,
2J=18.3,3J=52,3 =39 Hz, 1H; 6-H), 2.51 (ddd, 2/ =183, 3/ =64, 3] =
3.8 Hz, 1H; 6-H), 0.73-0.59 (m, 3H; cPr-H), 0.44-0.39 (m, 1H; cPr-H);
BC NMR (62.9 MHz, CDCl;, DEPT): 6 =174.2 (Cyy, CO), 173.1 (Cypar;
CO), 149.8 (+, Ar-C), 148.2 (+, Ar-C), 138.3 (Cyyur» Ar-C*), 136.5 (+, Ar-
C*),135.2 (Cyuar C-8%),125.6 (+, Ar-C*), 122.5 (+, C-7%), 52.0 (+, OCH,),
51.9 (+, OCH,), 49.2 (+, C-5), 41.1 (+, C-4), 259 (-, C-6), 19.9 (Cyuu>
C-3),10.9 (—, cPr-C), 10.1 (—, cPr-C); MS (70 eV): m/z (% ): 301 (8) [M *],
242 (100) [M*—CO,Me], 210 (60) [M*+— CO,Me —MeOH], 182 (76)
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[M*+— CO,Me —MeOH — COJ, 167 (29), 154 (7), 128 (4), 77 (4), 59 (9);
elemental analysis caled (% ) for C,;H,;,NO, (301.3): C 67.76, H 6.36; found:
C 68.61, H 6.69.

8-Phenylspiro[2.5]oct-7-ene-5-carboxylic amide (18g-Ph): According to
GP 5, palladium() acetate (11.2mg, 49.9 umol), triphenylphosphane
(39.3 mg, 150 pmol), bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO;
(277 mg, 2.00 mmol), Et,NCl (166 mg, 1.00 mmol) and iodobenzene (2-Ph,
204 mg, 1.00 mmol) were stirred in anhydrous acetonitrile (1 mL) with
acrylic acid amide (17g, 142 mg, 2.00 mmol) for 48 h at 80°C. After work-
up, chromatography of the crude product on 50 g silica gel (column 2 x
20 cm, pentane/diethyl ether 5:1 — Et,0/MeOH 10:1) yielded 18g-Ph as
colorless crystals (112 mg, 49 % ). R;=0.10 (pentane/diethyl ether 2:1); m.p.
159°C; IR (film): ¥ =3184, 3057, 2991, 2927, 1654 (C=0), 1617 (C=C), 1437,
1375,1178, 1120, 748, 722 cm~!; '"H NMR (250 MHz, CDCl,): 6 =7.70-7.62
(m, 1H; 4-H), 7.55-7.43 (m, 2H; 3'-H, 5'-H), 7.04-7.0 (m, 2H; 2'-H, 6'-H),
5.84 (brs, 1H; NH,), 5.74 (brs, 1H; NH,), 5.54 (d, 3/=3.5 Hz, 1H; 7-H),
2.78 (ddd, 3/ =11.6, 3/ =8.9, 3/ =2.7 Hz, 1H; 5-H), 2.48 (dd, 3/ =8.9, 3/ =
3.5 Hz, 2H; 6-H), 2.24 (dd, 2J=13.0, 3/ =11.6 Hz, 1 H; 4-H), 1.43 (dd, 2/ =
13.0, 3/=2.7Hz, 1H; 4-H), 0.69-0.37 (m, 4H; cPr-H); *C NMR
(62.9 MHz, CDCl;, DEPT): 6 =178.1 (Cyya, CO), 143.3 (Cyui, Ar-C¥),
140.1 (Cyuar» C-8%),129.1 (4, Ar-C), 127.5 (+, Ar-C), 126.6 (4, Ar-C), 123.6
(+,C-7),40.7 (-, C-6), 379 (+, C-5),29.2 (—, C-4), 20.1 (Cyya» C-3), 129
(=, cPr-C),11.6 (—, cPr-C); MS (70 eV): m/z (% ): 227 (30) [M *], 183 (100)
[M+—CONH,], 155 (80), 115 (18), 91 (16) [C;H;"]; elemental analysis
caled (%) for C;sH;;NO (227.3): C 79.26, H 7.54; found: 79.33, H 7.54.

Methyl 5-methyl-8-phenylspiro[2.5]oct-7-ene-5-carboxylate (18 h-Ph): Ac-
cording to GPS5, palladium() acetate (11.2mg, 49.9 umol, 5mol%),
triphenylphosphane (39.3 mg, 150 umol, 15 mol%), bicyclopropylidene
(1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg,
1.00 mmol) and iodobenzene (2-Ph, 204 mg, 1.00 mmol) were stirred in
anhydrous acetonitrile (1 mL) with methyl methylacrylate (17 h, 200 mg,
2.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 25 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1)
yielded 18 h-Ph as a yellowish oil (195 mg, 76%). R;=0.58 (pentane/
diethyl ether 10:1); IR (film): 7= 3070, 2998, 2950, 2922, 1736 (C=0), 1645
(C=C), 1600, 1435, 1371, 1189, 1019, 823 cm~'; 'TH NMR (250 MHz, CDCl;):
0=725-722 (m, 3H; Ar-H), 7.04-7.01 (m, 2H; Ar-H), 5.50 (dd, *J=4.0,
3]=3.7Hz, 1H; 7-H), 3.71 (s, 3H; OCHs), 2.73 (dd, 2/ =177, 3/ =3.7 Hz,
1H; 6-H), 2.13 (dd, 2/ =177, 3/=4.0 Hz, 1H; 6-H), 2.04 (d, 2/ =13.2 Hz,
1H; 4-H), 1.65 (d, 2/ =13.2 Hz, 1H; 4-H), 1.36 (s, 3H; CH;), 0.54-0.45 (m,
4H; cPr-H); *C NMR (62.9 MHz, CDCl;, DEPT): 6 =177.9 (Cgy, CO),
141.9 (Cyyar, Ar-C*), 140.3 (Cyy» C-8%), 129.3 (+, Ar-C), 1274 (+, Ar-C),
126.5 (+, Ar-C), 123.4 (+, C-7), 51.6 (+, OCH;), 43.1 (—, C-6), 42.1 (Cqua
C-5), 351 (—, C4),24.1 (+, CH;), 18.5 (Cyyar» C-3), 11.7 (—, cPr-C), 10.6
(=, cPr-C); MS (70 eV): miz (%): 256 (28) [M *], 241 (4) [M* — CH;], 225
(8) [M*+—OCH;], 197 (100) [M * — CO,Me], 196 (96) [M * — CO,Me —H],
181 (52) [M* — HCO,Me — CH;], 169 (68), 141 (40), 115 (16), 91 (7) [C;H;*].

Methyl 8-phenyl-5-(methoxycarbonylmethyl)spiro[2.5]oct-7-ene-5-carbox-
ylate (18k-Ph): According to GPS5, palladium() acetate (11.2 mg,
49.9 umol, 5 mol %), triphenylphosphane (39.3 mg, 150 umol, 15 mol %),
bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol),
Et,NCI (166 mg, 1.00 mmol) and iodobenzene (2-Ph, 204 mg, 1.00 mmol)
were stirred in anhydrous acetonitrile (1 mL) with itaconic dimethyl ester
(17k, 316 mg, 2.00 mmol) for 72 h at 80 °C. After work-up, chromatography
of the crude product on 25 g silica gel (column 2 x 20 cm, pentane/diethyl
ether 10:1) yielded 18k-Ph as a colorless oil (149 mg, 47%). R;=0.18
(pentane/diethyl ether 10:1); IR (film): #=3060, 2997, 2951, 2923, 1734
(C=0), 1730 (C=0), 1635 (C=C), 1436, 1371, 1190, 1019 cm~!; 'H NMR
(250 MHz, CDCly): 6 =723-720 (m, 3H; Ar-H), 7.02-6.08 (m, 2H; Ar-
H),5.48 (dd,3/ =4.7,3/ =3.1 Hz, 1H;7-H), 3.71 (s, 3H; OCH,), 3.66 (s, 3H;
OCH,), 3.01 (d, 2/ =16.5 Hz, 1H; CH,CO,Me), 2.80 (d, 2/ =16.5 Hz, 1H;
CH,CO,Me), 2.77 (dd, 2/ =179, 3/ =3.1 Hz, 1H; 6-H), 2.27 (dd, 2/ =179,
3/ =4.7Hz, 1H; 6-H), 2.19 (d, 2/ =13.4 Hz, 1H; 4-H), 1.67 (dd, 2/ =134,
°J=13Hz, 1H; 4-H), 0.52-0.39 (m, 4H; cPr-H); ¥C NMR (62.9 MHz,
CDCl;, DEPT): 6 =176.2 (Cyyar, CO), 172.0 (Cyuar» CO), 142.0 (Cyay, C-8%),
139.8 (Cquas Ar-C*), 1292 (+, Ar-C), 1274 (+, Ar-C), 126.6 (4, Ar-C),
122.6 (+, C-7), 51.9 (+, OCHjy), 51.5 (4, OCH,), 43.8 (Cyya» C-5), 40.2 (—,
C-6),39.9 (—,C-4),33.5 (-, CH,CO,Me), 18.0 (Cyya» C-3), 12.0 (—, cPr-C),
9.9 (—, cPr-C); MS (70 eV): m/z (%): 314 (1) [M "], 283 (4) [M " — CH5],
254 (28) [M+—CO,Me —H], 241 (100) [M+— CH,CO,Me], 195 (24)
[M+—-2CO,Me —H], 181 (58), 165 (24), 141 (12), 91 (12) [C;H;*].
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Methyl 8-(1-cyclohex-1-enyl)spiro[2.5]oct-7-ene-5-carboxylate (19a) and
methyl  2-ethenylspiro[cyclopropane-1',3-bicyclo[4.4.0]dec-1-ene]-5-car-
boxylate (20a): According to GPS5, palladium() acetate (11.2mg,
49.9 umol, 5 mol %), triphenylphosphane (39.3 mg, 150 umol, 15 mol %),
bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO; (278 mg, 2.01 mmol),
Et,NCI (166 mg, 1.00 mmol) and 1-iodocyclohexene (9, 200 mg, 0.96 mmol)
with methyl acrylate (17a, 172 mg, 2.00 mmol) were heated in acetonitrile
(ImL) at 80°C for 2d. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1)
yielded a not completely separable mixture of 19a and 20a (1:2, 'H NMR)
as a clear oil (200 mg, 84 %). R;=0.62 (pentane/diethyl ether 10:1); IR
(film): 7=3078, 2997, 2928, 2854, 1736 (C=0), 1635 (C=C), 1436, 1256,
1194, 1162, 1026, 920 cm™!; '"H NMR (250 MHz, CDCl;): 19a: 6 =5.34 (t,
3J=3.7Hz, 1H; 7-H), 5.20 (t, 3/ =3.6 Hz, 1H; 2’-H), 3.67 (s, 3H; OCH,),
3.01-2.92 (m, 1H; 5-H), 2.35 (dd, 3/ =9.7, 3] =3.7 Hz, 1 H; 6-H), 2.19 (dd,
2J=13.2,3/=11.6 Hz, 1H; 4-H), 1.97-1.14 (m, 10H; CH,), 0.70-0.30 (m,
4H; cPr-H); 20a: 6=5.79 (dd, 3/ =175,3/=11.1 Hz, 1H; 1”-H), 5.15 (dd,
2J=2.6,3]=11.1 Hz, 1H; 2"-H), 4.89 (dd, 2] =2.6, 3] =17.5 Hz, 1 H; 2"-H),
3.68 (s, 3H; OCH,), 2.87-2.81 (m, 1H; 5-H), 2.43-2.52 (m, 1H; 6-H),
1.97-1.14 (m, 10H; CH,), 0.70-0.30 (m, 4H; cPr-H); MS (70 eV): m/z (% ):
246 (31) [M*], 215 (6) [M+ — OCH;], 187 (100) [M+— OCH; — CO], 145
(67), 91 (27); elemental analysis calcd (%) for C,sH,,0O, (246.3): C78.01, H
9.00; found: C 78.19, H 9.11.
1-(1'’-Cyclopropylideneprop-2'-enyl)cyclohex-1-ene (10), dimethyl
(45* 55*)-8-cyclohex-1"-enylspiro[2.5]oct-7-ene-4,5-dicarboxylate  (19b)
and dimethyl (3'a.4'a.4'af)-1-ethenyl-4' 4'a,5',6',7,8"-hexahydrospiro[cy-
clopropane-1,2'(3'H)-naphthalene]-3',4"-dicarboxylate (20b): According
to GP4, cyclohexenylnonaflate (8, 380 mg, 1.00 mmol), [Pd(PPh;),]
(57.8 mg, 50.0 umol, 5 mol % ), bicyclopropylidene (1, 320 mg, 3.99 mmol),
triethylamine (810 mg, 8.00 mmol) and dimethyl maleate (17b, 288 mg,
2.00 mmol) in anhydrous DMF (10 mL) were heated at 100°C for 18 h.
After work-up, chromatography of the crude product on silica gel (1 x
20 cm, pentane — pentane/ethyl acetate 10:1) gave:

FractionI: A colorless oil (100 mg), which rapidly polymerizes and
according to '"H NMR and BC NMR contains ca. 10% of 10; R;=0.8
(pentane).

Fraction II: A not completely separable mixture of 19b and 20b (130 mg,
43%; 1:1.5 by 'H NMR). 19b: 'H NMR (250 MHz, CDCl;): d =5.3 (t, %/ =
4 Hz,1H;2"-H),3.7 (s,3H; CH;), 3.6 (s, 3H; CH3), 3.3 (d,%/ =7 Hz,2H; 3
H),2.9-2.8 (m, 1H; 4-H), 2.3-1.0 (m, 10H; CH,), 0.8-0.5 (m, 4H; cPr-
H);20b: '"H NMR (250 MHz, CDCl;): 6 =5.85 (dd, 3/ =10,%/ =17 Hz, 1 H;
CH=),5.1(dd,*=2,3/=10Hz, 1H; CH,=), 4.9 (dd, 2/ =2, 3]/ =17 Hz,
1H;CH,=),3.7 (s,3H; CH;), 3.6 (s, 3H; CH3),3.2 (d,*/ =7 Hz, 1H; 3'-H),
3.0-2.9 (m, 2H; 4-H, 5'-H), 2.3-1.0 (m, 8H; CH,), 0.8-0.5 (m, 4H; cPr-
H); 19b and 20b: clear oil; R;=0.28 (pentane/diethyl ether 10:1); IR
(film): 7 =2990, 1730 (C=0), 1725 (C=0), 1635 (C=C), 1110, 890, 840, 750,
730 cm™!; MS (70 eV, EI): m/z (%): 304 (8) [M~], 272 (9) [M+— CH,O],
244 (68) [M*—CH,O — CO], 213 (40), 185 (100) [M*—CH,0 —-CO —
CH;CO,]; HRMS: m/z (%): caled for C;gH,,0,: 304.1674; 304.1674.

tert-Butyl 8-(1-cyclohex-1-enyl)spiro[2.5]oct-7-ene-5-carboxylate (19e)
and tert-butyl 2-ethenylspiro[cyclopropane-1',3-bicyclo[4.4.0]dec-1-ene]-
5-carboxylate (20e): According to GP 5, palladium(ir) acetate (11.2 mg,
49.9 umol, 5 mol %), triphenylphosphane (39.3 mg, 150 umol, 15 mol %),
bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO; (278 mg, 2.01 mmol),
Et,NCI (166 mg, 1.00 mmol) and 1-iodocyclohexene (9, 200 mg, 0.96 mmol)
with fert-butyl acrylate (17e, 256 mg, 2.00 mmol) were heated in acetoni-
trile (1 mL) at 80°C for 2 d. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1)
yielded a not completely separable mixture of 19 and 20e (1:3, 'H NMR)
as a clear oil (231 mg, 83%). R;=0.62 (pentane/diethyl ether 10:1); IR
(film): 7=3079, 2975, 2929, 1726 (C=0), 1652 (C=C), 1457, 1368, 1257,
1153, 997, 859 cm™!; '"H NMR (250 MHz, CDCL): 19e: =533 (t, 3/ =
4.0 Hz, 1H; 7-H), 5.21 (t, 3/ =3.5 Hz, 1H; 2"-H), 2.58 -2.74 (m, 1 H; 5-H),
228 (dd, 3/=6.3, 3/ =32 Hz, 2H; 6-H), 1.97 (dd, 2/ =12.7, 3/ =11.6 Hz,
1H;4-H), 1.43 [s,9H; C(CH;);], 1.77-0.85 (m, 9H; 4-H, cHex-CH,), 0.68 —
0.33 (m, 4H; cPr-H); 20e: 0 =5.80 (dd, 3/ =175, 3/=11.1 Hz, 1H; 1"-H),
5.14 (dd, 2J=2.5, 3/ =11.1 Hz, 1H; 2"-H), 4.86 (dd, 2J=2.5, 3/ =17.5 Hz,
1H;2-H), 2.91-2.79 (m, 1H; 5-H), 2.26-2.31 (m, 1H; 6-H), 1.43 [s, 9H;
C(CHs;);], 1.77-0.85 (m, 10H; 4-H, cHex-CH,), 0.70-0.30 (m, 4 H; cPr-H);
BC NMR (62.9 MHz, CDCl;, DEPT): 19e: 6 =1752 (C,,, CO), 144.8
(Cquats C-8), 137.0 (Cypar C-1'), 124.1 (—, C-2'), 120.7 (+, C-7), 79.8 [Cyuar
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C(CH,;);],40.5 (+, C-5),374 (—, C-6),31.0 (—, cHex-C), 28.4 (—, cHex-C),
28.0 [+, C(CHs);], 25.0 (—, C-4),22.8 (—, cHex-C), 22.1 (—, cHex-C), 18.8
(Cquar» €Pr-C), 13.6 (—, cPr-C), 11.8 (—, cPr-C); 20e: 6 =175.4 (Cyyi, CO),
134.8 (Cyuar» C-1), 133.5 (4, C-1'), 129.4 (Cyuar» C-2), 118.9 (—, C-2), 79.9
[Cyuais C(CH3)s], 48.5 (+, C-6), 40.9 (4, C-5), 37.3 (—, cHex-C), 34.3 (—,
cHex-C), 31.5 (—, cHex-C), 28.2 [+, C(CHs);], 27.8 (—, cHex-C*), 26.2 (—,
C-4%),18.8 (Cyyar» cPr-C), 11.7 (-, cPr-C), 10.4 (—, cPr-C); MS (70 eV): m/z
(%): 288 (4) [M *],232 (80) [M* — C,Hg], 215 (12) [M " — OC,H,], 187 (81)
[M+—-0OCH,— COJ, 145 (40), 107 (74) [M*+— OC,H,— CO — CsHg], 91
(44), 79 (41), 57 (100) [C4H,y*]; elemental analysis calcd (%) for C,gHx;0,
(288.4): C79.12, H 9.78; found: C 78.35, H 9.91.

Dimethyl spiro[cyclopropane-1’,2-bicyclo[4.4.0]dec-10-ene]-4,7-dicarbox-
ylate (21a): According to GP 3, iodoethene (6, 154 mg, 1.00 mmol),
bicyclopropylidene (1, 320 mg, 3.99 mmol), methyl acrylate (17a, 344 mg,
4.00 mmol), palladium(t1) acetate (11.2 mg, 49.9 pmol), triphenylphosphane
(39.3 mg, 150 pmol) and triethylamine (202 mg, 2.00 mmol) in anhydrous
DMF (5 mL) were heated at 80°C for 24 h. After work-up, chromatog-
raphy of the crude product on silica gel (column 2 x 20 cm, pentane/diethyl
ether 10:1) gave:

Fraction I: A mixture of polymers (80 mg); R;=0.9 (pentane/diethyl ether
10:1).

Fraction II: 21a as a yellowish oil (164 mg, 59%); R;=0.17 (pentane/
diethyl ether 10:1); IR (film): #=2980, 2920, 1734 (C=0), 1653 (C=C),
1456, 1436, 1197, 1032 cm™!; '"H NMR (250 MHz, CDCl;): 6 =5.25 (t, % =
9.4 Hz, 1H; 10-H), 3.68 (s, 3H; OCH,), 3.67 (s, 3H; OCH,), 2.76 -2.69 (m,
1H;7-H),2.67-2.52 (m, 1H; 4-H), 2.47-2.25 (m, 2H; 8-H), 2.19-2.13 (m,
2H; 5-H), 2.06-1.97 (m, 2H; 9-H), 1.54 (dt, 3/=13.6, 3J=2.3 Hz, 1H;
6-H), 1.35-1.14 (m, 2H; 3-H), 1.02-0.76 (m, 1H; cPr-H), 0.59-0.32 (m,
2H; cPr-H), 0.29-0.21 (m, 1H; cPr-H); *C NMR (62.9 MHz, CDCl;,
DEPT): 6 =176.4 (Cyy, CO), 175.5 (Cyypi, CO), 1423 (Cyp, C-1), 114.7
(+, C-10),51.6 (+, OCHs;), 51.4 (+, OCH;), 40.7 (+, C-6%),39.2 (+, C-7%),
373 (—, C-9%%),34.4 (—, C-8%*), 33.9 (—, C-5%%),33.2 (+, C-4%), 28.0 (—,
C-3), 21.3 (Cyuar» C-2), 15.5 (—, cPr-C), 8.0 (—, cPr-C); MS (70 eV): m/z
(%): 278 (18) [M *], 246 (16) [M+ — CH,O], 218 (44) [M * — CH,O — CO],
187 (26) [M* - CH,O — CO — OCHj;], 159 (100) [M*—-CH,0—-2CO —
OCH;], 133 (44), 117 (41), 91 (42); HRMS: m/z (%): calcd for C;sHy,O,:
278.1518; found: 278.1518.

Dimethyl (E)-8-ethenylspiro[2.5]oct-7-ene-4,5-dicarboxylate (18 f-Vin)
and tetramethyl (35%*,48*,7 R* 8R*)-spiro[ cyclopropane-1’ 2-bicy-
clo[4.4.0]dec-10-ene]-3,4,78-tetracarboxylate (21f): According to GP 3,
iodoethene (6, 154 mg, 1.00 mmol), bicyclopropylidene (1, 320 mg,
3.99 mmol), dimethyl fumarate (17f, 432 mg, 3.00 mmol), palladium(ir)
acetate (11.2 mg, 49.9 umol), triphenylphosphane (39.3 mg, 150 umol) and
triethylamine (202 mg, 2.00 mmol) in anhydrous DMF (10 mL) were
heated at 75°C for 20 h. After work-up, chromatography of the crude
product on silica gel (column 2 x 20 cm, pentane — pentane/diethyl ether
2:1) gave:

Fraction I: Polymers and 7-H; which had not completely evaporated; R;=
0.8-0.45 (pentane).

Fraction II: 18 f-Vin as a colorless oil (63.0 mg, 25%); R;=0.35 (pentane/
diethyl ether 10:1); IR (film): ¥=2990, 1730 (C=0), 1725 (C=0), 1650
(C=C), 1110, 890, 840, 750, 730 cm~'; 'TH NMR (250 MHz, CDCl,): 0 = 6.04
(dd, ’J=54, 3J=3.0 Hz, 1H; 7-H), 5.89 (dd, *J =170, *J=10.6 Hz, 1H;
CH=CH,), 5.43 (dd, 2J,3=2.3, 3/=170Hz, 1H; CH=CH,), 493 (dd,
2Jxp=2.3,37=10.6 Hz, 1H; CH=CH,), 3.95 (s, 3H; OCHj;), 3.85 (s, 3H;
OCH,), 3.30 (ddd, /=63, 3/=6.3, 3J=64 Hz, 1H; 5-H), 2.95 (d, /=
6.4 Hz, 1H; 4-H), 2.55 (dd, 3/ =6.3,3] =2.7 Hz, 2H; 6-H), 0.7-0.6 (m, 3H;
cPr-H), 0.55-0.45 (m, 1H; cPr-H); “C NMR (62.9 MHz, CDCl;, DEPT):
0=174.5 (Cyuat» CO,), 173.1 (Cyuar» CO,), 139.1 (Cyyar, CH=C), 133.9 (+,
CH=C), 120.4 (+, CH=C), 115.8 (—, CH,), 51.8 (+, OCHs3), 51.7 (+,
OCH;), 48.8 (+, C-5), 41.3 (+, C-4), 26.8 (—, C-6), 19.4 (Cyya, cPr-C), 10.7
(=, cPr-C), 9.9 (—, cPr-C); MS (70 eV, EI): m/z (%): 250 (12) [M *], 218
(22) [M*+—CH,O], 191 (65) [M*— CO,CH;], 159 (41) [M*+— CO,CH; —
CH,0], 131 (100) [M * — CH,O — CO — CH;CO,].

Fraction II1: 21 f as a mixture of three diastereomers (138 mg, 35%); R;=
0.11 (pentane/diethyl ether 10:1); IR (film): ¥=2953, 1734 (C=0), 1649
(C=C), 1436, 1260, 1200, 1172, 1019, 808 cm~'; part of the 'H NMR
(250 MHz, CDCl;): 6 =5.06-5.02 (m, 1H; CH=C, isomer B, rel. intensity
0.40), 4.83-4.80 (m, 1 H; CH=C, isomer A, rel. intensity 1.0); MS (70 eV):
mlz (%): 394 (7) [M 1], 362 (66) [M ™ —MeOH], 334 (21) [M " —MeOH —
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COJ, 302 (76), [M* —2MeOH — CO], 274 (74) [M* —2MeOH — 2CO],
243 (60) [M*—2MeOH —2CO — OCH;], 215 (100) [M*—2MeOH —
3CO—OCH,], 183 (34) [M*—3MeOH —3CO—OCH,], 155 (83)
[M+—-3MeOH —4CO — OCH;]; HRMS: m/z (%): caled for CyHyOx:
394.1627; found: 394.1627.

Methyl 8-(2-thiophenyl)spiro[2.5]oct-7-ene-5-carboxylate (25): According
to GP S5, palladium(t) acetate (11.2 mg, 49.9 pmol, 5 mol %), triphenyl-
phosphane (39.3 mg, 150 umol, 15 mol % ), bicyclopropylidene (1, 160 mg,
2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCI (166 mg, 1.00 mmol) and
2-bromothiophene (24, 163 mg, 1.00 mmol) were stirred in anhydrous
acetonitrile (1 mL) with methyl acrylate (17a, 172 mg, 2.00 mmol) for 48 h
at 80°C. After work-up, chromatography of the crude product on 50 g silica
gel (column 2 x 20 cm, pentane/diethyl ether 10:1) yielded 25 as a yellowish
oil (218 mg, 88%). R;=0.36 (pentane/diethyl ether 10:1); IR (film): 7=
3072, 2998, 2948, 1734 (C=0), 1653 (C=C), 1628, 1436, 1376, 1314, 1260,
1194, 1169, 1023 cm~!; '"H NMR (250 MHz, CDCL,): 6 =713 (dd, 3/ =5.2,
4/=12Hz, 1H; 3-H), 6.90 (dd, *J=5.2, 3/ =3.5 Hz, 1H; 4-H), 6.71 (dd,
3] =3.4,4=12Hz, 1H; 5-H), 5.85 (t, %/ =3.8 Hz, 1H; 7-H), 3.70 (s, 3H;
OCHs;), 2.87 (ddt, 3/ =11.7,3] =8.3,3/ =3.1 Hz, 1 H; 5-H), 2.49 (dd, 3/ = 8.3,
3J=3.8Hz, 2H; 6-H), 2.17 (dd, 27=13.1, 3/ =11.7 Hz, 1H; 4-H), 1.49 (dd,
2J=13.0,%/=3.1 Hz, 1H; 4-H), 0.96-0.89 (m, 1H; cPr-H), 0.73-0.47 (m,
3H; ¢Pr-H); BC NMR (62.9 MHz, CDCl;, DEPT): 6 =175.6 (Cgyur, CO),
141.0 (Cyuars C-2), 135.6 (Cyuarr C-8), 127.6 (+, C-3%), 126.3 (+, C-4'%),
125.3 (+, C-5'%), 124.0 (+, C-7*), 51.6 (+, OCHs), 389 (+, C-5), 374 (—,
C-6),28.6 (—, C-4),20.0 (Cyya» C-3), 14.0 (—, cPr-C), 12.2 (—, cPr-C); MS
(70 eV): mlz (%): 248 (82) [M *], 217 (10) [M+ — OCH;], 189 (100) [M * —
CO,CHj;], 168 (51), 161 (44), 137 (68); elemental analysis calcd (%) for
C,H,;50,S (248.3): C 67.71, H 6.49; found: C 67.83, H 6.54.

Methyl 8-(3-thiophenyl)spiro[2.5]oct-7-ene-5-carboxylate (27) and methyl
(E)-3-thiophen-3-ylacrylate (28): According to GP 5, palladium(ii) acetate
(11.2 mg, 49.9 pmol), triphenylphosphane (26.3 mg, 100 umol), bicyclopro-
pylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCI
(166 mg, 1.00 mmol) and 3-bromothiophene (26, 163 mg, 1.00 mmol) were
stirred in anhydrous acetonitrile (1 mL) with methyl acrylate (17a, 172 mg,
2.00 mmol) for 72 h at 80°C. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1)
gave:

Fraction I: 27 as a yellowish oil (169 mg, 68 % ); R;=0.50 (pentane/diethyl
ether 10:1); IR (film): 7 = 3064, 2996, 2951, 1736 (C=0), 1635 (C=C), 1435,
1371, 1259, 1196, 1170, 1021, 971 cm~'; '"H NMR (250 MHz, CDCl;): 0 =
7.18 (dd, *J=4.9,47=3.0 Hz, 1 H; 5'-H), 6.90 (dd, ¥/ =3.0, / =1.2 Hz, 1 H;
2'-H), 6.83 (dd, 3/=4.9, 7=12Hz, 1H; 4-H), 5.64 (t, */=3.8 Hz, 1H;
7-H), 3.70 (s, 3H; OCHs;), 2.88 (ddd, *J=11.8, 3/=8.2, 3J=3.0 Hz, 1H;
5-H), 2.46 (dd, /=82, 3/=3.8Hz, 2H; 6-H), 2.17 (dd, /=129, 3/ =
11.8 Hz, 1H; 4-H), 1.47 (dd, 2J=12.9, 3J=3.0 Hz, 1H; 4-H), 0.79-0.67
(m, 1H; cPr-H), 0.58-0.42 (m, 3H; cPr-H); *C NMR (62.9 MHz, CDCl;,
DEPT): 6 =175.8 (Cyya» CO), 140.5 (Cyyar, C-3"), 138.0 (Cypar» C-8), 128.7
(+, C-5*%), 124.7 (+, C-2'%), 124.0 (+, C-4'*), 122.0 (+, C-7), 51.6 (+,
OCH,), 39.1 (+, C-5), 374 (—, C-6), 285 (—, C-4), 20.0 (Cyyy, C-3), 134
(=, cPr-C), 11.7 (—, cPr-C); MS (70 eV): m/z (%): 248 (66) [M *], 233 (2)
[M*—CH,], 217 (9) [M*—OCH;], 189 (100) [M*—CO,Me], 161 (44)
[M+—CO,Me —CH,], 155 (28); elemental analysis caled (%) for
C,H;50,S (248.4): C 67.71, H 6.49; found: C 66.80, H 6.47.

Fraction II: 28 (30 mg, 18 %); R;=0.34 (pentane/diethyl ether 10:1). The
spectroscopic data are in accordance with the literature.*’!

7-[Cyclopropylidene(phenyl)methyl]-4-phenylspiro[2.5]oct-4-ene (29): In
a sealable Teflon tube palladium(ir) acetate (22.4 mg, 100 pmol), triphe-
nylphosphane (78.6 mg, 300 pmol), bicyclopropylidene (1, 320 mg,
4.00 mmol), iodobenzene (2-Ph, 408 mg, 2.00 mmol) and triethylamine
(405 mg, 4.00 mmol) in anhydrous DMF (7.5 mL) were heated for 24 h at
80°C under a pressure of 10 kbar. After work-up, chromatography of the
crude product on 30 g flash silica gel (column 2 x 15 cm, pentane) yielded
29 as a clear oil (89 mg, 28%). R;=0.33 (pentane); IR (film): ¥=3057,
2966, 2918, 2849, 1771, 1717, 1675 (C=C), 1598, 1491, 1446, 1260, 1095, 1025,
801 cm~!; '"H NMR (250 MHz, CDCl;): 6 =7.40-7.20 (m, 10H; Ar-H), 5.59
(t,37=3.7Hz, 1H; 5-H), 3.36 (ddt, 3/ =11.9,3/ =8.3,3/=2.9 Hz, 1H; 7-H),
2.49 (dd, 3/ =823, 3/=3.7 Hz, 2H; 6-H), 2.34 (dd, 2/ =12.8, 3/ =11.9 Hz,
1H;8-H), 1.35 (dd, 2/ =12.8,%/ =2.9 Hz, 1H; 8-H), 1.40-1.17 (m, 4H; cPr-
H), 0.75 (m, 1H; 2-H), 0.64-0.60 (m, 1H; 2-H), 0.52-0.38 (m, 2H; 1-H);
BCNMR (62.9 MHz, CDCl;, DEPT): 6 =153.0 (C, cPr-C=CPh*), 142.9
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(Cquar» €PT-C*), 141.5 (Cypo(, Ar-C*), 140.8 (Cypr, Ar-C*), 131.6 (Cyp» C-4%),
129.3 (+, Ar-C), 128.1 (+, Ar-C), 1277 (+, Ar-C), 1274 (+, Ar-C), 1273
(+, Ar-C), 1264 (+, Ar-C), 119.4 (+, C-5), 40.7 (—, C-6), 38.1 (+, C-7),
277 (=, C-8),21.3 (Cyyy(» C-3), 13.1 (—, C-2), 113 (—, C-1), 3.3 (—, cPr-C),
1.7 (=, cPr=C); MS (70 eV): miz (%): 312 (100) [M ], 284 (61) [M+ —
C,H,], 255 (72) [M+ — C,Hs — C,H,], 167 (83); HRMS: m/z (% ): caled for
C,yH,, (312.4): 312.1878 (correct HRMS); found: 312.1878.

Methyl 4-(4-nitrophenyl)-8-phenylspiro[2.5]oct-7-ene-5-carboxylate (p-31)
and methyl 5-(4-nitrophenyl)-8-phenylspiro[2.5]oct-7-ene-4-carboxylate
(p-32): According to GPS5, palladium(n) acetate (11.2 mg, 49.9 pmol,
5 mol %), triphenylphosphane (39.3 mg, 150 umol, 15 mol %), bicyclopro-
pylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCI
(166 mg, 1.00 mmol) and iodobenzene (2-Ph, 204 mg, 1.00 mmol) were
stirred in anhydrous acetonitrile (1 mL) with methyl 3-(4-nitrophenyl)a-
crylate (p-30, 414 mg, 2.00 mmol) for 96h at 80°C. After work-up,
chromatography of the crude product on 25g silica gel (column 2 x
20 cm, pentane/diethyl ether 2:1) gave:

Fraction I: p-32 as a yellowish oil (113 mg, 31%); R;=0.49 (pentane/
diethyl ether 2:1); IR (film): 7 = 3040, 2957, 1732 (C=0), 1645 (C=C), 1532,
1435, 1341, 1261, 1174, 1030, 802 cm~'; '"H NMR (250 MHz, CDCl;): 6 =
8.20 (d, %/ =8.7Hz, 2H; 3"-H, 5"-H), 7.62 (d, *J=8.7 Hz, 2H; 2"-H, 6"-H),
7.34-728 (m,3H;3-H,4-H, 5'-H), 714-7.11 (m, 2H; 2"-H, 6'-H), 5.66 (dd,
3=49,°]=3.0Hz,1H;7-H),3.72 (s, 3H; OCH3;), 3.26 (d,*J = 4.4 Hz, 1H;
4-H), 3.09 (ddd, *J =5.8,3] =4.9,%] = 4.4 Hz, 1H; 5-H), 2.64 (ddd, 2/ = 18.0,
3J=58, 3J=3.0Hz, 1H; 6-H), 2.11 (ddd, 2/=18.0, 3J=5.8, 3J=3.0 Hz,
1H; 6-H), 0.76-0.31 (m, 4H; cPr-H); C NMR (62.9 MHz, CDCl;,
DEPT): 6 = 173.8 (Cyuar, CO), 150.3 (Cyr, C-4"%), 146.6 (Cyuar, C-8%), 141.6
(Cquats A1-C*), 139.7 (Cyar, Ar-C*), 129.2 (4, Ar-C), 129.2 (+, Ar-C), 1277
(+, Ar-C), 1270 (+, C-4), 124.6 (+, C-7), 123.4 (+, C-3", C-5"), 51.8 (+,
OCH;), 49.4 (+, C-5), 45.0 (4, C-4), 24.4 (-, C-6), 20.9 (Cyya, C-3), 12.9
(=, cPr-C), 9.4 (—, cPr-C); MS (70 eV): m/z (%): 363 (16) [M*], 332 (2)
[M*+—OCHj,], 303 (16) [M*—MeOH — CO]J, 207 (63) [C,(H,NO,"], 176
(100) [C,,H,NO,* — OCHj], 130 (20), 102 (20); elemental analysis calcd
(%) for C,H,NO, (363.4): C 72.71, H 5.82; found: C 72.82, H 5.96.

Fraction II: p-31 as yellow crystals (225 mg, 62%); m.p. 115°C; R;=0.43;
IR (film): 7=3040, 2962, 2931, 1735 (C=0), 1651 (C=C), 1532, 1437, 1259,
1176, 1074, 1027, 800 cm~'; 'H NMR (250 MHz, CDCl;): 6 =8.19 (d, 3/ =
8.8 Hz, 2H; 3"-H, 5"-H), 7.53 (d, >/ =8.8 Hz, 2H; 2"-H, 6"-H), 7.32-7.24
(m,3H;3'-H,4-H, 5-H), 712-7.08 (m, 2H; 2"-H, 6'-H), 5.69 (t,%] = 3.7 Hz,
1H; 7-H), 3.69 (ddd, 3/ =71, 3/=6.2, 3/ =6.2 Hz, 1H; 5-H), 3.61 (s, 3H;
OCH,), 2.85 (d, 3/=71Hz, 1H; 4-H), 2.71 (ddd, /=185, 3/=6.2, 3/ =
3.7Hz, 1H; 6-H), 2.48 (ddd, 2/ =18.5,%/ =6.2,%] =3.7 Hz, 1 H; 6-H), 0.68 —
0.56 (m, 2H; cPr-H), 0.43-0.34 (m, 1H; cPr-H), 0.18-0.12 (m, 1 H; ¢Pr-H);
BC NMR (62.9 MHz, CDCl;, DEPT): 6 =172.92 (Cyy,(, CO), 152.5 (Cypa
C-4"%), 147.7 (Cyuar» C-8%), 142.9 (Cyyar» Ar-C¥), 139.7 (Cypar, Ar-C¥), 129.2
(+, Ar-C), 1284 (+, Ar-C), 12691 (+, Ar-C), 126.91 (4, C-4'), 123.8 (+,
C-7),123.6 (+, C-3", C-5"), 53.7 (+, C-5), 51.7 (+, OCH,), 41.7 (+, C-4),
30.8 (—, C-6),20.1 (Cyay» C-3), 11.4 (—, cPr-C), 9.5 (—, cPr-C); MS (70 V),
milz (%): 363 (10) [M ], 304 (15) [M+ — CO,Me], 279 (36), 167 (44), 149
(100) [M*+— C¢Hs— C;H,NO, — CH;], 113 (16); elemental analysis calcd
(%) for C,H,NO, (363.4): C 72.71, H 5.82; found: C 72.50, H 5.64.

Methyl 4-(3-nitrophenyl)-8-phenylspiro[2.5]oct-7-ene-5-carboxylate (m-
31) and methyl 5-(3-nitrophenyl)-8-phenylspiro[2.5]oct-7-ene-4-carboxy-
late (m-32): According to GP 5, palladium(i1) acetate (11.2 mg, 49.9 pmol,
5 mol %), triphenylphosphane (39.3 mg, 150 umol, 15 mol %), bicyclopro-
pylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCI
(166 mg, 1.00 mmol) and iodobenzene (2-Ph, 204 mg, 1.00 mmol) were
stirred in anhydrous acetonitrile (1 mL) with methyl 3-(3-nitrophenyl)a-
crylate (m-30, 414 mg, 2.00 mmol) for 96h at 80°C. After work-up,
chromatography of the crude product on 25 g silica gel (column 2 x 20 cm,
pentane/diethyl ether 5:1) gave:

Fraction I: m-31 as a yellowish oil (139 mg, 38%), R;=0.24 (pentane/
diethyl ether 5:1); IR (film): 7 =3042, 2958, 2929, 1734 (C=0), 1650 (C=C),
1530, 1437, 1348, 1261, 1200, 1175, 1074, 1027, 805cm~'; 'H NMR
(250 MHz, CDCl;): 6=831 (dd, ¥/=1.1, ¥/=0.9 Hz, 1H; 2"-H), 8.09
(ddd, 37=177, 47=1.1, 7 =0.8 Hz, 1H; 4"-H), 7.63 (ddd, /=74, 4/=0.9,
4/=0.8 Hz, 1H; 6"-H), 743 (dd, 3/ =77, 3/ =74 Hz, 1H; 5"-H), 7.32-7.20
(m,3H;3'-H,4-H, 5-H), 714-7.08 (m, 2H; 2"-H, 6'-H), 5.71 (t,3/ = 3.6 Hz,
1H; 7-H), 3.71 (ddd, 3/ =72, 3] =6.3, 3/ =6.3 Hz, 1H; 5-H), 3.63 (s, 3H;
OCH,), 2.74 (ddd, /=184, 3/=6.3, 3J=3.6Hz, 1H; 6-H), 2.69 (d,
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3] =72 Hz, 1H; 4-H), 2.50 (ddd, 2J =184, 3] =6.3, 3] =3.6 Hz, 1H; 6-H),
0.97-0.83 (m, 1H; ¢Pr-H), 0.67-0.58 (m, 2H; cPr-H), 0.40-0.30 (m, 1H;
cPr-H); C NMR (62.9 MHz, CDCls, DEPT): ¢ = 173.8 (Cyu» CO), 166.6
(Coua» C-3"), 1482 (Cyyys C-8), 144.8 (Cyuarr C-1"), 139.7 (Cypar, C-1), 133.6
(Cquar» C-4"), 130.0 (4, C-27), 129.3 (+, C-2, C-6), 1277 (+, C-3', C-5'),
124.5 (+, C-6"), 122.4 (+, C-4), 120.9 (+, C-7), 52.0 (+, OCHs;), 44.9 (+,
C-4),39.7 (+, C-5),23.7 (—, C-6), 20.7 (Cqyay, C-3), 13.0 (—, cPr-C), 9.6 (—,
Pr-C); MS (70 eV): mlz (%): 363 (15) [M*], 332 (3) [M* — OCHL,], 303
(17) [M*+ —MeOH — CO], 207 (61) [C;(H,NO,*], 176 (100) [C,(H,NO,* —
OCHj;], 130 (24); elemental analysis caled (%) for C,H, NO, (363.4): C
72.71, H 5.82, N 3.85; found: C 72.66, H 5.87, N 3.87.

Fraction II: m-32 as a yellowish oil (46 mg, 13%); R;=0.22 (pentane/
diethyl ether 5:1); IR (film): 7 = 3041, 2958, 2930, 1735 (C=0), 1651 (C=C),
1529, 1435, 1347, 1260, 1073, 1027, 802 cm~'; 'TH NMR (250 MHz, CDCl;):
0=2837 (dd, /=11, 4=1.0Hz, 1H; 2"-H), 8.11 (ddd, /=75, /=11,
4/=0.8 Hz, 1H; 4"-H), 7.80 (ddd, *J =73, 4/ =1.0, / =0.8 Hz, 1H; 6"-H),
7.51(dd, 3/ =175, =73 Hz, 1H; 5"-H), 7.34-7.2 (m, 3H; 3-H, 4-H, 5'-H),
7.19-715 (m,2H;2"-H, 6-H), 5.65 (dd, *J=4.3,3/=2.8 Hz, 1H; 7-H), 3.74
(s, 3H; OCHs;), 3.22 (d, *J=4.4 Hz, 1H; 4-H), 3.10 (ddd, *J =5.5, 3/ =423,
3]=3.4 Hz, 1H; 5-H), 2.63 (ddd, 2J=18.2, 3/ =4.3, 3/ =3.4 Hz, 1H; 6-H),
2.04 (ddd, 27 =18.2,3] =5.5,3]=2.8 Hz, 1H; 6-H), 0.87-0.29 (m, 4H; cPr-
H); "C NMR (62.9 MHz, CDCl,, DEPT): 6 =10.9 (—, cPr-C), 14.1 (-, cPr-
C), 20.7 (Cyya» C-3), 23.0 (—, C-6), 38.7 (+, C-5), 49.1 (4, C-4), 51.8 (+,
OCH;), 173.8 (Cyyar> CO), 167.8 (Cyyar> C-3"), 148.6 (Cypa» C-8), 141.4 (Cyay»
C-17), 136.1 (Cyuy» C-1), 134.4 (+, C-4"), 129.2 (+, C-2', C-6'), 128.8 (+,
C-2"),126.9 (+,C-3',C-5),124.8 (+, C-6"),123.2 (+, C-4),121.6 (+, C-7);
MS (70 eV): m/z (%): 363 (9) [M "], 304 (17) [M*+ — CO,Me], 149 (100)
[M+— C¢Hs— CHNO, — CH;], 113 (19); elemental analysis calcd (%) for
C,H,;NO, (363.4): C72.71, H 5.82, N 3.85; found: C 72.82, H 5.95, N 3.91.
Methyl 4-(2-nitrophenyl)-8-phenylspiro[2.5]oct-7-ene-5-carboxylate (0-31)
and methyl 5-(2-nitrophenyl)-8-phenylspiro[2.5]oct-7-ene-4-carboxylate
(0-32): According to GPS5, palladium(i) acetate (11.2 mg, 49.9 umol,
5 mol %), triphenylphosphane (39.3 mg, 150 pmol, 15 mol %), bicyclopro-
pylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl
(166 mg, 1.00 mmol) and iodobenzene (2-Ph, 204 mg, 1.00 mmol) were
stirred in anhydrous acetonitrile (1 mL) with methyl 3-(2-nitrophenyl)a-
crylate (0-30, 414 mg, 2.00 mmol) for 96 h at 80°C. After work-up,
chromatography of the crude product on 25g silica gel (column 2 x
20 cm, pentane/diethyl ether 10:1) gave:

Fraction I: 29 as a yellowish oil (83 mg, 27 %); R;=0.86 (pentane/diethyl
ether 10:1).

Fraction II: An unseparable mixture of 0-31 and 0-32 (3:2, '"H NMR) as a
yellowish oil (92 mg, 25%). R;=0.31 (pentane/diethyl ether 10:1); 0-32:
'"H NMR (250 MHz, CDCLy): 6 =7.75 (d, 3J=8.1 Hz, 1H; 3"-H), 7.65-7.52
(m, 2H; 4"-H, 5"-H), 741 (d, *J =8.0 Hz, 1 H; 6-H), 732-721 (m, 3H; 3"~
H, 4-H, 5-H), 7.14-7.10 (m, 2H; 2’-H, 6'-H), 5.69 (dd, */ = 4.2, 3] =3.4 Hz,
1H; 7-H), 4.01 (ddd, 3/ =79, 3/ =71, 3/=5.8 Hz, 1H; 5-H), 3.06 (d, 3/ =
79 Hz, 1H; 4-H), 3.51 (s, 3H; OCH,), 2.87 (ddd, 27 =183, 3/ =5.8, 3/ =
42 Hz, 1H; 6-H), 2.43 (ddd, 2/ =18.3,3/ =71,/ =3.4 Hz, 1H; 6-H), 0.75 -
027 (m, 4H; ¢Pr-H); 3C NMR (62.9 MHz, CDCl,, DEPT): 6=172.6
(Couat> CO), 1426 (Cypar C-2"), 139.7 (Cyparr A-C¥), 138.9 (Cyuars C-8%),
136.9 (Cyuus A-C¥), 1324 (+, Ar-C), 1292 (+, Ar-C), 1288 (+, Ar-C),
1275 (+, Ar-C), 1272 (+, Ar-C), 1268 (+, Ar-C), 1244 (+, C-4'), 1239
(+,C-7), 52.8 (+, C-5), 51.6 (+, OCH3), 36.3 (+, C-4), 31.7 (—, C-6), 20.6
(Cuats C-3), 110 (=, cPr-C), 9.5 (—, cPr-C); 0-31: 'H NMR (250 MHz,
CDCly): 6 =795 (d, *J =79 Hz, 1 H; 3"-H), 780 (d, *J =8.1 Hz, 1 H; 6"-H),
765-752 (m, 2H; 4"-H, 5"-H), 732-721 (m, 3H; 3-H, 4-H, 5-H), 7.14—
711 (m, 2H; 2"-H, 6"-H), 5.69 (dd, 3/ =4.2, 3/ =3.4 Hz, 1H; 7-H), 3.71 (s,
3H; OCH,;), 3.70 (d,3/=9.3 Hz, 1 H; 4-H), 3.16 (ddd, 3/ =9.3,3/ =5.6,3] =
4.6 Hz, 1H; 5-H), 2.68 (ddd, 2/ =18.0, 3/ =4.6, 3/ =4.2 Hz, 1 H; 6-H), 2.16
(ddd, 27 =18.0, 3] =5.6, *J = 3.4 Hz, 1 H; 6-H), 0.75-0.27 (m, 4H; cPr-H);
13C NMR (62.9 MHz, CDCly, DEPT): 6 =173.6 (Cquarr CO), 150.1 (Cprs
C-2"), 142.6 (Cypuys AT-C¥), 139.7 (Cyuar» Ar-C¥), 136.9 (Cyuoy, C-8%), 1324
(+,Ar-C),130.0 (+, Ar-C), 1292 (+, Ar-C), 1276 (+, Ar-C), 1275 (+, Ar-
C), 1269 (+, Ar-C), 124.8 (+, C-4'), 1242 (+, C-7), 51.7 (+, OCH), 44.3
(+,C-5),43.8 (+, C-4),24.3 (—, C-6), 21.7 (Cyuar, C-3), 145 (=, ¢Pr-C), 9.8
(=, ¢Pr-C); 0-31 and 0-32: IR (film): #=3039, 2956, 2930, 1735 (C=0),
1648 (C=C), 1531, 1435, 1347, 1260, 1201, 1173, 1075, 1028, 801 cm~'; MS
(70 eV): miz (%):363 (1) [M*],348 (2) [M* — CH,], 332 (5) [M* — OCH}],
328 (84), 286 (82) [M*+ — OCH, — NO,], 268 (100), 254 (42), 115 (42), 91
(32) [C/H].
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Methyl syn-8-(2-methylphenyl)spiro[2.5]oct-7-ene-5-carboxylate  (syn-
34aa) and methyl anti-8-(2-methylphenyl)spiro[2.5]oct-7-ene-5-carboxy-
late (anti-34aa): According to GP5, palladium() acetate (11.2 mg,
49.9 umol, 5 mol %), triphenylphosphane (39.3 mg, 150 umol, 15 mol %),
bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol),
Et,NCl (166 mg, 1.00 mmol) and ortho-iodotoluene (33a, 218 mg,
1.00 mmol) were stirred in anhydrous acetonitrile (1 mL) with methyl
acrylate (17a, 172 mg, 2.00 mmol) for 48h at 80°C. After work-up,
chromatography of the crude product on 25 g silica gel (column 2 x 20 cm,
pentane/diethyl ether 10:1) yielded a mixture of two rotamers syn-34aa and
anti-34aa (1:2.0, 'H NMR) as a yellowish oil (254 mg, 99%). R;=0.54
(pentane/diethyl ether 10:1); syn-34aa: 'H NMR (250 MHz, CDCL,): 6 =
729-719 (m, 3H; 3'-H, 4-H, 5'-H), 7.06 (d, 3/ =6.5 Hz, 1H; 6'-H), 5.62 (t,
3/ =3.6 Hz, 1H; 7-H), 3.85 (s, 3H; OCHj), 3.11-3.01 (m, 1H; 5-H), 2.64
(dd,3J=8.1,37=3.6 Hz,2H; 6-H), 2.35 (s, 3H; Ar-CH3;), 2.30 (dd, 2/ = 13.2,
3/=11.1 Hz, 1H; 4-H), 1.82 (dd, 2/ =13.2, 3/ =3.1 Hz, 1 H; 4-H), 0.70-0.50
(m, 3H; cPr-H), 0.42-0.23 (m, 1 H; cPr-H); ¥C NMR (62.9 MHz, CDCl;,
DEPT): 6 =175.9 (Cquu» CO), 141.1 (Cyua» Ar-C*), 139.2 (Cyuae» Ar-C*),
136.9 (Cyuar» C-8%),130.2 (4, Ar-C), 129.5 (4, Ar-C), 126.7 (+, Ar-C), 124.6
(+, Ar-C), 123.6 (+, C-7), 51.7 (+, OCHs), 39.3 (+, C-5), 372 (—, C-6),
282 (—,C-4),19.9 (Cyuar> C-3),19.6 (+, Ar-CH;), 12.4 (—, cPr-C), 11.5 (—,
cPr-C); anti-34aa: '"H NMR (250 MHz, CDCl,): 6 =7.29-7.19 (m, 3H; 3'-
H,4-H, 5-H), 6.99 (d,3/ =72 Hz, 1H; 6'-H), 5.60 (t,3/ =3.6 Hz, 1 H; 7-H),
3.85 (s,3H; OCHj), 3.11-3.01 (m, 1H; 5-H), 2.64 (dd, 3/ =8.1,3/ =3.6 Hz,
2H;6-H), 2.38 (dd, 2/ =12.8,%/ =12.0 Hz, 1H; 4-H), 2.34 (s, 3H; Ar-CHj),
1.60 (dd, 27 =12.8,3/=2.9 Hz, 1H; 4-H), 0.70-0.50 (m, 3H; cPr-H), 0.42 -
0.23 (m, 1H; cPr-H); ¥C NMR (62.9 MHz, CDCl;, DEPT): 6=176.1
(Cquat» CO), 142.3 (Cyuar, Ar-C*), 139.3 (Cypar, Ar-C¥), 136.9 (Cyuae» C-8%),
129.4 (+, Ar-C), 129.3 (+, Ar-C), 126.9 (+, Ar-C), 124.8 (+, Ar-C), 123.0
(+, C-7),51.7 (+, OCH,), 39.4 (+, C-5), 37.0 (—, C-6), 28.4 (—, C-4), 20.0
(Cquat» C-3), 19.6 (+, Ar-CHy), 12.7 (—, cPr-C), 11.5 (—, cPr-C); syn-34aa
and anti-34aa: IR (film): 7=3081, 2997, 2949, 2850, 1736 (C=0), 1645
(C=C), 1489, 1436, 1378, 1259, 1193, 1170, 1025, 760, 731 cm~'; MS (70 eV):
mlz (%): 256 (40) [M*], 225 (8) [M+— OCH;], 197 (80) [M* — CO,Me],
181 (100) [M+— CH;— CH,O — CO], 169 (40), 155 (24), 91 (8) [C;H,*];
elemental analysis calcd (% ) for C;;H,,0, (256.3): C 79.65, H 7.86; found: C
79.84, H 7.75.

tert-Butyl syn-8-(2-methylphenyl)spiro[2.5]oct-7-ene-5-carboxylate (syn-
34ea) and tert-butyl anti-8-(2-methylphenyl)spiro[2.5]oct-7-ene-5-carbox-
ylate (syn-34ea): According to GP 35, palladium() acetate (11.2 mg,
49.9 umol, 5 mol %), triphenylphosphane (39.3 mg, 150 pmol, 15 mol %),
bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol),
Et,NCl (166 mg, 1.00 mmol) and ortho-iodotoluene (33a, 218 mg,
1.00 mmol) were stirred in anhydrous acetonitrile (1 mL) with zert-butyl
acrylate (17e, 256 mg, 2.00 mmol) for 48h at 80°C. After work-up,
chromatography of the crude product on 25g silica gel (column 2 x
20 cm, pentane/diethyl ether 20:1) yielded a mixture of two rotamers
syn-34ea and anti-34ea (1:3.0, 'H NMR) as a yellowish oil (227 mg, 76 %).
R;=0.54 (pentane/diethyl ether 20:1). syn-34ea: 'H NMR (250 MHz,
CDCly): 6 =7.12-7.07 (m,3H;3"-H, 4-H, 5-H), 6.92 (d,3/ =71 Hz, 1 H, 6
H), 5.48 (t, 3/ =3.7 Hz, 1H; 7-H), 2.89-2.77 (m, 1H; 5-H), 2.46 (dd, 3/ =
7.6, 3] =3.7Hz, 2H; 6-H), 2.22 (s, 3H; Ar-CH3), 2.12 (dd, 2/=13.1, 3/ =
10.9 Hz, 1H; 4-H), 1.64 (dd, 2J=13.1, 3/=3.0 Hz, 1H; 4-H), 1.49 [s, 9H;
C(CHs);], 0.55-0.37 (m, 3H; ¢Pr-H), 0.26-0.20 (m, 1 H; ¢Pr-H); ®*C NMR
(62.9 MHz, CDCl;, DEPT): 6 =174.9 (Cy, CO), 141.1 (Cyyyi, Ar-C¥),
139.4 (Cyuar> Ar-C*), 136.9 (Cypar, C-8%), 130.2 (+, Ar-C), 129.5 (+, Ar-C),
126.6 (+, Ar-C), 124.5 (+, Ar-C), 123.8 (+, C-7), 79.9 [ Cquar» C(CH5);], 40.4
(+,C-5),372 (-, C-6), 283 (—, C-4), 28.1 [+, C(CH;),], 19.9 (Cyuar> C-3),
19.5 (+, Ar-CH;), 12.4 (—, cPr-C), 11.7 (—, ¢Pr-C); anti-34ea: '"H NMR
(250 MHz, CDCLy): 6 =7.12-7.07 (m, 3H; 3'-H, 4-H, 5-H), 6.86 (d, 3/ =
7.1 Hz, 1H; 6'-H), 5.47 (t, 3/ =3.7 Hz, 1H; 7-H), 2.89-2.77 (m, 1H; 5-H),
2.46 (dd, 3J=176, 3J=3.7Hz, 2H; 6-H), 2.23 (dd, 2/=13.0, 3/ =12.0 Hz,
1H; 4-H), 2.21 (s, 3H; Ar-CHj;), 1.48 [s, 9H; C(CHs;);], 1.43 (dd, 2/ =13.0,
3J=2.8 Hz, 1H; 4-H), 0.55-0.37 (m, 3H; ¢Pr-H), 0.26-0.20 (m, 1 H; cPr-
H); *C NMR (62.9 MHz, CDCl;, DEPT): 6 =175.0 (Cy., CO), 142.2
(Cquar> Ar-C¥), 139.4 (Cyyi, Ar-C*), 136.9 (Cypa, C-8%), 129.4 (4, Ar-C),
129.2 (+, Ar-C), 126.8 (+, Ar-C), 124.8 (+, Ar-C), 123.2 (+, C-7), 79.9
[Cquat» C(CH3)5], 40.5 (+, C-5), 369 (—, C-6), 28.6 (—, C-4), 28.0 [+,
C(CH,);],20.0 (Cyyar> C-3),19.6 (+, Ar-CH3), 12.6 (—, cPr-C), 11.5 (—, cPr-
C); syn-34ea and anti-34ea: IR (film): 7=3081, 2977, 2929, 1727 (C=0),
1652 (C=C), 1486, 1456, 1366, 1258, 1152, 1023, 761, 730 cm~'; MS (70 eV);
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miz (%): 298 (3) [M *], 242 (100) [M * — C,Hg], 225 (17) [M * — OtBu], 197
(39) [M+— CO,Bu], 181 (80), 169 (20), 145 (24); elemental analysis calcd
(%) for C,yH,0, (298.4): C 80.50, H 8.78; found: C 80.26, H 8.54.
Methyl syn-8-(2-benzylphenyl)spiro[2.5]oct-7-ene-5-carboxylate  (syn-
34ab) and methyl anti-8-(2-benzylphenyl)spiro[2.5]oct-7-ene-5-carboxy-
late (anti-34ab): According to GPS5, palladium() acetate (11.2 mg,
49.9 pmol, 5 mol %), triphenylphosphane (39.3 mg, 150 pmol, 15 mol %),
bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol),
Et,NCI (166 mg, 1.00 mmol) and ortho-benzyliodobenzene (33b, 294 mg,
1.00 mmol) were stirred in anhydrous acetonitrile (1 mL) with methyl
acrylate (17a, 172 mg, 2.00 mmol) for 48h at 80°C. After work-up,
chromatography of the crude product on 25 g silica gel (column 2 x 20 c¢m,
pentane/diethyl), ether 10:1) gave:

Fraction I: A mixture of polymers and 18a-H (53 mg). R;=0.57 (pentane/
diethyl), ether 10:1).

Fraction II: A mixture of two rotamers syn-34ab and anti-34ab (1:2.0,
'H NMR) as a yellowish oil (282 mg, 85%); R;=0.43 (pentane/diethyl
ether 10:1); syn-34ab: '"H NMR (250 MHz, CDCl,): 6 =7.32-7.07 (m, 8H;
Ar-H), 700 (dd, 37=6.9, /=19 Hz, 1H; 6'-H), 5.42 (t, >’J=3.7Hz, 1H;
7-H), 4.05-3.88 (AB system: d, =4.01, 65 =3.91, %/ = 15.3 Hz, 2H; benzyl-
CH,), 3.73 (s, 3H; OCHj;), 3.02-2.90 (m, 1H; 5-H), 2.50-2.43 (m, 2H;
6-H), 2.15 (dd, 27=12.9, 3/=10.1 Hz, 1H; 4-H), 1.75 (dd, 2/ =129, 3/ =
2.4 Hz, 1H;4-H), 0.63-0.31 (m, 4H; cPr-H); *C NMR (62.9 MHz, CDCl,,
DEPT): 6 =175.6 (Cquar» CO), 141.6 (Cya, Ar-C*), 140.2 (Cyyyr, Ar-C*),
139.2 (Cyuar» A1-C#), 138.7 (Cyar» C-8%), 130.4 (4, Ar-C), 129.2 (4, Ar-C),
129.0 (+, Ar-C), 1289 (+, Ar-C), 128.1 (+, Ar-C), 126.9 (+, Ar-C), 125.1
(+, Ar-C), 124.7 (+, C-7), 51.5 (+, OCH,), 39.1 (+, C-5), 38.8 (—, benzyl-
CH,), 372 (-, C-6), 28.0 (—, C-4), 19.9 (Cyyo» C-3), 12.1 (—, cPr-C), 11.4
(-, cPr-C); anti-34ab: '"H NMR (250 MHz, CDCl;): 6 =7.32-7.07 (m, 8H;
Ar-H), 6.92 (dd, 3/=6.9, 4/=1.7Hz, 1H; 6'-H), 5.41 (t, 3/=3.6 Hz, 1H,
7-H), 4.02-3.85 (AB system: 6, =3.98, 55 =3.89, 2/ =15.3 Hz, 2H; benzyl-
CH,), 3.72 (s, 3H; OCHs), 3.02-2.90 (m, 1H; 5-H), 2.50-2.43 (m, 2H;
6-H), 2.29 (dd, 2J=12.9, 3/=12.0 Hz, 1H; 4-H), 1.50 (dd, 2/ =12.9, 3/ =
2.4 Hz,1H;4-H),0.63-0.31 (m, 4H; cPr-H); *C NMR (62.9 MHz, CDCl;,
DEPT): 6 =175.9 (Cyuar, CO), 141.3 (Cyyy, Ar-C¥), 1412 (Cypi, Ar-C*),
139.8 (Cyuar> Ar-C*), 138.7 (Cypar> C-8%), 129.6 (+, Ar-C), 129.0 (+, Ar-C),
128.2 (+, Ar-C), 128.1 (+, Ar-C), 1271 (+, Ar-C), 125.7 (+, Ar-C), 125.3
(+, Ar-C), 1243 (+, C-7), 51.6 (+, OCH;), 39.3 (+, C-5), 39.1 (—, benzyl-
CH,),37.0 (—, C-6),28.3 (—, C-4),20.3 (Cyua» C-3),12.6 (— ¢Pr-C), 11.3 (—,
cPr-C); syn-34ab and anti-34ab: IR (film): 7 =3061, 3024, 3004, 2948, 2928,
2842, 1735 (C=0), 1610 (C=C), 1495, 1436, 1377, 1259, 1172, 1029, 762,
699 cm™!; MS (70 eV): m/z (%): 332 (27) [M*], 304 (8) [M*+— C,H,], 301
(2) [M+—-0OCH;], 272 (11) [M*—MeOH — CO], 205 (38), 181 (100)
[M*—MeOH — CO — C;H;], 165 (43) [M+— CH,— C¢H,], 129 (26), 91
(70) [C;H;]; elemental analysis calcd (%) for C3H,,0, (332.4): C83.10, H
7.28; found: C 82.90, H 7.56.

tert-Butyl syn-8-(2-benzylphenyl)spiro[2.5]oct-7-ene-5-carboxylate (syn-
34eb) and tert-butyl anti-8-(2-benzylphenyl)spiro[2.5]oct-7-ene-5-carbox-
ylate (anti-34eb): According to GP 5, palladium(r) acetate (11.2 mg,
49.9 umol, 5 mol %), triphenylphosphane (39.3 mg, 150 umol, 15 mol %),
bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol),
Et,NClI (166 mg, 1.00 mmol) and ortho-benzyliodobenzene (32b, 294 mg,
1.00 mmol) were stirred in anhydrous acetonitrile (1 mL) with fert-butyl
acrylate (17e, 256 mg, 2.00 mmol) for 48h at 80°C. After work-up,
chromatography of the crude product on 25g silica gel (column 2 x
20 cm, pentane/diethyl ether 20:1) yielded a mixture of two rotamers
syn-34eb and anti-34eb (1:3.0, 'H NMR) as a yellowish oil (146 mg, 39 %).
R;=0.48 (pentane/diethyl ether 20:1); syn-34eb: 'H NMR (250 MHz,
CDCly): 6 =7.31-7.06 (m, 8H; Ar-H), 6.99 (dd, 3/ =6.4,“7=2.6 Hz, 1H; 6'-
H), 5.44-5.39 (m, 1H; 7-H), 4.04-3.86 (AB system: 0, =4.01, 05 =3.90,
2J=15.4 Hz,2H; benzyl-CH,), 2.82-2.77 (m, 1 H; 5-H), 2.45-2.35 (m, 2 H;
6-H), 2.24 (dd, 2J=12.8, 3/=12.1 Hz, 1H; 4-H), 1.68 (dd, 2/ =12.8, 3/ =
3.1Hz, 1H; 4-H), 150 [s, 9H; C(CH;);], 0.62-0.31 (m, 4H; cPr-H);
BC NMR (62.9 MHz, CDCl;, DEPT): 6 =174.7 (Cyuui, CO), 141.7 (Cyuar
Ar-C¥), 140.2 (Cyua» Ar-C*), 139.3 (Cyay» Ar-C*), 138.9 (Cya, C-8%), 130.5
(+,Ar-C),129.5 (+, Ar-C), 129.2 (+, Ar-C), 129.0 (+, Ar-C), 1282 (+, Ar-
C),126.9 (+, Ar-C), 125.1 (+, Ar-C), 124.9 (+, C-7), 80.0 [Cyuo» C(CH3);],
40.3 (+, C-5), 38.8 (—, benzyl-CH,), 37.3 (—, C-6), 28.3 (—, C-4), 28.1 [+,
C(CHa)3], 20.1 (Cyua» C-3), 122 (—, cPr-C), 11.7 (—, cPr-C); anti-34eb:
'H NMR (250 MHz, CDCl;): 6 =7.31-707 (m, 8H; Ar-H), 6.90 (dd, 3/ =
7.0,47=1.7Hz,1H; 6-H), 5.44-5.39 (m, 1H; 7-H), 4.01 - 3.84 (AB system:
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0,=3.98, 05=3.88, 2J=15.3 Hz, 2H; benzyl-CH,), 2.82-2.77 (m, 1H;
5-H), 2.45-2.35 (m, 2H; 6-H), 2.24 (dd, 27 =12.6, 3/ =12.1 Hz, 1 H; 4-H),
1.49 [s, 9H; C(CHs;);], 1.42 (dd, 2 =12.6, 3/ =2.2 Hz, 1H; 4-H), 0.62-0.31
(m, 4H; cPr-H); *C NMR (62.9 MHz, CDCl;, DEPT): 0 =175.0 (Cgua»
CO), 141.4 (Cyyar» Ar-C*), 141.3 (Cyyar, A1-C¥), 139.9 (Cypor, Ar-C*), 139.2
(Cquar» C-8%),129.7 (4, Ar-C), 129.2 (+, Ar-C), 129.1 (+, Ar-C), 1282 (+,
Ar-C), 127.1 (+, Ar-C), 125.8 (+, Ar-C), 125.3 (+, Ar-C), 124.6 (+, C-7),
80.0 [Cyuai» C(CH3)s], 40.4 (4, C-5), 39.1 (—, benzyl-CH,), 37.0 (-, C-6),
28.6 (—, C-4),28.1 [+, C(CH;)5], 20.4 (Cyuy» C-3), 12.7 (=, cPr-C), 11.4 (—,
cPr-C); syn-34eb and anti-34eb: IR (film): 7 = 3062, 3025, 3001, 2976, 2929,
1727 (C=0), 1636 (C=C), 1453, 1367, 1258, 1153, 738 cm~'; MS (70 eV): m/z
(%):374 (1) [M ], 318 (42) [M " — C,Hg], 301 (4) [M " — OC,H,], 289 (16),
257 (18), 181 (100) [M*—-HOCH,— CO —CH,], 165 (43), 91 (70)
[C;H,*]; elemental analysis calcd (%) for C,sH;,O, (374.5): C 83.38, H
8.07; found: C 83.65, H 8.27.

Methyl syn-8-(2,4-dimethylphenyl)spiro[2.5]oct-7-ene-5-carboxylate (syn-
34ac) and methyl anti-8-(2,4-dimethylphenyl)spiro[2.5]oct-7-ene-5-car-
boxylate (anti-34ac): According to GP 5, palladium(i1) acetate (11.2 mg,
49.9 umol, 5 mol %), triphenylphosphane (39.3 mg, 150 umol, 15 mol %),
bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol),
Et,NCI (166 mg, 1.00 mmol) and 2,4-dimethyliodobenzene (33¢, 232 mg,
1.00 mmol) were stirred in anhydrous acetonitrile (1 mL) with methyl
acrylate (17a, 172 mg, 2.00 mmol) for 48h at 80°C. After work-up,
chromatography of the crude product on 25 g silica gel (column 2 x 20 cm,
pentane/diethyl ether 10:1) gave a mixture of two rotamers syn-34ac and
anti-34ac (1:2.5, '"H NMR) as a yellowish oil (265 mg, 98%). R;=0.48
(pentane/diethyl ether 10:1); syn-34ac: 'H NMR (250 MHz, CDCl;): 6 =
6.98 (s, 1H; 3-H), 6.92—6.77 (m, 2H; 5-H, 6'-H), 5.49 (t, */ =3.7 Hz, 1H;
7-H), 3.74 (s, 3H; OCH3;), 3.01-2.89 (m, 1H; 5-H), 2.53 (dd, /=83, 3/ =
3.7Hz, 2H; 6-H), 2.32 (s, 3H; 4-CH;), 2.22 (s, 3H; 2'-CH3;), 2.32-2.18 (m,
1H;4-H), 1.82 (dd, 2/ =13.0,%] =3.2 Hz, 1H; 4-H), 0.60-0.30 (m, 4H; cPr-
H); BC NMR (62.9 MHz, CDCl;, DEPT): 6 =175.5 (Cgy, CO), 140.9
(Cquars Ar-C¥),136.4 (Cyua» Ar-C¥), 136.1 (Cya» Ar-C¥), 135.8 (Cyye» C-8%),
130.1 (+, Ar-C), 129.1 (+, Ar-C), 125.2 (+, Ar-C), 123.4 (+, C-7), 51.3 (+,
OCH,), 39.1 (+, C-5), 37.1 (—, C-6), 28.0 (—, C-4), 20.8 (+, 4-CH,), 19.7
(Cquar» C-3), 19.3 (+, 2-CHjy), 12.3 (—, cPr-C), 11.4 (—, cPr-C); anti-34ac:
'H NMR (250 MHz, CDCl;): 6 =6.98 (s, 1H; 3-H), 6.92-6.77 (m, 2H; 5'-
H, 6'-H), 5.49 (t, ] =3.7 Hz, 1H; 7-H), 3.74 (s, 3H; OCH3), 3.01 -2.89 (m,
1H; 5-H), 2.53 (dd, 3/ =8.3,3/=3.7 Hz, 2H; 6-H), 2.32 (s, 3H; 4-H), 2.21
(s, 3H; 2’-CHj), 2.32-2.18 (m, 1H; 4-H), 1.52 (dd, 2/ =12.8, 3/ =2.9 Hz,
1H; 4-H), 0.60-0.30 (m, 4H; ¢Pr-H); “C NMR (62.9 MHz, CDCl,,
DEPT): 0 =175.7 (Cyuar, CO), 142.1 (Cyy, Ar-C¥), 136.4 (Cyy» Ar-C¥),
136.1 (Cyuars Ar-C*), 135.9 (Cyar» C-8%), 129.9 (4, Ar-C), 129.1 (+, Ar-C),
125.3 (4, Ar-C), 122.9 (+, C-7), 51.3 (4, OCHs), 39.3 (+, C-5), 36.9 (—,
C-6), 283 (—, C-4), 20.8 (+, 4-CHj3), 19.9 (Cyuar» C-3), 19.3 (+, 2'-CHy),
12.5 (—, cPr-C), 11.4 (—, cPr-C); syn-34ac and anti-34ac: IR (film): 7=
3078, 2997, 2949, 2920, 2852, 1737 (C=0), 1646 (C=C), 1613, 1435, 1377,
1316, 1259, 1193, 1170, 1025, 820 cm~!; MS (70 eV): m/z (%): 270 (35) [M ],
239 (5) [M*—OCH;], 211 (36) [M*+—OCH,;—CO], 195 (100) [M*+—
HOCH; — CO — CH;], 165 (15) [M*— CgHy], 91 (8) [C;H;"]; elemental
analysis caled (%) for C,sH»,0, (270.4): C 79.96, H 8.20; found: C 79.76, H
8.14.

tert-Butyl  syn-8-(2,4-dimethylphenyl)spiro[2.5]oct-7-ene-5-carboxylate
(syn-34ec) and tert-butyl anti-8-(2,4-dimethylphenyl)spiro[2.5]oct-7-ene-
5-carboxylate (anti-34ec): According to GP 5, palladium(il) acetate
(11.2 mg, 49.9 umol, 5mol%), triphenylphosphane (39.3 mg, 150 umol,
15 mol %), bicyclopropylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg,
2.00 mmol), Et,;NCI (166 mg, 1.00 mmol) and 2,4-dimethyliodobenzene
(33¢, 232 mg, 1.00 mmol) were stirred in anhydrous acetonitrile (1 mL)
with tert-butyl acrylate (17e, 256 mg, 2.00 mmol) for 48 h at 80°C. After
work-up, chromatography of the crude product on 25 g silica gel (column
2 x 20 cm, pentane/diethyl ether 20:1) yielded a mixture of two rotamers
syn-34ec and anti-34ec (1:2.7, 'H NMR) as a yellowish oil (51 mg, 16 %).
R;=0.62 (pentane/diethyl ether 20:1); syn-34ec: 'H NMR (250 MHz,
CDCly): 0 =7.12-7.06 (m, 2H; 3"-H, 5"-H), 6.93 (d, >/ =7.1 Hz, 1H; 6'-H),
548 (t,3/=3.6 Hz, 1H; 7-H), 2.87-2.79 (m, 1H; 5-H), 2.45 (dd, /=77,
3] =3.6 Hz, 2H; 6-H), 2.22 (brs, 3H; 2'-CH,), 2.16 (brs, 3H; 4'-CH3), 2.11
(dd, 27=13.0, 3J=10.9 Hz, 1H; 4-H), 1.64 (dd, 2J=13.0, 3/ =3.0 Hz, 1H;
4-H), 1.44 [brs, 9H; C(CH,)], 0.57-0.37 (m, 3H; cPr-H), 0.26-0.20 (m,
1H; cPr-H); "C NMR (62.9 MHz, CDCl;, DEPT): 6 =174.9 (C,, CO),
142.0 (Cyuar» Ar-C*), 136.4 (Cypor, Ar-C*), 136.2 (Cyar, C-8%), 1315 (Cuas
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Ar-C), 1302 (+, Ar-C), 1292 (+, Ar-C), 1252 (+, Ar-C), 1238 (+, C-7),
79.9 [Cquai» C(CHs)s], 404 (+, C-5), 372 (—, C-6), 28.4 (—, C-4), 28.1 [+,
C(CH,);],20.9 (+,4-CH;), 19.9 (Cyua» C-3), 19.4 (+,2-CH;), 12.5 (—, cPr-
), 11.5 (—, ¢Pr-C); anti-34ec: 'H NMR (250 MHz, CDCL,): 6 =7.12-7.06
(m,2H;3"-H, 5-H), 6.86 (d,*/=7.1 Hz, 1H; 6'-H), 5.47 (t,3/ =3.7 Hz, 1 H;
7-H),2.87-2.79 (m, 1H; 5-H), 2.46 (dd, 3/ =7.6,3] =3.7 Hz, 2H; 6-H), 2.23
(dd, 27 =13.0,% = 12.0 Hz, 1 H; 4-H), 2.21 (brs, 3H; 2-CH,), 2.17 (brs, 3H;
4'-CH,), 148 [brs, 9H; C(CH,)s], 1.43 (dd, 2/ =13.0, *J =2.9 Hz, 1 H; 4-H),
0.57-0.37 (m, 3H; c¢Pr-H), 026-020 (m, 1H; cPr-H); C NMR
(62.9 MHz, CDCl;, DEPT): 6 =175.0 (Cyuye, CO), 142.1 (Cyprr Ar-C*),
1364 (Couarr AT-C¥), 136.2 (Cgpuyr C-8%), 1315 (Cyuae Ar-C), 130.0 (4, Ar-
0), 1292 (+, Ar-C), 125.3 (+, Ar-C), 123.2 (+, C-7), 79.9 [Cypr» C(CH,)3],
40.4 (+, C-5),36.9 (—, C-6), 28.6 (—, C-4), 28.0 [+, C(CH3);], 209 (+, 4~
CH,), 19.9 (Cyuuis C-3), 19.4 (+, 2-CH,), 12.6 (—, cPr-C), 11.5 (=, cPr-C);
syn-34ec and anti-34ec: IR (film): 7 =3079, 2976, 2924, 1729 (C=0), 1635
(C=0), 1456, 1366, 1260, 1151, 1023, 820, 736 cm~'; MS (70 eV): m/z (%):
312 (1) [M*], 255 (100) [M* — C,H,], 239 (18) [M*+— OC,H,], 211 (29)
[M*—OC,H,— COJ, 195 (86) [M*+ — HOC,H, — CO — CH,], 169 (19), 91
(9) [CH,].

Methyl 8-(2,6-dimethylphenyl)spiro[2.5]oct-7-ene-5-carboxylate (34ad)
and 1-cyclopropylidene-1-(2,6-dimethylphenyl)-2-propene (5-2,6-Me,Ph):
According to GP 5, palladium(i) acetate (22.4 mg, 100 pmol, 5 mol %),
triphenylphosphane (78.7 mg, 300 umol, 15 mol % ), bicyclopropylidene (1,
320 mg, 4.00 mmol), K,CO; (553 mg, 4.00 mmol), Et,NCl (331 mg,
2.00 mmol) and 2,6-dimethyliodobenzene (33d, 464 mg, 2.00 mmol) were
stirred in anhydrous acetonitrile (2 mL) with methyl acrylate (17a, 344 mg,
4.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 25 g silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1)
gave:

Fraction I: 5-2,6-Me,Ph as a clear oil (81 mg, 22%); R;=0.91 (pentane/
diethyl ether 10:1); IR (film): # = 3060, 2959, 2930, 1680, 1640 (C=C), 1455,
1379, 1035 cm™'; '"H NMR (250 MHz, C¢Dy): 6 =7.13-7.05 (m, 3H; Ar-H),
6.77 (dd, 3/ =16.9, 3/ =10.3 Hz, 1H; 2-H), 5.08 (d, 3/ =10.3 Hz, 1H; 3-H),
4.65 (d, /=169 Hz, 1H; 3-H), 2.12 (s, 6 H; Ar-CH,), 1.36—1.02 (m, 4H;
cPr-H); °C NMR (62.9 MHz, C,D,, DEPT): 6 = 138.1 (Cyai, C-1), 1369
(+, C2), 136.7 (Cquar C-2', C-6'), 129.1 (Cyps ¢Pr-C), 126.8 (Cyprr C-17),
1267 (+,C-3,C-5),126.7 (+, C-4'), 113.1 (=, C-3),19.7 (+, 2 Ar-CH,), 2.9
(=, cPr-C), 2.7 (—, cPr-C); MS (70 eV): m/z (%): 184 (4) [M "], 169 (56)
[M*— CH,], 154 (100) [M* —2CH,], 143 (68), 128 (48), 91 (3) [C,H,"].

Fraction II: 34ad as a yellowish oil (305 mg, 56%); R;=0.56 (pentane/
diethyl ether 10:1); IR (film): 7 = 3063, 2997, 2949, 2933, 2852, 1734 (C=0),
1640 (C=C), 1577, 1435, 1376, 1310, 1258, 1170, 1025, 905, 771 cm™};
'H NMR (250 MHz, CDCL,): 6 =7.09-6.91 (m, 3H; Ar-H), 5.48 (t, /=
3.9 Hz, 1H; 7-H), 3.74 (s, 3H; OCHs;), 2.97 (ddd, 3/ =11.5,3/=8.1, 3/ =
3.1 Hz, 1H; 5-H), 2.53 (dd, *J =8.1, *J =3.9 Hz, 2 H; 6-H), 2.22 (s, 3H; Ar-
CH,), 2.19 (s, 3H; Ar-CH3), 2.22 (dd, 2/ = 13.0, 3/ = 11.5 Hz, 1 H; 4-H), 1.61
(dd, 27=13.0, 3/ =3.1 Hz, 1H; 4-H), 0.60-0.35 (m, 4H; cPr-H); *C NMR
(62.9 MHz, CDCl;, DEPT): 6 =175.8 (Cyua» CO), 1402 (Cypay» Ar-C*),
138.2 (Cyuar» AT-C%), 1371 (Cyuar» Ar-C*), 136.1 (Cypay> C-8%), 126.9 (+, Ar-
), 126.8 (+, Ar-C), 126.5 (+, Ar-C), 123.8 (+, C-7), 51.5 (+, OCHj), 39.4
(+,C-5),373 (—, C-6), 28.4 (—, C-4),20.01 (+, Ar-CHj), 19.98 (Cyuur> C-3),
19.9 (+, Ar-CH,), 13.3 (—, ¢Pr-C), 12.3 (—, cPr-C); MS (70 eV): m/z (%):
270 (47) [M*],255 (5) [M*+—CH;], 239 (3) [M* — OCHj5], 211 (42) [M+ —
CO,Me], 195 (100) [M*—MeOH — CO — CH;], 165 (20) [M* — CsH,];
elemental analysis calcd (%) for CsH,,0, (270.4): C 79.96, H 8.20; found:
C 79.66, H 8.28.

Dimethyl 8-phenylspiro[2.5]oct-7-ene-1,5-dicarboxylate (36a): According
to GP 5, palladium(i) acetate (22.4 mg, 100 umol, 5 mol%), triphenyl-
phosphane (52.4 mg, 200 umol, 10 mol % ), methyl bicyclopropylidenecar-
boxylate (35a, 345 mg, 2.50 mmol), K,CO; (415 mg, 3.00 mmol), Et,NCIl
(331 mg, 2.00 mmol) and iodobenzene (2-Ph, 408 mg, 2.00 mmol) were
stirred in anhydrous acetonitrile (1 mL) with methyl acrylate (17a, 258 mg,
3.00 mmol) for 24 h at 80°C. After work-up, chromatography of the crude
product on 25 g silica gel (column 2 x 20 cm, pentane/diethyl ether 2:1)
gave:

Fraction I: A mixture of polymers (40 mg), R;=0.82 (pentane/diethyl ether
2:1).

Fraction I1: 36a as a mixture of two isomers (5:4, '"H NMR); yellowish oil
(216 mg, 36 % ); R;=0.46 (pentane/diethyl ether 2:1); isomer 1: C NMR
(62.9 MHz, CDCl;, DEPT): 6 =175.1 (Cyyu, CO), 170.5 (Cya» CO), 141.3
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(Cauats C-8%), 1411 (Cypy, Ar-C*), 1293 (+, Ar-C), 1277 (+, Ar-C), 1274
(+, Ar-C¥), 126.4 (+, C-7*), 51.8 (+, OCH,), 51.1 (+, OCHs;), 38.4 (+,
C-5),37.3 (=, C-6), 29.3 (+, C-1), 28.8 (Cyay» C-3), 27.1 (—, C-4), 179 (—,
cPr-C); isomer 2: *C NMR (62.9 MHz, CDCl;, DEPT): 0 =175.2 (Cyuy,
CO), 170.5 (Cyyar> CO), 140.6 (Cyyar, C-8%), 139.0 (Cypa» Ar-C*), 129.6 (+,
Ar-C), 1279 (+, Ar-C), 1273 (+, Ar-C¥), 126.3 (+, C-7%), 51.6 (+, OCHS,),
51.2 (+, OCHy), 39.2 (+, C-5), 38.7 (—, C-6), 304 (4, C-1), 30.1 (Cyuar>
C-3), 28.6 (—, C-4), 19.7 (—, cPr-C); isomer 1 and 2: '"H NMR (250 MHz,
CDCL): 6=730-7.06 (m, SH; Ar-H), 5.87 (dd, ¥/ =4.9, 3/ =4.0 Hz, 1H;
7-H, isomer 1), 5.76 (dd, 3 =3.8, 3/ =3.7 Hz, 1H; 7-H, isomer 2), 3.34 (s,
3H; OCH,), 3.33 (s, 3H; OCHj,), 3.10-3.06 (m, 1H; 5-H, isomer 2), 2.88 —
2.80 (m, 1H; 1-H, isomer 1), 2.70-2.43 (m, 2H; 6-H), 2.32-2.16 (m, 1H;
cPr-H), 1.91-1.74 (m, 1H; 4-H), 1.68-1.60 (m, 1H; ¢Pr-H), 1.44-1.14 (m,
2H; 4-H; cPr-H); MS (70 eV): m/z (%): 300 (14) [M*], 268 (13) [M " —
MeOH], 240 (55) [M*—MeOH — COJ, 225 (1) [M*—MeOH — CH, —
CO], 209 (19) [M*—CO,Me—MeOH], 181 (100) [M*—CO,Me —
MeOH — COJ, 167 (36), 91 (6) [C;H,*], 59 (5) [COMe™].

Methyl 8-(4-iodophenyl)spiro[2.5]oct-7-ene-5-carboxylate (18 a-C.H,I)
and 14-bis[5’-methoxycarbonylspiro[2.5]oct-7"-ene-8'-yl]benzene (38a):
a)In a 25mL Pyrex bottle, palladium() acetate (22.4 mg, 100 pmol,
5 mol %), triphenylphosphane (78.6 mg, 300 umol, 15 mol %), bicyclopro-
pylidene (1, 640 mg, 8.00 mmol), 14-diiodobenzene (37, 660 mg,
2.00 mmol) and triethylamine (810 mg, 8.00 mmol) in anhydrous DMF
(10 mL) were heated with methyl acrylate (17a, 689 mg, 8.00 mmol) for
21 h at 80 °C. After work-up, chromatography of the crude product on silica
gel (50 g, column 2 x 20 cm, pentane/diethyl ether 5:1 — diethyl ether) gave:

Fraction I: 18a-C4H,I as a colorless oil (330 mg, 45%); R;=0.45 (pentane/
diethyl ether 10:1); IR (film): #=3079, 2949, 1734 (C=0), 1653 (C=C),
1635 (C=C), 1478, 1434, 1169, 1007, 824 cm~'; 'TH NMR (250 MHz, CDCl;):
0=1756 [d, 3/=82Hz, 2H; 3'(5)-H], 6.77 [d, *J=8.2 Hz, 2H; 2'(¢')-H],
5.50 (t,*J=3.8 Hz, 1H; 7-H), 3.69 (s, 3H; OCH3), 2.87 (ddt, *J=12.0,%/ =
8.0,3/=3.0 Hz, 1H; 5-H), 2.45 (dd, 3/ =8.0, %] = 3.8 Hz, 2H; 6-H), 2.15 (dd,
2] =129, 3 =12.0 Hz, 1 H; 4-H), 1.49 (dd, 27 =12.9, 7 =3.0 Hz, 1 H; 4-H),
0.61-0.38 (m, 4H; cPr-H); *C NMR (62.9 MHz, CDCl;, DEPT): 6 =175.6
(Cguar» CO), 141.8 (Cyuar, C-1'%), 139.6 (Cyuar, C-8%), 136.5 [+, C-2'(6)],
1311 [+, C-3'(5)], 124.3 (4, C-7), 92.3 (Cyyar» C-4'), 51.6 (+, OCHy), 39.1
(+,C-5),372(—,C-6),28.3 (—, C4),19.9 (Cyyur» C-3),12.7 (-, cPr-C), 11.4
(=, cPr-C); MS (70 eV): m/z (%): 368 (40) [M *], 308 (21) [M + —MeOH —
CO], 181 (100) [M* —MeOH — CO —1], 165 (19) [M * — C,H,I], 154 (11),
141 (7), 128 (7), 115 (7); elemental analysis calcd (% ) for C,sH,,10, (368.2):
C 52.19, H 4.65; found: C 52.31, H 4.83.

Fraction II: 38a as a yellowish oil (64 mg, 8% ); R;=0.32 (diethyl ether);
IR (film): 7=2927, 1734 (C=0), 1653 (C=C), 1435, 1169, 1095, 745, 694,
526 cm™"; 'H NMR (500 MHz, CDCl,): 6 =7.08 (s, 4H; Ar-H), 5.80 (t, %/ =
4.0 Hz, 2H; 7-H), 3.98 (s, 6H; OCH,), 3.18 (ddd, *J=11.0, 3/ =9.0, J =
3.5Hz, 2H; 5'-H), 2.76 (dd, *J =9.0, 3/ =4.0 Hz, 4H; 6'-H), 2.47 (dd, 2J =
13.0,3/=11.0 Hz, 2H; 4-H), 1.77 (dd, 2 = 13.0, *J = 3.5 Hz, 2H; 4-H), 0.90
(m, 2H; cPr-H), 0.81 (m, 2H; cPr-H), 0.75 (m, 2H; cPr-H), 0.72-0.68 (m,
2H; cPr-H); ®C NMR (125.7 MHz, CDCl,, APT):  =176.0 (—, CO), 142.7
(—, Ar-C¥), 138.5 (—, C-8%), 1283 (+, Ar-C), 1238 (+, C-7), 51.6 (+,
OCH,), 394 (+, C-5),375 (—, C-6'),28.5 (—, C-4),20.1 (-, C-3),12.9 (—,
cPr-C), 11.6 (—, cPr-C); MS (70 eV): miz (%): 406 (31) [M*], 183 (100)
[CH 5], 152 (6), 108 (14), 84 (14), 77 (6); elemental analysis caled (% ) for
CyH300, (406.5): C 76.82, H 7.44; found: C 76.65, H 7.43.

b) According to GP 5, palladium(i1) acetate (11.2 mg, 49.9 pmol, 5 mol %),
triphenylphosphane (39.3 mg, 150 umol, 15 mol % ), bicyclopropylidene (1,
160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg,
1.00 mmol) and 1,4-diiodobenzene (37, 166 mg, 0.500 mmol) were stirred
in anhydrous acetonitrile (1 mL) with methyl acrylate (17a, 172 mg,
2.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 2:1)
yielded 38a as colorless crystals (130 mg, 64 % ).

¢) According to GP 6, 1,4-diiodobenzene (37, 330 mg, 1.00 mmol), bicyclo-
propylidene (1, 320 mg, 4.00 mmol), methyl acrylate (17a, 344 mg,
4.00 mmol), palladium(t1) acetate (11.2 mg, 49.9 pmol), triphenylphosphane
(39.3 mg, 150 pmol) and triethylamine (404 mg, 2.00 mmol) were heated in
anhydrous DMF (5 mL) at 80 °C for 24 h under a pressure of 10 kbar. After
work-up, chromatography of the crude product on silica gel (column 2 x
20 cm, pentane/diethyl ether 2:1) gave 38a as colorless crystals (354 mg,
87%). R;=0.72 (pentane/diethyl ether 2:1); m.p. 124°C.
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tert-Butyl 8-(4'-iodophenyl)spiro[2.5]oct-7-ene-5-carboxylate (18e-C H,I)
and 1,4-bis[5'-tert-butoxycarbonylspiro[2.5]oct-7"-ene-8'-yl]benzene (38e):
a)In a 25mL Pyrex-bottle, palladium(l) acetate (22.4 mg, 100 pmol,
5 mol %), triphenylphosphane (78.6 mg, 300 pmol, 15 mol %), bicyclopro-
pylidene (1, 640 mg, 8.00 mmol), 14-diiodobenzene (37, 660 mg,
2.00 mmol) and triethylamine (810 mg, 8.00 mmol) in anhydrous DMF
(10 mL) were heated with tert-butyl acrylate (17e, 1.03 g, 8.04 mmol) for
3d at 80°C. After work-up, chromatography of the crude product on 50 g
silica gel (column 2 x 20 cm, pentane/diethyl ether 10:1 — 2:1) gave:

Fraction I: 18 e-C¢H,I as a yellowish oil (410 mg, 50 % ); R;= 0.62 (pentane/
diethyl ether 2:1); IR (film): # = 3020, 2976, 2930, 1726 (C=0), 1653 (C=C),
1583, 1478, 1367, 1258, 1152, 1007, 824 cm~!; 'H NMR (250 MHz, CDCl;):
5=1757(d, =83 Hz, 2H; Ar-H), 6.77 (d, / = 8.3 Hz, 2H; Ar-H), 5.50 (t,
3] =3.7Hz, 1H; 7-H), 2.76 (ddt, 3/ =117, 3/=9.8, 3/=3.0 Hz, 1H; 5-H),
2.41 (dd, 37=9.8, 3/=3.0 Hz, 2H; 6-H), 2.11 (dd, 2/ =12.7, 3/ =11.7 Hz,
1H; 4-H), 1.46 (s, 9H; Bu-H), 1.4 (dd, 2/ =12.7, %/ =3.0 Hz, 1H; 4-H),
0.60-0.50 (m, 2H; cPr-H), 046-037 (m, 2H; cPr-H); “C NMR
(62.9 MHz, CDCl;, DEPT): 6 =174.8 (Cyur, CO), 141.9 (Cyua» C-1'%),
139.9 (Cyuur» C-8%), 136.6 (+, Ar-C), 131.2 (+, Ar-C), 124.6 (+, C-7), 92.2
(Couat» C-4), 80.1 (Cyuy, Bu-C), 40.3 (+, C-5), 373 (=, C-6), 28.6 (—, C-4),
28.1 (+, Bu-C), 19.9 (Cqua» C-3), 127 (=, Pr-C), 116 (—, cPr-C); MS
(70 eV): miz (%): 410 (2) [M*], 354 (64) [M*+—CHg], 309 (12) [M*—
CO,rBu], 181 (100) [M * — CO,Bu — HI], 57 (25); elemental analysis calcd
(%) for C,gHxl10, (410.3): C 55.62; H 5.65; found: C 55.65, H 5.39.

Fraction II: 38e as colorless crystals (55 mg, 6%); m.p. 121°C; R;=0.43
(pentane/diethyl ether 2:1); IR (KBr): 7#=3085, 2925, 1716 (C=0), 1641
(C=C), 1452, 1365, 1257, 1160, 999, 971, 835 cm~'; '"H NMR (250 MHz,
CDClL): 0=6.89 (s, 4H; Ar-H), 5.50 (t, >/ =3.6 Hz, 2H; 7'-H), 2.77 (ddt,
3J=11.9,37=9.7,%/ =2.7Hz, 2H; 5'-H), 2.41 (dd, 3/ =9.7, °J =3.6 Hz, 4 H;
6'-H), 2.13 (dd, 2/ =12.6,*/ =11.9 Hz, 2H; 4-H), 1.46 (s, 18 H; rBu-H), 1.42
(dd, 2/ =12.6, %] =2.7 Hz, 2H; 4-H), 0.60—0.40 (m, 8H; cPr-H); *C NMR
(62.9 MHz, CDCl;, DEPT): 6 =174.9 (Cyu, CO), 142.7 (Cyuar, Ar-C¥),
138.5 (Cquar» C-8%), 128.2 (4, Ar-C), 124.0 (+, C-7'), 80.0 (Cyyur» tBu-C),
40.4 (4, C-5), 374 (-, C-6'), 28.6 (—, C-4'), 28.1 (+, tBu-C), 20.1 (Cyyur>
C-3'),12.8 (—, cPr-C), 11.6 (—, cPr-C); MS (70 eV): m/z (%): 490 (13) [M 1],
433 (7) [M*+ — C,Hy], 417 (22) [M * — C,H,O], 378 (100) [M * — 2 C,Hg], 331
(27), 57 (52) [C,Hy"]; elemental analysis caled (% ) for C3,H,,04 (490.7): C
78.33, H 8.63; found: C 78.09, H 8.49.

b) According to GP 5, palladium(i1) acetate (11.2 mg, 49.9 pmol, 5 mol %),
triphenylphosphane (39.3 mg, 150 umol, 15 mol % ), bicyclopropylidene (1,
160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCl (166 mg,
1.00 mmol) and 1,4-diiodobenzene (37, 166 mg, 0.500 mmol) were stirred
in anhydrous acetonitrile (1 mL) with ters-butyl acrylate (17e, 256 mg,
2.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 50 g silica gel (column 2 x 20 cm, pentane/diethyl ether 4:1)
yielded 38e as colorless crystals (169 mg, 69 % ).

¢) According to GP 6, 1,4-diiodobenzene (37, 330 mg, 1.00 mmol), bicyclo-
propylidene (1, 320 mg, 4.00 mmol), ftert-butyl acrylate (17e, 512 mg,
4.00 mmol), palladium(11) acetate (11.2 mg, 49.9 umol), triphenylphosphane
(39.3 mg, 150 umol) and triethylamine (404 mg, 4.00 mmol) were heated in
anhydrous DMF (5 mL) at 80°C for 24 h under a pressure of 10 kbar. After
work-up, chromatography of the crude product on silica gel (column 2 x
20 cm, pentane/diethyl ether 4:1) gave 38e as colorless crystals (294 mg,
60%); R;=0.82 (pentane/diethyl ether 4:1); m.p. 121°C.

1,4-Bis(4',5"-dimethoxycarbonylspiro[2.5]oct-7"-ene-8"-yl)benzene (38 f):
a) According to GP35, palladium() acetate (11.2mg, 49.9 pmol,
5 mol %), triphenylphosphane (39.3 mg, 150 pmol, 15 mol % ), bicyclopro-
pylidene (1, 160 mg, 2.00 mmol), K,CO; (277 mg, 2.00 mmol), Et,NCI
(166 mg, 1.00 mmol) and 1,4-diiodobenzene (37, 166 mg, 0.500 mmol) were
stirred in anhydrous acetonitrile (1 mL) with dimethyl fumarate (17f,
288 mg, 2.00 mmol) for 48 h at 80°C. After work-up, chromatography of
the crude product on silica gel (column 2 x 20 cm, pentane/diethyl ether
1:1) gave 38f as colorless crystals (141 mg, 54%). R;=0.42 (pentane/
diethyl ether 1:1); m.p. 139°C; IR (KBr): 7 = 3005, 2950, 1734 (C=0), 1653
(C=C), 1432, 1374, 1324, 1259, 1157, 1023, 998, 851 cm~'; 'H NMR
(250 MHz, CDCLy): 6 =6.95 (s, 4H; Ar-H), 5.50 (dd, 3/ =3.8, 3/ =3.7 Hz,
2H; 7-H), 3.71 (s, 12H; OCH,), 3.29 (ddd, 3/ =12.8, 3] =6.6, 3/ =6.3 Hz,
2H; 5-H), 2.94 (d, 3J=6.6 Hz, 2H; 4-H), 2.57 (ddd, 2/ =182, 3/ =12.8,
3J=3.8Hz, 2H; 6'-H), 2.49 (ddd, 2/ =18.2, 3/ = 6.3, 3/ =3.7 Hz, 2H; 6'-H),
0.66-0.59 (m, 6H; cPr-H), 047-0.43 (m, 2H; cPr-H); “C NMR
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(62.9 MHz, CDCl;, DEPT): 0 =1745 (Cyu, CO), 1733 (Cyus CO),
1416 (Cypas AT-C¥), 138.1 (Cyys C-8%), 1283 (+, Ar-C), 123.5 (+, C-7)),
519 (+, OCH,), 51.8 (+, OCH,), 49.3 (+, C-5'), 41.4 (+, C-4), 26.3 (—,
C-6'), 20.0 (Cyua» C-3'), 11.0 (=, cPr-C), 10.3 (—, cPr-C); MS (70 eV): m/z
(%): 522 (46) [M*], 491 (24) [M* — OCH3], 463 (50) [M * — CO,CH3], 431
(43) [M* — CO,CH; — MeOH], 403 (100) [M * — CO,CH; — MeOH — CO],
371 (20), 343 (63) [M*+ — CO,CH; —2MeOH — 2 CO], 283 (38); elemental
analysis caled (%) for C3,H3,05 (522.6): C 68.95, H 6.56; found: C 69.10, H
6.64.

b) According to GP 6, 1,4-diiodobenzene (37, 330 mg, 1.00 mmol), bicyclo-
propylidene (1, 320 mg, 4.00 mmol), dimethyl fumarate (17f, 576 mg,
4.00 mmol), palladium(t1) acetate (11.2 mg, 49.9 umol), triphenylphosphane
(39.3 mg, 150 umol) and triethylamine (404 mg, 4.00 mmol) were heated in
anhydrous DMF (5 mL) at 80 °C for 24 h under a pressure of 10 kbar. After
work-up, chromatography of the crude product on silica gel (column 2 x
20 cm, pentane/diethyl ether 1:1) gave 38f as colorless crystals (314 mg,
60% ). R;=0.44 (pentane/diethyl ether 1:1); m.p. 137°C.

1,3,5-Tris(5'-methoxycarbonylspiro[2.5]oct-7'-en-8'-yl)benzene (40a): Ac-
cording to GP5, palladium() acetate (33.7 mg, 150 umol, 30 mol %),
triphenylphosphane (78.7 mg, 300 pmol, 60 mol % ), bicyclopropylidene (1,
480 mg, 6.00 mmol), K,CO; (829 mg, 6.00mmol), EtNCl (497 g,
3.00 mmol) and 1,3,5-triiodobenzene (39, 228 mg, 0.50 mmol) were stirred
in anhydrous acetonitrile (1 mL) with methyl acrylate (17a, 517 mg,
6.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 25 gsilica gel (column 2 x 20 cm, pentane/diethyl ether 2:1) gave:

Fraction I: Polymeric material as a yellowish oil (177 mg). R;=0.82
(pentane/diethyl ether 2:1).

Fraction II: 40a as a yellowish oil (207 mg, 72%); R;=0.41 (pentane/
diethyl ether 2:1); IR (film): 7= 3079, 2998, 2949, 2851, 1736 (C=0), 1646
(C=C), 1436, 1375, 1258, 1193, 1170, 1019, 904, 885, 812, 729 cm~'; '"H NMR
(250 MHz, CDCly): 6 =6.58 (s, 3H; Ar-H), 5.47 (t, *J=3.8 Hz, 3H; 7-H),
3.69 (s, 9H; OCHj;), 2.82 (ddd, /=118, 3/ =8.1, 3J=2.7 Hz, 3H; 5-H),
2.44 (dd, 37 =81, 3J=3.8 Hz, 6H; ¢’-H), 2.11 (dd, 2/=12.8, 3/ =11.8 Hz,
3H; 4-H), 1.46 (dd, 2/ =12.8, 3/ =2.7 Hz, 3H; 4-H), 0.57-0.38 (m, 12H;
cPr-H); BC NMR (62.9 MHz, CDCl;, DEPT): 6 =175.9 (C,,,(, CO), 142.5
(Cquar» C-8'%), 138.5 (Cyua» Ar-C*), 1283 (+, Ar-C), 123.7 (+, C-7'), 51.6
(+, OCHy), 393 (+, C-5'), 374 (—, C-6'), 28.4 (—, C-4), 20.1 (Cyuar» C-3'),
12.8 (—, cPr-C), 11.6 (—, ¢Pr-C); MS (70 eV): m/z (%): 570 (100) [M ], 555
(5) [M*+—CH;], 539 (25) [M* — OCH;], 511 (21) [M* — CO,Me], 490 (62),
481 (41), 430 (29), 421 (25), 401 (29), 371 (51), 345 (39), 343 (35), 311 (30),
285 (26), 283 (35), 255 (27).

1,3,5-Tris(5'-tert-butoxycarbonylspiro[2.5]oct-7"-en-8'-yl)benzene  (40e):
According to GP 5, palladium(t1) acetate (33.7 mg, 150 pmol, 30 mol %),
triphenylphosphane (78.7 mg, 300 umol, 60 mol % ), bicyclopropylidene (1,
480 mg, 6.00 mmol), K,CO; (829 mg, 6.00 mmol), Et,NCl (497 g,
3.00 mmol) and 1,3,5-triiodobenzene (39, 228 mg, 0.500 mmol) were stirred
in anhydrous acetonitrile (1 mL) with fert-butyl acrylate (17e, 769 mg,
6.00 mmol) for 72 h at 80°C. After work-up, chromatography of the crude
product on 25 gsilica gel (column 2 x 20 cm, pentane/diethyl ether 5:1) gave:

Fraction I: Polymeric material as a clear oil (292 mg); R;=0.88 (pentane/
diethyl ether 5:1).

Fraction II: 40e as a yellowish oil (208 mg, 60%); R;=0.53 (pentane/
diethyl ether 5:1); IR (film): 7 = 3042, 2977, 2930, 1727 (C=0), 1653 (C=C),
1457, 1367, 1257, 1153, 843 cm™'; '"H NMR (250 MHz, CDCl;): 6 =6.54 (s,
3H; Ar-H), 5.46 (t,3/ =3.7 Hz, 3H; 7-H), 2.73 (ddd, 3/ =12.1,3/ =9.8,3] =
3.0 Hz, 3H; 5'-H), 2.38 (dd, 3/ =9.8, 3/ =3.7 Hz, 6H; 6'-H), 2.08 (dd, 2/ =
12.4, 3] =12.1 Hz, 3H; 4-H), 1.44 [s, 27H; C(CHs,);], 1.42 (dd, 2/ =124,
3J=3.0 Hz, 3H; 4-H), 0.57-0.38 (m, 12H; ¢Pr-H); *C NMR (62.9 MHz,
CDCl;, DEPT): 6 =174.9 (Cyuar» CO), 142.5 (Cyay» C-8'), 138.6 (Cyay» Ar-
C), 1283 (+, Ar-C), 123.9 (+, C-7), 80.0 [Cyua» C(CHa)], 40.4 (4, C-5'),
374 (-, C-6),28.6 (—, C-4'),28.1 [+, C(CH3)3], 20.1 (Cyua» C-3'), 12.9 (—,
cPr-C), 11.6 (—, cPr-C); MS (70 eV): m/z (% ): 697/696 (6/12) [M *], 640/639
(4/8) [M*+—C,H,], 623 (15) [M*+—OC,H,], 528 (98) [M*+—3C,Hy], 481
(21) [M+-2CH,— CO,C,H,], 57 (100) [C4Hy"]; elemental analysis calcd
(%) for CysHgOg (697.0): C 7755, H 8.68; found: C 77.66, H 8.74.

1,3,5-Tris(4',5'-dimethoxycarbonylspiro[2.5]oct-7-en-8'-yl)benzene (40 f):
According to GP 5, palladium(ir) acetate (33.7 mg, 150 umol, 30 mol %),
triphenylphosphane (78.7 mg, 300 umol, 60 mol % ), bicyclopropylidene (1,
480 mg, 6.00 mmol), K,CO; (829 mg, 6.00 mmol), EtNCl (497 g,
3.00 mmol) and 1,3,5-triiodobenzene (39, 228 mg, 0.500 mmol) were stirred
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in anhydrous acetonitrile (1 mL) with dimethyl fumarate (17f, 865 mg,
6.00 mmol) for 72 h at 80°C. After work-up, chromatography of the crude
product on 25 g silica gel (column 2 x 20 cm, pentane/diethyl ether 2:1 —
diethyl ether) gave:

Fraction I: Polymeric material and 17 f (260 mg overall); R;=0.77 (pen-
tane/diethyl ether 2:1).

Fraction II: 40f as a yellowish oil (211 mg, 57%); R;=0.11 (pentane/
diethyl ether 2:1); IR (film): 7 = 3005, 2952, 1734 (C=0), 1653 (C=C), 1436,
1374, 1265, 1199, 1171, 1024 cm~!; 'H NMR (250 MHz, CDCl;): 6 =6.62 (s,
3H; Ar-H), 5.46 (t, 3 =3.9 Hz, 3H; 7-H), 3.70 (s, 9H; OCHs), 3.69 (s, 9H;
OCH;), 3.25 (dd, 3/ =70,3/ =6.3 Hz, 3H; 5-H), 2.93 (d,?/ =70 Hz, 3H; 4-
H), 2.49 (dd, 3/ = 6.3, 3/ =3.9 Hz, 6 H; 6-H), 0.61-0.37 (m, 12H; cPr-H);
13C NMR (62.9 MHz, CDCly, DEPT): 6 = 174.5 (Cyyais CO), 173.2 (Cyuar»
CO), 141.3 (Cyqus Ar-C*), 138.2 (Cyyar, C-8%), 1284 (+, Ar-C), 1235 (+,
C7), 518 (+, OCHy), 49.0 (+, C-5), 414 (+, C4), 263 (—, C-6)), 19.6
(Cauar C-3), 10.9 (=, ¢Pr-C), 10.1 (—, cPr-C); MS (70 eV): miz (%): 744
(100) [M*], 684 (72) [M*—MeOH — CO], 624 (44) [M*—2MeOH —
2CO]J, 565 (32) [M*—-CO,Me—-2MeOH-2CO], 505 (24) [M*—
CO,Me —3MeOH —3CO], 59 (62) [CO,Me*].

1,2,4,5-Tetrakis(5'-methoxycarbonylspiro[2.5]oct-7'-en-8'-yl)benzene (42):
According to GP 5, palladium() acetate (44.8 mg, 200 umol, 20 mol % ),
triphenylphosphane (105 mg, 400 pmol, 40 mol % ), bicyclopropylidene (1,
641 mg, 8.00 mmol), K,CO; (664 mg, 4.80 mmol), EtNCl (1.11g,
6.70 mmol) and 1,2,4,5-tetraiodobenzene (41, 582 mg, 1.00 mmol) were
stirred in anhydrous acetonitrile (2 mL) with methyl acrylate (17a, 689 mg,
8.00 mmol) for 48 h at 80°C. After work-up, chromatography of the crude
product on 25 g silica gel (column 2 x 20 cm, pentane/diethyl ether 1:1)
gave:

Fraction I: Polymeric material (65 mg); R;=0.71 (pentane/diethyl ether
1:1).

Fraction II: 42 as a grey, semi-solid substance (348 mg, 47 %); R;=0.46
(pentane/diethyl ether 1:1); 'H NMR (250 MHz, CDCl;): 6 =6.34 (brs,
2H; Ar-H), 5.52-5.41 (m, 4H; 7-H), 3.70 (brs, 12H; OCHj), 2.96-2.80
(m, 4H; 5'-H), 2.49-2.39 (m, 8H; 6'-H), 2.11-1.93 (m, 4H; 4-H), 1.38—
1.22 (m, 4H; 4-H), 0.58-0.36 (m, 16H; cPr-H); C NMR (62.9 MHz,
CDCl;, DEPT): 6 =175.9 (Cyus» CO), 140.5 (Cyup» Ar-C*), 136.7 (Cyars
C-8'%),126.0 (+, Ar-C), 123.7 (+, C-7"), 51.6 (+, OCH;), 39.4 (+, C-5),37.3
(—,C-4),283 (-, C-6),21.3 (Cyuar C-3'),12.6 (—, cPr-C), 12.4 (—, cPr-C);
MS (70 eV): miz (%): 734 (86) [M *], 703 (10) [M+ — OCH;], 676 (6), 569
9) [M*—CH;50,], 311 (80), 206 (78), 183 (88), 105 (100).
1-Cyclohex-1"-enyl-1-phenylcyclopropane (44), 1’-phenylprop-2’-enylide-
necyclohexane (45) and (Z)-(1’-phenylprop-1’-enyl)cyclohex-1-ene [(Z)-
46]: According to GP 1, iodobenzene (2-Ph, 204 mg, 1.00 mmol), cyclo-
propylidenecyclohexane (43a, 490 mg, 4.01 mmol), palladium(i) acetate
(11.2 mg, 49.9 umol), triphenylphosphane (39.3 mg, 150 pmol) and triethyl-
amine (202 mg, 2.00 mmol) in anhydrous DMF (10 mL) were heated at
75°C for 20 h. After work-up, chromatography of the crude product on
silica gel (column 2 x 20 cm, pentane) gave:

Fraction I: (Z)-46 as a colorless oil (105 mg, 53%); R;=0.8 (pentane);
'"HNMR (250 MHz, CDCl,): 6 =7.45-7.25 (m,3H; Ar-H), 72-7.1 (m, 2H;
Ar-H), 5.78 (q, 3/ =70 Hz, 1H; 2"-H), 5.25 (brs, 1H; 2-H), 2.30 (brs, 2H;
CH,), 2.05 (brs, 2H; CH,), 1.80-1.50 (m, 7H; CH,, CH;); “C NMR
(62.9 MHz, CDCl;, DEPT): 6 =144.4 (Cyyy), 140.2 (Cyya0), 127.9 (+, Ar-C),
1278 (+, Ar-C), 127.1 (+, Ar-C*), 126.2 (+, C-2'%),119.3 (+, C-2),25.9 (-,
C-3, C-6), 23.0 (—, C-5%), 22.4 (—, C-4%), 151 (+, C-3'); MS (70 eV, EI):
mlz (%): 198 (100) [M *], 183 (41) [M* — CH;], 169 (47) [M*+ — C,Hj], 155
(42) [M+ - C;H,], 141 (46) [M * — C,H,], 115 (31) [M * — C4H,;;=2-indenyl],
91 (23) [C;H;*]; HRMS: m/z (%): caled for C;sHg: 198.1408; found:
198.1408.

Fraction II: A mixture of at least three different C;sH,s isomers (70 mg,
35%), among them 44 and 45 (NMR, MS); R;=0.65 (pentane); MS (EIL,
70 eV): miz (%): 198 (100) [M*], 183 (53) [M+— CHj;], 169 (19) [M*—
C,H;], 141 (60), 91 (65) [C;H;*].

Fraction III: Biphenyl (6 mg, 8% ); R;=0.63 (pentane).
1-Phenyl-1-(propen-2'-yl)cyclopropane (48), 4-methyl-3 phenyl-1,3-penta-
diene (49) and 2-methyl-3-phenyl-1,3-pentadiene [(Z)-50]: According to
GP 1, iodobenzene (2-Ph, 204 mg, 1.00 mmol), isopropylidenecyclopro-
pane (47, 329 mg, 4.00 mmol), palladium(ir) acetate (11.2 mg, 49.9 pmol),
triphenylphosphane (39.3 mg, 150 umol) and triethylamine (202 mg,
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2.00 mmol) were heated in anhydrous DMF (10 mL) at 75°C for 20 h.
After work-up, chromatography of the crude product on silica gel (column
2 x 20 cm, pentane) gave:

Fraction I: 2-Ph, not completely evaporated; R;=0.85 (pentane).

Fraction II: A mixture of (Z)-50 and 49 (1.7:1) as a colorless oil (95 mg,
60%), which could not be separated completely. (Z)-50: 'H NMR
(250 MHz, C,D¢): 6 =730-7.00 (m, 5H; Ar-H), 5.83 (q, /=70 Hz, 1H;
4-H),5.01 (q,*/ =0.5 Hz, 1H; 1-H), 4.77 (q, Y = 0.5 Hz, 1H; 1-H), 1.97 (dd,
47=0.5, 4/=0.5Hz, 3H; CH,), 1.54 (d, 3J=7.0 Hz, 3H; CHj;); ¥C NMR
(62.9 MHz, CgDg, DEPT): 6 = 144.7 (Cyyar)> 136.0 (Cyuar), 132.4 (Cyay), 130.0
(+,CH), 128.4 (+,CH), 126.8 (+,CH), 123.3 (+, CH), 115.5 (—, C-1),20.5
(+, CHs), 15.1 (+, CH3); 49: '"H NMR (250 MHz, C;Dy): 6 =7.30-7.00 (m,
SH; Ar-H), 7.02 (dd, 3/ =17,3] =10 Hz, 1H; 2-H), 5.10 (d, */=10 Hz, 1H;
1-H), 4.83 (d, 3J=17 Hz, 1H; 1-H), 1.97 (s, 3H; CHj;), 1.51 (s, 3H; CH;);
BC NMR (62.9 MHz, C;D4, DEPT): 6 =144.5 (C,,,), 140.1 (C,,,0), 1343
(Cquar)> 130.4 (+, CH), 130.2 (+, CH), 126.6 (+, CH), 124.7 (+, CH), 115.3
(-, C1),22.7 (+, CH;), 194 (+, CH,).

Fraction I11: 48 as a colorless oil (7.3 mg, 5% ); 'H NMR (250 MHz, C¢Dy):
0=723-715(m,5H; Ar-H),5.29 (s, 1H; 1-H), 5.20 (d, 7= 0.5 Hz, 1H; 1"-
H), 1.90 (d, ¥/ =0.5 Hz, 3H; CH;), 1.0-1.5 (m, 4H; cPr-H).
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crystal size 0.70 x 0.25 x 0.20 mm?, monoclinic, a=11.714(2), b=
6.5394(13), ¢=20.309(4) A, f=101.47(3)°, V=1524.1(5) A3, Z=4,
space group P2,/c, T=133(2) K, p=1.308 gcm~3, intensities meas-
ured: 12368 (26,,,,=46.5), independent: 2188 (R;, =0.0410), 206
parameters refined, R1 = 0.0559, wR2 (all data) =0.1081, Gof =1.100,
maximum and minimum residual electron density 0.172 and
—0.195e¢ A3, 18£-Tol: C,0H,,0, (314.37), crystal size 0.80 x 0.60 x
0.50 mm?, monoclinic, a=14.543(2), b=5.7066(5), ¢=20.334(2) A,
B=92303(11)°, V=1686.2(3) A3, Z=4, space group P2/c, T=
150(2) K, p=1238 gecm™, intensities measured: 5415 (20,,,x=
50.16), independent: 2988 (R;, =0.0197), 211 parameters refined,
R1=0.0533, wR2 (all data)=0.1403, Gof=1.063, maximum and
minimum residual electron density 0.296 and —0.221 ¢ A-3. 18k-Ph:
C,sH,,0, (314.37), crystal size 0.80 x 0.70 x 0.40 mm?, monoclinic, a =
18.146(4), b=70505(10), c=13313(4) A, B=99.540(14)°, V=
1679.7(6) A3, Z=4, space group P2/c, T=2002)K, p=
1.243 gem =3, intensities measured: 4894 (20, = 50.04), independent:
2220 (R;,=0.0418), 208 parameters refined, R1=0.0694, wR2 (all
data) =0.1397, Gof = 1.048, maximum and minimum residual electron
density 0.296 and —0.221 e A3, p-32: C,,H,,NO, (363.40), crystal size
0.70 x 0.60 x 0.50 mm?, triclinic, a=7.8064(7), b=11.4141(10), c=
11.4902(10) A, a=111.678(5), f=108.215(5), y=91.304(5)°, V=
892.58 A3, Z=2, space group PI, T=133(2)K, p=1.352gcm™,
intensities measured: 10902 (20,,.,,=49.16), independent: 2944
(R;, =0.0594), 245 parameters refined, R1=0.0935, wR2 (all data)

=0.1432, Gof=1.271, maximum and minimum residual electron
density 0.218 and —0.217 ¢ A=3. anti-34eb: C,xH;,0, (374.50), crystal
size 1.00 x 1.00 x 1.00 mm?, monoclinic, a =12.855(13), b ="7578(8),
c=223102) A, =97420(10)°, V=2155.0(4) A3, Z =4, space group
P2,/c, T=2002)K, p=1.154 gem™3, intensities measured: 4692
(260, =50.16), independent: 3739 (R, =0.0918), 257 parameters
refined, R1=0.1461, wR2 (all data) =0.4298, Gof = 1.137, maximum
and minimum residual electron density 0.296 and —0.221eA=.
CCDC-176378 (18f-Ph-1), -163615 (18f-Ph-2), -176661 (18 f-Tol),
-176526 (18k-Ph), -133154 (p-32), -176525 (anti-34eb) contain the
supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; (fax: (+44)1223-336-033; or e-mail:
deposit@ccdc.cam.ac.uk).

The isomerization of dimethyl maleate to dimethyl fumarate under
Heck-coupling conditions has previously been documented. Com-
pare: N. A. Cortese, C. B. Ziegler, Jr., B. J. Hrnjes, R. F. Heck, J. Org.
Chem. 1978, 43, 2952-2958. In a control experiment under the
currently employed conditions [Pd(OAc), (5mol%), PPh;
(15 mol %), Phl, dimethyl maleate (2 equiv), Et;N (2 equiv), DMF,

(22]

[23]

[24]
[25]

[26]

[27]

(28]

[29]

(30]
(31]

(32]

(33]

80°C, 10 h] 10 % of the recovered butene-1,4-dioate in the reaction of
excess dimethyl maleate with phenyl iodide had rearranged to the
trans isomer.

a) O. Tsuge, E. Wada, S. Kanemasa, Chem. Lett. 1983,239-242;b) O.
Tsuge, E. Wada, S. Kanemasa, Chem. Lett. 1983, 1525-1528; c) E.
Wada, S. Kanemasa, O. Tsuge, Bull. Chem. Soc. Jpn. 1989, 62, 1198 —
1204; d) C. Spino, G. Liu, N. Tu, S. Girard, J. Org. Chem. 1994, 59,
5596 -5608; ¢) M. Miihlebach, M. Neuenschwander, Helv. Chim. Acta
1994, 77, 1363-1376; f) O. Tsuge, T. Hatta, H. Yoshitomi, K.
Kurosaka, T. Fujiwara, H. Maeda, A. Kakehi, Heterocycles 1995, 41,
225-228.

The atropisomerism was proved by measuring the '"H NMR spectrum
of 34ac at 23, 50, 75 and 100°C. At 75°C and above only one set of
signals was observable. Compare H. Giinther, NMR-Spektroskopie,
Thieme, Stuttgart, New York, 1983.

If the Diels— Alder reaction were not completely regioselective, eight
isomers could be formed.

A. de Meijere, S. I. Kozhushkov, N. S. Zefirov, Synthesis 1993, 681 —
683.

A. de Meijere, H. Niiske, M. Es-Sayed, T. Labahn, M. Schroen, S.
Brise, Angew. Chem. 1999, 111, 3881 -3884; Angew. Chem. Int. Ed.
1999, 38, 3669 —3672.

a) C.J. M. Van den Heuvel, H. Steinberg, T. J. De Boer, Recl. Trav.
Chim. Pays-Bas 1985, 104, 145-152; b) A. A. Frimer, T. Farkash, M.
Sprecher, J. Org. Chem. 1979, 44, 989 —995.

The configuration was established by a 400 MHz NOESY NMR
spectrum.

Such a formal rearrangement of a homoallyl- to an arylpalladium
intermediate has literature precedent, cf. a) G. Fournet, G. Balme, J.
Gore, Tetrahedron 1988, 44, 5809 —5820; b) G. Fournet, G. Balme, J. J.
Barieux, J. Gore, Tetrahedron 1988, 44, 5821-5832. It has recently
been found for homoallylpalladium intermediates of type 52, cf. ¢) H.
Niiske, M. Noltemeyer, A. de Meijere, Angew. Chem. 2001, 113,
3509-3511; Angew. Chem. Int. Ed. 2001, 40, 3411 -3413.

H. Niske, R. Scheurich, M. Es-Sayed, S. Brise, A. de Meijere,
unpublished results.

Such a spirocylopropane analogue of vitamin A has previously been
synthesized: H. Hopf, K. Natsias, Liebigs Ann. Chem. 1988, 705-716.
a) Review: K. Yamada, M. Ojika, H. Kigoshi, Angew. Chem. 1998,
110, 1918-1926; Angew. Chem. Int. Ed. Engl. 1998, 37, 1818 -1826;
b) U. Harttig, T. Anke, A. Scherer, W. Steglich, Phytochemistry 1990,
29,3942 -3944.

a) H. Satonaka, Magn. Reson. Chem. 1986, 24, 265-267; b)J.
Vallgarda, U. Appelberg, L.-E. Arvidsson, S. Hjorth, B. E. Svensson,
U. Hacksell, J. Med. Chem. 1996, 39, 1485—1493.

Received: January 8, 2002 [F3785]

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

0947-6539/02/0810-2369 $ 20.00+.50/0 2369






FULL PAPER

A Synthesis of Trisubstituted Alkenes by a Ru-Catalyzed Addition

Barry M. Trost,* Hong C. Shen, and Anthony B. Pinkerton!?!

Abstract: Catalyzed by ruthenium trisacetonitrile hexafluorophosphate 4, the
Alder-ene type reaction of alkenes and internal alkynes provides an effective way

to synthesize trisubstituted alkenes. Unlike most typical olefination protocols, this
reaction is atom economical, and affords trisubstituted alkenes with defined olefin
geometry. The regioselectivity can be explained invoking a steric argument based on

Keywords: alkenes - C—C coupling
homogeneous  catalysis
olefination - ruthenium

the proposed mechanism. The first C—C bond formation generally involves sterically
less hindered carbons of the alkenes and alkynes. Modest to very high regioselectivity
can be achieved depending on the steric difference of the two substituents of alkynes.

Introduction

The synthesis of trisubstitued alkenes of defined geometry
remains a challenge. Olefination protocols frequently lack
control of alkene geometry.! Carbametallation of internal
alkynes normally occurs with good control of alkene geometry
involving a cis addition, but issues of regioselectivity of
addition to internal alkynes normally make the reaction
useless.”! The ruthenium catalyzed addition of alkenes and
alkynes, while a carbametallation protocol, is believed to
proceed through a metallation as depicted in Scheme 1.5 4

The work to date suggests that the cyclopentadienyl
ruthenium catalyst has high steric demands and thus shows
great sensitivity to steric effects. Thus, it was postulated that
such an observation might lead to enhanced regioselectivity in
contrast to typical carbametallation protocols. In conjunction
with our efforts towards the total synthesis of callipeltosi-
de A we observed that the internal alkyne 1 and alkene 2
underwent addition to generate a single trisubstituted alkene
3 in high yield under very mild conditions [Eq. (1), Troc=
2,2,2-trichloroethoxycarbonyl]. This observation stimulated
the exploration of its generality.

Based on the proposed mechanism as depicted in
Scheme 1,1 an alkyne and an alkene can coordinate to
ruthenium in two modes prior to the formation of ruthena-

5 mol% [CPRU(CHsCN)sPFg] 4
OTBDMS oT
+ Xy ~_0OTroc
HsCO™ o
A Rt

1 2 85%

[a] Prof. B. M. Trost, H. C. Shen, A. B. Pinkerton
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Stanford, CA 94305-5080 (USA)
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E-mail: bmtrost@leland.stanford.edu
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cyclopentene. This coordination is assumed to be fast and
reversible. Examining the two possible metallacycles formed
in the oxidative cyclization (step 2), steric interaction with
respect to the C—C bond formation favors the formation of C
(if R > R’); steric factors concerning the interaction with the
Cp favors the formation of C' (if R >R’). If R and R’ have
similar electronic properties, it is envisioned that steric factors
will control the regioselectivity of the Alder-ene type
reaction. The fS-hydride elimination (step 3) followed by the
subsequent reductive elimination (step 4) gives rise to the
diene and regenerates the catalyst presumably in a non-
reversible manner. This study not only helps to understand
whether one of the two steric factors described above dictates
the regioselectivity, but provides an atom economical strategy
to afford trisubstituted alkenes as well. A set of conditions
that proved effective for good regioselectivity in ruthenium
catalyzed addition to terminal alkynes was adopted here (5-
10 mol % 4, DMF, RT).

Results

In Table 1, a wide range of alkyne and alkene substrates have
been studied to probe the scope of this reaction and the
alkyne substituent effect on the regioselectivity. It was found

that the steric interaction of
OTBDMS
Hacg’\ (1)

alkyne and alkene subsitutu-
ents adjacent to the newly

otree formed C—C bond is more

3 important than that of the al-

kyne substituent with the Cp

group. As a result, excellent regioselectivity has been
obtained in cases where the size of R and R’ are quite

different. In the substrates where R is quaternary and R’ is
secondary, the initial C—C bond formation occurs exclusively
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step 4

path a

Scheme 1.

between the terminal carbon of the olefin and the less
hindered carbon of the alkyne (path a), as shown in entries 1 —
4. In the first three cases, coordination of the free hydroxyl
group to ruthenium may have been thought to influence the
regioselectivity. To check this point, the hydroxyl group was
placed on the less sterically demanding substituent, but again
only the product involving new C—C bond formation to the
less sterically encumbered terminus of the alkyne was formed
(entry 4). Moving the quaternary center one carbon away
from the alkyne still maintains the excellent regioselectivity
(entry 5). On the other hand, making it a tertiary center as in
entry 9 does lead to erosion of the regioselectivity, but,
nevertheless, still quite high. A tertiary center, as in entries 6
and 7 also gave an excellent regioselectivity with only one
regioisomer being detected. A hydroxymethyl substituent did
have a profound effect on the regioselectivity if the other
alkyne substituent is not sterically demanding (entries 8, 11,
and 12). Placing the hydroxyl group on a secondary carbon
can enhance the regioselectivity (entry 10), but in another
case slightly reduced it (entries 15 and 18). The example of
entry 8 is also somewhat surprising in the high selectivity
observed and may involve some electronic effect of the
cyclopropyl ring. A phenyl group appears to favor attack
distal to the aromatic ring (entry 19) but the results are
somewhat inconsistent (entries 20, 22, and 24).

A homopropargylic alcohol (entries 13 and 16) and even a
bis-homopropargylic alcohol (entry 14) also impact the re-
gioselectivity in a similar way to the propargylic alcohol. The
role of the hydroxyl group in the latter case is not over-
whelming as even 1-dodecyne shows nearly 3:1 regioselectiv-
ity (entry 21). Indeed, the level of selectivity in such an
unbiased substrate is surprising. In this case, a comparison of
acetone to DMF as solvent was made. As observed in the case

2342

p—=—R + >N
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of terminal alkynes, use of
DMF gave a better regioselec-
tivity than use of acetone.

A few alkynes, 8 and 9, were
not successful. The latter pre-
sumably derives from the acid

—

step 1

lability of the benzylic alcohol
since replacing the methoxy
-t group by trifluoromethyl allows
= L reaction to proceed in good
R‘\,F‘U\/ yield (entry 15). The one case
N R of an alkene that failed, 10,
B derives from difficulties of in-
R-R serting into the tertiary C—H

bond.
step 2 Mechanistic  considerations

suggest that the alkene geome-
try derives from a cis addition
as depicted. This assumption
has been supported by NOE
studies for a select group of
products. For example, in the
case of 7d (entry4), a 5.7%
NOE was observed between
the vinyl hydrogen at 6 =5.36
and the doubly allylic methyl-
ene hydrogen at d =2.75 but no NOE with the methylene
group hydrogen next to the OH. Similar observations were
made for the products of entries 5—7 and 9.

| o = OTBS

N\

HO

MeO
10

Discussion and Conclusions

The mechanism of the reaction as outlined in Scheme 1 is
consistent with our observations. The major question that is
not resolved is the degree of reversibility in the formation of
the metallacycles C and C' compared with the S-hydride
elimination to D and D’. The combination of these two events
appear to explain the results. The high selectivity with the
more sterically bulky substrates is consistent with the product
determining step being metallacycle formation. On the other
hand, the odd cases such as entries 12—18 and the unusually
high selectivity of cases involving 2-tridecyne may result from
the f-hydride elimination step becoming product determin-
ing.

Regardless of mechanism, it is clear that a mild way to
generate trisubstituted alkenes by a carbametallation ap-
proach has evolved. Regioselectivities are reasonable in most
cases and can indeed be exceptional. As anticipated, geo-
metrical selectivity is exquisite. The mild reaction conditions
translate into excellent chemoselectivity as well.
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Trisubstituted Alkenes 2341-2349
Table 1. Trisubstituted alkene synthesis.[?
Alkyne Alkene Product Yield [%] Ratiol®!
Ph
OH
OH o] —
—%: Ph H
! WO/ ) 1a 84 >20:1
5a 6a ( )6
COMe
OH
OH o __
= H
2 /_/—b Wo/ ’ ™ 71 >20:1
5b 6a
(] e
COMe
\,C_ MeO,C oo ~~ Tor
= eLx
3 HO OTBDMS MeOzCN\\ MeO,C 58 >20:1
OTBDMS
5¢ 6b ;
(o
OH o HO™ ™Sy =
H
%—/: x
4 \/H;)ko/ ) 76 >20:1
i 62 Qs ™
COMe
HO
MeO,C. = =
= Y
MeOC \O?\/ MeO,C, .
3 MeO,C 54 >20:1
OTIPS
5e be OTIPS
& S~ OH
OH
6 A 88 >15:1
“OH 6d
5f
V4 0
7 , s~ A 91 >15:1
“OH 6
e
5f “OH 79
X
_ \/\(\oBOM A\jl/\/j/\OTBDMS
8 OH 67 13:1
OTBDMS HO. MOBO
59
6f 7h
MeO;C = W
9 MeO,C OH 60 13:1
5h 6c
OH o]
N -
10 \)\NOTHP WJ\O 89 71
5i 6a
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Alkyne Alkene Product Yield [%] Ratiol®!
OH
o o
11 HO Wo/ /. 71 6:1
5 6a ( >6
CO,Me
Ph
}WCOQMe
| 7
o) HO
Ph x -
X major 7
12 /\/\ \/H;)J\o/ o 58 47:1
5k HO 6a +
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Table 1. (Continued).
Alkyne Alkene Product Yield [%] Ratiol®
OH o) Ph oH  *
Ph—= —
19 /\_ Wo/ Y \ 61 3:1
5r 6a major e minor
7s CO,Me
CO.Me
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Ph _ )—OTBDMS OTBOMS
OTBDMS o) ’
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OH o
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7 major
Su 6a
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OH (o]
24 € )= s A G-

COsMe

OH
HO __ —
TR H
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5w 6a 7x ( )6 7'
(] )
COoMe

COMe

[a] All reactions were performed using a 1:1 ratio of alkyne:alkene in the presence of 10% catalyst 4 in dry DMF, at ambient temperature and under inert
atmosphere (argon or nitrogen) for 4 h or less followed by flash chromatography without further work-up. [b] Ratio is referred to the ratio of major
regioisomer to minor regioisomer as determined by 'H NMR spectroscopy. [c] In this case, 5 equiv alkene were used. [d] Ratio is referred to 7n:7n’.

[e] Acetone was used as the solvent.

Experimental Section

General remarks: All reactions were carried out in a flame-dried flask
under dry nitrogen or argon. All solvents were HPLC grade or analytical
pure. Flash chromatography employed ICN silica gel (Kieselgel 60, 230 -
400 mesh), analytical TLC was performed with 0.2 mm silica-coated glass
plates (E. Merck, DC-Platten Kieselgel 60 F,s,). IR spectra were recorded
using the Perkin—Elmer FT-IR spectrometer PARAGON 500. NMR
spectra were recorded at room temperature, using either the Varian
Gemini 300 MHz or Varian Gemini 500 MHz spectrometer. Elemental
analyses were performed by M-H-W Laboratories (USA). HRMS (EI) m/z
spectra were recorded by the Mass Spectrometer Facility of the School of
Pharmacy, University of California, San Francisco (USA).

General procedure for the preparation of the 14-dienes: Alkene and
alkyne was added to a flame-dried flask under nitrogen or argon followed

by the addition of DMF (HPLC grade) at RT. To the mixture was then
added ruthenium trisacetonitrile hexafluorophosphate. The resulting
brown solution was stirred at RT for additional 1-4 h. The mixture was
directly purified with a silica gel column chromatography eluting with
petroleum ether/diethyl ether to yield 1,4-dienes.

Methyl 12-butyl-14-hydroxy-14-phenylpentadeca-9,12-dienoate (7a): This
compound was prepared according to the general procedure: Methyl
undec-10-enoate (40 mg, 0.20 mmol), 2-phenyl-oct-3-yn-2-ol (40 mg,
0.20 mmol), cyclopentadienyl ruthenium tris(acetonitrile) hexafluorophos-
phate (4.3 mg, 0.01 mmol), and DMF (0.5 mL) provided 7a as a pale yellow
oil (67 mg, 0.17 mmol, 84%). IR (film): #=3515b, 2928s, 2856s, 1741s,
1446m, 1366m, 1199m, 1172m, 1089m, 1028w, 970m, 920w, 903w, 756m,
701scm~'; 'TH NMR (500 MHz, CDCLy): 6 =749 (dd, J=1.0, 8.5 Hz, 2H),
733 (m, 2H), 722 (t, /=70 Hz, 1H), 5.74 (s, 1H), 5.41 (m, 2H), 3.68 (s,
3H), 2.69 (d, J=6.5Hz, 2H), 2.32 (t, J=9.0 Hz, 2H), 2.03 (q, /= 6.5 Hz,
2H), 1.97 (s, 1H), 1.90 (m, 2H), 1.63 (m, 5H), 1.28 (m, 8H), 1.18 (m, 1H),
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0.98 (m, 3H), 0.73 (t, J=70Hz, 3H); C NMR (125 MHz, CDCL):
0=174.3, 149.3, 144.1, 132.9, 132.4, 128.1, 127.9, 127.8, 126.2, 125.1, 124.5,
73.8, 51.4, 40.1, 34.1, 34.0, 33.5, 32.4, 30.6, 29.5, 29.3, 29.0, 28.8, 24.9, 22.9,
13.8; elemental analysis calcd (%) for C,H,O5: C 77.95, H 10.06; found: C
77.82, H 9.88.

Methyl 12-butyl-13-(1-hydroxycyclopentyl)-trideca-9,12-dienoate  (7b):
This compound was prepared according to the general procedure: Methyl
undec-10-enoate (20 mg, 0.10 mmol), 1-hex-1-ynyl-cyclopentanol (17 mg,
0.10 mmol), ruthenium trisacetonitrile hexafluorophosphate (4.3 mg,
0.01 mmol), and DMF (0.25 mL) provided 7b (26 mg, 0.071 mmol, 71 %).
IR (film): 7=3527b, 2928s, 2856s, 1742s, 1458m, 1436m, 1198m, 1172m,
994wem~!; '"H NMR (500 MHz, CDCl,): 6 =5.47 (s, 1H), 5.43 (m, 2H),
3.68 (s, 3H), 2.67 (d, J=70Hz, 2H), 2.31 (q, J=7.5Hz, 4H), 2.01 (q,
J=70Hz, 2H), 1.91 (m, 2H), 1.88 (m, 2H), 1.67 (m, 8H), 1.39 (m, 10H),
0.93 (t, J=70Hz, 3H); *C NMR (125 MHz, CDCL;): 6 =174.3, 143.2,
132.2,131.3,128.2, 81.3,51.4,42.5, 42.0, 40.3, 34.1, 32.5, 30.9, 30.7, 29.4, 29.1,
28.9, 24.9, 23.45, 23.35, 14.1; HRMS: calcd for C,;3H,O;: 364.2977; found:
364.2977.

Dimethyl 2-{4-[2-(tert-butyldimethylsilanyloxy)-ethyl]-6-hydroxy-6-meth-
ylhepta-1,4-dienyl}-malonate (7 c): This compound was prepared according
to the general procedure: Dimethyl 2-allyl-malonoate (17 mg, 0.10 mmol),
6-(tert-butyldimethylsilanyloxy)-2-methyl-hex-3-yn-2-ol (24 mg,
0.10 mmol), ruthenium trisacetonitrile hexafluorophosphate (4.3 mg,
0.01 mmol), and DMF (0.40 mL) provided 7¢ (24 mg, 0.058 mmol, 58 % ).
IR (film): ¥=3452b, 2956s, 2930s, 2858m, 1741s, 1463w, 1436m, 1360w,
1257s, 1149m, 1083m, 1031w, 972w, 924w, 836s, 779mcm~'; 'H NMR
(500 MHz, CDCl,): 6 =5.68 (m, 2H), 5.50 (s, 1H), 4.13 (s, 1H), 4.07 (d, J =
8.5 Hz, 1H), 3.775 (s, 3H), 3.774 (s, 3H), 3.71 (t, J=5.5 Hz, 2H), 2.75 (d,
J=6.5Hz,2H),2.62 (t,J=5.5 Hz,2H), 1.30 (s, 6 H), 0.923 (s, 9H), 0.096 (s,
3H), 0.095 (s, 3H); *C NMR (125 MHz, CDCl;): 6 =168.6, 137.5, 135.0,
132.3,123.0, 70.6, 60.6, 55.2, 52.7, 40.4, 32.0, 31.9, 26.0, 18.5, — 5.5; elemental
analysis calcd (%) for G, H330,Si: C 60.24, H 9.24; found: C 60.59, H 9.12;
HRMS: calcd for C;;H,yO¢Si: 357.1733 [M — C,H,|*; found: 357.1737.

Methyl 12-hydroxymethyl-14,14-dimethylpentadeca-9,12-dienoate (7d):
This compound was prepared according to the general procedure: Methyl
undec-10-enoate (20 mg, 0.10 mmol), 4,4-dimethyl-pent-2-en-1-ol (11 mg,
0.10 mmol), ruthenium trisacetonitrile hexafluorophosphate (2.2 mg,
0.005 mmol), and DMF (0.25mL) provided 7d (24 mg, 0.076 mmol,
76%). IR (film): 7=3444b, 2928s, 2856s, 1742s, 1460w, 1436m, 1363m,
1243w, 1199m, 1172m, 971wem~"; 'TH NMR (300 MHz, CDCl;): 6 =5.43 (m,
2H),5.36 (s,1H),4.23 (s,2H), 3.66 (s,3H), 2.75 (d, /= 6.3 Hz,2H), 2.29 (t,
J=15Hz,2H), 198 (q,/=6.6 Hz,2H), 1.61 (m, 3H), 1.29 (m, 7H), 1.13 (s,
9H); BC NMR (75 MHz, CDCl,;): 6 =174.3, 139.9, 136.2, 132.3, 128.7, 60.2,
51.4, 48.0, 40.1, 34.1, 32.5, 31.7, 29.4, 29.1, 28.9, 24.9; HRMS: calcd for
C,oH3,05: 310.2508; found: 310.2498.

Dimethyl 2-(7-hydroxy-3-methylocta-2,5-dienyl)-2-{4-[tris(isopropyl)-sila-
nyloxy]-butyl}-malonate (7e): This compound was prepared according to
the general procedure: Dimethyl 2-but-2-ynyl-2-{4-[tris(isopropyl)-silanyl-
oxy]-butyl}-malonoate (41 mg, 0.10 mmol), 4-penten-2-ol (10 mg,
0.12 mmol), ruthenium trisacetonitrile hexafluorophosphate (5.0 mg,
0.015 mmol), and DMF (0.5 mL) provided 7e (27 mg, 0.054 mmol, 54 %).
IR (film): ¥=3457b, 2943s, 2866s, 1737s, 1462m, 1384w, 1248m, 1229m,
1193w, 1109s, 1062m, 1012w, 971w, 882mcm~'; 'H NMR (500 MHz,
CDCl;): 6=5.56 (m, 2H), 5.02 (t, J=75Hz, 1H), 4.30 (m, 1H), 3.72 (s,
6H), 3.69 (t, J=6.5 Hz, 2H), 2.68 (d, /=5.5 Hz, 2H), 2.65 (d, /=7.5 Hz,
2H), 1.90 (m, 2H), 1.61 (d, /=3.0 Hz, 3H), 1.55 (m, 2H), 1.46 (s, 3H), 1.27
(m, 2H), 1.07 (m, 21H); *C NMR (125 MHz, CDCl,): 6 =172.0, 1375,
135.8,128.5,125.5,118.9, 68.7,62.9,57.7,52.3,42.4,33.3,32.3,32.2, 31.0, 30.3,
23.4,20.6, 18.0, 11.9; HRMS: calcd for C,,H,;04Si: 456.2829 [M — C;H; |+
found: 456.2834.

trans-2-(7-Hydroxyl-2-methylhepta-1,4-dienyl)-cyclohexanol (7f): This
compound was prepared according to the general procedure: Pent-4-en-
1-ol (22mg, 0.25mmol), trans-2-prop-1-ynyl-cyclohexanol (35 mg,
0.25 mmol), ruthenium trisacetonitrile hexafluorophosphate (11 mg,
0.025 mmol), and DMF (0.5 mL) provided 7f (49 mg, 0.22 mmol, 88%).
IR (film): 7=23374b, 2928s, 2855s, 1448m, 1381w, 1355w, 1263w, 1233w,
1044s, 970m, 867w, 797wcem~'; 'H NMR (500 MHz, CDCl;): 6 =5.45 (m,
2H), 4.95 (dd, J=1.0,10.0 Hz, 1H), 3.60 (t,/=6.5 Hz, 2H), 3.17 (m, 1 H),
2.68 (d, J=6.5Hz, 2H), 2.28-2.08 (m, 4H), 1.98 (m, 1H), 1.73 (m, 1H),
1.63 (d, /=1.5Hz, 3H), 1.60 (m, 3H), 1.23 (m, 2H); '*C NMR (125 MHz,
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CDCly): 6 =137.3, 131.1, 127.8, 127.3, 61.9, 45.4, 42.9, 36.4, 35.8, 33.5, 31.3,
25.2,24.7,16.6; HRMS: calcd for C,H,,0,: 224.1776; found: 224.1772.

8-(trans-2-Hydroxycyclohexyl)-7-methylocta-4,7-dien-2-one  (7g): This
compound was prepared according to the general procedure: Hex-5-en-2-
one (29mg, 0.30 mmol), trans-2-prop-1-ynyl-cyclohexanol (41 mg,
0.30 mmol), ruthenium trisacetonitrile hexafluorophosphate (13 mg,
0.030 mmol), and DMF (0.5 mL) provided 7g (64 mg, 0.270 mmol, 91 %).
IR (film): 7=3460b, 2927s, 2856s, 1715s, 1448s, 1358s, 1267w, 1231m,
1158m, 1061s, 1040s, 971s, 936w, 869w cm~'; '"H NMR (500 MHz, CDCl;):
0=5.56 (m, 2H), 5.00 (dd, /=1.0, 10.0 Hz, 1 H), 3.22 (m, 1H), 3.16 (d, / =
6.5 Hz, 2H), 2.77 (d, J=5.5 Hz, 2H), 2.17 (s, 3H), 2.15 (m, 2H), 2.03 (m,
1H), 1.77 (m, 3H), 1.68 (d, /=1.0 Hz, 3H), 1.28 (m, 3H); *C NMR
(75 MHz, CDCly): 6 =207.2, 137.0, 132.8, 1277, 123.5, 74.2, 474, 45.5, 42.9,
33.6, 31.4, 29.3, 25.2, 24.8, 16.7; HRMS: calcd for C;sH,,0,: 236.1776;
found: 236.1776.

7-Benzyloxymethoxymethyl-8-(zert-butyldimethylsilanyloxy)-3-cyclopro-
pylocta-2,5-dien-1-ol (7 h): This compound was prepared according to the
general procedure: 3-Cyclopropyl-prop-2-yn-1-ol (28 mg, 0.29 mmol), (2-
benzyloxymethylpent-4-enyloxy)-tert-butyldimethylsilane (102 mg,
0.29 mmol), ruthenium trisacetonitrile hexafluorophosphate (4.3 mg,
0.01 mmol), and DMF (0.5 mL) provided 7h (87 mg, 0.195 mmol, 67 %).
IR (film): 7=3452b, 3083w, 3005w, 2954s, 2929s, 2858s, 1471m, 1382w,
1253m, 1169m, 1105s, 1046s, 972m, 837s, 777s, 737m, 698m, 665wcm™;
'H NMR (500 MHz, CDCL): 6 =7.37 (m, 4H), 7.32 (m, 1H), 5.82 (m, 1 H),
5.57 (m, 2H), 4.77 (s, 2H), 4.61 (s, 2H), 4.12 (d, /=70 Hz, 2H), 3.66 (m,
4H), 2.76 (d, J=6.0 Hz, 2H), 2.49 (m, 1H), 1.72 (brs, 1H), 1.40 (m, 1H),
0.91 (s, 9H), 0.63 (m, 2H), 0.48 (m, 2H), 0.06 (s, 6H); *C NMR (125 MHz,
CDCly): 6 =142.7, 1379, 130.6, 129.6, 128.4, 127.8, 127.6, 122.5, 94.7, 69.2,
68.5,63.6,58.9,45.2,33.1,25.9,18.3,17.2, 5.41, — 5.44, — 5.47; HRMS: calcd
for C,sH,,0,Si: 446.2852; found: 446.2858.

Dimethyl 2-(7-hydroxy-3-methylocta-2,5-dienyl)-malonate (7i): This com-
pound was prepared according to the general procedure: Dimethyl 2-but-2-
ynyl-malonoate (37 mg, 0.20 mmol), 4-penten-2-ol (17 mg, 0.20 mmol),
ruthenium trisacetonitrile hexafluorophosphate (8.6 mg, 0.02 mmol), and
DMF (1.0 mL) provided 7i (27 mg, 0.12 mmol, 60 % ). IR (film): ¥ =3538b,
2957m, 1737s, 1438s, 1342m, 1275s, 1241s, 1207m, 1151s, 1059w, 1030w,
972wem™'; '"H NMR (300 MHz, CDCLy): 6 =5.57 (m, 2H), 5.13 (tm, J =
7.0 Hz, 1H), 4.28 (p, J=6.5 Hz, 1 H), 3.75 (s, 6H), 3.40 (t, /=75 Hz, 1H),
2.68 (d, J=6.0Hz, 2H), 2.63 (t, J=75Hz, 2H), 1.63 (t, /=10 Hz, 3H),
1.26 (d,J=6.0 Hz,3H); ®*C NMR (75 MHz, CDCl;):  =169.5,137.2,135.8,
128.3, 120.5, 68.7, 52.5, 51.7, 42.2, 30.3, 27.5, 23.4, 16.1; HRMS: calcd for
Cy,Hy00,: 252.1350 [M — H,O]*; found: 252.1362.

Methyl  14-hydroxy-12-[3-(tetrahydropyran-2-yloxyl)-propyl]-hexadeca-
9,12-dienoate, methyl  12-(1-hydroxy-propyl)-16-(tetrahydropyran-2-
yloxy)-hexadeca-9,12-dienoate (7j, j'): These compounds were prepared
according to the general procedure: Methyl undec-10-enoate (20 mg,
0.10 mmol), 8-(tetrahydropyran-2-yloxy)-oct-4-yn-3-ol (23 mg, 0.10 mmol),
ruthenium trisacetonitrile hexafluorophosphate (13 mg, 0.030 mmol), and
DMEF (0.5 mL) provided 7j and 7§’ (38 mg, 0.089 mmol, 89 %) as a mixture
of two regioisomers. IR (film): 7 = 3460b, 2928s, 2855s, 1741s, 1438w, 1354w,
1200m, 1168m, 1137s, 1120s, 1076s, 1033s, 969w, 868w, 814wcm~'; 'TH NMR
(500 MHz, CDCl;) for major isomer 7j: 6 =5.44 (m, 1H), 5.39 (m, 1H),
4.59 (m, 1H), 4.52 (m, 1H), 3.90 (m, 2H), 3.69 (s, 3H), 3.51 (m, 2H), 2.69
(m,2H),2.31 (t,/=8.0 Hz,3H), 2.01 (m, 2H), 1.62 (m, 12H), 1.30 (m, 9 H),
0.91 (t,J=75Hz, 3H); ¥C NMR (125 MHz, CDCl;) for major isomer 7j:
0=174.3,141.4,132.4,130.4,121.8,99.6, 68.7, 66.8, 62.5, 51.4,39.7, 39.5, 34.0,
30.6, 30.4, 30.3, 29.0, 28.9, 26.9, 25.3, 24.9, 19.7, 9.93; '"H NMR (500 MHz,
CDCl;) for minor isomer 7j": 6 =5.24 (m, 2H), 4.32 (m, 2H), 3.75 (m, 2H),
3.68 (s, 3H), 3.41 (m, 2H), 2.69 (m, 2H), 2.29 (t, J=8.0 Hz, 3H), 2.06 (m,
1H), 2.01 (m, 1H), 1.62 (m, 12H), 1.30 (m, 9H), 0.89 (t, /=75 Hz, 3H);
BC NMR (125 MHz, CDCl;) for minor isomer 7j": 6 =174.3, 139.6, 132.5,
129.2, 121.6, 98.9, 69.3, 65.9, 63.7, 51.4, 39.5, 34.0, 32.4, 30.9, 30.3, 30.1, 29.7,
29.3, 29.0, 28.1, 26.0, 25.4, 24.9, 20.5, 9,91. For a mixture of 7j and 7j"
HRMS: calcd for C,sHy;04: 407.3161 [M — OHJ*; found: 407.3150.

Methyl 14-hydroxy-12-methyltetradeca-9,12-dienoate (7k): This com-
pound was prepared according to the general procedure: But-2-yn-12-ol
(7 mg, 0.10 mmol), methyl undec-10-enoate (20 mg, 0.10 mmol), ruthenium
trisacetonitrile hexafluorophosphate (4.3 mg, 0.01 mmol), and DMF
(0.5 mL) provided 7k (19 mg, 0.071 mmol, 71%). IR (film): 7=3429b,
2927s, 2855s, 1741s, 1436m, 1362w, 1239w, 1198m, 1172m, 1008w, 967w cm~';
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'HNMR (500 MHz, CDCl;): 6 =5.44 (m,3H),4.17 (d,/ =7.0 Hz,2H), 3.68
(s,3H),2.70 (d, J=6.5 Hz, 2H), 2.32 (m, 2H), 2.01 (q, / = 6.5 Hz, 2H), 1.68
(s, 3H), 1.64 (m, 2H), 132 (m, 8H); C NMR (125 MHz, CDCL,):
0=174.4,139.1,132.7,127.2,123.6,59.4, 51.4, 42.7,37.2, 34.0, 32.4, 29.3, 29.0,
28.8,24.9, 16.3; HRMS: calcd for C;sHx05: 268.2038; found: 268.2031.

Methyl 14-hydroxy-12-(3-phenylpropyl)-tetradeca-9,12-dienoate, methyl
12-hydroxymethyl-16-phenylhexadeca-9,12-dienoate (71, I'): These com-
pounds were prepared according to the general procedure: 6-Phenyl-hex-2-
yn-1-ol (29 mg, 0.17 mmol), methyl undec-10-enoate (33 mg, 0.17 mmol),
ruthenium trisacetonitrile hexafluorophosphate (7.2 mg, 0.017 mmol), and
DMEF (0.5 mL) provided 71 and 71’ (36 mg, 0.097 mmol, 58 %) as a mixture
of two regioisomers. For a mixture of 71 and 71": IR (film): 7 = 3429b, 2926s,
2854s, 1739s, 1434m, 1365w, 1243m, 1198m, 1172m, 1012w, 970w, 745w,
699mcem~!; 'H NMR (500 MHz, CDCl;) for major isomer 71: 6 =7.28 (m,
2H), 720 (m, 3H), 5.43 (m, 3H), 4.13 (d, /=70 Hz, 2H), 3.69 (s, 3H), 2.72
(d,J=6.5 Hz, 2H), 2.63 (m, 2H), 2.32 (m, 3H), 2.12 (m, 2H), 2.02 (m, 2 H),
1.70 (m, 2H), 1.62 (m, 4H), 1.25 (m, 5H); *C NMR (125 MHz, CDCL,) for
major isomer 71: 6 =174.4, 142.8, 132.7, 128.3, 1274, 125.8, 125.3, 124.4,
124.3,59.2, 51.5, 40.1, 35.7, 34.1, 32.4, 30.3, 29.9, 29.7, 29.3, 29.1, 28.9, 25.0;
'H NMR (500 MHz, CDCl;) for minor isomer 71: 6 =7.28 (m, 2H), 7.20 (m,
3H),5.43 (m,3H),4.19 (d,/ =70 Hz, 2H), 3.69 (s,3H), 2.77 (d, ] = 6.5 Hz,
2H),2.63 (m,2H), 2.32 (m, 3H), 2.12 (m, 2H), 2.02 (m, 2H), 1.70 (m, 2H),
1.62 (m, 4H), 1.25 (m, 5H); *C NMR (125 MHz, CDCl;) for minor isomer
7Y:0=174.4,142.1,128.4,128.3, 1274, 125.6, 125.5, 124.4, 124.3, 58.8, 51.5,
40.1, 34.2, 34.1, 32.4, 30.1, 29.6, 29.3, 29.1, 28.9, 27.1, 24.5. For a mixture
of 71 and 71': HRMS: calcd for C,,H3,0,: 354.2559 [M — H,O]"; found:
354.2546.

6-Methylhexadeca-5,8-dien-3-ol, 5-ethylidenepentadec-7-en-3-ol (7m, m’):
These compounds were prepared according to the general procedure:
4-Hexyn-2-ol (22 mg, 0.20 mmol), decene (28 mg, 0.20 mmol), ruthenium
trisacetonitrile hexafluorophosphate (8.6 mg, 0.02 mmol), and DMF
(0.5 mL) provided 7m and 7m’ (36 mg, 0.143 mmol, 74 % ). For a mixture
of 7m and 7m": IR (film): ¥ =3356b, 2959s, 2925s, 2855s, 1362m, 1379w,
1115w, 1021w, 968scm~. For major isomer 7m: 'H NMR (500 MHz,
CDCl;): 0 =5.40 (m, 2H), 5.22 (t, J=1.0 Hz, 1H), 3.56 (m, 1H), 2.70 (d,
J=6.5Hz,2H),2.20 (m, 2H), 2.05 (m, 2H), 1.64 (s, 3H), 1.52 (m, 4H), 1.30
(m, 8H), 0.98 (t, J=75Hz, 3H), 0.90 (t, J=6.5Hz, 3H); 3C NMR
(125 MHz, CDCl,): 6 =138.3, 132.3, 127.8, 120.3, 73.0, 43.1, 35.7, 32.5, 31.9,
30.0, 29.5, 29.2, 29.1, 22.7, 16.3, 14.1, 10.0. For minor isomer 7m’: '"H NMR
(500 MHz, CDCl;): 6 =5.42 (m, 3H), 3.64 (m, 1H), 2.72 (d, /=75 Hz, 2H),
2.30 (dd, J=9.5, 13.5 Hz, 1H), 2.13 (dd, J=4.0, 13.5 Hz, 1H), 2.01 (q, /=
7.0 Hz,2H), 1.67 (d,J/ = 6.5 Hz, 3H), 1.37 (m, 12H), 1.00 (t,/ = 6.5 Hz, 3H),
0.90 (t, J=7.0Hz, 3H); *C NMR (125 MHz, CDCL): 6 =135.9, 132.5,
128.0, 123.0, 71.1, 40.6, 374, 32.5, 31.9, 30.0, 29.5, 29.2, 29.1, 22.7, 14.1, 13.7,
10.1. For a mixture of 7m and 7m’: elemental analysis calcd (%) for
C;H;,0: C 80.89, H 12.78; found: C 80.65, H 12.53; HRMS: calcd for
C;H;,0: 252.2453; found: 252.2452.

2-Ethyl-2-(5-methylpentadeca-4,7-dienyloxy) tetrahydrofuran, 5-methyl-
pentadeca-4,7-dien-1-ol (7n, n’): These compounds were prepared accord-
ing to the general procedure: 4-Hexyn-1-ol (49 mg, 0.50 mmol), 1-decene
(105 mg, 0.75 mmol), ruthenium trisacetonitrile hexafluorophosphate
(22 mg, 0.05 mmol), and DMF (1.0 mL) provided 7n (50 mg, 0.29 mmol,
58%) and 7n’ (17 mg, 0.07 mmol, 14%). For 7n: IR (film): 7=3848b,
2925s, 1943w, 1721m, 1641m, 1550w, 1464s, 1381m, 1343m, 1324m, 1279s,
1230w, 1188s, 1156s, 1075s, 1040s, 968s, 920m, 868m, 724mcm~'; 'H NMR
(500 MHz, CDCl,): 6 =5.47-5.34 (m, 2H), 5.17 (t,/=6.9 Hz, 1H), 3.90 (t,
J=72Hz,2H),3.48-3.43 (m, 1H),3.36-3.32 (m, 1H), 2.65 (d, /= 6.4 Hz,
2H), 2.13-1.81 (m, 7H), 1.74-1.54 (m, 6 H), 1.38-1.24 (m, 12H), 0.93 (t,
J=74Hz,3H), 0.90 (t,/=6.9 Hz, 3H); *C NMR (125 MHz, CDCl;): 6 =
134.7, 131.9, 128.2, 124.5, 109.9, 674, 59.8, 42.9, 35.2, 32.6, 31.9, 30.4, 29.6,
29.2,29.1, 277, 24.8, 24.3, 242, 22.7, 14.1, 9.1; HRMS: calcd for C;sH;,0:
238.2297 [M — C4H,,O]*; found: 238.2310. For 7n": IR (film): v =3346,
2926, 2856, 1461, 1380, 1156, 1058, 968, 918 cm~!; 'H NMR (500 MHz,
CDCl;): 6 =5.46-5.34 (m, 2H), 5.18 (t,/=6.6 Hz, 1H), 3.67 (t,J =6.5 Hz,
2H), 2.66 (d, J=6.6 Hz, 2H), 2.10 (q, /=71 Hz, 2H), 2.01 (q, /=71 Hz,
2H), 1.65 (quint, J=7.3 Hz, 2H), 1.61 (s, 3H), 1.38-1.28 (m, 11 H), 0.90 (t,
J=6.9 Hz,3H); 3*C NMR (125 MHz, CDCl;): 6 =135.3,132.1, 128.0, 124.0,
62.8, 42.9, 327, 32.5, 31.9, 29.5, 29.2, 29.1, 24.3, 22.7, 16.0, 14.1; elemental
analysis calcd (%) for C;¢H;3,O: C 80.61, H 12.68; found: C 80.44, H 12.39;
HRMS: calcd for C,;H;,0: 238.2297; found: 238.2295.
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Methyl 12-butyl-14-hydroxy-14-(4-trifluoromethylphenyl)-tetradeca-9,12-
dienoate, methyl 12-[hydroxy-(4-trifluoromethylphenyl)-methyl]-heptade-
ca-9,12-dienoate (70, 0'): These compounds were prepared according to the
general procedure: 1-(4-Trifluoromethyl-phenyl)-hept-2-yn-1-ol (26 mg,
0.10 mmol), methyl undec-10-enoate (20 mg, 0.10 mmol), ruthenium tris-
acetonitrile hexafluorophosphate (4.3 mg, 0.01 mmol), and DMF (0.5 mL)
provided 70 and 70" (29 mg, 0.064 mmol, 64%) as a mixture of two
regioisomers. For a mixture of 70 and 70" IR (film): ¥=3463b, 2929s,
2858s, 1740s, 1619m, 1456m, 1437m, 1415m, 1326s, 1163s, 1125s, 1068s,
1017m, 971m, 843m, 728wcm~'; 'H NMR (500 MHz, C,D;) for the major
isomer 70: 0=737 (d, J=8.5Hz, 2H), 730 (d, /=8.5 Hz, 2H), 5.33 (m,
4H), 3.34 (s,3H), 2.66 (d,J=5.5 Hz, 2H), 2.08 (m, 4H), 1.95 (m, 3H), 1.53
(m, 3H), 1.28 (m, 10H), 0.88 (t, J=7.0 Hz, 3H); *C NMR (125 MHz,
CDCl,) for major isomer 70: 6 =174.4, 148.0, 143.9, 133.0, 129.2, 126.21,
126.17,125.31, 125.28, 69.7, 40.0, 36.6, 34.1, 34.0, 32.4, 30.8, 30.5, 29.9, 29.03,
29.01,28.9,24.9,22.9,14.0; '"H NMR (500 MHz, C,Dy) for the minor isomer
70":0=740(d,J=8.0 Hz,2H), 7.32 (d, /= 8.0 Hz, 2H), 5.30 (m, 4 H), 3.34
(s,3H), 2.77 (d,J=6.0 Hz, 2H), 2.08 (m, 4H), 1.94 (m, 3H), 1.54 (m, 3H),
1.28 (m, 10H), 0.89 (t, J=7.0 Hz, 3H); 3C NMR (125 MHz, CDCl;) for
minor isomer 70": 6 =174.4, 148.0, 132.2, 130.4, 12712, 127.07, 126.2, 125.9,
125.2, 514, 36.6, 34.1, 34.0, 32.4, 30.8, 30.5, 29.9, 29.3, 28.9, 28.8, 24.9, 22.9,
22.4, 14.0. For a mixture of 70 and 70" HRMS: calcd for C,H3,F;05:
454.2695; found: 454.2690.

Methyl 15-hydroxy-12-methylpentadeca-9,12-dienoate, methyl 12-(2-hy-
droxyethyl)-tetradeca-9,12-dienoate (7p, p’): These compounds were
prepared according to the general procedure: 3-Pentyn-1-ol (8.4 mg,
0.10 mmol), methyl undec-10-enoate (20 mg, 0.10 mmol), ruthenium tris-
acetonitrile hexafluorophosphate (4.3 mg, 0.01 mmol), and DMF (0.5 mL)
provided 7p and 7p’ (21 mg, 0.074 mmol, 74 %). For a mixture of 7p and
7p”: IR (film): 7 = 3423b, 2927s, 2856s, 1741s, 1438m, 1364w, 1199m, 1172m,
1048m, 970w cm™!; 'H NMR (500 MHz, CDCl;) for major isomer 7p: 0 =
5.38 (m, 2H), 5.16 (td, J=1.0, 7.5 Hz, 1 H), 3.68 (s, 3H), 3.64 (t, /= 6.5 Hz,
2H), 2.68 (d, J=6.0 Hz, 2H), 2.32 (m, 4H), 2.00 (q, J=6.5 Hz, 2H), 1.64
(m, 5H), 1.31 (m, 8H); *C NMR (125 MHz, CDCl;) for major isomer 7p:
0=174.3,138.1,132.1,1279,120.1, 62.4,51.4,42.9,34.1,32.4,31.5,29.4,29.1,
29.0,28.9,24.9,16.2. '"H NMR (500 MHz, CDCI;) for minor isomer 7p’: 6 =
5.38 (m,3H), 3.68 (s, 3H), 3.65 (t,/ = 6.5 Hz, 2H), 2.68 (d, /= 6.0 Hz, 2H),
2.32 (m,4H),2.00 (q,J = 6.5 Hz,2H), 1.64 (m, 5H), 1.31 (m, 8 H); ®*C NMR
(125 MHz, CDCl;) for minor isomer 7p”: 6 =174.3, 135.1, 132.4, 128.1,
122.6, 60.7, 51.4, 40.5, 34.1, 33.0, 32.4, 31.5, 29.4, 29.0, 28.9, 24.9, 16.2. For a
mixture of 7p and 7p": HRMS: caled for C;;H;,O;: 282.2195; found:
282.2204.

5-Methylpentadeca-4,7-dienyl benzoate, 4-ethylidenetetradec-6-enyl ben-
zoate (7q, q'): These compounds were prepared according to the general
procedure: Hex-4-ynyl benzoate (51 mg, 0.25 mmol), 1-decene (53 mg,
0.375 mmol) and ruthenium trisacetonitrile hexafluorophosphate (10.9 mg,
0.025 mmol), and DMF (0.5 mL) provided 7q and 7q’ (69 mg, 0.20 mmol,
80%). IR (film): 7=2957, 2925, 2855, 2361, 2342, 1723, 1452, 1315, 1273,
1115, 1070, 1028 cm~!; 'H NMR (500 MHz, CDCl;) for major isomer 7q:
0=238.08 (d,/J=85Hz,2H), 758 (t,/=75Hz, 1H), 747 (t,/ =79 Hz, 2H),
5.48-5.35 (m, 2H), 5.21 (tt, /=12, 72 Hz, 1H), 4.34 (t, J=6.6 Hz, 2H),
2.67 (d, J=6.6 Hz, 2H), 2.21 (quint, J=6.9 Hz, 2H), 2.02 (q, /=7.3 Hz,
2H), 1.85 (quint, J = 6.9, 2H), 1.62 (s, 3H), 1.40-1.29 (m, 10H), 0.90 (t, J =
6.9 Hz, 3H). Additional peaks for minor isomer 7q" 5.32 (q, /=6.8 Hz,
1H), 2.71 (d, J=6.6 Hz, 2H); 3C NMR (125 MHz, CDCl;): 6 =166.6,
135.7,132.8,132.1,130.5, 129.5, 128.3, 128.0, 123.4, 64.6, 42.9,32.5, 31.9, 29.5,
29.2,29.1,28.8,24.4, 22.6, 16.0, 14.1. Peaks for minor isomer 7¢q": 6 =137.9,
132.2, 130.4, 128.1, 120.3, 64.7, 40.3; HRMS: calcd for C;H;,0,: 342.2559;
found: 342.2553.

6-Butyloctadeca-3,16,17-triene-1,8-diol, 6-pentylideneheptadeca-3,16-di-
ene-1,7-diol (7r, r'): These compounds were prepared according to the
general procedure: Pent-4-en-1-ol (14 mg, 0.16 mmol), heptadec-16-en-5-
yn-7-ol (40 mg, 0.16 mmol), ruthenium trisacetonitrile hexafluorophos-
phate (6.9 mg, 0.016 mmol), and DMF (0.5 mL) provided 7r and 7r
(28 mg, 0.083 mmol, 52 %) as a mixture of two regioisomers. IR (film): 7=
3354b, 2924s, 2856s, 1688s, 1464s, 1048s, 970s, 909m, 725wcem~'; 'H NMR
(500 MHz, CDCl;) of major isomer 7r: 6 =5.83 (m, 1 H), 5.55 (m, 1 H), 5.47
(m, 1H), 5.16 (dd, J =4.0, 5.5 Hz, 1 H), 5.00 (dd, J =3.5, 18.5 Hz, 1 H), 4.93
(dd, J=2.0, 10.5 Hz, 1H), 4.36 (m, 1H), 3.69 (m, 2H), 2.74 (d, J=6.5 Hz,
2H), 2.38 (m, 2H), 2.16 (m, 6H), 1.30 (m, 16H), 0.93 (t, /=7.0 Hz, 3H).
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Additional peaks for minor isomer 7r": d =5.56 (m, 1H), 5.47 (m, 1 H), 5.37
(m, 1H), 5.25 (m, 1H), 2.70 (d, J=6.5 Hz, 2H); C NMR (125 MHz,
CDCl;) of major isomer 7r: 0 =139.2, 131.3, 128.8, 127.9, 127.6, 114.1, 68.2,
62.2,40.0,37.7,36.5, 33.8, 31.4, 30.8, 30.3, 29.54, 29.49, 29.38, 29.1, 25.5,22.8,
14.0. Additional peaks for minor isomer 7r: 6 =143.4, 128.5, 36.0, 35.9,
32.5, 28.9; HRMS: calcd for C,,H,,O,: 336.3029; found: 336.3028.

Methyl 12-(1-hydroxypropyl)-13-phenyltrideca-9,12-dienoate, methyl 14-
hydroxy-12-phenylhexadeca-9,12-dienoate (7s, s'): These compounds were
prepared according to the general procedure: 1-Phenylpent-1-yn-3-ol
(17 mg, 0.10 mmol), methyl undec-10-enoate (20 mg, 0.10 mmol), ruthe-
nium trisacetonitrile hexafluorophosphate (4.3 mg, 0.010 mmol), and DMF
(0.5 mL) provided 7s and 7s’ (23 mg, 0.061 mmol, 61 %) as a mixture of two
regioisomers. For a mixture of 7s and 7s’: IR (film): ¥ =3444b, 2928s, 2855s,
1741s, 1493w, 1436m, 1361w, 1247m, 1198s, 1172m, 1134m, 1107w, 1076w,
1076w, 1020w, 968w, 765w, 702scm~'; 'H NMR (500 MHz, CDCl;) for
major isomer 7s: 0 =7.42-7.16 (m, 5H), 5.46 (d, J=8.5 Hz, 1 H), 5.40 (m,
2H), 4.08 (dt, J=6.5, 8.5 Hz, 1H), 3.69 (s, 3H), 3.03 (d, J=4.5Hz, 2H),
2.32(t,J=75Hz, 2H), 1.98 (m, 2H), 1.63 (m, 2H), 1.32 (m, 12H), 0.86 (t,
J=70Hz, 3H); 3C NMR (125 MHz, CDCl;) for major isomer 7s: 6 =
174.3,143.1,132.9,130.0, 128.1, 128.0, 127.1, 126.8, 68.9, 51.5, 42.2, 39.8, 34.1,
33.6,32.4,29.2,29.1,29.0,28.8,24.9, 18.6, 14.0. 'H NMR (500 MHz, CDCl,)
for minor isomer 7s": 0 =742-716 (m, 5H), 5.78 (d, /=9.0 Hz, 1H),
5.52 (m, 1H), 541 (m, 1H), 4.53 (dt, J=6.5, 8.5 Hz, 1H), 3.68 (s, 3H),
3.27(d,J=5.0Hz,2H),2.31 (t,/ =75 Hz,2H), 1.97 (m, 2H), 1.55 (m, 2H),
1.32 (m, 12H), 0.98 (t, J=7.0 Hz, 3H); “C NMR (125 MHz, CDCI;) for
minor isomer 7s”: 6 =174.3, 140.7, 131.9, 131.8, 128.2, 127.6, 126.8, 126.4,
68.5,51.5,42.2,39.7,378, 33.6, 32.4, 30.3, 29.2, 29.0, 28.8, 24.9, 18.7, 14.1. For
a mixture of 7s and 7s": HRMS: caled for C,;H;,05: 372.2664; found:
372.2673.

Methyl 14-(tert-butyldimethylsilanyloxy)-12,14-diphenyltetradeca-9,12-di-
enoate, methyl 13-(zert-butyldimethylsilanyloxy)-13-phenyl-12-benzylide-
netrideca-9,12-dienoate(7t, t'): These compounds were prepared according
to the general procedure: tert-Butyl-1,3-diphenyl-prop-2-ynyloxydimethyl-
silane (40 mg, 0.12 mmol), methyl undec-10-enoate (25 mg, 0.12 mmol),
ruthenium trisacetonitrile hexafluorophosphate (5.4 mg, 0.012 mmol), and
DMEF (0.5 mL) provided 7t and 7t (49 mg, 0.094 mmol, 76 % ) as a mixture
of two regioisomers. For a mixture of 7t and 7t": IR (film): 7 = 3028w, 2929s,
2856s, 1742s, 1493w, 1462w, 1442w, 1360w, 1251m, 1196w, 1172w, 1061m,
1027w, 1005w, 969w, 836s, 776s, 699scm~'; 'H NMR (500 MHz, CDCl;) for
major isomer 7t: 6 =744 (m, 10H), 5.65 (d, J=9.5 Hz, 1 H), 5.40 (m, 2H),
5.16 (d,J=9.5Hz, 1H), 3.70 (s, 3H), 3.04 (d, /= 4.0 Hz, 2H), 2.36 (m, 4H),
1.95 (m, 3H), 1.61 (m, 4H), 1.25 (m, 3H), 0.96 (s, 9H), — 0.04 (s, 3H), — 0.19
(s,3H); *C NMR (125 MHz, CDCL,) for major isomer 7t: 6 = 174.3, 140.6,
140.1,132.8,130.7,128.7,128.3, 128.1, 128.0, 126.92, 126.88, 126.8, 126.1, 71.7,
51.4,42.2,34.1,33.5,32.4,29.3,29.1,28.9, 25.9, 24.9, — 4.30, — 4.85. 'TH NMR
(500 MHz, CDCl;) for minor isomer 7t": 6 =744 (m, 10H), 591 (d, /=
9.0 Hz, 1H), 5.40 (m, 3H), 3.69 (s, 3H), 3.42 (dd, /= 6.5, 16.0 Hz, 1 H), 3.36
(dd,J=6.5,16.0 Hz, 1H), 2.36 (m, 4H), 2.06 (dd, /=5.5,13.0 Hz, 1 H), 1.95
(m, 3H), 1.61 (m, 4H), 1.26 (m, 2H), 0.87 (m, 9H), 0.12 (s, 3H), 0.09 (s,
3H); C NMR (125 MHz, CDCl;) for minor isomer 7¢t: ¢ =174.3, 144.9,
144.4,136.7, 132.8, 132.4, 128.05, 127.9, 127.1, 127.0, 126.7, 126.5, 126.0, 71.3,
51.4,42.2,33.8,32.5,32.4,29.2,29.1, 28.8, 25.8, 18.1, — 4.20, — 4.66; HRMS:
caled for C;3H,30;Si: 520.3373; found: 520.3376.
11-Methyldocosa-8,11-diene, 3-decyltrideca-2,5-diene(7u,u’): These com-
pounds were prepared according to the general procedure: Tridec-2-yne
(45 mg, 0.25 mmol), 1-decene (53 mg, 0.375 mmol), ruthenium trisacetoni-
trile hexafluorophosphate (10.9 mg, 0.025 mmol), and DMF (0.5 mL)
provided 7u and 7uv’ (70 mg, 0.22 mmol, 88%). IR (film): 7=2957s,
2923s, 2854s, 2360s, 2342s, 1466m, 1379w, 968m, 721w, 668wcm~'; 'TH NMR
(500 MHz, CDCl;) for major isomer 7u: 6 =5.47-5.36 (m,2H), 5.17 (t,J =
6.9 Hz, 1H), 2.66 (d, J=6.1 Hz, 2H), 2.01 (quint, /=72 Hz, 2H), 1.60 (s,
3H), 1.39-1.29 (m, 28H), 0.91 (t, J=6.7 Hz, 6H). Additional peaks for
minor isomer 7u’: 523 (q, J=6.8 Hz, 1H); 3C NMR (125 MHz, CDCl;):
0=134.1, 131.8, 128.3, 125.2, 43.0, 32.5, 31.9, 31.8, 29.9, 29.70, 29.67, 29.60,
29.5 (x2),29.2,29.1, 28.0, 22.7, 22.6, 14.1 (x 2). Additional peaks for minor
isomer 7u’: 139.8, 128.5, 118.9; HRMS: calcd for C,;H,,: 320.3443; found:
320.3439.

Methyl 14-hydroxy-12,14-diphenyltetradeca-9,12-dienoate, methyl 12-ben-
zylidene-13-hydroxy-13-phenyltrideca-9,12-dienoate (7v, v'): These com-
pounds were prepared according to the general procedure: 1,3-Diphenyl-
prop-2-yn-1-ol (21 mg, 0.10 mmol), methyl undec-10-enoate (20 mg,

2348

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

0.10 mmol), ruthenium trisacetonitrile hexafluorophosphate (4.3 mg,
0.01 mmol), and DMF (0.5 mL) provided 7v and 7v’ (26 mg, 0.064 mmol,
64 %) as a mixture of two regioisomers. For a mixture of 7v and 7v": IR
(film): 7=3418b, 3058w, 3029w, 2927s, 2854s, 1738s, 1400w, 1492s, 1443s,
1365m, 1248m, 1174s, 1107m, 1080m, 1030s, 967m, 915w, 758s, 700scm™';
'"H NMR (500 MHz, CDCl;) for major isomer 7v: d =7.42-7.20 (m, 10H),
5.74 (d,/=9.5Hz, 1H),5.72 (d,/=5.5Hz, 1H), 5.41 (m, 1 H), 5.18 (d,J =
9.5Hz, 1H), 3.69 (s, 3H), 3.07 (d, /=3.5Hz,2H), 2.46 (d, /=5.5 Hz, 1H),
232 (m, 2H), 1.97 (m, 2H), 1.63 (m, 2H), 129 (m, 8H); 3C NMR
(125 MHz, CDCl;) for major isomer 7v: 0 =174.4, 143.8, 143.3, 140.6,
140.3,133.2, 131.7, 128.6, 128.5, 128.3, 128.2, 128.1, 127.4, 127.1, 126.7, 126 .4,
126.1, 88.7, 71.2, 65.1, 42.2, 34.1, 32.4, 29.2, 29.0, 24.9, 24.6. 'H NMR
(500 MHz, CDCl;) for minor isomer 7v": 6 =7.42-720 (m, 10H), 6.03 (d,
J=9.0Hz, 1H), 5.65 (d, J=9.0 Hz, 1H), 5.49 (m, 2H), 3.69 (s, 3H), 3.39
(m, 2H), 2.32 (m, 2H), 2.10 (s, 1H), 1.97 (m, 2H), 1.63 (m, 2H), 1.29 (m,
8H); *C NMR (125 MHz, CDCl,) for minor isomer 7v": 6 =174.4, 143.5,
141.9,140.2, 132.2, 130.9, 128.9, 128.6, 128.5, 128.4, 128.2, 127.5, 127.3, 127.1,
126.5, 126.1, 122.4, 86.6, 70.7, 51.4, 42.2, 33.6, 29.2, 29.0, 28.76, 28.73, 24.6.
For a mixture of 7v and 7v": HRMS: calcd for C,;H;,05: 406.2508; found:
406.2498.

Methyl 14-hydroxy-12-(4-methoxybenzyloxymethyl)-tetradeca-9,12-dieno-
ate, methyl 12-hydroxymethyl-14-(4-methoxybenzyl-oxy)-tetradeca-9,12-
dienoate (7w, w’): These compounds were prepared according to the
general procedure: 1-But-2-ynyloxymethyl-4-methoxy-benzene (28 mg,
0.136 mmol), methyl undec-10-enoate (27 mg, 0.14 mmol), ruthenium
trisacetonitrile hexafluorophosphate (5.9 mg, 0.014 mmol), and DMF
(0.5 mL) provided 7w and 7w’ (43 mg, 0.11 mmol, 79 %) as a mixture of
two regioisomers. For a mixture of 7w and 7w’: IR (film): ¥ = 3452b, 2928s,
2854s, 1738s, 1612m, 1586w, 1514s, 1463m, 1440m, 1360w, 1302m, 1248s,
1207m, 1173s, 1074m, 1035m, 971m, 821lwem~'; 'H NMR (500 MHz,
CDCl,) for major isomer 7w: 6 =7.28 (m, 2H), 6.89 (d,/=6.5 Hz, 2H), 5.69
(t,J=6.5Hz, 1H), 5.41 (m, 2H), 4.44 (s, 2H), 4.16 (d, J=7.0 Hz, 2H), 4.00
(s, 2H), 3.83 (s, 3H), 3.69 (s, 3H), 2.81 (d, /=6.0 Hz, 2H), 2.33 (m, 2H),
2.01 (m, 2H), 1.62 (m, 2H), 1.31 (m, 8H). *C NMR (125 MHz, CDCl;) for
major isomer 7w: 0 =174.4, 133.2, 133.1, 130.0, 129.6, 129.4, 128.4, 113.81,
113.79, 72.1, 67.2, 58.8, 55.2, 51.5, 38.9, 38.8, 34.1,29.3, 29.1, 29.0, 28.9, 24.9.
'"H NMR (500 MHz, CDCl;) for minor isomer 7w": 6 =7.28 (m, 2H), 6.89
(d,/=6.5Hz,2H), 5.59 (t,/=6.5 Hz, 1H), 5.41 (m, 2H), 4.48 (s, 2H), 4.09
(d, J=6.5Hz, 2H), 4.11 (s, 2H), 3.83 (s, 3H), 3.69 (s, 3H), 2.85 (d, /=
6.0 Hz, 2H), 2.33 (m, 2H), 2.01 (m, 2H), 1.62 (m, 2H), 1.31 (m, 8H);
13C NMR (125 MHz, CDCl;) for minor isomer 7w’: 0 =174.3, 139.4, 132.2,
129.9, 129.3, 127.0, 124.2, 122.4, 113.7, 72.2, 65.6, 60.8, 55.2, 51.5, 38.9, 38.8,
34.1,29.3, 29.1, 29.0, 28.9, 24.9. For a mixture of 7w and 7w": HRMS: calcd
for C,yH;O5: 404.2563; found: 404.2553.

Methyl 12-hydroxymethyl-13-phenyl-trideca-9,12-dienoate, methyl 14-hy-
droxy-12-phenyltetradeca-9,12-dienoate (7x, x'): These compounds were
prepared according to the general procedure: 3-Phenyl-prop-2-yn-1-ol
(13 mg, 0.10 mmol), methyl undec-10-enoate (20 mg, 0.10 mmol), ruthe-
nium trisacetonitrile hexafluorophosphate (4.3 mg, 0.01 mmol), and DMF
(0.5 mL) provided 7x and 7x’ (26 mg, 0.078 mmol, 78 %) as a mixture of
two regioisomers. For a mixture of 7x and 7x": IR (film): 7 = 3452b, 2927s,
2855s, 1740s, 1494w, 1437m, 1366w, 1199m, 1173m, 1027w, 970w, 759w,
700mcem-'; 'H NMR (500 MHz, CDCl;) for major isomer 7x: 6 =743 (m,
2H), 735 (m, 3H), 6.02 (t,/ =6.5 Hz, 1 H), 5.45 (m,2H), 4.36 (d,/ = 6.5 Hz,
2H), 3.69 (s,3H), 3.24 (d,J=4.5 Hz, 2H), 2.32 (m, 4H), 1.97 (m, 2H), 1.63
(m, 4H), 1.28 (m, 4H); *C NMR (125 MHz, CDCl;) for major isomer 7x:
0=174.4, 143.6, 140.7, 133.0, 128.6, 128.2, 128.0, 127.2, 1271, 126.6, 126.2,
60.3, 51.5, 41.8, 32.5, 30.3, 29.3, 29.2, 29.0, 28.7, 24.8. 'H NMR (500 MHz,
CDCl;) for minor isomer 7x: 6 =7.43 (m, 2H), 7.35 (m, 2H), 7.16 (m, 1H),
5.70 (td, J=1.0, 6.5 Hz, 1 H), 5.45 (m, 2H), 4.09 (d, J =7.0 Hz, 2H), 3.69 (s,
3H),3.07 (d,/=5.0 Hz,2H), 2.32 (m, 4H), 1.97 (m, 2H), 1.63 (m, 4H), 1.28
(m, 4H); BC NMR (125 MHz, CDCl;) for minor isomer 7x": 0 =174.4,
142.1,140.2, 131.8, 128.14, 128.11, 127.6, 127.3, 127.0, 126.8, 125.9, 60.8, 59.8,
41.8, 32.4, 32.3, 32.0, 29.7, 29.3, 29.0, 28.8, 24.8. For a mixture of 7x and 7x":
HRMS: calced for C,H;,05: 330.2195; found: 330.2200.
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[(CsH5)Co{P(O)(OH),};H]: A Novel Organometallic Tris-phosphonic Acid
That Dissolves Glass to Form a Six-Coordinate Silicon Complex
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Dedicated to Professor Gottfried Huttner on the occasion of his 65th birthday

Abstract: The sodium salt of the tri-
podal oxygen ligand Na[(CsHs)Co-
{P(O)(OMe),};] (1) reacts with gaseous
hydrogen chloride in dichloromethane
to give sodium chloride and [(CsHs)Co-
{P(O)(OMe),};H,]Cl (2). Addition of an
equimolar amount of 1 leads to precip-
itation of sodium chloride again to yield
the acid form of the ligand [(CsHs)Co-
{P(O)(OMe),}sH] (3). Its solid-state
structure contains a very short intra-

complex is a rather strong tris-phos-
phonic acid (pK, 2.0, pK,, 4.0, pK,, 6.3,
and pK,, 9.6). Attempts to grow single
crystals of this highly water-soluble yel-
low crystalline compound lead to the
silicon  complex  [{(CsHs)Co[P(O)-
(OH),L,[P(O),(OH)]},Si] - 8H,O (5).
The crystal structure determination
shows that it is a molecular complex of
two tris-phosphonic acids that each act
as a tris-chelating ligand. Additional

water molecules form a complex net of
hydrogen bonds between the complexes
of 5. The SiO¢ octahedron is only insig-
nificantly distorted with Si—O bond
lengths of 1.78 A. Complex 4 reacts with
stoichiometric amounts of potassium
carbonate to yield the potassium salt
K[(CsHs)Co{P(O)(OH),};]  (6). The
crystal structure of 6 has also been
determined. In the solid state it is a
two-dimensional coordination polymer

molecular OH -+ O hydrogen bond. The
compound hydrolyses in boiling water to
give methanol and the title complex
[(CsHs)Co{P(O)(OH),}:H]  (4).  This

acids

Introduction

Complexes of the type [(CsHs)Co{P(O)RR'};], R, R" = alkyl,
O-alkyl, aryl, O-aryl, (Figure 1) have become known as
tripodal oxygen ligands,[" 2! that form complexes with a large
variety of metal ions and organometallic fragments.[> 4
Ligands of this type have been used in various areas of
transition metal chemistry, for example in homogeneous

& P
R\' |
R—p—Co_ R
RLR PR
Oj o
R, R' = akyl, O-akyl, aryl, O-aryl

Figure 1. Structure of the tripodal oxygen ligands [(CsHs;)Co{P(O)RR'};]".
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Heinrich-Heine-Universitéit Diisseldorf
Universititsstrasse 1, 40225 Diisseldorf (Germany)
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with each potassium ion being coordi-
nated by twelve oxygen atoms of six tris-
phosphonic acids.

organometallic catalysisl or to transport lithium selectively
across membranes % or to extract alkali metal ions, magne-
sium and calcium ions.! The attachment of such ligands to
solid supports would allow the preparation of novel ion
exchange materials and would be a method to heterogenize
catalytically active complexes. To this end we decided to
develop syntheses of ligands with functional groups at the
cyclopentadienyl ring, which can be linked covalently to
macromolecular structures such as polyesters and polystyr-
enes. So far we have succeeded in introducing the vinyl
functional group and the carboxylic acid function.l’! We have
tried to esterify the complex [(C;H,COOH)Co{P(O)-
(OMe),};]JH but we obtained a complicated mixture of
products. Once we had discovered that this is due to partial
hydrolysis and transesterification of the six methyl phosphite
groups we could develop a procedure for the straightforward
preparation of the title complex [(CsHs)Co{P(O)(OH),};H].

Results and Discussion

Syntheses of [(CsH;)Co{P(O)(OMe),};H] (3) and
[(CsH5)Co{P(O)(OH),};H] (4): The sodium salt of the
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tripodal oxygen ligand Na[(CsH;)Co{P(O)(OMe),};] (1) is
readily accessible in a two-step reaction starting from
cobaltocene and dimethylphosphite.[’) Protonation with dry
hydrogen chloride gas in dichloromethane leads to a com-
pound of the composition [(CsHs)Co{P(O)(OMe),};H,]CI (2).
Deprotonation with one equivalent of 1 gives the acid form of
ligand [(CsH5)Co{P(O)(OMe),};H] (3), a yellow crystalline
solid that is soluble in water and most organic solvents. The 'H
and *P{'H} NMR spectra are very similar to those of the
starting compound 1 (see Experimental Section). Single
crystals suitable for X-ray structure determination have been
obtained from diethyl ether solutions (Figure 2, see below).
[(CsHs)Co{P(O)(OMe),};H] (3) hydrolyses in boiling water to
give methanol and the title complex, the tris-phosphonic acid

Figure 2. The crystal structure of 3 with displacement parameters of 25 %
probability. Co—P and main P—O bond lengths are displayed. Estimated
standard deviations are 0.001 to 0.002 A. For clarity only the OH hydrogen
atom is shown.

[(CsH5)Co{P(O)(OH),};H] (4). The hydrolysis of the sodium
salt Na[(CsHs5)Co{P(O)(OMe),};] (1) is orders of magnitudes
slower, even in the presence of dilute sulfuric acid the
hydrolysis is still several times slower. The reason for this is
not completely clear. It would be interesting to see whether
the addition of excess sodium ions further slows down the acid
catalyzed hydrolysis. We are currently measuring the sodium
complex stability constants of [(CsHs)Co{P(O)(OMe),};]".
The complex stability constant of the homologous complex
Na[(CsH;s)Co{P(O)(OEt),};] has been determined. It is rather
high, higher than those of sodium/crown ether complexes.['”]
Aqueous alkaline solutions of 1 and 3 are stable. The methyl
ester functions are not hydrolysed and the cobalt complexes
do not decompose. Alkaline solutions of the tris-phosphonic
acid 4, however, turn green after a few days and finally yield
cobalt(1) hydroxide.

The tris-phosphonic acid 4 is isolated as a yellow powder
that analyses as [(CsHs)Co{P(O)(OH),};H]:-H,O. It is ex-
tremely well soluble in water (=270¢g 4 in 100 g water),
soluble in DMSO and DMF and hardly soluble in methanol
and acetone. It is a rather strong acid; titration with 1m
sodium hydroxide (see Experimental Section) gives pK, 2.0,
pK,, 4.0, pK, 6.3 and pK, 9.6. The NMR chemical shifts
(cyclopentadienyl ring and the phosphorus signal) are very
similar to those of 1 and 3. The IR spectrum is dominated by
the broad bands typicall!l of phosphonic acids (see Exper-
imental Section).

2336 ——
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The organic parent compound methane tris-phosphonic
acid™? has been prepared by Gross and co-workers. Black-
burn et al. have prepared the analogous chloro- and fluoro-
methyl tris-phosphonic acids and have determined the values
pK,, and pK, under physiological conditions (sodium chloride
solution). These compounds are of interest in biochemistry as
“supercharged” analogues of pyrophosphoric acid.['*]

We have not been able to grow single crystals of the tris-
phosphonic acid 4. However, upon addition of potassium
carbonate to an aqueous solution of 4 we could isolate the
potassium salt K[(CsH;)Co{P(O)(OH),};] (6) as large orange
crystals that were suitable for X-ray structure determination
(Figure 4, see below). When we tried to isolate the tris-
phosphonic acid 4 from a 1:1 water/acetone solution we could
collect crystals, which were growing slowly on the wall of the
glass vessel. The compound turned out not to be 4 but a silicon
complex of the tris-phosphonic acid. The silicon is six-
coordinate, two tris-phosphonic acids each act as a tris-
chelating ligand (Figure 3, see below). This was a completely
unexpected but still an important observation since it is
known from analytical chemistry that pH glass electrodes
tend to deteriorate when they remain in contact with
phosphonic acids for longer periods of time 'Y The formation
of the silicon complex 5 is probably the first example of this
type of reaction on a preparative scale.

Crystal structure of [(CsHs)Co{P(0)(OMe),};H] (3): Prelimi-
nary results have been reported elsewhere.['”] Yellow crystals
of complex 3 were obtained from diethyl ether solutions.
The structure determination shows that 3 crystallizes in the
form of monomeric molecules. Selected geometric parameters
for the molecule are given in Table 1. The acidic proton forms
a short intramolecular hydrogen bond with a distance O +-- O
of 2.468(2) A between two P—O groups. This short distance
and two similar P-OH as well as O—H distances suggest the
interpretation as a centered hydrogen bond. Figure 2 shows
the crystal structure of 3.

By mesomerism the distances Co-P2 and Co-P3 of
2.166(1) and 2.171(1) A, respectively, are shortened to partial
double bonds in comparison to the single bond Co-P1 of
2.203(1) A. These values are in a reciprocal correlation in
good agreement with the distances P—OH of 1.537(2) and
1.525(2) A and the double bond P=0 of 1.481(2) A, respec-
tively. The six bond lengths P-OMe vary only within 30 from
their average of 1.600(2) A.

Table 1. Selected bond lengths [A] and angles [°] of 3 with estimated
standard deviations in parentheses.

Co-P1 2.203(1) P2-022 1.560(2)
Co—P2 2.166(1) P2-023 1.597(2)
Co—P3 2.171(1) P3-031 1.525(2)
Co—Cl1 2.077(2) P3-032 1.594(2)
Co—C2 2.093(2) P3-033 1.599(2)
Co—C3 2.105(2) 021---031 2.468(2)
Co—C4 2.082(2) 021-H 1.28(5)
Co—C5 2.072(2) 031-H 1.25(5)
P1-O11 1.481(2)

P1-0O12 1.608(2) P2-Co-P1 92.52(2)
P1-013 1.603(2) P2-Co-P3 91.19(2)
P2-021 1.537(2) P3-Co-P1 94.60(2)
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Crystal structure of [{(CsH;)Co[P(O)(OH),],[P(0),(OH)]},-
Si] -8 H,0 (5): The silicon complex § forms yellow plates from
acetone/water solution (1:1). It contains eight molecules of
water per formula unit. Figure 3 shows the complex part of 5
without the surrounding water in the solid state. Selected
bond lengths and bond angles are given in Table 2. The crystal
structure is that of a molecular complex of two tris-phospho-

Table 2. Selected bond lengths [A] and angles [°] of 5 with estimated
standard deviations in parentheses.

Col-P1 2.1658(6) P1-Col-P2 89.96(2)
Col-P2 2.1396(7) P1-Col-P3 88.85(2)
Col-P3 2.1427(6) P2-Col-P3 91.02(2)
P1-O11 1.5297(14) P1-013-Sil 134.54(9)
P1-O12 1.5883(16) P2-023-Sil 131.58(8)
P1-013 1.5663(14) P3-033-Sil 132.84(8)
P2-021 1.5887(19) 013-8i1-023 91.65(6)
P2-022 1.5684(18) 013-8i1-033 92.11(7)
P2-023 1.5499(14) 023-5i1-033 92.06(6)
P3-031 1.5807(18) 013-5i1-0231 88.35(6)
P3-032 1.5652(15) 013-8i1-0330 87.89(7)
P3-033 1.5554(13) 023-5i1-0331 87.94(6)
Si1-013 1.7759(13)

Si1-023 1.7914(13)

Si1-033 1.7748(13)

[a] Symmetry code: 1 —x,1—y, —z.

nates that each act as a tris-chelating ligand. The SiOq4
octahedron with the Si atom on the symmetry centre of the
space group is only slightly distorted (deviations of the O-Si-O
angles from 90° are about 2° and the three independent Si—O
bond lengths are rather similar). The geometry is very similar
to the one in the related complex [{(CsMe,Et)Ru[P(O)-
(OMe),];1,Si] and in other molecular SiO, arrange-
ments.['’"l The Co—C distances are not significantly different
from those of 3. All hydrogen atoms of the complex part have
been localized by difference Fourier syntheses. As shown in
Figure 3 the oxygen atom O11, not bonding to the Si atom is
deprotonated. In accordance with this it forms the shortest

Figure 3. The crystal structure of the complex part of 5 with displacement
parameters representing a probability of 40%. Surrounding water mole-
cules and all intermolecular hydrogen bonds have been omitted for clarity.

P—O bond and it is the only oxygen atom of the molecule that
accepts three hydrogen bonds. The other five P—OH oxygen
atoms form only one hydrogen bond each and always act as
donors of the respective protons. O11 accepts two hydrogen
bonds from water molecules and one hydrogen bond from an

Chem. Eur. J. 2002, 8, No. 10
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oxygen atom O32 of a neighbouring molecule, which leads to
a one-dimensional chain along the b axis of hydrogen-bonded
complex molecules of 5. Because of some disorder of the co-
crystallized eight water molecules, not all of their hydrogen
atoms could be localised by difference Fourier syntheses.
Analysing the occurring O -O distances and assuming that
water molecules typically form four hydrogen bonds (two
donor and two acceptor functions), the positions of the
missing hydrogen atoms were calculated. Thus, a rather
complicated H-bonded framework of water and complex
molecules is formed.

Crystal structure of K[(CsH;)Co{P(O)(OH),};] (6): The
potassium salt 6 crystallizes from water as orange plates.
Selected interatomic distances and angles are given in Table 3.
Compound 6 has a two-dimensional polymeric structure,
reminiscent of a sandwich construction with the inorganic

Table 3. Selected bond lengths [A] and angles [°] of 6 with estimated
standard deviations in parentheses.!?]

Col-P1 2.1748(9) K1-07 3.059(3)
Col-P2 2.1756(8) K1-04V! 3.068(2)
Col-P3 2.1821(9) K1-02V1 3.141(2)
Col—Cl1 2.072(3) K1-03V 3.167(3)
Col—-C2 2.072(3) K1-09 3.206(3)
Col—-C3 2.082(3) K1-05V 3.290(3)
Col—C4 2.088(3) 0207 2.562(3)
Col—C5 2.084(3) 0304 2.659(3)
P1-O1 1.526(2) 05-.-01" 2471(3)
P1-02 1.585(2) 06---O7" 2.592(3)
P1-03 1.589(2) 08-.-05V! 2.677(3)
P2-04 1.537(2) 04--09 2.743(3)
P2-05 1.574(2)

P2-06 1.585(2) 01-P1-02 108.69(14)
P3-07 1.524(2) 01-P1-03 101.55(13)
P3-08 1.594(2) 02-P1-03 99.31(13)
P3-09 1.596(2) 04-P2-05 106.98(12)
K1-04Vil 2.894(2) 04-P2-06 108.56(13)
K1-03 2.894(3) 05-P2-06 105.78(13)
K1-09™ 2.919(2) 07-P3-08 108.16(13)
K1-01 2.973(3) 07-P3-09 101.98(13)
K1-02¥! 3.001(3) 08-P3-09 103.32(13)
K1-01V 3.029(2)

[a] Symmetry codes: I: x, y, z — 1; II: x+1, y, z; III: x — 0.5, — y+0.5, 7 — 0.5;
V:x+0.5, —y+0.5, z+0.5; VI: x — 0.5, — y+0.5, z+0.5; VII: x, y, z+1; VIII:
x—=1,y z

components embedded between two layers of CpCo frag-
ments. Figure 4 shows the structure of the anion of 6 with its
environment of six potassium cations in the crystal. The anion
is involved in a complex O-H:--O hydrogen-bonding net-
work. In addition to two “intramolecular” O-H .-+ O bridges
of moderate strengths accepted by O4 there are eight
“intermolecular” ones, four of which are symmetry-independ-
ent. In contrast to 3 the shortest hydrogen bonds in 6 occur
between the anions. Within the anion all bond lengths are as
to be expected. The most interesting geometric feature is the
great variance of the O-P-O angles (99.31(13)-108.69(14)°)
indicating the deforming force of the solid-state interaction.
Twelve oxygen atoms belonging to six anions form the
coordination sphere of the potassium ion with K—O distances
in the range 2.894(2)-3.290(3) A.
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Figure 4. Diagram of the anion of 6 with its environment of potassium
cations. Displacement ellipsoids are drawn at the 50 % probability level,
radii of hydrogen atoms are chosen arbitrarily, and the labels of hydrogen
atoms of the cyclopentadienyl ligand are omitted. Dashes indicate intra-
molecular as well as the direction of intermolecular O-H:--O hydrogen
bonding.

Conclusion

The sodium, silver, and thallium salts of the tripodal oxygen
ligand [(CsH;5)Co{P(O)(OMe),};]~ are useful starting materi-
als for the preparation of organometallic derivatives mainly
when they can be reacted with organometallic halide com-
plexes to eliminate insoluble sodium, silver, or thallium
halides. The acid form of this ligand, [(CsHs)Co{P(O)-
(OMe),};H] (3), which we have described here, is an
important alternative synthon. It can be reacted with metal
carbon bonds M-R to eliminate R-H, a reaction that provides
a very high driving force. We hope that this strategy allows us
to enter the field of catalytically active early transition metal
alkyl derivatives with tripodal oxygen ligands instead of
cyclopentadienyl ligands.

Metal —hydride complexes of tripodal oxygen ligands are
probably accessible via oxidative addition reaction of the O-H
bond of 3 to low-valent transition metal centres. This type of
reaction is not very common but has been observed with
similar ligands."]

It will be worthwhile to compare the tris-phosphonic acid 4
with methane tris-phosphonic acid. As mentioned above this
acid has been used as an analogue of pyrophosphate. Black-
burn et al. have shown that methane tris-phosphonic acid is a
strong inhibitor of some hydrolases.?!! The condensation of
methane tris-phosphonic acid with adenosine monophosphate
has given “supercharged” analogues of ATP?? and diadeno-
sine tetraphosphate. Tripodal “supercharged” analogues of
adenosine nucleotides provide powerful inhibitors of hydro-
lases suc as the tumour suppressing Fhit-protein.?!

Preliminary experiments have shown that the methylphos-
phonito compounds Na[(CsH;)Co{P(O)(OMe)R};], R=Et,
Ph, can be hydrolysed such as the dimethylphosphito com-
pound Na[(CsHs5)Co{P(O)(OMe),};] (1) to give the acids
[(CsH5)CofP(O)(OH)Et;H]  (7) and  [(CsH;)CofP(O)-
(OH)Ph};H] (8). Their solubility in protic solvents is as
expected between that of 3 and 4 (see Experimental Section).
They are chiral acids with its usefulness yet to be explored.

Our initial aim, the development of syntheses of tripodal
oxygen ligands that can be covalently attached to solid
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supports is still in its infancy. Instead we have discovered a
series of interesting compounds that seem to open up
completely different areas of chemistry.

Experimental Section

General remarks: The starting compounds Na[(CsH;)Co{P(O)(OMe),}],
Na[(CsH;5)Co{P(O)(OMe)Et};], and Na[(CsHs)Co{P(O)(OMe)Ph};] were
prepared according to the published procedures.”’ NMR spectra were
recorded with Bruker 200 SY and DRX 500 spectrometers. The 'H and
BC{'H} NMR spectra were calibrated against the residual proton signals of
the solvents as internal references (CDCly: 0y=73 and O.=770;
[Dg]DMSO: 6 =2.6 and 6= 39.4), while the 3'P{'H} NMR spectra were
referenced to external 85% H,;PO,. Infrared spectra were recorded with a
Bruker IFS 66 FT-IR spectrometer. FAB mass spectra were recorded with a
Finnigan MAT 8200 mass spectrometer. Elemental analyses were per-
formed by the Institut fiir Pharmazeutische Chemie at the Heinrich-Heine-
Universitdt Diisseldorf using a Perkin—Elmer 2400 elemental analyzer.
The dissociation constants pK, were determined according to standard
procedures.?*?1 PC-guided high precision titrations were performed using
tools described in refs. [26-28]. Calibration of glass electrode (Blue Line,
SCHOTT) by blank titration using 1M HCI vs. 1M NaOH. Data generation
and registration: computer titrator MINI_T.?l Data evaluation: AUTO-
BLANK. pKy, 13.80. Potentiometric titration of 4: Titrand: 2.00 mmol 4,
2.01 mmol HCI, and 2.92 g NaCl to a total of 50.0 mL by H,O bidest.;
titrator: max. 20 mL in 400 equidistant steps, 1.00M NaOH; 25+0.1°C.
Data evaluation using 221 data points in the range 1.2 <pH <115 by
WINSCORE.?! Details of further analytical studies will be published in a
forthcoming paper.*’]

[(CsH5)Co{P(0)(OMe),};H] (3): This preparation was carried out under
dinitrogen, using standard Schlenk techniques. Na[(CsHs)Co{P(O)-
(OMe),};] (1) (0.40 g, 0.84 mmol) was dissolved in dry dichloromethane
(35 mL). HCI gas was bubbled through the solution until the precipitation
of NaCl was complete. The solid was filtered off through Celite and to the
filtrate was added an equimolar amount of 1 (0.40 g, 0.84 mmol). The
mixture was stirred for 1 h and the precipitate (NaCl) was again filtered off.
The solvent was removed in vacuo and the product 3 was obtained as
orange oil that slowly solidifies to give a microcrystalline powder (0.71 g,
93%). 'H NMR (80 MHz, CDCly): 0 =13.3 (s, 1H, H), 5.2 (s, 5H, C;H5),
3.7 (q, [A[X;].]s, *J(H,P) =11.1 Hz, 18 H, OCHj;); *'P{'H} NMR (32 MHz,
CDCl;, —50°C): 6 =116 (s); IR (Nujol): 7=1145 (P=0), 563 cm~! (PO,);
elemental analysis calcd (% ) for C;;H,,CoOyP; (252.2): C29.2, H 5.4; found
C29.0,HS54.

[(CHy)Co{P(O)(OH),LH] (4): [(CsH;)Co{P(O)(OMe),};H] (3) (050 ¢,
1.11 mmol) was dissolved in water (50 mL) and refluxed for 1h. After
cooling to ambient temperature the solution was extracted with dichloro-
methane (2 x 30 mL). The aqueous phase was collected and evaporated to
dryness. Compound 4 was obtained as monohydrate in the form of a yellow
powder. The product (0.40 g, 98 %) is extremely well soluble in water, and
soluble in DMSO and DMF. 'H NMR (500 MHz, [D{]DMSO):  =5.1 (s,
5H, CsHs), 10 (brs, 10H, OH, H,0);*P{'H} NMR (200 MHz, [D,]DMSO):
6=113 (s, #,,=48 Hz); IR (KBr): #=3400-2000 (HO---H), 3122 (C-
H(Cp)), 1428 (Cp ring), 1100-800 (P=0), 500 cm™! (PO,); MS (FAB"):
mlz (%): 367 (14) [M—H] ; elemental analysis caled (%) for
CsH,,Co0,,P; (386.0): C 15.6, H 3.7; found C 15.6, H 3.3.
K[(CsH,)Co{P(0)(OH),};] (6): [(CsH;)Co{P(O)(OH),}:H] (4) (0.15g,
0.40 mmol) was dissolved in water (3 mL). The addition of K,CO;
(55.3 mg, 0.400 mmol) dissolved in water (2 mL) leads to the precipitation
of small orange crystals of 6, which were filtered off, washed with small
amounts of cold water and dried (0.65 g, 39 %). 3'P{'H} NMR (200 MHz,
D,0): 6 =109 (s, #,,=96 Hz); IR (KBr): #=23400-2000 (HO--H), 3131
(C-H(Cp)), 1426 (Cp ring), 1100700 (P=0); elemental analysis calcd (%)
for CsH;;CoKOyP; (406.1): C 14.8, H 2.7; found C 14.8, H 2.6.
[(C:Hy)Co{P(O)(OH)Et}H] (7): Na[(CsH;)CofP(O)(OMe)Et};] (0.51g,
1.09 mmol) was dissolved in water (ca. 70 mL) containing concentrated
hydrochloric acid (ca. 0.2 mL). The mixture was refluxed for 5h. The
solution was concentrated to ca. 10 mL. Yellow crystals of 7 grew over
night, which were filtered off, washed with a small amount of cold water
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and dried in vacuo (0.30 g, 68 %). The product is soluble in DMSO, DMF,
water, and acetone. 'H NMR (500 MHz, [D¢]DMSO): 6=0.9 (m, 9H,
CH;), 1.9-1.6 (m, 6H, CH,), 5.1 (s, 5H, C;Hj), 6.0-7.0 (brs, OH, H,0);
SP{IH} NMR (200 MHz, [Dg]DMSO): 6 =143 (s, #,,=40 Hz); “C{'H]}
NMR (500 MHz, [D,]DMSO): 6 = 6.8 (CHy), 34.7 (CH,), 89.3 (CsH;); MS
(FABY): m/z (%): 405 (9) [M+H]*; IR (KBr): N =3400-2000 (HO --- H),
3104 (C-H(Cp)), 2965 (CHy), 2934 (CH,), 1426 (Cp ring); elemental
analysis caled (% ) for C;;H,,CoO¢P; (404.2): C 32.7, H 6.0; found C 32.3, H
6.0.

[(CsH5)Co{P(0)(OH)PhLH] (8): Na[(CsH;)Co{P(O)(OMe)Ph};] (0.50 g,
0.82 mmol) was dissolved in water/dioxane (1:1) (70 mL) containing
concentrated hydrochloric acid (ca. 0.2 mL). The solution was refluxed
10 h. The solution was reduced to ca. 10 mL and the product 8 was
extracted with dichloromethane (2 x 30 mL). The organic layer was cooled
over night to precipitate yellow crystals of 8 which were filtered off and
dried in vacuo (0.32 g, 71 % ). The product is soluble in DMSO, DMF, THF
dioxane, water, and acetone. '"H NMR (500 MHz, [D]DMSO): 6 =4.1 (brs,
OH, H,0), 44 (s, 5H, CsH;), 74-75 (m, 15H, Ph-H); 3P{!H} NMR
(200 MHz, [Dg]DMSO): 6 =119 (s, 7, =37 Hz); BC{'H} NMR (500 MHz,
[D¢]DMSO): 6=90.5 (CsHs), 128.3 (d, J(PC)=71Hz, Clp,), 130.0 (d,
2J(PC) =46 Hz, C*%y,), 144.7 (s, C**°p,); MS (FAB*): m/z (%): 549 (48)
[M+H]"; IR (KBr): ¥=3400-2000 (HO---H), 3104 (C-H(Cp)), 3060 (C-
H(Ph)), 1587, 1573, 1482 (Ph ring), 1457, 1425 (Cp ring), 1181 (P=0), 539
(PO,); elemental analysis calcd (%) for C,;H,,CoO,P; (566.3): C 48.8, H
4.6; found C 48.7, H 4.7.

Crystal structure determinations of compounds 3, 5, and 6: Crystal data and
details of the structure determinations are summarised in Table 4. Crystals
suitable for X-ray study were selected by means of a polarisation
microscope and investigated on 4-circle diffractometers using graphite
monochromatized Moy, radiation (4 =0.71073 A). Unit cell parameters
were determined by least-squares refinements on the positions of 24, 40 and
50 centered reflections in the range of 10° <6< 17.5° 18° <6 <20° and
12° < 6 < 17°, respectively. Space group No. 14 was uniquely determined in

structure refinements of 3, 5, and 6.

3 5 6
formula C1H,,Co0¢P; C,(H3C0,0,:P:Si CsH;;CoKO,P;
My, 452.14 904.16 406.08
crystal system monoclinic monoclinic monoclinic
space group; no. P2,/c; 14 P2,/n; 14 P2,/n; 14
a[A] 9.583(1) 11.316(2) 6.9927(13)
b [A] 9.164(1) 9.970(2) 26.020(6)
c[A] 20.952(3) 14.197(3) 7.1678(18)
AN 94.76(1) 109.710(10) 114.293(16)
V [A3] 1833.6(4) 1507.9(5) 1188.7(5)
V4 4 2 4
F(000) 936 924 816
Peatca Mgm3] 1.638 1.991 2.269
u (Mog,) [mm~1] 1.24 1.56 2.24
crystal size [mm] 05%x03%x02 05x045x0.4 0.58 x 0.21 x 0.17
diffractometer Bruker P3 Bruker P3 Siemens-Stoe AED2
monochromator graphite graphite graphite
T [K] 295 295 295
data collecting mode w:260 :20 :6
6 range [°] 2<60<325 25<6<30 3<0<275
hkl ranges 0< h<14 0< h<15 —-9<h<8
0< k<13 0< k<14 0< k<33
—-31<I<31 -20<I<18 -9<I1<9
reflns. measd. 7374 4578 5428
unique reflns. 6657 4391 2717
reflns. obsd. I >20(I) 3908 3915 2467
no. param./restraints  314/0 264/0 201/6
R1[I>20(])]1 0.0351 0.0380 0.0322
weightle! 0.0335; 0 0.0764; 0.2367 0.0250; 2.5
wR20 0.0789 0.1035 0.0790
Max./min. Ap [eA-3] 0.33/—0.38 1.134/ - 1.150 0.55/—-0.46
extinction parameter 0.0026(2) - -

[a] As defined in SHELXL 97-2.
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all cases. The structures were solved by direct methods?*”! and the positions
of all hydrogen atoms were found for 3 and 6. In the case of 5 some
positions needed to be calculated. RefinementsP! by full-matrix least-
squares calculations on F? converged to the indicators given in Table 4 (3:
8§ =10.84, (A/0) ax = 0.001; 5: S = 1.08 (A/0) oy = 0.001; 6: S =1.13, (A/0)pax =
0.001). Anisotropic displacement parameters were refined for all non-
hydrogen atoms. All atom coordinates and isotropic displacement param-
eters were refined for the hydrogen atoms of 3 and of the complex unit of 5.
The water molecules of 5 were treated as rigid groups with idealized bond
lengths and angles. For 6 the hydrogen atoms of the cyclopentadienyl ligand
were treated in idealized positions applying the riding model. The O—H
bond lengths were restrained to 0.82 A within a standard deviation of 0.02.
For 3 in addition an empirical extinction parameter was refined. Scattering
factors, dispersion corrections and absorption coefficients were taken from
International Tables for Crystallography (Vol C, Tables 6.114, 4.268,
4.2.4.2,1992).

CCDC-171692 (3),-171270 (5), and -171271 (6) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; (fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.
uk).
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Octahedral Bipyridine and Bipyrimidine Dioxomolybdenum(vi) Complexes:
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Abstract: Complexes of the general
formula [MoO,X,L,] (X=Cl, Br, Me;
L,=bipy, bpym) have been prepared
and fully characterized, including X-ray
crystallographic investigations of all six

lectively catalyze the epoxidation of
olefins. Neither the Mo—X bonds nor
the Mo—N bonds are cleaved during this
reaction. These experimental results are
supported by theoretical calculations,
which show that the attack of TBHP at

the Mo center through the X-O-N face is
energetically favored and the TBHP
hydrogen atom is transferred to a ter-
minal oxygen of the Mo=O moiety.
After the attack of the olefin on the
Mo-bound peroxo oxygen atom, epox-

compounds. Additionally, the highly
soluble complex [MoO,Cl,(4,4'-bis(hex-
y1)-2,2-bipyridine)] has been synthe-
sized. The reaction of the complexes
with zert-butyl hydroperoxide (TBHP) is
an equilibrium reaction, and leads to
Mo"! nl-alkylperoxo complexes that se-

lations -

mechanisms
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ide and fert-butyl alcohol are formed.
The latter compound acts as a compet-
itive inhibitor for the TBHP attack, and
leads to a significant reduction in the
catalytic activity with increasing reac-
tion time.

reaction

Introduction

Dioxomolybdenum(vi) complexes are important catalysts or
catalyst precursors for oxygen-atom transfer reactions in
chemical and biological systems.!l Polymeric compounds of
the composition [M0O,X,] have been known for more than
100 years.??) With Lewis bases, such as 2,2-bipyridine, and
with donor solvents, such as acetonitrile, adducts of the
composition [MoO,X,L,]# are formed.?*<l The first X-ray
crystal structure of a [MoO,X,L,]-type complex was reported
in 1966.29 The [M0oO,X,L,] complexes are monomeric and
present a distorted octahedral geometry, with the oxo ligands
cis to each other in order to maximize backdonation into the
empty t,, set orbitals.?!

Particular interest in Mo"! - oxo complexes arose in the late
1960’s when ARCO and Halcon presented patents on the
olefin epoxidation catalyzed by Mo"! compounds in a
homogeneous phase.?s! In the following years different
mechanisms were suggested to explain the reactivity of these
complexes. The debate as to which of the two main proposed
mechanisms is more accurate, the one favored by Mimoun
et al.?" or the one suggested by Sharpless et al.’!l has not been
settled to date, despite the fact that several theoretical and

[#] Throughout this manuscript L, denotes either two monodentate
ligands or one bidentate ligand.
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mechanistic studies have been presented.?] It has been
generally agreed, however, that formation of a Mo"! alkyl
peroxide occurs followed by transfer of the distal oxygen atom
of the alkyl peroxide rather than an oxo ligand.” The
industrial ARCO - Halcon process employs tert-butyl hydro-
peroxide (TBHP) as an oxidizing agent. Despite the fact that
H,0, is a more environmentally friendly oxidant (the only
byproduct formed is H,O), TBHP has other advantages that
still make it the preferred oxidizing agent in industrial
processes.”l However, several attempts have been made to
employ H,0, as the oxidizing system for olefin epoxidation,
most notably based on [CH;ReO;] by Herrmann et al.’™ and
on modified Mo"! systems by Sundermeyer et al.?"l In the
early 1980’s, Mimoun et al. assumed that the [MoO,X,L,]
complexes are transformed into [Mo(0O,),0L,] in the pres-
ence of excess H,0,.°! The reaction of [M0oO,X,L,] with
excess TBHP, however, remained unclear. We have recently
published a series of papers which show that complexes of the
type [MoO,X,L,] are excellent catalyst precursors for the
olefin epoxidation in the presence of TBHP.® The question of
the catalytically active species and a possible reaction
mechanism, however, remained unanswered. In this paper
we present a systematic examination of selected complexes of
the type [MoO,X,L,] (X=Cl, Br, Me; L,=22"-bipyridine,
2,2'-bipyrimidine, 4,4’-bis(n-hexyl)-2,2’-bipyridine) with re-
spect to their structures, spectroscopic data, and catalytic
performance. Some of the older literature data are shown to
be inaccurate or even incorrect. Additionally, we present a
suggestion for the reaction mechanism based both on
experimental data and on theoretical calculations, and
demonstrate that during the course of catalysis neither the
Mo—X bond nor the Mo—N bonds are disrupted, as has been
previously speculated.

Results and Discussion

Preparation and characterization of the dioxomolybde-
num(vl) complexes

Synthesis: The oxo-molybdenum complexes used in this
work, [MoO,X,L,] (X=Br, Cl, Me; L,=2.2"-bipyridine
(bipy), 2,2’-bipyrimidine (bpym), 4,4’-bis(n-hexyl)-2,2"-bipyr-
idine), were prepared by the route previously described for
related Mo"! dioxo complexes.’*<4 The halogeno products 1,
2, 4, 5, and 7 were obtained in good yields within a few
minutes. The product complexes 1, 2, 4, and 5 precipitate from
the reaction mixture. Compound 7 only precipitates from a
reduced solvent volume after addition of n-hexane. Treatment
of [MoO,X,L,] (L, =bipy, bpym) with Grignard reagents at
low temperatures yields the methyl complexes 3 and 6. All of
the compounds are stable under laboratory atmosphere and
can be readily handled in air.

NMR spectroscopy: The **Mo NMR spectra of the complexes
1-7 reflect the inductive effects of the substituents X and the
pK, values of the ligands L. The X substituents show an
inverse ligand dependence, which has been confirmed by
theoretical calculations and is known from related compounds

Chem. Eur. J. 2002, 8, No. 10

1 2 3
cl Br CH;
e 0 =
°§N/,°~\f N Oswf NN O%N{ NN
N o N
0%\ \U 0% \O\N/ N O/ \\N/ N
o ! e
cl Br = CHy —=
4 5 6

(Table 1).B° The differences in the *Mo shift between the
bipyrimidine and the bipyridine ligand is comparatively small,
only a few ppm in each case. The difference in the chemical
shift between Cl and Br is ~50 ppm, and between the Br and
the CHj; ligands it is nearly 200 ppm. Complexes of the
composition [MoO,CLL,] generally display their Mo NMR
signals at 0(**Mo) = 160-220, whereas the bromine deriva-
tives show their Mo signals between 6 =170 and 280; the
shift differences between bromo and chloro derivatives is
usually ~ 30— 60 ppm." The methyl complexes of the general
formula [MoO,(CHj;),L,] described in the literature display
their Mo central atom at chemical shifts between 6 =370 and
520. Methyl complexes with N-bidentate heterocyclic aro-
matic ligands display their signals in the high-field region of
this range between ¢ =370 and 450.5

Table 1. Mo NMR and 7O NMR shifts of [MoR,0,L,] complexes (R =
CH,, Br, Cl).

Com-  (*Mo) 8(70) f(Mo=0)[mdynA~'] TOF[h~']
pound

1 182 (DMSO) [l 6.73 25

2 232 (DMSO) Bl 6.70 10

3 425 (NCMe) Il 6.65 8

4 175 (NCMe) 997 (NCMe)  6.82 50

5 228 (NCMe) 996 (NCMe)  6.79 21

6 422 (CH,Cl,) 843 (CH,CL) 6.70 16

7 190 (CDCLy) 995 (CDClLy)  6.68 80

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

[a] Not determined.

On account of the very poor solubility of the bipyridine
complexes, the O NMR spectra of complexes 1-3 were not
of sufficient quality, in spite of 7O labeling of the compounds.
In the case of the bipyrimidine compounds, however, spectra
were obtained. The chemical shift found for compound 4 is
0(70)=997. While the 7O chemical shift of the bromo
derivative is identical within the error range (3('’O)=996),
the shift difference to the methyl derivative is ~150 ppm
(6(170) =843). Compound 7 is significantly more soluble than
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the unsubstituted bipy congener 1 and has a 7O NMR signal
at 0 =995. The chemical shifts of the equatorial oxygen atoms
of all these complexes are in the expected range. The few 7O
NMR chemical shifts published for complexes of the formula
[MoO,X,L,] are in the range of d =925-970. However, the
shift difference between chloro and bromo derivatives is more
pronounced in the compounds which have been previously
examined (~20-40 ppm).’® Although literature data on
methyl complexes of the formula [MoO,X,L,] were not
available, the observed shift to higher field is expected
because of their lower Lewis acidity.

IR/Raman spectroscopy: The experimental results (see also
Tables 1 and 2) obtained for the chlorine and bromine
derivatives 1, 2, 4, 5, and 7 show that the halide substituents
do not influence the stretching vibrations of the equatorial
MoO;N, plane to a very significant extent. The M=O and the
M—X (X =Cl, Br, Me) vibrations of the bpym complexes are
always shifted to higher wavenumbers. This is indicative of
stronger metal —ligand interactions. Additionally, this trend is
reflected in the calculated force constants (see Table 1). These
observations are in accord with the pK, values of bipy (4.3)
and bpym (0.6). The weaker base, bpym, donates less electron
density to the electron-deficient metal center. Accordingly,
more electron density is shifted from the other ligands thereby
strengthening the ligand —metal bonds. A comparison of the
observed vibrational spectroscopic values for the complexes 3
and 6 (see Table 2) indicates that the replacement of a halide
by a methyl group considerably weakens the equatorial
metal -ligand bonds. The observed stretching vibrations as
well as the calculated force constants (see Table 1) show for
both complex series, 1-3 and 4-6, that the Mo—O bond
strength increases in the order CH; < Br < Cl, in accordance
with the inductive effects of these three ligands.

X-ray crystallography — perspective from a valence-shell elec-
tron-pair repulsion model: The solid-state crystal structures of
complexes 1-6 were obtained by single-crystal X-ray experi-

ments. Key bond lengths and angles are listed in Table 3.
Fennl® first reported the molecular structure of complex 2 in
1969 to be a strongly distorted octahedron around the
molybdenum center. Both the Mo—Br (2.781(3)-
2.461(3) A) and the Mo=0 (1.826(18)-1.643(17) A) bond
lengths show significant differences. For obvious reasons, such
as 1) incomplete photographically collected data (h,k,0-6),
2)use of copper radiation (¢=16.743mm™'), and 3) no
absorption correction applied, we assign this doubtful obser-
vation to be caused by a fragmentary data set with severe
systematic errors and to the visually integrated intensities.
The molecular structure of 2 was therefore redetermined.
Detailed X-ray crystallographic experiments of 3, 5, and 6 are
published elsewhere. 34 All six compounds are monomeric
and belong to the general core geometry of type [MO,N,X,]
(M =transition metal, X =any atom) (Figure 1). In detail,
compounds 1-6 belong to the representative B-type (see ref.
[3a]). The X atoms are located in the apical position of a more
or less distorted octahedron around the metal center. The
X-Mo-X angles range from 148.0(1)° to 159.64(2)° with a
mean value of 155.3°, and the O=Mo=0 angles range from
106.3(1)° to 110.26(9)° with a mean value of 108.0°. The
oxygen atoms are in cis positions and define the equatorial
plane together with the transition metal and two nitrogen
atoms of the Lewis base ligand. However, the transition metal
is off-center and shifted away from the nitrogen atoms
towards the midpoint of the two oxygen atoms.

Approach from a pure solid-state ionic model: Based on the
core geometry of the [MO,N,X,] complexes, an unrestricted
search in the Cambridge Structural Database revealed
8007 hits.’2) The very high hit rate demonstrates that this
ligand combination is very common and of basic scientific
interest. The second search that was restricted to B-type core
geometry and M =Mo gave 20 hits.” The ranges of bond
lengths and angles spanned by these 20 compounds encom-
pass the crystallographic data of compounds 1-6, even the

Table 2. Selected IR and Raman stretching frequencies of the complexes 1-7.

1 2 3 7

IR Raman IR Raman IR Raman IR Raman
MoO, sym. str. 936 s 931 vvs 933 s 928 s 930 s 924 vs 938 vs 940 vs
MoO, asym. str. 904 vs 906 s 902 vs 904 s 897 vs 897 m 912 vs 916 m
MoC, asym. str. - - - - 493 s 490 vvw - -
MoC, sym. str. - - - - 466 w 468 s - -
MoX, asym. str. 338 vs 341w 253s 255 m - - 344 s 354w
MoX, sym. str. 243 m 242 s - 134 sh - - 236's -
MoN, sym. str. 207 w 214 vs 217 m 219 s 227 m 224 s 203 m 215s
MoN, asym. str. 192 m 193 w 207 m 207 s 195 w - 190 m -

4 5 6

IR Raman IR Raman IR Raman
MoO, sym. str. 943 s 940 vvs 941's 938vs 936 s 928 vvs
MoO, asym. str. 910 vs 907 s 909 s 907 m 902 vs 902 sm
MoC, asym. str. - - - - 503 m 505 sm
MoC, sym. str. - - - - 477 w 477 vs
MoX, asym. str. 355s 357w 258 s 255 w - -
MoX, sym. str. 240 m 238 m - 133 vw - -
MoN, sym. str. 220 w 224 vs 219 m 212 sh 231 m 229 s
MoN, asym. str. 210 w 207 m 210 m 198 s 216 w -
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Table 3. Selected interatomic distances [A] and angles [°] for compounds [MoX,0,L,]. L, = bipy: (X = CI (1), Br (2), CH; (3); L, = bpym: (X = CI (4), Br (5),

CH; (6).

1 2 3 (Ref. [4a]) 4 5 (Ref. [3a]) 6 (Ref. [3d])
Mo-X1 2.366(1) 2.5105(7) 2.189 2.3678(6) 2.5330(5) 2.187(3)
Mo—X2 2.3769(9) 2.5245(6) 2.194 2.3456(6) 2.5342(5) 2.190(2)
Mo—O1 1.699(2) 1.728(3) 1.707 1.692(2) 1.693(3) 1.699(2)
Mo—02 1.697(3) 1.711(4) 1.708 1.699(2) 1.697(2) 1.717(2)
Mo-N12 2.298(3) 2.293(5) 2314 2355(2) 2.326(3) 2.364(2)
Mo—N22 2.323(2) 2.317(4) 2.346 2.332(2) 2.316(2) 2.336(2)
0--0 2.717(4) 2.762(5) 2.801 2.734(3) 2.725(4) 2.803(2)
X1-Mo-X2 158.52(4) 158.96(2) 149.02 159.64(2) 157.67(2) 148.0(1)
X1-Mo-O1 96.12(8) 95.7(1) 98.31 95.45(6) 95.95(9) 101.3(1)
X1-Mo-02 97.82(8) 97.6(1) 99.88 97.08(5) 96.08(9) 97.84(9)
X1-Mo-N12 80.61(6) 80.8(1) 76.55 81.86(4) 81.77(8) 79.75(9)
X1-Mo-N22 81.89(6) 81.98(9) 77.95 80.61(4) 81.94(6) 74.25(9)
X2-Mo-O1 95.54(7) 95.2(1) 97.60 96.35(6) 97.45(8) 99.5(1)
X2-Mo-02 96.13(8) 96.4(1) 99.30 95.11(5) 96.97(8) 97.43(9)
X2-Mo-N12 80.65(6) 80.5(1) 76.31 80.91(4) 79.87(8) 76.89(9)
X2-Mo-N22 81.78(6) 82.50(8) 7839 83.09(4) 79.66(6) 76.7(1)
01-Mo-02 106.3(1) 106.9(2) 11021 107.49(8) 107.0(1) 110.26(9)
01-Mo-N12 93.9(1) 93.8(2) 92.65 93.50(7) 92.6(1) 88.13(9)
01-Mo-N22 163.4(1) 163.4(2) 161.04 162.20(7) 161.4(1) 155.52(9)
02-Mo-N12 159.7(1) 159.3(1) 157.13 158.97(7) 160.4(1) 161.51(8)
02-Mo-N22 90.3(1) 89.8(2) 88.74 90.26(7) 91.6(1) 94.23(8)
N12-Mo-N22 69.45(9) 69.6(2) 68.39 68.80(6) 68.82(9) 67.41(7)

@\@/
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Figure 1. Schematic ORTEPP™ drawing of the molecular structure of 2
showing the dislocation of the central transition metal.

mean values are identical (Mo=0: from 1.680 A to 1.740 A,
mean 1.702 A; X-Mo-X: from 145.5° to 160.8°, mean 154.7°;
O=Mo=0: from 104.4° to 113.1°, mean 107.9°). A more
unrestricted third search that allowed the equatorial and axial
ligands to be linked revealed 138 hits,” including the
transition metals VV (e.g., [VO,(tpen)]Cl-H,0,8!), Mo,
WV (e.g., [WO,L],P), and Re'™ (e.g. [ReOs(Br)(tBu-
bipy)],ll). The ranges of the observed bond lengths and
angles are somewhat larger than those obtained in the second
search (M=O: from 1.615 to 1.757 A, mean value 1.701 A;
X-M-X: from 143.1° to 171.7°, mean value 154.5°; O=M=0:
from 102.2° to 115.1°, mean value 107.0°). However, the mean
values appear to be invariant. Such an excellent agreement in
terms of bond lengths and angles of a wide variety of ligands X
and transition metals point to a geometrically invariable and
rigid ligand sphere {O,N,X,}. When the midpoint of the
equatorial O,N,-plane (Cg) is defined to be the center of the
{O,N,X,} octahedron, and bond lengths and angles around Cg
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are recalculated, the {O,N,X,} octahedra are elongated, but
still regular (Table 4, Figure 1).[1-13]

As far as is known from the literature and from our own
experiments, the free ligands biphenyl,!' bipyridyl,'”l and
bipyrimidinel'! are centrosymmetric and planar in the solid
state. The observed slightly twisted and tilted distortions of
the N,N ligands in compounds 1-6 are not unexpected.

X-ray powder diffraction: Powder X-ray diffraction (XRD)
patterns were recorded for the synthesized dioxomolybde-
num(vi) complexes 1-6 and compared with simulated pat-
terns calculated from the single-crystal structure data report-
ed in this paper for 1, 2, 46, and reference [4a] for 3. In each
case there was a good match between the experimental and
simulated patterns, indicating a high degree of purity and
crystallinity for the as-synthesized complexes.

Catalytic and mechanistic studies of cyclooctene epoxidation

Catalytic Studies: Compounds 1-7 were tested as catalysts in
cyclooctene epoxidation reactions with TBHP as the oxidizing
agent. The reactions were performed at 55 °C in n-decane. The
ratio catalyst/substrate/oxidizing agent was 1:100:200. More
details are given in the Experimental Section. Complexes 1-7
are not very active catalysts. The turnover frequencies (TOFs)
determined for these complexes are given in Table 1. In
general, the TOFs of the bipyrimidine derivatives 4—6 are
approximately twice as high as those of the bipyridine
complexes. Compound 7 is the most active catalyst among
the compounds examined in this work. The chlorine deriva-
tives show higher TOFs than the bromine complexes, and the
bromine compounds are slightly more active than the methyl
compounds. These observations evidently reflect the induc-
tive effects of the ligands L and X. The TOFs seem to be much
more sensitive to changes in the electron density at the metal
center than most of the spectroscopic methods we applied,
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Table 4. Idealized core geometry (bond lengths [A] and angles [°]) for B-type compounds [MX,0,N,] around the center Cg.

1 2 3 (Ref [4a]) 4 5(Ref. [3a]) 6 (Ref.[3d])  VV(Ref.[8]) WV (Ref[9]) Re¥! (Ref.[10])
Cg—X1 2334 2475 2118 2327 2.498 2.120 2.101 1.882 2.408
Cg—X2 2327 2478 2115 2313 2.474 2.100 2.101 1.916 1.901
Cg-01 2017 2.040 2.043 2.020 2.001 1.982 1.918 2.053 1.971
Cg-02 1.969 1.977 1.992 1.992 1.995 2,072 1.918 1.979 1.965
Cg-NI12 1.965 1.964 1.954 1.997 1.971 1.959 2,010 1.987 1.903
Cg—N22 1.964 1.963 1.957 1.957 1.956 1.965 2,010 2.022 1.922
00 2717 2.762 2.801 2.734 2.725 2.803 2613 2.776 2.764
X1-Cg-X2 17692 17625 17281 17716 17825 171.26 17312 175.62 178.47
X1-Cg-O1 88.95 89.19 90.85 88.38 89.61 94.85 88.94 88.43 89.89
X1-Cg-02 91.53 91.97 93.68 90.61 89.92 89.80 86.02 90.79 89.14
X1-Cg-N12 88.70 88.48 86.47 91.05 90.09 91.43 81.58 87.19 90.76
X1-Cg-N22 90.85 90.39 88.89 89.97 90.39 83.88 103.32 93.60 90.24
X2-Cg-Ol 88.98 89.10 90.48 88.84 91.60 93.88 86.02 87.64 88.93
X2-Cg-02 90.60 91.27 93.42 88.62 91.43 90.10 88.94 90.94 89.87
X2-Cg-N12 89.23 88.36 86.38 89.79 88.54 88.55 103.32 91.15 90.26
X2-Cg-N22 91.21 91.30 89.62 92.81 88.39 87.43 81.58 90.34 90.97
01-Cg-02 85.96 86.88 87.93 85.92 86.00 87.45 85.89 86.99 89.21
01-Cg-N12 95.61 95.39 94.64 95.91 95.35 93.32 92.66 93.95 92.32
O01-CgN22 17967 17932 17875 17835 17918 17639 167.54 177.97 178.12
02-CgN12 17842 17769 17743 177.56  178.65 178.49 167.54 177.74 178.46
02-Cg-N22 94.30 93.67 93.31 94.13 94.82 95.92 92.66 92.88 92.67
NI2-CgN22 8413 84.07 84.12 84.09 83.83 8335 91.37 86.26 85.80

since the differences in activity are rather pronounced. It is
astonishing, however, that the activity differences of the
chlorine and the bromine compounds are very pronounced,
while the activities of the bromo and the methyl complexes
are more similar. From the spectroscopic data (IR/Raman and
NMR) the opposite should be expected. As the steric bulk of
the ligands L (bipyridine and bipyrimidine) is rather similar,
then electronic factors must be responsible for the activity
differences in these cases. In the case of the Cl and the Br/CHj;
derivatives, steric factors may play an additional role and thus
partially account for the activity differences. Comparing the
activities determined in this work with literature values of
other complexes of the formula [MoO,X,L,], compounds 1-7
are rather sluggish catalysts of low general activity.}] With
complexes of the type [MoO,X,L,], TOFs of up to
~600 molmol'h~! have been reached, while Br and Me
derivatives are reported to reach TOFs of not more than
200 molmol~'h~L It should be noted in this context that the
Re'™  complexes [ReOs;(CH;)(bipy)] (TOF at 55°C
~200 molmol~'h') and [ReO;(CH;)(bpym)] (TOF at 55°C
~400 molmol~'h~!) are reported to be quite good epoxida-
tion catalysts.['> 18 Their activity surpasses that of all Mo"!—
bipy and Mo"!-bpym complexes examined here to a signifi-
cant extent. The higher catalytic activity of the [ReO;-
(CH;)(bpym)] complex is very probably caused by the higher
Lewis acidity of the metal center. General statements such as
this have to be regarded with caution, however, since the
catalytic mechanisms are quite different and different oxidiz-
ing agents have to be applied in the Re"" case (H,0,) and in
the Mo"! case (TBHP).['")

The trends observed in the complexes described in this
work are exemplary for all compounds of this type: the
chlorine derivatives are more active as epoxidation catalysts
than the bromine complexes, which are usually only slightly
more active than the methyl complexes. More important than
the axial ligands X are the equatorial donor ligands L, which
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can vary the catalytic activity in a broad range. The complexes
described in this work are on the lower end of the activity
level. Only very bulky ligands L, for example bidentate
phenanthroline derivatives, display an even lower catalytic
activity.BPd

Nevertheless, all of the [MoO,X,L,] catalysts show the
same type of reaction curve in the olefin epoxidation with
TBHP. After a comparatively rapid increase in the product
yield in the earlier stages, the reaction slows down consid-
erably during the course of the catalytic run. Several factors
can be responsible for this behavior. Together with the normal
decrease of activity as a result of the consumption of both
substrate and oxidizing agent, catalyst decomposition or
hindrance of the reaction by one of the reaction products
can play an important role.

The following reactions were performed with compound 7
as an exemplary catalyst precursor. We first examined the
influence of the byproduct fert-butyl alcohol on the reaction.
It was found that when 10 % of the alcohol was added at the
start of the reaction, a noticeable decrease in yield in
comparison to the reaction without alcohol addition is
observed. When the alcohol is added after 25 min, there is
still a pronounced effect. Evidently, the alcohol competes for
coordination to the Mo center and therefore slows down the
reaction rate.

A further set of experiments was performed to explore the
stability of the catalyst. After 24 h reaction time, when the
product yield reached ~75 %, more substrate was added to
the reaction mixture. The catalyst was still active, albeit
somewhat slower in catalyzing the reaction. This is most
probably caused by the large excess of fert-butyl alcohol
present in the reaction mixture which hinders the reaction
process. We also tried to isolate the catalyst after one catalytic
run. However, the compound we received was not the catalyst
itself, but compound 7, the catalyst precursor (an explanation
for this observation is given in the next section). The reuse of
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this isolated compound in a catalytic cycle led to an activity
that was the same as in the first run, within the range
of experimental error. Thus, it is reasonable to assume that the
“leveling off” of epoxide yields with [MoO,ClLL,] com-
plexes as catalysts results from inhibition by tert-butyl alco-
hol in the reaction mixture and not from catalyst decom-
position.

Further evidence for the latter assumption is that we never
observed the formation of CH,, C,Hy;, or CH;OH when
compounds 3 and 6 were used as catalyst precursors for a
catalytic run at 55 °C. Small amounts of CH, were only formed
at a reaction temperature of 90 °C. It can be seen from the GC/
MS results that at temperatures above 75°C the increase of
the product yield is no longer linear, so that catalyst
decomposition may play a role at those temperatures,
especially in the case of the methyl derivative 6.

Spectroscopic studies: It is well known that adducts of
methyltrioxorhenium (MTO) with Lewis bases are very
efficient and selective epoxidation catalysts although they
readily exchange their Lewis-base ligands.['”?] Therefore, we
examined whether the Mo"! complexes studied in this work
display a similar behavior. On the contrary, the reaction of a
solution of complex 7 with two equivalents of 2,2'-bipyridine
did not lead to any observable ligand exchange even after two
days. Furthermore, the oxygen atoms of the molybdenum
complexes are also found not to exchange under catalysis
conditions.P!

It is also interesting to discover whether the catalytically
active species is formed in a reversible or irreversible manner
with TBHP. Complex 7 was therefore treated with a 200-fold
excess of TBHP (5.5M in n-decane solution, the same
conditions as applied in our catalytic examinations) in
CH,(l,. After workup of the reaction mixture, we found that
we obtained the starting complex unchanged (see also above).
This provides additional support for the conclusions drawn in
the previous section that the Mo—X bonds are not cleaved and
indicates that the catalytically active species exists in equilib-
rium with the starting complex in solution.

In order to try to get some information on the nature of this
catalytic active species, the reaction of compound 7 with
TBHP was then examined with spectroscopic tools. As the
catalytic reactions are usually carried out at 55°C, we
examined the reaction at both room temperature and at
55°C. In the event, it was found that little difference was
observed between the two temperatures and therefore the
results presented are from room temperature NMR, IR, and
Raman studies.

%Mo NMR spectroscopy was explored as a tool to elucidate
the electronic differences of the Mo core on reaction with
TBHP. This involved sequential addition of TBHP solution in
n-decane to a CDCI; solution of the complex. Up to a
threefold excess of TBHP was added. Still, only a slight
change was observed in the Mo NMR spectra. The
molybdenum signal occurred at 0 (**Mo) =206, and is shifted
only 16 ppm downfield relative to the signal of compound 7.
However, it is known that ®*Mo NMR is not very sensitive to
subtle changes in the coordination sphere. Therefore, the
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reaction with TBHP might lead to a complex with a
comparable Mo shift, as found for complex 7.

It turned out that 'H NMR spectroscopy was a more
informative analytical tool when the bipyridine aromatic
'H NMR signals were used as diagnostic features. The
addition of 0.5 equivalents of TBHP leads to new signals of
very low intensity (See Table 5). Increasing the amount of
TBHP leads to a concomitant increase in intensity of these
new signals. When a 10:1 ratio of TBHP to complex 7 is used,
the ratio of the 'H NMR signal intensity of compound 7 to the
newly formed compound is ~3:1. We were initially concerned
that these new signals were caused by ligand oxidation.
However, this was proven not to be the case (see Table 5).

Table 5. Aromatic 'H NMR signals of 4,4’-bis(n-hexyl)bipyridine in
selected compounds (in CDCL,).

Compound 7 9.39 8.06 7.49
7 + TBHP 8.82 8.01 7.30
N-oxide 8.22 7.50 7.14
[MoO,X,(N-oxide)] 8.54 7.56 7.52
protonated ligand 8.75 8.34 7.38
free ligand 8.52 8.21 7.09

Moreover, it was found that 4,4'-bis(n-hexyl)-2,2’-bipyridine-
N-oxide ligands coordinate to [MoO,Cl,] in a 1:2 stoichiom-
etry. We were also concerned that the TBHP proton was
transferred to the Lewis base ligand. Thus, the free ligand was
protonated with TFA, but the aromatic 'H NMR signals of the
protonated species were found at different NMR shifts
(Table 5). Therefore, protonation of the Lewis base ligand
may be excluded. It can also be assumed that protonation of
the Lewis base ligand would destabilize the complex resulting
in its decomposition, a phenomenon which was not observed.
The overall upfield shift of the aromatic 'H signals from the
free complex to the anomalous signals observed on treatment
with TBHP could indicate a somewhat less Lewis acidic
molybdenum core. This may be expected in case of coordi-
nation of the TBHP to the molybdenum.

70 NMR experiments were also found to be quite
informative on the reaction between [MoO,Cl,(alkylbipy)]
and TBHP. "O-Labeled complex 7 exhibits a signal at 6 =995
with a linewidth of 800 Hz. On the addition of 0.5 equivalents
of TBHP, a new low-intensity signal appears at 0 =563 that
has a linewidth of 100 Hz (measurement time was ~ 15 min).
The signal increases in intensity on the addition of more
TBHP. The M=0 signal does not change significantly on the
incremental addition of TBHP and the linewidth remains
constant. Unlabeled TBHP itself reveals two broad signals at
0 =251 and 202 with linewidths of 800 and 1050 Hz, respec-
tively, which were not observed in the O NMR spectra.
Molybdenum peroxo complexes exhibit their peroxo signals
in a range of 0=400-600 with linewidths of 1200-
2000 Hz.[""! In our experiments, neither the chemical shift
nor the linewidth were found to change for the signal at 6 =
563. Considering the fact that the TBHP oxygen atoms are not
evident in the NMR spectra, it is highly unlikely that the peak
at 0 =563 is caused by a minor amount of TBHP coordinated
to the Mo center. Therefore, we believe that this oxygen signal
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can be attributed to a labeled oxygen of the complex. We
propose that the proton of the TBHP is transferred to an
oxygen of the complex upon coordination of the TBHP to the
molybdenum core. From a literature precedent, the linewidth
of 2100 Hz is evidently too narrow for a molybdenum peroxo
species and a Mo-!7O-H is a reasonable assignment. However,
to the best of our knowledge 7O NMR spectra of Mo''-OH
moieties have not yet been reported in the literature.

Solution-phase IR and Raman spectroscopy was used to
examine the changes in the stretching frequencies on reaction
of the complex with TBHP solutions in THF and CH,Cl,. The
terminal Mo=O bonds of complex 7 show characteristic cis
Mo=0 stretching frequencies at #=942 and 915 cm~'. Small
spectral changes are observed after addition of 0.5 equivalents
of TBHP, which become clear and pronounced after the
addition of a tenfold excess of TBHP to the complex. A new
band at =978 cm™! increases in intensity on addition of
TBHP to a solution of complex 7. Additionally, two other
bands at 7=2885 and 593 cm~! appear in both the IR and
Raman spectra. The peaks attributable to the Mo=O stretch-
ing frequencies are found to decrease in intensity. The new
bands can be reasonably assigned to the #!-coordinated
BuOO~ species and a protonated Mo=0. The new band at
980 cm™! correlates to »(M=0), the band at 885cm™! to
v(0O—0), and the signal at 593 cm~! to the v(Mo—0). Mimoun
et al. reports similar bands for the vanadium(v) #'-peroxo
complex, [VO(dipic)(OOBu)] (dipic = 2,6-pyridinedicarbox-
ylate).’! The latter complex exhibits a band at 980 cm™"
attributed to the terminal V=0, whereas the v(O—O0) stretch-
ing band occurs at 890 cm™! and the »(V—O) at 580 cm~.
Molybdenum mono- and bisperoxo species have also been
reported in the literature.?™° The complex [MoO(O,)CLL,]
(L=DMF, HPMT) shows the »(O—O) band at 920 cm~,
whilst two bands at 550 and 600 cm~! are found for the
Mo(O,) stretching frequencies. [MoO(0O,),L,] (L =range of
mono and bidentate N/O ligands) exhibit their peroxo
r(0—0) at 880 cm™! and the v(Mo—O) is highlighted by two
bands at 500 and 600 cm~'. Since analogous bands are not
found in our experiments, we can confidently exclude the
possibility of the formation of a > mono- or bisperoxo species.
A shoulder that appears in the IR spectra at approximately
3270 cm~! on addition of one equivalent of TBHP broadens
(3300 cm™!) after the addition of excess TBHP to the complex
solution. This is suggestive of a different OH species to that of
TBHP-OH. We were concerned that this might merely be
caused by moisture in the sample. However, the presence of
moisture would be confirmed by a band at v =~ 1600 cm~. This
band was conspicuously absent. Thus, it is reasonable to
assume that the 3300 cm~! band can be ascribed to a Mo—OH
vibration.

We were also interested in gaining information on the mode
of coordination of the TBHP to the molybdenum center,
namely whether initial protonation of a Mo=O occurs
followed by coordination of the fBuOO~ or coordination of
the TBHP to the Mo is the first step followed by proton
transfer to the M=0O. We examined the reaction between
complex 7 and TFA and it was found that no changes occurred
in the '"H NMR spectrum, even after two days. Complex
decomposition was not observed. This suggests that the
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Mo=0 is not sufficiently basic to be protonated even by such
a strong acid. It is also argued that the triflate anion has an
insufficient coordinating ability on account of the electron-
withdrawing capacity of the CF; group. This strongly suggests
that coordination of the TBHP is a prerequisite for proton
transfer. Considering the pK, of TBHP (x~11), it was decided
to compare its coordination with an alcohol of similar pK,.
Phenol was chosen, having a pK, of 10. It was found that the
phenol 'H NMR signals remained unchanged on reaction with
complex 7 and the phenolic O—H was still evident. It might be
that the phenol is too sterically demanding to coordinate to
the molybdenum core and, as proton transfer is not observed,
then it may be assumed that coordination of the alcohol is
required before the Mo=0O may be protonated. Experiments
with radical scavengers showed that radical species which are
not extremely short lived seem not to be involved in the
catalytic process.

Theoretical studies: DFT calculations® (ADF programf'l)
were performed in order to have a clearer idea of the first
steps in the mechanism of olefin oxidation in the presence of
MoV! catalysts and TBHP and, in particular, to see whether or
not a theoretical study supports the spectroscopic examina-
tions concerning the mechanism. Although there are previous
theoretical studies, most of them are either relatively old and
used semiempirical methods, which are not particularly suited
to address all the aspects of the problem,?? or dealt with
catalytic systems that are significantly different from the
present one, preventing the extrapolation of conclusions.? 18

The precursor complexes described above are octahedral
derivatives of cis-dioxomolybdenum(vi), which have already
been theoretically addressed,?*2¢il the cis preference being
assigned to the increased m donation into the empty t,,
orbitals of the d’ metal center.?*l In the family of complexes
[MoO,X,L,], the cis,trans,cis arrangement was found to be
more stable than the all-cis one, especially when bulky ligands
are present, and is found for most structures.?*¥ Thus, it is this
geometry that is exhibited by the catalytic precursors
[MoO,X,L,], in which X =halogen, Me, and L, = a bidentate
nitrogen ligand (see X-ray description). [MoO,Br,(2,2'-bipyr-
idine)] (2) was chosen for initial calculations and its geometry
was fully optimized by means of the ADF program and two
basis sets of different quality [I (smaller) and II (larger); see
the Experimental Section]. Symmetry was constrained to be
C,,. Similar calculations were also performed for the dichloro
and the dimethyl derivatives, 1 and 3.

The optimized geometries of complex 2 are shown in
Figure 2, for basis setl (left) and II (right), with bond
distances (A) and angles (°, italics). As is typical, the complex

Figure 2. The optimized geometries (bond lengths [A] and angles
[°, italics]) of [MoO,Br,(2,2'-bipy)] (2) with basis set I (left) and II (right).
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adopts a distorted octahedral geometry. The angle between
axial ligands is very far from the ideal 180°.

The two geometries obtained are very similar, in spite of the
different basis sets used. It is also important to check how they
compare with available experimental structures of this type of
compounds, which were described in detail above (Table 3).

The calculated values for 2 show good agreement with the
experimental values, namely Mo—O bond lengths (calculated
1733, 1.729 A, for both basis sets: experimental 1.711,
1.728 A), Mo—N bond lengths (calculated 2.416, 2.412 A;
experimental 2.317, 2.293 A), and Mo—Br bond lengths
(calculated 2.548, 2.551 A; experimental 2.511, 2.524 A).
Concerning the Br-Mo-Br and O-Mo-O angles, the following
values were found: 152.3° (basis set I), 152.8° (basis set II),
158.96° (exptl), and 108.8° (basis set I), 108.8° (basis set II),
106.9° (exptl), respectively. The angle involving the cis-oxygen
atoms is widened in the calculations, while the opposite
happens for the Br-Mo-Br angle. The chelate N-Mo-N angle
becomes smaller by ~3° in the calculations. The effect of the
basis set on the quality of the structure is not significant, as the
tendency in both cases is for slightly longer bond lengths.

These data suggest that there is no significant improvement
in the quality of the calculations by using the larger basis set,
and therefore the smaller basis set, which still contains a
polarization function for nonmetals and saves computational
time, was chosen for the remaining ADF calculations.

Frequency calculations were performed in order to com-
pare the assignment of the experimental IR and Raman
spectra. The B3LYP method in Gaussian98 was used for
convenience.”] The frequency calculations were preceded by
a full structure optimization of the three complexes under
study (1, 2, 3) with two different basis sets of different quality,
3-21G and 3-21G*, for all atoms. The final structures are very
similar to those described above and the experimental ones,
the effect of the larger basis set being reflected in the Mo—Br
distance (2.571 A with 3-21G, 2.505 A with 3-21G*, and 2.511,
2.524 A in the experimental). As the frequencies obtained
from the two calculations were not very different, only the
results relative to the larger basis set will be reported below.

The calculated frequencies (B3LYP, see below) for the bipy
complexes are given in Table 6. Although the numbers do not
agree completely, the trends fit the experimental values, the
Mo—N stretching frequencies being the weakest and more
difficult to assign. The Mo=O frequencies are closer than
those observed experimentally, and appear at higher wave-
numbers, while the agreement between experimental and

Table 6. Calculated (B3LYP) frequencies for the three [MoO,X,(bipy)] complexes.

calculated values for the asymmetric Mo—X stretching
vibration and the Mo—C frequencies is much better. The
quality of the basis set, the theoretical method used, and the
fact that a gaseous molecule is analyzed for the calculations
may be responsible for the partial agreement.

Several different reactions between [MoO,X,L,] complexes
and TBHP may be postulated, as described above. According
to the spectroscopic examinations, it is assumed that the first
step of the catalytic cycle ends with the formation of an
intermediate (possibly the catalytically active species) con-
taining coordinated RCOO~ and a protonated ligand. Possi-
ble limiting mechanisms consist of either protonation of one
ligand (one oxide or one N atom of the bidentate ligand),
followed by coordination of the ROO™ anion, or of a more
concerted process, where approach of RCOOH leads to
protonation of a ligand and coordination of the RCOO~
anion.

In order to choose among these possibilities and to see
whether they are reasonable to be considered as the initiating
steps, protonation at the O and N atoms were first studied
with DFT calculations (ADF), starting from complex 2. The
structure obtained after full geometry optimization when
complex 2 is protonated at one of the oxygen atoms (they are
equivalent), to form [MoO(OH)Br,(bipy)]*, is shown in
Figure 3, with indication of the most relevant bond lengths
and angles.

Mo-N 2.322,2.244

Figure 3. The optimized structure (bond lengths [A] and angles
[°, italics]) of [MoO(OH)Br,(2,2-bipy)]* obtained from 2, after protona-
tion at one of the oxygen atoms.

A comparison with the parent compound reveals in the new
species [MoO(OH)Br,(2,2"-bipy)]* (see Figure 3), the weak-
ening of the Mo—O bond involving the protonated oxygen
atom, a widening of the Br-Mo-Br angle, which leads to
asymmetry of the two Mo—N bonds and is caused by the
different trans influences of O and OH, and shorter Mo—N
bonds. A similar calculation for the species protonated at one
of the nitrogen atoms of the bipy ligand led to the formation
of a tetrahedral derivative of Mo", the protonated
bipy moving away from the coordination sphere of
molybdenum. This alternative was therefore dis-

3 (Me)

carded.
The next option was to allow the approach of the

1(Ch 2 (Br)

IR, Raman Raman IR, Raman Raman IR, Raman Raman
MoO, sym. str. 986 's 966 s 975s
MoO, asym. str. 976 s 976 s 966 s
MoGC, asym. str. — - - - 503 m
MoGC, sym. str.  — - - - 468 m
MoX, asym. str. 336's 287 s -
MoX, sym. str. 293 w 208w —
MoN, sym. str. 246 w ncl?l 240 w
MoN, asym. str. 186 w 186 vw ncl?l

MeOO™ anion (used as a model for fBuOO") to the
metal to form the heptacoordinated species
[MoO(OH)Br,(2,2"-bipy)(MeOO)].  Considering
the distorted octahedral geometry of the starting

- complex, the sterically less constrained directions of

approach for an incoming ligand are from above the
center of a face. There are four types of faces in the

[a] nc =not calculated.

Chem. Eur. J. 2002, 8, No. 10

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

octahedron, since the O-Mo-O plane is a symmetry
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plane, defined as (OH)OBr (A), (OH)NBr (B), ONBr (C),
and NNBr (D). The relative energies of the complexes formed
after allowing MeOO~ to approach and optimizing the
structure are 2.1, 0.0, 8.1, and 4.3 kcalmol~!, respectively.
The final structures are shown in Figure 4. It is interesting to
note how the already distorted octahedral coordination is
further disturbed by the binding of the seventh ligand. In the
lowest energy structures (A and B), there is a hydrogen bond
assistance, which helps to stabilize those forms. The H(O)
approaches one oxygen of the MeOO group in a O—H:--O
arrangement. In A, the hydrogen bond is formed between the
O—H group and the oxygen of the peroxide attached to Mo
(O-+-H distance 2.032 A). In B, the hydrogen bond involves
the 8 oxygen of OOMe (O --- H distance 1.572 A), an aspect to
which we shall return later.

2.1
0.0
W%l ’%3

Figure 4. Optimized geometries and relative energies [kcalmol™!] of the
heptacoordinated species [MoO(OH)Br,(2,2'-bipy)(MeOO)] formed when
the MeOO™ anion approaches [MoO(OH)Br,(2,2'-bipy)]* from above face
(OH)OBr (A), (OH)NBr (B), ONBr (C), and NNBr (D).

To confirm the reliability of these results, we attempted to
reach the same intermediates through another route, namely
by optimizing the geometry of complex 2 in the presence of
the HOOMe molecule. It was necessary to constrain the
Mo—O (from HOOMe) and O—O distances to remain
constant, otherwise the two species would not stay together.
The approach of MeOOH took place as shown schematically
in Figure 5 for the ONBr face (F).

Me\o\
o—H

Figure 5. Schematic diagram showing the approach of HOOMe to the
ONBEr face of [MoO,Br,(2,2"-bipy)].

This partial optimization was followed by a full optimiza-
tion and this procedure was applied to the three nonequiva-
lent faces of 2. In the absence of an OH group, there are only
three independent faces OOBr (E), ONBr (F), and NNBr
(G). The approaches along E and G (not shown) led to
fragmentation of the molecule; only F led to a converged
structure (Figure 6 left). It was found that during the
optimization, the hydrogen atom of the peroxide was trans-
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Figure 6. Optimized geometries of the heptacoordinate species
[MoO(OH)Br,(2,2"-bipy)(MeOO)] formed when HOOMe approaches
[MoO,Br,(2,2"-bipy)] from above face ONBr (F), starting at different
Mo—O distances.

ferred to one oxide. The final geometry is very similar to B
(Figure 4). The same approach was repeated starting from
different fixed initial Mo—O distances (1.9 A,H,and 2.1 A, 1,
instead of 2.0 A as before). The new geometries are given in
Figure 6, center and right. These final geometries are very
similar to those obtained with the first methodology, both in
energy and geometry (Figure 6). They differ essentially by the
orientation of the OOMe group. An O—H---O hydrogen
bond is present in all the structures.

The lowest energy species corresponds to the form B. The
most relevant features are given in Figure 7, in two views
emphasizing different aspects. From these results, it can be
inferred that the most likely intermediate should exhibit a
coordination number of seven for molybdenum in a face-
capped octahedral structure, with a hydrogen bond, which for
this intermediate involves the (-hydrogen of the peroxide.
This geometry is somewhat different from that of a charac-
terized vanadium complex, [VO(dipic)(OOrBu)(H,0)]. In
the Mo complex, the coordination number is already seven for
n'-peroxide, therefore the second Mo --- O distance is outside
the bonding range.

Mao-Br 2.704, 2.635 O
Mo-N 2,354, 2.354 B

Figure 7. Two different views of the optimized geometry of the lowest
energy heptacoordinate species [MoO(OH)Br,(2,2"-bipy)(MeOO)].

These calculations were repeated under similar conditions
for the Cl and Me complexes and comparable results were
obtained, the same intermediate being favored. After detect-
ing the intermediate for this first reaction step, an attempt was
made to identify the transition state. This was achieved with
Gaussian98 (B3LYP method, as described above for the
frequency calculations), and a model of the complex in which
the bipy ligand was replaced by diazabutadiene. Locating
transition states presents difficulties and it is important that
the method used is reliable. Preliminary calculations were
thus performed on the complex [MoO,Cl,(N,C,H,)], since a
crystal structure’” and previous theoretical studies are
available. ]

The same basis set used by Barea etall led to a
reasonable agreement with the experimental structure. It
was also tested on the Br derivative since this was the system
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under study, as described above, and compared with the
results obtained with the basis set (3-21G*) used. When this
latter set was used, contraction of bonds was observed making
them even closer to experimental values.

The geometries of the reagents ([MoO,Br,(N,C,H,)] and
MeOOH), the transition state, and the final product (the
reaction intermediate, which we assume to be the catalytic
active species, as was described before), as well as their
energies, are shown in Figure 8. Another stationary point,

3
A4
_J_‘:_'___é:'\‘_-—’a .;_""f‘ 2

) — 439

3 oF :': ﬁ
4 1 | I
> ' L7

-26.5

L] ',_: T

s
—_. -.r_,(::h— 1_{;

Figure 8. Stationary points, transition state, and relative energies
[kcalmol~'] along the reaction path between [MoO,Br,(N,C,H,)] (2) and
HOOMe to form [MoO(OH)Br,(N,C,H,)(MeOO)].

which can be described as a weakly bound complex between
the two reagents, was also found across the reaction pathway
and occupies an energy minimum. The structural changes
experienced by the molybdenum coordination sphere when
this adduct is formed are minimal and its stability can be
ascribed to the formation of two hydrogen bonds, O3—H --- O2
and N—H---O4 between the two reagents, with H--- 024
distances of 1.67 and 1.68 A, respectively. While the first one
should also be found in the real system, the N—H:--O4
interaction is a feature of the model, as bipy has been replaced
by N,C,H,, so that in the active system such an adduct should
not be so stable.

The transition state was determined as described in the
Experimental Section and the existence of one imaginary
frequency was detected. The O3—H---O2 interaction has
developed in such a way that the hydrogen has almost been
transferred from the peroxide (O3) to the molybdenum
complex (O2). The O3---H distance has become 1.29 A and
02---H 1.17 A, while O3 is already weakly bound to the
metal. The Mo—O3 distance is 2.38 A, but is depicted as a
solid line in the picture. The N—H--- O3 interaction remains
(03---H 1.69 A). The O1-Mo-O2 angle narrows, from ~107°
in the reagent and the adduct, to 97.1° in the final state. In the
evolution to the product, the Mo—O3 and O2—H distances
decrease to 2.05 and 1.01 A respectively, typical bond
lengths, and the molybdenum becomes heptacoordinate.
The N—H---O3 hydrogen bond vanishes. Although this
product is slightly different from the intermediate in the
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reaction described above (B in Figure 7), namely in the
orientation of the methyl group and the consequent absence
of the hydrogen bond between O2—H and the 3 hydrogen O4,
the metal coordination sphere is essentially the same. This
indicates that the calculation with the model leads to a similar
result as that which used the bipy ligand. The activation
energy is calculated to be +27.2 kcalmol~'. As discussed
above, there is a N—H -+ O hydrogen bond both in the adduct
and in the transition state that should not be found in the real
system since bipy and the other nitrogen ligands used in the
experiments do not contain a N—H bond. The formation of an
adduct stabilized only by the O—H---O bond is, however,
expected independently of the N—N ligand. Of course, one
cannot be sure that the N—H --- O interaction will be the same
in the adduct and in the transition state, so that this will affect
the estimation of the activation energy.

IRC (internal reaction coordinate) calculations were per-
formed to check whether the transition state led both to
reagents and products.

Conclusions

Complexes of the general formula [MoO,X,L,] (L,=bipy,
bpym, diazabutadienes, etc.) are moderately active epoxida-
tion catalysts. They have very distinctive chemical shifts both
n Mo and 7O NMR spectra. Their structures can be
described both as distorted octahedra or as regular octahedra
with a displaced central metal. Their catalytic activity depends
both on the ligands L and X. The highest activities are usually
reached with X = Cl ligands, the lowest with X = Me ligands if
the ligand L remains unchanged. The oxidizing agent TBHP is
transformed to tert-butyl alcohol during the course of the
reaction. This byproduct slows down the reaction velocity
since it can also coordinate to the molybdenum center. The
first step of the catalytic cycle is the reaction of TBHP with
[MoO,X,L,]. The HOO proton is transferred to one of the
terminal oxygen atoms and the “OOR group coordinates as
seventh ligand in a 5! manner to the Mo center. This addition
takes place on the NOX face of the octahedron and promotes
the activation of the TBHP. Alternative protonation of the
bidentate nitrogen donor ligand or of the X ligand under HX
elimination do not take place under the applied reaction
conditions. The second step of the reaction should proceed, as
proposed by other authors?"4! by approach of the olefin to
the coordinated a oxygen. At this stage, it is important to
recall that the intermediate calculated with the bipy ligand
(Figure 7) exhibits a hydrogen bond between the -oxygen
and the coordinated OH group; this will favor the formation
of an epoxide and release of the alcohol to leave the precursor
complex [MoO,X,L,]. These features are summarized in
Figure 9. The catalyst precursor can be recovered unchanged
after the catalytic cycle.

It is interesting to note that a preference for a quite similar
mechanism was already proposed about 20 years ago for
complexes containing the Mo=0O moiety, but no convincing
experimental evidence was available.?’l At least for com-
plexes of the type [M0O,X,L,] this proposal is now shown to
be in agreement with the experimental findings.
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N\ -0,

{BUOH r\ [ 0\ 40"-’\*
N
o< P
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Figure 9. Proposed reaction mechanism for fBuOOH activation and olefin
epoxidation taking place at the NOX face of octahedral [Mo,0,X,L,] (X =
Cl, Br, Me) complexes. In the drawings the metal is hidden behind the face
for clarity.

Experimental Section

All preparations and manipulations were performed with standard Schlenk
techniques under an atmosphere of nitrogen. Solvents were dried by
standard procedures (THF, n-hexane and Et,O over Na/benzophenone;
CH,Cl, and NCMe over CaH,), distilled under argon and kept over 4 A
molecular sieves (3 A for NCMe). Microanalyses were performed at the
ITQB and the Mikroanalytische Labor of the Technical University of
Munich (M. Barth). Powder XRD data were collected on a Phillips X’pert
diffractometer with Cuy, radiation filtered by Ni. '"H NMR spectra were
recorded at 300 MHz and 400 MHz on Bruker CXP 300 and Bruker Avance
DPX-400 spectrometers, respectively. *C NMR spectra were measured at
100.28 MHz on a JEOL JNM GX-400 and a Bruker Avance DPX-400, 7O
NMR spectra were measured at 54.14 MHz on a BRUKER GX-400, and
“Mo NMR spectra were measured at 26.07 MHz on a Bruker Avance
DPX-400. 17O enrichment of the oxo group in complexes [MoO,X,(DMF),]
(X =Br, Cl) was carried out by treatment of a solution of the unlabeled
complex in CH,Cl, with excess H,!70, in a manner analogous to that
previously reported.”°l The labeled complexes [Mo'70,X,(NCMe),] (X =
Br, Cl) were then obtained by recrystallization of [Mo!’0,ClL,(DMF),] from
NCMe. IR spectra of solid samples (in the form of KBr pellets and Nujol
mulls) were measured on a Bio-Rad FTS-60A. The far IR spectra of the
complexes were recorded as Nujol mulls on a Bio-Rad FTS-175A system
equipped with a 6 mm Mylar beamsplitter. The Raman spectra were also
performed with a Bio-Rad dedicated FT-Raman spectrometer with the
1064 nm excitation of a Nd-YAG laser.

Force-constant calculations have been performed by a program system
developed by J. Mink based on a simplified model of introducing internal
coordinates.

[MoO,X,] (X=Br or CI),? [MoO,X,(NCMe),] (X=Br or Cl)PI
[M0O,Br,(bipyrimidine)],* [MoO,Me,(bipyrimidine)],*! [MoO,Me,(bi-
pyridine) ], [MoO,Br,(bipyridine)],” 2! [MoO,ClL,(bipyridine)],?*! were
prepared according to published processes with only minor changes. The
elementary analysis was correct in all cases, the spectroscopic data were in
accord with those given in the literature.

Preparation of 4,4'-dihexyl-2.2’-bipyridine: nBuLi in n-hexane (17.5 mL,
28 mmol, 1.6M) was added dropwise to a solution of diisopropyl amine
(3.9 mL, 28 mmol) in THF (10 mL) at 0°C. 4,4'-Dimethyl-2,2’-bipyridine
(2 g, 11 mmol) dissolved in THF (50 mL) was added slowly to the reaction
mixture and the resulting red solution was stirred at 0°C for 3 h. A solution
of amyl bromide (3.5 mL, 28 mmol) was then added, and the reaction was
stirred overnight and allowed to slowly reach room temperature. The
reaction was quenched by the addition of methanol and the solution was
poured onto ice. The crude product was extracted with Et,O and purified
by chromatography (silica, EtOAc/hexane 40:60) to yield the pure product
as a pale yellow oil. Yield: 2.5 g (70%); '"H NMR (400 MHz, CDCl;): 6 =
0.84 (m, 6H; CHj3), 1.19 (m, 4H; CH,), 1.27 (m, 8H; (CH,),), 1.65 (m, 4H;
CH,), 2.64 (m, 4H; CH,), 7.09 (m, 2H; py-H), 8.21 (m, 2H; py-H), 8.52 (m,
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2H; py-H); elemental analysis calcd (%) for C,,H;,N, (324.51): C 81.43, H
9.94, N 8.63; found: C 81.12, H 9.84, N 9.04

Preparation of [MoClLO,(bipyrimidine)] (4): A solution of
[MoO,CL(NCMe),] (0.10 g, 0.38 mmol) in NCMe (15mL) was treated
with bipyrimidine (0.06 g, 0.38 mmol), and the mixture was vigorously
stirred for 40 min. The resulting yellow solution was evaporated to dryness,
and a pale yellow microcrystalline powder was formed. Yield: 96%; IR
(KBr): 7=3086 (m), 3007 (m), 1574 (s) 1550 (s) 1409 (vs), 1211 (m), 1103
(m), 1013 (m), 943 (vs), 909 (vs), 824 (s) 758 (s) 688 (m), 655 cm™" (s);
"H NMR (CD;CN, 400MHz, 20°C): 6 =9.65 (d, 2H), 9.37 (d, 2H), 7.98 (m,
2H); elemental analysis calcd (% ) for CgH4Cl,MoN,O, (357.01): C 26.92, H
1.69, N 15.69; found: C 26.91, H 1.70, N 15.50.

Preparation of [MoO,Cl,(n-hexylbipy)] (7): 4,4'-Dihexyl-2,2"-bipyridine
(0.842 g, 2.60 mmol) was added to a suspension of [MoO,Cl,] (0.469 g,
2.36 mmol) in CH,Cl, (5mL) and the resulting solution was stirred for
30 mins. The solution was filtered and concentrated to 1 mL. Hexane was
added to precipitate the colorless product, which was purified by washing
with hexane. The colorless solid was collected and dried in vacuo to yield
the title complex. Yield: 1.19 g (96%); IR (KBr): #=3071 (w), 2939 (s),
1610 (s), 937 (vs), 912 (vs), 895 (m), 623 (w), 344 (m), 237 cm~! (m);
'"H NMR (400 MHz, CDCL;): 6 =0.92 (t, 6H; CH;), 1.36 (m, 8H; (CH,),),
1.43 (m, 4H; CH,), 1.76 (m, 4H; CH,), 2.84 (t, 4H; CH,), 7.50 (d, 2H; py-
H), 8.06 (s,2H; py-H), 9.39 (d, 2H; py-H); elemental analysis calcd (% ) for
Cy,H;,C1MoN,0, (523.36): C 50.49, H 6.16, N 5.35; found: C 50.80, H 6.40,
N 5.16.

7Q labeling studies: The labeled complexes [Mo!’0,CL(DMF),] and
[Mo'70,Br,(DMF),] were prepared according to the published procedure
with H,"7O. IR (KBr): 7=941 (s), 928 (vs), 904 (vs), 891 (s), 870 (vs),
860 cm™' (s) (Mo=0). Labeled complexes [Mo'’O,CL(NCMe),] and
[Mo'7O,Br,(NCMe),] were prepared by recrystallisation  of
[Mo'70,X,(DMF),] (X=Cl, Br) from NCMe. Labeled complexes
[Mo'70,X,L] (X=Cl, Br, Me and L =bipy and bpym) were prepared by
the usual method with the labeled starting material [Mo'’0,X,(NCMe),]
(X=Cl, Br).

In-situ NMR experiments: In a typical NMR experiment, portions of
TBHP in n-decane (5.73 x 10~ M) were added with a microsyringe to a
thermostated NMR vessel in a Schlenck tube under argon and containing a
solution of the catalyst 7 (0.03 g, 5.73 x 10~> mol) in CDCl; (4.0 mL). After
each addition, the NMR vessel was closed with a glass cap, transferred to a
Bruker Avance DPX-400 spectrometer, and thermostated at the same
temperature as the Schlenck tube was before. After a given time (5 min to
5 h to make sure that an equilibrium state has been reached), 'H, “*Mo, and
70 NMR spectra were measured. After recording the spectra, a similar
amount of TBHP was added by means of the same procedure and
measured again.

Crystallography

Single-crystal structure determination: Suitable single crystals for the X-ray
diffraction studies were grown at room temperature by slow diffusion of
diethyl ether into a solution of 1, 2, and 4 in dichloromethane. The reactant
2,2'-bipyridine (bipy) crystallized at ambient temperature from n-hexane/
chloroform (1:3). The intensity data for 1, 2, and 4 were collected at 193 K
and for bipy at 123 K. The selected crystals were coated with perfluorinated
ether fixed in a capillary and transferred to the cold nitrogen stream (oxford
Cryosystem). Preliminary examination and data collection for 1 and 4 were
carried out on an imaging plate diffraction system (IPDS; Stoe&Cie) and
for 2 and bipy on a kappa-CCD system (Nonius Mach3) equipped with a
rotating anode (Nonius FR591) by graphite-monochromated Moy, radi-
ation.’®* Data were corrected for Lorentz and polarization effects.*®< All
structures were solved by a combination of direct methodsP®! and
difference Fourier syntheses. Full-matrix least-squares refinements were
carried out by minimizing Iw(F2?— F2?)?> with SHELXL-97 weighting
scheme and stopped at shift/err < 0.001.°°! Neutral-atom scattering factors
for all atoms and anomalous dispersion corrections for the non-hydrogen
atoms were taken from the International Tables for X-Ray Crystallogra-
phy.?’% All calculations were performed on a DEC3000 AXP workstation
and an Intel PentiumIT PC with the STRUX-V system.sl Crystal data,
intensity collection data, and refinement parameters are given in Table 3. A
summary of the crystal structure determination is given in Table 7.

Data collection and refinement for complex 1: Data collection were
performed within the @ range of 2.74° < © < 25.88° with an exposure time
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Table 7. Selected crystallographic data for [MoO,Cl,(bipy)] (1), [MoO,Br,(bipy)] (2), [MoO,Cl,(bpym)] (4), and 2,2"-bipyridine (bipy).

1 2 4 bipy
formula C,,HsCl,MoN,0, C,,HzBr,MoN,0, CsHCl,Mo0N,O, CoHgN,
M, [gmol ] 355.03 443.93 357.01 156.18
habit/color column/pale yellow prism/pale yellow prism/light brown prism/colorless
crystal size [mm] 0.61 x 0.18 x 0.13 0.26 x 0.24 x 0.18 0.74 x 0.46 x 0.25 0.76 x 0.58 x 0.38
crystal system triclinic triclinic monoclinic monoclinic
space group P1 (No.2) P1 (No.2) C2/c (No.15) P2,/n (No.14)
a[A] 8.331(1) 8.4045(5) 13.116(1) 5.4862(1)
b [A] 8.536(1) 8.5185(4) 10.722(1) 6.1657(1)
c[A] 9.788(2) 10.1839(6) 16.903(1) 11.6094(3)
a (] 78.12(2) 77.650(3)
AN 82.41(2) 82.119(2) 108.94(1) 95.276(1)
v [°] 61.89(2) 62.584(3)
V [A] 600.3(2) 631.61(6) 2248.4(3) 391.04(1)
V4 2 2 8 2
Pearca [gem ™3] 1.964 2.334 2.109 1.326
F(000) 348 420 1392 164
u[mm] 1.526 7.354 1.635 0.081
index range (h,k,l) +10, £9, +£11 +10, £10, £12 +15, £13, £20 +6,+7,+13
reflns collected 8232 3975 15171 5555
independent reflns/R;, 2121/0.029 2546/0.036 1984/0.048 712/0.031
observed reflns [1> 20| 1938 2399 1857 668
refined parameters 186 186 178 72
R1 [observed/all data] 0.0242/0.0276 0.0300/0.0320 0.0184/0.0200 0.0298/0.0315
wR2 [observed/all data] 0.0694/0.0741 0.0827/0.0839 0.0490/0.0497 0.0779/0.0793
GOF 1.064 1.131 1.076 1.053
APmaximin [€ A7) +0.61/—0.81 +0.64/ —1.02 +0.33/—0.45 +0.15/-0.15

of 360 s per image (rotation scan modus from ¢ =0° to 360° with A¢ =
2.5°). A total number of 8232 reflections were collected. Decay and
absorption effects were corrected with the DECAY algorithm.P! After
merging a sum of 2121 independent reflections remained and were used for
all calculations. All non-hydrogen atoms of the molybdenum complex
where refined anisotropically. All hydrogen atoms were found in the
difference Fourier map and refined with individual isotropic thermal
displacement parameters.

Data collection and refinement for complex 2: Data collection were
performed within the @ range of 2.05° < @ < 26.34° with an exposure time
of 90s per image (3 sets, 344 images, A¢/AQ=1.0°). A total number of
4252 reflections were integrated. Decay and absorption effects were
corrected during the scaling procedure.® After merging a sum of
2546 independent reflections remained and were used for all calculations.
All non-hydrogen atoms of the molybdenum complex were refined
anisotropically. All hydrogen atoms were found in the difference Fourier
map and refined with individual isotropic thermal displacement parame-
ters.

Data collection and refinement for complex 4: Data collection were
performed over the 6 range 2.51 < © <25.65° with an exposure time of
120 s per image (rotation scan modus from ¢ = 0° to 240° with A¢ =1.5°). A
total number of 15536 flections were collected; 364 stematic absent
reflections were rejected from the original data set. Decay and absorption
effects were corrected with the DECAY algorithm.*] After merging, a sum
of 1984 independent reflections remained and were used for all calcu-
lations. All non-hydrogen atoms of the molybdenum complex were refined
anisotropically. All hydrogen atoms were found in the difference Fourier
map and refined with individual isotropic thermal displacement parame-
ters.

Data collection and refinement for bipy: Data collection was performed
over the 6 range 3.52 < @ < 25.34° with an exposure time of 20 s per image
(6 sets, 334 images, A¢p/AQ =2.0°). A total number of 5555 reflections were
integrated, and 75 systematic absent reflections were rejected from the
original data set. Decay and absorption effects were not corrected. After
merging, a sum of 712 independent reflections remained and were used for
all calculations. All non-hydrogen atoms of the molybdenum complex were
refined anisotropically. All hydrogen atoms were found in the difference
Fourier map and refined with individual isotropic thermal displacement
parameters.

CCDC-177723 (1), CCDC-177721 (2), CCDC-177722 (4), and CCDC-
177724 (bipy) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-
033; or e-mail: deposit@ccdc.cam.ac.uk).

DFT calculations: Density functional calculations?”) were partially carried
out with the Amsterdam Density Functional (ADF) program!?!l developed
by Baerends and co-workers (release 2.3).1 Vosko, Wilk, and Nusair’s
local exchange correlation potential was used,”?) with Becke’s nonlocal
exchange,®! and Perdew’s correlation corrections.* The geometry opti-
mization procedure was based on the method developed by Versluis and
Ziegler,® with the nonlocal correction terms in the calculation of the
gradients. The structure of [MoO,Br,(2,2"-bipyridine)], BYRPMO, was
used to prepare the inputs for the full optimization of the geometry of the
complexes. In all the calculations, a triple-¢ Slater-type orbital (STO) basis
set was used for Mo 4s, 5s, 4p, 5p, 4d; double-§ STO augmented with a 3d
single-C polarization function were used for Br 4s and 4p, C 2s and 2p, N 2s
and 2p, O 2s and 2p, and H 1s (basis set I). In a first set of calculations,
triple- STO augmented with a 3d single-C polarization function were used
for C 2s and 2p, N 2s and 2p, O 2s and 2p, and H 1s (basis set II). A frozen-
core approximation was used to treat the core electrons of Br ([1-3]s,
[1-3]p, 3d), C (1s), N (1s), O (1s), and Mo ([1-3]s, [1-3]p, 3d).

DFT calculations with GAUSSIAN 98] were also performed for fre-
quency calculations and geometry optimizations, with the B3LYP func-
tional. This functional includes a mixture of Hartree — Fock exchange with
DFT® exchange-correlation, with the Lee, Yang, and Parr correlation
functional, which includes both local and nonlocal terms.% The 3-21G
and 3-21G(*) basis sets were used for Mo, C, N, O, H, and for X =Br, Cl,
CH;.P"l As the geometries obtained with the 3—-21G(*) basis set showed a
better agreement with the experimental structural parameters, as expected,
only the results obtained with it are given.

To determine the transition state for the reaction of coordination of an
alkyl peroxide to molybdenum, a model complex was considered, where
bipyridine was replaced by diazabutadiene. The transition state determi-
nation was repeated with the B3LYP method and the 3.21G(*) basis set,
without any symmetry constraints. Transition state structures were
searched by means of an eigenvalue-following (mode walking) optimiza-
tion method.’®! The exact nature of the transition state was confirmed by
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the frequency analysis, which showed the existence of just one imaginary
frequency. The reaction pathways were traced by the intrinsic reaction
coordinate (IRC) method.!
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Heats of Hydrogenation of Compounds Featuring Main Group Elements
and with the Potential for Multiply Bonding

Hans-Jorg Himmel* and Hansgeorg Schnockel!?!

Abstract: Reaction enthalpies are cal-
culated for the hydrogenation reactions
of main group hydrides with the poten-
tial for multiple bonding, and thus the
unsaturated character of these species is
determined. In addition to the global
minimum structures, which leave in

trends down the groups and the periods
are established. Interpretations have to
take several factors into account. These
factors sometimes work hand in hand
but also against each other. We also
include in our survey the species
[HGaGaH]>~ as a free anion and

Na,[HGaGaH] as well as their hydro-
genation products [H,GaGaH,[*~ and
Na,[H,GaGaH,]*~. The results show
that the presence of the Na* ions has a
significant impact on their chemistry,
and thus suggests that they are involved
to a large extent in the bonding. Our

some cases no hope for even a single
E-E bond (E=Group 13, 14, or 15
element), calculations are also per-
formed for geometries with maximum
potential for multiple bonding. The

bonds -

Introduction

The question of multiply bonding involving heavier main
group elements is hotly debated in literature.l! First, argu-
ments are provided by the structures of the molecules, and
these might suggest at first glance that the heavier elements
do not tend to multiple bonding. Thus compounds like
R,SiSiR; are, in contrast to the corresponding planar ethylene
derivatives, often nonplanar, and this nonplanarity certainly
reduces the overlap of the orbitals, which would be capable of
forming the m bonds. However, it might still be argued that
other effects are responsible for the nonplanarity, and thatin a
hypothetical planar geometry the multiple bond character
would be quite high. That this argument cannot be just
ignored is evident when H,AINH, is compared with H,AIPH,.
The former was observed and characterized experimentally in
matrix experiments;? the latter is still unknown. Both
compounds are formally isoelectronic to ethylene, but
H,AINH, is planar, while H,AIPH, is calculated to be
pyramidal at the phosphorus.’! The same holds also for the
pair HAINH, and HAIPH,, and in this case both molecules
were already characterized experimentally in matrix experi-
ments.> ¥ However, the nonplanarity reflects the larger
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results indicate that the compounds
should be described as cluster com-

multiple pounds.

barriers to inversion of phosphines with respect to amines
rather than the missing potential for m interactions. In fact the
barriers to rotation of the planarized molecules suggest that
the m interactions in the planarized molecules are compara-
ble. Recently it has been argued that the o bond in trans-bent
disilenes is stronger than in their linear forms. This strength-
ening of the o bond, which overcompensates for the weaken-
ing of the m bond, is responsible for the nonlinearity of the
molecule.! There are also examples showing that multiple
bonding can be present even if the geometry seems not to be
optimal. Thus bent acetylenes in rings, for example, ben-
zyne ! apparently still feature triple bonds, although the
molecules are not linear. The bond length also proved to be a
criterion to be treated with caution, most obviously in the
presence of ionic contributions. Therefore, a search for other
criteria commenced. In the past, barriers to rotation,’]
dissociation energies,®] and force constants®”l have been
employed as measures of the multiple bonding character.
However, each of these methods has its limitations. Hence the
breakage of the m interaction during the rotation leads to an
increase in the strength of the o bond,!*? and therefore the
barriers to rotation are believed to be lower limits for the -
bond energies. The dissociation energies on the other hand
tend to overestimate the bond strength if the fragments are
allowed to optimize their geometries, and there is also often
the problem of two possible electronic states (e.g. CH,
exhibits a triplet, but SiH, a singlet electronic state).
Furthermore, the dissociation energies and the force con-
stants share the difficulty of not being capable of distinguish-
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ing between covalent and electrostatic contributions. Other
problems related with the interpretation of force constants in
the case of large off-diagonal elements in the force constant
matrix were reported.l'”y!’ However, the method of using
inverted force constants, which has recently been praised as
a major improvement, is still not widely accepted.!'”]

The enthalpies for reactions with H, are expected to give
insight into the differences in chemical reactions. It is clear that
a number of factors are at work when bonds are broken, and
new bonds formed and structures changed. Moreover, hydro-
gen is known to be a ligand with remarkable mutability,['!
resulting in very different structures. Thus ALH, does not
have a global minimum structure of the form HAIAIH with
two terminal hydrogens, but Al(u-H),Al with two bridging
hydrogen atoms, and AINH, is not stable in its HAINH
isomeric form, like its lighter homologue HBNH, but prefers
to form the AIl' amide AINH,. We therefore performed
calculations not only for the global minimum structures, which
in some cases leave very little possibility for bonding involving
the elements of interest, but also for the structures bearing the
best possibilities for = interactions. We also include in our
survey the species [HGaGaH]*~ as a free anion and
Na,[HGaGaHJ*~, and their hydrogenation products
[H,GaGaH,]*~ and Na,[H,GaGaH,]*".

The motivation for the study of hydrogenation reactions
also arises from the fact that these reactions were studied
extensively in the past, especially for carbon compounds, and
the compounds were, on the basis of these experiments,
classified in terms of their unsaturated character. Thus
acetylene was found to be more unsaturated than ethylene.
However, it is evident that the unsaturated character cannot
be linked directly with the degree of multiple bonding, and we
will see more examples of the failure of such a classification.
The past decades saw the characterization of several hydrides,
and especially matrix experiments helped to investigate some
very unstable ones. Therefore, as to the optimum structures of
the molecules, the present work has not only to rely on
theoretical predictions, but to a large extent on hard
experimental facts.

Computational Details

Calculations relied on the Gaussian98 program package.'”’ The B3LYP
(HF/DFT) method in combination with a 6-311G* basis set was firstly used
to pre-optimize the structures and to calculate the vibrational modes. In the
second step the structures were optimized applying the MP2 method and a
6-311 + G(df,p) basis set. The calculated MP2 energies were corrected by
their zero-point energies and thermally by their vibrational, rotational, and
translational energies at 298.2 K (all corrections were taken from the
B3LYP calculations) to first give reaction energies at 298 K. Then RT
(2.5 kJmol™!) was subtracted where necessary to get to the standard
enthalpies for the reactions in the gas phase. Both the reaction enthalpy
values derived from B3LYP and MP2 are quoted for all reactions, but the
results obtained with MP2/6-311 + G(df,p) should be more accurate than
the B3LYP/6-311G* ones. However, the trends are the same for both
B3LYP/6-311G* and MP2/6-311 + G(df,p), while the numbers do vary to
some extent. Table 1 includes the reaction enthalpies as well as the E-E
distance (E being the element, for which multiple bonding is considered)
for all hydrides discussed in this work.

2398
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Results and Discussion

The methods and basis sets were first tested by calculating the
standard enthalpies for the reactions of C,H, with H, to C,H,
and of C,H, with H, to C,H,, and the results were compared
with experimental data for these reactions. The standard
enthalpies derived from experiments for these reactions are
known to be 170 and 137 kJ mol~', respectively. As evidenced
by comparison with the calculated values given in Table 1, the
general level of agreement is encouraging.

Encouraged by the results of these tests, we began
calculations on other Group 14 homologues with the general
formulas E,H,, E,H,, and E,H, (E being Si or Ge), and the
results were also added to Table 1. In addition to the global
minimum geometries, which now exhibit C,, rather than
D, symmetry for HEEH (with two bridges)!3l and C,, rather
than D,, symmetry for H,EEH,, we also performed calcu-
lations in which the symmetries were constrained to D_;, and
D,,, respectively, because these geometries have optimal
chances for m interactions. The weakening of the E-H o bond
down the group should assist the change in the structures (e.g.
D, versus C,,) for higher homologues. As already men-
tioned, the global minimum geometries already suggest a
reduced m stabilization, although it might be argued that they
do not directly reflect the potential for multiply bonding in the
presence of other effects. Moreover, the energy difference
between disilene in its C,4 global minimum and its D,, geom-
etry is very small (less than 5 kJmol™'). The relevant geo-
metries of all compounds are illustrated in Figure 1. Our
calculations predict energy differences of not more than 2.0-
2.4 and 6.7-19.2 kImol~! between the C,, minimum struc-
tures and the planar D, structures for E=Si and Ge,
respectively.

Figure 2a shows the reaction enthalpies for the molecules in
their global minimum structures. The reaction enthalpy is in
the case of the reaction of disilene to give disilane about
60 kI mol~! higher than in the case of ethylene to ethane. This
reflects the instability of disilene rather than the stability of
disilane. This instability should be caused by the reduced
double bond character in disilene compared with ethylene.
Thus disilene is more unsaturated than ethylene, and linear
disilene more unsaturated than acetylene, but this does not go
with a higher degree of multiple bonding. But there is not
always a trend towards higher reaction enthalpies for heavier
homologues since the reaction of digermene to digermane is
associated with an enthalpy of approximately — 155 kJmol~!
for digermene in its C,, global minimum geometry and
approximately —170 kJmol~! in the case of the more ener-
getic linear D,, geometry. This is about 50 or 40 kJ mol~! less
than for the corresponding reactions of the silicon com-
pounds. The obvious reason behind this behavior is the
reduced strength of the E—H bond.

In Figure 2b the reaction enthalpies are plotted for the
reactions of HEEH in its linear geometry (D.,) and of
H,EEH, in its planar geometry (D,,), which are, as already
mentioned, only for E=C global minimum structures. The
general pattern is that for all E=C, Si, and Ge, the reaction
from HEEH to H,EEH, is associated with a higher value of
the reaction enthalpy than is the reaction from H,EEH, to
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Table 1. Standard reaction enthalpies [kJmol~!, at 298.2 K] for reactions with H,.
Educt Sym.lal d(E-E) [A] Product Sym. d(E-E) [A] AH} [kImol1]
B3LYP MP2
HCCH D, (GM) 12135 H,CCH, Ds, 1.3345 —182.7 —166.8
H,CCH, D,, (GM) 1.3345 H,CCH, Day 1.5243 —140.8 —141.1
H,CCH, D 1.5243 2CH, T, - —68.9 —55.4
Si(u-H),Si G,y (GM) 22022 H,SiSiH, Con 2.1547 —~130.8 —~118.9
Si(u-H),Si C,, (GM) 22022 H,SiSiH, D., 2.1327 —~128.8 - 116.5
HSiSiH D, 1.9837 H,SiSiH, Gy 2.1547 —285.4 —276.8
HSiSiH D, 1.9837 H,SiSiH, Ds, 2.1327 2834 —274.4
H,SiSiH, Gy (GM) 2.1547 H,SiSiH, Dy 2.3354 —203.1 —209.9
H,SiSiH, D., 2.1327 H,SiSiH, Dy 2.3354 —205.1 —212.3
H,SiSiH, Dy 2.3354 2SiH, T, - —-202 ~10.6
Ge(u-H),Ge C,, (GM) 2.3799 H,GeGeH, Gy 22811 —483 —476
Ge(u-H),Ge C,, (GM) 2.3799 H,GeGeH, D., 22344 -29.1 —40.9
HGeGeH D, 2.0849 H,GeGeH, Gy 22811 —266.7 —234.8
HGeGeH D, 2.0849 H,GeGeH, Da, 22344 2475 —228.1
H,GeGeH, Cy (GM) 22811 H,GeGeH, Dy 2.4437 —149.2 —163.4
H,GeGeH, D., 22344 H,GeGeH, D 2.4437 —168.4 —~170.1
H,GeGeH, Dy 2.4437 2GeH, T, - +65 +14.0
HBBH(trip) D., (GM) 15116 H,BBH, Da, 1.7491 —1752 —184.4
HBBH(trip) D.., (GM) 1.5116 H,BBH, Doy 1.6543 2375 ~2369
H,BBH, Da, 1.7491 2BH, Ds, - —64.4 ~56.6
H,BBH, D,y (GM) 1.6543 2BH, Ds, - —-20 —4.1
Al(u-H),Al D,, (GM) 2.9169 Al*(AIH,) Gy, 2.4822 ~1392 ~1539
Al(u-H),Al D,, (GM) 2.9169 H,AIAIH, Do 2.6079 —96.6 —108.0
HAIAIH (trip) Do, 22953 H,AIAIH, Do 2.6079 —200.6 —2055
HAIAIH (trip) D., 22953 AI*(AIH,)" C,, 24822 —2431 —251.4
H,AlAIH, D,, 2.6079 2 AlH; Dy, - —25.8 —18.9
Al*(AIH,)~ G, (GM) 24822 2AlH, Dy, - +16.8 +27.1
Ga(u-H),Ga D, (GM) 3.0235 H,GaGaH, Ds, 2.5541 257 —58.6
Ga(u-H),Ga D, (GM) 3.0235 Gat(GaH,) Cs, 2.5625 675 ~90.9
HGaGaH (trip) D, 2.2560 H,GaGaH, Ds, 2.5541 —~159.8 —157.1
HGaGaH (trip) D, 2.2560 Gat(GaH,)" Gy, 2.5625 —2017 —189.4
Ga*(GaH,) G, (GM) 2.5625 2GaH, Ds, - +50.4 +41.4
H,GaGaH, Da, 2.5541 2GaH, Ds, - +85 +9.1
HBNH C... (GM) 1.2427 H,BNH, Gy 1.3924 —1333 —1243
H,BNH, C,, (GM) 13924 H,B-NH, Cs, 1.6489 +26.6 +28.8
H,B-NH, Cy, 1.6489 BH; -+ NH, - - +125.4 +124.0
HAINH Co. 1.6288 H,AINH, Gy 1.7760 —259.4 — 2495
AINH, C,, (GM) 1.8047 H,AINH, Cyy 1.7760 971 ~100.7
H,AINH, G,y (GM) 1.7760 H,Al-NH, Gy, 2.0653 279 —13.1
H,Al-NH, Gy, 2.0653 AlH, + NH, - - +121.4 +118.1
HGaNH C, 1.6832 H,GaNH, Cy, 1.8797 —244.9 —228.7
GaNH, G,y (GM) 1.9396 H,GaNH, Gy 1.8797 -35.1 —470
H,GaNH, C,, (GM) 1.8797 H;Ga-NH; Cs, 2.1578 —45.7 [b]
H,Ga-NH, Gy, 2.1578 GaH, + NH, - - +949 o]
N, D, (GM) 1.1161 HNNH Gy 1.2542 +198.2 +2243
HNNH Gy (GM) 1.2542 H,NNH, G, 1.4216 —-90.2 —-103.7
H,NNH, G, (GM) 14216 2NH, Cs, - —161.3 —180.7
P, D..., (GM) 1.9189 HPPH Con 2.0307 —257 —04
HPPH Gy, 2.0307 H,PPH, G, 2.1987 ~97.9 ~934
H,PPH, C, (GM) 2.1987 2PH, Cs, - —245 —12.7
As, D, (GM) 2.1504 HAsAsH Cy, 2.2658 +58.2 +94.2
HAsAsH Gy 2.2658 H,AsAsH, G 2.4490 —67.3 —583
H,AsAsH, G 2.4490 2 AsH, Cs, - +86 +21.8
[a] GM = global minimum. [b] For H;Ga - NHj, the Gaussian population analysis failed with MP2.
Chem. Eur. J. 2002, 8, No. 10 © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0810-2399 $ 20.00+.50/0 2399
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Figure 1. Geometries of some of the hydrides in this work showing the
variations of structures between homologues.

H;EEHs;. In the case of E =C, this is due to the lower energy
of the second & bond with respect to the first one. As already
mentioned, the second m interaction is further weakened by
the nonlinearity, which increases the o-bond energy.’) The
same trend can be seen for the heavier homologues. The
enthalpy increase from hydrogenation of H;EEH; to give two
EH, molecules decreases down the group. The strong o bond
in ethane in the case of E=C and the increase in H, bond
strength with respect to the E-H bond strength for heavier E
are the factors at work here.
We now turn our attention to the compounds of the
Group 13 elements, for which interpretations become more
difficult, especially due to the structural variety of the species.
The reactions of HEEH and H,EEH, with H, were calculated,
and again linear (in the case of HEEH) and planar (in the case
of H,EEH,) structures were taken into account, which are
now rarely global minimum structures (the only exception
being HBBH, which, however, exhibits a triplet ground state)
but might offer the best possibilities for m interactions. The
dimers E, all exhibit triplet ground states with bond proper-
ties, which are not at all comparable with the ones in
acetylene.l'] The reactions of Ga, and In, with H, in an Ar
matrix were already investigated experimentally, and E(u-
H),E, trans-bent HEEH (E = Ga or In), and EEH, (E = Ga)
were identified and characterized.[') However, because of the
unusual bonding properties of the dimers, we have excluded
them from our discussion herein. B,H, and Al,H, isomers

2400
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E:H: + Ha — E;Hy4
E:Hs +Hy — ExHy

E;Hg + Hz = 2 EHy

Figure 2. Standard enthalpies for hydrogenation reactions involving com-
pounds of Group 14 elements: a) compounds in their global minimum
geometries; b) compounds in structures with optimum chances for multiple

bonding.

were also studied in rare gas matrices.'” The results show, as
already mentioned, that HBBH is a linear molecule with a
triplet electronic ground state. In the case of the other HEEH
molecules (E = Al, Ga, or In), the trans-bent structure is more
stable, and the preferred electronic state switches to singlet.
However, when constrained to linear geometry, the molecules
still prefer triplet electronic states.!'”? One factor could be the
increasing E—E distance in E,H, compounds down the group
which certainly reduces the chances for m— interaction in the
higher homologues. On the other hand, a reduction of this
distance results in a weakening of the o bond (see also ref. [5]
for similar arguments). But neither the linear nor the trans-
bent structures, but the doubly bridged planar E(u-H).E
structures (D,, symmetry) are the global minima for E = Al or
Ga.l'> 18] According to our calculations, the linear structures
exhibiting triplet electronic states lie energetically about
100 kJmol~! above the doubly bridged global minimum
structures for E = Al and Ga, respectively.
In the case of H,EEH,, calculations predict for E =B that
two structures have almost the same energy: the first one
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exhibits D,, symmetry and two perpendicular BH, groups; the
other features two H atoms in a bridging position, which
results in C,, symmetry. According to one estimate, the energy
difference between both structures amounts to less than
5 kImol~L.I"l We obtained an energy difference of approx-
imately 55 kJ mol~! between the planar D,, arrangement and
the D,qglobal minimum structure (including ZPE and
thermal corrections) in our calculations. For E= Al or Ga,
several structures lie energetically very close together, but the
saltlike structures E*[EH,]~ with the E* cation located near
the face of a tetrahedral EH,~ anion, resulting in C;, symme-
try, appear to be the lowest energy structures in the most
accurate calculations.? 211 Tt is still a challenge to experimen-
tally verify these structures. According to our calculations,
these saltlike structures are about 45 and 35 kJmol~! more
stable than the planar D, structures for E= Al and Ga,
respectively. It is noteworthy that although the chances for
multiple bonding should be higher for the molecules in their
D,, geometries, the E—E bond length is somewhat shorter in
their E*[EH,]~ global minimum geometries. This is another
example of many that the bond length has to be taken with
caution as a criterion for the bond order.

Figure 3a shows the reaction enthalpies for the compounds
in their global minimum structures, while Figure 3b displays
the ones with HEEH in its linear geometry (Dg,) and H,EEH,
in its planar D,, symmetry. The trend for the molecules in
their optimum geometries is that the enthalpies decrease in
the order B> Al>Ga. However, when considering the
molecules in structures with optimum possibilities for multi-
ple bonding, we observed that the enthalpies show again a
maximum for Al in the case of the reactions of HEEH, and
thus it mirrors to some extent the trend found for the
Group 14 hydrides.

Turning now to the reactions of III/V compounds with
dihydrogen, we observe that the products have the formulae
HENH and H,ENH, (E being B, Al, or Ga). Again, the global
minimum structures of the boron compounds differ from the
ones adopted by the heavier homologues. Thus HBNH has a
linear global minimum structure,” while HAINH and
HGaNH prefer trans-bent structures, if only terminal E—H
bonds are allowed.[® However, our calculations agree with
previous ones in predicting global minimum structures ENH,
with C,, symmetry for E=Al and Ga, respectively. Both
AINH, and GaNH, have also been identified in matrix
experiments.> 21 According to our calculations, the energy
difference between the ENH, (C,,) structure and the linear
structure amounts to approximately 155 or 190 kJmol~! for

E = Al and Ga, respectively. On the other hand, all H,ENH,
compounds exhibit “ethylene-like” global minimum struc-
tures with C,, symmetry.”l The adducts H;E -NH; feature a
E---Ninteraction that is not comparable with the single bond
in ethane, as ammonia acts as a donor.

The trends are shown in Figure 4a and b for both the global
minimum structures and the ones believed to be optimal for
w interactions. Beginning with the global minimum structures,
it can be seen that the enthalpies for hydrogenation of ENH,
compounds decrease in the order B > Al > Ga and reflect to
some extent the trend towards monovalent compounds for
heavier Group 13 compounds (AINH, and GaNH, both are

Chem. Eur. J. 2002, 8, No. 10
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Figure 3. Standard enthalpies for hydrogenation reactions involving com-
pounds of Group 13 elements: a) compounds in their global minimum
geometries; b) compounds in structures with optimum chances for multiple

bonding.

monovalent). The planar H,E-NH, compounds follow ex-
actly the opposite trend when reacting with H,. Thus the
enthalpies for hydrogenation are found to increase now in the
order B < Al It is tempting to attribute this behavior to the
decrease in strength of the = interaction, and the behavior
should result in a decreasing stability in the order B > Al > Ga
for the H,ENH, compounds. However, it is also clear that the
ionic versus covalent bond contributions exhibit changes and
might partially overshadow the trend. We also have included
the enthalpies for the dissociation of H;E-NHj;, although
these are not hydrogenation reactions. Here it is found that
the enthalpies increase in the order B > Al.

Turning to Figure 4b and linear structures for HENH,
it is found that the hydrogenation of HENH compounds
passes through a maximum for E = Al, and this mirrors thus
again the results obtained for Group 13 and 14 HEEH
compounds.

[HEEH]*- and [H,EEH,]>* (M =B, Al, Ga, and In) are
formally isoelectronic with HCCH and H,CCH,, respectively,
and the multiply bonding character is especially hotly debated
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Figure 4. Standard enthalpies for hydrogenation reactions involving com-
pounds featuring a Group 13 and a Group 15 element: a) compounds in
their global minimum geometries; b)compounds in structures with
optimum chances for multiple bonding.

for compounds such as [HGaGaH]*~,»*?"I since the derivative
Na,[ArGaGaAr] (Ar = bis-2,6-triisopropylphenyl-C¢H;) fea-
turing a short Ga—Ga distance of only 2.319 ARl was
synthesized and structurally characterized. Therefore we also
performed calculations on these species (see Scheme 1).
Table 2 summarizes the results obtained for the free ions
and the compounds, which are neutralized by Na* ions. It has
been argued that the alkali atoms contribute to the electronic
structure, and that there is Ga,Na, cluster present rather than
a simple Ga—Ga bond.”" Calculations performed for the

Na Na
i) l’ ‘\
/’ " A H /' “‘
, \ W
e LS - e H
N ] +H, —— E—FE
N / / 0y B \
\ h H \ .
o \ , . . H
Ay ’1 \\ /'
. o
| N
Na Na

Scheme 1. Hydrogenation of Na,[HEEH] (E =B, Al, or Ga).

corresponding Li species Li,[HEEH] also suggest a significant
influence of the Li* ions on the bonding.*"]
Our results show that the Na* ions decrease the reaction
enthalpies in all cases. The E—E distances help to decide
whether this is because of the influence they bear on the
bonding properties or because of the reduced repulsion of the
two negative charges in the hydrogenated compounds without
Na* ions (longer E—E distance). As an upper limit for the
coulombic contributions, we have assumed that each of the E
centers carries a full negative charge. Then the increase of the
E—-E distance brings about a reduction in the coulombic
repulsion of 2.1 kJmol~! for hydrogenation of [HGaGaH]*~
in its Cy, symmetry (but as much as 48.9 kJmol~' for the
molecule in its D, geometry). Therefore it is clear that the
reduction of the coulombic repulsion is not the dominating
factor at work here. Our results thus show that the Na* ions
have a significant impact on the chemistry of the molecules,
and they suggest that they are indeed involved to a great
extent in the bonding. The compounds are better described as
cluster compounds, and the synthesis and characterization of
other cluster compounds involving Group 13 and Na atoms,
for example, Na,Ga,R, (R being SirBu;) and K,Ga,R, (R=
C¢H;-2,6-Trip,, Trip=2,4,6-iPr;) lend support to this inter-
pretation.[? 3]
Finally, the enthalpies for reactions with H, were calculated
for the representatives E,, HEEH, and H,EEH, (E=
Group 15 element). The global minimum structures of these
compounds show little variations compared with the ones of
Group 13 or 14 elements. Hence all HEEH compounds
exhibit C,, and all HLEEH, C, symmetry (gauche conforma-
tions), although the barriers to other conformers are often
extremely small.?!l The results are illustrated in Figure 5. The
ni-bonding increment in N, is larger than the ¢ increment, and
this leads to a positive value for the hydrogenation enthalpy.
Again, hydrogenation of the HEEH compounds is associated
with a maximum increase of the absolute enthalpy value not
for the first period element (E =N), but for the second (E =
P), and the absolute enthalpy value decreases if P is replaced
by As, although the change from E=N to P is not as large as,

Table 2. Standard reaction enthalpies for the reactions of [HEEH]?>~ and Na,>* [HMMH]?*~ with H,.

Educt Sym. d(E-E) [A] Product Sym. d(E-E) [A] AH} [kImol1]
B3LYP MP2
Na,*[HBBH]*- Dy, 1.4845 Na,?[H,BBH, - Dy, 1.6267 -1903 —168.4
[HAIAIH]> Ca 2.4386 [H,AIAIH, - Dy, 24822 —~168.9 1553
[HAIAIH]>- Dy 22926 [H,AIAIH, > D, 2.4822 —2346 —213.7
Na, [HAIAIH]> Ca 2.4607 Na,2[H,AIAIH, > Dy, 2.5102 —1223 —~108.6
[HGaGaH]*- Ca 2.4338 [H,GaGaH, - Dy, 2.4428 —111.1 —116.1
[HGaGaH]*- D, 2.2494 [H,GaGaH, > D,, 2.4428 -1973 —~152.0
Na,>*[HGaGaH[*- Ca 2.4239 Na,2[H,GaGaH,]*- D,, 2.4491 —69.4 —66.8
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Figure 5. Standard enthalpies for hydrogenation reactions of compounds
of Group 15 elements.

for example, for E=C to Si. In the same vein, the negative
hydrogenation enthalpies of the E, dimers pass through a
maximum for E=P. Like the Group 13 and 14 compounds,
the enthalpies for the hydrogenation reactions leading to the
breakage of the 0 E-E bond (hydrogenation of H,EEH,)
decrease down the group. In the same order the strength of
the E—H bond decreases, which is expected to be one of the
dominating factors in this case.

We have also plotted the reaction enthalpies in the way
shown in Figure 6. Therein the hydrogen elimination reac-
tions are considered, and for each elimination step the
enthalpy is given either for the formation of dihydrogen or
of two hydrogen atoms (numbers in parentheses). This
representation aids the visualization of the unsaturated
character of each compound. The change in molecular
structures from C— Si or B — Al is also clearly visible. For
the Group 15 element compounds, the changes are more
subtle. Low-valent compounds featuring the heavier elements
Ge, Ga, or As more willingly eliminate dihydrogen than their
lighter homologues. For example, the elimination reactions of
Ge,H, to give Ge,H, and of Ga,H, to give Ga,H, are less
endothermic than are the elimination reactions of C,H, to
give C,H, or of B,H, to give B,H,. Of course, this does not
absolutely mean that the heavier element compounds exhibit
a pronounced multiple bonding character, but shows the
tendency of the heavier elements to keep some of their
electrons in atomlike orbitals, which do not interact signifi-
cantly. Thus Ge and Ga have less electrons to share with other
elements or fragments. In C,H, the C—C bond can be
described correctly as a [6 electrons — 2 center] bond. How-
ever, the Ge—Ge bond in Ge,H, is not adequately described in
this way.

Conclusion
The standard enthalpies for reactions of compounds with (on
the basis of their general formula) the potential for multiple

bonding with dihydrogen were determined, and the trends

Chem. Eur. J. 2002, 8, No. 10
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between compounds of elements within a group and a period
were established. We have studied not only the molecules in
their global minimum geometries, which in some cases leave
not much hope for any = or even 0 E—E interaction, but also
in the geometries, which should provide the best possibilities
for m interactions. The general trends that have been worked
out herein include:

1) The negative enthalpy values of all HEEH and HENH
compounds in their linear geometries have a maximum
(E = an element of the second period) following the pattern:
C<Si>Ge, B<Al>Ga, and N<P> As, regardless of
whether the products H,EEH, are in their global minimum
structures or in the optimum geometry for m interactions.

2) For reactions leading to the breakage of the ¢ bond, the
negative enthalpy values decrease always in the order C >
Si > Ge (hydrogenation of H;EEH;), B > Al (hydrogena-
tion of E,H,), and N > P > As (hydrogenation of H,EEH,).

3) The hydrogenation of HEEH compounds is associated
with a higher negative enthalpy value than the hydro-
genation of H,EEH, (E is a Group 14 element), and the
formally isoelectronic HENH and H,ENH, (E = Group 13
element) compounds follow the same trend. The same can
also be said for E,H, compounds (E = Group 13 element)
in their global minimum geometries, although bonding in
these compounds is very much different.

4) In the case of hydrogenation of [HEEH]>~ and
Na,[HEEH] (E=Group 13 eclement) it is found that
the reaction enthalpy is significantly less negative for
Na,[HEEH] than it is for [HEEH]*>~. This shows that
the alkali ion influences the chemistry of the species,
and it suggests that they are involved in the bonding. Our
results thus indicate that the compound should be
described as a cluster compound, as has been done in the
case of other compounds involving Group 13 elements and
Na.!

The reasons for the trends and other observations were
discussed, and some of the factors at work were named and
discussed. In summary, this work should shed some light upon
the reactions of these interesting compounds.

An important point in our discussion is that the hydro-
genation reactions are less exothermic for low-valent com-
pounds of the heavier elements, like Ge or Ga, than they are
for their lighter homologues. In other words, compounds like
Ge,H, and Ga,H, eliminate hydrogen more readily than do
C,H, or B,H,. We have already mentioned at several stages of
the discussion that this does not mean that the heavier
element compounds are efficient at multiple bonding. Instead
we observed the tendency of the heavier elements to keep
some of their electrons in atomlike orbitals. In general, we
propose the expressions [(6 — x) electrons — 2 center)] bond
instead of the sometimes misleading term triple bond and
[(4 —x) electrons — 2 center)] bond instead of double bond.*?]
With these expressions, all compounds can be classified
without difficulty. The quantification of the variable x is then
the remaining task, but it is clear that x should increase for
heavier homologues. So, for example, x is 0 for C,H, but close
to 4 for Ge,H,. In reality, Ge,H, prefers the doubly bridged
isomer, but the fact that four electrons are almost not involved
in the bonding remains.
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Figure 6. a) Scheme showing the enthalpies for hydrogen elimination reactions for compounds featuring Group 14 elements starting with two
EH, molecules (the energy of which is indicated by the dashed line). Note that Si,H, and Ge,H, exhibit nonplanar (C,,) structures (E—E interactions are
not shown); b) scheme showing the enthalpies for hydrogen elimination reactions for compounds featuring Group 15 elements starting with two
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Optical and Redox Properties of a Series of 3,4-Ethylenedioxythiophene

Oligomers
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Jean-Luc Brédas!® 4!

Abstract: The optical and redox proper-
ties of a series of 3,4-ethylenedioxythio-
phene oligomers (EDOTn, n=1-4)
and their §,4’-unsubstituted analogues
(Tn, n=1-4) are described. Both series
are end capped with phenyl groups to
prevent irreversible a-coupling reac-
tions during oxidative doping. Absorp-
tion and fluorescence spectra of both
series reveal a significantly higher de-
gree of intrachain conformational order
in the EDOTrn oligomers. Oxidation
potentials (Epy; and Epy,) determined
by cyclic voltammetry reveal that those
of EDOTnr are significantly lower than
the corresponding Tn oligomers as a

3,4-ethylenedioxy substitution. Linear
fits of Eps; and Epy, versus the reciprocal
number of double bonds reveal signifi-
cantly steeper slopes for the EDOTn
than for the Tn oligomers. This could
indicate a more effective conjugation for
the EDOTn series, confirmed by the fact
that coalescence of Epy; and Ep,, is
reached already at relatively short chain
lengths (=5 EDOT units) in contrast to
the Tn series (> 10 thiophene units). The
stepwise chemical oxidation of the

Keywords: conducting materials -
oligomers - pi interactions -
radical ions - redox chemistry

EDOTn and Tn oligomers in solution
was carried out to obtain radical cations
and dications. The energies of the opti-
cal transitions of the radical cations and
dications as determined by UV/Vis/NIR
spectroscopy were similar for the two
series. These spectroscopic observations
are consistent with quantum-chemical
calculations performed on the singly
charged molecules. Cooling solutions
containing T2, T3**, EDOT2'", and
EDOT3"" revealed the reversible for-
mation of dimers, albeit with a some-
what different tendency, expressed in
the values for the dimerization enthalpy.

consequence of the electron-donating

Introduction

As a unique derivative of polythiophenes, poly(3,4-ethyl-
enedioxythiophene) (PEDOT), has been extensively inves-
tigated during the past decade.l'l PEDOT possesses several
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advantageous properties as compared with unsubstituted
polythiophene and other polythiophene derivatives: it com-
bines a low oxidation potential and moderate band gap with
environmental stability in the oxidized state.>3 Also, by
blocking the f positions of the ring, the formation of a-
B linkages during polymerization is prevented, resulting in a
more regiochemically defined material. In addition to a high
conductivity (ca. 600 Scm™'),[) PEDOT was found to be
highly transparent in thin, oxidized films.>3 As a result
PEDOT has found several industrial applications.’] The
incorporation of EDOT building blocks in new conjugated
systems has resulted in improved electrochromic behavior,® 7]
polymers with a small intrinsic band gap,l® 8 and extended
tetrathiafulvalene analogues with enhanced mt-donor ability.”]
In order to understand the unique PEDOT behavior on a
molecular level, it is of interest to systematically study the
redox properties of well-defined EDOT oligomeric model
compounds as a function of chain length.['” In contrast to
other oligothiophene derivatives, EDOT-based oligomers
have received much less attention, possibly as a result of the
fact that oligo-EDOT derivatives are sensitive to oxidation
and thus difficult to handle. Reynolds et al. first synthesized
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2,2"-bis-EDOT!' and 2,2":5 2" -tris-EDOT.['"”l The same group
also reported the synthesis of several co-oligomers based on
EDOT.["] Very recently, Hicks et al. synthesized a first series
of a,w-bi(mesitylthio)-oligo-EDOTs and studied their UV/
Vis and cyclovoltammetric properties.['¥

Here, we describe the optical and redox properties of a
series of phenyl-blocked oligo-EDOTs (Scheme 1, EDOTn,
n=1-4) in relation to the corresponding (3,5’ -unsubstituted
oligothiophenes (Scheme 1, Tn, n=1-4). The phenyl end
caps have been incorporated to prevent irreversible coupling

OO

EDOTn (n=1-4) Tn(n=1-4)
Scheme 1. Structure of the investigated phenyl-blocked oligo(3,4-ethyl-
enedioxythiophene)s (EDOTn, n=1-4) and oligothiophenes
(Tn,n=1-4).

reactions during oxidation (doping), which are known to take
place for oligothiophenes with less than six monomer units.
Comparison of the absorption and fluorescence spectra in the
two series reveals a significantly higher degree of intrachain
conformational order in the EDOTrn oligomers. For both
series, the chemical and electrochemical formation of radical
cations (first oxidation state) and dications (second oxidation
state) was investigated. As a result of the stabilizing effect of
the electron-donating ethylenedioxy substituents, the EDOTn

oxidation potentials are significantly lowered compared with
those of the f,4'-unsubstituted analogues and decrease more
rapidly with increasing chain length. This implies a signifi-
cantly higher conjugation between the monomer units for the
EDOTnr than for the Trn oligomers. This is confirmed by the
coalescence of the first and second oxidation potentials, which
is observed at short chain lengths for EDOTrn. On the other
hand, the optical transitions observed in UV/Vis/NIR spec-
troscopy upon chemical doping of the EDOTrn oligomers
were similar to those of the Tn oligomers, although some
differences could be noted. These optical spectra were
analyzed in the framework of a quantum-chemical description
of the singly charged oligomers. The reversible formation of
dimers upon cooling radical cation solutions of EDOTn
oligomers has been established in detail, and the observations
were compared with the behavior of Tn oligomers. The optical
signature associated with the dimerization has been explained
in terms of interchain dimers and larger aggregates, consistent
with the changes predicted from theoretical modeling based
on an exciton approach.

Results and Discussion

Synthesis and characterization of EDOTn and Trn: The a,w-
diphenyl-oligo(3,4-ethylenedioxythiophene)s (EDOTn n=
1-4, Scheme 1) were synthesized as described in Scheme 2.
By performing a combination of bromination/stannylation
reactions and (a)symmetrical coupling reactions, the four
phenyl-blocked oligomers were obtained in moderate to good

o o Jd o 2 <j>7!3(0H)2
(CH;);8n"" g~ ~8n(CH,), [Pd(PPh3)4]
2
1. BuLi
2. [Sn( CH3)3CI][ ABS
/\ 0 O
1. Buli 0 0 1. Buli _
2. [Fléz(lacac)g] 2. [Sn{CH3)3Cl] \ 2 equiv7
— U N s,/ (chysn S\ _Sn(CH,), ——= EDOT4
- SNV * SN 4 [Pd(PPh,),Cl,]
° 0O 0 0o o0
3 o
1. BuLi
2. [8n( CH3)3CI][
O M
O o NBS 0 0 0.5 equiv 2
I\ - [y /I — EDOT3
(CHy),Sn g [PA(PPh,),Cl,] Ss s~ "Br  [Pd(PPh,),Cl,]
7
° 1. Buli
2. [Fe(acac)g]
EDOT2

Scheme 2. Synthesis of EDOTn (n=1-4) oligomers.

Chem. Eur. J. 2002, 8, No. 10

© WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

0947-6539/02/0810-2385 $ 20.00+.50/0 2385





FULL PAPER

R. A.J. Janssen et al.

I‘[’Q‘]‘I

[Pd (PPhy),]
K,CO,

s” B
(o]
9

Scheme 3. Synthesis of Tn (n=1-4) oligomers.
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yield. a,a’-Diphenyloligothiophenes (Trn, n =1-4) were syn-
thesized in high purity by a palladium-catalyzed Suzuki
coupling reaction of a,w-diiodooligothiophenes with phenyl
and 5-phenyl-2-thienyl boronic pinacol esters (Scheme 3).
The structures of EDOT1-EDOT3 and T1-T3 were con-
firmed by 'H and *C NMR spectroscopy, and the purity of the
oligomers was found to be at least 99 % by GC-MS analysis.
The poor solubility of EDOT4 and T4 limits their complete
structural characterization by NMR spectroscopy. However,
MALDI-TOF-MS showed a single mass peak at m/z=
482 amu corresponding to T4. The melting points of Tn
match the values reported in the literature.'>> 91 MALDI-
TOF-MS analysis showed that EDOT4 is only approximately
80% pure (m/z="714). As contaminants EDOT6 (M =994)
and EDOT10 (M =1554), resulting from organotin-bromo
exchange followed by Stille couplings, can be analyzed.
Although the EDOT4 and T4 samples were of lower purity,
it was still possible to determine some of their characteristics.
These are included in the following sections.

Absorption and fluorescence spectroscopy: Figure 1 shows
the absorption (dashed lines) and emission (solid lines)
spectra of EDOTrn (n=1-4), dissolved in dichloromethane.
Despite the limited solubility of EDOT3 and EDOT4, the
spectral characteristics are concentration independent in the
concentration ranges used, and this indicates that the
molecules are not in an aggregated phase. The ethylene-
dioxy-substituted thiophene oligomers show a pronounced

Normalized
PL intensity

Normalized
absorbance

2.0 25 3.0 3.5 4.0 4.5
Energy/evV .

Figure 1. Normalized absorption (dashed lines) and emission (solid lines)
spectra of EDOTn (n=1-4), recorded in dichloromethane. The emission
spectra are obtained by exciting at the maximum of the absorption
spectrum. The spectra are offset vertically for clarity.
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vibronic resolution in their ab-
sorption spectra in solution at
room temperature, which be-
comes much more pronounced
and shifts to lower energies
upon cooling (not shown). The
vibronic resolution seems to
increase with oligomer chain
length, and the noncontinuance
of this trend in the case of
EDOT4 was attributed to the
limited purity of the sample. In
addition, the fluorescence spec-
tra show an increasingly more
pronounced 0-0 emission upon going to longer chain lengths,
indicating an increase in the degree of intrachain conforma-
tional order. This has been attributed to S--- O intramolecular
interactions between the EDOT groups that result in planar-
ization and rigidification of the conjugated system, and hence
in an enhanced m-electron delocalization.!'”!

The absorption spectra of the corresponding Trn oligomers
(dashed lines, Figure 2), directly show the lack of vibronic
resolution as compared with the EDOTr oligomers.!'> %1 The
relatively broad, featureless transitions indicate a lower
degree of conformational order (more specifically, the corre-
spondence between ground and excited states’ geometries is
reduced). The emission spectra (solid lines) reveal a relatively
less pronounced 0-0 vibronic transition compared with the
EDOTr oligomers.

| A” .......

Normalized
PL intensity

H’[SS‘)?

—_— T4

[Pd (PPh;),]
K,CO,

Normalized
absorbance

20 25

|
30 35 40 45
Energy / eV

Figure 2. Normalized absorption (dashed lines) and emission (solid lines)
spectra of Tn (n=1-4), recorded in dichloromethane. The emission
spectra are obtained by exciting at the maximum of the absorption
spectrum. The spectra are offset vertically for clarity.

Although the lack of vibronic resolution in the absorption
spectra of Tn makes an accurate determination difficult, it is
evident that EDOTn oligomers have a significantly smaller
Stokes’ shift. The apparent increase in conformational order
for the EDOT#r oligomers might contribute to the lowering of
the oxidation potential (see below) and, extrapolated to
PEDOT, would favor an efficient intra- and interchain charge
transport. We also note that the increased prominence of the
emission 0—0 peak, with chain length in both series of
oligomers, is indicative of a decreased relaxation energy in the
excited state; a similar evolution has been observed earlier,
for instance, in the case of oligophenylenevinylenes.['®l
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Cyclic voltammetry: For the EDOTn and Tn oligomers the
first oxidation wave, corresponding to the formation of the
radical cation, was chemically reversible, and the anodic
current was proportional to the square root of the scan rate as
expected for a diffusion controlled electrochemical reaction.
For EDOT1 and T1 the second oxidation wave is outside the
electrochemical window of the electrolyte, although for
EDOT1 the onset of the second oxidation wave could be
observed. The second oxidation wave for EDOT2 and
EDOT3, corresponding to dication formation, gave some
indication of further reaction or conformational rearrange-
ments in the reducing scan, although all forward scans were
found to coincide. The voltammograms of T2 and T3 were
reversible up to and including the second oxidation state. The
solubility of T4 was too low to perform cyclic voltammetry.
The oxidation peak potentials, as determined for EDOTn and
Tn oligomers in dichloromethane (0.1m TBAPF;), are col-
lected in Table 1.

Table 1. Oxidation potentials Eps; and Epy, (in V versus SCE) determined
in CH,Cl, (electrolyte: 0.1m TBAPF).

Epa Epp,

EDOT1 1.18 ~2
EDOT2 0.72 1.32
EDOT3 0.42 0.69
EDOT4 0.260 0.391a]
T1 1.42 >2

T2 1.14 1.65
T3 0.96 1.33

[a] Tentative values as the sample of EDOT4 was not completely pure.

Comparison of the oxidation potentials of EDOTrn and Trn
immediately shows the strong reduction of the oxidation
potential as a result of the electron-rich substituent. Plotting
the first and second oxidation potentials as a function of the
reciprocal number of double bonds for EDOTr and Tn
(Figure 3) reveals a linear behavior. The slopes of these plots
are significantly steeper for EDOTrn than for Tn (Figure 3).
This suggests a significantly better conjugation for the
EDOTn oligomers in comparison with their unsubstituted
analogues, possibly as a result of their higher degree of
intrachain order (see previous paragraph). For both systems, a
coalescence of the first and second oxidation potentials is

161 el

1.2+

E/Vvs. SCE
EDOT1-4:

08r = EFM
.

oal T3 P

' v Epay

© Epa

0.0

0.08 0.10 0.12 0.14

1/NDB
Figure 3. Evolution of Ep,; (squares) and Ep,, (circles) in dichloro-
methane (0.1m TBAPF) as a function of the reciprocal total number of
double bonds (NDB) in the conjugated chain. The data for EDOTn
(n=1-4) are depicted with closed symbols, the open symbols refer to
Tn (n=1-3).
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expected with increasing length of the system. This coales-
cence occurs at a lower number of double bonds for the
EDOTn oligomers (=EDOTS, according to the linear
equations) than for the corresponding unsubstituted Tn
oligothiophenes (~=T10).

Chemical oxidation to EDOTn radical cations: In Figure 4,
the absorption spectra of the radical cations of EDOTn (n=
1-3), obtained by stepwise addition of one equivalent of
oxidizing agent to solutions in dichloromethane, are shown. In
agreement with their increasing conjugation lengths, the
radical cation transitions shift to lower energies going from
EDOT1 to EDOTS3. In the case of EDOT]1, reduction to the
neutral state by addition of hydrazine, showed that further
reaction occurred to some extent. In contrast, the oxidation of
EDOT?2 and EDOTS3 to the singly oxidized state was found to
be fully reversible.

Radical Cations
EDOT1

Absorbance / a.u.

Energy/eV .

Figure 4. Absorption spectra of the radical cations (RC) of EDOT1 (solid
line), EDOT?2 (dashed line), and EDOT3 (dotted line) in dichoromethane,
obtained by adding one equivalent of oxidizing agent in a stepwise manner
to their solutions. The spectra are normalized to the absorption of the
neutral oligomers. The labels 1 and 2 refer to the low- and high-energy
transitions, respectively.

A closer inspection of the appearance of the radical cation
absorption bands reveals several differences for the three
closely related compounds. The RC2 transition of EDOT3 is
quite broad, showing two equally intense maxima, and has a
relatively low intensity. For EDOT1 and EDOT2, the RC2
transitions are quite intense and rather narrow. While EDOT1
shows a significantly intense RC1 transition, comparable to
those generally observed for oligothiophenes, this transition
has an almost negligible intensity for EDOT2. At present
there is no explanation for these effects, but they could be
related to specific conformational effects. Surprisingly, differ-
ent absorption spectra were recorded for a solution containing
singly oxidized EDOT3 prepared by slow, stepwise addition of
one equivalent of the oxidizing agent (solid line) or after fast
addition (short dashed line, Figure 5). The latter slowly
evolves in time into the solid line. This effect is found to be
fully reproducible, but similar effects were not observed for
EDOT1 and EDOT2.

From the experiments described in the next paragraph, it
was concluded that these time-dependent changes are not due
to the slow dimerization of radical cations, since it was
established that no more than 3% of the radical cations
dimerized, even at 250 K. Furthermore, no concentration
dependence was observed for this time-dependent effect. The
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Figure 5. Absorption spectra for solutions containing singly oxidized
EDOTS3 after slow, stepwise addition of one equivalent of the oxidizing
agent (solid line), and after fast addition (dotted line) in dichloromethane.

slow nature of the process may point to a conformational
change with a high energy of activation. A possible expla-
nation could be a syn-—anti isomerization, which presents a
high activation energy once the molecules are in their
oxidized state because of the significant quinoid character of
the inter-ring bonds.

Chemical oxidation to Tn radical cations: Figure 6 shows the
absorption spectra of the radical cations of Tn (n=2-4),
obtained by adding one equivalent of oxidizing agent in a
stepwise manner to their solutions. As a consequence of its
high oxidation potential, the chemical oxidation of T1 could
not be realized. In contrast to the results for the EDOTn
series, the intensities of the Tn'* transitions, relative to the
neutral transition, increase with increasing length of the
system.

Radical Cationsf:

3.0+

20t
Absorbance / a.u.

1.0

0.0

Energy / eV

Figure 6. Absorption spectra of the radical cations (RC) of T2 (solid line),
T3 (dashed line), and T4 (dotted line) in dichloromethane, obtained by
adding one equivalent of oxidizing agent in stepwise manner to their
solutions. The spectra are normalized for unit neutral absorption. The
labels 1 and 2 refer to the low- and high-energy transitions, respectively.

Chemical oxidation to EDOTn and Tn dications: The
formation of doubly oxidized EDOT#n and Trn oligomers by
chemical oxidation was then investigated. The second oxida-
tion potentials of EDOT1, T1, and T2 are too high to obtain
dications by chemical oxidation, even using a very strong
oxidizing agent (NOBF,). In the case of EDOT2, the radical
cations could be partially converted into dications by using
NOBF,. However, strong side reactions occurred soon after
the formation of EDOT22*, making its formation irreversible.
The dication EDOT3?*" can be formed reversibly, and a full
interconversion of radical cations into dications can be

2388
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observed. Similarly, the doubly oxidized states of Tn could
only be obtained in the cases of T3 and T4.

Electronic transitions as a function of chain length: Table 2
shows the transition energies of the absorptions of all neutral
(N) as well as singly (RC1 and RC2) and doubly (DC)

Table 2. Summary of the absorption peak positions of neutrals (N), radical
cations (RC), dications (DC), dimers (D), and stacked dimers (SD). Labels 1
and 2 refer to low and high energy, respectively. Data are given in eV.

N RC1 RC2 DC D1 D2 SD
EDOT1 3.61 173 2.62
EDOT2 313 132 227 196  1.50 247 ~2.75
EDOT3 285 115 193&2.10 1.68 131 2.11&2.26 ~2.52
EDOT4 2.6311 0990 1.70 1.43kl
T1 3.79
T2 332 133 212 16381 2.48&2.561%1
T3 305 111 1.85 159 141 2.19&2.30
T4 288 094 167 1.37

[a] Tentative values as the sample of EDOT4 was not completely pure.

oxidized states, determined for EDOTrn and Tn. From Fig-
ure 7, it can be seen that the energies of the transitions of
neutral species and singly and doubly oxidized species of both

Energy / eV

1 L 1
0.08 0.10 0.12 0.14

1/NDB
Figure 7. Evolution of the peak positions in the neutral (N, squares),
radical cation (RCI, circles; RC2, upward triangles), and dication (DC,
downward triangles) states observed in the UV/Vis/NIR spectra, as a
function of the reciprocal number of double bonds along the conjugated
chain. The data for the EDOTn (n=1-4) oligomers are depicted with
closed symbols, the open symbols refer to the Tn (n =1-4) oligomers. The
data are summarized in Table 2.

the EDOTn (n=1-4, solid symbols and lines) and the Tn
(n=1-4, open symbols, dashed lines) series shift linearly with
the reciprocal number of double bonds. For both series, all
transitions shift with an approximately equal slope. It is clear
that the absorption maxima of the charged species are very
similar for the EDOTnr series compared with the Trn oligomers
of equal chain length. As a consequence, by extrapolation of
the absorption wavelengths of the dicationic species of both
EDOTnrn and Tr to values of n corresponding to longer chains,
it can be expected that both PEDOT and PT (polythiophene)
are transparent materials in their highly doped state, even at
moderate backbone lengths.

ESR spectroscopy: For EDOTrn (n=1-3), ESR spectra were
recorded of solutions containing the corresponding radical
cations. For EDOT1"* and EDOT2'", well-resolved ESR
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spectra are obtained (Figure 8a and b). As a consequence of
the increasing number of interacting nuclei, the degree of
hyperfine splitting is larger for EDOT2t than for EDOT1"*.
The spectrum of EDOT3" shows a single, featureless ESR
transition without any resolved fine structure (Figure 8c). This
is a result of the associated decrease of the average coupling

1 L i L 1 L It L

3475 3480 3485 3490

B/gauss

Figure 8. ESR spectrum (solid line) and simulation (dashed line) of
EDOT1" (a), EDOT2'* (b), and EDOT3"* (c) in dichloromethane.
Spectrum (a) was recorded at a frequency of 9.7971 GHz and the hyperfine
coupling parameters used for the simulation are: a(H) =3.194 gauss (2H),
a(H) =2.362 gauss (2H), a(H) =0.747 gauss (4H), and a(H) = 0.756 gauss
(2H) with a Lorentzian line shape and a 0.040 gauss line width. Spectrum
(b) was recorded at 9.7626 GHz and the hyperfine coupling parameters
used in the simulation are: a(H)=1.506 gauss (4H), a(H)=1.770 gauss
(4H), a(H)=0.530 gauss (4H), and a(H)=0.257 gauss (2H) with a
Lorentzian line shape and a 0.171 gauss line width. Spectrum (c) was
recorded at a frequency of 9.7500 GHz.

constant as a consequence of the extended delocalization of
the unpaired electron and the larger number of interacting
nuclei. The spectra for EDOT1 and EDOT2 can be success-
fully simulated by using four different sets of hyperfine
coupling constants in each case, corresponding to couplings to
10 and 14 protons, respectively (dashed lines, Figure 8a and
b). The g values of 2.0023, 2.0022, and 2.0022, for EDOT1,
EDOT2, and EDOTS3, respectively, close to the free electron
g value, are consistent with the formation of the EDOTn
radical cations.

Dimerization of EDOT2'* and EDOT3* radical cations:
Monocation radicals of oligothiophenes,'>?% oligopyrroles,**!
mixed thiophene - pyrrole oligomers,?* oligo(p-phenylenevi-
nylenes),?! and oligo(thienylenevinylenes)?* 27 form dimers
in solution at high concentrations or low temperatures. These
dimers are spinless and exhibit generally two strong optical

Chem. Eur. J. 2002, 8, No. 10
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absorptions. The structure of the dimers has been described as
a face-to-face complex of the singly charged m-conjugated
oligomers. In general the two optical transitions of the dimer
are blue shifted with respect to those of the radical cation,
which has been explained by a Davidov interaction between
the transition dipole moments of the two radical cations in a
face-to-face 7 dimer.’®! Two X-ray structures of oligomer
radical cations support the geometrical structure of these
7t dimers in the solid state.[* 3"l The extent of dimerization in
solution depends on a subtle balance between attractive and
repulsive interactions, in which the solvent, the nature of the
n-conjugated backbone, and the number and nature of
backbone substituents (by the van der Waals interactions)
play decisive roles.?l As an alternative to m dimerization,
o dimers have been proposed.F’?l Based on a detailed electro-
chemical study of diphenyloligoenes evidence has been
provided that their radical cations form ¢ dimers rather than
7t dimers.’? The formation of o dimers from radical cations in
solution has also been suggested for end-capped bithiophenes,
bipyrroles, and related structures.?% 3

Using variable-temperature UV/Vis/NIR spectroscopy on
solutions containing the EDOTrn compounds in their singly
oxidized state, the tendency to form dimers was investigated.
Because of the lack of stability of the singly oxidized state of
EDOT1, no dimerization experiments were performed with
this compound or with the not completely pure EDOT4. For
solutions containing EDOT2* and EDOT3 ", clear evidence
of dimerization was observed upon cooling: a decrease of the
intensity of the radical cation is accompanied by two new -
dimer transitions (D1 and D2) at higher energy. The blue shift
of the D1 and D2 transitions with respect to RC1 and RC2 is
consistent with the formation of & dimers for EDOTn * .12

For EDOT2"", cooling at a concentration of ~5 x 107%M in
a 1 cm cell only showed some minor changes, starting at about
200 K. However, at a significantly higher concentration
(3.2 x 107°M), the radical cations had already dimerized to
some extent at room temperature, and the dimerization went
to completion (i.e., complete loss of the RC1 and RC2
transitions) in the temperature range studied (cooling from
300 K down to 190 K, see Figure 9). Magnification of the low-
energy area (left inset of Figure9) clearly confirms two
interconverting transitions upon cooling. The major spectral

RC2) ’ .
3
—In K|0 \\

-3

pp 0004 0.005

—1
1.25 1.50 1.75 ; YTIK ' —
Absorbance / a.u. L gp"

RC1 D1 4

1
1.0 1.5 2.0 25 3.0 35

1 1 ]

Energy / eV

Figure 9. Absorption changes upon cooling a 3.2 x 10 M solution of
EDOT2"" in dichloromethane. The graph shows the reversible formation of
nt dimers (D1 and D2) from radical cations (RC1 and RC2) from 250—
220 K (solid lines), and the subsequent formation of stacked dimers (SD)
from xt dimers from 210-190 K (dashed lines). The left top inset shows a
magnification of the low-energy area. The right top inset shows a van’t Hoff
plot (—1In K’ versus 1/7, (K'=K X [A1])).
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changes only started at 250 K. This was quite surprising in
view of the fact that dimers were already present at room
temperature. Between 250 and 210 K an isosbestic point was
observed at 2.39 eV, which is a clear indication of the
interconversion of two species. At 210 K, the isosbestic point
shifts to 2.51 eV. Apart from the dimerization process, new
features appeared in the spectrum below 210 K: the transi-
tions associated with the free radical cations continued to
decrease, but at the same time, the intensity of the dimer
transitions (more pronounced for D2) decreased, accompa-
nied by an increase of new transitions at higher energy,
especially in the RC2/D2 region. These phenomena had been
observed previously for thienylenevinylene oligomers?” and
were attributed to stacking of & dimers (thus, their label SD
(stacked dimer)), consistent with the additional blue shift.
Figure 10 shows the room-temperature spectra of the singly
oxidized EDOT2 in solutions at three different concentrations
(5%x107°% 3.2x107°, and 1.6 x 10~*M), normalized to unit
neutral absorbance (depicted by the dash-dotted line). After
normalization, the neutral absorption spectra were identical

RCA1

Absorbance / a.u.

20

Absorbance / a.u.

21 24 27

N ”IAEnergy /eV —

N

1.0

20 25 3.0 3.5
Energy / eV —

Figure 10. Absorption spectra for different concentrations of solutions in
dichloromethane of singly oxidized EDOT2* (5 x 10-¢ (dotted line), 3.2 x
105 (dashed line), and 1.6 x 10~*m (solid line), normalized for unit neutral
absorbance (depicted with the dash-dotted line)). The inset shows the
same EDOT2 " spectra normalized at 2.27 eV.

for all concentrations, and this indicated the molecularly
dissolved nature of the neutral molecules. However, clear
concentration dependence was observed in the absorption
spectra of the singly oxidized molecules, consistent with the
presence of a dimerization equilibrium. Cooling the most
concentrated solution of EDOT2* gave rise to a large degree
of precipitation, in addition to the further dimerization that
took place.

Cooling solutions containing EDOT3"+ (Figure 11) clearly
revealed the interconversion of radical cations into dimers in
the low-energy region of the absorption spectrum (RC1 —
D1), showing blue-shifted dimer transitions and an isosbestic
point. The high-energy region was somewhat more complex.
The new transition arising at higher energies (marked D2,
Figure 11) clearly corresponded to dimer formation, but the
transition marked with a double asterisk, seemed to possess
contributions from free radical cations and from dimers,
which obscured the identification of an isosbestic point.
Calculations of the enthalpy of dimerization (see below)
showed that, at 250 K in dichloromethane, 97 % of singly
oxidized EDOT3* was still present as free radical cations. At
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Figure 11. Absorption changes upon cooling a 5x10~°Mm solution of
EDOT3 " in dichloromethane (250210 K: solid lines; 200—190 K: dashed
lines). The graph shows the reversible formation of &t dimers (D1 and D2)
and stacked dimers (SD) from radical cations (RC1 and RC2). The right
top inset shows a van’t Hoff plot (—In K’ versus 1/7, (K' =K x [A1])).

the lowest temperatures (210 down to 190 K), stacked
7t dimers (SD) as described for EDOT2'", were also observed
for EDOT3"". The absorption maxima of dimers (D) and
stacked dimers (SD) of EDOT2" and EDOT3 " are collected
in Table 2.

The spinless nature of the dimers formed upon cooling of
EDOT2" and EDOT3"* solutions was confirmed by ESR
experiments. The ESR signal intensity of the radical cations
decreased upon lowering the temperature. This process was
reversible, indicating that no secondary processes such as
degradation are involved.

Dimerization of T2+ and T3"* radical cations: Dimerization
of T2** has been reported previously.’!! The D1 and D2
transition energies are given in Table 2. Cooling solutions
containing T3t in dichloromethane revealed an almost
complete dimerization from 250-190 K (Figure 12) with
dimer transitions at 1.41 (D1) and 2.19/2.30 eV (D2). The
spectra nicely showed isosbestic points at 1.18 and 2.08 eV.
The overall spectra looked considerably different from those
for EDOT3"" (Figure 11). Especially the low-energy dimer
transitions (D1) were found at significantly higher energies
for Tn compared with EDOTn, while the radical cation
transitions from which they originated were quite similar
(Table 2). Although the exact nature of the differences was
not clear, they could be due to the conformational differences
discussed above.

0.004 0.005
Absorbance / a.u.

Energy / eV

Figure 12. Absorption changes upon cooling a 5 x 10~°m solution of T3**
in dichloromethane (290 K (dashed line); 250-190 K (solid lines)). The
graph shows the reversible formation of t dimers (D1 and D2) from radical
cations (RC1 and RC2). The right top inset shows a van’t Hoff plot (—In K’
versus 1/7, (K'=K x [A7])).
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Energetics of dimerization: The EDOTn'* enthalpy of
dimerization AHg,, could be determined from the decrease
of the RC1 and RC2 bands, or from the increase of the D1 and
D2 bands, by plotting —In K versus 1/7 (van’t Hoff plot, right
top insets, Figure 9 and 11), where K is defined as (1 —xy,)/
(2x%4[Ar]) with xy the fraction of monomeric monocation
radicals, and [Ay] the total concentration of singly oxidized
species. The AHg, values obtained on the basis of the
decreasing RC2 transition were —60+7kJmol™! for
EDOT2* and —50 £ 5 kJmol~! for EDOT3"*. The somewhat
lower value for EDOT3 contradicted the apparently higher
tendency for EDOT3" to dimerize, which forms dimers at
significantly lower concentrations than EDOT2. Moreover, it
is in contrast to the generally observed more negative AH
values for longer systems.!'*27] This stresses the importance of
entropic contributions to the dimerization process for the
EDOTn oligomers. The AH;, value for both T2 and T3 was
—50+5kJmol~! (inset Figure 12, reference [31]).

Quantum-chemical calculations: As usually found in conju-
gated materials, switching from the neutral to the charged
form of the phenyl-capped EDOT oligomers induces signifi-
cant bond-length modifications leading to the appearance of a
quinoid character on the aromatic rings.* These self-
localized geometric deformations of the radical cation,
corresponding to the formation of polaron defects,? 3 lead
to a redistribution of the linear absorption cross section as a
result of the formation of polaronic electronic levels within
the HOMO -LUMO energy gap (see Figure 13). In the case
of singly charged oligomers, two new optical transitions
usually appear in the absorption spectrum, which correspond
to excitations from the HOMO level to the lower lying
polaronic P1 level and the transition from P1 to the higher
lying polaronic P2 level.

In Table 3, we present a comparison between the measured
and calculated (at both the AM1/FCI and INDO/SCI levels)
excitation energies for the lowest two optical transitions,

Energy

ay

LUMO

Figure 13. Schematic energy diagram of a positive polaron in a conjugated
chain with C,, symmetry. The polaronic levels are shown by bold lines; the
two lowest dipole-allowed electronic excitations are shown by dashed
arrows.
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Table 3. Main parameters for the first, RC1, and second, RC2, optical
transitions in the singly charged form of the phenyl-capped EDOTn oligomers
(E* denotes the excitation energy and O.S. the oscillator strength).

Measured INDO/SCI AM1/FCI INDO/SCI

AM1/FCI

E*[eV]  E*[eV] E* [eV] wavefunction  wavefunction

(0S) (0.S)

EDOT1

RC1 1.73 1.60 1.37 —047[P1—-P2]  0.67[H—P1]
(0.01) (0.12) +0.82[H—P1] —0.48[P1—P2]

RC2 2.62 2.30 2.19 0.77[P1 — P2] 0.35[H — P1]
(0.41) (0.72) +034H—P1] +0.77[P1 —P2]

EDOT2

RCl 132 1.44 1.32 —0.68[P1 —P2]  0.76[H—P1]
(0.007) (0.11) +0.55[H—P1] —0.52[P1—P2]

RC2 2.27 2.23 2.03 0.62[P1 — P2] 0.47[H— P1]
(1.03) (1.00) +0.66[H—P1] +0.72[P1 — P2]

EDOT3

RCl 115 1.20 1.05 —0.69[P1 - P2]  0.66[H— P1]
(0.008) (0.11) +0.58[H—P1] —0.43[P1—P2]

RC2 1.93&2.10 2.04 1.97 0.62[P1 — P2] 0.47[H— P1]
(1.33) (1.21) +0.64[H—P1] +0.75[P1— P2]
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denoted RC1 and RC2, in EDOTI1'*, EDOT2'", and
EDOT3"; the corresponding oscillator strengths and CI
(configuration interaction) expansion coefficients are also
reported. Figure 14 shows the AM1/FCI simulated absorption
spectra of the cationic species of phenyl-capped EDOT
oligomers of increasing size. Excellent agreement is found
between the spectroscopic and theoretical excitation energies,
with deviations of the order 0.1-0.2 eV (except for EDOT1).

—_ EDOT{
101 ... EDOT2

Intensity / a.u.
0.5

0.0

Energy / eV

Figure 14. AM1/FCI simulated optical absorption spectra of the singly
charged phenyl-capped EDOTr oligomers.

As expected, the excited states giving rise to the lowest two
absorption bands are described by the combination of
electronic excitations involving the HOMO, LUMO, and P1
and P2 polaronic levels. However, in contrast to the situation
encountered in phenylenevinylene oligomers, for which RC1
and RC2 correspond mainly to the HOMO — P1 and P1 — P2
transitions, respectively,’”! the lowest two excited states in the
thiophene-based molecules involve a pronounced mixing
between these two electronic configurations (see Table 3).
We explain this difference by the more rigid character of the
conjugated skeleton in phenylene-based materials, which
prevents large lattice distortions upon removal of one
electron; smaller geometric deformations then translate into
shallower drifts of the polaronic levels inside the gap, which
leads to well-separated HOMO — P1 and P1 — P2 excitations
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and the appearance of two intense bands on the optical
spectrum of the charged species.

In the Tn and EDOTn oligomers investigated here, owing
to the more pronounced lattice deformations, the HOMO —
P1 and P1 — P2 excitations are closer in energy (the polaronic
levels are shifted deeper into the band gap), and significant
mixing between these configurations occurs that results in a
shift of oscillator strength from RC1 to RC2. As a matter of
fact, while the lowest excited state corresponds essentially to
an antisymmetric, that is, destructive combination of the
HOMO — P1 and P1 — P2 excitations, the second one results
from a symmetric, that is, constructive mixing of the same
configurations. This highlights the need for a proper handling
of electron correlation effects and rationalizes the weaker
absorption intensity calculated for RC1. Note that this effect
is particularly pronounced at the INDO/SCI level, at which
the lowest excited state carries a vanishingly small oscillator
strength (spectra not shown). The distribution of oscillator
strength between the lowest two excited states predicted by
the calculations is consistent with the experimental results and
indicates a much stronger absorbance in the region of the RC2
transition with respect to RC1 (particularly for EDOT2").

The experimental absorption spectra of EDOT2" and
EDOT3"" reveal the emergence of new transitions upon
cooling the solutions, which are associated with the formation
of t dimers and stacked dimers. These excitations result from
exciton coupling between excitations on adjacent conjugated
chains and can be modeled accurately in the framework of an
exciton model, wherein long-range Coulomb interactions are
treated on the basis of an atomic expansion of the transition
moment in the isolated chain.* Since the conjugated chains
are likely to pack with their main axis parallel, interchain
interactions lead to a blue shift of the optical transition with
respect to the isolated chain by an amount corresponding to
approximately half the exciton splitting.’®! By considering
cofacial arrangements of two conjugated chains and an
interchain separation of 4 A, we have estimated at the
INDO-SCI level the blue shift to be approximately 0.15-
0.2 eV for the RC2 transition in the series EDOT1, EDOT2,
and EDOT3. This compares very well with the experimental
energy difference measured between RC2 and D2 in these
molecules, of the order 0.2 eV. However, the same calculations
predict a vanishingly small exciton coupling (less than 0.1 eV)
for the lowest RC1 transition (this was expected from the low
oscillator strength of this excitation), which is not consistent
with the experimental observation (indicating a shift from
RC1 to D1 of the same order of magnitude, albeit slightly
smaller than that from RC2 to D2, i.e., ~0.15eV). This
discrepancy certainly warrants further investigations, which
are now in progress. Finally, we note that, for an infinite one-
dimensional stack of interacting oligomers, the exciton
coupling should be twice the value calculated for the dimer
when retaining only nearest neighbor interactions. Compar-
ison between the location of the RC2, D2, and SD transitions,
as measured experimentally (Table 2), indicates that this
holds true to a large extent. This suggests the formation of
large aggregates in solution at low temperature.

In order to gauge the influence of the electron-donating 3,4-
ethylenedioxy substitution on the optical properties of the
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EDOTnr " series, we have also modeled the absorption spectra
of the corresponding phenyl-capped unsubstituted oligothio-
phenes by using the same methodology (INDO/SCI and
AM1/FCI excited-state calculations on the basis of ab initio/6-
31G optimized geometries). The AM1/FCI simulated optical
spectra are shown in Figure 15, and the position and oscillator

1.5
1.0

Intensity / a.u.

0.5

0.0

1.0 1.5 2.0

Energy / eV

Figure 15. AM1/FCI simulated optical absorption spectra of the singly
charged phenyl-capped Tn oligomers.

strength of the lowest two transitions compared with the
experimental data in Table 4. As found experimentally, the
relative intensities and locations of the two main absorption
bands as calculated in EDOTn't and Tn** oligomers of
equivalent sizes are very similar. In addition, the same
description of the lowest two excited states as that discussed
for the EDOTn molecules prevails. Thus, the electron-
donating ethylenedioxy bridges appear to contribute only
weakly to the excitations of the singly charged systems, while
they clearly influence the optical transitions of the neutral
systems (this results in a red shift of the first absorption peak
when going from Tn to EDOThn, which is estimated to be of
the order of 0.2 eV from the experimental data in dichloro-
methane; similar shifts are predicted from calculations on the
neutral oligomers).?! In spite of the very similar shape of the
absorption spectra of the singly charged EDOTn and Tn
oligomers at room temperature, the new transitions assigned
to dimers in cooled solutions are blue shifted with respect to

Table 4. Main parameters for the first, RC1, and second, RC2, optical
transitions in the singly charged form of the phenyl-capped Tn oligomers (E*
denotes the excitation energy and O.S. the oscillator strength).

Measured INDO/SCI AMI/FCI INDO/SCI AMI/FCI

E* [eV] E* [eV] E*[eV]  wavefunction wavefunction
O.S. O..
T2
RC1 133 1.43 1.19 0.77[P1 —P2] —0.78[H— P1]
(0.002) (0.13) —0.53[H—P1] +0.49[P1— P2]
RC2 212 2.24 2.02 0.52[P1 — P2] 0.48[H — P1]
(1.24) (1.21) +0.73[H—P1] +0.76[P1 — P2]
T3
RC1 1.11 1.15 1.05 0.71[P1 —P2] —0.79[H— P1]
(0.001) (0.21) —0.54[H—P1] +0.45[P1— P2]
RC2 1.85 1.95 1.94 0.57[P1 — P2] 0.43[H— P1]
(1.38) (1.30) +0.66lH—P1] +0.79[P1 — P2]
T4
RC1 0.94 1.07 0.97 —0.66[P1 —P2] —0.81[H— P1]
(0.01) (0.34) +0.58[H—P1] +0.40[P1 — P2]
RC2 1.67 1.82 (1.58) 1.85 0.61[P1 — P2] 0.33[H — P1]
(1.03) +0.62[H—P1] +0.74[P1 — P2]
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RC1 and RC2, to a larger extent in Tn (~0.3-0.4 eV) than in
EDOTn (=0.2 V). Since the single-chain electronic excita-
tions in the cationic forms of EDOTn and Tn have a similar
nature, the difference in exciton splitting measured for the
two series of molecules is likely to originate in a different
packing of the conjugated chains, with closer contacts
(stronger interactions) in the case of the oligothiophenes
(since these show the largest exciton couplings). To confirm
this hypothesis, calculations are in progress to model the
interchain interactions in EDOT#n and Tr oligomers.*’)

Conclusion

The optical and redox properties of 3,4-ethylenedioxythio-
phene oligomers (EDOTn, n=1-4) and their 3, -unsubsti-
tuted analogues (Tn, n =1-4) have been studied. Both series
were doubly end capped with phenyl groups to prevent
irreversible coupling reactions during doping. The absorption
and fluorescence spectra of neutral EDOTn oligomers
showed a much more resolved vibronic structure and smaller
Stokes’ shifts than the Tn oligomers. This indicated a high
degree of intrachain conformational order in the EDOTn
compounds. Cyclic voltammetry revealed that the EDOTn
oxidation potentials were significantly lower than those of the
B,p'-unsubstituted Tn oligomers as a result of the electron-
releasing effect of the ethylenedioxy substituent. More
surprisingly, a linear fit of the oxidation potentials, as a
function of the reciprocal number of double bonds, revealed a
much steeper slope for the EDOTn oligomers than for their
unsubstituted analogues. This indicated that the EDOTn
oligomers possessed a significantly higher conjugation than
the corresponding Trn oligomers, possibly due to the higher
degree of intrachain order that could be inferred from their
absorption and fluorescence spectra. Furthermore, coales-
cence of the first and second oxidation potentials was
achieved much faster for the EDOTn than for the Tn series.
The stepwise chemical oxidation of the EDOTn and Tn
oligomers in solution was accomplished up to the dicationic
state (if their oxidation potentials were sufficiently low). The
observations were similar for the two series. Cooling solutions
containing T2+, T3**, EDOT2'", and EDOT3"" revealed the
reversible formation of dimers, albeit with a somewhat
different tendency, expressed in the values determined for
the enthalpy of dimerization.

Comparison of the results of the homologous EDOT#n and
Tn series revealed that the exceptional properties of PEDOT
as a colorless, transparent, and highly conducting polymer in
the oxidized state, are a consequence of the low oxidation
potential due to the electron-releasing ethylenedioxy sub-
stituent. Although the neutral state of the EDOTn oligomers
possesses a higher degree of conformational order than the Tn
molecules, the absorption spectra in the first and second
oxidized states were remarkably similar for the two series.
This was consistent with the fact that highly oxidized states of
simple poly(3-alkylthiophenes) could be rendered transparent
and colorless in the visible region, although they lack the
stability of PEDOT under ambient conditions.[*! In addition,
correlated quantum-chemical calculations performed on the
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singly charged species confirm the similarity between the
electronic excitations in EDOTn and Tn oligomers and
provide excitation energies in excellent agreement with
experiments. The appearance of new transitions in the
nt dimers to the blue of the isolated chain optical bands can
be accounted for by an exciton model describing interactions
between neighboring charged molecules.

Experimental Section

General: Commercial grade solvents were purified, dried, and deoxygen-
ated following standard methods. Cyclic voltammograms were recorded in
CH,Cl, or CH,;CN with 0.1m tetrabutylammonium hexafluorophosphate
(TBAPF) as the supporting electrolyte by using a Potentioscan Wenking -
POS73 potentiostat. The working electrode was a platinum disc (0.2 cm?),
the counter electrode was a platinum plate (0.5 cm?), and a saturated
calomel electrode was used as the reference electrode, calibrated against a
Fc/Fc* couple (+0.470 V vs. SCE). The reported oxidation potentials were
obtained with a scan speed of 100 mVs~' unless otherwise indicated.
Oxidation of neutral oligomers in solution was accomplished by adding
solutions of thianthrenium perchlorate (THICIO,)“! or nitrosonium
tetrafluoroborate (NOBF,) from a gas-tight syringe. UV/Vis/NIR spectra
were recorded by using a Perkin Elmer Lambda900 spectrophotometer
equipped with an Oxford Optistat cryostat for variable-temperature
experiments. The temperature was kept constant within +£0.3 K, and
spectra were corrected for volume changes. The concentrations in the
optical experiments varied between 10~ and 1073 M, using both 10 mm and
1 mm near-IR grade suprasil quartz cells. Fluorescence measurements were
performed by using a LS50B Perkin Elmer Fluorescence spectrometer.
ESR experiments were carried out with an X-band Bruker ESP300E
spectrometer, operating with a high sensitivity cavity, an ER035M NMR
gauss meter, and a HP5350B frequency counter.

'H and *C NMR spectra of the compounds were recorded in either CDCly
or [D,]1,1,2,2-tetrachloroethane ([D,]TCE) depending upon their solubil-
ity. The 'H and '*C NMR spectra recorded in [D,] TCE were calibrated with
respect to peaks at 0 =6.0 and 74.0 (295 K, 300 MHz), respectively. The
mass of the compounds was determined by GC-MS and MALDI-TOF-MS
techniques. For GC-MS analysis, a small amount of the substance (=1 mg)
was dissolved in CHCl; (1 mL), injected, and detected at 340°C by using
the initial column temperature at 150°C. For MALDI-TOF-MS, the
substance (1 mg) was dissolved in 1,2,4-trichlorobenzene and mixed with
matrix solution of a-cyano-4-hydroxycinnamic acid in THF for analysis.

Theoretical methodology: Quantum-chemical calculations have been
performed on the neutral and cationic forms of EDOTr and Trn oligomers.
The ground-state geometries of all compounds have been optimized at the
Hartree —Fock ab initio level by using a 6-31G basis set (note that the
restricted open-shell Hartree — Fock (ROHF) approach has been adopted
to deal with the singly charged systems).*?l The optimized geometries were
used as input for calculations including electron correlations to describe the
optical properties of the molecules investigated. The calculations were
based on: i) the Hartree—Fock semiempirical intermediate neglect of
differential overlap (INDO) method,*}! coupled to a single configuration
interaction (SCI) formalism; ii) the Austin Model 14 technique with a full
configuration interaction treatment on a limited active space. In the INDO/
SCI calculations, all single excitations within the x manifold have been
taken into account, and the Coulomb repulsion terms were expressed by
the Ohno - Klopman potential;*! in the case of singly charged species, this
potential provided excitation energies in closer agreement with experiment
than the more conventional Mataga—Nishimoto potential®®l (usually
adopted to describe the absorption spectra of neutral molecules). A block
(up to 40) of frontier molecular orbitals was considered to generate an
initial set of electronic configurations in the AM1/FCI approach, out of
which the most relevant excitations were selected by using perturbation
theory.l*]

Materials: Phenylboronic acid, 2-phenylthiophene, trimethyl borate,
[Pd(PPh;),], pinacol, and 2,5-diiodothiophene were purchased from
Aldrich chemicals and used without further purification. Compounds 3
and 5 were prepared as described in literature.*! The compounds 2-bromo-
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S-phenylthiophene, 5,5-diiodo-2,2"-bithiophene, and 5,5"-diiodo-2,2":5",2"'-
terthiophene were synthesized following published procedures.’S) Com-
pound 4,4,5,5-tetramethyl-2-phenyl-[1,3,2]-dioxaborolane (8) was prepared
from phenylboronic acid and pinacol by following the literature proce-
dure.®

2,5-Dibromo-3,4-ethylenedioxythiophene (1): A solution of 3,4-ethylene-
dioxythiophene (14.2 g, 100 mmol) in dimethylacetamide (DMA; 50 mL)
was cooled to 0°C, blanketed by argon. A solution of N-bromosuccinimide
(374 g, 210 mmol) in DMA (100 mL) was added dropwise, and the
temperature was maintained below 10°C. After addition, the reaction
mixture was brought to RT at which temperature it was stirred for another
hour. The reaction mixture was then poured into ice water (1 L) and
filtered, and the residue was washed with water. After crystallization from
ethanol, pure product was obtained as a white crystalline material (21.7 g,
72% yield): m.p. 99°C; '"H NMR (CDCL): 6 =4.27 (s, 4H); *C NMR
(CDCl,): 6=139.8 (C3,4), 85.5 (C2,5), 64.9 (CH,).

2,5-Bis(trimethylstannyl)-3,4-ethylenedioxythiophene (2): A solution of
3,4-ethylenedioxythiophene (14.2 g, 100 mmol) in dry THF (70 mL) was
cooled to —65°C, blanketed by argon. nBuLi (2.5M, 80 mL) was slowly
added dropwise, and the temperature was constantly kept below —55°C.
After addition the reaction mixture was warmed to —20°C, after which it
was cooled to —60°C again. At this temperature a solution of trimethyltin
chloride (40 g, 201 mmol) in dry THF (50 mL) was slowly added, after
which the temperature was allowed to reach RT. After one hour of stirring
at RT the solvents were removed, and the residue was extracted with
CH,CI,/H,0. The combined organic fractions were dried and filtered, and
the solvent was removed to give the product (33.6 g, 72 % yield). It should
be noted that, although slightly contaminated with monostannylated
product (2-trimethylstannyl-3,4-ethylenedioxythiophene), this bisstannyl-
ated compound was used without further purification. '"H NMR (CDCL):
0=4.14 (s, 4H), 0.34 (s, 18 H); 3C NMR (CDCl,): 6 =148.6, 115.9, 64.7,
-8.7

5,5'-Bis(trimethylstannyl)-2,2’-bi(3,4-ethylenedioxythiophene) (4): This
compound was prepared analogously to compound 2 by applying 2,2'-
bi(3,4-ethylenedioxythiophene) (3, 6.25 ¢, 22 mmol) in THF (125 mL),
nBuLi (2.5M, 18 mL, 45 mmol), and trimethyltin chloride (8.8 g, 44 mmol)
in THF (75 mL). After the extraction procedure, the resulting solid was
stirred in methanol, filtered, dried, and stirred with n-hexane, and this
resulted in 4 (9.6 g, 74 % yield). N.B. Although slightly contaminated with
monostannylated product, this bisstannylated compound was used without
further purification. 'H NMR (CDCLy): 6 =4.32 (d, 4H), 4.22 (d, 4H), 0.35
(s, 18H).

2-Phenyl-3,4-ethylenedioxythiophene (6): A solution of 5 (283¢g,
93 mmol), iodobenzene (20.8 g, 102 mmol), and N,N-dimethylformamide
(DMEF, 100 mL) was deaerated several times and then handled under argon.
[Pd(PPh;),CL] (0.50 g, 0.7 mmol) was added, and the mixture was stirred at
85°C for one hour. The reaction mixture was then poured into ice water
and extracted twice with CH,Cl,. The combined organic fractions were
washed with water, dried (Na,SO,), filtered, and concentrated. The residue
was purified by vacuum distillation (b.p. 138 -140°C; 0.05 mmHg) to give
pure 6 (12.7 g, 63 % yield). '"H NMR (CDCl;): 6 =773 (m, 2H), 7.38 (m,
2H), 723 (m, 1H), 6.30 (s, 1 H), 4.35 (d, 2H), 4.25 (d, 2H).

2-Bromo-5-phenyl-3,4-ethylenedioxythiophene (7): Bromination of 6 was
performed analogously to 1 by using 6 (10.5 g, 48 mmol), DMA (60 mL),
and NBS (9.4 g, 53 mmol). After pouring the reaction mixture into ice
water and extraction with CH,Cl,, the combined organic fractions were
filtered over a short SiO, column, dried (Na,SO,), and concentrated.
Subsequent recrystallization from methanol resulted in pure 7 (9.0 g, 63 %
yield), m.p. 84-85°C; '"H NMR (CDCl;): 6 =7.65 (m, 2H), 7.37 (m, 2H),
723 (m, 1H), 430 (m, 4H).

2,5-Diphenyl-3,4-ethylenedioxythiophene (EDOT1): A solution of phenyl-
boronic acid (4.5 g, 37 mmol) and 1 (5.0 g, 16.7 mmol) in toluene (30 mL)
and aqueous Na,COj; (1M; 30 mL) was deaerated several times and placed
under argon. [Pd(PPh;),] (0.5 g, 0.4 mmol) was added, and the mixture was
stirred under reflux for 10 h. After this period another portion of catalyst
(50 mg) was added, after which the reaction mixture was stirred for another
4 h under reflux. The reaction mixture was then poured into CH,Cl,/water
and extracted with CH,Cl, several times, and the combined organic
fractions were washed with water, dried, and concentrated. The resulting
solid was recrystallized from ethanol, and this resulted in pure EDOT1
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(2.9 g, 60% yield), m.p. 104°C; "H NMR (CDCly): 6 =775 (m, 4H), 7.38
(m, 4H), 725 (m, 2H), 435 (s, 4H); °C NMR (CDCL): 0 = 138.6, 132.9,
128.6, 126.6, 126.1, 115.4, 64.6; UV/Vis (CH,CL,): Ap.(e) =344 nm; GC-
MS: miz (%): [M*] 294.

5,5'-Diphenyl-2,2'-bi(3,4-ethylenedioxythiophene) (EDOT2): A solution of
6 (10.0 g, 46 mmol), TMEDA (N,N,N',N'-tetramethyl 1,2-ethanediamine,
10.6 g, 92 mmol), and dry THF (80 mL) was cooled to — 20 °C, under argon.
nBuLi (2.5M, 18 mL) was added dropwise, and the temperature was kept
below —15°C. After addition, stirring was continued for another 45 min at
—15°C. The reaction mixture was then added dropwise (over a period of
1h) to a flask containing [Fe(acac);] (16.2 g, 46 mmol) dissolved in dry
THF (80 mL) at 60°C. After addition, the resulting reaction mixture was
stirred for another 3 h under reflux. It was then brought to RT, and the
precipitate was filtered, stirred in methanol, filtered again, recrystallized
from DMA, filtered, and finally dried. This resulted in pure EDOT2 (3.7 g,
35% yield), m.p. 305°C; 'H NMR (CDCl;): 6 =7.72 (m, 4H), 7.35 (m, 4H),
719 (m, 2H), 4.42-4.35 (m, 8H); *C NMR (CDClL,): 6 =137.9, 137.6, 133.2,
128.6, 126.3, 125.9, 115.3, 108.3, 64.9, 64.8; UV/Vis (CH,Cl,): Aa,(€) =398,
416 nm; GC-MS: m/z (%): [M*] 434.

5,5"”-Diphenyl-2,2":5",2"-ter(3,4-ethylenedioxythiophene) (EDOT3): Anal-
ogously to 6, a Stille reaction by using 7 (4.45g, 15mmol), 2 (3.5¢,
7.5 mmol), dry DMF (20 mL), and [Pd(PPh;),Cl,] (40 mg) was performed.
After 1 h at 80°C, the reaction mixture was poured into ice water, and the
precipitate was filtered off. Resolution in CH,Cl,, followed by filtration
over SiO,, and removal of the solvent, resulted in a solid. The latter was
further purified by column chromatography (SiO,, hexanes/CH,Cl, (1:1)),
and this resulted in pure EDOT3 as a yellow solid (300 mg), m.p. 300°C;
'H NMR (CDCL): 6 =775 (m, 4H), 7.37 (m, 4H), 7.19 (m, 2H), 4.42 (m,
8H), 4.38 (m, 4H); UV/Vis (CH,CL,): A,,,,(¢) =436, 462 nm; MALDI-TOF
MS:miz (%): [M*]: 574. N.B. Solubility was too low to measure its *C NMR
spectrum.

5,5"”’-Diphenyl-2,2":5',2":5",2""-quater(3,4-ethylenedioxythiophene)
(EDOT4): Analogously to 6, a Stille reaction using 7 (1.8 g, 3 mmol), 4
(2.0 g, 6.7mmol), dry DMF (30 mL), and [Pd(PPh;),CL] (50 mg) was
performed. After 2 h at 80°C, the reaction mixture was cooled to RT, and
the precipitate was filtered and dried. Subsequently, it was boiled in toluene
(150 mL), filtered, (hot), and dried again. This resulted in a red, almost
insoluble solid (1.30 g, 62 % yield). MALDI-TOF MS analysis showed that
the product is approximately 80 % pure (M =714) (The contaminants are
Ph-EDOT,-Ph (M =994) and Ph-EDOT,y-Ph (M =1554), which were the
result of organotin —bromo exchange followed by Stille couplings); UV/Vis
(CH,CL): Apax(€) =471, 501 nm.

2-(5-Phenylthienyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (9): n-Butyl-
lithium (SmL, 1.6M in n-hexane) was placed in a three-necked flask
containing dry THF (5mL) and cooled to —78°C under dry argon. The
compound 2-bromo-5-phenylthiopene (1.2 g, 5 mmol) was dissolved in dry
THF (10 mL) and added dropwise for 30 minutes at —78°C. The mixture
was stirred at —78°C for 3 h, and trimethyl borate (8 mL) was added
dropwise, and then the mixture was stirred for 1h, warmed to room
temperature, and poured with crushed ice containing concd HCI (15 mL).
The white solid was extracted into CH,Cl,, dried over anhydrous Na,SO,,
and the solvent was evaporated to obtain 5-phenyl-2-thienylboronic acid as
a solid. This intermediate was dissolved in dry CH,Cl, (25 mL) and refluxed
with pinacol (0.6 g, 5 mmol) for 12 h by using a Dean — Stark trap under dry
argon. After the reaction, the organic layer was dried over anhydrous
Na,SO,, and the solvent was evaporated. The crude product was purified
by passing it through a silica gel column with 20 % CH,Cl, in n-hexane as a
eluent. Compound 9 was obtained as a light blue viscous liquid after
removal of the solvent (1.1 g, 77 % yield). '"H NMR (CDCl;): 6 =7.66 (d,
2H), 761 (d, 1H), 739 (m, 3H), 730 (m, 1H), 1.36 (s, 12H); “C NMR
(CDCly): 6 =151.6, 138.6, 134.5, 129.3, 128.2, 126.5, 124.8, 84.4, 25.1; GC-
MS [My=286]: m/z (%): 286 [M~*] (purity =98.0%).

2,5-Diphenylthiophene (T1): Compound 2,5-diiodothiophene (0.75 g,
2.2 mmol), 8 (1.8 g, 8.9 mmol), and [Pd(PPh;),] (3 mol%) were dissolved
in THF (20 mL) and purged with dry argon for 15 minutes at 25 °C. K,CO;
(2.44 g, 17.7 mmol) was dissolved in water (5 mL), degassed, and added to
the reaction mixture. The reaction mixture was purged again with dry argon
for 30 minutes and allowed to reflux for 18 h under argon, then cooled, and
poured into water. The pale yellow solid was filtered by using a Buchner
funnel. The solid was washed with a cold methanol/water mixture (50:50
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2384-2396

(v/v)), dried, and purified by recrystallizing from hot methanol to give T1
(0.26 g, 50% yield), m.p. 152—154°C;I¥l 'TH NMR (CDCly): 6 =765 (d,
4H), 740 (m, 4H), 7.31-7.26 (m, 4H); *C NMR (CDCl;): 6 =143.9, 134.6,
129.1, 1277, 125.9, 124.2; GC-MS [My =236]: m/z (%): 236 [M*] (purity =
99%); UV/Vis (CHCL): Ay(e) =327 nm.

5,5'-Diphenyl-2,2"-bithiophene (T2): Compounds 5,5-diiodo-2,2"-bithio-
phene (0.42 g, 1.0 mmol), 8 (0.8 g, 4.0 mmol), and [Pd(PPh;),] (3 mol %)
were dissolved in freshly distilled chlorobenzene (20 mL) and purged with
dry argon for 15 minutes at 25°C. K,CO; (1.1 g, 8.0 mmol) was dissolved in
water (5 mL), degassed, and added to the reaction mixture. After purging
again with dry argon for 30 min, the mixture was stirred at 100°C for 18 h
under dry argon, then cooled, and poured into excess methanol, filtered,
dried, and purified by recrystallizing from hot toluene to give T2 (0.14 g,
44 % yield), m.p. 240-243°C;"1 "H NMR ([D,]TCE): 6 =7.64 (d, 4H), 742
(m, 4H), 7.32 (m, 2H), 7.28 (d, 2H), 721 (d, 2H); *C NMR (CDCL): 6 =
143.1,136.7, 133.9, 129.2, 127.9, 125.7, 124.8, 124.1; GC-MS [My,=318]: m/z
(%): 318 [M*] (purity =99 %); UV/Vis (CHCL): A,,..(¢) =374 nm.
5,5"”-Diphenyl-2,2":5',2"-terthiophene (T3): Compounds 5,5"-diiodo-
2,2":5'2"-terthiophene (0.5 g, 1 mmol), 8 (0.8 g, 4 mmol), and [Pd(PPh;),]
(3 mol % ) were reacted by using the procedure described for T2. After the
reaction, the mixture was cooled to room temperature, filtered, and washed
with methanol. T3 was purified by recrystallization from toluene (0.13 g,
33 % yield), m.p. 286 —289 °C;l* 'TH NMR ([D,]TCE): 6 =7.64 (d, 4H), 7.42
(m, 4H), 7.32 (m, 2H), 728 (d, 2H), 721 (d, 2H), 7.15 (s, 2H); ¥C NMR
(CDCL): 6=129.2, 1279, 125.7, 124.9, 124.6, 124.1; GC-MS: [My,=400]:
miz (%): 400 [M*] (purity =99 %); UV/Vis (CHCL): A, (¢) =404 nm.
5,5"'-Diphenyl-2,2":5',2":5" 2" -quaterthiophene (T4): Compounds 5,5-di-
iodo-2,2'-bithiophene (0.39 g, 0.93 mmol), 9 (0.8 g, 2.8 mmol), and
[Pd(PPhs),] (3 mol%) were dissolved in 1,2,4-trichlorobenzene (10 mL)
and purged with dry argon for 30 min. K,CO; (0.77 g, 5.6 mmol) was
dissolved in water (3 mL), degassed, and added to the reaction mixture.
After purging with dry argon for 30 min, the mixture was stirred at 100°C
under dry argon for 18 h, then cooled, filtered, and washed successively
with water, methanol, acetone, and CH,Cl,. The red solid was purified by
recrystallizing from hot 1,2,4-trichlorobenzene, and this yielded T4 (0.1 g,
22% yield), m.p. 324-328°C;!15) MALDI-TOF [My,=482]: m/z (%): 482
[M*]; UV/Vis (CHCL): Ay (e) =425 nm. An analytically pure sample was
obtained by using thermal gradient sublimation. Solubility was too low to
measure 'H and C NMR data.
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