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CORRIGENDA

In the paper by P. Ahlberg et al. published in
Chem. Eur. J. 2001, 7, 1936, there are two errors.
The heading over the last column of the middle
section of Table 2 should read B3LYP/BS2 and
not B3LYP/B2 as stated. In Figure 6 two bonds
are missing. The corrected figure is given below.
We apologize for these mistakes.

2H-.-
g (H-=F)
2H/
| .
b) EOJF
"He-2H |6
o 2HaF,* + CTH, 1H“"1C\ 2H,'HF,* + C1H;2H
€| 128 H 'H 12.8
=
(&)
< 0
m el 2q. . (Fe2H), |
(@) 2- 11 | Hegpye - (P
15-C~y 1= E~iy
1 1
5 H H 5
R.C.
g--(?H-=F)3
2H/
|
R
;o
'H--PH
d) 1H;‘|:|%1H
]
E 2HgF,* + C'H, 2H,THF,* + C'H32H
8| 63 0 6.3
~ + 2 +
W | @H—F)y- -z 1H | 24y oo (|
1|_'|'C,/‘1H 1H'9\1|i|
1H 1H
8 8"

R.C.

a)

c)

e)

E/ kcal mol!

2H'HF* + C'H4?H

2H,F* + CH,

E/ kcal mol!

E/ kcal mol!

2Hs'HFs* + C'H3?H

' - (F----2H
(2H----F)5--_2H——‘F| Hoqpy- )s |
1|_:|.C.LV1H 1HV:_C\1H
1H 1H
R.C.

In the paper by S. Monti et al. in Chem. Eur. J. 2001, 7,2185, the structure in Scheme 4 is depicted incorrectly. The correct structure

is given below.
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Nanocrystalline Metal Oxides as Unique Chemical Reagents/Sorbents

Erik Lucas, Shawn Decker, Abbas Khaleel, Adam Seitz, Shawn Fultz, Aldo Ponce,
Weifeng Li, Corrie Carnes, and Kenneth J. Klabunde*!?!

~

Abstract: A new family of porous inorganic solids based
on nanocrystalline metal oxides is discussed. These
materials, made up of 4—7 nm MgO, CaO, Al,O;, ZnO,
and others, exhibit unparalleled destructive adsorption
properties for acid gases, polar organics, and even
chemical/biological warfare agents. These unique sorp-
tion properties are due to nanocrystal shape, polar
surfaces, and high surface areas. Free-flowing powders
or consolidated pellets are effective, and pore structure
can be controlled by consolidation pressures. Chemical
properties can be adjusted by choice of metal oxide as
well as by incorporating other oxides as monolayer films.

\Keywords: adsorption - metal oxides - nanostructures )

Introduction

Nanostructured materials have attracted the attention of
scientists,['! engineers, and even politicians.’). What is the
reason? What is all the shouting about? Essentially, the
reason is that nanocrystals in the 1 to 10 nm range make up a
new realm of matter in which physical and chemical proper-
ties change as size changes (Figure 1). Although it is still
difficult to understand the property changes in a theoretical
sense, this phenomenon presents enormous opportunities for
advances in science and technology. Contemplating that any
nanostructured solid material can have variable properties
based simply on size essentially makes the periodic table of
the elements “three dimensional”. Actually the potential new
materials based on nanostructure are even broader than the
solid elements of the periodic table; metal oxides, metal
sulfides, tellurides, arsenides, bimetallics, and of course metals
themselves need to be considered.
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WHAT ARE NANOSCALE PARTICLES?
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Figure 1. Size of nanostructured materials compared with atoms and with
bulk solids.

The properties that change in the nanoregime include
bandgaps (for semiconductors),”! magnetic moments (for
ferro- and ferrimagnetics),! specific heats,*! melting points,
surface chemistry,”l and morphology/particle shape.®l For
consolidated nanoparticles, metal pieces can be harder, and
ceramic pieces can be more plastic than normal materials
made from microcrystal-polycrystal consolidation.” 1*]

Metal Oxides in Nanocrystalline Form

Oxides of many metals possess very high lattice energies and
melting points due to their high ionicity. In theory very small
crystals of material with high lattice energies should be stable
and resistant toward melting, atom/ion migration, and sub-
sequent crystal growth, even at elevated temperatures. There-
fore, if synthetic techniques to produce nanocrystals of highly
ionic metal oxides were available, it should be possible to
isolate and store these ultrafine materials. Furthermore these
solids can exist with numerous surface sites with enhanced
surface reactivity, such as crystal corners, edges, or ion
vacancies (Figure 2).5 11121 Residual surface hydroxides can
also add to the rich surface chemistry exhibited by metal
oxides such as MgO, CaO, SrO, BaO, Al,O;, TiO,, Fe,0;,
ZnO, and others, and this chemistry is generally attributable
to Lewis acid, Lewis base, and Bronsted acid sites of varying
coordination, that is, metal cations, oxide anions, and surface
—OH which can be isolated or lattice bound (Figure 3).
Indeed, in recent years it has been possible to produce
nanocrystalline metal oxides of MgO, CaO, ZnO, and others
by specially designed sol-gel or aerogel processes.” 1 14 Their
study as adsorbents and catalysts had led to two important
discoveries: 1) surface reactivates are inherently higher per
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Figure 2. a) Model of MgO nanocrystal of polyhedral shape (AP-MgO);
b) Model of MgO hexagonal microcrystal (CP-MgO); c) Model of cube-
shaped microcrystal (CM-MgO).
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Figure 3. Illustration of reactive surface sites on highly ionic metal oxides.

unit surface area for nanocrystals versus microcrystals, and 2)
compaction of the nanocrystals into pellets does not signifi-
cantly degrade surface area or surface reactivity when
moderate pressures are employed,® ensuring that these
nanostructured materials can be employed as very fine
powders or as porous, reactive pellets. Figure 4 demonstrates
that a loose powder of MgO compared with a pellet of
compacted nano-MgO have similar pore structure. In fact the
powder had a surface area of 343 m?g~! and possessed a total
pore volume of 0.681 cm®g~!, whereas the values for the pellet
was 331 m?g~! and 0.657 cm®g~!, respectively.l®! These inter-
esting phenomena seem to be related to a fascinating aspect of
nanocrystal formulation, that of shape of the nanocrystals.

Shape of Nanocrystals Affects Chemistry

Although the shape of crystals of a solid substance are of
considerable beauty and curiosity, shape is not considered to

2506 ——

missing one electron)

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

I b o

o &, g 1: l':ﬁ i

o mgmat Ty : AN eets eyl oy

B AL e TR L t':'!‘.-ﬁﬁ fegh 2%

SRR ) W ;5 o
0 ' R, R
- lli J ': 4

L1 TSy s— I T e, M

Figure 4. Transmission electron microscope picture of weakly agglomer-
ated MgO nanocrystals a) compared with pellets b) produced by squeezing
the MgO at 2.59 x 10° Torr. Note the evident pore structure.

have much effect on chemical properties. However, when
crystals are in the 1-10 nanometer size range it appears that
shape can affect chemistry. For example, 4 nm MgO crystal-
lites adsorb six molecules of SO, per nm? at room temperature
and 20 Torr pressure. However, microcrystalline MgO ad-
sorbs only two molecule SO, per nm?'"! Similarly, the
nanocrystals adsorb four times as much CO, as the micro-
crystals. Beyond the differing amounts of adsorbed gases per
nm?, the mode of surface binding can be different, that is, SO,
binds more as a monodentate species on the 4 nm MgO
crystal, but favors a bidentate structure on the microcrys-
tals.[li 16]

These results clearly indicate that shape and size of crystals
have remarkable effects on their adsorption properties. To
what can this be attributed? As the models in Figure 2
indicate, the percentage of corner and edge sites on the
surface of AP-MgO could approach 20 %, while on CP-MgO
less than 0.5 %, and on CM-MgO essentially 0 %. (Note: AP-
signifies Aerogel Preparation that yields nanocrystals, CP-
signifies an aqueous phase Conventional Preparation that
yields microcrystals, and CM- signifies normal Commercially
available polycrystalline materials). If adsorption on the edge
sites were the predominant mode, it is easy to rationalize the
experimental results. However, since the monolayer of SO,
adsorbs tightly on the nanocrystalline surface, evidently much
of the SO, must adsorb on flat plane areas as well.

Another system that has come under study is CaO, again in
three different forms: 7 nm nanocrystals labeled as AP-CaO,
microcrystalline hexagonal platelets labeled as CP-CaO, and
larger cube-like common crystals labeled CM-CaO. After
500°C heat treatment these crystals were exposed at room
temperature to varying pressures of NO,; the amounts
adsorbed were determined by using a quartz spring micro-
balance and adsorption modes were studied by using a special
cell for FTIR.['! The IR results are shown in Figure 5. Note
that for the nanocrystals of CaO (AP-CaO) peaks at 1232 and
1113cm™! grew in first at low pressures. As pressure increased,
the peak at 1232 cm~! became more intense, and then a strong
peak at 1452 cm~! appeared. The 1113 and 1452 cm™! bands
can be assigned to monodentate species, according to earlier
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Figure 5. a) FTIR of NO, adsorbed on CP-CaO microcrystals; b) FTIR of
NO, adsorbed on AP-CaO nanocrystals.

reports of NO, adsorption on MgO samples.'8! The strong
bands at 1320 and 1232 cm™! are assigned to bidentate
adsorbed species (Scheme 1).

0 P
1l N
/NN /NN
o o o o ?
\Ca Ca Ca
1320 cm™ 1232 em™ 1113 em?

Scheme 1. Possible structures for NO, adsorption to a CaO surface.

The number of molecules of NO, adsorbed at 760 Torr at
room temperature were 7 nm~2 for AP-CaO and 25 nm~2 for
CP-CaO. These results were similar to those found for the
SO,/ MgO system; this indicates that at low pressures the
nanocrystals are much more effective adsorbents per unit
surface area for strong chemisorption. However, at pressures
above 100 Torr, multilayers form due to weak physisorption,
and the flatter, more ordered CP-sample surfaces favor this
physisorption due, apparently, to more ordered, tightly
packed layers of SO, or NO, [

Both of these investigations show that shape and size of
small crystals have profound effects on how much adsorption
occurs and on the type of bonding to the surface that takes
place. Since the nanocrystals are very small and are polyhe-
dral spheroids, the fact that monodentate adsorption is
preferred may indicate that the curvature of the crystallite

Chem. Eur. J. 2001, 7, No. 12
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and/or the prevalence of the edge/corner sites encourages
monodentate adsorption, whereas bidentate is favored by flat
planes which are more prevalent on the larger microcrystals.
Furthermore, the sequential growth of monodentate and then
bidentate adsorption indicates that reactive edge/corner sites
are occupied first, followed by the flat planes as pressure
increases.

Somewhat similar behavior of nanocrystals has been found
for CO adsorption on AP-MgO compared with CP-MgO and
CM-MgO at low temperature. In fact, new IR bands for CO
on AP-MgO suggest much stronger base sites, and these
findings also indicate that size and shape of small crystals have
significant effects on their adsorption properties. Although
this may not be an unexpected conclusion, and the surface
chemistry of crystals has been of interest for a long time,['*-?2
the recent availability of nanocrystalline samples has allowed
demonstration of vast differences due to crystal size and shape
that had not been imagined before. Therefore, new and
deeper understanding is required, which in turn suggests
additional work.

Another approach to investigating the differences in sur-
face reactivity of nano- versus microcrystals is to look at pH
changes in water as a function of time. Solubility is slight for
MgO (0.00062 g per 100 mL). It would be expected that upon
placing a sample in cold water, the pH would rise to about
pH 11. Since nanocrystalline MgO possesses a high surface
area, usually in the range of 350 - 500 m?g~!, dissolution would
be faster than with more conventional powdered samples
(commercial MgO usually has a surface area of 30 m*g~!and a
conventional preparation of microcrystalline MgO has a
surface area in the range of 130 to 200 m?g™1).

Figure 6 shows plots of pH change versus time in which AP-
MgO is aerogel-prepared nanocrystals, CP-MgO is conven-
tionally prepared microcrystals, and CM-MgO is a commer-

114 n o D_ﬂ-—ﬂ————'ﬂ—‘n_—‘ﬂ Oo—~:Og——0—0——-~0>n
/f pab—b——bt b
AL _—0—0
pH 10 o /‘/A/A
p N -
Z 4
% e/ —a— AP-MgO
—o0— CM-MgO
(o]
\ N / —A-— CP-MgO
n o—0,
0—o0
T T T T T T T T T v
0 20 40 60 80

Time/seconds

Figure 6. Rate of pH change for AP-MgO nanocrystals, CP-MgO micro-
crystals, and CM-MgO commercially available powder of relatively low
surface area.

cially available sample. The rate of change can be computed
as dpH/dt=pH change per second, and these values for a
series of metal oxides are reported in Tables 1 and 2. It can be
noted that MgO nanocrystals show an initial rate for driving
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Table 1. pH change for MgO and CaO nano- and microcrystalline samples
suspensions in cold water.

Metal oxide Starting surface pH after Initial rate Final pH
area (average) [m?g~'] 10 sl [pH change per s]
AP-MgO 350 10.9 0.53 11.0
CP-MgO 150 8.0 0.24 10.7
CM-MgO 30 8.3 0.27 11.0
AP-CaO 150 11.4 0.58 12.7
CP-CaO 50 11.8 0.62 12.7
CM-CaO 3 11.5 0.59 12.7
[Fe,O,]AP-MgOl! 300 9.1 035 105
[Fe,O5|CP-MgOl! 120 83 027 10.6
[Fe,O,]AP-CaOldl 90 94 038 127
[Fe,O;]CP-CaOll 40 10.8 0.52 12.6

[a] Initial pH of deionized water was 5.6. [b] 2% loading as a coating of Fe,O; on
MgO nanocrystals. [c] 2% loading as a coating of Fe,0; on MgO microcrystals.
[d] 2% loading as a coating of Fe,O; on CaO nanocrystals. [e] 2% loading as a
coating of Fe,O; on CaO microcrystals.

Table 2. pH change for suspensions of nano- and microcrystalline suspensions of
ZnO, CuO, and Al,O; in cold water.

Metal oxidel®  Starting surface pH after Initial rate Final pH
area (average) [m?g~'] 50 s [pH change per s]
NC-ZnO 130 6.3 0.014 8.4
CM-ZnO 15 6.7 0.022 8.5
NC-CuO 135 6.4 0.016 7.5
CM-CuO 0.7 5.8 0.004 6.5
NC-ALO; 790 7.0 0.027 7.4
CM-ALO; 110 6.5 0.0018 6.8

[a] NC- signifies nanocrystalline, and CM- signifies commercially available poly-

crystal

line material. [b] Initial pH of water was 5.6.

the pH up that is more than double that of more conventional
powder samples. However, for CaO samples, a material that
reacts strongly and exothermically with water to yield
Ca(OH), (which is more soluble in water than Mg(OH),),
the initial rates are about the same for different samples. This
can also be appreciated by observing the high final pH values.

Also of interest is that the initial rate of pH change can be
slowed by coating the MgO or CaO particles with a very thin
Fe,O; layer, and these layered core/shell materials have
proven especially effective in chlorocarbon destructive ad-
sorption.?!

Table 2 contains data on other nanosize metal oxide
particles compared with commercially available powders.
Mainly it should be noted that the initial rates are much
slower and the final pH values considerable lower, which is
expected of Al,O3, ZnO, and CuO.

Generally nanomaterials cause pH adjustments more
rapidly than normal powders, and this is especially true for
MgO and AlLO;. These results can be explained by surface
area effects, and enhanced surface reactivity per m? is not
indicated by these pH studies of powder samples. On the
other hand, in destructive adsorption studies in which polar
organic molecules are adsorbed, nanomaterials do exhibit
inherently more active surfaces, and several examples are
discussed below.

2508
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Figure 7. Rate of dehydrochlorination of 2-CEES (CH;CH,SCH,CH,Cl)
by MgO nano- and microcrystalline samples at room temperature.

Acetaldehyde is adsorbed vigorously by AP-MgO. Com-
pared with CM-MgO over the same time period, more than
ten times as much acetaldehyde was adsorbed, and the initial
rate was much higher.?*l The reaction of chloroethylethyl
sulfide (CH;CH,SCH,CH,Cl, 2-CEES, a mimic of CICH,-
CH,SCH,CH,CI, mustard gas) with AP-MgO, CP-MgO, CM-
MgO, and AP-Mg(OH), is shown in Figure7 [see also
Egs. (1a) and (1b)]?] Normal MgO (CM-MgO) is completely
unreactive, whereas the nanocrystals are highly reactive.

CH,CH,SCH,CH,Cl -™*°, CH,CH,SCH=CH, + HCl (1a)
2HCI + MgO —MgCl, + H,0 (1b)

There are numerous other examples. A particularly inter-
esting one is the destructive adsorption of paraoxon (an
insecticide and chemical warfare mimic) in pentane solution,
in which AP-MgO is vastly superior to activated carbon
samples both in rate and capacity (see Scheme 2).12¢ 7]

O 0] O

P g

N
P
/

7N\

l
ON— @O—P—(OEt)2+MgO > OE[t O]Ft T)

Paraoxon

Scheme 2. Destructive adsorption of paraoxon.

AP-MgO strongly adsorbs a monolayer or about one
molecule paraoxon per nm? whereas a typical activated
carbon adsorbs about ' of this per nm?. Initial rates were also
vastly different: 3.3 x 10~ molmin~' AP-MgO versus 0.28 x
10~> molmin~! for activated carbon.

We believe that this high adsorptive rate and high capacity
are due to the polar nature of the metal oxide surface coupled
with its reactive coordinately unsaturated surface (high
percentage of edge/corner sites, vacancies, and other defects).
However, another important reason is the accessibility of
incoming adsorbates to the nanocrystalline surfaces. The
nanocrystals actually exists as highly porous aggregates with
large pore openings.
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A question of some importance is: “can these great
adsorbent properties be preserved after the nanocrystalline
powders have been consolidated into hard, robust pellets
(which is the likely form to be used in industry) ?” Generally,
the answer is yes, pellets can be formed and porous natured
preserved, especially at low to moderate pressing pressures. In
fact, pressure can be used to control pore structure, as shown
in Table 3. Note that below about 2.59 x 103 Torr the pore

Table 3. Effects of compaction pressure on nanocrystalline MgO.

Load Surface area Total pore Average pore
[x 10° Torr] [m?g~!] volume [cm3g~!] diameter [nm]
0 443 0.76 6.9
2.59 434 0.57 53
5.17 376 0.40 42
10.34 249 0.17 2.7

structure remains relatively intact, and these pellets behave in
adsorption processes essentially identical to the loose pow-
ders. For example, the rate and capacity of adsorption of
methanol on pellets compressed at 0 (loose powder), 0.517 x
105, 1.034 x 10%, and 2.59 x 10° Torr were nearly identical.
However, pellets produced at 5.17 x 10° or 10.34 x 10° Torr
were slower and less was adsorbed.!

There are other examples of powder —pellet comparisons in
chemical processes and two are presented here. Returning to
acetaldehyde, both nanoscale MgO and Al,O; vigorously
adsorb this aldehyde (with much higher rates and capacities
than for activated carbon). The MgO or Al,O; can be loose
powder or compressed pellets. In a gas-recirculating reactor,
containing acetaldehyde vapor mixed with air, the rate and
capacity of adsorption of pellets and powder were measured;
the results are shown in Figure 8. Note that only when very
high compression pressure was used, was the adsorption
process hindered.

Conclusion

It has been demonstrated that nanocrystalline metal oxides,
especially MgO, CaO, Al,0O5, and ZnO,?! have unparalleled
sorption properties for polar organics, acid gases, and other
chemical species. Usually, destructive adsorption (dissociative
chemisorption) takes place so that the target adsorbate is
irreversibly destroyed. Unique morphological features (crys-
tal shapes), pore structure, polar nature of the surfaces, and
high surface areas are believed to account for these unusual
sorption properties. Furthermore, these features can be
maintained even after compression into pellets. Indeed, pore
structures (pore volume and pore size openings) can be
roughly controlled by compression pressure.

Since the oxide can be chosen for desired Lewis base/Lewis
acid strengths, and since the oxides can be produced with thin
layers of other chosen materials (e.g. Fe,0;, V,0;, Mn,03,
ZrO,, etc.), surface chemical properties can be further

Chem. Eur. J. 2001, 7, No. 12
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Figure 8. Rate of adsorption of acetaldehyde by nanocrystalline Al,O; in
powder or pellet form. The following pressures were used to compact and

form the pellets at room temperature: & =powder, m=2.59 x 10° Torr,
A =5.17 x 10° Torr, x =10.34 x 10° Torr.

modified as desired. It is also possible to load catalytic metals
such that very high dispersions are possible, whereby the
nanocrystalline oxide serves as an unusual catalyst support,
for example Cu on ZnO.)

An often asked question about these new adsorbents is: “do
they remain active in the presence of moist air?” The answer
is affirmative for hours or days, but not months or years. Of
course it depends on the specific application, for example, for
the adsorption of aldehydes out of an air steam, 10 days prior
exposure to room air did not significantly affect sorption
properties of the nanocrystalline powder toward the alde-
hydes.*l

Thus, there is great flexibility in design, and it would appear
that nanocrystalline metal oxides represent a broad class of
new porous inorganic materials.
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Abstract: The term halogen bonding describes the ten-
dency of halogen atoms to interact with lone pair
possessing atoms. The binding features and structural
properties of halogen bonding are discussed and applied
to drive the intermolecular self-assembly of hydrocarbons
and perfluorocarbons in chemo-, site-, and enantioselec-
tive supramolecular synthesis. The halogen bonding is
thus an effective and reliable tool in crystal engineering at
the disposal of the supramolecular chemist.

Keywords: donor-acceptor complexes - fluorine -
Khydrogen bonds - iodine - supramolecular chemistry j

Introduction

Metal ion coordinationl is frequently the key interaction in
inorganic system self-organisation and hydrogen bonding/ is
by far the most frequently used tool to assemble organic
molecules in the solid, liquid, or gas phase. In this paper we
show how halogen bondingP! is also an effective and reliable
tool in crystal engineering and can be considered as a new
item of the palette of non-covalent interactions on the
disposal to the chemist as the cement to assemble molecules
into supramolecular architectures.

It is well known that halogen molecules (frequently iodine
and bromine, but also chlorine and even fluorinel) or alkyl
and aryl halides form complexes with atoms containing lone
pairs.”! This tendency had already been recognised as early as
two centuries agol® and more recently a large number of more
or less stable intermolecular complexes obtained by using this
non-covalent interaction have been described, as described in
Table 1.

An electron density transfer occurs from the electron donor
site (Lewis base) to the halogen atom (acceptor site, Lewis

[a] Dr. P. Metrangolo, Prof. Dr. G. Resnati

Department of Chemistry
Polytechnic of Milan, 7, via Mancinelli
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Fax: (+39)-02-2399-3080
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[**] Perfluorocarbon-Hydrocarbon Self-Assembly, Part 14;
for Part 13 see: ref. [17d]
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Table 1. Selected examples from the literature of complexes between
halogens, interhalogens or halocarbons and various lone-pairs possessing
heteroatom substituted hydrocarbons.

Electron Electron Interaction
acceptor donor parameter
Br, trimethylaminel® -
1,4-dioxanel® dpr.0 271 A
Cl, dey.o 2.67 A
CHI, quinolinel®! d.x 3.05A
1 4-dithianel d.s 332A
1,4-dioxanel®! d.o 3.04 A
1,4-diselenane d.s. 351 A
hexamethylenetetramine d.x 294 A
triethylaminelf! Kpp 32
CHBr;, Kpp 0.9
CHCl, Kpp 04
BrCl ammonial®! dpn 2.63 A
hydrogen sulfide dy,..s 3.01 A
CIF ammonia denn 238 A
hydrogen sulfide da.s 2.86 A
1,CH, 1,4-dinitrobenzenelt! di.o 337A
TCNQ dix 345A

[a] J. E. Norris, I. Remsen, Am. Chem. J. 1896, 18, 90; [b] O. Hassel, J.
Hvoslef, Acta Chem. Scand. 1954, 8, 873; [c] T. Bjorvatten, O. Hassel, Acta
Chem. Scand. 1962, 16,249; [d] T. Bjorvatten, O. Hassel, Acta Chem. Scand.
1966, 20, 2601; [e] C. K. Prout, B. Kamenar, Molecular Complexes, Vol. 1
(Ed.: R. Foster), Elek Science, London, 1973, p. 151; [f] C. Geron, M.
Gomel, J. Chim. Phys. Phys.-Chim. Biol. 1978, 75, 241; [g] A. C. Legon,
Angew. Chem. 1999, 111, 2850; Angew. Chem. Int. Ed. 1999, 38, 2686;
[h] E. H. Allen, B. S. Goud, V.J. Hoy, J. A. K. Howard, G. R. Desiraju, J.
Chem. Soc. Chem. Commun. 1994, 2729.

acid) resulting in an interpenetration of van der Waals
volumes. Some characteristics of these non-covalent interac-
tions depend on the nature of the interacting partners, for
instance the relative role of the specific attractive forces
between the involved atoms (e.g. electrostatic effects, polar-
isation, charge-transfer, dispersion contributions).”? Some
other aspects remain quite constant in a wide variety of
interactions, for instance the angle (approximately planar in
most cases) formed by the covalent and non-covalent bond-
ings around the halogen atom. Numerous properties charac-
terizing this interaction run parallel to those of the hydrogen
bond and the term “halogen bond” has been proposed to
stress the existing analogies.P!

Halogen molecules (mainly I, and Br,, but also Cl, and
interhalogens such as ICl) have traditionally played a key role
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in the identification of the structural aspects of these
intermolecular interactions. They nevertheless may not be
the ideal modules to define the inherent characteristics of the
halogen bonding. In fact, one or both the iodine atoms of I,
work as electron acceptors as a function of the strength of the
electron donor species, resulting in dramatic differences on
the supramolecular architecture of the formed co-crystals.[¥] In
other cases I, can work as an amphoteric species, one iodine
atom functioning as electron acceptor and the other as
electron donor."

The use of modules which are better defined and more
robust in the pattern of the halogen bonding they inherently
tend to form, allows a deeper and more subtle study of the
characteristics of this intermolecular interaction. Polyhalo-
genated carbon derivatives possess these definition and
robustness requirements and have already been employed
with a wide variety of electron donors. For instance, triiodo-
and tribromomethane as well as their tetrasubstituted ana-
logues have been used since early sixties while, more recently,
particular attention has been paid to diiodobenzene!"” and
iodoacetylenenel'l derivatives. Being bound to a carbon
framework, the different halogen atoms of these compounds
do not directly interact each other from the electronic point of
view and thus work as independent acceptor sites, the
involvement of one of them in an halogen bonding causing
no substantial changes in the binding ability of the other
halogen atom(s) of the molecule.

In order to deepen the understanding of the properties of
the halogen bonding and structural aspects of the supra-
molecular architectures in addition to the potential of this
interaction in crystal engineering, we focussed our attention
on haloperfluorocarbon compounds as they present some
advantages with respect to their hydrocarbon parents.

Fluorine atoms and perfluorinated residues are strongly
electronegativel™? so that the electron accepting ability of
halogen atoms in perfluorocarbon (PFC) halides is definitely
higher than in corresponding hydrocarbon (HC) halides.
Emblematically, the reaction of trimethylamine with iodo-
methane begins with the nitrogen lone pair entering the
carbon atom from the opposite side to the iodine atom in an
S\2-type reaction. In contrast, trimethylamine reacts with
iodotrifluoromethane through either a halogenophilic mech-
anism (i.e., S\2 attack on the partially positively charged
halogen) or an Sgy1 sequence;3 in both cases the start of the
reaction is marked by the entrance of the nitrogen lone pair
on the iodine atom from the side opposite to the carbon atom.
Moreover, C—H groups in the HC halides can be involved in
weak attractive interactions with electron donor sites!'*! and
their formation may prevent or alter the formation of other
interactions of comparable strength, as may sometimes be the
case of the halogen bonding. Differently, the C—F groups of
PFC derivatives have a very weak tendency to give rise to any
attractive interaction, as made apparent by the non-miscibility
of many perfluorinated hydrocarbons, ethers, and tertiary
amines with both water and common organic solvents.'”] As a
consequence, the use of PFC halides minimises possible
interferences in a pattern of intermolecular interactions
controlled by the halogen bonding. Finally, one of the reasons
of the recent revival of interest in the use of iodine for the
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formation of halogen bonded co-crystals, is that I, allows
polymorphs to be isolated and interconverted® as it easily
works as a removable structural template. Also PFC deriva-
tives can behave similarly as they are notoriously more
volatile than parent HCs.

Discussion

Few reports can be found in the literature describing the
attractive intermolecular interaction existing between PFC
halides and nucleophilic species, low temperatures being
frequently used when solid complexes were studied.'®! The
employment of dihalo PFCs and dinitrogen HCs allowed us to
obtain adducts which are routinely solid and stable in the air
at room temperature. Indeed, when bifunctional electron
acceptors and bifunctional donors are used, the interaction is
doubled at either ends of the modules and the one-dimen-
sional infinite chains formed are solid at room temperature,
while analogous dimers, formed by monofunctional modules,
are usually liquid under the same conditions. The effective-
ness of the protocol is proven by the fact that a wide diversity
of highly crystalline supramolecular architectures have been
obtained starting from diiodoperfluoroalkanes or -arenes as
acid modules and from pyridine derivatives or dialkyl- or
trialkyl amines as basic modules!'”! as in Scheme 1.

Extensive studies of these halogen-bonded architectures by
X-ray analyses showed how the attractive N .-« I-R;interaction
(Ry=perfluoroalkyl or perfluoroaryl residue) is specific,
directional and strong enough to overcome the low affinity
existing between PFC and HC modules and to drive their self-
assembly into one-dimensional infinite networks. The sim-
ilarity between perfluoroalkyliodides and iodine in halogen
bonded co-crystal formation holds not only for the N ---1 bond
length, which is around 2.80 A in the N---I-R; adducts
(approximately 0.8 times the sum of the van der Waals radii
for nitrogen and iodinel’®l), but also for the N-..I-X angle
width (X =C or I, respectively); the latter spans from 177 to
165° (see Schemes 1, 2) in a nearly linear geometry of the N «.-
I-X system, which is consistent with the n —o* character of
the interaction. An extented C—X (X =Br, I) bond length
was observed in the co-crystals with respect to the pure halo
PFC, so generally the stronger the halogen bonding, the
greater the lengthening turns out to be, consistent with an
electron donation from nitrogen to iodine.?"!

A covalent bond can be characterised by its length and
dissociation energy, or alternatively by the selective reactions;
the selectivity then is merely a result of the peculiarities of the
bond and its surrounding. Similarly, a non-covalent interac-
tion can be characterised by its geometric and energetic
properties or by the selective supramolecular synthesis. After
establishing some structural features of the halogen bonding
(e.g. bond angles and lengths) as briefly summarised above,
some dynamic features (e.g. recognition preferences, ability to
prevail over other interactions in driving self-assembly
processes, and ability to be exchanged from one network to
another without losing its structural properties) will be
addressed by considering conveniently tailored experiments
of selective non-covalent synthesis where the components
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Scheme 1. Diagrams showing co-crystals given by aliphatic dinitrogen HCs with a,w-diiodoperfluoroalkanes (top) and aromatic dinitrogen HCs with a,w-

dihaloperfluoroarenes (bottom).

(sites) involved in self-assembly phenomena are identified out
of a multi-component (multi-site) system.

Selectivity between hydrogen bonding and halogen bonding:
A first indication of the relative strength of the hydrogen and
halogen bonding came from solution calorimetry which is a
simple and convenient tool to study weak intermolecular
interactions. A complex formation enthalpy (AH;) of
31.4 kJ mol~!' was measured for the dimer between 1-iodoper-
fluorohexane and 2,2,6,6-tetramethylpiperidine?l and a pro-
totype hydrogen-bonded complex (triethylamine/n-butanol)
gave AH;=23 kImol 1 The difference between halogen
and hydrogen bonding for other couple sets can be even larger

Chem. Eur. J. 2001, 7, No. 12
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than we report here as tetramethylpyperidine is a medium
strength electron donor.!

Experimental results consistent with this relative strength of
the halogen and hydrogen bondings were obtained by directly
contrasting the two interactions in competitive experiments.

A solid halogen bonded network is obtained by co-
crystallising 1,2-bis(4-pyridyl)ethane and 1,4-diiodotetrafluoro-
benzene; when the same Lewis base is treated with hydro-
quinone an hydrogen bonded one-dimensional infinite chain
is formed. The thermal characterisation by differential scan-
ning calorimetry (DSC) of co-crystals thus obtained gave
some useful qualitative information about the species formed.
The melting endotherms of the pure components were
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missing in corresponding co-crystals. The difference between
the melting point of the halogen bonded complex and the
melting points of starting modules was definitely higher than
shown by the hydrogen bonded co-crystal and corresponding
starting modules. These results, along with the measurement
of fusion enthalpies, clearly indicate that halogen bonded
assemblies are more effectively stabilised than solids held
together by hydrogen bondings.

To test the ability of the halogen bonding to control the
selection of the interacting partners, equimolar amounts of
the above-mentioned three components (1,2-bis(4-pyridyl)-
ethane, 1,4-diiodotetrafluorobenzene, and hydroquinone)
were dissolved in excess acetone. After a few days at room
temperature, only the pure co-crystal compounded by the
dinitrogen heteroaromatic and the diiodoperfluoroarene
separated, while hydroquinone remained in solution
(Scheme 2). In this system halogen bonding proved more

e = alliphatic or sromabic denftrogen hydrocarbons
(slaciron-onor mddubas)

88 - alipnatic or arematic dibydroxy hydrocarbona
|Eleciran-accaplor medilas]

= gliphatic or aromatic «,a=diicdoparfisorocarbons
|l brgan-AccaninT modles)

«= @m halogen bonding

-.—--l-. - a— P -——

Scheme 2. Schematic diagram representing the formation of hydrogen
bonded a) and halogen-bonded b) networks. When the two non-covalent
interactions are competing at the same time in the solution c), the latter
prevails over the former in identifying the modules to be involved in the
self-assembly process.

effective than hydrogen bonding in controlling the construc-
tion of supramolecular architectures.

Other competitive experiments performed with aliphatic
rather than aromatic molecular units further proved the
general ability of halogen bonding to prevail over hydrogen
bonding in identifying the complementary motifs involved in
the supramolecular self-assembly process.

Hydrogen bonding plays an important role in stabilising
supramolecular aggregates even in water. In aqueous solution
the nitrogen lone pairs of N,N,N',N'-tetramethylethylenedi-
amine (TMEDA) are hydrogen bonded to the solvent; when a
stochiometric amount of 1,2-diodotetrafluoroethane, which is
completely insoluble in water, was added to an aqueous
solution of TMEDA, a rapid precipitation of the pure halogen
bonded co-crystal occurred. N,N,N',N'-Tetramethyl-1,4-buta-
nediamine and its -1,6-hexane- analogue as well as 4,4'-
dipyridyl gave similar behaviour. In all these cases, halogen
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bonding is strong enough to drive the phasing out of the
different dinitrogen compounds from the aqueous solution.?

Interestingly from a preparative point of view, no crystal-
lisation water is ever found in the formed PFC-HC complexes,
when starting from the hydrated form of the hydrocarbon
electron donor; this is largely independent from the solvent
used for the crystallisation. This peculiar property of halogen
bonded PFC iodides to substitute water in the crystal packing
of the lone-pair donors, coupled with the easy removal of
these iodoperfluoro compounds from the formed PFC-HC co-
crystals through vacuum pumping, could be developed as a
general, low cost, and large scale way to obtain dinitrogen
electron donors (or their derivatives) in anhydrous form.
Indeed, polyamines and their N-oxides are usually highly
hygroscopic and their dehydration is often troublesome. This
is the case for instance of 1,4-diazabicyclooctane (DABCO)
and 4.,4'-bipyridine-N,N'-dioxide; these chemicals are mar-
keted in polyhydrated form and were easily obtained in
anhydrous form by co-crystallisation with 1,2-diiodotetra-
fluoroethane and 1,4-diiodotetrafluorobenzene, respectively,
and successive sublimation of the iodoperfluoro module.

Selectivity amongst different electron acceptors: Numerous
analytical techniques consistently show how in the solid,
liquid and gas phases the halogen bonding formed by chlorine,
bromine and iodine atoms have different strengths.[b ]
Quantum chemical calculations at the DFT and MP2 level
on the CF;X..-NHj; intermolecular interactions,” predict
that the non-covalent binding energies in the complexes
increase moving from chlorine to bromine to iodine, thus
following the order of halogen atom polarisabilities, consis-
tent with a key role of halogen polarisation (and/or charge-
transfer energies) in the interaction. A non-covalent binding
energy as high as 27 kJ mol~' is calculated for the CF;I.-- NH;
interaction.

The same scale of electron acceptor effectiveness (R;-Cl <
R;-Br < R;-I) was established by using °’F NMR spectro-
scopy.’> ! The -CF,X signals show large high-field shifts
(A0 .cr,x = O.CEX in n-pentane — O-CE;X solution with electron donor ->>0) Upon
halogen bonding formation and the stronger the interaction,
the larger the shift. The F NMR spectra of 1,2-diiodo- and
1,2-dibromotetrafluoroethane as well as of various 1-iodo-
and corresponding 1-bromoperfluoroalkanes have been re-
corded by using a wide set of structurally different electron
donor compounds, the upfield shifts given by the iodine
substituted Lewis acids being invariably larger than those
given by the bromine substituted acids (Table 2).

The acidity scale (Cl < Br <I) we observed in PFC halides
is the same reported for HC halides,™ 29! fluorine for hydrogen
substitution simply resulting in definitively stronger interac-
tions as predicted theoretically?!l and proven experimental-
1y.?’I The neighbouring group effect on the electron accepting
properties of a given halogen atom has been widely recog-
nised, where the introduction of electron withdrawing resi-
dues results in stronger interactions.”?”! The chemical shift
changes in '°’F NMR spectra of perfluoroalkyl halides, induced
by a given electron donor, increase moving from primary to
secondary to tertiary halides;!'® the halogen bonding (pre-
reactive state)Bedl evolves into a chemical reaction under
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Table 2. YF NMR chemical shift differences of 1,2-dihalotetrafluoro-
ethanes in different solvents.

Solvent I(CF,),I Br(CF,),Br
Aé(‘le[m] Aé(?F:Br[a]
cyclohexylamine 11.10 2.37
piperidine (PPR) 11.23 2.40
2,2,6,6-tetramethyl-PPR 6.92 1.48
N-methyl-PPE 8.89 2.07
1,2,2,6,6-pentamethyl-PPR 2.64 0.56
tetrahydrofuran 4.13 0.95
tetrahydrothiophene 5.38 0.76
pyridine 7.32 1.12
2,6-dimethylpyridine 5.86 0.90
4-isopropylpyridine 7.71 1.18
4-acetylpyridine 5.87 0.90
furan 1.11 0.13
thiophene 1.41 0.26
acetonitrile 2.74 0.45
[a] Ao = dn-penlane — Ogolvents OICFZCFZI in n-pentane = 52.42; 6BrCF2CF:Br in n-pentane =
—63.32.

milder conditions when starting from a tertiary than from a
secondary or even a primary perfluoroalkyliodide.

In the solid phase, the acidity scale I > Br > CI has been
firmly recognised through Cambridge Structure Database
searches.”l As a result, it is not surprising that when
diiodoperfluoroalkanes interact with dinitrogen substituted
hydrocarbon donors (e.g. amine and pyridyl derivatives)
halogen bonded adducts, which are solid at room temper-
ature, are routinely formed, while dibromo- or dichloroper-
fluoroalkanes form adducts which are liquid; the higher
volatility of these latter acids possibly play a role in this
difference. Moreover, while both dibromo- and diiodoper-
fluoroarenes form solid 1:1 co-crystals with dinitrogen sub-
stituted HC donors (e.g. 1,4-dibromo- and 1,4-diiodotetra-
fluorobenzene with 1,2-bis-(4-pyridyl)ethane) (Scheme 3),
melting points of bromine containing co-crystals are defini-
tively lower than those of corresponding iodine containing co-
crystals.

[ | Lo
Ay ¥
il-‘h -i." ""\.\_‘_\‘ 1l &
=M K- ., [ ¥ ]
DISTANCE  ANGLE -'1 -
X = TG & TrhH) [y ey +
A=Br 30340 a T2201} o g ""..‘-i"‘-‘
- [ |
e
[

Scheme 3. Comparison of the structural parameters of two co-crystals
given by 1,2-bis(4-pyridyl)ethane and 1,4-diiodotetrafluorobenzene (top)
and 1,4-dibromotetrafluorobenzene (bottom). Colours are as follows: blue,
nitrogen; orange, fluorine; red, iodine; violet, bromine; grey, carbon.

While only qualitative correlation can be established
among the intermolecular interaction strength and the melt-
ing point, we adopted the melting point differences among co-
crystals, containing structurally related modules, as an heu-
ristic principle to predict the co-crystal precipitating prefer-
entially from multi-component solutions. Indeed, co-crystals
formed by 1,4-diiodotetrafluorobenzene with either 1,2-bis-
(4-pyridyl)ethane or a 2,2":6',2"-terpyridine! precipitates in
pure form from a clear acetone solution also containing

Chem. Eur. J. 2001, 7, No. 12
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equimolar amounts of 1,2-dibromotetrafluorobenzene; this is
despite the fact that this latter acid also gives rise to solid and
high melting adducts with the above-mentioned donors. While
dibromoperfluoroalkanes do not form solid co-crystals with
diamino or dipyridyl-substituted hydrocarbons, they can be
incorporated into solid supramolecular architectures if par-
ticularly strong electron donors are used, namely if anionic
rather than neutral bases are employed. For instance,
preliminary experiments show how 2,3-dibromohexafluoro-
propane forms infinite networks which are solid at room
temperature when bromide anions work as electron donor
motifs and the self-assembly process is effective and selective
enough to allow the resolution of the racemic fluorocarbon
into single enantiomers when the hydrobromide of an
enantiopure amine is used as donor species.[?’!

Selectivity amongst different heteroatoms as electron donors:
While different heteroatoms with free lone pairs (e.g. O, S, N,
P) can work as electron donors to PFC as well as HC halides,
up till now heteroatom NMR spectroscopy has been used to
detect the direct involvement of the heteroatom in the
halogen bonding only for nitrogen substituted electron
donors. For instance, on dimer formation between quinucli-
dine and 1-iodoheptafluoropropane, the “N NMR signal
shifts to lower fields and undergoes a significant line broad-
ening (up to 7 ppm and up to 2.25 times, respectively, under
conditions of maximum complexation), consistent with an
increase in the quadrupolar relaxation of the N nucleus due
to a specific I--+N intermolecular association.!

'H and *C NMR spectra of the donor modules also can
show major changes on halogen bonded complex formation,
but the most effective and simple tool to detect the formation
of the halogen bonding in the liquid phase is F NMR
spectroscopy of PFC halides. In fact, the Adrx values
revealed to be a sensitive probe to rank not only the acceptor,
as discussed above, but also the donor motifs according to the
strength of the halogen bonding they form (Table 2). Ad_cg,x
Values, obtained by using several mono- or dihaloperfluoro-
alkanes as electron acceptor motifs, allowed a wide series of
heteroatom substituted HC derivatives to be ranked as a
function of their electron donor ability. In general, n-donors
work better than m-donors and, for a given heteroatom,
stronger interaction is observed in higher hybridisation states.
Both steric and electronic effects in the donor module affect
the strength of the halogen bonding formed by a given
heteroatom. The more crowded the environment around the
donor site is, the weaker the resulting interaction. An electron
withdrawing or releasing environment around the donor
heteroatom diminishes or increases, respectively, its donor
ability. Interestingly while amongst the different halogens the
tendency to form short C-X-.--El interactions (El =electron
donor) is the same in HC and PFC halides (I > Br > Cl), as
far as different heteroatom donors are concerned the order in
which the interactions become stronger is S <N < O and
S,O0 < N when HC and PFC halides are employed,
respectively.

Raman and IR spectroscopies are also powerful tools to
detect the formation of halogen bonded adducts because they
allow the ranking of electron donors as a function of their
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strength both in the liquid and in the solid phases.””) The
scales obtained by using vibrational spectrosopies are strictly
parallel to those filed by F NMR spectroscopy. Compared
with the stretching modes of the pure starting modules,
halogen bonded complexes involving PFC halides show blue
and red shifts for the C—H and the C—F stretching modes,
respectively. However, the more diagnostic signals are the
C—I stretching modes and the -CF,I deformation modes in
Raman spectra (occurring in the 270 and 670cm™! region,
respectively); both bands undergo a red shift in the Ry-I+-+-El
adduct. Better donors result in larger shifts; for instance,
ethers and thioethers cause smaller red shifts than amines and
the larger the steric hindrance around the donor heteroatom,
the smaller the observed red shift.

Our search for heteroatom sites which can work as better
electron donors than amine and pyridine moieties moved
from the observation that for oxygen donors, the higher the
electron density on the oxygen, the stronger its electron donor
ability. For instance, the AJ cgx shown by 1,2-diiodotetra-
fluoroethane with acetone, DMSO, and HMPA are 3.63, 7.22,
and 8.23, respectively.?’! Tt is thus not surprising that hetero-
aromatic N-oxides give particularly large high field shifts in
F NMR spectra of PFC halides. These shifts are even larger
than those given by the nitrogen atoms of corresponding non-
oxidized heteroaromatic parent compounds?®” as if the oxygen
atoms of N-oxides are stronger donors than the nitrogen
atoms of corresponding parent heteroaromatic compounds.
Indeed, 1,4-diiodotetrafluorobenzene easily gives solid one-
dimensional infinite networks with both 4,4"-bipyridine and its
N,N-dioxide, Raman and IR analyses of the two co-crystals
confirming that the I..-O interaction is, in these cases,
stronger than the I-.-N interaction. Consistent with these
results only the oxygen donor is present in the solid supra-
molecular architecture which forms preferentially, while the
nitrogen donor remains in solution (Scheme 4), when a
mixture of 4,4-bipyridine, its N,N'-dioxide, and 1,4-diiodo-
tetrafluorobenzene is crystallized.
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Scheme 4. Schematic diagram representing the formation of halogen-
bonded networks involving 1,4-diiodotetrafluorobenzene and 4.,4'-bipyr-
idine a) and its N,N'-oxide derivative b). When the three components are
present at the same time in the solution c), the crystal containing the N,N'-
dioxide forms preferentially as the O -+« I interaction prevails over the N+« I
interaction in identifying the modules to be involved in the co-crystal.
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The R -+ O-N halogen bond formed by pyridine N-oxide
being particularly strong, prevails not only over other halogen
bondings formed by different heteroatoms but also over the
OH---O-N hydrogen bond. X-ray single-crystal analysis
shows how crystallisation of the polyhydrated form of 4,4'-
dipyridyl-N,N'-dioxide and 1,4-diiodotetrafluorobenzene
from methanol generates a solid supramolecular network in
which the N,N'-dioxide and the diiodofluorobenzene are
exclusively present and alternate in a one-dimensional linear
fashion. Clearly, the halogen bonding induces the precipita-
tion of the N,N’-dioxide out of a methanol solution where it is
heavily involved in hydrogen bonding networks; the N,N'-
dioxide can be obtained in pure and anhydrous form after the
iodofluoroarene is sublimed from the co-crystal. The halogen
bonding stores the information for selection and instructs
both the electron acceptor (competitive crystallisation of 4,4'-
bipyridine, its N,N-dioxide, and 1,4-iiodotetrafluorobenzene
mixture) and the electron donor (crystallisation of 4,4'-
bipyridyl-N,N-dioxide polyhydrate and 1,4-iiodotetrafluoro-
benzene from methanol) to choose the partner with which it
show preferential interaction.

Selectivity between different nitrogen atoms as electron
donors: Whenever dinitrogen HCs having a linear shape
interact with a,w-dihalo-PFCs which have a rod-like structure
(Figures 1 and 2) one-dimensional infinite chains invariably
form in which the halogen bonding reiterates at either ends of
each module and all the donor and acceptor sites interact each
other.BYY When more complex modules are used, the reli-
ability of the rational design diminishes as others factors
(halogen bonding induced conformational changes in the
modules, steric hindrance prevention against the halogen
atom approach to the donor site, etc.), can influence the
binding pattern and the lattice organisation in the co-crystals.

This is the case, for example, for 4'-(4-methylphenyl)-2,2":6'-
2"-terpyridine, which works as a bidentate donor when it
forms co-crystals with 1,4-diiodotetrafluorobenzene, its di-
bromo analogue, and 4,4'-dibromooctafluorobiphenyl.”®! In
the supramolecular architectures obtained, the HC and PFC
modules are ordered in a herringbone fashion by the halogen
bonding between the 1,1”-nitrogen atoms of each terpyridine
(TPY) unit and two iodine atoms of two distinct perfluoroar-
ene units (Scheme 5).

When TPY derivatives self-assemble with metal cations
they adopt a partner induced conformation and reshape from
the ground state 2,2'-s-trans,6',2"-s-trans conformation®? to
the less stable 2,2'-s-cis,6',2"-s-cis arrangement®®! in order to
work as tridentate donors to a single cation. Differently, it
preserved in the halogen-bonded co-crystal the ground state
s-trans-s-trans arrangement, when we used TPY with haloper-
fluoroarenes, so that the approach of an iodine atom to the 1'-
nitrogen was hampered by the two ortho pyridyl appendages
and only the two 1,1”-nitrogens were halogen bonded. A site-
selective supramolecular synthesis is realised as a conse-
quence of steric hindrance.

Other cases have been observed where HC electron donors
maintain their ground state conformation when involved in
halogen bonded networks while they adopt a partner induced
conformation when binding a metal cation. This difference
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Scheme 5. a) View of the ribbon given by 4'-(4-methylphenyl)-2,2":6'-2"-
terpyridine with various dihaloperfluoroarenes. b) Infinite network formed
by the reported macrotricyclic cylindrical cryptand and 1,4-diiodotetra-
fluorobenzene. In the HC—-PFC supramolecular architecture only two of
the four nitrogens of the electron donor motif are halogen-bonded to
iodine atoms of the acceptor motif.

between halogen bonding and metal binding is not surprising
if we consider that the strength of the latter interaction is
intermediate between the covalent and the non-covalent
domain. For instance, when the macrotricyclic cylindrical
cryptand reported in Scheme 5 chelates metal cations it
completely reshapes its structure,* directs all the four lone
pairs inside the cavity and works, as far as nitrogen sites are
concerned, as a tetradentate donor to a single metal ion.
Conversely, when the cryptand interacts with 1,4-diiodotetra-
fluorobenzene it maintains its ground state conformation
where only two out of the four nitrogen lone pairs are
oriented inside the cavity so that it involves in halogen bonds
only the two nitrogen lone pairs which are outwardly oriented
thus behaving as a bidentate donor to two different iodines.3

Both K.2.2. (K =krypto fix) and K.2.2.2. afford one-dimen-
sional infinite chains with a,w-diiodoperfluoroalkanes.: %
The competitive co-crystallisation, in which all three compo-
nents are present in the solution, gives preferentially the
infinite chain containing K.2.2. and the PFC diiodides. This is
due to the fact that K.2.2. is pre-organised for divergent exo-
intermolecular recognition processes®! as the nitrogen lone
pairs are directed outside the cavity defined by the polyoxo-
methylene chains®”! in the ground state conformation while
K.2.2.2. directs its lone pairs inside the cavity and has thus to
undergo nitrogen inversion before giving the PFC-HC co-
crystal. The relevance of the ground state conformation of the
donor module in divergent self-assembly processes becomes
apparent.

In all the supramolecular architectures described above, the
pattern of the crystal lattice is mainly controlled by the
halogen bonding, as often occurs when the formation of a co-
crystal is obtained resorting to a strong intermolecular
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interaction. But cases may also exist where the halogen
bonding collaborates with another interaction to determine
the packing of the module in the crystal lattice. For instance,
in the co-crystal obtained starting from a 1,3-bis-(pyridylme-
thyl)calix[4]arene derivative and 1,4-diiodotetrafluoroben-
zene, ¥ the two modules are held in a sandwich arrangement
by the attractive m,m-interactions™! occurring between the
electron rich phenol ring faces directed outside the calixarene
cavity and the two electron poor faces of 1,4-diiodotetrafluoro-
benzene, see Scheme 6.
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Scheme 6. ORTEP III view of the crystal packing of the two-dimensional
supramolecular network given by 1,3-bis-(pyridylmethoxy)calix[4]arene
and 1,4-diiodotetrafluorobenzene. Colours are as follows: black, carbon;
sky blue, nitrogen; red, oxygen; violet, iodine; green, fluorine. Hydrogen

atoms and methyl groups of calixarene module are omitted for clarity.
Dotted lines represent the intramolecular hydrogen bonds.

Infinite one-dimensional non-covalent ribbons are formed
in which the two modules alternate and different ribbons are
cross-linked in a two-dimensional supramolecular network by
the halogen bonding between the picolyl nitrogen atoms of
calixarene modules in one chain and iodine atoms of the
perfluoroarene module in another chain. In this crystal lattice,
only a half of the halogen bondings which can potentially be
formed are present as a result of the requirements associated
with the presence of m,m-interactions and with the space filling
by the packing of large molecules.

Conclusion

It has been proven that the halogen bonding can be
considered as a first choice intermolecular interaction both
reliable and effective to understand and rationally design self-
assembly processes. The use of halogens and HC iodo-,
bromo-, and chloroorganic derivatives as electron acceptor
modules is well documented in the literature® > and in this
paper PFC iodides and bromides have been used as acceptor
modules because of the fact that their unequivocally targeted
features allow the halogen bonding to be studied free from
dramatic interference by other intermolecular interactions.
The profile of the halogen bonding has been sketched by
establishing its geometric and energetic characteristics and by
identifying its pairing preferences through experiments of
chemo-, site- and enantiospecific supramolecular synthesis.
A new intermolecular interaction is therefore accessible,
and new aggregation processes can be realised with the
novelty coming from either the identity of single modules that
are assembled or from the way the modules are assembled.
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For instance, effective and general self-assembly of PFC and
HC modules has been realised for the first time just resorting
to the halogen bonding and anions acting as particularly
strong electron donors to carbon bound halogens,?* 41 the
halogen bonding becomes particularly well tailored to anion
centered supramolecular chemistry, a field which still has to
be conveniently developed.

Physical and chemical properties of bulk materials are not
simply the sum of molecular properties of the constituting
compound(s); this is particularly true when multicomponent
materials are considered. A very few systems (e.g. PFC-HC
emulsions or diblock and triblock compounds Rp—Ry and
Ri:—Ry— Ry, respectively) can be considered in the attempt to
anticipate the properties of mixed PFC-HC supramolecular
architectures. Nevertheless, also remembering that the unique
and useful properties of PFC materials (e.g. Nafion, Teflon)
are of high technological relevance, the few precedents cited
above allow us to state that the properties of mixed PFC-HC
supramolecular architectures, while hardly recognised, are
expected to be of high interest.

The relevance of halogen bonding in the self-assembly of
structurally different molecules extends to rather different
fields. In biopharmacology for example, the interaction of
iodine atoms of thyroid hormones with donor sites in the
target protein has been suggested.*!! The C-X..-El interac-
tions can give explanation for the eudismic ratio observed for
some anaesthetic agents commonly used in human therapy.[*?
In synthetic chemistry, the halogen bonding can drag hydro-
carbon reagents/catalysts into fluorous solvents, thus offering
an alternative to the “perfluorinated ponytail” approach in
fluorous based technology.*¥l Moreover, this intermolecular
interaction can lead to the development of a new generation
of phase transfer catalysts useful in fluorous/aqueous, fluo-
rous/organic biphasic systems,[* where the anion is respon-
sible for driving the transfer process and the cation turns into
the naked, namely activated, species. As far as purification
processes is concerned, the halogen bonding can be useful to
purify both the donor and the acceptor modules. Specifically,
it can allow hygroscopic bases to be obtained in anhydrous
form, as discussed above, but it can also be used as a low cost
and large scale approach for the separation of mixtures of
PFC halides, a class of compounds of high technological
relevance.l'¥l The halogen bonding may be also useful to
obtain bromofluorocarbons in enantiopure form, for instance
the anestethic halothane which is presently used in racemic
form despite one enantiomer being more pharmacologically
active than the other. The halogen bonding can also offer new
entries in materials science. For instance, molecular conduc-
tors with a crystal structure determined by C-1-:+X (X=CN,
Br, S) type cation -+ anion interaction have been described.[*]
In addition, efficient non-linear optical (NLO) materials with
arelatively rare packing, in which all j3,,, axes of the molecular
hyperpolarisability § are aligned in a co-parallel fashion, have
been obtained when halogen bonded architectures were
formed starting from 1,4-diiodobenzene, 1,4-dinitrobenzene,
4-iodo-4'nitrobiphenyl or related species.*?]

In conclusion, the implications of the halogen bonding are
far reaching and extend to all the fields where design and
manipulation of aggregation processes play a key role.
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Thermodynamics of Catalytic Formation of Dimethyl Ether from Methanol in

Acidic Zeolites

Marek Hytha,™ ¢! Ivan Stich,*(21 Julian D. Gale,! Kiyoyuki Terakura,'> ! and

Michael C. Payne!¢!

Abstract: We present a theoretical
study of the formation of the first
intermediate, dimethyl ether, in the
methanol to gasoline conversion within
the framework of an ab initio molecular
dynamics approach. The study is per-
formed under conditions that closely
resemble the reaction conditions in the
zeolite catalyst including the full top-
ology of the framework. The use of the
method of thermodynamic integration

profile along the reaction coordinate.
We find that the entropic contribution
qualitatively alters the free-energy pro-
file relative to the total energy profile.
Different transition states are found
from the internal and free energy pro-
files. The entropy contribution varies

Keywords: catalysts - density func-
tional calculations - thermodynam-
ics - zeolites

significantly along the reaction coordi-
nate and is responsible for stabilizing the
products and for lowering the energy
barrier. The hugely inhomogeneous vari-
ation of the entropy can be understood
in terms of elementary processes that
take place during the chemical reaction.
Our simulations provide new insights
into the complex nature of this chemical
reaction.

allows us to extract the free-energy

Introduction

One of the most studied industrial applications of zeolites in
current commercial production is the methanol-to-gasoline
(MTG) process!! for catalytic conversion of methanol to
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hydrocarbons. There is a large volume of experimental
evidence that methanol, when catalyzed by an acidic zeolite,
is first dehydrated to dimethyl ether (DME) which is then, in
combination with methanol, converted to hydrocarbons up to
Cyy. The industrial process is catalyzed by ZSM-5 and proceeds
at high methanol loadings of ~5-6 methanol molecules per
acidic hydroxyl group? at a temperature of 700 K. The whole
process involves a number of steps of increasing complexity:
1) the initial methanol adsorption, ii) activation of the adsorbed
species, iii) dehydration to DME, and iv) formation of the C—
C bond. It has, however, proved difficult to understand the
role of the zeolite catalyst in the first three stages of the MTG
process, because experiments, typically IR spectroscopy, do
not provide a sufficiently complete and detailed atomistic
picture of the process, since they rely on interpretation in
terms of an existing model. Recently, ab initio theoretical
studies have started to shed light on these processes.>% The
first two points have been extensively studied in our previous
papers.> 8 The focus of the present paper is the formation of
DME in the zeolite under reaction conditions.

The initial methanol adsorption has been the subject of
numerous studies.*""] A consensus has emerged that as soon
as the methanol loading reaches two molecules per acid site,
methanol is chemisorbed as a methoxonium cation
(CH;—OH,"). A more complete statistical sampling of the
underlying potential energy surface was required to elucidate
the activation of the adsorbed species.[>® Solvation of the
methoxonium ion in the methanol solvent has been found to
further soften the methoxonium C—O bond.’! However,
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activation was only found to occur if the mobility of the
methoxonium ion, promoted by certain zeolite frameworks or
by high temperature, prevents it from forming hydrogen
bonds with the zeolite channel and with the other methanol
molecules.®! Such strongly activated methoxonium complexes
are expected to form DME easily. Experiments suggest a
dramatic increase in DME formation in a narrow temperature
interval around 500 K.['Zl Different mechanisms have been
proposed for the formation of DME. Bandiera and Naccache
have proposed the existence of two surface species
CH,—OH," and CH;0-, forming at the Brgnsted acid and
its adjacent Lewis basic sites,'®! which can condense to
produce DME and water. In the “indirect” pathway!'* 13 the
DME formation proceeds via a surface methoxy intermediate
[Eq. (1)], which subsequently reacts with another methanol
molecule to form DME [Eq. (2)].

CH;~OH," + ZO~ — ZO—CH, + H,0 1)

CH,~OH + ZO-CH,— CH;~O~CH, + ZO-H @)

Here Z stands for the zeolite framework. We assume here
that the methanol is chemisorbed at an acid site as the
protonated complex, since this is expected to be more
susceptible to nucleophilic attack. Alternatively, in the
“direct” pathwayl> ° [Eq. (3)], both methanol molecules react
with each other inside the zeolite environment which acts
merely as a solvent.

CH,~OH,* + CHs+~OH + ZO~ — CH,~O~CH,+ ZO~ + H,0 + H*(3)

In above reaction we have not specified the final destiny of
the zeolitic proton, as our simulations performed under
conditions which emulate those of the true reaction suggest
(See Results and Discussion) that this proton may be mobile
and need not necessarily permanently bind to the Brgnsted
site. Additionally there are competing pathways in which
methanol reacts to form a carbon —carbon bond, for instance
yielding ethanol and ethene by further dehydration. However,
the activation energy for this process has been shown to be
much higher than that for formation of dimethyl ether.P!

Unfortunately, very little is known about the energetics of
DME formation experimentally. Bandiera and Naccache have
estimated that the true activation energy for the condensation
of methanol is approximately 80 kJmol™! (=0.83 ¢V) for
H-Mordenite with a low aluminum content.’! However, the
barrier height will be sensitive to methanol coverage, as well
as to the particular zeolite and composition studied. On the
other hand, several theoretical studies of the dehydration
process exist. Blaskowski and van Santenl! calculated the
energetics of both direct and indirect processes using a small
cluster model for the zeolite and density functional theory
(DFT). Shah et al.l’! investigated both pathways for DME
formation in chabazite from two methanol molecules within
the framework of DFT. Both studies conclude that the direct
mechanism is preferred over the indirect one. Very recently,
Sandré et al.l'! determined the transition-state structure and
energy for the direct pathway for the system investigated in
reference [6] (two methanol molecules in chabazite) and
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determined the total energy profile along the reaction
coordinate. The total energy barrier for this process was
found to be ~0.7 eV starting from a configuration in which the
two methanol/methoxonium molecules are oriented such that
they can react. This configuration is not necessarily the lowest
energy configuration. Hence, the “reorientation” energy
needed to reorient the methyl and hydroxyl groups of the
two reacting methanol molecules so that they can react along
the Sy2 pathway should be added to this calculated energy
barrier. In the cluster model given in reference [S] the
reorientation energy is found to be ~0.5 eV, which is slightly
lower than estimates from periodic calculations of ~0.6 eV.[%]
All these previous studies were based on transition-state
theory['”l with the free energy profile approximated either by
the internal energy or with the estimation of the entropy from
the internal energy within the harmonic approximation.
However, as we show below, the maxima in the free and total
energy may not coincide; this makes such an approach invalid
for the present reaction. Our previous work has shown!” ® that
it is important to sample configuration space more widely
than just the lowest internal energy path as the energy surface
is very shallow with multiple minima about the reaction
coordinate. A consequence of this is a huge and non-uniform
entropy contribution that cannot be treated correctly within
the harmonic approximation. Such a behavior is symptomatic
of systems with complicated high-dimensional transition
states!'®! whose position may not be known a priori. Our
present calculations are based on thermodynamic integration
techniques!*2!l within ab initio molecular dynamics (MD).
The paper presents the most complex and comprehensive
simulation performed to date of formation of the first
intermediate in the MTG process. The simulations reveal
several new features and pitfalls that would remain hidden in
a more simplified approach. In the next section we introduce
our model and simulation techniques. Our main results and
discussion are presented in the Results and Discussion.

Computational Methods

The model: The model considered in our study has been carefully chosen.
The commercial catalyst ZSM-5 has a unit cell with ~300 atoms; this is too
large for the present simulations to be practical.’l For that reason the
simulations were performed in ferrierite, which has a much smaller unit
cell, with only 54 atoms, but a structure very similar to that of ZSM-5
(Figure 1). The ferrierite structure is the closest mimic to the ZSM-5
structure we were able to find. In particular, it has two channels, a ten-ring
channel similar to the straight channel in ZSM-5 and another straight
channel with an eight-ring aperture, perpendicular to the ten-ring channel.
Only one Brgnsted acid site was considered, corresponding to a Si/Al ratio
of 18. Given the dearth of experimental data and the computational cost of
the present simulations no other Si/Al ratio was attempted. The location of
the Brgnsted acid site (Al on T4 and the proton initially on O6) and the
consequences of this choice have been discussed elsewhere.®l The reaction
conditions have been simulated by loading four methanol molecules into
the eight-ring channel and associated intersection regions of ferrierite
(Figure 2). The system was prepared so that two methanol molecules (#1
and #2 in Figure 2) can react along the S\2 pathway. The temperature in the
simulation was taken to be 700 K. This system was shown to form strongly
activated methoxonium species.®! The activated species are expected to be
susceptible to a nucleophilic attack by another methanol molecule to give
rise to reaction given in Equation (3). The ability of this system to exhibit
activation makes this system a strong contender for the direct reaction
pathway.
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Figure 1. Perspective view of the structures of ferrierite (upper panel) and
ZSM-5 (lower panel) along the (straight) ten-ring channel.

Figure 2. The model for DME formation. Four methanol molecules are
loaded in the eight-ring channel. The black numbers label the carbon atoms
and the red numbers the oxygen atoms in the methanol molecules.
Molecule #2 underwent spontaneous protonation and forms a methoxo-
nium cation. The holonomic constraint £ is applied to oxygen #1 and carbon
#2. The aluminum defect is shown in blue.

Chem. Eur. J. 2001, 7, No. 12
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Ab initio MD simulations: Ab initio MD simulations ? have been
performed for the formation of DME. All technical details of our
simulations are as described in reference [8]. It suffices to say that
simulations were run in the (N,V,T) ensemble by using DFT in its plane —
wave pseudopotential formulation. Hence, periodic boundary conditions
allow us to consider the full zeolite topology. Gradient corrected func-
tionals were required for an accurate description of the DME formation
and we used the PW'91] variant of the GGA approximation to the DFT.
We used norm-conserving pseudopotentials to represent the core electrons
and the wave functions of the valence electrons were expanded in plane
waves at the I" point of the supercell with a cut-off of 40 Ryd. The accuracy
of the DFT in the present GGA approximation was extensively tested
previously.l 8 1% Tt was found that it yields excellent equilibrium methanol
geometries, harmonic frequencies, proton affinities, quartz formation
energies, etc. The main DFT uncertainty remains in the region around
the transition state at which DFT is usually less accurate than around the
reactant/product wells. We expect the huge non-uniform entropic correc-
tions computed beyond the harmonic approximation to be the major
ingredient missing in all previous DFT calculations that make use of
identical or similar GGA energy functionals.

Thermodynamic integration: Thermodynamic integration was performed
by using the so-called “Blue Moon” ensemblel®?! to overcome the large
reaction barrier and to evaluate the entropic contribution along the
reaction coordinate. This is a well-known approach; however, it has not
been applied very often to complex chemical systems.”! We have
performed constrained MD by adding a holonomic constraint to the
Lagrangean generating the MD given in Equation (4).

£:,Z: VMR] — UGRY) + AJElR) — &) @

The first term on the right-hand side of Equation (4) is the kinetic energy of
the N ions, U({R}) is the many-body potential energy, equal to the Kohn—
Sham energy, and A is the Lagrange multiplier for the reaction coordinate
E{ﬁl}. In the present case of DME formation by the direct path, the reaction
coordinate is the distance |I€CH1 — Rou | between the methyl group of the
methoxonium ion and the hydroxyl group of one of the other methanols
(c.f. Figure 2) and &, is the externally fixed value of that distance. The
constrained dynamics run was started from a well-equilibrated, uncon-
strained configuration taken from the study described in reference [8]. The
constrained dynamics was run for ten values of the constraining distance &;
the length of each run was ~2 ps after equilibration. The Helmholtz free-
energy profile was computed by using Equation (5) in which R refers to

AF(ET) = I{ (A5)z,,dEo Q)

reactants and P to products and the thermodynamic averaging (...)sr
is performed by averaging over the MD trajectories. We note that
Equation (5) is correct only for a constraint consisting only of a distance
E=|R,—R,|. The formulac for a more general case can be found in
reference [21].

One potential problem with the application of Equation (5) to chemical
reaction in which one chemical bond is broken and a new one is formed
with a simple control by one distance constraint £ is that all degrees of
freedom, except for that constrained by &, must be in equilibrium along the
reaction coordinate to give the correct free energy. For example, up to the
transition state, reaction A + B—C— A—B + C can be controlled by
constraining the distance between A and B with all other degrees of
freedom in equilibrium and with the process being reversible. However,
past the transition state it may not be possible to control the distance
between B and C by the constraint £ corresponding to the distance between
A and B. Hence, in such a case the distance between A and B no longer
corresponds to the reaction coordinate and the free energy cannot be
obtained from Equation (5). In general, all breaking and forming chemical
bonds whose reaction barriers are large enough relative to the thermal
energies should be controlled by an additional constraint. An elegant
solution to this problem, the so-called transition-path ensemble, was
proposed recently by Chandler etal.l'® In this approach, neither the
transition state nor the potentially very complicated transition path from
the reactant to the product well need be explicitly known or specified. The
only technical problem with this promising approach is its additional
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computational cost. To our knowledge, the method has not yet been
applied to a chemical reaction in an ab initio fashion. Hence, our approach
goes midway between the customary approximations based on the
transition-state theory and one-dimensional internal energy surface, and
a transition path ensemble approach. Consequences of our approach for
reliability of our results will be addressed in the next section.

Results and Discussion

The Lagrange multipliers along the reaction coordinate,
which ensure that the distance between the C atom on the
methoxonium cation and the O atom on the other methanol
molecule (Figure 2) remains fixed, are shown in Figure 3.

02| [
01 | 1/ -

<A, >/eVA' 0.0 | / \ U

0.1t .

1.0 2.0 3.0 4.0

/A

Figure 3. Variation (in eV A-!) along the reaction coordinate & of the
Lagrange multipliers (4).

These Lagrange multipliers are required to compute the free
energy profile from Equation (5). The computed free energy
profile, the total energy [Eq. (6)], and the entropy profile
[Eq. (7)] are shown in Figure 4.

N
Ea(§=>_ MR} + U(Ry)) (©)
=1
TS(&) = E(&) — F(E) Q)
4.0
30 1 S Ea
\\/////
Energies/eV 2.0 \\\I':
1.0 f \ /TS/
0.0 @  © b , @
1.0 2.0 3.0 4.0

E1A

Figure 4. Variation along the reaction coordinate & of the free-energy
profile AF(T=700K); total-energy profile AE(7T=700K), and the
entropy contribution TS. The zero of the vertical scale is arbitrary. (a)—
(d) label the configurations shown in Figure 5.

Note that, unlike E (&), the zeroes of the F(£) and S(§)
profiles are arbitrarily defined, and we only determine the
profiles relative to the thermodynamic state of the reactants.
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To give a better insight into the reaction process, we show in
Figure 5 characteristic configurations sampled from the MD
trajectories of the reacting molecules in a) the reactant well,

Figure 5. Ball and stick models with superimposed valence electronic
charge densities for points (a)-(d) along reaction coordinate defined in
Figure 4. The electronic charge density is shown on a plane defined by the
oxygen #1, carbon #2, and the Al defect (Figure 2).

b) and c) near the transition state, and d) in the product well.
Figure 5a shows a configuration with the constraint &, which
corresponds to the value of the Lagrange multiplier (1;) =0.
In this configuration the zeolitic proton, which originally
formed part of one methoxonium cation CH;—OH,™, is shared
by two methanol molecules and executes a motion in a
double-well type of potential surface by hopping between the
two methanol molecules. The configuration in Figure 5b
corresponds to the transition state in the free-energy profile,
at which the water starts to dissociate from the methoxonium
cation. In Figure 5c the water molecule is completely dis-
sociated and a new chemical bond is forming between the
methyl group of the methoxonium cation and one of the
methanol molecules. This configuration corresponds to the
transition state from the total energy curve. Figure 5d shows
the configuration corresponding to the minimum of the free
energy profile, at which protonated DME was formed. Only a
further compression of the bond by the applied constraint
(&y~1.42 A) led to deprotonation of DME. This proton then
became rather mobile on our MD scale. It moved away from
the DME to form a hydroxonium cation. As a result the total
energy E, in Figure 4 started to decrease again; this suggests
that this configuration is energetically more stable than the
configuration with protonated DME. Additional understand-
ing of the complexities of this reaction, including the mobility
of the zeolitic proton, reactants, and products can be obtained
from a computer graphics animation.*’!

Given the fact that a very simple form of the reaction
coordinate £ was assumed and a single constraint applied to
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control the reaction, it is important to assess the correctness of
this choice. Two processes take place as the system climbs the
reaction barrier. The applied constraint forces the formation
of a chemical bond between the oxygen in the methanol #1
and the carbon atom on the methoxonium ion #2 (Figure 2).
During this process [Eq. (3)] methoxonium is dehydrated
which breaks the H;C—OH," bond. However, these two
processes do not take place simultaneously. We find that
the water molecule from the CH;—OH," complex dissociates
near £~2.38 A, before the other (C—O) bond is formed
around £~2.0 A. The global maximum/saddle point corre-
sponds to the transition state from the E,, (&) profile. Hence,
there is no competition between breaking and forming
chemical bonds. In particular, for § <2.38 A the dissociated
water does not take any active part in the DME formation
and comes to equilibrium by optimizing the alignment of its
dipole moment. If this were not the case at least two
constraints would be required to follow the correct reaction
path. In order to check the reversibility of the process
tests have been made around the maximum/saddle point. In
further checks we were able to locate another (metastable)
configuration for §,=2.16 A with water still bonded in the
CH;—OH," complex. However, E, in this arrangement
was ~0.4 eV higher than for the configuration with the
water molecule already dissociated. On the other hand,
configurations with dissociated water for & >2.38 A were
unstable and spontaneously relaxed to the arrangement
corresponding to the CH;—OH," complex. Hence, the ther-
modynamically stable reaction path is the one given in
Figure 4 and our choice of the reaction coordinate & is
meaningful.

From Figure 4 we see that the total- and free-energy
profiles along the reaction coordinate differ appreciably even
at a qualitative level. In particular, the entropic contribu-
tion to the reaction barrier is of the same order as the
internal energy contribution and, hence, any conclusion
reached without explicitly including the entropy will be
incorrect. This finding may not appear surprising at
T=700 K. However, to the best of our knowledge, the
huge non-uniform entropic corrections have never been
properly treated in theoretical modeling of the MTG process
to date.

The main findings from Figure 4 can be summarized as
follows:

1) The transition states deduced from the F(&) and E, (&)
profiles do not coincide, hence different triggering
processes for the reaction are deduced from F(&) and
Etol(g)‘

2) The total-energy curve E,, (&) shows a local minimum
close to the transition state.

3) The entropy profile S(&§) varies considerably along the
reaction coordinate.

4) The minima of F(§) and E,(&) curves do not coincide,
hence they yield different reactant and product equili-
brium geometries.

5) In contrast with the result for total energy, the minimum
on the product side of the free-energy curve is signifi-
cantly (~0.5 eV) lower than on the reactant side, and,
therefore, is entropy stabilized.

Chem. Eur. J. 2001, 7, No. 12
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6) The free energy barrier is entropically lowered relative

to the internal energy barrier.

We now discuss these features more in detail. The internal-
energy curve E, (&) exhibits two activated processes: disso-
ciation of water from the methoxonium cation around &~
238 A and reaction of the methyl group with the other
methanol around £ =2 A, separated by a minimum. The latter
process corresponds to the transition state from E(&). On
the other hand, the transition state from the F(&) profile
corresponds roughly to the former process of dissociation of
water from the methoxonium cation. This clearly shows that
the customary assumption of the dominance of the internal
energy is not valid and that a more complex MD sampling of
the internal energy surface is required.

The sampling of the flat anharmonic multi-minima internal-
energy surface leads to the huge and non-uniform variation of
the entropic profile S(&§). As the entropy associated with the
zeolite catalyst is approximately constant the complicated
S(§) profile can be understood in terms of elementary
molecular processes as follows. Up to the transition state,
the entropy decreases as a function of §. This is caused by two
different processes that lead to reduced mobility of the
reacting methanol molecules. First, the two molecules are
“glued” together by sharing the zeolitic proton (Figure 5a).
This proton moves between two methanol molecules (#2 and
#3 in Figure 2);®! this results in a very large root mean square
(rms) fluctuation of the O-H distance when & is around
3.17 A (Figure 6). A consequence of this proton transfer is

1.6 1

1.4 r

d(O-H/A 127 T

1.0 2.0 3.0 4.0

ETA

Figure 6. Variation along the reaction coordinate of the O—H bond length
of the proton on the methoxonium cation, which is shared with a nearby
methanol molecule.

that these two methanol molecules are effectively glued
together by this proton. This results in a reduction of their
mobility and, hence, a lowering of the entropy S(&). A similar
process can be seen to occur in Figure 5b, in which the methyl
group is now shared between the dissociating water and the
reacting methanol and, hence, glues these groups together.
Beyond the transition state a new molecule is formed, which is
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initially characterized by one (CH;OH'—CH,;) very loose
chemical bond. Such behavior is clearly visible in Figure 7,
which shows the CH;—OH," bond length with its rms
fluctuations along the reaction coordinate. In the region &~
2 A this loose bond is responsible for the steep increase in the
entropy. As can be deduced from the behavior

6.0
50r
401
d (C-0)/ A

30T

20r

1.0 2.0 3.0 4.0

E/ A

Figure 7. Variation along the reaction coordinate of the CH;—OH," bond
length (carbon and oxygen atoms on molecule #2 in Figure 2).

of entropy around the minimum of F(&) the protonated DME
is characterized by an increase in the number of possible
configurations. The steep decrease in entropy for the smallest
value of & is caused by deprotonation of DME which makes
the product stiffer. The variation of the S(&) profile explains
also the other features above.

In addition to locating the pathway for reaction to form
dimethyl ether, there is another notable observation made
during the constrained dynamics. For several different con-
straint values it is found that the oxygen of one of the
methanol molecules is able to approach a silicon of the
framework to within 1.8 A, which is within the upper bound of
the vibrational fluctuations of the framework oxygens. This
means that for the order of a few vibrational periods silicon
becomes approximately five coordinate. While these states
are clearly unstable and transitory in nature, it indicates that
the dynamical flexibility of the zeolite is sufficient to fleetingly
accommodate higher silicon coordination. This observation
was not confined to one particular methanol or silicon atom; it
occurred for several different cases along the reaction path-
way. Previous unconstrained dynamical runs™™® had not
highlighted this feature. This could be either because the
close approach is only feasible as the system passes through a
reactive configuration, or alternatively because of the much
longer total sampling time for the constrained dynamics
making the observation of such events more probable. While
“floating bonds” associated with five-fold coordinated Si
atoms have long been considered a viable possibility in
amorphous Si networks,?® their existence in zeolite frame-
works has not previously been proposed.
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Conclusion

We have presented the first ab initio MD simulation of
dehydration of methanol to DME catalyzed by an acidic
zeolite under reaction conditions. The use of the method of
thermodynamic integration allowed us to perform a simula-
tion of this chemical reaction on MD observation timescales
and to evaluate the entropy profile along the reaction
coordinate. The central result of this paper is that the
condensation reaction of methanol at reaction temperature
by the “direct” pathway is a process that exhibits strong
qualitative and quantitative differences between the total-
internal- and free-energy profiles. Qualitatively, the total-
energy profile locates a different transition state and the
profile itself has a completely different structure compared
with the free-energy profile. In particular, the transition state
in the E,, profile corresponds to a state at which the H;C*—
complex starts reacting with the other methanol molecule to
form DME, whereas the transition state found from the free-
energy profile corresponds to a state at which water disso-
ciates from the CH;—OH," complex. Quantitatively, the
hugely inhomogeneous entropy profile is responsible for
stabilizing the products by ~0.5 eV and for lowering of the
free-energy barrier relative to the total energy barrier.
Evidently, we have a system in which the assumptions
commonly made when approximating the free-energy profile
by the T=0 total-energy profile would lead to incorrect
theoretical predictions.

The approach adopted here combines the well-known
technique of thermodynamic integration, required to extract
the entropy contribution beyond the harmonic approxima-
tion, with ab initio MD, needed to sufficiently accurately
describe the breaking/forming of chemical bonds in the
chemical reaction. The main complication with this approach
is the rather high computational cost. However, the class of
systems and processes with entropically controlled behavior
and/or with complicated multidimensional, difficult to locate,
transition states is large, and the techniques of thermody-
namic integration! and transition-path ensemblel'®! will play
an increasingly important role in a realistic study of chemical
reactions.

We believe that the main uncertainty of our calculations is
in studying the dehydration process in the eight-ring channel
of ferrierite. Some of the processes we observed might be
altered if the reaction were studied in a channel with a
different aperture or in a different zeolite framework.
Unfortunately, the available experimental results!™® taken
under different conditions and in different frameworks make
it difficult to make a direct comparison. Nevertheless our
simulations have shown new features and behavior in this
reaction which could be uncovered only by present techni-
ques. More simulations of this reaction under different
conditions, such as in different zeolite catalyst, different
channels, and under different Si/Al ratio can be performed
when more experimental data become available. Currently,
simulations similar to those presented here are underway for
the reaction leading to the formation of the first C—C bonds
under reaction conditions.
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Cooperative Multipoint Recognition of Organic Dyes by
Bis(f-cyclodextrin)s with 2,2'-Bipyridine-4,4'-dicarboxy Tethers**

Yu Liu,*®! Yong Chen,'?! Bin Li,! Takehiko Wada,!*! and Yoshihisa Inoue*!*!

Abstract: A series of novel 6,6'-bis(f3-
cyclodextrin)s linked by 2,2-bipyridine-
4,4'-dicarboxy tethers; that is, 2,2"-bipyr-
idine-4,4'-dicarboxy-bridged bis(6-O-f-
cyclodextrin) (2) and N,N’-bis(2-amino-
ethyl)-2,2'-bipyridine-4,4'-dicarbox-
amide-bridged (3), N,N'-bis(5-amino-3-
azapentyl)-2,2"-bipyridine-4,4"-dicarbox-
amide-bridged (4) and N,N’-bis(8-ami-
no-3,6-diazaoctyl)-2,2’-bipyridine-4,4'-
dicarboxamide-bridged bis(6-amino-6-
deoxy-f-cyclodextrin) (5), has been syn-
thesized as cooperative multipoint-rec-
ognition receptor models. The inclusion
complexation behavior of 2-5 with
organic dyes; that is, ammonium 8-ani-
lino-1-naphthalenesulfonate,  Brilliant

in aqueous phosphate buffer solutions
(pH 7.20) at 25°C by means of ultra-
violet, fluorescence, and circular dichro-
ism spectrometry as well as by fluores-
cence lifetime measurements. The spec-
tral titrations gave the complex stability
constants (Ks) and Gibbs’ free energy
changes (AG®) for the inclusion com-
plexation of 2—-5 with the organic dyes
and other thermodynamic parameters
(AH°® and AS°) for the inclusion com-
plexation of 2—4 with the fluorescent
dyes Acridine Red and Rhodamine B.

Keywords: cyclodextrins - dyes/pig-
ments - molecular recognition -
supramolecular chemistry - thermo-

Bis(S-cyclodextrin)s 2-5  displayed
higher binding abilities toward most of
the examined dye molecules than native
p-cyclodextrin 1; this is discussed from
the viewpoints of the size/shape-fit con-
cept, the induced-fit interaction, and
cooperative, multipoint recognition by
the bridging chain and the dual hydro-
phobic cavities. Thermodynamically, the
inclusion complexation of 2-4 with
Acridine Red is totally enthalpy driven
with a negative or minor positive en-
tropic contribution, but the inclusion
complexation with Rhodamine B is
mainly entropy-driven with a mostly
positive, but occasionally negative, en-
thalpic contribution; in some cases this

Green, Methyl Orange, Acridine Red,

. . . dynamics
and Rhodamine B, has been investigated

Introduction

It is well known that bridged bis(3-cyclodextrin)s with simple
tethers show significantly enhanced molecular binding abil-
ities toward a variety of guests in comparison with native j3-
cyclodextrin,l'4 and therefore they provide an excellent
model system for mimicking the substrate-specific interaction
of enzymes.> °l Indeed, with bis(3-cyclodextrin)s the orienta-
tion and separation of the two cyclodextrin moieties in a
single molecule can be adjusted by altering the conformation

determines the complex stability.

of the bridging chain; this gives rise to the most effec-
tively stabilized “sandwich” complex in aqueous solution.
Hence, a number of dimeric 3-cyclodextrins with considerable
structural diversity have recently been synthesized in order to
elucidate the recognition mechanism as controlled by the
simultaneous operation of the available weak interactions and
to gain insights into the factors governing the inclusion
complexation behavior of bis(S-cyclodextrin)s.”'2l Thermo-
dynamic studies on the molecular recognition of organic and
inorganic guests have concentrated mostly on nativel'> I and
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spectrum of Methyl Orange (MO) in the absence and presence of /-
cyclodextrin or bis(f-cyclodextrin)s; the method for calculating the
thermodynamic parameters and stability constants (K,) for 1:1
inclusion complexation of Acridine Red (AR) and Rhodamine B
(RB) with S-cyclodextrin and bis(3-cyclodextrin)s 2—4; typical plots
of log K versus 1/T for the fluorometric titrations of 2, 3, and 4 with
Acridine Red.
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modified mono(B-cyclodextrin)s,’®) with only a limited
amount of effort hitherto devoted to the molecular recog-
nition thermodynamics of S-cyclodextrin dimers.[!

We have reported the inclusion complexation thermody-
namics of modified mono(S-cyclodextrin)s with several guest
families such as amino acids,'®!7 naphthalene derivatives,
and other aromatic compounds.l'® ') More recently, we have
demonstrated that several organoselenium-bridged bis(j3-
cyclodextrin)s give much higher stability constants for some
fluorescent dyes than those obtained with native S-cyclo-
dextrin, and also that the transition metal complexes of these
bis(B-cyclodextrin)s bind the guests more strongly.?” In the
present study, we wish to report the inclusion complexation
behavior of a series of newly synthesized bis(S-cyclodextrin)s
linked by 2,2"-bipyridine-4,4"-dicarboxy tethers with some
representative organic dyes of different structures, and discuss
their complexation thermodynamics with guest dyes such as
Acridine Red and Rhodamine B. It is of particular interest to
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investigate thermodynamically the molecular recognition
behavior of bis(-cyclodextrin)s toward representative guests
from the viewpoint of the size/shape —fit concept, and the role
of the cooperative weak interactions working between the
host and the guest.

Results and Discussion

Synthesis: As illustrated in Scheme 1, the bipyridinedicarbox-
ylate-bridged bis(f-cyclodextrin) 2 was synthesized in mod-
erate yield by the reaction of 2,2"-bipyridine-4,4’-dicarboxylic

=N N=
=N N= W/, W/,
coc  cool
DCC, Pyrldme/DMF @ @
OH QTs NH ( N/ jn NH
TsCl oligoethylenediamine H
_—
DMF
=N N=
CN}_\N_:} N\ 7/ N\ /
Yayw /-<\ ,)1 et _C.
NH \ N N7 O 0" N N/ HN
cloc coc! N/n N N AN,

DCC, Pyridine/DMF

wn AW
1l
N =0

n
n
n

Scheme 1. Syntheses of bis(S-cyclodextrin)s 2—5
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dichloride and -cyclodextrin, while bis(S-cyclodextrin)s 3—5
were synthesized from the corresponding mono[6-oligo(ethyl-
enediamino)-6-deoxy]-f-cyclodextrin. In the latter route,
mono(6-0-p-toluenesulfonyl)-S-cyclodextrin, prepared by
the reaction of 3-cyclodextrin with p-toluenesulfonyl chloride
in aqueous alkaline solution,?] was converted to mono-
[6-oligo(ethylenediamino)-6-deoxy]-f-cyclodextrins in 72 %
yield by heating it in an excess amount of oligoethylenedi-
amine at 70°C for 7 h.’2l Subsequent reactions of these
precursors in DMF with 2,2’-bipyridine-4,4'-dicarboxylic di-
chloride in dry pyridine containing dicyclohexylcarbodiimide
gave the corresponding bis(S-cyclodextrin)s 3-5. Caution
should be exercised to keep the mixture anhydrous and at low
temperature during the reaction, particularly at the initial
stage, for a smooth and clean reaction without undesirable
product(s).

Circular dichroism spectra: In order to obtain information
about the original conformation of the $-cyclodextrin dimers
with a chromophoric bipyridinedicarboxy tether in dilute
aqueous solution, the circular dichroism (CD) spectra of
2-5 were taken at a concentration of 1 x 10~ moldm= in
aqueous buffer solution at pH 7.20. As can be seen from
Figure 1, all of the bis(8-cyclodextrin)s display weak, but

ae (L-R) / dm® mol™! cm™!

T T T T T T 1
250 300 350 400

A/ nm

Figure 1. Circular dichroism spectra of bis(S-cyclodextrin)s 2-6 (1 x
10~ moldm~?) in aqueous buffer solution (pH 7.20) at 25°C.

appreciable, positive Cotton-effect peaks at 270-300 nm for
the 'L, transition of the bipyridine chromophore; the
Ag,,, values are +0.126 dm*mol~'cm~' at 294 nm for 2,
+1.112 dm*mol'cm! at 276 nm for 3, +0.18 dm’mol'cm™!
at 295 nm for 4, and + 0.63 dm*mol'cm' at 281 nm for 5. On
the other hand, the sign, shape, and magnitude of the induced
circular dichroism (ICD) observed for the 'L, transition
(210-230 nm) of the bipyridine chromophore in 2-5 are
distinctly different from each other; the Ae values are
—1.83dm’*mol'ecm™! at 221 nm for 2, —3.76 dm*mol'cm™!
at 222 nm for 3, +2.52 dm*mol'cm~! at 218 nm for 4, and
+1.52 dm*mol~'cm™! at 229 nm for 5. In comparison, the ICD
spectra of the reference compound, mono(6-O-4-pyridinecar-
boxy)-B-cyclodextrin (6) showed a negative Cotton-effect
peak for the 'L, band at 215 nm (Ae = —0.31 dm*mol~!cm™)

2530
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and a small positive peak for the !L, band at 275 nm (Ae=
+0.067 dm>*mol~'cm™!); this can be attributed to the pyridine
moiety’s being shallowly included in the hydrophobic cavity
of B-cyclodextrin.’®! From a comparison of the weak ICD
spectra obtained for bis(3-cyclodextrin)s 2 -5 with that of the
reference 6, we deduce that the bipyridine chromophore in 4
and 5 is not embedded in the cavity, while the chromophore in
2 and 3 is either perched on the edge of the cavity or shallowly
penetrating into the cavity. Hence, the 'L, transition of 2 and 3
is deduced to be located in the negative region of the sector
rule proposed by Kajtar,?* Harata,’” and Kodaka et al. ]
while the weak, positive Cotton effect observed for the 'L,
band of 4 and 5 would be better analyzed as an ordinary CD
induced by the two distant chiral cyclodextrin moieties,
although a shallow binding or perching model is not
rigorously ruled out.

Fluorescence lifetime: Besides the information obtained from
the ICD spectra, the fluorescence lifetime measurements
provided us with more direct information about the micro-
environmental changes around the fluorophore interacting
with f-cyclodextrin dimers. In the present study, we per-
formed nanosecond time-correlated fluorescence measure-
ments with 8-anilino-1-naphthalenesulfonate (ANS) in an
aqueous buffer solution (pH 7.20) in the presence and absence
of bis(B-cyclodextrin)s 2—-5 in order to assess the micro-
environmental polarity around the included ANS.

Since the rates of complexation/decomplexation are much
slower than that of the fluorescence decay, the decay profile of
the fluorescence intensity (F(f)) can be described as the sum
of the multiple, unimolecular decays for all the fluorescing
species present in the solution [Equation (1)]:

F(t)=2A, exp(—t/ty) (i=12,..) (1)

in which A; and 7; represent the initial abundance and life-
time of the ith fluorescing species. The fluorescence decay
curve for ANS was perfectly fitted to a single exponential
function in the absence of the host, and to a linear
combination of two exponential functions in the presence of
the S-cyclodextrin dimers. The fluorescence lifetimes (7) and
relative quantum yields (@) obtained with ANS in the
presence and absence of bis(f-cyclodextrin)s are summarized
in Table 1. The longer lifetimes (z,) in the presence of bis(f-
cyclodextrin)s clearly indicate that the environment around
ANS molecule is more hydrophobic in the cavity than in the
bulk water.[>20:271 Furthermore, the two-component decay

Table 1. Short and long fluorescence lifetimes (zs and 7;) and relative
quantum yields (@ and @) of 8-anilino-1-naphthalenesulfonate (ANS) in
the presence and absence of native f-cyclodextrin 1 and bis(f-cyclo-
dextrin)s 2—5 in aqueous buffer solution (pH 7.20) at 25°C.

ANS [um] Host  [Host]/[ANS] 15[ns] @Ds[%] 7o[ns] @D [%]
500 none 0.4 100
250 1 10 1.5 67.6 32 324

10 2 20 0.5 89.3 9.5 10.7

10 3 20 0.8 85.7 8.8 14.3

10 4 20 1.5 64.7 10.4 353

10 5 20 1.0 76.6 9.7 234

0947-6539/01/0712-2530 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 12





Tethered Bis(S-cyclodextrin)s

2528-2535

indicates that the ANS molecule is located in two different
environments, one of which is polar and the other nonpolar.
Judging from the two different lifetimes (75 and 7;) observed
for ANS in the presence of bis(-cyclodextrin)s, we infer that
the short- and long-lived fluorescing species are assigned to
the free and included ANS, respectively. It is noted that
although the short lifetimes (75) are essentially the same
(1.0£0.4 ns) for mono- and bis(S-cyclodextrin)s, distinctly
different long lifetimes (z;) are obtained for mono- (3.2 ns)
and bis(S-cyclodextrin)s (8.8—-10.4 ns); this reflects the crit-
ical difference in microenvironmental hydrophobicity of the
host cavities, or the cavity assembly formed upon complex-
ation. It is also interesting to note that all of the bis(S-
cyclodextrin)s gave only slightly different z,’s (9.6 £+ 0.6 ns)
regardless of the tether length; this probably indicates the
induced formation of a cavity assembly, which presents a
larger more hydrophobic pseudocavity, upon cooperative
binding of the large guests with two cyclodextrin moieties.

Spectroscopic titrations: For a more qualitative assessment of
the inclusion complexation behavior of bis(S-cyclodextrin)s
2-5, spectrophotometric experiments with Brilliant Green
(BG), Methyl Orange (MO), Acridine Red (AR), and
Rhodamine B (RB) were performed at 25°C in aqueous
phosphate buffer solution (pH 7.20) by using absorption,
fluorescence, and/or circular dichroism spectroscopy. As
exemplified in Figure 2, the fluorescence intensity of AR
was significantly enhanced upon stepwise addition of bis(f3-
cyclodextrin) 4.

50
120 F
> | s
= . O exp
] lcd
5 90 K —e— cal
~— Qe
E 0.00 0.05 0.10 0.15
) a [G]y/ m mol dm™
2 60
=
=
w
24
30 |
——,

0 T T T T T T
500 520 540 560 580 600 620 640

Wavelength / nm

Figure 2. Fluorescence spectral changes of Acridine Red (4.7 x
10°mol dm~—) and, inset:the nonlinear least-squares analysis of the
differential intensity (Al)) to calculate the complex stability constant (Ks)
upon addition of from 0 (a) to 145 x 10~° moldm=3 (k) bis(3-cyclodextrin) 4
in aqueous buffer solution (pH 7.20). Ex =490 nm, Em; =558 nm (Em,=
the original Em of Acridine Red, at which wavelength the Al;is measured),
width =35 nm.

For stoichiometric 1:1 complexation, where the two (-
cyclodextrin moieties in bis(3-cyclodextrin) are treated as a
single unit, the inclusion complexation of guest (G) with host
(H) is expressed by Equation (2).

H+G —= G-H )

Chem. Eur. J. 2001, 7, No. 12
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The complex stability constant (Ks)?! can be calculated
from the analysis of the sequential changes in fluorescence
intensity (Al;) at varying host concentrations by using a
nonlinear least-squares method according to the curve fitting
Equation (3).03

Al = {a([Hl, + [Gly+ 1K) + /a2 (H], + [G], + /K, — 42[H],[GlJ2  (3)

Here [G], and [H], refer to the initial concentrations of the
organic dye and bis(3-cyclodextrin), respectively, and « is the
proportionality coefficient, which may be taken as a sensi-
tivity factor for the fluorescence change upon complexation.
For each host examined, the Al; values were plotted as a
function of [G], to give excellent fits; this validated the 1:1
stoichiometry assumed above. In repeated measurements, the
K values were reproducible within an error of +5%. The K
values obtained are listed in Table 2, along with the free
energy change of complex formation (— AG®).

Table 2. Complex stability constant (Kg) and Gibbs’ free energy changes
(= AG") for 1:1 inclusion complexation of organic dyes with -cyclodextrin
1 and bis(S-cyclodextrin)s 2—5 in aqueous buffer solution (pH 7.20) at
25°C.

Host  Guest Kg[m!] logKs —AG°[kJmol’!]  Method®

1 BG 2190 3.34 19.1 uvv
MO 3560 3.55 20.3 CD
AR 2630 3.42 19.5 FL
RB 4240 3.63 20.7 FL

2 BG 3880 3.59 20.5 uvv
MO 22700 4.36 249 CD
AR 29400 4.47 25.5 FL
RB 26700 4.43 252 FL

3 BG 8140 3.91 22.3 uvv
MO 5330 3.73 21.3 CD
AR 2680 3.43 19.6 FL
RB 9830 3.99 22.8 FL

4 BG 6850 3.84 21.9 uvv
MO 13300 412 23.5 CD
AR 4130 3.62 20.6 FL
RB 4700 3.67 21.0 FL

5 BG 3890 3.59 20.5 uUuvv
MO 41600 4.62 26.4 CD
AR 14300 4.15 23.7 FL
RB 13100 4.12 23.5 FL

[a] UVV: Ultraviolet/Visible, CD: circular dichroism, FL: fluorescence.

It is interesting to note that RB displays the opposite
fluorescence behavior upon inclusion complexation by the
short-tethered and long-tethered bis(S-cyclodextrin)s. The
fluorescence intensity of RB was significantly enhanced upon
addition of the short-tethered 2 or 3, but was decreased by
adding the long-tethered 4 or 5. The enhanced fluorescence
upon complexation with 2 or 3 is a natural consequence of the
inclusion of the fluorescent acid form of RB into the
pseudocavity. However, the decreased fluorescence intensity
upon inclusion of RB by 4 or 5 is somewhat unexpected,
although the fluorescence intensity of RB is known to
decrease upon inclusion with native B-cyclodextrin.?l Tt is
likely that the linker groups of 4 and 5 are too long to form
well-defined pseudocavities; this in turn leads to a weaker
cooperative size-matching complexation with RB. In addition,
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the polyamine chains of 4 and 5 would predominantly interact
with the lactone form of included RB through electrostatic,
hydrogen-bonding, and/or electron transfer interactions,
which are inevitably accompanied by the quenching of RB
fluorescence.

Molecular binding ability and selectivity: It is well document-
ed that, among the several possible weak interactions
contributing to the complexation of organic guests with
cyclodextrins, the most crucial contributions are made by the
van der Waals and hydrophobic interactions, both of which
are related to the size/shape matching between the guest and
the host cavity. Other intermolecular interactions, such as
hydrogen bonding, can also contribute to the inclusion
complexation behavior of cyclodextrins to some extent. In
this context, it is reasonable that the bis(B-cyclodextrin)s give
more or less higher Kg’s that critically depend on the guest
shape. Even the highest molecular selectivity among the four
guests employed is as low as 1.9 for native f-cyclodextrin 1
toward the RB/BG pair, but is much enhanced to 7.6 for 2
toward the AR/BG pair, 3.7 for 3 toward the RB/AR pair, 3.2
for 4 toward the MO/AR pair, and 10.7 for § toward the MO/
BG pair. It is noteworthy that bis(5-cyclodextrin)s not only
promote the guest binding in most cases, but also enhance the
guest selectivity through multipoint recognition and fine
tuning of the orientation of both the ditopic host and tether
conformations to the structure and functionality of the guest.

The importance of guest structure is more clearly demon-
strated by comparing the bis(8-cyclodextrin) effect for each
guest. The bis(S-cyclodextrin) host that gives the highest
enhancement for each guest dye (with the observed enhance-
ment factors shown in the parentheses) is: 3 (x 3.7) for BG, §
(x11.7) for MO, 2 (x 11.2) for AR, and 2 (x 6.3) for RB. From
a comparison of the enhancement factors, we may conclude
that linear guests such MO and AR, rather than the triangular
BG or T-shaped RB, are able to fully enjoy the cooperative
multipoint binding of bis(-cyclodextrin)s with the selectivity
exhibiting more than 10-fold enhancement.

It is also interesting to compare the “host selectivity”
sequence obtained for each guest dye. The K value for the
complexation of each dye by native 1 and bis(3-cyclodextrin)s
2-5 increases in the order:

BG: 1<2<5<4<3
MO: 1<3<4<2<5
AR: 1<3<4<5<2
RB: 1<4<3<5<2

The triangular guest BG is better bound by 3 and 4, which
have moderate-length tethers, than by 2 and 5; whereas the
linear or T-shaped guests MO, AR and RB are better bound
by the short-tethered 2 or the long-tethered 5. One of the
possible reasons for these contrasting host-selectivity sequen-
ces may be the guest shape, since the distance between the two
cavities in host 2 is too short to appropriately accommodate
the triangular BG, but is better fitted to the linear or T-shaped
guests. On the other hand, the strong binding of the linear and
T-shaped guests by the long-tethered 5 is not anticipated from
the entropic point of view, since sandwich complexation by
long-tethered bis(3-cyclodextrin)s inherently leads to a large
decrease of conformational freedom. However, this unfavor-
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able conformational freezing may be compensated for by
extensive desolvation of the oligo(ethylenediamino) tether
group upon complexation; this is supported by the complex
thermodynamic study described below. In this context, the
electrostatic and/or hydrogen-bonding interactions between
the long-tethered 5 and the charged guests with multiple
hydrogen-bonding groups may be jointly responsible for
the strong complexation of § with the linear and T-shaped
guests.

Another interesting point is that, although AR and RB,
which contain analogous tricyclic fragments, display close K
values for 2, 4, and 5; bis(-cyclodextrin) 3 shows the lowest
K, value for AR and the highest molecular selectivity for the
RB/AR pair among the dimeric hosts examined. This may be
attributed to the fact that the tether length and the relative
rigidity of the bridged chain in 3 are unsuitable for the binding
of the linear guest; this will inevitably result in low stability
constants for linear guests with 3. However, the formation of a
sandwich complex between RB and host 3 supports an
additional binding effect that compensates for the unfavor-
able association of the tricyclic fragment in RB with 3; this
consequently leads to stronger binding of RB with 3. In the
complexation of these guests with dual hosts, the two cyclo-
dextrin moieties of 4 and 5 can manage to get closer to each
other than those of 3 through the adjustment of the more
flexible, longer tether chain. This would rationalize the
comparable K,’s for AR and RB upon complexation with 4
and 5, and the pronounced discrimination of these two guests
by host 3.

Thermodynamic parameters: In order to quantitatively in-
vestigate the cooperative binding behavior of bis(S-cyclo-
dextrin)s from the thermodynamic viewpoint, fluorometric
titrations of AR and RB with native fS-cyclodextrin 1 and
bis(B-cyclodextrin)s 2—4 were performed at several temper-
atures ranging from 25.0 to 40.0°C to give the complex
stability constants K at different temperatures. The thermo-
dynamic parameters AG°, AH°, and TAS® for each host—
guest combination are listed in Table 3, along with the
relevant values reported by Zhang and Breslow.[!]

Table 3. Thermodynamic parameters for 1:1 inclusion complexation of
guest molecules with S-cyclodextrin 1 and bis(S-cyclodextrin)s 2—4 and 7—
9 in aqueous solution at 25°C.

Host Guest —AG” — AH° TAS® Ref.
[kImol~'] [kImol '] [kImol ']
1 AR 19.5 32.0 —-125 la]
RB 20.7 —40.8 61.5 la]
2 AR 255 32.8 -73 la]
RB 252 9.4 15.8 la]
3 AR 19.6 30.7 —11.1 la]
RB 22.8 -271 49.9 la]
4 AR 20.6 19.3 1.3 la]
RB 21.0 —-924 113.4 fa]
7 10 413 67.5 —-26.2 o]
8 10 40.2 60.4 -20.2 o]
9 10 36.1 62.2 —26.1 o]
7 11 37.4 65.5 —28.1 o]
8 12 43.0 89.5 —46.5 o]

[a] This work. [b] Ref. [1].
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In order to visualize and compare the molecular binding
behavior of native -cyclodextrin 1 and bis(3-cyclodextrin)s
2 -4, the thermodynamic quantities obtained for the complex-
ation of AR and RB with 1-4 are plotted in Figure 3.
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Figure 3. Free energy (—AG°), enthalpy (—AH"), and entropy changes
(TAS®) for the inclusion complexation of top: Acridine Red and bot-
tom: Rhodamine B with f-cyclodextrin and bis(f-cyclodextrin)s 2—4 in
aqueous buffer solution (pH 7.20) at 25°C.

Firstly, as can be readily recognized from Table 3 and
Figure 3, AR and RB show dramatic contrasts in thermody-
namic behavior upon complexation with native 3-cyclodextrin
1. Although the complex stabilities observed for native 1 with
AR and RB are comparable with each other (AG®°=—19.5
and —20.7 kJmol~, respectively), the complexation of AR is
exclusively driven by enthalpy (AH® = —32.0 kJmol~!) with a
moderate entropic loss (TAS° = —12.5 kJ mol '), while that of
RB is entirely driven by the large entropic gain (TAS° =
61.5 kI mol~!) which overwhelms the significant endothermic
enthalpy change (AH° =40.8 kJmol!). Since the association
process, which leads to the loss of conformational freedom, is
inherently accompanied by entropic loss, as is the case with
the complexation of AR, the large entropic gain observed for
RB is not expected for a host—guest association. In view of
the structural features of RB compared with those of AR, the
extra desolvation arising from the lactonization of the heavily
hydrated benzoate moiety of RB and/or from the desolvation
of the oligo(ethylenediamino) tether upon inclusion complex-
ation would be responsible for this unusually large positive
entropy change.

As expected, the use of bis(3-cyclodextrin)s 2—4 enhances
the original complex stabilities of both AR and RB compared
with 1, while preserving the same thermodynamic character-
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istics, that is, that the binding of AR is driven by enthalpy,
whereas the complexation of RB is driven by entropy.
Interestingly, the enhanced binding of AR by 2-4 is
accomplished not by a further increase in the originally
favorable enthalpic gain (— AH®) or by a strengthening of the
van der Waals or hydrophobic interactions, but by a reduction
in the large entropic loss (TAS®) for 1 (—12.5 kJmol!) to less
negative or even positive values for 2—4 (—73, —11.1, and
+1.3 kIJmol~!, respectively), for which more extensive de-
solvation of both RB and bis(5-cyclodextrin) upon complex-
ation would be responsible. In contrast, the stronger binding
of RB by 2 or 3 (AG°=-25.2 and —22.8 kJmol~, respec-
tively) than by 1 (AG°=—20.7 kImol™") is achieved by the
exothermic or less endothermic enthalpy changes (AH®=
—9.4 and 271 kJmol™!' for 2 and 3, respectively, versus
40.8 kJmol~! for 1). Meanwhile, the much increased entropic
gain (TAS°=113.4kJmol™") for 4 is almost canceled by
the simultaneously increased enthalpic loss (AH®=
92.4 kJmol™!); this affords an only slightly more stable RB
complex with 4 (AG°=—21.0 kImol™") than with 1 (AG° =
—20.7 kJmol1).

A comparison of the thermodynamic parameters for the
bis(8-cyclodextrin) series is also intriguing. As discussed
above, the two guest dyes AR and RB, which possess a
similar core structure but have different molecular sizes/
shapes and substituents, display contrasting thermodynamic
behavior upon complexation with the bis(S-cyclodextrin)s. As
stated above, we have found enthalpy-driven complexation
and entropy-governed enhancement in the case of AR, but
entropy-driven complexation and enthalpy-governed en-
hancement in the case of RB. However, a close examination
of Figure 3 leads us to the general trends of the thermody-
namic parameters that are common to both AR and RB.
Beyond the apparent differences in sign and magnitude of the
AH° and TAS® values for 2 to 4, the enthalpic gain (— AH®)
continuously becomes smaller upon extension of the tether
from 2 to 4, whereas the entropic gain (TAS°) shifts to the
positive (favorable) side; this compensates for the enthalpic
loss caused by extending the tether (except for the 3—AR
host—guest pair). The smaller enthalpic gains for the longer-
tethered hosts may be ascribed to the difficulty for such hosts
in forming a good hydrophobic pseudocavity and to the
greater contribution of entropic gain that would arise from the
more extensive desolvation of the tether upon sandwich
complexation.

Enthalpy — entropy compensation: We have previously dem-
onstrated that the enthalpy and entropy changes obtained for
the inclusion complexation of various guests with native a- to
y-cyclodextrins are mutually compensatory; this gives a linear
AH® versus TAS® plot.s] We have also proposed that the
slope (¢ =0.79-0.97) and intercept (TAS,=8-15 kJmol!)
of the compensation plot can be used as quantitative measures
of the conformational changes and the extent of induced
desolvation upon complex formation.'>'S] The relatively
steep slopes of 0.79-0.97, obtained with a- to y-cyclodex-
trins,l mean that only 3-23% of the enthalpic gains from
complex formation are reflected in the free energy change or
complex stability. This is probably due to the global reorgan-
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ization of the original hydrogen-bonding network in cyclo-
dextrins upon inclusion complexation. The compensatory
enthalpy —entropy relationship for a wide variety of modified
mono(B-cyclodextrin)s has also been reported,!'> 81 and gives
a steepr slope (¢=0.99) and larger intercept (TAS,=
17 kJmol ™).

In the present study, the TAS® values are plotted against the
AH" values by using the thermodynamic parameters obtained
in this work and the data reported by Zhang and Breslow!!! for
bis(B-cyclodextrin)s of different types. As can be seen from
Figure 4, the AH" against TAS® plot gives an excellent straight
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Figure 4. Enthalpy —entropy compensation plot for inclusion complex-
ation of bis(S-cyclodextrin)s with various guests at 25°C; see Supporting
Information for the original data.

line with a correlation coefficient of 0.99, although the
available data points are fairly limited (n=11) and com-
pletely different host—guest combinations have been em-
ployed. The slope, a, and the intercept, TAS,, values for bis(j3-
cyclodextrin)s, as well as the corresponding values for natural
cyclodextrins and modified mono(S-cyclodextrin)s from our
previous reports,l'> 181 are summarized in Table 4. Unexpect-
edly, the slope for bis(S-cyclodextrin)s (a =0.86) is appreci-
ably smaller than that for modified mono(S-cyclodextrin)s
(a=0.99), but rather closer to that for native -cyclodextrin
(a=10.80).1 On the other hand, bis(8-cyclodextrin)s show a
much larger intercept (TAS,=26 kJmol™') than those for
native f-cyclodextrin (TAS,=11kJmol™!) and modified
mono(f-cyclodextrin)s (TAS;=17 kImol~'). Theses results
indicate that bis(8-cyclodextrin)s experience moderate con-
formational changes and extensive desolvation upon inclusion
complexation—the latter may account for the fact that,
despite the enthalpic destabilization of up to 92.4 kImol-},

Table 4. Slope (a) and intercept (TAS,) of the AH® versus TAS® plots for
1:1 inclusion complexation of native and modified cyclodextrins and bis(/3-
cyclodextrin)s in homogeneous solution.

Host nlel a TAS, Ref.
[kJmol ']
a-cyclodextrin 524 0.79 8 [b]
B-cyclodextrin 488 0.80 1 [b]
y-cyclodextrin 58 0.97 15 [b]
modified cyclodextrins 128 0.99 17 [b]
bis(B-cyclodextrin)s 11 0.86 26 [c]

[a] Number of data sets used in the AH®° — TAS® analysis. [b] Ref. [15].
[c] This work.
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bis(f-cyclodextrin) 4 can bind RB solely as a consequence of
the extremely large entropic gain (TAS® =113.4 kI mol!) that
arises from the extensive desolvation of the long oligo(ethyl-
enediamine) tether.

Although the analysis was done by using a limited number
of data, we have gained clear and sensible insights into the
factors and mechanism governing the inclusion complexation
of bis(S-cyclodextrin)s in the present case. Work concerned
with extending the reliability of these thermodynamic data is
currently in progress.

Experimental Section

Apparatus: Mass spectra were obtained by using a JEOL JMS-DX-303
instrument. '"H NMR spectra were recorded on a Bruker AC-P200
instrument at 200 MHz with tetramethylsilane as internal reference.
Infrared and ultraviolet spectra were recorded on Shimadzu IR-435 and
Shimadzu UV-2401/PC instruments, respectively. Elemental analysis was
performed on a Perkin—Elmer2400C instrument. Fluorescence spectra
were measured in a conventional quartz cell (10 x 10 x 45 mm) at 25°C on
a JASCO FP-750 spectrometer equipped with a temperature controller and
with excitation and emission slits of 5 nm width. Circular dichroism (CD)
spectra were recorded at 25°C in a conventional quartz cell (10 x 10 x
45mm) on a JASCOJ-720S spectropolarimeter equipped with a PTC-
348WI temperature controller to keep the sample temperature constant.
Fluorescence lifetimes were determined by the time-correlated single-
photon-counting method by using a Horiba NAES-550 instrument with a
time resolution of <0.5ns. A self-oscillating discharge lamp filled with
hydrogen gas was employed as the pulsed-light source, and the excitation
light was made monochromatic by a 10 nm monochrometer. The emission
from the sample was passed through an appropriate filter (Toshiba UV-33)
placed before the detector unit in order to eliminate scattered excitation
light. Maximum counts of up to 10000 were collected for each measure-
ment. The accumulated signals were then processed, and the lifetimes were
determined by deconvolution by using the nonlinear least-squares-fit
method.

Materials: Ammonium 8-anilino-1-naphthalenesulfonate (ANS), Brilliant
Green (BG), and Methyl Orange (MO) were purchased from Wako Pure
Chemical Industries, Ltd. Acridine Red (AR) was purchased from
Chroma-Gesellschaft Schmid & Co. Rhodamine B (RB) was purchased
from the Tianjin Chemical Reagent Plant. All chemicals were reagent
grade and were used without further purification, unless noted otherwise.
p-Cyclodextrin (1) of reagent grade (Shanghai Reagent Works) was
recrystallized twice from water and dried in vacuo for 12 h at 100°C. N,N-
Dimethylformamide (DMF) was dried over calcium hydride for two days
and distilled under reduced pressure prior to use. Pyridine was refluxed
over calcium hydride for 8 h and distilled prior to use. 2,2"-Bipyridine-4,4'-
dicarboxylic dichloride was prepared according to the procedure reported
by Evers etal.’?] Mono[6-oligo(ethylenediamino)-6-deoxy]-f-cyclodex-
trins were prepared according to the procedures reported by Harada
et al.P!l Disodium hydrogen phosphate and sodium dihydrogen phosphate
were dissolved in distilled, de-ionized water to make a 0.10M phosphate
buffer solution of pH 7.20 that was used in the spectral measurements.

Synthesis of 2,2'-bipyridine-4,4"-dicarboxy-bridged bis(6-O-f-cyclodextrin)
(2): 2,2'-Bipyridine-4,4'-dicarboxylic dichloride (0.28 g, 1.0 mmol) was
dissolved in dry pyridine (30 mL) containing dicyclohexylcarbodiimide
(0.7 g, 34 mmol). Dry f-cyclodextrin (2.30 g, 2.0 mmol) in DMF (20 mL)
was added to the solution at room temperature under a nitrogen
atmosphere, and the resultant mixture was stirred for 18 h in an ice bath.
The solution was allowed to warm up and was stirred for an additional two
days at room temperature until no more precipitation was deposited. Then
the precipitate was removed by filtration and the filtrate was evaporated
under reduced pressure to dryness. The residue was dissolved in water, and
then acetone was added to the solution to give a light red precipitate. The
crude product obtained after drying was purified by column chromatog-
raphy over Sephadex G-25 with distilled de-ionized water as the eluent to
give a pure sample as a slightly reddish solid. Yield: 0.8 g, 0.3 mmol, 30 %;
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m.p. ca. 180°C (dec); '"H NMR (200 MHz, D,0, TMS): 6 =3.19-3.92 (m,
85H), 5.06 (m, 14H), 799 (m, 2H), 8.55(m, 2H), 8.82 (m, 2H); IR (KBr):
7=3358.0, 2907.8, 1725.8, 1703.0, 1646.9, 1397.1, 1371.1, 13277, 1235.1,
1140.1, 1071.9, 1023.1, 941.1, 841.9, 747.7, 573.5, 541.3 cm™~!; UV/Vis (water)
Amax (8)=302.3 nm (6185 mol-'dm3*cm~'); MS: m/z: 2477 [M+H]*; ele-
mental analysis caled (%) for CogH;440-,N,+-12H,0 (2694.3): C 42.80, H
6.29, N 1.04; found: C 42.53, H 6.20, N 1.00.

Synthesis of N,NV'-bis(2-aminoethyl)-2,2’-bipyridine-4,4’-dicarboxamide-
bridged bis(6-amino-6-deoxy-f-cyclodextrin) (3): Bis(fS-cyclodextrin) 3
was prepared in 20 % yield from 2,2'-bipyridine-4,4'-dicarboxylic dichloride
and mono[6-(2-aminoethylamino)-6-deoxy]-f-cyclodextrin as a bright red
solid according to the procedures described above. 3. M.p. ca. 180°C (dec);
'H NMR (200 MHz, [D¢]DMSO, TMS): 6 =2.8-4.0 (m, 92H), 4.8 (m,
14H), 8.0 (m, 2H), 8.7-8.9 (m, 4H); IR (KBr): 7 =23380.6, 2930.2, 1650.3,
1549.5, 1370.5, 1241.6, 1155.8, 1081.2, 1031.2, 944.8, 857.6, 756.4, 606.2,
578.4, 530.1cm™; UV/Vis (water): Amax (€) =294.0 nm
(10128 mol~'dm*cm™"); MS: m/z: 2561 [M+H]*; elemental analysis calcd
(%) for C,yH,;50,0Ng+8H,O (2706.5): C 44.38, H 6.41, N 3.11; found: C
44.52, H 6.50, N 3.31.

Synthesis of N,N’-bis(5-amino-3-azapentyl)-2,2’-bipyridine-4,4'-dicarbox-
amide-bridged bis(6-amino-6-deoxy-f-cyclodextrin) (4): Bis(S-cyclodex-
trin) 4 was prepared in 20% yield from 2,2"-bipyridine-4,4'-dicarboxylic
dichloride and mono[6-(5-amino-3-azapentylamino)-6-deoxy]|-S-cyclodex-
trin as a yellowish solid according to procedures similar to those employed
in the synthesis of 2. M.p. ca. 180°C (dec); 'H NMR (200 MHz, [D,]DMSO,
TMS): 6 =2.6-3.0 (m, 8H), 3.2-3.9 (m, 92H), 4.8 (m, 14H), 8.0 (m, 2H),
8.7-89 (m, 4H); IR (KBr): 7=3391.4, 2930.7, 1654.8, 1549.5, 1411.1,
1368.3, 1241.9, 1155.9, 1080.5, 1031.1, 944.5, 857.1, 756.0, 705.9, 608.1, 578.9,
531.2em™1; UV/Vis (water): Ay, (€) =293.0 nm (5366 mol~!dm3*cm™'); MS:
m/z: 2647 [M+H]*; elemental analysis calcd (%) for C,o,H;4s0,0Ng+ 12H,0
(2864.6): C 43.61, H 6.69, N 3.91; found: C 43.70, H 7.02, N 3.83.
Synthesis of N,N'-bis(8-amino-3,6-diazaoctyl)-2,2-bipyridine-4,4'-dicar-
boxamide-bridged bis(6-amino-6-deoxy-f-cyclodextrin) (5): Bis(3-cyclo-
dextrin) 5 was similarly prepared in 18 % yield from 2,2'-bipyridine-4,4'-
dicarboxylic dichloride and mono[6-(8-amino-3,6-diazaoctylamino)-6-de-
oxy]-f-cyclodextrin as a yellowish solid. M.p. ca. 180°C (dec); '"H NMR
(200 MHz, [D4]DMSO, TMS): 6 =2.6-2.9 (m, 16 H), 3.1-4.0 (m, 92H), 4.9
(m, 14H), 7.9 (m, 2H), 8.8 (m, 4H); IR (KBr): 7 =3413.7, 2929.3, 1640.9,
1549.4,1371.4,1241.7,1155.8,1080.2, 1030.9, 944.7, 855.5, 755.7, 686.9, 578.1,
533.5ecm™Y; UV/Vis (water): A, (€) =292.6 nm (12308 mol~'dm?cm™);
MS: m/z: 2733 [M+H]*; elemental analysis caled (%) for C,sH;7070No*
5H,O (2824.7): C 45.92, H 6.64, N 4.96; found: C 45.97, H 6.73, N 4.83.
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A Structural and Theoretical Analysis of Transition

Metalloporphodimethenes and Their Relationship with Metalloporphyrins

Nazzareno Re,”! Lucia Bonomo,!?! Carlos Da Silva,/?! Euro Solari,! Rosario Scopelliti,?!

and Carlo Floriani*!

Abstract: The paper reports the syn-
thesis of the first-row transition metal
hexaethylporphodimethene derivatives
[(Et,Ny)M] [M=Mn, 3; M=Co, §;
M =Cu, 7] on a multigram scale, which
makes them easily available for reactiv-
ity studies. After synthesis they were
converted into the corresponding five-

coordinate [(Et,N,)M(L)] [M=DMn,
L=THE, 8; M =Co, L=Py, 9] and six-
coordinate [(Et{N,)M(L),] [M=Mn,

L=THF, 10; M=Mn, L=Py, 11] de-

namely the iron and nickel derivatives
4, 6, 12, and 13, permit the presentation
of the first coherent report on the
structural, optical, magnetic, and elec-
tronic characteristics of the first-row
transition metal porphodimethene de-
rivatives. The experimental results, cou-
pled with a detailed theoretical analysis
(Density Functional Theory, DFT), give

Keywords: magnetic properties
metalloporphyrins - porphodime-

the appropriate background for future
development of the porphodimethene
skeleton, which paves the way from
porphyrinogen to porphyrins. In addi-
tion, this report, encompassing the en-
tire first row of transition metal ion
porphodimethenes, allows a valuable
comparison to be made with the corre-
sponding metallated porphyrins, thus
establishing the peculiar differences in
terms of structural and electronic prop-
erties and potential reactivity.

rivatives. The compounds mentioned
above and those recently reported,

Introduction

Porphodimethenes are very often invoked as the intermediate
in the oxidation pathway of porphyrinogen to porphyrins and
metalloporphyrins.l> 2 Studies on such a skeleton, either on
the metal-free or the metalated form, are limited by the
complicated and small-scale synthetic access.’) Porphodi-
methenes can be obtained formally by a two-electron reduction
and protonation or alkylation®! of the porphyrin or by a four-
electron oxidation —deprotonation or dealkylation® of the
porphyrinogen (Scheme 1). The former method, which is
limited to sterically hindered octaalkylporphyrins, does not
have flexibility in terms of meso derivatives and scaling up.
The second one, which has been introduced successfully in the
literature only recently, has the great advantage of leading to

[a] Prof. Dr. C. Floriani, L. Bonomo, C. Da Silva, Dr. E. Solari,
Dr. R. Scopelliti

Institut de Chimie Minérale et Analytique

Université de Lausanne
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Prof. N. Re

Facolta di Farmacia, Universita degli Studi G. D’Annunzio
66100 Chieti (Italy)

Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.
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thenes - porphyrinoids

Scheme 1. The two synthetic pathways to the porphodimethene skeleton
and the numbering scheme adopted for the porphodimethene ligand.

differently meso-substituted porphodimethenes and, in addi-
tion, can be performed at an appropriate scale for synthetic
purposes. Such a synthetic method provides the porphodi-
methene skeleton in its protonated or lithiated form, the latter
being the most appropriate for transmetallation reactions.
This is the first comprehensive report on porphodimethene
derivatives for the first-row transition metals from Mn" to
Cu'. They have been synthesized according to the new
methodology, and a structural analysis of the unligated, mono-
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and bisligated forms has been completed with a detailed
investigation of their magnetic properties.

These results, coupled with a detailed theoretical analysis,
give the appropriate background for a perspective on the
future development of the chemistry of metalloporphodi-
methenes. The differences in electronic and structural proper-
ties between these two classes of compounds can be partic-
ularly important in planning metal-assisted transformations of
a variety of substrates.

Results and Discussion

The general synthesis of the meso-hexaethylporphodimeth-
ene complexes was carried out according to Scheme 2, by
treating the THF-solvated metal chlorides with the lithium

Et6N4LI2 THFz] 1
MCl2 THF,
M Mn

M= Mn
[Mn3Mese]

/ L = THF, Py
M =Mn, 3 \

M =Fe, 4
M=Co,5
M = Ni, 6
M=Cu, 7

M =Mn, L=THF, 8
M=Co,L=Py, 9

M = Mn, L = THF, 10
M=Mn, L=Py, 11
M= Fe, L=THF, 12

M =Fe, L = Py, 13 All the meso substituents are Et groups

Scheme 2. The synthesis of the tetra-, penta-, and hexacoordinate metal-
laporphodimethene derivatives.

porphodimethene derivative 1.4/ The latter was synthesized
according to a recently published method.[*! Following the
procedures given in the Experimental Section, three forms
have been obtained: the base (unligated) chelates 2-7, the
monoligated 8 and 9, and the bisligated 10—13. The detailed
results concerning 2—13 will be reported and discussed in
three different sections: A) Structural and spectroscopic
properties; B) Magnetic properties; C) Theoretical studies.

Structural and spectroscopic properties: Structural analyses
were carried out for the tetracoordinate 5 and 7, pentacoor-
dinate 8 and 9, and hexacoordinate 10 and 11; details are
reported in Table 1. For an appropriate structural comparison,
we will mention also the structures of 4, 6, 12, and 13, which
we reported recently in a more synthetic context.!

Chem. Eur. J. 2001, 7, No. 12
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The parameters which have been considered and which will
be helpful for discussing the relationship with the related
metalloporphyrins are: i) the conformational ones summar-
ized in Table 2; ii) the deviation of the metal from the N,
plane (see Table2), which depends on the coordination
number of the metal and the d” configuration; iii) the M—N
bond lengths, which are reported in Table 3; and iv) the
folding of the macrocycles.!l A major difference from the
porphyrin will be, possibly, the size of the cavity of the N, core,
which may have a different metal selectivity than the
porphyrin skeleton (see Table 3). The structures will be
considered in groups, depending on the coordination number
of the metal, except for 14, which is the lone M derivative
under consideration.

Complexes 5 and 7: Both compounds 5 and 7 (5 is displayed in
Figure 1, while 7 is reported in the Supporting Information)
have square-planar coordination geometry and show small

Figure 1. XP drawing of 5 showing the labeling scheme adopted (H atoms
and disorder omitted for clarity).

displacements from the N, plane [0.022(2) and 0.040(4) A for
5 and 7, respectively]. The structural features are similar to
those shown in square-planar metal centers bearing this kind
of ligand [see Ni" and Fe'], which can be summarized as:
i) short M—N bond lengths [Co—N, =19353) A, 5;
Cu—N,, =1.979(8) A, 7]; ii) roof folding of the ligand with a
high degree of ruffling?®*! (see Table 2).

The roof folding (&) can be considered as a measure of the
distortion and nonplanarity of the ligand, which is rather
flexible compared to porphyrin.B! As can be seen from
Table 2, the highest value is shown for complex 6, while, in the
case of planar ligands like 12, this folding is zero. There are
some noteworthy intramolecular and intermolecular interac-
tions occurring between CH, hydrogens of the ethyl chains
and the metal ion (Col---H26B =2.70 A; Col —H32B=
2.70 A; Col ---H18 =2.58 A).

Complexes 8 and 9: These two compounds, shown in Figures 2
and 3, respectively, are very different, even though the metal
centers of both have a square-pyramidal arrangement. These
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Table 1. Crystal data and details of the structure determination for 5, 8, 9, 10, 11, and 14.

5 8 9 10 11 14
Chemical formula Cy,H33CoNy C5sHyMnN,O Cy;H;3CoN; C,Hs,MnN,O, CpH sMnNg C5,H3CIMnN,
Formula weight 537.59 605.71 616.69 677.81 691.80 569.05
Crystal system monoclinic orthorhombic triclinic monoclinic monoclinic monoclinic
Space group P2,/c Pbca P1 P2i/n P2/n P2/c
a[A] 11.5290(9) 14.555(3) 8.7480(17) 10.0283(8) 10.0334(5) 12.542(3)
b [A] 25.910(2) 17.094(3) 9.5010(19) 10.1986(3) 9.6000(4) 10.231(2)
c[A] 9.8398(5) 25.760(5) 18.793(4) 17.4789(6) 18.5830(6) 21.914(4)
a[°] 90 90 90.58(3) 90 90 90
AI°] 114.227(6) 90 97.16(3) 92.2350(14) 94.8000(10) 100.42(3)
v [°] 90 90 96.50(3) 90 90 90
v [A% 2680.4(3) 6409(2) 1539.4(5) 1786.29(16) 1783.65(13) 2765.5(10)
VA 4 8 2 2 2 4
D yea [gem 3] 1.332 1.255 1.330 1.260 1.288 1.367
F(000) 1140 2584 654 726 734 1200
u [mm-~1] 0.669 0.446 0.592 0.409 0.409 0.603
T [K] 143 143 143 143 143 143
2 [A] 0.71073 0.71070 0.71070 0.71069 0.71069 0.71070
Measured reflns 14978 33723 7168 8697 8444 8993
Unique reflns 4455 5300 4182 2619 2375 3628
Unique reflns [/>2(1)] 4138 4006 3678 1954 1949 2028
Data/parameters 4455/363 5300/380 4182/389 2619/214 2375/223 3628/344
R [1>2(D)] 0.0601 0.0477 0.0476 0.0545 0.0440 0.0757
wR2l (all data) 0.1268 0.1401 0.1417 0.1371 0.1030 0.2166
GoF’! 1.144 1.003 1.097 1.127 1.218 0.917

[a] R=Z||F,;| — |F.||/Z|F,|, wR2 = {Z[w(F2 — F2)*)/Z[w(F2)*]}'. [b] GoF = {Z[w(F2 — F2)?]/(n — p)}'”?, where n is the number of data and p is the number of
parameters refined.

Table 2. Comparison of relevant structural parameters within the metal —ligand units.

5 8 9 10 11 14 6 4 12 13

Deviations from the N, core [A] N1~ 0.022(2)  0.006(1) —0.008(1) 0 0 —0.063(3)  0.009(2)  0.003(1) 0 —0.014(1)

N2 —00222) -0006(1)  0.008(1) 0 0 0.063(3) —0.009(2) —0.003(1) 0 0.014(1)

N3 00222)  0.006(1) —0.008(1) 0 0 —0.064(3)  0.009(2)  0.003(1) 0 —0.014(1)

N4  —0022(2) -0.006(1)  0.008(1) 0 0 0.064(3) —0.009(2) —0.003(1) 0 0.014(1)

M 0022(2) —0298(1) —0.052(2) 0 0 —0303(3)  0.072(2) —0.045(1) 0 —0.043(1)
Angle between ABE (81) [°] 26.6(3) 6.2(2) 22(2)  36(3) 86(2) 19.0(4) 16.8(1) 232(1)  27(1)  15.4(1)
Angle between CDE (82) [°] 24.7(2) 14.9(2) 21.81)  3.6(3) 86(2) 17.9(4) 24.1(2) 252(1)  27(1)  19.3(1)
Roof folding® () [°] 44.4(3) 112(2) 522(1) 0 0 33.8(4) 63.1(2) 453(1) 0 44.1(1)

[a] A, B, C, and D define the pyrrole rings containing N1, N2, N3, and N4. [b] The roof folding is defined as the angle between the planes containing the two
halves of the ligand (first half: pyrrole A, meso sp? carbon C5, pyrrole B; second half: pyrrole C, meso sp? carbon C15, pyrrole D).

Table 3. Selected bond lengths [A] for compounds 4—6 and 8-14.

5 8 9 10 1 14 6 4 12 13
M-N,, 1.935(3) 2.130(2) 1.937(2) 2.124(3) 2.128(2) 2.004(5) 1.893(3) 1.952(2) 2.098(2) 1.980(1)
M-L,, (av) - 2.187(2) 2.169(2) 2.353(3) 2.420(2) 2373(2) - - 2.248(1) 1.989(1)

differences stem in general from two important structural
features: coordination of the metal ion and conformation of
the ligand.

The coordination is in both cases square-pyramidal. It is
almost perfect in the case of compound 9, in which the Co' is
only displaced by —0.0519(10) A from the N, plane. In
compound 8 the geometry is distorted and the deviation of the
Mn" ion from the N, plane is —0.298(1) A. The average M—N
distance is 1.938(2) A in 9 and 2.130(2) A in 8, reflecting also
the different spin states and the radii of the two metal ions
[HS-Mn", 0.82 A; LS-Co'", 0.65 A].

The ligand shows a large roof folding angle, with a high
degree of ruffling (see Table 2) in compound 9, while it is in a

2538
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quasi-planar arrangement, with a little folding, in compound
8.

The flexibility of the ligand also influences the disposition
of the axial ligand in both complexes. In compound 9, in which
no strong steric effect between the ethyl chains and the
pyridine is present, the ligand is oriented along the axis that
links the meso sp?® carbon atoms [N2-Co1-N5-C33 =45.0(2)°;
N3-Col-N5-C33 =—-45.2(2)°], whereas in complex 8 the
steric hindrance orients the THF molecule along the C5---
C15 axis [N1-Mn1-O1-C36 = —49.8(2)°, N2-Mn1-O1-C36 =
40.2(2)°]. Intermolecular interactions occur only in com-
pound 9 between the Co! and hydrogen atoms belonging to
ethyl chains (Col ---H29B =2.83 A, Col — H23B=3.18 A).

0947-6539/01/0712-2538 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 12
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Figure 2. XP drawing of 8 with the labeling scheme adopted (H atoms
omitted for clarity).

Figure 3. XP drawing of 9 with the labeling scheme adopted (H atoms
omitted for clarity).

Complexes 10 and 11: These two compounds are very similar,
and they are depicted in Figures 4 and 5, respectively. They
both exhibit slightly distorted octahedral geometry of the
metal ion [Mn'"], without any out-of-plane deviation (for
symmetry requirements) from the N, core. The average
Mn—N,,,. bond length is 2.124(3) A for 10 and 2.128(2) AP for
11. The equatorial ligands are in both cases almost planar (see
Table 2) with a small ruffling. The mean planes of the axial
ligands are, roughly speaking, oriented along the axis linking
the two meso sp? carbon atoms. This is due to the steric
hindrance between the methyl hydrogen atoms and the
hydrogen atoms belonging to the ligands (THF for 10,
pyridine for 11). Such dispositions are attested by the
following torsion angles: N1-Mn1-O1-C17 = —38.3(3)°, N2-
Mn1-O1-C17=52.2(3)° for 10; N1-Mn1-N3-C21 =60.6(2)°,
N2-Mn1-N3-C21 = —29.4(2)° for 11. No particular inter- or
intramolecular interaction has been observed in the solid state
for either structures.

Complex 14: In complex 14 (Figure 6) the metal center is
surrounded by five atoms in a distorted square-pyramidal
arrangement and is displaced from the N, plane by

Chem. Eur. J. 2001, 7, No. 12
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c19

c18

Figure 4. XP drawing of 10 with the labeling scheme adopted (H atoms
omitted for clarity). A prime denotes the following symmetry trans-
formation: —x, —y, —z.

Figure 5. XP drawing of 11 with the labeling scheme adopted (H atoms
omitted for clarity). A prime denotes the following symmetry trans-
formation: —x, —y, —z.

Figure 6. XP drawing of 14 with the labeling scheme adopted (H atoms
omitted for clarity).
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—0.303(3) A. The Mn—N bond lengths vary in a narrow range
[1.993(5)-2.013(5) A] and the Mn—Cl bond length is
2.373(2) A. The ligand shows the usual roof conformation
(see Table 2) with a significant ruffling giving the saddle form.
The distance between the two meso sp? carbon atoms is, as
expected, shorter than that calculated for the two sp* carbon
atoms [C5-+C15=6.711(9) A versus C10--- C20=6.945(9) A].
The solid-state structure shows some interactions between the
metal and one methyl hydrogen of an ethyl chain in a
neighboring molecule (Mn---H=2.77 A), thus spawning a
pseudo-octahedral geometry. Also noteworthy are some
intramolecular hydrogen bonds involving the chlorine atom
(Cl1---H23B=2.70 A and CI1---H31A =2.72 A).

Structural and spectroscopic properties: Optical spectra: All
the metal porphodimethene complexes were characterized by
UV/Vis spectroscopy. The optical spectra in benzene of the
unsolvated complexes are reported in Figure 7 and are all
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Figure 7. The UV/Vis spectra of the unsolvated complexes 3—-7.

characterized by the presence of an intense absorption
maximum between 420 and 470 nm with a shoulder at 480—
490 nm for Co and Cu, or a second weaker band at around
500 nm for Fe and 530 nm for Ni. These absorption bands are
similar to those observed for other metallodiporphometh-
eneslt® 3 6l and originate from 7t to st* ligand transitions,*l see
below. The electronic absorption spectra of these metal
porphodimethenes bear some resemblance to those of the
corresponding metal porphyrins, which are characterized by
an intense transition at 400 —420 nm (the Soret or B band) and
a pair of vibrationally resolved weak transitions at 550-—
600 nm (the Q bands) and which have been assigned to single
excitations from ay,, a,, porphyrin & to e,* porphyrin m*
orbitals, forming four excited states which can mix by
configuration interaction.”! In the metal porphodimethenes,
however, the Soret band is replaced by a characteristic
“methene” band at lower energy (420470 nm) with a smaller
extinction coefficient. At variance with this band, the energy
and the intensity of the second weaker peak at higher energy
depends on the nature of the metal and is also strongly
affected by the presence of axial ligands, as exemplified by the
optical spectra of the solvated complexes of manganese with
one THF, two THF or two pyridine molecules, see Figure 8.
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Magnetic properties: The magnetic susceptibilities of com-
plexes 3—14 were measured in the temperature range 1.9—
300 K. Those of 3—-5 and 9 are shown in Figures 9-12.
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Figure 9. Magnetic susceptibilities (0), 10~ emu, and magnetic moments
(@), ug, as a function of the temperature for complex 3.

The magnetic moment of the four-coordinate manganese
complex 3 has a value of 4.0 u at 298 K, which remains almost
constant between 300 and 100 K and then decreases suddenly,
reaching a value of 3.0uy at 2.0 K (see Figure9). This
behavior is compatible with a §=% intermediate spin state,
with a magnetic moment at room temperature slightly larger
than the spin-only value of 3.88 ug. It is worth noting that the
analogous tetracoordinated manganese(i1) phthalocyanine has
a §=% ground state with a large value of the magnetic
moment at room temperature (ca. 4.4 ug).0!

The magnetic data have been analyzed in terms of an
isolated § =% state with an isotropic g factor and an axial
zero-field splitting described by the spin Hamiltonian in
Equation (1), where S=3% and D is the zero-field splitting

H =PgH -S + D[S —S(S + 1)/3] )
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constant. The spin degeneracy of the § =% state is partly lifted
by spin-orbit coupling into the M=+ and M,=+%
components, separated by the zero-field splitting parameter
2D. The magnetic susceptibility can be derived by the
Van Vleck Equation and is given by Equation (2),”] with

1
g Y0+ ew(-20) + (5r) - exp(-20)
© kT 1 + exp(—2x)

dim @
x=DI/kT. A temperature-independent paramagnetism (TIP)
term N, was also included to account for the slight increase of
the magnetic moment with 7, which is still observed close to
room temperatures. A good fit was found for g=2.05, D=
98cm~!, and N,=1.8 x 107* (see the solid line in Figure 9).
The relatively high TIP value is due to the presence of a low-
lying high-spin state, as confirmed by the DFT calculations
(see below).

A different behavior is observed for the THF-coordinated
manganese complexes 8 and 10, whose magnetic moments are
constant throughout most the temperature range 2-300 K,
with a value of about 5.9 uj; clearly indicating a high-spin (S =
%) Mn"' &° species.

The temperature dependence of the magnetic moments of
the iron complex 4 is illustrated in Figure 10. The magnetic
moment is almost constant between 50 and 300 K with a

60.0 - r 6.0
t
T Heft
V4

0 100.0 200.0 300.0
T/K —»

Figure 10. Magnetic susceptibilities (0), 10~* emu, and magnetic moments
(@), ug, as a function of the temperature for complex 4.

room-temperature value of 3.45 up at 300 K, and shows a
sudden decrease below 50 K, dropping to 0.95 u at 2 K. The
room-temperature value of the effective magnetic moment is
consistent with an S=1 intermediate-spin state, while the
decrease at low temperature can be attributed to a large zero-
field splitting with a nonmagnetic level lying lowest. This
behavior is quite similar to that of other tetracoordinated Fe!!
complexes with square-planar coordination constituted by an
N, macrocyclic ligand.l'> ' The room-temperature value for 4
is very close to that reported for Fe(Pc) (Pc=phthalocya-
nine), U= 3.9 ug,'% and slightly lower than that of Fe(TPP)

Chem. Eur. J. 2001, 7, No. 12
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(TPP = tetraphenylporphyrin), ;=42 ug''l These data
have already been analyzed in terms of an isolated S =1 spin
state using the spin Hamiltonian [Eq. (1)], and a good fit was
found for g=2.49, D =71.5 cm ;[ see solid line in Figure 10.

The temperature dependence of the magnetic moments of
the cobalt pyridine complex 9 indicates a monomeric low-spin
Co'! d’ species, the magnetic moment being nearly constant
over the whole temperature range with a value of ca. 2.20 ug
(Figure 11). Although much larger than the spin-only values
of 1.73, the magnetic moment of 9 is close to the values
observed for other Co! ions in square-planar and square-
pyramidal coordination.[**]
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. T T
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0 100 K

Figure 11. Magnetic susceptibilities (0), 10~* emu, and magnetic moments
(@), ug, as a function of the temperature for complex 9.

Similar behavior is observed for the unsolvated cobalt
complex 5, which, however, has a higher value for the room-
temperature magnetic moment (approx. 2.50 i) and a slight
increase of the magnetic moment below 20 K (Figure 12),
probably due to weak intermolecular magnetic coupling
between the metal centers within the crystal structure. It is
worth noting that analogous intermolecular ferromagnetic
interactions have been observed for some planar macrocyclic
complexes such as manganese(11) phthalocyanine, which has a
stacked crystal structure in which two azomethine nitrogen
atoms of each molecule lie above or below the metal atom
belonging to nearest neighbors.['4!

The nickel complex 6 is diamagnetic, indicating a low-spin
S =0 state, as expected for a Ni"" d® metal center in square-
planar coordination.

The magnetic moments of the copper complex 7 demon-
strate the typical behavior of Cul' d° species, being nearly
constant over the whole temperature range, with a value of ca.
1.73 ug.

Theoretical studies: density functional investigations: We
performed density functional calculations in order to gain a
deeper insight into the geometric and electronic structure of
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600.0p r 6.0 Table 4, which shows the relative energies and the metal
P configurations of the lowest spin states for each metal
1 5 ! complex. Table 4 shows that the ground state is a *A,
z Heft intermediate-spin state for Mn and a low-spin state for Co
P and Ni (A, and 'A,, respectively), in agreement with the
400’0_3 | 40 magnetic data. Density functional calculations at the same
5 level of accuracy have been recently performed on iron(ir)
o porphodimethenes!'?l and have shown that the ground state is
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Figure 12. Magnetic susceptibilities (0), 10~* emu, and magnetic moments
(®), ug, as a function of the temperature for complex 5.

these porphodimethene metal complexes. DFT calculations
including nonlocal correction to the exchange-correlation
potential have been recently shown to describe adequately the

a ’B, intermediate-spin state.['”

Density functional calculations have also been performed
for the manganese complex with an axial water molecule in
order to simulate the THF complex 8. The results (see
Table 4) show, at variance with the uncoordinated molecule, a
high-spin %A, ground state in agreement with the magnetic
evidence.

Table 5 reports the optimized geometries for the ground
states of the considered porphodimethene metal complexes.
As in the X-ray structures, the calculated geometries are not
planar but display a rooflike folding along the line joining the
two saturated meso-carbon atoms and a ruffling distortion
along each dipyrromethene half. The folding is specified by

Table 4. Energies calculated for the lowest lying electronic states of the
metal porphodimethenes under consideration.

geometry and the energy ordering of the lowest spin states of HoH
metalloporphyrins.[)
Since the iron porphodimethene complexes have already H H = HgNy2
been studied in a previous work,['”l we will address here only
Mn, Co, Ni, and Cu complexes. Several possible spin states <y
have been considered for each metal, namely S=", %, % for
Mn"; S =1, % or Co; and S =0, 1 for Ni'’. The ground states System State  Configuration AE[eV]
depend on the relative energies of the metal d orbitals, which [(HgN,)Mn] A, (de_2)X(d,)'(d,,)'(d)! 0.00
in turn depend on the ligand field of the porphodimethene °A (dey2)'(d2)'(d,)'(dy2) (dyy)" 015
macrocycle and of any axial ligands. The main structural Ay (A2 (dyc)*(dy)*(d2)! 0-53
includi ) p . d deviati [(HN)Mn(H,0)] A (2-2)'(d2)'(d,)'(d,) ! (d2)" 0.00
parameters, including macrocycle conformation and deviation A, (e ,)2(d,)'(d,)(d,0)! 0.10
of the metal from the N, plane, are determined by these fields. [(HN,)Co] A, (de-2)*(di)*(d,)(d2)! 0.00
Geometry optimizations in C,, symmetry have been per- ‘B, (de 2)*(d)(d,)'(d2)'(dy)' 074
. . 1 1 2
formed for the lowest spin states of all considered complexes. [(HNyNi] Ay (da2)*(d,o)*(d))*(d2)* 0.00
: : . ’B, (de2)*(d)X(d,)*(d2)'(dy,)t 0.83
The essential results of these calculations are reported in ?
Table 5. Pertinent geometrical parameters obtained for the ground states of the Mn, Fe, Co, and Ni porphodimethene complexes.
H__H
H H = HgNs >
H O H
System M-N N-C, NC C-C CC CC C-C  OOP a B
[(HeN,)Mn] (§=%) calcd 2.036 1.360 1.408 1.415 1.386 1.422 1.388 0.08 30.5 9.2
[(HgN,)Mn] (§=%) caled 2.131 1.345 1.394 1.421 1.384 1.425 1.395 0.03 19.1 5.4
[(Et,N,)Co] (5) X-ray 1935 135 141 1.42 1.36 1.42 1.39 002 444 256
[(HeN,)Co] (§=%) calcd 1.989 1.351 1.402 1.422 1.383 1.425 1.387 0.07 414 133
[(Et,N,)Ni] (6) Xray ~ 1.893 1337 1.408 1.423 1.383 1.420 1.387 007 631 204
[(HeN,)Ni] (§=0) caled 1.975 1.351 1.402 1.422 1.383 1.425 1.387 0.07 40.1 13.7
[(Et,N,)Cu] (7) X-ray 1979 1353 1388 1414 1.356 1.433 1393 004 403 195
[(HeN,)Cu] =) caled 2.034 1.345 1.396 1.425 1.385 1.428 1.393 0.06 40.3 10.7
[(Et,N,)Mn(THF)] (8) X-ray 2130 1345 1416 1423 1.361 1.423 1.404 ~030 112 105
[(H,N,)Mn(H,0)] (S=%)  caled 2145 1345 1396 1426 1.385 1.429 1.399 030 327 6.9
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the angle between the normals to the planes defined by the
two dipyrromethene halves (¢), while the ruffling is specified
by the angles between the normals to adjacent pyrrole ring
within each dipyrromethene half (6) and can therefore be
directly compared with the X-ray results, in other words,
respectively, the last line and the average of angles between
AB and CD in Table 2. In Table 2 we also report the deviation
of the metal from the N, mean plane, and the pertinent bond
lengths, based on the numbering scheme used in Scheme 1.

Table 5 shows that the calculated geometries of the metal-
loporphodimethenes are in fairly good agreement with
crystallographic data. In particular the computed bond length
scheme is in accordance with
the simple resonance descrip-
tion of the m-electron delocali-
zation within each dipyrro-
methene half illustrated in
Scheme 3. The only significant
deviations concern the M—N
core sizes for the unsolvated
complexes, for which the calcu-
lated lengths overestimate the
experimental values by ca.
0.05 A. However, this discrep-
ancy could be due to the pres-
ence of ethyl groups at the meso
carbons in the actual complexes
and packing constraints in the crystals that may enhance the
rooflike and ruffling distortions, thus leading to shorter M—N
core lengths. Indeed, an analysis of metal porphyrin com-
plexes!') demonstrated that a ruffling of the core could allow a
shortening of the M—N bonds while not necessarily requiring
substantial alterations in other distances within the ligand.
This is supported by the fact that for the planar pentacoordi-
nated manganese complex 8, where no ruffling is observed,
there is an excellent agreement between the calculated and
experimental Mn—N bond distance, 2.145 vs. 2.130 A.

It is worth noting that there is a rather good agreement
between the Mn—N and the other intraligand bond lengths
calculated for the high-spin state of the unsolvated manganese
complex and the crystallographic data for the corresponding
high-spin pentacoordinate manganese(il) complexes 8, sug-
gesting that the axial ligands have little effect on the metal
porphodimethene geometry.

Table 5 also shows that the length of the M—N core is
determined mainly by the electronic state and specifically by
the occupancy of the antibonding d,, orbital. In particular the
core size for the manganese high-spin state (with occupied d,,)
is significantly larger than for the manganese intermediate-
spin state or for the cobalt and nickel low-spin states; a
relatively large core size is also observed for the copper
complex whose doublet ground state shows an occupied d,,
orbital. This behavior is quite similar to that observed for the
corresponding metal porphyrin complexes.['”

Slight but significant differences between the M—N core
sizes of porphyrin and porphodimethene metal complexes
need to be mentioned. The core size of tetracoordinated metal
porphodimethenes is invariably less than that of the corre-
sponding porphyrin complexes: 1.952 A for 4 vs. 1.972 A for

Scheme 3. Resonance descrip-
tion of each dipyrromethene
half.
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[Fe(TTP)]1® or 1.996 A for [Fe(OEP)];™ 1.935 A for 5 vs.
1.950 A for [Co(TTP)]2 or 1.979 A for [Co(OEP)];2!
1.890 A for 6 vs. 1.928 A for [Ni(TTP)]? or 1.952 A for
[Ni(OEP)];2 1.979 A for 7 vs. 1.981 A for [Cu(TTP)]2* or
1.998 A for [Cu(OEP)]."] This is because of the flexibility of
the porphodimethene ligand, which may fold and achieve a
higher degree of ruffling than the porphyrins, thus allowing a
shortening of the M—N bonds. However, when planar
unruffled complexes are considered, the M—N core size of
porphodimethenes may be larger than those of the corre-
sponding porphyrins, as illustrated by the Mn—N bond length
in 8, 2.130 A, which is slightly larger than that in [Mn(TTP)-
(1-MeIm)], 2.128.51 This is probably due to the intrinsically
larger macrocycle coordination cavity of the porphodi-
methene ligand, as a consequence of the two meso sp’
carbons, with the longer 6(C—C) bonds connecting them to
the adjacent pyrrole rings.

It is interesting to compare the electronic structure of these
metal porphodimethene complexes with those of the corre-
sponding porphyrin systems, which have been the subject of
several experimental and theoretical studies.*!

Four-coordinate Mn"" porphyrins are all high-spin species
with a °A; (d,2_,2)'(d2)*(d,,)*(d,.)'(d,,)"* ground state. A differ-
ent*A, (d_2)*(d2)'(d,;)'(d,,)! intermediate-spin ground state
is found for the Mn! porphodimethene complex, as suggested
by the magnetic data and confirmed by the theoretical
calculations. This difference is not easy to explain, since the
larger macrocycle coordination cavity of the porphodi-
methene ligand (as a consequence of the two meso sp’
carbons) is expected to stabilize the d,, orbital and thus the
high-spin state. However, the porphodimethene macrocycle is
also more flexible than its porphyrin counterpart and can
better adapt the smaller intermediate-spin Mn! radius
through combined rooflike and ruffling deformations, thus
actually behaving as if it has a smaller coordination cavity.
This is illustrated by the X-ray structure of the rooflike
deformed and ruffled Fe" porphodimethene 4, which has a
smaller Fe—N core size, (1.972 A),l¥] than that of the planar
Fe! porphyrin complex [Fe(OEP)] (1.996 A)."¥ It is worth
noting that an intermediate-spin state has been observed for
Mn" phthalocyanine derivatives,®! the phthalocyanine macro-
cycle having a smaller coordination cavity than porphyrins.

On the other hand, Fe", Co", and Ni" porphodimethenes
show the same spin states observed for the corresponding
metal porphyrins, namely, an intermediate-spin state for Fe!!
and low-spin states for Co" and Nji'.['7]

In an attempt to investigate the reasons for this difference
and to compare the electronic structure of the metal
porphodimethene and porphyrin complexes, we performed
DFT calculations, at the same level of theory, on the 'A,
ground state of nickel(1) porphyrin under Dy symmetry
constraints. In Figure 13, we compare the main frontier
orbitals for the two complexes obtained from spin-restricted
DFT calculations performed on the optimized geometries of
the same 'A, state. The metal orbitals for the two complexes
are quite similar, the pertinent differences being: (1) a higher
energy of the metal orbitals (especially the d,,) in the
porphodimethene complex, and (2) the energy splitting in
the porphodimethene complex of the degenerate e,(d,,, d,.)
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Figure 13. Molecular orbital diagram for nickel(1) porphodimethene and
porphyrin complexes.

level of the iron porphyrin with a slight stabilization of the
b,(d,,) lying in the plane containing the two saturated meso
carbon atoms. In particular the significant energy increase of
the d,, orbital is associated with the smaller M—N core size
achieved in the porphodimethene (1.960 vs. 1.980 A) and is
expected to destabilize high-spin states and is probably
responsible for the observed intermediate-spin ground state
observed for the tetracoordinated manganese(i1) complex 3.

A second important difference is the energy splitting of the
lowest unoccupied e,(m*) orbital of the metal porphyrin into
the b, and a, in the porphodimethene and the higher energy of
the two highest porphodimethene & orbitals a, and b; with
respect to the porphyrin. Since these two orbitals are involved
in the intense m — ;t* transition that gives rise to the two main
bands in the electronic absorption spectra of these complexes,
these orbital changes are responsible for the observed differ-
ences between metal porphodimethene and porphyrin ab-
sorption spectra. In particular the energy increase of  orbitals
is expected to lead to a red shift of the main methene band
with respect to the Soret band.

Experimental Section

General procedure: All reactions were carried out under an atmosphere of
purified nitrogen. Solvents were dried and distilled before use by standard
methods. Infrared spectra were recorded with a Perkin—Elmer FT 1600
spectrophotometer; UV/Vis spectra were recorded with a Hewlett-Packard
8452A diode array spectrophotometer.

Magnetic susceptibility was measured with an MPMSS5 SQUID suscep-
tometer (Quantum Design) operating at a magnetic field strength of 1 kOe.
Corrections were applied for diamagnetism calculated from Pascal
constants.””l Effective magnetic moments were calculated as u. =
2.828(yr. - T)"?, where yg, is the magnetic susceptibility per iron center.
The magnetic data were fitted to the theoretical expression by minimiza-
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Computational and methodological details. The calculations reported in
this paper are based on the ADF (Amsterdam Density Functional)
program package described elsewhere.?®! Its important characteristics are
the use of a density fitting procedure to obtain accurate Coulomb and
exchange potentials in each SCF cycle, the accurate and efficient numerical
integration of the effective one-electron Hamiltonian matrix elements, and
the possibility of freezing core orbitals. The molecular orbitals were
expanded in an uncontracted double-zeta STO basis set for all atoms, with
the exception of the transition metal orbitals, for which we used a double-
zeta STO basis set for 3s and 3p and a triple-zeta STO basis set for 3d and
4s. As polarization functions one 4p, one 3d, and one 2p STO were used for
transition metals, O and C, and H, respectively. The cores (Mn, Fe, Co, Ni:
1s—2p; C, O, N: 1s) were kept frozen. The LDA exchange correlation
potential and energy were used, together with the Vosko— Wilk — Nusair
parametrization® for homogeneous electron gas correlation, including
Becke’s nonlocal correction® to the local exchange expression and
Perdew’s nonlocal correctionP®!! to the local expression of correlation
energy (NLDA). It has been demonstrated that excellent metal —metal and
ligand — metal bond energies are obtained from this DFT approach.*

Molecular structures were optimized by the NLDA method, thanks to the
successful implementation of analytical energy gradients in C,, (or C,)
symmetry. The way in which the nonlocal corrections improve optimized
geometries of transition metal complexes has already been demonstrated,
especially for metal -ligand bond lengths, otherwise almost uniformly too
short (by about 0.05 A) when calculated by local methods.*!

The syntheses of 114 2141 419 614 12,1121 1312l and [Mn;Mes;]**) [Mes =
2,4,6-Me;C4H,] have been carried out as reported in the literature.

Synthesis of [(Et{N,)Mn] (3): [Mn(Mes),];-tol (1.34 g, 1.39 mmol) was
added to a solution of 2 (2.00 g, 4.16 mmol) in benzene (100 mL). The
amber solution obtained was stirred overnight at room temperature. The
solvent was evaporated and the residue triturated with n-pentane (100 mL)
to give a dark orange powder which was collected and dried in vacuo
(1.33 g, 60%). UV/Vis (C¢Hy): Apay () =424 nm (66100mol~'dm3cm);
elemental analysis calcd (% ) for 3, C;,H;MnN, (533.6): C 72.03, H 7.18, N
10.50; found C 72.25, H 7.19, N 10.23.

Synthesis of [(Et,N,)Co] (5): CoCL(THF),5 (9.12 g, 38.32 mmol) was
added to a solution of 1 (21.86 g, 38.50 mmol) in benzene (500 mL). The
solution was stirred overnight at room temperature and then refluxed for
two hours. Lithium chloride was filtered off and the solvent was evaporated
to dryness. n-Hexane (150 mL) was added to give a brown powder, which
was collected and dried in vacuo (14.0 g, 72 % ). Crystals suitable for X-ray
analysis were obtained in benzene/n-hexane. UV/Vis (CsHy): Aoy (€) =460
(39900), 478sh nm (34800mol-'dm?*cm™); elemental analysis calcd (%)
for 5, C;,H3CoN, (537.6): C 71.49, H 7.12, N 10.42; found C 71.59, H 7.11, N
10.62.

Synthesis of [(Et,N,)Cu] (7): CuCL,(THF),; (1.01 g, 5.94 mmol) was added
to a solution of 1 (3.61 g, 5.94 mmol) in benzene (200 mL). The reaction
mixture became dark with a yellow reflection. The mixture was stirred
overnight at room temperature and then refluxed for 2 h. LiCl was filtered
off and the solvent was evaporated to dryness. n-Pentane (80 mL) was
added to give a microcrystalline product (1.75 g, 54 %). Recrystallization
from benzene/pentane gave crystals which were suitable for X-ray analysis.
UV/Vis (CgHg): Amax (€) =464 (62000), 480sh nm (58800 mol~'dm*cm!);
elemental analysis calcd (%) for 7, C;,H;5CuN, (542.2): C 70.88, H 7.06, N
10.33; found C 70.42, H 7.01, N 10.22.

Synthesis of [(Et,N,)Mn(THF)] (8): MnCL(THF), 5 (1.92 g, 8.2 mmol) was
added to a solution of 1 (5.22 g, 82 mmol) in benzene (200 mL). The
solution was stirred overnight at room temperature and then refluxed for
2 h. LiCl was filtered off and the resulting orange solution was evaporated
to dryness; n-hexane (70 mL) was added to give a purple powder, which
was collected and dried in vacuo (3.62 g, 73 % ). Crystals suitable for X-ray
analysis were obtained in benzene/n-hexane. IR (nujol): 7,,,, = 1560.2 (s),
1511.1 (m), 1494.4 (m), 1455.6 (m), 1374.8 (m), 1334.4 (m), 1301.9 (s), 1277.8
(m), 1239.7 (s), 1189.9 (w), 1105.6 (W), 1062.9 (s), 996.7 (s), 888.3 (W), 843.7
(m), 772.8 (m), 727.7 (m) cm~. UV/Vis (C¢Hg): Ana (€) =458 (53500),
534 nm (15200mol~'dm3*cm™'); elemental analysis caled (%) for 8,
C;3H,sMnN,O (605.7): C 71.38, H 7.65, N 9.25; found: C 71.13, H 7.69, N
9.62.
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Synthesis of [(Et,N,)Co(Py)] (9): Pyridine (2 mL) was added to a solution
of 5 (1.91 g, 3.56 mmol) in THF (100 mL). The solvent was evaporated to
dryness. n-Hexane (50 mL) was added to give a blue-violet crystalline
product which was collected and dried in vacuo (1.8 g, 82%). Crystals
suitable for X-ray diffraction were grown in a mixture of THF/n-hexane.
UV/Vis (CsHsN): A (6)=452nm (99400mol~'dm?cm™'); elemental
analysis calcd (%) for 9, C;;H,zCoNs (616.7): C 72.06, H 7.03, N 11.35;
found C 72.21, H 7.15, N 11.43.

Synthesis of [ (Et,N,)Mn(THF),] (10): A solution of 8 (2.21 g, 3.65 mmol) in
THF (20 mL) was stirred for 2 h at room temperature. n-Pentane (60 mL)
was added dropwise and the product was collected and dried in vacuo
(0.51 g, 20%). Crystals suitable for X-ray analysis were obtained in
benzene/n-hexane. IR (nujol): 7, =1560.7 (s), 1505.6 (w), 1488.9 (w),
1458.4 (m), 1375.6 (m), 1327.8 (w), 1294.0 (s), 1240.3 (s), 1065.8 (s), 1004.4
(s), 844.5 (m), 777.8 (m), 750.0 (m), 725.5 (m) cm~!; UV/Vis (THF): 4.
(¢) =430sh (19900), 454 (124400), 506 nm (5800 mol~'dm3*cm!); elemen-
tal analysis calcd (% ) for 10, C,,Hs,MnN,O, (677.8): C 70.88, H 8.03, N 8.27;
found C 70.81, H 7.95, N 8.09.

Synthesis of [(Et,N,)Mn(Py),] (11): A solution of 8 (1.14 g, 1.88 mmol) in
benzene (100 mL) was treated with an excess of pyridine (0.45g,
5.69 mmol). The solution was stirred overnight at room temperature. The
solvent was evaporated to dryness and n-hexane (50 mL) was added to give
a purple powder that was collected and dried in vacuo (0.63 g, 70%).
Recrystallization of the powder from THF/n-hexane gave crystals suitable
for X-ray analysis. IR (nujol): ¥,,,, =1562.2 (s), 1511.1 (m), 1494.4 (m),
1455.0 (m), 1373.9 (m), 1334.0 (m), 1305.6 (s), 1277.7 (m), 1236.3 (s), 1183.3
(w), 1138.9 (w), 1105.6 (w), 1065.1 (s), 1038.9 (w), 998.7 (s), 840.7 (m), 770.5
(m), 7154 (m)cm™'; UV/Vis (CHsN): A, (e)=432sh (31900), 456
(107600), 506 nm (7900 mol~!dm?®*cm!); elemental analysis caled (%) for
11, C,,H,sMnNg (691.8): C 72.92, H 6.99, N 12.15; found C 73.01, H 6.89, N
12.25.

Synthesis of [(Et,N,)Mn(Cl)] (14): A solution of 8 (2.08 g, 3.43 mmol) in
benzene (100 mL) was treated with an excess of iodobenzene dichloride
(0.99 g, 3.60 mmol). The color turned immediately from orange to red. The
solution was stirred overnight at room temperature. Benzene was
evaporated from the reaction mixture, and the remaining dark brown
residue was collected with n-hexane (80 mL), yielding a green powder
(1.34 g, 69 % ). Recrystallization from benzene/n-hexane gave crystals that
were suitable for X-ray analysis. IR (nujol): 7, =1595.2 (s), 1522.2 (w),
1488.9 (m), 1465.8 (s), 1378.6 (s), 1316.7 (m), 1294.0 (m), 1266.7 (m), 1238.6
(s), 1076.6 (s), 1016.0 (s), 845.9 (m), 767.7 (m), 721.4 (m) cm~'; UV/Vis
(C¢Hy): Amax (¢) =494 nm, 53700 mol~'dm3cm™"); elemental analysis calcd
(%) for 14, C;,H;;MnN,Cl (569.1): C 67.54, H 6.73, N 9.85; found C 67.33, H
6.66, N 9.75.

X-ray crystallography of complexes 5, 8, 9, 10, 11, 14: Data concerning
crystals, data collection, and structure refinement are listed in Table 1.
Diffraction data were collected at 143 K on different devices: mar345
Imaging Plate Detector (8, 9, and 14), Kuma diffractometer with kappa
geometry and equipped with a Sapphire CCD detector (5), Rigaku AFC7S
diffractometer equipped with a Mercury CCD (10 and 11). Data reduction
was performed, respectively, with marHKL release 1.9.1,* CrysAlis RED
1.6.61 and Crystal Clear 1.2.2.°! Absorption correction®”! was applied to
two data sets (10 and 11). Structure solutions were determined with ab
initio direct methods.*® All structures were refined using the full-matrix
least-squares on F? with all non-H atoms anisotropically defined. H atoms
were placed in calculated positions using the riding model with U, =a x
U,4(C) (where a is 1.5 for methyl hydrogens and 1.2 for others, while C is
the parent carbon atom). The refinement of the data set of 5 could only be
achieved by assuming disorder shown by three ethyl chains. This problem
was solved by splitting the terminal atoms of these chains (C22, C26, and
(C32) into two positions (A and B) having the following occupancy factors
for site A:0.584(10) for C22 and 0.488(7) for C26 and C32, and by applying
some geometrical restraints. Structure refinement, drawings, and geo-
metrical calculation were carried out on all structures with the SHELXTL
software package, release 5.1.%% Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publica-
tions no. CCDC-154086 for 5, CCDC-154087 for 8, CCDC-154088 for 9,
CCDC-154089 for 10, CCDC-154090 for 11, CCDC-154091 for 14, and
CCDC-154092 for 7. Copies of the data can be obtained free of charge on
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application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ ccdc.cam.ac.uk).
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Kinetic and Spectroscopic Study of '0, Generation from H,0, Catalyzed by
LDH-Mo00,> (LDH = Layered Double Hydroxide)

Bert F. Sels, Dirk E. De Vos, Piet J. Grobet, and Pierre A. Jacobs*?!

Abstract: Layered double hydroxides
(LDHs), exchanged with molybdate,
decompose H,0, to form one molecule
of singlet-state dioxygen (*O,) from two
molecules of H,O,. The dependence of
the kinetics of H,0O, decomposition on
Mo and H,0O, concentrations and on
temperature has been related to struc-
tural characteristics of the material (X-
ray diffraction (XRD), scanning elec-
tron microscopy (SEM), IR spectrosco-
py, N, adsorption, thermogravimetry)
and to molybdate speciation as revealed
by in-situ studies in the presence of
peroxide (FT Raman, diffuse reflec-

correlated with the amount of LDH-
exchanged molybdate, except when a
considerable fraction of the molybdate
occupies less accessible interlayer posi-
tions. A maximum in the H,O, decom-
position rate as the H,0, concentration
is increased is due to the successive
formation of mono-, di-, tri-, and tetra-
peroxomolybdates. This behavior was
modeled successfully by using the equi-
librium constants for formation of the
Mo-peroxo complexes, and the rate

Keywords: hydrogen peroxide -
kinetics layered compounds

constants for decay of the peroxomolyb-
dates with 'O, liberation. Time-resolved
diffuse reflectance and Raman observa-
tions of the various MoO,?>” —peroxide
adducts are in line with the proposed
kinetic scheme. Of all the Mo-peroxo
species on the LDH, the triperoxomo-
lybdate has the highest rate for decay to
10,. Comparison with the kinetics of
dissolved molybdate shows that the
monomolecular decay of all peroxomo-
lybdate species proceeds much faster at
the LDH surface than in solution. Con-
sequently, maximal rates per Mo atom
are at least twice as high for the hetero-

tance UV/visible spectroscopy). The

.. N molybdenum -
H,O, decomposition rate is linearly

Introduction

The first paper on the catalytic decomposition of H,O, by
MoO,> appeared in 1927, but only recently was the spin
multiplicity of the released oxygen studied in more detail. It is
now clear that singlet molecular oxygen ('O,) is generated in
the presence of catalytic amounts of MoO,*~.Fl Moreover, it
has been shown that 'O, is formed quantitatively from the
H,0, [Eq. (1)].1

21,0, X, 2H,0 + 0, (4 )

As 10, is evolved upon gentle heating of isolated peroxo-
molybdate complexes, peroxomolybdate intermediates are
the direct precursors to 'O,.%) Early kinetic results suggested
that in aqueous solutions the diperoxomolybdate
Mo0O,(0,),>~ was the main precursor to 'O,, whereas the
tetraperoxomolybdate Mo(O,),>~ seemed inactive.[* ¥ How-

[a] Prof. P. A. Jacobs, Dr. B. F. Sels, Dr. D. E. De Vos, Prof. P. J. Grobet
Centre for Surface Chemistry and Catalysis
Katholieke Universiteit Leuven
Kardinaal Mercierlaan 92, 3001 Heverlee (Belgium)
Fax: (+32)16-32-1998
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geneous LDH catalyst as for the homo-
geneous systems.

ever, this picture was later modified and refined by coupling
kinetic data and spectroscopic experiments. Whereas Raman,
IR, and UV/Vis spectroscopy failed to distinguish unequiv-
ocally among the various peroxomolybdates,”®! several
peroxomolybdates (such as mono-, di-, tri-, and tetraperoxo-
molybdate) were identified unambiguously by Mo NMR
spectroscopy.’! Comparison of the “Mo NMR data with the
kinetics of H,0O, decomposition led to the conclusion that
triperoxomolybdate MoO(O,);>~ is the main precursor of 'O,,
while the other peroxomolybdates MoO5(0,)*~, MoO,(0,),>",
and Mo(0O,),2~ do not contribute significantly to the forma-
tion of 'O,. Therefore, for efficient and rapid 'O, generation,
the experimental conditions, such as pH and the Mo:H,0,
molar ratio, must be chosen carefully in order to maximize the
triperoxomolybdate concentration. Optimum conditions can
be derived from speciation diagrams (pH versus log [H,0,],)
of the various peroxomolybdate intermediates.!'")

As 'O, is a valuable reagent in organic chemistry,'!l the
MoO2~/H,0, catalytic system offers an attractive alternative
to, as examples, the Kasha—Khan reaction between NaOCl
and H,0, or the photosensitized generation of '0,.l> 13 In
this respect, the MoO/2/H,0, system has been found
satisfactory for the dioxygenation of unsaturated hydrocar-
bons, especially in aqueous conditions as in the synthesis of
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endoperoxides and dienone hydroperoxides.'* 1 However,
since MoO,?~ and the NaOH which is required for pH control
are scarcely soluble even in common organic solvents, this
system has its limitations in apolar organic solvents. To
overcome this incompatibility, Aubry and co-workers pro-
posed the use of microemulsions, in which 'O, is formed in the
aqueous droplets and diffuses into the organic solvent.l'® 1]

Alternatively, heterogenization of the MoO,* catalyst
makes it applicable in organic media. Traditional polystyrene
resins have been used successfully as anion exchangers for
molybdate immobilization.'!l However, in view of the ther-
mal and oxidative stability of the catalyst, immobilization on
inorganic materials such as layered double hydroxides
(LDHs) is preferable. For example, we have demonstrated
that MoO,*~ exchanged on LDH promotes the decomposition
of H,0, with selective formation of !0,.l'> 2 For application
of this heterogeneous 'O, generator to organic synthesis,
optimization of its performance is a prerequisite.

We therefore report here on a detailed study of the
chemical kinetics of H,O, decomposition in the presence of
MoO,*-exchanged LDHs. The relationship between the
overall H,O, decomposition rate and empirical parameters
such as the concentration of MoO,~ and H,0, and the
reaction temperature is discussed. The kinetic behavior is
rationalized in terms of several peroxomolybdate intermedi-
ates, for which evidence is obtained from in-situ diffuse
reflectance spectroscopy (DRS) and Raman spectroscopic
studies.

Results

Characterization of LDH-NO;~ exchanged with MoO,>:
The chemical compositions of the LDH-Mo0O,>~ (LDH=
layered double hydroxide) samples (Table 1) analyzed by
inductively coupled plasma (ICP) measurements and electron
probe micro-analysis (EPM) point to a high degree of
homogeneity of the elements throughout the LDH material.
The experimental Mg:Al ratio (2.18) for the initial LDH is
close to the theoretical value of the starting solution. Since
this ratio does not vary significantly upon exchange with
MoO,2~ anions, no selective dissolution of Mg or Al takes

place during the anion exchange process. Mo:Al ratios in the
exchange suspension and in the eventual material are
compared in Figure 1. At low levels of MoO,*~ the slope of

0.375 T

T 025 +

Y

<

(o]

S 0425 |
0 & 1 ; |
0 0.125 0.25 0.375

(Mo:Al)g ~—»
Figure 1. Uptake of MoO,>~ by LDH-NO;~ samples from aqueous

molybdate solutions (25°C, 12h under N,; for further conditions see
Experimental Section). (Mo:Al)s and (Mo:Al), are the molar Mo:Al ratios
in the starting exchange slurry and in the eventual powder, respectively.

the isotherm is unity, which indicates a complete uptake of
MoO,>~. Only at higher levels of Mo does the uptake of
MoO,>~ level off slightly. This exchange behavior is in
agreement with the higher affinity of LDHs for dianionic
MoO,?~ than for monoanionic NO;~.[?

Clearly all LDH-MoO,*~ samples show the characteristic
X-ray powder pattern of the LDH structure, with lines at 8.2 -
8.4 A (003),4.1-4.2 A (006), and 1.52 A (110) (Figure 2).24
As more MoO,>~ is taken up by the material no new peaks
appear, an indication that new phases, such as insoluble
MgMoO,, are not formed. Moreover, as the diffraction peaks
show only marginal shifts, there is no evidence for phase
segregation between nitrate- and molybdate-exchanged
LDH. The ¢, and q, cell dimensions are collected in Table 1.
For completely molybdate-exchanged LDHs, the height of the
basal space would be around 9 A, which is considerably
greater than was observed here. At Mo:Al < 0.08 there is no
discernible change in the intensity of the first basal (003) peak
(Figure 3), but thereafter the intensity clearly decreases with
increasing Mo:Al. These data can be interpreted in terms of
anion siting during the exchange process. At low Mo loading

Table 1. Chemical analysis, cell dimensions, porosity, and thermal analysis of LDH-NO;~ and LDH-Mo0O,>~ samples.

ICP analysis EPM analysis Weight loss BET surface Mesopore Cell
[mol mol~'] [molmol~'] [wt. %] dimension [A]
Sample Mo:Al Mg:Al Mo:Al Mg:Al Mo:Al (£SD)B  below 270°C above 270°C area [m?’g~'] volume [mLg™'] a, o
A LDH-NO; - 2.18 - 2.18 - 11.8 (<190°C)P!  34.6 - - - -
B LDH-MoO2 0.000 2.16 - 2.20 - 12.6 (<190°C) 339 89 0.90 1.523  8.425
C LDH-MoOg# 0.040 2.16 0.039 221 0.038 £0.003 12.7 (<212°C) 323 - - 1.523  8.382
D LDH-MoO2 0.056 - - 2.18 0.056 £ 0.005 - - 87 0.88 1.523  8.359
E LDH-MoO2 0.080 2.15 0.078 222 0.077 £0.008 12.7 (<217°C) 29.6 - - 1.523  8.305
F LDH-MoO# 0.108 2.14 0.103 223 0.10+£0.01 - - - - - -
G LDH-MoO# 0.120 215 0.114 221 0.12+£0.01 13.1 (<220°C) 29.0 - - 1.523  8.262
H LDH-MoO/2 0.161 - - 221 0.15+£0.01 13.5 (<223°C) 275 - - 1.525  8.262
I LDH-MoO2 0224 213 0.199 224 0.20+£0.01 13.6 (<235°C) 24.0 - - 1.523 8211
J LDH-MoO/ 0.291 2.15 0.265 224 0.27 £0.01 13.9 (<236°C) 21.6 - - 1.523  8.242
K LDH-MoO2 0358 215 0.325 222 0.33+£0.02 14.0 (<238°C) 20.3 70 0.56 1523 8.623M

[a] The standard deviation (SD) was obtained from 30 independent analyses. [b] Lowest temperature at which the dehydration process was complete. [c] Sample B

underwent the same anion exchange procedure in the absence of the molybdate salt. [d] Very broad diffraction peak (see Figure 2).

2548
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Figure 2. Powder XRD patterns for LDH samples with increasing MoO,?
content (see Table 1 for sample descriptions): a) B; b) E; ¢) G; d) H;
e) I.f) J; o) K.
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Figure 3. XRD intensity of the first basal peak (26~10°) for MoO-
exchanged LDH-NO;™ as a function of the Mo content.

only NO;~ in close contact with the exchange solution (for
example, at the outer surface and edges) will be exchanged,
whereas at higher Mo loadings MoO,*~ will enter the
interlayer of the LDH. Since no new phase was detected
clearly in the X-ray diffraction (XRD) patterns, the interca-
lation must proceed inhomogeneously by local structural
distortion of the layers, resulting in an irregular stacking of the
individual layers within the crystal structure. Since a,, which is
related to the mean cationic radius within the cationic layers
and is a direct measure of the Mg:Al atomic ratio in these
layers, remains unchanged for all samples (Table 1), it is
concluded that the anion exchange process causes no signifi-
cant change in the chemical composition of the cationic
hydroxide layers themselves, in agreement with the chemical
analysis.

Scanning electron micrographs were recorded for the
various LDH-MoO,*~ samples. As an example, in Figure 4
the K sample is seen as particles of agglomerated flat
crystallites, with an average diameter of less than 200 nm

Chem. Eur. J. 2001, 7, No. 12
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Figure 4. Scanning electron micrograph of K.

and a height of 15-25 nm. No clear relationship between, for
example, particle size or morphology and Mo loading can be
derived from the scanning electron microscope (SEM)
pictures.

Nitrogen sorption experiments on LDH-MoO,>~ after
outgassing at 125°C for 4 h (Table 1) showed that: 1) the BET
surface decreases with increasing Mo content; 2) the samples
do not possess any microporosity; 3) the total mesopore
volume decreases with increasing Mo content; and 4) the pore
size distribution is most uniform for samples with a high Mo
content, with a maximum at pore radii of 3—7 nm. Therefore,
the exchange with MoO,>~ causes an aggregration of the small
LDH particles, even if the resolution of the SEM experiment
is insufficient to confirm this visually. Such flocculation is in
agreement with the higher charge of molybdate than nitrate.
The dianionic molybdate compensates the electrostatic re-
pulsion between individual LDH crystallites more effectively
and therefore facilitates contact that leads to aggregation. In
addition, the results of the N, sorption experiments are
consistent with the empirical observation that the powder
samples with the highest MoO,>~ loading showed the highest
volume density.

The results of thermogravimetric analyses and the corre-
sponding DTG profiles (Figures 5 and 6, respectively) for
selected samples are summarized in Table 1. The amount of
surface and interlayer water, derived from the weight loss
below approximately 270°C, tends to grow with increasing
MoO,?>~ loading. The DTG curve for the original LDH-NO;~
(A) shows a single maximum at 115°C, whereas for the
LDH-MoO/*~ samples a clear second maximum appears
around 180 °C. The weight loss associated with this maximum
increases with the Mo content. Hence, it is clear that because
MoO,? is present, some of the water molecules are more
strongly retained by the structure. Such a bimodal dehydra-
tion process has been reported for CO;>~-intercalated LDHs
and was ascribed to the distinct elimination of loosely bound
surface water and strongly held interlayer water.?!l Moreover,
the intercalation of one MoQO,>~ anion instead of two NO;~
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Figure 5. TG curves of the original LDH-NO;~ (B) and molybdate-

containing LDHs. Molybdate content increases from bottom to top (see
Table 1).
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Figure 6. DTG curves for the starting host material (B) and for MoO,*~ -
LDHs (see Table 1).

anions creates extra space in the interlayer, which can be filled
with water molecules. A similar observation was also made for
LDH-CI- samples that were exchanged with phosphate.>!

The weight loss between 270 and 650°C corresponds to
dehydroxylation and NO;~ decomposition. Indeed, the DTG
curve for LDH-NO;~ (A) shows two distinct peaks around
385 and 460°C. As expected, the total weight loss above
270°C decreases with an increase in the MoO,2~ loading (see
Table 1). In particular, the weight loss above 410°C, that is,
above the inflection point in the TG curves, decreases
gradually with increasing Mo content and, therefore, may be
assigned to the elimination of NO;~. Thermal decomposition
experiments have demonstrated that NO;~ anions exchanged
on NiMgAl-LDHs are decomposed at temperatures ranging
from 380 to 420°C.”") The dehydroxylation clearly shifts to
higher temperatures (from 385 to 410 °C) with increasing Mo
loading, probably because of stronger interactions of the
dianionic MoO,>~ with the brucite-type sheets.

The single resonance observed around ¢ =9 in the Al
MAS-NMR spectra of LDH-Mo0O,*~ samples B, C, and K
(Figure 7) is indicative of the octahedral coordination of A2l

2550
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Figure 7. ¥ Al NMR spectra of LDH-MoO,*~ samples B, C, and K (see
Table 1).

Since no signal intensity was observed around ¢ =60, the
samples are free of tetrahedrally coordinated Al The Al
spectra of the two MoO,*-exchanged LDHs C and K are
identical to that of the starting LDH-NO;~ (B). Thus, the
replacement of NO;~ with MoO,?~ does not influence the
chemical status of Al, suggesting the occurrence of a topo-
tactic anion exchange process.

The IR spectrum for the LDH without MoO,>~ (B) between
500 and 1900 cm~! (Figure 8) shows a broad absorption band
at 3472 cm~! with a shoulder at 3565 cm~L. These bands are

Absorbance —»

Py ;
vty /
NW

1800 1600 1400 1200 1000 800 600
Wavenumbers | cm™ ——»—

Figure 8. IR spectra of MoO,? -exchanged LDH-NO;" samples B, E, G,

H, 1, J, and K, as defined in Table 1.

due to v(O-H) stretching modes of physisorbed and inter-
layer water and to the structural hydroxide groups. The broad
bending vibration Jqy is at 1627 cm~!. The three clear
absorption bands at 827, 1385, and 1768 cm™! are assigned to
NO;~ anions.”! The absorbance recorded below 750 cm™! is
due to lattice vibrations in the LDH framework. Upon
exchange with MoO,?~ anions, a new vibration band appears
as a shoulder in the O-H stretching vibration region at
3200 cm~! (not shown). Such a shoulder has also been
observed for CO;>"-containing LDHs and has been ascribed
to »(O-H) of interlayer water molecules hydrogen-bonded
with the CO,?>~ anions.’”! This supports the idea that some
water molecules are quite strongly bonded to MoO,*~ in the
MoO, > -intercalated LDH material, as was implied from the
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thermal analysis. The most characteristic feature in the IR
spectra is a broad absorbance around 831 cm~!, which grows
at the expense of the bands associated with NO;~. Based on
the literature, this band is typically assigned to the M=O
stretching of a tetrahedrally coordinated Mo species such as
MoO,2~.

In the Raman spectra of LDH -MoO,?~ samples (Figure 9),
four distinct bands can be observed. The absorbance at
550 cm™! is a structural vibration in the cationic LDH layers,

T

Raman
Intensity
/AU

B o i i b

1450 1250 1050 850 650 450 250
Raman Shift / cm™ —

Figure 9. Raman spectra of MoO,>"-exchanged LDH-NO5~ samples B, G,
H, L, J, and K (see Table 1).

whereas the band centered at 1047 cm™! is the symmetrical
stretching vibration v, of NO;~. Since the two remaining
bands at 897 cm~' (with a shoulder at approximately
840 cm™') and at 317 cm™! are absent in the LDH-NO;~
spectrum, and get stronger with increasing Mo content, they
can be ascribed to the uptake of Mo. These bands are in
diagnostic positions for monomolybdate MoO,*~ with tetra-
hedral symmetry (7,).?! Even for K, which has the highest
Mo loading (Mo:Al=0.325) additional peaks, for example,
Mo-0O-Mo deformation bands near 200 cm~!, were not
observed.B!

Kinetics of H,0, decomposition with LDH-MoO2: A
typical evolution of the H,O, concentration, measured by
cerimetry, was clearly zero order with respect to H,O,
(Figure 10) when hydrogen peroxide (0.29M) in MeOH was
allowed to decompose at 296 K in the presence of LDH-
MoO,*". The H,0, decomposition rate ryp can be calculated
from the slope of the initial linear region. For instance, when
E reacts with H,0, (0.29M) in MeOH at 296 K, ryp=0.028 +
0.002mmsL. Surprisingly, the decomposition rate increases
when almost all the H,0O, has decomposed.

To investigate the influence of the reaction temperature on
rup, an Arrhenius plot (Figure 11) was obtained for reactions
at temperatures ranging from 0 to 30°C in MeOH, with E at
2.5mM Mo. The initial concentration of H,O, was 0.29M in all
the experiments. The apparent activation energy E, derived
from the slope of Figure 11 was 72.7 £ 6.7 kI mol~%
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Figure 10. Typical kinetic profile of the decomposition of H,0, (0.29M) by
E in MeOH at 296 K by using MoO,>~ (3.6mM) (0). The full line represents
the curve fitting with the K; and k; parameters of Table 2 (bottom line).
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Figure 11. Arrhenius plot for the disappearance of H,O, (0.29M) in the
presence of E.

The dependence of ryp on [Mo] at Mo concentrations
varying between 1.5 and 16 mm by two procedures (A and B)
is summarized in Figure 12. With procedure A, ryp increased

125 +
00 - .
- [ ] [m]
w
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3 ® =
S o
5 50 ]
25 d:dj
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Figure 12. Influence of the amount of catalyst E on the decomposition of
H,0,: by procedure A (e), varying the total weight of catalyst, with
constant MoO,?~ loading; and by procedure B (o), changing the degree of
MoO,>~ exchange on a constant mass of solid LDH. The initial concen-
tration of H,0, was always 0.29M, in MeOH at 296 K.

linearly with the amount of catalyst by a first-order reaction in
the range 1.8— 11 mwm. The slope of the plot corresponds to a
turnover frequency, that is, an average activity per immobi-
lized MoO,?~ anion, of (9.84+0.7) x 10~*s~! (Figure 12). For
procedure B there were two distinct stages: at Mo:Al <0.12
(5mM Mo in Figure 12), the consumption of H,O, was
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proportional to the Mo concentration. The pseudo first-order
rate constant obtained was (10.1+0.8) x 10-3s~!, which
corresponded within experimental error to the value from
procedure A. However, at higher Mo contents ryp leveled off,
pointing to a reaction order in Mo of between one and zero.

The influence of the initial hydrogen peroxide concentra-
tion [H,0,], on the H,0, decomposition rate in presence of
1 mMm Mo was investigated in MeOH at 296 K, with Na,MoO,
and E as Mo sources. The dependence of ryp on [H,O,], up to
0.3M behaves in a similar, complex manner for both MoO -
catalysts (Figure 13). Three clear stages can be distinguished:

20 -
_? 184 o
g ° o
= o
& 121 ° 5
«:? o ° ©° o o
8,
Y A 4 R .
A
4t
A
'y
0 T T T T T |
0 0.1 0.2 0.3

[a {07} A ¥ —
Figure 13. Influence of the initial [H,0,], on the decomposition rate ryp in
the presence of (0) E, or (o) Na,MoO,, in NaOH (0.05m). The total Mo
concentration was 1 mM in both cases.

1) a region of steep gradient at low [H,0,],; 2) a well-defined
maximum in ryp for intermediate [H,0,],; and 3) an almost
constant ryp at high [H,0,],. In the initial phase with
Na,MoO, ([H,0,],<0.008 M), the reaction is second order
in H,0,. For the decomposition by LDH-MoO, at
[H,0,], < 0.015M, the order is between one and two. The
maximum decomposition rate with LDH-MoO,>~ (15.7 x
10-°ms!) is at 0.021m [H,0,],, whereas the decomposition
rate measured in homogeneous conditions is highest for
0.032m H,0, with a value of 6.9 x 10-°Ms~.. Over the whole
range of [H,0,],, the heterogeneous catalyst decomposes
H,O, faster than the homogeneous one.

In-situ spectroscopy of the working catalyst: It is well
established that the decomposition of H,0, by MoO,* in
solutions involves the formation of different peroxomolyb-
date complexes.[* 10321 An in-situ spectroscopic study was
therefore undertaken to obtain insight into the nature of these
peroxo intermediates formed at the LDH surface.

To establish reliable correlations with the kinetic data, DRS
measurements were realized under the usual catalytic con-
ditions (E at 3.6mM Mo, at 296 K in MeOH). Initially, the
suspension of LDH-MoO,*~ in MeOH is white (spectrum
not shown). Upon exposure to 0.29m H,0O,, the suspension
rapidly turns red-brown. In the reflectance spectrum (Fig-
ure 14) this color change is accompanied by the appearance of
a peak at 450 nm (22200 cm™'). As H,0, is progressively
decomposed, this band gradually decreases, while a new band
is formed at 330 nm (30300 cm™!). There are two clear
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Figure 14. Consecutive time-resolved DR spectra for decomposition of
H,0, in the presence of catalyst E (3.6mm Mo) and H,0, (0.29M) in MeOH
at 296 K. Spectra were recorded at 6—7 min time intervals.

isosbestic points, at 380nm (26300cm™') and 310 nm
(32300 cm™!), suggesting that the spectrum may originate
from two distinct colored species. When the consumption of
H,0, is complete, the catalyst turns white again. The Figure 14
inset illustrates the time dependence of the light absorption at
450 nm, expressed as the Kubelka—Munk value. Since the
only colored species at 450 nm is the red-brown tetraper-
oxomolybdate,” this curve directly parallels the Mo(O,),>"
concentration during the decomposition of H,O,. This con-
centration appears to be practically constant for the larger
part of the reaction. The band at 330 nm can be ascribed to the
0, — Mo"! ligand-to-metal charge transfer (LMCT) of the
yellow mono- and diperoxomolybdates (for example,
Mo0O;(0,)>", Mo00,(0,),*, HMo00,(0,),”, and Mo,05-
(02)427).[7, 9, 32-34]

In-situ Raman measurements were carried out with a
suspension of I at 30 mm Mo, and 3.3m H,O, in MeOH. The
H,0,:Mo molar ratio was maintained in the same range, but
the suspension was more concentrated in both [MoO,2"] and
[H,O,] than that used in, for example, Figures 10 and 14, so
caution must be exercised in establishing relationships with
the catalytic data. Figure 15 shows time-resolved Raman
spectra recorded during the decomposition of H,0,, with the
color of the suspension indicated on the right. The absorption
bands at 1065 and 1462 cm™! are due to the solvent MeOH,[*!
whereas the band at 554 cm™! is typical of the lattice
vibrations in the LDH layers.?**! Clearly, these bands should
not change throughout the experiment. In excess H,O,, the
diagnostic bands of MoO,>~ (898, 841, 317 cm™') are not
observed. However, there are two clear bands at 873 and
527 cm™! (trace a). The former band is probably a super-
position of the v(O-O) vibrations of H,0O, and of Mo-
coordinated O,?~. Such bands are normally situated at
872 cm™!, as measured in a blank experiment without
LDH-MoO,*, and at 865cm~!, respectively.’l The
527 em~! band is the corresponding v*[Mo(O,)]. Since there
is no absorbance in the typical region for Mo=O stretching
vibrations (920-960 cm~!), Raman spectrum a can be as-
signed to a fully peroxidized tetraperoxo Mo(O,)>~ (Dsg).
The peak position for v [Mo(O,)] differs slightly from that
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Figure 15. Raman spectra of I in MeOH during the decomposition of H,O,
(3.3Mm) recorded at the following times [min]: a) 20; b) 50; c) 60; d) 70;
e) 80; £)90; g) 130; h) 200.

reported for (NH,),[Mo(O,),].!! However, we observed an
identical Raman spectrum for K,[Mo(O,),] dissolved in
MeOH with excess H,O,. Upon consumption of H,0,, the
color of the suspension changes gradually from red to yellow.
The corresponding Raman spectra b—e contain weak bands
in the 920-960 cm~! range. These are characteristic stretching
vibrations for Mo=O in partially peroxidized molybdate
anions  (for example, MoO5(0,)*", [Mo00O,(0,),*,
HMo00,(0,),”, M0,05(0,),>~, MoO(0,);>"). The broad Ram-
an bands suggest that several of these species coexist. After
complete consumption of H,O,, the original spectrum of
MoO,> is fully restored, as evidenced by the characteristic
vibrations at 898, 841, and 317 cm~! (curves f—h). Throughout
the decomposition process, there is a band at 1551 cm™},
assigned to the symmetric stretching vibration v,,(O - O) of
0,.1?) This confirms that O, is formed continuously during the
H,0, decomposition.

Discussion

Characterization of the parent molybdate-exchanged LDH:
LDH -Mo0O,*> materials with various Mo contents have been
prepared by a simple anion exchange method. The degree of
exchange varied between 0% and 65% of the total anion
exchange capacity (AEC), corresponding to Mo:Al ratios
between 0 and 0.358. The anion exchange reaction proceeds
topotactically; it does not affect the framework of the LDH,
as evidenced by elemental analysis, 2?Al NMR spectroscopy,
and XRD. With low concentrations of MoO,>~, only NO;~
anions at the outer surface and near the edges are exchanged,
whereas those between the layers are replaced only when the
degree of anion exchange is about 20% or more (Figure 3).
The intercalation of MoO,*~ causes disordering in the
stacking sequence of the individual brucite-like layers and
creates extra space, which is filled with water. Despite the
two-stage behavior of the exchange, MoO,>~ uptake remains
selective for all the MoQO,>~ concentrations studied.
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Only monomeric MoO,?>~ anions were detected on the

LDH support, by IR and Raman spectroscopy. No evidence
was found for condensation of the molybdate species, for
example, by reaction with the Al octahedra of the brucite
layer or by oligomerization in the interlayer. Such phenomena
are common for phosphate-, silicate-, and vanadate-contain-
ing LDHs.?% 3] Molybdate may also be intercalated in a
polymeric form such as the heptamolybdate anion, Mo,0,,5".
However, such intercalation is achieved only when the
exchange solution is acidified with an appropriate amount
of acid, making the heptamolybdate the dominant species in
the exchange solution.?”l Hence, any difference between the
LDH -MoO,*~ catalysts in the decomposition of H,O, should
be explained in terms of varying accessibility of the MoO,*~
ions, or by changes in the peroxo intermediates that are
formed after H,O, exposure; there is no evidence that species
other than simple MoO,2~ are present in the system before
peroxide addition.

Kinetic model for H,0, decomposition: The kinetic behavior
of the peroxo intermediates during the decomposition of
H,0, (Scheme 1) includes the formation of several peroxo-

&, .
Mol 4 H. T m&mm ‘
MOOZI0, 4 WDy === Mol00° — = MeeS & o
MGG 4 W, == Wai? —ie Moo 4 g,
MO0 4 WD, T Mol — - WoIDLOF 4 10,
TETRE

HMoD0, 4+ HD = ko070 & HyD'

HEmO g0+ M0 == Moll)0 & HyD'

HilafOoh0r + HO === [T M O S T

HelodOLh, & HO == koih* + Ho*
I MO0 . JH,O0 m— DT + 3 HD

Hidy, + MO ss=== Hoor 4 W0

Scheme 1. Formation and reactions of peroxomolybdates. Reactions (2) -

(5), in which water molecules are omitted for clarity, are sufficient to model
the decomposition of H,0, by LDH-MoO,>".

molybdates from MoO,>~ and H,O,, the unimolecular de-
composition of the peroxomolybdates into dioxygen and
oxomolybdates, the condensation into peroxo dimers, and
various acid—base equilibria. The protonation and dimeriza-
tion reactions may be neglected in view of the basicity of the
LDH support.®! Indeed, the pH of a 1 % aqueous suspension
of the LDH powder is around 9.5. Thus the large set of
possible reactions can be reduced to Equations (2)-(5) in
Scheme 1.

Calculations can be simplified if it is assumed that the
equilibration between the metal peroxides and free H,0, is
fast compared with their decomposition. Since the steady-
state concentration of the highly peroxidized species
Mo(0,),>" is attained within minutes (Figure 14, inset), this
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condition is fulfilled. Because of the fast equilibria, one can
calculate the metal peroxide concentrations by using the
equilibrium constants K;, K,, K3, and K,. Values of these
constants for homogeneous equilibria can be found in the
literature (Table 2). The simplified kinetics of Scheme 1
(reactions (2) - (5)) lead straightforwardly to Equation (a).

{ki + KK3H,0,) + k3K3K4[H202]2}[M04217]n

rap=2

1
7 + + 1+ K[H0,] + KK, [H,0,)
{KlKZ[HZOZ]~ K,[H,0,] s[H20] 3K4[H, 2]}

(a)

Table 2. Equilibrium constants (K,, K,, K;, K,) and unimolecular rate
constants (k;, k,, k;) for formation and decomposition of the Mo-peroxo
complexes Compilation of literature values and values obtained in this work.[]

Reference K, K, Ky, K, kI kP 0
[4]e K, K,=2500 - - 46 - -
(6] K, K,=2500 - 20 46 - 0
Fitted with Equation (1) 15 200 230 10 0.2 43 1.6
[9, 10]t! 150 1200 210 14 006 06 O
This work:I]
Homogeneousl! 50 1000 300 11 1.5 40 23
Heterogeneous 20 1500 40 50 55 155 42

[a] Mo concentrations, pH, and solvents may widely differ; this explains some of
the discrepancies. [b] Expressed as x 10° s~'. [c] Taking into account only the
diperoxomolybdate. [d] Taking into account only the diperoxo- and tetraper-
oxomolybdate. [e] At 273 K. [f] Fitted with Equation (a). [g] Since at low H,O,
concentrations part of the H,O, is deprotonated, the equilibrium constants

should be considered as apparent values.

However, no consistent fit of this equation to the set of
51 data points gathered from 1) the dependence of ryp on
[H,O,] for a reaction catalyzed by LDH-MoO,?~ (Figure 13),
2) the loss of H,O, over time (Figure 10), or 3) the
disappearance of Mo(0O,),*~ as a function of time (Figure 14,
inset) was obtained with the K; values reported for soluble
MoO,2 in H,0.*6%%10 A parameter set that accounts
adequately for the experimental results with LDH-MoO,*-
is given in Table 2. The solid lines in Figure 10 (for ryp versus
time) and Figure 16 (for ryp versus [H,O,] and Kubelka-—
Munk value versus time) represent the curves calculated with
the aid of the constants from Table 2, and approach the data
points within the experimental error.

According to the order for the unimolecular rate constants
k,> k| > ks, the decomposition of H,O, to O, should proceed
most rapidly via the triperoxomolybdate intermediate,
MoO(0,);>". LDH-immobilized diperoxomolybdate MoO,-
(0,),*>~ and tetraperoxomolybdate Mo(O,),>~ are also in-
volved, but they seem to be three to four times more stable
than MoO(O,);*". This agrees well with the reported involve-
ment of the triperoxo complex in H,O, decomposition by the
soluble MoO,?~ catalyst.> 1 Most interestingly, the propen-
sity of all peroxomolybdates to decompose is more pro-
nounced at the LDH surface than in solution. Indeed, as can
be seen from the fitting results (Table 2), the unimolecular
decomposition rate constants for the heterogeneous Mo
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Figure 16. Simulation of the kinetic data with the parameters of Table 2.
Influence of the initial [H,0,], on the decomposition rate ryp in the
presence of E ([Mo]r=1mm). Full line: simulation; 0: experimental points
(compare Figure 13). Inset: Decay of the 450 nm absorption (expressed as
Kubelka—Munk values) as a function of time (see Figure 14). The model
predicts the experimental observations with an accuracy better than 5%.

catalyst are higher than those for the soluble peroxomolyb-
date complexes.

The equilibrium constants K, K,, K3, and K, obtained from
the fit can be used to plot the relative fractions of the peroxo
species as a function of free [H,0,], from which the prevalent
species during various stages of the H,O, decomposition
process may be predicted (Figure 17). It is apparent from this

Fraction peroxomolybdates / %

[HzOz]o M —

Figure 17. Predicted concentration [%] as a function of [H,0,], of: o,
MoO."; ¢, MoO3(0,)*"; A, M00,(0,),*"; 0, M0,0(0,);*"; @, Mo(O,)*
(296 K, [Mo]=3.6mMm). The equilibrium constants for LDH-MoO,?~
from Table 2 (bottom line) were used.

graph that tetraperoxomolybdate is the main peroxo inter-
mediate at high [H,0,], whereas the tri-, di-, and monoper-
oxomolybdates are involved only at very low [H,O,].

Interpretation of the kinetic data: The successive formation of
various peroxomolybdate intermediates thus makes it possi-
ble to explain the complex kinetics of Figures 10 and 13.
Rewriting of Equation (a) makes it clear that the total rate of
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H,O, decomposition, ryp, consists of the sum of separate
contributions of di-, tri-, and tetraperoxomolybdates [Eq. (b)].

1d[H,0,]
2 dr

= ki[M00,(0,);* "]+ ko[M0O(0,):] + k3[Mo(0O,),>]
(b)

Yorgp = —

Figure 17 shows that for fairly high concentrations
([H,O,] > 0.15m), the fraction of the various Mo species
hardly changes; they comprise mainly Mo(O,),>~, with a small
amount of MoO(0O,);>~. According to Equation (b), ryp
changes little if the concentrations of the peroxo species are
almost constant. Hence, for [H,0,] > 0.15M, ryp is indepen-
dent of the concentration of H,0,. This zero-order depen-
dence on H,0, agrees with the initially linear decay of [H,O,]
in time (Figure 10).

As [H,0,] decreases during its decomposition, the overall
decomposition rate ryp increases to a maximum value, which
can be explained by the formation of less peroxidized
intermediates. Indeed, from Figure 17, when [H,0O,] is de-
creased triperoxomolybdate becomes the next most abundant
species to Mo(O,),>~. Since MoO(0,);>" is less stable than
Mo(0,),>, ryp becomes higher in this H,O, concentration
domain. As the H,0, decomposition continues, the diperoxo-
molybdate MoO,(0O,),>~ becomes an important decomposing
agent. Because of the higher stability of MoO,(0O,),>", the
H,O, decomposition slows down again, creating a rate
maximum (Figure 13). The maximum value corresponds to
the optimal combination of the terms in Equation (b).

When almost all the H,0, is consumed, the decomposition
becomes very slow. This is ascribed to the very low concen-
tration of the three 'O, precursors. The monoperoxomolyb-
date MoOs(0,)*>~ predominates in the suspension, together
with MoO,?~ (Figure 17).

The spectroscopic results are consistent with the successive
formation of various peroxomolybdates during the H,O,
decomposition. Both Raman and diffuse reflectance spectros-
copy confirm the prevalence of Mo(O,),>~ in H,0O,-rich
conditions, whereas a mixture of lower peroxidized molyb-
dates is observed at low H,O, concentrations. Unfortunately,
the spectroscopic techniques are not accurate enough to allow
a clear distinction among the partially peroxidized molyb-
dates. Raman spectroscopy did show that all species are
completely transformed into MoO,>~ after total consumption
of H,0,.

The insoluble catalyst LDH-MoO,* decomposes H,O,
faster than the dissolved MoO,?~ in 0.05N NaOH. While these
conditions might not be the best ones for the dissolved
catalyst, it should be noted that in all previous studies with
dissolved molybdate, buffers at high pH or simply NaOH have
been used.[* * 1% The high values of the unimolecular decom-
position rate constants k, and k; (see Table 2) demonstrate
that the tri- and tetraperoxomolybdate anions dispropor-
tionate remarkably fast when immobilized on the LDH
support. This may be rationalized as follows: the dispropor-
tionation of peroxo intermediates proceeds through polar-
ization of the metal — peroxo bonds, Mo — O,, and the peroxide
bonds, O -0, in the peroxomolybdate complex, followed by
an inner-sphere two-electron rearrangement.”*! Accelera-
tion of peroxide decomposition on a solid support has been
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observed previously; the homolytic O-O bond cleavage for
alkyl(hydro)peroxides is accelerated in the presence of alkali-
exchanged zeolite Y. Similarly, the disproportionation of
peroxomolybdate complexes is favored in the vicinity of the
highly charged LDH support.

Since a straight line is observed in the Arrhenius plot
(Figure 11), it can be assumed that the mechanism of
decomposition does not change much in the temperature
range 273-303 K. The activation energy for H,O, decom-
position by LDH-Mo00,?~ (71.24 6.7 kJmol ') is close to the
65.2+5.0 kImol ! reported by Bohme and Brauer who used
dissolved molybdate complexes.’l The close agreement be-
tween homogeneous and heterogeneous E, values suggests
that mass transfer phenomena do not influence the rates, at
least not in the initial phase for which rates were measured.

Equation (b) predicts that the decomposition of H,0O, by
LDH-MoO,*~ is first order with respect to MoO,2~. This
behavior is indeed observed when the amount of LDH
catalyst is varied with a constant, low Mo content (Figure 12,
@), and has previously been reported for soluble MoO,>~.[+ ¢
This proportionality relationship between ryp and MoO,>~ is
characteristic for a unimolecular disproportionation of the
peroxomolybdates, that is, 'O, originates from two peroxo
ligands bonded to the same Mo atom.!

However, the order with respect to Mo is between zero and
one for H,O, decomposition when the Mo concentration is
raised in a fixed amount of LDH (Figure 12, o). This may be
explained by a restricted access to the MoO,>~ anions. Indeed,
at high loadings of M0oO,?-, some of the MoO,>~ anions are
intercalated between the sheets of the LDH, diffusion to these
intercalated Mo anions is consequently more difficult, and the
overall reaction rate no longer increases proportionally with
the overall Mo concentration. On the basis of the XRD data, a
similar differentiation between easily accessible and interca-
lated Mo anions can be expected. The inflection points in
Figures 12 and 3 both correspond to approximately 20 %
occupation of the AEC by MoO,*, that is, to Mo:Al=0.1.

Conclusion

The kinetics of H,O, decomposition in MeOH catalyzed by
LDH-MoO,* have been examined by cerimetry. The data
can be modeled by the successive formation of mono-, di-, tri-,
and tetraperoxomolybdates. The triperoxomolybdate is the
least stable intermediate. Nevertheless, the tetraperoxomo-
lybdate is the predominating species in H,O,-rich conditions.
Achievement of a high decomposition rate per mole of Mo
has the following requirements: 1) the loading of MoO,*~
should be limited to 0.6 mequivg~!, that is, less than 20 % of
AEC, and 2) H,0, must be added in portions in such a way
that the formation of the triperoxomolybdate is favored.

Experimental Section

Materials: H,O, (35% in H,0), Mg(NO;),-6H,0, AI(NO;);-9H,0,
NaOH, and Na,MoO,-2H,0O, purchased from Acros, Fluka, Fluka,
BDH, and Aldrich, respectively, were used as such without any further
purification.
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Catalyst preparation: LDH preparation was based on literature proce-
dures,?! and is described elsewhere.”) Starting solutions containing
Mg(NO;), -6 H,O (0.7m) and AI(NO;);-9H,O (0.3M) were mixed together
slowly, while the pH wass adjusted to 10 with NaOH (1m). For anion
exchange, air-dry LDH-NO;~ (1.5g) was suspended in an aqueous
solution (150 mL) of Na,MoO,-2H,0. The molybdate concentration in
the exchange solution was varied to obtain compounds with different Mo
loadings. Concentrations of 0.0, 1.4, 1.9, 2.7, 3.6, 4.5, 5.4, 7.5, 9.8, and
12.0 mm gave rise to samples B-K, respectively (Table 1). The anion
exchange reaction (2NO;~ < MoO,>") was performed under constant
stirring (350 rpm) in an N, atmosphere (293 K) for 12 h. The final LDH -
MoO,?" solid products were separated by centrifugation, washed four times
with deionized water, and dried by lyophilization. Deionized and boiled
water, which was cooled under an N, atmosphere to avoid contamination
by CO, and irreversible anion exchange of carbonate, was used in all the
synthetic procedures.

Decomposition of H,0,: A slurry of LDH-MoO,>~ (given amount) in
aqueous H,O, solution (220 pL, 0.29M) and MeOH (8 mL) was stirred
magnetically at 23 £0.5°C in a thermostatic bath. The evolution of the
H,0, concentration was followed by cerimetry.??l Liquid samples (150 pL)
were withdrawn from the slurry at regular time intervals, diluted quickly
into water (15 mL), and acidified with aqueous H,SO, (5 mL, 2m). The
titration was performed with aqueous Ce(SO,),-4H,O (0.1m) by using an
automatic 725 Dosimat (Metrohm).

Characterization of the LDH precursor and the Mo catalysts: For X-ray
powder diffraction, a Siemens D5000matic with Ni-filtered Cuy, radiation
was used (40 kV, 50 mA). Cell dimensions (g, c,) were calculated from the
[110] and [003] reflections as reported previously.?? IR and Raman
spectra were recorded with a Nicolet FT-IR 730 and a Bruker IFS200,
respectively. Raman excitation was at 1062 nm with a 50 mW Nd:YAG
laser (28 scans were accumulated in 180° backscattering geometry).
Brunauer - Emmet - Teller (BET) surface areas were derived from dynam-
ic nitrogen adsorption at —196°C by using a Coulter Omnisorp 100 CX
apparatus. Before the adsorption measurements, the lyophilized samples
were heated in vacuo at 125°C for 4 h. Thermogravimetric analysis of
exchanged LDH samples was performed in a Setaram TG-DTA92 balance
under flowing He (20 mL min~") at a heating rate of 5°Cmin~". Particle size
and morphology were determined with a Philips XL30 FEG scanning
electron microscope. The bulk chemical composition was determined by
atomic emission spectrometry on a Varian Liberty 100 apparatus with
plasma source (ICP). Samples were dissolved in HNO; (20%) before
analysis. Electron-probe micro-analysis (EPM) was performed with a
JEOL Microprobe JXA 733. 2 Al MAS-NMR spectra were recorded with a
Bruker AMX-400 spectrometer with aqueous Al(H,0).** as reference.

In-situ characterization of the LDH-Mo0O,?~ catalyst: In-situ DRS was
carried out on a Varian Cary 05 UV/Vis/NIR spectrophotometer, equipped
with a white-sphere accessory. Reactions were performed in a quartz cell
(Ix1x25cm) and were started by adding aqueous H,0O, (53 uL of
35 wt. % solution) to a stirred suspension of E (0.030 g) in MeOH (2 mL) at
room temperature. A suspension of A (0.030 g) and aqueous H,O, (53 pL
of 35 wt. % solution) in MeOH (2 mL) was used to obtain a baseline. The
UV/Vis diffuse relectance spectra were recorded between 250 and 650 nm
(40 different spectra were recorded over a 24 h period; each individual scan
lasted about 6 min). In-situ FT Raman spectra were taken on a Bruker
IFS200. Excitation was in the near-infrared region at 1062 nm by using a
Nd:YAG laser at 200 mW. The spectra (150-4000 cm™!) resulted from an
accumulation of 28 scans in 180° backscattering geometry. The quartz
sample cell contained MeOH (2 mL), J (0.2 g) corresponding to 0.17 mmol
MoO,? and H,0, (300 uL, 35%).
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Self-Assembly of Frameworks with Specific Topologies:
Construction and Anion Exchange Properties of M;L, Architectures by
Tripodal Ligands and Silver() Salts

Wei-Yin Sun,*? Jian Fan,'*! Taka-aki Okamura,! Jin Xie, ! Kai-Bei Yu,'*! and

Norikazu Ueyama!®!

Abstract: Three five-component archi-
tectures, compounds 3, 4, and § were
obtained by self-assembly of tripodal
1,3,5-tris(imidazol-1-ylmethyl)-2,4,6-tri-
methylbenzene (6) and 1,3,5-tris(benz-
imidazol-2-ylmethyl)benzene (7) li-
gands with silver(1) salts. The structures
of these novel complexes have been
determined by X-ray crystallography.
The results of structural analysis indicate

components, but different structures.
Compounds 3 and 4 are both M;L, type
cage-like complexes, while the 5 is an
open trinuclear complex. The complex 3
is a cylindrical cage with simultaneous

Keywords: inorganic architectures -
ion exchange - self-assembly - silver
- supramolecular chemistry - tripo-
dal ligands

inclusion of a perchlorate anion inside of
the cage as a guest molecule. Such guests
can be exchanged for other anions
through the open edge of the cage as
evidenced by crystal structure of 4. The
results demonstrate that the molecular
M;L, type cage can act as a host for
anions and provide a nice example of
supramolecular architectures with inter-
esting properties and possible applica-

that these frameworks have same M;L,

Introduction

Supramolecular frameworks with specific topologies, such as
closed three-dimensional molecular cages, present a large
range of applications in material science, medicine, and
chemical technology.ll In the past decades, a number of such
molecules have been synthesized by assembly of organic
ligands and transitional metal salts.>®] For example, tripodal
ligands with arene cores were designed and employed for
construction of cage-like architectures.>>] Ten-components
ML, cage-like complexes 1 were obtained by assembly of
2,4,6-tris(4-pyridyl)-1,3,5-triazine and 1,3,5-tris(pyrazol-1-yl-
methyl)-2,4,6-triethylbenzene ligands with [Pd(en)(NO;),]
(en = ethylenediamine) and PdCL,.?! Many large molecular
cages, such as [Cuy(dtc),]** (dtc = derivative of dithiocarba-
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tions.

2: M3Ly

mate), [Cu,(tapp)s] (Hstapp =2.4,6-triazophenyl-1,3,5-tri-
hydroxybenzene) and [Pd;s(tpb)s] (tpb = 1,3,5-tris(3,5-pyrimi-
dyl)benzene) have also been reported most recently.’] How-
ever, the M;L, type cage-like complexes of type 2 are not well
known up to now.! We herein describe the generation of
ML, type cages 3 and 4 constructed from the two tripodal

T s

ligands 6 and three two-coordinate silver(l) atoms. Further-
more, in order to investigate the influence of organic bridging
ligand on the formation of supramolecular architectures,
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reaction between the designed tripodal ligand 7 and silver(1)
perchlorate was also examined; an open trinuclear complex
5 was obtained.

Supramolecular architectures have attracted much at-
tention over the last few years, not only due to their
interesting structures but also because of their fascinating
properties and possible applications, such as ion and
molecular recognition, ion-exchange, selective guest inclu-
sion, and catalysis for specific reactions.”) For example,
Lehn and co-workers have reported that multicomponent
cylindrical nanoarchitectures, obtained by self-assembly of
Cu' or Ag' with polytopic linear and circular ligands,
showed anion inclusion and exchange both in and out of the
inner cavities.”! Reaction of 1,4-bis(3-pyridyloxy)benzene
with Pd" generated a quadruply stranded helicate with
spontaneous encapsulation of a hexafluorophosphate anion.!
The above-mentioned MgL, and M;L, type cage-like archi-
tectures have been proved to have ability to encapsulate guest
molecules.> I However, no anion inclusion and exchange was
reported for these MgL, and M;L, type cage-like complexes,
although the guest-induced formation of M;L, cage has been
reported by Fujita et al.’® We present herein the anion
encapsulation and exchange properties of the architecture 3.

Results and Discussion

Self-assembly of the cage-like complexes [Ag;(6),][C10,]; (3)
and [Ag;(6),][C10,];- 4 CH;CN (4): When the tripodal ligand
6 is mixed with silver(f) perchlorate or tetrafluoroborate salt in
ethanol in the dark, a colorless precipitate appears immedi-
ately, which is insoluble in water and common organic
solvents (methanol, ethanol, acetonitrile, etc.). Single crystals
suitable for X-ray crystallographic analysis were obtained by a
layering method.['") Compound 3 was obtained as colorless
needle by slow diffusion between two layers of aqueous
solution of AgClO,-H,0O and a solution of 6, in a molar ratio
1.5:1, in ethanol at room temperature. The complex is stable in
both solid and solution states in the dark. The structure of 3
was determined by X-ray crystallography. It provides un-
ambiguous evidence for the cage-like architecture. The BF,~
analogue obtained by reaction of 6 with AgBF, has space
group of C2/c and cell parameters of a=21.794(3), b=
20.201(4), c=14.813(2) A, #=128.600(10)°; these are similar
to those of 3 as listed in Table 1. This indicates that the BF,~
analogue is isomorphous and isostructural with 3. The
complex was found to have high thermal stability. The TGA
data of [Ag;(6),][BF,]; indicate that the framework is stable

2558

Table 1. Summary of crystal data and refinement results for complexes 3, 4, and 5.

3 4 5
formula CipHisAgCLN 1,01 CsoHepAg;ClN1O 1, CooHusAg;ClsN1, 01
M, 1342.88 1507.10 1559.06
crystal size [mm]  0.40 x 0.30 x 0.05  0.56 x 0.40 x 0.32  0.40 x 0.40 x 0.36
crystal system monoclinic monoclinic triclinic
space group C2lc C2lc Pl
a[A] 21.829(1) 19.897(3) 14.135(2)
b [A] 20.6742(8) 10.4280(10) 14.564(2)
c[A] 14.8822(6) 29.010(3) 15.451(2)
a[] 69.420(10)
AN 129.072(1) 92.540(10) 84.040(10)
v [°] 79.150(10)
V [A3] 5214.3(4) 6013.3(12) 2922.1(7)
VA 4 4 2
Peatca [gem 3] 1.710 1.665 1.772
u [mm~1] 1.335 1.173 1.209
T [K] 200(1) 297(2) 297(2)
reflections collected 14720 5995 10848
unique reflections 5982 5260 10046
observed reflections 2400 3022 7505
parameters 326 421 828
S on F? 1.142 0.855 1.040
R1 0.0548
R, 0.1231
R1 [I>20(1)] 0.0346 0.0341
wR2 [I>20(])] 0.0780 0.0870
APmivimax [€ A3 1.98/ —2.04 0.699/ —0.353 0.536/ —0.852

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

up to 297°C. The measurements for the complex 3 was not
carried out for safety reasons, since it is a perchlorate salt. It is
believed that the 3 also has high thermal stability as its
tetrafluoroborate analogue.

The crystal structure of complex 3 is shown in Figure 1 (top)
with the atom numbering scheme. The two 6 ligands have a
cis,cis,cis-conformation and a face-to-face orientation; they
are joined together by three silver() atoms through coordi-
nation bonds to nitrogen to give a three-dimensional individ-
ual M;L, type cage. The N-Ag-N angles of 168.0(4) and
169.1(2)° (Table 2) indicate that the silver(l) atoms are two-
coordinate with near linear geometry.''! The distance be-
tween two central benzene rings is 10.99 A with a dihedral
angle of 0.6° and the intermetallic Ag— Ag distances are 6.09
(Agl-Ag2, AglA—Ag2) and 6.68 A (Agl— AglA). Thus the
complex is a cylindrical cage, while the previously reported
M;L, type cage-like complex [Zn,(tib),(OAc)s] (tib=1,3,5-
tris(imidazol-1-ylmethyl)benzene; OAc=acetate anion) is
close to a spherical cage.*?l In addition, two benzene rings
of 3 have an eclipsed conformation with staggered angles of
10.1 and 12.0° between each two methyl groups (see Newman
projection shown in Figure 1 bottom). The corresponding
angle in [Zns(tib),(OAc)s] is 44.5° and implies a gauche
conformation.

An important structural feature of complex 3 is its
spontaneous encapsulation of a perchlorate anion as illus-
trated in Figure 1. External to the cage are two other ClO,~
anions. The internal ClO,~ anion positioned at the center of
the cage, since the distances between the CI2 and each
centroid of the benzene ring are equivalent (CI2—X1A=
CI2-X1B =5.49 A) and the angle of X1A-CI2-X1B is 177.3°
(X1A and X1B refer to the centroids of the two benzene rings,
respectively). There is one C—H--- O hydrogen bond for the
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Figure 1. Crystal structure of the cylindrical cage complex 3 with thermal
ellipsoids drawn at 50% probability: side view with atom numbering
scheme (top) and view along the axis of the cylinder (bottom).

Table 2. Selected bond lengths [A] and angles [°] for complexes 3, 4, and
5.lal

[Ags(6),](Cl0,); (3)

Agl-N12 2.098(4) Agl—-N52 2.094(4)
Ag2—N32 2.084(5) Ag—N,, 2.092(4)
N12-Agl-N52 169.1(2) N32-Ag2-N32a 168.0(4)
[Ag3(6),](ClO,);- 4CH;CN (4)
Agl-N1 2.109(4) Ag2—N3 2.117(3)
Ag2—N6b 2.116(3) Ag—N,, 2.113(3)
N1-Agl-N1b 175.3(2) N6b-Ag2-N3 172.92(14)
[Ags(7),](ClO,); (5)

Agl-N1 2.086(3) Agl-N3 2.090(3)
Ag2—N7 2.076(3) Ag2—N5 2.089(3)
Ag3—N11 2.112(3) Ag3—N9 2.112(3)
Ag—N,, 2.093(3)

N1-Agl-N3 174.91(12) N7-Ag2-N5 178.87(13)
N11-Ag3-N9 175.75(12)

[a] Symmetry transformations used to generate equivalent atoms: a: —x +
1,-y,—z+ 1;b:x+ 1.5,y + 05, z.

Chem. Eur. J. 2001, 7, No. 12
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internal ClO,~ anion and seven for the external ClO,~ anions
(Table 3). Both internal and external ClO,~ anions can be
exchanged by other anions, such as tetrafluoroborate anion
(see below).

Table 3. Distances [A] and angles [°] of hydrogen bonding for complexes 3,
4, and 5.1

D-H:-- Al Distance D-H-A Angle
(D A) (D-H-A)
[Ag(6),](Cl1O,); (3)
Cl14-H3---02 3.346(9) C14-H3-02 147.2
C33—-H5---Ola 3.432(10) C33-H5-Ola 153.0
C34—H6--- O4b 3.419(8) C34-H6-04b 148.0
C52—-H7--- 06 3.260(11) C52-H7-06 136.4
C54—-H9---Olc 3.187(7) C54-H9-Olc 146.3
C31-H13---01d 3.321(9) C31-H13-01d 132.6
C51-H14---O2c 3.300(7) C51-H14-0O2c¢ 132.7
C41-H21---O3b 3.413(9) C41-H21-0O3b 169.7
[Ag3(6),](ClO,);- 4CH;CN (4)
C3—H3---NT7e 3.160(10) C3-H3-N7e 148.5
C15-H15--- O3f 3.384(8) C15-H15-03f 161.1
C20—H20---O2e 3.129(6) C20-H20-O2e 129.5
C21-H21B - Odg 3.349(7) C21-H21-O4g 158.4
C24-H24C -+ O5 2.894(7) C24-H24-05 109.3
[Ags(7),](ClO,); (5)
N2-H2---O6 3.047(6) N2-H2-0O6 145.6
N2-H2---O7 3.223(6) N2-H2-07 156.0
N4-H4 - 08 h 2.949(6) N4-H4-O8 h 1635
N6—H6---O9h 2.956(11) N6-H6-O9 h 154.3
N8-HS8---O11 3.064(9) N8-H8-011 162.0
N10—H10--- O2i 3.051(5) N10-H10-O2i 163.7
N12-H12---O3j 2.987(5) N12-H12-03j 177.2
C28—-H28---09 h 3.416(8) C28-H28-09 h 152.1
C38—H38B --- O5k 3.358(6) C38-H38B-O5k 146.6
C46—H46B --- Oli 3.3408(6) C46-H46B-O1i 144.0

Symmetry transformations used to generate equivalent atoms: a: —x, —Y,
—z;br—x,y,—z—-05;¢c:—x,—y,—z—1;d:x,—y,z2+ 2.5;e:x+ 0.5,y +
1.5, z;f:—x—1,y,—z+ 05;g:x,y+ L,z;hex,y+ 1, z;i: —x, —y + 2,
—z—1;ji—x,—y+1,—-z—1;ki—x+ 1;—y+ 1, —z. [b] D: donor; A:
acceptor.

In order to investigate whether the internal C1O,™ anion can
be replaced by other small neutral molecules, the reaction
between 6 and AgClO, - H,O was carried out in other solvents.
It is surprising that when the acetonitrile and dimethylform-
amide (DMF) were used as reaction solvents instead of
ethanol, a different species 4 was obtained. The crystals of 4
are unstable in isolated solid state and lose solvent molecules
very quickly to give colorless powder. The structural analysis
of 4 reveals that there are four acetonitrile solvent molecules
in 4, while in the case of 3, no solvent molecules were found.
This means that the reaction solvents have great influence on
the formation of inorganic architectures. The size of 4 is
different from that of 3, although the complex 4 is also a ML,
type cylindrical cage (Figure 2 top). The centroids of two
benzene rings with a dihedral angle of 1.9° are separated by a
distance of 10.63 A, which is shorter than the corresponding
distance of 3 (10.99 A). The Ag— Ag distances are 7.21 (Agl —
Ag2, Agl— Ag2A) and 7.04 A (Ag2— Ag2A); these are longer
than those of 3 (6.09 and 6.68 A). In addition, the most
important point is that the locations of perchlorate anion are
different between the complexes 3 and 4. Figure 2 (bottom)
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Figure 2. Crystal structure of the cylindrical cage complex 4 with thermal
ellipsoids drawn at 50% probability: side view with atom numbering
scheme (top) and view along the axis of the cylinder (bottom).

exhibits the cage 4 viewed down the benzene rings to
emphasize the location of perchlorate anion and acetonitrile
solvate molecules. It is evident that the center of the cage is
empty, instead there are one perchlorate anion and two
acetonitrile molecules at the edge of the cage (Figure?2
bottom). The CI1 atom is centered between of two methyl
carbons (C23 and C23A) with a distance of 5.26 A and an
angle of 173.3° (C23-CI1-C23A). Two CH;CN molecules also

positioned between two methyl groups. The two benzene rings
have an eclipsed conformation with a staggered angle of about
11°, which is similar to that of 3. There is one C—H:--N
hydrogen bond and four C—H --- O hydrogen bonds as listed in
Table 3.

In addition, there are weak interionic contacts in these
cage-like complexes. The shortest distance of 2.81 A between
the silver atom (Ag2, Ag2A in Figure 2 bottom) and the
oxygen atom of the perchlorate anion containing Cl1 indicates
the existence of Ag--- O contacts in the compound 4.0'”] Such
an Ag--- O interaction in the 3 is somewhat weaker than that
in the 4, since the shortest Ag— O distance between the silver
atom and oxygen atom of central perchlorate anion (Figure 1
bottom) is 3.01 A in the 3.

Self-assembly of the trinuclear open complex [Ag;(7),]-
[C1O4]; (5): When the connection mode of pendant groups
of the tripodal ligand changed from the 1-position of
imidazole (6) to the 2-position of benzimidazole (7), it was
found that the precipitate formed from reaction of AgCIO,-
H,O with 7 in methanol and water solution is soluble in
acetonitrile. Hence the single crystals of § were obtained by
slow evaporation of the reaction mixture.

The results of elemental and structural analyses indicate
that the complex 5 has same compositions of M;L, as 3, but
they have different structures. As shown in Figure 3, the
complex 5 is an open trinuclear complex although it also
contains two tripodal ligands 7 and three silver(1) atoms. Each
silver() atom is two-coordinate with N-Ag-N angles ranging
from 174.91(12) to 178.87(13)° (Table 2) and Ag2 links the
two tripodal ligands 7. It is interesting that the conformations
of ligand 6 in architectures 3 and 4 are all cis,cis,cis. However,
in complex 5, the ligand 7 that contains N1, N3, and N5 has a
cis,cis,cis conformation, while that with N7, N9, and N11 has a
cis,trans,trans conformation. A plane formed by N1, N3, and
NS5 is almost parallel to the benzene ring plane of C25, C26,

Figure 3. Crystal structure of the cationic moiety of 5 with the ellipsoids drawn at the 50 % probability level (left) and crystal packing diagram along the b

axis (right).
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C27, C28, C29, and C30 with a dihedral angle of 4.2° between
these two planes, while the dihedral angle between the planes
N7, N9, N11 and C55, C56, C57, CS8, C59, C60 is 44.8°. The
results demonstrate that the nature of the organic ligand has a
great influence on the formation of supramolecular architec-
tures.

In addition to the coordination bonds, which were consid-
ered to be the determinant force for the formation of 5, there
are weak interactions. The Agl — C26 and Ag3 - C58 distances
are 2.676(3), 2.724(3) A, respectively. Normal Ag—C bond
lengths have been reported to be in range of 2.01 to 2.20 A.[13]
Relatively long distances between Ag and C indicate the
existence of weak Ag— C interactions in 5. Furthermore, there
are N-H--- O and C-H --- O hydrogen bonds, as summarized in
Table 3, and ;— interactions. The crystal packing diagram
for 5 along the b axis is exhibited in Figure 3 (right); the
centroid-to-centroid distance between two nearest benzimi-
dazole rings is 3.47 A, with a dihedral angle of 3.1°.

Anion exchange properties of cage-like complexes: We have
begun to study the anion exchange properties of these cage-
like architectures. As revealed by the crystal structure of 3, the
cavity of the cage included one perchlorate anion that is only
loosely bound to the framework. On the other hand, there are
three large open windows of approximately 6 x 11 A (Ag-Ag
and two benzene rings separations, respectively) and these
windows may facilitate the exchange of guest anion in and out
of the cavity. Such consideration is demonstrated by the
crystal structure of complex 4. When the CH;CN and DMF
solvents were used, the perchlorate anion moved from the
center to edge of the cavity as mentioned above. It means that
the windows are large enough to allow the C1O,~ anion in and
out of the cage. Therefore such a cage-like complex is
expected to have anion exchange property. The powdered
complex [Ag;(6),][BF,]; was suspended in aqueous solution of
NaClO, and stirred to allow anion exchange; this procedure
was repeated three times (see Experimental Section). The
elemental microanalysis and infrared spectral data confirmed
that the product is 3, that is, [Agz(6),][ClO,];. Namely the
BF,~ anion was completely exchanged by CIO, anion. The
FT-IR spectrum of exchanged product showed characteristic
bands at 1084 and 1121 cm™!, which are different from those of
the original [Ag;(6),][BF,]; (at 1053, 1083, 1098 and
1120cm™'). Further studies on anion exchange with other
anions such as nitrate are underway to determine whether the
perchlorate anion can be exchanged selectively.

Experimental Section

The elemental analysis of C, H, and N were performed on a Perkin— Elmer
240C elemental analyzer at the analysis center of Nanjing University.
Infrared (IR) spectra were recorded on a Bruker IFS66V vacuum-type FT-
IR spectrophotometer by using KBr discs. Reagents of silver(l) salts were
commercially available and used as received without further purification.
The tripodal ligands 6 and 7 were prepared by procedures reported
previously.' 51 All procedures for synthesis and measurements were
carried out in dark.

Safety note: Perchlorate salts of metal complexes with organic ligands are
potentially explosive and should be handled with care.

Chem. Eur. J. 2001, 7, No. 12

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

Synthesis of [Ag;(6),][C104]; (3): The compound was prepared by layering
method. An solution of 6 (18.0 mg, 0.05 mmol) in ethanol (3 mL) was
added slowly and carefully to a layer of a solution of AgClO,-H,0
(16.9 mg, 0.075 mmol) in water (3 mL) in a tube. Single needle crystals
suitable for X-ray diffraction analysis were obtained with yield of 63 % in
several days by standing. Elemental analysis calcd (%) for C,HsAg;Cls-
N,0,, (1342.88): C 37.57, H 3.60, N 12.52; found C 37.35, H 3.33, N 12.45.

The analogue with the BF,~ anion, [Ag;(6),][BF,];, was prepared by the
same procedures by using AgBF, instead of AgClO,-H,O. Elemental
analysis caled (%) for C,,H,gAg:B:N,Fy, (1304.94): C 38.66, H 3.71, N
12.88; found C 38.60, H 3.88, N 12.98.

Synthesis of [Ag;(6),][C10,];-4CH;CN (4): AgClO,-H,0 (16.9 mg,
0.075 mmol) and ligand 6 (18.0 mg, 0.05 mmol) were dissolved in CH;CN
(5 mL) and DMF (5 mL), respectively. They were then placed in at tube as
two layers. The complex 4 was obtained by slow diffusion between these
layers. Single crystals appeared after several days. The crystals were
unstable and lost solvent very quickly.

Synthesis of [Ag;(7),][C104]; (5): A solution of ligand 7 (23.4 mg,
0.05 mmol) in methanol (5 mL) was added to a solution of AgClO,-H,0
(16.9 mg, 0.075 mmol) in water (1 mL) and the mixture was stirred. A pale
yellow precipitate appeared immediately. Then acetonitrile (ca. 6 mL) was
added until the precipitate disappeared. Single crystals suitable for X-ray
diffraction analysis were obtained by slow evaporation of reaction mixture
in several days. Yield 54 % . Elemental analysis calcd (%) for C4H,sAg:Cls-
N,0,, (1559.06): C 46.22, H 3.10, N 10.78; found C 46.42, H 3.33, N 10.66.

Anion exchange reaction: Well-ground powder of [Ag;(6),][BF,];
(20.0 mg) was suspended in a solution of NaClO, (2.0g) in water
(20 mL), and the mixture was stirred for one day at room temperature,
then filtrated, washed with water, and dried in vacuum to give colorless
powder. This procedure was repeated at least three times. Elemental
analysis calcd (%) for [Ag;(6),][ClO,]; (CHgAg;CLN,0y,): C 37.57, H
3.60, N 12.52; found C 37.73, H 3.83, N 12.33.

Crystallography: A colorless needle crystal of 3 was mounted on a glass
fiber. All measurements were made on a Rigaku RAXIS-RAPID Imaging
Plate diffractometer with graphite monochromated Moy, radiation (1=
0.7107 A) at 200 K. Calculations were carried out on an SGI workstation
with the teXsan software package.l') An empirical absorption correction
based on y scans was applied for 3 with transmission factors 0.768 —0.935.
The structures was solved by direct method using SHELXS-86 and refined
by the full-matrix least-square method anisotropically for non-hydrogen
atoms. The hydrogen atoms were generated geometrically.

The X-ray diffraction measurements for complexes 4 and 5 were performed
on a Siemens P4 automatic four-circle diffractometer using graphite
monochromated Moy, radiation (A=0.71073 A) at room temperature.
Intensity data were collected in the variable w scan mode. The structures
were solved by direct methods by using SHELXS-97 and refined by full-
matrix least-square calculation on F? with SHELXL-97['1 One of
perchlorate anion in each complex is disordered. Oxygen atoms O3, O4,
05, and O6 of complex 4 have two positions with the site occupancy factors
(s.0.f) of 0.75 and 0.25, respectively. Atoms CI3, 09, 010, O11, and O12 of
complex 5 have two positions with the site occupancy factors (s.o.f) of 0.76
and 0.24, respectively. All non-hydrogen atoms were refined anisotropi-
cally, whereas the hydrogen atoms were generated geometrically. Calcu-
lations were performed on a PC-586 computer with the Siemens
SHELXTL program package.l'¥! Details of the crystal parameters, data
collection and refinement for complexes 3, 4 and 5 are summarized in
Table 1, and selected bond lengths and angles are given in Table 2.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-152696 (3),
CCDC-152697 (4) and CCDC-152698 (5). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).
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Abstract: A comprehensive study into
the coordination chemistry of two C;-
chiral tripodal amido ligands has been
carried out. The amido ligands contain a
trisilylmethane backbone and chiral pe-
ripheral substituents. The amine precur-
sors, HC{SiMe,NH[(S)-1-phenylethyl]},
(1) and HC{SiMe,NH][(R)-1-indanyl]};
(2) were found to be in equilibrium in
solution with the cyclic diamines HC{Si-
Me,N[(S)-1-phenylethyl],}{SiMe,NH-

[(S)-1-phenylethyl]} (3) and HC{Si-
Me,NH][(R)-1-indanyl]}{SiMe,NH[(R)-
1-indanyl]} (4), which are generated
upon ejection of one molecule of the
chiral primary amine. Reaction of these
equilibrium mixtures with three molar
equivalents of butyllithium instantane-
ously gave the trilithium triamides
HC{SiMe,N(Li)[(S)-1-phenylethyl]}; (5)
and  HC{SiMe,N(Li)[(R)-1-indanyl]},
(6), both of which were characterised
by an X-ray diffraction study. Both
lithium compounds possess a central
heteroadamantane core, in which the
two-coordinate Li atoms are addition-
ally weakly solvated by the three aryl
groups of the chiral peripheral substitu-
ents, the Li—C contacts being in the
range of 2.65-2.73 A. Reaction of 5 and

Introduction

Molecular symmetry is a leading principle in the development
of new stereoselective reagents and catalysts.'* In coordina-
tion chemistry, this is most often achieved by employing

6 with [TiCl,(thf),] and ZrCl, gave the
corresponding amido complexes [TiCl-
{HC{SiMe,N[(S)-1-phenylethyl]};}] (7),
[TiC{HC{SiMe,N[(R)-1-indanyl]};}] (8),
[ZrCI{HC{SiMe,N[(S)-1-phenylethyl]};}]

(9) and [ZrCI{HC{SiMe,N[(R)-1-indan-
yl]}s}] (10), respectively. Of these, com-
pound 7 was structurally characterised
by X-ray structure analysis and was
shown to possess a Cs;-symmetrical ar-
rangement of the tripod ligand. The
chiral anionic dinuclear complex [Li-
(OEt,)4][Zr,Cl,{HC{SiMe,N[(S)-1-phen-
ylethyl]};}),] (11) was isolated from reac-
tion mixtures leading to 9. An X-ray
diffraction study established its dimeric
structure, in which the chiral amido
ligands cap the two metal centres, which
are linked through three symmetrically
arranged, bridging chloro ligands. Reac-
tion of 9 and 10 with a series of alkyl
Grignard and alkyllithium reagents
yielded the corresponding alkylzirconi-
um complexes. X-ray structure analyses
of [Zr(CH;){HC{SiMe,N[(S)-1-phenyl-

Keywords: amido  complexes
asymmetric alkylation - Cj-chirality
- tripodal ligands - zirconium

ethyl]};}] 12) and [Zr(CHy)-
{HC{SiMe,N)[(R)-1-indanyl]};}] (20) es-
tablished their detailed molecular ar-
rangements. While the reaction of 12
with the aryl ketones PhC(O)R
(R = CH=CHPh, iPr, Et) gave the cor-
responding C—O insertion products,
which contain an additional chiral centre
in the alkoxy group, with low stereo-
selectivity (0-40% de). The corre-
sponding conversions with several aryl
aldehydes yielded the alkoxo complexes
with high stereoselectivity. Upon hydrol-
ysis, the chiral alcohols were isolated
and shown to have enantiomeric excess-
es between 68 and 82%. High stereo-
discrimination was also observed in the
insertion reactions of several chiral ke-
tones and aldehydes. However, this was
shown to originate primarily from the
chirality of the substrate. In analogous
experiments with carbonyl compounds,
the ethyl- and butyl-zirconium ana-
logues of 12 did not undergo CO in-
sertion into the metal—alkyl bond. In-
stead, f-climination and formal inser-
tion into the metal-hydride bond
occurred. It was found that the elimina-
tion of the alkene was induced by

polydentate ligands containing local symmetry elements,*
which are then retained upon coordination to a metal centre.

An important argument in favour of ligand symmetry in chiral
reagents and catalysts is the reduction of the number of
possible diastereomeric intermediates or transition states by
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the rotational symmetry element. This may give improved
stereoselectivity and in addition facilitates the rationalisation
of the observed stereocontrol, which is important in the
systematic optimisation of a reagent.

While twofold rotational symmetry has been successfully
employed in a large number of chiral reagents and catalysts,"!
there is still comparatively little known about the efficiency of
systems of higher rotational symmetry. Currently, there is a
burgeoning interest in C;-chiral complexes and their applica-
tion in catalysis.l*#] The majority of the systems studied to
date are coordination compounds of the late transition
metals.”! In contrast, stereoselective transformations of C;-
chiral early transition metal complexes are barely explored.
These require highly charged ligands, such as alkoxo or amido
ligands, in order to stabilise the formally high-valent metal
centres.'l Several examples of Cs-chiral alkoxo ligands, in
which three chiral centres are located in the ligand backbone,
have been studied in Nugent’s group as well as by Knochel
and co-workers."!]

To date, there are two different strategies for the synthesis
of C;-chiral amido tripods. The first involves the introduction
of chirality in the peripheral groups of the amido ligand at
close proximity to the donor functions as first shown by us.['
An alternative approach has been the generation of a chiral
ligand tripod-backbone as pursued by Moberg and co-workers
in their synthesis of chiral triamidoamine ligands.’® In a
landmark contribution to the field, they demonstrated that
the titanium complexes containing these ligands may be used
in the catalytic asymmetric alkylation, albeit with only
moderate stereoselectivity.

The conceptual background and the choice of the model
system: In the same way as C,-symmetrical bidentate ligands
in square-planar and tetrahedral complexes render the two
remaining coordination sites homotopic, an octahedral com-
plex containing a Cs;-symmetrical tripodal ligand will have
three stereochemically identical remaining binding sites, as
was first pointed out by Burk and Harlow.') Although the
equivalence of the three remaining coordination sites induced
by a C; tripod in an octahedral complex simplifies the analysis
of such systems, there remain several possibilities of the
relative orientation of prochiral ligands in stoichiometric
transformations or in elementary steps of catalytic cycles.'*!
This may limit the conceptual usefulness of the approach.
The possible reduction in selectivity-determining alterna-
tives in stoichiometric conversions involving threefold sym-
metrical chiral ligands is by no means restricted to the
octahedral case. A similar situation is expected to arise in
fivefold coordinate complexes, or reaction intermediates
bearing such a chiral tripod and in which the two remaining
ligands are arranged symmetrically on either side of the
molecular axis. Such a coordination geometry has been
postulated by Ugi et al. for the transition state in the turnstile
rearrangement of five-coordinate molecules.! We have
found such an arrangement as the ground-state geometry of
several five-coordinate zirconium complexes bearing tripodal
amido ligands.') If one of these two monodentate ligands
were a planar prochiral molecule and the other ligand a
molecular fragment to be coupled with the prochiral unit to
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give a new stereo-element, the C;-symmetrical tripod renders
all possible arrangements essentially identical. Therefore the
stereochemical alternatives would be reduced to the two
possible orientations of the prochiral faces with respect to the
attacking ligand [Egs. (1) and (2)].

H H
!
N R WC
Me,Si*"7  SiMe, Me,Si™7~ SiMe,
| SiMe, | | T'MEZ [
oo N N st N N
R* N N, —_— R*uw N S (1)
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cl: |
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Me,Si™"7  SiMe, Me,Si™"7  SiMe,
[ SMe: | [ s |
Rew N /N\R - R*"“..N\IL N @
AY /\M/ R

The Cs;-symmetrical tripod renders all possible isomers,
distinguished only by the relative rotation of the {(tripod)M}
and the {M(L)(L")} units, essentially stereochemically identi-
cal. A reaction that represents this situation exactly, and
which therefore permits the practical evaluation of this
conceptual approach, is the stoichiometric insertion of an
O-coordinated prochiral carbonyl compound into a metal —
alkyl bond.['? If the three stereocentres in the ligand
periphery of the tripodal ligand adopt a similar orientation,
thus generating real threefold symmetry, this in turn defines a
helicoidal environment for the remaining ligands and will,
therefore, favour one of the two possible orientations of the
carbonyl compound vis-a-vis the alkyl ligand. This stereo-
discrimination will be greatest in carbonyl compounds that
contain two very different substituents at the CO function,
which is why we chose to investigate primarily aryl aldehydes
as substrates.

In this paper, the scope of the conceptual considerations
will be judged by the results of a study of the stoichiometric
stereoselective alkylation reactions with aldehydes as well as
several chiral ketones by alkyltitanium and -zirconium com-
plexes bearing two different chiral tripodal ligands. The
synthesis and chemical behaviour of the two Cs-chiral amine
precursors (containing a trisilylmethane ligand frameworks),
their lithiated derivatives and the structures of key complexes
are also reported.

Results and Discussion

Synthesis, solution dynamics and structures of the C;-chiral
triamines and lithium triamides: The choice of the ligand
backbone was dictated by the ease with which chiral
substituents are introduced in tripodal amines. The synthesis
of the amine-ligand precursors was achieved as previously
described for related systems in a one-step transformation.!®l
Reaction of HC(SiMe,Br); with three molar equivalents of
(S)-1-phenylethylamine and (R)-1-indanylamine in the pres-
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ence of three equivalents of triethylamine, yielded the
tripodal amines HC{SiMe,NH][(S)-1-phenylethyl]}; (1) and
HC{SiMe,NH[(R)-1-indanyl]}; (2) (Scheme 1).

T T
.C
G R*-NH "7 T=SiM
Me,Si*™7 ~ ~~SiMe, 2 MegSi S{Mez ?' 2
| SiMe, J NH HN
Br | r R T NH ~g

Br

RY

(S)-1-CHMe)Ph | 1
(R)-1-indanyl 2
Scheme 1. Synthesis of the C;-chiral triamines 1 and 2.

The spectrocopic and analytical data of both compounds
are in accord with the postulated structures. A single-crystal
X-ray structure analysis as well as a NOESY study in solution
of 1, which we published previously,[? established a molec-
ular arrangement that may be related to a heteroadamantane
cage, the base of which is formed by a loosely aggregated
(N—H); unit stabilised by N—H---N hydrogen bonds. This
hydrogen bonding was also reflected in the infrared vibra-
tional N—H stretching frequency of 3343 cm~!, which is
significantly lower than those of non-hydrogen bonded
analogues (#(N—H) ca. 3400 cm™!). The indanyl-substituted
compound 2 displays very similar spectroscopic character-
istics (#(N—H) ca. 3339cm™!), and a preliminary X-ray
diffraction study of the weakly diffracting crystals of 2
confirm a molecular arrangement that is similar to that of 1.
Although the poor quality of the data do not permit a detailed
discussion of the the metric parameters of 2, the overall
molecular arrangement is well established and represented in
Figure 1.

Figure 1. Molecular structure of the triamine 2, showing the clawlike
arrangement of the tripodal molecule.

As can be readily seen, the ligand is effectively “pre-
arranged”, even in the form of its amine precursor, and the
potential binding site for the metal is clearly evident. The
chiral centres in the 1-indanyl groups would be arranged at
close proximity to the “reactive” site in a complex.

Whereas the amines 1 and 2 are readily isolated as
crystalline solids in good yields, they are unstable in solution.
'H and BC NMR spectroscopy established an equilibrium

Chem. Eur. J. 2001, 7, No. 12

between the triamines 1 and 2 and the cyclic diamines 3 and 4,
which are generated by elimination of one molecule of (S)-1-
phenylethylamine and (R)-1-indanylamine, respectively
(Scheme 2). We previously reported the isolation and char-
acterisation of a similar azadisilacyclobutane species, PhC-
{(SiMe,),NrBu}{SiMe,NH:Bu}.['®l

At 295 K, the equilibra between 1 and 3 and between 2 and
4 lies almost entirely on the side of the tripodal amines. As can
be seen in the variable temperature series of 'H NMR spectra
of 2 displayed in Figure 2, the equilibrium may be almost
completely shifted towards the cyclic product 4 and the free
primary amine upon raising the temperature of a solution in
toluene to 355 K. It should be pointed out that, upon

H H
¢ ¢
Me,Si™"7  ~~SiMe, Me,Si™"7  SiMe,
| SiMe; | | Sive; | + R*NH
NHL N T W ’
et .
NH R R \R"
R 34

1,2

Scheme 2. Equilibrium in solution between the triamines 1 and 2 and the
cyclic aminosilanes 3 and 4, respectively.
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Figure 2. Variable-temperature NMR spectra of a solution of 2 in toluene
between 295 and 355 K, showing the almost complete conversion to the
cyclic product 4 at high temperatures.
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dissociation of (R)-1-indanylamine, the threefold molecular
symmetry is lost, rendering all hydrogen positions in the
ligand framework nonequivalent. The equilibrium constants
at the various temperatures could be determined by integra-
tion of the singlet resonances due to the apical CH protons,
which are observed at 6 = —0.66 (2) and —0.10 (4).

An analysis of the temperature dependence of this equilib-
rium yielded a standard reaction enthalpy of AH=+49.9 +
0.5kJmol™! and a reaction entropy of AS=+162.1+
2.0 Jmol~'K~'. The dissociation of the tripodal amine is thus
an entropy driven process. Its endothermic nature is thought
to be due to the greater molecular strain in the cyclic product,
with the total number of element —element bonds remaining
unchanged. Additional intramolecular stabilisation through
the N—H---N hydrogen-bond network discussed above may
also contribute to the relative stability of the triamines.

The amido ligand transfer reagents used in this study are
the corresponding lithium amides HC{SiMe,N(Li)[(S)-1-
phenylethyl]}; (5) and HC{SiMe,N(Li)[(R)-1-indanyl]}; (6),
which are readily obtained by reaction of the amine pre-
cursors with three equivalents of n-butyllithium (Scheme 3).

1 I
O 3 nBuli .‘..u-C\ .
Me,Si™/ SiMe, Me,Si™ / SiMe,
| SiMe, | SiMe, I
e NH HN Rtwot, N— ~Li—N
R NH \sz Li/N\Li \R*
R* R*

(S)-1-CHMe)Ph | 1
(R)-1-indanyl 2

(S)-1-CH(Me)Ph 5
(R)-1-indanyl 6

Scheme 3. Synthesis of the C;-chiral trilithium triamides 5 and 6.

It is notable that the result of this metalation is the same
whether the reaction is carried out with the essentially pure
tripodal amines 1 and 2, or mixtures of the triamines and the
cyclic products 3 and 4 in the presence of the dissociated
primary amines. Since in the latter case the deprotonation of
the N—H groups occurs much more rapidly than the reforma-
tion of the triamine, the generation of the lithium amides is
thought also to occur “indirectly” by attack of a lithiated
primary amine upon the azasilacyclobutane.

Both compounds were isolated as highly crystalline, colour-
less solids, which were used as such in the subsequent
conversions. Although a large number of lithium amides have
been structurally characterised,'”) very few chiral systems
have been investigated.?” In addition, it was of interest to
establish how the ligand periphery in 5 and 6 would arrange
itself with respect to the (Li—N); unit. Single crystal diffrac-
tion studies of both lithium amides have established their
molecular structures, which are represented in Figure 3.

Compounds 5 and 6 crystallise in the space groups R3 and
P2.2,2,, respectively. For 5, the molecular threefold axis
coincides with the threefold crystallographic axis (Figure 3,
top), thus rendering this compound exact C; symmetry in the
solid. The indanyl-substituted derivative 6 (Figure 3, middle)
deviates only slightly from an ideal Cs;-symmetrical arrange-
ment, so that both lithium amides may be directly compared.

2566 ——
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Figure 3. Top: molecular structure of HC{SiMe,N(Li)[(S)-1-phenylethyl]},
(5) viewed along the threefold crystallographic axis. Principal bond lengths
(A) and interbond angles (°): Si(1)-N(1) 1.678(8), Si(1)-C(1) 1.901(5),
Si(1)—-C(2) 1.88(1), Si(1)—C(3) 1.89(1), N(1)—C(4) 1.50(1), N(1)—Li(1)
1.98(2), N(1)-Li(1A) 1.87(2); N(1)-Si(1)-C(1) 107.6(6), Si(1)-N(1)-C(4)
119.5(7), Si(1)-N(1)-Li(1) 99.5(7), Si(1)-N(1)-Li(1A) 117.2(8), C(4)-N(1)-
Li(1) 102.2(8), Li(1)-N(1)-Li(1A) 94(1), N(1)-Li(1)-N(1A) 120(1). Middle:
molecular structure of HC{SiMe,N(Li)[(R)-1-indanyl]}; (6) viewed orthog-
onal to the virtual molecular axis. Principal bond lengths (A) and interbond
angles (°): Si(1)-N(1) 1.711(6), Si(1)—C(1) 1.854(8), Si(1)—C(2) 1.899(8),
Si(1)-C(3) 1.891(8), N(1)—C(10) 1.455(10), N(1)-Li(1) 1.945(19),
N(1)-Li(2) 1.951(17); N(1)-Si(1)-C(1) 109.2(4), Si(1)-N(1)-C(10)
112.9(6), Si(1)-N(1)-Li(1) 112.2(6), Si(1)-N(1)-Li(2) 101.6(6), C(10)-N(1)-
Li(1) 123.0(7), Li(1)-N(1)-Li(2) 91.0(7), N(1)-Li(1)-N(2) 120.1(8). Bottom:
space-filling model of compound 5, showing the intramolecular “solvation”
of the (LiN); core by the peripheral arene groups.
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As with all previously characterised tripodal lithium amides of
this type, the structural centre piece in this molecules is the
adamantane-derived cage composed of the trisilylmethane
and the triamidolithium units.'®21 The most interesting
structural aspect, which sets § and 6 apart from previously
studied compounds of this type, is the “internal solvation” of
the two-coordinate lithium atoms by the peripheral aryl
groups. This structural feature in lithium amides was first
discovered by Snaith and co-workers in the trimeric structure
of dibenzyllithium.??! The distance between Li(1) and C(7) in
50f 2.69(2) A and the corresponding interatomic distances in
6 (Li(1)-C(25) 2.83, Li(2) - C(15) 2.73, Li(3) - C(35) 2.66 A)
are within the range of the aryl-Li contacts found in
dibenzyllithium (average d(Li—C): 2.80 A; shortest contact:
2.70 A). The intramolecular m-arene solvation leads to an
almost complete encapsulation of the primarily ionic (LiN);
core, as can be seen in a space-filling model of 5 (Figure 3,
bottom).

There are several other examples in the literature of aryl n-
coordination of alkali metal compounds (particularly the
heavier ones).”’l A secondary effect of the interaction of the
Li centres with the aryl groups is the more pronounced
puckering of the (LiN); unit [average torsion angles ¥ (Li-N-
Li'-N) 66° (5), 59° (6)] in comparison, for example, to
HC{SiMe,N(Li)/Bu}; [% (Li-N-Li-N’") 53 -56°].11%]

Synthesis and structures of C;-chiral amido complexes of the
Group 4 metals: Reaction of the tripodal lithium amides 5 and
6 with [TiCl,(thf),] in pentane and with ZrCl, in toluene or
diethyl ether gave the corresponding C;-chiral titanium and
zirconium complexes [TiCI{HC{SiMe,N[(S)-1-phenylethyl]};}]
(7), [TiC{HC{SiMe,N[(R)-1-indanyl]};}] (8), [ZrCH{HC({Si-
Me,N[(S)-1-phenylethyl]};}] (9), and [ZrCI{HC{SiMe,N)-
[(R)-1-indanyl]};}] (10) (Scheme 4).

H H
| |
Y e O
Me,Si*"/ SiMe, Me,Si* / SiMe,
| SiMe, I MCl, | TlMez |
gt N~ — i | ot N N
R, Li—N R* N .
LN~ re N, /TR
4 /™
R* R l
Cl
il KN

(S)-1-CH(Me)Ph | 5

(S)-1-CHMePh | Ti | 7

(R)-1-indanyl 6 (R)-1-indany! T |8
(S)-1-CH(Me)Ph | Zr
(R)-1-indanyl Zr |10

Scheme 4. Synthesis of the chlorotitanium and zirconium complexes 7-10.

Conversion to the titanium complexes is complete after
stirring the reaction mixture at ambient temperature for six
days. Both compounds are highly soluble in hydrocarbon
solvents, which leads to some losses in yield upon their
isolation as yellow crystalline solids. The reaction giving the
zirconium analogues proceeds at a much slower rate. Com-
plete conversion, with almost quantitative yield, is achieved
for compound 9 after a reaction time of 18 days in diethyl
ether. Similar conditions may be used in the synthesis of 10;
however, a superior and almost quantitative yield of this

Chem. Eur. J. 2001, 7, No. 12
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complex is obtained upon heating of the reaction mixture at
60°C for 7 h. After separation from the LiCl generated in
these reactions and washing with cold pentane, both com-
plexes 9 and 10 are obtained as analytically pure, colourless
microcrystalline solids.

A single-crystal X-ray structure analysis of 7 has established
the details of its molecular structure (Figure 4). The tripodal
ligand-metal [2,2,2]bicyclooctane-related cage structure at the

Figure 4. Top: molecular structure of [TiCI{HC{SiMe,N[(S)-1-phenyleth-
y1]}:}] (7). Principal bond lengths (A) and interbond angles (°): Si(1)-N(1)
1.749(6), Si(1)-C(1) 1.906(7), Si(1)-C(2) 1.851(8), Si(1)-C(3) 1.842(9),
N(1)=Ti(1) 1.886(5), N(2)—Ti(1) 1.905(5), N(3)-Ti(1) 1.898(6), Ti(1)~Cl(1)
2.250(2); N(1)-Si(1)-C(1) 101.0(3), Si(1)-N(1)-C(8) 116.6(5), Si(1)-N(1)-
Ti(1) 113.6(3), N(1)-Ti(1)-Cl(1) 115.3(2), C(8)-N(1)-Ti(1) 129.7(5), N(1)-
Ti(1)-N(2) 102.3(2), N(1)-Ti(1)-N(3) 103.4(3). Bottom: space-filling model
of 7 viewed along the molecular threefold axis.

centre of this molecule is similar to those found in other
tripod-metal compounds.l'2Y However, the chiral ligand
periphery and its arrangement deserve particular attention
(Figure 4, bottom). As can be seen in the space-filling model
of the complex viewed along its molecular threefold axis, the
“reactive” coordination site occupied by the chloro ligand—
while appearing accessible for incoming reactants—is inti-
mately embedded in the chiral ligand periphery of the tripod.
The three (S)-1-phenylethyl groups adopt the same relative
orientation, generating the C;-chiral structure. This situation
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precisely represents the helicoidal environment postulated in
the introduction, which is thought to favour stereoselectivity in
conversions via turnstile-type five-coordinate intermediates.

Whereas the tetracoordinate structures established for 7-
10 represent the only structural type to have been observed
for titanium complexes, zirconium readily forms compounds
with a higher coordination number. We have previously
isolated and structurally characterised several LiCl adducts of
tripodal amidozirconium complexes, in which the central
metal atom adopts five- or sixfold coordination.! If, in the
preparation of 9, the separation of the LiCl and the extraction
of the final product with a hydrocarbon solvent is not carried
out, but isolation attempted directly from the reaction
mixture in diethyl ether, such a formal LiCl adduct may be
isolated. Such an aggregate, [Li(OEt,),][Zr,ClL,{HC{Si-
Me,N[(S)-1-phenylethyl]};},] (11), was obtained in the form
of single crystals and was characterised by an X-ray diffraction
study. In this compound, two tripodal amidozirconium units
are linked by three chloro bridges to give the monoanionic
dinuclear Cs-chiral complex shown in Figure 5, top.

The coordination geometry of the zirconium atoms is highly
distorted octahedral with an average N-Zr-N' angle of 102.5°

Cl(22)
Q\/w 01( 12)
/
X CI(5Z)
0(12) Zr(5 )
Cl(32)
c1(42)

Figure 5. Top: Molecular structure of [Li(OEt,),][Zr,CL{HC(SiMe,N[(S)-1-phenyl-ethyl]);},] (11). Principal
bond lengths (A) and interbond angles (°): Si(1)-N(1) 1.750(6), Si(1)—C(1) 1.877(9), Zr(1)-N(1) 2.087(5),
Zr(1)-N(2) 2.078(5), Zr(1)-N(3) 2.088(5), Zr(1)—Cl(1) 2.725(2), Zx(1)—Cl(2) 2.707(2), Zr(1)—CIL(3) 2.674(2);
N(1)-Si(1)-C(1) 104.4(3), Si(1)-N(1)-Zr(1) 111.6(3), N(1)-Zr(1)-N(2) 102.4(3), N(1)-Zr(1)-N(3) 103.0(2), N(1)-
Zr(1)-Cl(1) 90.14(16), N(1)-Zr(1)-Cl(2) 158.72(15), CI(1)-Zr(1)-Cl(2) 72.47(6), Zr(1)-Cl(1)-Zr(2) 91.57(7).

Bottom: molecular structure of the anionic complex [ZrCl5(Et,O)] .
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and an average Cl-Zr-Cl' angle of 74.6°. This structural
situation is mainly imposed by the dimensions of the binding
site of the tridentate amido ligand, as well as a mutual
repulsion of the two opposite tripodal amides. The latter also
induces somewhat longer Zr—Cl bonds (2.674(2) -2.725(2) A)
than previously observed by us for related systems.

The counterion is the ether-solvated lithium cation
[Li(OEt,),]". While there are a large number of structures
containing the tetrakis(tetrahydrofuran) solvate,?! there is
only one report by Bau et al. of a structurally characterised
salt containing the corresponding four-coordinate lithium/
diethyl ether complex.’”) However, due to severe disorder
along a threefold crystallographic axis, Bau and co-workers
were not able to solve the complete molecular structure of the
complex cation. The Li—O distances in this first fully
characterised [Li(OEt,),]" cation lie between 1.82(3) and
2.04(3) A, and are thus in the usual range for ether-lithium
compounds.?!

There are two crystallographically independent molecules
of the complex per asymmetric unit. In addition, one formula
unit of [Li(OEt,),][ZrCls(OEt,)], which co-crystallised to-
gether with complex 11, was found with half-occupancy per
asymmetric unit (Figure 5, bot-
tom). The analogous, slightly
distorted, octahedral penta-
chloro(tetrahydrofuran)zirco-
nium anion has been previously
reported in the literature."]

Synthesis and structural charac-
terisation of C;-chiral alkyl ami-
do complexes: Reaction of
complexes 9 and 10 with a
series of alkyllithium and
Grignard reagents gave the cor-
responding alkylzirconium
complexes 12—-20 (Scheme 5).
All complexes possess 'H and
3C NMR signal patterns for
their tripod ligands, which are
very similar to those of the
chloro complexes. Their most
characteristic spectroscopic
feature is the 'H NMR chemical
shift of the a-C—H protons of
the zirconium-bonded alkyl
groups, which ranges from 0 =
—0.13 for 13 to d=—1.66 for
20; the only exception being the
benzylzirconium complex, for
which the PhCH, signals are
observed at O6=2.11. The
BC NMR chemical shifts of
the metal-bonded carbon nuclei
are found between 6 =52.2 (20)
and 6 =83.4 (16).

In order to gain insight into
the detailed structural environ-
ment of the metal-coordinated
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Scheme 5. Synthesis of the alkylzirkonium complexes 12—20.

alkyl groups in these chiral compounds, single-crystal X-ray
structure analyses of 12 and 20, which were to be used in the
carbonyl alkylation reactions described below, were carried
out. The molecular structures of both complexes are displayed
in Figure 6; the principal bond lengths and angles are given in
the legend.

The structural centre piece in both complexes is the amido-
metal cage, which is distorted with respect to the ideal
threefold symmetrical structure. This is probably due to the
irregular arrangement of the peripheral (S)-1-phenylethyl
groups in 12 and the (R)-1-indanyl groups in 20. In the former,
two of the aryl groups are arranged fairly closely to the Zr-
CH; unit—the ipso-carbon atoms being located 3.29 and
3.46 A from the metal centre—while the third is pointing
away, almost horizontally, to the virtual molecular axis. This
distortion of the ligand periphery is less pronounced in 20;
however, there is an even closer contact of an “ipso”-C atom
of one of the aryl units and the zirconium atom (3.19 A). A
possible reason for this unequal arrangement of the three
chiral N-bonded groups is the coordinative unsaturated
nature of the central atom. It is well known in amidozirconium
chemistry of, in particular, low-coordinate cationic species,
that intra or intermolecular m-interactions with aryl units
stabilise these complexes.””) However, metal —carbon con-
tacts in these cases lie in the range of 2.5-2.9 A, and are thus
significantly shorter than those observed in 12 and 20. In the
latter, the geometric arrangement of the aryl units is severely
constrained by the ligand structure as a whole, and thus
effectively prevented from further approach of the central
metal atom. As a consequence of the orientation close to the
zirconium centre of one or two of the aryl units in 20 and 12,
respectively, the remaining peripheral unit(s) is(are) pushed
away due to steric overcrowding, giving the overall unsym-
metrical arrangement of the ligand. If the coordination
number in these complexes is greater than four, as is the case
for the dinuclear complex anion 11, all three peripheral
groups are expected to be rotated to point away from the
central atom. This restores the threefold symmetry of the
system in its thermodynamic ground state, as is indeed found
in the crystal structure of 11. There is no spectroscopic

Chem. Eur. J. 2001, 7, No. 12
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Figure 6. Top: molecular structure of [Zr(CH;){HC{SiMe,N[(S)-1-phenyl-
ethyl]};}] (12). Principal bond lengths (A) and interbond angles (°):
Si(1)-N(1) 1.730(3), Si(1)~C(1) 1.896(3), Zr(1)~N(1) 2.086(2), Zr(1)-N(2)
2.053(2), Zr(1)-N(3) 2.059(3), Zr(1)-C(8) 2.268(3); N(1)-Si(1)-C(1)
104.7(1), Si(1)-N(1)-Zr(1) 111.3(1), N(1)-Zr(1)-N(2) 101.42(8), N(1)-
Zr(1)-N3)  1042(1), N(1)-Zr(1)-C(8) 125.7(1), N(2)-Zr(1)-C(8)
108.74(9), N(3)-Zr(1)-C(8) 110.6(1). Btoom: molecular structure of
[Zr(CH,){HC{SiMe,N[(R)-1-indanyl]};}] (20). Principal bond lengths (A)
and interbond angles (°): Si(1)-N(1) 1.739(3), Si(1)—C(1) 1.895(3),
Zr(1)-N(1) 2.067(2), Zr(1)"N(@2) 2.074(3), Zr(1)"N@3) 2.060(3),
Zr(1)-C(8) 2.227(3); N(1)-Si(1)-C(1) 104.55(12), Si(1)-N(1)-Zr(1)
11152(12), N(1)-Zr(1)-N(2) 101.60(10), N(1)-Zr(1)-N(3) 102.22(10),
N(1)-Zr(1)-C(8) 115.48(11), N(2)-Zr(1)-C(8) 120.38(12), N(3)-Zr(1)-C(8)
111.49(12).

evidence of a lower than threefold symmetry for all the alkyl
complexes 12-20 in [Dg]toluene solution, even at 180 K. The
interconversion of the different conformers is thus a rapid
process with an activation barrier of less than 10 kcalmol~".

Insertion of prochiral ketones and aryl aldehydes into the
Zr—CHj; units of compounds 12 and 20: In a first attempt to
test the chiral induction effected by the Cs-chiral environment
of the tripodal amido ligands, the zirconium complex 12 was
treated at —70°C with several aryl ketones PhC(O)R
(R=CH=CHPh, iPr, Et) (Scheme 6). In all cases, immediate
insertion of the ketone into the metal—carbon bond took
place, generating the corresponding alkoxyzirconium com-
plexes 21-23.

The NMR spectroscopic analysis of the product mixtures
indicated a low stereoselectivity of these insertion reactions.
Whereas no appreciable chiral induction is observed in the
reaction with benzylideneacetophenone (=0 % de), the other
two products were obtained with diastereomeric excesses of
12 % (for 22) and 40 % (for 23). The chiral environment of the
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Scheme 6. Insertion of ketones into the Zr—C bond of compound 12.

metal centre does not strongly discriminate between the
carbonyl substituents of almost similar size.

Chiral recognition, and thus stereoselectivity of the con-
version, was significantly greater in insertion reactions
performed with several aryl aldehydes (Scheme 7). In this

H
H |
I . .-\IC\ .
Me.Si ""‘/C\S'M Mezsl“‘s_/M SiMe,
e,Si " iMe; i
Tosime, |0 ACHO N, { ] © .
*“““N\IL Na * - " *\N‘ / \|/
zZr
Zr Ph
IS .7 I Bh
Ph 3
Ph f\|lle o Me 2-naphth | 27
12 Ar

Scheme 7. Insertion of aryl aldehydes into the Zr—C bond of compounds
12 and 20.

case, the difference in size of the two CO substituents is
maximised. The most characteristic spectroscopic features of
the alkoxy complexes 24—27 are the quartet resonances in the
'H NMR spectra of the methine CH proton adjacent to the
coordinated oxygen atom, which are observed between 0 =
4.64 and 4.98, as well as the OCH(Ar)CH; methyl doublet at
0=0.99-1.20. The corresponding '*C NMR resonances are
found between 6 =79.8 and 80.9 and in the range of 6 =26.3 -
26.5, respectively.

Hydrolysis of the zirconium complexes with dilute HCI, and
isolation of the secondary alcohol by distillation, allowed the
determination of the enantiopurity of the chiral alcohols by
chiral gas chromatography (GC). Comparison with authentic
enantiomerically pure samples indicated that insertion into
the methyl-zirconium bond of complex 12, in which the
1-phenylethyl groups have S configuration, yielded the S-
configured alcohols as major products. Their enantiomeric
excess ranged from 68 % for (S)-1-(4-chlorophenyl)ethanol to
80% for (S)-2-naphthylethanol (Table 1). The relatively high
selectivity in the generation of the latter is not surprising,
since the inserted ketone has a maximum difference in size of
the carbonyl substituents.

Reaction of the (R)-1-indanyl-substituted complex 20 with
2-naphthaldehyde yielded the corresponding insertion prod-
uct 28 (Scheme 7). After hydrolysis and work up, (R)-2-
naphthylethanol was isolated in an enatiomeric excess of
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Table 1. Enantiopurity of the chiral secondary alcohols obtained after
hydrolysis of the insertion products 24 —28.

Alcohol ee [%]
C,H;CH(CH,)OH 76
4-FC,H,CH(CH,)OH 74
4-CICH,CH(CH,)OH 68
(2-naphth)CH(CH;)OH (from 27) 80
(2-naphth)CH(CH;)OH (from 28) 82

82 % . The more rigid ligand periphery in 20, in comparison to
12, and thus the reduced conformational degrees of freedom
in the alkylating agent, apparently do not translate into a
significant increase in the stereoselectivity of the transforma-
tion.

The high chemoselectivity of the reaction with aryl
aldehydes, and the observation that the alkoxo complex
reacts cleanly with methyllithium to generate 12, led us to
perform repeated cycles of insertions and alkylations with
benzaldehyde. In order to avoid side reactions of the lithium
alkoxide generated in this process, a silylation step with
Me;SiCl was introduced to remove the product from the
reactive cycle as the silyl ether (Scheme 8). Up to 4 cycles
could be performed without decrease of selectivity.

H
||4 (2-C1gH7)CHO ‘ é\
wC Me,Si*"/  SiMe.
MeZSi““_/ \SiM% /\‘ 2| SIMez | 2
| ?'Mez | oo N_ Nel
-\ Nes NS \(
\ NS \( PhY 7
Ph er Ph \'/ Ph Cl) H o
Ph Me MelLi & gMe

- (C1oH)CH(Me)OLi

12 /—\ 27 CyoHy

MesSICl  {CyoH;)C*H(Me)OSiMe, + LiCl

Scheme 8. Cycle of benzaldehyde insertion into 12 and methylation of 24
with methyl lithium to regenerate 12. The alcoholate is trapped as silylether
with Me;SiClL

The limits of C;-chiral recognition

Insertion of chiral carbonyl compounds into the Zr—CH; units
of chiral and nonchiral complexes: As described above, good
chiral induction was achieved in the alkylation of aryl
aldehydes, while the methylation of ketones occured with
relatively low stereoselectivity. This was explained by invok-
ing the difference in size of the CO substituents, and
consequently the degree of the stereochemical discrimination
with respect to the orientation of the two prochiral faces of the
metal-coordinated ketones vis-a-vis the methyl group. A
complementary approach to testing the effectiveness of the
C;-chiral ligand periphery in the alkylamidozirconium com-
plexes was their reaction with chiral carbonyl compounds,
including ketones. This allowed the assessment of the degree
to which chiral discrimination stems from the chirality in the
substrate or the chiral ligand of the alkylating agent. As chiral
carbonyl compounds, we chose (S)-(+)-carvone (I), (R)-
myrtenal (II), (S)-(—)-perillaldehyde (IIT) and (S)-citronellal
av).
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As alkylating agents, we compared the chiral zirconium
complex 12 and the nonchiral complex [Zr(CH,){HC[Si-
Me,N(p-Tol)]5}] (30), which was obtained—similar to the
alkylations described above—by reaction of [ZrCl{HC[Si-
Me,N(p-Tol)]s}] (29) with methyllithium. Reaction of 30 and
12 with the chiral ketone and aldehydes I-IV gave the alkoxo
complexes 31-34 and 35-38, respectively (Scheme 9).

[z Ze

H H
| |

wC e )
Me,Si*7 ~SiMe, Me,Si™7 SiMe,
| SiMe, | | SiMe,

wn N | N st N\i [L N
Tol ;N‘Zr/ Tol . N‘Zr/ \(
Tol l Ph | Ph
Ph
[M]OIIIII
X
CH,
[M]O H
=

Scheme 9. Compounds 31-34 from the reaction of 12 and compounds
35-38 from the reaction 30 with (S)-(+)-carvone (I), (R)-myrtenal (II),
(8)-(—)-perillaldehyde (III), and (S)-citronellal (IV), respectively.

Subsequent hydrolysis of the zirconium alcoholates and
work up gave the free alcohols, the stereopurity of which was
determined by chiral GC. The results of the alkylations with
30 and 12 are summarised in Table 2. As is evident from these
results, the alkylation with the the achiral zirconium complex
occurs with diastereomeric excesses ranging from 0 % (for IV)

Table 2. Diastereoselectivity of the insertion of the chiral carbonyl
compounds I-IV into the Zr—C bonds in 30 and 12. Diastereopurity of
the alcohols after hydrolysis.

Complex Substrate de [%] Complex Substrate de [%]
30 I 58 12 I 94
30 I 32 12 I 60
30 I 8 12 I 38
30 v 0 12 v 16
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to 58% (for I). For all four carbonyl compounds, the
selectivity increases significantly upon use of the chiral
complex 12, leading to diastereomeric excesses up to 94 %
(for I). However, this increased stereoselectivity does not
appear to be due to the chirality of the alkylating agent, but
originates from the stereoinformation encoded in the chiral
substrate. This is highlighted by the observation that the
reaction of 12 with the enantiomer of I, (R)-(—)-carvone, gives
the corresponding alcohol in a diastereomeric excess of 93 %,
which is essentially identical to the selectivity in the reaction
with I, and a “match/mismatch” effect is thus not found. The
increased stereoselectivity in the methylations with 12 is
probably a consequence of the greater steric shielding of the
reactive site in the 1-phenylethyl-substituted complex in
comparison to the tolyl-substituted species 30. This slows
down the reaction and favours alkyl transfer from one of the
two diastereotopic faces of the carbonyl group. NMR tube
experiments with both enatiomers of II-IV indicate essen-
tially similar diasteromeric excesses and are, therefore,
consistent with this interpretation.

The limits of the chiral recognition in the C;-symmetrical
complex 12 (and 20) are readily apparent. While the chirality
of the alkylation reagent induces fairly high enantioselectiv-
ities in aryl aldehydes, neither achiral nor chiral ketones are
suitable substrates. For these compounds, the threefold
chirality of the complex is almost “invisible”, and the
diastereoselectivity in the alkylation of the chiral substrates
is mainly due to the stereochemistry of the substrate.

Carbonyl insertion versus f-elimination in long chain alkyl-
zirconium complexes: In view of the high selectivity found in
the methylation of aryl aldehydes, it was of interest to see
whether this approach could be extended to the transfer of
other alkyl groups. While the reactions of 15-19 lead to
complicated product mixtures and apparent degradation of
the zirconium complex, the conversions studied with the ethyl
and n-butyl derivatives 13 and 14 occurred cleanly. However,
the products of the reactions with benzaldehyde and 4-fluo-
robenzaldehyde were not the results of an alkyl, but of a
hydride transfer (Scheme 10).

H
I ¢
WG Me,Si™7  ~SiMe
Me,Si*"/~ ~SiMe 23 o 2
s, U0 ACHO N, ILIS'M“«‘Z |
w’:muN\’L /N\]/ e *\N‘ /N *
A Y 7 = Ph\( Z'r h
‘ Ph R Ph H
Ph R Ot
R'=H, Et
R = C,Hs, C4Hg Ar
13,14

Scheme 10. B-Eliminations in the reaction of 13 and 14 with benzaldehyde
and 4-fluorobenzaldehyde.

In both cases, the corresponding benzyloxo complex was
isolated, while the quantitative formation of ethene and
1-butene was detected by 'H NMR spectroscopy. The long-
chain alkyl compounds 13 and 14, which are thermally stable
in the absence of the substrate, therefore undergo f-elimi-
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nation upon its coordination to the Lewis acidic zirconium
centre, and the aldehyde immediately inserts into the
zirconium hydrido complex. Such a hydrido complex was
recently reported by Jia, who treated the butyl complex
[HC{SiMe,N(p-Tol)},Zr(CH,Ph)] with H,.? In the case at
hand, the rapid insertion of the aldehyde does not permit the
detection of such an intermediate.

The p-elimination observed in the reactions of 13 and 14
allowed an alternative synthesis of the 1-phenylethoxyzirco-
nium complex 24 by using acetophenone as a substrate. In
both cases, olefin elimination occurred immediately and
complex 24 was formed (Scheme 11). However, the stereo-

z H
Me,Si™7~ ~~SiMe, H) (H
|S|Me2 I
v N N._ *
o N
\ S Y 28 % de
Ph Ph '|4
wC
Ph) 13 Q Me,Si *"7~ ~SiMe,
[ ?lMez '
H v N .
' \l \N\ /N\|/
Me,Si 7~ sim Y 7
2 / ) Ph Ph
| TlMeZ | bh | H
\ N, /N\|/ 58 % de S#CHs
Ph ar
Ph 24 Ph
Ph H H

Scheme 11. Alternative synthesis of 24 by reaction of 13 and 14 with
acetophenone. The stereoselectivity of the insertion into the transient
Zr—H bond is dependant on the eliminated alkyl group.

selectivity of the conversions with the ethyl and butyl
complexes 13 and 14 differ markedly, as is manifested by
the enantiomeric excesses of the isolated alcohol of 28 % and
58 %, respectively. Two possible mechanistic conclusions can
be derived from this. The stereoselectivity is either due to the
orientation of the carbonyl group vis-a-vis the alkyl unit
before [-elimination takes place, with this preorientation
appearing to pertain in the insertion reaction into the Zr—H
bond which follows. The insertion thus occurs more rapidly
than a possible reorientation of the O-coordinated aldehyde
at the zirconium centre. The higher stereoselectivity in the
reaction with the n-butyl complex is thought to be due to the
greater steric demand of this long-chain alkyl ligand, which in
turn induces increased stereodiscrimination on the coordina-
tion of the aldehyde to the metal centre. An alternative
plausible pathway would be the direct f-H transfer to the
coordinated aldehyde, in analogy with the low-energy chain
transfer mechanism in olefin polymerisation.

Conclusion

We have shown in this first study of the coordination
chemistry of tripodal amido ligands which contain chiral
substituents in the ligand periphery, that the alkyl complexes
may act as asymmetric alkylation agents for aryl aldehydes.
Stereoselectivities are high for carbonyl derivatives that
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contain substituents of very different size at the carbonyl
function. The ketones studied by us do not sufficiently meet
this requirement and are thus unsuitable substrates for the Cs-
chiral alkyl complexes. This aspect has been additionally
substantiated in the reactions with chiral carbonyl com-
pounds, in which the stereoselectivity was induced almost
entirely by the shape of the substrate. The chosen method
appears to be confined to methyl transfer, since long-chain
alkyl ligands undergo $-elimination upon coordination of the
carbonyl substrate.

A particular advantage of this approach is the facile
accessibility of the enantiomerically pure chiral ligand in a
one-step reaction; this allows the preparation of large
quantities of these materials. It also readily enables the
variation of the peripheral substituents in the tripodal amido
ligands, and thus an optimisation of the stereoselectivity in
reactions that involve these complexes. Furthermore, it has
been possible to obtain detailed structural information about
the ligands, the lithium amides and the C;-chiral metal
complexes well beyond the previous level of knowledge
attained in this field.P!

Compared with Moberg’s C;-symmetric catalytic amido-
titanium system,['*l the enantioselectivity of the stoichiometric
reaction presented in this paper is significantly greater.
Current and future activities in this area are directed towards
the development of a catalytic system by using the alkyltita-
nium derivatives and alkylzinc reagents.

Experimental Section

General: All manipulations were performed under purified argon in
standard (Schlenk) glassware, which was flame dried with a Bunsen burner
in vacuo prior to use. Separation of solids from suspensions occured by
centrifugation only, thus avoiding all filtration procedures. The centrifuge
employed was a Rotina 48 (Hettich Zentrifugen, Tuttlingen, Germany),
which was equipped with a specially designed Schlenk-tube rotor.l*?
Solvents were dried according to standard procedures. The deuterated
solvents used for the NMR spectroscopic measurements were degassed by
three successive “freeze-pump-thaw” cycles and dried over 4 A molecular
sieves.

The 'H, "Li, 3C, “F and ¥Si NMR spectra were recorded on a Bruker
AC200 equipped with a B-VT-2000 variable temperature unit (at 200.13,
7777, 50.32, 188.31 and 39.76 MHz, respectively) and a Bruker AMX 400
spectrometer (at 400.14, 155.51, 100.62, 376.45 and 79.50 MHz, respective-
ly) with tetramethylsilane (*Si NMR), Lil (Im in H,O, 'Li NMR) and
CFCl; (F NMR) as references. Infrared spectra were recorded on a
Bruker Vector22 spectrometer. Elemental analyses were carried out in the
microanalytical laboratory of the chemistry deptartment at Wiirzburg.
Compound 1, HC(SiMe,Br); and HC{SiMe,NH(4-CH;C,H,)}; were pre-
pared as reported previously by us.'?l All other chemicals used as starting
materials were obtained commercially and used without further purifica-
tion.

Preparation of HC{SiMe,NH[ (R)-1-indanyl]}; (2): A solution of HC(Si-
Me,Br); (2.00 g, 4.68 mmol) in diethyl ether (20 mL) was added to a stirred
solution of (R)-1-aminoindane (1.80 mL, 14.04 mmol) and triethylamine
(2.10 mL, 15.15 mmol) in diethyl ether (30 mL)diethyl etherat 0°C. After
stirring for 14 h at room temperature, the triethylammonium bromide was
separated by centrifugation and the precipitate was washed with diethyl
ether (40 mL). The solvent of the combined ether solutions and the excess
of triethylamine were removed in vacuo. Upon storing at 4°C in diethyl
ether for 24 h, compound 2 was obtained as a colourless, highly crystalline
solid. Yield 1.74 g, 3.00 mmol (64 %); m.p. 102°C; '"H NMR (400.14 MHz,
C¢Dy, 295 K): 6 =—0.66 (s, 1H; HC(Si...)3), 0.36 (s, 9H; Si(CH,),), 0.42 (s,
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9H; Si(CH,),), 152 (ddt, 2J(H H®)=12.0Hz, 3/(H3H?)=9.9 Hz,
J(H>H'")=8.6 Hz, 3H; H* of indanyl), 1.75 (d, 3J(HC,NH)=12.0 Hz,
3H; NH), 2.24 (ddt, 2J(H*H¢) = 12.0 Hz, 3J(H2,H") =72 Hz, 3J(H>,H?) =
2.1 Hz, 3H; H? of indanyl), 2.50 (ddd, 2/(H*H¢)=15.4 Hz, 3J(H3H?) =
9.9 Hz, 3J(H3H?) =76 Hz, 3H; H® of indanyl), 2.65 (ddd, %/(H H*)=
15.4 Hz, *J(H3 H?) = 8.6 Hz, *J(H3H?) =2.1 Hz, 3H; H’ of indanyl), 4.22
(dt, 3J(HC,NH) =12.0 Hz, 3/(H,H?) =79 Hz, 3H; H' of indanyl), 6.91 (dt,
3J(H,H) =7.6 Hz, *J(H,H) =2.1 Hz, 3H; H**" of indanyl), 7.05-7.16 (m,
9H; H¥°™ of indanyl); {'H}'*C NMR (100.62 MHz, C;Dy, 295 K): 6 =3.8,
4.8 (Si(CHs3),), 5.5 (HC(Si...);), 30.2, 40.3 (C** of indanyl), 58.0 (C' of
indanyl), 124.4, 124.6, 126.9, 127.0 (C*7 of indanyl), 142.6, 148.4 (C*7 of
indanyl); {'H}*Si NMR (79.50 MHz, CD, 295 K): 6 =1.24; IR (benzene):
7=3339 (s), 3070 (s), 3022 (s), 2950 (vs), 2850 (s), 1473 (m), 1458 (m), 1410
(s), 1252 (vs), 1138 (m), 1124 (s), 1079 (s), 1007 (s), 882 (vs), 832 (vs), 823
(vs), 801 (s), 763 (vs), 742 (s), 673 cm™~! (m); elemental analysis calcd (%)
for C3HyN;Si; (584.04): C 69.92, H 8.46, N 7.20; found C 69.15, H 7.85, N
7.35.

Spectroscopic characterisation of HC{SiMe,NH[(S)-1-phenylethyl]}-
{(SiMe,),N[ (S)-1-phenylethyl]} (3): Upon storing a solution of (1) in
benzene for 24 h at room temperature, formation of the equilibrium of 1
and HC{SiMe,NH](S)-1-phenylethyl]}{(SiMe,),N[(S)-1-phenylethyl]} (3)
and (S)-1-phenylethylamine was observed. At 330 K, only compound 3 and
the primary amine were detected in the 'H NMR experiment. Spectro-
scopic data of 3: '"H NMR (200.13 MHz, C,Dg, 330 K): 6 =—0.11 (s, 1 H;
HC(SiMe,);), 0.07, 0.09, 0.12, 0.19, 0.21, 0.24 (s, 6 x 3H; Si(CHs),), 1.29 (d,
3J(H,H)=6.9 Hz, 3H; HCCHs), 1.33 (d, *J(H,H) =73 Hz, 3H; HCCH,),
3.97-4.09 (m, 2H; HCCH,), 7.01-728 (m, 15H; C¢Hs); {'H}*C NMR
(50.32 MHz, C¢Dy, 330 K): 0=2.6, 2.7, 3.5, 4.0, 4.8, 4.8 (Si(CHa),), 7.7
(HC(Si...)s), 25.4, 28.4 (HCCHs;), 51.6, 54.3 (HCCH,), 126.1, 126.3, 126.4,
127.2,128.3, 1284, (0, m, p-C of C¢Hj), 148.1, 149.8 (i-C of C.Hs); {'H}*Si
NMR (39.76 MHz, C(D¢, 330K): 0=-04 (SiMe,N(H)(...)), 5.7, 5.8
((SiMe,),N(...)).

Spectroscopic characterisation of HC{SiMe,NH[(R)-1-indanyl]}{(Si-
Me,),N[ (R)-1-indanyl]} (4): A solution of 2 in toluene was studied at
variable temperature between 295355 K. The equilibrium between 2 and
HC({SiMe,NH[(R)-1-indanyl]}{(SiMe,),N[(R)-1-indanyl]} (4) and (R)-1-
indaneamine was monitored by NMR spectroscopy, and the ratio between
2 and 4 determined by integration of the signals assigned to the apical CH
groups. Spectroscopic data of 4: 'TH NMR (200.13 MHz, C,Dy, 330 K): 6 =
0.01 (s, 1H; HC(SiMe,);), 0.16, 0.23, 0.24, 0.24, 0.26, 0.34 (s, 6 x 3H;
Si(CHj),), 1.79 (ddt, 2 H; H? of indanyl), 2.50 - 2.98 (m, 6 H; H?? of indanyl),
4.28-4.38 (m, 2H; H! of indanyl), 7.07 -7.39 (m, 6 H; H*™™ of indanyl), 7.40
(d, 3J(H,H) =6.9 Hz, 2H; H*°™ of indanyl); {'H}'*C NMR (100.62 MHz,
C¢Dg, 330 K): 0=2.9,3.1,3.5,4.1,4.9, 5.0 (Si(CH3),), 8.1 (HC(Si...);), 30.3,
30.5, 374, 39.9 (C>* of indanyl), 58.2, 59.3 (C' of indanyl), 124.6, 124.6,
125.3, 126.4, 127.1, 127.2, 1272, 128.2 (C*7 of indanyl), 142.7, 142.8, 1474,
149.2 (C37 of indanyl); {'H}*Si NMR (39.76 MHz, C,Dq, 330 K): 6 = —0.1
(SiMe,N(H)(...)), 5.7, 5.9 ((SiMe,),N(...)).

Preparation of HC{SiMe,NLi[ (S)-1-phenylethyl]}; (5): A solution of
nBuLi (2.5M) in n-hexane (2.20 mL, 5.50 mmol) was added to a stirred
solution of 1 (1.00 g, 1.83 mmol) in n-pentane (40 mL)at —78°C. After
stirring for 1 h at room temperature and concentrating to 20 mL, the white
precipitate was separated by centrifugation. Upon storing at 4°C in n-
pentane for 24 h, the product was obtained as a colourless, highly
crystalline solid. Yield 0.81¢g (78%); 'H NMR (400.14 MHz, CiDj,
295K): 6=-0.93 (s, 1H; HC(Si...);), 0.31, 0.38 (s, 2 x 9H; Si(CH,),),
0.94 (d, *J(H,H)=6.4 Hz, 3H; HCCHj), 4.06 (q, *J(H,H)=6.4 Hz, 3H;
HCCH,;), 6.92-7.21 (m, 15H; C¢Hs); {'H}*C NMR (100.62 MHz, C¢Dj,
295K): 0=5.9, 70 (Si(CH;),), 10.6 (HC(Si...);), 279 (HCCH;), 55.7
(HCCH,), 124.1 (C*¢ of C4Hs), 126.6 (C* of C¢Hs), 130.9 (C* of CHs),
154.0 (C! of C4Hs); {'H’Li NMR (155.51 MHz, CsDy, 295 K): 6 =—0.4;
elemental analysis caled (% ) for CsHyLi3N;Si; (565.93): C65.79, H8.19,N
7.43; found C 65.64, H 7.89, N 7.35.

Preparation of HC{SiMe,NLi[ (R)-1-indanyl]}; (6): A solution of nBuLi
(2.5™) in n-hexane (8.01 mL, 20.03 mmol) was added to a stirred solution of
2 (3.90 g, 6.68 mmol) in n-pentane (40 mL) at 0°C. After stirring for 14 h at
room temperature and concentrating to 20 mL, the white precipitate was
separated by centrifugation. Upon storing at 4 °C in n-pentane for 24 h, the
product was obtained as a colourless, highly crystalline solid. Yield 3.53 g,
5.86 mmol (88 %); m.p. 32°C; '"H NMR (400.14 MHz, [Dg]toluene, 295 K):
0=-0.69 (s, 1H, HC(Si...);), 0.51 (s, 18H, Si(CH;),), 0.69 (ddt,
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2J(H H®)=11.7 Hz, 3J(H2H*) =78 Hz, 3J(H2,H')=70Hz, 3H; H? of
indanyl), 2.26 (dddd, 2/(H*H¢) = 11.7 Hz, 3/(H2,H') =70 Hz, 3/(H: 1) =
78, 3.9 Hz, 3H; H2 of indanyl), 2.36 (ddd, 2/(H*,H¢) = 15.7 Hz, *J(H H?) =
7.8 Hz, 3J(H>H?) =3.9Hz, 3H; H? of indanyl), 2.51 (dt, 2J(H H®)=
15.7Hz, 3J(H3H?) =78 Hz, 3H; H3 of indanyl), 457 (t, 3/(HLH?)=
7.0 Hz, 3H; H' of indanyl), 6.93-6.99 (m, 6H; H*™ of indanyl), 7.03 -
7.08 (m, 3H; H™™ of indanyl), 7.09-7.13 (m, 3H; H*™ of indanyl);
{'H}"*C NMR (100.62 MHz, [Dg]toluene, 295 K): 6 =5.9, 8.8 (Si(CHs),),
10.9 (HC(Si...)), 302, 42.9 (C>* of indanyl), 62.0 (C' of indanyl), 120.0,
126.3,126.8,128.1 (C*+ of indanyl), 142.7, 154.4 (C*™ of indanyl); {'H}*Si
NMR (79.50 MHz, [Dgltoluene, 295K): 6=-0.7; {'HLi NMR
(155.51 MHz, [Dg]toluene, 295 K): 6 =2.3; elemental analysis calcd (%)
for C3,H,6Li3N;Si; (601.84): C 67.85, H 7.70, N 6.98; found C 67.64, H 7.50, N
7.20.

Preparation of [TiCI{HC{SiMe,N[ (S)-1-phenylethyl]};}] (7): A solution of
nBuLi (2.5M) in n-hexane (6.49 mL, 16.23 mmol) was added to a stirred
solution of HC{SiMe,NH[(S)-1-phenylethyl]}; (2.96 g, 5.40 mmol) in n-
pentane (100 mL) at —50°C. After warming to room temperature over a
period of 30 min and stirring for 1 h, the solution was cooled down again to
—50°C. Solid [TiCl,(thf),] (1.85 g, 5.54 mmol) was added, and the reaction
mixture was warmed to room temperature over a period of 20 h. The solid
LiCl was separated by centrifugation after stirring for 5 days, and the
yellow solution was concentrated to 30 mL. Upon storing at —40°C the
product was obtained as a yellow, highly crystalline solid; Yield 1.18 g
(33%); m.p. 86°C; "H NMR (200.13 MHz, C¢Dy, 295 K): 6 = —0.45 (s, 1H;
HC(Si...);), 0.05 (s, 9H; Si(CH;),), 0.10 (s, 9H; Si(CH;),), 1.98 (d,
3J(H,H) =6.9 Hz, 9H; HCCH,), 4.68 (q, *J(H,H) =6.9 Hz, 3H; HCCHs),
7.05-7.51 (m, 15H; C¢Hs); {'H}"*C NMR (50.32 MHz, C;Dg, 295 K): 6 =
3.4, 4.6 (Si(CH3),), 9.9 (HC(Si...);), 27.8 (HCCHs;), 64.4 (HCCHs;), 1272
(C*¢ of C4Hs), 127.5 (C* of C4Hs), 128.6 (C* of C4Hs), 147.7 (C! of C4Hs);
{'H}*Si NMR (39.76 MHz, C,Dg, 295 K): 6 =5.5; IR (toluene): 7= 1585
(s), 1366 (s), 1243 (m), 1167 (m), 1064 (s), 1029 (vs), 1018 (vs), 884 (m), 829
(s), 668 cm™' (m); elemental analysis caled (%) for C;H,CIN;Si;Ti
(627.33): C 59.35, H 7.39, N 6.70; found C 59.20, H 741, N 6.84.

Preparation of [TiCI{HC{SiMe,N[(R)-1-indanyl]};}] (8): [TiCl,(thf),]
(0.28 g, 0.83 mmol) was added to a stirred solution of HC{SiMe,NLi[(R)-
1-indanyl]}; (6) (0.50 g, 0.83 mmol) in n-pentane (20 mL)at —78°C. The
solution was warmed to room temperature over a period of 12 h. The solid
LiCl was separated by centrifugation after stirring for 6 days. After removal
of the solvent in vacuo, the product was obtained as a light brown powder,
which was washed twice with 2 mL of cold pentane. Yield 0.48 g, 0.72 mmol
(87%); 'H NMR (200.13 MHz, [Ds]toluene, 295K): 6=-0.49 (s, 1H;
HC(Si...);), 0.37 (s, 9H; Si(CHs3),), 0.38 (s, 9H; Si(CHj3),), 2.30-2.92 (m,
18 H; H?? of indanyl), 4.75 (t, *J(H',H?) =7.7 Hz, 3H; H' of indanyl), 6.92 -
719 (m, 9H; H¥™™ of indanyl), 7.52 (d, 3J(H,H)=7.3 Hz, 3H; H™™ of
indanyl); {H}'*C NMR (50.32MHz, [Dg|toluene, 295K): 6=32
(HC(Si...);), 4.3, 4.6 (Si(CHs;),), 30.3, 40.1 (C>? of indanyl), 68.9 (C' of
indanyl), 124.8, 126.2, 1274, 129.1 (C*7 of indanyl), 143.0, 148.5 (C3" of
indanyl); {'H}*’Si NMR (79.50 MHz, [D;]toluene, 295 K): = 3.3; elemen-
tal analysis calcd (%) for C3,H,sCIN;Si;Ti (664.35): C 61.47, H 6.98, N 6.33;
found C 61.71, H 7.14, N 6.03.

Preparation of [ZrCI{HC{SiMe,N[ (S)-1-phenylethyl]};}] (9): A solution of
nBuLi (2.5M) in n-hexane (12.24 mL, 30.06 mmol) was added to a stirred
solution of 1 (4.96 g, 9.05 mmol) in n-pentane (40 mL) at —78°C. The
solution was slowly warmed to room temperature and stirred for 15 h. The
solid lithium amide was separated by centrifugation and re-dissolved in
diethyl ether (40 mL).Solid ZrCl, (2.11 g, 9.05 mmol) was added to the
stirred solution at —78°C. The solution was again slowly warmed up to
room temperature and stirred for 3 weeks. After concentrating to 15 mL, a
small amount of precipitated salts were separated by centrifugation.
Storage of the solution at —25°C yielded colourless crystals. The crude
product was recrystallised from n-pentane to obtain compound 9. Yield
5.98 g, 8.90 mmol (98 % ); m.p. 87 °C; '"H NMR (400.13 MHz, CD, 295 K):
0=—0.62 (s, 1H; HC(Si...);), 0.10 (s, 9H; Si(CHs3),), 0.16 (s, 9 H; Si(CH,),),
1.74 (d, 3J(H,H) =6.8 Hz, 9H; HCCH,), 4.37 (q, *J(H,H)=6.8 Hz, 3H;
HCCH,), 7.10 (t, 3J(H,H) =72 Hz, 3H; p-C of C¢Hs), 724 (t, 3J(HH) =
72 Hz, 6H; m-C of C¢Hs), 749 (d, 3/(H,H) =72 Hz, 6H; 0-C of C¢Hs);
{'"H}"*C NMR (100.62 MHz, C¢Ds, 295K): 6=2.1 (HC(Si...);), 3.9, 4.4
(Si(CH;),), 28.1 (HCCH3;), 59.2 (HCCHs), 127.0 (C*#¢ of C4Hs), 128.7 (C**
of C¢Hs), 148.1 (C! of C4Hs); {'H}*Si NMR (39.76 MHz, CsDy, 295 K): 6 =
0.2; IR (pentane): ¥ =3070 (w), 3045 (w), 3012 (w), 1595 (w), 1484 (w), 1433
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(w), 1365 (m), 1245 (vs), 1192 (m), 1074 (vs), 1055 (m), 1025 (w), 1013 (m),
944 (vs), 860 (vs), 815 (brs), 755 (brs), 691 cm™' (s); elemental analysis
caled (%) for C3H,4CIN;Si;Zr (671.66): C 55.44, H 6.90, N 6.26; found C
55.28, H 6.45, N 6.13.

Preparation of [ZrCI{HC{SiMe,N[(R)-1-indanyl]};}] (10): ZrCl, (0.19 g,
0.83 mmol) was added to a stirred solution of 3 (0.50 g, 0.83 mmol) in
toluene (20 mL)at —78°C. The solution was slowly warmed to room
temperature and stirred 8 h at 60°C. After separation of the LiCl by
centrifugation, the solvent was removed in vacuo, and the product was
obtained as a light-brown powder. Yield 0.53 g, 0.75 mmol (90 %); m.p.
32°C; '"H NMR (400.14 MHz, [Dgltoluene, 295K): 6=—0.46 (s, 1H;
HC(Si...);), 0.39 (s, 9H; Si(CHs),), 049 (s, 9H; Si(CH;),), 1.91 (dq,
2J(H*H®) =12.3 Hz, 3J(H>,H?)=8.7 Hz, 3H; H? of indanyl), 2.40 (ddt,
2J(H*H*) =12.3 Hz, */(H>H");=7.6 Hz, *J(H>H* =2.7Hz, 3H; H? of
indanyl), 2.56 (dt, */(H*,H®)=15.8 Hz, */(H?>H?) =82 Hz, 3H; H® of
indanyl), 2.80 (ddd, 2/(H*H¢) =15.8 Hz, */(H?H?)=8.7 Hz, 3/(H*H?) =
2.7 Hz, 3H; H? of indanyl), 4.22 (t, 3J(H',H?) = 7.6 Hz, 3H; H' of indanyl),
6.92-7.19 (m, 9H; H*™ of indanyl), 7.53 (d, */(H,H) =7.2 Hz, 3H; H™™" of
indanyl); {H}*C NMR (100.62 MHz, [Dsltoluene, 295K): =14
(HC(Si...)s), 3.8, 5.8 (Si(CH;),), 30.6, 41.3 (C** of indanyl), 64.4 (C' of
indanyl), 123.8, 125.4, 126.8, 127.8 (C*7 of indanyl), 143.2, 148.6 (C**" of
indanyl); {H}*Si NMR (79.50 MHz, [Dsltoluene, 295 K): 6=0.6; IR
(toluene): 7=3070 (m), 3044 (w), 3022 (m), 2949 (vs), 2850 (s), 1476 (m),
1458 (s), 1252 (vs), 1105 (vs), 1074 (vs), 960 (vs), 895 (vs), 840 (vs), 811 (vs),
676 (w), 633 cm™! (w); elemental analysis caled (%) for Cs3,HysCIN;Si;Zr
(707.69): C 57.70, H 6.55, N 5.94; found C 57.64, H 6.68, N 5.72.

Preparation of [Li(Et,0),][Zr,CL,{HC{SiMe,N[ (S)-1-phenylethyl]};},]
(11): The preparation and reaction conditions were analogous to those of
9. Workup: Storage of the solution at —25°C yielded the product 11 as
colourless crystals which were not recrystallised from n-pentane. Yield
2.81 g, 1.44 mmol (32%); m.p. 30°C (decomp). 'H, *C, and *Si NMR
spectra in solution could not be obtained due to rapid disintegration of the
compound yielding compound 9. Rapid loss of diethyl ether prevented
elemental analysis of the compound which is solely characterised by X-ray
diffraction.

General procedure for the preparation of [ZrR{HC{SiMe,N[ (S)-1-phenyl-
ethyl]};}] (12-19): To a stirred solution of compound 9 in diethyl ether, a
solution of the equimolar amount of Grignard or organolithium compound
was added at —78°C. The solution was slowly warmed up to room
temperature and stirred for 15 h. After removing the solvent in vacuo and
redissolving the residue in n-pentane, the white precipitates were separated
by centrifugation. The products were obtained as off-white powders after
removal of the solvent in vacuo and washing with cold pentane.

[Zx(CH;){HC{SiMe,N[ (S)-1-phenylethyl]};}] (12): Yield 85%; m.p. 61°C;
"H NMR (200.13 MHz, C;Dg, 295 K): 6 =—0.71 (s, 1H; HC(Si...)5), —0.42
(s, 3H; ZrCH;), 0.20 (s, 9H; Si(CH,),), 0.30 (s, 9H; Si(CH;),), 1.65 (d,
3J(HH) =6.7 Hz, 9H; HCCHs), 4.42 (q, 3J(H,H) = 6.7 Hz, 3H; HCCHs),
7.08-7.55 (m, 15H; C¢Hs); {'H}'*CNMR (50.32 MHz, CDy, 295 K): 6 =2.5
(HC(Si...)s), 4.3, 4.7 (Si(CHs),), 27.7 (HCCH,), 52.8 (ZrCH3;), 57.2 (HCCHs),
126.9 (C**¢ of C4Hs), 128.7 (C3* of C¢Hs), 148.8 (C' of C¢Hs); {'H}*Si NMR
(39.76 MHz, C¢Dy, 295 K): 6 = —0.5; IR (pentane): 7#=3070 (w), 3050 (w),
3010 (w), 1595 (w), 1485 (w), 1248 (s), 1195 (w), 1143 (br), 945 (s), 845 (s),
815 (vs), 755 (m), 695 ! (s); elemental analysis caled (%) for CsHyo-
N;Si;Zr (651.23): C 59.02, H 7.58, N 6.45; found C 58.62, H 7.53, N 6.42.

[Zr(CH,CH;){HC{SiMe,N[ (S)-1-phenylethyl]};}] (13): Yield 64 %; m.p.
56°C; 'H NMR (400.14 MHz, C,Dg, 295 K): 6 = —0.73 (s, 1 H; HC(Si...)s),
—0.13 (m, 2H; ZrCH,CH,), 0.20 (s, 9H; Si(CHs),), 0.25 (s, 9H; Si(CH,),),
0.81 (t, 3J(H,H) =78 Hz, 3H; ZrCH,CHy), 1.71 (d, *J(H,H) =70 Hz, 9H;
HCCH,), 4.50 (q, 3H; HCCH,), 7.05-730 (m, 9H; CeHy), 7.58 (d, 6H;
CoHs); {'H)}*C NMR (100.62 MHz, C¢Ds, 295 K): 8 =2.9 (HC(Si...),), 4.8
(Si(CH,;),), 11.7 (ZrCH,CHs;), 27.6 (HCCHj;), 57.1 (HCCHj;), 66.9 (ZrCH,-
CHS,), 126.9 (C* of CgHs), 127.0 (C2¢ of C;Hs), 128.6 (C* of C,Hs), 148.8 (C!
of CoHy); {'HJ*Si NMR (79.50 MHz, C,Dj, 295 K): 6=—0.7; IR (ben-
zene): 7 = 3060 (w), 3025 (w), 2961 (vs), 2926 (s), 2859 (s), 1492 (m), 1451
(m), 1252 (vs), 1100 (vs), 1019 (m), 963 (m), 949 (vs), 866 (vs), 831 (vs), 821
(vs), 699 cm™! (s); elemental analysis caled (%) for Cs3Hg N3SizZr (665.27):
C 59.58, H 7.73, N 6.32; found C 59.66, H 7.91, N 6.04.

[Zr(n-C,H,){HC{SiMe,N[(S)-1-phenylethyl]};}] (14): Yield 72%; m.p.
36°C; 'H NMR (200.13 MHz, C,Dg, 295 K): 6 = —0.71 (s, 1 H; HC(Si...)),
—0.26- —0.10 (m, 2H; ZrCH,(...) of nC,H,), 0.22 (s, 9H; Si(CH,),), 0.26
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(s, 9H; Si(CHs),), 0.70-1.52 (m, 7H; nC,H,), 1.71 (d, *J(H,H) = 6.9 Hz,
9H; HCCHs;), 4.48 (q, 3/(H,H) =6.9 Hz, 3H; HCCH;), 7.05-7.29 (m, 9H;
C4Hs), 756 (brd, 6 H; CeHs): {'H}*C NMR (50.32 MHz, C,Dg, 295 K): 6 =
2.8 (HC(Si...)), 4.7, 4.8 (Si(CH,),), 275 (HCCH,), 28.5, 29.6 (CH, of
nC,H,), 56.9 (HCCHs;), 76.8 (ZrCHy(...) of nC,H,), 126.8 (C* of C¢Hs),
1270 (C26 of CgHs), 128.6 (C*5 of CgHs), 148.8 (C! of C4Hs); {'H)®Si NMR
(39.76 MHz, CiDg, 295 K): 0 =—0.7; elemental analysis calcd (%) for
C3sHysN;Si,Zr (693.32): C 60.63, H 8.00, N 6.06; found C 60.65, H 7.92, N
5.79.

[Zr{C(CH,);}{HC{SiMe,N[ (S)-1-phenylethyl]};}] (15): Yield 68%; m.p.
53°C; 'H NMR (200.13 MHz, C,Dy, 295 K): 8 = —0.93 (s, 1 H; HC(Si...)s),
—0.09 (s, 9H; Si(CHy),), 0.26 (s, 9H; Si(CHz),), 0.99 (s, 9H; ZrC(CH,)s),
1.73 (d, *J(H,H) = 6.8 Hz, 9H; HCCH,), 4.93 (q, 3H; HCCHS,), 709-7.59
(m, 15H; C,Hs); {'H}®C NMR (5032 MHz, CiD,, 295K): 0=44
(HC(Si...)s), 5.9, 70 (Si(CH,),), 25.1 (ZrC(CHy)y), 25.5 (HCCH;), 54.7
(HCCH,), 58.4 (ZrC(CHs,),), 127.0 (C* of C;Hs), 128.1 (C>¢ of CHs), 128.6
(C33 of C.Hs), 149.5 (C! of CHs); {'HJ*Si NMR (39.76 MHz, C¢Dy, 295 K):
d=—1.1; IR (benzene): # = 3045 (w), 3010 (w), 2948 (s), 2810 (s), 1593 (w),
1483 (m), 1439 (m), 1361 (w), 1245 (s), 1192 (w), 1091 (s), 1055 (m), 1030
(w), 1013 (w), 956 (s), 940 (s), 855 (vs), 815 (brvs), 762 (m), 695 cm™! (m);
elemental analysis calcd (% ) for C;5HssN3Si,Zr (693.32): C 60.63, H 8.00, N
6.06; found C 61.01, H 8.19, N 5.83.

[Zr(C¢H, ) {HC{SiMe,N[ (S)-1-phenylethyl]};}] (16): Yield 74%; m.p.
29°C; 'H NMR (200.13 MHz, C,Dy, 295 K): 8 = —0.76 (s, 1 H; HC(Si...)s),
—070 (tt, J(H,H)=12.1 Hz, “(H,H)=25Hz, 1H; CH of ZrC.H,,),
0.10-0.16 (m, 2H; C4H,,), 0.19 (s, 9H; Si(CH,),), 0.25 (s, 9H; Si(CHy),),
0.60—0.82 (m, 3H; ZrCeH,,), 0.85-0.99 (m, 3H; ZrC,H,,), 1.50 (brt, 2H;
ZrC,Hyy), 1.76 (d, J(HH)=6.7 Hz, 9H; HCCH,), 4.68 (q, J(H,H)=
6.7 Hz, 3H; HCCH,), 708-7.32 (m, 9H; C,Hs), 7.63 (brd, 6H; C.Hs);
{'H}*C NMR (50.32 MHz, C¢D,, 295K): 6=3.5 (HC(Si...)), 5.2, 5.5
(Si(CH),), 26.7 (HCCHL,), 272, 28.7,29.3,29.8, 30.1 (CH, of ZrC4H,,), 56.3
(HCCH,), 83.4 (CH of ZrCH,,), 126.8 (C* of C4Hy), 1272 (C$ of C.Hs),
128.5 (C of C,Hs), 148.3 (C' of C,Hy); {'HJ*Si NMR (39.76 MHz, C¢D,,
295 K): 0 =—0.6; IR (benzene): 7 =3083 (w), 3062 (w), 3025 (w), 2961 (m),
2924 (s), 2850 (m), 1583 (w), 1492 (m), 1448 (m), 1369 (w), 1252 (s), 1198
(w), 1099 (s), 1062 (m), 965 (m), 946 (s), 863 (vs), 809 (vs), 741 (w), 700 cm !
(s); elemental analysis caled (%) for C;;Hs;N3SizZr (719.36): C 61.78, H
7.99, N 5.84; found C 62.31, H 7.84, N 5.57.

[Zr(CH,C H;){HC{SiMe,N[ (S)-1-phenylethyl]};}] (17): Yield 99 %; m.p.
34°C; 'H NMR (200.13 MHz, C¢Dy, 295 K): 6 = —0.79 (s, 1H; HC(Si...),),
0.15 (s, 9H; Si(CH,),), 0.23 (s, 9H; Si(CHy),), 1.62 (d, *J(H,H)=6.7 Hz,
9H; HCCH,), 2.11 (s, 2H; ZrCH,CH,), 4.42 (q, *J(H,H) =6.7 Hz, 3H;
HCCH,), 6.33 (d, 2H; ZrCH,C,Hs), 6.55-7.35 (m, 12H; ZrCH,C,H; and
CoHs), 751 (d, 6H; C.Hs); {'H}*C NMR (50.32 MHz, C¢Dy, 295 K): 6 =2.9
(HC(SL...);), 52 (Si(CHa),), 268 (HCCH,), 565 (HCCH,), 78.9
(ZrCH,CH,), 1220 (C* of ZrCH,CH), 1257, 1285 (C>3 of
ZrCH,CH,), 1267 (C* of CiHy), 1273 (C*6 of C,Hs), 128.8 (C* of
CH,), 1460 (C' of CH,CH;), 1481 (C' of C.H,): {'HSi NMR
(39.76 MHz, CsDy, 295 K): 0 =—0.6; IR (benzene): #=3060 (w), 3025
(s), 2971 (vs), 2897 (m), 2865 (m), 1595 (m), 1491 (s), 1448 (m), 1369 (m),
1252 (vs), 1199 (m), 1100 (brs), 1068 (s), 1030 (s), 1020 (s), 949 (s), 866 (vs),
809 (vs), 744 (m), 700 cm~! (s); elemental analysis caled (%) for
CHyN,Si,Zr (727.34): C 62.75, H 7.35, N 5.78; found C 63.07, H 732, N
5.69.

[Zr{CH,Si(CH;);{HC{SiMe,N[ (S)-1-phenylethyl]};}] (18): Yield 74%;
m.p34°C; 'H NMR (200.13 MHz, C,D4, 295K): 6=-0.73 (s, 1H;
HC(Si...)s), —035 (d, J(H,H)=11.2 Hz, 1H; ZrCH,SiMe,), —0.14 (s,
9H; ZrCH,Si(CHy),), — 0.04 (d, 2/(H,H) = 11.2 Hz, 1 H; ZrCH,SiMe3), 0.21
(s, 9H; Si(CHa),), 028 (s, 9H; Si(CHs),), 1.73 (d, 3/(H,H) = 6.7 Hz, 9H;
HCCH;), 4.58 (q, 1 H; HCCH,), 7.07-7.58 (m, 15H; CeHs); {'H}*C NMR
(50.32 MHz, C,Dy, 295 K): 6 =13 (HC(Si...),), 2.8 (ZrCH,Si(CH,),), 4.8,
5.1 (Si(CHa),), 27.8 (HCCH,) 56.4 (HCCH,), 71.9 (ZrCH,SiMes), 126.8 (C*
of CgHy), 1272 (C26 of CHy), 128.5 (C*5 of CHs), 148.6 (C' of CHs);
{'H}Si NMR (39.76 MHz, C,Dj, 295 K): 6 = — 0.4; IR (toluene): 7= 1363
(w), 1246 (s), 1098 (s), 1060 (w), 1015 (w), 945 (m), 865 (s), 815 (vs),
758 cm™! (w); elemental analysis caled (%) for C3sHs;N;3Si,Zr (723.42): C
58.11, H 7.94, N 5.80; found C 57.77, H 7.54, N 5.42.

[Zx(CH,){HC{SiMe,N[ (S)-1-phenylethyl]};}] (19): Yield 55%; 'H NMR
(200.13 MHz, C¢Ds, 295K): 6=—0.64 (s, 1H; HC(Si...);), 0.25 (s, 9H;
Si(CH,),), 0.27 (s, 9H; Si(CHy),), 1.63 (d, 3/(H,H) = 6.8 Hz, 9H; HCCH,),
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467 (q, 3H; HCCH;), 6.95-751 (m, 20H; CiHs); {'H}'*C NMR
(50.32 MHz, C¢Dy, 295 K): 6=3.0 (HC(Si...);), 5.2, 5.3 (Si(CH,),), 26.9
(HCCH,), 57.2 (HCCH,), 126.7 (0-C of ZrCHs), 127.1 (C* of C¢Hs), 1272
(C?¢ of C¢Hs), 128.5 (C* of CHs), 129.3 (p-C of ZrC¢Hs), 132.1 (m-C of
ZrCHs), 1479 (C!' of C¢Hs), 154.0 (i-C of ZrC¢Hs); {'H}*Si NMR
(39.76 MHz, CiDy, 295 K): 6=-0.2; IR (benzene): 7=3060 (w), 3018
(W), 2950 (m), 2890 (w), 1595 (w), 1485 (m), 1440 (m), 1365 (m), 1250 (s),
1195 (m), 1090 (brs), 1055 (m), 1030 (m), 957 (s), 945 (s), 862 (vs), 815
(brvs), 718 (m), 697 cm™" (s).

Preparation of [Zr(CH;){HC{SiMe,N[(R)-1-indanyl]};}] (20): A solution
of MeLi (1.6 M) in diethyl ether (0.47 mL, 0.75 mmol) was added to a stirred
solution of 10 (0.48 mg, 0.68 mmol) in diethyl ether (10 mL), diethyl etherat
—78°C. The solution was slowly warmed up to room temperature and
stirred for 15 h. After removing the solvent in vacuo and re-dissolving in n-
pentane, the LiCl was separated by centrifugation. Upon storing at —25°C,
compound 12 was obtained as a colourless, highly crystalline solid. Yield
0.41 mg, 0.60 mmol (88 % ); m.p. 55°C; 'H NMR (200.13 MHz, [Dg]toluene,
295 K): 0 =—1.66 (s, 3H; ZrCHs), —0.54 (s, 1H; HC(Si...);), 0.41 (s, 9H;
Si(CH,),), 0.51 (s, 9H; Si(CH,),), 1.85-2.05 (m, 3H; H?? of indanyl), 2.38 —
2.88 (m, 9H; H?? of indanyl), 4.62 (t, 3/(H',H?) = 7.3 Hz, 3H; H' of indanyl),
6.84-721 (m, 9H; H*™ of indanyl), 7.70 (d, 3J(H,H) = 7.3 Hz, 3H; H™™" of
indanyl); {'H}C NMR (5032 MHz, [Dg]toluene, 295K): 0=2.8
(HC(Si...)3), 3.5, 5.9 (Si(CH3),), 30.7, 41.6 (C>* of indanyl), 52.2 (ZrCHj,),
63.4 (C' of indanyl), 124.0, 125.2, 126.9, 127.6 (C*7 of indanyl), 143.0, 149.4
(C37 of indanyl); {'H}**Si NMR (39.76 MHz, [Dg]toluene, 295 K): 6 =0.6;
IR (toluene): #=3069 (m), 3022 (m), 2946 (vs), 2898 (m), 2849 (s), 1475
(m), 1458 (m), 1251 (vs), 1109 (vs), 1075 (m), 965 (m), 894 (vs), 834 (vs), 811
(vs), 743 cm™! (m); elemental analysis caled (%) for C3sH,oN;3Si;Zr (687.27):
C61.17, H7.19, N 6.11; found C 61.34, H 727, N 5.93.

General procedure for the preparation of [Zr{O(Me)R'RZ}{HC{Si-
Me,N[(S)-1-phenylethyl]};}] (21-23): One equivalent of the ketone was
added to a stirred solution of compound 12 in toluene (0.5 mL), at —70°C.
After 30 min, the solution was slowly warmed up to room temperature.
Removal of the solvent in vacuo and washing with cold pentane yielded the
products as yellow powders.
[Zr{OC(Me)(Ph)(HC=CHPh) {HC{SiMe,N[ (S)-1-phenylethyl]};}] (21):
Yield 88%; '"H NMR (400.14 MHz, [Dg]toluene, 295 K), (diastereomeric
mixture): 0 = —0.49, —0.49 (s, 1H; HC(Si...);), 0.14 (s, 9H; Si(CH;),), 0.25,
0.25 (2 xs, 9H; Si(CHs3),), 1.39, 1.47 (2 x s, 3H; ZrOC(CH;)(CeHs)(...)),
1.69 (d, 3/(H,H) = 6.8 Hz, 9H; HCCHs), 4.50, 4.52 (2 x q, *J(H,H) = 6.6 Hz,
3H; HCCH,), 6.16, 629 (2x AB-spin system, *J(H,H)=6.1 Hz, 2H;
HC=CH), 6.82-730 (m, 19H; CgHs; and ZrOC(CH,)(C¢H;)-
(HC=CHCH5)), 750 (d, 3J(HH)=72Hz, 6H; CsH;); {'H}'*C NMR
(100.62 MHz, [Dg]toluene, 295 K), (diastereomeric mixture): 6 =1.5, 1.7
(HC(Si...);), 4.6, 48, 49 (Si(CH;),), 29.1, 29.3 (HCCH,), 30.4, 30.7
(ZrOC(CH;)(C4Hs)(...)), 58.0, 581 (HCCH;), 858 (ZrOC(CHs)-
(CeHs)(...)), 125.7, 126.3, 126.6, 126.7, 126.7, 126.8, 126.9, 1272, 1274,
1278, 1279, 1279, 1283, 1283, 1369, 138.1 (ZrOC(CH;)(CsHs)-
(HC=CHCHs)), 126.2 (C* of C¢Hs), 126.7 (C*¢ of C4Hs), 128.1 (C* of
C¢Hs), 147.3, 146.4 (i-C of ZrOC(CH;)(C¢H;)(HC=CHCHjs), 149.2, 149.3
(C" of C¢Hs); {'HJ?Si NMR (39.76 MHz, [Dgltoluene, 295 K), (diastereo-
meric mixture): 0 =—0.7; IR (toluene): ¥ =3083 (w), 3060 (m), 3026 (m),
2968 (s), 2896 (w), 2864 (w), 1492 (s), 1446 (s), 1252 (vs), 1103 (vs), 1069
(vs), 950 (vs), 865 (vs), 831 (vs), 763 (m), 739 (m), 700 cm™" (vs).
[Zr{OC(Me)(CHMe,) (Ph)}{HC{SiMe,N[ (S)-1-phenylethyl]};}] (22): Yield
93%; 'H NMR (200.13 MHz, [Dg]toluene, 295 K), (diastereomer 1): 6 =
—0.58 (s, 1H; HC(Si...);), 0.14, 0.17 (s, 2x9H; Si(CH3),), 0.35 (d,
3J(HH)=7.1Hz, 3H; ZrOC(Me)(CH(CHs;),)(Ph)), 0.80 (d, 3J(HH)=
6.6 Hz, 3H; ZrOC(Me)(CH(CH;),)(Ph)), 1.21 (s, 3H; ZrOC(CH;)(CH-
Me,)(Ph)), 1.62 (d, 3J(HH)=6.6 Hz, 9H; HCCH;), 1.87-2.08 (m,
3J(H,H) =6.64 Hz, 1H; ZrOC(CH;)(CHMe,)(Ph)), 4.60 (q, 3H; HCCHs),
6.80-7.52 (m, 20H; C¢Hs and ZrOC(Me)(CHMe,)(CsHs)); 'H NMR
(200.13 MHz, [Dg]toluene, 295 K), (diastereomer 2): d=—0.59 (s, 1H;
HC(Si...);), 0.13,0.14 (s, 2 x 9H; Si(CH,),), 0.44 (d, 3/(H,H) =6.6 Hz, 3H;
ZrOC(Me)(CH(CHs),)(Ph)), 0.87 (d, 3J(HH)=6.6 Hz, 3H; ZrOC-
(Me)(CH(CH;),)(Ph)), 1.19 (s, 3H; ZrOC(CH;)(CHMe,)(Ph)), 1.67 (d,
3J(HH) =6.6 Hz, 9H; HCCH,), 1.87-2.08 (m, */(H,H)=6.64 Hz, 1H;
ZrOC(Me)(CHMe,)(Ph)), 4.69 (q, 3H; HCCH;), 6.80-7.61 (m, 20H; C¢H;
and ZrOC(Me)(CHMe,)(C¢Hs)); {'H}'*C NMR (50.32 MHz, [Dg]toluene,
295 K), (diastereomer 1): 6 = 1.8 (HC(Si...);), 5.1, 5.3 (Si(CHa),), 17.7, 18.6,
22.1 (ZrOC(CH;)(CH(CHs;),)(C4Hs)), 27.8 (HCCH,), 57.8 (HCCH;), 88.8
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(ZrOC(Me)(CHMe,)(Ph)), 126.5 (C* of C,Hs), 127.2 (C*¢ of C¢Hs), 126.3,
126.8 (o, p-C of ZrOC(Me)(CHMe,)(C.Hs)), 128.1 (m-C of ZrOC-
(Me)(CHMe,)(C4Hs)), 128.2 (C3 of C¢Hs), 148.1 (i-C of ZrOC(Me)(CH-
Me,)(C4Hs)), 148.7 (C! of C¢Hs); {H}'*C NMR (50.32 MHz, [Dg]toluene,
295 K), (diastereomer 2): 6 =2.1 (HC(Si...);), 4.9, 5.7 (Si(CH;),), 18.3, 18.5,
23.8 (ZrOC(CH;)(CH(CHs;),)(CsHs)), 28.4 (HCCH;), 58.2 (HCCH), 88.9
(ZrOC(Me)(CHMe,)(Ph)), 126.5 (C* of C¢Hs), 127.1 (C*° of C¢Hs), 126.3,
126.7 (o, p-C of ZrOC(Me)(CHMe,)(C.Hs)), 128.0 (m-C of ZrOC-
(Me)(CHMe,)(C4Hs)), 1283 (C* of C¢Hs), 1477 (i-C of ZrOC(Me)-
(CHMe,)(CHs)), 148.7 (C! of C¢Hs); {'H)®Si NMR (39.76 MHz, [Dj]tol-
uene, 295 K): 6 =—1.0; IR (toluene): 7=3084 (w), 3060 (m), 3025 (m),
2963 (vs), 2898 (w), 2873 (w), 1492 (s), 1448 (s), 1349 (m), 1252 (vs), 1198
(m), 1128 (m), 1101 (vs), 1066 (s), 1033 (s), 1022 (m), 953 (vs), 862 (s), 821
(brvs), 774 (m), 700 cm™" (vs).

[Zr{OC(Me)(Et)(Ph)JHC{SiMe,N[ (S)-1-phenylethyl]};}] (23): Yield 91 %;
'H NMR (200.13 MHz, [Dg]toluene, 295 K), (diastereomer 1): 6 = —0.51 (s,
1H; HC(Si...);), 0.15 (s, 9H; Si(CH};),), 0.19 (s, 9H; Si(CH,;),), 0.45 (t, 3H;
ZrOC(Me)(CH,CH,)(Ph)), 1.18 (s, 3H; ZrOC(CH;)(Et)(Ph)), 1.21-1.29
(m, 2H; ZrOC(Me)(CH,CH;)(Ph)), 155 (d, *J(HH)=6.8 Hz, 9H;
HCCH,), 4.50 (q, 3H; HCCHs), 6.97 -7.53 (m, 20H; C4H5 and ZrOC(Me)-
(Et)(C4Hs)); '"H NMR (200.13 MHz, [Dg]toluene, 295 K), (diastereomer 2):
0=-0.50 (s, 1H; HC(Si...);), 0.17 (s, 9H; Si(CHs),), 0.23 (s, 9H; Si(CHs),),
0.39 (t, 3H; ZrOC(Me)(CH,CH,)(Ph)), 1.21 (s, 3H; ZrOC(CH;)(Et)(Ph)),
1.21-1.29 (m, 2H; ZrOC(Me)(CH,CH;)(Ph)), 1.65 (d, */(H,H) = 6.8 Hz,
9H; HCCH,;), 458 (q, 3H; HCCH;), 6.97-753 (m, 20H; C¢Hs and
ZrOC(Me)(Et)(CsHs)); {'H}'*C NMR (50.32 MHz, [Dgltoluene, 295 K),
(diastereomer 1): 6 =1.9 (HC(Si...), 4.8, 5.1 (Si(CHs3),), 9.5 (ZrOC(Me)-
(CH,CH,)(Ph)), 27.7 (ZrOC(CH;)(Et)(Ph)), 28.9 (HCCH,), 38.5 (ZrOC-
(Me)(CH,CHs;)(Ph)), 58.2 (HCCH;), 86.5 (ZrOC(Me)(Et)(Ph)), 126.2,
128.0 (0, m-C of ZrOC(Me)(Et)(C¢Hs)), 126.6 (C* of C¢Hs), 127.0 (C?° of
C¢Hs), 128.3 (C33 of C¢Hj), 128.5 (p-C of ZrOC(Me)(Et)(C4Hs)), 146.2 (i-C
of ZrOC(Me)(Et)(C¢Hs)), 149.6 (C! of C¢Hs); {'H}*C NMR (50.32 MHz,
[Dg]toluene, 295 K) (diastereomer 2): 0 = 1.6 (HC(Si...), 4.6, 4.8 (Si(CHs;),),
9.5 (ZrOC(Me)(CH,CH;)(Ph)), 283 (ZrOC(CH,)(Et)(Ph)), 28.6
(HCCH;), 39.0 (ZrOC(Me)(CH,CH;)(Ph)), 579 (HCCH;), 86.5
(ZrOC(Me)(Et)(Ph)), 126.0, 128.0 (o, m-C of ZrOC(Me)(Et)(CsHs)),
126.4 (C* of C¢Hy), 127.0 (C*¢ of C4Hs), 128.3 (C** of C¢Hs), 128.4 (p-C of
ZrOC(Me)(Et)(C4Hs)), 146.5 (i-C of ZrOC(Me)(Et)(CsHs)), 149.1 (C! of
CeHs); {'H}*Si NMR (39.76 MHz, [Dg]toluene, 295 K), (diastereomers 1
and 2): 0=4.2, 4.3; IR (toluene): 7#=3045 (w), 3010 (w), 2950 (s), 1610
(brw), 1485 (m), 1440 (m), 1361 (w), 1246 (s), 1192 (w), 1095 (s), 946 (s), 860
(vs), 812 (vs), 695 cm™! (s).

General procedure for the hydrolysis, work up and analysis of the chiral
alcohols: The product complex (60 -100 mg) derived from the insertion of
a carbonyl compound into the Zr—C bond was dissolved in diethyl ether
(ca. 5mL). Dilute aqueous HCI (1m) was slowly added to the stirred
solution, until the initially formed white precipitate was redissolved. After
neutralisation with NaHCO;, the organic phase was separated, and the
aqueous phase extracted with diethyl ether (3 x 10 mL). The combined
organic extracts were dried over Na,SO,, the solvent removed and the oily
residue purified by Kugelrohr distillation. Analysis of the product was
carried out by gas chromatorgraphy by using a Siemens Sichromat2
instrument or a Fisons GC8000 instrument equipped with an FID detector.
Stationary phases used in the analysis were 30 % 2,6-dimethyl-3-pentyl-f-
cyclodextrin in OV 1701, 30% 2,3-diethyl-6-ters-butyldimethyl-S-cyclo-
dextrin in PS 086 or Cyclodex B commercialised by J&W Scientific.
General procedure for the preparation of [Zr{O(H)(CH;)RHHC{Si-
Me,N[(S)-1-phenylethyl]};}] (24-27): One equivalent of the aldehyde
was added to a stirred solution of compound 12 in toluene, at —70°C. After
30 min, the solution was slowly warmed up to room temperature. Removal
of the solvent in vacuo and washing with cold pentane yielded the products
as yellow powders.
[Zr{OC(H)(Me)(C¢Hs) {HC{SiMe,N[ (S)-1-phenylethyl]};}] (24): Yield
96 %, m.p. 93°C; de: 76 %; 'H NMR (200.13 MHz, C,Dg, 295K): 6=
—0.48 (s, 1H; HC(Si...);), 0.11, 0.26 (s, 2 x 9H; Si(CH3),), 1.12 (d, 3H;
3J(H,H) =6.4 Hz, ZrOC(CH;)(H)(Ph)), 1.62 (d, 3/(H,H)=6.7 Hz, 9H;
HCCH,;), 4.33 (q, 3/(HH)=6.7Hz, 3H; HCCH,;), 4.80 (q, 3/(HH)=
6.4Hz, 1H; ZrO (CH;)(H)(Ph)), 6.87-728 (m, 14H; C¢Hs,
ZrO(C(CH;)(H)(CgHs)), 744 (d, J(HH)=75Hz, 6H; CiHs);
{'H}3C NMR (50.32 MHz, C;Dy, 295K): 6=1.5 (HC(Si...)s;), 4.4, 4.5
(Si(CHs;),), 26.4 (ZrOC(CH;)(H)(Ph)), 29.5 (HCCH,), 58.5 (HCCH), 80.9
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(ZrOC(CH,;)(H)(Ph)), 126.4 (C* of C¢Hs), 126.5 (p-C of ZrOC(CH,)-
(H)(C¢Hs)), 126.7 (C** of C¢Hs), 126.7, 128.4 (0, m-C of ZrOC(CH;)-
(H)(C¢Hs)), 128.3 (C> of C¢Hs), 145.5 (i-C of ZrOC(CH;)(H)(C4Hs)),
149.8 (C! of C¢Hs); {'H}¥Si NMR (39.76 MHz, C¢Dj, 295 K): 6 =—0.7; IR
(pentane): 7 =3092 (w), 3061 (m), 3025 (m), 1648 (w), 1605 (w), 1492 (m),
1370 (m), 1256 (vs), 1202 (m), 1100 (brvs), 1025 (s), 955 (s), 865 (brvs), 825
(brvs), 705 cm™! (s); elemental analysis caled (%) for C;HssN;OSi;Zr
(757.36): C 61.85, H 731, N 5.54; found C 61.39, H 7.52, N 5.09.
[Zr{OC(H)(Me)(p-FCH,) {HC{SiMe,N[ (S)-1-phenylethyl]};] (25): Yield
97%; 'H NMR (200.13 MHz, [Ds]toluene, 295K): 6=-0.48 (s, 1H;
HC(Si...);), 0.11, 0.25 (s, 2 x 9H; Si(CH;),), 1.02 (d, *J(H,H) = 6.6 Hz, 3H;
ZrOC(CH,;)(H)(p-FCH,)), 1.59 (d, 3/(H,H) =6.6 Hz, 9H; HCCHj), 4.32
(q, *J(HH)=6.6 Hz, 3H; HCCH;), 4.69 (q, *(HH)=6.6Hz, 1H;
ZrOC(CH,)(H)(p-FCH,)), 6.52—7.47 (m, 19H; C;Hs, ZrOC(CH,)(H)(p-
FCsH,)); {H}®C NMR (50.32MHz, [Dgltoluene, 295K): 6=13
(HC(Si...)s), 42, 44 (Si(CH3),), 264 (ZrOC(CH,)(H)(p-FCeH,)), 29.5
(HCCH,;), 584 (HCCH;), 79.8 (ZrOC(CH;)(H)(p-FCsH,)), 1152 (d,
2J(C,F) =21.7 Hz; m-C of ZrOC(CH,;)(H)(p-FC¢H,)), 126.4 (C* of C¢Hs),
126.6 (C*¢ of C4Hs), 128.0 (d, *J(C,F) =8.1 Hz; 0-C of ZrOC(CH;)(H)(p-
FCH,)), 1283 (C* of CHs), 1413 (d, “(CF)=3.0Hz; i-C of
ZrOC(CH;)(H)(p-FCH,)), 149.7 (C!' of CH;), 1622 (d, J(CF)=
2449 Hz; p-C of ZrOC(CH,)(H)(p-FCH,); {'H}*Si NMR (39.76 MHz,
[Ds]toluene, 295 K): 6=—0.7; {'H}"YF NMR ([Ds]toluene, 295 K): 6 =
—110.1; IR (toluene): ¥=3059 (m), 3022 (s), 2961 (vs), 2920 (w), 2889
(w), 2861 (w), 1602 (s), 1491 (s), 1445 (s), 1405 (m), 1366 (m), 1250 (vs),
1221 (s), 1199 (m), 1120 (brvs), 1091 (brvs), 1018 (brm), 947 (vs), 855
(brvs), 812 (brvs), 757 (brm), 693 cm~! (s); elemental analysis calcd (%)
for C3Hs,FN;0Si;Zr (775.39): C 60.41, H 7.02, N 5.42; found C 60.09, H
6.81, N 5.39.

[Zr{OC(H)(Me)(p-CICH, ) HHC{SiMe,N[ (S)-1-phenylethyl]};}] (26):
Yield 89%; 'H NMR (200.13 MHz, [Dg|toluene, 295 K): 6 =—0.48 (s,
1H; HC(Si...);), 0.11, 0.26 (s, 2 x 9H; Si(CHs),), 0.99 (d, *J(H,H) = 6.6 Hz,
3H; ZrOC(CH;)(H)(p-CIC{H,)), 1.59 (d, 3*/(H,H) = 6.6 Hz, 9H; HCCH,),
4.32 (q, 3J(H,H) =6.6 Hz, 3H; HCCH,), 4.64 (q, *J(H,H)=6.6 Hz, 1H;
ZrOC(CH,)(H)(p-CIC¢H,)), 6.62-754 (m, 19H; C4Hs and
ZrOC(CH,)(H)(p-CIC4H,)); {'H}'*C NMR (50.32 MHz, [Dg]toluene,
295K): 0=1.3 (HC(Si...);), 4.2, 4.5 (Si(CH,),), 26.4 (ZrOC(CH;)(H)(p-
CICsHy)), 29.5 (HCCH;), 583 (HCCH;), 79.8 (ZrOC(CH;)(H)(p-
CIC¢H,)), 126.5 (C* of C,Hs), 126.6 (C*° of C¢Hs), 127.7, 128.5 (0, m-C of
ZrOC(CH;)(H)(p-CICH,)), 1284 (C* C.H,), 133.0 (p-C of
ZrOC(CH,)(H)(p-CIC4H,)), 144.0 (i-C of ZrOC(CH;)(H)(p-CIC¢H,)),
149.7 (C! of C4Hs); {'H}*Si NMR (39.76 MHz, [Dgltoluene, 295 K): 0 =
—0.8; IR (toluene): 7#=3056 (w), 3021 (m), 2958 (vs), 2855 (w), 1486 (s),
1443 (s), 1411 (s), 1346 (m), 1248 (vs), 1195 (s), 1088 (brvs), 1011 (m), 939
(vs), 855 (brvs), 812 (brvs), 758 (m), 734 (m), 691 cm™! (s); elemental
analysis calcd (%) for C3,Hs,CIN;OSi;Zr (791.81): C 59.16, H 6.87, N 5.31;
found C 59.40, H 6.97, N 5.22.

[Zr{OC(H)(Me)(2-C, H,){HC{SiMe,N[ (S)-1-phenylethyl]};}] (27): Yield
97%; 'H NMR (200.13 MHz, [Ds]toluene, 295K): 6=-0.49 (s, 1H;
HC(Si...)3), 0.11,0.25 (s, 2 x 9H; Si(CHs),), 1.20 (d, */(H,H) = 6.4 Hz, 3H;
ZrOC(CH;)(H)(C,oH,)), 1.63 (d, 3J(H,H) = 6.5 Hz, 9H; HCCH,), 4.34 (q,
3H; HCCH,), 4.98 (q, 1H; ZrOC(CH;)(H)(C,oH;)), 6.93-7.58 (m, 22H;
C¢Hs and naphthyl); {'"H}'3C NMR (50.32 MHz, [Dg]toluene, 295 K): 6 =
3.6 (HC(Si...);), 4.2, 4.5 (Si(CHa),), 26.4 (ZrOC(CH;)(H)(CH,)), 29.5
(HCCH,;), 58.5 (HCCHj;), 80.9 (ZrOC(CH,;)(H)(C\H,)), 126.4 (C* of
CsHs), 126.6 (C*¢ of C¢Hs), 124.8, 125.1, 125.7, 126.0, 1279, 128.2, 128.6
(C'38 of naphthyl), 128.3 (C*® of C,Hs), 133.3, 133.6 (C**% of naphthyl),
142.8 (C? of naphthyl), 149.7 (C' of C4Hs); {'H}*Si NMR (39.76 MHz,
[Dg]toluene, 295 K): 6 = —0.7; IR (toluene): 7= 3082 (w), 3060 (s), 3025 (s),
2966 (vs), 2924 (s), 2896 (s), 2863 (s),1602 (m), 1508 (m), 1491 (vs), 1450
(vs), 1368 (s), 1251 (vs), 1198 (m), 1173 (m), 1129 (s), 1103 (brvs), 1031 (m),
1020 (s), 950 (brvs), 862 (brvs), 821 (brvs), 748 (s), 700 (vs), 672 cm™! (m);
elemental analysis calcd (%) for C,;3Hs;N;0Si;Zr (807.43): C 63.97, H 7.12,
N 5.20; found C 63.73, H 6.95, N 4.78.

Preparation of [Zr{OC(H)(Me)(2-C,)H,){HC{SiMe,N[ (R)-1-indanyl]};}]
(28): A solution of 2-naphtaldehyde (18.2 mg, 0.12 mmol) in toluene
(0.2 mL) was added to a stirred solution of 20 (80.0 mg, 0.12 mmol) in
toluene (0.3 mL) at —70°C. After 30 min the solution was slowly warmed
to room temperature and the product was obtained as a yellow powder
after removal of the solvent in vacuo. Yield: 92.5 mg, 0.11 mmol (91%);
'H NMR (200.13 MHz, [Dg]toluene, 295 K): 6 = —0.32 (s, 1 H; HC(Si...);),
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0.23 (d, 3J(H,H) =6.1 Hz, 3H; ZrOC(CH,)(H)(C,H;)), 0.44, 0.55 (s, 2 x
9H; Si(CH;),), 1.63-1.88 (m, 3H; H?® of indanyl), 2.42-2.62 (m, 9H; H>?
of indanyl), 3.57 (q, *J(H,H) =6.9 Hz, 1H; ZrOC(CH;)(H)(C,H,)), 4.46
(dd, 3/(H'H?») =10.3, 6.4 Hz, 3H; H! of indanyl), 6.38 (d, *J(H,H) = 9.9 Hz,
1H; naphthyl), 6.71 (d, 3J(H,H) = 7.8 Hz, 3H; H*°™ of indanyl), 6.79-7.33
(m, 11H; H*™ of indanyl and naphthyl), 749 (d, 3J(H,H)=7.9 Hz, 3H;
H@om of indanyl), 749 -7.63 (m, 1 H; naphthyl); {'H}'*C NMR (50.32 MHz,
[Dg]toluene, 295K): 6=0.7 (HC(Si...);), 4.1, 6.0 (Si(CH;),), 26.0
(ZrOC(CH;)(H)(CyH,)), 30.4, 43.0 (C?3 of indanyl), 64.0 (C! of indanyl),
79.3 (ZrOC(CH;)(H)(CH)), 123.5, 123.6, 125.4, 125.6, 127.8, 128.3, 129.1
(C'38 of naphthyl), 123.7, 124.7, 126.5, 126.9 (C*7 of indanyl), 133.3, 133.8
(C*8a of naphthyl), 143.4 (C? of naphthyl), 142.5, 150.6 (C3*" of indanyl);
{'H}*Si NMR (39.76 MHz, [Dg]toluene, 295 K): 6 =—0.3; IR (toluene):
7=3040 (m), 3021 (m), 2975 (s), 2947 (vs), 2853 (m), 1458 (w), 1417 (m),
1351 (m), 1251 (s), 1116 (vs), 1077 (s), 956 (m), 894 (vs), 834 (vs), 809 (vs),
746 (s), 631 cm™! (w); CuHs;N;OSi;Zr (843.46): C 65.50, H 6.81, N 4.98;
found C 65.46, H 6.93, N 5.16.

Preparation of [ZrCI{HC{SiMe,N(4-CH;CsH,)}:}1 (29): To a stirred
solution of HC{SiMe,NH(4-CH;CH,)}; (5.63 g, 11.13 mmol) in diethyl
ether (40mL) a 2.5m solution of nBuLi in n-hexane (14.69 mL,
36.73 mmol) was added at —78°C. The solution was slowly warmed up to
room temperature and stirred for 24 h. The solid lithium amide was
separated by centrifugation and redissolved in diethyl ether (40 mL). Solid
ZrCl, (2.59 g, 11.13 mmol) was added at — 78 °C to the stirred solution. The
solution was again slowly warmed up to room temperature and stirred for
2 weeks. After concentrating to 15mL, the precipitated salts were
separated by centrifugation. Storage of the solution at —25°C yielded
colourless crystals. The crude product was recrystallised from n-pentane to
obtain the product as a white powder. Yield: 5.72 g, 9.09 mmol (82 % ); m.p.
28°C; '"H NMR (200.13 MHz, C;D, 295 K): 6 = —0.26 (s, 1H; HC(Si...)s),
0.45 (s, 18H; Si(CH,),), 0.80 (t; (CH,CH,),0), 2.15 (s, 9H; C;H,CHs), 3.21
(q; (CH;CH,),0), 6.95-713 (m, 12H; C.H,CH;); {'H}*C NMR
(50.32 MHz, C(Dg, 295K): 6=4.5 (Si(CH;),), 5.3 (HC(Si...);), 14.6
((CH;CH,),0), 20.9 (C(H,CH;), 66.2 ((CH;CH,),0), 124.8 (C** of
C.H,CH;), 130.3 (C** of C(H,CHs;), 130.9 (C* of C,H,CH,), 149.3 (C! of
C.H,CH,); {'H}*Si NMR (39.76 MHz, C(D, 295 K): 6 =1.1; IR (benzene):
7=3016 (W), 2975 (vs), 2922 (s), 2866 (s), 1606 (m), 1512 (vs), 1499 (vs),
1444 (w), 1381 (w), 1368 (w), 1288 (m), 1252 (vs), 1222 (vs), 1118 (s), 1016
(s), 970 (s), 848 (brvs), 808 (vs), 704 (m), 521 cm~' (m).

Preparation of [Zr(CH;){HC{SiMe,N(4-CH;CH,)};}] (30): A 1.6M sol-
ution of MeLi in diethyl ether (0.49 mL, 0.78 mmol) was added to a stirred
solution of 29 (0.49 mg, 0.78 mmol) in diethyl ether (30 mL) at — 78 °C. The
solution was warmed up to room temperature over a period of 1h and
stirred for a further 15h. After removal of the solvent in vacuo and
redissolving the residue in n-pentane, the LiCl was separated by centrifu-
gation. Removal of the solvent in vacuo yielded a grey powder. Yield:
0.39 mg, 0.63 mmol (81%); m.p. 39°C; 'H NMR (200.13 MHz, C,Dq,
295K): 6=—0.54 (s, 1H; HC(Si...);), 0.38 (s, 3H; ZrCH,), 0.43 (s, 18H;
Si(CH3),), 212 (s, 9H; CH,CH;), 6.96-709 (m, 12H; C¢H,CH,);
{'H}'*C NMR (5032 MHz, CiD4, 295K): 6=3.9 (HC(Si...);), 4.5
(Si(CH3;),), 20.9 (CH,CHa), 43.7 (ZrCH;), 124.7 (C*¢ of C,H,CHs;), 130.8
(C* of C,H,CH3), 131.5 (C* of C,H,CH3), 145.6 (C! of C(H,CH;); {'H}*Si
NMR (39.76 MHz, CDy, 295 K): 6 =—0.3; IR (benzene): 7=3071 (w),
3014 (m), 2972 (s), 2948 (s), 2921 (s), 1606 (m), 1501 (vs), 1252 (brvs), 1105
(m), 969 (s), 937 (m), 917 (s), 856 (brvs), 804 (m), 741 (s), 706 (s), 679 cm™!
(m); elemental analysis calcd (%) for C,0Hy3N;Si;Zr (609.16): C 57.18, H
712, N 6.90; found C 56.81, H 6.79, N 6.82.

General procedure for the insertion of the chiral ketones/aldehydes into
the Zr—C bond of 30: One equivalent of the chiral ketone/aldehyde was
added to a stirred solution of compound 30 (400 mg, 0.7 mmol) in toluene
(5 mL), at —70°C. After 30 min the solution was slowly warmed up to room
temperature, and the product was obtained as a yellow powder after
removal of the solvent in vacuo.

[Zr{(5R)-1-methylcarveolate}{HC{SiMe,N(4-CH;C,H,)};}] (31): '"H NMR
(400.14 MHz, [DgJtoluene, 295 K): 6 =—0.29 (s, 1H; HC(Si...);), 0.44 (s,
18H; Si(CHs),), 0.89 (s, 3H; CH;), 1.37 (m, 3H; CH;), 1.56 (s, 3H; CHs),
1.58-1.75 (m, 3H; CH and CH,), 1.92-1.96 (m, 2H; CH,), 2.18 (s, 9H;
CH,C¢H,), 4.64 (m, 1H;=CH,), 473 (m, 1H; =CH,), 4.95 (m, 1H; =CH)),
6.98 (s, 12H; C,H,); {'H}'*C NMR (100.62 MHz, [Dg]toluene, 295 K): 6 =
2.9 (HC(Si...)s), 4.6 (Si(CH;),), 17.6 (CH;), 20.6 (CHs3), 20.7 (CH;C4H,),
28.4 (CH;), 31.4 (CH,), 40.8 (CH), 45.6 (CH,), 84.3 (—C(OZxr...)(CH;)—),
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108.8 (=CH,), 117.1 (=CH), 124.6 (C>* of C4H,), 129.9 (C** of C,H,), 130.3,
139.6 (2 x =C), 144.4 (C* of C.H,), 149.1 (C' of C¢H,); {'H}*Si NMR
(79.50 MHz, [Dgltoluene, 295 K): 6 =—1.2; IR (toluene): v=3072 (w),
3015 (m), 2972 (vs), 2947 (s), 2920 (vs), 2864 (s), 1607 (m), 1512 (m), 1500
(vs), 1445 (m), 1367 (m), 1260 (s), 1245 (vs), 1122 (w), 1093 (m), 1016 (w),
963 (w), 937 (m), 915 (s), 895 (s), 865 (vs), 840 (brvs), 810 (vs), 776 (w),
710 cm~! (m).

[ Zr{(1R,55)-1-(6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)ethanolate}{HC-
{SiMe,N(4-CH;C¢H,)}3}1 (32): 'H NMR (400.14 MHz, [Dg]toluene, 295 K),
(diastereomer 1): 6 =—0.29 (s, 1H; HC(Si...);), 0.48 (s, 18H; Si(CH3),),
0.75 (s, 3H; CH;), 1.05 (d, *J(H,H) =6.6 Hz, 3H; ZrOC(H)(...)(CH3)),
1.16-1.27 (m,2H; CH,), 1.28 (s, 3H; CH;), 1.87-1.95 (m, 2H; CH,), 1.99 -
2.06 (m, 2H; 2xCH), 221 (s, 9H; CH;CH,), 427 (m, 1H;
ZrOC(H)(...)(CHy)), 5.23 (s, 1H; =CH), 6.92-7.04 (m, 12H; C:H,);
{'H}'*C NMR (100.62 MHz, [D;]toluene, 295 K), (diastereomer 1): 6 =2.9
(HC(Si...)s), 4.8 (Si(CHs3),), 20.8 (CH;C¢H,), 21.3 (CH,), 23.3 (CH3), 26.5
(CH;), 31.3 (CH,), 324 (CH,), 38.0 (C), 414 (CH), 44.1 (CH), 783
(ZrOC(H)(...)), 123.8 (=CH), 124.2 (C>¢ of C¢H,), 129.7 (C* of CsH,),
1444 (C* of C¢H,), 150.0 (C!' of CHy), 1502 (=C); {'H}*Si NMR
(79.50 MHz, [Dg]toluene, 295 K): 6 =—1.5, —1.6; IR (toluene): #=3013
(m), 2974 (vs), 2949 (vs), 2918 (vs), 2831 (w), 1513 (vs), 1500 (vs), 1365 (s),
1245 (vs), 1103 (m), 967 (m), 917 (s), 897 (s), 864 (s), 840 (vs), 811 (vs),
705 cm~! (m).

[Zx{1-[ (45)-4-(prop-1-en-2-yl)cyclohex-1-en-1-yl]ethanolate {HC{Si-
Me,N(4-CH;C¢H,)}:}1 (33): '"H NMR (400.14 MHz, [Dg|toluene, 295 K),
(diastereomers 1 and 2): 6 =—0.32, —0.32 (2 xs, 1 H; HC(Si...)3), 0.47 (s,
18H; Si(CH,;),, 1.08 (t, *J(H,H)=6.8 Hz, 2H; CH,), 1.69 (s, 3H; CH,),
1.74-2.28 (m; 2 x CH, and CH), 2.20 (s, 9H; CH;C¢H,), 4.07,4.19 2 x q,
3J(HH)=6.2 Hz, 1H; ZrOC(H)(...)(CH,)), 4.78, 4.80 (2 x s, 2H; =CH,),
5.32, 536 (2xm, 1H; =CH), 6.93-7.04 (s, 12H, C¢H,); {'H}"*C NMR
(100.62 MHz, [Dg]toluene, 295K), (diastereomers1 and 2): 6=2.9
(HC(Si...)s), 4.8, 4.9 (Si(CHs;),), 20.8, 20.8 (CH;C:H,), 28.1, 30.8, 30.9
(CH,), 209, 209, 233, 234 (CH;), 418, 41.8 (CH), 804, 81.1
(ZrOCH(CH;)(...)), 108.9, 108.9 (=CH,), 117.6 (=CH), 124.1, 124.2 (C>¢
of C¢H,), 129.8,129.8 (C*? of C4H,), 141.7,141.9,149.9,149.9 (=C), 144.4 (C*
of C¢H,), 150.0, 150.1 (C' of C¢H,); {'H}*Si NMR (79.50 MHz, [Dg]toluene,
295 K), (two diastereomers): 0 = — 1.6, —1.6; IR (toluene): 7=3071 (w),
3013 (m), 2972 (s), 2920 (s), 2863 (m), 1607 (s), 1500 (vs), 1451 (m), 1287 (s),
1245 (vs), 1073 (m), 966 (m), 917 (vs), 895 (s), 840 (vs), 705 cm™! (m).
[Zx{(45)-4,8-dimethylnon-7-en-2-olate}{HC{SiMe,N(4-CH;CH,)};}]1 (34):
'H NMR (200.13 MHz, [Dg]toluene, 295 K) (diastereomers 1 and 2): 6 =
—0.33, —0.32 (2 xs, 1H; HC(Si...);), 0.47 (s, 18H; Si(CHs;),), 0.81-0.94,
1.02-1.15, 1.98-2.30 (3 x m; CH;, CH, and CH of dimethylnonenolate),
1.60, 1.61 (2 xs, 3H; CH;), 1.69 (s, 6H; 2 x CHj), 2.20, 2.21 (2 xs, 9H;
CH,C¢H,),3.78 (m, 1H; ZrOCH(Me)(...)), 5.18 -5.27 (m, 1 H; HC=CMe,),
6.94-7.05 (m, 12H; C4H,); {'H}'*C NMR (100.62 MHz, [Dg]toluene, 295 K)
(diastereomers 1 and 2): 6 =2.9 (HC(Si...);), 4.8, 4.9 (Si(CH,),), 17.7, 19.5,
20.0, 24.4, 25.8, 25.8, 25.9, 30.8 (CH;), 20.8 (CH;C.H,), 25.5, 38.0, 47.8
(CH,), 29.6, 29.8 (CH), 75.3, 75.6 (ZrOCH(Me)(...)), 117.1 (HC=CMe,),
124.1,124.2 (C*¢ of C¢H,), 129.8 (C* of C¢H,), 130.3 (HC=CMe,), 144.4 (C*
of C¢H,), 150.1, 150.2 (C! of C¢H,); {'H}*Si NMR (79.50 MHz, [Dg]toluene,
295 K) (diastereomers 1 and 2): 6 =—1.5, — 1.6.

Preparation of [Zr{(5R)-1-methylcarveolate}{HC{SiMe,N[(S)-1-phenyl-
ethyl]};}] (35): (R)-(—)-Carvone (0.26 mL, 1.69 mmol) was added to a
stirred solution of compound 12 (1.10 g, 1.69 mmol) in toluene (15 mL)at
—70°C. After 30 min, the solution was slowly warmed to room temper-
ature, and the product was obtained as a yellow powder after removal of
the solvent in vacuo. Yield 1.32 g, 1.64 mmol (97 %); de: 94%; '"H NMR
(200.13 MHz, [Dg]|toluene, 295 K): 6 = —0.52 (s, 1 H; HC(Si...);), 0.11, 0.21
(2 x5, 2x 9H; Si(CH;),), 1.09 (s, 3H; ZrOC(CH,)(...)(...)), 145 (s, 3H;
CH,), 1.62 (s, 3H; CH;), 1.70-1.85 (m, 5H; CH and 2 x CH,), 1.80 (d,
3J(H,H) =6.8 Hz, 9H; HCCHs), 4.44 (s, 1H; =CH,), 4.58 (q, 3H; HCCHs),
4.60 (s, 1H; =CH,), 5.02 (s, 1H; =CH), 6.98-7.63 (m, 15H; C.H5);
{'H}'3C NMR (50.32 MHz, [Dg]toluene, 295 K): 6 =1.8 (HC(Si...);), 4.6,4.9
(Si(CH;),), 18.5 (CH3;), 20.6 (CH;), 28.9 (CHs), 29.6 (HCCH;), 31.5 (CH,),
473 (CH,), 41.1 (CH), 584 (HCCH,), 84.7 (—C(OZr...)(CH;)—), 109.3
(=CH,), 123.2=CH), 126.5 (C* of C4Hy), 126.9 (C>¢ of C4Hs), 128.3 (C*3 of
CsHs), 138.3 (—C(CH;)(=CH,)), 148.4 (—(CH;)C=C(H)—), 149.3 (C! of
CeHs); {'"H®Si NMR (39.76 MHz, [Dg]toluene, 295 K): 6=-0.8; IR
(toluene): 7 =3083 (m), 3061 (m), 3025 (s), 2968 (vs), 2924 (s), 2863 (m),
1644 (s), 1491 (s), 1449 (vs), 1367 (m), 1251 (vs), 1197 (m), 1126 (s), 1102
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(brvs), 1069 (s), 1034 (s), 1029 (s), 949 (vs), 866 (brvs), 821 (brvs), 757
(brm), 700 cm~' (s); elemental analysis caled (%) for C,HgN;OSi;Zr
(801.46): 62.94, H 7.92, N 5.24; found C 62.60, H 8.18, N 5.01.

Characterisation of  [Zr{(5S)-1-methylcarveolate}{HC{SiMe,N{($)-1-
phenylethyl}};}] (35a): Preparative procedure analogous to 35, but with
(S)-(+)-carvone. '"H NMR (400.14 MHz, [D;]toluene, 295 K): 6 = —0.50 (s,
1H; HC(Si...);), 0.15, 025 (2xs, 2x9H; Si(CH;),), 094 (s, 3H;
ZrOC(CH;)(...)(...)), 144 (t, “/J(H,H)=1.4 Hz, 3H; CH,), 1.56 (s, 3H;
CH,), 1.46-1.62 (m, 2H; CH,), 1.70 (m, 1H; CH), 1.77 (d, 3J(H,H)=
6.8 Hz, 9H; HCCHs;), 1.90 (m, 2H; CH,), 4.53 (q, 3H; HCCH,), 4.66 (s,
1H; =CH,), 4.73 (s, 1H; =CH,), 5.06 (m, 1H; =CH), 6.98-731 (m, 9H;
C4Hs), 7.56 (d, 6 H; C¢Hs); {'H}'3C NMR (100.62 MHz, [Dg|toluene, 295 K):
0=1.6 (HC(Si...);), 4.8,4.9 (Si(CHj),), 18.0 (CH;), 20.9 (CHs), 28.5 (CHs;),
28.8 (HCCH,;), 31.4 (CH,), 474 (CH,), 41.0 (CH), 58.0 (HCCH,), 84.7
(—=C(OZr...)(CH;)-), 109.2 (=CH,), 123.0 (=CH), 126.5 (C* of C,H5), 126.9
(C*¢ of C¢Hs), 128.3 (C*» of C¢Hs), 138.4 (—C(CH;)(=CH,)), 148.7
(—(CH;)C=C(H)—), 149.3 (C' of C¢Hs); {H}*Si NMR (79.50 MHz,
[Dg]toluene, 295 K): 6 =—0.7; IR (toluene): =3083 (m), 3061 (m), 3025
(s), 2969 (vs), 2924 (s), 2864(m), 1644 (m), 1491 (s), 1450 (vs), 1367 (m),
1251 (vs), 1197 (m), 1126 (s), 1102 (brvs), 1069 (m), 1035 (m), 1021 (s), 950
(vs), 864 (brvs), 831 (vs), 816 (vs), 770 (m), 740 (m), 700 cm™! (vs).

Preparation of [Zr{(IR,5S)-1-(6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)-
ethanolate}{HC{SiMe,N[ (S)-1-phenylethyl]};}] (36): (R)-(—)-Myrtenal
(70 pL, 0.05 mmol) was added to a stirred solution of compound 12
(30 mg, 0.05 mmol) in toluene (0.5mL) at —70°C. After 30 min, the
solution was slowly warmed up to room temperature, and the product was
obtained as a yellow powder after removal of the solvent in vacuo. 'H NMR
(400.14 MHz, [Dg]toluene, 295 K): 6 = —0.46 (s, 1H; HC(Si...);), 0.13, 0.28
(2 xs,2x9H; Si(CH,;),), 0.71 (s, 3H; CH3), 0.91 (d, *J(H,H) = 6.5 Hz, 3H;
ZrOC(H)(...)(CH3)), 1.12 (s, 3H; CH;), 1.04-1.16 (m, 2H; CH,), 1.77 (d,
3J(HH) =6.8 Hz, 9H; HCCH,), 1.77-1.89 (m, 2H; CH,), 2.09-2.22 (m,
2H; 2x CH), 417 (m, 1H; ZrOC(H)(...)(CH3)), 4.45 (q, 3H; HCCH,),
5.28 (s, 1H;=CH), 6.96-7.58 (m, 15H; C;H;); {'H}"*C NMR (100.62 MHz,
[Dg]toluene, 295 K): d =1.5 (HC(Si...);), 4.4, 4.7 (Si(CH3),), 21.4 (CH,),
23.3 (CH3), 26.3 (CH;), 29.5 (HCCH3), 30.7 (CH,), 31.8 (CH,), 37.9 (C), 41.2
(CH), 44.1 (CH), 58.5 (HCCHj;), 80.0 (ZrOC(H)(...)), 115.3 (CH), 126.4
(C* of C4Hs), 126.8 (C>¢ of C,Hs), 128.3 (C3° of C,Hs), 149.8 (C! of C;Hs),
150.7 (=C); {'H}*Si NMR (79.50 MHz, [D;ltoluene, 295 K): 6 =—1.1; IR
(toluene): 7=3060 (w), 3024 (m), 2968 (vs), 2922 (s), 2866 (m), 2833(w),
1491 (s), 1449 (s), 1367 (s), 1251 (vs), 1197 (m), 1171 (m), 1137 (s), 1103
(brvs), 1070 (m), 1032 (m), 1021 (m), 951 (vs), 866 (vs), 832 (vs), 821 (vs),
764 (m), 741 (w), 700 (vs), 673 (w), 625 cm™! (w).

Preparation of [Zr{1-[(45)-4-(prop-1-en-2-yl)cyclohex-1-en-1-yl]ethanol-
atel{HC{SiMe,N[(S)-1-phenylethyl]};}]1  (37):  (S)-(—)-Perillaldehyde
(6.9 mg, 7.0 uL, 0.05 mmol) was added to a stirred solution of compound
12 (30 mg, 0.05 mmol) in toluene (0.5 mL), at —70°C. After 30 min, the
solution was slowly warmed to room temperature and the product was
obtained as a yellow powder after removal of the solvent in vacuo. 'H NMR
(400.14 MHz, [Dg]toluene, 295 K), (diastereomer 1): 6 =—0.46 (s, 1H;
HC(Si...);), 0.13, 0.28 (2 x s, 2 x 9H; Si(CHs),), 0.98 (d, 3/(H,H) =6.7 Hz,
3H; ZrOC(H)(...)(CH;)), 1.27-1.95 (m; 3 x CH, and CH), 1.50 (s, 3H;
=CCH,;), 1.76 (d, 3J(H,H)=6.6 Hz, 9H; HCCH;), 431 (q, *J(HH)=
6.7 Hz, 1H; ZrOC(H)(...)(CH,)), 4.42 (q, 3/(H,H) = 6.6 Hz, 3H; HCCHs),
4.71-4.75 (m, 2H; =CH,), 5.36 (m, 1H; =CH), 7.08-7.13 (m, 3H; C¢H;),
7.23-729 (m, 6 H; C¢Hs), 7.50-7.54 (m, 6 H; C4Hs); '"H NMR (400.14 MHz,
[Dg]toluene, 295 K), (diastereomer 2): 6 = —0.47 (s, 1H; HC(Si...);), 0.13,
027 (2xs, 2x9H; Si(CHs),), 099 (d, (HH)=6.7Hz, 3H;
ZrOC(H)(...)(CH3)), 1.27-195 (m; 3x CH, and CH), 158 (s, 3H;

=CCH,;), 1.73 (d, 3J(H,H)=6.6 Hz, 9H; HCCH,), 422 (q, 3J(H.H)=
6.7 Hz, 1 H; ZrOC(H)(...)(CH,)), 4.38 (q, 3/(H,H) = 6.6 Hz, 3H; HCCHs),
4.71-4.75 (m, 2H; =CH,), 5.30 (m, 1H; =CH), 7.08-7.13 (m, 3H; C4H5),
723-729 (m, 6H; C4Hs), 750-754 (m, 6H; CiHs); {'H}'*C NMR
(100.62 MHz, [Dg]toluene, 295 K), (diastereomer 1): 6 =1.5 (HC(Si...)s),
4.2, 45 (Si(CH;),), 20.9 (CH;), 23.6 (CH,), 23.4 (CH,), 27.6 (CH,), 30.3
(CH,), 29.9 (HCCHs;), 40.8 (CH), 58.5 (HCCH,), 83.1 (ZrOC(H)(...)),
108.8 (=CH,), 122.3 (=CH), 126.4 (C* of C¢Hjs), 126.7 (C>¢ of C4Hs), 128.3
(C3* of C4Hs), 140.3 (=C), 149.6 (=C), 149.8 (C! of C¢Hs); {'H}'*C NMR
(100.62 MHz, [Dgltoluene, 295 K), (diastereomer 2): 6 =1.4 (HC(SLi...)s),
4.2, 4.5 (Si(CH,;),), 20.7 (CH3), 23.4 (CH3), 23.5 (CH,), 27.8 (CH,), 30.7
(CH,), 29.5 (HCCH;), 41.7 (CH), 58.5 (HCCH,), 83.2 (ZrOC(H)(...)),
108.9 (=CH,), 122.8 (=CH), 126.4 (C* of C¢Hjs), 126.7 (C>¢ of C4Hs), 128.3
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(C* of CHs), 140.4 (=C), 149.6 (=C), 149.8 (C' of C;H,); {'H}**Si NMR
(79.50 MHz, [Dg]toluene, 295K), (diastereomer1): 0=-—1.1; {'H}*Si
NMR (79.50 MHz, [Dg|toluene, 295 K), (diastereomer 2): d =—12; IR
(toluene): 7=3061 (w), 3024 (m), 2967 (vs), 2922 (s), 2864 (m), 1645 (m),
1491 (s), 1450 (s), 1368 (m), 1251 (vs), 1103 (vs), 1075 (s), 951 (vs), 866 (vs),
821 (vs), 700 cm™' (vs).

[Zr{(45)-4,8-Dimethylnon-7-en-2-olate}{HC{SiMe,N[ (S)-1-phenylethyl]},} ]
(38): Compound 38 was prepared by the method described for compound
37, but with (S)-citronellal. '"H NMR (400.14 MHz, [Dg]toluene, 295 K),
(diastereomer 1): 6 =—0.46 (s, 1H; HC(Si...);), 0.14, 027 (2 xs, 2 x 9H;
Si(CH;),), 0.66,0.83 (2 x d, *J(H,H) = 6.4 Hz, 2 x 3H;2 x CHj;), 0.85-0.94,
1.01-1.35, 1.57-1.92 (3 x m; CH, and CH of dimethylnonenolate), 1.55,
1.67 (2 x s, 2 x 3H; HC=(CHs),), 1.73 (d, 3J(H,H) = 6.9 Hz, 9H; HCCH,),
4.01 (m, 1H; ZrOCH(CH;)(...)), 4.39 (q, *J(H,H) = 6.9 Hz, 3H; HCCHs),
5.10 (q, *J(HH)=82Hz, 1H; HC=CMe,), 709 (tt, J(H,H)="72 Hz,
4J(HH) =1.4 Hz, 3H; H* of C¢Hs), 7.26 (t, *J(H,H) =7.5 Hz, 6 H; H3® of
CyHs), 751 (d, 3J(H,H) =72 Hz, 6 H; H>® of C4H5); '"H NMR (400.14 MHz,
[Dg]toluene, 295 K), (diastereomer 2): 6 =—0.45 (s, 1H; HC(Si...)3), 0.14,
0.28 (2 x s, 2 x 9H; Si(CH;),), 0.64, 0.82 (2 x d, *J(H,H) = 6.4 Hz, 2 x 3H;
2x CHs), 0.85-094, 1.01-1.35, 1.57-192 (3xm; CH, and CH of
dimethylnonenolate), 1.55, 1.67 (2xs, 2x3H; HC=CH,),), 173 (d,
3J(H,H) =6.9 Hz, 9H; HCCH,), 4.01 (m, 1H; ZrOCH(CH;)(...)), 4.33 (q,
JJHHH)=69Hz, 3H; HCCH;), 510 (q, *(HH)=82Hz, 1H,;
HC=CMe,), 7.09 (tt, *J(H,H) =72 Hz, */(H,H) = 1.4 Hz, 3H; H* of C4H5),
7.26 (t, *J(H,H) =75 Hz, 6 H; H* of C4H5), 7.51 (d, *J(H,H) =72 Hz, 6 H;
H2?¢ of C4Hs); {'H}3C NMR (100.62 MHz, [Dg|toluene, 295 K), (diaster-
eomers 1 and 2): 6 =1.3, 1.4 (HC(Si...)3), 4.3, 4.3, 4.4, 4.5 (Si(CHa),), 177,
19.3,20.1, 23.8, 25.0, 25.8, 29.6, 29.8 (CH3), 29.5 (CH), 29.6 (HCCHs), 25.7,
258, 368, 384, 481, 484 (CH,), 582 (HCCH;), 769, 770
(ZrOCH(CH;)(...)), 125.1, 125.2 (HC=CMe,), 126.1, 126.4, 126.4 (C**>¢ of
C¢Hs), 128.0 (C* of C¢Hs), 130.7 (HC=CMe,), 149.8, 149.9 (C!' of C¢Hs);
{'H}*Si NMR (79.50 MHz, [Dg]|toluene, 295 K), (diastereomers 1 and 2):
0=-0.8, —0.7; IR (toluene): #=3060 (w), 3025 (m), 2964 (vs), 2925 (vs),
2865 (s), 1491 (m), 1450 (s), 1251 (vs), 1134 (s), 1103 (vs), 1070 (s), 952 (vs),
867 (vs), 821 (vs), 700 cm™! (s).

Reaction of [Zr(CH,CH;){HC{SiMe,N[(S)-1-phenylethyl]};] (13) with
benzaldehyde and 4-fluorobenzaldehyde: One equivalent of benzaldehyde
or 4-fluorobenzaldehyde (46 uL, 0.5 mmol) was added to a stirred solution

of compound 13 (300 mg, 0.5 mmol) in benzene (5 mL), at room temper-
ature. 'H NMR spectra of samples taken from the reaction mixture
indicated rapid generation of ethene. After 30 min stirring at this temper-
ature, and subsequent removal of the solvent in vacuo, the products 39 and
40 were obtained, respectively, as yellow powders.

[Zr{OCH,(CH,){HC{SiMe,N[ (S)-1-phenylethyl]};}] (39): 'H NMR
(400.14 MHz, CDg, 295 K): d=—0.51 (s, 1H; HC(Si...);), 0.13, 0.26 (s,
9H; Si(CH;),), 1.56 (d, 3J(H,H) = 6.5 Hz, 9H; HCCHs), 4.30 (q, 3/(H,H) =
6.5Hz, 3H; HCCH,;), 470 (AB-spin system, J,z=12.4Hz, 2H;
ZrOC(H),(C¢Hs)), 5.25 (s, ethene), 6.92-727 (m, 14H; C¢Hs and
ZrOC(H),(C4Hs)), 744 (d, 3J(HH)=79 Hz, 6H; C¢H;); {'H}*C NMR
(100.62 MHz, C¢Dy, 295 K): 6 =1.0 (HC(Si...);), 4.2, 4.4 (Si(CHs),), 29.2
(HCCH,), 58.5 (HCCH,;), 75.1 (ZrOC(H),(C¢Hy)), 126.4 (C* of C¢Hsy),
126.7 (C*¢ of C¢Hs), 126.2, 128.1, 128.4 (0, m, p-C of ZrOC(H),(CsHs)),
128.4 (C33 of Cg¢Hs), 140.8 (i-C of ZrOC(H),(C¢Hs)),150.0 (C' of C4Hs);
{'H}*Si NMR (79.50 MHz, C;Dg, 295 K): 6 = — 1.2; IR (benzene): 7 = 3062
(m), 3027 (s), 2963 (vs), 2824 (s), 2898 (m), 2864 (m), 1493 (m), 1451 (m),
1369 (m), 1252 (vs), 1201 (m), 1128 (s), 1106 (vs), 1021 (m), 952 (vs), 867
(vs), 821 (vs), 757 (m), 700 cm™! (vs).

[Zr{OCH,(4-FCH,)}{HC{SiMe,N[ (S)-1-phenylethyl]};}] (40): 'H-NMR
(200.13 MHz, [Dgltoluene, 295 K): 6 =—-0.50 (s, 1H; HC(Si...);), 0.12,
0.26 (2 x 5,2 x 9H; Si(CHs3),), 1.51 (d, *J(H,H) = 6.7 Hz, 9H; HCCH,), 4.27
(q, 3J(H,H) =6.7 Hz, 3H; HCCH3;), 4.52 (AB-spin system, J,5 =12.8 Hz,
2H; ZrOC(H),(p-FCsH,)), 6.89-7.27 (m, 13H; CsHs and p-FC4H,), 7.40 (d,
3J(HH)=75Hz, 6H; CiHs); {H}'*C NMR (50.32 MHz, [Dg]toluene,
295K): 0=09 (HC(Si...);), 4.2, 43 (Si(CH3),), 29.1 (HCCH;), 583
(HCCH,), 74.1 (ZrOC(H),(p-FCH,)), 114.8 (d, 2J(C,F) =21.3 Hz, m-C of
p-FCcH,), 126.2 (C* of C4Hs), 126.3 (C*° of C¢Hs), 128.1 (C** of C;Hs), 129.5
(d, 3J(CF) =8.3 Hz; 0-C of p-FCH,), 147.7 (i-C of p-FCH,), 149.9 (C! of
C¢Hs), 162.7 (d, 'J(CF)=251.6 Hz; p-C of p-FCiH,); {'H}*Si NMR
(39.76 MHz, [Dgltoluene, 295K): 6 =—1.0; {'H}F NMR (77.77 MHz,
[Dg]toluene, 295 K): 6 = —115.0; IR (toluene): ¥ = 3061 (m), 3025 (s), 2962
(vs), 2925 (s), 2898 (m), 2862 (s), 1602 (m), 1509 (s), 1449 (s), 1251 (vs), 1222
(s), 1128 (vs), 1103 (brvs), 1092 (brvs), 1033 (brs), 952 (vs), 868 (vs), 834
(vs), 821 (vs), 700 (s), 603 cm™! (m).

Reaction of [Zr(n-C;H,){HC{SiMe,N[(S)-1-phenylethyl]};}] (14) with
benzaldehyde and with 4-fluorobenzaldehyde: One equivalent of benz-
aldehyde or 4-fluorobenzaldehyde was added to a stirred solution of

Table 3. Crystal data and structure refinement for compounds 2, 5, 6, 7, 11, 12 and 20.

2 5 6 7 1 12 20
formula C3,HyoN;Si;- C5 HyoLisN3Si;  CyHyLisNsSi; Gy HyCINGSiTi {[CyHyClysNsSisZr] CpHyoN3SizZr CysHyoN3SizZr

0.5(Et,0) [Li(OEt,),]} -

0.25{[ZrCl5(OEt,)]
[Li(OEt,),]} - 1.5(Et,O)

M, 621.09 565.8 601.83 628.33 1954.85 651.23 687.26
crystal system monoclinic trigonal orthorhombic monoclinic monoclinic monoclinic monoclinic
space group P2, R3 P22.2, P2, P2, c2 P2,
a[A] 9.5750(10) 17.004(3) 13.349(2) 11.011(3) 20.715(4) 17.121(5) 12.681(2)
b [A] 17.4014(10) - 20.625(3) 8.791(3) 19.423(4) 11.6921(18) 10.4993(11)
c[A] 22.1276(10) 10.108(3) 25.736(5) 18.253(4) 28.535(6) 17.981(5) 13.416(2)
A1 92.497(10) - - 90.621(5) 110.91(3) 107.313(12) 92.532(7)
v [A% 3683.4(5) 2528.3(1) 7085.9(19) 1762.2(5) 10725(4) 3436.3(14) 1784.5(4)
V4 4 3 8 2 4 4 2
Peaiea [gem 3] 1.120 1.11 1.128 1.18 1.211 1.259 1.279
u [mm~1] 0.158 0.159 0.160 0.439 0.439 0.445 0.436
F(000) 1348 912 2576 668 4158 1376 724
crystal size [mm] 0.60 x 0.50 x 0.40 0.40 x 0.20 x 0.15 0.48 x 0.48 x 0.46 0.70 x 0.40 x 0.20 0.75 x 0.40 x 0.30 0.60 x 0.50 x 0.50 0.60 x 0.40 x 0.40
0 range [°] 2.13-21.00 2-25.00 1.82-21.00 2-25 1.83-19.00 2.14-29.00 2.16-25.00
reflections collected 4488 1649 8480 3428 53084 5816 7753
independent reflections (R;,) 4104 (0.1350) 603(0.053) 7598 (0.0599) 3320(0.028) 17250 (0.0769) 5641 (0.0122) 6294 (0.0345)
data/restraints/parameters  4104/259/415 603/0/65 7598/0/775 2256/0/351 17250/1019/1040 5641/1/362 6294/1/386
S on P20 1.348 1.67 0.910 1.93 1.025 1.043 1.024
RM [I>20(I)] 0.0969 0.0578 0.0748 0.044 0.0623 0.0280 0.0308
WR,P [1>20(1)] 0.2667 0.1277 0.1001 0.0820 0.1652 0.0723 0.0751
max/min Ap [e A 3] 0.544/—-0.712 0.660/ —0.592 0.175/—0.180 0.520/ —0.350 0.727/ - 0.807 0.709/ — 0.360 0.480/ —0.399

[a] S=[Ew(F2 — F?)*(n— p)]?, where n =number of reflections and p = total number of parameters. [b] R, =X || F,;| — |F. || /Z|F,|, wR, = Z[w(F2 — F2)*|/Z[w(F2)*],

W—l

=[RX(F,)+ (aP)*+ bP], P =[max(F20) + 2(F2)]/3.

2578

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

0947-6539/01/0712-2578 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 12





C;-Chiral Complexes

2563-2580

compound 14 (500 mg, 0.7 mmol) in toluene (5 mL)at room temperature.
Monitoring of the reaction by 'H NMR spectroscopy revealed the rapid
formation of 1-butene. After 30 min at this temperature, the product was
obtained as a yellow powder after removal of the solvent in vacuo. The 'H,
13C and »Si NMR spectra established the identity of the reaction products
as 39 and 40, respectively.

X-ray crystallographic studies of 2, 5, 6, 7, 11, 12 and 20: Data was collected
by using an Enraf-Nonius CAD4 diffractometer at a temperature of
173(2) K (2, 12), 296(2) K (5, 7) and 193(2) K (20), or a Stoe IPDS at a
temperature of 173(2) K (11) with oil-coated shock-cooled crystalsi*>-
mounted under nitrogen. Data of 6 was collected by using a Siemens P4
diffractometer at a temperature of 301(2) K with an oil-coated crystal
mounted in a Lindemann capillary under argon.

Crystal data and experimental details for the crystals of 2, 5, 6, 7,11, 12 and
20 are given in Table 3. The data for the structures 12 and 20 were corrected
for absorption using i-scans. The structures of 2, 6, 11, 12 and 20 were
solved by direct methods (2, 6, 11, 20: SHELXS-97; 12: SHELXS-86) and
refined on F? (2, 6, 11, 20: SHELXL-97; 12: SHELXL-93).5*¥! Both
structures 5 and 7 were solved and refined on F? using the Texsan software
package.[*]

In the case of 2, one solvent molecule (diethyl ether) was found in the
asymmetric unit and due to a shortage of data, caused mainly by poor
diffraction, only the silicon and nitrogen atoms were refined with
anisotropic displacement parameters. In the asymmetric unit of 11, two
independent monoanionic Zr dimers with [Li(Et,0),]* counterions were
initially located (some disorder of the ethyl carbon atoms of counterions
was observed and some being resolved into two components of 50:50 %
occupancy). A large volume of residual electron density was, with difficulty,
identified as due to a half occupancy [ZrCls(Et,0)]~ anionic complex,
apparently disordered with its counterion, a half occupancy [Li(Et,0),]*
cation (not all atoms of the counterion could be located). In addition, two
full occupancy and two half occupancy diethyl ether solvate molecules were
located. For 11, the zirconium, chlorine, silicon, nitrogen and full occupancy
oxygen atoms were refined with anisotropic displacement parameters. In
the final cycles of refinement, all non-hydrogen atoms of 5, 6, 7, 12 and 20
were assigned anisotropic displacement parameters. Hydrogen atoms were
included in idealised positions riding on the parent atoms and were
assigned isotropic displacement parameters of 1.2 U,, (=CH, CH, CH,) and
1.5 U,y (CH;) of the parent atom; for 11 only the hydrogen atoms of the
anionic Zr dimers were included.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC 151773 -
151779. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44)1223-336—
033; e-mail: deposit@ccdc.cam.ac.uk).
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Intramolecular Iron()-catalyzed Nitrogen Transfer Reactions
of Unsaturated Alkoxycarbonyl Azides: A Facile and Stereoselective Route
to 4,5-Disubstituted Oxazolidinones
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Abstract: Intramolecular Fe-catalyzed
reactions of various unsaturated alkoxy-
carbonyl azides are described. The re-
actions occur in the presence of stoi-
chiometric amounts of trimethyl silyl
chloride employing ethanol as the sol-
vent. The corresponding 2-alkenyloxy-
carbonyl azides 5, 9, 18, 20, 22, and 24

both in cyclic (20, 24) and in acyclic
substrates (5, 18, 22) (>90% ds). The
subsequent chlorine atom transfer oc-
curs selectively in cyclic systems (20, 24)
and in systems (9b, 18) which exhibit a
conformational bias in the postulated
radical intermediate 14. The lifetime 7 of
this elusive intermediate was estimated

from the loss of stereochemical infor-
mation in conformationally unrestricted
systems (9a, 22) and from the data
obtained with a radical clock (31 —
32).2-Alkynyloxycarbonyl azides 34 and
36 also yield chloroamination products
which are obtained exclusively as the
(Z)-isomers 35 and 37 (81-99 % yield).

gave the products 7/8, 10/11, 19, 21, 23,
and 25 of an olefin chloroamination in
moderate to good yields (47-72%). The
facial diastereoselectivity of the ring

i . . heterocycles -
closing C—N-bond forming step is good

Introduction

The reaction of alkoxycarbonyl azides and alkenes is known
to yield 1-alkoxycarbonyl-1,2,3-triazolines.['! Strained alkenes
and alkenes activated by electron-releasing groups react
readily whereas the reaction of non-activated olefins is
slow.? 31 The corresponding triazolines can be converted into
aziridines through nitrogen extrusion.’! Alternatively, azir-
idines are directly accessible by thermal or photochemical
decomposition of alkoxycarbonyl azides in the presence of
alkenes.* 3] Transition metal catalyzed processes of the latter
type have to the best of our knowledge not been studied.l®!

We have recently shown that tert-butyloxycarbonyl azide
(BocN3) is a suitable precursor for the generation of a N-Boc-
protected nitrogen fragment “BocN” by transition metal
catalysis.I”) In the presence of FeCl, a rapid nitrogen evolution

[a] Prof. Dr. T. Bach,[*] Dipl.-Chem. B. Schlummer, Dr. K. Harms*
Fachbereich Chemie der Philipps-Universitit
Hans-Meerwein-Strasse, 35032 Marburg (Germany)
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Lehrstuhl fiir Organische Chemie I, Technische Universitdt Miinchen
Lichtenbergstrasse 4, 85747 Garching (Germany)
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[*] Crystal structure determination
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The products of the tert-butyl-substitut-
ed substrates 38 undergo an immediate
rearrangement/solvolysis reaction in the
reaction mixture and gave the 5-alkoxy-
oxazolidinones 39 (93-99 % yield).

homoge-

occurs and the amide BocNH, is obtained as the major
product after work-up. If sulfur nucleophiles are employed as
reaction partners, BocNj; allows for a smooth FeCl,-catalyzed
imidation (Scheme 1). Thus, sulfimides 3 and sulfoximides 4
are available from sulfides 1 and from sulfoxides 2. Subse-
quent 2,3-rearrangement reactions of allyl sulfimides yield
N,N-diprotected allyl amines in good yields.[’!

X BocNj3 [FeCly] X_NBoc
r-SRt (CH,Cl,) R™°R!

L Y= - 3 (44-92%)

) X =0 4 (40-95%)

Scheme 1. The Fe''-catalyzed imidation of sulfides 1 and sulfoxides 2 with
BocN;.

The intermolecular Fe''-catalyzed reaction of BocN; with
alkenes proceeded sluggishly. Only electron rich alkenes gave
a notable conversion.[”” With silyl enol ethers and ketene
acetals the 1,3-dipolar cycloaddition/dediazotation was a
significant background reaction®*¢! which made it difficult to
distinguish between the catalyzed and the uncatalyzed path-
way.®l In view of these problems we looked into the possibility
of an intramolecular nitrene transfer which was expected to
occur in unsaturated azidoformates. Recent studies by
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Bergmeier et al. revealed that a thermal decomposition of
alkenyl azidoformates (alkenyloxycarbonyl azides) yields
bicyclic aziridines which in turn undergo a facile ring opening
to substituted oxazolidinones.P! This intriguing reaction
sequence is exemplified by the reaction of azide 5a which
upon heating in 1,1,2,2-tetrachloroethane (TCE) yielded the
5-chloromethyl substituted oxazolidinone 7a via aziridine 6a
as intermediate (Scheme 2). The ring opening was caused by
hydrochloric acid which is likely to be formed from the
solvent at elevated temperature.

o (o]

(o]
OJ\N3 o o+ Hel o~

NH

Cl

R R

5a R = Cyclohexyl 6a 7a

Scheme 2. Thermal intramolecular aziridination and ring opening of the
2-propenyloxycarbonyl azide Sa.

At room temperature there is no intramolecular reaction of
alkenyl azidoformates. It consequently appealed to us to study
possible Fell-catalyzed reactions of these substrates more
closely. We initially considered an aziridination via nitrene
transfer as the most likely reaction to occur.l®! The possibility
of an enantioselective aziridination,” %! for example by ligand
tuning at the metal center, was a major benefit we associated
with a catalyzed versus a thermally induced pathway. In order
to investigate the general applicability of the planned reaction
we tested several substrates and looked more closely into the
mechanism. The results of this study are summarized in the

Abstract in German: Intramolekulare Fe'-katalysierte Re-
aktionen verschiedener ungesittigter Alkoxycarbonylazide
werden beschrieben. Die Umsetzungen vollziehen sich in
Gegenwart stochiometrischer Mengen von Trimethylsilylchlo-
rid in Ethanol als Losungsmittel. Die entsprechenden 2-Al-
kenyloxycarbonylazide 5, 9, 18, 20, 22 und 24 ergaben die
Produkte 7/8, 10/11, 19, 21, 23 und 25 einer olefinischen
Chloraminierung in mittelmdfligen bis guten Ausbeuten (47—
72%). Die faciale Diastereoselektivitit der ringschlieffenden
C—N-Bindungsbildung ist sowohl in cyclischen (20, 24) als
auch in acyclischen (5, 18, 22) Substraten gut (>90 % ds). Der
nachfolgende Chloratom-Transfer verlduft in cyclischen Sys-
temen (20, 24) und in Systemen, in denen die freie Rotation in
einem postulierten Radikalintermediat 14 eingeschrinkt ist
(9b, 18), mit hoher Selektivitit. Die Lebensdauer t dieses
Intermediats wurde aus dem Verlust der stereochemischen
Information in konformationell ungehinderten Systemen (9a,
22) und aus den Daten, die mit einer Radikaluhr (31 — 32)
erhalten wurden, abgeschdtzt. 2-Alkinyloxycarbonylazide 34
und 36 lieferten ebenfalls Chloraminierungsprodukte, die
ausschlieflich als (Z)-Isomere 35 und 37 anfielen (81-99 %
Ausbeute). Die Produkte der tert-Butyl-substituierten Sub-
strate 38 unterzogen sich unter den Reaktionsbedingungen
einer Umlagerung/Solvolyse und ergaben die 5-Alkoxyoxazol-
idinone 39 (93-99 % Ausbeute).
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following account.!l As it turned out the Fe'-catalyzed
decomposition of unsaturated azido formates does not follow
an aziridination pathway. On the contrary, the reaction has to
be envisaged as an intramolecular chloroamination initiated
by an electron-deficient intermediate. This new intramolec-
ular reaction pathway accessible to azides and alkenes in the
presence of FeCl, has been further investigated by structural
and spectroscopic studies. The unexpected mechanistic course
has an additional impact on the scope of the reaction. It is
applicable not only to alkenyl azidoformates but also to the
corresponding alkynyl derivatives.['']

Results and Discussion

Reaction of alkenyloxycarbonyl azides: In preliminary ex-
periments, we found that FeCl, was suited to promote the
intramolecular reaction of 2-alkenyloxycarbonyl azides, such
as compound Sa. Not unexpectedly, the apparent ring opening
product 7a was formed in which a chlorine atom is incorpo-
rated. If FeCl, was to deliver the chlorine atom it had to be
used stoichiometrically. The reaction of compound 5a with
FeCl, (0.5 equiv) in acetonitrile as the solvent yielded 59 % of
the desired product 7a. We quickly discovered that TMSCI
can be employed as a stoichiometric chlorine source. This
finding enabled us to use FeCl, in catalytic quantities and
paved the way to the Fe'-catalyzed aminochlorination
depicted in Scheme 3. Several substrates were employed in
the reaction to give acceptable yields (Scheme 3, Table 1). In
general, more complex, less volatile substrates gave better
yields than substrates with similar substitution pattern but

o o 0
e o4 o+
07Ny TwsclfFech] A N+ LNk
R)\/ 0°C - rt.
(EtOH) c cl
5 7 8

Scheme 3. Fe'l-catalyzed intramolecular chloroamination of the 2-prope-
nyloxycarbonyl azides 5.

Table 1. Preparation of the 4,5 disubstituted oxazolidinones 7 and 8
according to Scheme 3.

Azide R FeCl, Products Yield® d.r[ [7/8]
[mol %] [%]
1 5a O/ 10 Tal8a 72 91/9
2 5b ph " 10 7b/8b 64 88/12
3 Sc @ : 30 Tel8cll 60 94/6
4 5d N7 10 7d/8d 60 88/12
5 Se \( 30 TelSe 33 92/8
6 5f e 10 T8¢ 68 90/10

[a] Yield of isolated product. [b] The diastereomeric ratio was determined
by integration of appropriate '"H NMR signals. [c] Mixture of two 4,5-trans-
isomers due to the additional stereogenic center at the cyclohexene ring.
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lower molecular weight, for example entry 1 versus entry 5.
The facial diastereoselectivity, as expressed by the ratio of
trans- (7) and cis-diastereoisomer (8) was in direction and size
equal to the selectivity recorded for the thermal reaction.[
The direction of the face discrimination can be interpreted by
conventional 1,3-allylic strain arguments which are valid for
an electrophilic attack at a double bond adjacent to a
stereogenic center.['2]

The starting materials 5 were conveniently prepared from
the corresponding allylic alcohols according to a known
procedure.!¥ Successive treatment of the alcohols with 1,1'-
carbonyldiimidazole (CDI)/pyridine in benzene and subse-
quent reaction with NaN; in DMF gave the desired azides in
good to excellent yields.

The results depicted in Scheme 3 and Table 1 were antici-
pated based on the expected analogy of thermal and metal-
catalyzed reactions. The azidoformates 9 derived from (E)-
configured allylic alcohols, however, showed significant
deviations in the stereochemical outcome of the chloroami-
nation (Scheme 4). The thermal reactions proceeded stereo-

o} P 2
Py O"/< O’(
07 N; TMSCI [FeCly] NH -+ NH
%Rl (EtOH) o
cl” "R cr UR?
%a Rl=nPr (84%)  10a 49551 1la
9b R!=Ph (76%)  10b  >091  11b

Scheme 4. Fel-catalyzed chloroamination of the 2-alkenyloxycarbonyl
azides 9.

specifically through a syn-aziridination and a subsequent Sy2-
type ring opening. The erythro-products 11 were the only
detectable oxazolidinones which could be obtained from
compounds 9 upon heating in TCE (11a: 62 %, 11b: 42 %).[112]
Contrary, the Fe'l-catalyzed reactions yielded exclusively the
threo-product 10b if azide 9b was employed and a mixture of
threo- and erythro-products 10a and 11a if the n-propyl
substituted azide 9a was the substrate. The relative config-
uration of product 10b was proven by single crystal X-ray
analysis.[!'!#]

An (E)/(Z)-isomerization or a subsequent equilibration of
the products 11 under the reaction conditions of the Fe!-
catalyzed process were ruled out by control experiments.
Clearly, the reaction of azide 9a is not stereospecific and an
intermediate must be formed which allows for free rotation
around the former C=C-bond. Bearing in mind that the
nitrogen evolution is induced by FeCl, we suggest an electron
transfer from Fe!! to the carbonyl group as the initial step of
the reaction sequencel™ (Scheme 5); this in turn would lead
to an a-cleavage of the N—N,-bond and to the evolution of N,.
The resulting species can be formulated as a radical-like Fe!!-
compound 12 or as an FeV-nitrene complex 13. While the
latter description would explain a direct aziridination via
nitrene transfer the former is apparently better suited to
account for the reactivity pattern of this iron complex. Indeed,
the intermediate 14 formed by radical addition to the olefinic
double bond is a reasonable intermediate to explain the non-

Chem. Eur. J. 2001, 7, No. 12

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

2581-2594
o) 0 o)

X J By
0”7 Ng FeCly 0" “N-FeCly 0" “N=FeCl,
R1 R1 R1

9 12 13
0 0
o4
N KLEN—Fem2 - . N—FeCl N
“ R R Cl
14 15
o OFeCl oTMS
A EtOH
NooTwsa o o{ EOH
—FeCl, EE_
;
R el RI7 Gl
16 17

Scheme 5. Proposed reaction course of the Fell-catalyzed intramolecular
chloroamination.

stereospecific nature of the chloroamination. Subsequent
chlorine atom transfer which is likely to occur in an intra-
molecular fashion yields the Fe!l-species 15. There is no hint as
to where the iron atom resides. Structure 16 is equal to 15 and
possibly an even more relevant structure. FeCl, is liberated
either by reaction with TMSCI to intermediate 17 or by direct
HCl-mediated cleavage to the oxazolidinone diastereoisom-
ers 10 and 11.

According to this mechanistic picture the stereochemical
result recorded for the chloroamination of compound 9a is
rationalized by an unrestricted rotation in intermediate 14a.
The high threo-selectivity with which the phenyl-substituted
azide 9b reacts is due to the restricted rotation around the
C—C-single bond. There should be a clear preference for
conformation 14b’ from which the chlorine transfer can occur

c|:| 0 0
3\ _Fe_g o)LN3 50’<NH
(o] N H ( /\t’
ks ~
H Ph cI™ T Ph
14p' 18 19

intramolecularly. A threo-preference was also found in the
reaction of the chiral azide 18 which yielded predominantly
the 4,5-trans-substituted oxazolidinone 19 with a threo-
relationship between the exocyclic stereogenic center and
the stereogenic center at C4. The crystal structure of this
compound is depicted in Figure 1.I'"]

Further evidence for an intramolecular chlorine atom
transfer in intermediates related to 14 was collected from
the study of a cyclic alkenyloxycarbonyl azide. The 1-cyclo-2-
hexenol-derived azide 20 gave exclusively the bicyclic product
21 (Scheme 6) the relative configuration of which was proven
by single crystal X-ray analysis (Figure 2).'! After formation
of the five-membered oxazolidinone ring the chlorine atom is
apparently delivered from the same face to which the FeCl,
fragment is coordinated via the nitrogen or the oxygen atom.
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o)kN3 OJ(O
@ TMSCI [FeCly] @NH %
(EtOH) -
20

21

Scheme 6. Fe'-catalyzed chloroamination of 3-azidocarbonyloxy-1-cyclo-
hexene (20).

Figure 2. A molecule of compound 21 in the crystal.

Radical clocks: The loss of stereochemical information in the
reaction of the (E)-configured azide 9a allows to calculate an
upper value for the rate of chlorine transfer in the postulated
intermediate 14. It is estimated at k,,,, <5.7 x 10" s~! assum-
ing a rotational barrier of >15kJmol-! at 300 K. Radical
clocks were considered as suitable tools to obtain further
kinetic data on intermediate radicals such as 14. Initial studies
were driven by our synthetic interests and by the relevant
comparison of the Fel-catalyzed reaction and the thermal
reaction. Substrate 5f was in principle already suited for a
second 5-exo-trig ring closure which was not observed.
Similarly, substrate 22 yielded only the oxazolidinone 23 and
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no bicyclic products (Scheme 7). The Fel-catalyzed decom-
position of azide 24 gave no hint on the formation of a
conceivable diquinane. The sole product isolated was the
oxazolidinone 25 which structure was elucidated by single
crystal X-ray analysis (Figure 3).l!7]

TMSCI [FeCly]

W ~ (EtOH)

/\/ﬁjH
= N
Cl

22 23 (64%)

o—¢°
N NH

T™SCI
o~ 6

EtOH
O

150 °C o

24 T “NH
res @
1
o Cl

26 (16%)

Scheme 7. Fe'-catalyzed chloroamination of 4-azidocarbonyloxy-1,5-hep-
tadiene (22) and 3-azidocarbonyloxy-1,5-cyclooctadiene (24).

Figure 3. A molecule of compound 25 in the crystal.

The structure of product 25 deserves some comment. It is
apparent from the X-ray analysis that the trans-oxazolidinone
is fully planar and not significantly strained. Moreover, the
intermediate radical formed by nitrogen attack at the double
bond can abstract the chlorine atom intramolecularly only
such that an all-frans-arrangement at the eight-membered
ring arises. In this respect, the result is fully in line with the
mechanistic proposal detailed above although the trans-
configuration of C5 and C6 of cyclooctene 25 seems to
contradict an intramolecular chlorine atom transfer at first
sight. The thermal reaction of compound 24 delivered a single
product 26 in low yield (Scheme 7). Again, the proof of
relative configuration was carried out by single crystal X-ray
analysis (Figure 4).81 The oxazolidinone is cis-configured
whereas the relative configuration of C5 and C6 is trans.
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Figure 4. A molecule of compound 26 in the crystal.

As it was alluded to above, the substrates 5f, 22, and 24
were more or less used accidentally as radical clocks and were
actually prepared in another context. The fact that the radical
center and the olefinic double bond, which is targeted for a
second ring closure, are connected via an oxazolidinone puts
steric constraints on the 1-hexenyl radical™ which may slow
down the expected cyclization. Control experiments revealed
that the cyclization is slow even on the time scale of the
Bu;SnH reduction. Upon treatment of compounds 7 f and 25
with Bu;SnH and AIBN as the initatior in benzene as the
solvent the hydro-de-chlorinated products 27 and 28 were
obtained (72 % yield).

OJ(O 0\(0
M“\NH ONNH

27 28

For the construction of conformationally unrestricted
radical clocks we decided to place a suitable substituent at
the position R! in substrate 9 (Scheme 5). Subsequent ring
opening or ring closure can occur independently and should
not be influenced by the oxazolidinone. Unfortunately, all
attempts to construct cyclopropyl-substituted alkenyloxycar-
bonyl azides of this type were unsuccessful. The cyclopropane
ring was not stable to the conditions employed for the
conversion of the allylic alcohol to the azide. The cyclization
of the 3-oxa-5-hexenyl radical to the (3-tetrahydrofuryl)meth-
yl radical was subsequently considered as an alternative
radical clock. It is remarkably fast (k=38.5x 10°s 1)[4
compared with the 5-hexenyl — cyclopentylmethyl radical
ring closure (k=2.5x10°s7") and only slightly slower than
the cyclopropylmethyl — 3-butenyl radical ring opening (k =
108 s71).2% In order to detect a ring closure we planned to
subject both the (E)- and (Z)-isomer of the target compound
to the chloroamination. Even if the ring opening after
cyclization was fast and the chlorine transfer occurred exclu-
sively in the open-chain radical, the double bond geometry
would still indicate an intermediate cyclization. The synthesis
of the substrates commenced with the two allyl bromides 30a
and 30b which can be obtained in diastereomerically pure form

Chem. Eur. J. 2001, 7, No. 12
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(Scheme 8).!l The monoalkylation of (Z)-1,4-butenediol (29)
with either bromide 30 yielded the corresponding allylic
alcohols which were directly converted into the alkenyloxy-
carbonyl azides 31a and 31b.

UOH Br
+

& X
29

N3)OL0 ©
5

(2: 31a (40%) 32a  (79%)
(B): 31b (67%) 32b  (82%)

KOH 1. CDI, py (PhH)
(DMSO) 2. NaNj3 (DMF)

(2): 30a
(E): 30b

TMSCI [FeCly]
(EtOH)

Scheme 8. Preparation and Fe''-catalyzed chloroamination of the 2-alke-
nyloxycarbonyl azides 31.

The Fe'-catalyzed chloroamination was conducted under
standard conditions (10 mol% FeCl,, 1.5equiv TMSCI,
EtOH, 0°C— RT, 21 h) without any tetrahydrofuran ring
closure. The relative configuration of the double bonds was
fully retained in the products. (Z)-Alkene 31a was converted
to the (Z)-product 32a and (E)-alkene 31b gave the (E)-
diastereoisomer 32b. Not unexpectedly, no significant prefer-
ence for neither the erythro- nor the threo-diastereoisomer
was observed in either reaction. A ratio of 5:95 was estimated
as the limit (NMR spectroscopy) for the detection of the (E)-
alkene 32b in the presence of the (Z)-alkene 32a. Assuming a
rate constant of 8.5 x 10%s~! for the ring closure a competing
process which does not produce any ring-closed product
within the detection limit must occur with a rate constant of &
>1.6 x 108 s~ The ring closure occurred readily when com-
pounds 32a and 32b were subjected to the radical-based
Bu;SnH-reduction as depicted in Scheme 9. A mixture of four

BusSnH
[AIBN] (PhH)

o]
o~
NH

32aor 32b 33 (85%)

o

mixture of 4 diastereoisomers

Scheme 9. Radical-induced cyclization of the oxazolidinones 32.

diastereoisomers was obtained without a significant prefer-
ence for either diastereoisomer. One diastereoisomer was
crystalline and its structure could be determined by X-ray
analysis (Figure 5).12

Although the mechanism depicted in Scheme 5 is in accord
with all experimental facts there are certainly alternative
reaction pathways. We were not able to undoubtedly prove
the presence of the postulated radical intermediate 14. The
radical clock employed allowed an estimation of its lifetime
but we could not devise a radical clock fast enough to compete
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Figure 5. One diastereoisomer of compound 33 in the crystal.

with the postulated chlorine atom transfer. An important
implication of the postulated mechanism was the fact that a
chloroamination should also be possible for propargylic
substrates. This extension is certainly not expected for an
aziridination reaction nor for another reaction which pro-
ceeds via small ring intermediates.

Reaction of 2-alkynyloxycarbonyl azides: The formation of
C—N-bonds by intra-®! or intermolecular® attack of a
nitrogen electrophile at a triple bond has been used less
extensively than the corresponding reaction with alkenes.
There are scattered reports on the activation of triple bonds
by transition metals and subsequent nucleophilic nitrogen
attack.”! We initially studied the reaction of the phenyl-
substituted 2-alkynyloxycarbonyl azides 34. The substrates
were readily available by alkynylation of aldehydes (RCHO)
with litihium phenylacetylide and subsequent transformation
of the propargylic alcohol to the azide via azidocarbonylation
(CDI/py in benzene; NaN; in DMF).[1 A smooth reaction
occurred upon treatment of the azides 34 with TMSCI and
catalytic amounts of FeCl, in ethanol as the solvent
(Scheme 10). The chloromethylidene-substituted oxazolidi-
nones 35 were isolated in almost quantitative yields as
crystalline, analytically pure solids (Table 2). In general, the
use of 5 mol % of the catalyst was sufficient to guarantee high
yields. A slight improvement was observed in some instances
by raising the catalyst amount to 10 mol % (entries 3/4 and
516).

(0]
J o<
(@) N3 TMSCI [FeCly]
R (EtOH)
Ph
34 35

Scheme 10. Fe'l-catalyzed intramolecular chloroamination of the 2-prop-
argyloxycarbonyl azides 34.

The double bond in the products 35 is (Z)-configured as
proven by NOE experiments and single crystal X-ray analysis.
The crystal structure of compound 35d is depicted in Fig-
ure 6.2 Tt nicely illustrates the formal cis-chloroamination
which according to our mechanistic picture occurs through
nitrogen radical attack and subsequent chlorine transfer to the
intermediate vinylic radical.
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Table 2. Preparation of the (4-chloromethylidenyl)oxazolidinones (35)
according to Scheme 10.

Azide R FeCl, [mol%] product yield® [%] (Z):(E)"
1 34a O 5 35a 99 >99/1
2 34a O 10 35a 98 >99/1
3 34b ph” " 5 35b 73 >99/1
4 34b ph” " 10 35b 81 >99/1
5 34c¢ © 5 35cld 79 >99/1
6 34c © 10 35cld 90 >99/1
7 34d T 10 35d 99 >99/1
8 e H 10 35e 99 >99/1

[a] Yield of isolated product. [b] (Z) and (E) refer to the double bond
configuration. [c] Mixture of diastereoisomers due to the additional
stereogenic center at the cyclohexene ring.

Figure 6. A molecule of compound 35d in the crystal.

Although the oxazolidinones 35 proved to be stable in the
solid state at room temperature they decomposed notably in
solution. Distinct decomposition products could not be
isolated. The tendency to decompose is even more pro-
nounced in alkyl-substituted (4-chloromethylidene)oxazolidi-
nones which were obtained as oils. As an example the
synthesis of the n-butyl substituted product 37 from azide 36 is
depicted in Scheme 11. Its constitution was proven by NMR
spectroscopy whereas the relative configuration had to be

(0] (0]
OJ\Ng TMSCI [FeCly) O//(NH
Ph
Ph e (EtOH) |
Cl
36 37 (95%)

Scheme 11. Fe''-catalyzed intramolecular chloroamination of the 2-prop-
argyloxycarbonyl azide 36.
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assigned based on analogy. The low stability of oxazolidinone
37 in CDCl; solutions precluded us from conducting more
extensive NOE studies.

The structure of the products isolated from the chloroami-
nation of fert-butyl substituted 2-alkynyloxycarbonyl azides
38 was suprising at first sight (Scheme 12). Instead of the tert-

X ’
07 "N; TMSCI [FeCl,] R O//(NH
1 RO
R)\ (R*OH) *E
tBu tBu
38 39

Scheme 12. Fe'l-catalyzed cyclization of the 2-propargyloxycarbonyl
azides 38.

butylchloromethylidene fragment to be expected the oxazo-
lidinones 39 carried a tert-butylmethylidene moiety at 4-posi-
tion. There was no chlorine incorporation. The 5-position was,
however, substituted by an additional alkoxy group which
apparently stemmed from the solvent. The products were
obtained in good yields. Some results are summarized in
Table 3. As an additional solvent the chiral cyclopropyl
methyl carbinol was used which yielded diastereomeric
products due to an additional stereogenic center.['!’]

Table 3. Preparation of the (4-tert-butylmethylidenyl)oxazolidinones 39
according to Scheme 12.

Azide R R!  Product  Yield® [%]  (Z):(E)Y
1 38a O Et 39a 93 >99/1
2 38b ph " Et 39b 95 >99/1
3 38b ph " iPr  39¢ 99 >99/1

[a] The reaction was conducted with 10 mol % FeCl,. Yield of isolated
product. [b] (Z) and (E) refer to the double bond configuration.

The cis-arrangement of the tert-butyl group and the NH
group of the oxazolidinone was deduced from NOE studies. In
addition, we obtained crystals of compound 39a suitable for
X-ray analysis (Figure 7). An additional crystal structure
corroborating this assignment has been published in a
preliminary publication.['’]

Figure 7. A molecule of compound 39a in the crystal.
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H/D-exchange experiments revealed the basic nature of the
enamine structure in the products 39.1" Given the steric bias
of the large fert-butyl group and the basicity at the exocyclic
methylidene carbon atom a tautomerization of the primary
chloroamination product 40 appears feasible (Scheme 13).

o~ o~

1,
NH NH R'CH

tBu Cl tBu Cl

40 41

Scheme 13. Mechanistic proposal on the formation of oxazolidinones 39.

The resulting allylic chloride 41 can undergo solvolysis in a
S\’-fashion to yield the product 39. Proof for the intermediacy
of chloride 41 was obtained from the reaction of azide 38a in
acetonitrile. The less nucleophilic solvent facilitated the
isolation of compound 41a (R =cyclohexyl) as the product
(16 % vyield). The reaction remained incomplete and 76 % of
the starting material was recovered.

Based on this result the formation of compounds 39 can be
readily explained by consecutive reactions of the chloroami-
nation product.

Conclusion

In summary, the Fel-catalyzed intramolecular chloroamina-
tion of azidoformates is a new and widely applicable reaction
for the synthesis of substituted oxazolidinones. At present, it
appears as if the reaction is limited to the construction of five-
membered ring compounds. Neither 3-alkenyloxycarbonyl
azides nor 3-alkynyloxycarbonyl azides underwent a cycliza-
tion under the commonly used reaction conditions. The
attempted reactions yielded only small amounts of the amides
and recovered starting material. If 30 mol % of the catalyst
were employed roughly 15 % of the corresponding amide was
detected.®! As mentioned in a previous paper!’ we rationalize
the amide formation by an intermolecular attack of FeCl, at a
complex 42 related to 12/13 (Scheme 5). The resulting u-imido
complex 43 (see Scheme 14) represents a thermodynamic
valley which yields the corresponding amide upon hydrolysis.

As a direct conclusion from this hypothesis any intermedi-
ate 42 which allows only for a slow intra- or intermolecular
reaction will end up as the inactive complex 43 (Scheme 14).
A catalytic cycle is impossible and the nitrogen evolution
slows down rather quickly.

Further studies have been initiated which aim at an
improvement of the catalytic cycle based on the presented

jul juss
o

O
J - m v FeCly Clee\N,FeCIz
(@] N—FeCl, O N=FeCl,
. - _R
R R o)\o
42 43

Scheme 14. Suggested deactivation pathway of the reactive Fe-complex
4.
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results. The search for alternative metal catalysts is driven by
the goal to similarly slow down the reaction to the proposed u-
imido complex and to increase the rate of the nitro-
gen—carbon bond formation. Other substrates are currently
being tested and a chiral modification of the catalyst is being
pursued. Results of this endeavour will be reported in due
course.

Experimental Section

General: For general remarks, see refs.[7b, 28] Abbreviations: P=
n-pentane, TBME =tert-butyl methyl ether. The azidoformates were
prepared from the corresponding alcohols by a known procedure.l 13l
Caution: Azidoformates are potential explosives. Appropriate safety
protection and utmost care are required while preparing and handling
these compounds! The alcohols were prepared by carbonyl addition of the
corresponding alkenyl and alkynyl lithium or magnesium reagents to
aldehydes.*> 2]

General procedure for the Fe'-catalyzed dediazotation: The azide
(1 mmol) was dissolved in a dry solvent (5mL) and the solution was
degassed with a stream of argon for 15 min at 0°C. Trimethyl silyl chloride
(1.5 mmol) was added to the stirred solution via syringe. Solid anhydrous
iron(t1) chloride (0.1 mmol) was subsequently added in one portion. The
solution was allowed to warm to room temperature during 21 h. Ethyl
acetate (10 mL) was added and the resulting solution was washed with
water (10 mL) and brine (2 x 10 mL). The organic layer was dried over
magnesium sulfate and the solvent was removed in vacuo. The residue was
purified by flash chromatography.
4-(1-Chloromethyl)-5-cyclohexyl-1,3-oxazolidin-2-one (7a/8a):°% Accord-
ing to the the general procedure 1-azidocarbonyloxy-1-cyclohexyl-2-
propene (5a) (209 mg, 1.00 mmol) was treated with iron(i) chloride
(13 mg, 0.10 mmol) and trimethyl silyl chloride (0.19 mL, 1.50 mmol) in
ethanol (5 mL). After chromatographic purification (P/TBME 20:80) 7a/
8a (156 mg, 72%) was obtained as a colorless solid. The product was a
mixture of the (4RS,5SR)- (7a) and (4RS,5RS)-isomer (8a) [d.r.=91:9
("HNMR)]. The analytical data are provided for the major isomer 7a. R;=
0.32 (P/TBME 20:80); m.p. 115-116°C; 'H NMR (500 MHz): 6 =6.80 (s,
1H, NH), 4.07 (dd, 3/ =4.3, 3J=6.0 Hz, 1H, OCHCHCH,CI), 3.77 (ddd,
3J=3]=3]=6.0 Hz, 1H, OCHCHCH,CI), 3.51 (dd, 2/=11.2, 3/ =6.0 Hz,
1H, CHHCI), 3.50 (dd, 2/ =11.2, 3] =6.0 Hz, 1H, CHHCI), 1.90-1.45 (m,
6H, cyc-H), 1.40-0.90 (m, 5H, cyc-H); *C NMR (50 MHz): 6 =158.9 (s,
C=0), 83.9 (d, OCHCHCH,Cl), 55.9 (d, OCHCHCH,(l), 46.3 (t, CH,Cl),
41.8 (d, cyc-CH), 27.1 (t, cyc-CH,), 26.1 (t, cyc-CH,), 25.7 (t, cyc-CH,), 25.6
(t, cyc-CH,), 25.4 (t, cyc-CH,).
4-(1-Chloromethyl)-5-(2-phenylethyl)-1,3-oxazolidin-2-one (7b/8b):>* Ac-
cording to the general procedure 3-azidocarbonyloxy-5-phenyl-1-pentene
(5b) (231 mg, 1.00 mmol) was treated with iron(i) chloride (13 mg,
0.10 mmol) and trimethyl silyl chloride (0.19 mL, 1.50 mmol) in ethanol
(SmL). After chromatographic purification (P/TBME 20:80) 7b/8b
(153 mg, 64 %) was obtained as a colorless oil. The product was a mixture
of the (4RS,55R)- (7b) and (4RS,5RS)-isomer (8b) [d.r=88:12
('H NMR)]. The analytical data are provided for the major isomer 7b.
R;=0.15 (P/TBME 20:80); 'H NMR (300 MHz): 6 =7.36-7.16 (m, 5H,
H,,), 7.04 (s, 1H, NH), 4.36 (dt, 3/ =5.0, 3/ =8.5 Hz, 1 H, OCHCHCH,CI),
3.74 (ddd, 3J =3/ =3]=5.0 Hz, 1H, OCHCHCH,CI), 3.48 (d, 3/ =5.0 Hz,
1H, CHHCl), 3.46 (d, 3/=5.0Hz, 1H, CHHCl), 2.98-2.64 (m, 2H,
PhCH,CH,), 2.18-1.86 (m, 2H, PhCH,CH,); *C NMR (75 MHz): 6 =
159.1 (s, C=0), 140.2 (s, C,,), 128.6 (d, C,H), 128.4 (d, C,H), 126.3 (d,
C,H), 79.5 (d, OCHCHCH,CI), 58.5 (t, OCHCHCH,CI), 45.6 (d,
OCHCHCH,(I), 36.8 (t, PhCH,CH,), 30.8 (t, PhCH,CH,).
4-(1-Chloromethyl)-5-(3-cyclohexenyl)-1,3-oxazolidin-2-one (7c¢/8¢): Ac-
cording to the general procedure 1-azidocarbonyloxy-1-(3-cyclohexenyl)-
2-propene (5¢) (207 mg, 1.00 mmol) was treated with iron(i) chloride
(38 mg, 0.30 mmol) and trimethyl silyl chloride (0.19 mL, 1.50 mmol) in
ethanol (5mL). After chromatographic purification (P/TBME 20:80)
7c/8c¢ (130 mg, 60 %) was obtained as a colorless oil. The product was a
mixture of the (I'RS4RS,5SR)/(1'RSARS,SRS)-isomer [d.r. =94:6
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(*H NMR)] and the (1'SRA4RS,5SR)/(1'SRARS,5SR)-isomer [d.r. =94:6
(*HNMR)]. The ratio of the pairs was determined as 44:56 (‘H NMR). The
analytical data are provided for the major trans-isomers, that is, for
compounds 7¢. R;=0.20 (P/TBME 20:80).

('RSARS,58R)-Isomer: 'TH NMR (200 MHz): 6 =7.11 (s, 1H, NH), 5.65
(brs, 2H, cyc-CH=cyc-CH), 425 (dd, 3/=4.0, */=5.6Hz, 1H,
OCHCHCH,(I), 3.88 (dt, *J=~3/ =5.6 Hz, 1H, OCHCHCH,(l), 3.54 (d,
3] =5.6 Hz, 2H, CH,Cl), 2.40-1.70 (m, 6 H, cyc-H), 1.60—1.30 (m, 1 H, cyc-
H); BC NMR (50 MHz): 6 =159.6 (s, C=0), 127.8 (d, cyc-CH=CH), 125.5
(d, cyc-CH=CH), 83.9 (d, OCHCHCH,CI), 56.6 (d, OCHCHCH,Cl), 46.6
(t, CH,Cl), 38.2 (d, cyc-CH), 26.8 (t, cyc-CH,), 24.9 (t, cyc-CH,), 24.1 (t, cyc-
CH,).

('SRARS,58R)-Isomer: 'H NMR (200 MHz): 6 =7.11 (s, 1H, NH), 5.65
(brs, 2H, cyc-CH=cyc-CH), 425 (dd, 3/=4.0, 3 =56Hz, 1H,
OCHCHCH,(I), 3.88 (t, 3J=5.6 Hz, 1H, OCHCHCH,C), 3.56 (d, 3/ =
5.6 Hz, 2H, CH,Cl), 2.40-1.70 (m, 6 H, cyc-H), 1.60—1.30 (m, 1 H, cyc-H);
BC NMR (50 MHz): 6 =159.6 (s, C=0), 127.3 (d, cyc-CH=CH), 125.0 (d,
cyc-CH=CH), 83.4 (d, OCHCHCH,CI), 56.5 (d, OCHCHCH,Cl), 46.5 (t,
CH,Cl), 38.2 (d, cyc-CH), 26.5 (t, cyc-CH,), 24.7 (t, cyc-CH,), 23.5 (t, cyc-
CH,); IR (film): 7 =3300-3250 (br, NH), 2930 (m, C,H), 2840 (m, C,H),
1745 (vs, C=0), 1400 (m), 1240 (m, C-O-C), 1015 (m), 740 (w), 650 cm™!
(m); MS (EL 70eV): m/z (%): 215 (17) [M]*, 93 (50) [C;H,]*, 91 (41), 81
(39) [CeH,]*, 80 (56) [CsHs]*, 79 (85) [CsH;]*, 78 (100) [C¢Hy]*; elemental
analysis calcd (%) for C,(H,NO,CI (215.68): C 55.69, H 6.54, N 6.49;
found: C 55.48, H 6.70, N 6.37.

4-(1-Chloromethyl)-5-heptyl-1,3-oxazolidin-2-one (7d/8d): According to
the general procedure 3-azidocarbonyloxy-1-decene (5d) (225 mg,
1.00 mmol) was treated with iron(i) chloride (13 mg, 0.10 mmol) and
trimethyl silyl chloride (0.19 mL, 1.50 mmol) in ethanol (5 mL). After
chromatographic purification (P/TBME 20:80) 7d/8d (138 mg, 60 %) was
obtained as a colorless oil. The product was a mixture of the (4RS,5SR)-
(7d) and (4RS,5RS)-isomer (8d) [d.r. =88:12 ("H NMR)]. The analytical
data are provided for the major isomer 7d. R;=0.32 (P/TBME 20:80);
'"H NMR (300 MHz): 6 =6.82 (s, 1H, NH), 4.36 (dt, 3/ =5.3, 3/ =72 Hz,
1H, OCHCHCH,CI), 3.74 (ddd, *J =3/ =3] = 5.3 Hz, 1H, OCHCHCH,Cl),
3.54 (d,3J=5.3Hz, 1H, CHHC(I), 3.52 (d, */ =5.3 Hz, 1H, CHHCl), 1.90—
1.00 (m, 12H, CH,;CH,CH,CH,CH,CH,CH,), 0.78 (t, °’J=6.5Hz, 3H,
CH3;); *C NMR (75 MHz): 6 =159.0 (s, C=0), 80.3 (d, OCHCHCH,CI),
58.4 (t, OCHCHCH,(l), 45.6 (d, OCHCHCH,CI), 35.0 (t, CH,), 31.6 (t,
CH,), 29.1 (t, CH,), 29.0 (t, CH,), 24.4 (t, CH,), 22.5 (t, CH;CH,), 14.0 (q,
CHs;); IR (film): 7 =3300-3250 (br, NH), 2930 (vs, C,H), 2855 (s, C,H),
1750 (vs, C=0), 1235 (m, C-O-C), 985 (w), 730 cm™! (w); MS (EI, 70eV):
mlz (%): 184 (100) [M — CH,CI]*, 168 (6), 140 (11), 81 (20) [CsH,]*, 67 (23)
[CHJ*, 56 (42) [CiHy", 55 (89) [CH,J*, 43 (49), 41 (57) [CiHi)*:
elemental analysis calcd (%) for C;;H,)NO,Cl (233.74): C 56.52, H 8.62, N
5.99; found: C 56.55, H 8.62, N 5.97.

4-(1-Chloromethyl)-5-(1-methylethyl)-1,3-oxazolidin-2-one (7e/8e): Ac-
cording to the general procedure 3-azidocarbonyloxy-4-methyl-1-pentene
(5e¢) (170 mg, 1.00 mmol) was treated with iron(i1) chloride (38 mg,
0.30 mmol) and trimethyl silyl chloride (0.19 mL, 1.50 mmol) in ethanol
(S5mL). After chromatographic purification (P/TBME 20:80) 7e/8e
(58 mg, 33 %) was obtained as a colorless solid. The product was a mixture
of the (4RS,5SR)- (7e) and (4RS,5RS)-isomer (8¢) [d.r. =92:8 ("H NMR)].
The analytical data are provided for the major isomer 7e. M.p. 65-67°C;
'"H NMR (200 MHz): 6 =6.80 (s, 1H, NH), 4.07 (dd, 3/ =6.4, 3] =5.5 Hz,
1H, OCHCHCH,Cl), 3.74 (ddd, *J =3/ =3] = 5.5 Hz, 1H, OCHCHCH,Cl),
347 (d, 3/=55Hz, 2H, CH,Cl), 1.88 (dqq, ¥/ =3J~3/=6.4Hz, 1H,
CH;CHCH,), 0.92 (d, 3/ =6.4 Hz, 3H, CH;CHCHs;), 0.90 (d, 3/ =6.4 Hz,
3H, CH;CHCH;); BC NMR (75MHz): 6=159.1 (s, C=0), 84.5 (d,
OCHCHCH,CI), 559 (d, CHCH,CI), 463 (t, CH,Cl), 322 (d,
CH;CHCH;), 172 (q, CH;), 16.6 (q, CH;); IR (KBr): #=3300-3250 (br,
NH), 2970 (m, C,H), 2930 (m, C,H), 2880 (m, C,H), 1750 (vs, C=0), 1240
(m, C-O-C), 960 (m), 655 cm™~" (m); MS (EI, 70eV): m/z (%): 128 (100)
[M — CH,CI]*, 90 (20), 86 (26) [C;H;NO,]*, 84 (31), 57 (50) [C,H,]*, 55
(23) [C,H,]*, 43 (46) [C;H,]*, 42 (46) [C;Hql*, 41 (75) [C3HS]*, 29 (36)
[CHs]*, 27 (53) [C,H;]*; elemental analysis caled (%) for C;H;,NO,Cl
(177.63): C 4733, H 6.81, N 7.88; found: C 47.78, H 6.87, N 7.63.

4-(1-Chloromethyl)-5-(prop-2-enyl)-1,3-oxazolidin-2-one (7 f/8 f): Accord-
ing to the general procedure 3-azidocarbonyloxy-1,5-hexadiene (5f)
(334 mg, 2.00 mmol) was treated with iron(i1) chloride (26 mg, 0.20 mmol)
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and trimethyl silyl chloride (0.38 mL, 3.00 mmol) in ethanol (5 mL). After
chromatographic purification (P/TBME 20:80) 7 /8 f (239 mg, 68 %) was
obtained as a yellow oil. The product was a mixture of the (4RS,5SR)- (7f)
and (4RS,5RS)-isomer (8f) [d.r.=90:10 ("H NMR)]. The analytical data
are provided for the major isomer 7 f. R;=0.20 (P/TBME 20:80); '"H NMR
(300 MHz): 6 =725 (brs, 1H, NH), 5.83 (ddt, 3/ =6.0, 3/ 4 =10.1, /=
17.1 Hz, 1H, OCHCH,CHCH,), 5.28 (d, ¥/,as = 17.1 Hz, 1 H, CHCHH,,,,.),
526 (d, ,=10.1Hz, 1H, CHCH,H), 4.58 (dt, =3/ =6.0Hz, 1H,
OCH), 3.92 (dt, 3J=~3/=6.0 Hz, 1H, HNCH), 3.68 (d, 3/ =6.0 Hz, 2H,
CH,CI), 2.60 (dd, 3/ =37 = 6.0 Hz, 2H, OCHCH,CH); 3C NMR (75 MHz):
5=158.9 (s, C=0), 130.7 (d, CH,CHCH,), 119.8 (t, CH,CHCH,), 78.8 (d,
OCH), 57.1 (d, HNCH), 45.5 (t, CH,CI), 38.7 (t, OCHCH,CH); IR (film):
7 =3300-3250 (br, NH), 2980 (m, C,H), 2940 (m, C,H), 1755 (vs, C=0),
1400 (m), 1240 (m, C-O-C), 1060 (m), 990 (m), 950 (m), 730 cm~" (w); MS
(EL 70eV): mlz (%): 134 (100) [M — C;H,]*, 126 (48) [M — CH,CI]*, 90
(35), 86 (30) [C;H3NO,]*, 84 (49) [C;H,NO,]*, 63 (37), 49 (15) [CH,CI]*,
41 (31) [GCsHs]*, 28 (95) [CO]*; elemental analysis caled (%) for
C,H,,NO,CI (175.61): C 47.88, H5.74, N 7.98; found: C 47.65, H 5.59, N 7.94.

4-(1-Chlorobutyl)-1,3-oxazolidin-2-one (10a/11a): According to the gen-
eral procedure trans-1-azidocarbonyloxy-2-hexene (9a) (169 mg,
1.00 mmol) was treated with iron(i) chloride (13 mg, 0.10 mmol) and
trimethyl silyl chloride (0.19 mL, 1.50 mmol) in ethanol (5 mL). After
work-up 10a/11a (150 mg, 84 %) was obtained as a colorless oil. The
product was a mixture of the (4RS,1’SR)- (10a) and (4RS,1'RS)-isomer
(11a) [d.r. =49:51 ("H NMR)].

Thermal decomposition: trans-1-Azidocarbonyloxy-2-hexene  (9a)
(500 mg, 2.96 mmol) was dissolved in 1,1,2,2-tetrachloroethane (50 mL)
and heated to 150°C for 4 h. After the reaction mixture was cooled most of
the solvent was removed in vacuo. A brown oil (800 mg) was obtained. By
integration of the 'H NMR signals the approximate yield could be
estimated (62 % ). 11a was obtained in diastereomerically pure form [d.r. >
95:5 ('"H NMR)].

(4RS,1'SR)-Isomer (10a): 'H NMR (200 MHz): 6 =740 (s, 1H, NH), 4.42
(dd, &/ =3/=9.0 Hz, 1H, OCHHCH), 4.23 (dd, 2J=9.0, 3/=5.0 Hz, 1H,
OCHHCH), 4.04 (brddd, 3/ =37 =5.0, 3/=9.0 Hz, 1H, OCH,CH), 3.87-
3.75 (m, 1H, CHCI), 1.80-1.30 (m, 4H, CH,CH,CH3), 0.95 (t, >/ =7.1 Hz,
3H, CH;); BC NMR (50 MHz): 6 =160.4 (s, C=0), 67.7 (t, OCH,CH), 64.2
(d, OCH,CH), 575 (d, CHCl), 35.5 (t, CH,CH,CH3), 19.9 (t, CH,CHj), 13.7
(q, CH).

(4RS,1'RS)-Isomer (11a): 'H NMR (200 MHz): 6 =7.05 (s, 1 H, NH), 4.46
(dd, 27=3/=9.0 Hz, 1H, OCHHCH), 4.28 (dd, 2/ =9.0, 3/=5.0 Hz, 1H,
OCHHCH), 3.93 (brddd, 3J=~3/=5.0, 3/ =9.0 Hz, 1H, OCH,CH), 3.87 -
3.75 (m, 1H, CHCI), 1.80-1.30 (m, 4H, CH,CH,CH,), 0.95 (t, 3/ =7.1 Hz,
3H, CHj;); "C NMR (50 MHz): 6 =160.7 (s, C=0), 68.5 (t, OCH,CH), 64.3
(d, OCH,CH), 57.6 (d, CHCl), 36.1 (t, CH,CH,CH3), 19.5 (t, CH,CHj), 13.7
(q, CH;); IR (film): ¥ =3300-3250 (br, NH), 2960 (m, C,H), 2930 (w,
C,H), 2875 (w, C,H), 1750 (vs, C=0), 1230 (m, C-O-C), 1030 (m), 940 (w),
765 cm~! (w); MS (EI, 70eV): m/z (%): 86 (100) [C;H;NO,]*, 55 (28)
[CH,], 49 (37), 47 (41), 41 (23), 35 (29); elemental analysis caled (%) for
C;H,NO,Cl1 (177.63): C 47.33, H 6.81, N 7.88; found: C 47.40, H 6.57, N 7.72.

(4RS,1'RS)4-(1-Chloro-1-phenylmethyl)-1,3-oxazolidin-2-one (10b): Ac-
cording to the general procedure trans-1-azidocarbonyloxy-3-phenyl-2-
propene (9b) (203 mg, 1.00 mmol) was treated with iron(t1) chloride (38 mg,
0.30 mmol) and trimethyl silyl chloride (0.19 mL, 1.50 mmol) in ethanol
(5 mL). After chromatographic purification (P/TBME 20:80) 10b (161 mg,
76 %) was obtained as a colorless solid. R;=0.26 (P/TBME 20:80); m.p.
85-90°C; 'H NMR (200 MHz): 6 =7.50-725 (m, 5H, H,,), 5.95 (s, 1H,
NH), 4.82 (d, 3J=8.5Hz, 1H, CHCI), 434 (ddd, 3/=4.7, 3/ =85, /=
8.5 Hz, 1H, CHN), 4.24 (dd, 2J=8.5, 3/ =8.5 Hz, 1H, CHHO), 4.03 (dd,
2J=8.5Hz, */=4.7Hz, 1H, CHHO); *C NMR (50 MHz): 6 =158.9 (s,
C=0),135.9 (s, C,,), 129.4 (d, C,;H), 129.0 (d, C,;H), 1275 (d, C,.H), 66.9 (t,
CH,0), 64.8 (d, CHCl), 58.6 (d, CHN); IR (KBr): # =3300-3250 (br, NH),
3035 (w, C,;H), 2960 (w, C,H), 2930 (w, C,H), 1775 (vs, C=0), 1450 (w),
1400 (w), 1245 (m, C-O-C), 1230 (m), 1045 (m), 1025 (m), 765 (w), 690 cm !
(m); MS (EI, 70eV): m/z (%): 125 (14) [C;HCI]+, 91 (11) [C;H,]*, 86 (100)
[CH;NO,]*, 77 (4) [CeHs], 42 (32) [HNCO]*; elemental analysis calcd
(%) for C,;H;(NO,CI (211.65): C 56.75, H 4.76, N 6.62; found: C 56.48, H
4.93, N 6.57.

(4RS,1'SR)-4-(1-Chloro-1-phenylmethyl)-1,3-oxazolidin-2-one (11b):
trans-1-Azidocarbonyloxy-3-phenyl-2-propene (9b) (610 mg, 3.00 mmol)
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was dissolved in 1,1,2,2-tetrachloroethane (30 mL) and heated to 150°C for
3 h. After cooling the solvent was removed in vacuo and the residue was
purified by chromatography (P/TBME 20:80). 11b (265 mg, 42%) was
obtained as a colorless solid. R;=0.14 (P/TBME 20:80); m.p. 135-145°C;
'H NMR (200 MHz): 6 =7.70-7.40 (m, 5H, H,,), 5.90 (s, 1 H, NH), 4.89 (d,
3] =8.5Hz, 1H, CHCI), 4.66 (dd, %/ =3/ =8.5 Hz, 1H, CHHO), 4.58 (dd,
2] =8.5,3]=5.0 Hz, 1H, CHHO), 4.40 (ddd, 3/ =5.0, 3J~3]=8.5 Hz, 1H,
CHN); BC NMR (50 MHz): 6 =158.7 (s, C=0), 136.4 (s, C,,), 129.4 (d,
C,H), 129.1 (d, C,H), 127.6 (d, C,H), 68.1 (t, CH,0), 63.5 (d, CHClI), 58.2
(d, CHN); IR (KBr): #=3300-3250 (br, NH), 3140 (w, C,H), 1735 (vs,
C=0), 1450 (w), 1410 (w), 1250 (m, C-O-C), 1030 (m), 705 cm~! (m); MS
(EI, 70eV): mlz (%): 125 (7) [CHCI]", 91 (7) [CH,]*, 86 (100)
[GH3NO,]*, 77 (2) [CeHs]t, 42 (19) [HNCO]*; elemental analysis calcd
(%) for C,(H;(NO,CI (211.65): C 56.75, H 4.76, N 6.62; found: C 56.48, H
4.93,N 6.57.

(4RS,55R 1'RS)-4-(1-Chloro-1-phenylmethyl)-5-methyl-1,3-oxazolidin-2-
one (19): According to the general procedure (1E)-3-azidocarbonyloxy-1-
butene (18) (217 mg, 1.00 mmol) was treated with iron(i1) chloride (38 mg,
0.30 mmol) and trimethyl silyl chloride (0.19 mL, 1.50 mmol) in ethanol
(5mL). After chromatographic purification (P/TBME 20:80) the product
(36 mg, 16 % ) was obtained as a yellow solid. The product was a mixture of
the (4RS,SSR.I'RS) (19) and the (4RSSSR.,1I'SR) isomer [d.r.=75:25
('H NMR)]. Analytical data are provided for the major isomer. R;=
0.25; m.p. 113-117°C; 'H NMR (300 MHz): 6 =742-734 (m, 5H, H,,),
6.09 (brs, 1H, NH), 4.75 (d, 3/ =8.9 Hz, 1H, CHCI), 4.25 (dq, >/ =6.1,3] =
52Hz, 1H, CH;CH), 3.86 (brdd, 3/=52, 3/=89Hz, 1H,
CH;CHCHCHCI), 1.05 (d, 3/=6.1 Hz, 3H, CH;); ®C NMR (75 MHz):
o =signal for C=0 not observed, 135.9 (s, C,,), 129.6 (d, C,;H), 129.2 (d,
C,H), 1277 (d, C,H), 75.6 (d, CHO), 65.6 (d, CHNH), 65.2 (d, CHCl), 15.1
(q, CH;); IR (KBr): #=3300-3200 (br, NH), 3140 (w, C,H), 2980 (w,
C,H), 2930 (w, C,H), 1785 (vs, C=0), 1730 (vs), 1380 (m), 1240 (s, C-O-C),
1075 (m), 1045 (m), 980 (m), 720 cm~! (s); MS (EIL, 70eV): m/z (%): 167
(<1) [M—-CH;-Cl]", 149 (1), 125 (27) [C;HCI]T, 100 (100) [M —
CHCl]*, 91 (22) [CH,]*, 77 (6) [CsHs], 56 (78), 28 (35) [CO]*;
elemental analysis caled (%) for C;;H;,NO,Cl (225.67): C 58.55, H 5.36, N
6.21; found: C 58.53, H 5.38, N 5.99.

(1RS,2SR,6RS)-9-Aza-2-chloro-7-oxabicyclo[4.3.0]nonan-8-one (21): Ac-
cording to the general procedure 3-azidocarbonyloxycyclohex-1-ene (20)
(254 mg, 1.52 mmol) was treated with iron(ir) chloride (58 mg, 0.30 mmol)
and trimethyl silyl chloride (0.30 mL, 2.25 mmol) in ethanol (5 mL). After
chromatographic purification (P/TBME 20:80) 21 (125 mg, 47 %) was
obtained as a colorless solid. R;=0.13 (P/TBME 30:70); m.p. 120-126°C;
'H NMR (200 MHz): 6=5.90 (s, 1H, NH), 4.73 (td, %/ =5.0, %/ =72 Hz,
1H, CHO), 4.22 (dd, 3/=4.0, 3J=7.2 Hz, 1H, CHN), 4.07 (ddd, 3/ =4.0,
3J=5.6, 3/=103Hz, 1H, CHCl), 2.10-1.60 (m, 6H, CH,CH,CH,);
B3C NMR (50 MHz): 6 =159.0 (s, C=0), 75.5 (d, CHO), 57.1 (d, CHCI),
56.1 (d, CHN), 278 (t, CH,CHO), 252 (t, CHCICH,CH,), 18.1 (t,
CH,CH,CH,); IR (KBr): #=3250-3200 (br, NH), 2950 (w, C,H), 1765
(vs, C=0), 1400 (s), 1310 (s), 1295 (s, C-O-C), 1240 (s), 1050 (s), 1010 (s),
940 (s), 785 (m), 750 (m), 720 cm~! (m); MS (EL, 70eV): m/z (%): 177 (10)
[M('CD]*, 175 (30) [M(*C1)]+, 140 (< 1) [M — C1]*, 98 (98) [C¢H,,O]", 85
(12) [CH,NO,J*, 68 (24), 54 (27), 41 (60) [C;Hs]*, 39 (30); elemental
analysis caled (% ) for C;H(NO,Cl (175.61): C 47.88, H 5.74, N 7.98; found:
C 4749, H 5.75, N 7.67.

4-(1-Chloroethyl)-5-(prop-2-enyl)-1,3-oxazolidin-2-one (23): According to
the general procedure (5E)-4-azidocarbonyloxy-1,5-heptadiene (22)
(362 mg, 2.00 mmol) was treated with iron(i1) chloride (26 mg, 0.20 mmol)
and trimethyl silyl chloride (0.38 mL, 3.00 mmol) in ethanol (5 mL). After
chromatographic purification (P/TBME 20:80) the product (243 mg, 64 %)
was obtained as a yellow oil in a mixture of the 4,5-frans-isomers (23) and
4,5-cis-isomers [d.r. =92:8, epimeric ratio: 65:35 ("H NMR)]. The analyt-
ical data are provided for the (4RS,5SR,1'SR) isomer. R;=0.21 (P/TBME
20:80); 'H NMR (300 MHz): 6= 771 (s, 1H, NH), 5.97-5.81 (m, 1H,
CH,CHCH,CHO), 5.34 (brd, 3J,,,,=171 Hz, CHCHH,,,,), 5.32 (brd,
3J4=10.2 Hz, 1H, CHCHH), 4.70-4.58 (m, 1H, OCH), 4.05 (dq, 3/ =
3] =6.3 Hz, 1H, CHCl), 3.66 (dd, 3/ =4.0 Hz, 3] = 6.3 Hz, 1 H, NHCH), 2.61
(dd, 3J=3/=6.0 Hz, 2H, OCHCH,CH), 1.61 (d, 3J=6.3 Hz, 3H, CH,);
BC NMR (75 MHz): 6 =159.4 (s, C=0), 130.9 (d, CH,CHCH,CHO), 119.7
(t, CH,CHCH,CHO), 79.0 (d, OCH), 62.1 (d, CHCl), 58.3 (d, HNCH), 39.2
(t, OCHCH,), 20.6 (q, CH;); IR (film): 7 =3300-3250 (br, NH), 2980 (m,
C,H), 2935 (m, C,H), 1755 (vs, C=0), 1400 (m), 1240 (m, C-O-C), 1060
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(m), 995 (m), 925 (m), 735 (w), 685 cm~! (w); MS (EI, 70eV): m/z (%): 148
(30) [M — C;H]*, 126 (100) [M — C,H,CIJ*, 84 (11) [C;H,NO,]*, 55 (30),
41 (45) [CsHs]*, 28 (72) [CO]*; elemental analysis caled (%) for
CgH,NO,Cl (189.64): C 50.63, H 6.38, N 7.39; found: C 50.59, H 6.16, N
7.01.

3-Azidocarbonyloxy-cycloocta-1,5-diene (24): 1,5-Cyclooctadien-3-o0l*]
(3.65 g, 29.4 mmol) was dissolved in benzene (100 mL). Pyridine (8.37 g,
8.55mL, 105.0 mmol) and 1,1’-carbonyldiimidazole (10.8 g, 66.0 mmol)
were added. The mixture was stirred at room temperature for 4 h. Ethyl
acetate (150 mL) was added and the slurry was washed with brine (2 x
50 mL). The organic layer was dried over magnesium sulfate. The solvent
was removed in vacuo and the resulting residue was dissolved in N,N'-
dimethylformamide (100 mL). Sodium azide (10.71 g, 105.0 mmol) was
added and the pH was adjusted to 4 by addition of concentrated
hydrochloric acid (ca. 15 mL). The slurry was stirred at room temperature
for 18 h. Ethyl acetate (100 mL) was added and the mixture was washed
with brine (3 x 150 mL). The aqueous layer was extracted with ethyl
acetate (2 x 150 mL) and the combined organic layers were dried over
magnesium sulfate. The solvent was removed in vacuo and the residue was
purified by flash chromatography (P/TBME 20:80). Compound 24 (4.84 g,
85 %) was isolated as a yellow liquid. R;=0.67 (P/TBME 20:80); '"H NMR
(500 MHz): 6=5.91 (dddd, 3/=9.8, 3/=5.0, 3/=70, 3/=10Hz, 1H,
OCH), 5.67 (dddd, 3/=124, 3/=54, 3/=70, °J=18Hz, 1H,
OCHCHCH), 5.59 (ddddd, /=118, 3/=~3J=64, J=0.9, >J=1.8 Hz,
1H, OCHCH,CHCH), 5.51 (dddd, 3/ =12.4, 3] =3/ =5.0, /=19 Hz, 1H,
OCHCH), 548 (dddd, /=118, 3 =53, =09, 3J=19Hz, 1H,
OCHCH,CH), 2.73 (dddd, 2/=16.0, 3/~3/=5.0, 3J=08Hz, 1H,
OCHCHH), 2.48 (ddd, 2/=16.0, /=70, 3/=9.8 Hz, 1H, OCHCHH),
2.44 (ddd, 27 =8.0, 3/ =5.3, °/ =0.8 Hz, 1H, OCHCHCHCH,CHH), 2.39
(ddd, 2/ =10.9, 3/ =5.1,°J=0.8 Hz, 1H, OCHCHCHCHH), 2.29 (m, 1H,
OCHCHCHCHH), 218 (m, 1H, OCHCHCHCH,CHH); *C NMR
(125 MHz): 6=156.9 (s, C=0), 130.1 (d, OCHCHCH), 130.0 (d,
OCHCH,CHCH), 1275 (d, OCHCH,CH), 124.4 (d, OCHCH), 772 (d,
OCH), 335 (t, OCHCH,), 278 (t, OCHCHCHCH,), 277 (t,
OCHCH,CHCHCH,); IR (film): 7#=2950 (w, C,H), 2895 (w, C,H), 2190
(s, N3), 2135 (s, N3), 1725 (vs, C=0), 1240 cm~! (vs, C-O-C); MS (EIL, 70eV):
mlz (%): 165 (14) [M —N,]*, 107 (31) [M — OCON;]*, 106 (38) [M —
HOCON;], 80 (43), 79 (74), 70 (47), 67 (60), 54 (100) [C,Hq]*, 53 (30),
41 (58), 39 (54), 28 (85) [N,, COJ*; elemental analysis calcd (%) for
CoH;N;0, (193.20): C 55.95, H 5.74, N 21.75; found: C 56.48, H 5.80, N
21.24.

(1RS,2RS 8SR)-2-Chloro-9-oxa-11-azabicyclo[6.3.0Jundec-5-en-10-one
(25): According to the general procedure 3-azidocarbonyloxycycloocta-1,5-
diene (24) (193 mg, 1.00 mmol, purity: 88%) was treated with iron(i)
chloride (13 mg, 0.10 mmol) and trimethyl silyl chloride (0.19 mL,
1.50 mmol) in ethanol (5mL). After chromatographic purification
(P/TBME 30:70) 25 (100 mg, 58 %) was obtained as a colorless solid. R;=
0.25 (P/TBME 30:70), m.p. 98-105°C; '"H NMR (500 MHz): 6 =6.20 (s,
1H, NH), 5.66 (dddd, 3/ =3 23] =9.1, 4 = 1.3 Hz, 1 H, CHCHCH,CHO),
5.45 (m, 1H, CHCHCH,CHO), 4.88 (ddd, 3/=5.0, 3/=71, 3/=11.9 Hz,
1H, CHO), 3.98 (dt, 3/=6.5, /=103 Hz, 1H, CHCI), 3.87 (dd, 3/ =71,
3/=10.3 Hz, 1H, CHCICHCHO), 2.86 (d, 3/ =6.5 Hz, 1H, CHHCHC(I),
2.48-2.32 (m, 2H, CH,CHO), 2.24-2.12 (m, 1H, CHHCH,CHCI), 2.04 -
1.93 (m, 1H, CHHCH,CHCl), 1.84-1.75 (m, 1H, CHHCHCI); *C NMR
(125 MHz): 6=1572 (s, C=0), 129.7 (d, CHCHCH,CHO), 124.2 (d,
CHCHCH,CHO), 78.2 (d, CHO), 63.9 (d, CHCI), 63.0 (d, CHNH), 36.4 (t,
CH,CHO), 35.0 (t, CH,CHCI), 23.9 (t, CH,CH,CHCI); IR (KBr): 7=
3300-3250 (br, NH), 2940 (m, C,H), 1745 (vs, C=0), 1400 (m), 1295 (m,
C-0-C), 1250 (m), 1030 (m), 900 (m), 700 cm~' (m); MS (EI, 70eV): m/z
(%): 203 (16) [M(}'C1)]*, 201 (43) [M(*C1)]*, 166 (50) [M — Cl]*, 124 (41)
[CsH,O]*, 95 (30), 94 (31), 85 (74) [C;H;NO, ]+, 68 (40), 67 (43), 54 (89), 53
(47), 41 (59) [C;Hs]*, 39 (53); elemental analysis calced (% ) for CoH,,NO,Cl1
(201.65): C 53.61, H 6.00, N 6.95; found: C 53.46, H 5.87, N 6.69.

(1RS,2RS3RS)-2-Chloro-9-oxa-11-azabicyclo[6.3.0Jundec-5-en-10-one

(26): 3-Azidocarbonyloxycycloocta-1,5-diene (483 mg, 2.50 mmol, purity:
88 %) (24) was dissolved in 1,1,2,2-tetrachloroethane (50 mL) and heated to
150°C for 2 h. After cooling the solvent was removed in vacuo and the
residue was purified by chromatography (P/TBME 20:80). 26 (65 mg, 16 %)
was obtained as a colorless solid. R;=0.21 (P/TBME 20:80); m.p. 108 -
115°C; 'H NMR (500 MHz): 6 =5.69 (dtt, 3/ =77, 11.3, 4/=1.7 Hz, 1H,
CHCHCH,CHO), 5.59 (dt, 3/ =5.0,11.3 Hz, 1H, CHCHCH,CHO), 5.52 (s,
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1H, NH), 5.05 (ddd, 3J=5.0, 7.0, 12.1 Hz, 1H, CHO), 4.28 (dt, 3/ =4.1,
10.7 Hz, 1H, CHCI), 4.04 (dd, 3/ =70, 10.7 Hz, 1H, CHCICHCHO), 2.66
(brddd, /=173, 3/=5.0, 12.1 Hz, 1H, CHCHHCHO), 2.57 (brddd, 2/ =
173, 3J=3]J=5.0Hz, 1H, CHCHHCHO), 2.31 (ddt, /=115, 3/=4.1,
13.9 Hz, 1H, CHHCHCI), 2.24-2.12 (m, 2H, CH,CH,CHCI), 1.91 (ddt,
2J=11.5,3 =4.1, 5.8 Hz, 1 H, CHHCHCI); *C NMR (125 MHz): 6 = 1573
(s, C=0), 127.9 (d, CHCHCH,CHO), 126.2 (d, CHCHCH,CHO), 77.2 (d,
CHO), 61.6 (d, CHNH), 60.4 (d, CHCI), 373 (t, CH,CHCI), 31.0 (t,
CH,CHO), 23.7 (t, CH,CH,CHCl); IR (KBr): #=3300-3250 (br, NH),
2940 (m, C,H), 1770 (vs, C=0), 1470 (m), 1365 (m), 1220 (s), 1030 (m), 980
(m), 730 cm™! (m); MS (EL 70eV): m/z (%): 201 (14) [M]*, 166 (8) [M —
ClJt, 124 (77) [GH,,O]F, 94 (21), 86 (47) [C:H,NO,]*, 85 (100)
[C;H3NO,]F, 68 (35), 67 (25), 54 (52), 41 (21) [C5H;s]T, 39 (18); elemental
analysis caled (%) for CoH;,NO,CI (201.65): C 53.61, H 6.00, N 6.95; found:
C 53.39, H 5.84, N 6.92.

(4RS,5SR)-4-Methyl-5-(prop-2-enyl)-1,3-oxazolidin-2-one (27):131
(4RS,5SR)-4-(1-Chloromethyl)-5-(prop-2-enyl)-1,3-oxazolidin-2-one  (7f)
(649 mg, 3.70 mmol) was dissolved in benzene (50 mL). The solution was
degassed with a stream of argon for 15 min and subsequently heated to
reflux. A solution of tri-n-butyl tinhydride (1.40 g, 4.80 mmol) and N,N'-bis-
azoisobutyronitrile (50 mg) in dry benzene (20 mL) was added during a
period of 30 min. The solution was heated under reflux for 3 h. After
cooling the solvent was removed in vacuo and the residue was purified by
flash chromatography (P/TBME 10:90). Compound 27 (415 mg, 72 %) was
obtained as a colorless oil. R;=0.23 (P/TBME 10:90); '"H NMR (200 MHz):
0=6.80 (s, 1H, NH), 5.78-5.65 (m, 1H, CH,CHCH,), 5.12 (d, 3J =
17.1 Hz, 1H, CHCHH,y,,.), 5.10 (d, *J ;= 10.0 Hz, 1 H, CHCH,;;H), 4.08 (dt,
3]23] =6.0 Hz, 1H, CH,CHCH), 3.57 (dq, 3/ =] = 6.0 Hz, 1 H, CH,CH),
2.48-2.30 (m,2H, CHCH,CHO), 1.19 (d,3/ = 6.0 Hz, 3H, CHj;); *C NMR
(75 MHz): 8=159.4 (s, C=0), 1314 (d, CH,CHCH,CHO), 119.0 (1,
CH,CHCH,CHO), 82.8 (d, CHO), 52.6 (d, CHNH), 38.8 (t, CH,CHO),
20.5 (q, CHj).

(1RS,2SR)-9-Oxa-11-azabicyclo[6.3.0]Jundec-5-en-10-one (28): As de-
scribed for the conversion 7f — 27 (1RS22RS,8SR)-2-chloro-9-oxa-11-
azabicyclo[6.3.0]undec-5-en-10-one (25) (202 mg, 1.00 mmol) and tri-n-
butyltinhydride (392 mg, 1.35 mmol) were allowed to react for 4 h. After
chromatographic purification (P/TBME 20:80) 28 (120 mg, 72%) was
obtained as a colorless oil. R;=0.17 (P/TBME 20:80); '"H NMR (200 MHz):
0=585 (s, 1H, NH), 5.67 (ddd, 3/=3/=6.8, 3/=11.0Hz, 1H,
CHCHCH,CHO), 558 (ddd, ¥=~%=60, 3%=110Hz, 1H,
CHCHCH,CHO), 4.27 (ddd, 3/ =3.8, 8.8, 11.4 Hz, 1H, CHO), 3.74 (brdd,
3J~3]=8.8 Hz, 1H, CH,CHCHO), 2.71 (ddd, 2/ =15.0 Hz, 3/ = 3.8, 6.0 Hz,
1H, CHHCHO), 2.49 (ddd, 2J=15.0, 3J=6.0, 11.4 Hz, 1H, CHHCHO),
230150 (m, 6 H, CH,CH,CH,CHNH); *C NMR (50 MHz): 6 = 159.0 (s,
C=0), 131.6 (d, CHCHCH,CHO), 124.2 (d, CHCHCH,CHO), 84.0 (d,
CHO), 59.3 (d, CHNH), 30.6 (t, CH,CHO), 30.5 (t, CH,CHNH), 25.0 (t,
CH,CH,CH,CHNH), 242 (t, CH,CH,CH,CHNH); IR (film): #=3300—
3250 (br, NH), 2930 (m, C,H), 2865 (m, C,H), 1750 (vs, C=0), 1450 (w),
1400 (w), 1360 (w), 1240 (w, C-O-C), 1020 (m), 1000 (m), 955 (m), 745 cm~"!
(m); MS (EL, 70eV): m/z (%): 86 (77) [CgH, o] ", 84 (C;H,NO,]H, 49 (39), 47
(32); elemental analysis calcd (% ) for CoH,3NO, (167.21): C 64.65, H 7.84,N
8.38; found: C 64.48, H 7.83, N 8.03.

4-{1-Chloro-2-[ (Z)-hex-2-enyloxy]ethyl}-1,3-0xazolidin-2-one (32a): Ac-
cording to the general procedure (Z)-1-(azidocarbonyloxy)-4-[(Z)-hex-2-
enyloxy]-but-2-ene (31a) (479 mg, 2.00 mmol) was treated with iron(ir)
chloride (25mg, 0.20 mmol) and trimethyl silyl chloride (0.38 mL,
3.00mmol) in ethanol (5mL). After chromatographic purification
(P/TBME 20:80) 32a (393 mg, 79 %) was obtained as a colorless oil. The
product was a mixture of the (4RS,1'RS)- and the (4RS,1'SR)-isomer [d.r. =
53:47 ("H NMR)]. R;=0.19 (P/TBME 20:80).

(4RS,1'RS)-Isomer: '"H NMR (300 MHz): 6 = 6.57 (s, 1 H, NH), 5.66 - 5.40
(m,2H, CHCHCH,CH,), 4.50 - 4.16 (m, 3H, OCH,CHNH), 4.15-3.90 (m,
3H, CICHCH,O, CHCI), 3.76-3.52 (m, 2H, OCH,CHCH), 2.00 (dt, 7 =
3] =173 Hz, 2H, CH,CH,CH), 1.36 (tq, /=] = 73Hz, 2H, CH,CH,), 0.87
(t,3T =73 Hz, 3H, CH;); ®C NMR (75 MHz): 6 = 159.3 (s, C=0), 134.7 (d,
OCH,CHCH), 1249 (d, OCH,CH), 714 (t, CHCICH,0), 679 (t,
OCH,CHCH), 66.9 (t, OCH,CHNH), 59.6 (d, CHNH), 55.5 (d, CHCI),
29.5 (t, CH,CH,CHS), 22.5 (t, CH,CH,), 13.6 (q, CHy).

(4RS,1I'SR)-Isomer: '"H NMR (300 MHz): 6 = 6.50 (s, 1 H, NH), 5.66 - 5.40
(m,2H, CHCHCH,CH,), 4.50 - 4.16 (m, 3H, OCH,CHNH), 4.15-3.90 (m,
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3H, CICHCH,O, CHCI), 3.76—-3.52 (m, 2H, OCH,CHCH), 2.00 (dt, 3/ =~
3] =173 Hz, 2H, CH,CH,CH,), 1.36 (tq, 3J =] =7.3Hz, 2H, CH,CH,), 0.87
(t,37 =73 Hz, 3H, CH,); ®C NMR (75 MHz): 6 = 159.4 (s, C=0), 134.7 (d,
OCH,CHCH), 1249 (d, OCH,CH), 71.0 (t, CHCICH,0), 675 (t,
OCH,CHCH), 66.9 (t, OCH,CHNH), 60.4 (d, CHNH), 55.1 (d, CHCI),
29.5 (t, CH,CH,CHS,), 22.5 (t, CH,CH,), 13.6 (q, CH,).

IR (film): ¥ =3400-3200 (br, NH), 2960 (m, C,H), 2930 (m, C,H), 2870
(m, C,H), 1755 (vs, C=0), 1410 (m), 1240 (m, C-O-C), 1115 (m), 1040 (m),
935 cm™! (w); MS (EL 70eV): m/z (%): 178 (5) [M — CsHy]*, 166 (28) [M —
CsHo]*, 114 (90) [C;H,0O]*, 86 (85) [C;H,NO,]*, 84 (40) [C;H,NO,]*, 82
(100), 55 (40) [C4H,]*, 42 (24), 28 (25) [CO]*; elemental analysis caled (%)
for C;;H;sNO;Cl (247.72): C 53.33, H 7.32, N 5.65; found: C 53.43, H 7.16, N
5.93.

4-{1-Chloro-2-[ (E)-hex-2-enyloxy]ethyl}-1,3-oxazolidin-2-one (32b): Ac-
cording to the general procedure (Z)-1-(azidocarbonyloxy)-4-[(E)-hex-2-
enyloxy|-but-2-ene (31b) (447 mg, 1.87 mmol) was treated with iron(ir)
chloride (25 mg, 0.20 mmol) and trimethyl silyl chloride (0.38 mL,
3.00 mmol) in ethanol (5mL). After chromatographic purification
(P/TBME 20:80) 32b (369 mg, 80 %) was obtained as a colorless oil. The
product was a mixture of the (4RS,1'RS)- and (4RS,1'SR)-isomer [d.r. =
53:47 (‘"H NMR)]. R;=0.19 (P/TBME 20:80).

(4RS,1'RS)-Isomer: 'H NMR (300 MHz): =698 (s, 1H, NH), 5.64 (dt,
3J=65, 34=152Hz, 1H, OCH,CHCH), 5.42 (brdt, =63, Jy =
15.2 Hz, 1H, CHCHCH,CH,), 4.45-4.03 (m, 3H, OCH,CHNH), 4.00-
3.92 (m, 1H, CHCl), 3.87 (d, 3/ =6.8 Hz, 2H, CICHCH,0), 3.70-3.45 (m,
2H, OCH,CHCH), 1.94 (dt, 3/ =~3] =72 Hz, 2H, CH,CH,CH,), 1.30 (tq,
3J=3] =72 Hz, 2H, CH,CH,), 0.80 (t, 3J=72 Hz, 3H, CH,); 3C NMR
(75 MHz): 6 = 159.7 (s, C=0), 135.5 (d, OCH,CHCH), 125.2 (d, OCH,CH),
72.0 (t, CHCICH,0), 70.6 (t, OCH,CHCH), 675 (t, OCH,CHNH), 60.1 (d,
CHNH), 54.9 (d, CHCI), 34.0 (t, CH,CH,CH,), 21.9 (t, CH,CH,), 13.4 (q,
CH,).

(4RS,1'SR)-Isomer: '"H NMR (300 MHz): 6 =6.95 (s, 1H, NH), 5.64 (dt,
3]=6.5, 34=152Hz, 1H, OCH,CHCH), 542 (brdt, /=63, 3=
15.2 Hz, 1H, CHCHCH,CH,), 4.45-4.03 (m, 3H, OCH,CHNH), 4.00—
3.92 (m, 1H, CHCI), 3.87 (d, 3/ =6.8 Hz, 2H, CICHCH,0), 3.70-3.45 (m,
2H, OCH,CHCH), 1.94 (dt, *J=3] =72 Hz, 2H, CH,CH,CH,), 1.30 (tq,
3]~3]=72Hz, 2H, CH,CH,), 0.80 (t, /=72 Hz, 3H, CH;); 3C NMR
(75 MHz): 6 =159.6 (s, C=0), 135.5 (d, OCH,CHCH), 125.2 (d, OCH,CH),
72.0 (t, CHCICH,0), 70.4 (t, OCH,CHCH), 674 (t, OCH,CHNH), 60.4 (d,
CHNH), 54.7 (d, CHCI), 34.0 (t, CH,CH,CH), 21.9 (t, CH,CHj;), 13.4 (q,
CH,).

IR (film): #=3400-3200 (br, NH), 2960 (m, C,H), 2930 (m, C,H), 2870
(m, C,H), 1755 (vs, C=0), 1410 (w), 1245 (m, C-O-C), 1120 (m), 1040 (m),
970 cm~! (w); MS (EL 70eV): m/z (%): 178 (2) [M — CsHy]*, 166 (16) [M —
CsHo]*, 114 (100) [C;H,,0]*, 86 (85) [C;H,NO,]*, 84 (30) [C;H,NO,]*, 55
(44) [CyH,]*, 41 (18) [C3Hs]*, 28 (27) [CO]*; elemental analysis calcd (%)
for C;;HgNO;Cl (247.72): C 53.33, H 7.32, N 5.65; found: C 53.08, H 7.56, N
5.83.

4-(3-Butyltetrahydro-2-furyl)-1,3-oxazolidin-2-one (33): (4RS,1'RS)-4-(1-
Chloro-2-[(Z)-hex-2-enyloxy]ethyl-1,3-oxazolidin-2-one  (32a) (325 mg,
1.31 mmol) was dissolved in benzene (50 mL). The solution was degassed
with a stream of argon for 15 min. After heating to reflux, a solution of tri-
n-butyltinhydride (497 mg, 1.70 mmol) and N,N’-bis-azoisobutyronitrile
(30 mg) in benzene (10 mL) was added via a syringe pump over a period of
3 h. The solution was refluxed for an additional hour. After cooling the
solvent was removed in vacuo and the residue was purified by chromatog-
raphy (P/TBME 20:80). 33 (257 mg, 92 % ) was obtained as a colorless oil.
In an analogous fashion compound 32b was converted to the bicyclic
product 33 (85%). The product was a mixture of four diastereoisomers
[d.r. =23:25:27:25 (*C NMR)]. R;=0.08 (P/TBME 20:80).

Isomer 1: '"H NMR (300 MHz): 6 =6.60 (s, 1 H, NH), 438 (ddd, 3/ =6.1,
3/>3]=75Hz, 1H CHNH), 405 (dd, /=76, 3=75Hz, 1H,
OCHHCHNH), 4.00 (dd, /=75, 3/ =76 Hz, 1H, OCHHCHNH), 3.82
(dd, 27 =8.6, 37 =6.8Hz, 1H, NHCHCHCHCHHO), 3.80 (dd, 2/ =8.5,
3/=62Hz, 1H, NHCHCHCHHO), 3.55 (dd, >/=85, 3/=62Hz,
1H, NHCHCHCHHO), 350 (dd, 2/=86, J=64Hz, 1H,
NHCHCHCHCHHO), 2.43 (dtt, *J = 6.8 Hz, 1H, NHCHCHCH), 2.04-
2.00 (m, 1 H, NHCHCHCH,0), 1.45-1.15 (m, 6 H, CH,CH,CH,CH,), 0.88
(t, 37=70Hz, 3H, CH,); ®C NMR (75 MHz): 6 =159.9 (s, C=0), 72.5 (1,
NHCHCHCH,OCH,), 68.8 (t, NHCHCHCH,0), 68.1 (OCH,CHNH),
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51.6 (d, NHCH), 47.1 (t, NHCHCHCH), 40.9 (t, NHCHCHCH), 33.6 (t,
CH,CH,CH,CH,), 30.6 (t, CH,CH,CH,), 22.8 (t, CH,CH.), 13.9 (g, CH,).

Isomer 2: '"H NMR (300 MHz): 8 =6.68 (s, 1 H, NH), 4.43 (ddd, 3/ =6.6,
3J=3]=8.0 Hz, 1 H, CHNH), 4.10-4.00 (m, 2H, OCH,CHNH), 3.98 (dd,
27=90, 3=65Hz, 1H, NHCHCHCHCHHO), 3.95 (dd, /=86,
37=66Hz, 1H, NHCHCHCHHO), 358 (dd, /=9.0, *J=40Hz,
1H, NHCHCHCHHO), 332 (dd, /=86, 3J=64Hz 1H,
NHCHCHCHCHHO), 2.35-2.20 (m, 1 H, NHCHCHCH), 1.95-1.80 (m,
1H, NHCHCHCH,0), 1.45-1.15 (m, 6 H, CH,CH,CH,CH,), 0.88 (t, 3] =
70Hz, 3H, CH;); BC NMR (75MHz): 6=160.1 (s, C=0), 73.9 (t,
NHCHCHCH,OCH,), 692 (t, NHCHCHCH,0), 68.5 (OCH,CHNH),
51.6 (d, NHCH), 49.5 (t, NHCHCHCH), 41.7 (t, NHCHCHCH), 338 (t,
CH,CH,CH,CH,), 30.3 (t, CH,CH,CH,), 22.7 (t, CH,CH,), 13.9 (q, CH,).

Isomer 3: 'H NMR (300 MHz): 6 =7.08 (s, 1H, NH), 4.04 (ddd, 3/ =42,
323 = 6.8 Hz, 1H, CHNH), 4.00-3.91 (m, 2 H, OCH,CHNH), 3.90 - 3.86
(m, 2H, NHCHCHCHCH,0), 385 (dd, */=89, ¥ =68Hz, 1H,
NHCHCHCHHO), 3.66 (dd, 2/ =8.9, % = 6.4 Hz, 1 H, NHCHCHCHHO),
352 (dd, 2J=8.5, 3/ =70 Hz, 1H, NHCHCHCHCHHO), 2.32 (dtt, 3/ =
70 Hz, 1H, NHCHCHCH), 2.02—1.98 (m, 1H, NHCHCHCH,O), 1.35-
1.10 (m, 6H, CH,CH,CH,CH,), 0.86 (t, 3/ =7.1 Hz, 3H, CH,); *C NMR
(75 MHz): §=160.3 (s, C=0), 73.8 (t, NHCHCHCH,OCH,), 69.3 (t,
NHCHCHCH,0), 687 (OCH,CHNH), 54.8 (d, NHCH), 49.6 (t,
NHCHCHCH), 41.4 (1, NHCHCHCH), 33.6 (t, CH,CH,CH,CH,), 30.6
(t, CH,CH,CH,), 22.7 (t, CH,CH,), 13.8 (g, CH,).

Isomer 4: '"H NMR (300 MHz): 6 =6.92 (s, 1 H, NH), 4.04 (ddd, /=6.1,
3J=3] =32 Hz, 1H, CHNH), 4.00-3.91 (m, 2H, OCH,CHNH), 3.90 (m,
2H, NHCHCHCHCH,0), 378 (dd, 27=94, 3=68Hz, 1H,
NHCHCHCHHO), 3.62 (dd, % = 9.4, 3T = 4.5 Hz, 1 H, NHCHCHCHHO),
330 (dd, 27=8.8, 7 =6.6 Hz, 1H, NHCHCHCHCHHO), 2.24-2.14 (m,
1H, NHCHCHCH), 1.89-1.75 (m, 1 H, NHCHCHCH,O), 1.35-1.10 (m,
6H, CH,CH,CH,CH,), 0.86 (t, ¥)=71Hz, 3H, CH,;); “C NMR
(75MHz): 6=160.1 (s, C=0), 72.5 (t, NHCHCHCH,OCH,), 69.3 (1,
NHCHCHCH,0), 684 (OCH,CHNH), 517 (d, NHCH), 474 (t,
NHCHCHCH), 40.6 (t, NHCHCHCH), 33.7 (t, CH,CH,CH,CH,), 30.2
(t, CH,CH,CH,), 22.7 (t, CH,CH,), 13.8 (q, CH,).

IR (film): ¥ =3400-3200 (br, NH), 2955 (s, C,H), 2930 (s, C,H), 2860 (s,
C,H), 1760 (vs, C=0), 1415 (m), 1245 (m, C-O-C), 1025 (m), 730 cm™! (m);
MS (EIL 70eV): m/z (%): 116 (12), 86 (100) [C;H,NO,]*, 84 (26)
[GH,NO,]*, 68 (3) [C,H,O]"; elemental analysis caled (%) for
C,1H;,NO; (213.28): C 61.95, H 8.98, N 6.57; found: C 61.88, H 8.99, N 6.69.

(Z)-4-(1-Chloro-1-phenylmethylidene)-5-cyclohexyl-1,3-oxazolidin-2-one
(35a): According to the general procedure 1-azidocarbonyloxy-1-cyclo-
hexyl-3-phenyl-2-propyne (34a) (283 mg, 1.00 mmol) was treated with
iron(11) chloride (6 mg, 0.05 mmol) and trimethyl silyl chloride (0.19 mL,
1.50 mmol) in ethanol (5 mL). Compound 35a (290 mg, 99 % ) was obtained
as a colorless solid after work-up. It gradually decomposed in CDCl;. M.p.
140-150°C; "H NMR (400 MHz): 6 =7.91 (s, 1H, NH), 7.39-7.30 (m, 5H,
H,), 529 (brs, 1H, CHO), 1.90-0.89 (m, 11H, cyc-H); *C NMR
(50 MHz): 6 =156.2 (s, C=0), 1353 (s, C,), 133.1 (d, C,H), 1289 (d,
C,H), 128.8 (s, CHCNH), 128.3 (d, C, H), 102.7 (s, CCCl), 83.8 (d, CHO),
34.9 (d, cyc-CH), 28.9 (t, cyc-CH,), 26.1 (t, cyc-CH,), 25.7 (t, cyc-CH,), 25.6
(t, cyc-CH,), 23.9 (t, cyc-CH,); IR (KBr): % = 3300 -3200 (br, NH), 3120 (w,
C,H), 2930 (m, C,H), 2860 (m, C,H), 1765 (vs, C=0), 1695 (m), 1445 (w),
1215 (m, C-O-C), 1075 (w), 1010 (w), 735 (w), 700 cm~! (w); MS (EI, 70eV):
mlz (%): 293 (12) [M(C'CH]*, 291 (32) [M(3C1)]*, 211 (34) [M(PCl) —
CgH,, ", 209 (100) [M(SCI) — CoHy, 17, 83 (38) [CGH, 1", 77 (2) [CoH]*, 55
(52) [CiHy] T, 41 (34) [C3H5]*, 28 (75) [COJ*; elemental analysis caled (%)
for C;;H;sNO,CI (291.78): C 65.86, H 6.22, N 4.80; found: C 65.88, H 6.43, N
4.84.

(Z)-4-(1-Chloro-1-phenylmethylidene)-5-(2-phenylethyl)-1,3-oxazolidin-2-
one (35b): According to the general procedure 3-azidocarbonyloxy-1,5-
diphenyl-1-pentyne (34b) (611 mg, 2.00 mmol) was treated with iron(ir)
chloride (26 mg, 0.20 mmol) and trimethyl silyl chloride (0.38 mL,
3.00 mmol) in ethanol (5SmL). Compound 35b (506 mg, 81%) was
obtained as a colorless solid after work-up. It gradually decomposed in
CDCl;. M.p. 110-112°C; '"H NMR (400 MHz): 6 =7.85 (s, 1H, NH), 7.40 -
6.60 (m, 10H, H,,), 5.20 (t, >/ =6.3 Hz, 1H, CHO), 2.48 (ddd, 3J >3] = 6.3,
3/=13.1Hz, 2H, CH,CH,CHO), 1.52 (dd, /=63, 3/=13.1 Hz, 2H,
CH,CH,CHO); 3C NMR (50 MHz): 6 =156.2 (s, C=0), 139.5 (s, C,)),
134.9 (s, C,,), 133.9 (d, C,H), 128.9 (d, C,H), 128.6 (s, HNCCCI), 128.5 (d,
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C,H), 1284 (d, C,H), 128.1 (d, C,.H), 126.2 (d, C,H), 102.9 (s, CCl), 78.7
(d, CHCHO), 33.5 (t, CH,CH,CHO), 29.9 (t, CH,CH,CHO); IR (KBr):
#=3200-3100 (br, NH), 3125 (w, C,,H), 3065 (w, C,;H), 3025 (w, C,H),
2965 (w, C,H), 2930 (w, C,H), 2870 (w, C,H), 1770 (vs, C=0), 1670 (m),
1445 (m), 1375 (m), 1230 (m, C-O-C), 1030 (m), 1010 (w), 745 (m), 695 cm"!
(m); MS (EL 706V): m/z (% ): 315 (11) [M(TC1)]*, 313 (42) [M(3CD)]*, 277
(11) [M —Cl—H]*, 209 (23) [M — CgHy]*, 174 (34), 115 (19), 105 (27)
[CsHo] ", 104 (63) [CsHg]*, 91 (100) [C;H,]*, 77 (11) [C4H;s]*; elemental
analysis caled (%) for C3H{NO,Cl (313.78): C 68.90, H 5.14, N 4.46;
found: C 69.24, H 5.20, N 4.84.

(Z)-4-(1-Chloro-1-phenylmethylidene)-5-(cyclohex-3-enyl)-1,3-oxazolidin-
2-one (35¢): According to the general procedure 1-azidocarbonyloxy-1-
(cyclohex-3-enyl)-3-phenyl-2-propyne (34¢) (563 mg, 2.00 mmol) was
treated with iron(i) chloride (26 mg, 0.20 mmol) and trimethyl silyl
chloride (0.38 mL, 3.00 mmol) in ethanol (5 mL). 35¢ (520 mg, 90 %) was
obtained as a colorless solid after work up. The product was a mixture of
the (1'RS,5RS)- and the (1'RS,5SR)-isomer [d.r.=57:43 ('H NMR)]. It
gradually decomposed in CDCl;. M.p. 140-144°C.

(1'RS,5RS)-Isomer: '"H NMR (200 MHz): 6 =7.90 (brs, 1 H, NH), 7.30-7.10
(m,5H, H,,), 5.50-5.44 (m, 2H, HC=CH), 5.38 (d, >/ =4.0 Hz, 1 H, CHO),
2.30-1.20 (m, 7H, cyc-H); *C NMR (50 MHz): 6 =signal for C=O not
observed, 135.1 (s, C,,), 132.8 (d, C,.H), 129.0 (d, C,.H), 128.9 (s, HNCCCI),
1282 (d, C,H), 126.6 (d, CH=CHCH,CH), 124.9 (d, CH=CHCH,CH),
102.8 (s, CCl), 83.3 (d, CHO), 35.9 (d, CHCHO), 27.5 (t, CH,), 25.1 (t, CH,),
23.0 (t, CH,).

(I'RS,5SR)-Isomer: "H NMR (200 MHz): 8 =7.90 (brs, 1 H, NH), 7.30 - 7.10
(m, 5H, H,)), 5.50-5.44 (m, 2H, HC=CH), 5.37 (d, %/ = 5.3 Hz, | H, CHO),
2.30-1.20 (m, 7H, cyc-H); *C NMR (50 MHz): 6 =signal for C=0 not
observed, 135.2 (s, C,y), 133.0 (d, C,.H), 129.0 (d, C,;H), 128.9 (s, HNCCCI),
1282 (d, C,H), 126.6 (d, CH=CHCH,CH), 125.5 (d, CH=CHCH,CH),
102.8 (s, CCl), 82.8 (d, CHO), 36.3 (d, CHCHO), 27.5 (t, CH,), 24.9 (t, CH,),
20.5 (t, CH).

IR (KBr): # = 3300-3200 (br, NH), 3125 (w, C,,H), 2930 (m, C,H), 2840 (w
C,H), 1770 (vs, C=0), 1695 (m), 1680 (m, C=C), 1445 (w), 1215 (m, C-O-
C), 1055 (w), 980 (w), 760 (m), 700 cm~! (m); MS (EI, 70eV): m/z (% ): 291
(5) [METCN]*, 289 (20) [MESCI)]*, 210 (50) [M(TCl) — CH,]*, 164 (39)
[M— CHCI]*, 81 (100) [CJH,]*, 80 (83) [CsHyl*, 79 (39) [CeH,]*;
elemental analysis caled (%) for C;sH;(NO,CI (289.76): C 66.32, H 5.57,
N 4.83; found: C 66.21, H 5.46, N 5.03.

(Z)-4-(1-Chloro-1-phenylmethylidene)-5-propyl-1,3-oxazolidin-2-one
(35d): According to the general procedure 3-azidocarbonyloxy-1-phenyl-1-
hexyne (34d) (243 mg, 1.00 mmol) was treated with iron(t1) chloride (13 mg,
0.10 mmol) and trimethyl silyl chloride (0.19 mL, 1.50 mmol) in ethanol
(5 mL).Compound 35d (249 mg, 99 %) was obtained as a colorless solid
after work-up. It gradually decomposed in CDCl;. M.p. 124-125°C;
'"HNMR (300 MHz): 6 =7.40 (s, 1 H,NH), 740-7.25 (m, 5H, H,,), 5.45 (dd,
3]=3.2,3]=6.4Hz, 1H, CHO), 1.44-1.25 (m, 4H, CH;CH,CH,), 0.74 (t,
3/=70Hz, 3H, CH;); BC NMR (50 MHz): 6 =signal for C=O not
observed, 135.1 (s, C,,), 134.1 (d, C,H), 129.0 (s, HNCCCI), 128.9 (d,
C,H), 1283 (d, C,H), 102.7 (s, CCl), 79.7 (d, CHO), 34.2 (t, CH;CH,CH,),
17.0 (t, CH;CH,), 13.3 (q, CH;); IR (KBr): #=3300-3200 (br, NH), 3115
(w, C,/H), 2955 (w, C,H), 2930 (w, C,H), 2875 (w, C,H), 1760 (vs, C=0),
1680 (m, C=C), 1445 (m), 1375 (m), 1220 (m, C-O-C), 1065 (m), 1035 (m),
765 (m), 695 cm~! (m); MS (EI, 70eV): m/z (%): 253 (27) [M(*'C1)]*, 251
(100) [M(*C1)]*, 208 (32) [M(*Cl) — C5H,]*, 165 (50); elemental analysis
caled (%) for C;3H;,NO,Cl (251.71): C 62.03, H 5.61, N 5.56; found: C
62.13, H 5.64, N 5.89.

(Z)-4-(1-Chloro-1-phenylmethylidene)-1,3-oxazolidin-2-one  (35e): Ac-
cording to the general procedure 3-azidocarbonyloxy-1-phenyl-1-propyne
(34e) (201 mg, 1.00 mmol) was treated with iron(i1) chloride (13 mg,
0.10 mmol) and trimethyl silyl chloride (0.19 mL, 1.50 mmol) in ethanol
(5 mL). Compound 35e (211 mg, 99 %) was obtained as a colorless solid
after work-up. It gradually decomposed in CDCl;. M.p. 110-115°C;
'"H NMR (300 MHz): 6 =8.35 (brs, 1H, NH), 7.75-7.40 (m, 5H, H,,), 5.35
(s, OCH,); BC NMR (75 MHz): 6 =156.4 (s, C=0), 134.7 (s, C,,), 130.4 (d,
C,H), 128.8 (d, C,H), 128.4 (d, C,H), 127.0 (s, HNCCCI), 103.5 (s, CCl),
68.1 (t, OCH,); IR (KBr): »=3300-3200 (br, NH), 3120 (w, C,H), 1755
(vs, C=0), 1680 (w, C=C), 1660 (m, C=C), 1385 (m), 1225 (m, C-O-C), 1040
(m), 1030 (m), 765 (m), 725 cm~! (m); MS (EIL, 70eV): m/z (%): 209 (100)
[M]+,138 (41), 130 (78) [M — C1 — CO,]*, 103 (74), 89 (29) [C;H;]*, 77 (26)
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[CsHs]*; elemental analysis caled (%) for C,\HgNO,CI (209.63): C 57.30, H
3.85, N 6.68; found: C 57.30, H 4.05, N 6.46.

3-Azidocarbonyloxy-1-phenyl-non-4-yne (36): As described for the prep-
aration of azide 24 1-phenyl-non-4-yn-3-ol (2.16g, 10.0 mmol) was
subjected to azidocarbonylation. After chromatographic purification
(P/TBME 60:40) compound 36 (2.59 g, 91 %) was obtained as a yellow
liquid. R;=0.64 (P/TBME 60:40); '"H NMR (200 MHz): 6 =7.25-7.00 (m,
5H, H,,), 5.18 (tt, 3/ =6.5,°J=2.0 Hz, 1H, OCH), 2.68 (t, >/ =7.8 Hz, 2H,
PhCH,CH,), 2.11 (dt, 3J=6.9, 5/ =2.0 Hz, 2H, OCHCCCH,), 2.06-1.92
(m, 2H, PhCH,CH,), 1.48—-1.20 (m, 4H, CH,CH,CH3), 0.80 (t, */ =79 Hz,
3H, CH;); *C NMR (50 MHz): 6 =156.7 (s, C=0), 1404 (s, C,,), 128.5 (d,
C,H), 1283 (d, C,H), 1262 (d, C,H), 88.5 (s, OCHCCCH,), 75.6 (s,
OCHCCCH,), 68.8 (d, OCH), 36.5 (t, PhCH,CH,), 31.1 (t, PhCH,), 304 (t,
CH,CH,CH,CH,), 21.9 (t, CH,CH,CHs;), 18.3 (t, CH,CH,), 13.5 (q, CH;);
IR (film): #=3030 (w, C, H), 2960 (m, C,H), 2930 (m, C,H), 2190 (s, N3),
2135 (s, N3), 1735 (vs, C=0), 1235 (vs, C-O-C), 1010 (w), 750 (w), 700 cm™!
(w); MS (EL 70eV): m/z (%): 198 (6) [M — HOCN;,]*, 104 (14) [CsHg] ", 91
(51) [GH;]*, 28 (100) [N,, COJ*; elemental analysis caled (%) for
CHsN;0, (285.34): C 67.35, H 6.71, N 14.73; found: C 67.16, H 6.85, N
14.35.
(Z)-4-(1-Chloro-1-pentylidene)-5-(2-phenylethyl)-1,3-oxazolidin-2-one
(37): According to the general procedure 3-azidocarbonyloxy-1-phenyl-4-
nonyne (36) (285 mg, 1.00 mmol) was treated with iron(1) chloride (13 mg,
0.10 mmol) and trimethyl silyl chloride (0.19 mL, 1.50 mmol) in ethanol
(5 mL). Compound 37 (265 mg, 95%) was obtained as a yellow oil. It
considerably decomposed in CDCl;. '"H NMR (200 MHz): 6 =8.60 (s, 1H,
NH), 7.20-6.90 (m, 5H, H,,), 4.92 (t,%] = 5.7 Hz, 1H, CHO), 2.85-2.50 (m,
2H, CH,CH,CHO), 1.92 (t, 3/=72Hz, 4H, CH,CH,CHO, CICCH,),
1.55-1.00 (m, 4H, CH;CH,CH,), 0.75 (t, */ =71 Hz, 3H, CHj;); *C NMR
(50 MHz): 6 =156.9 (s, C=0), 139.9 (s, C,,), 131.6 (s, HNCCCI), 128.4 (d,
C,H),126.2 (d, C,H), 125.9 (d, C,,H), 105.9 (s, CCl), 77.6 (d, CHO), 36.3 (t,
CH,), 32.4 (t, PhCH,CH,), 29.9 (t, PhCH,CH,), 29.4 (t, CH,), 21.7 (t, CH,),
13.6 (q, CH3); IR (film): % =3200-3100 (br, NH), 3060 (w, C,.H), 3030 (w,
C,H), 2960 (w, C,H), 2930 (w, C,H), 2870 (w, C,H), 1760 (vs, C=0O), 1600
(m), 1455 (m), 1400 (m), 1055 (m), 1010 (w), 700 cm~! (m); MS (EL, 70eV):
mlz (%): 293 (<1) [M]*, 258 (1) [M — Cl]*, 230 (9) [M — Cl— CHCH,]*,
215 (10) [M — Cl — CH,CH,CHj;]*, 207 (96), 133 (87) [CoH,O]*, 105 (87)
[CsHo]*, 91 (100) [C;H,]*, 55 (15) [C,H,]*, 43 (40) [C;H,]"; HRMS caled
for C;sH,)NO,*Cl: 293.1183; found: 293.1187.
(Z)-5-Cyclohexyl-4-[1-(2,2-dimethylpropylidene) ]-5-ethoxy-1,3-oxazoli-
din-2-one (39a): According to the general procedure 5-azidocarbonyloxy-
7-cyclohexyl-2,2-dimethyl-3-heptyne (38a) (263 mg, 1.00 mmol) was treat-
ed with iron(t1) chloride (13 mg, 0.10 mmol) and trimethyl silyl chloride
(0.19 mL, 1.50 mmol) in ethanol (5 mL). Compound 39a (261 mg, 93 %)
was obtained as a colorless solid. It gradually decomposed in CDCl;. M.p.
180-185°C; '"H NMR (300 MHz): 6 =7.85 (brs, 1H, NH), 4.48 [s, 1H,
HCC(CHs);], 3.45 (dq, 3/ =72, 7 =1.5 Hz, 2H, CH;CH,), 2.05-1.00 [m,
23H, cyc-H, C(CHj;);, CH,CH;]; *C NMR (75 MHz): 6 =156.0 (s, C=0),
130.1 (s, OOCCNH), 112.0 [d, HCC(CHs;);], 111.9 (s, OOCCNH), 58.5 (t,
CH;CH,), 47.0 (d, cyc-CH), 31.7 [s, C(CH;)s], 30.3 [q, C(CH;);], 26.2 (t, cyc-
CH,), 26.0 (t, cyc-CH,), 259 (t, cyc-CH,), 25.2 (t, cyc-CH,), 14.9 (q,
CH;CH,); IR (KBr): #=3200-3100 (br, NH), 2975 (w, C,H), 2930 (m,
C,H), 2880 (w, C,H), 1755 (vs, C=0), 1695 (m), 1370 (w), 1320 (w), 1230
(w, C-O-C), 1200 (w), 1165 (w), 905 (w), 690 cm~' (w); MS (EIL, 70eV): m/z
(%): 237 (4) [M — C,H;OH]*, 208 (66), 198 (43) [M — C¢H 3]+, 152 (47), 87
(36), 83 (57) [CeH )™, 82 (53) [CHyp)*, 69 (47), 57 (46) [C,Ho]*, 55 (58)
[C4H;]*, 41 (100) [C3Hs]*; elemental analysis caled (%) for C;sH,;NO;
(281.39): C 68.30, H 9.67, N 4.98; found: C 68.57, H 9.42, N 5.10.
(Z)-4-[1-(2,2-Dimethylpropylidene) ]-5-ethoxy-5-(2-phenylethyl)-1,3-oxa-
zolidin-2-one (39b): According to the general procedure 5-azidocarbony-
loxy-7-phenyl-2,2-dimethyl-3-heptyne (38b) (285 mg, 1.00 mmol) was
treated with iron(i1) chloride (13 mg, 0.10 mmol) and trimethyl silyl
chloride (0.19 mL, 1.50 mmol) in ethanol (5mL). Compound 39b
(285 mg, 95 %) was obtained as a colorless solid. It gradually decomposed
in CDCl;. M.p. 153-158°C; 'H NMR (200 MHz): 6 =8.25 (brs, 1H, NH),
7.30-7.00 (m, 5H, H,,), 451 [s, 1H, HCC(CHs;);], 3.46 (dq, 3/ =70, /=
1.2 Hz, 2H, CH,CH,), 2.70 (ddd, 2/=13.6, 3J=5.0, 3J=13.6 Hz, 1H,
CCHHCH,COO), 2.68 (ddd, 2/=13.6, 3/=5.0, 3/=13.6Hz, 1H,
CHHCH,COO), 216 (ddd, /=118, 3/=5.0, *=13.6Hz, 1H,
CH,CHHCOO), 197 (ddd, %/=11.8, 3/=50, 3 =13.6Hz, 1H,
CH,CHHCOO), 1.10 (t, 3J=7.0 Hz, 3H, CH;CH,), 1.08 [s, 9H, (CHs;);];
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BCNMR (50 MHz): 6 =155.6 (s, C=0), 141.0 (s, C,;), 130.5 (s, OOCCNH),
1284 (d, C,H), 128.3 (d, C,H), 125.9 (d, C,H), 112.5 [d, HCC(CH,)],
109.8 (s, OOCCNH), 58.7 (t, CH;CH,0), 41.7 (t, CH,CH,COO), 31.8 [s,
C(CHs;);], 30.3 [q, C(CH3;)5)], 29.0 (t, CH,CH,COO), 14.9 (q, CH;CH,); IR
(KBr): #=3200-3100 (br, NH), 3100 (w, C,H), 3025 (w, C,H), 2965 (w,
C,H), 2935 (w, C,H), 2870 (w, C,H), 1755 (vs, C=0), 1695 (m), 1455 (w),
1330 (m), 1205 (w, C-O-C), 995 (m), 885 (m), 690 cm~! (m); MS (EI, 70eV):
milz (%): 303 (<1) [M]*, 258 (2) [M —OCH,CH,]*, 199 (97) [M—
OCH,CH; — HC(CHs;);]*, 168 (79), 105 (26) [CsHo]*, 91 (100) [C;H,]*,
57 (22) [C(CH3;);]*; elemental analysis caled (% ) for CsH,sNO; (303.40): C
71.26, H 8.31, N 4.83; found: C 71.29, H 8.11, N 4.83.
(Z)-4-[1-(2,2-Dimethylpropylidene) ]-5-(1-methylethoxy)-5-(2-phenyleth-
yl)-1,3-o0xazolidin-2-one (39¢): According to the general procedure 5-azi-
docarbonyloxy-7-phenyl-2,2-dimethyl-3-heptyne (38b) (285 mg,
1.00 mmol) was treated with iron(i) chloride (13 mg, 0.10 mmol) and
trimethyl silyl chloride (0.19 mL, 1.50 mmol) in isopropanol (5 mL).
Compound 39¢ (315mg, 99%) was obtained as a colorless solid. It
gradually decomposed in CDCl;. M.p. 93-95°C; '"H NMR (200 MHz): 6 =
7.98 (brs, 1H, NH), 7.50-7.20 (m, 5H, H,,), 4.70 [s, 1H, HCC(CHj);], 3.98
(sept, 3/=6.1Hz, 1H, CH(CH;),), 2.85 (ddd, 2/=13.9, /=55, 3/=
13.9 Hz, 1H, CCHHCH,COO), 2.78 (ddd, 2/ =13.9, 3/ =5.5, 3/ =13.9 Hz,
1H, CHHCH,COO), 233 (ddd, 2J=11.5, 3J=5.5, 3/=139Hz, 1H,
CH,CHHCOO), 210 (ddd, 2/=115, 3J=5.5, 3/=139Hz, 1H,
CH,CHHCOO), 132 (d, /=6.1Hz, 6H, CH(CH,),), 125 [s, 9H,
(CH;)s]; *C NMR (50 MHz): 6 =155.5 (s, C=0), 141.1 (s, C,,), 131.4 (s,
OOCCNH), 1284 (d, C,H), 1283 (d, C,H), 1259 (d, C,H), 112.5 [d,
HCC(CH;);], 1105 (s, OOCCNH), 682 (d, CH(CH,),), 422 (t,
CH,CH,C00), 31.9 [s, C(CH;)5], 30.3 [q, C(CH3)5], 29.0 (t, CH,CH,COO),
24.1 [q, CH(CHjs),]; IR (KBr): #=3200-3100 (br, NH), 3095 (w, C,H),
3060 (w, C,H), 2970 (m, C,H), 2870 (w, C,H), 1755 (vs, C=0), 1695 (vs),
1600 (s), 1500 (w), 1455 (m), 1370 (m), 1310 (m), 1230 (m), 1210 (m), 1160
(m), 1000 (m), 960 (m), 895 (m), 750 (m), 700 cm~! (m); MS (EL, 70eV): m/z
(%): 273 (1), 258 (6) [M — OC;H,], 216 (48), 171 (31), 140 (42), 127 (36),
105 (28) [CsHo]*, 91 (100) [CH,]*, 57 (30) [C,H,]*, 43 (80) [CsH,]*;
elemental analysis caled (%) for C,iH,,NO; (317.43): C 71.89, H 8.57, N
4.41; found: C 72.28, H 8.35, N 4.63.

4-[1-Chloro-1-(2,2-dimethylpropyl) ]-5-cyclohexyl-1,3-oxazolin-2-one
(41a): According to the general procedure 1-azidocarbonyloxy-1-cyclo-
hexyl-4,4-dimethyl-2-pentyne (38a) (270 mg, 1.02 mmol) was treated with
iron(1) chloride (13 mg, 0.10 mmol) and trimethyl silyl chloride (0.19 mL,
1.50 mmol) in acetonitrile (5 mL). A yellow oil was obtained (246 mg). n-
Pentane (5 mL) was added and the supernatant solution was collected.
After removal of the solvent in vacuo 1-azidocarbonyloxy-1-cyclohexyl-
4,4-dimethyl-2-pentyne (38b) (200 mg, 74 %) was isolated. The residue
which was not soluble in n-pentane was identified as 4-[1-chloro-1-(2,2,-
dimethylpropyl)]-5-cyclohexyl-1,3-oxazolin-2-one (41b) (44 mg, 16%).
The compound quickly decomposed in CDCl;. 'H NMR (300 MHz): 6 =
9.30 (s, 1H, NH), 4.50 (brs, 1H, CHCI), 1.80-0.80 [m, 20H, C(CH,);, cyc-
H]; BC NMR (75 MHz): 6 =156.3 (s, C=0), 142.4 (s, OCCCCHCl), 117.5
(s, HNCCHC(I), 62.6 (d, CHCI), 41.9 (d, cyc-CH), 30.7 (t, cyc-CHy,), 30.6 (t,
cyc-CH,), 30.4 [s, C(CHs);], 26.9 [q, C(CHs);], 26.0 (t, cyc-CH,), 25.9 (t, cyc-
CH,), 25.4 (t, cyc-CH,); IR (film): # = 3200-3000 (br, NH), 2930 (m, C,H),
2860 (m, C,H), 1760 (vs, C=0), 1680 (w, C=C), 1450 (w), 1235 (m, C-O-C),
970 (m), 760 cm™! (m); MS (EI, 70eV): m/z (%): 271 (7) [M]*, 236 (13)
[M —Cl1]*, 235 (20) [M — Cl1—H]", 220 (18) [M — Cl — H-CH;]", 215 (38)
[M—Cl-H-2xCH;], 83 (74) [CiH,,, C:HNO,]*, 81 (11) [CiH,]*t, 57
(100) [C,H,]*, 41 (44) [C;H5]*; HRMS caled for C,H,,NO,*Cl: 271.1339;
found: 271.1334.
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A Mixed Fullerene — Ferrocene Thermotropic Liquid Crystal:
Synthesis, Liquid-Crystalline Properties, Supramolecular Organization
and Photoinduced Electron Transfer

Michaél Even,?! Benoit Heinrich,'”! Daniel Guillon,*! Dirk M. Guldi,*!¢!
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Dedicated to Professor Fred Wudl on the occasion of his 60th birthday

Abstract: Grafting of a ferrocene-con-
taining liquid-crystalline malonate de-
rivative to Cg led to the mixed full-
erene —ferrocene material 1 which gave
rise to a smectic A phase. Cholesterol
was used as liquid-crystalline promoter.

mellar phase is characterized by a micro-
segregation of the different units (ferro-
cene, fullerene, and cholesterol) in
distinct sublayers. In such a smectic
A phase, Cq imposes the arrangement
of the other molecular moieties. Photo-

physical studies revealed that electron
transfer occurs from the donor ferrocene
to the electron accepting fullerene. The
formation of a long-lived radical pair,
with lifetimes of the order of several
hundred nanoseconds, was confirmed by

X-ray diffraction experiments and volu-
metric measurements indicated that 1 is
organized in double layered structures.
The corresponding supramolecular or-
ganization within the mesomorphic la-

Introduction

[60]Fullerene (C4) has attracted considerable attention in
materials science.lll. The possibility to develop materials
possessing the unique properties of Cg motivated these
studies. In particular, Cq has been incorporated into poly-
mers,? dendrimers,¥! sol —gel matrices® and nanospheres.!
Much research has also been devoted to the synthesis and
photophysical studies of systems in which C4, behaves as an
energy/electron acceptor in the ground or excited statel®
either in covalently linked dyads” or as heterogeneous
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time-resolved spectrometry, especially
in the near infrared region, in which
the radical anion of the fullerene moiety
displays its characteristic fingerprint ab-
sorption.

blendsl® for the fabrication of photovoltaic devices.”l Re-
cently, C4, was used to construct a single layer organic LED.['"]

The search for fullerene-based materials prompted us to
investigate fullerene-containing thermotropic liquid crys-
tals.l"'] Our concept, the use of liquid-crystalline malonates
in the Bingel reaction,['”l led to mesomorphic mono-["-3 and
hexa-"1 adducts of Cq. The mono-adducts were prepared
from an organic-type malonate"!! a ferrocene-containing
malonate,[? and a ferrocene-based dendritic malonate.3 In
these compounds, cholesterol was used as the liquid-crystal-
line promoter. The hexa-adduct! was prepared from a
malonate containing cyanobiphenyl groups, the latter acting
as mesogenic fragments. The Cg, derivatives gave rise to
smectic A phases, and showed good thermal stability and
good solubility in common organic solvents. Besides our work,
two reports described liquid-crystalline fullerenes exhibiting
either calamitic!’®! or cubic!'”) phases.

The fullerene —ferrocene derivative 1 (Scheme 1) was
designed to develop photoactive liquid crystal switches by
combining two sets of data: firstly, electron transfer was used
to generate liquid-crystalline ferrocenium derivatives from
non-mesomorphic ferrocenes, ' and, secondly, photoinduced
electron transfer from ferrocene to Cq, was shown to occur in
fullerene —ferrocene dyads.'l Therefore, photoinduced elec-
tron transfer in fullerene —ferrocene liquid crystals could be
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Scheme 1. a) 6-Bromohexanol, K,CO;, THF, 24 h, 36 %. b) Malonyl chloride, triethylamine, CH,Cl,, 2 h, 77 %. c) [60]Fullerene, diazabicyclo[5.4.0]undec-7-

ene (DBU), iodine, toluene, 3 h, 34 %.

used to control the liquid-crystalline properties because of the
presence of either the ferrocene (light off) or ferrocenium
(light on) species.

The development of switchable liquid crystals based on Cg,
and ferrocene is a difficult task since several parameters,
ranging from structure and liquid-crystalline properties to
photophysical behavior, are involved. The synthesis and study
of various derivatives are required to understand their
photophysical properties in connection with their liquid-
crystalline behavior. Compound 1 represents the first member
of this class of materials and can be considered as a prototype
from which other derivatives will be constructed. A detailed
investigation of its properties is expected to bring important
insights for the design of further compounds.

We describe, herein, the synthesis, liquid-crystalline proper-
ties and supramolecular organization of 1 and of its inter-
mediates, as well as the photoinduced electron transfer of 1 in
organic solvents. The general synthetic strategy for 1 and its
mesomorphic behavior have been reported elsewhere.['?!

Results and Discussion

Synthesis: The synthesis of 1 is shown in Scheme 1. O-Alkyla-
tion of phenol derivative 203! with 6-bromohexanol gave alcohol
intermediate 3, which was esterified with malonyl chloride to

2596 ——
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furnish the malonate derivative 4. Addition of the latter to Cq,
gave the targeted compound 1. Compounds 5§ (n=38, 12, 14)
were prepared as shown in Scheme 2 by O-alkylation of
cholesteryl 4-hydroxybenzoate®! (6) with the appropriate
1-bromoalkane; they were prepared to determine the molec-
ular volume of the cholesterol moiety by volumetric methods.

Liquid-crystalline properties: The mesomorphic and thermal
properties of 1-5 were investigated by polarized optical

HO@—COz

6

Hanst c,p@-coz

5 (n=8,12, 14)
Scheme 2. Different n-bromoalkanes, K,CO;, DMF/THF, 120°C.

0947-6539/01/0712-2596 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 12





Thermotropic Liquid Crystals

microscopy (POM), differential scanning calorimetry (DSC)
and X-ray diffraction (XRD). The phase transition temper-
atures and enthalpies are reported in Table 1.

Compounds 1-4 gave smectic A phases. An additional
chiral nematic phase (cholesteric phase) was observed for 3.

Table 1. Phase transition temperatures and enthalpy changes of com-
pounds 1-5.

Compound Transition!?! Temperature [°C] AH [kImol™]
2 Cr-S, 112 6.5
Sa-1 151 3.1
3 Cr-S, 63 15.1
SA—-N* 125 —[el
N*-1 127 2.9l
4 Cr-S, 73 80.6
Sa-1 134 6.4
1 Cr=s, 66 12.9
Sa-1 118 11.7
5 (n=8)4 Cr-S, 136 33.6
S~ Netlel 173 -
N#*-1 218 1.0
5(n=12) Cr-S, 127 325
SpA-N* 176 0.7
N*-1 198 0.7
5(n=14) Cr-S, 115 28.1
SpA-N* 175 1.1
N*-1 189 1.1

[a] Cr=crystal, S, =smectic A phase, N* =chiral nematic (cholesteric)
phase, I =isotropic fluid. [b] Observed during the first heating run. [c] Peak
overlap. The enthalpy value corresponds to the sum of both enthalpies. [d]
A monotropic phase might form below the smectic A phase. This behavior
was not investigated. [e] Observed by polarized optical microscopy.

The liquid-crystalline phases were identified by POM: the
smectic A phases gave focal-conic and homeotropic textures,
and the cholesteric phase gave the plane texture. Identification
of the liquid-crystalline phase displayed by 1 was more
difficult; because of higher viscosity than the fullerene-free
compounds 2—4, small focal conics appeared only when the
sample was cooled very slowly from the isotropic fluid.

By DSC, the melting points of 1-4 were detected during
the first heating run only. From the first cooling run, a glass
transition temperature was recorded revealing a low tendency
of 1-4 to recrystallize under the experimental conditions
applied. The low enthalpy value associated with the melting
process observed for 1-3 was an indication of a semicrystal-
line nature of the samples. The DSC traces of 1 are shown in
Figure 1.

The nature of the smectic A phase of 1-4 was confirmed by
XRD. Diffraction patterns typical of disordered smectic
phases were registered. In the low-angle region, they con-
sisted of two sharp diffraction peaks, the corresponding
spacings of which are in a 1:2 ratio, and in the wide-angle
region, of a diffuse signal. A representative diffractogram of 1
is shown in Figure 2.

The dependence of the d-layer spacing as a function of
temperature was determined for 1-4 (Figure 3). Interestingly,
d=1(T) did not follow the typical variation observed for the
smectic A phase for which a decrease of the d-layer spacing is
observed with increasing temperature. Here (Figure 3), the
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Figure 1. Differential scanning calorimetry thermogram of 1 recorded
during the first heating (top), first cooling (middle), and second heating
(bottom) run.
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Figure 2. Representative X-ray diffraction pattern of 1 recorded at 110°C.
P, and P, refer to the first and second order signals corresponding to the
layer periodicity. The diffuse signal at large angles corresponds to the
liquid-like arrangement of the molecules within the smectic layers.
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Figure 3. Dependence of the layer periodicity of 1-4 measured as a
function of temperature.

d-layer spacing either increased for compounds 2-4 or
remained nearly constant as for 1 when the temperature was
raised. For each compound, the d-layer spacing was determined
at 80 °C and compared with the molecular length estimated by
Corey —Pauling — Koltun (CPK) space-filling molecular mod-
els in the fully extended conformation (Table 2).

The d-layer spacing values found for 2 and 3 were close to
their molecular lengths which led to d/L ratios of 1.00 and 0.97
for 2 and 3, respectively. The d-layer spacing values found for
4 and 1 were smaller than their molecular lengths and gave
d/L ratios of 0.49 and 0.62 for 4 and 1, respectively.

The increase of d observed on going from 4 to 1, that is upon
addition of Cg, to 4, should reflect a different supramolecular
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Table 2. Layer spacing and approximate molecular length of compounds

1-5.

Compound d [A] L [A]® diL
2 51.6 51.3 1.00
3 57.30l 58.8 0.97
4 58 119.5 0.49
1 74.16l 118.6 0.62
5(n=8) 32,64 36.1 0.90
5(n=12) 37.114 41.1 0.90
5(n=14) 39.414 43.6 0.90

[a] Determined by X-ray diffraction. [b] Estimated by Corey-Pauling —
Koltun (CPK) space filling molecular models in the extended molecular
conformation. [c] At 80°C. [d] At 150°C.

organization of 4 and 1 within the liquid-crystalline phase.
Indeed, the molecular length of 1 and 4 are almost identical
(Table 2).

Supramolecular organization: To describe the molecular
organization within the smectic A layers, it is necessary to
take into account the fact that the different molecular
moieties, which form such a large molecule as 1, have quite
different cross-sectional areas. For example, the molecular
areas of Cy and classical mesogenic groups are about 100!
and 251221 A2, respectively, whereas that of ferrocene is close to
44 A2 As for the cholesterol moiety, it was decided to
perform XRD and dilatometry experiments on the cholester-
ol derivatives 5 (n =38, 12, 14) to determine its cross-sectional
area. Indeed, compounds 5 (n =8, 12, 14) show smectic A and
cholesteric phases (Table 1), and therefore can be regarded as
ideal candidates for such a purpose: in the smectic A phase,
the cross-sectional area corresponds to the molecular area
determined experimentally, since the molecules are normal to
the layers.

The variation of the d-layer spacing as a function of
temperature in the smectic A phase for compounds 5 (n=8,
12, 14) is shown in Figure 4. There is a slight decrease of d with

40 + ¢
e ”**"\*‘177‘—7—70
e —A—
360 | o 5m=14)
=
A 5n=12)
m 5(n=28)
— . s .
32F
140 160
T/°C

Figure 4. Dependence of the layer periodicity of 5 as a function of
temperature in the smectic A phase.

increasing temperature. Such a behavior is usual in the case of
smectic A phases and corresponds to an increase of the lateral
distances between the molecules together with a spreading of
the aliphatic chains at the interface between the layers. This
spreading induces a decrease of the aliphatic sublayer thick-
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ness and, therefore, of the d value itself. Interestingly, the d
values are close to those of the molecular lengths L calculated
for stretched conformation of the molecules (Table 2). More-
over, the variation of d is linear with n, with an increase of
1.1540.05 A per methylene group. This value is close to that
expected for a completely stretched conformation of the
chains (1.27 A) and indicates that the chains are, on average,
almost normal to the smectic layers.

Dilatometry measurements have been performed on com-
pounds 5 (n =28, 12); as for 5 (n=14), the molecular volume
V., has been calculated by additivity of the values of V,
obtained for 5 (n=12) with those of the known values of
methylene groups in the smectic A phase. When combining
the data thus obtained with those of the layer spacing
obtained by XRD, it is possible to deduce the molecular area
S occupied by one molecule in the plane of the layers with § =
Va/d. This parameter is quite important to describe the
molecular arrangement within the layers.?*! In Figure 5, the

34+
,/‘.
. 'l////
e A
33t — _
. - //A/// .
“ A e
ot! T 7
> 32F AT e
a7 //./ = 5(n=8)
al - 4 5(n=12)
e S5(n=14)
140 160

T/°C
Figure 5. Dependence of the molecular area S of 5 as a function of
temperature in the smectic A phase.

values of § are plotted as a function of temperature. Overall,
the molecular area has values between 31 and 34 A2 and
increases linearly with the temperature. These values are
slightly smaller than those found for octylcholestane (37.7 A2
at 50°C),™! but are close to that found for the cholestane
moiety estimated by molecular models (0 ~34 A?). They
indicate that the smectic A layers of 5 are mainly monolayers
(Figure 6): The cholesterol moieties form a monomolecular
sublayer with the aliphatic chains rejected on each side of the
sublayer. Since the molecular area found is much larger than
the lateral bulkiness of a stretched melted aliphatic chain (o,
~23+0.7 A% at 130°C), it can be concluded that the chains
are highly disorganized.

Let us now consider compounds 1-4. Their molecular
volumes have been determined by using the additivity rule of
the partial molecular volumes found by dilatometry experi-
ments performed on 5 (n=38, 12) and 1,1'-dioctylferrocene,?!
and by using calculated values obtained from molecular
models (using crystallographic data and Biosym software). All
of the partial volumes have been determined at 20°C and then
calculated as a function of temperature, assuming a volume
expansion coefficient a=(1/V) x (dV/AT) =~7 x 104K},
which is usually found for smectic A phases.’! To make
relevant comparisons with compounds 5, we have represented
in Figure 7 these molecular areas related to the number of
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Figure 6. Proposed molecular organization of 5 in the smectic A layers.
The ellipsoid parts and the wavy lines represent the cholesterol and
aliphatic moieties, respectively.
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Figure 7. Dependence of the molecular area, normalized to the number of
cholesterol moieties per molecule, of 1-5 as a function of temperature in
the smectic A phase.

cholesterol moieties per molecule (S/N,,) as a function of
temperature. The values thus determined are close to those
obtained for 5 at low temperature (if we consider the
extrapolated values of 5 towards the lower temperatures),
but become quite different at higher temperatures. This is in
agreement with the increase of d as a function of temperature
in the smectic A phase (Figure 3) reported above, and, most
likely, due to a small rearrangement of the cholesterol
moieties. In the low temperature range, the cholesterol
moieties form a single-layered arrangement similar to that
found for compounds 5. When the temperature increases, the
cholesterol moieties tend to form a slightly partial bilayered
arrangement, resulting in an increase of d and a decrease of
the molecular area S. It is important to point out that the
intrinsic values of S, in the range between 25.5 and 28.5 A2 are
significantly smaller than the cross-sectional area of the
ferrocene moieties. This implies the models proposed in
Figures 8 to 11.

In the case of compounds 2 -4, the molecular organization
of one layer is characterized by three sublayers of different
chemical nature and bulkiness segregating from one another
and piling up one over the other to form the lamellar stacking
of the smectic A phase. In the cholesteric sublayer, two
adjacent cholesterol moieties occupy an average area of about
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Figure 8. Proposed molecular organization of 2 in the smectic A layers.
The ellipsoid parts and the wavy lines represent the cholesterol and
aliphatic moieties, respectively.

55 A2, resulting from their partial bilayer arrangement, as
explained above. In the ferrocene sublayer, the molecular
area available for each group is thus 55 A2 and is larger than
its natural bulkiness (~45 A2 at 100°C). Therefore, the
ferrocene moieties are constrained to tilt with respect to the
normal to the layers. However, there is no long range
correlation of the tilt angle in order to keep the uniaxial
property of the phase. In the aliphatic sublayers, the chains are
spread over an area of 55 A2, which is more than twice the
area occupied by a melted chain (=23 A2 at 100°C). This
indicates that they are strongly disorganized and folded. For
compounds 2 and 3, possible hydrogen bonding between the
hydroxy groups probably contribute to the stabilization of the
layering.

In the case of 1, there is a fourth sublayer constituted by the
fullerene moieties. The cross-sectional area of Cq, (=~ 100 Az)
is about twice the area occupied by two adjacent cholesterol
moieties. This implies that in order to describe the supra-
molecular organization, two molecules have to be taken into
account in the elementary cell. The cholesterol, ferrocene, and
aliphatic sublayers can be described as for compounds 2-4.
The fullerene moieties form a double sublayer inserted
between aliphatic sublayers. In fact, the molecules organize
themselves in double layers, where Cg, plays the predominant
role. Due to its large molecular area, Cq4 imposes the
arrangement of the other molecular moieties. The space
filling is thus obtained through a micro-segregation of the
different molecular species together with a good adequacy
between the interfaces of the different sublayers.
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Figure 9. Proposed molecular organization of 3 in the smectic A layers.
The ellipsoid parts and the wavy lines represent the cholesterol and
aliphatic moieties, respectively.

Photophysical properties: Photoinduced phenomena includ-
ing electron transfer (ET) in 1 were studied in solution by
steady-state fluorescence and complemented by time-re-
solved transient absorption spectroscopy. The fluorescence
of 1 and of the model diethylcarboxylate methanofullerene
derivative 7 was taken in sol-
vents of different polarity. The
scope of these experiments was
to measure the extent of fluo-
rescence quenching in 1 relative
to 7, where the electron donat-
ing ferrocene moiety is absent.
In addition, the increase in
7 solvent polarity was meant to
lower the energy of the charge-
separated state and, in turn, to
increase the free energy changes associated with the intra-
molecular ET event. This change in driving force is only made
possible on the basis that the energy of the electron accepting
state, namely the fullerene singlet state, remains independent
of the solvent environment.
Emission spectra of the methanofullerene reference 7 in
toluene and in benzonitrile at room temperature show the
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Figure 10. Proposed molecular organization of 4 in the smectic A layers.
The ellipsoid parts and the wavy lines represent the cholesterol and
aliphatic moieties, respectively.

same maxima around 700 nm, with the same moderate yield
of about 6.0 x 10~*. This implies that the energy of the
fullerene singlet excited state is not affected by the solvent
polarity. In agreement with the hypothesis of an intramolec-
ular ET between the electron donating ferrocene and the
photoexcited fullerene, the fullerene fluorescence of 1 is
indeed noticeably quenched in toluene relative to 7 (Table 3).
Moreover, the fluorescence quantum yields are subject to a
systematic decrease with the following order: toluene >
THF > CH,Cl, > benzonitrile (Figure 12).

Complementary fluorescence lifetime measurements (i.e.,
recording the fullerene emission at 700 nm) also reveal faster
decay of the fullerene emission of 1in all solvents investigated
relative to reference 7 (Figure 13). Again, the lifetime
decreased in the same order as derived from the steady-state
emission experiments, namely toluene >THF > CH,CI, >
benzonitrile (Table 3).

Considering the fluorescence measurements summarized
above, an intramolecular ET can be inferred. To obtain direct
spectroscopic evidence in support of this assumption, tran-
sient absorption spectra were acquired following either a
18 ps or a 6 ns laser pulse at 355 and 337 nm, respectively. In
conjunction with the short laser pulses (i.e., 18 ps) the decay
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Figure 11. Proposed molecular organization of 1 in the smectic A layers.
The ellipsoid parts and the wavy lines represent the cholesterol and
aliphatic moieties, respectively.

dynamics of the fullerene sin-
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Figure 12. Steady-state fluorescence spectra of 1. The absorbance of the
solutions for the emission measurements was adjusted to 0.5 at the 335 nm
excitation wavelength. (dem = dichloromethane; bzcn = benzonitrile).
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Figure 13. Fluorescence decay profiles of 1 (~5.0 x 10°M) in deoxygen-
ated solvents. (dcm = dichloromethane).

Table 3. Photophysical properties of compounds 1 and 7 in various organic solvents.

glet excited state are probed in Compound 1 Compound 7
light of the forward ET. On the Solvent Dielectric ~ Fluorescence Lifetime (r) Lifetime (7) Lifetime  Fluorescence
other hand, the longer laser constant [¢] quantum yields fluorescence singlet excited () radical quantum yields
pulses (i.e., 6 ns) are employed (®) [ns] state [ns] pair [ns]  (®)
to shed light on the lifetime of  (oluene 239 4410 L11 102 6.0x 10
the charge-separated state. THF 7.6 3.8x 10 1.07 6.0 x 10~
In particular, picosecond ex-  CH.Cl, 9.08 3.0x 10 0.81 0.72 27 58x 10

. . itri —4 —4

citation of the reference 7 re- benzon¥tr1le 248 22 x10 0.62 0.5 115 5.7x10
benzonitrile/DMF  30.8 420

veals the following absorption
characteristic: immediately af-
ter the laser pulse, a strong
absorption was observed. A
maximum around 920 nm is a clear fingerprint of the fullerene
singlet —singlet absorption, which formation lies within the
resolution of the applied laser pulses. The singlet excited state
absorption decays with clean first order kinetics and a time
constant of 6.5 x 108 s~!. Simultaneously with the decay of the
920 nm absorption, a new transient grows in at around
720 nm. The decay and grow-in kinetics are in reasonably
good agreement, which leads to the conclusion that a spin-
forbidden intersystem crossing (ISC) governs the fate of the
singlet excited state. This allows the assignment of the 720 nm
absorption maximum to the triplet—triplet absorption. Fur-
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ther evidence for the transformation of the singlet excited
state (1.77 eV) to the energetically lower lying triplet excited
state (1.50 eV) stems from the presence of an isosbestic point
at around 735 nm. It should be noted that the triplet excited
state exhibits another maximum around 360 nm, which is,
however, outside the detectable wavelength range of our
picosecond apparatus. The singlet ground state recovered
through a clean first-order process affording a triplet lifetime
of nearly 100 pus. While this is due at low fullerene concen-
tration and low laser power, the kinetics become, however,
more complicated at higher fullerene concentration and
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higher laser power. In particular, they are affected by efficient
i) triplet—triplet and ii) triplet—ground state annihilation
processes. This is in agreement with previous studies.?” 28!

The liquid-crystalline material 1 shows, upon a 18 ps laser
pulse, formation of the same 920 nm absorption seen for 7
(see above). In contrast to the slow ISC kinetics (6.5 x 108 s71),
the singlet excited state absorption decays rather rapidly with
rate constants typically ranging between 9.8 x 108s7! (tol-
uene) and 2.0 x 10° s~! (benzonitrile). Importantly, no spectral
evidence is found on the picosecond time-scale (i.e., up to
6000 ps) that resembles the triplet absorption around 720 nm,
namely the product of the ordinary ISC. Instead, in the
monitored wavelength region (500 and 960 nm), a very
broadly absorbing transient was found.

With the scope to monitor the full spectral range (UV,
visible and NIR), especially the range characteristic for the
fullerene m-radical anion absorption around 400 nm and
1040 nm, complementary nanosecond experiments seemed
necessary.”’ However, differential absorption changes re-
corded immediately after a 6 ns laser pulse of 1 in deoxy-
genated toluene showed no characteristic absorption at all.
This suggests that the low solvent polarity is an insufficient
means to stabilize the initially formed charge-separated
radical pair and that rapid charge recombination prevails on
a faster time scale.

Solvents with a higher dielectric constant, such as benzoni-
trile or DMF, should be potent enough to prevent the fast
charge recombination. Indeed, differential absorption
changes following the 337 nm laser excitation of 1 in
benzonitrile show maxima at 400 and 1040 nm in the visible
and NIR regions, respectively. Especially, the NIR maximum
is a clear fingerprint absorption of the one-electron reduced
fullerene, which suggests the formation of the charge-sepa-
rated radical pair (Figure 14). On the other hand, no spectral
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Figure 14. Difference absorption spectrum, recorded following 337 nm
laser pulse excitation of 1 (5.0 x 10~°M) in deoxygenated benzonitrile in
the NIR region, showing the fullerene radical anion. The spectrum was
recorded at a delay of 50 ns.

identification can be made for the one-electron oxidized form
of ferrocene, since it shows only a very weak absorption
maximum at 625 nm (e =500 Lmol~'cm1).]

In addition, the fullerene m-radical anion absorption is a
meaningful probe for determining the lifetime of the charge-
separated state. From the corresponding decay kinetics, we
derived lifetimes of 115, 420 and 27 ns in oxygen-free
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benzonitrile (¢ =24.8), in an oxygen-free mixture of benzoni-
trile/DMF (1:1 v/v) (e =30.8) and in oxygen-free CH,Cl, (¢ =
9.08), respectively.

To elucidate a possible energy transfer mechanism, the
excited state energies of the ferrocene unit should be
considered and compared to those of the Cy, unit (Figure 15).

Cyo-("*Fc)

N (Cyo)-Fe

B
N Cso-(3*Fc)
(**Ceo)-Fc

(Cso™)-(Fc™)

Cyo-Fc

Figure 15. Energy diagram illustrating the different deactivation channels
following the photoexcitation of 1.

The ferrocene singlet excited state (=2.46 eV)* is sufficient-
ly separated from the fullerene singlet excited state (1.77 eV)
to render a singlet—singlet excited state transfer from the
photoexcited Cg, endothermic and, therefore, unlikely to
occur. In contrast, the low-lying ferrocene triplet excited state
(1.64 eV)BY opens, in principle, the opportunity for an energy
transfer but only in the form of a singlet —triplet transfer. The
Cq triplet excited state (1.50 eV), on the other hand, could
only intereact with the ferrocene unit via a possible equili-
brium, which would lead, nonetheless, to a minor population
of the ferrocene triplet excited state (~0.5%).

The optical characterization of the charge-separated radical
pair (A, ~400 and =~ 1040 nm) speaks definitively against an
energy transfer mechanism. Furthermore, the solvent depend-
ence (Table3) cannot be explained by a simple energy
transfer. In particular, it should be taken into account that
the excited state energies remain nearly constant in solvents
of different polarities. This, in turn, leads to no significant
variations in the free energy changes, for example, between a
reaction in non-polar toluene and polar benzonitrile. Thus,
intramolecular energy changes should proceed with the same
dynamics. Conversely, the energy of the charge-separated
radical pair is strongly solvent dependent, with its highest and
lowest energies in non-polar and polar solvents, respectively.
From the data collected in Table 3, we conclude that the noted
solvent dependence is a crucial argument in favor of an
electron transfer mechanism rather than an energy transfer
mechanism.

Decisive support for an electron transfer mechanism, as the
major deactivation pathway of the Cy, singlet excited state,
comes from the energy of the charge-separated radical pair.
The latter is, for instance, 1.53 eV in CH,Cl, considering the
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reduction potential of the fullerene unit (—0.57 V vs SCE)*
and the oxidation potential of the ferrocene unit (+0.96 V vs
SCE).®! In other words, a significantly larger driving force
exists for the electron transfer (—AG.ccion transter = 0-24 €V)
relative to the energy transfer (— AG.pergy transter = 0-13 €V), and

note that — AG iron ranster fUTther increases in polar benzoni-
trile.

Conclusion

Photoinduced intramolecular electron transfer was observed
in organic solvents for a fullerene —ferrocene liquid-crystal-
line material. This observation is of interest for the develop-
ment of photo-active molecular switches based on the photo-
physical properties of Cq. The role of each subunit (i.e.,
cholesterol, ferrocene, and fullerene) for governing the
supramolecular organization within the liquid-crystalline
phases could be understood. This will allow the design of
new structures with tailor-made liquid-crystalline and photo-
physical properties. In the smectic A phase, a relative order
with microsegregation of the different units (ferrocene,
fullerene and cholesterol) was observed. This order might
be important to control the electron transfer processes upon
light irradiation. Studies in solution reveal that the ferro-
cene —fullerene system does indeed give rise to intramolec-
ular electron transfer with relatively long-lived charge-sepa-
rated species. It is then expected that in the pure liquid-
crystalline phase or in liquid-crystalline phases obtained by
dissolution of the dyad in liquid crystal solvents (such as E7)
control of electron-transfer rates should be achieved. Experi-
ments addressing these issues are currently underway.

Experimental Section

Materials: Toluene (NaH), CH,Cl, (MgSO,, then P,0;) and THF (KOH,
then Na/benzophenone) were dried and distilled under nitrogen prior to
use. [60]Fullerene (99.5 % ) was purchased from Southern Chemical Group
(Georgia, USA). 1-[10-{4-[(Cholest-5-en-3-yloxy)carbonyl]phenoxy}-de-
cyloxycarbonyl]-1"-[4-(hydroxyphenoxy)carbonyl]ferrocene!™®! (2) and choles-
teryl 4-hydroxybenzoate®’! (6) were synthesized as described in the literature.
Techniques: Column chromatography: silica gel 60 (0.060-0.200 mm,
SDS). Transition temperatures (onset point) and enthalpies were deter-
mined with a differential scanning Mettler DSC 30 calorimeter connected
to a Mettler TA 4000 processor, under N,, at a rate of 10°Cmin~!; data
treatment used Mettler TA72.2/.5 GRAPHWARE. Optical studies were
conducted using a Zeiss-Axioscop polarizing microscope equipped with a
Linkam-THMS-600 variable-temperature stage, under N,. 'H NMR spec-
tra were recorded on a Varian GEMINI 200 spectrometer or a Bruker
AMX 400 spectrometer, with the solvent as an internal standard.
Elemental analyses were done by the Mikroelementaranalytisches Labo-
ratorium ETH-Ziirich.

X-ray diffraction studies: X-ray patterns were recorded on samples filled in
Lindemann glass capillaries with two setups based on focalized linear Cug,,
beams produced with sealed tubes and bent quartz monochromators. The
patterns were systematically recorded as a function of temperature by using
a home-made oven which is controlled by an INSTEC unit (residual
temperature fluctuations of +0.02 °C) and an INEL CPS 120 counter. For a
better signal-background ratio, long-time patterns were registered at
several temperatures on KODAK scientific imaging films with a second
setup equipped with a home-made vacuum stand alone oven (residual
temperature fluctuations of +1°C). The films were scanned using an
EPSON GT-7000 scanner and the images background corrected and

Chem. Eur. J. 2001, 7, No. 12

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

integrated in order to get the diffracted intensity as a function of the
diffracted angle.

Dilatometry experiments: The technique used to measure the molar
volume as a function of temperature was developed by Kovacsi*! for the
study of polymers, and afterwards applied to liquid crystals.’® The
measurements were performed with a high precision home-built apparatus,
automatically computer controlled, including data acquisition and temper-
ature control (£0.03°C).

Photophysical studies: Picosecond laser flash photolysis were carried out
with 355 nm laser pulses from a mode-locked, Q-switched Quantel YG-501
DP (Continuum) Nd/YAG laser system (pulse width ca. 18 ps, 2—3 mJ per
pulse). Passing the fundamental output through a D,0/H,O solution
generated the white continuum picosecond probe pulse.

Nanosecond laser flash photolysis experiments were performed with laser
pulses from a Molectron UV-400 (Laser photonics; PRA Model UV-24)
nitrogen laser system (337.1 nm, 8 ns pulse width, 1 mJ per pulse) in a front
face excitation geometry. The photomultiplier output was digitized with a
Tektronix 7912 AD programmable digitizer.

Absorption spectra were recorded with a Milton Roy Spectronic 3000
Array spectrophotometer.

Fluorescence spectra were measured at room temperature with a SLM/
Aminco 8100 Spectrofluorometer (Spectronic Instruments). A 570 nm
long-pass filter in the emission pass was used in order to eliminate the
interference from the solvent and stray light. Long integration times (20 s)
and low increments (0.1 nm) were applied. The slits were 2 and 8 nm. Each
spectrum was an average of at least five individual scans.

Synthesis

Compound 3: A mixture of 6-bromohexanol (0.40 mL, 3.06 mmol), 2
(2.45 g, 2.42 mmol), K,CO; (2.00 g, 14.47 mmol), acetone (180 mL), and
THF (20 mL) was stirred at 60 °C for 24 h. The mixture was cooled to room
temperature and filtered. The solid residue was washed with acetone. The
organic solvents were combined and evaporated to dryness. Purification of
the solid residue by CC (CH,Cl,/AcOEt 20:1) and precipitation (dissolu-
tion in CH,Cl, and precipitation by pouring the solution into CH;OH) gave
pure 3 (0.98 g, 36 % ). "H NMR (200 MHz, CDCl,): 6 =798 (d, 2H, ArH),
713 (d, 2H, ArH), 6.92 (d, 2H, ArH), 6.89 (d, 2H, ArH), 541 (d, 1H,
CH=C, chol), 4.95 (t, 2H, HCp), 4.90 (t, 2H, HCp), 4.85-4.80 (brm, 1H,
CHO, chol), 4.51-4.48 (m,4H, HCp), 4.20 (t,2H, CpCO,CH,),3.99 (t,2 H,
CH,0OPh), 3.97 (t,2H, CH,OPh), 3.71-3.62 (m, 2H, CH,0H), 2.45 (d, 2H,
chol), 1.95-0.66 (65 H, chol, (CH,)s, (CH,),); elemental analysis calcd (%)
for CesHo,FeOy (1111.33): C 73.49, H 8.53; found: C 73.50, H 8.39.

Compound 4: A solution of malonyl chloride (44.0 mg, 0.31 mmol) in
CH,Cl, (10 mL) was added dropwise to a solution of 3 (0.77 g, 0.69 mmol)
and triethylamine (71.0 mg, 0.70 mmol) in CH,Cl, (80 mL). The mixture was
stirred at room temperature for 2 h and evaporated to dryness. Purification
of the solid residue by CC (CH,Cl,/AcOEt 20:1) and precipitation
(dissolution in CH,Cl, and precipitation by pouring the solution into
ligroin) gave pure 4 (0.55 g,77 % ). "H NMR (200 MHz, CDCl,): 6 =7.97 (d,
4H, ArH), 712 (d,4H, ArH), 6.92 (d,4H, ArH), 6.89 (d,4H, ArH), 5.42 (d,
2H, CH=C, chol), 4.95 (t, 4H, HCp), 4.90 (t, 4H, HCp), 4.85-4.80 (brm,
2H, CHO, chol), 4.51-4.48 (m, 8H, HCp), 4.20/4.17 (2t, 8H, CpCO,CH,,
H,CO,CCH,CO,CH,), 3.99 (t, 4H, CH,OPh), 3.96 (t, 4H, CH,OPh), 3.39
(s, 2H, O,CCH,CO,), 2.45 (d, 4H, chol), 2.05-0.69 (130H, chol, (CH,)s,
(CH,),); B¥C NMR (50 MHz, CDCl;): 6 =170.43, 169.48, 166.73, 165.84,
162.84, 156.74, 144.26, 139.84, 131.56, 123.06, 122.69, 122.55, 115.07, 114.00,
74.22,73.49,73.31,72.89, 72.05, 71.96, 71.76, 68.21, 65.56, 64.75, 56.75, 56.18,
50.11, 42.37, 41.70, 39.81, 39.57, 38.35, 37.11, 36.71, 36.24, 35.86, 31.95, 29.52,
29.40,29.31,29.23, 28.85, 28.49, 28.31, 28.07, 26.03, 25.78, 25.69, 24.36, 23.88,
22.88, 22.63, 21.12, 19.44, 18.79, 11.93; elemental analysis calcd (%) for
C39H g5Fe,04 (2290.70): C 72.88, H 8.27; found: C 72.92, H 8.24.

Compound 1: A solution of DBU (1m, 0.27 mL, 0.27 mmol) was added
dropwise to a solution of Cg, (98 mg, 0.136 mmol), 4 (310 mg, 0.135 mmol)
and iodine (35 mg, 0.138 mmol) in toluene (100 mL). The mixture was
stirred at room temperature for 3 h and evaporated to dryness. Purification
of the solid residue by CC (toluene, then toluene/AcOEt 20:1) and
precipitation (dissolution in toluene and precipitation by pouring the
solution into CH;OH) gave pure 1 (140 mg, 34%). '"H NMR (400 MHz,
CDCLy): 6=797 (d, 4H, ArH), 711 (d, 4H, ArH), 6.91 (d, 4H, ArH), 6.88
(d, 4H, ArH), 5.41 (d, 2H, CH=C, chol), 4.94 (t, 4H, HCp), 4.89 (t, 4H,
HCp), 4.88-4.80 (brm, 2H, CHO, chol), 4.52 (t, 4H, C4,CO,CH,), 4.50-
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4.47 (m, 8H, HCp), 4.19 (1, 4H, CpCO,CH,), 3.98 (t, 4H, CH,OPh), 3.96 (t,
4H, CH,0Ph), 2.44 (d, 4H, chol), 2.03-0.68 (130 H, chol, (CH,);, (CH,),);
3C NMR (100 MHz, CDCl,): 6 =170.35, 169.39, 165.77, 163.65, 162.76,
156.63, 145.31, 145.23, 145.14, 145.11, 144.85, 144.65, 144.59, 144.21, 143.85,
143.06, 142.98, 142.96, 142.17, 141.85, 140.93, 139.75, 138.94, 131.48, 122.98,
122.63, 122.49, 114.99, 113.93, 74.14, 73.39, 73.23, 72.82, 71.97, 71.86, 71.68,
68.13, 68.08, 67.30, 64.67, 56.66, 56.10, 52.39, 50.01, 42.29, 39.71, 39.49, 38.27,
37.03, 36.63, 36.15, 35.77, 31.91, 31.85, 29.44, 29.31, 29.22, 29.09, 28.77, 28.54,
28.21,27.98,27.92,25.95,25.83, 25.74, 24.26, 23.80, 22.79, 22.53, 21.02, 19.36,
18.69, 11.84; elemental analysis calcd (%) for C,g0H;ssFe,0,, (3009.34): C
79.43, H 6.23; found: C 79.37, H 6.21.

Compound 5 (n=8): A mixture of 1-bromooctane (1.14 g, 5.90 mmol),
cholesteryl 4-hydroxybenzoate (2.00g, 3.95mmol), K,CO; (2.72¢,
16.68 mmol), DMF (40 mL), and THF (20 mL) was stirred under reflux
for 20 h, cooled to room temperature and filtered. The solid residue was
washed with THF. The organic solvents were combined and evaporated to
dryness. Purification of the solid residue by CC (CH,Cl,) and crystallization
(CH,CL/EtOH) gave pure 5 (n=38) (1.90 g, 78%). 'H NMR (200 MHz,
CDCL): 6=1798 (d, 2H, ArH), 6.90 (d, 2H, ArH), 543 (d, 1H, CH=C,
chol), 4.86-4.80 (brm, 1H, CHO, chol), 4.01 (t,2H, CH,0Ph), 2.44 (d,2H,
chol), 2.06-0.69 (56 H, chol, CH;(CH,),); elemental analysis calcd (% ) for
C,;,HgO; (618.98): C 81.50, H 10.75; found: C 81.26, H 10.63.

Compounds 5 (n=12, 14) were prepared by analogy to the above
procedure from 1-bromododecane [—5 (n=12)] or 1-bromotetradecane
[—5 (n=14)]. The analytical data are in agreement with their structure.
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New Molecular Complexes of Fullerenes Cy, and C,, with
Tetraphenylporphyrins [M(tpp)], in which M = H,, Mn, Co, Cu, Zn, and FeCl
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Abstract: New molecular complexes of
fullerenes Cq, and C;, with tetraphenyl-
porphyrins [M(tpp)] in which M =H,,
Mn!l, Col, Cu!', Zn" and Fe!'Cl, have
been synthesised. Crystal structures of
two Cg complexes with H,TPP, which
differ only in the number of benzene
solvated molecules, and Cg and Cy

H,TPP-2C4-4C4Hg, zigzag chains in
[Cu(tpp)]: Cyp+ 1.5C;Hg-0.5C,HCl; and
columns in [Cu(tpp)],+Cgs. H,TPP has
van der Waals contacts with Cg, through
nitrogen atoms and phenyl groups. Cop-
per atoms of the [Cu(tpp)] molecules
are weakly coordinated with Cy,, but
form no shortened contacts with Cg.

The formation of molecular complexes
with fullerenes affects the ESR spectra
of [M(tpp)] (M=Mn, Co and Cu).
[Mn(tpp)] in the complex with C;, low-
ers its spin state from §=5/2 to §=1/2,
whereas [Co(tpp)] and [Cu(tpp)] change
the constants of hyperfine interaction.

complexes with [Cu(tpp)] have been
studied. The fullerene molecules form
a honeycomb motif in H,TPP-2Cy,-
3 C¢Hg, puckered graphite-like layers in

Introduction

Donor-acceptor complexes of fullerenes exhibit promising
physical properties (superconductivity, and ferromagnet-
ism)!l and may be important for the study of photoinduced
electron transfer.! To-date a great number of the molecular
compounds with substituted tetrachalcogenafulvalenes,?! cy-
clotriveratrylenes,¥l calixarenes,! concave aromatic donors,[®
porphyrazinel” and other molecules,!'™ ®l has been synthesised.
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ESR, IR, UV-visible and X-ray photo-
electron spectroscopic data show no
noticeable charge transfer from the

fullerenes .
porphyrinate to the fullerene molecules.

Fullerene complexes with porphyrins are of particular
interest in several aspects, as their electronic structure can
vary in a wide range, from co-crystals of essentially neutral,
weakly interacting molecules, through charge-transfer com-
plexes, to radical-ion salts. Thus, studies of photoinduced
electron transfer in Cy, solutions containing octaethyl- or
tetraphenylporphyrins, their Mg and Zn" derivatives® and in
dyad molecules with Cg, covalently bonded to porphyrins’
show the formation of relatively long-lived charge-separated
states. Hence the complexes of fullerenes with porphyrins in
the solid state may be promising as photoactive materials for
xerography and solar energy transducers. Some porphyrins
can reduce Cq to yield radical-ion salts, for example,
chromium(tn) tetraphenylporphyrin [Cr'(tpp)] reduces Cq, in
toluene/tetrahydrofurane, giving air-sensitive [Cr'(tpp)*]-
[Ce "]+ 3THE" and tin(11) tetra-p-tolylporphyrin [Sn'(tptp)]
can reduce Cy in the presence of N-methylimidazole (V-
Melm) to form [Sn™(tptp)(N-Melm),|**(Cy'"),.[1 Since it is
known that radical-ion salts of porphyrins with certain planar
m-acceptors (e.g., manganese(ll) tetraphenylporphyrin and
tetracyanoethylene) have a one-dimensional ferromagnetic
ordering at helium temperatures,['*! fullerenes may also prove
useful as acceptor molecules in the design of new molecular
magnetic materials.

On the other hand, molecular complexes can be important
in building complex inclusion nanostructures, in which the
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principal problem is to control weak, principally van der
Waals, interactions. These effects can be also employed for
separation and purification of fullerenes, for example, by
using appended porphyrins as chromatographic materials.'!
Knowledge of the crystal structures of porphyrin-fullerene
complexes can help to understand the porphyrin—fullerene
interaction in a chromatographic column and to optimise the
process.

Metal complexes with rigidly nonplanar (warped) macro-
cycles, such as tetra- and octamethyldibenzotetraaza[14]an-
nulenes (TMTAA and OMTAA, respectively), have already
proved useful in supramolecular chemistry.'l They form a
variety of complexes with globular molecules, including Cy,
and C,, stabilised by the complementarity of curvature
between host and guest, for example, a fullerene fitting into
the concave surface of the metal-macrocycle complex. Since
porphyrins also can adopt warped, as well as planar,
conformations, they apparently can perform similar functions
as [M!(tmtaa)] and [M"(omtaa)].

Recently, a series of molecular complexes of Cy, and Cy,
with metal (Co", Zn", Ni!, Cu'! and Fe) derivatives of
octaethylporphyrin (OEP) were synthesised.'Y) However, all
of them were found to contain planar, rather than warped,
porphyrin systems. The crystal structure of a Cy, complex with
octakis(dimethylamino)porphyrazine (ODMAP) was report-
ed,[ as well as the structures, ESR and magnetism of its metal
derivatives, [Cu(odmap)],+Cg2CsHg and [Ni(odmap)]-
Ce.'1 In the latter, a slightly concave (“dished”) conforma-
tion of [Cu(odmap)] contrasts with more warped, saddle-like
conformation of [Ni(odmap)]. Eight structurally character-
ised complexes of Cq or C, with tetraphenylporphyrin
(H,TPP), its methylated derivatives and [M(tpp)], all contain
practically planar porphyrin systems, closely packed with
fullerene cages.'®! Thereupon Boyd et al. concluded that the

van der Waals attraction (dispersion forces) between the
curved m surface of a fullerene and a planar nt surface of a
porphyrin is very favourable for a supramolecular recogni-
tion, without the necessity of matching a concave host with a
complementary convex guest.['®! In view of these competing
models, it is desirable to study a wider variety of fullerene-
porphyrin combinations. It is also noteworthy, that the first
characterised endohedral fullerene was stabilised in a com-
plex with porphyrin, [Sc;N]@[Cy][Co(oep)]-1.5CHCl;-
0.5 CgH,.I!

We have already prepared molecular complexes of full-
erenes with manganese(l) and cobalt(i1) tetraphenylporphy-
rins, and their preliminary ESR study is reported elsewhere."]
In this work we report the synthesis and characterisation of
new molecular complexes of fullerenes Cg, and C,, with metal-
free tetraphenylporphyrin, H,TPP, as well as with manga-
nese(1n), cobalt(i1), copper(1l), zinc(1), and iron(ir) chloride
tetraphenylporphyrinates.

Results

The new molecular complexes 1-12, listed in Table 1, were
obtained by the evaporation of solutions containing a full-
erene and the corresponding porphyrin compound. The
choice of the solvent is crucial. Thus, the fullerene complex
of [Mn(tpp)] could be obtained only in CS,, while the
complexes of H,TPP were obtained in benzene and toluene.
[Cu(tpp)] and [Co(tpp)] form complexes with fullerenes in all
of these solvents, while we could not isolate the complexes of
[Ni(tpp)] with Cy, or Cy at all. All complexes were isolated as
well-formed crystals, but some are unstable, decaying slowly
in air and even in argon through the loss of solvent. Two kinds
of crystals, 1 and 2, were obtained from C4, and H,TPP; their

Table 1. Element analysis, absorption bands of solvent in the IR spectra, and the content of a solvent (according to TGA data) in 1-12.

Complex Elemental analysis [%]: Solvent
found (upper)/calculated (lower)
C H N S M 7 [em™] [%]
1 H,TPP-2C,+3C¢H, according to X-ray diffraction data 675, 1474, 3031 6.8
2 H,TPP-2C,-4 C,H¢ according to X-ray diffraction data 675, 1474, 3031 114
3 H,TPP-C;,-2C.H, 92.86 2.70 3.76 - - 675, 1474, 3031 7.8
93.92 2.60 348
4 [Mn(tpp)] - Cy-1.25CS, 85.14 2.14 3.68 4.86 - 1508 N/A
86.41 1.74 3.47 4.96 3.42
5 [Co(tpp)] - Cy0.5CS, 89.41 1.89 4.03 1.61 - 1508 3.0
87.93 1.95 3.78 222 412
6 [Co(tpp)] - Cyo 90.15 2.12 3.76 <0.98 - absent 0
90.55 1.85 3.70 0 3.90
7 [Cu(tpp)] - Cyo+ C;Hg 88.80 2.18 4.10 - - 674, 29221 5.7
89.61 2.30 3.78 - 431
8 [Cu(tpp)],+ Cyo according to X-ray diffraction data absent 0
9 [Cu(tpp)] - Cyy-2C;Hg 89.74 2.06 353 - - 674, 2928 12.8
90.30 2.24 3.48 - 3.98
10 [Cu(tpp)] - Cyy+1.5C;Hy- 0.5 C,HCl, according to X-ray diffraction data 674, 29288 N/A
1 [Zn(tpp)(CsHsN)], - Cyo 84.27 2.76 6.20 0 - 702, 1440, 3080 12.0
84.94 2.95 6.26 0 5.85
12 [FeCl(tpp)],- Ceo - - 4.97 3.670 - absent 0
83.52 2.63 5.26 3.3301 5.26

[a] Toluene absorption bands at 730, 1490 and 3031 cm™' coincide with absorption bands of the donor. [b] Cl [%].
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H,TPP.2C4-nC¢Hy stoichiometries differ only by the
amount of the crystallisation solvent (n =3 or 4, respectively).
It is noteworthy that relative yields of 1 and 2 depend on the
crystallisation temperature. Complex 1 is formed at lower
temperature, it loses solvent on storage and can be preserved
only under an atmosphere, saturated with benzene vapour.
Complex 2, which precipitated at higher temperature, is air-
stable although it contains more solvent than 1. This suggests
that here we have kinetic (1) and thermodynamic (2) forms.
Thermogravimetric data (see below) also indicates that the
solvent is not strongly bound in the crystals. Notably, the
mixed-solvent solvate 10 is more stable than its single-solvent
analogue 9.

In some cases, the presence of other substances was
essential for crystallisation of the complexes. Hence,
[Zn(tpp)] forms a complex (11) with Cg, only in the presence
of pyridine (Py). Our preliminary single-crystal X-ray data
identified 11 as a molecular complex of fullerene with the
mixed-ligand porphyrinate [Zn(tpp)(Py)]; the Zn atom has a
tetragonal-pyramidal coordination environment. Evaporation
of solution of [Cu(tpp)] and C4 in toluene leads to the
precipitation of the toluene solvate 7, but if ferrocene is added
to the solution, then, surprisingly, only the solvent-free
complex 8 is precipitated. Thus, ferrocene deters the solvent
from inclusion into the growing crystal, without taking its
place in the structure!

The compounds were studied using thermogravimetry, and
ESR, IR, UV-visible, and X-ray photoelectron spectroscopy;
the crystal structures of 1, 2, 8 and 10 were determined by
single-crystal X-ray diffraction. All the complexes are dielec-
trics with conductivity <10~7 Scm~.

Thermogravimetry: Compounds 1 and 2 begin to loose
solvent at the temperatures of 150 and 120°C, respectively,
while compounds 5 and 7 do so at 170-190°C. The first and
the second toluene molecules in 9 are removed in two distinct
temperature ranges, starting at 110 °C and 190 °C, respectively.
The onset of the pyridine removal from 11 is much higher at
230°C. Further loss of mass due to partial decomposition of
porphyrins is observed at temperatures upward from 470°C
for H,TPP (in complexes 1-3), 480°C for [Co(tpp)] in 5,
550°C for [Cu(tpp)] in 7-9 and [Zn(tpp)] in 11.

X-ray crystal structures: Rhombohedral complex 1 and
monoclinic 2 are examples of “quasi-polymorphs”, which
differ by the amount of the crystallisation solvent (see above).
In both structures the fullerene molecule has no crystallo-
graphic symmetry; the H,TPP molecule occupies an inversion
centre and its chromophore moiety is sandwiched between
two fullerene molecules (Figure 1). The fullerenes form the
shortest contacts with the most electron-rich (nitrogen) atoms
of the donor molecule. The N --- C(Cy,) distances of 3.02 Ain
1 and 296 A in 2 lie at the lower end of the range of
van der Waals contacts and well below the “standard” contact
distance (3.2-3.3 A).2 Two of the phenyl substituents of the
H,TPP molecule form contacts with hexagonal faces of two
other Cy, molecules, with which they form dihedral angles of
21°in 1, 13° in 2 and the shortest C-:- C contacts of 3.41—
3.52Ain 1 and 3.36-3.70 A in 2. Relative disposition of the
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Figure 1. Molecules in the crystal of H,TPP -2 C¢,-3 CsH; (1).

two contacting C4 rings resembles the “parallel-displaced”
packing of benzene rings, favourable for quadrupole —quad-
rupole interactions.??!

Both structures contain three crystallographically nonequiv-
alent molecules of solvent benzene; one of them occupies a
general position and is stacked to a hexagonal face of the
fullerene molecule (forming C -+ C contacts of 3.47-3.74 A in
1,3.33-3.61 A in 2). In 1 another benzene molecule occupies
a 3 special point and the third one is disordered between three
positions related by a threefold symmetry axis; in 2 both
remaining benzene molecules occupy inversion centres. These
molecules have no close contacts with the fullerene units.

Notwithstanding these apparent similarities, the overall
supramolecular organisations of 1 and 2 are drastically
different. In 1 the fullerene molecules, with their six-
membered rings facing one another, form a “honeycomb”
motif (Figure 2) with continuous channels. Each channel runs

Figure 2. Crystal packing of 1. C¢, molecules are shown as spheres; phenyl
groups and benzene molecules are omitted.

along a crystallographic threefold axis. The H,TPP molecules
have their porphyrin cores incorporated into the walls of the
channels, while their phenyl groups fill the channels together
with the benzene of crystallisation. Each Cy molecule
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contacts five others with centroid--- centroid separations of
9.81 A (two), 9.85 A (one) and 9.95 A (two). The first three
contacts are shorter than in the structure of pure Cy, (9.94 A at
153 K?%) and in most of its noncovalent complexes (9.85—
10.20 A, according to the April 2000 release of the Cambridge
Crystallographic Databasel"). A possible explanation of the
shortening can be the induced anisotropy of the electron
distribution in the fullerene, that is, polarisation effects not
cancelling each other in the solid state;[ this is more likely
when fullerene packing has relatively low dimensionality (cf.
in the crystal of C4, each molecule is surrounded by 12 others).
However, the bond geometry of the cage gives no indication
of such anisotropy. It is also noteworthy that another full-
erene-porphyrin complex, [FeCl(oep)]: Cy+ CHCl;, also dis-
plays a short centroid---centroid distance, 9.80 A.ll The
closest inter-fullerene C---C distances in 1, 3.24 A, are
marginally shorter than twice the van der Waals radius of
carbon (3.42 A).l2l

In 2 the fullerene molecules form layers of an hexagonal
(graphite-like) pattern, strongly distorted by puckering; the
H,TPP molecule is sandwiched between two Cg molecules
belonging to different layers (Figure 3). Each Cg molecule
forms only three direct contacts to three others with centroid
---centroid distances of 9.93-10.14 A, so that a 6/6 bond of
one molecule is oriented against a hexagonal face of another.
Other centroid---centroid separations exceed 12 A. This
framework has channels (filled by the benzene of crystallisa-
tion) running parallel to the pseudo-hexagonal fullerene
layers (Figure 3). The fullerene molecule is disordered
between two orientations (65:35 %) that are related by a 60°
rotation around the molecular threefold axis. The positions of
24 carbon atoms (two opposite six-membered rings and six

Figure 3. Crystal structure of H,TPP2Cq, -4 CsH, (2). Top: a layer of Cy,
molecules, parallel to the (100) plane. Bottom: a view along this layer.
Only major orientations of the Cg molecules are shown.
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Figure 4. Rotational disorder of a C4, molecule (one hemisphere is shown).
Left: in 2, a 60° rotation around the threefold axis. Right: in 8, a 180°
rotation around the axis through the midpoint of 5/6 edges.

atoms directly bonded to either ring) coincide in both orienta-
tions, whereas the equatorial belt of the Cg, cage between them
is disordered (Figure 4). This type of rotational disorder was
observed earlier for molecular complexes of C4, with diben-
zotetrathiafulvalenel®! and carena-cyclotriveratrylene.*®! The
final difference Fourier map of 1 also suggests the presence of
some orientational disorder that we could not rationalise entirely.

The crystal structure of 8 contains no solvent and the
[Cu(tpp)] molecule is located in a general position. The Cg,
molecule lies on a crystallographic twofold axis, which passes
through the molecular centroid and the midpoints of two 5/6
bonds, that is, intersects the molecular twofold axis at a 60°
angle. Thus the molecule is disordered between two orienta-
tions related by the crystallographic axis (Figure 4). This type
of rotational disorder, with the disordered C-C bonds
forming six crosses on the surface of a C¢, molecule, has also
been described earlier.[! Fullerene molecules are arranged in
nonlinear columns (chains), parallel to the z axis of the crystal
lattice, whereby each fullerene molecule has contacts to two
others with a centroid --- centroid separation of 9.92 A, which
is longer than in 1 but still close to the lower limit of the usual
range of such distances (see above). The resulting short inter-
fullerene C---C distances (3.1-3.4 A) involve 5/6 bonds of
the contacting cages, as in [K([18]crown-6)];+Cy - PhMe, in
which such contact was regarded as a shift towards formation
of one-dimensional polyfulleride by [2+2] cycloaddition of
the 5:6 ring connections.'” The fullerene columns are
separated from one another by pairs of warped [Cu(tpp)]
molecules (Figure 5). The shortest intermolecular distances
N---C(Cg) of 3.36 A and Cu--- C(porphyrin) of 3.28 A are

Figure 5. Molecular packing in [Cu(tpp)], - Cy (8), projection on the plane
(1-10).
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characteristic of van der Waals interactions, and there are no
shortened Cu--- C(Cq) contacts. The packing motif is broadly
similar to that of [M"(oep)]+ Cgy+ CsHg+ CHCI, %) but in the
latter the porphyrin chromophores remain planar and the
fullerene cage is surrounded (“solvated”) by its ethyl sub-
stituents. In 8, the [Cu(tpp)] has no such flexible substituents
and can maximise its van der Waals interactions with the
fullerene by making the chromophore itself concave.

In the structure of 10, the C;, molecule has no crystallo-
graphic symmetry and is fully ordered. Two crystallographi-
cally nonequivalent [Cu(tpp)] molecules are located at
inversion centres; each of their phenyl groups is disordered
between two orientations with nearly equal occupancies and
has no shortened contacts with the C;,. One independent
toluene molecule occupies a general position, another one is
located at an inversion centre; both molecules are disordered.
The crystal contains a nonstoichiometric amount of trichloro-
ethylene; its molecule is situated in a general position and is
disordered between three orientations with the total occu-
pancy of approximately 0.5. Ellipsoidal C;, molecules form
zigzag chains parallel to the y axis, the same structural motif as
found in [Ni(odmap)]-Cy'1 and H,TPP-C,-3PhMe.[%
Each C,, molecule is adjacent to two others, with close
van der Waals contacts (C---C 3.2-3.4 A) and centroid---
centroid separations of 10.14 and 11.13 A.

Each [Cu(tpp)] chromophore is sandwiched between two
fullerene molecules (Figure 6), whose two 6/6-type bonds “g”
(adjacent to the equatorial belt of the molecule, see
Scheme 1) complete the square-planar coordination of the
copper atom to a distorted (tetragonally elongated) octahe-
dral one; the Cu---C(C,) distances varying from 2.88 to
3.03 A. On the other hand, each Cy, is coordinated (through
the g-type bonds of the same hemisphere) with two [Cu(tpp)]
chromophores, whose planes form a dihedral angle of 39°
between them and are nearly parallel (inclined by 7° and 10°)
to the long axis of the ellipsoidal C;,. The same “side-on”
approach of C;, to porphyrin was observed in [Zn(tpp)]-
C,["® and in the series of isostructural complexes [M"(oep)]-
Cy- CsHg- CHCl; (M = Co, Ni and Cu).'! In the latter the
long axis of the C, is inclined by about 16° to the porphyrin
plane. This arrangement contrasts with the “end-on” coordi-
nation of C;, with metals; this occurs where back-bonding is
significant.]

The crystal lattice of 10 and the positions of the fullerene
and porphyrin units therein are practically identical with

Figure 6. Chain of C,, and [Cu(tpp)] molecules in the crystal of [Cu(tpp)]-
Cy+1.5C;Hy+ 0.5 G,HCl, (10).
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Scheme 1. Notation of chemically nonequivalent bonds in C,, and in
H,TPP or [Cu(tpp)].

those of [Zn(tpp)]- Cy,.l'% However, the latter structure was
not reported to contain any solvent of crystallisation. Our
analysis of the crystal packing in [Zn(tpp)]-C;, revealed
substantial voids. Taking into account the relatively high
discrepancy factor R=10.2% and residual electron density
(1.9 ez&*), one may guess that the crystal in fact does contain
some solvent (toluene ?), which was not identified because of
intense disorder, similar to that actually observed in 10. The
latter structure was refined to a similar R of 10.0 %, but on
nearly double the number of reflections.

It is also interesting to compare the structures of 10 and
[Cu(tmtaa)] - Cq,[" in which the metal-macrocyclic system is
also sandwiched between fullerene molecules, but has a rigid
saddle shape that matches the fullerene curvature. This
improves the overall interaction between the two, but at the
same time weakens the Cu---Cy, interactions (the shortest
Cu--- C distances are 3.18 and 3.37 A). Fullerene molecules in
[Cu(tmtaa)]- C4 form corrugated layers (as in 2) rather than
chains (as in 10), and each Cg, molecule has contacts to five
others (as in 1), but at longer centroid --- centroid distances of
9.96-10.08 A.

The Cq and C;, geometry in the complexes is in good
agreement with that in pure fullerenes or their neutral
molecular complexes?* 2l (see Table 2, notation in Scheme 1).
Bond lengths in the porphyrin and metal-porphyrin chromo-
phores also remain essentially the same as in pure compo-
nents and their solvates?®3? (Table 2, Scheme 1) and fit an
approximate local fourfold symmetry. However, neither is
true for conformation of the porphyrins. Generally, a por-
phyrin system has two stable conformations: the planar and
the warped (saddle-like); the degree of puckering may be
described by the root mean square (rms) deviation (A) of the
atoms from the mean plane. In the solid H,TPP? or
[Cu(tpp)],PY both chromophores are warped: A=0.19 and
021 A, respectively. The puckering is further enhanced (A=
0.42A) in the diprotonated porphyrin cation of
H,TPP(ClO,),-CcH(.BY In contrast, both H,TPP and
[Cu(tpp)] have planar conformation (A=0.01 A) in 1:2 mo-
lecular complexes with m-xylene.?” 3! In the complexes in
which the porphyrin is sandwiched between two fullerene
molecules, the chromophores are almost as planar (A=
0.053A in 1, 0.042A in 2, 0014 and 0.025A in two
independent [Cu(tpp)] molecules of 10), whilst in the absence
of such packing in 8 the [Cu(tpp)] molecule remains as
puckered (A=0.263 A) as in solid [Cu(tpp)]. The similar
“warped” conformation was observed by Hochmuth et al. in the
nickel porphyrazinate complex with fullerene [Ni(odmap)]-
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Table 2. Average bond lengths, angles and root mean square deviations of atoms from the mean plane (A) in the porphyrin chromophore. Estimated
standard deviations for the bond lengths and angles are 0.001-0.01 A (M — N to C—C) and 0.1 —1.0°, respectively, for the ordered moieties; up to 0.02 A and
3.0° for the disordered ones.

1 2 H,TPPCS H,TPP - (m-xylene)," H,TPP(CIO,), - CsH
A [A] 0.053 0.042 0.189 0.010 0.417
bond lengths [A]
i 1.378 1.376 1.350 1.377 1.390
il 1.439 1.443 1.438 1.443 1.431
il 1.353 1.358 1.361 1.354 1.365
iv 1.405 1.405 1.403 1.391 1.414
\4 1.51 1.501 1.514 1.515 1.491
bond angles [°]
i-i 107.2 107.6 108.8 106.1 1103
i—ii 108.9 108.8 108.7 109.9 106.1
i—-iv 125.5 126.2 126.0 1245 125.9
il —iii 107.4 107.4 106.9 107.0 108.7
ii—iv 125.5 125.0 125.1 125.5 127.9
iv—iv 126.2 125.3 125.1 126.9 123.2
iv-v 116.9 117.3 117.4 116.5 118.4

8 10 [Cu(tpp)]©! [Cu(tpp)] - (m-xylene),™

A B
A [A] 0.263 0.014 0.025 0.214 0.008
bond lengths [A]
i 1.378 1.384 1.376 1.383 1.381
ii 1.442 1.440 1.440 1.447 1.435
iii 1.355 1.358 1.358 1.337 1.351
iv 1.396 1.393 1.397 1.368 1.391
\4 1.498 1.491 1.503 1.489 1.500
vi 1.983 2.001 2.009 1.980 1.997
bond angles [°]
vi—i 127.0 127.4 127.1 125.9 127.3
i-i 105.8 105.2 105.6 107.9 105.4
i—ii 110.0 110.4 110.4 107.9 110.2
i—iv 125.1 125.4 125.8 126.5 125.8
il —iii 107.0 107.0 106.8 108.1 107.1
ii—iv 124.6 124.2 123.8 125.3 124.0
iv—iv 123.4 124.3 124.0 123.0 123.9
iv-v 118.2 117.8 118.0 118.5 118.1
Cy bond lengths [A]
! 2 8 Ceol®!
major minor
5/6 bond 1.47 1.47 1.50 1.45 1.46
6/6 bond 1.35 1.36 1.32 1.40 1.40
C,, bond lengths [A]

Bond Type Number in molecule 10 Gy 654127
a 5/6 10 1.45 1.44
b 6/6 10 1.37 1.38
c 5/6 20 1.46 1.46
d 6/6 10 1.37 1.37
e 5/6 20 1.45 1.46
f 5/6 10 1.45 1.44
g 6/6 20 1.40 1.40
h 6/6 5 1.49 1.48

[a] Gas-phase electron diffraction, ref. [27a].

Cgo, in which (as in 8) only normal van der Waals contacts
Ni -+ Cq exist.['7]

ESR spectra: The ESR spectra of [Mn(tpp)], [Co(tpp)],
[Cu(tpp)] and their complexes with C,, at 77 K are shown in
Figure 7. The spectra of the C4 complexes with the same
donors are similar. It is noteworthy that the ESR spectra of
some complexes show a narrow weak signal with g=2.0022

2610

and AH,,=15G (300K), which persists almost without
changes down to 77 K. This signal, which was observed also
in the spectra of the starting fullerenes, can be attributed to
oxygen-containing impurities,*3 most probably to C,,,O~.133
Its intensity depends strongly on the conditions of prepara-
tion, purification and storage of fullerenes and the complexes.

Pure [Mn(tpp)] has a high spin state (§=5/2) and an
anisotropic ESR spectrum (g, =5.9, g, =2.0) with a hyperfine
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Figure 7. The ESR spectra of a) [Mn(tpp)], b)4, c)[Co(tpp)], d)6,
e) [Cu(tpp)] and f)9 at 77K in argon atmosphere. Arrows show the
position of g =2.0022.

structure (HFS) due to the interaction between the unpaired
electron and the *Mn nucleus (I=5/2).4 Using a solid
sample with high spin concentration, we could not observe the
HFS (Figure 7a). In complex 4 with C,,, the spin of [Mn(tpp)]
is lowered to 1/2. A similar spin-lowering occurs upon the
formation of the nitric oxide complexes [Mn'(tpp)-
(X7)(NO")] (X=Cl, CH;CO,), which show a six-line iso-
tropic ESR spectrum with a Mn (/ = 5/2) hyperfine splitting
characteristic of a low spin [d°] (§=1/2) state of
[Mn!'(tpp)].?4 The spectrum of 4 in argon atmosphere at
77K (Figure 7b) is a broad line with g=2.002 and AH,,=
300 G, but a ten-minute exposure of the sample to air reveals
the HFS (six lines with the A, intervals of 83 G). Evidently, a
partial oxidation of [Mn"(tpp)] to diamagnetic [Mn™(tpp)]
takes place, the concentration of spins decreases and, there-
fore, HFS of the unpaired electron and Mn nucleus is
revealed. Incidentally, this confirms that the unpaired elec-
tron is located basically on the d orbital of Mn!! and interacts
with its nucleus intramolecularly. The exposure of 4 to air for a
few hours results in the disappearance of the ESR signal due
to complete oxidation of the paramagnetic Mn'".

The [Co(tpp)] and [Cu(tpp)] units in complexes 5—10, as
the corresponding pure porphyrins, have a low-spin state (S =
1/2) and ESR spectra with the resolved HFS and g-factor
anisotropy. The effect of the complexation is practically
confined to the hyperfine interaction (HFI) parameters, which
are most sensitive to local interactions on the metal centres.
ESR of pure [Co(tpp)] is observed at 77 K (*¥Co, [=7/2, g, =
3322, B=395x10"*cm™!, g =1798, A=197 x10*cm™,
see Figure 7c), but not at room temperature (due to short
relaxation times®!), while the spectra of 5§ and 6 (Figure 7d)
are observed even at room temperature. Both complexes
display a broad intense asymmetric line with (g) =2.4 and
AH,,=500-600 G, resulting from the overlap of parallel and
perpendicular components of the spectrum of a polycrystal-
line sample. The HES due to the interaction of the unpaired
electron with the **Co nucleus (I =7/2) is also observed above
a broad signal, as eight components with a separation of
170 G. The g factors change substantially relative to pure
[Co(tpp)], both HFI constants A and B decrease, suggesting
weak [Co(tpp)] - fullerene interactions, probably similar for
Cy and Cy.

The ESR spectra of [Cu(tpp)] in the complexes 7—10 with
Cs and Cy, also correspond to the low-spin state with the
retention of the g, and g; values. The ESR spectra of pure
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[Cu(tpp)] at 77K (Cu, [=3/2, g, =2.071, B=-29x
10*em™!, g=2.193, A=-202x10"*cm")® and of 7
(8.=2.050, g;=2.190, A=—168 x 10~* cm™") are even more
similar. For 9 (g, =2.058, g;=2.176, A=—-170 x10~*cm™")
and 10 the values of g, and g, remain almost unchanged, but
the intensity of the perpendicular component increases (Fig-
ure 7f). This indicates a less anisotropic interaction of the spin
orbitals, probably due to weak Cu---fullerene coordination,
such as we observed in the crystal structure of 10. Earlier,
changes in the ESR spectrum of the solid porphyrazine
complex [Cu(odmap)],+Cy+2C¢Hy, compared with [Cu-
(odmap)] in solution, were attributed!”! to similar weak
Cu--- Cq interactions (as well as to stacking porphyrin---
porphyrin interactions which do not exist in the crystal of 10).

Pure [FeCl(tpp)] has a high-spin (§=5/2) state and an
anisotropic ESR spectrum with g=5.7 and AH,,=300 G at
room temperature; the signal is narrowed to 200 G on cooling
down to 77 K. The spectrum of its complex 12 is almost the
same, with g=5.63 and AH,,=330G at room temperature
and g=5.78 and AH,,, =200 G at 77 K, indicating the absence
of Felll-.-Cg coordination, in agreement with the X-ray
structural data.l']

IR spectra: The IR spectra of all the complexes are a
superposition of the vibrational bands from starting (metal)-
porphyrins, fullerenes and solvents. The typical spectra of 5, 6
and [Co(tpp)] are presented in Figure 8. The vibration

Transmittance ——»
7
bl

0

400 800 1200 ' '1600
Wavenumbers / cm ' —

Figure 8. The IR spectra of 5 (top), 6 (middle) and [Co(tpp)] (bottom) in
KBr pellets. The Cgq and C;, absorption bands are marked by asterisks.

frequencies of Cq at 1429 cm~' and C,, and 1430 cm™!, the
most sensitive to the alterations of electron density,”®l remain
unchanged within £ 1 cm~!, indicating the absence of a charge
transfer in the ground state. The porphyrin bands in the
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complexes also coincide with those of the pure porphyrins.
Larger shifts (up to 5 cm~!) upon the complex formation were
observed for C—C (700-800cm~') and C—H vibrations
(3000-3100 cm™') of phenyl groups and N—H vibrations of
H,TPP at 3320 cm™".

UV-visible spectra: Van der Waals interactions of porphyrins
with fullerenes failed to generate additional bands in the UV-
visible spectra of any of the studied complexes except 4, which
shows an intense absorption band at 487 nm (Figure 9) that is

Absorbance ——=
1,

400  e00 800 1000
Wavelength/nm ——m

Figure 9. The UV-visible spectra of a) 4 and b) Cy, in KBr matrix. The
[Mn(tpp)] absorption band is marked by an arrow.

not present in the spectrum of pure [Mn(tpp)]. This band may
correspond to the d—d transition for Mn!!, which is forbidden
in the high-spin state of the free [Mn(tpp)], but becomes
allowed as the spin lowers to 1/2 in the complex. Similar spin-
lowering in [Mn"(tpp)(CN-)(NO*)] (see above) is also
accompanied by the appearance of a new intense band at
490 nm (toluene glass, 77 K).B34

The UV-visible reflectance spectra from single crystals of §
were measured in three different polarisations of light
(parallel to the crystal faces) and the absorption spectra were
derived therefrom by the Kramers — Kronig transformation. A
comparison (Figure 10) with the absorption spectrum of

0
\

Absorbance

T T T T
400 600 800 1000
Wavelength/nm —
Figure 10. The UV-visible absorption spectra: a) of a single crystal of 5 for
three polarisations of light R, ; (parallel to the crystal faces); b) of
[Co(tpp)] in a KBr pellet.
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[Co(tpp)] (in KBr pellet) shows that the spectrum of 5 (263,
340, 433 and 533 nm) is a superposition of the slightly shifted
bands of [Co(tpp)] (429 and 527 nm) and Cg (262 and
340 nm). However, the absorption bands of [Co(tpp)] in 5 are
anisotropic and have the maximum intensity in the R, and R;
polarisations, suggesting that the planes of the porphyrin
chromophores are almost parallel to the R, and R; directions
of the crystal. The intensity of a broad weak band near 750 nm
in the R; polarisation is dependent on the polarisation and can
be attributed to a [Co(tpp)] — Cq, charge transfer (CT) in the
direction normal to the porphyrin plane. The spectra of other
complexes (Table 3) contain no pronounced CT bands, while

Table 3. UV-visible spectra.

Absorption bands [nm]

fullerene porphyrin

Ceo 260, 340 -

Cy 344, 388, 501 -
H,TPP - 432,523
1 261, 336 438, 523
[Mn(tpp)] - 426, 580, 620
4 337, 387 487, 620
[Co(tpp)] - 429, 527
5 263, 340 433,533
6 256, 337 431, 526
[Cu(tpp)] - 427, 547
9 263, 339 432, 551

showing bathochromic shifts (up to 6 nm) of the Soret and Q
bands of the porphyrin units compared to pure porphyrins.
Similar effects in solution were observed earlier for cyclo-
phane-type dyad compounds,!'®®! in which a Cy, fullerene and
an H,- or zinc(i1) diphenylporphyrin moieties are linked by
covalent bridges and, therefore, are constrained to a face-to-
face contact at 3.9—4.1 A. There too, the UV spectrum was
the superposition of the components’ spectra, in the visible
region the Soret bands underwent a bathochromic shift and a
strong intensity decrease, whereas the Q bands were less
affected. The latter was taken as an indication that the
electronic structure of the porphyrin is strongly perturbed by
the fullerene, but not vice versa.

X-ray photoelectron spectra: The N1s, Co2p;, and Cu2p;,

peaks of the donor units in the complexes (Table 4) are only
slightly shifted relative to the starting porphyrins, indicating

Table 4. X-ray photoelectron spectra.

AC1s [eV]E N1s [eV]®! M2p;, [eV]P]
Coo 1.9 - -
H,TPP 2.70 400.0, 398.2 -
2 2.05 399.9, 398.2 -
[Co(tpp)] 2.30 399.0 780.6
5 2.05 398.8 780.3
[Cu(tpp)] 220 3982 934.6

2.20 399.0 934.6

2.10 398.7 934.2

[a] Halfwidth of the C1s peak. [b] Peak positions (£0.2 e), M = Co or Cu.
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no significant redistribution of electron density. The C1s peak
halfwidth of 2 is narrower than that of pure H,TPP (Fig-
ure 11), and both display satellite structures at higher energies
relatively to the basic C1s. This satellite structure is narrower
for H,TPP than for 2, probably because of their different

Intensity ——m

Il Il Il
300 295 290 285
--— Binding energy/eV

Figure 11. X-ray photoelectron Cls spectra of H,TPP (dashed) and 2
(solid line), and a portion thereof multiplied eight times.

nature: the former originates from the m—m* transition in
phenyl groups, the latter mainly from the losses associated
with the excitation of rt plasmons of the Cy,.’7l The halfwidth
of the C1s peaks for [M"(tpp)] in fullerene complexes is also
smaller than for the pure donors (see Table 4), while the
relative integral intensity and the halfwidth of the satellite
peak are larger in the former.

Discussion

On the strength of IR, ESR, UV-visible and X-ray photo-
electron spectroscopy, conductivity and crystallographic data,
compounds 1-12 are essentially molecular complexes with-
out any notable charge transfer. This could be predicted for
1-3 and 5-10, since the oxidation potentials of H,TPP,
[Cu(tpp)] (both +1.00V) and [Co(tpp)] (+0.54V) (in
benzonitrile, vs SCEP®) are very positive compared to the
reduction potentials of Cy4 and C,;, —0.44 and —041YV,
respectively (in dichloromethane, vs SCEP). However, E,, of
[Mn(tpp)] (—0.23V, acetonitrile, vs SCEM) seems close
enough to the E,4 of C;, to expect a significant CT in 4, which
does not occur. One possible explanation is that nonpolar
solvents were used. Previously it was shown!'> Bl that even
such strong donors as [Cr(tpp)] and [Sn(tptp)] can not reduce
Cg to a radical anion in nonpolar solvents, notwithstanding
much more negative redox potentials (E,,=—0.86 and
—1.17 V, respectively). The formation of radical-anion salts
was observed in polar media like tetrahydrofuran or N-
methylimidazole, which stabilises [Cr(tpp)]* and [Sn(tptp)]**
cations. Unfortunately, we were unable to prepare complexes
of [Mn(tpp)] with fullerenes in the CS,/THF mixture (1:1) to
corroborate this hypothesis. In the case of [Co(tpp)] and C,
only a THF solvate of [Co(tpp)] without Cg, was obtained.

The other reason for a low extent of charge transfer in the
complexes may be the low efficiency of HOMO-LUMO
overlapping between porphyrin and fullerene moieties. The
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absence of charge transfer from [Mn(tpp)] to C;,in 4 and low-
spin state of [Mn(tpp)] therein, frustrate the hope to obtain a
molecular ferromagnet similar to the [Mn(tpp)][TCNE]-
2PhMe salt, in which a one-dimensional ferromagnetic
ordering was associated with the presence of the tetra-
cyanoethylene (TCNE'") radical anion and the high-spin
[Mn"(tpp)]*.I""

On the other hand, the complexes described herein can not
be regarded as random combinations of essentially inert
components. Rather they belong to the (yet insufficiently
understood) class of molecular complexes in which a cumu-
lative effect of weak m-m, electrostatic (multipole) and
dispersion forces results in a substantial mutual affinity of
the components without any appreciable charge transfer or
alteration of the covalent bond geometry; C¢Hg CsF¢ can be
regarded as a typical complex of this class.?l An indication of
such affinity is the persistence of a few types of supra-
molecular organisation (synthons) in a variety of complexes.
Thus, a zig-zag chain of fullerene cages interleaved with
planar porphyrins can be discerned in every 1:1 fullerene-
porphyrin complex previously reported.l”!®1 Compolexes
with a 1:2 ratio display the same motif with each porphyrin
molecule replaced by two (also planar), stacked face-to-
face.l'¥! The former motif exists in 2 and 10 (and in a cyclic
variety, in 1); the latter in 8, except that there the porphyrins
are warped. In every case, fullerene is aligned against the
centre of the porphyrin chromophore, whether the latter is
occupied by a metal atom or not. 1:1 complexes of Cg, or Cy,
with rigidly warped TMTAA or OMTAA systems, also
comprise mixed column. Likewise, both synthons of full-
erene-fullerene type, namely, a zig-zag chain of closely
contacting fullerene cages and a corrugated layer thereof,
which are observed in fullerene-porphyrin complexes, also
exist, for example, in [Ni(tmtaa)]-C4, and [Ni(omtaa)]- Ce+
2 CS,, respectively.l'*?]

This view is further corroborated by our spectroscopic and
ESR studies; these indicate small but significant effects that
can be attributed to the mutual influences of the fullerene and
porphyrin & systems and correlate with the crystallographic
data. Thus, N(porphyrin) --- C(fullerene) contacts marginally
shorter than the sum of the van der Waals radii, such as
observed in 1 and 2, are a general feature of fullerene
complexes with metal-free porphyrins and were explained®l
by a favourable van der Waals attraction between curved and
planar m-surfaces. Changing of the porphyrin conformation
from warped to planar on complexation is also noteworthy. Of
course, a molecule that is nonplanar in the gas phase can
adopt a flat conformation in a crystal in order to maximise the
packing density. However, here the nonplanar conformation
is displayed in crystals of pure porphyrins and, furthermore,
planarisation of the porphyrin chromophore is unlikely to
facilitate its co-crystallisation with a spherical fullerene
molecule. In fact, conformationally flexible molecules often
adopt folded conformations to “wrap” around a fullerene
cage, for example, a tetrathiafulvalene derivative in DBTTF -
Cyo+ CoHg B Therefore the porphyrin planarisation may be
due to intermolecular interactions rather than packing
requirements. Rigid saddle-shaped macrocyclic complexes
[M"(tmtaa)] and [M"(omtaa)] can accommodate a fullerene
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molecule in their concave surface and achieve a better match
of curvature without any change in the macrocycle shape.["] A
larger area of an host— guest contact evidently maximises the
total van der Waals interaction. However, these macrocycles
(and the warped porphyrin in 8) do not form such short
contacts with fullerenes, as the planar porphyrins do. Also, as
could be expected, maximisation of the fullerene —macrocycle
interaction diminishes the fullerene —fullerene interactions. In
“disparate” fullerene-porphyrin complexes, distances be-
tween the centroids of Cg, molecules are often shorter than
the doubled van der Waals radius of 5.0 A4l especially in 1
and [FeCl(oep)]:Cq+CHCl; (see above). In the better
matched fullerene-“saddle” complexes, Cq molecules lie
further apart, or are completely insulated from direct
contacts.

The contacts of a copper atom with two electron-rich
fullerene 6/6 bonds in 10 is of particular interest. A distorted
octahedral coordination with four strong bonds and two weak
ones (trans to each other) is very common for Cu'! due to the
Jahn - Teller effect. A survey of the October 1999 release of
the Cambridge Structural Database*l shows that the Cu-
C(olefin) distances are distributed in two distinct ranges,
namely 1.9-2.1 A (strong #? coordination) and 3.1-3.3 A
(nonbonded contacts), with a few exceptional distances of
2.9-3.0 A, that is, slightly shorter than van der Waals contacts
(Figure 12). The Cu---C(C,,) distances in 10 (2.88-3.03 A)

1 —
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Figure 12. Histogramm of bonding (white columns) and nonvalent (grey)
Cu—C(olefin) distances from CSD data. Secondary bonding distances in 10
are shown as thin lines.

belong to the latter category and can be described as an
additional coordination (secondary bonding), which is fairly
common for d elements and was reported earlier for a variety
of fullerene complexes. Similar interactions of a metal atom
with 6/6 bonds of Cgy (M -+ C 2.67-3.32 A) were observed in
two isomorphous complexes [M(oep)]- C¢, - CHCl; (M = Co
and Zn).!'"8 In a series of isomorphous compounds [M"(oep)] -
Cyy+ C¢Hg- CHCLy (M = Co, Ni and Cu)!*®! the metal atom has
an additional coordination with only one carbon atom of the
Cy, cage; the Cu---C distance of 2.92 A (cf. Co---C 2.80 A
and Ni---C 2.83 A) is close to those in 10. Metal --- fullerene
interactions of the same order were also found recently in
[Zn(tpp)] - Cry (2.89 A),L% [Fe(tpp) IB(CeFy), - Cyy (2.63 AL
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and [Ni(odmap)]- Cy.l') As the C;, molecule is disordered in
8 and ordered in 10 (and also in all three [M"(oep)]:Cy-
C¢Hy+- CHCI; complexes), one can suggest that the additional
metal --- fullerene coordination may be responsible for the C;,
ordering. However, in the structure of [Zn(tpp)] - C;y the Cyyis
also disordered.

Metal(11) tetraphenylporphyrins form complexes with Cy
more readily than with Cy, (e.g,. 9 precipitates even from
dilute solutions), while the opposite is true for substituted
tetrathiafulvalenes and aromatic hydrocarbons.'!! The rea-
sons of this may be better steric compatibility between
[M"(tpp)] and C;. Thus, [Ni(omtaa)] can accommodate C; in
the same way as smaller [Ni(omaa)] accommodates Cg,.['*
Another reason may be the higher propensity of C,, for d—n
metal —fullerene interactions: although the Cu--- C;, interac-
tions in 10 are rather weak, they compare favourably with the
absence of any such interactions in the Cg complex 8.
Whatever the origin of the effect, it may be utilised to
separate chromatographically Cy, from C,, by using appended
metal tetraphenylporphyrins.

Conclusion

New molecular complexes of fullerenes Cg and C;y with
tetraphenylporphyrin, metal(l) tetraphenylporphyrins and
iron(i)) tetraphenylporphyrin chloride were obtained and
characterised by IR, UV-visible, ESR, and XPS data. All the
complexes obtained are molecular ones without charge
transfer in the ground state. Single-crystal structures of four
molecular complexes showed different packing of fullerene
molecules varying from columnar to three-dimensional ones.
In all compounds the interaction between the components is
mainly of van der Waals nature, with probable contribution of
Cgo - N(H,TPP) - interactions and secondary d -z coor-
dination [M(tpp)]:-- Cy; this last coordination mode slightly
affects the electronic state of [M(tpp)]. Indirect evidence for a
specific [M(tpp)] —fullerene interaction was provided by ESR
spectroscopy: the effect of complexation with fullerenes on
the ESR spectra of metal tetraphenylporphyrins decreases in
the succession [Mn(tpp)] > [Co(tpp)] > [Cu(tpp)], becoming
negligible for [FeCl(tpp)].

The difference in nonbonding interactions of [Cu(tpp)] with
Cq and C;, observed in the complexes may be useful for
chromatographic separation of these fullerenes.

According to the UV-visible spectra, the charge transfer
can probably take place in the photoexited state of the
complexes, affecting the whole set of electric and magnetic
properties of the complexes formed. Studies of photoinduced
electron transfer in the solid state of the complexes, which are
of particular interest for their optical properties, are presently
under way.

Experimental Section

Materials: [Mn(tpp)] was synthesised from H,TPP and MnCl, -4 H,0O and
purified as described earlier, its elemental analysis, ESR and IR spectra
coincide with the reported data.[*’l H,TPP, [Co(tpp)], [Cu(tpp)], [Zn(tpp)]
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and [FeCl(tpp)] were purchased from Aldrich. Fullerenes Cg, of 99.9%
purity and C;, of 98 % purity were used. Benzene and toluene were distilled
over Na/benzophenone under argon; trichloroethylene and CS, were
distilled over P,Os under argon. The solvents were stored under argon.

General: Single-crystal IR spectra were measured on a Perkin Elmer
1725X spectrophotometer, equipped with an IR microscope, in the 650—
3200 cm™' range. The powdered samples were pressed in KBr pellets
(1:400); their spectra were recorded in the 400-7000 cm~' range. Elec-
tronic absorption spectra were measured with a Perkin Elmer Lambda 19
UV-visible-NIR spectrophotometer in the 220 —3000 nm range (KBr pellet,
1:2000). Electronic reflectance spectra of the single crystals were recorded
with a microspectroreflectometer equipped with an UV-visible microscope
in the 240-1150 nm range. The spectra were recorded in polarised light at
room temperature. The absorption spectra were derived from the
reflectance spectra by the Kramers—Kronig transformation. Thermogravi-
metric analysis was carried out on a Q-1000 derivatograph in quartz bowls
in the argon flow at the 10—20 Kmin™' rate of heating in the 298-1273 K
range. The mass-loss temperature was determined from the minimum of
DTG curve. X-ray photoelectron spectra (XPS) were measured with a
VIEE-15 spectrometer upon excitation by Mgy, radiation (E =1253.6 eV)
and calibrated to the C1s peak (285.0 eV). ESR spectra were registered
with a Radiopan SE/X 2547 spectrometer. The conductivity was measured
by two-contact method on pressed pellets.

Synthesis: All complexes were obtained by the evaporation of equimolar
solutions of Cy, and corresponding porphyrin under argon during 5-10
days. The analyses of the obtained complexes are summarised in Table 1.

H,TPP-2Cy-3C¢H¢ (1) and H,TPP -2 Cg, - 4 C(H, (2): Compounds 1 and 2
were obtained by crystallisation from the same benzene solution (at room
temperature) as hexagonal needles and nonrectangular prisms, respective-
ly. The crystals were washed with acetone until the disappearance of the
H,TPP colour and dried in air. The relative yields 1 and 2 depend on the
evaporation temperature; 1 is predominantly formed below 15°C and 2
above 24 °C. The crystals of 1 slowly deteriorate on storage in air or in argon
due to the loss of the solvent.

H,TPP-C,-2C¢H; (3): Compound 3 precipitated from the benzene
solution (at room temperature) as plates with quantitative yield. The
crystals were washed with acetone and dried in air. They degrade on
storage after several days.

[Cu(tpp)]-Cq - C;Hg (7): Plate-like crystals of 7 were obtained from
toluene in a quantitative yield. The crystals were washed with acetone and
dried in air. They degrade on storage after several days.

[Cu(tpp)], - C4 (8): Compound was obtained from a solution of Cgy, CuTPP
and ferrocene (1:1:10 molar ratio) in toluene as nonrectangular prismatic

Table 5. Crystal data of 1, 2, 8 and 10.

crystals in a quantitative yield. The solvent was decanted from the crystals
before the precipitation of ferrocene, and the crystals were washed with
acetone.

[Cu(tpp)]- C;y -2 C;H; (9): Compound 9 precipitated from toluene solution
as prisms with a quantitative yield. The crystals were washed with acetone
and dried in air. They degrade on storage after several days.

[Mn(tpp)]- Cy-1.25CS,; (4), [Co(tpp)]- C4 - 0.5CS; (5) and [Co(tpp)]- Cyy
(6): Compounds 46 were obtained from CS, as elongated parallelepipedal
crystals, washed with diethyl ether until complete decoloration of the
solution and dried under argon; yields 50-80 % (on fullerene). Black plate-
like crystals of a Cg+ C;,+xCS, solvate were obtained as a by-product and
separated manually from the crystals of the molecular complexes under a
microscope. The crystals of 4 are air sensitive and were handled in argon
atmosphere.

[Cu(tpp)]: C;y- 1.5 C;H;- 0.5 C,HCI; (10), [Zn(tpp)(CsH;N)], - Cq (11) and
[FeCl(tpp) 1, Cg (12): Compounds 10 and 11 were obtained from trichloro-
ethylene, with the addition of several drops of toluene and pyridine,
respectively. Without these additional solvents, crystallisation does not
occur. Compound 12 was crystallised from pure trichloroethylene. The
crystals of parallelepipedal habit were washed with acetone and dried in
air; yield 90 %.

A peculiar blue lustre is characteristic for all the complexes.

Crystal structure determination: X-ray diffraction experiments for 1, 2, 8
and 10 were carried out on SMART 3-circle diffractometers with 1 K CCD
area detectors in the Chemistry Department, University of Durham (1, 2)
and in the Centre for X-ray Structural Studies, Institute of Organoelement
Compounds R.A.S. (8, 10), by using graphite-monochromated Moy,
radiation (1=0.71073 A). The data collection nominally covered over a
half (for 1, 2, 8) or % (for 10) of the reciprocal space, by a combination of
four sets of w scans, each set with different ¢ and/or 26 angles. The absence
of the crystal decay was monitored by repeating the first 50 scans at the end
of the data collection and comparing the duplicate reflections. Reflection
intensities were integrated using SAINT program.[¥ The solution and
refinement of all structures were performed with SHELXTL program
package.[*!l The intensity statistics were biased owing to strong anisotropic
extinction that hindered the routine crystal structure determination by
direct methods. The structures of 1, 2, and 10 were solved after omitting a
group of reflections with the greatest normalized structure amplitudes in
the primary set, and 8 after lowering the symmetry from the space group
C2/c (later confirmed by the successful refinement) to C2. After this, all
non-hydrogen atoms except some disordered ones of the fullerene skeleton
or the solvent molecules, were revealed from E-syntheses, and the
remaining atoms were located from the subsequent Fourier maps. The
structures were refined by full-matrix least-squares against F2 of all data.

1 2 8 10
formula H,TPP-2Cy,-3CH, H,TPP-2Cy,-4C.H, [Cu(tpp)],+ Ceo [Cu(tpp)]: Cyy+1.5C;H+ 0.5 C,HCl,
M, [gmol~'] 2290.12 2368.02 2073.16 1582.67
crystal system rhombohedral monoclinic monoclinic triclinic
space group R (No. 148) P2,/c (No. 14) C2/c (No.15) P1 (No. 2)
a[A] 19.9967(8) 13.7422(6) 22.6284(7) 14.3756(6)
b [A] 19.9967(8) 20.765(1) 20.5604(7) 16.5497(8)
c[A] 19.9967(8) 18.626(1) 19.6828(6) 17.659(9)
a[°] 99.311(2) 90 90 72.460(1)
BI°] 99.311(2) 91.814(4) 106.145(1) 86.278(1)
v [°] 99.311(2) 90 90 80.577(1)
v [A% 7640 5312 8796 3951
V4 3 2 4 2
Peatea [gem™?] 1.493 1.481 1.565 1.305
u [mm~] 0.09 0.09 0.56 0.37
T [K] 120 120 110 110
Max. 26 [°] 52.7 60.8 60.1 60.1
reflections measured 51574 66978 40445 43877
unique reflections 10400 14719 12881 22654
observed reflections [/ >20([)] 5579 10488 8739 14023
parameters 839 1191 706 1174
R [I>20(])] 0.119 0.062 0.058 0.100
wR, 0.366 0.147 0.165 0.331
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The ordered non-hydrogen atoms were refined in anisotropic approxima-
tion, the disordered ones in isotropic approximation, with hydrogen atoms
(partially revealed in difference Fourier maps) “riding” in idealised
positions. Crystal data and experimental parameters are listed in Table 5.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-143510 (10),
143511 (8), 143512 (2) and 143513 (1). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Synthesis of Radialene-Shaped Pyrroles by Multiple-Anion-Capture

Reactions of 1,3-Dianions

Peter Langer,*!*! Manfred Doring,/”! Peter R. Schreiner,'”! and Helmar Gorls™!

Abstract: A new multicomponent reaction (multiple-anion-capture reaction) of 1,3-

dianions with nitriles and oxalic acid-bis(imidoyl)chlorides is reported. This process
allows for an efficient and regioselective synthesis of a variety of radialene-shaped
pyrroles which constitute structurally new and interesting heterocyclic systems. The
cyclization products can be considered as aza-analogues of the pharmacologically
relevant substance class of 3-acetyltetramic acids. A rationalization of the exper-

Keywords: anions - cyclization -

imental results is given based on quantum chemical computations.

Introduction

Radialenes and the related pseudooxocarbons are cyclic
compounds containing only sp?-hybridized ring atoms and
exocyclic double bonds."? Radialene-shaped substructures
are not only of academic interest, but also occur in a variety of
pharmacologically relevant natural products, which include
the structurally mobile 3-acetyltetramic acids.”! For example,
the mycotoxin a-cyclopiazonic acid is produced by the fungus
Penicillium cyclopium;*l it is very toxic®! and possesses
neurological activity by changing the neurotransmitter lev-
els.*] This compound, which suppresses the cytotoxic effects
of patulin, can act as an antioxidant.*d In addition, -
cyclopiazonic acid is a potent inhibitor of calcium uptake and
Ca’"ATP-ase activity in the endoplasmatic reticulum. ] The
antiprotozoal compound malonomycin was isolated from
Streptomyces rimosus var. paromomycinus and has particu-
larly potent activity against Trypanosomes.”! Tkarugamycin
shows strong specific antibiotic activity and has been used as
an antiulcer agent.ll The interesting radialene-shaped pyrrole
magnesidin inhibits various Gram-positive bacteria.l”!
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a—Cyclopiazonic Acid Magnesidin

Multicomponent reactions have found widespread applica-
tion in organic synthesis.®! Carbanionic multicomponent
reactions (multiple-anion-capture reactions) involve attack
of a nucleophile on a suitable relais species to form a reactive
intermediate which is subsequently trapped by an electro-
phile. Recent examples include the reaction of carbon
nucleophiles with allenes and subsequent cyclization with
acrylates®! and reactions involving isocyanates!'”! or allenyl
isothiocyanates as the relais species.''l Multiple-anion-cap-
ture reactions using nitriles as the relais species have been
observed in the reaction of bislithiated 2,3-dimethylbutadiene
with benzonitrile'® and in the 1,4-addition of nitriles to
(butadiene)zirconocene.'” <l In the course of our program
directed at the development of regio- and stereoselective
cyclization reactions of dianions and dianion equivalents!'* we
have recently studied nitriles, >3] esters,li“<l and ke-
tonesl'4 ¢l as relais species in multiple-anion-capture reactions
of dianions. Herein, we wish to report a new and regioselec-
tive three-component reaction of 1,3-dianions with nitriles
and oxalic acid-bis(imidoyl)chlorides."”! This domino process
allows for an efficient synthesis of a variety of radialene-
shaped pyrroles. These compounds represent aza-analogues
of pharmacologically relevant natural products and constitute
structurally new heterocyclic systems. A rationalization of the
experimental results is given based on quantum chemical
computations.
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Results and Discussion

Benzimidazole-derived radialene-shaped pyrroles: Cycliza-
tion reactions of dianions'! with oxalic acid dielectrophiles
had not been reported until recently.*?l These reactions are
problematic since they can suffer from several drawbacks,
such as polymerization or decarbonylation.'’l In fact, all
attempts to induce a cyclization of the dianion 2 of 2-meth-
ylbenzimidazole 1 (generated by addition of two equivalents
of nBuLi)[*®! with oxalyl chloride or oxalic diethylester proved
unsuccessful. However, we have recently shownl'> 3¥] that the
reaction of 2 with oxalic acid-bis(p-tolylimidoyl)chloride 3a,
which can be considered as an aza-analogue of oxalyl
chloride,!! resulted in regioselective cyclization and forma-
tion of the 1-arylimino-1H-pyrrolo[1,2-a]benzimidazol-2-
amine 4 (Scheme 1). Heterocycles related to 4 have been
shown to exhibit antitumor activity against a variety of cancer
cell lines.?"

Based on these initial results, multiple-anion-capture re-
actions of dianions with nitriles as relais species were studied.
The reaction of the dianion 2 with nitriles and subsequent
cyclization with oxalic acid-bis(imidoyl)chlorides regioselec-
tively afforded the orange colored products 6a—d containing
a unique functionality (Scheme 1). Heterocycles 6 exhibit
four neighboring exocyclic double bonds and thus represent
radialene-shaped pyrroles (vide infra). The formation of 6a—
d can be explained as follows: the initial attack of the dianion
on the nitrile regioselectively occurred at the carbon atom of
the dianion to give the dianionic intermediate i. A subsequent
1,3-proton shift afforded the ambident intermediate ii, which,
in principle, can give rise to formation of regioisomers on
treatment with bis(imidoyl)chlorides 3. In fact, regioselective
C,N-cyclization rather than N,N-cyclization was observed,
followed by a second 1,3 H-shift to give the final product.
During the course of the reaction, the CH; group of
2-methylbenzimidazole was transformed into a sp?>-hybridized
quaternary carbon atom.

Semiempirical calculations (AM1) show that the regiose-
lectivity has to be explained by kinetic considerations, since
the most stable tautomer of 6a and the isomeric seven-
membered ring 5 (R = Ph, Ar="Tol) are very similar energeti-
cally. The observed regioselectivity can be explained based on
AM1 calculations: the carbon atom of dianion ii possesses a
relatively high HOMO coefficient (compared with related
systems), although the value is of course lower than that of the

Abstract in German: Eine neue Multikomponenten-Reaktion
(Anionen-Einfang-Reaktion) von 1,3-Dianionen mit Nitrilen
und Oxalsiure-bis(imidoyl)chloriden wird vorgestellt. Diese
Umsetzungen erlauben einen effizienten und regioselektiven
Zugang zu einer Reihe von Pyrrolen mit Radialen-artiger
Topologie. Diese Verbindungen stellen die ersten Vertreter
eines neuen heterocyclischen Systems dar und konnen als
Azaanaloga der pharmakologisch relevanten Substanzklasse
der 3-Acetyltetramsduren aufgefafit werden. Die experimentel-
len Befunde werden basierend auf quantenchemischen Rech-
nungen rationalisiert.
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Scheme 1. Synthesis of radialene-shaped pyrroles 6.

(more electronegative) nitrogen atom. Besides, HSAB effects
presumably play an important role for the regioselectivity.
For comparison of the spectroscopic properties, the color-
less enamine 7 was prepared by condensation of dianion 2
with benzonitrile (Scheme 2). At20°C, the 'H NMR spectrum
of 7 only shows a single N—H resonance assigned to the
intramolecular hydrogen bond ([Dg]THF, 6 =11.49). When
the temperature is decreased, the signal becomes sharp, and at
—60°C two more N—H resonances appear (6=9.07, 6.64)

Table 1. Yields for compounds 6a—d with various substituents.

6 R Arld %!*)
a Ph Tol 41
b Tol Tol 40
[ Ph Ph 33
d Bu Tol 40

[a] Tol =4-CH;C¢H,. [b] Isolated yield.
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Scheme 2. Synthesis of enamine 7.

which are assigned to the heterocyclic N—H group and to the
nonchelating hydrogen atom of the NH, group, respectively.
At 20°C, a fast interchange between these hydrogen atoms
takes place. The *C NMR spectrum shows the presence of six
signals for the carbon atoms of the annelated benzene ring.
This result indicates that the rotation around the N,C—C
single bond is slow on the NMR timescale, which is
presumably due to strong intramolecular hydrogen bonding
N—H---N. The vibration bands (IR) can be assigned to three
N—H bonds with a sharp absorption at 3447 cm~!, which is
diagnostic for the presence of a heterocyclic N—H group.

The tautomeric forms of pyrroles 6a—d were studied in
solution and in the solid state.’'l Several structures are
possible and they involve two sets of interchanging tautomers
A/B and E/F that arise through proton transfer along the
intramolecular hydrogen bond, together with three tautomer-
ic pairs of E/Z isomers (B/E) and conformers (A/D and C/F)
that arise from rotation of the C8 side chain (see struc-
tures A —F and Figure 1). Tautomers A —C and D —F exhibit
different types of hydrogen bonds (N—H:--N). Tautomers
A/D and C/F are secondary enamines containing an amino
group (—NHATr) or a heterocyclic N—H group, respectively.
Tautomers B/E are primary enamines and exhibit a radialene-
shaped pyrrole structure.

The 'H NMR spectra of pyrroles 6a—d exhibit two
deuterium-exchangeable N—H protons. Drastic deshielding
is observed for the low-field signal relative to the parent
compound 4, which indicates the presence of a significantly
stronger hydrogen bond (located within a 6-membered rather

Chem. Eur. J. 2001, 7, No. 12
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Figure 1. ORTEP plot of 6 a. The thermal ellipsoids of 50 % probability are
shown for the non-hydrogen atoms. Selected bond lengths [A] and angles
[°]: N1-C7 1.318(4), N2—C7 1.393(4), C1—C2 1.387(4), C2—C3 1.388(5),
C4—C5 1.397(5), C7—C8 1.432(4), C8—C9 1.451(4), N1—C1 1.393(4), N2—C6
1.407(4), N3—C10 1.259(4), N4—C9 1.292(4), N5—C11 1.331(4), C1—C6
1.410, C3—C4 1.384(5), C5—Co6 1.384(4), C8—CI11 1.392(4), C9—C10
1.509(4); C7-N1-Cl1 104.7(3), C7-N2—C10 111.4(2), C10-N3—C18
124.3(3), N1-C1—C6 111.6(3), C4—C3—C2 121.7(3), C5—C6—C1 121.6(3),
N1-C7-N2 112.9(3), N2—-C7-C8 109.9(3), C11-C8—C9 125.0(3),
N4—C9—C8 123.6(3), C8—C9—C10 108.1(3), N3—C10—C9 123.9(3),
N5—C11—C8 120.7(3), C8—C11—C12 123.9 3).

than a 5-membered ring). The high-field resonances (CDCl;)
of the free N—H groups of pyrroles 6 appear at lower
frequencies than the N—H signal of 4. The chemical shifts
are in good agreement with those observed for the free N—H
groups of the NH, group, but not with the heterocyclic N—H
group of enamine 7. The 'H,'H-COSY spectra of 6a-d
([D¢]DMSO) exhibit a significant 2/(*H,'H) coupling of the
N—H hydrogens which indicates the presence of a NH, group.
In addition, the interchange of hydrogen atoms within the
NH, group is slow on the NMR timescale as two separate
N—-H signals are detected. This is understandable since
pyrroles 6 represent vinylogous amidines and two zwitterionic
mesomeric structures of the type [N-~—C=C8—C11=NH,"] are
possible (numbering: see Figure 1). Below 20°C, both N—H
signals split into doublets, as a result of the geminal
2J(*H,'H) =4.7 Hz coupling (6a, [Dg]THF, —80°C) within
the NH, group. At elevated temperatures, the resonance lines
become very broad.

Similar to the parent compound 4, the 'H NMR signal of
proton 5-H of pyrroles 6a—d is drastically shifted upfield, as a
result of its location in the anisotropy cone of the arylimino
group attached to carbon C10 (numbering: see Figure 1,
Table 1). The resonance line is very broad at 20 °C (in contrast
to the respective signal of 4). At —30°C, a sharp doublet is
formed (6a, 0 =4.90) and a second, smaller doublet appears
(0=6.04, integration: 1:6). The interconversion between
tautomers B/E presumably accounts for the temperature
effect observed. At 20°C, the interchange between the
tautomers B/E is fast on the NMR timescale ([D¢]DMSO),
since the resonance of hydrogen 5-H is extremely broad. A
N INEPT (Insensitive Nucleus Enhancement by Polariza-
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Table 2. Experimental results for compounds 4, 6a—d, 7, and 13a.

IR (KBr) Fiyi1, Pons Tec Solventk! IH NMRE § (5-H) 'H NMRF ¢ (NH) 13C NMRE 6

4 3444, 1666, 1618 A 4.90 (d) 8.30 88.24

6a 3435, 3250 A 5.13 (brs) 10.72, 5.58 -
1692, 1620 B 4.90 (brs)ld 10.55,7.70 92.90

c bl 10.43, 8.63 -

6b 3438, 3255 A 5.22 (brs) 10.65, 5.79 92.58
1692, 1618 c v 10.45, 8.60 -

6¢c 3440, 3260 B 5.13 (brs) 10.47, 8.50 92.59
1695, 1620 bl

6d 3467, 1695, 1618 B 4.97 (brs)ld 12.15,7.95 90.82

7 3447 (sharp) A > 6.901¢ 11.20 -
3420, 3279 B > 6.901¢! 11.49, 9.07t 83.33
1614 6.64L!

13a 3416, 3322 B - 10.94, 7.89 93.51
1730 (C=0)

[a] Chemical shifts of 5-H and NH (numbering: see Figure 1); solvents: A =CDCl;, B=[Dg|THF, C=[D¢]DMSO; d=doublet, br=broad. [b] Not
detectable. [c] Detectable only below —40°C. [d] Overlapped by aryl signals. [e] Chemical shifts of C-8 (for 6, numbering: see Figure 1), C-3 (for 13a,

numbering: see Figure 5), and N,C—CH= (for 4 and 7).

tion Transfer) experiment for 6b was particularly helpful to
prove the presence of radialene tautomers B/E in solution.?!
The detection of a triplet ['J("'N,'H) =90 Hz]| indicated the
presence of a NH, group. For the other nitrogen atoms
singlets were observed, and no minor tautomer could be
detected in the spectrum.

A characteristic spectroscopic feature (C NMR) of
pyrroles 6 is the resonance of carbon atom C8 (numbering:
see Figure 1) which appears at relatively high field. This can
be explained by the m-donor effect of four neighboring
nitrogen atoms. The IR spectra (KBr) of 6a—d exhibit
diagnostic vibration bands at approximately 3435-
3465 cm™! (free N—H bond) and 3255 cm™! (intramolecular
hydrogen bond N—H---N, Table 2). The absence of sharp
heterocyclic vy vibration bands (as characteristic for 7)
suggests that structures C and F are not adopted.

Differentiation between tautomers B and E was not
possible by spectroscopic methods. However, as shown by
the crystal structure analysis of 6a, tautomer B is the structure
present in the solid state (Figure 1). Inspection of the bond
lengths and of the location of the hydrogen atoms clearly
shows that pyrrole 6a indeed possesses a radialene-shaped
structure: the bond length of C8—Cl11 (numbering: see
Figure 1) is significantly shorter
than the bond lengths of
C7-C8, C8-C9, and C9—C10.
Thus, the double-bond charac-
ter of C8—C11 is much greater
than that of C8—C9. In addition,
the double-bond character of
N4—C9 (imino group) is much
greater than that of N5—Cl11
(amino group). The same is true
for N1—C7 relative to N1-Cl1
and N2—C10. In addition, the
crystal structure of 6a clearly
shows that the ortho hydrogen
atom of the benzimidazole unit
is located in the anisotropy
cone of the arylimino group
which independently confirms

2620
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the structural information obtained by the 'H NMR data.
Radialene-shaped pyrroles 6a—d contain five nitrogen atoms
and two N—H bonds and are thus well set up for recognition
processes: inspection of the crystal lattice of 6a (Figure 2)
shows that the hydrogen atoms of the NH, group are not only
involved in intramolecular hydrogen bonding (N---H dis-
tance: 1.906 A), but also act as an intermolecular binding site
for the nitrogen atom of a neighboring molecule (N---H
distance: 1.987 A).

The structure of 6a was reproducible computationally
(Figure 3), for which the experimentally isolated tautomer B
is also the lowest-lying minimum structure at the B3LYP/3-
21G//AML1 level of theory; all other tautomers are at minima
and display the aforementioned internal hydrogen bonds (see
Experimental Section for details of the computations). As it is
difficult to chemically predict or rationalize the energetic
ordering of these tautomers, we computed the nucleus-
independent chemical shift (NICS) values to assess the
differences in aromatic stabilization energies in the tricyclic
core. Indeed, the aromaticity of the benzene moiety is not
interrupted and is even slightly higher than that of benzene
itself (NICS = — 10) at this level of theory. Interestingly, B has
the highest NICS value for the benzannelated part. The fused

Figure 2. Dimer formation of 6a in the solid state.
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Figure 3. Geometry of 6a computed at B3LYP/3-21G//AM1.

five-membered heterocycle also is clearly aromatic and again
displays the largest NICS value for tautomers B and E, which
are very similar in energy (AH = 1.8 kcalmol™!). The third
fused heterocycle is marginally aromatic and apparently does
not contribute much to the overall stability. Hence, B is
favored energetically because it is able to maximize the
aromaticity and the conjugation of the contiguous unsatu-
rated ring system.

In order to elucidate the tautomerism A/B (which was
expected to be fast on the NMR timescale), pyrrole 6a was
treated with dimethyl acetylenedicarboxylate (DMAD). This
reaction afforded the imidazo[1’,2":1,2]pyrrolo[3,4-c]pyridin-
5-one 8. Formation of 8 can be explained by cycloaddition of
DMAD with the 1-azadiene system of 6a (tautomer A) and
subsequent elimination of p-aminotoluene and aromatization

Chem. Eur. J. 2001, 7, No. 12
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(Scheme 3). Compound 8 con-
tains a new heterocyclic sub-
structure, which has to our
knowledge not yet been report-

ed.
Pyridone-derived  radialene-
shaped pyrroles: Dilithiated

6-methylpyridone 93! was
treated with oxalic acid-bis(imi-
doyl)chlorides 3a,b to give the
deep red colored 2-arylamino-
3-arylimino-5(3 H)-indolizin-
ones 10a,b (Scheme 4).24 The
cyclization proceeded regiose-
lectively through the carbon
and the nitrogen atom of the
dianion. Addition of one equiv-
alent of benzonitrile to the
dianion and subsequent addi-
tion of 3a resulted in regiose-
lective formation of the pyri-
done-derived  heterocycle 11.
Formation of 11 can be ex-
plained by a mechanism similar
to that discussed for the syn-
thesis of pyrroles 6. Although
several tautomeric forms are
possible for indolizinone 11, on-
ly the radialene-shaped pyrrole
tautomer is present in solution
(as suggested by the spectro-
scopic data). An indolizinone
system related to that of 10a,b
is present in the antitumor al-
kaloid camptothecin.’!

The structure of 10a was
independently confirmed by a
crystal structure analysis (Fig-
ure 4). In the solid state, a
pyridone rather than a hydroxy-
pyridine tautomer containing
an intramolecular hydrogen
bond N-H:--N is present
(N---H distance: 2.277 A). The aromaticity of the indolizin-
one system is significantly disturbed as indicated by the
alteration of the bond lengths within the heterocyclic sub-
structure. For example, the bond length of C7—C8 is 1.488 A,
whereas the bond length of C6—C7 is only 1.348 A (number-
ing: see Figure 4). The disturbed aromaticity of indolizinones
10a,b and 11 is also reflected by their 'H NMR data. In the
case of 10a, the resonances of 4-H and 6-H are significantly
shifted to higher field (0=5.89 and 6.08, respectively,
numbering: see Figure 4). This effect can be explained by
the push-pull substitution of the heterocyclic system and by
the influence of zwitterionic mesomeric structures of 10a,b
and 11, which can thus be regarded as heterocyclic merocya-
nines. Compounds 10a,b exhibit strong UV/Vis absorption
bands in the range of approximately 465-475nm. For
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Scheme 4. Synthesis of radialene-shaped pyrrole 11.

Figure 4. Crystal structure analysis of 10a. Selected bond lengths [10\]:
C1-C2 1.359(4), C2—C3 1.420(4), C3—C4 1.351(4), C4—C5 1.456(4), C5-N1
1.410(3), C1-N1 1.406(3), C1-C6 1.443(4), C6—C7 1.348(4), C7—C8
1.488(3), C8—N1 1.428(3).

radialene-shaped pyrrole 11, containing a larger m-system
than 10a,b, a bathochromic shift is observed.

Amide-derived radialene-shaped pyrroles: We have recently
reported the synthesis of pyrroles 13a,b from dilithiated
amides by a multiple-anion-capture reaction related to those
described for the synthesis of radialene-shaped pyrroles 6 and
11 (Scheme 5).1 The four relevant tautomers of 13a are
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Scheme 5. Synthesis of radialene-shaped pyrroles 13.

structures A —D, including the radialene-shaped structures B
and D (see illustration of structures A —F). As a result of their
enolic structure, tautomers E and F are less likely.

The spectroscopic data of pyrroles 13a,b (COSY, 'H NMR,
IR) suggest that a radialene structure (B or D) is adopted in
solution. As a result of the similarity of the spectroscopic
features to those of benzimidazole-derived pyrroles 6, only a
brief discussion seems appropiate. The structural mobility of
13b was detected by variable-temperature '"H NMR: from 60
to 30°C, a single sharp peak is present for the NCH; group
(6 =2.59). Broadening of the signal and coalescence (10°C) is
observed upon cooling, and two singlets appear at low
temperature with the integration ratio 1:5. The temperature
effect can be explained by a (slow) interconversion of
tautomers B/D. The free energy of activation of this process
is AG+ (B—D)=59.0+19kJmol™". The intramolecular
hydrogen bond of tautomer D should result in deshielding of
the CHj; group relative to tautomer B. The NCHj; signal of the
major isomer appears at higher field than the respective signal
of the minor one, which suggests that the major tautomer
adopts structure B rather than D.

The crystal structure analysis of 13a unambigiously showed
that radialene-shaped structure B (rather than D) is present in
the solid state (Figure 5). Single-bond character is observed
for C6—N6, C3—C4, and C4—C5, whereas C3—C6, C4—N4, and
C5—NS5 possess double-bond character (numbering: see Fig-
ure 5).

H
oh 0 Tol 0" N
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_ N
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Tol
A c
H M
QT 07N
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A 13a B

Figure 5. ORTEP plot of 13a. The thermal ellipsoids of 50 % probability
are shown for the non-hydrogen atoms. Selected bond lengths [A] and
angles [°]: N1-C5 1.396(2), C2—C3 1.457(2), C3—C4 1.441(2), N5-C5
1.271(2), N6—C6 1.335(2), N1-C2 1.429(2), O2—C2 1.214(2), C3—Co6
1.400(2), N4—C4 1.288(2), C4—C5 1.512(2); C5-N1-C2 122.08(13),
02—C2—C3 132.12(15), C6—C3—C4 124.27(15), N4—C4—C3 125.21(15),
N1-C2—C3 106.70(13), N4—C4—CS 127.75(15), N6—C6—C3 118.3(2).

These findings were reproduc-
ible computationally (Figure 6),
for which the experimentally
isolated tautomer B is also the
lowest-lying minimum struc-
ture at the B3LYP/3-21G//
AM1 level of theory; all other
tautomers are at minima and
display the aforementioned in-
ternal hydrogen bonds. We
computed again the NICS val-
ues to assess the differences
in aromatic stabilization ener-
gies in the heterocyclic core.
Similar to the benzimidazole-
derived pyrroles 6, the radia-
lene subunit is only marginally
aromatic. Although the overall
stability is reproducible com-
putationally, the aromaticity is
slightly lower for the radialene
structures B and D than for
the non-radialene tautomers A
and C.

We suggest the following
working hypothesis to explain
the high, counterintuitive sta-
bility of the radialene structures
of compounds 6, 11, and 13:
zwitterion B’ represents a sig-
nificant and nontrivial meso-
meric structure of tautomer B,
for which no charges are locat- oLy
ed at a nitrogen atom or next to
anegative charge (structures A’

Chem. Eur. J. 2001, 7, No. 12
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and B’). The positive charge of B’ is stabilized by the p-tolyl
group. A related energetically favorable resonance structure
exists for tautomer D. In contrast, the mesomeric structure A’,
which is derived from the non-radialene tautomer A, is not
energetically favorable, since the positive charge resides in the
a-position to the imino group. The same is true for the related
resonance structure of tautomer C. The slightly higher
stability of tautomer B relative to D can be explained by the
higher stability of a hydrogen bond N—H ---N relative to a
hydrogen bond N—H:-- O as a result of the higher basicity of
nitrogen relative to oxygen.

Conclusion

We have reported a new multiple-anion-capture reaction
which is based on the regioselective condensation of 1,3-

14308 14788

Figure 6. Geometry of 13a computed at B3LYP/3-21G//AM1.

0947-6539/01/0712-2623 $ 17.50+.50/0 2623





FULL PAPER

P. Langer et al.

dianions with nitriles and subsequent regioselective cycliza-
tion with oxalic acid-bis(imidoyl)chlorides. Whereas the syn-
thesis of [5]radialenes is generally very difficult, our method-
ology allows for an efficient one-pot synthesis of a variety of
radialene-shaped pyrroles. The products prepared constitute
structurally new and interesting heterocyclic systems, since
they are aza-analogues of the pharmacologically relevant
substance class of 3-acetyltetramic acids.

Experimental Section

General comments: All solvents were dried by standard methods, and all
reactions were carried out under an inert atmosphere. The oxalic acid-
bis(imidoyl)chlorides 3 were prepared according to a literature proce-
dure." For the 'H and 3C NMR spectra, the deuterated solvents indicated
were used. The multiplicity of the *C NMR signals was determined with
the DEPT 135 technique and quoted as: CH;, CH,, CH, and C for primary,
secondary, tertiary, and quaternary carbon atoms. The atom numbering
used for the assignment of the 'H NMR and *C NMR signals refers to the
IUPAC names of the respective compounds. Mass spectrometric data (MS)
were obtained using the electron ionization (70 eV), the chemical ioniza-
tion (CIL, H,0), or the FAB technique. For preparative scale chromatog-
raphy, silica gel (60-200 mesh) was used. Melting points are uncorrected.
Elemental analyses were performed at the microanalytical laboratories of
the Universities of Hannover and Jena.

Crystal structure analyses:?*! For the data collection, a Nonius CAD4
diffractometer using graphite-monochromated Mog, radiation was used.
Data were corrected for Lorentz and polarization effects.?”) No absorption
corrections were made. The structures were solved by direct methods
(SHELXS)! and refined by full-matrix least-squares techniques against
F? (SHELXL-93).? For the amino group N5 of 6a, the hydrogen atoms
were located by difference Fourier synthesis and refined isotropically. For
the other compounds, the hydrogen atoms were included at calculated
positions with fixed thermal parameters. All non-hydrogen atoms were
refined anisotropically.

Crystal data for 6a: C;H,;Ns-0.5C,H;O, M,=503.61 gmol~!, orange
cubes, size 0.40 x 0.38 x 0.36 mm®, monoclinic, space group P2,/n, a=
18.160(4), b=7785(2), c=21.972(4) A, f=112.84(3)°, V=2663(1) A3,
Z =4, Peaca=1.171 gecm=3, u(Moy,) =0.072 mm~!, F(000) =1064, 6532 re-
flections in +h, —k, —I, measured in the range 2.43° <@ <27.55°
6371 independent reflections, Ry, =0.067, 2972 reflections with F,>
40(F,), 378 parameters, R =0.066, wR?>=0.169, GOF = 1.07, largest differ-
ence peak: 0.39 e A3,

Crystal data for 10a: C,;H;N,O, M, =341.4 gmol~!, deep red cubes, size
0.40 x 0.38 x 0.36 mm?®, orthorhombic, space group Pbcn, a=14.884(3),
b=13.884(2), c=16.904(4) A, a =90, =90, y =90°, V=3493(1) A3, Z=
8, Pearca= 1.30 gem 3, u(Moy,) =0.82 cm™!, F(000) = 1440, 3905 reflections
in £h, —k, —[, measured in the range 1.92° < @ <20.9°, 3905 independent
reflections, 229 parameters, GOF =1.01, R=0.057, wR>=0.172, largest
difference peak: 0.29 e A3,

Crystal data for 13a: C;,HxN,O, M,=484.58 gmol~!, orange cubes, size
0.60 x 0.40 x 0.40 mm?, triclinic, space group P1 (No. 2), a=6.5012(11),
b=10.674(2), c =18.857(4) A, a =79.51(14), f = 81.47(13), y = 85.83(13)°,
V=12712(4) nm®, Z=2, pPeea=1266gcm™3, u(Mog,)=0.078 mm~},
F(000) =512, 6051 reflections in +h, —k, —[, measured in the range
3.55° <G <25.06° 4504 independent reflections, Ry, = 0.0624, 345 param-
eters, GOF =1.053, R =0.0456, wR?> =0.1102 [/ > 20(I)], R =0.0548, wR? =
0.1245 (all data), largest difference peak: 0.23 ¢ A3,
N-(4-Methylphenyl)-1-[ (4-methylphenyl)imino]-1H-pyrrolo[1,2-a]benz-
imidazol-2-amine (4):™ nBuLi (8.25mL, 2.2 equiv, 1.6M solution in
hexane) was added to a solution of 2-methylbenzimidazole 1 (792 mg,
6.0 mmol) in THF (20 mL) at 0°C. A colorless suspension was formed.
After stirring for 60 min at 0°C, the suspension was transferred to a
solution of oxalic acid-bis(p-tolylimidoyl)chloride (6.0 mmol) in THF
(80 mL) using a metal cannula at 0°C. The color of the solution became
deep red. The solution was stirred at 0°C for 15min and at room
temperature for 2 h. THF was removed using a rotary evaporator, and the
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crude product obtained was purified by chromatography (silica gel, diethyl
ether/petroleum ether=1:3) to give an orange colored solid (762 mg,
35%), m.p. 168°C (dec). The preparation of 4 has been recently
reported.I™! For reasons of comparison, the spectroscopic data are listed
below.

"HNMR (200 MHz, CDCl;, 20°C): 6 =2.29,2.38 (2 x 5,2 x 3H; CH3), 4.90
(d,J=8Hz, 1H; 8-H), 6.02 (s, 1H; 3-H), 6.60 (t,/ =8 Hz, 1H; 7-H), 6.80 -
7.50 (m, 10H; Ar), 8.30 (brs, 1H; NH); 3C NMR (50 MHz, CDCl;, 20°C):
0=20.77, 21.00 (CH3), 88.24 (C-3), 113.05 (C-8), 118.44, 118.45, 119.15,
120.93, 123.10, 129.89, 130.14 (Ar—CH), 130.86, 132.97 (Tol-C to CH,),
134.75, 136.92 (C-4, C-9), 142.36 (C-2), 144.34, 144.99 (Tol—C to N), 149.29
(C-1), 164.02 (C-3a); IR (KBr): 7 =3444 (w), 3055 (w), 1666 (m), 1618 (s),
1573 (s), 1525 (s), 1504 (s), 1448 (m), 1407 (m), 1273 (w), 1139 cm™! (m);
UV/Vis (CH;CN): A, (loge) =281 (4.33), 356 (4.05), 436 nm (3.58); MS
(CI, HyO): m/z (%): 365 (100) [M+H]"; elemental analysis calcd (%) for
C,HyN,: C79.10, H 5.53, N 15.37; found C 78.52, H 5.23, N 14.88.
Preparation of benzimidazole-derived pyrroles 6a—d: nBuLi (8.25 mL,
2.2 equiv, 1.6M solution in hexane) was added to a solution of 2-methyl-
benzimidazole 1 (792 mg, 6.0 mmol) in THF (20 mL) at 0°C. After stirring
for 1 h, a solution (5mL, 1.3 equiv) of the respective nitrile in THF was
added by syringe at 0°C. In the case of 6a and 6 ¢, benzonitrile (0.8 mL) was
added, in the case of 6d, pivalonitrile (498 mg) was added, and in the case
of 6b, p-tolunitrile (702 mg) was added. After stirring for 2 h at 20°C, the
orange suspension (red color of the solution) was transferred to a solution
of 3 in THF. The solution was stirred at 0°C for 15 min and at room
temperature for 4 h. THF was removed in vacuo, and the crude product was
purified by chromatography (silica gel, diethyl ether/petroleum ether: 1:1)
without previous filtration of LiCl formed in the reaction. Similar yields
were obtained when an aqueous workup (0.1m hydrochloric acid) was
carried out before the chromatographic purification.
3-(Iminophenylmethyl)-N-(4-methylphenyl)-1-[ (4-methylphenyl)imino]-
1H-pyrrolo-[1.2-a]lbenzimidazol-2-amine  (6a):  Starting with 3a
(6.0 mmol), orange colored crystals (1.15g, 41%) were isolated, m.p.
165°C.

'"H NMR (200 MHz, [Dg]THEF, 20°C): 6 =2.28, 2.30 (2 x s, 2 x 3H; CHj;),
5.20 (very broad at 20°C, doublet at 6 =4.90 at —80°C:J =8 Hz, 1 H; 8-H),
6.55 (d, J=8 Hz, 2H; Ar), 6.80-7.20 (m, 12H; Ar), 740, 7.85 (2 x m, 2H;
Ar), 7.70 (brs, 1H; NH, exchangeable with D,0), 10.55 (brs, 1H; NH,
exchangeable with D,0); *C NMR (50 MHz, [D4]THEF, 20°C): 6 =20.78,
20.94 (CH3;), 92.90 (C, C-3),115.02 (CH, C-8), 118.93, 120.74, 121.04, 121.89,
123.73, 128.49, 129.22, 129.66, 129.81, 130.80 (CH, Ar), 132.62, 132.63 (C,
Tol-C to CH,), 133.77 (C, Ph—C), 136.21, 137.55 (C, C-4a, C-8a), 146.57 (C,
C-2), 148.40, 149.28 (C, Tol-C to N), 159.14, 159.15, 159.68 (C, C-1, C-3a,
C=CPhNH,); IR (KBr): 7# =3443 (w), 3055 (w), 1620 (s), 1573 (s), 1533 (s),
1504 (s), 1448 (m), 1358 (w), 1273 (w), 1139 (m), 1016 cm~! (m); MS (CI,
H,0): m/z (%): 468 (100) [M+H]*; elemental analysis calcd (%) for
C3H,sNs: C79.64, H 5.39, N 14.97; found C 79.84, H 5.95, N 15.50.
3-[Imino(4-methylphenyl)methyl]-N-(4-methylphenyl)-1-[ (4-methylphenyl)-
imino]-1H-pyrrolo[1,2-a]benzimidazol-2-amine (6b): Starting with 3a
(6.0 mmol), orange colored crystals (1.15g, 40%) were isolated, m.p.
167°C.

"HNMR (200 MHz, CDCl;, 20°C): 6 =2.28,2.33,2.44 (2 x 5,3 x 3H; CHj;),
5.22 (at 20°C: very broad, 1H; 8-H), 5.79 (brs, 1H; NH), 6.57, 6.80 (2 x m,
2 x2H; Ar), 6.90-7.10 (m, 2H; Ar), 7.30-7.65 (m, 9H; Ar), 10.65 (brs,
1H;NH); "C NMR (50 MHz, CDCl;, 20°C): 6 =20.84, 20.90, 21.28 (CHj;),
92.58 (C, C-3), 113.72 (CH, C-8), 118.69, 119.94, 120.35, 121.71, 123.34,
128.47, 128.80, 129.07, 129.18 (CH, Ar), 129.76, 129.77, 131.90, 132.63,
133.41, 141.22 (C, Tol-C to C, C-4a, C-8a), 145.14 (C, C-2), 146.84, 147.80
(C, Tol-C to N), 157.91, 157.92, 158.49 (C, C-1, C-3a, C=CNH,); IR (KBr):
7 =3438(w), 3255 (br), 3021 (w), 2920 (w), 1692 (m), 1618 (s), 1605 (s), 1561
(s), 1540 (s), 1504 (s), 1448 (m), 1138 cm~! (m); MS (CL, H,0): m/z (% ): 482
(100) [M+H]*; elemental analysis calcd (% ) for C3,H,;Ns: C 79.81, H 5.65,
N 14.54; found C 80.42, H 5.52, N 15.16.
3-(Iminophenylmethyl)-N-(phenyl)-1-(phenylimino)-1H-pyrrolo[1,2-a]-
benzimidazol-2-amine (6¢): Starting with 3b (6.0 mmol), orange colored
crystals (870 mg, 33 %) were isolated, m.p. 163°C.

'"H NMR (200 MHz, [Dg]THF, 20°C): 6 =5.13 (brs, 1H; 8-H), 6.50 (t, J =
8 Hz, 1H;7-H), 6.67 (d,2H; Ar), 6.80-7.80 (m, 15H; Ar), 8.50 (very broad,
1H; NH), 10.47 (brs, 1H; NH); *C NMR (50 MHz, [Dg]THF, 20°C): 6 =
92.59 (C, C-3), 118.65 (CH, C-8), 120.17, 120.41, 120.67, 121.68, 123.00,
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123.53, 123.91, 128.19, 128.38, 129.05, 129.33, 130.56 (CH, Ar), 130.75 (C,
Ph—C), 136.07, 137.29 (C, C-4a, C-8a), 149.04, 149.28, 151.22 (C, C-2, Ph—C
to N), 159.38, 159.47, 159.94 (C, C-1, C-3a, C=CNH,); IR (KBr): 7 =3440
(br), 3060 (w), 1695 (m), 1620 (s), 1590 (s), 1568 (s), 1540 (s), 1490 (s), 1450
(m), 1332 (m), 1140 (m), 1078 cm~! (m); MS (CI, H,0): m/z (% ): 440 (100)
[M+H]"; UV/Vis (CH;CN): A, (loge) =265 (4.45), 348 (4.28), 434 nm
(3.67); elemental analysis calcd (%) for C,)H,N5: C 79.26, H 4.82, N 15.93;
found C 78.90, H 4.88, N 15.41.
3-(Imino-tert-butylmethyl)-N-(4-methylphenyl)-1-[ (4-methylphenyl)imino]-
1H-pyrrolo[1,2-a]benzimidazol-2-amine (6d): Starting with 3a (6.0 mmol),
orange colored crystals (1.07 g, 40 % ) were isolated, m.p. 170°C.

IH NMR (200 MHz, [D]THF, 20°C): 6 = 1.66 (s, 9H; tBu), 2.28,2.32 (2 x5,
2 x 3H; CH,), 5.15 (brs at 20°C, doublet at d =4.97 at —80°C, J=8 Hz,
1H; 8-H), 6.40-7.40 (m, 13H; Ar), 7.95 (brs, 1H; NH), 12.15 (brs, 1H;
NH); *C NMR (50 MHz, [Dy|THF, 20°C): 6 =20.80, 20.93 (CH,), 27.03
(CH,, fBu), 38.81 (C, 1Bu), 90.82 (C, C-3), 114.41 (CH, C-8), 118.71, 120.77,
120.97, 122.02, 123.74, 129.27, 129.80 (CH, Ar), 130.31, 132.11 (C, Tol-C to
CH,), 133.71, 13727 (C, C-4a, C-8a), 146.57 (C, C-2), 148.16, 148.94 (C,
Tol-C to N), 160.19, 160.55 (C, C-1, C-3a), 172.48 (C, C=CNH,); IR (KBr):
7=3467 (), 2919 (w), 1614 (s), 1553 (s), 1504 (s), 1448 (m), 1364 (m), 1240
(w), 1145 (m), 1046 cm™* (w); MS (CI, H,O): m/z (%): 448 (100) [M~+H]*;
elemental analysis caled (%) for C,0H,oNs: C 77.83, H 6.53, N 15.64; found
C 7750, H 6.80, N 15.20.

Preparation of (Z)-[(1H-Benzimidazol-2-yl)methylene|benzenemethan-
amine (7): nBuLi (16.5 mL, 2.2 equiv, 1.6 M solution in hexane) was added
to a solution (40 mL) of 2-methylbenzimidazole (1.58 g, 12.0 mmol) in THF
at 0°C. After stirring for 60 min at 0 °C, benzonitrile (1.5 mL, 1.2 equiv) was
added at 0°C. The color of the suspension turned yellow. After stirring for
4h at 20°C, the solution was poured into an aqueous solution of
hydrochloric acid (0.1m, 0°C). After extraction with a mixture of THF
and diethyl ether (1:1), the combined organic layers were dried (MgSOy,)
and filtered. The filtrate was concentrated in vacuo. Addition of diethyl
ether to the crude product resulted in precipitation of 7 (2.53 g, 86 %) as a
white solid, m.p. 95°C.

'"H NMR (200 MHz, [Dg]THF, —80°C): 6 =5.39 (s, 1H; =CH-), 6.64 (brs,
1H, not detectable at 20 °C; NH), 6.90-7.75 (m, 9H; Ar), 9.07 (brs, 1 H, not
detectable at 20°C; NH), 1149 (brs, 1H; NH); *C NMR (50 MHz,
[Dg]THEF, 20°C): 0 =83.33 (=CH—), 109.92, 117.90, 121.31, 121.34, 126.70,
129.08, 129.40 (CH, Ar), 134.27 (C, Ph), 140.02, 145.43 (C, benzimidazole),
153.27, 155.61 (CN,, CCNH,); IR (KBr): 7#=3447 (m), 3279 (m), 3056 (w),
1614 (s), 1573 (s), 1523 (m), 1497 (m), 1406 (m), 1275 (m), 1015 (w), 753
(m), 766 cm™! (m); MS (EI, 70 eV): m/z (%): 236 [M+H]*, 235 [M]*, 234
[M — H]*; elemental analysis caled (%) for C;sH3N;: C 76.58, H 5.57, N
17.85; found C 76.32, H 5.73, N 17.93.

Preparation of imidazo[1’,2":1,2]pyrrolo[3,4-c]pyridin-5-one (8): A solution
of pyrrole 6a (467 mg, 1.0 mmol) in toluene (5 mL) and dimethyl acety-
lenedicarboxylate (0.19 mL, 1.5 mmol) was stirred for 12 h at 80°C. The
solvent was removed in vacuo, and the residue was purified by chromatog-
raphy (petroleum ether/diethyl ether 1:1) to give 8 as deep yellow crystals
(340 mg, 68 %), m.p. 166°C.

'H NMR (200 MHz, CD,Cl,, 20°C): 6 =2.46 (s, 3H; CH,), 3.98, 4.03 (s, 2 x
3H; CO,CH,), 6.91 (m, 3H; Ar), 715 (1, J =8 Hz, 2H; Ar), 730 (d, 2H;
Ar), 761 (m, 4H; Ar), 8.34 (m, 2H; Ar); 3C NMR (50 MHz, CD,Cl,,
20°C): 6=21.15 (CH,), 53.22, 53.67 (CO,CHS,), 120.86, 121.79 (C, Pyr),
115.23, 120.85, 121.79, 125.02, 125.82, 128.68, 130.34, 130.39, 131.13 (CH,
Ar), 135.95, 135.96, 136.10, 139.20, 139.22 (C, Ar), 145.70, 145.71, 145.80,
146.25, 148.99 (C, Pyridine—C to Ph, CN,, Ph to N, Tol to N, NCCOOCH}),
164.60, 165.85 (C, CO); MS (CI, H,0): m/z (%): 503 (100) [M+H]*;
elemental analysis caled (%) for C;H,,N,O,: C 71.71, H 4.41, N 11.14;
found C 71.28, H 4.58, N 11.52.

Procedure for the preparation of 3-arylimino-5(3H)-indolizinones (10a,b
and 11): A solution of 6-methylpyridone (654 mg, 6.0 mmol) in THF
(5 mL) was added to a solution (20 mL) of LDA (prepared by addition of
nBuLi (8.25mL), 1.6M solution in hexane, to a solution of diisopropyl-
amine (1.8 mL) in THF). After stirring for 1 h at 0°C, the orange colored
solution was transferred to a solution of 3a,b (6.0 mmol) in THF (70 mL) at
0°C. After stirring for 15 min at 0°C and for 4 h at 20°C, the solvent was
removed in vacuo, and the residue was purified by chromatography (silica
gel, diethyl ether/petroleum ether, 1:1) without prior filtration of the LiCl
formed in the reaction. Similar yields were obtained when an aqueous
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workup was carried out before the chromatographic purification. For the
preparation of 11, benzonitrile (1.1 equiv) was added to the dianion
solution at 0°C. After stirring for 2 h at 0°C, the red colored solution was
added by cannula to a solution of 3a (70 mL) in THE.

2-[(4-Methylphenyl)amino]-3-[ (4-methylphenyl)imino]-5(3H)-indolizinone
(10a): Starting with 3a, deep red crystals (755 mg, 37 % ) were isolated, m.p.
150°C (dec).

'H NMR (200 MHz, CDCl;, 20°C): 6 =2.31,2.35 (2 x 5,2 x 3H; CHj3), 5.89
(d, J=6.5Hz, 1H; 6-H), 6.08 (s, 1H; 1-H), 6.76 (brs, 1H; 8-H), 7.05-7.20
(m, 8H; Ar), 753 (d, J=8.5 Hz, 1H; Ar), 9.27 (brs, 1H; NH); BC NMR
(50 MHz, CDCl;, 20°C): 6 =20.74, 21.15 (CHj3), 99.70 (CH, C-1), 118.41,
119.74 (CH, C-6, C-8), 120.97, 128.31, 129.74, 130.00 (CH, Ar), 132.52,
134.21 (C, Tol—C to CHj;), 137.48 (C, C-2), 139.36 (CH, C-7), 144.48, 145.10
(C, Tol—C to N), 157.34, 158.86 (C, C-3, C-8a), 172.30 (C, C-5); IR (KBr):
7=3300 (m), 3024 (w), 2916 (w), 1680 (s), 1604 (s), 1524 (s), 1408 (m), 1280
(m), 1156 (m), 796 cm~! (m); MS (FAB): m/z (%): 342 (100) [M+H]*; UV/
Vis (CH;CN): 4,,,.« (loge) =468 nm (3.95); elemental analysis caled (% ) for
C,,H;yN;O: C 7740, H 5.61, N 12.30; found C 77.50, H 5.54, N 12.48.

2-(Phenylamino)-3-(phenylimino)-5(3H)-indolizinone (10b): Starting with
3b, red crystals (355 mg, 19 %) were isolated, m.p. 143°C (dec).

'"H NMR (200 MHz, CDCl;, 20°C): 6 =5.92 (d, J=6.5 Hz, 1H; 6-H), 6.17
(s, 1H; 1-H), 6.87 (brs, 1H; 8-H), 7.00-7.35 (m, 11H; Ar); *C NMR
(50 MHz, CDCl;, 20°C): 6 =100.13 (CH, C-1), 118.17, 120.30 (CH, C-6,
C-8), 120.32, 122.78, 124.55, 124.56, 127.73, 129.52 (CH, Ar), 139.40 (CH,
C-7),139.94 (C, C-2), 146.20, 146.28 (C, Ph—C to N), 156.50, 158.55 (C, C-3,
C-8a), 172.45 (C, C-5); IR (KBr): 7 =3300 (m), 3026 (w), 2914 (w), 1680 (s),
1623 (s), 1605 (s), 1524 (s), 1407 (w), 1277 (m), 1157 cm™! (m); MS (FAB):
mlz (%): 314 (100) [M+H]*; UV/Vis (CH;CN): A,,.x (loge) =467 nm (3.89);
elemental analysis calcd (%) for C,)H;sN;O: C 76.66, H 4.83, N 13.40;
found C 77.02, H 5.12, N 13.16.

1-(Iminophenylmethyl)-2-[ (4-methylphenyl)amino]-3-[ (4-methylphenyl)-
imino]-5(3H)-indolizinone (11): Starting with 3a, deep red crystals
(796 mg, 30 %) were isolated, m.p. 144°C (dec).

'"H NMR (200 MHz, [Dg]THEF, 20°C): 6 =2.23, 2.30 (2 x s, 2 x 3H; CHj),
5.72 (d,J=6.5Hz, 1H; 6-H), 6.38 (brs, 1 H; 8-H), 6.70-7.70 (m, 14H; Ar),
8.23 (brs, 1H; NH), 10.80 (brs, 1H; NH); *C NMR (50 MHz, [Dg]THF,
20°C): 6 =20.90, 21.02 (CHj;), 96.60 (C, C-1), 115.80, 120.70 (CH, C-6, C-8),
121.20, 121.90, 128.52, 128.60, 129.20, 129.80, 131.13 (CH, Ar), 129.60 (C,
Ph—C), 133.20, 134.11 (C, Tol—C to CH,), 137.80 (C, C-2), 139.60 (CH, C-7),
146.11, 147.00, 148.11 (C, Tol—C to N, C-3), 159.02 (C, C-8a), 162.10 (C,
Imino—C), 172.10 (C, C-5); IR (KBr): 7=3248 (br), 3024 (w), 2916 (w),
1684 (s), 1588 (s), 1516 (s), 1444 (m), 1396 (w), 1240 (w), 1160 (m), 1116
(m), 820 cm™' (m); MS (FAB): m/z (%): 445 (100) [M+H]*; UV/Vis
(CH;CN): Aoy (loge) =381 (4.14), 475 nm (3.93); elemental analysis calcd
(%) for C,H,N,O: C 7836, H 5.44, N 12.60; found C 78.14, H 5.54, N
12.28.

Preparation of amide-derived pyrroles (13a,b): Pyrroles 13 have been
previously prepared according to the procedure as given for the prepara-
tion of pyrroles 6.1% Similar yields were obtained for pyrroles 13 when an
aqueous workup was carried out before the chromatographic purification,
or when the reaction mixture was concentrated in vacuo and directly
purified by chromatography. The spectroscopic data of 13ab are listed
below for reasons of comparison.

1,5-Dihydro-3-[imino(4-methylphenyl)methyl]-4-[ (4-methylphenyl)amino]-
5-[ (4-methylphenyl)imino]-1-phenyl-2H-pyrrol-2-one (13a):['%] Starting
with acetanilide (810 mg), p-tolunitrile (702 mg), and oxalic acid-bis(p-
tolyl)imidoylchloride (1.80 g), 13a (1.16 g, 40 %) was isolated as a yellow
solid, m.p. 194°C.

'"H NMR (200 MHz, [Dg]THF, 20°C): 6 =2.00, 2.27, 2.37 (s, 3 x 3H; CHj),
6.05 (d, /=8 Hz, 2H; Ar), 6.49 (d, /=8 Hz, 2H; Ar), 6.75-7.50 (m, 13H;
Ar), 789 (brs, 1H; NH), 10.94 (brs, 1H; NH); C NMR (50 MHz,
[Dg]THE, 20°C): 6 =20.63, 20.96, 21.40 (CH,;), 93.51 (C, C-3), 120.71,
120.91, 126.46, 127.98, 128.32, 128.45, 128.83, 128.98, 129.34 (CH, Ar),
131.79, 132.00, 132.98 (C, Tol-C to CHj), 135.79, 135.80 (C, Ph—C, Tol-C),
140.76 (C, C-4), 144.77, 149.11 (C, Tol-C to N), 157.60 (C, C-5), 164.76 (C,
C(NH)Tol), 167.19 (C, C-2); IR (KBr): 7 =3416 (br), 3322 (w), 3021 (w),
2920 (w), 1730 (m), 1668 (m), 1615 (s), 1502 (s), 1358 (m), 1201 (m),
1090 cm™! (m); UV/Vis (CH;CN): 4., (loge) =239 (4.58), 318 (4.33),
425nm (3.71); MS (CI, H,0): m/z (%): 485 (100) [M+H]"; elemental
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analysis caled (% ) for C,HsN,O (484.6): C 79.32, H 5.82, N 11.56; found C
79.40, H 5.89, N 11.25.

1,5-Dihydro-3-(iminophenylmethyl)-4-[ (4-methylphenyl)amino]-5-[ (4-meth-
ylphenyl)imino]-1-methyl-2H-pyrrol-2-one  (13b):(“]  Starting  with
CH;NHCOCH; (438 mg), benzonitrile (0.8 mL), and oxalic acid-bis(p-
tolyl)imidoylchloride (1.80 g), 13b (735 mg, 30 %) was isolated as a yellow
solid, m.p. 202°C.

"H NMR (200 MHz, [Dg]THF, 20°C): 6 =2.21, 2.23 (s, 2 x 3H; Tol-CHs),
2.59 (s,3H; CHj; to N), 6.31, 6.65 (d, J =8 Hz, 4H; Tol), 6.80, 7.50 (m, 9H;
Ar), 782 (brs, 1H; NH), 10.63 (brs, 1H; NH); 'H NMR (200 MHz,
[Dg]THF, —40°C): The first values of the sets of signals (a/b) are those of
the major isomer (a/b=>5:1): 0 =2.21, 2.23/2.17, 2.18 (s, 3H; Tol-CHs),
2.44/2.98 (s,3H; CH; to N), 6.51, 6.81/6.08, 6.18 (d, J =8 Hz, 4 H; Tol), 6.65
(t,J=6 Hz, 1H; Ar), 7.00,7.51 (m, 8 H; Ar), 8.32 (brs, 1H; NH), 10.70 (brs,
1H; NH); BC NMR (50 MHz, [D4]THF, 20°C): 6 =20.72, 20.91 (CHs,
Tol-CHs), 27.53 (CH;, CH; to N), 94.17 (C, C-3), 120.45, 120.82, 128.21,
129.03, 129.13, 129.31, 130.71 (CH, Ar), 131.99, 132.17 (C, Tol-C to CH,),
136.03 (C, Ph—C), 143.20 (C, C-4), 146.36, 148.76 (C, Tol-C to N), 156.87
(C, C-5), 163.42 (C, C(NH)Ph), 167.18 (C, C-2); IR (KBr): #=23420 (br),
3320 (w), 3020 (w), 2920 (w), 1710 (m), 1670 (m), 1620 (s), 1503 (s), 1491
(m), 1360 (m), 1360 (m), 1203 (m), 1070 (m), 981 cm~! (m); UV/Vis
(CH;CN): Ay (loge) =237 (4.55), 295 (4.25), 407 nm (3.74); MS (CL, H,0):
mlz (%): 409 (100) [M+H]"; elemental analysis caled (%) for C,sH,,N,O
(408.5): C76.45, H 5.92, N 13.71; found C 76.49, H 5.97, N 13.52.

Computational methods: Geometries of all stationary points were opti-
mized using analytical energy gradients of AMI1 semiempirical and
Hartree—Fock self-consistent-field theory,?” as implemented in the
Gaussian 94 program package.’!l Final energies refer to the B3LYP/3-
21G//AM1 level of theory, unless noted otherwise. For comparative
purposes, we also computed the absolute magnetic shieldings, termed the
“nucleus independent chemical shifts” (NICS)P*! at selected points in space
as a function of the electron density using the GIAO (Gauge Invariant
Atomic Orbitals) approach.®3) The geometrical center of the ring’s heavy
atoms served as the most easily defined reference point.*? These isotropic
chemical shifts yielded information about ring currents and aromatic
properties of molecules.”?! Following the convention, aromatic molecules
have negative isotropic NICS, while antiaromatic molecules have positive
values. The absolute magnitude of a negative NICS is approximately
proportional to the aromatic stabilization energy.
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Discovery of a New Efficient Chiral Ligand for Copper-Catalyzed
Enantioselective Michael Additions by High-Throughput Screening of a

Parallel Library**

Isabelle Chataigner,”! Cesare Gennari,*!*! Sandrine Ongeri,!?!

Umberto Piarulli,*! and Simona Ceccarelli'®!

Abstract: A combinatorial library of
125 chiral Schiff base ligands § was
synthesized with the use of solution-
phase parallel synthesis and solid-phase
extraction (SPE) techniques to scavenge
excess reagents and reaction by-prod-
ucts and avoid chromatography. The
synthetic methodology coupled five N-
Boc-protected B-amino sulfonyl chlor-
ides 1a—e with five different amines
2f-j to give 25 N-Boc sulfonamides 3,
which were in turn deprotected and
coupled with five salicylaldehydes 4p—
t to give 125 ligands 5 in good yields and
of sufficient purity to be used in ligand-

tested in the copper-catalyzed conjugate
addition of dialkyl zinc to cyclic and
acyclic enones. A multisubstrate high-
throughput screening of the library was
performed with an equimolar mixture of
2-cyclohexenone and 2-cycloheptenone
(9 and 10, respectively, 0.2 mmol total),
with 5.5 mol% ligand 5 (0.011 mmol)
and 5mol%  Cu(OTf), (OTf=
0OS0,CF;) (0.010 mmol) in 1:1 toluene/
hexane at —20°C. From the screening of

Keywords: asymmetric catalysis
combinatorial chemistry - copper -
Michael addition - zinc

the library, Sbhr was identified as the
best ligand, which yielded 3-ethylcyclo-
hexanone (12) and 3-ethylcyclohepta-
none (13) in 82% and 81 % ee, respec-
tively, and complete conversions. Under
optimized conditions (2.75 mol % Sbhr,
2.5mol% copper(1) triflate, toluene as
reaction solvent), improved results were
obtained for 12 (90% ee, 93% yield)
and for 13 (91 % ee, 95 % yield). Select-
ed ligands 5 were also tested in the
addition of Me,Zn to 2-cyclohexenone
(9, ee up to 79%), of Et,Zn to 2-cyclo-
pentenone (11, ee up to 80%) and to
acyclic enones 16 and 17 (ee up to 50 %).

catalyzed reactions. These ligands were

Introduction

The 1,4-addition of organometallic reagents to a,3-unsatu-
rated carbonyl compounds is an important process for C—C
bond formation in organic synthesis.['l Although organocup-
rates and copper-catalyzed 1,4-additions of Grignard reagents
are most frequently employed,’) a number of alternative

[a] Prof. Dr. C. Gennari, Dr. I. Chataigner, Dr. S. Ongeri, S. Ceccarelli
Dipartimento di Chimica Organica e Industriale
Universita di Milano
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Fax: (+39) 022663079
E-mail: cesare.gennari@unimi.it
[b] Dr. U. Piarulli
Dipartimento di Scienze Mat. Fisiche e Chimiche
Universita dell’Insubria
via Lucini 3, 22100 Como (Italy)
E-mail: umberto.piarulli@uninsubria.it
[*#] Part of this work was presented as plenary lecture (C. Gennari) at 11
European Symposium on Organic Chemistry (ESOC 11, Géteborg,
Sweden, July 23-28, 1999).
Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.
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reagents that are based on the use of other metal catalysts
(such as Ni or Mn)P! or other organometallic reagents (R,Zn
or R;Al)™ have been recently developed.

The importance of this reaction, the variety of reagents and
fragments that can be used, and the opportunity to further
react the enolate that results from the conjugate addition with
other electrophiles in a highly stereoselective manner have
stimulated the search for an effective control over facial
discrimination during addition to prochiral substrates. Several
chiral stoichiometric reagents have been described that allow
enantioselective additions,”! while the development of chiral
catalysts has been slower. A prominent position in this rapidly
expanding field is occupied by the copper-catalyzed, chiral-
ligand-accelerated, 1,4-addition of organozinc reagents.[ In
particular, chiral phosphoramidites,® phosphites,[®-¢l and
bidentate P—N ligands(®® were used in the addition to cyclic
enones with very good enantioselectivities (ee up to 98 % ).l
On the other hand, chiral sulfonamides, which have proven
effective in various catalytic asymmetric processes, were
reported to catalyze the conjugate addition of organozinc
reagents to cyclic enones’ with only marginal enantioselec-
tivity (ee <31 % ).16e 7]
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The efficiency (activity and selectivity) of a ligand for
asymmetric catalysis depends on a subtle balance of elec-
tronic, geometric, and steric influences between the ligand,
the metal center, and the substrates. In such a complex
scenario, the development of a new effective ligand by
intuition and trial-and-error is a very challenging task. The
use of combinatorial methodologies for the rapid synthesis
and screening of a large number of structures is an important
breakthrough in this area.l® °l Two different basic approaches
have been considered: optimization of reaction conditions
(solvent, temperature, stoichiometry, various ligands, or metal
ions) and the synthesis of new ligands by a modular-building-
block strategy in which the stereoelectronic properties of a
metal binding site (e.g., a diphosphine, a disulfonamide, or a
Schiff base) are tuned by variation of substituents and side
chains. In the case of screening members of a library that
contains ligands for enantioselective catalysis, the identifica-
tion of a hit requires a demanding selection procedure, since
the screening is ultimately catalysis of a reaction and analysis
of its stereochemical outcome.®*! For this reason, a combi-
natorial system is usually chosen that allows the synthesis of
discrete isolated compounds. Parallel synthesis (as opposed to
“split and pool” methodology)® allows one to know the
identity of each ligand and keeps the ligands separated so that
screening of individual complexes can be performed.

We have recently developed a new family of chiral Schiff
base ligands of general structure 5 (Scheme 1, Table 1), which

Abstract in Italian: Una libreria combinatoriale formata da
125 leganti chirali (5) appartenenti alla classe delle basi di
Schiff, e stata sintetizzata in soluzione, in formato parallelo,
mediante una tecnica di “estrazione in fase solida” per
eliminare I’eccesso dei reagenti e i sottoprodotti della reazione.
La metodologia di sintesi ha previsto I'accoppiamento di 5 N-
Boc p-ammino solfonil cloruri 1a—e con 5 diverse ammine
2 f—j per formare 25 N-Boc solfonammidi 3, che a loro volta
sono state deprotette e condensate con 5 salicilaldeidi 4p—t per
fornire i 125 leganti 5. L’efficacia di questi leganti € stata
saggiata nella reazione di addizione coniugata di composti di
dialchilzinco ad enoni ciclici ed aciclici, catalizzata da
complessi di rame. Un saggio multi-substrato ad alta produtti-
vita € stato realizzato impiegando una miscela equimolare di
2-cicloesenone e 2-cicloeptenone (9 e 10, 0.2 mmol totali) in
presenza di 5.5 mol % dei leganti 5 e di 5.0 mol % di Cu(OTYf),
(OTf=0SO,CF;) in una miscela di toluene/esano 1:1 a
—20°C. 1l saggio della libreria ha evidenziato 5bhr quale
miglior legante, che ha fornito il 3-etilcicloesanone 12 e il
3-etilcicloeptanone 13 con ee pari rispettivamente a 82 e 81 % e
con conversioni complete. Nelle condizioni di reazione otti-
mizzate (2.75 mol % di 5 bhr, 2,5 mol % di triflato di rame (1),
in toluene come solvente) si sono ottenuti migliori risultati sia
per 12 (90 % ee, 93 % di resa) che per 13 (91 % ee, 95 % di
resa). Una selezione dei leganti 5, € stata infine saggiata nella
reazione di addizione di Me,Zn al 2-cicloesenone 9 (con ee
fino al 79%), e nelle reazioni di addizione di Et,Zn al
2-ciclopentenone 11 (con ee fino al 80 %) e agli enoni aciclici
16 e 17 (con ee fino al 50 %).

Chem. Eur. J. 2001, 7, No. 12
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Rl R!
a) 2
. NHR
BocNHJVSOzC' + R2NH, BOC,\,HJ\/SOZ
1 2 3
Rl
b o A
oo Q;CN NHR
X
3// OH RS
Ry 5

Scheme 1. Synthesis of the library of ligands 5. a) (Procedure A) 1
(1.2 equiv), 2 (1.0 equiv), 6 (2.0 equiv), polymer-bound 7 (0.2 equiv),
CH,Cl,, 20°C, 3h; solid-phase bound 8 (3.0equiv), 3h, 86-88%;
(Procedure B) 1 (1.0 equiv), 2 (1.2 equiv), 6 (2.0 equiv), DMAP (0.2 equiv),
CH,Cl,, 20°C, 3 h; 86-88%. b) 3 (1.0 equiv), TFA/CH,Cl, (1:3), 20°C,
30 min; evaporation; 4 (0.9 equiv), polymer-bound 7 (3.0 equiv), CH;0H,
20°C, 24 h, 87 %. c) For the synthesis of aldehyde 4t, see ref. [20].

Table 1. Defintion of R groups in Scheme 1.

Rl RZ R3
1la: Me 2f: CH,Ph 4p: H
1b: iPr 2g: (R)-CH(Me)Cy 4q: 3,5-Bu,
1c: iBu 2h: (S)-CH(Me)Cy 4r: 3,5-Cl,
1d: CH,Ph 2i: iPr 4s: 5,6-(CH),-
le: 1Bu 2j: CHPh, 4t: 3-Ph
2k: tBu 4u: 3-OMe
21: (R)-CH(iPr)CH,0OH 4v: 5-NO,

2m: (S)-CH(iPr)CH,0OH
2n: (R)-CH(Me)Ph
20: (S)-CH(Me)Ph

contain a set of different metal binding sites (a phenol, an
imine, and a secondary sulfonamide), with the expectation
that such a multidentate array would favor the formation of
organometallic complexes with well-organized spatial ar-
rangements, and with the goal of obtaining ligands for
asymmetric catalysis capable of broad applicability. The main
feature of these ligands is their modular assembly by
subsequent coupling of the three components (Scheme 1),
namely sulfonyl chloride 1, amine 2, and aldehyde 4, which
make these ligands well suited for a combinatorial develop-
ment. A library of ligands 5 was synthesized in solution and
tested in the copper-catalyzed conjugate addition of Et,Zn to
cyclic enones!'® and to nitroolefins.'® We herein report the
synthesis of an extended version of this library (125 ligands)
and its screening in the copper-catalyzed conjugate addition
of dialkyl zinc (Me,Zn and Et,Zn) to cyclic and acyclic
enones.

Results and Discussion

Synthesis of the library: Ligand S5 was easily obtained
(Scheme 1) by condensation of salicylaldehyde with enantio-
merically pure f-amino sulfonamides. Sulfonamide 3 was in
turn synthesized by coupling different primary amines with
sulfonyl chlorides 1a—e, which were prepared in high yield
from L-a-aminoacids (respectively Ala, Val, Leu, Phe, rLeu)
by a straightforward synthetic protocol.'!] For the synthesis of
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the ligand library, we used solution-phase parallel synthesis
and solid-phase extraction (SPE) techniques to scavenge
excess reagents and reaction by-products, and thus avoid
chromatography.® 21 For the formation of sulfonamide 3
(Scheme 1), the reaction of excess sulfonyl chloride 1
(1.2 equivalents) with amine 2 (1.0 equivalent) was run in
dichloromethane in the presence of methyl trimethylsilyl
dimethylketene acetal (MTDA, 6) (2.0 equivalents)!'! and a
catalytic amount (0.2 equivalents) of polymer-bound 4-di-
methylaminopyridine[*® (7) to catalyze the coupling reaction
and scavenge liberated HCl. Apart from the polymer, which
was removed by filtration, the only by-products were chloro-
trimethylsilane and methyl isobutyrate, which are volatile and
were removed with the solvent. After all the amine had been
consumed, excess sulfonyl chloride was removed by reaction
with solid-phase bound (tris[2-aminoethyl]amine)!’>c] (8)
(3.0 equivalents) and subsequent filtration. In a few special
cases, that is, when the sulfonyl chloride is particularly
hindered (1e), a different methodology was employed: an
excess of amine 2 (1.2 equivalents) was coupled with sulfonyl
chloride (1.0 equivalent) in the presence of methyl trimethyl-
silyl dimethylketene acetal (MTDA, 6) (2.0 equivalents)!!]
and a catalytic amount (0.2 equivalents) of “dimethylamino
pyridine” (DMAP) in solution. Once the coupling was
complete (by TLC), the reaction mixture was washed with a
saturated citric acid solution. The product was obtained in
88 % average yield without need for further purification.

In the subsequent step, the Boc protecting group was
cleaved with 25% CF;CO,H (TFA) in CH,Cl,, and the
resulting amine trifluoroacetate salts (1.0 equivalent) were
treated in MeOH with aldehyde 4 (0.9 equivalents) in the
presence of polymer-bound 4-dimethylaminopyridine™! (7)
(3.0 equivalents) to yield the target Schiff base 5 in 87 %
overall yield (average) and of sufficient purity to be used in
ligand-catalyzed reactions.

Conjugate addition to cycloalkenones: At the beginning of
this work, a few model ligands 5 were prepared and tested,
and shown to be effective in accelerating the copper-catalyzed
[5% Cu(OTY),; Tf =SO,CF;] conjugate addition of diethyl-
zinc to cyclohexenone (9; Scheme 2). The copper complex

(@] (@]

"Cu"(cat.); 5 (cat.)
+ RoZn
-20°C R
n n

9 n=1 12 n=1,R=Et

10n=2 13 n=2,R=Et

11n=0 14 n=0, R=Et

15 n=1, R = Mel!

Scheme 2. Enantioselective conjugate addition of R,Zn (R =Me, Et) to
cyclic enones 9, 10, and 11 catalyzed by “Cu”/5. Screening of the library of
ligands 5. [a] This reaction was performed at 0/+ 10°C. [b] This reaction
was performed at 0°C.

was preformed in situ by stirring a catalytic amount of
Cu(OTf), (0.050 equivalents) in toluene in the presence of the
ligand (0.055 equivalents) at +20°C. Diethylzinc (1.0M in
hexanes, 2.2 equivalents) and cyclohexenone (9) (1.0 equiv-
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alent) were then added at —20°C and the reaction was stirred
for three hours before quenching. The enantiomeric excesses
of the reaction products, measured by injection of the crude
reaction mixtures in a gas chromatograph (GC) equipped with
a chiral capillary column, were only moderate or poor,
ranging from 28 % with catalytic (5.5%) Sdfp (R!= CH,Ph,
R?=CH,Ph, R*=H) to 48% with 5dfq (R'=CH,Ph, R?=
CH,Ph, R*=35-1Bu,; Scheme 2).'Yl At this stage, we consid-
ered a combinatorial approach for tuning the ligand structure
and improving the results.

A multisubstrate high-throughput screening!® ¥l was also
planned to optimize the ligand structure with respect to the
various substrates. Cyclohexenone and cycloheptenone (9 and
10, respectively) were chosen, since the four peaks of the two
enantiomeric pairs (reaction products 12 and 13) did not
overlap in the chromatogram and gave baseline separation
(Figure 1). Cyclopentenone 11 was not included because only

I

L e

Figure 1. Multisubstrate high-throughput screening of the library: GC
trace of the reaction products (12 and 13) that shows the resolution of the
two enantiomeric mixtures.

trace amounts of addition product 14 could be detected under
these reaction conditions (vide infra). The co-reactions were
performed with an equimolar mixture of 9 and 10 (0.2 mmol
total), with 5.5 mol% ligand 5 (0.011 mmol) and 5 mol %
Cu(OTY), (0.010 mmol) in toluene at —20°C. The reactions
were quenched after five hours, and the crude reaction
mixtures were directly analyzed for conversion and enantio-
meric excess (time for each analysis: 15 minutes).

For the construction of the library, the choice of the
building blocks (sulfonyl chlorides, amines, and aldehydes) is
crucial. A test-library of 60 compounds (one sulfonyl chloride
1d, ten amines 2 f—o, and six aldehydes 4p—s and 4u,v) was
built to study the influence of R? and R? by maximizing their
diversity. This first set of ligands was screened in the
conditions described above, and the results revealed some
interesting features: 1) poor enantioselectivities (<40 % ee)
were obtained with amines 2k, 21, 2m (irrespective of the
aldehyde) and with aldehydes 4u, 4v (irrespective of the
amine), and 2) enantioselectivities with amines 2n and 20
were lower than those obtained with amines 2g and 2h.

From this analysis, a new library of 125 terms was designed,
which contained five sulfonyl chlorides (1a-e), five amines
(2f-j), and five aldehydes (4p —t). From the screening of this
library (the best 10 ligands are reported in Table2; see
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Table 2. High-throughput screening of the library of ligands 5: Cu(OTf),
(0.05 equiv); Ligand 5 (0.055 equiv); Et,Zn (2.2 equiv); 9 (0.1 mmol); 10
(0.1 mmol); toluene/hexane 1:1; —20°C; 5 h. Best 10 results.

Entry Ligand R! R? R3 % ee (12) % ee (13)
1 Sbhr  iPr (S)-CH(Me)Cy 35-Cl, 82 81
2 S5ehq Bu (S)-CH(Me)Cy 35-Bu, 80 79
3 Sbiq iPr iPr 3,5-tBu, 76 72
4 Sejq  Bu CHPh, 35-Bu, 74 75
5 Schr  iBu (S)-CH(Me)Cy 35-Cl, 73 74
6 Scht  iBu (S)-CH(Me)Cy 3-Ph 70 77
7 Shit iPr iPr 3-Ph 70 75
8 Sejt Bu CHPh, 3-Ph 73 73
9 5chq iBu (S)-CH(Me)Cy 3,5-1Bu, 72 71
10 Sehs  Bu (S)-CH(Me)Cy (CH), 71 71

Jo Supporting Information for the

| HE:\O/O complete layout), Sbhr (R!=

a iPr; R?=(S)-CH(Me)Cy;

c OH R3=3,5-Cl,) was identified as

cl the best ligand for 2-cyclohex-

Sbhr enone (82% ee) and 2-cyclo-

heptenone (81 % ee). Analysis

of the results of the library
screening reveals some interesting features: i) both substrates
yield products in similar yields and enantioselectivities; ii) in
ligand 5, the stereocenter that bears R! controls the absolute
configuration of the reaction product, while the stereocenter
on R? (when present) tunes the selectivity; iii) steric
hindrance is important for determining good enantioselectiv-
ities both in the case of R! (iPr=~¢Bu>iBu > CH,Ph > Me)
and in the case of R3 (3,5-Cl, 2~ 3,5-rBu, > 3-Ph > naphthyl >
H); iv) no simple correlation between the steric hindrance of
the various substituents and the enantiomeric excesses is
evident, and these data clearly show the importance of the
mutual influences of the different substituents (R, R?, R3) in
the fine tuning of the ligand structure. These results confirm
the value of the “combinatorial approach”: it would have
been very difficult to identify this ligand for the two different
substrates, if a rational approach had been followed.!']

A subsequent optimization of the reaction conditions was
then performed on compound 9 with the use of Sbhr as ligand
and considering the catalyst loading, reaction temperature,
solvent and the source of copper (i.e., Cu(OTf), and CuOTf;
Table 3). Analysis of the results as shown in Table 3 leads to
some interesting conclusions: i) the reaction enantioselectiv-
ity is only slightly influenced by the temperature (entry 2 vs
entries 4 and 5); ii) high catalyst loading has a deleterious
effect on the enantioselectivity (entry 2 vs entries 1 and 3); iii)
the amount of toluene in the solvent mixture plays a beneficial
role (entry 8 vs entries 6, 2 and 7); iv) the copper source only
marginally affects the enantiomeric excess of the reaction
products (entries 9 and 10 vs entries 6 and 8). Under the best
conditions (2.75 mol % 5, 2.5 mol % CuOTf{, toluene, —20°C,
5 hours), 3-ethylcyclohexanone (12) was obtained in 90 % ee
with 100 % conversion and 93-95 % isolated yield. The same
reaction conditions were applied to compound 10; this gave
3-ethylcycloheptanone (13) in 91 % ee with 100 % conversion
and 93-95 % isolated yield. Reaction of cyclohexenone with

Chem. Eur. J. 2001, 7, No. 12
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Table 3. Optimization of the reaction conditions on cyclohexenone (9)
with chiral ligand 5bhr.

Entry Cu [%] T[°C] Solvent % ee (12)
1 Slal -20 toluene/hexane (1:1) 81
2 2.5l -20 toluene/hexane (1:1) 84
3 200 -20 toluene/hexane (1:1) 72
4 2.5kl —40 toluene/hexane (1:1) 78
5 2.5l -0 toluene/hexane (1:1) 80
6 2.5lal -20 toluene/hexane (4:1) 88
7 2.5lal -20 hexane 71
8 2.5lal -20 toluene 88
9 2.500] -20 toluene/hexane (4:1) 90

10 2.5l01 -20 toluene 90

[a] Cu(OTY),; [b] CuOTH.

dimethylzinc was also attempted and, owing to the diminished
reactivity of dimethylzinc relative to Et,Zn,"l7] good con-
versions could be obtained only at +10°C and after 24 hours.
In this case, reaction with ligand Sbhr afforded 3-methylcy-
clohexanone (15) in 79 % ee.

We then turned our attention to cyclopentenone, for which
we obtained low conversion and almost no selectivity under
the optimized conditions reported above. It is well known, in
fact, that cyclopentenone gives rise to a mixture of Michael
aldol products that arise from the condensation of initially
formed enolates to another molecule of cyclopentenone;" 18]
Chan and coworkersl®! recently reported that running the
reaction between 0°C and RT (the best results were obtained
at +10°C) greatly improved both the yield and the enantio-
meric excess. Therefore, we tested the ten best ligands, which
resulted from the screening of the library, in the conjugate
addition to cyclopentenone at 10 °C with the use of Cu(OTf),
in toluene/hexane (4:1). Ligand
5chq (Table 4) was recognized
as the best ligand for the con-
version of cyclopentenone (11). \QAS”SO
3-Ethylcyclopentanone  (14), =N HNVO
was obtained in 72% ee (en-

: - Bu OH
try 1), which was further in-
creased to 80 % when the reac- Bu
5chq

tion was performed at 0°C (en-

Table 4. Conjugate addition to cyclopentenone 11. Cu(OTf),
(0.025 equiv); Ligand 5 (0.0275 equiv); Et,Zn (2.2 equiv); toluene/hexane
4:1; +10°C.

Entry Ligand R! R? R3 % ee (14)
1 Schq iBu (S)-CH(Me)Cy 3,5-tBu, 72
2 Sejq tBu CHPh, 3,5-tBu, 70
3 Sehq Bu (S)-CH(Me)Cy 3,5-tBu, 50
4 Shjq iPr CHPh, 3,5-tBu, 46
5 Shiq iPr iPr 3,5-tBu, 42
6 Sbhr iPr (S)-CH(Me)Cy 3,5-Cl, 40
7 Schr iBu (S)-CH(Me)Cy 3,5-Cl, 34
8 Saiq Me iPr 3,5-tBu, 32
9 Sehs tBu (S)-CH(Me)Cy (CH), 28
10 Sehr tBu (S)-CH(Me)Cy 3,5-Cl, 28
110l Schq iBu (S)-CH(Me)Cy 3,5-Bu, 80
1200 5chq iBu (S)-CH(Me)Cy 3,5-1Bu, 76
[a] 0°C; [b] 25°C.
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try 11). However, the isolated yield was only 25 %, possibly
also due to its high volatility.

Conjugate addition to linear enones: Enantioselective 1,4-
addition of organometallics to linear enones is complicated by
the competitive presence of s-trans and s-cis conforma-
tions;[” 1) as a result, only a few efficient methods exist for
this transformation. In the case of conjugate addition of
Et,Zn, very good results were obtained by Zhang!®! (ee up to
96 %) and Feringal®! (ee up to 89%). We decided to test a
selection of our ligands in the conjugate addition to benzal-
acetone (16) and chalcone (17) (Scheme 3); the results are

O
*
Ph R

18 R=Me
19 R=Ph

CuOTf (cat.); 5 (cat.)

o
+ EtyZn
Ph/\)LR

toluene

16 R=Me
17R=Ph

Scheme 3. Enantioselective conjugate addition of Et,Zn to 16 and 17
catalyzed by CuOTf/5. For reaction temperatures see Experimental
Section.

summarized in Table 5. Several reaction conditions were
tested and under the best conditions (2.75 mol % 5, 2.5 mol %
CuOTH, toluene, +20°C, 5 h), 4-phenylhexan-2-one (18) was

obtained in 55% yield, and in
L
0

50% ee, with the use of ligand
=N HN_

Scht. In the case of 17 the
reaction was sluggish and 1,3-
: diphenylpentan-1-one (19) was

OoH ~ obtained in 14% yield and
Ph 34% ee (entry7). Addition of
5cht 1.5 equivalents of chlorotri-

methylsilane to trap the enolate
formed during the conjugate addition reaction improved the
yield (up to 65%), but gave only racemic product (entry 9).

Conclusion

In conclusion, we developed a parallel library of new Schiff
base chiral ligands (5) and optimized their use in the
enantioselective copper-catalyzed conjugate addition of di-
alkyl zinc reagents to various Michael acceptors by a high-
throughput screening approach. Work is in progress to extend
the scope of ligand 5 in other enantioselective reactions.

Experimental Section

General: Manipulations that involved air-sensitive compounds were
carried out in an argon atmosphere with the use of Schlenk and syringe
techniques. Solvents were dried with sodium (toluene), sodium/benzophe-
none (THF and diethyl ether), or by refluxing over CaH, for at least
four hours prior to use. Reagents were used as received, without any
further purification, and were generally purchased from Aldrich and
Fluka AG. Aldehyde 4t was prepared according to the published proce-
dure .l Reactions were monitored by analytical thin-layer chromatography
(TLC) with the use of Merck silica gel 60F,s, glass plates. Chromatograms
were visualized with UV light and were stained with a cerium reagent,
followed by heating. Flash chromatographyl was performed with silica
gel60 (230-400 Mesh) purchased from Macherey Nagel. NMR spectra
were recorded on Bruker instruments (AC200 and AC300). Spectral data
are reported in ppm relative to tetramethylsilane. IR spectra were recorded
on a Perkin-Elmer681. Optical rotations were measured on a Perkin—
Elmer241 polarimeter. GC chromatograms were performed on a Dani
GC3800 instrument that was equipped with a FID and a chiral capillary
column. HPLC chromatograms were performed on a Waters instrument
that was equipped with a diode array detector and a chiral column.

General procedure for the synthesis of ligand 5

Synthesis of sulfonamide 3 (procedure A): A solution of 1 (2.5 mmol) in
dichloromethane (25 mL) was treated with polymer-bound “dimethylami-
no pyridine” (7; 208 mg, 0.42 mmol), methyl trimethylsilyl dimethylketene
acetal (MTDA, 6; 0.85 mL, 4.2 mmol) and 2 (2.1 mmol). The reaction
mixture was shaken at room temperature for 3.0 h. Solid-phase bound
(tris[2-aminoethyl]amine) (8; 1.62 g, 6.25 mmol) was then added and
shaking was continued for 3.0 h. The resin was drained and washed with
dichloromethane (4 x 20 mL). The combined filtrates were washed with
5% citric acid, and then evaporated under reduced pressure to give
sulfonamide 3 (1.80 mmol; average yield 86 %).

Synthesis of sulfonamide 3 (procedure B): A solution of 1 (2.5 mmol) in
dichloromethane (25 mL) was treated with 7 (61 mg, 0.5 mmol), 6
(1.01 mL, 5.0 mmol) and 2 (3.0 mmol). The reaction mixture was stirred
at room temperature for 3.0 h. The organic phase was washed with 5%
citric acid, and then evaporated under reduced pressure to give sulfon-
amide 3 (2.2 mmol; average yield 88 % ).

Synthesis of Schiff base 5: Each crude sulfonamide 3 was split into five
portions (approx. 0.36 mmol each). Each portion was treated with 25 %
(v/v) trifluoroacetic acid in dichloromethane (3 mL) and stirred at room
temperature for 30 min. Volatiles were removed under reduced pressure,
and the residues were dissolved in methanol (4 mL). Polymer-bound 7
(540 mg, 1.08 mmol) was then added to each residue, and the suspensions
were shaken for 5 min. Compound 4 (0.32 mmol) was then added and the
suspensions were shaken for further 24 h. The resins were drained and
washed with dichloromethane (4 x 4 mL), and the combined filtrates were
then evaporated under reduced pressure. The crude residues were
dissolved in dichloromethane (10 mL), washed with 5% citric acid,
followed by separation of the organic phases and evaporation under
reduced pressure to give Shiff base 5 (0.28 mmol; average yield 87 % ). The
purity of ligand 5 (=95 %) was monitored by '"H NMR analysis.

Table 5. Conjugate addition of Et,Zn to benzalacetone 16 and chalcone 17 CuOTTf (0.025 equiv); ligand 5 (0.0275 equiv); Et,Zn (2.2 equiv); toluene; + 10°C.

Entry Ligand R! R? R3 Product Yield [%] % ee
1 Scht iBu (S)-CH(Me)Cy 3-Ph 18 (R=Me) 55 50
2 Sejq tBu CHPh, 3,5-tBu, 18 (R=Me) 55 450
3 Sehq Bu (S)-CH(Me)Cy 3,5-Bu, 18 (R =Me) 48 430l
4 Sejt tBu CHPh, 3-Ph 18 (R=Me) 45 2212
5 Sehr tBu (S)-CH(Me)Cy 3,5-Cl, 18 (R=Me) 55 181a]
6 5bhr iPr (S)-CH(Me)Cy 3,5-Cl, 18 (R = Me) 44 170
7 Scht iBu (5)-CH(Me)Cy 3-Ph 19 (R = Ph) 14 3410
8 Sbhr iPr (S)-CH(Me)Cy 3,5-Cl, 19 (R = Ph) 13 231
9l 5bhr iPr (S)-CH(Me)Cy 3,5-Cl, 19 (R =Ph) 65 ol

[a] Enantiomeric excesses determined by chiral GC. [b] Enantiomeric excesses determined by chiral HPLC (Whelk-O1). [c] 1.5 equivalents of TMSCI added.
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General procedure for the screening of the library: In a flame-dried flask,
under argon atmosphere, 5 (0.011 mmol) was dissolved in dry toluene
(0.5mL). Cu(OTf), (3.6 mg, 0.0l mmol) was added, and the resulting
greenish solution was stirred at room temperature for 20 min. The reaction
mixture was then cooled to —20°C and Et,Zn (1.0M solution in hexanes;
0.44 mL, 0.44 mmol) and a 1:1 mixture of 9 and 10 (10 and 11 pL,
respectively, 0.1 mmol each, 0.2 mmol total) were added consecutively. The
reaction mixture was stirred at —20°C for 5 h and was then quenched with
saturated aqueous NH,Cl (1 mL) and diluted with ethyl acetate (1 mL).
The organic phase was separated and filtered through Celite. The crude
reaction mixture (1 pL) was then injected into a GC instrument that was
equipped with a chiral capillary column for ee determination [column:
MEGADEX DACTBSS, 25 m, film 0.25 um; carrier: H, (70 kPa); injector:
200°C; detector: 200°C; oven temperature: 50°C, 5°Cmin~! to 150°C; #4
(12): 11.8 min (3R enantiomer) and 12.2 min (3S enantiomer); t; (13):
12.4 min and 12.6 min; t (9): 14.4 min; #; (10): 14.9 min].

Characterization of ligand 5bhr: 'H NMR (CDCl;, 200 MHz, 20°C): 6 =
0.60—1.70 (m, 11H; cyclohexyl), 0.89 (d, J=6.90 Hz, 3H; CHj,), 0.92 (d,
J=700Hz, 3H; CH;), 1.07 (d, J=6.70 Hz, 3H; CHj;), 1.88 (m, 1H;
CH(CH,),), 3.10-3.26 (m, 3H; CH,SO,, CH(CH,)Cy), 3.61 (m, 1H; CH-
iPr), 3.84 (d, J=8.90 Hz, 1H; NH), 7.16 (d, /=2.50 Hz, 1 H; aromatic-H),
736 (d, J=2.50Hz, 1H; aromatic-H), 8.26 (s, 1H; CH=N); C NMR
(CDCl;, 50 MHz): 6 =17.5, 19.0, 19.2, 26.0, 26.2, 28.6, 28.8, 33.3, 43.6, 54.6,
57.1, 69.9, 119.3, 122.6, 122.9, 129.6, 132.4, 156.3, 165.0; IR (film): =750
(S—N), 1140, 1210, 1310 (SO,), 1450 (CH,, CHs), 1630 (C=N), 2860 —2960
(CH), 3280 cm™! (NH); [a]p =+67.0 (c=1 in CHCl;); elemental analysis
caled (%) for CyH,0CLN,O;S (448.4): C 53.57, H 6.47, N 6.25; found C
53.49, H 6.53, N 6.21.

Characterization of ligand 5chq: 'H NMR (CDCl;, 200 MHz, 20°C): 6 =
0.50-1.70 (m, 14H; cyclohexyl, CH,-CH(CH;),), 0.81 (d, J=5.9 Hz, 3H;
CH,), 0.82 (d, J=6.0 Hz, 3H; CH,), 1.03 (d, /= 6.8 Hz, 3H; CHj), 1.20 (s,
9H; tBu), 1.33 (s, 9H; tBu), 3.10-3.30 (m, 3H; CH,SO,, CH(CH;)Cy), 3.50
(d, J=78 Hz, 1H; NH), 3.78 (m, 1H; CH-N), 701 (d, /J=2.4 Hz, 1H;
aromatic), 7.30 (d,J = 2.4 Hz, 1 H; aromatic), 8.33 (s, 1 H; CH=N); *C NMR
(CDCl,, 50 MHz): 6 =18.6, 21.3,23.2, 24.1,25.9, 26.2, 28.4, 28.6, 29.4, 29.6,
31.4,43.6,45.1,54.5,59.4, 63.8, 1174, 126.4, 127.6, 136.6, 140.5, 157.8, 162.3;
IR (film): 7=730 (S—N), 1140, 1310 (SO,), 1450 (CH,, CH3), 1620 (C=N),
2860-2960 (CH), 3280 cm™' (NH); [a]p=+18.0 (¢c=1 in CHCL);
elemental analysis caled (%) for C,0Hs,N,O5S (506.7): C 68.77, H 9.88, N
5.53; found C 68.69, H 9.92, N 5.49.

Characterization of ligand 5cht: 'H NMR (CDCl;, 200 MHz, 20°C): 6 =
0.50-1.70 (m, 14H; cyclohexyl, CH,-CH(CHj;),), 0.81 (d, J=5.9 Hz, 3H;
CHS,), 0.82 (d, J=6.0 Hz, 3H; CH,), 1.03 (d, /= 6.8 Hz, 3H; CH,), 3.10—
330 (m, 3H; CH,SO,, CH(CH,)Cy), 3.80 (d, J = 7.8 Hz, 1 H; NH), 3.78 (m,
1H; CH-N), 701 (t, J=12.4Hz, 1H; aromatic), 725-7.68 (m, 7H;
aromatic), 8.53 (s, 1H; CH=N); 3C NMR (CDCl;, 50 MHz): 6 =19.0,
21.0, 23.3, 24.2, 26.0, 28.6, 43.6, 44.9, 54.6, 59.5, 63.3, 118.5, 118.9, 1271,
128.1, 129.2, 129.8, 131.3, 133.7, 137.6, 158.2, 166.3; IR (nujol): 7=758
(S—N), 1136, 1310 (SO,), 1632 (C=N), 3270 cm~' (NH); [a]p = +57.0 (c =1
in CHCl,); elemental analysis caled (%) for C,;H3sN,O5S (470.6): C 68.91,
H 8.14, N 5.95; found C 68.85, H 8.09, N 5.98.

Optimized reaction conditions

3-Ethylcyclohexanone (12)/5bhr: In a flame-dried flask, under argon
atmosphere, Sbhr (4.9 mg, 0.011 mmol) was dissolved in dry toluene
(3.5mL). (CuOTf),-CHy (2.5mg, 0.005mmol) was added, and the
resulting yellow solution was stirred at room temperature for 20 min. The
reaction mixture was then cooled to —20°C, and Et,Zn (1.1m solution in
toluene, 0.8 mL, 0.88 mmol) and 9 (41 pL, 0.4 mmol) were added consec-
utively. The reaction mixture was stirred at —20°C for 5h and then
quenched with saturated aqueous NH,Cl (1 mL). The organic phase was
separated, washed with brine, dried over Na,SO,, and evaporated under
reduced pressure. Purification by flash chromatography (eluent n-hexane/
ethyl acetate 95:5) gave pure 12 (47 mg) in 93% yield. Enantiomeric
excess =90% by chiral GC analysis [column: MEGADEX DACTBSS,
25 m, film 0.25 um; carrier: H, 70 kPa; injector: 200 °C; detector: 200°C;
oven temperature: 50°C, 5°Cmin~! to 150°C; #x(12): 11.8 min (3R
enantiomer, 5% ) and 12.2 min (3S enantiomer, 95%)].

3-Ethylcycloheptanone (13)/Sbhr: In a flame-dried flask, under argon
atmosphere, Sbhr (4.9 mg, 0.011 mmol) was dissolved in dry toluene
(3.5mL). (CuOTf),-C¢Hy (2.5mg; 0.005 mmol) was added, and the
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resulting yellow solution was stirred at room temperature for 20 min. The
reaction mixture was then cooled to —20°C, and Et,Zn (1.0M solution in
toluene, 0.8 mL, 0.88 mmol) and 10 (45 uL, 0.4 mmol) were added
consecutively. The reaction mixture was stirred at —20°C for 5 h and then
quenched with saturated aqueous NH,Cl (1 mL). The organic phase was
separated, washed with brine, dried over Na,SO,, and evaporated under
reduced pressure. Purification by flash chromatography (eluent n-hexane/
ethyl acetate 95:5) gave pure 13 (53 mg) in 95% yield. Enantiomeric
excess =91 % by chiral GC analysis [column: MEGADEX DACTBSg,
25 m, film 0.25 um; carrier: H, 70 kPa; injector: 200 °C; detector: 200°C;
oven temperature: 50°C, 5°Cmin~! to 150°C; #,(13): 12.4 min (major
enantiomer, 95.5%) and 12.6 min (minor enantiomer, 4.5%)].
3-Methylcyclohexanone (15)/5bhr: In a flame-dried flask, under argon
atmosphere, Sbhr (6.4 mg, 0.014 mmol,) was dissolved in dry toluene
(3.5 mL). Cu(OTf), (4.7 mg, 0.013 mmol) was added, and the resulting
greenish solution was stirred at room temperature for 20 min. The reaction
mixture was then cooled to +10°C, and Me,Zn (2.0M solution in toluene,
0.57 mL, 1.14 mmol) and 9 (50 uL, 0.52 mmol) were added consecutively.
The reaction mixture was stirred at + 10 °C for 24 h and then quenched with
saturated aqueous NH,Cl (1 mL). The organic phase was separated,
washed with brine, dried over Na,SO,, and evaporated under reduced
pressure. Purification by flash chromatography (eluent n-hexane/ethyl
acetate 8:2) gave pure 15 (45 mg) in 78% yield. Enantiomeric excess =
79% by chiral GC analysis [column: MEGADEX DMEPES, 25 m, film
0.25 um; carrier: H, 70 kPa; injector: 200°C; detector: 200°C; oven
temperature: 70°C, 1°Cmin~! to 200°C; tx(15): 13.4 min (10.5%) and
13.6 min (89.5%)].

3-Ethylcyclopentanone (14)/Schq: In a flame-dried flask, under argon
atmosphere, 5chq (5.6 mg, 0.011 mmol) was dissolved in dry toluene
(3.5mL). Cu(OTf), (3.6 mg, 0.01 mmol) was added, and the resulting
greenish solution was stirred at room temperature for 20 min. The reaction
mixture was then cooled to 0°C, and Et,Zn (1.0M solution in hexanes,
0.88 mL, 0.88 mmol) and 11 (34 puL, 0.4 mmol) were added consecutively.
The reaction mixture was stirred at 0°C for 5 h and then quenched with
saturated aqueous NH,Cl (1 mL). The organic phase was separated,
washed with brine, and dried over Na,SO,, and the solvent evaporated by
distillation at ambient pressure. Purification by flash chromatography
(eluent n-pentane/diethyl ether 8:2) gave pure 14 (11 mg) in 25% yield.
Enantiomeric excess =80 % by chiral GC analysis [column: MEGADEX
DACTBSpS, 25m, film 0.25 um; carrier: H, 70 kPa; injector: 200°C;
detector: 200°C; oven temperature: 50°C, 1.0°Cmin~! to 150°C; t,(14):
22.9 min (3S enantiomer, 90 %) and 23.7 min (3R enantiomer, 10%)].

4-Phenylhexan-2-one (18)/5cht. In a flame-dried flask, under argon
atmosphere, Scht (6.6 mg, 0.014 mmol) was dissolved in dry toluene
(2.5mL). (CuOTf),-CiHs (3.1 mg, 0.0062 mmol) was added, and the
resulting yellow solution was stirred at ambient temperature for 1 h. The
reaction mixture was then cooled to +10°C, and Et,Zn (1.1M solution in
toluene, 1.0 mL, 1.1 mmol) and 16 (73.1 mg, 0.5 mmol) were added
consecutively. The reaction mixture was stirred for 20 h and quenched
with saturated aqueous NH,Cl (1 mL). The organic phase was separated,
washed with brine, and dried over Na,SO,, and the solvent evaporated
under reduced pressure. Purification by flash chromatography (eluent n-
hexane/ethyl acetate 9:1) gave pure 18 (48 mg) in 55 % yield. Enantiomeric
excess =50% by chiral GC analysis [column: MEGADEX DMEPES,
25 m, film 0.25 um; carrier: H, 101 kPa; injector: 200 °C; detector: 200°C;
oven temperature: 100°C, 1.5°Cmin~! to 200°C; #4(18): 14.4 min (25%)
and 14.7 min (75 %)].

1,3-Diphenylpentan-1-one (19)/5cht. In a flame-dried flask, under argon
atmosphere, Scht (6.3 mg, 0.014 mmol) was dissolved in dry toluene
(2.5mL). (CuOTf),-CiHy (3.1 mg, 0.0062 mmol) was added, and the
resulting yellow solution was stirred at ambient temperature for 1 h. The
reaction mixture was then cooled to —20°C, and Et,Zn (1.1M solution in
toluene, 1.0 mL, 1.1 mmol) and 17 (104 mg, 0.5 mmol) were added
consecutively. The reaction mixture was stirred for 20 h and quenched
with saturated aqueous NH,Cl (1 mL). The organic phase was separated,
washed with brine, and dried over Na,SO,, and the solvent evaporated
under reduced pressure. Purification by flash chromatography (eluent n-
hexane/ethyl acetate 95:5) gave pure 19 (16 mg) in 14% yield. Enantio-
meric excess =34 % by chiral HPLC analysis: [Lichrocart 2504 [(R,R)
Whelk 01]; gradient: n-hexane to 20 % i-PrOH in n-hexane in 40 min. UV
diode array detector (254 nm); #£(19): 9.5 min (33%), 10.5 min (67 %)].
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Activation of C—H --- Halogen (Cl, Br, and I) Hydrogen Bonds at the
Organic/Inorganic Interface in Fluorinated Tetrathiafulvalenes Salts

Olivier J. Dautel,'? Marc Fourmigué,*?l and Enric Canadell®!
g

Abstract: The electrocrystallization of
fluorinated bis(2,2"-difluoropropylene-
dithio)tetrathiafulvalene (1) in the pres-
ence of linear (ICl,~, IBr,”, ,LBr~) or
cluster ([MoyCl,]*~) anions affords 1:1
and 2:1 cation radical salts such as
(1][ICL] and [1],[MosCl,]- (CH5CN),.
In both salts, the 1" radical ion adopts a
boat conformation and envelops the anion
through C—H---Hal,,,, (Hal,,=Cl,
Br, I) hydrogen bonds. This demon-
strates the activating role of the neigh-
boring electron-withdrawing CF, moiet-
ies in the stabilization of bi- or trimo-
lecular neutral entities. With smaller
linear anions, fluorine segregation con-

rise to layered materials with a limited
overlap interaction between the open-shell
organic cations and magnetic spin chain
behavior. With the larger [Mo,Cl,,]*~
ions, a strong overlap interaction be-
tween radical cations gives rise to dia-
magnetic [1],>* dimers, which alternate
with the cluster anions to form hybrid
organic/inorganic -+ [1],>*[MosCl, >~ -+
chains. This behavior is also observed
in [2],2*[Mo,Cl,,J*~ - (CH,Cl,),, in which
compound 2 is the unsymmetrically
substituted (ethylenedithio)(2,2'-di-

Keywords: crystal engineering - flu-
orine - hydrogen bonds - magnetic

fluoropropylenedithio)tetrathiafulva-
lene. On the other hand, the unsym-
metrically substituted 2,2'-difluoropro-
pylenedithiotetrathiafulvalene 3)
affords a mixed-valence 4:1 salt with
[Mo¢Cl,4]?>~, which is formulated as
[3]s[MoCl,4] - (CH;CN),. This semicon-
ducting salt is characterized by the
coexistence of both the fluorine/fluorine
segregation (with solvent inclusion) and
the organic/inorganic segregation (with
delocalized overlap interactions). Both
CH---Cl and C,—H---Cl hydrogen
bonds facilitate the stabilization of the
organic/inorganic interface and the pres-
ence of conducting organic slabs.

trols the solid-state associations of the

A e . properties -
bimolecular [1] "[X]~ entities, and gives

Introduction

In order to take advantage, in the solid state, of the well-
known segregation effects which are observed in fluid phases
with highly fluorinated molecules,!! we have recently studied
the synthesis and electrochemical properties of a series of
fluorinated tetrathiafulvalenes (TTF) 1-3 that bear one or
two CF, groups on their outer ends.?”!

We have shown that the introduction of SCH, spacers
between the fluorinated moiety and the TTF redox core
preserves their m-redox donor ability despite the presence of
the electron-withdrawing CF, groups. The neutral unoxidized
molecules organize into layered solids in the solid state, with a
peculiar fluorous bilayer which is stabilized by full fluorine
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CNRS FRE 2068 , Institut des Matériaux Jean Rouxel
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BP32229, 44322 Nantes cedex 3 (France)
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segregation and a network of C—H---F hydrogen bonds.P!
Investigation of the crystallization of the radical cation salts
from these donor molecules may help us to understand the
competition between those fluorine segregation effects, which
are observed in the neutral state, and the overlap interaction
of the open-shell, delocalized molecules. These HOMO ---
HOMO overlap interactions are strong and directional, and
tend to associate molecules into dimers, trimers, or extended
one- or two-dimensional organic networks with delocalized
electronic states, which are a prerequisite for electronic
conductivity.] However, such salts will include counter anions
in the solid that may affect these interactions with the organic
part. In this paper, we describe several examples of radical
cation salts of the fluorinated donor molecules 1-3 with
halogenated anions of different size, shape, and charge such as
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the linear ICL,~ or the anion cluster [Mo4Cl,,]*>~. We analyze
the competing roles of the different intermolecular interac-
tions that stabilize the overall crystalline and electronic
structure. The comparison with the layered organic conduc-
tors derived from the non-fluorinated analogues such as
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF) or bis-
(propylenedithio)tetrathiafulvalene (BPDT-TTF) will be
particularly useful. These layered conducting salts are struc-
turally characterized by a two-dimensional organic/inorganic
segregation, which is stabilized at the interface by a set of
flexible, weak C—H --- X (X = O, N, Hal) hydrogen bonds, ¢ 7!
while in compounds 1-3 CF, rather than CH, fragments are
localized at the extremities of the donor molecules.

In this respect, stronger intermolecular interactions® such
as O—H:--O or N-H---O hydrogen bonding,”!® Hal:--
Hall': 21 or Hal---NUI3 " interactions (the halogen bond-
ing)[%l have been successfully faced with the HOMO --- HO-
MO overlap interactions of properly functionalized tetrathia-
fulvalenes. This highlights the synergistic effects between
different interactions. For example, the hydrogen-bond donor
character of the NH group of tetrathiafulvalenyl amides! is
enhanced strongly in the oxidized cationic state. Simultane-
ously, the hydrogen-bond acceptor character of the carbonyl
function is suppressed to the advantage of the counter anion.
The point we would like to address here lies in the alternative
use of an aliphatic fluorine TTF functionalization whose

Abstract in French: L’electrocristallisation du tetrathiafulva-
lene fluore 1, le bis(2,2-difluoropropylenedithio)tetrathiaful-
valene en presence d’anions lineaires (ICL,~, IBr,”, LBr~) ou
d’anions clusters ([MogsCl,,J*~) conduit a des sels de stoechio-
metrie 1:1 et 2:1 tel que [1][ICL)] et [1],[Mo,Cl,,] - (CH;CN)..
Dans les deux sels, le radical cation 1'" adopte une forme
bateau et enveloppe I'anion grdce a des liaisons hydrogene
C-H---Hal,,,, (Hal,,,,= Cl, Br, 1), demontrant ainsi I’activa-
tion des methylenes par les CF, en ortho pour la stabilisation
d’entites bi- ou trimoléculaires neutres. Avec les anions
lineaires, la segrégation des atomes de fluor controle I'organi-
sation a l'etat solide des entites bimoleculaires [1]°7[X] et
conduit a une structure lamellaire avec un recouvrement faible
entre cations radicaux et un comportement de chaine magne-
tique. Avec Uanion plus gros [MosCl,,J*~, un fort recouvrement
entre radicaux cations conduit a des dimeres diamagnetiques
[1]>* qui alternent avec les anions clusters au sein de chaines
mixtes organique/inorganique --- [1],>*[MoCl,,J>~) ---, obser-
vées aussi dans [2],""[MosCl,J*~- (CH,CL), avec le derivé
dissymetrique (ethylenedithio) (2,2 -propylenedithio)tetrathia-
fulvalene (2). Enfin, le (2,2-difluoropropylenedithio)tetrathia-
fulvalene 3 conduit avec [MogCl,,J>~ d un sel a@ valence mixte de
stoechiometrie 4:1, [3],/MosCl,,]- (CH;CN),. Ce semi-con-
ducteur est caracterise€ par la presence simultanée d’une
segregation des atomes de fluor (avec inclusion de solvant) et
d’une segregation organique/inorganique (avec des interac-
tions de recouvrement etendues). Les liaisons hydrogene
Cp,—H--Cl et C,~H---Cl stabilisent ensemble linterface
organique/inorganique et la présence des plans organiques
conducteurs.
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structural effects are based on the absence of interaction; this
results in the segregation of fluorinated fragments rather than
in a strong and directional interaction such as hydrogen or
halogen bond.

Results and Discussion

Molecular C—H --- Cl pincers of the symmetrically substituted
1: Electrocrystallization of 1 in the presence of the nBu,N*
salts of the ICl,~, IBr,™, and ,Br~ linear ions affords three
isostructural compounds of 1:1 stoichiometry, while every
attempt that used the longer I;~ ion proved unsuccessful. The
salts crystallize in the orthorhombic system, space group
Cmc2, and both the organic radical cation and the linear anion
have a mirror plane that contains I1 and is perpendicular to
the long axis of the molecules (Figure 1). The I,Br~ ion is a

Figure 1. The bimolecular complex formed on the association of the 1**
and ICl,~ ions in [1][ICL,]. The two C—H --- Cl hydrogen bonds are shown as
dashed lines (see Table 1).

50:50 mixture of the two non-centrosymmetrical I-I-Br~ and
Br-I-I- ions that are disordered on the mirror plane.'*l In
contrast to the structure of the neutral 1, which has a chair
conformation,?l the 1** radical ion adopts a boat conforma-
tion with one anion specifically anchored above the molecular

Table 1. Geometrical characteristics of the C—H---Hal (Hal=Cl, Br)
hydrogen bonds that stabilize the bimolecular units in the salts of 1 with
ICl,~, IBr1,, and I,Br~ (Figure 1).

Salt H - Hal [A] C---Hal [A] C-H---Hal [*]
[A][1CL,] 2.67 (H4A -+ CI1i)e] 3.624(7) 166
[1][1Br] 2.69 (H4A -+~ Brli)l 3.643(8) 166
[1][1,Br] 2.74 (H4A -+ Bri#)l 3.69(1) 166

[a] Symmetry operation i: 1—x, y, —1 —z. [b] Symmetry operation ii: x,
1—y, —12 + z.

plane through two C—H --- Hal interactions. Table 1 details the
geometry of the hydrogen bonds in the three salts. The short
H---Hal bond lengths and a strong linearity (C—H---Hal
angle ~166°) compare favorably with the recently reported
statistical values for C—H --- Hal hydrogen bonds, ' ¥l and
are at the origin of the striking recognition pattern observed
here. They also highlight a specific role of the CF, groups,
whose electron-withdrawing nature activates neighboring sp®
methylenic protons to enter into C—H---X (X=0, N, Hal)
hydrogen bonds. These formally bimolecular, neutral
[1]*[X]~ moieties are arranged into layers in the solid state,
shown in Figure 2. The layers are characterized by segregated
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Figure 2. A view of the unit cell of [1][ICl,] which shows the layered
structure and the segregation of the fluorine atoms (in black).

CF, groups that face each other to form a fluorous bilayer
which is reminiscent of that observed in the structure of the
neutral 1.2 At this interface, short C—H --- F interactions are
also observed, with F--- H distances of 2.5-2.6 A and C—H - -
F angles between 140 and 150°. However, it is not clear
whether the fluorine segregation effect is the result of the
well-known tendency of fluorinated moieties to segregate or
whether these bilayers are further stabilized by such C-H---F
“hydrogen bonds”. While Dunitz and Taylor™ concluded
from a statistical CSD (Cambridge Structural Database)
survey that “organic fluorine hardly ever accept hydrogen
bonds” with strong hydrogen bond donors such as OH or NH,
Howard et al.? observed that C—H:--F—C contacts were
more frequently found than O/N—H --- F—C ones. It was later
shownl?!- 2! that sp? hydrogen atoms of fluorinated aromatics
were able to engage in C—H---F—C hydrogen bonds with
short H -+ F distances (< Zyun derwaatl(H.F) = 2.67 A) and with a
preference for linearity (140° < C—H---F angle < 180°). The
short H---F contacts identified in the interlayer space are
probably weak, but could contribute to the overall stability of
the layer. Their influence on the structure is confirmed here
by the clear geometrical preferences revealed by a scatterplot
of the C—H --- F angle against the H --- F distances observed in
the three salts and the neutral donor molecule (Figure 3). The

Neutral 1
[11(Clz]
[110Bry]
[1]012Br]

180
170

ocr-me

160
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130

C-H---F angle /°
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110

R R R R RN RS R RN R PR

100 Eonbn oo e b b el
22 23 24 25 26 27 28 29 3

H...F distance /10° pm

Figure 3. A scatterplot of C—H---F angles against H---F distances in
neutral 1 and in its three salts with ICl,~, IBr,”, and L,Br~. The line
represents the correlation found in fluoroaromatics.?!l

limited dispersion above and below the master line, which
correlates distance and angle, compares very favorably with
the similar scatterplots described by Desiraju in fluoroarenes,
and contrasts with the fluorinated compounds described in the
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CSD.21 Of particular note is Sos s S
the similarity of the structure S I = I JS
described by Shibaeva,?¥ which g7 S .0 s
involves  bis(thiopropylenedi-

thio)tetrathiafulvalene (4), in which sulfur atoms replace the
CF, groups of 1. Its salt with IBr,~ exhibits a very similar motif
(Figure 4). This demonstrates that the shape of the bimolec-
ular [4]*f[IBr,]~ species, which is stabilized through two
C—H--Br hydrogen bonds (H:Br: 2.64 A, C—H--Br:
152°), controls the overall solid-state arrangement rather
than the fluorous bilayer structural motif alone.

Figure 4. The bimolecular complex formed on the association of the 4**
and IBr,™ ions in [4][IBr,] described by Shibaeva et al.l*’l The two C—H -
Br hydrogen bonds are indicated as dashed lines.

Finally, if we concentrate on one single layer (Figure 5), the
bimolecular [1]**[ICl,]- paramagnetic units are organized
orthogonally to each other. The shortest S --- S distances range
from 3.600(3) A in the ICl," salt to 3.659 in the I,Br- salt and

¥ 53
i e oy
S0 = .
2 e XA »
et e C”{}\f)
% Y

Figure 5. The mixed organic/inorganic layer, viewed along the common
long axis of the 1** and ICl,~ ions. The dashed lines indicate C—H--- Cl
hydrogen bonds (see Figure 1), the dotted lines indicate the shortest S--- S
interactions which give rise to the magnetic chains running along c.

give rise to a chainlike motif between the radical species.
However, the temperature dependence of the magnetic
susceptibility (Figure 6) cannot be fitted within the regular
magnetic chain model of Bonner-Fisher® unless a weak
alternation is introduced along the chain®! with |J|/k=135K
and a=0.95. (a =J,/J, with 0 <a <1). This reflects a slight
dimerization of the chains upon cooling.

The strength of the C—H --- Hal pincer motif was evaluated
further by using a much larger halide anion, that is, the
molybdenum [MogCl,,]*~ cluster.! The electrocrystallization
of 1 in the presence of [nBu,N],[MoCl,,]?" gives rise to a 2:1
salt that incorporates acetonitrile molecules and is formulated
as [1],7"[MoeCl,)*~ - (CH;CN),. Figure 7 shows that two
organic radical cations in boat conformation surround the
larger anion with a similar set of C—H --- Cl hydrogen bonds,
whose geometrical characteristics are collected in Table 2.
This again demonstrates the efficiency of these interactions in
the specific recognition of the halogenated anion. A notable
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Figure 6. The temperature dependence of the magnetic susceptibility of
[1][ICL)]. The solid line is a fit to the alternated chain model in which a =
0.95 and a Curie tail at low temperature encompasses 0.7 % S = 1/2 isolated
magnetic defects.

Figure 7. The trimolecular complex formed on the association of two 1**
ions and [MoxCl,,]>~. C—H - Cl hydrogen bonds are indicated as dashed
lines (see Table 2).

Table 2. Geometrical characteristics of the C—H---Hal (Hal=Cl, Br)
hydrogen bonds in the [Mo,Cl,]*~ salts of 1 and 5.

Salt H--Hal [A] C-+Hal [A] C-H--Hal["]
[1L.[Mo,Cly,]  2.68 (H11B - ClI)lal  3.562(7) 152

2.69 (H6B -+~ CI2i)P1  3.578(7) 153

2.80 (H9A - Clli)lal  3.654(7) 148

2.96 (H4A - CI30)P)  3.671(6) 131
[5L.[Mo,Cly,]-  2.83 (HI0B -+ CI2i)  3.591(6) 136
(CH,CN), 2.87 (H5A - Cl6")d 3.817(6) 165

[a] Symmetry operation i: x, —1 + y, z. [b] Symmetry operation ii: —x,
—1—y, —z. [c] Symmetry operation iii: 1 —x, —1/2 + y, 1/2— z. [d] Sym-
metry operation iv: x, 3/2—y, —1/2 + z.

difference from the above structures is found in the solid-state
arrangement of the supramolecular units, shown in Figure §,
which interact strongly with each other through the overlap
interaction of the open-shell radical cations. This is reflected
in the short interplanar distance between the two TTF cores
(3.339(1) A), in the almost eclipsed conformation, in the large
HOMO ---HOMO intermolecular overlap that leads to a
large Bromo-nomo interaction energy®! (1.15 €V), and in the
diamagnetic character of the salt. (The formally unpaired
electrons of the two radical cations are paired in the low-lying

2638
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Figure 8. A projection view along the b axis of the unit cell of [1],[Mo¢Cl,,]
which illustrates the face-—face dimerization of the cation radicals, the
hybrid organic/inorganic chains running along a, and the segregation of the
fluorine atoms (shown in dark grey) and the nearby CH;CN molecules.

bonding combination of the two individual SOMOs.) The
association of the hydrogen-bonded [1]*[MosCl,J* [1]**
trimolecular complex through the strong HOMO --- HOMO
overlap gives rise to hybrid organic/inorganic chains that run
along the a axis (Figure 8). It is only the relative arrangement
of those - --[1],> [MoCl,]* -+ chains which is then con-
trolled by the segregation of the fluorine atoms into planes at
z="V+ and z=%. This segregation constraint leads to the
formation of holes in the structure, which are filled by the
CH;CN solvent molecules.

A comparison with the nonfluorinated analogues: In order to
evaluate the exact role played by the introduction of the
fluorine atoms, the corresponding salts of the nonfluorinated
bis(propylenedithio)tetrathiafulvalene (5) with trihalides and

I8
5

[Mo¢Cl,]*>~ ions were investigated. While 5 has been de-
scribed as affording a 2:1 phase with ICL,~,?) the [MoyCl,4]*~
salt was unknown, and its preparation is described here.
Complex [5],[ICl,] was described as adopting the o-type
structure found in two-dimensional organic conductors, with
alternating organic slabs of donor molecules in the chair
conformation separated by inorganic ICl,~ planes (Figure 9).
The methylenic end-groups of 5 are specifically engaged, on
each side, in C—H --- Cl interactions with the ICl,™ ions at the
organic/inorganic interface. This arrangement is typical of
most layered BEDT-TTF salts in which the ethylenic end-
groups point towards the inorganic anion layers.*! The
peculiar solid-state organization of [1]7[X]-, (X~ =ICl,",
IBr,~, LBr~) and its similarity to 4, in which a sulfur atom is
substituted for the CF, group, confirms that the usual organic/
inorganic segregation that prevails in conducting cation
radical salts based on BEDT-TTF or BPDT-TTF (5) is
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Figure 9. A projection view of the unit cell of [5],[ICl,] with the non-
fluorinated molecule 52! which illustrates the typical organic/inorganic
segregation and the C—H--- Cl hydrogen bonds at the organic/inorganic
interface (shown as dashed lines).

strongly stabilized by these C—H---Hal hydrogen bonds.[
Suppressing these interactions by the introduction of a sulfur
atom (in 4) or a CF, group (in 1) on the extremities of the
donor molecules therefore has a two-fold effect: i) it desta-
bilizes this organic/inorganic interface and prevents the
formation of an organic conducting layer and ii) it activates
the neighboring CH, groups for hydrogen bonding and
stabilizes cation/anion pairs.>!

On the other hand, [5],[Mo,Cl,,] adopts a structure (Fig-
ure 10) that looks similar to its fluorinated analogue [1],[Mos-
Cl,]- (CH5CN),. The radical cations also associate into
strongly overlapping dimers, as demonstrated by the distor-

Figure 10. A projection view of the unit cell of [5],[Mo4Cl,,] with the
nonfluorinated molecule 5.

tions from planarity of the TTF core, the short plane —plane
distance (3.369(2) A), the perfectly eclipsed conformation,
and the strong Suyomo.-nomo interaction energy (1.07 eV).
Although the cationic 5'f moieties are not in a boat
conformation and comparable C—H---Cl interactions with
the closest anion are much weaker (H--Cl > 3 A), similar
hybrid organic/inorganic - -+ [5],>*[MogCl,4]*~ -+ chains can be
identified that run along the b axis (Figure 10). The major
difference from the fluorinated analogue lies in the relative
organization of these chains. They are now tightly packed
together and the propylenic moieties of the 5 radical ions

Chem. Eur. J. 2001, 7, No. 12
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point toward the [MosCl,]*~ ions of the neighboring chains,
while two C—H -+ Cl hydrogen bonds (Figure 10) are identi-
fied whose geometrical characteristics are collected in Ta-
ble 2.

These two examples confirm the role of the CF, moieties in
the fluorinated 1 in activating neighboring H atoms and in
stabilization of the boat conformation of the donor molecules,
which can then engage in strong organic —inorganic bimolec-
ular or trimolecular supramolecular associations through
C—H---Cl hydrogen bonds. With smaller ICl,~, IBr,”, or
I,Br~ ions, the fluorine segregation and C—H --- F interactions
stabilize the layered compound at the expense of the
HOMO ---HOMO overlap interaction. With the much larger
[Mo,Cl >~ ion, these segregation and hydrogen-bonding
effects are probably diluted and the overlap interactions
dominate the whole primary structure, which is characterized
by strongly overlapping organic dimers that alternate with
[Mo,Cl,4]*>~ ions within hybrid organic/inorganic chains. The
differences appear to be second order in the interchain
interactions: i) with CF, segregation between chains in
[1],[MoCl,,] - (CH5CN), and solvent inclusion and ii) with
C—H---Cl attractive interactions between chains in
[5],[MogCly,] and no room left for solvent molecules. In order
to recover organic/inorganic segregation and electronic con-
ductivity in those systems, we envisioned the unsymmetrically
substituted molecules 2 and 3. While both 2 and 3 possess only
one CF, group, the other side of the molecule includes either
the ethylenic end-group of a BEDT-TTF (in 2) or the sp?
hydrogen atoms of a TTF donor molecule (in 3).

Reducing the number of CF, groups—a route to organic/
inorganic segregation: The electrocrystallization of 2 and 3 in
the presence of [nBu,N],[MocCl, |7 affords two different
salts of 2:1 and 4:1 stoichiometry respectively. In [2],[Mos-
Cl,] - (CH,Cl,), (Figure 11), strongly overlapping [2],>* di-
mers (Byomo-nomo = 1.09 V), which are characterized by a
short plane—plane distance (3.317(2) A), are isolated from
each other by [Mo¢Cl,yJ>~ and exhibit only one weak
C-H:--Cl interaction with the closest [MoyCl,]*~ ion
(H---Cl: 3.019; C---Cl: 3.802(7) A; C—H - Cl: 138.7°). The
[2] *[MoeCl,,)*7[2] = trimeric moieties stack into hybrid
organic/inorganic chains which run along the b axis, as
observed in 1 and 5. The presence of a CF, group on the 2**
radical ion limits the interchain interactions. Only one
short C-H---F contact (H---F: 2530A, C-H--F:
3.308(8) A and C—H---F: 1372°) is observed and solvent
molecules (here CH,Cl,) are included in the voids between
the chains, a situation very similar to that encountered with
the fluorinated 1.

On the other hand, [3],MosCl,,]- (CH;CN), exhibits an
extraordinary solid-state arrangement that is characterized, as
shown below, by the coexistence of both the fluorine/fluorine
and the organic/inorganic segregation together with the donor
molecules in a mixed-valence state (Figure 12). Two crystallo-
graphically independent donor molecules (3, and 3g) are
found in the unit cell together with a [Mo¢Cl,]>~ ion located
on an inversion center and a CH;CN molecule in a general
position. The organic molecules are not organized into
inversion-centered dimers as observed in 2, but stack along
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Figure 11. A projection view of the unit cell of [2],[Mo,Cl,,] - (CH,CL),.
The two weaker C—H:--Cl and C—H---F interactions are indicated as
dashed lines.
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Figure 12. A projection view of the unit cell of [3],[Mo¢Cl,,] - (CH;CN),
along the a axis which illustrates organic/inorganic segregation, the fluorine
(shown in dark grey) segregation, and the C,,,—H bonds of the 1,3 —dithiole
moieties of 3 pointing toward the chlorine atoms of the [MoyCl,]>~ ion.

the a axis with an alternation of short (3.380(2) A) and long
(3.597(4) A) interplanar 3, --- 3 distances. The shorter one is
associated with a bond-over-ring overlap, while the longer
exhibits a larger longitudinal displacement. The stacks
arrange parallel to each other in the b direction and form
organic slabs. These are separated from each other by the
Mo,Cl, >~ ions and the CH;CN molecules which fill the voids
in this expanded inorganic layer. The structural arrangement
is reminiscent of the 4:1 metallic phases described with
BEDT-TTF and cluster anions such as the dianionic
[MogCl,,J? 1283132 [ReS¢Cls)? . or [ReSesClg]> .11 Firstly,
we describe the set of C-H---X hydrogen bonds before we
address the overlap interaction network which develops in the
organic layers. Only the unsubstituted dithiole ends of both 3,
and 3p point towards the [Mo,Cl,]*~ ion through three
Cyo—H---Cl interactions (Table 3); this indicates that the
stabilization of organic/inorganic interfaces is not only
possible with the Cy;—H hydrogen atoms of the dithioethyl-
ene fragments of BEDT-TTF, but also with Cy,—H hydrogen
atoms, as observed, for example, in the TTF -chloranil
complex,?Y or in EDT-TTFP 3% and BDT-TTP salts.” 38
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Table 3. C-H---X (X=Cl, N) hydrogen bond characteristics in the
conducting [3],[MoCl,,] - (CH;CN), salt.

H- X [A] C--X[A] C-H--X[]
sp? C8—H8 - Cl4 2.76 3.545(6) 143
sp? C5—H5---Cl1 2.76 3.694(6) 177
sp® C6—HO6A - CI3 2.78 3.596(7) 142
sp? C16-H16-+- CI2 2.86 3.704(6) 152
sp® C7-H7A ---Cll 291 3.572(6) 126
sp? C17-H17---N1 2.52 3.187(7) 129
sp® C7T-H7A ---N1 2.62 3.362(7) 133
sp® C15-H15B ---N1 2.65 3.545(7) 154

=<1 =CT=C)

EDT-TTF BDT-TTP

We might even expect the Cy,—H hydrogen bonds to be
stronger.l On the other side of the molecule, the CF, moieties
face each other across the inorganic layer, while the CH,
groups exhibit short C—H --- CL,N contacts sideways with both
the [MoyCl,,J>*~ ion and the nitrogen atom of the CH;CN
molecule (Table 2). This arrangement confirms the ambiva-
lent character of molecule 3, which allows the simultaneous
organic/inorganic segregation, stabilization of the mixed
valence species, and fluorine segregation. Within a given
organic slab, the partially oxidized molecules experience a
complex set of HOMO---HOMO intermolecular interac-
tions,*! which are shown in Figure 13. These interactions are

%O@Z@L&Om il @620 e s 50

i Yoeod
€026 - 0@

Figure 13. A view of the organic slab in [3],[Mo4Cl,4] - (CH;CN), which
shows the five different intermolecular fByono-nomo interactions. The
calculated values of these interactions are: f3;: 0.40, By: 0.16, fyy: 0.10, Byy:
0.16, By: 0.08 eV. The difluoropropylene groups have been omitted for
clarity.

characterized by the formation of 3, --- 3 dimers that interact
with each other in the ab plane (interaction I). Although there
are differences in detail, the layers are reminiscent, both
structurally and electronically, of those in the /3’ phases of
BEDT-TTFE.*

The present layers can be described in terms of the
HOMO---HOMO interactions as a series of interacting
dimers in two dimensions (see the Byomo-nomo interaction
energy values in Figure 13). The calculated band structure and
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Fermi surface, which assumes a metallic filling of the bands,
show (Figure 14) that the interactions along the stacks (i.e.,
along the a direction) dominate. [Note that a detailed analysis
shows that the apparent lack of dispersion of the two upper
bands in the I'—Y direction finds its origin in an avoided
crossing of the two bands.] The pseudo one-dimensional
character of the Fermi surface could suggest that from the
electronic viewpoint the present salt is more similar to the so-
called ' salts, whose HOMO bands and the associated Fermi
surface have a strong one-dimensional character,** than to
the so-called j salts, whose HOMO bands and the associated
Fermi surface have a two-dimensional character.*®! However,

x
~
<
~
I
~
»

Figure 14. Band structure and Fermi surface, which assumes a metallic
filling of the bands, for [3],[Mo,Cl,]- (CH;CN),. I'=(0,0), X = (a*/2, 0),
Y=(0, b*/2), M = (a*/2, b*/2), and S = (—a*/2, b*/2).

comparison of the Byomo-nomo interaction energies for the
present salt (see Figure 13) with those typical of the  and /'
saltsP®] suggests that the situation here is intermediate. Since
the (' salts are typically semiconducting, whereas the f salts
are metallic,[*! the observed semiconducting character of the
present salt (0gr=0.02 Scm™!) raises an obvious question: can
the metallic regime (observed in the 3 phases) be attained by
increasing the interaction between dimers, for example, by
applying pressure? Alternatively, it will be of interest to
investigate the magnetic properties of this salt since the ('
phases frequently exhibit an antiferromagnetic ground
state.) Finally, let us note that it is quite likely that the
electron-withdrawing effect of the fluorine atoms has a role
not only in the structural arrangement which is observed here,
but also in the activated electron hopping. This withdrawing
effect, which is transmitted throughout the o-bonds, will tend
to keep the formally unpaired electron in the dimeric units (as
observed in the 5 phases, although for stronger structural
reasons that result in a much stronger alternation of
HOMO --- HOMO interactions along the stacks).

Chem. Eur. J. 2001, 7, No. 12
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Conclusion

Although fluorine segregation of the CF, fragments is
observed in the different phases described here, it is clear
that the neighboring, activated CH, moieties play a para-
mount role in the structural organization. Indeed, C—H---F
interactions are known to influence the structural arrange-
ment of neutral, fluorinated molecules that incorporate
activated hydrogen atoms, but the introduction of halogen-
ated anions such as ICl,~ or MoyCl, >~ strongly favors the
formation of C—H --- CI,Br,I hydrogen bonds with the more
polarizable halogens. The precise position of these hydrogen
atoms on the TTF core influences the structural hydrogen-
bonded motifs and, indeed, the whole solid-state organization
and electronic properties. In fact, as 1 incorporates two CF,
groups on the molecular ends (and four CH, ones along the
sides), a boat-shape conformation stabilizes the bi- or
trimolecular coordination of the linear or cluster anions. With
smaller anions, the fluorine segregation controls the solid-
state arrangement, while larger anions allow the overlap
interaction to dominate the structural organization whatever
the number of CF, groups: comparable structures are
obtained with [Mo4Cl,4]*~ and 1, 2, or 5. The two-dimensional
organic/inorganic segregation obtained with 3 demonstrates
the sensitivity of the energetic balance. Indeed, it is recovered
only when one end of the TTF core bears C,,,—H groups that
are able to engage in directional C—H --- Hal hydrogen bonds
which are oriented parallel to the long molecular axis and
toward the anionic layer; this demonstrates the role of those
C—H---Hal hydrogen bonds in the stabilization of such
conducting phases. Therefore, a fully perfluorinated donor
molecule is not expected to crystallize in the presence of the
usual anions, but possibly in the presence of fluorinated
anions. This is currently under investigation.

In the salts described here, CH;CN or CH,Cl, solvent
inclusion is found only in the presence of one (in 2 or 3) or two
(with 1) CF, groups. This observation can be correlated to the
open-framework structures described by Fujita et al.l*!l; these
are based on linear, bidentate, and highly fluorinated pyridyl
ligands, whose Cd(NO,), salts crystallize with large cavities
that can incorporate different aromatic solvent molecules.
The weak intermolecular interactions between fluorinated
molecules were shown to favor “hetero-recognition” (by
enclathration) rather than “self-recognition” (by constriction
or interpenetration). A similar effect is most probably at work
here and underlines the rich solid-state chemistry that
fluorinated molecules can offer in the elaboration of novel
structures that possess specific structural and electronic
properties, for example low-dimensionality, porosity, conduc-
tivity, or magnetism.

Experimental Section

Electrocrystallization experiments:*?l The starting compound (1-5, 6 mg)
was oxidized in the presence of the tetra-n-butyl ammonium salt of the
desired counter anion (100 mg) in freshly distilled CH;CN (12 mL). The
electrocrystallization was carried out in two-compartment cells with
platinum electrodes (/=2cm, @=1mm) at a constant current (0.5-
2 uA) at 20°C.
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Data collection and structure determination: Table 4 summarizes the
details of crystallographic data collection and structure refinement. Data
were collected at room temperature on an Imaging Plate Diffraction
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System (Stoe —IPDS). Structures were solved by direct methods by using [2] O.J. Dautel, M. Fourmigué, J. Org. Chem. 2000, 65, 6479.

SHELXS-86 and refined by the full-matrix least-squares method on F?2, by [3] For weak C—H --- X hydrogen bonds, see: G. R. Desiraju, T. Steiner, in
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Crystallographic data (excluding structure factors) for the structures
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Band structure calculations: The band structure calculations!*’! were of the
extended Hiickel type.* A modified Wolfsberg—Helmholtz formula was
used to calculate the non-diagonal H,, values.’ Double-¢ orbitals for C, F,
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Table 4. Crystallographic data.
[1][ICL] [1][1Br,] (1][L,Br] [1],[MosCly4] - [5].[MoCly4] [2],[MosCly4] - [3].[Mo,Cly,] -
(CH,CN), (CH,CL), (CH,CN),
formula CHsF,S:IClL CpHsF,SsIBr,  CpHgF,SslisBrys CosHopnClisFsMogN,S s CoyHayS16Mo6Cly CogHagCligFyMogS1s CioHizoClisFsMogN, S5,
My, 682.46 771.38 794.88 2123.38 1897.33 2111.10 2532.04
color/habit black/plates black/plates black/plates black/plates black/needles black/parallograms black/needles
size [mm] 0.12 x 0.10 x 0.023 0.2 x 0.2 x 0.025 0.2 x0.12x0.03 0.46 x 0.11 x 0.04 0.23 x 0.10 x 0.08 0.20 x 0.14 x 0.13  0.38 x 016 x 016
crystal system orthorhombic orthorhombic ~ orthorhombic ~ monoclinic monoclinic monoclinic triclinic
space group Cmc2, Cmc2, Cme2, P2,/n P2,/c P2,/n P1
a[A] 28.816(2) 28.813(6) 28.812(2) 12.664(3) 10.008(2) 12.948(3) 9.4427(19)
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Ring-Opening Polymerisation of Silver — Diphosphine [M,L;] Coordination
Cages To Give [M,L;]. Coordination Polymers

Elvira Lozano, Mark Nieuwenhuyzen, and Stuart L. James*!?!

Abstract: [M,L;] coordination cages

and were found to have small internal

supernatant for 16 weeks, conversion

and linear [M,L;].. polymers of the rigid, cavities, helical conformations and mul-  occured to the isostoichiometric
bridging diphosphines bis(diphenyl- tiple intramolecular aromatic interac- [M,Ls]. coordination polymer
phosphino)acetylene (dppa) and  tions. The nucleophilicity of the anion  [Ag(dppa),Ag(dppa)(O;SCF;),], (1¢).

trans-1,2-bis(diphenylphosphino)ethylene
(dppet) with silver(l) salts have been
investigated in the solution and solid
states. Unlike flexible diphosphines, 1:1
dppa/AgX mixtures do not selectively
form discrete [Ag,(diphos),(X),] macro-
cycles; instead dynamic mixtures of one-,
two- and three-coordinate complexes
are formed. However, 3:2 dppa/AgX
ratios (X = SbF,, BF,, O;SCF; or NO;)
do lead selectively to new [M,L;] triply

subtly influences the cage shape: In-
creasing nucleophilicity from SbF, (1a)
through BF, (1b) and O,;SCF; (1¢) to
NOj; (1d) increases the pyramidal dis-
tortion at the AgP; centres, stretching
the cage framework (with Ag--- Ag dis-
tances increasing from 5.48 in 1la to
6.21 A in 1d) and giving thinner internal
cavities. Crystal packing strongly affect-
ed the size of the helical twist angle, and
no correlation between this parameter

X-ray crystallography revealed a struc-
ture with ten-membered Ag,(dppa),
rings linked into infinite one-dimension-
al chains by a third dppa unit. The clear
structural relationship between this poly-
mer and the precursor cage 1c¢ suggests
a novel example of ring-opening poly-
merisation. With dppet, evidence for
discrete [M,L;] cages was also found in
solution, although *'P NMR spectros-
copy suggested some Ag—P bond disso-

bridged cage complexes [Ag,(dp-
pa);(X),] 1a—d (X=SbF, a, BF, b,
O,SCF; ¢, NO; d), which do not exhibit
Ag—P bond dissociation at room tem-
perature on the NMR time scale
(121 MHz). Complexes la-d were
characterised by X-ray crystallography

ization - silver

Introduction

Two current themes in synthetic coordination chemistry are
those of coordination cages!'l and coordination polymers.?
Most often, nitrogen-donor bridging ligands have been used
in this work and relatively little use has been made of
phosphines.’] We have been investigating complexes of silver
ions with bridging multidentate phosphines in the hope of
discovering novel types of coordination cages or polymeric
structures.?*"! Due to the general tendency of silver—mono-
phosphine complexes to dissociate in solution,! we were
initally interested in cases in which certain multisilver multi-
dentate phosphine structures appear to form selectively and

[a] Dr. S. L. James, E. Lozano, Dr. M. Nieuwenhuyzen
School of Chemistry, The Queen’s University of Belfast
David Keir Building, Stranmillis Road, Belfast
Northern Ireland BT9 5AG (UK)

Fax: (+44)28-90-38-21-17
E-mail: sjames@qub.ac.uk
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and the Ag— Ag distance was observed.
When crystalline 1¢ was stored in its

Keywords: crystal
phosphanes - ring-opening polymer-
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ciation. On crystallisation, only the cor-
responding  ring-opened  polymeric
structures [M,L;].. could be obtained.
This may be because the greater steric
bulk of dppet versus dppa destabilises
the cage and favours the ring-opening
polymerisation.

engineering

maintain their integrity in solution (Figure 1).5**31 For
instance there are several examples in which flexible oligo-
methylene-backboned diphosphines and silver() ions adopt
dinuclear macrocyclic structures, several of which have been
characterised in the solid state, and some 3P NMR data also
reported for their solutions. In addition to the inherent
stability of unstrained rings, we postulated that a stabilising
factor in this type of structure was the ability of anions to
bridge between the metal cations.

In order to gain more information on this aspect, we
investigated the use of the rigid bridging diphosphines
bis(diphenylphosphinoacetylene) (dppa) and trans-1,2-bis(di-
phenylphosphino)ethylene (dppet; Figure 2). Due to their
rigid backbones, the orientations of their lone pairs are
restricted, so that these ligands cannot point inwards and set
up the metals for anion bridging. They could therefore be
expected to produce different products to those of the
extensively studied flexible diphosphines. In a preliminary
communication® we reported that this is indeed the case. In
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Figure 1. Examples of ring, cage and helical structures that can assemble
from silver ions and multidentate phosphinesi 3 (X = anion).
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Figure 2. The different orientations of lone pairs of flexible diphosphines
in macrocyclic disilver complexes a, and the rigid diphosphine ligands dppa
b and dppet c.

particular we described the selective formation of triply
bridged dinuclear cage complexes [Ag,(dppa);(X),] 1a-d
(X=SbF; a, BF, b, O;SCF; ¢, NO; d), including a brief
discussion of the crystal structure of complex 1b. Here we give
a fuller account of these studies, including X-ray crystal
structures of each complex, which reveals a “cage-stretching”
influence of the more nucleophilic anions. We further report
the slow conversion of one such cage into a one-dimensional
chain coordination polymer 1¢'. There is a clear relationship
between the structure of this polymer and that of the
precursor cage 1c¢; this suggests that the polymer is formed
from the cage by a ring-opening polymerisation. Though ring-
opening polymerisation is common in p-block rings and
cages,[! to our knowledge it has not been described previously
for coordination cages. Parallel studies with trans-1,2-bis(di-
phenylphosphino)ethylene (dppet) are also described; these
suggest that with this ligand the analogous triply bridged cages
are destabilised by transanular steric repulsion be-
tween the trans ethylene groups. Consistent with the postu-
lated ring-opening polymerisation, on crystallisation only
linear [M,L;],, polymeric products were obtained with this
ligand.

Chem. Eur. J. 2001, 7, No. 12
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Results

Bis(diphenylphosphino)acetylene (dppa): We have previously
communicated our studies of the complexation of silver salts
by dppa, including the synthesis of [Ag,(dppa);(BF,),], here
denoted 1b. The related complexes [Ag,(dppa);(X),] (X=
SbFg, 1a; X=0;SCF;, 1¢; X=NO;, 1d), for which 3'P
NMR data were reported, were prepared similarly. All
compounds were obtained as crystalline solids in greater than
70% vyield, and on redissolution, their 3P NMR spectra were
identical to those observed when they were prepared in situ.
The complexes were also found to be indefinitely stable in
common organic solvents under ambient conditions. '"H NMR
spectra (CDCI; or CDCly/CD3NO,) for each complex showed
three signals due to the chemically distinct aromatic nuclei,
indicating that on the NMR time scale the aromatic groups
are equivalent. The twisted or “helical” conformations of the
complexes observed in the solid state (see below) are
therefore either not adopted in solution, or undergo rapid
flipping between enantiomeric forms on the NMR time scale.
Variable-temperature '"H NMR spectroscopy, however, gave
no further information on this point, since there was no
significant change in the 'H NMR spectrum of complex 1b on
cooling to —80°C (500 MHz). The 'H NMR spectra were
generally sharp, except for the complexes with oxoanions 1¢
and 1d, in which signals due to the ortho protons were
broadened. This is most likely associated with C—H---O
hydrogen bonding with the anion, as observed in the solid
state of complex 1d (see below).

X-ray crystal structures of [Ag,(dppa);X,] complexes: X-ray
crystal structure determinations were carried out on all four
complexes 1la—d (X =SbFg a, BF, b, O;SCF; ¢, NO; d). The
X-ray structure of 1b has been reported and discussed briefly
before, but in order to make structural comparisons within the
series it is included in the discussions here. For each complex,
crystals were obtained from chloroform/nitromethane (1a
and 1c¢) or chloroform/acetonitrile/nitromethane (1b and 1d)
solutions by layering with diethyl ether. Bond lengths and
angles were unexceptional unless otherwise stated. All com-
plexes have the same overall connectivity, with the two silver
centres triply bridged by dppa, and all complexes have helical
conformations, that is, the dppa ligands are all canted in the
same rotational sense with respect to the Ag---Ag axis
(Figure 3). However, the increasing anion nucleophilicity in
the series from 1a to 1d has resulted in certain structural
trends.

[Ag:(dppa);(SDFy),]-0.5 CH;NO, (1a): Four independent
complexes occur in the unit cell. A representative molecule
is shown in Figure 3 (top left). There is approximate trigonal
geometry at the silver centres, but with slight pyramidal
distortion (average distance of Ag from P; mean planes is
0.48 A). Although the SbFy anions are disordered, they do
appear to be weakly associated with the cations, with F--- Ag
distances in the range 2.5-2.8 A and F--- H distances as short
as 2.4 A. The P-CC-P backbones bow outwards from the
centre of the cage, with the average P-C-C angles occurring in
the range 168.3-173.5°. This slight strain appears to result
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Figure 3. Crystal structures of triply bridged complexes [Ag,(dppa);(X),]
{X =SbF; 1a (top left); BF, 1b (top right); O;SCF; 1¢ (bottom left); NO,
1d (bottom right)} showing the cage elongation with increasing anion
nucleophilicity. H atoms are omitted for clarity.

from the mismatch between the distorted tetrahedral geom-
etry at phosphorus and the requirement for pseudo-cofacial
coordination of the two silver centres in the cage, and is also
partially alleviated by the pyramidal distortion at silver.
Overall, the average helical twist is 33.0° for the four cations,
about their Ag--- Ag axes, taken as the average of the three
Ag-P-P-Ag torsion angles for each complex. The spread of
values for the same complex (see Table 1) indicates how
important crystal packing is in determining the degree of
helicity. A small void exists at the centre of the cage (average
dimensions: Ag--- Ag distance 5.46 A, average C=C centroid
to molecular centroid 2.57 A for the four cations). Possibly
significant in conferring the unusual solution state stability of
these complexes (see also the discussion below) are a number
of arene—arene interactions. Specifically, for each complex
there are between 18 and 22 C---C contacts indicated by
C---C distances between 3.5 and 3.8 A.

[Ag,(dppa)s(BF,),]-0.5 CHCl;- 1.5 CH;NO, (1b): The molec-
ular structure of this compound is shown in Figure 3 (top
right). There is slightly stronger anion-cation interaction
than in complex 1a, with shorter contacts from fluorine to the
silver(l) centres and to some ortho hydrogen atoms. Intra-
molecular contacts shorter than the sum of the van der Waals

2646 ——
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radii (2.67 A) between fluorine and hydrogen are F11-H62A
2.593, F21-H12B 2.589 and F22—-H36B 2.507 A. To the Ag
centres, contacts shorter than the combined van der Waals
radii (3.19 A) are F21-Agl 2.933(9), F22—-Agl 2.751(7),
F11—-Ag2 2.861(9) and F12—Ag2 2.656(9) A. The BF, anions
are each disordered over two sites with occupancies of 65 %
and 60 % for the major component of each anion, for which
the above contact distances are given. As a consequence of
the stronger anion coordination, there is greater pyramidal
distortion at the silver centres than in complex 1a (the
average distance of Agl and Ag2 from their P; mean planes is
0.54 A). Consequently the cage framework is slightly “stretch-
ed” relative to complex 1a as evidenced by the larger Ag:---
Ag distance of 5.66 A. Further consequences of this stretching
are seen in the less distorted diphosphine bridges (P-C=C
angles lying in the range 171.3(4) to 175.1(4)°) and thinner
central void (a typical C=C centroid to molecular centroid
distance is 2.48 A). The twist of complex 1b is also corre-
spondingly less pronounced than that of 1a, being about 27°,
about the Ag--+ Ag axis. In common with complex 1a, there
are multiple (16) intramolecular aromatic contacts of both
stacking and C—H --- t types between the 12 phenyl groups in
the range 3.5-3.8 A (C—C distance).

[Ag>(dppa);(O;SCF3),]-0.5 CH;NO, (1c¢): The molecular
structure is shown in Figure 3 (bottom left). The unit cell
contains three unique complexes, two of which are located
about inversion centres, and four unique anions. Both the
anions and the phenyl groups of the cations are disordered
and have been modelled as having two sites. The large atomic
displacement parameters associated with the anions indicate a
higher degree of disorder, but further modelling of this has
proved impossible. However, the triflate anions do appear to
coordinate to Ag' more strongly than the BF,” ions in
complex 1b, with Ag—O distances of between 2.43 and 2.56 A.
There is pronounced pyramidal geometry at the AgP;
coordination centres—the average distance of the silver
centres from their P; planes is 0.62 A. The diphosphine
backbones are less strained, being close to linear (with P-C=C
angles now lying in the range 172 —-176°). The cage framework
is also correspondingly further elongated than in 1b, with an
average Ag--Ag distance of 5.88 A and an average C=C
centroid to molecular centroid distance of 2.50 A. Overall, 1¢
has the most pronounced helical twist of all the complexes,
with an average value of 35.3°.

[Ag>(dppa);(NO;),] - CH;NO, (1d): The molecular structure
is shown in Figure 3 (bottom right). With nitrate having the
strongest coordinating ability of the anions used here (the
Ag—O distances are 2.390 and 2.398 A) the structural trends
observed for complexes 1a-c are concluded in complex 1d.
In particular, it has the longest Ag -+~ Ag distance (6.21 A), the
straightest P-CC-P backbones (the average of the P-C-C
angles is 174.7°) and the narrowest central void (the average
C=C centroid to molecular centroid distance is 2.389 A). The
helical twist, for which there seems to be no clear trend within
the four complexes, is 28.6°. The nitrate anions are mono-
dentate, but each anion uses a second oxygen atom in making
short contacts to phenyl ortho hydrogens. Both of these
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Table 1. Comparison of significant distances and angles for compounds 1a-d, 1¢’, 2a- CH;NO, and 2a.

structure consists of ten-mem-

Compound Ag--Ag Ag distance from Ag--- Ag centroid to Twist torsion angles ~ bered Ag,(dppa), rings, with
distance [A] P; mean plane [A] C=C centroid distance [A] Ag-P-P-Ag [] distorted tetrahedral P;AgOTf
1a 5.47 0.45 2.56 4.7 silver(l) centres, which are
0.48 2.57 28.7 linked into one-dimensional
2.60 294 chains by a third exo-cyclic
>4l 048 2.9 454 bridging diphos. The propaga-
0.47 2.60 36.6 . f th hai L. h
257 36.3 tion of the chamns 1s 1n the
5.53 0.53 254 387 crystallographic 001 direction.
0.49 2.57 277 The Ag---Ag distances are
2.58 24.5 7.0 A across the ring and 8.3 A
530 050 250 332 across the single dppa bridge
0.46 2.63 27 _ gle dpp ge.
2,59 302 The triflate anion is monoden-
1b 5.66 0.55 2.49 27.1 tate with an Ag--- O distance of
0.54 2.55 2.55 2.48 A, and the P-CC-P back-
1 550 0.68 ;533 ggz bones are close to linear with an
c . . . B
254 338 average P-C-C angle of 176°.
2.54 46.9 There are also several close
5.88 0.49 2.53 25.1 contacts between the aromatic
253 251 groups. In particular there are
246 465 26 intrachain C---C distances
5.87 0.64 2.45 35.6 o
0.67 2.47 415 of 3.5-3.8 A per monomer re-
2.58 29.2 peat unit. We have not yet
1d 6.21 0.80 2.38 220 studied in detail the possibility
0.85 2.38 37.0 of similar polymerisations for
2.40 36.8
1¢ 7.00 058 214 306 the other cage complexes 1a, b
0.58 2.14 30.6 and d.
2a-CH;NO, 6.74 0.39 1.40 339
0.29 2.33 11.7 trans-1,2-Bis(diphenylphosphi-
2a 6.58 0.44 1.820 453 thyl d f): T
0.44 1.8 453 no)ethylene (dppet): olassess
how general the formation of
[a] Closest contact across the rings is between C2 and C2’ (symmetry code=—1—-x,1—y,2—2).

interactions are bifurcated with distances to H atoms of the
most strongly canted dppa ligand being slightly the shorter in
each pair (2.57 and 2.48 A). Lists of the structural paramerters
discussed are collected in Table 1.

Although the disorder associated with the anions in 1a-1¢
(and also cations in 1¢) makes it difficult to draw firm
conclusions on the hydrogen bonding to the ortho hydrogens
of the phenyl rings, we note that in certain of these cages one
of the dppa ligands is markedly more canted with respect to
the Ag--- Ag vector than the other two (see Table 1). It may
be that this canting positions the ortho hydrogens of the
phenyl rings on these ligands sufficiently close to form C-H ---
O hydrogen bonds with the uncoordinated oxygen atoms of
the anions (cf. H---O 2.4-2.6 A).

The ring-opened coordination polymer [Ag(dppa),Ag(dppa)-
(O38CF3),] ., (I1¢'): When a crystalline sample of the triflate
cage complex le, prepared as above, was sealed in its
supernatant, over a period of 16 weeks new crystals of a
different morphology grew at the meniscus. This material was
found to be insoluble in all common organic solvents. Its
structure was, however, determined by single-crystal X-ray
crystallography to be a coordination polymer [Ag(dppa),-
Ag(dppa)(O;SCF;),],, (Figure 4, top), which is isostoichio-
metric with the cage 1c (i.e., the repeat unit is [M,L;]). The

Chem. Eur. J. 2001, 7, No. 12
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triply bridged [M,L;] com-
plexes is to other rigid diphos-
phines, we also investigated the
ligand trans-1,2-bis(diphenylphosphino)ethylene (dppet). At
3:2 ligand-to-metal ratios under similar conditions to those
described above 3'P NMR spectra were somewhat broadened
at room temperature relative to those of dppa. However, at
—60°C sharp spectra were obtained. These were second-
order spectra (presumably due to significant through-back-
bone three-bond P-P coupling), but could be satisfactorily
simulated by using the following coupling constants for the
AgSbF, complex (Hz): J(1¥Ag,'P) =331, 2J(*'P>'P) = — 100,
SICIPPP) =36, Y(1Ag'P)=—-04. Again, the one-bond
silver — phosphorus coupling strongly indicates AgP; coordi-
nation, and it seems likely that in solution an analogous triply-
bridged dinuclear cage structure [Ag,(dppet);(SbFy),] (2a) is
formed.

X-ray crystal structures of dppet complexes: On crystallisa-
tion, however, the structure as determined by X-ray crystal-
lography was not that of a cage, but in fact a coordination
polymer {[Ag(dppet),Ag(dppet)](SbF,), - CH;NO,}.. denoted
2a’- CH;3;NO, (Figure 4, middle). Interestingly, the connectiv-
ity of polymer 2a’-CH;NO, is directly analogous to that
formed by dppa in 1¢'. In particular, ten-membered Ag,-
(dppet), rings are linked into polymeric chains by the third
bridging dppet ligand. The chain propagates in the crystallo-
graphic 001 direction. The SbFg anions also occupy similar
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Figure 4. Crystal structures of the ring-opened coordination polymers
[Ag(dppa), Ag(dppa)(O;SCF3),] (1¢s top), [Ag(dppet),Ag(dppet)(Sb-
F¢),] - CH;NO, (2a’- CH;NO,; middle) and [Ag(dppet),Ag(dppet)(SbFy),]
(2a’; bottom). Anions, solvents of crystallisation and H atoms are omitted
for clarity.

positions to those taken by triflate anions of the dppa polymer
1c¢, but are only very weakly associated with the silver(])
centres (the closest Ag—F distances are 2.83 and 2.78 A).
There are 18 intrachain C---C contacts of 3.5-3.8 A per
monomer repeat unit. A second crystal structure determina-
tion of crystals taken from the meniscus of the solvent
revealed the same polymeric chain, but in an unsolvated form,
denoted 2a’. Its structure is illutrated in Figure 4 (bottom).
The chain propagates in the crystallographic 011 direction,
and there is one weak interaction between each silver ion and
anion (Ag--F=299 A). Here there are 32 C---C contacts
between 3.5 and 3.8 A per monomer repeat unit.

Discussion

We have discussed previously the interaction between dppa
and silver ions, and the selective formation of triply bridged
complexes, as compared to the doubly bridged complexes
characterised for flexible diphosphines.*" The stability of the
triply bridged complexes is presumably to some degree
inherent in their cage connectivity; however, the numerous
intramolecular arene —arene interactions, which are apparent

2648
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from the X-ray crystal structure determinations, may also
have an important effect. Although individually weak,” in
significant numbers they could influence equilibrium contants
in solutions. It may further be significant that large numbers
of aromatic contacts were observed in the unexpected
and stable silver—triphosphine (triphos) cage complexes
[Agq(triphos),(anion),]**.}2) However, very few of the inter-
actions observed correspond closely to the archetypal edge-
to-face or offset face-to-face geometries that have been
identified as energy minima for two interacting benzene rings.
This is presumably due to the geometric contraints inherent in
the structures themselves, the presence of additional inter-
molecular interactions in the crystals, interactions between
rings and anions, and because most of the rings engage in
more than one close contact. Despite the existence of these
multiple contacts, we could identify no clearly repeating
symmetrical structural motifs, of the “embrace” type which
have been characterised by Dance and co-workers!”! for
triarylphosphine and related compounds.

It is interesting to compare the behaviour of dppa with that
of 1,1’-bis(diphenylphosphino)ferrocene (dppf) and bis(di-
phenylphosphino)methane (dppm). For dppf, two [Ag,Ls]
complexes, [Ag,(1’-dppf),(u-dppf)(X),] (X=HCO, or
NO;"), have been reported. They were characterised by
X-ray crystallography and found to have the structure shown
in Figure 5a, with one bridging dppf and two chelating. 3'P
NMR spectroscopy suggested that this was also the major

P P P P e R
| As'; A| A| == /|\g kg/P
N A A | )
P P P P P P P P p P
_/ / NS S ~__ "
a b c
N —
P P P P
= dppf =dppm

Figure 5. Coordination behaviours of [Ag,L;]** complexes where L = dppf
or dppm.

species present in solution. For dppm, [Ag,L;] complexes with
SbF" and OT{!'!! counter ions have been investigated in
solution by 3P NMR spectroscopy. Both complexes were
found to exist as the triply bridged “manxane” structure in
Figure 5b; this structure was inert to Ag—P bond dissociation
on the NMR timescale at low temperatures. This structure has
also been characterised in the solid state.'l At higher
temperatures an “end-over-end” fluxional process was iden-
tified for the dppm ligands, and an intermediate complex
[Ag,(u-dppm),(dppm-P,P")]** was proposed, as shown in
Figure 5c, with two bridging dppm ligands and one chelating
to give a transiently four-coordinate silver ion. The different
abilities of dppf, dppm and dppa to chelate accounts for the
observed differences in their coordination behaviours. Dppf
can easily form unstrained chelates, whereas the strain in the
four-membered dppm chelate only allows it to form tran-
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siently. Dppa cannot chelate and so forms only the triply
bridging structure in which no end-over-end fluxional process
is observed.

Previously, some other related triply bridged [M,L;] com-
plexes, in which L =rigid bridging diphosphine, have been
characterised in the solid state. These are the hexa-coordinate
dimolybdenum complex [Mo(CO);(u-dppa);Mo(CO);],13!
and the butyltelluro copper complexes [Cu(TeBu)(u-dppa)s-
Cu(TeBu)] and [Cu(TeBu)(u-Ph,P-C=C-C=C-PPh,);Cu-
(TeBu)].["! Also the one-dimensional diphosphine 2,9-bis(di-
phenylphosphino)-1,8-naphthyridine (dppn) has been used to
prepare the trisilver complex [Ag,(u«-dppn);Ag](PF);, which
was characterised in the solid state and contains two terminal
AgP; silver centres and an internally coordinated AgN,
centre.l'”! Two further related [Ag,L;] complexes [Ag,(3,6-
bis(diphenylphosphino)pyridazine};(NOs),] and [Ag,{2,6-
bis(diphenylphosphino)pyridine};(ClO,),] were recently re-
ported by Mak and co-workers[*! and have been structurally
characterised in the solid state. In solution, no coupling
between phosphorus and silver was observed by 3P NMR
spectroscopy, indicating Ag—P bond dissociation in solution
on the NMR timescale.

Ring-opening polymerisation: The transformation of cage 1¢
into polymer 1¢” under the conditions described presumably
occurs because of an equilibrium between the solution and
crystalline states of the discrete cage 1c and the slow but
irreversible crystallisation of its insoluble polymeric form 1¢'.
It seems likely that the insolubility of the polymer would lead
to its rapid crystallisation once formed, and, therefore, the
rate-determining factor is likely to be the ring-opening
polymerisation reaction itself, rather than the crystallisation.
Coordination polymers have received a great deal of interest
recently,”” due to their potential for highly complex and novel
topologies, as well as their ability to support nanoscale
cavities; these now represent an important branch of crystal
engineering. Despite this, to our knowledge nothing has been
reported of the mechanisms by which coordination polymers
might form. This is probably partly because NMR spectros-
copy is not normally useful for determining the identity of
complex mixtures of species present in solution when nitro-
gen-donor ligands are used. Polymer 1¢’ is therefore notable
in that the clear relation of its structure to that of the
precursor species observed in solution, that is, cage l¢,
suggests a ring-opening polymerisation mechanism. It would
appear that cages la-d do undergo some Ag—P bond
dissociation, although it is not sufficiently significant to
register in the NMR spectra, which can allow the ring-
opening process. Considering the crystal structures of com-
plexes 1a—d, it seems likely that changing the diphosphine
from dppa to the trans-ethylene-backboned dppet could
destabilise such a cage due to transannular steric repulsion
between the hydrogen atoms of the trans-CH=CH bridges.
This is expected to favour the formation of a ring-opened
polymer, and is consistent with the isolation of only the ring-
opened polymeric complexes 2a’- CH;NO, and 2a’ when this
ligand was used. Although ring-opening polymerisation is well
known in main-group inorganic chemistry,® and it has also
been applied to the preparation of some transition-metal-
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containing polymers, most notably polyferrocenes,®® we are
unaware of any previous reports of ring-opening of coordi-
nation cages leading to coordination polymers.

Conclusion

In contrast to flexible-backboned diphosphines, the rigid
bridging ligand dppa does not lead to the selective formation
of disilver macrocycles, but it does form triply bridged
dinuclear complexes selectively at the appropriate metal-to-
ligand ratio, and these complexes do not undergo Ag—P bond
dissociation on the NMR timescale. Under crystallisation
conditions a competing product is the isostoichiometric
coordination polymer [M,L;]... The clear structural relation-
ship between the discrete cages and this coordination polymer
suggest that dissociation of an Ag—P bond in the cage leads to
a ring-opening polymerisation. The formation of this polymer
rather than discrete cages appears to be favoured by both
prolonged standing, which involves spontaneous recrystalli-
sation, and steric destabilisation of the cage through inter-
ligand repulsion, as supported by parallel studies with dppet.

Experimental Section

General considerations: dppa and silver salts were purchased from Aldrich
and used as supplied. No particular precautions were taken with regard to
solvent purification. NMR spectra were recorded on Bruker AM 300 MHz
or AM 500 MHz spectrometers, 'H spectra were referenced to the protio
residue in the solvent, 3'P spectra to external 85% H;PO, (aq) (6 =0), °F
spectra to CFCl; (0 =0).

[Ag,(dppa);(SbF),] (1a): A solution of dppa (95 mg, 0.24 mmol) in CHCl,
(8 mL) was added to a stirred solution of AgSbFg (55 mg, 0.16 mmol) in
acetonitrile/nitromethane (2 mL). Layering with diethyl ether produced
colourless crystals after several days (113 mg, 71 %). Elemental analysis
caled (%) for 1a- CHCl;: C 47.64, H 3.06; found C 47.75, H 3.06; 3'P NMR
(121 MHz, CDCl;, 25°C, 85 % H;P0O,): 6 = —18.0 ('J(*'P'Ag) = 360 Hz);
'H NMR (300 MHz, [Ds]nitromethane, 25°C, TMS): 6 =7.50 (m, 36H;
H,m0o Hyura)s 727 (t, *J(HH) =7.6 Hz, 24H; H,,,,)-

[Ag,(dppa);(BF,),] (1b): Preparation was similar to that for 1a, but with
AgBF, (86 mg, 0.44 mmol) in acetonitrile/nitromethane (8 mL) and dppa
(263 mg, 0.66 mmol) in CHCI; (10 mL). Layering with diethyl ether gave
colourless prisms (343 mg, 91 %). Elemental analysis calcd (%) for 1b-
0.5CHCI; - CH;NO,: C56.34, H 3.75, N 0.83; found C 56.80, H 3.82, N 0.92;
3P NMR (121 MHz, [D,]chloroform 25°C, 85% H;PO,): 0=-194
(JC'P'™Ag) = 377Hz); 'H NMR (300 MHz, [D,]chloroform, 25°C,
TMS): 6 =7.54 (m, 24H; H,,,,,), 7.32 (t, *J(HH) =75 Hz, 12H; H,,,,), 7.12
(t,3J/(HH)=75Hz, 24H; H,,.,.)-

[Ag,(dppa);(0;SCF;),] (1¢): Preparation was similar to that for 1a, but
with AgO,;SCF; (30 mg, 0.12 mmol) in nitromethane (2 mL) and dppa
(70 mg, 0.18 mmol) in CHCl; (3 mL). Layering with diethyl ether gave
colourless prisms (76 mg, 71%). Elemental analysis calcd (%) for 1c¢-
CHCl;: C 53.5, H 3.4; found C 53.7, H 3.6%; P NMR (121 MHz,
[Dy]chloroform, 25°C, 85% H;PO,): 6=-19.8 (J(*'P'®Ag) =352 Hz);
'H NMR (300 MHz, [D;]nitromethane/[D,]chloroform/[Ds]acetonitrile,
25°C, TMS): 6 =751 (d, 3/(H,H) =7 Hz, 24H; H,,,,,), 7.32 (t, 3J(H,H) =
7Hz, 12H; H,,,,), 7.13 (t, J(H,H) =7 Hz, 24H; H,,,.)-
[Ag,(dppa);(NO;),] (1d): Preparation was similar to that for 1a, but with
AgNO; (78 mg, 0.46 mmol) in nitromethane/acetonitrile (3 mL) and dppa
(272 mg, 0.69 mmol) in CHCl; (3 mL). Layering with diethyl ether gave
colourless prisms (363 mg, 99 %). Elemental analysis calcd (%) for 1d-
CH;NO,: C59.85, H 3.98, N 2.65; found C 59.74, H 3.63, N 1.31; 3'P NMR
(121 MHz, [D,]chloroform, 25 °C, 85 % H;PO,): 6 = —23.7, (J('P'PAg) =
336 Hz); 'H NMR (300 MHz, [D,]|chloroform, 25°C, TMS): 6 =7.5, (brs,
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24H; H,py,), 727 (t, 3 (H,H) = 75 Hz, 12H; H,,,), 706 (t, %/(H,H) =75 Hz,
24H; H,e10)-

[Ag(dppa), Ag(dppa)(O;SCF;),] yg- (1¢'): A crystalline sample of com-
plex 1c¢ prepared as above was sealed in its supernatant at ambient
temperature for 16 weeks. Fresh crystals were obtained from the meniscus.
Elemental analysis calcd (% ) for 1¢'- CH;NO, - CHCl;: C 52.4, H 3.4 found
C525,H33%.

[Ag(dppet), Ag(dppet)(SbF()]_ys- (2a'): Preparation was similar to that
for 1a, but with AgSbF, (160.8 mg, 0.468 mmol) in nitromethane/acetoni-
trile (2mL) and dppet (280 mg, 0.704 mmol) in CHCl; (6 mL). Layering
with diethyl ether produced colourless crystals (358 mg, 81 % ). Elemental
analysis calcd (%) for 2a’: C 49.9, H 3.5 found C 49.5, H 3.3.

X-ray crystallography: Data for all complexes were collected on a Bruker
AXS SMART diffractometer with Mo, radiation. The crystals’ stability
was monitored and there were no significant variations (1%). Cell
parameters were determined from 400—600 accurately centred reflections.
Data were collected at approximately 120 K in a dinitrogen stream, and
Lorentz and polarisation corrections were applied. An empirical absorp-
tion correction was applied by using SADABS.['"l The anions in 1a, 1¢ and
1¢’ were disordered and were modelled as having two sites. In 1¢
examination of the atomic displacement parameters showed the cations to
be disordered and these have been modelled as having two sites with
57(1)% for the major position. The structures were solved by direct
methods and all non-hydrogen atoms, except those exhibiting disorder,
were refined with anisotropic atomic displacement parameters. The
atoms of disordered cations and anions were refined isotropically. Hydro-
gen atom positions were added at idealised positions and a riding model
was used for subsequent refinement. The function minimised for wR2 was
S[w(| F,|?— | F.|?)] with reflection weights w™' = [0?| F, |? + (g.P)* + gP],
in which P=[max | F,|? + 2| F,|?]/3 for all F2. The function minimised for
R1 was Z[w(|F,|—|F.|)]. The SMART, SAINT and SHELXTL pack-
ages!™! were used for data collection, reduction, structure solution and
refinement.

Crystal data for 1a: M =1900.84, monoclinic, space group P2l/c, a=
21.570(2),  b=34.022(4), c¢=43.031(4)A, p=92.691Q)°, V=
31545(6) A3, Z=16, F(000)=15008, puq=1.601gem>3, u=
1361 mm~!, crystal size 0.48 x 0.44 x 0.36 mm, max/min transmision
0.928/0.623. A total of 307550 reflections were measured for the angle
range 1.5 <26 <25, and 55568 independent reflections were used in the
refinement for 3593 parameters. The final parameters were wR2 =0.3267
and R1=0.1083 [I>20(])].

Crystal data for 1c: M =1711.98, orthorhombic, space group Pccn, a=
21.234(3), b=35.401(4), c=41173(5) A, V=30949(6) A3, Z=16,
F(000) =13860, pcaca=1.470 gcm™>, 4 =0.750 mm~!, crystal size 0.58 x
0.38 x 0.26 mm, max/min transmision 0.927/0.705. A total of 294493
reflections were measured for the angle range 2 <26 <50, and 27269
independent reflections were used in the refinement for 1576 parameters
and 1242 restraints. The final parameters were wR2=0.3369 and R1=
0.1052 [1>20(1)].

Crystal data for 1¢’: M =1696.96, triclinic, space group P1, a=11.4687(7),
b=11.8218(8), ¢=15.021(1) A, a=90.162(1)°, B=107342(1)°, y=
109.153(1)°, V=1824.9(2) A3, Z=1, F(000) =858, peyeq=1.544 gcm™3,
#=0.795 mm~!, crystal size 0.32 x 0.24 x 0.12 mm, max/min transmision
1.000/0.780. A total of 21 340 reflections were measured for the angle range
2.8 <260 <58, and 8236 independent reflections were used in the refine-
ment for 575 parameters. The final parameters were wR2=0.1146 and
R1=0.0490 [1>20(])].

Crystal data for 1d: M =1583.88, monoclinic, space group P2/c, a=
17.465(5), b=22.440(5), c=18.264(4) A, f=91.19(2)°, V=7156(3) A3,
Z=4, F(000)=23224, pPcueq=1.470 gem=, u=0.740 mm~!, crystal size
0.36 x 0.28 x 0.25 mm, max/min transmision 1.000/0.865. A total of 68312
reflections were measured for the angle range 2.3 <26 <58, and 16524
independent reflections were used in the refinement for 884 parameters.
The final parameters were wR2 =0.1314 and R1 = 0.0466 [ >20(I)].

Crystal data for 2a’- CH;NO,: M = 1937.41, triclinic, space group P1, a=
13.498(4), b=14.399(4), ¢ =22.399(6) A, a =87.071 (5)°, B=89.106 (5)°,
y =62.939 (4)°, V=3872(2) A3, Z=2, F(000) = 1920, pcycq = 1.662 gcm 3,
u=1.388 mm~!, crystal size 0.39 x 0.20 x 0.14, max/min transmision 1.000/
0.534. A total of 30957 reflections were measured for the angle range 1.8 <
260 <50, and 13222 independent reflections were used in the refinement for
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938 parameters. The final parameters were wR2 =0.2061 and R1=0.0672
[1>20(1)].

Crystal data for 2a”: M = 1876.36, triclinic, space group P1, a=11.6025(17),
b=11.7849(17), c¢=14.655(2) A, a=90.615(3)°, f=106.597(3)°, y=
106.781(3)°, V=1825.1(5) A3, Z=1, F(000)=928, peyea=1.707 gcm~3,
u=1467 mm™! crystal size 0.26 x 0.24 x 0.21 mm, max/min transmision
0.928/0.646. A total of 20131 reflections were measured for the angle range
2.9 <260 <53, and 7487 independent reflections were used in the refine-
ment for 451 parameters. The final parameters were wR2=0.1773 and
R1=0.0616 [I>20(I)].

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-153566,
CCDC-153567, CCDC-153568, CCDC-153569, CCDC-153570, CCDC-
153571, WAWQEQ. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Energy Isosbestic Points in Third-Row Transition Metal Alloys

Eugeny Todorov,'*! Matthew Evans,/*! Stephen Lee,*!?] and Roger Rousseau!®!

Abstract: The total electronic energies
of the six electrons per atom (e~ per
atom) alloys W, TaRe, HfOs, and YIr
and the seven electrons per atom alloys
Re, WOs, Talr, HfPt, and YAu have
been calculated in the local density
approximation of density functional
theory. When one considers common
alloy structures such as atomically or-
dered variants of the body-centered
cubic, face-centered cubic, or hexago-
nally closest packed structures and plots
the total electronic energy as a function
of the unit cell parameter, one finds for
both the six and seven electrons per

An energetic isosbestic point corre-
sponds to a critical value of the size
parameter for which all members of the
6 or 7 e~ per atom series of compounds
have nearly identical total electronic
energy. Just as in spectroscopy, where
the existence of such isosbestic points is
the hallmark of two compounds present
in the mixture, an energy isosbestic
pointl" 2 implies there are just two
separate energy curves. For both series

Keywords: ab initio calculations -
alloys - bond theory - electronic
structure - solid-state structures

it is found that the total electronic
energy can be viewed as the weighted
sum of a purely covalent term and a
purely ionic term. Two semi-quantitative
models are proposed to account for
these two separate energies. In the first
model the total energy is viewed as the
sum of the elemental structural energy
plus an ionic energy based on the Born—
Mayer ionic model. In the second model
one considers within the confines of u,-
Hiickel theory the evolution of the total
electronic energy as the Coulombic Hj;
integrals change in value.

atom series energetic isosbestic points.

Introduction

The concept of the metallic-covalent/ionic bond lies at the
heart of the chemistry. The idea rests on the following
premises.?>¥l Pure covalent or pure metallic bonds can be
understood by simple valence bond or molecular orbital
theory. Pure ionic bonds are electrostatic in nature. In binary
systems both pictures contain some fraction of the truth. The
fraction itself depends on the electronegativity difference
between the two elements. While this picture is useful in a
qualitative understanding of bonding, it is not clear whether it
is equally useful quantitatively. For example, in quantitative
valence bond theory,’! one associates one valence state with
the covalent bond, a second state with the ionic bond, a
resonance term for the interaction between these two states,
and from the combination of these three one calculates the
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Ithaca, NY 14853-1301 (USA)
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National Research Council of Canada,
100 Sussex Drive Ontario, KIN 0R6 (Canada)
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covalent—ionic bond energy. Not only must a resonance
energy be calculated but one also has the limitation that for
many systems, such as metals, it is diffcult in practice to
calculate full valence bond energies. A simpler quantitative
picture would be one in which the total energy of a binary
system would be the weighted sum of the covalent and ionic
energies of the system and in which both could be understood
separately. For example we might expect that in Zintl
compounds,”” 1! systems in which there is a coexistence of
primarily covalent and primarily ionic bonds, such a decom-
position would be possible. The questions remain, are there
other types of compounds for which such a decomposition is
possible, and if so what is a convenient way to search for such
families ?

One approach to these questions is to find a series of
compounds that differ primarily in either just the covalent or
just the ionic energies. Differences in energies would there-
fore correspond to either purely covalent or purely ionic
terms. The situation would be analogous to what one finds in
spectroscopy when one measures the spectra of a series of
mixtures. Just as in spectroscopy, the existence of isosbestic
points is the hallmark of just two compounds present in the
series of mixtures, an energy isosbestic point would be
characteristic of two separate energy curves. Thus the ques-
tion posed above, of whether the metallic-covalent/ionic bond
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can be thought of as the sum of a covalent energy and an ionic
energy, can be reduced to a search for isosbestic points in
related series of compounds.

In this paper we show that just such energy isosbestic points
are found for third-row transition metal alloys. In particular
we used local density approximation density functional theory
(LDA-DFT) to calculate the total electronic energy as a
function of the system’s size.[!"23] We studied a series of pure
elements and binary compounds in which the average number
of valence electrons per atom (e~ per atom) is constant. Thus
W, TaRe, HfOs, and YIr each have an average of six electrons
per atom. For the pure element W, bonds are purely metallic-
covalent in character. Differences in energy between pure
tungsten and the three binary compounds are due largely to
the differences in electronegativities between the binary pair
of atoms. Across a variety of structures, both those plausible
for metal alloys, such as atomically ordered variants of face-
centered cubic (fcc), body-centered cubic (bec), and hexag-
onally closest packing (hcp), and those implausible for alloys,
such as the rock salt structure and molecular dimers,
isosbestic-type points are found across this series of four
compounds. We similarly study series of compounds in which
either the atomic parameters or unit cell parameters are
continuously varied. In these cases we find isosbestic lines or
surfaces. Equally clear isosbestic points are found for these
same structures where one considers the parallel seven
electrons per atom series, Re, WOs, Talr and HfPt. These
results strongly suggest that for the third-row transition metal
alloys the total electron energy can be decomposed into
metallic-covalent and ionic parts. We interpret these two
separate energies by using both the Born—Mayer model for
the ionic term* and u, molecular orbital theory>-28! for both
covalent and ionic contributions.

Computational Methods

LDA-DFT: The total electronic energy is calculated iteratively from
Equation (1) in which y; are the doubly occupied orbitals, p(r) is the

— h2 2 ’
E=23" [y, Vydr+ [Viup(r)dr + C PP i+ E ()]
2m4 27 |r—r|

+ Ein({R1}) M

electronic density, Vi, is the electrostatic ion —electron potential, E,,, is the
electrostatic ion—ion potential, and E,. is the exchange-correlation func-
tional. In the LDA approximation the E,. term is set [Eq. (2)], in which &,
is the exchange correlation energy of a homogeneous electron gas.

EJp(n)] = [ex(np(rdV @

Calculations were carried out with the Vienna Ab Initio Simulation
Package (VASP)®-l by means of the ultrasoft Vanderbilt pseudopoten-
tialsP¥ provided by the package. Plane-wave basis sets were used in the
high-precision mode. This corresponds to plane-wave energy cut-offs of
186.9, 218.3, 235.3,242.4, 252.0, 247.8, 239.2, and 224.6 eV for the third-row
elements, starting with Hf and ending with Au. For Y the energy cut-off was
149.1 eV. The Brillouin zone sampling was done by Monkhost-Pack*! k
points grid (15 x 15 x 15 mesh). Partial occupancies of wavefunctions were
made based on the tetrahedron method with Blochl correction.’s As a test
of the numerical accuracy of our LDA-DFT -calculations we also
considered the general gradient approximation (GGA),! with the GGA
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pseudopotentials provided by the VASP package, as well as different
partial occupancy algorithms. For these latter tests the algorithms
considered include Fermi smearing, Gaussian smearing, and an order one
Methfessel-Paxton correction.’”-*! The systems studied for these tests were
those of W and TaRe, with a two atom cell: one atom at the origin and the
second at (x,y,1/2) for which x and y range in value from zero to one-half.
The different total electronic energies from all the test calculations were
within 0.005 eV per unit cell of the ones reported in this paper.

p,-Hiickel theory: In this tight-binding method ! the total energy, Er, is
expressed by Equation (3) in which U(r) is a hard-core interatomic

Ex(r)=U(r) = V(r) ©))

repulsion energy, V(r) is an attractive bonding energy, and r is a parameter
dependent on the size of the system. The total energy E can also be given
by Equation (4) in which the integrals represent the repulsive and the

Ey=y[=(E ~ EJp(EAE + [ Ep(E.r)dE @)

attractive energy, respectively. Here p(E,r) is the electronic density of the
valence bands, Ep is the Fermi energy, E,,. is the average energy of the
electronic density of states, and y is a proportionality constant. The density
p(E,r) is found from the diagonalization of the Hamilton matrix. Diagonal
elements, Hj, are set equal to prescribed Coulombic integral values, while
off diagonal elements are based on the Wolfsberg-Helmholz approxima-
tion, ! H;; = 1/2KS;(H;; + H;). The parameter K is generally set to 1.75 and
S; is the overlap integral between the atomic orbitals i and j. Atomic
orbitals are assumed to be single or double ¢ expansion Slater type orbitals.
For the elemental systems the atomic parameters are the same ones used
effciently in previous work on transition metal alloys.”” > These are the
parameters for Fe, Hy(4s)=-9.10eV, H;(4p)=-5.32¢V, H;(3d)=
—12.60eV; {(4s)=C(4p)=19, &(3d)=535 (0.5505), &(3d)=2.00
(0.6260). The parameter  was then determined from the condition that
the total energy, Er, should have its global minimum at the experimental
system size, r=2.88 A for bee Fe. For the cases of six and seven electrons
per atom, representing W and Re, the { parameters were determined to
equal 0.6747 and 0.6546, respectively.

In this paper we model heteroatomic systems with two atoms of different
electronegativities by changing Coulombic integrals while keeping the
Slater exponents constant. We adopt the following simple scheme. The
difference in Hj; values between 4s, 4p, and 3d levels is a fixed constant:
H;(4s) — H;(3d) =3.50 eV and H;(4p) — H;(3d) =728 eV. We assume that
the difference in H; values for the two atom types is 6 eV. There are,
therefore, two undetermined numbers: the average Hj; value for the two
different atomic 3d orbitals and the proportionality constant y.%32) We
find these values by setting the isosbestic point for u,-Hiickel calculations
to be the same as that found in LDA-DFT and by requiring that the
asymptotic electronic energy at large interatomic separation is the same as
that for the earlier homoatomic calculation. For the six electrons per atom
systems the more electronegative element has an H;(3d) of —13.80 eV,
while H;(4s) and H;(4p) are —10.30 and —6.52 eV, respectively. The
corresponding H; parameters for the more electropositive atoms are
exactly 6 eV higher in energy, that is, —7.80, —4.30, and —0.52 eV. For the
systems with seven electrons per atom the two H;; parameters for the more
electronegative atom are —14.45, —10.95, —7.17 eV. For the more electro-
positive atom these integrals are —8.45, —4.95, and —1.17 eV. The values
for the parameter y for the heteroatomic six and seven electron systems
were found to be 0.760 and 0.692.

Born-Mayer theory: In this model [Eq. (5)]?* for which we assume that

E[O[al = ECou]ombic + BZ e (5)
j*i
all the atom sites corresponding to one atom are of charge +1 and those
corresponding to the other atom are —1, and in which E¢yyompic i the
electrostatic energy, r; are the distances between nuclei i and j, and B and a
are constants. We find the values of B and a by requiring for TaRe that the
energy is minimized at the experimentally observed cubic a axis value of
3.26 A. As discussed below we determine the values B and a by fitting to
LDA-DFT calculations of TaRe with two atoms, at (0,0,0) and (x,y,1/2); 0 <
x,y <0.5 in a metrically cubic cell. This leads to the values of and a of 571.9
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and 2.96, respectively. As we have arbitrarily assumed that charges are +1,
the total energy calculated by this method are in effect in arbitrary energy
units. To derive real energy units one multiplies E,, by a constant roughly
equal to the charge on the cationic site.

Results and Discussion

Survey of isosbestic points: We consider first the series W,
TaRe, HfOs, and YIr. Ta and Re are the pair of elements
before and after W in the periodic table, Hf and Os are the
pair a step further removed, and Y and Ir are yet another step
apart. The element Y is chosen instead of La as the atomic
radius of Y more comfortably fits the observed progression of
size in going from Y to Hf, Ta, W, and so forth. This is related
to the lanthanide contraction.> >4

In each of these four compounds there is an average of six
valence electrons per atom, while the electronegativity differ-
ences for the four compounds from W to YIr increases from
0.0 to 0.4, 0.9, and 1.0 on the Pauling scale.’] At room
temperature and pressure each of these compounds is stable
in the bee or CsCl structure, illustrated in Figure 1.5% The total

¢ ¢ FFEE et

b & o gt
& ¢ et

Cudiy 1) YrHy

Figure 1. Crystal structures of CsCl, NaCl, WC, CuAu(), and MnHg. For
CuAu(l) an alternative choice of unit cell, which relates the structure to
MnHg and CsCl, is shown.

electronic energy of these structures as a function of the a
lattice constant is shown in Figure 2. Tungsten has the deepest
energy minimum, and the energy minima become increasingly
shallow across the series.

All four curves come to a common isosbestic point for an a
lattice constant of 2.27 A. The deviation along the abscissa
from an ideal isosbestic point is 0.01 A. The isosbestic point
value of 2.27 A is significantly shorter than the equilibrium
lattice constants for YIr and W, 3.400 and 3.165 A, respec-
tively.’s] It therefore corresponds to a distance that is
unrealistically short when compared with experimentally
observed distances. One might, therefore, at first not ascribe
any importance to the existence of this equivalence point.
However, it can be seen that the softness of the energy curves
at the unrealistic distances to the left of the isosbestic point
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DFT: CsCl
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energy/ eV
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Q

lattice constant/ A

Figure 2. Total electronic energy of binary transition metal alloys in the
CsCl structure as a function of the a lattice parameter. W, TaRe, HfOs, and
YIr are represented by solid, dotted, dashed and dash-dotted lines,
respectively. The insert shows the region of the isosbestic point.

corresponds quite closely to the softness found for the
experimentally pertinent distances to the right of this point.

Furthermore, all such energy curves can be fit approx-
imately to the Rose universal energy curve.’®l The latter is a
three parameter curve found to exemplify an energy —length
relationship for a large number of systems. As all Rose curves
can be described by three parameters and as all the curves in
Figure 2 share a common point, we must be restricted to just
two parameters in describing this sub-family of the Rose
curves. It turns out that this parameter subset may be viewed
as a two-dimensional subspace. Basis functions for the
subspace may be taken to be the W curve and the difference
in energy between the W curve and the YIr curve. In Figure 3
we show linear combinations of the W and YIr curves fit to
reproduce the TaRe and HfOs LDA-DFT results. A compar-
ison of Figures 2 and 3 show that these linear combinations

DFT: CsCl
60
\ — W
\ - 0.92*W + 0.08*YIr
30 \ - —- 0.67"W + 0.33*YIr
>
[
=
o
@
| =y
o 0
=30

lattice constant/ A

Figure 3. Linear combinations of the LDA-DFT electronic energy W and
YIr curves (solid and dash-dotted lines) similar to the LDA-DFT TaRe and
HfOs energy curves of Figure 2.

provide a qualitative fit to the full LDA-DFT results. In the
same manner we may consider other reasonable alloy
structures. For example, we may consider the CuAu(1) ordered
variant of fcc and the WC variant of the hcp packing. These
structures are also illustrated in Figure 1. While CuAu() is of
tetragonal symmetry, we have chosen a metrically cubic unit
cell (also shown in Figure 1) for our calculations. Similarly in
our calculations of ordered hcp phases we choose the ideal c/a
ratio of 1.633, the ratio at which each atom has twelve
equidistant nearest neighbors. In Figures 4 and 5 for both the

0947-6539/01/0712-2654 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 12





Energy Isosbestic Points 2652-2662
DFT: CuAu(l) DFT: dimer
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Figure 4. Total electronic energy of binary transition metal alloys in the
CuAu(l) structure, an ordered variant of fcc structure, as a function of the a
lattice parameter. See caption of Figure 2 for curve definitions.
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Figure 5. Total electronic energy of binary transition metal alloys in the
WC structure, an ordered variant of hcp structure, as a function of the a
lattice parameter. See caption of Figure 2 for curve definitions.

CuAu() and WC structures, we plot the total electronic
energy as a function of the lattice parameters. As in the CsCl
study we find the deepest minima for W and the shallowest for
YIr. Again nearly perfect isosbestic points are observed (see
inserts of Figures4 and 5). The error for the former is
approximately 0.02 A, while for the latter it is 0.03 A.
Finally, for the sake of interest we consider two structures
not compatible with structures ordinarily found for transition
metal alloys. The first one is the rock salt structure in which
every atom has only six nearest neighbors, half that found in
ordinary transition metall alloys. The second one is the
molecular structure composed of a dimer of transition metal
atoms. Here the coordination number is just one. As the
inserts of Figures 6 and 7 show, the deviation from ideal

DFT: NaCl

380

energy/ eV
N
o

S
Q

-130
3

lattice constant /A

Figure 6. Total electronic energy of binary transition metal alloys in the
NaCl structure as a function of the a lattice parameter. See caption of
Figure 2 for curve definitions.
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lattice constant/A

Figure 7. Total electronic energy of transition metal dimer molecules as a
function of the interatomic distance a. See caption of Figure 2 for curve
definitions.

isosbestic points is quite large for these systems. The error is
greatest for the case of the molecular dimer, 0.3 A. These
results suggest that the occurrence of an energy isosbestic
point holds best for high coordination number structures as
are found in true alloy structures. Isosbestic points will be less
ideal and even non-existent for insulating structures with
lower coordination number.

The CsCl, CuAu(), and MnHg structures: Among the simple
structures most related to transition metal alloys with 6-7 e~
per atom are the tetragonal CuAu(i) and MnHg structures.?’
Both structures can be described in a tetragonal cell with just
two atoms per unit cell (see Figure 1). One atom type is
located at the corner of the unit cell, while the second atom is
at the body center. The difference in the structures comes
from the ¢/a ratio. For CuAu() this ratio is near v/2 and, hence,
CuAu() is an atomically ordered variant of fcc, while for
MnHg the c/a ratio is near unity and, thus, MnHg is a slight
tetragonal distortion of the cubic CsCl structure. Metal alloys
with 67 e~ per atom found in the CuAu() structure are TiRh,
TiAg, VRh, VIr, NbRh, and Nblr, while for the MnHg type
examples include LaAg, LaCd, TbCu, Tilr, NbRu, and
TaRu.! These two structure types are, therefore, members
of a more general structure type, a primitive tetragonal cell
with one atom type at the corner and the second atom in the
body center. In this amalgamated structure type there are just
two variable parameters, the a and c axis lengths.

In the previous section we considered structure types with a
single structural parameter, either the cell axis or the bond
length. For each structure type we found energetic isosbestic
points. With the CuAu(l)/MnHg structure at each c/a ratio one
may find a corresponding single isosbestic point. In Figure 8
we show two such isosbestic points for the 6 e~ per atom
series, W, TaRe, HfOs, and YIr for ¢/a=0.80 and c¢/a=1.20.
Together with the earlier 6 e~ per atom results for CsCl (c/a =
1.00, Figure?2) and the ordered fcc structure (c/a=141,
Figure 4), these results suggest that for all c/a ratios there is
an isosbestic point. The locus of these individual isosbestic
points is a one-dimensional curve, an isosbestic line. This line
is found at cell volumes slightly less than 12 A per unit cell. In
Figure 9 we plot the electronic energy as a function of the c/a
ratio for the fixed volume of 11.775 A. Were this volume to
correspond exactly to the isosbestic line, all four curves would
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Figure 8. Total electronic energy of binary transition metal alloys in the
MnHg structure as a function of the a lattice parameter. The ratio between
the ¢ and a axes is arbitrarily fixed at the values of 0.8 (top) and 1.2 (bottom).
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Figure 9. The electronic energy at a fixed volume of 11.775 A as a function
of the c/a ratio.

lie on top of one another. Between c/a values ranging from
0.75 to 1.50 the curves deviate from one another by 0.3 to
0.5 eV. For c/a ratios below 0.75 the errors become larger. This
result correlates to our findings in the previous section. There
we found isosbestic points for true alloy structures were more
perfect than those for lower coordination geometries. For c/a
ratios from 0.8 to 1.5, the number of atoms within metallic
bonding distances range from 10 to 14. For unreasonably low
c/a ratios of 0.6, however, nearest neighbors are only along the
¢ axis. At such low c/a ratios, the structure can be viewed
primarily as polymeric, with two coordinate metal chains
running parallel to the ¢ axis. Similarly at unreasonably high
claratios of 1.7, nearest neighbors are only in the ab plane. The
structure is primarily a square net, that is, each atom has only
four nearest neighbors. It is for such chemically unreasonable
alloy geometries that the validity of the isosbestic point begins
to break down.

A comparison of the individual surfaces is instructive. In
Figure 10 we plot the electronic energy of the four compounds
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Figure 10. Electronic energies of the 6 e~ per atom compounds plotted as
contour maps. The two variables are the ¢ to a axes ratio and the cell
volume. The latter is expressed as the ratio of the cell volume to V,;,, the
volume of the structure at the global energetic minimum. Thus points
corresponding to the experimentally observed bec elemental structures are
at r and V/V;, both equal to one.

W, TaRe, HfOs, and YIr as contour maps. In these graphs the
abscissa is the ratio of the ¢ and a lattice parameters and the
ordinate is the ratio of unit cell volume to V,;,, the cell
volume corresponding to the global energy minimum struc-
ture. Both abscissa and ordinate are therefore unitless and
allow for ready comparison of experimental systems of
different equilibrium size. In all four cases shown in Figure 10
the global minimum is found for a c/a ratio of one. This
corresponds to the bec or CsCl structure. It is indeed this
structure that is observed experimentally. Of greater interest
perhaps is the local minimum found for c/a ratio of 1.7 for
elemental W. In the next compound in the series, TaRe, this
local minimum is much softer and has shifted to a c/a ratio of
1.6. In the remaining two systems this minimum has dis-
appeared. For YIr, besides the global minimum, the overall
electronic surface is essentially featureless.

We may rationalize these results in two ways. In the first
approach one uses the Born—Mayer model of ionic inter-
actions. Here the attractive potential is based on the
Coulombic electrostatic interaction, while the repulsive
potential is a hard core potential, modeled as an exponential
term, e~. In such a model, structures are optimal when one
brings opposite charges close together, while keeping like
charges far apart. The model generally favors high-symmetry
over low-symmetry structures. With the MnHg/CuAu(1)
structure type the optimal structure is for c/a =1.0 with cubic
symmetry. At this value, the structure is actually in the CsCl
arrangement in which all first nearest neighbors are between
atom types of opposite charge and only second nearest
neighbors are of like charge. We therefore expect in an ionic
model both that the CsCl structure would be the energetically
preferred structure and that electronic energy surface would
be quite smooth.
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In the upper left corner of Figure 11 we show the results of
such a Born—Mayer calculation. The overall shape is the one
expected. The surface is quite smooth, and there is only a
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Figure 11. Linear combinations of the ionic Born—Mayer energy,
Epom-mayer (upper left contour), and the covalent DFT energy of tungsten,
Woper. The results qualitatively correspond to the DFT energies of TaRe,
HfOs, and YIr shown in Figure 10.

single minimum, which corresponds to the CsCl structure.
Comparing the Born—Mayer surface of Figure 11 with the
energies of the W, TaRe, HfOs, and YIr series in Figure 10, we
see that the agreement between the ionic model and the
actual LDA-DFT electronic energy surfaces is best for the
more ionic YIr and HfOs systems and worse for the non-ionic
W system. The TaRe potential can then be thought of a linear
combination of the purely metallic-covalent W surface and
the purely ionic Born—Mayer energy surface. In Figure 11 we
show that such linear combinations do result in energy
surfaces similar to these of TaRe, HfOs, and YIr. Thus the
TaRe DFT surface of Figure 10 is well approximated by the
linear combination of 0.81 times the W DFT surface and 0.19
times the Born —Mayer surface, as is shown in the upper right
of Figure 11. Agreement is worse for YIr, which is best
modeled as 0.44 times the W DFT surface plus 0.56 times the
Born—Mayer energy surface as is shown in the lower right of
Figure 11.

One may however take an alternative approach in ration-
alizing the results of Figure 10. In this approach we use a tight-
binding model to calculate the metallic-covalent bond energy.
We use here the u,-Hiickel model, a model in which a
repulsive energy, proportional to the variance of the valence
electron density of states, is added to the attractive Hiickel
Hamiltonian. The model has been proven successful in many
areas in which the understanding of the electronic structure is
of interest. It has given intelligible insights into the structural
stability of elements, organic and organometallic molecules,
cluster compounds,”’! and networks of main group interme-
tallics.”® Recently the u,-Hiickel model has been used in
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rationalization of alloy structures,” understanding of the
electronic structure and stability of thermoelectrics,®) or of
alloys at high pressure.l®!

This model is described in the section on Computational
Methods. As u,-Hiickel theory atomic parameters have not
been established for third-row transition elements, we use the
previously characterized first-row parameters. We choose the
equilibrium size to be the one that corresponds to bcc.
However, as we plot in our contour map c/a at V/V,, two
unitless quantities, the results from the first-row calculations
can be directly compared to the third-row LDA-DFT results.

Using this model results in the energy surface shown on the
left side of Figure 12. For c/a values above 0.7 the u,-
Hamiltonian gives an electronic energy surface in partial
agreement with the LDA-DFT results. The u,-Hamiltonian

6 @ 7/atom : AH, =0 eV 6 ¢ /atom : AH, =6 eV

12
£
2
=
0.8
. 1 1.4 1.8
r=cla r=cla

Figure 12. u,-Hiickel energies for transition metal alloys in the MnHg
structure type an element (AH;=0¢V) and a binary compound (AH; =
6 eV) each with an average of 6 e~ per atom. The results are in partial
agreement with the DFT energies of W and TaRe shown in Figure 10.

has a global minimum for c/a = 1.0, the CsCl structure, and a
second local minimum at the same volume as the global
minimum but for ¢/a = 1.6. For values below 0.7, the u,-Hiickel
surface fares worse. This breakdown can be rationalized. The
U, model is most accurate when comparing structures with
comparable coordination number. It has been proven to give
qualitative and semiquantitative energies when contrasting
one alloy structure with another. It is not as useful when
comparing the two coordinate linear chain structure found for
c/a=0.6 to the twelve and fourteen coordinate fcc and bcc
structures. The u,-Hamiltonian becomes inaccurate exactly in
region where the energy isosbestic points also deteriorate.
We now consider the binary alloys within the same model.
In Hiickel theory there are two types of atomic parameters:
the Coulombic integrals, which model the electronegativity of
the atoms, and the Slater exponents, which model the atomic
size. In the series of compounds W, TaRe, and HfOs the
differences in the electronegativity between constituent
atoms is expected to be more dominant than size factors.
We therefore vary only the Coulombic parameters, keeping
the Slater exponents constant throughout. Thus we consider
the following model calculation. We shift the Coulombic
integrals for the valence s, p, and d orbitals of one atom type
so that they lie 6 eV higher than their counterparts in the other
atom type. This will have two effects on the u,-Hiickel
energies. As we use the Wolfsberg — Helmholz approximation,
off-diagonal matrix elements will become smaller in value.
Secondly, as the interaction between two orbitals at different
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energies is inversely proportional to the original difference in
orbital energies, bonding energies will also become smaller.
The net result is that a tight-binding theory going from a
metallic-covalent system to a more ionic one invariably results
in a softening of the overall energy surface. This is a
phenomenon we have observed in the previously discussed
LDA-DFT calculations. The question still remains as to how
one should determine the proportionality constant y, which
controls the relative strengths of the attractive and repulsive
portions of the u,-Hamiltonian. The results previously dis-
cussed in this paper suggest the following approach. If we
require in Hiickel theory that there should also be an
isosbestic point at the same distance as that found in the
LDA-DFT calculations, and further require that at large
volumes both the elemental system and the binary systems
have the same u,-Hiickel asymptotic energies, we can then
determine both values of y and the average atomic orbital
energy.

In Figure 13 we show that such a model does capture the
overall qualitative results seen earlier in Figures 2 8. There is
a softening of the energy surface in going from more covalent

Hiickel: CsCl structure, 6 e7/a

150 _ AH =0eV

AH =66V

\ -

Energy; eV
Q

-150
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Figure 13. u,-Hiickel electronic energy of 6 e~ per atom transition metal
compounds in the CsCl structure as a function of the a lattice parameter.

to more ionic systems. The electronic energy surface corre-
sponding to this calculation is shown on the right side of
Figure 12. In comparing the two contour maps in Figure 12 we
can see that the result of the change in Coulombic integrals is
the loss of the local minimum at high c/a ratio with retention
of the global overall minimum for c/a=1.0. The second
minimum shifts from a value of V/V;, of 1.6 for AH;=0¢V to
a larger VIV, value for AH;=6¢V. The former result
matches the findings of the LDA-DFT calculations in Fig-
ure 10. The latter result does not. Nevertheless, it may be seen
that the u,-Hiickel results capture many of the essential
features of the LDA-DFT calculations.

We are therefore left with two alternative ways of ration-
alizing the LDA-DFT calculations for W, TaRe, HfOs, and
YIr. One can qualitatively account for the results either with a
Born—Mayer model or with tight-binding theory. In order to
distinguish between these alternative views, we need to find a
series of compounds for which a tight-binding theory and a
electrostatic model are not in agreement.

Seven electrons per atom systems: While 6 e~ per atom binary
transition metal alloys are primarily in the bcce structure type,
above 7 e~ per atom both closest packings and bcc structures
are found. Thus low temperature TiPd, TiPt, VIr, VPt, NbRh,
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Nblr, Talr, CrRh, MoRh, WIr, Tc, and Re, all with 7-7.5¢e~
per atom, are found in hcp, fcc, dhep (“double” hexagonal
close packing), or atomically ordered variants of these
different closest packings.”> %] By contrast low-temper-
ature bcc phases or ordered variants of the bcc structure
type include the 7e- per atom REAg (RE =rare earth
element) compounds, all the 7-7.5 e~ per atom ScM (M=
Group 10-12, except ScZn) and the 7.5 e~ per atom low-
temperature TiCu, TiAg, ZrAg, HfAg, and HfAu systems.
The first two families form in the ordered bcc structure type
CsCl and the last family is another ordered bcc structure, the
TiCu type.

These results suggest that for small electronegativity differ-
ences between the constituent atoms the closest packed
structures are preferred, while for large electronegativity
differences the bcc arrangement is energetically more stable.
We infer that the metallic-covalent part of the energy favors
closest packing while the ionic energy favors the bec structure.

Therefore, a study at 7 e~ per atom systems allows one to
examine the transformation from the metallic-covalent re-
gime to the ionic regime. As in the previous section we
consider the MnHg/CuAu() structure type for the 7 e~ per
atom series Re, WOs, Talr, and HfPt. We choose this structure
type as in changing the c/a ratio from 1.4 to 1.0 one passes
from the cubic closest packing, which is more stable for small
electronegativity differences between the constituent atoms,
to the CsCl structure, which is more stable for high electro-
negativity differences.[*) In Figure 14 we show the electronic
energy for this series of compounds as a function of the lattice
constant for c/a ratio of 0.8 and 1.2. As in Figure 8, we see that

DFT: c/la = 0.8
120 _«\
\ o R
\\\ —. WOs
A u}\ - Talr
70 SR\
3 SN — - - HiPt
3 \
]
5
20 \\\\
=30
2.5
lattice constant/A
DFT:cla=1.2
20
> 50
®
=
>
Q
C
o 10
-30
1.9 24 29 3.4

lattice constant/A
Figure 14. Total electronic energy of binary transition metal alloys in the
MnHg structure as a function of the a lattice parameter. The ratio between
the ¢ and a axes is fixed at the values of 0.8 (top) and 1.2 (bottom).

0947-6539/01/0712-2658 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 12





Repe: WOs.;
1.2 1.2 \
£ £
S5 4 N
N N
0.8 0.8
1 1.4 1.8 1 1.4
r=cla r=cla
Talre, HPt .
1.2 1.2
S > 1
BN s
) == 0.8 /
08 1 1.4 1.8 1 1.4 1.8
r=cla r=cla
YAU et 0.47"Rey, + 053y, 1o

Energy Isosbestic Points

2652-2662

the various surfaces intersect at a common isosbestic point. In
Figure 15 we show the corresponding electronic energy
contour maps. For Re one finds a global minimum at c/a =
1.4; the fcc structure is most stable. It is known experimentally
that Re is indeed most stable as a closest packing. A second

1.2

0.8

VIV in
° VIV in -
=) - n
.b @

1 1.4 18

r=cla r=cla

Figure 15. Electronic energies of the 7 e~ per atom compounds plotted as
contour maps. In the lower right corner a linear combination of the DFT
energy of the covalent Re and the ionic Born—Mayer energy is shown as an
approximate fit to the DFT energy of HfPt shown in the Figure as HfPtper.

shallow minimum is found for c/a ratios less than 1.0. For
the next member of this series of compounds, WOs, the
global minimum is still fcc; however, the local minimum
at ¢/a=0.9 is more pronounced. For Talr, the elements
two groups to the left and to
the right of Re in the periodic

table, this second local mini- 12

7 e"/atom : AHii =0eV

comes well localized at c¢/a=1.0. Indeed, YAu crystallizes in
the CsCl structure type.

We can use this data to assess the two pictures developed in
the previous section for the rationalization of surface shape.
In the first model we consider that the electronic energy is a
linear combination of the Re energy surface, the upper left
diagram in Figure 15 and the Born-Mayer ionic energy
surface, the upper left diagram of Figure 11. Encouragingly,
we see that the electronic energy surface for the end member
of this series, YAu, resembles qualitatively the Born—Mayer
surface of Figure 11. Both surfaces have only one minimum
corresponding to the CsCl structure. However, the Born-
Mayer surface has a greater energy dependence on the c/a
ratio than does the YAu surface. Just as in the previous
section, we can take a linear combination of the Born —Mayer
energy surface and the non-ionic Re LDA-DFT surface to
produce the electronc energy surface shown in the last
diagram of Figure 15. The qualitative agreement between
the last contour in Figure 15 and the LDA-DFT result for
HfPt is clear. However, it is not possible to simulate WOs and
Talr surfaces by such a linear combination. For these two
systems the global minimum is at c/a=14 and a local
minimum appears at c/a~0.85, while c¢/a=1.0 corresponds
to a saddle point. As the Re DFT energy surface has a
minimum c/a = 1.4 and the Born—Mayer energy surface has a
minimum at ¢/a = 1.0, it is not possible to combine these two
surfaces and find a local minimum at c/a ~0.85.

We now turn to the second model, the u,-Hiickel model. We
show on the left side of Figure 16 the energy surface for 7 e~
per atom by using the same atomic parameters used in the
previous calculation, in which y was determined again so that
the bee structure should have a lattice constant of bce Fe.
There is a reasonable correspondence between the u,-Hiickel
results and those for elemental Re. As in the LDA-DFT calcula-
tions, there is a global minimum for c¢/a = 1.4, a saddle point at
c/a=1.0, and a very shallow local minimum just below c/a = 1.0.

As in the previous section, we can model different atom
types by shifting the Hiickel Coulombic integrals for one atom
type s, p, and d orbitals so that they lie 6 eV higher relative to
the energy of the other atom’s correpsonding atomic orbitals.
In Figure 17, we see the general softening of the electronic
energy as a function of lattice constant this model engenders.
In Figure 16 on the right side we show the corresponding
energy surface contour. Just as was observed for WOs and
Talr, while the global minimum remains at c/a = 1.4, a second

7 e /atom : AHii =6eV

mum, now at c/a=0.85 is
even more pronounced. The
CsCl structure, in which c/a=
1.0, corresponds to a marked
saddle point. For HfPt these
two minima begin to fuse
together into one common
rather soft energy well. Final-
ly, if we include the next possi-
ble member of the series, YAu,
this now single minimum be-
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Figure 16. u,-Hiickel energies for transition metal alloys in the MnHg structure type an element (AH; =0 eV)
and a binary compound (AH;=6¢V) each with an average of 7 e~ per atom. The results are in qualitative
agreement with the DFT energies of Re, WOs, and Talr shown in Figure 15.
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Figure 17. u,-Hiickel electronic energy of 7 e~ per atom transition metal
compounds in the CsCl structure as a function of the a lattice parameter.

pronounced local minimum appears at c/a=0.85. There is
therefore qualitative agreement between u,-Hiickel theory
and the LDA-DFT results for the first members of this series,
Re, WOs, and Talr. But this same u,-Hiickel theory breaks
down for the latter members of the family. This breakdown is
first seen in the use of the Wolfsberg — Helmholz approxima-
tion. While we can shift the atomic orbitals by 6 eV relative to
one another, even greater shifts would lead to positive
Coulombic integrals for some of the atomic orbitals. Such
positive values are meaningless.

Perhaps more importantly there is a qualitative breakdown
in the u,-Hiickel Hamiltonian. In the limit of large differences
in Coulombic integrals, off-diagonal terms in the tight-binding
model tend to zero. Thus, in the limit of an extremely
electropositive element being mixed with an equally electro-
negative one, there is no energy of interaction in the tight-
binding system. Clearly in such a system there must be a
considerable ionic term, as the electronegative atom will have
accumulated electron charge from the electropositive atom.
The solution is clear. One needs to combine elements of the
two pictures to establish a qualitatively persuasive picture of
the electronic energy. The u,-Hiickel theory provides infor-
mation for the first members of the series such as Re, WOs,
and Talr, the Born—Mayer model is valid for YAu, and a
linear combination of the two is valid for HfPt. These results
suggest the following picture for the bonding in binary third-
row transition metal alloys. The electronic energy can be
thought of qualitatively and semiquantitatively as the sum of
separable metallic-covalent and ionic energies. The pure
metallic-covalent portion of the energy can be modeled by a
tight-binding model such as u,-Hiickel theory. The ionic
portion of the energy is more complex. While for large
differences in electronegativity the Born—Mayer model is
pertinent, for smaller differences one needs to turn to
alternative pictures such as that found in u,-Hiickel theory
itself. It should be noted that in Hiickel theory one can
separate the energy effects of the metallic-covalent portion
from the ionic effects. For example, one can use a moment
expansion?! and formally divide the contribution from these
two portions. Therefore, the ionic energy can be expressed as
a separate calculable entity.

Atomic parameter variation: In the previous two sections of
this paper we noted the continued presence of energetic
isosbestic points as one continuously varies the ratio of the
cell parameters. We may also consider the electronic energy as
a function of atomic parameters. Perhaps the simplest system

2660

Energy/eV

Energy/ eV
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we can consider is the two atom cell in which the cell axes are
metrically cubic. We can place two atoms into the cell; the first
atom is placed at the origin, while the second atom is located
at (x,y,1/2) for which x and y are variable. For x =y =1/2 the
overall structure is the cubic CsCl, while for x=y =0 the
structure is tetragonal with infinite linear chains of atoms
running in the ¢ direction. Only at values near x =y =1/2 does
the structure remain a high-coordinate one and only here do
we expect to see marked energetic isosbestic points. In
Figure 18 we show the energy curves for x=y=0.45 and x =
0.4, y=0.5 for 6 and 7 e~ per atom. The energetic isosbestic
points are clear.

DFT: x=0.4 y=2=0.5 DFT. x=y=0.45 z=0.5

— W — W
100 — — TaRe 100 — — TaRe
0 ‘=~ HfOs > -—-- HfOs
® A e Yir
3 50f 3
&
[}
{ =
w
0
2 3 4 5 2 3 4
Lattice Constant/A Lattice Constant/A
DFT: x=0.4 y=z=05 DFT. x=y=0.45 z=0.5
150 — Re 150 — Re
- - WOs - - WOs
[ ‘=~ Talr - \ -—-- Talr
ooy | HfPt > 1003 . HfPt
— YAu = — YAu
o
@ 50
[ =
uwi
0
2 3 4 5 2 3 4

Lattice Constant/A Lattice Constant/A

Figure 18. DFT energy curves for metrically cubic systems, with one atom
at the origin (0,0,0) and the second one arbitrarily fixed at (x,y,1/2), as a
function of the lattice parameter. For the left two figures, x =0.4 and y =
0.5, while for the right two, x =y =0.45.

We plot in Figure 19 the total electronic energy surface for
the five 7 e~ per atom systems: Re, WOs, Talr, HfPt, and YAu.
It may be seen that all five surfaces have a similar shape. The
energy scale is different. The energy minimum is deeper for
Re and shallowest for YAu.

These results suggest that both the covalent and ionic
energies in these systems have similar energetic surfaces. As
we do not need to a priori deduce the relative contributions of
these two different energies, we may directly model this
surface with either a purely covalent or a purely ionic energy.
These surfaces allow us to find the empirical parameters
necessary to complete the Born—Mayer expression. The best
Born-Mayer model fit to the experimentally observed sur-
face is shown in Figure 19. The qualitative agreement between
the Born—Mayer model and the LDA-DFt model is clear.

It is unfortunately not possible to model these same LDA-
DFT results with u,-Hiickel theory. This latter theory breaks
down when comparing such dissimilar coordination environ-
ments, such as the two nearest neighbors per atom structure
for x=y=0 and the fourteen near-neighbors geometry for
x=y=1/2.
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Figure 19. Energy surfaces for metrically cubic systems with one atom at
the origin (0,0,0) and the second one at (x,y,1/2) as a function of atomic
parameters x and y. At the bottom right corner is the Born—Mayer energy
surface.

Conclusion

When chemists think of chemical bonds it is generally
supposed that main group bonding is simpler than transition
metal bonding, molecules are easier to study than extended
solids, and low-coordination environments, such as the
tetrahedral or octahedral geometries, are more basic than
the high-coordinate cuboctahedral or anticuboctahedral en-
vironments. One might then suppose the paradigm of the
covalent and the ionic bond would be most effective in the
study of low coordination number main group molecules. In
this paper we find the converse. High-coordination number
transition metal alloys prove to have a particularly trans-
parent form for their covalent-metallic and ionic energies. For
these systems the total electronic energy is a sum of separable
covalent-metallic and ionic energies.

In hindsight we can see some of the factors responsible. In
main group systems both the s and p bands are essential to the
bonding. Furthermore the degree of s and p mixing depends
on whether the geometry is linear, trigonal, or tetrahedral.
Therefore, a binary main group compounda already has four
key parameters, the atomic energes of the two atoms, and
valence s and p orbitals. By contrast transition metal alloys
bonding is dominated by the d orbitals. Binary transition
metal alloys have only two key parameters, the two atomic
valence d orbital energies. Two parameter systems can lead to

Chem. Eur. J. 2001, 7, No. 12
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just two functions. It is only in cases like this that energy
isosbestic points, like the ones discussed in this paper, are
possible.
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From 7-8 e~ per atom, the preferred structure for unordered alloys
and for the elements is the hcp structure. However, for ordered alloys
the fcc arrangement is also found in this region. For example, cubic
AuCus, an ordered variant of the fcc arrangement, is often found
between 7—8 e~ per atom. Examples include NbRus, IrMn;, HfRh;,
Tilr;, TiRh;, PtMn;, RhMn;, TiCos, and Zrlr;.

By making this choice of cell, it should be noted we are explicitly
disallowing both the hep and dhcp structures. The subject of hep, dhep,
and fcc ordered transition metal alloys is one rich in structures.
Common structure types found are the TiAl; and AuCu;, both
ordered arrangements of an fcc array of atoms, SnTi; and TiAl,
structure types, both ordered arrangements of an hcp array of atoms,
and TiNi;, an ordered arrangement of dhcp. The methods described in
this paper apparently are capable of sorting the energetic differences
between these structures. As these results do not properly fit with this
article we reserve this discussion for a subsequent paper.
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Total Synthesis of Agosterol A: an MDR-Modulator from a Marine Sponge

Nobutoshi Murakami, Masanori Sugimoto, Mari Morita, and Motomasa Kobayashi*!!

Abstract: The first total synthesis of agosterol A, a modulator of multidrug resistance

(MDR) mediated by P-gp and MRP1, and isolated from a marine sponge, was
achieved from ergosterol by utilizing a regioselective epoxy-cleavage reaction and

regioselective dehydroxylation as the key reactions.

Introduction

The development of multidrug resistance (MDR), which is
observed as a response to chemotherapy, is a very serious
problem in the treatment of cancer.'l The major documented
mechanism by which tumor cells acquire this MDR pheno-
type is the increased expression of an ATP-dependent
membrane glycoprotein, which serves as an efflux pump for
antitumor agents.”! Besides a representative and well-charac-
terized glycoprotein called P-glycoprotein (P-gp),”! an in-
creased expression of a multidrug-resistance-associated pro-
tein (MRP1)P! has been found in many non-P-gp mediated
MDR cells. Since there have been few MDR-modulating
substances mediated by MRP1, we have been searching for
new modulators from extracts of marine invertebrates on the
basis of bioassay. Recently, we characterized a potent
modulator of MDR mediated by P-gp and MRP1 named
agosterol A, which was isolated from a marine sponge:
Spongia sp., and investigated the structure —activity relation-
ship by the use of naturally occurring congeners and synthetic
analogues.* ! Limited availability from natural sources com-
pelled us to explore a synthetic protocol of agosterol A. As a
result of preliminary study, we recently achieved the synthesis
of a 4-deacetoxyl analogue of agosterol A.[ In this report, we
wish to present the first total synthesis of agosterol A from
ergosterol.

Results and Discussion

Scheme 1 delineates our retrosynthetic analysis for agosterol
A (1) from commercially available ergosterol (2); this
includes the sequential, stereoselective introduction of four
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Graduate School of Pharmaceutical Sciences, Osaka University
1-6 Yamada-oka, Suita, Osaka 565-0871 (Japan)
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hydroxyl functions. In the first instance, an oxidative cleavage
of the double bond between C22 and C23 in 2, after protection
of the diene portion, would afford a precursory aldehyde,
which is further submitted to nucleophilic substitution by a
Grignard reagent to give an undesired 22(S)-alcohol (vi)
under the direction of Cram’s rule. Thereafter, the 22(S)-
hydroxyl group would be inverted to a 22(R)-hydroxyl group
by the Mitsunobu reaction. The 11a-hydroxyl group would be
built up by a regioselective, reductive epoxy-cleavage of the
9a,11a-epoxide (iv) prepared from the 5,79(11)-triene (v),
which is obtained by dehydrogenation from the homoannular
diene. After protection of the homoannular diene of iii,
regioselective introduction of a C3=C4 double bond, followed
by selective dihydroxylation would afford 3,43-dihydroxyl
functions. Continuing on from this, a 64-hydroxyl group
would be introduced by regio- and stereo-selective hydro-
boration from the less-hindered a-side. Finally, differen-
tiated removal of the protecting group and acetylation would
lead to agosterol A (1). This strategy was executed as
follows:

After protection of the hydroxyl group in ergosterol (2) as a
methoxymethyl (MOM) ether, masking of the 5,7-diene
portion with 4-phenyl-1,2,4-triazoline-3,5-dione,”! a typical
protecting group of cisoid dienes, provided a 6,22-diene
derivative. However, further selective ozonolysis of the
(C22=C23 double bond proved to be unsuccessful. Therefore,
the 5,7-diene portion of the MOM ether of 2 was protected
with 1,4-dihydrophthalazine-1,4-dione,® prepared from the
corresponding tetrahydro precursor and Pb(OAc), in situ, to
give compound 3 in 82 % yield from 2 (Scheme 2). In contrast,
ozonolysis of 3 in the presence of pyridine cleaved the
(C22=C23 double bond selectively to give an aldehyde in 90 %
yield. The aldehyde was further subjected to a Grignard
reaction by using 3-methylbutylmagnesium bromide to fur-
nish an undesired 22(S)-alcohol 4 under the direction of
Cram’s rule. Inversion of the 22-hydroxyl group in 4 by the
conventional Mitsunobu reaction!” with triphenylphosphine,
diethyl azodicarboxylate (DEAD), and 4-nitrobenzoic acid
gave a 22(R)-benzoate in poor yield (20%). As a result of
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agosterol A (1)

9 ’;55 : R = OMTPA(S)
5b: R = OMTPA(R)
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a E 7:R=H
7,8-didehydrocholesterol (8) : R = H

vi ergosterol (2)
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10:R=H
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Scheme 2. Reagents and conditions: a) MOMCI, iPr,NEt, CH,Cl,, 96 % from 8; b) phthalhydrazide, Pb(OAc),, CH,Cl,-AcOH, two steps 82%; c) O,
CH,Cl,-Py, then, Me,S; d) 3-methylbutylmagnesium bromide, THF, two steps 90 %; ¢) TMAD, PMe;, pOCH;BzOH, THF, 66 %; f) LiAlH,, THF, 89 %;
2) (S)-(-)-MTPA[(R)-(+)-MTPA], EDCI-HCl, DMAP, CH,Cl,, 5a: 82 %, 5b: 76 %; h) TBSOT, 2,6-lutidine, DMF-CH,Cl,, 91 %; i) Hg(OAc),, EtOH/
CHCI/AcOH, 9: 80%, 10: 85%; j) 4-phenyl-1,2,4-triazoline-3,5-dione, CH,Cl,, 89% from 9, 94% from 10; k) mCPBA, CHCl;, 11: 71 %, 12: 64 %;

1) LiAlH,, THF, 48 % from 11.

examining several reaction conditions, a combination of
N,N,N',N'-tetramethylazodicarboxamide (TMAD), trimethyl-
phosphine, and 4-methoxybenzoic acid!'¥! provided the de-
sired 22(R)-benzoate in 66% yield. On the other hand,
CsOAc treatment of the chloromethanesulfonate'!l of 4 in the
presence of [18]crown-6 furnished the acetate with 22(R)
configuration in 56 % yield. Reductive cleavage of both the
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4-methoxybenzoyl group and the protecting group of the
diene portion occurred spontaneously, and the configuration
at the C22 hydroxyl group in 5 was confirmed by the modified
Mosher method.['! Namely, the proton signals due to the
23-H,, 24-H,, 26-H;, and 27-H; of the (R)-a-methoxy-a-
trifluoromethylphenylacetic acid (MTPA) ester (5b) ap-
peared at higher field than those of the (S)-MTPA ester
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(5a), whereas the signals ascribable to the protons 20-H, 21-
H;, and 18-Hj, settled in the left-side region of the 22-
hydroxyl group in Sb, were observed at lower field, as can be
seen in Figure 1.

—022 B +0.05

+0.07

+0.07

5a: R = O-MTPA(S)
5b: R = O-MTPA(R)
Figure 1. Distribution of Ad(= 0S — 0R) values (ppm, 500 MHz).

MOMO

After protection of the 22-hydroxyl group in 5 with tert-
butyldimethylsilyl trifluoromethanesulfonate (TBSOTT) and
2,6-lutidine, dehydrogenation with Hg(OAc),["¥! afforded a
triene 9 in 73% yield over two steps. Protection of the
homoannular 5,7-diene of 9 by using 4-phenyl-1,2,4-triazoline-
3,5-dione, and subsequent epoxidation with meta-chloroper-
benzoic acid in CHCl; predominantly afforded a 9a,11a-
epoxide 11 in 71 % yield. The stereochemistry on the epoxy
moiety in 11 was established by NOE observation between
the 115-H, 19-H, and 18-H. Reductive cleavage of the epoxy
ring and deprotection of the triazoline group in 11 by LiAlIH,
gave the desired 11a-alcohol 13 in unsatisfactory yield (48 % ).

To overcome this undesirable outcome, we -carefully
examined the reaction conditions utilizing 12 as a model
substrate. The epoxide 12 was prepared from 7,8-didehydro-
cholesterol (8) through the same three-step transformation,
after protection of the 3-hydroxyl group in 8 as an MOM
ether. The reported procedures to lead from the epoxide to an

m”N'NVO
N 11:R=0TBS

9 pn 12:R=H

alcohol, in which BH;-LiBH,,['"¥) AIH;,[') potassium triphen-
ylborohydride-Ph;B,l')  and  Cp,TiCl,-Mn-1,4-cyclohexa-
dienel'”! were used, did not afford any satisfactory outcome.
We also attempted the use of representative metal-hydride
reagents such as Super-Hydride®, L-Selectride®, and Red-Al®
for this conversion. Among them, only Red-Al gave the
expected 11a-alcohol 14 in poor yield (16 %).

This finding directed us to examine the cooperation of a
Lewis acid with LiAlH,. Three of the four Lewis acids tested
(the exception being TiCl,) afforded the 1la-alcohol 14
(Table 1, Scheme 3). In particular, Et,AICI enhanced the
epoxy ring cleavage along with removal of the triazolidine
group to furnish the desired 11a-alcohol 14 as compared with
the reaction conditions in the absence of a Lewis acid (run 5).
Intensive investigation of the reaction conditions revealed
that the treatment of 12 with Et,AICI under reflux prior to
addition of LiAlH, improved the yield of 14, bringing it up to
90 % (run 7). Replacement of LiAlH, by diisobutylaluminum
hydride (DIBAL-H) or Red-Al resulted in a slight decrease in
the yields of 14 (DIBAL-H: 80%; Red-Al: 52%). Hence,

Table 1. Investigation on regioselective reductive epoxy cleavage of 12.

Run Lewis Acid Hydride Pretreatment Yield
1 - LiAIH, - 46 %
2 BF;-Et,0 LiAIH, 6h 35%
3 Al(OiPr); LiAIH, 6h 18%
4 TiCl, LiAIH, 6h 0%
5 Et,AICI LiAIH, 1 min 58 %
6 Et,AICI LiAIH, 2h 70 %
7 Et,AICI LiAlIH, 6h 90 %
8 LiAIH, + Et,AICI - 10%

Each reaction was carried out in THF under reflux. After pre-treatment by
2 mol equiv. of Lewis acid, 10 mol equiv. of hydride reagent was added.

R oTBS

13:R=0T8S Fe0) 15

14:R=H

Scheme 3. Reagents and conditions: a) LiAlH,, Et,AlCl, THF, 84 % from 11, 90 % from 12; b) TBSOTT, 2,6-lutidine, toluene, 95 % from 13; c) Fe(CO);s,
1-(4-methoxyphenyl)-4-phenyl-1-azabuta-(E, E)-1,3-diene, PhCHj3, 94 %; d) MgBr,-Et,0, Me,S, CH,Cl,, 73%; e) TsCl, Py, quant.; f) DBN, PhH, quant.;
g) OsO,, Py, then aq. NaHSO3, 80 %; h) TESOT{, DMAP, Py, quant.; i) Me;NO, PhH, 95 % j) BH;Me,S, THF, then, H,0,, aq. NaOH, 62 %; k) TBAF, THF,

90%; 1) Ac,0-Py, 91%:; m) HF-Py, THF, 84%.
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chelation between the epoxy oxygen and the aluminum atom
might participate in this reductive epoxy-cleavage reaction.
The stereochemistry at C9 in 14 was confirmed to be R by the
coupling constant (/=9.3 Hz) between 9-H and 11-H. This
stereoselectivity indicates that the 1la-alcohol 14 will be
given through protonation from the less hindered a-side to
the C9 carbocation intermediate.

Application of this conversion condition to 11 furnished 13
in nearly the same yield (84 %) as the preparation for 14,
without losing the TBS group.['®! After protection of the 11-
hydroxyl group in 13 as a TBS ether, the 5,7-diene portion was
masked by using pentacarbonyl iron and 1-(4-methoxyphen-
yl)-4-phenyl-1-azabuta-(E,E)-1,3-diene!"”] to give a tricarbon-
yl iron complex in 90% yield for two steps. In contrast,
replacement of the protecting group by phthalazine and
triazoline afforded no desired 3-ene compounds because of
the lability of both under basic conditions. The MOM group in
the complex was removed by TMSBr?" treatment to give an
alcohol 15 in unsatisfactory yield (50%). In contrast, treat-
ment with MgBr,-etherate!l and Me,S afforded 15 in 73%
yield without deprotection of the tricarbonyl iron moiety.
Next, quantitative treatment of 15 with para-toluenesulfonyl
chloride in pyridine provided the corresponding tosylate,
which was further subjected to an elimination reaction in 2,6-
lutidine solution to selectively give an undesired 2-ene
derivative. On the other hand, treatment of the tosylate with
1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and 2,6-lutidine in
toluene gave a 3-ene 16 and a 2-ene derivative in a ratio of 2:1
quantitatively. Detailed examination of the reaction condi-
tions disclosed that the treatment of the tosylate with 1,5-
diazabicyclo[4.3.0]non-5-ene (DBN) in benzene under reflux
furnished only the desired 16 in excellent yield.

Dihydroxylation of 16 with osmium tetraoxide proceeded
stereoselectively from the $-side free from interruption by the
tricarbonyl iron function to give a cis-33,4f-diol 17 in 80 %
yield. The 'TH NMR spectrum of 17 exhibited two oxymethine
signals due to the 3-H (brd, J=11.1 Hz) and the 4-H (brs),
indicating construction of the desired 3(S), 4(R)-configura-
tions. The newly generated hydroxyl groups in 17 were
protected by triethylsilyl trifluoromethanesulfonate (TE-
SOTY) and 4-dimethylaminopyridine (DMAP) in pyridine to
give a di-TES ether. Subsequent cleavage of the tricarbonyl
iron residue by using trimethylamine N-oxide® afforded a
diene 18 (95 % for two steps). Hydroboration of 18 by use of a
borane dimethyl sulfide complex, followed by H,O, treatment
proceeded with moderate stereo- and regio-selectivity (62 %)
to give a 6a-alcohol. Deprotection of the TES groups by using
tetrabutylammonium fluoride (TBAF)?! provided a triol 19
in 90 % yield. The stereochemistry on the C5 and C6 carbons
in 19 was established to be a by the physico-chemical feature;
three characteristic signals assignable to the oxymethine
protons (6 =3.56, m, H3; 6=4.29, brs, H4; 6 =4.32, brd,
J=9.5 Hz, H6) were observed in the 'H NMR spectrum, and
the chemical shifts and coupling constants resembled those of
trideacetylagosterol A.Fl On acetylation with Ac,O in pyr-
idine, the triol 19 was converted to a triacetate, which was
further subjected to HF-pyridine treatment? to furnish
agosterol A (1) in 76 % yield for two steps. The synthesized
agosterol A was shown to be superimposable with the natural
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product!® isolated from the marine sponge in comparison of
the spectroscopic features such as 'H NMR, C NMR, IR,
MS, and optical rotation data.

Conclusion

We have achieved the first total synthesis of agosterol A (1)
from ergosterol (2), a readily available, naturally occurring
sterol, in 3.5% total yield through 23 steps. The present
synthetic protocol includes a regioselective, reductive epoxy-
cleavage reaction and regioselective dehydroxylation as the
key reactions.

Experimental Section

General: The following instruments were used to obtain physical data: a
Jasco DIP-370 digital polarimeter for specific rotations, a JASCO FT/IR-
5300 infrared spectrometer for IR spectra, a JEOLJMS SX-102 mass
spectrometer for FAB-MS, a JEOLJNM LA-500 (500 MHz), a
JEOLJNM-AL300 (300 MHz) spectrometer for 'H NMR spectra
('H NMR: CDCl; solution with tetramethylsilane (TMS) as internal
standard unless otherwise specified), and a Yanaco CHN CORDER(MT-5)
for elemental analysis. All new compounds bearing the 5,7-conjugated
diene portion were characterized by high-resolution FAB-MS because of
the lability in light; HPLC was performed by using an Hitachi L-6000 pump
equipped with an Hitachi L-4000H UV detector. Silica gel (Merck 60230
mesh) and precoated thin-layer chromatography plates (Merck, Kiesel gel,
60F,5,) were used for column chromatography and TLC, respectively. Spots
on TLC plates were detected by spraying Ce(SO,),/H,SO, [Ce(SO,),-
nH,0 (10 g) in 6.3 % aqueous H,SO, (1.0 L)] or acidic para-anisaldehyde
solution [para-anisaldehyde (25 mL), ¢-H,SO, (25 mL), AcOH (5 mL),
EtOH (425 mL)] with subsequent heating.

Conversion from ergosterol (2) to compound 3: Pr,NEt (20mL,
115 mmol) was added to a solution of ergosterol (15.2 g, 38.3 mmol) in
CH,Cl, (190 mL) at 0°C, then the whole mixture was stirred for 5 min.
Methoxymethyl (MOM) chloride (7.2 mL, 96 mmol) was added to the
reaction mixture at 0°C, then the whole mixture was stirred at room
temperature in the dark for a further 36 h. The reaction mixture was poured
into saturated aqueous NH,Cl, then the whole mixture was extracted with
EtOAc. The EtOAc extract was successively washed with 5% aqueous HCIl
and saturated aqueous NaCl, then dried over MgSO,. Removal of the
solvent from the EtOAc extract under reduced pressure gave a MOM ether
(19.4 g). A solution of Pb(OAc), (28.4 g, 64 mmol) in CH,Cl, (420 mL) and
glacial AcOH (5.0 mL) was slowly added to a solution of the MOM ether
(18.8 g) and phthalhydrazide (279 g, 172 mmol) in CH,Cl, (630 mL),
keeping the temperature between —5°C and 0°C. Then the whole mixture
was stirred at 0°C for 1 h. The reaction was quenched with ALO; (76 g,
745 mmol) and stirred for 30 min. After filtration, the filtrate was
successively washed with H,O, saturated aqueous NaHCO;, and saturated
aqueous NaCl, then dried over MgSO,. Removal of the solvent from the
CH,CI, layer under reduced pressure gave a crude product, which was
purified by column chromatography (SiO, 240 g, n-hexane/EtOAc 4:1) to
furnish compound 3 as a yellow amorphous solid. Yield: 18.2 g, 82%;
[a]E =—126.8° (¢=1.89 in CHCL;); '"H NMR (500 MHz, CDCL;) 6 =8.13
(m,2H; PhH), 732 (m,2H; PhH), 6.65,6.27 (both d,/ =7.9 Hz, 1 H; H6,7),
5.22 (dd, J=15.2, 79 Hz, 1H; H22 or 23), 5.14 (dd, /=152, 73 Hz, 1H;
H22 or 23), 4.72, 4.63 (ABq, J=6.7 Hz, 2H; 3-OCH,0CHs;), 3.54 (m, 1H;
H3), 3.34 (s, 3H; 3-OCH,0CHj;), 1.02 (s, 3H; H19), 1.02, 0.90 (both d, /=
6.7 Hz, 3H; H21,28), 0.84 (s, 3H; H18), 0.83, 0.81 (both d, /=6.7 Hz, 3H;
H26,27); IR #,,, (KBr): 2955, 1653, 1310, 1044 cm™!; FAB-MS m/z: 601
[M+H]"; FAB-HRMS m/z: caled for Cy;HgN,O,: 601.4005, found:
601.3994; elemental analysis calcd (%) for C;Hs,N,0, (600.8): C 75.96,
H 8.72, N 4.66; found C 76.31, H 8.63, N 4.88.

Ozonolysis of compound 3 followed by Grignard reaction giving compound

4: Ozone gas was bubbled through a solution of compound 3 (15.5 g,
25.8 mmol) in dry CH,Cl, (1.5L) and pyridine (44 mL, 541 mmol) at
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—60°C for 3 h. The excess O; was removed by bubbling with Ar, then the
whole mixture was treated with Me,S (9.4 mL, 129 mmol) at —60°C for
30 min. Removal of the solvent from the reaction mixture under reduced
pressure gave a crude aldehyde (18.3g). Mg (22.7 g, 0.95mol) was
activated by heating with a burner then cooled, and THF (630 mL) was
added. 3-Methylbutylbromide (78.6 mL, 0.63 mol) was slowly added to this
suspension, and the mixture was stirred for 1h to give a solution of
3-methylbutylmagnesium bromide (1.0M in THF). Some of this solution
(153 mL, 153 mmol) was added to a solution of the crude aldehyde (18.3 g)
in THF (220 mL) at — 78 °C, then the whole mixture was stirred for 1 h. The
reaction mixture was quenched with saturated aqueous NH,Cl and
extracted with EtOAc. The EtOAc extract was successively washed with
saturated aqueous Na,S,0; and saturated aqueous NaCl, then dried over
MgSO,. Removal of the solvent from the EtOAc extract under reduced
pressure gave a crude product, which was purified by column chromatog-
raphy (SiO, 200 g, PhH/acetone 10:1) to furnish compound 4 as a yellow
amorphous solid. Yield: 12.1 g, 90%; [a]3 = —114.6° (¢ =0.61 in CHCl;);
'H NMR (500 MHz, CDCl;) d =8.14 (m, 2H; PhH), 7.64 (m, 2H; PhH),
6.66, 6.27 (both d, /=79 Hz, 1H; H6,7), 4.72, 4.63 (ABq, J=6.7 Hz, 2H;
3-OCH,0CH;), 3.63 (m, 1H; H22), 3.54 (m, 1H; H3), 3.35 (s, 3H;
3-OCH,0CHj;), 1.03 (s, 3H; H19), 0.91 (d, J=6.7 Hz, 3H; H21), 0.89 (d,
J=6.7Hz, 6H; H26, 27), 0.81 (s, 3H; H18); IR 7, (KBr)=3482, 2951,
1651, 1312 cm™'; FAB-MS m/z: 605 [M+H]*; FAB-HRMS m/z: calcd for
C3H3N,O5: 605.3954, found: 605.3959; elemental analysis calcd (%) for
C;;H;,N,O5 (604.8): C 73.48, H 8.67, N 4.63; found C 73.73, H 8.73, N 4.81.

Inversion of hydroxyl group in compound 4 followed by LiAIH, reduction:
PMe; (4.5 mL, 43 mmol) was added to a solution of compound 4 (11.9 g,
19.6 mmol) and para-anisic acid (6.6 g, 43 mmol) in THF (56 mL), then
TMAD (7.4 g, 43 mmol) was added to the reaction mixture at 0°C and this
was stirred for 10 min. The whole mixture was stirred at room temperature
for 20 min, then warmed to 50°C and stirred at this temperature for 1.5 h.
Removal of the solvent from the reaction mixture under reduced pressure
gave a crude product, which was purified by column chromatography (SiO,
150 g, n-hexane/EtOAc 3:1) to furnish a para-anisyl ester (9.6 g, 66%). A
solution of the para-anisyl ester (9.5g, 12.9 mmol) in THF (193 mL) was
treated with LiAIH, (4.9 g, 129 mmol) under reflux for 2 h in the dark. The
reaction mixture was slowly quenched with 0.5N aqueous potassium
sodium tartrate at 0 °C, then the whole mixture was extracted with EtOAc.
The EtOAc extract was washed with saturated aqueous NaCl, then dried
over MgSO,. Removal of the solvent from the EtOAc extract under
reduced pressure gave a crude product, which was purified by column
chromatography (SiO, 120 g, n-hexane/EtOAc 6:1) to furnish compound 5
as a colorless amorphous solid. Yield: 5.1 g, 89%; [a]E =—46.2° (c=1.13
in CHCL;); 'H NMR (500 MHz, CDCl;) 6 =5.56 (dd, J=5.5, 1.9 Hz, 1H;
He6), 5.38 (dt, J=5.5, 2.6 Hz, 1H; H7), 472, 4770 (ABq, J=6.7 Hz, 2H;
3-OCH,0CH;), 3.63 (m, 1H; H22), 349 (m, 1H; H3), 3.38 (s, 3H;
3-OCH,0CH;), 0.95 (d, /=71 Hz, 3H; H21), 0.94 (s, 3H; H19), 0.91, 0.90
(both d, J=6.4 Hz, 3H; H26,27), 0.64 (s, 3H; H18); IR 7,,,, (KBr) =3482,
2946, 2876, 1462, 1044 cm~' ; FAB-MS m/z: 467 [M+Na]*; FAB-HRMS
m/z: caled for C,y)H,O;Na: 467.3502, found: 467.3503.

Preparation of (S)- and (R)-MTPA esters of compound 5: DMAP (2.7 mg,
0.022 mmol), EDCI-HCI (6.3 mg, 0.033 mmol) and (S)-MTPA (6.6 mg,
0.028 mmol) were successively added to a solution of compound 5 (5.0 mg,
0.011 mmol) in CH,Cl, (1.0 mL), then the whole mixture was stirred at
room temperature for 9 h in the dark. The reaction mixture was poured into
saturated aqueous NH,CI, then the whole mixture was extracted with
EtOAc. The EtOAc extract was washed with saturated aqueous NaCl, then
dried over MgSO,. Removal of the solvent from the EtOAc extract under
reduced pressure gave a crude product, which was purified by column
chromatography (SiO, 2 g, n-hexane/EtOAc 10:1) to furnish an (§)-MTPA
ester as a colorless amorphous solid. Yield: 5.8 mg, 82%; [a]y = —67.3°
(c=0.44 in CHCL); 'H NMR (500 MHz, CDCl;) 6=754 (m, 2H;
(OCH;)PhCF;), 739 (m, 3H; (OCH;)PhCEF;), 5.58 (dd, J=5.5, 1.9 Hz,
1H; H6), 5.40 (dt, J=5.5, 2.5 Hz, 1H; H7), 5.08 (brd, J=10.5Hz, 1H;
H22), 4.72, 470 (ABq, J=6.6 Hz, 2H; 3-OCH,0OCH;), 3.56 (s, 3H;
(OCH;)PhCF;), 3.52 (m, 1H; H3), 3.38 (s, 3H; 3-OCH,0CHj), 1.83 (m,
1H; H20), 1.48 (m, 4H; H23, 24), 0.95 (s, 3H; H19), 0.87, 0.85 (both d, J =
6.6 Hz, 3H; H26,27), 0.75 (d, J= 6.6 Hz, 3H; H21), 0.62 (s, 3H; H18); IR
Tmax  (KBr)=2949, 1742, 1454, 1269, 1169 cm~'; FAB-MS m/z: 683
[M+Na]*; FAB-HRMS m/z: caled for C;HssF;0sNa: 683.3900, found:
683.3889.
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An (R)-MTPA ester (5b), a colorless amorphous solid, was prepared from
5 (4.7 mg, 0.0106 mmol) in the same manner. Yield: 5.1 mg, 76 %; [a]} =
—14.5° (¢=0.19 in CHCl;); '"H NMR (500 MHz, CDCl;) d =7.54 (m, 2H;
(OCH,)PhCF;), 739 (m, 3H; (OCH,)PhCF,), 5.58 (dd, J = 5.5, 1.9 Hz, 1 H;
H6), 541 (dt, J=5.5, 2.5 Hz, 1 H; H7), 5.10 (brd, J=10.2 Hz, 1 H; H22),
472, 470 (ABg, J=66Hz, 2H; 3-OCH,OCH)), 3.58 (s, 3H;
(OCH;)PhCF;), 3.53 (m, 1H; H3), 3.38 (s, 3H; 3-OCH,0CH;), 1.90 (m,
1H; H20), 1.43 (m, 4H; H23,24), 0.97 (d, J = 6.6 Hz, 3H; H21), 0.95 (s, 3H;
H19), 0.80 (d, J=6.4 Hz, 3H; H27), 0.75 (d, J = 6.4 Hz, 3H; H26), 0.64 (s,
3H; H18),; IR 7, (KBr)=2949, 1736, 1454, 1269, 1167 cm~!; FAB-MS
m/z: 683 [M+Na]*; FAB-HRMS m/z: calcd for C;HssF;0sNa: 683.3899,
found: 683.3901.

Conversion from compound 5 to compound 9: 2.6-Lutidine (2.4 mL,
20.4 mmol), then TBSOTT (4.2 mL, 18.4 mmol) were added to a solution of
compound 5 (4.55 g, 10.2 mmol) in DMF/CH,C], (2:1, 93 mL) at room
temperature and the whole mixture was stirred for 1 h in the dark. The
reaction mixture was poured into saturated aqueous NH,CI, then the whole
mixture was extracted three times with EtOAc/PhCH; (1:1). The organic
layer was washed with saturated aqueous NaCl, then dried over MgSO,.
Removal of the solvent from the organic layer under reduced pressure gave
a crude product, which was purified by column chromatography (SiO,
100 g, n-hexane/EtOAc 30:1) to furnish compound 6 (52¢g, 91%). A
solution of compound 6 (5.2¢g, 9.25mmol) in EtOH/AcOH/CHCI,
(100:0.056:70, 263 mL) was treated with Hg(OAc), (14.7 g, 46.3 mmol) at
room temperature for 17 h in the dark. After filtration through a SiO,
column (25 g) with EtOAc/CHClI; (1:1) as eluant, removal of the solvent
from the filtrate under reduced pressure gave a crude product, a solution of
which in CHCI; was passed through a Florisil® column to give a triene 9
(5.1 g). Since 9 was partly degraded in the SiO, column chromatography,
the next transformation was carried out without further purification, except
for separating the sample for characterization. An aliquot of the crude
product (21 mg) was purified by SiO, column chromatography (SiO, 2 g, n-
hexane/EtOAc 20:1) to furnish a triene 9 as a colorless amorphous solid.
Yield: 17mg, 80%; [a]f=+152.9° (c=149 in CHClL;); 'H NMR
(500 MHz, CDCl;) 6=5.68, 550, 540 (all brd, J=ca. 6Hz, 1H;
H6,711), 4.69 (brs, 2H; 3-OCH,0CH;), 3.90 (brd, J=8.7 Hz, 1H; H22),
3.49 (m, 1H; H3), 3.37 (s, 3H; 3-OCH,0CH;), 1.25 (s, 3H; H19), 0.87 (m,
18H; 22-0OSi(CH;),C(CH;);, H21,26,27), 0.56 (s, 3H; H18), 0.03 (s, 6 H; 22-
OSi(CH;),C(CHj;)s); IR 9, (KBr) =2951, 1464, 1254, 1044 cm~'; FAB-MS
miz: 579 [M+Na]*; FAB-HRMS m/z: caled for C;5HgO5SiNa: 579.4210,
found: 579.4194.

Conversion from 7,8-didehydrocholesterol (8) to compound 10: The same
treatment of compound 8 (2.9 g, 7.8 mmol) as in the preparation for the
MOM ether of compound 2 gave a crude product, which was purified by
column chromatography (SiO, 70 g, n-hexane/EtOAc 30:1) to furnish 7
(3.07 g, 96 % ). The MOM ether 7 (1.65 g, 3.86 mmol) was transformed to a
triene 10 (1.4 g) in the same manner as for the preparation for compound 9.
Because of the same property as compound 9, the triene 10 was also
converted without further purification. An aliquot of the crude product
(20 mg) was purified by column chromatography (SiO, 2 g, n-hexane/
EtOAc 20:1) to furnish compound 10 as a colorless amorphous solid. Yield:
16 mg, 85%; [a]y =+162.5° (c=4.59 in CHCL); 'H NMR (500 MHz,
CDCl;) 6 =5.67, 5.50, 5.40 (all brd, J=ca. 6 Hz, 1H; H6,7,11), 4.68 (brs,
2H;3-OCH,0CH,;), 3.49 (m, 1H; H3), 3.37 (s, 3H; 3-OCH,0CH}), 1.24 (s,
3H; H19),0.92 (d, J=6.1 Hz, 3H; H21), 0.87, 0.86 (both d,J=6.7 Hz, 3H;
H26,27), 0.56 (s, 3H; H18); IR #,, (KBr)= 2949, 1466, 1148, 1105,
1044 cm™! ; FAB-MS m/z: 449 [M+Na]*; FAB-HRMS m/z: calced for
CyoH,ys0,Na: 449.3395, found: 449.3385.

Conversion from compound 9 to compound 11: A solution of compound 9
(4.8 g) in CH,Cl, (121 mL) was treated with 4-phenyl-1,2,4-triazoline-3,5-
dione (1.53 g, 8.72 mmol) at room temperature for 1 h. Removal of the
solvent from the reaction mixture under reduced pressure gave a crude
product, which was purified by column chromatography (SiO, 100 g, n-
hexane/EtOAc 5:1) to furnish a Diels— Alder adduct (4.8 g, 71% from
compound 6). A solution of the Diels— Alder adduct of compound 9 (4.6 g,
6.34 mmol) in CHCI; (127 mL) was treated with 3-chloro peroxybenzoic
acid (mCPBA) (10.9 g, 63.4 mmol) at room temperature for 17 h. The
reaction mixture was poured into 20% aqueous K,CO;, then the whole
mixture was extracted with EtOAc. The EtOAc extract was successively
washed with saturated aqueous NaHCO; and saturated aqueous Na,S,0;/
saturated aqueous NaCl (1:1), then dried over MgSO,. Removal of the
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solvent from the EtOAc extract under reduced pressure gave a crude
product, which was purified by column chromatography (SiO, 120 g, n-
hexane/EtOAc 2:1) to furnish a mixture of compound 11 and an 9(11)-en-
6,7-epoxide isomer in a ratio of 3:1 (4.5 g, 95 %). An aliquot of this mixture
(20 mg) was purified by HPLC [column: COSMOSIL 5C18-AR-II (20 mm
@ x 250 mm), mobile phase: MeOH/H,0O 99:1, detection: UV (4 =230 nm),
flow rate: 5.0 mL min~!] to furnish compound 11 (14 mg) and the 9(11)-en-
6,7-epoxide isomer (4.7 mg) both as colorless amorphous solids.

Compound 11: [a]# =—58.3° (¢=1.22 in CHCl;); '"H NMR (500 MHz,
CDCl;) 6 =742 (m, 4H; PhH), 731 (m, 1H; PhH), 6.53, 6.30 (both d, J =
8.5 Hz, 1H; H6,7), 4.80, 4.72 (ABq, J=6.6 Hz, 2H; 3-OCH,OCHs;), 4.27
(m, 1H; H3), 3.57 (dt, J=82, 3.6Hz, 1H; H22), 3.38 (s, 3H;
3-OCH,0CH;), 3.25 (brd, J=5.6 Hz, 1H; H11), 1.09 (s, 3H; H19), 0.90
(d, J=6.6 Hz, 3H; H21), 0.88 (s, 9H; 22-OSi(CH,),C(CH;);), 0.86, 0.85
(both d, J=6.6 Hz, 3H; H26,27), 0.75 (s, 3H; H18), 0.03, 0.02 (both s, 3H;
22-0Si(CHj3),C(CHj3)3); IR 7, (KBr) =2953, 1759, 1711, 1399, 1046 cm™;
FAB-MS m/z: 770 [M+Na]*; FAB-HRMS m/z: calcd for Cy3HsN;O4SiNa:
770.4540, found: 770.4513; elemental analysis calcd (%) for C,;3HgsN;OSi
(748.1): C 69.04, H 8.76, N 5.62; found C 68.74, H 8.73, N 5.29.
9(11)-En-6,7-epoxide: [a]y=-19.8° (¢=0.64 in CHCl;); 'H NMR
(500 MHz, CDCl;) 6 =744 (m, 4H; PhH), 7.34 (m, 1H; PhH), 5.78 (brd,
J=5.5Hz,1H;H11),4.79,4.68 (ABq,J = 6.6 Hz,2H; 3-OCH,0CHs;), 4.03
(m, 1H; H3), 3.59 (m, 1H; H22), 3.37 (s, 3H; 3-OCH,0CH;), 3.62, 3.35
(both d, J=4.6 Hz, 1H; H6,7), 1.36 (s, 3H; H19), 0.91 (d, J=6.8 Hz, 3H;
H21), 0.89 (s, 9H; 22-OSi(CH,),C(CHj);), 0.86, 0.85 (both d, J=6.4 Hz,
3H; H26,27), 0.81 (s, 3H; H18), 0.03 (s, 6H; 22-0Si(CH;),C(CHjs);); IR
Tmax (KBr) =2951, 1765, 1713, 1399, 1044 cm~'; FAB-MS m/z: 748 [M+H]*;
FAB-HRMS m/z: calcd for CizHgN;O(Si: 748.4721, found: 748.4724;
elemental analysis calcd (%) for C,;3HgsN;O4Si (748.1): C 69.04, H 8.76, N
5.62; found C 69.19, H 8.81, N 5.72.

Conversion from compound 10 to compound 12: The same treatment of
compound 10 (1.36 g, 3.18 mmol) as in the preparation for compound 11
gave a crude product, which was purified by column chromatography (SiO,
36 g, n-hexane/EtOAc 7:2) to furnish a Diels— Alder adduct of compound
10 (1.8 g, 94 %). Epoxidation of the 22-deoxy congener was conducted in
the same manner as for the preparation of compound 11 to furnish
compound 12 and an 6,7-epoxide isomer in a ratio of 4:1 (1.3 g, 80%)
through chromatographic purification (SiO, 40 g, n-hexane/EtOAc 5:2).
An aliquot of this mixture (21 mg) was purified by HPLC [column:
COSMOSIL 5C18-AR-II (20 mm @ x 250 mm), mobile phase: MeOH/H,0
99:1, detection: UV (1=230nm), flow rate: 5.0 mLmin~!] to furnish
compound 12 (15mg) and the 9(11)-en-6,7-epoxide isomer (3.8 mg) as
colorless amorphous solids.

Compound 12: [a]} =—91.9° (¢=1.07 in CHCL); 'H NMR (500 MHz,
CDCl;) 0 =742 (m, 4H; PhH), 731 (m, 1H; PhH), 6.54, 6.29 (both d, /=
8.4 Hz, 1H; H6,7), 4.81, 4.72 (ABq, J=6.8 Hz, 2H; 3-OCH,0OCH,;), 4.27
(m, 1H; H3), 3.38 (s, 3H; 3-OCH,0CH), 3.25 (brd, J=5.5 Hz, 1 H; H11),
1.09 (s, 3H; H19), 0.92 (d, /=6.5Hz, 3H; H21), 0.86, 0.85 (both d, /=
6.7 Hz, 3H; H26,27), 0.75 (s, 3H; H18); IR #,,, (KBr): 2953, 1757, 1707,
1399, 1046 cm™!; FAB-MS m/z: 618 [M+H]*; FAB-HRMS m/z: caled for
C3Hs,N;O5: 618.3907, found: 618.3922; elemental analysis calcd (%) for
Cy;H;,N;05 (617.8): C 71.93, H 8.32, N 6.80; found C 72.13, H 8.62, N 6.85.
9(11)-Ene-6,7-epoxide: [a]¥ =—26.2° (¢=036 in CHCl); 'H NMR
(500 MHz, CDCl;) 6 =743 (m, 4H; PhH), 7.33 (m, 1H; PhH), 5.77 (dd,
J=6.7,1.6 Hz, 1H; H11), 4.80, 4.68 (ABq, J = 6.8 Hz, 2H; 3-OCH,OCH,),
4.08 (m, 1H; H3), 3.63, 3.35 (both d, J=4.8 Hz, 1H; H6,7), 3.37 (s, 3H;
3-OCH,0CH;), 1.35 (s, 3H; H19), 0.93 (d, /= 6.5 Hz, 3H; H21), 0.86 (d,
J=6.8 Hz, 6H; H26,27), 0.82 (s, 3H; H18); IR 7, (KBr)=2930, 1763,
1711, 1412, 1044 cm~'; FAB-MS m/z: 618 [M+H]*; FAB-HRMS m/z: calcd
for C3;H;,N;05: 618.3907, found: 618.3906; elemental analysis caled (% ) for
Cy3;H;,N;O5 (617.8): C 71.93, H 8.32, N 6.80; found C 72.09, H 8.43, N 6.93.

Reductive cleavage of the epoxide 11: A solution of the epoxide 11 (21 mg,
0.028 mmol) in THF (1.8mL) was treated with LiAlH, (10.6 mg,
0.28 mmol) under reflux for 15 h in the dark. Work-up in the same manner
as for the preparation of compound 5 gave a crude product, which was
purified by column chromatography (SiO, 2 g, n-hexane/EtOAc 4:1) to
furnish compound 13 (6.0 mg, 48 % ).

Reductive cleavage of the epoxide 11 by using Et,AICl: A solution of

EtAICI (1.0M in n-hexane; 8.0 mL, 80.0 mmol) was added to a solution of
the epoxide 11 (3.0 g, 4.0 mmol) in THF (251 mL), then the whole mixture
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was refluxed for 6 h in the dark. The reaction mixture was treated with
LiAlH, (1.5 g, 40 mmol) under reflux for 1 h in the dark. Work-up in the
same manner as for the preparation of compound 5 above gave a crude
product, which was purified by column chromatography (SiO, 50 g, n-
hexane/EtOAc 4:1) to furnish compound 13 as a colorless amorphous solid.
Yield: 1.5 g, 84%; [a]3 = —20.1° (c=0.16 in CHCl;); 'H NMR (500 MHz,
CDCl;) 6 =5.54 (dd, J=5.5,1.9 Hz, 1H; H6), 5.38 (dt, /=5.5,2.6 Hz, 1H;
H7),4.72, 4.70 (ABq, J =6.7 Hz, 2H; 3-OCH,0CH;), 4.21 (m, 1H; H11),
3.55(m,2H; H3,22),3.38 (s,3H; 3-OCH,0CHj),2.03 (brd,/ =8.5 Hz, 1 H;
H9), 1.11 (s, 3H; H19), 0.95 (d, J=6.7 Hz, 3H; H21), 0.88 (s, 9H; 22-
OSi(CHs;),C(CHj3)s), 0.87 (d, J=6.4 Hz, 6H; H26,27), 0.61 (s, 3H; H18),
0.03, 0.02 (both s, 3H; 22-OSi(CH;),C(CHs)3); IR #,,,, (KBr) =3401, 2948,
1464, 1042 cm™~'; FAB-MS m/z: 597 [M+Na]*; FAB-HRMS m/z: calcd for
C35H,0,SiNa: 5974315, found: 597.4321.

Conversion from compound 12 to compound 14: The same treatment of
compound 12 (542 mg, 0.877 mmol) as in the preparation for compound 13
was carried out to furnish compound 14 (351 mg, 90 %) through chromato-
graphic purification (SiO, 20 g, n-hexane/EtOAc 6:1) as a colorless
amorphous solid: [a]} = —44.6° (¢=0.34 in CHCl;); 'H NMR (500 MHz,
CDCl;) 6 =5.54 (dd, J=5.5,1.9 Hz, 1 H; H6), 5.37 (dt,J=5.5,2.6 Hz, 1 H;
H7), 471, 4.69 (ABq, J=6.9 Hz, 2H; 3-OCH,0CH,), 4.21 (ddd, /=10.8,
9.3,5.5Hz, 1H; H11), 3.54 (m, 1H; H3), 3.38 (s, 3H; 3-OCH,0CH};), 2.02
(d, J=9.3 Hz, 1H; H9), 1.11 (s, 3H; H19), 0.96 (d, J=6.5 Hz, 3H; H21),
0.87, 0.86 (both d, J=6.7 Hz, 3H; H26,27), 0.62 (s, 3H; H18); IR 7,
(KBr) = 3405, 2955, 1466, 1107, 1042 cm~'; FAB-MS m/z: 467 [M+Na]*;
FAB-HRMS m/z: caled for C,yH,O;Na: 467.3501, found: 467.3530.

Conversion from compound 13 to compound 15: 2,6-Lutidine (1.07 mL,
9.2 mmol), then TBSOTT (1.75 mL, 7.64 mmol) were added to a solution of
compound 13 (1.36 g, 3.06 mmol) in PhCHj; (99 mL) at room temperature
and the whole mixture was stirred for 1 h in the dark. Work-up in the same
manner as for the preparation of the TBS ether of compound 5a gave a
crude product, which was purified by column chromatography (SiO, 50 g,
n-hexane/EtOAc 30:1) to furnish an TBS ether as a colorless amorphous
solid. Yield: 2.0 g, 95%; [a]§ =—15.7° (¢=0.10 in CHCL;); '"H NMR
(500 MHz, CDCl;) 6 =5.50 (dd, J=5.5, 1.9 Hz, 1H; H6), 5.33 (dt, J=5.5,
2.6 Hz, 1H; H7),4.71,4.69 (ABq, J=6.7 Hz, 2H; 3-OCH,0CH,), 4.27 (td,
J=10.7, 54Hz, 1H; HI11), 3.55 (m, 2H; H3, 22), 338 (s, 3H;
3-OCH,0CH;), 2.14 (d, J=10.7 Hz, 1H; H9) 1.08 (s, 3H; H19), 0.94 (d,
J=6.7Hz, 3H; H21), 0.89 (s, 18 H; 11, 22-0OSi(CH;),C(CH3);), 0.87 (d, J =
6.4 Hz, 6H; H26,27), 0.59 (s, 3H; H18), 0.10, 0.09 (both s, 3H; 11,22-
OSi(CH;),C(CH;);), 0.03 (s, 6H); IR %, (KBr)=2953, 1466, 1256,
1047 cm~'; FAB-MS m/z: 711 [M+Na]*; FAB-HRMS m/z: calcd for
C,;H70,Si;Na: 711.5180, found: 711.5170.
1-(4-Methoxyphenyl)-4-phenyl-1-azabuta-(E,E)-1,3-diene (190 mg,
0.8 mmol) and Fe(CO); (18 mL, 138 mmol) were added to a solution of
the TBS ether (1.9 g, 2.76 mmol) in PhCH; (18 mL), and the whole mixture
was refluxed for 27 h in the dark. Removal of the solvent from the reaction
mixture under reduced pressure gave a crude product, which was purified
by column chromatography (SiO, 50 g, n-hexane/acetone 30:1) to furnish a
tricarbonyl iron complex (2.1 g, 94 % ). MgBr, - Et,0 (2.3 g, 9.0 mmol) was
gradually added to a solution of this complex (1.24 g, 1.5 mmol) in CH,Cl,
(15 mL) and Me,S (3.3 mL, 45 mmol) at room temperature, then the whole
mixture was stirred for 4 h in the dark. Work-up in the same manner as for
the preparation of the TBS ether of compound 5a gave a crude product,
which was purified by column chromatography (SiO, 50 g, n-hexane/
EtOAc 5:1) to furnish compound 15 as a yellow amorphous solid. Yield:
860 mg, 73%; [a]y =—21.6° (¢=0.13 in CHCL); 'H NMR (500 MHz,
CDCl;) 6 =5.22,4.92 (bothd,/=4.4 Hz, 1H; H6,7),3.68 (m, 1H; H3), 3.53
(m, 2H; H11,22), 1.09 (s, 3H; H19), 0.90 (d, / =7.0 Hz, 3H; H21), 0.88 (m,
15H; 11 or 22-OSi(CH;),C(CH;);, H26,27), 0.85 (s, 9H; 11 or 22-
OSi(CH;),C(CHj3)s), 0.69 (s, 3H; H18), 0.08 (s, 3H), 0.02 (s, 6H), 0.01 (s,
3H) [11,22-0Si(CH;),C(CH;);]; IR 7, (KBr)=23414, 2957, 2033, 1962,
1470, 1254, 1063 cm™'; FAB-MS m/z: 807 [M+Na]*; FAB-HRMS m/z:
caled for Cy,H,,FeOSi,Na: 807.4115, found: 807.4088.

Conversion from compound 15 to compound 16: TsCl (2.07 g, 10.9 mmol)
was added to a solution of compound 15 (850 mg, 1.08 mmol) in pyridine
(21.7 mL), then the whole mixture was stirred at room temperature for 12h
in the dark. The reaction mixture was poured into 5% aqueous HCI, then
the whole mixture was extracted with EtOAc. The EtOAc extract was
washed with saturated aqueous NaCl, then dried over MgSO,. Removal of
the solvent from the EtOAc extract under reduced pressure gave a crude
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product, which was purified by column chromatography (SiO, 50 g, n-
hexane/EtOAc 15:1) to furnish a tosylate (1.1 g, quant.). A solution of the
tosylate (884 mg, 0.94 mmol) in PhH (56 mL) was heated under reflux with
DBN (11.7 mL, 94 mmol) for 26 h in the dark. Work-up in the same manner
as for the preparation of the TBS ether of compound Sa gave a crude
product, which was purified by column chromatography (SiO, 30 g, 100 %
n-hexane) to furnish compound 16 as a yellow amorphous solid. Yield:
722 mg, quant.; [a] =—152.3° (¢=0.34 in CHCl;); '"H NMR (500 MHz,
CDCl;) 0=5.59 (brs, 2H; H3,4), 5.19, 4.99 (both d, /] =4.3 Hz, 1H; H6,7),
3.62 (td,J=10.5,4.9 Hz, 1H; H11), 3.54 (m, 1H; H22), 0.97 (s, 3H; H19),
0.92 (d, /=6.9 Hz, 3H; H21), 0.88 (m, 24H; 11,22-0OSi(CH;),C(CH3);,
H26,27), 0.72 (s, 3H; HI8), 007, 0.02 (both s, 6H; 1122-
OSi(CH;),C(CH3);); IR 7, (KBr)=2959, 2033, 1960, 1468, 1256,
1059 cm~!; FAB-MS m/z: 789 [M+Na]*; FAB-HRMS m/z: caled for
C,,H,(FeOsSi,Na: 789.4009, found: 789.3998.

Dihydroxylation of compound 16 with OsO,: A solution of compound 16
(617 mg, 0.805 mmol) in pyridine (8.6 mL) was treated with OsO, (1.0M in
Py, 1.17 mL, 1.17 mmol) at room temperature for 5.5 h in the dark. The
reaction mixture was successively treated with H,O (34 mL) and NaHSO;
(11.7 g, 97.5 mmol), then the whole mixture was stirred at room temper-
ature for 24 h in the dark. The mixture was extracted with EtOAc, then the
EtOAc extract was washed with saturated aqueous NaCl and dried over
MgSO,. Removal of the solvent from the EtOAc extract under reduced
pressure gave a crude product, which was purified by column chromatog-
raphy (SiO, 15 g, n-hexane/EtOAc 3:1) to furnish compound 17 as a yellow
amorphous solid. Yield: 493 mg, 80 %; [a]F = —35.2° (¢ =0.79 in CHCL,);
'H NMR (500 MHz, CDCl;) 6 =5.41, 5.30 (both d, /=4.5 Hz, 1H; H6,7),
3.84 (brd,J=11.1 Hz, 1H; H3), 3.80 (brs, 1H; H4), 3.52 (m, 2H; H11,22),
1.23 (s, 3H; H19), 0.90 (d, /=6.8 Hz, 3H; H21), 0.89 (d, /=72 Hz, 3H;
H2e, 27), 0.87 (d, J=72Hz, 3H), 0.88 (s, 9H), 0.85 (s, 9H; [11, 22-
OSi(CHs;),C(CH;)s]), 0.68 (s, 3H; H18), 0.04 (s, 3H), 0.02 (s, 6H), 0.01 (s,
3H) [11,22-OSi(CH;),C(CH;);]; IR %, (KBr)=3405, 2953, 2035, 1964,
1466, 1256, 1061 cm™'; FAB-MS m/z: 823 [M+Na]*; FAB-HRMS m/z:
caled for C,,H,,FeO,Si,Na: 823.4064, found: 823.4060.

Conversion from compound 17 to compound 18: DMAP (6.0 mg,
0.049 mmol) was added to a solution of compound 17 (42.7 mg,
0.053 mmol) in pyridine (1.0 mL), then the reaction mixture was treated
with TESOTT (89 pL, 0.39 mmol) at room temperature for 1 h in the dark.
Work-up in the same manner as for the preparation of compound 5a gave a
crude product, which was purified by column chromatography (SiO, 2 g, n-
hexane/EtOAc 100:1) to furnish a di-TES ether (56.0 mg, quant.). A
solution of the di-TES ether (55.0 mg, 0.052 mmol) in PhH (5.2 mL) was
treated with Me;NO (78 mg, 1.04 mmol) at room temperature for 28 h in
the dark. Work-up in the same manner as for the preparation of compound
5a gave compound 18 as a colorless amorphous solid. Yield: 44 mg, 95 %;
[a]® =—76.1° (c=1.46 in CHCL;); '"H NMR (500 MHz, CDCl;) 6 = 5.66 (d,
J=5.6 Hz, 1H; H6), 5.40 (dt, J =5.6, 2.8 Hz, 1H; H7), 4.28 (m, 1 H; H11),
4.10 (brs, 1H; H4), 3.57 (brd, J=8.4 Hz, 1H; H22), 3.51 (brd,J=11.4 Hz,
1H; H3),1.20 (s, 3H; H19), 0.95 (3,4-OSi(CH,CH5;),, 21 H; H21), 0.90, 0.89
(both's, 9H; 11 or 22-OSi(CH,),C(CH5);), 0.88 (d, J = 6.6 Hz, 6 H; H26,27),
0.60 (s, 15H; 3,4-OSi(CH,CHj;);, H18), 0.10, 0.09 (both s, 3H; 11 or 22-
0Si(CH,),C(CH,),), 0.03 (s, 6H); IR #,,, (KBr)=2953, 1462, 1254, 1090,
835cm™!; FAB-MS m/z: 911 [M+Na]*; FAB-HRMS m/z: caled for
Cs5;H,0O,Si,Na: 911.6597, found: 911.6587.

Hydroboration followed by deprotection of TES groups giving compound
19: A solution of BH;+SMe, (2.0M, 0.048 mmol) in THF, (27 pL) was added
to a solution of compound 18 (21.0 mg, 0.024 mmol) in THF (0.8 mL) at
0°C, then the whole mixture was stirred at room temperature for 2 h in the
dark. The reaction mixture was treated with MeOH (50 puL) at 0°C, then
1.0N aqueous NaOH (66 uL) and 30% aqueous H,O, (17 pL) were
successively added to the reaction mixture at 0°C. After being stirred at
room temperature for 1 h, the whole mixture was poured into saturated
aqueous NaCl, and was then extracted with EtOAc. The EtOAc extract was
washed with saturated aqueous Na,S,0Os/saturated aqueous NaCl (1:1),
then dried over MgSO,. Removal of the solvent from the EtOAc extract
under reduced pressure gave a crude product, which was purified by
column chromatography (SiO, 2 g, n-hexane/EtOAc 40:1) to furnish an 6a-
alcohol (13.4 mg, 62 % ). A solution of the 6a-alcohol (11.0 mg, 0.012 mmol)
in THF (1.84 mL) was treated with TBAF (1.0Mm in THF, 120 uL,
0.12 mmol) at 20°C for 24 h. The reaction mixture was poured into
saturated aqueous NaCl, then the whole mixture was extracted with
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EtOAc. The EtOAc extract was washed with saturated aqueous NaCl, then
dried over MgSO,. Removal of the solvent from the EtOAc extract under
reduced pressure gave a crude product, which was purified by column
chromatography (SiO, 2 g, n-hexane/EtOAc 1:3) to furnish compound 19
as a colorless amorphous solid. Yield: 7.4 mg, 90 %; [a]¥ = +15.0° (¢ =0.18
in CHCl;); '"H NMR (500 MHz, CDCl;) 6 =5.33 (brs, 1H; H7), 4.32 (brd,
J=9.5Hz, 1H; H6), 4.29 (brs, 1H; H4), 3.99 (td, /=109, 5.2 Hz, 1H;
H11),3.56 (m, 2H; H3,22), 1.14 (s, 3H; H19), 0.91 (d,/ = 6.6 Hz, 3H; H21),
0.89, 0.88 (both s, 9H; 11 or 22-OSi(CH,;),C(CHj);), 0.87 (d,J = 6.6 Hz, 6 H;
H26,27), 0.53 (s, 3H; HI8), 0.09, 0.08 (both s, 3H; 11, 22-
OSi(CHj;),C(CHs)s), 0.02 (s, 6H); IR 7, (KBr) =3409, 2957, 1472, 1254,
1063, 835 cm™!; FAB-MS m/z: 701 [M+Na]*; FAB-HRMS m/z: calcd for
C3H7,055i,Na: 701.4973, found: 701.4948.

Conversion from compound 19 to agosterol A (1): A solution of compound
19 (5.6 mg, 0.0082 mmol) in pyridine (1.6 mL) was treated with Ac,0O
(0.4mL) at 50°C for 24 h. Work-up in the same manner as for the
preparation of compound Sa gave a crude product, which was purified by
column chromatography (SiO, 2 g, n-hexane/EtOAc 3:1) to furnish a
triacetate (6.0 mg, 91 % ). A solution of the triacetate (4.0 mg, 0.005 mmol)
in THF (1.5mL) was treated with 70% HF-pyridine (0.3 mL) at room
temperature for 24 h. The reaction mixture was poured into saturated
aqueous NaHCO;, then the whole mixture was extracted with EtOAc. The
EtOAc extract was successively washed with saturated aqueous NaCl,
saturated aqueous NaHCO;, and saturated aqueous NaCl, then dried over
MgSO,. Removal of the solvent from the EtOAc extract under reduced
pressure gave a crude product, which was purified by column chromatog-
raphy (SiO, 2 g, n-hexane/EtOAc 1:1) to furnish agosterol A (1) (2.4 mg,
84 % ). The synthesized agosterol A was identical with the authentic sample
as shown by 'H NMR, BC NMR, IR, MS, and optical rotation.
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Mechanism of 1,6-Addition Reactions of Organocuprates:
Detailed NMR Spectroscopic Study of a Cuprate — Enyne w Complex

Johannes Canisius,®! T. Andrew Mobley,”! Stefan Berger,”! and Norbert Krause*!#!

Abstract: A detailed NMR-spectroscopic study of the multiply *C-labeled cuprate

7t complexes 2, 2a and 2b was carried out. The *C,3C coupling constants observed
were interpreted in terms of a deformation of the cuprate —alkene complex from the
expected idealized square plane. This conclusion is in agreement with NOESY and

ROESY data acquired with unlabeled material.

Introduction

The conjugate addition of organocuprate reagents to a,f(-
unsaturated carbonyl compounds belongs to the basic car-
bon —carbon forming reactions.'l Among the different classes
of Michael additions, the 1,4-addition to enones, enoates, and
acetylenic esters is still the most noted, but recent develop-
ments expand the reaction to 1,6-, 1,8-, 1,10-, and 1,12-
additions to Michael acceptors that bear a conjugated system
of double and triple bonds.”!

Examining the reactivity of cuprates and the mechanism of
the conjugate addition reactions is, therefore, a matter of
great interest. While the structures of organocuprate reagents
have been successfully studied by X-ray diffraction methods,!
the most promising method for studying the mechanism of
copper-mediated reactions is NMR spectroscopy at low
temperatures. In all cases examined so far, @ complexes of
the cuprate at the C=C double bond adjacent to the carbonyl
function are formed, as has been shown by different groups
for 1,4-addition® and by us for 1,6- and 1,8-addition reac-
tions.”) This and quantum-chemical calculations® as well as
the determination of activation parameters by kinetic stud-
ies”l indicate that a common reaction pathway of conjugate
additions of organocuprate reagents is likely. In the case of the
1,6-addition, which shows strong similarities to 1,4-additions
in terms of m-complex structure and activation parameters,
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the enyne A reacts with a cyano-Gilman cuprate R,CuLi-
LiCN at low temperature to form  complex B;F this then
decomposes through an oxidative addition into the ¢ cop-
per(i) species C, which could be in equilibrium with the
allenic copper compound D. Both species seem also to contain
lithium cyanide, and reductive elimination of the lower order
cyanocuprate RCu(CN)Li from the latter intermediate then
produces the 1,6-adduct E.!

In this paper, we present a detailed NMR spectroscopic
study of multiply 3C-labeled cuprate & complexes of type B.
The observed *C,3C coupling constants allow an insight into
structural details of the cuprate —alkene; this is corroborated
with NOESY and ROESY experiments.
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Results and Discussion

As one of our groups has previously described,™ in 7t complex
B the cuprate is coordinated to the C=C double bond adjacent
to the carbonyl function. This conclusion was based on the
decrease of the C—-C coupling constant between the double
bond carbon atoms from 74 to 53 Hz upon cuprate complex-
ation of 1 (Figure 1). In addition, when using '*C-labeled

a

b
HyC

C,C Coupling constants / JLi
T T, Cu .

Jas 53 Hz - 1 o .

Jap <4Hz 162Hz ~_ H |

J2a 0Hz 3 é ',

Jap ~0Hz S

J3a 12 Hz / ? OFEt

Jap OHz *~ 1621z

Bu H

53 Hz

Figure 1. Coupling constants of & complex 2.

enynoates 1a/b, a coupling of 12 Hz between C-3 and one of
the copper-bound methyl groups was observed. These data,
along with an absence of evidence for interaction of the
cuprate with the triple bond led us to believe that the cuprate
interacts with the double bond moiety of the substrate
exclusively. An enolate type addition product is considered
unlikely because there is no change in the Jy coupling
constants at the 2- and 3-positions (162 Hz) compared with
the free enynoate.

In order to gain additional information about the structure
of cuprate m complexes B, we generated complex 2 by
treatment of 2-en-4-ynoate 1 with (**CH,),CuLi-LiCN in
[Dg]THF at —80°C. This complex is particularly well-suited
for detailed structural studies as the chemically nonequivalent
methyl groups of the cuprate are “static” on the NMR
timescale. Spectroscopic studies of *C-labeled cuprate com-
plex 2 support the conclusions reached above. The additional
coupling information obtained in conjunction with NOE
studies has allowed us to develop a more detailed description
of the environment around the coordinated cuprate. As
shown in Figure 2, the 3C NMR spectrum reveals character-
istic high-field shifts of the
signals for C2 (Ad=
—68.1ppm) and C-3 (Ad=
—84.6 ppm) as well as a low-
field shift of the carbonyl reso- 4 2
nance (A0 =9.0 ppm); this is
typical for a lithium-oxygen
interaction. !

As can be seen in Figure 3a,
the two methyl group carbons
are observed as doublets with a
4 Hz coupling constant. This - -
coupling constant is on the i
order of the linewidth of these \ 3 '
resonances, however, and is so * ,
only observable when a strong
gaussian window function is
applied (LB=-2.0Hz, GB=
0.6). In contrast when C-3 is
also labeled with BC (x com-

- 80°C
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plex 2a), the high-field methyl carbon is split into a doublet
(Figure 3b) with the much larger coupling constant of 12 Hz.
The C-3 resonance is also split into a doublet with the same
coupling constant. A homonuclear *C,3*C COSY spectrum
with 'H decoupling shows a crosspeak between these two
resonances, confirming the two as coupling partners. How-
ever, upon labeling of the C-2 of the alkene (xt complex 2b in
Figure 3c), no similar coupling is observed to the methyl
groups. This stands in agreement with the previous results.
'H,'H NOESY and ROESY spectra were acquired of
unlabeled material (Figure 4). These data further differentiate
between the two methyl groups. Only the high-field methyl
has NOE crosspeaks with the diastereotopic AB protons of
the ethyl ester methylene group. In addition, NOE crosspeaks
between the vinylic protons on C-2 and C-3 are evident for

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001
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Figure 2. 3C NMR spectra of the Michael acceptor 1 and the st complex 2 in [Dg]THF.
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Figure 3. 3C NMR spectra of 7 complexes 2.
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Figure 4. a) NOESY spectrum and b) ROESY spectrum of unlabeled st complex 2.

both of the copper-bound methyl groups, although the relative
integrations indicates that the C-2 proton has a stronger
interaction with the upfield methyl, while the C-3 proton has a
stronger interaction with the downfield methyl group (Fig-
ure 4b). There is also a crosspeak between the two methyl
groups which in the ROESY spectrum has a relative sign
opposite to the diagonal; this indicates that the mechanism in
action is indeed dipolar relaxation rather than exchange
(NOESY shown in Figure 4a, ROESY data not shown). The
methylene of the ethyl ester also “sees” both of the vinyl
protons on C-2 and C-3 (Figure 4a).

The studies of  complexes 2 from "“C-labeled cuprate
allow greater insight into the environment surrounding the
copper in the m complex. For instance, the coupling constant

Chem. Eur. J. 2001, 7, No. 12
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of 4 Hz between the two methyl group carbons in 2 is
drastically reduced from that observed in the free cuprate
(21 Hz).' This indicates a change in the bonding geometry
and electronic situation with respect to the free cuprate, for
example, a drastic change in the Me-Cu-Me angle from the
linear structure expected for the free cuprate. Perhaps of
more primary concern, one can also be certain that each
methyl resonance consists of a single methyl group owing to
the absence of higher order coupling when a proton-coupled
spectrum is taken. This conclusion is also supported by the
fact that the vinylic C-3 is split into only a doublet (as opposed
to a triplet) by the high-field methyl resonance at 6 = —6.9.

The unique large coupling between the high-field methyl
carbon and vinylic C-3 of 12 Hz and the absence of couplings
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between both of the methyl carbons and C-2 also holds
structural information. Based upon previous theoretical
treatments,/® the expected structure for an alkene binding
to the dimethylcuprate moiety would have a square-planar
arrangement with the copper atom centered above the double
bond. The various C-Cu-C angles would be geometrically
similar and no large differences in the coupling constants
would be expected. However, this is not the situation
observed here; thus, one expects some deformation of the
cuprate —alkene complex from the expected idealized square
plane. To achieve a large methyl carbon C-3 coupling constant
of 12 Hz, the CH;-Cu-C-3 angle should be nearly linear.
Combining this idea with the CH;-Cu-CH; angle described
above leads to the structure shown in Figure 5. One can see

o

oy

Figure 5. Proposed structure of 7t complex 2 (Li cation omitted).

that one of the methyl groups is indeed practically trans with
respect to C-3. The rest of the angles are all close to right
angles; from these one would expect small coupling constants
as observed experimentally. In addition, the structure in
Figure 5 better explains the observed NOE data, in which the
upfield methyl group interacts more strongly with the proton
on C-2,while the downfield methyl interacts more strongly
with the proton on C-3.

In conclusion, we have shown that a precise structural
description of an organocuprate m omplex can be derived
from detailed NMR pectroscopic investigations. Implications
of the structural features established here for the mechanistic
course of 1,6-addition reactions to acceptor-substituted
enynes are subject of further experimental and theoretical
studies.

Experimental Section

Synthesis of *C-labeled n complexes 2, 2a, and 2b: In a dry, septum-
capped 50mL centrifuge tube nBuLi (1.2 mL, 1.66M in hexane, 2 mmol)
was added to dry, degassed hexane (2 mL) under argon. Mel (**C, 99 %;
0.13 mL, 0.28 g, 2 mmol) was added to the cold (0°C) solution; this resulted
in a white precipitate within 10 min. The suspension was centrifuged, the
supernatant hexane was removed, and the solid washed with dry, oxygen-
free hexane (2 mL). This procedure was repeated three times, and the
residual hexane was removed under slight vacuum. The solid MeLi was
dried in vacuum and dissolved in cold [Dg]THF (1 mL). Standardization of
the alkyllithium compounds was carried out by titration with N-pivaloyl-o-
toluidine in THF at 0°C.'!J

2674
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In a three-necked round-bottom flask with attached 5 mm NMR tube, a
suspension of CuCN (45 mg, 0.5 mmol) in [Dg]THF (0.5 mL) was treated
with of a solution of BCH;Li (1.74M, 1 mmol) in [Dg]THF (0.57 mL) at
—30°C. The mixture was stirred at —30°C for 30 min, then cooled to
—80°C, and a solution of of Michael acceptor 1, 1a or 1bP (81 mg,
0.45 mmol) in [Dg]THF (0.3 mL) was added dropwise. The yellow solution
was stirred for 15 minutes at —80°C and degassed by three freeze-pump-
thaw cycles; during thawing the temperature was kept below —80°C. The
solution was transferred into a precooled (—80°C) NMR tube, which was
flame-sealed under vacuum at liquid nitrogen temperature.

The NMR spectra of the complexes were recorded at —80°C in [Dg]THF
(typical concentration: 0.7mM) with a Bruker DRX500 spectrometer at
500.13 MHz (*H) and 125.8 MHz (*C), by using a 5 mm broad-band triple
resonance gradient probe and a Bruker BVT3000 unit for temperature
control. The proton spectra were referenced to residual THF (6 =1.75) and
the carbon spectra to [Dg]THF (6 =26.5). The typical 'H 90° pulse was
13 ps. The spectral resolution in the *C NMR spectra was 0.5 Hz per point.
The *C NMR spectrum of 2 was obtained by using exponential multi-
plication with LB=-2.0Hz and GB=0.6. The 'H,'H ROESY and
NOESY experiments were performed with the unlabeled &t complex 2 by
using a spectral window of 8 x 8 ppm (1024 points in the f, dimension, 256
increments and 8 scans for each increment, mixing time of 600 ms and 2 s
relaxation delay). The data were processed with the Bruker WINNMR
software.
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Dedicated to Professor Karl Rigger on the occasion of his 80th birthday

Abstract: Representative metal com-
plexes of a biconcave D,-symmetric
porphyrin were synthesised by metal-
ion insertion into the porphyrin ligand 1.
The NMR spectra suggested D,-symme-
try for the Zn" and dioxo-RuY' com-

amines, alcohols, carboxylic acids, esters,
nitriles and nonpolar fullerene deriva-
tives. A practical analysis of chiral sub-
strates with 1 covers enantiomeric ex-
cesses beyond 99 %. An X-ray structure
of (1:1)-cocrystals of an achiral, bicon-

cave Co' porphyrinate and Cg, provided
the first detailed insights into the struc-
ture of such a biconcave metallo—por-
phyrinate. It also showed remarkable
packing of the carbon sphere against the
main concave units of the porphyrin and

plexes of 1 and C,-symmetry for the
unsymmetrically ligated Ru" and Rh™
complexes. Metal complexes of 1 proved
to be versatile chiral 'H NMR shift

. inoids -
agents for a broad spectrum of organic

Introduction

In an earlier paper, we reported about the preparation of
porphyrin 1, a first representative of an effectively D,-
symmetric biconcave porphyrin. Porphyrin 1 was obtained
from the tetramerizing condensation of a C,-symmetric
pyrrole building block,!'! which is available with high enantio-
meric purity as the Sisomer (99 % ee). This work extended the
scope of the recently opened synthetic route to (achiral)
biconcave porphyrins with a rigid framework® to include
chiral and effectively D,-symmetric porphyrins.

Chiral porphyrins and their metal complexes are of
considerable interest as possible hosts for stereo- and size-
selective incorporation of guest moleculesP! and as enantio-
selective catalysts in organic transformations.*3 The first
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gave clues about the relevant interac-
tions between biconcave porphyrins and
fullerenes.

examples of porphyrins, which were D,-symmetric due to four
identical chiral meso-substituents, were recently synthesised,
and their rhodium and manganese complexes were explored
as enantioselective catalysts.[) Chiral biconcave porphyrin 1
and its cobalt(i) complex 2 were characterised!! as well-
defined, rather rigid and uniquely structured cavities.

Upon complexation by porphyrin ligands, most transition
metal ions provide a range of valuable structural and catalytic
properties.*% In this respect, cobalt,"7 zinc,? " rutheni-
umf %8 and rhodium porphyrins,®*“ among others, have
been studied. The unique enantiomeric purity obtained for 1
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(about 10°:1),1 as well as its
high stereochemical purity, in-
dicates that the corresponding
metal complexes of 1 are highly
suitable for use in stereodiffer-
entiation and molecular recog-
nition reactions. Herein we de-
scribe the preparation and
structural analysis in solution
of diamagnetic Zn", iodo-Rh!,
(CO)-Ru! and dioxo-Ru"! com-
plexes of chiral biconcave por-
phyrin 1. Furthermore, we re-

port the use of these stable 2 M=Coll
(diamagnetic) transition metal 3 M=z
complexes, and of paramagnet-

ic Co' complex 2, as chiral

shift reagents for 'H NMR ex-

periments.'! We also discuss N
the X-ray structure of (1:1)- \‘\é; c

cocrystals of [60]-fullerene and

of an achiral biconcave Co! k
porphyrinate. ] I

Results

Preparation of transition metal rac-6
complexes of biconcave por-

phyrin 1: Porphyrins are excel-

lent ligands for transition metal centres and a wide range of
methods for their incorporation exists.'!l Co" complex 2,1
and the Zn", iodo-Rh!, (CO)-Ru" and O =Ru"'=0 com-
plexes of 1, (i.e., 3, 4, 5a and 5b, respectively) were prepared
in good yields from 1 under mild incorporation conditions
(see Experimental Section).

Abstract in German: Ausgewdhlte Metall-Komplexe eines
biskonkaven D ,symmetrischen Porphyrins wurden durch
Einbau der entsprechenden Metall-Ionen in den Porphyrin
Liganden 1 hergestellt. Die NMR-Spektren gaben Hinweise
auf das Vorliegen D ,symmetrischer Strukturen fiir die Zn"-
und Dioxo-Ru"'-Komplexe von 1, und auf C,-Symmetrie fiir
die unsymmetrisch ligandierten Ru"- und Rh''-Komplexe. Die
Metall-Komplexe des Porphyrins 1 erwiesen sich als breit
anwendbare chirale '"H NMR Verschiebungs-Reagenzien fiir
ein Spektrum von organischen Aminen, Alkoholen, Carbon-
sdauren, Estern und Nitrilen, wie auch fiir unpolare Fulleren
Derivate. Das Porphyrin 1 eignet sich danach fiir eine einfache
Analyse der Enantiomerenreinheit solcher Substanzen bis etwa
99 %ee.

Eine Rontgenstrukturanalyse eines 1:1-Cokristallisates eines
achiralen biskonkaven Co'"-Porphyrinates und Cy, gab erst-
mals detaillierte Einblicke in die Struktur eines biskonkaven
Metalloporphyrins. Sie zeigte auch ein bemerkenswertes Pa-
ckungsverhalten des Fullerens an die konkaven Oberflichen-
einheiten des Porphyrins und gab damit erste Hinweise auf
form-selektive Wechselwirkungen von biskonkaven Porphyri-
nen und Fullerenen.

Chem. Eur. J. 2001, 7, No. 12
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4 M=Rn X =1, Y=absent
5aM=Rull, X=CO, Y = pyridine
sbM=RM X=Y=0

(1:1)-Cocrystals of [60]-Fullerene and Co' porphyrinate 7
were prepared by mixing a solution of achiral Co" porphyri-
nate 7% in 1,2-dichlorobenzene at room temperature with a
solution of an equimolar amount of [60]-fullerene in benzene.
Upon standing at room temperature, crystals appeared within
two days. These crystals were used for X-ray analysis.

Spectroscopic properties and molecular structure: The con-
stitution and effective molecular symmetries of porphyrins 3,
4, 5a and 5b were established by consistent UV/Vis, 'TH NMR,
3C NMR, FAB-MS and FT-IR spectra. The UV/Vis spectra
exhibited the typically intense Soret band (near 407 nm) and
two weaker bands near 550 nm, which are diagnostic bands
for porphyrins (see Figure 1). The "H NMR spectra provided
the most effective structural information: the spectrum of a
solution of paramagnetic Co porphyrinate 2 in benzene
exhibited low-field shifts (Ad ~ 20 ppm for meso hydrogens,
A6 ~7 ppm for bridgehead hydrogens, but only Ad ~ 0.2 ppm
for those of tert-butyl groups), characteristic of symmetric Co"
porphyrins(t 2 13 (for a section of the spectrum, see Figure 4,
below). The 'H NMR spectrum of diamagnetic Zn" and
Ru"porphyrinates 3 and 5b, respectively, in deuterochloro-
form likewise exhibited six signals, but within the normal
chemical shift range. A CD spectrum of a solution of 3 in
dichloromethane showed weak positive ellipticities, both for
the Soret and for the visible bands (see Figure 1).

The 'H NMR spectrum of diamagnetic iodo-Rh™ porphyri-
nate 4 in deuterobenzene showed splitting of five signals, but
not of the low-field signal for the meso-hydrogens. The
spectrum is indicative of an effective reduction of the
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Figure 1. CD spectra (top) and UV/Vis spectrum (bottom) of Zn
porphyrinate 3 in dichloromethane.

300 400

symmetry to C4, due to the coordination of one iodide ligand.
The signals are consistent with the diamagnetic nature of the
Rh™ complex. The (diastereotopic) bridgehead hydrogens
now give rise to two singlets with Ad =0.04 ppm. Splitting was
even more pronounced for the fert-butyl groups and the
adjacent aromatic hydrogens (Ad =0.17-0.19 ppm), both of
which are situated at the outer rim.

Likewise, the 'TH NMR spectrum of diamagnetic pyridino-
(CO)-Ru" porphyrinate 5a in deuterochloroform showed
splitting of five signals, but not of the low-field signal for the
meso-hydrogens. This spectrum is also indicative of an
effective reduction of the symmetry to C,, due to the
coordination of two different axial ligands (see Figure 2).
The signals are consistent with the diamagnetic nature of the
hexacoordinate Ru!! complex. The bridgehead hydrogens now
give rise to two singlets at 6 =6.94 and 0 =6.95, that is, with
AJd=0.013 ppm. These signals were assigned to the diaster-
eotopic bridgehead protons of the ['-positions of a single
pyrrole unit rather than to the bridgehead protons attached to
two different pyrrole units. This specification was achieved by
way of an 'H,*C HMQC spectrum, digitised to high reso-
lution (see Figure 3). The short-range heteronuclear correla-
tions of the two protons were shown in this way to involve the
same set of two distinct pyrrole carbons, which give rise to
signals at 0 =154.09 and 154.13. The presence of the different
axial ligands (CO and pyridine) was confirmed by inspection
of the mass spectrum and of the IR spectrum of Sa.

2678
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Figure 2. Low-field sections of the 'H NMR spectrum of Ru' porphyrinate
5a (ca. 3muy, in CDCl;, 500 MHz).

H1 HZ

5(1°C)
154.06 -
154_10: CB
154.14E - G
154.18

1
154.224 e

6.97 6.95 6.93 &('H)

Figure 3. Section of an 'H,*C HMQC spectrum®! of Ru!' porphyrinate Sa
(ca. 3mm in CDCly), at high digital resolution in both frequency
dimensions ('H: 700 Hz spectral width, 1k data points, zero filling up to
2k; 13C: 800 Hz spectral width, 400 increments zero filled to 1k data points),
optimised for cabout 7 Hz long-range 'H,"*C couplings and recorded with
13C decoupling during acquisition.

X-ray analysis of (1:1)-cocrystal of [60]-fullerene and of Co"!-
porphyrinate 7: Early attempts to obtain single-crystal struc-
ture information about the biconcave porphyrin or metallo—
porphyrinate molecules have all failed, because the obtained
crystals showed very weak diffraction. In contrast, cocrystal-
lisation of equimolar amounts of [60]-fullerene dissolved in
benzene and the Co! porphyrinate 7 dissolved in 1,2-
dichlorobenzene yielded crystals that diffract to a resolution
of 1 A and led to the first crystal structure of a biconcave
metallo—porphyrinate. The centred monoclinic unit cell
contains two Cy-symmetric porphyrinate molecules, four
[60]-fullerene molecules, 6.60(5) molecules of dichloroben-
zene and 0.89(4) molecules of benzene. The structure of the
porphyrinate molecule is well defined, whereas the fullerene
and solvent molecules are strongly disordered (see Exper-
imental Section). A feature of special interest is the molecular
packing, which is dominated by interactions between concave
niches of the porphyrinate and the convex Cq molecule (see
Discussion Section).
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Use of 1 and use of transition metal complexes as chiral shift
reagents in 'H NMR experiments

C,-symmetric dinitrile rac-6 in the presence of paramagnetic
Co'" porphyrinate 2: In rac-6, both bridgehead hydrogens are
symmetry equivalent, as are the tert-butyl groups of each
molecule, thus giving rise to two singlets (relative intensities
1:9) at  =4.78 and 1.10 in deuterobenzene. In the presence of
the chiral and practically enantiopure Co!! complex 2, both
signals were shifted to higher fields and were split into two
lines (see Figure 4).

a)

)

T T T T T

10 8 6 4 2 o

Figure 4. '"H NMR spectra (at 296 K, CsD,, 300 MHz) a) of 25mm Co!!
porphyrinate 2; b) of 50mm racemic dinitrile rac-6; c) of 50mm racemic
dinitrile rac-6 with 25mm Co'! porphyrinate 2.

In the concentration range 3.7 —60.1 mM for 2, the high-field
shift of all signals of rac-6 in benzene showed a practically
linear dependence upon the concentration of 2. With the use
of nonracemic dinitrile (samples were obtained by mixing rac-
6 with (S)-6),[! all of the signals of the 95,108 isomer (S)-6
were shifted less, and those of the 9R,10R isomer (R)-6 were
shifted accordingly more. At 60.1mm for 2, the high-field
shifts of the signals for the bridgehead and fert-butyl hydro-
gens of (R)-6 amounted to a A0=120 and 0.87 ppm,
respectively, and thus exceeded the Ads for the corresponding
signals of (S)-6 by Ao =0.86 and 0.62 ppm, respectively.

The values of the overall high-field shifts of the signals (AJ)
of the bridgehead hydrogens of dinitrile rac-6, induced by
paramagnetic Co complex 2 (at constant ¢(2)=15mwm, in
deuterobenzene, 303 K), and the shift differences for the
signals (AAJ) of bridgehead protons from different dinitrile
enantiomers remained practically constant at concentrations
<20mM for rac-6. With further increases of the concentration
of dinitrile rac-6 (up to 150mm), high-field shifts decreased
only slightly from Ad =0.34 to 0.19 ppm, the shift differences
changed from AAS =0.26 to 0.21 ppm. These observations are
indicative of weak complexations of both enantiomers of rac-
6 by complex 2.

Chem. Eur. J. 2001, 7, No. 12
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Cy-symmetric dinitrile rac-6 in the presence of metal-free
porphyrin 1 and diamagnetic metalloporphyrinates: In the
presence of porphyrin 1 (25mm), all 'H NMR signals of rac-6
in deuterobenzene were shifted to higher fields (Ad =0.06—
0.18 ppm); this resulted in a significant splitting of the
corresponding signals of rac-6. In the presence of Zn"
porphyrinate 3 (25mwm), the '"H NMR signals of (R)-6 in
deuterobenzene were also shifted to higher fields (at 300 K)
by Ad =0.07 and 0.08 ppm, respectively, while the signals of
(5)-6 were nearly unchanged; this again led to a splitting of
the signals of rac-6 . The upfield shifts and the splittings of the
signals of rac-6 in the presence of Zn'-complex 3 were
strongly dependent upon the solvent used. In deuteromethanol,
the signals of the bridgehead protons of (R)-6 were shifted by
3 (15mwm, 303 K) with a value Ad =0.63 ppm, those of (5)-6
with a A6 =0.18 ppm, that is, with a AAd = 0.45 ppm. In other
deuterated solvents that were investigated (benzene, chloro-
form, acetone and acetonitrile), smaller shifts were observed,
but the position of the signals of the bridgehead protons of
(R)-6 was consistently more strongly affected than that of the
signals of (5)-6. In deuteropyridine, however, a splitting of the
signals was not observed under standard conditions.

In an analogous experiment with iodo-Rh' complex 4 in
deuterotoluene, the signals of the bridgehead hydrogens of
both enantiomers of rac-6 were shifted to higher fields and
were split into two broad signals (Ad=0.55 and 0.67 ppm),
while the signals of the tert-butyl protons were shifted less
(A0=0.10 and 0.15 ppm). The temperature dependence of
signal splitting and of the signal position in the spectrum of
rac-6 in the presence of 4 indicated slowed exchange (see
Figure 5).

Exploratory studies with other chiral probes

Experiments with racemic 1-(9-anthryl)-2,2,2-trifluoroethanol:
In the presence of Zn" porphyrinate 3, iodo-Rh™ porphyri-
nate 4 or porphyrin 1 (25mwm), the 'H NMR signals of the
methine proton of both enantiomers of 1-(9-anthryl)-2,2,2-
trifluoro ethanol in deuterobenzene (at 296 K) are strongly
shifted to higher fields. With one enantiomer, large shifts of
A6 =0.51 ppm (solution with 4) to 1.07 ppm (solution with 1)
are observed, and significant shift differences of AAd=
0.17 ppm (solution with 1) to 0.42 ppm (solution with 3)
discriminate the signals of corresponding protons of the two
enantiomers in each case (see Figure 6).

Experiments with racemic menthyl acetate: In the presence of
either Zn" porphyrinate 3 or iodo-Rh™-porphyrinate 4
(25mm), the '"H NMR signals of the methine proton at C-1
and the acetyl methyl group of both enantiomers of menthyl
acetate in deuterobenzene (at 296 K) are shifted to higher
fields. With rhodium complex 4, larger shifts of Ad =0.39 and
0.35 ppm were observed (for the methine and methyl protons
of one enantiomer, respectively), with significant shift differ-
ences of AAO =0.25 and 0.23 ppm. Both the shifts (Ad’s) and
the shift differences (AA¢’s) are smaller for the corresponding
solutions with Zn" porphyrinate 3 (see, for example, Fig-
ure 7).
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300 MHz "H NMR ([Dgtoluene)
lodo-Rh!' porphyrinate: 15 mm
Dinitrile rac-6: 15 mm

T=313K

T=308K

T=303K

T=208K

T=203K / \

T=263K

5 45 44 43 42 41
Figure 5. Temperature dependence of 'H NMR spectra of racemic dinitrile
rac-6 (15mm, 300 MHz) in the presence of Rh'™ porphyrinate 4 (15mm) in
[Dg]toluene.

300 MHz "H NMR (C,Dy)
T=296K

Porphyrin: 25 mmolar
Substrate: 50 mmolar

OH

without chiral shift reagent

T T T T T T

6.0 58 56 54 52 5.0
I-Rn!llCBP 4
60 58 56 5.4 52 50
znllcepP 3
56 54 52 5.0
H,CBP 1
5 6.0 58 56 54 52 5.0

Figure 6. '"H NMR shift experiments (300 MHz, 296 K, C¢Dy) of racemic
1-(9-anthryl)-2,2,2-trifluoro ethanol (S0 mm) in the presence of chiral metal
porphyrinates (25mwm) (CBP = chiral biconcave porphyrinate).
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300 MHz 'H NMR (C¢D)

T=296K
Substrate: 50 mM O
(i) O)k
without chiral shift reagent
I-RhI CBP 4
(25 mM)
I-RhilCBP 4

(12.5 mm)

{+)-(1S})-enantiomer

o/

ZnllcBP 3
(25 mm)

zn''CBP 3
(12.5 mm)

) 4.8 4.6 4.4
Figure 7. '"H NMR shift experiments (300 MHz, 296 K, C,D;) of racemic
menthyl acetate (50 mm) in the presence of the chiral metal porphyrinates 3
and 4 (CBP = chiral biconcave porphyrinate).

Experiments with racemic a-methoxyphenylacetic acid: In the
presence of either Zn" porphyrinate 3, iodo-Rh'! porphyri-
nate 4 or porphyrin 1 (25mwm), the '"H NMR signals of the
methine proton of both enantiomers of a-methoxyphenyl-
acetic acid in deuterobenzene (at 296 K) were shifted to
higher fields. Significant shifts of Ad=0.23-0.30 ppm and
significant shift differences of AAd =0.07 ppm were observed
for solutions of a-methoxyphenylacetic acid with 3 and with 4,
respectively, while the corresponding effects of 1 were
considerably smaller (Ad=0.03 ppm, AAO=0.01 ppm).
Slightly smaller effects were seen with the signal of the
methoxy methyl group of a-methoxyphenylacetic acid.

Experiments with racemic a-phenylethylamine: In the pres-
ence of Zn" porphyrinate 3 (25mm), the 'H NMR signals of
the methyl group of the two enantiomers of a-phenylethyl-
amine in deuterobenzene (at 296 K) were shifted from 6 =
1.15 to 0.62 and 0.69, that is, with remarkable shifts of Ad =
1.77 and 1.84 ppm. From the dependence of the chemical shift
values for the methyl group signals of a-phenylethylamine on
the ratio between it and 3 (measured at 303 K and with
concentration of 3 at 8.04 mm, see Figure 8) and with the use
of an analysis adapted from ref. [16], the two enantiomers of
a-phenylethylamine were estimated to be bound by 3 with
complexation constants of 1020M~! and 1006 M~

Experiments with Co" porphyrinate 2, C,-symmetric adduct
rac-8 of [60]-fullerene and 2,6-di-tert-butylanthracene: In the
presence of paramagnetic porphyrinate 2 (10.2mwm, at 300 K,
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Figure 8. Chemical shift differences of methyl protons of racemic a-
phenylethylamine in the presence of Zn porphyrinate 3 (8.0mm, 200 MHz,
303 K, C4Dy) as a function of amine concentration.

in deuterobenzene), the singlet of the bridgehead protons of
racemic fullerene adduct rac-8 (4.5mwm)l'2l experiences a
high-field shift (from 0=5.66 to 6=5.14 and 5.13) with
concomitant splitting into two barely separated signals for
symmetry equivalent protons of different enantiomers (see
Figure 9).

— 5.661

without additive

8
PSS P Y g
6.00 580 560 540 5.20 5.00
@ M
Ie
DS
N
|
|
with 10.2 mm
Collporphyrinate 2
. Anpn,
s 5.80 5.60 5.40 520 5.00

Figure 9. 'H NMR spectra (296 K, C,Dg, 300 MHz) of chiral mono-adduct
8 (4.5mm) without additive (top) and with 10.2mm Co! porphyrinate 2
(bottom).

Experiments with Co' porphyrinate 2, Ci-symmetric orthogo-
nal bis-adduct 9 of [60]-fullerene and anthracene. In the
presence of paramagnetic porphyrinate 2 (1.5mwm, at 300 K, in
deuterobenzene), the three individually assigned singlets of

Chem. Eur. J. 2001, 7, No. 12

the four bridgehead protons of C,-symmetric fullerene bis-
adduct 91'7°< (1.27mm) experience high field shifts, with
strongly differing shifts (Ad) and with a linear dependence
upon the concentration of the chiral shift reagent (Figure 10).

without additive

with 1.5 mm
Cdlporphyrinate 2
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Figure 10. 'H NMR spectra (296 K, C¢Dy, 300 MHz) of “orthogonal” Cs-
symmetric bis-adduct 9 (1 mm) without additive (top) and with 1.5mwm Co!*
porphyrinate 2 (bottom).

The presence of 2 influences the chemical shift of the signal of
the more exposed H.,, of 9 strongest and splits the singlet of
the enantiotopic protons H, and H, into two somewhat
broadened singlets.

Discussion

Biconcave porphyrins 1 and 2! and the four new metal
complexes 3—5a and 5b are the first representatives of chiral
biconcave porphyrins with fourfold symmetry. These com-
pounds exhibit good solubility (in monomeric form) in a range
of common organic solvents and show no tendency to form
aggregates. Relatively simple NMR spectra indicate that
highly symmetric frameworks and overall (effective) D,-
symmetry for 1 and its Co™ and Zn" complexes (2 and 3) are
present. The regular 2,6-disubstitution of the sterically
demanding, homochiral anthracene units in 1 provides an
inherently D, ,symmetric ligand in the four metal complexes
2-5a and 5b. Accordingly, metal complexes 2, 3 and 5b
(effectively) conform to a “propeller” structure, which
includes a “propeller deformation”, an elusive symmetric
normal-coordinate deformation of the porphyrin plane.!'®!
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The spectral properties of 2, 3 and 5b are not consistent,
however, with any one of the four experimentally better
known normal modes of deformation of the porphyrin plane
(ruffling,% ® saddling,['®! doming["*> <l and waving[!*).[18]

Introduction of an axial ligand or of two different axial
ligands destroys the equivalence of the two faces at the metal
ion and reduces the (effective) symmetry to C,-symmetry in
iodo-Rh™ complex 4 and pyridino-(CO)-Ru" complex 5a.
Groups that are symmetry equivalent in the D, ,symmetric
complexes 2, 3 and 5b become diastereotopic in 4 and Sa, and
a corresponding increase in complexity of the NMR spectra
results. The pyridino-(CO)-Ru" complex 5a was analysed
spectroscopically in great detail. While the meso protons
showed only one sharp signal in a 500 MHz 'H NMR
spectrum of 5a, the bridgehead protons (again) showed
splitting. In a *C NMR spectrum, a corresponding splitting
was also observed for the signals of the a- and -carbons of the
pyrrole rings of 5a. A two-dimensional heteronuclear 'H,"3C
HMQC experiment indicated that the a- and S-pyrrole
carbons of each pyrrole ring give rise to two sets of signals
(see Figure 3). This effective equivalency of carbons (and of
f'-hydrogens) of a single pyrrolic ring is consistent with their
diastereotopic nature, due to the constitution of the C,
symmetric complex Sa. However, a conformational deforma-
tion of the porphyrin plane towards a “propeller” structure
would also be consistent with the indicated symmetry, while
any of the other established modes of porphyrin deformation
would not be consistent.l'® ¥ In the absence of more detailed
crystallographic information, Rh™- and Ru"-porphyrins 4 and
Sa are suggested to have effective C,-symmetry, in which the
dissymmetric peripheral substitution would induce all four
pyrrole units to possibly tip (propeller-like) in one direction.
In analogy with the structure of the (1:1)-cocrystals of achiral
Co!! porphyrinate 7 and of [60]-fullerene, which showed a
nearly planar porphyrin chromophore, the deviation from
planarity of the porphyrin moiety in 2 and 3 is likely to also be
effectively small.

One major interest of this work was directed to the
exploration of 1 and of metalloporphyrins 2, 3 and 4 as
enantiomerically highly pure, chiral shift reagents for 'H NMR
spectroscopy. A variety of para- and diamagnetic shift
reagents are available, but most of them are either expensive,
sensitive to moisture or applicable for a limited class of
compounds.'”] Incorporation of different metal ions (Zn",
Co", Ru', Rh™) into biconcave porphyrin 1 gave a useful
collection of chiral metal complexes, the proton signals of
which would occupy only a small region of the 'H NMR
spectrum. Similar to other highly symmetric metallo-por-
phyrinates!™ 2! on one hand and to chiral concave host
compoundsP?!! on the other, (chiral) biconcave metallo—por-
phyrinates would be expected to bind to a variety of organic
molecules and induce significant shifts in their 'H NMR
spectra. The high enantiomeric purity (>99.99%) of bicon-
cave porphyrin 1 would accordingly qualify 1 and its metal
complexes as unique chiral shift reagents that are generally
useful to conveniently detect low contents (as low as 0.5 % )1
of enantiomeric impurities.

A selection of shift experiments was carried out, as
presented in the Results and Experimental Sections. Dia-

2682

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

magnetic zinc porphyrinate 3 turned out to be a broadly useful
shift reagent; for exampl, for chiral compounds with alcohol,
amine, ester, nitrile and carboxylic acid functionalities as test
substrates. These compounds were selected first, as it was
indicated that their functional groups are able to weakly
coordinate to the electrophilic metal ions in the centre of the
porphyrinates. A fast ligand exchange on the NMR timescale
was responsible for sharp and averaged substrate signals that
allowed for the determination of the chiral purity of various
tested substances up to a practical limit of about 99.0 % ee.
The metal-free porphyrin 1 likewise showed significant chiral
shifts with nitrile rac-6, with alcohol (+)-1-(9-anthryl)-2,2,2-
trifluoroethanol and with carboxylic acid (+)-a-methoxyphe-
nylacetic acid. The proton signals of these substrates were also
shifted strongly by the presence of diamagnetic iodo-Rh™
porphyrinate 4, but with indications of slowed exchange at
temperatures below ambient (see Figure 5). In the presence of
a-phenylethylamine, air-saturated solutions of 4 or of para-
magnetic Co'! porphyrinate 2 in benzene underwent slow (and
still unexplored) chemical transformations.

Co!! porphyrinate 2 (and iodo-Rh™ porphyrinate 4) were
suitable chiral shift agents for dinitrile rac-6 (see, for example,
ref (1), Paramagnetic complex 2 turned out to be a remarkably
suitable chiral shift reagent for several nonpolar (chiral)
fullerene adducts as well. These experiments should be seen in
the light of the molecular structure of the achiral Co!
porphyrinate 7 and the unique crystal packing of 7 and [60]-
fullerene (see Figures 11 and 12).

Figure 11. Packing motif from the X-ray structure of (1:1)-cocrystals,
showing the interlocking of two biconcave porphyrin molecules.
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Figure 12. Stereoview that shows the filling of one of two cavities of a
biconcave porphyrin by one [60]-fullerene and two dimethylbenzene
fragments from neighbouring porphyrin molecules.
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The crystal structure analysis of the Co complex of a
biconcave porphyrin confirmed for the first time the existence
of regularly structured cavities above and below the porphyrin
plane, as well as bridged anthracene units with concave
structured exo-faces. The Co'' centre has square planar
coordination; the porphyrin is essentially planar (rms devia-
tion 0.03 A) with no unusual bonding characteristics. The
porphyrin units aggregate by van der Waals’ contacts with
endo-faces of their tetramethylanthracene units (Figure 11,
interplanar distance 3.46 A).

Of particular interest was the discovery of a recurring motif
for the interaction between the fullerene sphere and the two
concave structure elements of porphyrin 7; each of the
fullerene molecules makes symmetric contact with the two
concave exo-faces of one bridged anthracene moiety from two
neighbouring porphyrins. At the same time, it also forms
contacts to the concave surface motif of another porphyrin
molecule that is spanned by the porphyrin plane and two
neighbouring anthracene wings (see Figure 12). Note that the
centre of the [60]-fullerene molecules lies above a meso-
carbon atom of the porphyrin, thus implying that there is no
special interaction with the cobalt atom. The closest distances
from the [60]-fullerene sphere to the best planes through the
anthracene wings are 3.07 and 3.12 A; that to the best plane of
the porphyrin fragment is 3.09 A. Thus, the concave structural
elements of the porphyrin complex are almost perfectly
complementary to and possibly quite selective for the convex
shape of [60]-fullerene. We have mentioned the crystallo-
graphic evidence for shape-selective interactions between
achiral biconcave Co" porphyrinate 7 and spherical [60]-
fullerene in an earlier communication.?! In recent years,
crystallographici??! and chromatographic/®! evidence for non-
covalent interactions between fullerenes and porphinoid
compounds has become available from several groups, as
well as evidence of interactions between fullerenes and a
variety of concave receptor molecules, such as calixarenes.*!

Considering the possibility that biconcave Co™ porphyrins
and nonpolar fullerene derivatives would interact in a shape-
selective manner in solution as well, the effect of chiral
biconcave Co' porphyrinate 2 on 'H NMR spectra of
solutions of fullerene anthracene adducts was examined. In
a benzene solution of 2 (ca. 10mwm), the singlet for the
symmetry equivalent bridgehead protons of racemic Diels—
Alder adduct 8 (from 2,6-di-tert-butylanthracene and [60]-
fullerene)'?) experienced an upfield shift of about 0.5 ppm.
Furthermore, the singlet was split by about 0.01 ppm, which
indicates an induced non-equivalence of the signals of the two
enantiomeric forms of 8 (fullerene adduct 4.5mm, in CiDg,
300 MHz, see Figure 9). In this case, the shift differences can
be rationalised by packing interactions between the shape-
complementary biconcave porphyrin and the convex fullerene
partners in solution, but are not likely to be a result of
selective binding to the metal centre of porphyrinate 2.

In a related experiment, the effect of 2 on the 'H NMR
spectrum of a deuterobenzene solution of C,-symmetric
orthogonal fullerene —anthracene bis-adduct 9I'7°<! was inves-
tigated (see Figure 10). The observed high-field shifts of the
protons of 9 in the presence of 2 can be rationalised by their
spatial accessibility and by favourable interactions of shape-
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complementary surfaces of the fullerene and of the biconcave
porphyrinate 2 in solution; the shift of the signals of the
sterically more accessible H,,, is considerably larger than that
of the signals of the less exposed H,q,-

Complexation between fullerenes and the concave face of
unsaturated hydrocarbon molecules in solution may be driven
by solvophobic effects,”! but may also be caused by the
stabilising interactions between the convex (electrophilic)
outer surface of fullerenes and the concave unsaturated
hydrocarbon surfaces, which have been suggested to be sites
of increased electron densities.’! Unique interactions be-
tween shape-complementary surfaces of unsaturated hydro-
carbon and fullerene molecules have been observed in a
variety of crystal structures?” and may be a further
contributor to the repertoire of directed noncovalent inter-
molecular interactions.

Conclusion

Chiral biconcave porphyrins with a rigid framework and with
high enantiomeric purities are now availablel'! and are shown
to be very useful chiral shift reagents for a range of organic
compounds with various polar functionalities. The main
interactions of these compounds with metallo-porphyrinates
are suggested to arise from the coordination of polar
functionalities to the porphinoid metal centres. Furthermore,
as shown with paramagnetic Co"-porphyrinate 2, chiral,
nonpolar fullerene derivatives can also be analysed with
these versatile shift reagents. The crystal packing observed
between [60]-fullerene and achiral biconcave Co' porphyrin 7
suggests that binding between the convex fullerene deriva-
tives and the concave, rigidly structured porphyrins is
governed by the complementary shapes. Ongoing synthetic
work is directed towards the design and synthesis of other
biconcave porphyrins with structural properties that are
“tuned” towards improved shape-selective incorporation of
spheric unsaturated molecules, such as nonpolar fullerene
derivatives.

Experimental Section

General considerations: All reactions were carried out in oven-dried
glassware under a dry argon atmosphere. 'H and *C NMR spectra were
recorded on Bruker AM 300 or Varian Unity 500 spectrometers. Chemical
shifts are listed in & with 'H/'3C signals of the solvent as reference;
O0(CHCl;) =724, 6(CDCly) =770, 6(CsDsH) =715, 6(CsD¢) =128 (the
atom numbering scheme is shown in Scheme 1). 'H,*C HMQC experi-
ments were performed as described in ref [28]. IR spectra were recorded on
a Mattson FTIR3000 instrument. UV/Vis spectra were recorded on a
Hitachi U3000, CD spectra on a JASCO J-715. (FAB)MS experiments
were performed on a Finnigan MAT-95, with 3-nitrobenzylalcohol as the
FAB-matrix. Reagents and solvents: Sodium acetate (anhydrous), zinc
acetate dihydrate, iodine all Fluka purum p.a.; CoBr, (anhydrous) Johnson
Matthey Alfa Product; [Rh(CO),Cl],, ruthenium carbonyl both Strem
Chemicals; 3-chloroperbenzoic acid Fluka pract.; acetone, THF, methanol,
dichloromethane, 1,2-dichloroethane, pyridine all Fluka puriss. p.a.;
dichloromethane and petroleum ether for column chromatography both
Fluka purum; TLC: Polygram SIL G/UV254 from Macherey-Nagel;
column chromatography: silica gel60 (0.040—0.063 mm) from Merck,
aluminium oxide (type 5016 A basic) from Fluka.
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Scheme 1. Atom labelling used for metal complexes of chiral biconcave
porphyrin 1.

Co" porphyrinate 2:I'! UV/Vis (CH,CL): 1,,,. (log ) =402.5 (5.49), 514.5
(4.19), 546 nm (4.21); CD (CH,CL): A (Mol. Ellip.) =549 (8200), 521
(4900), 404 (82000), 299 (19000), 289 (28000), 247 nm (266 000).

Zn" porphyrinate 3: A sample of porphyrin 1 (65.5 mg, 44.7 umol) was
dissolved in saturated methanolic solution of zinc acetate (8 mL) and mixed
with dichloromethane (8 mL). The mixture was stirred for 15 min at room
temperature, 10 mL of dichloromethane were added, and the organic layer
was separated and was washed with water. The solvent was evaporated, and
the raw zinc porphyrin was purified by chromatography (silica gel, CH,Cl,/
petroleum ether 1:3). Recrystallisation from acetone/water gave Zn!
porphyrin 3 (65.7 mg). Yield: 96%; 'H NMR (300 MHz, CDCL,): 6 =
10.67 (s, 4H; H™), 791 (d, J=1.9 Hz, 8H; H"%), 7.81 (d, /=78 Hz, 8H;
H*#),713 (s, 8H; H* 1), 7.04 (dd, J=1.9, 7.8 Hz, 8H; H*7), 1.27 (s, 72H);
BC NMR (75 MHz, CDCl): 6=155.00 (C*“), 148.29, 147.80, 145.41,
14228, 123.47, 121.57, 121.27, 99.69 (C™), 50.34 (C* 1), 34.62 (C*-%), 31.58
(CH;); IR (KBr): 7=2959, 2903, 2868, 1479, 1460, 1364, 1258, 1099,
1001 cm~'; UV/Vis (CH,ClL): A, (log €)=408.5 (5.49), 533.5 (4.33),
567.5 nm (4.05); CD (CH,CL,): A,.x (Mol. Ellip.) =568 (6500), 534 (5500),
411 (78000), 301 (22000), 287 (39000), 253 nm (195000); MS (FAB): m/z
(%): 1531.1 (29), 1530.1 (48), 1529.2 (76), 1528.2 (87), 15272 (100), 1526.2
(94), 1525.2 (76) [M+1]*, 1524.2 (24), 1523.1 (12).

Rh™ porphyrinate 4: Under an argon atmosphere, porphyrin 1 (34.3 mg,
23.4 pmol) was treated with [Rh(CO),Cl], (63.8 mg, 164 umol) and sodium
acetate (25 mg, anhydr.) in absolute 12-dichloroethane (5mL). After
stirring for 3 h at room temperature, the reaction mixture was diluted with
1,2-dichloroethane (5 mL), and iodine (60 mg) was added at RT. Stirring
was continued for an additional 2 h. After that time, a second portion of
iodine (40 mg) was added and stirring was continued for 1h. Organic
solvent was removed by distillation under reduced pressure. The residue
was purified by column chromatography (aluminium oxide, petroleum
ether/CH,Cl, 2:1) and was recrystallised from acetone/water. Compound 4
was obtained as dark red crystals (32.6 mg). Yield: 82%; 'H NMR
(300 MHz, C¢Dg): 6 =11.06 (s, 4H; H™), 8.07 (d, /=1.8 Hz, 4H; H'), 7.92
(d,/=1.8Hz,4H; H°), 7.70 (d, / =7.8 Hz, 4H; H*), 7.59 (d, /=78 Hz, 4H;
H?®), 726 and 7.22 (2s,2 x 4H; H* %), 7.08 (dd, J=1.8, 7.8 Hz, 4H; H?), 6.89
(dd, /=18, 78 Hz, 4H; H’), 1.28 (s, 36H; H;C(C?)), 1.11 (s, 36H;
H,;C(C®)); *C NMR (50 MHz, CDCL,): 6 =155.10 (C**), 148.58/147.88/
147.79/147.46/145.70/144.67 (C'»24a.5a.6.82) 136,06 (CFHF), 123.91/123.33

(C?-5),31.55 (CHs); IR (KBr): # = 2957, 2903, 2866, 1479, 1460, 1362, 1259,
1109 cm™'; UV/Vis (CH,Cl): Ane (log £)=4055 (5.18), 520.5 (4.36),
550.5 nm (4.29); MS (FAB): m/z (%): 1692.5 (21), 1691.4 (33), 1690.5 (24)
[M+1]+, 1565.6 (69), 1564.5 (100), 1563.6 (88) [M+1— 127]*.

Ru" porphyrinate 5a: Porphyrin 1 (17.0 mg, 11.6 pmol) and [Rus(CO),,]
(75 mg) in p-xylene (5 mL) were heated under reflux for 24 h. After cooling
the solution to room temperature, pyridine (0.2 mL) was added. After half
an hour at RT, the solvent was distilled under vacuum and the crude
product was purified by column chromatography (silica, petroleum ether/
CH,(Cl, 6:1). Porphyrinate 5a was dissolved in pyridine and precipitated
with a small amount of water. Recrystallisation from acetone/water with
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5% pyridine yielded Ru porphyrin Sa (red needles). Yield: 70 %; '"H NMR
(500 MHz, CDClLy): 6 =10.27 (s, 4H; H™), 7.85 (d, /=1.8 Hz, 4H; H'), 7.81
(d,J=1.8 Hz,4H; H®), 775 (d, J=8.0 Hz, 4H; H*), 7.73 (d, /= 8.0 Hz, 4H;;
H?®), 7.04 (dd, /=18, 8.0 Hz, 4H; H3), 7.00 (dd, /=1.8, 8.0 Hz, 4H; H’),
6.95/6.94 (2s,2 x 4H; H> %), 549 (t, 1H; H”-py), 4.50 (t, 2H; H’-py), 1.29/
1.25 (2s, 2 x 36H; 24H,C), 0.61 (d, 2H; Hepy); *C NMR (125 MHz,
CDCly): 6 =154.13/154.09 (C* «), 148.44/148.14/147.52/147.49/145.62/145.32
(Cla2.4a.30.6.81) 1143 74 (C*-py), 136.66/136.62 (C##), 133.3 (C’-py), 123.35/
123.19 (C*¥), 121.39/121.15 (C"%) 120.97/120.93(x 2) (CP-py, C*>7), 99.89
(Cm), 50.15 (C*1%), 34.60/34.57 (C*¢), 31.59/31.54 (CH;); IR (KBr): 7=
1954 cm! (CO); UV/Vis(CHCL): A, (log &)=401.5 (5.53), 519(4.28),
548 nm (4.11); MS (FAB): m/z (%): 1590.6 (36) [M — pyridine]*, 1563.6
(100), 1562.8 (75) [M — pyridine — COJ*.

Dioxo-Ru"! porphyrinate 5b: Under an argon atmosphere, Ru! porphyri-
nate 5a (4.1 mg, 2.45 pmol) in dichloromethane (2 mL) was treated with
meta-chloroperbenzoic acid (CH,Cl, solution, 7.35 umol) at room temper-
ature. After 10 min, the reaction mixture was diluted with dichloromethane
(10 mL) and washed with a phosphate buffer (pH 7) and water. The solvent
was evaporated and the raw product was dissolved in acetonitrile and
precipitated with a small amount of water. Compound 5b was dried under
high vacuum at room temperature (3.5mg). Yield: 90%; 'H NMR
(300 MHz, CDClLy): 6 =11.18 (s, 4H; H™), 7.96 (d, 8H; J=1.5 Hz, H"%),
7.86 (d, 8H; J=8.1 Hz, H**®), 7.30 (s, 8H; H* 1), 7.06 (dd, J=1.5, 8.1 Hz,
8H; H>7), 1.28 (s, 72H; 24 H;C); C NMR (75 MHz, CDCL,): 6 =153.86
(C» ), 148.08/147.66/144.77 (C'> 2 4a.5a.6.82) 1134 36 (CA#), 123.71/121.72/
121.50 (Ch 4> 7.8) 101.41 (C™), 50.07 (C* 1), 34.62 (C*-¢), 31.50 (CH3;); IR
(KBr): #=820cm™!; UV/Vis (CH,Cl): A, (log &€)=4075 (5.31), 505.5
(4.18), 535.5 nm (3.88); MS (FAB, NOBA): m/z (%): 1719.98 (11), 1718.98
(14), 1717.99 (21), 1717.00 (26), 1716.00 (29) [M*—-20+NOBA], 1715.01
(27), 1714.01 (24), 1713.02 (11), 1583.43 (10), 1582.43 (19), 1581.43 (25),
1580.44 (35), 1579.44 (34), 1578.44 (32) [M — O]*, 157744 (31), 1576.44
(25), 1575.44 (15), 1574.44 (12), 156742 (37), 1566.43 (59), 1565.45 (79),
1564.46 (100), 1563.47 (99), 1562.48 (88) [M —20O]*, 1561.41 (66), 1560.42
(43), 1559.44 (28), 1550.39 (15), 1549.39 (17), 1548.39 (23), 1547.37 (22)
[M —20 — CH;]*, 1546.36 (16).

Crystal structure of (1:1)-cocrystals of [60]-fullerene and Co"-porphyrinate 7

Preparation of crystals: In a small glass tube, a stock solution (0.1 mL) of
Coll-porphyrinate 7% (6.2 mg, 4.8 pmol) in 12-dichlorobenzene (4 mL)
were mixed at room temperature with a solution of [60]-fullerene (0.87 mg,
0.12 pmol) in of benzene (1 mL). The tube was flushed with nitrogen and
then closed. Upon standing at room temperature and protected from light,
dark crystals appeared within two days. The crystals remained in contact
with the mother liquor until used for X-ray analysis.

Crystal structures from X-ray analysis: Crystal data, experimental and
refinement details are listed below. Some steps in the structure determi-
nation are summarised here because the disorder of the [60]-fullerene and
the solvent molecules posed special problems. A partial structure solution
revealed the complete porphyrin moiety, a disordered dichlorobenzene
molecule and an irregular cloud of maxima on a spherical shell centred on a
crystallographic mirror plane. Clearly, none of the molecular mirror planes
of the disordered fullerene molecules coincided with the crystallographic
one. Despite the considerable superposition of peaks, it was possible, based
on distance criteria, to find two and eventually three groups of entangled
fused rings. These groups were then extended to three complete [60]-
fullerene molecules with the use of the FRAG-option of SHELXL.)
Atomic coordinates were taken from ref. [30]. In summary, six [60]-
fullerene molecules were located. They were related in pairs by a
crystallographic mirror plane and their population coefficients were
0.267(3), 0.192(3), 0.043(3). There were two sites with solvent molecules.
In one of them, two half-molecules of C;H,Cl, were arranged about a
mirror plane. In the other, three pairs of C{H,Cl, molecules and a pair of
C¢Hy molecules were distributed about a centre of inversion. Their
population coefficients were 0.186(3), 0.086(3), 0.052(2) and 0.111(5),
respectively. For full matrix least-squares refinement, the bond lengths (but
not the other parameters!) of the porphyrin molecule were restrained to
show D,,-symmetry (6 =0.01 A). The five- and six-membered rings of the
[60]-fullerene molecules were restrained to be regular and flat (6 =0.01 A).
The 6,6-distance was restrained to 1.38(1) A. For the two major orienta-
tions, anisotropic displacement parameters were refined with the restraint
that they be equidistant across the centre of the [60]-fullerene molecules
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and to neighbouring atoms within 3.6 A. This implies a rigid body
refinement. The benzene rings of all solvent molecules were restrained to
Cg-symmetry, the C4H,Cl, molecules as a whole were restrained to C,,-
symmetry (0 =0.01 A). The C—Cl distances were restrained to 1.72(1) A. Cl
atoms were refined anisotropically if their population exceeded 0.15,
isotropically if otherwise. Solvent carbon atoms were refined isotropically.
All hydrogen atoms with populations in excess of 0.5 were included in
calculated positions. This refinement scheme lead to 1699 distance
restraints, 265 planar restraints and 4560 restraints on anisotropic displace-
ment parameters. In spite of the pronounced disorder, all results were
reasonable: the 5,6-distance of [60]-fullerene refined to 1.440(4) A is in
good agreement with previous results; the C—C distance in the solvent
molecules was found to be 1.365(7) A. The principal mean square atomic
displacements are between ~0.01 and ~0.1 A2 for the well-ordered
porphyrin molecule, between ~0.01 and 0.2 A2 for the [60]-fullerene
molecules and between 0.05 and 0.15 A? for the chlorine atoms. Isotropic
displacement parameters vary between ~0.06 and ~0.1 A2 Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-153099. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44) 1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).

Crystal data, experimental and refinement details for the crystal structure
determination of 7: Crystal data: Cg,H;sN,Co-2Cg-3.30(3) CgH,CL, -
0.45(2) C¢Hg M,: 3332.2; monoclinic, C2/m; dark red platelets: a=
19.872(3), b=17.894(3), ¢=20.593(5) A; f=103.31(1)°; V=7160(3) A3;
Z=2; A,=1511; Cug, radiation; cell constants from 33 reflections; 6 =
34-111°; u=2.64mm~'; T=146(2) K. Data collection: Siemens P4
diffractometer with rotating anode generator; w scans; 5133 measured
reflections; 3641 independent reflections; 2346 reflections with 1> 20(I);
R, =0.102, R,=0.110; 6,,,,=50"; —16<h <16, —16 <k <17, -20<I<
29; 3 standard reflections every 100 reflections; no intensity decay. Refine-
ment: Refinement on F?; R[F?>>20(F?]=0.083, R (all data)=0.140
wR(F?) =0.216; S=1.256; 3641 reflections; 6525 restraints (see text);
1609 parameters; w=1/[c*(F2) + (0.05P) + 100P], where P=(F2 +
2F2)/3; (A/O)max = 0.004; App=0.34 ¢ A3 Ap,, =0.33 e A3; extinction
correction SHELXI.97; extinction coefficient 0.00011(2).

Selected '"H NMR experiments with chiral shift reagents: Experiments with
chiral (racemic) substrates with polar functionalities (dinitrile rac-6, rac-1-
(9-anthryl)-2,2 2-trifluoroethanol, rac-menthyl-acetate, rac-a-methoxy-
phenyl-acetic acid and rac-a-phenylethylamine) and with chiral porphyrin
1 and metallo — porphyrinates 2, 3 and 4, which were used as shift reagents.
The value of Ad(1), the shift difference of the resonance signal of the
uncomplexed substrate and enantiomer 1 in the presence of a chiral shift
reagent, and AAJ, the induced shift difference of the signals of enantiom-
er 1 and enantiomer 2, are reported (Bruker AM300, at 296 K, in ppm,
positive values correspond to an upfield shift). First, the racemic substrates
were measured at a concentration of S0 mM. Then, the different chiral shift
reagents (2—4) were added (25mwm) and the resulting shifts were compared
to the signals of the free substrate.

(£)-Dinitrile rac-6 (CDg, shift values for bridgehead protons): with 1:
A6(1)=0.11, A6(2) =0.18, AAS = 0.07; with 3: Ad(1) =0.01, Ad(2) =0.08,
AAO=0.09; with 2: A6(1)=0.10, Ad(2)=0.54, AAO=0.44; with 4:
A6(1)=0.55, A6(2) =0.67, AAd =0.12.

(+)-1-(9-Anthryl)-2,2,2-trifluoroethanol (CsDy, shift values for F;CCH):
with 1: Ad(1)=090, Ad(2)=1.07, AAO=0.17; with 3: Ad(1)=0.42,
A6(2)=0.84, AAO=0.42; with 4: Ad(1)=0.21, Ad(2) =0.51, AAS =0.30.

(£)-Menthylacetate (C;Dg, shift values for CH;COO): with 3: Ad(1) =0.04,
AS(2) =0.09, AAS =0.05; with 4: Ad(1) =0.12, Ad(2) = 0.35, AAS = 0.23.

(+)-a-Methoxyphenylacetic acid (C¢Dg, shift values for CH): with 1:
A6(1)=0.02, Ad(2) =0.03, AAS =0.01; with 3: Ad(1) =0.16, A6(2) =0.23,
AAO =0.07; with 4: Ao(1) =0.23, A6(2) =0.30, AAS =0.07.
(+)-a-Phenylethylamine (C4Dy, shift values for CH;): with 3: Ad(1) =1.77,
A6(2)=1.84, AA6=0.07.

For experiments with nonpolar fullerene derivatives (racemic mono-adduct
874 achiral bis-adduct 9! <) and with chiral paramagnetic Co!" por-

phyrinate 2 as shift reagent (procedure as above), the values of A6(H,), the
shift difference of the resonance signal of H, of the uncomplexed substrate
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and in the presence of 2, and AAJ, the induced shift difference of the signals
of the indicated protons are given (Bruker AM 300, in ppm, positive values
correspond to an upfield shift).

Fullerene adduct 8:(C¢Dg, ¢(2) =10.2mM, 300 K, shift values for bridge-
head protons): Ad(1) =0.52, Ad(2) =0.53, AA6 =0.01.

Fullerene bis-adduct 9:(C¢Dy, c(2) = 1.5mm, 296 K, shift values for bridge-
head protons): Ad(H.,)=0.31, Ad(H.ne)=0.09, enantiotopic protons
AO(H,) =0.11, A6(H,) = 0.07, AAS6 =0.04.

Acknowledgements

The authors thank Alvaro Duarte-Ruiz for the samples of fullerene-
anthracene adducts. We are grateful to Alexander Rieder and Karl-Hans
Ongania for mass spectra. The work in Innsbruck was supported by the
Austrian National Bank (project No. 7889).

[1] R. Schwenninger, Y. Ramondenc, K. Wurst, J. Schlogl, B. Kriutler,
Chem. Eur. J. 2000, 6, 1214-1223.

[2] a) Y. Ramondenc, R. Schwenninger, T. Phan, K. Gruber, C. Kratky, B.
Kréutler, Angew. Chem. 1994, 106, 939 -941; Angew. Chem. Int. Ed.
Engl. 1994, 33, 889-891; b) J. Schlogl, B. Krautler, Synlett 1999, S1,
969 -971.

a) H. Ogoshi, T. Mizutani, Acc. Chem. Res. 1998, 31, 81-89; b) K.

Konishi, K. Yahara, H. Toshishige, T. Aida, S. Inoue, J. Am. Chem.

Soc. 1994, 116, 1337 -1344.

[4] a) J. T. Groves, P. Viski, J. Org. Chem. 1990, 55, 3628—-3634; b) M.

Komatsu, T. Aida, S. Inoue, J. Am. Chem. Soc. 1991, 113, 8492 —8498;
¢) J. P. Collman, V. J. Lee, C. J. Kellen-Yuen, X. Zhang, J. A. Ibers, J. I.
Brauman, J. Am. Chem. Soc. 1995, 117, 692—-703; d) L. A. Campbell,
T. Kodadek, J. Mol. Catal. A 1996, 113,293-310; e) B. R. Cook, T. J.
Reinert, K. S. Suslick, J. Am. Chem. Soc. 1986, 108, 7281 —7286.

[5] a) Y. Naruta, Metalloporphyrins in Catalytic Oxidations (Ed.: R. A.

Sheldon), Dekker, New York, 1994, pp. 241 -259; b) E. N. Jacobsen,

Catalytic Asymmetric Synthesis (Ed.: 1. Ojima), VCH, Weinheim,

1993, pp. 159-202; ¢) J. P. Collman, Z. Wang, Chemtracts: Org. Chem.

1999, 12, 229 -263.

a) R. L. Halterman, S.-T. Jan, J. Org. Chem. 1991, 56, 5253 -5254;b) J.

Barry, T. Kodadek, Tetrahedron Lett. 1994, 35, 2465 —2468.

a) J. P. Collman, P. S. Wagenknecht, J. E. Hutchinson, Angew. Chem.

1994, 106, 1620-1639; Angew. Chem. 1994, 33, 1537-1554; b) R.

Guilard, K. M. Kadish, Chem. Rev. 1988, 88, 1121 -1146.

[8] a)J. T. Groves, J. S. Roman, J. Am. Chem. Soc. 1995, 117, 5594 —5595;

b) W.-H. Leung, C.-M. Che, J. Am. Chem. Soc. 1989, 111, 8812 -8818.

a) S. O’Malley, T. Kodadek, Organometallics 1992, 11, 2299 -2302;

b) B. B. Wayland, A. E. Sherry, G. Poszmik, A. G. Bunn, J. Am. Chem.

Soc. 1992, 114, 1673 -1681.

[10] See for example, a) P. Schreier, A. Bernreuther, M. Huffer, Analysis of
Chiral Organic Compounds, de Gruyter, Berlin, 1995, p.42; b) D.
Parker, Chem. Rev. 1991, 91, 1441-1457; c¢) G. R. Sullivan, Top.
Stereochem. 1978, 10, 287 —329.

[11] J. W. Buchler, The Porphyrins, Vol. I (Ed.: D. Dolphin), Academic
Press, New York, 1978, pp. 390-485.

[12] T. Ema, M. O. Senge, N. Y. Nelson, H. Ogoshi, K. M. Smith, Angew.
Chem. 1994, 106, 1951 -1953; Angew. Chem. Int. Ed. Engl. 1994, 33,
1879-1881.

[13] T. Boschi, S. Licoccia, R. Paolesse, P. Tagliatesta, Inorg. Chim Acta
1989, 163, 135-137.

[14] M. Barley, J. Y. Becker, G. Domazetis, D. Dolphin, B. R. James, Can. J.
Chem. 1983, 61, 2389 -2396.

[15] G.N. La Mar, F. A. Walker, The Porphyrins, Vol. IV (Ed.: D.
Dolphin), Academic Press, New York, 1979, pp. 61-155.

[16] a) D.J. Craik, J. A. Wilce, Methods in Molecular Biology, Vol. 60 (Ed.:
D. G. Reid), Humana, Totowa, 1997, p. 195; b) J. Schlogl, Dissertation,
University of Innsbruck, September 1999.

[17] a) B. Kradutler, T. Miiller, A. Duarte, Chem. Eur. J. 2001, 7, in press;
b) B. Kriutler, Fullerenes: Recent Advances, Vol. III (Eds.: K. M.
Kadish, R.S. Ruoff), Electrochemical Society, Pennington, 1996,

3

[t

[6

—

[7

—

[9

—

0947-6539/01/0712-2685 $ 17.50+.50/0 — 2685





FULL PAPER

(18]

(19]

[20]

[21
[22]

[23]

2686 —

B. Kriutler, H.-B. Biirgi et al.

pp- 1284-1295; c) A. Duarte-Ruiz, T. Miiller, K. Wurst, B. Kréutler,
Tetrahedron, in press.

J. A. Shelnutt, X.-Z. Song, J-G. Ma, S.-L. Jia, W. Jentzen, C.J.
Medforth, Chem. Soc. Rev. 1998, 27, 31 —41.

a) C. Kratky, R. Waditschatka, C. Angst, J. E. Johansen, J.C.
Plaquevent, J. Schreiber, A. Eschenmoser, Helv. Chim. Acta 1985,
68, 1312-1337; b) E. F. Meyer, D. L. Cullen, The Porphyrins, Vol II1I
(Ed.: D. Dolphin), Academic Press, New York, 1978, pp. 513-529;
c) W. R. Scheidt, The Porphyrins, Vol III (Ed.: D. Dolphin), Academic
Press, New York, 1978, pp. 463-511; d) D.J. Nurco, C. J. Medforth,
T. P. Forsyth, M. M. Olmstead, K. M. Smith, J. Am. Chem. Soc. 1996,
118,10918-10919.

a) R.J. Abraham, G. R. Bedford, B. Wright, Org. Magn. Reson. 1982,
18, 45; b) D. Toronto, F. Sarrazin, J. Pecaut, J.-C. Marchon, M. Shang,
W. R. Scheidt, Inorg. Chem. 1998, 37, 526 —532.

T. S. Webb, C. S. Wilcox, Chem. Soc. Rev. 1993, 383.

a) P.D. W. Boyd, M. C. Hodgson, C. E.F. Rickard, A. G. Oliver, L.
Chaker, P. J. Brothers, R. D. Nolskar, F. S. Tham, C. A. Reed, J. Am.
Chem. Soc. 1999, 121,10487-10495; b) M. M. Olmstead, D. A. Costa,
K. Maitra, B. C. Noll, S. L. Phillips, P. M. Van Calcar, A. L. Balch, J.
Am. Chem. Soc. 1999, 121, 7090 —-709.

J. Xiao, M. R. Savina, G. B. Martin, A. H. Francis, M. E. Meyerhoff, J.
Am. Chem. Soc. 1994, 116, 9341 -9342.

(24]

(25]

[26]

(27]

(28]
[29]
(30]

Reviewed in, for example: a) F. Diederich, M. Gomez-Lopez, Chem.
Soc. Rev. 1999, 28, 263-277; b) A. L. Balch, M. M. Olmstead, Chem.
Rev. 1998, 98, 2123 -2165.

F. Diederich, Angew. Chem. 1988, 100, 372-396; Angew. Chem. Int.
Ed. Engl. 1988, 27, 362 -386.

a) L. T. Scott, H. E. Bronstein, D. V. Preda, R. B. M. Ansems, M. S.
Bratcher, S. Hagen, Pure Appl. Chem. 1999, 71, 209-219; b) F. G.
Kldrner, U. Burkert, M. Kamieth, R. Boese, J. Benet-Buchholz,
Chemistry 1999, 5, 1700-1707.

a) B. Kriutler, T. Miiller, J. Maynollo, K. Gruber, P. Ochsenbein, D.
Schwarzenbach, H.-B. Biirgi, Angew. Chem. 1996, 108, 1294 -1296;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1204—1206; b) J. L. Atwood,
G. A. Koutsantonis, C. L. Raston, Nature 1994, 368, 229-231; c) P. C.
Andrews, J. L. Atwood, L.J. Barbour, P.J. Nichols, C. L. Raston
Chemistry 1998, 4, 1384 -1387; d) T. Haino, M. Yanase, Y. Fukazawa,
Angew. Chem. 1998, 110, 1044 —1046; Angew. Chem. Int. Ed. 1998, 37,
997 —998.

A. Bax, S. Subramanian, J. Magn. Reson. 1986, 67, 565.

G. M. Sheldrick, SHELXL97 1997, University of Gottingen, Germany.
H.-B. Biirgi, E. Blanc, D. Schwarzenbach, S. Liu, Y. Lu, M. M. Kappes,
J. A. Ibers, Angew. Chem. 1992, 104, 667 —669; Angew. Chem. Int. Ed.
1992, 31, 640-643.

Received: November 27, 2000 [F2900]

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

0947-6539/01/0712-2686 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 12






FULL PAPER

Self-Assembly and Dynamics of [2]- and [3]Rotaxanes with a Dinuclear
Macrocycle Containing Reversible Os—N Coordinate Bonds

Sung-Youn Chang, Jeung Soon Choi, and Kyu-Sung Jeong*!?!

Abstract: With a dinuclear macrocycle
2 that contains weak reversible OsY'—N
coordinate bonds, self-assembly and
equilibrium dynamics of [2]- and [3]ro-
taxanes have been investigated. When
the macrocycle 2 was mixed together
with threads 4a—e, which all contain an
adipamide station but different sizes of
end groups, [2]pseudorotaxane- and ro-
taxane-like complexes were immediate-
ly formed with large association con-
stants of >7 x 10°M~" in CDClI,; at 298 K.
Exchange dynamics, explored by 2D-
EXSY experiments, suggest that assem-
bly and disassembly of complexes occur
through two distinct pathways, slipping

of the end groups. The slipping pathway
is predominant with smaller end groups
that give pseudorotaxane-like com-
plexes, while the clipping pathway is
observed with larger end groups that
yield rotaxane-like complexes. Under
the same conditions, exchange barriers
(AG¥) were 14.3 kcalmol~! for 4a and
16.7 kcalmol~! for 4d, and indicate that
the slipping process is at least one order
of magnitude faster than the clipping
process. Using threads 13a and 13b that

Keywords: coordination modes -
macrocycles - rotaxanes - self-as-
sembly - supramolecular chemistry

contain two adipamide groups, more
complicated systems have been investi-
gated in which [2]rotaxane, [3]rotaxane,
and free components are in equilibrium.
Concentration- and temperature-de-
pendent 'H NMR spectroscopic studies
allowed the identification of all possible
elements and the determination of their
relative distributions in solution. For
example, the relative distribution of the
free components, [2]rotaxane, and [3]ro-
taxane are 30, 45, and 25 %, respectively,
in a mixture of 2 (2mm) and 13a (2mwm)
in CDCl, at 10°C. However, [3]rotaxane
exists nearly quantitatively in a mixture
of 2 (4mm) and 13a (2mM) in CDCl; at a

or clipping, and this depends on the size

Introduction

Rotaxanes and pseudorotaxanes are chemical entities com-
prising macrocycles (beads) and linear molecules (threads),
they contain mutual recognition sites and consequently
assemble in a threading mode." 2 In rotaxanes, bulky stoppers
at the ends of the thread prevent dissociation into the
individual components. In contrast, pseudorotaxanes have
small end groups, and can be reversibly converted into the
free components. Both supermolecules have unique proper-
ties and are at the frontier in the construction of molecular-
level machines.# The intrinsic high kinetic stability of the
rotaxanes makes it easy to control and define their motion and
function. The synthesis of the pseudorotaxanes, on the other
hand, is much simpler in that they self-assemble from a
mixture of individual components. In addition, the pseudo-
rotaxanes display more diverse motional modes associated
with their reversible assembly and disassembly. Incorporation

[a] Prof. K.-S. Jeong, S.-Y. Chang, J.S. Choi
Department of Chemistry
Yonsei University, Seoul 120-749 (South Korea)
Fax: (+2)364-7050
E-mail: ksjeong@yonsei.ac.kr
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low temperature —10°C.

of these pseudorotaxane features into the rotaxanes may
eventually yield more sophisticated and versatile, but readily
accessible, supramolecular machines. One way to accomplish
this goal would be to replace one or more of the covalent
bonds in either the macrocycle or linear molecules with
reversibly controllable, weak bonds.’) Among possible weak
bonds, the coordinate bond may be the most suitable because
both the bond strength and geometry are tunable with the
selection of the right combination of metal and ligands.

A number of coordinate-bond-based rotaxanes have been
described thus far, but in all cases the bond between the
transition metal and ligand was used for either attaching
stoppers to the thread or connecting one thread with
another.l) Although a variety of macrocycles that possess
reversible coordinate bonds have been prepared by self-
assembly over the last decade,”! none has been used for the
construction of rotaxanes. We recently described the rotaxane
complex 1-4d derived from the macrocycle 1 which contains
two reversible OsY'=N coordination bonds at one corner.®

Herein we report our continued efforts to devise rotaxanes
that reversibly assemble from and disassemble into their
components under thermodynamic conditions. Instead of
using the mononuclear macrocycle 1 as a bead component the
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dinuclear macrocycle 2 was used (Figure 1) because it was
found to have several advantages for this study. First, the
symmetrical nature of macrocycle 2 makes it much easier to
synthesize than 1. Second, 2 shows at least an order of
magnitude higher affinity toward the threads than 1, and
consequently the relative population of the resulting rotaxane
is dramatically increased in solution. This high affinity
between thread and bead molecules is a critical factor
required for the efficient construction of [n]rotaxanes with
multiple beads.”’] The thread molecules studied here contain
one or two adipamide station(s), as well as different sizes of
end groups. The dynamics of the exchange processes, studied
by 'H NMR spectroscopy, suggest that pseudorotaxanes and
rotaxanes are reversibly formed by two distinct pathways,
slipping and clipping. Furthermore, with the two-station
threads we also describe more intricate systems wherein
[2]rotaxane, [3]rotaxane, and free components exist in equi-
librium. The relative distribution of these components in
solution can be tuned by simply adjusting the ratio of bead
and thread components.

Abstract in Korean : 233 > 9l 08"-N A3 45 LY o
# ez 2 F o239, [2]-, [3]ZEMUVY ) xY Yy
ZY 33 zAskgde}. g 2 § obg Holvjel= -5 R} a
HE g2 239 opiF 3} 435 dae 3 Hod, 2]72122
AQ zaA) 2PHs Z4 Y4sHTH, 2 HPAFSFT 298 K,
eClz A > 7x10° NP 2 S 27, 23 EYI-2 D-EASY AY°
2 wied, 2 A oy B2RAY z3Y FRHLT AIAY
o} Zo) gl vlHe) 2o)d 2 F spx| HE o E 3 E -vjny
2 gNH- F F9 do)duh. opis} ztolq FAlz4) 2
PANE FP3S 2S5 ofndQ FPo) SRR, i) Y 22
AY BUNF PP 9 A Yol S 3} 234
23 o) dx) B (AGT )L 4a o} ANH 14.3 keal N7, 4d o) M T
16.7 keal NP ol=, o]l ojn A Ao o) JH v N 10 A
o) w2z b RF Jehd o},

% 542 o} LojulolE >)F IHY 437} 13a, 13b F A5 4
{21224, (31284, A5 333} 4yYE o152 e F
o 24 A2 B A3WIF. XE R XE JE H R 33
d3E E3e), BAo) EANE 2E 435 BQeged 2 A
23F 3G9, F Fof, 10 °C, CICL; E¥H 2(2 o) &
13a(2 aN)>} H9 X5 <, Fd 3, [2]24), [3]2E409
Ard 3 2= 2b2) 30%, 45%, 5% vk, 289 2(4 mh)$} 13a(2 mM)
2 Me] 2XF -10°C 2 F59, [31x2NYe) FH o2 ¥4y
e},
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Figure 1. Schematic representation for the reversible formation of rotax-
anes studied here.

Results and Discussion

Design and synthesis: The macrocycle 2 was spontaneously
assembled from a mixture of osmium tetraoxide, 5,6-dibutyl-
5-decene, and bispyridyl ligand as described previously.!'’)
Here, a symmetrical tetra-substituted olefin, 5,6-dibutyl-5-
decene,"I was chosen in order to 1) increase the solubility of 2
in organic solvents, 2) increase the stability of 2 upon contact
with air and protic solvents, and 3) avoid the production of a
diastereomeric mixture of 2. The macrocycle 2 contains a well-
defined square cavity in which four hydrogen donors (NHs)
are inwardly directed by virtue of internal N (central
pyridine)---H-N (amide) hydrogen bonds."?! During the
course of extensive binding studies, adipamide derivatives
were found to bind strongly and selectively to the cavity of
2.1 This functionality was therefore employed in all threads
as the station for 2. To minimize possible steric repulsion and
thus maximize the association between 2 and threads, the
adipamide station was separated from the bulky stoppers by
inserting either a hexyl or a tri(ethylene glycol) chain between
them. The threads thus prepared could be categorized into
three different types on the basis of the number of stations
inside and the similarity of the end groups.

Symmetrical one-station threads 4a—e: Syntheses of threads
4b-e were straightforward and are outlined in Scheme 1.

0947-6539/01/0712-2688 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 12
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o} Pd/C). The compounds 8a and 8b, obtained from 14-
HO A~~~ op & ; N7 SSY dihydroxybenzene and 1,5-dihydroxynaphthalene, were con-
Y 3b—e verted into the corresponding amines 9a and 9b. Finally,
o y c9upling reacFions of 7 V\./ith 9a or 9b in the presence of 2,2-
ef Yoy J\/\/\WN o~~~y d1meth¥1prop10nyl chloride gave the threads 10a and 10b,
b o respectively.
4a—e
C(CHy) Two-station threads 13a and 13b: As outlined in Scheme 3,
aY=H dy = ey = threads 13a and 13b were prepared by similar reaction
bv= o @ O O sequences used for 10a and 10b.
C(CH3); © O O o O O C(CHa)s " . d
ove o) g J T N e A
C(CHa)s C(CHa)s 11a, b 12a,b

Scheme 1. Synthesis of threads 4b —e. Reagents and conditions: a) toluene-
p-sulfonyl chloride, Et;N, THF, 0°C 1h, 37%; b) phenols (H-b-e),
K,CO;, DMF or acetonitrile, 60-70°C, 5-16 h, 76-82%; c) toluene-p-
sulfonyl chloride, Et;N, CH,Cl,, 0°C to RT, 5-19h, 77-84%;
d) phthalimide, K,CO,, DMF, 60-70°C; 9-17 h, 72-94%; ¢) H,NNH, -
H,O0, EtOH, reflux, 4 h; f) adipoyl chloride or bis(pentafluorophenyl)
adipate, Et;N, CH,Cl,, 0°C to RT, 2-4 h, 40-76%.

Stepwise tosylations followed by sequential displacements of
hexane-1,6-diol with phenols and phthalimide under basic
conditions gave the amine precursors 3b—e. After treatment
with hydrazine, the resulting amines were coupled with
adipoyl chloride or pentafluorophenyl diester to give the
threads 4b —e. In addition, the thread of hexanedioic acid bis-
hexylamide (4a) was prepared in 67% yield by coupling
adipic acid with 1-aminohexane.

Unsymmetrical one-station threads 10a and 10b: Adipamide
monoacid 7 was obtained by the coupling of amine 5 with acid
6 in the presence of 2,2-dimethylpropionyl chloride
(Scheme 2), followed by catalytic debenzylation (H,, 5%

a Ar=

Scheme 2. Synthesis of threads 10a and 10b. Reagents and conditions:
a) 2,2-dimethylpropionyl chloride, Et;N, CH,Cl,, 73%; b) 5% H,/Pd-C,
MeOH/EtOAc, 88 %; c) toluene-p-sulfonyl chloride, Et;N, CH,Cl,, RT, ca.
20 h, 69-79%; d) phthalimide, K,CO;, DMF, 60-70°C; 6 h, 70-76 %
e) H,NNH,-H,0, EtOH, reflux, 4 h; f) 2,2-dimethylpropionyl chloride,
Et;N, CH,Cl,, 0°C to RT, 1 h, then 7, RT, 1 h, 51-54%.
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Scheme 3. Synthesis of threads 13a and 13b. Reagents and conditions:
a) toluene-p-sulfonyl chloride, Et;N, CH,Cl,, RT, ca. 24 h, 82-94%;
b) phthalimide, K,CO;, DMF, 60-70°C; ~30 h, 73%; c) H,NNH,-H,0,
EtOH/CH,Cl,, reflux, 8 h; d) 7, 2,2-dimethylpropionyl chloride, Et;N,
CH,Cl,, 0°C to RT, 1 h, then 12a—b, RT, 1 h, 38 % -63%.

Association constants between macrocycle 2 and threads
4a-e: When macrocycle 2 and each of threads 4¢, 4d, and 4e
were mixed together in CDCl;, a new set of 'H NMR signals
corresponding to the complexes could immediately be seen at
room temperature (Figure 2d). On the basis of 'H NMR
integration of five different stock solutions ranging in the
concentration from 5.0 to 0.2mm in CDCI;, the average
association constants (K,+20%) of 2 with 4c¢, 4d, and 4e
were calculated to be 8900, 8400, and 7200M™', respectively
(Table 1). With threads 4a and 4b, in which there are small
end groups, association constants could not be accurately
determined because the free and complex components gave
considerably broadened and weight-averaged '"H NMR spec-
tra at room temperature (Figure 2b). Therefore, the associ-
ation constants for 4a and 4b were estimated by dilution
experiments. When a 5mm CDCl; solution of each component
was diluted to 0.5mm, changes in the chemical shifts were
negligible (that is, the NH proton of 2, Ad < 0.1 ppm relative
to Adpa=1.5ppm), and this suggests K,>1x 10*M™" for
threads 4a and 4b.

Two trends observed in the binding affinities are worthy of
note. First, the magnitudes of the association constants
depend slightly on the size of the end groups on the threads.
As the stopper size increases the association constant
decreases, possibly owing to a weak steric repulsion between
the macrocycle and end groups. Second, the association
constants for 2 and the threads are much higher than the
constants obtained with mononuclear macrocycle 1 under the
same conditions, as seen in the Table 1. The enhanced affinity
of the dinuclear macrocycle 2 is probably a result of the
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Figure 2. 'H NMR (500 MHz) spectra in CDCl; at 25°C of a) 4b, b) 4b
(2mm) + 2 2mm), ¢) 2, d) 4d (2mM) + 2 (2mm), and e) 4d.

Table 1. Association constants (K,+20%, M~') of macrocycles 1 and 2
with one-station threads 4a—e in CDCl; at 25 °C.

Thread K, (M)

Macrocycle 1 Macrocycle 2
4a 1300 >1x10*
4b 900 >1x10*
4c 520 8900
4d 520 8400
4e not determined 7200

coordination of all four lutidines to the osmium centers, which
in turn leads to an increased hydrogen bonding donor ability
of the amide NHs inside the cavity of 2.

Spectroscopic evidence for formation of pseudorotaxanes and
rotaxanes 2-4: As shown in Figure 2, the 'H NMR spectra of
complexes 2-4 are clearly different from their free compo-
nents. The NH signal of 2 was significantly shifted downfield
(AO=~1.5ppm) as a result of strong hydrogen bond for-
mation. In addition, the signal for CH hydrogens (see H* and
H® in Figure 3) a and 8 to the carbonyls in the adipamide
station of 4 appeared at the far-upfield region of 6 =1.1 and
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Figure 3. 2D-EXSY spectrum obtained with 2 (10mwm) and 4d (15mwm) at
25°C in CDCl; using mixing time (7,,) of 50 ms, indicating that the exchange
occurs between complex 2-4d and its free components.

0.5, respectively, compared with 6 =2.2 and 1.7 for the free 4.
These spectroscopic changes are nearly identical to those
observed on the formation of a pseudorotaxane complex
between mononuclear macrocycle 1 and thread 4a, the
structure of the complex 1-4 was previously confirmed by
X-ray crystal analysis.¥l Further information on the structure
of complexes 2 -4 was obtained from kinetic exchange studies

Bu_Bu
o 0.0°\Bu
/\IHkN—S/_\N»\O;SC-)O Bu
H
N : N
o NH”O

Y—(CHy)g N -, H
(CH2)s H h (CHy)4 N(CH,)s-Y

7 N
| (0]
Q--H
Q\'\i = H NS
Bu O-stNC/zvN L
Bu 0© o
Bu Bu
2:4

between complexes 2+4 and their free components (discussed
later). The 2D-EXSY experiments!'® suggest that the ex-
change rates are faster in the cases of pseudorotaxane-like
complexes, but are slower for rotaxane-like complexes. In
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other words, the kinetic stability of the complex increases as
the size of the end group increases, as expected for pseudo-
rotaxane or rotaxane formation.' ! As mentioned in the
binding studies, the opposite is true in the thermodynamic
stability of the complexes. All of the observations described
thus far are consistent with a proposed structure of complexes
2 -4 in which the macrocycle 2 encircles the adipamide station
of the threads, and consequently forms pseudorotaxanes or
rotaxanes.!'’!

Dynamics of exchange between complexes 2-4 and their
components: Two possible pathways may be considered for

the reversible formation of pseudorotaxane or rotaxane
complexes (Figure 4). One is a slipping process where threads

@ . O—t:)—o
Vi A\

O0—0 0—=90

slipping clipping

Figure 4. Schematic representation of two possible pathways, slipping and
clipping, for assembly and disassembly of pseudorotaxane or rotaxane
complexes.

4 slide in and out though the cavity of macrocycle 2. This
pathway is only possible when the size of the end group is
smaller than the size of the cavity. Another is a clipping
process that requires the dissociation of the OsV'—N coordi-
nate bond in 2, followed by the formation of intermediate
complexes, and finally the reconstruction of the coordinate
bond. The two pathways, slipping and clipping, are expected
to have different activation barriers, the latter process
depends more on the strength of the coordinate bond in the
macrocycle, rather than on the size of the end groups in the
thread.

As mentioned earlier, broad and weight-averaged 'H NMR
signals were observed at room temperature when the macro-
cycle 2 was mixed with threads 4a and 4b, while sharp and
separated signals were seen with threads 4¢, 4d, and 4e. This
spectral difference must be closely related to the exchange
rate between complexes and their free components. Qualita-
tively, the exchange rates are relatively fast on the NMR time
scale in threads 4a and 4b with smaller end groups, but slow in
threads 4¢, 4d, and 4e with bulkier end groups. Corey—
Pauling— Koltun (CPK) models show that the threads 4a
and 4b can penetrate into the cavity of 2, but the end groups in
the threads 4c¢, 4d, and 4e are too bulky to pass through the
cavity without breaking at least one of the coordinate bonds in
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2. To obtain quantitative data on the dynamics of the
exchange between the complexes and their components, we
performed coalescence temperaturel'”l and 2D-EXSY experi-
ments (Table 2).[¥] With threads 4a and 4b, the values are in
the range of 13.1-13.6 kcalmol~"! at 286302 K based on the
coalescence temperature method. However, based on the
EXSY experiments, the values with threads 4¢, 4d, and 4e

Table 2. Activation barriers [AG*] of exchange between complexes and
their free components 2 and one-station threads 4a—e, 10a, and 10b.

Entry Thread Method® Temp. [°C] AG*[kcal mol ]!
1 4a coalescence 13-27 13.1-13.5

2 EXSY 10 143

3 4b coalescence 16-29 13.2-13.6

4 4c EXSY 25 15.3

5 4d EXSY 25 15.5

6 EXSY 10 16.7

7 e EXSY 25 15.5

8 10a EXSY 10 14.9

9 10b EXSY 25 15.2

[a] For 2D-EXSY experiments, the concentration of each macrocycle and
thread is 10—20mmM in CDCl; with the molar ratio of 0.7 or 1.5, and the
mixing time (7,,) is 50 ms except entry 6 (300 ms) and entry 9 (80 ms).
[b] Errors are within +0.2 kcalmol~'.

suddenly increase to ~15.5 kcalmol~! at 298 K. This value
remains constant despite an increase in the steric bulkiness of
the end groups from 4d to 4e. The activation energy (AG*) for
the exchange depends on the temperature. Therefore, we
determined and compared the activation barriers at the same
temperature 283 K, at which the free components and
complex gave well-resolved separate 'H NMR signals regard-
less of the end group size on the threads 4. The threads 4a and
4d were chosen as representative examples of small and large
end groups, respectively. The exchange energies (AG*) at
283K, determined by EXSY experiments, were
14.3 kcalmol~! for 4a and 16.7 kcalmol! for 4d, and these
values correspond to exchange rates (k) of ~50 and 0.8 s7},
respectively. Both slipping and clipping pathways are possible
with 4a, but only a clipping pathway is possible with 4d,
therefore, it is clear that the slipping process is at least an
order of magnitude faster than the clipping process under the
same conditions.

Complex formation between macrocycle 2 and unsymmetrical
threads 10a and 10b: The unsymmetrical one-station threads
10a and 10b were prepared as a reference for two-station
threads 13a and 13b. When 10a and 10b were added to a
CDCl; solution of the macrocycle 2, the observed 'H NMR
spectral changes were consistent with the formation of
complexes by hydrogen bonding as described earlier with
the symmetrical threads 4a-e. However, owing to the
unsymmetrical nature of threads 10a and 10b, some
'"H NMR signals of the macrocycle 2 become further split at
lower temperatures when complexed. For example, the four
amide NH protons of 2 split into two singlets at 0 °C, otherwise
all protons appear at the same resonance (Figure 5).
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Figure 5. Partial '"H NMR (500 MHz) spectra of the amide NH signals of
macrocycle 2, which split into two singlets when complexed with unsym-
metrical threads 10a (left) and 10b (right) in CDCl; at a low temperature
0°C).

The '"H NMR spectra also depend on the size of the aryl
groups at one end, phenyl versus naphthyl, as seen in Figure 6.
With the thread 10a (2mwM in CDCl;) with the smaller phenyl
group, a broad and poorly resolved 'H NMR spectrum was

O free
® complex

10a d) 10b ﬂ }\
b)

2410b © o

L] ®
O O
a)
l'l![ll'llll‘[l‘] T‘Illl"‘l'll‘lllll"
6.5 6.0 5.5 6.5
1] o

Figure 6. Partial 'H NMR (500 MHz) spectra in the region of the thread
NH signals; a) 10a (2mMm) + 2 (1mm), b) 10a (2mm), c) 10b (2mm) + 2
(1mm), and d) 10b (2mm) in CDCl; at 25°C.

obtained at room temperature when approximately 0.5 equiv-
alents of the macrocycle 2 were added. On the other hand,
sharp and well-resolved signals of both complex and the free
components were observed in the case of the naphthyl-ended
thread 10b. The activation energies (AG™*) for assembly and
disassembly were determined by 2D-EXSY experiments and
found to be 14.9 kcalmol~! at 283 K for 2 and 10a, and
15.2 kcalmol~! at 298 K for 2 and 10b. These values suggest
that the slipping process dominates in the small phenyl-ended
thread 10 a, while the clipping process is preferred in the large
naphthyl-ended thread 10b.

Equilibrium between [2]rotaxane and [3]rotaxane derived
from two-station threads 13a and 13b: Possible equilibria and
processes between macrocycle 2 and two station threads 13a
and 13b are schematically summarized in Figure 7. As
discussed earlier, bulky tritylphenyl groups at both termini
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3]rotaxane
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Figure 7. Possible equilibria and processes between [2]rotaxane, [3]rotax-
ane, and their free components, macrocycle 2 and two-station threads 13a
and 13b.

of threads 13a and 13b prevent the slipping in and out, but
allow the clipping on and off of the macrocycle 2.

When two-station threads 13a and 13b and the macrocycle
2 were mixed together in CDCl;, the 'H NMR spectral
behavior was similar to that observed for the one-station
threads and the reference threads described above. Therefore,
[2]rotaxane, [3]rotaxane, and their free components could be
clearly identified by 'H NMR spectroscopy. The two most
diagnostic signals are the amide NH protons of both macro-
cycle 2 and thread 13a or 13b. The NH signal of the
complexed 2 was split into four singlets at — 10°C; two singlets
each for the [2]- and [3]rotaxane (Figure 8). As the concen-

macrocycle : thread

4mM : 2mM

<)

b J \ )bk 2mM : 2mM
{2}rotaxane [2]rotaxane
2+13a /}( 2+13b
2)

Figure 8. Partial 'H NMR (500 MHz) spectra of the amide NH signals of
macrocycle 2 when complexed with two-station threads 13a (left) and 13b
(right) in CDCl; at —10°C; a) macrocycle (1mM) and thread (2mwm),
b) macrocycle (2mm) and thread (2mm), and c) macrocycle (4 mm) and
thread (2 mm).

1mM : 2mM
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tration of 2 increased from 1 to 4mwm, a set of two singlets was
initially dominant, then nearly equal to, and eventually
replaced by another set of singlets. It is therefore clear that
[2]rotaxane corresponds to the initial set, and [3]rotaxane to
the later set of signals. Additional information for each
component in solution can be obtained from the thread NH
signals in the region between d =5 and 7 in the 'H NMR
spectra (Figure 9). In the [2]rotaxane, one station of the thread

7 Ny o
N O‘Q—C(Ph)g
o{/‘oﬁ’\/ EM
free o
[2] rotaxane unoccupied &
occupied A
[3] rotaxane n
wH? u sl wH! [ 158
aHA K AH¢ oS AHS

oH? oH!

f T T T T T

15 7.0 6.5 6.0 5.5
o
Figure 9. Partial '"H NMR (500 MHz) spectra of a mixture of 2 + 13b in
CDCl; at 10°C; a) 13b (2 mm), b) 13b (2mMm) and 2 (1mm), ¢) 13b (2mm)
and 2 (2mm), and d) 13b (2mMm) and 2 (4 mm).

is occupied by the macrocycle 2, but the other is unoccupied.
Fortunately, the NH signals for the occupied station of
[2]rotaxane appear at the different position from those of
[3]rotaxane. Likewise, the unoccupied station of [2]rotaxane
and the free thread 13a or 13b give separate signals for the
amide NH protons in '"H NMR spectroscopy. For the example
of 2 and 13b (2mM of each in CDCl;) at 10°C, two NH signals
for the occupied station of [2]rotaxane appear at d = 6.80 and
5.37, and signals for the unoccupied one appear 6 =6.16 and
5.87. On the other hand, two NH signals of [3]rotaxane appear
at 0 =6.85 and 5.31, and the signals of free thread 13b appear
at 0 =6.23 and 5.90 under the same conditions. This spectral
behavior makes it possible to analyze the relative distribution
of [2]rotaxane, [3]rotaxane, and the free component (Table 3).
For example, distributions of the free, [2]rotaxane, and
[3]rotaxane are 32, 49, and 19 %, respectively, in a mixture
of 2 (2mm) and 13b (2mm) in CDCI; at 10°C. In addition, the
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Table 3. Relative distributions [% ] of the free, [2]rotaxane and [3]rotax-
ane in a mixture of macrocycle 2 and two-station threads 13a and 13b in
CDCl; at 10 °C.

Entry Thread (2mm) Concentration of 2 Free [2]Rotaxane [3]Rotaxne

1 13a 1mMm 58 34 8
2 13a 2mm 30 45 25
301 13a 4mm ~0 16 84
4 13b 1mMm 58 37 5
5 13b 2mM 32 49 19
6 13b 4mm ~0 16 84

[a] Relative distributions were estimated by the 'H NMR integration of the
thread NH signals, and errors in the integration are within 15%. [b] Upon
cooling the solution down to —10°C, [3]rotaxane could only be seen and
other components are negligible in the 'H NMR spectrum.

relative populations of [2]- and [3]rotaxane become 16 and
84 %, respectively, by increasing the concentration of 2 to
4mMm (1 equivalent based on the number of adipamide
stations) under the same conditions, and eventually [3]rotax-
ane exists nearly quantitatively upon cooling the solution
down —10°C. This clearly shows that the relative population
of the components in solution could be varied by adjusting
molar ratios, concentrations, and/or temperature.

The phenylene and naphthalene groups in the middle of
13a and 13b are inserted in order to control a possible
shuttling process of [2]rotaxane,'®! an assembly of 13a (or
13b) with one macrocycle 2. It was difficult, however, to
notice the difference in "H NMR spectra between threads 13a
and 13b at various conditions when mixed together with 2,
except the thread 13b gives better-resolved signals under the
same conditions. Attempts to sort out exchange dynamics
between [2]rotaxane, [3]rotaxane, and the free components
were not successful because the peak separation between
components was too small to give satisfactory 2D-EXSY
results. The studies with the reference threads 10a and 10b
provide, at this moment, indirect evidence for the possibility
of the shuttling process of the [2]rotaxane; the macrocycle 2
may shuttle back and forth across the smaller phenylene, but
not the larger naphthalene group.

Conclusion

Reversibility and self-assembly are two main features in
natural systems. Recently, much effort has been carried out in
the area of supramolecular chemistry to incorporate these
important characteristics into artificial counterparts. In this
context, we herein describe the self-assembly of rotaxane
complexes in solution at ambient conditions. The reversibility
stems from the weak OsY™—N coordinate bonds of macrocycle
2, a bead molecule that was also spontaneously assembled
from its constituents. The macrocycle 2 strongly binds (K, >
7 x 10°M7" in CDCl, at 298 K) in a threading mode to threads
4a—e that all contain an adipamide station but different sizes
of end groups. Exchange dynamics, studied by 2D-EXSY
experiments, clearly show that the processes of complexation
and decomplexation switch from slipping to clipping when the
end groups of 4a—e are bulkier than the cavity size of the
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macrocycle 2. Finally, two-station threads 13a and 13b give us
an opportunity to study a more complicated equilibrium
system of [2]rotaxane, [3]rotaxane, and free components. All
of these possible components could be clearly identified in
CDCl;, and their distributions were therefore estimated by
'"H NMR spectroscopy. At a low ratio of 2 to 13a (or 13b),
[2]rotaxane was a major component, while [3]rotaxane was
predominant at a higher ratio, as expected. The reversibility in
our system inevitably results in a decrease in the kinetic
stability of individual components. We are currently pursuing
systems that balance these contradictory properties for the
self-assembly of molecular machines, for example, shuttles
that respond to outside stimuli.

Experimental Section

General methods: All reagents were, unless otherwise noted, used as
received. Chloroform, dichloromethane, and acetonitrile were distilled
under nitrogen from calcium hydride (CaH,), diethyl ether, and tetrahy-
drofuran from Na/benzophenone, and triethylamine from KOH. Dime-
thylformamide (DMF) was distilled under reduced pressure after drying
with anhydrous magnesium sulfate (MgSO,). Melting points were deter-
mined by using a Mel-Temp II capillary melting point apparatus and were
uncorrected. Infrared spectra were obtained on a Nicolet impact 410 FT-IR
spectrometer. All NMR spectra were recorded on a Bruker DPX-250 or
DRX-500 spectrometer and chemical shifts were reported in ppm down-
field relative to the residual protonated solvent peaks (CHCl;: 7.26 ppm for
'H NMR spectra, 77 ppm for C NMR spectra). Mass spectra were
obtained with a JMS-HS 110/110A mass spectrometer (JEOL inc., Japan)
and nitrobenzyl alcohol was used as a matrix in CHCl; as solvent.

Macrocycle 2: The macrocycle was prepared by following the procedure
described previously.'™ M.p.>200°C (decomp); 'H NMR (250 MHz,
CDCl;, 25°C): d =9.19 (s, 4H; NH), 8.59 (d, */(H,H) =7.8 Hz, 4H; Ar-H),
8.55 (s, 8H; Ar-H), 8.28 (t, *J(H,H) =78 Hz, 2H; Ar-H), 2.28 (s, 24H;
CHs;), 2.08-1.98 (m, 8H; CH,), 1.87-1.75 (m, 8H; CH,), 1.52-1.29 (m,
32H; CH,), 0.96 (t, */(H,H)=6.6 Hz, 24H; CHj;); *C NMR (63 MHz,
CDClL): 0=160.8, 149.5, 148.6, 145.7, 131.5, 127.3, 94.4, 34.7, 275, 24.6,
16.9, 15.1; IR (KBr): #=3307 (NH), 1691 (C=0), 829 (Os=O)cm™;
FAB-MS: m/z (%): 1480 (0.017) [M —(OC(C,Hy),),]*, 1194 (0.034)
[M —2(OC(CHy),),]*; elemental analysis calcd(%) for
CysH,14,N;p01,0s,(1764.3): C 53.10, H 6.51, N 7.94; found: C 53.15, H 6.57,
N 7.98.

Hexane-1,6-dioic acid bis(hexylamide) 4a: A suspension of adipic acid
(0.50 g, 3.42mmol) in thionyl chloride (2.0 mL) containing a catalytic
amount of DMF was heated at reflux for 2 h, and excess thionyl chloride
was removed. The residue was dissolved in CHCIl; (15mL) and to this
solution, 1-aminohexane (0.95 mL, 7.3 mmol, 2.1 equiv) and Et;N (1.0 mL,
7.2 mmol, 2.1 equiv) were added at 0°C (ice-water bath) under argon. The
solution was stirred for 1h at room temperature, then washed with
saturated NaHCO; solution, brine, dried over anhydrous MgSO,, and
concentrated. The residue was purified by column chromatography
(MeOH/CH,CIl, 1:10) to give 4a (0.72 g, 67%) as a white solid. M.p.
160°C; 'H NMR (250 MHz, CDCl; 25°C): 6 =5.66 (s, 2H; NH), 3.23 (m,
4H;NCH,), 2.19 (t, */(H,H) =5.8 Hz, 4H; C(=O)CH,), 1.65 (m, 4H; CH,),
1.49 (m, 4H; CH,), 1.33-1.29 (m, 12H; CH,), 0.88 (m, 6 H; CH,); *CNMR
(63 MHz, CDCl;): 6 =172.8, 39.7, 36.4, 31.6, 29.7, 26.7, 25.2, 22.7, 14.1; IR
(KBr): #=3313 (NH), 1632 (C=0) cm™'; elemental analysis calcd(%) for
CsH3N,O, (312.49): C 69.18, H 11.61, N 8.96; found: C 69.21, H 11.60, N
8.96.

General procedure of 4b—e: Compounds 4b, 4¢, 4d, and 4e were prepared
in similar yields from hexane-1,6-diol in six steps. As a representative
example the synthesis of 4b is described below. To a solution of hexane-1,6-
diol (30 g, 0.25 mol) in dry THF (70 mL) were added Et;N (70 mL, 0.5 mol,
2 equiv) and toluene-p-sulfonyl chloride (48 g, 0.25 mol, 1 equiv) at 0°C
(ice-water bath) under argon. After stirring for 1 h at 0°C, the solution was
concentrated, the residue was taken up in CH,Cl,, washed with 1N HCl
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solution, saturated NaHCO; solution, and brine, and dried over anhydrous
MgSO,. The product was purified by column chromatography (EtOAc/n-
hexane 1:1) to give toluene-4-sulfonic acid 6-hydroxyhexyl ester (26 g,37 %
yield) as a colorless liquid. 'H NMR (250 MHz, CDCl; 25°C): 6 =7.80 (d,
3J(H,H) =82 Hz, 2H; Ar-H), 7.35 (d, J(H,H) = 8.0 Hz, 2H; Ar-H), 4.02 (t,
3J(H,H) =6.4 Hz, 2H; ArOCH,), 3.60 (t, 3/(H,H) =6.4 Hz, 2H; CH,0),
245 (s, 3H; Ar-CH,), 1.66 (m, 2H), 1.52 (m, 2H), 1.35-131 (m, 4H);
elemental analysis caled (%) for C;3H,,0,S (272.36): C 57.33, H 7.40; found:
C 5735, H742.

A solution of toluene-4-sulfonic acid 6-hydroxyhexyl ester (5.0g,
18.4 mmol), phenol (3.2mL, 36.8 mmol, 2equiv), and K,CO; (7.6¢g,
55 mmol, 3 equiv) in dry DMF (50 mL) was heated at 60—70°C for 5h
under argon, and then the solution was filtered. The filtrate was
concentrated, then taken up in ethyl acetate, and washed with H,O, and
brine and the residue was dried over anhydrous MgSO, and concentrated.
The residue was purified by column chromatography (EtOAc/n-hexane
1:1) to give 6-phenoxyhexane-1-ol (2.7 g, 76 % yield) as a colorless liquid.
'H NMR (250 MHz, CDCl; 25°C): 6 =7.30-7.24 (m, 2H; Ar-H), 6.95 - 6.87
(m, 3H; Ar-H), 3.96 (t, J=6.4 Hz, 2H; ArOCH,), 3.67 (m, 2H; CH,0),
1.80 (m, 2H), 1.61-1.53 (m, 2H), 1.48-1.41 (m, 4H); *C NMR (63 MHz,
CDCly): 0=159.2, 129.5, 120.6, 114.6, 67.8, 63.0, 32.8, 29.4, 26.0, 25.7,
elemental analysis calcd (% ) for C,H 30, (194.27): C 74.19, H 9.34; found:
C74.17, H 9.34.

To a solution of 6-phenoxyhexan-1-ol (2.3 g, 11.8 mmol) in CH,Cl, (40 mL)
was added toluene-p-sulfonyl chloride (4.5 g, 23.6 mmol, 2 equiv) and Et;N
(4.9 mL, 2 equiv) at 0°C under nitrogen. The mixture was stirred at room
temperature under nitrogen for 6 h, then washed with HCI (1N) solution,
saturated NaHCO;, and brine then dried over anhydrous MgSO,, and
concentrated. The residue was purified by column chromatography
(EtOAc/n-hexane 1:4) to give toluene-4-sulfonic acid 6-phenoxyhexyl
ester (3.3 g,80 %) as a colorless oil: 'H NMR (250 MHz, CDCl; 25°C): d =
7.80 (d,*J(H,H) =8.3 Hz, 2H; Ar-H), 7.35 (d, *J(H,H) =8.3 Hz, 2H; Ar-H),
727-724 (m, 2H; Ar-H), 6.95-6.85 (m, 3H; Ar-H), 4.04 (t, *J(HH) =
6.5 Hz, 2H; ArOCH,), 3.91 (t, *J(H,H) =6.4 Hz, 2H; ArOCH,), 2.44 (s,
3H; Ar-CH,), 1.76-1.62 (m, 4H), 1.41-1.38 (m, 4H); *C NMR (63 MHz,
CDCly): 6=159.1, 144.8, 133.3, 129.9, 129.5, 128.0, 120.7, 114.5, 70.6, 67.6,
29.1, 289, 25.6, 253, 21.7; elemental analysis caled (%) for
C;oH,,0,5(348.46): C 65.49, H 6.94; found: C 65.44, H 6.98.

A solution of toluene-4-sulfonic acid 6-phenoxyhexyl ester (1.70 g,
4.88 mmol), phthalimide (2.15 g, 14.6 mmol, 3 equiv), and K,CO; (3.03 g,
21.9 mmol, 4.5 equiv) in DMF (30 mL) was heated at 60—70°C for 9 h. The
mixture was concentrated under reduced pressure and the residue was
taken up in CH,Cl,. The organic solution was washed with HCI (1N)
solution, saturated NaHCO;, and brine, dried over anhydrous MgSO,, and
concentrated. The residue was purified by column chromatography
(EtOAc/n-hexane/CH,Cl, 1:4:1) to give 2-(6-phenoxyhexyl)isoindole-1,3-
dione (3b; 1.48¢g, 94%) as a white solid. M.p. 62-64°C; 'H NMR
(250 MHz, CDCl; 25°C): 0 =7.85-782 (m, 2H; Ar-H), 7.71-7.68 (m, 2H;
Ar-H), 729-723 (m, 2H; Ar-H), 6.93-6.85 (m, 3H; Ar-H), 3.94 (t,
3J(H,H) =6.4 Hz, 2H; ArOCH,), 3.69 (t, */(H,H) =72 Hz, 2H; NCH,),
1.83-1.66 (m, 4H; CH,), 1.57-1.37 (m, 4H; CH,); *C NMR (63 MHz,
CDCl;): 6 =168.6, 159.2, 134.0, 132.3, 129.5, 123.3, 120.6, 114.6, 67.8, 38.1,
29.3, 28.7, 26.8, 25.8; IR (KBr): 7=1702 (C=0) cm™!; elemental analysis
caled (%) for C,)H, NO; (323.4): C 74.28, H 6.55, N 4.33; found: C 73.81, H
7.06, N 4.36.

A solution of 3b (1.40 g, 4.33 mmol) and hydrazine hydrate (55% N,H,,
1.5 mL, excess) in ethanol (50 mL) was heated at reflux for 18 h, then
cooled to room temperature, and filtered. The filtrate was concentrated,
then taken up in CH,Cl, (50 mL), washed with H,O and brine, and dried
over anhydrous MgSO,, and concentrated. The resulting yellowish liquid of
6-phenoxyhexylamine was used in the next step without further purifica-
tion (0.90 g). A solution of hexane-1,6-dioic acid bis(pentafluorophenyl)
ester (0.59 g, 1.23 mmol) in dry CH,Cl, (5 mL) was added under argon at
0°C (ice-water bath) to a solution of 6-phenoxyhexylamine (0.60 g,
3.10 mmol, 2.5 equiv), Et;N (0.69 mL, 4.95 mmol, 4 equiv), and 4-dimethy-
laminopyridine (DMAP) (0.15 g, 1.23 mmol, 1 equiv) in CH,Cl, (10 mL).
After stirring at room temperature for 4 h, the mixture was washed with
HCI solution (1N), saturated NaHCOj; solution, and brine, and then the
mixture was dried over anhydrous MgSO,. The product was purified by
column chromatography (MeOH/CH,CI, 1:10) to give hexane-1,6-dioic
acid bis[(6-phenoxyhexyl)amide] 4b (0.40 g, 65%) as a white solid. M.p.
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132-133°C; '"H NMR (250 MHz, CDCl;, 25°C):  =7.30-7.23 (m, 4H; Ar-
H), 6.95-6.86 (m, 6H; Ar-H), 5.66 (s, 2H; NH), 3.94 (t, *J(H,H) = 6.4 Hz,
4H; OCH,), 3.25 (m, 4H; NCH,), 2.17 (brs,4H; C(=O)CH,), 1.77 (m, 4H,
CH,), 1.65 (brs, 4H; CH,), 1.56-1.34 (m, 12H; CH,); *C NMR (63 MHz,
CDCl;) 0 =172.8, 159.2, 129.6, 120.7, 114.6, 67.8, 39.6, 36.3, 29.7, 29.3, 26.8,
25.9,25.1; IR (KBr): #=3297 (NH), 1636 (C=0) cm™'; elemental analysis
caled (%) for C;H,,N,O, (496.7): C 72.55, H 8.93, N, 5.64; found: C 72.57,
H 8.92, N 5.61.

Hexane-1,6-dioic acid bis{[6-(3,5-di-tert-butylphenoxy)hexyl]Jamide} (4c):
The compound 4¢ was prepared by following the same procedures
described for 4b except 3,5-di-tert-butylphenol was used instead of phenol.
M.p. 139°C; 'TH NMR (250 MHz, CDCl;, 25°C): 6=7.01 (t, */(HH) =
1.5 Hz, 2H; Ar-H), 6.75 (t, /(H,H) = 1.5 Hz, 4H; Ar-H), 5.62 (brs, 2H;
NH), 3.95 (t, *J(H,H) =6.4 Hz, 4H; ArOCH,), 3.26 (m, 4H; NCH,), 2.19
(brs, 4H; C(=0)CH,), 1.76 (m, 4H; CH,), 1.66 (brs, 4H; CH,), 1.56-1.48
(m, 8H; CH,), 141 (m, 4H; CH,), 1.30 (s, 18H; C(CHj,);); “C NMR
(63 MHz, CDCl;): 0 =172.8,158.8, 152.3, 115.0, 108.9, 67.7, 39.6, 36.4, 35.1,
31.6,29.8,29.6,26.9,26.0, 25.1; IR (KBr): #=3302 (NH), 1638 (C=0) cm!;
elemental analysis calcd (%) for Cy,H7N,O, (721.1): C 76.62, H 10.62, N
3.88; found: C 76.59, H 10.68, N 3.91.

Hexane-1,6-dioic acid bis{[6-(4-tritylphenoxy)hexyl]amide} (4d): The
compound 4d was prepared by following the same procedures described
for 4b but 4-tritylphenol and adipoyl chloride were used instead of phenol
and hexane-1,6-dioic acid bis(pentafluorophenyl) ester, respectively. M.p.
158-159°C; 'H NMR (250 MHz, CDCl; 25°C): 6 =7.24-7.14 (m, 30H;
Ar-H), 7.08 (d, *J(H,H)=8.9 Hz, 4H; Ar-H), 6.75 (d, *J(H,H) =8.9 Hz,
4H; Ar-H), 5.68 (s, 2H; NH), 3.91 (t, */(H,H) = 6.3 Hz, 4H; OCH,), 3.24
(m, 4H; NCH,), 2.17 (brs, 4H; C(=O)CH,), 1.74 (m, 4H; CH,), 1.63 (m,
4H; CH,), 1.57-1.36 (m, 12H; CH,); *C NMR (63 MHz, CDCl;): 6 =
172.8,157.1,1471,138.9,132.3,131.2, 1275, 126.0, 113.3, 67.7, 64.4, 39.6, 36.3,
29.7, 29.4, 26.8, 26.0, 25.1; IR (KBr): #=3295 (NH), 1644 (C=0O) cm™;
elemental analysis caled (%) for CiH7,N,O, (981.3): C 83.23, H 740, N
2.85; found: C 83.20, H 7.45, N, 2.87.

Hexane-1,6-dioic acid bis[(6-{4-[tris(4-tert-butylphenyl)methyl]phenoxy}-
hexyl)amide] (4e): The compound 4e was prepared by following the same
procedures described for 4b except 4-[tris(4-tert-butylphenyl)methylphe-
nol was used instead of phenol. M.p. 216°C; 'H NMR (250 MHz, CDCl;,
25°C): 6=1724-720 (m, 12H; Ar-H), 7.09-7.05 (m, 16H; Ar-H), 6.73 (d,
3J(H,H) =8.8 Hz, 4H; Ar-H), 5.64 (s, 2H; NH), 3.91 (t, 3J(H,H) = 6.3 Hz,
4H; ArOCH,), 3.24 (m, 4H; NCH,), 2.17 (brs, 4H; (C=0O)CH,), 1.78 - 1.37
(m, 20H; CH,), 1.29 (s, 54 H; C(CH;);); *C NMR (63 MHz, CDCL,): 6 =
172.8, 157.0, 148.4, 144.3, 139.6, 132.4, 130.9, 124.2, 113.1, 67.7, 63.2, 39.6,
36.3, 34.4, 31.6, 29.8, 29.4, 26.9, 26.0, 25.1; IR (KBr): 7=3421 (NH), 1648
(C=0) cm™!; elemental analysis calcd (%) for Cy,H;5,N,O, (1318.0): C
83.84, H 9.18, N 2.13; found: C 83.84, H 9.30, N 2.17.

5-[6-(4-Tritylphenoxy)hexylcarbamoyl]pentanoic acid (7): A solution of
benzyl alcohol (8.3 g, 77 mmol, 0.5 equiv) and Et;N (15 mL, 110 mmol,
0.8 equiv) in dry CH,Cl, (100 mL) was slowly added to a solution of adipoyl
chloride (26 g, 142 mmol) in dry CH,Cl, (50 mL) over 20 min at 0°C (ice-
water bath) under argon. After stirring for 2 h at room temperature, the
mixture was washed with H,O, and dried over anhydrous MgSO,. The
residue was purified with short silica column chromatography (CH,Cl,) to
give 6 (6.6 g) which was contaminated by some impurities (=5 % ), but used
without further purification. '"H NMR (250 MHz, CDCl;, 25°C): 6 =7.35 (s,
SH; Ar-H), 5.12 (s, 2H; ArCH,0), 2.42-2.35 (m, 4H; C(=O)CH,), 1.71-
1.68 (m, 4H; CH,). To a solution of 6 (2.2 g, 9.2 mmol, 2 equiv) and Et;N
(1.9 mL, 13.8 mmol, 3 equiv) in CH,Cl, (15 mL) was added 2,2-dimethyl-
propionyl chloride (1.1 mL, 9.2 mmol, 2 equiv) at 0°C. The mixture was
stirred at room temperature for 1 h under argon, and 6-(4-tritylphenoxy)-
hexylamine 5 (2.0 g, 4.6 mmol) was added to the solution. After stirring for
an additional 1h at room temperature, the mixture was washed with
saturated NaHCO; and brine, and then dried over anhydrous MgSO,, and
concentrated. The residue was purified by column chromatography
(MeOH/CH,C], 1:30) to give the desired amide (2.20 g, 73%) as a white
solid, which was dissolved in EtOAc (50 mL) and MeOH (50 mL). A
catalytic amount (0.3 g) of 5% Pd/C was added and the solution was
stirred under a H, balloon for 1 h. The solution was then filtered through
Celite and concentrated under reduced pressure to give 7 (1.67 g, 88 %) as a
white solid. M.p. 136-138°C; '"H NMR (250 MHz, CDCl;, 25°C): 6 =9.93
(br, 1H; COOH), 7.23-7.15 (m, 15H; Ar-H), 7.09 (d, 3/(H,H) =8.8 Hz,
2H; Ar-H), 6.76 (d, *J(H,H) = 8.8 Hz, 2H; Ar-H), 5.74 (brs, 1H; NH), 3.92
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(t, W(HH)=63Hz, 2H; ArOCH,), 325 (m, 2H; NCH,), 2.38 (t,
3J(H,H) =6.3 Hz, 2H; C(=0)CH,), 2.19 (t, 3/(H,H)=6.7 Hz, 2H; CH,),
1.76-1.67 (m, 6H; CH,), 1.53-1.27 (m, 6H; CH,); C NMR (63 MHz,
CDCl;, 25°C): 6 =178.3,173.1, 1571, 147.1, 138.9, 132.3, 131.2, 127.5, 125.9,
113.3, 67.7, 63.4, 39.7, 36.3, 33.8, 29.6, 29.3, 26.8, 25.9, 25.1, 24.3; IR (KBr):
7=3432 (COOH), 1707 (C=0), 1623 (C=0) cm!; elemental analysis calcd
(%) for C;;H, NO, (563.7): C 78.83, H 7.33, N 2.48; found: C 78.86, H 7.46,
N 2.50.

2-(2-{2-[4-(2-Methoxyethoxy)phenoxy]ethoxy}ethoxy)ethanol (8a): Com-
pound 8a was prepared by sequential coupling reactions of p-hydroquinone
with approximately one equivalent of each toluene-4-sulfonic acid
2-methoxyethyl ester and tri(ethylene glycol) mono-p-tosylate. Reactions
were heated at reflux in CH;CN for 5-7h in the presence of K,CO;
(3 equiv), and yields were 34% and 56 % for the first and second steps,
respectively. M.p. 35-37°C; 'H NMR (250 MHz, CDCl; 25°C): 6 =6.79 (s,
4H; Ar-H), 4.04-3.98 (m, 4H; OCH,CH,0), 3.78 (m, 2H; OCH,CH,0),
3.68-3.61 (m, 8H; OCH,CH,0), 3.55 (m, 2H; OCH,CH,0), 3.38 (s, 3H;
OCH;); BC NMR (63 MHz, CDCI; 25°C): 6 =153.1, 153.0, 115.5, 72.5,
71.1, 70.7, 70.3, 69.8, 67.9, 67.8, 61.6, 59.1; IR (KBr): #=3367 (OH), 2876
(CH,-O-CH,) cm™'; elemental analysis calcd (%) for C;sH,,04 (300.4): C
59.98, H 8.05; found: C 59.91, H 8.01.

2-(2-{2-[5-(2-Methoxyethoxy)naphthalen-1-yloxy]ethoxy}ethoxy)ethanol
(8b): Compound 8b was prepared from 1,5-dihydroxynaphthalene with
approximately one equivalent each of toluene-4-sulfonic acid 2-methoxy-
ethyl ester and tri(ethylene glycol) mono-p-tosylate. The mixture was
heated at reflux in CH;CN overnight (=16 h) in the presence of K,CO;
(3 equiv), and yields were 37% and 83% for the first and second steps,
respectively. M.p. 29-31°C; '"H NMR (250 MHz, CDCl; 25°C):  =7.91 -
785 (m, 2H; Ar-H), 7.39-7.32 (m, 2H; Ar-H), 6.85 (m, 2H; Ar-H), 4.32—
427 (m, 4H; OCH,CH,0), 4.00 (m, 2H; OCH,CH,0), 3.89 (m, 2H;
OCH,CH,0), 3.82 (m, 2H; OCH,CH,0), 3.79-3.69 (m, 4H; OCH,-
CH,0), 3.62 (m, 2H; OCH,CH,0), 3.51 (s, 3H; OCH;); "C NMR
(63 MHz, CDCl; 25°C): 6 =154.5, 154.4, 126.9, 126.8, 125.2, 114.8, 114.7,
105.8, 72.6, 71.2, 71.1, 70.6, 69.9, 68.0, 67.9, 61.9, 59.4; IR (KBr): 7=3455
(OH) cm™; elemental analysis calcd(% ) for C,oH,O4 (350.4): C 65.13, H
7.48; found: C 65.15, H 7.51.

Hexane-1,6-dioic acid [2-(2-{2-[4-(2-methoxyethoxy)phenoxy]ethoxy}-
ethoxy)ethyl]amide [6-(4-tritylphenoxy)hexyl]Jamide (10a): Amines 9a
and 9b were prepared from the precursor alcohols 8a and 8b, according to
the same procedures described for the conversion of hexane-1,6-diol into
6-phenoxyhexylamine. To a solution of carboxylic acid 7 (0.20 g, 0.35 mmol,
12 equiv) in dry CH,Cl, (20 mL), trimethylacetyl chloride (0.034 mL,
0.28 mmol, 0.9 equiv), and Et;N (0.10 mL, 0.72mmol, 2.4 equiv) were
added. The solution was stirred under argon for 1 h at room temperature,
and then amine 9a (0.089 g, 0.30 mmol) was added. After stirring for 2 h at
room temperature, the mixture was washed with saturated NaHCO; and
brine, dried over anhydrous MgSO,, and concentrated. The residue was
purified by column chromatography (MeOH/CH,CI, 1:15) to give 10a
(0.13 g, 51%) as a white solid. M.p. 99-101°C; 'H NMR (250 MHz,
CDCl;, 25°C): 6=723-717 (m, 15H; Ar-H), 7.08 (d, */(H,H) =8.9 Hz,
2H; Ar-H), 6.84 (s, 4H; Ar-H), 6.75 (d, 3/(H,H) =8.9 Hz, 2H; Ar-H), 6.21
(brs, 1H; NH), 5.81 (brs, 1H; NH), 4.10-4.04 (m, 4H; OCH,), 3.91 (t,
3J(HH) =63 Hz, 2H; ArOCH,), 3.82 (t, *J(H,H)=4.6 Hz, 2H; OCH,-
CH,0), 3.74-3.69 (m, 4H; OCH,CH,0), 3.65 (m, 2H; OCH,CH,0), 3.56
(t,%J (H,H) =4.9 Hz, 2H; NCH,CH,0), 3.44 (brs, 5H; NCH,, OCHs), 3.24
(m, 2H; NCH,), 2.14 (brs, 4H; C(=O)CH,), 1.76 (m, 2H; CH,), 1.61 (brs,
4H; CH,), 1.55-1.37 (m, 6H; CH,); *C NMR (125 MHz , CDCl;): 6 =
173.0,172.8,157.1,153.4, 153.1, 147.2, 138.9, 132.3, 131.2, 1275, 125.9, 115.7,
113.3, 71.3, 70.8, 70.3, 70.0, 69.9, 68.3, 68.0, 67.8, 64.4, 59.3, 40.0, 39.3, 36.4,
36.1, 29.7, 29.4, 26.8, 26.0, 25.3, 25.0; IR (KBr): #=3300 (NH), 1640
(C=0) cm!; elemental analysis calcd (%) for Cs,Hg,N,Og (845.1): C 73.91,
H 7.63, N 3.31; found: C 73.95, H 7.60, N 3.36.

Hexane-1,6-dioic acid [2-(2-{2-[5-(2-methoxyethoxy)naphthalen-1-yloxy]-
ethoxyjethoxy)ethyl]amide [6-(4-tritylphenoxy)hexyllamide (10b): The
compound 10b was prepared in 54 % yield by following the same procedure
described for 10a. M.p. 88—90°C; '"H NMR (250 MHz, CDCl;, 25°C): 6 =
7.87 (t,*J(H,H) =8.6 Hz, 2H; Ar-H), 7.34 (t, */(H,H) =8.0 Hz, 2H; Ar-H),
724-717 (m, 15H; Ar-H), 7.08 (d, 3/(H,H) =8.9 Hz, 2H; Ar-H), 6.84 (d,
3J(H,H) =7.6 Hz, 2H; Ar-H), 6.75 (d, */(H,H) =8.9 Hz, 2H; Ar-H), 6.08
(brs, 1H; NH), 5.73 (brs, 1H; NH), 4.32-4.26 (m, 4H; ArOCH,), 3.99 (t,
3J(H,H) =4.6 Hz, 2H; OCH,CH,0), 3.93-3.86 (m, 4H; ArOCH,), 3.79
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(m, 2H; OCH,CH,0), 3.67 (m, 2H; OCH,CH,0), 3.56 (t, 3J(H,H)=
4.9 Hz, 2H; NCH,CH,0), 3.50 (s, 3H; OCH3;), 3.43 (m, 2H; NCH,), 3.22
(m, 2H; NCH,), 2.06-2.03 (m, 4H; C(=0)CH,), 1.73 (m, 2H; CH,), 1.50—
1.34 (m, 10H; CH,); ¥C NMR (125 MHz, CDCl,): 6 =172.9, 172.8, 157.1,
154.6,154.4,147.2,138.9, 132.3, 131.2, 127.5, 127.0, 126.9, 126.0, 125.3, 125.2,
115.0, 114.6, 113.3, 106.0, 105.9, 71.3, 71.0, 70.5, 70.0, 69.9, 68.1, 68.0, 67.8,
64.4,59.4, 39.5, 39.3, 36.3, 36.0, 29.7, 29.4, 26.8, 26.0, 25.2, 24.9; IR (KBr):
7=3292 (NH), 1638 (C=0O)cm™'; elemental analysis calcd (%) for
CsgHgN,Og (895.1): C 75.14, H 7.43, N 3.13; found: C 75.08, H 7.53, N 3.18.
Hexane-1,6-dioic acid [6-(4-tritylphenoxy)hexyl]amide (2-{2-[2-(4-{2-[2-(2-
{5-[6-(4-tritylphenoxy)hexylcarbamoyl Jpentanoylamino}ethoxy)ethoxy]-
ethoxy}phenoxy)ethoxy]ethoxy}ethyl)amide (13a): Diamines 12a and 12b
were prepared according to the same procedures that were described
earlier for the preparation of monoamines 9a and 9b from p-hydroquinone
and 1,5-dihydroxynaphthalene, respectively. To a solution of carboxylic
acid 7 (0.30 g, 0.53 mmol, 3 equiv) in CH,Cl, (20mL) was added 2,2-
dimethylpropionyl chloride (0.065 mL, 0.53 mmol, 2.9 equiv) and Et;N
(0.10 mL, 0.72 mmol, 4 equiv). The mixture was stirred for 1 h under argon
and diamine 12a (0.066 g, 0.18 mmol) was added. After stirring for 1 h at
room temperature, the mixture was washed with saturated NaHCO; and
brine, dried over anhydrous MgSO,, and concentrated. The residue was
purified with column chromatography (MeOH/CH,Cl, 1:10) to give 13a
(0.10 g, 38%) as a white solid. M.p. 98-100°C; 'H NMR (250 MHz,
CDCl,, 25°C): =724-7.16 (m, 30H; Ar-H), 7.08 (d, *J(H,H) =9.0 Hz,
4H; Ar-H), 6.83 (s, 4H; Ar-H), 6.75 (d, *J(H,H) = 9.0 Hz, 4H; Ar-H), 6.23
(brs, 2H; NH), 5.86 (brs, 2H; NH), 4.08 (m, 4H; ArOCH,), 3.91 (t,
3J(H,H) =6.3 Hz, 4H; ArOCH,), 3.82 (m, 4H; OCH,CH,0), 3.70 (m, 4H;
OCH,CH,0), 3.64 (m, 4H; OCH,CH,0), 3.55 (t, *J(H,H)=4.9 Hz, 4H;
OCH,CH,0), 3.44 (m, 4H; NCH,), 3.22 (m, 4H; NCH,), 2.14 (brs, 8H;
CH,), 1.74 (m, 4H; CH,), 1.61 (m, 8H; CH,), 1.52-1.33 (m, 12H; CH,);
3C NMR (63 MHz, CDCl;, 25°C): 6=173.0, 172.8, 1572, 153.2, 147.2,
138.9, 132.3,131.3, 127.5, 126.0, 115.8, 113.3, 70.9, 70.4, 70.0, 69.9, 68.3, 67.8,
64.4,39.6,39.3,36.4,36.1,29.7,29.4,26.9, 26.0, 25.3,25.0; IR (KBr): 7= 3299
(NH), 1640 (C=O)cm™'; elemental analysis caled (%) for
Co,H;1iN4O,(1463.9): C 75.48, H 7.57, N 3.83; found: C 7543, H 752, N
3.83.

Hexane-1,6-dioic acid [6-(4-tritylphenoxy)hexyl]amide (2-{2-[2-(5-{2-[2-(2-
{5-[6-(4-tritylphenoxy)hexylcarbamoyl]pentanoylamino}ethoxy)ethoxy]-
ethoxy}naphthalen-1-yloxy)ethoxy]ethoxy}ethyl)amide (13b): The com-
pound 13b was prepared in 63 % yield by following the same procedure
described for 10a. M.p. 108-110°C; 'H NMR (250 MHz, CDCl;, 25°C):
0="786(d,*J(H,H) =8.5 Hz, 2H; Ar-H), 7.34 (t,*J(H,H) = 8.0 Hz, 2 H; Ar-
H), 7.26-7.13 (m, 30H; Ar-H), 7.08 (d, */(H,H) =8.8 Hz; 4H; Ar-H), 6.85
(d, 37 (HH)=175Hz, 2H; Ar-H), 6.76 (d, *J(H,H)=8.8 Hz, 4H; Ar-H),
6.09 (brs, 2H; NH), 5.80 (brs, 2H; NH), 4.30 (t, J(H,H) =4.7 Hz, 4H;
ArOCH,), 4.00 (t, *J(H,H) =4.6 Hz, 4H; OCH,CH,0), 3.90 (t, *’J(HH) =
6.4Hz, 4H; ArOCH,), 3.78 (m, 4H; OCH,CH,0), 3.66 (m, 4H;
OCH,CH,0), 3.55 (t, *J(H,H)=5.0 Hz, 4H; OCH,CH,0), 3.41 (m, 4H;
OCH,CH,0),3.21 (m, 4H; NCH,), 2.07-2.04 (m, 8H; CH,), 1.80— 1.72 (m,
4H; CH,), 1.57-1.36 (m, 20H; CH,); *C NMR (63 MHz, CDCl,, 25°C):
0=172.9, 172.8, 1572, 154.5, 1472, 138.9, 132.3, 131.3, 127.5, 126.9, 126.0,
125.4, 114.8, 113.3, 106.0, 71.1, 70.5, 70.0, 69.9, 68.2, 67.8, 64.4, 39.6, 39.3,
36.4, 36.1, 29.7, 29.4, 26.9, 26.0, 25.2, 24.9; IR (KBr): 7=3296 (NH), 1641
(C=0) cm™!; elemental analysis caled (%) for CoH;;,N,Oy, (1513.9): C
76.16, H 7.46, N 3.70; found: C 76.16, H 7.48, N.3.71

Determination of binding constant (K,, M~'): Chloroform was stored over
4 A molecular sieves, and filtered through basic alumina (AL,Os) prior to
use. The CDCl; solutions of a 1:1 molar mixture of macrocycle 2 and
threads 4c—e were separately prepared in five NMR tubes, concentrations
of which were 5.0, 2.0, 1.0, 0.5, and 0.2mM. The 'H NMR (500 MHz)
spectrum of each solution was recorded at 25°C, and the integration of
well-separated amide NH peaks of both 2 and 4c—e gave the ratios of the
free components and the complex. The association constants reported were
an average of ten values obtained for each combination of the macrocycle
and the thread, and errors were within 20 %.

2D-EXSY experiments:['®) The EXSY spectrum was recorded on a DRX-
500 spectrometer at a given temperature. The concentration of each
macrocycle and thread is 10-20mm in CDCl; and molar ratios of two
components are in the range of 0.7—-1.5. The mixing time was 50—300 ms,
and each of 128F, increments was the accumulation of 32 scans. Prior to
Fourier transformation, the FIDs were multiplied by a 90° shifted square
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sine bell in F, and 60° shifted in F, domain. The data file was zero-filled,
affording a spectrum of 2 x 256 K real data points. The rate constants (k)
were calculated employing Equations (1) —(5) shown below, where /,5 and
Iy, are cross peak intensities, /5, and Igp are diagonal peak intensities, and
X, Xp are molar fractions of the free and complex which was determined
by 'H NMR integration.

ACB )
k=k+k_, (2)
1 +1
k=—x Inr 3)
Tm r—1
Ian+1
S AL )
(Iap +Ipa)
kh
AG*=—RTIn— )
kT

b
(R=1.9872 cal K~'mol ™, kz=3.2995 x 10-2* cal K~!, h =1.5836 x 10~ cals)
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The Effect of Charged Axial Ligands on the EPR Parameters in
Oxovanadium(@v) Compounds: An Unusual Reduction of the A,(°'V) Values

Evangelos J. Tolis,'*! Vasilios 1. Teberekidis,”! Catherine P. Raptopoulou,!*! Aris Terzis,!*!
Michael P. Sigalas,! Yiannis Deligiannakis,*/* and Themistoklis A. Kabanos*!*!

Abstract: Two series of octahedral oxo-
vanadium(iv) compounds, containing
charged or neutral axial ligands, with the
tetradentate amidate molecules Hcapca
and H,capcah of the general formulae
trans-[VVOX(capca)]”* (where X =Cl~
(1-CH,Cl,), SCN~ (2), N5~ (3), CH,;C-
OO~ (4), PhCOO~ (5), imidazole (6-
CH;NO,), and n-nBuNH, (7)) and cis-
[VIVOX(Hcapcah)]”+ (where X=CI-
(8-0.5CH,ClL,), SCN~ (9), N;~ (10-
2CH;0H), and imidazole (11)), were
synthesized and characterized by X-ray
crystallography (1-CH;0H, 8-CHCl,,
9-2CH,CN, 10-CH;CN and cis-
[VO(imidazole)(Hcapcah)]™) and con-
tinuous-wave electron paramagnetic
resonance (cw EPR) spectroscopy. In

ic and EPR studies, the optical, infrared
and magnetic properties (room temper-
ature) of these compounds are reported.
Ab initio calculations were also carried
out on compound 8-CHCl; and re-
vealed that this isomer is more stable
than the trans isomer, in good agree-
ment with the experimental data. The
cw EPR studies of compounds 1-5, that
is, the VIVO?* species containing mono-
anionic axial ligands, revealed a novel
phenomenon of the reduction of their A,
components by about 10% relative to
the N, reference compounds ([VIVO-

Keywords: ab initio calculations -
coordination modes - EPR spectro-
scopy - imidazole - vanadium

(imidazole),]** and  [VIVO(2,2-bi-
pyridine),]**, see reference [46]). In
marked contrast, such a reduction
is not observed in compounds 6-
CH;NO,-11, which contain neutral
axial ligands. Based on the spin-Hamil-
tonian formalism a theoretical explan-
ation is put forward according to which
the observed reduction of A, is due to a
reduction of the electron—nuclear dipo-
lar coupling (P). The present findings
bear strong relevance to cw EPR studies
of oxovanadium(v) in vanadoproteins,
VIVO?*-substituted proteins, and in
VVO* model compounds, since the
hyperfine coupling constant, A,, has been
extensively used as a benchmark for
identification of equatorial-donor-atom

addition to the synthesis, crystallograph-

Introduction

Vanadium is a bioessential element that is found in remark-
ably high concentrations in marine ascidians,'! in certain
mushrooms,? and in polychaete worms.®! In addition, two
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sets in oxovanadium(1v) complexes.

classes of vanadium enzymes, vanadium nitrogenases* and
vanadate-dependent haloperoxidases,”! found in nature, as
well as the vanadium’s insulinomimetic action!® have spurred
a considerable amount of research by bioinorganicl”? and
coordination chemists,l”] biochemists etc. In addition, the
oxovanadium(1v) cation (VIVO?**) has been used in electron
paramagnetic resonance (EPR), electron spin-echo envelope
modulation (ESEEM), and electron nuclear double reso-
nance (ENDOR) studies as a spin probel®?¥ of naturally
occurring vanadoproteins, in proteins in which the EPR silent
divalent cations (Mg?**, Ca®*, etc.) have been substituted by
VVO?*, and in model VIVO** compounds.

Oxovanadium(iv) compounds are typically five- or six-
coordinate, with the V=0 bond practically defining the axial
direction (z) of the local geometry. This gives rise to an
approximate axial 3'V(I=7/2) hyperfine matrix (A) with
strong anisotropy, that is, usually A, ~ A, < A, I’ Differences
in the four equatorial ligands give rise to differences in the
SIV(I=7/2) hyperfine couplings, mainly in the principal A,
value. In general, the effect of the equatorial ligands on the
A('V) and g(*'V) values can be explained by the model of
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Ballhausen and Gray.?’! In oxovanadium(iv) compounds with
symmetries that do not deviate significantly from C,,, the
unpaired electron resides mainly on the nonbonding d,,
orbital and thus, the spin-hamiltonian parameters Ay, Ay, A,
and g, g,, g, are mainly affected by the bonding properties of
the equatorial ligands, while an axial ligand trans to the oxo
moiety has usually no resolvable effect on these parameters.
Therefore, the weakly associated axial ligands are ignored in
the analysis of the A(®'V) and g values. In this context, a
correlation is predicted to exist between the A, and g, values
as a function of the bonding properties of the equatorial
ligands. Experimentally, this correlation between g, versus A4,
is well documented for various oxovanadium(lv) com-
pounds,®! even for cases where the local symmetry deviates
from C,.2%?7 As a result, in a g,(°*'V) versus A,(*'V) plot the
data lie approximately on a straight line with negative
slope.l?®l Physically, this correlation between g, versus A, can
be interpreted within the Ballhausen-Gray>! model by
assuming that increased in-plane m and o bonding results in
decreased A, (°'V) and increased g, (°'V) values (for a recent
discussion see reference [26]). Inherent in this interpretation
of the g, versus A, correlation is the assumption that other
pertinent physical parameters, that is, the Fermi contact term
(K) and the electron—nuclear dipole interaction (P) are
invariant. The correlation between A, and g, has been used to
identify the VIVO?* jon’s coordination sphere in a number of
oxovanadium(v) compounds.['’-2028] Substantial deviations

Abstract in Greek: AU0 OEIpEg OKTAEDPIKWV EVWTEWY Tou ooBavadiou(IV),
TIOU TTEPIEXOUV POPTIOUEVOUG i OUDETEPOUG agOVIKOUG UTTOKATACTATEG, HE TA
1eTpadovTikd aubika pdpia Heapca kal Hxcapcah Twv yevikwv TUTTwy trans-
[VVOX(capca)]™* [6mou X=CI' (1-CH,Cl;), SCN" (2), N5 (3), CH;COO™ (4),
PhCOO™ (5), idafomo (6°CH3NO,) «xai n-BuNH; (7)) kat cis-
VVOX(Heapcah)”™ [6mmou X=CI' (8+0.5CH.Cl;), SCN" (9), N3 (10-2CH;OH)
kat idadéMo (11)], ouvrébnkav kai XapakIPIoTnKav KPUOTAAAOYPaQIKa
{1-CH;0H, 8-CHCI;, 9:2CH;CN, 10-CH3CN Kai cis-
[V'VO(mllSa{éMo)(Hcapcah)]'} XQl HE QATUATA NAEKTPOVIKOU TTapapayvnTikoo
cuvtovioyou (EPR). Ta g¢dopara opartoU Kai uTrepUBpou, kabuwg kai ol
yayvnrikég 1016TNTEG  (BEppoKpacia TEPIBAAAOVTOG) TWV EVWOEWV TOU
ofoBavadiou(lV) peAetiBnkav €miong. OewpnTikoi uToAoyiopoi ab initio
éyivav yia v évwon cis-[V'VOCI(Hcapcah)]*CHCls (8:CHCls) kai é5iéav omi
autd TO ICOMEPEG Eival TTIo GTaBEPO aTTd TO frans-IOOUEPEG, OE UHPWVIA HE
Ta meipaparikd dedopéva. O peAéteg EPR Twv evwoewv 1-CH:Cl; - 5,
SNAGSH Twy eviaewy Tou VYO Trou TEpIEXOUV HOVOOVIOVIKOUS aEOVIKOUg
UTTOKATAOTATES, QAVEPWOAV £Va KAIVOUPYIO PAIVOHPEVS TNG HEIWONRG Twv A,
TAPAPETPWY KATE TTEPITTOU 10% ot oUYKpIan ME TG Ny eVWoelg avagopdg
{IVVOuIBagon0) ] kar [VVO(2,2-8imupiBivn)]*'}. S€ cagri avtiBean, TéToia
ueiwon dev Taparnpeital omig evwoelg 6:CH3NO, - 11, mou TepiExouv
oudtTepoug agovikoUg UTTOKATAOTATEG. Baoiopévol GT10 (OpHaNGHS Tng
XapAtoviavig TOU OTTIV TTPOTEIVETAI pia BewpnTIKA E§AYNCN, CUNQUWVA HE TNV
OTroia N TAPATNPOUHEVN HEIWON TWV TIHWV A, OQEiAeTal oTn HEiwan Tng
SimoAikrig ahnAeTTidpaang nAextpoviou-rupriva (P). Ta amoreAfopara g
UEAETNG QUTAG €XOUV HEYAAN axéon pe Tig peAéteg EPR rou ofoBavadiou(lV)
aTic BavadoTrpwreiveg, kai aTic VYO - UTIOKATETNHEVEG TIPWTEIVES KQI 0TI
VYO - TipbTUTTIEG EVWOITEIS, QPOU N TIUK A, XPNOIOTIOIEITQ EKTETAMEV WG
TApAPETPOG avagopdg y:a TV TauToTrOinon TWwV ardpwv JoTWwv OTo
1gnNuePIvoO ETTITEDO OTIG EVWTEIS Tou ogoBavadiou(lV).
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from the aforementioned linear g, versus A, correlation imply
that the physical picture and/or the approximations made
should be reassessed.

Recently, we have reported that a substantial deviation
from the locus of g, — A, correlation plot is observed in certain
oxovanadium(iv) compounds that contain axial anionic li-
gands,?! for example, CI~. To the best of our knowledge, there
are only two other structurally characterized VIVO?* species
with a monoanionic ligand (CI-) in axial position.*" This is
mainly due to the facts that i) the total ligand charge in the
equatorial plane is at least —2BY or even higherP? and ii) a
monoanionic ligand prefers an equatorial ligation.[* There-
fore we designed a tetradentate amidate ligand, hereafter
abbreviated as Hcapca, with conjugated double bonds,

‘l 0/+ 9 —] 0/+

CN ONCH

H\N_,__V‘
/ [ \ HC' / X
N\ 7 N

trans-[VOX(capea)] 0+

cis-[VOX(Heapeah)] 0+

imposing planar or quasi-planar conformation and maximum
equatorial negative charge of —1 upon coordination to
vanadium. Reduction of the Hcapca at —C=N— double bond
breaks the conjugation of Hcapca and results in the formation
of a more flexible ligand abbreviated as H,capcah. Herein, we
wish to report the synthesis, structural, and cw EPR character-
ization of two series of oxovanadium(iv) compounds of the
general formulae frans-[VIVOX(capca)]”* and cis-[VIVOX-
(Hcapcah)]”* (X =either a monoanionic ligand e.g., Cl-,
SCN-, N;~ etc. or a neutral ligand e.g., imidazole) with the
view to studying the effect of the charged axial ligands on the
SV hyperfine coupling constants and in particular on the
parallel component, A,. In addition, the optical and infrared
spectra of the oxovanadium(iv) compounds are reported as
well as a theoretical analysis of the geometry of the cis-
[VOCI(Hcapcah)] based on density functional theory (DFT).

Results and Discussion

Synthesis of the compounds: The reduced analogue of
Hcapca, that is H,capcah, was prepared by using a Pd catalyst
(10% Pd on activated carbon) and pure hydrogen as reducing
agent. The synthesis of the oxovanadium(1v) compounds with
the ligands Hcapca and H,capcah is summarized in Scheme 1.
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viii

Hcapca

trans-[VONCS)(capca)] (2) li trans-[VO(capca)(nBuNH,)]C1 (7)
trans-[VOClcapca)] - CH,Ch

/ 1 +CH,Ch vi
<
trans-[VO(N;)(capca)] (3)

Hjcapeah
ix
J

¢is-[VOCKHcapcah)] « 0.5 CH,Ch
8.0.5 CH,Ch

. X xii
% Xtrans- [VO(capca)(imidazole)]Cl - CH3NO, X \
6+ CH;NO,

trans-[VO(CH;COO)(capca)] (4) frans-[VOPhCOO)(capea)] (5)

cis-[VO(NCS)(Hcapcah)} (9)‘ cis-[VO(Hcapcah)(imidazole)]CI (11)

cis-[VO(N;)(Heapcah)] - 2 CH;0H
10 -2 CH;0H

Scheme 1. Synthesis of the oxovanadium(1v) compounds with Hcapca and its reduced analogue H,capcah. Conditions: i) [VOCl,(thf),], Et;N, CH;OH; ii) 1-
CH,Cl,, Et,NSCN, CH,;OH; iii) 1- CH,Cl,, Et,NN;, CH;0H; iv) 1- CH,Cl,, CH;COOH, Et;N, CH;CN; v) 1-CH,Cl,, PhCOOH, Et;N, CH;CN; vi) 1-
CH,Cl,, imidazole, CH;NO,; vii) 1- CH,Cl,, 5-nBuNH,, CH,Cl,; viii) Hcapca, 10 % Pd on activated carbon, H,, CH;OH; ix) [VOCl,(thf),], Et;N, CH;0H;
x) 8-0.5CH,Cl,, Et;NSCN, CH;OH; xi) 8- 0.5 CH,Cl,, Et,NN,, CH,OH; xii) 8- 0.5CH,Cl,, imidazole, CH,OH.

Heating a solution of [VOCI,(thf),], Hcapca, and CH;ONa (in
equivalent quantities) in acetonitrile under reflux resulted in
the formation of a red precipitate. The red solid was a mixture
of 1 and NaCl [Eq. (1)].

[VOCI,(thf),] + Hcapca + CH;ONa
— trans-[VOCl(capca)] (1) + NaCl+ CH;OH (1)

Soxhlet extraction of the solid with dichloromethane
(3 days) gave 1- CH,Cl, in 52 % yield. In an effort to increase
the yield of 1-CH,Cl, and to reduce the time of the
preparation, the same reaction was repeated in methanol (as
a base triethylamine was used
instead of sodium methoxide),
for which the reaction time was
~4 h at room temperature and

oxo group and the N, of Hcapcah~ in the apical sites
(Figure 1B). Of the four V—N bonds, the bond length to N2
(d(VVN, i) =2.019(3) A), that is, the deprotonated amide
nitrogen, is at the high limit of those reported in the literature
for similar oxovanadium(iv)-amidate compounds.?? The bond
length to N3 (2.133(3) A), the secondary aromatic amine
nitrogen, is substantially longer (about 0.05 A) than the
V—Nimine bond length (2.079(6) A) of compound 1-CH;OH.

The bond lengths to N1 (2.103(3) A) and N4 (2.345(3) A),
the pyridine nitrogens, are substantially longer than the V-N2
bond length and different from each other as a consequence of
the difference in the frans atoms (N3 and O?-, respectively)

Table 1. Interatomic distances and angles relevant to the vanadium(iv) coordination sphere for 1- CH;OH, !
8- CHCI;, 9-2CH;CN, 10 - CH;CN, and 12.

the yield 82 %. The method of 1-CH,OH 8- CHCl, 9.2 CH,CN 10- CH,CN 12
ligand substitution was em- -
ployed for the preparation of bond lengths [A]

vV-02 1.626(5) 1.605(3) 1.602(2) 1.593(2) 1.592(3)
compounds 2, 3, 4, 5, 6- vy p 2.569(3) 2359(1)
CH;NQO,, and 7. The oxovana-  V-N1 2.120(7) 2.103(3) 2.103(2) 2.092(2) 2.093(3)
dium(v) compounds, with the = V-N2 2.010(7) 2.019(3) 2.010(2) 2.026(2) 2.013(3)
rduced ligand Hcapeah, 8-V e DO e ame e
0.5CH,CL, (method B), 9,10+ 2.040(2) 2.040(3) 2.105(3)
2CH;0H, 11 were prepared in  bond angles []
a fashion similar to their capca~  02-V-N2 103.1(3) 100.9(2) 99.4(1) 100.7(1) 103.9(1)
analogues. 02-V-N1 94.5(3) 102.2(1) 102.9(1) 101.0(1) 103.5(1)

N2-V-N1 78.7(3) 78.4(1) 78.6(1) 78.0(1) 78.8(1)

. 02-V-N5 98.3(1) 94.9(1) 94.2(1)

Crystallography: A selection of N2-V-N5 1623(1) 1642(1) 1619(1)
interatomic distances and bond  N1-V-N5 95.8(1) 96.5(1) 96.7(1)
angles relevant to the vanadium ~ O02-V-N3 102.0(3) 98.9(2) 97.1(1) 99.2(1) 96.2(1)
coordination sphere for com- L0 5440 12AD) 15340 152501 15430
pounds  1-CH;OHM 8- 5y 3 98.4(1) 100.2(1) 97.5(1)
CHCL;,  9:-2CH,CN,  10-  o2vN4 90.5(3) 170.2(1) 170.5(1) 172.0(1) 167.6(1)
CH,CN, and 12 are listed in  N2-V-N4 154.0(2) 833(1) 80.1(1) 82.2(1) 80.1(1)
Table 1. The vanadium atom in  N1-V-N4 122.8(3) 87.3(1) 86.3(1) 86.9(1) 88.8(1)

_ . N5-V-N4 82.8(1) 82.7(1) 82.3(1)
8-CHCL;, has sixfold, severely 5 /0y 76.9(3) 73.0(1) 73.4(1) 73.8(1) 72.6(1)
distorted, octahedral coordina- v, 165.3(2) 96.2(1)
tion, with the Hcapcah~ ligating ~ N2-v-cl1 90.2(2) 162.9(1)
atoms prr, Namideis and Namine7 N1-V-Cl1 81.8(2) 96.7(1)

N3-V-Cl1 86.6(2) 98.6(1)

and a chlorine atom forming
the equatorial plane, and the

2700

[a] From reference [29].
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C17

Figure 1. Structures of 1- CH;OH (A) (from reference [29]) and 8- CHCl,
(B) showing thermal ellipsoids at 50 % probability and the atom numbering
scheme. For clarity hydrogen atoms are omitted.

and consistent with the literature values.’?y The V=02 and
V—CI1 bond lengths, being 1.605(3) and 2.345(3) A, respec-
tively, are consistent with those found in mononuclear
octahedral vanadium(iv) compounds that contain the cis-
VIVOCI unit.’3] The one notable difference between the
X-ray crystal structure of 8-CHCl; and 1-CH;OH (Fig-
ure 1A) is an almost planar conformation of capca~ ligand in
the latter as opposed to nonplanar conformation of Hcapcah~
ligand in 8- CHCl;, due to steric hindrance (vide infra). The
structures of compounds 9-2CH;CN, 10-CH;CN, and 12,
shown in Figure 2 are very similar to the structure of 8-
CHCI;. At this point, it is worth noting that the vanadium —
imidazole distance (2.105(3) A) in 12 is similar to those
previously reported® 3! (mean V—N a0 ~ 2.10 A) and the
dihedral angle O2-V-N5-C19 is 27°; this means that the
imidazole ring is almost parallel to V=0 bond.F**"!

Electronic spectra: Table 2 lists the spectral data for the
oxovanadium(iv) compounds with the ligands Hcapca and
H,capcah. Compounds 8-11, the VVO**-Hcapcah~ com-
plexes, display two low-intensity d—d transitions at ~660—
720 and ~460-510 nm. The V™O?*-capca- compounds,
except of 3 and 6- CH;NO, ") display one low-intensity d—d
transition at ~730-800 nm.

Infrared spectroscopy: Assignments of some diagnostic bands
are given in Table 3. Differences between the spectra of the
ligands Hcapca, H,capcah, and their oxovanadium(iv) com-
pounds are readily noticeable. The v(NH),,i.c band is absent
in the spectra of compounds 1-CH,Cl,-7, as expected from
the stoichiometry. The spectrum of H,capcah exhibits two
v(NH) bands at 3334 and 3057 cm~!, in accord with the
presence of two —NH— groups in its formula. The amide
deprotonation in complexes 8 — 11 results in the appearance of
only one band attributable to »(NH) in these complexes.
Moreover, the amide II and III bands (present in the spectra
of Hcapca and H,capcah) are replaced by a strong band at
1378 -1345 cm™! in compounds 1-CH,Cl,-11. This replace-
ment is to be expected as the removal of the amide proton
produces a pure C—N stretch.*®l In the spectra of the complexes
the v(CO) bands appear at lower frequencies relative to the
free ligand; this shift can be explained by a decrease of the
double bond character of >C=0 due to a considerable

Chem. Eur. J. 2001, 7, No. 12
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Figure 2. Structure of 9-2CH,;CN (top), 10- CH;CN (middle), and 12
(bottom) with thermal ellipsoids at 50% probability and the atom
numbering scheme. For clarity hydrogen atoms are omitted.

degree of charge delocalization of the deprotonated amide
group in the complexes.

The band at ~620 cm™! in the free ligands, attributable to
the in-plane deformation of the 2-pyridyl ring, shifts to higher

0947-6539/01/0712-2701 $ 17.50+.50/0 2701





FULL PAPER

T. A. Kabanos, Y. Deligiannakis et al.

Table 2. UV/Vis spectral data for the oxovanadium(1v) compounds.

Compound Solvent Amax [nm] (€ [M~tem™])
1-CH,CL, methanol 735 (48), 453 (3200), 326 (10200), 255 (sh) (7200), 228 (sh) (9000), 201 (19500)
nitromethane 811 (71), 459 (3400)
2 methanol 732 (89), 453 (3400), 332 (11300), 254 (sh) 14800), 224 (sh) (20200), 197 (46000)
3 methanol 450 (1900), 346 (sh) (6500), 285 (11900), 274 (sh) (11600), 224 (sh) (13600), 196 (32900)
4 dichloromethane 772 (74), 418 (sh) (3800), 313 (11900), 289 (sh) (11700), 263 (14300), 219 (17200)
5 dichloromethane 766 (85), 421 (4200), 315 (14600), 259 (sh) (19000), 229 (29400), 220 (28900)
6- CH,NO, methanol 451 (1900), 284 (sh) (6700), 258 (sh) (10100), 203 (63900)
7 methanol 883 (140), 266 (13500), 221 (sh) (25900), 202 (43000)
8-0.5CH,Cl, methanol 721 (35), 479 (sh) (67), 285 (sh) (6800), 261 (13500), 206 (24 500)
9 acetonitrile 686 (45), 498 (56), 354 (sh) (3400), 307 (sh) (6500), 285 (sh) (7500), 262 (14150), 225 (sh) (20200), 200 (42400)
nitromethane 694 (43), 516 (sh) (105)
10-2CH,OH acetonitrile 705 (150), 502 (sh) (245), 287 (sh) (9800), 262 (16800), 202 (42600)
methanol 661 (sh) (50), 458 (sh) (240), 285 (sh) (6700), 260 (11400), 200 (39900)
11 methanol 702 (38), 459 (sh) (210), 285 (sh) (6000), 260 (9600), 201 (33200)

Table 3. Diagnostic infrared bands [cm™!] of the ligands Hcapca and H,capcah, and their oxovanadium(iv) compounds.

v(NH) v(CO) amide 1] V(C-N)amige amide 111" »(V=0) d(py) v(V-X)ll
Hcapca 3283 (m) 1686 (vs)ll 1534 (vs) 1277 (m) 619 (m)
1-CH,CL, 1636 (vs) 1353 (s) 955 (s) 652 (w)
2 1648 (vs) 1346 (vs) 958 (vs) 654 (w) 2070 (vs)kl
3 1636 (s) 1349 (s) 944 (s) 656 (W) 20515112036 (vs)!
4 1629 (vs) 1349 (vs) 939 (s) 651 (m)  1598sl#l,1383 (m)!H)
5 1648 (vs) 1345 (vs) 941 (vs) 650 (w) 1600 (vs)el,1362s!M
6-CH,NO, 1619 (s) 1378 (s) 966 (vs) 660 (m)
7 1638 (vs) 1363 (vs) 968 (vs) 656 (W)
H,capcah 3334s, 3057 (w) 1661 (vs)ll 1520 (vs) 1272 (m) 622 (m)
8-0.5CH,CL, 3140 (m)® 1638 (vs) 1369 (vs) 973 (vs)  655(m) 392 (m)lil
9 3067 (m) 1624 (s) 1376 (s) 973 (vs)  655(m) 2061 (vs)tl
10-2CH;0H 3065 (m) 1636 (s) 1371 (s) 966 (s) 653 (m) 2069 (vs)If
1 3125 (w) 1630 (s) 1371 (s) 972 (s) 660 (m)

[a] »(C=0). In secondary amides this vibration is called amide I. [b] In secondary amides, these bands arise from coupled v(CN) and 6(NH) modes. [c] In-
plane pyridine ring deformation. [d] Where X =CI-, NCS~, N;~, CH;COO", CHsCOO". [e] ¥(CN)isomiocyanate- [£] Vas(NNN). [g] v,i(CO,"). [h] v((CO,").
[i] »(V-CI).

frequencies in the spectra of the vanadium complexes; this
indicates that the pyridine nitrogen atoms of capca~ and

Theoretical calculations on cis-[ VOCl(Hcapcah)]: To get an
insight into the structure of compound cis-[VOCI(Hcapcah)] -

Hcapcah~ coordinate to VY.

The V=0 stretching frequency in complexes 1- CH,Cl, -5,
which contain the trans-[V(=0)X] unit (X =monoanionic
ligand), ranges from 939 to 955 cm™!; this band appears at
~970 cm~! in complexes 6 —11, which contain a neutral ligand
trans to the oxo group. From these IR data, it is reasonable to
assume that the presence of an anionic ligand trans to O*-
weakens the V=0 bond.

The spectra of 2 and 9 exhibit the ¥(CN) mode in the region
characteristic of terminal N-bonded thiocyanate groups.[*!
The spectra of 3 and 10-2 CH;OH exhibit very strong bands
in the 2036 -2069 cm~! range, assignable to the antisymmetric
stretching vibration of the coordinated azido ligand;*”! the
splitting of this band in 2 is probably a consequence of crystal
site effects. The higher frequency of the v,(N;) mode in 10-
2CH;OH relative to that in 3 indicates a larger difference
between the two N-N distances in the former.*] The
parameter A [A =v,(CO,) — v,(CO,)] for 4 (215 cm™) and 5
(238 cm™!) is larger than that for NaO,CCH; (164 cm~!) and
NaO,CPh (184 cm™'), respectively, as expected for the
proposed monodentate coordination of the carboxylate
ligands. [0 4]
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CHCI; (8- CHCL,), a series of theoretical calculations were
performed in order to search for other minima in the potential
energy surface of the complex. Because of the high number of
atoms, and with the aim to speed up the calculations, the
analysis was undertaken by using a model in which, the
Hcapcah™ ligand was replaced by the model ligand [HN=CH-
CH,-NH-CH=CH-N-C(O)-CH=NH]~ (L") which has the
same donor atoms and reproduces the conjugated system of
the actual ligand well.

The ab initio study started from the optimization of a series
of low-energy conformers of the model complex [VOCI(L)];

H H

— o)
o) ; \
H,C—NH o HL—N - o )
: f \< 4
/ \N N/ N\ N N
_ _ H H
Hecapea® L
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this was accomplished through
the choice of the starting geom-
etry of the optimization process
namely the model M1, derived
from the X-ray structure of cis-
[VOCI(Hcapcah)], the model
M2 also derived from the
X-ray structure but with the
0>~ and Cl- ligands inter-
changed, and finally the model
M3, in which upon rotation
around the —CH,—NH-— single
bond the model ligand has its
four nitrogen donor atoms in
the basal plane of the complex
and the [VOCI] moiety in a
trans arrangement. The final
optimized geometries of these
model isomers are depicted in
Figure 3, while selected struc-
tural parameters are reported
in Table4. For the sake of
comparison, the experimental
data are also included in the
table. All isomers are minima in
the potential surface of the
model as calculation of the
Hessian gave no imaginary fre-
quencies in all cases. The scaled
v(V=0) stretching frequency
has been calculated equal to
951 cm™! for M1, that is, very
close to the experimental value
of 973cm!, whereas the
v(V=0) calculated frequencies
for M2 and M3 were 921 and
931 cm~! respectively. In gener-
al, and taking into account that
the model is simplified and
surely less hindered, one can
observe quite a satisfactory
agreement between the M1

y
.

-

W3 l!!lﬁ. :-H" HE':-

gy

Ay
N
)
2
Cl
M3

Figure 3. Final optimized geometries of the isomers of the [VOCI(L)] model complex (M1, M2, and M3) and
[VOCI(Hcapcah)] compound (C1, C2, and C3).

Table 4. Selected bond lengths [A] and angles [] calculated for the isomers of the [VOCI(L)] model and the [VOCI(Hcapcah)] complex.l!

M1 M2 M3 C1 C2 C3 Exptl

V—Cl1 2.406 2.361 2.550 2.404 2.371 2.543 2.358
vV-02 1.602 1.618 1.613 1.602 1.620 1.614 1.605
V-N1 2.090 2.079 2.119 2.092 2.086 2.116 2.103
V-N2 2.020 2.130 1.997 2.017 2.127 2.000 2.019
V-N3 2217 2.180 2.166 2.155 2.139 2.138 2.133
V-N4 2.303 2.151 2.161 2.366 2.177 2.191 2.346
02-V-Cl1 99.9 102.6 160.3 98.6 101.6 161.5 96.2
N1-V-N2 771 74.5 715 79.3 76.6 79.7 784
N2-V-N3 80.1 782 79.8 81.5 79.2 81.1 80.2
N3-V-N4 7.7 753 75.8 73.1 77.0 76.5 73.5
[a] Numbering scheme as in Figure 1.
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model and the experimental values of geometrical parame-
ters. Bond lengths agree within 0.08 A, while the largest
deviation of bond angles appears to be about 4°. Concerning
the energetics of the system, the M1 isomer is found to be the
global minimum, whereas M2 and M3 isomers have been
found to be 17.8 and 20.2 kJ mol~! higher in energy.

Having located the three minima, by using the model
calculations, we proceeded to the theoretical study of the
actual cis-[VOCI(Hcapcah)] complex. We optimized in the
same level of theory the isomer C1, which is based on the
X-ray structure, and the isomers C2 and C3, which were built
by using models M2 and M3, respectively. The final optimized
geometries of these isomers are shown in Figure 3, while
selected structural parameters are given in Table 4. All
isomers are minima in the potential surface of the model as
frequency calculations gave only real frequencies in all cases.
There is apparently a better agreement between the calcu-
lated geometry C1 with that found experimentally, compared
with that found for the model M1. The largest deviation of
bond lengths is about 0.05 A, while that of bond angles is
about 2°. The C1 isomer corresponding to the experimental
structure is found to be the more stable one, whereas C2 and
C3 isomers have been found to be 20.0 and 28.4 kJmol!
higher in energy, respectively.

An interesting structural aspect of the isomers calculated in
this theoretical study, concerns the high energy of isomeric
structures M3 and C3. In both structures the macrocyclic
ligand adopts a quasi-planar conformation; this implies an
apparent deformation energy in relation to the most stable
conformation of the ligand found in the other isomers of the
complex. A further destabilization results from the trans
orientation of the oxo and chlorine ligands in the {VV(=0)-
(C1)} fragment. Calculations at the same level of theory show
that the trans-{V"V(=O)(Cl)}* fragment is 15.8 kJ mol~! higher
in energy than the cis-{V'V(=0O)(Cl)}* one. Thus, the trans M3
and C3 structures are destabilized by 20.2 and 28.4 kJmol~' in
relation to the global minima C1 and M1, respectively.

In the X-ray structure of cis-[VOCl(Hcapcah)] there is an
apparent frans influence induced by the oxo group. Thus, the
V—N4 bond length (2.345(3) A) is found to be significantly
stressed with respect to a normal V-N bonds (mean value
2.085 A). This trans influence is reproduced nicely by the the
theoretical calculations. In the optimized structure C1, the
V—N4 distance is 2.366 A and the calculated mean value for
the other three V-N bonds is 2.088 A. In the case of the C3
isomer, the calculated V—CI1 bond length, trans to the oxo
group, is found to be 0.14 to 0.17 A longer than the V—CI1
bond length in C1 and C2, which contain the cis-{VV(=0O)-
(CD)} unit.

Magnetism and electron paramagnetic resonance spectra:
The magnetic moments of compounds 1-CH,Cl,-11 are in
the range 1.64-1.81 uy (see Experimental Section) at 298 K,
in accord with the spin-only value expected for d! S=%
systems. The EPR parameters (A and g tensors) of the
severely distorted octahedral VIVO?** compounds, with a weak
sixth ligand trans to the oxo group, were determined by
computer simulation of the experimental EPR spectra and are
reported in Table 5. The EPR spectra of the oxovanadium(1v)
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compounds are typical of monomeric VIVO** (§=1, [=7/2)
species with no evidence for magnetic couplings between
electron spins, that is, line-broadening or splittings in the
spectral features.

The equatorial ligands in compounds 1-CH;O0H (and 1-
CH,(Cl, as well) and 2-7 were studied by electron spin-echo
envelope modulation (ESEEM) spectroscopy.’l ESEEM is a
pulsed EPR technique, eminently suited for measuring weak
hyperfine couplings. Orientation-selective ESEEM spectra
recorded across the EPR spectrum of compound 1- CH;0H
were dominated by two sets of sharp features at 3—5 MHz and
7-9.5 MHz. According to numerical simulations, performed
as described in reference [44], the ESEEM spectra are
assigned to “N(/=1) nuclei coupled to the electron spin
S=1/2. Two classes of almost isotropic N hyperfine cou-
plings were resolved, with A, values of 5.2 and 6.1 MHz,
respectively. These couplings are typical for *N(/=1) atoms
equatorially coordinated to VIVO?>*. The ESEEM spectra
recorded for 2—7 are comparable to those for 1- CH;OH and
this indicates that the equatorial coordination environment
for compounds 2-7 is similar to the equatorial environment
of 1- CH;0OH, that is, an N, donor-atom set for all complexes.
Moreover, the ESEEM spectra show that in all four cases the
4N(I=1) hyperfine couplings are comparable, and this means
that the bonding properties of the equatorial ligands in
compounds 1-CH;0H and 2-7 are similar.

Figure 4 displays a correlation plot, between A, and g,
values for a series of known oxovanadium(iv) compounds
(open circles) with various equatorial-donor-atom sets (Cl,,

1.98 ~ S,

o

197 |- N,S
o202 NS

[ N(SCN") 3(())2852 /
NC) ooNOS, N0, N(NCS)

L NOS m 5
N _ 2 0 .
S0 95 [Ni(COO & N4(N3’)i§1314 /N sCl

N, (Imid)
1.96

EN (N, )/’A‘ 004
/ oN,Cl,
1.94 | (PRCOO ™) N,(BuMe) N J(imid)

°cl,
1 — /- 1 1 1

1 1
130 140 150 160 170 180
A, (x 10%em™)
Figure 4. A correlation plot of g, versus A, for the VIVO** compounds 1-7

(#),8-11 (m), and a series of known oxovanadium(v) compounds (0) with
various equatorial donor atoms.

04’[45] N2C12,[26] N2027[4S] N4,[46] N3O,[26’ 47] N2OS,[26] NOSZ,[26]
0,S, [ N,S,PI N, S, [#1 and S,%). Addition of the g, and A,
values for 1- CH,Cl,—11 to this plot reveals that: i) the points
of compounds 1-5, with anionic axial ligands, deviate
substantially from the locus of the correlation line, due to
their lower (~10%) A, values relative to reference (VIVO)N,
compounds and ii) the points of compounds 6-11, with
neutral axial ligands, fall on the main locus of the line.
Apart from the g, versus A, correlation, the observed A,
values can be discussed on the basis of the empirical
“additivity relationship”.[® 2! Application of the additivity
relationship for compounds 1- CH,Cl, -7 gives a calculated A,
valueP! of 161 x 10~* cm~! with proposed equatorial coordi-
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Table 5. EPR parameters for the oxovanadium(iv) compounds.?!
10*cm™!
Compound Solvent g, & g, Al A A,
1- CH,CL CH;OHW 1.981 1.979 1.947 53.0 49.0 145.0
H,Cl, 1.980 1.980 1.947 53.0 50.0 145.5
H;NO, 1.981 1.980 1.947 53.0 49.0 145.5
H;CN 1.981 1.980 1.947 53.0 49.0 145.5
DMF 1.98 1.98 1.948 51 51 145
2 CH;OHWU 1.981 1.980 1.948 52.0 48.0 147.5
H;NO, 1.981 1.979 1.947 52.0 48.0 148.0
3 CH;OHW 1.984 1.980 1.949 52.0 45.0 144.5
H,CN 1.984 1.980 1.949 52.0 45.0 144.5
H;NO, 1.981 1.979 1.947 53.0 49.0 145.0
4 CH;OHW 1.982 1.978 1.946 52.0 49.0 145.0
CH;NO, 1.984 1.981 1.948 52.0 50.0 144.5
5 CH;OHU 1.982 1.980 1.944 54.0 49.0 144.0
CH,;CN 1.982 1.980 1.944 54.0 49.0 144.0
6-CH;NO, CH,OHWM 1.981 1.979 1.947 56.0 55.0 162.5
CH,Cl, 1.981 1.979 1.947 56.0 55.0 162.5
CH;NO, 1.980 1.978 1.946 58.0 55.0 162.0
DMF 1.98 1.98 1.46 58 58 162.0
powder - - 1.46-1.48 - - 160-62
7 CH,OHW 1.980 1.978 1.946 58.0 55.0 162.0
CH,CN 1.980 1.978 1.946 58.0 55.0 162.0
8-0.5CH,Cl, CH;OHWM 1.984 1.981 1.946 58.0 54.0 163.0
CH;NO, 1.984 1.980 1.945 59.0 55.0 166.0
9 CH,;OHWM 1.982 1.981 1.946 56.0 56.0 160.0
CH;NO, 1.982 1.981 1.946 56.0 56.0 160.0
10-2CH,OH CH,OHWY 1.983 1.980 1.946 58.0 55.0 163.0
CH;NO, 1.982 1.980 1.945 58.0 55.0 166.0
11 CH;OHU 1.987 1.987 1.955 58.0 55.0 158.0
CH;NO, 1.987 1.987 1.955 58.0 55.0 158.0

[a] A variety of solvents was used to run the cw EPR spectra of the oxovanadium(1v) compounds in order to prove that their g, ,, and A,, values were
independent of the solvent. [b] Errors: g values +0.002, A, , values £0.5 x 10~* cm ™. [c] We ran the cw EPR spectra of the crystalline material 1- CH;OH in
the solvents CH;OH, CH,Cl,, CH;NO,, CH;CN, and DMF; the cw EPR parameters were exactly the as those of 1- CH,Cl, in the corresponding solvents.
[d] Thoughout the whole paper the EPR values of 1-11 taken in methanol are those reported/used.

nation (2,,, 1-CON", 1-N=(aliphatic amine)), while for
compoundsP! 8-0.5CH,Cl,, 9, and 11 calculated observed A,
values of 160, 159, and 157 x 10~* cm™, respectively, are found
with proposed equatorial coordination (1N, 1-CON-,
1-NH, 1X; X=CI", NCS-, and imidazole for compounds
8:0.5CH,ClL,, 9, and 11 respectively). From this analysis, it is
evident that using the additivity relationship one can reason-
ably predict the equatorial-donor-atom groups only for the
compounds 6-11, that is, those following the expected g,
versus A, correlation. For compounds 1-CH,Cl,-5 the
measured A, values are between 144-145 > 10~4 cm~!, that
is, ~10% less than the expected values for N, reference
VIVO** compounds. Such low experimental A, values cannot
result from any combination of published A, contributions for
the types of nitrogen atoms of the capca™, but rather fall in the
range at which sulfur contributions are expected. Thus, it
becomes crystal-clear that for the compounds 1-CH,Cl, -5,
that is, those not following the expected g, versus A,
correlation the use of the additivity relationship can result
in misleading conclusions about the coordination environ-
ment of vanadium. On the other hand, taking into account the
g, versus A, correlation plot is a practical rule to possibly
avoid such problems.

Interpretation of the reduced A, values for trans-[VYY(=0)-
(X7)] compounds: The 'V hyperfine coupling parameters,

Chem. Eur. J. 2001, 7, No. 12
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neglecting small terms, can be expressed in the form of
Equations (2a) - (2¢) (Agyy, = (8 — &)

|A,|=|— P[K+4/7c+ Ag, +3/14(Ag, + Ag,)] | (2a)
|A,|=|—P[K —2/7¢+ Ag,— 314 Ag,] | (2b)
|A,|=|— P[K —2/7c*+ Ag,—3/14Ag,] | (2¢)
P=g,p,8.(r") (2d)

P is the dipolar interaction between the unpaired d electron
and the 'V nucleus and is determined by the spatial
distribution of the d electron.’? K is the Fermi contact term
and is a measure of the unpaired s-electron spin density at the
nucleus, which is influenced by the polarization of the inner s
electrons by interaction with the unpaired d electron.?” 311 The
factor (B%)? s, to a good approximation, the population of the
ground-state d orbital where the unpaired spin is localized.
For oxovanadium(1v) complexes with C,, symmetry or higher,
(B3)? gives the population of the d,, orbital.[** 32 33

From Equations (2a)—(2c), we obtain Equations (3a) and
(3b):

[A:|-[(Ac+A)/2|=[ P6/7(B*) + Ag, — 5128 (Mg« + Agy)] | (32)

=[ A, [=| P[6/7(B*) + Ag, — 5128 (Mg + Ag)] | +1(A+A,)/2] (3b)

0947-6539/01/0712-2705 $ 17.50+.50/0 2705





FULL PAPER

T. A. Kabanos, Y. Deligiannakis et al.

In Equation (3), (8*)?is used to indicate that the unpaired d
electron resides mainly on the d,, orbital.

From Table 5 we see that for the compounds 1-CH,Cl,-7
the differences in the g values are small, namely: <0.04 for
the g, and <0.005 for the g, values, while the differences in
the average (A,+ A,)/2 values do not exceed 4 x 10~ cm™.
Under these conditions, according to Equation (3b) the
observed changes in the A, values between compounds 1-
CH,ClL,-5, and 6 and 7 originates from two possible mecha-
nisms, which imply either changes in the (5*)? values, that is,
the covalency of the unpaired electron, or changes in the values
of the dipolar parameter P. The relative impact of these param-
eters can be visualized by plotting the A, values calculated
according to Equation (3b) for a range of pertinent values of
P and ($*)°. Such a plot is displayed in Figure 5, for which,

A, (10%ecm™)

(ﬂ*)z

Figure 5. Dependence of the A, values on the electron—nuclear dipolar
coupling constant P, and the population of the ground state nonbonding
orbital (8*)2. The data points have been calculated by using Equation (3b).
Other values are: Ag,, =0.005, (A + A,)/2=55x10"* cm™". For a given P
value, reduction of the (5*)? value leads to a decrease of the A, values. On
the other hand for a given set of equatorial donor atoms, that is, a given
(B*)? value, a decrease in the value of P leads to a reduction of the A,.

based on Table 5, we have used Ag,,, values of 0.005 and an
average (A, + A,)/2 of 55 x 10~* cm~". Prior to the discussion
of the present results, some general comments concerning this
plot are in due. For a given P value, reduction of the (5*)?
value leads to a decrease of the A, values (Figure 5). This is
actually the origin of the correlation between g, versus A,, as
discussed earlier in the present paper. On the other hand for a
given set of equatorial donor atoms, that is, a given (8*)?
value, a decrease in the value of P leads to a reduction of A4,.

Our data, presented in the preceding paragraphs, show that
in 1-CH,Cl,-5, and in 6 and 7 the equatorial ligands remain
invariant. Therefore, we assume that the value of (3*)? should
not vary by much between in these compounds. In Figure 5
the data for these compounds correspond to a (5*)? value of
0.9, which is a reasonable value for an oxovanadium(v)
compound with an N, equatorial-donor-atom set.”®! In this
context, the reduction of A, from 162 x 10~* cm™!, observed
for 6- CH;NO, and 7, to 144 x 10~*cm~!, observed for 1-
CH,(l,, corresponds to a reduction of the P value by 23 x
10~*cm™!, that is, ~16%. Therefore, we suggest that the
observed reduction of A, values in trans-[V(=0)X~] com-
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pounds can be fully accounted for by a reduction of the P
value by ~16%.

According to Equation (2d) a reduced P value implies a
larger (r—3) value, which physically means a radial expansion
of the 3d,, orbital and a reduced electron density on the
metal.?” > This reduced electron density is expected to result
in a decreased V=0 bond strength.?” > From Tables 3 and 5,
it is seen that the lower A, values are correlated with reduced
v(V=0) frequencies, and this can be taken as evidence for the
validity of the assumed mechanism.

Conclusion

The design and synthesis of the tetradentate amidate ligand
Hcapca, with conjugated double bonds and a maximum
equatorial charge of —1 upon ligation to a vanadium atom,
allowed us to prepare a series of unprecedented trans-
[VIVOX(capca)]?* compounds, with either monoanionic or
neutral axial ligands. Reduction of Hcapca breaks the double-
bond conjugation and results in the isolation of a more
flexible ligand, H,capcah, enabling us to prepare another
series of cis-[VIVOX(Hcapcah)]”* compounds with only
neutral axial ligands, that is, the pyridine nitrogen atom of
Hcapcah~. The cis/trans-oxovanadium(iv) compounds were
structurally and spectroscopically (mainly by cw EPR)
characterized. Through these two series of oxovanadium(1v)
compounds, which contain very similar tetradentate ligands,
we were able to investigate the effect of the charged axial
ligands on the °'V hyperfine coupling constants and in
particular on the parallel component, A, .

The main effect of the monoanionic axial ligands on the 'V
hyperfine coupling constants is the reduction of the A, values
by almost 10% compared to N, reference complexes. The z
component of the 3'V(I=7/2) hyperfine coupling tensor A,
has been extensively employed as a benchmark for the
identification of the equatorial-donor-atom sets in oxovana-
dium(1v) complexes. Therefore, the present data reveal a
novel phenomenon which bears strong relevance to the use of
the A, value as predictive tool in vanadoproteins or VIVO?**-
substituted proteins and oxovanadium(iv) model compounds.
This means that in certain cases, factors other than the
equatorial-donor-atom sets, that is, axial charge, may result in
significant variations of the A, values of VIVO?** compounds.
Such exceptional cases can be traced from the deviation of the
pertinent points in a g, versus A, correlation plot.

The reduced A, and v(V=0) values observed in the trans-
[VIV(=O)X~] compounds can both be explained by a simple
model: the negative axial charge induces a radial expansion of
the 3d,, orbital; this results in a reduced electron density on
the metal, manifested as reduced P values and lowered
v(V=0) frequencies. The (8*)* values are not essentially
influenced neither are the energies of the excited states, and
this is consistent with the small variations in the g values,
which mainly depend on the population of the low-lying
excited states and their energy difference from the ground
state.

Ab initio calculations on both model and actual complexes
have shown that there are three isomers of the [VIVOCI-
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(Hcapcah)] (as 8- CHCl;) complex, two with a cis arrange-
ment of the {VIV(=0O)(Cl)} fragment and one with a trans-
{VV(=O)(CI)} unit. The calculated geometry of the most
stable cis isomer agrees well with the experimental data.

Experimental Section

Materials: Reagent grade chemicals were obtained from Aldrich and used
without further purification. Dichlorobis(tetrahydrofuran)oxovanadi-
um(1v), [VOCl,(thf),],* and N-{2-[2-pyridylmethylene)amino]phenyl}pyr-
idine-2-carboxamide (Hcapca),** were prepared by literature procedures.
The purity of the above molecules was confirmed by elemental analyses (C,
H, N, and V, for vanadium compounds) and infrared spectroscopy. Merck
silica gel 60F254 TLC plates were used for thin layer chromatography.
Reagent grade dichloromethane, chloroform, acetonitrile, nitromethane,
and thiethylamine were dried and distilled over calcium hydride, while
diethyl ether was dried and distilled over sodium wire. Methanol was dried
by heating under reflux over magnesium methoxide. Synthesis, distillations,
crystallization of the complexes, and spectroscopic characterization were
performed under high-purity argon using standard Schlenk techniques. C,
H, N and S analyses were conducted by the University of Ioannina’s
microanalytical service; vanadium was determined gravimetrically as
vanadium pentoxide or by atomic absorption, and chloride analyses were
carried out by potentiometric titration. Et,NSCN and Et,NN; were
synthesized as follows: an equivalent of Et,NCI to a stirred suspension of
KSCN or NaNj; in methanol was added, and the reaction mixture was
stirred overnight. The mixture was evaporated to dryness, and the residue
was extracted with acetonitrile and then filtered off. The volume of the
filtrate was reduced to 1/3 and a white precipitate was formed in yield
~60% for both cases.

N-{2-[ (Pyridylmethyl)amino Jphenyl}pyridine-2-carboxamide (H,capcah):
Hcapca (3.0 g, 9.92 mmol) was dissolved in ethanol (30 mL) and an
hydrogenation catalyst (10 % Pd on activated carbon, 0.60 g) was added to
the mixture. Pure hydrogen was bubbled through the solution for 4 h, while
the mixture with vigorously stirred by a magnet. The reaction product was
separated from the catalyst by filtration, and the filtrate was evaporated to
dryness to yield a yellow oil. The oil was treated with diethyl ether (20 mL)
heated under reflux, yielding 2.41 g (80 %) of light yellow solid. M.p. 104 —
105°C; MS (70 ev): m/z (%): 304 (70) [M]*; R; 0.07 (4:1 chloroform/n-
haxane); '"H NMR (400 MHz, CDCl;, 24°C): 6 =4.56 (s,2H), 6.72 (d, 1H),
6.82 (t,1H),7.18 (t,1H), 743 (d, 1H), 7.55 (d, 1 H), 7.64 (t, 1 H), 7.90 (t, 1 H),
8.26 (d, 1H), 8.63 (d, 1H), 9.95 (s, 1 H); *C{'H} NMR (100.6 MHz, CDCl;,
24°C): 0 =49.6,113.58,118.47,121.49, 122.54,124.19, 124.11, 126.43, 127.04,
136.95, 137.57, 141.66, 148.15, 148.89, 149.80, 158.81, 162.80; elemental
analysis calcd (%) for CgH (N,O (304.35): C 71.03, H 5.30, N 18.40; found
C70.97, H 5.58, N 18.30.

[VOCl(capca)] - CH,Cl, (1- CH,Cl,)

Method A: Solid Hcapca (0.857 g, 2.84 mmol) in one portion and solid
sodium methoxide (0.153 g, 2.84 mmol) in one portion were successively
added to a stirred solution of [VOCL(thf),] (0.80¢g, 2.84 mmol) in
acetonitrile (25 mL). Immediately upon addition of these materials, the
color of the solution changed from blue to brown-green, and a light brown
precipitate was formed. The mixture was heated under reflux for 24 h, upon
which a red solid was formed with a brown-red supernatant. The reaction
mixture was cooled to room temperature (15°C), and the dark red solid was
filtered off, washed with diethyl ether (10 mL), and dried in vacuo. The
dark red solid was placed in a Soxhlet thimble and extracted with
dichlorometnane (~60 mL) for 3 days. The volume of the filtrate (50 mL),
which already contained a red precipitate, was reduced in vacuum to about
10 mL and then allowed to —20°C. After 24 h the precipitate was filtered
off, washed with diethyl ether (2 x 10 mL), and dried in vacuo to afford
0.72g of 1-CH,Cl, (52%). Elemental analysis caled (%) for
CoH;5sCLLN,O,V (488.64): C 46.70, H 3.09, C1 7.25, N 11.46, V 10.42; found
C46.60, H 3.28, C1 7.10, N 11.40, V 10.52; st ;= 1.71 uy at 298 K. Crystals of
1- CH;OH suitable for X-ray structure analysis were obtained by vapour
diffusion of diethyl ether into a concentrated solution of 1-CH,Cl, in
methanol (at 4°C).
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Method B: Solid Hcapca (1.82 g, 6.02 mmol) was added in one portion to a
stirred solution of [VOCI,(thf),] (1.70 g, 6.02 mmol) in methanol (7 mL).
Upon addition of the ligand the blue solution changed to deep red. Then,
triethylamine (0.067 g, 6.62 mmol) was added to the solution. After 20 min
of stirring with a magntic stirrer a deep red solid was formed. The reaction
mixture was stirred for 4 hours before being filtered, and the precipitate
was washed with dichloromethane (3 x 10 mL) and dried under vacuum to
yield 2.40 g of product (82%).

[VO(SCN)(capca)] (2): Solid Et,NSCN (0.11 g, 0.59 mmol) was added to a
stirred suspension of 1-CH,Cl, (0.29 g, 0.59 mmol) in methanol (5 mL).
Upon addition of Et,;NSCN, 1-CH,Cl, dissolved, a brick-red precipitate
was formed and solution turned from red to faint yellow. The mixture was
stirred for 2h and filtered, and the brick-red compound washed with
methanol (2 x 5 mL) and diethyl ether (2 x 5 mL), and dried under vacuum
to afford 0.18g of 2 (72%). Elemental analysis caled (%) for
CyH3N5O,SV (426.35): C 53.52, H 3.07, N 16.42, S 7.52, V 11.95; found
C53.20, H 3.14, N 16.32, S 7.65, V 12.05; pt;=1.66 ug at 298 K.

[VO(N;)(capea)] (3): Compound 3 was prepared in a fashion similar to that
for complex 2 except that i) acetonitrile was used as solvent and ii) Et,NN;
was used instead of Et;NSCN. The product was obtained in 64 % yield.
Elemental analysis calcd (%) for C;sH,3N;0,V (410.29): C52.69, H3.19, N
23.89, V 1241; found C 52.90, H 3.27, N 23.75, V 12.34; .= 1.65 up at
298 K.

[VO(CH;COO)(capca)] (4): Acetic acid (0.01 g, 0.17 mmol) and triethyl-
amine (0.017 g, mmol) were added to acetonitrile solution (4 mL), and the
solution was stirred for 1.5 h. Then, the solution was cooled to 0°C and solid
1-CH,Cl, (0.085 g, 0.17 mmol) was added to it in one portion. The mixture
was stirred for 3 h upon which an organge-yellow precipitate was formed.
The solid was filtered off, washed with acetonitrile (5 mL) and diethyl ether
(2 x 5 mL), and dried under vacuum to yield 0.050 g of 4 (70 % ). Elemental
analysis caled (%) for C,)H(N,O,V (427.31): C 56.21, H 3.77, N 13.09, V
11.92; found C 55.92, H 3.73, N 13.14, V 12.01; p; = 1.68 uy at 298 K.

[VO(PhCOO)(capca)] (5): The same procedure as for compound 4 was
followed to prepare the complex, except that benzoic acid was used instead
of acetic acid. The isolated yield was 62 % . Elemental analysis calcd (% ) for
Cy;HsN,O,V (489.38): C 61.36, H 3.70, N 10.92, V 10.41; found C 60.85, H
3.64, N 11.22, V 10.35; pte; = 1.81 ug at 298 K.

[VO(capca)(imidazole) |Cl- CH;NO, (6-CH;NO,): Imidazole (0.015 g,
0.22 mmol) was added to a stirred suspension of 1-CH,Cl, (0.110 g,
0.22 mmol) in nitromethane (10 mL). The mixture was stirred for 3 h, and a
brown precipitate was formed. The solid was filtered off, washed with
diethyl ether (2 x 10 mL), and dried under vacuum, yielding 0.096 g of
product (80 % ). Elemental analysis calcd (%) for C,,H,,CIN;O,V (532.83):
C 49.59, H 3.78, N 18.40, V 9.56; found C 50.42, H 3.78, N 18.22, V 9.65;
Uerr = 1.82 ug at 298 K.

[VO(capca)(n-nBuNH,)]Cl (7): n-Butylamine (0.021 g, 0.29 mmol) was
added to a stirred suspension of 1- CH,Cl, (0.13 g, 0.26 mmol) in dichloro-
methane (5 mL). The mixture was stirred overnight upon which a light
green solid was formed. The precipitate was filtered off, washed with
dichloromethane (2 x 5 mL) and diethyl ether (2 x 5 mL), and dried under
vacuum, yielding 0.085 g of 7 (68 %). Elemental analysis calcd (%) for
C,,H,,CIN;O,V (476.85): C 55.41, H 5.07, N 14.68, V 10.68; found C 55.15,
H 5.22, N 14.52, V 10.59; pi=1.72 up at 298 K.
[VOCl(Hcapca)]-0.5CH,Cl, (8:-0.5CH,CL,): Solid H,capcah (0.30g,
0.9 mmol) was added to a stirred solution of [VOCI,(thf),] (0.27 g,
0.9 mmol) in methanol (4 mL) at room temperature (20 °C). An immediate
color change from blue to olive green concurrent with the precipitation of a
green solid was observed. Addition of triethylamine (0.09 g, 0.9 mmol) to
the mixture resulted in immediate color change from green to brown
accompanied by dissolution of the green precipitate and the formation of a
brown solid. The mixture was stirred for 3 h and filtered, and the light
brown compound washed with dichloromethane (2 x 10 mL) and diethyl
ether (2 x 10 mL), and dried in vacuo to afford 0.24 g of 8-0.5 CH,Cl,
(60%). Elemental analysis calcd (%) for C55H;sCl;sN,O,V (448.19): C
49.58, H 3.60, N 12.50, V 11.36; found C 49.50, H 3.87, N 12.60, V 11.29.
Crystals of 8 - CHCl; suitable for X-ray structure analysis were obtained by
vapor diffusion of diethyl ether into a saturated solution of 8- 0.5 CH,Cl, in
chloroform at 4°C. u;=1.80 ug at 298 K.

[VO(NCS)(Hcapcah)] (9): Compound 9 was synthesized in 80 % yield in an
analogous fashion to complex 2, except that 8 - 0.5 CH,Cl,, was used instead
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of 1- CH,Cl,. Elemental analysis calcd (%) for C;,H;sNsO,SV (428.36): C
53.27, H 3.53, N 16.35, V 11.89; found C 52.36, H 3.45, N 16.29, V 11.81.
Crystals of 9-2 CH;CN suitable for X-ray structure analysis were obtained
by vapor diffusion of diethyl ether into a saturated solution of 9 in
acetonitrile at 4°C. ;= 1.68 ug at 298 K.

[VO(N;)(Heapcah)]-2CH;OH (10-2CH;0H): Compound 10 was pre-
pared in 55 % yield in an analogous fashion to 3, except that 8-0.5 CH,Cl,
was used instead of 1-CH,Cl,. Elemental analysis caled (%) for
CyH,3N,0,V (476.39): C 50.42, H 4.06, N 20.58, V 10.69; found C 50.25,
H 4.75,N20.52, V 10.72. Crystals of 10 - CH;CN suitable for X-ray structure
analysis were obtained by vapor diffusion of diethyl ether into a saturated
solution of 10-2 CH;OH in acetonitrile at 4°C. .= 1.66 ug at 298 K.

[VO(Hcapcah)(imidazole) ]C1 (11) and [VO(Hcapcah)(imidazole)]BF,
(12): Solid imidazole (0.027 g, 4 mmol) was added in one portion to a
stirred suspension of 8- 0.5 CH,Cl, (0.089 g, 0.19mmol) in methanol (4 mL).
Upon addition of the imidazole, the solution cleared and turned from light
to dark brown. After being stirred overnight, the reaction mixture was
evaporated to dryness, and the solid was triturated with diethyl ether (2 x
SmL) and dried under vacuum to get 0.076 g of 11 (85%). Elemental
analysis calcd (%) for C,;H,CINO,V (473.81): C 53.23, H 4.04, C1 748, N
1774,V 10.75; found C 53.15, H 4.30, C1 731, N 17.90, V 10.70; ;s = 1.64 g
at 298 K. An equivalent of AgBF, was added in one portion to a stirred
saturated solution of 11 in methanol. Upon addition of the silver salt a
white precipitate (AgCl) was formed. Stirring was continued for ~3 h, and
then the reaction mixture was filtered off. Vapour diffusion of diethyl ether
into the filtrate at 4°C resulted in the formation of crystals of [VO(Hcap-
cah)(imidazole)|BF, (12) suitable for X-ray structure analysis.

X-ray crystallography: Diffraction measurements for 9-2CH;CN, 10-
CH;CN and 12 were performed on a Crystal Logic Dual Goniometer
diffractometer with graphite monochromated Moy, radiation, while for 8-
CHCI; data collection was performed on a P2, Nicolet diffractometer
upgraded by Crystal Logic with graphite monochromated Cuy, radiation.
Unit-cell dimensions (Table 6) were determined and refined by using the
angular settings of 25 automatically centered reflections. Intensity data
were recorded using a 6—26 scan. Three standard reflections monitored
every 97 reflections showed less than 3 % variation and no decay. Lorentz,
polarization, and psi-scan absorption corrections were applied by using
Crystal Logic software. The structures were solved by direct methods by
using SHELXS-861") and refined by full-matrix least-squares techniques on
F? with SHELXL-93.5!

Further crystallographic details for 8-CHCl;: 20,,,=121°, scan speed
3.0°min"!, scan range 3.0 + a,a, separation, reflections collected/unique/

Table 6. Summary of crystallographic data for compounds 810 and 12.

used = 3447/3276 [R;, = 0.0290]/3276, 335 parameters refined, R1/wR2 (for
all data) =0.0675/0.1523, [Ap]uwin/[A0)ma = 0.436/ —0.440 e A3, [Alo] =
0.012. All hydrogen atoms were located by difference maps and were
refined isotropically, while all non-H atoms were refined anisotropically.

Further crystallographic details for 9-2CH;CN: 20,,,,=49°, scan speed
4.5°min~!, scan range 2.3 + a,a, separation, reflections collected/unique/
used =4412/4114 [R;, = 0.0244]/4114, 396 parameters refined, R1/wR2 (for
all data) =0.0718/0.1457, [A0]min/[A0]max = 0.343/ — 0.491 e A-3, [Alo] =
0.034. All hydrogen atoms (except those on C21 which were introduced
at calculated positions as riding on bonded atom) were located by
difference maps and were refined isotropically, while all non-H atoms
were refined anisotropically.

Further crystallographic details for 10- CH;CN: 20,,,,=50°, scan speed
3.0°min"!, scan range 2.3 + a,a, separation, reflections collected/unique/
used =3945/3722 [R;,, = 0.0147]/3722, 342 parameters refined, R1/wR2 (for
all data) =0.0586/0.1243, [Ap]min/[AP]max = 0.513/ —0.475 e A3, [Alo] =
0.208. All hydrogen atoms (except those of C20 which were introduced
at calculated positions as riding on bonded atom) were located by
difference maps and were refined isotropically, while all non-H atoms
were refined anisotropically.

Further crystallographic details for 12: 20, =50°, scan speed 3.0°min~!,
scan range 2.2 + a,a, separation, reflections collected/unique/used = 4131/
3985 [R;, =0.0126]/3985, 392 parameters refined, R1/wR2 (for all data) =
0.0695/0.1473, [A0]min/[A0]max = 0.565/ — 0.349 ¢ A3, [A/o] =0.006. All hy-
drogen atoms were located by difference maps and were refined isotropi-
cally. All non-H atoms were refined anisotropically.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-152700 (8-
CHCl;), CCDC-152701 (9-2CH,;CN), CCDC-152702 (10- CH;CN), and
CCDC-152703 (12). Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Physical measurements: IR spectra were recorded on a Perkin-Elmer
Spectrum G-X FT-IR system in KBr pellets. Electronic absorption spectra
were measured as solutions in septum-sealed quartz cuvettes on a Jasco
V570 UV/Vis/NIR spectrophotometer. Magnetic moments were measured
at room temperature by the Faraday method, with mercuric tetrathiocya-
natocobaltate(il) as the susceptibility standard on a Cahn-Vetron RM-2
balance. The 'H and '*C NMR spectra of the ligand H,capcah were
recorded on a Bruker AMX400 spectrometer, at 298 K, while its electron
impact mass spectral data were obtained with a Kratos MS25RF A
spesctrometer. The melting point of
H,capcah was determined (uncorrect-
ed) with a Buchi melting point appa-
ratus.

EPR studies: Continuous-wave EPR

8-CHCL 9-2CH;CN 10- CH,CN 12 spectra were recorded at liquid helium
formula C,sH,,CI,N,0,V C,;H,,N,0,SV CyoH sN;O,V C,H,,BE,N,O,V temperatures with a Bruk.er ER%OO
M. 525.10 510.47 45336 52517 X-band spectrometer equipped with
a[A] 9312(3) 8.596(6) 18.021(9) 13.85(1) an Oxford Instruments cryostat. The
b[A] 10.222(3) 19.01(1) 11.692(7) 10.791(8) microwave frequency and the magnet-
¢ [A] 12.354(4) 15.16(1) 10.187(6) 16.29(1) ic field were measured with a micro-
@[] 79.03(1) wave-frequency counter HP 5350B and
81 70.70(1) 93.02(2) 99.50(2) 111.57(3) a Brukc?r ER035M NMR gaussmeter,
v 81.69(1) respectively. The temperature was
VA7 1085.3(6) 2474(3) 2117(2) 2265(3) monitored with an Oxfo.rd lTCSVtem—
7 5 4 4 4 perature controller equipped with a
Oeed [Mgm—] 1.607 1371 1.423 1.540 calibrated AuFe (0.007 Chr) thermo-

caled . - N -

space group Pi P2c P2a P2in couple. For the EPR measurements
T[K] 208 208 208 208 the oxovanadium(iv) compounds were
radiation/A [A] Cuy,/1.5418 Moy,/0.710730 Moy,/0.710730 Moy,/0.710730 dissolved in the appropriate solvent at
4 [mm-1] 8.565 0.519 0.503 0.503 room temperature (~20°C) with sub-
octants collected thtk—1 h—k,+1 +hkl +hkl sequent freezing in liquid nitrogen.
GOF on F? 1.057 1.092 1.089 1.019 The program SIMFONIA version 2.1
Rl 005185 0.05131 0.04551 0.050814! b.y Bru'ker was used for numerical
WR2 0134701 0.1333M 0.11681 0.13241d1 simulation of the EPR spectra for an

S =1/2 electron spin coupled to the /=

[a] For 2672 reflections with I>20a(I). [b] For 3119 reflections with />20(I). [c] For 3047 reflections with />

20(I). [d] For 3045 reflections with 1> 2o(1).
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7/2 nuclear spin from the >'V nucleus.
No resolvable improvement of the
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simulations could be achieved by considering noncollinear g and hyperfine
tensor A; thus these two tensors are considered to be collinear.

Computational details: The electronic structure and geometries of the
actual complexes and the models studied were computed within the density
functional theory by using gradient corrected functionals at the Becke3LYP
computational level.” ®! The effective core potential (ECP) approxima-
tion of Hay and Wadt was used.® For the V atom, the electrons
described by the ECP were those of 1s, 2s, and 2p shells. The basis set used
was of valence double-quality.*l Full geometry optimizations were carried
out without no symmetry constraint. For the model molecules a frequency
calculation after each geometry optimization ensured that the calculated
structure was a real minimum in the potential energy surface of the
molecule. All of the calculations were performed by using the Gaussian-98
package.[*%]
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