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CORRIGENDUM

In the paper by J. Otsuki et al. published in Chem. Eur. J. 2002, 8,130—136, an important reference to recent work was not quoted:
R.-A. Fallahpour, M. Neuburger, Helv. Chim. Acta 2001, 84, 715—721. In this work, they prepared the same azoterpyridine ligand
and metal complexes and examined some of their properties. We regret the omission and would like to thank Dr. Fallahpour for

having pointed their work out to us.
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Basic Concepts of “Cation Pool” and “Cation Flow” Methods and Their
Applications in Conventional and Combinatorial Organic Synthesis

Jun-ichi Yoshida* and Seiji Sugal®!

4 A

Abstract: Carbocations have been generally considered
to be relatively unstable and transient species. But the
“cation pool” method enables the easy accumulation of
carbocations in conventional reaction media such as
dichloromethane. In the “cation pool” method, carboca-
tions are generated by low-temperature electrochemical
oxidation and accumulated in a solution. In the next step,
the carbocations thus produced are allowed to react with
various nucleophiles. Combinatorial parallel synthesis
based upon the “cation pool” method has also been
developed. The applicability of the “cation pool” method
depends upon the stability of the cation that is accumu-
lated. This problem can be overcome by the “cation flow”
method. In the “cation flow” method, carbocations are
generated in a microflow electrochemical system. Short
residence times and efficient temperature control of the
microflow system are advantageous. Combinatorial se-
quential synthesis has been achieved based on the “cation
flow” method.

Keywords: carbocations - combinatorial chemistry -
Glectrochemistry - microreactors « oxidation )

Introduction

Carbocations are positively charged carbon-centered reactive
intermediates.!! In the pioneering works by Meerwein,
Ingold, Whitmore, and other chemists, carbocations were
found to play key roles in various organic reactions, although
they were considered to be relatively unstable and transient
species.

Olah’s extensive work in 1960s, however, revealed that
carbocations can be long-lived species in superacid media.?!
Various carbocations were generated and accumulated in
superacid, and they were characterized by spectroscopic

[a] Prof. J. Yoshida, Dr. S. Suga
Department of Synthetic Chemistry & Biological Chemistry
Graduate School of Engineering
Kyoto University, Kyoto 606-8501 (Japan)
Fax: (+81)75-753-5911
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methods. The proof of the existence of carbocations was an
epoch-making discovery in organic chemistry. However, the
nature of carbocations in conventional reaction media, which
are used for organic synthesis, has not been fully clarified as
yet.

Carbocations are important reactive intermediates in
organic synthesis. Quite a few reactions involving carbocat-
ions, especially those stabilized by neighboring heteroatoms
such as oxygen (alkoxycarbenium ion) and nitrogen (iminium
ion), have been developed so far (Scheme 1). It is noteworthy
that other names, such as oxocarbenium ion®! and carboxon-
ium ion, have been used for oxygen-stabilized carbocations.
Reactions of such heteroatom-stabilized carbocations have
witnessed a steady increase in modern organic synthesis.

(©] ®
e T T

alkoxycarbenium
ion

iminium ion

Scheme 1. Carbocations stabilized by neighboring heteroatoms.

From a viewpoint of synthesizing compounds by using
carbocations, it is noteworthy that the manner in which we
carry out the reactions of carbocations is different from that
for carbanions (Scheme 2). Usually, carbanions are generated

Reactions of Carbocations

generated in the presence of
nucleophiles

| E® | —C-M
—Cco [
| ) ! organometallic
generated in the absence of compounds as
electrophiles carbanions

Reactions of Carbanions < | >

Scheme 2. The reaction mode of carbocations and that of carbanions.
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and accumulated in a solution in the absence of electrophiles.
After the generation process, such as deprotonation or a
halogen —metal exchange reaction, is completed, an electro-
phile is added to the solution of the thus generated carbanion
to achieve the desired transformation. In contrast, carbocat-
ions are usually generated in the presence of nucleophiles.
This is probably because carbocations are considered to be
relatively unstable and transient in conventional reaction
media and should be trapped by nucleophiles immediately
after the generation in situ. Therefore, reactions of carbocat-
ions suffer from the limitation of the variation of nucleophiles.
This comparison is, however, probably not fair, because we
usually regard organometallic compounds as carbanions.
Organometallic compounds have carbon-metal covalent
bonds, although the magnitude of the ionic character depends
on the nature of the metal and substituents on the carbon. In
contrast, we do not regard an organic molecule having a
leaving group bound to the carbon by a covalent bond as a
carbocation. We only regard “real” ionic species as carbo-
cations. Apart from such arguments, development of a
new method that enables the generation of carbocations in
the absence of nucleophiles is strongly needed for expanding
the scope of the chemistry of carbocations in organic syn-
thesis.

Recently it has been demonstrated that heteroatom-stabi-
lized carbocations can be generated in the absence of
nucleophiles in normal reaction media by using the “cation
pool”Pl and the “cation flow”! methods, although their
applications to alkyl cations have not been explored as yet.
These methods enable easy manipulation of carbocations just
like stable compounds. The objective of this paper is to
provide a brief outline of these methods with an emphasis on
their principles.

Conventional Methods for the Generation of
Carbocations

Before discussing the concepts of “cation pool” and “cation
flow” methods, let us touch briefly on the generation methods
of carbocations. In principle there are two methods, that is,
acid promoted reaction and oxidative reaction, to generate
carbocations for preparative purposes (Scheme 3). Acid
promoted reactions are the most commonly used for the
generation of carbocations. In this method, a proton or a

‘ ®

Acid Promoted —C—X + A -
Generation | reé/ersmle
X = heteroatom A~ = acid
o | -2e, -M*

Oxidative —(|3—M ambient
Gonventonai) ;  lemperature

M=HorSi irreversible

| -2e, -M* lo

"Cation Pool" —C-M low —C
Method | temperature |

M=HorSi irreversible “cation pool"

Scheme 3. Methods for the generation and reactions of carbocations.
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Lewis acid is used to activate a leaving group, and then the
heterolysis of the bond between the carbon and the leaving
group occurs to generate the carbocation. Because these steps
are reversible, several species often exist in the solution as an
equilibrium mixture. Then, a nucleophile, which is usually
present in the solution, attacks the carbocation to give the
final product. However, there is still the question of the
existence of carbocations as intermediates in the conventional
reaction media such as dichloromethane, which is commonly
used for preparative reactions. Sometimes only a covalent
species (a complex with an acid) is involved in the reaction,
and such an intermediate undergoes a Sy2 type displacement
to give the final product.

Another method is oxidative generation (Scheme 4). The
first electron transfer generates the radical cation species. The
elimination of a proton gives the carbon radical that is further

| - \ : |
—C-H —%~|—C-H —cC-
| -H

Scheme 4. Oxidative generation of carbocations.

oxidized to give the carbocation. These steps are essentially
irreversible. Then a nucleophile attacks the carbocation to
give the product. By virtue of irreversibility, the oxidative
generation could serve as a good method for studying the
chemistry of carbocations. However, the oxidative generation
of carbocations is also usually carried out in the presence of
nucleophiles because of the instability of carbocations. In this
case the concentration of carbocations should be low, and
therefore, it is difficult to detect carbocations intermediates
spectroscopically.

“Cation Pool” Method

In the “cation pool” method, carbocations are generated and
accumulated in relatively high concentration by electrochem-
ical oxidation. The electrolysis is carried out at low temper-
ature such as —70°C in order to avoid decomposition of
carbocations. It was considered to be difficult to carry out
preparative electrolyses at such low temperature probably
because of the high viscosity of the solution, which in turn
disfavors the movement of ions
to carry the electricity. By
choosing an appropriate sol-
vent and a supporting electro-
lyte, however, the electrolysis at
such low temperature can be
| accomplished to generate and
| accumulate carbocations. A
divided cell having a sintered
glass separator is used in order
to avoid the electrochemical
| reduction of anodically gener-

ated carbocations (vide infra;

Figure 1). Tetrabutylammoni-

0947-6539/02/0812-2652 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 12





“Cation Pool” and “Cation Flow” Methods

2650-2658

DC

power

|—supply

cathode
anode @
H divided cell
: separator
stlrrer bar

Figure 1. The electrochemical cell for the “cation pool” method.

um tetrafluoroborate is usually used as supporting electrolyte,
and dichloromethane is suitable as solvent because of low
viscosity at low temperature. TfOH (trifluoromethanesulfonic
acid) is added in the cathodic chamber to facilitate the
reduction of protons in the cathodic process.

In the next step, carbocations are allowed to react with
nucleophiles. In principle, any kind of nucleophiles can be
used, because the nucleopile is absent during the course of the
generation. This is true for carbon nucleophiles, which are
easily oxidized and often cannot be used for in situ oxidation.
In the next section, the “cation pool” method is illustrated for
the generation of alkoxycarbenium ions and their reactions
with nucleophiles.

Alkoxycarbenium Ion Pool

Alkoxycarbenium ions are carbenium ions stabilized by an
alkoxy substituent. Alkoxycarbenium ions are important
reactive intermediates in modern organic synthesis.! For
example, they are often generated from the corresponding
acetals by treatment with Lewis acids and allowed to react
with carbon nucleophiles (Scheme 5). Thus, these reactions
serve as efficient methods for carbon-carbon bond forma-
tion.

OR'
R OR'

Lewis acid: A
Nu

OR' + \

Nu~ OR'

)‘OR

R OR’

' R R Nu
A

complex with alkoxycarbenium
Lewis acid ion

Scheme 5. Lewis acid promoted reactions of acetals.

The mechanism of the Lewis acid promoted reaction of
acetals has been investigated extensively. Denmark revealed
the presence of Lewis acid —acetal complexes in NMR studies
but never detected alkoxycarbenium ions. The absence of

Chem. Eur. J. 2002, 8, No. 12
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alkoxycarbenium ions in spectra, however, does not necessar-
ily rule out their intermediacy in the reactions with nucleo-
philes.[®l Therefore, it has been imperative to accomplish the
reactions of spectroscopically characterized, nonstabilized
alkoxycarbenium ions with carbon nucleophiles.’l The “cation
pool” method makes it possible and opens a new aspect of the
chemistry of alkoxycarbenium ions. As precursors of alkoxy-
carbenium ions in the “cation pool” method, ethers should be
of the first choice. The oxidation potentials of ethers, however,
are very positive, and therefore, it is rather difficult to oxidize
ethers selectively under usual conditions.'” The regioselec-
tivity is another problem. Usually a mixture of two regioisom-
ers is obtained because two regioisomeric alkoxycarbenium
ions are generated. The concept of electroauxiliary'l is quite
powerful to solve these problems. The pre-introduction of a
silyl group!’?l as an electroauxiliary decreases the oxidation
potential of dialkyl ethers by virtue of orbital interaction. The
interaction of the nonbonding p orbital (lone pair) of the
oxygen with the C—Si o orbital raises the HOMO level, which
in turn favors the electron transfer. As a matter of fact, it has
been already demonstrated that the anodic oxidation of an
a-silyl ether takes place smoothly in methanol (Scheme 6).013]
Selective cleavage of the C—Si bond occurs, and the methoxy
group is introduced on the carbon to which the silyl group has
been attached.

-2e
+
OR' -"SiMez*" OR' | MeOH OR'
. RT
SiMe3 MeOH R R OMe

Scheme 6. Electrochemical oxidation of a-silyl ethers in methanol.

Thus, a-silyl ethers serve as suitable precursors of alkoxy-
carbenium ions in the “cation pool” method (Scheme 7). The
low-temperature electrochemical oxidation of the a-silyl
ether gives a solution of alkoxycarbenium ion, which exhibits
a 'H NMR signal at  =9.55 ppm for a methine proton, and a
13C NMR signal at 0 =231.0 ppm due to a methine carbon."!
These chemical shifts are consistent with those of an
alkoxycarbenium ion generated in superacid reported by
Olah and Forsyth, respectively,!'* and suggest the presence of
a strong positive charge at the carbon.

The alkoxycarbenium ion pool reacts with allyltrimethylsi-
lane as a carbon nucleophile to give the corresponding
allylated product (80%, Scheme 8). The success of this
nucleophilic reaction also indicates the presence of the
alkoxycarbenium ion in relatively high concentration in the
solution.

OMe -2e, -"SiMez™
)ﬁ ) 2.5 F mol!
CgH17 H SiMe3 72°C

Scheme 7. “Cation pool” method using low-temperature electrolysis.
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/\/SiM63
2 equiv OMe
-72°C CgH17 X
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Scheme 8. The reaction of an alkoxycarbenium ion pool with
allyltrimethylsilane.

The thermal stability of the alkoxycarbenium ion is
interesting. When the electrolysis is complete, the cation pool
is allowed to warm to a second temperature. After being kept
there for 30 min, the cation is then allowed to react with
allyltrimethylsilane. The yield of the allylated product is
plotted against the temperature. It can be seen from Figure 2
that the alkoxycarbenium ion is stable at temperatures lower
than approximately — 50 °C. Above this temperature, the yield
of the allylated product decreases significantly, and this
indicates that the alkoxycarbenium ion decomposed above
—50°C.

The alkoxycarbenium ions generated by the “cation pool”
method react smoothly with various carbon nucleophiles such
as substituted allylsilanes and enol silyl ethers to give the
corresponding coupling products in good yields. It should be
noted that the reactions of alkoxycarbenium ion pools with
such nucleophiles are much faster than the Lewis acid
promoted reactions of acetals with similar nucleophiles. A
higher concentration of the cationic species in the “cation
pool” method seems to be responsible.

The diastereoselectivity of the reactions with enol silyl
ethers is worth noting. For example, the reaction with the enol
silyl ether derived from cyclohexanone gives a mixture of two
diastereomers, and the selectivity is somewhat lower than that
reported for the Lewis acid promoted reaction of the acetal,['*]
although the reason is not clear at present.

Ketene silyl acetals and enol acetates also serve as effective
carbon nucleophiles. More interesting is the observation that
1,3-dicarbonyl compounds, which are much weaker as nucle-
ophiles, are also effective, although five equivalents of the 1,3-
dicarbonyl compound are usually employed. Scheme 9 sum-
marizes the carbon nucleophiles, which have been applied to
the “cation pool” method.

100

yield / %

temperature / °C

Figure 2. Thermal stability of the alkoxycarbenium ion.
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Scheme 9. Nucleophiles used for the reactions of alkoxycarbenium
ion pools.

N-Acyliminium Ion Pool

N-Acyliminium ions are also important intermediates in
organic synthesis, especially the synthesis of various nitro-
gen-containing natural and unnatural products of biological
interest.'¥! N-Acyliminium ions also act as carbocations
toward various nucleophiles including carbon nucleophiles.
The “cation pool” method can also be applied to the
generation of N-acylimium ions (Scheme 10), and carbamates
are suitable precursors because extensive work has been done
on the electrochemical oxidation of carbamates to generate

Nu~
R2 ’ RZ RZ
Re J -2e-HY | RLrS RL_ K
| -72°C N N Nu
CO,Me CO,Me CO,Me

acyliminium ion pool

Scheme 10. Generation and reaction of the N-acyliminium ion by using
the “cation pool” method.

N-acyliminium ions, which are trapped in situ usually by
methanol used as solvent.l'”] The low-temperature electrolysis
of a carbamate derived from pyrrolidine gives the corre-
sponding N-acyliminium ion as a single species, which is
indicated by NMR analysis ('H NMR: 0 =9.38 ppm due the
methine proton; C NMR: 6=193.36 ppm due to the
methine carbon).”? These chemical shifts indicate that there
is a strong positive charge at the carbon and that there is
formation of the N-acyliminium ion as an ionic species.'®l The
addition of allyltrimethylsilane to the solution of this cation
affords the allylated product in good yield.

The N-acyliminium ion can also be characterized by FTIR
spectroscopy. The starting carbamate exhibits an absorption
at 1694 cm~' due to the carbonyl stretching, while the N-
acyliminium ion generated by the “cation pool” method
exhibits an absorption at 1814 cm~.. The higher wavenumber
of the cation is consistent with the existence of a positive
charge at the nitrogen adjacent to the carbonyl carbon. The
shift to higher wavenumber is also supported by DFT (density
functional theory) calculations.

The “cation pool” method is generally applicable to various
carbon nucleophiles. Allylsilanes, enol silyl ethers, enol
acetates, 1,3-dicarbonyl compounds, and aromatic compounds
are effective as carbon nucleophiles, and the corresponding

0947-6539/02/0812-2654 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 12
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Scheme 11. Nucleophiles used for the reactions of N-acyliminium
ion pools.

C—C bond formation products are obtained directly
(Scheme 11).

The use of organometallics of higher basicity such as
organolithium compounds gives rise to the formation of a
complex mixture, probably because of a S-elimination reac-
tion. Therefore, organolithium compounds are not suitable as
nucleophiles for the N-acyliminium ion. In contrast, the
reactions with Grignard reagents having alkyl, allyl, and aryl
groups take place smoothly.[l

Other organometallic compounds such as organozinc and
organoaluminum reagents are also effective as carbon nucle-
ophiles. The low basicity of such reagents, which might
suppress the competing elimination process, seems to be
responsible for the success of the reactions.

It is noteworthy that the “cation pool” method can be
applied to parallel combinatorial synthesis.'”) Combinatorial
chemistry has emerged as a concept for creating a multiplicity
of molecules to discover compounds having desired activity or
function, and parallel synthesis serves as an effective ap-
proach to realizing this concept. Required for successful
combinatorial synthesis are reactions of high generality to
couple any desired combination of molecules we want. The
“cation pool” method seems to be suitable for this purpose,
because carbocations generated by this method are usually so
highly reactive as to couple with a wide range of nucleophiles.
The general principle of the parallel synthesis based on the
“cation pool” method is shown in Figure 3. A solution of a

D - ‘ @“\
precursor

of cation

cation generated by low-temperature electrolysis is divided
into several portions. To each portion, different nucleophiles
are added to obtain different combinations of C—C bond
formation products. This approach has been successfully
applied for the parallel synthesis by using a N-acyliminium ion
pool.B]

The procedure can be easily automated by a robotic
synthesizer equipped with automated syringes and low-
temperature reaction vessels. The yields of the products are
essentially the same as those obtained by one-pot reactions
with manual operation. The parallel synthesis based on the
“cation pool” method opens up a new aspect of automated
solution-phase combinatorial synthesis.?"l

Reduction of a “Cation Pool”

Armed with an understanding of the basic principles of the
“cation pool” method, we are now in a position to apply it to
achieve new transformations otherwise difficult to perform.
Let us briefly touch on the reduction of a “cation pool”.54 It is
well recognized that one electron reduction of a carbocation
generates a carbon radical.?l Although such a relationship
has been well established, this chemistry has been rather
limited to analytical studies with highly stabilized carbocat-
ions.”2l The “cation pool” method serves as a method for
realizing this chemistry in a preparative fashion.

N-Acyliminium ions generated by low-temperature elec-
trolysis are easily reduced electrochemically to produce the
corresponding homocoupling product (Scheme 12).31 A
mechanism involving one electron reduction to carbon
radicals has been proposed.

COMe
R? R2 RZ [ °
R ve RN Rl\N)\(N\Rl
| |
CO,Me CO,Me | Rr2
CO,Me

Scheme 12. Reductive homocoupling of a “cation pool”.
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Figure 3. Parallel combinatorial synthesis based upon the “cation pool” method.
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The reduction in the presence of radical accepting alkenes,
such as methyl acrylate, is more interesting (Scheme 13). The
radical adds to the alkene,*! and the resulting radical is
further reduced to give the carbanion, which is trapped by a
proton to give the final product.

R2 R?
Rl\ﬁ/) +e Rl\N)'
|
|
Co,Me CO,Me
/\EWGl
R? R2
1 +e pl b
R \N)\/ “Ewe —-R \NMEWG
| \
CO,Me CO,Me
|+
EWG: CO,Me
1
RSN EWG
|
CO,Me

Scheme 13. Reductive coupling of a “cation pool” with an
activated alkene.

Reduction of a “cation pool” provides a new strategy for
the radical-mediated carbon-carbon bond formation, and
this strategy opens new opportunities to manipulate reactive
carbon species by using redox processes in organic synthesis.

“Cation Flow” Method

As described in the previous sections, the “cation pool”
method enables easy manipulation of carbocation intermedi-
ates to achieve reactions with various nucleophiles, but its
applicability strongly depends on the stability of the carbo-
cation that is generated and accumulated. In order to solve
this problem, a “cation flow” method using a microflow
electrochemical system has been developed.!®)

Microflow reactors have received significant interest in
terms of the downsizing of chemistry.”! Although microflow
reactors have been mainly utilized in chemical analysis
(WTAS: micro total analysis system, Lab-on-a-Chip),?! they
are now expected to make an innovative and revolutionary
change in chemical synthesis.”? 28] Several advantages of
microflow reactors that stem from the high surface-to-volume
ratio should be noted. Highly
effective heat transfer enables

electrolysis by using an electrochemical microflow reactor
(Figure 4). A schematic diagram of the “cation flow” system is
shown in Figure 5. The reaction of a N-acyliminium ion with
allyltrimethylsilane is performed as a representative reaction.
A solution of a precursor (carbamate) is introduced into the

Figure 4. An electrochemical microflow reactor for the “cation flow”
method.

anodic chamber equipped with a carbon felt anode made of
carbon fibers (¢ =10 um). A solution of the supporting
electrolyte and TfOH as a proton source is introduced
into the cathodic chamber equipped with a platinum wire
cathode.

The generation of the cation can be monitored by the FTIR
spectrometer (ATR method) equipped with a low-temper-
ature flow cell attached to the outlet of the electrochemical
microflow reactor. The formation of the N-acyliminium ion is
monitored with the absorption at 1814 cm~!, which increased
with the increase in the electric current.

Thus, the cationic intermediate generated by low-temper-
ature electrolysis is immediately transferred to a vessel, in
which a nucleophilic reaction with allyltrimethylsilane takes
place to give a final coupling product. The reactions with
other carbon nucleophiles also take place smoothly to give the
oxidative C—C bond formation products, and they provide a
useful method for the synthesis of nitrogen-containing organic
molecules.

More outstanding is that the “cation flow” method enables
the continuous sequential combinatorial synthesis?’! by sim-
ple flow switching as shown in Figure 6. In the first step, the

electrochemical
microflow reactor

precise temperature control,

. .. TfOH
and high efficiency of mass
transfer facilitates heterogene- Bu4NBF4/CH,Cl,
ous reactions on the surface.
Short residence times in micro- / \
flow reactors may also be ad- l}l/
vantageous from a viewpoint COzMe

BusNBF4/CH,Cl,

of the manipulation of highly
reactive intermediates such as
carbocations.

In the “cation flow” system,
a carbocation is generated con-
tinuously by low-temperature

2656 ——

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

H;
cathode | waste
—
diaphragm
— IR
anode
analyzer
1 />
N+
|
O\A
CO,;Me > N N
|
CO,Me
. b
/\/SlMEQ

Figure 5. Schematic diagram of the “cation flow” system.
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Figure 6. Continuous sequential combinatorial
“cation flow” system.

-8
i

_| microflow
electrolysis

9

precursor
of cation

synthesis using the

“cation flow” generated from A1 is allowed to react with
nucleophile B1. Then, the “cation flow” is allowed to react
with nucleophile B2. In the third step, the “cation flow” is
allowed to react with nucleophile B3. Then, the precursor of
the cation is switched to A 2, and the “cation flow” generated
from A 2 is allowed to react with nucleophiles B1, B2, and B3
sequentially. Then, the precursor of the cation is switched to
A3, and the “cation flow” generated from A3 is allowed to
react with nucleophiles B1, B2, and B3 sequentially. Al-
though parallel syntheses enjoy versatile applications in
combinatorial chemistry, the present continuous sequential
method opens up a new intriguing aspect of combinatorial
synthesis.

Future Outlook

The “cation pool” and “cation flow” methods demonstrated
here open up a new aspect of the chemistry based upon
carbocations, which have been considered to be difficult to
manipulate in normal reaction media. These methods enable
the generation of carbocations in the absence of nucleophiles,
spectroscopic characterization, and reactions with a variety of
carbon nucleophiles to achieve direct carbon-carbon bond
formation. The successful applications to alkoxycarbenium
ions and N-acyliminium ions speak well for their potentiality
in conventional and combinatorial organic synthesis. Future
work aimed at improving the efficiency of these methods and
expanding the scope of the substrates and reaction patterns
will hopefully enable manipulation of “carbocations” just like
conventional reagents in organic synthesis.
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Transition-Metal-Catalyzed Carbon — Heteroatom Three-Component Cross-
Coupling Reactions: A New Concept for Carbothiolation of Alkynes

Hitoshi Kuniyasu* and Hideo Kurosawal®!

e N\ lation with C—M’ is also possible for the formation of a
Abstract: The deep-seated understanding of flexible C-M-Y intermediate (Scheme 1).

ligand behavior of thiolate on transition-metals has paved
the way to achieve metal-catalyzed carbothiolations of
terminal alkynes. The strategy of the reaction is quite

c-X X-Y
simple: 1) generation of the complex with C—Pt—S frag- wy | T eewr
ments formed after the Pd-catal — - i -
: ; . y.26d C-S bond fom.nng " . ey o+
cross-coupling reaction, 2) insertion of an alkyne into OA and T™ RE
Pt—S bond to form the complex with a C—Pt—C fragment,
C: carbon functional group X: halogen or pseudohal ogen

and 3) C—C bond-forming reductive elimination. )
Y: heteroatom functional group

Scheme 1. Possible routes for transition-metal-catalyzed C—Y bond-form-

Keywords: alkynes - carbothiolation - cross-coupling - : X X
ing cross-coupling reactions (CHC).

platinum - vinylsulfide

N J

When thinking about conversion of transition-metal-cata-
lyzed CHC into the three-component cross-coupling reaction
(TCC), which is defined here as the coupling of a carbon
functionality (C), C—C unsaturated molecule, and heteroatom
) ) ) ) functionality (Y), four reaction routes can be conceivable
Since the advent of nickel-catalyzed reactions of Grignard depending on the timing of the reaction of the unsaturated

reagents with aryl or alkenyl halides, a wide variety of metal- molecule (Scheme 2).15 The insertion (IS) into a C—C
catalyzed C—C bond-forming cross-coupling reactions have

been developed.[! Furthermore, recent research interest has
extended to the effective carbon and heteroatom bond-

Introduction

. . . Cc—X RI-=-R?Rl R2 vy R! R? Rl R
forming cross-coupling reactions (CHC), such as C-N®'and |, | cyx — » >o _ o P G Y M
C—OP! (represented by C—Y) bond formation. Among the OA S e M M oc M RE Gy
transition metals studied so far Pd complexes have been wethod1.
proved to be the best catalysts in most cases. The reaction
routes can be generally explained by the oxidative addition M et o L
(OA) of C-X (C: carbon functionality, X: halogen or Y ey v oM RHR o R;:<R2 -
pseudohalogen) to a zero-valent transition metal (M) to OA IS M. Y ™ M_ Yy RE (¢ Yy

afford a complex with a C-M—X fragment; this is followed by X

transmetallation (TM) with M'—Y (Y: heteroatom function-
ality) to generate a complex with a C—M—Y fragment, and

Method 2.

RI——=—R?

subsequent C—Y bond-forming reductive elimination (RE). Rl R? R R? R R?
. . . . .. . e M- —_— —_—
In principle, the oxidative addition of X—Y to M° to furnish " - CMY )= o )= L
. OAand TM IS c M MY RE C Y
complexes with X—M—Y fragments followed by transmetal- Y c
Method 3. C-X
[a] Dr. H. Kuniyasu, Prof. H. Kurosawa .
Department of Molecular Chemistry & Frontier Research Center RI—==—R? RI—==FR? MY RC R
p . ) y L M - : I— >—< + M
Graduate School of Engineering, Osaka University M P v
Suita, Osaka 565-0871 (Japan) activation
Fax: (+81)6-6879-7394 Method 4.
E-mail: kuni@ap.chem.eng.osaka-u.ac.jp Scheme 2. Possible reaction routes for three-component coupling reac-
kurosawa@ap.chem.eng.osaka-u.ac.jp tions (TCC).
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unsaturated molecule can take place right after the oxidative
addition of C—X (Method 1) or X—Y (Method 2) bond to M
and the following transmetallation and reductive elimination
may close the catalytic cycles to afford the desired TCC
products. The insertion may be achieved into either C—M or
M-Y bond of the C-M—Y intermediate and the following
VilC—Y or V™'C—C bond-forming reductive elimination can
also yield the TCC products (Method 3). The C—C unsatu-
rated molecule may react with M first and subsequent
reaction with C—X and M'—Y can produce the desired TCC
products (Method 4).1 Actually, some significant examples in
accordance with these strategies as well as reactions classified
as applications of these have been already reported.

In 1991, Chatani and Murai et al. have the alkyne carbo-
silylation reaction, that is, the simultaneous introduction of
carbon and silicon functionalities by using I-SiR} (1), alkyne
(2), and R*-SnR} (3)"2] (or R3Zn!™!), which can be considered
as a Method 2-type reaction
[Eq. (1)]. The proposed reac-
tion path is illustrated in
Scheme 3; this involves the ox-
idative addition of 1 to Pd°,
insertion of 2 into the Pd—SiR!

9 |

R

OA

Pd°

cat. Pd® R?
-SiRly; + R —== + R3SnRY — > — (1)
1 2 3 R® SR
4
2 R2 3 R?
—— |—Pd-SiRl; — — — 4 + pPd®
OA IS

Pd., SRty TV Pdipg SIRY RE

Scheme 3. Proposed mechanism of carbosilylation categorized as

Method 2.

bond, transmetallation with 3, and subsequent C—C bond-
forming reductive elimination to give 4 and Pd’. In 1993,
Obora and Tsuji et al. have also disclosed the Pd-catalyzed
carbosilylation of 1,3-diene using R'C(O)-Cl (5) (R!'=Ar or
vinyl), 1,3-diene (6), and (R3Si), (7) to produce 8; this reaction
falls into the category of Method 1 [Eq. (2)].[¥) The proposed

cat. Pd®

(o] .
)]\ LN (R%3Si), T» Rl/\/\/SIR% (2
Cl B
5 6 7 8
= Ar, alkenyl

reaction mechanism shown in Scheme 4 starts with the
oxidative addition of 5 to Pd’ followed by decarbonylation,
insertion of 6 into R'-Pd bond, transmetallation with 7, and
finally C—Si bond-forming reductive elimination to give 8 and
Pd°. Employing phosphine-free palladium complexes is cru-
cial to achieve the reaction.

Pd-Si—

The oxidative addition of C—Si and C—Sn bonds to M to
generate complexes with C—M—Si and C—M—Sn fragments
have also been exploited for TCC; this can be explained as the
application of Method 3 in Scheme 2. In 1977, Sakurai et al.
demonstrated the carbosilylation of alkyne 2 using strained
silane 9 to afford 10 [Eq. (3)].”! The reaction proceeds
through the oxidative addition of C—Si bond of 9 to Pd°

{ o Si/ (3)
N

9 2 10

[ cat. Pd®

giving the complex with C—Pd—Si fragment, insertion of 2
into either C—Pd or Pd—Si bond, and finally reductive
elimination to afford 10 and Pd° (Scheme 5). In 1998,
Shirakawa and Hiyama et al. reported very practical Pd-

R R
2 — —
Pd  or Pd
IS Si—
\

Pd®

Si —_— 10 +

RE

Scheme 5. Possible mechanism of carbosilylation categorized as an application of Method 3.

catalyzed carbostannylation of alkyne 2 using alkynylstan-
nane 11 to produce the vinylstannane 12, which can serve as
the reagent of Migita—Stille cross-coupling reaction
[Eq. (4)].'1 They demonstrated that the oxidative addition

cat. Pd® R R4
1-SnR% + R3——=—R* — “
1 2 R!  SnR%
12
of C-Sn bond of 11 to Pd", @\%\NNP"
coordinated by iminophosphine PPhs
13, triggered the reaction!'®! 13

and proposed that subsequent
insertion of 2 into the R-Pd
bond followed by reductive elimination provided 12 and Pd°
(Scheme 6). By using the Ni° complex allyl- and acylstan-
nylations were also realized.['""] The present carbostannylation is

11 2 R3 R4
Pd® — > RM~Pd-SnR%; ———> — — > 12 + Pd°
OA IS R? /Pd RE
R23Sn

Scheme 6. Proposed mechanism of carbostannylation categorized as an
application of Method 3.

quite versatile and the reactions are also successfully achieved
by using allene,'') 1,3-diene,['" benzyne,['¥ and enone.') In
1996, Miura etal. reported the Rh-catalyzed carbo-
chlorination of alkyne 2 [Eq. (5)].I"] The proposed reaction
mechanism involves the oxidative addition of 5 to Rh!

followed by decarbonylation,

5 5 ; insertion of 2 into Rh—CI

Pd® —» RI-pd-Cl — > Rl/\f\\ R 9 = g + P bond, and reductive elimina-
Pd N . .

OA, -CO 1S a0 ™ sirl, RE tion to furnish 14 and Rh!

Scheme 4. Proposed mechanism of carbosilylation categorized as Method 1.
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o cat. Rh' R " Ni;)SR
PN * =R / *: ®) Pd® —> ArPdX ——> ArPd-SR —> 20 + Pd°
Ar Cl Ar Cl oA ™ RE
5 2 14
Scheme 9. Proposed mechanism of C—S bond-forming CHC.
5 2 R . .. . . 0 .- .
R - Ar—Rh-CI ~ 4+ R reductive .elll?ll.natlon to yield 20 and Rd . Initiated by ‘thls
OA, - CO Is Rh\A C  Re report, a significant number of Pd- or Ni-catalyzed reactions
r

Scheme 7. Proposed mechanism of carbochlorination.

The TCC reaction, classified as a modified Method 4, was
also reported in 1999 [Eq. (6)].l') The palladium-catalyzed
reaction of electron-deficient alkynes, such as dimethyl

cat. Pd° £ SnR%

E—— + RI-SRG ——= BN ®)
E = CO,Me R E
15 11 16

AN NAr acetylenedicarboxylate

‘ (DMAD; 15), with electron-

rich stannane 11 successfully

OO provided the dimerization—

carbostannylation product 16.
It was demonstrated that Pd’
reacted with 15 to form the
palladacycle,l which then reacted with 11 to furnish 16 and
Pd° (Scheme 8). The use of a diimine ligand such as 17 was
critical to achieve the transformation.

17

5 E
15 = 11
Pd® —— Pd__ —_— 16+ Pd°
E
E

Scheme 8. Proposed mechanism of carbostannylation categorized as
Method 4.

So far, we have looked over the progress of TCC reactions
in the case of Y==SiR;, SnR;, and Cl. Independently, we have
found the carbothiolation of alkyne can be categorized as a
Method 3 reaction in Scheme 2 based on the information
about the contrasting ligand behavior of thiolate on Pd- and
Pt-complexes.[”]

The C—S Bond-Forming Cross-Coupling Reactions

In 1978, Kosugi and Migita et al. reported the Pd-catalyzed
reaction of Ar—X (18, X =Br, I) with Na—SR (19, R =alkyl,
Ar), generated from RS—H and tBuONa, to afford Ar—SR
(20) [Eq. (7)].'81 A possible reaction path is illustrated in
Scheme 9, which includes oxidative addition of 18 to Pd°,
transmetallation with 19, and subsequent C—S bond-forming

cat. Pd®
Ar-X + RS-H —_— Ar-SR @
X =Br, | R = alkyl, Ar tBuONa
18 20

Chem. Eur. J. 2002, 8, No. 12
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which end in with C—S bond formation through reductive
elimination have been published. Recently, these works were
surveyed in reviews!! and the mechanism of C—S bond-
forming reductive elimination from Pd! was examined in
detail.?” Among the Pd-catalyzed reactions, two typical
examples were shown in Equations (8) and (9). In 1987,

o cat. Pd®

Rl)J\SRZ EE— RL-SR? (8)
21 20'
R = Ar, vinyl
R? = Ar, Me
cat. Pd® R
AISSAT +  =—R ————> = ©
22 2 ArS SAr
23

R = Ph, TMS, nCgHj3 etc.

Osakada and Yamamoto etal. reported the Pd-catalyzed
decarbonylation of R!C(O)—SR? (21) to afford R'-SR? (20'),
which was produced by oxidative addition of 21 to Pd’,
decarbonylation, and C—S bond-forming reductive elimina-
tion.?!l The Pd-catalyzed addition of ArS—SAr 22 to alkyne 2
yielded 23 [Eq. (9)].”? The proposed reaction mechanism
shown in Scheme 10 starts with the oxidative addition of 22 to
Pd?, followed by cis-insertion of 2 into the Pd—S bond, with Pd
bound at the terminal carbon to furnish the vinylpalladium
24,2 and reductive elimination of 23 with regeneration of
Pd".

22 2 R
P — = AS—Pd—SAr — = ,~—( —= 23 + PQ®
oA IS Pd SAr RE
SAr
24

Scheme 10. Proposed mechanism of addition of disulfide.

Conversion into Three-Component Cross-Coupling
Reactions

In 1997, we reported the Pd-catalyzed addition of ArS—SAr 22
to isocyanide 25 to give ArS(C=NAr),(SAr) 26 [Eq. (10)].
When a similar reaction was carried out using Pt° instead of

cat. Pd® NAr
—— (10)
ArS nSAr

26

ArS-SAr  + AINC
22 25

Pd’, some unidentified polymeric products were produced.
The results of mechanistic study indicated that after the
oxidative addition of 22 to M (Pd’, Pt’), insertion of 25 into the
S—M bonds was reversible in both metal complexes
(Scheme 11).
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22 n 25 NAr M =Pt
M0 — > PhS-M-SPh =— | —Hf—> 26 + PO
OA n ArS '"M-SAr RE

M = Pd ﬁ

Pd® + 26

Scheme 11. Contrasting reactivities of thiolate on Pd and Pt as ligand.

However, while C—S bond-forming reductive elimination
could proceed from the resultant Pd" complex, that from the
corresponding Pt!! complex did not take place for thermody-
namic reasons. In 2000, we also disclosed the stoichiometric
oxidative addition of vinylsulfide 27 to Pt° to furnish the
vinylplatinum 28 [Eq. (11)].%] It must be noted that: 1) R

R R
~ + P — 1)
ArS SAr ArS—Pt SAr

27 28
R = Ar, TMS, or CH,OMe

in 27 can be Ar and TMS with [Pt(PPh;),(C,H,)] as Pt°, and 2)
the reaction shown in Equation (9) can take place by using
phenylacetylene and (trimethylsilyl)acetylene as alkynes with
[Pd(PPh;),] as a catalyst precursor. Accordingly, the ligands in
complexes 24 can be identical to those in 28. These results
clearly demonstrate that the direction of reductive elimina-
tion and its reverse oxidative addition can be controlled by
simply changing the metals but keeping the same ligand
combination; C—S bond formation occurred easily on
C—Pd—S fragment, but this process tended to be suppressed
with the Pt! complex due to thermodynamic reasons
(Scheme 12). That is, if the Pt catalyst was substituted

C-Pd-S - c-s + Pd°
-
C-Pt-S - cs + Pt

Scheme 12. General trends of RE and OA of C—S bond.

for the Pd catalyst in the C—S bond-forming CHC, the
complex possessing C—Pt—S fragment, if generated, can be
exploited as an intermediate that is resistant to C—S bond-
forming reductive elimination.

On the other hand, triggered by the reaction shown in
[Eq. (9)], some Pt-catalyzed additions of G—SAr (29) to
terminal alkyne 2, such as the additions of H-SAr?! and
CLSi—SAr?! have been documented [Eq. (12)]; this suggests

cat. Pt° R
G-SAr  + =R —_— ~ a2)
2 G SAr

29
30
G =H, ClSi

that the Pt—SAr fragment can be converted into Pt—mWC
fragment by the cis insertion of 2, with Pt bound at the
terminal carbon [Eq. (13)].?1 Furthermore, it was also
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- - ~ 13)

Pt-SAr + =R
2 Pt SAr

reported that the sP>?C—P2C bond-forming reductive elimina-
tion from the PPh;-ligated Pt complex proceeded at about
60°C [Eq. (14)].28

cC-Pt—C ——> c-c + Pt (14)

The information described above led us to believe that the
TCC reaction based on the strategy shown in Scheme 13
could be realized. That is, if the reaction, which starts

—R
2 R R
C—Pt—S ——> /=< — /=< + Pt
Pt S C  SAr
C

33

Pt — =

31
32

Scheme 13. Schematic strategy for carbothiolation of alkyne.

with oxidative addition to Pd° and closes its catalytic cycle
by C—S bond-forming reductive elimination from Pd" is
performed with a Pt° catalyst instead in the presence of alkyne
2, the complex 31 with a C—Pt—S fragment can be con-
verted into the vinylplatinum complex 32, which may under-
go the reductive elimination to produce TCC product 33
and Pt’ Actually, when the reagents used in reactions
of Equations (7) and (8) were treated with the Pt® catalyst
in the presence of 2, the desired TCC products 33" were
obtained with the anticipated regio- and stereochemistry
[Egs. (15) and (16)]. Moreover, when the principle was

cat. Pt° R
Ph-l  + Na-SAr + =—R —————> /:< (19)
18 19 2 Ph SAr
Ar = pBr 33
o cat. Pt
+ =—R e — 33 (16)
Ph SAr 2

applied to the reaction shown in Equation (9), the dimeriza-
tion —addition product 34 was obtained selectively [Eq. (17)].
The formation of 34 can also be rationalized by oxidative

cat. Pt° PhS
—_—
R)\/\(R an
SPh

34

PhS-SPh + =—R
22' 2
R = nCgHis

addition of PhS—SPh (22) to Pt°, insertion of two molecule of
2’ into both S—Pt bonds of 35 to afford divinylplatinum 36, and
eventual C—C bond-forming reductive elimination
(Scheme 14).

In summary, a new concept to realize the carbothiolation of
alkynes has been clearly demonstrated. This study proved that
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22' 2' R 2
Pl ——> PhS—Pt-SPh ———> = — pt
Pt SPh
OA 35 IS ~sph IS

Scheme 14. Proposed mechanism of dimerization-addition of disulfide.

accurate information on the reactivities

of carbon and

heteroatom functionalities, bound to transition metals, toward
oxidative addition, transmetallation, insertion, and reductive
elimination were essential to design and develop TTC
reactions.
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Dendritic Multiporphyrin Arrays as Light-Harvesting Antennae: Effects of
Generation Number and Morphology on Intramolecular Energy Transfer

Myung-Seok Choi,*! Takuzo Aida,*'*! Tomoko Yamazaki,'*! and Iwao Yamazaki'®!

Abstract: A series of star- and cone-
shaped dendritic multiporphyrin arrays,
(nP,)Prp and (nPy,),Pgs, respectively,
that contain energy-donating dendritic
zinc porphyrin (P,,) wedges of different
numbers (n =1, 3, and 7) of the P, units,
attached to an energy-accepting free-
base porphyrin (Pgg) core, were synthe-
sized by a convergent growth approach.
For the cone-shaped series ((nPy,)Prz),
the efficiency of energy transfer (Pgnr)
from the photoexcited P, units to the

tion number increased: (1Pg,),Pgs
86%), (3P,)Prz (66%), and
(7Pz.)1Prg (19%). In sharp contrast,
the star-shaped series ((nP,),Pgs) all
showed high @y values: (1Py,),Pes
87%), (BPz)Pr (80%), and
(7P2.)4Prg (71%). Energy transfer effi-
ciencies of (3P;,)s-ester-Pgg, (1P,),-€s-
ter-Prg, and (3P,,);-ester-Pr, whose

Keywords: artificial photosynthesis
- dendrimers - energy conversion -«

dendritic P,, wedges are connected by
an ester linkage to the Py core, were
almost comparable to those of the
corresponding ether-linked versions.
Fluorescence depolarization (P) studies
showed much lower P values for star-
shaped (7P,),Prz and (3P,,),Prs than
cone-shaped (7P,,),Pgs and (3P,,),Pgs,
respectively, indicating a highly efficient
energy migration among the P, units in
the star-shaped series. Such a morphol-
ogy-assisted photochemical event is

focal Py core, as evaluated from the
fluorescence lifetimes of the P, units,
considerably decreased as the genera-

light-harvesting
porphyrinoids

Introduction

Artificial photosynthesis is a highly important subject, not
only from the basic science point of view, but also for its
possible contribution to sustainable utilization of energy
resources.['! Biological photosynthetic systems consist mainly
of two functional moieties: 1) a light-absorbing antenna to
efficiently capture visible photons and 2) an electron-transfer
relay system to allow vectorial transfer of electrons. For these

[a] Prof. T. Aida, M.-S. Choi
ERATO Nanospace Project
Japan Science and Technology Corporation
Department of Chemistry and Biotechnology
Graduate School of Engineering, The University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656 (Japan)
Fax: (+81)3-5841-7310
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[b] Dr. T. Yamazaki, Prof. I. Yamazaki
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Graduate School of Engineering, Hokkaido University
Kita-13-Nishi-8, Kita-ku, Sapporo 060-8628 (Japan)
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E-mail: yamiw@eng.hokudai.ac.jp

Supporting information for this article is available on the WWW under
http://wiley-vch.de/home/chemistry/ or from the author. It contains
MALDI-TOF-MS, 'H NMR, and UV/Vis spectral data of star-shaped
(7Pz0)sPrs,  (3Pzn)sPrs, (1Pz,):Prs, and cone-shaped (7Pz,),Pes,
(3Pz0)1Prs, (1Pz,),Prs (3 pages).

in
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probably responsible for the excellent
light-harvesting  activity of large
(7P,),Prg molecules.

antennae .

two photochemical moieties to function cooperatively, a trick
is needed to allow efficient funneling of the excitation energy
to the electron-transfer relay system. Since the successful
structural analysis of the photosynthetic reaction center in the
purple bacterium Rhodopseudomonas viridis in 1989, much
attention has been paid to molecular design to realize a
vectorial transfer of electrons,[l leading to the generation of a
long-lived charge-separated state. On the other hand, model
studies on artificial antenna systems have been started only
quite recently.-!

Artificial light-harvesting antennae require a great number
of chromophore units to realize a large absorption cross
section.!] However, if these chromophore units do not
cooperate with one another, the acquired light energy is
scattered and the excited states decay before the energy can
be channeled to the electron-transfer relay systems. There-
fore, one has to consider the molecular design of an “energy
funnel” to realize vectorial energy transfer to a designated
point.’! In an early stage of the research, oligomeric linear
arraysl® of chromophore units, such as porphyrin derivatives,
were synthesized, in which even short-chain oligomers have
difficulty in cooperative energy transport. On the other hand,
in 1995, the crystal structure of the light-harvesting antenna
complex (LH2) from the purple photosynthetic bacterium
Rhodopseudomonas acidophila strain 10050 was reported
which contained wheel-like arrays of bacteriochlorophyll
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units.’! This achievement has
suggested an essential impor-
tance of three-dimensional mo-
lecular architectonics of multi-
porphyrin arrays, to cope with

both a large absorption cross *G 1}:

section and a vectorial long- et

range energy transfer. i

Recently, dendritic architec- o
tures have been considered as
attractive scaffolds for the in- H
corporation of a large number
of light-absorbing units to allow o o,
efficient capture of dilute pho- .-E"r
tons,['% '] and several examples
of dendritic macromolecules
containing porphyrin units have
been synthesized.['” In a previ-
ous communication,¥! we re-
ported a novel star-shaped,
light-harvesting multiporphyrin
array (7P,),Prg consisting of B
four dendritic wedges of a zinc
porphyrin heptamer (7P,,) as
energy donating units, anch-
ored by a focal free-base por-
phyrin (Pgg) core as the energy .
acceptor. This molecule is in- fatain,
tended to mimic the morphol- i
ogy of the wheel-like chromo-
phore array in LH2. By com-
parison with a cone-shaped
version with a single zinc - por- L
phyrin  dendritic  wedge W
((7P2,)1Prg), we found that
star-shaped (7P, ),Pys operates
as a much more efficient energy
funnel for visible photons in an analogous fashion to natural
antennae.

In the present paper, we report effects of generation
number and morphology on intramolecular energy transfer in
a series of star- and cone-shaped dendritic multiporphyrin
arrays, (nP,,),Prs and (nP,,),Prg (n=1, 3, and 7), respec-
tively, as studied mainly by picosecond time-resolved fluo-
rescence spectroscopies. In addition to these two series, whose
dendritic wedges are linked by ether linkages to the free-base
porphyrin focal core, we also synthesized some ester-linked
versions of dendritic multiporphyrin arrays, (3P,,)-ester-Pgg,
(3Py,) -ester-Pyg, and (1Py,),-ester-Pgg, and investigated their
energy transfer characteristics in comparison with the corre-
sponding ether-linked versions.

Results and Discussion

Synthesis and identification of dendritic multiporphyrin
arrays: As reported briefly in our previous communication,"*!
all the dendritic multiporphyrin arrays were prepared from
the fundamental building block 5-(3',5’-dihydroxyphenyl)-15-

2670
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(4-methoxycarbonylphenyl)porphine ((HO),P,,(CO,Me)),
which was prepared by acid-catalyzed cross-condensation of
3,5-dihydroxybenzaldehyde and 4-formylbenzoic acid methyl
ester with dipyrromethane, followed by oxidation. Star-
shaped (7P,,),Prs and cone-shaped (7P, )Py were prepared
by alkaline-mediated coupling of the corresponding dendritic
zinc porphyrin containing a benzyl bromide end group 7P,
(R=CH,Br) with 5,10,15,20-tetrakis(4’-hydroxyphenyl)por-
phine ((HO),Prz) and 5-(4’-hydroxyphenyl)-10,15,20-tris(4'-
methoxyphenyl)porphine ((HO),(MeO);Pgs), respectively
(Scheme 1).[% Likewise, lower-generation homologues, such
as (3Pzn)4Prs, (1P2)sPrs, (3Pzy)\Prs, and (1Pz,),Prs were
newly synthesized. On the other hand, star-shaped (3P,,),-
ester-Pgg and (1P, ),-ester-Pgg and cone-shaped (3P, );-ester-
Prg were prepared from 5,10,15,20-tetrakis(4’-chlorocarbo-
nylphenyl)porphine ([CIC(O)]Prg), in place of (HO) P, as
the precursor for the free-base porphyrin focal core
(Scheme 2).014

All the multiporphyrin arrays were isolated by recycling
preparative size-exclusion chromatography (SEC) with
CHCI; as eluent, and characterized by means of 'H NMR
and UV/Vis spectroscopy, together with MALDI-TOF MS.
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1Py, [R = CH,BI]

3PZn {R= CHQBT]

. lh (i ;

(1Pza)1Pes (1Pzn)sPes (3Pzn)1Pes  (3Pzn)sPra

7Pz; R = CHQBF]

k 1.

(7Pza)1Pes  (7Pzn)aPrB

Scheme 1. Synthetic routes to star-shaped (7P,),Prs, (3Pz,)4Prs, and (1P,),Pgs, and cone-shaped (7P,)Prs, (3P,):Prs, and (1P,),Pgs. Steps a), d)
(HO),P,,(CO,Me)/K,CO4/[18]crown-6, THF, 89-96 %; steps b), e) LiAlH,, THF, 7699 %; steps c), f) CBr,/PPh;, THF, 79-85%; steps g), i), k) (HO),-
(MeO);Pp/K,CO;, NMP, 31-53%; steps h), j), 1) (HO),Ps/K,CO3;, NMP, 18-62%.

o 209
. M d
b —NZ"
CO,Me R
(HO)2Pz,CO;Me (1BUPh,Si),Pz, [R = CH,0OH]

B c L

HO' c°o
(HO,C)4Prp

Y
(3Pzp)1-ester-Peg

[(1BuPhySi),PznlaPrs

[L2}-Br

(1Pzn)4-ester-Pg (3Pzp)g-ester-Pg

Scheme 2. Synthetic routes to (3P,,),-ester-Prg, (1P,)s-ester-Pyg, and (3P, ),-ester-Prg. Step a) tBuPh,SiCl/imidazole, DMF, 52 %; step b) LiAlH,, THF,
73 %; step ¢) (COCl),, CH,Cl,, ~100 %; step d) 4-DMAP, CH,Cl,, 57 %; step e) KF, NMP, 60 %; step f) 1P,, (R = CH,Br)/KF, NMP, 16 %; step g) 3P, (R=

CH,OH)/4-DMAP, CH,Cl,; MeOH, 50%.

MALDI-TOF MS spectra of multiporphyrin arrays (1P,,),Pgg
to (7P,)sPrs showed molecular ion peaks together with
multivalent ion peaks within a 0.04% deviation from the
calculated values.'! Analytical SEC of the multiporphyrin
arrays produced unimodal, sharp elution peaks, where the
retention time decreased as the number of the porphyrin units

Chem. Eur. J. 2002, 8, No. 12
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increased (Figure 1). The only exception is cone-shaped
(3P4,)Pgp, which eluted earlier than star-shaped (1P,,),Pgg,
despite the fact that (3P,),Pggz has a lower molecular weight
than (1P,,)4Prs. Interestingly, multiporphyrin arrays with
relatively high generation numbers, such as (3P,),Prz and
(7P,)4Pys, displayed upfield shifts of some of the 'H NMR

0947-6539/02/0812-2671 $ 20.00+.50/0 2671
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A
(1Pz4)4PEg: 51.4 min
\ (3PZn)4PFB: 42.5 min
’ (7PZn)4PFB: 41.1 min
[ T T T ! T ! T ! 1
0 10 20 30 40 50 60 70 80 90
tR/min —_—
B

(1PZn)1 Peg: 55.9 min

t (3Pzn)1PEg: 48.9 min

(7Pzn)1PEg: 48.2 min

0 10 20 30 40 50 60 70 80 90
g/ min ——
Figure 1. Size-exclusion chromatography (SEC, CHCl; as the eluent)

profiles of A) star-shaped (1P,),Pgs, (3Pz,)4Prs, and (7P,),Prs, and
B) cone-shaped (1Py,),Prg, (3Pz,)iPes, and (7Pz,),Pep.

signals with significant broadening, even at an elevated
temperature, such as 55°C.[] This indicates a rather slow
conformational change of large dendritic wedges.

Electronic absorption spectroscopy: The star- and cone-
shaped multiporphyrin arrays in THF at 25°C all produced
an intense Soret band with an absorption maximum at A=
410-415 nm together with relatively weak Q bands at
~545nm (Figure2). The Soret absorption bands of
higher generation (7P,):Prs (Agoree =415.8 nm, FWHM =
19200 cm™) and (3P,).Prs (Asoree=415.7 nm, FWHM =
19100 cm~!) were both slightly red-shifted and broadened
relative to noncovalent reference compounds prepared by
mixing three monomeric porphyrins PEXT PINT and PEYRE at
molar ratios 16:12:1 (Agree = 414.4 nm, FWHM = 12600 cm!)
and 8:4:1 (Agorey =413.4 nm, FWHM =11500 cm™!), respec-
tively. On the other hand, their absorption bands in the
Q-band region (4 =500-600 nm) were hardly broadened and
little shifted from those of their noncovalent references.['”]
These observations indicate a weak ground-state interaction
among the dendritic zinc porphyrin units.l') (1P,,),Pgg, the
smallest homologue of the star-shaped series, showed a zinc
porphyrin absorption at A =413 nm (for PEXT/PNT/PEORE =
4:0:1, Agoree =413.5 nm) with a clear shoulder at ~420.9 nm,
which is attributed to the free-base porphyrin core.

Similar spectral absorption characteristics were observed
for the cone-shaped multiporphyrin arrays,!™> for which the
Soret absorption bands of (3P,)Prg (Asere =416.5 nm,
FWHM =18600 cm™!) and (7Pz,)Prs  (Asoree =416.7 nm,
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Figure 2. Electronic absorption spectra in THF at 25°C of A) star-shaped
(1P2,)sPrs, (3Pz,)sPrs, and (7Pz,).Pis, and B) cone-shaped (1Pz,),Ps,
(3Pz,),Prs, and (7Py,) Prg.

FWHM =18500 cm~!) were rather broad and red-shifted
relative to those of their noncovalent references; PEXT/PINT/
PEORE=2:1:1 (Agoree =413.5 nm, FWHM =12300 cm!) and
4:3:1 (Agoree =413.3 nm, FWHM =11200 cm™!), respectively.
On the other hand, the Soret absorption band of the smallest
(1P2)1Prg (Asoree =413.7, shoulder at 420.4 nm) was blue-
shifted relative to that of its noncovalent reference (Agoei =
414.9 nm for PEXT/PNT/PEYRE =1:0:1).

Steady-state fluorescence spectroscopy: Upon excitation of
the zinc porphyrin units (P,) at =544 nm in THF at 25°C,
the star-shaped multiporphyrin arrays all emitted a fluores-
cence from the free-base porphyrin (Pgz) focal core (658,
723 nm) with a negligibly weak emission from the P, units
(589, 623 nm) (Figure 3A, solid lines). In sharp contrast, their
noncovalent references showed an emission from the P, units
almost exclusively (Figure 3A, broken lines). On the other
hand, cone-shaped multiporphyrin arrays, such as (3P,,),Pgg
and (1P,,),Pps also emitted a fluorescence predominantly
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from the Ppy unit (Figure 3B, solid lines). How-
ever, (7P,):Pgg, the largest homologue of this
series, produced an emission mostly from the P,
units, whereas the emission from the Py focal core
was rather weak.

(1P, ),-ester-Pgg and (3P, ),-ester-Pgg make use
of ester linkages to connect (dendritic) zinc
porphyrin (P,,) units to the free-base porphyrin
(Pgg) focal core, and they are reference com-
pounds for the ether-linked (1P,,),Pr; and
(3P,),Prs, respectively. Upon excitation at 1=
544 nm, both multiporphyrin arrays emitted most-
ly from the Pgg core with a minor P, fluorescence
(Figure 3A, solid lines), although their noncova-
lent references (PEXT/PRT/PEYRE =4:0:1 and 8:4:1,
respectively) again emitted mainly from the zinc
porphyrin components PEXT and PLT with a
negligibly weak fluorescence from PEPRE (Fig-
ure 3A, broken lines). From the intensity ratios of
the normalized P, fluorescence of the covalent
and noncovalent systems, the efficiencies of the
P,,-to-Pgg energy transfer (@Pgyr) were estimat-
ed to be 86 % for (1P,,)s-ester-Pry ((1P2,) Prs,
87%) and 77 % for (3Py,)s-ester-Prg ((3P2,)4Prs,
80% ). Similarly to the ether-linked versions, cone-
shaped (3P,);-ester-Pgg displayed much less effi-
cient energy-transfer characteristics, where the
comparison of its fluorescence intensity with that
of the noncovalent reference (PEXT/PINT/PEYRE =
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2:1:1) gave a @pyp value of only 63% ((3P;,);Prs, 66%)
(Figure 3B). From these results, it is likely that the ester and
ether linkers are not much different from one another in
energy transfer, although the former is conformationally less
flexible than the latter.

Time-resolved fluorescence spectroscopy: In general, energy-
transfer properties by a through-space (Forster) mechanism
are dependent of the donor—acceptor (D —A) distance,!'! for
which energy-transfer efficiency should decrease in inverse

A (7Pzn)aPes (3Pzn)aPre (1Pzn)aPF
B

{/a.u, —»
I/a u —

560 610 660 710 760 560 610 660 710 760 560 610 660 710 760
Alnm — Alnm —» Alnm —»

(3Pzn)s-ester-Peg (1Pzp)4-ester-Peg

I/a.u. —>»

B (7Pzn)1PeB (3Pzn}1Prs (1Pzp)1Peg

610 660 710
Alnm —» Alnm —»

(3Pzn)1-ester-Pgg

i/a.u. ——

560 610 660 710 760

Alnm —
Figure 3. Steady-state fluorescence spectra in THF at 25°C of A) star-shaped
(1P2,)4Prg [(1P,)s-ester-Peg], (3P2,)4Prs [(3P2y)4-ester-Pgg], and (7P,),Prg, B) cone-shaped
(1P, Prg, (3P2,) Prg [(3P2,)1-ester-Prg], and (7P,,),Prg, and their noncovalent references
(broken lines) prepared by mixing PEXT, PINT, and PEQRE. All spectra were normalized to a
constant absorbance (abs,,, = 0.02) at the excitation wavelength (4., =544 nm).
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proportion to the sixth power of the D-A distance. To
investigate the dynamics of the intramolecular energy transfer
events, fluorescence lifetimes of the P,, units in all the
multiporphyrin arrays were measured in THF at 25°C.
Figure 4 shows time-resolved fluorescence decay profiles,
monitored at A =585 nm, of the star-shaped and cone-shaped
multiporphyrin arrays, upon excitation at 1 =415nm. The
fluorescence decay curves of porphyrin monomer 1P, (R=
CH,OH) (=PZXT) (Figure 4A, a reference for (1P,,),Prs and

1Pz, [R = CH,OH] (= PEXT)

T 3 (1Pzn)1Prp
(1Pzn)4Prp

3P, [R = CH,0H]

(3Pzp)1Pra
] (3Pzn)aPra

SR 7Pza [R = CH,0H]

' (7Pzn)1Prp

(7Pzp)aPrp

00 05 1.0 15 2.0

Time/ns ——»

Figure 4. Fluorescence decay profiles monitored at A =585 nm of A) 1P,
[R = CH,OH] (= P5"), (1Pz,),Pgp, and (1Pz,),Prg, B) 3Pz, [R = CH,OH],
(3Pz,),Pes, and (3P,),Pps, and C) 7Pz, [R=CH,0OH], (7Pz,),Pss, and
(7P2,)4PEs, upon excitation at A =415 nm in THF (abs,, <0.1) at 25°C.

(1P4,)Pgg), dendritic trimer 3P,, (R = CH,OH) (Figure 4B, a
reference for (3P,,),Prs and (3P,,),Ps), and dendritic
heptamer 7P,, (R=CH,OH) (Figure 4C, a reference for
(7P4,),Prs and (7P,,)Pgs), were also measured (formulae
shown in Scheme 1). In these reference systems, which do not
contain an energy-accepting free-base porphyrin (Pgg) focal
core, the lifetimes of the zinc porphyrin fluorescence (tp)
were evaluated to be ~2.3 ns. In contrast, all the multi-
porphyrin arrays with a focal Ppy core showed a quenching
signature of the zinc porphyrin fluorescence. As already
reported,!’] the average lifetime of the photoexcited states of
the P, units (t{,) in star-shaped (7P,),Prs (680 ps) was
much shorter than in cone-shaped (7P,,)Prg (1899 ps),
despite the fact that (7P,),Prz has a larger number of the
P, units located away from the energy-accepting focal Pgy
core. For one generation lower, star-shaped (3P,),Prg, the
fluorescence decay profile was analyzed as a function of three
exponential components, to give a 7§, value of 456 ps, while
cone-shaped (3P,,),;Prs gave a longer 735, =801 ps. On the
other hand, the smallest homologues of the star- and cone-
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shaped series, (1P;,)4Pgg and (1P, ),Pgg, showed much shorter
but almost identical 7§, values, 329 and 308 ps, respectively.
From these results, it is clear that the morphology of the
chromophore array plays an important role in energy transfer
when the generation number is high.

As shown in Figure 5, the star- and cone-shaped series
displayed quite different dependencies of the photochemical
properties on the generation number. In the case of the cone-
shaped series, the population of a long-lived fluorescing
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Figure 5. A) Populations [%] and lifetimes 7, [ps] of fluorescing compo-
nents, and B) energy-transfer efficiencies [%], upon excitation at A=
415 nm in THF (abs,, <0.1) at 25°C. 2, tpa [ps]: 1.10, 308 for (1P,,)Prz;
1.07, 456 for (3P,),Prz; 0.99, 680 for (7P,,),Prp (star-shaped series), and
1.08, 329 for (1Py,),Pgg; 1.05, 801 for (3P,,)Pgs; 1.03, 1899 for (7P, )Py
(cone-shaped series). Rise-times of Py fluorescence: 49 ps for (1P,) Prg;
70, 280 ps for (3P,,),Prg; 88, 345 ps for (7P,)sPrs, 138 ps for (1P,,),Prs;
204 ps for (3P,,);Pgs; 80, 652 ps for (7P,,),Pgs. The accuracies of 7y, values
were estimated to be £5 ps.

component, assignable to a residual component in energy
transfer, became considerably larger: it increased from 11 to
72% as the generation number of the dendritic wedge
increased (Figure 5A). On the other hand, that of a short-
lived fluorescing component with a tp, value of several tens of
picoseconds decreased remarkably from 81 to 3%. Accord-
ingly, the @y value dropped off from 86 % ((1P,,),Pgs) to
66 % ((3P,)1Prs), and then to 19 % ((7P,),Prg) (Figure 5B);
the large gap in @gyr between (3P,,),Prz and the next
generation (7P,,),Pg suggests some limitation of o-bonded
chromophore arrays in long-range energy transfer. In sharp
contrast, the star-shaped series bearing four dendritic zinc
porphyrin wedges exhibited a much smaller dependency of
the energy-transfer properties on the generation number,
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whereby the @pyp value of the highest generation (7P;,),Prg
remained at 71 %, which is much higher than that of cone-
shaped (7P, ), Pgg with the same generation number, and even
higher than that of one generation lower (3P,,);Prs. The
fluorescence decay profile of (7P,,),Prs still showed the
presence of a considerable population (21 %) of a short-lived
(tpa =70 ps) fluorescing component, while that of the long-
lived fluorescing component (23 %) was not much different
from that of the smallest (1P,,)4Prz (13%) (Figure 5A).
Analysis of the transient fluorescence spectral change pro-
files, monitored at A =723 nm, gave rise-times of the free-base
porphyrin (Pgg) fluorescence, the timescales of which, in most
cases, agreed well with the observed lifetimes of the zinc
porphyrin (P,) fluorescing components in Figure SA (see the
caption). Thus, the decay of the P, fluorescence is funda-
mentally a consequence of the energy transfer to the focal
free-base porphyrin (Pgg) core. Although the rate constant of
the P,,-to-Pgg energy transfer kgyr, calculated according to
the equation kgyr=(1/t8,) — (1/7p), was smaller in each
series as the generation number was higher, a gap in kgyrp
between star- and the corresponding cone-shaped analogues
was considerably larger: 2.81 x 10° and 2.61 x 10°s~! for the
first-generation (1P,),Prs and (1P,),Pr, 1.75 x 10° and
0.82x10°s! for the second-generation (3P,),Pr; and
(3P2,)1Prs, and 1.04 x 10° and 0.10 x 10°s~! for the third-
generation (7P, ),Pgs and (7P, )P (Figure 6).
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Figure 6. Energy-transfer rate constants (kgyy) of A) star-shaped
(1Pz4y)4Prp, (3Pz,)iPrs, and (7Pz,).Prs, and B) cone-shaped (1Pz,),Pes,
(3Pz4)1Peg, and (7Pz,)Peg.

Light-harvesting activities of the multiporphyrin arrays
should be evaluated both from the magnitude of the
absorption cross section and the efficiency of vectorial energy
transfer. Figure 7 shows relative light-harvesting activities of
the multiporphyrin arrays, based on (1P,,),Pgg, as evaluated
from the molar extinction coefficients of the Soret absorption
band (1 =415 nm) (g45), multiplied by the P, -to-Prp energy-
transfer efficiencies (@gny). For the star-shaped series, the
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Figure 7. Light-harvesting activities of A) star-shaped (1P;,),Pgs,
(3Pz0)sPrs, and (7Pz,),Pgs, and B) cone-shaped (1Pz,)iPes, (3Pzy):Prs,
and (7P,),;Pgg, as evaluated from molar extinction coefficients at the
excitation wavelength (&,s), multiplied by energy-transfer efficiencies
(@eny)- All values g45 X ey are normalized to that of (1P,),Pgg.

light-harvesting activity was considerably increased with the
generation number of the dendritic wedges, for which a value
€45 Peny Of (7P4,),Prg was ten times as large as that of
(1P4,),Pgp. In sharp contrast, those of the cone-shaped series
were all low and less dependent on the generation number.
Therefore, star-shaped (7P,),Prs with 28 light-absorbing P,
units serves as an excellent energy funnel for visible light.

Fluorescence anisotropy: Analogous to the photochemical
events in the bacterial light-harvesting antenna complexes,
the P,,-to-Pgg energy transfer in the star-shaped series may be
facilitated by a cooperative energy migration among the
dendritic Py, units, thereby the photochemical events can
compete with a radiative decay to the ground state. Figure 8
shows steady-state fluorescence depolarization characteristics
of some selected multiporphyrin arrays, upon excitation with
a polarized light at A=544 nm (abs,,=0.03) at 25°C, in
polyethylene glycol (MW =200) containing THF. In such a
viscous medium, molecular rotation is suppressed, and the
fluorescence depolarization is likely to occur mostly by means
of energy migration among randomly oriented chromophore
units in the dendritic array. Under the above conditions, a
monomeric zinc porphyrin, such as PEXT, showed a degree of
fluorescence polarization P= (I, — G1,)/(I;+G1,) of 0.19, in
which /| and I, are fluorescence intensities observed through
polarizers oriented parallel and perpendicular, respectively, to
a vertically polarized excitation light. As already reported,**!
star-shaped (7P,,),Prsz emits a highly depolarized fluores-
cence from the P, units, for which the P value is only as low as
0.03. In contrast, cone-shaped (7P, );Prg has a much higher P
value (0.10) than (7P,),Pgg, indicating a less efficient energy
migration over the dendritic P, units. The same was true for
the fluorescence depolarization characteristics of one gener-
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Figure 8. Anisotropies of the zinc porphyrin fluorescence (P) at 1=
585 nm of star-shaped (3P;,),Pgz and (7P;,),Pgs, cone-shaped (3P;,),Pgs

and (7P,),Pys, and monomeric zinc porphyrin PEXT as reference, upon

excitation at 4 = 544 nm (abs,,, = 0.03) at 25 °C with a polarized light under
Ar in polyethylene glycol (MW =200) containing THF.

ation lower (3P,,),Prz (P=0.05) and (3P,,)Pr (P=0.11),
although the observed fluorescence anisotropies were both
higher than that of (7P,,),Prs. These trends indicate a
morphology-assisted cooperative energy migration among
the zinc porphyrin (P,) units, which must be responsible for
the high efficiency of the long-range P, -to-Ppz energy
transfer in the star-shaped dendritic multiporphyrin arrays.

Conclusion

In the present paper, we demonstrate that a dendritic
architecture is a highly promising candidate as a scaffold for
molecular design of light-harvesting antennae that can
incorporate a large number of chromophore units and also
allows them to cooperate in energy migration, leading to a
highly efficient energy transfer to the focal chromophore unit.
In particular, star-shaped dendritic chromophore arrays, in
which the chromophore units could be arranged in an
analogous fashion to those in the natural light-harvesting
antenna complexes, can cope with both a large absorption
cross section and a high efficiency of vectorial energy transfer.
Such a molecular design approach possibly provides a new
strategy toward artificial photosynthesis, which is a subject of
great importance for science and technology in this century.
As can be seen from this study, the combination of large,
dendritic light-harvesting antenna units with electron-transfer
relay systems is one of the subjects worthy of further
investigation.

Experimental Section

Materials: Dichloromethane (CH,Cl,) was washed successively with
concentrated H,SO,, water, and aqueous NaHCO;, dried over CaCl,,
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and then distilled over CaH, under Ar just before use. Tetrahydrofuran
(THF), used as a solvent for synthetic reactions, was distilled from sodium
benzophenone under Ar just before use. Chloroform (CHCl;) and
methanol (MeOH), for the synthesis of monomeric porphyrins, were used
as-received from Shin Etsu. [18]Crown-6 ether was recrystallized from
acetonitrile (MeCN). Potassium carbonate (K,CO;) and potassium fluoride
(KF) were kept in an oven at 130 °C. Commercially available reagents, such
as  5,10,15,20-tetrakis(4-hydroxyphenyl)porphine ~ ((HO),Prz) and
5,10,15,20-tetrakis(4-carboxyphenyl)porphine ((HO,C),Prz) were used
as-received from TCI and Aldrich, respectively.

Syntheses: Monomeric porphyrins, such as (HO),(MeO);Pg; and
(HO),P,,(CO,Me), dendritic zinc porphyrins, such as 1P,, (R = CH,Br),
3P,, (R =CH,Br), and 7P, (R = CH,Br), and cone and star-shaped, large
multiporphyrin arrays, such as (7P,),Pgg and (7P,),Prg, were synthesized
according to the methods reported previously (Scheme 1).17

Measurements: Recycling preparative HPLC was carried out on a Japan
Analytical Industry model LC-908, equipped with a column set consisting
of JAIGEL-2H (exclusion limit 5x 10%) combined with JAIGEL-1H
(exclusion limit 1x 10%) or JAIGEL-3H (exclusion limit 3 x 10%), with
CHCI, as the eluent at a flow rate of 3.5 mLmin~\. MALDI-TOF MS was
performed on a PerSeptive Biosystems model Voyager-DE spectrometer
with dithranol as the matrix. '"H NMR spectroscopy was performed in
CDCl; or CD;OD on a JEOLGSX-270 spectrometer operating at
270 MHz. The chemical shifts were determined with respect to CHCl,
(0="7.28) or MeOH (6 =4.7) as the internal standard. Electronic absorp-
tion spectra were recorded at 25°C on a JASCO model V-570 spectropho-
tometer in a quartz cell of 1 cm path length. Fluorescence spectra were
recorded at 25°C in a quartz cell of 1 cm path length, on a JASCO model
FP-777W spectrophotometer equipped with a temperature controller, and
corrected for wavelength-dependent detector sensitivity and excitation
light source output. Time-resolved fluorescence spectra and fluorescence
decay profiles were measured at 25 °C with a picosecond pulse laser and a
single-photon timing apparatus. The laser system was a Coherent model
Mira900 mode-locked Ti-sapphire laser, pumped by a Coherent model
Innova300 Ar-ion laser combined with a Coherent model9200 pulse
picker. Decay curves were obtained with an excitation wavelength of
415 nm by means of a Hamamatsu model R2809U-01 microchannel-plate
photomultiplier. The pulse width of instrumental response function was
30 ps (FWHM). The accuracies of lifetime values thus evaluated were
estimated to be +2ps for single exponential decays and =+5ps in
multiexponential decays. Degree of fluorescence polarization (P) was
calculated according to the equation P= (I, — G1,)/(I+G1,), in which I
and 7, are fluorescence intensities observed through polarizers oriented
parallel and perpendicular to a vertically polarized excitation light,
respectively, and G, given by i/i,, is an instrumental correction factor for
depolarization effects arising from the instrument, for which i and i,
denote fluorescence intensities observed through polarizers.

(1P4,),Pgg: A solution of (HO),(MeO);Pg; (6.4 mg, 8.8 umol), 1P,, (R=
CH,Br; 16.4 mg, 10.9 pmol), and anhydrous K,COj; (2.5 mg, 18.1 umol) in
N-methylpyrrolidone (1 mL) was heated at 80°C under Ar for 12 h in the
dark. The reaction mixture was poured into water (10 mL) and extracted
with CHCI; (3 x 20 mL). The combined extract was washed with water (3 x
50 mL), dried over Na,SO,, and evaporated to dryness. The residue was
subjected to recycling preparative SEC with CHCI, as the eluent. The first
fraction was collected and evaporated to dryness to give (1P, ),Pgg as a red
solid in 53 % yield (10 mg). '"H NMR (270 MHz, CDCl;, 25°C): 6 = —2.67
(s, 2H; NH), 3.70 (s, 24H; dendron-Ar(OCH,),), 413 (s, 9H; Pgs-
ArOCHs;), 4.98 (s, 8H; outer dendron-CH,0), 5.23 (s, 4H; inner dendron-
CH,0), 5.77 (s, 2H; CH,0 between P, units), 6.33 (s, 8H; p-H in outer
dendron-C¢Hj), 6.53 (s, 16 H; 0-H in outer dendron-C¢Hj), 6.64 (s, 4H; p-H
in inner dendron-C4H;), 6.79 (s, 8H; 0-H in inner dendron-C¢Hj), 7.01 (s,
1H; p-H in P,,-CH,), 7.33 (d, /=6.4 Hz, 6H; m-H in Pr-CiH,), 7.56 (s,
2H; o-H in P, -CHs;), 7.62 (d, J=8.5 Hz, 2H; m-H in Pys-CH,), 8.09 (d,
J=79Hz,2H; 0-H in P-C;H,), 8.18 (d, /= 8.3 Hz, 6 H; 0-H in Pr5-CsH,),
8.30(d,/=79Hz,2H; m-Hin P,,-C(H,),8.43 (d,/=8 Hz,2H; 0-Hin P, -
C¢H,), 8.91-9.00 (m, 8H; pyrrole--H in Pgg), 9.18 (d, J=4.5Hz, 2H;
pyrrole-3-H in P,,), 9.27 (d, J=4.5 Hz, 2H; pyrrole-3-H in P,,), 9.43 (d,
J=4.7Hz, 2H; pyrrole-5-H in P,,), 9.50 (d, J=4.5 Hz, 2H; pyrrole--H in
P,,), 1034 ppm (s, 2H; meso-H in P,,); MALDI-TOF MS: calcd for
Ci30H 0oNgOsZn [M*+H]: 2135; found: 2135; UV/Vis (THF, 25°C): A,
(¢) =420.2 (495000), 517.3, 545.9 nm (7000Mm~'cm™!).
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(1P,)4Pgs: A solution of (HO),Pgg (4.0 mg, 5.9 umol), 1P,, (R = CH,Br,
43.3 mg, 29.0 umol), and anhydrous K,CO; (8.1 mg, 59.0 umol) in N-
methylpyrrolidone (1 mL) was heated at 80°C under Ar for 24 h in the
dark. The reaction mixture was treated in a manner similar to that for
(1P,)Pgg to give (1P, ) Prg as a red solid in 62 % yield (23 mg). 'H NMR
(270 MHz, CDCl;, 25°C): d =—2.47 (s, 2H; NH), 3.61 (s, 96H; dendron-
Ar(OCHs;),), 4.81 (s, 32H; outer dendron-CH,0), 5.09 (s, 16H; inner
dendron-CH,0), 5.53 (s, 8H; CH,O between P, and Pgg), 6.22 (s, 16 H; p-
H in outer dendron-C4H3), 6.38 (d, /=1.7 Hz, 32H; 0-H in outer dendron-
C¢Hs;), 6.50 (s, 8H; p-H in inner dendron-C¢Hj), 6.66 (s, 16 H; o-H in inner
dendron-C4Hj;), 7.00 (s, 4H; p-H in P,,-C4H;), 7.51 (s, 16 H; 0-H and m-H in
Prp-CeH,), 7.88 (s, 8H; 0-H in P, -C.Hs), 8.31 (s, 16 H; 0-H and m-H in Py, -
C¢H,), 9.09 (s, 8H; pyrrole-S-H in Pgg), 9.17 (t,/ =4 Hz, 16 H; pyrrole--H
in P,.), 9.37 (t, J=4.9 Hz, 16H; pyrrole-5-H in P,,), 10.24 ppm (s, 8H;
meso-H in P,,); MALDI-TOF MS: calcd for CsH3sN»OgZn, [MT+H]:
6337; found: 6337, UV/Vis (THF, 25°C): A (e)=413.0 (1584000),
545.2 nm (39000M~'cm™").

(3P,.)1Pgs: A solution of (HO),(MeO);Pgg (3.0 mg, 4.2 umol), 3P, (R=
CH,Br, 17.4 mg, 5.0 pmol), and anhydrous K,COj; (1.2 mg, 8.4 umol) in N-
methylpyrrolidone (0.5 mL) was heated at 80°C under Ar for 12 h in the
dark. The reaction mixture was treated in a manner similar to that for
(1P,,)Pgg to give (3P,,), Py as a red solid in 31 % yield (5.4 mg). 'H NMR
(270 MHz, CDCl;, 25°C): 6 =—2.77 (s, 2H; NH), 3.62 (s, 48 H; dendron-
Ar(OCHs),), 4.09 (d, /=9 Hz, 9H; Prz-Ar OCH,;), 4.87 (s, 16H; outer
dendron-CH,0), 5.16 (s, 8H; inner dendron-CH,0), 5.72 (s, 4H; CH,O
between Py, units), 5.91 (s, 2H; CH,O between P, and Pgg), 6.23 (t, J=
2.1 Hz, 8H; p-H in outer dendron-C¢Hj), 6.43 (d, J=2.5Hz, 16H; 0-H in
outer dendron-C¢H;), 6.56 (t, /=2.1 Hz, 4H; p-H in inner dendron-C4H;),
6.73 (d, J=2.1 Hz, 8H; o-H in inner dendron-C4H;), 7.05 (s, 2H; p-H in
outer P,,-C¢Hs;), 7.50 (s, 1 H; p-H in inner P,,-CsH3), 7.52 (d,/=2.1 Hz, 4 H;
o-H in outer P,,-C4H;), 7.89 (d, J =2.1 Hz, 2H; 0-H in inner P,,-C,Hj;), 8.33
(m, 12H; m-, p-H in P,,-C¢H,), 8.42 (m, 16 H; m-, p-H in Prz-C¢H,), 8.84 —
8.93 (m, 8H; pyrrole-$-H in Pgg), 9.11-9.27 (m, 24 H; pyrrole-3-H in Py,),
10.07 (s, 4H; meso-H in outer P,), 10.33 ppm (s, 2H; meso-H in inner P,);
MALDI-TOF MS: caled for CyH,0N034Zn; [M*+H]: 4119; found:
4120; UV/Vis (THF, 25°C): A, (¢)=416.5 (1319000), 545.2 nm
(30000~ tem™).

(3P,)4Pgs: A solution of (HO),Pgg (2.0 mg, 3.0 umol), 3P,, (R =CH,Br,
51.1 mg, 14.7 umol), and anhydrous K,CO; (4.2 mg, 30.0 umol) in N-
methylpyrrolidone (1 mL) was heated at 80°C under Ar for 72 h in the
dark. The reaction mixture was treated in a manner similar to that for
(1P4,),Pgs to give (3P,,) Pep as a red solid in 20% yield (15 mg). The
'"H NMR spectrum was rather broad, even at an elevated temperature of
55°C, possibly caused by a much slower conformational change than the
NMR timescale. 'H NMR (270 MHz, CDCl;, 55°C): 6 =—2.84 (s, 2H;
NH), 3.31 (s, 192H; dendron-Ar(OCH,),), 4.50 (s, 64H; outer dendron-
CH,0), 4.88 (s, 32H; inner dendron-CH,0), 5.14 (s, 16 H; CH,O between
P, units), 5.88 (s, 40H; p-H in outer dendron-C¢H;, CH,O between P,
and Pgg), 6.06 (s, 64H; o-H in outer dendron-C4Hs;), 6.24 (s, 16H; p-H in
inner dendron-C¢H;), 6.44 (s, 8H; o-H in inner dendron-C.Hj;), 6.85 (s,
12H; p-H in P,,-C¢H;), 7.38 (s, 24H; o-H in P,,-C¢H;), 748 and 7.87 (s,
48H; P,,-CH,), 8.72 and 8.95 (s, 104H; pyrrole-5-H in P, and Pgp),
953 ppm (s, 24H; meso-H in P,); MALDI-TOF MS: caled for
CyyoHegsN5,0124Zn, [MT+H]: 14274, found: 14276; UV/Vis (THF, 25°C):
Amax (€) =415.7 (2723000), 545.3 nm (61000M~'cm™').

(1BuPh,Si),P,, (R =CO,Me): tert-Butyldiphenylchlorosilane (rBuPh,SiCl;
0.5 mL, 1.95 mmol) was slowly added to a solution of (HO),P,,(CO,Me)
(0.40 g, 0.65 mmol) and imidazole (0.11 g, 1.62 mmol) in dry DMF (1 mL)
while stirring vigorously at 4°C for 1h under N,, and the mixture was
stirred for 12 h at room temperature. The reaction mixture was then poured
into aqueous NaHCO; (50 mL) and extracted with CHC; (3 x 50 mL). The
combined extracts were washed with water (3 x50mL), dried over
Na,SO,, and evaporated to dryness. The residue was subjected to column
chromatography on silica gel with CH,Cl, as the eluent. The first fraction
was collected and evaporated to dryness. The residue was freeze-dried from
benzene to give (fBuPh,Si),P,, (R=CO,Me) as a bright red powder in
52% yield (0.37 g). 'H NMR (270 MHz, CDCl;, 25°C): 6 =1.13 (s, 18H;
(CHs;);CSi), 4.15 (s, 3H; CO,CHs;), 6.84 (t, J=2.1Hz, 1H; p-H in Py, -
C¢H,), 722 (d, J=2.1Hz, 2H; o-H in P,,-CH;), 7.36-747, 771 -7.77 (m,
20H; (C¢Hs),Si), 8.33 (d, J=8.5Hz, 2H; m-H in P,,-CH,), 8.47 (d, J=
8.5Hz,2H; o-H in P,,-C;H,), 8.67 (d, J=4.3 Hz, 2H; pyrrole-3-H in P,),
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9.04 (d, J=4.7Hz, 2H; pyrrole-3-H in P,), 9.28 (d, /=4.7Hz, 2H;
pyrrole-3-H in P,,), 9.42 (d, J =4.7 Hz, 2H; pyrrole-3-H in P;,), 10.26 ppm
(s, 2H; meso-H in P,); MALDI-TOF MS: calcd for C4HyN,0,Si,Zn
[M*+H]: 1093; found: 1093.

(BuPh,Si),P,, (R =CH,0H): LiAIH, (25 mg, 0.66 mmol) as a suspension
in THF (2mL) was added over a period of 0.5h to a solution of
(1BuPh,Si),P,, (R =CO,Me; 0.36 g, 0.33 mmol) in dry THF (5 mL), while
stirring vigorously, at 4°C under N,, and the mixture was stirred for 1 h at
room temperature. The reaction mixture was then poured into ice-water
(50 mL) and extracted with CHCl; (3 x 20 mL). The combined extracts
were washed with water (3 x 50 mL), dried over Na,SO,, and evaporated to
dryness. The residue was subjected to column chromatography on silica gel
with CH,Cl, as the eluent. The second fraction was collected and
evaporated to dryness. The residue was freeze-dried from benzene
containing a few drops of MeOH to give (1BuPh,Si),P,, (R =CH,0H) as
a bright red powder in 73% yield (0.27 g). '"H NMR (270 MHz, CDCl;,
25°C): 0=1.12 (s, 18 H; (CH3);CSi), 5.04 (s, 2H; CH,0OH), 6.83 (s, 1 H; p-H
in P,,-C¢H3), 722 (s, 2H; o-H in P,,-C,H;), 7.38-7.76 (m, 22 H; (C.Hj5),Si,
m-H in P,,-CsH,), 8.25 (d, /=7.7 Hz, 2H; o-H in P,,-CH,), 8.67 (d, J=
4.3 Hz, 2H; pyrrole-B-H in P,,), 9.11 (d, J=4.3 Hz, 2H; pyrrole-3-H in
P,.), 9.28 (d, J=4.3 Hz, 2H; pyrrole-5-H in P;,), 9.41 (d, J=4.3 Hz, 2H;
pyrrole-5-H in Py, ), 10.23 ppm (s, 2H; meso-H in P,); MALDI-TOF-MS:
caled for CgsHsoN,O5Si,Zn [M++H]: 1065; found: 1064).

[(rBuPh,Si),P,, 1,-ester-Py: Oxalyl chloride (10.3 uL, 0.12 mmol) was
slowly added to a suspension of (HO,C),Pgg (9.5 mg, 12 pmol) in CH,Cl,
(1 mL) under N,, while stirring vigorously, at 4 °C. After 1 h, MALDI-TOF
MS of the reaction mixture showed a molecular ion peak corresponding to
[CIC(O)]4Pgp (caled for CH,,CLLN,O, [M+H]*: 865; found: 864). The
reaction mixture was evaporated to dryness, and the residue was further
dried with a vacuum pump for 3 h to remove excess oxalyl chloride. Then,
(tBuPh,Si),P,, (R = CH,OH) (51.8 mg, 60 umol) and 4-dimethylaminopyr-
idine (14.7 mg, 0.12 mmol) were added to the residue. The mixture was
dissolved in dry CH,Cl, (1 mL) at 4°C, stirred for 12 h at room temper-
ature, poured into aqueous NaHCO; (50 mL), and extracted with CHCl,
(3 x50 mL). The combined extracts were washed with water (3 x 50 mL),
dried over Na,SO,, and evaporated to dryness. The residue was subjected
to flash column chromatography on silica gel with CH,Cl, as the eluent.
The first fraction was collected and evaporated to dryness. The residue was
then subjected to recycling preparative SEC with CHCI, as the eluent. The
first fraction was collected and evaporated to dryness, and freeze-dried
from benzene to give [(rBuPh,Si),P,,],-ester-Pgg as a bright red powder in
57% yield (34 mg). '"H NMR (270 MHz, CDCl;, 25°C): 6 = —2.65 (s, 2H;
NH), 1.12 (s, 72H; (CHj;);CSi), 5.96 (s, 8H; CH,O between P, and Pg),
6.83 (t, J=2.1Hz, 4H; p-H in P, -CiH,), 721 (d, /=2.1 Hz, 8H; 0-H in
P,,-CsHs), 7.34-748, 7.73-7.76 (m, 80H; (C4Hs),Si), 8.02 (d, /=8.1 Hz,
8H; m-H in P,,-CiH,), 8.34 (d, J=8.1 Hz, 8H; 0-H in P,,-CiH,), 8.48 (d,
J=8.1Hz, 8H; m-H in Prz-C¢H,), 8.63 (d, J=4.7 Hz, 8H; pyrrole-5-H in
P,.), 8.72 (d,/=8.5 Hz, 8H; o-H in Pr3-C¢H,), 8.99 (s, 8H; pyrrole-5-H in
Prs), 9.13 (d, J=4.7 Hz, 8H; pyrrole--H in P,,), 9.21 (d, J=4.7 Hz, 8H;
pyrrole-3-H in P,,), 9.37 (d, /= 4.3 Hz, 8 H; pyrrole-3-H in P;,), 10.17 ppm
(s, 8H; meso-H in P,,); MALDI-TOF MS: calcd for CsysH,s55N20016S15Zn,
[M*+H]: 4977; found: 4981.

(1P,,)ester-Pgz: A solution of [(fBuPh,Si),P, J,-ester-Pr  (20.0 mg,
4.0 pmol), poly(benzyl ether) dendritic bromide (L2-Br; 25 mg, 50 pmol),
and anhydrous KF (9.3 mg, 0.16 mmol) in N-methylpyrrolidone (1 mL) was
heated at 80°C under Ar for 1 week in the dark. The reaction mixture was
treated in a manner similar to that for the preparation of (1P,,),Pgp to give
(1P,,)4-ester-Py; as a red powder in 60% yield (15mg). 'H NMR
(270 MHz, CDCl;, 25°C): 6 =—2.69 (s, 2H; NH), 3.60 (s, 96 H; dendron-
Ar(OCHs;),), 4.84 (s, 32H; outer dendron-CH,0), 5.15 (s, 16H; inner
dendron-CH,0), 5.94 (s, 8H; CH,O between P,, and Pg), 6.20 (t, J=
2.1 Hz, 16 H; p-H in outer dendron-C¢H;), 6.39 (d,/=2.1 Hz, 32H; 0-H in
outer dendron-C¢Hj;), 6.54 (s, 8H; p-H in inner dendron-C4Hj;), 6.71 (s,
16H; o-H in inner dendron-C¢H;), 7.06 (s, 4H; p-H in P,,-CsH;), 7.50 (s,
16H; 0-H and m-H in Pgs-C¢H,), 8.02 (d, /=8.1 Hz, 8H; 0-H in P,,-C;Hs),
8.37 (s, 16 H; 0o-H and m-H in P,,-C;H,), 8.69 (d, J=4.7 Hz, 8 H; pyrrole-f3-
H in Pgg), 9.10 (d, J=4.7 Hz, 8H; pyrrole-5-H in P;,), 9.18 (d, /=4.7 Hz,
8H; pyrrole-3-H in P,,), 9.27 (d, J=4.7 Hz, 8 H; pyrrole--H in Py,), 9.40
(d, J=4.3 Hz, 8H; pyrrole-$-H in P,,), 10.17 ppm (s, 8H; meso-H in Py,);
MALDI-TOF MS: caled for CigHz0NyOgZn, [M*+H]: 6449; found:
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6452; UV/Vis (THF, 25°C): A (€) =413.5 (1340000mtcm™), 514.5,
544.5, 581.5 nm.

(3P,,)-ester-Pgy: Oxalyl chloride (16 pL, 0.19 mmol) was added slowly to a
suspension of (HO,C),Prs (15 mg, 19 umol) in CH,Cl, (3 mL) under N,,
while stirring vigorously, at 4°C. After 1h, MALDI-TOF MS of the
reaction mixture showed a molecular ion peak corresponding to
[CIC(O)]4Pss (864 [M+H]*; caled for CysH,,CI,N,O,: 865). The reaction
mixture was evaporated to dryness, and the residue was further dried with a
vacuum pump for 3 h to remove excess oxalyl chloride. Then, 3P,, (R=
CH,0OH; 85mg, 25umol) and 4-dimethylaminopyridine (23 mg,
0.19 mmol) were added to the residue, and the mixture was dissolved in
dry CH,Cl, (2mL) at 4°C. After stirring for 12 h at room temperature,
MeOH (1 mL) was added to the reaction mixture to convert residual acid
chloride into the methyl ester. The reaction mixture was treated in a
manner similar to that for the preparation of [(fBuPh,Si),P,,],-ester-Pgg to
give (3P, ),-ester-Pyy as a bright red powder in 50 % yield (40 mg). 'H NMR
(270 MHz, CDCl;, 25°C): 6 =—2.78 (s, 2H; NH), 3.58 (s, 48H; dendron-
Ar(OCHs),), 4.01 (s, 9H; P-ArOCHs;), 4.83 (s, 16H; outer dendron-
CH,0), 5.14 (s, 8H; inner dendron-CH,0), 5.68 (s, 4H; CH,O between P,
units), 5.77 (s,2H; CH,O between P, and Pg), 6.19 (t,/=2.1 Hz, 8H; p-H
in outer dendron-C4Hj;), 6.38 (d, J=2.1 Hz, 16 H; 0-H in outer dendron-
C¢Hy), 6.51 (t, J=2.1 Hz, 4H; p-H in inner dendron-C4H;), 6.69 (d, J=
2.1 Hz, 8H; o-H in inner dendron-C¢H;), 7.04 (t, J=2.1 Hz, 2H; p-H in
outer P,,-C¢Hs), 745 (s, 1 H; p-H in inner P,,-CsH3), 7.51 (d,/=2.1 Hz, 4 H;
o-H in outer P,,-CiH;), 7.84 (d, /=17 Hz, 2H; o0-H in inner P,,-CH,),
8.26-8.54 (m, 32H; Pgz-C¢H,, P,-CsH,), 8.91-8.99 (m, 8H; pyrrole-5-H
in Pgg), 9.06-9.27 (m, 24H; pyrrole-3-H in P,,), 9.98 (s, 4H; meso-H in
outer P,,), 10.17 ppm (s, 2H; meso-H in inner P,,); MALDI-TOF MS:
caled for C,s0H,, N 4O55Zn; [MT+H]*: 4232; found: 4232; UV/Vis (THEF,
25°C): Apay (€) =415.8 (1240000M~'cm '), 545.0 nm.

(3P,)ester-Pgy: A solution of [(fBuPh,Si),P,,],-ester-Pyy (14.9 mg,
3 pmol), 1P, (R = CH,Br; 44.8 mg, 30 umol), and anhydrous KF (6.9 mg,
0.12 mmol) in N-methylpyrrolidone (1 mL) was heated at 80°C under Ar
for 1 week in the dark. The reaction mixture was then treated in a manner
similar to that for the preparation of (1P,,),Pgg to give (3P, ),-ester-Pgg as a
red powder in 16 % yield (7 mg). The '"H NMR spectrum was rather broad,
even at an elevated temperature, such as 55 °C. This was possibly caused by
a much slower conformational change than the NMR timescale. 'H NMR
(270 MHz, CDCl;, 55°C): 6 = —2.85 (s, 2H; NH), 3.31 (s, 192H; dendron-
Ar(OCHs;),), 4.50 (s, 64H; outer dendron-CH,0), 4.88 (s, 32H; inner
dendron-CH,0), 5.14 (s, 24H; CH,O between P, units, between P, and
Pgg), 5.89 (s, 32H; p-H in outer dendron-C¢Hs), 6.07 (s, 64 H; o-H in outer
dendron-C¢H;), 6.25 (s, 16 H; p-H in inner dendron-C¢Hs), 6.44 (s, 32H;; o-
H in inner dendron-C¢H3), 6.86 (s, 8H; p-H in outer P,,-C¢H;), 7.38 (s, 16 H;
o-H in outer P,,-C¢H;), 7.48-7.87 (d, 64H; o-H and m-H in P,,-C,H,, Prg-
C¢H,), 8.72-8.96 (m, 104H; pyrrole-5-H in Py, Pg), 9.54 ppm (s, 24H;
meso-H in Pg); MALDI-TOF MS: caled for CguHgg;Ns,Oqp6Zn,,
[M*+H]*: 14386; found: 14390; UV/Vis (THF, 25°C): 1., (¢)=416.1
(2657000M~'cm™!), 544.9 nm.
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Enantiomerisation of Tetrahedral Homochiral [M L] Clusters:
Synchronised Four Bailar Twists and Six Atropenantiomerisation Processes
Monitored by Temperature-Dependent Dynamic 'H NMR Spectroscopy™*

Rolf W. Saalfrank,**! Bernhard Demleitner,'*! Horst Glaser,'*! Harald Maid,'?!
Daniela Bathelt,'*! Frank Hampel,'*! Walter Bauer,!*! and Markus Teichert!"!

Dedicated to Professor Karl Wieghardt on the occasion of his 60th birthday

Abstract: Temperature-dependent
'H NMR studies prove homo-
chiral, racemic [(4,4,4,4)/(A,4,4,1)]-
{(NH,), N [Mg,(LYg]} (1) to be kineti-
cally stable on the NMR timescale. Due
to steric reasons, rotation around the
central C—C single bond in (L')*" is
blocked, which prevents 1 from enan-
tiomerisation. Most interestingly, how-
ever, the '"H NMR spectrum of racemic
2a reveals dynamic temperature de-
pendence. This phenomenon can be
explained by simultaneous Bailar twists

magnesium centres, synchronised with
the sterically unhindered atropenantio-
merisation processes around the C—C
single bonds of the six ligands (L?)*",
leading to the unprecedented enantio-
merisation (4,4,4,4)-2a 2 (A,4,4,1)-
2a. The profound nondissociative rear-
rangement occurs without the formation

Keywords: Bailar twist - cage
compounds - enantiomerization -
NMR spectroscopy - supramolecular
chemistry

of diastereoisomers. Supplementary
support  for  the interpretation
of the temperature-dependent dynamic
'H NMR spectra of 2a is presented by
additional  studies of [(4.4,4,4)/
(A4,4,4,4)]H{(EtNH;), N [Mgy(L?)6]}
(2b). In 2a and 2b, the ether methylene
protons exhibit identical temperature
dependence. However, with addition,
the methylene protons of the ethyl
ammonium groups of 2b display similar
temperature dependence as the ligand
ether methylene protons.

at the four octahedrally coordinated

Introduction

In the last few years, enormous progress has been made in the
synthesis of ordered assemblies, by using metal-ligand
bonds.['l There is currently much interest in the role of guest
molecules in the self-assembly of metal —ligand clusters and
their possible application as test tubes for chemical reac-
tions.?! Chiral voids principally should be able to induce
asymmetry if chiral products are generated therein. For that
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reason, it is of fundamental interest to gain profound insight
into the stereochemistry of three-dimensional metal clusters
such as the tetrahedral [M,L] species. For [M,L] clusters,
each vertex of the tetrahedron is a chiral metal centre of (4)
or (A) configuration that generally may lead to diaste-
reoisomers with 7T [(4,4,4,4)/(A,4,4,4)], C; [(4,4,4,1)/
(A4,4,4,4)] or S, (4,4,4,1) symmetry. Their nearly equal
stability explains the mix (7, Cs, S,) of cluster isomers seen.l!
The self-assembly process requires reversibility of a series of
connecting steps. Therefore, the rigidity of the bimodal ligand
spacers, the nature of the metal and asymmetric induction
seem crucial, accommodating either a mixture of diaste-
reoisomersP! or homoconfigured™** and S,-symmetricl’l M,Lq
complexes.

The tetranuclear chelate complex {(NH,), N [Mg,(LY)q]} (1)
is formed in a one-pot reaction from diethyl malonate,* !
whereas the tetrahemispheraplexes {(NH,),N[Mg,(L?)q]}
(2a)® and {(EtNH,),N[Mg,(L?)]} (2b) are generated from
diethyl ketipinate (Scheme 1). According to single-crystal
X-ray analyses, 1 and 2a,b'? are isostructural. In contrast,
in solution 1 and 2a,b differ considerably with respect to their
dynamics. This was realised only recently and is subject of this
communication.
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Scheme 1. Generation and schematic representation of 1 and 2a,b.
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Results and Discussion

X-ray analyses: The tetrahemispheraplexes 2ab display a
common tetramagnesate(4~) anionic core (2)*, representing
an idealised tetrahedron composed of four magnesium
cations. These ions are linked along each of the six edges of
the tetrahedron by a doubly bidentate diethyl 2,3-dioxobu-
tane-1,4-dicarboxylato(2~) bridge, so that each of the four
magnesium(11) ions is octahedrally coordinated by six oxygen
donors. The anionic core (2)*~ can be regarded as having
nearly 7 symmetry (characterised by three C, and four C;
axes). Accordingly, (2)* is dissymmetric and thus chiral. The
dissymmetry of this anion results from the atropisomerism of
the six ligands and the four homoconfigured (4,4,4,4)-fac or
(A,4,4,1)-fac metal centres. Charge compensation of (2)*~ is
achieved by a set of four ammonium or ethylammonium
counter ions. Each set is hydrogen bonded to the oxygen
donors of the tetrahedral faces of (2)* to give 2a,b. Each of
the crystals of 2a and 2b represent a racemic mixture of

Abstract in German: Temperaturabhiingigen 'H-NMR-Stu-
dien zufolge ist der homochirale, racemische Komplex
[(AAAN/(ANAA)]-{(NH) N [Mg(L")s]} (1) auf der
NMR-Zeitskala kinetisch stabil. Aufgrund sterischer Faktoren
ist eine freie Rotation um die C—C-Einfachbindung in (L')*~
blockiert, wodurch 1 nicht zur Enantiomerisierung befihigt ist.
Interessanterweise zeigt das "H-NMR-Spektrum von racemi-
schem 2 jedoch Temperaturabhingigkeit. Dieses Phdinomen
ldft sich durch die Synchronisation der an den vier oktaedrisch
koordinierten Magnesiumzentren gleichzeitig ablaufenden
Bailar-Twists mit den sterisch nicht behinderten Atropenantio-
merisierungen um die C—C-Einfachbindungen der sechs
Liganden (L?)*~ erkliiren, was zu der priizedenzlosen Enan-
tiomerisierung (4,4,4,4)-2a 2 (A,A,4,1)-2a fiihrt. Die tief-
greifende Umlagerung erfolgt nicht-dissoziativ und ohne das
Auftreten von Diastereoisomeren. Die Interpretation der
temperaturabhiingigen dynamischen 'H-NMR-Spektren von
2 a wird durch zusdtzliche Studien an [(A4,4,4,4)/(A,A,1,1)]-
{(EtNH;),N [Mg,(L?)s]} (2b) gestiitzt. In 2a und 2b weisen
die Ether-methylen-protonen identische Temperaturabhiingig-
keit auf. In Erginzung dazu zeigen die Methylenprotonen der
Ethylammonium-Gruppen von 2 b eine vergleichbare Tempe-
raturabhangigkeit.
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homoconfigurational (4,4,4,4)-fac and (A,A4,4,A)-fac ste-
reoisomers. For graphical representation complex 2b was
chosen (Figure 1).

Figure 1. Top: Structure of {(EtNH;),N[Mg,(L?)¢]} 2b in the crystal.
Bottom: Stereo representation of 2b. Solvent molecules and hydrogen
atoms (except ammonium hydrogens) are not depicted for clarity.

!H NMR studies: Temperature-dependent 'H NMR studies
prove {(NH,),N[Mg,(L")]} (1) to be kinetically stable on the
NMR timescale.'¥ From 32°C to —10°C, the spectrum
displays one triplet each for the ester and ether methyl
groups and four multiplets for the corresponding diastereo-
topic methylene protons of racemic [(4,4,4,4)/(A,4,4,1)]-1
(Figure 2, top).

Most interestingly, however, the 'H NMR spectrum of
racemic 2a reveals temperature dependence. The spectrum
presents one sharp triplet for the ether methyl groups at 32°C,
but only one unresolved broad signal for the diastereotopic
methylene protons. The triplet remains sharp over a temper-
ature range from 32°C to —10°C, whereas the methylene
protons at 32°C are recorded as one broad signal and at
—10°C as two poorly resolved quartets (Figure 2, centre). The
unique dynamic temperature-dependent 'H NMR spectro-
scopic behaviour of 2a can be explained by the unprecedented
enantiomerisation of (4,4,4,4)-2a2 (A,4,4,1)-2a (Fig-
ure 3).

The enantiomerisation of (4,4,4,4)-2a =2 (A,4,4,1)-2a
requires four synchronised Bailar twists and six atropenan-
tiomerisation processes. The Bailar twist links octahedral and
trigonal prismatic coordination environments in hexacoordi-
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Figure 2. Temperature-dependent 'H NMR spectra of {(NH,),N
[Mgu(L)e]} (1: top), {(NH,),N[Mgi(L?)e]} (2a; centre) and {(EtNH;),N
[Mg4(L?)6]} (2b; bottom).
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Figure 3. Enantiomerisation of 2a.

nate complexes and thus facilitates nondissociative inversion
of configuration at stereogenic metal centres (Figure 4,
top).[14 131

A prerequisite for the performance of the Bailar twists in
2ais its flexible [Mg,(L?)¢]*~ scaffold. This is guaranteed, since
the ketipinate dianion (L?)>~ allows sterically unhindered
back and forth twists around the central C—C single bond and
thus atropenantiomerisation of the ligands (Figure 4, bottom;

Chem. Eur. J. 2002, 8, No. 12
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Figure 4. Inversion of configuration in hexacoordinate complexes by a
trigonal twist about the C; axis through an achiral trigonal prismatic
transition state (Bailar twist) (top), and atropenantiomerisation (back and
forth twist around the central C—C bond) of ketipinate dianion (bottom).

Figure 5, top). Consequently, in (4,4,4,4)-2a the six atrop-
enantiomeric ligands (L?)?~ are rocking in the same sense and
simultaneously synchronous!'® with four Bailar twists to give
mirror image (A,4,/1,1)-2a (Figure 3). However, owing to

Figure 5. Ligands (L?)?>~-2Mg?* (top) and (L')?>~-2Mg>* (bottom) high-
lighting the groups in 1,2-position that are responsible for unhindered and
blocked rocking around the central C—C bond.

steric reasons, torsion around the central C—C single bond in
(L")?>- is blocked (Figure 5, bottom), which prevents racemic
[(4,4,4,4)/(A,1,4,14)]-1 from enantiomerisation as is most
impressively documented by the temperature-independent
'"H NMR spectrum of 1 (Figure 2, top).

The enantiomerisation of 2a occurs nondissociative without
the formation of diastereoisomers, outlined by the sharp
singlet at 0 =490 ppm for the olefinic protons of 2a,
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indicating the presence of only one product. The free
activation enthalpy AGZ%s for the interconversion barrier of
the enantiomerisation process of 2a is 14.3 kcalmol L[]

Additional support for the interpretation of the temper-
ature dependent dynamic 'H NMR spectrum of 2a is
presented by racemic homochiral [(4,4,4,4)/(A,A4,4,1)]-
{(EtNH;), N [Mg4(L?)s]} (2b).1121 Tn 2a and 2b, the ether
methylene protons exhibit identical temperature-dependent
'H NMR signals. In addition, the methylene protons of the
face-centred ethyl ammonium groups of tetrahemispheraplex
2b display similar temperature-dependent signals as the ether
methylene protons (Figure 2, bottom). At low temperatures,
the enantiomerisation of 2b is slow on the NMR timescale.
The ethyl ammonium methylene protons are in a chiral
environment and display diastereotopicity. At higher temper-
atures, however, the diastereotopicity of the NCH, protons is
lost because of rapid enantiomerisation of the [Mg,(L?)¢]*"
core. The free activation enthalpy AGZ%; for the interconver-
sion barrier of the enantiomerisation process of 2b is
12.7 kcalmol~..

The ammonium counter ions in 1 and 2a display only one
set of protons in their 'H NMR spectra over a temperature
range of —50°C to 50°C and even at high pressure (1.5 kbar),
outlined by singlets at 0 =721 and 7.83 ppm (not depicted).
This indicates, that the ammonium cations are rolling on the
tetrahedral faces of 1 and 2a and are not fixed by directed
hydrogen bonds. In the case of directed bonding one ought to
see two signals with an intensity ratio of 3:1 for the bonded
and the free ammonium protons.

In summary, we have clearly demonstrated by temperature-
dependent dynamic 'H NMR spectroscopy that tetrahedral,
tetrametallic chelate complexes may undergo multiple non-
dissociative rearrangement processes, provided the bridging
ligands are flexible. Four synchronised Bailar twists at
hexacoordinate magnesium and six atropenantiomerisation
processes around the central C—C bond of the dianionic
ketipinate scaffold ligands lead to the enantiomerisation of
the homoconfigured clusters.

Experimental Section

General methods: All reagents and solvents employed were commercially
available high-grade purity materials (Fluka, Aldrich), which were used as
supplied without further purification. Temperature-dependent 'H NMR
spectra of 2ab were recorded on a JEOL Alpha 500 spectrometer
(500 MHz; 11.7 T) in CDCI; solutions. The residual solvent signal (6=
727 ppm) was used as an internal standard. The numbers of the free
activation enthalpies were derived by using standard equations for
compounds 2ab or by complete lineshape analysis (software: gNMR,
Cherwell scientific) for 2b. The two methods yield similar results for AG*
within 0.1 kcalmol .18l Synthesis and spectroscopic data of 1 and 2a were
reported previously.[* ®

Compound 2b: A methyllithium solution (1.25 mL, 1.6N in diethyl ether,
2 mmol) diluted with dry THF (25 mL) was added dropwise to a solution of
diethyl ketipinate (230 mg, 1 mmol) in dry THF (50 mL, —78°C) over
30 min. The mixture was stirred for 1 h at —78°C and magnesium chloride
(64 mg, 0.67 mmol) was added. The mixture was then allowed to warm up
to room temperature over a period of 18 h and the resulting yellow solution
was then treated for 5 min with 10% aqueous ethyl ammonium chloride
(50 mL). The two layers were separated, the aqueous layer was extracted
three times with trichloromethane (50 mL) and the combined organic
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phases were dried over anhydrous sodium sulfate. The solvent was removed
in vacuo and the remaining yellow oil was diluted in trichloromethane
(5mL). The reaction product was crystallised by addition of i-hexane
(50 mL). Yield: 155mg (55%) colourless microcrystals; m.p. 198°C
(decomp); 'H NMR (400 MHz, CDCL,): 6=0.82 (t, 3J(H,H)=74 Hz,
12H; 4 CH; (amine)), 1.23 (t, 3J(H,H) = 7.0 Hz, 36 H; 12 CH; (ligand)), 2.34
(brs, 8H; 4NCH,), 4.10 (brs, 24H; 120CH,), 5.04 (s, 12H; 12CH),
8.83 ppm (brs, 12H, 4NH,*); 3C NMR (100.5 MHz, CDCl,): 6 =11.94
(4 CH; (amine)), 14.26 (12 CH; (ligand)), 34.12 (4NCH,), 59.11 (12OCH,),
84.25 (12CH), 172.81, 180.35 ppm (24 C=0); IR (CHBr;): 7=2940 (CH),
1640 (C=0), 1540cm~! (C=C); elemental analysis caled (%) for
CesHi0,03N,Mg, (1650.81): C 49.48 H 6.35 N 3.39; found C 49.21 H 6.45
N 3.09.
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excess of cobalt ions. In contrast, rapid ligand dissociation was
monitored for kinetically less-stable [Ga,(L?)¢] (L = dianion of tetra-
Bu-2,2"-terephthaloyldimalonate) at 20°C by 'H NMR spectroscopy.
In this case, there is only one signal to be seen in the 'H NMR
spectrum for the fBu groups due to successive dissociation and
rotational equilibration of the ester and ether functions.
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Principally, there are two mechanisms conceivable for the nondisso-
ciative enantiomerisation of triple bis-chelate compounds of type
M(A—B);: the Bailar-twist and the Ray —Dutt mechanism. A (4)-fac
configured M(A—B);-type compound is transformed into its (A)-fac
stereoisomer by a Bailar twist, but into the (A)-mer stereoisomer by a
Ray—Dutt mechanism. In the case of tetrametallic clusters like 2a,b-
fac for steric reasons a Ray — Dutt mechanism is excluded, since there
is no way to generate 2a,b-mer isomers.

The 'H NMR data do not allow to distinguish between a synchronous
and a “laola” mechanism, respectively.
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Spectral Characterization of Self-Assemblies of Aldopyranoside Amphiphilic
Gelators: What is the Essential Structural Difference between Simple
Amphiphiles and Bolaamphiphiles?

Jong Hwa Jung,'*! Seiji Shinkai,™ and Toshimi Shimizu*!* ¢!

Abstract: An aldopyranoside-based gel-
ators (dodecanoyl-p-aminophenyl-j-D-
aldopyranoside)s and [1,12-dodecanedi-
carboxylic-bis(p-aminophenyl-3-p-aldo-
pyranoside)]s 1-4 were synthesized,
and their gelation ability was evaluated
in organic solvents and water. Simple
aldopyranoside amphiphiles 1 and 2
were found to gelate organic solvents
as well as water in the presence of a
small amount of alcoholic solvents.

results indicate that 1-4 can act as
versatile amphiphilic gelators. We char-
acterized the superstructures of the
aqueous gels and organogels prepared
from 1-4 using SEM, TEM, NMR and
IR spectroscopy, and XRD. The aqueous
gels 1 and 2 formed a three-dimensional
network of puckered fibrils diameters in
the range 20-200 nm, whereas the
aqueous gels 3 and 4 produced filmlike
lamellar structures with 50-100 nm

thickness at extremely low concentra-
tions (0.05 wt % ). Powder XRD experi-
ments indicate that the aqueous gels 1
and 2 maintain an interdigitated bilayer
structure with a 2.90 nm period with the
alkyl chain tilted, while the organogels 1
and 2 take a loosely interdigitated bi-
layer structure with a 3.48 nm period.
On the other hand, the aqueous- and the
organogels 3 and 4 have 3.58 nm spac-
ing, which corresponds to a monolay-

More interestingly, not only extremely
dilute aqueous solutions (0.05 wt %) of
the bolaamphiphiles 3 and 4, but solu-
tions of 3 and 4 in several organic
solvents could be gelatinized. These

Keywords:

Introduction

Gels belong to the class of “soft” materials that neither flow
freely like a true liquid nor take on the definite shape of a
rigid solid. Owing mainly to this property, gels are among the
most useful supramolecular systems with wide applications in
photography, drug delivery, cosmetics, sensors and food
processing, to name a few.['l Nature itself has discovered the
gel, protoplasm being of that ilk. Although gels are best
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ered structure. The XRD, 'H NMR and
FT-IR results suggest that 1-4 are
stabilized by a combination of the hy-
drogen-bonding, w—m interactions and
hydrophobic forces.

known to arise from polymers, proteins and inorganics, low
molecular-weight organic compounds can also exhibit gel-
ating behaviour.’*] The organic gelators self-assemble into
long fibrous structures that eventually entangle into three-
dimensional networks. Solvents contained within the inter-
stices of the network suffer impaired flow. Thus, a viscosity
increase of ten times, induced by only one gelator molecule
per 10° solvent molecules, are not uncommon.l!

Supramolecular gels are based on the spontaneous, ther-
moreversible self-assembly of low molecular-weight mole-
cules under nonequilibrium conditions. Noncovalent interac-
tions like hydrogen bonding, solvophobic effects and w—m
stacking give rise to the formation of fibres, which subse-
quently entrain and immobilize the solvent inside the
interstices of a three-dimensional network.l!% In particular,
“aqueous gels” are usually made of macromolecules (i.e.,
proteins and polymers) whose complicated intermolecular
association modes are difficult to define. “Organogels” are
reversible, one-dimensional aggregates of low molecular-
weight compounds formed by self-assembly. However, to
date only a limited number of “aqueous gels” composed of
such aggregates have been reported.[']

We have focused our research effort toward exploitation of
sugar-based self-assemblies formed in water.['”) An advantage
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of this system is that one can
systematically design various
aggregates utilizing abundant
basic skeletons in a carbohy-
drate family. In the research
process, we found that gluco-
side or glucosamide derivatives
can gelate water in the presence
of a small amount of polar
organic solvent or several or-
ganic solvents.?® 24 In addi-
tion, simple aldopyranose am-
phiphilic gelator can gelate or-
ganic solvents as well as
water.['”l The findings imply oH

that if we carefully search for

sugars as well as for appropriate

hydrophobic groups, several amphiphilic gelators may be
further discovered; this may be useful to specify the basic
structural requirements to design excellent amphiphilic
gelators. With these objectives in mind, we designed new
gelators bearing an aldopyranose moiety, an aminophenyl and
a long alkyl chain group. The long alkyl chain of gelators not
only enhances their solubility in organic solvents, but also
promotes association among the fibres through van der Waals
forces and eventual gel formation. Particularly, an aldopy-
ranose moiety at both ends of the bolaamphiphiles should
increase their solubility in water.

In the present work we turned our attention to the self-
assembling behaviour and gelation capability of an aldopyr-
anoside compounds. For example, it is most likely that an
aldopyranose moiety, an aminophenyl group and a long alkyl
chain group of an amphiphile can enjoy intermolecular
hydrogen-bonding, m—m stacking and interdigitated interac-
tions and, therefore, should produce highly ordered layered
structures. The possible gelation of water and organic solvents
by aldopyranoside-based compounds will thus strengthen the
concept of unidirectional interaction as a prerequisite for
gelation. The second purpose of our research is to character-
ize the structural properties upon gel formation for the
aldopyranoside amphiphilic gelators. During last years gel
chemistry have mainly focused on synthesis and simple
gelation properties of new gelators rather than detailed
characterization for the gel formation.? *'% In particular we
discuss the essential structural difference between simple
amphiphiles and bolaamphiphiles. Here, we report on the
synthesis of new powerful aldopyranoside-based compounds
1-4 as amphiphilic gelators and their self-assembling proper-
ties, such as gelation capability, morphologies and molecular
packing in water and in organic solvents, examined by energy-
filtering transmission electron microscopy (EF-TEM),l'*
SEM, CD, NMR and FT-IR spectroscopy, and XRD.

OH ,OH

Results and Discussion
Gelation of organic solvents and water: The gelation ability of
aldopyranoside-based compounds 1-4 for a range of organic

solvents and water was examined by dissolving approximately

Chem. Eur. J. 2002, 8, No. 12
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0.1-10 mg of compound in 1.0—-2.0 mL of the desired solvent
under heating. The solubility of these compounds at room
temperature is very poor in most solvents. Upon cooling to
room temperature, a gel, a precipitate or a clear solution was
observed, depending on the solvent used. The results are
summarized in Table 1 and show that 0.05-5.0 wt% of a

Table 1. The gelation ability of 1-4 in organic solvents and water.[?)

Solvent 1 2 3

methanol
ethanol
1-butanol
tert-butanol
tetrahydrofuran
acetic acid
n-hexane
ethylacetate
acetonitrile
acetone
water

[aNoNoNaRaNaNaRaNa R
[aRZRZNoRaNaNaNoNa g
Qaoaaa~""aacaaaq@
[EoNoRaRaNoNaRaNaNa RN I

[b] [b]

[a] Gelator =0.05-5.0 wt %; G =stable gel formed at room temperature;
S =soluble; I =insoluble. [b] stable gel formed in the presence of a trace
amount of methanol or ethanol.

gelator concentration range is enough to gelatinize. Com-
pounds 1 and 2 can gelate seven out of ten organic solvents
tested as well as water in the presence of a small amount of
alcoholic solvents (ca. 1.0 wt%) (Figure 1la), owing to ex-
tremely low solubility in water; this indicates that they can act
as versatile gelators of organic solvents and water. In addition,
the bolaamphiphiles 3 and 4, which possess two aminophenyl
aldopyranoside moieties, can also gelate seven of the ten
organic solvents tested. Particularly, they can gelate water in
the absence of any organic solvents (Figure 1b). This feature
will be due to the increased hydrophilicity of 3 and 4 with two
aminophenyl aldopyranoside moieties in water. Very surpris-
ingly, extremely dilute (0.05 wt% ) aqueous solutions of the
bolaamphiphiles 3 and 4 can gelate within several minutes at
25°C. Moreover, increasing the gelator concentration sub-
stantially reduces the gelation period. The gels given in
Table 1 are stable for at least a few months at room
temperature. The aqueous gels 1 and 2 are opaque (Figure 1a)
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Figure 1. Two aqueous gels composed of 2 (0.2wt%) (left) and 4
(0.05 wt %) (right), which are stable when inverted as shown.

and are destroyed by mechanical agitation, whereas the
aqueous gels 3 and 4 are completely transparent (Figure 1b)
and much more stable. In all cases gelation proved to be
thermoreversible.

To obtain an insight into the chiral orientation of gelators in
an aqueous gel system, circular dichroism (CD) of aqueous
gels 2 in the presence of 10.0 wt % of methanol and 4 in the
absence of any organic solvent was investigated (Figure 2).

A
b)
| | ;
240 260 280 300 320
A/ nm >

Figure 2. CD spectra of an aqueous gel a) 2 (0.1 wt%), b) methanol
solution 2 (0.1 wt %) and c) an aqueous gel 4 (0.05 wt %) at 25.0°C.

-10

The A, value of 2 and 4 in UV absorption spectra appears at
around 274 nm, ascribable to the phenyl group. In the CD
spectra, the 1,_, value appears at 274 nm. One can therefore
assign the CD spectra to the exciton coupling bands. The CD
spectra of 2 and 4 exhibit a negative sign for the first Cotton
effect, indicating that dipole moments orientate in an
anticlockwise in the aggregate of their gels. No CD Cotton
effect was observed for 2 in methanol solution. These data
strongly support the view that an aqueous gel forms highly
ordered chiral structure in comparison to the solution state.
We also confirmed that the contribution of linear dichroism
(LD) to the true CD spectra is negligible. On the other hand,
the intensity of the CD signal of 4 [0.1 Wt %; T,y (S0l -gel
transition temperature): 53°C] is much stronger than that of
an aqueous gel 2 (0.1 wt%; Ty i 35°C).1%1 This spectral
observation clearly indicates a highly ordered chiral structure
of the aqueous gel 4.

2686 ——

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

Electron microscopic observation: Molecular self-assembling
features can be observed on an electron microscope, since the
first stage of physical gelation is the self-aggregation of gelator
molecules. Figure 3 shows SEM images of the aqueous gels
and the organogels formed by 1 and 2. The aqueous gels 1 and

"2l 200 nm| (% m
Figure 3. SEM pictures of the aqueous gels a) 1 and b) 2 obtained from
water, and organogels ¢) 1 and d) 2 prepared from tert-butanol.

2 display linear fibre structures 140—-200 nm in diameter and
several um in length (Figure 3a and 3b). In addition, TEM
analysis of the chiral aggregate clearly showed that the fibres
are twisted helical ribbons approximately 85 nm wide, about
315 nm pitch, and up to several micrometers in length (see
graphic abstract). On the other hand, tert-butanol gels 1 and 2
show typical structures with three-dimensional networks of
fibre bundles. The approximate diameters of the smallest
aggregate in Figure 3¢ and 3d is 65-100 nm, several times
larger than that observed with TEM (ca. 20 nm). Therefore,
we assume that the gathering of numerous fibre bundles,
observed from SEM measurements, forms the steric inter-
twined self-assembly that results in the immobilization of the
isotropic liquid.

The aqueous gels 3 and 4, which formed transparent gels,
reveal the filmlike lamellar structures with 50—100 nm thick-
ness at extremely low concentration (0.05 wt %) (Figure 4a
and 4b); we do believe that these filmlike lamellae observed
in this stage are the genuine structure in a swollen gel, and not
a collapsed network induced by drying processes. In contrast,
of particular interest is the xerogel 3 prepared from acetic
acid. The spheres with 20-50 nm diameters are connected to
one another like a pearl necklace at the initial stage of gel
formation (not shown, but see arrows in Figure 4c); they turn
out to grow into typical fibre structures with 20-40 nm
diameters (Figure 4c). This phenomenon is a rare example as
a morphology of organogel. The acetic acid gel 4 displays a
three-dimensional fibre structure with diameters in the range
20-40 nm and up to several micrometers in length (Fig-
ure 4d). These findings imply that the bolaamphiphilic
gelators, unlike the monohead amphiphile, satisfy both the
solubility and the maintenance of intermolecular hydrogen-
bond networks in water.

NMR and IR measurements: In general, NMR techniques can
give a great deal of information on self-assembly process in
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Flgure 4. SEM pictures of the aqueous gels a) 3 and b) 4, and the acetic
acid gels ¢) 3 and d) 4.

the gel state.[ % 7« 4l Especially, 'H NMR experiments may
provide an insight into how molecules are orientated with
respect to one another in a self-assembled state. In a previous
NMR study, we have found that the amide proton of a
cholesterol-based gelator is shifted to high-field in the gel
state on heating, giving sharp peaks.'*! Therefore, we pre-
pared loose aqueous gel samples for NMR measurements in
D,0O/[D,Jmethanol (1:1 v/v) or D,O/[D{]DMSO (9:1 v/v),
since NMR signals of a rigid gel samples are gave generally
quite broad.!''> 'l We thus studied the self-assembly behav-
iour of these compounds in aqueous gel states by using
'H NMR spectroscopy. As
shown in Figure 5a, aromatic
proton signals of the self-as-
sembled 1 in the gel phase
appeared at 0=743 (d, J=
8.61 Hz, H,) and 7.38 ppm (d,
J=8.61Hz, H,) at 27°C. Upon
heating new peaks gradually
appeared at 0=760 (d, J=
8.61 Hz, H,) and 728 ppm (d,
J=8.61Hz, H,) with gradual
reduction in intensity of the
original peaks at 6 =743 and

a)

‘ species

Hb

seli-assembled
species
HbHa

strates that the chemical exchange is slow on the NMR
timescale. These results afford noticeable evidence for the
self-assembled structure stabilized by hydrogen-bonding and
-7 stacking interactions in gel phase, and also strongly
support the view that the aromatic units induce rigidity in the
structure and form an aqueous gel with the help of linear
arrangement.

On the other hand, original aromatic proton signals (6 =
6.77,J = 8.0 Hz and 6.58 ppm, J = 8.0 Hz) of the aqueous gels 3
and 4 displayed gradual downfield shift (67.27, /= 8.0 Hz and
6.97 ppm, J=8.0 Hz) when heated (Figure 5b and 5d), but
gave no new signals as with aqueous gel 1. This behaviour is
due to the fact that the chemical exchange between the self-
assembled and non-self-assembled species is fast on the NMR
timescale. Solutions of 3 in [D4]DMSO revealed that the
chemical shift change of the aromatic protons is less dramatic
than those for the in the gel state. These data suggest that the
bolaamphiphilic gelators 3 and 4 can form well-ordered
monolayered structures through m-m stacking between
phenyl groups in the gel state. Furthermore, NH peaks of
the organogel 4 were gradually shifted upfield from 6 =8.97 to
8.61 ppm upon heating (Figure 5¢), an indication that the
amide group of the bolaamphiphilic gelators participates in
the intermolecular hydrogen-bond interaction in the gel
state.['4l

Thus, we have observed evidence for the intermolecular
hydrogen-bonding interaction in D,O system. The amide
absorption bands of 1-4 appeared at 1680-1690 cm~' in
organic solution; this is characteristic of non-hydrogen-
bonded amide groups. On the other hand, the FI-IR spectra
of the deuterated aqueous gels 1—4 are characterized by the
absorption bands around 1639-1645cm~' (—C=0, amide-
I).12-d These spectral shifts are compatible with the presence
of intermolecular hydrogen-bonded amide groups.

non-self-assembled Ha

b)

Hb Ha

GM
ssoc M

M

738ppm. The difference in
chemical shift between the ar-
omatic protons H, and H, may
arise from m-m stacking and
the hydrogen-bond interac-
tions. A similar phenomenon
was observed with the anomeric
proton at the C-1 position of an

aldopyranoside moiety. The ap-
pearance of the separate signals
for the self-assembled and non-
self-assembled species demon-  (9:1 v/v).
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Figure 5. '"H NMR spectra of a) aqueous gel 1in D,0 and [D,]methanol (1:1 v/v), b) an aqueous gel 3 in D,0O and
[Dg]DMSO (9:1 v/v), c) the organogel 4 in [Ds]acetonitrile and d) an aqueous gel 4 in D,O and [Ds]DMSO
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XRD measurements: The xerogels 1-4 obtained from water
and rert-butanol by a freezing method!®! resulted in sponge-
like aggregates, instead of a typical crystalline solid. The X-ray
diffraction patterns of the xerogels 1 and 2 prepared from
water show periodical reflection peaks (Figure 6a and 6b), an

2.90 nm

a)

2.90 nm

o
=

-

3.48 nm

Intensity (a.2.) —>
<

v

d) .48 nm

L L L

4 8 12 16 20 24 28 32

20/° >
Figure 6. Powder XRD diagrams of the xerogels a) 1 and b) 2 prepared
from water, the xerogels c) 1 and d) 2 prepared from tert-butanol.

indication that 1 and 2 indeed assemble into a lamellar
organization. The obtained long spacings (d) of the xerogels 1
and 2 are 2.90 nm, 1.46 nm and 0.97 nm, corresponding to the
ratio of 1:1/2:1/3. The 2.90 nm length is smaller than twice that
of the extended molecular length of 1 and 2 (2.45 nm, by CPK
molecular modeling), but larger than the length of one
molecule. The aqueous gels 1 and 2, thus, should maintain an
interdigitated bilayer structure with a thickness of 2.90 nm
(Figure 7a). This value is compatible with a bilayer structure
with the alkyl chain tilting with respect to the normal to the
layer plane. Long spacing of 2.90 nm was also observed for the
aqueous gel state of 1 at high concentration. In addition, the
wide-angle region of the X-ray diagram for the aqueous gels 1
and 2 revealed a series of sharp reflection peaks, supporting
the view that presumably long alkyl chain groups form highly
ordered layer packing through the interdigitated hydrophobic
interaction.

In contrast, X-ray diffraction diagrams of the xerogels 1 and
2 obtained from tert-butanol are remarkably different from
those obtained in water, with a single sharp peak appearing at
d=3.48 nm in the small-angle region and one broad reflection
in wide-angle region (Figure 6¢ and 6d). However, it is unclear
whether the broad band in the wide-angle region is based on
the coexistence of different mesomorphic organizations or
slightly disordered structure of the organogel.l'”! The large
difference in long spacing (d) implies that the molecular
packing of the organogels 1 and 2 is quite different from those
of obtained from water. On the basis of XRD experiments,
there are two possible molecular packing structures that can
form a bilayered structure with a period of 3.48 nm (Figure 7b

2688
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Figure 7. Possible molecular arrangement of a) the aqueous gels 1 and 2,
b) and c) the organogels 1 and 2, and d) the aqueous gel 4.

and 7c). The first one can be described in that the hydrophilic
aldopyranoside moieties of 1 and 2 are exposed to the solvent,
as shown in Figure 7b, with the formation of much weaker
interdigitated hydrophobic interactions between long alkyl
chain groups than that in Figure 7a. The second one is a
molecular packing, in which hydrophilic aldopyranoside
moieties and the hydrophobic long alkyl chains occupy the
inner and outer parts of the bilayer membrane, respectively
(Figure 7c). It needs to bear a head-to-head packing model
with highly tilted alkyl chains relative to the bilayer normal.
Although on the basis of these XRD results and CPK models
the presence of the molecular packing in Figure 7c could not
be completely ruled out, it would be very unlikely that the
hydrophilic sugar moleties are shielded from the solvent. The
gelation ability of the bolaamphiphiles 3 and 4 with tert-
butanol also supports the molecular packing feature in
Figure 7b, since they cannot form the packing as shown in
Figure 7c. Hence, we propose a loosely interdigitated bilayer
structure (Figure 7b) for the organogel of 1 and 2 with tert-
butanol. In Figure 7b, the tert-butanol molecules might
incorporate into the long alkyl chains. These results indicate
that the hydrophobic interaction of the alkyl chains with the
organogels 1 and 2 is relatively weaker than those the aqueous
gels 1 and 2. This feature can well explain the broadening in
the wide-angle XRD for the xerogels 1 and 2.

The powder XRD for the bolaamphiphiles 3 and 4 prepared
from water display a single reflection peak with a long period
of 3.58 nm (Figure 8); this is compatible with the fully
extended molecular length of 3 and 4, and suggests a layered
structure with w—m stacking between the aromatic groups,
intermolecular hydrogen bounds between amide groups, and
the intermolecular hydrogen-bonding interactions of the
sugar moieties in aqueous phase (Figure 7d).l2d Similar
layered structures were also observable in the organogel
systems.
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Figure 8. Powder XRD diagrams of the xerogels a) 3 and b) 4 prepared

from water.

Conclusion

The aldopyranoside compounds proved to be effective
gelators for various organic solvents and water. Particularly,
1 and 2 can gelate water in the presence of a small amount of
alcoholic solvent, whereas 3 and 4 can gelate water in the
absence of any organic solvent at extremely low concentra-
tions (0.05 wt % ). The gelation process was thermoreversible.
Electron microscopy showed that gel formation is derived
from the formation of long, intertwined fibres with widths of
20-200 nm and lengths of up to several micrometers. 'H NMR
and FT-IR experiments demonstrated that self-assembly of
these aldopyranoside gelators is accompanied by formation of
7t —m stacking and intermolecular hydrogen bonds.

According to powder XRD experiments, the aqueous gels 1
and 2 formed a highly intergiditated bilayer structure, where-
as the organogels 1 and 2 maintained a loosely interdigitated
bilayer structure. The bolaamphiphilic gelators 3 and 4
formed monolayered structures.

These aldopyranoside-based gelators 1, 2 and 3, 4 can form
well-ordered bilayer and monolayered aggregates, respective-
ly, by self-assembly, through intermolecular hydrogen-bond-
ing interaction, 7t — stacking and interdigitated hydrophobic
interaction in water. These findings mean that the combina-
tion of several difference forces is essential to successfully
design the aqueous and the organic gel systems.

Experimental Section

Apparatus for spectroscopy measurements: 'H NMR spectra were
measured on a Jeol 600 spectrometer. FT-IR spectra were obtained in
KBr pellets and KRS-5 windows cell using a Jasco FT-620 spectrometer,
and MS spectra were obtained by Hitachi M-250 mass spectrometer. CD
measurement was performed using a Jasco J-725 spectrometer.

TEM and SEM measurements: For energy-filtering transmission electron
microscopy (EF-TEM) a piece of the gel was placed on a carbon-coated
copper grid (400 mesh) and removed after 1 min, leaving some small
patches of the gel on the grid. The grids were dried for 1 h at low pressure.
The specimens were examined with Carl Zeiss EM902, with an accelerat-
ing voltage of 80 kV and a 16 mm working distance. Field emission scanning
electron microscope (FE-SEM) was taken on Hitachi S-4500.

XRD: Powder XRD patterns were measured by a Rigaku diffractometer
(Type 4037) by using graded d-space elliptical side-by-side multiplayer
optics, monochromated Cug, radiation (40 kV, 30 mA) and an imaging
plate (R-Axis). The typical exposure time was 10 min with a 150 mm
camera length.

Chem. Eur. J. 2002, 8, No. 12
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Gelation test of organic fluids: The gelator and the solvent were put in a
septum-capped test tube and heated in an oil bath until the solid was
dissolved. The solution was cooled at room temperature. If the stable gel
was observed at this stage, it was classified as G in Table 1.

1,12-Dodecanedicarboxylic dichloride: A mixture of 1, 12-dodecanedicar-
boxylic acid (0.15 g, 0.58 mmol), oxalic chloride (0.50 g, 3.96 mmol) and
DMF (1-2drops) was dissolved in dichloromethane (5.0 mL), and the
reaction mixture was then stirred for 10 h at room temperature. The
residual oxalic chloride and solvent were removed by vacuum. The product
was directly used for the coupling reaction without further purification.

p-Aminophenyl-f-p-glucopyranoside and p-Aminophenyl-f-pD-galactopy-
ranoside: p-Nitrophenyl-3-D-glucopyranoside (1.0 g, 2.54 mmol) or p-
nitrophenyl-f-p-galactopyranoside (1.0 g, 2.54 mmol) was dissolved in
methanol (150 mL). Then, 10% Pd/C (1.0 g) was added to the solution.
Hydrogen gas was introduced into the mixed solution for 10 h at room
temperature under a nitrogen atmosphere. The reaction mixture was
filtered to remove Pd/C, and the filtrate was evaporated in vacuo to
dryness. The residue was purified by column chromatography on silica gel
with THF/chloroform (1/1 v/v). Yield 80-90%; 'H NMR (600 MHz,
[D¢]DMSO): 6 =3.4-4.1 (s,2H),52-53 (m 3H), 5.6 (s, 1 H), 6.7 (d, 2H),
7.37-746 (m, 5H); FT-IR (KBr): 7#=3312, 2909, 1635, 1510, 1364, 1217,
1089, 1005, 1035, 999, 806, 706 cm~'; MS (NBA): m/z: 360 [M*+H];
elemental analysis calcd (%) for C,¢H, NOg: C63.50, H5.89, N 3.90; found:
C 63.18, H 6.04, N 3.78.

Dodecanoyl-p-aminophenyl-$-D-glucopyranoside (1): A mixture of p-
aminophenyl-S-D-glucopyranoside (0.30 g, 1.10 mmol), dodecanoyl choride
(0.24¢, 1.10 mmol) and triethylamine (0.536 g, 5.50 mmol) in dry THF
(50 mL) was refluxed for 3 h under a nitrogen atmosphere. The solution
was filtered after cooling to room temperature, the filtrate being
concentrated to dryness by a vacuum evaporator. The residue was purified
by column chromatography on silica gel with methanol/chloroform (1:6
v/v). Yield 40 %; m.p. 168-169°C; 'H NMR (600 MHz, [D{]DMSO): 6 =
0.9 (t,3H), 1.2-1.5 (m, 18 H), 2.3 (m, 2H), 3.2-4.0 (m, 10H), 5.7 (d, 1 H),
725 (d, 2H), 7.65 (d, 2H), 9.1 (s, 1 H); FT-IR (KBr): #=3340, 2912, 1630,
1510, 1364, 1217, 1089, 1005, 1035, 999, 806, 706 cm~!; MS (NBA): m/z:
452.27 [M*+H]; elemental analysis calcd (%) for C,;H;;NO;: C 63.84, H
8.26, N 3.10; found: C 63.84, H 8.25, N 3.15.

Related compounds (2—-4) were synthesized according to a similar method.
We thus describe only their analytical data.

Dodecanoyl-p-aminophenyl-$-D-galactopyranoside (2): Yield 80%; m.p.
169-170°C; '"H NMR (600 MHz, [D¢]DMSO): 6=0.9 (t, 3H), 1.2-1.5 (m,
18H),2.3 (m,2H),3.2-4.0 (m, 10H), 5.7 (d, 1 H), 725 (d, 2H), 7.65 (d, 2H),
9.1 (s, 1H); FT-IR (KBr): 7 = 3340, 2912, 1630, 1510, 1364, 1217, 1089, 1005,
1035, 999, 806, 706 cm~'; MS (NBA): m/z: 452.27 [M*+H]; elemental
analysis calcd (%) for C,;H3,NO,: C 63.84, H 8.26, N 3.10; found: C 62.35,
H 8.20, N 3.20.

1,12-Dodecanedicarboxylic-bis(p-aminophenyl-f-D-glucopyranoside) (3):
Yield 50 %; m.p. >300°C; '"H NMR (600 MHz, [D,]JDMSO): 6 =1.0-1.5
(m,20H),2.3 (m,4H), 3.2-4.0 (m, 20H), 5.7 (d, 2H), 7.25 (d, 4H), 7.40 (d,
4H),9.1 (s,2H); FT-IR (KBr): 7 = 3410, 3340, 2912, 1630, 1510, 1364, 1217,
1089, 1005, 1035, 999, 806, 706 cm~!; MS (NBA): m/z: 76425 [M*+H];
elemental analysis caled (%) for C;HsN,Oy,: C 59.67, H 738, N 3.66;
found: C 60.02, H 7.20, N 3.60.

1,12-Dodecanedicarboxylic-bis(p-aminophenyl-f-D-galactopyranoside)
@): Yield 50 %; m.p. >300°C; '"H NMR (600 MHz, [Dg]DMSO): 6 =1.0-
1.5 (m, 20H), 2.3 (m, 4H), 3.2-4.0 (m, 20H), 5.7 (d, 2H), 7.25 (d, 4H), 7.40
(d, 4H), 9.1 (s, 2H); FT-IR (KBr): 7 =3410, 3340, 2912, 1630, 1510, 1364,
1217,1089, 1005, 1035, 999, 806, 706 cm~'; MS (NBA): m/z: 750.25 [M*+H];
elemental analysis caled (%) for Cs;HsgN,Oy,: C 59.67, H 738, N 3.66;
found: C 60.02, H 7.20, N 3.55.
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X-ray, *'P CP/MAS, and Single-Crystal NMR Studies, and *'P DFT GIAO
Calculations of Inclusion Complexes of Bis[6-0,6-0’-(1,2:3,4-Diisopropyli-
dene-a-D-galactopyranosyl)thiophosphoryl] Disulfide:

The Importance of C—H --- S=P Contacts in the Solid State

Marek J. Potrzebowski,*!*! Gisbert Grossmann,”! Katarzyna Ganicz,!?!
Sebastian Olejniczak,®! Wiodzimierz Ciesielski,'*! Anna E. Koziol,'!! Irena Wawrzycka,!*!

Grzegorz Bujacz,!?! Ulrich Haeberlen,'*! and Heike Schmitt!®!

Abstract:  Bis[6-0,6-0'-(1,2:3 4-diiso-
propylidene-a-D-galactopyranosyl)thio-
phosphoryl] disulfide shows a strong
tendency to form inclusion compounds.
The crystal and molecular structure of
eight different solvates was established
by X-ray analysis. The results indicate
three different types of disulfide ar-
rangements in the crystal lattice. By

means of 3P CP and single-crystal
NMR for the complex with propan-2-
ol. The principal axis 1 of both chemi-
cally equivalent phosphorus atoms is
nearly parallel to the P—S bond and the
principal axis 3 is very close to the P=S
bond. DFT GIAO calculations of the
model compound (EtO),(S)P'SSP%(S)-
(OEt), allowed assignment of the ex-

perimental chemical shift curves to the
magnetically nonequivalent atoms P!
and P2 The maximum difference be-
tween calculated angles (X i—P—X)cuicq
and experimental angles (X i—P—X).u
is 8.3° and the rms distance 3.8° (i=
principal axes 1, 2, 3; X=S§, -S-, -O1-,
-02-). The influence of C—H---S weak
hydrogen bonding on phosphorus

means of P CP/MAS NMR experi-
ments the principal values d,;, 0, and
035 of the 3P chemical shift tensor were
obtained for each form. The orientation
of its principal axes with respect to a
molecular frame was investigated by

drogen bonds -

Introduction

Analysis of known crystal structures shows that only 15 % of
organic compounds are able to include solvent molecules in
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shielding was tested theoretically (*'P
DFT GIAO) employing the dimethoxy-
thiophosphoryl disulfide - CH, complex
as a model compound. The sensitivity of
SIP ¢; parameters to intermolecular
forces is demonstrated.

the solid state.l!l The formation of different structures depends
on complex solute —solvent interactions. The thermodynamics
in the process of crystallization of the host — guest compounds
were recently discussed by Desiraju and co-workers.”) The
significance of noncovalent interactions (for example, strong
and weak hydrogen bonds) and their influence on the crystal
packing in these systems was also explored in detail.’! Much
attention was paid to the importance of weak C-H---O
hydrogen bonding. Taylor and Kennard® showed that
C—H--- O contacts are electrostatic in nature and occur for
C---O distances between 3.0 and 4.0 A assuming that the
C—H---O angle is in the range 90—180°. The geometry of
C—H-- O contacts in crystals of carbohydrates was reported
by Steiner and Saenger.P!

Investigating the bis[6-0,6-O'-(1,2:3,4-diisopropylidene-a-
D-galactopyranosyl)thiophosphoryl] disulfide (1) we conclud-
ed that this molecule belongs to the rare class of compounds
that have a very strong tendency to form inclusion com-
plexes.>7 A number of factors is responsible for the
formation of different forms of 1. Our attention was focused
on possible P=S:--H—C intermolecular contacts.®°l The
role of C—H --- S hydrogen bonding and the influence of weak

0947-6539/02/0812-2691 $ 20.00+.50/0 2691
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contacts on molecular packing of organic crystals was
discussed by Borrmann et al.l! A theoretical investigation
of C—H--- X hydrogen-bonded complexes (X=F, N, O, P, S)
was recently reported by Radom and co-workers.['!]

We wished to find out the mechanism of the solute —solvent
interactions in 1, about the possible influence of P=S---H-C
forces on NMR shielding parameters, and whether it is
possible to learn the nature of such contacts by studying the
tensorial character of the shielding of the 3P nucleus. The
project was carried out in several stages. In the first step, the
crystal structures of different forms of 1 were established, and
C—H - S and other intermolecular contacts were analyzed. In
the second step, 3P CP/MAS NMR experiments analyzed by
the Herzfeld-Berger approach,l'”l were used to find the values
of the principal elements J;; of the 3P chemical shift tensor for
each complex. The next step was the measurement of the
values of the principal elements of *'P chemical shift tensors
and the orientations of the principal axes with respect to a
molecular frame by means of single-crystal NMR for the
inclusion compound containing propan-2-ol in the crystal.
Finally, the DFT GIAO method was used i) to assign the
measured tensors to the two crystallographically equivalent,
magnetically inequivalent phosphorus atoms in the unit cell,
ii) to evaluate the accuracy of the calculated chemical shift
tensors, and iii) to test the sensitivity of the J; parameters to
P=S--- C—H contacts.

The GIAO B3PW 91 hybrid method!"® was employed for
calculating the 3'P shielding parameters. Unfortunately,
calculation of the full structure of 1 is very time consuming
and, because we were interested only in the
NMR shielding parameters of the phospho-
rus atoms, we removed the sugar groups.

S
1}
i_s_ Pfo O _-CH,
[0} S 0.0 CH,
00
\/\CH
H.C 3 2

1a: 1 with propan-2-ol 1f: 1 with benzene and n-hexane

1b: 1 with n-propanol 1g: 1 with benzene

1c: 1 with diisopropyl ether 1h: 1 with acetone

1d: 1 with toluene 1i: 1 crystallized from methanol

(without solvent in crystal
lattice)

1e: 1 with chloroform 1j : 1 with methylcyclohexane

(EtO),(S)PSSP(S)(OEL), (2) (MeO)x(S)PSSP(S)OMe), (3)

isostructural (Table 1). These crystals are monoclinic, with the
space group C2, and a host:guest ratio of 1:2. The disulfide
bridge of the host molecule is located on a crystallographic
twofold symmetry axis, thus the molecule in the solid state has
the point symmetry C, (Figure 1).

The S=P, P—S bond lengths and the angles S=P—S and
P—S—S—P in 1b, 1¢ and 1d are almost identical, with
respective values of about 1.9 (P=S), 2.08 A (P-S), 106°
(S=P-S) and |80|° (P—S—S—P) (Table 2). This geometry is
characteristic for the SSPSSP=S fragmentl® 7 as well as anti—
anti orientation of the S=P bonds (S=P—S—S is about
—159°).1 The values of torsion angles indicate that the
galactopyranose ring in structures 1b, 1¢ and 1d adopt a
distorted twist-chair conformation.

Table 1. Crystallographic and experimental data for complexes 1b-d.

These residues were replaced by ethoxy

groups Ri 2. The geometry of the
(R'0),(S)PSSP(S)(ORY), unit was kept ex-
actly the same as that established by the
single crystal X-ray studies of 1a.

Bis(dimethoxythiophosphoryl) disulfide
3. CH, complex was used as a model com-
pound for the theoretical studies of P=S---
H—C contacts. The compounds and models
investigated in this work are summarized
below.

Results and Discussion

X-ray single crystal studies: In our previous
work we found that bis[6-0,6-0"-(1,2:3,4-
diisopropylidene-a-D-galactopyranosyl)thio-
phosphoryl] disulfide (1) crystallizes from
polar as well as nonpolar solvents, for
example from benzene, n-hexane, chloro-
form, acetone, and propan-2-ol, and forms
different inclusion complexes.>7] In this
work we show that molecular complexes
with propan-2-ol (1a),! propan-1-ol (1b),
diisopropyl ether (1¢) and toluene (1d) are

2692

1b 1c 1d

empirical formula C,,H;0,,PS,/C;H;O C,,H;0,,PS,/CiH;,O0 C,,H;0,,PS,/C;Hg

formula weight 673.73 715.81 705.77

crystal system monoclinic monoclinic monoclinic

space group Cc2 Cc2 Cc2

unit cell dimensions

a[A] 29.386(6) 30.762(6) 30.457(6)

b [A] 10.430(2) 10.396(2) 10.372(2)

c[A] 11.920(2) 12.017(2) 11.811(2)

BI°] 105.73(2) 93.48(3) 93.44(3)

vV [A% 3516.6(11) 3836.0(12) 3724.4(12)

zZ 4 4 4

Peatea [gCmM ™) 1.273 1.239 1.259

p [mm~'] 2.301 2.138 2.179

F(000) 1436 1532 1500

crystal size [mm] 0.49 x 0.16 x 0.1 0.62 x0.23 x 0.1 0.83 x 0.23 x 0.49

60 range [°] 312<6<67.24 2.88<6<80.37 2.91<6<80.38

index ranges —-33<h<11 0<h<39 —38<h<37
—-12<k<11 —-13<k<0 —-13<k<0
—-13<i<14 —-15<I<15 —-15<I<15

reflections collected 5698 3668 7980

reflections independent

data/restraints
refined parameters
goodness of fit

R indices [ > 20(1)]
wR,

R indices (all data)
wR,

absolute structure parameter
extinction coefficient
largest diff. peak, hole [e A~3]

5081 (R = 0.039)
5081/5

3614 (R, = 0.0366)
3614/23

4263 (Ryy = 0.071)
4260/7

364 403 368

1.025 1.021 1.054

0.0571 0.0766 0.0497
0.1427 0.1761 0.1222
0.0991 0.1608 0.1170
0.1694 0.2241 0.1727
0.03(3) 0.07(5) 0.09(3)
12(2) x 10 0.8(2) x 103 1.5(2) x 10-3
0.52, —0.44 0.49, —0.35 0.26, —0.23
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Figure 1. Molecular structure of the asymmetric unit of 1b and the atomic
numbering scheme.

Table 2. Selected bond lengths [A], bond angles, and torsion angles [°].

1b 1c 1d
P1-06’ 1.569(3) 1.568(6) 1.559(4)
P1-06" 1.570(3) 1.555(6) 1.553(4)
P1-S1 1.898(2) 1.908(3) 1.900(2)
P1-S2 2.088(2) 2.075(4) 2.080(3)
S2-821 2.073(3) 2.068(6) 2.072(4)
S1-P1-82-S214 —158.7(1) —158.6(2) —158.5(1)
P1-S2-S201-P1la) —79.3(1) 81.1(3) —80.4(2)

[a] Atoms are the symmetry equivalent atoms created by the twofold
symmetry axis.

All crystals are built up of molecules of 1 packed along the
twofold symmetry axes, and solvent molecules located around
twofold screw axes. The guest molecules are locked in
channels (parallel to the b axis) in which isopropylidene
methyl groups of 1 are directed to the inside of channels
causing steric hindrance. The dimension of a channel is about
8 x 13 A, but the distance between methyl groups lying on the
opposite walls of the channel is ~6 A. So, these groups are the
main factor promoting the inclusion of guest molecules, even
when no strong host --- guest hydrogen bonds are formed. This
conclusion is consistent with our NMR and DSC studies
published elsewhere.["]

In all structures, intermolecular C—H --- S=P contacts are
observed (Table 3): in 1b and 1c they are important compo-
nents of both host---guest (shortest C---S distances are
3.88(4) and 3.52(2) A for 1b and 1¢, respectively), and host -
host contacts, whereas in 1d they link host molecules only
(C---S 3.87(1) A). Other attractive host --- guest forces de-
pend on the nature of the included solvent:

i) The propan-1-ol hydroxyl group in crystal 1b is involved in
a very weak Ogyeq—H ++- Oyoq hydrogen bond (geometry of

Table 3. Geometry of C—H -+- S=P contacts (C---S1 <4.1 A).

C--S1* H--S1 ¥C-H--S1
[A] [A] (']

(*) Symmetry code Type of contact

1b 3.88(4) 3.03 152 Yr—x,y—", -z host --- guest

3.92(1) 313 141 X y+lz host - host
4.041) 312 162 xy,z-1 host --- host
1c 3.52(4) 3.04 119 host -+~ guest
4.004) 375 94 host --- guest
4.07(2) 3.70 104 host --- guest
391(2) 315 136 x,y—1,z2 host --- host
1d 3.87(1) 311 137 x,y—1,z host -+ host
3.98(1) 3.06 160 x, ¥, z—1 host --- host

Chem. Eur. J. 2002, 8, No. 12
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this bond: O(1P)---O(1”) 3.345(3) A, H(10)---O(1")
223 A, ¥ O(1P)-H(10)---O(1") 110°).

ii) Weak hydrophobic Cy,—H -+, interactions in crystal
1d are observed between the toluene phenyl ring and the
methine C—H group of the galactopyranose (with distan-
ces C+--m 4.06 and H-+- 7t 3.11 A).

Inclusion crystals of 1 obtained from other solvents are built
up of host molecules without the molecular twofold symmetry
about the S—S bond.[® 7] Their structures are: 1e monoclinic,
P2;; 1f orthorhombic, P2,2,2,; 1g and 1 h trigonal, P3,.

However, the crystal lattice symmetry, the kind of guest
molecule (polar or nonpolar) and its interactions with 1 have
only a slight effect on host molecular geometry. A least-
squares fit of the S=PSSP=S fragment of molecule 1, adopting
in the solid state eight inclusion compounds 1a—h, showed
that the molecular structures of the host molecules are very
closed. The maximum deviation between respective atoms is
1.42 A for 1g, but between the four isostructural crystals 1a—
d the maximum deviation is only 0.82 A.

This molecule is the basic building block of the solid-state
structure. The common feature observed in each of crystals
1la-h is the presence of molecular columns formed by 1
(Figure 2a): molecules aggregate in the “head-to-tail” mode,
that is the disulfide bridge contact methyl groups of the
opposite side of 1, and they are repeated by a translation along
the column. The translation period of 10.4—11.9 A is simulta-
neously the length of the shortest of the unit-cell parameters.
Different relative orientations of the columns in the three-
dimensional crystal lattices depend on crystal symmetry. So
far, three types of column packing have been observed
(Figure 2b):

i) Columns are parallel in the space group C2.

ii) Columns are antiparallel, rotated by 180° in the space

groups P2, and P2,22,.

iii) Columns are rotated by 120° in the space group P3,.

The included solvent molecules occupy free volumes
between columns.

To check the importance of C—H:---S=P intermolecular
contacts, Version 5.211"4! of the CSD was used to search for
geometrical data. The general search was performed for
compounds containing C, H, O, S and P elements only, and for
intermolecular C---S distances <4.1 A and C—H -+ S angles
90-180°. Among these structures, the subset of compounds
with the S=P(O),—S fragment was found to have the shortest
contacts (104 contacts in total); the minimal C---S contact is
of 3.545(6) A for 1,6-anhydro-2-O-tosyl-4-S-(5,5-dimethyl-2-
thioxa-1,3,2-dioxaphosphorinan-2-yl)-3-D-glucopyranose
propan-2-ol solvate at 85 K.

3P CP/MAS solid state NMR: The room-temperature 3'P CP/
MAS spectra of bis[6-0,6-O"-(1,2:3,4-diisopropylidene-a-D-
galactopyranosyl)thiophosphoryl] disulfide complexes 1b, ¢,
and d show one set of spinning sidebands from the large
chemical-shielding anisotropy (CSA). The principal compo-
nents 0y of the 3'P chemical shift tensors were calculated from
the spinning sideband intensities employing the program
WINMASI! that is based on the Herzfeld—Berger algo-
rithm.['? The isotropic chemical shifts d;,, and the calculated
values of J; are given in Table 4. The accuracy of the
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Figure 2. a) Packing of host molecules 1 within a column, and a symbolic description. b) Types of molecular
column orientations of 1 observed in its inclusion complexes. I: parallel columns in the space group C2; II:
antiparallel columns in the space groups P2, and P2,2,2;; III: columns rotated by 120° in the space group P3,.

Table 4. 3'P NMR chemical shift parameters for bis[6-0,6-O’-(1,2:34-
diisopropylidene-a-p-galactopyranosyl) phosphorothioyl] disulfide (1).

Solvent Oiso o % [ 2% References
[ppm]  [ppm] [ppm] [ppm]

2-propanol (1a) 83.4 194.3 993 —432 I

n-propanol (1b) 83.3 197.0 953  —424 this work

isopropyl ether (1¢) 84.6 1939 1045  —44.6 this work

toluene (1d) 84.7 195.9 98.9  —40.6 this work

chloroform (1e) 88.0 2002 1032 —392 W

85.9 200.4 96.2 —39.0
benzene/n-hexane (1f)  86.8 196.6 105.0 —412 @
86.2 1971 102.0 —40.7

benzene (1g) 89.1 203.5 1028 —39.1 @
86.5 199.7  101.8 —42.1
acetone (1h) 86.2 197.6 971 =360 [
84.2 191.2 91.5 —30.2
without solvent (1i) 87.3 1982 107.4  —43.8 this work

84.0 190.8  102.6 —-413
methylcyclohexane (1j) 88.4 201.6 97.0 —334
87.5 2054 1044 —47.1
84.3 1951 101.0 —433
82.4 196.4 95.2 —445

this work

calculations was verified by comparison with simulated
spectra.

It is worth mentioning that 3P CP/MAS NMR also offers
the chance to test the ability of host molecule 1 to include
solvents for phases of which we were not able to grow single
crystals suitable for X-ray studies. Thus, Figure 3 displays the
3P CP/MAS spectra of crystals of 1 obtained from methanol
(1i) (without solvent in crystal lattice) and methylcyclohexane
(1j) solutions.

It is known that the number of resonance lines in the
isotropic part of such spectra provides information about the
molecular content of the asymmetric unit. As concluded from
BC CP/MAS measurements, sample 1i does not contain
solvent molecules in the crystal lattice. For this homomolec-
ular system we can assume that one molecule is present in the
asymmetric unit, and that two phosphorus centers P1 and P2
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are distinguishable. The com-
pound 1i is only one example
among others where the host 1
is not able to trap the guest
molecule. Crystal 1j presents a
more complex picture with four
SIP. NMR resonances in the
isotropic part of the spectrum
(Figure 3b). 3C CP/MAS stud-
ies clearly show that methylcy-
clohexane is present inside the
parent crystal lattice. Judging
from the thermal instability of
1j, which was also confirmed by
a variable temperature (VT) 3P
CP/MAS investigation (Fig-
ure 3¢), it can be assumed that
solvent molecules are included
only in part of the lattice of 1.
The less intensive outer lines in
each sideband arise from crys-

a)

240 200 160 120 80 40 0 -40
S8/ ppm
b)
240 200 160 120 80 40 0 -40
8/ ppm
o \«NMW
240 200 160 120 80 40 0 -40
&/ ppm

Figure 3. 'H»P CP/MAS experimental spectra at 121.49 MHz of a) 1i
modification, b) 1j modification, and c¢) modification of 1j after heating.
The spectra have 4 K data points with 10 Hz line broadening, a contact time
of 1 ms, 100 scans and 7,,, = 3.7 kHz.
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tal ranges with included methylcyclohexane molecules while
the more intensive inner lines correspond to solvent-free
ranges. With an increase in temperature, a migration of the
solvent molecules and a change of the crystal lattice is
observed.

The 3P O; values for phases la-j differ significantly
(Table 4). A similar observation was recently reported for
13C NMR by Smith et al. who investigated the polymorphism
phenomenon of 5-methyl-2[(2-nitrophenyl)amino]-3-thiophe-
necarbonitrile by means of solid state *C 2D NMR techni-
ques.'®l Grant and coworkers studied polymorphs of dimeth-
yl-3,6-dichloro-2,5-dihydroxyterephtalane and found signifi-
cant differences in the principal elements of the *C chemical
shift tensors.'”l These authors concluded that conformational
changes are responsible for the differences in the "“C dj
parameters. Note, from our X-ray studies (see previous
section) it follows that a change of the conformation of
disulfide 1 cannot be responsible for the observed spread of
the 3'P ¢; values of its crystal structures.

It is known that conclusions regarding changes in the local
environment of thiophosphoric systems can be drawn from an
analysis of the principal components o; of the 3'P chemical
shift tensor.'8! The analysis of the data collected in Table 4
shows several intriguing features. All principal components d;
show differences up to Ad; = 15 ppm for the different forms.
To explain such differences, we propose that they are due to
weak hydrogen bonding to the thiophosphoryl group or to the
bridging sulfur atoms. The origin of this effect is related to the
change in electronic shielding of the phosphorus as the sulfur
atoms becomes more polarized by the formation of the
hydrogen bond. It is very hard to find an experimental method
that could provide straightforward evidence for such subtle
contacts as weak hydrogen bonding and, further, to find out
how such contacts affect NMR parameters. On the other
hand, very recently developed methods of quantum chemistry
are a powerful tool for analysis of such problems. However, to
discuss the question of P=S---H—C contacts in terms of the
tensorial nature of the phosphorus shielding on the ab initio
level, it is a prerequisite to know experimentally the
orientation of the 3P principal axes i with respect to a
molecular frame of reference. The orientation of the principal
axes remains hidden from MAS NMR investigations. This
missing information can be obtained experimentally by NMR
goniometer measurements of single crystals. Such NMR
investigations were done only for a few phosphorus com-
pounds,['”! because the measurements are time consuming,
require a special probe head and a sufficiently large sample
crystal with edges not smaller than 3 mm. In the following
section we describe such measurements on the modification
1a.

Single-crystal NMR of 1a: As crystals of 1a are monoclinic
with two crystallographically equivalent, magnetically inequi-
valent phosphorus atoms P1 and P2 in the unit cell (not
counting translationally equivalent ones), its single crystal 3'P
spectrum consists of a general orientation of the applied field
B, of two chemically shifted resonances, which may, but need
not, be split by the dipolar couplings of closest pairs of 3'P
nuclei, see inset of Figure 4.
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Figure 4. Angular dependence of the 3P lines of a single crystal of 1a from
rotating the cube about the y, axis. Inset: Spectrum for ¢ = 136.5° [note, it is
a typical quasi-AB spectrum].

The dipolar splitting is given by R(3cos?0 — 1), where 0 is
the angle between the applied field B, and the line connecting
the two P atoms. From the structure of 1a, we deduce R=
262 Hz. In general, such spectra will be determined by the
difference of chemical shifts (7, —75) and by the direct and
indirect spin-spin interactions. The 3/ coupling, estimated
from the solution 3C NMR spectra of § and y carbons are
found to be below 2 Hz (this value is in accordance with that
in other bis(dialkoxythiophosphoryl) disulfides™®!), and can
be neglected in the analysis of solid-state single-crystal spectra
with a line width over 250 Hz. If B, is either parallel to the
monoclinic axis [010], or lies in the monoclinic plane (010) of
the crystal, the resonances from P1 and P2 will collapse into a
single one.

To access the symmetric parts of the chemical shift tensors
of P1 and P2, we rotated an orientated single-crystal sample of
1a fixed inside a hollow cube about the three cube edges
labelled x., y., and z. and took spectra for each 7.5° increment
of the rotation angle. The rotation axis is, as usual, perpen-
dicular to B,. In Figure 4, the spectral positions of the
observed lines are plotted for rotation of the sample about the
y. edge of the cube. The large variations of the line positions
seen in that Figure are due to the anisotropic chemical shifts,
the small splittings with their characteristic angular depend-
ence due to the dipolar couplings. The centers of gravity of the
dipolar split resonances, that is, the pure chemical shifts, are
plotted in Figure 5 for rotation of the sample about the three
cube edges x., y. and z..

By a least-squares fitting procedure we want to analyse
these so-called rotation patterns in terms of the chemical shift
tensors o of P1 and P2. In fact, only one shift tensor has to be
determined because the second is symmetry related to the
first. The important question is which of the two tensors is to
be assigned to P1 and which to P2, and is beyond the pure data
analysis so will be discussed further below.

For the data analysis we need to know the orientation of the
sample crystal relative to the cube edges x., y. and z.. The plan
was to fix the crystal inside the hollow cube such that the b
axis, the —c axis and the reciprocal axis a* of the crystal,
respectively, are parallel to the cube edges y., x. and z.. Had
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Figure 5. Angular dependence of the *'P chemical shifts of a single crystal
of 1a. The curves reflect the fitted 3'P chemical shift tensors.

we succeeded perfectly, no chemical shift differences of P1
and P2 should be detectable in the y. rotation pattern and,
furthermore, the x. and z. patterns should be mirror sym-
metric about the crossings of the two traces in these patterns.
As Figure 5 shows, these criteria are satisfied approximately,
but not perfectly. As the x, pattern displays nearly perfect
mirror symmetry we concluded that the x. edge of the cube
lies very close to the monoclinic plane (010) of the crystal. To
start the data analysis we assume that it is, as planned, parallel
to —c. The data in Figure5 are highly redundant for
determining the six cartesian components o; (=0j;) of the
symmetric part of a chemical shift tensor in a suitable chosen
crystal-fixed axes system for which we use the so-called
standard orthogonal system (SOS) with xgos || @, ysos || & and
Zsos || ¢*. Therefore, we can use these data for improving our
knowledge of the orientation of the sample crystal inside the
cube. The possible improvement concerns primarily the
orientation of the y. and z. cube edges inside the plane
perpendicular to —c. This orientation is described by the
(signed) angle a =% (b, y.). We point out that the data do not
allow us, unfortunately, to detect and correct a deviation of
the cube edge x. from —c so long as x. remains within the
monoclinic plane (010).

Fitting is done with the second-rank tensor least-squares
fitting program SUPERFIT.?! Apart from shift data as in
Figure 5, SUPERFIT needs as input (i) the orientation of the
rotation axis R of each pattern specified by, for example, its
polar angles 3y and ¢y, in the SOS and, ii) a reference angle ¢y
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for which rotation angle ¢ the applied field B, is parallel to a
specified reference direction in the plane perpendicular to the
rotation axis. By inspection of the x. and z. patterns in
Figure 5 we can safely conclude that the crossing of the two
traces at the common value of about 6 = 160 must correspond
to By, approximately parallel to b. Therefore, the other
crossings of the traces (at about 0 =88 in the x, pattern and at
about 0 =8 in the z, pattern) and also the (single) crossing of
the traces in the y, pattern must correspond to crossings of the
path By(R;,$), Ri=x., y., z., with the monoclinic plane (010)
of the crystal. The direction of B, at a crossing point is fixed
once the rotation axis of the crystal is known and we take that
direction as the reference direction for SUPERFIT. The
corresponding reference angles ¢, %) can be read from the
rotation patterns with considerable accuracy.

SUPEREFIT calculates for a test tensor ¢**' the shifts for all
crystal orientations implied by data as in Figure5 and
minimizes with respect to the components of* the standard
deviation sigma of the (weighted) squares of the differences
between calculated and actually measured shifts. In the
present data analysis we also considered « as a free parameter
to minimize sigma. The best-fit value for a turned out to be
Qo =—35.0°. After the fitting procedure had converged, we
still noticed deviations between calculated and observed
shifts, which were systematic with respect to the rotation angle
¢ in the three rotation patterns. We tried to eliminate them by
allowing x. to move out of the monoclinic plane (010) by an
angle . A slightly smaller minimum of sigma was reached for
B =1.0° but systematic differences remained. We think they
are due to the assumed orthogonality of the three rotation
axes implied by our data analysis, which in reality need not be
exactly true. The result of the fit is given in Table 5. Its quality
may be appreciated by comparing the data points in Figure 5
with the full curves, which represent the fitted tensors.
Included in Table 5 are d;, and the principal values o; as
obtained from a side band analysis of CP/MAS experiments,
as well as results from DFT GIAO calculations to which we
turn now.

Table 5. Experimental and calculated 3P nuclear magnetic shielding
tensors of 1a characterized by principal values o; [ppm]® and orientations
of the principal axes i in the SOS.[]

Method Jiso oy [ 033 rms distance
[ppm]
CP/MAS 83.4 133.7 228.7 371.2 1.3
single crystal 841 1328 2297  369.3 1.5l
DFT GIAQ! 101.6 111.4 199.7 368.0 21.3
axis 1 axis 2 axis 3

0, P 0, @2 05 @3
single crystal 81.77 61.28 40.98 321.70 129.79 338.20
DFT GIAO 77.92 63.02 34.47 314.85 121.72 340.63

[a] 0; =328 ppm — Jj, see ref. [22]. The o;; are referenced to H;PO, (85 %).
[b] The polar angles 6; and the azimuth angles ¢; define the orientation of
the principal axis i for atom P1 in the standard orthogonal system: x5 | |a;
Ysos | |3 zsos | | ¢*. For atom P2 these angles amount to 6;(2) =180° — 6;(1)
and ¢;(2) = 180° — ¢;(1). [c] rms distance = {[Z(A;, — A;,)*]/n}'?, with A —n
values, i =1...n,x: MAS NMR values or DFT GIAO values, s: single crystal
NMR values. [d] See ref. [7]. [e] The standard deviation s of the fitting
procedure for single-crystal measurements. [f] For model compound 2.
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As mentioned above, there is no purely experimental way
to assign the chemical shift tensor specified in Table 5 to
either P1 or P2. To learn which assignment is correct we
performed chemical shift tensor calculations using the DFT
GIAO approach included in the Gaussian98 program pack-
age.[’] Rather than perform the calculations for the compli-
cated molecule 1a, we did them for the simpler model
compound 2. In ref [19h] we showed that such model
calculations lead to only slightly poorer results than calcu-
lations for the larger molecule of actual interest. According to
the calculations, the principal axis3 (most shielded) is
expected to be very close to the P=S double bond while
principal axis 1 (least shielded) should be close to the P—S
single bond. Indeed, one and only one of the two possible
assignments reflects these shielding characteristics such that
we can safely conclude that the tensor specified in Table 5 is to
be assigned to P1. Following this assignment we show the
relation of the principal axes 1, 2 and 3 of the 3'P chemical
shift tensor to the molecular framework of 1a. In Table 6 we
list the angles subtended by the principal 3'P shielding axes 1,
2 and 3 and all bonds of the phosphorus atom P1 in 1a as they
are found in the experiment and, in the model compound 2, by
the DFT GIAO calculation. The root-mean-square-distance
between the measured and calculated angles is 3.8°, which
confirms the adequacy of the calculation for the purpose of
the tensor assignment.

Table 6. Angles between principal axes i and P—X bonds from a single
crystal of 1a and calculated values for the model compound 2. The shaded
entries demonstrate that the principal axis 3 is nearly parallel to the P=S
bond while the principal axis 1 is nearly parallel to the P—S bond.

Method i xi—P=S ¥ i-P-S X i—P-O01 x i—P-0O2
single crystal 1 93.6 14.2 110.1 120.5

2 89.5 96.7 38.7 134.9

3 3.7 102.5 121.5 119.6
DFT GIAO 1 89.9 17.0 113.7 121.1

2 97.0 92.8 342 131.0

3 7.0 106.8 113.2 123.4

[a] rms distance = {Z [(Xi—P—X)cgreq — (K i7P—X) oy |2+ Vi2}2 =3.8°.

3P DFT GIAO calculation of P—S..-H—C contacts: We now
turn to the influence of P=S--- H—C contacts on 3'P shielding
parameters. In order to analyse this problem within a
reasonable time and with sufficient accuracy, we employed
an even simpler model, bis(dimethoxythiophosphoryl) disul-
fide 3, for which the X-ray structure and preliminary 3'P CP/
MAS studies were published previously.?* 2 This compound
crystallizes in the space group C2/c with one molecule in the
asymmetric unit. The experimental isotropic 3'P resonances of
P1 and P2 are separated by 3.0 ppm. As coordinates for
calculation of the model compound 3 we have used the crystal
structure data of the real molecule. We may conclude that the
orientation of the 3'P principal axes in the molecular frame is
the same as in the case of 2.

In the next step, we built the molecular complex shown in
Figure 6 a, where the methane molecule is in close proximity
to one of the thiono-sulfurs of 3 and the P1=S--- H—C unit is
aligned in the plane of S=P1—S bonds. The distance d between
the sulfur and the carbon in the P1=S--- H—C fragment was
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B)

Figure 6. The molecular complex of bis(dimethoxythiophosphoryl) disul-
fide 3 with methane.

varied in the range from 2.4-4.1 A. Several DFT GIAO
calculations were carried out with constant increments of d
equal to 0.1 A. When d is equal to 4.0 A, the shielding
parameters for both centers P1 and P2 are the same as in the
isolated molecule 3. The calculated isotropic *'P resonances of
P1 and P2 are separated by 2.2 ppm. The results of the
calculations for P1 are presented in Figure 7a. With decreas-
ing d a change of the J; for P1 takes place while these values
for P2 remain practically constant. It is interesting to note that
the changes of o;; and 0, on the one hand, and o0s; on the
other, go in opposite directions: with increasing o;; and 0,, a
decrease of 035 is observed. When d is in the range of 3.2—
3.8 A (the region of interest) the changes of o, and oy
amount to a few parts per million.

Finally, we were attracted by the prospect of establishing
the influence of P1-S---H—C forces on *'P NMR shielding
parameters considering the thiolo sulfur. The model used for
such a calculation is presented in Figure 6b. Figure 7b shows
the relationship between d distance and oy values for P1.
Analysis of the data obtained shows that the influence of this
type of interaction on 3P NMR shielding is much smaller
compared to analogous thiono sulfur---CH, contacts. This
fact is apparent from comparison of changes of span Q
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Figure 7. The relationship between the distance d between the sulfur and
the carbon in the P=S---H—C and the P—S---H—C units and the values of
the principal elements of the 3P nuclear magnetic shielding tensors
calculated by the DFT GIAO method.

parameters®! defined as 03;;-0;; versus d as shown in
Figure 8.

As known, the inner shell electrons contribute to a strong
and nearly isotropic shielding of a nucleus, while the valence
electrons give anisotropic deshielding contributions. If one
considers that the deshielding contributions to a given oy
depend on the electronic structure in a plane perpendicular
to the principal axis i, bonds almost perpendicular to a certain
principal axis i should mainly affect the magnitude of o;;. This
effect is well demonstrated by the LMO contributions of
IGLO calulations.?"! The considered P=S --- H—C interactions
lie in the direction of the principal axis 3 and the distortion of

300 -
280
260 A
240

220

Gaz-c11/ ppm

200

180 3

160 T T T T T d
2.6 2.8 3 3.2 34 3.6 3.8
d(S-H-C)/ A
Figure 8. Comparison of changes of the span parameter (2 = 03; — 0y;) of
the 3'P nuclear magnetic shielding tensors calculated by the DFT GIAO
method versus the distance d between the sulfur and the carbon in the
P=S---H—-C and the P—S--- H—C units.
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the electronic structure of molecule 3 results in a decrease of
deshielding in 0y, and 0,, and a increase in 03; while the P—S ---
H—C interactions lie in the direction of the principal axis 1 and
the distortion of the electronic structure results in a decrease
of deshielding in 0,, and 03; and an increase in oy;. Therefore,
the curves in Figure 8 show an opposite slope.

Conclusion

In this work the nature of solute —solvent interactions in solid
dithiophosphoroorganic carbohydrate derivative 1 is dis-
cussed. From X-ray studies it is apparent that the most
important factor responsible for holding guest molecules in
the crystal lattice is the van der Waals force together with
steric complementarity between host cavity and guest. The
importance of the packing coefficient of host cavities was
discussed recently by Nakano et al.’”l For 1, the barrier caused
by methyl groups of the isopropylidene blocking group is
crucial. The cases of methanol and ethanol, which are too
small to be trapped in the channels of 1, are very convincing.

Intermolecular interactions other than van der Waals forces
can be considered as a secondary factor, which operates when
the first condition is fulfilled. This synergistic mechanism
seems to be especially important for 1 and is responsible for its
high affinity for host—guest complex formation. The combi-
nation of experimental and theoretical approaches gives a full
picture of the nature of such contacts. The single-crystal NMR
studies provide the necessary information about the orienta-
tion of the principal axes of the chemical shift tensors with
respect to the molecular frame of 1. From our 3P CP/MAS
measurements and DFT calculations it became clear that the
0; components are sensitive to P=S--- C—H hydrogen bond-
ing. The analysis of the whole set of 3P ¢; parameters gives
much more information about the nature of such contacts
than the inspection of only the isotropic values. In particular,
the span parameter defined as the difference between o03; and
0y, gives straightforward information about the strength of
C—H---S hydrogen bonding.

Experimental Section

Preparations: Compound 17! (100 mg) was dissolved by warming in the
liquid guest (usually 5 mL), and the resulting solution allowed to stand at
room temperature. The crystals obtained were collected and dried on filter
paper.

X-ray Studies: Crystal data and experimental details are displayed in
Table 1. Diffraction data were measured at room temperature on a KM 4
diffractometer using Cuy, radiation (A=1.54178 A). Crystal structures
were solved by direct methods (SHELXS-97)1?8] and refined by full-matrix
least-squares minimization on F? using the program SHELXL-93% for 1b
and 1d, and SHELXL-97%! for 1¢. The starting coordinates used in the
refinement were those for the enantiomer of 1 having the known
configuration of D-galactopyranose. Non-H atoms of the host molecules
were refined with anisotropic thermal parameters. Solvent molecules are
disordered or poorly localized. Thus, for toluene and diisopropyl ether,
non-H atoms coordinates and isotropic displacement parameters were
refined, and for propan-1-ol non-H atoms positions only were refined,
isotropic thermal factors were kept fixed at U, =0.5 A2 Moreover, bond
length restraints were applied to all guest molecules. Methyl groups of
diisopropyl ether were found to be rotationally disordered with an
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occupation ratio 0.6:0.4. Hydrogen atoms of host, toluene, and diisopropyl
ether were positioned geometrically and their isotropic displacement
parameters were set to Ug=12 U, of the C-atom to which they are
bonded, while isotropic displacement parameters of all H-atoms of propan-
1-ol were set to Uy, =0.55 A2

CCDC-172522, 172523, and 172524 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccde.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK fax:
(+44)1223-336033; or e-mail: deposit@chemcrys.cam.ac.uk).

CP/MAS NMR Spectroscopy: Cross-polarization magic angle spinning
solid state P NMR spectra were recorded at 121.46 MHz on a Bru-
ker 300 DSX instrument with proton decoupling. Powder samples of 1 were
placed in a cylindrical rotor and spun at 2.0-4.5 kHz. The field strength for
'H decoupling was 1.05 mT, a contact time of 5 ms, a repetition delay of 6 s,
and a spectral width of 50 kHz were used, and 8 K data points represented
the FID. Spectra were accumulated 500 times, giving a reasonable signal-to-
noise ratio. P chemical shifts were calibrated indirectly through bis(di-
neopentoxyphosphorothioyl) disulfide set at 6 =84.0.

The principal elements of the 3P chemical shift tensor were calculated with
the program WINMAS.['’] Details describing the method and the accuracy
of calculations are exhaustively discussed elsewhere.*"!

Single-crystal >'P NMR spectroscopy: A special probe made by G. Scheler,
Jena (Germany), equipped with a goniometer and working at 121.5 MHz
on BRUKER widebore 7.1 T magnets was used. 'H high-power decoupling
coils were added by BRUKER. The rod for crystal rotation contains a cubic
hole to pick up an open 3 x 3 x 3 mm? cube as crystal holder to which the
crystal was fixed with its largest face, the 100 plane. The approximate
orientation x.|| — ¢,y | |b and z.||a* of the monoclinic crystal relative to
the cube axes x., y. and z. was controlled by X-rays. Three series of
measurements were carried out by rotating the crystal about the three cubic
axes from 0-180° perpendicular to B, in steps of 7.5°. Duration of m/2
pulse: 11 ps; dwell time: 9.1 ps; number of samples/fid: 2048; recycle delay:
6 s; number of accumulations per spectrum: 500 —1000.

Calculations: The primary calculations were performed on the model
compound (EtO),(S)P'SSP*(S)(OEt),. The coordinates of the correspond-
ing atoms were adopted from the crystal structure 1a.”’ Geometry
optimization was allowed for the hydrogen atoms only. The influence of
P=S---H—C contacts on the principal values ¢; of the 3'P shielding tensor
was simulated employing (MeO),(S)P'SSP*(S)(OMe), - CH, complexes as
model compounds. In the DFT part of GAUSSIAN98" the B3LYP
functionals and the 6-31 4+ G** basis sets were used. Calculation of the
nuclear magnetic shielding tensors was by the GIAO method.
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Reactivity of Vanadocene with a Nitrile “C=N Bond Activated by a
Tris(fluorophenyl)borane as Lewis Acid: Formation of Borane Adducts
of Vanada(@v)azirine Complexes—EPR Evidence for an Intramolecular

C—F---V Interaction

Robert Choukroun,* Christian Lorber, and Bruno Donnadieu!?!

Abstract: Reaction of vanadocene
[V(Cp),] with “activated” nitrile
R!CN-L (L: Lewis acid), obtained by
the reaction of borane adducts (L=
BR,; R=CF,, 26FCH, 345
FiCH,) with  nitriles  (CH;CN,
F;CC¢H,CN), yields the borane adduct
of vanada(v)azirine complexes
[V(Cp),(*-RIC=N-L)]. EPR studies
of a fluid solution were conducted on
these complexes. A doublet of octets
due to the coupling of one unpaired

Keywords:
spectroscopy
elucidation -

Introduction

It is well known that vanadocene reacts with activated alkynes
to give vanadacycloprene complexes of type A.['l We have
recently found that the vanadocene complex [V(Cp),] reacts

A
~

/ C/
I
A\ .

C
e
szv\|(|3 Cpa,V.

with polyyne ligands to give various vanada(1v)cyclopropene
complexes with novel structures.?! In this context, the addition
of a nitrile bond —C=N on [V(Cp),] to give VCN ring B as
vanadaazirine complex is still unknown. Literature reveals
that the reaction between vanadocene and nitrilium salt
[RC=NMe][BF,] (R =Me, Ph) produces iminoacyl vanado-
cene and the ionic complex [V(Cp),{n*-(Ph)C=NCH,}]|[BF,]

[a] Prof. Dr. R. Choukroun, Dr. C. Lorber, B. Donnadieu
Equipe Précurseurs Moléculaires et Matériaux
Laboratoire de Chimie de Coordination, CNRS UPR 8241
205 route de Narbonne, 31077 Toulouse Cedex 4 (France)
Fax: (+33)5-61-55-30-03
E-mail: choukrou@Icc-toulouse.fr.
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electron of the vanadium with the 'V
(I="7/2) nucleus and to an additional
hyperfine coupling to the ortho-F atom
borne by the phenyl ring of the borane
was elucidated by means of the different
Lewis acids used in this work. This EPR
behaviour gives evidence for the pres-

boranes .
- nitriles -
vanadium

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

ence of a C—F--- V interaction in a fluid
solution with L=B(C¢Fs5); and B(2,6-
F,C¢H;);. In contrast, the expected eight
line EPR pattern is observed with L =
B(3,4,5-F;C4H,);, in which no ortho-F
atoms are present in the phenyl ring. A
model can be drawn to take into account
this flexibility and V---F distances be-
EPR tween V and ortho-F atoms are in the

expected range for such an interaction.
structure

was characterized by an X-ray structure.””! On the other hand,
adducts of nitrile RCEN with Lewis acid have been reported
for a long time and widely studied.™ From the large increase
in ¥(C=N) stretching frequency induced by complexing with a
strong Lewis acid, it was found that the polarity of the nitrile
group is increased in the complex.P] More recently, Erker’s
group have studied the reactivity of a series of nitrile and
isonitrile ligands towards the Lewis acid B(CgFs);.[ This
work, based on different X-ray analysis of the adduct
complexes and complemented by a density functional study,
shows that the coordination of a Lewis acid to a nitrile leads to
a strengthening of the —C=N bond caused by a significant
increase of its electron density.*1° Considering that the Lewis
acid could modify the reactivity of the “C=N bond, the adduct
RCN - Lewis acid can be now considered as a ligand contain-
ing an “activated” —C=N bond. With this in mind, we have
explored the reactivity of the nitrile Lewis acid adducts with

[V(Cp).].

Results and Discussion

Synthesis and structural studies of [V(Cp),{n*-(CH;)C=N-
B(CeF5);}] (1) and [V(Cp),{n*(F;CCeH,)C=N-B(C4F);}]
(2): Addition of Lewis acid B(C4Fs); to nitrile (CH;C=N,
F;CC¢H,C=N) in toluene forms, in situ, the expected adduct
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RC=N'- L addition of [V(Cp),] dissolved in toluene to the this
adduct gives, after two days, the crystalline borane adduct of
the vanadaazirine complexes [V(Cp),{#n*-(CH;)C=N-
B(C4Fs)s}] (1) and [V(Cp),{n*-(F:CCsH,)C=N - B(CeFs)s}] (2)
(Scheme 1). These complexes are paramagnetic due to one

R
/
C
e
CpV + RC=N + B(CeFs)y ——=  Cpv_|
N
R=CH;, FosC{_)— \
: B(CeFs)s

Scheme 1. Synthesis of borane adduct of vanada(v)azirine complexes.

unpaired electron (u.;=1.85 and 1.72ug for 1 and 2,
respectively) in agreement with the spin value for a formally
vanadium(tv) (d!) system. To support our findings on para-
magnetic VIV species, complexes 1 and 2 were characterized
by X-ray crystallography (Figures 1 and 2, respectively). The

Figure 1. Molecular structure of 1 showing the labelling scheme; hydrogen
atoms are omitted for clarity. Selected bond lengths [A] and angles []:
V—C1 2.032(2), V-N 2.0922(17), N—C1 1.236(3), N-B 1.586(3), Cp1—-V
1951, Cp2-V 1961, C1-V-N 34.83(7), C2-C1-N 1379(2), CI-N-B
138.52(18), Cp1-V1-Cp2 138.33.

main feature of both structures gives evidence of the nitrile
bond attached to the vanadium atom through two o-type V—C
and V-N bonds of 2.03 A (av) and 2.10 A (av) for 1 and 2,
respectively. This produces a metallacyclo—imine structure
with an acute C-V-N angle of 34.7°(av). The nitrile coordina-
tion is reflected by an average 0.11 A increase of the C=N
bond length (for CH;CEN-L and p-O,N-CH,CEN-L (L=
B(C¢Fs);), d(C=N)=1.124(3) A and 1.135(3) A, respective-
1y®l) and by the geometrical alterations which accompany the
nitrile upon coordination (the C-N-B and the R-C-N bond
angles (R = CHj;, F;CC¢H,) are reduced from 180° in the free
nitrile - borane adduct to 140° (av) in the vanadocene adduct).

EPR spectroscopy and model considerations: X-band EPR
studies of 1 and 2 were carried out in THF. For 1 and 2, the
formation of a doublet of octets was observed. Variable
temperature experiments from —60 to +90°C do not show
any change except that both spectra are well resolved at
higher temperatures at which these lines sharpen. As an

Chem. Eur. J. 2002, 8, No. 12

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

F23

Figure 2. Molecular structure of 2 showing the labelling scheme; hydrogen
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]:
V—C1 2.0357(19), V-N 2.1217(15), N—C1 1.239(3), N—B 1.588(3), Cp1-V
1.948, Cp2—V 1.949, C1-V-N 34.59 (7), C2-C1-N 140.00(18), C1-N-B
144.08(17), Cp1-V-Cp2 138.21.

example of a typical spectrum, the EPR of 2 registered at
room temperature and 90 °C is shown in Figure 3. The Q-band
of the EPR THF solution of 1 and 2 confirms the registered
X-band spectra. Coupling of the unpaired electron of the
vanadium atom with the 'V a

(I=7/2) nucleus should have
given rise to the expected

eight-line pattern. An addition-
al hyperfine coupling of the
unpaired electron of the vana-
dium atom with an unknown
spin nucleus belonging to the b

molecule is responsible for this
puzzling feature. The ligand
framework contains other ac-
tive spin nuclei: 'H, "°F (I=1/2),
YN (I=1) and "B (I=3/2)
nuclei [natural abundance

99.98%, 100%, 99.64% and Figure 3. X-band EPR spec-
81.17% respectively; the inter-  tra of 2 in THF: a) room
action with the BC (I=1/2)  'emperature;b)90°C
nucleus of natural abundance
1.10% was ignored]. To demonstrate and confirm that one of
them is the effective nucleus responsible for the additional
coupling, we decide to investigate step by step (i.e., active spin
nucleus by active spin nucleus) each part of the ligand. In our
strategy, we modified a part of the environment of the
complex 1 by using labelled acetonitrile CD;CN and
CH,CPN. In both cases, the EPR spectra give a doublet of
octets identical to the EPR spectrum of 1 and with the same
EPR characteristics as 1. Both experiments eliminate any
coupling of the unpaired electron of the vanadium with the
different active spin nuclei of acetonitrile. If we exclude an
interaction with the boron atom (/=3/2) that could give a
more complicated EPR spectrum, we suggest that an inter-
action of a fluorine atom of the borane B(C¢Fs); with the

50G
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vanadium is responsible for the coupling constant observed
(vide infra) (1: g=1.996, A(°'V)=43.3 G; a(’F) =174 G; 2:
g=1997, A(P'V) =423 G; a(*F) =149 G).

A careful investigation of the X-ray structure of 1 and 2
does not indicate such an interaction in the solid state.
However, in a fluid solution, a dynamic process along the
rotation of B—C and N—B bonds allows the fluorine atom to
approach the vanadium centre. A model can be drawn to take

into account this flexibility
and the best situation for a
A2 C—F---V interaction is a

F
.0111 ® plane containing the V-C(1)-
l\g & ; 3‘30531"@ N-B-Cjo(CsFs)  atoms  in
o o which one ortho fluorine
. ?f N atom of the fluorophenyl li-

) gand could approach the va-
nadium centre through the
formation of a six-membered
ring picture (Figure 4). With
this model and taking into
account the rotation of the
fluorophenyl group along the B—C;, axis, six V--- F distances
in the range of 2.10-2.40 A are obtained for 1 and 2. For each
of the three fluorophenyl groups, different short distances
V---F were observed: 2.098, 2.130 and 2.168 A for 1, 1.834,
2.112 and 2.129 A for 2. The V---F separations observed here
are in the same range as those obtained in the literature for
fluorine atoms which bridge neighbouring vanadium atoms
2.044-2.173 A0S

Figure 4. Schematic view of
a six-membered ring V-N-B-
C-C-F.

Synthesis, X-ray characterization and EPR of [V(Cp),{n*-
(F;CCH)C=N-B(2,6-F.CH3);}]  (3) and  [V(Cp).{n*
(F;CC(H,)C=N-B(3,4,5-F;,CcH,);}] (4): In this context, we
address the question of whether another borane, bearing
hydrogen atoms in place of fluorine atoms, could confirm our
hypothesis, that is, the presence or not of a doublet of octets in
the EPR spectrum. In the course of this study, we have
prepared and isolated two new complexes: [V(Cp),{n*
(F;CC,H,)C=N-B(2,6-F,C¢H;);}] (3) which contains only
two fluorine atoms in the 2- and 6-positions of the borane
phenyl group and [V(Cp),{#*-(F;CCH,)C=N-B(34,5-
F;C4H,);}] (4) which contains fluorine atoms in the 3-, 4-
and 5-positions of the borane phenyl group, leaving two
hydrogen atoms in the 2- and 6-positions. Both complexes
were characterized by an X-ray structure determination
(Figures 5 and 6). The bond lengths and angles of 3 and 4
are very similar to those found for 1 and 2, except the N—B
distances which are longer, due to the lesser acidity of the
borane.’! As expected, the EPR spectrum of a solution of 3
gives the doublet of octets with the same EPR characteristics
asland2(3:g=1.997; A('V) =423 G; a(*F) =15.4 G). The
EPR spectrum of 4 gives a well-resolved octet (Figure 7; g =
1.998; A(*'V) =40.8 G). This fact can now be explained by the
absence of a fluorine atom in the ortho-position of the borane
B(3,4,5-F;C¢H,),.'% In contrast, the presence of two fluorine
atoms in ortho position of the phenyl rings in 3, as well as in in
1 and 2, contributes to the C—F---V interaction!'! and
subsequent hyperfine coupling a('°F) is observed. Moreover,
the presence of a doublet signal indicates the retention of only

2702
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Figure 5. Molecular structure of 3 showing the labelling scheme; hydrogen
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]:
V—C1 2.049(3), V-N 2.131(2), N—C1 1.231(3), N—B 1.610(4), Cp1—V 1.955,
Cp2—-V 1.961, C1-V-N 34.17(9), C2-C1-N 138.9(3), C1-N-B 140.4(2), Cp(1)-
V1-Cp(2) 137.87.

Figure 6. Molecular structure of 4 showing the labelling scheme; hydrogen
atoms are omitted for clarity. Selected bond lengths [A] and angles [°]:
V—C12.036(5), V-N 2.096(4), N—C1 1.232(5), N-B 1.614 (6), Cp1—V 1.937,
Cp2—-V 1.953, C1-V-N 34.66(15), C2-C1-N 138.4(4), C1-N-B 145.0(4),
Cp(1)-V1-Cp(2) 138.85.

_ 1

50G
Figure 7. X-band EPR spectrum of 4 in THF.

one V---F coordinative bond in solution. The results support
the view that the ortho fluorine atom of phenyl borane
interacts with the vanadium.!*3]
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Conclusion

In summary, this study shows that a Lewis-acid-activated
nitrile can assist the reactivity of organometallic complexes
towards “C=N bond. [V(Cp),] is the first example of this
reactivity and borane adducts of vanada(iv)azirine complexes
were fully identified. The Lewis-acid-activated nitrile is used
in our laboratories as a reagent for facile #*:C,N interactions
with other unsaturated organometallic complexes.'¥ On the
other hand, with respect to located ortho-fluorine atoms in
tris(fluorophenyl)borane, the EPR spectra provide evidence
for a C—F--- V intramolecular interaction in fluid solution, in
contrast to the nonobservable C—F---V interaction in the
rigid X-ray structure determinations.

Experimental Section

All experiments were performed under an inert atmosphere of argon by
using standard Schlenk and glove-box techniques. All solvents were dried
by conventional methods, distilled under argon and degassed before use.
[V(Cp),] was prepared according to the method given in reference [15] and
B(C¢Fs)s, B(2,6-F,C¢H;); B(3.4,5-F;C¢H,); according to that in refer-
ence [16]. Elemental analyses were performed in the laboratory (C,H,N).
Magnetic susceptibilities were determined by Faraday’s method. EPR
spectra were obtained by using a BRUKER ESP300E spectrometer.
[V(Cp),{n?-(F;CC(H,)C=N-B(C¢Fs);}] (2): In a typical experiment,
F;CC4H,C=N (18 mg, 0.1 mmol) in toluene (2 mL) was added to a solution
of borane B(C¢Fs); (52 mg, 0.1 mmol) in toluene (5mL); the freshly
resulting solution added to [V(Cp),] (18 mg, 0.1 mmol) in toluene (5 mL).
The solution was left for 2—3 days at room temperature to give dark red
crystals of 2. Yield 62mg (71%); elemental analysis calcd (%) for
CyH,,BF NV (864.2): C 50.03, H 1.63, N 1.62; found: C 50.23, H 1.48, N
1.62.

[V(Cp).(*-(H;CC=N-B(C F5)3}] (1), [V(Cp),{n*-(F;CCH,)C=N-B(2,6-
F,CHy)3}1 (3) and [V(Cp).{n*-(F;CCH,)C=N-B(3,4,5-F;CH,) 1] (4): By
using a procedure identical to that described above compounds 1, 3 and 4
were synthesized starting from [V(Cp),] (18 mg, 0.01 mmol), RCN
(CH;CN: 5.1 pL, 0.01 mmol, (F;CC¢H,)CN: 18 mg, 0,01 mmol) and the
appropriate borane [B(C¢Fs); (52 mg, 0.01 mmol), B(2,6-F,C.H;); (35 mg,
0.01 mmol), B(3,4,5-F;CH,); (40 mg, 0,01 mmol)]. A slight excess
(0.015 mmol) of the nitrile or borane also gave microcrystalline products
directly from the solution. The yields of these complexes were not
optimized (1: 44 mg, yield 60 %; 3: 38 mg, yield 54 %; 4: 32 mg yield 42 % ).
Elemental analysis calcd (%) for 1, C3,H3sBF 5NV (734.16): C 49.08, H 1.78,
N 1.91; found: C 49.29, H 2.00, N 1.95; elemental analysis calcd (%) for 3,
C3H,3BFNV (702.30): C 61.57, H 3.30, N 1.99; found: C 61.69, H 3.28, N
2.00 ; elemental analysis calcd (% ) for 4, C3sH,BF,NV (756.28): C57.17, H
2.67, N 1.85; found: C 57.55, H 2.77, N 1.91.

Crystallographic data for 1-4: For structures 1-4, data collection were
collected on a Stoe imaging-plate diffraction system (IPDS) with Moy,
radiation (1=0.71073 A). Any fluctuations of the intensity were observed
over the course of the data collection. All structures were solved by direct
methods and refined by least-squares procedures on F2 All hydrogen
atoms were located on a difference Fourier map and refined with a riding
model; all the remaining of non-hydrogen atoms was anisotropically
refined. In the last cycles of refinement a weighting scheme was used for
each structure in which weights are calculated from the following formula:
w=1/[c*(F?) + (aP)*+ bP] in which P=(F2+2F2)/3.

Compound 1: C3H;3;BF 5NV, M,=734.16, dark red crystals, 7=160 K,
monoclinic, space group P2,/n, a=10.2003(8), b=24.4078(19), c=
10.7573(8) A, =95.759(9)°, V=2664.7(4) A3, Z =4, p.yea=1.830 mgm=3,
#=0.503 mm~!, F(000) =1452, R=0.0611, R,,=0.0752 for all 5222 reflec-
tions and 434 parameters.

Compound 2: C3HBF{NV, M, =864.23, T=180 K, dark red crystals,
orthorhombic, P2,2,2,, a=18.8588(14), b=9.0255(6), c=19.1627(12) A,
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V=3261.7(4) A3, Z=4, Peaica=1.760 mgm =3, u=0.439 mm~!, F(000)=
1708, R=10.0378, R, =0.0642 for all 6374 reflections and 514 parameters.

Compound 3: CyHyBFNV, M, =702.30, T=170 K, dark red crystals,
orthorhombic, Pbca, a=17200(5), b=18.511(5), ¢=18.657(5) A, V=
5940(3) A%, Z=8, peea=1.571 mgm=3, u=0.420 mm~!, F(000)= 2840,
R=0.0714, R,,=0.0820 for all 4710 reflections and 462 parameters.

Compound 4: C3HyBF,NV, M, =756.28, T=160K, dark red crystals,
orthorhombic, P2,2,2,, a=9.152(5), b=18.318(5), c=18.913(5) A, V=
31712) A%, Z=4, poea=1.584 mgm=3, x=0.413mm -!, F(000)=1516,
R =0.07640, R,,=0.1066 for all 5148 reflections and 460 parameters.

CCDC-175646 to 175649 contain the supplementary crystallographic data
for this paper (compounds 1-4, respectively). These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.
uk).
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The Reactivity of [PhP(Se)(x-Se)], and (PhP);Se, Towards Acetylenes
and Cyanamides: X-ray Crystal Structures of Some P-Se-C and

P-Se-C-N Heterocycles

Pravat Bhattacharyya, Alexandra M. Z. Slawin, and J. Derek Woollins*!*!

Abstract: Several unusual P-Se-C and P-Se-C-N heterocycles are formed by the

reaction of [PhP(Se)(u-Se)], or (PhP);Se, with alkynes or cyanamides, generated by
the fragmentation of the organophosphorus-selenium compound and addition
across the C=C or C=N triple bond of the organic substrate. X-ray crystallographic

Keywords: cycloaddition - hetero-
cycles - phosphorus - selenium -
structure elucidation

analysis reveals an unexpected diversity of structural motifs within these heterocyclic

systems, including P,SeCN, P,C,Se and PC,Se, rings.

Introduction

Little detailed study has been conducted upon the organo-
phosphorus —selenium heterocycles 1-4, which are available
from the oxidation of pentaphenylcyclopentaphosphine,
(PPh)s, with selenium (Scheme 1).I" 2 Investigations by our-
selves and others have established that [PhP(Se)(u-Se)], (4;
“Woollins Reagent”) is an excellent material both for syn-
thesis of P-Se-C-N-, P-Se-N- and P-Se-C-containing hetero-
cycles* and the selenation of carbonyl groups to selenocar-
bonyls.> 8l Of the phospholanes 1-3, we have found that

Ph
|
S P
Ph__ e e\P/Ph Se/ \Se
\ \/
P—P P—P
RN v
Ph Ph Ph

/34.33 Se 2
\io Se

P
S
Se\/ \/Se Se\\P/ e\P/Ph
P—pP Ph” \Se/ Nse
i ph
3 4

Scheme 1. Heterocycles 1-4 from the oxidation of (PhP)s with selenium.
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(PhP);Se; (3) reacts with acetone or acetonitrile to give
P,SeOC and P,SeNC heterocycles, respectively, and that
(PhP);Se, (2) possesses a modest selenation capability.!" ®!
Thus the preliminary indications are that a rich and varied
chemistry exists for 1-4 and, indeed, for organophosphorus —
selenium heterocycles in general. In this paper we describe the
behaviour of 4 towards MeO,C—C=C—CO,Me (DMAD) and
PhC=CH, and of 2 towards dialkyl cyanamides and
PhC=C—-CO,Me, reactions that generate an array of new
P-Se-C and P-Se-C-N ring topologies.

Results and Discussion

The four-membered P,(u-Se), ring of 4 is readily cleaved
during its reaction with substrates such as cyanamides,
azobenzene and bicyclo[2.2.1]hept-2-ene (norbornene) to
give new phosphorus-containing heterocycles.* > However,
compound 2 has hitherto been completely overlooked as a
material for heterocycle synthesis. Our aim has been to rectify
this imbalance and develop further the synthetic capabilities
of 2 and 4.

Reaction of 4 with DMAD: Compound 4 reacts with DMAD
in toluene at 130°C to give (PhPSe),SeC,R, (5), PhP(Se)-
Se,C,R, (6) and PhP(Se)(C,R,),Se (7) (R=CO,Me,
Scheme 2) in modest yields (5-19% based on 4) following
column chromatography on silica gel; dichloromethane elutes
5 followed by 6, subsequently diethyl ether elutes 7. No
products other than 5-7 are apparent in the *P{'H} NMR
spectra of crude reaction mixtures, while the ester groups and
C=C bonds of 5-7 appear to be inert towards 4 under the
conditions employed. Compounds 5-7 are soluble in chlori-
nated solvents, toluene and diethyl ether, with lower solubility
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Scheme 2. Synthesis of compounds 5—7.

in hexane; these solution are stable to air for several days at
room temperature without appreciable deposition of red
selenium. In the 3P{!H} NMR spectra the magnitudes of
1J(P=Se) and J(P—Se) (785-823, 363 -380 Hz, respectively)
are normal.[> %6 %1 There are two v, vibrations in the IR
spectra (1743-1716 cm™!), with vp_g. between 557 -529 cm~L.
The EI mass spectra of 6 and 7 each contain a molecular ion
peak, while for 5 the highest molecular weight peak observed
corresponds to [M* — Se].

We propose a reaction pathway for the formation of 5-7 in
Scheme 3. By analogy with [(p-MeOCH,)P(S)(u-S)], (Law-
esson’s Reagent), we believe that at elevated temperatures 4
is in equilibrium with a diselenaphosphorane PhP(Se),, which
is the true reactive species in solution. The initial step in the
formation of 5-7 is a [2+2] cycloaddition of a P=Se bond
from PhP(Se), across the C=C bond of DMAD, giving an
intermediate I, which exists in equilibrium in solution in three
tautomeric forms; the 1,2-selenaphosphacyclobutene Ia, the
selone Ib and the dipolar species I¢e. A [4+2] cycloaddition of
Ib with another molecule of DMAD gives rise to 7. To account
for the formation of 5 and 6, we believe that I¢ reacts further
with PhP(Se), to give a second dipolar intermediate II, which

S (Se /Ph Se. B
c |
( Va RC=CR | SP—Se \\P/ Se
4 —= PhP - —
N | 22 \
’ Se
| KR R R R
k Ia b
RC=CR
442
R R [4+2]
Se ; :
\/P Se
Ph >—(_
R R - [PhPSe],
7 Se\P/Se\S /
€
ph” > {
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6
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Scheme 3. Suggested mechanism for the formation of 5-7 (R =CO,Me).
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can either eliminate (PhPSe), to generate 6 or cyclise to give
III, which extrudes selenium to afford 5.

The molecular structures of 5-7 determined crystallo-
graphically (Figures 1-3) are composed of P-Se-C rings
generated by the addition of fragments from 4 to the C=C
bond of DMAD. We have recently described the synthesis of a
saturated C-C-P-Se-Se ring in PhP(Se)Se,(C,H,;) from the
reaction of 4 with norbornene.! Oxidation of P,C,Ph, with
sulfur or hydrogen peroxide gives analogues of 5 that contain
a P(E)-E-P(E) linkage (E = O or S),I'l 1 4-thiaphosphorin-4-
selenides PhP(E)(CH = CR),S (R =H, Me or Et) have been
prepared by ring closure of S(C=CR), with PhPH, followed
by oxidation,['” while treatment of R'P(O)(C=CR?), (R! =Ph
or ¢-CiHy; R?=H, Me or Bu) with Na,Se,/NH;(1) gives
R!'P(O)(CH = CR?),Se;[¥l however, no crystallographic anal-
yses for these molecules have been published.

Compound 5 (Figure 1) is derived from 4 by replacing a
bridging selenium atom with C,R,. Within the C,P,Se ring the
P(1)-C(7)-C(10)-P(2) chain has a mean deviation from
planarity of 0.03 A, with Se(3) displaced by 0.37 A from this
plane. The two exocyclic P=Se bonds adopt a trans orienta-
tion, a common feature of ring systems containing a P(Se)-Se-

P(Se) linkage such as

SN (PhP),Se;OCMe,,  PhP(Se)(u-

P@S Se)(u-NPh)P(Se)Ph and

— | [RP(Se)(u-Se)l, (R=Bu or
9,_——1 3 Ph).5 14151 The P(1)-Se(3)-P(2)

R R angle (93.74(3)°) is wider than

Ie J in the P,(u-Se), ring of 4

(85.45(9)°),"! although the inter-
nal P—Se bond lengths (P(1)-

[PhPSe;,] Se(3) 2.2435(9), P(2)-Se(3)
2.2802(9) A) change little upon
ring expansion (2.276(2),
i Ph Sﬂ 2.284(2) A in 4)
\ o . .
Seq /Se@ P@ | For 6 (Figure 2) there are two
\ \/P Se | independent molecules within
PH >__~( | the unit cell. The Se(3)-C(7)-
R R J C(10)-P(1) chain of atoms has a

mean deviation of 0.02 A from
planarity (0.01 A in molecule 2),
l with Se(2) lying 0.74 A (0.16 A)
out of this plane and the phenyl
group on the same side of the

|
o
=
»n
L

\ g C,PSe, ring as this atom. The
Ses /se_P\ Se(2)-Se(3) bond length of
P Se 2.359(2) A (2.356(2) A) is identi-

cal to that

in PhP(Se)Se,-

Ph/R>:< ,

1
| R | (C;H,p) (2.352(1) A),B! the C=C
- distances  within the two
independent molecules of 6
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Figure 1. Molecular structure of 5 (C—H bonds omitted for clarity).
Selected bond lengths (A) and angles (°): Se(1)—P(1) 2.0916(9), P(1)—C(1)
1.798(3), P(1)—C(7) 1.831(3), P(1)—Se(3) 2.2435(9), Se(3)—P(2) 2.2802(9),
P(2)-C(13) 1.803(3), P(2)-C(10) 1.831(3), P(2)-Se(2) 2.0822(10),
C(7)-C(10) 1.336(4), C(1)-P(1)-Se(1) 115.15(11), C(7)-P(1)-Se(1)
112.12(10), C(1)-P(1)-Se(3) 107.69(10), C(7)-P(1)-Se(3) 100.06(11), Se(1)-
P(1)-Se(3) 114.77(4), P(1)-Se(3)-P(2) 93.74(3), C(13)-P(2)-Se(2)
115.64(12), C(10)-P(2)-Se(2) 111.44(11), C(13)-P(2)-Se(3) 103.29(11),
C(10)-P(2)-Se(3) 99.22(11), Se(2)-P(2)-Se(3) 117.43(4).

Figure 2. Molecular structure of 6 (C—H bonds omitted for clarity).
Selected bond lengths (A) and angles (°) (dimensions for second
independent molecule in square parentheses): Se(1)—P(1) 2.113(3)

[2.116(3)], P(1)-C(10) 1.828(9) 1.791(10)], P(1)-C(1) 1.841(12)
[1.807(11)], P(1)-Se(2) 2251(3) [2.261(3)], Se(2)-Se(3) 2.359(2)
[2356(2)], Se(3)~C(7) 1.916(9) [L.864(11)], C(7)-C(10) 1.300(12)
[1.368(14)], C(10)-P(1)-Se(1) 110.5(3) [115.8(3)], C(1)-P(1)-Se(1)
114.2(4) [114.4(3)], C(10)-P(1)-Se(2) 100.5(3) [101.8(4)], C(1)-P(1)-Se(2)
1072(4) [104.9(3)], Se(1)-P(1)-Se(2) 116.48(11) [115.32(11)], P(1)-Se(2)-
Se(3) 91.52(8) [94.20(8)], C(7)-Se(3)-Se(2) 95.5(3) [96.8(3)], C(10)-C(7)-
Se(3) 123.3(7) [124.6(7)].

being unexpectedly dissimilar (1.300(12) and 1.368(14) A)
relative to those found in 5 and 7 (1.336(4) and 1.347(3) A,
respectively).

The C,PSe ring of 7 (Figure 3) adopts a boat conformation
in which Se(2) and P(1) are the prow and stern atoms, the
phenyl group at P(1) being in an equatorial position. The
dihedral angle between the P(1)-C(16)-C(13)-Se(1) and P(1)-
C(7)-C(10)-Se(2) planes (mean deviations from planarity of
0.24 and 0.02 A, respectively) is 78°. In 5—7 the phosphorus —
selenium double and single bond lengths (2.082(4)-2.116(3),
2.2435(9)-2.2802(9) A respectively) fall within expected
limits,[t 2691014181 the angles at endocyclic selenium
(91.52(8)-100.33(10)°) being somewhat narrow.

Chem. Eur. J. 2002, 8, No. 12
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Figure 3. Molecular structure of 7 (C—H bonds omitted for clarity).
Selected bond lengths (A) and angles (°): Se(1)—P(1) 2.0925(7), P(1)—C(1)
1.808(2), P(1)~C(7) 1.814(2), P(1)~C(16) 1.811(2), C(7)—~C(10) 1.345(3),
C(10)—Se(2) 1.895(2), Se(2)—C(13) 1.886(2), C(13)—C(16) 1.347(3), C(7)-
P(1)-C(16) 102.34(11), C(1)-P(1)-Se(1) 116.69(8), C(7)-P(1)-Se(1)
112.90(8), C(16)-P(1)-Se(1) 112.54(8), C(10)-C(7)-P(1) 121.8(2), C(7)-
C(10)-Se(2) 125.3(2), C(13)-Se(2)-C(10) 100.33(10), C(16)-C(13)-Se(2)
125.9(2).

Reaction of 2 with R,NC=N (R,=iPr, or O(CH,CH,),N):
The reaction between 2 and O(CH,CH,),NC=N at 130°C
gives a mixture of products after ten hours. ¥P{{H} NMR
spectra of crude mixtures contain, in addition to unreacted 2
and (PhP),Se 1 (0P, =108.2, dPx=85.0, AA’XX' spin sys-
tem),"2 two products 8ab in similar quantities, each
characterised by two doublets with "’Se satellites (Table 1).
The 'J(P,P) couplings in 8a,b, reduced in magnitude from 2
(299 Hz), indicate retention of the P—P bond while 'J(P,,Se)

Table 1. *'P{'H}NMR parameters for 8—10 and 12.[2!

o [ppm] \J [Hz]
P, Py P, Py P..Se Py.Se
8a 105.6(d) 6.8(d) 268 751 345
8b 105.3(d) —11.8(d) 244 788 324
9a 104.7(d) —10.3(d) 267 (o] 360
9b 105.4(d) —252(d) 250 (o] 333
10 81.7 (d) 59.6(d) 13 (o] (o]
12 83.4(d) —23.9(d) 270 768 239

[a] Recorded in CDCl;. [b] Coupling unresolved.

and 'J(Pyx,Se) typify double and single bonds, respective-
ly.[ 25691 Chromatography on silica gel (dichloromethane
eluant) enables resolution of 1 (R;=1.0) from 8ab (R;=0.4),
with 2 unmoved (R;=0.0). By layering a dichloromethane
solution of 8a,b with hexane, fractional crystallisation of 8a
from 8b occurs, typically in 10—15 % yield based on 2. 3'P{'H}
NMR spectra show increased proportions of 8b remain in the
solution; however, the small amounts of 8a that invariably
persist preclude the isolation of pure samples of 8b.

X-ray crystallography identifies 8a as (PhP),Se,NCN(CH,-
CH,),0 (Figure 4) formed by addition of the (PhP),Se, ring
across the C=N bond of the cyanamide followed by elimi-
nation of (PhPSe), (n =3 has been reported previously®?), the
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Figure 4. Molecular structure of 8a (C—H bonds omitted for clarity).
Selected bond lengths (A) and angles (°): P(1)—P(2) 2.2372(14), P(1)—Se(1)
2.1073(10), P(2)—Se(3) 2.2412(10), P(1)-N(5) 1.653(3), Se(3)—C(4)
1.968(4), N(5)—C(4) 1.290(4); Se(3)-P(2)-P(1) 89.65(4), P(2)-P(1)-N(5)
104.58(11), P(1)-N(5)-C(4) 118.5(3), N(5)-C(4)-Se(3) 122.4(3), C(4)-Se(3)-
P(2) 95.26(10), P(2)-P(1)-Se(1) 108.78(5), N(5)-P(1)-Se(1) 116.62(12).

ultimate fate of which is presumed to be formation of
(PhP),Se (Scheme 4). Simultaneous C—Se and P—N bond
formation also occurs during the reaction of 4 with R,NC=N,
leading to [R,NC(Se)=N],P(Se)Ph, which contains two
PSe,CN rings fused along the P=Se bond. In 8a, P(1) and
P(2) possess opposite chiralities (both enantiomeric forms co-
crystallise), with the phenyl groups being oriented above and
the morpholine ring below the P,SeCN plane. P(2) lies 0.17 A
out of the plane defined by P(1)-N(5)-Se(3)-C(4) (mean
deviation from planarity of 0.04 A), with P(1) being 0.25 A
above this plane, the P(1)—Se(1) and P(2)—Se(3) distances
being 2.1073(10) and 22412(10) A, respectively. The
P(1)-N(5) bond length (1.653(3) A) is longer than the P-N
bond lengths of 1.605(5)-1.620(3) A in [R,NC(Se)=N],-
P(Se)Ph,! while P(1)-P(2) (2.2372(14) A) is longer than the
P—P distances of 1 (2.189(2)-2.201(2) A), (MeP),Se;
(2.201(5)-2.234(5) A) or (CsMesP),Se (2.203(3) A).29 101
The angles at P(1) are between 104.58(11) —116.62(12)°, while
those at P(2) fall within a narrower range, 89.65(4)-
100.90(12)°.

Compound 8a is susceptible to aerial oxidation in the solid
state, with the deposition of red selenium over one month, but
is stable indefinitely under nitrogen. The similarity of their
SIP{'H} NMR parameters suggests that 8b is a diastereomer of
8a, in which P(1) and P(2) possess the same chirality.

The reaction of 2 with iPr,NC=N gives, in addition to 1 and
unreacted 2, two products 9a,b whose 3'P{'H} NMR param-
eters closely resemble 8a,b (Table 1). Once more, 1 and 2 are
separable from 9ab by chromatography on silica gel,
although in this instance we are unable to isolate 9 as a solid
by crystallisation from dichloromethane/hexane. From a
solution of 9ab in CDCIl; which had evaporated over two
months at 25°C, we collected approximately 5 mg of colour-
less crystals of a new product (PhP),Se;NCNiPr, (10; Table 1),
the bulk material having decomposed to red selenium,
PhP(O)(OH), (6p =24.7) and iPr,NC(Se)NH,. X-ray crystal-
lography (Figure 5) reveals that 10 contains a P,SeCN ring,

Figure 5. Molecular structure of 10 (C—H bonds omitted for clarity).
Selected bond lengths (A) and angles (°): P(1)-Se(12) 2.2749(9),
Se(12)—P(2) 2.2283(10), P(1)—Se(1) 2.085(10), P(2)—Se(2) 2.0977(9),
P(1)-N(1) 1.637(3), P(2)~C(2) 1.909(3), N(1)-C(2) 1.298(4); N(1)-P(1)-
Se(12) 102.83(10), P(1)-Se(12)-P(2) 90.29(3), Se(12)-P(2)-C(2) 97.71(11),
P(2)-C(2)-N(1) 119.0(2), C(2)-N(1)-P(1) 125.2(2), N(1)-P(1)-Se(1)
117.56(11), Se(1)-P(1)-Se(12) 109.24(4), C(2)-P(2)-Se(2) 111.8(1), Se(2)-
P(2)-Se(12) 117.40(4).

with a P(Se)-Se-P(Se) linkage and a trans orientation of
exocyclic P=Se groups, see (PhP),Se;OCMe,.l! The P(1)-
Se(12)-P(2)-N(1)-C(2) ring atoms have a mean deviation
from planarity of 0.13 A, with phosphorus-selenium distances
(P(1)—Se(1) 2.085(10), P(2)—Se(2) 2.0977(9), P(1)—Se(12)
2.2749(9), P(2)-Se(12) 2.2283(10) A) are comparable to 5—
7, 8a and related structures.!>? ¢ % 1014181 The P(1)-Se(12)-
P(2) angle in 10, 90.29(3)°, is closer to that in
(PhP),Se;OCMe, (90.7(1)°) than in 5 (93.74(3)°), with
P(1)-N(1) (1.637(3) A) marginally shortened from 8a. The
angles at P(1) and P(2) are 102.83(10)-117.56(11)° and
97.71(11)-117.40(4)°, respectively, the internal E-P(1)-
Se(12) angles (E=N(1) or C(2)) being the smallest in each
set.

o o B ] Ph_ ﬁiph
Ph Ph \ / Ph Ph P—FP
o N /P—P - (PhPSe), P— P\ Se / \
—_— —_ > Se N
Se/ \gé/:/\\ \ ™ | > : \%
N, NR P / \%
4 2 P > NR NR,
| Se 2 NR,
Ph R,N = O(CH,CH,),N 8
- oriPr,N 9
2

Scheme 4. Proposed mechanism for the formation of 8 and 9.
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Compound 10 is absent from the *'P{'H} NMR spectra of
crude reaction mixtures of 2/iPr,NC=N. In separate experi-
ments, oxidation of 8 a with selenium at 130°C gives a species
whose 3'P{'H} NMR parameters (doublets at o =73.6,
63.4 ppm, 2J(P,P)=7 Hz) are comparable to 10, indicating
that a slow intermolecular selenium atom transfer in con-
junction with substantial structural reorganisation upon
oxidation occurs during the conversion of 9a,b to 10.

Reaction of 4 with PhC=CH: In contrast to the mixture of
heterocycles 57 obtained from DMAD, compound 4 reacts
with PhAC=CH to give one product, PhP(Se)Se,(PhC=CH)
(11), in 58 % isolated yield following chromatographic work-
up (Scheme 5). In its "H NMR spectrum the alkene proton of

Se Se
S Se - PhC=CH Sp7 Nge
X/ Nl —_ P’ > (
PR N se toluene, 130°C —
H Ph
4 11

Scheme 5. Synthesis of compound 11.

11 has a J(PH) coupling of 34 Hz, the magnitude of which
suggests a trans 3J coupling; however, 'H-*'P HMQC and 'H-
'H NOESY experiments lead us to the conclusion that this is
in fact a 2J cis coupling. Attempts to grow single crystals of 11
for X-ray analysis to corroborate this assignment have, to
date, been unsuccessful. Undoubtedly the formation of 11
proceeds by a pathway analogous to that postulated in
Scheme 3 for 5-7, but it is unclear why only one compound
is formed regiospecifically in this reaction, rather than a
mixture of products as seen for DMAD.

Reaction of 2 with PhAC=C—CO,Me: The reaction between 2
and PhC=C—CO,Me gives several products; *P{'H} NMR
spectra of mixtures obtained after six hours at 130°C contain
several doublets with 'J(P,P) couplings of 250-270 Hz,
indicating retention of the P—P bond from 2. Chromatography
on silica gel is moderately successful in resolving this mixture.
Elution with toluene affords a yellow fraction containing two
species (0p=68.0 {d, J(PP) =264 Hz}, —16.5 {d, J(PSe)=
247, 'J(PP) =264 Hz}; 0, =58.9 {d, 'J(P,P) =254 Hz}, — 8.9 {d,
LJ(PSe) =247, 1J(P,P) =254 Hz}) in equal quantities, which
decomposed over 48 hours under aerobic conditions and were
not further characterised. Subsequent elution with dichloro-
methane affords a second yellow fraction comprising one
component 12, whose 3P{'H} NMR parameters (Table 1)
resemble those of the products in the toluene fraction. A
notable feature of 12 and the compounds in the toluene eluate
is the magnitude of the 'J(PSe) coupling (239-247 Hz),
approximately 30% smaller than that in 8 or 9. X-ray
crystallographic analysis reveals that 12 contains a P,C,Se
ring (Figure 6), the internal dimensions of which vary little
from those of the P,SeCN ring in 8a with the exception of
P(1)~C(5), which is 0.17 A longer than the P(1)-N(5)
distance in 8a. The P(2)—Se(3) distance, 2.266(3) A, is only
marginally elongated from the corresponding parameter in 8a
(2.2412(12) A). The P(2) atom lies 0.69 A out of the mean
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Figure 6. Molecular structure of 12 (C—H bonds omitted for clarity).
Se(1)-P(1) 2.095(2), P(1)—C(5) 1.822(7), P(1)—P(2) 2.215(3), P(2)—Se(3)
2.266(3), Se(3)—C(4) 1.930(8), C(4)—C(5) 1.317(11); C(5)-P(1)-Se(1)
115.9(3), C(5)-P(1)-P(2) 102.3(3), Se(1)-P(1)-P(2) 112.79(11), P(1)-P(2)-
Se(3) 91.98(10), C(4)-Se(3)-P(2) 97.4(2), C(5)-C(4)-Se(3) 121.7(6), C(4)-
C(5)-P(1) 119.2(6).

plane defined by the P(1)-C(4)-C(5)-Se(3) atoms (mean
deviation from planarity of 0.01 A). The angles at P(1) and
P(2) are between 102.3(3)-115.7(3)° and 91.95(10)-
104.0(3)°, respectively, with, as observed in 8a, the internal
C(5)-P(1)-P(2) and P(1)-P(2)-Se(3) angles the narrowest in
each set.

From the 3'P{!H} NMR spectral data, we assign the
compounds in the toluene eluates as geometric isomers of
12 in which the C(4) and C(5) substituents are reversed; the
C=C triple bond of PhC=C-CO,Me is presumably insuffi-
ciently polarised to favour attack at one end by selenium,
which is the case for dialkyl cyanamides. Unlike the reaction
of 2 with cyanamides and also in the toluene eluate from this
reaction, which leads to mixtures of diastereomers, compound
12 exists only as a racemate.

The reaction of 2 with DMAD in toluene at both 25°C and
130°C gives complex mixtures of compounds that cannot be
purified by column chromatography; moreover 3P{'H} NMR
evidence suggests that cleavage of the P—P bond has taken
place. We have not investigated this system further.

Selenium-77 NMR investigations: 7’Se{'H} NMR data for
heterocycles 5-7, 11 and 12 have been obtained; the small
amounts of material obtained for compounds 8-10 prevent
collection of satisfactory data for these compounds. Unam-
biguous assignment of resonances is straightforward owing to
the 3'P,’Se couplings, from which it is readily deduced that in
5-7, 11 and 12 the exocyclic selenium atom is at lower
frequency to those within the heterocycle. An additional
feature unobserved in their 3'P{*H} NMR spectra are 2J(P,Se)
couplings for 6 and 11 (7 and 6 Hz, respectively) and a *J(P,Se)
coupling of 29 Hz for 7 see the 2J(P,Se) coupling of 7 Hz for
[O(CH,CH,)NC(Se)=N],P(Se)Ph.l Also, a 'J(Se,Se) cou-
pling of 271 Hz is noted for 6. An interesting anomaly shown
by 12 is that the internal atom Se(3) has a 2J(P,Se) coupling to
the phosphorus(v) centre P(1) of 20 Hz; however, there is no
resolved coupling between the exocyclic Se(1) and the
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internal phosphorus(ir) centre P(2). The 77Se NMR data for
5-7 11 and 12 are in general agreement with the recently
reported solid state data for (RPSe,), (R =Me, Et, rBu, Ph,
4-Me,NC¢H, or 4-MeOCsH,) and (R'PSe),Se (R'=Me or
Et).[¥]

Conclusion

Using 3'P-{'H} NMR spectroscopy in conjunction with X-ray
crystallography we have elucidated the structures of the novel
heterocycles generated from the reactions between (PhP);Se,
(2) or [PhP(Se)(u-Se)], (4) with selected organic substrates
that contain C=C or C=N bonds; the atomic sequences within
several of the rings, for example, 8a and 12 are, to the best of
our knowledge, hitherto unknown in the literature. Also, the
compounds generated from the reaction of 2 with R,NC=N
and PhC=C—CO,Me are closely related in structure to each
other, but completely unlike those obtained when these
substrates react with compound 4. The 7Se NMR reported
here for §-7, 11 and 12 provide further information which
may be used as a means for structural elucidation. The facility
of heterocycle synthesis using 2 and 4 bodes well for future
efforts in this area.

Experimental Section

General experimental conditions and instrumentation details are as
reported elsewhere.* > ¢ 8 All reactions were conducted under a dinitrogen
atmosphere by using standard Schlenk line techniques, subsequent
chromatographic and workup procedures were performed in air. 'H and
SIP{'H} NMR spectra (CDCIl;) were at 300.0 and 121.4 MHz, respectively;
IR spectra were recorded as pressed KBr discs. 77Se{'H} NMR spectra
(CDCl,;) were recorded on a Jeol GSX-270 spectrometer at 51.52 MHz and
referenced to external Me,Se. Mass spectra were in EI mode unless
otherwise stated. Compounds 2 and 4 were prepared from (PhP)s and
selenium;" 2 toluene was distilled from sodium prior to use, all other
solvents and reagents were used as supplied.

Reaction of 4 with MeO,C—C=C—CO,Me—synthesis of (PhPSe),SeC,R,
(5), PhP(Se)Se,C,R, (6) and PhP(Se)(C;R,),Se (7) (R=CO,Me): A
mixture of 4 (300 mg, 0.56 mmol) and DMAD (0.15 cm?) in toluene (2 mL)
in a sealed tube was heated at 130°C for 1h, giving a deep red/purple
solution. Upon cooling to room temperature the solvent was removed in
vacuo and the products were extracted into dichloromethane (2 mL).
Column chromatography (silica gel, dichloromethane) gave a yellow
fraction of 5 followed by a red fraction of 6, which were crystallised from
diethyl ether/hexane. Subsequent elution with diethyl ether gave a yellow
fraction of 7, which was crystallised by evaporation of a diethyl ether
solution at room temperature.

Compound 5: Yield: 17 mg orange solid, 5% based on 4; elemental
analysis caled (%) for CgH,40,P,Se;: C 36.1, H 2.7; found: C 36.2, H 2.7;
3P NMR: 6p=52.7 (s, 'J(P,Se) =823 Hz, 'J(P,Se) =380 Hz); 'H NMR:
0g=8.15 (m, 4H; Ph), 7.55 (m, 6H; Ph), 3.60 (s, 6H; CH;); "Se NMR:
05, =434.6 (t, J(PSe)=381Hz; Se(3)), —82.3 (d, 'J(P,Se)=2808 Hz;
Se(1,2)); IR: 7=1743 (s), 1729 (s) (C=0), 1263 (s), 1251 (s) (C-0), 557
(m), 541 cm™! (m) (P=Se); MS: m/z: 517 [M* — Se].

Compound 6: Yield: 106 mg red solid, 19 % based on 4; elemental analysis
caled (%) for C,H;,PO,Se;: C 29.6, H 2.3; found: C 29.8, H2.3; P NMR:
0p=674 (s, J(PSe) 806 Hz, 'J(PSe) =363 Hz); 'H NMR: 6;=38.13 (m,
2H; Ph), 7.55 (m, 3H; Ph), 3.87 (s, 3H; CHj,), 3.64 (s, 3H; CH;); ”’Se NMR:
05, =542.6 (d, %J(PSe)=7Hz, J(SeSe)=271Hz; Se(3)), 420.0 (d,
1J(P,Se) =360 Hz; Se(2)), —7.8 (d, 'J(PSe) =806 Hz, Se(1)); IR: #=1731
(s), 1719 (s) (C=0), 1236 (s) (C—0O), 529 cm~" (m) (P=Se); MS: m/z: 488
[M'].

Compound 7: Yield: 114 mg yellow solid, 18 % based on 4; elemental
analysis caled (%) for C,sH,;,O4PSe,: C 39.1, H 3.1; found: C 39.6, H 2.3; 3'P
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NMR: 6, =18.0 (s, J(P,Se) =785 Hz); 'H NMR: oy =798 (m, 2H; Ph),
7.53 (m, 3H; Ph), 3.87 (s, 6H; CHj;), 3.44 (s, 6H; CH;); 77Se NMR: 5. =
469.6 (d, 3J(P,Se) =29 Hz; Se(2)), —219.3 (d, J(P,Se) =782 Hz; Se(1)); IR:
7=1733 (s), 1716 (s) (C=0), 1256 (s), 1232 (s) (C—O), 531 cm™! (m)
(P=Se); MS: m/z: 552 [M*].

Reaction of 2 with R,NC=N [R,=iPr, or O(CH,CH,),N]—synthesis of
(PhP),Se,NCN(CH,CH,),0 (8a,b): A mixture of 2 (80 mg, 0.16 mmol) and
O(CH,CH,),NC=N (0.2 cm?) in toluene (10 cm?®) was heated at reflux for
10 h, giving a yellow solution. The solvent was removed in vacuo, the
products extracted into dichloromethane (1 mL) and purified by column
chromatography (silica gel, dichloromethane), separating 1 (R;=1.0) from
8ab (R;=0.4). Layering a dichloromethane solution of 8§a,b with hexane
gave colourless crystals of 8a (12 mg, 15% ). Compound 8b could not be
completely freed from traces of 8a, precluding full characterisation.
Compound 8a: '"H NMR: 6, =7.46 (m, 2H; Ph), 7.02 (m, 8 H; Ph), 3.88 (m,
8H; CH,); IR: #=1556 (s) (C=N), 541 cm~! (s) (P=Se); MS: m/z: 488 [M*].
Compounds (PhP),Se,NCN:Pr, (9a,b) were synthesised and purified from
2 and iPr,NC=N using similar conditions to those for 8a,b. Compounds
9ab were inseparable from each other either chromatographically or by
layering experiments, neither could a solid sample be isolated using the
latter technique. However, about 5mg of colourless crystals of
(PhP),Se;NCNiPr, (10) were collected from a solution of 9a,b in CDCl,
which had evaporated to dryness over two months at room temperature.
IR: 1552 (s) (C=N), 560 cm™! (s) (P=Se).

Reaction of 4 with PhC=CH—synthesis of PhP(Se)Se,(PhC=CH) (11): A
mixture of 4 (106 mg, 0.2 mmol) and PhC=CH (0.1 mL) in toluene (2 mL)
in a sealed tube was heated at 130°C for 1.5 h, to give a red solution. Upon
cooling to room temperature the solution was purified by column
chromatography (silica gel, toluene), yielding 11 as an orange solid from
dichloromethane/hexane. Yield 52 mg, 58 % based on 4; elemental analysis
caled (%) for C,H; PSe;): C 37.6, H 2.5; found: C 37.5, H 2.3; 3'P NMR:
0p=1675 (s, 'J(PSe) =771 Hz, 'J(P,Se) =348 Hz); '"H NMR: d;; =8.28 (m,
2H; Ph), 776 (m, 2H; Ph), 7.65 (m, 3H; Ph), 7.56 (m, 3H; Ph), 7.26 (d,
3J(PH) =34 Hz, 1H; =C—H]; 7"Se NMR: ds,=558.1 (d, 2/(P,Se) =7 Hz),
410.8 (d, 'J(P,Se) =350 Hz), —23.4 (d, 'J(P,Se) =775 Hz); IR: # =527 cm™!
(m) (P=Se). MS: m/z: 448 [M*+H].

Reaction of 2 with PhC=C—CO,Me—Synthesis of (PhP),Se,-
(PhC=C—CO,Me) (12): A solution of 2 (180 mg, 0.37 mmol) and PhC=C-
CO,Me (0.1 mL) in toluene (2 mL) in a sealed tube was heated at 130 °C for
6h, giving a yellow solution. Upon cooling to room temperature, the
toluene solution was purified by column chromatography (silica gel).
Elution with toluene gave a yellow band whose *'P{'"H} NMR spectrum
revealed a mixture of products. Subsequent elution with dichloromethane
afforded a yellow eluate, yielding 12 as a yellow solid from dichloro-
methane-hexane. Crystals of 12 were grown from CDCly/hexane at room
temperature. Yield: 56 mg, 28 % based on 2; elemental analysis calcd (%)
for C,,H,3O,P,Se,: C 49.4, H 3.4; found: C 49.9, H 2.6; 3'P NMR: 6, =83.4
(d, YJ(PP)=270Hz, 'J(PSe)=768Hz), —23.9 (d, J(PP)=270Hz,
1J(PSe) =239 Hz); 'H NMR: 6,=8.28 (m, 2H; Ph), 7.85 (m, 2H; Ph),
773 (m, 2H; Ph), 761 (m, 9H; Ph), 3.64 (s, 9H; CH;); 7Se NMR: d¢. =
417.1 (dd, 'J(P,Se) =239 Hz, 2J(P,Se) =20 Hz; Se(3)), —240.0 (d, 'J(P.Se) =
772 Hz; Se(1)); IR: #=1732 (s) (C=0), 1555 (m) (C=C), 544 cm~' (m)
(P=Se); MS: m/z: 536, [M*].

Crystallographic analysis: X-ray diffraction studies on crystals of 5-7, 8a,
10 and 12 were performed at 293 K on a Bruker SMART diffractometer
with graphite-monochromated Moy, radiation (A=0.71073 A). The struc-
tures were solved by direct methods, non-hydrogen atoms were refined
with anisotropic displacement parameters, hydrogen atoms bound to
carbon were idealised and fixed (C—H 0.95 A). Structural refinements were
by the full-matrix least-squares method on F? using the program
SHELXTL.2l Details of data collections and structural refinements
are given in Table 2.
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Table 2. Data collection and structural refinement parameters for compounds 5-7, 8a, 10, and 12.
5 6 7 8a 10 12

formula CisH;s0,P,Se; C,H,,0,PSe; C3sH,;,04PSe, C;H;sN,OP;Se, CoHy,N,P,Se; C,H,30,P,Se,
M, 595.13 487.06 550.21 486.19 579.22 53422

crystal system monoclinic triclinic monoclinic triclinic triclinic monoclinic
space group P2//c P1 C2c Pl Pl P2,/c

size [mm] 0.1 x 0.1 x0.05 0.1 x0.05 x 0.05 0.18 x 0.1 x 0.1 0.25 x0.25x0.25 0.3x0.15x0.15 0.15x0.1 x0.1
a[A] 12.9752(7) 9.0647(7) 33.807(2) 9.3153(7) 9.5590(4) 11.3010(19)

b [A] 10.1956(5) 12.7637(10) 8.6162(4) 10.3759(7) 9.9459(4) 15.441(2)
c[A] 16.5268(9) 15.2026(12) 15.3785(8) 10.4397(7) 12.7194(6) 13.255(2)

a [’ 69.852(1) 82.911(1) 96.716(1)

A I°] 92.752(1) 85.793(1) 107.157(1) 82.404(1) 101.639(1) 111.557(6)

v [°] 84.502(1) 72.126(1) 97.460(2)

V[AY 2183.8(2) 1642.2(2) 4280.3(4) 948.24(11) 1161.55(9) 2151.3(6)

V4 4 4 8 2 2 4

Peaiea [Mgm—3] 1.810 1.970 1.708 1.703 1.656 1.649
# [mm~1] 5.220 6.824 3.571 4.075 4.894 3.601

F(000) 1152 928 2176 480 568 1056

reflns collected 9216 8255 8986 4762 5772 10543
independent reflns (R;,) 3136 (0.0237) 4665 (0.0646) 3080 (0.0154) 2654 (0.0284) 3314 (0.0260) 3056 (0.1356)
R1/wR2 [I>20(I)] 0.0258/0.0555 0.0396/0.1036 0.0210/0.0501 0.0334/0.0822 0.0268/0.0564 0.0653/0.1534

(1]
2]

(3]

(11]
(12]

(13]
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[N(CH;),],[Mn(H,0) |5 Mo(CN),],-2H,0: A New High T, Cyano-Bridged
Ferrimagnet Based on the [Mo™(CN),]*" Building Block and Induced by

Counterion Exchange

Joulia Larionova,*?! Rodolphe Clérac,**! Bruno Donnadieu,'*! and Christian Guérin!?!

Abstract: The title compound was syn-
thesized by slow diffusion of aqueous
solutions containing K,[Mo(CN),]-
2H,0, [Mn(H,0):](NOs),, and
[N(CH;),]Cl. The compound crystal-
lized in monoclinic space group C2/c,
a=25.8546(14), b=12.3906(7), c=
13.5382(7) A, p=116.4170(10)°, Z=4,
R =0.0353, wR2 =0.0456. The Mo site

ages and one water molecule. The ani-
sotropic three-dimensional structure
consists of connected corrugated grid-
like sheet layers parallel to the bc plane.
Tetramethylammonium counterions
([N(CHj;),]*) located between these lay-
ers seem to induce their distortion. The
three-dimensional organization may al-
so be viewed as interconnected octago-

nal channels propagated along the c axis.
The void space of these channels is
occupied by coordinated and crystal-
lized water molecules. Temperature and
field dependence of the magnetization
in both the dc and ac modes have been
measured on polycrystalline sample.
These investigations have revealed that
the compound ordered ferrimagnetical-

is surrounded by six -C-N-Mn linkages
and one terminal cyano group in a
distorted capped-prism fashion. There
are two pentahedral Mn'' sites in the

. . properties -
structure, both with four -N-C-Mo link-

Introduction

In the past ten years, numerous bimetallic cyano-bridged
molecular based networks have been synthesized and have
aroused a great deal of interest for their possible applications
in molecular electronics, electron-transfer processes, and as
molecular magnets.l'! Indeed, the observation of ferro- and
ferrimagnetic ordering at relatively high and even room
temperatures has been established for several hexacyanomet-
alate-based materials that possess a Prussian Blue type
structure.’) The use of 4d and 5d metal ions in new cyano-
bridged networks opens many possibilities in the field of
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ly at 7,=86 K, with a small hysteresis
effect. These findings have been com-
pared to those reported previously for
three- and two-dimensional materials of
the same family.

magnetic

molecular magnetism.?! The more remarkable potential
offered by these new building blocks is their capability to
accept larger coordination spheres and, therefore, to allow the
design of new architectures with efficient and original physical
properties. As a matter of fact, octacyanometalate building
blocks of Mo(v),! Mo(v),F+l W(v),*d-1 W (v),Be-¢l and
Nb(v)F ¢l have recently been extensively used in order to
obtain coordination materials that present fascinating mag-
neticl*4 and photomagnetic properties.*=>¢hil On the other
hand, heptacyanometalate units have received less atten-
tion.”-% %] In contrast to the hexa- and octacyanometalate
building blocks, which potentially are able to form highly
symmetrical lattices, the geometry of the heptacyanomet-
alates motif can lead to the formation of low-symmetry
extended networks. This characteristic is an important feature
for designing high-temperature molecular magnets with
interesting anisotropic magnetic properties. As a result,
three-dimensional coordination polymers [Mn,(H,0)s]-
[Mo™(CN),]-nH,O (n=4 and n=4.75 for the a and f§
phases, respectively) have provided the first structural evi-
dence of cyano-bridged formation by heptacyanides.[’! These
compounds have long-range magnetic ordering below 51 K
and detailed physical studies performed on single crystals
reveal many peculiarities, such as the presence of several
magnetically ordered phases and spin-reorientation phenom-
enon. However, the nature and coordination sphere of metal
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ions are not the only parameters needed to design new cyano-
bridged architectures. During the synthesis, we discovered
that the introduction of counterions can affect the topology
and dimensionality of the network and, therefore, strongly
influenced the magnetic properties.® ' As illustrated by
K,[Mn;(H,0)¢][Mo(CN),],- 6 H,O, the presence of two K*
ions leads to a new 3:2 stoichiometry of the magnetic building
blocks (Mn?":[Mo(CN),]*") and to a two-dimensional struc-
ture which orders at 39 K.[®l Large organic counterions such as
tetramethylammonium ([N(CHj,),]") were initially chosen to
increase the interlayer distance of the network obtained with
K+ ion. As it turns out, the size but more probably the nature
of N(CH,)," has a specific and unexpected influence on the
structural organization of this system. We report here the
crystal structure and the magnetic properties of a new seven-
coordinate cyano-bridged molecular magnet, [N(CHjs),],-
[Mn(H,0)]5[Mo(CN),],-2H,0 (1), which has the highest
ordering temperature for compounds of its family.

Results and Discussion

Under argon atmosphere, the slow diffusion in an H-shaped
tube of two aqueous solutions containing K,[Mo(CN),]-
2H,0M and [Mn(H,0)s](NOs),, in presence of N(CH,),Cl,

Abstract in French: Le compose [N(CH;),J,[Mn(H,0)];-
[Mo(CN),],-2H,O a ete synthetise par diffusion lente de
solutions aqueuses contenant respectivement K,/ Mo(CN),] -
2H,0, [Mn(H,0)s](NO;s), et [N(CH;),JCl Le materiau
obtenu cristallise dans le groupe d’espace monoclinique C2/c,
a=25.8546(14), b=12.3906(7), c=13.5382(7)A, p=
116.4170(10)°, Z=4, R=0.0353, wR2 =0.0456. La sphere de
coordination du Mo'™ est composée de six -C-N-Mn liens et
d’un groupe cyano terminal dans une geometrie distordue de
type prisme a base pyramidale. La structure possede deux sites
Mn'" indépendants de symetrie pentagonale, tous deux posse-
dent une sphere de coordination composee de quatre liens
-N-C-Mo et d’une molecule d’eau. La structure tri-dimension-
nelle est anisotrope, elle consiste en des plans paralleles au plan
bc et inter-connectes par des atomes de Mn. Ces plans peuvent
étre vus comme des grilles ondulées a maille carree. Les atomes
de Mn et de Mo sont répartis alternativement sur chacun des
neeuds du reseau bi-dimensionnel. Le contre-ion tétramethyl-
ammonium, N(CH;),", est localise entre ces plans, semblant
induire leur distorsion. L’organisation tri-dimensionnelle peut
aussi étre decrite par un réseau inter-connecté de canaux
octogonaux se propageant suivant l'axe c. Ces pores sont
remplis par des molecules d’eau de coordination et d’insertion.
Les dépendances en tempeérature et en champ magnetique de
Paimantation en mode dc et ac ont ete mesurées sur un
échantillon poly-cristallin. Ces etudes ont montre que le
compose [N(CH;),[,[Mn(H,0)];/Mo(CN),],-2 H,O s’ordon-
ne ferrimagnetiquement a T1,=86 K, avec un petit effet
d’hysteresis en champ magnetique a 1.8 K. Les resultats
exposes dans ce manuscrit seront compares a ceux déja publies
sur des composes tri et bi-dimensionnels appartenant a cette
famille de materiau.

Chem. Eur. J. 2002, 8, No. 12
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Figure 1. ORTEP drawings of local coordination environments of Mo,
Mn1, and Mn2 sites.

leads to dark green crystalline elongated plates. Single-crystal
X-ray diffraction studies revealed that 1 has an unexpected
three-dimensional network. The structure has one molybde-
num site and two manganese sites, Mn1 and Mn2, as shown in
Figure 1. The molybdenum atoms are surrounded by four
-N-C-Mn2 linkages, two -N-C-Mnl linkages, and a terminal
(C7-N7) cyano group. The Mo—C bond lengths range from
2.109(5) to 2.185(5) A, with a mean value of 2.147 A. All of
the Mo-C-N bond angles are relatively close to 180°, they
range from 173.0(4) to 178.8(4)°. In contrast, the Mn-N-C
bond angles deviate significantly from 180°, they range from
157.8(4) to 177.6(4)°. An interesting point of this structure is
the sevenfold coordination at the Mo™ site. Among the large
number of possible polyhedra with seven vertices,'? only
three of them suffice to describe the established elements of
structure in sevenfold coordination, namely, the pentagonal
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bipyramid (Ds,), the capped trigonal prism (C,,), and the
monocapped octahedron (Cs,). The versatility of the
[Mo(CN),]* building block is illustrated by K,[Mo(CN),]-
2H,0 and NaK;[Mo(CN),]-2H,0 in which the [Mo(CN),]*-
moiety adopts two different symmetries: a capped trigonal
prism and a pentagonal bipyramid, respectively.'!l In the case
of 1, the geometry of the Mo site may be viewed as a distorted
capped trigonal prism (Figure 1). The Mnl and Mn2 atoms
are surrounded by four -N-C-Mo linkages and one water
molecule. The Mn—N bond lengths range from 2.080(4) to
2.157(4) A, and the Mn1—O and Mn2—O bond lengths are
2.237(7) and 2.284(4) A, respectively. Both Mn1 and Mn2
sites are in unusual pentahedral geometry, which can be
viewed as a slightly distorted trigonal bipyramid (Dj,) for
Mnl, and as a distorted square-based pyramid (C,,) for Mn2
(Figure 1).

The three-dimensional organization of this compound is
relatively complicated. The basic structural unit may be
described as a noncentrosymmetrical cyano-bridged lozenge
motif, {Mo-C4-N4-Mn2-N6-C6-Mo-C2-N2-Mn2-N5-C5} (1),
and its inverse, {Mo-C2-N2-Mn2-N5-C5-Mo-C4-N4-Mn2-
N6-C6} (II). These motifs alternate and connect through
C6—NG6 bridges to form distorted bent ladders running along
the [011] direction. These ladders are linked to each other by
C4—N4 and C2—N2 bridges to
form a corrugated gridlike
sheet layer parallel to the bc
plane (Figure 2). In this plane
across a cyano bridge, the '
Mo—Mn2 separations range
from 5.267(4) to 5.421(4) A. It -
is worth noting that the A »
[N(CH;),]* counterions are \
located between the gridlike L)
layers parallel to the bc plane \
and, in effect, their presence
seems to initiate the distor- \\

)

tion of these layers. Two paral-

lel sheets are connected by
{Mn1(C1IN1),(C3N3),(H,0)}

units to form a three-dimen- \
sional network (Figure 3). Each o
{Mn1(CN),(H,0)}  unit s b
linked to four Mo atoms (two 5
belonging to each of two
sheets), leading to chains made
of corner-sharing lozenges,
{Mo-C1-N1-Mn1-C3-N3},, run-
ning along the c direction. The
Mo—Mnl separations across
the cyano-bridge are equal to 5.470 and 5.404 A.

The three-dimensional organization of the whole structure
may also be described as interconnected octagonal pores
(~10 A diameter) propagated along the ¢ axis (Figure 4). In
the void space of these channels, four non-coordinated water
molecules (O3W) and four other water molecules coordi-
nated to Mn2 ions (O2W) participate to a hydrogen-bonded
water cluster. The molecules of water (O1W) coordinated to
Mn1 ions do not participate to this hydrogen-bonded entity.
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Figure 2. A view of the structure in the bc plane showing a corrugated
gridlike plane. Mnl atoms, hydrogen atoms, and solvents molecules have
been omitted for clarity.
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Figure 3. A view of the structure in the ac plane emphasizing the {Mn1(CIN1),(C3N3),(H,0)} connection
between two parallel gridlike planes. Hydrogen atoms and solvents molecules have been omitted.

The temperature dependence of the magnetic susceptibility
(xm) for a polycrystalline sample of 1 is reported in Figure 5.
Above 100 K, y can be fitted to the Curie — Weiss law (=
C/(T - 0)) with C=13.4 emuKmol~' and 6 =+89 K (inset of
Figure 5). The Curie constant is close to the expected value
for three Mn?* (§=5/2) and two Mo** (§=1/2) uncoupled
spins (Cipeor = 13.9 emuKmol™!). The positive sign of the
Weiss constant reveals that ferromagnetic interactions are

0947-6539/02/0812-2714 $ 17.50+.50/0 Chem. Eur. J. 2002, 8, No. 12
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exchanges.® This result high-
lights the possible importance
of these second neighbor mag-
netic interactions in the under-
standing of Mn?*/[Mo(CN),]*

systems. The in-phase (y'v)
and out-of-phase (x"y) compo-
nents of the ac magnetic sus-
ceptibility of 1 are shown in
Figure 7. Confirming the pres-
ence of a magnetic ordering, y'y
exhibits a peak located around
83 K and "'\, becomes different
from zero at the critical temper-
ature, 86 K. No significant fre-

I —
T — -
b
L ]
L] » -
[ — 1
i . - ’
» I
b i
0
[+

100 150 200 250 300

-1
emu mol T/K

" n i

150 200 250 300
T/'K —»

Figure 5. Temperature dependence of y for 1 at 1 kOe. Inset: Temper-
ature dependence of y\7'above 100 K fitted to the Curie — Weiss law (solid
line).

dominating. Below 100 K, y\, deviates from the Curie — Weiss
behavior and undergoes an abrupt increase suggesting the
onset of a magnetic ordering. As expected for a magnet, the
first magnetization at 1.8 K increases rapidly from 0 to 7 ug
below 1 kOe, then slowly reaches 12.5 ug at 50 kOe (Figure 6).
A hysteresis loop of the magnetization is also observed at
1.8 K with a coercive field of 200 Oe (inset Figure 6). At high
fields, the magnetization is close to the saturation value of
13 up expected for antiferromagnetic Mn?**—Mo’** interac-
tions (ferromagnetic interactions should lead to a saturation
value of 17 ug). It is worth noting this unusual situation where
the Mn?*—Mo*" interactions are clearly antiferromagnetic
and the Weiss constant is positive. It is well known that the
Weiss constant reflects the sum of all magnetic interactions
(through bridging ligands or/and through space).I'¥! Therefore
to explain our results, we suggest that first neighbor anti-
ferromagnetic Mn?** — Mo®* interactions may be dominated by
second neighbor Mn?* - Mn?** and Mo** - Mo?** ferromagnetic

Chem. Eur. J. 2002, 8, No. 12
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quency dependence (between 1
and 1500 Hz) is observed for
the y'v and x”y responses.
Therefore, the dc and ac sus-
ceptibility measurements sup-
port the occurrence of a ferri-
magnetic ordering at 86 K in
compound 1.

12 ooo. ° ¢ * *
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Figure 6. Field dependence of the first magnetization M for 1 at 1.8 K.
Inset: hysteresis loops at 1.8 K.
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Figure 7. Temperature dependence of 'y and "y, in zero external field at
125 Hz.
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Conclusion

The Mn?*/[Mo(CN),]* system!> 8! highlights perfectly the
structural versatility and diversity of the magnetic properties
of materials that contain heptacyanomolybdenum(ii) as a
building block. We shown here that the introduction of
[N(CH,;),]* precludes the formation of the three-[" and two-
dimensional® structures observed previously. Indeed, a new
“porous” three-dimensional network is observed which
exhibits the highest critical temperature observed for mag-
netic ordering in the Mn?**/[Mo(CN),]*~ family. In our quest of
new, high T, anisotropic magnets, we are currently in progress
to investigate new materials based on heptacyanometalate
building blocks and their combinations with different metal-
and counterions.

Experimental Section

Synthesis: Compound 1 was obtained by slow diffusion in an H-shaped tube
under argon atmosphere of two deoxygenated 10~*M aqueous solutions
containing K,[Mo(CN),]-2H,0!" and [Mn(H,0),](NOs), - 6 H,O, respec-
tively, in the presence of 10~*M of N(CHj;),Cl. After few months, dark green
crystals with an elongated plate shape formed. The compound was slightly
air sensitive.

Magnetic measurements: Magnetic susceptibility data were collected with
a Quantum Design MPMS-XL SQUID magnetometer. Measurements on
one single crystal and two polycrystalline samples lead to the same results.
The data was corrected for the sample holder and the diamagnetism
contributions calculated from the Pascal’s constants.!'

Crystal structure determination: Crystal data for 1 (C,,H3,N;;OsMn;Mo,):
M., =959.36, monoclinic, space group C2/c,a =25.8546(14), b =12.3906(7),
c=13.5382(7) A, f=116.4170(10)°, V=3884.1(4) A3, Z=4, T=193(2) K,
Peaica = 1.641 mgm=3, A(Moy,) =0.71073 A, CCD diffractometer, F(000) =
1908, u = 1.628 mm~!, 5320 reflections collected, 3637 of which were unique
(R;,,=0.0413). The structure was solved by direct methods (SIR92)[!5
followed by Fourier synthesis, and refined on F? (SHELX-97).I"**] All non-
hydrogen atoms were refined anisotropically. The final refinement gave
R=0.0353, wR2=0.0456 [I>20(I)], GOF=0.773. CCDC-167332 con-
tains the supplementary crystallographic data for this paper. These data can
be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@
ccde.cam.ac.uk).
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First Preparation of Spacer-Linked Cyclic Neooligoaminodeoxysaccharides

Guang-wu Chen!™ and Andreas Kirschning*!?!

Dedicated to Professor Ekkehard Winterfeldt on the occasion of his 70th birthday

Abstract: The preparation of novel cy-
clic 1,4-butanediol-linked oligoamino-
deoxysugars 3-5 and 7 is described
which are potential binders to polynu-
cleotides. Neooligosaccharides 3—5 are
assembled by two consecutive metathe-
sis protocols. In the first phase meta-
thesis-mediated dimerization of an ami-
nodeoxymonosaccharide which was ei-
ther allylated at the anomeric center or
at C4 led to E/Z mixtures of C,-sym-

the head-to-head dimer set the stage
for macrocyclization by means of ring-
closing metathesis. This ring-closing
process was highly dependent of the
configuration in the carbohydrate moi-
eties. arabino-Configured homodimer
15 directly yielded the macrocycle 32
which contains two sugar units while
under the same metathesis conditions
the corresponding ribo-configured start-
ing homodimer 19 afforded cyclic neo-

tetra- and neohexasaccharides 34 and 35
after a preceding dimerization and tri-
merization step, respectively. In addi-
tion, homodimer 23 was coupled with
silylglycoside 14a under Lewis-acid pro-
moted glycosidation conditions to fur-
nish the doubly glycosylated homodimer
31. Ring-closing metathesis afforded the
macrocyclic  neoaminodeoxyoligosac-

charide 36 with alternating 1,4-butane-
diol linkage and glycosidic bond. The

metric homodimers which were trans-
formed into the corresponding 1,4-buta-
nediol linked disaccharides by catalytic
hydrogenation of the central olefinic
double bond. Double O-allylation of

- metathesis

Introduction

Oligocationic compounds such as protonable polyamines can
play a key role in biological processes. Their pharmacological
activity is associated with their ability to specifically bind to
polynucleotides, thus giving rise to the possibility of inhibiting
DNA duplication™ or RNA catalysis, or the forcing of RNA
into an alternate conformation.!> 3! Indeed, nature has utilized
aminodeoxy sugars present in glycoconjugates such as the
anthracycline antibiotic daunomycin (1) as well as amino
glycoside antibiotics such as neomycin B (2) to target poly-
nucleotides. In this context, the interactions between amino-
glycosides and various RNA targets have been investigated
(group I intron and Rev-response element,™ the TAR-
RNA,FI ribosomal “A-site”,[) hammerhead ribozymel” and
other polynucleotide targets®). The results of most of these

[a] Prof. Dr. A. Kirschning
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Schneiderberg 1B, 30167 Hannover (Germany)
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E-mail: andreas.kirschning@oci.uni-hannover.de
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Technische Universitdt Clausthal, Leibnizstrasse 6
38678 Clausthal-Zellerfeld (Germany)
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primary cyclization products were final-
ly transformed into the respective cyclic
neoaminodeoxyoligosaccharides  3-5
and 7 by catalytic hydrogenation and
standard deprotection conditions.

carbohy-

studies suggest that RNA regions containing either asymmet-
ric internal loops or hairpin loop-stem junctions are prefer-
ential binding sites for aminoglycosides. The major drawback
of aminoglycosides in medicinal applications, however, is their
significant toxicity. Nevertheless, their basic scaffold together
with a variety of different techniques for joining monomeric
subunits make them ideal for the synthesis of new selective
and potentially less toxic structures that can be used for
studying RNA binding.

This scenario was the starting point of our synthetic efforts
in this field with the intention to design and construct novel
linear and cyclic “artificial” aminoglycosides. Thus, we
recently initiated a project on the preparation of new 14-
butanediol-linked oligomeric aminodeoxysugars.’l These
novel structures consist of aminodeoxysugar-based pyran
rings which are linked to each other by a flexible element
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hence yielding linear spacer-linked neooligosaccharides.!® 1*!
Their oligomeric character in association with the larger
number of amino groups which are essential for efficient
binding should lead to cooperative effects!'') and hence tighter
binding.

As an extention to these linear neooligoaminodeoxysac-
charides® we now report the first preparation of novel cyclic
1,4-butanediol-linked neooligoaminodeoxysaccharides 3-5
as well as 7 and disclose a synthetic route that leads to
macrocyclic hexasaccharide 6. The 1,4-butane diol linkage
between two adjacent aminodeoxysugar moieties in the
macrocycle is efficiently constructed by metathesis-based
alkene dimerization['?l of appropriately allylated glycosides
using the Grubbs precatalyst 8 (see Scheme 1).

o

(@]
(0] Me "0
HoN
n

unsat. linker

3n=2,
4:n =2, sat. linker

Results and Discussion

In the first phase of the project we had to develop synthetic
access to various homodimeric spacer-linked aminodeoxysac-
charides containing two terminal double bonds. These func-
tionalities served as reactive groups for the ring closing
metathesis macrocyclization.

Glycal 9 served as the starting carbohydrate-based building
block for the synthesis of all macrocyclic oligoaminodeoxy-
saccharides described in this report. Thus, arabino-configured
pyranose 10a was isolated as the major product out of four
isomeric products 10a-10d by employing the protocol
developed by Monneret and co-workers (Scheme 1).[% The
synthesis towards homodimeric 1,4-butanediol-linked L-aco-
samine derivative 15 was further elaborated by O-silyla-
tionl' 131 of the anomeric centers in 10a-10d to yield a
mixture of silylglycosides f-arabino 1l1a, f(-ribo 11b, a-
arabino 11e¢, and a-ribo 11d from which only the a-ribo-
configured isomer 11d was separated by chromatography
(3.4 % yield from L-rhamnal 9). The remaining mixture of silyl
glycosides 11a—11c¢ was subjected to hydrolysis thereby
removing the 4-O-acyl groups furnishing silyl glycosides
12a-12c¢ of which only the major isomer 12a is depicted in
Scheme 1. These isomers were also conveniently separated by
column chromatography on a larger scale. The arabino-
configured alcohol 12a was obtained in 61 % yield (from L-
rhamnal 9). In addition the the remaining -ribo 12b (28 %)
and a-arabino 12¢ (1.0%) isomers were collected in pure
form.l' O-Allylation was achieved by sodium hydride-
mediated deprotonation and addition of allyl bromide.
Subsequently, the azido group in allyl ether 13a was reduced
to the corresponding amino group*’! which then was directly
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protected as the corresponding trifluoroacetamide 14a. Now
the stage was set for the first metathesis dimerization using
precatalyst 8. Under the conventional conditions tail-to-tail
dimerization proceeded in satisfactory yield (70 %) leading to
an E/Z mixture (6:1) of stereoisomers. The classical Grubbs
catalyst 8 turned out to be insensitive towards the various
polar functionalities such as the trifluoroacetamido group and
the anomeric silyl ether present in glycoside 14a. As expected,
the 'TH NMR and “C NMR spectra of C,-symmetric homo-
dimeric reaction product 17 showed only half the set of signals
for all protons as well as carbon atoms.!'¥! Further structural
support was gained from proton integration and mass
spectrometry. Careful chromatographic purification revealed
two additional by-products. Thus, monosaccharide 16 (11 %;
E/Z ratio about 1:1) only differs
from starting allyl glycoside 14a
in that it contained a shifted
alkenic double bond and hence
an enol ether functionality. It is
obvious that the catalyst is not
NH, © only able to promote dimeriza-
tion but also shows some activ-
ity in terms of double bond
migration. The 1,2-disubstitut-
7 ed enol ether double bond is
not reactive enough to get in-
volved in a metathesis process
so we were unable to isolate a dimer originated from glycoside
16. This view is further supported by the isolation of minor
amounts of unsymmetric dimer 18 (8%). Again, the forma-
tion of the enol ether double bond very likely originated from
a double bond migration in homodimer 17 and was catalyzed
by the Grubbs catalyst 8. The formation of these unexpected
enol ethers preferentially occurs at elevated reaction temper-
atures. This property of catalyst 8 is closely related to the
prototropic rearrangement of allyl ethers to the correspond-
ing 1-propenyl analogues, which was described for various
transition metal complexes such as the Tebbe reagent,!]
rhodium catalysts®®! and PdCl,, RuCl; and IrCl,.?!

The synthesis was terminated by catalytic hydrogenation of
the alkenic double bond which can be performed with both
dimers 17 and 18. This was followed by a silyl triflate-
mediated double glycosidation of the two anomeric centers
using an excess of allyl alcohol as glycosyl acceptor. Both
glycosidation steps proceeded in a highly a-selective fashion
(even traces of the a,3- and j,8 diastereomers could not be
isolated). The experiment yielded the bisallyl acosamide 15 in
a remarkably high yield (89 %).

In analogy to Scheme 1, the corresponding homodimeric
ribo-configured analogue 19 was prepared (Scheme 2). In this
case, silyl glycoside 12b was the starting material, which was
the second most abundant isomer isolated from the reaction
mixture of the three-step sequence (see Scheme 1). Silver
oxide-promoted allylation of the hydroxy group at C-4
afforded silyl glycoside S-ribo 13b which was reduced to the
amine and finally protected as trifluoroacetamide 14b.
Dimerization to homodimer 20 proceeded in 62% yield
(E/Z ratio >20:1). The sequence was terminated by catalytic
hydrogenation of the double bond followed by Lewis
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Scheme 1. Preparation of 1,4-butanediol linked C,-symmetric arabino-
configured allyl glycoside 15. a) TBSCI, imidazole, CH,Cl,, 0°C, 6 h;
b) MeOH, MeONa, RT, 5 h (61 % from 9)I'}; ¢) allyl bromide, NaH, THF
(99%); d) LiAlH,, Et,0; e) (Tfa),0, Et;N, CH,Cl,, 0°C (56 % for two
steps); f) 8 (9.8 mol %), C¢Hy, 45°C, 20 h (78 % for 17 and 18); g) H,, PtO,,
ethyl acetate, RT, 14h (95%); h)allyl alcohol (excess), TMSOTf
(0.6 equiv), MS, CH,Cl,, —60 to —30°C, 16 h (89 %).

acid-promoteddouble glycosidation with allyl alcohol to
furnish homodimeric spacer-linked bis-ristosamide 19.[2
The yield for the key dimerization step was lower in
comparison to the arabino-configured silyl glycoside 14a.
This fact has to be ascribed to the axially oriented trifluor-
oacetamido substituent an observation that we also noted for
related systems (see above).

TBSO

NHTfa 20

Scheme 2. Preparation of 1,4-butanediol linked C,-symmetric ribo-con-
figured allyl glycoside 19. a) allyl iodide, Ag,O, CH;CN, 50°C, 20 h (24 % of
13b); b) LiAlH,, THF, RT, 2 h; c) (Tfa),0, Et;N, CH,Cl,, 0°C (78 % for
two steps); d) 8 (13.1 mol %), CsHg, 40 —50°C, 20 h (62% of 20); e) H,,
PtO,, ethyl acetate, RT, 14 h (87 %); f) allyl alcohol, TMSOTT (0.6 equiv),
MS, CH,Cl,, —60 to —40°C, 15 h (88%).

depicted). The second most abundant isomer, the a-ribo-
configured ristosaminide 21¢, was used subsequently. This
was possible because the reaction sequence could easily be
scaled up to 20 g without reduced efficacy. Then, the azido
group was reduced first and the intermediate amino group
was immediately blocked as trifluoroacetamide. Saponifica-
tion of the trifluoroacetyl ester was achieved in methanol®! to
yield allyl glycoside 22¢. The moderate yields of this three-
step sequence was due to difficulties after workup of the
reduction step. Complete removal of all traces of aluminium
salts was essential for best results. Notably the modification of
the nitrogen functionality was necessary at this point because

the azido functionality was not

tolerated under the metathesis

Me . . ys
MWOTBS e %o Wif - o OTBS ole?flnzztugn“con(?tltc;n that was
N NHTa al going to follow. In the presence
NHTfa of precatalyst 8, dimerization of
16 (11%) 17 (70%) allyl glycoside 22¢ proceeded
Me Me 0~/ ~O0TBS with low yield for homodimer

o
[e) /\'JJ“'\/
(e) ~
Tlasoﬂ\NHTfa TfaHN

18 (8%)

In a third synthesis towards the spacer-linked ristosamine-
based dimer 23, L-rhamnal 9 again served as the starting point
(Scheme 3). Azidation was achieved as described before (see
Scheme 1 and ref. [13]). The four isomeric 3-azido pyranoses
10a—d were transformed into the corresponding allyl glyco-
sides either by direct acid-catalyzed allylation® (40 % from
L-thamnal 9) using ion-exchange resins or alternatively by
1-O-acylation under standard conditions followed by allyla-
tion using montmorillonite K 10 (65% from r-rhamnal 9).4
At this point, three isomeric allyl glycosides were separated
by column chromatography (a-arabino 21a: 49 %; S-arabino
21b: 9%, and a-ribo 21¢: 7%) (in Scheme 3 only 21c¢ is

Chem. Eur. J. 2002, 8, No. 12
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25 but with high stereoselectiv-
ity (20%; only E isomer).
Again, rearranged starting py-
ranoside 24 (55%) and rear-
ranged dimeric enol ether 26 (traces) were formed as addi-
tional products. Due to the inefficiency of this process we
investigated metathesis olefination of the allyl glycoside 27
which can simply be obtained from alcohol 22¢ in 92 % yield
after acylation under standard conditions (Ac,O, Et;N, cat.
4-DMAP, CH,Cl,, RT, 1h). Indeed, under the usual meta-
thesis conditions [8 (9.1 mol % ), benzene, 50°C, 10 h] dime-
rization proceeded more smoothly compared with allyl glyco-
side 22 ¢ yielding homodimer 28 (46 %, E/Z ratio 2.5:1) along
with traces of enol ether 29. The alkenic double bonds in
dimer 25 as well as in enol ether 26 were hydrogenated to
afford target homodimer 23. Likewise, the 4-O-acylated
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Scheme 3. Preparation of head-to-head linked C,-symmetric glycoside 23. a) H,0, 80°C; b) NaN;, HOAc, H,O,
80°C then c) either allyl alcohol, 90°C, 1 h, Dowex-50 (H* form), (40%) or Ac,0O, py, CH,Cl,, 10 h; d) allyl
alcohol, C¢Hy, A, K 10 montmorillonite, 12 h (53 %); e) LiAlH,, THF, 0°C, 2 h; f) (CF;CO),0, Et;N, CH,Cl,, 1 h,
then allyl acohol, RT, 2h (29%); g) 8 (8.3 mol %), C¢Hg, 50°C, 10 h [25 (20%) only E isomer, 26 (traces), 24

(55%)]; h) PtO,, H,, ethyl acetate, RT, 16 h (73 %).

analogues 28 and 29 can also be transformed into 1,4-
butanediol-linked bis-L-ristosaminide 23 by means of catalytic
hydrogenation (PtO,, H,, ethyl acetate, rt, 16 h; 89%) and
mild ester hydrolysis [0.1m NaOH/THF (3:1), RT, 0.5 h;
94%]. The dimerization of the arabino-configured

Me
WOH
o
TfaHN |
Mw (0] NHTfa
HO

25 (20%, only E isomer)

Me
[e]
OH
o B
TfaHN
Mw o NHTfa
HO

26 (traces)

Me
WOAC
o
TfaHN |
Mw O NHTfa
AcO

28 (46%; E/Z 2.5:1)

Me
WOAc
[O M
TfaHN
Mw (o] NHTfa
AcO

29 (traces)

Me
0 OAc
(@)
TfaHN
Mw (0] NHTfa
AcO
30

/\J\,ME

O

TfaHN

Me .
How

24 (55%)

o
TfaHN |
Me N
Acow

27 (92% based on 22c)

analogue of allylglycoside 27 with an all equatorial substitu-
tion pattern proceeds in 90 % yield using only 5.5 mol % of the
catalyst 8 clearly indicating that the efficacy of the coupling
is highly dependent on both the configuration of the
substituent at C-3 as well as the number of functional groups
with hydrogen bonding properties (4-OH versus 4-OAc). The
presence of a polar hydroxy group seems to deactivate the
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ruthenium benzylidene com-
plex. This observation contrasts
some of the work published in
this field. For example, the
immunosuppressive natural
Me product FK506%° was success-
OH fully homodimerized. Also the
ring-closing metathesis of the
disaccharide subunit of trico-

and co-workers was achieved in
the presence of free alcohol
groups.”’l Therefore, we reck-
oned that it is the combination
of the free hydroxy group and
trifluoroacetamido group which
is able to deactivate the Ru-
carbene complex 3 by chelation thus effectively shutting down
the catalytic cycle.[*®!

In order to enhance structural variations in the macrocyclic
neooligosaccharides we planned to incorporate “true” glyco-
sidic bonds into the ring-closing precursor. This structural
element is typically present in natural carbohydrate-derived
macrocycles, the cyclodextrins. Thus, we envisaged the
preparation of a macrocyclic oligopaminodeoxysaccharide
containing a disaccharide unit with two different sugar
components based on a-L-ristosamine and a-L-acosamine.
The linear heterogeneous precursor for this macrocycle was
prepared from the head-to-head homodimer 23. This com-
pound served as glycosyl acceptor in the Lewis acid promoted
glycosidation with silyl glycoside 14a (Scheme 4). Under the
common glycosidation conditions developed for silyl glyco-
sides!' ] the C,-symmetric acceptor was glycosylated twice
to yield homodimer 31 which we reckoned to be another
suitable starting material for the ring-closing metathesis
reaction. The process was highly a-selective with respect to
both glycosidation reactions.

Me
o OH
glw OTBS  TfahN O/\k/

Me - (0] NHTfa
CNm L e rdeg

14a (2.2 equiv) 23 (1 equiv)

(o]

TfaHN
Me .
ve—rto

31

Scheme 4. Preparation of 1,4-butanediol linked C,-symmetric tetrasac-
charide 31. a) TMSOT{ (two portions: 0.72 equiv and 0.36 equiv), MS,
CH,Cl,, —60 to —40°C, 20 h (78%).
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Now, three different types of neooligosaccharides 15, 19,
and 31 were at hand each containing two terminal alkenes, but
differing in configuration and mode of connectivity. Thus,
homodimers 15 and 19 are tail-to-tail dimers with the terminal
olefinic double bonds located close to the anomeric center. In
contrast, linear neotetrasaccharide 31 contains a typical
glycosidic bond as part of a disaccharide subunit which is
dimerized in the head-to-head mode while the olefinic double
bonds are attached via an ether linkage at C-4 of the terminal
hexoses.

These three neooligosaccharides were then subjected to
metathesis-based macrocyclization conditions. In the first
attempt, L-acosamine-based bisallyl glycoside 15 was cyclized
to yield a single stereoisomer 32 with remarkable yield (67 %)
(Scheme 5). In addition, homodimer 15 was recovered in 20 %
yield. Hydrolysis of the amide groups in the macrocycle 32
under basic conditions gave the first unsaturated cyclic spacer-
linked aminodeoxydisaccharide 3. Alternatively, catalytic
hydrogenation of the olefinic double bond in macrocycle 32
led to compound 33 which was further transformed to the
corresponding saturated cyclic neodisaccharide 4 under the
standard hydrolytic conditions (aq. NaOH).

Me 0/”
Me O
o O
0 TfaHN
| NHTfa
!
15
(o]
Me X
. W o7
HaN o~
b)
Me X HoN
o O
TfaHN o 3
Me
o O

33: X =Tfa
4:X=H

<]

Scheme 5. Macrocyclization of C,-symmetric arabino-configured allyl
glycoside 15 by ring closing metathesis. a) 8 (20 mol % ), dry C¢Hy, 47°C,
24 h (67%); b) ag. NaOH (0.1m)/THF (3:1), RT, 5 h (94%); c) PtO,, H,,
CH,Cl,/MeOH (10:1), RT, 16 h (87 %); d) aq. NaOH (0.1m)/THF (3:1),
RT, 5h (85%).

The next macrocyclization revealed that subtle structural
alterations in the aminodeoxyhexose moiety, such as the
relative configuration of the substituents on the pyran ring
and the mode of connectivity, profoundly govern the outcome
this process. Hence, when the L-ristosamine-derived, tail-to-
tail dimer 19 was subjected to the metathesis protocol the
corresponding cyclic neotetra- and hexasaccharides became
the major products which were separated by column chro-
matography (Scheme 6). Their structures were unequivocally

Chem. Eur. J. 2002, 8, No. 12
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Scheme 6. Macrocyclization of C,-symmetric ribo-configured allyl glyco-
side 19 by ring closing metathesis. a) 8 (20 mol % ), dry C;H,, 50°C, 20 h
(64 % for cyclic tetrasaccharide; 16 % for cyclic hexasaccharide); b) PtO,,
H,, ethyl acetate, RT, 24 h (99 %); ¢) aq. NaOH (1.0m)/THF (2:1), RT,24 h
99%).

confirmed after hydrogenation of the olefinic double bonds by
NMR spectroscopy and mass spectrometry. The highly
symmetric character of these spacer-linked macrocycles 34
and 35 is responsible for the fact that only one set of signals for
all pyran rings as well as the 1,4-butandiol moieties in the 'H
and C NMR spectra is detectable. In addition, the dimeric
and trimeric character (based if one assumes that the starting
compound 19 is defined as a monomer) and the cyclic
structure of aminoglycosides 34 and 35 were confirmed by
mass spectrometry (ESI mode). Formation of these macro-
cycles can be rationalized by assuming that the axial amino
substituent at C-3 prevents direct macrocyclization of linear
diene 19. Instead, dimerization and trimerization to linear
neotetra- and hexasaccharides occurs prior to macrocycliza-
tion.” Finally, the target macrocyclic tetrasaccharide 5 was
prepared after hydrolytic removal of the four N-protecting
groups.

Next, the complex neotetrasaccharide 30 was subjected to
the ring-closing metathesis conditions (Scheme 7). This time
the reaction proceeded only sluggishly and a complex mixture
of products were formed from which the desired cyclization
product 36 was isolated after hydrogenation of the olefinic
double bond in 22 % yield. The sequence was terminated after
removal of the trifluoroacetyl groups under basic conditions
which yielded target cyclic aminoglycoside 7. Noteworthy
carbohydrate-based macrocycle 7 contains two special struc-
tural features: a) two glycosidic linkages, and b) two linker-
based connections, one in the head-to-head, the second one in
the tail-to-tail mode. This array of substructures creates a rich
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NHTfa 30

a), b) ?

36: X =Tfa
© '; 7. X=H
Scheme 7. Macrocyclization of C,-symmetric tetrasaccharide 30 by ring-
closing metathesis. a) 8 (20 mol %, dry C¢Hg, 50°C, 24 h; b) PtO,, H,, ethyl
acetate, RT, 18 h (22 % for two steps); ¢) aq. NaOH (0.4m)/THF (3:1), RT,
18 h (78%).

diversity of novel carbohydrate-based macrocycles that will
play a crucial role in studying their affinity to bind to
polynucleotides.

In summary, we have described an efficient synthetic route
towards novel macrocyclic 1,4-butanediol-linked neooligo-
aminodeoxysaccharides using two variants of the metathesis
olefination. Studies on the biological properties, particularly
their affinity to HIV-1 TAR-RNA, of these new neooligosac-
charides will reported in due course.

Experimental Section

General techniques: All temperatures quoted are uncorrected. Optical
rotations were recorded on a Perkin — Elmer 141 polarimeter and are given
in 10! degem?g~. 'H NMR, *C NMR, 'H/'H-, 'H/**C-COSY and HMQC
spectra were recorded on a Bruker DPX 200 and a Bruker ARX 400-NMR
spectrometer for solutions in CDCI; using residual CHCI; as internal
standard (0 7.26) unless otherwise stated. Multiplicities are described using
the following abbreviations: s =singlet, d = doublet, t = triplet, q = quartet,
m =multiplet, br=broad. Coupling constants (/) are quoted in Hz.
Chemical shift values of *C NMR spectra are reported as values in ppm
relative to residual CHC; (6 77.0) as internal standard. The multiplicities
refer to the resonances in the off-resonance spectra and were elucidated
using the distortionless enhancement by polarisation transfer (DEPT)
spectral editing technique, with secondary pulses at 90° and 135°. Multi-
plicities are reported using the following abbreviations: s =singlet (due to
quaternary carbon), d=doublet (methine), t=triplet (methylene), and
q=quartet (methyl). Mass spectra were obtained using either a LCQ
Finnigan instrument using electrospray ionization (ESI) mode or MAT 95
Finnigan (DCI). Ion mass (m/z) signals are reported as values in atomic
mass units followed, in parentheses, by the peak intensities relative to the
base peak (100 % ). Combustion analyses were performed by the Institut fiir
Pharmazeutische Chemie, Technische Universitdt Braunschweig and
Institut fiir Chemie, Humboldt Universitit zu Berlin (Germany). All
solvents used were of reagent grade and were further dried. Reactions were
monitored by TLC on silica gel coated aluminium 60 F,s, (E. Merck,
Darmstadt) and spots were detected either by UV absorption or by
charring with H,SO,/4-methoxybenzaldehyde in methanol. Flash column
chromatography was performed on silica gel 60 (E. Merck, Darmstadt;
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35-70 mesh). Sephadex LH-20 (Pharmacia) was employed for preparative
column chromatography of final neooligosaccharides. Petroleum ether with
a b.p. range of 40-60 was used. Analytical data for 3-azidoglycals 10a—d
can be found in ref. [13].

tert-Butyldimethylsilyl 3-azido-2,3,6-trideoxy-f-L-arabino-hexopyranoside
(12a), tert-butyldimethylsilyl-3-azido-2,3,6-trideoxy-f-L-ribo-hexopyrano-
side (12b), tert-butyldimethylsilyl 3-azido-2,3,6-trideoxy-a-L-arabino-hexo-
pyranoside (12c¢), and ftert-butyldimethylsilyl 4-O-acetyl-3-azido-2,3,6-
trideoxy-a-L-ribo-hexopyranoside (11d): A suspension of glycal 9 (4.62 g,
21.6 mmol) in water (40 mL) was heated to 95°C and stirred for 1 h. After
cooling to room temperature sodium azide (2.1 g, 32.4 mmol) and acetic
acid (4.3 mL, 3.5 equiv) were added to the resulting solution and the
stirring was maintained for 3 h, whereupon TLC (petroleum ether/ethyl
acetate 4:1) indicated that the reaction was complete. After the reaction
mixture was poured onto a saturated aqueous solution of NaHCO; the
solution was extracted with ethyl acetate. The combined organic layers
were dried (MgSO,) and the solvent was removed in vacuo to afford an
isomeric mixture of 3-azido pyranoses (4.76 g). This crude material was
dissolved in anhydrous 1,2-dichloroethane (40 mL) and imidazole (2.95 g,
43.4 mmol) was added at 0°C. After 10 min tBuMe,SiCl (5.80 g, 38.5 mmol)
was added and the reaction mixture was stirred overnight at room
temperature. The solution was extracted with water (2 x 20 mL) and the
organic extracts were dried (MgSO,) and concentrated in vacuo to yield an
oil (744 g). This material was purified by column chromatography
(petroleum ether/ethyl acetate 12:1). At this point, only the ribo-
configured a-silyl isomer of 11d could be separated from the other three
isomers, which were used directly in the next step. Selected analytical data
for hexopyranoside 11d (239 mg, 0.73 mmol, 3.4%): [a]f =—195.3 (c=
1.10 in CHCl;); '"H NMR (200 MHz, CDCl;, 25°C): 6 =5.18 (dd, J=3.6,
1.5Hz, 1H; 1-H), 4.57 (dd, J=9.6, 3.6 Hz, 1H; 4-H), 4.30 (dq, /=9.6,
6.3 Hz, 1H; 5-H), 4.16 (q, / =3.6 Hz, 1H; 3-H), 2.11 (s, CH;CO, 3H), 2.10
(ddd,J=14.8,3.6,1.8 Hz, 1H; 2-H,,), 2.01 (dt, /= 14.8, 3.6 Hz, 1 H; 2-H,,),
1.13(d,/=6.3 Hz,3H; 6-H), 0.92 {s, 9H; Si(CH5;),[C(CH3)5]}, 0.11, 0.09 {2,
6H; Si(CH;),[C(CH;);]}; *C NMR (50 MHz; CDCl;, 25°C): d =170.2 (s,
COCHs;), 90.2 (d, C-1), 73.6 (d, C-4), 61.7 (d, C-5), 55.2 (d, C-3), 34.0 (t,
C-2), 255 (q, Si(CH,),[C(CH3);]), 209 (q, CH;CO), 179 (s,
Si(CH,),[C(CH,)i]). 172 (g, C-6), —4.6, —5.8 {24, Si(CH,),[C(CHs),]};
elemental analysis calcd (%) for C,,H,;N;0,Si (329.5): C 51.04, H 8.26, N
12.75; found C 51.13, H 8.31, N 12.49.

The main fraction including the three isomers (5.8 g, 17.6 mmol) was
dissolved in dry methanol (30 mL), and sodium methylate (478 mg,
8.85 mmol) was added. The reaction mixture was stirred at room temper-
ature for 5h, whereupon TLC (petroleum ether/ethyl acetate 10:1)
revealed that the ester hydrolysis was complete. Concentration in vacuo
gave a crude material which was purified by column chromatography
(petroleum ether/ethyl acetate 10:1).

1st Fraction 12a (3.06 g, 10.64 mmol, 60.5%); R;=0.23 (petroleum ether/
ethyl acetate 10:1); 'H NMR (200 MHz, CDCl;, 25°C): 6 =4.80 (dd, /=
9.2,2.0 Hz, 1H; 1-H), 3.39 (ddd, J =12.6, 9.0, 4.8 Hz, 1H; 3-H), 3.32 (dq,
J7=9.0, 6.0 Hz, 1H; 5-H), 3.14 (dt, J=9.0, 3.6 Hz, 1 H; 4-H), 2.23 (d, J =
3.6 Hz, 1 H; OH), 2.18 (ddd, J=13.0, 4.8, 2.2 Hz, 1 H; 2-H,,), 1.6 (dt, J =
12.6, 92 Hz, 1H; 2-H,,), 132 (d, J=6.6Hz, 3H; 6-H), 0.89 {s, 9H;
Si(CHs),[C(CHs3)5]}, 0.12, 0.10 {2s, 6H; Si(CHs;),[C(CH;)s]}); elemental
analysis caled (%) for C,,H,sN;05Si (287.4): 50.14, H 8.77, N 14.62; found C
50.22, H 8.55, N 14.43.

2nd Fraction 12b (1.40 g, 4.87 mmol, 28%); R;=0.14 (petroleum ether/
ethyl acetate 10:1); '"H NMR (200 MHz, CDCL, 25°C): 6 =4.99 (dd, J =
9.0,2.0 Hz, 1H; 1-H), 4.05 (q, / = 3.6 Hz, 1 H; 3-H), 3.62 (dq, J = 9.4, 6.3 Hz,
1H;5-H), 3.38 (dt,/=8.8,3.6 Hz, 1H; 4-H), 2.10 (ddd, J = 14.0, 3.6, 2.2 Hz,
1H; 2-H,), 1.98 (d, J=8.5 Hz, 1H; OH), 1.80 (ddd, /=14.0, 9.0, 3.2 Hz,
1H; 2-H,,), 1.27 (d, J = 6.3 Hz, 3H; 6-H), 0.89 {s, 9H; Si(CH,),[C(CH,);]}.
0.10 {2s, 6H; Si(CH;),[C(CHjs)s]}; elemental analysis caled (%) for
C,HpsN;O5Si (2874): C 50.14, H 8.77, N 14.62; found C 50.16, H 8.69, N
14.73.

3rd Fraction 12¢ (56 mg, 0.195 mmol, 1.1%); R;=0.26 (petroleum ether/
ethyl acetate 10:1); [a]¥=+68.24 (c=1.65 in CHCL); 'H NMR
(200 MHz, CDCl;, 25°C): 6 =5.24 (dd,J =2.4, 1.2 Hz, 1H; 1-H), 3.82 (dq,
J=9.4,62Hz, 1H;5-H),3.77 (ddd, J =12.6, 9.0, 4.8 Hz, 1H; 3-H), 3.13 (t,
J=9.2Hz, 1H; 4-H), 2.41 (s, OH, 1H), 2.05 (ddd, J=12.8,4.8, 1.6 Hz, 1 H;
2-H,,), 1.70 (dt, J=12.6, 3.0 Hz, 1H; 2-H,,), 1.25 (d, J=6.4 Hz, 3H; 6-H),

0947-6539/02/0812-2722 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 12





Cyclic Neooligoaminodeoxysaccharides

2717-2729

0.90 {s, 9H; Si(CH,),[C(CHs;);]}, 0.10 {2s, 6H; Si(CH;),[C(CHs;);]}; ele-
mental analysis caled (%) for C,H,sN;0,Si (2874): C 50.14, H 8.77, N
14.62; found C 50.02, H 8.58, N 14.83.

tert-Butyldimethylsilyl 4-O-allyl-3-azido-2,3,6-trideoxy-f-L-arabino-hexo-
pyranoside (13a): NaH (55-65 % in oil, 2.5 equiv, 0.73 g) and allyl bromide
(1.56 mL, 18.25 mmol) were added to a solution of pyranoside (12a)
(2.10 g, 7.3 mmol) in anhydrous THF (50 mL). The mixture was stirred at
room temperature overnight. Methanol (35 mL) was added and stirring for
additional 3 h was continued. The reaction mixture was concentrated under
reduced pressure. The residual oil obtained was taken up in water (120 mL)
and extraction was carried out with dichloromethane (4 x 20 mL). The
combined organic extracts were washed with water and dried (MgSO,).
After removal of the solvent under reduced pressure a crude material
(2.36 g, 721 mmol, 99 % ) was obtained, which was directly used for the next
step without additional purification. 13a: R;=0.68 (petroleum ether/ethyl
acetate 10:1); '"H NMR (200 MHz, CDCl;, 25°C): 6 =5.95 (ddt, J =172,
10.2, 5.8 Hz, 1H; CH=), 5.29 (dq, /=172, 1.7 Hz, 1H; CHH'=CH-), 5.20
(dq, /=102, 1.6 Hz, 1H; CHH'=CH-), 4.76 (dd, /] =9.4,2.0 Hz, 1H; 1-H),
4.16-4.10 (m, 1H; 3-H), 4.29 (ddt, /=12.1, 5.6, 1.3 Hz, 1 H; OCHH’), 4.14
(ddt,J=12.1,6.0,1.2 Hz, 1H; OCHH'), 3.32 (dq,/=9.2, 6.4 Hz, 1 H; 5-H),
2.89 (t, /=92 Hz, 1H; 4-H), 2.13 (ddd, J=12.8, 5.0, 2.0 Hz, 1H; 2-H,,),
1.57 (dt, J=12.8,9.2 Hz, 1H; 2-H,,), 1.31 (d, J=6.2 Hz, 3H; 6-H), 0.89 {s,
9H; Si(CH,),[C(CHs3);]}, 0.11, 0.09 {25, 6 H; Si(CH;),[C(CH,;)5]}; *C NMR
(50 MHz; CDCl;, 25°C): 6 =134.2 (d,=CH), 117.7 (t, CH,=), 94.3 (d, C-1),
80.9 (d, C-4), 74.0 (t, OCH,), 72.2 (d, C-5), 62.0 (d, C-3), 39.2 (t, C-2), 25.7
g Si(CH),[C(CH,)i]}, 182 (q, C-6), 18.0 s, Si(CH:),[C(CH.),]), — 4.2,
—5.2 {q, Si(CH,),[C(CHs)s]}.

tert-Butyldimethylsilyl 4-O-allyl-3-trifluoroacetamido-2,3,6-trideoxy-f-L-
arabino-hexopyranoside (14a): The azide 13a (1.14 g, 3.49 mmol) was
dissolved in anhydrous diethyl ether (25 mL). To this solution was added
lithium aluminium hydride (0.9 g, 23.7 mmol) at 0°C and stirring was
continued for 2.5h at this temperature. Excess of lithium aluminium
hydride was destroyed by dropwise addition of water (1 mL) and 10%
NaOH (2 mL). The suspension was filtered with suction and the filter cake
was thoroughly washed with diethyl ether. The combined filtrates were
concentrated under reduced pressure to afford a syrup which was dried by
being taken up in toluene followed by concentration in vacuo. The crude
material obtained can be used for the next step without further purification
by dissolving it in anhydrous dichloromethane (15 mL) at 0°C. Triethyl
amine (0.7 mL) and trifluoroacetic anhydride (0.73 mL) were added to this
solution. The mixture was stirred at room temperature for 0.5 h. The
solvent was removed under reduced pressure and the crude product was
purified by flash chromatography (petroleum ether/ethyl acetate 15:1) to
afford the title compound 14a (784 mg, 1.97 mmol; 56.4 %) as colourless
crystals. R;=0.26 (petroleum ether/ethyl acetate 15:1); m.p. 97-99°C;
[a]Z = —8.55 (c=1.14 in CHCl;); '"H NMR (200 MHz, CDCl;, 25°C): 6 =
6.54 (d, /=72 Hz, 1H; NH), 5.85 (ddt, /=172, 104, 5.8 Hz, 1H; CH=),
5.25 (dq, /=172, 1.6 Hz, 1H; CHH'=CH-), 5.22 (dq, J=10.4, 1.6 Hz, 1 H;
CHH'=CH-), 4.92 (dd, J=76, 2.4 Hz, 1H; 1-H), 4.18 (dd, /] =12.4, 5.8 Hz,
1H; OCHH'), 4.12-4.02 (m, 1H; 3-H), 3.97 (dd, /=124, 5.8 Hz, 1H;
OCHH'), 3.44 (dq, J=8.4, 6.2 Hz, 1H; 5-H), 2.99 (t, /=8.4 Hz, 1H; 4-H),
225 (ddd, J=12.8, 4.4, 2.4 Hz, 1H; 2-H,,), 1.62 (ddd, J=12.8, 9.8, 7.6 Hz,
1H; 2-H,,), 1.33 (d, /= 6.0 Hz, 3H; 6-H), 0.88 {s, 9H; Si(CHy),[C(CH,);]},
0.11, 0.10 {25, 6 H; Si(CH;),[C(CHj;);]}; *C NMR (50 MHz, CDCl;, 25°C):
0=156.7 (q, COCF;3), 134.2 (d, =CH), 118.5 (t, CH,=), 116.0 (q, COCF3),
94.1 (d, C-1), 81.5 (d, C-4), 72.9 (t, OCH,), 72.1 (d, C-5), 50.2 (d, C-3), 38.0
(t, C-2), 256 {q, Si(CH;),[C(CH;);]}, 18.6 (q, C-6), 18.0 (s,
Si(CHj;),[C(CH;)5]}, —4.3, — 5.4 {q, Si(CHj;),[ C(CH;);]}; elemental analysis
caled (%) for C;;H;F;NO,Si (397.5): C51.37, H7.61, N 3.52; found C 51.45,
H 7.62, N 3.61.

tert-Butyldimethlysilyl 4-0-allyl-3-azido-2,3,6-trideoxy-f-L-ribo-hexopyr-
anoside (13b): Freshly prepared dry silver oxide (2.62 g) and allyl iodide
(0.5 mL) were added to a solution of pyranoside (12b) (992 mg, 3.45 mmol)
in dry acetonitrile (20 mL). The mixture was stirred at 50 °C for 20 h under
nitrogen. The suspension was filtered through a pad of Celite with suction
and the filter cake was washed with ethyl acetate. The combined filtrates
were concentrated under reduced pressure to afford a crude oil which was
purified by column chromatography (petroleum ether/ethyl acetate 15:1)
to give the title compound 13b (271 mg, 0.83 mmol; 24%). 'H NMR
(200 MHz, CDCl;, 25°C): 6 =5.91 (ddt, J=17.0, 10.4, 5.8 Hz, 1H; CH=),
5.29 (dq, /=170, 1.8 Hz, 1H; CHH=CH-), 5.22 (dq, /=104, 1.6 Hz, 1H;
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CHH'=CH-), 4.96 (dd, J=9.0, 1.8 Hz, 1 H; 1-H), 4.16-4.10 (m, 1 H; 3-H),
4.14 (ddt,J=12.4,6.0,1.4 Hz, 1H; OCHH'), 4.01 (ddt,/=12.4, 6.0, 1.4 Hz,
1H; OCHH'), 3.83 (dq, J =9.2, 6.2 Hz, 1H; 5-H), 3.20 (dd, /=92, 32 Hz,
1H; 4-H), 1.98 (ddd, J=13.8, 4.5, 22 Hz, 1H; 2-H,), 1.66 (ddd, J=13.5,
9.0, 3.6Hz, 1H; 2-H,), 127 (d, J=62Hz, 3H; 6-H), 0.88 {s, 9H;
Si(CH,),[C(CH,),]}, 0.10, 0.09 {25, 6H; Si(CH,),[C(CH,):]}; *C NMR
(50 MHz, CDCl,, 25°C): 8 =134.2 (d, =CH), 1179 (t, CH,=), 92.3 (d, C-1),
80.2 (d, C-4), 70.9 (t, OCH,), 69.2 (d, C-5), 574 (d, C-3), 38.1 (t, C-2), 25.8
{34, Si(CH;),[C(CH;):]}, 18.2 (g, C-6), 182 {s, Si(CH,),[C(CH,);]}, —4.3,
—53 {2q, Si(CH;),[C(CH;);]}; elemental analysis caled (%) for
C,sH,N;058i (327.5): C 55.01, H 8.93, N 12.83; found C 55.11, H 9.02, N
12.74.

tert-Butyldimethylsilyl 4-O-allyl-3-trifluoroacetamido-2,3,6-trideoxy-f-L-
ribo-hexopyranoside (14b): Azide 13b (429 mg, 1.31 mmol) was dissolved
in anhydrous THF (18 mL). To this solution was added lithium aluminium
hydride (250 mg, 6.59 mmol) at 0°C and stirring was continued for 2 h at
room temperature. Excess of lithium aluminium hydride was destroyed by
dropwise addition of water (1 mL) and 10 % NaOH (2 mL). The suspension
was filtered with suction and the filter cake was thoroughly washed with
diethyl ether. The combined filtrates were concentrated under reduced
pressure to afford a syrup which was dried by being taken up in toluene
followed by concentration in vacuo. The crude material obtained can be
used for the next step without further purification by dissolving it in
anhydrous dichloromethane (20 mL) at 0°C. Triethylamine (0.3 mL) and
trifluoroacetic anhydride (0.3 mL) were added to the solution. The mixture
was stirred at room temperature for 0.5 h. The solvent was removed under
reduced pressure and the crude product was purified by flash chromatog-
raphy (petroleum ether/ethyl acetate 15:1) to afford the title compound
14b (404 mg, 1.02 mmol; 78 % ). R;=0.28 (petroleum ether/ethyl acetate
15:1); [a] =—15.0 (¢=1.22 in CHCL;); '"H NMR (200 MHz, CDCl;,
25°C): 6=6.60 (d, J=4.8 Hz, 1H; NH), 5.85 (ddt, J=17.0, 10.4, 5.8 Hz,
1H; CH=), 5.26 (dq, /=170, 1.6 Hz, 1H; CHH=CH-), 5.22 (dq, /=104,
1.6 Hz, 1H; CHH'=CH-), 4.98 (dd, /=173, 2.5 Hz, 1H; 1-H), 4.45 (m, 1 H;
3-H), 3.99 (dt, /=5.8, 1.4 Hz, 2H; OCH,), 3.76 (pent., J=6.8 Hz, 1H;
5-H),3.29 (dd,J=74,4.2 Hz,1H;4-H),2.37 (ddd,J=13.8,5.8,2.2 Hz, 1 H;
2-H,y), 1.71 (ddd, J=13.8, 7.2, 4.0 Hz, 1H; 2-H,,), 1.34 (d, /= 6.6 Hz, 3H;
6-H), 0.88 {s, 9H; Si(CH,),[C(CH;);]}, 0.10, 0.09 {2s, 6H;
Si(CH;),[C(CH;);]}; *C NMR (100 MHz, CDCl;, 25°C): 6 =156.8 (q,
COCF;), 133.6 (d,=CH), 118.3 (t, CH,=), 116.0 (q, COCF;), 92.6 (d, C-1),
76.4 (d, C-4),70.2 (t, OCH,), 69.7 (d, C-5), 45.1 (d, C-3), 35.2 (t, C-2), 25.7
{q. Si(CH,),[C(CH,)i]}. 193 (q, C-6), 18.0 {s, Si(CH:),[C(CHy)]}, — 43,
—53 {2q, Si(CH;),[C(CH;);]}; elemental analysis caled (%) for
C;H;)F;sNO,Si (397.5): C 51.37, H 7.61, N 3.52; found C 51.36, H 7.56,
N 3.50.

(E,Z)-1,4-Bis[ tert-butyldimethylsilyl 3'-trifluoroacetamido-2',3',6'-tri-
deoxy-fi-L-arabino-hexopyranos-4'-yl]-2-butene-1,4-diol (17), (E,Z)-1,4-
bis[ ert-butyldimethylsilyl 3'-trifluoroacetamido-2’,3',6'-trideoxy-f-L-ara-
bino-hexopyranos-4'-yl]-1-butene-1,4-diol (18), and terz-butyldimethylsilyl
(E,Z)-4-O-(1"-propenyl)-3-trifluoroacetamido-2,3,6-trideoxy-f-L-arabino-
hexopyranoside (16): Allyl ether 14a (216 mg, 0.544 mmol) was dissolved
in dry benzene (10 mL) under nitrogen and the Grubbs catalyst 8 was
added in two portions (30 mg, 6.7 mol %; 14 mg, 3.1 mol %). The purple
solution was stirred at room temperature for 5 h and after addition of the
second portion at 45°C for 20 h. After removal of the solvent in vacuo the
crude material obtained was dissolved in diethyl ethyl (30 mL) and triethyl-
amine (1 mL) and stirred under air for 2h at room temperature.
Concentration of the solution under reduced pressure yielded an oil which
was purified by column chromatography (petroleum ether/ethyl acetate
5:1) to yield three fractions.

Ist Fraction 17 (150 mg, 0.19 mmol, 70%; E/Z 6:1, inseparable mixture);
R;=0.36 (petroleum ether/ethyl acetate 4:1); '"H NMR (200 MHz, CDCl,,
25°C) for Eisomer: 0 =6.97 (d,J =8.4 Hz,2H;2 x NH), 5.68 (t,/ =2.9 Hz,
2H; 2x CH=), 493 (dd, /=72, 24 Hz, 2H; 2x 1-H), 4.14 (brd, J=
12.0 Hz, 2H; 2 x OCHH'-CH=), 4.12-4.01 (m, 2H; 2 x 3-H), 3.99 (brd,
J=12.0Hz,2H;2 x OCHH'-CH=), 3.41 (dq, J=8.4,6.0 Hz, 2H; 2 x 5-H),
3.03 (t,/=8.4Hz,2H;2 x 4-H), 2.19 (ddd, J =13.0, 4.6, 2.4 Hz, 2H; 2 x 2-
H,,), 1.67 (ddd, J=13.0, 10.2, 7.2 Hz, 2H; 2 x 2-H,,), 1.30 (d, /=6.0 Hz,
6H;2 x 6-H), 0.88 {s, 18 H; 2 x Si(CHj;),[C(CHj;)5]}, 0.11,0.10 {25, 12H; 2 x
Si(CHj;),[C(CH;)5]}); *C NMR (50 MHz, CDCl;, 25°C): 6 =156.9 (q, 2 X
COCEF;), 129.5 (d, 2 x=CH), 115.8 (q, 2 x COCF;), 94.1 (d, 2 x C-1), 81.6
(d, 2 x C-4),72.0 (d, 2 x C-5), 71.6 (t, 2 x -OCH,), 50.1 (d, 2 x C-3), 374 (t,
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2x C-2), 25.6 {q, 2 x Si(CH,),[C(CH, )3}, 187 (q, 2 x C-6), 179 {s, 2 x
Si(CH3),[C(CH;)5]}, —4.3, —5.4 {q, 2 x Si(CH;),[C(CH,);]}; elemental
analysis calcd (%) for C3,HssFsN,O4Si, (766.96): C 50.11, H 7.36, N 3.65;
found C 50.19, H 7.27, N 3.64.

Selected NMR data for Z isomer: 'H NMR (200 MHz, CDCl;, 25°C): 6 =
753 (d, J=8.4Hz, 2H; 2 x NH), 5.60 (t, J=4.0 Hz, 2H; 2 x CH=), 4.98
(dd, J=6.8, 2.8 Hz, 2H; 2 x 1-H), 3.08 (t, /=8.0Hz, 2H; 2 x4-H);
BBC NMR (50 MHz, CDCl;, 25°C): 6 =156.7 (q, 2 x COCF;), 129.2 (d, 2 x
=CH), 115.8 (q, 2 x COCF5;), 82.1 (d, 2 x C-4), 66.8 (t, 2 x OCH,), 49.9 (d,
2x C-3).

2nd Fraction 18 (17.5 mg, 23 pmol, 8.4 %; E/Z 1.24:1, inseparable mixture);
R;=0.52 (petroleum ether/ethyl acetate 4:1); 'H NMR of Z isomer
(400 MHz, CDCl;, 25°C): 6=6.85 (d, /=8.6 Hz, 1H; NH), 6.67 (d, /=
8.8 Hz, 1H; NH'), 5.96 (d, /=6.2 Hz, 1H; CH=), 4.92 (dd, J=6.3, 3.6 Hz,
1H; 1-H), 4.89 (dd, J=5.7,3.6 Hz, 1H; 1-H'), 4.32 (dt, /=78, 6.4 Hz, 1 H;
=CHCH,), 4.15-4.06 (m,2H;3-H, 3-H'), 3.56-3.51 (m, 1H; OCHH'), 3.48
(dgq, /=838, 6.4 Hz, 1H; 5-H), 3.44-3.39 (m, 1H, OCHH"), 3.40 (dq, /=
8.8,5.8 Hz, 1H;5-H'),3.27 (t,/=9.0 Hz, 1H; 4-H), 3.00 (t,/ =8.6 Hz, 1H;,
4-H'), 2.32-2.24 (m, 1 H; C4-OCH,CHH'), 2.19 (ddd, J =12.8, 4.4, 2.4 Hz,
1H; 2-H',), 2.19-2.14 (m, 1H; 2-H,,), 2.16-2.07 (m, 1 H; OCH,CHH"),
1.78 (dt, J=12.6, 8.2 Hz, 1H; 2-H,,), 1.67 (ddd, J=12.8, 11.2, 8.0 Hz, 1 H;
2-H',,), 1.31 (d, J=6.2 Hz, 3H; 6-H’), 1.28 (d, J=6.2 Hz, 3H; 6-H), 0.89,
0.88 {25, 18 H; 2 x Si(CH,),[C(CH5);]}, 0.12, 0.12, 0.11, 0.10 {4s, 12H; 2 x
Si(CH;),[C(CH;)5]}; 3C NMR of Z isomer (100 MHz, CDCl;, 25°C): 6 =
156.9 (q, 2 x COCF;), 146.3 (d, =CH), 115.7 (q, 2 x COCF;3), 102.8 (d,

=CHCH,), 94.3, 94.3 (d, C-1, C-1), 83.9 (d, C-4), 82.0 (d, C-4'), 72.1 (d,
C-5),71.7 (d, C-5), 71.0 (t, OCH,), 50.7,50.2 (d, C-3, C-3'), 38.5 (t, C-2),38.3
(t, C-2'),25.7 {q, 2 x Si(CH;),[C(CH,)s]}, 18.7 (g, C-6"), 18.1 (g, C-6), 18.0 {s,
2 x Si(CH;),[C(CHs);]}, —4.3, —5.3 {q, 2 x Si(CH,),[C(CH,);]}; elemental
analysis calcd (%) for C3,HsF¢N,O4Si, (766.96): C 50.11, H 7.36, N 3.65;
found C 50.39, H 7.13, N 3.41.

Selected NMR data for E isomer: 'H NMR (200 MHz, CDCl;, 25°C): 6 =
6.99 (d, J=8.4Hz, 1H; NH), 6.85 (d, J=82Hz, 1H; NH'), 6.14 (d, /=
12.4 Hz, 1H; CH=), 4.93-4.87 (m, 1H; =CHCH,); *C NMR (50 MHz,
CDCl;, 25°C): 6 =147.3 (d,=CHO), 103.0 (d, =CHCH,), 94.3, 94.0 (d, C-1,
C-1'),82.4 (d, C-4), 81.7 (d, C-4"), 71.6 (d, C-5' or C-5), 71.0 (t, OCH,), 50.5,
502 (d, C3, C3), 379 (t, C-2), 373 (t, C-2), 257 (q, 2x
Si(CH;),[C(CH3;)5]), 188 (q, C-6'), 184 (q, C-6), 180 {s, 2x
Si(CHL),[C(CH)s]), —4.3, — 5.3 {q, 2 x Si(CHy),[C(CH:)s]).

3rd Fraction 16 (E/Z = 1:1, inseparable mixture, 23.8 mg, 60 pmol; 11%);
"H NMR (200 MHz, CDCl;, 25°C): 6 =6.62, 6.58 (2d,J=9.2 Hz, 1H; NH,
NH'), 6.04 (dq, J=12.0, 1.6 Hz, 1H; OCH=), 5.93 (dq, J=6.2, 1.6 Hz, 1H;
OCH=),4.94 (dq,/=12.4,70 Hz, 1H; =CHCH,), 4.92-4.84 (m,2H; 1-H,
1-H'), 4.40 (dq, J=6.8, 6.2 Hz, 1H; =CH'CH,), 4.24-4.05 (m, 2H; 3-H,
3-H'), 3.52, 3.47 (2dq, J=8.8, 6.2 Hz, 1H; 5-H, 5-H’), 3.24, 3.19 (2t, J=
9.0 Hz, 2H; 4-H, 4-H"), 2.24 (2dt,J =12.8, 4.4 Hz, 2H; 2-H,, 2-H',,), 1.69,
1.63 (2ddd, J=11.6, 8.4, 1.2 Hz, 2H; 2-H,, and 2-H',,), 1.51, 1.47 (2dd, J =
7.0, 1.8 Hz, 6H; =CHCH,), 1.29, 1.28 (2d, J= 6.3 Hz, 6 H; 6-H, 6-H’), 0.89,
0.87 {2s, 18 H; 2 x Si(CHs;),[C(CH3)s]}, 0.12, 0.11, 0.11, 0.10 {4s, 12H; 2 x
Si(CH;),[C(CH,)5]}; ®C NMR (50 MHz, CDCl;, 25°C): 6 =1571, 156.8
(2q, COCF;, C'OCF;), 146.0, 145.1 (2d, =CH, =C'H), 115.7 (q, COCF;,
COC'F;), 102.7,102.6 (2d, =C'HCHj;, =CHCH,), 94.3, 94.2 (2d, C-1, C-1),
83.5,82.2(2d,C-4,C-4),71.8,71.6 (2d, C-5, C-5), 50.5, 50.5 (2d, C-3, C-3),
38.7, 384 (t, C-2, C-2), 25.6 (q, Si(CHs;),[C(CH,);], Si(CH;),[C(C'Hs);]),
18.3, 18.1 (2q, C-6, C-6'), 18.0 {s, Si(CH;),[C(CH,)], Si(CHs;),[C'(CH,)s]},
11.9 (q, CH;CH=), 9.0 (q, CH;CH=), —4.3, — 5.4 {2q, Si(CH;),[C(CHs);],
Si(C'H;),[C(CH;)5]}; elemental analysis caled (%) for C,;H;F;NO,Si
(397.5): C 51.37, H 761, N 3.52; found C 51.50, H 7.53, N 3.47.

1,4-Bis[allyl 3'-trifluoroacetamido-2',3,6'-trideoxy-a-L-arabino-hexopyra-
nos-4-yl]-1,4-butanediol (15)

Method A: A solution of 10% Pd/C (16 mg) in methanol (8 mL) was
stirred under an atmosphere of hydrogen for 30 minutes. To this suspension
a solution of the homodimer 17 (64 mg, 82 umol) in methanol and
dichloromethane (1:2, 12 mL) was added. After addition of triethylamine
(0.2 mL) the mixture was stirred at room temperature for 10 h, after which
time another portion of Pd/C (14 mg) was added to the reaction mixture.
Stirring was continued for additional 2h, whereupon TLC analysis
(petroleum ether/ethyl acetate 5:1) indicated that the conversion was
complete. The catalyst was removed by filtration and washed (dichloro-
methane/methanol 10:1). The combined filtrates were concentrated in
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vacuo and the oil obtained was further purified by flash column
chromatography (petroleum ether/ethyl acetate 5:1) to furnish the product
(64 mg, 63.9 umol; 99 %) which was used directly for the next reaction.
Alternatively, reduction of the olefinic double bond proceeds smoothly
using the catalytic system Pd/C (method B).

Method B: PtO, (2 mg) was added to a solution of 17 (36 mg, 46 pmol), in
ethyl acetate (6 mL). The suspension was stirred under H, atmosphere at
room temperature for 16 h. The hydrogenation was terminated by addition
of Et;N (1 mL), followed by filtration and removal of the solvents in vacuo.
The crude material obtained was purified as described above to yield the
reduced product (34 mg, 44 umol; 95%) as a colorless oil. R;=0.4
(petroleum ether/ethyl acetate 5:1); [a]} =—3.66 (¢=0.76 in CHCL);
'"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =6.89 (d, J=8.8 Hz, 2H; 2 x
NH), 4.92 (dd, J=74,2.3 Hz, 2H; 2 x 1-H), 4.17-4.00 (m, 2H; 2 x 3-H),
3.54 (m,4H;2 x OCH,), 3.40 (dq, J=8.7,6.4 Hz,2H; 2 x 5-H), 2.96 (t,J =
8.4 Hz, 2H; 2 x 4-H), 2.17 (ddd, J=13.1, 4.5, 2.4 Hz, 2H; 2 x 2-H,,), 1.66
(ddd,/=13.2,10.8,72 Hz,2H; 2 x 2-H,,), 1.54 (m, 4H; CH,CH,), 1.30 (d,
J=6.6 Hz, 6H; 2 x 6-H), 0.89 {s, 18H; 2 x Si(CH,),[C(CHs);]}, 0.11, 0.10
{2s5,12H; 2 x Si(CH,;),[C(CHjs);]}; *C NMR (50 MHz, CDCl;, 25°C, TMS):
0=156.8 (q, 2 x COCF3), 115.8 (q, 2 x COCF;), 94.1 (d, 2 x C-1), 82.4 (d,
2 x C-4),71.9 (d, 2 x C-5), 71.6 (t, 2 x OCH,), 50.2 (d, 2 x C-3), 37.8 (t, 2 x
C-2), 26.7 (t, 2 x CH,CH,0), 25.7 {q, 2 x Si(CH;),[C(CH,);]}, 18.7 (q, 2
C-6), 180 {s, 2xSi(CH;),[C(CH;);]}, —-4.3, -54 {2q, 2x
Si(CH;),[C(CHs;);]}; LRMS (ES) (4c): m/z (%): 791.4 (100) [M+Na]*,
1559.9 (52) [2M+Na]*.

To a suspension of silyl pyranoside described above (86 mg, 0.11 mmol),
powdered molecular sieves in 3 A in dry dichloromethane (25mL) at
—70°C under nitrogen was added a catalytic amount of TMSOTT (8.2 uL,
44 umol). After 15 minutes, freshly distilled allyl alcohol (18 uL,
0.25 mmol) was added and stirring was continued at —60°C for 0.5 h and
—40°C for 16 h. The reaction mixture was filtered and the filter cake was
thoroughly washed with dichloromethane. The combined extracts were
washed with an aqueous bicarbonate solution. After extraction of the
aqueous phase with ethyl acetate, the combined organic extracts were dried
(MgSO,) and concentrated under reduced pressure. The crude material
obtained was purified by column chromatography (petroleum ether/ethyl
acetate 4:1) to yield the desired product 15 (62 mg, 0.10 mmol, 89.3%) as
colorless crystals. R;=0.26 (petroleum ether/ethyl acetate 3:1); m.p. 212—
214°C; [a]y = —111.0 (¢ =0.77 in CHCl;/MeOH 2:1); 'TH NMR (200 MHz,
CDCl,/CD;0D, 25°C): 6 =5.82 (dddd, /=170, 10.2, 6.0, 5.0 Hz, 2H; 2 x
CH=), 527 (dq, /=170, 1.8 Hz, 2H; 2 x CHH'=CH-), 5.22 (dq, J=10.2,
1.6 Hz, 2H; 2 x CHH'=CH-), 4.89 (d, J =2.6 Hz, 2H; 2 x 1-H), 4.24 (ddd,
J=12.0, 8.2, 4.8 Hz, 2H; 2 x 3-H), 4.06 (ddt, J=12.8, 5.0, 1.6 Hz, 2H; 2 x
OCHH'),3.86 (ddt,J =12.8,6.0,1.4 Hz, 2H; 2 x OCHH'), 3.69 (dq,J=9.2,
6.3 Hz, 2H; 2 x 5-H), 3.55-3.44 (m, 2H; 2 x OCHH'), 3.44-3.34 (m, 2H;
2x OCHH'), 2.89 (t, /=9.6 Hz, 2H; 2 x4-H), 1.95 (ddd, J=12.8, 4.9,
12 Hz, 2H; 2 x 2-H,), 1.78 (dt, J=12.8, 3.4 Hz, 2H; 2 x 2-H,,), 1.44 (m,
4H; CH,CH,), 1.19 (d, /=6.0Hz, 6H; 2 x 6-H); “C NMR (50 MHz,
CDCl;, 25°C): 6=156.8 (q, 2 x COCF;), 133.8 (d, =CH), 117.0 (t, CHy=),
116.0 (q,2 x COCFs3),95.2 (d,2 x C-1),82.3 (d,2 x C-4),72.2 (t,2 x OCH,),
67.6 (d, 2 x C-5), 67.6 (t,2 x OCH,), 48.1 (d, 2 x C-3),35.1 (t,2 x C-2), 26.8
(t, 2x CH,CH,0), 179 (q, 2 x C-6); elemental analysis caled (%) for
Cy6H3sFsN, 05 (620.6) C 50.32, H 6.17, N 4.51; found C 50.55, H 6.01, N 4.72.

1,4-Bis[ tert-butyldimethylsilyl ~ 3'-trifluoroacetamido-2',3',6"-trideoxy-f-L-
ribo-hexopyranos-4'-yl]-2-butene-1,4-diol (20): Allyl ether 14b (105 mg,
0.264 mmol) was dissolved in dry benzene (20 mL) under nitrogen and the
Grubbs catalyst 8 was added in two portions (19 mg, 8.7 mol%; 10 mg,
4.4 mol%). The purple solution was stirred at room temperature for 2 h
and after addition of the second portion at 40 °C for 20 h. After removal of
the solvent in vacuo the crude material obtained was dissolved in diethyl
ethyl (30 mL) and triethylamine (1 mL) and stirred under air for 2 h at
room temperature. Concentration of the solution under reduced pressure
yielded an oil which was purified by column chromatography (petroleum
ether/ethyl acetate 7:1 to 4:1) to yield the desired dimer 20 (63 mg, 82 pmol,
62%; E/Z >20:1) as a colourless oil. R;=0.30 (petroleum ether/ethyl
acetate 10:1); [a]¥=—-84 (¢=0.81 in CHCl;); 'H NMR (200 MHz,
CDCl;, 25°C): 6=6.54 (d, J=5.8Hz, 2H; 2xNH), 572 (m, 2H; 2 x
CH=), 498 (dd, /=72, 22 Hz, 2H; 2x 1-H), 446 (m, 2H; 2 x 3-H),
3.99-3.97 (m, 4H; 2 x OCH,), 3.74 (pent, /=6.6 Hz, 2H; 2 x 5-H), 3.26
(dd,J/=70,42Hz,2H;2 x 4-H),2.33 (ddd, J=13.8,5.8,2.4 Hz,2H;2 x 2-
H,,),1.71(ddd,J=13.6,72,42 Hz,2H;2 x 2-H,,), 1.34 (d, /= 6.6 Hz, 6 H;
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2 x 6-H), 0.88 {s, 18H; 2 x Si(CH,),[C(CH,)5]{, 0.10, 0.09 {25, 12H; 2 x
Si(CH,),[C(CH,),]}; *C NMR (50 MHz, CDCl;, 25°C): 6 =156.8 (q, 2 x
COCF;), 129.1 (d, 2 x =CH), 116.0 (g, 2 x COCF;), 92.5 (d, 2 x C-1), 77.0
(d, 2 x C-4), 69.6 (d, 2 x C-5), 69.0 (t, 2 x OCH,), 45.0 (d, 2 x C-3), 35.3 (1,
2x C-2), 25.6 {q, 2 x Si(CH,),[C(CH,)s]}, 19.2 (q, 2 x C-6), 18.0 {s, 2 x
Si(CH3),[C(CH;)5]}, —4.3, —5.3 {q, 2 x Si(CH;),[C(CH,);]}; elemental
analysis calcd (%) for C,sH33F¢N,Og (620.6): C 50.32, H 6.17, N 4.51; found
C 50.44, H 6.10, N 4.69.

1,4-Bis(allyl 3'-trifluoroacetamido-2',3',6'-trideoxy-a-L-ribo-hexopyranos-
4'-yl)-1,4-butanediol (19): To a solution of homodimer 20 (101 mg,
0.13 umol), in dichloromethane/methanol (3:1, 8 mL) was added PtO,
(4 mg). The suspension was stirred under H, atmosphere at room temper-
ature for 22 h. The hydrogenation was terminated by addition of Et;N
(1 mL), followed by filtration and removal of the solvents in vacuo. The
crude material obtained was purified by flash column chromatography
(petroleum ether/ethyl acetate 6:1) to furnish the desired product [88 mg,
0.11 mmol; 87%; R;=0.26 (petroleum ether/ethyl acetate 10:1)] which
could directly subjected for the next reaction. Selected analytical data for
the product: [a]¥ = —6.7 (c=0.47 in CHCl;); 'H NMR (200 MHz, CDCl;,
25°C, TMS):  =6.54 (d,J=5.8 Hz, 2H; 2 x NH), 4.95 (dd, /=76, 2.0 Hz,
2H;2 x 1-H), 4.45 (pent.,J=4.8 Hz,2H; 2 x 3-H), 3.70 (dq, / = 7.4, 6.4 Hz,
2H;2 x 5-H), 3.48-3.38 (m, 4H; 2 x OCH,), 3.17 (dd, /=74, 42 Hz, 2H;
2 x 4-H),2.34 (ddd,/=13.8,5.4,2.2 Hz, 2H; 2 x 2-H,), 1.70 (ddd, J = 13.8,
78,4.0 Hz, 2H; 2 x 2-H,,), 1.57 (m, 4H; CH,CH,), 1.32 (d, J = 6.6 Hz, 6 H;
2 x 6-H), 0.88 {s, 18 H; 2 x Si(CHs;),[C(CH5);]}, 0.08, 0.09 {2s, 12H; 2 x
Si(CH,),[C(CHj3);]}; BC NMR (50 MHz, CDCl;, 25°C, TMS): 6 =157.3 (q,
2 x COCF;), 115.7 (q, 2 x COCF;), 92.6 (d, 2 x C-1), 77.5 (d, 2 x C-4), 69.6
(d, 2 x C-5), 689 (t,2 x OCH,), 45.2 (d, 2 x C-3), 35.3 (t, 2 x C-2), 26.4 (t,
2 x CH,CH,0), 25.7 {q, 2 x Si(CH3),[C(CHs)s]}, 19.1 (q, C-6), 18.0 {s, 2 x
Si(CH,),[C(CH;)s]}, —4.3, —5.3 {24, 2 x Si(CH;),[C(CH,)s]}-

To a suspension of silyl pyranoside described above (97 mg, 0.12 mmol),
and powdered molecular sieves (3 A) in dry dichloromethane (14 mL) at
—70°C under nitrogen was added a catalytic amount of TMSOTT (8.2 pL,
44 umol). After 15 minutes, freshly distilled allyl alcohol (21 pL,
0.29 mmol) was added and stirring was continued at —60°C for 0.5 h and
—40°C for 16 h. The reaction mixture was filtered and the filter cake was
thoroughly washed with dichloromethane. The combined extracts were
washed with an aqueous bicarbonate solution. After extraction of the
aqueous phase with ethyl acetate, the combined organic extracts were dried
(MgSO,) and concentrated under reduced pressure. The crude material
obtained was purified by column chromatography (petroleum ether/ethyl
acetate 5:1) to yield the desired product 19 (69 mg, 0.11 mmol,
88.1%).R;=0.18 (petroleum ether/ethyl acetate 4:1); [a]# =—103.1 (c=
1.54 in CHCl;); 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.87 (d, J=
8.8 Hz, 2H; 2 x NH), 5.89 (ddt, /=170, 10.4, 5.8 Hz, 2H; 2 x CH=), 5.27
(dq, /=170, 1.8 Hz, 2H; 2 x CHH=CH-), 5.22 (dq, J=10.4, 1.6 Hz, 2H;
2 x CHH'=CH-), 4.89 (t, J=2.2 Hz, 2H; 2 x 1-H), 4.61 (m, 2H; 2 x 3-H),
4.20 (ddt, J=12.4, 5.4, 1.3 Hz, 2H; 2 x OCHOCHH’), 3.94 (ddt, J=12.4,
6.0, 1.3 Hz, 2H; 2 x OCHOCHH"), 3.84-3.72 (m, 2H; 2 x OCHH'), 3.72
(dq, J=9.6, 6.0 Hz, 2H; 2 x 5-H), 3.34-3.22 (m, 2H; 2 x OCHH'), 3.04
(dd,J=9.6,4.0 Hz,2H; 2 x 4-H), 1.99-1.96 (m, 4H; 2 x 2-H,,, 2 x 2-H,,),
1.51 (m, 4H; CH,CH,), 126 (d, J=6.0Hz, 6H; 2x 6-H); 3C NMR
(50 MHz, CDCl;, 25°C, TMS): 6 =156.8 (q, 2 x COCF;), 133.2 (d, =CH),
117.8 (t, CH,=), 116.0 (q, 2 x COCF;), 96.0 (d, 2 x C-1), 78.8 (d, 2 x C-4),
69.4 (t,2 x OCH,), 68.3 (t,2 x OCHOCH,), 63.4 (d,2 x C-5),43.5(d,2 x C-
3), 32.8 (t, 2 x C-2), 26.1 (t, 2 x CH,CH,0), 179 (q, 2 x C-6); elemental
analysis calcd (%) for C,sH33F¢N,Og (620.6): C 50.32, H 6.17, N 4.51; found
C 50.44, H 6.10, N 4.69.

Allyl 4-0-acetyl-3-azido-2,3,6-trideoxy-a,f-L-arabino-hexopyranoside
(21a, 21b), and allyl 4-O-acetyl-3-azido-2,3,6-trideoxy-a,f-L-ribo-hexopyr-
anoside (21¢, 21d)

Method A (using Dowex 50, H* form): A suspension of Dowex 50 (H")
(1 g) in freshly distilled allyl alcohol (10 mL) was heated under reflux for
30 minutes, filtered and the resin was washed with absolute allyl alcohol
(5 mL). This resin was added to a solution of the crude material (10a—d)
(1.17 g, 5.4 mmol) in absolute allyl alcohol (10 mL). The suspension was
stirred at 90 °C for 1 h. The mixture was filtered with suction while hot and
washed with dichloromethane. After concentration of the combined
filtrates in vacuo the crude product was subsequently purified by column
chromatography (petroleum ether/ethyl acetate 10:1) to afford the title
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compounds 21a-d with slightly lower yield (0.55 g, 2.16 mmol, 40%)
compared to method B.

Method B (using catalyst montmorillonite K 10): Dry pyridine (12 mL) and
acetic anhydride (16.8 mL) were added to a solution of the crude mixture of
3-azido pyranoses 10a—d (17.1 g, 79.5 mmol) in anhydrous dichlorome-
thane (100 mL). The reaction mixture was stirred at room temperature for
10 h. Ice water was added and the aqueous phase was extracted with
dichloromethane (2 x 30 mL). The combined organic phases were dried
(MgSO,) and concentrated under reduced pressure to yield an oil (19.2 g)
which was directly used for the next step. To a solution of a portion of this
material (9.54 g, 37.1 mmol) in anhydrous benzene (80 mL) was added
freshly distilled allyl alcohol (6 mL) and montmorillonite K 10 (18 g). The
suspension was vigorously stirred at 110°C overnight. The clay was
removed by filtration and washed with dichloromethane (2 x 20 mL). The
combined organic filtrates were concentrated under reduced pressure to
afford an oil which was purified by column chromatography (petroleum
ether/ethyl acetate 10:1) to yield four fractions of allyl glycosides 21a-c¢
(6.16 g, 24.1 mmol, 65 %).

Ist Fraction: Allyl 4-O-acetyl-3-azido-2,3,6-trideoxy-a-L-arabino-hexopyr-
anoside (21a) (4.64 g, 18.2 mmol, 49 %). R;=0.55 (petroleum ether/ethyl
acetate 10:1); "H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =5.89 (ddt, J =
172,104, 5.4 Hz, 1H; CH=), 5.28 (dq, /=172, 1.6 Hz, 2H; CHH'=CH-),
5.23 (dq, J=10.4, 1.2 Hz, 1H; CHH=CH-), 4.83 (d, /=2.8 Hz, 1H; 1-H),
4.60 (t,/=9.6 Hz, 1H; 4-H), 4.07 (ddt, J=12.8,5.2, 1.5 Hz, 1H; OCHH’),
3.88 (ddt, J=12.8,5.2,1.5 Hz, 1H; OCHH'), 3.90-3.74 (m, 1H; 3-H), 3.74
(dg, J=9.6, 6.2 Hz, 1H; 5-H), 2.10 (ddd, /=132, 5.2, 1.2 Hz, 1H; 2-H,,),
2.06 (s, 3H; CH;CO), 1.67 (ddd, J=13.2, 12.4, 3.6 Hz, 1H; 2-H,;), 1.09 (d,
J=6.2Hz,3H; 6-H); *C NMR (50 MHz, CDCl;, 25°C, TMS): 6 =170.0 (s,
CH;CO), 133.7 (d,=CH), 1174 (t, CH,=), 95.4 (d, C-1),74.5 (d, C-4), 67.9 (t,
OCH,), 65.9 (d, C-5), 57.6 (d, C-3), 35.1 (t, C-2), 20.8 (q, CH;CO), 174 (q,
C-6); elemental analysis calcd (%) for C;;H;N;0, (255.3): C 51.76, H 6.71,
N 16.46; found C 51.69, H 6.80, N 16.52.

2nd Fraction: Allyl 4-O-acetyl-3-azido-2,3,6-trideoxy-a-L-ribo-hexopyra-
noside (21¢) (0.85 g, 3.34 mmol, 9%). R;=0.33 (petroleum ether/ethyl
acetate 10:1); "H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =5.89 (ddt, J =
172, 10.2, 6.0 Hz, 1H; CH=), 5.31 (dq, /=172, 1.6 Hz, 2H; CHH=CH-),
5.17 (dq, /=102, 1.5 Hz, 1H; CHH'=CH-), 4.81 (dd, J=3.6, 1.5 Hz, 1H;
1-H), 4.64 (dd,J=9.6,3.6 Hz, 1H;4-H),4.20 (dq,J =9.4,6.4 Hz, 1 H; 5-H),
4.17 (ddt,J=13.4,6.0, 1.2 Hz, 1H; OCHH’), 4.15-4.07 (m, 1H; 3-H), 3.96
(ddt, 7=13.4, 6.0, 1.2 Hz, 1H; OCHH'), 2.13 (m, 1H; 2-H,,), 2.11 (s, 3H;
CH;CO), 2.08 (m, 1H; 2-H,,), 1.16 (d, /=62 Hz, 3H; 6-H); *C NMR
(50 MHz, CDCl;, 25°C, TMS): 6 =170.1 (s, CH;CO), 134.0 (d,=CH), 117.0
(t, CHy), 94.4 (d, C-1),73.9 (d, C-4), 68.1 (t, OCH,), 61.8 (d, C-5), 55.6 (d,
C-3),32.7 (t, C-2), 20.7 (g, CH;CO), 17.2 (q, C-6); elemental analysis calcd
(%) for C;;H\;N;0, (255.3): C51.76, H 6.71, N 16.46; found C 51.79, H 6.54,
N 16.57.

3rd Fraction: Allyl 4-O-acetyl-3-azido-2,3,6-trideoxy-{3-L-ribo-hexopyrano-
side (21b) (0.66 g, 2.6 mmol, 7%). R;= 0.47 (petroleum ether/ethyl acetate
10:1); 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =5.89 (ddt, /=172,
10.2, 6.0 Hz, 1H; CH=), 5.27 (dq, /=172, 1.6 Hz, 2H; CHH'=CH-), 5.18
(dq, /=102, 1.5 Hz, 1H; CHH'=CH-), 4.74 (dd, J =8.8,2.2 Hz, 1H; 1-H),
4.64 (dd, /=94, 3.6 Hz, 1H; 4-H), 4.32 (ddt, /=128, 52, 1.5 Hz, 1H;
OCHH'), 4.17 (q, J=3.6, 1H; 3-H), 4.02 (ddt, /=128, 5.2, 1.5 Hz, 1H;
OCHH'), 3.94 (dq, /=9.4, 6.4 Hz, 1H; 5-H), 2.12 (s, 3H; CH;CO), 2.05
(ddd, J=14.0, 3.6, 2.2 Hz, 1H; 2-H,,), 1.83 (ddd, / =14.0, 8.8, 3.6 Hz, 1 H;
2-H,,), 1.23 (d, J=6.4 Hz, 3H; 6-H); '*C NMR (50 MHz, CDCl;, 25°C,
TMS): 6 =170.5 (s, CH;CO), 134.3 (d,=CH), 118.0 (t, CH,=), 97.0 (d, C-1),
74.7 (d, C-4), 70.1 (t, OCH,), 68.5 (d, C-5), 58.1 (d, C-3), 35.7 (t, C-2), 21.1
(q, CH;CO), 18.2 (q, C-6); elemental analysis caled (%) for C;;H;N;0,
(255.3): C51.76, H 6.71, N 16.46; found C 51.58, H 6.91, N 16.66.

Allyl 3-trifluoroacetamido-2,3,6-trideoxy-a-L-ribo-hexopyranoside (22c):
Allyl pyranoside (21¢) (421 mg, 1.65 mmol) was dissolved in anhydrous
diethyl ether (20 mL) and after cooling to 0°C, lithium aluminium hydride
(250 mg, 4 equiv) was added. After stirring for 2 h the reduction of the
azide as well as the acyl moieties were completed. Excess of the hydride
was destroyed by dropwise addition of water (1 mL), 10 % aqueous NaOH
(2 mL) and again water (3 mL). The suspension was filtered through a pad
of Celite with suction and the filtrate was concentrated in vacuo. The crude
material obtained was taken up in ethyl acetate and filtered again. The
filtrate was concentrated under reduced pressure. The crude oil obtained
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was dissolved in anhydrous dichloromethane (20 mL) at 0°C and dry
triethylamine (0.5mL), and subsequently trifluoroacetic anhydride
(0.5 mL) were added. The reaction mixture was stirred at room temper-
ature for 1 h. Removal of the solvent in vacuo afforded a crude product,
which was dissolved in allyl alcohol (8 mL). The mixture was stirred at
room temperature for 2h and concentrated under reduced pressure.
Purification of the crude oil by flash chromatography (petroleum ether/
ethyl acetate 5:1) to afford the title compound 22¢ (136 mg, 0.48 mmol,
29% for two steps). R;=0.34 (petroleum ether/ethyl acetate 5:1); [a]F =-
442 (¢=1.2 in CHCL;); 'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =8.15
(d, /=6.8 Hz, 1H; NH), 5.89 (ddt, /=170, 10.2, 5.8 Hz, 1H; CH=), 5.28
(dq, /=170, 1.6 Hz, 2H; CHH=CH-), 523 (dq, /J=10.2, 1.2 Hz, 1H;
CHH'=CH-), 491 (d, J=1.7 Hz, 1H; 1-H), 4.45 (m, 1H; 3-H), 4.21 (ddt,
J=122, 5.6, 1.3 Hz, 1H; OCHH’), 3.96 (ddt, /=124, 5.8, 1.2 Hz, 1H;
OCHH'), 3.73 (dq, J=9.6, 6.0 Hz, 1H; 5-H), 3.52 (dd, / =9.6, 3.8 Hz, 1 H;
4-H), 2.66 (brs, 1H; OH), 2.10 (dt, J=14.8, 3.7 Hz, 1H; 2-H,,), 1.95 (ddd,
J=1438, 3.2, 1.6 Hz, 1H; 2-H,,), 1.28 (d, J=6.0 Hz, 3H; 6-H); C NMR
(50 MHz, CDCl;, 25°C, TMS): 6 =158.5 (q, COCF;), 133.1 (d,=CH), 118.0
(t, CH/), 115.9 (g, COCF;), 95.8 (d, C-1),72.7 (d, C-4), 68.3 (t, OCH,), 64.3
(d, C-5), 48.0 (d, C-3), 32.6 (t, C-2), 175 (q, C-6); elemental analysis calcd
(%) for C;1H,¢FsNO, (283.2): C46.64,H 5.69, N 4.95; found C 46.51, H5.71,
N 4.88.

1,4-Di-(3'-trifluoroacetamido-2',3',6’-trideoxy-a-L-ribo-hexopyranosyl)-2-
butene-1,4-diol (25), and 1-propenyl (3'-trifluoroacetamido-2',3',6'-tri-
deoxy-a-L-ribo-hexopyranoside) (24): Allyl ether 22 ¢ (162 mg, 0.57 mmol)
was dissolved in dry benzene (16 mL) under nitrogen and the Grubbs
catalyst 8 (39 mg, 8.3 mol % ) was added in one portion. The purple solution
was stirred at 50 °C for 10 h. After removal of the solvent in vacuo the crude
material obtained was dissolved in diethyl ethyl (30 mL) and triethylamine
(1 mL) and stirred under air for 2 h at room temperature. Concentration of
the solution under reduced pressure yielded an oil which was purified by
column chromatography (petroleum ether/ethyl acetate 2:1) to yield the
desired homodimer 25 (30 mg, 56 umol, 20 %; only E isomer), rearranged
starting allyl glycoside 24 (89 mg, 0.31 mmol, 55 %; E/Z 1:3.8) and traces of
rearranged dimer 26.

1Ist Fraction: Compound 25 as a colourless oil. R;=0.10 (petroleum ether/
ethyl acetate 1:1); [a]y =—33.4 (¢c=1.34, CHCl;); 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 6=8.11 (d, J=76Hz, 2H; 2xNH), 583 (t, J=
3.1Hz, 2H; 2 x CH=), 492 (d, J=22Hz, 2H; 2 x 1-H), 480 (m, 2H;
2x3-H),4.29-4.19 2m,J=122Hz,2H;2 x OCHH'), 4.05-3.93 (2d,J =
12.2 Hz, 2H; 2 x OCHH'), 3.72 (dq, J=9.6, 6.2 Hz, 2H; 2 x 5-H), 3.54
(ddd, J=9.6, 34, 2.6 Hz, 2H; 2 x 4-H), 2.59 (d, J=2.5 Hz, 2H; 2 x OH),
2.10 (dt, J=14.8, 3.8 Hz, 2H; 2 x 2-H,,), 1.98 (ddd, /=148, 3.2, 1.4 Hz,
2H; 2 x2-H,,), 1.30 (d, /=64 Hz, 6H; 2 x 6-H); *C NMR (50 MHz,
CDCl;, 25°C, TMS): 6 =158.5 (q, 2 x CF;CO), 128.7 (d, 2 x CH=), 116.0
(9,2 x CF;C0O),95.8 (d,2 x C-1),72.9 (d, 2 x C-4), 66.9 (t,2 x OCH,), 64.4
(d,2 x C-5),48.0 (d, 2 x C-3), 32.5 (t, 2 x C-2), 17.5 (q, 2 x C-6); elemental
analysis caled (%) for CyH,sF¢N,Ox (538.4): C 44.61, H 5.24, N 5.20; found
C 44.53, H 5.29, N 5.08.

2nd Fraction: Compound 24 (inseparable mixture of E/Z isomers).
'H NMR of Z isomer (200 MHz, CDCl;, 25°C, TMS): =787 (d, J=
6.8 Hz, 1H; NH), 6.13 (dq, J=6.2, 1.8 Hz, 1H; OCH=), 5.12-5.08 (m, 1H;
1-H), 4.65 (pent, J =6.8 Hz, 1H; =CHCH,), 4.52 (m, 1H; 3-H), 3.75 (dq,
J=9.8,6.0 Hz, 1H; 5-H), 3.57 (dd, /] =9.6, 4.0 Hz, 1 H; 4-H), 2.53 (brs, 1 H;
OH), 2.10 (dt, J=12.0, 4.0 Hz, 1H; 2-H,), 2.09 (ddd, / =12.0, 3.4, 1.8 Hz,
1H;2-H,,), 1.60 (dd,J =70, 1.8 Hz, 3H;=CHCH,), 1.29 (d,/ = 6.0 Hz, 3H;
6-H); “C NMR of Z isomer (50 MHz, CDCl;, 25°C, TMS): 6 =158.5 (q,
COCF;), 141.3 (d,=CHO), 115.9 (q, COCF;), 104.0 (d,=CHCHj;), 96.8 (d,
C-1),72.8 (d, C-4), 64.6 (d, C-5),47.8 (d, C-3),32.2 (t, C-2), 17.5 (q, C-6), 9.0
(q, CH;CH=); selected NMR data for E isomer: 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 6=8.00 (d, J=6.8 Hz, 1H; NH), 6.18 (dq, J=14.0,
1.6 Hz, 1H; =CHO), 1.58 (dd, J=6.8, 1.6 Hz, 3H; =CHCH;); *C NMR
(50 MHz, CDCl;, 25°C, TMS): 6 =105.5 (d, =CHCH3), 96.3 (d, C-1), 12.3
(q, CH;CH=); elemental analysis calcd (%) for C;;H(F;NO, (283.2): C
46.64, H 5.69, N 4.95; found C 46.44, H 5.81, N 4.82.

Allyl  4-O-acetyl-3-trifluoroacetamido-2,3,6-trideoxy-a-L-ribo-hexopyra-
noside (27): Triethylamine (0.34 mL, 2 equiv), acetic anhydride (0.23 mL,
2 equiv), and a catalytic amount of 4-DMAP (5 mg) were added under
nitrogen to a solution of alcohol 22 (344 mg, 1.22 mmol) in dichloro-
methane (12 mL). The reaction mixture was stirred at room temperature
for 1 h and concentrated under reduced pressure. The crude material was
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purified by column chromatography (petroleum ether/ethyl acetate 4:1) to
yield the desired acetate 27 (366 mg, 1.13 mmol, 92%). R;=0.28 (petro-
leum ether/ethyl acetate 4:1); 'TH NMR (200 MHz, CDCl;, 25°C, TMS):
0=8.04(d,/J=70Hz, 1H;NH), 5.89 (ddt,/=170,10.2,5.8 Hz, 1 H; CH=),
5.28 (dq, /=170, 1.6 Hz, 2H; CHH=CH-), 5.23 (dq, /=102, 12 Hz, 1H;
CHH'=CH-), 4.92 (t,J=3.0 Hz, 1H; 1-H), 4.58 (m, 1 H; 3-H), 4.56 (dq, J =
10.0, 3.8 Hz, 1H; 4-H), 4.21 (ddt, J=12.6, 5.4, 1.2 Hz, 1H; OCHH’), 3.96
(ddt, J=12.6, 5.8, 1.2 Hz, 1H; OCHH"), 3.89 (dq, J=10.0, 6.2 Hz, 1H;
5-H), 2.10 (dt, /=14.8, 3.7 Hz, 1H; 2-H,,), 1.96 (s, 3H; CH,CO), 1.95 (dq,
J=148, 1.3 Hz, 1H; 2-H,,), 1.18 (d, /J=6.0 Hz, 3H; 6-H); “C NMR
(50 MHz, CDCl;, 25°C, TMS): 6 =170.1 (s, COCHs;), 157.1 (q, COCF;),
132.9 (d, =CH), 118.1 (t, CH,;=), 115.9 (q, COCF;), 96.0 (d, C-1), 72.3 (d,
C-4), 68.4 (t, OCH,), 61.8 (d, C-5), 44.6 (d, C-3), 32.4 (t, C-2), 20.5 (q,
COCHs;), 174 (q, C-6); elemental analysis caled (%) for C;;H;3F;NOs
(325.3): C 48.00, H 5.58, N 4.31; found C 48.03, H 5.60, N 4.27.

1,4-Di-(3'-trifluoroacetamido-4'-O-acetyl-2',3',6'-trideoxy-a-L-ribo-hexo-
pyranosyl)-2-butene-1,4-diol (28): Allyl ether 27 (96 mg, 0.30 mmol) was
dissolved in dry benzene (18 mL) under nitrogen and the Grubbs catalyst 8
was added in two portions (13 mg, 5.4 mol% and 9 mg, 3.7 mol%). The
purple solution was stirred at room temperature for 2 h and after addition
of the second portion of catalyst 50 °C for 10 h. After removal of the solvent
in vacuo the crude material obtained was dissolved in diethyl ether (30 mL)
and triethylamine (1 mL) and stirred under air for 2 h at room temperature.
Concentration of the solution under reduced pressure yielded an oil which
was purified by column chromatography (petroleum ether/ethyl acetate 5:1
then switched to petroleum ether/ethyl acetate 2:1) to yield the desired
homodimer 28 as a colorless oil (43 mg, 0.69 mmol, 46 %; E/Z ratio 2.5:1)
and traces of rearranged dimer 29. Compound 28: R;=0.12 (petroleum
ether/ethyl acetate 5:1); inseparable mixture of E/Z isomers); '"H NMR of
E isomer (200 MHz, CDCl;, 25°C, TMS): 6 =8.02 (d, /=8.0 Hz, 2H; 2
NH), 5.86 (t, /J=3.1 Hz, 2H; 2 x CH=), 4.95 (d, /J=2.4 Hz, 2H; 2 x 1-H),
4.62 (m,2H;2 x 3-H), 4.56 (dd,J=9.8,4.0 Hz,2H; 2 x 4-H), 4.33-4.20 (m,
2H;2 x OCHH'),4.05-3.93 (m,2H;2 x OCHH'), 3.92 (dq,J=9.6, 6.0 Hz,
2H; 2 x 5-H), 2.14 (dt, J=14.8, 3.4 Hz, 2H; 2 x 2-H,,), 1.99 (s, 6H; 2 x
CH;CO), 1.96 (ddd, J=14.6,2.4,12 Hz, 2H; 2 x 2-H,,), 1.22 (d,/ = 6.2 Hz,
6H; 2 x 6-H); *C NMR (50 MHz, CDCl;, 25°C, TMS): 6 =170.2 (s, 2 x
CH;CO), 156.9 (q, 2 x CF;C0O), 128.7 (d, 2 x CH=), 116.0 (q, 2 x CF;CO),
96.1 (d,2 x C-1),72.2 (d, 2 x C-4), 67.1 (t,2 x OCH,), 61.9 (d, 2 x C-5), 44.7
(d, 2xC-3), 32.5 (t, 2x C-2), 20.6 (q, 2 x CH;CO), 173 (q, 2 x C-6);
selected NMR data of Z isomer: 'H NMR (200 MHz, CDCl;, 25 °C, TMS):
0=579 (t, J=42Hz, 2H; 2x CH=), 1.21 (d, /=6.0 Hz, 6H; 2 x 6-H);
13C NMR (50 MHz, CDCl;, 25°C, TMS): 6 =170.1 (s, 2 x CH;CO), 157.0
(9,2 x CF;C0), 128.9 (d, 2 x CH=), 116.0 (q, 2 x CF;CO), 96.0 (d, 2 x C-1),
72.2(d,2 x C-4),62.5 (t,2 x OCH,), 62.0 (d,2 x C-5),44.6 (d,2 x C-3),32.4
(t,2 x C-2),20.6 (q, 2 x CH;CO), 17.5 (g, 2 x C-6); elemental analysis calcd
(%) for C,,H3,FsN,O,4 (622.5): C 46.31, H 5.18, N 4.50; found C 46.00, H
5.63, N 4.37.

1,4-Di-(3'-trifluoroacetamido-2',3,6"-trideoxy-a-L-ribo-hexopyranosyl)-
1,4-butanediol (23): PtO, (4 mg) was added to a solution of homodimer 25
(36 mg, 67 umol) in ethyl acetate (6 mL). The suspension was stirred under
H, atmosphere at room temperature for 16 h. The hydrogenation was
terminated by addition of Et;N (1 mL), followed by filtration and removal
of the solvents in vacuo. The crude material obtained was purified by flash
column chromatography (petroleum ether/ethyl acetate 1:1) to furnish the
desired reduction product 23 as a colorless oil (26.2 mg, 49 umol, 73 %).
R;=0.11 (petroleum ether/ethyl acetate 1:1); [a]3 =—34.3 (¢c=1.31 in
CHCl;); '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =8.13 (d, /=7.8 Hz,
2H; 2 xNH), 4838 (d, /=24 Hz, 2H; 2 x 1-H), 4.51-4.42 (m, 2H; 2 x 3-
H),3.81-3.74 (m,2H; 2 x OCHH'), 3.71 (dq,J =9.8, 6.0 Hz,2H; 2 x 5-H),
3.54 (dd, J=9.6, 3.8 Hz, 2H; 2 x 4-H), 3.48-3.40 (m, 2H; 2 x OCHH'),
2.09 (dt, J=14.8, 3.8 Hz, 2H; 2 x 2-H,,), 1.97 (ddd, /=148, 3.0, 1.4 Hz,
2H; 2 x 2-H,,), 1.70 (m, 4H; CH,CH,), 1.30 (d, J=6.0 Hz, 6H; 2 x 6-H);
13C NMR (50 MHz, CDCl;, 25°C, TMS): 6 =159.5 (q, 2 x CF5CO), 116.0
(g, 2 x CF5CO), 96.6 (d, 2 x C-1),73.0 (d, 2 x C-4), 67.4 (t, 2 x OCH,), 64.3
(d, 2 x C-5),48.1 (d, 2 x C-3), 32.6 (t, 2 x C-2), 26.4 (t, 2 x CH,CH,0), 17.6
(q, 2 x C-6); elemental analysis calecd (%) for C,H;FsN,Og (540.5): C
44.45, H 5.59, N 5.18; found C 44.47, H 5.49, N 5.28.

Preparation of homodimer 23 via the 4-O-acetyl protected dimer 30: PtO,
(4 mg) was added to a solution of homodimer 28 containing traces of
rearranged dimer 29 (48 mg, 77 pmol) in ethyl acetate (15 mL). The
suspension was stirred under H, atmosphere at room temperature for 16 h.
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The hydrogenation was terminated by addition of Et;N (1 mL), followed by
filtration and removal of the solvents in vacuo. The crude material obtained
was purified by flash column chromatography (petroleum ether/ethyl
acetate 2:1) to furnish the desired reduction product 30 as a colorless oil
(43 mg, 69 umol, 89%). R;=0.12 (petroleum ether/ethyl acetate 2:1);
[@]% =—70.5 (c=1.7 in CHCl;); '"H NMR (200 MHz, CDCl;, 25°C, TMS):
0=28.03 (d, J=8.0Hz, 2H; 2 xNH), 490 (d, /J=2.8 Hz, 2H; 2 x 1-H),
4.64-4.59 (m, 2H; 2 x 3-H), 4.58 (dd, /=9.8, 4.0 Hz, 2H; 2 x 4-H), 3.91
(dq, /=9.8, 6.2 Hz, 2H; 2 x 5-H), 3.84-3.74 (m, 2H; 2 x OCHH’), 3.51-
3.40 (m,2H;2 x OCHH'), 2.12 (dt,/ =14.6,3.8 Hz, 2H; 2 x 2-H,,), 1.99 (s,
6H; 2 x CH,CO), 1.94 (ddd, J =14.6, 2.6, 1.2 Hz, 2H; 2 x 2-H,,), 1.71 (m,
4H; CH,CH,), 121 (d, J=6.0Hz, 6H; 2x 6-H); *C NMR (50 MHz,
CDCl;,25°C, TMS): 6 =170.2 (s, 2 x CH;CO), 156.8 (q, 2 x CF;CO), 116.0
(g, 2 x CF5CO), 96.8 (d, 2 x C-1), 72.3 (d, 2 x C-4), 67.6 (t, 2 x OCH,), 61.8
(d, 2 x C-5),44.7 (d, 2 x C-3), 32.5 (t, 2 x C-2), 26.5 (t, 2 x CH,CH,0), 20.6
(q, 2 x CH;CO), 174 (q, 2 x C-6).

The compound obtained from above was dissolved in a mixture of 0.1m
NaOH/THF (3:1) and stirred at room temperature for 0.5 h. The crude
material obtained was purified by flash column chromatography (petro-
leum ether/ethyl acetate 1:1) to furnish the desired reduction product 23
(35 mg, 65 umol, 94 %).

Preparation of linear neotetrasaccharide 31: TMSOTY (10 pL, 54 umol)
was added under nitrogen to a suspension of head-to-head linked
disaccharide 23 (36 mg, 67 pmol), silyl glycoside 14a (62 mg, 0.16 mmol)
in dry dichloromethane (16 mL), and powdered molecular sieves 3 A. The
reaction mixture was stirred for 1 d thereby raising the temperature from
—60 to —40°C after the first 0.5 h. After filtration and addition of aqueous
bicarbonate solution to the organic layer, the filter cake was thoroughly
washed with dichloromethane. The aqueous layer was washed with ethyl
acetate (3 x 7mL). The combined organic extracts were dried (MgSOy,)
and concentrated under reduced pressure. The crude oil was purified by
column chromatography (petroleum ether/ethyl acetate 3:2) to yield the
target homodimer 31 (56 mg, 52 pmol, 78 %). R;=0.56 (petroleum ether/
ethyl acetate 2:3); [a¢]¥# = —75.8 (¢ =2.06 in CHCl;); 'H NMR (400 MHz,
CDCl;, 25°C, TMS): 6=8.06 (d, J=9.0Hz, 2H; 2 xNH), 6.32 (d, /=
8.4 Hz, 2H; 2 x NH'), 5.83 (ddt, /=172, 10.2, 5.8 Hz, 2H; 2 x CH=), 5.24
(dq,J/=172,1.4 Hz,2H;2 x CH'H=CH-), 5.23 (dd,J=3.8,1.1 Hz,2H;2 x
1-H'), 5.20 (dq, J=10.2, 1.0 Hz, 2H; 2 x CHH=CH), 4.89 (t, J=2.2 Hz,
2H; 2 x 1-H), 4.58-4.53 (m, 2H; 2 x 3-H), 4.18-4.13 (m, 2H; 2 x 3-H'),
4.16 (ddt, J=12.3, 6.5, 1.0 Hz, 2H; 2 x OCH'H), 3.95 (ddt, J=12.3, 6.6,
1.0Hz, 2H; OCHH'), 3.83-3.73 (m, 6H; 2x5-H, 2x5-Hand 2 x
OCHH'), 3.50 (dd, J=9.7, 3.6 Hz, 2H; 2 x 4-H), 3.47-3.43 (m, 2H; 2 x
OCHH), 3.01 (t, J=9.2 Hz, 2H; 2 x 4-H'), 2.12 (dt, J = 14.6, 3.8 Hz, 2 H;
2 x2-Hgy), 1.94 (ddd, J=14.6, 2.6, 1.2 Hz, 2H; 2 x 2-H,,), 1.94 (ddd, J=
13.0,4.8, 1.6 Hz, 2H; 2 x 2-H',,), 1.82 (dt, /=12.8, 42 Hz, 2H; 2 x 2-H',),
171 (m, 4H; CH,CH,), 1.30 (d, /J=5.8 Hz, 6H; 2 x 6-H'), 1.29 (d, J=
6.2 Hz, 6H; 2x6-H); *C NMR (100 MHz, CDCl;, 25°C, TMS): 6=
156.8 (q, 2 x COCFs;), 156.6 (q, 2 x C'OCFs;), 134.1 (d, 2 x =CH), 118.3 (t,
2 x CH,=, 115.9, 115.8 (2q, 2 x CF;CO and 2 x C'F;,CO), 96.7 (d, 2 x C-1),
922 (d, 2 x C-1), 82.0 (d, 2 x C-4'), 73.4 (t, 2 x OC'H,), 73.3 (d, 2 x C-4),
68.4 (d, 2x C-5'), 674 (t, 2 x OCH,), 62.8 (d, 2 x C-5), 48.5 (d, 2 x C-3'),
43.0 (d, 2x C-3), 34.6, 34.5 (2t, 2x C-2'), 32.6 (t, 2x C-2), 26.5 (t, 2 x
CH,CH,0), 18.6 (q, 2xC-6'), 18.1 (q, 2xC-6); LRMS (ES) (—c¢):
mlz (%): 1069.9 (100) [M —H]~, 1071 (55) [M]~; (4+c): 1093.5 (100)
[M+Na]*.

Preparation of macrocyclic disaccharide 32 by ring-closing metathesis:
Diene 15 (30 mg, 48 pmol) was dried under reduced pressure (102 Torr)
for 2.5 h and was dissolved under nitrogen in absolute benzene (40 mL). To
this solution was added catalyst 8 (10 mg, 13 mol%) and the purple
solution was stirred at 47°C for 24 h, at which time the reaction was
terminated by concentration under reduced pressure. After addition of
diethyl ether (20 mL) and triethylamine (1 mL) stirring was continued
under air for 2 h. The solvents were removed under reduced pressure to
afford an oil, which was purified by column chromatography (silica gel;
petroleum ether/ethyl acetate 4:1) to yield macrocyclic disaccharide 32 as
colorless crystals (19.1 mg, 32 umol; 67 %) as well as recovered starting
material 15 (6 mg, 9.7 umol, 20%). Compound 32: m.p. 218-220°C;
[a]f =-111.2 (¢ =0.96 in CHCly/MeOH 5:1); '"H NMR (200 MHz, CDCl;,
25°C, TMS): 0=797 (d, J=9.0Hz, 2H; 2 x NH), 5.82 (t,/=3.2 Hz, 2H;
2x CH=), 4.78 (d, J=2.4 Hz, 2H; 2 x 1-H), 4.54-4.37 (m, 2H; 2 x 3-H),
4.06 (ddd, J=12.0, 3.0, 1.5 Hz, 2H; 2 x OCHH’), 3.96 (ddd, J=12.0, 3.0,
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1.5Hz,2H;2 x OCHH'),3.87 (dq, J=9.6, 6.0 Hz, 2H; 2 x 5-H), 3.55-3.38
(m, 4H; 2 x OCH,), 2.93 (t, J=9.8 Hz, 2H; 2 x 4-H), 2.05 (ddd, /=128,
4.8, 1.1 Hz, 2H; 2 x 2-H,), 1.65 (dt, J=12.6, 3.4 Hz, 2H; 2 x 2-H,,), 1.47
(m, 4H; 2x OCH,CH,), 1.30 (d, J=63Hz, 6H; 2x6-H); *C NMR
(50 MHz, CDCl;, 25°C, TMS): 6=1572 (q, 2 x COCF;), 129.0 (d, 2 x
CH=), 115.9 (q, 2 x COCF;), 96.0 (d, 2 x C-1), 81.0 (d, 2 x C-4), 68.5 (t,
2 x OCH,), 66.7 (t, 2 x OCH,), 66.3 (d, 2 x C-5), 45.7 (d, 2 x C-3), 35.4 (t,
2x C-2), 28.0 (t, 2 x CH,CH,0), 18.0 (q, 2 x C-6). The material was
directly used for the next step.

Preparation of macrocyclic disaccharide 3: Macrocyclic disaccharide 32
(19 mg, 32 umol) was stirred in a mixture of THF/0.1m aqueous NaOH (1:3,
12 mL) at room temperature for 5 h. After addition of dry ice (pH 7-8) the
solution was concentrated to 0.5 mL under reduced pressure and the
resulting material was subjected to a small column (reversed phase; C-18;
gradient H,O — MeOH) to yield the target neosaccharide 3 (single E
isomer: 12 mg, 30 pmol, 94%). [a]® =—25.9 (¢=0.61 in CHCly/MeOH
3:1); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6=5.84 (t, J=2.6 Hz,
2H; 2 x CH=), 4.84 (d, J=2.5Hz, 2H; 2 x 1-H), 4.15 (ddd, J=12.0, 3.0,
1.5 Hz, 2H; 2 x OCHH'), 4.02 (ddd, / =12.0, 3.0, 1.5 Hz, 2H; 2 x OCHH'),
3.84 (dq, /=97, 6.3 Hz, 2H; 2 x 5-H), 3.73-3.65 (m, 2H; 2 x OCHH'),
3.62-3.55 (m, 2H; 2x OCHH’), 3.34 (ddd, /=120, 9.8, 4.6 Hz, 2H;
2x3-H), 2.74 (t, J=9.6Hz, 2H; 2x4-H), 2.04 (ddd, /=132, 48,
1L0Hz, 2H; 2x2-H,), 1.73-1.69 (m, 4H; 2 x OCH,CH,), 1.55 (brs,
4H;2 x NH,), 1.53 (dt,/=12.4,3.4 Hz,2H; 2 x 2-H,,), 1.29 (d, /= 6.1 Hz,
6H; 2x6-H); “C NMR (100 MHz, CDCl;, 25°C, TMS): 0=128.6
(d, 2x CH=), 972 (d, 2 x C-1), 86.0 (d, 2 x C-4), 68.7 (t, 2 x OCH,), 68.0
(t, 2x OCH,), 66.1 (d, 2 x C-5), 46.4 (d, 2 x C-3), 38.4 (t, 2 x C-2), 284 (t,
2 x CH,CH,0), 18.5 (q, 2 x C-6); DCI-MS: m/z (%): 401.5 (100) [M+H]",
801.9 (3) [2M+H]*.

Preparation of macrocyclic tetrasaccharide 33: A suspension of macro-
cyclic alkene 32 (16 mg, 27 umol) and PtO, (4 mg) in dichloromethane/
methanol (10:1, 10 mL) was stirred under an H, atmosphere at room
temperature for 16 h. After removal of the catalyst by filtration the mixture
was concentrated under reduced pressure to afford a crude product which
was purified by flash column chromatography (petroleum ether/ethyl
acetate 2:1). The title compound was obtained as colorless crystals (14 mg,
24 ymol, 87%). M.p. 118-220°C; [a]g=-62.5 (c=0.78 in CHCL);
'H NMR (200 MHz, CDCl;, 25°C, TMS): 0 =6.20 (d, /=74 Hz, 2H; 2 x
NH), 4.81 (dd, J=3.0, 1.2 Hz, 2H; 2 x 1-H), 4.54-4.38 (m, 2H; 2 x 3-H),
3.96 (dq, /=9.2, 6.2 Hz, 2H; 2 x 5-H), 3.71 (dt, J=9.2, 6.2 Hz, 2H; 2 x
OCHH'), 3.59-3.49 (m, 4H; 2 x OCH,), 3.49 (dt, /=92, 6.2 Hz, 2H; 2 x
OCHOCHH'), 3.01 (t, J=9.6 Hz, 2H; 2 x 4-H), 2.26 (ddd, J=12.8, 4.8,
1.5 Hz, 2H; 2 x 2-H,,), 1.69 (dt, J=12.4, 3.5 Hz, 2H; 2 x 2-H,,), 1.69-1.53
(m, 8H; 2 x OCHOCH,CH, and 2 x OCH,CH,), 1.35 (d, /=6.3 Hz, 6H;
2x6-H); C NMR (50 MHz, CDCl;, 25°C, TMS): 6=1571 (q, 2 x
COCF;), 115.9 (q, 2 x COCF;), 95.9 (d, 2 x C-1), 81.4 (d, 2 x C-4), 68.7 (t,
2 x C4-OCH,), 672 (t,2 x OCHOCH,), 66.0 (d, 2 x C-5), 46.6 (d, 2 x C-3),
35.7 (t,2 x C-2), 279 (t,2 x CH,CH,0), 27.3 (t, 2 x CH,CH,0), 18.5 (q, 2 x
C-6); LRMS (ES) (+c¢): m/z (%): 617.6 (100) [M+Na]*, 1211.3 (60)
[2M+Na]*; (—c) 594.6 (54) [M]~,593.7 (72) [M —H]".

Preparation of macrocyclic disaccharide 4: Macrocyclic disaccharide 33
(26 mg, 44 umol) was stirred in a mixture of THF/0.1m aqueous NaOH (1:3,
12 mL) at room temperature for 5 h. After addition of dry ice (pH 7-38) the
solution was concentrated (to 0.5 mL) under reduced pressure and the
resulting material was subjected to a small column (reversed phase; C-18;
gradient H,O — MeOH) to yield the target neosaccharide 4 as a semisolid
(15 mg, 37 pmol; 85%). [a]5=-57 (¢=0.51 in CHCl/MeOH 3:1);
'H NMR (400 MHz, CDCl;, 25°C, TMS): 6=4.73 (d, J=2.8 Hz, 2H;
2 x 1-H), 3.81 (dq, /=9.2, 6.2 Hz, 2H; 2 x 5-H), 3.73-3.66 (m, 2H; 2 x
OCHH'), 3.68 (dt, J=9.1, 6.0 Hz, 2H; 2 x OCHOCHH'), 3.61-3.55 (m,
2H; 2x OCHH'), 3.38 (dt, J=9.1, 6.0 Hz, 2H; 2 x OCHOCHH"), 3.28
(ddd, J=12.0,9.8,4.6 Hz, 2H; 2 x 3-H), 2.72 (t, J=9.6 Hz, 2H; 2 x 4-H),
222 (brs, 4H; 2 x NH,), 1.96 (ddd, J=13.0, 4.6, 0.8 Hz, 2H; 2 x 2-H,,),
1.75-1.70 (m, 2H; 2 x OCHOCH,CHH'), 1.69 (m, 4H; CH,CH,), 1.53-
1.48 (m, 2H; 2 x OCHOCH,CHH'), 1.49 (dt, J=12.4, 3.4 Hz, 2H; 2 x 2-
H,,), 1.26 (d, J=6.2 Hz, 6H; 2 x 6-H); *C NMR (50 MHz, CDCl;, 25°C,
TMS): 6 =96.7 (d,2 x C-1),85.6 (d, 2 x C-4),68.7 (t,2 x OCH,), 67.9 (t,2 x
OCHOCH,), 65.6 (d, 2 x C-5), 46.0 (d, 2 x C-3), 38.0 (t, 2 x C-2), 279 (t,
2 x CH,CH,0), 272 (t, 2 x CH,CH,0CHO), 18.6 (q, 2 x C-6); DCI-MS:
mlz (%): 403.4 (100) [M+H]*.
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Preparation of macrocyclic tetrasaccharide 34 and macrocyclic hexasac-
charide 35 by ring-closing metathesis and catalytic hydrogenation: Diene
19 (32 mg, 52 umol) was dried under reduced pressure (102 Torr) for 2.5 h
and then was dissolved under nitrogen in absolute benzene (40 mL). To this
solution was added catalyst 8 (8.5 mg, 9.9 mol %) and the purple solution
was stirred at 50 °C for 14 h, at which time the reaction was terminated by
concentration under reduced pressure. After addition of diethyl ether
(20 mL) and triethylamine (1 mL) stirring was continued under air for 2 h.
The solvents were removed under reduced pressure to afford an oil, which
was purified by column chromatography (petroleum ether/ethyl acetate
2:1) to yield macrocyclic tetrasaccharide (20 mg, 17 umol, 64 %; two
isomers 3:1) and hexasaccharide (5 mg, 2.8 umol, 16.2 %; two isomers 3:1).

1Ist Fraction: Tetrasaccharide; R;=0.30 (petroleum ether/ethyl acetate 1:1);
'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =780 (d, J=9.2 Hz, 4H; 4 x
NH), 5.82 (m,4H;4 x CH=),4.90 (t,/=2.0 Hz,4H; 4 x 1-H), 4.62 (m,4H;
4 x3-H), 4.22 (m, 4H; 4 x OCHOCHH'), 3.94 (m, 4H; 4 x OCHOCHH'),
3.84-3.70 (m, 4H; 4 x OCHH'), 3.70 (dq, J=9.8, 6.2 Hz, 4H; 4 x 5-H),
3.35-3.22 (m, 4H; 4 x OCHH'), 3.04 (dd, J=9.8, 3.8 Hz, 4H; 4 x 4-H),
1.99-1.96 (m, 8H; 4 x 2-H,, 4 x 2-H,), 1.52 (m, 8H; 2 x CH,CH,), 1.27 (d,
J=6.4Hz, 12H; 4 x 6-H); 3C NMR (100 MHz, CDCl;, 25°C, TMS): 0 =
156.8 (q, 4 x COCFs3), 128.9 (d, 4 x=CH), 116.0 (q, 4 x COCFs3), 95.8 (d,
4xC-1),78.8 (d, 4 x C-4),69.6 (t, 4 x OCH,), 67.1 (t, 4 x OCHOCH,), 63.5
(d, 4 xC-5),43.6 (d, 4 x C-3),32.8 (t, 4 x C-2),26.4 (t, 4 x CH,CH,0), 17.9
(g, 4 x C-6); LRMS (ES) (—c): m/z (%): 1184.2 (100) [M]~; (4c): 1207.8
(100) [M+Na]*; selected NMR data for minor isomer: 'H NMR (200 MHz,
CDCl;, 25°C, TMS): 6=5.77 (m, 4H, 4 x CH=); *C NMR (100 MHz,
CDCl;, 25°C, TMS): =614 (t, 4 x OCHOCH,).

2nd Fraction: Hexasaccharide; R;=0.20 (petroleum ether/ethyl acetate
1:1); '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =7.82 (d, /=8.4 Hz, 6H;
6 xNH), 5.82 (m, 6H; 6 x CH=),4.89 (t,/ =2.0 Hz, 6 H; 6 x 1-H), 4.62 (m,
6H; 6 x3-H), 427-4.15 (m, 6H; 6 x OCHOCHH’), 4.02-3.91 (m, 6H;
6 x OCHOCHH'), 3.84-3.70 (m, 6H; 6 x OCHH'), 3.70 (dq, J=9.8,
6.2 Hz, 6H; 6 x 5-H), 3.35-3.22 (m, 6H; 6 x OCHH"), 3.05 (dd, J=9.8,
3.8 Hz, 6H; 6 x 4-H), 1.99 (m, 12H; 6 x 2-H,, and 6 x 2-H,,), 1.52 (m, 12H;
3 x CH,CH,), 1.27 (d, /=6.0 Hz, 18H; 6 x 6-H); LRMS (ES) (—c): m/z
(%): 1776.3 (100) [M]"; (+c): 1799.8 (100) [M+Na]*.

A suspension of the macrocyclic tetrasaccharide described above (20 mg,
17 umol) and PtO, (4 mg) in ethyl acetate (8 mL) was stirred under an
hydrogen atmosphere at room temperature for 16 h. After removal of the
catalyst by filtration the mixture was concentrated under reduced pressure
to afford a crude product which was purified by flash column chromatog-
raphy (petroleum ether/ethyl acetate 1:1) to yield macrocyclic tetramer 34
as colorless crystals (20 mg, 17 umol, 99%). R;=0.36 (petroleum ether/
ethyl acetate 2:3); m.p. 133-135°C; [a] =—-98.6 (¢=0.77 in CHCL);
'H NMR (200 MHz, CDCl;, 25°C, TMS): 6 =780 (d, J=9.2 Hz, 4H; 4 x
NH), 4.85(t,/=2.0 Hz,4H;4 x 1-H),4.59 (m, 4H; 4 x 3-H), 3.84-3.70 (m,
4H;4 x OCHOCHH'),3.82-3.62 (m,4H;4 x OCHOCHH'), 3.70 (dq, J =
9.8,6.2 Hz,4H; 4 x 5-H), 3.44-3.34 (m,4H; 4 x OCHOCHH'), 3.32-3.22
(m,4H;4 x OCHH'), 3.02 (dd, /=9.4,4.0 Hz, 4H; 4 x 4-H), 1.97 (m, 8H;
4 x2-H,q, 4 x 2-H,,), 1.74-1.64 (m, 8H; 4 x CH,CH,), 1.52 (m, 8H; 4 x
CH,CH,), 1.27 (d,J=6.4 Hz, 12H; 4 x 6-H); ®*C NMR (100 MHz, CDCl;,
25°C, TMS): 6 =156.8 (q, 4 x COCF;), 116.0 (q, 4 x COCF;), 96.6 (d, 4 x
C-1),78.7 (d, 4 x C-4), 69.8 (t, 4 x OCH,), 672 (t,4 x OCHOCH,), 63.4 (d,
4% C-5),43.7 (d, 4 x C-3), 32.7 (t, 4 x C-2), 26.8 (t, 8 x CH,CH,0), 17.8 (q,
4 x C-6); LRMS (ES) (+c¢): m/z (%): 1211.7 (100) [M+Na]*.
Accordingly, a suspension of the macrocyclic hexasaccharide described
above (12 mg, 6.8 umol) and PtO, (3 mg) in ethyl acetate (8 mL) was
stirred under an hydrogen atmosphere at room temperature for 16 h. After
removal of the catalyst by filtration the mixture was concentrated under
reduced pressure to afford a crude product which was purified by flash
column chromatography (petroleum ether/ethyl acetate 1:2) to yield
macrocyclic hexamer 35 (12 mg, 6.7 umol, 99%). R;=0.16 (petroleum
ether/ethyl acetate 2:3); [a]§ =-86.4 (c=0.28 in CHCL); 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =783 (d, /=9.2 Hz, 6 H; 6 x NH), 4.85
(t, J=2.0Hz, 6H; 6 x 1-H), 4.60 (m, 6H; 6 x 3-H), 3.82-3.73 (m, 12H;
12 x OCHH'), 3.70 (dq, J=9.6, 6.2 Hz, 6 H; 6 x 5-H), 3.41, 3.29 (m, 12H;
12 x OCHH'), 3.04 (dd, J=9.6, 3.8 Hz, 6H; 6 x 4-H), 1.98 (m, 12H; 6 x 2-
Hg,, 6 x 2-H,,), 1.68,1.52 (m, 24H; 6 x CH,CH,), 1.27 (d, J=6.2 Hz, 18H;
6 x 6-H); *C NMR (100 MHz, CDCl;, 25°C, TMS): 6=156.8 (q, 6 x
COCF;), 116.0 (q, 6 x COCF;), 96.7 (d, 6 x C-1), 78.8 (d, 6 x C-4), 69.5 (t,
6 x OCH,), 67.4 (t,6 x OCHOCH,), 63.4 (d, 6 x C-5),43.6 (d, 6 x C-3),32.8
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(t, 6 x C-2), 264 (t, 12 x CH,CH,0), 179 (q, 6 x C-6); LRMS (ES) (+c):
miz (%): 1806.0 (100) [M+Na]*.

Preparation of macrocyclic tetrasaccharide 5: Macrocyclic disaccharide 34
(20 mg, 17 pmol) was stirred in a mixture of THF/1.0M aqueous NaOH (1:2,
12 mL) at 50°C for 30 h. After addition of dry ice (pH 7-8) the solution
was concentrated (to 0.5 mL) under reduced pressure and the resulting
material was subjected to a small column (reversed phase; C-18; gradient
H,0 —MeOH) to yield the target neosaccharide 5 as a light green
semisolid (14 mg, 17 pmol, 99 %). [a]¥ = —127.9 (¢ =0.77 in CHCl;/MeOH
3:1); '"H NMR (400 MHz, CDCl;, 25°C, TMS): 6 =4.75 (d,J=3.6 Hz, 4H;
4 x1-H), 3.81 (dq, J=9.6, 6.0 Hz, 4H; 4 x 5-H), 3.70-3.64 (m, 4H; 4 x
OCHOCHH'), 3.64-3.58 (m, 4H; 4 x OCHH'), 3.38-3.32 (m, 4H; 4 x
OCHH'),3.32-3.27(m,4H;4 x OCHOCHH'),3.26 (m,4H;4 x 3-H), 3.29
(dd,/=9.8,3.8 Hz,4H;4 x 4-H), 2.03 (dd,/ =14.4,2.4 Hz, 4H; 4 x 2-H,,),
1.99 (brs,8H;4 x NH,), 1.84 (dt,/ =14.4,44 Hz,4H; 4 x 2-H,,), 1.68-1.61
(m, 16H; 4 x CH,CH,), 1.26 (d, J=62Hz, 12H; 4 x 6-H); C NMR
(100 MHz, CDCl;, 25°C, TMS): 6 =973 (d, 4 x C-1), 81.7 (d, 4 x C-4), 69.0
(t, 4 x OCH,), 675 (t, 4 x OCHOCH,), 61.5 (d, 4 x C-5), 45.3 (d, 4 x C-3),
34.1 (t, 4 x C-2), 271 and 26.9 (t, 8 x CH,CH,0), 18.0 (q, 4 x C-6); DCI-
MS: m/z (%): 805.8 (100) [M+H]*.

Preparation of macrocyclic tetrasaccharide 36 from diene 31: Diene 31
(56 mg, 52 umol) was dried under reduced pressure (102 Torr) for 2.5 h
and was dissolved under nitrogen in absolute benzene (30 mL). To this
solution was added catalyst 8 (9 mg, 20 mmol %) and the purple solution
was stirred at 50 °C for 24 h, at which time the reaction was terminated by
concentration under reduced pressure. After addition of diethyl ether
(20 mL) and triethylamine (1 mL) stirring was continued under air for 2 h.
The solvents were removed in vacuo to afford an oil, which was dissolved in
ethyl acetate (10 mL). After addition of PtO, (4 mg), the suspension was
stirred under H, at rt for 16 h. After removal of the catalyst by filtration the
mixture was evaporated under reduced pressure to afford a crude product
which was purified by flash column chromatography (petroleum ether/
ethyl acetate 1:1) yielding tetrasaccharide 36 (12 mg, 12 umol, 22.1%).
R;=0.59 (petroleum ether/ethyl acetate 2:3); 'H NMR (400 MHz, CDCl,,
25°C, TMS): 6 =8.02 (d, J=8.8 Hz, 2H; 2 x NH), 6.09 (d, /=83 Hz, 2H;
2xNH'), 525 (d, J=3.1Hz, 2H; 2 x 1-H'), 4.89 (s, 2H; 2 x 1-H), 4.61—
4.55 (m, 2H; 2 x3-H), 4.32-4.22 (m, 2H; 2x3-H'), 3.95 (dq, J=9.6,
6.3 Hz,2H;2 x 5-H'),3.82 (dq,/=9.6,6.0 Hz, 2H; 2 x 5-H), 3.84-3.78 (m,
2H;2 x OCHH'), 3.71-3.66 (m, 4H; 2 x OCH, at C4'), 3.56 (dd, / =10.0,
3.8 Hz, 2H; 2 x 4-H), 3.37 (m, 2H; 2 x OCHH'), 2.92 (t, /=9.8 Hz, 2H;
2x4-H'),2.06-2.00 (m, 4H; 2 x 2-H,,, 2 x 2-H,,), 1.90-1.70 (m, 10H; 2 x
2-H',, CH,CH,, CH',CH,), 1.66 (ddd, /=132, 12.0, 3.8 Hz, 2H; 2 x 2-
H',,), 142 (d, J=6.0Hz, 6H; 2 x 6-H'), 1.25 (d, J=6.0 Hz, 6 H; 2 x 6-H);
3C NMR (100 MHz, CDCl;, 25°C, TMS): 6 =156.8 (q, 2 x COCF;), 156.6
(q, 2 x C'OCF;), 116.0, 115.8 (2q, 2 x CF;CO, 2 x C'F;C'0), 97.7 (d, 2 x C-
1), 92.1 (d, 2 x C-1"), 81.5 (d, C-4), 73.1 (d, 2 x C-4), 69.1, 68.9 (2t, 4 x
OCH,), 67.0 (d,2 x C-5"),63.2 (d,2 x C-5),46.1 (d, 2 x C-3"),43.0 (d,2 x C-
3),35.7 (t,2 x C-2'), 32.7 (t, 2 x C-2), 28.0, 27.0 (t, 4 x CH,CH,0), 18.5 (q,
2 x C-0"), 18.0 (q, 2 x C-6); DCI-MS: m/z (%): 1062.8 (100) [M+NH,]*.

Preparation of cyclic neotetrasaccharide 7: Macrocyclic tetrasaccharide 36
(12 mg, 11.5 pmol) was stirred in a mixture of THF/0.4M aqueous NaOH
(1:3, 8 mL) at room temperature for 18 h. After addition of dry ice (pH 7 -
8) the solution was concentrated (to 0.5 mL) under reduced pressure and
the resulting material was subjected to a small column (reversed phase;
C-18; gradient H,O — MeOH) to yield the target neosaccharide 7 (6 mg,
9 umol, 78%). [a]E =—99.5 (¢=0.195 in CHCly/MeOH 2:1); 'H NMR
(400 MHz, CDCl;, 25°C, TMS): 6 =4.93 (d,/=3.2 Hz,2H; 2 x 1-H'), 4.77
(d, J=3.6 Hz, 2H; 2 x 1-H), 3.93 (dq, /=9.6, 6.2 Hz, 2H; 2 x 5-H), 3.85
(dq,/=92,6.0 Hz, 2H; 2 x 5-H'), 3.71-3.55 (m, 6 H; 3 x OCH,), 3.48 (m,
2H;2 x OCH,), 3.37 (dd, J=9.6,3.4 Hz,2H; 2 x 4-H), 3.27-3.22 (m, 4H;
2x3-Hand 2 x 3-H'),2.72 (t,J =9.6 Hz, 2H; 2 x 4-H'), 2.04 (ddd, J = 14.0,
2.8, 1.0Hz, 2H; 2 x H,y), 1.95 (ddd, J=13.0, 4.6, 1.2 Hz, 2H; 2 x 2-H',,),
1.86 (dt, J=14.0, 44 Hz, 2H; 2 x 2-H,,), 1.76-1.67 (m, 8H; 2 x CH,CH,),
1.59 (dt,/=12.2,3.4Hz,2H;2 x 2-H',,), 1.32 (d,/=6.2 Hz, 2H; 2 x 6-H'),
1.26 (d, J=6.4Hz, 6H; 2 x 6-H); *C NMR (100 MHz, HMQC, CDCl;,
25°C, TMS): 0=978 (d, 2xC-1), 923 (d, 2xC-1),
86.0 (d, C-4'), 76.6 (d, 2 x C-4), 70.0, 69.6 (2t, 4 x OCH,), 67.2 (d, 2 x C-5'),
61.7 (d, 2 x C-5), 469 (d, 2 x C-3'), 44.4 (d, 2 x C-3), 39.1 (t, 2 x C-2),
34.7 (t, 2 x C-2), 284 (t, 4 x CH,CH,0); DCI-MS: m/z (%): 661.7 (14)
[M+H]*.
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Reactivity of the Isolable Disilene R*PhSi=SiPhR* (R* = SirBu;)**
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Dedicated to Professor Wolfgang Beck on the occasion of his 70th birthday

Abstract: The disilene R*PhSi=SiPhR*
(R*=supersilyl = SirBu;), which can
be quantitatively =~ prepared by
dehalogenation  of the  disilane
R*PhCISi—SiBrPhR* with NaR* (yel-
low, water- and air-sensitive crystals;
decomp at ca. 70°C; Si=Si distance
2.182 A), is comparatively reactive. It
transforms 1) with Cl,, Br,, HCI, HBr,
and HOH under 1,2-addition into di-
silanes R*PhXSi—SiX'PhR* (X/X' = Hal/
Hal, H/Hal, H/OH), 2) with O,, Sg, and
Se, under insertion into 1,3-disiletanes

- disilenes -

Introduction

We have shown recently,:? that supersilyl sodium NaR*
(R* =supersilyl = SirBu;) in tetrahydrofuran (THF) acts as an
excellent dehalogenating agent for disilanes R*RHal-
Si—SiHalRR*. The first step of these reactions at —78°C
consists of an exchange of halogen for sodium to form
disilanides (see Scheme 1, patha), which then eliminate
NaHal at about —50°C or higher with formation of trans-
configured disilenes R*RSi=SiRR* (Scheme 1 paths b or c).
For R equal to hydrogen, methyl, halogen, these exist only as
short lived intermediates and transform into secondary
products or may be trapped by suitable reagents,!!l but for R
equal to more bulky substituents, the disilenes become
isolable. In fact, we could isolate trans-diphenyldisupersilyl-
disilene (R*PhSi=SiPhR*, 1) as light yellow crystals®?! and
characterize it spectroscopically, by X-ray structure analysis,
by reduction with alkali metals in tetrahydrofuran (formation

[a] Prof. Dr. N. Wiberg, Dr. W. Niedermayer,
Dr. K. Polborn, Dr. P. Mayer
Department Chemie der Universitdt Miinchen
Butenandtstrasse 5-13, 81377 Miinchen (Germany)
E-mail: niw@cup.uni-muenchen.de
[b] Dr. K. Polborn
X-ray structure analyses of compounds Sb, 6, 13, 16a.
[c] Dr. P. Mayer
X-ray structure analysis of compound 12b.

[**] Compounds of Silicon, Part 155. Unsaturated silicon compounds, Part
62. For parts 154 and 61 see ref. [2].
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R*PhSi(—Y—),SiPhR* (Y=0, S, Se),
3) with Me,C=CH, under ene reaction
into the disilane R*PhRSi—SiHPhR* into
(R =CH,-CMe=CH,),
Te,, tBUuN=C, and Me;SiN=N=N under
[2+1] cycloaddition
—R*PhSi—Y—SiPhR*—
C=NrBu, NSiMe;; P, adds 2 molecules

Keywords: addition - cycloaddition
ene reaction - silicon -
structure eluciation
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of disilene), 5) with CO,, COS, PhCHO,
and Ph,CS under [242] cycloaddition
disiletanes —R*PhSi—SiPhR*—
Y-CO— (Y=0, S) as well as
—R*PhSi—SiPhR*—Y—CRPh— (Y/R=
O/H, S/Ph), 6) with CS, and CSe, under
[2+3] cycloaddition into ethenes
R*,Ph,Si,Y,C=CY,Si,Ph,R*, (Y=S,
Se), and 7) with CH,=CMe—CMe=CH,
and Ph,CO under [2+4] cycloaddition
into “Diels—Alder adducts”. X-ray
structure analyses of seven of these
compounds are presented.

4)with N,O,

into disiliranes
(Y=0, Te,

X X R* R

| |
R* —Si—Si—R* i=Si
i i /Sl Sl\

R R +NaR* R R*
N*X 7N%) (non-isolable

for R = H, Me, Hal)

¥
R* —Si—Si—R*
1 [
light yellow R R
fanar % secondary
d(Si=Si)2.182 A © | - Nax products
v (Si=Si) 592 cm’!
Aenax = 398 nm Rx Ph
Si=Si__
' . F
- . + Coy(CO),
isolable 2 8
+e @ ( ) &CO
(e} 70°C
~ H
R P R* (€0,
Si=Si__ Co
Ph R* H Ph T/‘ - ‘("
_ I .
1 R* —Si—Si—R* Ph_ST __Si—R*
R* = SiBu, CO/
X =Cl,Br,1 (CO)3
iso-1 [1+ Cox(CO)]

Scheme 1. Formation, characterization and some reactions of the disilene
R*PhSi=SiPhR*.

of the radical anion 17, Scheme 1, path d), and by thermolysis
(formation of the product iso-1 with cis-configured R* groups,
Scheme 1, path ¢).?!
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Syntheses, geometric as well as electronic structures, and
reactions of disilenes are reported in review articles.*'% To
date, approximately 40 acyclic disilenes and several cyclic
disilenes have been isolated. In addition, many disilenes have
been indicated as intermediates. Among the more thoroughly
investigated stable acyclic disilenes, the following are worth
mentioning: Bu,Si=SifBu,, Mes,Si=SiMes,, (BuMe,Si),-
Si=Si(SiMe,rBu),, and the disilene R*PhSi=SiPhR* (1),
discussed here. Due to its sterical overcrowdedness, 1 is
comparatively thermostable, first decomposing at about 70°C
(Scheme 1), but nevertheless rapidly combines with a great
variety of reactants if they are not too bulky.

Among typical reactions of disilenes, additions, insertions,
ene reactions, and cycloadditions of 1 have been summarized
in Scheme 2 (cf. refs. [10, 11]). Certainly, other reactions than
those realized in Scheme 2 are also possible. For example,
[Co,(CO);s] reacts with 1 to form [1-Co,(CO);] (X-ray
structure analysis,'?l Scheme 1, path f).

|| L] \
—S8i—Si— —Si—sSi— L2, s si
] V. AN
\ [2+1] cycloadd. /
ofa
1,2-addition insertion
of a-b ’ of ay |
Sdidie ) \\ / —éi-—si—
o \ g <o reaction g s [2+2] eycloadd. | ;
p—c  Witha=b-c-d” N ofa=b a—-b
/ AN
[2+3] eycloadd. [2+4] cycloadd.
of a=b=c of a=b—c=d
—S‘i—Sli— / other \ Il
\ reactions _/Sl_S‘_
a c a d
X,
b/ i \b——-c/
cf. Scheme 1
path (f)

Scheme 2. Reactivity of disilenes.

As will be demonstrated hereafter, the reactivity of 1 is
partly analogous, but also partly different from those of other
disilenes.>? Altogether, it is noticeable that the reactions of
disilenes occur in most cases with preservation of the disilene
moiety. Exceptions are, for example, the reactions of 1 with
chalcogens or phosphorus (cf. Scheme 3).

Results and Discussion

1,2-Additions: Additions of small molecules like halogens,
hydrogen halides, water, or alcohols to the Si=Si bond were
among the first reactions of disilenes R,Si=SiR, to be
studied.”? In fact, 1 rapidly adds Cl,, Br,, H,O, HCI, and
HBr according to Scheme 3 with formation of disilanes
R*PhXSi—SiX'PhR* (X/X'=Cl/Cl: 2a; Br/Br: 2b; H/OH:
3; H/Cl: 4a; and H/Br: 4b). Thereby, as reported for other
disilenes RR’Si=SiR'R,!¥] only one of two thinkable diaster-
eomers—namely the one which results from syn-addition—is

Chem. Eur. J. 2002, 8, No. 12
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B
X X H OH H X
2a (X =Cl) 3 4a (X =Cl)
b (X =Br) T b (X =Br)
Xz HZO H.
|0 ,0. NO, NN
—Si—Si— «—22— 1 22, g Si
Te, Y, / \Y/ AN
Y
5a(Y=0) 6a (Y =0)
b(Y=Te) /%, MesiNN_ B(Y=S)
¢ (Y =Se)
BuNC
|| || |l
—8j—S8i— —Si—Si— —Sji—Si—
N/ N/ N/
*r ﬁ )
P .
N SiMes
p/_—sp “CMe;
Ta 8 9
A
2
J PP I S
—Si-~—  —Si—Si— 4 —Si—Si—
Se—p X ] N/
—si” PLsi CN CN St
1 VAN
| H Ph
7 8a 8b

Scheme 3. 1,2-Additions, insertions, and [2+1] cycloadditions of 1 (reac-
tions of 1 with nonmetals, thermolysis of 8).

formed in each case (evidently syn-additions are preferred to
anti-additions'). As a result of the rapid reaction of 1 with
water, the treatment of the disilene with moist air leads
exclusively to the H,O addition product.

Insertions: The chalcogens O,, Sg, and Se, react with 1 at
room temperature according to Scheme 3 with insertion into
the Si=Si bond and formation of 1,3-dichalcogena-2,3-di-
siletanes (1,3-dichalcogena-2,4-disilacyclobutanes), R*PhSi-
(=Y-),SiPhR* (Y=0: 6a; S: 6b; and Se: 6¢). Certainly,
reaction with oxygen leads not only to 6a, but also to hitherto
unidentified products. However, excess N,O transforms 1—by
way of the oxadisilirane 5a (Scheme 3)—quantitatively into
the dioxadisiletane 6a. Disilenes other than 1 react in most of
the cases with oxygen exclusively to dioxadisiletanes,>°! but
give with the oxygen homologues chalcogenadisiliranes (cf.
[2+1] cycloadditions, below).?*?2] This last reaction pathway
is also observed when 1 is treated with Te, (see below).

The isolated disiletanes are colorless, water-sensitive in the
case of 6a, oxygen- and thermostable solid substances.
Figure 1 shows the structures of 6 (the crystals 6b and 6¢
have one molecule of benzene per molecule of 6) together
with selected bond lengths and angles.

The central structural elements of 6 consist of planar
SiYSiY rings (sum of bond angles in the quadrangles 360°)
with trans-configured Ph and R* groups at the Si atoms (SiSiC
and C¢Hj planes at angles of 90° and 67°, respectively, with
regard to the SiYSiY plane). Whereas the SiOSiO ring in 6a is
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Figure 1. View of the molecule 6a (Y=O) in the crystal (H atoms
excluded). This view is taken as representative also for 6b (Y=S) and 6¢
(Y =Se), regardless of the reduced symmetry in the latter cases due to the
additional benzene molecules in the crystal. Selected bond lengths [A] and
angles [°] of 6a/6b/6¢c (for 6b and 6c¢ mean values without standard
deviations are given for bond lengths and angles): Sil—Si2 2.422(1)/2.418/
2.412, Si1—C13 1.863(4)/1.882/1.879, Si1—Y1 1.683(2)/2.169/2.301, Sil1-Y1A
1.690(2)/2.167/2.318, Sil—SilA 2.419(1)/2.881/3.039, Y1-Y1A 2.354(1)/
3.238/3.476, Si—C (mean values) 1.938/1.930/1.944; Si2-Sil-C13 113.0(1)/
115.2/116.0, Si2-Sil-Y1 119.1(1)/114.7/114.5, Si2-Sil-Y1A 116.4(1)/114.6/
113.7, C13-Sil-Y1 108.0(1)/106.9/106.9, C13-Sil-Y1A 109.3(1)/106.9/106.4,
Y1-Sil-Y1A 88.43(10)/96.7/97.6, Sil-Y1-SilA 91.57(10)/83.3/82.4, C-Si-C
(mean values) 111.7/111.7/111.8; Si2-Si7 --- SilA-Si2A and C13-Sil --- SilA-
C13A 180.00 in each case.

centrosymmetric, the same does not hold for the SiSSiS and
SiSeSiSe rings in 6b and 6c¢; this is due to a symmetry
reduction by means of the disordered benzene molecules. As
expected, these compounds have structures that are analo-
gous to other dioxadisiletanes prepared from disilenes and
0,5 as well as other disulfa- and diselenadisiletanes
prepared by special procedures?2 (certainly, the SiYSiY
rings in Mes(Tbt)Si(—Y—),Si(Tbt)Mes with Y=0, S and
Tbt =2,4,6-[(Me;Si),CH]C¢H, are non-planar(’® 27). Whereas
the SiOSiO ring in 6 a is nearly rectangular (angles at O 91.57°,
at Si 88.43°), the SiSSiS and SiSeSiSe rings in 6b and 6¢ are
distorted rhombic (angles at S and Si 83.19/83.43° and 96.65/
96.74°, at Se and Si 82.69/82.05° and 98.09/97.18°).

As was noticed, the Si---Si distance in the SiOSiO ring of
Mes,Si(—O—),SiMes,, the first isolated molecule of dioxadi-
siletanes!™ (1,3-cyclodisiloxanes; higher cyclosiloxanes and
polysiloxanes have been known for a long time/), is just as
short (2.390 A) as a typical Si—Si single bond (2.32—
2.34 AB1) 1t is even shorter (2.349 A) in cis-MesRSi=SiRMes
with R =N(SiMe;),,'! but longer in 6a (2.419 A). Possibly,
the repulsive interactions of the two ring oxygens are the main
reason for the small Si--- Si separations.® 2l As a consequence
of the larger radii and smaller electronegativities of sulfur and
selenium, the Si---Si distances in 6b and 6c¢ are distinctly
longer (2.880 A, 3.039 A) than in 6a.

The reactions of disilenes with chalcogens occur more or
less rapidly (e.g., 1 in solution is unstable in the presence of
oxygen even at low temperatures, whereas Mes(Tbt)-
Si=Si(Tbt)Mes is oxygen-stable at room temperaturel'®l). As
has been proved in the case of other disilenes,’® »! and may be
correct also for 1, their reactions with O, occur initially under
syn-addition of oxygen (cf. halogens, above) to form 1,2-
dioxa-3,4-disiletanes. The latter then transform with retention
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of configuration by an intramolecular process into 1,3-
dioxadisiletanes (transition state with a tetrahedro-Si,O,
moiety?), and—very seldom (e.g., reaction of O, with
Tip,Si=SiTip, (Tip=2,4,6-iPr;CH,)l'>"1 or with 1, see
above)—into other products (radical processes?). Sulfur
and selenium may react with 1 to give 1,3-dichalcogenadisi-
letanes as does oxygen by way of 1,2-dichalcogenadisiletanes
(syn-addition of S, or Se, moieties), or—more probable—by
way of chalcogenadisiliranes (syn-addition of S or Se atoms).
In fact, telluradisilirane Sb is the final product of the action of
Te, on 1 (see below). It should also be noted that oxadisilir-
anes are transformed into 1,3-dioxadisiletanes in the presence
of 0,.!

[2+1] Cycloadditions: Whereas chalcogens Y, react with
Mes,Si=SiMes, with formation of chalcogenadisiliranes
—Mes,Si—Y-SiMes,— (Y=0, S, Se, Te; the oxadisilirane is
formed as a minor product besides the dioxadisiletane,
see above)'2] we obtained a [2+1] cycloadduct
—R*PhSi—Y-SiPhR*— (5b; light green, partially oxygen-
and water-stable) as a result of the action of chalcogens on
the disilene 1 (Scheme 3) with Y, =Te,. On the other hand,
the relevant cycloadduct with Y= O (5a; light yellow, oxygen-,
water-, and light-sensitive, m.p. at 175°C with decomp) is
formed (besides N,) by the action of equimolar amounts of
N,O on 1.

Phosphorus P, transforms 1 (described in more detail in a
forthcoming publication?”) possibly by way of the [2+1]
cycloadduct 7a as a reactive intermediate (syn-addition of P,)
into the tetraphosphane 7 (colorless, m.p. 180 °C with decomp;
see also Scheme 3). In fact, Mes(rBu)Si=Si(fBu)Mes gives an
analogous product when treated with P,.?®l The intermediate
formation of 7a is strongly supported not only by the reaction
of 1 with N,O and Te, (see above), but also with the isonitrile
tBuNC and the silyl azide Me;SiN;, which give the disilirane 8
and the azadisilirane 9, respectively (Scheme 3), as [2+1]
cycloadducts [bright orange 8 is thermolabile and slowly (over
several weeks) decomposes according to Scheme 3 into the
disilane 8a and the cyclotrisilane 8b along with the formation
of supersilane R*H and isobutene Me,C=CH,; colorless 9 is
formed along with N, and decomposes at 160°C]. To date,
only two other reactions are known to proceed analogously
under formation of [2+1] cycloadducts with an isonitrile
(R,Si=SiR, + RNC; R=2,6-Me,CH;®!) or a silylazide
(Mes,Si=SiMes, + Me;SiN;P),

The proposed structures of the disiliranes 5, 8, and 9 (for 7
see ref. [27]) are consistent with the NMR spectra of the
compounds, which resemble those of other disiliranes
—R,Si —ER'-SiR,— (see the Experimental Section and
ref. [8]). Figure 2 shows in addition the structure of the
telluradisilirane Sb in the crystal together with selected bond
lengths and angles (a preliminary X-ray structure analysis
proves the structure of the oxadisilirane 5a).

The central structural element of Sb consists of a SiTeSi
ring with frans-configured Ph and R* groups at the Si atoms.
The ring is slightly disordered with regard to the Si positions in
a ratio of 0.793/0.207. The Si—Si distance (2.343 A), like the
distances in other disiliranes (2.23-2.34 A),8 is relatively
short even with bulky substituents (for comparison: Si—Si
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Figure 2. View of the molecule 5b in the crystal (H atoms excluded).
Selected bond lengths [A] and angles [°]: Si1—Si2 2.343(8), Si1—Si3 2.405(7),
Si2—Si4 2.455(7), Sil—Tel 2.536(6), Si2—Tel 2.532(5), Sil—Cl 1.87(2),
Si2—C2 1.88(2), Si—tBu (mean value) 1.94; Sil-Tel-Si2 55.1, Sil-Si2-Tel
62.5(2), Si2-Sil-Tel 62.4(2), Si3-Sil-Tel/C1/Si2 115.5(2)/115.4(7)/130.0,
Si4-Si2-Tel/C7/Sil  113.2(2)/115.7(7)/129.6(3), C1-Sil-Tel/Si2 109.0(6)/
111.1(7), C7-Si2-Tel/Sil 111.1(6) 111.4(7).

distance in R*PhCISi—SiHPhR* 2.414 AU the Si—Si distance
in Sa amounts to ca. 2.27 A). The bond angles sum around the
ring silicon atoms, excluding Te, amounts to 356.5°. Indeed,
the short Si—Si bond length and the nearly planar geometry of
the central framework of the disilane moiety in §b resembles
the bonding situation in olefin complexes of transition
metals.’l The unusual configuration which also is found in
other disiliranes —R,Si—ER’-SiR,—% 7 points to a bonding
situation half way between a three-membered ring and a -
complex of 1 with Te.

In fact, disilenes react with various types of reagents to
afford disiliranes —R,Si—ER’'—SiR,— that are otherwise in-
accessible.® °I Thereby the three-membered rings may form,
with retention of configuration, by [2+1] cycloadditions, as
possibly is true for the action of chalcogens (see above),
nitrogen oxide, isonitriles, or silyl azides on disilenes.[®
Certainly, alkyl azides AIkNj; at first react with disilenes
through [2+1] cycloaddition of the terminal N atom with
formation of azadisiliranes —R,Si—NR'SiR,— (N =NAIk as
substitutent R’) from which N, subsequently is eliminated to
leave the azadisilirane with R’=AIk.[¥) On the other hand, the
thus formed [2+1] cycloadducts must not result mechanisti-
cally from [241] cycloadditions as has been shown for aryl
azides ArNj;, which by way of [243] cycloadducts transform
finally at higher temperatures into azadisiliranes!®! (the same
may be valid for N,0O).

Ene reactions: The disilene 1 reacts with isobutene to form
the ene reaction product 10 (Scheme 4). This is in agreement
with reactions of the tetrasilyldisilene (fBuMe,Si),-
Si=Si(SiMe,Bu), with various alkenes that contain allylic
hydrogen atoms.’) On the other hand, ene reactions of
tetraaryldisilenes are not known to date.

[2+2] Cycloadditions: The addition of disilenes to compounds
that contain double or triple bonds such as C=C, C=C, C=N,
C=N, =0, C=S, N=N, N=0O and the formation of four-
membered-ring compounds belongs to the most typical
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Scheme 4. Ene reaction and [2+n] cycloadditions (n=2, 3, 4) of 1.

reactions of the >Si=Si< groups.®’l Indeed, these [2+2]
cycloadducts are difficult to synthesize otherwise.

The disilene 1 reacts, for example, with PhCH=0O and
Ph,C=S to give the oxadisiletane 11a or thiadisiletane 11b
(Scheme 4), but gives unexpectedly a [2+4] cycloadduct with
Ph,C=0O (Mes,Si=SiMes, reacts both with Ph,C=S and
Ph,C=0 with [2+2] cycloaddition*¥l). Analogous to PhnCH=0O
and Ph,C=S, the heterocumulenes O=C=0 and O=C=S react
with 1 with formation of the oxa- and thiadisiletanes 12a and
12b (see Scheme 4; reactions of disilenes with carbon
dichalcogenides are not reported), but with S=C=S and
Se=C=Se only [2+3] cycloadducts are formed.

The isolated disiletanes are colorless, and oxygen-, water-
and thermostable compounds (m.p. for 11a/11b/12a/12b 250
(decomp)/301/230 (decomp)/217°C (decomp)), whereas the
thiadisiletane 11b is light sensitive, as is the adduct of
Mes,Si=SiMes, with Ph,C=S.[? The latter compound decom-
poses slowly in daylight with formation of the dithiadisiletane
6b among others (see Experimental Section).

Figure 3 shows the crystal structure of the thiadisiletane
(thiadisilacyclobutanone) 12b along with selected bond
lengths and angles. The central structural element of 12b
consists of a nearly planar four-membered CSiSiS ring (bond
angles sum in the quadrangle 358.0°) with trans-configured Ph
and R* groups at the Si atoms. The angle between a C¢Hj;
plane and the plane of the ring as well as the plane of the
second C¢H; ring amounts to 72.3° (mean value) and 2.8°. The
Si—Si distance is somewhat longer (2.413 A) than normal
Si—Si single bonds (2.32—2.34 A?3). The sum of bond angles
around the ring carbon amounts to 360°.

[2+3] Cycloadditions: Further examples of less known and
hitherto less studied® *) [2+-3] cycloadditions of disilenes are

0947-6539/02/0812-2733 $ 20.00+.50/0 2733





FULL PAPER

N. Wiberg et al.

Figure 3. View of the molecule 12b in the crystal (H atoms excluded; the
crystal contains 0.5 moles benzene per mole of 12b). Selected bond lengths
[A] and angles [°]: Si1—Si2 2.436(1), Si2—Si3 2.413(1), Si3—Si4 2.428(1),
Si2—S1 2.168(2), Si2—C12 1.895(3), Si3—C1 1.919(2), Si3—C13 1.887(3),
Si—Bu (mean value) 1.939; Sil-Si2-Si3/S1/C12 130.60(4)/109.33(5)/
111.75(9), Si4-Si3-Si4/C1/C13 129.92(4)/110.28(7)/112.32(9), C12-Si2-Si3/
S1 111.61(9)/103.29(13), C13-Si3-Si2/C1 111.16(8)/101.94(1), Si3-Si2-S1
82.29(5), Si2-Si3-C1 83.39(6), Si3-C1-S1 98.2(1), Si2-S1-C1 94.1(1), O1-
C1-Si3/S1 141.1(3)/120.7(3), tBu-Si-rBu (mean value) 111.6; Si1-Si2-Si3-Si4/
C13 130.30/18.44, Sil-Si2-S1-C1 141.02, Si2-Sil-C1-O1/Si3 169.55/12.35,
Si2-Si3-C1-Si1/01 11.13/171.48, Si4-Si3-C1-O1/S1 41.24/110.28.

the reactions of 1 with the cumulenes S=C=S and Se=C=Se to
give at first the carbenes 15a and 15b, respectively
(Scheme 4). These compounds stabilize with dimerization
and formation of the ethenes 16a and 16b, respectively . In
fact, cyclic carbenes of the type 15a with C—C as well as C=C
instead of Si—Si groups and NR instead of S atoms (imida-
zolin- as well as imidazol-2-ylidenes) were isolated some years
ago.? Since thiazol-2-ylidenes (one NR group substituted by
S in imidazol-2-ylidenes) are in equilibrium with their
dimers,?Y a dimerization of the intermediately formed
carbenes 15a and 15b seems very reasonable (for an
analogous reaction of an alkyne with CS,, see ref. [35]).

The isolated ethenes 16 are colorless and water- and
thermostable compounds, whereas 16b transforms slowly in
the air with formation of the diselenadisiletane 6¢ among
others. Figure 4 shows the crystal structure of the ethene 16a
along with selected bond lengths and angles.

The central structural element of 16a consists of a nearly
planar (SiS)SC=CS(SSi) moiety. A further Si atom lies each
above and below this plane and forms together with one Si,
two S and one C atom a nonplanar five-membered Si,S,C ring
(half-chair) with nearly trans-configured Ph and R* substitu-
ents at the Si atoms (torsion angles R*—Si—Si—R*/
Ph—Si—Si—Ph 173.2/173.6°). The two Si,S,C half-chairs are
trans to each other. The angles between the SiSiS or C¢Hjs
planes and the SiSCS plane of the five-membered rings
amount to 50.5° and 89.3°, respectively. The C=C distance
(1.334 A) is as long as expected for a double bond,? the C—S
distances (1.766/1.777 A) are shorter, and the Si—S distances
(2.172/2.167 A) as well as the Si—Si distances (endo: 2.417 A;
exo: 2.456 A) are longer than expected for single bonds.!

As mentioned above (Scheme 3), CO, and COS react with
1 under [2+2] cycloaddition which indeed is the expected way
that disilenes combine with unsaturated compounds, but,
unexpectedly, 1 gives with CS, and CSe, [2+43] cycloadducts.
In fact, the former additions must occur in two steps, whereas

2734
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Figure 4. View of the molecule 16a in the crystal (H atoms excluded; the
crystal contains one mole benzene per mole of 16b). Selected bond lengths
[A] and angles [°]: Si2—Si3 2.417(2), Sil—Si2 2.456(2), Si4—Si3 2.456(2),
Si2—S1 2.172(1), Si3—S2 2.167(2), S2—C25 1.766(3), S1-C25 1.771(3),
C25—C25A 1.334(5), Si2—C13 1.903(3), Si3—C19 1.902(3), Si—Bu (mean
value) 1.948; Sil-Si2-Si3/S1/C13 131.51(6)/99.90(6)/112.23(11), Si4-Si3-Si2/
S2/C19  130.16(6)/102.34(6)/112.29(11),  C13-Si2-Si3/S1  107.85(11)/
106.54(11), C19-Si3-Si2/S2 108.81(11)/106.41(11), Si2-Si3-S2 91.71(7), Si3-
Si2-S1 93.66(6), Si2-S1-C25 105.72(11), Si3-S2-C25 102.22, S2-C25-S1/
C25A 120.1(2)/120.9(3), S1-C25-C25A 119.0(3), rBu-Si-fBu (mean value)
111.0; S1-C25-C25A-S1A/S2A 0.29/180.00, C25A-C25-S1-Si2/Si3 179.43/
144.92, Si2-S1-C25-S2 0.86, Si3-S2-C25-S1 35.38, Si3-Si2-S1-C25 29.40, S2-
Si3-Si2-S1 43.04, Si2-Si3-S2-C25 46.87, C13-Si2-Si3-C19 173.62, Sil-Si2-Si3-
Sid 173.22.

the latter may take place synchronously in one step (according
to non-retention or retention of orbital symmetry, concerted
reactions are forbidden and non-forbidden in the first and
second cases, respectively).’l Evidently, the tendency for
concerted reactions is more pronounced with 1 than with
many other disilenes.

[2+4] Cycloadditions: There were reports on reactions of
disilenes with organic 1,3-dienes under [2+4] cycloaddition
(Diels— Alder reactions) in 1983 (/Bu,Si=SitBu, + 2,3-di-
methylbutadiene DMB),*"! in 1995 (rBu,Si=SirBu, + cyclo-
pentadiene),’ in 1997 (1 + DMB — 14; see Scheme 4),11"]
and in 1998 ((rBuMe,Si),Si=Si(SiMe,/Bu), + DMB).*2l On
the other hand, a large number of [2+4] cycloadditions of
disilenes with heterodienes are known.[® ¥ As an example, the
disilene 1 combines with Ph,C=O to form the [2+4] cyclo-
adduct 13 (Scheme 4).

The Ph,CO adduct 13 is yellow and both water and air
sensitive, but thermally stable (m.p. 180°C with decomp),
whereas the DMB adduct 14 is colorless and water-, air-, and
thermostable (m.p. 207 °C). Figure 5 shows the crystal struc-
ture of 13 along with selected bond lengths and angles.

The central structural element of 13 consists of a nonplanar
six-membered O1-Sil-Si2-C3-C2-Cl1 ring (angle between the
planes O1-C1-C2-C3 and O1-Sil-Si2-C3 42.0°) with gauche-
configured Ph and R* substituents at the Si atoms (torsion
angles R*-Si-Si-R*/Ph-Si-Si-Ph 146.6/121.4°). This last fact
indicates a certain rotation of the R*PhSi halves around the
Si=Si bond in the course of cycloaddition of 1 and DMB. The
angle between the planes of the C¢H; groups at Si amounts to
5.2°. The C1—-C2 distance (1.328 A) lies in between the
distances of a single and a double carbon bond; the Si1—Si2
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Figure 5. View of the molecule 13 in the crystal (H atoms excluded; the
crystal contains one mole Ph,CO per mole of 13). Selected bond lengths
[A] and angles [°]: Sil1—Si2 2.426(4), Sil—Si3 2.477(4), Si2—Si4 2.500(4),
Si1—C14 1.90(1), Si2—C20 1.92(1), Si1—O1 1.663(7), Si2—C3 1.98(1), C1-O1
1.40(1), C1—C2 1.33(1), C1-C8 1.50(2), C2—C3 1.51(1), Si—7Bu (mean
value) 1.951; O1-Sil-Si2 99.5(3), Sil-Si2-C3 92.7(3), Si2-C3-C2 115.7(7),
C3-C2-C1 123.2(9), C2-C1-0O1 121.0(9), C1-O1-Sil 133.6(6), Si3-Sil-C14/
Si4-Si2-C20 109.2(3)/109.3(3); Si3-Sil-Si2-Si4 146.6, C14-Sil-Si2-C20 121.4,
01-Si1-Si2-C3 19.3, Sil-Si2-C3-C2 53.6, Si2-C3-C2-C1 52.4, C3-C2-C1-0O1
2.4, C2-C1-01-Sil 48.7, C1-O1-Sil-Si2 26.8.

distance (2.426 A) is longer than a normal Si—Si single
bond.?’l

As mentioned above (Scheme 4), PhAHC=0O and Ph,C=S
react with 1 under [242] cycloaddition, but Ph,C=O unex-
pectedly gives a [2+4] cycloadduct, whereas other disilenes
such as Mes,Si=SiMes, add Ph,C=0 in the normal [2+2]
way.[® 3 In addition, unlike some other disilenes 1 reacts with
DMB rapidly with [2+4] cycloaddition. In fact, this may take
place—like [2+3] cycloadditions (see above)—synchronously
in one step. Again, the results speak for a marked tendency of
1 to enter into concerted reactions.

Experimental Section

All experiments were carried out in flame-dried glass apparatus with
standard Schlenk techniques under dry argon or nitrogen. Air and moisture
were strictly excluded. The solvents (pentane, benzene, [Dg]benzene,
tetrahydrofuran (THF), carbon tetrachloride, acetone) were distilled from
sodium/lead or sodium/benzophenon. Available for use: Cl,, Br,, O,, Se,,
Te,, P,, HCI, HBr, H,0, Me;SiN;, CO,, COS, CS,, PhCHO, Ph,CO, rBuNC,
Me,C=CH,, CH,~CMe—CMe=CH, (DMB). The following compounds
were synthesized according to literature procedures: 1,2 Ph,CS,*l CSe,.1*]
NMR spectra: Jeol GX-270 (*H/**C/¥Sif'P/7Se/*Te: 270.17/67.94/53.67/
109.37/51.43/85.24 MHz), Jeol EX-400 (*H/**C/¥Si/*'P: 399.78/100.54/79.43/
161.84 MHz). Standards: S(*H/"C/*Si): int./int./ext. TMS; O0('P): ext.
H;PO, (85%); 6("’Se): ext. SeMe, in CDg; (**Te): ext. TeMe, in C;Ds.
The NMR spectra were recorded with the INEPT as well as DEPT pulse
sequence using empirically optimized parameters for the mentioned
groups. MS spectra: Varian Atlas CH7; Jeol MStation JMS 700.

Reaction of 1 with Cl,—formation of 2a: Cl, (0.080 mmol) in CCl, (3 mL)
was condensed into a solution of 1 (0.039 g, 0.064 mmol) in THF (5 mL) at
—78°C. According to NMR spectroscopy, the reaction mixture (heated to
RT; decolorized) then contained the gauche-diastereomer 2a only (cf.
reaction of 1 with H,O, remarks). After evaporation of volatile products in
an oil pump vacuum, gauche-2a remained as a colorless substance
(identification by comparison with an authentic sample, the isomer of
which (irans-2a) has been studied by X-ray crystallography®!l).

Reaction of 1 with Br,—formation of 2b: Br, (0.018 g, 0.23 mmol) in
pentane (3 mL) was added dropwise to a solution of 1 (0.139 g, 0.230 mmol)
in pentane (10 mL) at —5°C. According to NMR spectroscopy, the reaction
mixture (heated to RT; decolorized) then contained one diastereomer of
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2b only, that is, the gauche-isomer (cf. reaction of 1 with H,O, remarks).
After evaporation of volatile products in an oil pump vacuum, gauche-2b
remained as a colorless substance (identification by comparison with an
authentic samplel!).

Reaction of 1 with H,0—formation of 3: H,O (0.019 g, 1.04 mmol) was
condensed into a solution of 1 (0.072 g, 0.119 mmol) in C¢Hg (5mL) at
—78°C. According to NMR spectroscopy, the reaction mixture (heated to
RT, decolorized) then contained one diastereomer of 3 only. After
evaporation of volatile products in an oil pump vacuum 3 remained as a
colorless substance. M.p. 228 —229°C; elemental analysis calcd (%) for
C3HgOSiy (627.3): C 68.93, H 10.61; found: C 68.26, H 10.79; '"H NMR
(C¢Dg): 6 =1.110/1.167 (s/s, 27H/27H; SitBu; at SiH and at SiOH), 4.737 (s,
1H; SiH), 7.03-8.11 (m, 10H; 2Ph); *C{'H} NMR (C4Dy): 6 =23.90/24.34
(3C/3C; 3 CMe;/3 CMes), 31.54/31.80 (9 C/9 C; 3 CMe;/3 CMe;) 125.1/128.7/
135.4/140.5 (2C/C/2 C/C; m-Ip-lo-/i-C of Ph), (125.1 + 126.5)/129.5/(136.3 +
140.5)/142.8 (2 C/C/2 C/C; m-/p-/lo-/i-C of Ph; splitting of signals because of
hindrance of rotation); ¥Si{'H} NMR (C,Dy): 6 =-58.72 (d, J(Si,H) =
164.1 Hz, 1Si; SiH), 1.46 (1Si; SiOH), 10.53/20.62 (1 Si/1 Si; SitBu,/SifBus);
IR (KBr): 7 =2082 cm™! (SiH); MS (70 eV): m/z (%): 626 (9) [M*], 611 (6)
[M*—Me], 569 (60) [M* — (Bu], 549 (67) [M* —Ph], 513 (7) [M* —Bu—
C,Hy], 493 (19) [M+ — Ph — C,Hy], 427 (36) [M* — SitBu;], 409 (9) [M* —
SirBu; — H,0], 385 (11) [M*—SirBu;— C;Hg, 371 (6) [M*—SifBu;—
C,Hg], 321 (100) [M* — SirBu; — PhSiOH].

Remarks: 1) Disilanes of type R¥*PhXSi—SiX'PhR* (X equal or unequal X’)
exist as gauche- and trans-diastereromers, whereby gauche and trans are
related to the configuration of the phenyl groupsP!! (the R* groups are, for
steric reasons, always trans-configured). 2) According to NMR spectra, the
reactions of 1 and Hal,, H,O, or HHal leads only to one diasteromer, which
in case of 2a and 4a is definitively the gauche isomer®! (comparison with
authentic samples). By analogy, and as indiciated from NMR spectroscopic
insights as well as results with other disilenes,® °! compounds 2b, 3, and 4b
also probably exist as the gauche-isomer. 3) Moist air reacts with 1
exclusively under formation of 3.

Reaction of 1 with HCl—formation of 4a: HCl (0.070 mmol) was
condensed into a solution of 1 (0.037 g, 0.061 mmol) in THF (5mL) at
—78°C. According to NMR spectroscopy, the reaction mixture (heated to
RT; decolorized) then contained the gauche-diasteromer 4a only (cf.
reaction of 1 with H,O, remarks). After evaporation of volatile products in
an oil pump vacuum gauche-4a was obtained as a as colorless substance
(identification by comparison with an authentic sample which itself has
been studied by X-ray structure analysis®!l).

Reaction of 1 with HBr—formation of 4b: Compound 1 (0.072 g,
0.12 mmol) in C¢Dy (0.4 mL) was stirred under an atmosphere of HBr
(fast decolorization). According to NMR spectroscopy, the reaction
mixture then contained one diastereomer 4b only, which is evidently is
the gauche-isomer (cf. reaction of 1 with H,O, remarks). After evaporation
of volatile products in an oil pump vacuum gauche-4b remained as a
colorless substance (identification by comparison with an authentic
samplel!).

Reaction of 1 with N,0 and O,—formation of 5a and 6a Method 1: N,O
(0.048 mmol) was condensed into a solution of 1 (0.029 g, 0.048 mmol) in
C¢D¢ (0.5 mL) at —196°C. According to NMR spectroscopy, the reaction
mixture in a closed NMR tube (after heating to RT; decolorized) then
contained 5 (30%), 6a (30%), and unreacted 1. From the solution the
oxadisilirane 5a precipitated after two weeks as air-sensitive, light-yellow
crystals. 'TH NMR (C¢Dy): 0 =1.064 (s, 54 H; 2SirBu;), 7.03-8.12 (m, 10H;
2Ph); ¥Si{'H} NMR (C¢D): 6 = —3.25 (2Si; 2SiPh), 16.65 (2Si; 2SirBu,);
X-ray structure analysis: The structure could not be solved exactly
(operator: K. Polborn), but the constitution of 5a is beyond doubt.

Method 2: N,O (0.19 mmol) was condensed into a solution of 1 (0.046 g,
0.076 mmol) in CDg (0.5 mL) at —196°C. According to NMR spectros-
copy, the reaction mixture in a closed NMR tube (after heating to RT;
decolorized) then contained 6 a only. After concentration of the solution to
0.1 mL the dioxadisiletane 6a (0.040g, 0.284 mmol; 92 %) was obtained as
colorless crystals. M.p. 186 °C (decomp); elemental analysis caled (%) for
C36H, 0,81, (641.2): C 67.43, H 10.06; found: C 66.84, H 10.14; 'H NMR
(C¢Dg): 6=1.053 (s, 54H; 2SirBus), 712-796 (m; o-, p-, m-H of 2Ph);
BC{'H} NMR (C4Dy): 6 =23.24/31.48 (6 C/18 C of 6 CMe;/6 CMe;); *Si{'H}
NMR (Cy¢Dg): 6 =—13.70 (28i; 2SiPh), 5.92 (2Si; 2SirBus); MS (70 eV):
m/z (%): 640 (1) [M*], 625 (1) [M*—Me], 583 (100) [M" —rBu], 541 (4)
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[M*—Bu—CHg], 527 (6) [M*—Bu—-CHg], 471 (3) [M™—(Bu-—
2C,Hy], 441 (12) [M* —SiBuy], 385 (2) [M* — SifBuy — C,Hg], 199 (21)
[SirBus]; X-ray structure analysis: see Figure 1 (colorless prisms of 6a from
benzene)

Method 3: Compound 1 (0.038 g, 0.062 mmol) in C¢Dg was stirred under an
atmosphere of water-free oxygen, which immediately lead to a decoloriza-
tion of the solution. According to NMR, the dioxadisiletane 6a (56 %) was
formed besides unidentified products with d('H, SifBus)=1.077, 1.090,
1.124, 1.159, 1.279 (ratio of areas of signals ca. 1:1:2:1.5:1.5); 6(®Si,
SitBu,) =5.64, 6.57, 7.80, 7.98, 9.40.

Reaction of 1 with S;—formation of 6b: S, (0.011 g, 0.044 mmol) was added
to a solution 1 (0.082 g, 0.135 mmol) in C4D (0.5 mL) at RT, whereby the
solution decolorized rapidly. According to NMR spectroscopy, the reaction
mixture then contained 6b only. After concentration to 0.1 mL the 1,3-
dithiadisiletane 6b (0.082 g, 0.108 mmol, 80 % ) was obtained as colorless
crystals that contained one mole C¢D4 per mole 6b. M.p. 294-295°C;
elemental analysis caled (% ) for CsHg,S,Si4 (673.4): C 64.21, H9.58, S 9.52;
found: C 63.84, H 9.86, S 9.32; 'TH NMR (C,D): 6 = 1.068 (s, 54 H; 2 SirBus),
7.07-8.10 (m, 10H; 2Ph); *C{!H} NMR (C¢Ds): 6 =24.75/31.34 (6 C/18 C;
6 CMe;/6 CMe;), 127.0/128.8/130.9/135.4 (4C/2C/4ACI2C; m-Ip-lo-/i-C of
2Ph); #Si{!H} NMR (C,Ds): 0 =5.48 (2Si; 2SiPh), 15.94 (2Si; 2SirBus);
MS (70 eV): m/z (%): 672 (1) [M*], 657 (1) [M* —Me], 615 (100) [M* —
tBu], 559 (2) [M* —Bu— CHg], 473 (11) [M* — SitBu;]; X-ray structure
analysis: see Figure 1 (colorless prisms of 6b - C,D4 from C¢Dy).

Reaction of 1 with Se,—formation of 6¢: Se, (0.029 g, 0.365 mmol Se) was
added to a solution of 1 (0.103 g, 0.170 mmol) in C;Dg¢ (0.5 mL) at RT,
whereby the solution decolorized rapidly. According to NMR spectroscopy,
the reaction mixture then contained 6c¢ only. After filtration of insoluble
parts and concentration of the solution to 0.1 mL the diselenadisiletane
6¢)(0.116 g, 0.136 mmol, 80% ) was obtained as colorless crystals, which
contained one mole C¢Dg per mole 6¢. M.p. 320°C (decomp); elemental
analysis calcd (% ) for C3sHg,Se,Si, - CsDy (851.3): C 59.26, H 9.00; found: C
58.39, H 8.90; 'H NMR (C4Dg): 6 =1.140 (s, 54H; 2 SitBu;), 7.10-8.18 (m,
10H; o-, p-, m-H of 2Ph); ¥C{'H} NMR (C¢Dy): 6 =25.45/31.69 (6C/18C;
(6 CMe;/6 CMe;), 127.0/128.8/130.9/135.4 (4C/2C/4C/2C; m-Ip-/o-/i-C of
2Ph); ¥Si{'H} NMR (C¢Ds): 6=not observed (2SiPh), 21.50 (2Si;
2SirBus); 77Se NMR (C¢Dg): 0 = —947.89 (2Se, 2SiSe); MS (70 eV): m/z
(%): 764/766/768 (8) [M*], 707/709/711 (79) [M* — tBu], 651/653/655 (2)
[M+ — Bu — C,Hg]; X-ray structure analysis: see Figure 1 (colorless needles
of 6¢- CsDy from C¢Dy).

Reaction of 1 with Te,—formation of 5b: Compound 1 (0.187g,
0.307 mmol) in CsDy (0.5mL) was treated for several hours with Te,
(0.040 g, 0.314 mmol Te). According to NMR spectroscopy, the reaction
mixture then contained 5b only. After concentration to 0.1 mL the
telluradisilirane 5b (0.209 g, 0.284 mmol, 92%) was obtained as light-
sensitive, light green crystals; M.p. 175°C (decomp); elemental analysis
caled (%) for CsHg,SisTe (736.9): C 58.68, H 8.75; found: C 57.71, H 8.64;
"H NMR (C4Dg): 6 =1.083 (s, 54 H; 2SiBus), 7.00-8.21 (m, 10H; 0-, p-, m-
H of 2Ph); BC{'H} NMR (C¢Dy): 6=25.02/31.92 (6C/18C; 6 CMesy/
6CMe;), (126.3+4128.2)/128.9/(133.6+138.1)/1429 (2C+2C/2CR2C+
2CI2C; m-Ip-lo-/i-C of 2Ph; splitting of signals because of hindrance of
rotation); *Si{'H} NMR (C,Dg): 6 =—81.09 [2Si; 2SiPh; satellites from
coupling with Te: 'J(Si,Te) = 173.9/179.4 Hz (for comparison —Mes,Si-Te-
SiMes,-: 6(Si) = —90/J(Si,Te) = 166 Hz1?l); t, J(Si,H) =5.9 Hz; 2SiPh],
21.34 (2Si; 28SirBu;); 2 Te NMR (C4Dg): 6 = —1285.4 (br, 1Te; SiTe); MS
(70 eV): m/z (%): T734/736/738 (100) [M*], 705/707/709 (9) [M*™— C,Hs],
677/679/681 (26) [M* —tBu], 621/623/625 (4) [M* — Bu — C,Hy], 579/581/
583 (7) [M* — tBu — C,Hy — C;Hq], 535/537/539 (24) [M*-SitBu;], 479/481/
483 (15) [M* —SitBu; — C,Hg]; X-ray structure analysis: see Figure 2
(colorless needles of 5b from C¢Dy)

Remark: Excess Te, does not transform 5b into a ditelluradisiletane.
Reaction of 1 with P,—formation of 7: See ref.|’]

Reaction of 1 with rBuNC—formation of 8: Compound 1 (0.081 g,
0.133 mmol) in CiDs (0.5mL) was treated with fBuNC (0.035g,
0.417 mmol) at RT. According to NMR spectroscopy, the reaction mixture
then contained 8 only. After evaporation of all volatile products in an oil
pump vacuum, the disilirane 8 (0.083 g, 0.121 mmol; 91 % ) was obtained as
water- and oxygen-sensitive as well as thermolabile bright orange
substance; M.p. > 80° (decomp); elemental analysis caled (%) for
C,H;3NSi, (692.4): C 71.12, H 10.63; found: C 70.66, H 10.56; 'H NMR
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(C¢Dy): 6=1.089/1.108 (s/s, 27 H/27 H; SitBuy/SirBu,), 1.705 (s, 9H; NBu),
710-8.33 (m, 10H; o-, p-, m-H of 2Ph); *C{'H} NMR (C,Dy): 6 =24.33/
24.86 (3C/3C; (3CMey/3CMe,), 31.90/31.99 (9C/9C; (3CMey/3CMes),
34.43/64.13 (C/3C; NCMes/NCMe;), (127.3 4+ 128.6)/128.8/(137.6 4 138.6)/
140.1 2C+2C2C2C+2C/2C; m-Ip-lo-1i-C of 2Ph; splitting of signals
because of hindrance of rotation); *Si{'H} NMR (C¢Dy): 6 =—60.88 (t,
3J(Si,H)=5.3 Hz, 2Si; 2SiPh), 24.97/27.67 (Si/Si; SirBuy/SirBu;; non-
equivalent); MS (70 eV): m/z (%): 691 (4) [M*], 676 (3) [M" —Me], 634
(100) [M* — Bu], 592 (11) [M*+ — tBu — C;H], 578 (23) [M*+ — fBu — C,Hy],
492 (30) [M* — SitBu,], 450 (15) [M* — SirBu; — C;Hy].

Thermolysis of 8--formation of 8a and 8b: Compound 8 (0.115g,
0.166 mmol) in C¢Dg (0.5 mL) was thermolized for three weeks at RT,
whereby the orange solution decolorized. According to NMR spectroscopy,
the reaction mixture then contained 8a, 8b, R*H,*!J and isobutene in the
mole ratio of approximately 3:2:6:6.

Disilane 8a: Colorless substance with m.p. 220°C; 'H NMR (C¢Dy): 6 =
1.071 (s, 2Si; 2 SifBus), 6.97-8.21 (m, 10H; 2Ph); 3C{'H} NMR (C¢Dy): 6 =
25.32/31.89 (6 C/18 C; 6 CMes/6 CMe;), 122.3 (2C; 2CN), 127.2/135.8/137.9/
141.8 (4C2CI4C2C; m-Ip-lo-1i-C of 2Ph); *Si{'H} NMR (C,Dg): 0=
—62.91 (t, 3/(Si,H) =8.2 Hz, 2Si; 2SiPh), 24.79 (2Si; 2SirBu;); MS (EI):
m/z (%): 660 (22) [M*], 634 (43) [M* — CN], 603 (37) [M* — Bu], 578 (95)
[M*—CN—-CH], 547 (33) [M*—iBu—CH;], 522 (31) [M*—CN—
2 C4Hgl, 500 (100) [M* — CN — C,Hg — C4Hy|; X-ray structure analysis: K.
Polborn, unpublished results (gauche-diastereomer, Si—Si distance
2.421(4) A, Si-Si-Si-Si/C-Si-Si-C torsion angles 154.17/65.77°; see ref. [31]).

Cyclotrisilane 8 b: Colorless substance; '"H NMR (C¢Dg): 6 =1.052 (s, 54 H;
2SirBus), 4.778 (s, 1Si; SiH), 6.97-8.21 (m, 15H; 3Ph); Si{'H} NMR
(CeDg): 6=-160.38 (dt, J(Si,H)=very small, 2Si; 2SiPh), —56.26 (dt,
J(Si,H) =168.9 Hz, *J(Si,H) = 5.6 Hz, 1Si;, SiHPh), 24.79 (2Si; 2SirBu,);
BC{'H} NMR (C4Dg): 6 =24.30/31.69 (6 C/18C; 6 CMe;/6 CMe;), (129.5+
129.8)/134.1/(138.7 + 140.8)/139.2 (2C +2C/2C2C+2C/2C; m-Ip-lo-1i-C
of 2Ph; splitting of signals because of hindrance of rotation), 127.2/135.6/
136.7/140.1 (2 C/C/2C/C; m-Ip-lo-1i-C of 1Ph); MS (70 eV): m/z (%): 637
(100) [M* —Ph], 581 (43) [M* — Ph — C,Hy].

Reaction of 1 with Me;SiN;—formation of 9: Compound 1 (0.194 g,
0.318 mmol) in CDy (0.5mL) was treated with Me;SiN; (0.039 g,
0.341 mmol) at RT, whereby the solution decolorized under production
of N,. According to NMR spectroscopy, the reaction mixture then
contained 9 only. After evaporation of volatile products in an oil pump
vacuum, the azadisilirane 9 (0.217 g, 0.312 mmol; 98 %) was obtained as
colorless crystals. M.p. >160°C (decomp); elemental analysis calcd (%) for
C3H;;NSis (696.4): C 67.26, H 10.56; found: C 66.37, H 10.62; 'H NMR
(C¢Dg): 6=0.636 (s, 9H; SiMes), 1.091 (s, 54H; 2SirBu;), 7.11-8.02 (m,
10H; o- ,p-, m-H of 2Ph); BC{'H} NMR (C(Dy):  =6.14 (3C; SiMe;),
24.32/32.13 (6C/18C; 6CMes/6CMe;), (126.8 +127.3)/128.6/(135.8 +
137.6)/142.6 (2C+2C/2C/2C+2C/2C; m-/p-lo-/i-C of 2 Ph; splitting of
signals because of hindrance of rotation); *Si{'H} NMR (C¢Dy): d = —61.51
(2Si; 2SiPh), —10.01 (Si; SiMes), 19.33 (2Si; 2SifBu;, equivalent!); MS
(CI): m/z (%): 695 (100) [M*].

Reaction of 1 with Me,C=CH,—formation of 10: A solution of 1 (0.131 g,
0.215 mmol) in CH; (5 mL) was stirred for 12 h under an atmosphere of
Me,C=CH,. According to NMR spectroscopy, the reaction mixture then
contained 10 only. After removing all volatile components in an oil pump
vacuum and recrystallization of the residue from acetone (2 mL) the ene
product 10 (0.083 g, 0.125 mmol; 58 % ) was obtained as colorless substance.
"H NMR (C¢Dy): = 0.900/1.191 (br/br, 27 H/27H, SirBu,/SitBus), 1.211 (br,
SH; CH,, CH,), 5.016 (s, 1H; SiH), 5.001/5.120 (br/br, H2H; CH=CH,),
6.76-8.14 (m, 10H; 2Ph); BC{'H} NMR (C¢Dy): 6 =24.17 (1C; 1CH,),
31.83 (1C; SiCH,), 24.84/25.28 (3C/3C; 3CMe;/3CMes), 32.26/32.64 (9C/
9C; 3CMe;/3CMes), 111.8 (1C; =CH,) 138.8 (1C; > (=), (1272 +1275)/
(136.6 +136.6)/(139.8 +139.9)/(141.8 +142.7) (2C+2C/IC+Cl2C+2C/
C+C; m-Ip-lo-/i-C of 2Ph); ¥Si{'H} NMR (C(Dg): 0 =—58.18 (dm,
LJ(Si,H) =158.0 Hz, 1Si; SiH), —28.40 (1Si; SiC), 18.23/26.35 (1Si/1Si;
SirBuy/SirBus); MS (70 eV): m/z (%): 664 (7) [M*], 607 (100) [M* —Bu],
565 (14) [M* —Bu— C;Hg], 551 (6) [M* —tBu— CHg], 465 (37) [M*—
SirBu;].

Reaction of 1 with PhCHO—formation of 11a: PhCHO (0.033 g,
0.307 mmol) was added to as solution of 1 (0.133 g, 0.219 mmol) in C¢H,
(5mL) at RT, whereby the solution decolorized rapidly. According to
NMR spectroscopy, the reaction mixture then contained 11a only. After
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concentration to 0.4 mL, filtration of the insoluble parts and evaporation of
all volatile components from the latter, the oxadisiletane 11a (0.143 g,
0.200 mmol; 91%) was obtained as colorless substance; M.p. 250°C
(decomp); Cy3H;0OSi, (715.4): caled. C 72.20, H 9.86; found C 71.94, H
9.82; 'H NMR (C¢Dy): 6 =1.126/1.139 (s/s, 27H/27 H; SirBus/SitBu;), 6.99 -
8.56 (m, o-, p-, m-H of 3Ph); BC{'H} NMR (C,D): 6 =14.14 (1C; CH),
23.80/23.80 (3C/3C; 3CMe;/3CMes), 31.57/31.97 (9C/9 C; 3CMes/3 CMes),
(125.2+125.7 +126.9)/(128.3 + 128.7 + 128.9/(134.6 + 137.0+138.0)/
(140.6 +144.04+146.7) (2C+2C+2C/IC+C+C2C+2C+2C/IC+C+
C; m-Ip-lo-/i-C of 3Ph); ¥Si{'H} NMR (C4Dg): 6 =—54.56 (t, 3/(Si,H) =
3.6 Hz, 1Si; SiO), —52.52 (td, 1Si; SiC), 15.55/24.54/1Si/1Si; SirBus/SitBus);
MS (70 eV): m/z (%): 714 (10) [M*], 657 (100) [M*—Bu], 515 (26)
[M* — SirBu,].

Reaction of 1 with Ph,CS—formation of 11b: Ph,CS (0.056 g, 0.284 mmol)
was added to 1 (0.168 g, 0.276 mmol) in C;H, (0.55 mL) at RT, whereby the
solution decolorized rapidly. According to NMR spectroscopy, the reaction
mixture then contained 11b only. After concentration to 0.2 mL, filtration
of the insoluble parts and evaporation of all volatile components from the
latter, the thiadisiletane 11b (0.193 g, 0.239 mmol, 87 %) was obtained as
colorless substance. M.p. 301°C; elemental analysis caled (%) for
CyH7,SSi, (807.5): C 72.88, H 9.27; found: C 72.00, H 9.19; '"H NMR
(C¢Dg): 6 =1.085/1.286 (s/s, 27 H/27H; SirBus/SitBu;), 6.76-8.15 (m, 20H;
o-, p-, m-H of 4Ph); BC{'H} NMR (C;D,, TMS): 6 =25.69/26.40 (3C/3C;
3CMe,/3 CMes), 32.72/33.06 (9C/9C; 3CMe;/3CMes), 72.56 (1C; CPh,),
(125.8+126.3+126.5+127.3)/(129.9 4 130.2 4 130.6 4 132.5)/(135.6 + 137.0
+138.8+141.6)/(1470+ 1478 +149.74+151.3) (2C+2C+2C+2C/C+
C+C+CRC+2C+2C+2C/C+ C+ C+C; m-Ip-lo-/i-C of 4Ph; split-
ting of signals because of hindrance of rotation); Si{'H} NMR (C,Dy): 6 =
—13.70/1.62 (1Si/1Si; SiPh/SiPh), 25.38/27.61 (1 Si/1Si; SirBuy/SirBus); MS
(CI): m/z (%): 806 (7) [M*], 607 (100) [1* — H], 470 (1) [R*PhSi=CPh,*],
198 (20) [Ph,CS"].

Remark: Daylight transforms 11b into 6 among others. Evidently,
irradiation causes at first a [242] cycloreversion according to 11b

Reaction of 1 with CO,—formation of 12a: A solution of 1 (0.206 g,
0.338 mmol) in THF (10 mL) was stirred for 4 h under an atmosphere of
CO, at RT. According to NMR spectroscopy, the reaction mixture then
contained 12a only. After removing all volatile compounds in an oil pump
vacuum, the oxadisilacyclobutanone 12a (0.220 g, 0.337 mmol, 100 %)
remained as colorless needles. M.p. 230°C (decomp); elemental analysis
caled (%) for C3,Hg,O,S1, (653.3): C 68.03, H 9.87; found: C 66.37, H 10.62;
"H NMR (C4Dg): 6 =1.010/1.014 (s/s, 27 H/27H; SitBu,/SitBus), 7.07-8.21
(m, 10H; o-, p-, m-H of 2Ph); *C{'H} NMR (C4Dy): 6 =23.74/24.19 (3C/
3C; 3CMes/3 CMe;), 31.51/31.72 (9C/9C; 3CMe;/3CMe;), (127241275 +
128.5+128.5)/(129.5 + 133.9)/(134.6 + 135.6 +136.9 4 137.1)/(137.7 + 139.8)
(each 1 C; m-/p-/o-/i-C of 2Ph; splitting of signals because of hindrance of
rotation), 185.9 (1C; CO); ¥Si{'"H} NMR (C4Dg): 6 =8.43/11.75 (1Si/1Si;
SiO/SiCO), 17.66/23.47 (1Si/1Si; SitBus/SirBus); IR (KBr): #=1713 cm™!
(C=0); MS (70 eV): m/z (%): 652 (77) [M*], 567 (100) [M* — Bu — CO],
511 (17) [M* —Bu — CO — CHg], 455 (5) [M* — Bu— CO — 2 C,Hg].

Reaction of 1 with COS—formation of 12b: COS (0.235 mmol) was
condensed into a solution of 1 (0.142 g, 0.234 mmol) in C;Hg (10 mL) at
—78°C. According to NMR spectroscopy, the solution (after warming to
RT; decolorized) then contained 12b only. After removing all volatile
components in an oil pump vacuum, dissolving the residue in CsHg (2 mL),
concentration to 0.5 mL, filtration of the insoluble parts, and evaporation
of benzene from the latter, the thiadisilacyclobutanone 12b (0.107 g,
0.160 mmol, 69%) was obtained as colorless crystals. M.p. 217°C (de-
comp); elemental analysis calcd (%) for C;;HgOSSi, (669.3): C 66.40, H
9.64; found C 65.94, H 9.59; '"H NMR (C¢Dy): 6 =1.017/1.037 (s/s, 27H/
27H; SirBu,/SitBus), 7.04-8.21 (m, 10H; o-, p-, m-H of 2Ph); BC{'H} NMR
(CsDg): 0=24.82/24.94 (3C/3C; 3CMesy/3CMe;), 31.83/31.91 (9C/9C;
3CMe;/3CMe;),  (126.6 +1272+127.8 +128.7)/(129.4 + 129.5)/(136.3 +
136.7 4+ 137.0 + 137.1)/(138.3 + 139.5) (each 1C; m-/p-/o-/i-C of 2Ph; split-
ting of signals because of hindrance of rotation), 217.5 (1 C; CO); *Si{'H}
NMR (C¢Dy): 6 =21.44/26.21 (1Si/1Si; SirBuy/SirBu,), 1.52 (18i; SiCO),
—70.65 (1Si; SiS); X-ray structure analysis: see Figure 3 (colorless prisms
of 12b- 0.5 C;D4 from C¢Dy).

Reactions of 1 with Ph,C=0O—formation of 13: The reaction of 1 (0.289 g,
0.474 mmol) and Ph,CO (0.154 g, 0.845 mmol) in C4Hg (5 mL) lead rapidly
and (according to NMR spectroscopy) quantitatively to 13. After
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evaporation of all volatile components in an oil pump vacuum and
dissolving the residue in benzene (2 mL), the Ph,CO adduct 13 (0.402 g,
0.413 mmol; 87 %) was obtained as yellow substance with one mole Ph,CO
per mole adduct. M.p. of 13- Ph,CO 180°C (decomp); elemental analysis
caled (%) for C,H;,0S8i, (791.5): C 76.48, H. 8.70; found: C 76.01, H 8.76;
"H NMR (C4D): 6 =0.900/0.966 (s/s, 27H/27H; SitBu,/SitBus), 1.211 (br,
1H; CH), 5.36-6.75 (m, 4H; 4=CH), 7.00-8.20 (m, 15H; o-, p-, m-H of
3Ph); BC{'H} NMR (C¢Dy): 6 =24.41 (br, 7C; 6 CMe; + 1 CH), 31.76/32.16
(9C9C, 3CMe;/3CMe;), 118.1-146.7 (18 signals; 6C + 18C;
CCCHCHCHCH + C of 3Ph); ¥Si{'H} NMR (C4Dy): 6 =—14.16 (1Si;
PhSiO), 6.22 (1Si; PhSiC), 20.97/30.65 (1Si/1Si; SitBuy/SitBus); UV/Vis
(heptane): A, (€) =396.2 nm (1560); MS (70 eV): m/z (%): 790 (7) [M*],
733 (3) [M* —Bu], 713 (13) [M* —Ph], 671(1) [M* — Ph — C;H], 657 (1)
[M*—Ph— CHy], 608 (29) [17], 591 (31) [M* — SirBus], 551 (100) [1T—
Bu], 495 (2) [1* —Bu— C/Hy], 409 (17) [1* — SirBu;]; X-ray structure
analysis: see Figure 5 (yellow needles of composition 1 + Ph,CO from
benzene).

Reaction of 1 with DMB—formation of 14: The reaction of 1 (0.147 g,
0.241 mmol) and CH,~CMe—CMe=CH, (0.041 g, 0.502 mmol) in C¢Hg
(0.5 mL) lead rapidly (decolorization) and, according to NMR spectros-
copy, quantitatively to 14. After evaporation of all volatile components in
an oil pump vacuum and dissolving the residue in acetone (2 mL), the
DMB adduct 14 (0.130 g, 0.188 mmol; 78 %) was obtained as colorless
substance. M.p. 206—207°C; elemental analysis calcd (%) for C,,H7,Si,
(691.4): C 72.96, H 10.79; found: C 72.09, H 10.69; 'H NMR (C,Ds): 6 =
1.096 (s, 54H; 2SirBus), 1.953 (s, 6H; 2Me of DMB), 2.278/2.477 (d/d,
2J(H,H) =16.5/16.5 Hz, 2H/2H; 2CH,), 7.099 -8.332 (m, 10H; o-, p-, m-H
of 2Ph); BC{'H} NMR (C¢Dy): 6 =24.65/25.81 (2C/2C; 2CH5/2CH, of
DMB), 25.10/32.21 (6 C/18 C; 6 CMe,/6 CMe;), 126.7 (2C, C=C of DMB),
128.5/139.4/140.10/145.8 (4C/2C/4CI2C; m-/p-lo-li-C of 2Ph); *Si{'H}
NMR (C¢Dy): 6 =-38.74 (2Si; 2SiPh), 21.16 (2Si; 2SitBus); MS (70 eV):
m/z (%): 690 (3) [M*], 675 (2) [M*—Me], 633 (9) [M*—Bu], 577 (3)
[M* —Bu— CHg], 491 (100) [M* — SitBu;], 435 (6) [M* — SitBu; — C,Hg].
Reaction of 1 with CS,—formation of 16a: As a consequence of the
reaction of 1 (0.076 g, 0.125 mol) and CS, (0.021 g, 0.269 mmol) in C¢Ds
(0.5 mL) deep green solution was formed (15a?), from which a colorless
precipitate was obtained. After filtration of the insoluble parts and
evaporation of all volatile components from the latter, the ethene 16a
(0.081 g, 0.055 mmol, 89 %) was obtained as colorless substance. M.p.
>350°C; elemental analysis caled (%) 16a- C,Dg: C 66.04, H 9.70; found:
C66.63,H9.83; 'THNMR (CyDg): 0 =1.95 (s, 108 H; 4 SirBu;), 7.01 - 8.14 (m,
20H; o0-, p-, m-H of 4Ph); *C{'H} NMR (C,Dy): 6 =25.04/32.09 (12C/36C;
12 CMe,4/12 CMejy), 128.3/128.9/133.4/136.7 (8 C/4 C/8 C/4 C; m-Ip-lo-/i-C of
4Ph), not observed (2C of C=C); ¥Si{'H} NMR (CsD¢): 6 =26.00 (4Si;
4SirBus), not observed (4 Si; 4SiPh); MS (70 eV): m/z (%): 1370 (37) [M*],
1313 (12) [M* —Bu], 1171 (14) [M* —SitBus], 1114 (3) [M* —SirBu; —
C,Hg], 1057 (3) [M* — SirBu; —-2C,Hg], 672 (2) [1-2S], 616 (28) [1-2S* —
C,Hg], 584 (100) [1-S*— C,Hg], 528 (10) [1-S* —2C,Hg], each peak with
correct isotopic pattern; X-ray structure analysis: see Figure 4 (colorless
plates of composition 16a + C;Dg4 from C¢Dj after 2 years).

Remark: According to the structure of 16a (see Figure 4), one expects two
different sorts of R* and Ph substituents. In fact, the latter are equivalent in
the NMR spectrum. Evidently, the five-membered rings are not comfor-
mation-stable on the NMR timescale. On the other hand, 16b gives the
expected R* signals.

Reaction of 1 with CSe,—formation of 16b: As a consequence of the
reaction of 1 (0.120 g, 0.197 mmol) with CSe, (0.034 g, 0.197 mmol) in C¢Dy
(0.5mL), a colorless precipitate was formed (in between, the reaction
mixture turned black brown; 15b?). After filtration of the insoluble parts
and evaporation of all volatile components from the latter, the ethene 16b
(0.141 g, 0.091 mmol; 92%) was obtained as colorless substance. M.p.
335°C (decomp); elemental analysis caled (%) for C;,H,5Se,Sig (1558.35):
C 5704, H 8.28; found: C 56.81, H 8.41; 'H NMR (C¢Dy): 6 =1.180/1.188
(s/s, 54H/54 H; 2 SirBuy/2 SirBus), 6.90-8.52 (m, 20H; o-, p-, m-H of 4Ph);
BC{'H} NMR (C¢Dy): 6 =25.07/25.10 (6 C/6 C; 6 CMe;/6 CMes), 31.77/31.98
(18C/18C; 6CMe;/6 CMe;), not observed (24C of 4Ph, 2C of C=C);
PSi{'H} NMR (C¢Dy): 6 =31.78/31.98 (2Si/2Si; 2SirBu,y/2SirBu;), not
observed (4Si of 4SiPh); MS (70 eV): m/z (%): 1559 (6) [M*], 1502 (2)
[M*—1Bu], 1359 (2) [M* — SitBu;], 1303 (1) [M* — SirBu; — C,Hg], 1281 (1)
[M* —SitBu; — CH], 814 (5) [M*—1-Se — C,Hy], 792 (3) [M™—1-2Se
- CH], 759 (9) [M™—1-Se —2C,Hg], 712 (25) [1-2Se* — C,Hy], 632
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Table 1. Selected parameters of the X-ray structure analyses of 5b, 6, 12b, 13, 16a.
5b 6a 6bl2l 6 ¢l 12 bkl 130 16al!
formula C;sHgTeSiy C;36H,0,Si, C;6H,,S,Siy C;6Hg,Se,Siy C;;H,, 0SS, CsoH750,Si, C,H,5S,Sig
M, 736.83 641.23 673.36 767.15 669.31 915.57 1370.72
system monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic triclinic
space group P2,/n P2,/n Cc Cc P2,/c P2,/c P1
a[A] 8.866(3) 8.885(1) 14.520(1) 14.579(3) 23.102(2) 17.791(4) 11.447(8)
b [A] 20.910(6) 19.694(9) 19.937(4) 20.084(4) 8.6239(3) 26.691(7) 12.632(8)
c[A] 21.468(6) 11.6209(9) 16.385(4) 16.301(2) 21.532(1) 12.169(5) 17.284(6)
B I°] 93.39(2) 106.505(8) 108.83(1) 108.12(1) 105.157(8) 99.52(3) 78.74(4)!
V [A3] 3973(2) 1949.7(4) 4490(1) 4537(1) 4141.1(4) 5699(9) 2202(2)
V4 4 2 4 4 4 4 1
o [Mgm~3] 1.232 1.092 1.112 1.238 1.136 1.135 1.093
u [mm~1] 0.891 0.180 0.252 1.762 0.223 0.145 0.255
F(000) 1552 704 1640 1784 1548 2112 790
0[°] 2.14-20.02 2.56-18.05 2.43-22.98 2.42-22.99 1.93-25.87 2.57-22.99 2.38-24.04
index ranges 0<h<8 —-9<h<9 —15<h<15 —14<h<16 —27<h<28 -19<h<19 —13<h<0
<<k<20 —-21<k<0 —21<k<0 —22<k<0 —8<k<<0 —-29<k<0 —14<k<13
—-20<1<20 0<I<12 —-17<1<17 —-17<1<16 —-26<1<26 0<1<13 —-19<I<19
reflns measured 4022 2860 6228 7111 22097 8346 7268
independent reflns 3710 2711 6228 5496 7792 7910 6874
observed reflnsll 2831 2215 4989 4567 4576 4727 5041
Rin 0.0756 0.0103 0.000 0.0004 0.0665 0.0345 0.0372
x/ytdl 0.1233/ 0.0387/ 0.0459/ 0.0436/ 0.0592/ 0.0913/ 0.0408/
777.375 0.9851 36.365 64.188 0.000 651.956 12.815
R1ll 0.0944 0.0374 0.0380 0.0316 0.0509 0.1365 0.0465
wR2L] 0.2426 0.0861 0.0890 0.0802 0.1082 0.3189 0.0748
GOOF (F?) 1.087 1.068 1.098 1.146 0.861 1.096 1.096
max./min. electron 1.247/ 0.173/ 0.296/ 0.388/ 0.981/ 0.772/ 0.279/
density [e A3 —1.229 —0.196 —0.188 —0.301 —0.645 —0.506 —0.210

[a] Composition of crystals: 6b + CcD4, 6¢ + CiD4, 12b + 0.5CDg, 13 + Ph,CO, 16a + CiDg. [b] a=73.99(4)°, y =70.53(5)°. [c] F>40(F).

[d] wt=(0?F% + (xP)* + yP) with P=(F2 + 2F?)/3.

(100) [1-Se* — C4Hg], 608 (1) [17], 568 (55) [1-2Se" — SirBus]; each peak
with correct isotopic pattern.

Remark: Compound 16b (0.076 g) transforms in air in three weeks
(according to NMR spectroscopy) quantitatively into the 1,3-diselenadi-
siletane 6¢.

X-ray structure determinations of 5b, 6,12b, 13, 16 a: Crystallographic data
for compounds 5b, 6, 12b, 13 and 16a are given in Table 1. The intensities
were measured with a CAD 4 of Enraf-Nonius (5b, 6,13, 16a) and a STOE
IPDS with area detector (12b) (Mog,, A =0.71073 A, T=293(2) K for 5b,
6,13,16a and 188(2) K for 12b). The structures were solved by using direct
methods and refined against F? for all observed reflections. All non-
hydrogen atoms were refined anisotropically with a riding model and fixed
U, values.

CCDC-140135 (5b), CCDC-173753 (6a), CCDC-173754 (6b), CCDC-
173755 (6¢), CCDC-173758 (12b), CCDC-173756 (13) and CCDC-173757
(16a) contain the supplementary crystallographic data for this paper. These
data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-336-033 or
e-mail: deposit@ccdc.cam.ac.uk).
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Zinc() as an Allosteric Regulator of Liposomal Membrane Permeability
Induced by Synthetic Template-Assembled Tripodal Polypeptides

Paolo Scrimin,*?! Paolo Tecilla,'! Umberto Tonellato,*!?! Andrea Veronese,!?!
Marco Crisma, Fernando Formaggio,”! and Claudio Toniolo™

Abstract: Three copies of peptide se-
quences from the peptaibol family,
known to affect the permeability of the
lipid bilayer of membranes, were con-
nected to tris(2-aminoethyl)amine
(TREN), a tripodal metal ion ligand, to
prepare functional peptides capable of
modifying the permeability of liposomal
membranes. Some of the resulting tri-

The activity of these novel compounds
was shown to be tunable upon metal ion
coordination of the TREN subunit; the
tripodal apopeptide was far more effec-
tive than its Zn" complex. Leakage
experiments showed that a minimum
number of five amino acids per peptide
chain is required to form active systems.
A mechanism is proposed in which the

Zn"ion changes the conformation of the
template from extended to globular and
thus acts as an allosteric regulator of the
activity of the systems. Molecular mod-
eling studies indicate that when the
three peptide chains are connected to
the template in the extended conforma-
tion, the resulting tripodal polypeptide is
able to span across the membrane, thus

podal polypeptide derivatives are very
effective in promoting carboxyfluores-
cein (CF) leakage from CF-loaded uni-
lamellar vesicles composed of a 70:30
phosphatidylcholine/cholesterol blend.

. zinc

Introduction

Biological membranes are organized assemblies of lipids and
proteins whose primary functions are containing, compart-
mentalizing, and regulating the transfer of metabolites and
macromolecules in a living organism.['l Their permeability is
highly selective because of the occurrence of specific carriers
or channel-formers for ions or organic molecules.”) Several
physiologically important channel proteins have been isolated
and sequenced,?! and the preparation of artificial ion channels
is an ongoing ambitious goal attracting considerable efforts.[*
To this aim, different strategies have been used. Artificial
proteins, based on specifically tailored peptides with predict-
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allowing the formation of permeable
channels made of a cluster of molecules.
The same change of conformation in-
duces, to some extent, fusion of the
membranes of different liposomes.

liposomes

able structural features and properties have been designed
and synthesized.’) The so-called “bouchet approach” has
been exploited to prepare ion channels based on membrane
spanning monomers attached to a pre-organized macrocyclic
central core.l’l Very efficient transmembrane channels have
recently been prepared by designing macrocyclic peptides
that can adopt flat-ring conformations and stack one upon the
other to form self-assembling nanotubes.!’]

A common feature of many biological systems is the presence
of regulatory elements that allow modulation of the perme-
ation processes across the membranes.[!! A reversible modu-
lation of any given physicochemical property is the basic
feature of any molecular or supramolecular device.[®! Artificial
ionophores which can reversibly modulate membrane perme-
ability in response to a chemical or electrochemical input are
examples of such artificial devices.[”? Such a regulation may be
achieved by taking advantage of allosteric effects, such as those
resulting from a change of conformation owing to interaction
with an effector in a remote subsite of the molecule which is
not directly involved in the process. Examples of systems
whose functions have been regulated by means of allosteric
interactions have been reported.'”) They include hydrolyti-
cally active catalysts,'!l and enzyme inhibitors.['”

Peptaibols!’®l constitute an interesting class of natural
antibiotics produced by soil fungi. It is widely accepted that
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these linear peptides act on cell membranes through channel
formation involving leakage of the cytoplasmic material and,
eventually, lead to cell death. They are characterized by
closely related sequences of linear peptides, ranging from
19 amino acids (alamethicin)l'l to 11 amino acids (tricho-
gin)¥1, and even to as low as six amino acids (trichodece-
nins).['] Peptaibols are known to contain a large portion of a-
aminoisobutyric acid (Aib), which strongly promotes helix
formation.['”l While the helix formed by the 19-amino acid
sequence is long enough to span across the double layer of
membranes, shorter peptides such as trichogin require the
presence of a fatty acid chain at the N-terminus to elicit
membrane activity (hence the term lipopeptides).'s] A mixed
a/3,, helix was proposed for natural trichogin GA IV from
extensive solution!>* and crystal-state studies. ['*"]

In 1996, we reported!'” the synthesis and the metal ion
modulation of membrane permeability properties induced by
a polypeptide template.?! This was designed by connecting
together three copies of a decapeptide analogue of trichogin
GA 1V through an appropriate spacer to the known metal ion
ligand tris(2-aminoethyl)amine (TREN).?! Membrane activ-
ity was tested by monitoring the leakage of trapped carboxy-
fluorescein (CF) from small unilamellar vesicles.!'sac 18221
Here, we report a comparative study of a wide class of
compounds obtained by functionalizing the same ligand with
peptides of different main chain length aimed at defining the
minimal requirements for affecting membrane permeability
as well as identifying the source of the activity observed.

Results and Discussion

Peptide design and conformation: The peptides used for the
construction of our systems are made of sequences ranging
from three to ten amino acids; all of them are portions of the
naturally occurring antibiotic trichogin. The constituent
amino acids and the acronyms used for their identification
are given below. Peptides P4, PS5, P6, and P10 correspond to
the C-terminal sequence of trichogin, except for the C-termi-
nal Lol which was replaced by Leu—OMe (the non-reduced
amino acid ester). According to previous studies, this mod-
ification has little influence on the activity of the antibio-
tic.’¢ 2] Furthermore, all sequences contain at least one
helicogenic Aib residue. The synthesis and characterization of
peptides P3—-P6 and P10 have been reported elsewhere.?’]

Trichogin GA IV n-C;H;15CO-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-lle-Lol

CgP11 n-C7H;5CO-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-lle-LeuOMe N
P10 Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-lle-LeuOMe

P6 Gly-Leu-Aib-Gly-lle-LeuOMe

P5 Leu-Aib-Gly-lle-LeuOMe

P4 Aib-Gly-lle-LeuOMe

P3 Gly-Leu-Aib-NHiPr

Ac(P11) CH3CO-Aib-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-lle-LeuOMe

Z(P10) PhCH,0CO-Gly-Leu-Aib-Gly-Gly-Leu-Aib-Gly-lle-LeuOMe

A conformational investigation carried out by FT-IR
absorption spectroscopy in deuterochloroform on the Z-pro-
tected peptides used for the preparation of template-assem-
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bled T(P4);, T(P6); and T(P10); reveals the following
features: 1) the presence of free (stretching band at v >
3400 cm~') and hydrogen-bonded (stretching band in the
3356-3319 cm™' range) NH groups, 2) an increase in the
intensity of the hydrogen-bonded NHs as the number of
amino acids in the peptide chain increases. This behavior
strongly suggests formation of a folded structure even with the
short, four-residue peptides. Upon increasing the length of the
peptide, the content of the folded conformation tends to
increase. The crystal structures of the Z-protected tetrapep-
tide P4 and pentapeptide P5 confirm the spectroscopic
evidence, although they show that in the crystals, the
molecules assume conformations not amenable to a regular
3,0 or a helix.?!! For the purpose of our investigation, which
was carried out in a lipid bilayer, it is conceivable that the
environment experienced by the peptide in the membrane
would be similar to that in the chloroform solution used for
the spectroscopic investigations. Hence, the folded conforma-
tion of the peptides is probably maintained when bound to the
liposomes. This is also supported by our recent observation
that peptides rich in C*-tetrasubstituted amino acids assume a
prevailing helical conformation even in aqueous solutions.?’]

Synthesis and conformation of the template-assembled pep-
tides: Peptides P3—-P6 and P10 were used for the function-
alization of TREN. It is known that coordination of N-func-
tionalized TREN to Zn" involves, typically, formation of
pentacoordinate trigonal bipyramidal complexes with four
amino groups and an extra apical ligand.?!l A 4-carboxy-1-
methylbenzene spacer was introduced between the TREN
molecule and the peptide sequences to avoid undesired
interactions between the vacant coordination site of the metal
and the peptide chains, which, inter alia, could result in the
modification of their secondary structures.

The series of five related compounds was prepared as
indicated in Scheme 2, while the templating platform was
prepared according to Scheme 1. Thus, using SnCl, and HCI,

o
/©)‘\00H3 i) H\/Q)A\OCHs v)
_ H _w,
N§ Pz N

3

(o]
N N N N =
3 3
5

Scheme 1. Synthesis of the TREN-based template. i) SnCl,, HCI, Et,0;
ii) TREN, CH;CN;; iii) NaBH,, EtOH; iv) (Boc),0; v) NaOH, EtOH, then
diluted HCL
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4-cyanomethylbenzoate was converted into the corresponding
aldehyde, which was then treated with TREN, and the
resulting tris-imine was reduced with NaBH,. This TREN
derivative was subsequently protected with Boc and the
methyl ester was hydrolyzed to give the free carboxylic acid.
All peptide sequences were prepared in solution by stepwise
elongation of the peptide chain starting from the C-terminal
leucine methyl ester.”l N“-Benzyloxycarbonyl amino acid
derivatives were incorporated in the peptide chain either by
the mixed anhydride or by the symmetrical anhydride
coupling method. Docking between the core unit and the
peptide sequences was performed by coupling the free
benzoyl groups of the ligand with the N-terminus of each
different peptide using 1-hydroxybenzotriazole (HOBt) and
N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide (EDC) as
coupling reagents. Removal of the Boc protecting groups and
semi-preparative reversed-phase HPLC purification gave the
final products.

(e}
P3 ,
P4 Boc Xy~ "OH )
P5 + P
P6 N 3
5

P10

o) T(P3)3

ii) T(P4)s
’ - . T(P5)
BVQ)L eptee (e,
N N T(P10);

3

6-10

Scheme 2. Synthesis of the tripodal polypeptide templates. i) HOBt, EDC,
CH,Cl,; ii) TFA, CH,Cl,.

The purity and the identity of these compounds were
assessed by analytical HPLC, 'H NMR and mass spectrom-
etry (MALDI). Final compounds where isolated as trifluoro-
acetate salts; in this form they are all soluble in methanol,
insoluble in chloroform and dichloromethane. Template-
assembled derivatives T(P5);, T(P6);, and T(P10); are soluble
in water up to about 5 x 10°m at pH 7.3, while T(P3); and
T(P4); exhibit a slightly higher solubility in this solvent.

The uncomplexed ligands have a flexible structure with no
geometrical constraint. Previous work conducted in our
laboratory!'®! has shown that on binding to Zn" ions, a
benzyl-functionalized TREN derivative forms a pentacoordi-
nate complex with the three phenyl groups pointing in the
same direction, defining a basket-like pseudocavity. Thus, in
principle, the tertiary structure of the template-assembled
polypeptides can be controlled by metal ion complexation.
The binding constant of the TREN platform for the 1:1
complex with Zn" jons is estimated from literature data to be
about 10m~!' at pH 7.?! This means that a very strong
complex can be formed, and also that it is reasonable to
assume that a negligible amount of free metal ion is present
when a 1:1 solution of ligand and metal ion is prepared and
diluted to a concentration of 10~"m.

The FT-IR absorption spectra of apopeptides T(PS5)s,
T(P6);, and T(P10); in deuterochloroform solution (Figure 1)

Chem. Eur. J. 2002, 8, No. 12

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

D

Absorbance

3500 3300 l 3500 3300 3500 3300

Wavenumbers / cm™t  ——

Figure 1. FT-IR absorption spectra of the Z-protected peptides (1), the
tripodal polypeptides (2), and their Zn" complexes (3) recorded in CDCl,
(10% CD;CN added for T(P10);). a) P5 and T(P5);; b) P6 and T(P6);
c) P10 and T(P10);.

indicate an increase of the hydrogen-bonded versus free NH
groups when compared to those of the corresponding single,
Z-protected peptides. This behavior suggests that, within the
template-assembled tripodal peptides, the peptide chains tend
to interact reciprocally, and this interaction induces formation
of additional hydrogen bonds. Although it is not possible to
know from this behavior whether this extra hydrogen bonding
occurs within the same peptide chain or between different
chains, it clearly suggests some sort of interaction between the
peptides in the template leading to an overall increase of
hydrogen bonding. We note, however, that the main amide I
band occurs at 1662 cm~!, in full accord with a 3, helical
conformation.?”l Induced helicity by the clustering of several
peptide molecules is well documented in the literature.2% 281
Upon formation of the Zn" complexes, the only change
observed is a shift (10—15 cm™!) of the absorption maximum
towards lower wavenumbers in accordance with a further
strengthening of the hydrogen bonds, probably owing to a
stronger interaction between the peptide chains. This could
imply a Zn"! template conformation that can induce the
alignment of the three peptide chains.

Further support for a change of conformation in the
presence of Zn'" is obtained by dynamic light scattering
experiments. Figure 2 shows the amount of scattered intensity
of aqueous solutions of T(P10); as a function of its concen-
tration as a free ligand and as a Zn" complex. Since the
intensity of scattered light depends not only on the concen-
tration but also on the size of the system, a steeper gradient in
Figure 2 indicates a larger object in solution. Hence, the data
suggest a more compact (probably globular, see above)
conformation for the Zn" complex. From the relatively high
intensity of the scattered light, it appears that both systems
form aggregates under the conditions employed. The size of
the aggregates does not change in the concentration interval
explored, as there is no change of gradient and both lines show
the same intercept that represents the background intensity in
the absence of added peptide. Hence, aggregates are already
present at the lowest concentration explored. As mentioned
above, the onset of aggregation or a change in the size of the
aggregates would result in a net change of gradient. However,
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Figure 2. Dependence of the scattering intensity of aqueous solutions of
T(P10); (e) and its Zn" complex (0) as a function of the concentration of
tripodal peptide at 25°C.

we cannot rule out that the difference in gradient is related, at
least in part, to a different number of monomers constituting
the two different aggregates.

These observations lend support to the hypothesis that
complexation with Zn" induces a change of conformation of
the polypeptide template with the formation of a three-helix
bundle, similar to that depicted in Figure 3b, while the
polypeptide template devoid of the metal ion assumes a more
open conformation like, for instance, that illustrated in
Figure 3a.

a)

k)

Figure 3. Suggested conformational change induced by the addition of Zn"
ions to the tripodal polypeptides.

Trapped-dye release from liposomes: As stated in the
Introduction, our basic idea was to verify if the template-
assembled polypeptides would be able to alter the perme-
ability of a liposomal membrane, and if the complexation of a
Zn" ion could modulate this effect. Furthermore, we wanted
to know the influence of the length of each peptide chain on
the efficiency of the modification of membrane permeability.
The CF-leakage techniquel™a 18221 takes advantage of the
increase in fluorescence of the dye when released into the
surrounding medium from a condition of self-quenching due
to its high concentration when trapped inside the liposome.
Membrane-modifying properties of the new compounds were
thus examined by following their effect on CF leakage from
small unilamellar vesicles prepared from a 70:30 blend of egg
L-a-phosphatidylcholine and cholesterol loaded with a high
concentration (5 x 1072m) of the fluorescent dye. Vesicles
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were prepared by sonication, and unencapsulated carboxy-
fluorescein was separated by passing the resulting dispersion
through a Sephadex column. Light scattering experiments on
the vesicle solutions devoid of the trapped dye gave a
hydrodynamic diameter of 63+5nm. This fact and the
method of preparation of the aggregates (sonication) are
consistent with the formation of unilamellar aggregates. The
time course of the fluorescence emission is very similar to that
reported for analogous experiments conducted on antibiotics
of the peptaibol family.” A typical profile is shown in
Figure 4 for T(P6); and T(P10);. An initial burst of fluo-
rescence emission, the amount of which was found to be

80 -

P

% F
40

20 -

| 1 1 1 1 L
0 10 20 30 40 50 60

t/min ——»
Figure 4. Time course of the release of trapped CF from CF-loaded
liposomes at 25 °C upon addition of apopeptides (filled symbols) and Zn''-
peptides (open symbols). Squares: T(P10);; circles: T(P6);. The arrow
indicates the time of addition of excess EDTA to a cuvette containing the
Zn" peptides while a second cuvette was left unchanged for reference.
Conditions: [tripodal polypeptide] =[Zn"] =5 x 10-7m, pH 7.4.

dependent on the amount of peptide added, is immediately
observed, followed by a slower increase until the final
fluorescence intensity is eventually reached. Because of the
kinetic complexity of the fluorescence versus time profiles we
found it convenient to evaluate the efficiency of the systems
by determining the percentage of fluorescence increase
observed after 20 min, a time that was chosen after a
preliminary screening of the different peptide templates.

The results obtained for the different systems and their Zn"
complexes are shown in Figure 5 as a function of their
concentration. Table 1 and Figure 6 report the percentage of
fluorescence increase after 20 min at a fixed concentration of
5 % 1077m polypeptide. Table 1 also reports the amount of CF
leaked spontaneously by the vesicles, and the effect due to the
single peptide models Ac(P11) and Z(P10) at the same
concentration.

Analysis of Figures 5, 6, and Table 1 allows one to make the
following observations: 1) Some of the systems synthesized
are very effective in promoting CF leakage from the vesicles.
In the best cases, the efficiency is higher than that of the
trichogin analogue Cg(P11). 2) The Zn" complexes are con-
sistently much less effective than the apopeptides in promot-
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Figure 5. Percentage of CF released after 20 min at 25°C and pH 7.4 from
CF-loaded liposomes upon addition of increasing amounts of the different
tripodal polypeptides and their Zn"' complexes.
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Figure 6. Percentage of CF released after 20 min at 25°C from CF-loaded
liposomes as a function of the number of amino acids present in each
peptide chain. [Tripodal polypeptide] =35 x 10~7m; filled symbols refer to
apopeptides while open symbols refer to the Zn" complexes.

Table 1. Percentage increase of fluorescence intensity at 520 nm after
20 min upon addition of 5x 10~7m polypeptide (free or as a 1:1 Zn!"
complex) or the same concentration of other additives to CF-loaded
liposomes at 25°C.

Additive Fy [%]
free Zn"

T(P10), 83 18
T(P6), 79 18
T(P5); 65 15
T(P4), 12 8
T(P3), 7 5
CsPyy 55

Ac(P11) 3

Z(P10) 5

TOMel?! 3

none 3

[a] The methyl ester of the TREN platform devoid of peptide chains.

ing CF release from the vesicles. 3) The six residue per chain
tripodal polypeptide (T(P6);) is as effective as the longer
homologue T(P10);. 4) As the number of amino acids in each
peptide chain decreases, the efficiency decreases as well, and

Chem. Eur. J. 2002, 8, No. 12
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eventually vanishes completely with T(P3);. 5) The presence
of the template is critical for the obtainment of an active
system. Single peptide systems Ac(P11) and Z(P10), although
made of ten amino acids, are essentially inactive. 6) The
TREN platform, which is devoid of peptide functionalization,
is also inactive.

For T(P6); and T(P10);, the permeability can, at least in
part, be reversibly controlled (Figure 4). When we start the
experiment with the Zn" complexes, we observe a very slow
increase of fluorescence, in accord with the behavior de-
scribed above. However, the rate of CF release becomes much
faster when an excess of ethylendiaminetetraacetic acid
(EDTA) is added to the solution. EDTA (logK,=16.7 for
Zn")PI removes the metal ion from the TREN platform,
thereby transforming the tripodal polypeptide into a more
efficient system for promoting CF release from vesicles. The
time course of an experiment which starts with the free ligand
is less amenable to unravel such a reversible control of
permeation, as the very fast initial CF release is followed by a
slower process (see above) which is difficult to differentiate
from that observed in the presence of the Zn'" complex.

“Snapshots” taken after 20 min for different vesicular
solutions exposed to 2.5 x 10~’m T(P6); in the presence of
an increasing concentration of metal ion clearly indicate that
one equivalent of Zn" required to elicit the maximum
inhibition of the effect of the free tripodal polypeptide
(Figure 7). This finding rules out any perturbation of perme-

30
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Figure 7. Percentage of CF released after 20 min at 25°C and pH 7.4 from
CF-loaded liposomes as a function of the [Zn"]/[T(P6);] ratio. [T(P6);] =
25%x107m.

ability associated with an interaction of Zn'! with the lipid
rather than with the TREN template. Indeed, it has been
reported that divalent ions (including Zn") decrease mem-
brane permeability,®!] although this effect shows up at
concentrations far higher than those employed in our experi-
ments.

Membrane fusion experiments: The kinetic experiments
illustrated in Figure 4 indicate that the process of dye release
is by no means unimodal. What was particularly intriguing was
the very fast increase of fluorescence at the very early stages
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of the experiments. It occurred to us that the amphiphilic
nature of the active templates could be responsible for a
fusion process between the membranes of different liposomes.
A fast fusion process could be associated with a rapid release
of part of the trapped dye. For this purpose, we have run lipid
mixing experiments using vesicle preparations containing 1 %
of hexadecylphosphatidylethanolamine functionalized at the
amine of the head group with the 7-nitrobenzen-2-oxo-1,3-
diazol-4-yl group (PE-NBD) and lissamine-rhodamine (PE-
LRB), respectively. Excitation of PE-NBD (450 nm) leads to
an emission band at 530 nm, which is very close to the
absorption band of PE-LRB. When the two dyes are on the
membrane of the same liposome, their proximity leads, upon
excitation of PE-NBD to the emission of PE-LRB and a
concomitant decrease of the emission of PE-NBD because of
energy transfer between the two systems.3]

Accordingly, when two liposome preparations containing
PE-NBD and PE-LRB, respectively, are mixed in the
presence of a fusogenic agent, the mixing of their lipids leads
to the phenomenon described above. Figure 8 shows the effect

N
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Figure 8. Fluorescence emission spectra (4., 450 nm) of an equimolar
mixture of PE-NBD and PE-LRB containing vesicles (1 mol % fluorescent
probe/total lipid; [total lipid] = 1.14 x 10~*Mm) and increasing concentration
of T(P10);. The different curves are relative to the following percentage of
[T(P10);] respect to the total lipid concentration =0, 0.5, 0.9, 1.4, 1.8, 2.3,
and 2.7%.

on the fluorescent emission of a solution of two liposome
preparations, each containing one of the two fluorescent
lipids, upon addition of increasing amounts of T(P10);. The
fluorescent emission of PE-NBD decreases, while that of PE-
LRB increases; this behavior suggests that the template
induces considerable fusion between the two liposome
preparations. The phenomenon is instantaneous and occurs
immediately after the addition of the peptide template with
no further time-dependent change of fluorescence. When the
same experiment is carried out with T(P10);-Zn" the effect is
almost negligible (data not shown), in line with the lack of the
burst of fluorescence in the kinetic experiments in the
presence of the complex (see Figure 4). We suggest that the
fast fusion process induced by T(P10); is also responsible for
the burst in the release of trapped CF in the experiments
described in the previous paragraph.

2758
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Effects of the polypeptides on the liposomal membranes: The

experiments reported above point to at least two different

effects exerted by the polypeptide templates on the liposomal
membrane: 1) fusion, and 2) altered permeability.

The former is a fast process occurring immediately after the
addition of the templates (devoid of Zn") to the liposomes.
During fusion some of the trapped dye is released and this
accounts for the instantaneous burst of fluorescence in
Figure 4. Interestingly enough, a similar kinetic behavior has
been observed with other antibiotics of the peptaibol family
and we speculate that in those cases also, induced fusion may
be the explanation. In the present case, it is conceivable that
several polypeptide templates in their extended conformation
(see Figure 3a) bind to two different liposomes, inserting one
peptide chain into the membrane of one liposome and the
other two into the membrane of the second liposome. This
should allow the interaction of the constituent lipids that
eventually leads to fusion. In the presence of Zn'l, the system
assumes a conformation that does not allow this interaction
(see Figure 3b) and, consequently, fusion is negligible.

As for the alteration of permeability, this may be attained
by the following mechanisms: 1) formation of pores or
channels that span across the membrane,*! 2) formation of
lipophilic complexes with the trapped dye (carrier mecha-
nism),?! or, 3) formation of defects or “soft” patches in the
bilayer with enhanced permeability.* This last mechanism
occurs more frequently when large amounts of additives
(typically amphiphilic molecules) are added to the vesicular
preparation. The very low concentration at which the present
tripodal polypeptides exert their effects (=1 % with respect to
the lipid concentration) allows us to dismiss the possibility
that this is actually the mechanism occurring. The channel or
carrier mechanisms appear more likely. With the data
obtained from the present investigation we favor the afore-
mentioned mechanism 1) on the basis of the following
arguments:

1) A concentration lag is observed before the onset of activity
of the tripodal polypeptide. All profiles of Figure 5 are
sigmoidal as typically expected for a cooperative process.
In the present case, this finding could be related to the
obtainment of the minimum concentration required for
the formation of a channel by a cluster of tripodal
polypeptides within the vesicular membrane. In the case
of the carrier mechanism, a lower efficiency and a linear
dependence on tripodal peptide concentration would be
expected.!

2) It has been suggested® »! and experimentally verified(
with naturally occurring ionophores operating with chan-
nel or carrier mechanism, that the carrier mechanism
becomes much less effective in membranes in their gel
state, that is, below their phase transition temperature (77,).
For this purpose we have tested the tripodal polypeptide
T(P10); with CF-loaded liposomes made of diphosphati-
dylcholine (DPPC), a lipid characterized by a T, of 41°C
and, hence, in the gel state at 25°C. By contrast, the
membrane of the liposomes of egg phosphatidylcholine
used in the leakage experiments described above are in
their fluid state at 25°C (T, in the range — 15 to —7°C). As
can be seen in Figure 9, the amount of released CF is
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Figure 9. Percentage of CF released after 20 min at 25°C from CF-loaded
liposomes (open circles, egg phosphatidylcholine, filled circles DPPC) upon
addition of increasing amounts of T(P10);.

practically the same irrespective of the fluidity of the
membrane of the liposomes, lending strong support to the
channel mechanism.

3) Molecular models of the Zn"-ligated polypeptide template
(Figure 10) obtained by manually docking three copies of
the decapeptide (in the conformation obtained from the
crystallographic data of trichogin GA IV)!"*®l to the TREN
platform!'™ and subsequently minimizing the energy of
the structure for the new bonds introduced, have an
estimated distance between the termini of the helices and
the CH, groups of TREN close to the pivotal nitrogen of
approximately 18 A, that is, half the length of the
phospholipid bilayer (ca. 36 A). However, in the absence
of the metal ion and, hence, in the extended conformation,
the polypeptide template is able to span the full length of
the bilayer.

Figure 10. Computer graphic picture of the Zn" complex of tripodal
polypeptide T(P10);.

On the basis of the above considerations, we propose the
following mechanism to explain the alteration of liposomal
membrane permeability induced by the tripodal polypeptides.
The tripodal polypeptide binds to a liposome mostly in its

Chem. Eur. J. 2002, 8, No. 12
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extended conformation.®) When a critical concentration is
reached within a liposome, a cluster of tripodal polypeptides is
formed. They may interact with another liposome to give
membrane fusion or, by inserting more deeply into the
membrane, they get aligned and oriented in such a way as to
expose the hydrophobic surface of each helix to the hydro-
carbon chains of the surrounding lipids, while the more polar
surface defines a channel suitable for the permeation of polar
species. As the number of amino acids in each peptide
decreases below six, the length of the tripodal polypeptide is
too short to span across the membrane and, furthermore, its
helical conformation becomes less stable. Consequently, the
activity decreases. Activity is also much lower if it binds to the
membrane in its globular conformation as in the Zn"' complex.
In this case again, the system is too short to allow for the
fusion process or to ensure the formation of a channel
spanning the membrane, and the residual activity observed
could be due to the occasional alignment of two clusters
residing on different leaflets of the membrane.F’!

Conclusion

By connecting three copies of a series of peptides, with amino
acid sequences representing portions of the peptaibol tricho-
gin GA IV, to a modified TREN platform, we have obtained
template-assembled polypeptides that are very effective in
promoting CF leakage from unilamellar vesicles. A minimum
number of five amino acids per peptide chain are required to
elicit activity in the polypeptide template. The rate of CF
release can be controlled by formation of a Zn! complex with
the TREN subunit in a reversible process. The apopeptides
are far more effective than the Zn" polypeptides in inducing
CF leakage. This behavior is probably associated with a
change of conformation of the polypeptide template from an
extended one, able to span across the vesicular membrane, to
a globular one, too short for this purpose. We note, finally, that
this conformational change may regulate the activity of a
system according to its functions. In the present case, Zn!
binding leads to inhibition of activity. In a recent example
from our own laboratory based on the same templating
unit,'2l Zn" complexation leads, in contrast, to enhancement
of the efficiency of a HIV-1 protease inhibitor. In this latter
case, the conformational change induced by metal ion binding
ensures a tighter binding with the dimerization interface of
the protein.

Experimental Section

Proton NMR spectra were recorded at 200 MHz on a Bruker AC200F
spectrometer, at 250 MHz on a Bruker AC250F spectrometer, or at
400 MHz on a Bruker AM400 spectrometer. All chemical shifts are
reported in parts per million (ppm) as downfield shifts from Me,Si. Light
scattering experiments were performed with a Spectra Physics2016 argon
laser operating at 488 nm, interfaced with a Nicomp370 Model particle
sizing autocorrelator. The experiments were carried out at 25°C on
previously centrifuged samples. Positive Maldi-MS measurements were
performed at the CNR Research Area, Camin, Padova.
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HPLC purification: All peptide derivatives were purified by high-perform-
ance liquid chromatography. HPLC was performed using a Pharmacia
LKB-LCC2252 liquid chromatograph equipped with a UV Uvicord SV
detector operating at 226 nm. All separations were accomplished on a
reversed-phase semi-preparative C;gz column (Vydac model218TP1010)
using a solvent gradient (solvent A: 0.05% TFA in H,O; solvent B: 0.05 %
TFA in 9:1 CH;CN/H,0). Purity was confirmed to be at least 95% by
analytical HPLC performed using a Gilson liquid chromatograph equipped
with a model306 double pump, a manometric device model 306, a Rainin
UV detector (DINAMAX operating at 226 nm), and a reversed-phase Cjg
column (Vydac model 218TP54) using the same solvent mixture.

Membrane permeability measurements: Leakage from vesicles was
evaluated using the CF-entrapped vesicle technique.'< 18221 CF-encapsu-
lated vesicles were prepared according to the following procedure: egg
phosphatidylcholine (20.5 mg) and cholesterol (4.5 mg) were dissolved in
freshly distilled CH,Cl, (5 mL). The resulting mixture was stirred for 5 min
under nitrogen and then evaporated under a steady nitrogen stream. The
residue was dried under vacuum and then allowed to swell for one night at
room temperature under nitrogen in a pH 7.4 HEPES solution (0.05M,
SmL) containing CF (50 mm). The slurry was sonicated (Braunsonic
immersion probe sonicator, 40 % duty cycle, output control set to five) at
0°C for 45 min, and the solution was filtered through a 0.45 um Millipore
filter. Unencapsulated CF was removed by passing the solution through a
Sephadex G-75 column (0.1m NaCl, 0.01m HEPES, pH 7.4). The fractions
containing the liposomes were collected, and the total lipid concentration
was determined by phosphate analysis.*® The liposomes were then diluted
with buffer to a 4 x 10> for the leakage experiments. Three mL of this
solution were used for each experiment. The phospholipid concentration
was kept constant, and increasing [peptide]/[lipid] molar ratios were
obtained by adding aliquots of the peptide dissolved in a 1:1 methanol/
water mixture (pH 7.4, HEPES 0.01m; the pH refers to the aqueous phase
before mixing). Methanol concentration was kept below 2% in all the
experiments. After peptide addition the mixture was vigorously stirred, and
the time course of the fluorescence change corresponding to CF efflux was
recorded at 25°C on a Perkin—Elmer LS50B instrument (4., 520 nm, 4.,
488 nm). The percentage of released CF was determined according to
Equation (1):

% CF = (F,~ Fy)/(Fr— Fy) x 100 )

where F, is the fluorescence intensity of the vesicles suspension in the
absence of peptide, F is the fluorescence intensity at time ¢ in the presence
of peptide, and Fr is the total fluorescence determined by disrupting the
vesicles by addition of 30 uL of a 10 % Triton X-100 solution.

Vesicle fusion assay: Peptide-induced vesicle fusion was monitored using
resonance energy transfer (RET) between PE-NBD and PE-LRB
probes.P!! PE-NBD and PE-LRB-loaded vesicles were prepared as
following: egg phosphatidylcholine (11.0 mg) and cholesterol (2.4 mg)
were dissolved in freshly distilled CH,Cl, (2 mL). This solution was split in
two aliquots (each 1 mL), to which were added PE-NBD (230 uL of a
3.12 x 10~*m solution in CH,Cl,) and PE-LRB (100 uL of a 7.14 x 10~*m
solution in CH,CL,) to obtain a lipid/probe ratio of 100:1. The organic
solvent was evaporated under a steady nitrogen stream followed by high
vacuum for two hours. The two lipid preparations were dispersed in 10 mL
of a pH 7.4, 0.01m HEPES/0.1m NaCl buffer solution, sonicated separately
(Braunsonic immersion probe sonicator, 40 % duty cycle, output control set
to five) at 0°C for 45 min, and the solutions obtained were filtered through
a 0.45 pm Millipore filter. The fluorophore-labeled liposomes (160 uL of
each) were diluted with buffer in the same cuvette to a final volume of
2 mL. Fluorescence emission spectra (475-700 nm, A, 450 nm) were
recorded at 25°C on a Perkin— Elmer LS-50B instrument before and after
the addition of increasing amounts of the peptide dissolved in a 1:1
methanol/water mixture (pH 74, HEPES 0.01m; the pH refers to the
aqueous phase before mixing).

Syntheses: The synthesis of Z-protected peptides P3, P4, PS5, P6, and P10
has already been reported.! Deprotection was performed by hydro-
genation on Pd/C following standard procedures. Analytical HPLC profiles
of compounds T(P4);-T(P6); and T(P10);, their 'H NMR spectra and
MALDI-MS spectra are reported in the Supporting Information.

4-Formylmethylbenzoate (1): Stannous chloride (33.33 g, 175.7 mmol) was
suspended in diethyl ether (100 mL) and HCI gas was bubbled into the
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mixture until two liquid layers separated. A solution of methyl-4-
cyanobenzoate (10 g, 62.05 mmol), dissolved in diethyl ether (50 mL),
was added and the mixture was vigorously stirred for two days. A white
precipitate formed, the mixture was decanted overnight, and the solid
collected by filtration. A 10% NaHCO; solution was then added to the
residue until all the acid was neutralized. The mixture was extracted three
times with dichloromethane, the organic phase was then dried over
Na,SO,, and the solvent was evaporated to dryness. Purification on silica
gel chromatography (CHCI,) afforded the desired product 1 (5.18 g, 51%).
M.p. 62°C (lit. 61-62°C)*); '"H NMR (250 MHz, CDCL): 6 =3.95 (s, 3H;
OCH,), 7.92, 7.95, 8.15, 8.18, (AA'BB’, 4H; Ph), 10.07 (s, 1H; CHO).

N,N,N-Tris{2-[ (4-methoxycarbonylphenyl)methyleniminoJethyl}Jamine

(2): TREN (1.54 g, 10.5 mmol) was dissolved in dry CH;CN (40 mL) and
then added dropwise to a magnetically stirred solution of 1 (5.18 g,
31.5 mmol) in the same solvent (100 mL). After 4 h, a white precipitate
formed. The solid was collected by filtration and then washed with
additional solvent. The organic solution was evaporated to dryness, and the
oily residue was dissolved in toluene (10 mL) and then evaporated to
dryness again. After repeating this procedure three times, a white solid
compound was recovered. This was washed with CH;CN and combined to
the previous fraction to obtain compound 2 (5.2 g, 85 %). The product was
used directly in the following step. 'H NMR (250 MHz, CDCl,): 6 =2.95 (t,
J=6.25Hz, 6H; NCH,CH,), 3.70 (t, J=6.25 Hz, 6H; NCH,CH,), 3.94 (s,
9H; OCH,), 7.55,7.59, 7.97, 8.01 (AA'BB’, 12H; Ph), 8.13 (s, 3H; NCHPh).

N,N,N-Tris{2-[ (4-methoxycarbonylphenyl)methylamino]ethyl}amine (3):
A solution of 2 (5.1 g, 872 mmol) dissolved in the minimum amount of
methanol was carefully added to a suspension of NaBH, (1.5 g, 39.7 mmol)
in the same solvent (100 mL) which was stirred under nitrogen at 0°C in an
ice bath. The ice bath was removed, and the mixture was stirred at room
temperature overnight. Water (3 mL) was added, and the mixture was
stirred for 30 min. The solvent was removed under vacuum, and H,O
(50 mL) was added to the resulting oily residue. The aqueous phase was
extracted with CH,Cl, (3 x 50 mL), the combined organic phases were
dried over Na,SO,, and the solvent was removed under vacuum to afford
compound 3 (5.15 g,99 %) as a yellow oil. '"H NMR (250 MHz, CDCl;): 6 =
1.78 (brs, 3H; NH), 2.57-2.59 (m, 6H; NCH,CH,), 2.63-2.65 (m, 6H;
NCH,CH,), 3.78 (s, 9H; OCHy;), 3.90 (s, 6H; CH,Ph), 7.29, 7.32, 7.91, 7.94
(AA'BB’, 12H; Ph).

N,N,N-Tris{2-[ (4-methoxycarbonylphenyl)methyl(zert-butoxycarbonyl)-
amino]ethyl}amine (4): A mixture of di-tert-butyldicarbonate (2.97 g,
13.6 mmol) and compound 3 (2.41 g, 4.08 mmol) in freshly distilled CH,Cl,
(100 mL) was stirred overnight at room temperature with protection by a
Ca(l, drying tube. NaHCO; (5 %, 30 mL) was added and the mixture was
stirred for 30 min. The aqueous phase was extracted with CH,Cl, (3 x
10 mL). The organic layers were combined, dried over Na,SO,, and the
solvent was evaporated. Purification on silica gel (CHCly/ethyl acetate 6:1)
afforded the desired product 4 (2.5g, 69%) as a yellow oil. 'H NMR
(250 MHz, CDCl;, 328K): 0=1.40 (s, 27H; Boc), 2.55 (brt, 6H;
NCH,CH,), 3.18 (brt, 6H; NCH,CH,), 3.91 (s, 9H; OCH,), 4.43 (s, 6H;
CH,Ph), 723, 7.26, 796, 7.99 (AA'BB’, 12H; Ph).

N,N,N-Tris{2-[ (4-carboxyphenyl)methyl(zert-butoxycarbonyl)amino]-
ethyl}amine (5): NaOH (1M, 20 mL) was added to a solution of 4 (2.5 g,
2.81 mmol) in EtOH (140 mL). After stirring the mixture at room
temperature for 24 h, no more starting material was detected by TLC
(CHCIy/MeOH 9:1). The solvent was evaporated leaving a white residue
that was collected and dissolved in H,O (30 mL). After adjusting to pH 4
with 1M HCI, a white solid precipitated. This was separated by centrifu-
gation, washed several times with neutral water, and then dried under
vacuum in the presence of anhydrous CaCl, to obtain compound 5 (1.7 g,
71%). M.p. 153-155°C; '"H NMR (250 MHz, CD;0D, 328 K): 6 =1.44 (s,
27H;Boc), 2.62 (brm, 6 H; NCH,CH,), 3.26 (brm, 6 H; NCH,CH,), 4.51 (s,
6H; CH,Ph), 7.32, 7.36, 8.00, 8.03 (AA'BB’, 12H; Ph).

N,N,N-Tris{2-[ (4-(isopropyl-NH-Aib-Leu-Gly)carboxyphenyl)methyl-

(tert-butoxycarbonyl)amino]ethyl}amine (6): EDC (80 mg, 0.42 mmol) was
added to a solution of compound 5 (95 mg, 0.112 mmol) and HOBt (50 mg,
0.37 mmol) in freshly distilled CH,Cl, (2 mL) which was kept at 0°C. The
mixture was stirred for 15 min at the same temperature and then mixed
with a second solution prepared by dissolving tripeptide P3 (200 mg,
0.64 mmol) in the same solvent (30 mL). The mixture was left stirring at
room temperature overnight. Further EDC (20 mg) was added, and the
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mixture was stirred for an additional 3 h. The organic solution was washed
with H;BO; (0.5M, 3 x 10 mL), NaHCO; (10%, 3 x 10 mL), and H,O (3 x
10 mL), dried over Na,SO,, and then concentrated under reduced pressure.
The oily residue was precipitated from CH,Cl,/light petroleum and purified
by flash chromatography (CHCL,/EtOH 15:1 to 7:1) to afford compound 6
(131 mg, 71%). 'H NMR (250 MHz, CDCL): 6=088 (dd, 18H;
LeudCHj;), 1.02 (dd, 18 H; NHCH(CHj),), 1.40 (s, 27H; Boc), 1.45 (s,
18H; AibfCH;), 1.65 (m, 9H; LeufCH,, yCH), 2.46 (brm, 6H;
NCH,CH,), 3.10 (brm, 6H; NCH,CH,), 3.85-4.00 (m, 6H; GlyaCH,),
4.00-4.20 (m,3H; NHCH(CH,),), 4.20-4.30 (m, 3H; LeuaCH), 4.30 (brs,
6H; CH,Ph), 6.40 (brd, 3H; NHCH(CHs),), 6.88 (s, 3H; AibaNH), 7.15,
717 (AA'BB’, 6H; Ph), 7.29 (brs, 3H; LeuaNH), 7.67 (brs, 3H; GlyaNH),
772,775 (AA'BB’, 6H; Ph).

N,N,N-Tris{2-[ (4-(isopropyl-NH-Aib-Leu-Gly)carboxyphenyl)methylami-
nolethyl}amine (T(P3);): Compound 6 was dissolved in a 3:1 CH,Cly/
CF;COOH solution (20 mL) and the mixture was stirred at room temper-
ature for 1 h. The solvent was then evaporated under vacuum to afford the
title compound as a white solid. M.p. 130-132°C; [a]® = —18.4 (¢=0.5in
MeOH); '"HNMR (250 MHz, CD;0D): 6 =0.99 (dd, 18 H; LeudCH3), 1.04
(dd, 18 H; NHCH(CHj),), 1.49 (s, 18 H; AibfCH3;), 1.60 (m, 6 H; LeuSCH,),
1.64 (m, 3H; LeuyCH), 2.99 (brt, 6H, NCH,CH,), 3.26 (brt, 6H;
NCH,CH,), 3.94 (m, 3H; NHCH(CH;),), 4.11 (dd, 6H; GlyaCH,), 4.23
(m,3H; LeuaCH), 4.34 (s, 6 H; CH,Ph), 7.62, 7.65,7.95,7.99 (AA'BB’, 12H;
Ph); elemental analysis calcd (%) for C;sH,,,0,,N,4- 8 CF;COOH -H,0: C
46.16, H 5.53, N 9.46; found: C 46.03, H 5.49, N 9.00.

N,N,N-Tris{2-[ (4-(CH;0-Leu-Ile-Gly-Aib)carboxyphenyl)methyl(zert-bu-
toxycarbonyl)amino]ethyl}Jamine (7): EDC (25.1 mg, 0.13 mmol) was
added to a solution of compound 5 (33.1 mg, 0.04 mmol) and HOBt
(15.2 mg, 0.11 mmol) in freshly distilled CH,Cl, (1 mL) at 0°C. The mixture
was stirred for 15 min at this temperature and then mixed with a second
solution prepared by dissolving tetrapeptide P4 (89.9 mg, 0.22 mmol) in the
same solvent (3 mL). After 2 h, EDC (15 mg) was added, and the mixture
stirred for an additional 24 h. The organic solution was then washed with
H;BO; (0.5M, 3x10mL), NaHCO; (10%, 3 x10mL), and H,O (3 x
10 mL), dried over Na,SO,, and concentrated under reduced pressure.
The residual crude oily product was purified by silica column chromatog-
raphy (CHCL/EtOH 9:1 — 8:2). Concentration of the proper fractions gave
compound 7 (58.2 mg, 74 %). '"H NMR (250 MHz, CDCl;): 6 =0.80-1.10
(m, 42H; LeudCHj;, lleyCH,, 6-, y'CH;), 1.10-1.35 (m, 3H; LeuyCH),
1.39-1.75 (m, 51H; Boc, AibfCH;, LeufCH,), 1.95-2.13 (m, 3H;
IlefCH), 2.46 (brm, 6 H; NCH,CH,), 3.10 (brm, 6 H; NCH,CH,), 3.67 (s,
9H; OCH,;), 3.80-4.10 (m, 6H; GlyaCH,), 4.35 (d, J=6.25Hz, 3H;
lleaCH), 4.49-4.62 (m, 3H; LeuaCH), 4.90 (brs, 6H; CH,Ph), 6.75 (brm,
6H; NH), 7.10 (brm, 3H; NH), 7.25 (brm, 3H; NH), 730, 7.35, 7.72, 7.76
(AA'BB/, 12H; Ph).

N,N,N-Tris{2-[ (4-(CH;0-Leu-Ile-Gly-Aib)carboxyphenyl)methylamino]-
ethyl}amine (T(P4);): Compound 7 (58.2 g, 0.03 mmol) was dissolved in a
3:1 CH,Cl,/CF;COOH solution (4 mL) and the mixture was stirred at room
temperature for 1 h. The solvent was then evaporated under vacuum to
leave a white solid that was purified by semi-preparative reversed-phase
HPLC (isocratic conditions, 47% solvent B, flow rate 2mLmin},
11.57 min retention time). The fractions containing the pure product were
combined and lyophilized to obtain the title compound (12.3 mg, 21 %) as a
white solid; the purity was ascertained by analytical reversed-phase HPLC
(linear gradient from 40% to 59% solvent B over 36 min, flow rate
1 mLmin~!, retention time 12.04 min). M.p. 142-144°C; [a]§ =—-24.0
(¢=0.1in MeOH); '"H NMR (400 MHz, CD;0D): 6 =0.80—1.10 (m, 42H;
LeudCH;, IleyCH,, y'CHj;), 1.20-1.40 (m, 3H; LeuyCH), 1.50—1.80 (m,
27H; AibfCHj;, LeufCH,), 2.00-2.20 (m, 3H; IleSCH), 2.92 (brm, 6H;
CH,CH,N), 3.23 (brm, 6 H; CH,CH,N), 3.73 (s, 9H; OCH3), 3.74—-4.00 (m;
GlyaCH,), 429 (d, J=6.25 Hz, 3H; lleaCH), 4.38 (s, 6 H; CH,Ph), 4.40—
4.50 (m, 3H; LeuaCH), 7.67, 7.69, 8.07, 8.09 (AA'BB’, 12H; Ph); MALDI-
MS: m/z: 1732.1 [M+K]*, 1716.0 [M+Na]*, 1694.4 [M]*.

N,N,N-Tris{2-[ (4-(CH;0-Leu-Ile-Gly-Aib-Leu)carboxyphenyl)methyl-
(tert-butoxycarbonyl)amino Jethyl}Jamine (8): A procedure similar to that
described for the synthesis of compound7 was followed using EDC
(34.4 mg, 0.18 mmol), compound 5 (45.4 mg, 0.05 mmol), HOBt (20.8 mg,
0.15 mmol), and pentapeptide P5 (158 mg, 0.31 mmol). The crude oily
material obtained was purified by column chromatography (silica gel,
CHCI/EtOH 8.5:1.5) to give compound 8 (85mg, 69%). 'H NMR
(250 MHz, CD;0D): 6 =0.80-1.05 (m, 42H; LeudCHj;, Ile6CH;, yCH,
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and y'CHj), 1.30-1.90 (m, 54H; LeuyCH, Boc, AibfCH;, LeuCH,),
1.95-2.15 (m, 3H; IlefCH), 2.62 (brm, 6 H; NCH,CH,), 3.25 (brm, 6H;
NCH,CH,), 3.70 (s, 9H; OCHj;), 3.71-4.00 (m, 6 H; GlyaCH,), 4.21 -4.41
(m, 6H; IleaCH, LeuaCH), 4.50 (brs, 6H; CH,Ph), 4.55-4.70 (m, 3H;
LeuaCH), 725-745 (br AA’, 6H; Ph), 787, 7.9 (BB', 6 H; Ph).

N,N,N-Tris{2-[ (4-(CH;0-Leu-Ile-Gly-Aib-Leu)carboxyphenyl)methyl-
amino]ethyl}amine (T(P5);): Compound 8 (85 mg, 0.04 mmol) was dis-
solved in 3:1 CH,Cl,/CF;COOH (16 mL), and the mixture was stirred at
room temperature for 1 h. The solvent was evaporated under vacuum to
give a residue that was purified by semi-preparative reversed-phase HPLC.
(gradient from 50 % to 62 % solvent B over 25 min, flow rate 2.5 mL min!,
retention time 16.7 min). The fractions containing the pure product were
combined and lyophilized to give the title compound (44 mg, 51%) as a
white solid; the purity was ascertained by analytical reversed-phase HPLC
(linear gradient from 50% to 68% solvent B over 36 min, flow rate
1 mLmin~!, retention time 18.81 min). M.p. 155-158°C; [a]¥ =—35.0
(¢=0.1in MeOH); 'H NMR (400 MHz, CD,0D): 6 =0.75-1.10 (m, 42H;
LeuoCH;, IledCH;, yCH,, y'CH;), 1.20-190 (m, 36H; LeuyCH,
AibfCH;, LeupCH,), 1.90-2.10 (m, 3H; IlefCH), 2.93 (brm, 6H;
NCH,CH,), 3.23 (brm, 6H; NCH,CH,), 3.72 (s, 9H; OCHs), 3.72, 3.78,
3.88, 3.94 (AB, 6H; GlyaCH,), 420-4.40 (m, 12H; LeuaCH, IleaCH,
GlyaCH,, CH,Ph), 4.60-4.70 (m, 3H; LeuaCH), 7.62, 7.64, 7.97, 8.00
(AA'BB’, 12H; Ph); MALDI-MS: m/z: 2059 [M+Na]*, 2037 [M]*.

N,N,N-Tris{2-[ (4-(CH;0-Leu-Ile-Gly-Aib-Leu-Gly)carboxyphenyl)meth-
yl(zert-butoxycarbonyl)amino]ethyl}amine (9): A procedure similar to that
described for the synthesis of compound7 was followed using EDC
(37.3 mg, 0.195 mmol), compound 5 (47.2 mg, 0.055 mmol), HOBt (24 mg,
0.18 mmol), and hexapeptide P6 (174 mg, 0.305 mmol). The crude oily
material was purified by column chromatography (silica gel, CHCL/EtOH
from 9:1 to 7:3) to give compound 9 (55 mg, 39%). 'H NMR (250 MHz,
CD;OD): 6=0.80-1.10 (m, 60H; LeuéCH;, IledCH;, yCH,, y'CHj),
1.20-1.80 (m, 57H; AibSCH;, Boc, LeufCH,), 1.97-2.20 (m, 3H;
IlefCH), 2.63 (brm, 6 H; NCH,CH,), 3.25 (brm, 6 H; NCH,CH,), 3.68 (s,
9H; OCHj;), 3.90-4.60 (m, 27H; GlyaCH,, LeuaCH, IleaCH, CH,Ph),
7.35-745 (br AA’, 6H; Ph), 7.83, 7.89, (BB’, 6 H; Ph).

N,N,N-Tris{2-[ (4-(CH;0-Leu-Ile-Gly-Aib-Leu-Gly)carboxyphenyl)meth-
ylamino Jethyl}amine (T(P6);): Compound 9 (55 mg, 0.02 mmol) was dis-
solved in 3:1 CH,Cl,/CF;COOH (14 mL) and the mixture was stirred at
room temperature for 1 h. The solvent was evaporated under vacuum to
give a residue that was purified by semi-preparative reversed-phase HPLC
(linear gradient from 48 to 60% solvent B over 22 min, flow rate
2.5 mLmin™!). The fractions containing the pure product were combined
and lyophilized to obtain the title compound (18 mg, 32 %) as a white solid
whose purity was ascertained by analytical reversed-phase HPLC (linear
gradient from 50 to 68% solvent B over 36 min, flow rate 1 mLmin~},
retention time 20.96 min). M.p. 183-185°C; [a]y =—-43.6 (¢=0.5 in
MeOH); '"H NMR (400 MHz, CD;0D): 6 =0.80-1.10 (m, 60H; LeudCHj,
IleyCH,, y'CH;, 6CH;), 120-1.80 (m, 36H; LeuyCH, LeuSCH,,
AibBCHj;), 2.00-2.20 (m, 3H; IleCH), 2.93 (brm, 6H; NCH,CH,), 3.23
(brm, 6H; NCH,CH,), 3.51, 3.56, 3.66, 3.90 (AB, 6H; GlyaCH,), 3.69 (s,
9H; OCH;), 4.10-4.50 (m, 21H; GlyaCH,, LeuaCH, IleaCH, CH,Ph),
7.62,7.64,7.95,797 (AA'BB’, 12H; Ph); MALDI-MS: m/z: 2225 [M+Na]*.

N,N,N-Tris{2-[ (4-(CH;0-Leu-Ile-Gly-Aib-Leu-Gly-Gly-Aib-Leu-Gly)car-
boxyphenyl)methyl(zert-butoxycarbonyl)aminoJethyl}Jamine (10): A pro-
cedure similar to that described for the synthesis of compound 7 was
employed using EDC (14.7 mg, 0.08 mmol), compound5 (18.6 mg,
0.02 mmol), HOBt (8.9 mg, 0.065 mmol), and decapeptide P10 (96.2 mg,
0.11 mmol). The resulting oily material was purified by column chroma-
tography (silica gel, CHCL;/MeOH 9:1) to give compound 10 (66.6 mg,
88%). 'H NMR (250 MHz, CD;OD, 398 K): =0.85-1.15 (m, 78H;
LeuoCH;, IledCH;, yCH,, y'CH;), 1.20-1.85 (m, 90H; AibSCH;, Boc,
LeupCH,, LeuyCH), 2.00-220 (m, 3H; IlefCH), 2.65 (brt, 6H;
NCH,CH,), 3.30 (brt, 6H, NCH,CH,), 3.67-3.83 (m, 15H; GlyaCH,,
OCHs;), 3.89 (d, /J=10.5Hz, 12H; GlyaCH,), 4.08 (d, /=8.7Hz, 6H;
GlyaCH,), 4.33 (t, /=75 Hz, 12H; LeuaCH, IleaCH), 7.34, 7.37, 7.86, 7.89
(AA'BB’, 12H; Ph).

N,N,N-Tris{2-[ (4-(CH;0-Leu-Ile-Gly-Aib-Leu-Gly-Gly-Aib-Leu-Gly)car-
boxyphenyl)methylamino Jethyl}amine (T(P10);): Compound 10 (66.6 mg,
0.02 mmol) was dissolved in 3:1 CH,ClL/CF;COOH (10 mL) and the
mixture was stirred at room temperature for 1h. The solvent was
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evaporated under vacuum to leave a residue that was purified by semi-
preparative reversed-phase HPLC (isocratic conditions 63 % solvent B,
flow rate 2 mL min~!, retention time 22.2 min). The fractions containing the
pure product were combined and lyophilized to obtain the title compound
(11 mg, 16%) as a white solid; the purity was ascertained by analytical
reversed-phase HPLC (linear gradient from 60 % to 88 % solvent B over
30 min, retention time 20.96 min). M.p. 197-199°C; [a]¥ = —31.6 (¢c=0.5
in MeOH); 'H NMR (400 MHz, CD;OD): 6=0.85-1.15 (m, 78H;
LeuoCH;, IleoCH;, yCH,, y'CH;), 130-190 (m, 65H; AibaCHj,
LeupCH,, LeuyCH), 1.90-2.20 (m, 3H; IlefCH), 2.95 (brm, 6H;
NCH,CH,), 3.25 (brm, 6H; NCH,CH,), 3.71 (s, 9H; OCH,;), 3.70-4.50
(m, 36 H; GlyaCH,, LeuaCH, IleaCH), 7.62, 7.64,7.95,7.97 (AA'BB’, 12H;
Ph); MALDI-MS: m/z: 3183 [M+K]*.
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Abstract: Vitamin D; active metabo-
lites 24R25-(OH),-D;, 24S525-(OH),-
D;, and 1a,24R,25-(OH);-D; were syn-
thesized by a convergent and stereo-

iodide 6 to Seebach’s dioxolanone 5, and
the vitamin D triene system was con-
structed using the Lythgoe approach.
The synthesis, which is both short (seven

steps from iodide 6) and efficient (32—
40% overall yield), allows the prepara-
tion of large quantities of the metabo-
lites and provides a novel example of a

selective approach. In the synthetic
route, the stereogenic center at C-24
was generated through ultrasonically
induced aqueous conjugate addition of

Introduction

Vitamin D5 (1a, Figure 1) produces biological responses after
transformation by successive stereospecific enzymatic hy-
droxylations into the major active metabolites 1a,25-(OH),-
D; (1b, calcitriol) and 24R,25-(OH),-D; (1¢, secalciferol).[!]
These metabolites interact with specific protein vitamin D
receptors (VDRs) in the cell nucleus (VDR,,) or in the
membrane (VDR,,.,), and give rise to the biological responses
through genomic or non-genomic pathways.??! Calcitriol and
secalciferol are involved in a wide range of biological
functions such as calcium homeostasis, cellular differentiation
and proliferation processes, and other functions related to the
immune system. Once the biological responses have been
produced, the metabolites are deactivated by further oxida-
tions of the side-chain that lead to more polar metabolites.!

The major factor in the biological activity of vitamin Dj; has
generally been attributed to calcitriol, while the functions of
secalciferol have been relatively unexplored. In the last two
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highly stereoselective reaction promot-
ed by the zinc-copper couple in aqueous
media.

HO™ “"1a"R2
la: R! = R = R3 = H; vitamin D3

1b: Rt = R? = OH, R3 = H; 10,25-(OH),-D3
1c: R = R® = OH, R? = H; 24R,25-(0OH),-D3

Figure 1. Vitamin D; (1a), calcitriol (1b), and secalciferol (1¢).

decades," intensive research aimed at elucidating the precise
biological function of secalciferol and the utility of 24-hydroxy
derivatives has been undertaken. As a consequence, a non-
nuclear receptor specific for this vitamin D metabolite was
discovered.?! Secalciferol participates, in association with
calcitriol, in the intestinal and bone absorption of calcium and
phosphorus, but its role in cellular differentiation or prolif-
eration processes is still not understood.l’l Nevertheless, 24-
hydroxylated vitamin D analogues such as calcipotriol,”
tacalcitol (24R-OH-D;), and secalciferol itself, have been
found to be effective as antipsoriatic or calcium-regulating
agents.®! The importance of the 24-hydroxy side-chain is also
recognized by its presence in natural steroids.”]

In response to the extraordinary biological activity of
vitamin D, the synthesis of metabolites and analogues with
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specific biological responses
has been widely pursued.l'”] In
this sense, calcitriol and numer-
ous 25-hydroxy analogues have
been efficiently prepared fol-
lowing convergent synthetic ap-
proaches. However, the synthe-
sis of secalciferol and its ana-
logues has thus far involved low
yielding linear approaches that
use steroids as starting materi-
als (biomimetic approach).!'!l
The resolution of complex dia-
stereomeric mixtures is always
necessary except in cases in
which the C-24 stereogenic center is present in a synthetic
intermediate.['?

As part of our long-term program devoted to the synthesis
of vitamin D analogues and metabolites, and to the rational
understanding of related biological functions, we focused our
attention on the development of an efficient and stereo-
selective approach to 24-hydroxyvitamin D; metabolites.
Several years ago we reported an efficient synthesis of the
calcitriol side-chain by means of an ultrasonically induced
zinc-copper conjugate addition to a,f-unsaturated systems in
aqueous media,[®! by application of reaction conditions
developed by Luche in the eighties [Eq. (1)].l'4 The method
was employed for the synthesis of calcitriol and 25-dialkyl
analogues. Herein we report the use of this methodology for
the stereoselective synthesis of 24-hydroxyvitamin D metab-
olites.

R! R?

HO™ R3

Zn(Cu)

EtOH/H,0
ultrasound

R\/\[ofR‘ )

K
o

The application of Luche’s methodology in stereoselective
synthesis is practically unknown, being limited to addition to a
prochiral carbon in a very electron-deficient olefin."”] For our
synthesis, we envisioned the use of a chiral a-hydroxy Michael
acceptor such as Seebach’s dioxolanone 5, in this kind of
reaction to obtain the required diastereoselectivity [Eq. (2)].

Results and Discussion

For the stereoselective synthesis of 24,25-dihydroxyvit-
amin D; metabolites (1¢c—e), we considered the retrosynthet-
ic analysis depicted in Scheme 1. According to this scheme,
the conjugated vitamin D triene system should be constructed
following the Lythgoe approachl'”! from 24,25-dihydroxylated
ketone 2 and the known phosphane oxides 3 or 4. The 24,25-
dihydroxyketone 2 would be prepared by stereoselective

2748

1c: R = OH, R? = R® = H; 24R, 25-(OH),-D3
1d: R! = R3 = H; R2 = OH; 24S, 25-(OH),-D3
le: R' = R® = OH; R? = H; 10,24R, 25-(OH)3-D3

Scheme 1. Retrosynthetic analysis.

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

50
f 2aR!=OH;RZ=H ~__
O 2b:RI=H;R?=OH Conjugate
e Addition

P(O)Ph;,
+

TBSO" ™" “R3
3:R3=H
4:R%=0OH

Michael addition between the known iodide 6 and Seebach’s
dioxolanone 5.

The synthesis starts with iodide 6, which contains the CD
rings of the vitamin D structure and can be obtained on a
multigram scale from vitamin D, via the Inhoffen—Lythgoe
diol.'®! Seebach’s dioxolanone 5 was prepared as both
enantiomers, (+)-5 and (—)-5, from enantiomerically pure
lactic acid according to the literature procedure.l' To test our
retrosynthetic analysis, we performed the aqueous zinc/
copper sonochemically-induced conjugate addition of iodide
6 to the dioxolanone enantiomer (+)-5. Remarkably, the 1,4-
conjugate addition product 7 was obtained as a cis:trans
mixture of diastereomers in an 11:1 ratio (83 % de) and 70 %
yield (Scheme 2). The stereochemistry of the major diaster-

| }L
o zn, Cul
+ o ———
EtOH/H,O0 (7:3)

(0] ultrasound
(+)-5 70%, 83% de

Zn, Cul

EtOH/H,0 (7:3)
ultrasound
74%, 86% de

0—
+ %\[(O
H o
6 (-)-5

HO

Scheme 2. Diasteroselective Michael addition.

eomer was assigned cis (24R) on the basis of the NMR
assignments described by Beckwith!"! for radical conjugate
additions to chiral dioxolanones such as 5. This stereochem-
ical outcome is consistent with the results found in other 1,4-
conjugate additions under classical radical conditions
(nBu;SnH/AIBN)™! and with those obtained by Seebach for
dioxolanone enolate alkylations.?”! According to the mecha-
nism proposed by Luche for the zinc-copper conjugate
addition, the final step occurs through the protonation of an
enolate.'¥

In an effort to determine whether the stereoselectivity of
the reaction was due to the chirality of the iodide, the
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dioxolanone, or both (double stereodifferentiation), we
performed the reaction with the dioxolanone enantiomer
(—)-5. Under the same experimental conditions, the conjugate
addition product 8 was obtained in similar yield (74 %) and
with a similar stereoselectivity (diastereomeric ratio of 13:1,
86% de), and the cis diastereomer was again the major
product. This result proves that the stereoselectivity of the
reaction is independent of the chirality of the iodide and that a
remarkable, highly diastereoselective protonation of the
enolate in aqueous media occurs.

At this point we studied the cleavage of the protected a-
hydroxyacid in 7 and 8, and the introduction of the C-26 and
C-27 methyl groups of the vitamin D side-chain. Both
objectives were achieved in one step. The reaction of
dioxolanone 7 with methylmagnesium bromide afforded the
triol 9 as a mixture of C-24 epimers in an 11:1 ratio
(Scheme 3). At this point, the major stereoisomer (24R) was
separated by chromatography (90% yield).?! In a similar
way, triol 10 (24S5) (epimer of 9 at C-24) was obtained from 8
by reaction with MeMgBr and subsequent purification by
crystallization (86 % yield).

With the two optically pure triols 9 and 10 in hand, we
turned our attention to their conversion into the 24R,25-
(OH),-vitamin D; metabolite (1e¢, secalciferol) and its 245
epimer (1d). We first attempted the synthesis of secalciferol.
Protection of the 24,25-diol unit as a ketal with acetone was
achieved with the aid of ultrasound? (9 — 11), and subse-
quent oxidation of the hydroxyl group at the C-8 position
afforded the ketone 13 in 87% overall yield. A Wittig—
Horner reaction between ketone 13 and the anion of the
phosphane oxide 3,2! which contained the A ring of
vitamin D, generated by treatment with nBuLi at low temper-
ature, yielded the protected vitamin 15 in 73% yield.
Subsequent deprotection of 15 with tetrabutylammonium
fluoride (TBAF) and the cationic resin AG 50W-X4 afforded
the 24R25-(OH),-D; (1¢, secalciferol) in seven steps from
iodide 6 and in 32 % overall yield. The synthesis of 24S5,25-
(OH),-D; (1d) was achieved from triol 10 by following the

7: 24R (cis:trans = 11:1)
8: 24S (cis:trans = 13:1)

9: 24R (90%)
10: 24S (86%)

R!R?

OH

1) TBAF
2) AG 50W-X4

1c: 24R, Rt = OH, R? = H (79%)
1d: 24S, R = H, R? = OH (82%)

Scheme 3. Synthesis of 24R,25-(OH),-D; (1¢) and 245,25-(OH),-D; (1d).

15: 24R (73%)
16: 24S (72%)

Chem. Eur. J. 2002, 8, No. 12
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same synthetic sequence (seven steps from iodide 6, 33 %
overall yield). 245,25-(OH),-D; (1d) is a naturally occurring
vitamin D; metabolite that results from the enzymatic reduc-
tion of 24-oxo-25-hydroxyvitamin D;. This metabolite (1d)
exhibits lower affinity for the VDR and its biological activity
is, in general, a few orders of magnitude below calcitriol and
secalciferol.l>- 2 Nevertheless, its utility as an antitumor agent
is patented.®!

To further exploit the synthetic utility of this approach, we
also synthesized the vitamin D; metabolite 1a,24R,25-(OH),-
D; (1e). This is an active metabolite, generated in vivo from
calcitriol and in vitro from secalciferol, that has preferential
biological action in the transport of calcium in the intestine.?!
A Wittig— Horner reaction between ketone 13 and the anion
of the la-hydroxylated phosphane oxide 4,271 generated at
low temperature with nBuLi, afforded the protected metab-
olite 17 in 92 % yield (Scheme 4). Deprotection with TBAF,
followed by treatment with the resin AG SO0W-X4 yielded the
desired metabolite 1a,24R,25-(OH);-D; (1e) in 80% overall
yield.

1) TBAF

2) AG 50W-X4
17 80%

4, nBuLi
- le

a 92%

TBSO"
Scheme 4. Synthesis of 1a,24R,25-(OH);-D; (1e).

OTBS

In summary, we describe here the first stereoselective
convergent synthesis of the 24,25-dihydroxyvitamin D; me-
tabolites 24R,25-(OH),-D; (1¢), 24S5,25-(OH),-D; (1d), and
1a,24R25-(OH);-D; (1e). The synthetic approach is both
short and efficient (seven steps
from known iodide 6 and 32—
40% overall yield) and is a
practical method for the syn-
thesis of these natural metabo-
lites. A novel diastereoselective
conjugate addition promoted
by zinc/copper-assisted cou-
pling in aqueous media was
employed. This reaction should
be of general use in organic
chemistry, not only for the syn-
thesis of other 24-vitamin D
analogues, but also for many
other chiral compounds such as
a-hydroxyacids. Efforts to ex-
plore the scope of this reaction
and the synthesis of new 24-
vitamin D derivatives by using
other chiral a,S-unsaturated
systems are in progress.

i
HO

11: 24R (89%)
12: 24S (90%)

13: 24R (99%)
14: 24S (97%)
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Experimental Section

General materials and methods: Unless otherwise stated, all reactions were
conducted in flame-dried glassware under a positive pressure of argon.
Reaction temperatures refer to external bath temperatures. All dry
solvents were distilled under argon immediately prior to use. Tetrahydro-
furan (THF) was distilled from the sodium/benzophenone. Dichloro-
methane (CH,Cl,) was distilled from P,05. Absolute MeOH and EtOH
were distilled from Mg turnings. Methyl acrylate was distilled under
vacuum prior use. Zinc was purified as described in the literature.l?]
Copper iodide was purified by recrystallization from saturated potassium
iodide solution.”! Sonications were carried out in a Kerry Pulsatron KC6
(38 kHz, 110 W) cleaning bath, filled with water and thermostated (18—
20°C) by running tap water through a stainless steel coil. Organic extracts
were dried over anhydrous MgSO,, filtered, and concentrated using a
rotary evaporator at aspirator pressure (20-30 mmHg). Thin-layer chro-
matography was carried out on Merck silica gel coated aluminium plates
60F,s, (layer thickness 0.2 mm) and components were located by observa-
tion under UV light and/or by treating the plates with a phosphomolybdic
acid or p-anisaldehyde reagent followed by heating. Flash column
chromatography was performed on Merck silica gel 60 (230-400 mesh)
by Still’s method.®" [a]p: Jasco DIP-1000. UV: Kontron Uvikon941. IR:
Matson FTIR. '"H NMR: 200 MHz, Bruker AC-200F. *C NMR: 50 MHz,
Bruker AC-200F (DEPT was used to assign carbon types). MS: Fisons VG-
Quattro. HRMS: VG Autospec M. The AG 50W-X4 resin was purchased
from Bio-Rad, Hercules (California, USA) and used as received.

(28,5R 8'3)-2-(tert-Butyl)-5-(de-A,B-8"-hydroxy-24’-norcholan-23"-yl)-1,3-

dioxolan-4-one (7): Cul (182 mg, 0.96 mmol) and Zn (188 mg, 2.88 mmol)
were added to a solution of dioxolanone (+)-51'%1 (100 mg, 0.64 mmol) and
6134 (310 mg, 0.96 mmol) in aqueous EtOH (5 mL, 70%). The resulting
black mixture was sonicated for 90 min until consumption of (+)-5 was
complete (by TLC). The mixture was diluted with EtOAc (8 mL) and
filtered through a short pad of Celite, washing the solids with EtOAc (3 x
15 mL). The organic phase was washed with saturated NH,CI (30 mL) and
NaCl (30 mL), dried, filtered, and concentrated in vacuo. The residue was
purified by flash chromatography (20 % EtOAc/hexanes) to afford, after
concentration and high vacuum drying, 7 (158 mg, 70 %, 24R/24S 11:1) as a
white foam. R;=0.34 (30% EtOAc/hexanes); IR (neat): ¥ =3525, 2935,
1796,1197 cm™!; '"H NMR (200 MHz, CDCl;, 25°C): 6 =0.93 (d, /=4.5 Hz,
3H), 0.95 (s, 3H), 0.98 (s, 9H), 4.07 (brs, 1H), 425 (m, 1H), 512 (d, J=
1.4 Hz, 0.915H), 5.26 (d, J=1.4 Hz, 0.085H); *C NMR (50 MHz, CDCl;,
25°C): 0 =13.5 (CH;), 174 (CH,), 18.3 (CH,), 22.5 (CH,), 23.5 (3CH3), 27.0
(CH,), 271 (CH,), 30.5 (CH,), 33.6 (CH,), 34.3 (C), 34.7 (CH), 40.3 (CH,),
41.8 (C), 52.6 (CH), 56.1 (CH), 69.3 (CH), 75.2 (CH), 109.2 (CH), 173.6
(C); MS (FAB): m/z (%): 352 (8) [M ], 334 (9) [M*—H,0], 111 (100);
HRMS (EI): m/z: caled for C, H;40,: 352.2614 [M *]; found: 352.2618.

(2R,58,8'3)-2-(tert-Butyl)-5-(de-A,B-8'-hydroxy-24"-norcholan-23'-yl)-1,3-
dioxolan-4-one (8): Following the same experimental procedure used for 7,
dioxolanone (—)-5() (101 mg, 0.65 mmol) afforded, after purification
(20% EtOAc/hexanes), 8 (168 mg, 74 %, 24R/24S 1:13) as a white foam.
R;=036 (30% EtOAc/hexanes); IR (neat): #=23520, 2946, 1749,
1194 cm™'; 'H NMR (200 MHz, CDCl,, 25°C): 6=0.92 (d, J=4.4 Hz,
3H), 0.94 (s, 3H), 0.98 (s, 9H), 4.08 (d, J =2.9 Hz, 1 H), 4.22 (m, 1H), 5.12
(d, J=15Hz, 0.93H), 525 (d, /=15 Hz, 0.07H); 3C NMR (50 MHz,
CDClL, 25°C): 6=13.5 (CH,), 174 (CH,), 18.3 (CHy), 22.5 (CH,), 23.4
(3CH;), 27.0 (CH,), 27.2 (CH,), 30.9 (CH,), 33.5 (CH,), 34.2 (C), 43.9 (CH),
403 (CH,), 41.8 (C), 52.5 (CH), 56.1 (CH), 69.2 (CH), 75.6 (CH), 109.2
(CH), 173.7 (C); MS (EI): m/z (%): 352 (5) [M*], 334 (38) [M*+ —H,0],
111 (100); HRMS (EI): m/z: caled for C,;H;0,: 352.2614 [M *]; found:
352.2611.

(88,24R)-De-A ,B-cholesta-8,24,25-triol (9):?'! MeMgBr in Et,O (1.40 mL,
3.0M, 4.20 mmol) was slowly added a solution of to a solution of 7 (178 mg,
0.50 mmol) in THF (10 mL) at — 78 °C. The mixture was warmed to RT and
stirred for 5 h. The reaction was quenched with few drops of MeOH, and
the resulting mixture was concentrated to a small volume. The residue was
dissolved in EtOAc (15 mL) and washed with saturated NaHCO; (15 mL)
and NaCl (15 mL), dried, filtered, and concentrated in vacuo. The crude
product was purified by flash chromatography (75 % EtOAc/hexanes) to
afford, after concentration and high vacuum drying, 9 (134 mg, 90%) as a
colorless oil. R;=0.10 (30% EtOAc/hexanes); [a]y =+35.1 (¢=0.35 in
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CHCL); IR (neat): 7=23390, 2922, 1377, 1071 cm™!; 'H NMR (200 MHz,
CDC(l,;,25°C):0=0.92 (d,/ =6.5 Hz,3H), 0.94 (s, 3H), 1.18 (s, 3H), 1.20 (s,
3H), 3.33 (brs, 1H), 4.08 (brs, 1 H); *C NMR (50 MHz, CDCl;, 25°C): d =
13.5 (CHa;), 174 (CH,), 18.4 (CH3,), 22.5 (CH,), 23.2 (CH3), 26.6 (CH3), 27.2
(CH,), 28.1 (CH,), 32.6 (CH,), 33.5 (CH,), 35.1 (CH), 40.4 (CH,), 41.9 (C),
52.6 (CH), 56.6 (CH), 69.4 (CH), 73.2 (C), 78.8 (CH); MS (EI): m/z (%):
298 (3) [M*], 280 (10) [M * — H,0], 135 (100); HRMS (EI): m/z: calcd for
CigH3,05: 298.2508 [M *]; found: 298.2512; elemental analysis calcd (%)
for C;gH;,0; (298.5): C 72.44, H 11.48; found: C 72.15, H 11.63.
(8$3,245)-De-A,B-cholesta-8,24,25-triol (10):?' Following the same exper-
imental procedure used for 9, dioxolanone 8 (120 mg, 0.35 mmol) afforded,
after purification by flash chromatography (40% EtOAc/hexanes), 10
(90 mg, 86 %) as a white solid. R;=0.40 (70 % EtOAc/hexanes); m.p. 89—
91°C (Et,O/hexanes); [a]y =+19.3 (¢=0.47 in CHCl;); IR (neat): 7=
3410, 2950, 1360, 1085 cm~'; '"H NMR (200 MHz, CDCl;, 25°C): 6 =0.91
(d,J=59Hz,3H),0.93 (s, 3H), 1.18 (s, 3H), 1.20 (s, 3H), 3.27 (dd, /= 9.8,
2.0 Hz, 1H), 4.06 (d, /=2.0 Hz, 1H); C NMR (50 MHz, CDCl;, 25°C):
0=13.5 (CHs;), 174 (CH,), 18.7 (CH3), 22.5 (CH,), 23.1 (CH,), 26.5 (CH3),
27.1 (CH,), 28.3 (CH,), 33.1 (CH,), 33.5 (CH,), 35.5 (CH), 40.4 (CH,), 41.8
(©), 52.5 (CH,), 56.6 (CH), 69.3 (CH), 73.2 (C), 79.5 (CH); MS (EI): m/z
(%): 298 (4) [M*],270 (8) [M* — C,H,], 71 (100); HRMS (EI): m/z: caled
for C;sH3,05: 298.2508 [M *]; found: 298.2505; elemental analysis calcd
(%) for C;gH;,05 (298.5): C 72.44, H 11.48; found: C 72.70, H 11.57.
(8$3,24R)-De-A ,B-cholesta-8,24,25-triol cyclic 24,25-(1-methylethylidene
acetal) (11): A solution of 9 (100 mg, 0.33 mmol) in acetone (10 mL)
containing one drop of conc. H,SO, was sonicated for 2.5 h. The mixture
was concentrated to a small volume and the residue was dissolved in
CH,Cl, (20 mL). The organic phase was washed with water (15 mL), dried,
filtered, and concentrated to afford 11 (100 mg, 89%) as a colorless oil.
R;=0.70 (70% EtOAc/hexanes); '"H NMR (200 MHz, CDCl;, 25°C): 6 =
0.93 (s,3H),0.93 (d,/=5.6 Hz, 3H), 1.11 (s, 3H), 1.26 (s, 3H), 1.37 (s, 3H),
1.42 (s, 3H), 3.64 (dd, J=8.6, 3.5Hz, 1H), 4.09 (brs, 1H); *C NMR
(50 MHz, CDCl;, 25°C): 0=13.5 (CH;), 174 (CH,), 184 (CH;), 22.5
(CH,), 22.8 (CHj;), 25.9 (CH,), 26.2 (CH;), 26.8 (CHj;), 272 (CH,), 28.6
(CH,), 32.7 (CH,), 33.6 (CH,), 35.4 (CH), 40.4 (CH,), 41.8 (C), 52.6 (CH),
56.4 (CH), 69.3 (CH), 80.2 (C), 83.7 (CH), 106.3 (C); MS (FAB): m/z (%):
337 (12) [M+—H], 323 (100) [M+— CH,]; HRMS (EI): m/z: calcd for
C,H;350;: 338.2821 [M *]; found: 338.2828.
(24R)-De-A,B-24,25-dihydroxycholestan-8-one  cyclic 24,25-(1-methyl-
ethylidene acetal) (13): A mixture of 11 (96 mg, 0.28 mmol) and PDC
(319 mg, 0.85 mmol) in CH,Cl, (17 mL) was stirred for 6 h. Et,0 (10 mL)
was added and the resulting mixture was stirred for 15 min. The mixture
was filtered through Celite, and the solid was washed with Et,0 (5 x
10 mL). The filtrate was concentrated in vacuo and the residue was
purified by flash chromatography (30 % EtOAc/hexanes) to afford, after
concentration and high vacuum drying, 13 (94 mg, 99 %) as a colorless oil.
R;=0.70 (50% EtOAc/hexanes); IR (neat): 7=2950, 1725, 1120 cm™;
'"H NMR (200 MHz, CDCl;, 25°C): 6 =0.65 (s, 3H), 0.99 (d, J=5.4 Hz,
3H), 1.10 (s, 3H), 1.25 (s, 3H), 1.33 (s, 3H), 1.42 (s, 3H), 3.63 (dd, J =84,
3.4 Hz,1H); B*C NMR (50 MHz, CDCl;,25°C): d =12.5 (CH3;), 18.6 (CHs),
19.0 (CH,), 22.9 (CH;), 24.0 (CH,), 26.0 (CH,), 26.2 (CHj;), 26.8 (CHj;), 27.5
(CH,), 28.5 (CH3), 32.7 (CH,), 35.6 (CH), 39.0 (CH,), 40.9 (CH,), 49.9 (C),
56.5 (CH), 61.9 (CH), 80.1 (C), 83.6 (CH), 106.4 (C), 211.9 (C); MS (FAB):
mlz (%): 337 (22) [M *+H], 321 (100) [M * — CH;]; HRMS (EI): m/z calcd
for C,;H;,0;5: 336.2664 [M *]; found: 336.2659.

(36,5Z,7E,24R)-3-[ (tert-Butyldimethylsilyl)oxy]-9,10-secocholesta-
5,7,10(19)-triene-24,25-diol cyclic 24,25-(1-methylethylidene acetal) (15):
nBuLi in hexanes (0.125 mL, 2.39M, 0.30 mmol) was added dropwise to a
solution of phosphane oxide 3 (142 mg, 0.31 mmol) in THF (7 mL) at
—78°C. The red solution was warmed to 0°C and, after 20 min, cooled
again to —78°C. A solution of 13 (43 mg, 0.13 mmol) in THF (3 mL) was
then added by cannula. The mixture was warmed to RT and stirred for a
further 5 h. The reaction was quenched with saturated aqueous NH,Cl
(1 mL) and then poured into a separating funnel with Et,O (20 mL). The
organic layer was washed successively with saturated solutions of NH,CI
(10 mL) and NaCl (10 mL). The organic layer was dried, filtered, and
concentrated, all with protection from light. The residue was purified by
flash chromatography (45 % EtOAc/hexanes) to afford, after concentration
and high vacuum drying, 15 (54 mg, 73 %) as a colorless oil. R;=0.65 (50 %
EtOAc/hexanes); IR (neat): ¥=23031, 2930, 1462, 1097 cm~!; 'H NMR
(200 MHz, CD,Cl,, 25°C): 6 =0.06 (s, 3H), 0.07 (s, 3H), 0.56 (s, 3H), 0.87
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(s, 9H), 0.95 (d, J = 5.9 Hz, 3H), 1.05 (s, 3H), 1.20 (s, 3H), 1.28 (s, 3H), 1.35
(s,3H),3.61 (m, 1H), 3.86 (m, 1 H), 4.76 (brs, 1 H), 5.00 (brs, 1 H), 6.01,6.18
(2d, AB, J=11.2 Hz, 2H); MS (EI): m/z (%): 570 (28) [M*], 555 (36)
[M+— CHj;], 193 (100); HRMS (EI): m/z: calcd for C;Hg,05Si: 570.4468
[M +]; found: 570.4468.

(3p,5Z,7E,24R)-9,10-Secocholesta-5,7,10(19)-triene-3,24,25-triol [24R,25-
dihydroxyvitamin D;] (1¢):*"Y nBu,NF-3H,0 (45mg, 0.14 mmol) was
added to a solution of 15 (33 mg, 0.06 mmol) in THF (10 mL), with
protection from the light. The solution was stirred for 23 h, poured into a
separating funnel with EtOAc (30 mL), and the organic layer was washed
with a saturated solution of NH,Cl (10 mL), dried, filtered, and concen-
trated in vacuo. The residue was dissolved in deoxygenated MeOH
(10 mL), and AG 50W-X4 resin (175 mg) was added. The mixture was
stirred for 24 h, filtered, the solids were washed with MeOH (4 x 5 mL),
and concentrated in vacuo. The residue was purified by flash chromatog-
raphy (85% EtOAc/hexanes) to afford, after concentration and high
vacuum drying, 1¢ (20 mg, 79 %) as a white solid. R;=0.5 (EtOAc); [a]¥ =
+20.4 (c=0.1 in CHCL); IR (neat): 7= 3410, 3081, 2927, 1639, 1048 cm™!;
UV (MeOH): Ao =264, 215 nm; 'H NMR (200 MHz, CD;0D, 25°C): 6 =
0.56 (s,3H), 0.95 (d, /=5.9 Hz, 3H), 1.12 (s, 3H), 1.15 (s, 3H), 3.21 (d, / =
9.3 Hz, 1H), 3.75 (m, 1H), 4.74 (brs, 1H), 5.02 (brs, 1H), 6.02, 6.21 (24,
AB, J=11.2 Hz, 2H); *C NMR (50 MHz, CD;0D, 25°C): 6 =12.3 (CH,),
19.2 (CH3), 23.2 (CH3;), 24.5 (CH,), 24.9 (CH3), 25.6 (CH,), 28.7 (CH,), 29.9
(CH,), 30.7 (CH,), 33.6 (CH,), 34.2 (CH,), 36.6 (CH,), 372 (CH), 41.9
(CH,), 46.9 (C), 47.0 (CH,), 57.5 (CH), 58.0 (CH), 70.5 (CH), 73.8 (C), 79.7
(CH), 112.6 (CH,), 118.9 (CH), 122.6 (CH), 1373 (C), 142.5 (C), 147.0 (C);
MS (EI): m/z (%): 416 (100) [M *],398 (22) [M * — H,O]; HRMS (EI): m/z:
caled for C;H,,05: 416.3290 [M *]; found: 416.3288.

(8$,245)-De-A,B-cholesta-8,24,25-triol cyclic 24,25-(1-methylethylidene
acetal) (12): Following the same experimental procedure used for 11, triol
10 (62 mg, 0.21 mmol) afforded 12 (63 mg, 90 %) as a colorless oil. R;=0.75
(70% EtOAc/hexanes); 'H NMR (200 MHz, CDCl;, 25°C): 6 =0.93 (s,
3H),0.93 (d,/=5.4 Hz,3H), 1.10 (s, 3H), 1.25 (s, 3H), 1.33 (s, 3H), 1.41 (s,
3H), 3.61 (dd, /=73, 53 Hz, 1H), 4.08 (d, /=2.4 Hz, 1H); *C NMR
(50 MHz, CDCl;, 25°C): 0=13.5 (CH,), 174 (CH,), 18.6 (CHj), 22.5
(CH,), 22.8 (CHj3), 25.9 (CH,), 26.3 (CH,;), 26.8 (CHj;), 27.1 (CH,), 28.6
(CHs), 32.7 (CH,), 33.5 (CH,), 35.3 (CH), 40.4 (CH,), 41.8 (C), 52.6 (CH),
56.4 (CH), 69.3 (CH), 80.1 (C), 84.0 (CH), 106.3 (C); MS (EI): m/z (%): 337
(1) [M*+—H], 323 (58) [M* — H,0], 111 (100); HRMS (EI): m/z: caled for
C,H3405: 338.2821 [M *]; found: 338.2825.

(24S)-De-A,B-24,25-dihydroxycholestan-8-one cyclic 24,25-(1-methylethyl-
idene acetal) (14): Following the same experimental procedure used for 13,
alcohol 12 (111 mg, 0.33 mmol) afforded, after purification (30 % EtOAc/
hexanes), 14 (107 mg, 97 %) as a colorless oil. R;=0.70 (50% EtOAc/
hexanes); IR (neat): ¥=2950, 1720, 1120 cm~'; 'H NMR (200 MHz,
CDCl;,25°C): 0 =0.64 (s,3H),0.98 (d, /] = 5.8 Hz, 3H), 1.08 (s,3H), 1.24 (s,
3H), 1.31 (s, 3H), 1.40 (s, 3H), 3.60 (dd, J=6.1, 1.0 Hz, 1H); *C NMR
(50 MHz, CDCl;, 25°C): 6=12.5 (CHj;), 18.6 (CH3), 19.0 (CH,), 22.8
(CH;), 24.0 (CH,), 25.9 (CH,), 26.2 (CH;), 26.8 (CH,), 27.5 (CH,), 28.5
(CH3;), 32.8 (CH,), 35.6 (CH), 39.0 (CH,), 40.9 (CH,), 49.9 (C), 56.5 (CH),
61.9 (CH), 80.1 (C), 83.9 (CH), 106.3 (C), 211.9 (C); MS (EI): m/z (%): 337
(3) [M++H], 321 (100) [M * — CH;]; HRMS (EI): m/z: calcd for C, H3,O5:
336.2664 [M *]; found: 336.2667.

(36,5Z,7E 24S)-3-[ (tert-Butyldimethylsilyl) oxy]-9,10-secocholesta-5,7,10(19)-

triene-24,25-diol cyclic 24,25-(1-methylethylidene acetal) (16): Following
the same experimental procedure used for 15, treatment of ketone 14
(46 mg, 0.14 mmol) with the anion formed from phosphane oxide 3 (81 mg,
0.18 mmol) and nBuLi in hexanes (0.092 mL, 2.24 M, 0.20 mmol) afforded,
after purification by flash chromatography (40% EtOAc/hexanes), 16
(57 mg, 72 %) as a colorless oil. R;=0.74 (30 % EtOAc/hexanes); IR (neat):
7=3030, 2940, 1450, 1100 cm~'; '"H NMR (200 MHz, CD,Cl,, 25°C): 6 =
0.06 (s, 6H), 0.54 (s, 3H), 0.88 (s, 9H), 0.95 (d, /= 5.9 Hz, 3H), 1.05 (s, 3H),
1.20 (s, 3H), 1.27 (s, 3H), 1.35 (s, 3H), 3.59 (m, 1H), 3.84 (m, 1H), 4.76 (d,
J=19Hz, 1H), 5.01 (d, J=1.0Hz, 1H), 6.01, 6.18 (2d, AB, /=112 Hz,
2H); MS (EI): m/z (%): 570 (32) [M~], 555 (45) [M* — CH;], 193 (100);
HRMS (EI): m/z: caled for C3sHg,O5Si: 570.4468 [M *]; found: 570.4465.
(36,5Z,7E,245)-9,10-Secocholesta-5,7,10(19)-triene-3,24,25-triol  [24S,25-
dihydroxyvitamin D;] (1d):® Following the same experimental procedure

used for 1¢, compound 16 (40 mg, 0.07 mmol) afforded, after purification
(90% EtOAc/hexanes), 1d (24 mg, 82 %) as a white solid. R;=0.46 (70 %
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EtOAc/hexanes); [a]¥ =+30.6 (c=0.7 in CHCL); IR (neat): 7= 3410,
3070, 2930, 1625, 1050 cm™!; UV (MeOH): A, =265, 215 nm; 'H NMR
(200 MHz, CD,Cl,, 25°C): 6 =0.54 (s,3H), 0.93 (d,/ =5.9 Hz, 3H), 1.11 (s,
3H), 1.16 (s, 3H), 3.22 (m, 1H), 3.87 (m, 1H), 4.79 (brs, 1H), 5.03 (brs,
1H), 6.02, 623 (2d, AB, J=11.2Hz, 2H); *C NMR (50 MHz, CD,Cl,,
25°C): 6 =12.1 (CH,), 19.1 (CHs;), 23.4 (CH,), 23.9 (CH,), 26.6 (CH;), 27.9
(CH,), 28.7 (CH,), 29.3 (CH,), 30.0 (CH,), 32.4 (CH,), 33.6 (CH,), 35.7
(CH,), 36.7 (CH), 40.9 (CHy,), 46.1 (CHy,), 46.3 (C), 56.6 (CH), 56.8 (CH),
69.5 (CH), 73.3 (C), 79.9 (CH), 112.4 (CH,), 117.9 (CH), 122.5 (CH), 135.8
(C), 142.4 (C), 145.8 (C); MS (EI): m/z (%): 416 (18) [M*],398 (3) [M ™ —
H,0], 136 (100); HRMS (EI): m/z: caled for C,,H,O;: 416.3290 [M*];
found: 416.3290.

(1a,36,5Z,7E,24R)-1,3-Di| (tert-butyldimethylsilyl) oxy]-9,10-secocholesta-
5,7,10(19)-triene-24,25-diol cyclic 24,25-(1-methylethylidene acetal) (17):
Following the same experimental procedure used for 15, treatment of
ketone 13 (50 mg, 0.15 mmol) with the anion formed from phosphane oxide
4 (128 mg, 0.22 mmol) and nBuLi in hexanes (0.10 mL, 2.13M, 0.21 mmol)
afforded, after purification by flash chromatography (40% EtOAc/
hexanes), 17 (96 mg, 92%) as a colorless oil. R;=0.76 (50% EtOAc/
hexanes); '"H NMR (200 MHz, CD,Cl,, 25°C): 6 =0.06 (s, 12H), 0.53 (s,
3H), 0.87 (s, 18H), 0.95 (d, J=5.9 Hz, 3H), 1.05 (s, 3H), 1.20 (s, 3H), 1.28
(s,3H), 1.35(s,3H),3.61 (dd,J=8.8,2.9 Hz, 1H), 4.18 (m, 1H), 4.38 (t,/ =
5.4Hz, 1H), 484 (d, J=2.4Hz, 1H), 5.18 (d, /J=2.0 Hz, 1H), 6.02, 6.26
(2d, AB, J=11.2 Hz, 2H); *C NMR (50 MHz, CD,Cl,, 25°C): 6 =—4.9
(CH;), —4.7 (CH;), —4.64 (CH;), —4.61 (CH;), 11.1 (CH3), 12.1 (CHs), 18.4
(C), 189 (CH,), 22.5 (CH,), 23.1 (CH;), 23.9 (CH,), 26.0 (6CH;), 26.4
(CH), 270 (CH;), 28.0 (CH,), 28.8 (CHjs), 29.2 (CH,), 33.3 (CH,), 36.6
(CH), 39.2 (C),40.9 (CH,), 45.2 (CH,), 46.1 (C), 46.3 (CH,), 56.7 (CH), 67.9
(CH), 72.3 (CH;), 80.4 (C), 84.0 (CH), 106.5 (C), 111.4 (CH,), 118.2 (CH),
123.4 (CH), 135.5 (C), 141.5 (C), 148.8 (C); MS (FAB): m/z (%): 701 (29)
[M+], 686 (24) [M+—-H,0], 568 (100); HRMS (EI): m/z: caled for
C,,H;0,Si,: 700.5282 [M *]; found: 700.5288.
(1e,38,5Z,7E,24R)-9,10-Secocholesta-5,7,10(19)-triene-1,3,24,25-tetrol
[12,24R 25-trihydroxyvitamin D;]  (1e):®  nBu,NF-3H,0 (171 mg,
0.54 mmol) was added to a solution of 17 (95 mg, 0.13 mmol) in THF
(10 mL), with protection from the light. The solution was stirred for 22 h,
poured into a separating funnel with EtOAc (30 mL), and the organic layer
was washed with a saturated solution of NH,Cl (10 mL), dried, filtered, and
concentrated in vacuo. The residue was dissolved in deoxygenated MeOH
(10 mL) and AG 50W-X4 resin (370 mg) was added. The mixture was
protected from light and stirred for 22 h. The solids were filtered, washed
with MeOH (4 x 6 mL), and the resulting solution was concentrated in
vacuo. The crude product was purified by flash chromatography (5%
MeOH/EtOAC) to afford, after concentration and high vacuum drying, 1e
(47 mg, 80% over two steps) as a white solid. R;=0.3 (EtOAc); [a]}§ =
+382 (¢c=0.85 in MeOH); IR (neat): 7=3426, 2924, 1639, 1364,
1046 cm™'; UV (MeOH): 4., =266, 215 nm; 'H NMR (200 MHz, CD,OD,
25°C): 6=0.57 (s, 3H), 0.96 (d, J=5.9 Hz, 3H), 1.12 (s, 3H), 1.15 (s, 3H),
321 (d,J=9.3 Hz, 1H), 4.11 (m, 1H), 4.35 (t, /=59 Hz, 1H), 4.89 (d, J =
2.0 Hz, 1H), 5.28 (d, /=1.0 Hz, 1 H), 6.08, 6.32 (2d, AB, J=11.2 Hz, 2H);
BCNMR (50 MHz, CD;0D, 25°C): ¢ =12.4 (CHj3), 19.3 (CHj;), 23.3 (CH,),
24.6 (CH,), 25.0 (CH3), 25.6 (CH3), 28.7 (CH,), 30.0 (CH,), 30.7 (CH,), 34.2
(CH,), 372 (CH), 41.9 (CH,), 43.7 (CH,), 46.1 (CH,), 46.7 (C), 57.6 (CH),
58.1 (CH), 674 (CH), 71.4 (CH), 73.9 (C), 79.7 (CH), 112.0 (CH,), 119.0
(CH), 124.9 (CH), 135.6 (C), 142.5 (C), 149.8 (C); MS (EI): m/z (%): 432
(9) [M "], 414 (100) [M ™ —H,O]; HRMS (EI): m/z: caled for C;;H,,O,:
432.3240 [M *]; found: 432.3240.
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Facile Synthesis of Optically Functional, Highly Organized Nanostructures:

Dye — Surfactant Complexes

Charl F. J. Faul* and Markus Antonietti'?

Abstract: Multiply charged dye molecules can be precipitated from water by

complexation with oppositely charged surfactants. It is shown that this complex
formation occurs with 1:1 stoichiometry in a highly cooperative fashion. The resulting
solids show either a gel-like or a supramolecular fibrillar morphology with a very high
degree of order on the nanoscale, as evidenced by small-angle X-ray scattering and

pleochroic behavior under plane-polarized light.

Introduction

Dye molecules are almost the ideal building blocks for
supramolecular chemistry: they are easily available, have a
number of functional groups, possess (because of their
extended m system) a defined and regular shape and mutual
interactions, and they have optical and electronic functions.
This is reflected in a number of recent publications on the
supramolecular organization of dyes with special substitution
patterns and finding a very high degree of hierarchical
complexity.['-8]

The approach of the present publication is somewhat
complementary: here we want to employ multicharged,
water-soluble standard dye molecules and make them self-
organizing by complexation with appropriate organic counter-
ions, namely oppositely charged surfactants.

A similar mode of order formation is well known from
polyelectrolyte —surfactant™']  and polyelectrolyte —lipid
complexes!' or from the H-bridge mediated supramolecular
complexes between polar polymers and alkylphenols.!'> 41 Tt is
well known from the literature (from the determination of
binding isotherms)!’> 'l that the complexes are formed in a
highly cooperative way.

Contrary to the more simple polymer-surfactant com-
plexes, dye —surfactant complexes are expected to behave in a
more complex manner due to the shaped nature of the
oligoelectrolytic species, in contrast to the ill-defined molec-
ular architecture of flexible polymer chains. It is therefore also
expected to find mesoscopic order of an even higher degree
than found for polyelectrolyte —surfactant complexes, be-
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cause of this third competing energy contribution, the
stacking of the & systems due to shape rigidity and electronic
interactions. The complexation reaction, however, is expected
to be rather simple since it is known that this counterion
binding occurs in a strict 1:1 fashion,['’] and that the resulting
product usually precipitates from water and can be isolated.
Due to the amphiphilicity contributed by the surfactant, the &t
systems, ionic sites, and hydrophobic tails are expected to
form or demix into three different subphases. The minimiza-
tion of the packing and interface energy should therefore
result in structural complexity with a high degree of supra-
molecular order even for standard dyes and surfactants.

In this investigation of a series of multiply charged
azosulfonium dyes (see Scheme 1) with different standard
cationic surfactants of varying length and tail number, we
analyzed exemplarily the binding process of two dyes with
dodecyltrimethylammonium chloride using a surfactant-se-
lective electrode. This was used to characterize the sponta-
neous, cooperative formation of the complexes as well as their
stoichiometry. Isolated solid complexes were then examined

HO,
HO_ SO Na
NaO,$ N=N
NaO,S N=N 0
SO,Na

S0,Na

Amaranth / Acid Red 27 (AR27) Coccine (Cochenillerot) / Acid Red 18 (AR18)

HO
CH, HO SONa "
7N\ 2 I/
CHy N=N o .
7N\ NaO,S
SO,Na SO,Na
Ponceau 2R / Acid Red 26 (AR26) Orange G (OG)

Scheme 1. Structures of the dyes used.
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by small-angle X-ray scattering, electron microscopy, and
differential scanning calorimetry to characterize the resulting
supramolecular structure.

Finally, light microscopy revealed an exciting coupling
between optical and structural properties, namely a very
strong and close-to-perfect pleochroism of the fiber-like
aggregates.

Results and Discussion

In order to obtain more information on the binding process
between the charged dyes and oppositely charged surfactants,
binding isotherms were calculated and plotted as the degree
of binding, S, versus the free-surfactant concentration. This
was determined by potentiometric titration (by using a
surfactant-selective electrode to determine free-surfactant
concentrations) according to the standard methods for the
determination of binding isotherms for polyelectrolyte and
surfactant interactions, as detailed in references [15] and [16].
p is defined, here in the case of oligoelectrolytic dye
molecules, as the fraction of the total charged sites (from
the dye) occupied by bound surfactants.

B=(Cir— Cs,F)/ Cok
= s;B/ COF_ (1)

with C,r defined as the total surfactant concentration, C;ras
the free surfactant concentration, Cyg as the concentration of
charges on the oligoelectrolytic dye, and C,y as the concen-
tration of bound surfactant.

Figure 1 shows typical binding isotherms of the dyes Acid
Red 27 (AR27, as an example of a triply charged species) and
Orange G (OG, as an example of a doubly charged species)
with dodecyltrimethylammonium chloride (DTAC). As can
be seen from the figure, the binding of the surfactant to the
dye takes place well below the critical micelle concentration
(CMQ) of the surfactant (20 mm in the case of DTAC). On the
other hand, the interaction does not start at the same low free
surfactant concentration as found in polyion—surfactant
interactions, in which the point of interaction (the CAC, or
critical aggregation concentration) is usually two to three
orders of magnitude lower than the CMC.'¥l This indicates
that the free enthalpy of binding is lower for the dye—sur-
factant complexes.

The binding process is clearly cooperative, as can be seen
from the steep initial curve of the isotherm. In the present
case, the m—m stacking interactions of the oligoelectrolytic
azo-dye systems obviously replace the polymeric character (as
found in the polyelectrolyte —surfactant systems) to generate
the observed cooperative binding behavior. Therefore, bind-
ing involves more than one dye molecule; this already hints at
the instantaneous formation of larger, common supramolec-
ular aggregates. Binding also only takes place to an initial
value of $=0.88 in the case of AR27 and f=0.76 in the case
of OG. The calculation of 8 assumes the presence of a pure
dye with three charges (or two in the case of OG). 3-Values
lower than 1 may therefore be due to impurities in the used
crude dye-stuff.

Chem. Eur. J. 2002, 8, No. 12
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Figure 1. Binding isotherms of AR27 and OG with DTAC, =: AR27/
DTA; stars: OG/DTA.

In order to evaluate the degree of cooperativity, the values
of the binding constant, K, and the cooperativity parameter,
u, are evaluated. From the Zimm -Bragg theory for helix—
coil transitions,'”! and further modifications by Schwarz,!
and Satake and Yangl?'l to describe the cooperative binding of
small ions to polyions, it is possible to calculate these values
from the following equations:

(Cepdos=(K)™! (2

(dBd1In C.p)ys = /4 @)

here (Cg)ys is defined as the free-surfactant concentration at
B =0.5,and (dp/dIn C,g), s as the slope of the binding isotherm
at f=0.5.

The values obtained from the titration of the dyes with
DTAC, together with physical properties of the complexes
formed are listed in Table 1. It is very interesting to note that,
in the first part of the binding process, the isotherm curve has
a negative slope. This indicates that as the cooperative process
of binding is started, free surfactant from the solution is
incorporated into the complexes, causing a slight decrease of
this species. This is typical for nucleation processes, and

Table 1. Material properties and values of K, and u as obtained from the
bindings isotherms.

Surfactant Sample Appearance K, u
DTAC AR27  needle-like precipitate 5.56 600
strongly pleochroic
oG needle-like precipitate, pleochroic 458 65
ARI18  gel—birefringent with shear
AR26  needle-like material, pleochroic
CTAB AR27  birefringent Gel
oG gel-like material containing needle-like
structures, needles pleochroic
AR18  Gel-like, containing solid birefringent
material
AR26  Needle-like material (shape not well
defined), pleochroic
DiDAB AR27  Gel-like material separating from solution
oG Gel-like material separating from solution
0947-6539/02/0812-2765 $ 20.00+.50/0 2765
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indicates that the described complexes are on the borderline
between molecular supramolecular assemblies and nano-
structured solid-state materials. Due to this, the u values and
the binding isotherms are also afflicted with a minor system-
atic uncertainty, since nucleation can depend on external
parameters.

The isolated precipitate from two points on the titration
curve (1:3 surfactant to charge ratio complex and a 1:1 charge
ratio) for the AR27-DTA complex was investigated by
means of elemental analysis. The results showed that there
was no difference in the elemental ratios, thus binding is
indeed given by charge stoichiometry, and no significant
physical adsorption of surfactant onto the precipitate takes
place. In Na and Cl determinations, 0.042 wt% Na* and
0.090 wt % Cl~ was found. This corresponds theoretically to
one Na ion every 46 repeat units (e.g. one uncomplexed
charge site per 46 dye molecules), and one adsorbed Cl-, for
example through an extra adsorbed surfactant molecule,
bound per every 31 repeat units. This means that the as-
precipitated complex is essentially a rather pure 1:1 species.

It must be noted that the precipitated material, as all
Coulomb complexes, can—after isolation—be redissolved in
water by addition of high amounts of salts or polyelectrolytes
of similar charge as the dye (note that the binding to the
polyelectrolyte is stronger, so that competitive binding
liberates the dye from the complex). This could therefore be
used for the convenient purification of water-soluble dyes by
cyclic complexation with surfactant molecules.

In order to investigate the thermal behavior of the
complexes, thermal analyses (thermogravimetric analysis:
TGA and differential scanning calorimetry: DSC) were
performed on purified dried precipitates. TGA indicated that
the complexes started to degrade at temperatures below
300°C. DSC analyses were then performed to ascertain
whether any phase transitions could be detected below the
determined degradation temperatures.

The DSC trace of the AR27/DTA complex is shown in
Figure 2a. From the DSC trace it can be seen that the
precipitated complex material is crystalline/liquid crystalline
in nature. In the first heating curve, two transitions at 9.4 and
13°C can be observed, which can be attributed to melting of
the partially crystalline side chains of the surfactant subphase
of the complex. A broad transition at approximately 80 °C was
also observed, which we identify as a liquid crystalline phase
transition, since birefringence is preserved above this temper-
ature. A further sharp endothermic transition is observed at
250°C, which is attributed to the clearing point or the
transition to the isotropic liquid state.

Similar behavior is found for all the complexes, and,
depending on dye and surfactant, can become highly complex.
Figure 2b shows the DSC trace from the OG/DiDA complex,
which exhibits no less than seven endothermic transitions
below 200°C in the first heating curve. The second heating
curve, however, shows just two reversible transitions at 149.5
and 172°C, respectively.

Temperature-dependent X-ray measurements of this com-
pound are shown in Figure 3a. Evidently, the two low-
temperature phases are highly ordered and show a large
number of overlapping or related peaks, whereas the high-
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Figure 2. DSC traces from the complexes a) AR27/DTA and
b) OG/DiDA.

temperature phase is clearly weakly ordered liquid crystalline.
Additional polarized-light microscopy shows that the phases
observed at 130°C and 50°C have very similar, fan-like
textures, that is, they belong to the same family of highly
ordered structures, presumably a smectic or two-dimensional
crystalline order. The presence of the additional peaks at
smaller scattering vectors in the low-temperature phase (s =
0.227 nm~'), probably originates from higher dimensional
order (ABAB stacking). As a result of the observed complex-
ity, full elucidation of the structure model falls outside the
scope of this investigation and is the subject of ongoing
work.[?

The powder small-angle X-ray (SAXS) diffractogram of the
AR27/DTA complex is shown in Figure 3b. The formed
complexes obviously exhibit very high mesomorphic order on
the Angstrﬁm and nanometer scale, as can be seen from the
high number of narrow peaks in the SAXS diffractogram. It is
known from the mesomorphic states of dyes that they form,
for example, hexagonally packed columnar aggregates or rigid
multilayer structures (see ref. [8]). From the SAXS diffracto-
gram in Figure 3b, for example, it is clear that the diffraction
patterns are not consistent with any known basic phase
patterns. The elucidation of the exact phase structure relies on
the presence of a single crystal or monodomain, and is
currently under investigation.
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The macroscopic appearance of the as-precipitated com-
plexes is best characterized by light microscopy. It can be seen
that the high order observed in the SAXS diffractogram is also
reflected in the macroscopic optical properties. Figure 4
shows the same set of fiber-like aggregates illuminated with
plane polarized light, tilted by an angle of 90° between the
pictures. Almost perfect pleochroism is obtained, that is, the
crystals are transparent in one orientation whereas they are
colored in the one perpendicular. This means that the
transition moment of all dye molecules is oriented in the
same direction (perpendicular to the fibers), and that
orientation of the macroscopic fiber also leads to perfect
control of the orientation of the molecular dye unit.

Conclusion

In summary, the synthesis of a functional, supramolecular
organic composite material by simple precipitation of charged
dyes with oppositely charged surfactants has been described.
Binding occurs at least very close to a 1:1 stoichiometry with
respect to the number of charges and well below the CMC of
the surfactant. The resulting structures are highly organized
crystals or thermotropic liquid crystals (depending on the
system and temperature), as revealed by X-ray scattering and
calorimetry. The simplicity of the synthesis, as well as their

a)
10000
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Intensity ]
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7171 7
00 02 04 06 08 1.0 12 14 1.6
s/nm™? —»
10000 4
1000 4
Intensity
100+
103
1 T T T M T T T T ¥ T T M L] T L
00 02 04 06 08 1.0 12 14 1.6
s/nm™
Figure 3. Temperature-dependent small-angle X-ray diffractograms of
a) OG/DiDA, b) AR27/DTA. —o——: T=170°C, —: T=130°C, —
—: T=50°C.
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ks

Figure 4. Fiber-like aggregates from the complex AR27/DTA as illumi-
nated with plane-polarized light. The figures are tilted by an angle of 90°
with respect to each other; this shows the almost perfect pleochroism over
the full length of the aggregates. The arrows point to the same fiber or
groups of fibers. Scale bar =50 pm.

optical and dielectric properties, makes these complexes
promising for a number of scientific investigations and
possible applications.

Experimental Section

Materials: Amaranth/Acid Red 27 (AR27), Orange G (OG), and dodecyl-
ammonium chloride (DTAC) from Fluka;, New Coccine/Acid Red 18
(AR18, dye content ~75%), hexadecyltrimethylammonium bromide
(CTAB), and didodecyldimethylammonium bromide (DiDAB) from
Aldrich; and Ponceau 2R/Acid Red 26 (AR26, dye content ~80% ) from
Sigma were used as received. The structures of the dyes are shown in
Scheme 1. Deionized water (resistance >18 MQ) was used to prepare all
solutions.

Example synthesis of a dye - surfactant complex: For production of a 1:1
charge ratio complex, the dye AR27 (0.5 g, 0.827 mmol) was dissolved in
deionized water to yield a 2% solution. A 2% surfactant solution was
prepared by dissolving DTAC (0.654 g, 2.48 mmol) in deionized water to
yield a 2% solution. The surfactant was added in 0.5mL aliquots at
3 minute intervals with stirring. The precipitated complex was centrifuged
and washed with deionized water (3 x 30 mL) to remove the unbound
counter ions. The resulting cleaned complex was dried under vacuum at
room temperature.

Analysis: In order to determine binding isotherms, potentiometric
titrations were performed with either a 702 SM Titrino or 716 DMS Titrino
potentiometer in conjunction with a 765 Dosimat (all from Metrohm). The
dosing of surfactant and dye solutions was controlled by Tinet Version 2.4
Titration Software (Metrohm). Dye was added after each addition of
surfactant to keep the concentration of dye constant in the measured
solution. An “Ionic Surfactant Electrode” (Metrohm) was used as a
surfactant-selective electrode, in conjunction with a Ag/AgCl reference
electrode (Metrohm). All titrations were performed in a thermostated cell
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(25.0°C £0.1°C) with stirring. The waiting period after addition of
solutions was set to be 180 s in order to allow equilibration of the solution
temperature and the electrode after each addition.

In a typical titration, a dye solution of AR27 (1.5 mm, 4.5 mm with respect to
charges present) was prepared in the titration cell by addition of a
concentrated dye solution and subsequent dilution with water. All
additions were performed using the 765 Dosimat to ensure high precision
and repeatability in the preparation of the solutions.

Small-angle X-ray (SAXS) curves were recorded by means of a Kratky
camera and a rotating anode instrument with pinhole collimation. A
Nonius rotating anode (P=4kW, Cug,) and an image plate detector
system were used with the pinhole system. With the image plates placed at a
distance of 40 cm from the sample, a scattering vector range from s = 0.05—
1.6 nm~' was available (s=2sin6/A, 20 scattering angle, 1 =0.15418 nm).
The samples were irradiated for 18 h in order to reduce the noise level and
to obtain a sufficiently high scattering intensity. 2D diffraction patterns
were transformed into a 1D radial average of the scattering intensity.

Wide-angle X-ray scattering (WAXS) measurements were performed on a
Nonius PDS120 powder diffractometer in transmission geometry. A
FR 590 generator was used as the source of Cug, radiation. Monochroma-
tization of the primary beam was achieved by means of a curved Ge crystal.
Scattered radiation was measured by using a Nonius CPS120 position-
sensitive detector. The resolution of this detector in 26 is 0.018°.

Differential scanning calorimetry (DSC) was performed on a Netzsch
DSC200 calorimeter. The samples were examined at a scanning rate of
10 Kmin~! by applying two heating and one cooling cycle.

Na analyses were performed by inductively coupled plasma optical atomic
emission spectrometry by using an Optima 3000 ICP-OES (Perkin Elmer).
The amount of Cl- was determined according to Schoninger’s method,
followed by potentiometric titration with silver nitrate.
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Gas-Phase Dioxygen Activation by Binuclear Manganese Clusters

Barbara Chiavarino, Maria Elisa Crestoni,* and Simonetta Fornarini'®!

Abstract: Binuclear manganese oxide
cations, Mn,O,* (1) and Mn,O" (2),
have been prepared in the gas phase by
a chemical route by using the reaction of
O, with the ions formed from the
ionization of [Mn,(CO),,|. Their reac-

mediates have been obtained by colli-
sion-induced dissociation and by the
outcome of ion—molecule reactions.
Whereas dihydrogen proved to be un-
reactive, the hydrides H,O, H,S, and
NH; react by exchange, addition, and

oxidation pathways. Oxidative features
are displayed also in the reactions of 1
and 2 with model organic molecules,
such as methanol, acetaldehyde, and
unsaturated hydrocarbons, which under-
go dehydrogenation, O-atom transfer,

tivity towards selected neutrals has been
probed by Fourier Transform Ion Cyclo-
tron Resonance spectrometry (FT-ICR),
and insights into the structure of the
reagent ions and of ionic reaction inter-

Introduction

There is growing interest in transition-metal oxides because of
the manifold role played in a variety of important chemical
and biochemical transformations.!! In biology, metal sites
have evolved as cofactors, which are active in highly specific
oxidation/reduction processes. Among them, polynuclear
manganese oxo centers perform the seemingly contrary tasks
of producing dioxygen from the oxidation of water by the
oxygen-evolving center (OEC) of photosystem II but also of
rendering the dioxygen reduction products harmless. For
example, hydrogen peroxide may be scavenged by manganese
catalase.?!

It is evidently desirable to develop simplified models for the
complex systems in which polynuclear transition-metal oxo
species are embedded at the active site of a biomolecule.
However, one needs to be concerned with several factors
contributing to their catalytic activity, such as the solvent, the
ligands, the oxidation states of the metal atoms, and the
features of the cavity hosting the metal core. In this respect,
gas-phase studies present the advantage of naked metal core
selection and allow one to unravel its reactivity behavior at a
molecular level. Size-selected ionic clusters may be allowed to
react with neutral molecules in a dielectric medium, namely,
in the gas phase, which bears some similarity to the hydro-
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and homolytic cleavage processes. Po-
tentially catalytic cycles are indicated,
based on the regeneration of 1 by ligand
exchange of end product ions with O,.

compounds
manganese -

phobic surroundings of the catalytic centers in many en-
zymes.Pl

Aiming to provide a reference model for the functions of
Mn-based enzymes, we assayed the reactivity of Mn,O,* (y =
1,2) ions by Fourier Transform ion cyclotron resonance (FT-
ICR) mass spectrometry. The neutral reagents are either
simple inorganic compounds, such as H, and the element
hydrides XH,, (X=N, O, S), or exemplary organic molecules,
such as methanol, acetaldehyde, and a few hydrocarbons.
Structural information on the reagent ions was sought in their
collision-induced dissociation (CID) mass spectra.

Results

Mn,O,": In the selected mode of the FT-ICR experiments, 1 is
readily obtained as the single product ion from the displace-
ment of all the carbonyls of [Mn,(CO),]" by dioxygen,
according to an already known reaction of [Fe,(CO),]*.1
Probably due to the presence of strong oxide bonds, Mn,O,*
appears to be endowed with a noticeable stability and is fairly
resistant to dissociation. In fact, it undergoes only a very slow
dissociation to Mn* (k,,;=0.005s7!), a process that is
unaffected by the addition of unreactive gases. Several types
of connectivities are conceivable in the ligation of a dioxygen
molecule by a dinuclear manganese cluster. Some insight into
the structural features of 1 may be derived from its
fragmentation pattern. Upon CID, the prevailing loss of
MnO,, with concomitant generation of Mn* [Equation (1a)],
is observed besides the fragmentation to Mn,O" [Eq. (1b)]
and Mn, " [Eq. (1¢)]. Considering the formal oxidation states
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of manganese, we may envision channel (1a) as a dispropor-
tionation process between the manganese atoms in the ionic
and neutral products. This pathway is found to predominate
over two- [Eq. (1b)] and four- [Eq. (1c)] electron reductions
of the metal cluster, respectively.

53-76% [Mn] + MaV0, (la)

Mn"/Mn"0,]" D | 1417% 5 [MaMa"0] + O (ib)
- 9, "

_M; [MnO/MnI] +0, (lo)

Loss of neutral manganese atom(s) is not observed, which is
at variance with the behavior of metal rich oxide clusters.?!

The bimolecular reactivity of Mn,O," has been probed
towards selected neutrals (N). The measured rate constants
along with the relative reaction efficiencies ¢, defined as the
ratio between the measured rate constant and the theoretical
collision rate,®! are listed in Table 1. The table shows also that
the product ions are grouped according to the branching of
the reagent ion, Mn,O,*, into competitive pathways. Thus, in
each set, ions are related to a primary product of Mn,O,* by
consecutive reactions. The branching ratio of the primary
product ions is given in parentheses. When 1 is left to react in
the presence of 'O-labeled water in the gas phase, a
degenerate '%0/0 exchange (¢ ca. 18 %) is observed. The
thermoneutral reactions leading to Mn,O'*0* and Mn,'*O,*
[Egs. (2a) and (2b)] require the encounter of the reagents to
form an ion-neutral complex, for which hydrogen shift
processes take place from one O atom to the other, and this
allows the loss of unlabeled H,O.

Mn,0,* + H,*0O — Mn,0'*O* + H,O (2a)

Mn,0'80* + H,0 — Mn,"*0,* + H,0 (2b)

Monitoring the time dependence of the ion abundances in
the presence of H,'*O/H,'®O (40:60 molar ratio), the Mn,O,*/
Mn, 0¥ O*/Mn,®0,* ratios attain constant values, and these
reflect statistically the relative pressures of the neutrals
(Figure 1). The same equilibrium mixture of isotopomeric
ions is obtained if the Mn, OO intermediate is isolated and

left to exchange in the H,'°*O/H,'®O mixture. If the Mn,'*0,*
ions that are formed as the end products of the exchange
sequence with H,'®O are submitted to a pulse of unlabeled O,,
no reaction is observed, and this suggests the existence of a
sizeable barrier to the displacement of an O, moiety. At
longer reaction times, 1 undergoes the addition of water
molecules leading to Mn,0,(H,0)* and Mn,0,(H,0),";
moreover, a certain amount of Mn,O,H," is observed as well.

100
1%
80

60

40

20

0

time/s

Figure 1. Time dependence of the *O/'80O exchange reaction of Mn,O,"
ions at m/z 142 (e) in H,O/H,"®O (45:55 molar ratio) at 2.6 x 10~ mbar.
Product ions are Mn,O'®O~ (o) at m/z 144 and Mn,'80,* (2) at m/z 146.

The reaction of 1 with hydrogen sulfide yields Mn,OS* in a
process with a reaction efficiency of 55 %, which is followed
by a second exchange of O for a S atom, with concomitant loss
of water, leading to Mn,S,*. These processes, which parallel
very closely the reactivity found with H,'80, are shown in
Figure 2. Neither homolytic S—H bond cleavage nor O-atom
transfer are ever observed, in spite of a small S—H bond
dissociation energy and the relatively high oxophilicity of
sulfur in H,S.

Concerning the minor product Mn,S,H," (Figure 2; Ta-
ble 1), it may originate from the reaction of H,S with an
intermediate complex, Mn,OS(H,S)" [Eqgs. (3a) and (3b)],
formed at a steady state with an undetectably low concen-
tration, and the reaction leads to the product ion by addition
of H,S accompanied by loss of H,SO. Involvement of Mn,S,"
was excluded since no evidence was obtained for any
reactivity of this ion towards H,S.

Mn,OS* + H,S — Mn,OS(H,S)* (3a)

Mn,OS(H,S)* + H,S — Mn,S,H," + H,SO (3b)

Table 1. Rate constants (k.,,) and efficiences (¢) of the reactions of Mn,O," ions with selected neutrals (N).

N Koy ¢ [%] Product ions [%]

H,'80l! >3.8 >23 Mn,0*0*, Mn,"*0,* (80); Mn,*O,H,", Mn,*O,(H,*0),,* (20)!

H,O >0.7 >4 Mn,0,H,*, Mn,0,(H,0),,"

H,S 7.3 58 Mn,OS", Mn,S," (95); Mn,S,H,* (5)

NH; 0.1 0.6 Mn", Mn(NH;),,* (74); Mn,0,(NH;),,* (26)

HCl n.r. n.r.

H, n.r. n.r.

CH;0H 3.1 21 Mn*, Mn(CH;0H),,* (60); Mn,O,H,*, Mn,0,CH,*, Mn,0,C,H¢* (40)

CH;CHO 2.3 12 Mn*, Mn(C,H,0),,* (51); Mn,0,C,H," (13); Mn,O,H," (22); Mn,0,(C,H,0)" (14)
i-C,Hy n.r. n.r.

C,H, 1.2 9.4 Mn* (52); Mn,O* (36); Mn,* (12)

C,H, 0.2 1.6 Mn* (60); Mn,O* (5); Mn,OH," (5); Mn,* (30)

C;H, 3.1 24 Mn,O" (15); Mn* (22); Mn,O,H*, Mn,O,H," (7); Mn,OC,H,* (7); Mn,OC;H,"*, Mn,CsH,* (49)
C;H, 0.9 6.9 Mn,O,H* (28); Mn* (44); Mn,* (16); Mn,O" (12)

CeHy 0.6 5.7 Mn", Mn(C¢Hg),," (61); Mn,O* (12); Mn,0,CHy" (27)

[a] Apparent bimolecular rate constants in 107! cm?*molecules~'s™!; n.r. stands for no reactivity (Eff <0.01%). [b] H,O (40 mol%); H,'®O (60 mol % ).

[c] *O stands for either '°O or *O.
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100
Mn,O,'
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40 A
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Mn,S,H,”
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time /s

Figure 2. Relative intensities of major ions formed after selection of
Mn,O," ions (m) in H,S at 3.0 x 10~* mbar: Mn,OS* ions at m/z 158 (A);
Mn,S,* ions at m/z 174 (x); Mn,S,H,* ions at m/z 176 (e).

The Mn,O," reaction with NH; does not lead to nitrogen-
containing ions, other than addition products. Among the
simple organic molecules that were left to react with 1,
methanol yields Mn,O,H,", in addition to Mn*. Whereas the
formation of Mn* from this and other reactions gives very
little information about the accompanying neutral species that
may be formed, the formation of Mn,O,H,"™ involves the
abstraction of two hydrogen atoms with formal two-electron
transfer from methanol to the metal cluster [Eq. (4)]. It is
likely to be concomitant with the oxidation of methanol to
formaldehyde, a process estimated to be endothermic by
84 kJmol ' In fact, the formation of Mn,O,HD* from the
reaction of 1 with CD;OH indicates that the abstraction of
hydrogen atoms involves both the hydroxyl and the methyl
groups of methanol. The observed kinetic isotope effect,
k(CH;0H)/k(CD;OH) = 1.24, suggests the kinetic relevance
of the C—H bond activation.

Mn,O,* + CH;OH — Mn,O,H,* + CH,O (4)

As evident from the kinetic plot of Figure 3, the primary
product Mn,O,H,* reacts further with the neutral to yield
Mn,0,CH," and eventually Mn,O,C,Hg* by the rapid (¢ =
24 %), consecutive exchange of an original OH moiety for an
intact OCH; group, as evidenced by the use of the methanol
isotopologue CH;*OH [Eq. (5a) and (5b)].

100 4

Mn,O,"
80 -
1%

60 -
40 -

20 4 Mn,O,H,"

Mn,0,H,* + CH,*OH — Mn,OH(*OCH,)* + H,0 (52)

Mn,OH("OCH,)* + CH;OH — Mn,("SOCH,)," + H,0 (5b)

This assignment is further supported by the formation of
Mn,(OCD3)," as the end product from the reaction with
CD;OH. This reactivity behavior suggests a bis(hydroxy)
structure for the reactant Mn,O,H,".

In line with the expected decrease in oxidation properties, a
changeover in reactivity is observed in passing from formal
Mn"/Mn™ oxide cluster 1, which is able to undergo oxidative
dehydrogenation, to the lower valent Mn/Mn" species
Mn,0,H,", which promotes a formal ligand exchange involv-
ing elimination of water, with formation of secondary,
Mn,OH(OCH,)*, and tertiary products, Mn,(OCHs;),*, that
keep the original formal metal oxidation states. The low-
energy CID of Mn,(OCD;)," yields Mn,O*, Mn,OCD;*, and
MnOCD;" in comparable amounts.

Both Mn,O,H," and Mn,(OCHj;)," ions are efficiently re-
oxidized back to Mn,O," when dioxygen is leaked into the FT-
ICR cell at a partial pressure of approximately 8 x 10~ mbar.
When Mn,O," is left to react with acetaldehyde, Mn,O,C,H,"
(13%) and Mn,O,H," (22%) are formed as primary ionic
products, besides Mn* (51%) and the addition complex
Mn,0,(C,H,0)" (14 %).

A feature of this reaction system is that, at variance with the
above methanol sequence, the oxidative dehydrogenation of
acetaldehyde, which presumably leads to ketene [Eq. (6a)], as
well as the dehydration channel [Eq. (6b)] are competitive
reactions.

22% .
————>  Mn,0,H, +CH,CO (6a)
Mn,0, +CH,CHO
13%
— » +
Mn,0,C,H, + H,0 (6b)

By analogy to Equation (4), in Equation (6a) 1 appears to
activate the abstraction of two hydrogen atoms by promoting
a process predicted to be endothermic by 84 kJ mol~!, namely
the oxidation of acetaldehyde to ketene.l’]

The possibility has been investigated that Mn,O,H,* might
perform the role of a hydrogenation reagent as well. To this
end, its reactivity towards several neutrals has been checked
with the result that only dioxygen is found to accomplish re-

oxidation to 1 [Eq. (7)], whereas
the unsaturated species C,H,,
CH,, and CH;CHO are all
found to be unreactive.

Mn,O,H," + O, — Mn,0," + H,0, (7)

Whereas dihydrogen and
branched alkanes are not acti-

Mn;O,CHy vated by 1, small unsaturated

Mn,O-C,Hg"

T T
0 1 2 3
time/s

Figure 3. Relative intensities of major ions formed after selection of Mn,O," ions () in CH;0H at 2.5 x
10-% mbar: Mn,O,H," at m/z 144 (m); Mn,0,CH,* ions at m/z 158 (2); Mn,0,C,H* ions at m/z 172 (x).
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hydrocarbons C,H, (x,y=22;
2,4; 3,4; 3,6) and benzene react
with sizeable efficiencies, and
they yield oxidation products of

4
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the hydrocarbon together with Mn,O*, Mn*, and Mn,* that
are frequently observed among the major ionic products. In
addition to these processes, the Mn,0,"/C;H, (n=4.,6)
systems exhibit one further reaction channel, leading to
Mn,O,H*, which is likely to arise from the homolytic fission of
the methyl C—H bond, which forms the corresponding
hydrocarbon radicals. In a subsequent H-atom abstraction
process from propyne, Mn,O,H" yields small amounts of
Mn,O,H,".

Besides the reaction channels already considered, 1 reacts
with C;H, by a sequential facile reductive elimination of
water, and this results in the formation of Mn,OC;H,", an
intermediate ion en route to formation of Mn,CsH," (Fig-
ure 4). The reaction of the tertiary product Mn,C.H,* with
dioxygen gives the parent ion 1 (20%), in addition to Mn*
(58 %) and Mn,O" (22%), in a 10 % efficient process. Finally,
Mn,OC,H," is also formed as a primary product, which is not
very abundant, according to a process formally corresponding
to oxidation of the substrate coupled with C—C bond
activation and loss of formaldehyde.

100
1%

e 2 Fa - g—
0 1 2 3 4 5 6 7
time /s

Figure 4. Relative intensities of major ions formed after selection of
Mn,O," ions (4) in C;H, at 2.1 x 1078 mbar: Mn™ at m/z 55 (e); Mn,O* at
m/z 126 (m); Mn,O,H" at m/z 143 (x); Mn,O,H," at m/z 144 (-);
Mn,OC,H,* at m/z 152 (*); Mn,OC;H,* at m/z 164 (0); Mn,C,H,* at m/z
186 (+).

When benzene is the neutral substrate, an oxygen transfer
process takes place that formally leads to C¢HgO, besides
fragmentation and addition processes.

Mn,O*: The reaction of [Mn,(CO),]" with dioxygen affords a
significant production of 2. Mn,O" is fairly stable and
dissociates only slowly to Mn* (k,,; =0.06 s71).

As shown in Table 2, exemplary neutrals have been selected
to probe the gas-phase reactivity of 2 with the aim of relating

Table 2. Rate constants (k.,) and efficiences (¢) of the reactions of Mn,O" ions with

selected neutrals (N).

it to the corresponding ion chemistry of 1. Apart from the
prominent and unfortunately not very informative detach-
ment of bare Mn", 2 exhibits somewhat similar reactivity
properties with respect to 1, though simple homolytic
cleavages to release free radicals are not observed.

The reaction of 2 with H,X (X = O, S) takes place by formal
O-atom transfer to yield Mn," and neutral H,XO. Similarly,
an O-atom transfer process appears to be involved in the
reaction of 2 with methanol, acetylene, and benzene. With
regard to the possible occurrence of dehydration reactions,
since they cannot proceed beyond one formal O-atom loss,
Mn,'®O* and Mn,S* are the end products formed with H,'8O
and H,S, respectively.

It is noteworthy that methanol is almost the only one among
the organic substrates in Table 2 that undergoes the abstrac-
tion of two hydrogen atoms leading to Mn,OH,*, which may
in turn undergo the formal exchange of an OH group with a
methoxyl group to afford Mn,OCH,". Mn,O" reacts with both
H,O and H,S to yield Mn,OH,", the formation of which is still
to be accounted for.

A completely different reactivity pattern is observed when
the hetero analogue species Mn,S*, generated by reacting 2
with H,S, reacts with the same substrate. A highly efficient
dehydrogenation process (¢ =28 % ) leads to the formation of
Mn,S,* [Eq. (8)], a species hardly reactive with any of the
neutrals investigated, namely water, oxygen, and methanol.

Mn,S* + H,S — Mn,S,* + H, 8)

At variance with the multiple reaction pathways displayed
by 1, the reactivity of Mn,O" towards acetaldehyde and
propyne is rather low, and none of the oxidative features
reported above for 1 have been observed.

Interestingly, MnOH™ is formed from the reaction of 2 with
acetylene, and this possibly involves the evolution of MnC,H
as a neutral.

Discussion

The reagent ions Mn,O," and Mn,O*: However simple a
tetra-atomic species such as Mn,O," may appear at first
glance, various electronic states and isomeric structures are
conceivable. Discriminating between them is hardly possible,
based on the available evidence. So the discussion on the
observed reactivity pattern is related to the Mn,O," and
Mn,O" ions specifically generated as previously described.
However, 1 is formed by a ligand displacement
process by O,. The generation by this chemical route
in conjunction with the relatively high pressure of the

N koo™ ¢ [%] Product ions [%]

O, pulse, which also operates in removing any excess

H50M 50 28
H,S 13 1
CH,OH 69 46
CH,CHO 26 13

Mn* (43); Mn,* (38); Mn,OH," (19)
Mn* (78); MnOH~* (22)

C.H, 15 13 Mn* (88); Mn,* (3); Mn,OCH,* (9)
C.H, 04 29  Mn* (85); Mn,OC,H,* (15)
CH, 08 61  Mn* (71); Mn,* (11); MnOH* (18)

Mn* (60); Mn,* (24); Mn,OH,* (14); Mn,'*O* (2)
Mn* (50); Mn,* (15); Mn,OH," (15); Mn,S*, Mn,S," (20)

internal energy from unreactive collisions, are likely
to concur with the formation of ground state species.
Similar considerations apply to 2 though this species
has been studied in lesser detail.

The equilibrium geometry of the neutral (MnO),
cluster is reported to be a rhombus by both theoret-
ical and experimental studies.’] The same structure

[a] See footnote [a], Table 1. [b] See footnote [b], Table 1.

Chem. Eur. J. 2002, 8, No. 12
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may be tentatively assigned to the charged Mn,O,*
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species, as it is compatible with the low-energy CID fragmen-
tation pattern. Also, the lack of isotope exchange between
Mn,'®*0,* and O, speaks against a possible side-on complex
between Mn," and molecular oxygen. (MnO)," ions have also
been obtained from the photoionization of (MnO), clusters,
though no information about their structure was given.’!
Indeed 1 may be structurally close to Fe,O," ions as they
are also reported to be unreactive with respect to O,
displacement and to show a similar CID pattern.['%)

In the following paragraphs, the reactions of 1 and 2 with a
few exemplary simple molecules are discussed. They are
arranged into distinct groups in the attempt to provide a
generalized reactivity pattern.

Dehydration processes: The loss of a water molecule may
follow from the encounter of 1 with water, hydrogen sulfide,
propyne, and acetaldehyde and ensuing bond rearrangement
processes. Notably, the migration of two hydrogen atoms to
form the departing water molecule is required. The fast,
stepwise exchange reactions observed with H,'0O and H,S
demonstrate that no sizeable kinetic barriers are involved,
and presumably efficiencies correlate with the driving force of
the reaction. Indeed, the occurrence of 'O incorporation
from H,'®O, which has been classified as an intermolecular
dehydration,'!! has been frequently exploited as indirect
evidence for the intermediacy of unstable, highly reactive
high-valent metal oxo complexes in catalytic oxygenation
reactions.'?l Within this framework, the exchange reactions of
Equations (2a) and (2b) may be envisioned as a simple model
for the involvement of oxygen-rich manganese oxide clusters
in complex catalytic sites. The fast sequential reactions with
H,S that convert 1 into Mn,S," find a counterpart in the same
stepwise process displayed by Fe,O,*.'¥] The comparatively
much lower efficiency for both the '*O and S atom incorpo-
ration within 2 can be traced to the expected decrease in
reactivity for the lower oxidized manganese species.']

Dehydrogenation: The reaction of 1 and 2 with methanol
affords Mn,O,H,*, with x =2 and 1, respectively, while only 1
gives the same product with acetaldehyde. The reactions of 1
with methanol and acetaldehyde can be envisioned as
proceeding by activation of the C—H bond of the methyl
group followed by hydrogen shift(s) and final elimination of
CH,O (unique pathway with methanol) or H,O and CH,CO
(competitive routes with acetaldehyde). A formally similar
process, leading to the incorporation of two H atoms into the
reagent ion, has been described in the gas-phase reactions of
MnO,~, Mn,0;~, and Mn,O,~ with methanol and primary
alcohols.]

The reaction with water deserves special attention not only
because of its biological relevance but also in view of the
development of artificial photosynthetic systems. Indeed,
among the large number of biomimetic Mn-enzyme models
that have been designed and prepared, only a few of them
have shown catalytic activity.' Due to the availability of
multiple oxidation states, manganese oxides are commonly
employed as oxidants in a variety of processes,'7! but
oxidation of water to dioxygen is achieved by some colloidal
Mn-oxo clusters only in the presence of strong oxidants.['®!
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Even if the detailed mechanism of water oxidation and the
structure itself of the OEC remain matters of intense
experimental investigation,'”) nonetheless the essential func-
tions of the manganese clusters are recognized in binding and
activating water, as well as in delocalizing oxidizing equiv-
alents produced upon hydrogen atom stripping.['$ 2221 In this
context, it is noteworthy that 1 and 2 have accomplished the
oxidation of methanol, a substrate closely related to the
fundamentally important water molecule.

In a related, though distinct, context, a significant contri-
bution towards the understanding of models for the OEC is
due to a recent gas-phase reactivity study. Laser desorption/
ionization mass spectrometry has shown that ionized com-
plexes with a Mn,O, cubane core decay by loss of O,.]
Dimeric Mn,0, core complexes are reported not to conform
to this reactivity behavior, which is confirmed by the relatively
minor channel of O, loss upon CID of Mn,0,".

O-atom transfer: The release of an O atom from 1 yielding
Mn,O* appears to occur with the whole series of unsaturated
hydrocarbons that have been assayed. Based on the way 1 is
formed, this reaction ultimately represents an approach to
stoichiometric oxidations by the abstraction of an oxygen
atom from molecular oxygen. Manganese porphyrin com-
plexes are efficient catalysts of olefin epoxidation with
iodosylbenzene.?*l Among the numerous reagents devised as
viable epoxidants of alkenes, metal-oxo, and related species
are often used. In the gas phase, late-transition-metal oxides
MnOT, FeO™, CoO*, and NiO* rapidly oxidize ethene to most
likely yield acetaldehyde rather than oxirane.[” Due to the
moderate reactivity shown by 1 as compared with that of
MnO™,?] the former being, for example, unreactive towards
alkanes and H,, a gas-phase epoxidation as a result of O-atom
transfer from 1 to the selected alkenes cannot be excluded a
priori. Results have been reported for reactions in which
suitably ligated metal oxides bring about selective epoxida-
tion to avoid rearrangment to the more stable carbonyl
compounds.?”)

The O-atom transfer process is displayed also in the
reaction of 2 with selected substrates, and the corresponding
product ion Mn," is obtained also by treating 2 with water,
hydrogen sulfide, and methanol. The latter reactions, promot-
ing oxidation to peroxide and sulfoxide species, show that 2 is
a superior reagent in this respect if compared, for example,
with FeO*, which fails to activate X—O coupling for electro-
negative elements such as X =0 or S.I'l]

Homolytic cleavage: H-atom abstraction yielding Mn,O,H" is
afforded only by the reaction of 1 with propene and propyne,
for which the activation probably involves the allylic and
propargylic C—H bonds (BDE, bond dissociation energy, of
355 and 372 kI mol !, respectively).?®) Among the investigated
substrates, only propyne is prone to undergo an oxidative
C—C bond activation, and this activation formally leads to
formaldehyde as the neutral product accompanying the
formation of Mn,OC,H,*. The net cleavage of the H-OH
bond (BDE =497 kJ mol™') is not observed in the reaction of
1 with water. H-atom abstraction has been reported as a
prominent reaction pathway in the gas-phase chemistry of

0947-6539/02/0812-2744 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 12





Binuclear Manganese Clusters

2740-2746

MnO* with H, and alkanes.’! Clearly, the presence of an
additional metal nucleus in 1 and 2 markedly reduces this type
of reactivity.

Conclusion

The reported FT-ICR investigations of gaseous Mn,O," ions
point to their ability to activate catalytic processes with
certain substrates. Catalytic gas-phase oxidation of methanol,
acetaldehyde, and propyne by dioxygen can in fact be
mediated by 1.

As already outlined, 1 mediates the oxidation of methanol
to yield formaldehyde and Mn,O,H,", which is in turn able to
react further with methanol to afford water and
Mn,(OCH,),". If molecular oxygen is leaked into the FT-
ICR cell, 1 is regenerated. This catalytic gas-phase oxidation
converts methanol into a variety of controlled combustion
products (Scheme 1). The overall sequence of steps, which can
be seen as the Mn,O,™mediated conversion of methanol to
CH,0 and H,O (AH,= —316.0 kTmol ), is thus comprised
of two stages: in the first one, 1 catalyzes the convertion of
CH;OH and O, into CH,0O and H,0, (AH,=
—52.4kJmol 1), and in the second one, Mn,O,H," serves
as an intermediate for the dehydration of methanol.

CH;0H + CH,0H
CH,0
H202
CH;0
0; -
2 CH;0H
2H,0

Mny(OCH;),"

2 CH;0H + O,——> 2CH,O + 2H,0 AH, = -316.0 kJ mol™

Scheme 1. Catalytic gas-phase oxidation of methanol.

As depicted in Scheme 2, 1 also achieves the oxidation of
acetaldehyde to ketene and hydrogen peroxide by oxygen
(AH,=—46.1 kJmol ).l Whereas in this cycle Mn,O,H,* is
involved as an intermediate form of the catalyst, Mn,O,"-
mediated dehydration of propyne yields another active
dimanganese species, namely Mn,C,H,*. The overall reaction
in Scheme 3 describes the strongly exothermic oxidation of
propyne by dioxygen to (E)-hexa-1,5-diyne-3-ene, a likely
isomer for C;H, (AH,= —316.8 kJmol1).l"]

The irreversible formation of sizeable amounts of the Mn™*
ion as the end product, that deters the catalytic efficiency of
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H,0, > < Ml’lez

CH;CHO + O; ——> CH,CO + H,0,
Scheme 2. Oxidation of acetaldehyde.

CH;CHO
X CH,CO

AH, =-49.0 kI mol™

Mn202H2

2CHy + O AH, = -316.8 kJ mol™

Scheme 3. Oxidation of propyne by dioxygen.

_— C6H4 +2 HZOZ

the reaction, suggests detachment processes activated by the
excess energy liberated upon the interaction of the oxometal
centers with the nucleophile.

Examples of gas-phase catalysis using O, as a reactant have
been described.! In this context, Mn,O,*-mediated proc-
esses have succeeded as well in the task of using molecular
oxygen as a viable oxidant in the gas phase. Moreover, the
mild experimental conditions result only in selective and clean
oxidation reactions. The complete oxidation of methanol,
acetaldehyde, or propyne to carbon dioxide and water would
obviously be wasteful, whereas their partial oxidation to
useful intermediates may suggest strategies for the synthesis
of fine chemicals and biologically active compounds.

As a final remark, it may be noted that the reactivity
features of both 1 and 2 lack the pronounced radical-like
behavior displayed by MnO*, namely the ability to perform
H-atom abstraction from neutrals such as H,, alkanes, and
benzene.? 2]

Although the effect of a varying x/y ratio in oxo manganese
cations, Mn,O,, cannot be predicted from the present results,
it may conceivably be exploited for tuning chemical reactivity.
The present results do in fact confirm the higher reactivity of
oxide cations of the late first-row transition metals relative to
the bare metal ions.

Experimental Section

Materials: All chemicals were research grade products obtained from
commercial sources and used as supplied. The gases used were purchased
from Matheson Gas Products Inc. with a stated purity exceeding
99.95 mol %.

Procedure: The FT-ICR experiments were performed with a Bruker
ApexTM47e spectrometer equipped with an external ion source, a
cylindrical infinity cell (6 cm length, 6 cm diameter), and two pulsed valves.
The cluster ions Mn,O,* (1) and Mn,O* (2) were generated from the
reaction of [Mn,(CO),]*, formed in the external ion source by chemical
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ionization of [Mn,(CO),(] in Ar, with O,, pulsed into the ICR cell up to the
peak pressure of about 1x 107> mbar, and this occurred plausibly by
stepwise oxidation. After a suitable pumping time, the reactant ion was
selected by a series of broad-band radiofrequency (rf) and single rf ejection
pulses, to avoid unplanned excitation, and allowed to react with inorganic
and organic substrates admitted into the ICR cell through leak valves at
stationary pressures of 10 to 107 mbar. The pressure readings, obtained
from the Bayard— Alpert ionization gauge, were calibrated by using the
rate constant k=1.1x10"%cm’s™! for the reference reaction CH,*+
CH, — CH;* + CHj3" and corrected utilizing individual response factors.*’]
In the reactions with H,"®O as the neutral reagent, one had to take into
account the unavoidable presence of background traces of water, H,'°O, in
the analyzer cell. Therefore, the actual H,'°O/H,'®O ratio was determined
by the reaction with CHs* ions to yield H;'°O* and H;"®O™ in relative
abundances that reflected the concentration of the neutrals.

The second-order rate constants (k.,) were derived from the pseudo-first-
order decay of the reactant ion intensity versus time and expressed as
percentages (efficiencies) of the collision rate constant (k) calculated by
the parametrized trajectory theory.’! In order to minimize interference by
consecutive reactions, branching ratios for parallel reactions were obtained
from the extrapolation of product ion intensities at initial times. The
observed rate constants and the product distributions did not show any
change by varying the number of thermalizing collisions of the reagent ion
with the pulsed O, gas. The reproducibility of k., was always good, while
the error of their absolute values, introduced mostly from the uncertainty in
the concentration of the neutral, was estimated as +30%. The elemental
composition of the product ions was checked by accurate mass analysis by
accumulating a series of 10—30 time domain signals to improve the S/N
ratio. The reaction sequences were confirmed by selecting each reagent ion
and checking its product ions.

CID experiments were performed on a desired ion by using kinetic
excitation by a resonant radio-frequency pulse of variable duration at
constant peak-to-peak voltage. During the following delay time, trapped
excited ions underwent collisions with the target gas (Ar) at a static
pressure of 3 x 1078 mbar.
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Synthesis, Characterization, and Bonding Properties of Polymeric Fullerides

AC,,-nNH; (A = Ca, Sr, Ba, Eu, Yb)

Ulrich Wedig, Holger Brumm, and Martin Jansen*[?!

Abstract: Reduction of C,, with alkaline earth and rare earth metals dissolved in
liquid ammonia results in metal fulleride solvates AC;,-nNH; (A =Ca, Sr, Ba, Eu,

YD) containing linear polymeric, anionic chains [C;*~]. The compounds were
characterised by means of Raman spectroscopy and single-crystal structure
determination. The accurate crystal structure of [Sr(NH;)s]C;o+3NHj;, determined
with atomic resolution, allowed for a comparison with results of quantum chemical

Keywords: ab initio calculations -
C, + polymeric fullerides - Raman
spectroscopy - structure elucidation

calculations. The nature of the C—C bonds in the fulleride is analysed in detail leading

to a model explaining the unexpected polymerisation of C;>~.

Introduction

After the discovery of the first polymeric fullerene phases
ACq, (A = alkali metal)l'l a large number of compounds with
covalently linked fullerenes has been synthesised especially
by photochemical® and pressure-induced reactions.’! In
particular the latter route has proved to be successful;
however, the connectivities achieved depend very much on
the reaction conditions. Due to their low tendency to
crystallise, the structures of these compounds have not been
determined accurately, up to now. Only for the dimers of Cy,
(Cip)¥ and Cyy (Cpq0),1%) as well as for one polymeric Cy
modification® have satisfactory characterisations been re-
ported. In these last two examples the cages are linked by
cyclobutane-like C, rings, which are usually formed through a
[2+2] cycloaddition across parallel double bonds of individual
fullerene molecules.

Cages linked by one single bond are present in the dimeric
(Cqp),> ionl and (CsN),®l as well as in the polymeric high-
pressure phases of Na,RbCg ") and Li;CsCg,.[""! Linking in two
dimensions through four single bonds is realised in Na,Cg,.["!
In an earlier paper we reported on the synthesis and
characterisation of a linear polymeric ![C,?>7] ion in
[Ba(NH;)o]Cyo+ 7NH; (1)1

A detailed chemical interpretation of the large variety of
experimental results obtained to date is restricted by the lack
of reliable structural information. Until now a complete
determination of the structures, based on the refinement of all

[a] Prof. Dr. M. Jansen, Dr. U. Wedig, Dipl.-Chem. H. Brumm
Max-Planck-Institut fiir Festkorperforschung
Heisenbergstrasse 1, 70569 Stuttgart (Germany)

Fax: (+49)711-689-1502
E-mail: m.jansen@fkf.mpg.de
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atomic positions without applying any geometrical constraints
has not been possible for any of the dimeric or polymeric
fulleride species. Thus the information available does not
offer a reliable basis for a detailed analysis of the structural
changes to the fullerene cages due to reduction and polymer-
isation.

In continuation of our work on reducing fullerenes with
alkaline earth or rare earth metals in liquid ammonia forming
compounds that contain linear polymeric ![C;?"] chains, we
were able to synthesise [Sr(NH;)g]C,y+3NH; (2). We have
analysed 2 by means of single-crystal X-ray structure analysis,
Raman spectroscopy and quantum chemical methods. As can
be seen from the Raman spectra, the related compounds
containing Ca, Eu and Yb also contain the linear fulleride
chains. The exact crystal structure analysis of 2 allows for the
comparison with theoretical investigations, both to test the
reliability of ab-initio methods to predict details of the
structure of fullerides and to analyse the local properties of
the various C—C bonds in the C;, cage. C,, can be described as
being built up from two caps that are comparable to one half
of Cy4, which are connected by a phenylene-type belt.['! In the
following discussion we refer to these structural elements
when we point to specific sites in the cage.

Results and Discussion

Structure: The fulleride cages in 2 are linked by C—C single
bonds between carbon atoms located in each of the two
opposing five-membered rings along the fivefold axis of the
neutral, undistorted C;, cage forming linear polymeric chains
+[Cy* ] (Figure 1). The length of the bridging bond is
1.575(3) A, indicating sp? hybridization of the bridging atoms.
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Figure 1. Molecular structure of the polymeric .![C;>"] ion. The bond length of each of the bridging C—C single bonds is 1.575(3) A. The smallest
intermolecular distance between the centres of mass of two fullerenes is 10.493 A.

Due to the one-dimensional linkage the point group A;=1.14(°)?) point to a librational motion around the axis of
symmetry of the C,, unit is lowered from D, for the the polymer. Since all carbon atoms are placed on a ellipsoidal
uncharged fullerene to C, (positional symmetry: C;; Figure 2). surface, shortening of the C—C bond lengths due to this
Within the limits of error, the variation of bond lengths does libration is within the size of the estimated standard devia-
not break this point group symmetry (Figure 3a). tions, that is, it is very small.

Within the chains, the angle defined by the centres of mass
of three successive fullerene cages is 153.2°. The chains are
arranged along [001] as a hexagonal close packing of rods
(Figure 4). The smallest separations between two centres of
mass are 10.493 A within one chain, and 10.023 A between
two neighbouring chains. The latter distance corresponds to
the van der Waals diameter of C;, and points to, at most,
van der Waals type intermolecular interactions.

Figure 2. Structure of a C;?~ monomeric unit viewed along the non-
crystallographic twofold rotation axis (anisotropic displacement ellipsoids
drawn at the 70 % probability level).

All non-hydrogen atoms of 2, including the carbon atoms of
the fullerene cage, could be refined by using anisotropic
displacement parameters without applying any geometrical or
non-crystallographical constraints. The rigid-body motion
analysis (TLS model)l'¥! of the fullerene fragment converges
to the reliability factors R, =0.073 and R,=0.071. The

mean square libration amplitudes (4, =5.22(°)?, 1, =1.35(°)?, Figure 4. Crystal structure of 2 viewed along the .[[Cy>"] chains.
a) b) c)
1
Lo

o

/
m—].407 > R(C-C) > 1.381 ——1.384 > R(C-C) =0.027 > AR > =0.034
—1.455 > R(C-C) > 1.408 —].423 > R{C-C) > 1.412 = -0,016 > AR > -0,025
1.469 > R(C-C) > 1.455 R(C=C) > 1.445 === 0. 01% > AR > -0.014
1.575 > R(c-C) > 1.518 0.023 > AR > 0.021
AR > 0,087

Figure 3. Schlegel diagrams showing the C—C bond lengths in A. a) .![C;,>"] (exptl), b) in Cy, (HF, SV) and c) the structural changes in [C;o(CH;),) ]~ relative
to Cy (HF, SV).
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The cationic substructure consists of strontium atoms,
coordinated by eight ammonia molecules forming a distorted,
dicapped trigonal prism (Figure 5) with Sr—N bond lengths in

Figure 5. Structure of the cationic unit (anisotropic displacement ellipsoids
drawn at the 70 % probability level). Strontium atoms are coordinated by
eight ammonia molecules forming a distorted, dicapped trigonal prism
(St—N bond lengths are 2.678(2)-2.827(2) A). Three of these eight
ammonia molecules act as donors to form weak hydrogen bonds to further
ammonia molecules of crystallisation.

the range of 2.678(2)-2.827(2) A. Three of these eight
ammonia molecules act as donors to form weak hydrogen
bonds to further ammonia molecules of crystallisation (Ta-
ble 1). The coordination of the alkaline earth metal cation in 2
is different from that in 1, in which nine ammonia molecules
form a tricapped trigonal prism around the barium atoms and
seven of them are coordinated to a further ammonia solvent
molecule. The higher amount of NH; in 1 is in agreement with
a higher volume of the unit cell (5315 A3 in 1 and 4592 A3
in 2).

Table 1. Hydrogen bonds in the cationic unit of [Sr(NH;)s]Cy,+3 NH;.

d(D-H)  dH-A)  dD--A)  XDHA

[A] [A] [A] [°]
N1-H12---N11  0.92(4) 2.28(4) 3.204(7) 178(2)
N2-H21---N9 0.90(4) 2.38(5) 3.270(6) 169(2)
N3-H32---N10  0.89(4) 2.654(5) 3.522(7) 164(3)

Hydrogen atoms exhibit the shortest intermolecular dis-
tances to the fulleride anions, as has also been observed in
another group of well-characterised ammonia-containing
fullerides, [M(NH;)]Cq-6NH; (M =Mn,Co,Ni,Zn,Cd)!
and [Ba(NHj;),]Cgo+ NH;.[' Thus, an interaction of the N—H
dipoles with the electron density of the fulleride surface can
be assumed.

The crystallographic data of 2 are given in Table 2.
Preliminary investigations of the system Ba/C,/NH; show
evidence for the existence of a monoclinic phase with a=
16.04 A, b=16.09 A, ¢=20.03 A, f=123.0°, isostructural to
2. On the other hand no orthorhombic phase isostructural to 1
has yet been observed in the system Sr/C,/NHj;.

Ab-initio calculations: To investigate the fulleride structure
by ab-initio methods, we have modelled the polymeric chain
by the monomeric dianions saturated at the bridging carbon
atoms by either hydrogen atoms [C,oH,]*~ or by methyl groups
[C;0(CH;),)]*~ without applying structural constraints in the

Chem. Eur. J. 2002, 8, No. 12
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Table 2. Crystallographic data for [Sr(NH;)s]Cyo -3 NH;.

crystal size [mm?] 0.5-0.2-0.1

space group P2,/c

pearson symbol mP460

a[A] 16.345(1)

b [A] 16.373(1)

c[A] 20.301(4)

AN 122.55(2)

v [A3] 4592(2)

V4 4

o [gem™3) 1.614

u [mm~!] 0.681

F(000) 2272

T [K] 93

26max [°] 44.0

index range —-21<h<21
—21<k<21
—25<1<25

reflections measured 80457

unique reflections 10944

parameters/restraints 871/0

absorption correction numerical

Ry 0.057

R, 0.038

WR, (all data) 0.097

AF,.JAF,, [e A~ 0.58/— 031

calculations. The bond lengths in the fully optimised struc-
tures of the two model compounds differ by only 0.001 A,
except for the single bonds to the substituted carbon atom for
which the difference is up to 0.004 A. In the further discussion
only the results for [C,(CHj;),)]*>~ are considered. To ensure
the validity of the theoretical results different methods
(Hartree—Fock as well as density functional theory with
either local (LDA) or gradient-corrected (GGA) functionals)
and various basis sets (minimal basis (STO-3G), split valence
basis (SV) and valence triple zeta including polarisation
functions (TZVP)) were applied. In Table 3, the respective

Table 3. Deviations (mean value (standard deviation) in A) of the C—C
bond lengths in [C,y(CH;),)]*~ from the experimental values for [C;?].

TZVP

—0.008 (0.009)
—0.007 (0.005)
0.012 (0.004)

Basis STO-3G SV

HF 0.003 (0.013)  0.002 (0.008)
DFT (LDA; S-VWN)  0.014 (0.004)  0.006 (0.005)
DFT (GGA; B-LYP)  0.039 (0.005)  0.025 (0.004)

mean errors and their standard deviations of all C—C bonds in
the carbon cage relative to the corresponding experimental
values for 2 are given. The bond lengths obtained with the
gradient-corrected functional are too large, especially with
small basis sets. Concerning the other methods, the mean
error is 0.01 A and smaller. The slightly larger standard
deviation of the bond length errors at the Hartree — Fock level
is due to an overestimation of the bond alternation. Short
C—C bonds are slightly too short and long bonds are too long.

Except for DFT with both the gradient-corrected functional
and a small basis set, the large variations of the C—C bond
lengths in C;, units in 2 ranging from 139A to 1.54 A
(Figure 3a) are very well reproduced by the ab-initio calcu-
lations, and thus also the structural changes of C,, due to
reduction and polymerisation (Figure 3b and c).
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The bonds to the bridging carbon atoms connected to the
adjacent C;, cages in the polymer and to the methyl groups in
the model compound are strongly elongated. These bridging
atoms can be described as sp’-hybridised carbon atoms.
Further considerable distortions can be observed only in the
vicinity of the sp? centers. The six-membered rings forming a
phenylene-type belt around the C,, cages are nearly unaf-
fected.

The structural features are generally in agreement with the
results of the analysis of the electron localisation function
(ELF).'7 The domains of the ELF exhibit a characteristic
shape depending on the bonding character in [C,o(CH;),)]*~
(Figure 6). The topological analysis of the ELF and the
integration of the electron density within the basins of the
resulting ELF attractors!'® makes it possible to clearly
distinguish the various bonding types in the carbon cage.
Within the basins of the six-membered rings in the equator of
the cage (view 4 in Figure 6), the integrated electron numbers
(HF, SV basis set) vary from 2.46 to 3.04. These bonds are
chemically similar to aromatic ones. The corresponding
number is 2.83 in benzene.")

In the caps of the cage, the bonding is comparable to
conjugated hydrocarbons. In the region displayed in view 3 in
Figure 6 we obtain 3.29 and 3.38 electrons in the basins of the
short bonds (1.38 A) and 2.34 electrons in the basin of the
longer bond (1.45 A). The related numbers in frans-butadiene
are 2.17 for the central and 3.56 for the terminal bonds.'] In
contrast to trans-butadiene one only finds one disynaptic
attractor in the short C—C bonds, due to the nonplanarity of
the system. At a closer look, the bonding situation is far more
complicated, especially around atoms with small angular sums
(~345°) such as the atoms coloured in green (view 2 in
Figure 6). At these atoms monosynaptic attractors appear
outside the cage whose basins carry up to 0.8 electrons leading
to a reduction of the electron numbers in the adjacent bonds.

The basins of bonds including the bridging atoms contain
less than two electrons, that is, these are attributed to single
bonds (view 1 in Figure 6). The sp® character of the bridging
atoms leads to monosynaptic attractors with electron numbers
of 1.0 at one of the neighbouring atoms (coloured blue in
view 1 of Figure 6), although these atoms have a rather large
angular sum (351.9°). These atoms seem to be the preferred
reaction sites for an additional bond to the neighbouring
monomer to form the four-membered rings that are observed
in the neutral polymeric C;, obtained under pressure.?!

The double negative charge is distributed over the whole
cage. The insufficient accuracy and the basis-set dependence
of the various population analysis methods does not allow us
to definitely assign charges to the single atoms. Only at the
“blue atoms” described above, a slight accumulation of
negative charge can be observed clearly. A trend to a small
negative partial charge on atoms with small angular sums
appears to be present but is not significant.

At the HF STO-3G level the monomeric C,>~ ion is
significantly less stable than our model system for the
polymer. Local minima are more than 5 €V higher in energy
than those of [C,)H,]>~ corrected for the energy of 2H. From
these calculations no firm conclusion can be drawn about the
relative stability of the different spin states (closed-shell
singlet versus triplet), since the energy difference is in the
range of a few kImol~! and of opposite sign in HF and DFT.
Compared to the neutral C;, the structure of the dianion is
strongly distorted in the six-membered rings in the phenylene-
type belt of the cage. In the polymer the gain of energy goes
along with the removal of these distortions.

Raman spectra: The Raman spectra of polycrystalline AC,,-
nNH; (A =Ca, Eu, Yb), 1 and 2 exhibit characteristic bands
of C, (Figure 7). Due to symmetry reduction additional
resonances appear.

28,
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Figure 6. Domains of the electron localisation function (ELF = 0.8) of [C,(CH;),)]*~ (HF, SV). The diagram on the right side shows the integrated electron

densities within the basins of the disynaptic attractors.
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Figure 7. Room-temperature Raman spectra of AC;,-nNH; (A = Ca, Sr,
Ba, Eu, Yb) and pristine Cy,.

The most striking feature of the Raman spectra is the
appearance of an additional band at ¥ =945 cm~!, comparable
to those observed in the spectra of linked fullerenes.!'® 3 5 6,201
In most cases these are not discussed in detail. To the best of
our knowledge, these resonances correspond to skeletal
v,(C—C) of the sp?® carbon atoms.

Conclusion

We present a new way to synthesise fulleride compounds of
ammonia coordinated divalent alkaline earth and rare earth
metals which contain linear polymeric, anionic chains
J[Cy*7]. The fulleride substructure is the same for all the
cations under investigation as was shown by Raman spectros-
copy. The reduced mobility of C,, cages in the crystal, caused
by the covalent linking, makes it possible to determine
precisely the individual positions of the carbon atoms in the
cage by single-crystal X-ray structure analysis. This has been
shown for the Sr compound. Hartree—Fock and density
functional calculations, except those in which a gradient-
corrected functional combined with a small basis set is used,
reproduce very well the structural features measured exper-
imentally. As confirmed by the analysis of the electron
localisation function the structure includes a large variety of
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C—C bonding types, ranging from single bonds at the bridging
atoms, conjugated double bonds in the caps of the C,, cage
and bonds in the phenylene-type ring that are comparable to
those of aromatic compounds. The stability of this ring, going
along with the preservation of its aromaticity, is decisive for
the observed reaction behaviour and for the tendency of
forming polymeric anions. Chemical reactions at C;, happen
at specific sites, leading to rather localised distortions of the
structure of the cage. Since they cannot be explained
considering only symmetry and topology, theoretical inves-
tigations implying structural or symmetry constraints should
be rated cautiously.

Experimental Section

Stoichiometric amounts of metal (Ca, Sr, Ba, Eu or Yb) and C,, were
placed in an ampoule (d =8 mm), fused onto the base of an oven-dried
Schlenk vessel, keeping inert gas conditions. The Schlenk vessel was
subsequently evacuated and filled with ammonia by condensation. The
reaction mixture was frozen with liquid nitrogen and the glass ampoule was
sealed. After three weeks at —33°C, the ampoule was slowly heated to
room temperature and then stored for several months. During this period,
the solution which was initially blue changed to red-brown. Usually
polycrystalline solids were formed, while in one case (Sr) shiny black single
crystals were obtained.

Crystal structure determination: An ampoule containing single crystals was
refrozen with liquid nitrogen, and opened and thawed under inert gas
conditions. Liquid and crystals were transferred into degassed and cooled
perfluoropolyether oil (Galden HT230). A crystal suitable for single-crystal
X-ray analysis was removed from the oil with a glass capillary attached to a
preadjusted goniometer head. The crystal was immediately cooled with
liquid nitrogen and placed on the diffractometer.

The data were collected on a STOE IPDS diffractometer at 93 K with Agy,,
radiation (1 =0.56086 A). The structure was solved by direct methods
(SHELXS-97).12I The positions of the carbon and hydrogen atoms were
located using difference Fourier maps (SHELXL-97).1?2l All non-hydrogen
atoms were refined anisotropically and H atoms isotropically without any
constraints.

CCDC-166142 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-
033; or deposit@ccdc.cam.ac.uk).

Computational studies: Hartree -Fock and DFT calculations were per-
formed with three different basis sets: a minimal basis set (STO-3G?l), a
split valence basis set (SV?*) and a triple valence zeta basis set including
polarisation functions (TZVP?!). We used either the Gaussian 98 program
packagel®! or TuRBOMOLE," the latter especially for the calculations with
large basis sets or for RI-DFT.”®) The DFT calculations were performed in
the local density approximation (S-VWN: exchange: Slater p*?; correla-
tion: Vosko, Wilk, Nusair,! recommended functional-VWNS5 in Gaussian
notation) or with a gradient-corrected functional (B-LYP: exchange:
Becke;?! correlation: Lee, Yang, Parr!). In the structure optimisations
with TURBOMOLE the convergence criteria were set to 10-® Hartree for the
energy and to 10~° Hartree/Bohr for the norm of the cartesian gradient. At
the HF-SV-level the force constant matrix and the vibrational frequencies
were computed. No negative eigenvalues were found, indicating the
convergence to a local minimum of the energy hypersurface. Based on the
HF-SV wavefunction the electron density and the electron localisation
function were analysed topologically!'® 32 with the ToPMoD program
package.[l Besides this, various other population analysis methods were
used.

Raman spectroscopy: Raman measurements were performed with a
microscope laser Raman system (Jobin-Yvon, LabRAM) with an He-Ne
laser (632.8 nm) for excitation. The spectra were recorded with a laser
power of 4 mW at a resolution of 4 cm™! and corrected for luminescence
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background. The laser was focused on a sample through the glass wall of
the pressure ampoule. In all cases the polycrystalline solids, and for the
strontium compound the crystals, were studied. Because of technical
limitations of the Raman spectrometer it has up to now not been possible to
look for low-frequency Raman modes, which are predicted for intercage
vibrational modes.
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Host — Guest Chemistry of the Chromium-Wheel Complex [CriFg(¢1BuCO,)4]:
Prediction of Inclusion Capabilities by Using an Electrostatic Potential
Distribution Determined by Modeling Synchrotron X-ray Structure Factors at

16 K

Jacob Overgaard,'”! Bo B. Iversen,*?! Sergiu P. Palii,’™ <! Grigore A. Timco,"!
Nicolae V. Gerbeleu,” and Finn K. Larsen*?!

Abstract: The structure and detailed
electron density distribution (EDD) of
the large octanuclear chromium-wheel
host complex [CrgFg(1BuCO,),4] (1) has
been determined from synchrotron
X-ray structure factors collected at
16(5) K. The complex has a central
cavity with a minimum entry distance
between carbon atoms of the pivalate
methyl groups (pivalic acid = fBuCO,H)
of 4.027(4) A on one side of the mole-
cule and 7273(4) A on the other. The
screened side of the molecule can be
“opened” by rotation of methyl groups
to create a strained host structure, which
is compensated for by improved host—

factors. 3d orbital populations on the
Cr atoms and topological analysis of the
EDD show that the covalent part of the
metal-ligand interactions  consists
mainly of o donation from the ligands,
but that overall the interactions are
predominantly electrostatic. The elec-
trostatic potential (EP) has been calcu-
lated from the experimental EDD.
Knowledge of the geometry of the
naked complex 1 as well as the EP in
the central cavity of this molecule allows
us to deduce which characteristic prop-
erties guest molecules must have to be

Keywords: charge density - chromi-

accepted into the void. To probe these
predictions, a series of complexes of 1
with different guest inclusions were
synthesized (2=1 + N,N'-dimethylform-
amide (DMF), 3=1 + N,N'-dimethyl-
acetamide (DMA), 4=1 + DMA +
DMF, 5=1 + 2CH;CN), and their
structures were examined by using
X-ray diffraction data measured at
120(1) K. Results of these studies indi-
cate that in the crystalline state, the
optimal guest molecule should be linear
and possess a permanent dipole. At-
tempts to crystallize the host complex
with cations incorporated into the cavity
were fruitless, although -electrospray

guest and host—solvent interaction. The
EDD of the 272-atom complex (1144 e~)
was determined by multipole modeling
based on the experimental structure

guest systems
chemistry
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ionization mass spectrometry showed
that a [1 + potassium]* entity pre-exists
in solution and can be transferred intact
into the gas phase.

supramolecular

Introduction

Host — guest chemistry has been an active area of research for
many years. The first host molecule was identified more than a
century ago by Villiers,!'!l who discovered what later was to be
known as a-cyclodextrin (a-CD). This discovery was the
beginning of a search for industrially applicable CDs—a
search that has recently been covered in a review by Szejtli.!
The exploding interest in CDs and the discovery of the crown
ethersPl in 1967 resulted in the subsequent discovery of other
types of compounds capable of forming supramolecular
species such as cryptands,*! cavitands,? carcerands,!®! calixar-
enes,! cyclophanes,®! and many others”’ with properties
similar to the CDs.' So far the vast majority of inclusion
compounds have involved macrocyclic organic hosts,!!]
whereas the discovery of new inorganic compounds displaying
host-molecule properties is more recent.'?l In contrast to the
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very organized and well-understood aqueous organic supra-
molecular chemistry, continuing studies of inorganic host—
guest chemistry are still somewhat random. The properties
displayed by the host molecule (organic or inorganic) at the
binding site(s) for the guest molecules are controlled by the
accessibility and the shape and size of the cavity, as well as its
electrostatic environment. Determination of the geometry of
the host structure has so far been obtained from X-ray
crystallographic investigations,'”! whereas the (electrostatic)
interactions between host and guest molecules have been
estimated mainly from speculations based on the known
polarity of involved functional groups or from theoretical
calculations.'®] Herein we attempt to use the electrostatic
potential (EP) of the undistorted (naked), ring-shaped host
molecule [CrgFg(fBuCO,),4] (Figure 1) to predict properties
conducive for acceptance of guest molecules. The EP is
estimated from multipole modeling of extensive very low
temperature synchrotron X-ray diffraction data. The predic-
tions are tested through synthesis and structural analysis of a
series of inclusion complexes with 1 acting as host (2=1 +
N,N'-dimethylformamide (DMF), 3=1 + N,N'-dimethylace-
tamide (DMA), 4=1 + DMA + DMF, 5=1 + 2CH,CN).
Crystallographic data for the compounds investigated are
summarized in Table 1. The [CrgFg(fBuCO,),s] molecule was
first reported by Gerbeleu et al.'¥l The magnetic anisotropy of
this antiferromagnetic ring molecule was recently examined
by van Slageren et al.,[® who determined it to have the
exchange parameter J =12 cm~'. The hydroxo analogue of the
molecule with phenylacetate bridges [Crg(OH)g(O,CPh)4]

Table 1. Crystallographic and refinement details of 1-5.

Figure 1. ORTEP drawing of 1 viewed along the normal to the chromium-
wheel molecular plane. Ellipsoids truncated at 50% probability level.
Positions of all Cr and F atoms of the [CrgFsPiv,¢] molecule are indicated as
are C and O atoms of one of the sixteen coordinating pivalate groups.

has been synthesized and reported by Atkinson et al.'®l Tts
susceptibility data could also be modeled with one exchange
parameter, J =12 cm™L. Eshel et al.l% have synthesized a Cry
ring molecule with Cr atoms bridged by hydroxo and acetato
ligands [Crg(OH),,(OAc);,] and have examined its magnetic
properties. Currently there is much interest in designing high-

1 2 3 4 5

formula: host CrgFyCyyO3H 4y 1 1 1 1
guest inclusion none [C;H,NO] [C,HoNO] [C;H;NO] - [C,HNO] 2[CH;N]
solvent of crystallization none none [C,;HNO] 4[C,H,,0] [C4HO]
space group C2/c C2/e Cc P2/c P4
a[A] 44.797(9) 45.189(5) 13.582(1) 16.241(2) 19.917(2)
b [A] 16.468(2) 16.524(2) 29.690(1) 29.671(4) 19.917(2)
c[A] 34.791(8) 34.703(4) 30.681(1) 29.921(4) 16.048(2)
a[°] 90.00 90 90 90 90
BI°] 115.125(2) 114.02(1) 100.71(1) 95.37(1) 90
v [°] 90.00 90 90 90 90
v [A% 23327(9) 23669(7) 12156(1) 14355(5) 6366(2)
V4 8 8 4 4 2
T [K] 16(5) 120(1) 120(1) 120(1) 120(1)
Crystal size [mm?] 0.1x0.1x0.1 04x03x0.2 0.3x0.3x0.15 0.4x025%0.2 0.4 x 0.4 x0.15
Peatea [gem ™3] 1.250 1.238 1.287 1.024 1.203
« [mm~1] 0.80 0.78 0.77 0.64 0.73
2 [A] 0.643 0.7107 0.7107 0.7107 0.7107
NineassNunique 165624, 37733 139865, 35735 123157, 40484 132176, 35555 39756, 14887
(SIn(O)/A)max [A7] 0.912 0.75 0.75 0.74 0.70
Rg; Rye 0.039; 0.037
Rp(F>40) 0.071 0.051 0.086 0.097
Ry 0.073 0.188 0.137 0.216 0.275
N,/N, 27440/1183 10614/980 26012/1030 21159/1133 14882/402
S 0.951 0.70 0.97 1.02 1.07
weighting [*(FII [0*(F3) + [0*(F3) + [0*(F3) + [0*(F3) +
scheme (0.078 P)> + (0.087 P)*]! (0.072P)*+ (0.116 P)* +

167.21 P]™! 74.96 P]~! 30.52P]!
VPH (=V/Z), A? 2916 2959 3039 3589 3183
composition of 1, C,(H,,Br 1, DMF, K*, PF,, 1, DMA, NH,*, PF,~ 1, DMA, DMF, 1, CH;CN, THF,
mother liquor BuOH BuOH KO,CC(CHj;);
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spin cluster molecules with the aim of synthesizing single-
molecule magnets, materials that may be used for storage and
quantum computing. Crg ring molecules being antiferromag-
netic even-membered rings are characterized by an S=0
ground state and thus have no direct potential for use as
single-molecule magnets. However, they are molecules that
can be used as a starting point for further molecular engineering.

Results and Discussion

Structural details: The large number of identical bonds in a
“chromium-wheel” molecule may be used to make a statis-
tical evaluation of the molecular geometry. Selected bond
lengths, averaged over similar bond lengths in 1-35, are listed
in Table 2. Typical standard uncertainties, as calculated from
the covariance matrix of the least squares analysis for bond
lengths in the individual complexes are 0.002 A. This is lower

Table 2. Averaged bond lengths [A] for 1-5.

1 2 3 4 5
<Cr-F>  1916(6)  1917(9)  1917(8)  1.914(6) 1.924(5)
<Cr-O>  1.960(6)  1.955(11) 1.948(8)  1.959(9)  1.960(7)
<C-C'>  1521(5) 15239 1.5258) 1.527(8) 1.533(18)
<C-O>  1259(6)  1259(10) 1.260(8)  1.262(6) 1.259(15)
<C—CP>  1530(10) 1.518(8)  1.523(10) 1.528(5) 1.510(30)

than the standard uncertainties of the averaged bond lengths
calculated from the variance of the populations. This shows
that the differences among bonds of a given type are
significant. These differences are currently being analyzed
and they may be important in terms of fine structural
correlation features, but such analysis is beyond the scope of
the present study. The average Cr—Ogypoxyae bOnd length
(<dero>) of 1.960(6) A appears shorter than the average
value reported for a chromium-wheel,[') in which all fluorine
atoms and every fourth carboxylate group have been replaced
with hydroxo groups (< d¢, o >=1.995(21) A). No distinction
can be made in 1 between the bond distances of the Cr—O
bonds trans or cis to the Cr—F bonds. The observed <d,.c >
in 1 is closer to the values found in two more related
compounds having values of 1.968(19)116?] and 1.947(8) Al
The former is an octanuclear Cr wheel with hydroxo instead
of fluorine bridges, the latter value is for a structure, where 1
acts as a host molecule with acetone inclusion. In 2-5, all
bond lengths for the host molecule strongly resemble the
value obtained for the empty host (1) (Table 2). The average
C—O distance of 1.259(6) A corresponds to the C—O bond
length in a completely delocalized carboxylate group (d¢o =
1.254(10) A).7) The small spread of the values furthermore
illustrates that this applies to all pivalate groups. The Cr—Cr
distances in 1 are on average 3.34(14) A, which is at the high
end of the range of Cr—Cr separations found in a database
search of multinuclear fluorine-bridged Cr compounds.'®!
This indicates that limited Cr''—Cr!! interaction is present in 1.

The structural features of the molecular host cavity and its
accessibility can be specified by the smallest internuclear

Chem. Eur. J. 2002, 8, No. 12
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distance between atoms on opposite sides of the ring (Fig-
ure 1). In the center, the cavity size is controlled by distances
between opposite fluorine atoms; the smallest distance
between two opposite atoms is 6.470(3) A (F3—F7). The size
of the entrance to the cavity is determined by the orientation
of the Me groups. On one side of the molecule, the shortest
distance between carbon atoms of opposite Me groups in 1 is
4.027(4) A (C13—C60), on the other side it is 7273(4) A
(C25—C69). This means that the entrance to the cavity is
essentially blocked on one side, whereas the other side is open
to acceptance of small molecules.

This asymmetric orientation of Me groups on opposite sides
of the Crg ring is maintained in 2, where the included DMF
molecule is positioned slightly above the center of the cavity
(Figure 2). Only a slight twist of the host molecule has

Figure 2. ORTEP drawing showing the position of DMF inside the cavity
of the chromium wheel in the complex 2. The chromium-wheel molecular
plane is viewed side-on and the Bu parts of the sixteen coordinating
pivalate groups have been omitted from the drawing to expose better the
position of the guest molecule.

decreased the closest distance between Me groups on the
“closed” side to 3.95 A and increased the closest distance on
the “open” side to 7.45 A. The DMF molecule is positioned
such that the N—Me bond trans to the C=0O bond is buried
within the cavity of the host molecule. The C=0O bond in DMF
is parallel to the (noncrystallographic) rotation axis of the Cr
wheel and points out of the host. The Me group closest to the
center is displaced only 0.67 A above the Cr; plane, and only
0.16 A above the plane spanned by the four F atoms closest to
DMF. This means that the DMF is exploiting the stabilization
energy afforded by the nucleophilic cavity.

In 3, one molecule of DMA is incorporated partly into the
cavity of the host molecule (Figure 3), and another DMA
molecule is solvating the crystal structure. The solvation
affects the packing arrangement (see below). The larger size
of DMA compared with DMF prevents it from moving as
deeply into the host. Furthermore, the extra Me group in
DMA relative to DMF causes DMA to be differently oriented
than DMF. The N—C(sp?) bond in DMA is almost colinear
with the rotation axis of the host, placing the N(Me), end
towards the center of the cavity. The innermost Me group in
DMA is 2.46 A above the Crg plane, much further out than for
DMEF (0.67 A in 2). As for DMF in 2, the inclusion of DMA in
3 has a very limited effect on the host molecule. On the
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Figure 3. ORTEP drawing showing the position of DMA inside the cavity
of the chromium wheel in the complex 3 presented similarly as for complex
2 in Figure 2.

“closed” side of the ring, the closest Me groups have C atoms
separated by 4.12 A, slightly more than for 1, whereas on the
“open” side the smallest separation has increased to 7.90 A.

Surprisingly, 4 exhibits guest molecules both above (DMA)
and below (DMF) the center of the host (Figure 4). The

09 C3A

Figure 4. ORTEP drawing showing the position of DMF and DMA inside
the cavity of the chromium wheel in the complex 4 presented similarly as
for complex 2 in Figure 2.

methyl group of DMA closest to the host molecule center is
placed 2.83 A above the Crg-plane on the open side and the
methyl group of DMF is 1.03 A below this plane on the closed
side. To accomodate both these molecules, the host molecule
is altered significantly. The closed side has been opened to
achieve a smallest cross-opening CF—CF separation of
6.965(5) A—an increase of almost 3.0 A compared to that in
1. This cannot be accomplished exclusively by the rotation of
Me groups, and must be accompanied by an increased strain in
the ring. The C*—C¢ distances are well-suited to quantify the
internal molecular strain of the host molecule as they are
independent of the orientations of the Me groups. Examina-
tion of C*—C* distances (Table 3) shows that the inclusion of
either DMF or DMA (2 or 3) through the open side only
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Table 3. Cross-opening distances [A] that determine the entrance sizes to
the cavity. Owing to the crystallographic fourfold axis the maximum and
minimum distances are identical for compound 5.

Bonds 1 2 3 4 S5A 5B

open side
d(C—CYpin 9.413(4)  9.182(5) 9.198(5) 9.126(5) 9.183(6) 9.063(7)
d(C—Cpax 9:519(4) 10.343(4) 10.437(5) 10.354(5)

d(CP—CP)pin 7.274(4)  7.458(5) 7.982(5) 7.793(5) 7.242(6) 7.341(7)
d(CP—CP)ax 7.524(4)  8.773(5) 9.463(5) 9.342(5)

closed side

d(C—C)pin  7.028(4)  6.932(5) 6.941(5) 8.907(5) 9.061(6) 8.238(6)
d(C—CYpmax 9217(4)  9.366(5)  9.785(5) 10.483(5)

d(CP—CP)n 4.023(4)  3.971(5) 4.207(4) 6.965(5) 7.204(6) 5.646(7)
d(CP—CP)ax 7.033(4)  7.037(5)  7.332(5)  9.092(5)

affects the host molecule very little and mainly by rotation of
Me groups with a concomitant increase in CA/—C’ separations.
Inclusion on both sides (4) of the host leads to a large increase
in C*—C« distance (from 7 to 8.9 A) on the originally closed
side, and the entrances in 4 have become very similar, which
implies that the host has been significantly twisted. Crystals of
complex 4 contains four tBuOH molecules of crystallization in
the structure. One of these solvent molecules forms a rather
short hydrogen bond with the DMA guest molecule (dg-o =
2.64 A), while no significant hydrogen bonds are formed
between the solvent and the host molecule or DMF, showing
that the effect of solvation on the opening of the closed side
for inclusion is indirect.

Compound 5 is significantly different from the previous
complexes. There are two crystallographically independent
host molecules in 5 (A and B), which exhibit slightly different
orientation of Me groups (Table 3). The aromatic solvent
molecules (THF) are positioned exactly between the host
molecules and are disordered. Acetonitrile molecules have
entered the cavity from both sides (Figure 5). The guest
molecules have deeply entered the cavity, with the Me end
closest to the center. The methyl carbon atom closest to the
center, C99, is only 0.56 A above the Crg plane.

Packing patterns: Figure 6 shows packing diagrams for
compounds 1-5. Only one packing plot for 1 and 2 is shown
in Figure 6, since they crystallize in identical patterns. Com-
pounds 1-4 exhibit quite similar packing patterns, which are
reminiscent of honeycomb-packed stacks of tilted host
molecules. The main difference between 1-4 is the inclination
angle between adjacent Crg rings (1 and 2, 33.8°; 3, 14.4°; 4,
89.2°). In 4, the large amount of solvent has significantly
increased the unit cell volume and the relative orientations of
the Crg rings, but the basic packing of the hosts remains
unchanged. The packing in the tetragonal space group (5) is
fundamentally different from 1-4. Every Crg ring is sur-
rounded by four Cry rings, each of the latter are parallel to and
in the same plane as the first Crg ring. Judging from the cell
volume this packing seems to be as tight as for 1-4. It is
interesting to note that complete inclusion of a guest molecule
(such as in 2) has very little effect on the outer envelope of the
molecule. This is seen by the fact that compounds 1 and 2 have
virtually identical crystal packing and cell volume, that is, the
electrostatic envelope of the molecule is unaffected by its
interior.
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N83

Figure 5. ORTEP drawing showing the position of CH;CN inside the cavity of the chromium wheel in the

complex 5 presented similarly as for complex 2 in Figure 2.

c)

The electron density in com-
pound 1: The refined values of
the monopoles can be used to
estimate atomic charges. The
average charge for Cr is
+0.55(5) e, much below the
nominal charge of +3, reflect-
ing the significant electron don-
ation from the ligands. Low
metal atomic charges have also
been observed in other electron
density studies of Cr com-
plexes.'! For F and O, the net
average atomic charges are
—0.53(4) and —0.36(3), respec-
tively. Both C and C* atoms are
negatively charged due to the
electron-withdrawing oxygen
atoms (=0.25(5) e and
—0.22(4) e, respectively). The

=%
s

Figure 6. Packing diagrams for a) 1, b) 3, c¢) 4, and d) 5. For clarity only Cr and F atoms of the chromium wheels are shown.
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Me groups carry an average net positive charge of +0.39(1) e.
Similar charge distributions in pivalate groups have been
observed in other studies.?

Figure 7 depicts two model deformation density (DD)
maps. The lone pair regions near the ligands in the Cr—O
bonds and in the Cr—F bonds are very significant. Excess

Figure 7. Deformation density maps of Cr—F and Cr—O bonds represented
by a)the Cr(1)-F(1)-Cr(2) plane, and b)the F(1)-O(18)-Cr(1)-O(12)-
O(82) plane. Solid lines are positive contours, negative contours are
dashed. Zero contour is omitted.

density in the bonding directions is expected if the modeling
of the EDD has been successful. The DD around Cr is almost
completely spherical, with only one negative contour in the
bonding directions breaking significantly the spherical sym-
metry. The model bonding density can also be visualized by
plotting the Laplacian of the density in the same planes
(Figure 8). The positive peaks correspond to charge concen-
tration (bonding density), and the negative peaks to charge
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Figure 8. Laplacian plots of the planes shown in Figure 7. Contours at 2, 4,
and 8 x 10", n=-3,-2,—-1,0,1,2.

depletion. These plots confirm the lone pair features on the
ligands to Cr and the lack of asphericity on Cr.

We have performed a topological analysis of the total static
electron density within the framework of the “quantum
theory of atoms in molecules”.?!l Table 4 lists average values
of topological properties like the density (o,) and the Lap-
lacian (V?p,) at the bond critical points (bcp). The esds
(sample standard deviations) for the topological properties to
some extent reflect the slight differences in bond lengths
among similar bonds. It is illustrative to examine in more
detail the Cr-ligand interactions. The energy densities at the
bep can be calculated for closed-shell interactions using the
semiempirical formula given by Abramov.[?l Average values
for these properties are given in Table 4. The kinetic (G) and
potential (V) energy densities cancel almost exactly in both
Cr—F and Cr—O bcp, such that the total energy density (H) is
close to zero. The value of G(ry,)/0, is about 1.80, showing
that these bonds are closed-shell interactions.?’! Thus, the
Cr—O and Cr—F bonds are similar in character, which explains
why there is no observable trans effect.
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Table 4. Mean values of the topological indicators and the energy densities
of 1.

Bond p, V204 \% H Glp

[eA3] [eA] [hartree A-3] [hartree A-3] [hartree e ']
Cr-F  062(2) 163(5) -1.10(4) 0.02(2) 1.81(4)
Cr-0 058(3)  152(9) -1.01(5) 0.03(5) 1.78(10)

C-0 2953) -472(12) - - _
C—CF 1.68(1) —126(3) - - _

Table 5. d-orbital populations. Values for two compounds from refer-
ence [24] are also given.

Orbital 1 Cr(CN)s* Cr(CO),

d? 0.91(5)

ey 0.71(5)

e, 1.62(5) (29.7%) 1.62(5) (30.8%) 1.37(5) (292%)
dy 1.51(5)

d, 1.00(5)

d, 1.32(5)

t, 3.83(5) (70.3%) 3.64(5) (69.2%) 3.32(5) (70.8%)
total 5.45(5) 5.26(5) 4.69(5)

Table 5 lists the extracted d-orbital populations®? for Cr.
For comparison, the values for two other octahedral Cr
complexes?! are also shown. The destabilizing e, orbitals
accept almost the same number of electrons from the o-
donating ligands, whereas the population in the t,, orbitals
reflect the m-accepting ability of the ligands. In this respect,
CO and CN- are superior to F~ and the O-atom of a
carboxylate group.

Electrostatic potential in compound 1: The electrostatic
potential in the host molecule in the crystal environment
has been derived from the refined multipole parameters
according to the method of Su and Coppens.”! Figure 9

Figure 9. Isosurface plot of the electrostatic potential in 1. Surface at
—0.54 ¢ A" (red) and +0.3 e A~ (yellow).

illustrates the three-dimensional features of the EP in 1 using
negative (red) and positive (yellow) isosurfaces. In Figure 9 it
is seen that the isosurface outlined at the value of the EP in
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the center of the cavity has a funnel-shaped form. The view in
Figure 9 is from the “open” side of 1, but the shape is similar
when viewed from the other side. There is a three-dimensional
saddle point in the EP located at the molecular center with a
minimum along the axis perpendicular to the Crg plane and a
maximum within this plane. The local character of the positive
isosurfaces shows that the electrophilic regions are closely
confined to the Me groups on the outside of the molecule. The
negative region of the EP hardly protrudes out of the cavity
entrance on the “open” side (Figure 10a). It extends from the
sides of the molecule in regions between the axial and the
equatorial pivalate ligands. The negative EP is almost exactly
symmetrical with respect to the Crg plane, Figure 10a. The
first negative contour shown (—0.1 e A-!) extends outside the
“open” side, whereas this contour is within the molecule on
the opposite side. In the molecular cavity, the negative
potential reaches a local minimum along the molecular axis
at the center with a value of —1.24 ¢ A~L. The central potential
is quite flat and Figure 10b shows that the area of negative
potential within 5% of the center value (—1.24 e A~!) spans a
circular area with a radius of more than 2 A.

Influence of the EP on host—guest chemistry: The detailed
nature of the EP in host 1, described in the previous section,
affords a qualitative explanation of the observed differences
in the structures 2—5. Furthermore, the knowledge of the EP
allows us to predict the features required by different guest
molecules to be incorporated inside 1. From the EP it is clear
that guest molecules have to be oriented quite specifically for
inclusion to occur, since positive guest entities will be repelled
by the outer molecular envelope, before they attain stabiliza-
tion in the center. Thus, there must be a considerable barrier
for inclusion. The weakness of the inclusion capabilities may
be used for selectivity because only a limited number of small
molecules can be bound in the crystal. An extended linear
molecule with a permanent dipole will be able to stabilize
both ends of the molecule by being placed asymmetrically
with the positive end inside the cavity and the negative end
outside the cavity. It is not favorable to place a permanent
dipole totally inside the host (that is, symmetric inclusion
across the molecular center). From the EP we therefore
predict that neutral molecules will be bound only weakly,
whereas one-dimensional molecules (chains) having a perma-
nent dipole moment can be stabilized asymmetrically. Small
positive cations can be stabilized in the molecular cavity but,
as will be shown below, crystallization of such host—guest
complexes have not been possible, and they only appear in the
liquid and the gas phase. Negative ions may be able to
associate with the outer envelope of the molecule.

The inclusion of DMF is expected to be favorable, as it
exhibits two oppositely polarized ends. In one end, two Me
groups are bonded to a more electronegative nitrogen,
creating two electrophilic Me groups. In the other end, the
oxygen is highly nucleophilic. Thus, the N(Me),-end will
supposedly be closest to the nucleophilic maximum in the
center of the host. To minimize repulsion between the
nucleophilic oxygen and the nucleophilic cavity, the C=O
bond is parallel to the molecular axis. Thus, the trans N—C
bond is along the same axis, thereby increasing the steric
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a)

Figure 10. Contour plots of the electrostatic potential in 1. Contour interval of 0.1 ¢ A~!. Negative contours
dashed. Positive contours solid. Zero contour omitted. a) The perpendicular plane through Cr(4) and C(8). b) The
molecular plane through Cr(1), Cr(3), and Cr(4).

hindrance from the cis-Me
group, which points towards
the host. Nevertheless, it seems
favorable to align the C=0O
bond along the molecular axis,
showing the importance of the
electrostatic contribution to the
interaction energy.

Inclusion of the larger DMA
into 1 is also favorable for the
same reasons as DMF, although
the larger size of DMA decreas-
es the stabilizing effect of in-
clusion due to steric hindrance.
The substitution of a Me for a H
on the carbonyl carbon creates
a larger molecule, which neces-
sitates a rotation of DMA
(compared to DMF) in order
to better accomodate this extra
Me group. The requirement of
more space prevents DMA
from being as deeply buried
into the host molecule, which
is reflected in the shortest dis-
tance from DMA to the plane
spanned by the eight Cr atoms,
having increased from 0.67 (in
2) to 2.46 A (in 3).

As mentioned in the previous
section, the EP is negative both
towards the “open” and the
“closed” sides. Steric hindrance
makes the entry of guests
through the “closed” side un-
favorable, but a rotation of
axial pivalate Me groups on this
side can increase the affinity for
guests to reach the cavity. This
appears to be the case for 4.
Since the most energetically
favorable configuration of the
host exhibits one “closed” side
of the ring structure (1), the
configuration of the host must
have changed due to the pres-
ence of either the included
DMA or the inclusion of sol-
vent tBuOH—which forms a
strong hydrogen-bonding net-
work—or both. Since DMA is
the only solvent in 3, and it does
not affect the “closed” side, the
tBuOH must play a major part
in the “opening” of 1 by pro-
viding hydrogen-bonding stabi-
lization energy.

In 5 two molecules of CH;CN
have found their way into the
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structure. The incorporation of CH;CN into an inorganic host
molecule has been observed before.['> 2l The host in reference
[26] is categorized as electronically inverse, in contrast to 1,
which is an electronically normal host. This is evident in the
orientation of CH;CN, which possesses a permanent dipole,
the nitrogen end being negatively polarized. The positively
polarized carbon end is near the center in 5, whereas the
opposite is the case in reference [26].

Mass spectrometry of the host—guest mother solution: The
existence of a nucleophilic region in the host molecular cavity
suggests that cations should be strongly attracted to this
region. Attempts to crystallize the host complex with cations
incorporated into the cavity were fruitless (see Table 1). The
lack of cation incorporation observed in the crystalline
samples may not exclude the existence of such host—guest
entities in solution prior to crystallization. To test this
assumption, the mother solution of sample 2 was investigated
by means of electrospray ionization mass spectrometry (ESI-
MS).21 The choice of this method was determined by its
“gentleness”, meaning that ionic species with weak interac-
tions such as in supramolecular assemblies, poly-solvated
aggregates, host —guest entities, and noncovalent complexes,
survive the transfer from solution to the gas phase and thus
can be detected and identified by mass spectrometry.?®! The
ESI mass spectrum shown in Figure 11 confirmed unambig-
uously that a cation can be associated to the host molecule 1.
Analysis of experimentally determined isotopic distributions,
performed by the ISOMETA program,’®! shows that the
group of peaks seen in the m/z 2220-2230 mass region
represents an isotope cluster with an elemental composition
of [1+K]*. Furthermore, the [1+K]" ion produces an
insignificant yield of fragments when accelerated in the
atmosphere —vacuum interface region of the ESI source by
increasing capillary and/or skimmer voltages in an attempt to
initiate collision-induced dissociation processes. Also, an
increase in the ion accumulation time in the hexapole of the
ESI source in order to create conditions for multipole storage
assisted dissociation (MSAD)?*?! did not lead to any
significant fragmentation. These findings prove that the [1+
K]* species is quite stable in the gas phase, where counterions
and solvation effects are absent. ESI-MS data, together with
the lack of crystallographic evidence for the host — guest entity

100

504

[CrF(/BuCOO), ]

Relative Intensity (%)

M,=218596

[1+ cation] ", indicates that it exists in solution but not in the
solid state.

This may be due to a destabilizing effect of the anion in the
crystallization process—an effect large enough to impede the
crystallization of the cation-containing host—guest complex
and instead enables the crystallization only of the unsolvated
species or with neutral solvent included. Since the inclusion of
cation—anion pairs is so unfavorable, it may be that only
neutral species can be accepted into the host in the crystalline
phase. Due to steric hindrance these guests can only have
limited size, and the smaller guests tend to be more strongly
attached to the host, although guests may leave the solid
phase if left exposed to air. Thus, the optimal guest molecule
will possess a permanent dipole and have a limited range at
least in two dimensions. These guidelines and the stability of 1
in some solvents may be exploited as a means for selectively
extracting certain molecular entities.

Conclusion

A multipolar refinement based on accurate synchrotron X-ray
data collected at 16(5) K with a new open He-cooling system
has succesfully been carried out on the molecular complex,
[CrgFy(tBuCO,),4], containing 272 unique atoms (1144 e-), of
which eight were open-shell transition metals. Theoretical
calculations of accurate electron density distributions of
molecules of this size are very demanding. The present study
demonstrates that experimental electron density determina-
tion, including full topological analysis, can be carried out on
supramolecular systems provided that crystals of reasonable
quality can be obtained. It must be stressed that the restriction
on the crystal has mostly to do with, for example, lack of
disorder rather than crystal size, since modern synchrotron
sources have made diffraction experiments possible even with
crystals with dimensions in the order of micrometers. The
general agreement with other studies containing similar
structural entities shows that it is possible to obtain chemically
useful experimental EDDs for huge systems. The fact that the
EDD appears accurate suggests that the electrostatic poten-
tial is very reliable (primarily determined by the low order
data). A detailed description of the electrostatic potential in
the interior of the host molecule has been used to explain the

[M+K]

T T T T T [ T T T 1 T T T T

2000 2100

2200 2300 mlz

Figure 11. Positive-ion ESI mass spectrum?! of the mother solution of sample 2 diluted (1:10) with CH,Cl,. Experimental parameters: capillary voltage =
50 V, skimmer voltage =5 V, ion accumulation time in the hexapole of the ESI source =0.5 s, capillary temperature =110°C.
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orientation of guest molecules in a series of host-—guest
complexes with 1 acting as a host. Supramolecular and
inclusion chemistry is a rapidly expanding field of increasing
importance and it is clear that analysis of experimental
electron densities presents a versatile new tool to structural
chemists.

Experimental Section

Synthesis: The starting material of the octanuclear chromium-wheel
compound used in the preparation of the host —guest complexes described
in this paper was synthesized by modifying the method previously
reported.['

CrF;-4H,0 (5.0 g, 27.62 mmol), DMF (8.5 mL, 110.0 mmol), and pivalic
acid (rBuCO,H =PivH) (11.5 g, 112.6 mmol) were heated while stirring at
140°C for 2 h. During this time chromium fluoride was dissolved and a
green crystalline product formed. The solution was cooled to room
temperature, and the following day the crystalline product was first washed
with DMF (3 x 20 mL) until the solution was transparent, then with water
(5 x20 mL). Then the product was dried at 120°C for 2 h and dissolved in
pentane (40 mL). The resulting solution was filtered and then diluted by
adding acetone (80 mL). This solution was refluxed with stirring for 30 min,
and then concentrated to 30 mL. The resulting crystals were collected by
filtration and washed with acetone. This product ([CrgFsPiv ] -2Me,CO)
was dried at 120 °C to constant mass. Acetone was thereby expelled and a
powder of [CrgFyPiv,¢] was obtained with no inclusion of solvent molecules.
Yield 2.0 g (26.5%); MS (EI):P) m/z: 2084.4 [M —Piv]* (where M=
[CrgFPivg]); elemental analysis caled (%) for Cg H,4,CrgFsOs, (2186.0):
C 43.96, H 6.64, F 6.95; found: C 43.87, H 6.68, F 6.88.

Crystal growth: Compound I: [CrgFgPivis] (0.5g) was dissolved while
stirring in 1-bromodecane (5 mL) at 200 °C. The solution was slowly cooled
to room temperature. After one week, dark green crystals of 1, the naked
complex without guest molecules, were collected. For the host—guest
complexes, compounds 2—5, the main purpose of the syntheses was to
obtain pure compounds and good crystals. The yield was about 50%. No
optimization of the yield was attempted and therefore it is not reported
specifically for the following syntheses.

Compound 2: [CrgFgPivs] - DMF. [CrgFgPivis] (0.3 g) and KPFg (0.15 g)
were heated while stirring and refluxing in DMF (3.0 mL) and ‘BuOH
(3.0 g) for 15 min. The hot solution was filtered and kept at 50-60°C for 7 h
at which time green crystals of 2 (=1 + DMF) had formed.

Compound 3: [CrgFgPivs] - 2DMA. NH,PF; (0.1 g) was dissolved in DMA
(5.0 mL) while heating (80 °C), then [CrgFgPiv,¢] (0.03 g) was added and the
mixture heated until complete dissolution was observed. The resulting
solution was cooled to 90—100°C and kept at this temperature for 7 h,
yielding green crystals of 3, which have DM A molecules as guest molecules
in the chromium wheel but also DMA molecules solvating the crystal
structure.

Compound 4 [CrgFsPiv,s] - DMF - DMA - 41BuOH. [CrgFgPivi4] (0.1 g) was
heated while stirring and refluxing in a mixture of tBuOH (3.0 mL), DMF
(2.0 mL) and DMA (0.1 mL). The hot solution was filtered and kept at 50—
60°C for 7 h, yielding green crystals of 4, which have DMF and DMA as
guest molecules in the chromium wheel and tBuOH molecules solvating
the crystal structure.

Compound 5: [CrgFgPiv 4] - 2CH;CN - THF

[CrgFgPivg] (0.3 g) was dissolved in tetrahydrofuran (THF) (9.0 mL), then
acetonitrile (3.0 mL) was added to a hot solution and the solution refluxed
for 5 min. It was left to stand overnight at room temperature. Large green
crystals of 5§ were formed, which have CH;CN as guest molecules in the
chromium wheel and THF molecules solvating the crystal structure.

X-ray data collection and treatment: Compound 1: A crystal of approx-
imately 0.10 x 0.10 x 0.10 mm was attached to a few strands of carbon
fibers using a very small amount of epoxy glue. The fibers were attached to
a brass pin that had been glued onto a copper wire. The brass pin was
mounted directly on the ¢ axis of a HUBER-type 511 four-circle
diffractometer at the X3 Al beam line at the National Synchrotron Light
Source (Brookhaven National Laboratory, USA). The crystal was cooled in
one hour to 16(5) K using an open-flow He-cooling device.?!l Diffraction
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data were collected with a Bruker SMART 1000 CCD detector placed on
the 260-arm with the detector surface 5.7 cm from the crystal. Two different
26 settings were used for the measurements in ¢ scan mode. Integration of
the intensities was performed by using SAINT+ P2 and an empirical
absorption correction was applied by using SADABS.P A few reflections
at small scattering angles, which were partly hidden by the beam stop, were
discarded. Only multiple-measured reflections were retained for further
analysis. The final data set, averaged with SORTAV,® comprises 37733
multiple-measured unique reflections with an average redundancy of 4.4
(R, =0.034). Refer to Table 1 for further details.

Compounds 2-5: X-ray diffraction experiments for these four systems
were carried out using a Bruker SMART CCD diffractometer equipped
with a Mo X-ray tube at the Department of Chemistry, University of
Aarhus. In all cases the selected crystals were mounted on the tip of a glass
pin using Paratone-N oil and placed in the cold flow (120 K) produced with
an Oxford Cryocooling device. Complete hemispheres of data were
collected using w scans (0.3°, 30 seconds/frame). Integrated intensities
were obtained with SAINT+P? and corrected for absorption using
SADABS.® Structure solution and refinement was performed with the
SHELX package.[ Crystallographic details are given in Table 1.

Model refinement: Compound 1I: Initial refinements with SHELX,?
which were started from the previously determined 100 K structure of 1,
yielded a structural model with R(F)=0.039 for I>20([). Potential
disorder in the tert-butyl part of three of the pivalate groups can for each
group be tested with a model consisting of two sets of sites, both with
isotropically vibrating methyl groups (Model A). In an ordered description
one set of fully occupied sites with anisotropically vibrating methyl groups
is used (Model B). The ordered model for the three pivalates is superior
when comparing refinement statistics: R,(F) = 0.049, Ry(F) =0.039.

The SHELX structural skeleton was the starting point for a refinement
using the program package XD, which incorporates the Hansen - Cop-
pens multipole formalism®! to describe the asphericity of the EDD around
each atomic position. Neutral atom scattering factors were employed®l and
the radial part of the multipoles were of single Slater type. Due to the large
size of the molecule, it was necessary to generate constraints, which could
be relaxed at later stages of the modeling. In the first multipole model
(MM-I) we constrained atoms of the same type to have identical population
parameters. Gradual release of constraints reduced R(F?) from 0.062 for
the most constrained model to 0.055 for the final model, which included
1582 parameters. In this model all atoms, except for the methyl-C atoms
and the hydrogens, were given individual full sets of multipoles truncated at
the hexadecapolar level (/=4) for Cr and the octapolar level (/= 3) for the
other atoms. The three methyl groups in each pivalate ligand were
constrained to be identical with a common set of multipoles truncated at
quadrupolar level (/=2). Hydrogen atoms were given one common
monopole and one common bond-directed dipole. The radial distribution
of the spherical density for each non hydrogen atom type was refined using
a K’ parameter. Due to correlation effects, it was necessary to refine
multipole parameters and structural parameters in separate cycles.
Subsequently, we examined the significance of the noncrystallographic
symmetry, inherent in the molecular structure. In this refinement (MM-II),
all atoms of similar type were constrained to have identical deformation
parameters. The starting point was MM-1. The monopoles were averaged
and the starting values for the multipoles were taken from the first atom of
each type in the atom list. The level of truncation for the multipoles was
identical to MM-I. We distinguished between six different atom types: Cr,
F, O, C (COO"), C* (CR,), and C# (C—CHj;). Due to the smaller number of
parameters in this model, structural parameters for all heavy atoms could
be co-refined with the multipoles. In the final cycles of the refinement, the
hydrogen atoms were repositioned along the C—H bond vector to a
distance of 1.08 A from the bonded carbon.

To test the success of the refinement we examined in each step both the
refinement statistics and several residual maps. The continuous decrease of
both R values and general contour levels in the residual maps indicated that
the modeling was successful, considering the size of the molecule. Figure 12
shows the residual density in the molecular plane from the final MM-II.
The maximum value of —0.4 e A=3 near a Cr atom is acceptable for this
large molecule. The Hirshfeld rigid bond test?” gives a mean value of
Aag=15.4 pm? for all bonds, and for bonds to Cr the mean value is 9.4 pm?
(Cr—F: 11 pm?; Cr—O: 8.0 pm?). The relatively large size of the atomic
displacement parameters for three of the pivalate groups contribute to the
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Vertical and Nonvertical Participation by Sulfur, Selenium, and Tellurium
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Abstract: The mechanism of stabiliza-
tion of positive charge on carbon by
sulfur, selenium, or tellurium at the §-
position has been investigated kineti-
cally, by measurement of rate enhance-
ments, and structurally, by variation of
the bond strength to the leaving group.

for S, 10° for Se) in 97% aqueous
trifluoroethanol with trifluoroacetate as
the leaving group. These enhancements
are consistent with either mechanism.
Product structures also are consistent
with either mechanism. Nine crystal
structures revealed that the bond to the

leaving group (C—O) is lengthened by
the presence of S or Se at the S-position,
in proportion to the basicity of the
leaving group. This lengthening is not
accompanied by angle distortions ex-
pected for the bridging mechanism. The
crystallographic data support vertical

Stabilization can occur either nonverti-
cally with formation of a bridged inter-
mediate or vertically through hypercon-
jugation within an open carbocation. We
observed large rate enhancements (103

hyperconjugation
sulfur

Introduction

The ability of sulfur to assist in the intramolecular departure
of nucleophilic leaving groups (nucleofuges) is a classic
example of neighboring-group participation.l>2l Analogous
behavior of the congeners of sulfur (selenium and tellurium)
has been studied much less. The expected mechanism for S,
Se, and Te, along with O, N, P, and the halogens, involves an
intramolecular Sy2 displacement to produce 1 in Equa-
tion (1), in which M represents S, Se, or Te and X is the
nucleofuge. The lone pair on these atoms serves as the
nucleophile and provides the electrons to form the new o
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(hyperconjugative) character along the
reaction coordinate, more so for seleni-

5 m than sulfur.
selenium um than sulfu

bond. The reaction concludes with nucleophilic opening of the
three-membered ring, usually to give a product of the type
RM-CH,CH,-OH when water serves as the external nucleo-
phile.

Silicon and its congeners (Ge and Sn) also can provide
anchimeric assistance, but in these cases the o electrons of the
C-Si bond (C—Ge, C—Sn) fulfill the nucleophilic role played
by the lone pair in Equation (1).>4 Although a formally
analogous mechanism can be written [Eq. (2a)], these lone-
pair-free atoms have been shown to prefer another pathway
[Eq. (2b)], in which ring closure does not occur. These two

R
/N
RaSi\/\ 7 HC—CH, (2a)
HQC_CHQO
R3Si
\X \ \ O+ 2b)

HQC_CHQ

pathways have variously been called closed and open, bridged
and nonbridged, or nonvertical and vertical [because the C—Si
bond moves appreciably in Equation (2a) but is relatively
stationary in Equation (2b)]. Proof of the vertical mechanism
for stabilization by the C—Si bond and its congeners was based
on stereochemistry, isotope effects, and NMR parameters of
the stable ion.[¥! Participation is driven by the high polar-
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izability and electron-donating ability of the o electrons in the
C—Si bond.

The question thus arises whether participation in other
long-established examples of anchimeric assistance actually
occurs vertically rather than nonvertically. Traylor and co-
workersP! first raised this question, although they did not
consider whether o participation could compete effectively
with n (lone pair) participation.

In the general case of atoms bearing lone pairs, vertical
participation would occur by the mechanism shown in
Equation (3) to give an unbridged cation 2. The carbocation

HQC—CH\Q O R H\2<:—H2 3)
X

is stabilized by hyperconjugation (o- conjugation or dou-
ble-bond/no-bond resonance, RM—CH,—CH," = RM" CH,~=
CH,). When atom M is a poor o donor (because of low
polarizability and high electronegativity), as is the case for the
second row elements O, N, and F, we should expect normal
anchimeric assistance of the type in Equation (1). For S, its
congeners, and other atoms with high polarizability and low
electronegativity (P and Br, for example), vertical stabiliza-
tion [Eq.(3)] may be the preferred mechanism. We have
examined the mechanistic alternatives for S, Se, and Te by
kinetic and structural methods, and we report herein the
results of that study.

Results

The kinetic method involves establishing the presence of
anchimeric assistance as demonstrated by rate enhancement.
We compare, under identical conditions, the rates of mole-
cules containing the heteroatom M with the rate of an
analogous molecule in which the entire heteroatom substitu-
ent is replaced by hydrogen, a nonparticipating atom. The
result is a rate ratio, such as kg/ky; for sulfur. The two systems
must have the same molecular framework and the same
geometry between the leaving group X and the participating
entity.

Both vertical and nonvertical participation is maximal when
the M-C-C-X dihedral angle is 180°, that is, antiperiplanar.
Nonvertical participation then occurs by the standard back-
side displacement within this geometry, and vertical partic-
ipation has optimal overlap within this geometry. Nonvertical
participation falls off rapidly as the M-C-C-X dihedral angle
decreases from 180°. Vertical participation, however, varies as
the square of the cosine of the dihedral angle (this function
allows strong overlap at the periplanar geometries, 0 and 180°,
and zero overlap at the orthogonal geometry, 90°). Thus
examination of antiperiplanar systems provides the maximal
information about participation.

The most easily accessible system for obtaining this
geometry is offered by the cyclohexyl framework with the
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diaxial stereochemistry, as in 3. M
When R is tert-butyl, the mole-

cule is constrained to remain

almost entirely in the indicated

geometry. When R is methyl, 3 X

the conformational constraint is

only partial. When R is small

(H), the indicated diaxial geometry becomes disfavored, and
the product of ring reversal, the diequatorial isomer, is
preferred in a rapid equilibrium. According to the Winstein—
Holness formalism, the observed rate is the populationally
weighted average of the rates of the individual conformers.
We have prepared several such systems and report the kinetics
of solvolysis herein.

As rate enhancements are expected from either mechanism
in the antiperiplanar molecule 3, another approach is required
to distinguish the mechanisms. In the case of Si, we used a
variety of methods, including stereochemical variation and
isotope effects.! One of the most successful of these methods
is the variable oxygen probe, which detects the presence of
electronic interactions between electron donors M and oxy-
genated leaving groups X in the ground state. The method was
first applied to the generalized anomeric effect by Kirby and
co-workers.?l White and co-workers extended the method to
the field of silicon participation.[”! The method involves low-
temperature crystallography of a series of structures, in which
the leaving group X is varied (X is either carboalkoxy or
phenoxy). Electron demand of the leaving group is measured
by the pK, of the conjugate acid of the leaving group
(carboxylate/carboxylic acid or phenoxide/phenol). The acids
are selected to provide a range of pK,’s. The slope of the plot
of the C—O bond length versus the pK, of the acid provides a
quantitative assessment of the ability of the group M to
donate electrons to the leaving group. Because, of necessity,
groups have not moved appreciably in the ground state except
for bond lengthening, the slope of the plot is an indication of
vertical participation. This assumption may be tested by
searching for angle distortions that could be interpreted as
movement along a reaction coordinate leading to bridging
[Egs. (1) and (2a)].

The slope for antiperiplanar Si (Si-C-C-X) was measured!”)
to be —5.30 x 103, whereas the slope for hydrogen!®! (H-C-C-
X) was —2.91 x 1073. Although these differences (5.30/2.91 =
1.8) appear to be small, it should be kept in mind that they are
logarithmic and, hence, represent exponents (e.g., a factor of
two is equivalent to 102 kinetically, a factor of three to 103, and
so on). The slope of —2.91 for H then is the baseline,
characteristic of little or no vertical participation. The nearly
twofold enhancement in slope for Si therefore is a strong
structural response to the electron-withdrawing nature of X,
reflecting movement along the reaction coordinate of Equa-
tion (2b) in the ground state and implying vertical participa-
tion by the C—Si bond. We report herein application of the
variable oxygen probe to sulfur and its congeners.

Subjects for both kinetic and structural studies were
prepared primarily from the biased trans alcohols 4a—4c.
Biasing is necessary for 4 in order to lock in the trans, diaxial
conformation for kinetic studies. In some cases, isomer 5 with
reversed regiochemistry and the unbiased frans isomer 6 also
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M
4a: M=SPh, R=H
4b: M=SePh, R=H
4c: M=TePh, R=H
{Bu 4d: M=SPh, R=COCF3
4de: M=SePh, R=COCF3
4f: M=SPh, R=CO-4-NO,CgHa4

were studied. Methyl provides a useful locking device in the
crystal, though not in solution. Thus we utilized derivatives 7
to provide further subjects for X-ray studies.

OR

tBu

5b: M=Se, R=H M

M
M
%R HsC
6 7 OR
8a: M=SPh, R=H M= -
6b: M=SePh, R=H ;g: m-gPQhRR*_*H
6c: M=TePh, R=H - V=sern, R=
e ot 7k: M=SePh, R=C0-2,4-(NO5),-CeH3
6d: M=SPh, R=COCF; M=¢ =
6e: M=SePh, R=COCF3 7m: M=SPh, R=4-NO,-CeHs4

Systems 4a—4c¢ were prepared by reaction of trans-5-tert-
butylcyclohexene oxide with sodium thiophenolate, sodium
selenophenolate, and sodium tellurophenolate, respectively.
The reverse regiochemistry in 5 was achieved by the same
reaction with cis-5-tert-butylcyclohexene oxide. The unbiased
trans systems 6 were obtained by the same reactions with
cyclohexene oxide. The methyl systems 7 were prepared by
the same reactions with trans-5-methylcyclohexene oxide.

For the solvolytic kinetic studies, the alcohols were
converted to the trifluoroacetates, and rates were measured
conductometrically for 4d, 4e, 6d, and 6e. Table 1 contains
the absolute rates for the biased trans (4) and the unbiased
trans (6) sulfur and selenium systems in 97% aqueous
trifluoroethanol (TFE) at various temperatures. These rates
produced activation parameters, from which the absolute and
relative rates were calculated for 25°C (Table 2). The relative
rates are compared with cyclohexyl trifluoroacetate: ky/ky;.
The results of product of analyses are presented in the
Experimental Section.

For the structural studies, the alcohols were converted to a
series of carboxylic esters or phenoxides, and nine X-ray
structures were obtained for 4f-4Kk, 41, 7k, and 7m. When
possible, structures were obtained at low temperature (130 K)
to remove unwanted thermal effects. For 4h, which under-
went destructive phase changes at this temperature, the
structure was determined at 200 K, and the structure of 41 was
determined at 173 K. Finally, 4g underwent destructive phase
changes below 273 K, so its structure was determined at room
temperature. Crystallographic parameters may be found in
the Experimental Section.
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4g: M=SPh, R=C0-3,5-(NO2)2-CsH3
4h: M=SPh, R=CO-2,4-(NO2)2-CgH3
4i: M=SePh, R=4-NO5CgHg

4j: M=SePh, R=CO-4-NOxCgHg4

4k: M=SePh, R=C0-2,4-(NO)»-CgH3
41: M=TePh, R=COCHj

Table 1. Absolute rates for sulfur and selenium trifluoroacetates in 97 %
aqueous trifluoroethanol.

System M Stereochemistry ~ Temperature [°C]  k [s7!]

4d SPh biased trans 41 5.55x 104
51 1.355 x 1073
61 347 x 1073
66 575 %1073
71 9.11 x 1073

6d SPh trans 41 9.74 x 1073
51 248 x 104
61 5.58 x 1074
71 1.455 x 1073

4e SePh  biased trans 0 5.4 %10

9.5 1.51 x 1073

17 3.7x1073
26 8.5x 1073

6e SePh  trans 36 3.6 x 1073
41 5.6 x 1073
46 8.4 x1073

Table 2. Absolute rates, relative rates, and activation parameters for sulfur and
selenium trifluoroacetates in 97 % aqueous trifluoroethanol.

4d 6d 4e 6e
M SPh SPh SePh SePh
stereochemistry biased trans  trans biased trans  trans
k[s71]25°C 7.7 x 1073 1.80 x 10— 7.66 x 103 133 x 1073
eyl kegl?! 1.1 x10° 2.6 x 10* 1.1 x 107 1.9 x 10°
E, [kcalmol™'] 20.31 19.40 17.28 16.48
logA 10.85 9.47 10.54 9.20
AS [e.u.] —10.89 -17.2 —12.29 —18.45

[a] ky is for cyclohexyl trifluoroacetate, 7.05 x 10719 s=! at 25°C.

Selected bond lengths, angles, and dihedral angles are
presented in Tables 3 -5 for the sulfur derivatives, Tables 6—8
for the selenium derivatives, and Table 9 for the single
tellurium compound. ORTEP drawings for representative
structures are presented in Figures 1-4. Five of the nine
structures (4 f, 4h, 4i, 4j, 7m) consisted of two independent
molecules (M1 and M2) in the asymmetric unit, differing by
the dihedral angles around the Ph—M bonds C(ortho)-
C(ipso)-M-C(ring). Tables 3-9 present data for both forms.
Molecular mechanics calculations indicated that these con-
formations differ only slightly in energy and, therefore, are
readily influenced by packing forces. The variable oxygen
probe is manifested in plots of the C—O bond lengths versus
the pK, of the conjugate acid of the leaving group (Figure 5
for both sulfur and selenium).

Discussion

The presence of PhS at the S-position to the leaving group
provides a rate enhancement of 1.09 x 10° when biased to the
diaxial conformation (4d), in comparison with the analogous
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Table 3. Selected bond lengths [A] for PhS Structures. system with hydrogen in place
m 4t 4g 4h of the sulfur functionality (this
Ml M2 M1 M2 M1 M2 ratio corresponds to kg/ky;) (Ta-
SI-Ar  1784(2)  1784(2)  1.7735(19)  17694(17)  1759(3)  1.763(2) 1.7625(18)  ble 2) in 97% aqueous TFE at
S1-C2 1.830(2)  1.840(2)  1.8248(19)  18369(17)  1811(2)  1.8244(19)  1.8234(18)  25°C. This value is seven orders
O1-Cl  1451(2)  1451(2)  1.468(2) 1.468(2) 1471(3)  14794(18)  14750(18)  of magnitude smaller than the
c1-c2 1534(3)  15293)  1.523(3) 1.528(2) 1516(4)  1.530(2) 1.529(2) enhancement found in  the
2-C3 1532(3)  15293)  1.528(3) 1.524(2) 15343)  1.527(3) 1.528(2) 1 |
C3-C4  1.524(3)  1532(3)  1.531(3) 1.526(2) 1.524(4)  1.523(3) 1.520(2) structurally analogous  system
C4-C5  1.5253)  1.5263)  1.533(2) 1.532(2) 1.526(4)  1.535(3) 1.534(2) for  silicon  (kslky=2.4x
C5-C6 1.529(3) 1.528(3) 1.534(2) 1.532(2) 1.534(3) 1.528(2) 1.530(2) 10'2).81 Two points are relevant
C1-C6  15213)  15233)  1.515(3) 1.523(2) 15073)  1511(2) 1514(2) in this comparison. First, the
lower enhancement for sulfur is
understandable in terms of
their relative electronegativi-
Table 4. Selected bond angles [°] for PhS structures. ties (the Allred—Rochow val-
7m 4f 4g 4h ues are 1.90 for Si and 2.58 for
M1 M2 M1 M2 Ml M2 S). Silicon is clearly more elec-
CArS1-C2  101.31(9)  100.69(9)  104.71(8)  102.34(8)  107.37(12) 10631(9)  105.88(8) tropositive and, hence, a better
O1-C1-C6  105.67(15)  106.28(16)  10847(14)  108.63(13)  104.89(18)  10591(13)  10436(13)  electron donor. Second, the
OL-CI-C2  10930(15)  10946(16) ~ 10425(14)  10434(12)  108.37(19)  10860(13)  10981(13)  ,recence of lone pairs on sulfur
CL-C2SI 11055(13)  11038(14)  11184(13)  107.69(11)  11216(18)  11043(12)  10947(12) d Kinetic ad
C3-C2-S1  10841(14)  108.47(14)  107.31(12)  113.48(12)  106.15(18)  107.19(13)  107.91(12) as conveyed no kinetic ad-
C3-C2-Cl1 112.12(16)  112.15(17)  11049(15)  111.62(14)  110.1(2) 110.80(15)  111.15(14) ~ vantage, despite the presumed
C4-C3-C2 11333(17) 11340(18)  112.64(15) 112.64(14)  112.9(2) 113.08(16)  11237(15)  superior nucleophilicity of S
23-8451-82 111.50217; 110.71517; 112.3221;1; 111.02514; 111.222; 111.3285; }11.3§E14§ lone pairs over simple, tetrava-
4-C5- 109.74(17 109.90(18 109.25(1 108.22(14 108.6(2 108.88(15 08.45(14 . . . .
CIC6-C5  11338(17)  113.19(18) 1132915  112.53(13)  1134(2)  113.5004) 11292014) ient Si. The kinetic differences
C6-C1-C2  11270(16)  11297(16)  11391(14)  11323(13) 1138(2)  113.11(14) 11278(13)  thus may be understood entire-
ly in terms of differences in the
donor properties of the C—M
bonds, without reference to the
Table 5. Selected dihedral angles [°] for PhS structures. presence or absence of lone
m 4f 4g 4h pairs. The simplest explanation
M1 M2 M1 M2 M1 M2 thus invokes only the single
01-C1-C2-C3  —69.5(2) 70.8(2) 6728(17)  69.70(16)  65.9(2) 67.66(18) —6s595(17) mechanism of vertical partici-
SI-C2-C3-C4  727(2)  -723(2)  —7009(17) —7130(16)  69.622) —6877(18) 68.03(17)  pation [Egs. (2b) and (3)]. This
S1-C2-C1-C6  —7345(18)  73.68(19)  6872(17)  76.95(15) —67.6(2) 69.01(17) —69.14(16)  is not to say that the kinetic
*C2-81-C8-C13 11049(17)  7860(18) ~ 3246(18) —15081(13) —175.10(19)  178.62(13) ~ 1054(18)  data exclude nonvertical partic-
*(C2-81-C8-C9  —71.58(18) —101.04(18) —148.81(14)  31.14(16) 57(3) —149(19) —17026(13) . __..
C1-C2-C3-C4  —49.6(2) 49.9(2) 52.102) 50.61(19) —52.0(3) 51.8(2)  —52.01(19) ipation [Egs. (1,) and (23),]’ but
C2-C3-C4-C5  546(3) —552(3) —559(2) —57.4(2) 56.73)  —56.5(2) 57.2(2) thFY are entirely ex_Phcable
C3-C4-C5-C6  —563(2) 56.9(2) 54.6(2) 59.12(18) —55.8(3) 562(2)  —57.82(19)  without such a mechanism.
C4-C5-C6-C1 557(2)  —560(2) —53.15(19) —5725(18)  54.6(3)  —5526(19)  56.44(18) The rate enhancement for
C5-C6-C1-C2  —51.9(2) 51.5(2) 52.802) 52.92(19) —53.6(3) 53.11(19) —53.69018)  (he unbiased system (6d) is a
C6-C1-C2-C3  47.7(2)  —474(2)  —508(2)  —4824(19)  504(3) —49.61(19)  49.97(18) dest 2.55 x 10°. which
O1-C1-C2-S1  169.38(12) —168.11(12) —173.24(11) —165.11(10) 17620(14) —173.72(11)  174.94(10) ~ OTE MOdest 200> 107, whic
C6-C1-C2-S1  —7345(18)  73.68(19)  68.72(17)  76.95(15) —67.6(2) 69.01(17) —69.14(16) ~ compares with the ratio 9.5 x
02=C-Ar-Ar —17524(18)  152.77(16) —172.7(2) —164.02(17) 16335(17)  10% for the analogous Si sys-
02=C-Ar-Ar" 503) —244(2) 5.8(4) 1752)  -189(2) tem.”! The reduction for both
unbiased systems comes from
an admixture of the slower di-
. equatorial form, in which the
Table 6. Selected bond lengths [A] for PhSe structures. dihedral angle is approximately 60°. The fact that the
4i 4j 7k 4k enhancement is still very large comes from two factors. First,
Ml M2z M1 M2 the diequatorial form is in equilibrium with the diaxial form.
Sel-Ar 1.925(3) 1.920(3) 1.916(2) 1.919(3) 1.912(4) 1.909(2) By the Winstein—Holness equation (ky,,=N,k, + N.k., in
Sel-C2  1.994(2) 1.976(2) 1.984(2) 1.976(3) 1.986(4) 1.976(2) which k, is the observed rate, N is the conformer population
O1=ClL  1.459(3) 1453(3) 1475(3) 1474(3) 1489(4) 1474(2) with a for axial and e for equatorial, and k is the conformer
Cl-C2  1.525(3) 1520(3) 1.519(3) 1.512(4) 1.509(6) 1.525(2) . .
C-C3  1531(3) 1.525(3) 1521(4) 1.530(4) 1.527(5) 1.528(2) rate), a very lar‘ge axial raFe can offset a low eguatorlal rate,
C3-C4  1.531(3) 1.536(3) 1.529(4) 1.526(4) 1.523(6) 1.526(2) even if the axial proportion is small. If N, is 0.1 for the
C4-C5 1.532(3) 1.535(4) 1.527(3) 1.532(4) 1.505(6) 1.537(2) unbiased equilibrium, then N,k, still is about 10* for M =S (k,
g*gg izé(i) 1-25‘1‘(‘3‘) 1'23(‘3‘) 1'21‘1(2) 1'232(2) izig(;) may be approximated as the value for the biased form 4d).
SI83) 19216) 152(3) 151M) 1505(6) 151702) Second, the equatorial rate may in fact be rather large. Thus, if
2800 —— © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0812-2802 $ 17.50+.50/0  Chem. Eur. J. 2002, 8, No. 12
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Table 7. Selected bond angles [°] for PhSe structures.

Selenium is superior to sulfur

in terms of rate enhancement

4i 4j 7k 4k
M1 M2 M1 M2 (Table 2). For the biased system
CAr-Sel-C2 95.91(10) 96.13(10) 99.14(11) 101.65(11) 103.86(16) 10041(7)  (4e), the enhancement (ks./ky;)
01-C1-C6 1062(2) 106.6(2) 108.5(2) 108.8(2) 105.7(3) 105.95(13)  is 1.08 x 107, two orders of mag-
01-C1-C2 108.80(18) 107.97(19) 104.67(19) 104.3(2) 106.9(3) 10579(12)  nitude more than sulfur. For the
C1-C2-Sel 109.25(16) 109.60(16) 107.47(17) 1115(2) 109.2(3) 10654(11)  ynbiaced case (6€), the en-
C3-C2-Sel 109.81(16) 111.03(16) 113.04(17) 107.50(19) 108.3(3) 124312) - ’ 105 al
C3-C2-Cl 113.12) 1127(2) 112.12) 111.12) 111.1(3) 11167(14) ~hancement is 188x10° also
C4-C3-C2 113.91(19) 113.3(2) 112.5(2) 112.1(2) 112.0(3) 112.42(14)  considerably larger. The high
C3-C4-C5 107.58(19) 108.1(2) 111.7(2) 1125(2) 111.5(3) 111.62(14)  electropositivity (Allred—Ro-
C4-C5-C6 111.0(2) 112.1(2) 108.3(2) 109.4(2) 111.4(3) 1857(13)  chow  electronegativity 2.55)
C1-C6-C5 112.9(2) 112.6(2) 112.8(2) 113.4(2) 113.4(3) n211a13) g (possibly more important.
C6-C1-C2 112.4(2) 112.3(2) 113.4(2) 114.0(2) 113.7(3) 113.56(14) POSSIDLY - portant
ly) polarizability of selenium is
responsible for its greater abil-
. ity to participate, similar to the
Table 8. Selected dihedral angles [°] for PhSe structures. . .
: - comparison between silicon
4i 4j 7k 4k and germanium (electronega-
M1 M2 M1 M2 . o
tivity 2.01). Examination of
01-C1-C2-C3 7212) - 684(2) 70.0(2) 67.9(3) 65.2(4) 66.4(2) the activation parameters (Ta-
Sel-C2-C3-C4 —72.0(2) 70.3(2) —717(2) —69.9(3) —654(4)  —69.4(2) o
Sel-C2-C1-C6 7732) —753(2) 76.7(2) 69.3(3) 68.4(4) 7377014y  ble2) indicates that the faster
#C2.5e1-C8-C13  —1102(2)  —63.6(2) ~149.7(2) ~1482(2) —92(4) —17061(14)  rate for selenium is primarily
*C2-Sel-C8-C9 68.0(2) 118.4(2) 33.1(2) 32.6(3) 171.4(3) 9.5(2) enthalpic. The entropy of acti-
C1-C2-C3-C4 503(3)  —531(3) 50.0(3) 52.4(3) 54.5(4) 50.3(2) vation is actually slightly more
C2-C3-C4-C5 —56.4(3) 56.0(3) —56.4(3) ~559(3) ~-567(5)  —56.0(2) negative for selenium, possibly
C3-C4-C5-C6 595(3)  —57.1(3) 58.1(3) 54.6(3) 53.5(4) 58.0(2) d higher solvati .
C4-C5-C6-C1 ~582(3) 55.8(3) ~562(3) ~523(3) -502(5)  —56.7(2) ue to higher solvation require-
C5-C6-C1-C2 499(3)  —50.5(3) 52.4(3) 51.8(3) 49.3(5) 53.6(2) ments. The faster rate for sele-
C6-C1-C2-C3 —453(3) 48.8(3) —48.1(3) ~50.6(3) —51.0(4)  —493(2) nium is readily explained by the
01-C1-C2-Sel ~1652814  167.44(14)  —165.17(15) —172.18(16)  —1754(2) —1704409)  vertical mechanism. in which
02=C-Ar-Ar’ —23.6(4) 4.8(4) 206(5)  —79.1(2) ; .
02=C-Ar-Ar” 152.9(3) ~1747(2) —162.1(4) 100.5(2) the higher donor ability of the

Table 9. Selected bond lengths [A], angles [°], and dihedral angles [°]
for 41.

Tel-Ar 2.1201(16) 01-C1-C2-C3 —67.82(17)
Tel—-C2 2.1866(16) Tel-C2-C3-C4 68.93(17)
01-Cl1 1.4732(19) Tel-C2-C1-C6 —74.76(15)
Ccl1-c2 1.527(2) C2-Tel-C13-C18 — 131.04(14)
©-C3 1.522(2) C2-Tel-C13-Cl4 47.78(14)
C4-C5 1.538(2) C1-C2-C3-C4 —54.08(19)
C5-C6 1.538(2) C2-C3-C4-C5 57.7(2)
C1-C6 1.525(2) (C3-C4-C5-C6 —54.72(19)
CAr-Tel-C2 94.47(6) C4-C5-C6-C1 51.39(19)
01-C1-C6 106.56(13) C5-C6-C1-C2 —50.32(19)
01-C1-C2 108.60(12) C6-C1-C2-C3 50.26(18)
C1-C2-Tel 109.15(10) 01-C1-C2-Tel 167.16(9)
C3-C2-Tel 112.72(12)

C3-C2-C1 111.27(14)

C4-C3-C2 111.87(14)

C3-C4-C5 112.17(14)

C4-C5-C6 109.22(14)

C1-C6-C5 114.37(13)

C6-C1-C2 113.12(13)

N, is 0.01 and N,k, is about 103, contributions are necessary
from the equatorial form to explain the observed rate.
Significant rates are expected from the equatorial form only
with the vertical mechanism. Whereas the backside displace-
ment of the nonvertical mechanism is excluded in the gauche
geometry of the diequatorial system, there is still considerable
participation at 60° in the vertical mechanism because of the
cosine-squared dependence.]
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C—Se bond provides stronger
assistance.

To provide further insight
into the nature of the solvolysis of the biased diaxial sulfur
and selenium trifluoroacetates 4d and 4e, the products of the
solvolysis in 97 % aqueous TFE were determined. Solvolysis

C8

Figure 1. ORTEP structural diagram of r-5-tert-butyl-c-2-(phenylthio)cy-
clohexyl-t-yl 2,4-dinitrobenzoate (4h), with thermal ellipsoids drawn at the
30 % probability level.
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Figure 4. ORTEP structural diagram of r-5-tert-butyl-c-2-(phenylselenyl)-
cyclohex-t-yl 2,4-dinitrobenzoate (4k), with thermal ellipsoids drawn at the
30% probability level.

Figure 2. ORTEP structural diagram of r-5-methyl-c-2-(phenyselenyl)cy-
clohexyl-t-yl 2,4-dinitrobenzoate (7k), with thermal ellipsoids drawn at the
30% probability level.

1.49 7

¥ =1.4837-4.6244e-3x R"2 =1.000

y=1.4935-53325e-3x R"2=0.91
1.48 1

<

o r C-0 (A) for SPh Average

rC-0 (A) 47 1
T ® /C-0O (A) for SePh Average

1.46 7

pKa

Figure 5. The variable oxygen probe, plotted as the C—O bond length
versus the pK, of the conjugate acid of the leaving group. The upper line is
for selenium systems and the lower line for sulfur systems. The lines are
least square fits to the data.

Figure 3. ORTERP structural diagram of r-5-fert-butyl-c-2-(phenyltelluryl)-
cyclohex-t-yl acetate (41), with thermal ellipsoids drawn at the 30%
probability level.

SPh

of the corresponding alcohol 4a. Production of 4a implies that
solvolysis of 4d occurs with retention of configuration. This
outcome can be rationalized by invoking either the vertical or \H/
the nonvertical pathways shown in Scheme 1. Solvolysis by

the vertical pathway involves the open cation in which it can
be argued that the PhS group sterically shields the top face of
the carbocation p orbital. Attack of H,O from the bottom face Scheme 1.

of the biased anti sulfur trifluoroacetate 4d in this solvent for /
12 hours at room temperature gave a 100 % quantitative yield
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gives the product 4a with retention of configuration. Solvol- SePh
ysis by the nonvertical pathway involves the bridged inter- 97% TFE/H,0

. . . A . . d —"""-> +
mediate, in which trans-diaxial ring opening by H,O should 10 equiv cyclohexene
occur via the more favored chair-like transition state (8a) {Bu “I0H
giving 4a. Scheme 3.

wn—
+
@

{Bu tBu L

HQO HQO OH2
8a 8b

Solvolysis of the biased selenium trifluoroacetate 4e gave
an essentially quantitative conversion to an approximate 1/1.2
mixture of the alcohols 4b and 5b (Scheme 2). Other stereo-
isomers are present at less than 5%. A plausible mechanism

SePh
4e —m — - + PhSe—OH
{Bu .
\ / Bu
+
SePh
PhSe—OH
tBu
SePh OH
tBu tBu
OH SePh
4b 5b
Scheme 2.

to account for the formation of both 4b and 5b involves
formation of an intermediate carbocation, either directly by
the vertical pathway or indirectly by the nonvertical pathway.
Hyperconjugative stabilization of the carbocation by the
phenylseleno substituent should render selenium susceptible
to nucleophilic attack by H,O, resulting in deselenation to
give a mixture of 4-tert-butylcyclohexene and phenylselenol.
Addition of phenylselenol to 4-tert-butylcyclohexene is ex-
pected to occur in a frans, diaxial fashion!'™!! to give the
observed mixture of 4b and Sb. Moreover, product Sb is
impossible to obtain from the nonvertical mechanism
[Eqg. (1)]. In order to maintain the required diaxial geometry
for ring opening (see the alternative arrow in structure 8b),
the tert-butyl group would end up axial. In addition, the tert-
butyl and phenylseleno groups would be cis to each other,
contrary to the observation with 5b. Further support for the
mechanism of Scheme 2 is provided by the observation that
solvolysis of 4d in 97 % aqueous TFE presence of a tenfold
excess of cyclohexene (as a trapping agent) gave rise to a
mixture of trans-2-(phenylselenyl)cyclohexanol and 4-tert-
butylcyclohexene (Scheme 3). Such trapping of a cleaved
selenium electrophile by a different alkene has been observed
previously."2l
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There is an important distinction between the products
from the solvolysis of (-Si/Ge/Sn (elimination to form
alkenes)® 4 and from the solvolysis of 5-S/Se (substitution
to form the alcohol). There are major differences in the
mechanism that can occur after the rate-determining forma-
tion of the 5-stabilized carbocation [Egs. (2b) and (3)]. For Si,
Ge, and Sn the subsequent step undoubtedly is reaction of
oxygen nucleophiles with the substituent (Me;M) to form the
strong Si—O (etc.) bond irreversibly. We have presented
evidence above that for Se the reaction proceeds to give
PhSeOH by elimination, and this material is known to add
back to double bonds to give the observed $-selenyl alcohols.
Although a similar process could occur with S (through
PhSOH), we believe that it is more likely that the lower ability
of S to hyperconjugate leads to less positive charge on S and a
lower tendency for nucleophiles to attack it and bring about
elimination. The implied extrusion of phenylselenol from 4e,
but not of phenylthiol from 4d, suggests there is less open
cationic character in the reaction pathway for the sulfides than
for the selenides, in agreement with their differences in
electronegativity and polarizability.

The kinetic and particularly the product results are
consistent with vertical participation. The data do not,
however, exclude nonvertical participation, which can explain
both rate enhancements and product structures. Consequent-
ly, we sought further evidence by application of the variable
oxygen probe.

A key structural distinction is whether there is angular
distortion along the reaction coordinate, leading to the three-
membered ring for the bridged (nonvertical) mechanism. All
nine structures (four with S, four with Se, and one with Te) had
the diaxial relationship between M and the variable leaving
group, and none exhibited angle distortions. As seen in
Tables 4, 7, and 9, the M-C-C angles (towards the leaving
group) are close to or larger than 109.5° in almost all cases (for
molecules that exist in two crystallographic forms, the angles
are averaged). For the four sulfur compounds (4f,4g,4h, 7m)
the respective S-C-C angles are 109.77, 112.16, 109.95, and
110.47°. For the four selenium compounds (41, 4j, 4k, 7k) the
respective Se-C-C angles are 109.43, 109.5, 106.54, and 109.2.
For the single tellurium compound (41), the Te-C-C angle is
109.15°. Except for 4g and 4k, all these values are normal, and
only 4k shows any tendency to be smaller (vide infra). We
conclude that the angles do not indicate movement along the
reaction coordinate towards bridging. It also is noteworthy
that the C-C-C angles within the ring at the positions of M and
O substitution also show no systematic angle distortions in
response to syn-axial repulsion between the substituent and
hydrogens across the ring.

The absence of a structural trend is not strong evidence. It
still is necessary to probe whether bond lengths reflect
movement along the reaction coordinate. The data in Tables 3

0947-6539/02/0812-2805 $ 17.50+.50/0 2805





FULL PAPER

J. B. Lambert, J. M. White et al.

and 6 show that the C-O distances increase with increasing
electron demand of the leaving group for both the sulfur and
the selenium systems, as best seen in Figure 5. The plots may
be fitted to Equation (4) for sulfur and Equation (5) for
selenium.

H(C~0)=1.484 — (4.62 x 10)pK, )

H(C—-0)=1.493 — (533 x 10)pK, )

Both equations show good linearity (r* is 1.000 for S and
0.991 for Se). These equations may be compared with those
for H [Eq. (6)]® and Si [Eq. (7)]."

7(C—~0)=1.475 — (2.90 x 10-3)pK, (©)

#(C-0) =1.502 — (5.30 x 10)pK, )

In terms of C—O bond lengthening, sulfur with a slope of
—4.62 (aside from the exponent) generates a considerably
stronger response than hydrogen (—2.90), but slightly weaker
than silicon (—5.30). Selenium (—5.33) is comparable to
silicon.

As we have only a single point for tellurium, we cannot
present an analogous plot. The C—O bond length of 1.473 A
for 41 (an acetate), however, is seen to be lengthened
according to the following argument. The analogous values
for the acetate leaving group were not available for S and Se,
but may be calculated from Equations (4) and (5) from the
known value of the pK, for acetic acid (4.76). In this way we
generated the bond length series of 1.462 (calcd), 1.467
(calcd), and 1.473 A (obsd) for S, Se, and Te, respectively. The
monotonic increase along this series is consistent with
increasing o-donor abilities of the C—S, C—Se, and C-Te
bonds.

Two of the selenium structures had 2,4-nitrobenzoate as the
leaving group (4k and 7Kk). The value for 4k fell below the
plot in Figure 5, indicating an unexpectedly short bond length
(1.474(2) A). Moreover, it is marginally shorter than even the
corresponding sulfur system 4h (1.477(2) A) (the more
electron-donating Se should generate the longer bond). A
possible explanation of this short C-O bond length is
provided by examination of the conformation of the carboxyl
group in 4k in the crystal structure (Figure 4). The dihedral
angle O-C-C(ipso)-C(ortho) is —79.1(2) (Table 8), so that the
carboxyl group is essentially orthogonal to the electron-
deficient 2,4-dinitrobenzoate ring. In all other benzoate esters
(41, 4g, 4h, 4j, 7k), the carboxylate group is nearly coplanar
with the aromatic ring, as the dihedral angles (Tables 5 and 8)
are close to 0 or 180°. The less effective x overlap between the
orthogonal groups should make the ester oxygen in 4k less
electron demanding than in the other 24-dinitrobenzoates
(7k and 4h) and hence cause less bond lengthening. Since 4k
is structurally distinct from all other systems, we excluded it
from Figure 1. This conformational difference also is probably
responsible for the uniquely smaller M-C-C bond angle
mentioned above.

2806 ——
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Conclusions

Kinetic measurements on systems in which sulfur (4d) or
selenium (4e) is constrained to the antiperiplanar relationship
to a leaving group provide respective rate enhancements of
105 and 10° over the analogous system in which the f
functionality is replaced by hydrogen. These values compare
with considerably higher enhancements for structurally anal-
ogous silicon (10'?) and germanium (10'%) systems.[> 'l The
Group 14 atoms, however, are much less electronegative than
the Group 16 atoms and, hence, are more electron donating.
The large rate enhancements are maintained in the unbiased
trans systems (6d and 6e), despite an admixture of the less
reactive diequatorial conformer.

These rate enhancements are consistent with either back-
side displacement in the bridging or nonvertical mechanism
[Egs. (1) and (2a)] or with carbocation stabilization in the
nonbridging or vertical mechanism [Egs. (2b) and (3)]. The
nonbridging mechanism, in which the carbocation is stabilized
by hyperconjugation, has been proved in the analogous cases
of Si, Ge, and Sn participation. The presence of lone pairs on
the participating atom clearly provides no kinetic advantage,
as the S and Se systems are much slower than the Group 14
systems. The vertical mechanism also can explain the large
rate enhancement even with the diequatorial admixed, as
hyperconjugation is still significant for the 60° geometry,
whereas the nonvertical mechanism is entirely excluded in
this geometry.

Products from both sulfur and selenium systems are
consistent with either vertical or nonvertical mechanisms,
although observation of two isomers in the reaction of the
selenium substrate suggests strong carbocationic character in
the product-forming step.

Further evidence for the vertical mechanism comes from
the variable oxygen probe. The crystal structures of four sulfur
systems generated a plot (Figure 5) in which the lengthening
of the C—O bond is seen to depend upon the basicity of the
leaving group. This lengthening expresses movement along
the reaction coordinate towards the carbocation. Moreover,
bond lengthening is not accompanied by angle distortions
towards the three-membered ring of Equation (1) and (2a).
The X-ray data thus support movement along the reaction
coordinate towards the nonbridging pathway in which pos-
itive charge is stabilized vertically by hyperconjugation. The
case is even stronger from the analogous plot for selenium
(Figure 5). The slopes of these plots provide a measure of the
sensitivity of the lengthening process to leaving group basicity.
The slope for sulfur [Eq. (4)] is considerably larger than that
for hydrogen [Eq. (6)] but less than that for silicon [Eq. (7)],
whereas that for selenium [Eq. (5)] is comparable to that for
silicon. A single structure with tellurium at the S-position has
a C—0 bond length that is longer than its sulfur and selenium
analogues, indicating that o donation is even stronger from the
C—Te bond.

The variable oxygen probe confirms the presence of strong
o donation from the C—S and C—Se bonds in the ground state,
without angular distortion, consistent with movement along
the reaction coordinate for the vertical mechanism. These
structural measurements are consistent with the conclusions
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from the kinetic measurements. Although the case for vertical
participation by selenium is strong, the case for sulfur is less
compelling, as kinetics and products are equally consistent
with nonvertical participation and the sulfur slope in Figure 5
is lower.

Experimental Section

r-5-tert-Butyl-c-2-(phenylthio)cyclohexan-z-ol (4a): A solution of thiophe-
nol (1.71 g, 15.5 mmol) in MeOH (50 mL) was treated with NaOH (0.6 g,
15 mmol). After the MeOH had dissolved, the solution was treated with
trans-5-tert-butylcyclohexene oxide (2 g, 0.013 mmol). The resulting sol-
ution was heated to reflux for 90 min, and the excess MeOH was removed
under vacuum. The residue was extracted with diethyl ether (50 mL),
washed with H,O (3 x 50 mL), dried (MgSO,), filtered, and concentrated
by rotary evaporation to produce a colorless, viscous oil. Excess thiophenol
was removed by passing the oil through a flash chromatography column
with hexane and then diethyl ether/hexane, to give a colorless oil (3.4 g,
99%). '"H NMR (CDCly): 6 =7.40-737 (m, 2H), 7.29-7.17 (m, 3H), 4.08
(m, 1H),3.38 (m, 1H), 2.23 (s, 1H; OH), 2.19-2.05 (m, 1 H), 1.86 - 1.27 (m,
6H), 0.87 (s, 9H); 3C NMR (CDCl,): 6 =135.55, 130.77, 128.88, 126.50,
69.66, 49.09, 40.58, 32.08, 28.98, 27.28, 25.85, 21.81; IR (KBr): #="736,
3293 cm™'; MS caled for C,;H,,NaOS [M*+Na]: 287.1446; found: 287.1445;
elemental analysis calcd (%) for C,sH,,SO: C 72.66, H 9.14, S 12.13; found:
C 71.40, H 8.95, S 11.70.

r-5-tert-Butyl-c-2-(phenylselenyl)cyclohexan-r-ol (4b): A solution of di-
phenyl diselenide (1.01 g, 3.24 mmol) in absolute EtOH (10 mL) was
treated with portions of NaBH, (300 mg) until the yellow color of the
diselenide had disappeared. After effervescence had subsided, the solution
of the phenylselenyl anion was cooled to —78°C and treated with trans-5-
tert-butylcyclohexene oxide (1 g, 6.5 mmol). The solution was stirred at
—78°C for 15 min, warmed to reach room temperature, and stirred for a
further 30 min. The mixture was diluted with H,O (50 mL) and extracted
with diethyl ether (3 x 20 mL). The combined extracts were washed with
H,0 (2x50mL), dried (MgSO,), filtered, and concentrated by rotary
evaporation to give a yellow oil (1.95 g,96 % ). '"H NMR (CDCl;): 6 =7.55-
7.51 (m, 2H), 7.27-724 (m, 3H), 4.18 (m, 1 H), 3.45 (m, 1 H), 2.25-2.12 (m,
2H), 1.95-1.88 (m, 1H), 1.76-1.72 (m, 1 H), 1.66-1.60 (m, 1 H), 1.48 -1.24
(m, 2H), 0.87 (s, 9H); *C NMR (CDCl;): 6 =133.61, 130.06, 129.01, 127.20,
70.40, 4745, 40.64, 32.10, 29.40, 27.28, 26.62, 22.88; 7Se NMR (CDCL): 6 =
345.15; IR (thin film): #=3351cm™!; MS caled for C;sH,,NaO¥Se
[M*+Na]: 335.0884; found: 335.0890; elemental analysis calcd (%) for
CsH,,SeO: C 61.73, H 7.77; found: C 61.65, H 7.87.
r-4-tert-Butyl-£-2-(phenylselenyl)cyclohexan-c-ol (S5b): A solution of phen-
ylselenyl anion prepared from diphenyl diselenide (0.7 g, 2.24 mmol) in
EtOH (20 mL) was treated with cis-5-tert-butylcyclohexene oxide (0.44 g,
4.48 mmol). After workup (as described above), a clear oil was obtained
(12 g, 85%). '"H NMR (CDCly): 6 =756 (m, 2H), 7.28 (m, 3H), 4.08 (m,
1H), 3.57 (m, 1H), 3.15 (1H; OH), 2.1-1.8 (m, 3H), 1.8-1.0 (m, 5H), 0.9
(m, 9H); “C NMR (CDCl;): 6 =133.85, 130.02, 129.03, 127.31, 68.97, 48.66,
43.22,28.94, 27.36, 27.23, 26.99, 20.69.

r-5-tert-Butyl-c-2-(phenyltelluryl) cyclohexan-z-ol (4 ¢): A dark red solution
of diphenyl ditelluride (0.66 g, 1.6 mmol) and NaBH, (177 mg) was stirred
in anhydrous THF (40 mL) under an atmosphere of N,. This solution was
treated by dropwise addition of MeOH until the solution was colorless
After effervescence had subsided, the solution of phenyltelluryl anion was
cooled to —78°C and treated with a solution of trans-5-tert-butylcyclohex-
ene oxide (0.5g, 3.2 mmol) in anhydrous THF (5mL). The resulting
mixture was stirred at —78°C for 10 min, warmed to room temperature,
and stirred for a further 60 min. The solution was diluted with H,O
(100 mL) and extracted with diethyl ether (3 x 20 mL). The combined
extracts were washed with H,O (4 x 50 mL), dried (MgSO,), filtered, and
concentrated by rotary evaporation to produce a red oil containing a trace
of diphenyl ditelluride. Purification by flash chromatography gave a yellow
oil (1.11 g, 95 %), which crystallized upon standing (35-37.5°C). 'H NMR
(CDCL,): 6 =1778-7.76 (m, 2H), 7.32-7.17 (m, 3H), 4.39 (m, 1H), 3.58 (m,
1H),2.41-2.28 (m, 1H), 2.04-1.98 (m, 1H), 1.92 (m, 1H; OH), 1.82-1.64
(m, 3H), 1.46-1.35 (m, 1H), 1.24-1.10 (m, 1H), 0.86 (s, 9H); C NMR
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(CDCl;): 6 =139.03, 129.18, 127.83, 112.32, 72.42, 40.78, 35.58, 32.08, 30.21,
28.23, 2728, 24.89; »Te NMR (CDCL): 6=569.92; IR (KBr): 7=
3311 ecm™!; MS caled for C¢H,NaO'™'Te [M*+Na]: 385.0780; found:
385.0786; elemental analysis caled (%) for C,;H,TeO: C 53.39, H 6.72;
found: C 52.81, H 6.66.

r-5-tert-Butyl-c-2-(phenyltelluryl)cyclohex-#-yl acetate (41): A solution of
alcohol 4¢ (0.50 g, 1.39 mmol) in pyridine (2 mL) was stirred at —5°C for
30 min and treated with acetyl chloride (0.22 g, 0.27 mmol). The mixture
was stirred for 2 h at room temperature and then quenched with H,O. More
H,0 (20 mL) was added, and the mixture was stirred for 30 min. The
mixture was extracted into diethyl ether (3 x 20 mL). The extracts were
washed with saturated aqueous CuSO, solution (3 x 30 mL), H,O (3 x
30 mL), saturated aqueous NaHCO; solution (3 x 30 mL), and H,O (3 x
30 mL), dried (MgSO,), filtered, and concentrated by rotary evaporation to
give a yellow oil (0.48 mg, 86 % ), which crystallized upon standing to give
yellow rectangular blocks, m.p. 55 — 57°C. 'H NMR (CDCl;): 6 =7.82-7.78
(m, 2H), 7.31-7.18 (m, 3H), 5.40 (m, 1H), 3.70 (m, 1H), 2.32-2.20 (m,
1H), 2.12-2.40 (m, 1H), 2.03 (s, 3H), 1.91-1.82 (m, 1H), 1.77-1.64 (m,
2H), 1.42-131 (m, 1H), 1.26-1.11 (m, 1H), 0.86 (s, 9H); *C NMR
(CDCl,): 0 =170.16, 138.78, 129.25, 127.87,112.29, 75.49, 14.56, 32.09, 31.56,
29.26, 27.90, 27.23, 24.68, 21.31; »Te NMR (CDCly): 4 =576.86; IR (KBr):
7=3433 cm™L

trans-2-(Phenylthio)cyclohexanol (6a): A solution of thiophenol (11.2 g,
0.102 mol) in MeOH (150 mL) was treated with NaOH (4 g, 0.10 mol).
After the NaOH had dissolved, the solution was treated with cyclohexene
oxide (10 g, 0.102 mol). The resulting solution was heated to reflux for
90 min, and the excess MeOH was removed under vacuum. The residue
was dissolved in diethyl ether (100 mL), washed with H,O (3 x 100 mL),
dried (MgSO,), filtered, and concentrated by rotary evaporation to yield a
colorless viscous oil (20.8 g, 98%). 'H NMR (CDCl;): 6 =7.60-720 (m,
5H), 3.40 (m, 1H), 3.14 (1H; OH), .90 (m, 1H), 2.42-0.9 (m, 8H);
BC NMR (CDCly): 6 =133.69, 128.82, 127.66, 71.92, 56.35, 33.73, 32.59,
26.06, 24.20.

trans-2-(Phenylselenyl)cyclohexanol (6b): A solution of sodium phenyl-
selenide generated from diphenyl diselenide (3.18g, 10.2 mmol) in
absolute EtOH as described above, was cooled to —78°C and then treated
with cyclohexene oxide (2 g, 20.4 mmol). The resulting solution was stirred
at —78°C, warmed to room temperature, and stirred a further 30 min. The
solution was diluted with H,O (100 mL) and extracted with diethyl ether
(3 x 50 mL). The combined extracts were washed with H,O (3 x 100 mL),
dried (MgSO,), filtered, and concentrated by rotary evaporation to give an
oil (4.2 g,81%). 'HNMR (CDCL): 6 =7.65 (2H), 7.4-7.2 (m, 3H), 3.35 (m,
1H),3.05 (1H; OH),2.91 (m, 1H),2.18 (m, 2H), 1.9-1.55 (m,2H), 1.5-1.1
(m, 4H); *C NMR (CDCl;): 6 =135.98, 131.2, 128.88, 127.99, 72.08, 53.32,
33.79, 33.25, 26.73, 24.35; elemental analysis calcd (%) for C;;H;(SeO: C
56.47, H 6.32; found: C 55.88, H 6.15.

trans-2-(Phenyltelluryl)cyclohexanol (6¢): A solution of sodium phenyl-
telluride in THF generated from diphenyl ditelluride (2.3 g, 5.6 mmol) as
described above was cooled to —78°C and treated with a solution of
cyclohexene oxide (1 g, 10 mmol) in THF (5 mL). The resulting solution
was stirred at —78°C for 15 min and then at room temperature for 60 min.
The resulting solution was diluted with H,O (100 mL) and extracted with
diethyl ether (3 x 50 mL). The combined extracts were washed with H,O
(4 x 100 mL), dried (MgSO,), filtered, and concentrated by rotary evap-
oration to produce a red oil, which contained a small amount of diphenyl
ditelluride. The oil was purified by anhydrous flash chromatography with
hexane and then diethyl ether/hexane as eluents, to give the alcohol as a
yellow oil (2.8 g, 90%), which crystallized upon standing. 'H NMR
(CDClLy): 0 =784 (m, 2H), 737 (m, 1H), 724 (m, 2H), 3.45 (m, 1H), 3.12
(m, 1H), 2.76 (1H; OH), 2.34 (m, 1H), 2.17 (m, 1H), 1.8 (m, 1H), 1.65-
1.45 (m, 2H), 1.4-1.15 (m, 3H); *C NMR (CDCl;): 6 =140.84, 129.03,
128.24, 109.48, 73.50, 39.59, 35.06, 34.16, 27.78, 24.65; IR (thin film): 7=
3402 cm~!; MS caled for C¢H,,NaO®™'Te [M*+Na]: 327.0140; found:
327.0142; elemental analysis calcd (%) for C,H;(TeO: C 47.43, H 5.31, Te
41.99; found: C 4747, H 5.31, Te 41.81.

r-5-tert-Butyl-c-2-(phenylthio)cyclohex-z-yl trifluoroacetate (4d): A solu-
tion of the alcohol 4a (0.42 g, 1.59 mmol) in anhydrous diethyl ether
(10 mL) in the presence of pyridine (0.25 g, 3.18 mmol) was stirred at
—10°C under an atmosphere of N, and treated with trifluoroacetic
anhydride (0.4 g, 1.9 mmol) in a dropwise fashion. The solution immedi-
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ately produced a thick white precipitate. It was stirred for 20 min at —10°C.
The resulting mixture was diluted with H,O (50 mL), and the diethyl ether
layer was separated. The extracts were washed with saturated aqueous
CuSO, (2x20mL), H,O (20mL), saturated aqueous NaHCO; (2 x
20 mL), and H,O again (20 mL), dried (MgSO,), filtered, and concentrated
by rotary evaporation to give a colorless oil (0.55¢g, 96%). 'H NMR
(CDCL): =75 (m, 2H), 74-725 (m, 3H), 5.31 (m, 1H), 3.57 (m, 1H),
2.4-19 (m, 4H), 1.8-1.4 (m, 3H), 0.92 (s, 9H); 3C NMR (CDCl,): 6 =
131.16, 129.43, 127.82, 77.89, 44.84, 41.33, 32.06, 27.12, 26.92, 25.98, 21.44.
The same general procedure was used for the trifluoroacetates described
below.

r-5-tert-Butyl-c-2-(phenylselenyl)cyclohex-z-yl trifluoroacetate (4e): The
procedure for 4d was applied to alcohol 4b to produce a colorless oil
(0.565 g,98 % ). '"H NMR (CDCl,): 6 =7.65-7.60 (m, 2H), 7.4-7.3 (m, 3H),
5.44 (m, 1H), 3.64 (m, 1H), 2.2-2.05 (m, 2H), 2.0-1.9 (m, 2H), 1.75 (m,
1H), 1.5-1.35 (m, 2H), 0.92 (s, 9H); C NMR (CDCl;; not including
CF;CO residue): 6 =133.83, 133.77, 129.33, 129.00, 127.85, 78.63, 42.90,
41.35, 32.08, 27.33, 27.14, 26.49, 22.50.

trans-2-(Phenylthiocyclohexyl) trifluoroacetate (6 d): The procedure for 4d
was applied to alcohol 6a to produce a colorless oil (0.60 g, 98%). 'H NMR
(CDCly): =749 (m, 2H), 74-725 (m, 3H), 4.99 (m, 1H), 3.21 (m, 1H),
2.25-2.1 (m, 2H), 1.86-1.7 (m, 2H), 1.7-1.3 (m, 4H); 3C NMR (CDCl;;
not including CF;CO residue): 6 =133.13, 133.00, 128.93, 127.65, 79.07,
49.76, 31.44, 30.23, 30.16, 24.35, 22.99.

trans-2-Phenylselenylcyclohexyl trifluoroacetate (6e): The procedure for
4d was applied to alcohol 6b to produce a colorless oil (0.586 g, 99 % ).
'"H NMR (CDCL): 6 =761 (m, 2H), 7.4-725 (m, 3H), 5.05 (m, 1H), 3.25
(m, 1H), 2.32-2.14 (m, 2H), 1.8-1.25 (6H, m); “C NMR (CDCl;; not
including CF;CO residue): 6 = 135.53, 129.05, 128.13, 79.34, 44.87, 32.00,
30.59, 25.14, 23.07.

Product analyses of the solvolysis of r-5-tert-butyl-c-2-(phenylthio)cyclo-
hex-#-yl trifluoroacetate: A solution of the trifluoroacetate 4d (180 mg,
5 mmol) in 97 % (w/w) aqueous trifluoroethanol (TFE, 15 mL) was left at
room temperature for 48 h. The solution was then diluted with H,O
(30 mL) and extracted with diethyl ether. The extracts were evaporated
down to an oil (140 mg), which was shown by NMR spectroscopy to be
essentially pure r-5-tert-butyl-c-2-(phenylthio) cyclohexan-z-ol (100% re-
covery).

Product analysis of the solvolysis of r-5-fert-butyl-c-2-(phenylselenyl)cy-
clohex-z-yl trifluoroacetate: A solution of the trifluoroacetate 4e (0.12 g,
3 mmol) was dissolved in 97 % aqueous TFE and left at room temperature
overnight. The solution was then diluted with H,O (30 mL) and extracted
with diethyl ether. The extracts were evaporated down to an oil (95 mg),
which was shown by NMR spectroscopy to consist of an approximate 1/1.2
mixture of r-5-tert-butyl-c-2-(phenylselenyl)cyclohexan-t-ol and r-4-tert-
butyl-#-2-(phenylselenyl)cyclohexan-c-ol.

Product analysis of the solvolysis of r-5-fert-butyl-c-2-(phenylselenyl)cy-
clohex-z-yl trifluoroacetate in the presence of excess cyclohexene: A
solution of the trifluoroacetate 4e (130 mg, 0.32 mmol) and cyclohexene
(78 mg, 3 equiv) in 97 % aqueous TFE was left at room temperature for
24 h. The solution was then diluted with H,O (30 mL) and extracted with
diethyl ether. The extracts were evaporated down to produce a residue
(110 mg), which was shown by NMR spectroscopy to be an approximate 1/1
mixture of 4-tert-butylcyclohexene and trans-2-(phenylselenyl)cyclohexa-
nol.

r-5-tert-Butyl-c-2-(phenylthio)cyclohex-z-yl 4-nitrobenzoate (4f): A solu-
tion of the alcohol 4a (220 mg, 0.83 mmol) was stirred in pyridine (2 mL)
for 30 min and treated with 4-nitrobenzoyl chloride (0.17 g, 0.91 mmol).
The mixture was stirred for 3 h at room temperature and then quenched
with H,0. More H,O (20 mL) was added, and the mixture was stirred for
30 min. The mixture was extracted with diethyl ether (3 x 20 mL), and the
combined extracts were washed with saturated aqueous CuSO, solution
(3x30mL), H,O (3 x 30 mL), saturated aqueous NaHCOj; solution (3 x
30 mL), and H,O (3 x 30 mL), dried (MgSO,), filtered, and concentrated
by rotary evaporation to give a yellow solid (0.31 mg, 90 %), which was
recrystallized from petroleum ether to give yellow needles, m.p. 87 —89°C.
'H NMR (CDCL;): 6=8.31 (d, J=8.7 Hz, 2H), 8.19 (d, J=9.0 Hz, 2H),
7.52-748 (m, 2H), 7.40-7.22 (m, 3H), 5.40 (m, 1 H), 3.65 (m, 1 H),2.2-1.40
(m, 6H),0.91 (s, 9H); *C NMR (CDCl;): d =163.68, 150.50, 135.89, 134.81,
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130.72, 130.64, 129.10, 126.90, 123.59, 74.43, 45.99, 41.98, 32.24, 2730, 27.11,
26.43, 21.65; IR (KBr): #=713, 1531, 1718 cm™".
r-5-tert-Butyl-c-2-(phenylthio)cyclohex-z-yl 3,5-dinitrobenzoate (4g): A
solution of alcohol 4a (50 mg, 0.189 mmol) was stirred in pyridine (2 mL)
for 30min and treated with 3,5-dinitrobenzoyl chloride (0.065 g,
0.28 mmol). The mixture was stirred overnight at room temperature and
then quenched with H,O. More H,0O (20 mL) was added, and the mixture
was stirred for 30 min. The mixture was extracted with diethyl ether (3 x
20 mL), and the combined extracts were washed with saturated aqueous
CuSOy solution (3 x 30 mL), H,O (3 x 30 mL), saturated aqueous NaHCO;
solution (3 x 30 mL), and H,O (3 x 30 mL), dried (MgSO,), filtered, and
concentrated by rotary evaporation to give a yellow solid (55.3 mg, 63.7 %),
which was recrystallized from MeOH to give yellow needles, m.p. 194 —
195°C. '"H NMR (CDCly): 6 =9.27 (t, J=2.1 Hz, 1H), 9.13 (d, J=2.4 Hz,
2H), 752-749 (m, 2H), 7.37-722 (m, 3H), 5.45 (m, 1H), 3.67 (m, 1H),
2.2-1.99 (m, 4H), 1.82-1.73 (m, 1H), 1.60—1.48 (m, 2H), 0.93 (s, 9H);
BCNMR (CDCL): 6 =161.58, 148.66, 134.54, 134.18, 130.99, 129.29, 129.15,
127.14,122.35, 75.94, 46.12, 42.03, 32.26, 27.29, 2717, 26.41, 21.64; IR (KBr):
7 =718, 1541, 1720 cm~.

r-5-tert-Butyl-c-2-(phenylthio)cyclohex-z-yl 2,4-dinitrobenzoate (4h): A
solution of the alcohol 4a (54 mg, 0.20 mmol) was stirred in pyridine
(2mL) for 30 min and then treated with 24-dinitrobenzoyl chloride
(0.071 g, 0.30 mmol). The mixture was stirred overnight at room temper-
ature and then quenched with H,O. More H,O (20 mL) was added, and the
mixture was stirred for 30 min. The mixture was extracted into diethyl ether
(3x20mL), and the combined extracts were washed with saturated
aqueous CuSO, solution (3 x 30 mL), H,O (3 x 30 mL), saturated aqueous
NaHCO; solution (3 x30mL), and H,O (3 x30mL), dried (MgSO,),
filtered, and concentrated by rotary evaporation to give yellow solid
(61.2 mg, 65.2%), which was recrystallized from MeOH to give yellow
rectangular blocks, m.p. 103 —105°C. 'H NMR (CDCl,): 6=8.78 (d, J =
2.1Hz, 1H), 8.56 (dd, J=8.55Hz, J=225Hz, 1H), 799 (d, /=8.4 Hz,
1H), 7.54-752 (m, 2H), 740-726 (m, 3H), 5.45 (m, 1H), 3.71 (m, 1H),
2.03-1.94 (m, 4H), 1.72-1.64 (m, 1H), 1.53-1.30 (m, 2H), 0.93 (s, 9H);
BC NMR (CDClLy): 6 =162.77,148.92, 148.26, 134.65, 132.67, 131.49, 130.59,
129.08, 127.26, 126.88, 119.42, 76.57, 45.44, 41.47, 32.13, 32.13, 27.16, 26.89,
26.11, 21.47; IR (KBr): # =730, 1546, 1714 cm~.
r-5-tert-Butyl-c-2-(phenylselenyl)cyclohex-z-yl 4-nitrophenoxide (4i): A
suspension of NaH (0.1 g 60%) in anhydrous THF (10 mL) was treated
with a solution of the alcohol 4b (49.8 mg, 0.159 mmol) in anhydrous THF
(10 mL). The resulting solution was stirred at room temperature for 1 h.
The resulting mixture was chilled in ice, a solution of 4-fluoronitrobenzene
(0.025 mL, 0.235 mmol) in anhydrous THF (5 mL) was added, and the
reaction was stirred for 18 h. Excess NaH was destroyed by the careful
addition of H,O, and the resulting mixture was extracted with diethyl ether
(3 x 20 mL). The combined extracts were washed with H,O (3 x 30 mL),
dried (MgSO,), filtered, and concentrated by rotary evaporation to give a
white solid (60.6 mg, 87.6 % ), which was recrystallized from MeOH to give
white rectangular plates, m.p. 69 — 71 °C. '"H NMR (CDCl;): 6 =8.02 (d,J =
9.3 Hz, 2H), 7.66-7.63 (m, 2H), 743-731 (m, 3H), 6.56 (d, J=9.3 Hz,
2H), 4.59 (m, 1H), 3.67 (m, 1H), 2.31-2.20 (m, 1H), 2.03-1.95 (m, 2H),
1.92-1.82 (m, 1H), 1.71-1.63 (m, 1H), 1.52-1.11 (m, 2H), 0.88 (s, 9H);
BCNMR (CDClLy): 6 =162.48,141.10, 135.31, 129.34, 129.13, 128.34, 125.87,
115.04, 74.96, 44.90, 43.10, 32.30, 27.98, 27.32, 26.27, 21.34; "Se NMR
(CDCl,): 6 =364.89; IR (KBr): #=1260, 1591 cm~".
r-5-tert-Butyl-c-2-(phenylselenyl)cyclohex-z-yl 4-nitrobenzoate (4j): A sol-
ution of the alcohol (4b, 100 mg, 0.38 mmol) was stirred in pyridine (2 mL)
for 30 min and treated with 4-nitrobenzoyl chloride (0.077 g, 0.42 mmol).
The mixture was stirred for 3 h at room temperature and quenched with
H,0. More H,O (20 mL) was added, and the mixture was stirred for 30 min.
The mixture was extracted with diethyl ether (3 x20mL), and the
combined extracts were washed with saturated aqueous CuSO, solution
(3 x30mL), H,0O (3 x 30 mL), saturated aqueous NaHCO; solution (3 x
30 mL), and H,O (3 x 30 mL), dried (MgSO,), and concentrated by rotary
evaporation to give a yellow solid (69.5 mg, 78.2% ), which was recrystal-
lized from petroleum ether to give yellow needles, m.p. 81 — 83°C. 'H NMR
(CDCl,): 6=8.29 (d, J=9.0Hz, 2H), 8.18 (d, /=8.7Hz, 2H), 7.64-7.61
(m, 2H), 7.31-728 (m, 3H), 5.52 (m, 1H), 3.72 (m, 1H), 2.28-2.14 (m,
1H), 2.14-1.90 (m, 2H), 1.82-7-1.71 (m, 1H), 1.57-1.34 (m, 1H), 1.30-
1.20 (m, 1H), 0.91 (s, 9H); *C NMR (CDCl,): 6 =163.57, 150.42, 135.90,
133.47,131.64, 130.56, 129.17, 127.48, 123.50, 75.22, 43.64, 41.97, 32.18, 27.78,
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2724, 26.98, 22.67; "Se NMR (CDCl,): 6 =352.42; IR (KBr): #= 1529,
1716 cm™.

r-5-tert-Butyl-c-2-(phenylselenyl)cyclohex-t-yl 2,4-dinitrobenzoate (4k): A
solution of the alcohol 4b (54.7 mg, 0.175 mmol) was stirred in pyridine
(2mL) for 30 min and treated with 2,4-dinitrobenzoyl chloride (0.06 g,
0.26 mmol). The mixture was stirred overnight at room temperature and
then quenched with H,O. More H,O (20 mL) was added, and the mixture
was stirred for 30 min. The mixture was extracted with diethyl ether (3 x
20 mL), and the combined extracts were washed with saturated aqueous
CuSO, solution (3 x 30 mL), H,O (3 x 30 mL), saturated aqueous NaHCO;
solution (3 x 30 mL), and H,0O (3 x30 mL), dried (MgSO,), filtered, and
concentrated by rotary evaporation to give a yellow solid (69.5 mg, 78.2 %),
which was recrystallized from pentane to give yellow rectangular blocks,
m.p. 111 -113°C, and additionally from MeOH, m.p. 113.5-115.5°C.
'"H NMR (CDCL): 6=8.70 (d, /=2.1 Hz, 1H), 8,51 (dd, J=2.1Hz, J=
8.4 Hz,1H),7.96 (d,/ =8.4 Hz, 1 H), 7.64-7.60 (m, 2H), 733 -7.29 (m, 3H),
5.40 (m, 1H), 3.81 (m, 1H), 2.28-2.14 (m, 1H), 2.08-1.92 (m, 2H), 1.83—
1.62 (m, 2H), 1.45-1.15 (m, 2H), 0.86 (s, 9H); *C NMR (CDCly): 6 =
162.62, 148.95, 148.43, 133.52, 132.50, 131.64, 129.65, 129.22, 127.58, 127.14,
119.33, 76.13, 44.24, 42.87, 32.28, 28.35, 2727, 26.19, 21.48; 7Se NMR
(CDClLy): 6=361.47; IR (KBr): 7 =1543, 1735 cm~".

r-5-Methyl-c-2-(phenylthio)cyclohexan-r-ol (7a): A solution of NaOH
(02g, 5.0mmol) in MeOH (20mL) was stirred at 0°C under an
atmosphere of N,. Thiophenol (0.49 g, 446 mmol) was added to the
solution, and the solution was stirred until the NaOH had dissolved. trans-

5-Methylcyclohexene oxide (0.5 g, 4.46 mmol) was added, and the mixture
was stirred for 20 min. The reaction was then diluted with H,O (20 mL) and
extracted with petroleum ether (30 mL, b.p. 40 — 60 °C). The organic layer
was washed with H,O (2 x 30 mL), dried (MgSO,), filtered, and concen-
trated by rotary evaporation to give a pale yellow oil (0.77 g, 78%).
'HNMR (CDCl,): 6 =7.42-7.40 (m, 2H), 7.35-7.20 (m, 3H), 3.79 (m, 1 H),
3.05 (m, 1H), 2.45 (s, 1H; OH), 2.10-1.92 (m, 2H), 1.90-1.79 (m, 1H),
1.75-1.60 (m, 1H), 1.60—1.42 (m, 2H), 1.42-1.37 (m, 1H), 0.9 (d, /=
6.9 Hz, 3H); BC NMR (CDCl;): 0 =134.07, 132.24, 128.87, 127.10, 68.58,
53.51, 38.05, 30.56, 26.97, 26.55, 20.01.

r-5-Methyl-c-2-(phenylselenyl)cyclohexan-z-ol (7b): Diphenyl diselenide
(0.7 g, 2.24 mmol) was stirred in EtOH (7 mL) under an atmosphere of N,,
and NaBH, (280 mg) was added in portions until the solution was colorless.
The solution was then cooled to 0°C, and trans-5-methylcyclohexene oxide
(0.5 g, 4.46 mmol) was added. The mixture was stirred for 15 min and
diluted with H,O (25 mL). The mixture then was extracted with diethyl
ether (30 mL). The organic layer was washed with H,O (2 x 30 mL), dried
(MgSO,), filtered, and concentrated by rotary evaporation to give a pale
yellow oil (0.86 g, 72%). '"H NMR (CDCl,): 6 =7.61-7.57 (m, 2H), 7.36 -
761 (m, 3H), 3.82 (m, 1H), 3.17 (m, 1H), 2.60 (s, 1H; OH), 2.18-2.02 (m,
1H), 2.02-1.90(m, 1H), 1.90-1.70 (m, 2H), 1.63-1.45 (m, 2H), 1.40-1.23
(m, 1H), 0.87 (3H, d, /=6.9 Hz); 3*C NMR (CDCl;): 6 =134.82, 128.95,
128.25, 12762, 68.89, 50.96, 38.28, 31.40, 27.24, 2710, 19.92; "Se NMR
(CDCl;): 6=340.24; IR (thin film): ¥=3392 cm~'; MS caled for C,;H,,
NaO%Se [M*+Na]: 293.0414; found: 293.0417.

Table 10. Crystallographic parameters for compounds 7m, 4f, 4g, 4h, and 4i.

7m 4f 4g 4h 4i

formula CyH,;NO;S C;H,;;NO,S Cy3H,sN,O4S Cy3H,N,OS C,H,;;NO;Se

M, 343.43 413.52 458.52 458.52 432.41

T [K] 130.0(1) 130.0(1) 293 200.0(1) 130.0(1)

radiation Mo, Cug, Cug, Cug, Cug,

A[A] 0.71069 1.54180 1.5418 1.5418 1.5418

crystal system triclinic triclinic monoclinic triclinic triclinic

space group Pl P1 P2/n Pl Pl

a[A] 10.287(5) 6.5430(10) 15.4690(15) 13.2970(15) 6.4497(4)

b [A] 12.970(3) 15.864(2) 7.2649(5) 13.332(5) 17.1293(10)

c[A] 13.458(4) 20.822(3) 20.382(2) 14.182(3) 20.677(3)

a [’ 82.22(2) 81.96(2) 86.61(2) 67.80(1)

AN 75.81(3) 86.11(2) 92.946(8) 71.850(13) 85.79(1)

v [°] 79.47(3) 85.850(10) 72.53(2)

V[A%] 1703.8(10) 2130.8(5) 2287.5(4) 2277.2(9) 2095.6(4)

V4 4 4 4 4 4

Peatea [Mgm3] 1.339 1.289 1.331 1.337 1.650

u [mm~1] 0.207 1.585 1.613 1.620 2.753

F(000) 728 880 968 968 896

crystal size [mm] 0.6 x 0.4 x0.15 0.6 x 0.1 x 0.04 0.6 x0.2x0.15 03x0.3x02 0.4 x0.15 x 0.07

0 range [°] 2.07-25.00 2.15-69.99 3.50-69.97 3.48-70.01 2.31-74.91

index range 0<=h<=12 O0<=h<=17 0<=h<=18 —-15<=h<=16 —8<=h<=0
—15<=k<=15 —19<=k<=19 0<=k<=8 —15<=k<=16 —2l<=k<=21
—-15<=I<=16 25<=1<=25 —24<=1<=24 -17<=1<=17 -25<=1<=25

absorption method®® NA analytical analytical NA analytical

max/min transmission NA 0.93/0.61 0.80/0.54 NA 0.83/0.44

reflns collected 6361 8802 4489 9141 9308

independent reflns 5994 8043 4322 8617 8572

R(int) 0.0102 0.0294 0.0258 0.0142 0.0599

observed reflns [1>20(1)] 5448 6675 3213 7301 7160

data/restraints/parameters 5994/0/602 8043/0/740 4322/0/290 8617/0/786 8572/0/488

GOF on F? 1.034 1.013 1.028 1.059 1.012

final R indices [I > 20(1)] R1=0.0427 R1=0.0384 R1=0.0527 R1=0.0425 R1=0.0411
wR2=0.1108 wR2 =0.0937 wR2=0.1411 wR2=0.1141 wR2=0.1034

R indices (all data) R1=0.0469 R1=0.0498 R1=0.0710 R1=0.0504 R1=0.0519
wR2=0.1141 wR2=0.1005 wR2=0.1614 wR2=0.1203 wR2=0.1106

weighting schemel! A =0.0569 A =0.0531 A=0.0817 A=0.0619 A =0.0641
B=1.6032 B=0.7365 B=0.76 B=0.82 B=1.42

extinction coefficient 0.0045(9) 0.00094(14) 0.0010(3) 0.00083(16) 0.00018(10)

largest diff. peak/hole [e A3 1.36/ — 0.48 0.29/-0.23 0.28/—-0.27 0.30/ —0.44 1.02/-0.81

a = not applicable. w=1/0°(£s)+ + ; In whic =(F5+208)13.
NA licable. [b 1[o?(F? AP)?+ BP]; in which P=(F2+2F2)/3
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Table 11. Crystallographic parameters for compounds 4j, 7k, 41, and 4k.

(3x20mL). The combined extracts
were washed with H,O (3 x 30 mL),

4 7k 4 4k dried (MgSO,), filtered, and concen-
formula C,;H,;NO,Se C,0HoN,04Se CsHy0,Te C3HpsN,O4Se trated by rotary evaporation to give a
M, 460.42 463.34 401.99 505.43 yellow solid (53.5mg, 82%), which
T [K] 130.0(1) 130.0(1) 173(2) 130.0(1) was recrystallized from pentane to
radiation Mok, Mok, Mok, Cug, give large dark yellow blocks, m.p.
2 [A] 0.71069 0.71069 0.71069 1.5418 62 — 63°C. '"H NMR (CDCl,): 6 =8.07
crystal system triclinic triclinic monoclinic triclinic (d,J=9.3 Hz,2H), 7.50-7.46 (m, 2H),
space group P1 P1 P2,/c P1 7.39-730 (m, 3H), 6.65 (d, J=9.3 Hz,
a[A] 6.5152(18) 7.560(3) 12.5353(3) 8.1390(13) 2H), 4.56 (m, 1H), 348 (m, 1H),
b [A] 15.991(4) 11.082(4) 17.1247(4) 11.1470(11) 2.19-2.07 (m, 1H), 1.95-1.80 (m,
c[A] 20.957(4) 12.678(5) 8.4189(2) 12.652(2) 4H), 1.64-154 (m, 1H), 1.44-130
a ] 82.446(16)) 108.04(2) 86.230(13) (m, 1H), 096 (d, J=5.7Hz, 3H);
AN 86.74(2) 101.82(2) 101.433(1) 85.820(13) 3C NMR (CDCly): 6 =162.44, 141.12,
v [°] 82.370(8) 85.58(2) 99.45(2) 85.31(2) 134.31, 132.68, 129.14, 127.74, 125.85,
v [A% 2155.6(8) 958.5(6) 1771.37(7) 1138.9(3) 114.96, 75.36, 46.75, 33.61,29.31, 26.48,
V4 4 2 4 2 26.15, 21.86; IR (KBr): 7#=752, 1250,
Peatea [Mgm3] 1.419 1.605 1.507 1.474 1590 cm~.
u [mm™] 1770 2.000 1.682 2.591 Crystallography:  Diffraction data
F(000) 952 472 808 520 were recorded on an Enraf Nonius
crystal size [mm] 0.7 x 0.14 x 0.10 0.4 x0.3x0.1 0.4 x04x0.15 0.7 x 0.25 x 0.07 CAD4f diffractometer operating in
0 range [°] 2.21-26.98 2.14-25.01 2.04-27.43 3.51-74.96 the 6/20 scan mode at low temper-
index range —1<=h<=8 —8<=h<=8 —lo<=h<=16 —-10<=h<=8 ature: 130 K for 4f, 4i, 4, 4k, 7k, and
—20<=k<=20 —13<=k<=13 —-202<=k<=22 —13<=k<=13 7m, 200 K for 4h, and 173 K for 41.
—26<=1<=26 -15<=I<=15 —10<=I<=10 —15<=I<=15 Diffraction data for 41 were recorded
absorption method analytical analytical semiempirical on a Siemens SMART diffractometer
max/min transmission 0.86/0.73 0.79/0.50 0.69/0.53 0.82/0.34 at 173K (see Tables10 and 11 for
reflns collected 11927 7226 17681 5497 details of the crystallographic data).
independent reflns 9411 3342 4040 4668 The crystals were flash-cooled by
R(int) 0.0230 0.0219 0.0246 0.0272 means of an Oxford Cryostream cool-
observed reflns [1>20(1)] 6827 3005 3361 4453 ing device. Because 4g underwent a
data/restraints/parameters 9411/0/740 3342/0/343 4040/0/295 4668/0/368 destructive phase change upon cool-
GOF on F? 1.023 1.113 0.927 1.048 ing, even when cooled slowly, data
final R indices [I > 20(])] R1=0.0388 R1=0.0425 R1=0.0191 R1=0.0284 were collected at room temperature.
wR2=10.0759 wR2=0.0977 wR2 =0.0449 wR2=0.0725 Unit cell dimensions were corrected
R indices (all data) R1=0.0697 R1=0.0492 R1=0.0247 R1=10.0299 for any 6 zero errors by centering
R2=0.0858 wR2=0.1013 wR2 =0.0461 wR2=0.0735 reflections at both positive and neg-
weighting schemel?] A=0.0411 A =0.0381 A =0.0268 A=0.0374 ative @ angles. The data were corrected
B=0.2545 B=2.3758P B=00 B=0.76 for Lorentz and polarization effects!'*]
extinction coefficient . 0.0016(3)) 0 0 0.0026(2) and for absorption (SHELX-76).13
largest diff. peak/hole [eA73]  0.65/—0.48 1.45/—0.754 0.54/ —0.50 0.59/—0.47 Structures were solved by direct meth-

[a] w=1/[0*(F2) + (AP)*+ BP];

in which P = (F2 +2F2)/3.

ods (SHELXS-86)!"! and were refined
on F? (SHELXL-97).'"! Thermal el-
lipsoid plots were drawn using the

r-5-Methyl-c-2-(phenylselenyl)cyclohex-z-yl 2,4-dinitrobenzoate (7k): A
solution of alcohol 7b (55 mg, 0.204 mmol) was stirred in pyridine (2 mL)
at 0°C under N, for 30 min and treated with 2,4-dinitrobenzoyl chloride
(0.07 g, 0.30 mmol). The mixture was stirred overnight at room temper-
ature and then quenched with H,O. More H,O (20 mL) was added, and the
mixture was stirred for 30 min. The mixture was extracted with diethyl
ether (3 x20mL). The combined extracts were washed with saturated
aqueous CuSO, solution (3 x 30 mL), H,0O (3 x 30 mL), saturated aqueous
NaHCO; solution (3 x30mL), and H,O (3 x30mL), dried (MgSO,),
filtered, and concentrated by rotary evaporation to produce a yellow solid
(64.5 mg, 68%), which was recrystallized from MeOH to give yellow
blocks, m.p. 80-81°C. '"H NMR (CDCl;): 6 =8.75 (s, / =2.1 Hz, 1H), 8.50
(dd, J=225Hz, J=825Hz, 1H), 792 (d, J=8.4 Hz, 1H), 7.62-7.58 (m,
2H), 732-726 (m, 3H), 5.43 (m, 1H), 3.64 (m, 1H), 2.12-1.54 (m, 6H),
1.38-1.42 (m, 1H), 0.95 (d,/ = 6.6 Hz, 3H); *C NMR (CDCl;): 6 =162.78,
148.88, 133.73, 132.92, 131.46, 129.22, 127.62, 127.31, 119.44, 76.75, 43.32,
34.42,30.42, 2732, 27.06, 21.43; 7Se NMR (CDCl,): 0 =359.45; IR (KBr):
7=1546,1719 cm™".

r-5-Methyl-c-2-(phenylthio)cyclohex-7-yl 4-Nitrophenoxide (7m): A sus-
pension of NaH (0.1 g 60 %) in anhydrous THF (10 mL) was treated with a
solution of the alcohol 7a (51 mg, 0.19 mmol) in anhydrous THF (10 mL).
The resulting solution was stirred at room temperature for 1h. The
resulting mixture was chilled in ice. A solution of 4-fluoronitrobenzene
(0.024 mL, 0.228 mmol) in anhydrous THF (5 mL) was added, and the
reaction was stirred for 18 h. Excess NaH was destroyed by the careful
addition of H,O, and the resulting mixture was extracted with diethyl ether
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program ZORTEP.ICCDC-180500 to CCDC-180508 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or e-mail: deposit@ccdc.cam.ac.
uk).

Kinetic methods: Rates were determined conductometrically with a YSI
Model 32 conductance meter. The conductance cell had a 40 mL capacity
and Pt electrodes. The temperature was kept constant with a Precision H8
heating bath. Usually the concentration of the substrate was approximately
10-4m.
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Structure and Phase Stability of Binary Zintl-Phase Compounds: Lithium —
Group 13 Intermetallics and Metal-Doped Group 14 Clathrate Compounds

Alyssa Ker,”! Evgeny Todorov,* 9 Roger Rousseau,*!*! Kentaro Uehara,!"!
Francois-Xavier Lannuzel,' and John S. Tse!™!

Abstract: The structure/bonding rela-
tionship in a series of intermetallic
phases of Li with Al, Ga, and In was
investigated by density functional theory
and complemented by a model based on
tight-binding theory and the method of

the ability to predict low-energy struc-
tures for a given composition. This
analysis gives a straightforward picture
of phase stability in terms of local geo-

Keywords: density functional calcu-

metric features such as triangular,
square, and hexagonal arrangements of
atoms. The approach was extended to
examine the structural properties of
metal-doped clathrate compounds of C,
Si, Ge, and Sn. Clathrate-type phases

moments. The combination of these two
approaches provides a simple scheme
which allows for both a comprehensive
understanding of structural trends and

lations

structures -

Introduction

Understanding the structure and bonding of intermetallic
phases poses a unique challenge to theory. First-principles
calculations can be used to obtain an accurate description of
the structure and physical properties of a material, such as
elastic constants and thermal power. However, often the
complexity of these simulations does not readily allow for the
identification of the underlying physical principles which
govern why the complex structures of metals and alloys are
formed. On the other hand, the alloy designer or solid-state
chemist can still make intermetallic phases and understand
their structure and properties of by using simple models such
as the Zintl-Klemm concept and Miedema’s rules.[-2 A
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based on the frameworks Si;;,, Ge;s,,
Siy, and Gey, are not only likely to be
energetically favorable but may also
exhibit high thermoelectric efficiency.

solid-state

major achievement was the development of reliable structure
maps? that predict which phases can be formed by
combining different elements. As with other models, these
maps are classifications of structures by parameters such as
electronegativity and number of valence electrons and are
empirically derived. Thus, the answer to the fundamental
question of why intermetallic phases form with a particular
structure and stoichiometry is still elusive.

A step towards understanding phase stability, and ultimate-
ly predicting which phase may be obtained for a given
stoichiometry, is a qualitative understanding of the structure
of phase diagrams. Ideally, if we could draw a direct relation-
ship between such concepts as electronegativity and valence
electron concentration to explain why phases form in a given
structure type (ST), we could then rationally design solids.
From the point of view of theory, this type of paradigm would
be useful in materials science to complement computationally
intense first-principles studies. At present, methods based on
density functional theory (DFT)P! can now discriminate the
total energies of different phases to within fractions of an
electron volt. Yet, to indiscriminately search though a host of
possible phases with DFT methods can place extreme demands
on resources and time. Therefore, what is required is an
approach to qualitatively screen structures, either by fast, low-
level calculations or, more desirably, simple rules of thumb.

Here we provide such a qualitative approach based on a
simple tight-binding model and analysis of the relationship
between structure and phase stability by the method of
moments.[ 248 This theory differs from traditional methods
of solid-state band theory in that the analysis is performed in
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real space by using the direct link between phase stability and
the moments, 4= [E"p(E)dE =Tr(H") (n=0, 1, 2...), of the
electronic density of states (DOS) p(E). Within a tight-
binding description of electronic structure, the nth moment is
related to the number of closed paths of order n and hence
intimately connected to local structural features. Hence, these
are the perfect parameters by which to relate the crystal
structure topology to the total electronic energy of the system.
For example, u, is related to the coordination number, u; to
the number of triangular arrangements of atoms, u, is
connected to squares and bond-angle effects, and us and p,
among other things, reflect the contribution of pentagons and
hexagons, respectively.>>1 Previous work using this ap-
proach focused on the relationship between moments analysis
and traditional electron counting rules ¥ to provide a link
with traditional bonding concepts. These insights into the
energy/structure relationship form the key to bridging the gap
between the simple models and the full quantum mechanical
first-principles methods.

Here we demonstrate how a relatively simple tight-binding
scheme can be used to understand the structure of phase
diagrams of Zintl-type compounds. In particular, we model
the zero-Kelvin electronic energy stability that would be
obtained from an ab initio calculation that does not include
finite temperature effects for either electrons or nuclei. We
also show how this can be exploited as a practical tool to
complement first-principles studies of novel materials. Some
of these results have been published in prior short commu-
nications,’'?l whereas the objective of this work is to provide
a more comprehensive and detailed discussion. Previous work
on moments methods and Zintl-phase structures!’*-!% focused
upon fixed stoichiometries, in contrast to the approach here,
where we examine the role of variable stoichiometry, as is
necessary to understand phase diagrams.

In the next section, a detailed discussion of the simulation
techniques is presented. This section may be skipped by the
reader less interested in this aspect of the work without loss of
continuity. We then provide a detailed investigation of phase
stability for intermetallics and alloys of Li and the Group 13
elements Al, Ga, and In. A database of state-of-the-art
calculations for Li— Al alloys!['?!] demonstrates that current
electron structure theory is sufficiently accurate to reproduce
the phase stability, yet a simple picture of the underlying
physics is still lacking. Here we examine bonding in real space
of these compounds and show how a qualitative model allows
us to understand the low-temperature phase diagram. The
simple rules derived from this analysis are then used to make
educated predictions of alternative low-energy Li— Al phases,
which are verified by DFT simulation. Finally, these concepts
are extended to understanding the phase stability of Group 14
clathrate structures.’>?! Compounds of this type have
received enormous attention, both theoretical®-3% and ex-
perimental, due to their interesting electrical transport
properties, most notably superconductivity®! and high ther-
moelectric efficiency.l” 41 Within this section we present
predictions of novel clathrate-type structures which are not
only energetically compatible with known phases but may
also be suitable for application as highly efficient thermo-
electric materials.

2788 —— © WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002

Computational Methods

Tight-binding simulations and moments expansions: We employ the
second-moment-scaled Hiickel tight-binding model,“> 4] which has met
with great success in rationalizing structural trends in solid-state phas-
es.2 781 The method is described in several reviews!” ¥l and compared with
ab initio electronic structure theory,* %! so the relative performance and
weaknesses of the method are well documented. Therefore, this approach
need not be expanded upon in detail here, except for the specific cases
where methodological changes are introduced.

The structures used for tight-binding simulations were obtained from fully
optimized geometries, including cell parameters, at the DFT level. For the
tight-binding analysis, each main group atom is modeled by including the
valence s and p atomic orbitals. The electropositive alkali and alkaline
earth metal atoms are assumed to transfer all valence electrons to the main
group atoms, and are thus considered to act simply as point charges. We
verified the ionic nature of these interactions in the Na-Si and Li-Al
phases at the DFT level of theory in a previous communication. 1 Here
we neglect the ionic contribution to the total electronic energy which was
included in previous studies,***l and only consider the covalent or band-
structure energy. This simplifies our computational scheme by removing
the need to include up to four extra parameters (and their dependence
upon electron concentration) for an ionic term. This approximation is most
valid when the relative charges on the ions are low and the number of
covalent bonds between main group atoms is high, that is, large bonding
and small ionic energies. Note that in cases such as lanthanide compounds
of Group 16 elements,™” in which there are few covalent bonds and large
formal charges, a predomint role of the covalent energies in ultimately
determining the final structure was observed. Only interactions between
main group atoms whose distance falls within the first peak of the radial
distribution function are included in the tight-binding analysis, and all other
Hamiltonian matrix elements are set to zero. This simplifies the model and
avoids the tendency of Hiickel methods to overestimate interactions with
second-nearest neighbors. A mesh of at least 1000 k points over the
symmetry-inequivalent portion of the Brillouin Zone (BZ) was used to
insure convergence of moments and energies.

The methodology adopted here differs from previous implementations in
two respects. First, the u, of the various structures are scaled by a simple
renormalization of the eigenvalue spectrum, as opposed to iteratively
rescaling the size of the system such that all phases have identical second
moments. The structural energy difference theorem!*! (on which the
second-moment scaling hypothesis is based) applies only for small
variations in the system size, for which the width but not the shape of the
DOS is affected. Thus, this further approximation is also appropriate. This
has the advantage of reducing the computational effort to one-eighth to
one-tenth of that of the former approach. We validated this assumption by
repeating the simulation of the Li— Al phase diagram and found that the
two approaches yield energy difference curves which are qualitatively
identical in that the electron counts over which phases are stable differ by at
most 0.02 e per atom. Thus, the approach is reduced to performing a single
Hiickel calculation for each structure to obtain eigenvalues, which are then
manipulated to obtain DOS and moments.

A second modification to previous studies is in the way in which we
obtained the Hiickel parameters for our simulations. All orbital exponents
are obtained directly from fitting the radial wavefunction obtained from
scalar-relativistic LDA-DFT atomic calculations to single-exponent Slater
functions. We do not necessarily use the ground-state atomic configura-
tions, but employ that used to generate transferable pseudopotentials (see
ref.[51] for a description of the configurations used for s, p, and d states of
each atom). The energy separation between the ionization values of the s
and p electrons, denoted AH;, is also obtained from the atomic calculations.
This leaves only one parameter, namely, the absolute energy level of the
atomic p orbital. For this, we take as an initial value the ionization energy
from a well-established parameter setl®? and allow it to vary to obtain the
best agreement for the trend of structure type versus number of valence
electrons for phase boundaries of the Li—Group 13 element phase
diagram. The values of the parameters obtained form the above procedure
for Group 14 elements are given in Table 1. The results of these tight-
binding simulations are qualitatively insensitive to the parameters used and
to the small variation between parameters of elements of Groups 13 and 14.

0947-6539/02/0812-2788 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 12





Lithium Group 13 Intermetallics and Metal-Doped Group 14 Clathrate Compounds 2787-2798
Table 1. Parameters used in tight-binding simulations (see text for details). An2A, b B, B @
An = —5 1y On = 0 —

Element n g, Hy g, H,, Ant An Ana

C 2 1.625 —21.40 1.625 —11.40 Successive terms in the continued fraction of Equation (1) account for the
Al/Si 3 1.70 —15.50 1.38 —7.30 contribution of even increasing moments and allow us to build up the DOS.
Gal/Ge 4 2.31 —13.30 1.60 —7.30 The above algorithm for obtaining the coefficients in Equations (2) - (4)
In/Sn 5 2.60 —12.60 1.90 -6.19 differs from the formulas presented previously in ref.[5, 6] for the

In general, the ordering of which phases are stable with respect to
increasing electron count is not altered by variations of this parameter over
several electron volts, but the electron count at which a given phase
becomes stable can change by as much as 0.5e per atom. Hence, we
restricted ourselves to only one sp block atom for each row of the periodic
table, and this leads to greater simplification of the model. The parameters
accurately account for several key trends as one goes down a column of the
periodic table. First, the ionization potential decreases from C to Sn.
Second, both s and p orbital exponents become more contracted, and the
relative contraction of the s outweighs those of the p. Finally, our
parameterization for first row sp-bonded elements leads to values which
are essentially identical to the traditional parameters for C, and thus we
opted to use these.

The results of the tight-binding analysis were examined within the method
of moments>>¢ which was adapted to our purpose by the following
prescription. First, an accurate representation of the DOS p(E) and its
moments ;= [E'p(E)dE is obtained from our tight-binding calculation.
The eigenvalues are then renormalized such that uy=1, u; =0, and u, =
u,(diamond), where u,(diamond) is the second moment for the diamond
structure. Note that the choice of u, does not alter the phase ordering due to
renormalization of the eigenvalue employed here. The results of the tight-
binding calculation can then be examined in terms of the contributions of
the specific moments by the following procedure. The DOS can be
constructed from its moments via a continued fraction [Eq. (1)], where IM
indicates the imaginary part, f is a function which terminates the fraction
(see below), and the coefficients a, and b, are obtained from the moments
u; via determinants A, and B, [Egs. (2) and (3)] and the recursion formula
[Eq. (4)], where ay=1, a;= A, by=0 (by definition).

1 ag

p(E) = —IM {—} W
™ E+b m_é;
Ho M1 o Hn—)  Hn

A, = M1 M2 oo Hno ol @
HBn HPnt1 - Han—1 Hon
Mo M1 - Hno1l Hni

B, = 1 M2 . Hn fago 3)
Hn Mnt1 o Hon—1 Hontl

Table 2. Structural parameters for Li— Al binary phases.

calculation of b, in having greater numerical stability.

Termination of the continued fraction to allow for accurate evaluation has
been the subject of several studies.’> ! We adopt the simplest of these
schemes by noting that for most systems a, and b, approach limiting values
Agna and by, thus providing the relation of Equation (5), which can be
solved to give Equation (6).

_ Q final
/= E + bfinat — f ®)

~ Etbpinat (E + byinat)? — 4afina

/ 2

(6)

This provides the simple solution E, = — b, +2v/@nq and Ey= — by —
2v/as.q Where E, and E, are the highest and lowest orbital energies.
Equation (6) can be used to truncate Equation (1) at any given value of a,
or by, and this effectively eliminates the information contained in the higher
order moments. This in principle allows us to examine how the various
moments, and hence how the local structural motifs, affect the total
electronic energy and ultimately the phase stability.

DFT simulations and properties derived from the Fermi surface: To
validate the theoretical predictions of the simpler tight-binding model and
to obtain predicted properties of these phases, we performed calculations
based on DFT.l In particular, the core electrons were modeled by an
ultrasoft pseudopotential®! including only the outermost s and p electrons
in the valence shell. These electrons were expanded in a basis set of plane
waves with a cutoff energy of 1.5 times that of the recommended value for
convergence to high accuracy. A Monkhorst —Packl®! 10 x 10 x 10 mesh of
k points was used for BZ integration to insure convergence of the total
energy to within 0.01 eV per atom, with the exception of X35 and X7, (X =
C, Si, Ge, Sn). For these phases the large unit cells allowed smaller k meshes
of 6 x 6 x 6 and 4 x 4 x 6 (X3, and X,,, respectively) to give the same level
of convergence. Results were obtained within the local density (LDA) and
generalized gradient (GGA )P approximations for the Li— Al system. As a
gauge for the accuracy of our calculations relevant structural parameters
are compiled in Table 2 for the Li— Al system. As expected, both LDA and
GGA provide accurate lattice constants and bond lengths within about 2 %
of those observed experimentally. The values provided by LDA are
characteristically lower but in agreement with those of previous stud-
ies.”-2!1 Both functionals reproduce the trend of decreasing Al—Al bond
length with increasing Li concentration. Only LDA calculations were
employed for the Group 14 clathrate compounds. The validity of the rigid-
band approximation has been discussed at length elsewhere,” and
analogous calculations performed on some of the current structures

Phase Structure type  Valence electrons  No. of Al-Al bonds

Lattice constants [A], exptl (LDA, GGA)k!

AL-AI[A], exptl (LDA, GGA)P!

Al Cu (fec) 3 12 a=4.05 (3.99, 4.04) 2.86 (2.82, 286)

LiAl, Au;Cu 333 8 a=4.01(3.96, 4.01) 2.83 (2.79, 2.83)

LiAl NaTl 4 4 a=6.36 (623, 6.31) 2.76 (2.70, 2.73)

Li;Al,  Bi,Te, 4.5 3 a=4.50 (4.37, 4.43) 2.74 (2.67,2.71)
c¢=14.25 (13.75, 13.92)

Li,Al,  LiAl, 5.25 2 a=19.15 (18.45, 18.69) 2.64 (2.65, 2.68)
b=542 (5.23,5.32)
c=4.50 (4.38, 4.44)

Li,Al;  Ga,Ti, 3.67 6.67 a=(6.21, 6.30) (2.79, 2.83)1b]
¢=(3.97, 4.03)

Li;Al, LisGa, 425 5.50 a=(437,4.42) (2.69, 2.71)l
c= (8.19,823)

[a] Calculated values. [b] Average.
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yielded similar findings. DFT calculations were performed with the Vienna
AD Initio Software Package (VASP).18-0]

The thermoelectric figure of merit (ZT) of a material is governed by
Equation (7), where S is the temperature-dependent Seebeck coeffi-
cient,[®l ¢ is the electrical conductivity, and « is the thermal conductivity.
For crystals S(7) can be calculated, within the approximation of constant
relaxation time 7, from a knowledge of the DOS p(E), the velocity of the
electrons at the Fermi level v, and the Fermi distribution [Eq. (8)],1°") where
L* is given by Equation (9), such that [Eq. (10)], and for metals at low
temperature [Eq. (11)].

27 = Tsz% M
S = 2 ®)
L7 = 1 [ 4B(E = Bram)"(B)(E) [— %] ©)
=5, (10)

Thus, the Seebeck coefficient is related to the reciprocal electrical
conductivity and the first derivative of the conductivity near the Fermi
energy. Here it is assumed that each partially occupied band behaves
independently. In general, S is largest in systems having partially occupied
bands with low v and hence only weak dispersion. Thus, structures with flat
bands at and around the Fermi level are the best candidates to obtain large
values of S.

Transport properties of the hypothetical Xy, clathrate phases (see below)
were modeled by a similar prescription to our previous work on Na-doped
Si clathrate phases.” 2l BZ integration was carried out by using a modified
Shankland - Koelling—Wood band-interpolation scheme.[* % First, we
calculated eigenvalues on relatively coarse three-dimensional k point
grids. Second, these eigenvalues are interpolated on the basis of lattice star
function expansion to give the eigenvalues on dense k point grids. For each
compound, 1000 and 10000 k points in the first BZ are used as coarse and
dense k point grids.

The reliability of the ultrasoft pseudopotential calculation was examined by
comparing the results with full-potential linearized augmented plane wave
(FLAPW) code .l The reasonable agreement between the two methods
confirms the reliability of our data.

Results and Discussion

Phase diagrams of Li— Group 13 intermetallics: Phase order-
ing with increasing Li concentration: Lithium was chosen as
alkali metal due to its relatively small ionic radius, which thus
lessens the effects of the size of alkali metal cation and may
lead to structures with discrete clusters.[! This allows us to
examine the energy dependence of infinite networks. Here we
assess the validity of using a moments scheme to account for
boundaries on the phase diagram of a variable ratio of Li to
Group 13 element.

The low-temperature Li— Al phase diagram is fairly sim-
plel® and comprises five known phases: Al (fcc), LiAl (NaTl
ST), Li;Al, (Bi,Te; ST), LiyAl, (LisAl, ST), and elemental Li
(bee at 300 K). These structures are shown in Figure 1 in order
of increasing Li to Group 13 atomic ratio. We also include the
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metastable phase LiAl; (AuCu; ST) in this discussion, which
on the basis of electronic energy (as opposed to free energy) is
energetically compatible with the stable phases. Similar to
Li- Al the phase diagrams of Li—1In and Li— Ga also contain
the 1:1 phase in the NaTl ST and the 3:2 Bi,Te; ST (see
Figure 1). However, both In and Ga form an additional 5:4
phase with the LisGa, ST, as well as a 2:1 phase of the Li,Ga
ST, in contrast to the 9:4 stoichiometry of Li—Al Most
interesting is the differences in the structures found at low Li
concentration. Elemental Al has an fcc structure, whereas Ga
has a unique seven-coordinate structure (see ref. [68] for
detailed analysis), and In has a tetragonally distorted fcc
phase. In addition, Li— Ga exhibits a phase with stoichiometry
3:14 (Li;Gay, ST).

Consider the relationship between the valence electron
concentration and the structural motifs exhibited by the Al
sublattices in the series of Li—Al phases. The first member,
elemental Al, has three valence electrons per atom
(3 eatom™") and a total of twelve Al—Al contacts. LiAl; has
433 eatom™!, LiAl 4 eatom™!, Li;Al, 4.5 eatom™, and for
LigAl, 5.25 eatom™. The trend in the structural changes and
the band filling bears a striking similarity to the well-known
trends for solid-state elemental phases, as exemplified by the
sp-valent elements in the third row of the periodic table.l®® In
this case, the Cu (1 eatom!) and Zn (2 eatom™!) structures
are closest packed with twelve nearest neighbors, while Ga
(3eatom™") has a coordination number of seven, Ge
(4 eatom™) is four-coordinate and exists in the diamond
structure, As (5eatom™!) forms sheets (similar to the
aluminum layers of Li;Al,) with a coordination number of
three, and Se (6 eatom™") exists in two-coordinate chains. This
trend, which can be rationalized by using the language of
moments,®] strongly indicates that an analogous explanation
underlies the phase stability in Li— Al binary systems.

This is validated by the moments analysis of the DOS.
Figure 2a compares the total energy differences, obtained
from tight-binding calculations, between the various Al
sublattices to that of Li— Al as a function of the number of
valence electrons. The convention of these curves is that the
structure with the highest energy for a given electron
concentration is most stable at that electron count. The
total-energy curves can be reconstructed by expanding the
DOS in terms of contributions from the various moments by a
continued fraction expansion, which can be truncated at a
given moment. This allows the determination of the relevant
moment, and hence the geometrical features, that control the
phase stability (see Figure 2b,c). The relationship of the shape
of these curves to the moments has been fully developed
elsewhere. In general, the number of nodes (including the two
end points) in these curves is equal to the moment which is
most responsible for the energy difference between two
structures.

This modest calculation provides values for the phase
boundaries which are in good agreement with experiment.
Figure 2a shows that LiAl is stable at 3.1-4.4eatom},
followed by Li;Al, between 4.4 eatom™' and 5.6 eatom™},
and Li,Al, becomes stable for electron counts greater than or
equal to 5.6 eatom™! (slightly higher then the experimental
5.25 eatom™'). Elemental Al is the most stable structure at
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Li,Ga

e ® .8 &

LigAly

Figure 1. Structures of Li—Group 13 compounds. fcc (Al and In). a-Ga, Li;Ga,4, AuCu; (metastable LiAls), Ti,Ga; (hypothetical Li,Al;), NaTl (LiAl, LiGa,
and Liln), Li;Ga, (LisGa, and LisIn,), Bi,Te; (Li;Al, Li;Ga,, and Lis;In,), Li,Ga (Li,Ga and Li,In), and Li,Al,. Group 13 atoms are represented by gray
spheres, and Li atoms by small black spheres. In accordance with the Zintl description, only bonds between Group 13 atoms are drawn.

low electron count (3 eatom™'), and the energy difference
curve has three nodes, which is indicative of a third-moment
effect. This is caused by the the large number of triangular
faces of the polyhedra in an fcc structure. This observation is
corroborated by the fact that the reconstructed energy-
difference curve converges fully with the exact result in terms
of amplitude and crossover point by considering only up to the
third moment. The stability of the chains in LiyAl, relative to
LiAl at high electron counts can be traced back to the large
fourth moment and its relationship to the coordination

Chem. Eur. J. 2002, 8, No. 12

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

number.®l In general, scaling u, shifts coordination number
into the fourth moment, which increases with decreasing
coordination number due to the renormalization of the
eigenvalues. The Li;Al, curve is only fully converged when
the sixth moment is included, even though it has four nodes.
This behavior is due to the importance of the large number of
six-membered rings in the LiAl structure and in the Al sheets
of Li;Al,. These rings lead to stability at the half-filled band,
but are less stable just above and below. In general, the
method reproduces the approximate electron count at which
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Figure 2. Energy-difference curves for the stable phases of Li-Al,
obtained by comparing the total electronic energies from tight-binding
calculations (a). The curves are reproduced by continued fraction
expansion of the DOS with a series of moments truncated at u, (b) and
us (¢). The convention of these plots is that the structure with the highest
energy at a given fractional band filling is the most stable at that electron
count.

specific structural motifs are found to be stable with maximum
observed errors of 0.4 eatom™.

Similar trends are found for both the Li—-Ga and Li-In
phase diagrams (Figure 3). Indium is in a distorted fcc phase
and dominates at lower electron counts. However, this phase
is not stable at 3 eatom~! for Ga, for which a-Ga is dominant
over fcc Ga. Each Ga atom in a-Ga participates in six
triangles, whereas a slight increase in the number electrons
makes the Li;Ga,, phase more stable. This is due to the lower
third moment of Li;Ga,. In this phase each Ga atom is
contained in an icosahedron and is involved in five triangles
per atom. Above the half-filled band for both In and Ga the
LisGa, ST is observed, as well as Bi,Te;. In LisGa, the most
prevalent structural component is a bilayer of puckered
hexagonal sheets. These same sheets also exist in the TI
sublattice of the NaTl structure, as can be readily seen by
looking down the (111) crystallographic axis. One can derive
the structure of Li;Ga, by breaking the Ga bonds between
each sheet in the (111) direction, and the bilayer of Li;Ga, by
performing this procedure for alternate layers only. This
natural progression is expressed in the language of moments
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Figure 3. Energy-difference curves for the stable phases of Li—Ga (a) and
Li-In (b), obtained by comparing the total electronic energies from tight-
binding calculations. The convention of these plots is the same as Figure 2.

by a reduction of both coordination number (u, effect) and
the number of six-membered rings (u effect). Finally, both
phases exhibit chain structures at an electron counts above
5.4 eatom~!, which is slightly higher then the observed value
of 5.0 eatom™.

The model also provides qualitative insights into trends in
the phase boundaries of the different Group 13 elements. For
instance, the results of Figure 3 show that for Ga the a-Ga
structure is preferred over the fcc structure, but it for In it is
destabilized. This is due to the different weighting of the
triangular motifs in the third moment as a function of the
orbital exponents. Likewise, the LiyAl, ST is less stable then
the Li,Ga ST for both Ga and In as a result of a weak fourth-
moment effect. This latter observation is less pronounced for
Ga, for which the chains are essentially iso-energetic, and in
the former case for fcc In versus a-Ga. In such cases the
reliability of the method may depend on variables such as the
structure used in the simulation and k space sampling.

Overall, a simple moments model accounts for the trends in
bonding pattern versus electron concentration across the Li-
doped Group 13 compounds. The moment analysis does more
than just qualitatively account for the ordering of stable
structure types; it also provides a unique insight into the local
structural motifs that stabilize them. At low electron count,
the preferred structural features are triangular faces. Hex-
agons are favored around the half-filled band, followed by
squares and chains at increasing numbers of valence electrons.

Alternative structures: To illustrate the utility of this approach
in designing and predicting new structures we now focus on
considering phases which have not been observed experi-
mentally. We illustrate how the structural trends can be
applied to understand why alternative structures of LiAl; and
LiAl which have been suggested previously® 2!l are not the
energetic ground state.
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The energy difference curve between the hypothetical BiF; a) 17 Li Al
ST and the AuCu; ST of LiAl; is shown in Figure 4 a. Its shape Li.Al 5A 4
is indicative of a third-moment effect, which is related to the ] N2
fact that in BiF; there are too few triangles for it to be stable at . Ll\Al
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Figure 5. Energy-difference curves. a) LisAl, (LisGa, ST) relative to LiAl
and Li;Al,. b) Li,Al; (Ti,Ga; ST) and LiAl; relative to Al and LiAl. The
-2 convention for these plots is the same as in Figure 2.
at the DFT level, and its total electronic energy was compared
0 with respect to disproportionation into LiAl and Li;Al,. Both
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Figure 4. Energy-difference curves for alternative LiAl; and LiAl struc-
tures. The convention for these plots is the same as in Figure 2. Li is
represented by small black spheres, and Al by large gray spheres.

low electron count. Similarly, if one considers LiAl in the CsCl
lattice with a simple cubic Al sublattice or the AuCu ST with
square sheets of Al, neither has the hexagons which are
required at the half-filled band. Both of these phases have too
many squares of atoms and are thus more stable at higher
electron count, as illustrated by the strong fourth-moment
component of the energy difference curves in Figure 4b. This
then rationalizes the results of ab initio simulation?® 2!l and
provides us with confidence that our approach can be used for
structural prediction.

An important aspect of phase stability is the prediction of
which phase can be formed at a given stoichiometry. To
illustrate the power of the moments approach, we consider
two hypothetical stoichiometries, LisAl, and Li,Al;. The
former seems a likely candidate to be a stable phase when one
considers the phase diagrams of Li—In and Li-Ga. This is
borne out in the energy difference curves of Figure 5a, which
show a small region of stability for the Al bilayer between
those of LiAl and Li;Al,. As with Li;Al,, a moments
decomposition of this result requires up to u, for proper
convergence due to the importance of both of these factors. To
test this conclusion, the structure of LisAl,?* 2! was optimized

Chem. Eur. J. 2002, 8, No. 12
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LDA and GGA find that disproportionation is unfavorable by
about 1-2 kcalmol™!, and this suggests that on a strictly
energetic criterion this phase could be stable. This criterion is
not sufficient to prove this phase is stable, as one must actually
consider free energy; however, this point is not the current
objective. What is important is that an energetically viable
structure was arrived at in a very simple and rational way
based on a real-space understanding of the structure/bonding
relationship.

As a second and more rigorous example, the series Al,
LiAl;, and Li,Al; (3.67 eatom™), is considered. The analysis
of structural trends as presented so far allows us to anticipate
a few important features even before performing any
calculations. From a comparison with the trends discussed
above, we expect that the number of Al—Al bonds per atom
must be between 4 and 8, intermediate between those of LiAl,
and LiAl. Furthermore, the number of triangular motifs
should decrease, accompanied by an increase in the number of
hexagons, which are stable near the half-filled band. To test
this hypothesis in an unbiased way we performed DFT
calculations and geometry optimizations for Li,Al; in eleven
different A,B; structures. This search yielded the Ga;Ti,!
ST (see Figure 1) as the most likely candidate, which confirms
the analysis based on structural motifs. Like LiAl;, this Li,Al;
phase may be constructed from a supercell of fcc Al by
replacing some of the Al with Li atoms, and it also contains
Alg octahedra as building blocks. The main difference is that
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in LiAl; these octahedra are joined to each other at all six
corners, but in Li,Al; there are two inter-octahedral Al—Al
bonds at four of these corners, which allows for the presence
of six-membered rings and results in two eight-coordinate and
four six-coordinate Al atoms. The moments analysis of LiAl;
and Li,Al; relative to Al and LiAl is shown in Figure 5b. Both
of these phases are energetically favored relative to Al for
electron counts greater than 3 eatom™! due to the decrease in
the number of triangles in each structure relative to the fcc
structure, which is expressed as a difference in ;. However,
both are less favorable than LiAl for valence electron counts
less than 3.2 eatom™!, because they have too many triangles.
This finding correlates well with DFT calculations, which
showed that Li,Al; is unstable with respect to disproportio-
nation into Al and LiAl by about 2 kcal mol~L. Thus, again we
are able to rationally pick structures which are energetically
competitive with known phases.

Group 14 clathrates: Here we demonstrate how our approach
can be exploited as a practical tool for studies on novel
materials. We apply our analysis to understanding the phase
stability of novel Group 14 clathrates and investigate their
thermoelectric properties. Although there has been much
theoretical work on Group 14 clathrates,?'*¥! none of these
studies has focused on examining the relationship between
phase stability and doping level. Specifically, we sought
alternatives to the experimental structures,?>?l determined

Figure 6. Representative Group 14 clathrate cage frameworks.
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the amount of electropositive metal dopant needed to
stabilize these phases, and determined whether they have
desirable thermoelectric properties. Note that in these com-
pounds resonant phonon scattering,>*#! in which the
localized vibrations of the dopant atom couple with the
phonon modes of the clathrate framework, can lower the
overall thermal conductivity, and this makes them desirable
for practical application. This mechanism was shown to be
operational in known Na - Si compounds!” and is likely to also
occur in similar species. Moreover, removal of some of the
alkali metal atoms allows the doping level to be systematically
altered, and the electronic component of thermal power may
thus also be maximized.

We begin this discussion with a description of a series of
representative cage frameworks for these clathrate phases.
See Figure 6 for graphical representations, and Table 3 for a
summary of the cage types and an analysis of which metal
atoms fit in the cages. For each structure the average distances
between the centers of the constituent polyhedra and their
vertices was calculated. The van der Waals radius of the
corresponding framework atom was subtracted from this
value, and the remainder represents the radius of the cavity in
the cage which is available for an alkali or alkaline earth metal
atom. The problem is that the dopant atom can fill the
accessible space or it can rattle around in it. Comparison of
our analysis with the known compounds of clathrate-I shows
that we can accept values of approximately 60—110 % for the
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Table 3. Description of clathrate frameworks. For each structure we describe the cage type (for those cages which are most likely to hold guest species) and
the location of the cage center. An estimate of the ions which may fit into several cages is also provided with a percentage ionic radius/cage diameter ratio.

See text for details.

X
cages: 4068
ionic radii for cations per cage
C 0.719
Si 1.609
Ge 1.744
Sn 2.282
X4
cage: 512
cage: 435063
cage: 5t26*
cationic radii per cage
C 0.452 0.478 1.228
Si 1.182 1.226 2.373
Ge 1.278 1.327 2.520
Sn 1.742 1.800 3.167
Xag
cage: 512
cage: 51262
cationic radii per cage
C 0.722 0.556
Si 0.491 (1.001) 1.148
Ge 0.668 (1.212) 1.359
Sn 1.598 1.789
X
cage: 512
cage: 51262
cage: 51263
cationic radii per cage
C 0.432 0.699 0.798
Si 1.160 1.543 1.691
Ge 1.254 1.657 1.813
Sn 1.716 2.144 2.348
X
cage: 512
cage: 5262
cationic radii per cage
C 0.449 0.680
Si 1.177 1.524
Ge 1.273 1.634
Sn 1.735 2.148
Xi36
cage: 512
cage: 51264
cationic radii per cage
C 0.449 0.875
Si 1.179 1.828
Ge 1.272 1.947
Sn 1.737 2.512
Xin
cage: 52
cage: 51262
cage: 51263
cationic radii per cage
C 0.492 0.441 0.690 0.686 0.786
Si 1.156 1.169 1.536 1.530 1.682
Ge 1.250 1.264 1.647 1.641 1.801
Sn 1.707 1.721 2.148 2.142 2.320

at [1/2,1/2,172]

Li(83)/Mg(90)
Rb(92)/Ba(84)
Cs(97)/Ba(77)
Cs(74)

at [1/2,1/2,172]
at [2/3,1/3,0]
at [0,0,0]

Be(69), Be(65), Na(77)/Ca(81)
Na(80)/Ca(84)/Sr(96), Na(77)/Ca(81)/Sr(92), Cs(71)
big/too big

big/too big

at [1/2,1/2,172]
at [1/4,1/2,0]

Li(83)/Mg(90), Be(56)/Li(108)

Mg(65)/Na(95)/Ca(99), Na(83)/Ca(86)/Sr(98)
Li(90)/Mg(97)/Na(78)/Ca(82)/Sr(93), Sr(83)/K(97)
Sr(71)/K(83)/Ba(84)/Rb(93), K(74)/Ba(75)/Rb(83)/Cs(94)

at [1/2,1/2,0]
at [0,0,1/4]
at [1/3.2/3,172]

Be(72), Li(86)/Mg(93), Li(75)/Mg(81)

Na(82)/Ca(85)/Sr(97), K(86)/Ba(87)/Rb(96), K(79)/Ba(80)/Rb(88)/Cs(100)
Na(76)/Ca(79)/Sr(90), K(80)/Ba(81)/Rb(89), K(73)/Ba(74)/Rb(82)/Cs(93)
K(78)/Ba(79)/Rb(86)/Cs(98), K(62)/Ba(63)/Rb(69)/Cs(79), Rb(63)/Cs(72)

at [1/2,1/2,172]
at [1/2,0,1/4]

Be(69), Li(88)/Mg(96)

Na(81)/Ca(84)/Sr(96), Na(62)/Ca(65)/Sr(74)/K(87)/Ba(89)/Rb(97)
Na(75)/Ca(78)/Sr(89), Sr(69)/K(81)/Ba(83)/Rb(91)
Sr(65)/K(77)/Ba(78)/Rb(85)/Cs(97), K(62)/Ba(63)/Rb(69)/Cs(79)

at [0,0,0]
at [3/8,3/8,3/8]

at [0,0,0] and [0.75014,0.56576,1/2]
at [0.17815,x,0.24327] and [0.3732,0.9699,1/2]
at [0.89533,0.10467,1/2]

ratio of the radii of the cation and the cavity. Recent
experimental results show that when a mixture of alkali and
alkaline earth elements is used one can synthesize new
structures. [24, 26, 27, 71, 72]

Representative structures chosen from our study are
described below. The sodalite structure X;, (X=C, Si, Ge,
Sn) is composed of both four- and six-membered rings. This

Chem. Eur. J. 2002, 8, No. 12
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ST has 12 framework atoms in its unit celll”™ which form fused
truncated octahedra of 24 atoms (T,,). The notation m' is used
to denote the presence of i m-angular faces; thus, the building
block of X, can be expressed as 4°8°, since it has six square
and six octagonal faces. X;, is a hexagonal structure seen in
clathrate hydrates’ which contains four-, five-, and six-
membered rings that form a twenty-atom polyhedron with
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twelve pentagonal faces (5'%2, i.e., a dodecahedron). By
addition of atoms to this polyhedron, other types of cages
can be built, which differ in the number of hexagonal faces:
T, (5126%), Ty (5126%), and T, (5'%6%). Xjs is seen in the
amalgams A;Hg,, (A =Rb, Cs)[*! and consists of three and
four-membered rings. This ST differs from clathrate-I in the
multiplicity of one of the framework atoms and leads to cages
with an icosahedron (3?°) and a 20-atom polyhedron (3'24%62).
X9, proposed as a structure of porous carbon,[’ contains only
five- and six-membered rings. These rings generate three T,
two T4, and two Ty polyhedra per unit cell. X, has similar
types of cages to X,, and is observed for bromine hydrate.[””!
In addition, we compare these phases to the framework of the
known clathrate phases: X 4 clathrate-I, which has two T,, and
six T, cages; X34 clathrate-II, which has sixteen T,, and eight
Ty, both of which contain five- and six-membered rings; and
the diamond structure Xg, which is a known form of elemental
C, Si, Ge, and Sn. Finally, it is noted that these frameworks are
in no way a comprehensive enumeration of all possible
clathrate-type lattices, but they are sufficient for our current
purposes to relate local structure to phase stability.

A useful measure of the stability of these phases is the
relative energy of the undoped structures, as given in Table 4.
The X; (diamond) structure is the lowest in energy for all
elements. The next lowest in energy are the known phases X4
and X3,. What is most surprising is that X,, and X, are only a
few hundredths of an eV atom~! higher in energy then these
two phases. Most notably, Snyy, Snye, Sn;3, and Sny,, are all
isoenergetic within the accuracy of our calculations, and the
situation for Ge is similar. The X3, phase is higher in energy
than these phases, but much less so then either the X, and X3
structures.

The tight-binding scheme predicts identical trends as the
full DFT calculations, with the exception that the energy
differences are larger, especially for the least stable phases.
However, the tight-binding cal-
culations are less computation-
ally demanding and thus may
serve as a quick method for
screening phases. Another ad-
vantage of the tight-binding
scheme is that the structures
can be studied at any desired
electron count to assess the W,
dependence of energy on the i
number of valence electrons.

d‘!:-

Table 4. Relative energies [eVatom™!] of clathrate frameworks X, at
4 eatom™ from LDA and tight-binding (TB) approaches. See text for
description of structures.

n C Si Ge Sn
LDA
8 0.00 0.00 0.00 0.00
12 0.46 0.26 0.22 0.17
34 0.20 0.11 0.08 0.05
38 2.16 0.54 0.43 0.25
40 0.18 0.11 0.06 0.04
46 0.16 0.09 0.05 0.03
136 0.12 0.07 0.04 0.02
172 0.17 0.09 0.05 0.03
TB
8 0.00 0.00 0.00 0.00
12 2.01 1.06 0.92 0.49
34 0.51 0.28 0.27 0.13
38 3.62 4.56 3.89 2.74
40 0.18 0.18 0.19 0.11
46 0.15 0.15 0.16 0.08
136 0.10 0.11 0.13 0.05
172 0.15 0.15 0.16 0.07

which results from the presence of the square faces. This
framework is favorable above 5.5 eatom™!, but it is unlikely
that a suitable guest atom can be found which would donate
such a large number of electrons. Thus, one would need to
additionally substitute Group 15 elements into the framework
to possibly obtain this species. The Gesg structure is favored at
low electron counts due to the large number of triangles (u;
effect) and thus unstable around 4 eatom~!. Stabilization of
this structure would require electronegative dopant atoms
and/or Group 13 framework atoms. The Ge,, phase however,
is stable above 4.2 eatom™! due to the five-membered rings
and, like the known phases, can be stabilized by doping. The
same applies to Ge,z5, Geys, and Ge,;, which exhibit the same
behavior as Gey largely due to the similarity in their

=]

For example, Figure 7 shows
energy-difference curves for
Gey,, Gegg,and Gey, phases rel-
ative to Geg. There is no qual-
itative difference between the 2

E/eVatom™
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and Ge,;,, and they are there-
fore omitted for clarity. Our
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analysis indicates that Ge,, is o
less stable than diamond at
around 4 eatom~! due largely
to a fourth-moment effect,
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WValence Electron Count

Figure 7. Energy-difference curves for the Ge,, (solid line), Ge;s (dashed line), and Gey, (long dashed line)
phases relative to the diamond structure. The convention for these plots is the same as in Figure 2.
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structures. The same trends are found for Sn, Si, and C as well.
In general, structures with either four- or three-membered
rings are not energetically compatible for electron counts
around 4 eatom™! as compared with structures consisting of
five- and six-membered rings.

To understand why X,, and X,;, have not been observed,
with the notable exception of the recent report of Sn;,,l”
even though their energies are comparable with those of
known phases it is necessary to examine the size of the cages
in these materials. Both frameworks consists of 20-, 24- and
26-membered polyhedra (see Table 3) into which electron-
donating atoms can be intercalated. However, the disparity in
size between these cages is large, and it would require either a
ternary or quaternary composition to provide the ions that fit
in the cages. For example, for Ge the 26-atom cage is large
enough to accommodate Rb atoms, but the remaining two
cages can only accommodate atoms no larger than K and Na.
Since, to our knowledge, no such quaternary phases have been
studied it is not surprising that these structures have not been
observed. Moreover, our analysis suggests that it may indeed
be possible to stabilize carbon-based clathrates by using Be
and Li as dopants.

We now turn to the question of whether these materials are
suitable for applications in thermoelectric devices. To inves-
tigate the thermal power of these phases we calculated the
Seebeck coefficient S for fully optimized phases of Na;K,Rb,.
Siyy, Na;3;K,Cs,Ge,y, and Li,C,, all of which may result from
the above doping scheme. Similar to the known clathrate
phases at high doping levels, these compounds are calculated
to have low values of S at 300 K of about 5-10 pVK~! and
thus would not be useful thermoelectrics.[” 4441 As in our
previous study® it was found that an estimate of S for variable
concentrations can be obtained by assuming a rigid-band
model (derived from the empty cage) and monitoring S as a
function of increasing Fermi energy. This is done by filling the
empty orbitals of the vacant lattice with ¢ electrons, which
artificially increases the Fermi level, and recalculating S. This
function is plotted for three such hypothetical band fillings for
the Siy, lattice in Figure 8. The thermal power is almost 25
times higher than that of the fully loaded structure at 300 K
for the lowest doping level (¢=0.03e per Siy, unit) and
falls off rapidly to only a factor of 10 for e=0.5 e per Siy.
In practice, this would require extremely low doping levels,
which identical to the situation found for the phases based
on Siy.! Similar findings were made for the Ge,, and Cy,
phases.

-50

-100

S/uvK™

-150 ¢

-200 - . -
0 200 400 600 800 1000

T/K
Figure 8. Seebeck coefficient S as a function of temperature for Siy,.
Values were obtained by using a rigid-band model with a Fermi level
determined by increasing the valence electron count by ¢ electrons.
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Thus, the X;7, and Xy, structures are likely candidates for
stable phases if they are synthesized with a combination of
large and small alkali metal cations. However, like X3, and
X4 the thermal power of these phases is low at maximum
doping; hence removal of alkali metal atoms after formation
would be required to maximize this property.

Conclusion

In summary, we have demonstrated a systematic way to
understand the evolution of the crystal structures of inter-
metallic and alloy phases in real space. Fundamental to this
approach is the realization that the metallic bond can be
thought of as a specific class of covalent bonding which is not
saturated by two electrons. Most importantly, there is a
practical benefit to this approach. One can sift through
various geometrical possibilities for a given stoichiometry and
perform a low-level calculation to aid in selecting low-energy
structures on the basis of local geometrical features. These
phases can then be modeled by first-principles calculations to
obtain high-quality numerical data for thermodynamic and
transport properties. Future investigations will center on
extending the theory to account for pressure effects and on
correlating elastic properties to local structural motifs.
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Complex with M=C=C=C=CR, as the Molecular Unit
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Abstract: The reactions of the dihydri-
do compound [IrH,CI(PiPr3),] (3) with
HC=CC(O)CHPh, and HC=CC(OAc)=
CPh, lead to the formation of alkynyl-
(hydrido)iridium() and vinylideneiri-
dium(i) complexes 4-7 which, however,
are not suitable precursors for the target
molecule trans-[IrCl(=C=C=C=CPh,)-
(PiPr3),] (8). Compound 8 has been
prepared in 77 % yield from 3 and the
vinyl triflate HC=CC(OTf)=CPh, in the
presence of NEt;. Treatment of 8 with

butadienyliridium(ii) compound [IrCl,-
{n'-(Z)-CH=CHC(CI)=CPh,}(PiPr3),]

(11). Salt metathesis of 8 with KI,
KOH, and NaNj leads to the formation
of the substitution products trans-[IrX-
(=C=C=C=CPh,)(PiPr3),] (12-14) of
which the hydroxo derivative 13 reacts
with phenol to give trans-[Ir(OPh)(=C=
C=C=CPh,)(PiPr3),] (15). From 13 and
methanol, the octahedral dihydridoiri-
dium() complex [IrH,(CH=C=C=
CPh,)(CO)(PiPr;),] (16) is formed by

fragmentation of the alcohol. In the
presence of CO, both the methyl com-
pound trans-[Ir(CH;)(=C=C=C=CPh,)-
(PiPr;),] (17) (generated from 8 and
CH;Li) and the azido complex 14 (X =
N;) undergo migratory insertion reac-
tions to yield the four-coordinate iridi-
um() carbonyls trans-[Ir(C(C=CCH;)=
CPh,)(CO)(PiPr3),] (18) and trans-
[Ir(C=CC(N;)=CPh,)(CO)(PiPr3),]

(19), respectively. Compound 19 rear-
ranges slowly to the thermodynamically

CF;CO,H affords the vinylvinylidene
complex trans-[IrCl{=C=CHC(O,C-
CF;)=CPh,}(PiPr;),] (10) by addition of
the electrophile to the C4~C, bond of
the MC, chain. In contrast, the reaction
of 8 with HCl yields the five-coordinate

insertion -

Introduction

Following the discovery of the first stable transition-metal
carbene complex by Fischer and Maasbol in 1964, the
stabilization not only of carbenes :CRR’ but also of unsatu-
rated carbenes :C(=C),RR’ became an area of great interest.
While numerous compounds containing vinylidenes :C=
CRR'’ and allenylidenes :C=C=CRR’ as ligands have been
prepared in the last two decades,>* reports about the
isolation or at least in situ generation of species of the general
composition [LM(=C=C=C=CRR’)] and [L.M(=C=C=C=C=
CRR’)] are quite rare. In 1994, Dixneuf and co-workers
disclosed the synthesis of the first cationic complex with Ru=
C=C=C=C=CPh, as the building block,*! and a few months
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more stable isomer trans-[Ir(C(N;)=C=
C=CPh,)(CO)(PiPr3),] (20). The mole-
cular structures of 8 and 18 have been
determined crystallographically.

iridium -
migratory

later we reported the preparation and structural character-
ization of the first neutral compound with II=C=C=C=C=
CPh, as the molecular unit. Since then, some other
representatives of the [L,M(=C=C=C=C=CRR')] series have
been described.”

Since our activities were mainly concentrated on the
chemistry of complexes trans-[MX{=C(=C),RR’}(L),] with
M =Rh, Ir, and L =PR;, anticipating that these molecules
with a 16-electron configuration and a square-planar coordi-
nation geometry around the metal center are more reactive
than their 18-electron (presumably octahedral) analogues, the
purpose of this work was to close the gap between the four-
coordinate MC; and MC;s derivatives. Knowing from our
studies on the metallahexapentaenes [MCI(=C=C=C=C=
CPh,)(PiPr;),],[> 7 that the corresponding iridium complex
is significantly more stable than the rhodium counterpart, we
chose as our target compound trans-[IrCl(=C=C=C=
CPh,)(PiPr3;),]. Herein we report the synthesis and molecular
structure of this molecule and illustrate that it is highly
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reactive both towards electrophilic and nucleophilic sub-
strates. Some preliminary results have already been commu-
nicated.[®!

Results and Discussion

The unsuccessful attempts: Preparation of alkynyl(hydrido)-
iridium(1) and vinylideneiridium(@) complexes: Taking the
structural analogy between the target molecule trans-[IrCl-
(=C=C=C=CPh,)(PiPr3),] (8) and the corresponding iridium
allenylidenes trans-[IrCl(=C=C=CR,)(PiPr;),] into consider-
ation, we initially attempted to prepare the IrC, complex by
using the same methodology developed for the IrC; relatives.
Since the C; ligand of the iridium allenylidenes was formed
from propargylic alcohols HC=CCR,(OH), for the synthesis
of a compound with a homologous C, unit we had to find a
starting material with an additional carbon atom in the C,
chain. The first choice seemed to be the ethynyl ketone
Me;SiC=CC(O)CHPh,, which is accessible by Friedel - Crafts
acylation of bis(trimethylsilyl)acetylene with Ph,CHCOCI!
and which upon elimination of Me;SiOH in the coordination
sphere could generate the wanted ligand :C=C=C=CPh,.
Stepwise reaction of the bis(cyclooctene)iridium(r) deriva-
tive 1 with four equivalents of PiPr; and two equivalents of the
ketone Me;SiC=CC(O)CHPh, in hexane at 50 °C affords the
alkynyl complex 2 in 85% yield (Scheme 1). Compound 2 is

SiMe;
/
o O e
Ir T —Ir—
(}/ N o AN /<> 2) Me,SiC,C(O)CHPh, L/ \
,C—CHPh,

1 2 ©

Scheme 1. L =PiPr;, the olefinic ligands represent cyclooctene.

an orange, only moderately air-sensitive solid that is soluble in
most common organic solvents and can be stored under argon
for weeks without decomposition. The alkyne ligand is
relatively strong electron-withdrawing, which is shown by
the decrease of the C=C stretching mode from 2158 cm™! in
the free alkyne to 1862 cm™! in 2. The frans disposition of the
phosphane ligands is inferred both from the observation of a
singlet in the 3'P NMR spectrum at 6 = 18.8 and from the two
resonances for the diastereotopic PCHCHj; protons in the
'"H NMR spectrum appearing as doublets of virtual triplets.'"]
The C NMR spectrum of 2 displays two signals at ¢ =109.2
and 102.0, which are slightly shifted downfield compared with
those of the related complex trans-[IrCl(n>-Me;SiC=
CCO,Et)(PiPr;),].I' Attempts to transform 2 either thermal-
ly or photochemically to the vinylidene isomer trans-[IrCl-
{=C=C(SiMe;)C(O)CHPh,}(PiPr;),] (assumed to be a poten-
tial precursor for the preparation of 8) failed.

The next series of experiments was undertaken with the
non-silylated alkynylketone HC=CC(O)CHPh, and the cor-
responding enolacetate HC=CC(OAc)=CPh,, both being
prepared from HC=CCH(OH)CHPh, as the starting materi-
al.l”! Taking into consideration that the synthesis of the IrC,
and IrCs metallacumulenes started with the dihydrido com-

Chem. Eur. J. 2002, 8, No. 12
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plex 3 as the precursor, compound 3 was treated first with the
ketone HC=CC(O)CHPh, in hexane at low temperature. An
evolution of gas (H,) occurred and red crystals of the
alkynyl(hydrido)iridium(i) ~ complex 4  precipitated
(Scheme 2). The 'H NMR spectrum of 4 in C,D, exhibits

H o 0
HC=CC(O)CHPh, 9% ”
[IrH,CI(L),] ——————— Cl—Ir—C=C—C
-H, / \
L CHPh,
3 4
L
/ _H
-H,| HC=CC(OAc)=CPh, py Cl—lr:C:C\C/CHPh2
L
5 b
H H
L L 0]
I/ Phe 9% 7
Cl—Ir—C=C—C Cl—Ir—C=C—C
N e \
L . CPh, L N CHPh,
P 5

Scheme 2. L =PiPr;.

the hydride signal at = —40.96, which is at a position similar
to that for [IrHClI{C=CC(iPr)=CMe,}(PiPr;),].l'! While this
compound is completely inert, 4 rearranges in benzene at
room temperature rather quickly to the vinylidene isomer 6.
This reaction can be prevented upon addition of pyridine to a
solution of 4 which leads to the formation of the octahedral
1:1 adduct 5. In contrast to 4, this is stable in benzene and for a
short period of time can even be handled in air. The
coordination of pyridine trans to hydride is clearly indicated
by the chemical shift of the signal for the metal-bonded
proton at é =—21.68 in the 'H NMR spectrum of 5 which
appears about 20 ppm downfield compared with that for 4.
The *C NMR spectrum of 5 displays the triplet resonances for
the alkynyl carbon atoms at 6 =110.8 and 105.8 with 3C-3!P
coupling constants of 4.1 and 2.0 Hz. The vinylidene complex
6 is a red-violet, only slightly air-sensitive solid, the NMR
spectroscopic data of which are quite similar to those of trans-
[IrCl{=C=CHCPh,(OH)}(PiPr;),].'" The IR spectrum of 6
shows a strong band at 1654 cm™!' assigned to the C=0O
stretching mode of the ketone functionality.

After attempts to convert 6 into the corresponding enole
trans-[IrCl{=C=CH—-C(OH)=CPh,}(PiPr;),] (which possibly
could generate the target molecule 8 by elimination of water)
failed, the enolization was done first and thus the dihydrido
compound 3 treated with the enol acetate HC=CC(OAc)=
CPh,. Similarly to the ketone HC=CC(O)=CHPh,, also the
enol acetate reacts with 3 in hexane at —78°C to give the
alkynyl(hydrido) complex 7 which, however, in contrast to 4 is
surprisingly inert. It does not rearrange to the vinylidene
isomer and under various conditions does not eliminate
HOAC to give 8. Compound 7 is a red solid, the composition
of which has been confirmed by elemental analysis and mass
spectra. Typical spectroscopic features are the hydride signal
at 0=—42.65 in the '"H NMR and the resonances for the
C=C and C=C carbon atoms at, respectively, 6 = 130.5, 130.3
and 104.0, 93.4 in the *C NMR spectrum.
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The success: Preparation and molecular structure of the IrC,
complex: Since the enol acetate turned out not to be the
substrate of choice, we decided to bind a better leaving group
to the y-carbon atom of the substituted alkyne and, at the
same time, to shift the keto—enol equilibrium to the side of
the enol. Attempts to convert the keto function in the
coordination sphere of complex 4 to the corresponding enol
ester by using (CF;S0,),0 and 4-dimethylaminopyridine led
to the decomposition of the iridium precursor. The key to
success was the use of the enol triflate HC=CC(OTf)=CPh,
(Tf=CF;S0,),”! which reacts with 3 in hexane even at
—100°C in the presence of one equivalent of triethylamine.
The reaction is accompanied by evolution of gas (H,) and a
change of color from yellow to olive-green. After separation
of the ammonium salt and recrystallization of the crude
product from acetone, the IrC, complex 8 is isolated as an
olive-green, only moderately air-sensitive solid in 77 % yield
(Scheme 3). With respect to the color, it should be mentioned
that a solution of 8 in benzene appears red.

1) NEt,
2) HC=CC(OTf)=CPh,

[IrH,CI(L);)

L
a ~

Cl—Ir=C=C=C=C
/ ~

Ph co oc_| Ph
—=  wr=c=c=c=c
Ph cl” Ph
L 8 L 9
Scheme 3. L =PiPr;.

The presence of the cumulated C, chain in 8 is indicated
both by the IR spectrum, which shows an absorption for the
v(C=C=C=C) stretching mode at 1993 cm~!, and by the
'H NMR spectrum, which exhibits a splitting pattern for the
signals of the phenyl protons that is typical for a system with a
rotational symmetry around the Ir—C, axis. The C NMR
spectrum of 8 displays four triplet resonances for the carbon
atoms of the cumulene moiety, the assignment of which is
supported by the size of the '3C-3'P coupling constants. The
proposed structure of 8 was finally confirmed by a single-
crystal X-ray structure analysis (Figure 1). The molecular
diagram reveals that the iridium atom is coordinated in a
slightly distorted square-planar fashion. The two phosphane
ligands are trans to each other, and the chloride is trans-
disposed to the metal-bonded carbon atom. The unsaturated
C, chain is nearly linear and deviates only weakly at C1 from
the ideal value of 180°. The bond length Ir—C1 is 1.816(6) A
and thus somewhat shorter than the Ir—C bond lengths
in the related complexes trans-[IrCl(=C=C=CPh,)(PiPr;),]
(1.862(7) A)B3! and  trans-[IrCl(=C=C=C=C=CPh,)(PiPr;),]
(1.834(5) A).I9l The lengths of the two internal carbon —car-
bon double bonds are almost identical (1.283(8) and
1.275(8) A), whereas the terminal bond C3—C4 is slightly
longer (1.339(8) A). The Ir—CI and Ir—P distances are very
similar to those of the corresponding IrC; and IrCs complexes
and thus consistent with the related binding properties of the
:C=C=CPh,, :C=C=C=CPh, and :C=C=C=C=CPh, units.

2814
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Figure 1. . Molecular structure of 8. Principal bond lengths [A] and angles
[°]: Ir—Cl 2.3561(15), Ir—P1 2.3501(14), Ir—P2 2.3556(14), Ir—C1 1.816(6),
C1—C21.283(8), C2—C3 1.275(8), C3—C4 1.339(8); P1-1r-P2 177.82(5), Cl-Ir-
C1 172.88(17), P1-Ir-Cl 90.10(5), P2-Ir-Cl 89.46(5), P1-Ir-C1 90.04(16), P2-
Ir-C1 90.67(16), Ir-C1-C2 175.1(5), C1-C2-C3 178.1(6), C2-C3-C4 178.7(7).

Addition reactions of complex 8 with CO and Brensted acids:
Similarly to trans-[IrCl(=C=C=CPh,)(PiPr;),], the IrC, com-
plex also reacts quite rapidly with carbon monoxide. How-
ever, in contrast to the reaction of the iridium allenylidene
with CO which yields trans-[IrCI(CO)(PiPr;),], 'l treatment
of 8 with CO gives the 1:1 adduct 9 (Scheme 3). The presence
of both the Ir—CO and the intact =C=C=C=CPh, bond in 9
is shown by the appearance of two strong bands in the IR
spectrum at 1944 (v(CO)) and 1987 cm™! (v(C=C=C=C)), the
latter being only slightly shifted to lower wavenumbers
compared to that in 8. The 3P NMR spectrum of 9 displays
a single resonance at 0 =19.6 (see 8:  =26.7) which supports
the assumption that the two phosphane ligands are trans-
disposed. Since 9 (like other 18-electron carbonyl iridium()
compounds)!™¥ smoothly loses CO in solution as well as in
the solid state, a correct elemental analysis could not be
obtained.

The reaction of 8 with CF;CO,H proceeds analogously to
that of the corresponding iridium() allenylidene trans-[IrCl-
(=C=C=CPh,)(PiPr;),]. The attack of the electrophile is
directed to the C4;—C, bond of the IrC, chain and affords the
vinylvinylidene derivative 10 in 87 % yield (Scheme 4). The
red-violet solid is relatively air-stable and soluble in most
common organic solvents. Typical spectroscopic features are
the low-field resonance at  =255.6 for the Ir=C atom in the
13C NMR spectrum, the signal at 6 = —2.81 for the =C=CH
proton in the '"H NMR spectrum and the asymmetric and
symmetric OCO stretching vibrations for the CF;CO, sub-
stituent in the IR spectrum. Treatment of 10 with a second
equivalent of trifluoracetic acid leads to a mixture of products
which could not be separated by fractional crystallization or
chromatographic techniques.

In contrast to the reaction of 8 with CF;CO,H, the reaction
of 8 with HCI (in benzene) proceeds in the molar ratio of 1:2.
Owing to the elemental analysis and the spectroscopic data,
the isolated product 11 (a brown, thermally stable solid) is a
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five-coordinate dichloroiridium(iir) complex presumably with
a trigonal-bipyramidal coordination geometry. Owing to the
twofold addition of HCI, the butatrienylidene unit is trans-
formed to a butadienyl ligand which is o-bonded to the metal
center. The ¥C NMR spectrum of 11 displays the signal for
the a-carbon atom at 6 = 107.9, which is split into a triplet and
shifted about 118 ppm upfield compared with that for 8. The
new vinyl proton Ir—-CH=C of 11 resonates at 0 =9.63 and,
owing to NOE measurements, it is cis-disposed to the =CH
proton at the -carbon atom. With regard to the mechanism of
formation of 11, we assume that in the first step a vinyl-
vinylideneiridium() compound trans-[IrCl{=C=CHC(Cl)=
CPh,}(PiPr;),] is generated, the molecular structure of which
being probably analogous to that of 10. Treating a solution of
8 with one equivalent of Me;SiCl and a few drops of water led
indeed to the formation of a short-lived species which shows
two triplet resonances in the *C NMR spectrum at § =156.9
and 111.6 (in [Dg¢]acetone), respectively. The similarity in the
chemical shift of these signals to those of 10 supports the
assumption that the linear IrC, chain of 8 is converted
stepwise to the IrCH=CHC(Cl)=CPh, fragment of 11 via an
Ir=C=CHR intermediate.

Ligand displacement and migratory insertion reactions of the
IrC, complexes: In agreement with previous results,¥] salt
metathesis reactions of 8 with KI, KOH, and NaN; occur
cleanly and give the corresponding substitution products 12—
14 in excellent yields (Scheme 5). The new IrC, complexes are

L
/L _Ph / _Ph
Cl—Ir=C=C=C=C__ X—=Ir=C=C=C=C_
/ Ph Ph
L L
8 12-14
PhOH (X =0H) | MeOH
(X=0H)
L H ¢
_/_ e ~Ph P2 /H
PhO—Ir=C=C=C=C_ oC—1Ir—C
L Ph /] W\
15 L'n C\\
C\
N
16 C—Ph

Scheme 5. L =PiPr;.
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deeply colored, slightly air-sensitive solids which have been
characterized by analytical and spectroscopic techniques. The
IR spectrum of the azido derivative 14 shows a strong band at
2067 cm~! indicating that for the IrN; unit a resonance form
with two N—N double bonds dominates.!

In benzene, the hydroxo complex 13 reacts smoothly with
phenol to give the IrOPh compound 15 in 94 % yield. This
method of synthesis is more convenient than the salt meta-
thesis of 8 with NaOPh which in the case of the allenylidene
derivatives trans-[Ir(OPh){=C=C=C(Ph)R}(PiPr;),] (R =¢Bu,
Ph) also provides less favorable results.'*! Apart from the
disappearance of the OH stretching mode in the IR spectrum,
the spectroscopic data of 15 are similar to those of 13 and thus
deserve no further comment.

Attempts to perform substitution reactions of 13 in
methanol as solvent led to a surprising result. After dissolving
compound 13 in CH;0H at room temperature, in about one
hour a change of color from olive-green to light brown took
place and, after evaporation of the solvent and crystallization
at —60°C, the carbonyldihydridoiridium(ii) complex 16
containing the novel 4.4-diphenylbutatrienyl ligand was iso-
lated in 82% yield (Scheme 5). The composition of 16 has
been confirmed by elemental analysis and mass spectra
(FAB). Besides the strong v(CO) and v(C=C=C=C) bands
at 1931 and 1975 cm™! in the IR spectrum, the most typical
spectroscopic features of 16 are both the triplet resonance for
the hydride at = — 8.88 and the signal for the Ir-CH proton at
0=06.82 in the 'TH NMR spectrum. For the related allenylir-
idium(111) compound [IrH,Cl(CH=C=CPh,)(PiPr;),], the cor-
responding Ir-CH resonance is observed at 0 =6.53.%1 The
signals for the *C nuclei of the carbon atoms C1-C4 of the
IrC, chain appear at 6=1114, 164.7, 169.2, and 114.9,
respectively. Since the NMR spectra of 16 exhibit only one
resonance for the IrH protons and only one signal for the
phosphorus atoms, there is no doubt that the two hydrides as
well as the two PiPr; ligands are in trans disposition.

In contrast to the iridium allenylidenes trans-[IrCl{=C=C=
C(Ph)R}(PiPr3),], which upon treatment with methyl- or
phenyllithium afford a mixture of products instead of IrCH;
and IrC¢H; derivatives,'% the reaction of 8 with CH,Li in
pentane at —78°C gives almost exclusively the methyliridi-
um(1) complex 17 (Scheme 6). After removal of the solvent
and separation of the by-product (LiCl) an orange-brown oil
remains which is not only extremely air-sensitive but decom-
poses even under argon at room temperature. It therefore has
been characterized by IR and NMR spectroscopy. Diagnostic
for the metal-bonded CHj; group is a triplet at 0 =1.56 in the
'H NMR spectrum, the position of which is similar to that of
the vinylidene counterpart trans-[IrCH;(=C=CHPh)(PiPr;),]
(6 =1.06).07

Passing a slow stream of CO through a solution of 17
(generated in situ) in pentane causes a change of color from
orange to yellow and gives the carbonyl complex 18 as a
yellow solid in 85 % yield. However, the assumption that the
migratory insertion of the C, unit into the Ir—CH; bond has
led to a product of composition trans-[Ir{C(CH;=C=C=
CPh,}(CO)(PiPr;),] is not in agreement with the 'H NMR
spectrum which instead of a triplet at around 6 =1.85-1.95
for the IrC(CH;) protons!'®l displays a singlet at 6 =1.62.
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Moreover, the *C NMR spectrum of 18 differs from that of 16
with an IrCH=C=C=CPh, fragment insofar as only two
resonances for the *C nuclei of the IrC, chain exhibit a
BC-3'P coupling of, respectively, 12.7 and 4.3 Hz.

To substantiate the proposed structure for compound 18, a
single-crystal X-ray structure analysis was carried out. As
shown in Figure 2, the coordination geometry around the

Figure 2. Molecular structure of 18 (the position of the metal-bonded
hydrogen atom has been calculated). Principal bond lengths [A] and angles
[°]: Tr—C4 2.135(4), Ir—P1 2.3311(11), Ir—P2 2.3394(11), Ir—C40 1.839(5),
C40-0 1.174(6), C2-C3 1.205(6), C3—C4 1.442(6), C4—C5 1.361(6), C5—C6
1.494(5), C5—C12 1.503(5); P1-Ir-P2 167.64(4), C4-1r-C40 174.89(18), P1-Ir-
C4 91.76(10), P2-Ir-C4 92.27(10), P1-Ir-C40 88.62(14), P2-Ir-C40 88.40(13),
I-C40-O 175.5(4), Ir-C4-C3 108.7(3), Ir-C4-C5 132.6(3), C1-C2-C3
178.1(5), C2-C3-C4 174.5(4), C3-C4-C5 118.6(3), C4-C5-C6 124.7(3), C4-
C5-C12 120.4(3).

metal center corresponds to a square plane, the distortion of
which is less pronounced than in the related vinyl complex
trans-[Ir{C(CH;)=C(SiMe;)Me}(CO)(PiPr;),] .81  The two
phosphine ligands are trans to each other with an eclipsed
conformation along the P-Ir-P axis. This axis is not exactly
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linear, however, the bond angle of 167.64(4)° being about 4.5°
nearer to the 180° value than in the above-mentioned
IrC(CH;)=C(SiMe;)Me derivative. It appears that the bend-
ing as well as the enlargement of the bond angles Ir-C4-CS and
C4-C5-C6 to 132.6(3)° and 124.7(3)° is caused by steric
hindrance between the isopropyl groups and the substituents
of the vinyl unit. The Ir—C4 distance of 2.135(4) A is
significantly larger than the Ir—C bond length in 8 but quite
similar to that of trans-[Irf{C(CH;)=C(SiMe;)Me}(CO)-
(PiPr),] (2.115(7) A).181

Similarly to the methyliridium compound 17, the azido
complex 14 also reacts with carbon monoxide by migratory
insertion. If a slow stream of CO is passed through a solution
of 14 in CH,Cl,/pentane at —78°C, a change of color from
olive-green to orange occurs. After warming to room temper-
ature, removal of the solvent and chromatographic workup a
yellow solid is isolated, the spectroscopic data of which
correspond to the alkynyl(carbonyl)iridium(l) compound 19
(see Scheme 6). Characteristic features are the three strong
absorptions in the IR spectrum at, respectively, 2102, 2062 and
1929 cm™, assigned to the v(N=N=N), v(C=C) and v(CO)
stetching modes, the two triplet resonances for the alkynyl
carbon atoms at 0 = 139.2 and 120.5 in the *C NMR spectrum,
and the two sets of signals for the CsHs protons and C¢Hj
carbon atoms of the terminal =CPh, unit. Owing to the last
observation, there is no doubt that the two phenyl groups are
stereochemically different.

When we attempted to further purify compound 19 by
recrystallization, we observed that in solution a slow rear-
rangement of the alkynyl complex takes place. After stirring a
solution of 19 in benzene for 36 h at room temperature, the
reaction is completed and the isomeric species 20 can be
isolated as an orange-yellow, moderately air-sensitive solid in
80 % yield. In contrast to 19, the IR spectrum of 20 displays an
intense v(C=C=C) band at 1992 cm~!, that is at a similar
position as found for 16. The appearance of four resonances at
0=165.3, 154.5, 146.2 and 104.7 for the carbon atom of the
Ir—-C=C=C=C chain, each split into a triplet due to *C-P
coupling, equally supports the structural proposal shown in
Scheme 6. Interestingly, the allenyliridium(i) compound trans-
[Ir{C(N;)=C=CPh,}(CO)(PiPr;),], structurally related to 20
and obtained from trans-[Ir(N;)(=C=C=CPh,)(PiPr;),] and
CO, is quite labile and rapidly loses dinitrogen to give the
vinyl complex trans-[Ir{C(CN)=CPh,}(CO)(PiPr;),].*l Under
the same conditions, the butatrienyl derivative 20 is exceed-
ingly stable and reacts neither under UV irradiation nor in
refluxing benzene by elimination of N,.

Conclusion

The work presented herein confirms that, by using the
appropriate substrate, metallacumulenes with a linear MC,
unit are not only accessible but can be isolated as stable
species in good to excellent yields. After it was shown, first by
Fischer et al.'®! and Berke,? that transition-metal com-
pounds with M=C=C=CRR’ as the building block exist,
various efforts were made to prepare related molecules with
four carbon atoms in the chain. Early attempts date back to
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Lomprey and Selegue?! and somewhat later to Bruce and co-
workers,/??l both choosing ruthenapentatetraenes as the tar-
gets. The Bruce group succeeded, with [(7°-CsHs)Ru-
(PPh;),(thf)]PF, and buta-1,3-diyne as starting materials, to
generate in situ a cationic complex containing the fragment
Ru=C=C=C=CH, and supported the presence of this species
in solution by trapping experiments with nucleophiles such as
NHPh,, PPh;, H,0, and imines. More recently, both Dixneuf
et al.?®! and Winter and Hornung®! reported about the in situ
formation of cationic intermediates with an analogous RuC,
unit and showed that this can be converted to corresponding
acylvinylidene, acylalkynyl, butenynyl, and allenylidene
ruthenium derivatives. In 1999, Lapinte et al. described the
preparation of dinuclear cationic iron compounds with the
core fragment [Fe]=C=C=C=CH]JFe'] ([Fe]=(n>-CsMes)-
Fe('Py); [Fe']=(n>-CsMes)Fe(CO),; P, =1,2-bis(diphenyl-
phosphanyl)ethane, 1,2-bis(diisopropylphosphanyl)ethane)
using the butadiynediyl complex [Fe]-C=C—C=C[Fe'] as the
precursor.”! Our results now provide firm evidence for the
existence of metallapentatetraenes and also illustrate how
manifold the chemistry of these molecules is. Among the
reactions outlined in Scheme 4, Scheme 5 and Scheme 6, the
conversion of the target compound 8 with HCI and methanol
into the five-coordinate butadienyl- and the six-coordinate
butatrienyliridium(irr) complexes deserve particular attention.
Moreover, the migratory insertion reactions of the azido and
methyl derivatives 14 and 17 with CO reveal that four-
coordinate compounds of the general composition trans-
[IrX(=C=C=C=CPh,)(PiPr3;),] can be considered as suitable
precursors for the generation of ligand systems which are
hardly accessible on conventional routes.

Experimental Section

All reactions were carried out under an atmosphere of argon by Schlenk
techniques. The starting materials 1,?°) 3,2l HC=CC(O)CHPh, "
Me;SiC=CC(O)CHPh,, and HC=CC(OTf)=CPh,” were prepared as
described in the literature. HCSCC(OAc)=CPh, was prepared analogously
as the triflate derivative. NMR spectra were recorded at room temperature
on Bruker AC 200 and Bruker AMX 400 instruments, IR spectra on a
Bruker IFS 25 FT-IR spectrometer, and mass spectra on a Finnigan MAT
90 instrument (70 eV). Melting points were measured by DTA. Abbrevia-
tions used: virt. t=virtual triplet; N=3J/(PH) + *J(PH) or J(PC) +
3I(PC).

Preparation of trans-[IrCl{n*-Me;SiC=CC(O)CHPh,}(PiPr;),] (2): A sus-
pension of 1 (60 mg, 0.07 mmol) in hexane (10 mL) was treated dropwise
with PiPr; (51 pL, 0.28 mmol) at room temperature. A yellow solution was
formed which after stirring for 10 min was treated with Me,;SiC=
CC(O)CHPh, (40 mg, 0.14 mmol). The solution was heated at 50°C for
2 h, which led to a change of color from yellow to orange. After the mixture
had been cooled to room temperature, the solvent was evaporated in vacuo
until an orange solid started to precipitate. The precipitation was facilitated
by storing the solution at —78°C for 12 h. An orange microcrystalline solid
was formed which was separated from the mother liquor, washed with small
amounts of pentane (—20°C), and dried; yield 93 mg (85%); m.p. 69°C
(decomp); IR (benzene): 7= 1862 (v(C=C)), 1618 (v(C=0O))cm™;
'H NMR (C,Dg, 200 MHz): 6 =7.70 (m, 4H; ortho-H of C¢Hs), 7.08 (m,
6H; meta- and para-H of C4Hs), 5.86 (s, 1H; C(O)CH), 2.39 (m, 6H;
PCHCH;), 1.17 (d virt. t, N=13.5, J(H,H) = 6.5 Hz, 18 H; PCHCH}), 1.11
(d virt. t, N=13.5, J(HH)=6.5Hz, 18H; PCHCH,;), 0.50 (s, 9H;
Si(CH;)5); *C NMR (Cy¢Dg, 50.3 MHz): 6 =179.7 (s; C(O)CH), 140.8 (s;
ipso-C of C¢Hy), 128.7,128.3, 126.9 (all s; C4Hs), 109.2, 102.0 (both s, br; C=
C), 64.7 (s; C(O)CH), 21.6 (virt. t, N=24.4 Hz; PCHCH,), 20.1, 19.9 (both
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s; PCHCH;), 1.4 (s; Si(CHs);); 3'P NMR (CDg, 81.0 MHz): 6 =18.8 (s);
elemental analysis (% ) for C;sH,ClIrOP,Si (816.6): caled: C 51.48, H 7.65;
found: C 51.62, H 7.81.

Preparation of [IrHCIH{C=CC(O)CHPh,}(PiPr;),] (4): A solution of 3
(115 mg, 0.22 mmol) in hexane (10 mL) was cooled to —78°C and then
treated with a solution of HC=CC(O)CHPh, (48 mg, 0.22 mmol) in hexane
(10 mL). A quick change of color from yellow to red occurred. After the
reaction mixture was warmed to 0 °C, it was worked up as described for 2. A
red microcrystalline solid was obtained; yield 150 mg (90 % ); m.p. 96 °C; IR
(benzene): 7=2310 (v(IrH)), 2062 (v(C=C)), 1683 (v(C=0))cm™;
'"H NMR (C¢Dg, 200 MHz): 6 =742 (m, 4H; ortho-H of C¢Hs), 7.08 (m,
6H; meta- and para-H of CHs), 5.34 (s, 1H; C(O)CH), 2.89 (m, 6H;
PCHCH;), 1.15 (d virt. t, N=14.2, J(H,H) =7.1 Hz, 18H; PCHCH};), 1.07
(d virt. t, N=14.5, J(H,H) =7.3 Hz, 18H; PCHCH,), —40.96 (t, J(P.H) =
11.6 Hz, 1H; IrH); P NMR (C¢Dg, 81.0 MHz): 6 =39.2 (s); elemental
analysis (%) for C3,Hs,ClIrOP, (768.4): calcd: C 53.14, H 7.08; found: C
52.97, H 723.

Preparation of [IrHCl(py){C=CC(O)CHPh,}(PiPr;),] (5): A solution of 4
(66 mg, 0.07 mmol) in diethyl ether (10 mL) was treated with pyridine
(7 uL, 0.07 mmol) and stirred for 5 min at room temperature. A change of
color from red to light brown occurred. The solvent was evaporated in
vacuo, and the residue dissolved in hot hexane (60°C). After the solution
was cooled to room temperature, it was stored at —78°C for 12 h. An off-
white solid precipitated, which was washed with small amounts of pentane
(0°C) and dried; yield 67 mg (93%); m.p. 127°C. IR (KBr): v=2252
(v(IrH)), 2054 (v(C=C)), 1620 (v(C=0)) cm~'; '"H NMR (C4D, 200 MHz):
0=10.24,9.90 (both s, br, 1 H each; ortho-H of C;HsN), 7.49 (m, 4 H; ortho-
H of C¢Hs), 7.05 (m, 6 H; meta- and para-H of C¢Hs), 6.82 (m, 1 H; para-H of
CsH;N), 6.56 (m, 2H; meta-H of CsH;sN), 5.43 (s, 1H; C(O)CH), 2.84 (m,
6H; PCHCHj;), 1.06 (d virt. t, N=14.0, J(H,H) =73 Hz, 18H; PCHCH,),
1.01 (d virt. t, N=14.0, J(HH)=73 Hz, 18H; PCHCH;), —21.68 (t,
J(PH)=16.0 Hz, 1H; IrH); “C NMR (C¢Dg, 50.3 MHz): 6 =182.3 (s;
C(O)CH), 154.9, 152.3, 136.7, 129.7, 129.4, 128.5, 128.3, 126.7 (all s; CsHsN
and C4Hjs), 140.8 (s; ipso-C of C¢Hs), 110.8 (t, J(P,C) =4.1 Hz; Ir—C=C),
105.8 (t, J(P.C)=2.0 Hz; Ir-C=C), 67.1 (s; C(O)CH), 23.8 (virt. t, N=
264 Hz; PCHCHj;), 19.2, 19.1 (both s; PCHCH;); 3P NMR (CsDy,
81.0 MHz): 6=10.4 (s); elemental analysis (%) for Cs;HsCIIrNOP,
(847.5): caled: C 55.27, H 7.02, N 1.65; found: C 54.91, H 6.92, N 1.51.

Preparation of trans-[IrCl{=C=CHC(O)CHPh,}(PiPr;),] (6): Method a: A
solution of 4 (62 mg, 0.08 mmol) in benzene (5 mL) was stirred for 3 h at
room temperature. A gradual change of color from red to red-violet
occurred. The solvent was evaporated in vacuo and the residue treated with
pentane (1 mL). A red-violet solid precipitated, the formation of which was
facilitated by storing the solution for 15h at —78°C. The solid was
separated from the mother liquor, washed with small amounts of pentane
(—=20°C) and dried; yield 57 mg (92 % ). Method b: A solution of 3 (50 mg,
0.09 mmol) in hexane (10 mL) was cooled to —78°C and then treated with
a solution of HC=CC(O)CHPh, (20 mg, 0.09 mmol) in hexane (10 mL). A
quick change of color from yellow to red occurred. After warming the
reaction mixture to room temperature, it was stirred for 3h and then
worked up as described for Method a; yield 59 mg (85 % ); m.p. 142°C; MS
(70 eV): m/z: 768 (M* for '*Ir and *Cl); IR (KBr): #=1654 (v(C=0)),
1544 (v(C=C) cm™'; 'H NMR (C,D, 200 MHz): 6 =7.30 (m, 4H; ortho-H
of C4Hs), 7.06 (m, 6 H; meta- and para-H of C¢Hs), 4.84 (s, 1H; C(O)CH),
2.78 (m, 6H; PCHCH;), 1.28 (d virt. t, N=14.5, J(H,H) =73 Hz, 36H;
PCHCH;), —145 (t, J(PH)=2.9 Hz, 1H; =CHC(O)CHPh,); *C NMR
(CDg, 50.3 MHz): 6=2552 (t, J(PC)=11.6 Hz; Ir=C=C), 181.3 (s;
C(O)CH), 140.9 (s; ipso-C of C¢Hs), 129.6, 128.4, 126.9 (all s; CsHs),
1124 (t, J(P,C)=9.5 Hz; I=C=C), 64.3 (s; C(O)CH), 23.5 (virt. t, N=
26.8 Hz; PCHCH,), 20.1 (s; PCHCH;); *'P NMR (C4Dg, 81.0 MHz): 6 =
37.1 (s); elemental analysis (%) for C3,Hs,ClIrOP, (768.4): calcd: C 53.14,
H 7.08; found: C 52.66, H 6.64.

Preparation of [IrHCI{C=CC(OAc)=CPh,}(PiPr;),] (7): A solution of 3
(110 mg, 0.20 mmol) in hexane (10 mL) was cooled to —78°C and then
treated with a solution of HC=CC(OAc)=CPh, (52 mg, 0.20 mmol) in
hexane (5 mL). A quick change of color from yellow to violet occurred.
After warming the solution to room temperature, it was concentrated to
2 mL in vacuo and then stored at —78°C for 16 h. Red crystals precipitated
which were separated from the mother liquor, washed with small amounts
of pentane (0°C), and dried; yield 131 mg (81 % ); m.p. 59°C (decomp); MS
(70 eV): m/z: 810 (M~ for '*Ir and *Cl); IR (KBr): 7 =2073 (v(C=C)), 1752
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(v(0CO),,), 1457 (v(OCO)yyy,) cm~'; 'H NMR (C¢Ds, 200 MHz): 6 =7.75,
736 (both m, 2 H each; ortho-H of C¢Hs), 7.04 (m, 6 H; meta- and para-H of
C¢Hs), 2.98 (m, 6H; PCHCHS,), 1.65 (s, 3H; CO,CH,), 1.23 (d virt. t, N=
13.1, J(H,H) =6.0 Hz, 18 H; PCHCH,), 1.17 (d virt. t, N=12.8, J(H,H) =
6.0 Hz, 18H; PCHCHs;), —42.65 (t, J(BH) =11.6 Hz, 1H; IrH); *C NMR
(C¢Dg, 50.3 MHz): 6 =168.0 (s; CO,CHj;), 141.0, 140.4 (both s; ipso-C of
C¢Hs), 130.5, 130.3 (both s; C=C), 130.9, 130.2, 128.2, 126.8 (all s; C¢Hs),
104.0 (s; I-C=C), 93.4 (t, J(P,C)=12.0 Hz; Ir-C=C), 23.2 (virt. t, N=
26.8 Hz; PCHCHS,), 20.5 (s; CO,CHj;), 19.9, 19.6 (both s; PCHCH,); 3'P
NMR (CsD4, 81.0 MHz): 6=40.0 (s); elemental analysis (%) for
CyHs6ClIrO,P, (810.5): caled: C 53.35, H 6.96; found: C 52.91, H 6.88.
Preparation of trans-[IrCl(=C=C=C=CPh,)(PiPr;),] (8): A solution of 3
(116 mg, 0.22 mmol) in hexane (15 mL) was cooled to —100°C and treated
with NEt; (24 uL, 0.22 mmol). To the reaction mixture, a cooled solution
(=100°C) of HC=CC(OT{)=CPh, (77 mg, 0.22 mmol), freshly prepared
from Me;SiC=CC(OTf)=CPh,, in hexane (40 mL) was added. A change of
color from yellow to olive-green occurred. After the reaction mixture was
warmed to —30°C, the solvent was evaporated in vacuo. The oily residue
was extracted with pentane (50 mL), and the extract was concentrated to
4 mL in vacuo. Storing the solution at —78°C led to the precipitation of an
orange microcrystalline solid, which was separated from the mother liquor,
washed with small amounts of pentane (0°C), and dried; yield 123 mg
(77%); m.p. 62°C (decomp); MS (70 eV): m/z: 750 (M* for **Ir and ¥Cl);
IR (KBr): #=1993 (v(C=C=C=C)) cm!; 'H NMR (C,Dy, 400 MHz): 6 =
7.50 (m, 4H; ortho-H of C;Hs), 7.21 (m, 4H; meta-H of C;Hs), 6.82 (m, 2H;
para-H of C4Hs), 2.89 (m, 6 H; PCHCH,), 1.28 (d virt. t, N=13.8, J(HH) =
70 Hz, 36H; PCHCH;); *C NMR (C,D,, 100.6 MHz): 6=225.7 (t,
J(P,C)=13.7 Hz; I=C=C=C=C), 174.6, 164.1 (both t, J(P,C) =3.6 Hz; Ir=
C=C=C=C and I=C=C=C=C), 132.1 (s; ipso-C of C4H5s), 130.2, 128.5,127.3
(all s; C¢Hs), 1059 (t, J(P,C)=2.5 Hz; I=C=C=C=C), 23.6 (virt. t, N=
26.4 Hz; PCHCH3;), 20.1 (s; PCHCH;); 3'P NMR (C¢Dy, 162.0 MHz): 6 =
26.7 (s); elemental analysis (%) for C3,Hs,CIIrP, (750.4): caled: C 54.42, H
6.98; found: C 54.74, H 6.90.

Generation of [IrCl(=C=C=C=CPh,)(CO)(PiPr;),] (9): A slow stream of
CO was passed through a solution of 8 (60 mg, 0.08 mmol) in pentane
(15 mL) at —78°C. A change of color from olive-green to orange occurred
and a solid started to precipitate. The solution was carefully concentrated
to 2mL in vacuo and then stored at —60°C under a CO atmosphere. An
orange solid precipitated which was separated from the mother liquor and
dried in a slow stream of argon. Owing to the spectroscopic data, the solid
consisted of a mixture of 8 and 9. Attempts to separate the mixture by
fractional crystallization under CO failed. Data for 9: IR (KBr): 7= 1987
(V(C=C=C=C), 1944 (v(CO)) cm™'; 'H NMR (C,Ds, 200 MHz): 6 =7.60
(m, 4H; ortho-H of C¢Hs), 7.06 (m, 6 H; meta- and para-H of C{Hs), 2.77 (m,
6H; PCHCH;), 1.30 (d virt. t, N=12.5, J(H,H) = 6.9 Hz, 36 H; PCHCH,);
3IP NMR (C,Dg, 81.0 MHz): 6 =19.6 (s).

Preparation of trans-[IrCl{=C=CHC(O,CCF;)=CPh,}(PiPr;),] (10): A
solution of 8 (53 mg, 0.07 mmol) in benzene (5 mL) was treated with
CF;CO,H (5.5 pL, 0.07 mmol) at room temperature. A change of color
from olive-green to red-violet occurred. The solvent was evaporated in
vacuo, the residue was dissolved in pentane (2 mL) and the solution was
cooled to —78°C. A red-violet solid precipitated which was separated from
the mother liquor, washed with pentane (2 mL, 0°C) and dried; yield 52 mg
(87%); m.p. 106°C (decomp); IR (KBr): 7=1795 (v(OCO),,), 1626 (v(C=
C)), 1457 (v(OCO)yy,) cm™'; 'TH NMR (C¢Dg, 200 MHz): 6 =727 (m, 4H;
ortho-H of C¢Hs), 6.93 (m, 6 H; meta- and para-H of C,Hs), 2.88 (m, 6H;
PCHCH;), 1.28 (d virt. t, N=13.4,/J(H,H) = 6.7 Hz, 36 H; PCHCH};), — 2.81
(t, J(PH)=2.1 Hz, 1H; =CHC(O,CCFy;)); *C NMR (C4Dg, 50.3 MHz):
0=255.6 (t, J(P,C)=12.1Hz; I=C=C), 154.6 (q, J(F,C)=43.2Hz;
CF;C0,), 1482 (s, br; C(O,CCF;)), 140.0, 138.8 (both s; ipso-C of C4Hs),
138.7 (s; =CPh,), 130.2, 129.3, 123.3, 120.2 (all s; C¢H;), 115.3 (q, J(F.C) =
286.0 Hz; CF;CO,), 104.9 (t, J(P,C) =3.8 Hz; =C=C), 23.4 (virt. t, N=
26.7 Hz; PCHCH3;), 20.0 (s; PCHCH,); F NMR (C4Dy, 188.0 MHz): 6 =
—74.4 (s); 3P NMR (C,Dy, 162.0 MHz): 6 =32.3 (s); elemental analysis
(%) for C;cHs;ClIrF;0,P, (864.6): caled: C 50.01, H 6.18; found: C 50.40, H
6.21.

Preparation of [IrCL{n'-(Z)-CH(=CHC(Cl)=CPh,}(PiPr;),] (11): A so-
lution of 8 (52 mg, 0.07 mmol) in benzene (5 mL) was treated with an
excess of a solution of HCI in benzene at room temperature. A change of
color from olive-green to brown occurred. After the mixture was stirred for
5 min, the solvent was evaporated in vacuo. The oily residue was dissolved
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in pentane and the solution was stored at —78°C. A brown solid
precipitated which was separated from the mother liquor, washed twice
with pentane (1 mL each), and dried; yield 51 mg (88%); m.p. 138°C;
'H NMR (C¢Dy, 400 MHz): 6 = 9.63 (dt, J(H,H) = 12.0 Hz, J(PH) = 1.8 Hz,
1H; Ir—-CH=CH), 7.45, 7.39 (both m, 2 H each; ortho-H of C¢Hs), 7.22 (m,
2H; meta-H of C¢Hs), 7.10 (m, 4H; meta- and para-H of C¢Hs), 6.59 (dt,
J(H,H) =12.0, J(PH) =2.0 Hz, 1 H; Ir—-CH=CH), 3.08 (m, 6 H; PCHCH,),
1.17 (d virt. t, N =13.5, J(H,H) = 6.9 Hz, 36 H; PCHCH): 3C NMR (C,D,,
100.6 MHz): 6 =167.5 (s; CCI=CPh,), 142.2 (s; = CPh,), 133.7,130.1 (boths;
ipso-C of C¢Hy), 1307, 130.6, 129.0, 128.4, 1274, 126.9 (all s; C4Hy), 1079 (t,
J(P,C)=8.0 Hz; Ir—CH=CH), 21.9 (virt. t, N=24.4 Hz; PCHCH;), 19.7 (s;
PCHCH;), the signal for Ir—-CH=CH could not be exactly located; 3'P
NMR (C¢Dy, 162.0 MHz): 6=76 (s); elemental analysis (%) for
C34Hs,CLIrP, (823.3): caled: C 49.60, H 6.61; found: C 49.81, H 6.90.

Preparation of trans-[IrI(=C=C=C=CPh,)(PiPr;),] (12): A solution of 8
(50 mg, 0.07 mmol) in acetone (10 mL) was treated with KI (115 mg,
0.70 mmol) and stirred for 1 h at room temperature. A change of color from
olive-green to orange occurred. The solvent was evaporated in vacuo, the
residue was extracted with pentane (50 mL), and the extract was
concentrated to 3 mL in vacuo. After the solution was stored at —78°C,
an orange solid precipitated which was separated from the mother liquor,
washed with small amounts of pentane (0°C), and dried; yield 51 mg
(91%); m.p. 101 C (decomp); IR (KBr): #=1992 (v(C=C=C=C)) cm;
'"H NMR (C¢Dy, 200 MHz): 6 = 7.50 (m, 4 H; ortho-H of C¢Hs), 7.21 (m,4H;
meta-H of CiHs), 6.81 (m, 2H; para-H of C¢Hs), 3.14 (m, 6H; PCHCHS,),
1.28 (d virt. t, N=13.8,J(H,H) = 6.9 Hz, 36 H; PCHCHj); *C NMR (C(Dj,
100.6 MHz): 0=2153 (t, J(P,C)=14.7Hz; I=C=C=C=C), 179.1 (t,
J(P,C) =3.6 Hz; I=C=C=C=C), 164.4 (t, J(P,C) =4.6 Hz; I=C=C=C=C),
132.2 (s; ipso-C of C¢Hs), 130.1, 129.0, 127.0 (all s; CgHs), 109.1 (t, J(P,C) =
3.0Hz; I=C=C=C=C), 25.3 (virt. t, N=275Hz; PCHCHj;), 204 (s;
PCHCH,); 3P NMR (C,Ds, 81.0 MHz): 0 =21.3 (s); elemental analysis
(%) for C3,Hy,IIrP, (841.6): caled: C 48.52, H 6.23; found: C 48.76, H 6.31.

Preparation of trans-[Ir(OH)(=C=C=C=CPh,) (PiPr;),] (13): A solution of
8 (60 mg, 0.08 mmol) in acetone (10 mL) was treated with KOH (32 mg,
0.80 mmol) and stirred for 10 min at room temperature. A gradual change
of color from olive-green to green occurred. The solvent was evaporated in
vacuo, the residue was extracted with pentane (50 mL) and the extract was
brought to dryness in vacuo. Upon treatment of the oily residue with
pentane (2 mL) at —30°C, a green solid precipitated which was separated
from the mother liquor and dried; yield 51 mg (87 % ); m.p. 56 °C (decomp);
IR (KBr): 7 =3460 (v(OH)), 1996 (v(C=C=C=C)) cm!; 'H NMR (C,Dj,
200 MHz): 0 =761 (m, 4H; ortho-H of CHs), 723 (m, 4H; meta-H of
C¢Hs), 6.83 (m, 2H; para-H of C¢Hs), 2.99 (s, br, 1H; OH), 2.60 (m, 6H;
PCHCH;), 1.26 (d virt. t, N=13.9, J(H,H)=6.9 Hz, 36H; PCHCH,);
3C NMR (C,Dg, 50.3 MHz): 6 =227.8 (t, J(P,C) =12.7 Hz; I=C=C=C=C),
1732 (t, J(P,C)=5.1 Hz; =C=C=C=C), 164.0 (t, J(P,C)=3.1 Hz, I=C=
C=C=C); 138.2 (s; ipso-C of C,Hj5), 130.2, 129.7,126.4 (all s; C;Hs), 103.4 (t,
J(P,C)=2.5 Hz; =C=C=C=C), 22.9 (virt. t, N=26.7 Hz; PCHCH3;), 19.9
(s; PCHCH;); 3P NMR (C¢Dy, 81.0 MHz): 6 =31.1 (s); elemental analysis
(%) for C3Hs;IrOP, (732.0): caled: C 55.79, H 7.18; found: C 55.92, H 6.99.

Preparation of trans-[IrN;(=C=C=C=CPh,)(PiPr;),] (14): A solution of 8
(61 mg, 0.08 mmol) in acetone (10 mL) was treated with NaN; (52 mg,
0.80 mmol) and stirred for 30 min at room temperature. The solvent was
evaporated in vacuo, the residue was extracted with 50 mL of a mixture of
pentane/benzene (2:1) and the extract was brought to dryness in vacuo.
Upon treatment of the oily residue with pentane (2 mL) at —30°C, an
olive-green solid precipitated which was separated from the mother liquor
and dried; yield 55 mg (91%); m.p. 95°C (decomp); IR (KBr): v=2067
(V(N=N=N)), 1994 (v(C=C=C=C)) cm~!; 'H NMR (C,D;, 400 MHz): 6 =
7.50 (m, 4H; ortho-H of C;Hs), 7.21 (m, 4H; meta-H of C¢Hs), 6.82 (m, 2H;
para-H of C¢Hs), 2.63 (m, 6H; PCHCH;), 1.22 (d virt. t, N=13.8, JHH) =
70 Hz, 36H; PCHCH;); BC NMR (CsDg, 100.6 MHz): 6=233.8 (t,
J(P,C)=14.2 Hz; I=C=C=C=C), 174.1 (t, J(P,C)=176 Hz; II=C=C=C=
C), 163.8 (t, J(P,C)=3.6 Hz; =C=C=C=C), 138.7 (s; ipso-C of C¢Hj),
130.8, 128.3, 1274 (all s; C4Hs), 105.5 (t, J(P,C) =2.5 Hz; I=C=C=C=C),
24.4 (virt. t, N=27.5 Hz; PCHCH3), 19.8 (s; PCHCHj;); 3P NMR (CDq,
162.0 MHz): 6 =30.4 (s); elemental analysis (%) for C3Hs,IrN;P, (757.0):
caled: C 53.95, H 6.92; N 5.55; found: C 54.35, H 6.74, N 5.21.

Preparation of trans-[Ir(OPh)(=C=C=C=CPh,)(PiPr;),] (15): A solution
of 13 (50 mg, 0.07 mmol) in benzene (5 mL) was treated with phenol (7 mg,
0.07 mmol) and stirred for 5 min at room temperature. The solvent was
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evaporated in vacuo, the residue was suspended in pentane (2 mL) and the
suspension was stored at —60°C. An olive-green solid precipitated which
was separated from the mother liquor, washed with small amounts of
pentane (0°C) and dried; yield 52 mg (94%); m.p. 97°C (decomp); IR
(KBr): #=1998 (v(C=C=C=C)) cm™}; 'H NMR (C(Dy, 400 MHz): 6 =7.55
(m, 4H; ortho-H of C¢Hs), 7.23 (m, 4H; meta-H of CHs), 7.20 (m, 2H;
meta-H of C(H;0), 6.82 (m, 2H; para-H of CHs), 6.67 (m, 1 H; para-H of
C¢H;0), 6.51 (m, 2H; ortho-H of C;H;s0), 2.44 (m, 6H; PCHCH,), 1.22 (d
virt. t, N=13.8, J(H,H)=70Hz, 36H; PCHCH,); “C NMR (CD;,
100.6 MHz): 6 =229.3 (t, J(P,C) =13.7 Hz; Ir=C=C=C=C), 167.8 (s; ipso-
C of C4H50), 167.7, 164.6 (both t, J(P,C) = 3.0 Hz; I=C=C=C=C and Ir=C=
C=C=C), 130.2 (s; ipso-C of C¢Hs), 130.2, 129.7, 128.2, 126.9, 121.1, 116.1
(all s; CHs and CgH;0), 103.7 (t, J(P,C) =2.9 Hz; I=C=C=C=C), 24.2
(virt. t, N=25.4 Hz; PCHCH;), 20.0 (s; PCHCH;); 3P NMR (C,Dq,
162.0 MHz): 6 =31.4 (s); elemental analysis (%) for C,Hs;IrOP, (808.1):
caled: C 59.45; H 7.11; found: C 59.73, H 6.89.

Preparation of [IrH,(CH=C=C=CPh,)(CO)(PiPr;),] (16): A solution of 13
(50 mg, 0.07 mmol) in methanol (10 mL) was stirred for 1h at room
temperature. A change of color from olive-green to light brown occurred.
The solution was concentrated to 2 mL in vacuo and then stored at —60°C.
An off-white solid precipitated which was separated from the mother
liquor, washed twice with pentane (2 mL each), and dried; yield 42 mg
(82%); m.p. 100°C (decomp); IR (KBr): 7#=2055 (v(IrH)), 1975 (v(C=C=
C=0)), 1931 (v(CO)) cm~'; '"H NMR (C,Dg, 200 MHz): 6 =7.93, 7.72 (both
m, 2 H each; ortho-H of C¢Hs), 7.24 (m, 4 H; meta-H of C4Hs), 7.04 (m, 2H;
para-H of C¢Hs), 6.82 (m, 1 H; Ir-CH), 2.17 (m, 6 H; PCHCH3), 1.16 (d virt.
t, N=14.5, J(HH) =173 Hz, 36H; PCHCH,), —8.88 (dt, J(PH)=14.5,
J(H,H) =43 Hz, 2H; Ir-H); *C NMR (C4Dy, 50.3 MHz): 6 =176.9 (t,
J(P,C)=8.8 Hz; Ir-CO), 169.2 (t, J(P,C) =4.6 Hz; Ir-CH=C=C=C), 164.7
(t, J(P,C)=5.1 Hz; Ir-CH=C=C=C), 142.2 (t, J(P,C) =2.0 Hz; ipso-C of
C¢Hs), 130.2, 129.1, 127.4, 126.4, 126.2, 120.2 (all s; C¢Hs), 114.9 (t, J(P.C) =
3.7 Hz; Ir-CH=C=C=C), 111.4 (t, J(P,C) =13.9 Hz; Ir—CH), 25.0 (virt. t,
N=29.6 Hz; PCHCH,), 19.1 (s; PCHCH,); *'P NMR (C4Dy, 162.0 MHz):
0 =33.9 (s); elemental analysis (%) for C;sHssIrOP, (746.0): calcd: C 56.35,
H 7.43; found: C 56.51, H 7.20.

Generation of trans-[Ir(CH;) (=C=C=C=CPh,) (PiPr;),] (17): A solution of
8 (44 mg, 0.06 mmol) in pentane (15 mL) was cooled to —78°C and treated
with a 1.0 M solution of MeLi in hexane (0.06 mL, 0.06 mmol). A change of
color from olive-green to orange occurred. After the reaction mixture was
warmed to room temperature, it was filtered through cotton and the filtrate
was brought to dryness in vacuo. Due to smooth decomposition, the oily
residue could not be further purified. Data for 17: IR (C¢Hg): 7=1997
(v(C=C=C=C)) cm™!; 'TH NMR (C(Dy, 200 MHz): 6 =7.55 (m, 4H; ortho-H
of C4Hs), 7.19 (m, 4 H; meta-H of C¢Hs), 6.85 (m, 2H; para-H of C¢Hs), 2.73
(m, 6H; PCHCH,), 1.56 (t,J(P,H) = 6.4 Hz, 3H; I-CH,), 1.24 (d virt. t, N =
13.6, J(H,H) = 6.9 Hz, 36 H; PCHCH;); *'P NMR (C,Dg, 81.0 MHz): 0 =
242 (s).

Preparation of trans-[Ir{C(C=CCH;)=CPh,}(CO)(PiPr;),] (18): A solution
of 8 (60 mg, 0.08 mmol) in pentane (15mL) was cooled to —78°C and
treated with a 1.0M solution of MeLi in THF (0.08 mL, 0.08 mmol). A
change of color from olive-green to orange occurred. After the reaction
mixture was warmed to room temperature and stirred for 10 min, it was
again cooled to —78°C and a slow stream of CO was passed through the
solution for 15 s. A change of color from orange to yellow occurred. After
warming to room temperature, the solution was filtered through cotton and
the filtrate was concentrated to 2 mL in vacuo. Storing the solution at
—60°C for 12h led to the formation of yellow crystals, which were
separated from the mother liquor, washed with a small amount of pentane
(0°C), and dried; yield 54 mg (85%); m.p. 162°C; MS (70 eV): m/z: 758
(M+ for *Ir and *Cl); IR (KBr): #=1999 (v(C=C)), 1925 (v(CO)) cm™;
'HNMR (C,Dg, 200 MHz): 6 =742 (m, 4H; ortho-H of C,H;s), 7.11 (m, 6 H,
meta- and para-H of C¢Hs), 2.53 (m, 6H; PCHCH;), 1.62 (s; =CCH,), 1.31
(d virt. t, N=13.9, J(HH)=6.9 Hz, 18H; PCHCH,), 1.12 (d virt. t, N=
12.8, J(H,H) =7.7 Hz, 18H; PCHCHS,); 3C NMR (C,D;, 50.3 MHz): 6 =
186.7 (t, J(P,C) =11.0 Hz; Ir—CO), 157.8 (t, J(P,C) =12.7 Hz; Ir—C=CPh,),
153.5 (t, J(P,C) =4.3 Hz; Ir-C=CPh,), 148.5, 145.2 (both s; ipso-C of CsHs),
130.3,129.9, 128.4, 127.6, 127.4, 126.8, 126.1, 125.7, 125.6 (all s; C;Hs), 100.3,
88.7 (both s; C=CCHj; and C=CCHs), 26.3 (virt. t, N=26.8 Hz; PCHCH,),
24.1 (s; CH;), 20.5, 19.6 (both s; PCHCHj;); *'P NMR (C¢Dy, 162.0 MHz):
0 =32.3 (s); elemental analysis (% ) for C;sHssIrOP, (757.9) : caled: C 57.04,
H 7.31; found: C 56.81, H 7.21.
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Preparation of trans-[Ir{C=CC(N;)=CPh,}(CO)(PiPr;),] (19): A slow
stream of CO was passed for 15s through a solution of 14 (60 mg,
0.08 mmol) in 10 mL of a mixture of pentane/dichloromethane (1:1) at
—78°C. A change of color from olive-green to orange occurred. The
solution was warmed to room temperature which led again to a change of
color from orange to yellow. The solvent was evaporated in vacuo, the oily
residue was dissolved in benzene (1 mL) and the solution was chromato-
graphed on ALO; (neutral, activity grade V). With pentane a yellow
fraction was eluted, which was dried in vacuo to give a yellow solid. It could
not be recrystallized for further purification since in solution it partly
rearranged to 20. Data for 19: IR (KBr): 7 = 2102 (v(N=N=N)), 2062 (v(C=
0)), 1929 (v(CO)) cm™'; 'H NMR (C¢Dy, 200 MHz): 6 =7.71, 7.36 (both m,
2 H each; ortho-H of C4Hjs), 7.08 (m, 6 H; meta- and para-H of C¢Hs), 2.54
(m, 6H; PCHCH,;), 121 (d virt. t, N=13.9, J(H,H)=6.9 Hz, 36H;
PCHCH;); “C NMR (CsDg, 50.3 MHz): 6 =1884 (t, J(P,C)=10.5 Hz;
Ir—CO), 143.5 (s; C(N;)=CPh, or C(N;)=CPh,), 141.8, 140.7 (both s; ipso-C
of CHs), 139.2 (t, J(P,C) =171 Hz; Ir—C=C), 131.1, 130.8, 129.0, 128.8,
126.9, 126.8 (all s; C¢Hs), 120.5 (t, J(P,C)=2.4 Hz; Ir-C=C), 112.3 (s;
C(N;)=CPh, or C(N;)=CPh,), 26.3 (virt. t, N=28.1 Hz; PCHCH,), 20.2 (s;
PCHCH;); 'P NMR (C¢Dg, 81.0 MHz): 6 =42.3 (s).

Preparation of trans-[Ir{C(N;)=C=C=CPh,}(CO)(PiPr;),] (20): A solution
of 19 (65 mg, 0.08 mmol) in benzene (3 mL) was stirred for 36 h at room
temperature. The solvent was evaporated in vacuo, the oily residue was
dissolved in pentane (5 mL) and the solution was stored at — 60 °C for 24 h.
An orange microcrystalline solid precipitated, which was washed with small
amounts of pentane (0°C), and dried; yield 52 mg (80%); m.p. 108°C
(decomp); IR (KBr): #=2058 (v(N=N=N)), 1992 (v(C=C=C=C)), 1942
(v(CO)) em™'; 'TH NMR (C¢Dg, 400 MHz): 6 =7.56 (m, 4H; ortho-H of
C¢Hs), 7.16 (m, 6H; meta- and para-H of C¢Hs), 2.48 (m, 6H; PCHCH,;),
1.16 (d virt. t, N=14.1, J(H,H) = 74 Hz, 36 H; PCHCH,); *C NMR (C(Dj,
100.6 MHz): 6=190.0 (t, J(P,C)=10.2Hz; Ir—CO), 1653 (t, J(P.C)=
16.2 Hz; Ir—C(N;)=C=C=C), 154.5 (t, J(P,C)=2.0 Hz; Ir—C(N;)=C=C=
C), 146.2 (t, J(P,C) = 6.1 Hz; Ir-C(N;)=C=C=C), 143.5 (s; ipso-C of C¢Hj),
129.0, 128.6, 126.8 (all s; C¢Hs), 104.7 (t, J(P,C) =2.0 Hz; Ir—C(N;)=C=C=
C), 26.1 (virt. t, N=27.5 Hz; PCHCHj;), 20.0 (s; PCHCH;); *P NMR
(C¢Dg, 162.0 MHz): 6 =41.4 (s); elemental analysis (% ) for C;sHs,IrN;OP,
(785.0): caled: C 53.55, H 6.68, N 5.35; found: C 53.21, H 6.91, N 5.14.

X-ray structural determination of compounds 8 and 18: Single crystals of 8
were grown from a saturated solution in diethyl ether at 5°C, and those of
18 from a saturated solution in acetone at room temperature. Crystal data
collection parameters are summarized in Table 1. The data were collected
on an Enraf-Nonius CAD4 diffractometer (8) and a Stoe area-detecting
system (18) using monochromated Moy, radiation (1 =0.71073 A). Inten-
sity data were corrected for Lorentz and polarization effects, and an
empirical absorption correction was applied for 8 (¥ scan method,
minimum transmission 67.21%) The structures were solved using the
Patterson method (SHELXS-97).8) Atomic coordinates and anisotropic
thermal parameters of the non-hydrogen atoms were refined by the full-
matrix least squares on F? (SHELXL-97).%! The positions of all hydrogen
atoms were calculated according to ideal geometry (distance C—H=
0.95 A) and refined by using the riding method; they were used only in
structure factor calculation.*l
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