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CONCEPTS

Design of Sequence-Specific DNA-Binding Ligands

Peter E. Nielsen*

Abstract: Double-stranded DNA can be viewed as a multi-
functional, modular receptor that can be read sequence-
selectively in a digital way (base pair per base pair) by a
complementary, similarly modular ligand. This principle
has been exploited in several approaches to design se-
quence-specific DNA-binding ligands, such as triplex-
forming oligonucleotides, peptide nucleic acids and minor
groove binding polyamides.

Keywords: DNA recognition - triplexes » molecular recog-
nition * peptide nucleic acids
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Introduction

Molecular recognition is a fundamental principle in biology,
exploited at various levels. Examples are enzyme—substrate,
antigen—antibody, hormone—receptor and drug—DNA as well
as protein—DNA and protein-protein interactions. In the ef-
fort to understand the physicochemical principles of molecular
recognition per se and further to exploit such knowledge in
the design of specific ligands and receptors, a discipline of
supramolecular and host—guest chemistry is growing fast. In
medicinal chemistry the concept of rationally designed ligands
for medicinally relevant receptors is also attracting much atten-
tion and could provide the basis for development of novel po-
tent therapeutic drugs.

In the border area between molecular biclogy and chemistry,
a field concerned with DNA recognition is thriving. The field
was sparked by studies of the huge variety of natural ligands in
the form of gene regulatory or processing proteins or potent low
molecular weight anticancer drugs that bind sequence selective-
ly to double-stranded DNA. Inspired by nature, chemists have
now for more than 10 years developed principles with the ulti-
mate goal of being able to design and synthesize compounds to
order that recognize and bind to any desired sequence in double-
stranded DNA [} 3
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One could easily argue that DNA is “the dream of a receptor”
for designing ligands, since X-ray crystal structures as well as
NMR solution structures of numerous DNA molecules have
been described, and even the structures of a multitude of com-
plexes between natural DNA binding ligands—both proteins
and low molecular weight drugs—and their DNA targets have
been solved. Furthermore, as discussed below, the receptor is
modular due to the base pair sequence, and thus a general (and
modular) solution for designing a ligand for a DNA receptor of
any sequence should be attainable. Interestingly, nature does
not seem to have exploited such a modular principle in protein-—
DNA recognition (possibly with the exception of at least some
Zn-finger proteins), but have in most cases evolved a “shape”-
complementary “analogue readout” of the DNA helix major
groove. In fact it may be that nature has avoided a “digital”
(base pair by base pair) readout of DNA for exactly the opposite
reason, namely, in order to evolve proteins that would recognize
not only one single DNA sequence, but rather a family of relat-
ed DNA sequence with differentiated affinity.

Discussion

DNA -recognizing ligands: Although the Watson-Crick “face”
of the nuclobases used for interstrand recognition obviously is
not accessible from the outside of the DNA double helix, ample
nucleobase recognition features are still available from both the
minor and especially from the major groove (Figure 1, top). In
fact, each of the four base pairs can be unambiguously identified
from the major groove solely by the pattern and position of
hydrogen-bonding acceptor and donor sites. In the minor
groove it is possible to distinguish G—~C, C-G and A/T-T/A in
this way, but not A—T and T—A base pairs (Figure 1, bottom).
Consequently, both the minor and especially the major groove
of double-stranded DNA have been targeted as sequence-
specific “DNA receptors”. The inspiration in these approaches
has come from natural ligands that bind with sequence prefer-
ences in either groove and have been known for several
decades.'* 7?1 Most interestingly, recent developments have
shown that even the Watson—Crick “face™ of the nucleobases
can be made available for recognition by reagents, such as PNA
(see below) that invade the DNA double helix.

Triple helix forming oligonucleotides: Close to 40 years ago, it
was discovered that polynucleotides can form triple helices in
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Figure 1. Base pair recognition. Top: Hydrogen-bonding donor (D) and acceptor
(A) patterns of DNA base pair in the major and minor grooves of a double helix.
Bottom: Schematic representation of the four Watson - Crick base pairs (m: hydro-
phobic site (methyl group of thymine)).

which a third strand can bind in the major groove of a normal
Watson~Crick duplex by T-A or C*-G Hoogsteen base pair-
ings (Figure 2).1*1 This principle was adapted by Moser and
Dervan who showed that, under appropriate conditions, even
short homopyrimidine oligonucleotides (15-mers) can bind se-
quence specifically to their “Hoogsteen-complementary™ dou-
ble-stranded DNA targets.[*! Simultaneously, Heéléne et al. also
discovered triple-helical binding of short oligonucleotides.!®! Al-
though subsequent intensive studies and developments have
demonstrated the potential of this principle for sequence-
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Figure 2. Recognition of A- T and G-
C base pairs by thymine and protonated
cytosine Hoogsteen base pairing.

Duplex-invading PNA: PNA (peptide nucleic acid), a DNA
mimic having an uncharged, achiral pseudopeptide backbone,®!
was constructed in an attempt to devise a new and more efficient
strategy to attack this problem. It was the hope that such
oligomers by virtue of their lack of negative charge (or even
engineered positive charge) would bind more efficiently to du-
plex DNA. Because PNA is based on amide chemistry,’*? it
should also be easier to incorporate and explore the properties
of new recognition entities to primarily recognize cytosine and
thymine, but ultimately also to replace thymine and cytosine
(for adenine and guanine recognition). However, quite surpris-
ingly homopyrimidine PNAs turned out to bind to their targets
in double-stranded DNA by a new mechanism, duplex invasion,
in which a strand-displacement complex composed of an inter-
nal PNA-DNA-PNA (Hoogsteen- Watson - Crick) triplex and a
single DNA strand is formed!!'?! (Figure 3). Although this
binding mode in itself by no means solves the issue of C and T
recognition, it profoundly redirects the problem, and presents
two new strategies. At face value, the simplest solution would be
to construct a PNA oligomer with sufficient binding strength to
form a stable strand-displacement complex without the need of
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Figure 3. Left: Schematic drawing of a PNA, -DNA triplex strand-displacement
complex. Watson—Crick base pairs are indicated by triangles, while Hoogsteen base
pairs are depicted by ellipses. Middle and right: Chemical structures of DNA and
PNA.
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a stabilizing Hoogsteen triplex strand. In fact this solution could
be within reach, since a recent study showed that homopurine
PNAs which do not form triplexes, but do form especially stable
PNA-DNA duplexes, do indeed invade a duplex target.!'® Al-
ternatively, the solution could be to construct new recognition
units for T and C as with DNA triplexes. However, in the PNA
triplex case the obstacles seem less severe since recognition also
takes place through the Watson—Crick PNA strand. Thus, by
making a “bis-PNA” having a normal ACGT Watson—Crick
recognizing first strand and a second strand composed of
thymines and cytosines (or pseudoisocytosines!!*)) for recogniz-
ing A and G plus two novel “nucleobases” that do not need to
provide specific T and C recognition, but need only contribute
triplex stabilization, one could devise a general sequence recog-
nition principle based on triplex strand displacement. Finally, a
“double duplex” strand invasion regime can be imagined with
the invading oligomers forming duplexes with both of the DNA
strands (Figure 4). This, of course, requires the development of
new nucleobases that prevent hybridization of the two “self-
complementary” invading oligomers without interfering with
the DNA hybridization properties of the oligomer.t*>!

Figure 4. Schematic drawing of a double-duplex invasion complex.

Minor groove binding polyamides: Several natural (netropsin,
distamycin) and synthetic (DAPI, Hoechst 33258) ligands that
bind specifically in the minor groove of (A/T), (n=>4) sites in
double-stranded DNA have been known for many years. Most
researchers now agree that this binding is primarily governed by
the significantly narrowed minor groove of high electronegative
potential of these A/T DNA regions, in which the positively
charged and curved minor groove binders snugly fit.[*6 17!

Based on a hydrogen-bonding recognition model for
netropsin and distamycin (which may not be correct) it was
originally proposed that the introduction of hydrogen-bond ac-
ceptor units—such as imidazoles or thiopyrroles—in the minor
groove binding molecules could accomplish recognition of G-C
base pairs (but without distinguishing between G—-C and C-
G). This could take place through interaction with the 2-amino
group of guanine, which is placed at the floor of the minor
groove. However, the resulting “lexitropsins” turned out to still
preferentially bind to A/T regions, although intervening G-C
base pairs were to some extent tolerated.!'®

The design of sequence-selective minor groove binders took a
dramatic new turn when Pelton and Wemmer showed in NMR
structural studies that two distamycins, under some circum-
stances, could bind side by side in an antiparallel fashion in the
minor groove!'® (a binding mode that in passing is not unlike
that found for mithramycin binding to GC-rich regions!2°l).

Dervan and Wemmer quickly picked up this side-by-side
binding mode as they realized that it might be possible to devel-
op a principle by which to read out the hydrogen-bonding infor-
mation of the minor groove such that each unit of the ligand
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Figure 5. Left: Schematic representation of the recognition of the DNA helix from
the minor groove by a hairpin polyamide consisting of pyrrole (o) and imidazole (e)
units, where a pyrrole recognizes half of an A - T base pair or the cytosineofaC G
base pair, whereas an imidazole recognizes the guanine of a G- base pair. Right:
Chemical structure of the hairpin polyamide.

reads only half a base pair (or in essence a single nucleo-
base)!?*-22! (Figure 5). However, as mentioned earlier, a dis-
crimination between A—T and T—A base pairs is difficult (or
even impossible) and has not yet been accomplished. Nonethe-
less, using such polyamides, Dervan and co-workers have re-
cently been able to target a range of A/T G A/T sequences as
well as G-tracts with high specificity.’>* It remains to be estab-
lished what the detailed specificity of these reagents are, and the
generality of the approach in terms of the types, number and
sizes of sequences that can be successfully targeted is not fully
elucidated.

Proteins and peptides: Apart from purely chemical approaches
to DNA recognition, Zn-finger proteins have successfully been
used in a biological approach that exploits the phage display
combinatorial library system to select ligands that bind specific
DNA sequences. Thereby a Zn-finger sequence/DNA sequence
recognition code can be approached.[*#!

Although nature, in the form of the cyclic depsipeptide antibi-
otic echinomycin that recognizes G—C base pair steps, has uti-
lized a small peptide to obtain some degree of sequence specifici-
ty, it has not yet been possible to successfully exploit peptides in
synthetic DNA-binding ligands. This is probably due to the
great conformational freedom of small peptides. Thus one could
hope that by restricting this freedom, for example, by cycliza-
tion, DNA-recognizing peptides could be developed. Recent
results with “distamycin-peptide” chimeras that recognize AT
structures with intervening GC base pairs!?3! are encouraging in
this respect, and could lead the way to DNA-binding ligands on
the basis of peptide—DNA recognition.

Closing Remarks

It is my hope that this brief account has demonstrated that
efforts towards the design of sequence-specific DNA-binding
ligands are quite successful, and that there is good reason to
believe that the final goal of being able to target any desired
sequence in double-stranded DNA will be reached within the
not too distant future. Whether this ability will enable the devel-
opment of potent gene specific therapeutic drugs is of course yet
another story.
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The results in this field also emphasize that structural infor-
mation is not sufficient to understand a system at a level that
allows de novo design. A quantitative evaluation of the various
molecular interactions as well as a much better description and
understanding of the dynamics (including thermodynamics) of
the receptor (the DNA in this case) and the ligand both prior
and subsequent to the binding event is also required. The dy-
namics of moving molecules instead of just static molecules
must be dealt with, and in doing so solvent (water) displacement
and rearrangement must also be taken into account. Thus I
believe that this field would benefit very much if the DNA
binding of the variety of already existing ligands was under-
stood from a (thermo)dynamic perspective.
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New Aspects of the Photophysical Properties of
1’ H-2’,3’-Dimethoxycarbonylspiro|fluoren-9,1’-pyrrolo|2,1-a]quinoline]

Christine Andreis, Heinz Diirr,* Véronique Wintgens, Pierre Valat and Jean Kossanyi

Dedicated to Prof. M. Hanack on the occasion of his 65th birthday

Abstract: In this paper we describe photo-
physical and mechanistic studies of
spiro[fluorene-9,1'-pyrrolo[2,1-a]quinoli-
nes] (DHI) 1-4 and of their styryl homo-
logues 5—11 (styryl DHI). DHIs 1-11
have low fluorescence quantum yields
(approximately @, =107?). The position
of the fluorescence emission band is tem-
perature-dependent. The ring-opened be-

tution of the fluorene ring. The triplet can
be populated only by sensitization (with
benzophenone as sensitizer) and, there-
fore, the reaction that occurs under direct
excitation of the molecule involves the sin-
glet excited state only. On irradiation un-

Keywords
betaines *

der time-resolved conditions, two tran-
sients were seen to be formed in the
picosecond and microsecond domains.
Slightly tilted educt or product-like ge-
ometries are attributed to these transients.
An energy diagram is proposed for the
photoreaction of the model compound
spiro[pyrroloquinoline] 1 -1, which
takes into account the singlet pathway

taines 111" do not fluoresce at all. DHIs
I-11 exhibit phosphorescence, which is
hypsochromically shifted by NO, substi-

mechanistic

Introduction

The number of investigations of the spectroscopic and photo-
physical properties of photochromic materials has increased
considerably in recent years as a resuit of potential commercial
applications, besides their intrinsic scientific interest. When dis-
persed in a rigid polymeric matrix, the photochromic materials
are expected to find uses as display systems, microfilms and
communication systems.[' 73 The greatest advantage of pho-
tochromism is that it involves only a pure optical phenomenon;
unfortunately, the materials involved in such processes are not
highly stable to light. This is particularly the case for spiropy-
rans. However, spirooxazines present an interesting resistance
toward light, that is, a large number of cycles are possible with-
out significant deterioration of the material.l*~® Depending
upon the application, photochromic materials must show high
isomerization quantum yields, efficient thermal back reaction
and, indeed, high fatigue resistance; this last property is the key
which will determine their potential applications.!”! For this
reason, the preparation and the study of new photochromic
materials are of current interest and draw the attention of many

[*] Heinz Diirr, Christine Andreis
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D-66041 Saarbriicken (Germany)
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and the different transients of ca. 100 ps
lifetimes formed from the singlet excited
state of 1-11.

photo-

laboratories. One limiting factor for the industrial development
of photochromic materials i1s the slow kinetics of the reverse
thermal reclosure from the open form back to the starting mate-
rial, when the compound is incorporated in a solid matrix. Elec-
tron-attracting or electron-donating substituents on the mole-
cule can modify the kinetics of the forward or back reaction
depending on the nature and on the position of these sub-
stituents.

Only a few photochromic materials show fluorescence emis-
sion. For instance, no emission has been reported for spiropy-
rans,!®) nor for fulgides,!”” ~!!1 and no mention of any fluores-
cence emission could be found for spiroindolinoxazines,[?2~ 14
although the quantum yield for ring-opening of the spiro skele-
ton is ca. 0.50.1'2! However, an intense fluorescence emission has
been observed for the merocyanine form of spironaphthoxazi-
nes when chelated with transition-metal tons such as Co!, Ni¥,
Cu" or Zn" '5! The only spiro derivatives for which a fluores-
cence emission has been reported (with a quantum yield of
about 0.001) belong to the dihydroindolizine series.!'® %! For
this reason, the determination of the singlet lifetime from the
fluorescence decay of such spiro derivatives can give an evalua-
tion of the different rate constants of the processes which deac-
tivate the singlet excited state, including that of the formation of
the open betaine form. For a potential application in informa-
tion recording or as optical switches, a very fast ring-opening of
the spiro molecule (A) into the betaine-type structure (B)
(Scheme 1) is desirable.

We have prepared such systems,?% which have the advantage
of fluorescing with a quantum yield of almost 0.01 in certain
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With the exception of com-
pounds 1 (for which t =
0.11ns), 2 and 5 (for which
7, = 0.06 ns), the fluorescence
decays in less than 30 ps, the
lower limit of our instrumenta-
tion. It is noteworthy that an

A B electron-donating or electron-

Scheme 1. Interconversion of spire (A} and betaine (B) forms. withdrawing group on the

phenyl ring of the styrene sub-

cases. In this article, we present a study of the singlet and triplet stituent appears to have no influence on the stability of the
excited-state properties of the quinolinodihydroindolizines excited state which fluoresces.

1-11 and of their open betaine forms. However, it is surprising to observe that the fluorescence

emission, which should originate from one of the two orthogo-
nal moieties (each being independent of the other), can be shift-
ed from the absorption maximum in different DHIs by between
B e 80 and over 220 nm. It has been already pointed out that, for
R compounds related to those studied here and by comparison of

the radiative lifetime measured experimentally with the radia-
tive lifetime calculated from Strickler and Berg’s equation, the
CO,Me CO,Me excited state that fluoresces is different from the one which
absorbs the light.'*®! One possibility would be the formation of

R = CgHs a twisted intramolecular charge-transfer state, since the two

H
H R = p-CH30-CgHa entities of the molecule have the ideal geometry. However, if this
=H R'=p(CH3)2N-CgHy
H
H

CO,Me CO,Me

R=R=H BB =benzens fing 5
R=H R’ =CHg BB = benzene ring 6
R=NOy R'=B=H 7
R=NOp R'=CHgz BB =benzene ring 8 R'= pNO2-CgHg

9 R = 0NOp-CgHg I

=NOz R'=pNOpCgHa (arbitrary units)

=NOz R'=mNOp-CgHs r

80 n
ey

Results and Discussion 60-]

Fluorescence and phosphorescence emission: All compounds
show a weak fluorescence emission with a quantum yield which J ‘I
varies from 7 x 10~ * (compound 9) to 1.2 x 10 ? (compound 1). - :
In dichloromethane solution the position of the fluorescence 1 !
maximum is found around 590 nm (see Table 1) or even at
longer wavelengths (660 nm for compound 8) for each com-
pound (except 7 and 9) as long as the fluorene ring is not substi- . L
tuted by a nitro group (Figure 1). The presence of such a sub- [ I ! f ' '

) Y . g p (Fig ) p' . 300 400 500 600 700 800 A (nm)
stituent at position 2 on the fluorene ring results in a hyp- ]

h ic shift of th .. b 80 ds 3. 4 Figure 1. Compound 1: room-temperature fluorescence (—) and fluorescence exci-

sochromic shuiit o € emission Dy ca. nm (compoun §3, 4, tation spectra (+ * - - - +); 77 K fluorescence (~ + -) and phosphorescence (- - - -)
10 and 11 in Table 1). spectra in ethanol solution.

excitation spectra

i
1
i
¥ - e "”,n/lw,iu

. -

Table 1. Absorption (compounds 1 -11) and fluorescence data (compounds 1’ - 11"} at room temperature in dichloromethane solution.

Compound Absorption 4, (nm) Compound Fluorescence
(e (M~ Tem YY) @, x 103 Aoy (DM 7, x 10° ky x10%s 1
1 360 (12500) ¥ i.2 596 <01 i1
2 365 (9440) 2 0.61 585 <0.06 10
3 324 (16100) 3 0.2 508 <0.25
4 339 (35200) 4 0.1 502 <0.03 >3
5 365 (6970) 5 0.23 450, 585 <0.06 4
6 365 (8120) 6 0.37 588 <0.03 =12
7 338 (13740) i 0.45 502 <0.03 and 0.21 >15
8 320 (15750) 8 0.54 660 <0.03 >18
9 343 (8900) Y 0.07 554 <0.03 >2.3
10 328 (23900) 10’ 0.24 498 <0.03 =8
11 332 (15450) 117 0.5 500 ?
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Table 2. Absorption at room temperature of the long-lived trans-betaines 17 -11” in dichloromethane solution. Fluorescence and phosphorescence data for compounds 1-11

in ethanol glass at 77 K. n.p. = no phosphorescence.

Compound Betaine Compound Phosphorescence Fluorescence
Anax (M) T, x10%s 0~0 band (nm) Ay () max (11
1 470 123 1 482 515-552-- 588 472
b 455 6930 2 520 600 470
¥ 450 3500 3 488 525-558 - 600 large overlap with phosphorescence
4 440 2115 4 485 520-556-595 545
5 460 7.7 5 515 592 465
[ 465 10.7 6 520 598 466
7 475 54 7 518 604 465
8 450 4.2 8 526 565-603 526
9 470 1.3 9 512 594 550
10 450 11.8 10 n.p. n.p. 524
11 400 184 11 478 515-550- 584 large overlap with phosphorescence

had been the case, then one would not expect a lifetime on the
picosecond timescale. In addition, the position of the emission
of compound 1 is red-shifted by only 36 nm when benzene is
replaced by acetonitrile as solvent. A much larger shift should be
expected for the fluorescence in the two solvents (owing to the
large change of dipole moment of the molecule in the excited
state with respect to its ground state value) if an intramolecular
charge-transfer state was operating. A similar conclusion was
drawn for spiro[1,8-aldihydroindolizines,!! ™ for which it was
stated, based on the short lifetime of the emission, that the
emitting stateis a ' 4, state that cannot be seen in absorption. In
the present case, this ' 4, state does not seem to be present in the
fluorescence excitation spectra.

In the case of the pyrrolo[2,1-a]lquinoline compounds studied
here, the energy of the excited state emitting at long wavelengths
is ca. 460 nm (21740 cm ™) for the molecules with an absorp-
tion maximum between 330 nm (30300 cm~') and 340 nm
(29500 cm~!). For the molecules absorbing around 365 nm
(27400 cm ') the energy of the excited state emitting at the long
wavelengths is ca. 520 nm (19230 cm ™ '). These values indicate
that the energy difference between the absorption and the long-
wavelength fluorescence emission is of the order of 8000 cm ™%,
that is, 96 kImol. From the kinetic activation parameters for
thermal breakage of the spiro bond of spiro[indoline naphth-
oxazines] to give the merocyanine form, the energy of this
bond has been reported to vary between 56 kJmol ! and
102 kImol ™!, depending upon the substituents on the mole-
cule.?1In our case, thereisa ~96 kJ mol ™! energy loss at room
temperature to form the state emitting at long wavelengths. If
we extend the results found by Favaro et al.?! in the ground
state (56—102 kJmol ™! necessary to break the spiro bond and
form the open merocyanine) to compounds 1-11, but in the
excited state, then the energy to break the spiro bond would be
of the same order as the energy loss that leads to the fluorescing
state. Therefore, the molecule could still remain on the potential
energy surface of the excited state once the spiro bond has been
broken. Consequently, the fluorescence emission observed at
long wavelengths would originate from an excited state with a
twisted open structure.

No triplet emission could be detected in the case of molecules
having a skeleton similar to that of 1-11 when incorporated in
a polymeric matrix.'”! On the other hand, all the molecules
studied here, with the surprising exception of 10, do phospho-
resce when cooled down to 77 K in an ethanol glass (Table 2).

Chem. Eur. J. 1997, 3, No. 4
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This seems to be the first report of a phosphorescence emission
in this series. The phosphorescence appears between 515 nm and
605 nm, depending on the compound. In some cases (com-
pounds 1, 3, 4, 8 and 11), and this is valid for almost all com-
pounds substituted with a nitro group, the spectrum is well-
structured (Figure 1) and shows a 1270 cm™' separation
between two consecutive vibrational structures. The triplet ener-
gy has been estimated from the vibrational structure of the
phosphorescence spectra of the compounds. Two series of
triplets are found: for the one £, x~ 230 kJmol ™! (compounds
2,5-7 and 9) and for the other E; ~ 246 kJmo! ™! (compounds
1,3, 4,8 and 11). The energy of the triplet state of the molecules
that bear a nitro group at position 2 on the fluorene ring is
higher (by about 16 kJmol™!) than that of the molecules with-
out such substitution, 1 excepted.

In most cases, recording the total emission spectra (fluores-
cence + phosphorescence) of the compounds in ethanol glass at
77 K shows only the fluorescence emission, with the exception
of those compounds which contain a nitro group at position 2
on the fluorene ring. In these cases, the phosphorescence over-
laps considerably with the fluorescence emission and becomes
the principal, if not the only, detected emission. This is in agree-
ment with the results already obtained for the formation of
photomerocyanines from spirooxazines:!*? ~2%) in the absence
of a nitro substituent, the photomerocyanine is found to origi-
nate exclusively from the singlet excited state, while the triplet
pathway becomes important when such a nitro group is present
in the molecule. This has been attributed to an increased singlet
to triplet intersystem crossing process as a result of the influence
of the nitro substituent.

Temperature effect: The fluorescence spectrum recorded at 77 K
in ethanol glass (Figure 1) shows a large hypsochromic shift
which can reach more than 100 nm (=& 4000 cm 1) for several
compounds compared with their emission at room temperature
(Table 1). It is known that the polarity of an organic medium
increases when the temperature decreases.'?¢:271 For instance,
the dielectric constant of ethanol increases from ¢ = 24.3 at
208 K tos = 41.0 at 213 K. A large solvatochromic effect would
be expected from the temperature decrease for molecules that
have a large difference in dipole moment between their ground
and excited states, as reported previously.[3: 7! However, we
know from the ca. 36 nm shift found for the fluorescence emis-
sion when the solvent is changed from benzene to acetonitrile
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that a large modification of the dipole moment between the
ground and the excited state cannot apply to the molecules
studied here. Therefore, the large shift of the emission observed
must be attributed to a process different from solvent reorgani-
zation around the excited molecule in a fluid medium. The posi-
tion of the fluorescence emission at 77 K (Figure 1) is more
compatible with the position of the long-wavelength absorption
band of the molecules. It is noteworthy that the excitation spec-
tra recorded at the maximum of the fluorescence emission corre-
sponds well to the absorption spectra of the molecule.

A more careful study of the temperature effect has been car-
ried out with compound 1 in ethanol solution by analyzing the
fluorescence emission when the temperature is reduced by inter-
vals from room temperature to 103 K (Figure 2). Two main

t
(arbitrary units)

r
/ /\ e
/
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Figure 2. Fluorescence emission of compound 1 in ethanol solution at different
temperatures between 293 K and 123 K.

modifications can be observed during this experiment. First, the
intensity of the emission increases as the temperature decreases
(Table 3); it is multiplied by a factor of 75 between room temper-
ature and 103 K. This means that the species is emitting with a

Table 3. Variation of the fluorescence intensity of compound I and of the position
of its maximum as a function of the absolute temperaturc. All measurements in
ethanol solution.

Tempcerature (K) 293 223 183 163 150 123 103 77

e (M) 610 582 570 526 508 480 484 472
relative intensity 1 1.56 24 55 156 413 748

quantum yicld of the order of 0.1 at 103 K. The other modifica-
tion that occurs during the temperature decrease is the clear
hypsochromic displacement of the emission (negative solva-
tochromic process), which shifts the fluorescence by more than
140 nm between room temperature and 77 K. Two factors can
be put forward to explain this blue shift of the emission: when
the temperature starts to decrease, the fluorescence band is blue-
shifted by ca. 40 nm between 293 and 183 K (Figure 3). Then
between 183 and 143 K a shift of more than 80 nm occurs; this

f

vaax
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x
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x
550 A
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Figure 3. Plot of the fluorescence maximum of compound 1 in ethanol solution as
a {unction of the absolute temperaturc of the medium.

corresponds to the temperature range of the glass transition of
cthanol. At lower temperatures, the position of the fluorescence
band is stabilized and shifts by only 10 nm between 130 K and
77 K. Similar temperature effects have already been observed
with pyrylium ions in ethanol solution, and have been attributed
to the polar solvent rearrangement around the excited mole-
cule.[28]

The other interesting observation that can be made from this
temperature dependence of the fluorescence emission is the pres-
ence of one band, appearing around 420 nm, which is barely
shifted when the tempcrature is decreased. The fluorescence
quantum yield of the species emitting here would be of the order
of 1.5x 107, Judging by the position of this emission, it could
correspond to that of the closed spiro compound 1.

Transient absorption: Excitation of deaerated dichloromethane
or acetonitrile solutions of compounds 111 leads to detectable
photobetaines absorbing in the 400520 nm range. As in the
case of many betaines, those formed here by irradiation of mol-
ecules 2—-4 have a lifetime in the second timescale (Table 2).
However, for the other compounds, the lifetime of the trans-be-
taine is found to be rather short: 123 ms for 1, and between 1
and 54 ms for all the other compounds.

Owing to their lifetime in the ms range, the open betaines
could absorb a second photon and undergo a photochemical
process, even under conventional steady-state irradiation. The
transient is formed with the same efficiency whether the solution
is degassed or not. This indicates that the transient characterized
does not correspond to a triplet—triplet absorption and, in addi-
tion, that the triplet state is not involved in the formation of the
betaine under direct excitation conditions. Furthermore, be-
cause of the very short lifetime of the singlet excited state, the
singlet to triplet intersystem crossing process is expected to be
very inefficient.

Compound I The transient obtained in dichloromethane solu-
tion by excitation of compound 1 at 347 nm with a ruby laser is
depicted in Figure 4. It presents two distinct maxima at 450 and
470 nm. As seen in the figure, this spectrum evolves with time in
that the band at 450 nm decreases slowly while that at 470 nm
remains practically constant over 7 ps. This change in the tran-
sient absorption spectrum is better visualized by examining the
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Figure 4. Transicnt absorption spectra of compound 1 in dichloromethanc solution
cxcited at 347.5 nm with a ruby laser and analyzed at different times: 0.5 (o), 1 (D),
2 (a), 4 (¢) and 7 (+) ps after the laser pulse.

spectral change a) at 430 nm, where the transient absorption
decreases by almost 20% during the period 0.5-7 ps after the
laser pulse and b) at 500 nm, where the transient absorption
increases by about 16% in the same time interval. This change
that occurs differently on the two sides of the transient absorp-
tion spectrum is indicative of the overlap of two different species
absorbing in the same region. At 430 nm, the transient absorp-
tion first decays with an apparent lifetime of 1.7 ps, rapidly
becoming constant within the analysis timescale (Figure 5); on

R s

i

log (I°/1) arbitrary units
.
log (1°/1) arbitrary units
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Figure 5. Oscilloscope trace of the growing-in and decay of the transient absorption
of compound 1 in dichloromethane solution analyzed a) at 430 nm; b) at 490 nm.

the other hand, at 490 nm, the growing-in of the transient occurs
with a shorter apparent lifetime (1.3 ps) and also becomes con-
stant (Figure 5) on the analysis timescale. These two species
should correspond to the (Z) and (E) (cis and trans) forms of the
betaine, the latter being more stable than the former. From the
small change of the transient absorption spectra with time, and
from the large overlap of the (E) and (Z) isomers, it can be
ascertained that the two isomeric forms have very similar elec-
tronic repartitions.

The isomerization of the (Z) into the () isomer results, in
principle, from a 180° rotation around a single bond and in-
volves, in the excited state, an intermediate species formed by
the 90° twisting of the ‘formal” double bond.!?®: * However, it
has been found by X-ray analysis of the crystals of similar mol-
ecules!*Y that the double bond between the two carbon atoms
which bear the carbomethoxy groups does not have an exact
double-bond character. Effectively, the dihedral angle of the
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two bonds that bind the ester groups to the carbon atoms of the
double bond is ca. 116° instead of 180° in the trans-betaine
isomer. This nonplanar structure of the frans-betaine should
also be valid for the cis-betaine, and the limited rotation be-
tween the two isomers would explain the strong overlap of their
absorption spectra and the only minor difference between their
electronic structures. Nevertheless, although limited, such a ro-
tation with bulky substituents must be sensitive to the viscosity
of the medium and its rate constant should decrease as the
viscosity increases. That such a rotation occurs here has becn
verified by carrying out the experiment in ethanol/glycerol mix-
tures of various ratios. The decay of the cis isomer to form the
trans isomer was found to be slowed down: its lifetime increased
from 1.35 us in pure ethanol to 4.9 us in a 1:4 (v:v) ethanol/
glycerol mixture, thus demonstrating the sensitivity of the iso-
merization to the viscosity of the medium.

Compound 2: In the case of compound 2, the transient absorp-
tion was approached by two different routes: by direct excita-
tion and by triplet energy transfer from benzophenone, both
experiments being carried out in dichloromethane solution. In
the triplet-sensitized method, compound 2 (10~ ° M) is irradiated
with benzophenone (7.8 x 107 M) in dichloromethane solution.
Under such conditions, 90 % of the light emitted at 347.5 nm by
the frequency-doubled ruby laser of 20 ns fwhm are absorbed by
benzophenone. The time-resolved spectra obtained in this way
are depicted in Figure 6. Triplet benzophenone absorbs at
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Figure 6. Transient absorption of 2 in CH,Cl, solution sensitized by benzophe-
none; analysis at different times: 1 (-), 5 (), 10 (a), 20 (#) and 35 us (+) after the
laser pulse. Inset: oscilloscope traces a) of the growing-in and decay of the transient
absorption of 2 analyzed at 450 nm; b} of the fluorescence (fast decay) of 2 and of
benzophenone phosphorescence (slow decay) at 530 nm,

530 nm and the benzyl radical, resulting from the solvent hydro-
gen abstraction by the lowest (#,m*) triplet benzophenone, ab-
sorbs at 510 and 545 nm. Different evolutions can be seen in the
spectra : 1 ps after the laser pulse, the spectrum shows two
principal maxima, one at 450 nm (with a shoulder at 480 nm)
and the other at 530 nm. The first one corresponds to the ab-
sorption of the open betaine form of compound 2, and the
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second one to that by triplet benzophenone. Then the 530 nm
band of triplet benzophenone decreases rapidly (with a 1.51 ps
decay) while a small amount of benzyl radical is formed. On the
other hand, the peak at 450 nm, which was partly formed by
direct excitation of 2, increases with an apparent growing-in of
2.3 ps, owing to the formation of the (£)-betaine as the final step
of the triplet sensitization reaction. The betaine then slowly
disappears with a lifetime of 6.9 s.

In the direct excitation method, the transient absorption spec-
trum of 2 shows one principal peak at 450 nm and a smaller one
above 700 nm (Figure 7). The main peak decays in almost seven
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Figure 7. Transient absorption of 2 in CH,Cl, solution excited at 347.5 nm with a
ruby laser; analysis at different times: 5 (+), 20 (o), 40 (2), 80 (e) and 140 us (+)
after the laser pulse. Inset: truce of the growing-in and decay of the transient
absorption of compound 2 in dichloromethane solution analyzed at: a) 430 nm;
b) 450 nm.

seconds; it 1s very long-lived compared with the transient
formed from 1, which had a lifetime of 123 ms (vide supra). The
single peak observed for the transient in the absorption spec-
trum of 2 cannot be attributed to a triplet spccies but rather to
the most stable (E)-betaine form. This implies firstly that the
triplet excited state of 2 also forms the open betaine species and,
secondly, that all the intermediates, triplet, twisted open form
and (Z)-betaine isomer, have lifetimes shorter than 1 ps and
evolve to the more stable (E)-betaine.

Origin of the fluorescence emission: The structure of the species
which fluoresces in the S50—-650 nm range is puzzling. We have
shown (vide supra) that the ring-opening of the spiro system
could lead to a twisted open form that would remain on the
potential energy surface of the singlet excited state. In order to
determine whether or not the emission originates from one of
the two isomeric forms of the photobetaine, 4 two-photon ex-
periment was carried out with the aid of two different tech-
niques.

In the first experiment, the intensity of the fluorimeter excita-
tion light was attenuated by neutral filters of various optical
densities put in front of the { x 1 cm Suprasil cell containing the
sample. Then the intensity of the fluorescence was recorded for
the various light intensitics. The linear correlation obtained with
a slope of unity demonstrates that the fluorescence of the com-
pounds does not originate from a two-photon process.
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In the second experiment, the solution of the spiro compound
was irradiated by two successive pulsed laser beams: first, with
a ruby laser (20 ns fwhm) at 347.5 nm and then, after a delay of
ca. one microsecond, with a YAG laser (30 ps fwhm) at 354 nm.
No fluorescence emission could be observed as a result of the
excitation by the second laser pulse; therefore, it can be conclud-
ed that the cis- and trans-betaines in their quasistable form are
not emitting.

One possibility could have been a delocalization of the non-
bonded electron pair fixed to the nitrogen atom at the ring
junction, leading to an extended conjugation in the dihydroin-
doquinolizine moiety of the molecule, as depicted in Scheme 2.
Such a possibility could be accounted for in ethanol solution,
from which protons could be easily transferred to the negatively
charged oxygen atom.

Scheme 2. Delocalization of the nonbonded electron pair on the nitrogen atom at
the ring junction resulting in extended conjugation in the dihydroindoquinolizine
moiety.

Nevertheless, the decrease in temperature should not prevent
the formation of such a mesomeric form unless the process is
conditional upon the flattening of the pyramidal nitrogen atom.
Then it would resemble the umbrella-like motion (ULM) that
has been proposed recently in the case of xanthenes!*?! and
rhodamines,*¥ and that has been demonstrated to be one of the
conditions for the well-characterized intramolecular charge
transfer mechanism of p-dimethylaminobenzonitrile.1?4- 331

However, in the case just discussed, one would not expect the
fluorescence emission to be so short-lived and red-shifted at
room temperature by almost 200 nm as it is found to be for most
of the compounds studied here, which fluoresce with a maxi-
mum around 590 nm. From the data obtained for the DHI
(1-11) - betaine (1’-11") interconversion, the energy diagram
in Scheme 3 can be put forward. It emphasizes the singlet reac-

<20 ps
110 ps
7, 2
amupn —————
“n IC.'Q Tt
500 nm
(77 K)
ca 38 kJmol™! ca 42 kdmol™
1 h123 ms
<85 kdmol™'
Twisted cis-betaine trans-betaine
Spiro form open form form torm

Scheme 3. Energy diagram of the different intermediates between the starting spiro
compounds and the final 7rans-betaines.
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tion pathway under direct excitation. The diagram also shows
the energy difference between the spiro form and the trans-be-
taine, both in their ground states. The indicated value of
85 kJmol ™! corresponds to the variation in enthalpy between
the two forms measured 3®! for several compounds in this series.
The energy barrier between the trans-betaine and the cis-betaine
has been estimated to be of the order of 40 kJmol™?. It is rea-
sonable to think that when the molecule has reached its twisted
form from the cis-betaine, the ring closure to the spiro form is
instantaneous. Therefore the energy necessary to go from the
cis-betaine to the twisted intermediate is of the order of
40 kJmol ™ !. However, during the rotation of the trans-betaine
to form the cis-betaine, some of the molecules attain the fa-
vourable conformation of the twisted form and ring-close easily.
The question as to whether the product is formed adiabatical-
ly in the excited state 'A* — !(cis-betaine)* or diabatically
L 4* — cis-betaine is left open. The results discussed above seem
to favour an adiabatic process to an open twisted excited inter-
mediate which gives the cis-betaine through a diabatic process.
The spectroscopic intermediates are represented in Scheme 4.

Scheme 4. The spectroscopic interimediates between spiro and rrans-betaine forms. R = R” = H, Hal, CH,;,

phenyl.

Conclusions

DHIs 1-11 show low fluorescence quantum yields of the order
of 10 3. The position of the fluorescence maximum is tempera-
ture dependent. Betaines 1'-=11" do not fluoresce at all. DHI
phosphorescence is hypsochromically shifted by NO, substitu-
tion on the fluorene ring.

Upon pulsed laser irradiation, two transients have been char-
acterized which decay in the ps and ps domains. We attribute
slightly tilted educt or product-like geometries to these tran-
sients.

The triplet state could be populated only by sensitization;
direct excitation involves the singlet state only.

An energy diagram is proposed for the photoreaction 1 — 1’
that takes into account the singlet pathway and the different
transients formed from the singlet state of 1-11 having lifetimes
of the order of ca. 100 ps.

Chem. Eur. J. 1997, 3, No. 4
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Experimental Procedure

Products and solvents: Dichloromethane (OSI, HPLC grade), beunzene
(Aldrich, spectrophotometric grade), ethanol (Prolabo, RP Normapur) and
acetonitrile (Prolabo, HPLC grade) were used as received. The preparation
and characterization of compounds 111 will be published clscwhere.[2%

Absorption and emission: The UV /visible absorption spectra were obtained in
dichloromethane solution with a Varian—Cary model 219 apparatus or with
a Kontron apparatus, model Uvikon 860, equipped with a lambda-scan mod-
ule. Corrected fluorescence spectra were recorded with a SLM-Aminco
8000C model apparatus. Fluorescence quantum yields were measured in
various solvents by comparison with that (&, = 0.010) of 2-(phenyl)-1 H-ben-
Z[flisoindole-1,2-(2H )-dione in dichloromethane solution, the latter being
itself measured by reference to quinine sulfate in 1N aqueous sulfuric acid
solution for which ®; = 0.55.®") Phosphorescence spectra were obtained at
77 K in ethanol solution by means of a SLM-Aminco 8000 C model apparatus
equipped with a phosphorescence accessory coupled to an oscilloscope that
can measure phosphorescence decay over times as short as 3 ms.

Singlet lifetime measurements: Singlet lifctimes were measured by exeitation
with a frequency-tripled pulsed YAG laser (from B. M. Industries) of 30 ps
fwhm. For lifetimes greater than 1.0 ns, the light was focused through a
cylindrical lens onto the sample placed in front of a photodiode. An appropri-
ate filter is put between the cell and the photodiode in
order to limit the analysis range. The output from the
photodiode was fed into a Tektronix 7912 AD digitized
oscilloscope and the data, which were stored in an
Apple IT + microcomputer, could be displayed on a
Hewlett—Packard 7470 A graph plotter. Average de-

CO,Me cays could be analyzed directly by the computer. For
shaorter-lived fluorescent species, a TSN 505 streak
CO,Me camera was used with ca. 50 ps time resolution; the

fluorescence was focused through an optical couple on
the slit of the streak camera, and the data were trans-
ferred to a multichannel analyzer to permit accumula-
tion of several decay measurements. In this way, life-
times of 60 ps or more could be analyzed, in the same
way as described for data storage in the digitized oscil-
loscope.

Temperature effects: Vuariable-temperature measure-
ments were carried out in ethanol solution for both
absorption and fluorescence with a liquid-nitrogen-
cooled Dewar (from Oxford Instruments) that permit-
ted measurements down to ca. 85 K. Stabilization of
the temperature to + 17 was accomplished before each
measurement. Fluorescence quantum yields were cor-
rected for the change in optical density at the excitation
wavelength.

CO,Me

CO,Me

Triplet state: Flash-photolysis experiments were carried out with a frequency-
doubled pulsed ruby laser (347.5 nm; 20 ns fwhm) from JK Laser Company.
The usual crossed beam system was used, the analyzing light being a conven-
tional pulsed xenon lamp from Applied Photophysics. Triplet-triplet absorp-
tion spectra were tentatively determined by direct excitation as well as by
triplet energy transfer with benzophenone as sensitizer (the intersystem cross-
ing quantum yield of which being unity). The transient decay was recorded
with a 7 A 13 differential comparator amplifier of a Tektronix 7912 AD digi-
talized oscilloscope. A detailed description of the experimental setup has been
given already.l3®
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Catalytic Asymmetric Synthesis of New Halogenated Chiral Synthons

Koen P. M. Vanhessche and K. Barry Sharpless*

Abstract: Two-step and practical asymmetric syntheses of enantiomerically pure 4-tri-

fluoromethyl-2,2-dioxo-1,3,2-dioxathiolane and 4-trichloromethyl-2,2-dioxo-1,3,2-di-
oxathiolane (>98% ee) have been achieved. Catalytic asymmetric dihydroxylation
(AD) of 3,3,3-trifluoropropene and 3,3,3-trichloropropene, respectively, is followed by
direct cyclic sulfate formation by reaction with sulfuryl chloride. Opening of the cyclic

Keywords
asymmetric catalysis * chiral synthons
- cyclic sulfates - dihydroxylations -
organofluorine compounds

sulfates with various nucleophiles provides easy access to important chiral synthons.

Introduction

The high level of enantioselectivity and practicality reached in
the Os-catalyzed asymmetric dihydroxylation (AD) of olefins
has led to numerous synthetic applications.”! Among chiral
intermediates, C, and C, synthons have proven especially usc-
ful 12! This fact along with the growing interest in fluorinated
compounds in both the pharmaceutical®® and material sci-
ence!®! fields motivated us to investigate the synthesis of halo-
genated C; building blocks by means of the AD process
(Scheme 1).

H

e

DHQD),-spacer, K,0s0,(0OH)4, KzFe(CN)g, K;CO3  HO
( )2-SP 2080,(0H)4, K3Fe(CN)g, KoCO3 ~ g
t-BUOH/H,0, 0 °C

R
1 2

Scheme 1. Asymmetric dihydroxylation of propene analogues. Spacers: phthal-
azine (PHAL) or pyrimidine (PYR). DHQD = dihydroquinidinyl.

Results and Discussion

A number of 3,3,3-trisubstituted propene analogues were
screened as AD substrates and the results with both phthalazine
(PHAL) and pyrimidine (PYR) ligands are shown in Table 1.
Interestingly, the results with the pyrimidine (PYR) ligand
seem to follow a simple steric trend: as the volume of the R
substituent!® increases, so does the enantioselectivity with the
PYR ligand, in accord with earlier findings involving branching
in that substituent.!”! Starting with 49 % ee for propene (1a), the
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Table 1. AD of 3,3.3-trisubstituted propene analogues.

Olefin [a] ee [%] [b] (config) [c] R-group
(DHQD),-PHAL [d] (DHQD),-PYR [d,el Volume [A%] {f]

12 & en, 35 (R) 9 ®) 269

b O, 63 (5) 64.(S) 376

10 & co, 70(S) 86 (S) 746

1d Z7 cicHy, 64 (R) 92 (R) 777

fe 27 siCH, 46 (R) 89 (R) 919

1f /\@ 87 (R) 97 (R) 1455

la] Except for ¢, for which the Auffered AD mix [5] was employed (requiring
3 equiv of NaHCO, in addition to the usual 3 equiv K,CO,), all reactions were
carried out with 3 equiv K Fe(CN)4-K,CO; and a 1 mol% ligand/0.5 mol%
K,0s0,(0OH), catalyst loading in tBuOH/H,0 (1:1) at 0°C. {b] e¢ determined by
HPLC or GLC analysis of the diols or their derivatives; see Experimental Section.
[c] The absolute configurations of the diols were determined by comparison of their
optical rotations with literature values; see Experimental Section. [d] Only the
DHQD-based ligands were used in this study. [e] All diol products, except 1,2-
propanediol (2a), were raised to enantiopurity by a single recrystallization: sce
Experimental Section. [(] The volume of the R group was calculated with a modi-
fied MM 2 force field (MacroModel V 3.5x) [6].

enantioselectivity increases rapidly, reaching 97% for 1-vinyi-
adamantane (1f).1%!

In contrast, there is no clear trend with the phthalazine
(PHAL) ligand where the outcome appears to be sensitive to an
interplay of steric and electronic factors (e.g. substrate dipole?).
Propene is dihydroxylated in 35% ee. The enantioselectivity
rises to 63 % for 3,3,3-trifluoropropene!® %! and reaches a max-
imum value of 70% for 3,3,3-trichloropropene.!'® When the
branched substituents become larger, ee values drop again as
seen for tert-butylethylene (1d, 64% ee)!” and trimethylvinylsi-
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lane (le, 46% ee),l'!! presumably owing to disruption of the
attractive interactions within the chiral binding pocket.!?
However, the high ee value (87 % e¢) found for 1-vinyladaman-
tane (1) clearly counters the above trend and is perhaps due to
offsetting attractive interactions with the ligand at a greater
distance from the reaction zone.

The synthetic utility of enantiopure 1,2-propanediol (2a)!!3
and the use of the other diols in Table 1[e.g. 1-trimethylsilyl-1,2-
cthanediol (2e),/'Y 1-(1-adamantyl)-1,2-ethanediol (2),1%! and
3,3-dimethyl-1,2-butanediol''#)] as chiral auxiliaries have been
previously reported. Hence, we focused on evaluating the poten-
tial of 3,33-trifluoro-1,2-propanediol (2b)!**} and 3,3,3-tri-
chloro-1,2-propanediol (2¢)!9" as chiral synthons.

Several syntheses of the impor-

o /(,) tant fluorinated chiral building
=50 o block (trifluoromethyljoxirane
o_ : ) ADDe: .

N, I/\CF3 (4), have appeared recent

ly.[t7- 181 This trifluoro analogue
of propylene oxide undergoes
regiospecific nucleophilic opening providing direct access to a
series of substituted enantiomerically pure trifluoromethyl-
carbinol compounds.l'”- ¥ We report here
that cyclic sulfate 3 is an attractive!'®! syn-
thetic equivalent of 4. OH
The effectiveness of cyclic sulfates as epox- Ho\/g\
ide equivalents has been amply demonstrat- cCly
ed.[29 but they are used relatively infrequent- 2¢
ly, probably owing to the lack of direct

3 4

preparative procedures of broad scope.!?!) Ha, Pd/C
Acyclic 1,2-diols usually require a two-step éﬂigi{ 0%
procedure for their conversion to the corre-

sponding cyclic sulfates (e.g. cyclic sulfite for- on
mation followed by ruthenium-catalyzed oxi- HO :
dation).[??) However, direct sulfate forma- R
tion can often be achieved when the 1,2-diol 2a R = CH,
unit 18 syn in a 5- or 6-membered ring, espe- 13 R = CH,CI
cially in carbohydrate systems.[?3! 14 R = CHCl,

Treatment of diol 2b (>98% ee)** with
sulfuryl chloride and imidazole in di-
chloromethane at —20 °C afforded the dense
(p =1.70 gem™~3!) crystalline cyclic sulfate 3
in 82% vyield (Scheme 2).1?*! Presumably, the competing S,2
displacement at carbon by chloride in the reactive intermedi-

ate(s) (C-OSO,Cl) is suppressed by the strong electron with-
drawing effect of the CF, group. This imidazole/SO,Cl, proce-
duref?8 for direct formation of cyclic sulfates is also highly
efficient for certain other vicinal diols bearing electron with-
drawing groups [e.g. vide infra, 1,1,1-trichloro-2,3-propanediol
(2¢) and (S$,9)-1,4-dichloro-2,3-butanediol (7)"*7Y]. However,
simple vicinal diols such as 5,6-decanediol, 1,2-decanediol, and
1-adamantyl-1,2-ethanediol (2f) gave complex mixtures.
Reaction of cyclic sulfate 3 with a series of nucleophiles was
studied (Scheme 2, Sa—f). In all cases, nucleophilic opening
took place exclusively at the terminal carbon atom. Azide
(NaN,) and thiophenoxide (NaSPh) both gave ring opening in
excellent yield (85 and 90%, respectively). Benzylamine, p-
methoxyphenoxide, and 1-naphthoxide afforded moderate
yields (65—75 %), while cyanide (NaCN) gave low yields (50%).
One recrystallization of the crude (86% ee) 3,3,3-trichloro-
1,2-propanediol (2¢) afforded enantiopure material (>98%
¢e).1?®! Single-step sulfate formation under the above-men-
tioned conditions provided the crystalline cyclic sulfate 912%V in
92% isolated yield (Scheme 3). Nucleophilic opening of 9 was
successful with NaN; (10a, 93%), NaSPh (10b, 94%), and

N

7
. O=s—o OH
SO,Cl,, imidazole O/ B i. Nu/solvent B
: _ Lo . :
CH,Clp, 0 °C NTNCo i EOML0* ~"cay
Q,
92 % 9 10
acetone, 2,2-DMP -
5-TSA 10 Nu yield [%]
87 % a Ny 93
b PhS™ 94
¢ BnNH" 65
Q
o) B
\/\R

11R=
AvITHF CCls
60 %
12 R = CHCl,

Scheme 3. Reactions of 3,3,3-trichloro-1.2-propanediol (2¢) (p-TSA = p-toluenesulfonic acid, 2,2-DMP
= 2,2-dimethoxypropane).

benzylamine (10¢, 65%), but reaction with other nucleophiles,
such as CN 7, F~, and PhCOQ 7, led to decomposition, proba-
bly owing to the sensitivity of the trichloro-
methyl group towards reduction through at-

on O:é?‘o o tack otj the nucleophile gt a chlorine 'fuom.
o, —femime LML d lbae ondbles severl frthe ramfon
ob o CHZC&% %20 © 3 OFs 1 EROMHO 5 o mationst®% not readily available to the tri-

. w o %] fluoromethyl ar'lahlgg-ues 2b anFI 5a-f.

- Among the possibilities, we examined only

a 8 the reductive removal of chlorine (Scheme 3).

OH o O\\S//O b Phs” i Catalytic hydrogenolysist*! proved to be fast
C‘\)\(\CI S0zClz, imidazole 0o~ To ¢ BnNH 7 [10% Pd/C in methanol] yielding enantio-
L. CH?%Q/? °C d  p-MeOCeH, O 68 pure (2R)-1,2-propanediol (2a) in 50% yield

cl —oql e 1-NaphO~ 65 after distillation. Several attempts (Pt/C and

7 8 fCN- 50 Rh/AlLO,) to stop at the mono- or dichloride

Scheme 2. Syntheses of the cyclic sulfates of 3.3.3-trifluoro-1,2-propanediol (2b) and 1.4-dichloro-1.4-

butanediol (7).
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stage failed. On the other hand, selective
monodechlorination was achieved by photo-
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chemical reduction3?! of the acetonide 11 in THF, giving the
corresponding gem-dichloride 12 in 60% yield.

Selective electrochemical reductions of trichloromethyl-
carbinol-containing compounds have been well studied.®*
Electrochemical reduction of 2¢ should enable one to obtain
either 3-chloropropane-1,2-diol (13) or dichloro derivative 14,
which are formally glycidol and glyceraldehyde equivalents, re-
spectively.l**) Reactions of alkyl trichloromethylcarbinols with
nucleophiles under basic reaction conditions®® 3*! have been
develaped for the synthesis of optically active a-amino acids and
a-hydroxy acids,’®® and may be applicable to derivatives such as
10a—c in Scheme 3.

Conclusion

Practical preparations of the enantiopure 3,3,3-trifluoro- and
3,3,3-trichloro-1,2-propanediols (2b and 2¢) have been devel-
oped. The utility of these new Cj; chiral synthons is especially
enhanced by their conversion to the corresponding cyclic sul-
fates (3 and 9) in a direct reaction with sulfuryl chloride.

Experimental Section

Materials and Methods: 3,3,3-Trichloropropene®” and 3,3,3-trifluoro-
propene*#! were purchased from Coyote Chemicals and PCR, respectively.
Propene, trimethylvinylsilane, 3,3-dimethylbutene, and sulfuryl chloride
(97 %) were all obtained from Aldrich. 1-Vinyladamantane was synthesized
by Moffatt oxidation (8O, - pyridine modification) of 1-adamantylmethanol
(Aldrich) followed by Wittig methylenation. *H NMR spectra were recorded
in CDCly at 250 MHz (Bruker AC-250). Residual protic solvent CHCI;
{8y =17.26) was used as internal reference. *C NMR spectra were recorded
in CDCI, unless otherwise stated at 62.5 MHz, and the resonance of CDCI,
(8. = 77.0, 1) was used as internal reference. FT-IR spectra were recorded on
a Nicolet 510 FT-IR spectrometer. Flash column chromatography was per-
formed on Merck Kieselgel 60 (230—-400 mesh). Analytical thin-layer chro-
matography was performed with precoated glass-backed plates (Merck
Kieselgel 60F,;,). HPLC was performed on Chiralee! OB-H, OD, or OF
(25 cm x 4.6 mm i.d.) columns, and the products detected at 254 nm. GLC
was performed on a } & W DB-5 (30 m x 0.32 mm i.d.) column.

(2R)-(—)-1,2-Propanediol [( —)-2a]: Propene gast*°! was bubbled for 30 min
through a solution of (DHQD),PHAL (390 mg, 1 mol%), K,0s0,(OH),
(92 mg, 0.5mol%), K Fe(CN), (49.4g), and K,CO, (20.7g) in 1:1 tert-
butyl alcohol/water (500 mL) at 0 °C. The mixture was stirred for 12 hat 0°C.
Sodium metabisulfite (40 g) was added slowly and stirring was continued for
2 h. The fayers were separated and the aqueous layer was extracted with ethyl
acetate (6 x 200 mL). The combined organic layers were washed with H,80,
(5% aqueous solution, 100 mL}) to extract the ligand, and the aqucous acid
solution was reextracted with ethyl acetate (2 x 100 mL}. The combined or-
ganic extracts were washed with saturated aqueous NaHCO, (100 mL), dried
over MgSO,,, and concentrated in vacuo yielding 2.9 g [47 % yield based upon
K;Fe(CN),] of crude 2a. The enantiomeric purity of the crude product was
determined to be 36 % ee¢ by HPLC of the bisbenzoate derivative [Chiraleel
OB-H column, 20% 2-propanoi/hexane, 0.5 mLmin~*; (R)-2a: 19.4 min,
(S)-2a: 27.1 min]. [«]2® = —10.7 (¢ = 6.5 in H,0) [lit.** cnantiopure (—)-
2a: —22(c=7.5in H,0)}; "H NMR (250 MHz, CDCl,): § = 3.86 (1 H, ddq,
J=179,64,30Hz),3.57 (1H, dd, J=11.4,3.0 Hz), 3.35(1H, dd. J =114,
7.9Hz), 112 (3H, d, J = 6.4 Hz); 1*C NMR (62.5 MHz, CDCl,): § = 68.2,
67.7, 18.6.

(28)-( —)-3,3,3-Trifluoro-1,2-propanediol [{—)-2b]: 3.,3,3-Tritfluoropropene
gas'3®) was bubbled for 20 min through a solution of (DHQD),PHAL
(470 mg, 1 mol %), K,0s0,(0OH), (110 mg, 0.5 mol %), K ;Fe(CN)( (59.2 g),
and K,CO; (24.8 g) in 1:1 tert-butyl alcohol-water (600 mL) at 0°C. The
mixture was stirred for 12 h at 0°C. Sodium metabisulfite (50 g} was added
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slowly and stirring was continued for 2 h. The layers were separated and the
aqueous layer was extracted with cthyl acetate (4 x 200 mL). The combined
organic layers were washed with H,80, (5% aqueous solution, 100 mL)
followed by saturated aqueous NaHCO; (100 mL), dried over MgSO,, and
concentrated in vacuo giving 9.2 g of crude 2b. Distillation under reduccd
pressure (96 °C, 35 Torr) gave 8.8 g [75% yield based upon K Fe(CN) ] of
pure 2 b, which solidified upon standing. The enantiomeric purity of the crude
product was determined to be 63 % ee by HPLC of the bisbenzoate derivative
[Chiraicel OD-column, 0.5% 2-propanol/hexane, 0.6 mLmin~"; (5)-2b:
16.9 min; (R)-2b: 19.4 min]. Recrystallization from dichloromethane yielded
5.3 g (45%) of enantiopure (>98% e¢) (—)-2b. [2]3* = =123 (¢ =4 in
MeOH) [lit.."#9) —10.95 (¢ =1.4 in MeOH)]: m.p. 55°C; b.p. 96 "C, 35 Torr;
'"HNMR (250 MHz, CD,OD): 6 = 3.96 (1H, ddqg, J =7.0,7.0,4.0 Hz). 3.74
(1H, dd, /=118, 3.9 Hz), 3.61 (1H, dd, J=11.8, 7.0 Hz); "*C NMR
(62.5 MHz, [D¢]IDMSO0): 6 =124.2 (q, Jo_p = 282 Hz), 704 (q, Jo_f =
30 Hz), 60.4; FT-IR (KBr): v = 3550--3220 (brs), 2954, 1381, 1277, 1177,
(138, 1068, 1038, 904, 856, 702, 609 em ™!, Anal. Caled for C,H,F,0,: C,
27.69; H, 3.85. Found: C, 27.63; H, 3.99.

(285)-(—)-3,3,3-Trichloro-1,2-propanediol [(—)-2¢]: 3.3,3-Trichloropropene
(8.73 g; 60 mmol) was added to a solution of (DHQD),PHAL (470 mg,
1 mol %), K,0s0,(0H), (110 mg, 0.5 mol%), K ;Fe(CN), (59.2 g), K,CO,
(24.8 g), and NaHCO, (15.1 g} in 1:1 terr-butyl alcohol -water (600 mL}) at
0°C. The mixture was stirred for 12 h at 0 °C. Sodium metabisulfite (75 g) was
added slowly and stirring was continued for 2 h. The layers were separated
and the aqueous layer was extracted with ethyl acetate (3 x 200 mL). The
combined organic layers were washed with H,SO, (5% agueous solution,
50 mL) followed by saturated aqueous NaHCQ, (100 mL), dried over Mg-
SO, , and concentrated in vacuo giving 9.26 g (86 %) of crude 2¢. The enan-
tiomeric purity of the crude product was determined to be 86 % ee¢ by HPLC
of the bisbenzoate derivative [Chiralcel OF column. 1% 2-propanol/hexane,
I mLmin~™!; (R)-2b: 10.8 min; (S)-2b: 13.0 min]. Recrystallization from
dichloromethane/ethyl acctate (120 mL/15 mL) gave enantiomerically pure
(>98% ce) (—)-2¢ as colorless needles (7.54 g, 70%). R, = 0.21 (hexane/
ethyl acetate 70/30). [#]3* = — 29.7 (¢ = 2.3 in EtOH): m.p. 110°C (lit.(**!
84.6-85°C for rac-2¢); '"HNMR (250 MHz, CDCL,): ¢ = 4.23 (1H, dd,
J =73, 3.3Hz), 412 (1H, dd, J=11.8, 3.3 Hz), 3.86 (1H. dd, /=118,
7.3 Hz): 13C NMR (62.5 MHz, CDCl,): § =101.0, 81.7, 61.5;: MS (El}: miz:
183, 181, 179, 154, 143, 130, 125, 116, 113 (100%), 107, 102, 97, 83, 79, 76;
FT-IR (KBr): ¥ = 3457 (brs), 3212 (brs), 2973, 1381, 1109, 1051, 893, 816,
781, 648 cm ™. Anal. Caled for C,H,C1,0,: C, 20.07 and H, 2.78 %. Found:
C, 20.07 and H, 2.86%.

(ZR)~(~)-3,3-Dimethyl-1,2-butanediol [( —)-2d]: see ref. [7,14].

(1R)-(+ )-(Trimethylsityl)-1,2-ethancdiol [ +)-2¢]: Vinyltrimethylsilane (1.0 g.
10 mmol) was added to a solution of (DHQD}),PHAL (77.9 mg. 1 mol%).
K,0s0,(0OH), (18.4mg, 0.5mol%), K Fe(CN), (9.87g). and K,CO,
(4.14 g) in 1:1 tert-butyl alcohol—water (100 mL) at 0°C. The mixturc was
stirred for 12 h at 0°C. Sodium metabisulfite (10 g) was added slowly and
stirring was continued for 1 h. The layers were separated and the aqueous
layer was extracted with ethyl acetate (2 x 50 mL). The combined organic
layers were washed with H,80, (5% aqueous solution, 15 mL), followed by
saturated aqueous NaHCO, (20 mL), dried over MgSO,, and concentrated
in vacuo giving 1.12 g {83%) of crude 2e. The enantiomeric purity of the
crude product was determined to be 89 % ee by GC analysis of the his-(R)-
MTPA derivative [DB-5 capillary column; 210°C isothermal, (R)-2e:
33.3 min, {S)-2e: 34.3 min]. Recrystallization from hexane gave enantiopure
(>98% ce) (+)-2e as colorless needles (715 mg, 55%). R, = 0.25 (hexanc/
ethyl acetate 50/50); [#]3} = +1.8 (¢ =1.1 in CCl,) [lit!"'*) +0.8 (¢ = 0.1 in
CCIL; m.p. 50 °C (rac-Ze is an oil); *HNMR (250 MHz, CDCl,): § = 3.74
(1H, d, J=11.6, 3.6 Hz), 3.67 (1H, dd, J =11.6, 9.0 Hz), 3.44 (1 H, dd.
J=9.0.3.6Hz), 3.15 (1H, brs), 2.90 (1H, brs), 0.05 (9H, s): '*C NMR
(62.5 MHz, CDCIy): § =67.7, 651, —3.8; FT-IR (KBr): ¥ = 3356, 2954,
1653, 1418, 1249, 1168, 1064, 996, 952, 839, 749 cm™'. Anal. Caled for
C,H,,Si0,: C, 44.78 and H, 10.45%. Found: C, 44.82 and H. 10.13%.

(1R)-(+)-(1-Adamantyl)-1,2-ethanediol [( +)-2f]: 1-Vinyladamantane

(810 mg, 5mmol) was added to a solution of (DHQD),PHAL (39 mg,
1 mol%), K,0s0,(0OH), (9.2mg, 0.5mol%), K Fe(CN), (4.94¢g), and
K,CO; (2.07 g) in 1:1 rert-butyl alcohol—water (50 mL) at 0°C. The mixture
was stirred for 12 h at 0°C. Sodium metabisuifite (5 g) was added slowly and

0947-6539/97i0304-0519 8 17.50 + .50;0 — 519





FULL PAPER

K. B. Sharpless and K. P. M. Vanhessche

stirring was continued for 30 min. The layers were scparated and the aqueous
layer was extracted with ethy! acetate (2 x 30 mL). The combined organic
layers were washed with H,SO, (5% aqueous solution, 10 mL) followed by
saturated aqueous NaHCO, (20 mL), dried over MgSO, . and concentrated
in vacuo giving 834 mg (85%) of crude 2f. The enantiomeric purity of the
crude product was determined to be 97% ee by GC analysis of the bis-(R)-
MTPA derivative [DB-5 capillary column; 250°C isothermal; (R)-2f:
53.7 min, (5)-2f: 55.6 min]. Recrystallization from hexane/ethyl acetate (95/
5) gave enantiopure (>98% ee) (+)-2f. R, = 0.32 (hexanc/ethyl acetate
50/50). [o]3? = +19.0 (¢ =1.1 in EtOH) [lit."®) +19.2 (¢ =1.0in E1OH)}; m.p.
124-125°C (1it."1125-127°C); *H NMR (250 MHz, CDCl,): § = 3.74 (1 H,
dd, J=10.9,2.9 Hz), 3.54 (1H, dd, J =109, 9.4 Hz), 3.21 (1H, dd, J = 9.4,
2.9 Hz), 249 2H, brs), 1.98 (3H, brs), 1.5-1.85 (12H, m). 3C NMR
(62.5 MHz, CDCl,): 6 = 80.0, 62.2, 38.2, 37.1, 28.2. HRMS (FAB): Calcd:
219.1361 (M +Na™); Found: 219.1353.

(45 )-(+ )-4-Trifluoromethyl-2,2-dioxo-1,3,2-dioxathiolane [(+)-3]: Sulfuryl
chloride (8.51 g, 5.06 mL, 63 mmol) was added dropwise to a cooled
(— 20°C) solution of diol 2b (7.8 g, 60 mmol) and imidazole (10.2 g,
150 mmol) in dichloromethane (100 mL). A precipitate formed gradually
upon addition. When the addition was completed, the mixture was allowed
to warm to room temperature. The mixture was further diluted with
dichloromethane (100 mL). Sulfuric acid (5% aqucous solution, 15 mL) was
added and the organic layer was separated. The organic phase was washed
with saturated aqueous NaHCO; (25 mL) and brine, dried over MgSO,,, and
concentrated in vacuo to give 9.91 g (86 %) of crude 3. Further purification
by vacuum distillation (b.p. 48 “C, 2.4 Torr) gave 9.45 g (82 %) of analytically
pure (+)-3 as an oil (rac-3. m.p. 34-35°C). [a]3* = +17.0 (¢ =22 in
CH,Cl,); '"HNMR (250 MHz, CDCly): 6 = 5.14 (1H, ddq, J=17.1, 5.7,
4.8 Hz), 490 (1H. dd, J = 9.8, 7.1 Hz), 4.79 (1 H, dd, J = 9.8, 4.8 Hz); }*C
NMR (62.5MHz, CDCl,): 0 =1213 (q, J._p=174.Hz), 748 (q,
Je_g = 23.1 Hz), 66.0; FT-IR (KBr): ¥ = 1408, 1289, 1219, 1165, 1069. 1028,
997,951, 837, 800, 658 cm ™ !. Anal. Caled for C,H,F,S0,: C,18.75; H, 1.56;
and S, 16.67%. Found: C, 18.77; H, 1.52; and S, 16.77.

(25)-(+)-1-Azido-3,3,3-trifluoro-2-propanol [(+)-5a): A solution of cyclic
sulfate 3 (1.15 g; 6 mmol) and sodium azide (780 mg, 12 mmol) in acetonc
(6 mL) and water (6 mL) was stirred for 4 h at room temperature. After
removal of the solvent in vacuo, ether (10 mL) and sulfuric acid (20% agq.
solution, 10 mL) were added, and the mixture was stirred for 30 min. Pow-
dered potassium carbonate was added until neutral and the mixturc was
extracted with ether (2 x20 mL). The combined organic fayers were washed
with brine, dried over MgSO,, and concentrated in vacuo. The crude product
was purified by bulb-to-bulb distillation yielding 792 mg (85%) of azido
alcohol 5a as an oil.*1 [5]2* = + 30.0 (¢ =1.8 in MeOH) [lit.''%] +12.87
(¢ =1.9,MeOH)]; "HNMR (250 MHz, CDCl,): 6 = 4.15(1H, m),3.54 2 H,
m), 2.98 (1H, d, J = 6.2 Hz); **C NMR (62.5 MHz, CDCl,): § =123.7 (q,
Jo-p =281 Hz), 69.9 (q, Jo_p = 31.1 Hz), 50.2; FT-IR (ncat): ¥ = 3418,
2942, 2110 (s), 1623, 1448, 1391, 1270, 1137, 1058, 944, 896, 850, 700,
655cm™!.

(285)-(—)-3,3,3-Trifluoro-1-phenylthio-2-propanol [(—)-5b]: Cyclic sulfate 3
(403 mg, 2.1 mmol) was added slowly to a solution of thiophenol (242 mg,
2.2 mmol) and potassium rerz-butoxide (246 mg, 2.2 mmol) in dry tetrahydro-
furan (5 mL) at room temperature. The mixture was stirred for 2 h at ambient
temperaturc and the solvent was then removed under reduced pressure. The
residue was dissolved in ether (3 mL), and sulfuric acid (20% aqueous solu-
tion, 3 mL) was added. The mixture was then slowly neutralized with pow-
dered potassium carbonate until neutral. The aqueous phasc was extracted
with ether (2x 15mL), washed with 2m NaOH (2 x 10 mL), followed by
brine, and dried over MgSO,. Concentration in vacuo afforded 570 mg
(90 %) of 5S¢ as an oil. R, = 0.33 on silica gel (hexane/ethyl acetate 90/10).
[0]3* = — 67.6 (¢ =1.6 in CHCl;); '"HNMR (250 MHz, CDCl,): § =7.37
(5H, m), 3.98 (1H, m), 3.34 (1H, dd, /=143, 2.8 Hz), 3.02 (1H, dd,
J=14.3,10.0 Hz), 2.82 (1 H. brs); '*C NMR (62.5 MHz, CDCl,): § =130.8,
129.4,127.6,124.3(q, J._ = 281 Hz), 68.4(q. J- _p = 31.3 Hz), 35.3; FT-IR
(neat): ¥ = 3444, 3061, 1583, 1482, 1440, 1412, 1372, 1276, 1166, 1025, 1003,
866, 741 cm ™! HRMS (EI): Caled: 222.0326 (M ™); Found: 222.0319.

(2.5)-( ~)-1-Benzylamino-3,3,3-trifluoro-2-propanol [(—)-5¢]: Benzylamine
(470 pL, 4.31 mmol) was added slowly to a solution of cyclic sulfate 3
(413 mg, 2.15mmol) in dry tetrahydrofuran (3 mL) at room temperature.
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After addition of the amine (cxothermic), the mixture was stirred for 2 h at
ambient temperature. The solvent was removed in vacuo, the residue dis-
solved in ether (10 mL), and sulfuric acid (20% aqueous solution, 5 mL)
added. A precipitate formed immediately and the suspension was stirred for
1 h. The precipitate was filtered, washed with cther, and resuspended in
sulfuric acid (20% aqueous solution). The suspension was heated at 85°C.
After 20 min the solution became clear. Heating was continued for 15 min.
The mixture was then cooled to room temperature and slowly neutralized
with powdered potassium carbonate until neutral. The aqueous phase was
extracted with ether (30 mL), washed with brine, dried over MgSO,, and
concentrated in vacuo. The crude product was recrystallized from hexane/
ethyl acetate (80/20) yielding 352 mg (75 %) of analytically pure Sc. R, =031
on silica gel (hexanes/ethyl acetate 50/50); [2]2® = — 8.3 (¢ =1.6 in CHCl,):
m.p. 102°C; "HNMR (250 MHz, CDCl,): § =7.31 (5H, m), 3.96 (1H, m).
3.83(2H,5).2.98 (1H,dd, J =13.0,6.0 Hz), 2.88 (1H, dd, J =13.0, 4.7 Hz),
2.85(1H, brs); '*C NMR (62.5 MHz, CDCl,): § =138.8,128.7, 128.1, 127.5,
124.9(q, Jo_ = 281 Hz), 67.7(q, Jo_p = 29.6 Hz), 53.6,46.8; FT-IR (KBr):
% = 3420, 1653, 1559, 1266, 1130, 746 cm ™!, Anal. Calcd for C, H,,F,NO:
C, 54.79; H, 5.48; and S, 6.39%. Found: C, 54.56; H, 5.34; and S, 6.36.
HRMS (FAB): Caled: 220.0949 (M +H*'); Found: 220.0942.

(28)-(—)-1-(4-Methoxyphenyloxy)-3,3,3-trifluoro-2-propanol [(—)-5d]:
Cyclic sulfate 3 (384 mg, 2 mmol) was added slowly to a solution of p-
methoxyphenol (273 mg, 2.2 mmol) and potassium reri-butoxide (246 mg,
2.2 mmol) in dry tetrahydrofuran (3 mL) at room temperature. The mixture
was stirred for 2 h at ambient temperature and the solvent then removed in
vacuo. The residue was dissolved in ether (10 mL) and sulfuric acid 20%
aqueous solution. 10 mL) was added. The mixture was then slowly neutral-
ized with powdcred potassium carbonate until neutral. The aqueous phase
was extracted with ether (20 mL), washed with 2M NaOH (2 x 10 mL), fol-
lowed by brine and dried over MgSO,. Concentration in vacuo afforded
320 mg (68 %) of 5d as an oil. R, = 0.35 on silica gel (hexanejethyl acetate
90/10); [od3® = —15.0 (¢ =1.6 in CHCl,); 'HNMR (250 MHz, CDCl,):
0 =6.87(4H, m), 435 (1H, m), 421 (1H, dd, J=10.1, 3.4 Hz), 4.12 (1 H,
dd, J =10.1, 6.3 Hz), 3.79 (3H, s), 2.93 (1H, brs.); 13C NMR (62.5 MHz,
CDCly): 6 =1547, 1242 (q. J._,=257Hz), 1158, 1148, 69.4 (q,
Je_p = 31.3 Hz), 66.8, 55.7; FT-IR {neat): ¥ = 3441, 2942, 2838, 1509, 1466,
1444, 1231, 1177, 1142, 1046, 878, 826, 748, 691 cm ~'. HRMS (FAB): Calcd:
236.0660 (M 7): Found: 236.0660.

(2.5)-(~ )-1-(1-Naphthyloxy)-3,3,3-trifluoro-2-propanol [(—)-5e]: Cyclic sul-
fate 3 (768 mg, 4 mmol) was added slowly to a solution of 1-naphthol
(864 mg, 6 mmol) and potassium rers-butoxide (672 mg, 6 mmol) in dry te-
trahydrofuran (8 mL) at room temperature. The mixture was stirred
overnight at room temperature and the solvent was then removed in vacuo.
The residue was dissolved in ether (10 mL) and sulfuric acid (20 % aqueous
solution, 10 mL) was added. The mixture was then slowly neutralized with
powdered potassium carbonate until neutral. The aqueous phase was extract-
ed with ether (40 mL), washed with 2mM NaOH (2 x 15mL), followed by
brine, and dried over MgSO, Concentration in vacuo afforded 664 mg
(65%) of Se. R, = 0.23 on silica gel (hexanes/ethyl acetate 90/10); [o]3® =
—13.1 (¢ = 2.2 in CHCl,); 'THNMR (250 MHz, CDCl,): § = 8.23 (1 H. m),
7.84(1H, m), 7.53 (3H, m), 7.40 (1 H, m), 6.85 (1 H, m), 4.3-4.6 (3H, m), 2.92
(1H, d, J = 6.8 Hz); 3C NMR (62.5 MHz, CDCL,): 5 = 134.5, 127.6, 126.7,
126.3,125.7,125.6, 125.3, 121.6, 121.5, 105.1, 69.5 (q, J-_¢ = 31.4 Hz), 66.2;
FT-IR (neat): ¥ = 3574, 3055, 2986, 1597, 1581, 1509, 1459, 1396, 1265, 1243.
1177, 1147, 1105, 1069, 793, 774, 732, 705cm™!. HRMS (FAB): Calcd:
256.0711 (M ™); Found: 256.0722.

(2.5)-(=)-1-Cyano-3,3,3-trifluoro-2-propanol [( —)-5f]: A solution of cyclic
sulfate 3 (3.84 g; 20 mmol) and sodium cyanide {1.18 g, 24 mmol) in acctone
(20 mL) and water (20 mL) was stirred overnight at room temperature. The
solvent was then removed in vacuo. Ether (20 mL) and sulfuric acid (20 %
aqueous solution, 20 mL) were added and the mixture was stirred for 30 min.
Powdered potassium carbonate was added until neutral and the mixture was
extracted with cther (2 x 25 mL). The combined organic layers were washed
with brine, dried over MgSO,,, and concentrated in vacuo. The crude product
was purified by bulb-to-bulb distillation (60°C, 10 Torr) yielding 1.40 ¢
(50%) of cyanoalcohol 5f as an oil. [¢]3* = —19.5 (¢ = 1.6 in MeOH) [lit.[18¢
—16.78 (¢ 1.9; MeOH)]; "HNMR (250 MHz, CDCl,): ¢ = 4.34 (1 H, m),
3.65 (1H, d, J=5.9Hz), 2.78 (2H, m); '*C NMR (62.5 MHz, CDCl,):
6 =123.8 (q. J.. = 279 Hz), 115.5, 66.6 (q, J._p = 33.2 Hz), 20.1; FT-IR
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(neat): v =73409, 2984, 2267 (s), 1661, 1422, 1393, 1275, 1221, 1111,
947 em ™!,

(48,55)-( + )-4,5-Bis(chloromethyl)-2,2-dioxo-1,3,2-dioxathiolane [(+)-8):
Sulfuryl chloride (4.46 g, 2.65 mL, 33 mmol) was added dropwise to a cooled
(0°C) solution of enantiopure (>98% ee) (S,S)-diol 727} (4,74 g, 30 mmol)
and imidazole (5.1 g, 75 mmol) in dichloromethane (85 mL). A precipitate
formed gradually upon addition. When the addition was completed, the
mixture was allowed to warm to room temperature. The mixture was further
diluted with dichloromethane (100 mL). Sulfuric acid (5% aqueous solution,
30 mL) was added and the organic layer was separated. The organic phase
was washed with saturated aqueous NaHCO, (30 mL) and brine, dried over
MgSQO,. and concentrated in vacuo to give 5.82 g (88%) of crude solid 8.
Recrystallization from toluene/hexane yiclded analytically pure (+)-8.
[o2? = + 62.0 (¢ =1.6 in ECOH); m.p. 54 °C; 'H NMR (250 MHz, CDCl,):
§ =501 (2H, m), 3.92 (4H, m); 13C NMR (62.5 MHz, CDCl,): ¢ = 81.1,
41.7; FT-IR (KBr): v = 1385, 1302, 1212, 1180, 1057, 1019, 985, 897, 856, 828,
799, 761, 654 cm ™!, Anal. Caled for C,HSO,Cl,: C, 21.72; H, 2.72; and S.
14.48%. Found: C, 21.60; H, 2.73; and S, 14.33%.

(48)-(+ )-4-Trichloromethyl-2,2-dioxo-1,3,2-dioxathiolane {(+)-9]: Sulfuryl
chloride (891 mg, 6.6 mmol, 530 uL) was added dropwise to a stirred solution
of enantiopurc diol (-)-2¢ (1.07g, 6 mmol) and imidazole (980 mg.
14.4 mmol) in dichloromethane (10 mL) at 0 °C. A precipitate formed gradu-
ally upon addition. When the addition was completed, the mixturc was al-
lowed to warm to room temperature. The mixture was further diluted with
dichloromethane (20 mL). Sulfuric acid (5% aqueous solution, 5 mL) was
added and the organic layer was separated. The organic phase was washed
with saturated aqueous NaHCO, (10 mL) and brine, dried over MgS8O,,, and
concentrated in vacuo to give crude 9 (1.33 g, 92%). Recrystallization from
ethyl acetatefhexanc (75/25) gave analytically pure 9 as colorless ncedles.
R, = 0.25 (hexane/ethyl acetate 90/10); [0]3® = + 24.8 (¢ =1.7 in CH,CL,);
m.p. 122 -123°C (rac-9, m.p. 89°C); 'H NMR (250 MHz, CDCl,): 6 = 5.32
(1H, dd. J =6.9, 5.6 Hz), 493 (1H, dd, J=9.8, 6.9 Hz), 483 (1H, dd,
J=9.8.56Hz); '*C NMR (62.5 MHz, CDCl,): § = 944, 85.2, 68.6: MS
(ED): mfz: 245, 243, 241, 209, 207, 205, 147, 145, 143, 123 (100%), 111. 97,
83: FT-IR (KBr): v = 2991, 1399, 1206, 1054, 10605, 980, 888, 808, 785,
650 cm ™. Anal. Caled for C;H,C18O,: C, 14.9; H, 1.2; and §, 13.3%.
Found: C, 15.3; H, 1.4; and S, 13.0%.

(R)~( — )-1,2-Propanediol [ (— }-2a]: A solution of enantiopure (25)-( - }-3.3.3-
trichloro-1,2-propanediol 2¢ (897 mg, 5 mmol), potassium carbonate (1.4 g,
10 mmol), and 10% palladium on carbon (200 mg) in methanol (10 mL) was
hyvdrogenated (1 atm) at room temperature. After 4 h, the suspension was
filtered over Celite and concentratcd in vacuo. Bulb-to-bulb distillation
(60°C, 10 Torr) yielded 192 mg (50%) of pure (—)-1,2-propanediol (2a).
(23 = — 21.5 (¢ =7.0 in H,0) [lit.*% enantiopure (—)-2a: =22 (¢ =7.5in
H,0)]. Spectroscopic data, vide supra.

(4.5)-(— )-4-Trichloromethyl-2,2-dimethyl-1,3-dioxolane [(—)-11]: A solation
of diol 2¢ (3.59 g, 20 mmol) and p-toluenesulfonic acid (76 mg, 2 mol%) in
2.2-dimethoxypropane (20 mL) and acetone (20 mL) was stirred for 12 h at
room lemperature. Pulverized potassium carbonate (280 mg, 10 mol%)
was added and the suspension was stirred for an additional 2 h. The mix-
ture was filtered and concentrated in vacuo. The crude product was distilled
under reduced pressure (b.p. 70-71°C, 8 Torr) yielding 3.82 g (87%) of
acetonide 11. [o}3® = — 0.9 (¢ = 2.2in THF); 'THNMR (250 MHz, CDCl,):
5=4.69 (1H, dd, J = 6.8, 4.6 Hz), 427 (1H, dd, J =97, 6.8 Hz), 4.19
(1H.dd. J =9.7,4.6 Hz), 1.60 (3H, 5), 1.43 (3H, s): '3C NMR (62.5 MHz,
CDCly): 8 =112.9. 99.3, 86.1, 67.0, 25.9, 25.0; FT-IR (necat): ¥ = 2990,
2889, 1457, 1384, 1374, 1262, 1212, 1155, 1119, 1083, 1052, 964, 896, 856,
799, 733cm”!. HRMS (EI): Caled: 202.9433 (M* — CH,): Found:
202.9442.

(45)-(—)-4-Dichloromethyl-2,2-dimethyl-1,3-dioxolane ( = )-12: A Pyrex tube
was charged with trichloroacetonide 11 (658 mg, 3 mmol) and dry tetrahy-
drofuran (20 mL). The solution was irradiated with a mercury lamp (254 nm)
for 6 h. The solution was concentrated in vacuo. Bulb-to-bulb distillation
(60 °C, 10 Torr) gave 332mg (60%) of pure dichloroacetonide 12.
[@)3? = — 9.1 (¢ =14 in CH,Cl,); '"HNMR (250 MHz, CDCl,): § = 5.63
(1H, d. J=6.4Hz), 442 (1H, ddd. J=6.4, 6.4, 48 Hz), 418 (1H, dd.
J=93,64H7),4.09 (1H, dd, J =9.3, 4.8 Hz). 1.49 3H, s). 1.38 (3H, s):
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13C NMR (62.5 MHz, CDCl,): 6 =111.5,80.1, 72.3, 66.3, 26.5, 25.1; FT-IR
(neat): # = 2990, 2890, 1480, 1383, 1374, 1255, 1217, 1154. 1074, 962, 851,
775 em ™t MS (ED): mfz: 169, 119, 101, 83, 73, 59, 49, 43 (160%).

(28)-(+ )-1-Azido-3,3,3-trichloro-2-propanol [(+)-10a]: A solution of cyclic
sulfate 9 (966 mg, 4 mmol) and sodium azide (520 mg, 8 mmol) in N,N-
dimethylformamide (10 mL) was stirred for 4h at 90°C. The solvent was
carefully removed by distillation under reduced pressure. Tetrahydrofuran
(10 mL), water (72 pL) and sulfuric acid (392 mg) were added and the result-
ing suspension was stirred for 30 min. Saturated aqueous NaHCO, (5 mL)
was added and the solution was stirred for 10 min. Water (10 mL) was added
and the mixture was extracted with ethyl acetate (2 x 25 mL). The combined
organic layers were washed with brine, dried over MgSO,, and concentrated
in vacuo. The crude product was purified by column chromatography on
silica gel (hexane/ethyl acetate: 80/20) yielding 760 mg (93 %) of azidoalcohol
10a. R, =039 (hexanejethyl acetate 90/10); [u]p® = +41.4 (=23 in
CH,CL); 'HNMR (250 MHz, CDCl,): 6 = 4.31 (1 H, dd, J = 8.1, 2.6 Hz).
3.73 (1H, dd, J =13.0, 2.6 Hz), 3.62 (1H, dd, J =13.0, 8.1 Hz), 3.31 (1H,
brs); "*C NMR (62.5 MHz, CDCIl,): § =100.4, 81.9, 51.9; MS (ED): m/z:
179, 168, 149, 136, 121, 105, 100 (100%); FT-TR (neat): ¥ = 3359, 2931, 2096
(s). 1624, 1313, 1114, 1017, 898 cm ™.

(28)-(—)-3,3,3-Trichloro-1-phenylthio-2-propanol [(—)-10b]: Cyclic sulfate 9
(87 mg, 0.36 mmol) was added slowly to a solution of thiopheno! (42 mg,
0.38 mmol) and potassium rert-butoxide (45 mg, 0.4 mmol) in dry tetrahydro-
furan (2 mL) at room temperature. The mixture was stirred for 2 h at ambient
temperature and the solvent was then removed under reduced pressure. The
residue was dissolved in ether (3 mL) and sulfuric acid (20% agueous solu-
tion, 3 mL) was added. The mixture was then slowly neutralized with potas-
sium carbonate until neutral. The aqueous phase was extracted with ether
(15 mL), washed with 2m NaOH (2 x 5 mL), followed by brine, and dried
over MgSO, Concentration in vacuo afforded 92mg (94%) of 10b.
R, = 0,28 onssilica gel (hexanc/ethyl acetate 90/10); [u]5* = — 91.3 (¢ =1.1in
CHCly); "HNMR (250 MHz, CDCl,): 6 =7.45 (2H, m), 7.30 (3H, m), 4.16
(1H, ddd, F =9.7,3.7,2.0 Hz), 3.68 (1 H, dd, J =14.2, 2.0 Hz), 3.28 (1 H, d,
J=3.7Hz),3.10 (1H, dd, J =14.2, 9.7 Hz); '*C NMR (62.5 MHz, CDCl,):
3 =130.3,129.3, 127.2, 80.8, 36.8; FT-[R (neat): v = 3450, 3059, 2916, 1583,
1480, 1439. 1409, 1278, 1217. 1177, 1087, 1025, 980, 804, 738, 690 cm ™.
HRMS (FAB): Calcd: 269.9440 (M *); Found: 269.9431.

(2.8)-(~ )-1-Benzylamino-3,3,3-trichloro-2-propanol [(—)-10¢]: Benzylamine
(545 puL, 5 mmol) was added slowly to a solution of cyclic sulfate 9 (600 mg,
2.15 mmol) in dry tetrahydrofuran (3 mL) at room temperature. After addi-
tion of the amine (exothermic), the mixture was stirred for 2 h at ambient
temperature. Diethyl ether (10 mL) and sulfuric acid (20% aqueous solution.
5 mL) were added. A precipitate formed immediately and the suspension was
stirred for 1 h at room temperature. The precipitate was filtered and washed
with ether and resuspendcd in sulfuric acid (20% aqueous solution, 6 mL).
The suspension was heated at 85°C. After 20 min the solution became clear.
Heating was continued for 15 min. The mixture was then cooled to room
temperature and slowly neutralized with powdered potassium carbonate untif
neutral. The aqueous phase was extracted with ether (30 mL), washed with
brine, dried over MgSO,,, and concentrated in vacuo. The crude product was
recrystallized from CH,Cl, yielding 375 mg (65 %) of 10¢. R, = 0.29 on silica
gel (hexane/ethyl acetate 50750); [¢]3* = —13.8 (¢ =1.6 in CHCI,); m.p.
144°C; '"HNMR (250 MHz, CDCl,): 6 =7.34 (5H, m), 4.17 (1H. dd.
J=68,47Hz), 389 (1H, d, J =139 Hz), 3.83 (1 H. d, s =13.9 Hz), 315
(1H. dd, J=13.1. 47 Hz), 3.06 (1H, dd, J=13.1, 6.8 Hz); *C NMR
(62.5 MHz, CDCl,): 6 =139.0, 128.6, 128.1, 127.5, 102.3, 79.3, 53.7, 48.7;
FT-IR (KBr): ¥ = 3407, 1651, 1455, 1422, 1340, 1214, 1135, 1038, 749, 704,
627cm ', HRMS (FAB): Caled: 268.0063 (M +HT); Found: 268.0053.
Anal. Caled for C,H,,Cl,NO: C, 44.69; H. 447 and N, 521 %. Found: C,
44.59; H, 4.41 and N, 4.91 %.

Acknowledgments: K. P. M. V. thanks the Belgian National Fund for Scien-
tific Research and NATO for a scholarship. We are grateful to the National
Institutes of Health (GM 28384) and to the W. M. Keck Foundation for
financial support. We also wish to thank Heinrich Becker for assistance with
the MacroModel calculations and Dr. Pui Tong Ho for helpful discussions.

Received: June 28, 1996 [F 404]

0947-6539/97/0304-0521 $ 17.50 +.50/0 — 521





FULL PAPER

K. B. Sharpless and K. P. M. Vanhessche

[1] H. C. Kolb, M. S. Van Nieuwenhze, K. B. Sharpless, Chem. Rev. 1994, 94,
2483.

[2] a) For a review, see: R. M. Hanson, Chem. Rev. 1991, 94, 437; b) 1. Jurczak,
S. Pikul, T. Baucr, Tetrahedron 1986, 42, 447.

[3] For reviews, see: a) G. Resnati, Tetrahedron 1993, 49, 9385; by 1. T. Weich,
ibid. 1987, 43, 3123.

[4] M. Koden, M. Shiomi, K. Nakagawa, F. Funada, K. Awane. T. Yamazaki,
T. Kitazume, Jpn. J. Appl. Phys. 1991, 30, L1300.

[5] H. C. Kolb, Y. L. Bennani, K. B. Sharpless, Terrahedron Asymmetry 1993, 4,
133.

[6] F. Mohamadi, N. G.J. Richards, W. C. Guida, R. Liskamp, C. Caufield,
G. Chang, T. Hendrickson, W. C. Still, J. Comput. Chem. 1990, 11, 440.

[71 G. A. Crispino, K.-S. Jeong, H. C. Kolb, Z.-M. Wang, D. Xu, K. B. Sharpless,
J. Org. Chem. 1993, 58, 3785.

8] K. Naemura, T. Mizo-oku, K. Kamada, K. Hirose, Y. Tobe, M. Sawada,
Y. Takai, Tetrahedron Asymmetry 1994, 5, 1549,

[9] Dihydroxylation (racemic) of trifluoropropene was reported previously:
a) W. A. Herrmann, S. J. Eder, W. Scherer, Angew. Chem. 1992, 104, 1371;
Angew. Chem. Int. Ed. Engl. 1992, 31, 1345; b} W. A. Herrmann, S. 1. Eder,
Chem. Ber. 1993, 126, 31.

[10] With the recently introduced (DHQD),AQN (AQN = anthraquinone) ligand,
1b and lc are dihydroxylated in 81 and 77 % ee, respectively, see: H. Becker,
K. B. Sharpless, Angew. Chem. 1996, 108, 447; Angew. Chem. Int. Ed. Engl.
1996, 335, 448.

[11] Asymmetric dihydroxylation of trimethylvinylsilane was reported earlier:
a) J. A. Soderquist, A. M. Rane, C. J. Lopez, Tetrahedron Lett. 1993, 34, 1893;
b} A.R. Bassindale, P. G. Taylor, Y. Xu, J Chem. Soc. Perkin Trans. 1 1994,
1061.

[12] H. C. Kolb, P. G. Andersson, K. B. Sharpless, J. Am. Chem. Soc. 1994, 116,
1278.

[13] a) For syntheses of enantiopure methyloxirane, see M. K. Ellis, B. T. Golding,
Org. Synth. 1985, 63, 140; b) 8. J. Kuhn, US Patent 3673 264, 1972 (Chem.
Abstr. 1972, 77, 139786); ¢) M. D. Fryzuk, B. Bosnich, J. 4m. Chem. Soc.
1978, 100, 5491.

[14] P. Huszthy, J. S. Bradshaw, C. Y. Zhu, R. M. Izatt, 8. Lifson, J. Org. Chem.

1991, 56, 3330.

3,3,3-Trifluoro-1,2-propanediol was previously obtained by hydrolysis of (tri-

fluoromethyl)oxirane, see a) E. T. McBee, T. M. Burton, J. Am. Chem. Soc.

1952, 74, 3022. Enantiopure 2b is a key intermediate in the enantioselective

synthesis of trifluorolactic acid, see: b) T. Katagiri, F. Obara, S. Toda, K.

Furuhashi, Syrlers 1994, 507.

[16] 3,3,3-Trichloro-1,2-propanediol has been prepared by hydrolysis of
(trichloromethyl)oxirane, see: K. Itoh, S. Sakai, Y. Ishii, J. Org. Chem. 1967,
32,2210,

[17] rac-4,see: a) ref.[15a];b) 1. L. Kunyants, E. Y. Pervova, V. V. Tyuleneva, Izv.
Akad. Nauk. SSSR Otdel. Khim. Nauk. 1956, 843; c) F. Arndt, B. Eistert, Ber.
1928, 6/, 1121; d) R. M. Groth, J. Org. Chem. 1960, 25, 102.

[18] For preparations of scalemic 4, see: a) K. Furuhashi, K. Takai, M. Shintani,
JP 61 202697, 1985; b) Bio Research Center Co., JP 59 216594, 1983;¢c) T.
Kubota, H. Shirakura, T. Tanaka, J. Fluorine Chem. 1991, 54, 286; d) C. von
dem Bussche-Hiinnefeld, C. Cescato, D. Seebach, Chem. Ber. 1992, 125, 2795,
e) P.V. Ramachandran, B. Gong, H. C. Brown, J Org. Chem. 1995, 60, 41.

[19] The high volatility of low molecular weight epoxides makes working with them
difficult. In addition to reduced volatility, the corresponding cyclic suifates are
more reactive towards most nucleophiles.

[20] For a review on the use of cyclic sulfates as epoxide synthons, see: B. B.
Lohray, Synthesis 1992, 1035.

217 Recently, direct sulfate formation of certain acyclic diols using SO,Cl,/NEt,
was achieved at low temperature (— 90°C): a) R. W. Hoffmann, H. C. Stias-
ny, Tetrahedron Lett. 1995, 36, 4595; b) H. C. Stiasny, Synthesis 1996, 259.
The reaction of dianions of diols with N, N-sulfuryldiimidazole yiclds cyclic
sulfates, although use of strong base (NaH) is required, see: T.J. Tewson,
M. Soderlind, J. Carbohydr. Chem. 1985, 4, 529.

=
)

[22] a) S. I Brandes, J. A. Katzenellenbogen, Mol. Pharmacol. 1988, 32,391 b) Y.
Gao, K. B. Sharpless, J. Am. Chem. Soc. 1988, 110, 7538.

[23] a) T.J. Tewson, J Org. Chem. 1983, 48, 3507; b) M. S. Berridge, M. P,
Franceschini, E. Rosenfeld, T. I Tewson, ibid. 1990, 55, 1211; ¢) P. A. M. van
der Kiein, G. J. P. H. Boons, G. H. Veeneman, G. A. van der Marel. J. H. van
Boom, Tetrahedron Lett. 1989, 30, 5477.

[24] The fact that 2b (63 % ee) is raised to enantiopurity by a single recrystallization
and thatl rac-2b is an oil at room temperature suggests that 2b crystallizes as
a conglomerate. Dihydroxylation of 1b using (DHQ),- PYR afforded ¢nt-2b
in 63% ee, which also crystallized to enantiopurity.

[25) Analytically and enantiomerically pure 3 is obtained by distillation under re-
duced pressure and is an oil at room temperature (cf. rac-3, m.p. 34-35°C).

[26] Preliminary conirol experiments suggest that sulfuryl diimidazole is not an
intermediate in this process. The use of other bases such as NEt, and pyridine
or other solvents (e.g. EtOAc¢) gave inferior results.

[27] For a synthesis of cnantiopure 7, see: K. P. M. Vanhessche, 7Z.-M. Wang, K. B.
Sharpless, Tetrahedron Lett. 1994, 35, 3469,

[28] Again, as for diol 2b, 2¢ (86% ee) is raised to enantiopurity by a single
recrystallization and the difference in melting points between ruc-2¢ (84.6 -
85°C, ref. {16]) and enantiopure 2¢ (110 °C) suggests that this diol also crystal-
lizes as a conglomerate. Dihydroxylation of 1¢ using (DHQ),-PYR, afforded
ent-2¢ in 77% ee (which is also raised Lo enantiopurity by one recrystalliza-
tion).

A related compound, cyclic sulfate 15, was carlier described as an epichloro-

hydrin equivalent (prepared in two steps from 3-chloro-1,2-propanediol):

V. Massonneau, X. Radisson, M. Mulhauser, N. Michel, A. Buforn, B. Botan-

net, New J. Chem. 1992, 16, 107. We found that treatment of 3-chloro-1,2-

propanediol with SO,Cl,/imidazole in CH,Cl, at —20°C afforded 15 in one
step (Scheme 4), albeit in only 40% yield.

(29

o]

./
OH O=g._g

SO.Cly, imidazole /
HO. cl 0\)\/ ct

CH,Clp, — 20 °C, 40 %
15
Scheme 4.

[30] a) W.Reeve, Syathesis 1971, 131;b) 1. P. Benner, G. B. Gill, S. I. Parrott, B. 1.
Wallace, J. Chem. Soc. Perkin 1 1984, 331.

[31) a) A.R.Pinder, Synthesis 1980,425;b) P. N. Rylander, Catalytic Hydrogena-
tion in Organic Syntheses Academic, New York, 1979, p. 235.

[32] N. Mitsuo, T. Kunieda, T. Takizawa, J. Org. Chem. 1973, 38, 2255.

[33] a) Organic Electrochemistry: an Introduction and a Guide (Eds.: H. Lund,
M. M. Baizer), Dekker, New York, 1991; b) T. Shono, Electroorganic Synthe-
sis Academic, London, 1991.

[34] M. Nagao, N. Sato, T. Akashi, T. Yoshida, J. Am. Chem. Soc. 1966, 88, 3447,

[35] C. Weizmann, M. Sulzbacher, E. Bergmann, J. Am. Chem. Soc. 1948, 70,
1153.

[36] a) E.J. Corey, J. O. Link, Tetrahedron Lett. 1992, 33, 3431 b) E. I Corey,
J. O. Link, Y. Shao, ibid. 1992, 33, 3435.

137} 3.3,3-Trichloropropene is prepared by dehydrochlorination of 1.1,1.3-tetra-
chloropropane, see: R. N. Haszeldine, J. Chem. Soc. 1953, 3371.

[38] Smaller quantities (25 g) of 3,3,3-trifluoropropene can also be purchased from
Aldrich (for a synthesis, see: R. N. Haszeldine, J. Chem. Soc. 1952, 2504).

39} With the gaseous AD substrates, an excess of olefin is introduced by continu-
ous bubbling, and the yield is calculated based upon the amount of K;Fe(CN),
used. For large scale reactions, a closed system may be employed.

[140] E. Huff, Biochim. Biophys. Acta 1961, 48, 506.

{41] Reduction of 5a (H,, Pd/C, MeOH) afforded the corresponding amino alco-
hol, [4]3* = — 20.1 (¢ = 1.4 in MeOH) [lit/**) — 19.5 (¢ = 1.3 in McOH)].

522 —m © VCH Verlugsgesellschaft mbH, D-69451 Weinheim, 1997

1947-6539/97/0304-0522 § 17.50+ .50/0 Chem. Eur. J. 1997, 3, No. 4






FULL PAPER

Investigations into the Biosynthesis of Porphyrins and Corrins—
Calculations on 1,3-Allylic Strain and [1,5]-Sigmatropic Rearrangements
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Abstract: The [1,S)-sigmatropic rear-
rangements of hydrogen and other
groups, such as methyl, tert-butyl, allyl,
benzyl, and azafulvenium, in pyrroles
and, to some extent, in furans and thio-
phenes, has been studied by using semiem-
pirical and ab initio methods. These sys-
tems are used as models to explain the
ring D inversion in the biosynthesis of

tive shift of a methy! group in the biosyn-
thesis of vitamin B,,. The difference in
energy between the competing pathways
of hydrogen and methyl shifts is signifi-

Keywords
ab initio calculations * biosynthesis *
porphyrinogens * rearrangements *
semiempirical calculations

cantly lower than for cyclopentadiene.
The rearrangements are usually concert-
ed, except for in strongly resonance-stabi-
lized systems, such as azafulvenium
cations. Furthermore, ab initio calcula-
tions of the 1,3-allylic strain for a range of
substituted pyrroles has been performed,
and the results compared with semiempir-
ical data.

uroporphyrinogen IIT and the stereoselec-

Introduction

The cyclic tetrapyrrole uroporphyrinogen III (3) is the biosyn-
thetic precursor for chlorophylls, bacteriochlorophylls, heme,
siroheme, coenzyme F430, and vitamin B, ,, which are known
as the pigments of life.['] Uroporphyrinogen 111 is formed from
porphobilinogen (PBG, 1) via hydroxymethylbilane (HMB, 2)
by the action of the enzymes hydroxymethylbilane synthase
(HMBS) and uroporphyrinogen [1I synthase (cosynthetase);
HMB (2) was shown to be a non-enzyme-bound intermediate.!?!

Hydroxy-
thylbil
srzlith);s:eane Cosynthetase
P A ——— —_—
7\
N
H N2
1 2

Porphobilinogen (PBG) Hydroxymethylbilane (HMB)

A = -CHz-COOH without
P =-(CHp)2-COOH Cosynthetase

Scheme 1. Biosynthesis of uroporphyrinogen 11

[*1 Prof. Dr. Dr. h. c. L. F. Tietze, Dr. G. Schulz
Institut fiir Organische Chemie der Georg-August-Universitdt Gottingen
TammannstraBe 2, D-37077 Gottingen (Germany)
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3: Uroporphyrinogen [1l
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A remarkable step in the biosynthesis of uroporphyrino-
gen IT1 (3) is the inversion of ring D, which takes place only in
the presence of cosynthetase.l® In the absence of this enzyme
only physiologically inactive uroporphyrinogen I (4) is formed,
which does not isomerize to give 3 even when treated with
cosynthetase.!*"

Several mechanisms for the formation of uroporphyrino-
gen ITI (3) have been proposed in the past; however, none of
these have been verified, and none have been able to explain the
high selectivity of the rearrangement. We recently introduced a
new mechanism for the inversion of ring D
based on semiempirical calculations of
the conformational preference of tetra-
pyrroles and of the transition-state struc-
ture for the cyclization.!®! According to ex-
perimental work™ and our calculations, we
proposed that, through the action of the
enzyme cosynthetase, hydroxymethylbilane
(2) is first stereoselectively transformed into
the chiral uroporphyrinogen I o complex 5
(or its enantiomer) in a kinetically con-
trolled reaction (Scheme 2); in this process
the hydroxyl group in 2 is protonated by an
acid moiety in the enzyme and dehydrated.
Then, in an equilibrium, 5 can give the uro-
porphyrinogen III ¢ complex 7 (or its enan-
tiomer). The might involve several suprafacial [1,5]-sigmatropic
rearrangements or a sterically controlled two-step mechanism,
presumably via the spiro o complex 6, which is, however, much
higher in energy than 5 and 7. The uroporphyrinogen I1l o
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Spiro-c-complex
5 6

Uroporphyrinogen-Il-s-complex

Scheme 2. Proposed mechanism for the formation of uroporphyrinogen [T (3).

complex 7 finally collapses to give uroporphyrinogen 111 (3).
The enzyme cosynthetase prevents the direct abstraction of a
proton from uroporphyrinogen I ¢ complex S to give uropor-
phyrinogen | (4). Its mode of action can be explained in terms
of the fixation of HMB (2) into a cyclic conformation and the
kinetic stabilization of 5, owing to the lack of a base appropri-
ately positioned in the enzyme pocket for the deprotonation
of 5.

Clearly, the activation cnergy for the elimination of a proton
from the uroporphyrinogen 1 o complex § must be higher than
for the rearrangement to give the uroporphyrinogen I1I o com-
plex 7. We further proposed that the elimination of a proton
from 7 is fast compared to that from 5, because the hydrogen in
7 has the opposite steric orientation to that in 5; the anion of the
acid moiety in the enzyme is now favorably oriented to act as a
base and can abstract the hydrogen to give uroporphyrino-
gen 11 (3). In the course of this process the active species of the
enzyme is restored.

In this paper we present calculations on the mechanism of the
rearrangement of the uroporphyrinogen I ¢ complex § to give
the uroporphyrinogen III o complex 7. For the proposed mech-
anism it is important to know whether an alkyl shift in pyrroles
is concerted or stepwise and how electronic and steric factors
influence the reaction. In addition we investigate whether substi-
tuted pyrroles exhibit an allylic 1,3-strain.

Computational Procedure

Ab initio calculations were performed with the program package GAUS-
SIAN 9218 of the Zentralinstitut fiir Angewandte Mathematik (ZAM),
Kernforschungsaniage (KFA) Jiilich. For calculations of 1,3-allylic strain the
geometries were partially optimized as a function of the dihedral angle < H_ -
C,,—C.=C, with the valucs of 0, 60, 90, 100, 110, 120, 170, and 180° by using
the RHF/3-21 G basis set:!” all other variables were optimized by a MP2/6-
31 G*//RHF/3-21 G single-point calculation.®*

The semiempirical results were obtained by an increase in the torsional angle
in steps of 10° between 0 and 180" and partial optimization with the
VAMPU!® or MOPAC 6.0U' ! package for both AM 11# and PM 3(*3 Hamil-
tonians.

For the calculations of transition-state structures the standard split-valence
RHF/3-21 G basis set was used for pre-optimization in conjunction with full
TS optimization of all variables, following the same procedure as described
above. using the RHF/6-31 + G* basis set and single-point calculations at the
MP2/6-31 G*//RHF6-31 G* level; the results of the lower level calculations
are presented in ref. [14]. The authenticity of the transition-state structures
was ensured by vibrational frequency calculations. Semicmpirical transition-
state structures were calculated with the RHF/AM 1 or PM 3 method using
the NS0T A% gsubroutine followed by normal vibration analysis with a
FORCE calculation.
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All energics in this lext arc given in kcalmol ™!, and bond
lengths in A. Unless stated otherwise, the discussion of ab
initio results is based on the geometries obtained with the
RHF/6-31 +G*//RHF/6-31 4 G* basis sct and on the ener-
gies obtained with MP2/6-31 + G*//RHF/6-31 + G* basis
set.

Results and Discussion

Uroporphyrinogen-lil-c-complex

Ab initio studies on the methyl and hydrogen shifts

in heteroarenes: As mentioned in the Introduc-

tion, we propose two possible mechanisms for

the enzymatic transformation of hydroxy-

methylbilane (2) into uroporphyrinogen III (3), involving

suprafacial [1,5]-sigmatropic rearrangements or stepwise steri-

cally controlled migrations of the substituents at C2 and C5. So

far, no calculations have been performed on sigmatropic rear-

rangements of heterocycles such as pyrroles, furans, and thio-

phenes. The only data available on this type of rearrangement is
for cyclopentadienes.!®1

For our calculations we employed 3,4,5-trimethylpyrrole (8),

3.4,5-trimethylfuran (9), and 3.4,5-trimethylthiophene (10) as

3 1 1
N O. S
N\ /2 N\ /2 WA
4 3 4 3 4 3
8 9 10

model systems (for numbering, see ref. [17]). Besides their
specific relevance to the biosynthesis of uroporphyrinogen III
(3), these systems are also of general interest since furans and
thiophenes are often found in porphyrin homologues and por-
phyrinoids.['8! In addition, [1,5]-sigmatropic methyl shifts in
pyrrole systems are proposed to be involved in the biosynthesis
of vitamin B, , (¢.g. precorrin-8 x — hydrogenobyrinic acid) .[*1
Furthermore the resuits of the ab initio calculations are used to
validate semiempirical calculations for the analysis of more
complex systems that may be of synthetic interest.

The calculations (Tables 1a—3a) reveal that the lowest-ener-
gy cationic intermediates of 8—10 are substituted at C 21" (Fig-
ure 1). This can be explained by the number of resonance struc-
tures, which is greatest for the substrate with the cationic center
at C3 and decreases for C2% and again for X 1%,

The stability of the cationic intermediates are highest for the
pyrrole system 8, followed by furan 9 and thiophene 10. This is
in agreement with experimental results.”2% Of the three path-

Y
1 | H
H
Y
Y
Y

Figure {. Possible intermediates and transition-state structures for hydrogen and
methyl (Y = H, CH,) shifts in pyrrole, furan, and thiophene (X = NH. O, S).
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Table 1. Pyrrole system 8.

a) Energies of intermediatces protonated and methylated at the positions indicated

(Figure 1, top).

E, (Y =H)[a]

E (Y = CHy) [a]

N1 19.81 2146
c2 0.00 0.00
C3 5.40 777

b) Energies and geometries for the transition states (Figure 1, bottom) of the [1,5]-
sigmatropic rearrangement of hydrogen and methyl (MP2/6-314+G*//RHF/6-
3+GH).

A= B shift A-H[b] B-H[b] E.[al A-C[b] B-Clb] E.l[al
N1-C2 1250 1327 49.08 2115 2231 60.07
C2-C3 1314 1326 2511 1923 1959 3149
C3-C4 1.300 1300 25.70 2032 2032 3949

[a] Relative energy [kcalmol ™ !] referring to the lowest energy species (substitu-
tion at C2) without inclusion of zero-point energy (ZPE). [b] Bond length
in A

Table 2. Furan system 9.

a) Energies of intermediates protonated and methylated at the positions indicated
(Figure 1, top).

E. (Y =H) (4] E. (Y = CH,) [4]

o1 32.37 3442
C2 0.00 0.00
C3 1271 16.84

b) Energies and geometrics for the transition states (Figure 1, bottom) of the [1,5}-
sigmatropic rearrangement of hydrogen and methyl (MP2/6-314G*//RHF/6-
314+G*).

A B shift A-H[b] B-H[b] E,la] A-C[b] B-C[b] E.l]
01-C2 1483 1351 5705 2204 2435 6746
C2-C3 1328 1316 2712 1909 1.933 3005
C3-C4 1230 1230 3245 2145 2145 49.10

[a] Relative energy [kealmol™!] referring to the Jowest energy species (substitu-
tion at C2) without inclusion of zero-point encrgy (ZPE). [b] Bond length
in

Table 3. Thiophene system 10.

a) Energies of intermediates protonated and methylated at the positions indicated
(Figure 1, top).

Eq (Y = H) [a]

E. (Y =CH,) [a]

S1 26.60 15.40
C2 0.00 0.00
C3 8.72 16.40

b) Energies and geometries for the transition states (Figure 1, bottom) of the [t,5]-
sigmatropic rearrangement of hydrogen and methyl (MP2/6-3t1 + G*//RHF/6-
31+ G*).

A-B shift A-H[b] B-H[b] E.[a] A-C[b] B-C[b] E.l[a]
$1-C2 1476 1469  40.09 - .

C2-C3 1354 1281 24.41 1950  1.914 2826
C3-C4 1301 1301 2592 2095 2095 3775

[a] Relative energy [kcalmol ™!} referring to the lowest energy species (substitu-
tion at C2) without inclusion of zero-point energy (ZPE). [b] Bond length
in
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ways for rearrangement of these heteroaromatic systems-—shift
from C2 to X1, C2to C3, and C3 to C4—the rearrangement
from C2to C3is the lowest in energy followed by the rearrange-
ments from C3 to C4 and then from C2 to X 1; the latter is
much higher in energy and can therefore be neglected (Figure 1,
Table 1 b—3b). The energy differences between the pathways
are lowest for the pyrrole 8, followed by thiophene 10 and
furan 9.

Interestingly, the geometries of the TS for the rearrangements
from C2 to C3 are quite similar for 8—10. For the other hydro-
gen and methyl shifts in 8-10 the TS geometries differ signifi-
cantly. For example, the C—H bond in the TS for the H shift
from C3 to C4 in the furan system 9 is calculated to be shorter
than that in the corresponding the pyrrole system 8. In contrast,
the calculated C-CH, bond in the methyl shift from C3 to C4
is longer for 9 than for 8. The TS geometry of the thiophene
system 10 is similar to that of the pyrrole 8.

The difference in energy is usually more pronounced for the
methyl shift than for the hydrogen shift. However, the situation
differs from system to system. Compared to the pyrrole system,
the hydrogen shift from C2 to C3 in furan is higher in energy,
whereas the methyl shift from C2 to C3 is lower in energy. The
methyl shift from C3 to C4 in furan is significantly higher in
energy than for the pyrrole system. This may be explained by the
different energies of the molecular orbitals involved (C3-C4
shift/AM 1: pyrrole: —9.45¢eV; furan: —10.64 eV; thiophene:
—9.55eV. C2-C3 shift/AM1: pyrrole: —8.66¢V; furan:
—9.32¢eV; thiophene: —9.22¢V). For the pyrrole system
the lowest energy methyl shift is calculated to be only
6.38 kcalmol™' higher in energy than the lowest hydrogen
shift; the difference found for the furan system is less than
3 kealmol 1. This strongly differs from the rearrangement of
the cyclopentadiene systems, where the methyl shift is estimated
to be 32 kcalmol ~! higher in energy than the hydrogen shift.[8!

It should be noted that the ab initio calculations are highly
dependent on the basis set; with a few exceptions, the energies
of activation estimated with the 6-31+ G* basis set are higher
than those calculated by using 3-21 G.[2H

Semiempirical calculations on the hydrogen and methyl shifts in
the pyrrole system: The energies and geometries obtained for the
hydrogen and methy] shifts in the pyrrole system by ab initio
calculations will now be compared with semiempirical data.
AM1 estimates the bonds to be too long for the methyl shift,
whereas PM 3 gives nearly identical geometries to the ab initio
method (RHF/6-31 + G* optimized geometry). For the hydro-
gen shift both AM1 and PM 3 overestimate the bond lengths
relative to the ab initio results (Tables 1 and 4). In addition PM 3

Table 4. Semiempirical calculations of the energies (kcalmol ™ 1) and geometries (A)
for the transition states of the [1,5]-sigmatropic rearrangement of hydrogen and
methyl in the pyrrole system 8.

A—B shift A-H B-H E. A-C B-C E,

AM1 N1-C2 1.34 1.42 55.09 2.15 2.28 72.93
C2-C3 141 143 3342 210 212 4583
C3-C4 141 141 3364 214 214 4973

PM 3 N1-C2 142 148  53.02 195 203  65.00
C2-C3 144 145 3146 200 202 4503
C3-C4 144 144  30.06 203 203 4633
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estimates the hydrogen migration from C3 to C4 to be energet-
ically more favorable than that from C2 to C3, in disagreement
with the ab initio calculations; therefore, PM 3 should not be
used for a theoretical description of [1,5]-sigmatropic rearrange-
ments in pyrroles.

Both semiempirical methods estimate the substrate protonat-
ed at C 3 to be lowest in energy,!*#! again disagreeing with the ab
initio method. The energies of activation are more or less correct
for both methods; however, they are better reproduced by
AM 1. Although PM 3 describes the geometrical aspects better
than AM 1, AM1 is in better agreement with the relative ener-
gies of the ab initio results, and we therefore chose the latter for
the semiempirical studies.

The MO coefficients (Figure 2) favor an electrophilic attack
at C2 and C5; however, C2!7) is sterically less hindered. The

HOMO:

-8.24 eV -8.85 eV 8

Figure 2. Electronic structure of the pyrrole 8.

shift from C2 to C 3 is directed by the HOMO; the shift from C3
to C4 is controlled by an MO that is approximately 0.6 eV more
negative in energy, and thus proceeds with a significantly higher
energy of activation. In this AM 1/RHF study no TS is found
for an electrophilic attack of a cation E* at 8, but the TS ge-
ometries are identical with those of the [1,5]-sigmatropic rear-
rangement. This three-center TS therefore provides the best pos-
sible stabilization for the charge of the cation. The TS for the
sigmatropic [1,5]-methyl shift in 8 exhibits slightly longer bond
lengths than pyrrole; this can be traced back to steric interac-
tions with the substituents. In this way it can be explained why
the intermediate substituted at C2 (analogous to uroporphyri-
nogenl or IIl o complexes 5 or 7) is lower in energy by
8.6kcalmol™! than the intermediate methylated at C5
(analogous to the spiro ¢ complex 6), in agreement with previ-
ous results.l> As already mentioned the sigmatropic hydrogen
transfer is 6.38 kcalmol ! lower in energy than the lowest-ener-
gy path of the [1,5]-methyl shift. However, this lower energy of
activation does not conflict with our model, since the hydrogen
shift occurs suprafacially with retention of configuration and
the products are kinetically stabilized owing to the lack of an
appropriately oriented base in the enzyme pocket to abstract a
hydrogen. On the other hand, in the biosynthesis of uropor-
phyrinogen III (3) it is a highly resonance-stabilized pyrryl-
methyl group that migrates. We therefore decided to investigate
the shift of allyl, rert-butyl, benzyl, and azafulvenium cations in
pyrrole; in addition the rearrangements of these groups in the
sterically crowded pyrrole 11 was compared with the migrations
in the cyclopentadienes 12a—d and 13a—d, in order to deter-
mine the relative importance of steric interactions and reso-
nance stabilization (Table 5).

The calculations reveal that the activation energy for the shift
of the allyl, tert-butyl, and benzyl group is lower than the
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(I‘,Ha R R CHa
1
HaC- 5NN __CHs HaC CHs
HaC 43 CHz non-charged HaC CHs
non-charged
1 12 13 H
® |
®_ @ HC~ NN, CHs
R= @ Y W
HsC ChHs
a b [ d

Table 5. Semiempirical structural and energetics data for the transition states of the
{1.5]-sigmatropic rearrangements of different groups (a—d) in pyrrole. in the methyl-
ated pyrrole 11, and in the neutral cyclopentadienes 12 and 13 (AM 1/RHF).

Group System A-B AHF A-C* B-C*
shift [kealmol~ '} [A] [A]
allyl pyrrole 1-2 51.58 2.45 311
23 36.88 227 2.28
3-4 38.93 232 2.33
11 1-2 71.73 244 3.09
2-3 57.20 2.28 2.29
3-4 59.91 2.33 2.34
12a 57.16 212 212
13a 55.11 2.16 218
fert-butyl pyrrole 1-2
2-3 38.61 2.43 2.50
3-4 34.96 3.40 3.43
11 -2
23
3-4
12b 56.34 2.20 221
13b 52.02 227 2.28
benzyl pyrrole 1-2 50.84 242 242
2-3 36.58 2.32 2.36
3-4 37.62 242 242
11 1-2
2-3 52.95 2.34 2.38
3-4 54.84 2.45 2.45
12¢ 56.81 212 2.12
13¢ 54.15 2.17 2.20
azafulvenium  12d 55.34 2.15 2.14
13d 53.83 2.18 223

ground-state energy found for the corresponding cations. In
order to allow comparison of the data within this paper, the
AH™ values given in the Tables refer to the positively charged
pyrroles alkylated at C2. As expected for the sterically crowded
pyrrole 11, the energy of activation is significantly higher than
for the parent system, that is, pyrrole itself; this result must be
due to steric interaction. However, the bonds are only slightly
lengthened in the TS of 11; in some cases, such as for the azaful-
venium cation, a TS could not be located. Since the latter is the
model for the hydroxymethylbilane system, this particular reac-
tion is examined in detail below. For the analogous migrations
in cyclopentadienes a TS was located in all cases, of higher
energy for the migration in the pyrrole. Interestingly, the energy
of activation for the crowded cyclopentadienes 13a—d is about
2 kcalmol ' lower than for 12a—d, and the bond lengths are
significantly lengthened. Thus, for the rearrangement in the cy-
clopentadienes charge stabilization and steric interactions are
not determining in the TS, but rather charge separation.

In contrast, in the pyrrole systems there is a strong depen-
dence on the stabilization of charge and on steric interactions.
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Figure 3. [44+3]-Sigmatropic rear-
rangement of the allyl cation at pyrrole

as the lowest energy pathway (AM 1/
RHF).

Thus, the shift of the tert-
butyl group has the highest
energy of activation, allyl
and benzyl rearrangements
are similar in energy, and the
shift of the azafulvenium
group follows a different
mechanism (see below). In-
terestingly, a new type of
[4 + 3]-sigmatropic rear-
rangement was found for
the shift of the allyl cation at

pyrrole (Figure 3). This TS,

containing a plane of sym-
metry and with C—C bond lengths of 2.32 A, is on the lowest
energy pathway in this system (AH * = 34.30 kcalmol ™ '). This
pathway is favored owing to reduced steric interactions and
charge distribution over seven atoms in the TS. Thus, the mech-
anism of the rearrangement at pyrroles and cyclopentadienes
are quite different.

Hypersurfaces for the rearrangement of benzyl or azafulvenium
cations in heteroarenes: In order to determine the details of the
mechanism of rearrangement of benzyl and azafulvenium ions
in the heteroarenes, the hypersurfaces for the reaction of these
cations at C3 and C2 of the trimethylated pyrrole 8, furan 9,
and thiophene 10 were determined by using AM1/RHF
(Table 6).

Table 6. Semiempirical structural and energetics data for the transition state of
[1,5}-sigmatropic rearrangement of the benzyl cation from C2 to C3 (a) and
electrophilic attack of the azafulvenium ion at C2, C3, and C5 (b) in 8-10
(AM 1/RHF).

a) Benzyl.
AH* [kealmol ™) C* C21A] C*-C3[A]

8 30.05 2.56 2.35
9 38.27 2.35 2.29
10 39.55 2.48 2.11
b) Azafulvenium ion.

Cx AH* [kealmol '] C*-C2[A) C*-Cx[A]
8 C2 17.19 2.02

C3 2218 2.03

Cs 21.10 211
9 C2 27.72 217

C3 31.41 2.05
10 Cc2 21.29 2.08

C3 31.41 1.93

These compounds exhibit the same substitution pattern as
hydroxymethylbilane (2). The distances of the benzyl and of the
azafulvenium cation to C2 and C 3, respectively, were varied in
steps of 0.1 A.

The hypersurfaces for all systems are nearly identical. Thus,
the three systems 8—10 exhibit similar reactions, as was already
deduced from the results of the ab initio calculations. The point
of lowest energy is always the intermediate with the migrating
group at C2, which is the analogue for uroporphyrinogen I o
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complex 5. However, there is an important difference between
the hypersurtfaces of the benzyl and the azafulvenium shift. For
the benzyl system the energy of the isolated species is not a
minimum, but increases with elongation of the C—-C bonds;
thus, the reaction should follow a concerted {1,5]-sigmatropic
rearrangement, because a hypothetical intermediate consisting
of separated species is higher in energy. In contrast, in the rear-
rangement of the azafulvenium ion the energy for the isolated
species is a minimum; it follows that a two-step mechanism is
operating with the electrophilic attacks at C2 and at C3 each
having one TS. Moreover, it has to be assumed that the isolated
cationic intermediates are further stabilized by entropic factors
and solvation, owing to their higher charge density compared
with the TS. Thus, considering the Gibbs enthalpy and the con-
tribution of solvation, the rearrangement of azafulvenium ions
is expected to follow a two-step mechanism and that of the
benzyl cation is on the borderline between concerted and two-
step mechanism.

1,3-Allylic strain in pyrroles: 1,3-Allylic strain'??! undoubtedly
plays an important role in the control of conformation. In this
manner we have explained the difference in the acid-catalyzed
reaction of unsubstituted and substituted hydroxymethyl-
pyrroles 14a and 14b; ™ thus, 14b gives 80 % of the correspond-

14

14 R RZ R3 R4 RS
14a H H OH H H
14b CH3 CHsz OH H H
14c  H H CHsy H H
14d H H CHs CH; H
14e H CHz CHz H H
14 H CHy CH3 CHy H
149 H H CHay CHz CHa

ing cyclic tetrapyrrole, whereas 14a leads to a polymer. The
AM 1 calculations are in good agreement with this experiment
(Scheme 3). However, to verify our assumption at a higher level
we used ab initio methods.

The barriers of rotation for 14¢—g obtained by ab initio cal-
culation agree quite well with the results of the AM 1/RHF and
PM 3/RHF calculations.

The pyrroles that are ROR R0 R

expected to exhibit 1,3- J \ H /B |
allylic strain (14e—g) N 3 N Y(PY)s
H o H(Pys H o w

preferentially adopt a
conformation in which 180° - conformation
the hydrogen of the 1 l

0° - conformation

substituent at C2 is syn-
periplanar to the sub-
stituent at C3 (Table 8).
As expected, the sys-
tems 14¢ and 14d show
a ‘“‘normal” rotation
curve (Table 7)."®! The

R =CH3z R=H

Cyclization Polymerization

Scheme 3. Ditferent modes of reaction for
substituted and unsubstituted tetrapyrroles
influenced by 1.3-allylic strain (Py =methy-
lenepyrrole).
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Table 7. Energies of rotation for 14¢ and 14d [kecalmol " '}. 4.0 7
Ist min 1st max [a] 2nd min [b]  2nd max [c] 35 E
l4c  MP2/6-31G*/3-21G 0.00 1.43 —0.05 0.52 30 ]
MP2/6-31 G*/{3-21 G [d] 0.49 0.27 ] ]
AM1 0.00 0.11 (707) 0.02 0.68 g 1
AMI [d] 0.74 0.70 (— 1107 ~*° 7
PM3 0.00 0.69 —0.06 (1307) 0.19 E 1
PM3[d] —0.05(—20")  0.67 (—120%) - 2207
d MPZ2/6-31G*/3-21G 0.00 1.47 (50 0.17 0.34 > E
AM 1 0.00 1.13 (90%) 0.78 1.07 (1507 g‘-ﬁ g
PM3 0.00 1.42 (90%) 0.28 (180 - ch ki
1.0
[a] At 60" unless otherwise stated. {b] At 1207 unless otherwise stated. [c] At 180 unless otherwise }
stated. {d] Negative dihedral angles (see text). 05
, ) ] . o,o'.....,.y...,.lwu,.v.,..‘.
Table 8. Energies of rotation for 14e-g [kcalmol™']. -180 -12 -60 1 180
1st min max [a} 2nd min [b] Dihedral
Figure 4. 1,3-Allylic strain - rotational barriers in 14e: o: RHF/3-21 G x : RHF;
14e MP2/6-31 G*/{3-21G 0.00 1.04 —0.07 (120 6-31 G*//RHY¥/3-21G; +: MP2/6-31 G*//RHF/3-21 G.
MP2/6-31 G*/{3-21 G [c] 249
AM1 —0.03 (207) 0.03 (70 —0.04 (1007)
AM1 [ 217 . ! o ) )
PM3 0.00 0.46 — 0.5 energy barrier at —60° and a minimum at —120°. In this case
PM3 (¢} —0.57 (= 060) 217 AM 1 overestimates this second minimum (0.69 kcalmol ™ ') rel-
141 MP2/6-31 G¥//3-21G 0.00 2.86 (100") 0.92 (170°) ative to the ab initio results (MP2/6-31 G*//RHF/3-21G:
AM1 0.00 2.54 (1107) 1.69 (1707) , -1 DR ~
PM3 000 3301109 —0.29 0.27 kcal mol ) Thus, an even lower se]e(?tmty is to be expect
) ed for the reaction of 14¢ than was predicted from the AM 1
14¢g MP2/6-31 G*//3-21 G 0.00 5.54 (110%) 1.37 141
AM1 0.00 2.55(110% 016 results.
PM3 0.00 392120 —0.81

[a} At 90% unless otherwise stated. [b] At 180° unless otherwise stated. [¢] Negative
dihedral angles (see text).

AM 1/RHF calculations are in significantly better agreement
with the ab initio resuits than PM 3/RHF calculations (the op-
posite is true for aliphatic systems!?3!). Thus, it is preferable to
use the AM 1 method rather than PM 3 to reproduce 1,3-allylic
strain in pyrroles. The barrier to rotation is higher for the N-
methylated 14 g than for C 3-methylated 14f. This can be traced
back to the fact that the aromatic C2—N bond in these com-
pounds is shorter than the C2-C 3 bond, and the steric interac-
tion 18 therefore greater in 14g. This result also supports the
assumption that 1,3-allylic strain is based on steric interaction
and has no electronic origin.!*3!

The rotation curve of 14 e is shown in Figure 4. The barrier in
the left-hand section (negative dihedral angles) is a result of
interactions of the rotating ethyl group with the substituent at
C3 (i.e., 1,3-allylic strain). However, there is no stable confor-
mation at — 180° because the curve descends to a second mini-
mum at + 120", The second barrier at + 60° is due to interac-
tions with the substituent at the nitrogen atom. Thus, the
minima at 0 and 120° are enantiomeric conformations with the
same encrgy ;[2* 14 e therefore exists in one principal conforma-
tion. The energy barrier at —120° estimated by AM 1/RHF
(2.2 kcalmol™") is in very good agreement with the ab initio
results (MP2/6-31G*//RHF/3-21G: 2.49 kcalmol ™!). How-
ever, AM1 significantly underestimates the second barrier at
+60° (0.06 kcalmol ! vs. 1.04 kcalmol ™! for MP2/6-31 G*//
RHF/3-21 G). For the non-methylated species 14¢ the right-
hand section is identical to that of 14e in Figure 4, because
interactions are similar in this region. However, the negative
dihedral region exhibits a normal rotation curve with a low
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Conclusion

The [1,5]-sigmatropic rearrangement in pyrrole, furan, thio-
phene, and cyclopentadiene systems was studied by semiempiri-
cal and ab initio methods in order to clarify similarities and
differences in the mechanism. The results of AM 1/RHF were
shown to agree well with the ab initio findings for [1,5]-sigma-
tropic methyl shifts as well as for the description of 1,3-allylic
strain in pyrroles. We found that the reaction pathways for
hydrogen and methyl shifts differ by only 6.38 kcalmol™! for
pyrrole  (MP2/6-31+G*//RHF/6-31+G*) and less than
3 kcalmol ! for furan. Thus, in contrast to the situation in
cyclopentadiene systems, methyl shifts compete successfully
with hydrogen shifts. The energy of activation for the alkyl shift
in heteroarenes is considerably reduced by charge stabilization.
This is the case for the rearrangement of azafulvenium ions,
which was shown to follow a two-step mechanism by analysis of
the hypersurface. In contrast, the rearrangement of, for ex-
ample, methyl or ally! cations is concerted. The [1,5]-sigmatrop-
ic alkyl shifts in heteroarenes such as pyrroles are also very
sensitive to steric interactions; as an example, the [1,5]-shift of
a rert-butyl group proceeds with a very high energy of activa-
tion. In contrast, the analogous migrations in cyclopentadienes
have very similar activation energies.

The calculations yielded the following results for the bio-
synthesis of uroporphyrinogen III (3) from hydroxymethyl-
bilane (2):

1) The kinetically controlled electrophilic attack of the hydroxy-
methyl group of ring A in hydroxymethylbilane (2) occurs at
C19 in ring D to give the uroporphyrinogen I ¢ complex 5
and not at C16 to give the spiro compound 6. This is consis-

(1947-6539197/0304-0528 § 17.50 + 500

Chem. Eur. J. 1997, 3, No. 4





Biosynthesis of Porphyrins

523-529

tent with the calculated difference in the activation energies
for clectrophilic substitution at C2 and C5 in 8 of
3.91 kcalmol ! in favor of attack at C2.117

2) The migration of the azafulvenium moiety in the uropor-
phyrinogen I ¢ complex 5 to give the uroporphyrinogen 111
o complex 7 is thought to follow a sterically controlled two-
step mechanism (cleavage and recombination) via the spiro
o complex 6 and not several suprafacial [1,5]-sigmatropic
rearrangements. This is in agreement with the observation
that ring D in hydroxymethylbilane is sterically fixed in the
enzyme.

3) The cationic intermediates with an sp*-hybridized carbon at
C2 or C5 (e.g., 5, 6, and 7) are more stable than other
possible isomers.

4) According to calculations on 8, the migration of the azaful-
venium moiety in the uroporphyrinogen I o complex (5)
should be lower in energy than the migration of an alkyl
group and compete well with the migration of hydrogen.
Thus, the formation of uroporphyrinogen III (3) from hy-
droxymethylbilane (2) by a migration of the acetic and pro-
pionic acid side chains in ring D can be excluded.

All the findings are in complete agreement with our proposed
mechanism and the results of the biosynthetic investigations for
the selective formation of uroporphyrinogen III (3) from hy-
droxymethylbilane (2). Thus, in the first step the uroporphyri-
nogen I ¢ complex 5 (or its enantiomer) is formed, which is
kinetically stabilized, owing to the lack of a base in the enzyme
pocket suitably oriented to abstract a proton to give uropor-
phyrinogen I (4). A rearrangement can therefore take place to
give the spiro o complex 6; in the absence of the enzyme 6 would
not be formed, since it is of much higher energy than 5, accord-
ing to calculations.[! An equilibrium is established between 6, 5,
and the uroporphyrinogen [I{ & complex 7. The latter is then
selectively and irreversibly transformed into uroporphyrino-
gen 111 (3) by abstraction of a proton, presumably through the
anion of the acid that is responsible for the elimination of water
from hydroxymethylbilane (2) to give the azafulvenium ion at
the beginning of the biosynthetic cascade. After a long-standing
discussion, the proposed mechanism allows, for the first time, an
unambiguous explanation for the selective formation of uropor-
phyrinogen III (3) from hydroxymethylbilane (2) through the
action of cosynthetase.

The calculations on the shift of methyl cations in the pyrrole
system clearly show that this follows a suprafacial [1,5]-sigma-
tropic rearrangement. This nicely explains the high stereoselec-
tivity of one of the steps in the biosynthesis of vitamin B,,,
namely, the migration of a methyl group from C11 in pre-
corrin_8x to C12 in hydrogenobyrinic acid. This is one of the
few examples of a pericyclic reaction in a biosynthetic pathway.
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Electronic Structure and Linear and Nonlinear Optical Properties
of Symmetrical and Unsymmetrical Squaraine Dyes

Fabienne Meyers, Chin-Ti Chen, Seth R. Marder, and Jean-Luc Brédas™

Abstract: In this theoretical study, we in-
vestigate the molecular and electronic
structures of symmetrical and unsymmet-
rical squaraine dyes. Such dyes can be rep-
resented by the formula D—A-D, where
D is a donor group and A an acceptor
moiety. We analyze the evolution in geo-
metric structure that results from chang-
ing both donor substituents simulta-
neously or from varying only one donor
group to produce an asymmetrical sys-

to be consistent. The trends in linear and
nonlinear optical properties, and in par-
ticular in second-order polarizabilities,
are investigated in several ways. The two-
statc model appears to be inadequate in
describing the second-order polarizabili-

Keywords
nonlinear optics * quadrupolar com-
pounds * quantum-chemical calcula-
tions - semiempirical calculations

ty, . Consequently, we are unable to de-
duce simple structure/property relation-
ships that might help in the design of
quadrupolar compounds for nonlinear
optics. Finally, a series of unsymmetrical
squaraines with OH substitution and
enol-ketone isomerism are investigated;
the calculated nonlinear properties follow
a similar trend to the experimental results:
the OH substitution and isomerization
contribute to increasing the ground-state

tem. The changes in geometric and elec- squaraines

tronic structures are compared and found

Introduction

The basic structure of the squarylium dye can be described as a
1,3-dioxygenated cyclobutene ring that is substituted at the 2
and 4 positions by electron-rich aromatic groups (Figure 1).
Squaraine-type  mole-

0" cules are well known for

their narrow and intense
absorption bands in so-
lution with molar extinc-
tion coefficients on the
order of 10°m !'cm™!
and /,,,, values in the vis-
ible to near-IR region,
depending on the nature
of the donor substituents

Figure 1. Squaraine-type molecule. X and
Y are donor groups, such NMe, or OMe,
or simply H. 1n this paper the general nota-
tion used for the molecule shown is X/Y;
squaraines are referred to as symmetrical
when X and Y are identical and unsymmet-
rical when X and Y are different.

{*] J-L. Brédas, F. Meyers
Center for Research on Molecular Electronics and Photonics
Université de Mons-Hainaut, Place du Parc 20, B-7000 Mons (Belgium)
Fax: Int. code +(65)37-3366
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The Beckman Institute, California Institute of Technology
Pasadena, CA 91125 (USA)
C.-T. Chen
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polarization.

on the aromatic rings.I! ~# Such large molar extinction coefTi-
cicnts suggest that there is extensive charge delocalization along
the squaraine backbone D-A-D (where D i1s a donor and A a
7 electron acceptor). This system is quadrupolar in terms of its
charge distribution. In an earlier theoretical paper, it was shown
that the electronic distribution of the NMe,/NMe, squaraine
(see Figure 1 for definition of this notation) is highly polarized,
as expected (or the general formula D— A—D (here, D = anilino
moietics and A = central C,0, unit).’®? Furthermore, the
charge transfer during the electronic transition between the
ground state (S0) and the first excited state (S1), S1<S0, is
found to be mostly confined within the C,O, unit, with little
charge being transferred from the anilino moieties to the C,0,
unit. Owing to significant intermolecular interactions, the
squaraines exhibit a panchromatic absorption in the solid state
(compared 1o that in solution, the absorption is broader and
red-shifted). These dyes have been mostly studied in the context
of organic semiconductors and photoconductors, with a view to
applications in xerographic photoreceptors (e.g., as infra-red
photoreceptors in diode laser printers), organic solar cells, or
optical recording media.r!

In recent years, a renewed interest in squaraine-type mole-
cules has arisen in the field of organics for nonlinear optics
(NLO). Symmetric squaraines (i.e., X =Y in Figure 1) have
been identified as prototypical structures displaying negative
and unusually large third-order polarizabilities 3. The origin
of the negative sign of y has been investigated by means of the
so-called three-term model expression.’® " *#! Contrary to some
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of the early proposals, the first excited state is not the only one
that contributes to the third-order response, but its negative
contribution to y appears to be more important than the signif-
icant positive contributions from higher-lying two-photon excit-
ed states (i.e., states that possess the same symmetry as the
ground state).

Symmetrical squaraines are, a priori, of no interest in terms of
a second-order response, since these molecules are centrosym-
metric, a feature that leads to vanishing even-order polarizabil-
ities. However, a large second-harmonic generation (SHG) sig-
nal has recently been detected from an ultra-thin Langmuir—
Blodgett film made of symmetrical squaraine species;!*3 41 the
appearance of a second-order response has been attributed to a
significant intermolecular charge transfer resulting in the forma-
tion of a noncentrosymmetric supramolecular unit (such as a
dipolar dimer or higher aggregate).

Unsymmetrical squaraines (i.e., containing two different
donor groups) are currently being investigated as a novel class
of compound with interesting second-order NLO proper-
ties.!l!7 '8 Depending on the nature of the donor groups, the
second-order polarizability can be tuned between positive and
negative. In particular, EFISH (electric field induced second
harmonic) measurements on systems with more extended
conjugation (formed by replacing one benzene ring by a stilbene
unit) indicate a uf value that is roughly eight times larger than
that of 4-N,N-dimethylamino-4'-nitrostilbene (DANS), a tradi-
tional (dipolar) D—A compound for second-order applica-
tions.!*#

At the present time, the relationship between structure and
nonlinear optical properties is not well defined for quadrupolar
D-A-D compounds. In contrast, structure/property relation-
ships have been proposed for the more traditional D —»A com-
pounds, which have proved to be useful tools to guide the design
of organic chromophores with optimized second- and third-
order optical nonlinearities.!!®~ 22! Based on quantum-chemical
studies and backed by numerous experimental data, these rela-
tionships for the first-, second-, and third-order polarizabilities
can be summarized in the form of Figure 2. The molecular struc-
ture (represented by the x axis of Figure 2) is directly related to
the ground-state polarization (which itself depends on the de-
gree of charge separation between donor and acceptor). In a
polymethine-type dye, the relevant structural parameter is the
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Figure 2. Qualitative evolution of the first- (2), second- (f), and third-order polar-
izabilities (y) as a function of the ground-state polarization, measured in terms of
bond-length alternation (BLA) for a generic push (donor, D)/pull (acceptor, A)
polyene.?!1
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degree of bond-length alternation (BLA, defined as the
average difference in bond length of adjacent carbon~carbon
bonds along the polyene segment). In our previous calcula-
tions, the changes in ground-state polarization were simply
modeled by applying an external static electric field to the
molecule;*" in practice, the ground-state polarization can be
tuned by 1) controlling the donor and the acceptor strength,
2) changing the topology of the conjugated segment between
the donor and acceptor end groups, and 3) varying the
solvent polarity.??) The NLO properties were then evalu-
ated for the whole range of possible BLA values, and relation-
ships between BLA and the molecular polarizabilities were pro-
posed.

The structure/property relationships reported in Figure 2,
even though deduced for dipolar compounds, inspired our study
of unsymmetrical squaraines for second-order properties. A
standard approach for optimizing § in push—pull polyenes is to
increase the strength of the donor and acceptor substituents;
this corresponds to moving along the left-hand section of the f
curve in Figure 2, starting at the polyene limit and decreasing
the (positive) BLA value, thereby increasing . In unsymmetri-
cal squaraines the approach was different; rather than starting
near the polyene limit (and decreasing the magnitude of BLA by
searching for stronger donor or/and acceptor groups), we start-
ed from a highly polarizable cyanine-like structure, that is, a
structure that results from an equal mixture of the neutral and
charge-transfer resonance forms and possesses zero BLA (and
vanishing ). In fact, a symmetrical squaraine can be represent-
ed by a mixture of the equivalent resonance forms shown in
Figure 3, which translate into the highly symmetrical so-called
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Figure 3. Canonical resonance structures for a cyanine compound (top) and a
squaraine (botlom).

cyclobutenediylium form (as represented in Figure 1). This
form is thus comparable to a cyanine-like structure. When two
different donor groups are introduced, the system becomes
asymmetric, and the degree of ground-state polarization departs
from the cyanine limit; consequently, non-zero {positive or neg-
ative) f§ values should be expected and have indeed been ob-
served experimentally.[!7- 18]

In the present work, we aim to test whether our previous
analysis of the structure/NLO property relationships for dipolar
systems can be extended to molecules that display a two-direc-
tional D—A-D charge-transfer (quadrupolar) character. We
have undertaken a theoretical study of the geometric structures,
electronic properties, and first- and second-order polarizabili-
ties for a series of symmetrical (NMe,/NMe,, OMe/OMe, H/H)
and related unsymmetrical squaraines (NMe,/OMe, NMe,/H,
OMe/H}. Squaraines with hydroxy substituents on a phenylene
ring are also considered.
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Methodology

The geometries of all molecules investigated in the present study are opti-
mized at the semiempirical Hartree-Fock AM1 level.?® This method is
known to afford accurate geometry estimates for organic molecules. Since no
environmental effects are included in the determination of the molecular
structures, the (hyper)polarizabilities calculated for these structures cannot
strictly be compared to the experimental values. However, in this study, our
main goal is to contrast the behavior of quadrupolar molecules (in this case,
squaraine dyes) with that of the more traditional dipolar compounds.

The transition energies, state dipole moments, and transition dipole moments
were calculated with the INDO Hamiltonian coupled to configuration inter-
action (Cl1).124 Here, the CI consisted of single (S) excitations between all n
molecular orbitals (SCI calculation). Finally, the calculation of the molecular
polarizabilities was based on the sum-over-statcs (SOS) approach, that is, on
the perturbation expansion of the Stark energy of the molecule.'?*! Within the
SOS approach, the expressions of the static first- and second-order polariz-
abilities are given by Equations (1) and (2}, where Ap is the difference be-

2
ru 3 o M
et Ly,
2
HgeApt Hge How ey
Bor ¥ 5+ % e @)
ety Ege eFg e tgte Egk,bg(,,

tween the dipole moments in the excited state (¢) and the ground state (g). E,,
the transition energy between ¢ and g, and y,, the corresponding transition
dipole moment. The state ¢’ refers to higher excited states. The first term in
expression (2) corresponds to the so-called two-state model, which only in-
cludes the contribution of the ground state and the main charge-transfer
excited state (generally the lowest one).[2¢- 27

Results and Discussion

Ground-State Structures—Geometry and Charge Distributions:
The molecular structures of all symmetrical and unsymmetrical
squaraines were fully optimized at the AM 1 level. In every case,
a planar structure is observed to be the most stable conforma-
tion. Some typical bond lengths are reported in Table 1 and
compared to the geometry of corresponding D—A compounds
previously studied. The parameter that best expresses the influ-
ence of the donor end group is found to be the degree of bond-
length alternation within the phenylene ring, Ar; here Ar is de-
fined as the avcrage sum of the absolute value of the
bond-length differences between the bond involving ortho car-
bons and the adjacent two bonds (see Table 1). In a purely
aromatic system, Ar is zero (for example, in benzene all the

Table 1. AM 1-optimized bond lengths (in A) of symmetrical squaraines H/H,
OMe/OMe, and NMe,/NMe,, and of D-benzene-A compounds, para-nitroaniline
(PNA; D= NH,, A=NO,) and diaminodicyano-para-quinodimethene (PQ;
D = (NH,),C, A = C(CN),). The bond-length alternation (Ar) is given by
12016 — ¢l +|d—c¢l].

X=H 1101 1.397  1.390 1.412  1.409 1476 1228 0.014
X = OMe 1374 1404 1383 1415 1405 1475 1229 0.026
X =NMe, 1384 1425 1381 1413 1402 1475 1231 0.038

PNA 1,370 1.423  1.383 1407 1.477 0.032
PQ 1422 1435 1359 1443 1377 0.080
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carbon—carbon bond lengths are calculated to be 1.395 A at the
AM1 level); it gradually increases with increasing quinoidal
character. In Table1, the structures of the symmetrical
squaraines H/H, OMe/OMe, and NMe,/NMe, are compared to
those of para-nitroaniline (PNA), characterized by a dominant
aromatic character, and diaminodicyano-para-quinodimethene
(PQ). characterized by a quinoidal character. From these ge-
ometries it can be seen that the phenylene ring in the squaraines
has a predominant aromatic character, which evolves, as expect-
ed, towards a more quinoidal structure with increasing donor
strength of the end group X. The geometric changes inside and
adjacent to the squaraine ring upon substitution are small; the
maximum change is in the bond length e (0.007 A, from 1.409 A
in H/H to 1.402 A in NMe,/NMe,; Table 1).

In Figure 4 the Ar results for the unsymmetrical squaraines
are summarized and compared to those for their parent com-
pounds (i.e., the related symmetrical squaraines); for example,
in the case of NMe,/H, the Ar values for the phenylene rings
attached to NMe, and H are compared to those of NMe,/NMe,
and H/H, respectively. It can be seen from Figure 4 that the

Y NMey/NMe,  OMe/OMe HH
NMey/OMe v { P 4‘ P y— ‘ -
NMe,/H G S i
OMc/H . I . Al .

_n_n_a_L.{_J_n__x_L__*_;_;_L_A_'_.__;__L_;_{
0.050 0.040 0.030 ¢.020 0.010

Quinoidal ~—— Ar —®  Aromatic

Figure 4. Bond-length alternation (Ar, in A) in the phenylene rings of unsymmetri-
cal squaraines compared to the related symmetrical parent squaraines. Each hori-
zontal line represents one compound. 4 = Ar in the ring substitated by X in X/Y;
| = equivalent value in X/X (Y/Y): @ = Ar in the ring substituted by Y in X/Y.

unsymmetrical substitutions introduce deviations from the
structures of the parent symmetrical compounds. The stronger
donor substituent induces a more pronounced quinoidal charac-
ter in the phenylene ring to which it is attached, while the weaker
donor substituent induces a less quinoidal (i.e., more aromatic)
character. The amplitude and sign of the deviations in the un-
symmetrical squaraines (i.e., the difference between the Ar value
in a given phenylene ring and that in the related symmetrical
squaraine) depend on the difference in strength between the two
donor substituents. For example, in NMe,/H, the deviation is
larger and positive (+ 0.008 A) in the phenylene ring connected
to NMe,, and smaller and negative (— 0.002 A) in the phenylene
ring connected to H. NMe,/H thus appears to be “more unsym-
metrical’” than, for example, the OMe/H molecule, which has
smaller deviations in both rings (+ 0.002 and —0.001 Ay,

The gcometry of the squaraine ring of the unsymmetrical
compounds is little affected; the carbon—carbon bond length
varies at most from 1.464 to 1.484 A, while in symmetrical sys-
tems, this bond length remains at 1.475 A (bond £, Table 1).

In order to understand the geometric evolutions in the sym-
metrical and unsymmetrical squaraines, we investigated qualita-
tively the m-charge distributions, provided by the Mulliken
populations (Figure 5). Calculations were performed at the
INDO-CI level based on the AM 1 geometries.
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the latter two values (Figure 5). In absolute
terms, the changes are small; this suggests
that, in the ground state, there is no strong
charge transfer from either donor moiety to
the central acceptor squaraine ring. Similar
conclusions have been reached in previous
studies on donor—acceptor compounds,i?®!
such as diphenylacetylenes,'*®! push-pull

: ! - -t - e polyenes,[®% and 2H-pyrrole derivatives.[*!]
NMe3/OMe - oo o 4 4 A X O 1
Charge-transfer excited state: The n-charge
NMCle i SO R A [ T SR - J 2~ . A . R
| distributions, obtained at the INDO/SCI lev-
OMe/t oA 4001 Ty s el, on the basis of the AM 1 ground-state ge-
f 5 } oy — l = i - ometry, have also been analyzed in the lowest
f ’ ; % ) . excited state, S1. The excited- and ground-
- T T T T T YT T 1 ™ . .
state geometries are considered to be the
NMey/OMe e Py OO e e -+ Moo —+ . . .
same, since under optical frequencies, no geo-
NMey/H s oo * O metric relaxation can occur. At the CI level
OME/H o @0 PO £ the first excited state is found to mainly corre-
ot ; } P L . L | spond to the one-electron transition between
T T T T T

Z n-charge per phenyl (lel units)

Figure 5. The total (INDO-SC1//AM 1) n-charge distribution in the two phenylene rings (left) and in the
central squaraine ring (right) for the unsymmetrical squaraines in the ground state SO (top}) and in the first
excited state S 1 (bottom). For the phenylene n-charge analysis, the charges in the ring substituted by X in
X/Y (a) and the ring substituted by Y in X/Y (e ) are compared to those for the corresponding symmetrical
molecules X/X (a) and Y/Y (o), respectively. The charge in the squaraine ring of X/Y () is compared to
the values observed in X/X (a) and Y/Y (0), and to the average of these two values ( + ).

The analysis provides evidence that, in the ground state of the
symmetrical squaraines, the donor substituents mainly affect
the adjacent phenylene ring and to a smaller extent the central
squaraine ring, with both entities gaining m-clectron charge
upon substitution. The total n charges for each phenylene ring
are reported in Figure 5; they lie between the 5.85|e| in H/H and
5.97(el in NMe,/NMe,; in the central moiety, the total «
charges lie between 6.30]e| in H/H and 6.38|¢| in NMe,/NMe,.
The increase in 7 charge in the phenylene rings and in the central
squaraine ring depends, as expected, on the strength of the
donor substituents (NMe,/NMe, >OMe/OMe > H/H).

The n-charge distributions in the unsymmetrical squaraines
are also given in Figure 5. In comparison to the related symmet-
rical parent compounds, it is interesting to note that, upon un-
symmetrical substitution, the ring next to the strongest donor
substituent (i.e., following our convention, the ring on the left-
hand side in Figure 5) appears to give more charge to the adja-
cent ring. The opposite is calculated for the other ring, which
exhibits a weaker donor character, with respect to its symmetri-
cal parents. This behavior is in qualitative agreement with the
trend observed in the geometric structures (i.e., more and less
quinoidal character, respectively, for the rings on the left-hand
and right-hand sides).

In the squaraine ring, the total © charges change less than in
the phenylene rings (the x axes in Figure 5 each cover 0.25|e|, in
order to facilitate comparison). In the symmetrical squaraines,
those with stronger donors have greater m charges within the
central ring; in the unsymmetrical compounds, the n charge is
calculated to lie between the limits found in the symmetrical
parent molecules and to be slightly greater than the average of

Chem. Eur. J. 1997, 3, No. 4
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the HOMO and LUMO levels. In order to
obtain a qualitative idea of the nature of the
molecular orbitals, we report in Tablc 2, the
sum per group (donor, phenylene, and
squaraine rings) of the square of the HOMO
and LUMO LCAO coefficients. If we consid-
er a similar picturc for a traditional dipolar
compound, such as para-nitroaniline, the
HOMO level is mainly localized on the
donor/phenylene segment, while the LUMO level is mostly lo-
calized on the acceptor group. In contrast, the differences be-
tween the HOMO and LUMO levels in the squaraine com-
pounds are mainly confined within the squaraine ring itself; the
largest charge transfer upon excitation is from the CO moieties
to the central C2 unit (the units are defined in Table 2). Since the
wavefunctions are evenly spread over the donors, phenylene
groups, and the acceptor center, a large transition dipole may be

Table 2. Contribution (in percent) of the units indicated below to the wavefunction
of the HOMO and LUMO levels calculated for the unsymmetrical NMe,/OMe
squaraine and, for comparison, for a conventional DA compound, para-nitroani-
line.

a) NMe,/OMe.
MezN*—-i E i- | o : :
C2unit 1O} Bo unit
NMe, C6 left Squaraine C6 right OMe
c2  ¥COo

HOMO 7 26 16 25 24 2
LUMO 2 23 55 0 18 2
b) para-nitroaniline.

NH, Phenylene NO,
HOMO 25 s 4
LUMO 3 44 53
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expected, as well as a small difference between the state dipoles
in the ground and first excited states.

In the first excited state, the sum of the m charges over the
phenylene rings lie between 5.82le] in H/H and 5.94 |e| in
NMe,/NMe, (Figure 5); this means that upon excitation both
phenylene rings give more n charge to the central ring (on aver-
age 0.03|e| per phenylene ring, see Figure 5). A striking obser-
vation is that, in contrast to the distribution in the ground state,
the unsymmetrical squaraines have m-charge distributions in
their phenylene rings that are nearly identical to those in the
related symmetrical parents.

In the central moiety, the total m charge spreads over a larger
range of values, from 6.35le| in H/H to 6.55{¢] in NMe,/NMe,.
The increasc upon excitation is 0.05/e| in H/H and 0.17]e} in
NMe,/NMe,. In the unsymmetrical squaraines, the m-charge
increases upon excitation lie between these extremes, from
0.06]¢} in OMe/H to 0.12]e} in NMe,/OMe (they closely match
the estimated average values of the charges evaluated for the
parent molecules, see Figure 5).

The vertical excitation cnergies, £,,, calculated at the INDO/
SCI level are reported in Figure 6. In symmetrical squaraines,

XY NMeziNMcz OMciOMe HiH
NMe,/OMe = & Ao O -
NMeyH =y d o)
OMe/H e N t % O

2.30 2.35 2.40 2.45 2.50 2.55 2.60 2.65
Ege (eV)

Figure 6. First transition encrgies {E,,) for the squaraine compounds. The E,, for
X/Y ( % }is compared to the calculated values in the two parent molecules, X/X (a)
and Y/Y (o). as well as to the average of these two values ( + ).

the gap is calculated to shift to the red as the donor substituents
become stronger. We note, however, that this red-shift is rather
small, when compared to that of a series of donor—acceptor
para-substituted benzene compounds. From our calculations on
isolated (“gas-phase”) molecules, the shift observed between
NMc,/NMe, and H/H is about 0.27 eV ; experimental data on
donor - phenylene - CH=CH-NO, compounds show a shift of
up to 1eV on going from NMe, to a simple H as the end-
group. 3233

In unsymmetrical squaraines, the £, value is always estimat-
ed to be between the values calculated for the parent symmetri-
cal squaraines, and again very close to the average value calcu-
lated for the parent molecules (see Figure 6). Brooker has made
similar comparisons of the experimental data for merocyanines
and related cyanine and oxonol moleculcs, and for unsymmetri-
cal cyanines and the related symmetrical cyanincs; his goal was
to determine the relative donor and acceptor strengths of the
end groups in merocyanines and cyanines. The way Brooker
proceeded was to compare the 4,,, value of a merocyanine (or
unsymmetrical cyanine) compound with the average value cal-
culated on the basis of the measured 4,,,, of the parent com-
pounds. The difference between these two values is now known
as the Brooker deviation and constitutes a measure of the effec-
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tive degree of electronic asymmetry.** 331 Within the series of
unsymmetrical squaraines investigated in this work, the devia-
tion (which we prefer to evaluate in eV) is always rather small;
this suggests that even though the geometric structure is some-
what unsymmetrical, the electronic structure can effectively be
considered as nearly symmetrical. Indeed, in some of his ex-
amples, Brooker obtained deviations on the order of several
tenths of an eV (which is considered to be large), whercas we
only obtain deviations of a few hundredths of an eV. This very
weak deviation is in agreement with the experimental data gath-
ered for the squaraine derivatives that we arc interested in: in
chloroform, NMe,/NMe, has a 4_,, of 624 nm (1.99 ¢V), and
OMe/OMe a A, of 536 nm (2.31eV).[*%3") The avcrage of
these values is about 2.16 eV this is identical to the experimen-
tal 4,,, measured in chloroform for NMe,/OMe, namely,

214 eV (4, of 579 nm).

Molecular polarizabilities: The first-order polarizability, x, was
calculated within the INDO-SCI-SOS formalism, including
the lowest 50 states. The results arc illustrated in Figure 7.
The average first-order polarizabilities of the symmetrical

XY OMe/OMe NMe,/NMe,
NMe,/OMe O NS . i
NMe,/H X e
OMe/H X o

. [ N | P

L
40.0 45.0 50.0 55.0
Alpha (10 ¢su)

Figure 7. The average first-order polarizability, {2, for the squaraine compounds.
See caption of Figure 6 for the description of symbols.

squaraines increase with increasing donor strength. This trend is
suggested by the trend in £, values; in fact, the simplest formu-
lation of «, within a two-state model, indicates that the first-
order polarizability is inversely proportional to E,. Since the
NMe,/NMe, absorption is the one that is most red-shifted, this
compound is expected to have the largest polarizability.

The results obtained for the unsymmetrical squaraines are
comparable to those obtained for the symmetrical compounds.
o is calculated to be very close to the average of the values
obtained for the parent (symmetrical) molecules. This trend is
consistent with that observed for the £, values.

We now turn to the second-order polarizabilities. For reasons
of symmetry we arc now restricted to the unsymmetrical sys-
tems. As in the case of the first-order polarizability, we calculat-
ed B within an SOS formalism including up to 50 states. First,
it is useful to compare the 50-state converged value with that
obtained with the simple two-state model, where the only excit-
ed state included in Equation (2) is S 1. This comparison allows
us to point out the failure of the simple two-state model to accu-
rately describe the second-order polarizability for such D-A—-D
compounds. The failure of this simple model is certainly not
unprecedented 2238391 In Figure 8, we present the conver-
gence of the SOS approach as a function of the number of states
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ed state and the ground state. Nevertheless, in an attempt to P LN b
5. . _ s . . D -10 A J_L%J_\ PUIUE RIS UN B ST ST S Y 1
ebtdt.)h-S]jI structure. property relationships, we investigated the 0.000 0.005 0.010 0015 0020 0025
possibility of relating f to a structural parameter that could AR,

translate the degree of ground-state polarization. A total of ten
asymmetrical squaraines were analyzed, namely, all the possible
combinations of NMe,, NH,, OMe, OH, and H as donor
groups. Three different structural parameters were analyzed:

1) AR,, the average value of the Ar parameters for the two
benzene rings in X/Y.

2) AR,, the deviation relative to the related symmetrical
squaraine, defined as (Ar — Ar(sym))y + (Ar — Ar(sym))y.
Thus, if Ar of X in X/Y is less (i.e., more aromatic) than that
of X/X [i.e., (Ar — Ar(sym))y is negative] and Ar of Y in X/Y
is greater (i.e., more quinoidal) than that of Y/Y [ie.,
(Ar — Ar(sym))y is positive], the sign of AR, then reflects the
dominant trend (i.e., more aromatic if negative, or more
quinoidal if positive).

3) AR,, the difference in bond length within the squaraine ring,
defined as [f ~ /7] (see formula, Table 1).

The results of these three analyses are reported in Figure 9;
unfortunately, they do not provide any straightforward conclu-
sions, as the correlation between ff and AR, is in each case very
poor.

At this point, we can certainly question the soundness of such
analyses. In fact, even though the ground-state polarization and
the second-order polarizability are both dependent on the
molecular structure, this does not imply that the hyperpolariz-
ability only depends on the ground-state polarization. In others
words, the fact that no clear trends are observed between struc-
ture (as reflected in AR,, AR,, or AR,) and property (f) for a

Chem. Eur. J. 1997, 3, No. 4
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Figure 9. Plot of § as a function of three different structural parameters, calculated
on the basis of the optimized AM 1 bond lengths (see text for details).

series of unsymmetrical squaraines (Figure 9) might be related
to a basic assumption of our approach, which supposes that it
is only through its influence on the molecular structure that the
end group is important in determining the magnitude of . We
are currently developing a novel approach that goes beyond
such limitations.!*®

Unsymmetrical squaraines with OH substitution: We finally fo-
cus on NMe,/OMe molecules substituted with an OH group on
the aniline ring or having a longer conjugation pathway between
the amino substituent and the squaraine unit (replacing the ani-
line ring by an aminostilbene unit, see Table 3), since these can
be related to molecules that have been investigated experimen-
tally. In these longer systems, the molecular structure has a more
“asymmetrical” character and therefore stronger similarities
with dipolar systems might be expected. We also examine the
effect of a possible enol-ketone isomerization, shown in
Table 3.

The OH substitution in the aniline ring and even more so the
ketone isomeric form induce a stronger aromatic character in
the phenylene ring located to the right of the squaraine moiety
(the corresponding Ar values are reported in Table 3). Accord-
ingly, the overall character on the left-hand side becomes more
quinoidic. We observe a concomitant increase in total n charge

0947-6539/97/0304-0535 $ 17.50+ .50/0 — 535





FULL PAPER

F. Meyers et al.

Table 3. Structure and properties (Ar in the benzene ring on the right-hand side,
total n charges on the squaraine unit, and second-order polarizability f5) for the
OH-substituted series.

Ar 1t charges B
(in A) (inlel)  (10-30esu)

NMe2/OMe and OH-substituted analogues

[e]
\
) O O o 0.024 6.37 32
T
OH o-
) )
N o 0.021 6.41 86
s Vgt
o)
O oH
\
/NO\ 0.017 6.82 97

O

"Stilbene analogues”

\ o7
N
/ Q N O O 0.026 6.34 370
\ . :
o]

OH O~

\

N

/ C \\—m O 0.022 642 178

\ ’

OH ©

O (X

N

N GSE O o

o\ 0.0 6.82 66

on ©

on the squaraine ring itself (Table 3) upon OH substitution and
isomerization, which thus acts as a stronger acceptor. OH sub-
stitution ortho to the squaraine ring and ketone isomerization
thus both appear to increase the ground-state polarization in the
left-hand D-A segment.

The calculated hyperpolarizabilities § are reported in Table 3,
and a rough attempt at interpreting the data is given in Fig-
ure 10. Qualitatively, the shape of the f§ curve appropriate for a
dipolar compound, provides a zero value for a “symmetrical”
ground-state polarization (central portion of the curve); in other
words, in the context of the present study, this would corre-
spond to the case of a symmetrical squaraine. The NMe,/OMe
and OH analogues with phenylene rings between the donors and
the squaraine unit are only slightly asymmetrical; they would
therefore belong to the central part of the curve and might go
from positive to negative § values when the ground-statc polar-

{— L e e e e S BN e o e e
[ \ "Stilbene analogs* 1

g i ]

] + E

S L J

£ o

E r \\"NMcz/OMe analogs”

k=8 L .
b be 0 L by KPR SR

Incrcasing Ground-State
Polarization

Figure 10. Sketch of ff as a function of the ground-state polarization for the NMe,/
OMe and OH-substituted compounds, and for the stilbene analogues.
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ization 1s increased (e.g., by going from the NMe,/OMe com-
pound to the OH-substituted analogue and then to the ketone
isomer). The molecules containing a stilbene unit are less cen-
trosymmetric to begin with and are therefore found to the left of
the zero-point of the curve; increasing the ground-state polar-
ization (by OH substitution and isomerization) then results into
a gradual decrease in f§ (i.c., towards the zero point). This inter-
pretation i1s of course oversimplified, since we are effectively
reducing the complexity of a quadrupolar system to a dipolar
one. Nevertheless, we gain some confidence in its validity by
looking at the experimental behavior observed for the
squaraines studied. First, the OH analogue of NMe,/OMe, for
which a negative f§ is calculated, has a negative hyperpolarizabil-
ity as measured by EFISH, and exhibits a slight negative solva-
tochromism."® Also, the positive § values calculated for the
stilbene analogues are in agreement with the experimental ob-
servations, including the results of EFISH measurements and
the positive solvatochromism reported by Chen et al.[!3]

Conclusion

We have presented a theoretical study of a series of symmetrical
and unsymmetrical squaraines. These molecules are best de-
scribed by a quadrupolar charge distribution, in contrast to the
more traditional organic dipolar compounds studied for their
large second-order polarizabilities. Qur calculations have ad-
dressed the trends in molecular and electronic structures, charge
distributions, and first- and second-order polarizabilities. The
results emphasize the unusual behavior of squaraine-type mole-
cules and the failure of a two-state model to describe the second-
order polarizability . The magnitude of f# cannot be related in
a straightforward manner to a structural parameter that reflects
the degree of ground-state polarization. Such a concept has becn
previously applied with much success to dipolar systems, but
appears not to be appropriate for the type of quadrupolar sys-
tem examined here.
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Highly Stereoselective Synthesis of Bicyclo[r.3.0]alkanes
by Titanium Tetrachloride Promoted [3 + 2] Cycloaddition of Allylsilanes
and 1-Acetylcycloalkenes™®*

Hans-Joachim Knoélker,* Norbert Foitzik, Helmut Goesmann, Regina Graf,
Peter G. Jones, and Giinter Wanzl

Abstract: The titanium tetrachloride
promoted reaction of allylsilanes 1 with
l-acetylcyclohexene is shown to afford the
silylbicyclo[4.3.0]nonanes 9 ([3 + 2] cyclo-
addition products) along with the
{-acetyl-2-allylcyclohexane 4 (Hosomi—
Sakurai product). Here we report that
systematic variation of the substituents at
the silicon atom of 1 allows suppression of

favor of the [3+2] cycloaddition. Cy-
cloaddition of the allylsilanes 1d, 1i, and
1k with 1-acetylcycloalkenes 10, contain-
ing a 5-, 6-, 7-, 8-, or 12-membered ring,

Keywords
allylsilanes - diastereoselective synthe-
sis * bicycloalkanes - cycloadditions -
enones

gives rise to the corresponding silylbicy-
clo[n.3.0]alkanes 11-13. The cycloaddi-
tion of allyltriisopropylsilane (1k) and 1-
acetyl-2-methylcycloalkenes 15 provides
silylbicyclo[n.3.0Jalkanes 16 with two
contiguous quaternary carbon centers.
The stereochemistry of the silylbicy-
clo[n.3.0Jalkanes 11a—c and 14 is unam-
biguously determined by X-ray analysis

the classical Hosomi—Sakurai reaction in

Introduction

The formation of five-membered ring systems by [3 + 2] cycload-
dition has received much attention in organic chemistry as an
important method for the synthesis of cyclopentanoid prod-
ucts.!!) We discovered the formation of trimethylsilylcyclopen-
tanes!?) as by-products in the Hosomi-Sakurai reaction.*]
These by-products were originally considered to be silylmethy!-
cyclobutanes!™ and have been reassigned as silylcyclopen-
tanes.[2¥ 3 They result from a [3 4 2] cycloaddition that involves
a stereoselective cationic 1,2-silyl shift,!®! thus generating a new
silyl-substituted stercogenic center. A broad range of subse-
quent examples have confirmed our original findings.!”! Related
[3 + 2] cycloadditions of allenylsilanes were previously exploited
by Danheiser et al. for the synthesis of silylcyclopentenes.[® The

[*] Prof. H.-J. Kndlker. Dr. N. Foitzik, Dr. R. Graf, Dipl.-Chem. G. Wanzl
fnstitut fir Organische Chermie der Universitdt Karlsruhe
Richard-Willstitter-Allee, D-76131 Karlsruhe (Germany)

Fax: Int. code + (721)698-529

e-mail: knoew ochhades.chemic.uni-karlsruhe.de

Dr. H. Goesmann

Institut [Gr Anorganische Chemie der Universitiit Karlsruhe
Engesserstrafie, D-76128 Karlsruhe (Germany)

Prof. P. GG. Jones
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and '*C NMR spectroscopy.

advantage of our reaction is that new stereogenic centers are
formed diastereoselectively, which opens up the possibility of
asymimetric induction.

Our first objective was the optimization of the [3 +2] cyclo-
addition of allylsilanes at the expense of the classical Hosomi—
Sakurai reaction. This could be achieved by variation of the
substituents at the silicon atom of the allylsilane.f®’ The scope
and limitations of this novel [3+ 2] cycloaddition were investi-
gated by reaction of 1-acetylcycloalkenes, with different ring
sizes and different substitution patterns, with selected allylsi-
lanes. The stereoselectivity of the reaction was ascertained by
X-ray analysis and '*C NMR spectroscopy of the products.

Results and Discussion

Mechanism and Optimization of the {3+2] Cycloaddition: The
formation of cyclopentanes as products of the titanium tetra-
chloride promoted addition of allylsilanes to o.f-unsaturated
ketones involves a f-silyl cation induced 1,2-silyl shift.!] The
first step in this cyclopentane annulation is the nucleophilic
attack of the allylsilane 1 at the f-enone position of the Lewis
acid/enone complex (Scheme 1). In this process, the silyl group
activating the double bond to electrophilic attack is oriented
anti to the incoming nucleophile. The generated p-silyl cation 2
is stabilized by the so-called f-effect. Three different mecha-
nisms of stabilization are considered to contribute to the
B-effect (101
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Scheme 1. Proposed mechanism of the [3 + 2] cycloaddition.

1) The positive charge in the f-position may be stabilized by
through-bond o-induction because silicon is more elec-
tropositive than carbon.

2) The carbon-silicon g-bond is able to stabilize the positive
charge by hyperconjugation (donation of C-Si o-electrons
to the empty carbon p-orbital) due to its high polarizability
(“‘vertical stabilization” according to Traylor).

3) Stabilization of the positive charge by neighboring group
participation of the silicon atom, which acts as an internal
nucleophile to generate a siliranium ion!Y {“nonvertical
stabilization” according to Traylor).[%3

The stereoselective attack of the electrophile (the Lewis acid/
enone complex) at the allylsilane 1 provides the intermediate
cation 2 with the silyl group oriented anti relative to the new
carbon—carbon bond. Cation 2 can directly form the bridged
intermediate anti-3, which finally cyclizes to the product anti-5.

Abstract in German: Die Titantetrachlorid-vermittelte Reaktion
der Allylsilane 1 mit 1-Acetylcyclohexen liefert neben dem
1-Acetyl-2-allylcyclohexan 4 (Hosomi-Sakurai-Produkt) die
Silylbicyclof4.3.0 Jnonane 9 ([3+ 2]-Cycloadditionsprodukte).
Wir berichten hier iiber die Unterdriickung der klassischen
Hosomi-Sakurai-Reaktion zugunsten der [3+ 2]-Cycloaddition
durch systematische Variation der Substituenten am Siliciumatom
von 1. Die Cycloaddition der Allylsilane 1d, 1i und 1k an die
1-Acetylcycloalkene 10 verschiedener Ringgrifien (5-, 6-, 7-, 8-
und 12-gliedrige Ringe) fithrt zu den Silylbicyclo[n.3.0]alka-
nen 11-13. Die Cycloaddition von Allyltriisopropylisilan 1k und
den 1-Acetyl-2-methylcycloalkenen 15 liefert die Silylbicyclo-
[n.3.0]alkane 16 mit zwei aufeinanderfolgenden quartdiren
Kohlenstoffatomen. Die Konfiguration der Silylbicyclo[n.3.0]-
alkane 11a~c¢ und 14 wird durch Rontgenstrukturanalysen und
13C-NMR-spektroskopisch zweifelsfrei belegt.
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Alternatively, rotation about the carbon—carbon bond in cation
2 would result in the formation of the siliranium ion syn-3,
which would afford the diastereoisomeric product syn-5.

The siliranium ion, a bridged nonclassical pentavalent silicon
cation, is the crucial intermediate in the [3 + 2] cycloaddition.
Nonvertical stabilization of the positive charge by the silicon
atom generates two diastereoisomeric siliranium ions syn-3 and
anti-3. Both diastereoisomers can be interconverted via the f-
silyl cation 2. Intermolecular nucleophilic attack of a chloride
ion at the silicon atom of any of the three cationic species (2,
syn-3, and anti-3) affords chlorosilane and the product of the
Hosomi~Sakurai reaction 4, after hydrolysis during workup.
Alternatively, the intramolecular nucleophilic attack of the tita-
nium enolate at the primary carbon atom of the siliranium 1ons
3 provides the silylbicyclo[n.3.0]alkanes 5. The cyclization of the
siliranium ions 3 to give a silylcyclopentane requires an ap-
proach of the titanium enolate with a collinear arrangement of
the enolate f-carbon, the primary carbon of the siliranium ion,
and the silicon atom (5-exo-tet cyclization!!?)). The cyclization
is highly stereospecific and occurs with retention of configura-
tion of the carbon-—silicon bond of syn-3 and anti-3. Because of
the stereoclectronic requirements, the cyclization via anti-3 is
preferred, since the conformation that enables adoption of the
appropriate collinear arrangement is less strained for this
diastereoisomer. '

The present methodology of cyclopentane annulation by
[3+ 2] cycloaddition of allylsitanes 1 to enones, which stereose-
lectively provides trialkylsilylcyclopentanes 7, demonstrates
that allylsilanes might serve as synthetic equivalents for a 2-tri-
alkylsilyl-substituted 1,3-dipole 6 (Scheme 2).

SiR \/ﬁ\ §ife
3 x :
/\./SiR3 = ‘V /K } i >
(] ®
1 8 7 0

Scheme 2. Allylsilanes as synthetic equivalents of 2-silyl-substituted 1,3-dipoles.

Variation of the substituents at silicon should provide a tool
to suppress nucleophilic attack of chloride at the silicon atom of
the siliranium ion and thus prevent formation of the Hosomi—
Sakurai product 4. For this purpose, we investigated the reac-
tivity of a variety of allylsilanes in the titanium tetrachloride
promoted reaction with 1-acetylcyclohexene. The optimization
achieved for the cyclopentane annulation can be seen by com-
paring the yields of the Hosomi—Sakurai product 4 and the
silylbicyclo[4.3.0lnonanes 9 (Scheme 3, Table 1).

The allylsilanes 1 that are not commercially available were
easily prepared by treatment of allylmagnesium chloride with
the appropriate chlorosilanes (method A) or alternatively by
transition metal catalyzed coupling of the corresponding hydri-
dosilanes 8 with allylmagnesium chloride (method B).!*3!

An optimization of the reaction conditions led to the develop-
ment of a standard reaction procedure, which provides a rela-
tively high percentage of cycloadduct for the cycloaddition of
1-acetylcyclohexene and the parent allylsilane 1a. According to
this standard protocol, the titanium tetrachloride—enone com-
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Method A: ing products by oxidative cleavage of the carbon-silicon bond
MaCl f* ) IF-{:RZ to the corresponding carbinol.l'#! A significant increase of the

A + C|—s|(*: — /\/SLR3 yield of cycloadduct (38 % of 9¢) was realized for the cycloaddi-

R 1 tion of allylmethyldiphenylsilane (1¢). With allyltriphenylsilane

(1d) the bicyclo[4.3.0lnonane 9 was obtained as the major
product (51 % of 9d) for the first time. The stereochemistry of
the triphenylsilyl derivative 9d was assigned based on an X-ray

H—Si(i-Pr)pCl + PAMgCI . analysis of single crystals, which again confirmed the anti ar-
- 1 R

Method B:

0 R+ MgCl N~ rangement of the silyl and acetyl groups (Figure 1, Table 2).
H—Si/R /\/ /\/Si’R
o3 Mp3
[23 catalyst R
H—SiCl; + RMgBr 8(e, f, j) 1{e, 1))
R = 4-MeO(CeHa) (e)
R = 4-Me;N(CeHa) ()
(o} (o]
R1
-
X s (0 & O,
‘R3
bCla R N
9 4

Scheme 3. Synthesis of allylsilanes 1 and [3+2] cycloadditions to silylbicy-
clof4.3.0lnonanes 9.

Table 1. Optimization of the [3+ 2} cycloaddition of allylsilanes 1 with 1-acetylcyclo- Figure 1. Molecular structure of 11b{ = 9 d) in the crystal (SCHAK AL representa-

hexene by variation of the substituents at silicon atom (see Scheme 3). tion: arbitrary numbering). Selected bond lengths [A}: C8-C9 1.553(3), C1 C9
- 1.547(3), C1-C6 1.537(3), C6-C7 1.523(3), C7-C8 1.543(3), Si-C8 1.875(2).
. . . | (method) F(T'd[/;] . Si-C21 1.877(2), Si- C31 1.872(2), Si—C41 1.876(2).
h metho a
a CH, CH, CH, - 18 76
l: 8_{13 g}l;l* gﬁ gg 22; 12 12 [able 2. X-ray crystal-structure analysis of 11a, 11b (= 9d), and 11c.
3 3
d Ph Ph Ph 99 (A) 5139
n 11b (= 9d 11
e  4-MeO(CeH,) 4-MeO(C,H,) 4-MeO(C.H,) 64 (A) [b]: 77 (B) 55 ? ( ) ¢
2 f(ll-a/lczN(ChHA) é—lI:ICZN(Cf,HA) ?;:]/ICZN((/(:[_LJ ?1 (B) o Crystal data
n CH3 CHi thexyl 92 (A) 60 trace cmpirical formula C,H;,0Si C,,H,,08i C,,H,,08i
; [Bul Ph - 97 (A) 69 trace formula weight 410.6 424.6 438.7
P ipr Ph 61 (A) [c]: 61 (B) 68 trace color, habit colorless tablet colorless tablet colorless tablet
Jk ipr iPr ipr ’ 36 2 crystal size [mm] 0.28x0.20x0.10 0.85x0.50%x0.25 -
crystal system monoclinic monoclinic triclinic
la] Method of preparation (see Scheme 3). [b] Yicld based on tetrachlorosilane to :‘p&ff group f()210/204 5 ;2/527 4 f(;441 5
which first 4-methoxyphenylmagnesium bromide and then allylmagnesium chloride ! 0245 S67(4) 441(3)
. 4 - ) ; b [A] 11.123(7) 9.680(2) 11.956(6)
were added. fc] Yield based on dichlorodiisopropylsilane to which first phenylmagne- TA] 20.896 (1) 19.552(4) 12.069(6
sium chloride and then allylmagnesium chloride were added; by-product: diallyldiiso- f{ I ;0' 90' ( 88.27(5))
. o ¢ 2703
propylsilane (18%). 1] 103.28(4) 103.2902) 65.14(2)
217 90 90 69.55(3)
VA% 2268(2) 4894(2) 1269
. .. . Z 4 3 2
plex is prepared in dichloromethane at —20°C, and the allylsi- Peared 18EM ] 1.203 1.153 1.15
lane (1.5 equiv) is added at —78°C. The reaction mixture is ;*2;(53;“0“ coeff. [mm™ '} g;oﬂ ‘;»817144 2470277
stirred at —20“C for 19 h and then quenched by addition of an ‘ -
ous ammonium chloride solution. By this techni the Data collection
aque u ¢ i 1. Byt que L IA] 0.71073 0.71073 0.71073
cycloadduct 9a was obtained in a maximum yield of 18 %. The T(K] 200 293 290
anti stereochemistry of 9a, which was obtained as a single 0 ;‘“ge [11] e f;f’] ézxm 26135;;25-03 ]6554128‘0
. . . rerns collecte
diastereoisomer, was unequivocally confirmed by an X-ray crys- independent reflns 5447 4318 5069
tal structure determination of t.he corresponding 2,4-q1p1tr0— Refinoment
phenylhydrazone.!?* > The prefix anti refers to the position of method full-matrix least  full-matrix least  full-matrix least
the silyl group relative to the acetyl group. In order to achieve _ squareson £ squareson F? squares on F
. A .. . . . data-to-parameter ratio  13.9:1 15.3:1 591
an optimization of the {3+ 2] cycloaddition by stabilization of final R indices [/>20(D] R, = 0.0586 R, =0.0444 R =0.053
the cationic intermediates 3 through steric and/or electronic WR, =0.1500  wR, =0.1122  Rw =0.050
effects, we tested allylsilanes 1b—d in which the methyl groups Z;’;‘ryeid;&flff""” 033 0.24 045
are replaced successively by phenyl groups. Moreover, we envis-
p ¥y Dy phenylgroup CSD no. [15] 59415 405717 57205

aged a further synthetically useful transformation of the result-
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The phenyl-substituted bicyclo[4.3.0)nonanes 9b—d were ob-
tained exclusively as single diastereoisomers. All products were
completely characterized by 'H and 13C NMR spectroscopy
(see Experimental Section). Comparison of some characteristic
'H and 3C NMR data of 9b and 9¢ with those of 9a and 9d
(Table 3), whose stereochemistry was determined by X-ray anal-
ysis, unambiguously confirms the anti stereochemistry in all cases.

Table 3. Selected 'H and '*C NMR data (CDCly) of bicyclo[4.3.0nonanes 9.

0
R1
2
& _____ SR
\R3
H ¢
R! R? R3 S(H-C6) 5(C6)  (C8)
9a CH, CH, CH, 2.44 41.61 23.55
9% CH, CH, Ph 245 4140 2270
9 CH, Ph Ph 2.49 4131 21.15
9d Ph Ph Ph 248 41.04 19.94
9g CH, CH, (Bu 242 4146 2048
9h CH, CH,  thexyl 241 4142 2184
9i /Bu Ph Ph 2.42 4094 1839
9j iPr iPr Ph 241 4124 19.87
9k iPr iPr iPr 2.40 4156  20.88

Encouraged by the results obtained with allyltriphenylsilane
1d, we synthesized the allyltriarylsilanes 1e and 1f, substituted
at the para positions with donor groups. Allyltri(4-methoxy-
phenyl)silane (1) was prepared in 64 % yield by method A, by
treatment of tetrachlorosilane with 3.3 equiv of 4-methoxy-
phenylmagnesium bromide and then 1.2 equiv allylmagnesium
chloride. Addition of a smaller excess of 4-methoxyphenylmag-
nesium bromide caused the formation of diallyldi(4-methoxy-
phenyl)silane. Method B was found to be superior for the syn-
thesis of the allylsilanes 1e and 1f. Treatment of trichlorosilane
with a threefold excess of the corresponding Grignard reagent
afforded the hydridosilanes 8 and 8f, which were subjected to
a nickel(ir)-catalyzed coupling with allylmagnesium chloride.[*3!
The titanium tetrachloride promoted addition of le and 1-
acetyicyclohexene provided only the Hosomi—Sakurai reaction
product 4 in 55% yield. With allylsilane 1f no product was
obtained. Further attempts to achieve titanium tetrachloride
promoted cycloadditions of 1-acetylcyclohexene with allyl-tert-
butoxydiphenylsilane and allyltriethoxysilane resulted in de-
composition of the allylsilane.

We next investigated the Lewis acid promoted cycloaddition
of 1-acetylcyclohexene with allylsilanes having sterically de-
manding substituents. The synthesis of allyldiisopropylphenyl-
silane (1j) by method A (by successive addition of phenylmag-
nesium chloride and then allylmagnesium chloride to di-
chlorodiisopropylsilane) afforded the desired product (61%
yield) and diallyldiisopropylsilane (18 % yield), which were dif-
ficult to separate. Alternatively, 1jwas prepared by method B in
61% vyield by addition of phenylmagnesium chloride to
chlorodiisopropylsilane and subsequent [bis(triphenylphos-
phine))nickel dichloride catalyzed coupling!!™ of the intermedi-
ate diisopropylphenylsilane (8j) with allylmagnesium chloride.

The results of the [3 + 2] cycloadditions of 1-acetylcyclohex-
ene and the allylsilanes 1g—k led us to the conclusion that in-
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creasing steric demand of the substituents at the silicon atom
gives increasing yields of the silylbicyclo[4.3.0lnonanes 9. High
yields of the cycloadducts were obtained with bulky alkyl sub-
stituents at the allylsilane moiety, presumably because the nucle-
ophilic attack at silicon at the stage of the intermediate cations
2 and 3 is inhibited. A similar effect has been reported by Mayr
et al. for the Lewis acid promoted reaction of diarylmethyl chlo-
rides with allylsilanes."'® In all examples investigated for this
silylcyclopentane annulation at 1-acetylcyclohexene, only one
stereoisomer of product 9 was isolated under our optimized
reaction conditions. The structural assignments of the 8-silylbi-
cyclo{4.3.0]nonanes 9g—k are based on a full characterization
by 400 MHz '"HNMR and 100 MHz '3C NMR spectra. The
assignments of the signals were confirmed by additional COSY,
'H/!*3C-correlated, and DEPT spectra. The anti arrangement of
the silyl and the acetyl group of compounds 9a'?* 1 and 9d was
unequivocally determined by X-ray analysis (Figure 1, Table 2).
The anti stereochemistry of the compounds 9g-k was con-
firmed by comparison of selected NMR data with those of 9a
and 9d (Table 3). The signal for the angular proton at C6 ap-
pears as a characteristic multiplet in the region of 6 = 2.4-2.5.
For all derivatives, the '3C NMR signal of C6 is observed at
6 = 41-42. The characteristic **C NMR signal of C8 (a to Si)
for this type of compound generally appears in the region
0 =18.4-23.6.

Our major achievement here is the suppression of the classical
Hosomi-Sakurai reaction in favor of the [3 + 2] cycloaddition
by using bulky substituents at the silicon atom of the allylsilane
1. Thus, the addition of allyltriisopropylsilane (1k) and 1-acetyl-
cyclohexene according to our optimized reaction procedure pro-
vided 9k as a single diastereoisomer in 86 % yield. Danheiser et
al. have reported the synthesis of 9k in 45% yield as a mixture
of diastereoisomers.!”*

Variation of the Ring Size: We next investigated the [3+2] cy-
cloaddition of allylsilanes (1d and 1k) with 1-acetylcycloalkenes
10 of different ring size (five- to seven-membered rings)
(Scheme 4, Table 4). The 1-acetylcycloalkenes can be prepared

(0] (0]
R, _TCle v
{HC)p l P L __—>CH2CI2 (HCon ~onSiRy
H
10 1d: R=Ph 11:R=Ph
n=1-3 1k: R = i-Pr 12: R =iPr

Scheme 4. Variation of the ring size of the 1-acetylcycloalkene 10.

Table 4. [3+ 2] Cycloadditions of allylsilanes 1d (R = Ph} and 1k (R = /Pr) with
1-acetylcycloalkenes 10a—c¢ (n = 1-3; Scheme 4).

Product R n Yield [%]  Stereochem. [a]  §(C-Si) [b]
11a Ph 1 25 anti 2523
11b (= 94d) Ph 2 51 anti 19.94
11¢ Ph 3 34 anti 23.09
12a iPr 1 71 antif/syn = 3:1 24.94/21.14
12b (= 9k) iPr 2 86 anti 20.88
i2¢ iPr 3 68 anti 22.65

[a] Position of the silyl group relative to the acetyl group. [b] \Chemical shift of the
CH group o to Si in the *3C NMR spectrum (100 MHz, CDCI,).
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by Friedel-Crafts acylation of the corresponding cycloalk-
enes !l However, much higher yields were obtained by Rupe
rearrangement of 1-ethynylcycloalkanols (see Table 5).1181 We
selected the allylsilanes 1d and 1k because the former generates
crystalline products and provides suitable crystals for X-ray
analyses, while the latter gives the best yields of cyclopentane
derivatives. It was of special interest to us whether the same
stereoselectivity would be observed with 1-acetylcyclopentene
(10a) and 1-acetylcycloheptene (10¢) as in the cycloaddition of
1-acetylcyclohexene (10b).

The stereochemical assignments of the bicycloalkanes 12a
and 12¢ are based on the X-ray analyses of 11a and 11¢ (Fig-
ure 2 and 3, Table 2) and a comparison of the corresponding
characteristic NMR data.

Figure 2. Molecular structure of 11a in the crystal (SCHAKAL representation;
arbitrary numbering). Selected bond lengths [Al: C1-C2 1.524(3), C2-C3
1.555(3),C3-C91.551(3),C9-C101.534(3), C1-C101.521(3), Si-C1 1.881(2),
Si-C11 1.873(2), Si-C21 1.873(2). Si- C31 1.862(2).

Figure 3. Molecular structure of 11¢ in the crystal (SCHAKAL representation;
arbitrary numbering). Selected bond lengths [Al: C1-C2 1.528(5), C2-C3
1.543(5), C3-C11 1.557(5), C11-C12 1.546(4), C1-C12 1.534(6), Si-C1
1.879(4), S1i—C20 1.878(3), Si-C 30 1.884(4), Si—C40 1.876(3).

The cycloaddition of allyltriisopropylsilane (1k) to 1-acetyl-
cyclopentene (10a) gives only a 3:1 selectivity (anti-12a:syn-
12a) in favor of the product with the bulky triisopropylsilyl
group in an anti position relative to the acetyl group (Table 4).
Steric reasons are responsible for this loss of stereoselectivity. In
anti-12a the bulky triisopropylsilyl group is in a sterically con-
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gested region on the endo side, that is, the concave face of the
roof-shaped molecule. In all other cycloadditions the anti
diastereoisomer was formed exclusively.

For potential synthetic applications of the Lewis acid pro-
moted cycloaddition of allylsilanes, we must be able to remove
the sterically hindered silyl groups from the cycloaddition prod-
ucts. The appropriate methodology is the oxidative cleavage of
the carbon-silicon bond.['*! Fleming et al. demonstrated the
conversion of dimethylphenylsilylalkanes into hydroxyalk-
anes.!*®! A related transformation has been described by Tamao
et al. with diethoxymethylsilylalkanes.'?”1 Our own investiga-
tions with the methyldiphenylsilyl derivative 9¢ and the
triphenylsilyl derivative 9d demonstrated that the cleavage of
even more sterically hindered silylalkanes is possible in high
yields by modification of the reaction conditions.[*!! Therefore,
we additionally investigated the [3+ 2] cycloaddition of allyl-
tert-butyldiphenylsilane (11) with 1-acetylcycloalkenes 10 of dif-
ferent ring size including medium-sized ring systems (Scheme 5,

[able 5). 1-Acetylcyclooctene (10d) and 1-acetylcyclododecene

(10e) can readily be prepared from the corresponding cycloalka-
nones by treatment with ethynyllithium and subsequent Rupe
rearrangement of the intermediate {-ethynylcycloalkanols (see
Experimental Section).[!®!

o]
O .
ol 1. LIC=CH-«(CHzNH3)» ol I
(H2G)n 2 HCOOH (H2Cn
10
(0] o]
Ph " Ph
! Ph TiCly /_Ph
Si HClp | Do S
HC)n | A N \tBu CH:Ch (HaC)n Cau
H
10 1 n=1-4,8 13
02N NO2
o 1y
N
Ph 5 H pn
( ..... ..Si\—Ph —E—tl\g:_lﬁ» ..... y.s,'\—Ph
t-Bu H2304 f-Bu
H H
13e 14

Scheme 5. Rupe rearrangement to the 1-acetylcycloalkenes 10 of different ring sizes
(top) and their [3+2] cycloaddition with 1i (middle); synthesis of 14 (bottom).

Table 5. [3+ 2] Cycloadditions of allyl-rert-butyldiphenylsilane (1) with 1-acetyl-
cycloalkenes 10.

10 (yield [a]) n Product Yield [%]  Stereochem. [b] &(C-Si) [c]
a (84) 1 13a 53 anti 23.84
b(-) 2 13b (=9i) €9 anti 18.39
c(72) 3 13¢ 50 anti 21.53
d (44) 4 13d 82 anti 18.14
e (60) 8 13e 65 anti 17.66

[a] Yield [%] obtained by the Rupe rearrangement (Scheme 5, top). [b] Position of
the silyl group relative to the acetyl group. [¢] Chemical shift of the CH group « to
Si in the '3C NMR spectrum (100 MHz, CDCl;).
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All cycloaddition products 13 were obtained as single diaster-
eoisomers with an anti arrangement of the silyl substituent rela-
tive to the angular acetyl group. The structural and stereochem-
ical assignments of the bicycloalkanes 13a-d are based on a
complete characterization by 'H and '*C NMR spectroscopy
and a comparison of the chemical shift for the CH signal « to
silicon with the corresponding data of 11a—c (Table 4) which
were characterized by X-ray analyses.

Additionally, the anti stereochemistry of 13e was unequivo-
cally confirmed by an X-ray crystal structure determination of
the corresponding 2,4-dinitrophenylhydrazone derivative 14
(Scheme 5; Figure 4, top). The side view of the molecular struc-
ture of 14 in the crystal (Figure 4, bottom) emphasizes the corru-
gated conformation of the 12-membered ring in the solid state.

Figure 4. Molecular structure of 14 in the crystal (SCHAKAL representation).
Top: hydrogen atoms of the aryl rings and the fert-butyl group omitted for clarity.
Bottom: side view; hydrogen atoms omitted for clarity. Selected bond lengths [A]:
C1-C21.551(3),C1-C121.561(3),C1-C151.544(3),C2-C31.529(3),C3-C4
1.520(3), C4~C5 1.531(4), C5-C6 1.512(4), C6 - C7 1.532(4), C7-C8 1.505(5),
C8-C9 1.554(4), C9-C10 1.484(4), C10-C11 1.523(4), C11-C12 1.535(3),
C12-C13 1.546(3), C13-C14 1.563(3), C14-C15 1.550(3), Si—-C14 1.889(3),
Si-C18 1.902(3), Si—-C22 1.890(3), Si—C28 1.885(3).

A characteristic feature of the 'HNMR spectra of the bicy-
clo[10.3.0]pentadecanes 13e and 14 is a high-field signal at
d = —0.52 for 13e and at —0.42 for 14, each corresponding to
one proton. For the parent compound 13 e an assignment of this
proton signal was achieved by means of the 2D NMR spectra.
The 'H,'H correlated NMR spectrum of 3¢ (Figure 5) reveals
a coupling between the high-field proton (§ = — 0.52) and the
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Figure 5. 'H,'H-correlated NMR spectrum of 13e (500 MHz, CDCH,).

angular proton of the bicyclic ring system (proton at C12,
5 =2.28). The 3C,'H correlated NMR spectrum (Figure 6)
shows that the high-field proton and a second proton with a
signal only slightly shifted to high field (6 = 0.80) are bound to
the same carbon atom (signal at § = 26.44). From the two cor-
relations it can be concluded that the signals at 6 = — 0.52 and
0.80 belong to the protons at C11.

rl

| T ppm

ppm 25 20 15 10 05 00 -05

Figure 6. '3C,'H-correlated NMR spectrum of 13e (125/500 MHz, CDCl,).

Assuming that the five-membered ring and its substituents
adopt a similar conformation in the solid state and in solution,
the molecular structure of the bicyclo[10.3.0]pentadecane
derivative 14 can be used in order to explain the high-field shift
of the signals in the *H NMR spectra of 13e and 14. The protons
at C11 are shielded owing to the anisotropy caused by one of the
phenyl substituents at the silicon atom. A view onto the plane of
one of the phenyl rings in the crystal structure of 14 shows that
the C11 methylene group is arranged just below the aromatic
nucleus (Figure 7, top). One proton of this methylene group
points directly towards the aromatic ring, as shown by side-view
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Figure 7. Molecular structure of 14 in the crystal (SCHAKAL representation; the
hydrogen atoms of the substituents at the bicyclo[10.3.0]pentadecane ring system
have been omitted for clarity; aromatic C atoms in blue, hydrogen atoms at C11 in
red). Top: view onto the plane of one of the phenyl ring. Bottom: side-view of the
phenyl ring.

of the phenyl ring (Figure 7, bottom). The signal at § = — 0.52
in the 'H NMR spectrum of 13e (§ = — 0.42 for 14) is assigned
to this proton. In the crystal of the hydrazone derivative 14 the
closest distance to the aromatic ring H, 11-C23 is calculated to
be 2.87 A. The closest distance for the second methylene proton
to the aromatic ring Hy11-C23 is calculated to be 4.42 A
The observed high-field shift of one methylene proton of
the annulated ring to negative § values is a special effect
due to the conformation of the 12-membered ring system in 13e
and its hydrazone derivative 14 and is not observed for any of
the lower homologues (13a—d) in the series of tert-butyl-
diphenylsilylcyclopentanes incorporated in a bicyclo{n.3.0}-
alkane ring system.

Construction of Two Contiguous Quaternary Carbon Atoms: The
[3+4 2] cycloaddition of 1-acetyl-2-methylcycloalkenes 15 and
allylsilanes can be used for the diastereoselective synthesis of
bicyclic ring systems with concomitant construction of two ad-
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jacent quarternary carbon centers. The compounds 15 were pre-
pared according to literature procedures.!' "™ 22! Reaction of
15 and allyltriisopropylsilane (1k) provided the bicyclo[n.3.0}-
alkanes 16 (Scheme 6, Table 6).

Q 0
o TiCl, 3
(H2CQn | + AN ey Qe | e Si(i-Pr);
CH;
CH,
15 1k n=1-3 16

Scheme 6. [3+2] Cycloadditions of allyltriisopropylsilane 1k and 1-acetyl-2-
methyleycloalkenes 15 to give silylbicyclo[#.3.0)alkanes 16.

Table 6. [3+ 2] Cycloadditions of allyltriisopropylsilane 1k with 1-acetyl-2-methyl-
cycloalkenes 15.

Product I Yield [%] Stereochem. [a} HC-Siy [b]
16a 1 92 antifsyn=5:1 23.76/20.78
16b 2 46 anti 15.48
16¢ 3 54 anli 19.27

[a] Position of the silyl group relative to the acetyl group. [b] Chemical shift of the
CH group 2 to Si(iPr), in the 13C NMR spectrum (100 MHz, CDCl,).

The best yield was obtained for the bicyclo[3.3.0]octane
derivative 16a, which was isolated as a 5:1 mixture of the anti
and syn diastereoisomers. The increased reactivity of the five-
membered ring double bond may be explained by strain release
on cycloaddition with the allylsilane. The formation of the syn
diastereoisomer results from the steric hindrance caused by the
bulky triisopropylsilyl group in the endo position of the bicy-
clof3.3.0Joctane ring. Because of the additional methyl group,
the selectivity in favor of the anti diastereoisomer of 16a is
higher than that for 12a. The hydrindane 16b and the hydroazu-
lene 16c were isolated as pure diastereoisomers. The stereo-
chemical assignment for 16a—c is based on comparison of se-
lected NMR data with those of 12a-—c.

Conclusion

The titanium tetrachloride promoted addition of sterically hin-
dered allylsilanes and 1-acetylcycloalkenes containing five- to
twelve-membered rings provides diastereoselectively the corre-
sponding silylbicyclo[n.3.0]alkanes. In all cases the cycloaddi-
tion product with an gnti orientation of the silyl and angular
acetyl groups is either obtained as the only diastereoisomer or as
the major diastereoisomer. All stereochemical assignments are
unequivocally confirmed by X-ray crystal structure determina-
tions of selected compounds and comparison of characteristic
NMR spectral data.

Experimental Section

General: All reactions were carried out in dry solvents under inert gas. Flash
chromatography: Baker or Merck silica gel (0.03-0.06 mm). Melting points:
Leitz hot stage and Biichi 535. Bulb-to-bulb distillation: Biichi glass tube
oven GKR-51. IR: Bruker 1FS 25, Bruker IFS 88 (FT-IR), Perkin-Elmer 882
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and Perkin-Elmer 1710 (FT-IR); ¥ in cm ~'. 'H and '3C NMR: Bruker
WP-200, AM-300, AM-400, and DRX-500; ¢ in ppm, J in Hz. MS: Finnigan
MAT-312 and MAT-90, at 70 eV. Elemental analysis: Heraeus CHN-Rapid.

Allyldimethylphenylsilane'>*!  (1b): Chlorodimethylphenylsilane (1.88 g,
1.83 mL, 11.0 mmol) was added slowly to a cold 1M solution of allylmagne-
sium chloride in THF (11.0 mL, 11.0 mmol). After stirring at RT for 1.5 h,
the mixture was quenched by addition of an aqueous solution of ammonium
chloride. The organic layer was separated and the agueous layer was extract-
ed three times with Et,0. The combined organic layers were dried over
magnesium sulfate. The solvent was evaporated and the residue subjected to
flash chromatography (light petroleum ether/Et,O 7:1, silica gel): 1b (1.73 g,
89%). Colorless oil. 'H NMR (200 MHz, CDCl;): § = 0.31 (5, 6H), 1.78 (dt,
J=28.1, 1.1 Hz, 2H), 4.89 (m, 2H), 581 (m, 1H), 7.39 (m, 3H), 7.54 (m,
2H). For further data, see ref. [23].

Allylmethyldiphenylsilane'®>*! (1c): Chloromethyldiphenylsilane (3.86 g,
3.5mL, 16.6 mmol) was added slowly to a cold 1M solution of allylmagne-
sium chloride in THF (19.0 mL, 19.0 mmol) and the mixture was stirred
vigorously for 1.5 h at RT. The mixture was poured into an aqueous solution
of ammonium chloride, the aqueous layer extracted three times with Et,0,
the combined organic layers dried (MgSO,), and the solvent evaporated.
Bulb-to-bulb distillation of the residue at 115°C/0.2 mbar provided lc¢
(3.93 g, 99%). Colorless oil. B.p. 113-114°C/0.2 mbar (Lit.23: b.p. 310
311°C/740 torr); IR (CHCl,): ¥ = 3071, 3054, 3000, 1629, 1590, 1428, 1255,
1153, 1113, 901, 813, 795cm™'; '"HNMR (200 MHz, CDCl,): 6 = 0.60 (s,
3H), 212 (dt, J =7.9, 1.2 Hz, 2H), 4.94 (m, 2H), 5.84 (ddt, J =17.0, 10.1,
8.0 Hz, 1H), 7.40 (m, 6 H), 7.54 (m, 4H); '*C NMR and DEPT (75 MHz,
CDCly): 6 = —4.77 (CH,), 22.19 (CH,), 114.29 (CH,), 127.86 (4CH),
129.32 (2CH), 134.10 (CH), 134.58 (4 CH), 136.61 (2C); MS: m/z (%) = 238
(12, M ™), 200 (26), 199 (38), 198 (42), 197 (100), 181 (30), 180 (23), 165 (29),
121 (19), 119 (28), 105 (35); HRMS: 238.1178 (C, H, ¢Si, caled. 238.1178).

Allyltriphenylsilane!?*® (1d): A 2M solution of allylmagnesium chloride
(18.7 mL, 37.4 mmol) was added slowly to a cold solution of chlorotriphenyl-
silane (10.0 g, 33.9 mmol) in THF (20 mL). After stirring at RT for Sh, the
mixture was poured into an aqueous solution of ammonium chloride. The
aqueous layer was extracted with Et,O (3 x ) and the combined organic layers
were dried over magnesium sulfate. Evaporation of the solvent and recrystal-
lization of the residue from Et,O provided 1d (10.1 g, 99 %). Colorless crys-
tals. M.p. 89-90°C (Lit.**): m.p. 90-91°C); IR (KBr): ¥ = 3066, 3047,
3041, 3011, 2996, 1428, 1420, 1388, 1162, 1156, 1113, 1102, 734, 699 cm™!;
'"HNMR (200 MHz, CDCly): § = 2.41 (dt, J =7.9, 1.3 Hz, 2H), 4.94 (m,
2H), 5.89 (ddt, J =17.0, 10.0, 7.9 Hz, 1 H), 7.40 (m, 9H), 7.54 (m, 6 H); '*C
NMR and DEPT (75 MHz, CDCL,): 6 = 21.24 (CH,), 115.11 (CH,), 127.87
(6 CH), 129.57 (3CH), 133.84 (CH), 134.62 (3C), 135.79 (6 CH); MS: m/z
(%) =299 (2, M* —1), 261 (30), 260 (47), 259 (100), 258 (11), 257 (28), 182
(26), 181 (35), 180 (30), 155 (28), 105 (31); Anal. caled. for C, H,,Si:
C 83.94, H 6.71; found: C 83.70, H 6.78.

Allyltri(4-methoxyphenyl)silane (1e) and diallyldi(4-methoxyphenyl)silane: A
1.8M solution of 4-methoxyphenylmagnesium bromide in THF (15mL,
27 mmol) was added to a solution of SiCl, (1.53 g, 1.03 mL, 8.98 mmol) in
THF (5 mL) and the mixture was heated under reflux for 4 h. After cooling
to RT, a 2M solution of allylmagnesium chloride in THF (4.84mL,
9.68 mmol) was added and the reaction mixture was stirred at RT for an
additional 1 h, then poured into an aqueous solution of NH,CI, and the
layers separated. The aqueous layer was extracted with Et,O (3 x ), the com-
bined organic layers were dried (MgSO,), and the solvent was evaporated.
The residue was subjected to flash chromatography (light petroleum ether/
Et,O 7:1, silica gel) and provided as the less polar product diallyldi(4-
methoxyphenyl)silane (921 mg, 32%, colorless oil) and as the more polar
product 1e (1.06 g, 30 %, colorless solid).

le: IR (CHCl,): ¥ = 2960, 2912, 2836, 1628, 1592, 1564, 1500, 1464, 1312,
1276, 1248, 1220, 1180, 1152, 1112, 1032, 580, 532e¢m™!; 'HNMR
(200 MHz, CDCl,): 6 = 2.31 (dt, J =7.9, 1.2 Hz, 2H), 3.81 (s, 9H), 4.90 (m,
2H), 5.86 (ddt, J =17.0, 10.0, 7.9 Hz, 1 H), 6.91 (m, 6 H), 7.48 (m, 6 H); !3C
NMR and DEPT (75 MHz, CDCL,): § = 21.88 (CH,,), 55.01 (3CH,), 113.60
(6CH), 114.68 (CH,), 126.10 (3C), 134.34 (CH), 137.18 (6 CH), 160.73 (3C);
MS: mfz (%) = 351 (14), 350 (52), 349 (100, M * — 41), 318 (1), 243 (5), 242
(2), 214 (9), 199 (9), 174 (11).
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Diallyldi(4-methoxyphenyl)silane: IR (CHCIL,): ¥ = 3080, 3000, 2960, 2912,
2836, 1628, 1592, 1564, 1500, 1396, 1312, 1276, 1248, 1180, 1152, 1112, 1032,
932, 900, 564, 524 cm ™ !; "HNMR (200 MHz, CDCl,): § = 2.07 (dt, J =7.9,
1.2 Hz, 4H), 3.81 (s, 6H), 4.90 (m, 4H), 5.79 (ddt, J =16.9, 10.1, 8.0 Hz,
2H), 6.90 (m, 4H), 7.43 (m, 4H); '*C NMR and DEPT (75 MHz, CDCl,):
6 =20.54 2CH,), 54.99 (2CH,), 113.59 (4CH), 114.46 (2CH,), 125.96
(20), 134.09 (2CH), 136.47 (4CH), 160.70 (2C); MS: mjz (%) = 324 (2,
M ™), 285 (15), 284 (56), 283 (100), 243 (28), 214 (63), 199 (44). 175 (21), 171
(13), 145 (12), 135 (19).

Allyltri(4-methoxyphenyl)silane (1e): A 1.8 M solution of 4-methoxyphenyl-
magnesium bromide in THF (50 mL, 90 mmol) was added to a solution of
SiCl, (4.58 g, 3.09 mL, 26.9 mmol) in THF (10 mL) and the mixture was
heated under reflux for 5 h. After cooling to RT, a 2™ solution of allylmag-
nesium chloride in THF (16.2 mL, 32.4 mmol) was added and the reaction
mixture was heated under reflux for an additional 1 h. The cold mixture was
poured into an aqueous solution of NH,CI and the layers separated. The
aqucous layer was extracted with Et,O (3 x), the combined organic layers
were dried (MgSO, ), and the solvent was evaporated. Recrystallization of the
residue from Et,O afforded le (6.75 g, 64%). Colorless solid. Spectral data,
see above.

Allyltri(4-methoxyphenyDsilane (1e): A solution of tri(4-methoxyphenyl)-
silane (8¢) (665 mg, 1.90 mmol) in THF (10 mL) was added to 5 mol% of
[1,1"-bis(diphenylphosphine)ferrocenelnickel dichloride!*3! (65 mg, 95 pmol).
While stirring, a 2M solution of allylmagnesium chloride in THF (4.74 mL,
9.48 mmol) was added and the reaction mixture was heated under reflux for
14 d. The cold mixture was poured into an aqueous solution of NH,Cl, the
aqueous layer was extracted with Et,0, and the combined organic layers were
dried (MgSO,). Evaporation of the solvent and flash chromatography (light
petroleum ether/Et,O 5:1, silica gel) afforded 1e (571 mg, 77 %). Colorless
solid. Spectral data, see above.

Allyltri(4-V,/V-dimethylaminophenyl)silane (1) : A 2M solution of allylmagne-
sium chloride in THF (32.1 mL, 64.2 mmol) was added to a solution of
[bis(triphenylphosphine)Inickel dichloride!* ¥ (420 mg, 0.642 mmol, 5 mol %)
and tri(4-N,N-dimethylaminophenyl)silane (8f) (5.0 g, 12.8 mmol) in THF
(30 mL). The reaction mixture was heated under reflux for 14 d and then
quenched by addition of an aqueous solution of ammonium chloride
(pH =7-8). The layers were separated, the aqueous layer extracted with
Et,0, the combined organic layers were dried (MgSO,), and the solvent
evaporated. Recrystallization of the residue afforded 1f (4.97 g. 91%). Yel-
{ow-brownish crystals. M.p. 104-105°C; IR (KBr): ¥ = 3081, 2980, 2883,
2847, 2792, 1592, 1508, 1357, 1203, 1107, 1060, 803, 776 cm™'; 'H NMR
(400 MHz, CDCly): 6 =2.29 (d, J=7.9 Hz, 2H), 2.96 (s, 18H), 4.89 (m,
2H), 5.92(ddt, J =17.0,10.0, 7.9 He, 1 H), 6.72 (d, J = 8.7 Hz, 6 H), 7.40 (d.
J=18.7Hz, 6H); "?C NMR and DEPT (100 MHz, CDCl,): § = 22.41
(CH,), 40.17 (6CH,), 111.66 (6 CH), 113.78 (CH,), 121.26 (3C), 135.44
(CH), 136.85 (6CH), 150.90 (3C); MS: m/z (%) = 429 (1, M ™), 388 (100).
372.(9), 309 (8), 194 (9); HRMS: 429.2614 (C,,H,N,Si, caled. 429.2600);
Anal. caled. for C,,H,;sN;Si: C 7548, H 8.22, N 9.79; found: C 74.90, H
8.29, N 9.59.

Allyldimethylthexylsilane (1h): A 2M solution of allylmagnesium chloride in
THF (12.0 mL, 24.0 mmol) was added slowly at 0°C to a solution of
chlorodimethylthexylsilane (3.58 g, 3.95 mL, 20.0 mmol) in THF (15 mL).
The mixture was stirred for 2 h at RT, poured into an aqueous solution of
ammonium chloride, and extracted three times with Et,O. The combined
organic layers were dried (Na,S0,), the solvent evaporated, and the residue
subjected to flash chromatography (pentane, silica gel): 1h (3.39 g, 92%).
Colorless oil. IR (film): ¥ = 3078, 2960, 2868, 1631, 1467, 1391, 1378, 1366,
1252, 1155, 874, 837, 817 cm ™ '; "H NMR (400 MHz, CDCl,): § = 0.01 (s,
6H), 0.85 (s, 6H), 0.88 (d, J = 6.9 Hz, 6 H), 1.58 (dt. J = 8.2, 1.1 Hz, 2H).
1.62 (sept., J = 6.9 Hz, 1H), 4.81-4.88 (m, 2H), 5.80 (ddt, J =16.9, 10.1,
8.2 Hz, 1H); **C NMR and DEPT (100 MHz, CDCl,): § = — 4.31 2CHj,),
18.58 (2CHy). 20.92 (2CH,), 22.22 (CH,), 23.51 (C), 34.76 (CH), 112.70
(CH,), 135.82 (CH); MS: m/z (%) =184 (1, M *). 143 (27}, 99 (43), 73 (100),
59 (19): HRMS: 184.1637 (C, H,,Si, caled. 184.1647).

Allyl-tert-butyldiphenyisilane (1i): A 2M solution of allylmagnesium chloride

in THF (11.7mL, 23.4 mmol) was added to a cold solution of tert-
butylchlorodiphenylsilane (5.37 g, 5.0 mL, 19.5 mmol) in THF (15 mL). Af-
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ter stirring for 5 h at RT, the mixture was poured into an aqueous solution
of ammonium chloride, and the aqueous layer was extracted three times with
Et,0. The combined organic layers were dried over sodium sulfate, the
solvent was evaporated, and the residue subjected to flash chromatography
(pentane/Et,O 20:1, silica gel): 1i (5.33 g, 97%). Colorless oil. B.p. 134~
135°C/0.3 mbar; IR (film): ¥ = 3072, 3050, 2998, 2961, 2930, 2887, 2858,
1630, 1589, 1471, 1463, 1428, 1108, 766, 736, 700 cm ~1; 'H NMR (400 MHz,
CDClLy): 6 =1.12 (s, 9H), 2.25 (dt, J =7.9, 1.3 Hz, 2H), 4.85 (ddt, J =10.0,
2.0, 1.1 Hz, 1H), 4.96 (m, 1H), 5.83 (ddt, J =16.9, 10.0, 7.9 Hz, 1 H), 7.38-
7.44 (m, 6H), 7.67 (m, 4H); **C NMR and DEPT (100 MHz, CDCI,):
6 =18.53 (C), 18.80 (CH,), 27.90 (3CHj), 114.56 (CH,), 127.57 (4CH),
129.13(2CH), 134.45 (2C), 134.72 (CH), 136.04 (4CH); MS: m/z (%) = 280
(10, M ™), 239 (66), 223 (100), 217 (26), 197 (36), 183 (20). 181 (23), 145 (11),
135 (72), 105 (23); HRMS: 280.1630 (C,,H,,Si, caled. 280.1647).

Allyldiisopropylphenylsilane (1j) and diallyldiisopropylsilane: A 2M solution of
phenylmagnesium chloride (12 mL, 24 mmol) was added to a solution of
dichlorodiisopropylsilane (3.70 g, 20.0 mmol) in THF (20 mL). The mixture
was heated under reflux for 16 h, and subsequently cooled to 0°C, and then
a 2M solution of allylmagnesium chloride (12 mL, 24 mmol) was added. After
stirring for 5 h at RT, the reaction mixture was poured slowly into an aqueous
solution of ammonium chloride. The aqueous layer was extracted three times
with Et,0 and the combined organic layers were dried over magnesium
sulfate. The solvent was evaporated and the residue subjected to flash chro-
matography {pentane, silica gel). Diallyldiisopropylsilane (720 mg, 18%),
followed by 1j (2.82 g, 61 %) were eluted, both as colorless oils.

1j: B.p. 74-76°C/0.3 mbar; IR (film): ¥ = 3071, 2943, 2891, 2865, 1630,
1463, 1427, 1108, 733, 700 cm ™ *; 'H NMR (400 MHz, CDCl,): § =1.05 (d,
J=7.4Hz 6H), 1.08 (d, J =7.4 Hz, 6H), 1.33 (sept., J =7.4 Hz, 2H), 1.99
(dt, J = 8.1, 1.2 Hz, 2H), 4.90 (m, 1H), 5.03 (m, 1H), 5.96 (ddt, J =169,
10.0. 8.1 Hz, 1H), 7.38 (m, 3H), 7.53 (m, 2H); **C NMR and DEPT
(100 MHz, CDCl,): 6 =10.95 (2CH), 17.25 (CH,), 17.93 (2CH,), 17.99
(2CH,), 113.69 (CH,), 127.57 (2CH), 128.83 (CH), 134.88 (2CH), 134.95
(C), 13535 (CH); MS: m/z (%) = 232 (6, M *), 191 (100), 161 (11), 149 (63),
147 (20), 135 (37), 121 (90), 107 (24), 105 (51); HRMS: 232.1667 (C, ;H,,Si,
caled. 232.1647).

Diallyldiisopropylsilane: 1R (film): # = 3078, 2942, 2891, 2867, 1630, 1463,
1156, 893 cm™*; 'H NMR (400 MHz, CDCl;): 6 =1.04 (m, 14H), 1.63 (d,
J=81Hz 4H), 4.84 (m, 2H), 4.92 (m, 2H), 5.86 (ddt, J =17.0, 10.0,
8.1 Hz, 2H); 13C NMR and DEPT (100 MHz, CDCl,): § =11.31 (2CH),
17.76 (2CH,), 18.14 (4CH,), 113.12 (2CH,), 135.39 (2CH); MS: m/z
(%) =196 (0.3, M ™), 155(93), 153 (27). 127 (17), 113 (66), 111 (15), 99 (26),
97 (12), 85 (100), 83 {(17), 71 (29}, 69 (23), 59 {48); HRMS: 196.1658
(C,,H,,8i, calcd. 196.1647).

Allyldiisopropylphenylsilane (1j): A solution of diisopropylphenylsilane (8j)
(3.00 g, 15.6mmol) in THF (40 mL) was added to [bis(triphenylphos-
phine)lnickel dichloride™3! (510 mg, 780 pmol, 5 mol %). While stirring vig-
orously, a 2 M solution of allylmagnesium chioride in THF (3% mL, 78 mmol}
was added and the mixture was heated under reflux for 18 d. The cold mix-
ture was poured slowly into an aqueous solution of ammonium chloride
and cxtracted with Et,O (3x ). The combined organic layers werc dried
(MgSO,), the solvent was evaporated, and the residue subjected to flash
chromatography (pentane, silica gel): 1j (2.20 g, 61 %), followed by starting
material 8 (340 mg, 11 %) were eluted, both as colorless oils. Spectral data,
see above.

Tri(4-methoxyphenyl)silane (8¢): A 2M solution of 4-methoxyphenylmagne-
sium bromide in THF (5 mL, 10 mmol) was added to a solution of trichlorosi-
lane (407 mg, 303 uL, 3 mmol) in THF (5 mL). The reaction mixture was
stirred for 1h at RT, then poured into an aqueous solution of NH Cl
extracted three times with Et, 0, and the combined organic layers were dried
over magnesium sulfate. Evaporation and flash chromatography (light
petroleum ether/Et,O 3:1, silica gel) afforded 8e (1.05 g, 100%). Colorless
crystals. M.p. 70-71 °C; IR (CHCl,): ¥ = 3000, 2960, 2912, 2836, 2120, 1592,
1564, 1500, 1464, 1396, 1308, 1280, 1248, 1180, 1112, 1032, 804 cm ™',
'HNMR (200 MHz, CDCly): d =38t (s, 9H), 541 (s) and (d,
Ve =196.0Hz, ¥ =1H), 6.92 (brd, J=8.7Hz, 6H), 7.48 (brd,
J=87THz, 6H); >)C NMR and DEPT (75MHz, CDCl,): &= 55.06
(3CH;), 113.88 (6CH), 124,95 (3C), 137.26 (6CH), 161.00 (3C); MS: m/z
(%) = 350 (46, M 7). 349 (22), 335 (14), 304 (3), 274 (11), 273 (54), 243 (59),
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242 (100), 241 (19), 214 (18), 199 (19), 135 (24); HRMS: 350.1297
(C,,H,,0,8i, caled. 350.1298); Anal. caled. for C,,H,,0,8i: C 71.97, H
6.33; found: C 71.46, H 6.33.

Tri(4-N,N-dimethylphenyl)silane (8f): A 2™ solution of 4-N,N-dimethyl-
aminophenylmagnesium bromide in THF (30 mL, 60 mmol) was added to a
sclution of trichlorosilane (2.27 g, 1.69 mL, 16.7 mmol) in THF (30 mL) at
0°C while stirring vigorously. The reaction mixture was warmed to RT and
stirred for 14 h at this temperature. The mixture was poured into an aqueous
selution of ammonium chloride, the layers were separated, and the aqueous
layer was extracted with Et,O (3 x ). The combined organic layers were dried
(MgSO,) and the solvent was evaporated. Recrystallization of the residue
from Et,0 at —20°C provided 8f (6.51 g, 100%). Colorless crystals. M.p.
158-159°C; IR (KBr): # = 3080, 3001, 2881, 2850, 2801, 2072, 1594, 1507,
1351, 1224,1201, 1111, 792 cm ™ *; "H NMR (400 MHz, CDCl,): 6 = 2.97 (s,
18H), 5.39 (s) and (d, "Jyyg; =192.0Hz, T =1H), 6.74 (d, J = 8.5 Hz, 6H),
7.46 (d, J=8.5Hz, 6H); '°*C NMR and DEPT (100 MHz, CDCL,):
4 =40.22 (6CH3), 111.95 (6 CH), 120.17 (3C), 136.89 (6 CH), 151.20 (3C);
MS: mfz (%) = 389 (100, M *), 388 (17), 269 (25), 268 (72), 224 (8), 158 (9),
121 (12), 120 (20); HRMS: 389.2299 (C,,H;,N,Si, caled. 389.2287); Anal.
caled. for C,,H, N;Si: C 73.99, H 8.03, N 10.79; found: C 73.19, H8.02, N
10.80.

Diisopropylphenylsilane (8j): A 2M solution of phenylmagnesium chloride in
THF (30 mL, 60 mmol) was added to a solution of chiorodiisopropylsilane
(7.54 g, 8.67 mL, 50 mmol) in THF (20 mL) at 0 °C. The reaction mixturc was
stirred for 1 h at RT, then quenched by addition of a dilute aqueous solution
of NH,Cl, and the layers were separated. The aqueous phasc was extracted
with Et,0 (3 x ), the combined organic layers were dried over sodium sulfate,
the solvent was evaporated, and the residue subjected to flash chromatogra-
phy (pentane, silica gel): 8§ (9.59 g, 100%). Colorless oil. IR (film): ¥ = 3071,
3053, 2943, 2892, 2865, 2101, 1459, 1111, 999, 801 cm™!; 'HNMR
(400 MHz, CDCl,): 6 =1.05 (d, J =7.3 Hz, 6H), 1.12 (d, J =7.3 Hz, 6H),
1.29 (dsept., J=3.1, 73Hz 2H), 400 (t, J=31Hz) and (dt,
s =183.5Hz, 3.1, ¥ =1H), 7.40 (m, 3H), 7.56 (m, 2H); 13C NMR and
DEPT (100 MHz, CDCl;): 6 =10.72 (2CH), 18.50 (2CH,), 18.68 (2CH,),
127.65 (2CH), 129.09 (CH), 134.17 (C), 135.49 2CH); MS: m/z (%) =192
(2. M%)y, 149 (100), 121 (97), 107 (43), 105 (22); HRMS: 192.1328
(C,,H,,Si, caled. 192.1334).

1-Acetyl-8-dimethylphenylsilylbicyclo[4.3.0]nonane (9b): A solution of 1-
acetylcyclohexene (500 mg, 0.52 mL, 4.03 mmol) in dichloromethane (2 mL)
was added to a stirred solution of titanium tetrachloride (840 mg, 0.49 mL,
4.43 mmol) in dichloromethane (5mL) at —20°C. The formation of the
Lewis acid/enonc complex was indicated by the intense yellow color of the
resulting suspension. The reaction mixture was cooled to ~78°C and a
solution of allyldimethylphenylsilane (1b) (1.06 g, 1.2 mL, 6.04 mmol) in
dichloromethane (6 mL) was added. After stirring for 4 h at —78°C the
reaction temperature was raised to —20 °C, during which the color changed
to an intense red-violet. The reaction mixture was stirred for an additional
15 h at this temperature and the cold mixture was poured into an aquecous
solution of ammonium chloride. The organic layer was separated and the
aqueous layer was extracted three times with cold CH,Cl,. The combined
organic layers were dried over magnesium sulfate, the solvent evaporated,
and the residue subjected to flash chromatography (light petroleum ether/
Et,0 7:1, silica gel). Bulb-to-bulb distillation of the resulting colorless oil
provided 1-acetyl-2-allylcyclohexane (4) at 70°C/0.15 mbar (505 mg, 76%)
and the bicyclononane 9b (229 mg, 19 %) at 160°C/0.15 mbar, both as color-
less oils.

9b: IR (CHCI,): v = 2936, 2864, 1693, 1427, 1367, 1356, 1351, 1250, 1150,
1134, 1114, 834, 813 cm ™ !; 'H NMR (400 MHz, CDCl,): 6 = 0.30 (s, 6 H),
1.13 (m, 1H), 1.20-1.61 (m, 9H), 1.69-1.79 (m, 2H), 1.91 (m, 1 H), 2.12 (s,
3H), 2.45 (m, 1H), 7.37 (m, 3H), 7.54 (m, 2H); '3C NMR and DEPT
(100 MHz, CDCly): 6 = — 4.65 (CH;), — 4.49 (CH,), 21.91 (CH,), 22.70
(CH). 23.46 (CH,), 25.47 (CHj), 26.35 (CH,), 31.03 (CH,), 32.02 (CH,),
37.62 (CH,), 41.40 (CH), 58.38 (C), 127.67 (2CH), 128.92 (CH), 133.76
(2CH), 138.36 (C), 212.91 (C=0): MS: m/z (%) = 300 (3, M *), 285 (1), 260
(18), 222 (11), 137 (7), 135 (100), 125 (14); HRMS: 300.1910 (C,H,SiO,
caled. 300.1909).

1-Acetyl-8-methyldiphenylsilylbicyclo[4.3.0]nenane (9¢): A solution of 1-
acetylcyclohexene (1.38 g, 1.43 mL, 11.1 mmol) in CH,Cl, (5 mL) was added
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to a stirred solution of titanium tetrachloride (2.33 g, 1.35 mL, 12.3 mmol) in
CH,Cl, (14 mL) at — 20°C. The resulting yellow suspension of the Lewis
acid/enone complex was cooled to — 78°C and a solution of allyl-
methyldiphenylsilane (1¢) (4.0 g, 16.8 mmol) in CH,Cl, (16 mL) was added.
The color of the reaction mixture spontaneously changed to red-violet. The
reaction temperature was raised to — 20°C over a period of 4 h, the mixture
stirred for an additional 15 h at this temperature, and then poured into an
aqueous solution of ammonium chloride. The organic layer was separated
immediately and thc aqueous layer extracted three times with cold
dichloromethane. The combined organic layers were dried (MgSO,) and the
solvent was evaporated. 1-Acetyl-2-allylcyclohexane 4 (847 mg, 46%) was
isolated by bulb-to-bulb distillation at 70°C/0.15 mbar as a colorless oil. The
residue was subjected to flash chromatography (hexane/Et,0 15:1, silica gel):
9¢ (1.52 g, 38%). Colorless oil. IR (film): ¥ = 3068, 3048, 2928, 2861, 1699,
1448, 1428, 1349, 1251, 1149, 1133, 1113, 787, 737, 721, 701 em~!; 'H NMR
(400 MHz, CDCl,): 6 =0.59 (s, 3H), 1.11 (m, 2H), 1.25-1.38 (m. SH),
1.49-1.86 (m, 5H), 2.01 (m, 1 H), 2.14 (s, 3H), 2.49 (m, 1 H), 7.39 (m, 6 H),
7.54 (m. 4H); '3C NMR and DEPT (100 MHz, CDCl,): 6 = — 5.98 (CH,;).
21.15 (CH). 21.94 (CH,), 23.46 (CH,), 25.63 (CH,), 26.28 (CH,). 30.90
(CH,), 32.28 (CH,), 37.78 (CH,), 41.31 (CH), 58.47 (C), 12783 (4CH),
129.29 (2CH), 134.80 (2CH), 134.82 (2CH), 136.46 (C), 136.54 (C), 213.00
(C=0); MS: m/z (%) =362 (2, M ). 322 (11), 321 (41), 284 (14), 197 (100).
125 (6), 105 (4); HRMS: 362.2051 (C,,H,,0Si, caled. 362.2066).

1-Acetyl-8-triphenylsilylbicyclo[4.3.0lnonane (9d): A solution of 1-acetylcy-
clohexene (500 mg, 0.52 mL, 4.03 mmol) in dichloromethane (2 mL) was
added to a sofution of titanium tetrachloride (840 mg, .49 mL, 4.43 mmol)
in CH,Cl, (S mL) at — 20°C. The resulting yellow suspension indicated the
formation of the Lewis acid/enone complex. After cooling to — 78°C a
solution of allyltriphenylsilane (1d) (1.82 g, 6.04 mmol) in dichloromethane
(6 mL) was added. After stirring for 4 h at — 78°C the reaction mixture was
warmed to — 20°C, during which the color changed to a deep red-violet. The
reaction mixture was stirred for an additional 15 h at this temperaturc and
then poured into an aqueous solution of ammonium chloride. The organic
layer was separated, the aqueous layer extracted with CH,C!, (3 x), the
combined organic layers were dried (MgSO,), and the solvent was evaporat-
ed. The residue was subjected to flash chromatography (pentane/Et,0 6:1,
silica gel). 1-Acetyl-2-allylcyclohexane (4) (258 mg, 39 %) was separated from
this crude product by bulb-to-bulb distillation at 70°C/0.15 mbar. Recrystal-
lization of the residue from Et,O afforded 9d (872 mg, 51%). Colorless
crystals. M.p. 114—115°C; IR (K Br): ¥ = 3067, 3045, 2923, 2858, 1695, 1428,
1229, 1216, 1133, 1110, 742, 702, 536, 512 c¢cm~*; *H NMR (400 MHz, CD-
Cly): 6 =0.73 (m, 1 H), 0.98 (m, 1 H), 1.08 (m, 1H), 1.18 (m, 3H), 1.36-1.47
(m, 2H), 1.60-1.73 (m, 2H), 1.98 (m, 1 H), 2.10-2.19 (m, 2H), 2.12 (s, 3H),
2.48 (m, 1H), 7.40 (m, 9H), 7.61 (m, 6H); 1*C NMR and DEPT (100 MHz,
CDCl,): 6 =19.94 (CH), 21.85 (CH,), 23.29 (CH,). 25.63 (CH,), 26.06
(CH,), 30.37 (CH,), 32.51 (CH,), 37.79 (CH,,), 41.04 (CH), 58.46 (C), 127.85
(6CH), 129.51 (3CH), 134.54 (3C), 135.99 (6 CH), 213.00 (C=0); MS: mjz
(%) =424 (3, M), 383 (83), 347 (18), 261 (26), 260 (83), 259 (100), 199 (18),
183 (14), 181 (47); Anal. caled. for C,,H,,SiO: C 82.02, H 7.60; found: C
81.86, H 7.62.

1-Acetyl-8-tert-butyldimethylsilylbicyclo[4.3.0lnonane (9¢g): A solution of 1-
acetylcyclohexene (500 mg, 0.52 mL, 4.03 mmeol) in dichloromethane (2 mL)
was added to a solution of TiCl, (840mg. 0.49mL, 4.43 mmol) in
dichloromethane (5 mL) at — 20°C. The formation of the Lewis acid/enone
complex was indicated by the intense yellow color of the resulting suspension.
The reaction mixture was cooled to — 78°C and a solution of allyl-rers-
butyldimethylsilane (944 mg, 6.04 mmol) in CH,Cl, (5 mL) was added slow-
ly. During a period of 4 h the reaction mixture was warmed to — 20°C and
then stirred for an additional 16 h at this temperature. The mixture was
poured into an aqueous solution of ammonium chloride and the aqueouns
layer was extracted three times with dichloromethane. The combined organic
layers were dried over sodium sulfate, the solvent was evaporated, and the
residue subjected to flash chromatography (pentane/Et,O 20:1, silica gel).
Bulb-to-bulb distillation of the resulting yellow oil at 90 °C/0.03 mbar provid-
ed 9g (450 mg, 40%). Colorless oil. IR (film): ¥ = 2930, 2857, 1695, 1464,
1246, 1147, 1131, 915, 828, 803, 766, 733 cm ™ '; 'H NMR (400 MHz, CD-
Cly): 6= —0.09 (s, 3H), —0.08 (s, 3H), 0.85 (s, 9H), 1.17 (m, 2H), 1.31-
1.58 (m, 8H), 1.68 (m, 1H), 1.85 (m, 2H), 2.12 (s, 3H), 2.42 (m, 1 H); '3C
NMR and DEPT (100 MHz, CDCl,): § = — 7.63 (CH;), — 7.56 (CH,),
16.92 (C), 20.48 (CH), 21.97 (CH,), 23.60 (CH,), 25.51 (CH,), 26.43 (CH,),
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27.00 (3CH,,). 31.33 (CH,). 33.09 (CH,), 38.78 (CH,), 41.46 (CH), 58.27 (C),
213.06 (C=0): MS: mjz (%) = 280 (9, M *), 223 (100). 179 (15), 147 (92),
105 (19), 103 (18), 75 (99.7). 73 (80); HRMS: 280.2206 (C,,H ,,0Si. caled.
280.2222).

1-Acetyl-8-dimethylthexylbicyclo[4.3.0lnonane (9h): A solution of [-acetylcy-
clohexenc {250 mg, 0.26 mL., 2.01 mmol) in CH,Cl, (1 mL) was added slowly
to a solution of titanium tctrachloride (420 mg, 0.25mL, 2.21 mmol) in
CH,CI, (2.5mL) at — 20°C. The intense yellow color of the rcsulting sus-
pension indicated the formation of the Lewis acid/enone complex. The reac-
tion mixturc was cooled to — 78°C and a solution of allyldimethylthexylsi-
lane (1h) (741 mg, 4.02 mmol) in dichloromethane (3 mL) was added. The
mixturce was warmed to 0°C over a period of 4 h (the color changed to an
intense red-violet), stirred vigorously for an additional 16 h at this tempera-
ture, poured into an aqucous solution of ammonium chloride, and the
agueous layer was extracted with dichloromethane (3 x ). The combined or-
ganic layers were dried over sodium sulfate, the solvent was evaporated, and
the residuc subjected to flash chromatography (pentane/Et,O 20:1, silica
gel): 9h (371 mg, 60%). Colorless oil. IR (film): ¥ = 2929, 2864, 1696, 1463,
1374, 1348, 1247, 1146, 1129, 830, 809, 767 cm™'; 'H NMR (400 MHz,
CDCly): 6 = —0.04 (s, 3H), —0.03 (s, 3H), 0.72-0.89 (m, 1H), 0.799 (s,
3H), 0.804 (s, 3H), 0.82 (d, J = 6.8 Hz, 6H), 1.10—1.91 (m, 13H), 2.12 (s,
3H), 2.41 (m, 1H); *C NMR and DEPT (100 MHz, CDCl,): § = -~ 5.25
(CH,), — 5.14 (CH,), 18.49 (CH,), 18.62 (CH,), 21.12 (CH,), 21.29 (CH ).
21.84 (CH), 21.97 (CH,), 23.62 (C, CH,), 25.53 (CH,), 26.40 (CH,), 31.44
(CH,). 33.30 (CH,), 34.66 (CH), 39.04 (CH,), 41.42 (CH), 58.14 (C), 213.03
(C=0); MS: mfz (%) = 308 (2, M), 223 (75), 179 (14). 147 (94). 105 (16).
103 (13), 84 (100), 75 (94), 73 (62), 59 (32); HRMS: 308.2508 (C,,H, OSi,
caled. 308.2535).

1-Acctyl-8-tert-butyldiphenylsilylbicyclo[4.3.0lnonane (9i). A solution of t-
acetylcyclohexene (500 mg, 0.52 mL, 4.03 mmol) in dichloromethanc (2 mL)
was added to a solution of TiCl, (840mg, 0.49mL, 4.43 mmol) in
dichloromethanc (SmL) at — 20°C (yellow suspension). After cooling to
— 78°C, a solution of allyl-tert-butyldiphenylsilane (11) (1.69 g, 6.04 mmol)
in CH,Cl, (6 mL) was added, the reaction mixture warmed slowly to 0°C (the
color changed to red-violet), and stirred vigorously for 19 h at this tempera-
ture. A solution of allyl-zerz-butyldiphenylsilane 1i (1.13 g, 4.03 mmol) in
dichloromethanc was added, the mixture stirred for an additional 24 h, and
then poured into an aqueous solution of ammonium chloride. The organic
layer was separated, the aqueous layer extracted three times with
dichloromethane, and the combined organic layers dried over sodium sulfate.
The solvent was evaporated and the residue subjected to flash chromatogra-
phy (pentane/Et,0 20:1, silica gel): 9i (1.12 g, 69 %). Colorless crystals. M.p.
115-116°C; IR (KBr): ¥ = 3068, 3050, 2929, 2855, 1690, 1465, 1423, 1359,
1139, 1103, 817, 739, 701, 605, 555cm™'; 'H NMR (400 MHz, CDCl,):
6 =0.54 (m, 1H), 0.92-1.17 (m, 6H), 1.07 (s, 9H), 1.35 (m, 1H), 1.54 (m,
2H), 1.93 (m, 2H), 2.05 (m, 1 H), 2.10 (s, 3H), 2.42 (m, 1H), 7.40 (m, 6H),
7.65 (m, 4H); '*C NMR and DEPT (100 MHz, CDCl,): § = 18.39 (CH).
18.64 (C), 21.84 (CH,), 23.31 (CH,), 25.63 (CH,), 26.00 (CH,). 28.53
(3CH,;). 30.12 (CH,), 32.99 (CH,), 38.36 (CH,), 40.94 (CH), 58.27 (C),
127.42 2CH), 127.47 2CH), 129.13 (2CH), 134.13 (C), 134.18 (C), 136.74
(2CH), 136.79 (2CH), 213.19 (C=0); MS: m/z (%) =404 (1, M*), 347
(100), 199 (83), 183 (75). 181 (12), 147 (11), 135 (15); HRMS: 404.2545
(C,,H;,08i, calcd. 404.2535); Anal. caled. for C,,H,,0Si: C 80.15, H 8.97;
found: C 80.16, H 9.06.

1-Acetyl-8-diisopropylphenylsilylbicyclo[4.3.0]nonane (9j): A solution of 1-
acetylcyclohexene (500 mg, 0.52 mL, 4.03 mmol) in dichloromethane (2 mL)
was added to a solution of titanium tetrachloride (840 mg, 0.49 mL,
4.43 mmol) in CH,C!, (5 mL}at — 20°C. The formation of the Lewis acid/
enone complex was indicated by the intense yellow color of the resulting
suspension. A solution of allyldiisopropylphenylsilane (1j) (1.41 g,
6.04 mmol) in CH,Cl, (6 mL) was added slowly at — 78°C and the reaction
mixture was warmed over a period of 4 h to — 20°C (the color changed to
red-violet). After stirring for an additional 16 h at this temperature, the
reaction mixture was poured into an aqueous layer of ammonium chloride.
The organic layer was separated, the aqueous layer extracted three times with
dichioromethane, and the combined organic layers dried (MgSO,). Evapora-
tion of the solvent and flash chromatography of the residue (pentane/Et,0
20:1, silica gel) provided 9j (974 mg, 68 %). Colorless oil. IR (film): ¥ = 3070,
2938, 2864, 1700, 1461, 1427, 1350, 1106, 883, 738, 702cm™~'; 'H NMR
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(400 MHz, CDCl,): § = 0.97 (m, 1H), 1.12 (m, 12H), 1.17-1.68 (m. 12H),
1.79 (m, 1H), 1.95 (m, 1H), 2.1 (s, 3H), 2.41 (m, 1H), 7.36 (m, 3H). 7.52
(m, 2H); 13C NMR and DEPT (100 MHz, CDCL,): & = 11.30 (CH). 11.40
(CH), 18.69 (CH,), 18.73 (CH,), 18.90 (CH,), 18.92 (CH ). 19.87 (CH), 21.94
(CH,). 23.49 (CH,), 25.60 (CH,), 26.28 (CH,), 31.09 (CH,), 32.57 (CH,),
38.12 (CH,), 41.24 (CH), 58.18 (C), 127.59 (2CH), 128.82 (CH), 134.62 (C),
13528 (2CH), 213.11 (C=0); MS: mjz (%) = 356 (2, M *), 313 (100), 235
(12). 165 (29), 149 (24). 147 (19), 137 (22). 121 (44), 107 {16); HRMS:
356.2540 (C,,H,,08i, caled. 356.2535).

I-Acetyl-8-triisopropylsilylbicyclo{4.3.0|nonanc (9k): A solution of titanium
tetrachloride (840 mg, 0.49 mL, 4.43 mmol) in dichloromethane (5 mL) was
cooled to — 20°C and a solution of 1-acetylcyclohexene (500 mg, 0.52 mL,
4.03 mmol) in dichloromethane (2 mL) was added (formation of the Lewis
acid/enone complex as a yellow suspension). After cooling to — 78°C, a
solution of allyltriisopropylsilane (1.20g, 1.46 mL, 6.04 mmol) in
dichloromethane (6 mL) was added. The reaction temperature was raised to
— 20°C over a period of 4 h (the color changed to red-violet), the mixture
was stirred for an additional 16 h at this temperature, and poured into an
aqueous solution of ammonium chloride. The organic layer was separated,
the aqueous layer extracted three times with dichloromethane, and the com-
bined organic layers were dried over sodium sulfate. Evaporation of the
solvent and flash chromatography (pentane/Et,O 20:1, silica gel) afforded
first the less polar 1-acetyl-2-allylcyclohexane (4) (16 mg, 2%) as a colorless
oil and then 9k (1.12g, 86 %). Colorless oil. IR (film): ¥ = 2933, 2865, 1696,
1460, 1381, 1347, 1145, 1131, 1013, 997, 916, 881, 664 cm™*; 'H NMR
(400 MHz, CDCl,): & = 1.00--1.17 (m, 21 H), 1.22-1.77 (m, 11H), 1.92 (m.
2H), 2.14 (s, 3H), 2.40 (m, 1H); **C NMR and DEPT (100 MHz, CDCl,):
6 = 1121 (3CH), 19.23 (6 CH,;). 20.88 (CH), 22.10 (CH,), 23.66 (CH ), 25.57
(CH,). 26.56 (CH,), 31.97 (CH,), 33.58 (CH,), 39.17 (CH,), 41.56 (CH),
58.04 (C), 213.10 (C=0); MS: m/z (%) = 322 (1, M ™), 281 (9), 279 (100),
277 (15), 147 (22), 131 (19), 103 (11); HRMS: 322.2674 (C,,H,,08i, caled.
322.2692).

1-Acetyleyclopentene (10a): A solution of 1-cthynyleyclopentan-1-ol (5.0 g,
45.4 mmol) in formic acid {40 mL) was heated under reflux for 3 h. After
cooling to RT, brine {100 mL) and Et,0 (100 mL) were added and then the
mixture was neutralized by addition of solid KOH at 0°C. The layers werc
separated, the aqueous layer was extracted with Et,O (3 x), and the com-
bined organic layers were dried over magnesium sulfate. The solvent was
evaporated and the residue was purified by bulb-to-bulb distillation at 50°C/
0.2 mbar: 10a (4.21 g, 84%). Colorless oil. 'H NMR (400 MHz, CDCl,):
o0 =192 (quint., J = 7.6 Hz, 2H); 2.31 (s, 3H); 2.54 (m, 4H): 6.73 (m, 1 H).
'3C NMR and DEPT (100 MHz, CDCl,): § = 22.86 (CH,); 26.67 (CH,):
30.44 (CH,); 33.92 (CH,); 144.52 (CH); 146.09 (C); 196.87 (C=0). For
further data, see ref. [17].

1-Acetylcycloheptene (10c¢): A solution of cycloheptanone (5.79 g, 6.09 mL,
51.6 mmol) in THF (50 mL) was added to a solution of lithium acetylide
cthylenediamine complex (5 g, 54.3 mmol) in THF (50 mL) at 35°C. The
reaction mixture was stirred for 1.5 h at RT, H,O (100 mL) was added, and
the mixture was heated for 1 h under reflux. The layers were separated, the
aqueous phase was extracted with Et,O (3 x ), the combined organic layers
were dried over magnesium sulfate, and the solvent was evaporated. Formic
acid (100 mL) was added to the residue and the reaction mixture was heated
under reflux for 3 h. Brine (100 mL) and Et,O (100 mL) were added at RT
and the mixture was neutralized cautiously by addition of solid KOH at 0"C.
The aqueous layer was extracted three times with dicthyl ether, the combined
organic layers were dried (MgSO,). the solvent was evaporated, and the
residuc was purified by bulb-to-bulb distillation at 50°C/0.2 mbar: 10c¢
(5.12 . 72%). Colorless oil. '"H NMR (500 MHz, CDCl;): é = 1.42 (m, 2H),
1.53 (m, 2H), 1.75 (m, 2H). 2.27 (s, 3H), 2.32 (m, 2H), 2.46 (m, 2H), 7.06
(t, J = 6.7 Hz, 1H); '3C NMR and DEPT (125 MHz, CDCl,): § = 25.24
(CH,), 25.38 (CHj;), 25.82 (CH,), 26.09 (CH,), 29.14 (CH,), 32.27 (CH,),
145.60 (CH), 146.57 (C), 199.21 (C=0). For further data, see ref. [17b].

1-Acetyleyclooctene (10d): A solution of cyclooctanone (7.40 g, 58.6 mmol) in
THF (50 mL) was added to a suspension of lithium acetylide ethylenediamine
complex (5.30 g, 57.6 mmol) in THF (50 mL) at 35°C, stirred for 1.5 h at RT,
and then H,0 (100 mL) was added. This reaction mixture was heated under
reflux for 1 h, the organic layer separated, and the aqueous layer was extract-
ed with Et,0 (3 x ). The combined organic layers were dried over magnesium
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sulfate and the solvent was evaporated. Formic acid (100 mL) was added to
the residue and this mixture was hcated under reflux for an additional 3 h.
The mixture was quenched by addition of brine (100 mL) and diethyl ether
(100 mL) and neutralized cautiously with solid KOH at 0°C. The aqueous
layer was extracted three times with Et, 0, the combined organic layers were
washed with a sat. aqueous solution of NaHCO, and dried (MgSO,). Eva-
poration of the solvent and bulb-to-bulb distillation {75°C;0.2 mbar) of the
residue afforded a crude product, which was subjected to flash chromatogra-
phy (hexane/Et,O 1:1, silica gel}): 10d (3.91 g, 44%). Colorless oil. [R (film):
¥ = 2925, 2853, 1666, 1636, 1465, 1447, 1385, 1286, 1200 cm ~*; 'H NMR
(400 MHz, CDCl,): 6 = 1.33-1.50 (m, 6 H), 1.58 (m, 2H), 2.26 (s, 3H), 2.29
(m, 2H), 2.39 (m, 2H), 6.83 (t, J = 8.3 Hz, 1H); *C NMR and DEPT
(100 MHz, CDCl,): & = 23.48 (CH,), 25.55 (CH,), 26.25 (CH,), 26.69
(CH,), 27.69 (CH,), 29.21 (CH,), 29.31 (CH,), 143.22 (C), 143.76 (CH).
199.20 (C=0); MS: m/z (%) = 152 (100, M *), 137 (52), 123 (16), 109 (66).
81 (19), 79 (16), 67 (63), 55 (20), 43 (90); HRMS: 152.1209 (C,,H, 40, caled.
152.1201).

1-Acetylcyclododecene (10e): A solution of cyclododecanone (3.13 g,
17.2 mmol) in THF (25 mL) was added to a suspension of lithium acetylide
ethylenediamine complex (5.0 g, 54.3 mmol) in THF (50 mL) at 35°C (to
maintain this temperature the mixture must be cooled). The reaction mixture
was stirred for 7d at RT, lithium acetylide ethylenediamine complex (2 g,
21.7 mmol) was added, and the mixture was stirred for an additional 7 d at
this temperature. H,O (100 mL) was added and this mixture was hcated
under reflux for 1 h. The layers were separated, the aqueous layer was extract-
cd with Et,0 (3 x ), the combined organic layers were dried (MgSO,), and the
solvent was evaporated. Formic acid (100 mL) was added to the residue and
this reaction mixture was heated under reflux for 3 h. Brine (100 mL) and
Et,O (100 mL) were added at 20°C. While stirring vigorously, the mixture
was ncutralized by addition of solid KOH at 0°C. The aqueous layer was
extracted three times with diethyl ether, the combined organic layers were
dried over magnesium sulfate, and the solvent was evaporated. The residue
was purified twice by bulb-to-bulb distillation (90°C, 0.2 mbar): 10e (2.15 g,
60%). Colorless oil. IR (film): ¥ = 2928, 2860, 1711, 1670, 1634, 1469, 1445,
1384, 1349, 1280, 1208, 1158, 958, 726 cm~'; '"H NMR (500 MHz, CDCl,):
5= 117 (m, 2H), 1.24—1.42 (m. 11 H}, 1.47 {m, 2H), 1.56 (m, 2H), 2.25 (m,
{H), 2.27 (s, 3H), 2.32 (t, J = 6.8 Hz, 2H), 6.58 (1. J = 8.0 Hz, 1 H); 3C
NMR and DEPT (125 MHz, CDCl,): § == 22.12 (CH,), 22.62 (CH,), 22.96
(CH,), 23.59 (CH,), 25.01 (CH,). 25.05 (CH,), 25.18 (CH,), 26.01 (CH,),
26.11 (CH,), 26.25 (CH,), 26.36 (CH,), 142.11 (C), 144.11 (CH), 200.18
(C=0); MS:m/z (%) = 208 (100, M ™), 151 (15), 137 (27), 123 (12), 109 (22),
95 (23), 83 (24), 81 (20), 55 (28). 43 (64); HRMS: 208.1838 (C,,H,,0, calcd.
208.1827).

1-Acetyl-3-triphenylsilylbicyclo]3.3.0]octane (11a): A solution of 1-acetylcy-
clopentene (2.01 g, 2.10 mL, 18.2 mmol) in dichloromethane (10 mL) was
added to a solution of titanium tetrachloride (3.79 g, 2.19 mL, 20.0 mmol) in
dichloromethane (25 mL) at — 20°C. The formation of the Lewis acid/enone
complex was indicated by the yellow color of the resulting suspension. A
solution of allyltriphenylsilane (1d) (8.20 g, 27.3 mmol) in dichloromethane
(30 mL) was added at — 78°C. Over a period of 3.5 h the reaction mixture
was warmed to — 20°C, during which the color changed to an intense red-
violet. After stirring for an additional 16 h at this temperature, the mixture
was poured into a cold aqueous solution of ammonium chloride and the
organic layer was separated immediately. The aqueous layer was extracted
with dichloromethane (3 x), the combined organic layers were dried over
sodium sulfate, and the solvent evaporated. Recrystallization of the residue
from Et,0 at —20°C afforded 11a (1.89 g, 25%). Colorless crystals. M.p.
103—-104°C; IR (KBr): ¥ = 3069, 3050, 3016, 2950, 2858, 1689, 1481, 1426,
1353, 1243, 1223, 1186, 1156, 1106, 740, 702. 545 cm™'; "H NMR (400 MHz.
CDCI,): § = 1.15-1.36 (m, 3H), 1.41 (m. 1H). 1.57 (m, 3H), 1.69 (m. 1H),
1.87 (m, 1H), 2.20 (s, 3H), 2.32 (m, 1H). 2.63 (ddd. J = 13.0, 5.8, 1.7 Hz,
{H), 2.85 (m, 1H), 7.40 (m, 9H), 7.57 (m, 6H); '3C NMR and DEPT
(100 MHz. CDCl,): 8 = 24.86 (CH,). 25.23(CH), 25.95(CH,), 33.16 (CH,),
36.99 (CH,), 37.68 (CH,), 39.93(CH,}, 47.72 (CH), 68.87 (C), 127.85 (6 CH),
129.44 (3CH). 134.55 (3C), 13594 (6CH). 211.85 (C=0). MS: mj:z
(%) = 410 (1, M *), 370 (11), 369 (39), 260 (20), 259 (100), 181 (10): HRMS:
410.2046 (C,4H,,0Si, caled. 410.2066).

1-Acetyl-9-triphenylsilylbicyclo[5.3.0]decane (11¢): A solution of 1-acetyley-
cloheptene (1.10 g, 8.00 mmol) in dichloromethanc (4 mL) was added to a
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solution of titanium tetrachloride (1.68 g, 0.98 mL, 886 mmol) in
dichloromethane (5 mL) at — 20°C. The color of the reaction mixture turned
to an intense dark red. After cooling to — 78°C, a solution of allyltriphenyl-
silane (1d) (3.64 g, 12.08 mmol) in dichloromethane (12 mL) was added. The
reaction mixture was warmed slowly to — 20°C and stirred for 19 h at this
temperature. The cold mixture was quenched by addition of an agqueous
solution of ammonium chloride, the organic layer separated immediately, and
the aqueous layer extracted with dichloromethane (3 x). The combined or-
ganic layers were dried over magnesium sulfate, the solvent was evaporated,
and the residue subjected to flash chromatography (hexane/Et,O 7:1, silica
gel): 11e (1.20 g, 34%). Colorless crystals. M.p. 107-108°C; IR (KBr):
¥ = 3067, 3048, 2927, 2852, 1692, 1425, 1348, 1186, 1133, 1108, 739, 701,
555cm™'; "H NMR (400 MHz, CDCl,): 6 = 0.89-1.30 (m, 5H), 1.43-1.76
(m, 8H), 2.01-2.07 (m, 1 H}, 2.22 (s, 3H), 2.24-2.31 (m, 1 H), 3.01 (m, 1 H),
7.39 (m, 9H), 7.53 (m, 6H); '3C NMR and DEPT (100 MHz, CDCl,):
& = 23.09 (CH), 25.14 (CH,). 26.06 (CH,), 28.15 (CH,), 31.04 (CH,), 33.04
(CH,), 34.91 (CH,), 38.07 (CH,), 42.26 (CH,), 42.51 (CH), 64.37 (C), 127.85
(6 CH), 129.45 (3CH), 134.45 (3C), 135.90 (6 CH), 213.11 (C=0); MS: m/z
(%) =438 (1, M ™), 398 (4), 397 (15), 361 (3), 360 (4), 276 (3), 260 (22), 259
(100), 181 (7); HRMS: 438.2392 (C,,H,,08Ii, caled. 438.2379).

1-Acetyl-3-triisopropylsilyibicycloj3.3.0]octane (12a): A solution of titanium
tetrachloride (840 mg, 0.49 mL, 4.43 mmol) in CH,Cl, (5 mL) was cooled to
—20°C and a solution of 1-acetylcyclopentene (443 mg, 4.03 mmol) in
CH,Cl, (3 mL) was added. After cooling to — 78°C, a solution of allyltriiso-
propylsilane (1.20 g, 1.46 mL, 6.05 mmol) in CH,Cl, (5 mL) was added. Over
a period of 2 h the reaction mixture was warmed to — 20°C and stirred for
an additional 17 h at this temperature. The cold mixture was poured into an
aqueous solution of ammonium chloride, the organic layer separated immedi-
ately, and the aqucous layer extracted with dichloromethane (3 x ). The com-
bined organic layers were dried over magnesium sulfate, the solvent was
evaporated, and the residue subjected to flash chromatography (hexane/Et,0
30:1, silica gel): 12a (881 mg, 71 %, anti/syn = 3:1). Colorless oil. IR (film):
¥ = 3382, 2943, 2891, 2865, 1701, 1463, 1354, 1160, 999, 882, 666 cm~'; 'H
NMR (400 MHz, CDCl,): 6 = 0.99-1.07 (m, 21 H), 1.16-1.73 (m, 9H),
2.09-2.16 (m, 1H), 2.13 (s, spn-12a) and 2.14 (s, anti-12a, > = 3H), 2.44
(ddd, J =129, 5.6, 20Hz, 1H), 2.70 (m, 1H); '*C NMR and DEPT
(100 MHz, CDCly): anti-12a: § = 11.42 (3CH), 19.15 (6 CH), 24.94 (CH),
24.97 (CH,), 25.77 (CH,), 33.15 (CH,), 37.16 (CH,), 38.37 (CH,), 40.59
(CH,), 47.50 (CH), 68.56 (C), 211.77 (C=0); syn-12a: 6 = 11.42 (3CH),
19.15 (6CH,), 21.14 (CH), 25.96 (CH,), 26.99 (CH,), 35.04 (CH,), 36.83
(CH,), 37.24 (CH,), 40.68 (CH,). 47.04 (CH), 68.35 (C), 211.87 (C = 0): MS:
mjz (%) =308 (4, M ™), 267 (9), 265 (100), 263 (28), 183 (5), 133 (12), 131
(223, 103 (16); HRMS: 308.2519 (C  H,,OSi, caled. 308.2535).

1-Acetyl-9-triisopropylsilylbicyclof5.3.0jdecane (12¢): A solution of 1-acetyl-
cycioheptene (440 mg, 3.19 mmol) in dichloromethane (2 mL) was added to
a solution of titanium tetrachloride (668 mg, 0.39 mL, 3.53 mmol) in
dichloromethane (5mL) at — 20°C. A solution of allyltriisopropylsilane
(948 mg, 1.1SmL, 4.78 mmol) in dichloromethane (4 mL) was added at
— 78°C. The reaction mixture was warmed to — 20°C and stirred for 19 h
at this temperature. The cold mixture was poured into an aqueous solution
of ammonium chloride, the organic layer separated immediately, and the
aqueous layer extracted three times with dichloromethane. The combined
organic layers were dried over magnesium sulfate, the solvent was evaporat-
ed, and the residue subjected to flash chromatography (hexane/Et,O 30:1,
sifica gel): 12¢ (723 mg, 68 %). Colorless oil. IR (film): ¥ = 2940, 2865, 1701,
1463, 1350, 1241, 1164, 1136, 1072, 999, 917, 883, 784, 664 cm~'; '"H NMR
(400 MHz, CDCl,): 6 = 0.85 (m, 1H), 0.99-1.04 (m, 21 H), 1.17-1.76 (m,
11H), 2.00-2.20 (m, 3H), 2.16 (s. 3H), 2.84 (m, 1 H); '*C NMR and DEPT
(100 MHz, CDCl): & = 11.33 (3CH), 19.15 (6CH,), 22.65 (CH), 24.95
(CH,), 26.16 (CH,), 28.32 (CH,), 31.18 (CH,), 33.46 (CH,), 35.16 (CH,),
38.91 (CH,), 42.13 (CH), 43.17 (CH,), 64.26 (C), 213.31 (C=0); MS: m/z
(%) = 336 (4, M), 293 (100), 249 (2), 161 (16), 159 (6), 133 (3), 131 (30):
HRMS: 336.2866 (C,,H,,0OSI, caled. 336.2848).

1-Acety)-3-tert-butyldiphenylsilylbicyclo[3.3.0]octane (13a): A solution of 1-
acetylcyclopentene (444 mg, 4.03 mmol) in dichloromethane (7 mL) was
added to a solution of titanium tetrachloride (840 mg, 0.49 mL, 4.43 mmol)
in dichloromethane (7mL) at — 20°C. The resulting vellow suspension
(Lewis acid/ enone complex) was cooled to — 78 °C and a solution of allyl-
terr-butyldiphenylsilane (1) (1.70 g, 6.06 mmol) in dichloromethane (7 mL)
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was added slowly. After warming to — 20°C (the color changed to red-vio-
let), the reaction mixture was stirred for 19 h at this temperature and then
quenched by addition of an aqueous solution of ammonium chloride. The
aqueous layer was extracted three times with dichloromethane, the combined
organic layers were dried over magnesium sulfate, and the solvent was eva-
porated. Recrystallization from Et,O afforded 13a (828 mg, 53%). Colorless
crystals. M.p. 89-92°C; IR (KBr): ¥ = 3069, 2996, 2954, 2860, 1695, 1470,
1447, 1426, 1360, 1229, 1158, 1108, 820, 742, 701, 684, 607 cm ™~ '; '"H NMR
(400 MHz, CDCly): 6 = 0.98~1.18 (m, 3H), 1.06 (s. 9H), 1.33 (m, 1H),
1.42-1.65 (m, SH), 2.15 (s, 3H), 2.21 (m, 1 H), 2.50 (ddd, J = 13.0, 5.7,
1.9 Hz, 1 H), 2.75 (m, t H), 7.37 (m, 6 H), 7.60 (m, 4H); '*C NMR and DEPT
(100 MHz, CDCl,): 6 = 18.56 (C), 23.84 (CH), 24.68 (CH,), 25.88 (CH,),
28.42 (3CH,;), 33.08 (CH,), 36.93 (CH,). 37.93 (CH,), 40.22 (CH,), 47.45
(CH), 68.59 (C}, 127.33 (2CH), 127.37 (2CH), 128.94 (2CH), 134.29 (C),
13438 (C), 136.47 (2CH). 136.48 (2CH), 212.03 (C=0): MS: m/= (%) = 390
(1, M ™), 333 (100), 199 (80), 197 (10), 183 (91), 181 (15), 135 (17); HRMS:
390.2390 (C, H;,08Si, caled. 390.2379); Anal. caled. for C, H,,0Si:
C 79.95, H 8.78; found: C 79.80, H 8.67.

1-Acetyl-9-tert-butyldiphenylsilylbicyclo[5.3.0]decane (13¢): A solution of
titanium tetrachloride (840 mg, 0.49 mL, 4.43 mmol) in dichloromethane
(7mL) was cooled to — 20°C and a solution of l-acetylcycloheptene
(560 mg, 4.05 mmol) in dichloromethane (7 mL) was added. The formation of
the Lewis acid/enone complex was indicated by the yellow color of the result-
ing suspension. After cooling to — 78°C. a solution of allyl-rers-butyl-
diphenylsilane (1i) (1.70 g, 6.06 mmol) in dichloromethane (7 mL) was added
slowly. The reaction mixture was warmed to — 20°C and stirred for 19 h at
this temperature, then quenched by addition of an aqueous solution of am-
monium chloride, and the organic layer was separated. The aqueous layer was
extracted with dichloromethane (3 x), the combined organic layers were
dried (MgS0O,), and the solvent was evaporated. The residue was subjected to
flash chromatography (hexane/Et,0 15:1, silica gel): 13¢ (853 mg, 50%).
Colorless oil. IR (film): ¥ = 3071, 3047, 3014, 2996, 2926, 2855, 1700. 1471,
1427, 1391, 1362, 1351, 1165, 1134, 1107, 911, 820, 740, 702, 686, 609 cm ™'
'H NMR (400 MHz, CDCl,): 6 = 0.88—1.64 (m, 13H), 1.04 (s, 9H), 1.96
(dd, J = 14.8,7.7 Hz, 1 H), 2.15 (m, 1 H), 2.19 (s, 3H), 2.91 (m, 1 H), 7.40 (im,
6H), 7.60 (m, 4H); }*C NMR and DEPT (100 MHz, CDC1,): = 18.50 (C),
21.53 (CH), 24.96 (CH,;), 25.86 (CH,), 27.99 (CH,), 28.35 (3CH,), 30.90
(CH,). 32.85 (CH,), 34.75 (CH,), 38.22 (CH,), 42.19 (CH), 42.50 (CH,),
64.01 (C), 127.27 (2CH), 127.31 (2CH), 128.89 (2CH), 133.96 (C), 134.34
(C), 136.31 (2CH), 136.44 (2CH), 213.26 (C=0); MS: m/= (%) = 418 (1,
M ™), 361 (100), 199 (48), 197 (10), 183 (73), 135 (20); HRMS: 418.2684
(C,3H,508i, caled. 418.2692).

1-Acetyl-10-tert-butyldiphenylsilylbicyclo{6.3.0lundecane (13d): A solution of
1-acetylcyclooctene (1.50 g, 9.85 mmol) in dichloromethane (15mL) was
added to a solution of titanium tetrachloride (2.08 g, 1.20 mL, 10.9 mmol) in
dichloromethane (15 mL) at — 20°C. After cooling to — 78°C. a solution of
allyl-ter-butyldiphenylsilane (i) (4.15 ¢, 14.8 mmol) in dichioromethane
(15mL) was added. The reaction mixture was stirred for 60 min at this
temperature and then quenched by addition of an aqueous solution of ammo-
nium chloride. The organic layer was separated, the aqueous layer extracted
with dichloromethane (3 x ), and the combined organic layers were dried over
magnesium sulfate. The solvent was evaporated and the residue subjected to
flash chror\natography (hexane/Et,0 50:1, silica gel): 13d (3.51 g, 82%).
Colorless crystals. M.p. 108—111°C; IR (KBr): ¥ = 3075, 2955, 2928, 2857,
1697, 1468, 1426, 1132, 1110, 821, 741, 705, 611 cm ™~ '; '"H NMR (400 MHz.
CDCly): 6 =0.93-1.63 (m, 14H), 1.04 (s, 9H), 1.84 (dt, J = 15.2, 3.7 Hz,
1H), 2.14 (m, 1H), 2.21 (s, 3H), 2.42 (m, 1 H), 2.75 (m, 1H), 7.39 (m, 6 H),
7.62 (m, 4H): *C NMR and DEPT (100 MHz, CDCl,): 5 = 18.14 (CH),
18.46 (C), 24.50 (CH,), 24.79 (CH,). 25.73 (CH,), 26.53 (CH,), 28.32
(3CHy), 29.43 (CH,), 31.35 (CH,), 33.61 (CH,), 39.64 (CH), 40.17 (CH,),
41.79 (CH,), 64.10 (C), 127.24 (2CH), 127.27 (2CH), 128.88 (2CH). 133.79
(C). 13438 (C), 136.29 (2CH), 136.45 (2CH), 212.80 (C=0); MS: m/z
(%) = 432 (1, M*), 375 (100), 217 (9), 199 (51). 197 (16). 183 (98), 181 (14),
135 (28), 105 (19); HRMS: 432.2863 (C, H,,0Si, caled. 432.2848); Anal.
caled. for C, H,,OSi: C 80.49, H 9.32; found: C 79.61, H 9.09.

1-Acetyl-14-ters-butyldiphenylsilylbicyclo[10.3.0]pentadecane (13e): A solu-
tion of titanium tetrachloride (840 mg, 0.49 mL, 4.43 mmol) in CH,Cl,
(7mL) was cooled to —20°C and a solution of 1-acetylcyclododecene
(840 mg, 4.03 mmol) in CH,Cl, (7 mL) was added slowly. The mixture was
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cooled to — 78°C and a solution of allyl-feri-butyldiphenylsilane (1i) (1.69 g,
6.04 mmol) in dichloromethane (7 mL) was added. The reaction mixture was
warmed to — 20°C, stirred for 19 b at this temperature, and then quenched
by addition of an aqueous solution of ammonium chloride. The aqueous layer
was cxtracted three times with CH,Cl,, the combined organic layers were
dried {(MgSO,), and the solvent was evaporated. The residue was subjected to
flash chromatography (hexanc/Et,O 50:1, silica gel) and provided 13e
(1.28 g, 65%). Colorless, viscous oil. IR (KBr): # = 2930, 2858, 1701, 1351,
1135, 1106, 910, 820, 737, 701, 686, 610 cm ™ '; '"H NMR (500 MHz, CDCl,):
d= —~0.52(m, 1H), 0.80 (m, 1 H), 0.91 (m, 1 H), 1.00-1.38 (m, 16 H), 1.03
(s, 9H), 1.59 (m, 3H), 2.12 (m, 3H), 2.20 (s, 3H), 2.28 (m, 1 H), 7.37 (m, 6 H),
7.59 (m, 4H); '*C NMR and DEPT (125 MHz, CDCl,}: é = 17.66 (CH),
18.63 (C), 22.18 (CH,), 23.58 (CH,,), 23.66 (CH,), 23.95 (CH,), 24.45 (CH ,),
24.55 (CH,), 25.51 (CH,), 25.54 (CH,), 26.44 (CH,), 26.55 (CH,). 28.57
(3CHy,), 29.99 (CH,), 32.31 (CH,), 38.15 (CH,), 38.52 (CH), 65.64 (C).
127.42 (4CH), 129.06 (2CH), 134.11 (C), 134.32 (C), 136.68 (2CH), 136.71
(2CH), 213.27(C=0); MS: m/z (%) = 488 (0.1. M *). 431 (65), 199 (23), 183
(35), 135(12), 86 (61), 84 (100), 83 (14); HRMS: 488.3503 (C,,H,,OSi. caled.
488.3474).

1-Acetyl-14-tert-butyldiphenylsilylbicyclo|10.3.0]pentadecane-(2,4-dinitro-
phenylhydrazone) (14): A solution of 2.4-dinitrophenylhydrazine (147 mg,
0.75 mmol) in conc. sulfuric acid (0.5 mL)/dry cthanol (3 mL) was added to
a solution of 13e (167 mg, 0.34 mmol) in dry ethanol (6 mL) at room temper-
ature. The mixture was left for 15 h at room temperature, the precipitate was
separated by filtration, washed carcfully with water, and subsequently with a
small amount of ethanol. Recrystallization from ethanol/Et,O (2:3) afforded
the dinitrophenythydrazone 14 (72 mg, 32 %). Orange-yellow crystals. M.p.
218-220"C; IR (KBr): ¥ = 3322, 2930, 2858, 1618, 1592, 1518, 1471, 1446,
1426, 1362, 1334, 1312, 1283, 1222, 1136, 1107, 1082, 910, 833, 820, 739,
701 cm ' 'H NMR (500 MHz, CDClL): 6 = — 0.42(m, 1 H), 0.90-1.42 (m,
20H). 1.02 (s. 9H), 1.50 (m, 1H), 1.61 (m, 1H), 2.04 (dd, J = 12.7. 7.2 Hz,
1H), 2.08 (s, 3H), 2.19 (m, 1 H), 2.50 (m, 1H), 7.38 (m, 6 H), 7.58 (m, 4 H),
7.98(d. J=9.6 Hz, 1H), 836 (dd, J =9.6,2.5Hz, 1 H),9.17(d,J =25 Hz,
1H), 11.16 (s. 1H); '*C NMR and DEPT (125 MHz, CDCl,): ¢ = 12.31
(CH,), 17.54 (CH), 18.68 (C), 22.40 (CH,), 23.51 (CH,), 23.60 (CH,), 24.13
(CH,), 24.98 (CH,), 25.68 (CH,), 25.84 (CH,), 26.49 (CH,), 26.64 (CH,),
28.63 (3CHj;), 30.59 (CH,), 32.26 (CH,), 38.50 (CH,,), 40.10 (CH}, 59.99 (C),
116.53 (CH), 123.63 (CH), 127.47 (4CH), 129.13 (2CH), 130.26 (CH), 134.18
(C), 134.39 (C), 136.69 (2 CH), 136.72 (2CH), 137.70 (C), 145.57 (C), 160.85
(C=N), the signal of 1C is missing due to overlap; MS: m/z (%) = 668 (37,
M ™), 611 (100), 388 (7), 199 (54), 197 (23). 183 (69), 135 (48); HRMS:
668.3736 (C;,H;,N,0,8SI, caled. 668.3758); Anal. caled. for C,,H,,N,O,Si:
C 70.02. H 7.84, N 8.38; found: C 70.04, H 7.79, N 8.20.

X-ray crystal structure analysis of 14. Crysial dara: Empirical formula:
C,oH4,N,O,Si; formula weight: 668.96; color, habit: orange-yellow tablet:
crystal size: 0.60 x 0.50 x 0.25 mm; crystal system: monoclinic; space group:
P2, in. Unit cell dimensions: a = 11.515(4), b = 21.649(5), ¢ = 15.216(4) A:
B =103.10(3)"; ¥V =3695(2) A*; Z=4; p_,.. = 1.210 gem™3; absorption
coefficient: 0.11 mm™1'; F000): 1456. Data collection. 2 = 0.71073 A;
T =173 K; 0 range: 3.08 25.0"; reflections collected: 6506; independent
retlections: 6482, Refinement: Full-matrix least squares on F?; data-to-
parameter ratio: 14.7:1; final R indices [I>2a(/)]: R, = 00492, wR, =
0.1090; maximum residual electron density: 0.45¢A *; CSD-405718.0'!

1-Acetyl-3-triisopropyl-S-methylbicyclo[3.3.0Joctane (16a): A solution of 1-
acetyl-2-methylcyclopentene (500 mg, 4.03 mmol) in dichloromethane (2 mL)
was added to a solution of TiCl, (840 mg, 0.49 mL, 4.43 mmol) in CH,Cl,
(5mL)at —20°C. Alter cooling to — 78°C, a solution of allyltriisopropyl-
silane (1.20 g, 1.46 mL, 6.04 mmol) in CH,Cl, (5 mL) was added and the
reaction mixture was warmed slowly (2h) to — 20%C. The mixture was
stirred for an additional 17 b at this temperature and then poured into an
aqueous solution of ammonium chloride. The layers were separated, the
aqueous layer was extracted with CH,Cl, (3 x ), and the combined organic
lavers werc dried over magnesium sulfate. After filtration through a short
plug of Celite, the solvent was evaporated and the residue subjected 1o flash
chromatography (hexane/Et,O 10:1, silica gel): 16a (1.19g, 92%, antif
svre = 5:1). Colorless oil. IR (film): ¥ = 3369, 2942, 2890, 2866, 1694. 1461,
1383, 1351, 1184, 1156, 1015, 999, 917, 883, 763, 669, 643, 628 cm~'; 'H
NMR (400 MHz, CDCly): 6 = 0.98 (s, 3H), 1.01-1.14 (m, 21 H), 1.34-1.49
(m, 4H). 1.54-1.74 (m, 5H), 2.137 (s, anti-16a) and 2.141 (s, syn-16a,
T =3H), 2.23 (m, 1H). 2.53 (m, 1H); 3C NMR and DEPT (100 MHz,
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CDCL,): anri-16a: 6 = 11.42 (3CH), 19.21 (6 CH,), 23.67 (CH,). 23.76 (CH),
24.75 (CHy), 29.01 (CH,). 37.99 (CH,), 41.87 (CH,), 42.92 (CH,), 46.15
(CH,), 57.01 (C), 68.02 (C), 213.44 (C=0). syn-16a: 6 = 11.42 (3CH), 19.21
(6CH,), 20.78 (CH), 25.11 (CH,), 26.28 (CH,), 29.32 (CH,), 38.99 (CH,),
40.94 (CH,), 42.98 (CH,), 45.84 (CH,), 56.45 (C), 68.26 (C), 213.74 (C=0):
MS: mjz (%) = 322 (4, M™), 279 (100), 277 (6), 185 (3), 147 (13), 131 (18),
103 (12); HRMS: 322.2698 (C, H,,OSi, caled. 322.2692).

1-Acetyl-8-triisopropyl-6-methylbicyclo|4.3.0)nonane (16b): A solution of
TiCl, (840 mg, 0.49 mL, 4.43 mmol) in CH,CL, (5 mL) was cooled to — 20°C
and a solution of 1-acetyl-2-methylcyclohexene (556 mg, 4.03 mmol) in
CH,CI, (3 mL) was added. The mixture was cooled to — 78 °C and a solution
of allyltriisopropylsilane (1.20 g, 1.46 mL, 6.04 mmol) in CH,Cl, (5 mL) was
added. After warming to — 20°C over a period of 2 h, the reaction mixture
was stirred for an additional 17 h and then poured into an aqueous solution
of NH,CL The layers were separated and the aqueous layer was extracted
with CH,CI, (3 x). The combined organic layers were dried (MgSO,) and
then filtered through a short plug of Celite. Evaporation of the solvent and
flash chromatography (hexane/Et,O 20:1, silica gel) provided 16b (618 mg,
46 %). Colorless oil. IR (film): ¥ = 2940, 2866, 2758, 2724, 1736, 1700, 1463,
1383, 1374, 1357, 1350, 1283, 1229, 1200, 1191, 1135, 1070, 1015, 1000, 919,
882, 749, 668, 649 cm ™~ '; 'H NMR (400 MHz, CDCl,): 6 = 0.96 (s, 3H),
1.02-1.30 (m, 24H), 1.35-1.68 (m, 6 H), 1.74-1.84 (m, 2H), 2.07 (s, 3H).
214 (t, J=12.6 Hz. 1 H), 2.28 (t, J = 12.6 Hz, 1 H): '*C NMR and DEPT
(100 MHz, CDCly): 6 = 11.06 (3CH), 1548 (CH), 19.28 (3CH,). 19.35
(3CH,). 21.73 (CH,), 22.24 (CH,), 24.44 (CH,), 28.12 (CH},), 33.39 (CH,),
33.70 (CH,). 37.28 (CH,), 39.82 (CH,). 43.29 (C), 59.75 (C), 211.88 (C=0);
MS:m/z (%) = 336 (2, M ¥), 295 (10), 293 (100), 291 (9), 251 (2), 183 (2), 161
(9), 131 (18); HRMS: 336.2854 (C, H,,OSi, caled. 336.2848).

1-Acetyl-9-triisopropyl-7-methylbicyclo{5.3.0]decane (16¢): A solution of 1-
acetyl-2-methylcycloheptene (613 mg, 4.03 mmol) in CH,Cl, (3mL) was
added to a solution of TiCl, (840 mg, 0.49 mL, 4.43 mmol) in CH,Cl, (5 mL)
at — 20°C. The mixture was cooled to — 78°C and a solution of allyltriiso-
propylsilane (1.20 mg, 1.46 ml., 6.04 mmol) in CH,Cl, (5 mL) was added.
Over a period of 2 h the reaction mixture was warmed to — 20°C, stirred at
this temperature for an additional 17 h, and then quenched by addition of an
aqueous solution of NH,CI. The layers were separated, the aqucous layer
extracted three times (CH,Cl,), and the combincd organic layers were dried
over magnesium sulfate. Filtration through 4 short plug of Celite, evapora-
tion of the solvent, and flash chromatography (hexane/Et,O 15:1, silica gel)
afforded 16c¢ (768 mg, 54%). Colorless oil. IR (film): ¥ = 2941, 2865, 1701,
1461, 1382, 1366, 1347, 1239, 1169, 1015, 999. 972, 919, 882, 778. 668,
649cm™"; 'H NMR (400 MHz, CDCly): 6 =0.95 (s, 3H), 1.04-1.16
(m, 21 H), 1.25 (ddd, J=12.0, 54, 1.9 Hz, 1H), 1.37-1.70 (m. 10H),
1.79-1.87 (m, 2H), 2.05 (m, 1H). 2.10 (s. 3H), 2.46 (ddd, J =132, 7.6,
1.9 Hz, 1H); "*C NMR and DEPT (100 MHz, CDCly): 6 = 11.31 (3CH),
19.27 (6 CH,;.CH), 23.88 (CH,), 24.77 (CH,), 28.92 (CH,), 28.94 (CH,).
31.21 (CH,). 37.43 (CH,), 38.93 (CH,). 39.86 (CH,), 44.25 (CH,). 47.73 (C),
64.38 (C), 212.47 (C=0); MS: m/z (%) = 350 (4, M ™), 307 (100), 305 (9).
263 (2), 175 (6), 157 (6). 131 (21); HRMS: 350.3014 (C,,H,,0Si, calcd.
350.3005).
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Adsorption of Ionophores and of Their Cation Complexes at the
Water/Chloroform Interface: A Molecular Dynamics Study
of a [2.2.2]Cryptand and of Phosphoryl-Containing Podands

A. Varnek, L. Troxler and G. Wipff*

Abstract. We report molecular dynamics
simulations on ionophores of different to-
pologies and on their complexes with al-
kali and alkaline-earth cations, with or
without counterion, at the water/chloro-
form interface. As ionophores we consid-
er two phosphoryl-containing podands
(the “chainlike” monopodand MP and
the ““octopuslike” tripodand TP) and the

cally, two types of solutes can be distin-
guished, depending on their hydrophilic/
hydrophobic character. The first type
(cryptand 222 and its complexes, or the
[MP-K *] complex), which have a hydro-
phobic exterior, stay on the chloroform
side of the interface and are partially hy-
drated by “‘water fingers”. The second
type (free MP and TP, [MP-K *]Pic~ and

[MP-Sr?*](Pic ™), complexes), which are
more hydrophilic, are partitioned to a
greater extent between the two liquid
phases. The status of the ion pairs at the
interface depends on the interplay be-
tween cation ---anion and anion--- sol-
vent interactions. When cation—anion in-
teractions are strong enough (as in
[MP-Sr2*](Pic™),), the ion pairs remain

bicyclic cryptand 222. We find that all the
solutes behave as surfactants: they remain
adsorbed at the interface, without migrat-

intimate. Otherwise they dissociate, lead-
ing to solvent-separated ion pairs ad-
sorbed at the interface (in the

ing to bulk phases. Their precise location . . Ke);‘words . h [222-K*]Pic~ complex) or to the migra-
and solvation depend on the nature and EXLrAcHORN InIET ‘l_ces' onen R tion of the anion to the water phase (in the
molecular dynamics -+ counterion

conformation of the ionophore, of the

. . . ct * solvation
cation and of the counterion. Schemati- effe

Introduction

Interfacial phenomena play a fundamental role in the transfer of
metal cations from water to an organic solvent, mediated by
ionophores. The precise nature of the interface is ill-defined and
is expected to depend on the way the experiment is carried out.
In the case of static interfaces, indirect information comes from
interfacial tension measurements of water/organic solvent sys-
tems in presence of typical extractants.!! ~3! For instance, for
biphasic systems with organophosphorus molecules,'* carbonic
acids and ethersI5! and macrocyclic compounds,!! it is found
that the interfacial tension decreases as the concentration of
these solutes increases, as typically observed with surfactants.
This suggests that these ionophores tend, like surfactants, to be
adsorbed at the liquid/liquid interface. Their concentration at
the interface should therefore be larger than in the adjacent bulk
solvents. Another source of indirect information comes from the
analysis of extraction kinetics, where the interfacial adsorption/
desorption of extractants and their complexes at the liquid/lig-

[*] G. Wipfl, A. Varnek, L. Troxler
Laboratoire MSM., URA 422 CNRS, Institut de Chimie,
4, rue B. Pascal, 67000 Strasbourg (France)
Fax: Int. code + (388)41-6104
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[222:K"]Cl™ complex).

uid interface is explicitely included in the mechanistic mod-
els.?- -8 Here, the systems are not static but generally agitated.
At the microscopic level, adsorption of extractants at the inter-
face supposedly facilitates the cation capture from the water
phase, because its hydrophilic cation binding sites are likely to
point towards the water phase, that is, towards the approaching
cation. From a phenomenological point of view, the Gibbs’s
adsorption theorem and related Langmuir isotherms,® widely
used in solvent extraction,'® phase-transfer catalysis!'® and
electrochemistry,!*!! characterise the thermodynamics of ad-
sorption, though without providing a clear picture of the inter-
face. Physical surface-sensitive optical methods such as “second
harmonic generation”,[*3) resonance laser Raman spectroscopy
and attenuated total reflectance spectroscopy!'*! provide more
insights into structural aspects, but data are still rather limited,
especially in relation to the question of ion extraction.
Generally speaking, it is considered that the extent of adsorp-
tion, as measured by the excess of interfacial concentration of
the solute over its concentration in the organic phase, depends
on the nature of the ionophore, on its concentration in the bulk
phase and on the nature of the organic phase. However, a con-
sistent series of related experimental data are still lacking. As far
as the ionophore is concerned, its conformation-dependent hy-
drophilic/hydrophobic character, related to its size, topology,
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molecular constituents, orientation of binding sites and
flexibility, should markedly determine the interfacial behaviour
and mechanisms of carrier-mediated ion-crossing through the
interface. However, based on existing experimental resulits,
there is no clear description of adsorbed ionophores, and consis-
tent investigations are still lacking.

Over the last decade these experimental limitations have
stimulated the development of computational methods for
modelling liquid/liquid interfaces with explicit representation of
the solvents. Molecular dynamics (MD) or Monte Carlo simula-
tions were first mostly performed on “‘neat” interfaces between
water and benzene,'®! hexanol,'*®’ hexane,'”! nonane['®
decane,'® lipids!?®? or extended hydrophobic interfaces.[2!}
These simulations showed that the interface is sharp at the
molecular level, but not planar, and about 5 to 10 A thick, with
water hydrogen-bonding patterns that are somewhat different
from those in bulk water. An important step was the simulation
by Kessler et al. of molecular solutes such as squalene or fatty
acids at a water/CCl, interface.[??]

Concerning the interface-crossing by ions, the first MD simu-
lations looked into the migration of monoatomicions (CI7, F~
K™ and Na*) from water to dichloroethane./*¥ An interesting
finding of Benjamin was that, despite the high affinity of these
ions for water, there is a local energy minimum situated near the
interface in the organic solvent.1?3!

Recently we reported MD simulations on uncomplexed
macrocyclic ionophores (the calix[4]arene anion, calix[4]arene-
tetraamide, calix[4]-crown and -biscrown derivatives, and
cryptand 222)1247 28] at the chloroform/water interface. For
timescales ranging from 300 to 600 ps, it was found that the
ionophores that are initially equally shared by the two solvents
are rapidly expelled out of the water phase, but remain in con-
tact with the interface, without diffusing further into chloro-
form. The ionophores sitting almost entirely in chloroform bind
to a few water molecules, which build up “water fingers™.[??- 29
Similar computational results were obtained for the M * alkali
cation complexes of crown and biscrown derivatives of cal-
ix[4larene and of alkali picrates M*]Pic” complexes.[24~27]
Acyclic ligands like CMPO’s and their UO,(NQO,;), complexes
have also been recently simulated.[3%!

In this paper, we compare the interfacial behaviour of three
ionophores (L) possessing different molecular topologies: a
“chainlike” monopodand MP, an “octopus-like” tripodand TP
and the bicyclic cryptand 222. Cryptand 222 selectively binds
the K* cation in polar protic solvents or in extraction sys-
tems.*!) Numerous modelling studies have been devoted to its
conformational and binding properties in water and non-
aqueous solutions.*27 33 Podands MP and TP are newly syn-
thesised molecules that combine polyether and phosphine oxide
fragments.[33! Since mono- and bidentate phosphoryl-contain-
ing ligands (TOPO, TPPO, CMPO, etc.[3%)) are widely used in
industry to extract hard metal cations, remarkable extraction
properties may be expected from the phosphoryl-containing po-
dands MP and TP. Indeed, preliminary studies show that MP
is a good extractant for the K*, Sr** and Ba®" cations,®”!
whereas TP efficiently complexes the Li™ cation in acetoni-
trile.l3% Although the 222, MP and TP ionophores are nearly
insoluble in water,[3'-?% 37 their ether or phosphoryl binding
sites may efficiently interact with this solvent at the water/
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organic interface. However, since their hydrophobic/hydro-
philic character depends markedly on their conforma-
tion,132:35:381 it {5 not easy to predict how these molecules and
their complexes behave at the interface.

More specifically, we report MD simulations at the water/
chloroform interface on the free ionophores and on their com-
plexes with alkali (Li*, K*) and alkaline-earth (Sr*>*) metal
cations, and with ion pairs M* X~ and M2*(X ™), (X~ = Pic",
Cl7), to gain insight into the microscopic picture of the
Interfacial behaviour of neutral and charged solutes, in the con-
text of solvent extraction processes. A new important feature,
compared to the our previous simulations, concerns the role of
counterions on the interfacial behaviour. In order to save com-
puter time, we selected typical complexes, instead of performing
exhaustive comparisons.

Method

We used the AMBER 4.1 software!**! for molecular mechanics and molecular
dynamics simulations, with most of the parameters taken from ref. [40]. The
atomic charges were derived for electrostatic potentials (ESP charges) on
fragments of the TP and MP molecules (N-(C,H,OCH,),, CH,0-C,H,-
OCH, and CH,0-(C¢H,)P(O)Ph,), calculated with the SPARTAN soft-
ware!!) using a 6-31G* basis set. They are given in Figure 1 and used for the
free and complexed states of the ligands. For the cryptand 222, the atomic
charges were the same as in ref. [32], with no special scaling factor for 1--- 4
interactions. The same charges were used for the free and complexed ligands.
The K* and Sr** parameters are those derived by Aqvist from free energies

\(1.00 20,00 ¢ 002 o § \
F 3 S “, B
—021  021—021 0.15 N /010—0.22 8.15
\ N
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Figure 1. Atomic charges on MP and TP.
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of hydration.** The solvent water and chloroform molecules were represent-
ed explicitly with the TIP 3P and the OPLS models,™3 respectively. In the
case of chloroform the CH group is depicted in the united atom approxima-
tion.

Each phase was first equilibrated as a pure liquid. The solvent biphasic system
was built from two adjacent “rectangular” boxes containing pure water and
pure chloroform, respectively (Figure 2). The periodic boundary conditions
were applied along all three directions as done by others.'> 221 All solutes
were first energy minimised in vacuo and immersed with their centre of mass
at the centre of interface (Figure 2), while removing all solvent molecules with
any atom closer than 3 A and beyond 12, 12, 12 and 15 A from the solute
along the x, y, z,, and z.,, axes, respectively (Figure 2). A density rescaling
procedure was used before minimisation, in order to start with the experimen-
tal density of chloroform.

~ L
SN

L\

; [/D:L

- b
K™ )
-
e ~ W;@V’,f ! Vv
e Y"\/( R ka7 QEIL@W X
Ve—chl 0 Ve—wat

Figurc 2. Schematic representation of the simulation box (chl = chloroform;
wat = water).

After 1000 steps of conjugate gradient energy minimisation, the MD simula-
tions were run for 200--850 ps at 300 K, using a time stcp of 1 fs. All bonds
involving hydrogens and those of the solvent molccules were constrained with
SHAKE. We performed the simulations in the NVT ensemble (i.e. constant
number of particles N, temperature 7, and volume V). We used the Verlet
algorithm, starting with random velocities at 300 K. The nonbonded interac-

Table 1. Free ionophores and ionophores complexed at the water/chloroform interface.
Number of water (N,,) and chloroform (N,,) molecules in the simulated cell, dimen-

sions of the cell (V,, V,, V,, V,
average distance between the centre of mass of the solute and the interface (d. A).

o wats Vi oents A see Figure 2), time simulated (7, ps) and

Ny Ny Vo W Vewsr Veeew £ d [a]
Free ionophores
22K 538 140 25 24 27 34 600  —3.94.1)
22217 503 125 26 22 27 32 400 —3.4(3.8)
TP [b] 1675 374 45 41 28 30 250 +340.1)
TP [c] 1397 277 38 38 30 20 50 +3301.0)[d]
MP 1323 286 40 37 28 28 300 +28(1.0)
Charged complexes
[222-K*] 852 189 29 28 32 38 450 —1.9(2.6)
[TP-Li*] 1397 277 38 38 30 20 200 —-45(1.2)
[MP-K"*] 1396 245 37 35 28 28 150 4+2.0(0.9)
Neutral complexes
[222-K *]Pic™ 1499 333 38 37 33 38 325 —4.6 (4.8)
[222-K "JPic” [¢] 808 252 23 33 24 45 850 —432.7)1[f]
[222-K*]Ct™ 736 185 29 28 28 34 60 —2.0(0.9)[g]
IMP-K *}Pic™ 1320 266 38 36 30 28 300 +0.7(0.4) [h]
[MP-Sr**}(Pic™), 1328 272 39 37 30 28 350 +1.4(0.9 {h]

[a] The signs +and —indicate that the centre of mass of the solute lies in water and
chloroform, respectively. Standard deviations are given in parentheses. Unless specified,
d was calculated over the whole dynamic run after skipping the first 50 ps. [b] “Open”
starting structure (“‘hydrophilic” conformation 1; see text). [} “*Closed™ starting struc-
turc {**hydrophobic™ conformation 2; see text). [d] Averaged over last 10 ps of MD.
[e] Starting with the complex immersed in bulk chloroform. [f] Because the solute
[222-K '] diffuses from the bulk chloroform toward the interface, the average position
d is reported over the last 50 ps. [g] Because of migration of the Cl~ anion to the bulk
water, this distance is reported for [222-K "Jonly. [h] Averages are reported over the last

150 ps of MD.
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tions werc calculated with a residue based cut-off of 12 A. The temperature
was controlled by coupling to a thermal bath. The length of simulations,
number of solvent molecules and sizes of the cell are presented in Table 1.

Analysis of results: The trajectories. saved every 0.2 ps, were analysed with the
MDS and MD-DRAW software.[**! The position of the interface was defined
as a coordinate = of intersection of the density curves of the two liquids,
recaleulated every 2 ps. The position of the solute with respect to the interface
was defined by the z distance between its centre of mass and the z position of
the interface (Table 1).

The solute - water and solute -chloroform interaction energies were recalcu-
lated from the MD f{rajectories. Their fluctuations are typically 10-
12 kcalmol ™!, The hydration of selected atoms A of the solute were charac-
terised by the radial distribution functions (rdf) A--- O, or A---H
The coordination number of A was obtained by integration of the first peak
of the rdf.

water

Results

In all simulations we find that the solute remains adsorbed at the
interface without migrating markedly into the bulk phase, but
the precise adsorption patterns depend on the hydrophilic/hy-
drophobic character of the solute. Schematically, two types of
solutes can be distinguished. The first type, represented by
cryptand 222 and its cryptates or the [TP-Li*] complex, dis-
plays a hydrophobic exterior and migrates into chloroform, at
2-6 A from the interface. It coordinates a few H,O molecules
linked by a network of hydrogen bonds to the interfacial water
(“water finger”12%2%) The second type of solute, represented
by the free podands MP and TP, and by their complexes
[MP-K *]Pic™ and [MP-Sr?"](Pic™),, is more partitioned be-
tween the two phases, that is, some of the fragments are im-
mersed in water and others in chloroform.

The solvation patterns and structure of the adsorbed species
depend on the nature of the ionophore, of the cation and of the
counterion. In this section we describe the behaviour of the free
ionophores L, of their positively charged complexes [L-M T]and
of complexes neutralised by counterions, [L-M*]X~ and
[L-M2*](X7),. Some of the conformers are characterised qual-
itatively by their “hydrophilic/hydrophobic™ character, for sim-
plicity. In the discussion section, we show how these computa-
tional results are consistent with related experimental data and
discuss general features of the interfacial behaviour in relation
to the hydrophobicity of the solute, and the important role of
counterions.

Adsorption of free ionophores at the interface: The cryprand 222:
This molecule has already been described in reference [28], but
is reported briefly here for completeness. Two typical conform-
ers of the free ionophore were considered: a hydrophilic one (K
form) and a more hydrophobic one (/I form), extracted, respec-
tively, from the solid-state structures of the [222-K *] complex
and of uncomplexed 222. The I form, intrinsically the most
stable, has no cavity, whereas the K form is preorganised for
complexation. It was predicted that /7 would be more populous
in apolar solvents and K in water.[32! At the water/chloroform
interface, we found (see ref. [28] for details) that both forms
move to the chloroform side of the interface. However, the I/
form, completely surrounded by chloroform molecules, has no
contact with the water phase, and cannot therefore capture the
K* ion from water. This contrasts with the preorganised K
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form, which is directly coordinated with water molecules and is
properly oriented to capture a cation.

The phosphoryl-containing tripodand (TP): Two simulations
were performed, starting with different structures, which dif-
fered in their hydrophilic/hydrophobic character. The “hy-
drophilic” conformation 1 was taken from the last MD struc-
ture of the free ionophore in the gas phase. All its oxygens
diverge from the pseudo-C, symmetry axis, and its phosphoryl
groups, which have no preferential orientation, can be solvated
by water (Figure 3a). In the “hydrophobic” conformation 2,
extracted from the [TP-Li*] complex,P**! the three P=0 groups
converge towards the C, symmetry axis, that is, towards the
centre of the hydrophilic pseudocavity, while the aryl groups
diverge. We found that the simulations at the interface starting
with both conformers resulted in a similar final structure, close
to conformation 1. There is no pseudocavity and all oxygens
“diverge”, that is, point towards the solvent. The TP molecule
is partitioned between the two phases. All three P=0 groups are
immersed in water, and each is hydrogen bonded to two water
molecules (Figure 3b). This contrasts with the ether oxygens,
which display no hydrogen bonding to interfacial water mole-
cules.

The phosphoryl-containing monopodand ( MP ) . Initially, the so-
lute had a “flat” pseudocyclic conformation with antiparallel
orientations of the two P=0O groups. During the simulation,
MP lost its cyclic shape (Figure 3¢) and adopted a “snakelike”
shape. The two phosphory! groups are immersed in water and
coordinated to 2—3 water molecules, while the ether oxygens are
hydrated by 0.5-1H,0 molecules. As in tripodand TP, the
centre of mass of MP is situated on the water side (Table 1),
despite the hydrophobicity of three phenyl moieties attached to
each phosphoryl group.

The positively charged [LM*] complexes (without counterion):
The [222-K* ] and [TP- Li* ] complexes: These two complexes
occupy a similar position at the interface. After the simulation,
they are situated on the chloroform side, interacting with the
water phase through “water fingers” made up of few H,O mol-
ecules. The complexed cation interacts differently with the sol-
vent in [222-K*] and [TP-Li*]. In the [222-K *] complex, the
cation is not completely shielded from the solvent and coordi-
nates one water molecule, as in bulk water (Figure 3e). In the
[TP-Li*] complex, the cation is encapsulated in the pseudocav-
ity of the ligand and is completely shielded from the solvent. One
H,O molecule is hydrogen bonded to one of the phosphoryl
oxygen atoms (Figure 3d).

The [MP-K" ] complex: The starting conformation of the com-
plex was helixlike, with all oxygens of the ligand coordinated to
the K * cation. Interactions with water molecules at the interface
led first to an opening of the pseudocavity where the cation was
situated, and then to dissociation of the complex. After dissoci-
ation, the MP ionophore remained at the interface, whereas K *
diffused to bulk water.

The [L-M*]X~ and [L-M?*)(X~), neutral complexes: The
[222-K* ] X~ complexes: In order to study the counterion ef-
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Figure 3. Snapshots of solutes at the water/chloroform interface, including selected
solvent molecules. a) Starting structure of the tripodand TP (hydrophilic “open™
conformation 1; see text). b) Final structure of TP uncomplexed. ¢) The free
monopodand MP after 300 ps. d) The [TP-Li*] complex after 200 ps. ) The
[222-K *] complex after 450 ps. f) The [222-K *]Pic”™ complex after 325 ps. g} The
[MP-K*]Pic™ complex after 300 ps. h) The [MP-Sr?*}(Pic™), complex after
500 ps.
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fect on the adsorption pattern of the complexes at the interface,
we simulated two [222-K ¥]X ™ complexes, where X~ is C1~ (to
model a “hard” lipophilic anion) or Pic™ (to model a “soft”
hydrophobic anion). Initially both [222-K*] and X~ were
placed right at the interface. A different behaviour was observed
with the two counterions. The C1™ anion dissociated rapidly and
migrated to the water phase. This contrasts with the Pic ™ anion,
which remained adsorbed at the interface, separated from K*
by two water molecules (Figure 3f).

Migration of the [222-K ™" ] Pic™ complex from the bulk organic
phase 1o the interface: As the 222 cryptand is known to extract
the K *Pic™ salts from water to chloroform,”®*! we paid particu-
lar attention to the stationary state observed computationally at
the interface, to check whether this was not an artefact caused
by the particular choice of the starting location of the solute. We
therefore performed an additional simulation on the
{222-K *]Pic” complex, starting in bulk chloroform. The centre
of mass of the solute was initially placed at 20 A from the inter-
face, with the Pic™ anion further away from the interface than
the [222-K "] moiety. During the first 500 ps, the complex was
found to diffuse and rotate in chloroform as an intimate ion
pair, but not to approach the interface. The adsorption process
started later and seemed to be driven by the anion. When the
distance between Pic™ and the interface reached about 8 A, the
anion rapidly migrated to the interface, followed by the com-
plexed cation (Figure 4). At the end of the simulation (850 ps),
the position and solvation patterns of the complex are similar to
those observed for the simulation starting with this solute at the

interface  (Table 1).
o The energy compo-
nent analysis (Fig-
P B LV ure 4) shows that, at
if; 104 ,,-v'l - the interface, K* and
] ! v et-e- - - dK*-Int L .
g ; NV i Pic™ ions experience
,§ A5y y dPic-Int attractive  interac-
-204 tions with water,
5 _ ' _ whereas the 222—wa-
T ter interaction energy
5 Ottty b is close to zero. The
£ P 222-water } chloroform  solvent
g -201 | interacts significantly
8 with the ligand and
EE,D 407 Pic--water — the Pic™ anion (most-
= W ly through van der
60 i Waals forces), but in-
=L ) SR W teracts very weakly
E o \m" ) with K*. Thus, to
g 201 A A conclude this section,
% it is clear that the
g" 40+ calculated adsorption
& - Pic~chl at the interface is
-60 not an artefact caused

170 340 510 680 850

Time (ps) by the choice of

starting  configura-
tion, but is intrinsi-
cally preferred to sol-
ubilisation in the bulk
organic phase.

Figure 4. Analysis of the trajectory of the
[222-K*]Pic’ complex, starting in bulk chloro-
form: top: distance between the solute and the
interface; middle: solute- water interaction ener-
gies; bottom: solute- chloroform interaction en-
ergies as a function of time.
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The [MP-K* ] Pic™ complex: In the starting structure, K* was
coordinated to the two phosphoryl oxygens (O,,), to four ether
oxygens (O,,) of MP, and to two oxygens of the Pic™ anion.
During the simulation, one O, and two O, atoms left the
coordination sphere of K* and the polyether chain unwrapped
from around the cation. As a result of these conformational
transformations, the K * cation coordinates one water molecule.
The Pic™ anion displays stacking interactions with the phenyl
substituent of the terminal phosphoryl group bound to K * (Fig-
ure 3 g). The anion is situated at the interface between the water
phase and the aromatic fragments of MP. We recall that, in the
simulation on the [MP-K *] complex, dissociation was observed
in the absence of counterion. The simulation on [MP-K *]Pic”
therefore demonstrates the importance of the picrate anion Pic~
(which is often used experimentally as a counterion in the ex-
traction of cationic species) for the interfacial behaviour of the
complex. It can be speculated that an anion like CI™ would
dissociate from the complex, diffuse to bulk water, while cation
decomplexation would take place at the interface, as found for
[MP-K"].

The [MP-Sr?* ](Pic™ ), complex: After 350 ps of simulations,
most of this complex is situated in chloroform, but part of its
polyether chain is on the water side of the interface. The Sr?*
cation remains complexed and completely shielded from both
solvents. [t coordinates two phosphoryl oxygens, two ether oxy-
gens (instead of three in the gas phase®™) and two oxygens of
each Pic™ anion (Figure 3h).

Discussion

At first glance, it might be surprising to find that species that are
more soluble in an organic solvent than in water do not sponta-
neously migrate from the interface to chloroform. In this section
we discuss why, where and how the interfacial adsorption of
ionophores and their complexes takes place, with a particular
focus on the question of counterion effect and on the hydropho-
bic/hydrophilic character of the complex.

Adsorption of amphiphilic solutes at the waterforganic inter-
face—microscopic and macroscopic aspects: Two complemen-
tary approaches—microscopic and macroscopic—can explain
why the simulated ionophores and their complexes remain at the
interface. From the microscopic point of view, the adsorption of
the amphiphilic solute at the interface results from the interplay
between solvent—solute and solvent—solvent interactions. The
energy component analysis of the MD trajectories of related
ionophores reported in references [24-28,30] showed that the
stationary states observed at the interface for macrocyclic
ionophores are not driven by solute—solvent interaction ener-
gies. Indeed, the total attraction energy between the solute and
the two liquid phases is smaller than, or comparable to, the
interaction energy with bulk water and much smaller than the
interaction energy with bulk chloroform. The second important
energy component concerns the changes in solvent—solvent in-
teractions and cohesive forces, which involve enthalpy and en-
tropy components. [t corresponds to the “cavitation energy”,
that is, to the work to be performed to form a cavity in the
solvent upon immersion of the solute.[*®) Although a quantita-
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tive assessment is quite difficult, for a given solute, this energy
cost is higher for water than for chloroform, in relation with
their difference in surface tensions (72.9 and 26.7 mNm™!
spectively) .['? The localisation of solutes in close vicinity to the
interface, rather than in any of the bulk phases, may therefore
be explained in terms of two main effects: 1) the lower energy
cost for cavity formation in chloroform than in water and 2) the
more efficient hydration of the amphiphilic solute at the inter-
face than in the dry organic phase.

The phenomenological macroscopic approach relates the (al-
gebraic) excess of interfacial concentration of the solute (¢, race)
relative to that in the bulk (c,,,) to the surface tension (o) by
means of the Gibbs’s adsorption theorem.®> 12 When uncom-
plexed salts are added to a water phase, ¢ increases and ¢, ,c.
is smaller than c,,,. Conversely, when ¢ decreases, ¢ ace 18
larger than ¢, . This the case for amphiphilic molecules, and
with extractants like ethers, alkylphosphoric acids and esters,!”]
and crown ethers.!®- 8 The extent of adsorption depends on the
concentration in the organic phase. For instance, with DB18C6
(dibenzo[18Jcrown-6), surface tension measurements suggest
that for ¢, >0.5x 1073 mol L™*, the water/benzene interface
is fully covered by the ionophore.t®! In ditute solutions, there is
a higher probability that such amphiphilic solutes will be situat-
ed at the interface than in the organic phase. Interestingly, in the
case of tributylphosphate (TBP), studied at the water/n-decane
interface, it was estimated that the enthalpy of adsorption at the
interface is comparable to or somewhat larger than the enthalpy
of migration from water to the organic phase (about —10.9 and
—10.3 kcalmol ™, respectively).[*® For a typical amphiphilic
molecule like n-octanol, these numbers are respectively —7.4
and —6.2 kcalmol ~1.1*® This trend is fully consistent with our
computational results and with simulations on TBP layers ad-
sorbed at the chloroform —water interface.*®!

Another aspect of the macroscopic approach concerns the
nature of the organic solvent S. When the polarity of S increas-
es, the water/S interfacial tension decreases,'*®! as does the inter-
facial excess 8¢ = ¢, race — Cpun- AS a result, the interface broad-
ens and displays less affinity towards ionophores. This is again
consistent with the results of MD simulations performed by
Lauterbach et al. with the 1,3-alternate calix[4]-crown-6
ionophore at the water/S interface.!?” They showed that,
when the polarity of chloroform (S) is increased by a factor of
2.0, the ionophore initially placed at the interface rapidly des-
orbs to S, whereas it remains adsorbed at the interface for more
than 350 ps when a “‘standard” model is used for chloro-
form.[26: 27

Another extreme situation is encountered when the surface
tension of the nonaqueous phase S becomes much larger than
the surface tension of water. In this case, the ionophore is pre-
dicted to absorb at the interface on the water side. Related
experimental results have been recently reported for the
cryptand 222 and the [222-Na*]JCl~ cryptate at the charged
mercury—water interface.[**! As mercury has a larger surface
tension than water (486 and 72.9 mNm~?, respectively!!2]), the
tension properties of the mercury—water interface are reversed,
compared to chloroform—water. One remarkable result, how-
ever, is that the [222-Na™] cryptate strongly adsorbs at the
interface, despite the repulsive cryptate—cryptate interac-
tions.[131

, Te-
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Electrostatic interactions as a driving force for diffusion from
the organic phase to the interface: The simulations on the
[222-K *]Pic™ complex migrating from the bulk chloroform to
the interface provide interesting insights into the driving forces
responsible for the diffusion from the bulk organic phase to the
water/organic interface. The energy component analysis of the
MD trajectory (Figure 4) shows that diffusion to the interface is
mainly driven by electrostatic interactions between Pic™ and
interfacial water molecules. When the solute is far enough away
(about 20 A), the average orientation of the water dipoles is
more or less parallel to the interface as for the “neat” interface.
As the cut-off distance used to calculate the nonbonded interac-
tions is 12 A, these water molecules do not interact with the
solute in the simulation. However, as the anion approaches the
interface (at less than 12 A), wa-
ter dipoles orient toward the or-
ganic phase and “switch on” the
attraction between the interface
and the solute. As a result, the
Pic™ anion and some interfacial
water molecules move toward
each other (Figure5) to form
“water fingers” before formation
of hydrogen bonds H,O - Pic™.
These observations are consistent
with the results of Benjamin et al.,
who found a “leaking” of water
from the interface toward the C1~
anion, constrained at 6.5, 8.5 and
10.5 A from the water/dichloro-
ethane interface.l*¥ They also
pointed out the importance of
counterions in the interfacial ad-
sorption of complexed ionophores.

Once the complex is at the in-
terface, its interactions with wa-
ter, which are mostly electrostatic
in nature, prevent its migration
back to the organic phase. Thus, from the computational point
of view, it is stressed that the treatment of electrostatic interac-
tions is very important. In particular, the effect of neglecting
electrostatic interactions beyond the cut-off distance of 12 A
should be examined, as long-range electrostatic interactions
modulate the energy components. They have been shown for
instance to quantitatively determine the free energies of transfer
of neutral solutes from chloroform to water.'*°! At the interface,
they are expected to stabilise the system when the polar solute
is situated further away from the interface than the cut-off dis-
tance. In order to gain insight into this question, we performed
anew MD simulation of the [222-K *]Pic™ complex at the inter-
face, using the Ewald option of AMBERA4.1. After 500 ps, the
behaviour at the interface was nearly identical to the one ob-
tained without Ewald. More quantitative insights will be ob-
tained by comparison of the free energy profiles for interface
crossing, with and without Ewald summation, which is present-
ly under investigation in our laboratory. Based on the experi-
mental results on the related extractant systems discussed above
and on the analysis of our computational experiments, it can
be concluded that long-range electrostatics does not critically

CHCl,

Figure 5. Diffusion of the
[222-K*]Pic™ complex from
bulk chloroform toward the
interface. Cumulated view at
506-516 ps showing selected
interfacial water molecules.
The chloroform molecules are
omitted for clarity.
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influence the strong tendency of the solutes to be adsorbed at the
interface, at the concentrations simulated here.

Dimensions of the interface: Theoretical studies on “‘neat”
water/organic liquid interfaces!!>2373% show that they are
sharp at the molecular level and broadened by capillary waves.
This is suported by experiment.!>! The thickness of the interface
(9) for the “neat” system was estimated as 6-9 A .81 Adsorp-
tion of ionophores and their complexes leads to an additional
broadening of 2—6 A due to the formation of “water fingers”.
As a result, for ionophores or their complexes at small con-
centrations, d may reach 815 A At high concentrations, when
the interface is saturated, ionophores and their complexes dif-
fuse into the organic phase with some water molecules tightly
bound to the solute (“water dragging effect”!>?)). This may
dramatically increase the thickness of the interfacial region and
may even lead to the formation of a macroscopic “third
» [21

phase”.

Neutral vs. charged solutes at the interface—the ‘“hydrophilic/hy-
drophobic” balance: Based on the Kirkwood—Onsager theory, it
might be anticipated that, as the total charge of the solute is
increased, the attractive interactions with polar solvents are en-
hanced.[*3! Therefore, at the interface, the solute is expected to
move from the chloroform side to the water side, or even to
completely migrate to bulk water. For molecular solutes like
complexed ionophores [L-M"*], the hydrophilic/hydrophobic
character is, however, not so easy to predict. In principle, com-
plexation of an M"" cation makes the ligand L more hy-
drophilic, owing to the increase in charge. However, complexa-
tion generally involves conformational changes in L such that
hydrophilic groups, diverging and well solvated in the free state,
converge to M"" in the complexed state, while hydrophobic
groups become diverging. The ligand itself is therefore less well
hydrated after complexation. In the following, we consider the
changes in ligand interactions with water upon complexation, as
an index related to the changes in hydrophilicity. For this pur-
pose, the average water/complex (FEy+..,) and water/free
ionophore (£, ...,,) interaction energies were calculated from MD
trajectories in bulk water. We consider the absolute values
|Evi+..wl and |Ep. | of Ey, ..., and E, ., respectively, and
relate these to the differences in interfacial behaviour.

When free ligands are hydrophobic and display weak attrac-
tions with bulk water, they are expected to remain entirely in the
organic phase, instead of being adsorbed at the interface. Upon
complexation, however, attractions with water may increase
(| Eyp+..w| becomes larger than |E, ...|), as may the adsorption
properties. This can be illustrated by related experimental re-
sults on 1,10-phenanthroline and its derivatives. In their neutral
state, these molecules do not display any significant adsorption
at the water/chloroform interface, but are dissolved in the or-
ganic phase only.”®* In contrast, their protonated forms and
their Fe", Zn" and Cu" complexes exhibit remarkable interfacial
activity.>*! Another illustration comes from computer experi-
ments we recently performed on [(phenyldiamide),- Eu®*] com-
plexecs at the water/chloroform interface. The complexes were
found to migrate from the interface to bulk water, because of
their high hydrophilicity.®*? On the other hand, the neutralised
UO,(NO;), complexes of CMPQO’s remain at the interface,*!
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which again emphasises the important role of counterions on
interfacial behaviour of complexed cations.

When the free ligand interacts better than its complex with
water (JE, .., >1Ey.+..,|), the solute becomes more lipophilic
upon the complexation. This is the case for the free tripodand
TP and its Li" complex (E_ ., and Ey, ..., are —245 and
—141 kealmol ™!, respectively). The uncomplexed TP is parti-
tioned between the two liquid phases because of the efficient
hydration of its phosphoryl groups, whereas the [TP-Li*] com-
plex, which has no donor centres available for water molecules,
stays entirely on the chloroform side of the interface, despite the
+1 charge of the solute.

If the interaction energies E, ., and E, ..., are similar, the
charged complex and the neutral ionophores have similar inter-
facial behaviour. This is the case for the 222 cryptand (K form)
and its [222-K *] cryptate, which have similar interactions with
bulk water (—79 and — 87 kcalmol !, respectively!?)) and dis-
play similar adsorption pattern. They both stay on the chloro-
form side of the interface. At a more quantitative level, it is
noticeable that [222-K *], which interacts somewhat more with
water than 222, is situated closer to the interface (1.9 and 3.4 A,
respectively; Table 1).

This analysis thus makes clear that the precise location of the
solutes at the interfaces is related to their “hydrophilic/hydro-
phobic™ character. This cannot, however, be estimated in a
straightforward manner, as it depends on the interplay between
the charge and the conformation-dependent size, volume and
solvent-accessible surface of the solute, which are solvent and
environment dependent.’*3! Counterions also contribute to the
net charge of the adsorbed solute and to its lipophilic character
(see next section).

Cation—anion interactions at the interface—where is the anion?
As stressed above, the cation and its counterion can both
markedly determine the interfacial behaviour of extractant mol-
ecules, but no clear picture emerges from experiments. In fact,
opposite views can be found in the literature. For instance,
based on extraction studies on the [K* -Pic "] salt by DB18C6
to chloroform!®! or by [18]crown-6 and DB 18 C 6 to benzene,*®!
Danesi et al.l*! and Tosho et al..>®) suggested that the interfacial
reaction of the Pic™ anion with the complexed K * cation is slow
and that cation—anion interactions are rather weak. This point
of view was questioned later by Tarasov,!?! who considered the
ion association in these systems to be a very fast reaction.

Our calculations at the interface show that the status of the
anion results from the interplay between the cation—anion—sol-
vent interactions. When the cation—anion interactions are
strong (as in [MP-Sr?*](Pic7),), the ion pair remains intimate.
When they are not, it dissociates. Depending on the lipophilicity
of the anion, this dissociation leads either to solvent-separated
ion pairs (as in the [222-K *]Pic™ complex) or to migration of
the anion to water phase (as in the {222-K *]Cl~ complex). The
larger affinity of an anion is for water, the less efficient are its
interactions with the cation at the interface. This computational
result is fully consistent with recent studies of Watarai et al. on
the interfacial adsorptivity of [Fe(phenantroline),] X, complex-
es, T which show a clear reverse correlation between the reaction
rate for ion pair formation and the hydration energies of anions
X~ (ClO, <CCL,CO0™ <Br~ <Cl~<S027).
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Conclusions

We have reported MD simulations on three ionophores of dif-
ferent molecular topologies—the ‘‘chainlike” monopodand
MP, the “octopuslike” tripodand TP and the bicyclic cryptand
222 at the water/chloroform interface, represented explicitly,
for timescales ranging from 200 to 850 ps. Simulations were
performed on the free ionophores and on typical complexes with
alkali and alkaline-earth metal cations, with or without Pic™
and Cl~ counterions.

All solutes were found to remain adsorbed at the interface,
instead of migrating to bulk phases. They therefore behave as
surfactants. This is consistent with available experimental data
on related systems. This is also demonstrated on the computa-
tional side by recent PMF calculations on the free-energy pro-
files, which display a minimum at the interface.l*”! A more de-
tailed analysis reveals two basic types of situation at the
interface, depending on the ‘“hydrophilic/hydrophobic™ bal-
ance. The solutes with more hydrophilic exterior (like free MP
and TP, and the [MP-K "] Pic™ and [MP-Sr?*](Pic "), complex-
es) are partitioned between the two liquid phases. Those that
display a more hydrophobic exterior, like cryptand 222 and its
complexes or the [TP-Li*] complex, stay almost entirely on the
chloroform side of the interface and are partially hydrated by
“water fingers”. The “‘hydrophilic/hydrophobic” character is,
however, difficult to predict, as it depends not only on the total
charge on the solute, but also on its conformation, which 1s itself
modulated by the solvent and the environment.

We have found different situations for the ion pairs at the
interface, depending on the interplay between M"* - X~ and
X~ - --solvent interactions. Of particular interest is the fact that
the lipophilic anion Pic™, commonly used for extraction experi-
ment, remains adsorbed at the interface with different relation-
ships to M"*, depending on the charge of the cation. This con-
trasts with the more hydrophilic Cl~ anion, which desorbs from
the interface and diffuses to bulk water. It it thus speculated that
amphiphilic anions, like those of fatty acid derivatives, play an
important role in determining the nature of the complexes ad-
sorbed at the interface, and on the precise sequence of events
that occur during extraction or transport. We suggest this to be
an important feature of the related synergistic effects.

This study calls for further investigations. On the theoretical
side, the force-field limitations and protocols for calculations
have to be refined. Some recently reported studies'?™ do, howev-
er, rule out a number of possible artefacts that could bias the
qualitative conclusions drawn here. On the experimental side,
there are, to the best of our knowledge, surprisingly few studies
on the interfacial behaviour of macrocyclic ionophores. In addi-
tion to interfaces between pure liquids, interfaces with molecu-
lar ordering, like micelles and microemulsions,’*® should be
studied. Electrochemical studies should also tell us more about
ion-crossing through interfaces.!'!}

Once adsorption at the liquid—-liquid interface has been ac-
knowledged to be an important feature, an important question
remains to be discussed in the context of ion extraction and
transport processes, namely, why and when does the complexed
ion diffuse into the organic phase? Diffusion takes places when
the concentration of the complexes and of the ionophores is high
enough. This will be addressed in a future publication, based on
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computer experiments, where the interface is saturated with
free ionophores (e.g. [18]crown-6) or with complexes (e.g.
[K*-[18]crown-6]Pic™ and [K*-MP)(Pic™),).l°8! After satura-
tion of the interface, slow desorption and diffusion to the organ-
ic phase are found to take place. Such simulations are relatively
demanding on computer time. However, with the increased
computer power and software developments, it is hoped that
theoretical approaches such as the one used here will contribute
to our understanding of the factors that influence the interac-
tions of solutes in complex environments such as liquid -liquid
interfaces and the selective extraction (“‘recognition’) of metal
ions. These studies also have bearing on surface properties of
complexant molecules in contact with organised systems, like
micelles, microemulsions and lamellar phases,®®! and on related
fields such as phase-transfer catalysis,['® electrochemistry!!"!
and ion-crossing through membranes.[*®
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The Cg, Core: A Versatile Tecton for Dendrimer Chemistry

Xavier Camps, Hubert Schonberger and Andreas Hirsch*

Abstract: The synthesis, complete charac-
terization and molecular dynamics simu-
lations of dendrimers 4—8 involving [60]-

having an octahedral addition pattern.
This unique structural type of core build-
ing block is only possible on the base of

Cqo and has no precedent in organic
chemistry. NMR investigations as well as
molecular modelling studies show that,

fullerene as core tecton and first- to third-
generation benzyl-ether-based dendrons
as branches is described. In dendrimer 7 a
core branching multiplicity of 12, the
highest known to date, is realized for the
first time with a 7;-symmetrical Cq, core

Introduction

The field of dendrimer research!!! is attracting the attention of
an increasingly broad cross-section of chemists. Dendrimers
combine typical characteristics of small organic molecules like
defined composition and monodispersivity with those of poly-
mers, especially their high molecular weight, with the resulting
multitude of physical properties. A similar combination of char-
acteristics s realized in biopolymers like enzymes. Dendrimers
consist of one or several cascade-like branches connected to a
central core, which can be an atom or an achiral or chiral mol-
ecule. Either similar or dissimilar branches can be attached to a
multifunctional core, for example, in convergent synthetic ap-
proaches. As cores, as well as methane-, amine-, or benzene-type
systems, larger molecules like derivatives of adamantane,' cy-
clophane™ or porphyrins' 3 have been used. With porphyrins
as central building blocks, core branching multiplicities of up to
eight have been realized.!”!

When we reported on regioselective formations of highly
symmetric oligoadducts of Cy, like the T,-symmetrical hexa-
malonic acid C¢ (COOH),, with an octahedral addition pat-
tern, we stated that the spherical fullerene framework would be
an ideal core tecton for dendrimers.!®! The following character-
istics of C,, are appealing with respect to use as a dendrimer
core: 1) the almost perfect spherical shape leading to globular
systems even with low-generation dendrons, 2) the possibility
of easily realizing variable degrees of addition within the
fullerene core, especially mono- up to hexaadducts obtained by
cycloadditions, 3) the possibility of realizing variable addition
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91054 Erlangen (Germany)
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owing to high core branching multiplicity,
dendrimer 7 and to a minor extent the
mixed adduct 8 already represent globular
and densely packed macromolecules, al-
though only first-generation dendrons are
involved in their construction.

patterns for adducts (regioisomers) with a given degree of addi-
tion, 4) the possibility of addition patterns leading to inherent
chirality of the fullerene core regardless of the nature of the
addend and 5) the possibility of the addition of both similar and
dissimilar addends in a stereochemically controlled way to per-
mit combinations of different dendrons and also of dendrons
and other addends with selected functionalities. No other build-
ing block in organic chemistry offers such great versatility.
Hence, the establishment of C, as a tecton in dendrimer chem-
istry opens up new and unprecedented opportunities for the
design of new molecular architectures (Figure 1).

Figure 1. Schematic representation of possible dendrimer architectures with the
Cgp tecton as central core. D, D,, D, ... D, denote identical or dissimilar dendrons
attached to the fullerene framework. The A moieties are additional addends, which
may also be attached 1o the core. The addends may have specific properties like
electro-, photo- or catalytic properties or they may be just positional blockers. which
enable the easy construction of a given addition pattern within the fullerene core or
influence the conformational and steric expression of the dendrimer.
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The realization of selected degrees of addition and addition
patterns (Figure 2) within regioisomeric fullerene derivatives
containing identical or different addends has been achieved with
several techniques, including tether-directed remote functional-
ization!”, template-mediated activation!® ®! and topochemical-
ly controlled solid-state reactions.”” As well as the preferred
addition patterns of C,, with the addends bound in octahedral
sites, adducts with other highly symmetrical addition patterns
like the chiral core in adducts of type VIII (Figure 2) can be

v vi vil Vil

Figure 2. Selection of addition patterns of [6,6]-oligo adducts of Cg, which can
serve as core units for dendrimers. >D denotes the position of an addend, for
example a dendron. Structures I11 and VIII represent chiral core tectons regardless
of the geometrical nature of D.

synthesized regioselectively in comparatively high relative
yields.!'® These and other addition patterns are accessible in
principle for the synthesis of dendrimers involving C,, as core
unit. The attachment of dendrons could be achieved either by
direct addition to [6,6] or [5,6] bonds of C;, or by coupling to
anchor groups within preformed core blocks having the desired
addition pattern.l'® Variable core branching multiplicities can
be imagined, for example ranging from one for monoadducts to
twelve for hexaadducts (two branches at each addition site).

The convergent attachment of dendrons to C, resulting in
fullerene dendrimers as monoadducts has been reported by
Fréchet et al.l'!! In this paper we report on our progress on
direct convergent additions of dendrons to the fullerene core.
We present for the first time the regioselective synthesis, com-
plete characterization and molecular dynamics simulations of
stereochemically defined fullerene-based dendrimers with multi-
ple branches. Within the very compact hexakisadduct 7, a
branching multiplicity of 12 is realized, which is the highest
known to date.

Results and Discussion

In this study we used the benzyl-ether-based dendrons G!'-OH
(1), G2-OH (2) and G3-OH (3) introduced by Fréchet et al. as
building blocks for the convergent synthesis of dendrimers 4—8
with Cg, as core unit.!'?! These branches had first to be trans-
ferred Into a form suitable for undergoing coupling reactions
with C.,. As coupling reaction for the direct binding of such

562 ——— T3 VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997
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dendritic branches we chose the nucleophilic cyclopropanation
of Cg, by treatment of the fullerene with bromomalonates in the
presence of base.!'3 These addition reactions are among the
most elegant and reliable reactions in fullerene chemistry, since
they proceed in fairly high yields, lead exclusively to closed
[6,6]-bridged adducts and work with a large variety of mal-
onates and related systems. For conversion into the malonates
9--11 we treated 1-3 with malonyl! dichloride in the presence of
pyridine (Scheme 1). The subsequent bromination to 12—14 was
carried out by the reaction of the malonates 9—11 with CBr, in
the presence of 1,8-diazabicyclo[5.4.0lundec-7-ene (DBU,
Scheme 1). For this purpose we modified the procedure used by
Diederich et al. to prepare related bromomalonates.['4]

The syntheses of the dendrimers 46 with two dendrons in the
side chains in up to 52% isolated yields were accomplished by
treatment of Cy, with the bromomalonates 12—14 in toluene in
the presence of NaH (Scheme 2). Whereas isolation of 4 from
unreacted C,, and bisaddition products was possible with flash
chromatography on silica gel with toluene as eluent, size exclu-
ston chromatography on a polystyrene GPC column attached to
a preparative HPLC system was necessary to isolate the second-
and third-generation analogues 5 and 6. For the synthesis of the
dendrimers 7 and 8 with ten and twelve dendritic branches at-
tached to the fullerene core we used our efficient template acti-
vation method, which takes advantage of the activation of
[6,6] double bonds in octahedral sites relative to the addends
already bound resulting from reversible binding of 9,10-
dimethylanthracene (DMA).1% ¥ This procedure guarantees the
regioselective formation of oligoadducts of C,,, especially that
of hexakisadducts with an octahedral addition pattern, in com-
paratively high yields. Also in the case of the synthesis of den-
drimers 7 and 8, despite the steric bulk of the dendrons to be
attached to the core, this one-pot method worked satisfactorily
(Scheme 3). Isolation of 7 and 8 from the reaction mixture was
possible by flash chromatography followed by preparative
HPLC onsilica gel with mixtures of toluene and ethyl acetate as
eluent.
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Scheme 2. The syntheses of the dendrimers 4—6 by treatment of C, with the bro-
momalonates 12—14.
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———— P 8
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Scheme 3. Synthesis of dendrimers 7 and 8 by the template activation method.

The complete spectroscopic characterization of the dendrons
9-12 and the dendrimers 4-8 is straightforward and was
achieved by NMR, UV/Vis, FT-IR and mass spectrometry. The
NMR and UV/Vis spectra of the dendrimers 4—6 are those of
typical [6,6] monoadducts of C,. This is reflected, for example,
in their 1*C NMR spectra by 16 signals between 6 =139 and 145
and one signal at § =71 for the 16 different types of sp? C atoms
and the two equivalent sp® C atoms of the fullerene core, respec-

Chem. Eur. J. 1997, 3, No. 4
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tively; this reveals C,, symmetry.
All expected signals for the C
atoms of the dendritic branches
within 4—6 appear clearly re-
solved at about the same posi-
tions as those of the correspond-
ing dendrons 9—11. For higher
generations, the '"H NMR spectra
of 4-6 reveal increasing line
broadening for the signals of the
H atoms within the branches
compared with that observed in
the dendrons 9—11. In each elec-
tronic absorption spectrum of the
red solutions of 4—6 the charac-
teristic peak for closed [6,6]-
bridged monoadducts of C, ap-
pears at 425nm.t% In the
FAB-MS spectra of the 4—6 the
M ™ peak appears together with
several fragmentation signals.
The UV/Vis spectra of the yellow
solutions of the dendritic hexa-
kisadducts 7 and 8 show the char-
acteristic features associated with
the electronic core structure re-
sulting from this octahedral addi-
tion pattern, which are, for example, the addend-independent
absorptions at 280 nm and the typical double absorption at 320
and 340 nm.™®! In this case FAB mass spectrometry is also a
suitable method for the detection of molecular ions and clearly
proves the expected composition of 7 and 8 with the M * peak
at 4961 for 7 and with the (M + Na)* peak at 4435 for 8 as base
peaks. The local symmetries of the fullerene cores within the
spherical dendrimers 7 and 8 and hence, since a convergent
approach was applied, their monodispersivity, arc impressively
reflected by the '*C NMR spectra. For example, in 7 only three
signals at 0 =145.97, 141.29 and 69.42 appear for the three types
of magnetically inequivalent fullerene C atoms, which is only
possible for an adduct with local 7, symmetry (Figure 3). The
13C NMR spectrum of 8 exhibits 15 resolved signals for the
quaternary C atoms of the fullerene core in the ranges between
3 =139-145 (sp> C atoms) and & = 6770 (sp® C atoms). This,
together with the four resonances for the four magnetically in-
equivalent methylene bridges, clearly proves the expected C,,

e

160 140 120 100 80 60

Figure 3. '*C NMR spectrum (100 MHz, 31 °C, CDCI,) of 7. F denotes the signals
of three magnetically different C atoms of the fullerene core.
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symmetry. The 7, symmetry of 7 is also nicely reflected by its
"HNMR spectrum, since, for example, in analogy to the
monoadduct 4 only one singlet for each of the different types of
methylene protons CH,(in) and CH,(out) appears at 6 = 4.98
and 4.78, respectively (Figure 4). Compared with the corre-
sponding signals of moncadduct 4, which appear at § = 5.43
and 4.95, significant highfield shifts of § = 0.45 for the CH, (in)
protons and ¢ = 0.17 for the CH,(out) protons are observed.
These highfield shifts are caused by the influence of diatropic
ring currents of the proximate aromatic rings within neighbour-
ing dendrons. Monoadducts 5 and 6 do not give rise to similar
effects. Obviously, the packing of the dendrons in 7 is much
more dense than in the monoadducts 4—6, since the extent of
highfield shift for protons located above an aromatic plane
greatly decreases with increasing distance. A highfield shift of
more than 0.1 ppm is also observed for the protons of the inner
aromatic rings, whereas that for the protons of the outer aro-
matic ring is less pronounced. In the '"H NMR spectrum of 8 the
expected number of signals for the corresponding groups within
the branches is found. for example, four signals each for the four
magnetically different CH,(in) and CH, (out) protons with the
right intensity ratio of 1:1:1:2 (Figure 4). As was the case for 7
considerable highfield shifts are observed compared with the
monoadduct 4, especially for the signals of the CH,(in) protons
within 8. However, since the shift of the centre of gravity for the
various signals of 8 is somewhat less pronounced compared with
the singlets of 7 (Figure 4), less dense packing of the dendrons

CH, (out)

A
CH, (in)

ﬁ'—ﬁ]rury|1|1\1|v‘|—r|ﬁ7|

586 54
CH, (out)
B
CH, (in)

- ]l—v|T|Vvw]lliv[1||v|lVrvTv|

586 54 X

c CH, (out)

CH, (in)

V‘r[!l’||!lvl]|ll¥]Tlll[Tl||l!

56

Figurc 4. "HNMR spectra (400 MHz, 3t °C, CDCl,) in the range of the methylene
protons of A) 4, B) 7 and C) 8.
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is revealed. Especially for those dendrons that are located next
to the diethylmalonate addend at the equator, a more sterically
relaxed situation can be expected.

[t was impossible to synthesize the second-generation ana-
loguc of 7. Not even traces of a corresponding hexakisadduct
could be detected by various MS techniques including MALDI-
TOF and ESI. Similar observations are reported by Fréchet et
al..['’® who did not detect the formation of adducts higher than
bisadducts of C¢, with fourth-gencration dendrons, even if an
excess of the dendritic coupling component was used. Obvious-
ly. the dendrimer 7 is already a remarkably compact system.
although it is built up of only first-generation branches. The
core branching muitiplicity in 7 is 12, which is by far the highest
realized to date. To our knowledge 7 is the smallest spherical
organic system which exhibits such a dense structure.

For a computational determination of minimum energy
structures at 0 K of dendrimers 4—8 we carried out MD simula-
tions with the MM ™ forcefield implemented in the package
HYPERCHEM.!'5] The structures obtained from these simula-
tions are represented in Figure S, Of interest is the dense packing
of the branches around the core in all the dendrimers. For the
monoadducts 4-6 face-to-face arrangements of the fullerene
core with several aromatic rings of the branches indicate fa-
vourable -7 stacking interactions, which leads to a very pro-
nounced wrapping of the branches around the fullerene sphere
(Figure 5). Such favourable n—m interactions are a well-known
phenomenon in fullerene chemistry, which is clearly reflected by
the enhanced solubility of fullerenes in polycyclic or electron-
rich aromatics, for example,'*® as well as by the analysis of a
variety of single crystal structures of Cg, derivatives with aro-
malics in the side chain.[® 1 These solid-state structures nicely
reveal the face-to-face arrangements between the fullerene core
and the aromatic groups in the side chain. Within the den-
drimers 7 and 8 several stacking arrangements between phenyl
rings of the branches are present in the calculated structures.
The dendrons are densely packed and in the case of 7 are partial-
ly interpenetrating. More space is available in the region of the
sterically less demanding di(ethoxycarbonyl)methylene addend
of 8 (Figure 5). Of course, since solvent effects are neglected and
0 K structures are considered, these modelling investigations
reflect only partially the driving forces that are responsible for
the geometrical expression of the structures of 4—8 under the
actual experimental conditions. In solutions at higher tempera-
tures, the crystallinity of branch packing around the core is
certainly substantially removed. However, it is reasonable to
assume that the steric constraints associated with the core
branching multiplicity of 12 in 7 as well as the possibility of
conformations with energetically favourable m—n interactions
also account for a comparatively dense structure in solution at
room temperature.

Summary and Conclusion

With the synthesis, complete characterization and molecular
dynamics simulations of dendrimers 4—8 we present our first
results in the field of dendrimer chemistry involving C, as core
tecton. We report a dendrimer (7) with the core branching mul-
tiplicity of 12, the highest yet reached, which is realized by
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Figure 5. Minimum energy structures at 0 K of the dendrimers a) 4, b) 5, ¢) 6, d) 7 and ¢) 8 after molecular dynamics (MD) simulation [15]. All structures were
preminimized with the MM * forcefield implemented in HYPERCHEM [15] prior to the MD simulation. During the MD simulations the structures were heated to 1000 K
and kept at this temperature for equilibration before they were allowed to cool to 0 K to establish the minimum energy structure. Conditions for the simulated anncaling:
heat time: 3 ps, run time: 15 ps, cool time: 50 ps, step size: 0.001 ps, starting temperature: 0 K, simulation temperature: 1000 K, final temperature: 0 K, in vacuo, data
collection period: 1 time step. The black segment in the structure of 7 (d) is one of the six double branches, highlighted to reveal its interpenetration with other branches.

The black segment in the structure of 8 (e) is the di(ethoxycarbonylmethylene addend.

means of a 7, -symmetrical C, core with an octahedral addition
pattern. This unique structure type of a core building block is
only possible on the basis of C, and has no precedent in organic
chemistry. Because of the high core branching multiplicity with-
in 7 the dendrons are densely packed; this is implied, for ex-
ample, by molecular dynamics simulations and by 'HNMR
spectroscopy. Dendrons with longer spacers between the aro-
matic subunits will probably lead to less densely packed systems
and may also provide access to higher-generation dendrimers of
the construction type. The synthesis of very compact and small
dendrimers, on the other hand, could be of importance for the
design of fullerene-based architectures with a uniform and con-
formationally completely restricted structure. Compounds like
this would have properties resembling those typical for biopoly-
mers like enzymes. The general building principle (Figures 1 and
2) of dendrimers based on C,, as probably the most versatile
core tecton creates countless possibilities for structure variation
by systematic change in the degree and pattern of addition to
Ceo, by the use of different dendrons and by the possibility of
combining them with additional functional molecules, for ex-
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ample, electroactive species like porphyrins. We will report on
the synthesis as well as the determination of the properties of
further new fullerene dendrimer architectures in due course.

Experimental Section

"HNMR and '*C NMR: JEOL PMX 60 and JEOL JNM GX 400; MS:
Varian MAT 311 A (EI) and Finnigan MAT 900 (FAB); FT-IR: Bruker
Vector 22; UV/Vis: Shimadzu UV 3102 PC; HPLC preparative: Shimadzu
SIL 10A, SPD 10A, CBM 10A, LC 8 A, FRC 10A (Grom-Sil 100 Si, NP1,
Sum, 25x2.0cm and Nucleogel GFC 500-10); TLC: Macherey—Nagel,
Alugram SIL G/UV,,,. Reagents used were commercially available reagent
grade and were prepared according to common procedures. HPLC sol-
vents were from SDS. CH,Cl,, THF and toluene used for the reactions were
dried according to the usual procedures. All reactions were carried out
under a positive pressure of argon. Products were isolated where possible by
flash column chromatography (silica gel 60, particle size 0.04--0.063 nm,
Merck).

Di(3,5-dibenzyloxybenzyl)propanedionate (9): To a solution of 1 (3.11 g,

9.72mmol) in dry CH,Cl, (20 mL), pyridine (0.78 mL, 9.64 mmol) was
added under argon. The mixture was cooled with an ice bath and after that
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propanedioy! dichloride (0.47 mL, 4.83 mmol) were added dropwisc over
10 min. After 2 h the ice bath was removed and the solution was stirred at
room temperature overnight. The solution was extracted with water and the
organic layer was dried over Na,SO,. Flash chromatography on silica gel
with CH,Cl, as eluent gave 3.00 g of malonic diester 9. Yield: 87.6%.
'HNMR (400 MHz, 31°C, CDCly): § = 3.47 (s, 2H, CH,), 497 (s, 8H,
ArCH,0y), 5.11 (s,4H, CH,0,C), 6.55(t,2H, J = 2 Hz, ArH}, 6.58 (d, 4H,
J=2Hz, ArH), 7.28-7.40 (m, 20H, PhH); '*C NMR (100 MHz, 31°C,
CDCl,): 6 = 41.38 (CH,), 66.97 (CH,0,C), 70.01 (ArCH,0), 101.91 (arom.
CH), 106.93 (arom. CHY), 127.55 (Ph CH), 128.03 (Ph CH), 128.60 (Ph CH),
137.60 (Ph C), 137.53 (arom. (), 160.14 (arom. (), 166.22 (C=0); MS (EI):
miz =708 (M "), 617 (M — PhCHJ).

Bromobis(3,5-dibenzyloxybenzyl)propanedionate (12): A mixture of 9 (2.81 g,
3.96 mmol) and DBU (0.59 mL, 3.96 mmol) in dry THF (20 mL) was cooled
to —78°C under argon. Then a solution of CBr, (1.31 g, 3.96 mmol) in THF
(5 mL) was added and the mixture stirred for 2 h. The reaction was quenched
with HCI (50 mL, 0.1M) and the cooling bath was removed. Subsequently
Et,O (50 mL) was added, the organic layer was extracted with sat. aq.
NaHCO, (to ca. pH 6) and sat. aq. NaCl solutions and dried over Na,SO,.
Purification by flash chromatography (SiO,, hexane/CH,Cl, 2:1) gave 2.23 g
of 11 as a yellow oil; 165 mg of 9 were recovered. Yield: 71.5%. 'HNMR
(400 MHz, 31 °C, CDCl,): & = 491 (s, 1 H, C/IBr). 4.97 (s, 8H, ArCH,0).
516(s,4H.CH,0,C), 6.55-6.57 (m, 6 H, ArH ), 7.29-7.40 (m, 20H, Phii):
3C NMR (100 MHz, 31°C, CDCl,): 8 = 42.00 (CHBr). 68.39 (CH,0,C),
70.04 (ArCH,0), 102.17 (arom. CH), 106.86 (arom. CH), 127.56 (Ph CH),
128.07 (Ph CH), 128.63 (Ph CH), 136.66 (Ph C), 136.81 (arom. C), 160.17
(arom. C), 164.30 (C=0); MS (EI): m/z =789 (M ™), 787 (M ™), 708
(M — Br™).

Compound 4: To a solution of C,, (100 mg, 0.139 mmol) in toluene (50 mL).
the bromomalonate 12 (165 mg, 0.209 mmol) in toluene (10 mL) and sodium
hydride (35 mg, 1.46 mmol) were added. After 72 h stirring at room temper-
ature the excess sodium hydride was destroyed with 2N sulfuric acid. The
organic layer was dried over magnesium sulfate and the solvent evaporated
under reduced pressure. Purification with flash chromatography (SiO,;
toluenc) afforded 103 mg (52.0%) of 4 and 62 mg (21.9%) of a mixturc of
bisadducts. UV/Vis (CH,CL,): A, =271.0, 327.0, 426.50 nm; 'HNMR
(400 MHz, 31°C, CDCly): 0 =495 (s. 8H, ArCH,0), 543 (s, 4H,
CH,0,C), 6.56 (t, 2H, J = 2.5 Hz, ArH), 6.70 (d, 4H. J = 2.5 Hz, ArH),
7.28-7.39 (m, 20H, PhH); '*C NMR (100 MHz, 31°C, CDCly): 0 = 51.76
(methano bridge), 68.66 (CH,0,C), 70.08 (ArCH,0), 71.36 (C,, sp* C).
102.28 (arom. CH), 107.53 (arom. CH), 127.60 (Ph CH), 128.10 (Ph CH),
128.63 (Ph CH), 136.59 (Ph ), 136.90 (arom. C), 139.07, 140.92, 141.86,
142.20, 142.98, 143.01, 143.05, 143.10, 143.85, 144.56, 144.68, 144.89, 14498,
145.11, 145.17, 145.24 (C,, sp* C). 160.23 (arom. (), 163.39 (C=0); MS
(FAB): mjz =1427.5(M™), T19.9(C,); IR (KBr): # = 3060.9 cm !, 3028 4,
2923.5, 2857.5. 1745.3, 1594.4, 1450.9, 1372.1, 1226.5, 1157.7, 1057.9, 831.3,
753.2, 695.5, 526.3.

Compound 7: A mixture of Cq, (170 mg, 0.236 mmol) and 9,10-dimethyl-
anthracene (DMA) (487 mg, 2.36 mmol) in totuene {50 mL) was stirred at
room temperature for 2 h. Then the bromomalonate 12 (1.65 g, 2.10 mmol)
in toluene (20 mL) and DBU (360 mg, 2.36 mmol) were added. After 96 h the
solvent was evaporated under reduced pressure and the crude mixture sepa-
rated by flash chromatography (SiO,, toluene/AcOEt 98:2) followed by
preparative HPLC (Grom-Sil 100 Si, NP1, 5 pm) with the same eluent, and
preparative HPLC (Nucleogel GFC 500-10) with toluene as eluent, to give
63 mg of the hexaadduct 7. Yield: 5.4%. UV/Vis (CH,CL): 4. = 2825,
319.0, 338.0, 384.0 nm; 'HNMR (400 MHz, 31°C, CDCl,): § =4.78 (s,
48H, ArCH,0), 498 (s. 24H, CH,0,C). 6.42 (brs, 36H. ArH), 7.19-7.32
(m, 120H, Ph/1); **C NMR (100 MHz, 31 °C, CDCl,): § = 45.44 (methano
bridge), 68.13 (C,, sp* C), 69.25 (CH,0,C). 69.83 (ArCH,0), 102.27 (arom.
CH), 106.73 (arom. CH), 127.60 (Ph CH), 127.90 (Ph CH). 128.52 (Ph CH).
136.82 (Ph (), 136.85 (arom. C), 141.30 (C,, sp® C), 145.98 (C¢, sp® C).
160.02 (arom. C), 163.37 (C=0); MS (FAB): njz = 4961 (M ™), 4254.1
(penta*), 3547.5 (tetra™), 2840.3 (tris*); IR (film): ¥ = 3091.5cm ™', 3067.3,
3034.5. 2925.9. 2872.6, 1747.0, 1598.2, 1454.9, 1375.0, 1341.3, 1294.5, 1264.8,
1212.4, 1160.5. 1061.4, 933.1.

Compound 8: A mixture of C,,(COOEL), (15) (240 mg, 0.273 mmol) and
9,10-dimethylanthracene (DMA) (563 mg, 2.729 mmol) in toluene (50 mL)
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was stirred at room temperature for 2 h. Then bromomalonate 12 (1.72 g,
2.184 mmot) in toluene {20 mL} and DBU (416 mg, 2.73 mmol) were added.
After 96 h the solvent was evaporated under reduced pressure and the crude
mixture scparated by flash chromatography (SiO,, toluene/AcOEt 98:2) fol-
lowed by preparative HPLC (Grom-Sil 100 Si, NP1, 5 um) with tolueng;
AcOEt 99:1 as eluent to give 184 mg of the mixed hexaadduct 8. Yield:
15.3%. UV/Vis (CH,CL,): 4,,, = 282.0, 319.0, 337.5, 384.5 nm; *HNMR
(400 MHz, 31°C, CDCly): 6 =117 (1, 6H, J = 6.8 Hz, CH,), 4.13 (q, 4H.
J=68Hz, CH,0,C), 4.79 (s, $H, ArCH,0), 4.80 (s, 8H, ArCH,0), 4.81
(s, 16H, ArCH,0), 4.82 (s, SH, ArCH,0), 4.99 (s, 8H, CH,0,C), 5.02 (s.
44, CH,0,C),5.06 (s,4H,CH,0,C), 5.12(s,4H, CH,0,C), 6.43-6.59 (m,
30H, ArH), 7.21- 740 (m, 100H, PhiI}; '3C NMR (100 MH7, 31 'C,
CDCly): 6 =13.87 (CH;), 41.43 (CH,0,C), 45.33 (methano bridge), 45.36
(methano bridge), 45.39 (methano bridge), 45.56 (methano bridge), 62.81
(CH,0,C), 67.03, 68.14 (br), 69.19, 69.21, 69.83, 70.04 (CH,0,C, ArCH,0,
Ceo Sp? C) 101.93 (arom. CH), 102.27 (arom. CH), 106.65 (arom. CH),
106.71 (arom. CH), 106.78 (arom. CH), 106.96 (arom. CH), 127.61 (arom.
CHY), 12791 (arom. CH), 128.07 (arom. CH), 128.26 (arom. CH), 128.51
(arom. CH), 128.63 (arom. CH), 136.71, 136.80, 136.84, 136.88 (arom. C, Ph
(), 141.20, 141.23, 141.30, 141.48, 145.84, 145.89, 145.97, 146.02, 146.06 (C,,
sp? ), 163.40. 163.49, 163.63 (arom. C), 166.27 (C=0): MS (FAB): m/
: = 443512 (M +Na)™; IR (film): ¥ = 3067.0 cm *, 3034.4, 2935.3, 2873.2,
1746.9, 1597.9, 1498.0, 1453.7, 1374.7, 1343.1, 1320.5, 1294.2, 1264.6, 1209.5,
1160.7, 1080.2, 1061.9, 1029.6. 908.7.

Compound 10: Pyridine (1.29 mL, 15.95 mmol) was added to a solution of 2
(12.29 g, 16.50 mmol) in dry CH,Cl, (75 mL) under argon. The mixture was
cooled with an ice bath and after that propanedioyl dichloride (0.80 mL,
§.22 mmol) was added dropwise over 10 min. After 2 h the ice bath was
removed and the solution was stirred at room temperature overnight. The
solution was extracted with water, and the organic layer dried over Na,SO,.
Purification by flash chromatography (810,, hexane/AcOEt 4:1, gradually
increasing to hexane/AcOEL 1:1) gave 10.5 g of the malonic diester 10. Yield:
€2.1%. '"HNMR (400 MHz, 31°C, CDCl,): & = 3.48 (s, 2H. CH,). 4.89 (s,
§H, ArCH,0), 499 (s, 16 H, PhCH,0), 5.10 (s, 4H, ArCH,0CO0). 6.50 (1.
2H, J=24Hz ArH), 655 (t, 4H, J=24Hz, ArH), 6.64 (d. 8H.
J=24Hz ArH), 6.65(d,411,J = 2.4 Hz, AtH), 7.26- 7.4 (m, 40H. PhH )
3¢ NMR (100 MHz, 31°C, CDCl,): § = 41.45 (CH,). 67.00 (CH,0,C).
69.90 (ArCH,0), 70.04 (PhCH,0), 101.56 (arom. CH), 101.95 (arom. CH),
106.37 (arom. CH), 106.95 (arom. CH), 127.60 (Ph CII), 128.03 (Ph CH),
128.61 (Ph C'H), 136.79 (Ph C), 137.53 (arom. (), 139.15 (arom. C), 160.05
(arom. (), 160.21 (arom. C), 166.27 (C=0).

Compound 13: A mixture of malonate 10 (9.50 g, 6.1 mmol) and DBU
(0.91 mL, 6.1 mmol) in THF (70 mL) was treated with a solution of CBr,
(2.02 g, 6.1 mmol) in THF (15 mL) in the same way as compound 9. After the
work-up an inscparable mixture of 13, the corresponding dibromomalonate
and 10 was obtained with a yicld of 13 higher than 60% (*HNMR). Since
the dibromomalonate 13-Br and 10 arc inert under the conditions for the
base-catalysed coupling to fullerenes!** this mixture was used for the subse-
quent reaction with C,.

Compound S: The reaction was performed as described for 4, with Cg,
(100 mg, 0.139 mmol), the 60:40 mixture of 13, 13-Br and 10 (340 mg) and
NaH (50 mg, 2 mmol). After purification by flash chromatography (SiO,.
toluene gradually increasing to tolucnejethyl acetate 9:1), followed by
preparative HPLC (Nucleogel GFC 500-10) with toluene as eluent, 63 mg of
S were obtained. Yield: 19.9%. UV/Vis (CH,Cl,): 2. = 2585, 320.0,
420.5nm; 'HNMR (400 MHz, 31°C, CDCl,): § = 4.80-4.93 (m, 28H,
CH,0), 6.49--6.65 (m, 18H, ArH), 7.20-7.38 (m, 40H, PhH); *C NMR
(100 MHz, 31°C, CDCl;): ¢ = 48.59 (mcthano bridge), 70.05 (br), 70.55
(CH,0). 71.32 (C,, sp* C), 101.64 (arom. CH). 102.42 (arom. CH). 106.49
(arom. CH), 106.75 (arom. CH). 127.60 (Ph CH), 128.03 (Ph CH), 128.61
(Ph CH). 136.77 (Ph C), 136.91 (arom. C), 139.02, 140.92, 141.85, 142.18,
142.98. 143.04, 143.85, 144.52, 144.54, 144.67, 144.90, 144.95, 145.08, 145.11,
145.17, 145.22 (Cy, sp? ), 160.14 (arom. C), 160.21 (arom. (), 163.41
(C=0); MS (FAB): mjz =2276.7 (M ™), 15568 (M — CJy): IR (film):
F=30663cm ! 3033.6, 2926.2, 2855.0, 17458, 1647.9, 1596.8, 1497.5,
1452.8.1374.2,1343.7, 1322.9. 1295.7, 1269.1, 1211.0, 1159.0, 1058.1, 1029.6.

Compound 11: Pyridinc (0.265 mL, 3.27 mmol) was added to a solution of 3
(5.264 g. 3.30 mmol) in dry CH,Cl, (60 mL) under argon. The mixture was
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cooled with an ice bath and after that propanedioyl dichloride (0.16 mL,
1.64 mmol) was added dropwise over 10 min. After 2 h the ice bath was
removed and the solution was stirred at room temperature overnight. The
solution was extracted with water, and the organic layer was dried over
Na,SO,. Purification by flash chromatography (SiO,, hexane/CH,CI, 1:1,
gradually increasing to 100% CH,Cl,) gave 3.53 g of the malonic diester 11.
Yield: 65.9%. 'HNMR (400 MHz, 31°C, CDCl,): 6 = 3.44 (s, 2H, CH,),
4.82(s,8H, ArCH,0),4.86 (s, t6 H, ArCH,0), 4.94 (s, 32H, PhCH,0), 5.06
(s,4H,CH,0,C). 649 (t,4H.J =24 Hz, ArH), 6.52 (m, 10H, ArH), 6.60
(d, 8H,J =24 Hz, ArH), 6.63 (n, 20H, ArH), 7.20-7.53 (m, 80H, PhH);
13C NMR (100 MHz, 31 °C, CDCl,): 6 = 41.38 (CH,), 66.78 (CH,0), 68.17
(ArCH,0), 69.76 (ArCH,0), 69.88 (PhCH,0}, 101.48 (arom. CH), 101.78
(arom. CH), 101.98 (arom. CH), 106.30 (arom. CH), 106.58 (arom. CH),
106.69 (arom. CH), 127.48 (Ph CH), 127.90 (Ph CH), 128.48 (Ph CH),
136.74 (Ph C), 139.08 (arom. CH), 139.11 (arom. C), 139.19 (arom. C),
159.96 {(arom. C), 160.00 (arom. C), 160.10 (arom. C), 166.13 (C=0).

Compound 14: A mixture of malonate 11 (3.28 g, 1.01 mmol} and DBU
(0.15 mL, 1.005 mmol) in THF (50 mL) was treated with a solution of CBr,
(0.34 g, 1.01 mmol) in THF (5 mL) in the same way as compound 9. After the
work-up an inseparable mixture of 14, the corresponding dibromomalonate
and 11 was obtained with a yield of 14 higher than 60% (*H NMR). Since
the dibromomalonate 14-Br and 11 are inert under the conditions for the
base-catalysed coupling to fullerenes!’ ! this mixture was used for the subse-
quent reaction with Cg,.

Compound 6: The reaction was performed as described for 4 with C,,
(200 mg, 0.277 mmol), the 60:40 mixturc of 14 and 14-Br (1.73 g) and NaH
(100 mg, 4.17 mmol). After purification by flash chromatography (SiO,,
toluenefethyl acetate 98:2) followed by preparative HPLC (Nucleogel GFC
500-10) with toluene as eluent gave 473 mg of 6. Yield: 42.9%. UV/Vis
(CH,CL,): A, = 4260, 327.0, 269.0 nm; 'HNMR (400 MHz, 31°C,
CDCly): 6 = 4.80-4.93 (m, 60H, CH,0), 6.49-6.65 (m, 42H, ArH), 7.20

7.38 (m, 80H, PhH); '*C NMR (100 MHz, 31°C, CDCl,): § = 51.73
(methano bridge), 69.77 (br), 69.88 (br) (CH,0), 71.29 (C,, sp® C), 101.48
(arom. CH), 101.61 (arom. CHY), 106.34 (arom. CH), 106.42 (arom. CH),
127.50 (Ph CH), 127.91 (Ph CH), 128.49 {Ph CH), 136.73, 136.92 (Ph CH,
arom. CH), 139.15, 140.76, 141.68, 142.00, 142.79, 143.67, 144.37, 144.40,
144.48, 144.69. 144.83, 144.92, 144.96, 145.05 (C,, sp* C). 160.03 (arom. C),

160.11 (arom. C). 163.23 (C=0); MS (FAB): m/z = 3974.5 (M *): IR (film):
¥ =3066.3cm ™!, 3033.5, 2928.6, 2871.8, 1748.7, 1596.6, 1497.6. 14531,
1374.1, 1341.6, 1320.7. 1296.1, 1159.0. 1056.0, 908 8.
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The Reaction of a Triorganochloroindate with Dioxygen

Thomas Kriuter and Bernhard Neumiiller*

Abstract: The reaction of CsCl with In(CH,Ph), yields the triorganochloroindate
Cs[(PhCH,);InCl] (1). Treatment of In(CH,Ph), with dry O, gives the alkoxide
[(PhCH,),InOCH,Ph], (2}, whereas the reaction of 1 with O,
Cs,[O{PhCH,In(OCH,Ph),},] (3). According to X-ray structural investigations, 1 con-
tains Cs,Cl, four-membered rings as basic structural motif. The dirners are connected
by Cs—rmn-electron interactions to form a layer structure. Compound 3 can be described
as a metalla(crown ether) fragment coordinating two Cs* ions. Additional shielding of

pi interactions

leads to Keywords
cesium indium layered com-
pounds metalla(crown ethers)

the Cs centers by weak Cs—rn-electron contacts was observed.

Introduction

The reactions of the metallanes of Group 13 with molecular
oxygen have been studied intensively.!!! From these studies it is
known that the controlled introduction of dioxygen leads in a
first step to unstable organoperoxide intermediates. Recently,
several examples of such peroxides have been structurally
characterized.'> ~* Further reaction of the peroxide R,MOOR
with metallanc gives the alkoxide R,MOR.I®! Depending on
the reaction conditions, higher oxidized products such as
RM(OR)OOR and RM(OR), are possible.

Peroxides [R,MOOR], and alkoxides [R,MOR], are usually
dimers in solution and the solid state (Scheme 1).1274! Only in
cases in which compounds contain bulky organic substituents
have monomeric alkoxides, such as [/Bu,GaO(2,6-rBu,-4-
MeC H,)]!® or [tBu,GaOCPh,].,l" been isolated.

The subject of this study is the effect on the outcome of the
reaction of O, with a cesium triorganochloroindate of the Cs”*
ions. Recently, the influence of Cs™ ions on the structure of
cesium triorganofluoroindates has been investigated.!®! m-clec-
tron—Cs interactions are the most obvious structural features
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Scheme 1. Assumed structures for diorganoperoxo metallanes and diorganoalkoxy
metallanes (M = Al-Tl; R = alkyl, aryl).
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found.”! Another important structural motif in cesium
triorganofluorometalates Cs[R;MF] (M = Al, Ga, In) is the
formation of Cs,F, four-membered rings.t® 1 ' Thus, not
only the solid-state structure of Cs[(PhCH,),InCl] (1) but also
the above-mentioned comparison of the behavior of 1 and
In(CH,Ph), towards treatment with O, is of interest.

Results and Discussion

The reaction of In(CH,Ph), with CsCl in acetonitrile at room
temperature gives the indate Cs[(PhCH,),InCl] (1) [Eq. (1)].

MeCN; 20°C
RN s

In(CH,Ph); + CsCl [(PhCH,),InCl] 4}

1

Compound 1 has been recrystallized from Et,O/toluene in the
form of colorless crystals of [Cs{(PhCH,);InCl}],-0.5toluene
{[1},-0.5toluene). Treatment of In(CH,Ph); and 1 with dry O,
at —70°C in toluene and Et,0, respectively, results in the prod-
ucts shown in Equations (2) and (3). The reaction of the indane

0, lqlucnc; —70°C

In(CH,Ph), 10°C  [(PhCH,),InOCH,Phl, )
2
1 QB0 TTC e 101 PRCH, In(OCH ,PhY, | ] (3)
3

leads to 2 even at this temperaturc. No intermediate such as
[(PhCH,),InOOCH,Ph], could be obtained. This finding is in
agreement with the results of the investigation of the corre-
sponding gallium compound [Ga(CH,Ph),],l*! in which the for-
mation of [(PhCH,),GaOCH ,Ph], was observed. In contrast to
this, the reaction of the indate 1 with O, gives the salt 3, in which
an organodialkoxyindane, [PhCH,In(OCH,Ph),], is the basic
unit. The formation of different products is a result of the pres-
ence of Cs* ions in 1, as well as the different reactivity of an
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indane versus an indate, for which weaker M-C and M-Cl
bonds can be expected, caused by the higher coordination num-
ber (CN) of the metal and the negative charge in 1.

The species 1-3 are colorless, very hygroscopic compounds.
Compounds 1 and 3 are only sparingly soluble in benzene,
precluding cryoscopic determination of molecular weight. Dis-
solution of 1 in CD,CN results in a solvated ion pair
[Cs(CD,CN),)*[(PhCH,),InCl]” as was observed for the
fluoroindates Cs[R,MF] (M = Al Ga, In; R = Me, Et, iPr,
CH,Ph, Mes) .18 10111 For a solution of 3 in CD;CN we assume
the displacement of phenyl! ligands with weak Cs™ —n-electron
interactions by CD;CN molecuies. A complete dissociation into
the ions [Cs(CD,CN),]* and [O{PhCH,In(OCH,Ph),},1*>" is
unlikely owing to the Cs—O intcractions.

"H NMR spectra show one resonance for the methylene pro-
tons of 1 at § =1.73, while 2 and 3 exhibit two signals [2:
6 = 2.10 (InCH,Ph), 5.25 (OCH,Ph); 3: 6 =1.77 (InCH,Ph),
4.55 (OCH,Ph)]. The values for the metal-bound methylene
group are in good agreement with the one for In(CH,Ph),
(6 =1.81).12:13 Gimilar observations were made in the '*C
NMR spectra [1: 6 = 24.2 (InCH,Ph); 2: 6 = 26.9 InCH,Ph),
69.6 (OCH,Ph); 3: 6 =272 (InCH,Ph), 694 (OCH,Ph);
In(CH,Ph),: 28.3 (CH,Ph)].

IR investigations of 1 should confirm the existence of the
Cs,Cl, four-membered ring found by X-ray analysis. For the
matrix-isolated dimer Cs,Cl,, three bands have been found at
161, 144, and 74cm™*."'* In 1, two vibrations at 160 and
119 ¢cm ™! can be assigned to the asymmetric and the symmetric
ring vibrations, respectively. The In—Cl stretching vibrations at
272 and 240 cm™! are characteristic for terminal In-Cl
bonds.[*5! The degree of aggregation for 2 in benzene was deter-
mined to be 2.2. Considering the dimeric character of
[(PhCH,),GaOCH,Ph], in solution and the solid state, a dimer
of crystalline 2 is likely. Therefore, the two bands at 490 and
475 cm ™! can be attributed to In-O ring vibrations. Owing to
a coordination number of six for the In atoms in 3, the strong
band at 410 cm ™! is in a range expected for the In,O, cage. For
the M-C stretching vibrations, a value of 450 cm™! can be
expected 113 16 11 The absorptions found for 1, 2, and 3 are 436,
453, and 457 cm ™1

In the EI mass spectra for 1-3 only RlIn-containing frag-
ments of the compounds could be detected (1: m/z = 388,
[In(CH,Ph),1"; 2: m/z =717, [In,0,(CH,Ph)| " ; 3: m/z = 420,
[InO,(CH,Ph),]"). The stronger M—F and Cs—F interactions
in the cesium salts Cs{fR;MF] (M = Ga, R = Me, Et, iPr, Mes,
CH,Ph; M = In, R = Me, Et, iPr, Mes) are responsible for the
observation of Cs/F/M-containing fragments in those cas-
eS.[S' 10,11]

The structure of [1],-0.5toluene consists of dimers
[Cs{(PhCH,),;InCl}], (Figure 1) connected in an unusual way to
form a layer structure. However, the Cs,Cl, four-membered
ring is slightly folded in a butterfly fashion (angle 1637, folding
axis C11---Cl2). The Cs—Cl distances, which have an average
value of 341 pm, cannot be compared to the 356 pm of crys-
talline CsCl because of the different CN of Cs and ClI centers in
CsCL18) The In—Cl bond lengths of 249.0(2) (In1-Cl1) and
251.5(2) pm (In2-Cl2) are stightly shorter than terminal In—Cl
bonds in triorganochloroindates such as [Me,As][Me,InCIJ!! !
(255.1(7) pm), [Me,N][Mes,InCIl]-MeCN[2? (254.0(3) pm).
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Figure 1. Computer-generated plot of the dimcric unit [Cs{(PhCH,),InCl], in
[1],-0.5toluenc (SHELXTL Plus, ref. [36], cllipsoids at the 50 % probability level,
H atoms omitted for clarity). Sclected interatomic distances [pm] and angles [}
Cs1-CI1 337.6(2), Cs1-C12 342.9(2), Cs2- ClI1 334.7(2), Cs2-Cl2 347.5(2),
In1-Cl1 249.0(2), In2-CI2 251.5(2), In-C 220 (av.); Ci1-Cs1-Cl2 76.7) (6),
Cl1-Cs2-C1276.47(6), Cs1-C11-Cs2 103.68 (6). Cs 1-Cl1-In1 106.04(7), Cs2-CH1-
In1 100.00(7), Cs1-Cl12-Cs2 99.96(6). Cs1-Ci2-In2 128.72(9), Cs2-C12-In2
111.92(8), Cl-In-C 104 (av.).

The In-Cl bond lengths in [Li(THF),][Fl,InCI] (Fl=
fluorenyl) are significantly shorter than the value in 1 at
241.2(1) pm.2H1 The Cs,Cl, ring is distorted to a rhombus with
angles of about 77" at the Cs centers and a mean value of 102°
at the CI centers.

Four phenyl rings are directly coordinated to the Cs™ ions
(Table 1) of the Cs,Cl, ring of their asymmetric unit

Table 1. Cs---C contucts in [1];-0.5toluene and 3 {pm]. Shortest value = sv.,
average value = av.

[1],-0.5toluene Compound 3
P

sV, av. SV, av.
Cst1---(C21-C26) 361 436 Cs1---(C111-C161) 379 446
Cs1---(C31-C36) 341 362 Cst--(C112-C162) 358 413
Cs1--(Clla-Cl6a) 347 388 Cs1---(C211-C261) 362 433
Cs1---(C5ta CS56a) 353 424 Cst-(C212 C262) 364 403

Cs1---(C311a-C361a) 347 385
Cs1---(C312a-C362a) 333 403
Cs1---(C41-C46) 353 441

Cs2---(C11 C16) 360 388

Cs2---(C51-C56) 339 381

Cs2---(Cola Coba) 338 356

[(C21-C26), (C31-C36), (C11-C16), (C51-C56)] with a
mean Cs-C distance of 392 pm. One phenyl ring is bound to the
neighbouring Cs—Cl ring system [Cs2-(C61a—-C66a): 356 pm
average], whereas the m-electron systems of (C11-C16)
[Cs1—(C11a—-C16a): 388 pm av.] and (C51-C56) [Csl-
(C51a~C356a): 424 pm av.] also donate to Cs* ions of other
dimers (Figure 2, Figure 3). As a result double tayers are
formed by this “inverse sandwich™ type of coordination (two
metal centers coordinating one phenyl ring). Nevertheless,
the bonding described between Cs centers, C1~ ions, and
n-electron systems is obviously mainly an electrostatic one.
The Cs*-ring distances in [Cs{(PhCH,),GaF}],-2MeCN
(358 pm av.),1®! [{Cs(diglyme), },{Ph,CCPh,}], (358 pm av.),
and [{Cs,(diglyme),(OCH,CH,0CH,),}{Ph,CCHCHCPh,}],
(354 pm av.)“ are of the same order and significantly shorter
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Figure 2. Assembly of four dimeric units [1], with Cs - n-electron contacts (C atoms
represented as spheres for clarity).

than the sum of the
van der Waals radii,
417 pm.221 If  one
counts the phenyl sub-
stituent as one ligand,
the coordination sphere
of the Cs center Cs1 is
a distorted octahedron,
while Cs2 is surround-
ed by five ligands in a
strong distorted trigo-
nal bipyramidal fash-
ion. The Cs centers in 1
and 3 are not exactly
located over the cen-
troids of the phenyl
rings. Usually one part
of the aromatic system
is somewhat closer to the Cs™ ion, causing the variation in the
Cs-C distances. Both the shortest and the average values are
shown in Table 1. The double layers are separated by the organ-
ic groups and by toluene molecules, which are disordered
around centers of symmetry; stacking occurs along the crystal-
lographic ¢ axis (Figure 4).

According to the X-ray analysis the Cs,In O, skeleton of 3
(Figure 5) can be subdivided formally into a ring-shaped metal-
la(crown ether) In, O, unit and a linear unit of Cs,O centered in
the metalla(crown ether) and pointing along the crystallograph-
ic ¢ axis. The central oxygen atom OS5 occupies a center of
symmetry. Four highly folded In,0, four-membered rings

Figure 3. Assembly of two dimeric units [1},
with Cs- n-electron contacts (perpendicular to
the view in Figure 2).

Figure 4. Stereoscopic view of the unit cell of [1},-0.5toluene (ORTEP [37)): stacking of the double layers
along [001].
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Figure 5. Computer-generated plot of the skeleton of 3 (phenyl rings are omitted
for clarity; the full and dashed lines are not a distance criterion but a representation
of the {PhCH,In(OCH,Phj,], and the Cs,O unitj. Selected interatomic distances
[pm] and angles [’]: Cst O1 303.6(3), Cs1-04 303.9(4), Cs1-05 341.91(6),
Cs1-02a 310.2(3), Cs1-03a 306.4(4), Tnl---In2a 310.88(7), Inl---In2
311.48(7), In1-0O1 221.5(3), In1-02 225.5(3), In1-05 220.75(5), InZ2-O5
219.32(5). In1 O3a 223.7(4). Int- Oda 226.9(3), In2-01 226.4(3). In2-02
224.6(3). In2-03 223.1(3), In2-04 2251(3); O1-In1-02 78.9(1), O1-In1-0O5
76.25(9), O1-In1-03a 94.3(1), O1-In1-0O4a 151.7(1), O2-In1-05 75.22(9), O 2-
In1-03a 150.4(1), 05-In1-03a 75.13(9), 02-In1-Oda 93.3(1), O5-In1-O4a
75.46(9), O3a-In1-Oda 79.0(1), O1-In2-02 78.1(1). O1-In2-03 151.1 (1), O1-
In2-0494.6(1), 01-In2-05 75.54(9), 02-In2-03 93.7(1), O2-In2-04 151.8(1).
02-In2-05 75.69(9), 03-In2-04 79.6(1), 04-In2-05 76.11(9). 03-In2-05
75.54(9), Cs1-01-In199.6(1), Cs1-01-In298.6(1), In1-01-In2 88.1 (1), In 1-02-
In2 87.6(1), In1-02-Cs 1a 98.4 (1), [n2-02-Cs1a 98.6(1), In2-03-Cs1a 100.1(1),
In2-03-In1a 88.2(1), Cs1a-03-In1a 98.3(1), Cs1-04-In2 98.2(1), Cs1-O4-Inta
99.9(1). [n2-04-In1a 86.9(1), Cs1-0O5-In1 89.27(1), Cs1-05-In2 89.04(2), Cs 1-
0O5-Inta 90.73(1), In1-05-In2 90.11(2), In1-05-In2a 89.89(2). In2-035-Csla
90.96(2).

forming the [PhCH,In(OCH,Ph),], wrap around the Cs,0O
unit; they have folding angles of 124° (In1/01/In2/02)
and 123° (In2/03/In1a/O4); in both cases the folding
axis is In---In. Quite similar K,M,0, cages have been
found for the oxo alkoxides [{K(THF)},Sb,0(0rBu)g] and
[K,Zr,0(0iPr), ] .13

Although a variety of diorganoindium alkoxides, R,InOR,
are described in the literature,’** only a few examples have been
structurally characterized.2>7271 The data for isolated
organoindium dialkoxides RIn(OR), are sparse!?* and to our
knowledge there is no structural information available to date.
Therefore the [PhCH,In(OCH,Ph),], unit may be a model for
such compounds. However, the In—-O distances in 3 (In: CN 6;
224pm av.) are between the In—-O bond lengths in
[R,InOR],2>727 [In: CN 4; typical value: 216 pm) and in
donor-acceptor complexes such as [In(CCCF;);(THF),] [In:
CN S: 230.0(8) pm].12*! [iPr,In(THF),][BE,] (In: CN 4+2;
236 pm av.)!'®l and [PhCH,InBr,(THF),]
(In: CN 5; 237 pm av.).!™ In-O cages in
compounds such as [O{(Me;Si),ClIn},-
(OH) P (In: CN 5) or [Meln(OH)-
(O,PPh,)],-4py (In: CN 6)1*% should be ac-
ceptable reference compounds for the In-O
bond length because of the high coordination
numbers of the metal centers. The first-men-
tioned complex possesses a central O atom
with CN 4 and average In—O distances of
216 pm. The latter compound consists of an
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In-0O heterocubane with a mean In—O value of 225 pm and an
average exoskeleton bond length of 223 pm.

The cyclic [O{PhCH,In(OCH,Ph),},] framework of 3 com-
plexes two Cs™ ions in a crown ether fashion (similar to 12-
crown-4). An average Cs—O contact of 306 pm does not corre-
spond to the Cs—O distances in Cs—crown ether complexes
because of the lower CN (4 4+ 5) of the Cs* ions in 3. Short mean
distances of 315 pm have been observed in [Cs(18-crown-
6)(NCS)PY and [Cs(18-crown-6)],[Hg,Se,,],13*! whereas for
the [Cs(18-crown-6),]* ion (Cs: CN 12) a Cs-O contact of
334 pm was found.*¥! For crystalline Cs,0, a distance of
286 pm (Cs: CN 2) was determined, quite similar to the 289 pm
in Cs;0 (Cs: CN 2).18 In contrast, the Cs—O contacts in
Cs, 0, (Cs: CN 1, 2, 3) vary between 270 and 300 pm.13* In this
context the Cs—O bond lengths in 3 are understandable because
of the CN of the Cs centers. Apparently, the geometrically im-
plied long contact Cs1--- OS5 of 341.91(6) pm does not influ-
ence the remaining CsO, unit.

The principle of having the interionic interactions in the cen-
ter of a structure shiclded by the organic substituents is a general
onel® 19111 and thus also valid for [11,-0.5toluene and 3. For 3
it follows that the Cs centers must be surrounded by organic
groups (Figure 6). The Cs- - - phenyl ring interactions are weak,

Figure 6. Plot of 3 with Cs -m-electron contacts (only one position of the three
disordcred phenyl rings is shown; the C atoms are drawn as sphercs for clarity).

and three of the four rings around each Cs* ion are disordered.
The average values for the Cs1—C distances are 446 (C111-
C161), 413 (C112-C162), 433 (C211a-C261a), 403 (C212a—
C262a), 385 (C311a-C361a), 403 (C312a-C362a), and
441 pm (C41-C46). The metal-bound benzyl groups are not
involved in the coordination of the Cs* ions exhibiting long
In-C bonds of 222.0(5) (In1-C5) and 220.3(5) pm (In2-Cé6).
The indane In(CH,Ph), shows In—C distances of 218.6(7)—
220.5(6) pm (In: CN 3 + 2) 113

Conclusions
The reactions between O, and, on the one hand, In(CH,Ph}, or,
on the other, Cs[(PhCH,),InCl] lead to quite different products.

However, 2 and 3 contain units expected from earlier studies,
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such as R,InOR and RIn(OR),. The different reactivity to-
wards O, is controlled by the presence of the Cs* ions in 1 and
the weaker In—C bonds when compared with In(CH,Ph),.

In [1],-0.5toluene, double layers of dimers [1], with Cs~Cl
bonds are formed, separated by the organic ligands and toluene
molecules. Compound 3 consists of a tetrameric unit with an
[In,0,], skeleton containing a Cs,0 fragment formally at its
center. The [PhCH,In(OCH,Ph),], unit may also serve as a
model for organoindium dialkoxides. The Cs™* ions are coordi-
nated by the resulting O[In,0,], unit in a metalla(crown ether)
fashion. [1],-0.5toluene and 3 both show mainly electrostatic
Cs--m-electron interactions, strong in the first case and weak in
the latter. Both compounds have a common build-up principle,
with the interionic interactions in the center of the structure
being shielded by the hydrophobic organic ligands.

Experimental Procedure

General: All experiments were carried out under an atmosphere of argon with
Schlenk techniques. Purification and drying of the organic solvents were
performed by standard methods.'**! In(CH,Ph), " '3} was prepared follow-
ing literature procedures.

'H and '3C NMR spectra were recorded on a Bruker AC-300 spcctrometer
(*H: 300.134 MHz, '3C: 75.469 MHz). TMS was used as external standard
(*H, '3C), § = 0.0. IR spectra were obtained with a Bruker TFS-88 (nujol
mulls, Csl discs for the range 4000-500 cm™'; polyethylene discs for the
range 500-100 cm ™). For the El mass spectra a Varian CH 7a mass spce-
trometer (70 eV) was used. Melting points (uncorrected) were determined
with a Dr. Tottoli (Biichi) melting-point apparatus in scaled capillaries under
argon. The cryoscopic measurements were performed with 4 Normag molec-
ular weight determination apparatus equipped with a Beckmann thermome-
ter under argon.

Cs|(PhCH,);InCl} (1): Solid CsCl (1.89 g, 11.25 mmol) was added in one
portion to a solution of In(CH,Ph), (2.73 g, 7.03 mmol) in MeCN (50 mL)
at room temperature. The suspension was stirred for 90 h, heated to 60°C,
and filtered hot. The filtrate was evaporated to dryness in vacuo, and the
white residue was suspended in 20 mL of Et,O and filtered. Toluene (5 mL)
was added to the filtrate, and the solution was cooled to 5°C. After 5d
colorless crystals of [1],-0.5toluene could be isolated. The crystals were dried
in vacuo to furnish solvent-free 1. Yield: 3.05 g (78 %, based on In(CH,Ph););
m.p. 147°C; 'THNMR (CD,CN): § =1.73 (s, 2H, CH,), 6.66-6.98 (m, SH,
H-phenyl); '*C NMR (CD,CN): § = 24.2 (CH,), 120.8 (C*), 127.1 (C* ),
128.6 (C* %), 150.0 (CY); IR: ¥ = 2726, 1590, 1306, 1206, 1177, 1154, 1046,
996, 893, 849, 797, 753, 700, 617, 538, 436 (InC), 419, 363, 272 (InCl), 240
(InCI), 215, 161 (CsCly, 144 (CsCl), 74cm ™ *; BT MS: m/z (%) = 388 (3)
[In(CH,Ph),]*, 297 (13) [In(CH,Ph),)™, 206 (17) [InCH,Ph]*, 150 (2) [In-
Cl1*. 133 (10) {Cs]*, 115 (24) {In]*, 91 (100) [CH,Ph)*; C,,H,,CiCsIn
(556.58): caled. C 45.32, H 3.80, Cs 23.88, C1 6.37; found C 45.02, H 3.92, Cs
24.32, Cl 6.41.

[(PhCH,),InOCH, Phl, (2): In(CH,Ph), (0.84 g, 2.16 mmol) was dissolved in
toluene (30 mL). The solution was cooled to —70°C, and dry O, was bubbled
through it for 15 min. It was then warmed to room temperature and evapo-
rated to dryness. The colorless residue was washed with n-pentane (10 mL).
Yicld: 0.81 g(93%); m.p.>250°C: cryoscopy (benzene, ¢ = 0.011 mol L™ '):
877, n=2.2; '"HNMR (C(Dy): 6 =210 (s, 2H, InCH,), 5.24 (s, 2H,
OCH,), 682-7.06 (m, 10H, H-phenyl); '*C NMR (C,Dy): 6 =269
(InCH,), 69.6 (OCH,). 123.0 (C*; InR), 127.6 (C*, InOR), 128.0 (C**,
InR), 128.3 (C* 5, InOR), 128.8 (C3 %, InR), 129.7 (C* InOR), 143.5(C",
InOR), 144.3 (C', InR); IR: ¥ = 2724, 1600, 1306, 1262, 1208, 1156, 1032,
918, 799, 697, 623, 519, 490 (InO), 475 (In0), 453 (InC), 423, 407, 342.
227em”'; El MS: mjz (%)=717 (1) [M - CH,Ph]*, 626 (1)
[M —2CH,Ph})*, 535 (1) (M —3CH,Ph]*, 313 (3) [M/2)", 297 (7)
[In(CH,Ph),]*. 206 (16) [InCH,Ph}*, 115 (36) {In]*, 91 (100) [CH,Ph]*;
C4,H,,0,In, (808.43): caled. C 62.40, H 5.24; found C 62.18, H 5.31.
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Cs,|O{PhCH,In(OCH,Ph),},} (3): Compound 1 (1.03 g, 1.85 mmol) was
dissolved in Et,O (40 mL). The solution was cooled to - 70°C and dry O,
was bubbled through it for 10 min. The reaction mixture was warmed to room
temperature, filtered, and reduced to S mL solution under vacuum. At 5°C.
colorless ncedles of 3 were formed. Yield: 0.68 g (75%, based on 1);
m.p.>250°C; "THNMR (CD,CN): 8 =1.77 (s, 2H, InC#H,), 4.55 (s, 4H,
OCH,), 6.64-7.38 (m, 15H, H-phenyl); 13C NMR (CD,CN): 27.2 (InCH,).
69.4 (OCH,), 125.0 (C*, 1nR), 126.3 (C*, InOR), 128.3 (C**, InOR), 129.9
(€29, 1nR). 130.6 (C35, InOR), 131.2 (C>%, InR), 143.1 (C*, InOR}, 145.0
(C!. InR); IR: ¥= 2726, 1588, 1302, 1212, 1177, 1152, 1027, 1007, 972,
886, 845. 797, 764, 754, 700, 637, 534, 512, 457 (InC), 410 (InO), 329,
215em ™! El MS: mjz (%) =420 (2) [PhCH,In(OCH,Ph),]*, 329 (13)
[In(OCH,Ph),]*, 222 (30) [InOCH,Ph]*, 206 (19) [InCH,Ph]™, 133 (10)
[Cs}*, 115 (23) {(In]*", 107 (76) [OCH,Ph]™. 91 (100) [CH,Ph]*:
CyaHg,Cs,In, Of (1962.67): caled. C 51.40, H 4.31, Cs 13.54; found C 51.17,
H 448, Cs 13.51.

X-ray structure analysis of {1],-0.5toluene and 3: The crystals were covercd
with a high-boiling paraffin oil and mounted on the top of a glass capillary
under a flow of cold gaseous nitrogen. The orientation matrix and prelimi-
nary unit cell dimensions were determined from 25 reflections on a four-
circle diffractometer with graphite-monochromated Moy, radiation (4 =
71.073 pm; Siemens P4). The final cell parameters were determined with
25 high angle reflections. The intensities were corrected for Lorentz and
polarization effects (for cell paramcters and intensity collection sce Table 2).

Table 2. Crystallographic data for [1},-0.5toluene and 3.

[1),-0.5toluene 3

formula Cys sH,, C1LCs,Iny CyqHysCs,In, 04

M, 1159.22 1962.67

crystal size (mm) 0.6x0.3x0.3 (0.65x (.5 x0.55

a (pm) 1084.6(2) 1532.9(2)

h (pm) 1300.5(3) 1459.5(2)

¢ (pm) 1772.5(3) 1814.8(2)

2 83.15(1)

Y 72.22(1) 107.89(1)

2O 72.15(1)

F ipm? x 10%) 2265.2(9) 3863.9(9)

space group P1 P2.in

z 2 2

P (om ™) 1.699 1.687

T(K) 223 223

abs. corr, empirical empirical

Logoks (€M™ 1) 27.5 21.6

20 range () 2-50 2-50

ok —1gh<12, —15<k<15, —1<h<18, —1<k<17,
-20<1<20 —21<1<20

scan mode w scan 7 scan

scan width (7) 1.2 1.2

measured refl. 9356 8627

unique refl. 7967 6816

refl. £, >4a(F) 4467 4929

parameters 450 344

R, [a] 0.0447 0.0374

wR, (b] 0.0961 {c] 0.0935 [d]

max. /min. residual 1.1/, -0.72 0.94/ — 0.90

electron density (epm™* x 10%)

fal Ry =X\E| = [FJ/ZIF] b} wRy = [Tw(F2 — FOXEwFD 2 ] w=
U[e2(F) +(0.0423 P21 and P = [max(F2,0) + 2733, [d] w =1{eXF2) +
(0.0515 P)?].

The structures were solved by direct methods with the program SHELXTL
Plus.t?*! The structures were refined against F? by full-matrix least squares
with the program SHELXL-93.1*71 The positions of the hydrogen atoms were
calculated for ideal positions and refined with a common displacement
parameter.

The toluene molecules of [1],-0.5toluene are disordered around a center of
symmetry. Three phenyl rings of 3 arc disordered ; for every ring two positions
could be refined with isotropic thermal paramelers [occupation factors:
(C111-C161) 0.5, (C112-C162) 0.5, (C211-C261) 0.6, (C212--C262) 0.4,

(C311-C361) 0.7, (C312-C362) 0.3. Rings (C211-C261), (C212-C262),
(C311-C361). and (C312-C362) were included in the refinement as rigid
groups. The calculation of the bond lengths, bond angles, and U,, was
performed by the program PLATON.® Further details of the crystal struc-
ture investigations may be obtained from the Fachinformationszentrum
Karlsruhe. 76344 Eggenstein-Leopoldshafen (Germany) on quoting the de-
pository numbers CSD-406208 ([1]-0.5toluene) and CSD-406209 (3).
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Thermal Ring-Opening Polymerization of Hydrocarbon-Bridged
[2]Ferrocenophanes: Synthesis and Properties of Poly(ferrocenylethylene)s
and Their Charge-Transfer Polymer Salts with Tetracyanoethylene

James M. Nelson, Paul l\fguyen, Ruth Petersen, Heiko Rerigel, Peter M. Macdonald,
Alan J. Lough, Ian Manners,* Nandyala P. Raju, John E. Greedan, Stephen Barlow and

Dermot O’Hare*

Abstract: The poly(ferrocenylethylene)s
[Fe(n-CsH;RCH,),], Sa and 5b (a:
R =H, b: R = Me) have been prepared
by thermal ring-opening polymerization
of the corrcsponding strained hydrocar-
bon-bridged [2]ferrocenophanes [Fe(n-Cs-
H,RCH,),] (4a and 4b). An X-ray dif-
fraction study of 4a indicated significant
strain. Polymer 5a was crystalline and in-
soluble in common organic solvents and
was characterized by solid-state '3C
NMR. Polymer Sb, which was soluble in
organic solvents, was characterized by 'H
and '*C NMR, UV/visible spectroscopy
and elemental analysis. Its molecular
weight distribution was bimodal (gel per-
meation chromatography: M, = 9.6x

10*, M, = 8.6 x 10* for the high molecu-
lar weight fraction, M, =4.8x103,
M, =3.5x10% for the oligomeric frac-
tion), suggesting two polymerization
mechanisms. The UV/visible spectrum
implied a localized structure for the poly-
mer backbone. Cyclic voltammetry re-
vealed that Sb undergoes two reversible
oxidations in CH,CI, solution at —0.25
and —0.16 V. The redox coupling is in-
dicative of only a small degree of interac-
tion between the iron centres. Ther-
Keywords
ceramics * ferrocenes +
properties * polymers

iron + magnetic

mogravimetric analysis indicated that 5a
and 5b are thermally stable to ca. 300
350°C under N,. At higher temperatures
they yield ferromagnetic iron carbide ce-
ramics 6a and 6b (ca. 50% and 32%. re-
spectively, at 600 °C) together with molec-
ular depolymerization products. The
reaction of Sb with tetracyanoethylene
(TCNE) yielded insoluble and soluble ox-
idized products 11 and 12, which differed
in the degree of oligomerization of the
TCNEZ™ counterions. These products
were characterized by IR, elemental anal-
ysis, ESR spectroscopy, and magnctic sus-
ceptibility measurements. The last re-
vealed thc presence of significant anti-
ferromagnetic interactions in 12.

Introduction

Transition-metal-based molecular and oligomeric materials and
their associated charge-transfer salts are of considerable current
interest for their redox chemistry and solid-state properties.t* 21
Transition-metal-containing polymers are also attracting grow-
ing attention as a consequence of their advantageous process-
ability, their physical and catalytic properties, and their poten-
tial use as ceramic precursors.*~'% However, until recently
progress in this area has been sericusly impeded by the lack of
viable synthetic routes to high molecular weight examples of
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Hamilton L884M1, Ontario {Canada)
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these materials. With this in mind, we reported the discovery
that strained [1}ferrocenophanes with a single silicon atom in the
bridge, such as 1, undergo thermal ring-opening polymerization
(ROP) to yield high molecular weight poly(ferrocenylsilanc)s 2
(Scheme 1).1'"Y We have subsequently shown that the corre-
sponding germanium-,'*?! phosphorus-,"**! sulfur-,"'*! and tin-
bridged™®! [1]ferrocenophancs also polymerize thermally to
yield high molecular weight poly(ferrocene)s.l'®? Recent re-
search has focussed on detailed studies of the synthesis and
properties of these interesting materials.!'” =31

Polymerizable [1}ferrocenophanecs possess strained structures
in which the planes of the cyclopentadienyl (Cp) ligands are
tilted by ca. 14—31° relative to one another.!!3 13327371 How-

L L

1 2

n

Scheme 1. Thermal ring-opening polymerization of a strained [1]lerrocenophane 1
with a single bridging silicon atom to yield poly(ferrocenylsilane) 2.
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ever, our attempts to extend the ROP methodology to the disi-
lane-bridged [2]ferrocenophane 3 were unsuccessful.l>®! This
was explained by the lower degree of ring strain present in this
species, which is reflected by the very small tilt angle of
4.19(2)°.138:39 Ag part of our strategy to increase the polymer-
izability of [2]ferrocenophane systems, we studied the ROP
chemistry of [2]ferrocenophanes with a hydrocarbon bridge
4a,b. These species were prepared by the reaction of the dilithi-
um reagents Li,[C;H,RCH,], (R = H, Me) with FeCl, in THF.
As illustrated by the previously determined structure of 4e,

@\SiMe2 /

| CR;
Fe |
Fe CR,
<$>/SiMe2
3 4a R'=H, R=H
4b R'=Me, R=H
4¢c R'=H, R=Me

which possesses a Cp ring tilt angle of ca. 23° [*° these species
are significantly more strained than 3 because of the smaller size
of carbon relative to silicon. We subsequently reported that
these hydrocarbon-bridged [2]ferrocenophanes undergo ther-
mally induced ROP to yield poly(ferrocenylethylenc)s Sa and
5b (Scheme 2) .42 We found that the analogous [2]rutheno-
cenophanes also polymerize when heated.*3

R@/CR%RZ

300°C I

/ CR,

Fe | Fe
L?/>QCR2

7 n
i o

4a R'=H, R=H
4b R'=Me, R=H

S8a R'=H, R=H
5b R'=Me, R=H

Scheme 2. Ring-opening polymerization of hydrocarbon-bridged [2]ferroceno-
phanes to yield poly(ferrocenylethylene)s 5a and Sb.

In this paper, we report full details of our work on the ROP
of hydrocarbon-bridged [2]ferrocenophanes, and the characteri-
zation and properties of the resulting polymers. We also describe
studies of the charge-transfer salts derived from the oxidation of
poly(ferrocenylethylene)s. Although the electrochemistry of
polymers with ferrocene units in their main chain has been the
subject of several studies, few recent investigations have been
made involving chemical oxidation of such polymers. Brandt
and Rauchfuss have reported briefly that bromine oxidizes car-
bon disulfide solutions of high molecular weight poly(ferro-
cenylene persulfide) [Fe(-CHnBu)(n-C,H,)S,] to yield a sol-
uble black material of approximate formula [Fe(y-CH,-
nBu)(n-CsH,)S,],Br, s,.7*! Pannell, Diaz and coworkers havce
used UV/vis spectroscopy to study the oxidation of high molec-
ular weight poly(ferrocenyldialkylsilane)s by iron(ui) chlo-
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ride.[*®? We have reported similar studies with FeCl, and, in
addition, iodine and o-quinone oxidants and have shown that
I,-oxidized samples of the high polymer 2 are localized on the
37Fe Mossbauer timescale at room temperature.'**! In a recent,
particularly intriguing study by Garnier et al., the oxidation
reactions of the low molecular weight oligo(ferrocenyl-
dialkylsilane)s with tetracyanoethylene (TCNE) in dichloro-
methane were reported to yield dark precipitates; in each case
analysis indicated these precipitates contained one TCNE per
monomer iron unit, and *’Fe Mdssbauer data showed they
contained a mixture of Fe® and Fe'll sites, which were localized
at 80 K and in rapid exchange at room temperature.[27! Al-
though IR data assigned to neutral and ionic polymer units were
reported, the C=N stretches of the cyanocarbon counterions
were not discussed. The authors interpreted the magnetic data
as indicative of both ferromagnetic and spin glass behaviour.
This is quite surprising given that one would expect the first
oxidation potentials of these materials to be close to those of
ferrocene and the fact that ferrocene forms a complex with
TCNE, which only dissociates to ionic species in polar solvents.
The observation of room-temperature Mossbauer detrapped
behaviour in this class of bridged metallocene system is also
highly unusual.

We have recently described the oxidation reactions of a num-
ber of high molecular weight poly(ferrocenylsilane)s with
TCNE, "> which were carried out in analogous fashion to those
described by Garnier et al.'*”! Poly(ferrocenylsilane)s lacking
ring methylation gave no reaction with TCNE; this contrasts
with the results reported by Garnier et al. for apparently
analogous low molecular weight oligomers. However, cyclopen-
tadienyl methylated polymers did react with TCNE, consistent
with the effect of methylation upon their oxidation potentials.
IR spectroscopy showed unusual cyanocarbon anions to be
present. In this paper we also describe the analogous reaction
between poly(ferrocenylethylene)s and TCNE.

Experimental Section

Materials: Dicyclopentadiene, methylcyclopentadiene dimer, hexamethyl-
phosphoramide (HMPA) and (.2-dibromoethane were purchased from
Aldrich and were distilled before use. Iron(n) chloride (Aldrich), sodium
metal (Aldrich), 1.6m nBuLi in hexanes (Aldrich), PtCl, (Strem) and plat-
inum divinyltetramethyldisiloxane complex in xylene (United Chemical Tech-
nologies) were used as received. Bis(cyclooctene)rhodium(r) chloride
dimer!*®! and the dilithium salts Li,[MeC,H,CH,], and Li,[C;H,CH,], 7
were prepared by literature methods. TCNE (Aldrich) was purified by
vacuum sublimation.

Equipment: All rcactions and manipulations were carried out under an atmo-
sphere of purified nitrogen either by means of Schlenk techniques or in an
inert-atmosphere glovebox (Vacuum Atmospheres), except for the purifica-
tion of the polymers Sa and 5b, which was carried out in air. Solvents were
dricd by standard methods, distilled, and then stored under nitrogen over
activated molccular sicves. The 200 or 400 MHz 'H NMR spectra and 50.3
or 100.5 MHz '3C NMR spectra were rccorded on a Varian Gemini 200 or
Unity 400. NMR chemical shifts were referenced to residual protonated
solvent peaks. Solid-state '*C NMR spectra were obtained with a Chemag-
netics CMX 300 spectrometer cquipped with a Chemagnetics magic angle
spinning probe doubly tuned to the resonance frequencies of *3C (75.3 MHz).
Samples were spun in a 7.5 mm o.d. zirconium rotor at a spinning rate of
6000 Hz. A single-contact cross-polarization technique was employed with a
contact time of 5 ms and proton decoupling during the signal acquisition. The
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proton radial frequency field strength was 50 kHz. Spectra were acquired
with a sweep width of 50 kHz, a data size of 2 Hz and a recycle delay of 5s.
All chemical shifts were referenced to external TMS. Room-temperature 37Fe
Maossbauer spectra were obtained by means of a Ranger Scientific Inc. VT-
1200 instrument with a MS-1200 digital channel analyzer. The y source was
a 6 mCi °"Co sample supplied by Amersham. The data were collected in
a—158mms™' to +15.8 mms ™' range and referenced to Fe foil and pro-
cessed as described previously. Mass spectra were obtained with the use of a
VG 70-250S mass spectrometer operating in Electron Impact (ET) mode.
Molecular weights were estimated by gel permeation chromatography (GPC)
on a Waters Associates liquid chromatograph equipped with a 510 HPLC
pump, U6K injector, ultrastyragel columns with a pore size between 103 --
10° A, and a Waters 410 differential refractometer. A flow rate of
1.0 mLmin "' was used and samples were dissolved in a solution of 0.1 %
tetra-n-butylammonium bromide in THF. Ten samples of monodisperse
polystyrene in the range M, =10~ 10°® were used as standards for calibration
purposes. Elemental analyses were performed by Canadian Microanalytical
Service, Delta, B. C (Canada) and Quantitative Technologies, Whitehouse,
NJ (USA) or by the Analytical Department of the Inorganic Chemistry
Laboratory, Oxford (UK). UV/Visible spectra were recorded on a Hewlett—
Packard 8452 A Diode Array Spectrophotometer with a 1 em quartz cell: the
& values quoted have the units Lmol™ 'em ™! and for the polymers are per
repeat unit. IR spectra were recorded on a Mattson Intruments Polaris spec-
trometer.

A Perkin Elmer DSC-7 differential scanning calorimeter equipped with a
TAC7 instrument controller was used to study thermal behaviour. The ther-
mograims were calibrated with the melting transitions of decane and indium
and were obtained at a heating rate of 10°Cmin~" under dinitrogen. A
Perkin—Elmer TGA-7 thermal gravimetric analyzer equipped with a TAC7
instrument controller was used to study polymer thermal stability. The ther-
mograms were calibrated with the magnetic transitions of Nicoseal and
Perkalloy and were obtained at a heating rate of 10 *Cmin~" under dinitro-
gen.

Electrochemical experiments were carried out on a PAR model 273 poten-
tiostat with a Pt working clectrode, a W secondary electrode, and an Ag wire
reference electrode in a Luggin capillary. Polymer solutions were 5x 103 M
in CH,CI, with 0.1m [Bu,N][PF,] as supporting electrolyte. Peak currents
were found to be proportional to the square root of the scan rate over the
range studied (25 to 1000 mVs™"); this indicates that charge transfer is similar
to a semi-infinite linear diffusion process.

Wide-angle X-ray scattering data were obtained with a Siemens D 5000 dif-
fractomer employing Ni-filtered Cuy, (2 =1.54178 A) radiation. The samples
were scanned at step widths of 0.02° with 1.0 s per step in the Bragg angle
range of 5-90°. Samples for the X-ray studies were prepared by spreading the
finely ground polymer on grooved glass slides.

High-resolution SEM with EDX and BEI were carried out by Imagetak
Analytical Imaging. Errors in the compositional values obtained are consid-
cred to be +5% for Fe and +10% for C. XPS data was collected on a
Leybold MAX 200 instrument. Values obtained are based on the integration
of the peaks Fe (2p, 3/2. 708.1 eV) and C (Is, 284.6eV).

All pyrolyses were carricd out under an atmosphere of prepurified nitrogen
in a 36" 3-zone Lindberg Pyrolysis Oven (Model 55035) with a 1%/, internal
diameter and Thermcraft control system Model 3D 1-50-115 (UP27) with
type K thermocouples and independent temperature control. A program was
created that ramped to the desired temperature over a | h period. Polymer
samples were loaded in quartz boats, 2 x '/, x '/,”, and inserted into quartz
pyrolysis tubes 36" long with a 1” external diameter, equipped with quartz
liners 32" long with a 1" external diameter. Magnetization measurements
were performed with a Quantum Design SQUID magnetometer.

ESR measurements were performed in high purity Spectrosil™ quartz tubes
with an X-band Varian spectrometer; peaks were referenced by means of a
microcrystalline sample of 1,1-diphenyl-2-picrylhydrazyl. Solid-state magnet-
ic susceptibilities were measured on samples loaded in gelatin capsules with
a Quantum Design MPMS-7 SQUID magnetometer, operated at fields of
01T

Synthesis of the |2|ferrocenophane 4a: A solution of Li,[CH,CH,], (0.35 g,
2.07 mmol) in THF (40 mL) was added dropwise 10 a suspension of FeCl,
(0.26 g, 2.07 mmol) in the same solvent (40 mL) at —78°C. The reaction
mixture was stirred at this temperature for 3 h and was then allowed (0 warm
to room temperature over a 12 h period. Following solvent removal in vacuo,
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dark red microcrystalline 4a was isolated and purified by vacuum sublima-
tion (80°C, 10 mmHg). Yield 0.285¢ (65%); m.p. 120°C; 'HNMR
(200 MHz) (C,D,): =46 (1, 4H, Cp), 3.9 (t, 4H, Cp). 2.6 (s. 4H,
CH,CH,); '*C NMR (C(Dy): 6 = 91.2 (ipso, Cp), 68.8, 72.9 (« and fCp),
341 (CH,CH,); UV/Vis (THF): i, =474 (¢, =450), 1, =268 (sh,
&, =2250), 1, = 220 nm (g, = 18500~ 'em™!); MS (EL, 70 eV): mje = 212
(M ™, 100%); elemental analysis for C, ,H,,Fe: caled. C 67.9, H 5.6 %; found
C 679, H 5.7%.

Synthesis of the |2]ferrocenophane 4b: A solution of Li,[C,H;(CH;)CH,],
(0.50 g, 2.52 mmol) in THF (40 mL) was added dropwisc to a suspension of
FeCl, (0.32 g, 2.52 mmol) in the same solvent (40 mL) at — 78 "C. The reac-
tion mixture was stirred at this temperature for 3 h and was then allowed to
warm to room temperature over a 12 h period. Following solvent removal in
vacuo, 4b was isolated as a viscous red oil and purified by vacuum distillation
(120°C, 10 mmHg). Yield 0.45g (74%). MS (EL, 70 eV): mje = 240 (M ™,
100%), 225 (M " — CH,, 45%); '"HNMR (200 MHz, C,D,): § = 4.4-4.7
{brm, 3H, Cp), 3.7-4.1 (brm, 3H, Cp), 2.5-2.7 (s, 4H, CH,CH,), 1.7-2.2
(s, 6H, Me); '*C NMR (100.5 MHz, C,Dy): § = 85.6 - 91.5 (ipso, Cp), 67.0
80.7 (, fCp), 32.3-34.8 (CH,CH,), 13.9--15.5 (Me). Because of the exis-
tence of different isomers the NMR spectra of 4b consisted of numerous (= 7)
peaks in the regions indicated. UV/Vis (THF): 4, = 470 (¢, = 456), A, = 268
(sh, &, = 2350), 4, = 218 nm (g, =18900M 'cm ™).

Ring-opening polymerization of 4a and 4b; synthesis of the poly(ferro-
cenylethylene)s 5a and 5b: Polymers Sa and 5b were prepared similarly and
the general synthesis is illustrated by that of 5b.

A samplc of 4b (1.00 g, 4.2 mmol) was allowed to polymerize in an cvacuated,
sealed Pyrex tube at 300°C for 1 h. The tube contents became molten and
rapidly more viscous and, after 1h, completely immobile. The polymeric
product was dissolved in THF (40 mL) over 1 h and the resulting solution
concentrated to 5mL. This was then added dropwise to a large excess of
methanol to yield 5b as a mustard-coloured solid. Yield 0.95 g (95%). After
multiple precipitations from THF into methanol, the yields of purified 5b
were generally in the range of 80-95%. Polymerization times varied but were
usually =45 min—1 h. In some cases the polymer product was yellow-brown,
particularly in cases where heating lasted for > 1 h. This is probably a conse-
quence of small amounts of thermal decomposition (sce polymer pyrolysis
experiments below).

Sa: Yellow-brown insoluble material, which was obtained in the form of film
directly from the polymerization tube. Solid-statc '*C CP-MAS NMR:
6 =90.3 (ipso, Cp), 70.1 (o, fCp), and 37.0 (CH,CH,). Polymer 5a was
extracted with hot CH,Cl,. Mass spectrometric analysis of the sotublc mate-
rial from the light orange solution identified the cyclic oligomers
[Fe(C;H,CH,), ], (x = 2-5): MS (EL, 70 eV): mfe =1060 (x = 35, 18%), 848
(x =4, 15%), 636 (x =3, 32%), 424 (x =2, 100%), 212 (x =1, 90%).
Soxhlet extraction of polymer Sa in THF for 72 h was successful in producing
a small amount of soluble material as a mustard-ycllow fibrous powder:
'HNMR (200 MHz, C,D,): é = 3.6-4.1 (br, 8H, Cp), 2.3-2.8 (br, 4H,
CH,CH,); GPC for THF-soluble extract: for first fraction, M, = 8.1 x 10*,
M, = 6.6 x10*, polydispersity =1.2. For second fraction, M _ = 4.8 x 103,
M, = 3.5x10%, polydispersity =1.4.

5b: Mustard-yellow to yellow-brown fibrous powder '"HNMR (200 MHz,
CyDy): & = 3.6-4.1 (br, 6H, Cp), 2.3-2.8 (br, 4H, CH,CH,), 1.6-2.1 (br,
6H, Me); "*C NMR (100.5 MHz, C,Dy): & = 83.3-88.5 (ipso, Cp), 67.0
72.5 (2, fCp). 31.4-33.4 (CH,CH,), 13.9-15.5 (Me). Because of the exis-
tence of different isomers, the '13C NMR spectra of Sb consisted of numerous
(>7) peaks in the regions indicated. The resonances for the different isomers
were unresolved in the '"HNMR spectrum. GPC: for first fraction, M, =
9.6 x 10*, M, = 8.6 x 10, polydispersity =1.1. For second fraction, M, =
4.8x10°, M, =3.5%x10%, polydispersity =1.4. UV/Vis (THF): i, = 440
(&, =190), 4, =268 (sh, &, = 3000). A, =218 nm (¢; =20000M 'cm ');
clemental analysis for C, ,H, Fe: caled. C 70.0, H 6.7; found C 69.8, H 6.8 %.

Mechanistic investigations of the ring-opening polymerization of 4b:

a) Influence of polymerization time on the moleculur weight distribution:
Sealed Pyrex tubes containing 4b (0.2 g) were heated at 300°C for
1) 15 min, 11) 30 min, iii) 45 min, iv) 1h, v) 1.5h and vi) 2.5h, at which
time the contents of each tube were examined by GPC in THF. i) The tube
contents were free-flowing and GPC analysis showed no signs of a substantial
molecular weight fraction (M, >1000). ii) After 30 min the tube contents
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were viscous and mobile and GPC analysis showed that the polymer present
possessed an approximate weight-average molecular weight (M) of 8.0 x 10*
and a number-average molecular weight (M, ) of 6.6 x 10* with no substantial
lower molecular weight oligomeric fraction. iii) After 45 min the tube con-
tents were immobile and GPC analysis showed @ broad bimodal molecular
weight distribution: for the high polymer fraction, M, = 8.1 x 10%,
M, =63x10* polydispersity =1.3, and for the oligomeric fraction,
M, =48x10% M, = 3.5x10% polydispersity =1.4. iv) After 1 h the tube
contents were immobile and GPC analysis showed a broad bimodal molecu-
lar weight distribution. GPC for the polymeric fraction, M, =7.8 x 10%,
M, = 6.2x10% polydispersity =1.3; for the oligomeric fraction: M, =
3.8 x 10%, M, =2.7x10°, polydispersity =1.4. v) After 1.5h the tube con-
tents were immobile and slightly darkened in colour and GPC analysis
showed a broad bimodal molecular weight distribution. GPC for the poly-
meric fraction: M, =7.8 x 10%, M = 6.2x 10*, polydispersity =1.3; for the
oligomeric fraction: M, =5.5x10°, M, = 3.5x 10 polydispersity = 1.6.
vi) After 2.5 h the tube contents were immobile and contained a small in-
soluble fraction (ca. 5%). GPC analysis of the soluble portion showed a
broad bimodal molecular weight distribution. GPC for the polymeric frac-
tion. M, = 2.1 x10%, M =1.6 x 10, polydispersity =1.3: for the oligomeric
fraction, M, =1.7x 10%, M_ =1.2x 10°, polydispersity =1.4.

bj Influence of heating on the molecular weight distribution: In order 1o deter-
mine whether the lower molecular weight fraction is produced as a result of
thermal decomposition of the polymer, a tube containing a purified 0.1 g
sample of polymer 5b was heated for 1 h at 300°C. Analysis of the tube
contents after this time by GPC showed no significant change in the molecu-
lar weight or in the molecular weight distribution.

Attempted traunsition-metal-catalyzed ROP of 4a: To a solution of 4a (20 mg,
0.09 mmol) was added bis(cyclooctene)rhodium(I) chloride dimer { =2 mg) in
CD¢. This mixture was stirred under nitrogen for 48 h with constant moni-
toring of the reaction by "H NMR spectroscopy. Analysis of this mixture
after 48 h showed that no reaction had occurred and no signs of insoluble 5a
were apparent. A '"H NMR spectrum of the mixture displayed characteristic
resonances for the starting compound 4a. "HNMR (200 MHz) (C4D,):
5 =4.6(t, 4H, Cp). 3.9 (1, 4H, Cp), 2.6 (s, 4H, CH,CH,). Analysis of the
reaction mixture by GPC showed no material of substantial molecular weight
(M, >1000). Similar results were obtained with PtCl, and Pt divinylte-
tramethyldisiloxane catalysts.

Pyrolysis of the poly(ferrocenylethylene)s Sa and Sb under dinitrogen:

a) TGA studies: A sample of 5a (0.02 g) was lightly packed into a TGA pan,
which was then inserted in the TGA instrument under a stcady flow of
nitrogen for approximately one minute. The system was then heated from 25
to 600°C at a heating ratc of 10°Cmin '. When the program was complete
and the furnace was allowed to cool to room temperature a black, lustrous
ceramic product 6a was formed. yield 0.01 g (50%). This material was found
to be readily attracted to a bar magnet. Similar studies with Sb gave a ceramic
yield of 32%.

b) Pyrolysis of 5b in a tube furnace: A sample of 5b (0.50 g) was lightly
packed into a quartz boat, which was then inserted into a pyrolysis tube. The
tube was purged with a steady flow of nitrogen for approximately one minute.
The system was then heated from 25 to 600°C over 1 h and was then main-
tained at a constant temperature of 600 “C for a further 4 h. During pyrolysis
an orange-red liquid condensed on the cooler parts of the pyrolysis tube
downstream from the quartz boat. When the program was complete and the
furnace allowed to cool to room temperature, a black, lustrous ceramic
product 6b was formed, yield 0.16 g (= 30%). This material was also found
1o be readily attracted to a bar magnet. For ceramic 6b (derived from 5b at
600 °C): for surface, XPS: Fe 1, C 87, 811, O 11%. For bulk, EDX: Fe 72,
C 24, O 4%. Localized electron-rich sites, EDX: Fe 70, C 5, O 25%.
Méssbauer spectroscopy: sextuplet IS = 0.03, MHS =1.81 mms~'. Magnc-
tization measurements: H_ = 257G, M, = 0.071 yy/Fe, M, = 0.17 py/Fe.
XRD: sharp peaks at d spacing of 2.025, 1.429, and 1.167 A assigned to a-Fe.
Other peaks together with several broadened peaks of low intensity (3.396,
2.956. 2.519, 2.467. 2.138, 2.100, 1.973, 1.850, 1.613, 1.482 A).

The red-orange sublimate was collected by rinsing the pyrolysis tube with
hexancs and was also analyzed. Mass spectrometry of the red-orange solution
showed that it contained an inseparable mixture, which has been tentatively
assigned to the linear methylated compounds [Fe(y-C;H;Me,)(n-C H,-
(Me)(CH,)], (MS (EL. 70eV): mje =482 (M ™, x =2, 40%), 241 (x =1,
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100%}) and the cyclic trimer [Fe(y-C H (Me)CH,),1, (MS (EL 70 eV): m}
e=720(M", 5%)).

Reaction of the poly(ferrocenylethylene) 5b with TCNE: Experiments were
performed on samples of 5b that had been purified anaerobically. A solution
of TCNE (138 mg, 1.08 mmol) in 10 mL CH,Cl, was added to a solution of
parified polymer Sb (250 mg, 1.04 mmol) in 15mL CH,Cl,. The solution
instantly darkened and a dark precipitate slowly appeared. After 12 h the
solid was filtered off, washed with 50 mL CH,Cl, and dried in vacuo to yield
a black powder, H (60 mg). Analysts (%): found (caled. for the idealized
composition [Fe(C H;MeCH,),] [TCNE],) C 66.41 (65.24), H 4.24 (4.38). N
13.20 (15.22), Fe 13.58 (15.17); ESR (solid 6.6 K): cation g, =1.70.
gy = 3.76, {g> = 2.58; anion g = 2.00. Selected IR data (nujol mull): 2153
(br), 2198 (br) cm ™ !. The soluble portion was concentrated to 15 mL and
added dropwise to vigorously stirred diethyl ether (175 mL). The precipitate
was collected by filtration, washed with dicthyl ether (100 mL) and dried in
viicuo to yield a green powder (95 mg), 12. Analysis (%): found (caled. for
the idealized composition [Fe(C H,;MeCH,),],[TCNE],) C 71.11 (65.24), H
4.86 (438). N 13.00 (15.22). Fe 12.55 (15.17); SQUID: p =1.7 .
#= —11.6K; ESR (CH,CI, glass. 6.8 K): cation g, =1.70. g, = 3.81,
{g» =2.60; anion g = 2.00; selected IR data (nujol mull): 2148 (br). 2199
(br), 2218 (br)ecm ™'

Results and Discussion

Ferrocenyl groups have been introduced into the side-group
structure of a wide range of organic macromolecules.[*®! Poly-
(ferrocenylmethylene)s, of reported structure [Fe(n-CsH,),-
CH,],, have been previously prepared by the zinc chloride/hy-
drogen chloride-catalyzed polymerization of ({(dimethylamino)-
methyl)ferrocene reported by Neuse and Quo.*®1 These mate-
rials are gencrally of low molecular weight (< 10000) and have
been found to exist as a mixture of 1,2-, 1,3-, and 1,1’-disubsti-
tuted ferrocene units in the main chain.”*® To our knowledge,
no well-characterized poly(ferrocenylethylene)s of substantial
molecular weight have been reported although oligomers as well
as cyclics are formed in the synthesis of 4a.1%% 3" In our initial
communication,'*'! we reported the thermal ROP of hydrocar-
bon-bridged [2]ferrocenophanes as a route to high molecular
weight poly(ferrocenylethylene)s. In this paper, we discuss in
detail the synthesis and properties of the resulting poly(ferro-
cenylethylene)s and the characteristics of their charge-transfer
salts with TCNE.

Synthesis and characterization of the hydrocarbon-bridged
|2]ferrocenophanes 4a and 4b: Ferrocenophanes containing hy-
drocarbon bridges have been known since the initial report of
the methylated ethylene-bridged monomer 4¢ by Burke Laing
and Trueblood,™°! which was prepared by the coupling of 6,6-
dimethylfulvene with Na in THF to give the bis(cyclopenta-
dienyl)tetramethylcethane dianion, followed by the addition of
FeCl,. The hydrocarbon-bridged [2]ferrocenophane 4 ¢ possess-
es a substantially ring-tilted structure, as indicated by single-
crystal X-ray diffraction studies, which showed that the
cyclopentadienyl ligands are significantly tilted by ~23° with
respect to one another.

In the work described in this paper, compounds 4a and 4b
{which consists of a mixture of isomers) were preparcd by reac-
tion of the dilithium reagent Li,[(CsH,RCH,),] with iron(m)
chloride in THF solutions (Scheme 3). Lentzner and Watts®?
initially reported this synthesis of 4a; however, these re-
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Scheme 3. Preparation of compounds 4a and 4b by reaction of Li,[(C;H,RCH,),]
with iron(n) chloride in THE

searchers experienced difficulty achieving high yields (yield =
3%) of the starting dilithium compound, owing to the forma-
tion of the spirocyclic by-product, spiro[2,4]hepta-4,6-diene.
The dilithium reagents used here were prepared by the improved
method reported by Collins and coworkers,!*” which involves
the addition of hexamethylphosphoramide (HMPA) to the
NaCp/1,2-dibromoethane mixture. The [2]ferrocenophanes
were isolated as red, moisture-sensitive materials in ~70 % yield
by vacuum sublimation or distillation. The structures of the
[2}ferrocenophancs 4a and 4b were confirmed by 'H and '3C
NMR spectroscopy and by mass spectrometry. This afforded
data similar to that reported for the previously prepared me-
thylated [2]ferrocenophane compound 4e¢. In the case of 4a, the
molecular structure was also determined by single-crystal X-ray
diffraction (see below). The UV/visible spectra of 4a and 4b in
the 200-800 nm range contained low-energy bands in the visibic
region at 470—474 nm (¢ = 450M~ 'cm ') that showed a char-
acteristic bathochromic shift and increase in intensity relative to
the long-wavelength band of ferrocene at 440nm (e =
90M 'em ™ !). Osborne and co-workers have previously com-
mented that this is indicative of significant tilting of the cy-
clopentadienyl rings.[®3 Similar bathochromic shifts were also
detected for the methylated [2}ferrocenophane 4¢ (4 = 472 nm,
e =400M~ 'cm™?'), which was found to possess a significantly
ring-tilted structure with a tilt angle of 23(1)".1%!

Discussion of the X-ray structure of 4a: Several [2}ferro-
cenophanes have been crystallographically characterized, in-
4¢™9 and the unstrained disilane 3,7*% 3% as well as the S—N
bridged [2]thiazaferrocenophane 7 reported by Abramovitch
and co-workers,'®* which

Q\ § stantially strained, ring-
/ oN / CRa  tilted structure (tilt angle of
23°). Very recently, Hafner

e lished the synthesis and X-

ray structural analysis of a

doubly strapped hydrocar-

found to possess a considerably ring-tilted structure with a tilt
angle of 28.8°. In order to study further the influence of a hydro-
carbon bridge on the strain and polymerizability of these ferro-
carried out. Crystals of 4a were isolated from hexanes solution
at —20°C. The molecular structure of 4a is shown in Figure 1.
A summary of cell constants and data collection parameters are
listed in Table 2. The angles o, § and ¢ used in discussing the
structures are defined in Figure 2. The structure of 4a is disor-
dered over two sites (C(12a), C(12b)) with occupancies of 0.60

cluding the previously mentioned methylated [2]ferrocenophane
was found to possess a sub-
3 Ry
F F
I\IJH \ iF‘z
= and coworkers®¥  pub-
bon-bridged [2}ferrocenophane 8 (R = R’ = H), which was
cenophane systems, an X-ray crystallographic study of 4a was
included in Table 1, and important bond lengths and angles are
and 0.40.

Chem. Eur. J 1997, 3. No. 4 «

VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Table 1. Summary of crystal data and intensity collection parameters for 4a [a].

empirical formula C,,H,,Fe
M, 212.07
crystal size (mm) 0.31x0.28 x0.26

crystal class orthorhombic
space group Phea

T (K) 294

a(A) 7.421(1)

b (A) 12.305(2)

¢ (A) 19.839(4)
V(A% 1811.6(5)

V4 8

Peare (gem™3) 1.555
w{Moy,) cm ™) 16.05

F(000) 880

w scan width (") 0.80 +0.35tan0
range f collected 2.05-24.96
indep. reflns 1584

no. observed [7>2a(])) 1118

R, U>20(D)] [b] 0.0520

wR, [c] 0.1542

GoF 1.123
parameters refined 119

max. density in AF map (eA?) 0.681

[a] Crystallographic data (excluding structure factors) for the structure reported in
this paper have been deposited with the Cambridge Crystallographic Data Centre
as supplementary publication no. CCDC-100124. Copies of the data can be
obtained free of charge on application to The Director, CCDC, 12 Union Road.
Cambridge CB21EZ, UK (Fax: Int. code +(1223)336-033; e-mail: de-
posit@chemerys.cam.ac.uk). [b] R, = X(F, — F)Y(F). [c] wRy = [S[w(F? —
E2P)/EIwF)™ M2, see ref. [71).

Table 2. Selected distances (1&) and angles (%) for 4a (major component).

Fe-C1 1.965(6) Fe-Cé6 1.966 (6)
Fe-C2 2.022(6) Fe-C7 2.007(6)
Fe-C3 2.060(5) Fe-C8 2.054(6)
Fe-C4 2.065(6) Fe-C9 2.068(6)
Fe-CS 2.024(5) Fe-C10 2.016(6)
C1-C11 1.540(7) Ci1-C12 1.539(12)
C6-C12 1.544(T) ci-c2 1.405(R)
C2-C3 1.408 (9) C3-C4 1.431(8)
C4-Cs 1.406 (9) C1-Cs 1.435(3)
C1-Fe-Cé6 $8.6(3) C11-C12-Cé 114.5(8)
Cc1-C11-C12 105.9(8) C10-Fe-C2 101.1(3)
C3-Fe-C9 120.1(3) C4-Fe-C8 121.2(3)
C5-Fe-C7 101.1(3) C1-C2-C3 108.6.(6)
C2-C1-C5 108.0(5) C4-C5-C1 107.4(5)
C2-C3-C4 107.6(5) C5-C1-CHi 120.8(8)
C2-C1-Cl1 130.1(8) C10-C6-C12 114.3(8)
C7-C6-C12 136.0(8)

Figure 1. Molecular structure of 4a (vibrational ellipsoids at the 25% probability
level).

The most interesting structural feature of 4a is the tilt of the
virtually planar cyclopentadienyl ligands with respect to one
another (Figure 1). The tilt angle of 21.6(4)° is comparable
to that found for the silicon-bridged [1]ferrocenophane 1
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Figure 2. Definition of structural parameters for ferrocenophanes.

{20.8(5)™), slightly less than that present in the methylated hy-
drocarbon-bridged species 4¢ (23(1)°). The degree of tilting in
4a can also be appreciated by considering the Cp,.,iq-Fe-
CPeentreis 2ngle, which is 164.1 (3)° compared with 180° in fer-
rocene, 163.4(6)° for d¢, and 164.74(8)" in 1. In 4¢, the displace-
ment of the iron atom from the line joining the two centroids of
the cyclopentadienyl ligands is greater than the value in 4a
(0.432(12) vs 0.225(7) A). By contrast, the angles between the
planes of the cyclopentadieny! ligands and the C(Cp)-C bonds
(8) in 4¢ are 10.8(10)° and 8.9(13)", which are smaller than in
42a(20.1(3)° and 12.7(3)"), and angle 5 for 4a (164.1(3)°) shows
a considerably greater deviation from 180° than that for 3 (6 =
176.48(3)"). In 4a, the displacement of the iron atom from the
line joining the two centroids of the cyclopentadienyl ligands
0.225(7) A) is significantly greater than the value in 3
(0.027(3) A). By contrast, the average angles between the planes
of the cyclopentadienyl! ligands and the C(Cp)—-C
bonds () in 4a are 20.1(3)" and 12.7(3)", larger
than the corresponding f angle in 3 (10.8(3)").
Interestingly, the C, bridge in 4a makes an angle
of 18.4(1)° with the plane containing the cen-
troids on the cyclopentadienyl rings and the iron
atom and is therefore significantly more twisted
than the disilane bridge in 3, where the corre-
sponding angle is 8.4(4)°.

It is also interesting to compare the structure
of the recently reported hydrocarbon-bridged
[2lruthenocenophane [Ru(y-CsH,),(CH,),] with
that of its iron analogue 4a.1*3 3! The larger size
of the central ruthenium atom compared with
iron results in drastic structural differences.
The most interesting difference lies in the tilt an- :

to be essentially insoluble in organic solvents. The colours of
5a and 8b varied from mustard yellow to yellow-brown. The
darker-coloured materials probably contained small amounts of
thermal decomposition products (see below).

Although 5a was insoluble, the polymeric naturc of this mate-
rial was suggested by its film-like appearance on the sides of the
tube and by the identification of cyclic oligomers [Fe(y-C,-
H,CH,),]. (x = 2—5)in CH,Cl,-soluble extracts of the material
by mass spectrometry. In addition, Soxhlet extraction with hot
THF over 72 h produced a small amount of soluble material.
Gel permeation chromatography (GPC) indicated that Sa pos-
sessed a bimodal molecular weight distribution. The first frac-
tion possessed an approximate weight average molecular weight
(M) of 8.1 x 10* and a number average molecular weight (M)
of 6.6 x 10* while the second, essentially oligomeric fraction was
characterized by values of M, = 4.8 x 10% and M, = 3.5 x 10°.
Because of the essentially insoluble nature of 5a, this material
was characterized by solid-state NMR. The solid-state '3C
NMR spectrum displayed resonances consistent with the forma-
tion of a poly(ferrocenylethylene) (Figure 3) with broad reso-
nances at d~89-91, 6872 and 35-38 assigned to C(Cp-ipso),
C(«, pCp), and CH,CH, bridging groups respectively. The
yiclds of the poly(ferrocenylethylene)s Sa and 5b were virtually
quantitative and no unreacted 4a or 4b was detected.

gle o between the planes of the cyclopentadienyl
ligands in the ruthenium complex (29.6(5)°),
which is ca. 8.0° greater than in the analogous
iron species 4a (¢ = 21.6(4)"). In addition, the
Cp-M-Cp angle 6 (M = Fe, Ru) for 4a (6 =164.1(3)°) deviates
less from 180° than that for the ruthenium analogue
(0 =159.3(2)"). The displacement of the metal atom in the latter
compound from the line joining the two centroids of the cy-
clopentadienyl ligands (0.321(5) A) is greater than the corre-
sponding value in 4a (0.225(7) A).

Synthesis and structural characterization of the poly(ferro-
cenylethylene)s 5a and 5b: Polymerization of 4a and 4b was
achieved by heating these species in the melt at elevated temper-
atures in evacuated, sealed Pyrex tubes. In both cases the tube
contents became molten and then rapidly more viscous, and
cventually immobile. The polymeric product 5b dissolved in
THF and was isolated as a fibrous material by precipitation into
methanol. By contrast, the unsubstituted polymer 5a was found
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Figure 3. Solid-state 3C NMR spectrum of polymer Sa (* denotes spinning sidebands).

The poly(ferrocenylethylene) 5h, which was readily soluble in
organic solvents, was structurally characterized by multinuclear
NMR spectroscopy, UV/vis spectroscopy and elemental analy-
sis. In addition, the molecular weight distribution was analyzed
by GPC. The "H NMR spectra of 5b (in C4D,) showed a broad
resonance for the cyclopentadieny! protons at 6= 3.6-4.1 and
broad resonances assigned to the bridge protons and methyl
groups associated with the cyclopentadienyl rings at ¢ = 2.3
2.8 and 1.6-2.1, respectively. The integration ratio of these
resonances was 6:4:6, which was consistent with the assigned
structure. The '*C NMR spectrum for §b was complex, owing
to the structural isomerism involving the methyl substituents
attached to the cyclopentadienyl rings, but was also consistent
with the assigned structure. Significantly, in the *C NMR spec-
trum of 5b, the resonance associated with the ipso carbon of the

0947-6539197/0304-0578 8 17.50 + .50/0) Chem. Eur. J. 1997, 3. No. 4





Poly(ferrocenylethylene)s

573-584

cyclopentadienyl ring cxhibits a slight highfield shift from
5~85.6-91.51in 4b to 83.3-88.5 in 5b, consistent with a struc-
ture in which the cyclopentadienyl rings are essentially parallel.
The UV /visible data for polymer 5b had a low-energy absorp-
tion at 440 nm (¢, =190M~ *cm™!) very similar to that of fer-
rocene (4., = 440 nm; ¢, = S0M~ 'em™?); this suggests an es-
sentially localized polymer backbone. GPC in THF indicated
that 5b possessed a bimodal molecular weight distribution. The
first fraction had an approximate weight average molecular
weight (M) of 9.6x10* and a number average molecular
weight (M) of 8.6 x 10%, while the second, essentially oligomeric
fraction was characterized by values of M, = 4.8 x 10° and
M, =35x10%

The existence of a bimodal molecular weight distribution for
polymer 5b suggests the possibility that multiple mechanisms
may operate during the thermal ROP of 4b. In an attempt to
examine the nature of the molecular weight distribution for 5b,
the polymerization of 4b was examined more closely. Sealed
Pyrex tubes containing 4b were heated at 300 °C for intervals of
0-2.5 h and the contents of each tube were examined by GPC.
Analysis of a tube heated for 30 min (at which time the tube
contents were viscous but mobile) showed that the polymer
present possessed an approximate weight average molecular
weight (M) of 8.0x10* and a number average molecular
weight (M) of 6.6 x 10* with no substantial lower molecular
weight oligomeric fraction. Analysis of the contents of the tubes
which had been heated for 45 min or more (after which time the
tube contents were immobile) showed the aforementioned char-
acteristic bimodal molecular weight distribution. In order to
determine whether the lower molecular weight fraction arises as
a result of thermal decomposition of the polymer, a tube con-
taining a purified sample of polymer 5b was heated for 1 h at
300 °C. Analysis of the tube contents by GPC showed no change
in molecular weight or in the molecular weight distribution.
Thermogravimetric analysis of polymer 8b supports this find-
ing, as this material is stable to weight loss up to ca. 375°C (sce
below), which is above the ROP temperature. These results
provide support for the tentative postulate of two different poly-
merization mechanisms.

Attempted transition-metal-catalyzed ROP of 4a: Recently, in
an effort to induce strained silicon-bridged [1]ferrocenophanes
such as 1 to undergo ROP under milder conditions, the usc of
various transition-metal catalysts was explored. This resulted in
the formation of high molecular weight poly(ferrocenylsilane)s
{e.g. 2) at room temperature.?* 57- 38 Attempts to extend this
chemistry to similarly strained hydrocarbon-bridged [2]me-
tallocenophane systems such as 4a, however, were, not surpris-
ingly, unsuccessful. Solutions of 4a (in C,D,) were treated with
bis(cyclooctene)rhodium(r) chloride dimer, and the mixture was
stirred under nitrogen with constant monitoring by 'H NMR
spectroscopy. Analysis of this mixture after 48 h by both 'H
NMR spectroscopy and GPC showed only the presence of the
starting compound 4a and no signs of oligomeric or polymeric
material. Similar results were obtained with PtCl, and platinum
divinyltetramethyldisiloxane complex as the catalysts.

Thermal transition behaviour and morphology of the poly(ferro-
cenylethylene)s 5a and 5b: In order to obtain information on the
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conformational flexibility and morphology of the poly(ferro-
cenylethylene)s, the thermal transition behaviour of 5a and 5b
was investigated. Whereas differential scanning calorimetry
(DSC) showed no evidence for melting transitions for polymer
5b, a large melting endotherm (7)) at 241 °C was detected with
the corresponding recrystallization exotherm at 191 °C detected
on cooling (Figure 4) for polymer 5a. For polymer 5b, only a
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Figure 4. DSC thermogram for polymer 5a (scan rate of 10" Cmin ').

glass transition with very small change in heat capacity was
detected at ca. 65°C, and no apparent 7, was observed for
polymer 5a. Comparison of the glass-transition data with data
for polyethylene, which has a T}, value of — 120°C, reveals that
the inclusion of ferrocene into the polyethylene backbone de-
creases the skeletal flexibility. Also, comparison of the glass
transition temperature for the poly(ferrocenylethylene) Sb with
that for poly(vinylferrocene) (7, = 184°C),°*! where ferrocene
is present as a side group, indicates that the incorporation of a
ferrocenyl moiety into the backbone decreases the conforma-
tional flexibility less dramatically.

The morphology of the poly(ferrocenylethylene)s was also
examined by wide-angle X-ray scattering (WAXS) at 25°C. The
WAXS scalttering pattern for Sa showed significant order, with
a sharp peak corresponding to a d spacing of 5.14 A (Figure 5).
Scattering patterns for 5b were broad with no significant signs
of long-range order and displayed a broad peak corresponding
to a d spacing of 6.18 A superimposed on an amorphous halo
(Figure 5, inset).

Thermal stability of the poly(ferrocenylethylene)s 5a and 5b:

a) Thermogravimetric analysis: Thermogravimetric analysis
(TGA) studies of the polymer 5b under N, at a heating rate of
10°Cmin~ ! showed that this material was stable to weight loss
up to ca. 375°C (Figure 6). Above this temperature two distinct
weight-loss processes were detected. An initial weight loss of
approximately 48 % occurred between 375°C and 450°C, with
a subsequent weight loss of approximately 20 % observed be-
tween 450 °C and 500 °C. Further thermolysis up to 1000 °C led
to very little change in mass. The final char yield for this poly-
mer was 32%. Analogous thermolysis studies on polymer 5a
showed similar behaviour with a higher final char yield of 50 %.
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Figure 5. Wide-angle X-ray scattering pattern for polymers Sa and 5b (inset) at 25°C.

surements, and X-ray powder diffraction (XRD).

Analysis of the ceramic 6b by XPS indicated the
presence of a surface primarily containing carbon
(ca. 87 %) with some oxygen (ca. 11 %). The pres-
ence of oxygen was also noted for the ceramics
derived from the pyrolysis of poly(ferrocenylsi-
T lane)s and may arise from workup of the pyrolysis
products in air.?2-2°! Analysis of the bulk of the
sample by SEM-EDX, with samples of polymer
S5b for compositional comparisons, showed an
iron:carbon:oxygen ratio of approximately
72:24:4. Interestingly, the material was not homo-
1 geneous and small regions of higher oxygen concen-
tration (iron:carbon:oxygen ratio = 70:5:25) were
also present (see Figure 7).
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Figure 6. Thermogravimetric analysis trace for polymer 5b obtained at 10"Cmin~ ! under N,.

b) Pyrolysis studies in a tube furnace: In order to investigate
the thermolysis of poly(ferrocenylethylene)s in more detail,
studies in a tube furnace were carried out. Polymer 5b was
chosen for this work because it could be purified more thor-
oughly than 5a, since the latter material is essentially insoluble
in organic solvents. Pyrolysis of 5b was carried out under N,
with a 1 h ramp from room temperature to 600°C and subse-
quent thermolysis for 4 h at this temperature. Ceramics were
obtained as black, lustrous materials in yields of ca. 30%. Con-
current with the onset temperature for weight loss by TGA
(375°C), the formation of a red-orange oil was observed on the
cooler section of the quartz tube downstream from the polymer
sample.

¢) Characterization of the pyrolysis products: The solid pyroly-
sis product 6b, formed during the thermolysis of 5b at 600°C,
was readily attracted to a bar magnet and was further investigat-
ed by X-ray photoelectron spectroscopy (XPS), high-resolution
scanning electron microscopy (SEM) with energy dispersive X-
ray microanalysis (EDX) and backscattered electron imaging
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Figure 7. a) Scanning clectron micrograph of ceramic 6b at x 100 magnification.
b) Back-scattered electron image of ceramic 6b at x 100 magnilication.

The magnetic properties of the ceramic 6b werc studied by
Mossbauer spectroscopy and magnetization measurements.
The 37Fe Méssbauer spectrum of 6b confirmed the presence of
rnagnetic iron sites with a characteristic six-line spectrum arising
from the lifting of the degeneracy of the /= +'/, and +73/,
states. A study of the magnetization of 6b as a function of
applied field gave a hysteresis curve characteristic of a soft
ferromagnetic material. A study of 6b by powder XRD indicat-
ed the presence of significant amounts of a-Fe crystallites (sharp
peaks at  spacings of 2.02(5), 1.43(3) and 1.17(3) A) together
with several broadened peaks of low intensity (Figure 8). Simi-
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Figure 8. X-ray diffraction pattern for ceramic 6b at 25°C.

lar behaviour has been noted for the ceramics derived from the
pyrolysis of poly(ferrocenylsilanc)s, where much higher ceramic
yields have been achieved.!?!-22:291

The liquid produced during the pyrolysis of 5h was collected
in dichloromethane solvent and was analyzed by mass spec-
trometry. The peaks were tentatively assigned to cyclic trimer
[Fe(n-CsH,(CH;)CH,),)5 (9) and the linear methylated com-
pounds [Fe{n-C,H,Me,}{#-C,H;(Me)}(CH,)], (10). Cyclic de-
polymerization products have been previously detected when
poly(ferrocenyldimethylsilane) (2) is heated at elevated temper-
atures.f22-2%1

Mi?/cw\w ka?\ g

Fe : Fe Fe
CA)} <<E>

Mo 3 Mo, Me,

Cyclic voltammetry studies of poly(ferrocenylethylene) Sb: Prcvi-
ous cyclic voltammetric studies focussing on the electrochemical
behaviour of poly(ferrocenylsilane)s such as 2 have shown that
there are electronic interactions between the metal atoms of the
main chain in these polymers. Thus, poly(ferrocenyldimethyl-
silane) 2 exhibits two reversible oxidation waves with a redox
coupling AE;, of 0.25 VI'1-251 To determine whether similar
interactions would be present with other elements instead of
silicon, cyclic voltammograms of the poly(ferrocenylethylene)
5b in CH,CI, solutions were recorded at a variety of scan rates
(Figure 9). Two reversible oxidation waves were observed as a
result of slight electronic communication between metal centres
along the polymer chain. Initial oxidation of alternating iron

es 78 75 sa s transfer was essentially
diffusion-controlled (sce
inset in Figurc9). Elec-
trochemical studies of hy-
drocarbon-bridged biferrocene systems, such as the ethane-
bridged dimer Fc—(CH,),—Fc, have shown contrasting be-
haviour; this compound exhibits only one reversible oxidation
wave at £, =0.37V vs. SCE.I6%
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Figure 9. Cyclic voltammograms of polymer 5b in CH,Cl, obtained at scan rate of
a) 50 and b) 250 mVs ' at 25°C referenced (o the ferrocene/ferrocenium couple at

£ = 0.0 mV. Also shown are plots of i, vs. the square root of the scan rate for the
oxidation peaks observed tfor §b.

Vibssbauer spectroscopic studies of poly(ferrocenylethylene) 5b:
A room-temperature Mossbauer spectrum of an air-oxidized
sample of 5b was obtained in order to probe the nature of the
possibie different iron sites in the resulting polymer (Figure 10).
The Mossbauer spectrum for the oxidized poly(ferrocenyl-
ethylene) 5b displayed a pair of doublets, with the outer doublet
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Figure 10. Méssbauer spectrum of partially oxidized 5b at 25°C.

having an isomer shift (§) of 0.382 mms ' and quadrupole split-
ting value (AE,) of 2.33 mms™', while the inner doublet dis-
playeda § = of 0.31 mms ™' and A, of 0.69 mms™', character-
istic of Fe" and Fe™ sites, respectively. This implies that
the oxidized 5b has a localized electronic structure on the
Mossbauer timescale (1077 s).

Characterization of the oxidation products from the reaction of
the poly(ferrocenylethylene) 5b with TCNE: The preparation of
magnetic materials derived from polymer 5b was somewhat
complicated by the presence of very small but variable quanti-
ties of magnetic impurities in the polymer. These impurities are
presumably pyrolysis products formed during the high tempera-
tures (ca. 3007C) required for the synthesis of 5b.

The unoxidized polymer (even the purest material obtained)
showed a characteristic, very unsymmetrical ESR signal at an
apparent g value of ca. 2 at room temperature, but gave no
discernible ESR signal below ca. 100 K. Magnetic measure-
ments of samples with greater impurity levels indicate a drop in
susceptibility betow ca. 130 K ; the magnetic susceptibility at low
temperature is very small. These results are consistent with the
presence of non-ferrocene/ferrocenium-derived iron species that
undergo a spin crossover at ca. 130 K. The proportion of this
impurity is very small, as it does not affect the elemental analysis
of the neutral polymer; presumably the species responsible has
a rather large moment.

Addition of a dichloromethane solution of one equivalent of
TCNE to a dichloromethane solution of 5b resulted in the for-
mation of two products: a black insoluble material (11, ca.
40 %) was collected by filtration, and a green precipitate (12, ca.
60 %) was obtained by addition of diethyl ether to the filtered
dichloromethane solution. Elemental analyses were consistent
with stoichiometries close to 5b-[TCNE], for each product.

The only multiple-bond stretching bands observed in the IR
spectrum of a nujol mull of 11 were broad intense features
centred at 2153 and 2198 cm™'; these are indicative of reduced
TCNE but at somewhat higher frequency than the isolated
TCNE ™ anion.[®! ~%3 A plausible explanation is that the materi-
al includes stacks of planar TCNE molecules, which are partial-
ly reduced. Compound 11 was also investigated by ESR spec-
troscopy and SQUID magnetometry. Unfortunately, the
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magnetic impurity present in the unoxidized polymer appears to
end up in this reaction product. Thus, the room-temperature
ESR spectrum revealed the characteristic spectrum of the unox-
idized polymer, upon which is superimposed a sharp isotropic
resonance with g = 2.00, presumably arising from the cyanocar-
bon anions. At low temperatures the isotropic resonance com-
pletely dominated any signal from the impurity in the polymer.
In addition, an axially symmetric ferrocenium spectrum was
observed characterized by g, = 1.70 and g, = 3.76. These val-
ues are typical for substituted ferrocenium species.f®4 %41 This
spectrum is surprisingly sharp given that the sample was a solid
and that ferrocenium ions with slightly different substitution
patterns and, therefore, with slightly different g values, are ex-
pected to be present, owing to the variation in the positions of
the methy! groups on the cyclopentadienyl rings. The magnetic
susceptibility data could not be fitted to the Curie—Weiss law.
As magnetic impurities were shown to be present by ESR, no
further analysis of the magnetic data was undertaken.

A nujo! mull of the soluble material 12 shows IR bands at
2148, 2199 and 2218 cm ™!, the middle band being particularly
intense. This is similar to the spectrum observed for the
TCNE?Z™ anion,!®” although the bands are spread over a wider
range of frequencies in 12 and, on average, are at somewhat
higher frequency. A very similar IR spectrum is observed in
dichloromethane solution, indicating the oligomeric anions do
not dissociate in solution. Room-temperature ESR spectra of
12, etther in the solid state or in dichloromethane solution,
showed a very poorly resolved isotropic resonance with a g
valuc of ca. 2. The characteristic lineshape of the impurity in the
unoxidized polymer was not observed; this was taken to indi-
cate that this product is essentially free of the magnetic impurity.
The low intensity of the room-temperature radical signal, when
compared with spectra of other salts of paramagnetic cyanocar-
bon species, suggests few anions are paramagnetic. Low-tem-
perature spectra showed the isotropic radical resonance and a
ferrocenium spectrum with g values almost identical to those
from the ferrocenium spectrum of 11. Spectra were acquired
both in dichloromethane and with solid samples; although the
solution/glass spectra were slightly sharper, the spectra were
otherwise very similar, consistent with the anions being un-
changed when the material is dissolved. Solid-state magnetic
susceptibility measurements were made between 5 and 250 K.
The data were fitted to the Curie—Weiss law (80—250 K) with a
Weiss constant & of — 11.6 K (Figure 11). This value is indica-
tive of significant antiferromagnetic interactions. The magnetic
moment is ca. 1.7 p, per iron atom, although this value depends
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Figure 11. Variation of molar magnetic susceptibility per Fe (. &) and cffective
magnctic moment (p, x) with temperature (7) for 12.
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greatly upon the accuracy of the iron analysis. For a fully oxi-
dized polymer with diamagnetic counterions, one would expect
an effective magnetic moment of 2.25 g, if {¢g> = 2.60 as deter-
mined by ESR. Below ca. 70 K the plot of reciprocal susceptibil-
ity against temperature is no longer linear, and the derived mag-
netic moment falls to 1.2 p, (Figure 11). This is also consistent
with the presence of substantial antiferromagnetic interactions
in the material; however, the data show no transition to an
ordered antiferromagnetic state.

The formation of two distinct products of similar composi-
tion in this reaction is not especially surprising. The products of
reactions involving cyanocarbon anions often give more than
one product.[®®~ 7% Thus, for example, Ward et al. were able to
isolate both green TCNQ~ (TCNQ = 7,7,8,8-tetracyano-p-
quinodimethane) and purple TCNQ3™ salts of the [Cp*Ru-
(C4Meg)]™* cation from a single reaction mixture.l”® The origin
of the antiferromagnetic interactions in 12 is unknown. Howev-
er, it is possible that the packing requirements of the cyanocar-
bon counterions cause ferrocenium ions to be in close proximity
with one another.

Summary

The poly(ferrocenylethylene)s [Fe(n-C;H;RCH,),], Sa and 5b
(a: R = H,b: R = Me) have been prepared by the thermal ring-
opening polymerization of the corresponding strained hydro-
carbon-bridged [2jferrocenophanes [Fe(y-C;H;RCH,),}. The
molecular weight distribution for polymer 5b was found to be
bimodal in nature with a high molecular weight fraction with
M,~10° and a low molecular weight fraction with M_,~10%.
This may be the result of the action of two different polymeriza-
tion mechanisms. A UV/visible spectrum of polymer 5b was
consistent with a localized structure for the polymer backbone.
The electrochemical behaviour of the polymer 5b was examined
by cyclic voltammetry, which revealed that this polymer under-
goes two reversible, closely spaced oxidations in CH,Cl, solu-
tions at — 0.25 and — 0.16 V, with a redox coupling AE, , of
approximately 0.09 V, indicative of only a small interaction be-
tween the iron centres. Studies by TGA indicated that poly(fer-
rocenylethylene)s are thermally stable to weight loss to about
375°C under dinitrogen, and at more elevated temperatures
yield ferromagnetic ceramic products.

The reaction of the poly(ferrocenylethylene) Sb with TCNE
gave a mixture of two products, 11 and 12, which differ in their
solubilities and the degree of oligomerization of the TCNE!~
counterions. Magnetic characterization of 11 was complicated
by the presence of small amounts of magnetic impurities present
in the neutral polymer. Nevertheless, solid-state magnetic
susceptibility measurements show significant antiferromagnetic
interactions in 12.
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On the Mechanism of Stereospecific Polymerization—Development
of a Universal Model to Demonstrate the Relationship between
Metallocene Structure and Polymer Microstructure

Y. van der Leek, K. Angermund, M. Reffke, R. Kleinschmidt, R. Goretzki, and G. Fink*

Abstract: With the discovery of stereo-
rigid bridged metallocenes, soluble cata-
lysts became available for the stereo-
specific polymerization of «-olefins. A rel-
atively simple mechanism was used to ex-
plain the stercospecificity, primarily in
terms of the catalyst symmetry. In this pa-
per we demonstrate that the simple rule of
thumb that C,-symmetric catalysts pro-
duce isotactic and C-symmetric catalysts
syndiotactic polypropylene is too narrow.
The introduction of one methyl group at
the Cp ring in the [{/Pr(CpFlu);ZrCl,)/
MAO system (Flu = fluorenyl, MAO =
methylalumoxan) reduces the C, symme-

duccs hemiisotactic polypropylene. The
analogous catalyst with a bulkier zert-
butyl group at the Cp ring gives isotactic
polypropylene. When the C, symmetry of
[{Me,Si(Ind),}ZrCl,] (Ind = indenyl) is
reduced to C,, a metallocene can be ob-
tained that produces atactic polypropyl-
ene. We have broken away from the sym-
metry-based model and developed a uni-
versal model, which accurately describes

Keywords
asymmetric catalysis
polymerizations - molecular modeling

- metallocenes -

+ reaction mechanisms

the experimental microstructures of the
polymers by considering the four lowest-
energy conformers of the metallocene
species coordinating to prochiral propene
(R,.. S,., S,;, and R;) and the positional
changes that the polymer chain undergoes
during insertion. The relative energy lev-
els of the four diastercomers can be deter-
mined by molecular modeling calcula-
tions; these energy gradations, in particu-
lar the size of the energy gaps, are decisive
in determining the stereospecificity. Also,
the model permits the stereoerrors to be
classified and explained. Through this
model the stereosequence of a polymer

try to C;, and the resulting catalyst pro-

Introduction

Soluble stereospecific catalysts for the polymerization of a-
olefins became available for the first time as a result of work by
Brintzinger!"! and Ewen.!?) With these defined stereorigid metal-
locenes it was possible to study the mechanism of stereospecific
polymerization in more detail. An initial relatively simple mech-
anism explained the stereospecificity solely as a function of the
catalyst symmetry. The C,-symmetric [{Me,Si(Ind),}ZrCl,]
and the C-symmetric [{{Pr(CpFlu)}ZrCl,] catalysts each only
have one favorable and one unfavorable coordination of the
prochiral faces of the propene at the zirconium atom. Owing to
steric congestion, the methyl group of the propene is normally
directed away from the catalyst center, and a regioselective 1,2-
insertion is then observed. Occasionally, the propene is coordi-
nated the other way around causing 2,1-misinsertions (m-2,1 or
r-2,1). The steric demand of the ligand determines the preferred
orientation of the propene, which causes two diastereomeric

[*] G. Fink, Y. van der Leek. K. Angermund. M. Refike, R. Klieinschmidt,
R. Goretzki
Max-Planck-1nstitut fur Kohlenforschung
Kaiser-Wilhelm-Platz 1, D-45470 Miilheim an der Ruhr (Germany)
Fax: Int. code +(208)306-2980
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chain can be calculated and predicted.

complexes to form with different energy content. In the case of
catalyst [{Me,Si(Ind),}ZrCl,], the same prochiral face of the
propene is always favored during the polymerization, whereas
the two prochiral faces of the propene are alternately favored in
the case of catalyst [{{Pr(CpFIlu)}ZrCl,]. Thus, repeated coordi-
nation and insertion of propene produce isotactic polypropyl-
ene in the case of the [{Me,Si(Ind), } ZrCl,] catalyst and syndio-
tactic polypropylene in the case of the [{/Pr(CpFlu)}ZrCl,] cat-
alyst (lines 1 and 2 in Figure 1).

A multitude of catalysts have now been developed for the
stereospecific production of a range of different polypropyl-
enes.® "°1 It is now clear that the simple rule of thumb that
C,-symmetric catalysts produce isotactic and C-symmetric cat-
alysts syndiotactic polypropylene is too narrow a definition of
the requirements necessary for the stereospecific generation of
polymers. Through the introduction of one methyl group at the
Cp ring in the [{/Pr(CpFlu)} ZrCl,}[yMAO system, the C, symme-
try is lost. Now, this catalyst no longer produces a syndiotactic,
but a hemiisotactic polypropylene, in which, alternately, the
methyl groups are 1sotactically and statistically arranged (line 3
in Figure 1). On introduction of the bulkier feri-butyl group at
the Cp ring (instead of the methyl group), the C, symmetry is,
of course, again destroyed. Perhaps surprising at first, an isotac-
tic polypropylene is now formed (line 4 in Figure 1). Through
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Figure 1. Structure and stereospecificity of metallocenes.

an appropriate symmetry reduction in C,-symmetric [{Me,Si-
(Ind),}ZrCl,] it is expected that a metallocene such as
[{{Pr(CpInd)} ZrCl,] (line 5 in Figure 1) should be produced that
would give hemtisotactic polypropylene. Again, the result is
surprising: hemiisotactic sequences are best formed at low tem-
peratures, whereas completely atactic polypropylene is formed
at room temperature and above.

Breaking away from the symmetry considerations, we have
developed a more universal model, which accurately describes
the experimental microstructures of the polymer by means of
four lowest-energy conformers of the metallocene species coor-
dinating prochiral propene (R,,, S,., S;. and R, and the posi-
tional changes that the polymer chain undergoes during inser-
tion. The relative energy levels of the four diastercomers can be
determined by molecular modeling calcuiations; these energy
differences are decisive in determining the microstructures of the
resulting polymers.

Our conformational calculations are based on primary work
by Guerra and Corradini.?®~ 121 Their calculations, for in-
stance, on [{iPr(CpFlu)}Zr(isobutyl)(propene)] species and
[{{Pr(3-Me-CpFlu)} Zr(isobutyl)(propene)] species, led to the
following results: 1) Contrary to prior qualitative proposals,
the ligand in the metallocene cation has no noteworthy interac-
tion with the n-coordinated propene. 2) There is a strong inter-
action between the ligand and the growing polymer chain, which

586 ——— «; VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

forces the latter to choose between two possible positions. In
each case, the lowest-energy position is determined by the chi-
rality of the catalyst. The interaction between the growing poly-
mer chain and the methyl group of the propene causes the ener-
gy difference between re and si coordination; the methyl group
of propene is always rans to the growing polymer chain. With
an isospecific C,-symmetric catalyst, the complexes have the
same chirality after each insertion, which means that the
propene is coordinated repeatedly in a re or si orientation. With
a C,-symmetric catalyst, it is important to note that the cata-
lyst’s two possible coordination positions are enantiomeric. The
chirality of the complex changes after each insertion. Therefore,
the propene is coordinated alternately in a re and si orientation.

Results and Discussion

Based on molecular modeling calculations by M. Nolte,!!3- 16!
results for the system [{/Pr(CplInd)} ZrCl,]"'*! (bottom line, Fig-
ure 1) have already been obtained which were in good agree-
ment with experimental data. Further detailed calculations have
now been performed to explain the mechanism of the
stercospecific polymerization with substituted [{{Pr(CpFlu)}-
ZrCl,] compounds.

A model to explain the tacticity change of the substituted
[{iPr(CpFlu)}ZrCl,] catalyst was developed with the aid of
force-field calculations using the program SYBYL! running
on Silicon Graphics workstations. The valence force field ap-
plied appears as an cxtended TAFF force field!*3! with special
parameters for the zirconium environment.!3- 11 These valence
force-field calculations relate to the geometric optimization of
potential intermediate stages of the polymerization of propene
with metallocenes. It is assumed that the polymerization takes
place via a four-membered transition state with a cation as
“active species”. The calculated complexes represent potential
intermediates, which can be thought of as lying shortly before
the transition state of the polymerization process. The confor-
mation of the intermediate state is decisive for the stereospecific
insertion of the propene molecule. The influence of MAO, sol-
vents, etc. on the stereospecificity is assumed to be constant for
all compounds in these calculations. In order to present a clear
account of the results to follow, we describe further details of the
calculations in the Appendix.

We first consider the methylated cationic species (R = Me)
coordinating a propene molecule. The molecular modeling cal-
culations include two insertion steps for each catalyst
(initially the alkyl chain is methyl, and then /Bu and (R)- or
(S)-2,4-dimethylpentyl after the first and second insertions, re-
spectively).

[t should be emphasized that the energy values, obtained for
each geometrically optimized catalyst, alone have no physical
meaning, since the observed catalysts differ from one an-
other in the number of atoms, bonds, and angles. Since the
coordinated alkyl chains have also been varied, the energy val-
ues can only be compared within a given system (i.e., one cata-
lyst with only one distinct alkyl chain).

According to Corradini,''!! 4 change in chirality takes place
at the Zr during an insertion step (transfer from (R) to (S) and
vice versa). An m diad is formed when propene is inserted twice
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in the re coordination mode. An r diad is formed through suc-
cessive re and si coordination.

[{iPr(CpFlu)} Zr(alkyl)(propene)|: During the polymerization of
propene, the [{{Pr(CpFlu)}ZrCl,] catalyst can react to form four
possible diastereomeric intermediates (two pairs of enan-
tiomers, Figures 2 and 3).

propene

. zirconium
Jan :

W ligand @
G isobutylchain

Figure 2. Minimum-encrgy diastereomers of [{{Pr(CpFlu)} Zr(propene)(isobutyl)]
(energies in kcalmol ™ !).

substituent in 3-position of the Cp-ring

R=Me R=iBu R=R-C7 R=8-C7

4 r B 43 -4.5
E. 54 Swe/Rg S /R,

rel. energy in kcal / mol
W

|

-8 [
1' A=04 A=09 A=11 A=13
I

Figure 3. Energy differences between the diastereomers of [{{Pr{CpFlu)}Zr-
(propene)(alkyl)].

The difference in energy between re and si coordination of the
propenes is only 0.4 kcalmol ™! for R = Me (1st insertion step),
0.9 kcalmol™?! for R = i/Bu (2nd insertion step), and 1.1 or
1.3 kcalmol™! for R = (R)-dimethylpentyl and (S)-dimethyl-
pentyl, respectively (abbreviated as R-C7 and S-C7 in Figure 3).
Energy differences of at least 1 kcalmol™' are considered
to be significant, for which the error is estimated to be
+0.5 kealmol ~ 1.3 Therefore, only the second propene inser-
tion step is specific. With (R)-configurated Zr, the re coordina-

Chem. Eur. J. 1997, 3, No. 4
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tion of propene is preferred in each case; with (S)-configurated
Zr, si coordination is preferred. This trend continues for R = R-
C7 and S-C7. With isobutyl as the polymer chain, Figures 2
and 3 indicate that R,, and S; are lowest in energy
(— 3.0 kcalmol™"). Thus, the catalyst changes (during inser-
tion) back and forth between these chiralities (R,,<S,;). In other
words, the catalyst yields a syndiotactic polymer.

[{iPr(3-Me-CpFlu)} Zr(alkyl)(propene)]: The calculation of the
intermediate stages of the [{iPr(3-Me-CpFlu)}ZrCl,] catalyst,
yielded eight diastereomers (four pairs of enantiomers), because
of the additional chirality induced by the 3-Me-Cp ring. Fig-
ure 4 depicts the structures of the four energetically different
diastereomers with (R) configuration at the 3-Me-Cp ring. The
energy of the R,, conformer is remarkably low. Here, the
growing polymer chain possesses the highest degree of freedom.
The conformers S, S, and R, have similar energies
(Figures4 and 5). The energy difference AR,, — R, is
1.8 kcalmol™!; the energy difference AS,, — S, is only
0.2 kcalmol ~ 1.

Figure 4. Minimum-energy diastereomers of [{iPr(3-Me-CpFlu)}Zr(propene)-
(isobutyl)] (energies in kcalmol " !; for explanation of shadings, sec Figure 2).

‘ R=Me R=iBu R=R-C7 R=8-C7
0 -
|
1.
J 2.2
2T 2.7 ’?5: -
3 S s Si
L 40"
R, -47 45
. 5.1 49
s nb 53 8 B 52 1 2.
. S S, S
' -6.8
-7 [ Rre 77.1
-8 ]i, Rre
|
9 - AR-R;=18  AR-R;=23 AR R =22
1 AS-8;=02  AS-S,=06 AS.-85;=0.1
l

Figure 5. Energy differences between diastereomers of [{iPr(3-Me-CpFlu)}Zr-
(propene)(alkyl)].

0947-6539/97i0304-0587 $ 17.50+.50/0 —— 587





FULL PAPER

During polymerization, propene preferentially coordinates to
(R)-configurated Zr at the re face, whereas there is no preference
for the re or si face with (S)-configurated Zr. This mcans the
first, third, fifth etc. methy! groups of the growing polymer
chain are isotactic and the second, fourth, sixth etc. are statisti-
cally arranged. The resulting polypropylene is thus hemi-
1sotactic.

[{iPr(3-tBu-CpFlu)} Zr(alkyl)(propene)|: Figure 6 shows four of
the eight possible diastercomeric structures of [{iPr(3-/Bu-
CpFlu)} Zr(propene)(isobutyl)], in each case with (R) configura-

Figure 6. Minimum-cnergy diastcreomers of [{iPr(3-rBu-CpFlu)! Zr(propenc)-
(isobutyD)] (energies in kcalmol™': for explanation of shadings, see Figure 2).

tion at the 3-tBu-Cp ring. In this example the R,, conformation
is also lowest in encrgy. However. what is remarkable and new
is that, after the first inscrtion step, re coordination also occurs
preferentially at the (S)-configurat-

ed Zr. In addition to the interac- P
tions between the ligand and the (4
polymer chain, strong interactions RyCr. /N
seem to be taking place between the st
ert-butyl substituent at the Cp-
ring and the methyl group of the
propene. This explains the high en-
ergy of the R, conformer.

After the first insertion step, the
energy difference AR, — R,; is
2.8 kcalmol ™ !; the energy differ-
ence AS, — S, is 1.5kcalmol !
(Figure 7). The noticeable prefer-
ence towards re coordination of the
propene molecule, for both (R)-
and (S)-configurated zirconium
centers, leads to a sequence of m
diads, that is, to the formation of
isotactic polypropylene. In other
words, in contrast to the previous
methyl-substituted catalyst,

~
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Figure 7. Energy differcnces between diastercomers of [{/Pr(3-tBu-CpFlu)] Zr-
(propene)alkyl)].

now have a differentiation between re and s/ faces, that is, R,
and §,, lie much lower in energy than R; and S,;. The catalyst
species now changes back and forth between R, and S,, (Fig-
ure 6) during the course of insertion. In other words, the catalyst
now works isotactically. Figure 8 summarizes the relative ener-
gies of the four diastereomers of the different catalysts (with an
isobutyl group as the polymer chain).

Now it becomes clear that it is not the symmetry of the cata-
lysts that is decisive for the stereospecificity, but the energy
gradations, in particular the size of the energy gap between the
individual diastereomeric states. Thus, catalyst I operates syn-
diotactically because R, = S;<S,, = R, catalyst Il hemiiso-
tactically because R,,<S,,, S, R,;, catalyst Il isotactically be-

cause R,,, S, <S, R, and catalyst IV atactically because
R.,=S..S

oo R, The “‘symmetry rule” still applies, but is not the

only decisive tactor; it is only one aspect of our universal model.
A good model must enable us to predict results. We there-
fore synthesized catalyst V ([{{Pr(3-/Pr-CpFlu)} ZrCl,]), which
should fit in between catalysts 1T and 11 in Figure 8, based on

siv

e -CH. CH =
ﬁéy/ ¢ e ¢ ‘56“3 L/Cj
HaC o / \ ~R (/C{ \CHG HAC» / \ ‘R
e g Hoe /N A 3”_cC s
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Figure 8. Comparison of the energy differences between the diastereomers for the catalysts 1-11 and IV (ref. {14]).
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¢Hs CHy ¢H3 Finally, we turn to the interest-
~~~~~ c ! o H . . .

AN ? 70N 2 =7C ing subject of stercoerrors. Even
LQ\/¢ \CHs Q< ™ é{ N thtse cim be classified and cx-

04 Hico /N R HyCom, A HyCo, / ~R )
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244 ; ; ; = CpFlu)}ZrCL]. and ({/Pr(3-(Bu-
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1T : S Ssi : metallocenes is temperature de-
3 8.1 1 8.1 ﬁ [ f ZI/YY pendent. The rrrr pentad of the
T s 5 : S O e ; syndiotactic polypropylenes de-
9+ Rre L es ' ; creases, for example, from 93%
D R ; : at 7,=10"C to 358.6% at
: T,=70°C'7 With incrcasing

re si

re si

-9.3 ©-6.2

Figure 10. Minimum-cnergy diastercomers of [{/Pr(3-/Pr-CpFlu)} Zr(propene)(2.4-
dimethylpenty))] {(energies in kcalmol ™' ; for explanation of shadings, see Figure 2).

its steric requirements. The molecular modeling calculations
(Figures 9 and 10) predict that catalyst V should produce hemi-
isotactic polypropylene, since the decisive energy gap now lies
between the conformational states R,, and S,,, S,;. This was
confirmed by experiment: catalyst V was indeed found to give
hemiisotactic polymer.

Our model has been shown to be capable of predicting
the microstructure of a polymer, based on the substitution
pattern in the ligand of the catalyst. The syntheses of further
catalysts, such as [{iPr(3-Et-CpFlu)}{ZrCl,] (VI, Figure 9) and
[{iPr(3-Pr-Cplnd)} ZrCl,], related to [V (Figure 8), are in pro-
gress.
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polymerization temperatures, an
increase of the pentads mmmm,
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Figure 11. "*C NMR specira of a) syndiotactic polypropylene, catalyst [{iPr-
(CpFlu)} ZrChL}/MAO. polymerization at P=2bar, T, =30"C, [Zr] = 9.72x
107 ¢molL™", [Al]:{Zr] = 1970:1 in toluene; b) hemiisotactic polypropylene, cata-
lyst [{{Pr(3-Me-CpFlu)}ZrCLYMAO, polymerization at P = 2bar, T, =30"C,
[Zr] =3.71x 1075 molL™ !, [Al]:[Zr] =1550:1 in toluene: ¢) isotactic polypropy-
lene. catalyst [{/Pr(3-1Bu-CpFlu)} ZrCL,JMAO, polymerization at P = 2 bar, T, =
35°C, [Zr] = 4.65x 107> mol L™ !, [Al]:[Zr] = 2094:1 in tolucne.
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mmmr, and mrrm is obtained in hemiisotactic polypropylene, isotactic
whereas the pentads rmmr, mmurr, rerr, and rrmm are reduced. L
Each of the ten possible pentads can be produced by passing
~ S , mmmm
through a sequence of conformers (Figure 12). mmmr
mmyg ¢
mrotm
T S Y I
T 1 ] I ]‘ i T syndiotactic
mmmmrrmrrrrmmr mmrmy
i 3 3 7 11
T e T S AT N E - S D B
Ty T
I rrooor Froror
rrrm rrrm
frmr rrmm
rmmi¢
mmmm Re > S > R > S = Re
mmms: Re > See &> Re > S — Ry .
hemiisotactic
T Re & S84 = Ry > 8§ -» Re
{allowed pentads)
M Re > S > Ree » 8 > Re
mrmm Re > S »> Ry = S84 - Ry _L { L }i *i%i#
mrr: Re > S & Ry = S > Ry
mrmr: Re > S = Ry = S -  Re m m mm mmmm
mmr r mmmry
T Re =+ Ss > Re = Si > Re rrrr mrrm
mrrr
rrom: Ree > Si — Re— S = Ry rmmr
mrrm: Re & S = R = S = R rror
(forbidden pentads)

Figure 12. Top: ten possible pentads of polypropylene [14.18]. Bottom: sequence of
configurations that are passed through to generate the pentads.

Basically, any pentad is allowed for any catalyst. The frequen-
cy of a pentad is determined by the probability that a specific
conformer is adopted during an insertion step; this probability
in turn depends on the energy content of the intermediate states
or the size of the energy gap between re and si conformers for
(R)- and (S)-configurated zirconium centers. In other words, by
means of the pentad distribution obtained experimentally, it is
possible to deduce which conformers have been passed through.
In syndiotactic polypropylenes, m diads and mm triads ap-
peared especially frequently as errors. Through stereoerrors in
isotactic polypropylene, rr triads are produced. In the case of
hemiisotactic polypropylenes, the mrmm, rmrr, and mrmr
pentads are forbidden. The mrmm and rmrr pentads only show
up at increased polymerization temperatures. The pentad mrmr
fails to appear altogether.(!7 !9}

The occurrence of the mrmm and rmrr pentads was explained
earlier (see Herfert and Fink!'®! as well as Farina?% 1)
through isomerizations of the growing polymer chain without
insertion of a propene molecule. The model described 1n this
publication does not necessarily require intermediate isomeriza-
tion to explain the formation of the forbidden pentads. When
the pentads mrmm, rmrr, and mrmr are compared (Figure 13),
it becomes obvious that, in the case of the pentads mrmm and
rmrr, only the C atoms C1 and C3 have been arranged in the
wrong way relative to each other. In the case of the pentad
mrmr, the C atoms C1 and C3 as well as C3 and C5 have been
wrongly arranged relative to each other. The probability of a
sequential double error is therefore considerably lower.

The model presented above requires no intermediate isomer-
izations without insertion to explain some of the observed pen-
tads, but does not rule out these isomerizations. Regarding the
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C1\C3 C1\C3 C1\C3 C3\Ch

Figure 13, Pentad crrors occurring in isotactic, syndiotactic, and hemiisotactic
polypropylene.

syndiotactically operating catalyst [{{Pr(CpFlu)}ZrCl,], there
are two possibilities to explain the pentad rmrr. In the case
without intermediate isomerization, after the m-diad the cata-
lyst changes between the two R;/S,, conformers, even though
these are of higher energy. In the second case, after the m diad
an intermediate isomerization without insertion of a propene
molecule takes place. The catalyst then changes between the
conformers S,;/R,,, which are of lower energy.

res

Conclusion

By means of the pentad distribution obtained by experiment, it
1s possible to reconstruct, with help of the model described
above, the identity and sequence of the conformers formed dur-
ing the growth of a polymer chain. The model can also be used
to predict the stereosequence of a polymer chain based on the
energy gaps between the different conformers. In this paper we
have shown that this energy gap already changes when the sub-
stituents at the ligand are modified. At the moment, we are
extending the model calculation to encompass a wider variety of
bridged metallocene catalysts. Furthermore, we are investigat-
ing the following questions:
1) How does the increasing length of the polymer chain affect
the reaction?
2) What is the influence of a more sterically demanding
monomer (e.g. an a-olefin with a longer side chamn)?
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3) How do different monomers influence the energy levels of
the conformers formed in the course of copolymerization?

Finally, it would be of particular interest to calculate the
probability for the formation of a given sequence of conformers
as a function of temperature and to attempt a quantitative pre-
diction of the stereoerrors as a function of temperature.

Appendix

Molecular modeling calculations were performed on the catalysts [{iPr-
(CpFlu)}ZrCl,], [{iPr(3-Me-CpFlu)}ZrCl,, [{iPr(3-iPr-CpFlu)} ZrCl,], and
{iPr(3-1Bu-CpFlu)} ZrCl,]. According to Corradini'*® ! '3l each calculated
complex contains a w-coordinated propene molecule, a o-coordinated alkyl
group (R = methyl, isobutyl, (R)-2.4-dimethylpentyl, (S)-2,4-dimethyl-
pentyl), representing the growing polymer chain, and a bis-n*-chelating lig-
and. In valence force-ficld terms Zr—»°-Cp bonds and Zr—=n bonds cannot
usually be calculated. A universal bonding mode! therefore had to be devel-
oped. In this publication we will only apply a qualitative description of basic
clements. A detailed explanation is given in ref. [16].

Zr—n5-Cp bond: Each cyclopentadienyl carbon atom is bonded to a centroid
atom in the Cp ring center (Mp, Figure 14). The metal- Cp interaction occurs
between the Mp and the formally tetravalent zirconium atom (Zr.t). The
centroid atom Mp has the properties of a pscudo-atom (e.g. atom radius 0 A)
and, for reasons of molecular dynamics, the average mass of the ring atoms.

= C.m
R TN

C.mp ‘]Sc.mp/

zr Zct

C.mp—R

a b

Figure 14. The “‘centroid” model for the #°-Cp—Zr bond: a) schematic drawings
of the “bonds™ used in b; b) labels used for the Zr—Cp 7 bond.

Zr—y? bond: The centroid model can easily be transferred to other types of
n bonds like the © bonding between a zirconium atom and a coordinated
propene molecule (Figure 15). A pseudo three-membered ring system is used

Zr/c| /C.3 /0,3

Zrit Zrt
\ C2m
/ MpEt
C.2m
c

a b

Figure 15. The “centroid™ model for the n2-alkene- Zr bond: a) typical descrip-
tion of the n2-coordination; b) labels in the Zr-alkene n bond; ¢) schematic repre-
sentation of the “bonds™ used in b.

with the centroid MpEt located in the middle of the alkene double bond. A
¢ bond connects the zirconium atom and MpEt. Calculations by M.
Nolte!!3: 18] show that the alkene © bonds of energy-minimized structures are
located in the plane formed by MpEt, Zr, and C, (Figure 16). Owing to the
defined torsion twisting potential, which describes the rotation around the
Zr—MpEt bond, the coordinated propene molecule is forced to remain in
plane, with only small deviations (about 10° [13}) being allowed. The force-
field calculations are based on crystal structure data of the catalyst

X -z

Figure 16. Arrangement of the Zr -alkene = bond in the
plane formed by MpEt, Zr, and C,.

%Zr
[{iPr(CpFlu)} ZrCl,]. By replacing both chlorine atoms with a o-coordinated
alkyl group and a n-coordinated propene molecule, respectively, the energics
of all possible diastereomers were calculated. For the bonds that arc able to
rotate freely (Figure 17), a number of energetically favorable conformations
were found. The lowest-energy conformation werc determined by optimizing
the molecule structure.

3
2 4 5

£
N\
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Me,C
Figurc 17.  [{iPr(3-1Bu-CpFlu)} Zr(propene)-
(2.4-dimethylpentyl)]. Free rotation (360°) is
possible about bonds 1-5 and 120° rotation
about bond 6.

Reccived: September 23, 1996 [F474]

[11 W. Kaminsky, K. Kiilper, H. H. Brintzinger, ¥ R. W. P. Wild, Angew. Chem.
1985, 97, 507; Angew. Chem. Int. Ed. Engl. 1985, 24, 507

[2] J. A. Ewen, R. L. Jones, A. Razavi, J. Am. Chem. Soc. 1988, (10, 6255.

3] W. Spaleck, M. Antberg, M. Aulbach, B. Bachmann, V. Dolle, S. Hafka, F.
Kiiber, I. Rohrmann, A. Winter (New fsotactic Polypropylenes via Metallocene
Catalysts) in Ziegler Catalysis, Recent Scientific Innovations and Technological
Improvements (Eds.: G. Fink, R. Milhaupt, H. H. Brintzinger), Springer,
Berlin, 1995, 83.

[4] W. Spaleck, F. Kiiber, A. Winter, J. Rohrmann, B. Bachmann, M. Antberg, V.
Dolle, E. F. Paulus, Organometallics 1994, 13, 954.

15] M. Aulbach, F. Kiiber, Chem. Unserer Zeit 1994, 28, 197,

[6] U. Stehling, J. Dicbold, R. Kirsten, W. RolL, H. H. Brintzinger, S. Jiingling, R.
Miilhaupt, F. Langhauser, Organometallics 1994, 13, 964,

[7]1 E Langhauser, I. Kerth, M. Kersting, P. Kdlle, D. Lilge, P. Miiller, Angew:.
Makromol. Chem. 1994, 223, 155.

[8] J. A. Ewen, M. J. Elder, European Patent Application 537130, 1992.

[9] M. Refike, diploma thesis, Heinrich-Heine-Universitiit Diisseldort, 1995.

[10] P. Corradini, G. Guerra, Prog. Polym. Sci. 1991, 16, 239,

{11] L. Cavallo, G. Guerra, M. Vacatello, P. Corradini, Macromolecules 1991, 24,
1784.

[12] a) P. Corradini, V. Busico, R. Cipullo, Makromol. Chem. Rapid Commun.
1992, 73,21.b) G. Guerra, P. Corradini, L. Cavallo, M. Vacatello, Makromol.
Symp. 1995, 307

[13] M. Nolte, dissertation, Westfilische Wilhelms-Universitdt Miinster, 1992,

[14] P. Montag, Y. v. d. Leek, K. Angermund, G. Fink, J. Organomer. Chem. 1995,
497, 201.

[15] TRIPOS Assoc., St. Louis, USA, Version 6. X.

[16] K. Angermund, A. Hanuschik, M. Nolte (Forcefield Calculutions on Zir-
conocene Compounds) in Ziegler Catalysts, Recent Scientific Innovations and
Technological Improvements (Eds.: G. Fink, R. Milhaupt, H. H. Brintzinger).
Springer, Berlin, 1995, 251.

{171 G. Fink, N. Herfert, P. Montag (The Relationship between Kinetics and Mech-
anisms) in Ziegler Catalysts, Recent Scientific Tnnovations and Technological
Improvements (Eds.: G. Fink, R. Miilhaupt, H. H. Brintzinger), Springer,
Berlin, 1995, 159.

(18] P. Montag, dissertation, Heinrich-Heine-Universitit, Disseldorf, 1995,

[19] N. Herfert, G. Fink, Makromol. Chem. Macromol. Symp. 1993, 66. 157,

[20] M. Farina, G. Di Silvestro, P. Sozzani, Macromolecules 1993, 26, 946.

[21] M. Farina, G. Di Silvestro, A. Terragni, Macromel. Chem. Phys. 19958, 196,
353.

Chem. Eur. J. 1997, 3, No. 4

) VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

0947-6539/97]0304-0591 $ 17.50+ .50/0 — 591






FULL PAPER

Nature of the Interactions between Polar p-Substituents and
Palladium in #>-Allylpalladium Complexes—
A Combined Experimental and Theoretical Study

Kalman J. Szabo*

Abstract: Deuteromethanolysis of  six
B-methoxy-substituted #3-allylpalladium
complexes (1--5) was studied under the
same reaction conditions. The reaction
rates depend on the ring size of the cyclic
complexes, on the o-donor/m-acceptor
nature of the ancillary ligand, on the con-
figuration of the allylic moiety, and on the
position of the f-substituent with respect
to the palladium atom. Replacement of
the methoxy group proceeds about 1000
times faster in the trans-f-substituted cy-
cloheptylallyl palladium complex 2 than
in the cyclooctyl analogue 3; this indicates
that the C-O bond strength is a function

A theoretical analysis of the structure and
stability of slightly simplified model com-
pounds 610 was performed with density
functional theory at the B3PW 91 level in
order to elucidate the relationship be-
tween the ratec of deuteromcthanolysis
and the electronic interactions between
the f-methoxy substituent and the palla-

Keywords
allyl complexes - chemoselectivity *
density functional calculations * re-
gioselectivity - stereoelectronic control
- substituent effects

dium atom. It was concluded that the
strength of these f-substituent effects crit-
ically depends on the relative position of
the Pd-C3 and C4-0 bonds. In cyclo-
hexyl and cycloheptylallyl complexes 6
and 7, the trans-fi-methoxy substituent
adopts a conformation that is particularly
favoured by the fi-substituent effect. Since
the n’-allylpalladium complexes studied
and their derivatives are key intermediates
of important palladium-catalysed trans-
formations, the implications of the S-sub-
stituent effect for the regio- and chemose-
lectivity of nucleophilic attack arc also
discussed.

of the ring and substituent conformations.

Introduction

Application of allylpalladium chemistry to organic synthesis
made remarkable progress in recent decades.!! ~ 3} In particular,
palladium-catalysed reactions of allylic substrates and conjugat-
ed dienes with nucleophiles have became widely used prepara-
tive procedures,i® 7! owing to their practical simplicity, versatil-
ity and potential for regio-,® ! stereo-'®" '3 chemo- and
cnantioselective synthesis.!'3 ™ ' 7 Mechanistic features, especial-
ly the evolution of the selectivity in these reactions, have been
extensively studied.!®~ 2% Since one of the most intriguing as-
pects of allylpalladium chemistry is the possibility of controlling
the selectivity by means of the reaction conditions and the ancil-
lary ligands on palladium, there is currently considerable inter-
est in investigating those electronic and steric interactions that
govern the selectivity of nucleophilic attack on n*-allylpalladi-
um complexes.[26 731

A recent theoretical study!?®! describes a novel electronic ef-
fect which occurs between an allylic S-substituent and palladium

[*] K. L. Szabo
Department of Organic Chemistry, University of Uppsala
Box 531, 8-75121 Uppsala (Sweden)
Fax: Int. code +(18)50-8542
e-matl: kalman.szabo(@:kemi.uu.se
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in #*-allylpalladium complexes. It has been shown that strong
f-substituent effects induce an asymmetric electron distribution
in the allylic fragment, which enhances the regioselecivity of
nucleophilic attack, and increases the chemoselectivity in nucle-
opilic addition to conjugated dienes. This theoretical work ini-
tialised the present study, which also includes the first systemat-
ic experimental investigation of the f-substituent effect in
n3-allylpalladium complexes.

Since the f-substituent effects are particularly strong for po-
lar B-substituents of i*-allylpalladium complexes with anti con-
figuration,? the investigations focused on the 4-methoxy-
substituted cyclic species 1—-4 (Scheme 1), while complex 5 rep-
resents a reference system in which the »3-allyl moiety is in a syn
configuration.’?! Since the p-substituent effects have strict
stereoelectronic requirements, the hindered rotation at the
C3-C4 bond 1 cyclic systems 1-4 allows the investigation
of the angular dependence of the interactions between the
f-methoxy functionality and the palladium atom. Reactions of
1-5 with nucleophiles have been investigated in a number of
previous studies 22337351 [n particular, cyclohexyl- and cyclo-
heptylallylpalladium complexes, such as 1, 2 and 4, frequently
occur as intermediates in synthetically useful transforma-
tions.l!4 367381 Previous synthetic and mechanistic studies show
that the regio- and chemoselectivity of nucleophilic attack are
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CF350; - CF380;5
4a 4b 5
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Scheme 1. #3-Allylpalladium complexes cxamined in this study (k.. given below
the respective compound numbers, is relative rate of deuteromethanolysis).

very high when the reaction proceeds via a cyclohexyl- or cyclo-
heptylallylpalladium intermediate possessing a polar trans -
substituent (such as in 1, 2, 4a).13%737-3°1 However, in the case
of a cyclooctylallyl or certain acyclic intermediates the regio-
selectivity and sometimes the chemoselectivity is unexpectedly
lower (Scheme 2).136-37-3%1 A similar decrease in regioselectivity
was observed for analogues of 4b, in which the polar f-sub-
stituent is in a cis position relative to palladium.[2

il
§N\J[,Nu2 o NUI—! ’ s
T g o) f— N

Pd(]])LZ ‘ Aﬁd\// “ “ Nul \ > Nul

L/ ‘ N
‘ - \ L - /\/> Nul
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~ . Nul,Nu2 / |
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. '
Nu 1*\7) Nul

Scheme 2. Regio- and chemoselectivities of nucleophilic attack at cyclohexylallyl
and cyclooctylallyl palladium intermediates.

Although the degree of regio- and chemoselectivity of nucleo-
philic attack implicitly depends on the strength of the f-sub-
stituent effect, a quantitative characterisation of the interactions
requires the examination of a property arising directly from
the fi-substituent effect. An example is the weakening of the
C(allyl)-X bond?*1in B-X-substituted n3-allylpalladium com-
plexes. Accordingly, in this study the C—O bond strength in 1--§
is analysed as a function of the conformation and configuration
of the complexes as well as of the nature of the ancillary ligand
on palladium. The experimental studies are combined with the-
oretical calculations in order to discuss the following questions:

Chem. Eur. J. 1997, 3, No. 4
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1) Which conformation and configuration of the allylic moiety
provide the strongest f-substituent effects?

2) How do steric cffects and hindered rotation at the C3-C4
bond change the conformation of the f-substituted allyl
fragments?

3) How do electronic and steric effects of the ancillary ligands
influence the strength of the f-substituent effect?

4) What predictions can be made for the chemoselectivity as a
function of nucleophiles and substrates for the oxidation of
conjugated dienes (cf. Scheme 2)?

5) What is the relationship between the regiochemistry of nucle-
ophilic attack and the structurc of the allylic substrate?

To answer these questions, kinetic studies were carried out for
allylpalladium complexes 1--5. The experimental results are in-
terpreted by means of theoretical calculations for the corre-
sponding model systems 6—10 and simplified f-substituted allyl
complexes 11-14. With this approach reliable predictions could
be provided for the regio- and chemoselectivity of synthetically
interesting transformations, since allylpalladium complexes 1-
5 and their closely related analogues are actual intermediates in
allylic substitutions and oxidation of dienes 126~ 38.40 44

Experimental Results

Detection of the f-substituent effects is not a trivial problem,
since these effects decrease the kinetic stability of the #3-allylpal-
ladium complexes,*®! hindering direct experimental investiga-
tion. For cxample, preparation of cyclic fi-chloro-substituted
species has not been reported yet, probably because of their low
kinetic stability. Therefore, the scope of an experimental study
is restricted to n3-allylpalladium complexes with moderately
strong f-substituent effects, such as the relativcly stable
f-methoxy-substituted species 1-5.

It is well established that acid-catalysed alcoholysis of
B-methoxy-substituted #’-allylpalladium complexes takes place
with cleavage of the C4—0O bond (Scheme 3).1#% 4%l This reac-

OMe OR
| | |
N enr N S SHTON
b g, VeOn g v weon
ey L Pay ACUI O

Scheme 3. Alcoholysis of f-methoxy-substituted n*-allylpalladium complexes.

tion can be carried out under mild conditions, since the palladi-
um atom lends anchimeric assistance to the bond-breaking pro-
cess.[**1 This anchimeric assistance is a manifestation of the
B-substituent effect,*®! which weakens the C4-0 bond and,
therefore, facilitates its cleavage. Hence, the rate of alcoholysis
will depend on the magnitude of the anchimeric assistance, and,
accordingly on the strength of the S-substituent effect.

For practical reasons deuteromethanol (R =CD; in
Scheme 3) was used as the alcohol component in the kinetic
measurements. Thus, the progress of the reaction could be con-
veniently followed by monitoring the OCH, signal of 1-5 by
THNMR spectroscopy. Deuteromethanolysis was carried out
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witha > 200-fold excess of CD;0D to cnsure pseudo-first-order
conditions. The reaction conditions, such as the acid (D,SO,)
concentration and temperature (25.0°C), were optimized to
give measurable rates for all species under the same conditions
(sec the Experimental Section).

The observed rates of deuteromethanolysis span three orders
of magnitude (Scheme 1, Figure 1). The reaction was fastest for
the cycloheptylallyl complex 2, followed by the cyclohexylallyl

0.8

ln(cO/c)

0.6

0.4

0.2

—
15000
lime [s]

— —
0 5000 10000 20000

Figure 1. Plot of In(¢,/c) against 1 for deuteromethanolysis of f-methoxy-substitut-
ed n*-allylpalladium complexes 1-5 under the same reaction conditions. The rela-
tive rates are given in Scheme 1, and k,,, values and the reaction conditions in the
Experimental Section.

complex 1. Interestingly, expansion of the seven-membered ring
by a single methylene unit leads to a drastic change in the rate
of reaction. Deuteromethanolysis of the cycloheptylallyl com-
plex 2 proceeds about 1000 times faster than for the cyclooctyl-
allyl complex 3. This remarkable decrease in the reaction rate
indicates a conformationally induced weakening of the f-sub-
stituent effect in 3. When the o-donor chloro ligands of 1 are
replaced by r-acceptor triphenylphosphine ligands (4a) the re-
action rate decreases significantly. Furthermore, when ligand
exchange is accompanied by a change of the trans configuration
of the methoxy group to a cis configuration (4b), the reaction
rate is reduced by more than two orders of magnitude. In 5 the
methoxy group is attached to a secondary carbon atom (C4), as
in the cyclic complexes 1-4. However, in 5 the allylic function-
ality has a syn configuration,??! and free rotation about the
C3-C4bond is possible. Because of these differences, the cyclo-
hexylallyl complex 1 reacts more than 20 times faster than 5.

In summary, the experimental results show that the reaction
rates are decreased by 1) substantial changes in the ring confor-
mation, 2} replacement of the o-donor ligands by n-acceptors
and 3) changing the anti configuration of the substituent to a
svn conliguration.

Theoretical Results and Discussion
Computational Methods: The geometries of 6-14 were opti-

mized by employing a Beck™’! type three-parameter density
functional model B3PW91. This so-called hybrid functional
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includes the exact (Hartree—Fock) exchange based on Kohn—
Sham orbitals,'*®! as well as the gradient-corrected exchange
functional of Becke!**! and the more recent corrclation func-
tional of Perdew and Wang.!>®! All calculations were carried out
by using a double-{(DZ)+ P basis set constructed from the
LANL2DZ basis,’®! 733 which includes relativistic effective
core potentials for palladium, by adding one set of d polariza-
tion functions to the heavy atoms and a diffuse d function to
palladium.1>*-33) The charges were calculated by the Natural
Bond Orbital (NBO) analysis of Wienhold and co-work-
ers.[5- 37 The theoretical calculations were performed by using
the Gaussian 94 program package.>8!

The B3PW91/LANL2DZ+P geometrical parameters,
C-0O force constants’®®! and NBO charges on the methoxy
group of 614 calculated in this work are given in Figures 2-4.
Structures 6- 10 are derived from the corresponding experimen-
tally investigated #>-allylpalladium species 1-5. Thus, the cal-
culations were performed for monomers 6—8 and 10 instead of
the dimeric chloro complexes 1-3 and 5. This is not a serious
simplification, since it has been shown that the structures and
properties of monomeric and chloro-bridged *-allylpalladium
complexes are very similar.[%%-¢'1 The triphenylphosphine com-
plexes 4 were approximated by the phosphine complexes 9.
Since phosphine is a fairly strong m-acceptor but a less effective
o-donor than the usual alkyl- or arylphosphines,'®2 ~®* approx-
imation of PPh, with PH; may lead to an underestimation of the
c-donor properties of the ancillary ligand in 9. The C-0O bond
strengths are characterised by their stretching force constants
k_o, which correlate well with the strength of the f-substituent
effect.l?°T However, it should also be noted that the dissociation
energy of the C—O bonds is only indirectly rclated to the k. _
values.

Effects of the Substituent Conformation: The rotational poten-
tial of 11a as a function of the Pd-C 3-C4-0 dihedral angle 7 is
shown in Figure 5. This potential shows a deep minimum at
1737 in the region of 120 <t < 300°, which is conceivable for the
p-methoxy substituents in cyclic systems. The C4-O bond
strength is also a function of © (Figure 6): this bond is weakest
around 173° and strongest at 270° (—90%). As has been
shown,'?*! variation of the C4~0 bond strength on changing t
is a characteristic feature of the f-substituent effect. In an-
tiperiplanar conformation, such as in 11a, the palladium—allyl
bonding orbital (d,) and a lone-pair orbital of palladium (n,) are
properly positioned for interaction with the o*(C—0O) orbital of
the f-substituent (Scheme 4). Charge transfer from the occu-
pied d, and n, orbitals to the antibonding 6*(C-O) orbital leads
to weakening of the C~O bond. In 11b (z = — 90°). howcver,
d,, ny and o*(C-0) are orthogonal (Scheme 4) and the con-
jugative interactions are shut off, which strengthens the C-0O
bond (Figure 3).16°]

The curves in Figures 5 and 6 potentials are very similar to
those obtained for the chloro-substituted species;?%) this indi-
cates that the conjugative interactions in f[-methoxy- and
p-chioroallylpalladium complexes have the same character. It
should also be noted that the MP2 and B3PW 91 geometries
(Figure 3) of 1la and 11b are very similar, and that the
MP4SDQ relative energy of 11a (6.7 kcalmol ™ !) is very close
to the corresponding B3PW91 value (6.1 kcalmol™!). This
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Figure 2. BAPW91/LANL 2DZ + P energics, geometries and C - O loree constants
ol 6 10 (energies in kealmol ', bond lengths in A, angles in deg., force constants
in mdynA ') r denotes the Pd-C 3-C4-O dihedral an gle: ki o values are calculated
at the BAPW91/LANDZ2+ P level and scaled by 0,96 [59].
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Figure 3. Structures of model systems 11-12 (for computational details see
the caption for Figure2). The MP2 geometrical parameters [29] are given in
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Figure 4. Protonated model systems 13— 14. (for computational details see the cap-
tion for Figure 2).

agreement is, however, not surprising, since it has been shown
that the hybrid functional methods perform very well for sec-
ond-row transition metals and closely approach the accuracy of
the advanced ab initio methods, such as MP2-4, QCISD and
CCSD.[e6 68
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Figure 5. Rotation potential of 11a. Energy values are obtained by freezing the
Pd-C 3-C 4-O dihedral angle 7 to different values and reoptimizing all other geomet-
rical parameters at the B3PW91/LANL2DZ+P level.
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Figure 6. Stretching force constant k., of 11a as a function of z. The ¢ dihedral
angles of the corresponding cyclic complexes are indicated by arrows.
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Scheme 4. Interactions of the palladium —allyl bonding orbital (d,) and a lone-pair
orbital of palladium (n,) with the o*(C- O) orbital in 11a and 11b.

Effects of the Ring Conformation: Because of the allyl-metal
interactions!3%-5%) the C1-C4 fragment is confined to a rigid
conformation in 68, which considerably reduces the ring flex-
ibility and the number of possible conformers.
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Six-Membered Ring: In accordance with the previous X-ray
studies on cyclohexylallyl complexes,'’% two conformers were
found for the trans-methoxy-substituted species, namely, 6a
and 6b. These have the same energy (Figure 2), and hence the
two forms are equally populated at room temperature. In 6a
and 6b the methoxy functionalities are biased towards confor-
mations which are favoured by the f-substituent effect. In 6a ¢
(159°) deviates by only 14° from the optimal value for conjuga-
tive interactions (173°, 11a), and, accordingly, the C—-O bond is
considerably weakened and lengthened. Weakening of the C—O
bond is also reflected by its low stretching force constant in 6a
(4.44 mdyn A1), which is 20% smaller than the C—O force
constant in dimethyl ether (kc_, = 5.54 mdynA ™', B3PW 91/
LANL2DZ+P). This also explains the rapid replacement of
the OCH,; group in the corresponding complex 1 (Scheme 1).
Contrary to the rrans substitutents in 6a and 6b, the cis sub-
stituents in 6¢ and 6d are less available for conjugative interac-
tions, since 7 in these complexes is 262 and 312°, respectively
(Figure 6).

Seven-Membered Ring: Two conformers (7a and 7b) were ob-
tained for the cycloheptylallyl complex, with the same total
energy, within 0.1 kcalmol ™ ?, suggesting that the two forms are
about equally populated at room temperature. The geometries
of 7a and 7b are similar to that of the X-ray structure of a
cycloheptyallylpalladium analogue reported by Bjoérkman and
Bickvall.l”!1 The structure of 7a is especially interesting as here
7 (169°) deviates by only 4° from the dihedral angle (173°) that
is optimal for conjugative interactions. Consequently, the C-0O
bond is even longer and weaker in 7 a than in 6a. Thus, the very
fast deuteromethanolysis of 2 can be explained by the fact that
in one of its equally populated conformers, the dihedral angle ©
closely approaches the value that is optimal for the f-substituent
effect, which provides powerful anchimeric assistance in the
C-0 bond-breaking process.

Fight-Membered Ring: Expansion of the seven-membered ring
by a CH, unit leads to considerable changes in the ring geometry
and the conformation of the f-substituent. Four forms with
rather different stabilities were found for the cyclooctylallyl pal-
ladium complex (8a—d). The side view of the complexes in
Scheme 5 shows that the two basic conformers 8a and 8d bear
a resemblance to the boat (6b) and chair (6a) forms of the
cyclohexyl complexes, respectively. The lower relative stability
of 8d arises from a nonbonding strain between the palladium
atom and the cis-H atoms of C5 and C7, as well as from a
diaxial strain between the methoxy group and trans-H6 and
HE& atoms. Since the
Pd—-H5(cis) and Pd-
H7(cis) distances are
about 2.7 A, which is

T considerably  shorter

) \ 2o 5 than the sum of the van

F der Waals radii!’2- 73 of

CIr the palladium and hy-

cl drogen atoms (3.5 A),

8a 8d the repulsive interac-
Scheme 5. Side views of the conformers 8a tions between the metal

and 8d. atom and cis-H atoms
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are quite strong in 8d. In intermediate structures 8b and 8¢ this
strain is partially relieved, but the diaxial strain is retained in 8b
and even increased in 8¢, so that 8¢ is less stable than 8a and 8b.
Conformer 8a is the most stable, and, accordingly the most
highly populated form. The dihedral angle 7 is 242" in 8a, which
deviates by 69° from the value (173°) that is optimal for S-sub-
stituent effects (Figure 6). Consequently, the C-O bond in 8ais
stronger than the C-O bond in any other rrans-ff-substituted
cyclic chloro complexes. In contrast to 8a, the conformation of
the methoxy group (r =165.3°) in 8¢ is favoured by the S-sub-
stituent effect; however, this conformer is thermodynamically
much less stable than the 8a and 8b forms.

Since the f-substituent effects are weak in the thermodynam-
ically stable conformers 8a and 8b, the anchimeric assistance to
cleavage of the C4—0 bond is also rather weak. To enhance the
conjugative interactions between Pd and C4-0, 8a and 8b have
to be converted to the 8¢ form before C~O bond cleavage takes
place. Accordingly, the deuteromethanolysis of 3 is much slower
than that of 1 and 2 (Figure 1), in which strong f-substituent
interactions are present even in the thermodynamically most
stable conformers (6a.b and 7a,b).

Apparently, variation of the strength of the f-substituent ef-
fect in 6, 7 and 8 is a result of the simultaneous action of steric
and stereoelectronic effects. Such conformationally induced or
inhibited stereoelectronic effects are of great importance in de-
termining the selectivity in allylpalladium chemistry.

Ligand Effects: Since m-acceptor phosphine ligands are often
used to activate #>-allylpalladium complexes toward nucle-
ophilic attack,t' ~3-3%1 the influence of these ligands on the fi-
substituent effect is especially important. The trans-B-substitut-
ed complexes 9a and 9b are very close in cnergy. The ring
geometry and the value of the dihedral angle in 9a and 9b are
very similar to the corresponding parameters in the chloro com-
plexes 6a and 6b. Accordingly, the change in the C—O bonding
can be attributed to the markedly different electronic effects of
the phosphine and chloro ligands. As one goes from 6a to 9a the
C-0 bond is shortened by 0.03 A and k._,, is increased by
15%, which indicates a considerable reduction of the f-sub-
stituent effect. Replacement of the o-donor chloro ligand with
a m-acceptor phosphine ligand results in charge transfer from
the metal to PH; by back-donation, which leads to orbital con-
traction and, therefore, lowering of the n, level (Scheme 4).
Decreasing the energy of ny causes the energy gap between n,
and o*(C-0) to increase, which leads to weakening of the or-
bital interactions.!**!

In contrast to cis-substituted chloro complexes 6¢ and 6d,
phosphine complexes 9¢ and 9d are somewhat more stable than
the trans-substituted analogues. This difference can be ascribed
to two important effects: 1) decline of the f-substituent effect in
trans-substituted phosphine complexes, and 2) the nonbonding
strain between palladium and ¢is-H’s or a cis-substituent is
weaker in a phosphine complex than in a chloro complex, since
the Pd —allyl distances are longer by 0.06-0.10 A in a phosphine
complex than in a chloro complex. The C-O bonds of the
cis-p-substituted phosphine complexes (9¢, d) are even stronger
than those of the trans-f-substituted analogues (9a,b).

The slower deuteromethanolysis of 4a compared to 1 can
certainly be explained by the decrease in the f-substituent effect
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caused by replacement of the g-donor chloride ligand by the
n-acceptor triphenylphosphine. On the other hand, the C-O
bond in 9bis about as strong as in 8a, and the deuteromethanol-
ysis of the corresponding species 4a is 15 times faster than that
of 3. This discrepancy is due to the fact that under the experi-
mental conditions the f-substituent effect in 4 is somewhat
stronger than in the corresponding model compounds 9a—d.
The PH; ligand is a much weaker o-donor than the alkyl- or
arylphosphines,[®27%4 and, since the strength of the B-sub-
stituent effect is directly proportional to the o-donor ability of
the ancillary ligand,1?*! the influence of the S-substituent effect
on the structure of 4a,b is stronger than on the structure of
9a-d. Furthermore, protonation of the methoxy group (vide
infra) amplifies the f-substituent effect in 4a Lo a considerably
larger extent than in 3, since in the cyclohexylallyl complex 4a
the stereoelectronic requirements of the Pd—C4-O(Me) interac-
tions are satisfied, even in the thermodynamically most stablc
conformers (9a,b).

Effects of Configuration and Free Rotation about the C3-C4
Bond: Three conformers were found for the acyclic complex 10,
in which the -functionality is in a syn configuration. The f$-sub-
stituent effect is much stronger in 10 a than in the thermodynam-
ically more stable conformer 10b. Thermodynamic stabilization
by the p-substituent effect is about 40% lower in a syn than in
an anti configuration.’**! Furthermore, the steric repulsion be-
tween the 4-Me group and Pd is stronger than between 4-OMe
and Pd, and this leads to larger steric strain in 10a than in 10b.
Accordingly, 10a will be less populated than 10b, and C-O
bond cleavage has to be preceded by conversion of 10b to 10a.
Therefore deuteromethanolysis of 5 is slower than that of ¢cyclic
species 1 and 2.

The third conformer 10¢ is much less stable than 10a and
10b, and it probably does not exist under standard conditions.
However, it shows an interesting structural feature: the unusual-
ly long C4-H4 bond (1.113 A), which can be ascribed to the
conjugative interactions between the C4—H 4 bond and palladi-
um. This is also an cxample of the participation of a C—H bond
in f-interactions,’?°! and shows that methy!l and alkyl groups
may cxcrt significant electronic effects in n*-allylpalladium com-
plexes.

Charge distribution: The negative charge on the methoxy group
Gome 18 also directly proportional to the strength of the fi-sub-
stituent effect (Figures 2—3). As one goes from strongly inter-
acting cyclic complexes 6a,b and 7a,b to weakly interacting
ones 9a—d, the charge on the methoxy group decreases by about
0.07 electrons. Since in trans-f-methoxy complexes, in which ¢
is closc 1o 180°, the C—0O bond is parallel with the direction of
the external nucleophilic attack, charge accumulation on the
OMe substituent generates repulsive electrostatic interactions
with the electron-rich nucleophile. These repulsive interactions
arc weaker when the more remote (less substituted) allylic termi-
nus is attacked, which also increases the regioselectivity of the
nucleophilic attack.

Solvent effects: Two important structural factors are expected to
influence the effects of the medium on the stability of the various
conformers: 1) charge accumulation on the OMe group, and
2) availability of the OMe group for the solvent molecules. In
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order to estimate the solvent effects on the conformational ener-
gies, solvation energy corrected relative energics (AE,,,,) were
calculated for selected species (6a—d and 8a-d) by using the
Onsager model within the self-consistent reaction field (SCRF)
theory!™ 7% assuming a continuous dielectric medium of
¢ =33.6.7%1 According to the SCRF/HF/LANL2DZ+P sin-
gle-point  calculations!”” on the gas-phase B3PW91/
LANL2DZ+P geometries, solvation slightly stabilises the
trans complex 6a (AE,,, = 0,0.7,2.6,3.3 kcalmol ™! for 6a—d),
in which the OMe group bears a higher negative charge than in
any other form. However, in the case of the cyclooctylallyl com-
plexes, solvation stabilises 8a to a larger extent than the other
three conformers (AE,,,, = 0, 3.4,3.1,4.6 kcalmol ™! for 8a-d),
since in 8b—d the effective solvation of the OMe group is hin-
dered by the close contact between the oxygen atom and the
axial hydrogen atoms (vide supra).

Protonation of the Methoxy Groups: Replacement of the OCH,
group with a OCD, group in 1-5 requires acid catalysis. Proto-
nation of the oxygen atom decreases the energy of the o*(C-0)
MO, thereby amplifying the S-substituent effect. In the case of
the chloro complexes the S-substituent effect become so strong
that an O-protonated complex such as 13 decomposes without
an activation barrier to (n*-diene)palladium dichloride and
MeOH, which, of course, severely hampers both the experimen-
tal and theoretical investigation of such species. Decomposition
of 13 (Figure 4) is hindered by freezing the C4-0O bond at
1.433 A, which is the C4-0O bond length in the unprotonated
complex 11a. Comparison of 13 and 11a reveals some typical
structural changes caused by the increased f-substituent effect:
1) shortening of the Pd—C4 bond by 0.16 A, 2) asymmetrisation
of the Pd—-C, bonds and 3) shortening of the C3-C4 bond.
Nevertheless, the conformation of the complex remains practi-
cally unchanged (r =173° in 11a and 1727 in 13), which shows
that the antiperiplanar conformation is favoured by the S-sub-
stituent effect in both the parent and the O-protonated species.

In contrast to the chloro complex 13, the O-protonated phos-
phine complex 14a represents a minimum on the potential ener-
gy surfacc. While the f-substituent effects are very weak in the
unprotonated form 12a, the conjugative interactions between
Pd and the f-substituent are relatively strong in 14a. When the
CH,OMe group of 12a1s rotated to t = 270° (12b) the complex
is stabilised because the steric strains are relieved.!?®) However,
the same process destabilises the protonated species
(14a —»14b). Furthermore, the C—O bond in 12a is about as
strong as in 12b, while in case of the protonated species
ke_o increases by 42% from 14a (2.78 mdynA ') to 14b
(3.95 mdynA~"). Similar effects will apply for the cyclic ana-
logues 9a—d. The protonation of the OMe group increases the
fi-substituent effect in 9a and 9b (where the conformation is
favourable for conjugative interactions) to a much larger extent
than in 9¢ and 9d; this explains the large difference in the
reactivity of 4a and 4b.

Further Allylpalladium Species

Detection of the f-Substituent Effect: Since the electronic inter-
actions between f-substituents and palladium strongly influence
the regio- and chemoselectivity of synthetically important trans-
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formations, quantitative information on the strength of these
interactions is very useful for the development of selective
palladium-catalysed preparative procedures. The above study
demonstrates that measurement of the rate of deuteromethanol-
ysis provides a simple method for determining the f-substituent
effect in u3-allylpalladium complexes. The kinetic measure-
ments can be carried out on a standard NMR spectrometer
with relatively inexpensive chemicals (10—15 mg of complex,
0.4 mL of CDCl;, 0.3 mL of CD,OD and a trace of D,SO,;
vide infra).

Considering the previoust??3¢37-391 and present results it
can be concluded that if the rate of deuteromethanolysis (under
the described experimental conditions) is as slow or slower than
the rate obtained for 3 and 4b, the f-substituent effects are so
weak that they are not able to control the regioselectivity of
nucleophilic attack (cf. Scheme 2, bottom). Reaction rates
much slower than those obtained for 3 or 4b can be measured
by adding more D,SO, to the reaction mixture, but, in this case,
the new system has to be calibrated by means of one of the
investigated complexes (e.g. 3). However, often a simple quali-
tative result, such as a very slow rate, can be informative in itself.

The experimental detection of the f-substituent effect can be
easily extended to other allylpalladium complexes with alkoxyl,
hydroxyl, or acetoxyl groups with only a slight variation of the
reaction conditions.

Chemoselectivity in 1,4-oxidation of Conjugated Dienes:
Bickvall and co-workers have shown that for certain nucleo-
phile combinations, the 1,4-oxidation of conjugated dienes can
be carried out with high chemosclectivity.*$:3%1 Accordingly,
starting from a symmetrical diene and two different nucleo-
philes (e.g., Nu1~ = OAc™, Nu2™ = C|7) one of the three pos-
sible products is formed selectively (Scheme 2, top). This type of
selectivity can be explained by variation of the strength of the
B-effect with the substituent (Nu1 or Nu2) in the n*-allylpalla-
dium intermediate. A substituent engaged in a strong conjuga-
tive interaction with palladium (e.g. Nul = Cl) generales a
complex that is kinetically unstable because of a weak C4—Nu
bond. This complex decomposes before attack by another nu-
cleophile takes place. However, when the C4-Nu bond is
relatively strong, because of a weakening of the f-substituent
effect (e.g. Nu1 = OAc), the n*-allylpalladium intermediate will
be stable, and it will be attacked by the available stronger nu-
cleophile.

This study provides an analysis of the -substituent effect in
realistic allylpalladium complexes and, therefore, can help to
find new nucleophile pairs that are suitable for a chemoselective
1,4-oxidation reaction. A high chemoselectivity is expected un-
der the following reaction conditions:

1) Cyclohexadiene or cycloheptadicne derivatives are used as
the diene component, since the S-substituent conformation
in these complexes is strongly favoured by the conjugative
interactions.

2) The weaker nucleophile is able to form a less polar C4-Nu
bond to provide a kinetically stable #3-allylpalladium inter-
mediate.

3) Proton catalysis can be applied to amplify the -substituent
effect, and, accordingly, to increase the difference in the
kinetic stability of the #*-allylpalladium intermediates.

Chen. Eur. J. 1997, 3, No. 4
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Regioselectivity of Nucleophilic Attack: It was shown above that
steric interactions which displace the Pd—C3 and C4-0 bonds
from an antiperiplanar conformation considerably decrease the
strength of the fS-substituent effect. For less polar f-sub-
stituents, such as hydrogen and alkyl groups!®! (¢f. 10¢), small
deviations from the favoured antiperiplanar conformation can
completely eliminate the S-substituent effect, which can lead to
lowering of the regiopreference of the nucleophilic attack. This
effect can be a very important factor for the regioselectivity in
asymmetric catalysis, where very often only weakly conjugaling
B-alkyl substituents are present in the allylpalladium intermedi-
ates. The synthetic value of such a catalytic transformation is
equally dependent on the degree of the enantio- and regioselec-
tivity. However, high enantiosclectivity can be accompanied by
poor regioselectivity.'* 78! According to Consiglio and Way-
mouth,!'*“One of the more severe limitations hindering further
development of (enantioselective) allylic substitution reactions
is regiocontrol in the nucleophilic attack™. The asymmetric in-
duction is usually provided by a bulky chiral ligand on palladi-
um, which is also allowed to interact with the allylic f-sub-
stituents. However, when the S-substituent is displaced {rom the
antiperiplanar gcometry, the f-substituent effect, and thus also
the regioselectivity, will considerably decrease. Analogous steri-
cally and conformationally induced reductions in the f-sub-
stituent effect are discussed for 8a and 10b. Clearly, steric inter-
actions with conjugated fS-substituents have to be carefully
considered in the design of chiral ligands if a high degree of
regioselectivity is also desired.

Conclusions

This study provides the first example of a systematic experimen-
tal investigation of the B-substituent effect in #>-allylpalladium
complexes. The experimental method, which is based on the
deuteromethanolysis of f-methoxy-substituted complexes, is
simple and inexpensive, and with slight modification it could be
applied to a wide range of #>-allylpalladium complexes. By mea-
surement of the strength of the f-substituent effect, reliable
predictions can be made for the regio- and chemoselectivity of
nucleophilic attack in allylic substitution and 1,4-oxidation of
conjugated dicnes.

The theoretical studies have shown that a six- and a seven-
membered ring framework provide a frans-f-substituent con-
formation (6a,b and 7a,b) that is particularly favoured by the
B-substituent effect. On the other hand, in the thermodynami-
cally stable forms of the cyclooctylallyl complex (8a.b) the
trans-p-substituent conformation is not optimal for conjugative
interactions, and this leads to a weaker f-substituent effect.
Similarly, the cis-f-substituent geometry (6¢,d and 9¢,d) and an
acyclic framework (10a,b) are typical structural factors which
Jead to weakening of the interactions between a polar f-sub-
stituent and palladium. Ancillary ligands with a pronounced
n-acceptor character also reduce the strength of the interactions,
even in cases where the stereoelectronic requirements of the
f-substituent effect are satisfied (9a,b). Protonation of the
methoxy substituent can dramatically increase the strength of
the f-substituent effect, regardless of the o-donor and n-accep-
tor nature of the ancillary ligands.
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Experimental Section

The preparation and characterization of complexes 1 -5 is given in the liter-
ature.[22:32.34.35.45.791 A1l complexes were carefully purified by chro-
mathography or recrystallization. The c¢is and trans isomers of the
triphenylphosphine complexes 4a and 4b could not be separated; therefore,
the isomer mixture was used in the kinetic measurements. The reactions were
studied on a Varian Unity 400 NMR spectrometer operating at 400 MHz for
"H NMR spectra. The appropriate complex (0.02 mmol) was dissolved in a
mixture of CDCl, (0.4 mL) and CD;OD (0.2 mL) in an NMR tube. To this
mixture 0.100 mL of stock solution was added by syringe. The stock solution
was prepared from CD,0D (5 mL) and 98% D,SO, in D,0 (0.092 g). At
appropriate intervals 'H NMR spectra were recorded in arrayed-experiment
mode at 25.0"C. The &, values for the disappearance ol the substrates were
calculated from integrals of the OCH, peaks versus time by means of regres-
sion analysis. The measured absolute k. values are: 6.61x 1074 (1),
2.63x107% (2), 2.97x107% (3), 440x107° (4a), 5.77x10°¢ (4b),
2.99x 1072571 (5).
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Homoleptic Cuprates(ir) with Multiply Deprotonated «-Cyclodextrin Ligands**

Peter Kliifers,* Holger Piotrowski and Jiirgen Uhlendorf

Abstract: In the presence of cupric ions,
a-cyclodextrin (o-CD) is multiply depro-
tonated in alkaline aqueous solution.
With lithium or sodium as the counteri-
ons, trinuclear sandwich-type cuprate
ions of the formula [Cu,(z-CDH_,),]®~
are formed (1 and 2), whereas dinuclear

the form of the potassium (3a) and the
rubidium salts (3b). The structures of
the cyclodextrinatocuprate ions resemble

Keywords
copper - cuprates - cyclodextrins -
structure elucidation

cylinders, since the usual conical shape of
a cyclodextrin is altered due to the forma-
tion of shorter hydrogen bonds on the
02/03 rim of the a-cyclodextrin torus.
Despite anion formation, the cavity of the
cyclodextrin is still hydrophobic, giving
rise to the intercalation of acetone guests

[Cu,(«-CDH_,),)*” ions are isolated in

Introduction

Stable bis(diolato(2 —))cuprates(1l) may be synthesized in
aqueous alkaline solution from a cupric salt and a simple diol as
well as a suitable, that is, non-reducing, carbohydrate (deriva-
tive). Bis(diolato)cuprates are thermodynamically stable;[!
moreover, they are accessible from both 1,2-121 and 1,3-diols.!!
Polyols with three or more hydroxy groups arranged in a suit-
able configuration (*‘higher polyols’) exhibit an even more com-
plicated coordination chemistry.!*! Obviously, the most impor-
tant individual factor that may interfere with the deprotonation
of the diol functions and hence the complexation of metal ions
with higher polyols is the potential formation of intramolecular
hydrogen bonds in the deprotonated polyolato ligand.!!

An understanding of the rules governing the particular depro-
tonation and complexation pattern exhibited by a polyfunction-
al polyol is of technical interest: the polysaccharide cellulose
acts as a polymeric ligand in the so-called “Normann’s com-
pound” (sodium cupric cellulose), which is a key intermediate in
the alkaline variant of the cuprammonium process used for the
fabrication of cellulosic dialysis membranes used in uremia ther-
apy.I%! Starting with a solution of cellulose in Schweizer’s
reagent (cupric hydroxide in aqueous ammonia), in which sin-
gle-stranded cellulose is bound to ammine copper units, Nor-
mann’s compound is precipitated by wet spinning with aqueous
sodium hydroxide as the precipitating liquid. Elemental
analysis of the blue films gives the approximate formula
Na,[Cu(GlecH _,),] (Glec=p-1,4-linked p-anhydroglucose unit

[*] Prof. Dr. P. Kliifers, Dipl.- Chem. H. Piotrowski, Dr. J. Uhlendorf
Institut fiir Anorganische Chemie der Umniversitit
Engesserstr., Gebdude 30.45, D-76128 Karlsruhe (Germany)
Fax: Int. Code +(721)608-2135
e-mail: kiuefers(@ achibm2.chemie.uni-karlsruhe.de
[**] Polyol Metal Complexes, Part 22. Part 21: . Burger, P. Kliifers, Angew. Chem.
Int. Ed. Engl. 1997, 36, Issue 7.

Chem. Eur. J. 1997, 3. No. 4
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in 2 and 3.

of cellulose) for the anhydrous material.”? However, the struc-
ture of this polysaccharide—metal complex is still unknown. The
investigation of oligosaccharide—metal complexes may be a
promising approach to perceive structural principles, but even
these low-molecular compounds have not yet been crystal-
lized.[® However, this does not apply with a cyclodextrin as the
oligosaccharide component. The substantially greater tendency
of cyclodextrins towards crystallization is retained when they
act as ligands in a cupric complex. The very first cyclodextrin—
metal complex described was in fact a cuprate.'”? With this
work, we submit a more comprehensive study of cyclodextrina-
tocuprates, which contributes to the knowledge of the compet-
ing factors in oligosaccharide metalate formation. The com-
pounds in question are composed of pairs of deprotonated
o-cyclodextrin (x-CD) rings, which enclose cupric ions in a
sandwich-type manner. However, in Li,[Li;Cu,(a-CDH _¢),]
‘41 H,0 (1), Na,[Na;Cu,(a-CDH _),]-acetone-32 H,0 (2) and
A, [Cu,(0-CDH _,)]-x H,0-2 acetone (3a, A = K, x = 23) (3b,
A = Rb, x = 21), the number of cupric ions complexed is less
than the number of bisdiol moieties available, which indicates
that the rules of complex formation are more complicated than
those for a simple monosaccharide ligand.

Experimental Procedure

Dark blue crysials of the title compounds were preparcd by the reaction of
a-cyclodextrin (1.946 g, 2 mmol), cupric nitrate trihydrate (0.725 g, 3 mmol)
and the required quantity of a stock solution of the respective alkali hydrox-
ide (12 mmol LiOH or NaOH, or 8 mmol KOH or RbOH) in 20 mL water.
On diffusion of acetone vapour crystallization takes place within a few days.

Suitable crystals were investigated with the Stoe Imaging Plate Diffraction
System (Moy,. 4 =71.069 pm). The structures were solved, refined, analyzed
and depicted with the programs SHELXS, SHELXL, PLATON and
SCHAKAL. R values arc defined by R(F)=YA,/3|F] with A =
E| — ||, wR(F?) = [SOvA3)/Sw(F2)?} 12 with A, = |2 ~ F2|, weights
being defined by w™* = 6%(F2) +(xP)? +yP; 3P = max(F2,0) +2F. The
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Table 1. Crystal structure data of 1-3 [a].

1

3a

3b

formula
water content; guest molecules
M, (gmol 1)

crysml SySIC]T‘l; class

space group

a (pm)

A (pm)

«{pm)

B

¥ (10°pm3); Z

Pene fgem ™3 g (mm 1)
crystal size (mm)

T(K)

crystal-to-plate distance (mm)
¢ range (). increment
exposure (min)

no. refls for unit cell let

20 range ()

refls coliected

unique refls

Ria:

mean a(/)/1

observed refls 1= 20())
parameters; restraints

swR(F?)

R(F)
S
max shift/error
[Ap e (10" cpm %)
x. y weighting
absolute structute [b]

ohs

Co:H,05Cu3 L1040
40.9(6) = 25.4%
2902.722
monoclinic; 2-C,
P2,

1718.2(3)
5188.7(5)
1720.7(2)
116.285(11)
13755(3); 4
1.4017(3); 0.579
0.10x0.10x0.07
293(3)

100

0-99.2:04

6

1113

3-42

35472

21331

0.0814

0.0675

20024

1485:1

0.2271

0.1022

1.077

0.001

1.334

0.1658, 114.1341
0.07(2)

C;2H 0sCu;Na, 040
31.9(4) =199%: 1C;H,0
7894.958

monoclinic; 2-C,

CoaHy12Cu KO0

23.0(3) =15.1%:2C,H,O
2751.642

orthorhombic; 222-D,

C72H,1,CuRb, O
21.4(2) =133%:2C,H, O
2908.296

orthorhombic; 222-D,

P2, P2,2,2, P2,2,2,
1633.1(2) 1611.9(2) 1608.1(2)
3386.2(4) 2712.8(5) 2717.2(3)
2500.9(3) 2804.8 (16) 2801.2(3)
105.520(10) 90 90
13326(3); 4 12265(8): 4 12240(2): 4

1.4430(3): 0.605
0.20x0.20 x0.20

1.4902(10); 0.595
0.20 x 0.20x 0.10

1.5782(3); 2.041
0.23x0.12x0.08

190(3) 190(3) 220(3)

100 90 80

0 106.4; 0.4 0-140; 1.0 0-105.6: 0.4
8 4 8

464 1269 553

642 6 42 3-42

29602 38491 29120

17145 13103 12001

0.0641 0.0332 0.0590
0.0851 0.0252 0.0556
13095 12295 10381

1469; 1 729 730: 1
0.2567 0.2016 0.2101
0.0907 0.0718 0.0770

1.063 1.037 1.014

0.001 0.001 0.001

1.122 2.000 1.231
0.1369; 97.1907 0.1258; 53.1570 0.1334, 555472
—0.01(2) 0.01(2) 0.038(12)

[a] C-bonded H atoms fixed (C- H = 96 pm), one common U, . [b] H. D. Flack, Acta Crystallogr. Sect. A 1983, 39, 876-881.

“goodness of fit” is defined by S = {Z(wA /Ny — Npgramerers)] - Crystal-
lographic parameters are given in Table 111!

Throughout the text, standard deviations of the last digit from X-ray refine-
ment are given in brackets; mean values are given as a numerical value +
standard deviation of the mean. The water content given in Table 1 is the sum
of the population parameters of the oxygen atoms that have been assigned as
water molecules; the standard deviation of the water content given is the sum
of the standard deviations of the population parameters less than 1 of these
water positions. With the exception of the packing diagrams (Figures S and
6), all figures are drawn on the same scale. Atoms of the cyclodextrin rings
are numbered in the form C307 or O 512. Here, the first numeral refers to the
usual numbering of hexose atoms (Scheme 1), while the following two digits
represent the number of the anhydroglucose unit as specified in Schemes 2-4.

i

Scheme 1. Encoding of the structure of an anhydroglucose unit of a-cyclodextrin
and 1ts locus of deprotonation as used in Schemes 2 4.

To avoid confusion, throughout the text the term “donor™ is used in equiva-
lence to “hydrogen-bond donor group”, though an electron-pair donor atom
in a coordinative bond is termed “ligator™ for short.

Results

Cuprate(11) solutions with x-cyclodextrin: Aqueous solutions of
a-cyclodextrin containing a threefold molar quantity of cupric
nitrate reacted with excess alkali hydroxide to yield both a deep

602 — @ VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

blue cuprate{m) solution and a precipitate of cupric hydroxide.
The amount of dissolved copper was determined from the mass
of the precipitate. With the hydroxides of lithium, sodium and
potassium, a constant amount of 1.5 mol dissolved Cu” per
mole of a~cyclodextrin resulted, that is, trinuclear double tori of
the formula [Cu,(e~-CDH _,),]° ", which constitute the crystal
structures of 1 and 2, appear to be the main constituents of all
of the aqueous alkaline copper-saturated o-cyclodextrin solu-
tions investigated. On diffusion of acetone vapour into the mix-
tures, blue crystals of 1 and 2 formed from the respective solu-
tions, whereas this method failed for the preparation of crystals
from solutions containing potassium.

Solutions with a 1:1 ratio of copper and a-cyclodextrin, that
is, with a higher amount of saccharide, behave differently with
the three atkali hydroxides investigated. Lithium and sodium
hydroxide effected the formation of crystals of 1 and 2, respec-
tively, leaving one-third of the cyclodextrin tori uncomplexed.
On the other hand, in the presence of potassium hydroxide, blue
crystals of 3a, a cuprate(n) of lower copper content, form from
the solutions.

The cyclodextrinatocuprate cylinders: The structural description
is focussed on the interplay of three main factors contributing to
the actual structure of the cuprate entities: 1) the formation of
thermodynamically  stable  bis(diolato)cuprate(nn)  1ons,
2) counterion binding to the double tori at multidentate bind-
ing sites preferentially located at OH groups, 3) formation of
intramolecular O—H--- O~ bonds. Steric requirements of the
obviously flexible a-cyclodextrin toril!!l have not been recog-
nized as competing markedly with these energetically more sig-
nificant contributions.

0947-6539/97/0304-0602 § 17.50+ .50/0 Chem. Eur. J. 1997, 3, No. 4
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Figure 1. SCHAKAL drawing of
the structure of one of two sym-
metrically independent [Li(H,0),-
Cuy(a-CDH _¢),]?~ ions of 1; filled
circles: Cu, empty circles: Li and
H,0. Top: view almost perpendic-
ular to the cylinder axis; bottom:
view onto the Cu, plane. All the
water molecules close to the cavity
of the cylinders have been drawn;
note the coordination polyhedra of
the lithium atoms being midway
between square planar and trigonal
bipyramidal; Cu-O bonds have
been omitted from the bottom
view. Distances (pm) (cf. Scheme 2
for atom numbering): from Cul
to: 0307 192.6(10), 0301
193.3(10), 0207 195.0(9), O201
195.9(9); from Cu2 to: 0303
192.5(11), 0209 194.0(10), 0203
194.8(10), 0309 195.9(10); from
Cu3 to: 0211 193.6(12), O311
194.3(10), 0305 194.9(10), O 205
196.0(11); from Cud to: 0313
192.6(10), 0319 193.0(10), 0213
194.0(8), 0219 194.6(8); from
Cu$ to: 0315 192.9(10), 0321
194.2(9), 0215 195.3(11), 0221
196.3(11); from Cu6 to: Q317
189.0(12), 0323 190.2(10), 0223
195.2(10). 0217 196.1(10).

Tricuprate(u) ions of 1 exhibit almost perfect noncrystallo-
graphic C; symmetry (Figure 1). Both tight binding of lithium
ions and formation of the maximum number of strong, isolated
O—H--- O~ bonds (Table 2, Scheme 2) demonstrates the syn-
ergetic interconnection of the factors mentioned above in the
case of 1. Besides three bis(diolato)cuprate(1) moieties, three
tetradentate O, ligator sets are present to bind three lithium
atoms, each of which exhibits fivefold coordination owing to
bonding of water as a fifth ligand. The three lithium-bound
aqua ligands are directed towards the outside of the polyola-
tocuprate cylinders (cf. the f-cyclodextrin homologue!® with
in-torus bound aqua ligands). Becausec of the lack of further
ligands at the cupric centres, the cavities of the cylinders are free
from tightly bound solvent molecules. In addition to the well-
defined anionic [Liy(H,0);Cus(a-CDH_),]>~ subunits, the

Table 2. Hydrogen bonded O-0O distances (pm) (the assignment of letters a—d
refers to Schemes 2-4); mean values (pm): a: 262 £5(1), 272+ 13(2), 255+ 4 (3a);
b: 26946 (1). 265+8 (2). 276+ 5 (3a); mean of @ and b (O—H--- O~ bonds):
26646 (1), 268+ 11 (2). 26611 (3a); ¢: 301 £9 (3a), 300+11 (3b); d: 293 +8
(3a), 291 +7 (3b); overall mean values for 3 are listed in Table 3.

t 2 3a 3p
0202--0303 « 271(3) 255(2)  0203--0304 « 256.1(7) 256.1(12)
0204---0305 a 260(2) 269(2)  0206---0301 a 259.1(8) 2553(12)
0206 0301 a 267(3) 294(2)  O208---0307 a 2493(8) 250.2(i2)
0208---0307 @ 266(2) 263(2)  O211---0310 a 256.7(7) 257.6(10)
0210---0309 a 260(3) 269(3)  0302---0201 & 281.4(7) 291.4(12)
0212---0311  a 254(3) 0305---0204 b 280.8(7) 281.7(12)
0214---0315 ¢ 267(2) 265(2)  0309---0210 b 272.2(7) 273.2(11)
0216---0317 a 263(3) 267(2)  0312---0207 b 271.3(8) 268.1(12)
0218---0313 @ 256(2) 299(3)  ©O303---0309 ¢ 310.7(8) 3132(12)
0220---0319 & 260(3) 268(2)  0306---0312 ¢ 308.6(7) 308.7(10)
0222---0321 a 256(3) 267(2)  0308---0302 ¢ 290.5(8) 292.7(11)
0224---0323 a 269(3) 0311---0305 ¢ 292.7(T) 286.5(10)
0302---0201 b 267(2) 271(2)  0202---0303 d 296.1(8) 292.0(12)
0304---0203 b 264(3) 259(3)  0205---0306 d 279.8(8) 280.3(12)
0306---0205 b 276(3) 255(2)  0209---0308 d 300.6(8) 293.0(12)
0308---0209 b 272(3) 257(2)  O212---0311 d 294.6(8) 299.2(12)
0310---0211 b 274(3) 275(2)

0312---0207 b 271(3) 256(2)

0314---0213 b 272(3) 271(2)

0316---0215 b 276(3) 271(2)

0318---0217 & 264(3) 257(2)

0320---0221 b 272(3) 277(2)

0322---0223 b 269(3) 270(2)

0324---0219 b 256(3) 255(2)

position of only one further, tetrahedrally aqua-ligated, lithium
ion serving as a counterion has been resolved from the structural
analysis.

The topography of the cylindrical anions of the homologous
sodium compound 2 is closely related to that of 1. In Scheme 3,
two of the three segments rescmble the view of 1 given in
Scheme 2. C, symmetry is broken in the third segment, in which
a sodium ion has not assembled diol groups to construct a
macrocyclic-ligand-type O, ligator set. Instead, a further coun-
terion binding site is provided at a copper-coordinating alkoxo
oxygen atom at the expense of an O—H:-- O~ bond, that is, a
type of binding site common with simple polyolato metallate
structures—but unique in this investigation—is present. Fur-
thermore, the alkoxo-bound sodium ion is attached inside the
tricuprate cylinder, giving rise to intercalation of not only an
aqua ligand, accompanied by a further hydrogen-bonded water
molecule, but also of an acetone molecule. The acetone does not
act as a typical van-der-Waals-bonded guest in a cyclodextrin
cavity, but is fixed by a well-defined Na-O con-
tact (Figure 2).

The structure of the isotypic dinuclear cuprates
3a and 3b differs markedly from the cation-
tricuprate assemblies of 1 and 2 (Figure 3). In the
less deprotonated cyclodextrin ligands, besides
isolated O—H - - O~ bonds, short cooperative hy-
drogen-bond sequences can be derived from the

respective O---O distances (Table 2, Scheme 4).

Scheme 2. Cyclodextrin numbering scheme and intramolecular hydrogen bonds in the structure of
the cuprate(ur) ions in 1, depicted as arrows from donor to acceptor groups; donor-acceptor dis-

tances for a (O 2 donors) and b (O3 donors) are given in Table 2.

Chem. Eur. J. 1997, 3, No. 4
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To accomplish the specific hydrogen-bond pattern
observed, a slight counterclockwise rotation of the
uncomplexed anhydroglucose rings is required (cf.
Figure 3, top) bringing O 3 hydroxy groups of fac-
ing diol moieties into closer contact.!*? Thus, hy-
drogen bonds of type ¢ (Table 2, Scheme 4) are
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Figure 2. Compound 2. SCHA-
KAL drawing of the structure of
one of two symmetrically indepen-
dent [Cuy(x-CDH _(),]° ions in-
cluding three multidentate sodium
ions and further ligands of the lat-
ter; filled circles: Cu: empty cir-
cles: Na, H,O and acetone. Top:
view almost perpendicular to the
cylinder axis; bottom: view onto
the Cu, plane. All water and ace-
tone molecules inside the cavity
have been drawn. Note the con-
nection of the intercalaled mole-

cules to the inside-directed sodium Figure 3. SCHAKAL drawing of
ion, the remainder of the cavity the structure of the [Cu,(o-
being utterly free of further guest CDH ,),}* ™ ion of 3a; filled circles:
molecules. Distances (pm) (cf. Cu, empty circles: acctone. Top:
Schemc 3 for atom numbering): view almost perpendicular to the
from Cui to: 0201 194.0(13), cylinder axis; bottom: view onto the
0207 194.5(13), 0301 194.83(14), lzast-squares plane of the acetal oxy-
0307 198.2(14); from Cu2 to: gen atoms; the two acetone mole-
0309 189(2), 0203 192.7(15), cules depicted are the only guests in-
0209 194.3(13), 0303 196(2); side the cylinder. Distances (pm) (cf.
from Cu3 to: O311 193.6(11). Schemc4 for atom numbering):
0211196.5(11), 0205 197.3(13). from Cul to: 0307 189.6(6), 0301
0305 197.4(11); from Cu4 to: 190.1(6). 0207 194.1(6). 0201
0219 192.5(14), 0313 193.8(15), 197.2(6); from Cu2 to: 0310
0213 194.8(13), 0319 195.9(14); 191.0(5). 0304 192.6(6), 0204
from Cu5 to: 0315 1929(13), 194.0(5), 0210 194.2(5); distances
0321 194.8(13), 0215 195.4(12), (pm) for 3b: from Cul to: 0307
Q0221 195.7(15); from Cué to: 187.4(8), 0301 188.9(8), 0207
0323192.3(11), 0317 194.3(11). 193.9(8). 0201 198.3(8); from Cu?2
0217 195.3(12). 0223 196.1(11). 10: 0310 190.2(7). 0304 193.0(7),
Pyranose ring number and cone 0204 193.2(7), 0210 195.0(7). 500 pm

angle (") according to Table 3,
footnote [a]: 1 89.2, 2 85.4.3 79.0.

488.9,587.9,6854,787.0,887.3,978.2,10 81.0, 11 83.2. 12 72.7.13 87.1, 14 81.0, established at the expense of type b bond lengths, resulting in the
three-membered hydrogen-bond chains of Scheme 4 (note the
large a—b difference of 3 compared with 1 and 2,
but bear in mind the overall mean of the
O-—H--O" bond length, which is a true constant
throughout the entire series of compounds in this
work).

On the other hand, essentially the same geomet-
ric parameters are found for the dicuprate cylin-
ders of both 3a and 3b despite the higher charge
density of the potassium ions. Moreover, half of
the rubidium ions of 3b are disordered, thus fur-
ther decreasing the charge density in the vicinity of
the cuprate cylinders. Allin all it is concluded that
the influence of cuprate alkali contacts is dimin-

Scheme 3. Intramolecular hydrogen bonds and cyclodextrin numbering scheme in the siructure of X .
the cuprate(il) ions in 2, depicted as arrows from donor to acceptor groups; donor-acceptor dis- ished and the structure of the D, symmetrical an-

tances for @ (O2 donors) and b (O3 donors) are given in Table 2. ions is controlled -besides through Cu-O bond-
ing—essentially by intramolecular hydrogen
bonds. Accordingly, multidentate contacts of
counterions and individual cuprate cylinders, typi-
cal for the structures of the tricuprates, are missing
in 3. The number of contacts of each of the potas-
sium ions to an individual cuprate cylinder does
not exceed three (legend of Figure 6). As in the
case with 1 and largely with 2, all of these contacts
are of the type A---OH and no A---O~ bonds
are present.

Metrical aspects: The characteristics of an z-cy-
clodextrin ligand may be represented by specifying
Scheme 4. Intramolecular hydrogen bonds and cyclodextrin numbering scheme in the structure of

the cuprate(nn) ions in 3, depicted as arrows from donor to acceptor groups; donor-acceptor dis- 51gn1hcant geometrlcal guantmes. In Tjdbl.e 3a
tances for a—d are given in Table 2. “cone base angle” and its standard deviation is
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Table 3. Mean values and standard deviations of the mean of geometrical parameters. Positional and cell parameters for x-cyclodextrin have been taken from K. K. Chacko

and W. Saenger (cited in Figure 4).

1 2 3a 3b 2-CD-7.57H,0

H-bonded O-0 distance (pm) 266 +6 268 +11 281 +19 281 +19 298 +8

cone base angle (") [a] 88.0+1.3 84.4+4.6 87.2+£1.6 87.6+1.7 78.7+9.3
acetal bond angle (%) 1189+1.6 119.6 +£2.0 119.8+1.4 1193+1.4 118.4+0.7
pyranose puckering amplitude (pm) [b] 57.1+1.9 558423 56.0+1.6 56.1+1.9 56.1+1.0
bisdiol twist angle (°) [c] 174460 21.0+45 11.4+59 11.7+5.8

Cu-bonded diols only (%) [c] 11.8+1.7 21.6+3.9 32416 37421

non-Cu-bonded diols only (°) [c] 23.0+2.5 204+5.0 154+1.0 15.7+1.0

[a] Angle of least-squares planes defined by the pyranose ring atoms C1, C2,C3, C4, C5, 05 (plane 1) and by the acetal O atoms of the respective cyclodextrin ring (planc 2);
defining plane 2 by copper atoms results in slightly different values: 88.2+1.3 (1), 85.8+4.1 (2). [b] D. Cremer, L. A. Pople, J. Am. Chem. Soc. 1975, 97, 1354--1358; only
the puckering amplitudes are listed, since 6 < 8° for most of the pyranose rings; larger 0 values (“) have been calculated for anhydroglucose units with number: 2. ¢ = 9,5(17}.
¢ =42(10); 9, 0 =8.2(21), ¢ =89(18); 11, 0 =8.7(17), ¢ = 95(10); 18, 0 =11.4(16), ¢ = 68(7) (1); 3, 0 =14(2), ¢ = 56(9); 5, 0 =9(2), ¢p = 83(12); 8, 0 =13(2).
¢ =13(12):16, 0 =11(2), ¢ = 90(14); 21, 8 = 9(2), ¢ = 83(16) (2); 8, 0 =15.2(9), ¢ = 65(3); 11, 0 =12.7(9), 0 =T6(4) (3a); 6, 0 = 8.6(12), ¢ = 87(8); 8. 0 =12.8(13).
¢ =75(5); 11, 0 =14.2(12), ¢ =74(5) (3b). [c] The angle between the O -0 vectors of two facing diol moieties in « double torus.

introduced as a measure of the shape and regularity of a cy-
clodextrin torus. The numerical values illustrate the formation
of regular cyclodextrin cylinders (cone base angle~90°) on
complexation, which may be compared with the more conical
shape of free a-cyclodextrin in the 7.57 hydrate, which is the
polymorph with the least collapsed cyclodextrin rings (Fig-
ure 5). Hence, complexation of the rather flexible!*!! cyclodex-
trin rings obviously does not impose steric strain on the cyclic
ligand. Neither the geometry of the anhydroglucose unit nor
that of the acetal links indicates an unfavourable distortion (cf.
Table 3, entries “acetal bond angle” and “pyranose puckering
amplitude” which have been selected as being representative
variables). This holds true even for the torsion angles ¢
(04"---C1-01-C4) and ¥ (C1-01-C4---0O1"), which are
close to 180°.

Figures 1-3 qualitatively show a distinct deviation of the en-
vironment of the copper atoms from a square planar one. This
deviation may be expected, since the O2 atom of an 02/03
ligator pair is more distant from the cylinder axis than O3
(Scheme 5). Thus, fitting two cyclodextrin tori facing their O 2/
O3 rims in a double-toroidal position suitable for coordination
of metal ions, the two O2-03 vectors will enclose a “‘bisdiol
angle” (8), which may be assessed from Scheme 5 to range be-
tween 12 and 14° (neglecting interdiol hydrogen bonding which,
in the case of the a-cyclodextrin polymorphs, decreases O 2 ele-
vation; cf. Figure 4, bottom). As a result, square-planar coordi-
nation (6 = 0) will be distorted towards a tetrahedral one
(6 = 90°), and a trigonal prism formed from both a bisdiol O,
ligator set (6 = 0°) and two further ligands will be distorted
towards a cis-octahedron (6 = 60°). Fivefold coordination is
expected to be most variable, a square pyramid (6 = 0°, the O,
ligator set forming the basal square) being not too far away

from a trigonal bipyramid

02 (6 = 41.4°) in terms of &.
03 In fact, the structures of 1
and 3 exhibit the expected
features. Thus, small bisdiol
angles corresponding to
square planar coordination

o1 O1

Scheme 5. The elevation of O2 with

respect to the axis of a cyclodextrin
torus (C6 and O 6 omitted). The orien-
tation resembles the one of the lower
cyclodextrin rings in the bottom views
of Figures 1-3.
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are found at the copper site,
while larger angles are ob-
served with non-copper-
binding diol couples. In par-
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ticular the lithium ions in 1
adopt a favourable coordi-
nation midway between
square pyramidal and trigo-
nal bipyramidal coordina-
tion when including a water
molecule as a further ligand.
In 2, all bisdiol angles arc Z
uniformly larger, ranging
around 20° for both cupric
and sodium binding sites.
Examination of the individ-
ual angles reveals no signifi-
cant difference between the
angles next to the in-cylinder
sodium atom and those in
the vicinity of the out-of-
cylinder ones. Thus, in terms
of the bisdiol angle, 2 does
not adopt a 1-type structure
with an irregularity at only
one particular sodium site.
Furthermore, each of the
cyclodextrin-bound sodium
ions try to attain a fa-
vourable octahedral coordi-
nation.

| USSR DRSS NS N E—
500 pm

Figure 4. SCHAKAL drawing show-
ing the conical shape of the «-cyclodex-
trin torus in the 7.57 hydrate polymor-
ph (cf. the cyclodextrin cylinders in the
cuprates); water molecules have been
omitted; positional and cell parameters
have been taken from K. K. Chacke
and W. Saenger. J. Am. Chem. Soc.
1981, 703, 1708-1715.

Crystal structures: Having the highest water content of the four
cuprates investigated, the tricuprate cylinders of 1 display the
greatest separation in the solid state and thus exhibit an irregu-
lar arrangement in the crystal. If the individual tricuprate cylin-
ders are considered to be large spheres, double hexagonal sphere
packing (ABACAB...) can be recognized, with [010] as the
stacking axis (compare the roughly hexagonal unit cell parame-
ters in Table 1). The threefold pseudosymmetry of the cylinder
arrangement cannot be traced back to the noncrystallographic
symmetry of the individual cylinders, since the molecular C3
axes are heavily (=& 55°) inclined away from the {010] axis.
The lower water content of 2 and 3 correlates with a more
regular packing of the cylindrical anions in these compounds.
The cuprate cylinders are stacked in a roll-of-coins-type mode in
both structures, the individual stacks being arranged in a dis-
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torted hexagonal (2) or a tetragonal (3) rod packing, respective-
ly (Figures 5 and 6). Stacking is staggered, such that the depro-
tonated central region of each of the cylinders is surrounded by
the O 6 ends of their neighbours. However, this stacking mode

Figure 5. SCHAKAL drawing of 2. Packing diagram, projection axis: [100]; filled
circles: Cu; filled dots: water and acetone oxygen atoms; medium: Na, light: ace-
tone carbon atoms; Na—O contacts <285 pm arc drawn. Coordination of the
sodium atoms [contacts > 280 pm arc given in square brackets]: two outside-bond-
ed Na atoms in each of the two symmetrical independent cylinders (Na 1, Na2, Na 7,
Na8): 4CD-OH23 +1- 2H,0; one jnside-bonded Na atom in each cylinder
(Na3, Na9): tCD-0" +2CD-OH2/3 +1acetone-0 +1H,0 [ +Tacctal-0O
+1CD-0OH2}: Nad: 1CD-06 +4H,0 +1CD-0": Na5: SH,O | +1CD
OH?2]; Na6 and Na10: 1CD-OH2 +5H,0; Na11: 1CD-OH2 +1CD-06
+5H,0; Na12: 6H,0; mean Na-0 distance (distances <280 pm are based on
averaging): 243.1£12.9 pm.

Figure 6. SCHAK AL drawing of 3a. Packing diagram, projection axis: [010]; filled
circles: Cu; filled dots: water oxygen atoms: mediuom: K, light: acetone atoms:
coordination of the potassium atoms: K1: 2CD-0OH2/3 +2CD-OH2/3
+3H,0: K2: 3CD- OH2/3 +3CD'-OH2/3 +2H,0; K3: 3CD-OH2/3
+1CD'-OH6 +4H,0;K4: 1CD-0OH2/3 +1CD'-05 +1CDY -OH6 +4H,0;
mean K- O distance: 289.8+15.2 pm.
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gives rise to O6—H--- O~ bonds on a large scale only for the
water-poorer compound 3, whereas in 2 the distinct separation
of the stacks by both water and hydrated sodium ions allows
only one contact of this kind.

Projections along the main axis of the cyclodextrin ligands
illustrate the separation of hydrophilic and hydrophobic regions
in the crystalline state. This principle is particularly obvious in
3. in which both counterions and water molecules are found
exclusively outside of the dicuprate cylinders, the interior of
which (more preciscly: both ends of each individual cylinder)
serves as a host for acetone molecules (Figure 5). Thus, even the
enhanced polarity due to the presence of two dianionic cuprate
moieties in each of the cylinders of 3 obviously leaves the cy-
clodextrin cavity more hydrophobic than the outside, that is, the
entire assembly of two copper-linked cyclodextrin tori resem-
bles free o-cyclodextrin in this respect. On the whole, this state-
ment also holds true for the tricuprate cylinders of 1 and 2. For
2, Figure 6 shows the huge number of water molecules in the
interspace of the cyclodextrin rods, despite the unique sodium
ion inside the cavity interfering with the prevailing hydophobic
character of the cage.

The relatively high water content of 1-3 may be understood
as a consequence of the presence of ionic groups. Most water
molecules incorporated in the crystal structures of 1-3 serve as
hydrogen-bond donors towards O~ acceptors (generally, there
are two hydrogen bonds formed by each of the alkoxide func-
tions, one of those being an intramolecular bond and the second
one being formed by tightly bound, well-ordered water mole-
cules). As an example, this may be quantified for 2. Here, almost
all of the O~ functionalitics are not only acceptors in in-
tramolecular hydrogen bonds but they also bind one additional
water molecule each (mean H,0--- O~ distance: 272+ 11 pm).
Subtracting both the alkoxide-bound and the sodium-coordi-
nating water from the entire water content, only 6.5 H,O (most-
ly O 6-bonded) per a-cyclodexirin ring remains, which falls in
the range of 6 to ca 7.5 H,0 for the a-cyclodextrin hydrate
polymorphs.

Discussion

Deprotonated a-cyclodextrin as a ligand: On deprotonation and
metal coordination, the hydrogen bond system of the cyclodex-
trin ring, which is responsible for the shape of the oligosaccha-
ride cone, reorganizes itself. Thus, the formation of a polyolato
complex imposes a characteristic change in shape on the cy-
clodextrin torus, which reflects the overall change of hydrogen
bond length. In 1-3, an overall shortening of the hydrogen-
bonded O2--- 03 contacts pulls the formerly wide rim of the
cyclodextrin cone to a smaller diameter, thus causing the cylin-
drical shape depicted in Figures 1—3, and can be quantified in
terms of the cone base angle (Table 3).

The importance of steric factors should be emphasized: the
metal-binding properties of a biscyclodextrin assembly may be
most seriously affected by the actual bisdiol angle at a specific
bisdiol pair. For 1, the variability of the bisdio} angle permits
suitable coordination of both cupric and lithium ions. However,
the situation in 2 is less favourable for both cation types. A
generally large bisdiol angle of ca. 20° at each metal binding site
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reflects the fact that neither is a favourable coordination of the
cupric ions achieved nor are the trigonal prisms of the sodium
ligators efficiently turned towards a cis-octahedral site. The
question arises as to why an obviously more simple and symmet-
ric structure that is easily derived from the lithium homologue
is not realized, namely binding of three equivalent sodium ions
in octahedral coordination formed from a § ~0° (OH), ligator
set and two trans aqua ligands. However, the inconsistency of
this apparently most suitable alternative becomes evident on
inspection of the properties of the cyclodextrin cavity.

The hydrophobic character of the cavity of an uncomplexed
cyclodextrin gives rise to the large number of known inclusion
compounds with hydrophobic guests. Inspection of the very
watcr-deficient cavities of 1 and 3 demonstrates that a marked
hydrophobicity is obviously present even in the anionic cylin-
ders. Thus, of the six aqua ligands of three trans-octahedra,
those three ligands located inside the cavity would be in an
unfavourable bonding state owing to the lack of further easily
available water molecules with which they can form hydrogen
bonds.

Cooperative counterion—guest assembling: In the actual struc-
ture of 2 this problem has been overcome by the intercalation of
a more polar acetone guest, which not only fits well into the
hydrophobic environment of the cavity but is also a suitable
ligand for a sodium ion (due to the restricted space inside the
cavity three acetone guests in common would be too bulky to
intercalate, which explains the asymmetrical structure of 2). On
the other hand, the concomitant advance of an acetone molecule
and two water molecules (Figure 2) into the belt region of the
cuprate cylinder reflects the enhanced polarity of that region
due to the shift of one of the sodium ions from the outer surface
of the cylinder towards the cavity.

From a more speculative point of view, the different bonding
modes of the acetone guests in 2 and 3 may be interpreted as
being “‘snapshots™ of a dynamic process, so that a-cyclodextrin
provides, once again,!"¥ a vivid model for an elementary reac-
tion step inside the hydrophobic cavity of an enzyme. The bond-
ing situation of acetone in 3 may be considercd as a starting
point; van-der-Waals-bonded acetone guests are loosely fixed at
the entrance of a hydrophobic cage. In 2, both a slight disloca-
tion of a sodium atom towards the cavity and movement of an
acetone molecule deeper into the host transform the van-der-
Waals-type host—guest interaction of 3into a well-defined coor-
dinative bond. The new Na™ ---O contacts are forming in a
region of variable polarity, which itself depends on the actual
spatial arrangement of the mobile polar entities.

Conclusions

With respect to polyolatocuprate formation, the most striking
difference between simple polyols and cyclodextrins is the larger
number of cupric ions bound by a given quantity of diol groups
in the former. Instead, cyclodextrin diol moieties contribute to
intramolecular hydrogen bonds at the expense of poly-
olatometallate formation. Proceeding from the extensive hydro-
gen-bond structure of an uncomplexed cyclodextrin, progres-
sive deprotonation on complexation together with concomitant

Chem. Eur. J. 1997, 3, No. 4
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remodelling of the shape of the cyclodextrin torus may be seen
in the light of reorganization processes of an increasingly pro-
ton-deficient hydrogen-bond system. Reconsidering the issues
of this investigation, one may derive some preliminary rules of
oligosaccharide —metal complexation:

1) Full deprotonation and metal ligation of diol functions may
be limited if there is competitive intramolecular hydrogen
bonding (note the peculiar quality of the polysaccharide cel-
lulose in forming hydrogen bond-supported diolate ligators
without having to use the diol functions as donor groups!!)).

2) Direct A®---O~ contacts, common in simple polyola-
tocuprates, are largely absent. Instead, polarized intramolec-
ular chains A* - (O—H),--- O~ are formed; n>1 is ob-
served for weakly polarizing, large cations, n =1 is common
for Li* and Na™. Particularly tight counterion binding may
arise if multidentate cation binding sites are assembled, for
example hydroxylic O, ligator sets for Li*, which may easily
be capped to fivefold coordination. The contribution of the
counterions to the structure of the oligosaccharide copper
complex is tightly restricted to the smaller, efficiently polar-
izing cations.

3) On the other hand, counterions with the charge density
of the heavier alkali cations that are incorporated into
A" ---(O=H), --O~ chains appear to be roughly equiva-
lent to a further water donor like HO—H---(O—H),---O~
in an aqueous environment.

On the whole, it may be stated that the formation of a specific
oligosaccharide —metal assembly strongly depends on both the
counterion and the polyolate-ligating metal. To focus on the
significance of the guest molecules inside the cavity, and in the
light of a recent classification of the main types of interactions
in supramolecular building units,''*! a metal-cyclodextrin as-
sembly demonstrates all of the basic bonding modes (non-
specific van-der-Waals bonds, hydrogen bonds, ligand-to-metal
bonds) in a single molecular system.
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Biosynthesis of Nitric Oxide—Quantum Chemical Modelling
of N°-Hydroxy-L-arginine Formation

Ewa Wasielewska, Malgorzata Witko, Grazyna Stochel and Zofia Stasicka*

Abstract: The electronic structure (charge
distribution, bond indices, character of
the frontier orbitals) and geometry (bond
distances and angles) of L-arginine and
N-methyl-L-arginine were determined by
means of the INDO procedure. The

formation of hydroxy-L-arginine. The in-
sertion of oxygen between the nitrogen
and hydrogen atoms lcads to more stable
products than insertion into the C—H
bond. The same results were obtained for
N-methyl-L-arginine, and are consistent

with the hypothesis that the inhibitive
effect of N-substitution in L-arginine is of
no importance for the first step in the
biosynthesis of NO (hydroxylation pro-
cess). The mechanistic considerations
based on the charge distribution and fron-

method was also adopted to model the
conversion of L-arginine into N-hydroxy-
L-arginine in biological systems. This re-
vealed that the approach of diatomic O
species does not result in reaction, where-
as the approach of either an O atom or an
0?2~ ion leads to insertion of oxygen and

ations -
calculations

Introduction

One of the most exciting findings in biological chemistry during
last few years was the discovery that nitric oxide, a potentially
toxic molecule, is responsible for an astonishing range of phys-
iological processes in humans.l' =% For cxample, it plays a role
in vascular system regulation, nervous system mediation and
immunological activity.

The biological sources of nitric oxide are endogenous as well
as exogenous. The conversion of L-arginine (L-Arg) to NO and
L-citrulline (Cit), catalyzed by a family of homodimeric dioxy-
genases called NO synthetases (NOS, EC 1.14.13.39), 149~ 111 jg
a widely accepted hypothesis for the endogenous synthesis of
nitric oxide.! 718 Compounds related to arginine (e.g. N-
methyl-L-arginine, N-nitro-L-arginine, N-cyclopropyl-L-arginine)
are effective inhibitors of NO synthetases. Four cofactors
(heme, FMN, FAD and H,biopterin), two cosubstrates, an
oxidant (O,) and a reducer (NADPH) participate in the biosyn-
thesis of NO from r-arginine. Isotopic studies have shown that
nitric oxide is derived from one of the two equivalent guanidine
nitrogen atoms of L-arginine!> ® and that dioxygen is the source
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tier orbital characteristics led to the con-
clusion that the most probable mecha-
nism of L-arginine hydroxylation consists
in electrophilic attack of [FeO]** at the
N®—H bond, initiated by the reduction of
L-arginine ", followed by insertion of oxy-
gen and product oxidation.

hydroxyl-
semiempirical

of oxygen atoms incorporated into NO and L-citrulline.!”? It has
also been shown that the first intermediate in the reaction is
N-hydroxy-L-arginine (NOH-Arg).[8! Furthermore, when
NOH-Arg is N-labelled on the NH—OH nitrogen, NO is exclu-
sively derived from this nitrogen.!® ! NOS-catalyzed conver-
sion of L-arginine to L-citrulline and NO is thus a 5-electron
oxidation of one of the guanidine nitrogen atoms of L-arginine.
Production of 1 mole of NO consumes 2 moles of O, (8-electron
oxidation) and 1.5 mole NADPH (3-electron reduction), which
constitutes a S-electron oxidation system [Eq. (1)].

-3 +2
3H+20,+>C=NH — H,0+ NO +>C=0 )

A generally accepted working hypothesis assumes that the
reactive form of arginine in aqueous solution at pH~7 is a
monovalent cation with an ionized amino acid group and that
the NO synthesis proceeds in two steps (see Scheme 1).12-3717

The first step, an overall two-electron oxidation, is a hydrox-
ylation resulting in the formation of N-hydroxy-L-arginine as an
enzyme-bound intermediate. The second step, an overall 3-elec-
tron oxidation, involves electron removal, oxygen insertion and
carbon—nitrogen bond scission to form r-citrulline and an NO
free radical. Mechanistic speculations on the biosynthesis of
nitric oxide have been based mainly on information of the pri-
mary structure of NOS.I?-3-37181 Each NOS subunit is com-
posed of reductase and oxygenase domains.!* 27 The reduc-
tase domain contains binding sites for NADPH, FAD and
FMN. The oxygenase domain is presumed to contain binding
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+ +
NADPH NH. 1
s NH, L NH,
SN T O (CNOH,) —NH
ﬁc"NO(H ! NH&<NH; ﬁ & ‘<NHOHJ ©
- H,0
L-Arginine' N*-hydroxy-L-Arginine
+
# NH, 0.5 NADPH NO 4 NH,
sNOH,) —NH == [CNOH,.) —NH— (b)
O _<NHOH o, <\o
H,0, H*

N*-hydroxy-L-Argining” -Cifrulline

Scheme 1. Proposed mechanism of NO biosynthesis.

sites for heme, H,biopterin and arginine. The amino acid se-
quence of the reductase domain is similar to the sequences
present in the mammalian protein cytochrome P-450 reduc-
tase.!? ' The similarity of the NOS reductase domain to cy-
tochrome P-450 reductase suggests that the function of the
flavins is to store and transfer electrons from NADPH to a
catalytic site in the oxygenase domain. As in cytochrome P-450,
the NOS heme in its resting state contains a pentacoordinated
ferric atom, which is bound to the protein through a thiolate
anion of cysteine. Also by analogy to the cytochrome P-450
enzyme, the iron centre, after its reduction to the ferrous
form, is likely to bind and activate the dioxygen mole-
cule 2. 12-17.19.20]

For the mechanism of NO biosynthesis proposed to
date,'?-3 "1 it has been suggested that it is heme which gener-
ates distinct oxidants to form and metabolize the intermediate
NOH-Arg*, namely, first an electrophilic species [FeO]**,
which hydroxylates nitrogen of L-Arg® to form NOH-Arg”"
(Scheme fa), and then a nucleophilic oxygenating species
[FeOO]*, which attacks the electron-deficient carbon of the
guanidine group of NOHArg" to form ultimately NO and Cit
(Scheme 1b).['4

In order to obtain a better insight into the
molecular nature of the first step of nitric oxide
biosynthesis, that is, formation of N-hydroxy-L-
arginine from L-arginine and oxygen, we used
quantum chemical modelling. This approach
was also applied to the question of whether this
step is responsible for the different behaviour of
L-arginine and of its derivatives, which are
known NOS inhibitors. The electronic properties
of the systems studied were derived from calcula-
tions performed with a semiempirical INDO-
type method.

Method and Model

The electronic and molecular structures were obtained by
the ZINDO mecthod. The details of the method arc de-
scribed clsewhere (see, for example, refs. [21 ~24] and refer-
ences therein). We give only a quick overview here.

The ZINDQ method is characterized by the inclusion of all
the one-centre exchange terms necessary for rotational in-
variance and accurate spectroscopic predictions. The
method uses a basis sct of Slater-type orbitals (STO), which
are then envisioned as being symmetrically orthogonalized
Lo one another. A basis sct of single Slater-type orbitals
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(STQ) is characterized by the choice of exponential constants. For hydrogen
a value of 1.2 is taken, whereas for elements of the second and third rows the
cxponcnts derived from Slater’s rules are used. One-centre core integrais arc
calculated from ionization processes. One-centre resonance integrals are set
to zero, whereas the two-centre one-clectron integrals are calculated. The
nuclear attraction integrals are proportional to two-centre Coulomb integrals
between the appropriate atoms. The two-electron two-centred nonvanishing
integrals are evaluated over STO's as are the one-centre integrals.

The ZINDO program has two different semiempirical procedures: a method
for calculating spectroscopic propertics and a method for calculating ge-
ometries. In the present calculations, the latter method was used. The set of
parameters defined in this method allow us to discuss the relative energies of
ground-state molecules as well as to perform the geometry optimization. We
looked for ground-state structures using Newton-Raphson and Hessian
methods. Vacuum calculations were performed. No influence of a reaction
field was taken into account. The ZINDO method was compared with ab
initio HF and DFT mecthods for large systems containing main groups and
transition elements.”?* 26! It was found that it provides the same qualitative
results as the ab initio treatments. Since the INDO method has also been
proved to be suitable to interpret the behaviour of biological systems,!?”~2°
we restrict ourselves in this paper to the semiempirical approach.

The electronic structurcs were analyzed using Mulliken population analysis
(atomic charges, atomic bond indices). The favourable reaction with oxygen
species was chosen by discussing the total energies of the oxygen-containing
species in their optimal geometries.

In order to model conversion of L-arginine into N-hydroxy-L-arginine we
used the isolated arginine and NM-methyl-L-arginine in both cationic and an-
ionic forms. To study the oxygen insertion we cxamined the approach of
oxygen to selected bonds in these molccules.

Results

Isolated molecules: The optimization INDO procedure per-
formed for isolated L-arginine (L-Arg*) and N-methyl-L-
arginine (L-NMA™) cations led to the structural parameters
presented in Figure 1.

The results show that the lower energy forms of the isolated
cations are those with a npeutral amino-acid group
C,N;H, -CH(COOH)XNH,), and not the ionized forms

®’

1.36

@

Figure 1. Geometrical structure of L-arginine (left) and N-methyl-L-arginine (right) obtained by the
INDQO method (bond lengths in A).
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C,N,H,,-CH(COO) (NHJ), which are expected to exist in
aqueous solution at pH~7. However, the difference in energy
between the forms is only 0.27 ¢V and there are no real differ-
ences in the electronic structure of their guanidine groups, which
are of importance in the biosynthesis of nitric oxide. Moreover,
the bond and angle parameters calculated for the lower energy
form are in excellent agreement with those obtained by X-ray
protein structure refinement!?8! (Table 1).

Bond lengths (Table 1 and Figure 1) and atomic bond indices
(Table 2) consistently point to stronger bonding within the
guanidine group (between C1 and the N1, N2 and N 3 atoms)
than between C2 and N3 or C5 and N4. Of particular interest is
the somewhat stronger bond between C1 and N3 (bond index
1.33) than between C 1 and N1 or N2 (bond index 1.27, Table 2).

According to the net-charge calculations (Table 2), relatively
high positive charges are found on two carbon atoms of the
functional groups (C1 and C6) and nearly equal negative
charges on all the nitrogen atoms except N3, which 1s ~25%
less negative than other N atoms.

The frontier orbitals (Table 3) are dominated by the function-
al group contributions: the HOMO of the cationic forms is
mainly localized on the oxygen atoms of the carboxylic group
(54%), whereas the contribution of the guanidine molecular
orbitals is less than 1 %. In contrast, the LUMO orbital consists
of more than 90% of the guanidine group orbitals.

The atomic orbital (AO) contribution to either frontier or-
bital is completely reversed in the anionic form of L-arginine
(L-Arg™): here the HOMO orbital is mainly localized on the
guanidine group, whereas the LUMO is localized on the car-
boxylic group (Table 3).

Table 1. Structural parameters of the guanidine group of L-arginine *. Comparison
of the calculated bond lengths [A] and bond angles [*] with those obtained by X-ray
protein structure refinement [30] (numbering of atoms as in Figure 1).

INDO  X-ray INDO  X-ray
Cl1-N1 1.36 1.33 N1-C1-N3 19 120
C1-N2 1.36 1.33 N2-C1-N3 121 120
C1-N3 1.36 1.33 Nt-C1-N2 120 120
C2-N3 1.44 1.46 C1-N3-C2 122 124
C2-C3 1.48 1.52 N3-C2-C3 112 112

Table 3. Characteristics of the frontier orbitals in L-arginine and N-methyl-L-
arginine calculated by the INDO method (numbering of atoms as in Figure 1).

L-Arg” L-NMA* L-Arg”
E(HOMO) (au) —0.36 —0.36 —~0.15
AO contrib. to HOMO (%)
C1 39
N1 10
N2 10
N3 12
O1 44 44
02 10 10
C3 14 12
CS 7 S
Co6 4 4
E(LUMO) (au) +0.08 +0.08 +0.44
AQ contrib. to LUMO (%)
C1 57 58
N1 12 1
N2 12 11
N3 12 13
o1 26
02 6
C3 1
Cs 1
Co6 45

Substitution of the hydrogen atom at N 1 (or N 2) by a methyl
group has no real influence on bond lengths and angles, atomic
bond indices, net charges or characteristics of the frontier or-
bitals (Table 2, Table 3 and Figure 1). Only the charge on the
nitrogen atom bonded to the methyl group, becomes less nega-
tive, as expected.

Reaction with oxygen species: To model conversion of L-arginine
into N-hydroxy-L-arginine, the insertion of oxygen from a
species approaching a particular site on the arginine cation
(L-Arg™) was first analyzed. Since the form of oxygen involved
in the reaction (Scheme 1a) is not well defined, we investigated
the effect of all possible forms, starting with molecular O, and
ending with anionic O%~. The monoatomic species, O and O? ™,
were found to lead to oxygen insertion, whereas dioxygen spe-
cies, such as O,, O, or O3~, appeared to be ineffective in the
process (the reactions with these species resulted in the forma-
tion of peroxo-type adducts).

Table 2. Net charges of atoms and atomic bond indexes in L-arginine™ (L-Arg*) and N-methyl-L-arginine™ (L-NMA™) obtained by INDO method (numbering of atoms as

in Figure 1).

Net charge

Atomic bond index

Atom L-Arg"™  L-NMA* Atom L-Arg" L-NMA* Bond L-Arg®  L-NMA* Bond t-Argt L-NMA®
C1 0.54 0.50 HS 0.25 0.25 C1-N1 1.27 1.29 C2-He6 0.96 0.95
Cc2 —0.01 —0.03 H6 0.07 0.07 C1-N2 1.27 1.26 C2-H7 0.96 0.96
C3 —0.25 —0.25 H7 0.11 0.1 C1-N3 1.33 1.32 C3-H8 0.96 0.96
C4 —0.12 —0.12 HB 0.22 0.22 C2-N3 0.95 0.95 C3-H9 0.85 0.85
Cs —0.02 —0.02 H9 0.07 0.07 C2-C3 1.03 1.03 C4-H10 0.96 0.96
Cé6 0.47 0.47 H10 0.09 0.09 C3i-C4 1.01 1.02 C4-H1! 0.96 0.96
N1 —0.44 —0.30 H11 0.08 0.08 C4-C5 0.97 0.97 C5-H12 0.94 0.94
N2 —0.44 —0.44 H12 0.09 0.09 C5-C6 0.99 0.99 N4-H13 0.97 0.97
N3 —0.32 —-0.32 H13 .19 0.16 C5 N4 1.00 1.00 N4-H 14 0.96 0.56
N4 —0.43 —0.43 H14 0.19 0.19 C6-01 1.70 1.70 0O2-HI1S 0.86 0.86
Ot —0.40 —0.40 H15 0.30 0.30 C6-02 1.15 1.14 N1-C7 - 1.00
02 —-0.37 —-0.37 Cc7 - —0.17 N1-H1 0.94 0.94 C7-H16 - 0.97
H1 0.28 0.28 H16 - 0.14 Nt1-H2 0.94 - C7-H17 - 0.97
H?2 0.28 0.24 H17 - 0.12 N2-H3 0.94 0.93 C7-H18 - 0.97
H3 0.28 .28 HI18 - 0.12 N2-H4 0.94 0.94

H4 0.28 0.28 N3-HS5 0.93 0.92

Chem. Eur. J. 1997, 3, No. 4
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Although the reaction pathways and their encrgies werc not
investigated, the energy of the hydroxy isomers produced by
directing the O-species to different N-H and C-H bonds was
used to find the most probable site of insertion of oxygen. The
procedure led to the conclusion that insertion is possible in all
the cases; however, more stable products (by 1.35¢eV) are
formed when N—H rather than C—H bonds are attacked.

The modelling of the insertion of oxygen, illustrated by a few
snapshots of the geometry optimization in Figure 2 (top), re-

Figure 2. Insertion of atomic oxygen into the N-H bond—snapshots of the
changes in the geometry (1--4) in L-arginine (top) and N-methyl-L-arginine (bottom}
obtained by the INDO method (bond lengths in A).
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veals that the approach of oxygen towards the N atom results in
the formation of N—-O and O-H bonds via intermediate trian-
gular forms in which the N-H bond becomes increasingly
weaker whilst the N—O and O—H bonds become increasingly
stronger. The results also showed that the energy of the product
is not affected by the direction of approach of the oxygen, that
is, it is the same for the insertion of oxygen between N2 and H3
or N2 and H4. Insertion of 0%~ followed by the removal of two
electrons, or insertion of an O atom into the anionic form of
L-Arg~ leads to the same energy effect as insertion of the O
atom.

Modelling of the oxygen insertion process for N-methyl-
arginine, produced results close to those of L-arginine (Figure 2,
bottom). No real difference in energy between the guanidine
nitrogen atoms was found here either. On the other hand, inser-
tion of oxygen into the C—H bond of the methyl group appeared
to be energetically less favourable than insertion into the N—-H
bond (by 1.42¢V).

Discussion

INDO modelling supports the proposed mechanism of conver-
sion of L-arginine into hydroxyarginine proceeding through
oxygen insertion. The results of this study show that the N-H
bond, rather than the C—H bond, is preferred as the site of the
insertion of oxygen. N-H bond cleavage is preceded by an
increase in the coordination number of N from 3 to 4. The
mechanism is similar to that of hydrocarbon hydroxylation re-
cently reported to proceed via pentacoordinated carbon species,
catalyzed among others by the [FeO]?* active centre of cy-
tochrome P-450.131- 321

When considering the possible mechanism of insertion of oxy-
gen originating from the [FeO]** of the NO synthetase, the
electrophilic character of the reactive centre must be taken into
account.”**’ A mechanism involving electrophilic attack of
[FeO]®* at L-arginine is supported by the fact that N1 and N2
have high negative charges (Table 2) and by the fact that
monoatomic and not diatomic oxygen species effectively lead to
insertion. However, in this type of mechanistic pathway the
highest occupied orbitals must be involved, and the INDO cal-
culations showed that not only the HOMO, but also other occu-
pied orbitals of similar energy are localized mainly at the car-
boxylic group (Table3). The LUMO orbitals are almost
completely localized at the guanidine centre. In view of the
above, and excluding the hypothesis of hydroxylation by nucle-
ophilic attack, two possibilities have to be considered: 1) The
isolated arginine molecule is not an adequate model of the real
system, or 2) electrophilic [Fe—O]** attack is preceded by the
reduction of L-arginine.

To check the first of these hypotheses, the effect of bond
formation on the characteristics and energy of the frontier or-
bitals was investigated. No particular effect was observed as a
result of protonation or dimerization involving the amino-acid
group. In all cases the contribution of the guanidine group to the
HOMO orbital of the product was negligible. Therefore, it was
concluded that either the real environment interacts with
arginine much more strongly than assumed here, or bonding by
the amino-acid group has no real effect on the frontier orbital
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scheme, that is, the model based on the isolated molecule is
adequate to interpret the mechanism of NO biosynthesis.

We now turn to the second hypothesis. It is highly unlikely
that electrophilic attack on the carboxylic group of the 1-Arg™*
cation would result in the insertion of oxygen into the guanidine
group. Moreover, for such an electrophilic attack, an agent
would be required to mediate the interactions between the two
positive centres. A more likely hypothesis is that the hydroxyla-
tion accompanied by overall nitrogen oxidation (Scheme 1a) is
initiated by the reduction of L-arginine. In the reduction product
L-Arg~, the HOMO orbitals are localized at the guanidine
group (Table 3) and are thus set up for ¢lectrophilic attack by
the [FeO}>* centre. This hypothesis is supported by the fact that
reducing and electron-transferring cofactors are present and co-
operate with NO synthetase. The conversion of arginine to N-
hydroxyarginine (Figure 3) should then start with reduction of

+1,0,, 2H'

EnpL-Arg. —% ., EnL-Arg

(Enz)Fe”

(Enz)FeQ” !
IS /
\ /
\ /
AN s
SL_ Mo~

Figure 3. Scheme of the conversion of L-arginine (L-Arg ) to N-hydroxy-L-arginine
(NOH-Arg*) in the biological system investigated.

(Enz)Arg* followed by electrophilic attack by the (Enz)[FeQ]**
group of cytochrome resulting in insertion of oxygen and pro-
duction of N-hydroxyarginine. The actual electronic structure
of the attacking oxygen atom bound to the Fe centre has not
been precisely determined; it should, however, be within the two
limiting cases calculated here, namely, that of the ncutral oxy-
gen atom and the O?~ anion, which were both shown to under-
go insertion. The (Enz)Fe®* species formed may be a source
of the (Enz)FeO>*" electrophilic centre!'! %201 or may take
part in the second stage of the nitric oxide biosynthesis
(Scheme 1b).12- 12141 These stages are not the subject of this
paper and arc assumed to proceed according to the mechanisms
suggested earlier.l'¥

Conclusions
The mechanism of r-arginine hydroxylation derived from IN-

DO calculations (Figure 3) substantiates many experimental
findings, such as, the electrophilic attack by the heme [Fe—-OQ]3*

(En)NOH-Arg' + H,0

group, the insertion of oxygen into the guanidine N -H bonds,
the activity of the dimeric form of the NO synthetase’ # and the
role of reducing agents and electron transmitters in endo-
geneous nitric oxide production.

The fact that similar results were obtained for N-methyl-
arginine indicates that the N-substitution at L-arginine is of no
importance for the first step of the NO biosynthesis.
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Screening of Various Catalysts for the Asymmetric Cyclopropanation
of Structurally Typical Silyl Enol Ethers—Scope and Limitations of
Evans’s Bisoxazoline Copper Catalyst**

Ralf Schumacher, Franziska Dammast and Hans-Ulrich ReiBlig*

Abstract: The scope and limitations of
asymmetric syntheses of 2-siloxycyclo-
propanecarboxylates 3 were examined by
combination of structurally typical silyl
enol ethers and methyl diazoacetate with

76% and 73% ee for cis- and trans-3a,
respectively, with 6-CuOTf as catalyst).
High enantioselectivities or diastereose-
lectivities were obtlained. Other catalysts

Keywords

based on copper, rhodium or ruthenium
complexes afforded significantly lower
values. In further investigations, Evans’s
bisoxazoline complex 6- CuOTf proved to
be limited to 1,1-disubstituted silyl enol

various chiral catalysts. It was found that
the Schiff base complex 5-Cu(OAc), and
the bisoxazoline complex 6-CuOTfl gave
the highest stercoselectivities (e.g., 72 % ee
for cis-3d with 5-Cu(OAc), as catalyst or

ctates -

Introduction

During the past decade donor-—-acceptor-substituted cyclo-
propanes have proved 1o be readily available and versatile build-
ing blocks for the synthesis of natural products and compounds
of interest for pharmaceutical purposes.'*! The strong demand
for enantiomerically pure products motivated us to investigate
asymmetric additions of carbenoid specics generated from diazo
compounds to silyl enol ethers catalysed by chiral metal com-
plexes (Scheme 1), which is probably the most elegant route to
cnantiomerically enriched functionalized cyclopropanes.t!

In earlier studies, the scope of Pfaltz’s semicorrin complex-
est)and of Schiff base copper complexes developed by Aratani

Qs chiral
R';SI0 catalyst* R',SiO \Zp%
+ NCHCOR' ———» .
& “COR
1 2 3

Scheme 1. Cyclopropanation of silyl enol ethers.

asymmetric catalysis *
+ cyclopropanecarboxylates + diazoac-
silyl enol ethers

[*} Prof. Dr. H.-U. ReiBig, Dr. R. Schumacher
Institut fiir Organische Chemie der Technischen Universitiit
Dresden. D-01062 Dresden (Germany)
Fax: Int. code +(351)463-7030
e-mail: reissigicicochl.chm.tu-dresden.de
Dr. F. Dammast
Institut fiir Organische Chemie der Technischen Hochschule
Darmstadt, PetersenstraBe 22, D-64287 Darmstadt (Germany)

[**

ric Catalysis. Part3 (based on dissertations by R. Schumacher and F
Dammast!?). For Part 2 see ref. [7]
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Synthesis of Optically Active 2-Siloxycyclopropanecarboxylates by Asymmet-
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ethers (e.g. 1a and le) for high enan-
tiomeric excesses (up to >95%., poor dia-
stereoselectivities) and to 1,2-substituted
enol ethers (e.g. 1¢) for high diastereose-
lectivities (cis: trans < 3:97, ee,um = 49%).

cycloadditions

et al!l [4-Cu(OAc), and 5-Cu(OAc),, respectively] has been
demonstrated.””- 81 Here, we present results using several catalyt-
ic systems recently described.

Selection of the catalysts: From the large number of chiral cata-
lysts for stercoselective cyclopropanation of olefins, we selected
the most effective systems introduced by Evans,®! Masa-
mune,"'® Doyle!' ! and Nishiyamal!®?! [6- CuOTT, 7- CuOTf, 8
and 9-Ru"Cl,, respectively]. Three of these ligands are based on

Ph
~ Ar
N
HO Ar
OH

5 (Ar = 2-MeOC,H,)

Ph Ph
7
~
-
/O\ ° ! N ! °
('),—xrw CO,Me N N\_)
4 A
Rh—Rh /»,\
8 9
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C,-symmetric bisoxazoline structures (6, 7 and 9), whilc Doyle’s
system 8 consists of a dinuclear rhodium complex. Nishiyama’s
catalyst 91s the first example of a chiral ruthenium complex used
for cyclopropanation reactions.!®] Bisoxazoline catalysts
6-CuOTf, 7-CuOTf and 9-Ru"Cl, induced excellent stereose-
lectivities in intermolecular cyclopropanation reactions with
olefins of low functionality like styrene or 2,4-dimethyl-2,4-
hexadiene. Doyle’s Rh,{(55)-MEPY}, catalyst (8) gave excel-
lent results, especially in intramolecular reactions. However, the
scope and limitations of these catalysts are so far unknown,
since functionalized olefins, in particular electron-rich alkenes,
have not been studied.

Selection of the silyl enol ethers: Silyl enol ethers 1a—d used in
this study were selected for various reasons. Olefin 1a, bearing
only a siloxy substituent, is the simplest derivative. 1-Phenyl-1-
trimethylsiloxyethene (1b) contains an additional phenyl group,

Me,SiO Me,SiO Me,SiO Me,SiO
Ph Ph
1a 1b ic 1d

which seems to be important for the chiral induction with some
catalysts.!”! The other silyl enol cthers—1 ¢ and 1d—were select-
cd for similar reasons, but should lead to the corresponding
3-methyl-2-siloxycyclopropanecarboxylates. The stereochemi-
cal information at the methyl-substituted position is retained
during ring opening reactions of donor—acceptor-substituted
cyclopropanes.t®!

Results

Cyclopropanation reactions (Scheme 2) were carried out under
conditions typical for each of the catalytic systems. Generally,
the optimized temperature, reaction time, and the ratio of cata-
lysts and diazoacetate reported in the literature were applied or
adapted to the reactivity of the corresponding silyl enol ether.

With the simplest enol ether 1a, the stereochemical outcome
of the cyclopropanation was complex (see Table 1). The optical
yields were low to moderate, exceeding 70 % only in the case of
bisoxazoline complex 6 CuOTf. On the other hand, Masa-
mune’s catalyst 7-CuOTf furnished only trans-cyclopropane
3a; the cis isomer could not be detected by 'H NMR spec-
troscopy, but the ee of trans-3a was disappointingly low. High

R2
N 2
Me,Si0 _ R catalyst* Me,SiO \A‘w
+ N,CHCOMe -———> b
1 = CoMe
R 2 R
1a R'=H RZ=H 3a
1b R'=Ph RZ=H 3b
1c R'=H RZ=Me 3c
1d Rl=pPh RZ=Me 3d

Scheme 2. Screening of various catalysts in the cyclopropanation of silyl enol
ethers.
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Table 1. Synthesis of 3a by reaction of silyl enol ether 1a with 2 in the presence of
various catalysts (the best values are given in bold).

4-Cu(OAc), [a) 5:Cu(OAc), [a.b] 6 CuOTf 7-CuOTf 8 9-Ru"
yield/% 43 53 55 50 35 44
cis:trans  25:75 28:72 34:66 <3:97 57:43  28:72
eeyd %o 12 30 76 - 24 13
sl Yo 33 30 73 11 <3 41

[a] Taken from ref. [§a]. [b] In this case, ligand 5 contained phenyl iastead of ortho-
anisyl groups.

enantiomeric excesses and good diastereomeric ratios were not
obtained in any of these examples.

Phenyl-substituted silyl enol ether 1b gave more consistent
results (Table 2).1'3! With Aratani’s or Evans’s catalysts
(5-Cu(OAc), and 6-CuOTT, respectively), the cnantiomeric ex-
cesses were the same within the experimental error (£2.5%). In
both cases, the diastereoselection was low. The other catalysts
employed gave inferior optical yields combined with low c¢is/
trans ratios. Masamune’s catalytic system (7-CuOTf) proved to
be too reactive for the starting material or the products. All
attempts to obtain the cyclopropane derivative 3b with this
catalyst led only to polymeric products.

Table 2. Synthesis of 3b by reaction of silyl enol ether 1b with 2 in the presence of
various catalysts (the best values are given in bold).

4-Cu(OAc), [a] 5-Cu(OAc), 6 CuOTf 7-CuOTf 8 9-Ry"
yield/ % 53 58 69 0[b] 50 75
cisitrans 45:55 59:41 41:59 60:40  64:36
co % 40 75 77 23 43
CCpans] Yo 48 55 56 7 53

fa] Taken from ref. [Ral. [b} Only polymeric products were obtained.

Olefin 1c¢ is the synthetically most interesting silyl enol ether
used in this study, leading to 3-methyl-2-trimethylsiloxycyclo-
propanecarboxylates. We were therefore particularly anxious to
achieve high stereoselectivities in its cyclopropanation giving
3c¢. High diastereomeric selection was observed (Table 3), par-
ticularly with 6- CuOTf and 7-CuQOTT as catalysts. However, the
best enantiomeric excess was only 49%, obtained with
6-CuOT{. The catalysts 4- Cu(OAc), and 5-Cu(OAc), gave only
slightly lower selectivities. It is worth noting that in this and in
the following case Nishiyama’s ruthenium complex completely
failed to catalyse the cyclopropanation reaction, but furnished
fumaric and maleic esters only, the dimerization products of
methyl diazoacetate.

In previous studies, silyl enol ether 1d was used as the stan-
dard olefin.[”-81 The reaction with methyl diazoacetate catalysed

Table 3. Synthesis of 3¢ by reaction of silyl enol ether 1¢ with 2 in the presence of
various catalysts (the best values are given in bold and the preferred configuration
at C-1 in parentheses).

4-Cu(OAc), [a] 5-Cu(OAc), [a] 6 CuOTf 7-CuOTf 8 9-Ru"
yield/% 40 48 39 64 27 0[b)
cisitrans  15:85 25:75 <3:97 <3:97 42:58
eel% 15 (R) 25 (57 - - 16
€Cpand % 40 (S) 46 (R) PR 28(S) <5
[a] Taken from ref. [8a]. [b] No conversion of 1¢ was observed.
0947-6539/97/0304-0615 8 17.50 + 5010 — 615
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by Schiff base com-
plex 5-Cu(OAc), gave

OWO

| Ph

Pht N, . av
P good enantioselectivi-

-
N
\\ /' F~OoSiMetBu  ties

tBuMe, SiO s combined with
u . .

tBuMe,SiO—_ ; 0SiMe,tBu low diastereoselection.

G \ However, these results

pn-.(\ NN Saen could not be fully re-
O/K%o produced under our
standard conditions;
10 the optical yield was
approximately 10%
lower than reported. The diastereomeric ratio using Evans’s
catalyst 6-CuOTf was high, while the enantiomeric excess did
not exceed 30%. In contrast, Aratani’s system 5-Cu(OAc), led
to better enantioselectivities combined with a poor cis/trans ra-
tio. Another variant of Masamune’s system, bisoxazoline com-
plex 10, induced stereoselectivities in between the two preceding
results, whereas with catalyst 7-CuOTf only low values were
obtained. Disappointingly, neither Doyle’s rhodium complex 8
nor Nishiyama's ruthenium catalyst 9-RuCl, provided the de-
sired cyclopropane derivative 3d (Tablc 4).

Table 4. Synthesis of 34 by reaction of silyl enol cther 1d with 2 in the presence of

various catalysts (the best values are given in bold and the preferred configuration at C-1
in parentheses).

4-Cu(OAc), 5-Cu(OAc), 6 CuOTf 7-CuOTf 10 8 9-Ru"
yield/ % 18 51 59 41 42 0fa] 0[b]
civiirans 35165 42:58 13:87 37:63 26:74
ce % 5 () 72 (R) 30 (R) 25 (R) 17 (S)
CCpansi Yo 08 (S) 66 (R) 22 (R) 23(8) 62 (R)

[a] Only traces of 3d were found. [b] No conversion of 1d was observed.

Scope and limitations of Evans’s bisoxazoline catalyst: From
these results it can be seen that, between them, Aratani’s and
Evans’s catalyst are most effective for the enantioselective cyclo-
propanation reaction of silyl enol ethers. Since the influence of
the silyl enol ether structure has been studied in detail only in the
first case,!” more experiments were carried out with complex
6 -CuOTf and varying the olefin or diazo components.

First, different silyl enol ethers were tested in the reaction
(Scheme 3). They varied in the substitution pattern at the
double bond, and in two cases the trimethylsiloxy group was
replaced by the sterically more demanding rerr-butyldimethyl-
stloxy group. The data collected in Table 5 show that there is a
high dependence of the asymmeltric induction on the structure of

Table 5. Synthesis of 3e--j by reaction of silyl enol ethers 1¢-jwith 2 in the presence
of catalyst 6 CuOTf.

SM Prod. Yield/ % cisiirans €€yl Yo €€l V0
le 3e 72 45:55 >95 74

1f 3f 28 [a] <10:90 - 64

if bj 3f 35 36:604 72 72

1g 3g 42 85:15 26 -

th 3h 0 {c] - - -

1i 3i 66 32:68 80 75

1j 3j 50 38:62 =95 69

[a] Product was not obtained in pure form. {b] Catalyst: 5-Cu(OAc),. [c] Only 1h
was reisolated.
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R'Me,SiO 6 CuOTS
by, R-MeZSio%
R DCE R COMe
RT, 1h
Me,SiO )
~): 1e 3e Me,Si0
—_ COMe
=
Me.Si
eSO _ ” s MesSio
— CO,Me
=
CO,Me
Me;SI 19 3g  MesSiO ij
Me,SiO
SN 1h sh  MesSio ZS
CO,Me
Ph Ph :
tB i
uMe,SI0_ . 3 tBuMeZSiO\AHk
CO,Me
tBuMe, SiO .
1 3j tBuMe,SiO
e CO,Me
=

Scheme 3. Cyclopropanation of further silyl enol ethers in the presence of catalyst
6-CuOTf (DCE =1.2-dichloroethane).

silyl enol ethers 1. Like the 1,1-disubstituted (1b) and 1-mono-
substituted (1 a) olefins described above, 1e gave high enantiose-
lectivities (56 to >95% ee for 1a,b,e), but unfortunately low
diastereoselection. Nevertheless, the ee of at least 95 % for cis-3e
is the best value recorded so far for a silyl enol ether. A switch
from Me,SiO to rBuMe,SiO groups (1a —1i; 1e —»1j) had no
significant influence on the results. On the other hand, trisubsti-
tuted olefins, such as 1f and 1g, only furnished good cis: trans
ratios, whereas the enantiomeric excesses in these cases were
moderate (1f) to low (1g). For comparison, olefin 1f was also
converted into 3f by use of catalyst 5-Cu(OAc),. The selectivi-
ties resemble those obtained from the reaction of 1d in the
presence of Schiff base complex 5-Cu(OAc),, giving good enan-
tioselectivities together with low diastereoselection (see Table 4
and refs. [7,8]). Tetrasubstituted olefin 1h did not react at all
under the reaction conditions. In contrast, in intramolecular
cyclopropanations, even tetrasubstituted double bonds reacted
with good enantioselectivities.['*]

It is known from many examples in literature!”* '% that bulky
ester groups in the diazo component generally increase the
stereoselectivity of the cyclopropanation reaction. Therefore,
we replaced the methyl group in methyl diazoacetate with terr-
butyl and { —)-menthyl groups for the reaction of olefin 1d using
6-CuOTf as catalyst (Scheme4). Surprisingly, both the
diastereoselectivities and the enantioselectivities of the major
diastereomers [trans-(men)-3d] decreased with increasing size of
the substituent {Table 6), whereas the minor diastercomers were
formed with considerably higher ee.

0947-6339/97/0304-0616 § 17.50 + .50;0 Chem. Eur. J. 1997, 3, No. 4
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Me,SiO

Experimental Section

— gcuott  Me,SIO All reactions were perf d under in a flame-dried reaction flas

performed under argon in a flame-dried reaction flask. The
+ N,CHCOR —» COR solutions of starting materials 2 and 1 were added by a syringe pump *Pre-
DCE cidor” (INFORS AG, Basel). All solvents were dried by standard methods.
RT,1h A Biichi kugelrohr apparatus was used for distillation of small quantities.
1d "HNMR: Bruker AC200 spectrometer, 200 MHz. Internal standard: ben-
zene (6 =7.26). Polarimetry: Perkin-Elmer 241 at the Nay, line and 25°C. The
2 R=Me 3d cnantiomeric excesses were determined by 'HNMR shift measurements in
Bu2 R = By (Bu-3d the presence of ca. 0.15 equiv of Eu(hfc), as chiral shift reagent (estimated
_ error 2.5%). Starting materials were prepared following known procedures:
z 27[16] 11[171 lb,[”] lc}[xa] ld,[”] le,“g] 1£,20 ]gw[l’f] 1h21 li,[“] Ij,[”]
; 5,189 61241 4nd 10.12%) The ligands/catalysts 7, 8 and 9 were purchased from

Aldrich.

(-)-men-2 R= -V (-)-men-3d

General Procedures A~E for the Cyclopropanation of Silyl Enol Ethers (all

reactions are collected in Tables 7 and 8); for spectroscopical and analytical
Scheme 4. Effect of ester group in the diazo component on the stereoselectivity of data see references: 3a, 3b, 3¢, 3d /Bu-3d, 3¢;1%% 3g;1" 3.7
cyclopropanation.
Procedure A—Aratani/ Pfaltz catalyst: A few drops of a solution of silyl enol
ether 1 (10.0 mmol) and 2 (0.667 g, 6.67 mmol) in 1,2-dichloroethane (8 mL)
were added to a solution of Cu(OAc), (0.067 g, 0.33 mmol) and 5 (0.171 g,
0.367 mmol) in 1,2-dichloroecthane (2 mL}) [Pfaliz’s catalyst: 4-Cu{OAc),
(0.10 mmol)] at 80 °C until the reaction started (evolution of N, and change
of colour of the mixture). Then, the mixture was cooled to 50°C, and the

Table 6. Synthesis of 3d by reaction of silyl enol ether 1d with diazoacetates 2 in the
presence of catalyst 6-CuOTf.

Diazoacetate  Product Yield/%  cisttrans eeq/ % ©Curans/ o remaining solution of the olefin was added by a syringe pump over a period

5 13:87 10 s of 5 h. The reaction mixture was allowed to cool to RT, and the solvent was
12Bu 2 ?l;iu 3d 20 ”n :79 51 I; evaporated. The residue was dissolved in pentane and rapidly filtered through
(—)-men-2 (—)-men-3d 69 [a] 2278 62 [b] 9 [b] a short column of alumina (neutral, activity 11I). The crude product obtained

by evaporation of pentane was further purified by bulb-to-bulb distillation to
give the pure cyclopropanecarboxylates 3.

[a] Product contained ca. 10% dimers ('*C NMR, fumaric and maleic diesters).
[b} de.

Procedure B—Evans catalyst (6-CuOTf): A mixture of CuOTf 0.5C,H,
(0.083 g, 0.33 mmol) and 6 (0.107 g, 0.363 mmol) in 1.2-dichlorocthane
(2 mL) was stirred at RT for 30 min to give a clear, dark-green solution of the
catalyst. Then, a solution of silyl enol ether 1 (10.0 mmol) and 2 (0.667 g,
6.67 mmol) in 1,2-dichloroethane (8 mL) was added at RT over a period of
1 h. After additional stirring for 30 min, the reaction mixture was worked up

Discussion

This study shows that the objective of obtaining high diastereo-
meric and enantiomeric excesses in the cyclopropanation of
silyl enol ethers has so far not be reached, although the catalysts
used are very powerful for the cyclopropanation of standard
olefins (e.g. styrene). Especially the complexes described by
Masamune and Doyle gave only disappointing results. The
reasons for the large differences in chiral induction between

Table 7. Synthesis of 3a—d by reaction of silyl enol ethers 1a—d with 2 in the presence of
various catalysts.

1 (mmol) Proc. Yield/g Yield/% cis:trans [2]3°[a] ¢

[g100mL "]

€€/ %o 0Oyl Vo

_ a(150) [bel 0810 43 25:75 4261 512 1 33
silyl enol ethers and styrene as substrates are not clear at a(15.0) [bd] 0998 53 28:72 —294  1.76 30 30
the moment. However, our experiments allow predictions to 2000 B 0695 55 34:66  —584 178 %7
i . ) . a (5000 C 0315 50 <3:97  +77 206 1
be made regarding the best catalysts for obtaining high selectiv- 5 100) D 0139 35 5743 134 172 2w <5
ities for a given substitution pattern in the silyl enol ether. a(5.00) E 0.277 44 28:72 —19.8 213 13 41
Di- and trisubstituted silyl enol ethers containing a phenyl b(7.00) [bc] 0981 3 45:55 +547 598 40 48
group are most efficiently converted into cyclopropanes in the sﬁg'gg g[d] 12? Zg i?ﬁ‘s‘; —;(5)6%-1 f?; ;_5] 22
presence of Aratani’s Schiff base copper complex, whereas (sgoy ¢ - 0 _ . _ _
Evans’s bisoxazoline catalysts give good to excellent enan- b(1.00) D 0131 50 60:40  +299 178 37
tioselectivities for 1,1-disubstituted double bonds. In spite of b(.00) E 0658 75 64:36 —646 199 43 53
the high cis/trans selectivities obtained with some catalysts, ¢{80) [bel 0720 40 15:85  +87  6.58 1540
. . . . : c(12.0) [bd] 0765 48 25175 =33 440 25 46
the synthetlcally most 1nteresting Sllyl enol ether 1e¢ did not ¢(100) B 0.523 39 <3:97  ~108 2.06 - 49
afford cyclopropane 3¢ with preparatively useful enantiomeric ¢ (5.00) C 0429 64 <397 471 250 - 28
¢(1.00) D 0092 27 42:58 429 062 16 <5
excesses. ‘ . . c(500) E ) o ; B ] )
For all bisoxazoline complexes employed in this study, the
o L ) . . d(150) Al 055 18 35165 +166 216 5 68
sense of chiral induction is uniform and consistent with the (750 A 0580 42 3674 —204 240 17 e
results reported for previous reactions with, for example, d(10.0) A[d] 0949 51 42:58  —641 1.98 2 66
. g d(100) B 109 59 13:87  —155 192 30 22
styrepe. Thus, the knowledge of the abs?lute c.onﬁggratlon of 45.00) C 0382 a1 763 40 20 pye 5
the stloxycyclopropanes and the degree of enantiomeric excesses 4 (1.00) D - 0 - - -
should allow a mechanistic interpretation of the carbene addi- 400} E 0 - - -

tion, which we will present elsewhere, together with the determi-
nation of configuration.!'®!

Chem. Eur. J. 1997, 3, No. 4
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[a] In CHCl; (mixture of diastereomers).

[b] Taken from ref. [8a]. [c] Catalyst:

4-0.5Cu". [d] Catalyst: 5-Cu(OAc),. [e] Catalyst: 10.

0947-6539/97/0304-0617 § 17.50+ .50/0
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Table 8. Synthesis of 3e—j by reaction of silyl enol ethers 1e—j with diazoacetate 2 and of 3d by reaction of 1 d with diazoacetates rBu-2 and ( — )-men-2, following procedure B.
1 (mmol) 3 Yield/g Yield/ % cis: trans [2]3° [a] c{g100mL™" e, % €€, ns! %o

e (10.0) e 1.03 72 45:55 —1348 211 >95 74

f (4.00) f 0.177 [b] 28 10:90 - - 64

f(2.00) [c] f 0.107 35 36:64 —77.6 1.91 72 72

g (10.0) g 0.805 42 85:15 —20.8 2.1 26 -

b (10.0) h 0 [d] 0 - - - -

i (10.0) i 1.02 66 32:68 —54.3 225 80 75

j (5.00) j 0.424 50 38:62 —113.0 2.74 >95 69

d (5.00) [e] 1Bu-d 0.333 30 21:79 —55 2.42 51 19

d (5.00) [f] (~)-men-d 0.927 [g] 59 22:78 —~55.2 1.95 62 [h] 9 [h]

[a] In CHCI, (mixture of diastereomers). [b] Product was not obtained in pure form. [¢] Catalyst: 5-Cu(OAc),; procedure A.[d] Olefin Th was reisolated. [€] Reaction with
1Bu-2. [f] Reaction with (—)-men-2. fg] Sample contained approximately 10% of maleic and fumaric diesters. [h] de.

as described in proccdure A. In some experiments, the reaction scale was
proportionally reduced.

Procedure C—Masumune catalyst (7-CuOTf): A mixture of CuOTf-0.5CH
(0.008 g, 0.033 mmol) and 7 (0.017 g, 0.036 mmol) in 1,2-dichloroethane
(1 mL) was stirred at RT for 30 min to give a clear solution of the catalyst.
Then, a solution of silyl enol ether 1 (5.00 mmol) and 2 (0.333 g, 3.33 mmol)
in 1,2-dichloromethane (4 mL) was added at RT over a period of 3 h. After
additional stirring for 30 min, the reaction mixture was worked up as de-
scribed in procedure A.

Procedure D—Doyle catalyst (Rh,{(55)-MEPY},): A solution of 2 (0.500 g,
5.00 mmol) in 1,2-dichloroethane (2 mL) was added over a period of 5h to
a solution of silyl enol ether 1 (1.00 mmol) and of Rh,{(5S8)-MEPY},
(7.7 mg, 0.010 mmol) in 1,2-dichloroethane (1 mL) at 70-80°C. After addi-
tional stirring for 1 h and cooling to RT, the reaction mixture was worked up
following procedure A.

Procedure E—Nishivama catalyst (9-Ru"): A mixture of para-cymenerutheni-
um(m)dichloride dimer (0.020 g, 0.033 mmol) and 9 (0.040 g, 0.132 mmol) in
1,2-dichloroethane (1 mL) was stirred at RT for 30 min. Then, a solution of
silyl enol ether 1 (5.00 mmol) and of 2 (0.333g, 3.33mmol) in 1,2-
dichloroethane (4 mL) was added over a period of 15~18 h. After additional
stirring for 30 min, the mixture was worked up as described in procedure A.

Methyl  ¢/t-3-Methyl-t/c-2-vinyl-c/t-2-trimethylsiloxy-r-1-cyclopropanecar-
boxylate (3f): b.p. 65°C (0.1 mbar). '"H NMR (C4Dy, 200 MHz), cis isomer:
J =0.34 (s, 9H, SiMe,), 1.59 (d, J = 6.4 Hz, 3H, 3-Me), 1.84-1.94 (m, 2 H,
1-H. 3-H), 3.47 (s, 3H, OMe). 4.91 (dd, J =1.0, 10.6 Hz, 1 H, 2'-H), 5.14 (dd.
J=1.0, 17.1 Hz, 1H, 2-H), 5.81 (dd, J =10.6, 17.1 Hz, 1H. 1-H); trans
isomer: § = 0.27 (s, 9H, SiMe,), 1.16 (d, / = 5.7 Hz, 3H, 3-Me), 1.84-1.94
(m.2H, 1-H, 3-H). 345 (s, 3H, OMe), 5.25 (dd, / =1.8. 10.6 Hz, i H, 2"-H),
5.57(dd, J =1.8,17.0 Hz, 1 H, 2-H), 6.40 (dd, J =10.6, 17.0 Hz, 1 H, 1"-F).
13C NMR (CyDy, 50.3 MHz), cis isomer: § =1.8 (q, SiMe,), 7.8 (q. 3-Me),
27.3 (d, C-3}, 30.1 (d, C-1), S1.1 (g, CO,Me), 66.4 (s, C-2), 112.7 (t, C-27),
142.5 (d, C-1'), 169.2 (s, CO,Me); trans isomer: 0 =1.4 (q, SiMe,), 11.6 (q.
3-Me), 27.8 (d, C-3), 37.7 (d, C-1), 51.8 {q, CO, Me), 68.1 (s, C-2), 113.9 (¢,
C-2'), 138.5 (d, C-1'), 171.3 (s, CO,Me}. IR (film): ¥ = 2960 cm ™! (C-H),
1740 (C=0). C, H,,0,581 (228.4): calcd. C 57.86. H 8.83; found C 57.39, H
9.12.

Methyl 2-terr-Butyldimethylsiloxycyclopropanecarboxylate (3i): b.p. 65°C
(0.1 mbar). '"HNMR (C,D,, 200 MHz), cis isomer: § = 0.16, 0.18 (2s, 3H
each, SiMe,), 0.63 (ddd, J = 5.3, 6.4, 8.3 Hz. 1H, 3-H)}. 1.05 (s, 9H, 1Bu).
1.53(ddd, J = 6.7, 7.0, 8.3 Hz, 1H, 1-H), 1.63 (ddd, J = 4.8, 5.3, 6.7 Hz, 1 H,
3-H), 3.34 (ddd, J = 4.8, 6.4, 7.0 Hz, 1 H, 2-H), 3.53 (s, 3H, CO,Me); trans
isomer: ¢ = 0.11, Q.13 (25, 3H each, SiMe,), 0.98 (s, 9H. rBu), 1.09 (ddd,
J=42,53,8.0Hz, 1 H, 3-H). 1.35(ddd, / = 5.3, 6.0, 6.4 Hz, 1 H, 3-H), 1.92
(ddd, J=2.1, 6.0, 80 Hz, 1H, 1-H), 3.44 (s. 3H, CO,Me), 3.95 (ddd,
J =21, 42 64Hz 1H, 2-H). '*3C NMR (C,D,, 50.3 MHz), cis isomer:
§= —4.63, —4.54 (2q, SiMe,), 14.6 (1, C-3), 18.7, 26.32 {q. 5, tBu), 21.9 (d.
C-1), 51.6 (s, CO,Me), 53.6 (d, C-2), 170.0 (s. CO,Me): trans isomer:
= —4.66, —4.60 (2q. SiMe,), 17.6 (t, C-3), 18.6, 26.29 (q. s, tBu), 23.2 (d,
C-1), 51.7(q, CO,Me). 558 (d, C-2), 173.2 (s, CO,Me). IR {film}: ¥ = 2960,
2930, 2860 cm ™~ ! (C-H), 1730 (C=0). C,,H,,0,51 (230.4): caled. C 57.35, H
9.63; found C 57.46, H 9.90.

(—)-Menthyl  c¢/t-3-Methyl-t/c-2-phenyl-¢/¢-2-trimethylsiloxy-r-1-cyclopro-
panecarboxylate [(—)-men-3d]: After evaporation of all volatile compounds
[b.p. <130 7°C (0.001 mbar)], the sample contained approximately 10% (—)-
menthyl maleate and (—)-menthyl fumarate ('3C NMR).

'HNMR (C4Dy, 200 MHz), cisisomer: § = 0.19,0.20 (25, 9 H, cis-4-SiMe,,
cis-B-SiMe;), 0.76-2.49 (m, 24 H, 1-H, 3-H, 3-Me, menthyl). 5.03-5.13 (m,
1H. CO,CH), 7.12-7.23,7.29-7.59 Zm, SH, Ar); trans isomer: ¢ = 0.059,
0.063 (2s, 9H. trans- B-SiMe,, trans-A-SiMe,), 0.76—2.49 (m, 24H, 1-H, 3-H,
3-Me, menthyl), 4.70-4.84 (m, 1H, CO,CH), 7.12--7.23, 7.29-7.59 (2m,
SH, Ar). '3C NMR: see Table 9. IR (film): ¥ = 3070, 3040 cm ! ( = C-H),
2960, 2930, 2870 (C-H), 1730 (C=0). C,,H;,0,5i (402.7): caled. C 71.59, H
9.51; found C 71.76, H 9.70.

Table 9. '3C NMR data of (—)-men-3d.

Signal trans-A irans-B cis-A[a]  cis-B
SiMe, (q) 1.0 [e] 1.1
3-Me {q) 12,0 12.1 8.0
5"-Me (q) {d] 16.5 16.4 16.9
2".CHMe, (2q) [d] 22.12.21.04 22.09. 20.99 222,211
C-4" (1) [¢] 237 234 238
C-3 (d) 24.2 24.7 254
C-5" (d) 26.4 26.3 26.5
2".CHMe, (d) 31.3 314 316
C-3" (1) [e] 34.5% 34.46 34.6
C-1 (d) 37.3 375 29.5
C-6" (t) 415 411 41.8
C-2" (d) 47.36 47.43 47.6
C-2(s) 69.9 70.1 66.6
C-1" (d) 73.9 73.7 73.5
C-2'(d) [b] 130.1 129.9

C-1 () 1394 139.6 143.7
CO,Me (s) 169.5 169.4 168.2 168.1

[a] Missing signals of cis-A could not be unambiguously identified due to low
intensity. [b] Missing signals are hidden by solvent signals (C.D,) and/or not unam-
biguously identifiable. [c] Signals are exchangeable. [d] Signals are exchangeable.
[e] Chemical shift is identical with that of trans-A-SiMe;.
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Functionalized Lipid Tubules as Tools for Helical Crystallization of Proteins

Philippe Ringler, Wolfgang Miiller, Helmut Ringsdorf, and Alain Brisson*

Abstract: The development of functional
supramolecular devices built by self-as-
sembly of elementary molecules and with
bioactive properties arouses considerable
interest in the field of nanotechnology and

cules, are straight hollow cylinders with a
constant diameter of 27 nm and variable
length up to several micrometers. They
are unilamellar with an inner diameter of
about 16 nm, as shown by cryoelectron

microscopy. Streptavidin binds to the bi-
otinylated tubules and assembles sponta-
neously into ordered helical arrays at the
tube surface. These crystals exhibit regu-

new materials. We report here the forma-
tion of a new class of lipid tubules exhibit-
ing both properties of molecular recogni-
tion and crystal formation for the protein
streptavidin. These lipid tubules, made of
biotin-containing dioctadecylamine mole-

Introduction

The properties of molecular recognition and self-organization
possessed by biological molecules together with the wide variety
of their functions explain the efforts devoted to the use of
these materials for the development of supramolecular systems
with bioactive properties, attempting to bridge the gap between
life science and materials science.l'! The rational design of
new molecular tools with selected properties depends on our
understanding of the relationship between molecular structure
and supramolecular assembly, which evolves from experi-
ments conducted on model systems and theoretical consider-
ations.!*!

The structures formed by lipids in aqueous solutions have
been extensively studied to gain insight into more complex nat-
ural biological membranes. The self-organization properties of
lipids have also been used to produce interfacial or Langmuir
films, as well as micelles or liposomes for various applications
such as the controlled delivery of therapeutic agents.*! Al-
though most amphiphiles form spheroidal supramolecular as-
semblies upon hydration, several amphiphiles have been shown

[*] Prof. Dr. A. Brisson
University of Groningen, Department of Chemistry. Biophysical Chemistry
Nijenborgh 4, NL-9747 AG Groningen (The Netherlands)
Fax: Int. code +(31)50-363-4800
e-mail: brisson(: chem.rug.nl
Dr. P. Ringler
Institut de Génétique et de Biologie Moléculaire et Cellulaire
1 rue Laurent Fries, F-67404 likirch (France)
Prof. Dr. H. Ringsdorf, Dr. W. Miiller
Universitidt Mainz, Institut fiir Organische Chemie
1 J-Becher-Weg 1820, D-55099 Mainz (Germany)
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lar order up to about 1.5 nm resolution.
In addition, the helical streptavidin arrays
act as supramolecular
devices that bind a wide variety of biotiny-
lated objects, as demonstrated here with
proteins and liposomes.

functionalized

liposomes -

to exhibit tubular morphology." 7! These lipid tubules have
attracted special attention both from a theoretical point of
view!®%] and for potential applications.!'®? Theories of tube
formation have been proposed, and it is considered that the
chirality of the constitutive molecules is an essential parameter
for the formation of tubes.!> 12 Although the relevance of
lipid tubules in vivo remains to be established, the formation of
membrane tubules has been reported under several conditions.
For example, tubular structures are formed by some natural
lipids, such as brain galactocerebrosides,!'*) which also consti-
tute the deposit found in several lipid storage discases.!'*! Intra-
cellular tubular structures made of lipid - protein mixtures have
also been found in cells overproducing membrane-bound
proteins and interpreted as a specialization of biological mem-
brancs containing ordered arrays of these proteins.[' 3! The for-
mation of membrane tubules of endoplasmic reticulum has also
been shown to be inducible by kinesin-driven microtubule
movement.H¢!

In this report we extend the scope of lipid tubules by confer-
ring upon the constituent molecules the property of specific
binding towards proteins. This gives the [unctionalized tubes
the ability to form protein crystals. This concept is presented
here in the case of a biotinylated lipid, called DODA-EQ,-bi-
otin, and of streptavidin. Streptavidin is a protein isolated from
Streptomyces avidinii that consists of four identical subunits,
each containing a single biotin (vitamin H) binding site."' 7! The
high affinity between streptavidin and biotin has made this sys-
tem very popular in the field of labeling and affinity techniques.
The new tool presented here uses the tubular morphology of
self-assembled lipid molecules to induce the spontaneous forma-
tion of ordered protein arrays.
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Results

Lipid tubules of DODA-EQ,-biotin: Liposome solutions of DO-
DA-EQ,-biotin, a biotinylated dioctadecylamine lipid molecule
containing ethylene oxide spacers (Figure 1a), were prepared by
solubilization in the presence of n-octyl-f-D-glucopyranoside
(f-OG) followed by detergent dialysis. These solutions con-
tained mainly tubular structures when observed by transmission
electron microscopy (TEM) (Figure 1b). The lipid tubules pre-
sented a highly homogeneous morphology, appearing as
straight hollow cylinders with a constant diameter of about
27 nm. Their length was variable and could reach several tens of
micrometers. The hollow nature of the tubules was suggested by
the presence of stain at their extremities (Figure 1 b arrowheads)
and along the length of some tubes (Figure 1b arrow). The

Figure 1. Lipid tubules of DODA-EQ,-biotin. a) Chemical structure of DODA-
EO,-biotin. The three asymmetric carbon atoms in the natural d-biotin are in a
cis—cis configuration. [42] b) Electron micrograph of lipid tubules made of pure
DODA-EO,-biotin (negative staining in NaPTA). The hollow nature of the tubes
is suggested by the characteristic presence of a stain deposit observed either at their
extremities (arrowheads) or all along their length (arrow). The packing of the lipid
tubules in bundles is likely to have been induced by drying. Scale bar: 0.4 um.

formation of lipid tubules was unexpected, as most lipids form
uni- or multibilayer structures with a vesicular shape when sub-
jected to a similar treatment. When mixtures of DODA-EQ,-
biotin and dioleoylphosphatidylcholine (DOPC) (molar ratios
1:4 and 1:10) were analyzed, a mixed population of round vesi-
cles and tubules was observed (data not shown). We concluded
therefore that the formation of the tubular structures was due to
genuine self-assembly of the chiral DODA-EQ,-biotin mole-
cules.

The uni- or multilamellar nature of DODA-EQ,-biotin
tubules was investigated by cryoelectron microscopy. An ex-
ample of a lipid tubule in the frozen hydrated state is shown in
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Figure 2. Unilamellar structure of a frozen hydrated lipid tubule of DODA-EQ,-
biotin. a) Cryoelectron micrograph of a lipid tubule observed in the frozen hydrat-
ed state. The tube diameter is about 27 nm. The tube presents a characteristic
contrast pattern made of four high-density stripes. Scale bar: 27 nm. b) Graph of
the projected density emphasizing the four-striped pattern. The image (a) was digi-
tized with a step size of 25 um, corresponding to a pixel size of .56 nm. A straight
portion (175 nm) of the lipid tubule was boxed and the projected density was calcu-
lated by summing the pixel values along the tube direction with programs from the
IMAGIC package.*!¢) Model of a unilamellar cylindrical liposome in which the
two concentric black annuli symbolize the lipid polar headgroups, characterized by
higher electron scattering properties. d) Projected density of the model (¢). calculat-
ed as in (b}, exhibiting four peaks with shape and intensities similar to the projected
density calculated for the lipid tubule in (b).

Figure 2. The tube presents four stripes along its length, two
grey outer stripes and two darker inner stripes. This contrast
pattern is characteristic of unilamellar lipid vesicles!*®! and is a
result of the greater electron-scattering ability of the lipid polar
headgroups as compared with the hydrocarbon chains. The in-
ner diameter of lipid tubules, measured as the distance between
the two inner darker stripes, is about 16 nm.

Binding of streptavidin to DODA-EQ,-biotin liposomes: Lipid
tubules made of DODA-EO,-biotin are functional structures,
bearing biotin sites that confer on them the property of molecu-
lar recognition for streptavidin. When streptavidin was added to
pure DODA-EO,-biotin suspensions or to lipid mixtures made
of DODA-EQ,-biotin and DOPC, a noticeable aggregation de-
veloped within a few minutes. This effect can be explained by the
symmetric distribution of biotin sites on opposite sides of tetra-
valent streptavidin molecules, which can thus interact with two
neighboring liposomes and induce the formation of an intricate
liposome network.!*®! This provided macroscopic evidence that
biotin sites were accessible on lipid structures made of DODA-
EO,-biotin.

In order to characterize quantitatively the interaction be-
tween streptavidin and DODA-EQ,-biotin aggregates, a poly-
acrylamide gel electrophoresis assay (PAGE) based on a modifi-
cation of the electrophoretic migration properties of proteins
induced by their specific binding to liposomes or micelles was
performed.t?°! When streptavidin was mixed with an excess of
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DODA-EQ,-biotin and the mixtures were characterized by
PAGE in the presence of sodium dodecyl sulfate (SDS), the
streptavidin band was totally shifted towards a fast-migrating
position (Figure 3a). In the example presented here, 80 pmol
streptavidin was titrated against 210 pmol DODA-EO,-biotin.

a 123 4 5 6 7

Figurc 3. Titration of streptavidin

binding by PAGE in denaturing (a)

=97kDa and nondenaturing (b) conditions.

- i a) Streptavidin (80 pmol)  was

mixed with DODA-EO,-biolin/

_45 DOPC liposomes (1:10 molimol)

., containing the following amounts

of DODA-EO,-biotin (from lanes

4 56 110 7): 0, 2100, 700, 210, 70, 20,

5 and O pmol. The samples were

mixed with SDS before deposition

on the gel. Titration is complete

with about 210 pmol of DODA-

EO,-biotin. The arrow indicates

the bands corresponding to the

streptavidin tetramer. The position

of molecular weight markers is in-

dicated on the right. b) Streptavid-

in (200 pmol) was mixed with DODA-EO,-biotin/DOPC liposomes (1:10 mol/mol)

containing the following amounts of DODA-EO,-biotin (from lancs 1 to 6): 0,

2100, 700, 210, 70, and 0 pmol. The samples were deposited on the gel without

further treatment. Titration is achieved with about 2100 pmol of DODA-EQ,-
biotin.

This result is in agreement with the fact that each streptavidin
can bind up to four biotinylated lipid molecules. It also indicates
that biotin groups are freely accessible in the micellar form of
the aggregates. In nondenaturing conditions, streptavidin gave
two bands that were absent when an excess of DODA-EO,-
biotin-containing liposomes was added. The total disappear-
ance of the bands corresponding to the streptavidin tetramer
(arrow in Figure 3b) can be explained by the fact that the lipo-
somes are too large to enter the gel.?? Titration of 200 pmol
streptavidin was complete with 2100 pmol DODA-EQ,-biotin.
Taking into account the facts that a) only half of the lipids are
accessible in intact unilamellar vesicles, b) DODA-EO,-biotin/
DOPC liposomes with a 1:10 molar ratio werc used in the
present experiment, ¢) one streptavidin molecule covers a sur-
face equivalent to forty lipid molecules,'**1 and d) streptavidin
molecules can bind liposomes by their two opposite sides, titra-
tion of 200 pmol streptavidin is expected to require between 800
and 1600 pmol of DODA-EO,-biotin. This value is in satisfac-
tory agreement with the results obtained. These results indicate
that streptavidin binds in a titrable manner to both DODA-
EO,-biotin liposomes and micelles.

Helical crystallization of streptavidin on DODA-EQ,-biotin tube
surface: We found by TEM that streptavidin assembles sponta-
neously into ordered helical arrays at the tube surface (Fig-
ure 4). Following streptavidin binding, the diameters of lipid
tubules increased from 27 nm to 38 nm, an increasc correspond-
ing to about twice the thickness of the streptavidin molecule, as
known from X-ray analysis.I*'! This obscrvation indicates that
one single layer of protein covers the tube surface. Tubes pre-
sented striations extending perpendicularly to the tube axis and
about 5.2 nm distant from each other. The helical symmetry of
the protein arrangement was clear from the aspect of the corre-
sponding diffraction patterns, which exhibited a characteristic
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Figure 4. Images (a,c) and Fourier transforms (b,d) of helical crystals of streptavid-
in formed on lipid tubules containing DODA-EO,-biotin. a.c) Stain striations ex-
tend along the tubules. Protein densities are particularly visible at tube edges, corre-
sponding to streptavidin  molccules viewed edge-on. Scale bar: 40 nm.
(b,d) Distribution of Fourier transform amplitudes from the tubes shown in (a.c).
corresponding to about 1700 streptavidin molecules. The finest spacing between
layer lines indicates a helical repeat of 47 nm. Visible diffraction peaks extend up to
1.7 nm (arrowhead in (b)).

distribution of intensities confined to layer lines (Fig-
ure 4b,d}.122: 231 The resolution of the crystalline order extended
up to about 1.5 nm. Binding and crystallization of streptavidin
occurred within a few minutes, reflecting the high affinity be-
tween streptavidin and biotin groups and the limited molecular
movements required to stabilize the helical arrangement.

Secondary binding of biotinylated objects to tubular arrays of
streptavidin: We investigated whether streptavidin-coated tubcs
could bind biotinylated objects through their biotin sites ex-
posed to the aqueous environment. They did indeed bind bi-
otinylated proteins, as shown here in the case of ferritin, a
500 kDa iron-bearing protein that is easily recognizable by elec-
tron microscopy (Figure 5a). A similar result was obtained with
other biotinylated proteins, such as linear polymers of strep-
tavidin or alkaline phosphatase (data not shown). The strep-
tavidin tubular crystals also bound liposomes containing lipid
species with different specificities. which could be used for a
second molecular recognition process. In the expertment pre-
sented in Figure 5b, liposomes containing DOPC, monosialo-
ganglioside G,,, and N-(6-((biotinoyl)amino)hexanoyl)dipal-
mitoylphosphatidylethanolamine (biotin-LC-DPPE}, a bi-
otinylated lipid different from DODA-EO,-biotin, are shown to
interact with a tubular array of streptavidin. These liposomes
wrap around the streptavidin tube and present a smooth sur-
face. After addition of the B moiety of cholera toxin, a protein
cxhibiting a high affinity for Gy,-gangliosides,**! the surface of
the liposomes becomes rough and covered with particles pre-
senting the characteristic rosette shape of the B, particle (Fig-
ure 5¢).12° The possibility of targeting liposomes of different
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Figure 5. Binding of biotinylated
objects to helical arrays of strep-
tavidin. a) Polybiotinylated horse
spleen ferritin molecules bound to
a streptavidin  tubular crystal.
Many globular ferritin molecules
(white circle) are seen associated
with the helical array of streptavid-
in molecules. The presence of small
ferritin aggregates is certainly duc
to the polybiotinylation of the
protein and the presence of free
streptavidin molecules.  Binding
was specific as no ferritin molecules
were bound after preincubation of
the streptavidin tubes with an ex-
cess of biotin. b) Lipid vesicles
made of DPPE-LC-biotin/Gy,/
DOPC (1:1:10 molar ratio) bound
to a tubular array of streptavidin.
Some lipid vesicles wrap around
the tube surface like slecves main-
tained by an extended zipper struc-
ture. The smooth surface of the
vesicles is characteristic of the ab-
sence of bound proteins. ¢) As for
b) after further incubation with the
B, moiety of cholera toxin. The
lipid vesicles are now covered with
particles exhibiting the characteris-
tic annular structure of B, pen-
tamers. Scale bar: 100 nm.

specificities at the same place is of potential interest for various
applications such as initiation of membrane fusion processes or
diffusion-limited reactions.

Discussion

The formation of lipid tubules with DODA-EO,-biotin consti-
tutes a new example of amphiphile-forming supramolecular
structures with helical or tubular morphologies.!” ?¢! These
tubes are, to our knowledge, the first which are functionalized,
being able to bind streptavidin by their biotin headgroups. In
addition, the unilamellar nature of DODA-EO,-biotin tubes
constitutes a marked difference from the multilamellar nature of
many other lipid tubules previously reported. For example,
tubular structures obtained with either polymerizable di-
acetylenic lecithins'?7! or aldonamides®® ! have diameters mea-
sured in hundreds of nanometers.

The spontaneous crystallization of streptavidin on the tube
surface constitutes a remarkable property of DODA-EQ,-bi-
otin tubes, which is of potential interest in the field of structural
biology. The crystallogenesis of helical arrays of soluble
proteins by affinity binding to tubular lipid vesicles is similar in
its principle to the growth of two-dimensional protein crystals
induced by specific binding of proteins to lipids incorporated
into planar lipid films.1*®) However, this new method presents
several notable advantages with respect to the formation of
two-dimensional crystals at air—water interfaces. In protein
crystals with helical symmetry, the repeat motif is viewed in
many different orientations along the helix; this enables its
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three-dimensional structure to be calculated from one single
image by Fourier—Bessel reconstruction methods.**! In the
case of two-dimensional crystals, the determination of a three-
dimensional structure necessitates the recording and combina-
tion of many images of tilted specimens. This operation has
intrinsic limitations resulting in a loss of resolution along the
direction perpendicular to the crystal plane.!?°! In addition, he-
lical crystals form in solution and can be easily transferred onto
electron microscopy grids. In contrast, the transfer of two-di-
mensional crystals from air—water interfaces, or of Langmuir
films in general, is extremely tricky, inefficient, and prone to
result in structural damage. The actual resolution of the strep-
tavidin crystals, close to 1.5 nm, is likely to be limited by the use
of negative stains. The ultimate resolution will depend on the
intrinsic crystalline order and the number of averaged mole-
cules. It has been shown that a resolution of 0.9 nm, sufficient
to reveal the major elements of protein secondary structure,
could be achieved by averaging 50000 molecules arranged in a
helical crystal.'?®1 As this number of molecules corresponds to a
length of 10 um of a DODA-EQ,-biotin tube, it is possible that
high resolution data could be obtained by image analysis of
single tubes.

Streptavidin molecules are known to form various types of
planar two-dimensional crystals by specific binding to biotin-
ylated lipid layers.®*% The packing of streptavidin molecules at
the tube surface, presently under study, is likely to derive from
one of these crystalline forms by a slight rearrangement of
molecular interactions, without implying any bending of the
streptavidin molecule itself.

The tubular crystals presented here are distinct in nature from
other protein tubular crystals already reported, such as those
made of viral proteins,*!! membrane proteins,'*? 33! or mem-
brane-bound proteins.**! [n these latter cases, tubular struc-
tures have resulted from the particular shape and spatial ar-
rangement of the proteins and not from a preexisting tubular
matrix. This is well substantiated in the case of the acetylcholine
receptor tubes that form by spontaneous rearrangement of
round native membrane vesicles.??) In the present study, the
helical array of streptavidin is induced by the preexisting mor-
phology of DODA-EO,-biotin lipid tubules. It is important to
note that we have studied many biotinylated lipids which
formed spheroidal liposomes and we have never observed, de-
spite extensive investigations, the transformation of spheroidal
liposomes covered with streptavidin into tubular crystals.

We anticipate that the new type of lipid tubule presented here
could lead to interesting applications in the field of structural
biology. The possibility of cocrystallizing complexes made of
streptavidin and of a biotinylated protein of interest would con-
stitute a powerful new approach in electron crystallography.
The rational design of lipid tubules with selected protein
specificities constitutes another direction to investigate, which
first requires an understanding of which part of the molecule
is responsible for the property of tube formation.**' In addi-
tion, the tubular crystals of streptavidin act as functional
systems that present interesting surface properties for sec-
ondary binding of a variety of biotinylated molecules. A wide
range of biotinylated compounds, such as proteins, dyes, and
polymers, are easily available, and biotin-ligand linkers have
already been used for building mixed protein multilayers in an

0947-6539/97/0304-0623 § 17.50+ 500 623





FULL PAPER

A. Brisson et al.

organized manner.*®! Thus, potential applications in surface

chemistry, catalysis, drug delivery, and nanotechnology in gen-
eral are foreseen.

Experimental Section

Materials: DODA-EQ,-biotin was synthesized as previously described from
d-biotin.1*") Streptavidin was purchased from either Jackson Immunore-
search or Boehringer Mannheim. $-OG, monosialoganglioside Gy, biotin
immobilized on agarose resin, biotinylated horse spleen ferritin and By
cholera toxin were purchased from Sigma. DOPC and biotin-LC-DPPE were
obtained from Avanti Polar Lipids and Pierce, respectively. All other chemi-
cals were the best available commercial grade.

Preparation of liposomes of DODA-EQ,-biotin: Liposomes were prepared by
detergent dialysis.**! DODA-EQ,-biotin and 8-OG were first solubilized in
CHCI, at 4 and 100 mgmL ™", respectively, and mixed in 1:10 weight ratio.
After evaporation of the solvent under reduced pressure, a volume of buffer
made of NaCl (100mm), EDTA (1mm), NaN,; (3mm), sodium phosphate
(20mm). pH 6.5, was added to give a final lipid concentration of 4 mgmL "',
The mixture was stirred at room temperature until it became clear and was
then poured into Spectra/Por no. 1 dialysis tubing (Mediceli, London (UK))
with a molecular weight cut-off of 6000 -8000 Da. Dialysis was performed at
4°C for 2 days until a noticeable turbidity was observed. The same procedure
was used for preparing mixtures of DODA-EQO,-biotin and DOPC (1:4 and
1:10 (mol/mol)).

Titration of streptavidin binding to DODA-EQ, -biotin liposomes or micelles by
PAGE: Binding of streptavidin to biotinylated lipids either in liposomes or in
micelles was measured by means of an clectrophoretic migration shift assay
performed in either nondenaturing or denaturing conditions.[29) A fixed
quantity of streptavidin was incubated for 15 min at room temperature with
increasing amounts of DODA-EO,-biotin liposomes. For PAGE in denatur-
ing conditions, the samples (25 uL maximal volume) were mixed with 5 uL of
a solution containing bromophenol blue in 30 % glycerol supplemented with
2% SDS. and deposited on SDS-containing gels. For PAGE in nondenatur-
ing conditions, the samples were mixed with the bromophenol blue/glycerol
solution without SDS and directly deposited on the gel. PAGE was performed
in 0.8 mm thick slab gels. No stacking gels were used for PAGE in nondena-
turing conditions. Separating gels contained 10% acrylamide and 0.4%
bisacrylamide in 400mM tris(hydroxymethyl)aminomethane (Tris), pH 8.8,
supplemented with 0.1 % SDS in denaturing conditions. For PAGE in dena-
turing conditions, stacking gels contained 5% acrylamide and 0.13 % bisacry-
lamide. The migration buffer was 25mm Tris, 192 mM glycine, pH 8.3, supple-
mented with 0.1% SDS in denaturing conditions. Gels were stained with
Coomassie brilliant blue according to standard procedures.

Binding of streptavidin to DODA-EO,-biotin lipid tubules for TEM observa-
tions: Binding of streptavidin to lipid tubules obtained with pure DODA-
EO,-biotin or with a DODA-EO,-biotin/DOPC lipid mixture (molar ratio
1:4) was induced by mixing a given volume of biotinylated lipid solution, at
a final DODA-EO,-biotin concentration of 90 M, with a twofold molar
excess of streptavidin from a 5mgmL ™! solution. After incubation for
10 min at room temperature, the excess of free protein was eliminated by a
10-min incubation in the presence of agarose resin beads containing immobi-
lized biotin groups. Samples were processed for TEM as described below.

Binding of biotinylated objects to helical arrays of streptavidin: Streptavidin-
bound tubules were prepared as described before and adsorbed onto hy-
drophilic carbon-coated grids for 5min. A grid was then placed for few
minutes on top of a droplet containing the solution of interest: 1) a 10um
solution of polybiotinylated horse spleen ferritin; 2) a 1 mg lipid per mL
liposome solution made of biotinylated lipids (biotin-LC-DPPE), ganglioside
Gy, . and DOPC (molar ratio: 1:1:10). In this latter case, some grids were
washed and deposited on top of a 0.5 mgmL ™! B cholera toxin solution for
subsequent binding of B, to its receptor, the monosialoganglioside G,;, 1?4

TEM and image analysis: For electron microscopy of pure lipids, a
0.2-0.4 mgmL ! lipid solution was deposited onto a carbon-coated grid,
previously rendered hydrophilic by glow discharge in air.**! Sodium phos-
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photungstate solution (NaPTA, 2%, pH 7.5) was used as a negative stain.
Streptavidin-bound lipid tubules were negatively stained with 1% uranyl
acetate, pH 3.5 (UA). Cryoelcctron microscopy of frozen hydrated liposomes
was carried out by adsorption of a droplet of a 0.1 mgmL ™! lipid suspension
onto a hydrophilic carbon-coated grid and plunging of the grid into cooled
liquid propane.*®! Observation was at about —170°C with a Gatan-626
cryoholder.

Electron microscopy was performed on a Philips CM 12 operating at 100 kV.
Images of tubes exhibiting helical symmetry were selected by optical diffrac-
tion and digitized with a Kodak Eikonix Model 1412 CCD camecra with a step
size of 14 um, corresponding to a pixel size of 0.32 nm. Fourier transforms of
straight portions of tubes extending over a length of 450 nm were calculated
by the IMAGIC image analysis package.™"
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Dimethyl Peroxide Radical Cation: A New Theoretical and Experimental

Approach to the C,H,O5*

Potential Energy Surface

Christoph A. Schalley, Andreas Fiedler, Georg Hornung, Ralf Wesendrup,
Detlef Schroder, and Helmut Schwarz*

Abstract: The structure and the unimolec-
ular fragmentations of the metastable
dimethyl peroxide radical cation have
been investigated by mass spectrometric
and isotopic labeling methods as well as
high-level ab initio calculations. In line
with the theoretical results, neutraliza-
tion—reionization and charge reversal ex-

C—-H bond significantly reduced upon
jonization. These energetic changes upon
one-electron oxidation of CH,OOCH,
are also reflected in the NR and CR mass
spectra of CH,OOCH;". Further, for
metastable CH,OOCH}" two major frag-
mentation pathways are observed:
1) Loss of a hydrogen atom by cleavage

of a C—H bond is associated with a skele-
tal reorganization, which gives rise to
a proton-bound formaldehyde dimer.
2) Theexpulsion of a CH,O" radical leads
to protonated formaldehyde in a surpris-
ingly specific double hydrogen transfer in-
volving a [CH,OH/CH,O]'" ion/dipole
complex as central intermediate; this

periments suggest that ionized dimethyl
peroxide bears a CH;O0CH;"* connectiv-
ity. In the cation the O—0O bond dissocia-
tion energy 1s larger than that of the neu-
tral counterpart; in contrast, the C-O

bond strength is slightly and that of the § Sdetions

Introduction

Mass spectrometry and ab initio calculations are complemen-
tary tools that are ideally suited for the investigation of gas-
phase structures and unimolecular fragmentation patterns of
small ions and neutrals.!"! The [C,,H,,0,]'" potential-energy
surface has been examined repeatedly in combined mass spec-
trometric and theoretical studies, and the ethylene glycol radical
cation 3"* was often used as a starting point.!?! Several distonic
ions,’?" hydrogen-bridged cations,** <! and ion/dipole com-
plexes!?® ¥ have been proposed as intermediates in the fragmen-
tation of 3'", and a complex reaction mechanism involving
dipole-catalyzed proton shifts and charge transfer processes has
been suggested in order to explain the experimental find-
ings.!2° ! Surprisingly, other entries to the [C,,H,,0,]'" poten-
tial-energy surface have hardly been used so far. Burgers et al .1
reported that the metastable radical cations of ethyl hydroper-
oxide 2°* and dimethyl peroxide 1" undergo f{ragmentations
that are entirely different from those of 3'*, such that the
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complex also accounts for other minor
fragmentation channels. The structures
of intermediates and transition states
are calculated with the BECKE3LYP
density-functional method employing a
6-311++G** basis.

dimethyl per-

rearrangements 1'" —» 3" " and 2'* — 3"* can be excluded. More
detailed investigation of these peroxides appear to be necessary
in order to unravel additional parts of the [C,,H,,0,!'" poten-
tial-energy surface.

As far as the mass spectrometry of small dialkyl peroxides is
concerned, detailed investigations are scarce.’”! For dimethyl
peroxide the EI mass spectrum and metastable decompositions
have been reported,'® and protonated 1 and 2 have been struc-

HC. ..O. D;C. . .O0.

0" “CH, 0" CD, 0”7 CD,
1 1a 1b
H,C._OOH HO o~ gy HO._OCH,
2 3 4

o} 0 o]
Ho\)koczH3 CH30) kocH3 CH3O\)k0H
5

6 7

CH,0._OC,H,

8
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turally characterized by mass spectrometric and theoretical
methods,!” but in none of these studies has isotopic labeling
been carried out. Recently, a more thorough investigation of the
unimolecular fragmentations of the methyl nitrite radical
cation,'® which bears a weak N—-O bond similar to the O-O
bond in CH,0O0CH;", revealed a quite complex fragmentation
pattern. In this respect, it seems to be particularly interesting to
understand how the presence of O—O bonds bias the reactivity
pattern in the unimolecular decay of peroxide radical cations.

In this article, we present a detailed mass spectrometric and
theoretical study of the dimethyl peroxide radical cation and its
unimolecular decompositions. For comparison, compounds 2-
8 were included in this study, because these are either structural
isomers of CH,OOCH; or represent promising precursors for
the generation of other [C,,H,,0,1'* ions through loss of car-
bon monoxide or ethene, respectively, from their ionized ana-
logues.

Experimental Section

The experiments were performed with a modified VG ZAB/HF/AMD four-
sector mass spectrometer of BEBE configuration (B stands for magnetic and
E for electric sector), which has been described previously.®! Briefly, the
substrates were ionized by a beam of electrons having 70 eV kinetic energy in
an El ion source. To avoid peroxide decomposition, a metal-free Teflon/glass
inlet system was used for the introduction of the peroxides into the ion
source.!'®1 The ions were accelerated to & keV translational energy and mass-
selected by means of B(1)/E(1) at a resolution of m/Am ~3000—-4000; isobaric
impurities were not observed. Unimolecular fragmentations of metastable
ions (MI) occurring in the field-free region preceding B(2) were recorded by
scanning this sector. For collisional activation (CA), B(1)/E(1) mass-selected
ions were collided with helium (80% transmission, T). The error of the
relative intensities in MS/MS experiments does not exceed +5%.

MS/MS/MS experimentst! !l were performed by selecting the fragment ions of
interest by means of B(2), and the collision-induced fragmentations (He,
80% T) occurring in the subsequent field-free region were monitored by
scanning E(2): these experiments will be referred to as MI/CA spectra. The
sensitivity in MS/MS/MS experiments is less than that of the MS/MS studies,
and the error is estimated at +15%. Consecutive fragmentations can be
studied by MI/MI experiments, if the second decomposition is not too fast
and occurs in the psec time-window of these experiments.' ?) Faster processes
(nsec timescale) can be studied by applying the ion retardation method,” 37 in
which the beam of metastable ions is influenced by an electric potential on a
collision gas cell (no collision gas leaked in). Direct fragmentation reactions
then lead to two different signals in the MI mass spectrum, one for the ions
fragmenting outside, the other representing ions decomposing inside the cell.
In such a set-up, consecutive processes give rise to additional signals, provid-
ed one neutral is lost outside and the other inside the cell. From the signal
shifts observed in this experiment, one can deduce, which neutrals have been
formed during the decomposition. For instrumental reasons, the retardation
experiments were carried out in the field-free region between B(1) and E(1).
For neutralization—reionization (NR) experiments,'*] the cations
(TNR*)[14¢-15) \were neutralized by high-energy collisions with xenon
(80% T) in the first of two differentially pumped collision cells located in the
field-free region between E(1) and B(2). Unreacted ions were deflected away
from the beam of neutral species by applying a voltage of 1 kV on a deflector
electrode located between the two collision chambers. Subsequent reioniza-
tion to cations occurred in a second cell by collisions with oxygen (80% T).
The resulting mass spectra were recorded by scanning B(2). For collisional
activation of survivor ions ("NR"/CA), these ions were selected with B(2)
and collided with helium (80 % T) in the subsequent field-free region, and the
ionic products were monitored using E(2).

Collisionally induced dissociative ionization (CIDI) mass spectral'®? were
performed in the field-free region between E(1) and B(2) by deflecting away
all ions from the beam of neutrals generated upon unimolecular decay, and
subsequent ionization of the remaining neutrals by high energy collisions with
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oxygen. Owing to low intensities a relatively high O, pressure was applied
(60% T). Differential pumping and use of a flight path of ca. 80 cm ensured
the absence of *NR™ processes in the CIDI mass spectra, as indicated by the
absence of survivor ions, which represent the base peak in the *NR ¥ mass
spectra of 1'* (see below).

Charge reversal mass spectra of cationic 1'" to anionic fragments
(*CR™)¢ 1T were obtained by colliding the ion beam with benzene
(70% T). Owing to low signal intensities these experiments were carried out
in the field-free region between B(1) and E(1). Analogously, *NR ™ mass
spectra were obtained in the same field-free region, by neutralizing the cations
with Xe (80% T), deflecting away the unreacted ions from the beam, and
reionizing the neutral species to anions with benzene (70% T).

Kinetic energy release values, T, ., associated with the fragmentations of B(1)
mass-selected 1'* were estimated from peak half-height widths!*®) at an
energy spread of the parent ions of ca. 2 V. All spectra were accumulated and
processed on-line with the AMD-Intectra data system; 5 to 30 scans were
averaged to improve the signal-to-noise ratio.

In additional experiments, the reaction of CH,O"* with CD;OH was studied
with a Spectrospin CMS 47X Fourler-transform ion cyclotron resonance
(FT-ICR) mass spectrometer equipped with an external EI ion source.'*! In
brief, CH,O"* ions were generated from formaldehyde by a beam of electrons
(70 eV) and transferred by a system of electric potentials and lenses to the
analyzer cell located within a superconducting magnet (7.05 T, Oxford Instru-
ments). After thermalization by applying several argon pulses, CH,O" " was
mass-selected using FERETS, a computer-controlled ion ejection protocol,
which combines single-frequency ion ejection pulses with frequency sweeps to
optimize ion isolation.”?*! [D,]methanol was admitted to the cell through a
leak valve at a pressure of ca. 10”8 mbar. All functions of the instrument were
controlled by a Bruker Aspect 3000 minicomputer.

Ethylene glycol, methyl 2-hydroxyacetate, dimethyl carbonate, and methoxy-
acetic acid (3, 5-7) were used as purchased {(Aldrich). Compounds 1 and 1b
were synthesized2!! by alkylation of hydrogen peroxide under basic condi-
tions with [D,]- and [D}dimethyl sulfate, respectively: 1a was prepared from
methyl hydroperoxide!??1 by the same alkylation procedure using [Dg]-
dimethyl sulfate (Acros, > 99 atom % D). Ethyl hydroperoxide (2) was gener-
ated by treating the ethyl chloride Grignard reagent with oxygen and subse-
quent hydrolysis.’?*?3] Ethoxymethoxymethane (8) was synthesized by treat-
ing sodium ethoxide with methoxymethyl chloride.[>* 2%l All compounds
were purified by distillation and characterized by their 'HNMR spectra 29
or EI mass spectra.l®! Note that dimethy! peroxide and ethyl hydroperoxide
are hazardous substances and should be handled with appropriate precau-
tions.*” Therefore, peroxides were synthesized in small amounts (<0.5 g)
and stored in a 20 °C refrigerator. As dimethyl peroxide may explode for no
apparent reason, it was handeled as a pure substance only when cooled to at
least —78 “C.

Computational Details: All calculations were carried out with the
BECKE3LYP DFT/HF hybrid method as implemented in the GAUS-
SIAN 9428 program using the Becke 3 parameter fit for atomization energies
and the G22*T set for the ionization energies of small molecules. In view of
the large number of molecules and ions, which had to be calculated with an
appropriately big basis set, this method was chosen, because it promised to
be a rather cheap, but quite exact approach. The standard triple { split basis
set (6-311 G)1¥% was augmented by additional diffuse and polarization func-
tions resulting in a 6-311+ +G** basis. This kind of basis set is necessary for
a reasonable description of loosely bound complexes, such as H-bridged
radical cations. Geometry optimizations were performed by using gradient
procedures. Vibrational frequencies were calculated in order to characterize
stationary points as minima or transition-state structures and to account for
zero-point vibrational energy (ZPVE) corrections. ZPVE values are given
unscaled, because the scaling factors are close to unity for the BECKE3LYP
method.®*) It is expected that this method provides an accuracy of ca.
+ 5 kcalmol ™ 1.3 This has been found also for several other peroxidic sys-
tems, such as H,0,"* and CH,;00H,”* for which the BECKE 3LYP ener-
gies were compared to G2 and CCSD(T)/TZ2P +f calculations. For radicals
and radical cations, the s? values were close to 0.75, indicating that the
contribution of quartet states is negligible. In order to determine the exact
reaction pathway downhill, one of the central transition-state structures was
investigated at the BECKE3LYP level of theory with the intrinsic reaction
coordinate (IRC)*%) algorithm as introduced by Gonzalez and Schlegel ;3¢
for economic reasons, the IRC calculations were carried out using a 3-21 G*
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Table 1. Mass differences (Am in amu) observed in the CA mass spectra of isomeric [C, H, O,

" cations [a,b].

Precursor —Am= 1 15 17 19 28 29 30 3 32 33 34 35 47 48
CH,O00CH}' 100 [c] 8 2 3 9 96 [c] 27[c] 41 1 8 1
CH,CH,O0H"* 2t 15 100 [c] 13 44 4 6 2
HOCH,CH,OH"" 3 12 1 3 3 100 [¢] 8 26 2 5 1
HOCH,COOCH;" —CO [s-COor™ 23 [c] 1 1 1 5 100 [c} 17 42 5 8 1
CH,OCOOCH;" - CO [6—COI"™" 25[c] 1 1 1 2 100 [c] 10 5t 4 7 1

[a} Intensities are given relative to the base peak =100%. Some minor processes are omitted. [b] Part of these data have been published earlier by Burgers et al. [2a] and
were remeasured here to ensure comparability. [c] These fragmentations are also observed in the M1 mass spectra with more than 5% intensity relative to the sum of

fragmentations.

basis set. Owing to the large amount of computer time necessary, we did not
perform IR C calculations with the other transition-state structures. which are
located energetically far below the internal energy contents of the ions formed
from 1'* (see below).

Results and Discussion

In the following sections we will first discuss the structure of 1",
as far as conclusions can be drawn from a comparison of exper-
iment and theory. Then, the metastable ion decompositions and
the structural characterization of the resulting ionic products
will be described. With the experimental results serving as a
guideline, this section will be followed by a discussion of the
calculated energetic and structural properties of central interme-
diates and transition-state structures. Finally, a mechanistic pic-
ture will evolve, which agrees well with the present and previous
experimental results as well as thermochemical data.

The structure of the dimethyl peroxide radical cation: Four differ-
ent experimental approaches were used in order to determine
the connectivity of the [C,,H,,0,]"* species formed upon ion-
ization of dimethyl peroxide.

First approach: 1f the MI and CA mass spectra of 1'* differ
clearly from those of other [C,,H,,0,]"* isomers, these struc-
tures can be ruled out for 1"*. Further, the possibility of a
rearrangement of the major part of 1"* to these isomers prior to
dissociation can be discarded. However, from these experi-
ments, the isomeric species cannot be ruled out as short-lived
intermediates in the course of ion fragmentation of ionized 1.
Table1 summarizes the CA mass spectra of different
[C,,H,.O,] " ions. It is obvious that the CA spectra of 2°%, 377,
[5§— COT*,and [6 — COJ* are distinctly different from that of
1'*. While the loss of H* (Am = 1) corresponds to the base peak
in the CA mass spectrum of 1" *, for 2 * the expulsion of an OH"
(Am =17) radical 1s the most prominent process. The CA spec-
tra of 3", [§ — COJ'", and [6 — COJ'* are dominated by the
formation of CH,OH; ions formed through the loss of ncutral
HCO’ radicals (Am = 29). Finally, in the CA spectrum of 1"",
the peak corresponding to the formation of [CH,,01*
(Am = 31) ions is found to be much more intense than in the
spectra of the other isomers. The ion 3'" has been reported 2%
to rearrange to the distonic ion ‘OCH,CH,OH;, while
[5 — COT' ™ is believed?®! to correspond to a hydrogen-bridged
structure [CH,O0-H-0O=CH,]'*. It can therefore be ruled out
that the conventional isomers 2°* and 3'" as well as the latter
two structures are formed upon ionization of dimethyl peroxide.
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The structure of [6 — CO}'* has not been studied further, but
the CA mass spectrum resembles that of [§ — COT'* and is
different from 1" as well. Upon ionization of 7 and 8 no signif-
icant intensities of [{C,,H,.O,]'" were detected, indicating that
decarbonylation of 7°* and loss of ethene from 8'*, respectively,
are of minor importance.

Second approach: Because neutralization and reionization
achieved by high-energy collisions with target gas atoms or mol-
ecules are vertical processes,*”! the NR mass spectral'* can
provide a test for whether the ionic structure correlates with a
stable neutral. Moreover, an intense recovery signal indicates
that a ncutral species with a geometry close to that of the ion
exists. In the *NR™ experiment carried out with 1°* radical
cations the recovery signal represents the base peak (Figure 1).

Recovery
Signal
CHZ00CH;*

HCo*
/
H,C0™

/ H,COH"
cHy /
b I

mz ——

Figure 1. *NR™ mass spectrum (Xe, 80% T:0,, 70% T) of the dimethyl peroxide
radical cation 1%,

From this finding, we conclude that hydrogen-bridged ions and
ion/dipole complexes can most likely be ruled out, since for
these structures the recovery signal is expected to be weak or
even absent.®® Similarly, distonic ioms, such as CH,-
OO0 *(H)CHj3, are not expected to correspond to stable neutrals
giving risc to an intense recovery signals.!?9: 401

Third approach: The absolute intensity of the recovery signal of
fully deuterated 1b"* ions is higher than that for I'". A colli-
sional activation experiment with the survivor ions!*" (*NR*/
CA; Figure 2a) can thus be performed, in order to characterize
the ion structure after the neutralization—reionization process.
A comparison with the CA mass spectrum (Figure 2 b) recorded
in the same field-free region reveals that the structure-indicative
region is similar in both spectra. Slight differences in the inten-
sities of the DCO* ion relative to CD,OD ™ are probably due to
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Figure 2. a) "NR*/CA mass spectrum (Xe, 80% T; O,, 80% T; He, 80% T) of
1h**. These ions were generated by neutralization —refonization of B(1)/E(1) mass-
selected 1b°*, followed by mass-selection of the recovery ions with B(2); the spec-
trum was recorded by scanning E(2). b) CA mass spectrum (He, 80% T) of 1b"*.
The ions were mass-selected using B(1)/E(1)/B(2), and the spectrum was recorded
by scanning the second electrostatic sector E(2).

differences in the internal energy content, because CD,0D*
decomposes to DCO™* + D,, provided that sufficient internal
energy is available.[*?! Indeed, a comparison of the MI and the
CA mass spectra of unlabeled 1°* reveals that it is the HCO™*
ion (Am = 33), that is most sensitive to changes in internal ener-
gy (Table 1): In the MI spectrum, HCO™ is observed with an
intensity of less than 1%, while it represents the third-most
intense process in the CA spectrum (see below). Thus, the NR/
CA experiment leads to the conclusion that the ion beam is
essentially pure and the structure of the [C,,H,,0,]"* ion gener-
ated by electron ionization of 1 is the same prior to and after the
neutralization/reionization process.

Fourth approach. At a certain stage of the present study, it
became necessary to evaluate to what extent 1" can undergo
degenerated hydrogen migration prior to other rearrangements.
To this end, the cation structure was probed by charge reversal
to anions (*CR 7). In the *CR™ spectrum (Figure 3a), the
anionic fragments CH,07, O;, and CH;00 "~ clearly indicate
the integrity of the peroxide skeleton upon ionization. More-
over, the same experiment performed with 1a'* (Figure 3b)
leads to CH,O07, CD;07, O, CH;007, and CD;007, but
no other isotopologues; this clearly demonstrates that the
methyl groups in 1°* remain intact, and an H/D equilibration
between the two methyl groups can thus be ruled out.

In the comparison of the *CR ™ spectrum of 1'* (Figure 3a)
with the corresponding *NR ™ spectrum (Figure 3c¢), distinct
differences are observed: The CH,0 ™ signal is much less intense
relative to the other fragments in the *CR ™ experiment than in
the *NR~ spectrum (e.g., CH,O0™:CH,00~ is ca. 4:1 in the
*CR™ and ca. 70:1 in the *NR ™~ mass spectrum). While direct
two-electron reductions without the formation of a short-lived
neutral intermediate are feasible in the "CR ™ experiment, in a
*NR™ experiment two consecutive one-electron reductions
must occur. Thus, charge reversal leads to fragmentations that
reflect the properties of the cation, namely, its relatively strong
0-0 bond and its weakened C—O bond (see below). Therefore,
fragments with an intact O—O bond are more intense in the
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Figure 3. a) " CR™ mass spectrum (benzene, 70% T) of 1'*. b) *CR ™ mass spec-
trum (benzene, 70% T) of 12", ¢) 'NR ™ mass spectrum of 1'* (Xe, 80% T:
benzene, 70% T). Due to sensitivity, these spectra were performed with cations
mass selected by B(1) only, and the resulting anions were monitored with E(1).

*CR™ spectrum than in the *NR™ spectrum. In ncutral
CH,OO0CH, the peroxidic O—O bond is weak; consequently,
CH,0O~ prevails the *NR™ mass spectrum, owing to O-0
bond fission at the neutral stage followed by reionization of the
fragments.

These experiments suggest that dimethyl peroxide remains
structurally intact upon ionization and that the ion beam con-
sists of CH,OOCH;". However, the decomposition reactions
observed in the MI and CA mass spectra can also be explained
in terms of the isomeric structure 4'*. Although the CH,00",
HO; , and O} fragments observed in the "CR ™ cxperiment are
convincing evidence for the existence of an O-0 bond in the
[C,.H,0,]"" radical cation, we cannot exclude that minor
amounts of 1" have undergone rearrangement to 4°* (see be-
low).

The optimized geometries of neutral and ionized dimethyl
peroxide, derived at the BECKE 3LYP/6-311++G** level of the-
ory, are depicted in Figure 4. In line with previous ab initio
calculations™3! and photoelectron spectroscopy,**! for neutral
1 the conformation of minimum energy is C,,-symmetric 1 cor-
responding to a frans-conformation; no cis- or gauche-conform-
ers could be localized. Due to the extremely flat potential-energy
surface for dihedral COOC angles in the range of ca. 120 to
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Hyp trans-structure 1 for a qualitative discussion, particularly since
i, . .
H-C' e o the other geometric parameters (i.e., bond lengths and angles)
0—0 are in good agreement wi ose reported previously[#3743
/1‘414 good ag t with th ported p ly 43 -431
1467 )C‘H For the radical cation, two conformers have been located on the
k! potential energy surface, C,, symmetric trans-1'" and cis-1'"
Hyp 1 (Cop) with C,, symmetry, the latter being ca. 10 kcalmol ™! higher in
% 2h R
H=-C o !-fH‘ H _ energy. While we have not further pursued the search for a
/1_4|7° H C\ 1zo,z°/c H neutral counterpart of ¢is-1", the geometries of 1 and trans-1"*
" Y ~— . . .
1 308 c 00 1462 are quite close to each other, and all of the slight changes in the
v S
1.330 bond lengths and angles can be traced back to the missing clec-
trans-1" (Cop) cis-1" (Cay) tronin frans-1'". In particular, the O-O bond is shortened from
1.467 A (neutral) to 1.326 A in the radical cation, owing to the
120.3° H'H reduced repulsion between the nonbonding electron pairs at the
H H a5 i 1.468 - . . ;
7y / / 2o H”C\ 107% oxygen atoms in the radical cation. The existence of a rrans- and
1 2 8 - . . - .
H”C \Hﬂﬂ 1408~ OD {gr 1% a cis-isomer of 1'* implies a partial double-bond character of
ram” ] “"H‘ 1.355 “27"\\ _H the O-0 bond due to delocalization of the unpaired electron
1371 H! with one of the free electron pairs of the adjacent oxygen atom.
* (Co) 9 (Csg) The relative energies for 1 and rrans-1"*" (Table 2) lead to an
adiabatic ionization energy IE (1) of 9.02 eV (207.8 kcalmol "),
H 1.246 W 1.229 which is in excellent agreement with the experimental value
- [48]
\ ,___81 1225 >C’=o' 1192 (IE, = 9.1 eV).
H/ﬁs.z" \ I+ H® 1205° Q_la 1
,,Qi H* 1r9.am 185t H'
180.0°\ AY 4
0'=C; °—°z"H’ Table 2. Caleulated total €8 (Epm)s 2 int vibrational energies (ZPVE). and
N\ 1 230 / HG a ev_. alculate: ‘0 a engrgleb (Erouar)s Zero-point vx' rational energies ( ). and
H? ’ 1.367 experimental heats of formation (AH,) of [C, . H,,0,]'" isomers and relevant fragments.
10 (C 1 (C
(C2n) Cs) Epm (2] ZPVE  AH,[b] A, [)
(hartree) (hartree)  (kcalmol ™) (kecalmol ')
1.437 1.048
"{’ // e Ry 1 230453115 0.081793  —262 ~30.0
ch;*.‘Hs \ 17700 trans-1"* ~229.822067  0.081695  181.6 179.8
o 1083 &4 H H\c/v\’\ L cis-1"" —220.804609  0.080884  192.5
Hz: =g\ - H° £ 1188 o 47 —229.892955  0.080509  139.1
H i 1sd OTC 9 ~229.236097  0.070934  182.0
1.208 2232 1210 H® 9 +H —229.738354 0070934 234.1
12 13 10 —229.347394 0066103 112.2 109.9 [47]
. 10 +H —229.349651  0.066103 1643 162.0 (47}
) H Thr 11 229888983 0.074921  139.6 134.0 (d] 2a.¢}
'289\ e 7 H—C’, 1154 1513 2 229888057  0.079487  140.2 149.9 [d] [2e]
% \/ .. 1R @1 ,“01/1 357 13 —229.902655  0.079725  130.9 120.0 [d] [2a.e]
H'- C'—0; 1,2 Py . TS1/11 —229.759370 0072337 220.9
H? . 31/1 J o 1-324/ H'-C'— H* TS1/12 —229.742863  0.075036  231.3
| "’;' W TS9/10 —229217163  0.063618  193.9
359 H 1.418 TS9/10 +H- —229.719420  0.063618  246.0
TS 1111 (Cg) TS 1/12 TS11/12 —229.883778  0.075850 1428
’ TS12/4 —229851720  0.076304  163.0
1396 ! TS13-H, —115.898324 0056492 1993
1.280\ o A2 0.985 02_\_ C‘[:H TS13-H, + HCO —229.776701  0.069446  210.0
7 139}, e CH,0H; + HCO" —229.877338  0.076833  146.9 146.2
., C'=-0] 140 H:‘* NGH 133 CH,0OH* + CH,OH" —229.847083  0.077538 1659 161.8
Hz 1/3 00 foi=c? N o CH,0H™ + CH,O" 229837784 0076546 1717 1717
Ny wir © =0' 1748 CH,OH'" + CH,0 229839822 0.073494 1704 175.3
2007 1212 1 560 CH,0"* + CH,0H —~220.831578  0.074860  175.6 176.5
CH,OH' + H, + HCO® —229.829495  0.063493  176.9 178.7
T8 9/10 (C TS 1112 2 2
(Cs) CH,OH* + H + CH,0 —229.799216  0.066974  195.9 194.1
2688 ., H' —~0.502257 0.0 52.1
125 01.___/__02,H5 1238 0-9/73 H, —~1.169509  0.010062 0.0
\/_J 85\ 1350 |-|‘\Hs—|*1451 HCO ~113.878377  0.012954 10.7
L& g B | '\ CH,0"* ~ 114117602 0.023838 2247
HY, A TH HwC—0, CH,0 — 114515350  0.026497 —~26.0
H' / H\ e H: e H CH,OH " — 114781609  0.040477  16%.6 [e] 168.0
1538 1216 CH,OH"* — 115065474 0037061  —9.5 [e] —6.2
CH,0* —114.667039  0.033136  240.5 [e] 247.4 [494]
TS 12/4 - 3
TS 13-Hy CH,0 —115.056175  0.036069 3.7 e] 37
Figure 4. Optimized geometries of neutral and ionized dimethyl peroxide, derived ~CH ;OH™" —115.324472  0.046997 201.3
at the BECKE3LYP;6-311+ 1 G** level of theory. CH,OH —115.713976  0.051022 —48.2
CH,OH; —115.998961  0.063929 135.5

fa] Total energies (0 K) based on BECKE3LYP;6-311+ + G**-optimized structures in-
cluding ZPVE corrections. [b] Calculated on the basis of literature data for the CH,OH™
+ CH,O" exit channel. {c] Unless stated otherwise, reference data have been taken from
ref. [48]. [d] Calculated data. [e] Calculated relative to CH,O" as a reference.

1807, several experimental(*3! and theoretical™®! studies report-
ed torsion angles smaller than 180°. However, it is not the aim
of this work to resolve this uncertainty, and we will use the
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Neutralization and reionization of a fast beam of particles in
the NR experiments represent vertical processes,!®” and the
process is favorable if the equilibrium geometries of neutral and
cation do not differ much. Therefore, the structural similarity of
1 and rrans-1"" easily explains the large intensity of the recovery
signal in the *NR ™ experiment. Furthermore, the vertical ioni-
zation energy of 1 (IE, = 9.7 V) mecasured by photoelectron
spectroscopy *®! exceeds IE, by 0.6 eV, further emphasizing the
structural similarity of 1 and 1" *. Thus, both the ab initio theory
and NR experiments strongly support our assignment that
dimethyl peroxide remains intact upon ionization. Further, we
can safely conclude that 1 generated in the course of the NR
procedures corresponds to intact dimethyl peroxide, and these
results provide us with a well defined starting point for the
discussion of the unimolecular fragmentations as observed in
the MI mass spectra.

Energetic considerations: Before discussing the metastable ion
decompositions, some energetic arguments should be consid-
ered (Table 2):

1) A simple estimation!#33% 48491 shows that the bond dissoci-
ation energy (BDE) of the O-0O bond of 1'* (BDE(CH,-
O*-"OCH,)~75 kealmol ™) is drastically increased as com-
pared to its neutral counterpart (BDE(CH,0-OCH,)=
37 kealmol ~1).13% This change is reflected in the O~0O bond
length, which is shorter in the radical cation (see above). In con-
trast, the C—O bond!3'! weakens upon ionization (BDE(CH
OOCH,) = 87 kcalmol ~?,
BDE(CH; -"O0OCH,) =
77 kealmol™!).  Finally,
the C-H bond strength
BDE(H-CH,00CH,) can
be estimated to ca. 95 kcal
-mol ™ '3 for the neutral
peroxide, while it is much
lower for the cation
(BDE(H'- *CH,00CH,)
= 52.5 kcalmol ~'). With
respect to the experimental
BDE(H'- *CH,00H) of

TS9M0+H'

9+H

CH,OH*
N0

246.0 /
t+-CH,00CH;*

163.0

rearranged ions, such as 37 (AH, =141.7 kcalmol 1) /4%
Moreover, the hydrogen-bridged radical cations [CH,O-H-
OCH,I'" (11) and [CH,OH)-H-OCH]* (12) are thermo-
chemically even more favorable species. In other words, once
rearranged 1'" may give rise to several “*hot™ [C, . H,,0,]"" iso-
mers, and it remains questionable, whether the ground-state ener-
gy profile represents an adequate description for the reactions of
these rovibrationally highly excited intermediates (see below).

3) Although thermochemically high in energy, 1°" must reside
in a relatively deep well of the [C,,H,,0,]'" potential-energy
surface, since otherwise rearrangements to isomeric structures
are expected to occur. As this is not observed experimentally,
substantial barriers must be associated with the first step of any
conceivable isomerization. On one hand, these must be situated
below the C~H bond dissociation limit, but on the other hand
have to be high enough to kinetically stabilize the dimethyl
peroxide radical cation. Moreover, these barriers further in-
crease the amount of internal energy stored in any isomeric
[C,.H,0,]'* cation formed from 1",

On the basis of these results, it is not at all unreasonable to
assume that the first step is rate-determining for every decompo-
sition channel observed in the MI mass spectrum of 1", where-
as the thermochemistry and barriers associated with subsequent
reaction steps do not play an important role. These implications
arc in good agreement with the calculated potential-encrgy sur-
face, which is presented in Figure 5. Indeed, 1" rests in a rela-

CH;00CH," +H'

TS1/12

TS13-H,+ HCO

cH,oH*
+HCO"

176.9

33 kecalmol ™! for ionized
methyl hydroperoxide,*®
the latter value may even
be somewhat overestimat-
ed with BECKE3LYP, al-
though the general agree-
ment between experimen-
tal and calculated energet-

TS24

164.3
10+ H

/

CH,=0-H-0=CH," + H’ 12 "

\ N T

CH,0(H)-0=CH,*+ CH;0-H-0=CH;*

4+
HOCH,OCH,*
CH,O(H)-H-O=CH™*

Figure 5. Calculated doublet potential-energy surface of the [C,,H,0,]"" system at the BECKE 3LYP/6-311+ + G** level of

ics is quite satisfactory.
From these data we con-
clude that for neutral 1 the
0O-0 bond defines an upper limit for the energy requirements of
any conceivable decomposition channel (37 kcalmol ™), while
the unimolecular decay of 1"* cannot involve fragmentation
reactions with energy requirements above that for C-H bond
fission (52 kcalmol ™ 1).

2) The heat of formation of ionized dimethyl peroxide has been
computationally determined to be AH(1'*) =181.6 kcalmol ™!
(exp.: 179.8 kcalmol !)[48] and by far exceeds that of most

theory.
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tively deep well limited by a barrier for a 1,2-hydrogen migra-
tion via TS 1/11 (see below), which represents the reaction chan-
nel of lowest energy found by calculations and is located at an
energy of 39.3 kcalmol ™! above the local minimum for 1' .

Metastable ion decomposition of dimethyl peroxide radical
cations: Table 3 summarizes the data derived from the MI mass
spectra of 1°* and its isotopomers 1a"* and 1b"". Two major
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Table 3. Mass differences (Am in amu) observed in the MI mass spectra of dimethyl

peroxide radical cations 17 ~1b"7 [a].

—Am= 1 2002 3 3 32 33 34 35 3% 47 S0
1! 60 2 2 28 7 1
la'* 66 S 1 1 2 16 [ 3 1 1
1b°* 72 3 1 20 3 1

[a] Intensities are normalized to Y reactions = 100 % ; intensities of less than 1% are
omitted.

fragmentation reactions are observed for 1"* within the ps time
frame of metastable ion decompositions: 1) the loss of a hydro-
gen radical (Am =1), which corresponds to the base peak; and
2) formation of [C,H,,0]" ions (Am = 31). In addition, some
minor processes contribute to the MI mass spectrum of 1°7,
namely, thc generation of protonated methanol (Am = 29),
methanol radical cations (Am = 30), and ionized formaldehyde
(Am = 32). The elemental composition of these ions, if not
straightforward, can be unequivocally derived by comparison of
the MI mass spectra of 1'* and 1b"*. The connectivities of the
resulting product ions have been investigated by MI/CA experi-
ments, which are presented here only as far as necessary for the
investigation of mechanistic aspects of the decomposition pro-
cesses of ionized dimethyl peroxide. Further, the similarity of
the MI spectra of 1"* and 1b" ", except for mass shifts arising
from deuterium labeling, indicatcs that only small infermolecu-
lar kinetic isotope effects (KIE) are operative. Instead, from the
ratio of H' to D’ losses from 1a™* an intramolecular KIE of
kyulkyx13 can be derived.!’*! [n the following, we will first con-
centrate on a discussion of the two major decomposition reac-
tions, namely, loss of H* and formation of [C,H,,0]" ions.

The ionic product of the hydrogen atom loss [rom 1'" has
been structurally characterized by its MI/CA mass spectrum
(Table 4), which exhibits loss of formaldehyde (Am = 30) as the
major reaction. In analogy, from both [la — H]™ and
[1a — D]* the expulsions of [Dy]- and [D,]formaldchyde
(Am = 30, 32) are observed with similar intensities. These find-
ings point to the formation of the proton-bound dimer!**! of
formaldehyde, which is confirmed by the CA mass spectrum of
the independently generated proton-bound dimer of formalde-
hyde (Table 4).15%) Notably, the MI/CA mass spectrum of
[1 — H]" differs completely from that of protonated methyl
formiate, which would arise as the ionic product from an o-
cleavage of 4" (Table 4).

Scheme 1 presents a plausible reaction mechanism, which
commences with a simple cleavage ol an o-C—H bond giving rise
to 9. If one of the methyl hydrogen atoms migrates upon O-0O

Table 4. Mass differences (Am in amu) observed in the MIJCA mass spectra of the
of independently generated reference ions [a].

HsC. .OL

o+ +
L H,C. Og ~H
CH; 07 SCH,

JE———

-H

+
H,Cy H”
o} 2¥%q

1Y miz=62 9

Scheme 1. Plausible reaction mechanism formation of the proton-bound dimer of
formaldehyde from 1°%.

bond cleavage, the proton-bound dimer 10 is formed, being
lower in cnergy than its isomer 9 by 70 kcalmol ™!, Similar
mechanisms have been found for higher dialkylperoxides, and
for ionized di-zeri-butyl peroxide an intermediate analogous to
9 has been suggested.'>®! Recently, the gas-phase chemistry of
the methyl hydroperoxide radical cation has been reported;®
in analogy to the process 1'" -9 + H", the molecular ion
CH,O0H"" unimolecularly decomposes through x-cleavage to
yield the protonated carbonyl oxide CH,O0H" together with
H'. However, the calculated energy demand of this process is
rather high: abstraction of a hydrogen atom consumes about
50 kcalmol ™! (see above) and the transition-state structure
TS9/10 associated with 1,2-H shift requires additional
12 kcalmol ~ 1. Although all attempts failed to localize a transi-
tion-statc structure for a direct process 1"t —10 + H', we
cannot exclude that such a pathway exists and may circum-
vent the energetic problems imposed by the reaction
1" -9+ H ->10+ H".

In competition, the transition-state structure for the 1,2-H
shift via TS1/11 is located only ca. 40 kcalmol ™! above the
minimum of the dimethyl peroxide radical cation. Although loss
of a hydrogen atom is also feasible from other intermediates of
the potential-energy surface depicted in Figure 5 (e.g. 11), we
believe that the a-cleavage process gives rise to the major frac-
tion of [1 — H]" ions. Three arguments support this assump-
tion:

1) The hydrogen losses from 1a"" exhibit a large intramolecu-
lar KIE of ca. 13, which is not observed for the other reaction
channels (Table 3). If, instead, the hydrogen loss would occur
from one of the intermediates formed after the 1,2-H shift, TS1/
11 is expected to be rate-determining and the same KIE should
affect all reaction channels observed. Since this is not found in
the experiments, the hydrogen loss must correspond to a mech-
anistic pathway competing with the other decomposition pro-
Ccesses.

2) The a-cleavage is a direct process and not hindered by a
substantial barrier, so that, despite the higher energy demand, it
can compete with the rearrangement via TS 1/11. In addition, a

daughter ions formed by hydrogen atom loss from 1'™ — 1b"* and the CA mass spectra

—Am = 1 14 15 16 18 28 29 30 31 32 33 34 35 36 38 46 47 43 50
[1-H]" 2 7 3 4 100 5 34 5 2 I
{ta—H]* 16 3 5 100 10 96 S 41 35 3 6 [
[1a—-DJ" 12 4 6 4 100 6 85 25 23 3 3 1
[1b-D}* 4 12 6 3 100 10 38 2 4 i
(CH,0),H™ (CA) [b] 1 2 1 4 100 6 16 2 1 1
HC(OH)OCHj; (CA) [c] 13 3 13 100 4 15 5 28 2 3 1

[a] Intensities are given relative to the base peak = 100 % ; processes of less than 1% are omitted. [b] The proton-bound dimer of formaldehyde was generated by chemical
ionization of formaldehyde using methane as reagent gas. [c] Protonated methyl formiate was produced from chemical ionization of methyl formiate with methane as

reagent gas.
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Table 5. Mass differences (Am in amu) observed in the MI/CA mass spectra of [C,H;,0]* ions and their isotopologues generated by unimolecular fragmentation of metastable

1'* —1b* [a].

Mass of Assigned ion mjz of fragment ion [b] .

daughter ion structure 32 03 30 29 28 20 19 18 17 16 15 14 13 12
[+ -31 31 CH,0OH' 15 100 12 0.3 0.5 0.1 <004 038 0.5 0.2
[la”' — 34] [c] 31 CH,OH" 22 100 11 0.4 0.6 0.1 <0.01 0.8 0.4 0.2
{la”* — 33] 32 CH,OD* 15 100 45 16 0.2 0.4 <0.05 0.1 <0.08 0.6 0.3 0.1
[la"t — 32} 33 CD,OH* 10 17 100 20 11 0.1 <0.08 0.4 1.0 <0.09 0.4 <0.08 0.1
[lat —=31][c] 34 CD,0D’ 28 100 9 0.3 <0.01 0.6 <0.01 0.1 <0.02 0.5 <0.01 0.2
(b * - 34] 34 CD,0D* 25 100 10 0.2 <0.03 0.4 <0.07 0.8 <0.04 0.4 <0.02 02

[a] Intensities are given relative to the base peak =100%. [b] For the sake of clarity, m/z values are given here instead of Am. [¢] Owing to the low intensities of these ions.
it was impossible to record MI/CA spectra with distinct signals in the structure-indicative region (m/z =12-20). The data given here were derived from CA spectra of the
corresponding jons extracted from the ion source. The hydrogen-loss regions (mjz = 28-132) are identical in the CA and the corresponding MI/CA spectra of [1a"* — 31].

comparison of the C—H bond dissociation energies of dimethyl
peroxide and methyl hydroperoxide radical cations finally indi-
cates that the energy demand for the hydrogen loss from 1'*
may be somewhat overestimated (see above).

3) The H' loss channel represents an upper limit for the internal
energy content of metastable 1", and the reaction 1'" - 9* H"
will certainly take place upon collisional activation. Thus, if
unimolecular loss of H® would not occur directly from
metastable 1'*, but from a rearranged ion, the MI/CA should
differ from the CA/CA mass spectrum of [1 — H]*. This, is,
however, not observed in the cxperiment, indicating that uni-
molecular as well as collision-induced loss of H" occur from
genuine 1",

As far as the second most intense fragmentation reaction of
1" is concerned, namely, the formation of [C,H,,0]™ ions, two
isomers may be generated: CH,O™ in its triplet statc or the
thermochemically by far more stable CH,OH *.1%- 57 Theoreti-
cal results predict that 'CH,0" collapses without any energy
barrier to the protonated formaldehyde structure.*®! Our at-
tempts to localize a *CH,O" species using the BECKE3LYP
DFT/HF hybrid method confirms this result again, in that the
geometry always converges to CH,OH ™. In contrast, *CH,0O"*
corresponds to a shallow minimum on the potential-energy sur-
face with a low barrier for rearrangement to a CH,OH™ struc-
ture.l’™ The heat of formation of the *CH,0™ cation has been
calculated (Table 2) to be 240.5 kcalmol ! in agreement with
earlier results,!*® *% which reported AH,(?CH,0%) = 24745
and 2454 6 kcalmol ™, respectively. Experimental evidence for
the generation of *CH,O" ions has been provided by charge
reversal experiments performed with CH,O~ anions.'**! Direct
cleavage of the O—O bond in 1'* might lead to *CH,O" ions as
well, and therefore, we studied the structure of unimolecularly
generated mjz = 31 ions by MI/CA experiments (Table 5).
However, the peaks at m/z =14 and 17 within the structure-in-
dicative region reveal that the [C,H,,0]" ions have a CH,OH*
connectivity instead of CH,O". For the latter, signals at
m/z =15 and 16 would have been expected, which are practical-
ly absent in the experiment.

Fraser and co-workers ® measured the metastable transitions
of 1'* and postulated that the CH,OH" ions are formed
through an O—O bond fission, which gives rise to CH, 0" radical
losses, combined with a 1,2-hydrogen shift from carbon to oxy-
gen. This reaction can either proceed through ‘[CH,0]*, which
may rearrange to protonated formaldehyde during the O-O

Chemi. Eur. J. 1997, 3, No. 4
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bond cleavage (Scheme 2a), or through *[CH,0]", which may
isomerize to CH,OH™ as well (Scheme 2b). However, initial
cleavage of the O—O bond is not likely because its energy de-
mand exceeds the limit defined by C—H bond homolysis of
metastable 1'*. Thus, C—~H bond fission should be achieved
more easily than that of the O—O bond. In addition, according
to Scheme 2 all hydrogen atoms of the CH,OH™ ions should
stem from a single methyl group, so that 1a™* should lead to
CH,OH"* and CD,0OD?, whereas predominantly CH,OD™
and CD,OH" are observed experimentally. Similarly, rear-
rangement mechanisms leading from 1a™" to isotopomers of
4" with intact methyl group can be ruled out (Scheme 2¢),
because, upon loss of a methoxyl radical, CH,OH* ions would
be generated, in which all hydrogen atoms also originate from
a single methyl group.

The simultaneous formation of [C,H,,0]", [C,H,.D,0]*,
[C.H,D,,0]*, and [C,D,,0]" ions (Am = 31-34) from 1a’" in

-+
H., *
i ~0-----OCD, CH,OH*
H,C” ~0CD,
® cH,o0cD; "
12t . B, s
| _O-----OCH, - cD,0D*
D,C ~OCH;

F—[—_‘V__L___J

3 &
CH,0O ~H
[ 3 ] — —= CH,OH*
—OCD,
1+
® CH;00CD,
12"+ _3[00 o 1 -a
e — — cD,0oD*
OCH, ~OCH,
Ho._ _ocD;* +
- ~ 3 oo CH,0H
HH 3
T+
© CH,00CD,
1a'* _. Do_ _ocH;*
a D ok - cp,op*
DD -"OCH,
Scheme 2. Possible mechanisms for the decomposition of ta™™.
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aca. 2:9:10:1 ratio (Table 3) secems to indicate an H/D-equili-
bration of all six hydrogen atoms in 1a'* (statistical ratio:
1:9:9:1). However, inspection of the structure-indicative re-
gions (m/z =12-20) in the MI/CA mass spectra of these ions
(Table 5) clearly disproves H/D equilibration, that is,
[1a"* — 33] corresponds to CH,OD™" rather than CHDOH™
(distinct signals for m/z =14 and 16, while m/z =15 and 17 are
weak) and similarly [la™* — 32] corresponds to CD,OH”
rather than CHDOD™ (distinct signals for m/z =16 and 17,
while m/z =15 and 18 are weak). Thus, the formation of
[C.H,.O]" must follow a more complex mechanistic scenario
for the fragmentation of 1'", which does not involve H/D ex-
change and provides an explanation for the isotope distribution
observed.

Three possible stepwise fragmentations might lead from 1°*
to CH,OH™": 1) consecutive losses of H* and CH,O as suggest-
ed by the MI/CA mass spectrum of [1 — H]™ (Scheme 3a),
2) formation of methanol cations by formaldehyde loss fol-
lowed by an a-cleavage with concomitant expulsion of H’
(Scheme 3b), and 3) expulsion of HCO" radicals giving rise to
protonated methanol ions, which subsequently lose H,
(Scheme 3¢). Taking into account that the 1'% ions must be
rovibrationally excited prior to dissociation (see above), all

findings, this would lead to substantially higher abundances of
CH,OD™ (mjz = 32)and CD,0D (m/z = 34)ions formed from
[la — H]™ as compared to CH,OH " (m/z = 31) and CD,0OH "
(m/z = 33), which are generated from [1a — D]*. The reaction
sequence ¢ (Scheme 3¢) is not likely on thermochemical
grounds, since the elimination of H, from CH,OH; after HCO®
loss via TS 13-H, is hindered by a huge barrier (Figure 5).

In order to further substantiate these arguments, CIDI mass
spectra were performed aimed at the characterization of the
neutrals expelled unimolecularly from 1" 7. If the CH,OH ™ ions
are formed in a direct rather than a consecutive process, two
different neutrals with a mass of 31 amu may be formed:
methoxyl radicals, CH,O", or the thermochemically more favor-
able hydroxymethyl radicals, "CH,OH. In the CIDI experiment,
neutrals cogenerated in dissociations are ionized by high-energy
collisions with oxygen as target gas. The ionization process per-
formed with "CH,OH radicals is known!*?! 1o give rise to an
intense CH,OH ™ signal (m/z = 31) and fragments at m/z =14
(CH3")yand 17 (OH™), while peaks for CH; and O™ (m/z =15,
16) are hardly seen. Instead, upon ionization, CH,0" radicals
lead to CH,0" ions, which spontanecously give rise to HCO*
and fragment signals for CH; and O'*, respectively.['3 4% In
the CIDI mass spectrum (Figure 6) the HCO ™ signal represents

CH,0~H~—OCHJ + H* HCO*
) TAH; = 164.3
Cov«‘

CH,00CH; * —&» CHyOH®*+ CH,0  ——— CH,0H" + H" + CH,0 CH,0™
AH¢=181.6 LAH,=170.4 TAH; = 195.9 CHy O

© CH,OH™

CHsOH] + HCO® ——— CH,OH' + H, + HCO" cHyt o "
EAH{ =148.9 EAHf =176.9 l /

Scheme 3. Possible stepwise fragmentations leading from 1" to CH,OH* (AH,
values in kcalmol ™).

three mechanisms are accessible as far as thermochemistry is
concerned. However, neither MI/MI experiments nor the ion-
retardation method provide any indications that might point to
a consecutive mechanism. Moreover, pathway a can be safely
excluded from the kinetic energy release (KER) values, T,
(Table 6). The hydrogen atom loss channel is associated with a
substantially higher KER (T, s = 27.5+2 meV) than the for-
mation of CH,OH" ions (7, s = 9.5+ 2 meV). In addition, in
path a one would expect that the kinetic isotope effect observed
for the H® and D losses should be reflected in the subsequent
formaldehyde losses as well. In contrast to the experimental

Table 6. Kinetic energy release (KER) values. T, .. for the metastable ion decompo-
sition processes of 1 estimated from peak half-height widths.

Process Am T, s [meV]
1"" > (H,CO),H" + H 1 27542
1'"* - CH,0H; + HCO' 29 7.7+4
1" - CH,OH"* + H,CO 30 9846
1"* 5 CH,OH" + CH,0O" 31 9.5+2
1" - CH,0"* + CH,OH 32 10312
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Figure 6. Partial CIDI mass spectrum (O,, 60% T. m/z =11-33) of the neutrals
generated unimolecularly from 1°7 in the field-free region between E(1) and B(2);
contribution of *NR™ processes to the CIDI spectrum are negligible.

the basc peak and only a very small peak at m/z = 31 is ob-
served. Remarkably, the O"* signal (m/z =16) is the most in-
tense peak in the structure-indicative region, and a signal for
CHy is also clearly present; note, however, that interferences
with the minor amounts of neutral CH,O and CH,OH formed
unimolecularly cannot be excluded, but, owing to their low in-
tensities, these were not considered as important. Thus, we con-
clude from the CIDI mass spectrum that CH,O" radicals are
formed upon unimolecular decay of 1'*, If, instead, "CH,OH
radicals, which are thermochemically more stable by ca.
10 keal mol ~ ! 1#8! were formed, one should expect a much more
distinct signal at m/z = 31 in the CIDI mass spectrum of 1'%,
because ionization of hydroxymethyl radical is facile.!'?!
Another approach to the reactivity of [C,,H,,0,]'" radical
cations is the reaction of ionized formaldehyde with methanol,
which first form an encounter complex located on the
[C,.H,,0,] " potential-energy surface. In order to differcntiate

+
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between the two reacting partners, we studied the reaction of
CH,O"* with CD,OH under Fourier-transform ion cyclotron
resonance (FT-ICR) conditions. In agreement with previous
results,®® this reaction yields CD,0H*, CD,OH"*, and
CD,OHj7 ions, which are all observed in the MI mass spectra of
la* as well. Owing to the different internal energy contents of
the encounter complex compared to rearranged 1°" ions, the
intensity distribution differs in the two experiments. Further, no
CH,OD" is formed, which is again in line with the loss of a
CH,DO" radical instead of isomeric "“CH,OD. In contrast, a
['CH,OD/CD,0H"] ion/dipole complex should lecad to
CD,0OH" and CH,OD", because a degenerate electron transfer
would be facile. Thus, we conclude that the ion—molecule reac-
tion of CH,O" " with CD,OH and the unimolecular decay of 1°*
proceed via common reaction intermediates.

At this point, we return to the ab initio result (Figure 4 and 5).
Metastable 1°* can undergo two different hydrogen shifts:
1) 1,2-H migration (TS1/11) associated with a barrier of ca.
30 kcalmol~! which is typicall2e8 39¢=1.601 for many proton
transfers in radical cations, and 2) a 1,3-H transfer®'1(TS1/12)
which is more energy demanding by 10 kcalmol~!. Although
the 1,3-H migration leads to an attractive intermediate 12 for
the rationalization of the observed label distributions, this path-
way is unlikely on energetic grounds, because it is very close to
the energetic limit given by C—H bond homolysis in 1"*. Thus,
the unimolecular fragmentation of 1'* is most probably gov-
erned by a competition between direct C—H bond fission and a
1,2-H transfer.

All attempts to localize a stationary point for the "CH,-
O*(H)-OCH, distonic ion as the product of 1,2-H transfer on
the potential-energy surface failed, and in order to determine the
minima that are connected by TS 1/11, we followed the intrinsic
reaction coordinate with the IRC method introduced by Gonza-
lez and Schlegel; "> we found that TS1/11 leads from 1"* to the
hydrogen-bridged radical cation 11 as a central intermediate.
Note that 11 is no less than 42 kcalmol™! more stable than
1"* and even 81.3 kcalmol™! below TS1/11; this means
that 11 is rovibrationally excited by more than 80 kcalmol ™!,
if it is generated from

FT-ICR and rationalize the observation of common product
ions in both experimental approaches (see above). However, the
MI mass spectrum of 11, when gencrated independently from
methyl glycolate, exhibits losses of HCO® radicals concomitant
with CH,OH, (m/z = 33) as major reaction channel, while for-
mation of CH,OH" (m/z = 31) is much less prominent. These
enormous differences in the intensities of these two channels can
be traced back to the internal energy effects, because, when
formed from methyl glycolate, the internal energy of 11 is much
lower than when generated from 1"*.

In order to explain the observed protonated formaldehyde
ions and the isotope distribution found for 1a"*, a second hy-
drogen shift from the intact methyl group to the other haif of the
molecule must proceed prior to dissociation of 11 or 12. Indeed,
we could localize a transition-state structure in which one of the
methyl hydrogen atoms is transferred to the other carbon and
which is 22.8 kcalmol™! higher in energy than 12 (Table 2).
Formally, this migration would lead to the *CH,0 *(H)~OCH,
distonic ion; however, as stated above, this ion could not be
located by ab initio theory. Further, the extremely long O-0O
bond discounts this proposal. Therefore, we propose that hy-
drogen transfer is followed by migration of the newly formed
CH,0 moiety to the second carbon atom yielding 4'* ; we there-
fore denote the transition-state structure as TS 12/4. There may
exist other low-energy pathways for hydrogen migrations in 11
and 12, for example, a multicentered TS leading directly from 11
to 4°*. However, we have not studied this aspect in further
detail, because the generation of 4 via TS12/4 is not too
energetic and accounts for the experimental findings: The
methyl group of so-formed 4'* bears two hydrogen atoms from
the first and one hydrogen atom from the second methyl group
in I'*, and the same applies for the hydroxymethyl functionali-
ty. As a consequence, expulsion of methoxyl radicals from 4" %,
formed in the sequence 1"* —11 -12 — 4", explains the iso-
tope distribution found for 1a’*. This mechanistic scenario is
presented in Scheme 4 for labeled 1a"*, and the isotope distri-
bution observed in the MI mass spectra is reproduced correctly,
if one assumes that the minor contribution of CH,OH" and

metastable 1°*. The radi- CH,OH*

cal cation 11 is connected

with  the [CH,0H/ T CD;0"

CH,07 * ion/dipole com- H .+ _—

PLON -+ ' ~ 0. OH .
plex 12 by a very small — D,C H\O,,CHZ — I C,o,,' en| — H,DC™ X~ Y CD,OH
barrier of only 3.2 kcal = pr DD 2
‘mol™! (TS11/12), so ~H 11a 12a 4a*
that these ions will inter- _—

. (o} CH

convert easily. Note that D,c” 07T T
12 had earlier been as- qar+
signed as a transition- ~D
state structure;12¢! how- o D . o. op"*

- o Le H,c” “D._CD) t—t Q T DHCT Y CH,0D*
ever, with BECKE3LYP 3 ~0* H,C” " ,CD, WM “CcHD,O"
11 and 12 are well-de- 0 .
fined minima, which rep- 11b 12b 4b
resent plausible struc-
tures for the encounter l‘CH3O
complexes formed from
. . +
ionized  formaldehyde €D,0D
and methanol in the Scheme 4. Mechanism of fragmentation of 1a**.
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CD,0OD™ ions are due to direct cleavage of the hydrogen bond
in 11. Finally, the nonoccurrence of statistical H/D exchange
can be attributed to the enormous amount of internal cnergy in
11, 12, or 4 when formed from metastable 1°*, so that the
respective lifetimes are shortened drastically.

As far as the minor processes in the MI mass spectrum of 1°7,
namely, generation of CH,O"*, CH;OH'", and CH,OH;, are
concerned, these can be easily explained from the intermediates
presented so [ar. Formaldehyde and methanol radical cations
can be formed upon fission of, for example, the weak O—O bond
in 12 or the hydrogen bridge in 11. The loss of HCO" radicals
(Am = 29) concomitant with formation of protonated methanol
most likely involves another hydrogen-bridged radical cation,
13, which is believed to represent the global minimum of the
[C,.H(,0,]"" potential-energy surface. By means of ab initio
methods, we could not localize a transition-state structure for
the reaction 11 —13 (Figure 5); however, it is obvious that 13
can be reached from rovibrationally excited 11. Finally, by
combining the experimental and theoretical results, we can
provide an overview of the unimolecular decomposition path-
ways of 1'™ (Scheme 5).

L0 _cH* ~H 20+ o+
He?ON0r O == HCT M, CH]

9 10
- H'
CH,OH"*

fono\

o
H,C” “H. CHJ"*—= Q
o/ 3C u“.-

11
ona/ e/

CH,OH* J~ H CH,0"*

H
L

/O\
HsC /CH —— CH,OH,

-HCO®

13

Scheme 5. Overview of the unimolecular decomposition pathways of 1%,

Conclusions

The present study of dimethyl peroxide radical cation demon-
strates how mass spectrometry and ab initio methods provide
complementary tools for the elucidation of ion structures as well
as reaction mechanisms in the gas phase. In this respect, the
accuracy of the economic BECKE 3LYP approach is particular-
ly promising. Compared to the previous studies of the
[C,.H,,O,]"* potential-energy surface,!*! the dimethyl peroxide
radical cation reveals some intriguing features:

1) Except [or a significant O—O bond shortening, the structurc
of the molecular ion is nearly the same as the neutral.

2) The cation, though high in energy, is kinetically stabilized,
and the structure is preserved until decomposition.
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3) All rearrangement products are much lower in energy and
are generated as highly excited species with a chemistry dis-
tinctly different from low-energy analogues.

4) All observed exit channels are lower in energy than the per-
oxide radical cation. However, despite this high-energy situ-
ation, one of the major reaction channels involves a surpris-
ingly specific double hydrogen transfer, which is hardly
subject to H/D exchange processes.

Finally, the good agreement between experiment and theory
which is obtained in this study, points (o a much more general
question: To what extent does the calculated ground-state po-
tential-energy surfaces really describe the unimolecular dissocia-
tion of 1"*, given that ions with rather high internal energies are
invoked as intermediates? For cxample, why does intermediate
11 not simply spontaneously dissociate, instead of undergoing a
specific hydrogen transfer prior to fragmentation? Obviously,
these phenomena are due to dynamic effects, which are not
covered at all by a ground-state picture. Moreover, the experi-
mentally observed degree of selectivity suggest that dynamic
effects may play crucial roles, not only in mass spectrometric

fragmentations, but also in other high-energy
processes, such as combustion phenomena.

Appendix

For the sake of clarity, in Figure 4 we reduced the caleulated
geometrical data for the [C,,H,,0,]"" ions to the important
features of the ion structures. Here, the complete set of data
is given (bond lengths in A, bond angles in degrees). Numbers
of atoms are used as shown in Figure 4.

o ORI+ 1: C,, symmetry; r(OO) =1.467; «(CO) =1.414; (CH") =

CTON 1.095; (CH?) =1.092; «COO =1052; ¥xH'CO =111.2:

+ ¥ HICO =104.6, xH'CH?=109.6; xH'CH?®=109.6:
4° £COOC =180.0; xH'COO = 61.5; £ H>*COO =180.0
trans-1"": C,, symmetry; r(O0) =1.326; ~(CO) =1.470;
HCH') =1.091; (CH? =1.088; £COO =111.0; ¥H'CO
=107.9; «H'CO =102.8; ¥H'CH?=112.2; ¥H'CH® =
112.7; £COOC =180.0; ¥H'COO =60.7; £H*COO =
CH20H+ 180.0

cis-1"" 2 C,y symmetry; r{Q0) =1.330; rCO) =1.462:
HCH")=1.092; (CH*=1.089; £xCO0=120.2; xH'CO=

l- CH,0'

1094, «H3CO =101.6; ¥H'CH?=112.2; xH!CH®=
112.7; £ COQC = 0.0; ¥H!COO =618; *H3COO =
180.0

47 ¢ symmetry; #(C'O') =1429; HO'C? =1.371:

HC0?) =1.355; ACIHY =1.100; HC'H3 =1.085:

ACIHY =1.1202; #O’H®) = 0.970; £C'OC? =120.3:

£0'C*0O? =113.3; ¥H'C'O' =108.9;: xH*C'O! =106.1:
«H'CH? =1068; ¥H'CH=U3.1; ¥O'C?H*=1052; xH*C0’ =114.4:
¥ C20?H =112.7; ¥C'OIC*0? =0.0; ¥H'C'O'C? = —57.9: xH3*C'Q'C?
=180.0: xC'O'C?H* = —125.7; xO'C?*O*H¢ =180.0.

9: (., symmetry; #0'0?%) =1469; r(C'O")=1444; pC?0?) =1.239;
FC'H') =1.089; (C'H* =1.095; (C2H*) =1.091; A(C2H%) =1.092: £C'0'0?
=107.9; ¥x0'0*C? =112.7; ¥H'C'O" =110.8; xH>C'O" =100.1; xH'C'H?
=113.6: xH3C'H' =110.4; «H*C20? =114.8; xH’C?0? =120.6; ¥xH*C*’H*
=124.6: «C'O'O’C? =180.0; «H*C?0%0' =180.0; «HC?020' =0.0:
*xO0!C'H! = —63.5; ¥xO?0'C'H? =180.0.

10: C,, symmetry; #(COQ)=1.246; r(CH')=1.102; ~CH?) =1.106: ~(OH?)
=1.225; ¥« H'CO =118.4; £ H>CO =122.0; ¥ H'CH? =119.6: ¥ COH* =118.3;
£ OH*O =180.0: £ H'COH?* =180.0; £ H?*COH* = 0.0.

11: C, symmetry: r(C'O") =1.229: ((C20%) =1.367; HO'H) =1.192; n(O*H?)
=1.230; H(C'H") =1.093; o(C'H2) =1.097; #(C*H*) =1.090; r(C*H%) =1.113:
Y HIC!O' =121.6; ¥H>C'O! =118.5; ¥xH'C'H? =119.9; ¥ C'O'H? =120.5;
X O'H¥0? =179.6; ¥ HOXC? =118.5; ¥OXCIH* =115.2; xOC*H® =107.2:
X H*C?H® =100.0; *H'C'O'H® =180.0; ¥H?C!O'H?*=10.0: xHC*Q*H*
=00; xH3OC’H® = —1268.
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12: C, symmetry; r(C'O') =1.208; r(C*0?) =1.437; 1(0'0?) = 2.232; /(C'HY)
=1.101; r(C'H?) =1.104; r(CZH*) =1.099; r(C3H%) =1.093; r(C?H®) =1.086;
HO’H?) =0.974; xH!C'O'=121.7; ¥H2C'O'=118.9; ¥xH'C'H?=119.4;
£C'0'02 =108.3; £0'0C? =108.5; ¥O'0O?H?®=92.2; £xH*0*C?=109.8;
X O2CH* =107.2; £O0?C*H® =110.9; ¥O*C?H® =107.2; ¥xH*C*H®> =109.1;
Y H*C?H® =110.0; xH3C?H® =112.2; ¥H'C'0'0?=1782; xHC'0'0?
= —1.8; xC'OW0*C*=-1275; <C!O'O’H®=1208; <<xH'O’C*H*=
—68.1; xH30%C*H* = 50.9; ¥ H?O*C?H® =173.8.

13: ¢, symmetry; r(C'O') =1.5t6; ~C?0?% =1.210; ~O'H® =1.048:
HO’H%) =1.516; HC'H') =1.095; H(C'H?) =1.096: r(C'H? =1.094; (O'H*
= 0.985; r(C?H®) =1.122; xH!C'O' =105.7; ¥H*C'0' =109.2; ¥H’C!O' =
104.8; ¥H!C'H? =112.8; xH!C'H®=111.3; xH?>C'H®=112.5; «C'O'H*
=112.0; xC'O'H® =113.5; ¥ H*O'H® =110.3; xO'H30? =177.0; ¥ H30*C?
=1273; xO?C?H®=1239; xH'C'O'H*= —-59.5; %H!C'O'H’=174.8;
¥ H2C!O'H* = 62.1; Y H2C!O'H® = — 63.6; xH3C'O'H* = —177.2;
< H3C'O'H® = 57.1; ¥H*O'H?0? = —123.4; ¥ O'H®0%C? = —144.2;
$H30*C?H® =179.0.

TS1/11: ¢, symmetry; #(C'0Y) =1.311; r(C20%) =1.359; +(0O'0?) = 2.006:
HCTH') =1.094; H(C'H?) =1.289; r(H'OY) =1.307; #(C?H% =1.094; 1(C?H?Y)
=1.110; £H'C'O! =119.0; ¥HIC'H? =120.6; ¥xH*C'O' = 60.3; xH'C'H?
=109.3; ¥ C'H?*O' =60.7; £H30'C! =59.0; £xC'0'0*=112.1; £O'0O*C?
=112.5; £ H*C20? =114.2; ¥ H3C?0? =107.4; ¥ H*C?H® =111.8; xH’C?H®
=103.4; H!C'0'0?=113.0; *HC'0'0®>=180.0; xC!O'0O*C?=180.0;
X 0'0?C?H* = 0.0; £xO'O*C*H® = —125.0.

TS1/12: ¢, symmetry; #C'O') =1.462; HC*0%) =1.357; #(0'0?) =1.513;
H(C'H') =1.090; HC'H?) =1.092; HC'H?) =1.091; HO'H*) =1.324;
HC2H*) =1.416; HC?H%) =1.100; HC2H®)=1087; xH'C!O' =110.5;
$H2C'O' =103.1; «H3C'O® =106.1; ¥H'C'H? =112.5; ¥xH'C'H® =111.4;
YHACIH? =112.7; ¥C'O'0?=1134; xC'O'H*=127.6; ¥xH*0'0%=79.8;
$0!02C? =954; xO2C*H*=823; xCH*O! =101.7; xH’C?0* =116.1;
Y HOC20% =115.1; «H’CZH® =120.0; xH'C'O!0? = —177.3; ¥H*C'0'0?
=62.3: xH3C'O'0? = - 60.1; xC'0'0%C%* = —119.6; xC'O'H*C? =104.8;
SH*O'02C? =7.0; xO'0*C*H® =77.7; £ O'O*C?H® = —134.6.

TS9/10: C. symmetry; o(C'O!) =1.309; #C20%) =1212; r0O'0% = 2.007;
ACIHY) =1.094;  AC'HY) =1.280:  n(H0Y) =1328:  HC*H* =1.100;
£HICIO" =118.9; xH!C'H? =120.5; ¥H?C'O! = 61.7; xH'C'H? =109.1;
¥CIH?0' = 60.2; ¥ H*OICT = 58.1; £C'0'0? =110.4: £0'02C? =114.0;
FH*C20? =1218; xH’C20%=119.2; ¥HC*H®=119.0; «H!C'0'0?
= —829; xH3C'Q'0?=1800; xC'0'0>C>=180.0; ¥O'O*CZH*=00;
¥O0'02C2H? =180.0.

TS11/12: C, symmetry; AC'0') =1.209; #(C*0?%) =1.396; HO'0% = 2.579;
HC'H') =1.103; (C'H?) =1.104; r(Q'H?) =1.749; +(O?H? = 0.985; r(C*H*)
=1.089; A(C2H%) =1.115; r(C*H®) =1.099; ¥xH!C'O' =121.8; ¥H>C!'O'=
120.0; ¥ H'C'H? =118.2; £« C!O'H? =146.1; xO'H*0? =139.5; xH*02C? =
113.3; ¥ O*C*H* =113.7; ¥ Q*C*H® =1054; ¥ O?C*H® =108.3; xH*C?H® =
110.3; ¥H*C*H® =114.5; *H3C?H® =103.7; xH'C'O'H? =19.5:
*H2CIO'H? = —160.5; xC'O'H*0* = - 37.7; *O'H?*O%*C? = —101.5;
xH302C?H* = 5.9; xH30C?H? = —115.1; ¥H30C*H% =134.4.

TS12/4: ¢, symmetry; r(C'O') =1.238; r(C*0?) =1.330; r(O'0%) = 2.658;
HC'HY) =1.105; (C'H?) =1.110; r(C'H?) =1.538: (C2H?) =1.216; {C?H*) =
1.090; (C2H%) =1.093; r(O?H®) = 0.968; X H'C'O' =118.6; £ HXC'O' —116.6;
KHC'O' =106.5; ¥H'C'H2 =117.2; % H'C'H? = 99.5; ¥ H>C'H® = 91.(;
£ C'0'0?% = 88.5; x0'0C? =87.6; xO'O?H®=188.9; xH®O>C?=113.1;
*OC2H? =108.7; xO*C*H* =111.4; £ O*C*H? =116.9; ¥xH3C*H* =101.4;
XH3C*H® =101.9; &H*CH® =114.6; *C'H?C? =143.1; xH'C'0'0? =
1288: ¥H2C'0'0? = — 820; ¥H'C'HC? — ~150.8; +H2C'HC? =
91.4; &C'O'C?0%= —20.8; xC'O'O?H®= —134.0; xOOC*H?=48.0;
xO!0*C?H* =118.9; ¥ O'Q*C*H® = —106.7; L O*C?H3C' = 4.8.

TS13-H,: ¢, symmetry; #CO)=1445; r(CH')=1.089; r(CH?) =1.089;
(OH% = 0.973; n(CH*) =1238; r(OH% =1.451; /(H*H% =0973; xH!CO
=110.8; ¥H>CO =1164; «H*CO =109.7; «H'CH?>=116.6; xH!CH*=
100.8: ¥ H?CH* =100.6; £xCOH? =111.1; ¥xCOH® = 542; xH*QH® =113.5;
£OH®H* =1289; «HH*C =69.2; xH'COH?®= —143.6; <H2?COH®=
—7.2; H*COH®=106.0; £H’H*CO=—-27; &H’H*CH'= —119.6;
X HH*CH? =120.5.
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Calix|4]arene-Based (Hemi)Carcerands and Carceplexes:
Synthesis, Functionalization, and Molecular Modeling Study

André M. A. van Wageningen, Peter Timmerman, John P. M. van Duynhoven,
Willem Verboom, Frank C. J. M. van Veggel, and David N. Reinhoudt*

Abstract: The synthesis of 11 calix[4]arene-
based carceplexes obtained by solvent or
doped inclusion is reported. Carceplexes
with amides, for example, DMF, NMP,
and 1,5-dimethyl-2-pyrrolidinone, and
sulfoxides, for example, DMSO and thi-
olane-1-oxide, were obtained by solvent
inclusion. In these cases the yield of the
carceplex decreases with increasing guest
size. Potential guests that do not form car-
ceplexes by solvent inclusion, such as 2-
butanone and 3-suifolene, could be incar-
cerated by doped inclusion with 1,5-
dimethyl-2-pyrrolidinone as a solvent
“doped” with 5-15 vol% of potential
guest. The amide bridges of the carceplex-

of Lawesson’s reagent in refluxing xylene.
The dynamic properties of the incarcerat-
ed guests were examined by 2D NMR
spectroscopy. Whereas for most guests a
preference for one orientation inside the
calix[4]arene-based (thia)carcerands was
observed, for DMA, NMP, and ethyl
methyl sulfoxide inside calix[4]Jarene-based
(thia)carcerands two different orientations
were present. The energy barriers for in-
terconversion between the various orien-
tations of DMA, NMP, and ethyl methyl

Keywords
carcerands * inclusion
molecular devices

calixarenes -
compounds

sulfoxide inside calix[4]arene-based (thia)-
carcerands were determined with 2D
EXSY NMR. The energy barriers are
higher for the thiacarcerands than for the
corresponding carcerands with amide
bridges. This may be due to the stronger
hydrogen-bond-donating character of the
thioamide group. Furthermore, molecu-
lar modeling simulations indicate that in
case of the thiacarcerand the cavity is
smaller as a result of a smaller diametrical
distance between the NH atoms. Our re-
sults demonstrate that molecular model-
ing can be used to estimate the energy bar-
riers for interconversion; the calculated
activation energies showed good quanti-

es were converted into thioamide bridges resorcinarenes

in essentially quantitative yield by means

Introduction

The developments in microelectronics and data processing dur-
ing the past twenty years have raised the demand for devices that
combine a large data storage capacity with as small dimensions
as possible. The smallest “storage device” is one molecule, a
so-called molecular switch. Requirements for a molecular switch
include thermal stability, different “read” and “write” tools,
and durability. Furthermore, it should be possible to organize
the switches in such a way that a molecular device can be con-
structed.

Various approaches towards molecular switches have been
reported in the literature. The reversible ring closure of 1,2-di-
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tative agreement with the experimental
values.

arylethenes has been used by Lehn et al. to obtain muitifunc-
tional molecules.!t] The open form can be converted almost
quantitatively into a closed form by UV light (2 = 365 nm). The
reverse process can be carried out both photochemically
(A>600 nm) and thermally. The isomerism in thioxanthenes has
been used by Feringa et al. to obtain chiroptical switches.!?!
Light of different wavelengths was used to switch between M
and a P isomer. The difference in chirality/helicity leads to a
different response in the circular dichroism spectrum. The con-
version of one isomer into the other depends on the wavelength
and on the solvent. A switchable rotaxane with different sta-
tions, a so-called molecular shuttle, was reported by Stoddart et
al.B®l The position of the bead can be switched both by quater-
nization of the amino groups and electrochemically. The activa-
tion energy for the bead to move from one station to the other
was estimated to be 13 kcalmol ™ * by means of coalescence mea-
surements. Although the bead and the thread are not connected
by covalent bonds, the different positions of the bead lead to
different topological stereoisomers. Another approach towards
a molecular switch uses the different oxidation states of an-
thraquinone, which can be converted electrochemically into the
hydroquinone form and vice versa.l*>! A similar system was
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reported for bianthrone, which can be transformed from a
quasiplanar form A into a rotated form B by photoexcitation,
heat, pressure, or electrochemical means.[®)

Cram et al. have already shown that carcerands, obtained by
combination of two resorcin[4]arenes, can permanently incar-
cerate guest molecules.’ In contrast to the carcerands, hemi-
carcerands allow the exchange of included guests after synthesis
of the host molecule. Owing to the symmetry of the cavity
formed by the two resorcin[4]arene moieties different orienta-
tions of guests do not lead to different stereoisomers.’®? Our
approach to a molecular switch combines the use of container
molecules with a noncentrosymmetric (C,,) cavity, for example,
calix[4]arene-based carcerands, and self-assembled monolayers
on gold surfaces in order to be able to address a specific number
of molecules.””! Previously a calix[4Jarene-based carcerand
with one incarcerated DMF molecule was isolated during the
synthesis of a receptor molecule with a nanosize cavity.'% 1]

In this papcr we report the full details of
the synthesis of calix[4]arene-based (hemi)car-
cerands!'?! obtained by combination of a cal-
ix[4]- and resorcin[4]arene. These molecules pos-
sess a noncentrosymmetric (C,,) cavity and,
thercfore, different orientations of incarcerated
guests will lead to different diastereoisomers.
First, the synthesis and structural properties of
calix[4]arene-based hemicarcerands will be dis-
cussed; the synthesis of carceplexes by solvent
and doped inclusion will be presented as well as
functionalization of calix[4]arcne-based carce-
plexes after inclusion of a guest molecule. The
properties of incarcerated guests have been cxamined by 2D
NMR spectroscopy and by mass spectrometry. Through-space
connectivitics were determined with NOESY''*! and ROESY !'4
experiments, whereas TOCSY (MLEV 17){!3] and HMQC!®
measurements were used to establish through-bond connectivi-
ties, that is, H -H and H-C J-coupling, respectively. In addi-
tion, molecular mechanics calculations were used to study the
properties of the various guests and carcerands. Finally, energy
barriers for interconversion between different orientations of
guests inside calix[4]arene-based carcerands were calculated and
compared to experimental values.

m

\ A
;

5

Results and Discussion

Calix[4]arene-Based Hemicarcerands: Our first
approach towards a molecular switch comprises
the synthesis of a calix[4]arene-based hemi-
carcerand in which a calix[4]- and resorcin[4]-
arene moicty are connected by three bridges.
This approach would allow the exchange of
guests after synthesis of thc host molecule.
Hence, various hemicarceplexes would be avail-
able from one hemicarcerand.

The most obvious synthetic route towards
calix[4]arene-based carcerands is direct linking
between the two building blocks. However,
due to the flexibility of the calix[4]arene skeleton
this does not lead to the expected product.

HO/\

Cc

640 —— ©

N

:

o0 c0o ¢ p
\Q\ X
5 +
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We found that a diametrically substituted calix[4}arene
cxclusively reacts with two proximal positions of the resor-
cin[4]arcne moiety.!') Therefore, a stepwise method was used
in which the two building blocks are first connected by two
spacers.

Starting material for the calix[4]arcne building block is 1,2-
dinitrocalix[4]arenc 1. Iodination with onc equivalent of AgO-
C(O)CF; and subsequent quenching with iodine resulted in a
mixture of mono- (2) and diiodocalix[4]arene that could not be
separated. This mixture was converted into the corresponding
phthalimidocalix{4]arenes with phthalimidc and Cu,O in refiux-
ing collidine,l*” which allows the separation of the two com-
pounds.['8 Reduction of the nitro groups of 3 with Sn-
Cl,-2H,0, leaving the phthalimido group intact, afforded
3-N-phthaloyl-1,2-diaminocalix{4]arene 4. Subsequent reaction
of 4 with chloroacetyl chloride gave thc corresponding bis-
(chloroacetamido)calix[4]arene 5 in 70% yield (Scheme 1).

Rt R2
1 NO, H : 1. AgOC(O)CF, (1 equiv.)
2.1,
2 NO, ! phthalimide, Cu,0
/ s O oht collidine, 172°C, 39% (over 2 steps)
2 SnCl,. 2 H,0
. NH pht EtOH/THF, reflux, 85%
2

chloroacetyl chloride
NEt,, CH,Cl,, 70%

5 NHC(O)CH,CI  pht j

pht = N-phthaloyl

Scheme 1. Synthesis of bis(chloroacetamido)calixf4]arene 5.

Reaction of calix[4]arene 5 and the known tetrahydroxycavi-
tand 6 in refluxing acetonitrile with Cs,CO, as a basc under high
dilution conditions yielded a number of products. The 1:1 endo-
coupled product (7) was obtained in the highest yield (24—
32%); the exo-coupled product 8 was isolated in 5-19% yield
(Scheme 2). The conformation of 7 and 8 could easily be de-
duced from the characteristic resonances in the '"H NMR spec-
tra for the NH atoms at 0 =10.13-9.24 and 8.37-8.24 corre-
sponding to an endo and exo-orientation of the calix[4Jarcne
moiety, respectively.[**]

NN 5
H\gAOO oo
A OHOH
CSZCOS, Ki HyeCry CyyHys Gy
| MeCN, reflux 7 endo
”H“C"HE;”HZGCUHM
Q
6
Pht= —N 7
J V4

h
HpCyy Cqu“HHc“Hm

8 exo

Scheme 2. Synthesis of the 1:1 endo-coupled product 7 and the exo-coupled product 8.
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endo-Coupled compound 7 was used for the synthesis of cal-
ix[4]arene-based hemicarcerand 11. After deprotection of the
phthalimido group and subsequent reaction with chloroacetyl
chloride, the monochloroacetamido derivative 10 was obtained
in essentially quantitative yield. During the acylation of the
amino groups the absence of base prevents alkylation or acyla-
tion on the free hydroxyl groups. Closure of the third bridge in
DMA with Cs,CO, as a base gave calix[4]arene-based hemi-
carcerand 11 in ca. 40% yield (Scheme 3). The hemicarcerand
was isolated without an included DMA molecule, although
from the calix[4]arene-based carcerands we know that DMA
can occupy such a cavity (vide infra).

-\ ¢ o
“N\C N)\\:)\

C
0] OH
v Hopa Gl A C:’?
H-5 OO\S\O o7 (50
H,C G

11723
1 G, Hyy Gy Hys

s,C0,, K, 70-80 °C
40%

Hemicarcerand

therefore, do not shield the entrance. Although several methods
were applied to obtain hemicarceplexes, the inclusion of a guest
molecule was not observed.!??!

Therefore, we focused our attention on the synthesis and
properties of calix[4]arene-based carcerands in which the cal-
ix[4]- and resorcin[4]arene moiety are connected by four bridges.
In these molecules the flexibility of the calix[4]arene moiety is
reduced and incarcerated guests will not be able to leave the
cavity.

Calix[4]arene-Based Carcerands: Starting material for the
calix[4]arenc-based carcerands is the 1:1 endo-coupled product
14.1'9 This compound has been used for the syn-
thesis of a receptor molecule with an enforced
nanosize cavity in which two calix[4]arenes
are coupled with two resorcin[4]arenes.['?: 23]
Calix[4]arene-based carceplexes are formed by
closing the final two bridges of 14. Two different
methods will be discussed that lead to cal-
ix[4]arene-based carceplexes, so-called solvent
and doped inclusion.

Synthesis of Calix[4]arene-Based Carceplexes by
Solvent Inclusion: The most straightforward
method for the synthesis of calix[4]arene-based

7R =Pht N,H,. H,0 11R=H carceplexes comprises the closure of the final two
9R=NH ::I EtOH/THF, reflux, >95% 12 R = n-propyl bridges of 1:1 endo-coupled product 14 in an

2 chloroacetyl chloride ) at Ivent. Th butyldimethylsilyl
10 R = NHC(O)CH,C! CH,CI,, >05% 13 R = CH,C(O)NH, appropriate solvent, The rers-butyldimethylsily

Scheme 3. Closure of the third bridge in DMA with Cs,CO; to give calix[4Jarene-based hemi-

carcerands.

In contrast to most of the hemicarcerands described by Cram
et al.l”! calix[4Jarene-based hemicarcerand 11 contains a free
hydroxyl group, by means of which additional binding sites can
be introduced. Simple O-alkylation of hemicarcerand 11 yielded
hemicarcerands 12 and 13 in essentially quantitative yield. The
"HNMR spectrum of 12 shows no signals below é = 0 that
would indicate the self-inclusion of the O-propyl group. There-
fore, it seems reasonable to assume that the O-propyl group can
freely rotate around the Ar—O bond and is not preferentially
oriented toward the cavity. Most likely this is also the case for
the acetamido group of 13. Although the alkylations were car-
ried out in DMA, again both hemicarcerands 12 and 13 were
obtained without an incarcerated DM A molecule.

The structure of hemicarcerand 11 in CDCIl; solution was
investigated by 2D ROE spectroscopy (at room tempera-
ture) .29 After full assignment of the 1 D 'H NMR spectrum by
TOCSY and 2D ROESY measurements the relative distances
between the equatorial ArCH,Ar atoms and the o-ArH (cal-
ix[4Jarene) were used to determine the flexibility of the cal-
ix[4]arene skeleton.[?!) The results indicate that the “free” aro-
matic unit of the calix[4]arene is in a flattened orientation,
whereas the diametrically bridged aromatic units of the cal-
ix[4]arene are oriented parallel. CPK molecular models indicate
that in this conformation the hemicarcerand does not possess an
enforced but a cleft-like cavity. Furthermore, the extra binding
sites introduced at the free hydroxyl group of the resor-
cin[4]arene moiety tend to rotate away from the cavity and,

Chem. Eur. J. 1997, 3, No. 4
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groups are removed in situ with CsF, and
Cs,CO, is used as a base. During the reaction
one solvent molecule is permanently incarcerat-
ed. Solvents that can be used are amides and
sulfoxides. Carceplexes with N,N-dimethylformamide (DMF)
(15), N,N-dimethylacetamide (DMA) (16}, dimethyl sulfoxide
(DMSO0) (19), and ethyl methyl sulfoxide (20) were obtained in
essentially quantitative yields. Furthermore carceplexes with N-
methyl-2-pyrrolidinone (NMP) (17), 1,5-dimethyl-2-pyrrolidi-
none (DNMP) (18), and thiolane-1-oxide (21) were obtained in
50, <35, and 16% yield, respectively (Scheme 4). The results
clearly demonstrate that the yield of the carceplex decreases
with increasing guest size.

The FAB mass spectra all show molecular ion peaks that
correspond to the (carcerand + guest). Furthermore, the
"H NMR spectra show a large upfield shift of 2—4 ppm for the
hydrogen atoms of the incarcerated guests compared with the
resonances of the free guests in CDCI, solution due to the
shielding of the aromatic moieties of the calix[4]- and resor-
cinf4larene moieties. Characteristic guest signals are found in
the '"H NMR spectra at values below & = 0; the '"H NMR spec-
trum of ethyl methyl sulfoxide carceplex 20 is presented in Fig-
ure 1. Selected "HNMR data are depicted in Table 1. The
YH NMR spectra of carceplexes 1525 are consistent witha C,,
symmetry of the calix[4]arene-based carcerand; this means that
rotation of the incarcerated guests around the z-axis is fast on
the 'HNMR chemical shift timescale.[?#!

It is striking that in DMF carceplex 15 and DMA carceplex
16 the resonances for the NCH, atoms are separated by 1.5 ppm
and ca. 2.3 ppm, respectively, whereas the difference between
the corresponding absorptions for DMF and DMA in CDCI,
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(o]
A
NH CH,CI
s NH__ cH,Cl
~ o ‘g—
(o]
d (o]
/\/’% )_1&)\ \s{/‘s,k G (solvent)
" Hon O 700 2
YN CsF, Cs,CO, KI
70-80 *C
high dil.
R=C,H, RRf on
14 15 G = DMF
16 G =DMA
17 G = NMP

18 G = 1,5-Dimethyl-2-pyrrolidinone
19 G = DMSO

20 G = Ethyl methyl sulfoxide

21 G = Thiolane-1-oxide

Scheme 4. Carceplexes obtained in varying yiclds depending on guest size.

S(O)CH,

The synthesis of calix[4]arene-based carce-
plexes by solvent inclusion is restricted to
highly polar solvents, that is, amides and sulf-
oxides. In the 1:1 endo-coupled product there
is a hydrogen bond between the NH atoms of
the bridges and the OCH,O atoms of the
methyleneoxy bridges of the resorcin[4}arene
moiety. This hydrogen bond must be broken
in order to situate the calix[4]larene moiety
above the resorcin[4]arene moiety. Further-
more, molecular modeling indicates that the
NH atoms must point into the cavity of the
carcerand. This is facilitated by a hydrogen-
bond-accepting function of the guest. There-
fore, only solvents that are highly polar and
able to break or to form a hydrogen bond can
be used during solvent inclusion.

Solvents that failed to give a carceplex in-
clude  N-methyl-2-piperidone,  N-ethyl-2-
pyrrolidinone, 2-butanone, cyclopentanone, and
acetonitrile. The first two solvents are too large,
whereas the others do not form a carceplex be-
cause they lack the hydrogen-bond-accepting
properties mentioned above.

CH,CH,

Synthesis of Calix|[4]arene-Based Carceplexes by
Doped Inclusion: The limitation that calix[4]arene-
based carceplexes can only be formed by solvent
inclusion in highly polar solvents with a hydrogen
bond accepting group, that is, amides and sulfox-
ides, is a disadvantage for the investigation of new

e A e —

S(O)CH,
v
B ___JL_U‘JLJ MLJU% JUU/ Lo B

)

Figure 1. '"H NMR spectrum (CDCl,, 250 MHz) of ethyl methy! sulfoxide carceplex 20.

solution is only ca. 0.2 ppm. This indicates that for the carce-
plexes there is a difference in environment for the N-methyl
groups.

The 1D *HNMR spectrum of 1,5-dimethyl-2-pyrrolidinone
carceplex 19 shows two doublets for the o-ArHNH as well
as for the C(O)CH, , hydrogen atoms, whereas those in
carceplexes 15--18 exhibit singlets. This degeneracy is probably
due to the chirality of the incarcerated guest. The C(O)H, ,
protons in the 1,5-dimethyl-2-pyrrolidinone carceplex are
diastereotopic and, hence, give two signals in the 'H NMR spec-
trum. The relatively large difference in chemical shift of the
signals for the C(O)CH, , atoms, Ad = 0.15 ppm, indicates that
the chiral center is near these hydrogen atoms. Similar degener-
acy is observed for the o-ArHNH atoms in ethyl methyl
sulfoxide carceplex 20. In this case the difference in resonances
is ca. 0.1 ppm. Furthermore, TOCSY and ROESY experiments
revealed that the resonances for the two CH, SO atoms of
incarcerated ethyl methyl sulfoxide are located at § = 0.4 and
—1.05 ppm. In the 'H NMR spectrum of free ethyl methy!l sulf-
oxide in CDCIy solution the difference in chemical shift is
<0.1 ppm. In both carceplexes no splitting is observed for the
protons of the methyleneoxy bridges of the resorcin[4]arene
moiety.
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carceplexes. Therefore, a method called doped in-
clusion was used, which allows the use of a larger
variety of guests. The reaction conditions are sim-
ilar to those applied during solvent inclusion but
1,5-dimethyl-2-pyrrolidinone, which itself is a
poor template for the closure of the final two bridges (vide
supra), is used as a solvent and potential gucsts are added in
5—15 vol%; this results in the selective formation of the carce-
plexes with the added guests (Scheme 3). This strategy had been
demonstrated by Sherman et al.l?®! for the synthesis of resor-
cin[4]arene-based (hemi)carcerands.

Whereas the synthesis of a calix[4]arene-based carceplex with
2-butanone failed by the solvent inclusion method (vide supra),
2-butanone carceplex 22 was obtained in 16 % yield by doped
inclusion.[?¢! Furthermore, carceplexes with 3-sulfolene (23).
which is a solid, and [D,]DMF (24) and [D,]DMSO (25) were
obtained in 26, 13, and 16 % yield, respectively. By means of the
doped inclusion method DMA carceplex 16 was obtained in
27% vyield. Characteristic 'H NMR data are summarized in
Table 1. The 2H spectra of [D.JDMF carceplex 24 and
[DJDMSO carceplex 25 are presented in Figure 2. Similar to
the carceplexes obtained by solvent inclusion a large upfield
shift is observed in the NMR spectra for the hydrogen and
deuterium atoms of the incarcerated guests.

To investigate the templating ability of different guests com-
petition experiments were carried out with 5 vol% DMA and
5 vol% of another guest in 1,5-dimethyl-2-pyrrolidinone. The
yields of the different carceplexes were determined by integra-
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Tablc 1. Yields and selected 1D '"H NMR data of calix[4]Jarene-bascd carceplexes a
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Figure 2. *H NMR spectra (CH,Cl,, 61.4 MHz) of a) [ID,]JDMF carceplex 24 and
Guest Method [a] Yield (%) H 8 (CDCly) 6 (carceplex) Ad b) [Dg]DMSO carceplex 25.
DMF A quant, a 8.1 4.84 3.26
b 29 0.66 2.24 Table 2. Templating ability of potential guests during the synthesis of calix[4]arene-
b 28 —0.88 3.86 based carceplexcs by doped inclusion.
DMA A quant. a 2.1 —1.98 4.08 . . . ) )
b 29 13 16 Guest Templating ability [a)] Yield (%) |b]
b’ 2.8 —1.01 381
DMA 100 27
NMP A 50 alb] 2.3 —13 3.6 DMSO 63 16 [c]
1.5-Dimethyl- A <5 a 27 —13 4.0 DMF 27 13[¢]
2-pyrrolidinone b 1.01 0.18 0.83 2-Butanone 27 16
DMSO A quant. a 2.5 —08 33 [a] DMA is set at 100. [b] Tsolated carceplex when only one guest is used during
Ethyl methyl A quant. a 2.48 —1.81 4.29 doped inclusion. [¢] Yield of deuterated guests.
sulfoxide b 1.05 3.72
b'} 267 0.41 3.08
¢ 127 —248 3.75 chloroacetamido groups of 14 will decompose.!?”! Our results
I}Z‘:{’;am ! A 16 g ;fiz“s'] _g'i ;3 g indicate that DMA provides the best solvation of the transition
_ state during the closure of the final two bridges. This might be
3-Sulfolene B 26 a 37 0.18 3.52 . . . .
b 6.0 3.23 277 due to the guest polarity and to the size and shape of the guest.
> Butanone B 16 a 210 _a0t a1 Carceplexes{ were not' obtalneq with N,N—dlmethylthxoform-
b 245 0.39 2.06 amide, N,N-dimethylthioacetamide, N,N-dimethylmethanesul-
8 1.05 —2.85 3.85

[a] A: direct, B: doped. [b] Major conformer (263 K). [¢] Average. [d] n.d.: not
determined.

CsF, Cs,CO,. KI
70-80 °C
high dil.

fonamide, cyclopentanone, N-ethyl-N'-methylacetamide, or
biacetyl. During the synthesis of resorcin[4]arene-based
carcerands the largest templating effect was observed for
pyrazine.’”>) However, in the casc of the cal-
ix[4]arene-based carcerands no carceplex with
pyrazine was formed. As was also demonstrated
by the solvent inclusion experiments, six-mem-
bered rings are too large to be incarcerated in
calix[4]arene-based carcerands.

The importance of the hydrogen-bond-accept-
ing ability of the guest has already been stressed.
The presence of this hydrogen bond between the
calix[4]arene-based carcerand and the incarcerat-
ed guests is nicely demonstrated by the relation

22 G = 2-Butanone
23 G = 3-Sulfolene
24 G = [D,]DMF
25 G = [D,]JDMSO

Scheme 5. Doped inclusion results in the selective formation of carceplexes with the added guests.

between the chemical shift of the NH protons
of the calix[4]arene-based carcerand versus the
polarity parameter EY of the incarcerated guests
(Figure 3).12®

Calix|4}arene-Based Thiacarceplexes: In order to

tion of characteristic signals in the 'H NMR spectra. The results
are summarized in Table 2.

From Table 2 it is clear that DMA is the best template for the
carcerand synthesis. Since the carceplexes can only be formed
when the guest occupies the calix[4]- and resorcin[4]arene cavity,
the templating ability is comparable to an association strength
between host and guest. Furthermore, the observed yields are a
rough indication for the rate of carceplex formation. If this rate
is slow, intermolecularly coupled products will be formed or the

Chem. Eur. J. 1997, 3, No. 4
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extend the number of different calix[4]arene-based
carcerands we investigated the possibility of altering the tum-
bling of incarcerated guests after inclusion. The obvious posi-
tions for modification of the calix[4]arene-based carceplexes are
the amide bridges, since amides can easily be converted into
thioamides. Calix[4]arene-based thiacarceplexes 26—30 were
obtained as pure compounds in quantitative yield, without ex-
tensive purification, from the corresponding amide-bridged car-
ceplexes by treatment with Lawesson’s reagent!?®) in xylene at
140°C (Scheme 6).
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Figure 3. Solvent polarity, EY, versus chemical shift of NH atoms in the '"H NMR
spectra of carceplexes 15-25.

Lawesson's reagent
—_— N
xylene, 140 °C

>95%

26 G = DMF
27 G = DMA
28 G = NMP

29 G = Ethyl methyl sulfoxide
30 G = 2-Butanone

Scheme 6. Production of calix[4Jarene-based thiacarceplexes 26-30 in quantitative yicld from the

corresponding amide-bridged carceplexes.

Thiacarceplexes 26 —30 all show FAB mass spectra that corre-
spond to complcte conversion of the amide bridges into
thioamides without affecting the incarcerated guests. This indi-
cates that the guests are well shielded from the outside since
amides'*®! and ketones!®!! are readily converted into the corre-
sponding thio analogues, and sulfoxides can be reduced by
Lawesson’s reagent.!3?! For the calix[4Jarene-based thiacarce-
plexes 26-30 characteristic shifts of the NH-, o-ArHNH
(calix[4]arene moiety), and CH,C(X) hydrogen
atoms of the thiacarcerand are observed in the
THNMR spectra similar to those of the corre-
sponding amide-bridged carceplexes. The largest
shift is observed for the NH protons, which are
shifted downfield by ca. 1.4 ppm. This is due to the
stronger hydrogen-bond-donating ability of
thioamides vs. amides,** the pK, for formamide
and thioformamide being 26.9 and 21.0, respective-
1y.33] The o-ArHNH (calix[4]arene moiety) and
CH,C(X) atoms show a downfield shift of 0.2 ppm
due to the lower electronegativity of sulfur com-
pared with oxygen. As is the case for amide-
bridged carceplexes the chemical shift of the NA
atoms in 26-30 varies with the polarity of the
guest. For 2-butanone thiacarceplex 30 a chemical
shift of & = 9.1 is found, whereas for ethyl methyl
sulfoxide thiacarceplex 29 this shift is 4 = 9.25.
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Orientation(s) and Tumbling of Guests Inside Calix[4]arene-
Based (Thia)Carcerands: The orientation of the guests inside the
calix{4]arene-based (thia)carceplexes 15—30 was determined by
2D NOESY and ROESY measurements (Scheme 7).+ Where-
as in most cases the preferential orientation was deduced from
single experiments, in case of DMF, DMA, NMP, and thiolane-
1-oxide the orientation was determined by measuring NOE
build-up curves.**! The exact orientation of 3-sulfolene could
not be established. However, the presence of two singlets for the
incarcerated guest, identified by HMQC spectroscopy, strongly
suggests the conclusion that the symmetry of the guest is pre-
served upon incarceration. This means that the guest is oriented
along the z-axis of the calix[4Jarene-based carcerand, that is,
with the sulfone group oriented toward the cal-
ix[4]- or resorcin[4]arene moiety.

In the '"H NMR spectra of thiacarceplexes 26—
30 the chemical shifts of the hydrogen atoms of the
guests are similar to those of the corresponding
amide-bridged carceplexes (vide supra). This indi-
cates that the orientation of the guests does not
change on conversion of the amide into thioamide
bridges. This result was confirmed by 2D NOESY
experiments.

On lowering the temperature of DMA (16, 17)
and NMP (27,28) (thia)carceplexes the presence
of a second isomer corresponding to a different
orientation of the guest inside the carcerand was
observed by 'HNMR spectroscopy. The
'"HNMR spectra of DMA (thia)carceplexes 12
and 27 show two new resonances at d = — 1.3 and
—1.8. NOESY experiments showed that these sig-
nals originate from an isomer in which the acetyl
group is positioned close to the resorcin[4]arene
moiety. The '"H NMR spectrum of NMP carceplex 28 sharpens
on lowering the temperature. At a temperature below —10°C
two resonances are observed for the NCH, atoms at 6 = — 1.3
and —1.7, respectively. Furthermore, two resonances are
present for the NH atoms at § =7.87 and 7.77. NOESY exper-
iments revealed that the signal at 6 = — 1.3 corresponds to the
isomer in which the NCH, group is positioned close to the
resorcin[4]arene moiety. For NMP thiacarceplex 28 the second
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Scheme 7. Experimentally determined (preferred) orientations of guests inside calix[4]arene-bascd
(thia)carcerands. Note: The incarcerated thiolane-1-oxide is somewhat tilted with respect to the long
axis of the calix[4]arene-based carcerand.
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Figure 4. Part of the 2D NOESY spectrum (400 MHz) at — 55 °C in CDCI, of NMP thiacarceplex 28 showing

the presence of a major and minor conformer.

isomer is already observed at room temperature. There are two
resonances for the NH protons, which correspond to the differ-
ent orientations, as demonstrated by the 2D NOESY spectrum
(see Figure 4). Whereas only one isomer was observed for ethyl
methyl sulfoxide carceplex 20, for the corresponding thiacarce-
plex 29 a second conformer was observed on lowering the tem-
perature. At a temperature below —50°C two new signals are
present in the 'H NMR spectrum at § = —1.6 and —3.0. Each
signal shows a cross peak with one of the resonances of the
incarcerated ethyl methyl sulfoxide at 6 = —1.8 and —2.6. Un-
fortunately, no NOE connectivities were observed between the
resonances of this second conformer and the calix[4]arene-based
thiacarcerand that would allow elucidation of the precise struc-
ture of this second isomer. The energy barriers for interconver-
sion between the orientations were determined by 2D EXSY
NMR (Table 3).

Table 3. Energy difference (AG}, rotational barriers (AG*), and exchange rates
(k. for interconversion between different orientations of guests inside cal-
ix[4]arene-based (thia)carceplexes determined by 2D EXSY NMR (400 MHz,
CDCl,).

Carceplex Guest AG® (kcalmol ™ ')[a] AGS,, (kcalmol™ ) k,,
(bridge) ()
12 (amide) DMA 0.7 [b] 12.740.5 395
27 (thioamide) DMA 0.5 [¢] 15.240.5 4.5
13 (amide) NMP 0.4 [c] 15.740.5 1.6
28 (thioamide) NMP 0.2 [d}/0.3 [c] 17.5+0.5 0.06
29 (thioamide) Ethyl methyl 0.8 [d] 13.440.5 [d] 0.17

sulfoxide

[a] Determined by integration of the 'HNMR spectra. [b} 213 K. [¢] 273 K.
[d] 218 K.

The activation energy for interconversion between the differ-
ent diastereoisomers of calix[4]arene-based (thia)carceplexes is
higher for the NMP (thia)carceplexes than for the correspond-
ing carceplexes with the incarcerated (smaller) DMA and ethyl
methyl sulfoxide molecules. Furthermore, it is clear that conver-
sion of the amide bridges of the calix[4]arene-based carcerand
into thioamides increases the activation energy for interconver-
sion between the various diastereoisomers. The reason for this
may be the stronger hydrogen bond between the carcerand and
the incarcerated guests in the case of the thioamides or a smaller
cavity as indicated by molecular modeling calculations (vide
infra).

Chem. Eur. J 1997, 3, No. 4

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1997

Whereas for DMA (16, 27), NMP
(18, 28), and ethyl methyl sulfoxide (29)
{thia)carceplexes we observed different
orientations of the incarcerated guests,
in all other cases, that is, DMF (thia)-
carceplexes 15 and 26, ethyl methyl sulf-
oxide carceplex 20, 1,5-dimethyl-2-
pyrrolidinone carceplex 18, 2-butanone
(thia)carceplexes 22 and 30, and thi-
olane-1-oxide carceplex 21, only one i1so-
mer could be detected in a temperature
range from —50 to 120°C. This indi-
cates that probably the difference in
Gibbs free energy between the different
isomers is too large. The presence of
other orientations that are in fast equi-
librium with the observed structures, but that cannot be sepa-
rately observed by 'HNMR spectroscopy, cannot be totally
excluded.

LNCH

Q (mingr)
NCH,
(major)

A

Energy Barriers for Rotation around the Amide Bonds of Incar-
cerated DMF and DMA: The stereoisomerism of amides such as
DMF and DMA, due to hindered rotation around the N-C(O)
bond, is well known and has been extensively studied both ex-
perimentally, by NMR spectroscopy in the gas phase!**! and in
solution,®” and theoretically.l37% 381 Although the N-methyl
groups are chemically equivalent, they are not magnetically
equivalent. The energy barrier for DMF is larger than for
DMA. This difference is mainly a result of destabilization of the
ground state in DMA due to steric repulsion rather than by a
difference in the energy of the transition state.l*3°! The energy
barriers increase when the solvent polarity or the hydrogen-
bond-donating ability of the solvent increases.t37%37¢ 381 [p
neat solution the Gibbs free energy barriers for rotation at
25°C, AGS,s, for DMF and DMA are ca. 21 and 18 kcalmol ™ !,
respectively. The rotational barriers around the amide bonds of
incarcerated DMF and DMA inside -calix[4]Jarene-based
(thia)carceplexes were determined by 2D EXSY NMR mea-
surements (Table 4).

Table 4. Activation energies for rotation around the amide bond of DMF and
DMA inside calix[4]arene-based (thia)carcerands.

AGF,s (kcalmol ™)

DMF DMA
Pure [a] 20.9 18.1
Carceplex 231 20.0
Thiacarceplex 24.0 20.5

[a] Taken from ref. [37].

The energy barriers for rotation around the amide bond of
DMF and DMA inside calix[4]arene-based (thia)carceplexes
15,16 and 26, 27 are larger than for the neat amides. Further-
more, the activation energies for the thiacarceplexes 26 (DMF)
and 27 (DMA) are higher than for the corresponding amide-
bridged carceplexes 15 (DMF) and 16 (DMA). This behavior is
probably caused by steric repulsion due to incarceration of the
guests. The larger barriers for the thiacarceplexes might indicate
that the cavity inside the calix[4]arene-based thiacarceplexes is
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smaller than for the corresponding amide-bridged carceplexes.
[t is known that the energy barriers for rotation around the
amide bond of amides increases as the solvent polarity or hydro-
gen-bond-donating character of the solvent incrcases (vide
supra). Therefore, the increased energy barrier for the thiacarce-
plexes might also be due to the increased hydrogen-bond-donat-
ing character of the thioamide bridges compared to the amide
bridges.

Extrusion of SO, and Butadiene from the 3-Sulfolene Carceplex:
The extrusion of SO, and butadiene from 3-sulfolene takes
readily place on heating at 100~130°C.1**! The activation en-
thalpy (AH*) and entropy (AS*) for dissociation are
33.6 kcalmol "' and 8.9 calmol "' K 7!, respectively.[*°¢

The extrusion of SO, or butadiene from 3-sulfolene carceplex
23 was investigated by electron impact mass spectrometry.f*!]
The probe was loaded with a sample of carceplex 23 and the
temperature of the probe was gradually increased. At a probe
temperature above 170-180°C SO, was detected and above
215 °C butadiene was detected. The SO, and butadiene can only
originate from the 3-sulfolene carceplex. Since the carceplex
exhibits a melting point >300°C it is unlikely that the cal-
ix[4Jarene-based carcerand is destroyed at this temperature
(170-215°C) 142! Therefore, the SO, and butadiene can only
originate from the incarcerated 3-sulfolene and should leave the
carcerand through the side portals formed by the bridges be-
tween the calix[4]- and resorcin[4]arene moiety. Additional evi-
dence for the extrusion of SO, and butadiene from 3-sulfolene
carceplex 23 results from field desorption mass spectrometry
(FD MS). At a temperature below ca. 180°C only 3-sulfolene
carceplex 231is observed, whereas above 180 °C empty carcerand
is detected (Figure 5). These results are in good agreement
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Figure 5. Desorption curves during field desorption mass spectrometry of 3-sulfo-
lene carceplex 23, showing the carceplex [m/z 2148 and 2171 (+ Na™*)] and empty
carceplex 23 [m/z 2030 and 2053 (+ Na™)]. = empty carcerand; a = carcerand
+ 3-sulfolene.

with the electron impact mass spectrometry experiments. A
carcerand containing either butadiene or SO, is not ob-
served.[*?! This indicates that under the conditions applied only
empty carcerand is formed."**”

The mass spectrometric experiments with 3-sulfolene carce-
plex 23 indicate that incarcerated 3-sulfolene exhibits a higher
thermal stability than pure 3-sulfolene. The reason for this in-
creased stability might be an increase in recombination rate for
the products in the carcerand compared with that of free sullo-
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lene in solution. In the latter case the extrusion product can
freely dissociate, whereas for the carceplex they are restricted to
the cavity of the carcerand.

Molecular Modeling Study of Calix[4]arene-Based (Thia)-
Carceplexes: Strategy for Investigating Calix[4]arene-Based
( Thia)carceplexes: The key step in the molecular modeling
study of calix[4]arene-based (thia)carceplexes 15—30is a system-
atic search of all possible orientations of the guests inside the
(thia)carcerands. Due to the fourfold symmetry of the cal-
ix[4]arene-based (thia)carcerand only a limited number of
structures must be considered. After rotation of the guest and
subsequent energy minimization a set of structures was ob-
tained that corresponds to the global and local energy minima.
From these structures information concerning the calix[4]arene-
based (thia)carceplexes can be obtained. This includes the
ability of the calix[4]arene-based (thia)carcerand to adapt the
cavity size with respect to the size of the guest. Since the
NH hydrogen atoms are pointing into the cavity forming a
hydrogen bond to the guest the average distance between the
diametrical (across the cavity) NH atoms and between the
ArCNH atoms was calculated.3 From the local energy
minima the energy barrier(s) for interconversion between the
various stereoisomers was(were) calculated by the conjugated
peak refinement (CPR)™®! algorithm implemented as the
TRAVEL (trajectory refinement algorithm) module in
CHARMM. This algorithm is able to find true saddle points
between two (local) energy minima on the adiabatic potential
energy surface of systems with a large degree of freedom. The
CPR algorithm has been successfully applied for the calculation
of the energy barriers for the interconversion between different
calix[4]arene conformers™*”! and for the isomerization around
the amide bond in proline.'*®! Furthermore, it has been used to
study the dynamic behavior of a hemispherand sodium com-
plex.[49: 5]

Cavity Size: For carceplexes 15—-23 the average diametrical
distances between the various NH atoms and the different
ArCNH atoms of the calix[4]arene moiety were calculated as a
parameter that describes the ability of the carcerand to adapt
the cavity size to that of the guest size. The diametrical distances
between the NH atoms and between the ArCNH atoms of the
calix[4]arene moiety are plotted against the size of the guest!>!l
in Figurc 6.

From Figure 6a it is clear that the distance between the NH
atoms does not significantly change for incarcerated molecules,
the volumes of which are smaller than that of NMP. However,
incarcerated NMP and 1,5-dimethyl-2-pyrrolidinone force the
NH atoms of the bridges more outward. This indicates that the
calix[4]arene-based carcerand adapts the cavity size by variation
of the diametrical distance between the NH atoms. Figure 6b
shows that the distance between the ArCNH atoms is only in-
creased when 1,5-dimethyl-2-pyrrolidinone is included. The cal-
culated distance is close to that for a calix[4]arene in a perfect
cone conformation, that is, ca. 7.9-8.0 A.1521 This may be the
reason for the fact that larger guests do not form a carceplex
because it is not possible to push the aromatic moieties of the
calix[4]arene further outward. Since this limit is not reached for
guests smaller than 1,5-dimethyl-2-pyrrolidinone it is likely that
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Figure 6. a) Calculated average distances between diametrical NH atoms of carceplexes 15-25; b) Calculated average distances between diametrical ArCNH atoms of

carceplexes 15-25

in these cases the calix[4]arene moiety still possesses some flexi-
bility resulting in a fast equilibrium between different pinched
cone conformers.

The calculated average diametrical distances between the NA
atoms and between the ArCNH atoms of calix[4farene-based
thiacarceplexes 25-30 are shown in Table 5. The largest dis-
tance between the NH atoms is observed for NMP, whereas the

Table 5. Calculated average diametrical distances between the NH atoms and be-
tween the ArCNH atoms of the calix[4]arene moiety for energy-minimized struc-
tures of different guests inside calix[4Jarene-based thiacarceplexes compared with
the corresponding carceplexes with amide bridges.

Guest dar (A)  Adyy (A)[a] dpcenn A Adyow (A)fal
DMF 8.72 0.64 7.81 0.04
DMA 8.56 0.73 7.81 —0.01
NMP 8.85 0.75 7.85 0.03
2-Butanone 8.58 0.64 7.76 -0.01
Ethyl methyl suifoxide 8.78 0.59 7.79 0.03

[a] d(carceplex) — d(thiacarceplex).

smallest is found for DMA. The distance between the NH atoms
in the amide-bridged carceplexes is significantly smaller in the
thiacarceplexes. This is probably a result from the larger sulfur
atoms compared with the oxygens situated at the outside of the
thiacarcerand that force the NH atoms more into the cavity.
The distance between the ArCNH atoms does not change signif-
icantly, indicating that the conversion of the amide bridges into
thioamides does not affect the geometry of the calix[4]arene

moiety. The smaller distance between the NH atoms may be a
reason for the higher energy barrier for interconversion between

-the different stereoisomers (vide supra).

Calculation of Energy Barriers: Analysis of the structures ob-
tained after the systematic search of all possible orientations of
the guest inside the calix[4]arene-based (thia)carcerands re-
vealed that for most guests the experimentally observed orienta-
tion corresponds to the lowest energy, whereas in the other cases
the structure with the second lowest energy corresponds to the
experimental structure.

The global and local energy minima of the orientations of
guests inside calix[4]arene-based (thia)carcerands were used to
calculate the energy barrier for interconversion between the var-
ious orientations. The results of the calculations are summarized
in Table 6.1531

For DMF and DMSO the energy barrier for rotation around
one short axis of the carcerand is low (3.6 and 4.3 kcalmol !,
respectively). The preference for one orientation of DMF inside
the calix[4]arene-based carcerand is most likely due to the differ-
ence in energy between the two orientations. For DMSO the
calculated energy barrier corresponds to the observed fast rota-
tion of the guest molecules inside the carcerand. This was also
indicated by the '"H NMR spectrum since only one signal was
found for the guest molecule. The energy barriers for ethyl
methyl sulfoxide and 2-butanone are not larger than for DMA.
This indicates that the preference for one orientation, as ob-
served by 2D NMR spectroscopy, probably does not result
from a high energy barrier for interconversion. More likely, this

Table 6. Calculated (AE,,;.) and experimental (AGF) energy barriers for interconversion between different orientations of guests inside calix[4]arene-based (thia)carcerands.

Guest Carceplex Thiacarceplex
AE_,. (kcalmol ™) AGY,; (kealmol 1) AE.; (kcalmol™1) AGF (kcalmol ')

DMF 3.6 n.o. [a] 8.6 n.o.

DMA 9.8 12.7 [c] 15.5 15.2 [c]
NMP 13.0 15.7 [c] 14.0 17.5 [c}
1,5-Dimethyl-2-pyrrolidinone 19.4 n.o. [a] n.d. [b] n.d. [b]
DMSO 43 n.o. [a] n.d. [b] n.d. [b]
Ethyl methyl sulfoxide 12.7 n.o. [a] 14.9 13.4 [d]
2-Butanone 79 n.o. [a] 10.0 n.o. [a]

[a] n.o.: not observed, that is, only one isomer present. [b] n.d.: not determined. [¢] T =273 K. [d] 7T =228 K.
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prefercnce 1s a consequence of the energy difference between the
different orientations.

The extra methyl group of 1,5-dimethyl-2-pyrrolidinone com-
pared with NMP results in an increase in the (calculated) activa-
tion energy of ca. 6.4 kcalmol ™. The calculated energy barrier
for 1,5-dimethyl-2-pyrrolidinone is 19.4 kcalmol™!. Only one
orientation was observed with 2D NMR spectroscopy. This is,
however, most likely due to the difference in energy between the
different orientations and not due to a high energy barrier for
interconversion.

It was shown that conversion of the amide bridges into
thioamides leads to an increase in energy barrier for intercon-
version between the various stereoisomers corresponding to dif-
ferent orientations of the guests (vide supra). The increase in
energy barrier for interconversion between the various stereo-
isomers found experimentally is indeed reproduced by the
molecular modeling calculations (Table 6). Although the differ-
ences between the calculated and experimental values range
from 3.5 t0 0.3 kcalmol ~! for NMP and DMA, respectively, the
trend in the calculated energy barriers is similar to the experi-
mentally determined values. The calculations do not predict
an extremely high (>20kcalmol™ ') or an extremely low
(<10 kcalmol ™ ') activation energy. For DMF thiacarceplex 26
and 2-butanone thiacarceplex 30 only one sterecisomer was ob-
served with 2D NMR spectroscopy. This is probably due to a
too large energy difference between different orientations but
also the energy barrier for interconversion may be too low to
detect a second orientation of the guest inside calix[4]arene-
based thiacarceplexes 26 and 30.

Conclusion

In this paper we have presented a new approach towards
a molecular switch, which uses calix[4]arene-based (hemi)-
carcerands. These container molecules, obtained by combina-
tion of a calix[4]- and resorcin[4]arene, possess a noncentrosym-
metric cavity and therefore, different incarcerated guest mole-
cules lead to different stereoisomers. It was shown that a
calix[4]arene-based hemicarcerand, in which the calix[4]- and
resorcin[4]arene moieties are coupled by three bridges, can be
obtained by a stepwise coupling of the two building blocks.
Additional functional groups could be introduced at the free
hydroxyl group of the resorcin[4]arene moiety. Dynamic NMR
experiments revealed that calix[4)arene-based hemicarcerands
do not possess an enforced cavity. This is most likely the reason
why no complexes could be obtained. On the other hand,
calix[4]arene-based carcerands, obtained by linking a calix[4]-
and resorcin[4]arene by four bridges can (permanently) incar-
cerate one guest molecule. Two methods were presented to ob-
tain calix[4]arene-based carceplexes. Amides and sulfoxides can
be incarcerated by solvent inclusion, whereas potential guests
that cannot be used as a solvent could be incarcerated by doped
inclusion. Conversion of the amide bridges of the carceplexes
into thioamides was shown to be a valuable tool for altering the
rotation properties of incarcerated guests after synthesis of the
carceplex. Rotational barriers for interconversion between the
different orientations of incarcerated DMA, NMP, and ethyl
methyl sulfoxide were determined by 2D EXSY NMR experi-
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ments. The results show that the energy barriers for interconver-
sion between different orientations of guests inside calix{4]-
arene-based (thia)carcerands is higher for the thiacarceplexes
compared with the corresponding amide-bridged carceplexes.
Molecular modeling was used to study the behavior of the incar-
cerated guests. Comparison between calix[4jarene-based
carcerands and thiacarcerands revealed that the cavity is smaller
for the latter. This is most likely a reason for the increased
energy barriers. Furthermore, the difference in hydrogen-bond-
donating ability of the thicamide and amide bridges could play
a role. Good quantitative agreement was found between the
calculated and experimentally determined activation energies.
The results demonstrate that molecular mechanics calculations
can be a useful tool for investigating, and predicting, the prop-
erties of incarcerated guests inside calix[4]arene-based (thia)-
carcerands.

Experimental Section

General: All experiments were carried out under an inert Ar atmosphere. All
solvents used for the synthesis of the carceplexes were freshly distilled prior
to use. Amides were distilled from MgSQ,, sulfoxides from BaO, hexane
(referring to petroleum ether with b.p. 60-80°C) and CH,Cl, from CaCl,.
2-butanone and ethyl acetate (EtOAc) from K ,CO,, and THF from sodium/
benzophenone ketyl. Triethylamine (NEt,) was distilled from P,O, and
stored over KOH pellets. NMR spectra were recorded on a Bruker AC250
(*HNMR 250 MHz) or a Varian Unity 400 (*H NMR 400 MHz) spectrome-
ter in CDCI, unless stated otherwise. Residual solvent protons were used as
internal standard and chemical shifts are given relative to tetramethylsilane
(TMS). FAB and electron impact mass spectra were measured on a Finnigan
MAT 90 spectrometer with m-nitrobenzyl alcohol (NBA) as a matrix. Field
desorption mass spectra were recorded on a Jeol IMS SX/SX102A four-sec-
tor mass spectrometer, coupled to a Jeol MS-MP7000 data system. FD emit-
ters (10 pm tungsten wire) containing carbon microneedles with an average
length of 30 um were used. The samples were dissolved in chloroform and
then loaded onto the emitters with dipping technique. An emitter current of
0-15mA was used to desorb the samples. Melting points were determined
with a Reichert melting point apparatus and are uncorrected. Flash chro-
matography was performed on silica gel (SiO,, E. Merck, 0.040 -0.063 mm,
230-240 mesh). Preparative thin-layer chromatography (TLC) was per-
formed on precoated silica plates (E. Merck, Kieselgel 60 F,,, 2 mm). For
dropwise additions a perfuser was used. The presence of solvents in the
analytical samples was confirmed by 'HNMR spectroscopy. Dinitrocal-
ix[4larene 1,1°4 tetrahydroxycavitand 6,.'% and 1:1 endo-coupled product
1411% were prepared following literature procedures.

Synthesis

Calix[4]arene-Based Hemicarcerands
5,11-Dinitro-17-phthalimido-25,26,27,28-tetrapropoxycalix[4}arene (3): A sus-
pension of dinitrocalix[4]arene 1 (1.50 g, 2.21 mmol) and AgOC(O)CF,
(0.50 g, 2.27 mmol) in CHCIl, (150 mL) was refluxed for 2 h. After the mix-
ture was cooled to room temperature, I, was added until a deep purple color
remained und the mixture was stirred for an additional 30 min. After filtra-
tion over Hyflo the solvent was evaporated and the residue taken up in EtOAc
(100 mL). The organic layer was washed with ca. 5% NaHSO, (25 mL), H,0
(25 mL), and brine (25 mL) and dried over Na,SO,. After evaporation of the
solvent a mixture (1.70 g) of 5-iodo-17,23-dinitro-25,26,27,28-tetrapropoxy-
calix[4]arene (2) and 5,11-diiodo-17,23-dinitro-25,26,27,28-tetrapropoxycal-
ix[4Jarene was obtained, which was used without further purification. The
presence of 2 was confirmed by FAB mass spectrometry, ni/z = 808.2 (M ™,
caled. 808.2). The mixture of mono- and diiodocalix{4]arene (1.70 g), phthai-
imide (0.77 g, 5.2 mmol) and Cu,O (0.50 g, 3.5 mmol) in collidine (40 mL)
was refluxed for 24 h. After the mixture was cooled to room temperature
CH,Cl, (50mL) was added. The mixture was washed with 2N HCl
(2x50mL), 28 NaOH (2 x 50 mL), H,0 (50 mL), and brine (50 mL) and
subsequently dried over Na,SO,. The crude reaction product was purified by
column chromatography (SiO,, CH,CL,/EtOAc 98/2) to give pure 3. Yield
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0.71 g (39 %, starting from 1); m.p. 259-260 °C (CH,Cli,/MeOH]); 'HNMR:
§=795-7.9 (m, 2H; Pht), 7.75-7.70 (m, 4H; Pht +ArNO,), 7.44 and 7.33
(2d, J = 28 Hz, 4H; ArHNO,), 6.92 and 6.89 (2d, /= 2.5 Hz, 4H; ArH-
Pht), 6.55-6.50 (m, 2H; ArH), 6.45-6.40 (m, 1H; ArH), 4.55-4.45 and
3.35-3.20[2 % 3d (1:2:1),4H; ArCH,Ar}, 4.07-3.77 (m, 8 H; OCH,), 2.05-
1.9 (m, 8H; OCH,CH,), 1.28-0.94 (m, 12H; CH,); **C NMR:  =167.1
(C=0), 162.1, 161.8, 142.8, 137.0, 136.5, 136.1, 134.8, 134.6, 134.2, 132.9,
131.7, 128.7, 128.0, 127.1, 126.2, 126.0, 124.8, 124.2, 123.8, 126.6, 123.3,
122.6,77.3 (OCH,), 31.1 (ArCH,Ar), 23.3 (OCH,CH,), 10.5, 10.3 and 10.1
(CH,); MS (FAB): mfz = 827.2 (M ™, caicd. 827.3). Anal. CgH4N;O0p,,
0.25 H,0: caled. C, 68.94; H, 5.92; N, 5.02; found: C, 68.64; H, 5.93; N, 5.02.

5,11-Diamino-17-phthalimido-25,26,27,28-tetrapropoxycalix|[4jarene (4): A
mixture of 3 (0.50 g, 0.60 mmol) and SnCl,-2H,0 (1.35g, 6.0 mmol) in
EtOH (50 mL) was refluxed until no starting material could be detected by
TLC. The reaction mixture was poured onto crushed ice and after adjustment
of the pH to 9—10 with 2N NaOH and addition of CH,Cl, (50 mL) the
mixture was filtered over Hyflo. The filtrate was extracted with CH,Cl,
(3x25mL}), the combined organic layers were washed with 2N NaOH
(15mL), H,O (15mL), and brine (15mL) and subsequently dried over
Na,SO,. The solvents were evaporated and the residue dried in vacuo. The
crude product was used without further purification. Yield 0.38 g (82%);
m.p. 145-148°C; '"HNMR: § =7.90-7.85 and 7.75-7.7 (2m, 4H; Pht),
6.85 and 6.84 (2d, J = 2.6 Hz, 4H; ArHPht), 6.65-6.6 (m, 3H; ArH), 6.11
and 6.09 (2d, J = 2.8 Hz, 2H; ArHNH,), 5.95 (s, 2H; ArNH,), 4.55-4.25
and 3.2-29 (2x4d; 8H; ArCH,Ar), 3.9-3.55 (m, 8H; OCH,), 2.15-1.8
(m, 8H; OCH,CH,), 1.10-0.95 (m, 12H; CH,); 13C NMR: § =166.1
(C=0). 158.1, 152.2, 150.9, 140.5, 137.6, 137.1, 135.4, 134.4, 134.3, 132.7,
130.7, 129.4, 128.1, 123.4, 122.0, 117.3, 116.8, 76.8 (OCH,), 76.4 (OCH,),
31.2 (ArCH,Ar), 23.5, 23.2, 23.0, 22.8, 10.9, 10.3, 9.8, 9.7; MS (FAB):
mjz =768.1 (M ", caled. for C,4H;3N;0, 767.9).

5,11-Bis(chloroacetamido)-17-phthalimido-25,26,27,28-tetrapropoxycalix[4]-
arene (5): To a solution of 4 (0.36 g, 0.44 mmol) and NE¢; (1.4 mL, 10 mmol)
in dry CH,Cl, (15 mL) was added chloroacetyl chloride (0.35 mL, 4.4 mmol)
and the reaction mixture was stirred for 45 min. After dilution with CH,Cl,
(25 mL) the organic layer was washed with 2N HCI (2 x 15 mL), 28y NaOH
(2x15mL), H,0 (15mL), and brine (15 mL) and subsequently dried over
Na,SO,. The reaction mixture was purified by column chromatography
(8i0,, EtOAc/hexane 1/1) to give pure 5. Yield 0.30 g (70%); m.p. 189—
192°C (171—173 °C phase transition); 'HNMR: é = 8.06 and 8.01 (25, 2H;
NH), 7.9-7.85 and 7.8—7.7 (2m, 4H; Pht), 6.88 and 6.85 [2d, J = 2.4 Hz,
4H; ArHNHC(O)], 6.75-6.55 (m, 7H; ArH), 4.5-4.4 and 3.2-3.1 (2ABq,
J=12.1Hz, 8H; ArCH,Ar), 4.09 (s, 2H; CH,Cl), 3.96 (s, 2H; CH,Cl),
3.95-3.75 (m, 8H; OCH,), 2.0-1.85 (m, 8H; CH,), 1.1-0.95 (m, 12H;
CH,); '3C NMR: § =167.6 (C=0), 164.1 (C=0), 163.5 (C=0), 156.7,
156.1, 154.1, 135.8, 135.5 (2x), 135.2, 135.1, 135.0, 134.8, 134.6, 134.2, 131.8,
130.7, 130.3, 128.6, 128.3, 126.5, 126.3, 125.2, 123.5, 122.4, 122.1, 120.9,
120.7,77.3(OCH,), 77.2 (OCH,), 77.0 (OCH,), 76.7 (OCH,), 42.9 (CH,Cl),
31.1 (ArCH,Ar), 31.0 (ArCH,Ar), 23.3, 23.2, 23.1, 10.4, 10.2; MS (FAB):
mjz =921.3 (M, caled. 920.9). Anal. C5,H,sCl,N;Oq, 2.5H,0: caled. C,
64.66; H, 6.26; N, 4.35; found: C, 64.60; H, 5.86; N, 4.23.

41,59-Dihydroxy-19-phthalimido-14,30,62,63-tetrapropoxy-1,47,49,57-tetra-
undecyl-164{,21 H,28 H,34H-13,31:51,55-dimethano-
2,46:3,45:11,15:17,21:23,27:29,33-hexametheno-1H,8H,47H 49 H-
[1,3]benzodioxocinol9’,8':4,5{1,3]benzodioxocinol9,10-4}{1,3]dioxocino-
14,5-1,1(1,3,6,36,9,33|benzotetraoxadiazacyclooctatriacontine-9,35(10H,36 H )-
dione (7,8): In a typical experiment a solution of 5 (0.42 g, 0.46 mmol) in
acetonitrile (50 mL) was added dropwise (125 pLmin™') to a mixture of
tetrahydroxycavitand 6 (1.67 g, 1.37 mmol), Cs,CO; (0.60 g, 1.84 mmol) and
a spatula full of KI in refluxing acetonitrile (260 mL). The reaction mixture
was refluxed for another 14 h and subsequently evaporated to dryness. The
residue was taken up in CH,Cl, (100 mL} and washed with 28 HCI (30 mL),
H,O0 (30 mL), and brine (30 mL) and subsequently dried over Na,SQ,. After
evaporation of the solvent the crude mixture was purified by column chro-
matography (SiO, 60H, EtOAc/hexane 40/60—50/50).

endo-Coupled 7: Yield 0.28 g (29%); m.p. 214-215°C; "THNMR: 4§ =10.13
and9.24 (2s,2H; NH), 7.75-7.7 and 7.55-7.50 2m, 4 H; Pht), 7.55 and 7.15
(2d, J=22Hz, 2H; ArHPht), 6.96 (s, 2H; ArH), 6.93 (s, 2H; ArH),
6.9-6.85 [m, 1H; ArH (calix)], 6.71 (s, 2H; ArH), 6.03 (d, J = 3.5 Hz, 1 H;
ArH), 6.6-6.55 (m, 1H; ArH), 6.50 and 6.26 (2d, J = 2.4 Hz, 4H; ArH),
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6.42(d, J =7.5 Hz, 1H; ArH), 6.0-5.9 [m, 4H; OCH,0 (outer)], 4.75--4.35
[m, 16 H; CHC, H,, +ArCH,Ar +OCH,0 (inner) +CH,C(0)], 4.2-3.85
(m, 2H; OCH,), 3.77 (t, J=7.0 Hz, 2H; OCH,), 3.66 (t, / =7.0 Hz, 4H:
OCH,), 3.25-3.15 (m, 4H; ArCH,Ar), 2.2-2.05 (m, 8H; CHCH,), 1.05

0.85 (m, 8H; OCH,CH,), 1.4-1.05 (m, 72H; CH,), 1.0-0.8 (m, 24H;
CH,); “*C NMR: 4 =167.0 (C=0), 166.8 (C=0), 156.9, 1552, 154.3, 152.6,
147.9, 147.6, 147.0, 146.8, 144.7, 144.4, 142.2, 142.0, 141.9, 141.1, 141.0,
140.4, 140.3, 138.8, 138.6, 138.2, 138.0, 137.1, 136.1, 135.6, 135.1, 134.4,
133.9, 132.0, 131.6, 126.0, 125.2, 123.2, 77.2 and 77.1 (ArOCH,). 36.9, 31.9
(ArCH,Ar), 29.8,29.7, 29.4, 27.9, 23.4,23.2,22.9, 22.7, 14.1, 10.6, 10.1, 9.9;
MS (FAB): m/z = 2065.8 (M +H]*, caled. 2065.3). Anal. C,,,H,(;N,0,,.
1.50 H,0: caled. C, 73.51; H, 8.10; N, 2.00; found: C, 73.13; H, 7.90; N, 1.73.

exo-Coupled 8: Yield 0.19 g (19%); m.p. 198-200°C; '"HNMR: ¢ = 8.37
and 8.24 (2s, 2H; NH), 7.8~7.77 and 7.55—-7.5 (2m, 4H; Pht), 7.02 (s, 1 H:
ArH), 7.08 (s, 1 H; ArH), 6.86 (d, J = 2.3 Hz, 2H; ArH), 6.77 (s, 2H: ArH),
6.7-6.5 (im, 3H; ArH), 6.52 (s, 2H; ArH), 6.48 (s, 1 H; ArH), 6.18 (s, 1H:
ArH), 5.85-5.75[m, 3H; OCH,0 (outer)], 5.58 [d, J = 6.5 Hz, 1 H; OCH,0
(outer)], 4.6-4.2 [m, 16H; CHC,,H,; +ArCH,Ar +OCH,0O (inner)
+CH,C(0)], 3.85-3.71 (m, 8H; OCH,), 3.2-2.95 (m, 4H; ArCH,Ar).
2.1-2.0 (m, 3H; CHCH,), 1.9-1.85 (m, 8H; OCH,CH,), 1.5-1.15 (m,
72H; CH,), 1.1-0.9 (m, 12H; CH,), 0.85-0.75 (m, 12H; CH;); "*C NMR:
5§ =167.5 (C=0), 166.8 (C=0), 166.4, 156.3, 156.0, 154.1, 153.4, 148.1,
147.7, 147.7, 147.0, 146.7, 144.0, 143.8, 142.3, 142.1, 142.0, 141.2, 139.8,
139.0, 138.5, 138.4, 138.2, 136.6, 136.2, 135.7, 135.3, 134.8, 134.2, 133.9,
131.9, 131.0, 130.6, 128.2, 126.6, 125.3, 123.4, 121.4, 119.6, 115.5, 115.2,
109.6, 99.9 (OCH,0), 77.2 and 76.8 (ArOCH,), 73.3[OCH,C(0)]. 60.4. 36.9.
32.0 (ArCH,Ar), 30.0, 29.8, 29.7, 29.4, 27.9, 23.4, 23.3, 23.2, 23.1, 22.7, 14.1,
10.5, 10.4, 10.3, 10.1; MS (FAB): m/z = 2065.8 (M +H]*, calcd. 2065.3).
Anal. C,3H,sN,0,,, H,O: caled. C, 73.78; H, 8.08; N, 2.02; found: C,
73.63; H, 8.19; N, 1.87.

19-Amino-41,59-dihydroxy-14,30,62,63-tetrapropoxy-1,47,49,57-tetra-
undecyl-16H,21 H,28 H,34H-13,31:51,55-dimethano-
2,46:3,45:11,15:17,21:23,27:29,33-hexametheno-1H,8 H,47H 49 H-
[1,3|benzodioxocinol9’,8':4,51[1,3]benzodioxocino{9,10-d](1,3ldioxocino-
14,5-1,111,3,6,36,9,33]benzotetraoxadiazacyclooctatriacontine-9,35(10H,36 H )-
dione (endo-9): A solution of 7 (0.22 g, 0.11 mmol) and hydrazine monohy-
drate (0.30 mL, 6.2 mmol) in a mixture of EtOH (30 mL) and THF (15 mL)
was refluxed for 4 h. After evaporation of the solvents the crude mixture was
taken up in CH,Cl, (100 mL), washed with 2~ HCI (25 mL), H,0 (25 mL),
1N NaOH (25 mL), H,0 (25 mL), and brine (25 mL) and subsequently dried
over Na,SO,. After evaporation of the solvent and drying in vacuo 12 was
isolated in essentially quantitative yield. M.p.>300°C; "HNMR: § = 8.89
(brs, 2H; NH), 6.84 [s, 2H; ArH (cavitand)], 6.8-6.4 (m. 7H: ArH). 6.05
5.8 [m, 6H; OCH,O (outer) +ArHNH,], 4.7-4.55 [m, 6H; CHC, H,,
+CH,C(0)], 4.5-4.25 [m, 10 H; ArCH,Ar 4+ OCH,0 (inner) +CH,C(0O)],
3.8-3.55 (m, 4H; OCH,), 3.55-3.4 (m, 4H; OCH,), 3.4-3.15 (m, 2H:
ArCH,Ar), 3.15-2.9 (m, 2H; ArCH,Ar), 2.3-2.05 (m, 8 H; CHCH,), 2.05—
1.75 (m, 8H; OCH,CH,), 1.6-1.2 (m, 72H; CH,), 1.05-0.75 (m, 24H;
CH,); '*C NMR: § =77.2 (OCH,), 31.9 (ArCH,Ar), 29.7, 29.4, 227, 14.1;
MS (FAB): m/z =1935.0 ((M+H]", caled. for C,, H, (N0, 1935.6),
1958.0 ([M +Na]*, caled. for C,,,H,43;N;0,gNa 1958.5).

19-Chloroacetamido-41,59-dihydroxy-14,30,62,63-tetrapropoxy-1,47,49,57-
tetraundecyl-16 H,21H,28 H,34H-13,31:51,55-dimethano-
2,46:3,45:11,15:17,21:23,27:29,33-hexametheno-1 H,8 H 47 H 49 H-
[1,3]benzodioxocino[9’,8’ :4,5][1,3]benzodioxocinoe[9,10-d][1,3]dioxocino[4,5-/, }-
[1,3,6,36,9,33]|benzotetraoxadiazacyclooctatriacontine-9,35(10H,36 H ) -dione
(endo-10): To a solution of 9 (0.20 g, 0.10 mmo}) in CH,Cl, (20 mL) was
added chloroacety! chloride (0.12 mL, 1.5 mmol) and the reaction mixture
was stirred for 90 min at room temperature. The mixture was subsequently
diluted with CH,Cl, (100 mL), washed with 1~ HCl (2x20mL), H,0O
(2x25mL), 18 NaOH (15mL), H,0 (20 mL), and brine and dried over
Na,SO,. After removal of the solvent and additional drying in vacuo, 10 was
obtained in essentially quantitative yield. An analytically pure sample was
obtained after column chromatography (SiO,, EtOAc/hexane 1/1). M.p.
214-215°C (CH,Cl,/MeOH); 'HNMR: § = 9.34, 8.90, and 7.67 (3s, 3H:
NH), 7.42, 7.23, and 6.92 (3s, 3H; ArH), 6.84 and 6.82 [2s, 2H: ArH
(cavitand)], 6.75-6.65 (m, 3H; ArH), 6.56 and 6.54 [25, 2H; ArH (cavi-
tand)], 6.21 and 6.06 (2s, 2H; ArH), 59-5.8 [m, 4H; OCH,O (outer)],
4.7-4.5 (m, 8H; ArCH,Ar +CHCH,), 4.5-3.75 [m, 18 H; OCH,O (inner)
+CH,C(0) +CH,Cl +0CH,), 3.15-3.0 (m, 4H; ArCH,Ar). 2.2-2.0 (m.
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8H; CHCH,), 2.0-1.75 (m. 8H; OCH,CH,), 1.3-1.0 (m, 72H; CH,),
1.2-0.95 (m, 12H; CH,), 0.8-0.75 (m, 12H; CH,); '*C NMR: & = 31.9
(ArCH,Ar), 29.7, 29.4, 27.9, 22.7, 14.1, 10.6; MS (FAB): m/z = 2011.7
(IM+H]", caled. 2011.2). Anal. C,,,H,,,CIN,0,,. 2H,0: caled. C, 71.58;
H. 8.27; N, 2.05: found: C, 71.18; H, 8.17; N, 1.97.

Hemicarcerand 11: A solution of 10 (0.10 g, 0.50 mmol) in DMA (40 mL) was
added dropwise (80 pL min ') to a suspension of Cs,CO, (0.16 g, 0.50 mmol)
and a catalytic amount of KIin DMA (50 mL) at 70— 80 °C. The mixture was
surred for another 8—10 h whereupon 2N HCI (3 mL) was added. After the
solution was concentrated to ca. SmL the crude product was taken up in
CH,Cl, (100 mL), washed with 2N HC1(25 mL), H,0 (2 x 25 mL). and brine
(25 mL) and dried over Na,SO,. After evaporation of the solvent the crude
mixture was purified by preparative TLC (SiO,, CH,Cl,/THF 90/10 v/v).
Yield 40 mg (40%); m.p. 280-283°C; '"HNMR: 6 =7.72 (brs, 1H; NH),
7.33 (brs, 2H; NH), 7.02, 6.93, 6.90, and 6.75 (4s, 8H; ArH), 6.7-6.65 (m,
2H; ArH), 6.50 (s, 1 H; ArH), 6.40 (s, 2H; ArH), 5.9-5.85 [m, 4H; OCH,0
(outer)], 4.81 [s, 2H; OCH,C(0)), 4.65-4.45 (m, 10H; CHC,,H,,
+CH,C(0)], 440 and 4.33 (2d, J=12.2Hz, 4H; ArCH,Ar), 4.25 [d,
J=7.0Hz, 2H: OCH,0 (inner)}, 4.19 [d, J = 6.5 Hz, 2H; OCH, 0 (inner)],
3.85-3.7(m,4H; OCH,), 3.7-3.5(m,4H; OCH,). 3.15(d, J =12.1 Hz, 2H;
ArCH,Ar), 3.08 (d, /J=124Hz, 2H; ArCH,Ar), 2.25-1.95 (m, 8H;
CHCH,), 1.9-1.75 (m, 8H; OCH,CH,), 1.35-1.1 (m, 72H; CH,), 1.0-0.85
(m,12H; CH,;), 0.8-0.65 (m, 12H; CH;); *C NMR: 6 =77.2(OCH,), 31.9
(ArCH,Ar), 297, 29.4, 279, 22.7, 14.1; MS (FAB): m/z =1998.9
([M+H+Na]*, caled. 1998.6); mjz =1975.0 (M*, caled. 1974.6). Anal.
C,5,H, N3O, CHCI: caled. C, 70.56; H, 7.85; N, 2.01; found: C, 70.48;
H. 7.56; N, 2.0t.

O-Propyl-Hemicarcerand 12: A solution of hemicarcerand 11 (10 mg,
5 pmol), K,CO; (50 mg, 0.4 mmol), n-propyl iodide (0.5 mL, 5 ymol), and a
catalytic amount of KI in DMA (10 mL) was stirred at 70-80°C for 18 h.
The reaction mixture was evaporated to dryness and the residue taken up in
CH, (1, (25 mL), washed with I ~n HCI (2 x 10 mL), H,O (10 mL), and brine
(10 mL) and subsequently dried over Na,SO,. After evaporation of the
solvent and trituration with MeOH O-propyl hemicarcerand 12 was obtained
in essentially quantitative yield. M.p.>300°C: 'H NMR: § =7.67 (brs, 1 H;
NH). 7.17 (brs, 2H; NH), 6.99 (s, 2H: ArH), 6.90 and 6.52 (2d, J = 2.6 Hz,
4H; ArlINH), 6.95 6.9 (m,2H; ArH), 6.73 (s, 2H; ArH), 6.7-6.65 (m. 3H;
ArH), 5.85 and 5.79 [2d, J = 6.9 Hz, 4H; OCH,0 (outer)], 4.82 [s, 2H;
OCH,C(O)}, 4.67 [s, 4H; CH,C(O)], 4.65 -4.4 (m, 4H; CHCH,), 4.42 (d,
J=12.0Hz, 2H; ArCH,Ar), 4.36 (d, J =12.2 Hz, 2H; ArCH,Ar), 4.22 and
412 [2d, J = 6.8 Hz, 4H; OCH,Q (inner)], 3.85-3.7 (m, 6H; ArOCH,),
3.7-3.5 (m, 4H; ArOCH,), 3.17 (d. / =12.3 Hz, 2H; ArCH,Ar), 3.10 (d,
J =12.6 Hz, 2H: ArCH,Ar), 2.3-2.05 (m, 8 H; CHCH,), 1.9-1.75 (m, 8 H;
OCH,CH,), 1.5- 1.1 (m, 72H; CH,), 1.15-0.95 (m, 15H, CH,), 0.9-0.75
(m. 12H, CH;); MS (FAB): mjz =2040.6 ([M+Na]*, caled. for
C a5, N30, ,Na 2040.6).

O-Acetamido-Hemicarcerand 13: A solution of hemicarcerand 11 (10 mg,
5 umol), K,CO, (50 mg, 0.4 mmol), a-bromoacctamide (50 mg, 0.4 mmol).
and a catalytic amount of KIin DMA (10 mL) was stirred at 70-80°C for
18 h. The reaction mixture was evaporated to dryness and the residue taken
up in CH,Cl, (25 mL), washed with 1N HC1 (2 x 15 mL), H,0 (10 mL), and
brine (10 mL). and subsequently dried over Na,SO,. After evaporation of
the solvent and trituration with MeOH, O-acetamido-hemicarcerand 13 was
obuained in essentially quantitative yield. M.p.>300°C; 'HNMR: 5 =7.70
(brs, 1H; NH), 7.40 (brs, 2H; NH), 7.02, 6.98, 6.85, 6.77, and 6.75 (55, 10H;
ArH), 6.68 (s, 1H; ArH), 6.41 (s, 2H; ArH), 590 [d, /= 6.8 Hz, 4H;
OCH,0 (outer)], 4.81 [s, 2H; OCH,C(O)], 4.65 [s, 4H; CH,C(0)], 4.7-4.5
(m,4H; CHCH,),4.42(d,J =12.1 Hz, 2H: ArCH,Ar),4.38 (d, J =12.0 Hz,
2H; ArCH,Ar), 425 4.15 (m, 4H; OCH,0), 3.9-3.8 (m, 4H; ArOCH,),
3.7-3.5 (m, 4H; ArOCH,), 3.43 (s. 2H; NH,), 3.21 (d. J =120 Hz, 2H;
ArCH,Ar), 3.10 (d, J=12.3Hz, 2H; ArCH,Ar), 2.25-195 (m, 8H;
CHCH,), 1.9-1.7 (m, $H; OCH,CH,), 1.4 1.1 (m, 72H; CH,), 1.05- 0.85
(m, 12H; CH,), 0.85-0.75 (m, 12H: CH,); MS (FAB): m/z = 2055.7
({M +Na] ', caled. for C,,,H, ;sN,0,,Na 2055.6); m/z = 2030.8 (M ~ H] ",
caled. for C,,H,,N,O,, 2030.8).

Calix{4 Jarene-Based Carceplexes
General Procedure for Selvent Inclusion: In a typical experiment a solution of
1:1 endo-coupled compound 14 (60 mg, 26 ymol) in the “guest—solvent”

650 —— & VCH Verlugsgeselischaft mbH, D-69451 Weinheim, 1997

(25 mL) (in the case of DMSO, ethyl methyl sulfoxide, and thiolane-1-oxide
ca. 5mL THF was added as a co-solvent) was added dropwise over a period
of 6-11h to a mixture of Cs,CO, (0.21 g 0.64mmol), CsF (0.10 g,
0.66 mmol), and a catalytic amount of KI in deoxygenated “guest~solvent”
(25 mL)at 70--80 °C. The reaction mixture was stirred at 70—-80°C for anoth-
er 10—14 h. After cooling to room temperature the mixture was concentrated
in vacuo. The residue was taken up in CH,Cl, (100 mL), washed with 2~ HCI
(25 mL), H,0 (2 x 25 mL), and brine (25 mL) and dried over Na,SO,. After
evaporation of the solvent the crude product was purified by trituration with
MeOH or by preparative TLC (SiO,, THF/CH,Cl, 10/90 v/v). The carce-
plexes showed typical R, values of 0.7-0.8.

15,31,66,67-Tetrapropoxy-46,54,55,56-tetraundecyl-17H,23H,29H 35 H-
4,20:42,26-bis(epoxyethanimine)-3,43-(epoxymethanoxy)-2,44: 14,32:48,52-
trimethano-12,16: 18,22:24,28:30,34-tetramethano-9 H,46 H,54 H-bisbenzo-
[4,51(1,3]dioxocine{9,10-d: 10’,9"-k,][1,3,6,36,9,13|tetraoxadiazacyclooctatria-
contine-10,36,62,69(11.1,37H )-tetrone + DMF (15) was obtained in essen-
tially quantitative yield; m.p. > 300 °C (CH,Cl,/MeOH); 'HNMR: 6 =7.67
(s, 4H; NH), 6.96 (s, 8H; o-NHArH), 6.75 (s, 4H; m-OArH), 5.75 [d,
J=T70Hz, 4H; OCH,0 (outer)], 4.84 [s, 8H; CH,C(0)], 4.81 (s, 1H;
CHO), 4.63 (t, J=8.0Hz, 4H: CHC, H,;), 443 and 3.18 (ABq.
J =12.0 Hz, 8H; ArCH,Ar), 3.99 [d, J =7.0 Hz, 4H; OCH,0 (inner)]. 3.74
(t. J=75Hz, 8H; ArOCH,), 2.2-2.0 (m, 8H; CHCH,), 188 (2,
J=T76Hz 8H; OCH,CH,), 1.4-1.1 [m, 72H; CHCH,(CH,),]. 0.98 (t,
J=15Hz, 12H; CH,;), 0.82 (t, / = 6.5 Hz, 12H; CH,), 0.66 (s, 3H; CH,
trans to carbonyl), —0.93 (s, 3H: CH, ¢is to carbonyl); 1*C NMR: § =166.7
(C=0), 152.9, 1454, 1414, 130.7, 121.4, 113.5, 99.4 (OCH,0), 70.5
[OCH,CO)]: MS (FAB): mjz = 2126.1 (M +Na]*, caled 2126.5). Anal.
Cy57H,76N50,,,1.5H,0: caled. C, 71.58; H, 8.23; N, 3.29; found: C, 71.38;
H, 8.16: N, 3.25. Karl-Fischer titration: caled for 1.5H,0: 1.27; found:
1.20.

DMA Carceplex 16 was obtained in essentially quantitative yield;
m.p.>300°C (CH,Cl,/MeOH); ‘HNMR: § =7.70 (s. 4H: NH), 6.94 (s.
8H: o-NHArH), 6.72 (s, 4H; m-OArH), 5.75 [d, J =7.0 Hz, 4H: OCH,0
(outer)], 4.85 [s, 8H; CH,C(0)], 4.64 (t, / = 8.0 Hz, 4H; CHC, H,,), 442
and 3.18 (ABq, J=12.0Hz, 8H; ArCH,Ar), 4.09 [d, J=7.0Hz 4H:
OCH,O (inner)], 3.74 (t, /=7.6 Hz, 8H: ArOCH,). 2.2-2.0 (m, $H:
CHCH,), 1.88 (2t, J=7.6Hz, 8H; OCH,CH,), 1.4-1.1 [m, 75H:
CHCH,(CH,), +CH,; irans to carbonyl], 0.98 (t, J/ =7.5 Hz, 12H; CH,),
0.82 (t, /=6.5Hz, 12H; CH;), —1.01 (brs, 3H; CH, cis to carbonvl),
—1.98 [s, 3H; C(O)CH,]; 1*C NMR: 6§ =166.8 (C=0). 153.3, 145.4, 141.6,
130.8. 122.1, 113.6, 98.2 (OCH,0), 70.1 [OCH,C(O)];: MS (FAB): m/
z=12030.8 (M — DMA]™, calcd 2030.6). Anal. C12sH,23N0,,, 1.75H,0:
caled. C, 71.52; H. 8.28; N, 3.26; found: C, 71.52; H. 8.34; N, 3.26. Karl-
Fischer titration: caled. for 1.75H,0: 1.47. Found: 1.40.

NMP Carceplex 17 was isolated after preparative TLC in 50% vyield:
m.p.>300°C; "HNMR: (400 MHz, 263 K) 6 =7.87 and 7.77 (2s. 4H; NH),
6.97 (s, 8H; 0-NHArH), 6.74 and 6.68 (25, 4H; m-OArH), 5.81 and 5.76 [2d,
J=7.2Hz 4H; OCH,0 (outer)], 491 and 4.87 [2s, 8 H; CILCO)]. 4.7-4.6
(m, 4H: CHC, H,,), 441, 439 and 3.19 (2ABq. J=12.0Hz 8H:
ArCH,Ar), 4.09 [d, J = 6.8 Hz, 4H; OCH,O (inner)], 3.72 (t, J =7.6 Hz,
8H; ArOCH,), 2.1-2.0 (m, 8H; CHCH,), 1.9-1.8 (m. 8H; OCH,CH,),
1.55 (m, 2H; 5-CH, minor isomer), 1.46 (t, J = 6.6 Hz, 2H; 5-CH, major
isomer), 1.4—1.1 [m, 72H; CHCH,(CH,),]. 0.96 (t, J =7.5 Hz, 12H; CH,).
0.82(t,J = 6.8 Hz, 12H; CHj;), —0.99 (pentet, J =7.0 Hz. 2H; 4-CH, major
isomer), —1.17 (t, J = 8.0 Hz, 2H; 3-CH, minor isomer), —1.32 (s, 3H:
NCH, major isomer), —1.48 (¢, J/ =7.4 Hz, 2H; 3-CH, major isomer), — 1.5
(m, 2H; 4-CH, minor isomer), —1.73 (s, 3H; NCH,; minor isomer); '*C
NMR: § =166.9 (C=0), 153.3, 1456, 141.8, 131.3, 122.0, 113.6, 98.6
(OCH,0), 70.5 [OCH,C(0)); MS (FAB): mjz = 2152.0 ([M +Na]™, caled
2152.3). Anal. C,,,H,;;N,0,,, 1.25H,0: caled. C, 71.98: H, 8.22: N, 3.25:
found: C, 71.73; H, 8.15: N, 3.26. Karl-Fischer titration: caled for 1.25 H,0:
1.05; found: 1.08.

1,5-Dimethyl-2-pyrrolidinone Carceplex 18 was obtained in <5% after
preparative TLC; m.p. >300°C; '"HNMR: § =7.72 (s. 4H: NH), 7.01 and
6.98 (2d, /=23 Hz, 8H; o-NHArH), 6.73 (s, 4H: m-OArH), 5.77 [d,
J=7.0Hz, 4H; OCH,0 (outer)], 4.94 and 4.79 [2d, J =14.7 Hz, 8H:
CH,C(O)], 4.63 (t, J=8.0Hz, 4H; CHC,,H,,). 444 and 3.15 (ABq,
J=11.8 Hz, 8H; ArCH,Ar), 429 [d, J = 7.0 Hz, 4H; OCH, 0 (inner)}. 3.75
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{t. J=7.6Hz, 8H; ArOCH,), 2.1-2.0 (m, 8H; CHCH,), 1.90 (21,
J=7.6Hz 8H; OCH,CH,). 1.3~1.0 [m, 72H; CHCH,(CH,),], 0.95 (t,
J=17.6Hz, 12H; CH,), 0.82 (t, J = 6.7 Hz, 12H; CH,), —0.25 to —0.2 [m,
3H; CHCH, (guest)], ~1.2to —1.6 [m, SH; CH, and CH (guest)], —1.48
(s. 3H; NCH;); '*C NMR: ¢ =168.3 (C=0), 147.7. 137.0, 116.5 (o-
NHArC), 108.2, 93.4 (OCH,0), 77.2 (OCH,CH,), 65.5 [CH,C(0)], 30.9
(ArCH,Ar). 25.9,23.5,21.9,16.9, 7.9, MS (FAB): mjz = 2166.6 (M + Na]*,
caled. for Cy30H,55sN,O, Na 2166.7).

DMSO Carceplex 19 was isolated in essentially quantitative yield;
m.p.>300°C; "THNMR: § =7.92 (s, 4H; NH), 6.89 (s, 8H; o-NHArH),
6.72 (s, 4H; m-OArH), 5.78 [d, J = 7.0 Hz, 4H; OCH, 0O (outer)], 4.88 s, § H;
CH,C(O)], 4.62 (t, J=8.0Hz, 4H; CHC, H,;), 441 and 3.17 (ABq,
J=12.1Hz, 8H; ArCH,Ar), 4.20 [d, J =7.0 Hz, 4H; OCH,O (inner)], 3.74
(t, /=75Hz, 8H; ArOCH,), 2.15-2.0 (m, 8H; CHCH,), 1.90 (2t,
J=7.6Hz, 8H; OCH,CH,), 1.45-1.05 [m, 72H; CHCH,(CH,),], 0.97 (¢,
J=73Hz 12H;CH,), 0.85-0.8 (m, 12H: CH,), —0.76 [s, 6 H; S(O)CH,]:
BCNMR: § = 167.4 (C=0). 153.5, 145.9, 140.8, 139.1, 136.3, 130.8, 130.0,
123.1 and 113.6 (ArC), 77.2 (OCH,CH,), 69.3 [CH,C(O)}, 36.9, 36.1, 31.9
(ArCH,Ar), 299, 29.8, 29.7, 29.4, 27.9, 23.2, 22.7, 14.1, 10.3; MS (FAB):
m|z =2131.6 ([M+Na]', caled. for C,, H,,,N,0,,SNa 2131.7), 2106.7
([M — 2H]", caled. for C,,.H,(sN,0,,S 2106.6).

Ethyl Methyl Sulfoxide Carceplex 20 was obtained in essentially quantitative
yield; m.p.>300°C; '"HNMR: § =791 (s, 4H; NH), 6.88 (d, 8H; o-
NHAr#H ), 6.70 (s, 4H; m-OArH), 5.80 [d, J =7.0 Hz, 4H; OCH,0 (outer)],
4.90 [s, 8H; CH,C(O)], 4.64 {t, J =7.9 Hz, 4H; CHC,,H,,), 440 and 3.17
(ABq, J=120Hz, 8H; ArCH,Ar), 429 [d, J=7.0Hz, 4H; OCH,0
(inner)}, 3.75(t, / =7.5 Hz, 8H; ArOCH,), 2.1-1.95 (m, 8H; CHCH,), 1.88
(21, /=76 Hz, 8H; OCH,CH,), 1.35-1.0 (m, 72H; CHCH (CH,),), 0.97
(t,J =7.5Hz, 12H; CH;), 0.82 (1, J = 6.7 Hz, 12H; CH,), 1.05 and 0.42 [q.
J=6Hz, 2H; S(O)CH,], —1.81 [s, 3H; S(O)YCH,], ~2.49 (t, J =7.2 Hz,
3H; CH,CH,); *C NMR: § =167.3 (C=0), 153.6, 146.0, 145.9, 141.0,
1393, 139.2, 136.3, 130.8, 123.3, 98.4 (OCH,0), 77.2 (OCH,CH,), 68.8
[CH,C(O)] 36.8, 31.9 (ArCH,Ar), 31.0 [S(O)CH,], 29.8, 29.7, 29.4, 27.9,
232, 22.7, 141, 10.3, 4.6 [S(O)CH,CH,]; MS (FAB): m/z = 2146.1
({M +Na]*, caled. for C,,,H,5,N,0,,SNa 2145.8).

Thiolane-1-oxide Carceplex 21 was isolated in 16% yield after preparative
TLC; m.p.>300°C; 'HNMR: 5 =7.82 (s, 4H; NH), 6.95 (s, 8H; o-
NHArH), 6.74 (s, 4H; m-OArH), 5.79 [d, J =7.1 Hz, 4H; OCH, O (outer)],
492 (s, 8H; CH,C(0)], 4.63 (t, J = 8.0 Hz, 4H; CHC ,H,,), 443 and 3.18
{ABq, J =12.1 Hz, 8H; ArCH,Ar), 413 [d, J =7.0 Hz, 4H; OCH,0 (in-
ner)}, 3.75 (t, J =7.4 Hz, 8H; ArOCH,), 2.15-2.0 (m, 8H: CHCH,), 1.96-
1.87 (m, 8H; OCH,CH,), 1.5-1.2 [m, 72H; CHCH,(CH,),], 0.96 (t,
J=74Hz 12H;CH,),0.82(t,J = 6.3 Hz, 12H; CH,), 0.0 to —0.1 (m, 2H;
CH,), —0.25 to —0.4 [m, 2H; S(O)CH,], —0.55 to —0.7 [m, 4H; CH,
+S(O)CH,]; '3C NMR: § =145.2. 139.4, 136.0, 116.2 (o-NHArC), 108.5,
95.5 (OCH,0), 77.2 (OCH,CH,), 64.1 [CH,C(0)], 31.9 (ArCH,Ar), 29.7,
29.4, 227, 141; MS (FAB): m/z=21578 (M+Na]*, caled. for
Cy5H, 7. N,O,,SNa 2157.8).

Doped Inclusion: General Procedure: In a typical experiment a solution of 14
(60 mg, 26 umol) in a mixture of 1,5-dimethyl-2-pyrrolidinone (25 mL) and
the potential guest (5—15 vol %) was added dropwise over a period of 6—9 h
to a mixture of CsF (0.10 g, 0.66 mmol), Cs,CO, (0.21 g, 0.64 mmol), and a
catalytic amount of KI in a mixture of 1,5-dimethyl-2-pyrrolidinone (25 mL)
and the potential guest (5-15vol%) at 70-80°C and stirred for another
10-13 h. After cooling to room temperature the mixture was concentrated in
vacno. The residue was taken up in CH,CL, (100 mL) and washed with 2N
HCI (25 mL), H,0 (2% 25 mL), and brine (25 mL) and dried over Na,SO, .
After evaporation of the solvent the crude product was purified by prepara-
tive TLC (SiO,. THF/CH,Cl, 10/90 v/v). The carceplexes showed typical R,
values of 0.7-0.8.

2-Butanone Carceplex 22 was isolated in 16 % yield; m.p.> 300 °C; 'HNMR:
0 =7.52(s,4H; NH), 6.90 (s. 8H; 0-NHArH ), 6.70 (s, 4H; m-OArH), 5.82
[d, J=7.0Hz, 4H; OCH,O (outer)], 4.89 {s. 8H; CH,C(0O)], 4.62 (1.
J=80Hz, 4H; CHC,,H,,), 441 and 3.16 (ABq. J=12.0Hz 8H;
ArCH,Ar), 402 [d, J = 6.7 Hz, 4H; OCH,O (inner)}, 3.74 (t, J = 6.6 Hz,
8H; ArOCH,), 2.1-1.95 (m, 8 H; CHCH,), 1.95-1.85 (m, 8H; OCH,CH,),
1.5-1.2 [m, 72H; CHCH,(CH,),]). 0.96 (t, J =7.5 Hz, 12H; CH,), 0.82 (t,
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J =63 Hz 12H; CH,). 0.39{q, J = 6.4 Hz, 2H: C(O)CH,CH,], —2.03 [s.
3H; C(O)CH,]. —2.86 [t. J=6.7Hz, 3H; C(O)CH,CH,]; '*C NMR:
8 =77.2 (ArOCH,), 29.7; MS (FAB): mjz = 2125.5 (M + Na]", caled, for
C,,-H,5,N,0, Na 2125.6).

3-Sulfolene Carceplex 23 was isolated in 26% yield:"®™ m.p.>300°C;
"HNMR: § =7.81 and 7.72 (25, 4H; NH), 6.96 (s, 8H; o-NHATH ), 6.74 (s,
4H; m-OArH), 5.81 [m, 4H; OCH,0 (outer)], 4.96 [s, §H: CH,C(0)], 4.62
(t, J=8.0Hz 4H: CHC,H,,), 443 and 320 (ABq, J =12.5 Hz. 6H:
ArCH,Ar + = CH), 427 and 421 [2d, J = 6.7 Hz, 8H; OCH,O0 (inner)],
3.75(t, J=1.5Hz, 8H; ArOCH,), 2.1-1.95 (m, 8H; CHCH,), 1.95-1.85
(m, 8H; OCH,CH,), 1.5~ 1.2 [m, 72H; CHCH,(CH,),], 1.04 (t, ] = 7.6 Hz.
12H; CH,), 0.89 (t, J = 6.3 Hz, 12H; CH,), 0.18 (s. 4H; SO,CH,); 13C
NMR: § =125.1, 122.6, 113.6, 99.6 (OCH,0), 77.2 (OCH,CH,), 319
(ArCH,Ar), 29.7, 29.4, 232, 227, 14.1, 10.3: MS (FAB): mjz = 2171.0
([M+NaJ", caled. for C,,5H,,,N,0,,S 2171.6).

[D,IDMF Carceplex 24 was isolated in 13% yield; m.p.>300°C; '"H NMR:
6=7.74(s,4H; NH), 7.03 (s, 8H; o-NHArH, 6.81 (s, 4H; m-OArH), 5.82
[d, J=7.0Hz, 4H; OCH,O (outer)], 4.88 [s, 8H; CH,C(Q)], 470 (t,
J=82Hz, 4H; CHC,H,,), 448 and 325 (ABq, J=12.0Hz, 8H;
ArCH,Ar), 4.06 [d, J = 6.7Hz, 4H; OCH,O (inner)], 3.82 (t, J =7.5 Hz,
8H; ArOCH,), 2.1-1.95 (m, 8H; CHCH,), 1.95-1.85 (m. 8 H; OCH,CH,),
1.5-1.2 {m, 72H; CHCH,(CH,),], 1.04 (t, / =7.6 Hz, 12H; CH,), 0.89 (t,
J=63Hz, 12H; CH,); '*C NMR: § =152.1, 145.3. 141.4, 139.4. 136.4.
121.4, 77.2 (ArOCH,), 31.9 (ArCH,Ar), 29.7, 29.4, 23.2, 22.7, 14.1, 10.3;
*HNMR (CH,Cl,): 6 = 5.2 [C(O)D], 0.4 (NCD,) and —0.8 (NCD;): MS
(FAB): m/z = 2134.1 ([M +Na]", caled. for C,,,D;H,;,N,0, Na 2134.8).

[DgIDMSO Carceplex 25 was isolated in 16 % yield; m.p.> 300 °C; "H NMR:
6 =795 (s, 4H; NH), 6.94 (s, 8H; 0-NHArH ), 6.76 (5, 4 H; m-OArH), 5.82
[d, J=71Hz, 4H; OCH,O0 (outer)]. 492 [s. 8H; CH,C(O)], 4.68 (t,
J=78Hz, 4H; CHC, H,,), 443 and 321 (ABq, J=12.0Hz, 8H:
ArCH,Ar), 424 [d, J =7.0 Hz, 4H; OCH,O (inner)], 3.80 (t, J =7.5 Hz,
8H;ArOCH,), 2.1-1.95 (m, 8H; CHCH,). 1.95-1.85 (m, 8 H; OCH,CH,),
1.5-1.2 [m, 72H; CHCH,(CH,),]. 1.04 (t, J =7.4 Hz, 12H; CH,), 0.87 (1,
J=6.3Hz, 12H; CH,); *C NMR: § =163.0. 154.2, 1459, 139.1, 136.7,
131.2, 123.5, 77.2 (OCH,CH,), 31.9 (ArCH,Ar), 29.7, 294, 22.7, 14.1;
*HNMR (CH,CL,): 6 = — 0.8 (CD,); MS (FAB): m/z = 2137.7 ([M + Na]",
caled. for C;,DH,¢,N,0,,SNa 2137.7).

General Procedure for the Synthesis of Calix|4]arene-Based Thiacarceplexes
26-30: In a typical experiment a mixture of carceplex (10 mg) and Lawes-
son’s reagent (10 mg) was heated at 140 °C in xylene (10 mL, dried over 4 A
molecular sieves) for 2 h. After cooling to room temperature the reaction
mixture was filtered over silica and eluted with hexane (100 mL) to remove
xylene followed by THF/CH,Cl, (150 mL, 15/85 v/v) to collect the crude
product. After concentrating under reduced pressure the crude products were
triturated with MeOH to obtain pure thiacarceplexes in essentially quantita-
tive yield. Another work-up procedure comprises evaporation of xylene after
cooling to room temperature and subsequent trituration with MeOH.

15,31,66,67-Tetrapropoxy-46,54,55,56-tetraundecyl-17H,23H,29 H 35 H-
4,20:42,26-bis(epoxyethanimino)-3,43-(epoxymethanoxy)-2,44: 14,32:48,52-
trimethano-12,16:18,22:24,28:30,34-tetramethano-9 H,46 H,54 H-bisbenzo-
[4,5][1,3]benzodioxocinel9,10-d:10°,9"-%,][1,3,6,36,9,13|tetraoxadiaza-
cyclooctatriacontine-10,36,62,69(11H,37 H-tetrathione +DMF (26): M.p.
216—220°C (dec); 'HNMR: § = 9.12 (s, 4H; NH), 7.26 (s, $H; 0-NHArH),
6.75(s,4H; m-OArH), 5.75[d, J = 6.8 Hz,4H; OCH,O (outer)], 5.06 [s. 8 H:
CH,C(8)], 4.86 (s, 1H; CHO), 4.64 (1, / =7.8 Hz, 4H; CHC | ,H, ). 4.50 and
3.26 (ABq, J =12.0 Hz, 8 H; ArCH,Ar), 3.94 [d, J = 6.8 Hz, 4H: OCH,O
(inner)], 3.82 (t, / = 6.5 Hz, 8 H; ArOCH,),2.1-2.0 (m, 8H; CHCH,), 1.92
(2t, J =6.5Hz, 8H; OCH,CH,), 1.5-1.05 [m. 72H; CHCH,(CH,),]. 1.00
(t, J=7.3Hz, 12H; CH;), 0.82 (t, J= 6.1 Hz, 12H; CH,). 0.63 (s, 3H;
NCH; trans to carbonyl), —0.93 (s, 3H; NCH, cis to carbonyl); 13C NMR:
& =136.2, 74.1 (OCH,CH,). 31.9 (ArCH,Ar). 29.6, 29.3. 14.2, 10.2; MS
(FAB): mjz=2189.5 ((M — H+Na]*, caled. for C,,,H ,N,O.,S,Na
2190.0).

DMA Thiacarceplex 27: M.p.>265°C (dec); '"HNMR: § = 9.14 (s, 4H;

NH), 7.19 (s, 8H; o-NHArH), 6.73 (s, 4H; m-OArH), 5.72 [d, J = 6.8 Hz,
4H; OCH,0 (outer)], 5.08 [s, 8H; CH,C(S)]. 4.65 (t, J=7.7Hz, 4H:
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CHC | ,H,,), 449 and 327 (ABq, J=12.1Hz, §H: ArCH,Ar), 4.04 [d.
J = 6.8 Hz, 4H; OCH,O0 (inner)]. 3.82 (t, J =7.6 Hz. 8H; ArOCH,), 2.1
1.95 (m. 8H; CHCH,), 1.91 (21, J =7.6 Hz, 8H; OCH,CH,), 1.3-1.0 [m,
75H: CHCH,(CH,), +CH, trans to carbonyl], 0.97 (t, J =7.5 He, 12H:
CH,), 0.82(t, J = 6.1 Hz, 12H; CH,), —0.98 [bs. 3H: CH; cis to carbonyl],
—2.08 (brs, 3H; C(O)CH,); '*C NMR: & =194.9 (C=S), 1544 (p-
NHArC), 145.6 (ArCOCH,0), 141.5 [ArCOCH,C(S)]. 139.7, 136.4, 132.1,
123.3, 114.1, 97,6, 77.2 (OCH,CH,), 36.9, 31.9 (ArCH, Ar), 29.7, 294, 27.8,
23.3, 22.7, 14.1, 10.2; MS (FAB): m/z =2204.8 (M +Na}', caled. for
C,,5H,73N0,,5,Na 2205.0.

NMP Thiacarceplex 28: M.p.>275°C (dec); "HNMR: § = 9.15 and 9.08
[2s,4H; NH (major +minor conformer)], 7.23 (s, §H; o-NHArH), 6.75 and
6.70 [2s, 4H; m-OArH (major +minor conformer)], 5.75-5.70 [m, 4H;
OCH,O (outer)], 5.15-5.10 [m. 8H; CH,C(S)]. 4.54 (t, /=69 Hz, 4H:
CHC, H,,).4.5-445(m, 4H; ArCH,Ar), 4.06 [d,J = 6.7 Hz, 4H: OCH,O
(inner)], 3.82 {t. / =7.6 Hz, 8H: ArOCH,). 3.27 {part of ABq, / =12.2 Hz,
4H. ArCH,Ar). 2.10-1.95 (m, 8H; CHCH,. 195-19 (m, 8H:
OCH,CH,), 1.45-1.0 [m, 72H; CHCH,(CH,),}. 0.99 (t, / =74 Hz, 12H;
CH,), 0.82(t, J = 6.5Hz, 12H; CH,), —0.9 to —1.2[m, 2H; CH, (guest)|.
—1.31 {s, 3H; NCH; (major conformer)], —1.4 to —1.6 [m, 2H: CH,
(guest)], —1.69 [s. 3H; NCH, (minor conformer)]; '*C NMR: § =153.7,
145.8,139.4,135.9, 77.2 (OCH,CH,), 31.9 (ArCH,Ar). 29.7, 23.3,22.7, 14.1,
10.2; MS (FAB): m/z = 2216.6 ((M + Na]*, caled. for C,,,H,;3N;0,,S,Na
2217.1).

Ethyl Methyl Sulfoxide Thiacarceplex 29: M.p. 197-200°C; 'HNMR:
3 =9.26(s,4H. NH), 7.12 (s, 8H: o-NHArH), 6.71 (s, 4H; m-OArH). 5.80
[d, J=7.1Hz, 4H: OCH,O (outer)]. 5.15 [s, 8H; CH,C(8)]. 4.65 (t.
J=77Hz. 4H; CHC, H,;). 450 and 327 (ABq, J=12.0Hz, 8H:
ArCH,Ar), 410 [d, J = 6.8 Hz, 4H; OCH,O (inner)], 3.83 (t, / =7.3 Hz,
8H; ArOCH,), 2.1-1.95 (m, 8H; CHCH,), 1.95-1.8 (m, 8 H; OCH,CH,).
1.4-1.0 [m, 72H; CHCH,(CH,),), 1.00 (t. / =7.5Hz, 12H; CHy,), 0.82 (t.
J=78Hz,12H;CH,).034[q. J =7.7Hz, 2H; CH, (guest)], —1.79 (s, 3H;
S(O)CH,;], —2.62t, J = 8.2 Hz, 3H; CH,CH, (guest)]; 1>*C NMR: § =77.2
(OCH,), 31.9 (ArCH,Ar), 29.7, 29.4, 23.3, 22.7, 14.1, 10.2; MS (FAB):
miz =2208.9 ((M — H+Na]", caled. for C,,H,, N,O,S;Na 2209.1).

2-Butanone Thiacarceplex 30: M.p. > 280 “C (decomp.); 'HNMR: 3§ = 9.1 (s,
4H; NH), 7.19 (s, 8H; o-NHArH), 6.77 (s, 4H; m-OArH), 5.89 [d,
J =68 Hz 4H; OCH,0 (outer)]. 5.20 [s, 8 H; CH,C(S)], 4.69 (t, / =7.7 Hz.
4H:CHC, H,,). 4.55and 3.32 (ABq, / =12.4 Hz, 8H; ArCH,Ar), 4.04 [d,
J =68 Hz, 4H; OCH,O0 (inner)], 3.87 (, J=7.7 Hz, 8H; ArOCH,), 2.1~
2.05 (m, 8H; CHCH,), 2.0-1.95 (m, 8H; OCH,CH,), 1.3-1.0 [m, 72H;
CHCH,(CH,),]. 0.82 (t, / = 6.1 Hz, 12H; CH,;), 0.30 [q. / =7.3 Hz, 4H:
CH, (guest)], —2.01 [s, 3H; C{O)CH, (guest)], —2.81 {t, J =7.0 Hz. 3H:
CH,CH, (guest)]; '*C NMR: § =139.4, 136.4, 112.7. 77.2 (OCH,). 31.9
(ArCH,Ar), 29.7, 27.1, 14.1; MS (FAB): m/z = 2188.7 ({M — H+Na]™, cal-
cd. for C,,,H, -, N,O,5,Na 2189.0).

Ethyl Methyl Sulfoxide (31) was obtained by a modified literature procedure
for the corresponding sulfoxides. To a solution of ethylmethylsulfide (75 mL,
0.83 mol) in MeOH (0.5 L) was added dropwise H,0, (143 mL, 35 wi%)
with initial cooling. After stirring the reaction mixture for 2 h at room tem-
perature brine was added (250 mL) and the crude mixture was extracted with
CHCl, (4 x 100 mL). The combined organic layers were dried over MgSO,
and after evaporation of the solvents the residue was distilled from BaO under
reduced pressure. Yield 38.0 g (50%); b.p. 86--89°C (38 mmHg); 'HNMR:
0=273 (dq, J=5.0Hz, 2H; CH,). 249 [s, 3H; S(O)CH,]. 1.27 (t.
J=7.5Hz 3H;CH,CH,): 13C NMR: § = 47.8 [S(O)CH,]. 37.7 [S(O)CH,].
6.6 (CH,CH ).

NMR Measurements

Structure Determination: All dynamic NMR measurements were performed
on a Varian Unity 400WB spectrometer (‘H: 400 MHz). NOESY,!'?
ROESY,\'" TOCSY (MLEV 17),1*%) and HMQC!% measurements were car-
ried out with standard Varian pulse programs. The mixing time for TOCSY
experiments was 15-35ms. All NOESY experiments were performed with
mixing times between 40 and 150 ms. For the ROESY experiments the mixing
time consisted of a spin lock pulse of 2 kHz field strength with a duration of
300 ms or a train of /6 pulses resulting in an effective field strength of 2 kHz.
Data were Fourier transformed in the States-Haberkorn phase-sensitive
mode after weighting with square sine-bells or shifted Gaussian functions.
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Determination of Distances: For the DMF (15), DMA (16), NMP (17), and
thiolane-1-oxide (21) carceplexes the intermolecular distances between hydro-
gen atoms of the guest and the carcerand were determined by measuring NOE
buitd-up rates with three different mixing times in CDCl;. To increase the
accuracy both off-diagonal signals were used to calculate the distances. As a
reference the distance between the two methylene hydrogen atoms of the
calix[4]arene moiety was used (R, =1.79 A).

ref

Determination of Energy Barriers for Interconversion berween Different Orien-
tations of Incarcerated Guests: The energy barrier for interconversion between
the different diastercoisomers of DMA carceplex 16 was determined by
lineshape analysis; for NMP carceplex 17 exchange rates were determined at
five different temperatures. The energy barriers at 273 K were calculated by
linear regression methods. For the corresponding thiacarceplexes 27 (DMA)
and 28 (NMP) the energy barriers at 273 K were determined by measuring the
exchange rates, &, with different mixing times (30- 100 ms). For cthyl
methyl sulfoxide thiacarceplex 29 the exchange ratc between the different
diastereoisomers was determined at — 55 °C with mixing times of 150, 200,
and 225 ms. The AG '-values (J mol™!) were calculated with Equation (1).
where k,, = exchange rate).[*®]

AG* =19.14 T{10.32+10g<k1>} N

Determination of Rotational Barriers Around the Amide Bond of Incarcerated
DMF and DM A: The energy barriers around the amide bonds of incarcerated
DMF and DMA were determined by measuring exchange rates at three
(DMF) or four (DMA) different temperatures from 50 to 120°Cin C,D,Cl,
by a procedure from Ernst et al..>® 7 The activation energies at 298 K were
calculated from linear regression methods.

Molecular Modeling

General: For all calculations CHARMM versions 22.2r and 22.3 were
used (no differenccs were observed between the different versions).
The partial charges were calculated with charge templates provided by
QuANTA.’®! Small residual charges were smoothed into nonpolar hydro-
gens and carbons. Calculations were carried out with a distant dependent
dielectric constant (¢ =1/r) as a rough model for a solvent.[**-¢% No
cut-offs for the nonbonded interactions were used. Since no parameters were
available for the improper torsion of the CT-S(O)-CT fragment the value for
a tetrahedral carbon, w, = 35.4°, was used to keep the sulfur in a tetrahedral
geometry. All other parameters were used as supplied by QUANTA;
CHARMM.

Determination of Local and Global Minima: Sysiematic Search: A systematic
search of all possible orientations of guests inside the calix[4]arene-based
(thia)carcerands was carried oul by rotating the guests around the three
symmetry axis (x 0-60", »» 0—60°, z 0-330") in steps of 30°. Starting struc-
tures were generated by manually placing the guest inside the carcerand with
C,,. symmetry followed by a quick minimization. After rotation of the guest
the structure was minimized by Steepest Descent (SD) (maximum 100 steps)
followed by Adopted Basis Set Newton Raphson (ABNR) until the root
mean square (rms) of the gradient was <0.01 kealmol™* A~ . The structures
were analysed visually resulting in a set of structures representing the (local)
minima.

Calculation of Energy Barriers for Interconversion between Different Diasier-
eoisomers: The structures obtained after the systematic search were used as
starting structures for the determination of the barrier for interconversion
between different stereoisomers. For that purpose, structures were further
minimized by the ABNR minimization method until the rms of the
gradient was<0.001 kcalmol ="' A ' The TRAVEL module implemented in
CHARMM by the CPR algorithm was used to calculate the saddle points for
the interconversion between different stereoisomers.’®'! In a first approach
the calculations were carried out with the two structures with the lowest
energy. If this did not give a (realistic) saddle point the structure with the third
lowest energy was added as an intermediate and the reaction path calculated
from the two lowest structures to this structure. This procedure was contin-
ued until a reaction pathway was found for the interconversion. The method-
ology prevents the calculation of a// possible interconversions including unre-
alistic reaction paths with higher energy intermediates.
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Chain Conformation and Metal - - - Metal Contacts in Dimers and
Stacks of d®-ML, Complexes: Electronic Effects**

Gabriel Aullon and Santiago Alvarez*

Abstract: A qualitative theoretical study is presented of the ligand effects on the strength
of the M ---M nonbonded interaction in dimers and stacks of d8-ML, chains. It is

found that m-acidic ligands enhance and m-basic ligands weaken the M- -+ M bonding
interaction. A large amount of structural data can be rationalized with the help of a
simple orbital model. Other features of the crystal structures of such compounds are
correctly accounted for by semiempirical molecular orbital and electronic band calcula-
tions (extended Hiickel level). Electronic effects control the deviation from linearity of

Keywords
band theory + electronic structure -
square-planar
one-dimensional com-

stacking interactions -
complexes

plexes

stacks of complexes with mixed ligands, whereas coupled electronic and steric effects
determine the conformational preference. The predictive capability of theoretical band

calculations is found to be good.

Introduction

The enormous interest devoted to stacked square-planar dS-
ML, complexes and to their partially oxidized derivatives dur-
ing the last decades is undoubtedly associated with the possibil-
ity of developing one-dimensional systems showing electrical
conductivity.[' ~®1 In fact, the electrical conductivity along the
chain direction in these compounds is several orders of magni-
tude larger than in the perpendicular directions.!*: 7 #!

The formation of clectronic bands associated with the d,.
metal orbitals was studied by Whangbho and Hoffmann!®! for
the case of the tetracyanoplatinate(in) salts, focusing mainly on
the bonding and metallic conductivity of the partially oxidized
derivatives. Similar studies were reported for the chains of dithi-
olene and dioximato square-planar d® complexes.!'® "1 How-
ever, the factors that control other structural aspects of these
systems, and the influence they might have on optical or electri-
cal properties, have not been systematically studied from a the-
oretical point of view. Among these factors are the nature of the
ligands, the relative rotation of two successive monomers in a
chain (measured by the torsion angle T shown in Scheme 1), and
the degree of linearity of the chain (defined by the M-M-M angle
# in Scheme 1).

In this paper we report a theoretical study of the structural
aspects mentioned above based on molecular orbital calcula-

[*] S. Alvarez, G. Aullon
Departament de Quimica Inorganica, Universitat de Barcelona
Diagonal 647, 08028 Barcelona (Spain)
Fax: Int. code +(3)490-7725
e-mail: salvarez(@kripto.qui.ub.es
[**] The abbreviations used in this paper are given in the Appendix.
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3T

Scheme 1. Parameters defining the geometry of a chain of square-planar d®-ML,
complexes.

tions for dimers and band structure calculations for infinite
chains, carried out at the extended Hiickel level. The only theo-
retical background that is needed to express the results of our
work is a simple qualitative orbital model.['? '3 This model
summarizes the metal-metal interaction in the dimers of d®-
ML, complexes as the combination of a four-electron repulsion
between the d,. orbitals of the two metal atoms (labeled () in
Scheme 2) and the two attractive donor—acceptor interactions

N

e

Scheme 2. Model for metal—metal interactions in a dimer of d®*-ML, complexes.
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between the d,. orbital of one metal atom and the p, orbital of
the other one (labeled (%) in Scheme 2). For a given dimer, the
relative weights of the two interactions determines whether a net
bonding situation results or not.

Results and Discussion

n-Acidic Character of the Ligands: We look first at the possible
influence of the n-basic or m-acidic character of the ligands on
the strength of the metal—metal interactions from a theoretical
point of view. The results will then be compared with experi-
mental data. Extended Hiickel molecular orbital calcula-
tions were performed for dimeric complexes with different
proportions of m-basic and mn-acidic ligands: [Rh,Cl,]%~,
[Rh,C1,(CO),)*~ (cis and trans), and [Rh,(CO)g]* ™ in the two
extreme conformations (Scheme 3), eclipsed (r = 0°) and stag-

i =
" "-M !
/M N
1=0° T=45°

Scheme 3. Eclipsed and staggered conformations of the dimer.

gered (1 = 457). We evaluate the strength of the metal -metal
interaction through the calculated Rh- - Rh overlap popula-
tions presented in Figure 1. A clear picture emerges: the
Rh- - Rh contact strengthens as the number of n-acidic ligands

—
[Rh,(COLJ** § o
‘ m 7 totalRh-Rh
trans-[Rh,Cl,(CO)]* | 5 ’

. e 1 —
cis-[RhCL(COLE || —f
[ —
)
(RhCl™ | :'f
|
=0.02 0.00 [).;]2 0.04 0.06 0.08
Overlap Population

Figure 1. Calculated Rh---Rh overlap population for several dimeric Rh' com-
plexes (white bars) in a staggered conformation. The o contributions are represent-
ed by the darkly shaded bars and the = contributions by the lightly shaded bars.

increascs. The analysis of the different contributions to the over-
lap population indicate that the n-type interactions are destabi-
lizing, the 3-type interactions are practically negligible, and the
G interactions are responsible for the positive Rh - - - Rh overlap
population and for its dependence on the number of n-acidic
ligands. We will therefore start by analyzing the bonding o
interactions. Later on we will discuss the effect of the destabiliz-
ing m interactions on the relative arrangement of successive
monomers.
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We now analyze the changes in our simplified orbital model
(Scheme 2) induced by the introduction of m-acidic ligands, in
order to understand the mechanism by which they strengthen
the o metal—metal interaction. In Figure 2 (left), the HOMO
and LUMO of the monomer [RhCl,]* ™ are shown. These o-
type orbitals are a,, (93% d,> of Rh) and 2a,, (100% p, of the
metal, situated 8 eV above the HOMO in our calculations),
respectively. The LUMO is destabilized with respect to that for
c-donor ligands, because of the interaction with the n-type lone-
pair orbital of the chlorides. In [Rh(CO),]* (Figure 2, right),

[RhIL,]

[RhCl,*

[RW(CO),]"

n-basic o-donor m-acid

Figure 2. Schematic diagram of the cffect of the ligand’s & orbitals on the frontier
orbitals of a Rh'L, complex with only o-donor ligands {middle); n-basic ligands,
[RhCL]*  (left), and n-acidic ligands, [Rh(CO),]* (right).

the composition of a,, is unchanged, but the %, orbitals of the
ligands mix with and stabilize p,. The outcome is the presence
of some metal p, contribution to the n&, orbital (14,,), which
now lies much closer in energy to the HOMO (2¢V in our
calculations) than in [RhCI,])*~.[** Even if this orbital is cen-
tered on the carbonyl ligands, it has a sizeable contribution from
the Rh atom (16% in our calculations).'*>~ 17} Obviously, the
presence of the 1a,, orbital in the [Rh(CO),}* monomer affects
the orbital interaction in the dimer. Thus, in presence of n-acidic
ligands the interaction model (Scheme 2) must be modified as
shown in Scheme 4.

4 T

Scheme 4. Interaction model for complexes with n-acidic ligands (modified from
Scheme 2).
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In order to discuss in some detail the new orbital interaction
model (Scheme 4), we analyzed the o(M - - - M) overlap popula-
tion in terms of the three contributions shown in Scheme 4 (Fig-
ure 3) for several homoleptic complexes of Rh' and Pt". Since

[Pt,(CONI*

[PLCN) 1"
[Pty(Hgly),]

[Pty(ox),]*

[PrCLT* @

[Rhy(CO)J*
[Rh,Clg}*

1 T T T T 1

-0.03 -0.00 0.03 0.06 0.09 0.12 0.15
Overlap Population

Figure 3. Analysis of the o part of the Rh---Rh overlap population in eclipsed
homoleptic Rh! and Pt" dimers in terms of the three orbital contributions shown in
Scheme 4: four-glectron repulsion (. black bars), direct donor—acceptor inter-
action between d,» of one metal and p, of the other one (@), white bars), and metal-
mediated donor - acceptor interaction between metal d,. orbital of one monomer
and the A, combination of the nd, orbitals of the other monomer ((3), shaded bar).

the a,, orbital is not affected by substitution of the carbonyl
ligands by chlorides, the repulsion () between the d,. electrons
is similar for different sets of ligands. Only a slight decrease in
the repulsive interaction is found for the better o-donor ligands
(e.g., CN™ and CO), due to a stronger s+d,. hybridization. On
the other hand, part of the attractive M -+ M interaction Q)
becomes a metal-mediated donor--acceptor interaction ) be-
tween the d,. orbital of one monomer and the appropriate sym-
metry-adapted combination of the n¥, orbilals. Despite the
small contribution of p,(M) to the 2a,, MO, this new type of
interaction induced by m-acidic ligands is more stabilizing than
(® because of the much smaller energy difference between the
interacting orbitals. By comparing the data for the cyano or
carbonyl complexes with those for the chloro analogues of the
same metal, we see that the strengthening of the metal -metal
bonding interaction upon incorporation of n-acidic ligands is
essentially due to the presence of the new donor—acceptor inter-
actions ().

Can these trends actually be found in the experimental struc-
tural data? Although the structures of some of the molecules
used for our calculations are not known, the model described
above relies only on the topology of the molecular orbitals of
square-planar complexes and on the very nature of the n-acidic
ligands. Hence our qualitative conclusions can be applied to
square-planar complexes of any transition metal ion with a vari-
ety of ligands. Let us take a look at some structural data, even
though a more detailed discussion will be presented in the next
section. In X,[PtCl,], the Pt atoms in the stacks of [PtC1,]J*~
anions are separated by 4.11 A8 whereas in the salts of
[Pt(CN),J*~ the Pt--- Pt distances are much shorter, between
3.1 and 3.7 AU9 (between 3.6 and 3.7 A for chains with the
same conformation'?® =221, Table 1). In fact, the long Pt---Pt
distance in the salt of the tetrachloroplatinato(ir) ion suggests
that this is not a bonding interaction, in agreement with the fact
that the electronic spectra in solution and in the solid state are

Chem. Eur. J. 1997, 3, No. 4
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Table 1. Structural parameters of stacks of d®*-ML, complexes with monodentate
ligands (see Scheme 1 for the definition of T and 6).

Compound M---M (/\) (") () Ref.
[Ru(CO),] 2.860 41 180 [25)
[RhCHCO),(Me-im)] 3.283 54 169 [26]
[RhCHCO),(Hp7)] 3.452 180 177 127]
[IrCICO),] 2.844 45 179 28]
[1IrBr(CO),) 2.854 45 178 [29]
NI(CN)J* ™ 3.364 45 180 [30]
[NI(CN),J?~ 3.387 27 180 [31]
[PA(CN),I?~ 3.730 17 180 32
[PA(CN), >~ 3.689-3.795 0 161, 165 [33]
[PHCNY, 2™ 3155 45 180 [34)
[PHCN), ]~ 3.263 34 176 135]
[PH{CN), 2™ 3.321 45 180 [34.36)
[PHCN), ]2~ 3.380 30 180 (34]
[PHCN),]* 3.421 32 176 [37.38]
[PHCN),I?~ 3.478 16 180 (391
[PHCN), ]2~ 3.545 33 156 [40.41]
[PUCN), ]2~ 3.603 0 180 [34]
[PYCN),2 ™ 3.690 17 180 [42]
[PHCNY,1? - 3.651-3.754 0 162, 166 [21.22]

more or less identical.l?* 241 A related observation is that the
[Ru(CO),] complex shows a comparatively short Ru - Ru dis-
tance of 2.86 A 123!

Since a large amount of available structural data corresponds
to complexes of bidentate ligands, we now analyze the effect of
some of those ligands using the orbital model in Scheme 4, be-
fore continuing our discussion of the structural data. Among the
most common chelating ligands in chains of d8-ML, complexes
are the fi-diketonates,'*3~ %% oxalates,!>! 737 vic-dioximates,!>®!
and dithiocarboxylates.[*! Let us now look at the molecular
orbitals of the homoleptic complexes [M(chelate),] and how
they might affect the M- - M interactions (Table 2). Later on
we will study the mixed-ligand complexes of type [MX,(chelate)]
(Table 3).

The analysis of the o(M---M) overlap population for the
dimer [Pt,(ox),]*” (Figure 3) and of the composition of its
molecular orbitals shows that the oxalato ligand has very little

Table 2. Structural data for homoleptic polynuclear and chain complexes of the
platinum group with oxalato or glyoximato ligands.

Compound M- M(A) () 0 Ref.
[Ni(Hbzgly),] 3.180 68 180 [60]
[Ni(Hdmg),] 3.245 90 180 [61]
[Ni(Hbzgly),] 3.856 0 180 [62]
[Ni(Me{NH,}Hgly),] 3915 0 180 [63]
[Ni({NH,},Hgly),] 3.969 0 180 [64]
[Pd(Hgly),] 3.244 90 180 [65]
[Pd(Hdmg),] 3.250 90 180 [58]
[PA({C,H,0},Hgly),] 3.465 87 180 [66]
[PA({NH, Hagly)l* 3.543 5 180 67
[Pd(Hgly),] 3.558 0 180 [68]
[PA({NH,},Hgly),] 3.899 0 180 [69]
[Pt(Hbzgly),] 3.173 87 180 [70]
[P(CL,Hgly),] 3.176 67 180 7
[Pt(Hdmg),] 3.256 90 180 [58. 72]
[Pt(Hbzgly),] 3.386 22 180 173]
[Pt(Hgly),] 3.504 0 180 [74)
[Pty({NH,} ;H,gly )+ * 3.639 3 180 [75]
[PENH,}LH ely), P+ 3,660 0 180 {76]
[Pd(ox),]*~ 3.700 0 180 (771
[Pt(ox),}2~ 3.660 0 180 [53]
[Pt({NH,},H,gly),][Pt(0x),] 3.623, 3.826 8 134 [76]
[Ni({NH,},H,gly),][Pt{ox),] 3.673 0 180 [78]
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Table 3. Structural data for mixed-ligand polynuclear and chain compounds of
Rh, Ir', Pd" and Pt" with one chelating ligand. Ligands marked with an asterisk are
derivatives of acetylacetonato.

Compound MM (A) () () Ref.
[Rh{ox)(CO),]~ 3.243 180 175 i511
[Rh(acac)(CO),] 3.253,3.271 180 175 [43. 46, 79}
[Rh(MePhDtc)(CO),] 3.253 132 180 [80]
[Rh(!MeCNH},CH)(CO),}* 3.271, 3.418 180 164 [441
[Rh,(geamph*}(CO),] 3.313,3.373 78.121 164 [501
3.419, 3.643 81,119 159

[Rh{menth*)}(CO),] 3.332, 3.401 180, 142 164 [49]
[Rha(1tz)CL,(COY, ] 3.397,3.229,3.459  12,44.4 176,168 [81]
[Rh,(12)C1,(CO)(tfbb)] 3.425 110 177 [82, 83]
[Rh,(pz)CACO),] 3.511, 3.620 26.27 169 [84]
[Ir(acac)(COY,) 3.200 180 180 [43]
[Ir2(mdcbi)(CO),]” 3.361, 3.299 86,180 168 [85]
[Rhlr(acamph*)(CO),] 3.362, 3.440 135,173 170 [48]
[Pd(bipy)Cl,] 3.460 180 162 186}
[Pd(bph)(CO},} 3.243 180 162 [87]
[Pd(bipy)(CN),] 3.354 180 180 (88)
[Pt(bipy)CL,] 3.448 180 161 [89]
[Pt(bipy)(CN}.] 3.346 180 169 [88. 907

n-acidic character, hence very little strengthening effect on the
M ---M contact. The practically negligible contribution of in-
teraction (3 in the case of the oxalato ligand can be ultimately
explained by the higher electronegativity of its oxygen donor
atoms. Effectively, this ligand has empty m* molecular orbitals,
but their mixing with the metal p, orbital is minute, since they
are mostly localized at the carbon atoms (Scheme 5). It should

= Zg&f

T+ Jggg,z )%\L sy et S

[PHC,04), 1 (PH{Hgly),] [Rh(C,0,)(CO), "

Scheme 5. Molecular orbitals corresponding to Scheme 4 for the homoleptic complexes [M(chelate),} and mixed-ligand

complexes of type [M(chelate)X,).

be stressed that the small changes in the destabilizing contribu-
tion () are associated with the extent of the delocalization of the
d,, orbital: for less electronegative donor atoms, this orbital is
more delocalized and the d,./d,. repulsion diminishes. On the
other hand, the glyoximato ligand in [Pt,(Hgly),] shows
stronger mixing of p,(M) with a ligand n* orbital (Scheme 5)
and the interaction of type 3 is important, resulting in a
strengthening of the M - - - M interaction (Figure 3). An analysis
of the available structural data in the light of the present results
will be carried out in the next section.

In contrast to the bidentate ligands in the other complexes
studied above, the dithiocarboxylato ligands bridge two metal
atoms rather than forming chelates. A previous ab initio MO
study™" showed that, even if the Pt--- Pt interaction is weak,
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Table 4. Structural data for chain complexes of d® transition metals with dithiocar-
boxilato ligands. The interdimer parameters are given in parentheses.

Compound MM (A) (%) 0()  Refl
[Ni,(PhCH,CS,),] 2.551 (3.497) 28 (42) 180 [92. 93]
[Pd,(PhCH ,CS,),] 2715 (3.297) 26 (44) 180 [92. 93]
[Pd,(MeCS,),] 2.739 (3.257) 24 (48) 180 [94]
[Pd,(MeCS, )] 2.754 (3.399} 21 (34) 180 {94]
[Pt,(PhCH,CS,).} 2.765 (3.238) 25 (46) 180 [591
[Pt,(MeCS,).} 2.767 (3.776, 3.819) 1(1,2) 152 [95]
[Pt,(Me,CHCS,).] 2.795 (3.081) 30 (41) 180 {96]
[Pt,(HexCS,),] 2.855 (3.224) 27 27) 180 97

the presence of a t*(SCS) orbital,”* 7! capable of interaction with
p.(M), results in a small Pt - - - Pt overlap population. Of course,
the short intramolecular Pt - - - Pt distances cannot be solely as-
cribed to electronic effects; the geometrical constraint imposed
by the bridging ligands is also important. However, the inter-
molecular distances (Table 4) are similar to those in the unsup-
ported complexes studied above, in agreement with the existence
of some bonding interaction.

For the study of the orbital model in Scheme 4 applied to
mixed-ligand complexes of type [M(chelate)X,], several dimers
of Rh! were considered (Figure 4). It is apparent that the c-sta-
bilizing contributions Q) and (3) increase with the number of
n-acidic ligands, as expected from the discussion of the results
for the homoleptic complexes. A notable difference, however, is
that, in the mixed-ligand complexes [M(chelate)(CO),], the low-
er symmetry allows mixing of
not only p,(M) but also d (M)
into the n¥, empty orbitals, re-
sulting in a hybridization at the

metal atom as shown in

Tacac —_—ah) Scheme 5. We will show below
=3 that this symmetry-imposed or-

o bital mixing is of great impor-

tance in determining the depar-
ture from linearity of the chain.

As found before for the
bis(oxalato)platinate complex,
mixing of the n* molecular or-
bitals of the chelating ligand
with p, of the metal is very small
in [M(chelate)X,] (chelate =

[Rh(acac)(CO),]

[Rhycopr F— [ '
[Rhy(CO)acacy] F—Fo
[Rh,(CO)(0x),] *
[Rh,CL(CO)J*
[Rh,Cl(acac),]*
[Rh,Cly(0x),]*
[Rh,Cl,]*

0.00 0.05 0.10 0.15

Overlap Population

Figure 4. Stabilizing contributions to the o(Rh--- Rh) overlap population (see

Scheme 4) for dimers of mixed-ligand Rh' complexes. Data for the homoleptic

complexes [Rh,(CO),J** and [Rh,Cl,]¢ "~ are also shown for comparison. Calcula-

tions were performed with a rotated (tr =180") conformation with
h---Rh =294
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oxalato or acetylacetonato) (Scheme 5), in agreement with
NMR experimental data.'*# The corollary of our results is that
the n-acidic ligands have a stabilizing effect on the (M - - - M)
interaction, which decreases in the order CO>CN™>
Hgly~ >o0x*~ >acac” ~Cl~, according to the decreasing par-
ticipation of the p,(M) atomic orbital in the n*(L) MO (see, e.g.,
Scheme 4). 1t should be mentioned that this contribution has
been experimentally detected in the charge-transfer transition
d,. — n*(Hgly 7).1°81

So far we have discussed only the bonding part of the M --- M
interaction, that is, the o contributions. The repulsive n interac-
tions between the occupied orbitals, however, are also sensitive
to the nature of the ligands and can also affect the overall
strength of the M - - - M contact. In Figure 1 it can be seen that
the 1 M - - - M repulsion is stronger for carbonyl than for chlo-
ride. This difference can be traced back to the interaction be-
tween the d,, (or d,,) orbital of one monomer and the 6-bonding
MO’s involving the p, (or p,) metal orbital of the other
monomer (Scheme 6). There are two reasons for the stronger

%

S 1> ele ’ -H- -H-‘ DO

4
[RhC1, >

[RR(CO),]*

Scheme 6. Explanation of the difference in m M - - - M repulsion in [Rh,Cl,}¢” and
[Rh,(CO)sJ* "

repulsion in the case of the carbonyl complex. Firstly, there is
the larger contribution of the metal p orbital in the o-bonding
MO, due to the better o-donor ability of the ligand. Secondly,
the p, orbitals of the carbonyl ligands contribute to the overlap
between the two fragment orbitals shown in Scheme 6, owing to
their m-acidic nature, whereas the the d,,/p, overlap is in part
compensated for by the negative overlap between the ligands’
orbitals in the case of chloride. In the case of mixed-ligand
complexes, the n-type orbitals are important for the determina-
tion of the chain conformation, but we defer a more detailed
discussion to the corresponding sections below.

Structural Trends: We now examine the structural data from the
literature, and compare it with the expected influence of the
n-acidity of the ligands discussed in the previous section. In the
structural data presented in Tables 1-3, it is interesting to note
that the shortest M --- M distances correspond to the neutral
complexes having carbonyl ligands with a staggered conforma-
tion (1~ 45°), such as [IrX(CO),] and [Ru(CO),]. The presence
of other ligands, such as pyrazole or imidazole, results in longer
M --- M distances, possibly due to a combination of electronic
(poorer m-acidic character) and steric reasons. Octakis(isoni-
trile) complexes of Rh' also present distances in the range
3.19-3.29 A;°9719U only when the ligand is the bridging 1,8-
diisocyanomenthane does the long spacer between the two
nitrile groups prevent the short contact favored by the m-acidic
ligand (M --- M 4.48 A).[102
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The shortest Pt - - - Pt distances in the Pt chains (3.15-3.26 A,
Tables 1 and 2) are found in some of the salts of [Pt(CN),]* ~ and
in some of the [Pt(dioximato),] complexes, in excellent agree-
ment with the order of m-acceptor strengths discussed above (see
Figure 3). The fact that some complexes with the same or simi-
lar ligands contain longer distances might be related to the dif-
ferent internal angles, discussed below. The oxalato complexes
have markedly longer M --- M distances as expected from the
weak m-acidic character of this ligand. The rather short M--- M
distances (2.84-3.01 A) found in several bis(oxalato)platinates
must be attributed to the partial oxidation of the Pt atom in such
complexes,'>* ~*7) which changes the destabilizing nature of in-
teraction () into a bonding one.

The data for the mixed-ligand complexes (Table 3) confirm
our theoretical prediction that the M - - - M distance should de-
crease with the number of n-acidic ligands. Hence, the Ir---Ir
distance of 3.20 A in [Ir(acac)(CO),] contracts to 2.85 A in a
compound with one more carbonyl ligand, [IrX(CO),]. In con-
trast, the M - - - M distances in the [Rh(chelate)(CO),] complexes
(3.24-3.64 A) are similar to those in the analogous complexes
[RhX(CO),L] (3.28 and 3.45 A, Table 1). Note also that the
M - - M distances are clearly shorter in [M(bipy)(CN),] than in
the corresponding [M(bipy)CL,} analogues (M = Pd, Pt). Still
shorter is the Pt - - - Pt distance in the recently reported carbonyl
complex [M(bph)(CO),],l#"! indicating a stronger n-acidic char-
acter of CO compared to the cyanide group.

Surprisingly, the M - - - M distance is practically identical for
complexes with the same ligands and different metals. This dis-
tance is probably influenced by the ligand - ligand repulsions,'®
as well as by the interaction with counterions or with molecules
of hydration:!>%619 336-342A in Ca[M(CN),]-5H,0
(M = Ni, Pd, Pt); 3.25-3.26 A in [M(Hdmg),] (M = Ni, Pd.,
Pt); 3.26 and 3.20 A for Rh and Ir in [M(acac)(CO),).

Rotational Conformation: One may be tempted to invoke steric
effects to explain the conformation of the chains, defined by the
angle 7 (Scheme 1). Indeed, the data in Tables 1 -4 indicate that
the eclipsed conformation (r = 0°) is rarely observed. as would
be expected based on steric repulsion. However, the calculations
indicate that, even when the steric bulk of the substituents (e.g..
in acac” or Hgly ™) is minimized, some conformations are more
stable than others, and these conformations are strongly depen-
dent on the nature of the ligands present. In this section we
discuss the results of the optimization of the torsion angle for
the dimeric and chain models of several chain compounds.
We started by looking at the homoleptic complexes
M,LCLI" ™, IM(CO)]"", and [PL(CN),]* ", where M = Rh' or
Pt", for which we optimized the torsion angle 7 at a fixed
M- -- M distance in a dimer (EH calculations) and in a regular
chain with two monomers per repeat unit (EHTB calculations).
Our results (Table 5) indicate that the staggered conformation is
most stable in these examples and also shows the strongest
M ---M interaction, as previously reported by Hoffmann et
al.l*%3 This preference is much more pronounced for the chloro
complexes, for which high rotation barriers are calculated.
Although we will see later that electronic effects also have an
influence on the conformational choice, let us first look at the
steric factors in the homoleptic complexes by looking at the
intermolecular ligand —ligand interactions. Figure 5 shows the
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Table 5. Optimized values for the internal torsion angle 7 and rotational barriers (in
parentheses, kcalmol™?) for several dimers and chains of Rh' and Pt". For mixed-
ligand complexes, for which two minima are found, the relative energy of the second
minimum is given in square brackets (kcalmol 7!).

Compound Dimer (2.9 A) Chain (2.9 A) Chain (33 A)
[RhCl,J?~ 45 (56.1} 45 (108.9) 45 (20.0)
[Rh(CO),]* 45 (1.7) 45 (3.7) 45 (0.3)
trans-[RhC1,(COY,1™ 52314 48 (53.4) 51 (10.7)
¢is-[RhCl,(CO),}~ 140 (31.8) 138 (56.7) 140 (11.6)
48 2.0] 47 [0.9} 48 [0.8]
[Rh(acac)Cl,]?~ 51 (36.2) 50 (61.5) 50 (13.9)
180 [5.6] 180 [17.3] 180 [1.3]
[Rh(ox)CL]* 50 (30.6) 47 (46.5) 52 (10.5)
146 [0.8] 163 [7.8] 150[-0.5]
[Rh(acac)(CO),) 79 (8.8) 59 (12.0) 86 (4.6}
180 [0.2] 180 [2.2] 180 [-0.5]
]Rh(ox)(CO),1™ 63 (2.1) 0(8.1) 0(0.2)
180 [0.3] 180 [6.3] 180[-0.7]
[P1C)?- 45 (56.1) 45 (112.2) 45 (20.6)
[PUCN), )" 45(9.2) 45 (17.8) 45 (3.0
[PLCO),]*' 45(1.8) 45 (2.8) 45 (0.4)
[Pt(Hgly),} 90 (6.2) 90 (5.3) 90 (2.5)
[Pr(ox),}*~ 90 (2.8) 90 (5.5) 90 (0.7)
[Py(u-HCS )] [a] 22 (13.8) 28 (80.1) 26 (55.0)
[Pt,{p-HCS,),] [b] 45 (92.7) 45 (20.8)
fa} Intramolecular. [b] Intermolecular,
[RiClgl™
0.154
&
2
&
'E; 6
@ J [Rhy(0x),CL1*
005
- o
LA A =3 [Rh(CO)1*
[Rhg(acac),(CO),]
-0.05 T T —T— T —
0 30 60 90 120 150 180
(")
Figure 5. Ligand - - ligand repulsion (negative overlap population) as a function of

the internal torsion angle 7 calculated for several Rh' dimers (Rh---Rh = 2.9 A):
[Rh,CLJ5" (), [Rhy(CO)J*" (0), [Rhy(0x),CL]°” (a) and [Rh,(acac),(CO),) (o).

repulsion (as the negative overlap population) for several ligand
sets (i.e., without the metal atoms) in the model dimers as a
function of the internal torsion angle. The main conclusion from
this plot is that the ligands with light donor atoms (C, O, N) give
smaller repulsions, and hence small barriers to rotation and less
marked conformational preference, whereas the heavier donor
atoms (Cl, S) give rise to strong repulsions when eclipsed. In
summary, the preferred conformations are those in which the
light atoms of the ligands in two successive monomers are not
eclipsed and the heavy atoms are as far apart as possible from
cach other. In fact, it has been recognized for some time that
small, planar ligands are a prerequisile for the existence of
chains of d%-ML, complexes.[>: %397 All other things being
equal, the conformational prefcrence is, as expected. much
weaker at longer M - -+ M distances.

If we now compare these results with the experimental
data, we find that, in the salts of the [MCI,]?~ (M = Pt,
Pq)i18- 19041051 anions, the successive monomers are in an
eclipsed conformation. This apparent contradiction can be ex-
plained by the long M - - - M experimental separations. Possibly
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the existence of the alkaline cations bridging the chloride ions of
consecutive monomers also favor the eclipsed conformation.
For the carbonyl and cyano complexes, for which a staggered
conformation is also expected (t = 45°), the experimental data
is in excellent agreement with the theoretical prediction. Hence,
[IrCI(CO),] and [IrBr(CO),] are staggered and [Ru(CO),] is
nearly staggered. Similarly, a nearly staggered conformation is
predicted to be the most stable one for the mixed-ligand
complexes [RhC1,(CO),] ", and is experimentally found for
[RhCI(CO),(Me-im)] (Table 1).

In the salts of the anionic [M(CN),]*~ complexes (M = Ni,
Pd, Pt), a nearly staggered conformation is most common, sim-
ilarly to what is predicted for the analogous carbonyl complex-
es. However, in many cases the structure is far from being stag-
gered, and an eclipsed conformation has even been reported for
three salts (Table 1). The variation in the internal torsion angles
has been attributed to the presence of different cations and
water of hydration.’®! However, it should be noted that the
compounds with shorter M --- M distances adopt a staggered
structure, while only those with long M-+ M distances (i.c.,
larger than 3.4 A) are eclipsed. This is in agreement with our
calculations (Table 5), which predict a quite flat potential for
rotation at a Pt---Pt separation of 3.3 A in the chain of
[PL(CN),]*". In [Rh,(pz)CI(CO),] and [Rh,(ttz)CI,(CO)4] long
metal—metal distances also coexist with torsion angles that are
smaller than expected (Table 3).

For the bis(dioximato) and bis(oxalato) Pt complexes, all
possible conformations are found in the range 0<7<90".
The calculations for a model dimer and for a one-dimensional
stack both predict a conformation with 7 = 90" to be most
stable. However, there are many examples in Table 2 of
complexes with the eclipsed conformation (zr = 0%). A closer
look at the structural data shows that the compounds
with shorter M-+ M distances (ie., M- -M<3.5A) adopt
the expected conformation. If, as stated above, intermolecular
ligand —ligand repulsions have an influence on the chain confor-
mation, it is not surprising that the conformational preference
1s less pronounced at longer distances, with other factors eventu-
ally favoring the eclipsed conformation. These ideas are sup-
ported by band calculations on the [Pt(ox),]*~ chain at the
two limiting conformations (t = 0 and 90°). As secn in the one-
electron energy curves presented in Figure 6, the optimized
Pt - - - Pt distance for the rotated conformation is 3.4 A, whereas
for the eclipsed conformation a longer distance (3.6 A) is

0.021
T=0°
>
2
B
£
g 000
5 o
T =90°
-0.02 —r T
3.0 35 4.0 45
M-M (A)

Figure 6. Calculated (EHTB) one-electron relative energy as a function of the
M- --M distance for a chain of [Pt(0ox),]?” in the eclipsed (r = 0") and rotated
(t = 907) conformations.
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preferred. It can also be seen that the energy difference between
the two conformations is minute at long distances, but larger at
short distances.

For the case of the bridged tetrakis(dithiocarboxilato) dimer-
ic complexes of Pt, the conformational angles are constrained by
the bridging ligands. If we model such compounds based on the
metal atoms and their first coordination spheres, as in
[Pt,S¢]*27, the calculations yield the staggered confomation
(1 = 45") as the most stable one, as found for [Pt,Cl}*”. In
agreement with this result, the interdimer torsion angles are
close to 45° in most cases (Table 4). The tendency to avoid the
eclipsed conformation is dramatically reflected in the intradimer
torsion angles. In fact, optimization of the conformation in a
dimeric [Pt,(HCS,),] complex yields © = 22°, in excellent agree-
ment with the experimental values (7 =19-30, Table 4). Also
the optimized S-S bite (3.03 A) and the bond angle of the
dithiocarboxylato group (SCS =129°) are in excellent agree-
ment with the experimental values.[°7]

The preference for noneclipsed conformations is not purely
steric. Electronic and steric factors are coupled. When chloro
ligands are present, the M --- M overlap population is seen to
increase upon departure from the eclipsed geometry, a change
which is due to the o component through interaction of type 2)
and, to a lesser extent, through interaction (). This is so because
the overlap between the 2a,, and a,, orbitals (Figure 2) of neigh-
boring molecules is smaller in the eclipsed conformation, as a
result of the interaction between
the atomic orbitals of the ligands
(see Scheme 7). For interaction
@, a more effective overlap be-
A tween ligands in the eclipsed con-
formation results in a stronger
repulsion, which disfavors such a
geometry. Note that a similar
coupling of metal- and ligand-
destabilizing interactions is also
present in the n interactions
(Scheme 6). Hence, the steric interligand repulsions can be mod-
ulated electronically by the appropriate choice of the nature of
the ligands.

For the model complexes [Rh,(chelate),(CO),] (where chelate
stands for acetylacetonato or oxalato), two low-energy confor-
mations are found, which coincide with two maxima in the
M ---M overlap population. At large Rh - - Rh separation, the
geometry with the lowest energy is that with t2~180° (see
Table 5). In keeping with our results, the experimental angle in
the chain compounds [Rh(ox)(CO),]” and [Rh(acac)(CO),] is
180° (Table 3). Other B-diketonate complexes of Rh' also have
torsion angles close to one of the two theoretical minima. In a
few cases, a large deviation from the expected torsion angle is
observed, though it is invariably associated with a very long
M --- M distance (3.6 A) or with the presence of bridging lig-
ands.*3 %1 [t is noteworthy that in [Ir,(mdcbi)(CO),]~ the two
independent Ir---Ir contacts give torsion angles in excellent
agreement with the minima found for analogous distances in the
[Rh,(acac),(CO),] chain. In this case the preferred conforma-
tion is one in which the ligands of successive units in the chain
are superimposed, which cannot be explained in terms of steric
effects.

Scheme 7. Interaction between
the atomic orbitals of the lig-
ands in the eclipsed conforma-
tion of MCl, dimers.
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As we have seen above, the acetyl-
acetonato and oxalato ligands have a
practically negligible n-acidic char-
acter. Hence, the m-acidic character
of the CO ligands in [Rh,(chelate),-
(CO),] induces an asymmetry in the
n-type molecular orbitals, depicted
in Scheme 8. In particular, the d,. where the chelating ligand
atomic orbital is hybridized through is acetylacetonato or oxala-
mixing with p,, acquiring more to.
bonding character toward the CO n*
orbitals, with which it combines in a bonding way in an occu-
pied MO. In contrast, in the antibonding combination of the
empty MO, d_, is hybridized away from the carbonyls. With this
orbital topology, it is now clear that in the carbonyl-over-
chelate conformation (r = 180°) the occupied n orbital of one
molecule interacts best with the empty m orbital of a neighboring
monomer (Scheme 9, left), thus providing some stabilization to
that conformation. On the other hand, in the fully eclipsed con-
formation (r = 0°), the occupied m orbitals of successive
monomers interact with each other, resulting in four-electron

repulsions (Scheme 9, right).

=

1=180° t=0°

6= —
o5 A

Scheme 8. The  nm-type
molecular  orbitals  in
[Rh,(chelate),(CO),).

Scheme 9. Interaction between m orbitals (Scheme 8) of successive monomers in the
carbonyl-over-chelate and eclipsed conformations.

Nonlinearity of the Chains: The structural data reveals that in
some cases the chains deviate significantly from linearity, that is,
the bond angle 0 (Scheme 1) is smaller than 1707 (see Tables 3
and 6). We have analyzed this structural phenomenon, in search
for an explanation. Steric, geometric, and electronic effects in

Table 6. Structural parameters for compounds of nuclearity » with bridging ligands
and d®-- - d* contacts.

Compound n M-M(A) () 0 () Ref.
[Rh,(hp),(CO).} o 2.899,3411 22,144 151,175 [106]
[Au,(Ph,P{CH,},),CL] o 3.091,3.692 43,44 154,160 [107)
[Rh,(hnapy),(CO),(cod),]~ 3 2.907,2.912 18,19 168 (108
3 2.910,2.911 19,18 168

[Rhy(dpmp)(MeCN)J* * 3 3.089.3.107 0.0 160 [109]
[Pd,(MeCO,),Ph,(SbPh,),] 3 3.012 13 180 [110]
[Pd,(MeCO,),(bomp),] 4 2.842,3183 4,180 173 111
[Pd,(MeCO,),(btmp),] 4 2871,3200 2,180 174 (11
[Pd,(hp),(en),] 4 2.982,3220 26,180 160 {112, 113]
[Py (hp)(NH 2" 4 2.877,3.129 20.180 158 [114. 115]
[Pty(men),(NH,),(bipy)]>* 4 29293489 13.180 166 {116]
[Pt (MeCO,)o(NO),] 4 2.944,3300 14,180 156 {117
[Pi,(hp),(en),)? + 4 2992,3236 25180 161 [118]
[Pt (pyrr),(NH,)s]** 4 3.033,3.18 1,180 158 [119]
[Pt,(pyt)a(en),)? * 4 3.083,3.613 33,180 152 [120. 1211
[Pt (mpyt),(en),)** 4 3.101,3.726 34,180 146 [120, 121]
[Pt (hyd),(NH,)4] 4 3.131,3.204 7,180 16l 122]
[P1,(C,0,)(NH,)] 4 3.162,3.197 38,180 160 [123]
[Pd,Pt,(meu),(en),(NH,),)** 4 2.927,3225 17,180 159 [124]
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these compounds combine to give deviations from linearity that
are in many cases small (i.e., >170°) and thus unsuitable for a
qualitative theoretical study. Therefore, we focus on com-
pounds of the type [RhX,L,] and [Rh(chelate)L,], where
“chelate” stands for bipyridine, acetylacetonato, or oxalato lig-
ands, and X and L are monodentate ligands. In Figure 7 we
present the distribution of the chain angles separately for those
compounds with ligands of similar n-acceptor/r-donor proper-
ties (white bars) and for those in which two donor atoms have
markedly better m-acidic character than the other two atoms
(shuded bars), such as [M(acac)(CO),], [M(ox)}CO),], or
[M(bipy)Cl,]. Compounds with bridging ligands or with
M --- M distances longer than 3.5 A are not included. Figure 7
clearly shows that only compounds with ligand sets showing
different n-acidic characteristics are kinked.

mn
> -
&
! 30 9
<
£
&
s
5 20
2
E
S
4 104
e = = 6
180 175 170 165 160
M-M-M angle

Figure 7. Distribution of the chain angle (0, see Scheme 1) for compounds of the
types [RhX,L,] and [Rh(chelate)L,} (X and L monodentate ligands). The white
bars correspond to compounds with ligands of similar m-acceptor/n-donor proper-
ties. The shaded bars correspond to complexes in which two ligands have markedly
better n-acidic character than the other two, such as [M(acacCO},], [IM{(ox)}CO),].
or [M(bipy)Cl,]. Compounds with bridging ligands or with M---M distances
Jonger than 3.5 A have been omitted.

We studied the loss of linearity in the M-M-M backbone of
[Rh(acac)(CO),] in its most stable conformation (r =1807), by
performing EH tight-binding band calculations using a
Rh--- Rh distance of 3.3 A. Note that for this compound one
can envisage two different bending distortions, in which the acac
ligands of neighboring molecules
approach each other or separate.
In our calculations it is the former
that is the stabilizing chain distor-
tion (Scheme 10). The displace-
ment of successive monomers in
parallel planes would make the
M---M distance increase with
decreasing 6, whereas a bending
distortion keeping the M---M
distance constant would result in
changes in the interligand dis-
tances. Since the energies ob-
tained from EH calculations arc
particularly  unreliable  when
bonding distances are changed,
we studied the two alternative

I\

g
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\
)

Yy
3

Scheme 10. Most stable chain
geometry calculated for
[Rh(acac)CO),].
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distortions with similar qualitative results: the optimized value
for 0 is 153° when the distance between molecular planes is
frozen at 3.40 A, and 166 when the M --- M distance is kept
constant at the same value. This result is in excellent agreement
with the geometry found experimentally for the analogous Rh
compounds obtained by Schurig and co-workers (see Table 3).
It is noteworthy that the observed distortion would be expected
to be less favorable based only on the steric repulsions between
the substituents in the acac ligands.

We now want to address the question of whether the stabiliza-
tion of the nonlinear geometry of [Rh(acac)(CO),] is explained
by interligand interactions or by the bonding M -- - M interac-
tion discussed above. It should be stressed that, in addition to an
energy decrease with bending, an increase in the calculated
M - - - M overlap population is observed, reaching a maximum at
0~ 167°. Of the three contributions to the M - - M ¢ interaction
(see Scheme 4), the four-electron repulsion () i1s made weaker,
because of the decreased overlap between the d,. orbitals. Simi-
larly, interaction Q) becomes less attractive. However, the
metal—metal/donor—acceptor interaction mediated by the n*
orbitals of the m-acidic ligands, (@), is reinforced upon bending.
Because of the different w-acidic properties of acac™ and the
carbonyls, the n, orbitals mix with d_,, hybridized as shown in
Scheme 5. Hence, the interaction (3) becomes more bonding
upon chain bending, owing to the improved overlap between the
d,. and n¥, orbitals (Scheme 11).

Scheme 11. Improved overlap with bending between d,. and nd, orbitals of
[Rh(acac)(CO),].

Appendix

Computational Details: Extended Hiicke] calculations of molecular orbitals
for monomers and dimers!'2% 126 and tight-binding electronic band structure
calculations for chains!®* 127 were carried out using the modified Wolfsberg—
Helmholz formula for the nondiagonal matrix elements.!'?®! The CA-
CAOQ!12% program was used for MO calculations, wherecas EHMACC!*3%
and YAeHMOP! 3! codes were employed for the band calculations. Atomic
parameters were taken from the literature for RhH93 P32 (C N. O,
H).11261 81133 and C1.1341 Total energy and density of states for chains were
calculated by using a mesh of 100 k-points in the irreducible part of the
Brillouin zone. Band calculations were carried out for the chain compounds
presented in Table 5. The results of band calculations were in agreement with
the orbital picture discussed for the dimers, as seen through the analysis of the
different contributions to the DOS and COOP curves (not shown). In molec-
ular orbital and band structure calculations all complexes were taken as
planar with L-M-L angles of 90° for all nonchelating ligands. The following
bond iengths were used: Pt—S =232, Pt—-0O =200, Pt—-CO =185,
Pt—CN =194, Pt—Cl = 240, Rh—C =1.80, Rh-0O = 2.05, Rh—Cl = 2.40,
C-0=1.15,C—N =1.15, C—S =1.68, C—H =1.09 A. Other bond lengths
and angles used are summarized in Scheme 12.

Structural Database Search: Structural data was collected through a system-
atic search of the Cambridge Structural Database!! *5! for squarc-planar com-
pounds of general formula ML,, in which M was defined as a metal at its
oxidation state with a d® configuration: Co!, Rh!, Ir!, Nill, Pd", Pt!, Au'tt,
Ru?, and Os”. The torsion angie t was taken as the average of the four smaller
nonequivalent torsion angles.

0947-6539/97/0304-0662 § 17.50+ .50/0 Chem. Eur. J. 1997. 3. No. 4





Chain Conformation

655-664

120 / 122A
12¢°

e \1.28A
o

H
\ 1'47}‘(:/1409)1\
\130A

07 N——0uop9
1or® \(%97;\ 1158 A
' 180°
120° 1042\

118° N/O
113°

O-------T

122¢
C 122°
/ 125°
H H

Scheme 12. Bond lengths and angles used in molecular orbital and band structure
calculations.

Abbreviations: acac: acetylacetonato (1 —); acamph: (15,1R)-3-trifluoro-
acetylcamphorato(1 —); bipy: 2,2"-bipyridine; bomp: 2-(2'-benzoxazolyl)-5-
methyl-phenyl; bph: 2,2-biphenyl; btmp: 2-(2'-benzothiazolyl-5-methyl-
phenyl; Hbzgly: benzodioximato(l—); cod: 1,5-cyclooctadiene; Hdmg:
dimethylglyoximato(1 —); dpmp: bis((diphenylphosphino)methyl)phenyi-
phosphine; Dtc: dithiocarbamate(1 —); en: 1,2-ethylenediamine; gcamph:
3,3-hexafluoroglutarylbis((1 R)-camphorato)(2—); gly: glyoximato; hnapy:
2-0x0-1,8-naphtopyridinato(1 —); hp: 2-oxopyridinato(! —); hyd: 1-methyl-
hydantoinato(1 —); im: imidazole; mdcbi: 2-methylimidazole-4,5-dicarb-
oxylato(3—); menth: (1RS4SR)-trifluoroacetylmenthonato(1—); meu: 1-
methyluracilato(1 —); mpyt: 4-methyl-2-pyridinethiolato(1 —); ox: oxala-
to(2 —); pyrr: 2-pyrrolidonato(1 —); pyt: 2-pyridinethiolato(1 —); pz: pyrazo-
lato(1—); tibb: tetrafluorobenzobarrelene; ttz: teterazolato(l—); tz:
triazolato(1 —).
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Note added in proof: The structure of the long-known [PtCl,(CO),] complex
has only recently been determined (F. Bagnoli, D. B. Dell’Amico, F. Cal-
derazzo, U. Englert, F. Marchetti, G. E. Herberich, N. Pasqualetti, S.
Ramello, J. Chem. Soc. Dalton Trans. 1996, 4317) and its structural parame-
ters (Pt Pt = 3.378 A, 1 = 1807 and 8 = 162.9) provide a nice illustration of
the features discussed in this paper.
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