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CONCEPTS

Electronic Structure Makes a Difference: Cytochrome P-450 Mediated
Hydroxylations of Hydrocarbons as a Two-State Reactivity Paradigm

Sason Shaik,* Michael Filatov, Detlef Schroder, and Helmut Schwarz*

Dedicated to Professor George A. Olah on the occasion of his 70th birthday

4 2

Abstract: This paper describes a reactivity paradigm
called two-state reactivity (TSR) in C—H bond activation
by metal oxenoid cations (e.g., FeO"). The paradigm is
applied to the hydroxylation of alkanes by the active
species of the enzyme cytochrome P-450, and a mecha-
nistic scheme is proposed based on the competition
between TSR pathways and single-state-reactivity (SSR)
pathways. Generally, the oxide cations of the late
transition metals (MO¥) possess the same bonding
patterns as the O, molecule, having a high-spin ground
state and an adjacent low-spin excited state. The adja-
cency of the spin states, together with the poor bonding
capability of the high-spin state and the good bonding
capability of the low-spin state, leads to a spin crossover
along the reaction coordinate and opens a low-energy
TSR path for hydroxylation. The competing pathway is
SSR, in which the reaction starts, occurs and ends in the
same spin state. The TSR/SSR competition is modulated
by the probability of spin crossover. Generally, TSR
involves concerted pathways that conserve stereochem-
ical information, while SSR results in stepwise mecha-
nisms that scramble this information. The TSR/SSR
competition is used to shed some light on recent results
which are at odds with the commonly accepted mecha-
nism of P-450 hydroxylation. The fundamental features of
the paradigm are outlined and the theoretical and
experimental challenges for its articulation are spelled out.
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Introduction

Establishing the mechanism by which cytochrome P-450
affords hydroxylation of alkanes (R-H) [Eq.(1)] is a

R-H + O, + NADPH + H* — R-OH + NADP*+H,0O 1)

fundamental problem in contemporary chemistry and of
crucial importance for the understanding of the metabolism of
endogenous compounds and xenobiotics.l'?l Despite numer-
ous mechanistic studies, several questions remain,?! which
have been rendered truly tantalizing by the recent studies by
Newcomb and co-workers.®! For example, why does the
hydroxylation of alkanes by P-450 on the one hand exhibit
properties of a stepwise mechanism that proceeds via free
alkyl radicals, and, on the other hand, lead to product
distributions inconsistent with typical radical lifetimes?
Apparently, there is a missing link between the enzyme’s
reactivity and its electronic structure which would permit new
insight. The present paper fills this need and proposes an
oxidation mechanism derived from the first principles of the
electronic structure and bonding properties of iron oxenoids.

In the resting form, the active site of cytochrome P-450
consists of an iron porphyrin, 1, in which the iron(iir) core
completes its octahedral coordination sphere by axial ligation
to a water molecule and a cysteinato residue from the protein
backbone.l!’ Upon dioxygen uptake under physiological
conditions, a cascade of reactions can occur leading to 2
(Scheme 1), which contains an iron oxenoid (ferryl) group,
with the porphyrin in a radical cation state. The ferryl species

OH, o"
— _N — _N
/ ) 0y/2HYe / ") A "
N——Fe——N ———— > N——Fe——N = [Por™"]FeO
Qéy o ny
N
CYSl Cysl
1 2

Scheme 1. The iron porphyrin active site of cytochrome P-450 in the
resting form, 1, and the radical cation iron oxenoid (ferryl) group 2 after
dioxygen uptake under physiological conditions.
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is considered to be the active species of cytochrome P-450
which constitutes one of the most powerful oxidants used by
nature to hydroxylate alkanes, epoxidize alkenes, dealkylate
amines, etc.”) While alternative scenarios involving metal
peroxides as active species do exist,**! we focus on the metal
oxo unit in the ferryl complex, and by assuming this entity to
be the active species, we develop a new mechanistic paradigm
for alkane hydroxylation by transition metal oxenoids.

Discussion

The mechanistic dilemma: First, let us briefly summarize the
mechanistic dilemma in alkane hydroxylation by cytochrome
P-450. The consensus rebound mechanism!® involves an initial
hydrogen-atom abstraction from the alkane (R-H) by the
ferryl species to generate an alkyl radical R*, which then
recombines with the metal-bound OH group (Scheme 2a).
These radicals may also rearrange, leading to loss of the
initial structural information. The rebound mechanism ac-

Rearrangement
_—

(® [M=0+R—H—> [M]—OH +R’ [M]—OH + R"
lRBbOUnd lﬂebound
[M] + R—OH [M] + R'—OH

Oxene Route
_—

® [MI=0 +R—H

N

R
- -
i Rearrangement

JR
[M]—O, —— [M]+R—OH
“H

[M] +R'—OH

Scheme 2. a) The rebound mechanism accepted by general consensus;
b) the concerted oxene-insertion mechanism for hydroxylation proposed
by Newcomb and co-workers.
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counts qualitatively for most of the known data, in that many

hydroxylations occur stereoselectively, albeit associated with

a certain degree of rearrangement and/or racemization. Were

it only a qualitative question, the rebound mechanism would

be more or less coherent. However, quantitative inconsisten-
ciesP! evolve when the product distributions are considered
vis-a-vis the lifetimes of the putative radical intermediates.’]

1) In certain cases, the rebound rates of the radicals exceed
critical values beyond which a species cannot be consid-
ered as an intermediate any more.

2) Despite an apparent zero barrier for the collapse of the
putative intermediates, the percentage of stereochemical
scrambling still varies by orders of magnitude—rather
puzzling for an activationless process.

3) Various studies have shown that P-450 does not act as a
straightforward radical abstractor in C—H bond activa-
tion.[”8l
Although some similarities to reactions of radicals are

obvious,1% the radical-producing path cannot be the major

groove and there must exist energetically favorable, effec-
tively concerted pathways.

Newcomb and co-workersP! have argued that hydroxylation
primarily follows a concerted oxene-insertion mechanism
along with minor pathways that involve free radicals and
carbocations (Scheme 2b). Since carbocations rearrange
differently from the corresponding radicals, cationic inter-
mediates may account for the lack of correlation between
rearranged products and radical lifetimes. Without question-
ing as yet the energetic feasibility of the oxene route, it must
proceed by a crossover from the initial high-spin state in 2 to
the final low-spin situation in the resting state 1. Thus, at least
two spin states are involved and a consistent mechanistic
scheme for cytochrome P-450 mediated hydroxylations must
address the stereochemical issue as well as the unique
electronic situation of the ferryl species.

Electronic structure: high- and low-spin states in the ferryl
module: The present conceptual analysis was provoked by
some intriguing similarities between the bonding and reac-
tivity patterns of the bare FeO™ cation in the gas phasel''-
with the electronic structurel'*'7) and reactivity of the ferryl
species 2.7 Despite the obvious reservations about analogies
between the bare FeO™ cation in the gas phase and the ferryl
module in the enzyme,['” the isoelectronic naturel*®! of the two
species forms a firm basis for comparison, and most partic-
ularly, for the projection from small molecular ensembles
onto the enzymatic processes.

Figure 1 illustrates the key orbitals of the bare FeO*
cation"3l and the ferryl complex 2 in P-450.481 Tn both
cases, only those orbitals are depicted which contribute to the
Fe—O bond, while the singly occupied, nonbonding, or
porphyrin orbitals are indicated in parentheses. In each case,
the bonding blocks of the ferryl modules contain one filled o
orbital, two filled & orbitals, and two singly occupied m*
orbitals, resulting in high-spin situations. Since bare FeO" has
three additional unpaired electrons in primarily d-atomic
orbitals on iron, its ground state is a high-spin ®2* config-
uration.¥ Similarly, the ferryl complex has an additional
unpaired electron in a porphyrin orbital of a; symmetry (a,, in
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Figure 1. Qualitative molecular orbital scheme for a) the high-spin ground
state of the bare FeO* cation and b) the active ferryl species in cytochrome
P-450 with local C,, symmetry (see refs. [11,14]).

porphyrin itself), resulting in a high-spin “A, ground state. In
fact, the similarity of the bonding pattern of both species is
striking, and the bonding blocks show nicely balanced
covalent bonding.['L1418]

This bonding situation has been described earlier by
analogy to the triplet ground state of the dioxygen mole-
cule.! Perfect pairing in O, ('4,) does indeed lead to a
double bond, but results in 4-electron repulsion between the
filled p, orbitals (Scheme 3). This unfavorable bonding is
replaced by the high-spin, diradical alternative, 33, which
involves one o bond and a pair of resonating 3-electron bonds
in the two perpendicular mt-planes.?”) An analogous situation
can be depicted for the ferryl module having a diradicaloid,
high-spin ground state as a fixture of the ferryl unit, while
perfect pairing with a formal Fe=O double bond will generate
an excited state. Unlike O,, the ferryl unit has additional low-
spin excited states with a formal Fe=O double bond. Among
these, an important state is the one shown in Scheme 4 with
five electrons in a st*nt*! configuration. In free FeO™ this state
arises by the relegation of one of the m* electrons to the
nonbonding set (0-type orbitals d, and dy_.). The same
bonding situation arises in the ferryl complex by the move-
ment of a * electron to the singly occupied a, orbital of the
porphyrin. Thus, the cation —radical situation in the porphyrin
may provide the active species of cytochrome P-450 with

4 ot
(0] —Fe 0— =<=——> —Fe —
:'T 5% o tos
major minor

FeOt (mm*! configuration)

Scheme 4. One of the additional minor low-spin excited states of the ferryl
group with a formal Fe=O double bond, which is essential for two-state
reactivity (TSR).

an energetically accessible low-spin state having a formal
Fe=0 double bond, which is essential for two-state reactivity
(TSR).

Principles of two-state reactivity of the ferryl unmit: The
adjacency of high- and low-spin states has some distinct
implications with respect to the bond activation of alkanes.['!]
The high-spin states avoid concerted additions to C—H or C—
C bonds, because these would increase antibonding interac-
tions in the respective transition structures. While stepwise
reactions, such as hydrogen-atom abstractions, can occur,
these are often energetically unfavorable. Thus, low reactivity
is an inherent feature of the high-spin situation; note that this
is a major reason why organic matter can accommodate 30,.
In contrast, the low-spin states can undergo concerted
reactions via insertion intermediates of the type R-[Fe]—
OH and then by reductive elimination to the products
[Fe] + R—OH. Further, hydrogen-atom abstraction is also
quite facile on the low-spin surfacel'¥! leading to a low-spin
rebound route that involves a loosely bound intermediate of
the type [Fe] - OH/R". This low-spin rebound is an effectively
barrierless process because the three-electron interaction in
radical coupling is quickly converted into a two-electron bond
by relegation of the third electron into an empty orbital at the
Fe center. This situation found for the FeO*/H, system!'¥ is
fundamental and should thus also apply to P-450. The
effectively concerted, albeit nonsynchronous, rebound path-
way is reminiscent of the statement that the radical is not a
true intermediate but rather a vibrational component of the
transition state in a nonsynchronous concerted mechanism,!
while also accounting for radical-like properties of cyto-
chrome P-450.01%1

FeO™

Scheme 3. Analogy between the electronic states of the O, molecule ('4, state of a double bond and high-spin, diradical alternative *X; with one o bond and
a pair of 3-electron bonds in the two perpendicular mt-planes) and the ferryl module, which also has a diradicaloid, high-spin ground state, while perfect

pairing to give a formal Fe=O double bond generates an excited state.

Chem. Eur. J. 1998, 4, No. 2
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In short,'] high-spin transition metal oxides can promote
atom-abstraction processes (single-bond reactions), while the
excited, low-spin states are prone to concerted mechanisms
(multiple-bond reactions) and other reactions which involve
an even number of electrons. Though the low-spin states are
initially excited, the barriers associated with bond activation
by these states are often lower than those on the high-spin
surfaces. As a consequence, we must consider TSR, that is,
spin inversion along the reaction coordinate towards the
transition structure.

Are these arguments, deduced for bare FeO, relevant for
hydroxylations mediated by cytochrome P-450? In agreement
with the prevailing description in the literature,['?! we assume
that the ferryl species corresponds to the active oxidant. Due
to the perpendicular arrangement of the porphyrin plane, the
Fe — O bond exhibits similar properties to those of the one in
the bare FeO" cation, and it is best represented as a
resonating 3-electron—2-center bond in a high-spin situation
(Scheme 3). In fact, in the oxidized form of cytochrome P-450
the iron oxenoid is indeed in a triplet situation, coupled
antiferromagnetically to the porphyrin radical cation (Figure
1b) and similar high-spin situations have been found in other
metal oxenoids.['>?-2] Hence, the ferryl species can be
described in terms of the FeO'/O, analogy, that is, a high-
spin ground state that can only undergo single-bond reactions
and low-lying excited states that permit more complex,
effectively concerted reactions. The major difference between
the isolated FeO™ and ferryl complexes such as 2 is the steric
constraints applied to the low-spin states in the ferryl module
by the porphyrin ring. Thus, while bare FeO™ is prone to R—-H
addition, the two-bond mechanism of the ferryl complex 2
may vary with the steric demand of the substrate to be
oxidized.

Is the TSR scenario realistic or not? To answer this
question, let us briefly review the discoveries which led to
the formulation of TSR. In 1994, it was reported in two
simultaneous studies? that the oxidation of H, by FeO~*
[Eq. (2)] is inefficient, although the overall reaction is
exothermic, and spin- as well as orbital-allowed.

FeO* (°~*) + H, — H,0 + Fe' (‘D) 2)

A variety of experimental probes indicated that what
appears to be spin-allowed in fact occurs in a spin-forbidden
manner via an addition intermediate, HFeOH™, arising from
the quartet surface, and spin inversion contributes to the poor
reaction efficiency. These experiments were extended™? and
led to the concept of two-state reactivity,'"'®»] which is
illustrated in Figure 2 for the reaction of an alkane with the
bare FeO" cation. Recent computational results?! have
verified the TSR competition paradigm for the oxidation of
methane by transition metal oxide cations too.

The high-spin ground state FeO* (°Z*) has no low-lying
vacant orbitals to undergo a concerted insertion into the R—H
bond, and hence, the barrier for R —H bond activation is high.
In contrast, the excited, low-spin quartet states of FeO™
provide high-lying doubly occupied orbitals together with
low-lying empty orbitals, and thereby allow facile, concerted

196 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

FeO* + RH — Fe™ + ROH

Reactants

3
I3 low spin
]
2
E T8
o]
o
. . Reactants
high spin TS Spin D
/'\ Inversion
A L B
Fe(ROH)*
Products .
TS low spin
o
Products high spin
Fe(ROH)*
R-Fe*-OH

Figure 2. Qualitative potential energy surface for the hydroxylation of an
alkane RH by a metal oxenoid such as FeO* by the low-spin (LS) and high-
spin (HS) routes (see refs. [11,25,26]). TS = transition structure.

bond activations.'*»! In fact, not only are the barriers lower
on the low-spin pathway, but also the insertion intermediate
R-Fe-OHT" is much more stable than the high-spin ana-
logue. The concerted rebound and oxene routes are also
preferred on the low-spin surface.l'® Hence, without excep-
tion all mechanisms exhibit a TSR behavior in which two
spin states control the fate of the reaction. Note that TSR does
not involve any initial excitation of the reactants, but rather
spin inversion occurs en route to the products. As such
TSR is a new reactivity paradigm for thermally activated
reactions which do not necessarily obey Arrhenius-type
behavior."

While TSR provides a low-energy pathway for C—H bond
activation, the reaction efficiency is determined by the
probability of spin inversion (SI) at the crossing junction.?!
Conversion of the gas-phase rate constants to molar scale
shows that, despite the low probabilities related to the gas
kinetic collision rates,?¥ these reactions are indeed quite fast.
The fact that organometallic reactions in solution that involve
changes in spin state are also quite efficient prompted the
conclusion that spin-blocking is irrelevant in applied organo-
metallic chemistry.”’] Nevertheless, spin inversion has a
nonunity probability and does not behave adiabatically. This
means that even if the rate is fast, not all trajectories will end
up passing the SI junction en route to the low-spin addition
intermediate and some reactions typical of the high-spin state
may take place in competition. Thus, while SI must not affect
the measured rate constants, it may nevertheless have a
significant influence on the product distributions in compet-
itive reactions. The effect on product distribution in the gas
phase has recently been addressed,**?>2! and it was shown to
be inherently dependent on the SI junction.

Let us now apply the concept of TSR to alkane hydrox-
ylation by P-450. Following the analogy with bare FeO", the
high-spin ground state of [Por""]FeO will only allow for single-
bond reactions or electron transfer which leads, inter alia, to
the formation of free alkyl radicals or cations. In contrast,
involvement of the excited low-spin states by TSR leads
to concerted, two-bond pathways or the effectively concerted
rebound route with favorable energetics for both variants.
Thus, the ferryl unit in cytochrome P-450 possesses the central
features of TSR: An oxide of a late 3d transition metal with a
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high-spin ground state and nearby excited low-spin states which
can easily access low-energy routes for bond activations.

The factors which determine the efficiency of TSR in
cytochrome P-450 are the energy gap between the states and
the states’ differential interaction with the substrate en route
to the transition structure. The high-spin/low-spin gap de-
pends on the interactions of the porphyrin and the axial ligand
with the ferryl group. Low-spin states with a situation similar
to that depicted in Scheme 4 will be especially sensitive, as
these are strongly affected by the distance between Fe and the
cysteinato group.?!! The shorter this distance, the lower in
energy these states become, such that the SI junction moves to
an earlier position where spin—orbit coupling is larger and
hence the probability of TSR increases. The second factor is
the interaction between the ferryl group and the substrate
along the reaction coordinate. The better a donor the
substrate is, the more the low-spin state will benefit, thereby
leading to an earlier crossing and more effective TSR.
Another important factor is the steric bulk of the substrate.
As steric demand increases, the TSR pathway may change
from an addition-elimination mechanism via an insertion
intermediate to the sterically favorable concerted rebound
processes on the low-spin surface. Finally, the nonadiabatic
nature of the spin inversion is essential,™ because the TSR
path will decay as the temperature increases while the SSR
pathway will be favored, in complete agreement with the
energy dependence of the reaction of FeO* cation with
dihydrogen [Eq. (2)].01824

Alkane hydroxylation by cytochrome P-450—A workirg
hypothesis: These arguments propose two fundamental types
of reactivity patterns as a working hypothesis for alkane
hydroxylation by iron —porphyrin oxides. One is the obvious
single-state-reactivity (SSR) path, which conserves spin by
staying on the high-spin surface. The second is TSR, which
arises from a crossover at the SI junction. An additional spin
inversion step may occur en route to the final products;?
however, we shall not consider the final steps nor discuss the
intermediates, but rather concentrate on the initial SSR and
TSR competition in R—H bond activation.

In general, TSR is the preferred route because it involves
lower barriers. Electron transfer (ET) is a potential leakage in
favor of SSR, which is, however, not likely to be involved for
saturated hydrocarbon substrates. Otherwise, the most com-
mon SSR route is hydrogen-atom abstraction to afford alkyl
radicals, whenever this process is thermochemically allowed.
Owing to the mechanistic richness of TSR, several alternative
paths evolve.l''!8] A favorable route involves addition of R—H
to the low-spin ferryl species via a cyclic transition structure
resembling [2+2] cycloaddition. While the insertion process is
sterically straightforward with bare FeO*, for the ferryl
species in cytochrome P-450 the formation of an insertion
intermediate must obviously be associated with a displace-
ment of the metal from the porphyrin plane towards the
substrate; thereby, coordination to the axial ligand below the
porphyrin ring will be lost. Although cis-bisligand metal
porphyrins are not common, their presence has been suggest-
ed in oxidation reactions,” and a cis-dioxomolybdenum(vr)
porphyrin is known.?l Alternative mechanisms are the

Chem. Eur. J. 1998, 4, No. 2
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concerted rebound!'® as well as the oxene route for alkane
hydroxylation®! and olefin epoxidation.’) Though the oxene
mechanism is energetically unfavorable for the FeO'/H,
system,['] it has a steric advantage over the formation of an
insertion intermediate, and sophisticated calculations will be
required to evaluate the relevance of the oxene route for
metalloporphyrins.

The SSR and TSR pathways lead to further manifolds of
consecutive reactions with distinct mechanistic implications
(Figure 3). Bond homolysis by the SSR path @ results in
an alkyl radical, which can either recombine with its

SSR Rebound
Te Te I fe R—OH
[MI—O +R—H ————> R +[M]—OH —
> +
ET R
Spin Spin
Inversion Inversion
TSR
I fo Rebound
[M]J=0 +R—H ——— > R +[M]—0OH R—OH

was, | N\O Q7
RY  Rodte
H20 (SN2)
RN

R—OH R—OH,*

Figure 3. Mechanistic scheme for the P-450 reactions in solution. SSR =
single-state reactivity; TSR = two-state reactivity; ET =electron transfer.

partner radical by the rebound route or undergo electron
transfer (attended by spin inversion) to form a carbocation,
also leading to the alcohol in an aqueous environment. The
TSR pathway @ leads to the intermediate 3; alternatively,
TSR allows for the effectively concerted rebound and oxene
mechanisms, which can both yield the alcohol directly. The
insertion species 3 may also undergo bond homolysis to
recover an octahedral environment while releasing an alkyl
radical R* (path @) Alternatively, reductive elimination of
R -OH from 3 may occur to yield the reduced metal fragment
(path @) Further, the insertion intermediate may be subject
to an S\2-type reaction with a nucleophile (path @, for
example with water, which would lead to the protonated
alcohol R—OHJ.

The different pathways have obvious consequences with
respect to stereochemistry. The SSR path @ involves free
radicals and/or carbocations, so it is likely to be associated
with partial or even complete loss of stereochemistry, and the
observed stereoselectivity may either be due to a fast rebound
process or induced by the environment in the P-450 enzyme
pocket. In contrast, the TSR route through @ and @ and
the concerted rebound proceed with retention of stereo-
chemistry, that is, as a clean replacement of H by OH. Finally,
path @ is of yet another nature, in that it would lead initially
to an inversion of stereochemistry; however, racemization is
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likely, at least when water serves as a nucleophile such that a
degenerate displacement of water can occur. Within this
picture, only route @ can lead to carbocation formation
presumably associated with typical rearrangement prod-
ucts.?31

Let us now apply the SSR/TSR working hypothesis to the
mechanistic dilemma discussed above in Scheme 2. We recall
that major support for the rebound pathway!® derives from
studies involving calibrated radical clocks,”! while Newcomb
and co-workersP! showed that the postulate of radical
intermediacy would involve physically unreasonable rebound
capture rate constants which are noncommensurate with the
intrinsic clocking times of the probes employed. Thus, we
might propose that the amount of rearrangement may not
reflect the radical lifetime, but some other factor. For the sake
of argument, let us assume that the amount of rearrangement
primarily reflects the fraction of the radical mechanism that is
fixed by the crossover probability at the SI junction. Using this
assumption we can attempt to rationalize the experimental
findings.’! Thus, for example, a small alkane such as methyl-
cyclopropane does not undergo any rearrangement in hy-
droxylation by cytochrome P-450 because the SI junction is
early and the spin—orbit coupling is large so that all the
reactions pass through the concerted TSR pathway. When
more methyl groups are added to the cyclopropane, steric
hindrance moves the SI junction later along the reaction
coordinate and thereby disfavors spin inversion, resulting in a
higher fraction of SSR pathways with concomitant increase in
skeletal rearrangements. The substrate with the highest
fraction of rearrangement is 1-methyl-2-phenyl cyclopropane.
Upon further phenyl substitution, the substrate becomes
larger, but also a much better donor, and the SI junction may
move again to an earlier position, leading to a decrease in the
amount of rearrangement.

Implications of the SSR/TSR competition: The presence of
the metal — oxo subunit is essential to this working hypothesis,
and any distinct dependence of the product distributions on
the nature of the terminal oxidant may lead to a deviation
from the pattern developed here.

The SSR/TSR competition does not contradict previous
mechanistic pathways such as the oxene route or the rebound
process, but includes them as viable alternatives born of the
correct electronic structure and modulated by the SI proba-
bility, which acts as a mechanistic distributor. As such, TSR
may affect oxidation efficacy as well as product distribution,
and it is up to experiment and theory to articulate the TSR
paradigm or to find the means for falsification. In this respect,
the SSR/TSR competition depends, inter alia, on the strength
of the C-H bond to be hydroxylated and the size of the
substituent. A first point to be made is that the TSR route via
an insertion intermediate is sensitive to steric hindrance and
therefore expected to be most facile for primary positions,
though primary C—H bonds are stronger than secondary and
tertiary ones. Such a preference for hydroxylation of primary
C-H bonds has indeed been observed in P-450 mediated
hydroxylation in several cases,!l but it could be due to specific
interactions of substrates and products with the protein
pocket. Secondly, the concerted rebound route is analogous
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to an H-atom abstraction by a radical, but it involves a more
or less immediate!'¥l recombination to yield the corresponding
alcohol. Thus, this route can account for the seemingly
contradictory observations that isotope effect profiles of P-
450 hydroxylations resemble those of radical reactions,!” yet
no free radicals seem to be involved and stereochemistry is
retained. Nevertheless, the complexity of cytochrome P-450 is
enormous and any modification of the substrate may com-
pletely change the mechanistic course of the reaction. In fact,
it has been shown that even a small perturbation such as
deuterium labeling can cause drastic changes in product
distribution.?1 The competition of SSR and TSR may itself
provide an alternative rationale for some extremely large H/D
kinetic isotope effectsB¥ observed in alkane hydroxylations by
cytochrome P-450 without necessarily involving tunneling
phenomena.! However, even isotope effects do not repre-
sent ideal probes of the SSR/TSR competition because P-450
mediated hydroxylation of alkanes largely depends on the
nature of the substrate and the precise environment of the
metal oxenoid (e.g., protein pocket and the sixth ligand).l*]
Consequently, more direct probes for TSR are desired which
in particular do not involve modification of the substrate.

A straightforward probe for TSR may be the examination
of alkane hydroxylation by cytochrome P-450 in magnetic
fieldsP” or in the presence of external heavy atoms.?!
Introduction of an additional perturbation, such as a magnetic
field, may not affect the rate constants for oxidations?]
while modulating SSR/TSR branching ratios, kinetic isotope
effects, and stereoselectivities. We emphasize that any mag-
netic field application must be coupled with appropriate
substrates, because pronounced effects are only expected for
those substrates for which several distinguishable pathways
compete in P-450 hydroxylation. In this respect, ethylbenzene
seems to be a promising candidate.¥! Further, since the SSR/
TSR branching ratio depends on the location of the SI
junction, studies of stereochemistry as a function of the axial
ligand are called for, in analogy to the proximal nitrogen
effect'% in the reactions of metal porphyrins. Due to the
nonadiabatic behavior of the spin inversion probability,
temperature dependences of hydroxylation reactions may
also indicate the relevance of TSR for cytochrome P-450.
Finally, the yield of TSR-type products may be manipulated
by accessing or starting from one of the Fe=O excited states in
well-designed model systems.

We argued at the outset that without consideration of their
electronic structure, a fundamental understanding of the P-
450 enzymes will be lacking. The present contribution
demonstrates the utility of analogies—between divergent
fields such as theoretical and gas-phase ion chemistry and
biochemistry—as the means to generate a new picture of one
of the most important chemical transformations. The elec-
tronic properties of the ferryl module imply that spin
inversion must occur in oxidations mediated by cytochrome
P-450 if the ferryl species is indeed the reactive species. The
two-state reactivity'»] concept not only represents a working
hypothesis for cytochrome P-450, but more, it offers a new
paradigm which may promote the understanding of oxidation
reactions and the design of new oxidation catalysts in
particular.
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Thus, theoretical work can outline the major features of
TSR, such as low-energy pathways for bond activation and a
likely SSR/TSR competition that modulates the product
distribution upon variation of the axial ligand, changes in
the substrate, etc. In turn, it is up to experimentalists to find
specific tests to articulate or falsify the relevance of the TSR
route for cytochrome P-450. Cooperation of experimentalists
and theoreticians (Scheme 5) may bring about new and more

Theory e—————————e Experiment

Scheme 5. The challenge.

sensitive probes to ultimately establish or discard TSR in
alkane hydroxylations mediated by cytochrome P-450. What
remains is therefore the experimental and theoretical chal-
lenge to evaluate the role of TSR in organometallic reac-
tions?*!l in order to make predictions.

Acknowledgments: The authors thank the Volkswagen-Stiftung for gen-
erous financial support. The research at the Hebrew University is
supported in part by a grant from GIF, the German-Israeli Foundation
for Scientific Research and Development, and the MINERVA Foundation.
D.S. and H.S. are grateful to the Deutsche Forschungsgemeinschaft and the
Fonds der Chemischen Industrie.

Received: July 25, 1997 [C780]

[1] a) Cytochrome P-450: Structure, Mechanisms and Biochemistry (Ed.:
P.R. Ortiz de Montellano), Plenum, New York, 1986; b) W.D.
Woggon, Top. Curr. Chem. 1996, 184, 40.

[2] For a recent survey, see: M. Sono, M. P. Roach, E. D. Coulter, J. H.
Dawson, Chem. Rev. 1996, 96, 2841.

[3] a) M. Newcomb, M.-H. Le Tadic, D. A. Putt, P. F. Hollenberg, J. Am.
Chem. Soc. 1995, 117, 3312; b) M. Newcomb, M.-H. Le Tadic-
Biadatti, D. L. Chestrey, E. S. Roberts, P. F. Hollenberg, J. Am. Chem.
Soc. 1995, 117, 12085.

[4] a) R.D. Bach, M.-D. Su, J. L. Andrea, H. B. Schlegel J. Am. Chem.
Soc. 1993, 115,763;b) R. D. Bach, I. Mintcheva, C. M. Estévez, H. B.
Schlegel, ibid. 1995, 117, 10121.

[5] D. Schroder, C. A. Schalley, N. Goldberg, J. Hrusak, H. Schwarz,
Chem. Eur. J. 1996, 2, 1235.

[6] J. T. Groves, J. Chem. Educ. 1985, 62, 928.

[7] a) K. U. Ingold, Aldrichimica Acta 1989, 22, 69; b) V. W. Bowry,
K. U. Ingold, J. Am. Chem. Soc. 1991, 113, 5699; ¢) K. E. Liu, C. C.
Johnson, M. Newcomb, S. J. Lippard, ibid. 1993, 115, 939.

[8] S.-Y. Choi, P. E. Eaton, P. F. Hollenberg, K. E. Liu, S. J. Lippard, M.
Newcomb, D. A. Putt, S. P. Upadhyaya, Y. Xiong, J. Am. Chem. Soc.
1996, 118, 6540.

[9] a) J. P. Dinnocenzo, S. B. Karki, J. P. Jones, J. Am. Chem. Soc. 1993,
115,7111; b) S. B. Karki, J. P. Dinnocenzo, J. P. Jones, K. R. Korzek-
wa, ibid. 1995, 117, 3657.

[10] J. J. Manchester, J. P. Dinnocenzo, L. Higgins, J. P. Jones, J. Am. Chem.
Soc. 1997, 119, 5069.

[11] a) A. Fiedler, D. Schroder, S. Shaik, H. Schwarz, J. Am. Chem. Soc.
1994, 116, 10734; b) S. Shaik, D. Danovich, A. Fiedler, D. Schréder,
H. Schwarz, Helv. Chim. Acta 1995, 78, 1393.

[12] D. Schroder, H. Schwarz, Angew. Chem. 1995, 107, 2126; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1973.

[13] A. Fiedler, J. Hrusak, W. Koch, H. Schwarz, Chem. Phys. Lett. 1993,
211,242,

[14] a) S.Yamamoto, H. Kashiwagi, Chem. Phys. Lett. 1988, 145,111;b) S.
Yamamoto, J. Teraoka, H. Kashiwagi, J. Chem. Phys. 1988, 89, 303.

[15] G.H. Loew, C.J. Kert, L. M. Hjelmeland, R. F. Kirchner, J. Am.
Chem. Soc. 1977, 99, 3534.

[16] K. Tatsumi, R. Hoffmann, Inorg. Chem. 1981, 20, 3771.

[17] A. Sevin, M. Fontecave, J. Am. Chem. Soc. 1986, 108, 3266.

[18] M. Filatov, S. Shaik, J. Am. Chem. Soc., submitted for publication.

[19] a) K. Yamaguchi, Y. Takahara, T. Fueno, in Applied Quantum
Chemistry (Eds.: V. H. Smith, Jr., H. F. Schaefer III, K. Morokuma),
Reidel, Dordrecht, 1986, p. 155; b) E. A. Carter, W. A. Goddard III,
J. Phys. Chem. 1988, 92, 2109.

[20] S. Shaik, P. C. Hiberty, Adv. Quant. Chem. 1995, 26, 99.

[21] L. K. Hanson, C. K. Chang, M. S. Davis, J. Fajer, J. Am. Chem. Soc.
1981, 703, 663.

[22] R.S. Czernuszewicz, Y. O. Su, M. K. Stern, K. A. Macor, D. Kim, J. T.
Groves, T. G. Spiro, J. Am. Chem. Soc. 1988, 110, 4158.

[23] a) N.D. Priestley, H. G. Floss, W. A. Froland, J. D. Lipscomb, P. G.
Williams, H. Morimoto, J. Am. Chem. Soc. 1992, 114, 7561; b) B.
Wilkinson, M. Zhu, N. D. Priestley, H.-H. T. Nguyen, H. Morimoto,
P. G. Williams, S. I. Chan, H. G. Floss, ibid. 1996, 118, 921.

[24] a) D. Schroder, A. Fiedler, M. E. Ryan, H. Schwarz, J. Phys. Chem.
1994, 98, 68; b) D.E. Clemmer, Y.-M. Chen, F. A. Khan, P.B.
Armentrout, J. Phys. Chem. 1994, 98, 6522; c) D. Schroder, H.
Schwarz, D. E. Clemmer, Y. Chen, P. B. Armentrout, V. Baranov,
D. K. Bohme, Int. J. Mass Spectrom. Ion Processes 1997, 161, 175.

[25] D. Danovich, S. Shaik, J. Am. Chem. Soc. 1997, 119, 1773.

[26] K. Yoshizawa, Y. Shiota, T. Yamabe, Chem. Eur. J. 1997, 3, 1160.

[27] a) J. L. Detrich, O. M. Reinaud, A. L. Rheingold, K. H. Theopold, J.
Am. Chem. Soc. 1995, 117, 11745. For different views, see: (b) P. E. M
Siegbahn, ibid. 1996, 118, 1487.

[28] a) P.Inchley,J. R. Lindsay-Smith, R. J. Lower, New J. Chem. 1989, 13,
669; b) K. A. Jgrgensen, B. Schigtt, Chem. Rev. 1990, 90, 1483.

[29] B. E. Mentzen, M. C. Bonnet, H. J. Ledon, Inorg. Chem. 1980, 19,2061.
[30] a) J. T. Groves, Y. Watanabe, J. Am. Chem. Soc. 1986, 108, 507. See
also: b) D. Ostovic, T. C. Bruice, Acc. Chem. Res. 1992, 25, 314.

[31] TSR offers another route to carbocations via a direct, spin-allowed
hydride abstraction from the alkane by the low-spin metal oxenoid to
yield R*, while the transferred electron can recombine with the
porphyrin cation radical.

[32] J. P. Jones, K. R. Korzekwa, A. E. Rettie, W. F. Trager, J. Am. Chem.
Soc. 1986, 108, 7074.

[33] R. E. White, J. P. Miller, L. V. Favreau, A. Bhattacharyya, J. Am.
Chem. Soc. 1986, 108, 6024.

[34] A.Sorokin, A. Robert, B. Meunier, J. Am. Chem. Soc. 1993, 115,7293.

[35] A. Thibblin, P. Ahlberg, J. Chem. Soc. Rev. 1989, 18, 209.

[36] J.J. De Voss, O. Sibbesen, Z. Zhang, P. R. Ortiz de Montellano, J. Am.
Chem. Soc. 1997, 119, 5489.

[37] C.B. Grissom, Chem. Rev. 1995, 95, 3.

[38] A.L.Buchachenko, V. L. Berdinsky, J. Phys. Chem. 1996, 100, 18292.

[39] For a recent example, see: M. B. Taraban, T.V. Leshina, M. A.
Anderson, C. B. Grissom, J. Am. Chem. Soc. 1997, 119, 5768.

[40] K. A. Jgrgensen, P. Swanstrgm, Acta Chem. Scand. 1988, 43, 822, and
references therein.

[41] D. Webster-Keogh, R. Poli, J. Am. Chem. Soc. 1997, 119, 2516.

Chem. Eur. J. 1998, 4, No. 2

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

0947-6539/98/0402-0199 $ 17.50+.25/0 — 199






CONCEPTS

Relativistic and Electron-Correlation Effects in the Ground States of
Lanthanocenes and A ctinocenes**

M. Dolg* and P. Fulde
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Abstract: The sandwich complex [Ce(CgHyg),] has con—\
clusively been shown to be a bis([8]annulene)cerium(iin)
complex by theoretical as well as experimental inves-
tigations. Its electronic ground state can only be under-
stood by taking electron correlations into account.
Fundamental differences between lanthanocenes and
actinocenes as well as their anions result mainly from
the greater effect of relativistic effects in the heavier
actinide systems.

Keywords: ab initio calculations - actinides - electronic
Qtructure - lanthanides - sandwich complexes )

Introduction

Among the bis([8]annulene)metal complexes [M(CgHg),| of
lanthanides (M =Ln) and actinides (M = An), that is, the so-
called lanthanocenes and actinocenes, the molecules cerocene
[Ce(CsHg),] and thorocene [Th(CgHg),] are of particular
interest for the following reason. The general belief is that
the two systems are isoelectronic and are characterized by a
tetravalent central metal, as indicated by their experimentally
observed diamagnetism. The conventional explanation is the
closed-shell character resulting from the complexation of the
Ce** 4f° and Th* 5f° ions by two aromatic CgH3~ ligands.
However, it is well-known from solid-state physics that Ce**
ions with a 4f! configuration embedded in a metallic matrix
can be in a singlet state,[!! that is, in a state with no magnetic
moment. This feature is reflected in the spin susceptibility.
Examples are CeAl;, CeCug, CeCu,Si, and many others. The
singlet is formed by the 4f electron on the Ce®* and an

[*] Dr. M. Dolg, Prof. Dr. P. Fulde
Max-Planck-Institut fiir Physik komplexer Systeme
Nothnitzer Str. 38, D-01187 Dresden (Germany)
Fax: Int. code + (49)351871-2199
e-mail: dolg@mpipks-dresden.mpg.de

[**] Although IUPAC recommends restriction of metallocene nomencla-
ture to cyclopentadienyl complexes, for the sake of simplicity the
expressions lanthanocene, actinocene and so on are used in this paper
for sandwich complexes of CgHg.
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unpaired electron from the environment of the metal. This
form of a ground-state wavefunction is associated with the
name of Kondo (Kondo singlet) and the associated energy
gain AE is often expressed in terms of a temperature (Kondo
temperature); AE =kzTy. The Kondo temperature is often
very small, namely of the order of tens of degrees. Therefore
systems like CeAl; have a large number of low-energy
excitations because the singlets are easily broken up. A whole
branch of low-temperature physics has developed over the
past twenty years devoted to the study of the various
consequences of the formation of Kondo singlets. Returning
to cerocene, the question arises as to whether the absence of
paramagnetism in this molecule has its origin in the presence
of a 4f° configuration or, as in CeAl;, in the formation of a
singlet between a Ce** with a 4f!' configuration and an
unpaired ligand & electron.

The high Dg, symmetry of these sandwich compounds
allows us to study theoretically the individual contributions of
the metal s (a,), p (2, €1u), d (1, €14, €3,) and £ (ayy, €14, €0
e;,) valence orbitals to metal —ring bonding. Sometimes an
idealized D, point group is used to simplify the notation of
the irreducible representations, that is, s (o), p (0, 7,), d (0,
7, Oy)and f (o,, m, O, ¢,). In fact, after the discovery of
uranocene [U(CgHy),] by Streitwieser and Miiller-Westerhoff
in 1968,B! numerous studies of these f-element metallocenes
were performed.*''l However, all these studies assumed
systems with tetravalent central atoms, that is, in a simplified,
completely ionic limit a M**(CgH3 ™), charge distribution with
two aromatic ligands (10w electrons each) and, at the
beginning of each series, a closed-shell central ion (Ce**,
Th*+). The highest occupied s orbitals of the CsHE~ ligands
form e,, and e,, linear combinations in the metallocenes, and
are involved in the main covalent interactions with the empty
central ion d and f valence orbitals of the same character (d,
and 9§, respectively). The correct assignment of the photo-
electron spectra as well as their interpretation in terms of
individual orbital contributions to metal —ring bonding was a
major step towards the understanding of the electronic
structure of lanthanocenes and actinocenes.®12

In the case of the actinocenes [An(CgHy),], so far only the
experimentally known systems!'’ containing central metals
from the first third of the series have been investigated
theoretically (An=Th, Pa, U, Np, Pu). Relativistic density
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functional and intermediate neglect of differential overlap
(INDO) calculations found the 6d orbitals to be equally or
even more important than the 5f orbitals in the covalent
metal —ring bonding in the case of thorocene, while for the
later actinocenes the 5f contributions become dominant.[*!1]
Hartree — Fock calculations using relativistic pseudopotentials
found the 6d orbitals to be more important than the 5f orbitals
in the case of uranocene too,'” in agreement with photo-
electron spectroscopy.['” The subjacent ligand 7 orbitals form
ey, and ey, linear combinations in the metallocenes, of which
the former have a weaker, but nonnegligible, covalent
interaction with the metal d orbitals ().l

Among the lanthanocenes [Ln(CgHy),], so far only cero-
cene (Ln=Ce) has been examined both theoretically and
experimentally.[*® Despite the rather compact nature of the
Ce 4f orbitals a considerable covalent metal —ring interaction
was detected,”! and the coexistence of a strong reducing agent
(CgHE™) and a powerful oxidizing agent (Ce**) in form of a
simple ionic cluster was doubted.®! Nevertheless, in the
literature cerocene and its derivatives are considered to be
bis([8]annulene)cerium(iv) complexes.[14-16]

As pointed out above, in analogy to a Ce** Kondo ion in a
metal,l'l cerocene was proposed to have mainly the character
of a trivalent central cerium metal ion, that is, a Ce**(CsHE ),
charge distribution corresponding to a 4f'7® configuration, to
a first approximation.['’] On the basis of semiempirical INDO
calculations treating Ce as a point charge, the 4fz* config-
uration corresponding to the Ce**(CsHZ™), charge distribu-
tion was estimated to be about 10 eV higher in energy. The
two unpaired electrons in the cerium 4f orbital, which
resembles an atomic orbital, and the highest ligand 7 orbital
may be coupled to form a singlet or a triplet, where the latter
is found to be lower in energy at the single configurational
level, in other words, when electron correlations are not taken
into account. However, in the singlet state configuration
interaction between 4f!7® and 4f%t* may occur, leading to a
singlet ground state about 6 meV below the triplet state. It
was speculated that replacing the conduction band coupled to
a Ce**4f! Kondo ion in a solid by the partially filled 7 orbital
extending over the two anionic [8]annulene rings would lead
to a molecular Kondo system with special properties such as a
temperature-dependent magnetic moment (zero and nonzero
magnetic moment in the singlet ground and low-lying triplet
excited state, respectively).

Subsequent large-scale ab initio calculations including
relativistic effects by means of energy-consistent pseudopo-
tentials as well as electron correlation effects at the multi-
reference averaged coupled-pair functional level revealed

Abstract in German: Durch theoretische und experimentelle
Untersuchungen wurde eindeutig gezeigt, daf3 [Ce(CgHy),] ein
Bis([8]annulen)Cer(111)-Komplex ist. Sein elektronischer
Grundzustand ist nur bei Beriicksichtigung der Elektronen-
korrelation zu verstehen. Grundlegende Unterschiede zwi-
schen Lanthanoid- und Actinoid-Sandwichkomplexen sowie
ihren Anionen sind hauptsdchlich auf die grofieren relativisti-
schen Effekte bei den schwereren Actinoidsystemen zuriick-
zufiihren.
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that qualitatively this picture of cerocene as a bis([8]annule-
ne)cerium(iir) complex is correct, but that quantitatively the
singlet —triplet splitting is about two orders of magnitude
larger owing to the smaller energetic separation between the
dominating 4f'7w® and the admixed 4f%t* configuration.['$!]
Because of the singlet character of the ground state and the
large singlet—triplet splitting, the oxidation state of the
central metal cannot be determined by magnetic measure-
ments. Finally, the experimental proof of a cerium atom with
oxidation state III in cerocene was achieved by X-ray
absorption near-edge structure (XANES) spectroscopy in
1996.2%1 The K edge shifts of systems with tetravalent cerium
were found at energies about 7 eV higher than those of
trivalent cerium, including two substituted cerocenes. We note
that the relativistic 1s orbital energies of atomic cerium in the
4115d'6s? and 5d%s? configuration differ by 7.38 eV at the
Hartree — Fock level, that is, the XANES measurements are
indeed diagnostic for the 4f occupation number and the
related oxidation state.

Almost thirty years after the first synthesis of uranocene,
many questions concerning the electronic structure of bis([8]
annulene)f-element complexes still remain open. Why is
cerocene the only neutral lanthanocene known experimentally,
whereas the corresponding salts of the anionic lanthanocenes,
such as K[Ln(CgHy),], are well-known even for the heavier
lanthanides ?1*2!1 Why does thorocene, despite the fact that it is
stable, obviously not form a corresponding anion, in contrast to
cerocene? If the cerocene is indeed bis([8]annulene)cerium(ir),
whereas thorocene is rather bis([8]annulene)thorium(v), what
about the situation at the end of both series? Despite fast
progress in computer technology and software development,
systems with f elements still pose a considerable challenge to
quantum chemistry. However, the improved knowledge about
the importance of shell structure, and relativistic and electron
correlation effects in lanthanide®?! and actinide?¥ com-
pounds may serve as a basis for at least some tentative answers
from theoretical studies. It is the goal of the present paper to
summarize the recent results in this field.

Discussion

Atoms: Before we discuss the electronic structure of lantha-
nocenes and actinocenes, a short look at the central atoms is
appropriate. Orbital energies ¢ and radial orbital expectation
values (r) from nonrelativistic Hartree — Fock and relativistic
Dirac—Hartree —Fock atomic calculations are shown in
Figures 1 and 2, respectively, for the elements at the beginning
and the end of both series (Ce and Lu; Th and Lr). It is well-
known®! that relativistic effects destabilize and expand the
valence d and f orbitals, whereas they stabilize and contract
the valence s (and p) orbitals. The shell-structure effect of
stabilization due to incomplete shielding of the increased
nuclear charge by the added electrons when going from left to
right across the periodic table is especially large for the
valence orbitals with the smallest main quantum number in a
given element, for example 4f > 5d > 6s for lanthanides and
5f>6d >7s for actinides. From a geometrical point of view
((r))the Ln 4f and to a lesser extent the An 5f orbitals appear to
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tions (n=0-14 for La—Lu).?’l At the correlated level the
configurations 4f*~!x* and 4f"*'x? may mix in and lead to a
lower-than-maximum spin multiplicity in the ground state. In
fact this has been found for cerocene ('A;,), neodymocene
(Es,) and terbocene (°E,,) (Table 1), whereas at the end of

Table 2. Electronic structure of anionic bis([8]annulene)metal complexes
[M(CsHg); | from multireference averaged coupled-pair functional calcu-
lations with scalar relativistic pseudopotentials.

nonrelativistic relativistic
0
=S F T e T e o= T
fg ~-10 |
5 15| - |- .
[}
c p—
9 20t —
S —
e _
5 2 (n-2)f
-30 - === (n-1)d
------ ns
-35 —

Ce Lu Th Lr Ce Lu Th Lr
Figure 1. Nonrelativistic and spin-orbit-averaged relativistic orbital en-
ergies for Ce, Lu, Th and Lr from Hartree —Fock and Dirac—Hartree —
Fock calculations.

nonrelativistic relativistic
7
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6 I —-—=-- (n-1)d | 1
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<r> expectation value (Bohr)
N oW A o

—
A

o

Ce Lu Th Lr Ce Lu Th Lr

Figure 2. Nonrelativistic and spin—orbit-averaged relativistic orbital radi-
us expectation values for Ce, Lu, Th and Lr from Hartree —Fock and
Dirac—Hartree — Fock calculations.

be rather corelike; they are shielded from the spatial valence
region by filled 5s,5p and 6s,6p shells, respectively. However,
according to energetic considerations (¢), the 5f orbitals at the
beginning of the actinide series behave as real valence
orbitals, mainly owing to large destabilizing relativistic effects.
Whereas Ce (4£'5d'6s?) and Th (6d%7s?) have different ground-
state configurations because of the different impact of
relativistic effects, this is not the case for Lu (4f%5d'6s?) and
Lr (5f"6d!7s?), in which the stabilizing shell-structure effects
dominate and lead to the complete filling of the f shell. This
means that Ce'™ and Th'Y as well as Lu! and Lr'!! are formally
obtained by removing the electrons from the diffuse and
therefore chemically accessible valence s and d orbitals.

Simple molecules: The differences between Ce and Th also
affect the electronic structure of simple molecules;®! for
example, the CeO ground-state configuration is 4f¢'6so’,
whereas for ThO it is 7s¢? It is noteworthy that it takes two
electronegative oxygen ligands to remove the unpaired
electron from the Ce 4f orbital, that is, formally CeO, and
ThO, both have an unoccupied f valence shell, which
contributes significantly to covalent chemical bonding.

Lanthanocenes: Relativistic ab initio pseudopotential calcu-
lations of selected lanthanocenes [Ln(CgHg),] (Ln=Ce, Nd,
Tb, Yb) indicate that all systems correspond to bis([8]annu-
lene)lanthanide(irr) compounds with leading 4f°* configura-
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M ssCe soNd o Th U
m.c.[ 4l 487 6d'st 5
g~5~[b] *An *Es, ZA]g ‘Es,
EAl 1.39 2.11 —0.03 0.69
dl 2.18 2.19 2.21 2.17
. 185 183 190 187

[a] m.c.: Molecular ground state configuration. [b] g.s.: Molecular ground
state. [c] EA: Adiabatic electron affinity of the neutral system (eV). [d] d:
Metal —ring distance (A). [e] w.: Symmetric metal —ring stretching fre-
quency (cm™).

the series the energy lowering was too small for ytterbocene
(°B,,). The energetic splitting between the two lowest states of
different multiplicity decreases from 0.66 eV for cerocene
('A;;—7E,,) to less than 0.01 eV for ytterbocene (*By,—'A,,).
The reason appears to be the increasing corelike character of
the 4f shell along the lanthanide series and as a consequence
the weakening of both the metal —ligand exchange interaction
within the leading 4f"7* configuration and the configuration
interaction of 4f'7® with 4f*~1x* and 4f*+1x2.

It should be noted that in case of cerocene, bis([8]annule-
ne)cerium(ur), the 'A;, ground state found at the multi-
configuration self-consistent field level for the 80:20 mixture
of the 4f'w® and 4{°7* configurations!!”) is identical to the
ground state which must result for the 4f°%* configuration
alone, bis([8]annulene)cerium(v). Thus it is difficult to
distinguish between the two possibilities cerium(iir) and
cerium (1v) on the basis of magnetic measurements. Terbo-
cene is a candidate for a structure with a tetravalent central
metal for which magnetic measurements should be able to
make a decision between terbium(r) and terbium(v),
provided it is possible to synthesize the compound. Concern-
ing this point a conversion similar to the one of K[Ce(CgHy),]
into [Ce(CgHy),] with silver iodide!® or allyl bromide!*® should
in principle also be possible for the other lanthanocenes,
provided slightly stronger oxidizing agents are used (Table 2).

Table 1. Electronic structure of neutral bis([8]annulene)metal complexes
[M(CgHg),] from multireference averaged coupled-pair functional calcu-
lations with scalar relativistic pseudopotentials.

M 5sCe soNd o Th U
m.c.[? 4l 4873 50x* 52mt
g.s.! Ay, *Esq Al *Egy
esl 3E,, SEs, B,y 'E;,
T4 0.66 0.18 2.17 0.69
dl° 2.11 2.16 2.11 2.05
.l 178 174 213 221

[a] m.c.: Molecular ground-state configuration. [b] g.s.: Molecular ground
state. [c] e.s.: First excited state with higher or lower spin multiplicity.
[d] T: Adiabatic term energy of e.s. (eV). [e] d: Metal —ring distance (A).
[f] w.: Symmetric metal -ring stretching frequency (cm™1).

0947-6539/98/0402-0202 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 2





Lanthanoid and Actinoid Sandwich Complexes

200-204

The electron affinity relating the as yet unknown neutral
systems to the well-known anions is more or less constant for
the heavier lanthanocenes (2.1-2.2 eV at the configuration
interaction level) and about 0.7 eV higher than in the case of
cerocene. The almost metal-independent values in the case of
the heavier lanthanocenes result from the addition of the
excess electron into the partially occupied ligand e,, orbital.
The reason for the low value for cerocene appears to be the
strong stabilization of the neutral system due to the above-
mentioned configuration-interaction mechanism.

Actinocenes: In contrast to the lanthanocenes, all actinocenes
studied so far appear to be bis([8]annulene)metal(1v) systems.
However, no central metal heavier than plutonium was
considered, and the electronic structure of actinocenes from
the second half of the series is a matter for speculation. It is
obvious from the atomic orbital energies (Figure 1) that the 5f
shell is strongly stabilized, whereas the 6d shell is slightly
destabilized along the series. Shell-structure effects influence
the 5f shell more strongly than the more diffuse 6d shell and
overcompensate for the destabilisation by indirect relativistic
effects. Since the Lr 5f shell is actually considerably deeper in
energy than the Ce 4f shell, it is likely that [Lr(CgHy),]
corresponds to bis([8]annulene)lawrencium(iir). Relativistic
density functional calculations for the tetravalent light actino-
cenes [An(CgHg),] (An=Th, Pa, U, Np, Pu) yield a reduction
of the energy gap between the highest occupied ligand e,,
orbital and the lowest orbital of the empty or partially filled 5f
shell from almost 3 eV in thorocene to less than 1eV in
plutonocene. Whereas the actinocenes in the first half of the
series are bis([8]annulene)actinide(iv) complexes, it is to be
expected that those of the second half are bis([8]annule-
ne)actinide(ii1) compounds with an electronic structure very
similar to the lanthanocenes. The electron affinity of the early
actinocenes is probably metal-dependent and increases along
the series, since the excess electron goes into the metal 6d or
5f shell. Large-scale ab initio pseudopotential calculations at
the multiconfiguration-averaged coupled-pair functional level
did not yield a positive electron affinity for thorocene
(Table 2) but indicated that a 6d!' configuration would
probably be more stable than a 5f! configuration in the anion.
In the case of uranocene, a positive electron affinity was
calculated and the anion with a 5f° configuration was found to
be stable. Both findings are in agreement with the exper-
imental existence of the salts K[An(CgHg),] (An=U, Np, Pu,
Am).[1 All actinocenes heavier than uranocene should
readily form anions and for the second half of the series
exhibit a metal-independent electron affinity similar to the
lanthanocenes.

Closing Remarks

Any discussion of atomic or molecular electronic structure in
terms of orbitals and single configurations, in other words, in
terms of the independent-particle picture, is a simplification,
which works in many but not in all cases. In the framework of
the variational principle the best possible independent-
particle description is obtained by the Hartree — Fock wave-
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function yielding the lowest total energy. The theoretical
assignment of oxidation states to central metals in organo-
metallic complexes is based on the presence of well-localized
(or localizable) orbitals resembling atomic orbitals within an
independent-particle description, and becomes rather difficult
or even meaningless when the latter breaks down. If we go
beyond the independent-particle picture by taking into
account electron correlations, using a multiconfigurational
wavefunction and configuration interaction, we improve the
theoretical description, but sacrifice the intuitive molecular
orbital models. Therefore, it is often useful to characterize the
system by means of only the leading Hartree — Fock part of the
correlated wavefunction. A notable demonstration for these
statements is the unusual ground state of cerocene. Although
qualitatively, considering for example the spin and spatial
symmetry of the ground state, the compound behaves like a
bis([8]annulene)cerium(1v) complex, the cerium central metal
actually has an oxidation state much closer to III than to IV,
and the complex should therefore be described as a bis([8]an-
nulene)cerium(iir) compound. Electron correlations—at least
a two-configurational description including 4f's® (80 %) and
41%7t* (20 % )—are necessary to explain the singlet and totally
symmetric character of the 'A;, ground state. Note that the
configuration interaction is only possible when the occupied f
orbital of the metal and the ligand orbital carrying the hole are
of the same symmetry. It is expected that similar situations
might occur in other cerium systems with extended ligands of
low electronegativity; however, theoretical investigations as
well as the interpretation of experimental data are often less
easy because of the lower symmetry. Further experimental
investigations are needed to confirm the postulated existence
of neutral lanthanocenes other than cerocene. Rather in-
volved studies with short-lived radioactive isotopes would be
necessary to establish the change from bis([8]annulene)acti-
nides(1v) to bis([8]annulene)actinides(iir) near the middle of
the actinide series. Theoretical investigations using modern
quantum-chemical methods to account for electron correla-
tion as well as relativistic effects might be a promising
alternative.
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Enzymatic Manipulation of the Fragments Obtained by Cerium(v)-Induced
DNA Scission: Characterization of Hydrolytic Termini

Jun Sumaoka, Yasushi Azuma, and Makoto Komiyama*

Abstract: When a DNA 22-mer (**P-labeled at either the 3'- or the 5’-end) was cut by
[Ce(NH,),(NO3)4], two types of fragments were formed for each of the internucleo-
tide linkages. These fragments were separated by gel electrophoresis and treated with
three natural enzymes (bacterial alkaline phosphatase, T4 polynucleotide kinase,

and terminal deoxynucleotidyl transferase). With these enzymatic treatments, all the
fragments were quantitatively transformed into the expected forms. Thus the first
direct evidence for the hydrolytic scission of DNA oligomers by the Ce!V salt has

Keywords: cerium - DNA cleavage
hydrolyses phosphodiester
hydrolysis

been provided. Both phosphate termini and OH termini are formed at the 3'- and the
5’-ends of the fragments by the hydrolysis of phosphodiester linkages. This work
demonstrates the potential of the metal ion as a tool in molecular biology and

biotechnology.

Introduction

The nonenzymatic hydrolysis of biologically important phos-
phoesters has recently been attracting interest.ll! It has
already been reported that metal ions and their complexes
hydrolyze RNA,?7 the 3',5'-cyclic monophosphate of adeno-
sine ¥l and phosphatidyl inositol.’! Activated mono-,1'*! di-,['!
and triesters!'” of phosphate are also hydrolyzed. However,
the phosphodiester linkages in DNA are so stable that reports
of their nonenzymatic hydrolysis have been rather scarce.['3] A
few years ago, the authors showed that lanthanide ions are
effective in promoting DNA hydrolysis.!'*'% Cerium was
especially prominent; the active species was subsequently
shown to be the Ce! ion.['>!181 The hydrolytic character of
DNA scission by Ce! has been firmly established for the
scission of dinucleotides, as all the products have been
conclusively characterized by HPLC and 'H NMR.I5Y In
the scission of a longer fragment of DNA, however, the
evidence for the hydrolytic nature is less abundant. Although
the resultant fragments seem to migrate along with the
hydrolytic products in polyacrylamide gel electrophoresis,!+!]
the possibility that the Ce!V ion, a well-known oxidant,
oxidatively cleaves the deoxyribose is not completely ruled
out by these results. The DNA might be chemically damaged
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Graduate School of Engineering
The University of Tokyo, Hongo, Tokyo 113 (Japan)
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somehow during the scission. Furthermore, little is known
about the structures of the termini of the fragments formed
from longer fragments of DNA. The scope of application of
the DNA scission is greatly dependent on these two factors
(the hydrolytic character and the terminal structures) and thus
unambiguous and straightforward evidence is required.

Herein we show that the fragments formed by [Ce(N-
H,),(NOs)s]-induced scission of a DNA oligomer are success-
fully manipulated by natural enzymes. Since the enzymes
discriminate strictly between hydrolytic and nonhydrolytic
products, and in addition the present enzymatic transforma-
tions are quantitative for both the 3’- and the 5’-termini, the
hydrolytic character of the scission is conclusive. Further-
more, the terminal structures of fragments are clarified by the
enzymatic treatment. In contrast to the predominant forma-
tion of OH termini in dinucleotide hydrolysis!®*'"l a consid-
erable proportion of phosphate termini is formed together
with OH termini. The results are discussed in terms of the
catalytic mechanism.

Results and Discussion

Scission of a DNA oligomer by [Ce(NH,),(NO;)¢]: When a
22-mer, (5-GCATCACCA,G,;CGGTCC T ;A sGCAT-3'),
was 2P-labeled at the 5-end and treated with [Ce(N-
H,),(NOs)4], scission took place almost randomly throughout
the DNA chain (Figure 1A, lane 3). Interestingly, and sig-
nificantly, two pairs of fragments were formed from the
scission of a single nucleotide. One of the two fragments had
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Figure 1. Autoradiographs of a denaturing 20% polyacrylamide gel
electrophoresis for Ce™-induced hydrolysis of the 22-mer DNA (A) and
for the enzymatic treatments of the resultant fragments (B and C); the
scales on the left-hand side show the nucleotides at the termini (note that
one nucleotide is removed in the Maxam — Gilbert reactions). A) The 5'-
end P-labeled DNA oligomer. Lane 1, control; lane 2, Maxam - Gilbert
A + G; lane 3, the Ce!Y reaction; lane 4, DNase 1. A typical pair of the fast
and the slow fragments is designated by open arrows. The reaction
conditions for lane 3: [Ce'V] =1 mwm and [DNA] = 0.01 mm at pH 7 (HEPES
buffer) and 37°C for 24 h. B) The 5-end *?P-labeled fragments. Lane 1,
Maxam — Gilbert A + G; lanes 2 and 3, 5'P*-T,;-3's; lanes 4 and 5, 5'P*-T);-
3'f; lanes 6 and 7, 5'P*-C,¢-3's. Lanes 2, 4, and 6 treated with TdT; lanes 3, 5,
and 7 untreated. C) The 3’-end *?P-labeled fragments. Lane 1, Maxam —
Gilbert C+ T; lanes 2 -4, 5'f-G4-3'P*; lanes 57, 5's-G,,-3'P*. Lanes 2 and
5 untreated; lanes 3 and 6 treated with BAP; lanes 4 and 7 treated with T4
kinase.

virtually the same mobility as the corresponding Maxam—
Gilbert fragment (lane 2) and the other co-migrated with
DNase I digest (lane 4). On the lower part of the gel, the
faster component of a pair of fragments outran the compo-
nent that was shorter by one nucleotide. The bands
on the upper part of the gel were also separated into two
components when the migration distance was longer. The
formation of two types of termini at the 3’-ends has been
substantiated.

Similar binary fragment patterns were obtained in Ce!V-
induced scission of the DNA oligomer labeled at the 3’-end.
One group of fragments co-migrated with both Maxam-—
Gilbert fragments and DNase I digests, whereas the other
migrated more slowly. The first group had phosphate termini
at the 5'-end, whereas the second group had OH termini as
shown below.

As the amount of Ce' was increased, the slower fragments
became more dominant for both the 3'- and the 5'-end-labeled
DNA. When the concentration of Ce' was 1 mwm, the ratio of
the slower component to the faster one was approximately 2:1
and did not much depend on the scission site. With 10mwm Ce!v
only the slower fragments were observed.'”) The terminal
monophosphates formed by the hydrolysis of phosphodiester
linkages are further hydrolyzed by Ce', providing OH
termini; note that the Ce!¥ ion is active for the hydrolysis of
phosphomonoesters as well as phosphodiesters.['>2]
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Characterization of the structure of the 3'-end termini of the
fragments: A pair of 5-end-labeled 17-mer fragments (for the
scission between T;; and A,g) were isolated from the gel and
each of them was examined in terms of the susceptibility to
terminal deoxynucleotidyl transferase (TdT) (Figure 1B).
The faster and slower components are designated 5'P*-T,-
3'f and 5'P*-T};-3's, respectively. When 5'P*-T,;-3's, in lane 3,
is incubated with TdT in the presence of unlabeled 2',3'-
dideoxycytidine-5'-triphosphate (ddCTP) a new band with
less mobility than 5P*-T;-3's is quantitatively formed
(lane 2). It has been definitively shown that the fragment
has a 3-OH terminus and a 2’,3'-dideoxycytidine (ddC)
moiety is enzymatically introduced (Figure 2 A). In contrast,
5'P*-Ty;-3'f is not susceptible to TdT since it has a 3'-
phosphate terminus (Figure 1B, lanes 4 and 5).

A) TdT
*5' Ti0H ————— 5 T;7-ddC
EP~T,,-3's) +ddCTP
*5' Ty7P L No Reaction
(5'P*—T17—3'f) +ddCTP
B) BAP
—_——
P-Gyg *3 HO-Gyg 3
(6'F-Gy-3'P%) T4 kinase (6's-G4o-3'P%
+ATP
T4 kinase
+ATP BAP
No Reaction No Reaction

Figure 2. Enzymatic manipulation of the fragments obtained by the
hydrolysis of the 22-mer DNA with Ce!V: A) 5'-end *?P-labeled fragments
and B) 3’-end *?P-labeled fragments.

In total consistency with this, the slower fragment 5'P*-C,4-
3's (lane 7), which is one nucleotide shorter than 5'P*-T,;-3's
and has a 3'-OH terminus, is elongated by the enzymatic
treatment (lane 6). The mobility of the product is virtually the
same as that of 5'P*-T;-3's.?!l

Characterization of the structure of the 5'-end termini of the
fragments: The structure of 5'-end of the fragments prepared
by Ce™-induced DNA scission was examined by means of 3'-
end-labeled fragments (Figures 1C and 2B). The faster
fragment 5'f-G,-3'P*, which came from the scission between
Ay and Gy, (lane2), was treated with bacterial alkaline
phosphatase (BAP). A new band with less mobility was
quantitatively produced (lane 3). The mobility of the band
was identical with that of the slower counterpart 5's-G,,-3'P*
(lane 5). In contrast, the mobility of 5's-G,;-3'P* was un-
changed on BAP treatment (lane 6). Apparently, 5'f-G,,-3'P*
has a phosphate residue at the 5’-end, which is removed by
BAP. On the other hand, 5's-G,,-3'P* has an OH terminus.

The argument has furthermore been confirmed by the
following results. When 5's-G,,-3'P* (lane 5) was reacted with
unlabeled ATP in the presence of T4 polynucleotide kinase
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(T4 kinase) a phosphate residue was successfully attached to
its 5-end (lane 7). The mobility of the product is exactly
identical with that of 5'f-G,,-3'P* in lane 2. As expected, the
mobility of 5f-G,-3'P* was unchanged when it was treated
with the combination of T4 kinase and ATP (compare lanes 2
and 4).

If the DNA scission by Ce!V were to proceed by means of
the oxidative cleavage of deoxyribose, complicated and
unnatural termini should be formed at the ends of the
fragments.’?l These termini are not transformed by the
enzymes. Thus, the present results unequivocally substantiate
the contention that the Ce™-induced DNA scission occurs by
the hydrolysis of phosphodiester linkages.

Comparison of the rate of hydrolysis of DNA oligomer with
that of dinucleotide hydrolysis: The half-life for the con-
version of the DNA 22-mer to shorter fragments by [Ce(N-
H,),(NOs)s] (1mm) at pH 7.0 and 37 °C was determined to be
about 6 h by gel electrophoresis. This value agrees fairly well
with the value estimated on the assumption that each of the
phosphodiester linkages is as reactive as the phosphodiester
linkage in dinucleotides (8 h). The rate constant of the
hydrolysis of TpT by 1mm of [Ce(NH,),(NO;)4] is 0.004 h!
under these conditions,”! and the hydrolysis rate does not
depend on the type of dinucleotide.'>) The DNA oligomer has
21 phosphodiester linkages, and thus its half-life was estimat-
ed tobe 8 h (= 0.69/(0.004 x 21)) from the above assumption.
Apparently, the reactivities of phosphodiester linkages in the
DNA oligomer are almost comparable with those in dinu-
cleotides.

Efficient formation of phosphate termini in Ce™-induced
hydrolysis of DNA oligomer: In [Ce(NH,),(NO3)¢]-induced
hydrolysis of dinucleotides the nucleoside monophosphates,
which are formed by the hydrolysis of the phosphodiester
linkage in the first step, are rapidly hydrolyzed and not
accumulated in the mixtures.'”) Thus the predominant prod-
ucts are the nucleosides which have OH termini (Figure 3b).

a)

N

slow -

NNp + N———

/s‘lﬁ7 +

? NpN/ vt %
\ fast

N + pN
Figure 3. Formation of two kinds of termini in Ce™-induced hydrolysis of
a) DNA oligomer and b) dinucleotide; N =nucleoside.

2N + p

In the hydrolysis of the DNA oligomer, however, the terminal
monophosphates are protected from the subsequent hydrol-
ysis and thus the phosphate termini are formed in consid-
erable amounts (Figure 3b). Apparently, the terminal mono-
phosphates in the oligomeric DNA fragments are much less
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susceptible to hydrolysis catalyzed by Ce' than those in
nucleoside monophosphates.

We assume that one of the phosphodiester linkages in the
DNA oligomer is coordinated to the catalytically active Ce!v
ion together with the terminal monophosphate as schemati-
cally depicted in Figure 4a. As a result, the catalysis of the

! Ho0
0-P=0 | o=0
O ST Ce-----O
0=P-0:._/_-O
o Ce

Figure 4. Schematic views of monophosphate termini formed in the course
of Ce™-induced hydrolysis of a) DNA oligomer and b) dinucleotide. In a)
the metal-bound hydroxide may be provided by another Ce!Y ion in a
hydroxo cluster because the phosphodiester is already coordinated to this
Ce! jon.

phosphomonoester hydrolysis by the metal ion would be
largely suppressed, mainly because the Ce!V ion cannot
provide a metal-bound hydroxide as an intramolecular
nucleophile. In dinucleotide hydrolysis, however, the Ce!¥
ion, which is complexed with the nucleoside monophosphate,
is free from other phosphodiester linkages and is available for
the hydrolysis of the monophosphate (Figure 4b).24 A
structure similar to that in Figure 4a was previously proposed
by Kuusela, Guazev, and Lonnberg for the Zn**-ion-catalyzed
hydrolysis of RNA oligomers.[®

In order to obtain further information on the reaction
mechanism, the hydrolysis of d(pApA) by [Ce(NH,),(NO3)]
(10mm) was examined. The rate constant for the hydrolysis of
its terminal phosphate (the conversion of d(pApA) to
d(ApA)) was 4.2 h~! at pH 7.0 and 50 °C. This value is almost
identical to that (4.1 h~!) for the hydrolysis of pdA to dA
(determined with an authentic sample of pdA). Apparently,
the rate of monophosphate hydrolysis is little affected by the
neighboring phosphodiester linkage. This indicates strongly
that the coordination of internal phosphodiester linkages
other than the one neighboring the Ce!V is responsible for the
protection of the terminal monophosphates in the DNA
oligomers.

Conclusion

Both the 3'- and the 5'-ends of the fragments formed by Ce!V-
induced DNA scission are quantitatively transformed into the
expected forms when they are treated with natural enzymes.
Concrete evidence for the hydrolytic scission by Ce!V has been
obtained.®! Other parts of the DNA remain intact during the
scission, otherwise some of the fragments would not be
susceptible to these enzymatic manipulations.
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In contrast with the dominant formation of OH termini in
Ce-induced dinucleotide hydrolysis,['*! phosphate termini
are efficiently formed in the hydrolysis of oligomeric DNA. In
the oligomer the terminal monophosphates, produced by the
hydrolysis of phosphodiester linkages, are protected from
further hydrolysis (probably by the coordination of phospho-
diester linkages in the DNA chain). The terminus structure of
the DNA fragments might be controlled by the use of
appropriate ligands.

The present findings strongly indicate that the Ce!¥ ion and
its complexes are powerful as tools for the fields of molecular
biology and biotechnology amongst others. Artificial nucle-
ases for the sequence-selective scission of DNA are prepared
by conjugating the metal ion with DNA oligomers.?l Design
of stable and active Ce' complexes should be of importance
for further development of the field.

Experimental Section

Materials: A DNA 22-mer, d(GCATCACCAGCGGTCCTAGCAT), was
synthesized on an automated synthesizer and purified by reverse-phase
HPLC. The choice of sequence is rather arbitrary. [Ce(NH,),(NO3)4] from
Nacalai Tesque was used without further purification. d(pApA) was
prepared from d(ApA) (Sigma) and adenosine triphosphate with T4 kinase
and then purified by reverse-phase HPLC. Terminal deoxynucleotidyl
transferase (TdT, from calf thymus), bacterial alkaline phosphatase (BAP,
from E. coli), T4 polynucleotide kinase (T4 kinase, from E. coli), and
DNase I (from bovine pancreas) were purchased from Wako. Water was
ion-exchanged by a Millipore purification system (Milli-XQ; specific
resistance of the water >18.3 MQcm) and sterilized in an autoclave
immediately before use. Throughout the present study great care was taken
to avoid contamination by natural enzymes and other metal ions.

2P-Labeling of the DNA oligomer: The DNA 22-mer was ?P-labeled at
the 3'-end by 2',3’-dideoxyadenosine-5'-[a-*?P]-triphosphate (from Amer-
sham) with TdT (1 UmL™!) at pH 70 in a 100mM cacodylate buffer
containing CoCl, (1mwm) and dithiothreitol (0.2mm). The mixture was
incubated at 37°C for 1 h. A loading buffer (tris(hydroxymethyl)amino-
methane (Tris)/borate buffer (90mm) containing ethylenediaminetetra-
acetic acid (EDTA, 1mmM), urea (7m), xylene cyanol FF (0.02%), and
bromophenol blue (0.02%)) was added, and then the whole solution was
loaded onto a denaturing 20% polyacrylamide gel. After the electro-
phoresis, the labeled DNA was eluted out by water from the gel and
purified by ethanol precipitation.

The 2P-labeling of the DNA oligomer at the 5'-end was achieved by [y-
ZP]ATP (Amersham) and T4 kinase (0.5 UmL"!) at pH 7.6 and 37°C for
1 h. The Tris—HCI buffer (50mwm) for the enzymatic reaction contained
MgCl, (10mm), dithiothreitol (Smm), spermidine (0.1mwm), and EDTA
(0.1mwm). The labeled DNA was purified as described above for the 3'-end-
labeled one.

DNA scission by [Ce(NH,),(NO;)s]: The scission of DNA (the initial
concentration 0.01 mm) by [Ce(NH,),(NOs)¢] was performed at pH 7.0 (N-
(2-hydroxyethyl)piperazine-N'-3-propanesulfonic acid (HEPES) buffer,
10mm) and 37°C for 10 and 24 h respectively. The concentration of the
Ce'!V salt was 10mM for the 3'-end-labeled DNA and 1 mwm for the 5'-end-
labeled one. The smaller Ce!Y concentration was employed for the scission
of the 5-end-labeled DNA in order to minimize the removal of the
terminal monophosphate (used for %P labeling).

After the reactions, the faster and the slower fragments were completely
separated from each other by use of a long migration distance (around
30 cm) in denaturing 20 % polyacrylamide gel electrophoresis. The frag-
ments were purified by either ethanol precipitation or ultrafiltration (a
Millipore UFC3 LCC filter, made of regenerated cellulose). The fragments
used for the present enzymatic treatments were the most convenient for the
complete purification by these methods, although virtually the same results
were obtained on the enzymatic treatment of other fragments.
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Enzymatic manipulation of the fragments obtained by scission with
[Ce(NH,),(NO;)¢]: The faster and the slower fragments, removed from
the electrophoresis gel and purified as above, were treated with the
enzymes under the following conditions:

a) TdT (1 UmL"") at 37°C for 3 h in the presence of 2’,3’-dideoxycytidine-
S'’-triphosphate (ddCTP, 10mMm) in a pH 7 cacodylate buffer (100mwm)
containing CoCl, (1 mm) and dithiothreitol (0.2 mm).

b) BAP (0.03 UmL") at 37°C for 1 h in a pH 8 Tris buffer with MgSO,
(1mm).

c) T4 kinase (0.5 UmL™!) at 37°C and pH 7.6 for 2 h in the presence of
ATP (0.2mm) in the Tris buffer which was used for the ?P-labeling at the 5'-
end (vide supra).

After loading, Tris/borate buffer was added and the resultant reaction
mixtures were subjected to electrophoresis on a denaturing 20% poly-
acrylamide gel. The autoradiographs were quantified on a Fujix BAS-
1000 IT system.

Hydrolysis of nucleotides: The hydrolysis of d(pApA) and d(ApA) at pH
7.0 (HEPES buffer, 50mm) and 50 °C was followed by reverse-phase HPLC
(a Merck LiChrosphere RP-18(e) ODS column; water/acetonitrile = 94:6
(v/v)). The initial concentration of the substrate was 0.1 mm. The HPLC
peaks were definitively assigned by co-injection with authentic samples. In
the hydrolysis of d(pApA) the amounts of d(pApA), d(ApA), and dA in
the reaction mixtures were determined by the HPLC.’”l Thus, the rate
constant for the hydrolysis of the terminal monophosphate, the conversion
of d(pApA) to d(ApA), was evaluated by fitting the time-course for each of
d(pApA), d(ApA), and dA to the theoretical line. Experimental error in
the rate constant is estimated to be smaller than 10 %. The rate constant for
d(ApA) hydrolysis was directly determined according to pseudo-first-order
kinetics.
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Alternatives to the CO Ligand: Coordination of the Isolobal Analogues BF,
BNH,, BN(CH,),, and BO~ in Mono- and Binuclear First-Row Transition

Metal Complexes

Andreas W. Ehlers, Evert Jan Baerends,* F. Matthias Bickelhaupt, and Udo Radius

Abstract: Transition metal complexes
containing boron ligands (BE) coordinat-
ing through boron are viable targets for
synthetic chemistry. This follows from
our density-functional theoretical investi-
gation of the metal-binding capabilities of
a series of isolobal ligands AE (CO, BF,
BNH,, BN(CHj,),, and BO™) in mono-
and binuclear first-row transition metal

BO-, which is a poor & acceptor owing to
its high energy m* LUMO). The
M(CO),-BE bond is therefore signifi-
cantly stronger than the M(CO),-CO
bond. The [Cr(CO)s(AE)] bond dissoci-
ation energy, for example, amounts to
41.8 (CO), 62.1 (BF), 72.1 (BNH,), and
93.4 kcalmol~! (BO~). However, the high
polarity of the BE ligands and the build-

up of positive charge on BE suggest a low
kinetic stability. Strategies for improving
the kinetic stability of metal-BE com-
plexes are presented. Steric protection of
the reactive BE frontier orbitals may be
built into the ligand as in BNR, (with R
potentially bulky) and into the metal
fragment (by bulky ligands or u coordi-
nation). However, the electronic stabili-

carbonyl complexes [M(CO),(AE)], [Fe,
(CO)(AE)], and [Mny(Cp),(CO)(AE)]
(M =Cr-Ni). A detailed analysis of the
M(CO),-BE bond shows that BE lig-
ands are much better o donors than CO
and comparable 7 acceptors (except for

theoretical

Introduction

Transition metal carbonyl complexes constitute one of the
most important families in organometallic chemistry, display-
ing a wealth of structural complexity and chemical reactivity.
They are also of great practical importance as starting
materials for the synthesis of other low-valent metal com-
plexes or as reagents in organic synthesis (e.g. Collman’s
reagent, Na,[Fe(CO),]).'” They also play a key role as
intermediates in homogeneous catalysis.?! The possibility of
substituting CO by a large number of other ligands contrib-
utes to the rich diversity. Examples for such ligands are
halides (X™), alkoxides (RO™), phosphines (PR;), or aromatic
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F. M. Bickelhaupt
Fachbereich Chemie, Philipps Universitdt Marburg
Hans Meerweinstrasse, D-35032 Marburg (Germany)
U. Radius
Institut fiir Anorganische Chemie
Universitdt Karlsruhe, Engesserstrasse Geb. 30.45
D-76128 Karlsruhe (Germany)

210 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Keywords: boron
relationships - orbital interactions -
calculations
transition metals

zation of the [M]-BE bond seems to be
just as important. We show that binuclear
metal complex fragments, such Fe,(CO)g
and Mn,(Cp),(CO),, have just the right
frontier orbitals to accomplish this.

isolobal

rings (C¢Hg, CsH5). Ligands isolobal to CO (for example N,
NOT, and CN™) are also quite well-known. However, the
number of complexes with neutral isolobal molecules termi-
nally ligated to transition metals is somewhat limited; they are
mainly complexes with carbon ligands of the type CE (E =S,
Se, Te, NR, CH,) and with N,. None of these ligands seems to
be as versatile as CO.

It would be very useful to have at one’s disposal an
assortment of ligands that are similar to CO and yet different.
One could use these to fine-tune the activity of transition
metal based catalysts and thus improve the efficiency of
catalytic processes. Recently, we have undertaken a theoret-
ical exploration of practical alternatives to the ubiquitous and
immensely useful CO ligand.[l A careful comparative analysis
of the isoelectronic diatomics AE (N,, CO, BF, and SiO) and
their metal-binding capabilities in the model complexes
[Fe(CO)4(AE)] and homoleptic [Fe(AE)s] has underlined
that for the formation of stable metal-ligand bonds it is
essential to have good and balanced o donation through the
50 orbital (Scheme 1, 1), and m acceptance through the 2xn
orbitals (Scheme 1, 2 and 3).

CO has just the right orbital electronic structure to provide
such balanced, synergic bonding: a moderately high-energy So
HOMO, largely localized on carbon and directed towards the
metal center, and moderately low-energy 2n LUMOSs, again
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Scheme 1. Orbital diagrams showing o donation and 7 acceptance of AE
ligands.

localized to a large extent on carbon. Together with substantial
intrinsic stability, this is of course what makes the CO ligand
so versatile. Some of these features, so important for the stability
of the M- AE bond, were found to be even more pronounced
in the electronic structure of other ligands.’] The 50 orbitals
are at higher energy and the 2n* are at lower energy in SiO
and BF. In BF these frontier orbitals are also more strongly
localized on the A atom (i.e. boron). Indeed the polar BF is
found to bind even better to first-row transition metal centers
than CO especially because of its excellent o-donor proper-
ties. Its m-acceptor capability is only slightly stronger.

In this paper we present a theoretical investigation of a
series of BE ligands that are isolobal with CO: BF, BO~, and
BNH,. The thermodynamic stability of these complexes will
be established beyond doubt. Although it is well-known that
bonding to a transition metal fragment can stabilize ligands
that are unstable in their free form, as can be seen from SiO,
CS, or the more famous example of cyclobutadiene,® the high
polarity of these ligands and the build-up of positive charge on

Abstract in Dutch: De synthese van overgangsmetaal-
verbindingen met liganden BE, die via boor gecoordineerd
zijn, is in principe haalbaar. Dit blijk uit ons DFT onderzoek
naar de mogelijkheid van de isolobale liganden AE = CO, BF,
BNH,, BN(CH;), en BO~ om aan een metaal te binden in
mono- en binucleaire eerste reeks overgangsmetaal-carbonyl-
complexen [M(CO),(AE)], [Fe,(CO)s(AE)] en [Mn,(Cp),-
(CO),(AE)] (M= Cr-Ni). Een gedetailleerde analyse van de
M(CO),— BE binding toont aan dat de BE liganden veel betere
o donoren dan CO en vergelijkbare acceptoren zijn (met
uitzondering van BO~, die door de hoge energie van de m*
LUMO een heel zwakke m acceptor is). De M(CO),—-BE
bindingen zijn hierdoor significant sterker dan de vergelijkbare
M(CO),-CO bindingen. De [Cr(CO)s(AE)] bindings dis-
sociatie-energieén zijn bijvoorbeeld 41.8 (CO), 62.1 (BF), 72.1
(BNH,), en 93.4 kcalmol™' (BO~). De hoge polariteit van de
BE liganden en de opbouw van positieve lading op BE doet een
lage kinetische stabiliteit verwachten. Voorstellen om deze voor
de BE complexen te verbeteren worden gemaakt. Sterische
afscherming van reactieve BE grensorbitalen zou door aan-
bouw van lijvige liganden aan het metaal fragment kunnen
plaatsvinden net als het voor BNR, met grote groepen R
gebeurt. Maar electronische stabilisatie van de [M]- BE bin-
ding lijkt net zo belangrijk te zijn. Wij laten zien, dat
binucleaire  metaal  fragmenten, als Fe,(CO)g en
Mn,(Cp),(CO),, precies de juiste grensorbitalen hebben om
dit te bereiken.

Chem. Eur. J. 1998, 4, No. 2
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coordination suggest a low kinetic stability for BE complexes.
Stable compounds containing boron with the coordination
number 2 can be isolated when the boron atom is protected by
sterically demanding groups, as can be seen from the
iminoboranes R—-B=N-R’, where the B=N bond is shielded
on both sides by large groups R and R’} However, in
transition metal complexes with BO~ or BF ligands protection
takes place from only one side and perhaps not very
effectively. The analogous organic compounds, the boroxanes
R-B=0 and borthianes R -B=S, are very reactive, and this
type of compound is only known in the gas phase, as they
trimerize in the condensed phase.®” A recent investigation
succeeded in determining and characterizing the methylbori-
oxide H;C-B=0," which is isolobal with the [(CO)sMn -
(B=O) |l investigated in the present work. The metal organic
boroxanes [L,M—(B=0)] could be expected to have reac-
tivities similar to those found for organic boroxanes R — B=0.

To overcome the problem of kinetic instability associated
with BE complexes, we may invoke both steric protection and
better electronic stabilization. The structural features of the
BNR, ligand (with R potentially bulky) clearly allow for steric
protection at the ligand side. Very little is known about BNR,,
but there is some experimental evidence that indicates that
this may be a realistic ligand. In 1970, Schmid, Petz, and N6th
reported!'” the synthesis of [Fe(CO),(BNR,)] (R=CHj,
C,H;). However, these compounds turned out to be thermo-
labile and oligomerized to give [Fe(CO),(BNR,)],. Braun-
schweig and Wagner"®l reported very recently the first X-ray
structure of a complex containing the BN(CHs;), ligand, the
binuclear [Mn,(C;sHs),(CO),{BN(CH,),}]. Apart from offer-
ing better steric protection at the metal fragment side, there is
the interesting possibility of better electronic stabilization
provided by binuclear compared with mononuclear metal
fragments. The better m-donor capability of fragments such as
Fe,(CO)," and Mn,(CsH;),(CO), may play an important role
in the electronic stabilization of BE complexes.

E E E

[ | I

M\\o“"ﬁv oy .
M(CO),AE M(CO)AE,, Ni(CO);AE

Scheme 2. Mononuclear AE complexes.

To answer these and other questions, we have studied the
orbital electronic structure of the series of isolobal ligands
AE = CO, BF, BNH,, BN(CHj;),, and BO~, as well as their
coordination in mono- (Scheme 2) and binuclear (Scheme 3)

\"“\‘M/E\ 2
SN

first-row transition metal carbonyl complexes of the type
[M(CO),(AE)], [Fe,(CO)s(AE)], and [Mn,(Cp),(CO),(AE)]
(M =Cr, Mn"', Fe, Co*, Ni), by means of nonlocal density-

Scheme 3. Binuclear AE complex.
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functional theory and a large, polarized STO basis set of
triple-¢ quality (NL-SCF/TZP).

Experimental Section

General procedure: The calculations reported here were carried out by
means of the Amsterdam Density-Functional (ADF) program developed
by Baerends et al., vectorized by Ravenek, and parallelized by Fonseca
Guerra et al.l'>'®l The MOs were expanded in a large, uncontracted set of
Slater-type orbitals (STOs) containing diffuse functions, TZP. The TZP
basis set is of triple-{ quality for all atoms and has been augmented with
one set of 4p functions on each transition metal atom, and one set of
polarization functions on each main-group atom (2p on H, and 3d on B, C,
N, O, and F).l"2% The 1s core shell of boron, carbon, nitrogen, oxygen, and
fluorine and the 1s2s2p core shells of the first-row transition metal atoms
were treated by the frozen-core (FC) approximation.['”) An auxiliary set of
s, p, d, f, and g STOs, centered on all nuclei, was used to fit the molecular
density and to represent the Coulomb and exchange potentials accurately
in each self-consistent field (SCF) cycle.?!l The numerical integration was
done by means of the scheme developed by te Velde et al.l'®]

All calculations were performed at the NL-SCF level by means of the local
density approximation (LDA) in the Vosko—Wilk—Nusair parametriza-
tion? with nonlocal corrections for exchange (Becke 88)?* and correla-
tion (Perdew 86).?Y Geometries were optimized by means of the analytical
gradient method implemented by Versluis and Ziegler.?32

Vibrational frequencies?”! were calculated by numerical differentiation of
the analytical energy gradients. For economic reasons, vibrational analyses
have only been carried out for the [Cr(CO)s(L)] systems (L=BE, BO-,
BNH,, BN(CHs;),), which all turn out to be minima on the potential energy
surface (PES). Zero-point vibrational energy (ZPE) and thermal energy
corrections (for 298.15 K) were previously shown to be on the order of a
few kcalmol~". In the present study they are neglected.

It has been mentioned in a recent investigation that the basis set
superposition error (BSSE) could contribute considerably to the calculated
bond energy of negatively charged systems by means of DFT methods, and
a countercorrection of about 20 kcalmol~! was reported for CN~.18! Our
studies on the first bond dissociation energy of [Cr(CO)g] with various basis
sets show that the BSSE is smaller than 1.5 kcalmol~! for the basis set
combination used in this investigation.’! For [Cr(CO);—(BO)]~ a some-
what larger BSSE of 5kcalmol™ is found with the same basis set
combination. However, these values are rather small compared with the
overall bond energies, so BSSE corrections are also neglected in this
investigation.

Bonding energy analysis: The transition metal boron bond in the various
mono- and binuclear complexes was analyzed by means of the well-known
breakdownl*®! of the interaction energy into an exchange (or Pauli)
repulsion and an electrostatic interaction energy term (AE’), and the
orbital interaction energy (charge transfer, polarization). It is sometimes
necessary to prepare the fragments for interaction, for instance by
deforming them from their equilibrium structure to the geometry they
acquire in the overall molecule or by electronic excitation to a valence state
electronic configuration. The overall bond energy AE is thus made up of
three major components [Eq. (1)] where AE*=AE i + AEp,;-

AE=AE,.,+AE +AE, 1)

Note that AE is defined as the negative of the bond dissociation energy
BDE, AE = E(molecule) — XE(fragments) = — BDE, and is negative for a
stable bond. AE,, (usually attractive) represents the electrostatic inter-
action between the prepared fragments when they are put, with unchanged
electron densities, at the positions they will occupy in the complex. The
Pauli repulsion AEyp,,; comprises the four-electron destabilizing interac-
tions between occupied orbitals and is responsible for the steric repulsion.
For neutral fragments, it is useful to combine AE, and AEp,; in the steric
interaction term AE° [Eq. (1)]. The orbital interaction AE,; accounts for
charge transfer (interaction between occupied orbitals on one moiety with
unoccupied orbitals of the other, including the HOMO -LUMO inter-
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actions) and polarization (empty/occupied orbital mixing on one frag-
ment). We will not try to separate charge-transfer and polarization
components, but we will the use the extended transition-state (ETS)
method developed by Ziegler and RaukP'*! to split the AE,; term into
contributions from each irreducible representation I' of the interacting
system [Eq. (2)].

AE;=Y"AE; @

In systems with a clear o, & separation this symmetry partitioning proves to
be most informative.

Results and Discussion

Boron ligands BE

Isolobal analogies and differences with CO: In this section, we
discuss how our BE model ligands are all isolobal to CO. We
will also see how much they can differ, especially when charge
effects come into play (as for BO™).

BE BNH,, and BN(CH;),: Since the orbital character and
energetics of the frontier orbitals, the 50 HOMO and the 2x
LUMOs (30, and 1m, in N,), determine the coordination
capabilities of the BE molecules, we will discuss these orbitals
in some detail, with isolobal N, included for comparison. The
HOMO of any of these AE diatomics can be viewed as a
slightly antibonding A —E lone-pair orbital with an sp} lobe,
which participates in the metal-ligand bond through o
donation of charge into an empty d, hybrid orbital on the
metal carbonyl fragment, as shown in Scheme 1, 1. The
antibonding character is reflected in the negative overlap
populations, given in Figure 1, which are small and do not
change much throughout the series. The two m* LUMOs,
which are much more A -E antibonding than the c HOMO
(note the negative overlap populations), are involved in x
back-donation accepting charge from d,, (Scheme 1, 2) and d,,
hybrid orbitals (Scheme 1, 3). These general features of
forward and back-donation are well-known.

How exactly does the AE electronic structure change as we
go from N, through CO to BF (Figure 1)? The AOs of the
electropositive atom A rise in energy and become more
diffuse along this series, whereas those of the electronegative
atom E decrease in energy and become more compact. This
leads to an energy mismatch, poorer overlaps, and therefore
to weaker A—E orbital interactions. As a consequence the
bonding 1m orbital localizes on the more electronegative E
atom whilst the 25t LUMOs, 2p,(A) — 2p.(E), drop slightly in
energy and become more localized on A (Figure 1). The
HOMO in N, is zero-order 2p,(A)+2p,(E) with an antibond-
ing admixture of 2s(A)+2s(E). As we go to CO and BF, the
HOMO character shifts more and more toward 2s(A)—
2p,(E) with a bonding admixture of 2p,(A). This ligand donor
orbital in fact becomes very localized on A and increases
rather strongly in energy (Figure 1). The higher amplitude of
both HOMO and LUMO on A will increase the interaction
with the metal carbonyl fragment, as indicated by the overlaps
with the metal-fragment acceptor orbital quoted in angular
brackets in Figure 1. It is clear that the important jump is from
N, to CO. The lack of amplitude of the frontier orbitals of N,
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Figure 1. Valence orbital energies (eV) of AE systems N,, CO, BF, BNH,,
and BO™. Below each level the percentage of atom A character is indicated
and the overlaps with the relevant Fe(CO), frontier orbital are quoted in
angular brackets. Above each level the Mulliken overlap population is
given in parentheses.

at the coordinating atom and the concomitant poor overlap
with the metal fragment are aggravated by the low energetic
position of the 0 HOMO. The AE ligand’s overall metal-
binding ability is thus expected to increase in the order N, <
CO < BF < BNH,, and along this series the importance of o
donation should be enhanced relative to that of m back-
donation. These expectations have been checked (preliminary
communication see ref. [4]) and will be verified more fully in
later sections.

As noted in the introduction, C,,-symmetrical BNH, may
be an interesting alternative to the reactive BF in view of
possibilities for steric protection by bulky substituents. Its
frontier-orbital energies suggest that it has even better ligating
properties than BF (Figure 1). The 5a; HOMO is higher in
energy and the 2b, LUMO, the m* orbital lying in the
molecular plane, is lower in energy. Let us have a closer look
at the 2b, and 2b, MOs of BNH,. One can view them as being
derived from the degenerate m, and m, MOs of the BN
fragment, 2p,(B) —2p,(N) and 2p,(B) —2p,(N), respectively.
The latter is stabilized through a bonding interaction with the
out-of-phase combination of the two hydrogen 1s AOs and
becomes the 2b, LUMO. At the same time, an antibonding
second-order admixture of BN m,, 2p,(B)+2p,(N), enhances
the amplitude on B and virtually cancels that on N
(Scheme 4).

o< & L

v

2b, LUMO 2by LUMO+1

Scheme 4. LUMO orbitals of BNH,.
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The BN mt; or 2p,(B) — 2p,(N) cannot be stabilized by the

2r-036) hydrogen 1s AOs, because it is orthogonal to them. Therefore,

it remains at higher energy (Figure 1) and becomes the 2b,
LUMO+1 (Scheme 4). An alternative but equivalent per-
spective arises if one analyses BNH, in terms of B and NH,.
The 2b, is then the free 2p, AO of boron (almost unperturbed
by the NH, fragment), whereas the 2b, is the boron 2p, AO,
destabilized by the 2p,(N)-like 1b; MO of NH,. Besides
gauging it against CO, it is interesting to compare BNH, with
the vinylidene ligand CCH,, which is known to form stable
transition metal complexes. The HOMO-LUMO gap of
3.0 eV is nearly identical and the CCH, 3a; HOMO (83 %)
and 2b, LUMO (80 %) are somewhat less localized on the
terminal atom, in line with the reduced electronegativity
difference between the two main-group atoms.

The BO™ ligand is clearly the odd one out in the present
series. Even though its frontier orbitals 5o and 2t* are similar
in shape to those of the other BE ligands, as judged by the
degree of localization and the overlaps with the metal-
fragment frontier orbitals, the energy of the BO~ orbitals shift
considerably, the 2m* to quite high energy, owing to the
negative charge. The fact that the occupied 1z (not shown in
Figure 1) actually reverses its position with respect to the 50,
becoming the de facto HOMO, is of minor importance since it
has a small amplitude at B (18 %) and a small overlap (0.04)
with the metal-fragment HOMO. The orbital energies in the
isolated ligand have to be viewed with some caution, since
complexation will reduce the negative charge considerably
and therefore lower the effective orbital energies. It is
nevertheless evident that BO~ will be a very poor i acceptor;
on the other hand it may be expected to be a very good o
donor.

Metal —boron coordination in mononuclear complexes: We
have made a comparison between the various ligands, in
particular with respect to ¢ bonding and s back-bonding
capabilities, by means of a detailed bond-energy deconstruc-
tion. However, these energy components are not observables,
and we will first discuss trends for a number of experimentally
observable quantities such as geometries, frequencies, and
bond enthalpies, which are generally used to make inferences
about trends in o donation and st back-donation.

Geometries, frequencies and bond enthalpies: An often used
indicator of the relative m-acceptor strength of a ligand is the
geometry change of the carbonyl groups attached to the same
metal, notably the one in the trans position. The C—O bond is
lengthened and its force constant is lowered by back-bonding.
These observables may be used to monitor the m-acceptor
strength of the AE ligands, since a good AE & acceptor
reduces the amount of back-bonding to the other (carbonyl)
ligands, leading to a shorter C—O distance and higher
frequency. Of course, the A—E bond length itself is the
primary geometric parameter to reflect bonding effects. In
view of the larger negative overlap population of the 2m*
orbitals compared with the 56 HOMO, &t back-bonding will
have the strongest effect (the overlap populations are given in
Figure 1 in parentheses). This will have the effect of length-
ening the bond, while ¢ donation, depopulating the (weakly)
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antibonding HOMO, will tend to shorten the bond, in
particular in BO~ with its relatively strongly antibonding So.

The calculated geometries of the mononuclear carbonyl
compounds [M(CO),-(AE)] (M =Cr, Mn, Fe, Co, and Ni)
are listed together in Table 1. For the complexes derived from
Fe(CO)s and {Co(COs)}* these geometries represent the
trigonal bipyramidal conformations, where the substituent is
in the axial position. Substitution at the equatorial position
leads to conformations that are 2-5 kcal higher in energy for
all of the investigated ligands. In case of AE =BNH, a very
low rotation barrier around the M—B —N axis is found that is
less than 0.5 kcalmol . This is in agreement with theoretical
and experimental data for complexes of the isoelectronic
vinylidene ligand (CCH,).’**! The structural parameters of
the eclipsed conformations are given in Table 1; the values of
the equatorial carbonyls are averaged for the CO groups
parallel and perpendicular to the NH, plane. The definitions
of the angles a and f are shown in Figure 2.

Figure 2. Definition of structural parameters of mononuclear [M(CO),-
(AE)] complexes.

Much theoretical work has already been done on structure
and bonding of the binary carbonyl compounds of the first-
row transition metals.”**! Since we are interested in the
changes in the structures caused by substitution, we have
repeated these calculations to produce a comparable set of
data. Comparisons with experimental data for the mononu-
clear systems can be found in the above references. They show
an excellent agreement for the methods used. We will make a
comparison with the experimentally derived values of the
binuclear complexes in a later section.

Apart from a comparison amongst the AE ligands, we can
also compare the neutral metal carbonyl fragments to the
charged ones, the latter presumably amplifying the effect of o
donation and diminishing the mt back-donation.

Considering first the complexation with neutral metal
carbonyl fragments, we note for CO an increase in bond
length (>0.01 A) with respect to the free ligand, for BF a
smaller increase in bond length, virtually no change for BNH,,
and a distinctly shorter bond for BO~. The smaller increase in
bond length for BF than for CO does not necessarily imply
weaker back-bonding, since the antibonding character of the
BF 27t* is only half that of CO (cf. Figure 1). We can conclude
from these geometry effects that m back-bonding is important
for CO and BF, but owing to the opposite effects of o and =
bonds on the geometry and the larger effect of m back-
bonding than o donation, very little can be concluded
concerning the relative magnitude of these two types of bond.
The absence of any clear geometry effect for the aminoborane
complexes, combined with the expectation of similar & back-
bonding as for CO and BF based on the similar orbital
energies and frontier orbital overlaps, leads us to infer
stronger o donation in this case, which is necessary in order
to cancel the bond-lengthening effect of the t back-bonding.
This would fit in with the higher HOMO orbital energy. The
shorter bond for BO™ is particularly striking. This fits in with

Table 1. Selected bond lengths (A) and angles (°) of [M(CO),-(AE)] (M = Cr, Mn, Fe, Co, Ni; n =5, 4, 3).

r(M-A) r(A-E) M=Crans H(C=O)rans rM-C)s  r(C-0)s; @ B

Cr(CO);s -CO 1.927 1.155 1.927 1.155 1.927 1.155 90.0 180.0
{Mn(CO)s}* -CO 1.894 1.141 1.894 1.141 1.894 1.141 90.0 180.0
Fe(CO), -CO 1.821 1.153 1.821 1.153 1.820 1.156 90.0 180.0
{Co(CO),}* -CO 1.834 1.139 1.834 1.139 1.877 1.139 90.0 180.0
Ni(CO); -CO 1.841 1.151 1.841 1.151 1.841 1.151 109.5 180.0
free ligand CO 1.138

Cr(CO);s -BF 1.909 1.281 1.923 1.153 1.914 1.157 87.8 178.1
{Mn(CO)s}* -BF 1.886 1.259 1.913 1.139 1.894 1.147 88.0 178.0
Fe(CO), -BF 1.815 1.275 1.838 1.160 1.807 1.160 86.2 178.9
{Co(CO),}* -BF 1.820 1.251 1.863 1.137 1.850 1.142 85.8 179.7
Ni(CO);, -BF 1.850 1.274 1.850 1.153 106.7 178.1
free ligand BF 1.272

Cr(CO);s -BNH, 1.939 1.379 1.937 1.155 1.912 1.160 873 178.2
{Mn(CO)s}* -BNH, 1.924 1.354 1.937 1.142 1.885 1.145 87.7 178.3
Fe(CO), -BNH, 1.848 1.378 1.840 1.157 1.804 1.164 86.3 178.9
{Co(CO),}* -BNH, 1.858 1.346 1.863 1.138 1.825 1.142 86.4 179.2
Ni(CO);, -BNH, 1.883 1.384 1.852 1.155 108.1 176.4
free ligand BNH, 1.380

Cr(CO);s -BO~ 2.098 1.234 1.865 1.173 1.900 1.167 87.6 177.6
{Mn(CO)s}* -BO 2.051 1.221 1.841 1.151 1.868 1.150 87.3 177.9
Fe(CO), -BO~ 1.973 1.234 1.801 1.169 1.791 1.172 83.9 179.3
{Co(CO),}* -BO~ 1.948 1.220 1.826 1.148 1.816 1.151 83.5 179.0
Ni(CO), -BO~ 2.011 1.235 1.813 1.169 104.1 179.0
free ligand BO- 1.247
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the expected small &t back-bonding and strong o donation on
account of the high orbital energies for both these levels.

Upon coordination to the isoelectronic positive metal
carbonyl fragments the AE bond lengths become distinctly
shorter than when coordinated to the neutral fragments. This
is consistent with the expectation of less & back-bonding and
stronger o donation. Both effects tend to strengthen and
shorten the AE bond, as is observed in all cases. In fact, for the
positive metal fragments there is a net bond shortening with
respect to the free ligand for all boron-containing ligands,
increasingly so in the series BF < BNH, < BO-, but not for
CO. This is clear evidence for the increasing importance of o
donation of the BE ligands.

If we compare the other calculated structural parameters of
the substituted complexes with those of the binary carbonyl
complexes it can be seen from Table 1 that the geometries are
hardly affected by the substitution. The angles between the
substituents and the equatorial CO, which are still linearly
bound, are in all the investigated cases somewhat smaller than
in the binary carbonyl compounds. The & back-bonding of the
BE ligands apparently differs too little from that of CO to
make a significant change to the C— Oy,,s or C— Oy distances,
except for BO™. Here the expectation of poorer m-accepting
ability and therefore increased m back-bonding to the other
ligands is confirmed by relatively long C— O bond lengths. The
structures of the complexes of BO~ are very similar to those of
CN- reported earlier.?!

For an additional comparison , we can consider the A—E
stretching frequencies. Since frequency calculations with
numerical derivatives of the analytical gradients require
severe computational effort we will limit our consideration
to the comparison of the vibrational frequencies of the free
ligands with those of the mononuclear chromium complexes.
These stretching frequencies 7(A-E) and the calculated
frequency shifts are shown in Table 2. No imaginary frequen-
cies are found and all the calculated [Cr(CO)s;-(AE)]
compounds are minima on the potential energy surface.

For [Cr(CO);s(BF)] the calculated change of the stretching
frequency is in agreement with the results of our previous
investigation®! of [Fe(CO),(BF)] with A7=90cm™'. For
[Cr(CO)¢] the experimental observations are reproduced

Table 2. Calculated vibrational frequencies (cm™') of the free ligands and
of the [Cr(CO)s—(AE)] complexes.

co BF BNH, BO-
v(A-E), free ligand 2124 1358 1238 1686
v(A-E), [Cr(CO)s—(AE)] 1971 1461 1347 1773
Av —153 103 109 87

and a frequency shift of about —150 cm™! is calculated. For
the complexes of the other three ligands BF, BNH,, and BO~,
the opposite trend is predicted than for CO and the
frequencies are shifted by about 100 cm™! towards higher
wavenumbers. The relative effects of m back-donation and o
donation are clearly different for the frequencies than for the
bond lengths. The frequency shifts show that o donation exists
for all three ligands BO~, BF, and BNH,, and is relatively
more important for the BE ligands than for CO. The present
results strengthen our interpretation of the structural evi-
dence (decreasing A—E bond lengthening in the series CO,
BF, BNH,) in terms of increasing ¢ donation rather than
decreasing i back-donation. The upward frequency shift for
BO~ isin line with the expected strong o donation, but the fact
that it is smaller than in the other BE ligands is hard to
reconcile with the particularly large o donation and very small
7t back-donation expected for this ligand.

The bond enthalpies AH are given in Table 3 (the decom-
position of AH into various components will be discussed in
the next section). In the case of the Fe(CO), fragment we
found a 3b, triplet ground-state in an earlier investigation with
a singlet —triplet excitation energy smaller than 1 kcalmol-1.
Since the thermal dissociation with respect to the triplet
ground-state is a spin-forbidden process,*! the dissociation
energies of [Fe(CO)s] and the analogue [Fe(CO),-(AE)]
refer to the singlet ground-state.

Values for the bond dissociation energies of the binary
carbonyl compounds [Cr(CO)y], [Fe(CO)s], and [Ni(CO),]
have been reported earlier both with DFT methods**#! and at
the CCSD(T) level of theory,®*! and the reliability of the
present DFT method has been established in extensive
validation against experimental data. The value of the bond
dissociation of [Fe(CO)s] (AH = 48.4 kcalmol~!) is somewhat

Table 3. Calculated bond dissociation enthalpies and energy decomposition (kcalmol~1).

[Cr(CO)s(AE)] [{Mn(CO)s}*AE] [Fe(CO),(AE)] [{Co(CO),J*AE] [Ni(CO)(AE)] [Fe)(CO)(AE)] [Mny(Cp),(CO)(AE)]
CO —BDE (AH) -418 —442 —484 -373 —282 ~30.6 —483
AE'+AE,,, 305 28.7 38.1 438 329 73.9 84.1
AE, ~338 432 —448 —518 —28.0 —493 —450
AE, —385 —-29.7 —417 -293 -331 —552 —874
BF —BDE (AH) —62.1 714 ~738 ~70.6 —453 —71.0 ~90.2
AE 4+ AE,,, 389 36.8 542 63.4 20.0 85.8 99.8
AE, ~59.0 ~758 —81.7 ~100.1 ~38.8 ~875 972
AE, —420 324 —463 ~339 —345 —69.3 —938
BNH, —BDE (AH) —72.1 944 —87.7 —986 —527 ~728 —97.3 (-92.3)
AE 4 AE,,, 316 20.0 422 414 17.6 68.2 98.7 (84.9)
AE, —67.1 — 862 ~89.6 ~110.0 —40.9 — 883 —108.0 (—97.7)
AE, ~36.6 —282 —403 ~30.0 —294 527 —88.0 (—79.5)
BO- —BDE (AH) —93.4 ~206.1 ~106.1 ~216.6 ~70.0 ~102.0 ~90.7
AE 4 AE,,, —32 —88.9 262 —54.0 ~08 37.1 49.1
AE, ~75.6 —~10L.9 —1122 —1415 —61.1 —113.9 ~102.0
AE, —14.6 ~16.1 ~20.1 —21.1 —8.1 ~252 ~37.8
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larger than the value reported in our previous study?® on
substituted iron carbonyl complexes (AH =44.6 kcalmol!)
with a different basis set. It is well-known that among the
neutral compounds [Ni(CO),] has the weakest metal —car-
bonyl bond strength (28.2 kcalmol™!), the bond to the
Cr(CO); fragment being quite a bit stronger (41.8 kcal mol '),
and to Fe(CO), clearly the strongest (48.4 kcalmol ).

The calculated bond energies (Table 3) show that the
transition metal boron bond in all cases is thermodynamically
more stable than the corresponding metal —carbonyl bond.
For each BE ligand the trend with the metal carbonyl
fragments is the same as for CO but with more pronounced
differences. Among the BE ligands the bond strength
increases from BF to BNH, to BO~. The M-BF bond is
predicted to be 1.5-2 times stronger than the corresponding
carbonyl bond. For complexes of BNH, AH is greater by 10—
28 kcalmol~! with respect to BF. The bonds to BO~ are the
strongest. For the neutral metal carbonyl fragments the
increase with respect to BNH, is again approximately
20 kcalmol~, but for the positive metal carbonyl fragments
the electrostatic effects lead to a jump of more than
100 kcal mol 1.

The increase in bond enthalpy is consistent with the
increasing contribution of o bonding that we inferred above,
although it is surprising that the expected reduced mt bonding
for BO~ seems to have so little effect on the total bond
strength for this ligand. We conclude that the experimentally
observable quantities that we have investigated in this section
give consistent but not conclusive evidence for the expected
trends in the bonding mechanisms.

Electronic structure and bonding: Table 3 also contains the
breakdown of the total bond enthalpies into the term AE,
representing the o donation, the term AE, representing the ©t
back-bonding and the term AE® + AE,,.,. AE® summarizes the
attractive electrostatic interaction AE., and the repulsive
Pauli repulsion AFEp,,. AE,., is the energy difference
between the ground states of the fragments at their equili-
brium structure and the valence states of the fragments at the
geometries they possess in the complex (the preparation
energy). These energy components provide quantitative
underpinning for the inferences we have made concerning
the contributions to the bond energy. The assumption that the
7t bonding is comparable in CO, BF, and BNH, is corrobo-
rated by the fact that for each of the mononuclear metal
carbonyl fragments the AE, terms for these ligands are similar
(for Cr(CO)s: —38.5, —42.0, and —36.6 kcalmol~!, respec-
tively). As expected AE, for BO~ (—14.6 kcalmol™" for
Cr(CO)s) is much smaller. The ¢ bonding, on the other hand,
exhibits a clear increase in the series, the largest increase
occurring on going from CO to BF (25kcalmol™!' for
Cr(CO);), with subsequent steps of ca. 8 kcalmol~! to BNH,
and then to BO™. The AE°+AE,,, term is positive (repulsive)
owing to the Pauli repulsion, which does not vary much
throughout the BE series. The attractive electrostatic term,
however, is much more stabilizing in the case of the charged
BO~ fragment, hence the reduction of this term (to almost
zero for the Cr(CO)s and Ni(CO), fragments). The picture is
now rather simple: the increasing bond enthalpy in the series

216 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

is caused primarily by increasing o bonding. In the case of
BO~ the sharp decrease of the m bonding is overcompensated,
mostly by much greater electrostatic attraction in addition to
an increase in o bonding.

In going from the neutral to the corresponding positive
metal carbonyl fragments we find the expected larger o
bonding (the increase ranging between 10 and 30 kcal mol')
and the expected decrease in  bonding, although the latter is
more modest (the decrease is always in the order of
10 kcalmol~!, and only a few kcalmol~' for BO~). The very
strong bond of BO~ to these positive fragments, which seems
to be somewhat unusual, is simply caused by electrostatic
effects between the charged fragments.

The data in Table 3 also introduce the possibility to order
the transition metal carbonyl fragments according to their
bonding capabilities. Ni(CO),, with a formally occupied 3d
shell, is not only the weakest o acceptor, but also has weak -
back-bonding capability compared with the other neutral
metal carbonyl fragments. Since the orbital energies and the
overlap integrals of the si-donor orbitals in Ni(CO);, Fe(CO),
and Cr(CO); fragments are comparable, the small st back-
donation of the [Ni(CO);-(AE)] complexes is possibly a
result of (lack of) synergism with ¢ donation. In [Cr(CO)],
synergism of o and & bonding has been shown to increase
electronic interaction energies by ca. 50%.5 The Fe(CO),
fragment is a particularly good o acceptor (for the BE ligands
about twice as effective as Ni(CO);) and usually also the best
7t donor, but only with a small margin of a few kcalmol~!. The
positive metal carbonyl fragments behave as expected: by far
the best o acceptor is {Co(CO),}".

This theoretical investigation gives a bright picture of the
experimental accessibility of organometallic complexes con-
taining BF, BNR,, and BO~ as alternative ligands to the
isoelectronic carbon monoxide. High bonding energies are
computed and the complexes are predicted to be thermody-
namically more stable than those of CO. However, this does
not necessarily mean that those complexes will be kinetically
stable. The boron atom is susceptible to nucleophilic attack
owing to the high amplitude of the 2m orbital of B (orbital
control), to which is added the effect of a considerably more
positive charge on B (charge control). The calculated
Hirshfeld charges* on the A atom are presented in Table 4.
As expected, our calculations demonstrate this charge effect
to be small or even in the opposite (negative) direction in the
case of the CO ligand, but considerable and increasing in the
series BF < BNH, < BO™. In the next section we address the
question of how to achieve complexation of BE ligands with
improved kinetic stability.

Table 4. Calculated Hirshfeld charges*? on A.

co BF BO BNH,
AE +008  +007 —050  +0.06
[Cr(CO)s—(AE)] 4006 4015 4002  +0.09
[(Mn(CO)s}* - AE] 4017 4028 4011  +021
[Fe(CO),—(AE)] +010 4020 4009  +0.17
[{Co(CO),}* — AE] +019 4032 4013 +026
[Ni(CO);-(AE)] 4005 4010  +001  +0.06
[Fe,(CO)s—(AE)] +009 4015  +008  +0.15

[Mn,(Cp),(CO),—(AE)]  +005  +009  +006  +0.05
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Metal —boron coordination in binuclear complexes

The binuclear Fe,(CO)gand Mn,(Cp),(CO), fragments: There
are several possible strategies to enhance the kinetic stability
of BE complexes. Steric shielding of the B atom can be
accomplished by coordination to a sterically better protected
metal fragment. In the case of BNH, there is the possibility to
enhance steric protection by substituting the H’s with bulky
groups. Electronic factors may also be brought into play. If the
metal fragment is an exceptionally strong s donor, the
coordinative bond will be strengthened but also the ligand
2m orbital will be shifted strongly upwards by antibonding
with the occupied m-donor orbital. The very high energy of
this acceptor orbital of the complex will be an impediment to
nucleophilic attack at the B atom. Strong 7 back-donation is
also beneficial from the point of view of charge control, since
it will counteract the positive charge effect of the strong o
donation.

Coordination of the BE ligands at a bridging position in a
binuclear complex, to form for instance [Fe,(CO);—(BE)]
and [Mn,(Cp),(CO),—(BE)] (Cp = cyclopentadienyl), would
be a way to achieve the desired goals. Steric protection is
evidently better than in a mononuclear complex. Moreover it
is known that the m-bonding capability of these metal
fragments is exceptionally good. This has been evident for a
long time from the low CO vibration frequency for a bridging
CO. The frontier orbitals of the Fe,(CO); fragment—in the
conformation found in [Fe,(CO),]—and its o bonding and x-
back-bonding capabilities have been studied in detail.l') The
exceptionally good m-donating capability of the Fe,(CO),
fragment can easily be rationalized by the fact that the n
back-bonding to the bridging ligand will occur out of an
orbital that can be characterized as an antibonding combina-
tion of two d,-like hybrids on the two irons, which are
pointing towards the bridging ligand (Scheme 5, 4).

Scheme 5. m back-bonding to the bridging ligand in a binuclear iron
complex.

Each Fe atom is octahedrally surrounded by ligands. The n-
donor orbital 4 (called the antibonding bent bond orbital BB*
in ref. [14]) is effective since it is a high-lying e,-type metal
d orbital in the local octahedron (usually st-donor d orbitals
are low-lying t,,-like stabilized for instance by 7 back-bonding
to surrounding CO ligands as in Cr(CO)s). The antibonding
between the two d-like hybrids helps to raise the energy. As a
matter of fact, the bonding equivalent of 4, the bonding bent
bond orbital BB, is at lower energy and is occupied in the
ground configuration of the Fe,(CO); fragment. Excitation
from the (BB)?(BB*)° configuration to the (BB)’(BB*)? valence
state configuration has to take place in the Fe,(CO); fragment
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to prepare it for bonding with a o-donating, m-accepting
ligand. The corresponding electronic excitation energies of
about 29 kcalmol~! for Fe,(CO); and 17 kcalmol~! for
Mn,(Cp),(CO), have been added to the preparation energy
AE,., and contribute to the rather large total AE°+AE,,
term for the binuclear metal fragments (see Table 3 and
discussion below). We refer to ref. [14] for contour plots of the
relevant orbitals and an extensive discussion of the electronic
structure of the Fe,(CO); fragment and its bonding behaviour
in compounds such as [Fe,(CO);—(CO)], [Fe,(CO)s(CCH,)]
and [Fe,(CO)y—-Fe(CO),].

Since the binuclear fragments Fe,(CO)s and Mn,(Cp),(CO),
are very interesting for steric and electronic reasons, and to
make a connection with the experimental results for the only
known BE complex [Mn,(Cp),(CO),{BN(CHs;),}], we consid-
er in this section the complexes [Fe,(CO)z—(BE)] and
[Mn,(Cp),(CO),—(BE)]. Both fragments Mn,(Cp),(CO),
and Fe,(CO); are isolobal in the sense of Hoffmann,'! and
the electronic structure of Mn,(Cp),(CO), is characterized by
very similar types of frontier orbitals. The one-electron energy
of the Fe,(CO); BB* orbital is some 0.7 eV above the d,
orbitals of the mononuclear fragments. The analogous orbital
of Mn,(Cp),(CO), is 1.8 eV higher in energy. The overlapping
of the 2n* BE orbitals with the m-donor orbitals of the
binuclear fragments is 10-20 % larger than with those of the
mononuclear fragments. Thus the Fe,(CO)g and in particular
Mn,(Cp),(CO), fragments may be expected to be the better &
donors.

Geometries: The structures of the binuclear carbonyl com-
pounds [Fe,(CO)s—(AE)] and [Mn,(Cp),(CO),—(AE)], with
AE in the bridging position between the two transition metal
centres, are depicted in Figures 3 and 4.

Figure 3. Definition of structural parameters of binuclear complexes
[Fe;(CO)s(AE)].

The structural parameters of diiron-nonacarbonyl and the
substituted analogues are presented in Table 5. The X-ray
diffraction data indicate C;, molecular symmetry with only a
small deviation from D, symmetry, and we applied the latter
for the geometry optimisations. Comparison of the theoretical
and experimental structural parameters (Table 5, experimen-
tal values in parentheses)*] show very good agreement for
[Fe,(CO),]. The calculated iron—iron distance of 2.545 A is
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Figure 4. Definition of structural parameters of binuclear complexes
[Mny(Cp),(CO),(AE)].

slightly longer (0.02 A) than the experimental one. The
predicted distances between iron and the bridging carbonyls,
2.028 A, are also a little bit longer than the experimental value
of 2.013 A, while the experimental distances between iron and
the terminal carbonyls are perfectly reproduced by the calcu-
lation. The longer C—O distances for the bridging carbonyls
compared to the terminal carbonyls, indicating stronger &
back-donation at this position, are also reproduced very well,
and the difference between theoretically and experimentally
derived C—O distances is smaller than 0.004 A. This is
remarkable since the CO —distances of mononuclear transi-
tion metal carbonyl complexes are often somewhat over-
estimated. The deviation of the calculated bond angles is less
than 1°, with the exception of the Fe—C-O angle of the
terminal carbonyls with a maximum deviation of 2°.

Table 5. Bond lengths (A) and angles (°) of [Fe,(CO)s—(AE)].l!

Substitution of one bridging CO by one of the BE ligands
leads to a C,, molecular symmetry for [Fe,(CO);—(BE)]. In
the case of BE=BF the iron—iron and the iron—COygee
distances stay almost the same as in [Fe,(CO),]. The bond to
the terminal CO in the trans position is slightly longer and that
of the cis-carbonyl marginally smaller after substitution. The
CO distances are almost identical with those in [Fe,(CO),]
and the bond angles are only very slightly affected by
substitution. The B—F distance is longer than in the free
ligand and in fact slightly longer than in any of the
mononuclear complexes.

The same observations can be made when a bridging CO is
substituted by BNH,. The B —N distance is longer than in any
mononuclear complex and the structural parameters of the
Fe,(CO); fragment are the same as in [Fe,(CO),].

Larger changes are predicted when the substituent is BO™.
The Fe —Fe bond is the longest of the investigated series. The
Fe-BO bond is approximately 0.16 A longer than the
corresponding Fe—CO bond and is also the longest in the
series. The Fe,(CO)g fragment is also now affected; the
metal—-CO bond lengths of the terminal CO in the trans
position, of those in the cis position, and of the bridging
carbonyls are shorter than in [Fe,(CO),|, whereas the C-O
bond lengths are clearly longer. All these observations fit in
with comparable rt back-bonding with CO and the ligands BF
and BNH,, and much smaller back-bonding than with BO~.

The optimized geometries of the [Mn,(Cp),(CO),-(AE)]
compounds are given in Table 6. We added the dimethyl
aminoborane group BNMe, to the series of the investigated
ligands complexed to the dimanganese cluster. Braunschweig
and Wagner synthesized the first stable borylene complexes of
the type [u-BX{(7’-CsH,R)Mn(CO),},] with X =NMe, and
R =H, Me, 1Bu, and were able to characterize the structure of
[1u-BNMe,{(1°-CsH5)Mn(CO),},] by X-ray crystallography.!'3]
This is the only set of experimentally derived structural

[Fe,(CO)4(CO)] [Fe,(CO)4(BF)] [Fe,(CO)s(BNH,)] [Fe,(CO)(BO) ]~
r(M-M) 2.545 (2.523) 2.541 2.545 2.557
F(M = Cirgge) 2.028 (2.013) 2.026 2.017 2.005
(M~ AE) 2.028 (2.013) 2.000 2.065 2.183
(M = Cypans) 1.838 (1.838) 1,847 1.843 1.802
r(M-Cgy) 1.838 (1.838) 1.823 1.824 1.816
H(Curigge—O) 1.172 (1.176) 1173 1.175 1.184
HA—-E) 1.172 (1.176) 1297 1.400 1.240
7(Crrans = Otrans) 1.153 (1.156) 1153 1.154 1.165
H(Cus—Ous) 1.153 (1.156) 1.155 1.157 1.162
a(M=Chpe—M) 717 (77.6) 777 783 792
a(M—-A-M) 717 (77.6) 789 76.1 717
(M= Cyyige—O) 141.1 (141.2) 141.1 140.8 140.4
a(M-A—E) 141.1 (141.2) 140.6 141.9 1442
a(M~M'~Cppane) 121.8 (120.9) 120.9 120.3 121.0
a(M-M'-C,) 121.8 (120.9) 119.3 120.8 116.8
(M = Cyyans— Orans) 175.2 (177.1) 178.2 176.9 178.2
a(M~-Cy—Oy) 1752 (177.1) 177.7 176.5 1771
T(A=M-M' - Cyrge) 120.0 119.2 118.6 119.9
T(A-M-M —Cpun) 180.0 (179.3) 180.0 180.0 180.0
(A-M-M'-Cy) 60.0 57.6 58.7 56.7

[a] Experimental values in parentheses are taken from ref. [42].

218 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

0947-6539/98/0402-0218 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 2





Boron Ligands

210-221

Table 6. Optimized bond lengths (A) and angles (°) of [Mn,(Cp),(CO),-(AE)].l:l

AE=CO AE=BO- AE=BF AE =BNH, AE =BNMe,
(Mn—Mn) 2.808 2.853 2.841 2.826 2.827 (2.790)
r(Mn-A) 1.989 2.151 1.977 2,017 2.049 (2.03)
r(Mn-C,) 1.792 1.769 1.799 1.791 1.791 (1.78)
r(Mn -Cgy) 1.777 1758 1.764 1.761 1.760 (1.74)
r(Mn-Lp) 1.811 1.814 1.795 1.802 1.801 (1.783)
HC-0y) 1171 1.184 1.170 1172 1172 (1.17)
HC-04y) 1.170 1182 1175 1177 1.178 (1.17)
HA-E) 1192 1.256 1329 1.405 1.411 (1.39)
a(Mn-Mn-A) 451 485 441 455 46.4 (46.6)
a(Mn—A -Mn) 89.8 83.0 91.8 89.0 87.2 (86.8)
a(Mn-C-0,) 172.9 1729 1745 174.0 1732 (174.5)
a(Mn-C-0,,) 1792 1783 178.4 178.9 178.7 (177.9)
(E-A-Mn-C,) 1435 140.7 1422 1413 141.4 (141.4)
T(E-A-Mn-Cg) 60.2 61.3 59.1 59.4 61.5 (62.1)
7(E-A-Mn-Lp) 297.8 298.7 298.9 298.9 298.9 (298.5)
t(Mn-A-E'-R) - - - 136 7.7 (8.0)

[a] Experimental values in parentheses from ref. [13].

parameters (Table 6, values in parentheses) of the boron-
containing carbonyl derivatives with which we can compare
our calculated results.

As can be seen from Table 6, the experimentally derived
and the theoretically predicted structural parameters are in
very good agreement. The calculated Mn —Mn bond distance
(2.827A) is a little longer than the experimental one
(2.790 A), the deviation of the other bond distances is less
than 0.02 A, and the deviation of the bond angles is about 1°.
The relative orientation of the carbonyl groups and the
cyclopentadienyl (Cp) ring to the BNMe, group are in
excellent agreement with the experimental structures as well
as the torsion angle 7(Mn— A -E-R) between the Mn-B -
Mn plane and the plane of the trigonal planar coordinated
nitrogen. If one compares the calculated structures of com-
plexes of the BNR, group, a shorter Mn —B distance (r(Mn-—
B)=2.017 A) is found for the case R=H than for R =Me
(r0Mn-B)=2.049 A) and the torsion angle between the
Mn-B-Mn plane and the NH, group is somewhat larger
than for the NMe, group. All the other geometry parameters
are almost the same.

The changes in the geometries of the dimanganese cluster
when CO is substituted by a BE ligand are small and very
similar to those described earlier for the Fe,(CO)s fragment.
The most interesting observation is that the B—E bond
lengths are all somewhat longer (0.02-0.03 A) than in the
[Fe,(CO)s—(BE)] systems, which indicates stronger s back-
bonding in [Mn,(Cp),(CO),—(BE)]. We conclude that there
is evidence from the structural data for stronger electronic
interaction, notably m back-bonding, with these binuclear
metal carbonyl fragments than with the mononuclear ones.

Bond enthalpies and energy decomposition: We have verified
this inference by considering the energy decomposition as
given in Table 3 for the BE ligands at the bridging positions.
The calculated bond energies show that in all cases the boron
bond of the binuclear fragment is thermodynamically much
more stable than the corresponding bond to bridging CO, and
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the bonds are stronger for the dimanganese than for the diiron
fragment. The differences between the BF, BNH,, and BO~
ligands are minor, with the exception of the [Fe,(CO)s—
(BO)]~ case where the bond is some 30 kcalmol~' stronger
than for BF and BNH,. Altogether the thermodynamic
stability of these compounds is beyond doubt. We note that
the dissociation energies are in the upper range of the values
found for the mononuclear metal carbonyl fragments, but
they certainly do not exceed the latter by very much.
However, the AE°+ AE,,, term is much more destabilizing
for the binuclear than for the mononuclear fragments. The
comparable total dissociation energies thus imply that the
electronic interactions are much stronger for the binuclear
systems. This can indeed be verified in Table 3.

For the bridging AE ligands in [Fe,(CO)s—(AE)] the n
bond is consistently stronger than in any mononuclear
complex (up to twice as strong). A greater extent of it back-
bonding to the bridging ligand is found for [Mn,(Cp),(CO),-
(AE)], some 30 kcalmol~' stronger than for the [Fe,(CO)g—
(AE)] systems. A notable exception in both cases is BO™,
which does show stronger it bonding than in the mononuclear
complexes, and is stronger in [Mn,(Cp),(CO),—(BO)]~ than
in [Fe,(CO)g—(BO)] although the m bonding remains com-
paratively modest. The o bonding is also quite strong in the
binuclear systems, although not stronger than in the best o
acceptors among the mononuclear fragments Fe(CO), and
notably {Co(CO),}*. We have verified that the relatively
strong 7 back-bonding has the expected effect of decreasing
the positive charge at the B atom (i.e. the calculated
Hirshfeld® charges, Table 4).

We conclude that the binuclear fragments are ideally suited
for stabilization of BE ligands, on three counts: 1) the [M,-
(BE)] complexes are thermodynamically quite stable;
2) there is steric protection by the large metal carbonyl
fragment; 3) the strong m-bonding capability of the binuclear
fragments will electronically stabilize the complexed ligand,
by shifting the m-acceptor orbital with large amplitude on B to
high energy and by reducing the positive charge on boron. In
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fact the m* orbitals of the ligands CO, BF, and BNH, make
only a very small contribution (2-5%) to the LUMOs of the
binuclear complexes compared with a contribution of 20—
30% in the case of the mononuclear complexes.

Conclusions

BE molecules, coordinating through boron, can be viable
ligands in the design of thermodynamically stable transition
metal complexes. Problems associated with a possibly low
kinetic stability may be solved through steric shielding and/or
electronic stabilization of the reactive BE frontier orbitals.
This follows from our density-functional theoretical study of
the metal-binding capabilities of a series of isolobal ligands
CO, BF, BO-, BNH,, and BN(CH};), in mono- and binuclear
first-row transition metal carbonyl complexes.

The high thermodynamic stability of the BE ligands has
been traced to their being much better o donors than CO,
while they are (except for BO™) comparable &t acceptors. The
reason is the much higher energy of the o-donor orbital and
comparable energy of the w* orbital, the localization of these
frontier orbitals at B and C being similar. On the other hand,
the high polarity and small HOMO-LUMO gap of the
(uncoordinated) BE ligand suggest a low kinetic stability. Of
course, complexation increases the kinetic stability to a
certain extent (by increasing the HOMO -LUMO gap), but
the imbalance between o donation and m acceptance leads to a
build-up of positive charge on BE. In principle, this causes
metal complexes of BE ligands, such as BF, to be rather
sensitive towards nucleophilic attack.

The kinetic stability of BE complexes may be enhanced by
steric protection of the BE ligand’s reactive frontier orbitals.
Such protection may be provided by bulky ligands in the
metal complex or by complexation at a bridge site in a
binuclear complex. BNR, can in addition provide its own
steric protection with bulky R substituents, making it the most
potentially useful ligand of the present series.

Another strategy for improving the kinetic stability may be
to reduce the build-up of charge on the coordinated BE ligand
by restoring the balance between M—-BE o donation and &
back-donation. We have shown that binuclear metal complex
fragments such as Fe,(CO)g and Mn,(Cp),(CO), have just the
right frontier orbitals to do this. In particular, they have an
excellent t-donor MO of the type 3d(M) — 3d(M’), which is
high in energy owing to metal —metal (7t*) as well as metal —
ligand (e,) antibonding interactions. This metal fragment
orbital is an excellent t donor, which compensates for the fact
that BF, BNH, and BN(CH};), are much better o donors than
acceptors. This result suggests that the M — BE o/r balance can
be improved in mononuclear [M(CO),(BE)] complexes too.
One could replace CO molecules (which stabilize the metal
3d,) by ligands, which push the metal 3d, orbital up in energy.
This can be done, for example, with short-bridged biphos-
phino ligands, as has been shown by Hofmann.*

The BO™ ligand differs substantially from the neutral boron
ligands, although it is isolobal to them. This is of course as a
result of the charge effect, which shifts the whole orbital
spectrum upwards. BO~ is therefore an extraordinarily strong
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o donor and a very poor m acceptor. This ligand may well be
used in conjunction with an oppositely charged metal frag-
ment in order to synthesize a stable complex.
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Abstract: Hexakis(dimethylamino)ben-
zene is anodically oxidized to its chemi-
cally stable dication in an electrochemi-
cally slow two-electron process. This

with earlier results for the bis(triiodide).
The sluggishness of the electron transfer
is related to structural changes during
oxidation: two noncoplanar polymeth-

C-C single bonds form. The thermody-
namics of the oxidation is characterized
by inversion of potentials and dispro-
portionation of a hypothetical radical

redox process was characterized by ine systems
cyclic voltammetry, chronoamperome-
try, chronocoulometry, and bulk elec-
trolysis with isolation of the bis(hexa-
fluorophosphate) of the dication. The
crystal structure of this dication salt
shows considerable distortion, in accord

cyclic
chemistry

Introduction

The oxidation chemistry of hexakis(dimethylamino)benzene
(HDMAB, 1), an extremely electron-rich aromatic com-
pound, has attracted interest over the years.'l Tt was
speculated that the dication of 1, 1>, might possess a triplet
ground state, which in turn would possibly provide a model for
compounds forming organic ferromagnetic materials.!!! The
dication, however, effectively avoids triplet formation or
formation of a delocalized antiaromatic 4 m-electron system
by distortion of the six-membered ring.” Consequently,
ferromagnetic materials, which require at least C; symmetry
of the basic unit, may not be derived from 1>*. The structural
change during oxidation, on the other hand, could make 1 an
interesting example for the study of distortion effects on
electron transfer.

Owing to its electron-richness, 1 was expected to be easily
oxidizable. Experimentally determined oxidation potentials
were, however, qualified as “more positive than one would
predict”.Pl This fact was explained by steric strain in the
twisted structure of the dication and consequently a decreased
stabilization exerted by the six electron-donating nitrogen
substituents.['

[*] Prof. Dr. B. Speiser, Dipl.-Chem. M. Wiirde
Universitat Tiibingen, Institut fiir Organische Chemie
Auf der Morgenstelle 18, D-72076 Tiibingen (Germany)
Fax: Int. code + (49) 7071 29-6205
e-mail: bernd.speiser@uni-tuebingen.de
Dr. C. Maichle-M6ssmer
Universitit Tiibingen, Institut fiir Anorganische Chemie

[**] Electrochemistry of Polyaminobenzenes, Part 1.
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coupled by two long

Keywords: amino
voltammetry -
electron transfer
potential inversion

cation. In contrast to earlier reports, no
particular destabilization of the dication
is assumed. Further oxidation of the
dication proceeds via a tri- to a tetracat-
ion in two steps. The tri- and tetracations
undergo chemical follow-up reactions.

compounds
electro-

Despite the structural characterization of the oxidation
product of 1 in the form of its bis(triiodide) 1>+(I5),, the
oxidation mechanism of the neutral compound has not been
described without contradictory details. In CH,ClL,/0.1m
tetrabutylammonium perchlorate an irreversible oxidation
(E=+0.32V vs. Ag/AgCl) was reported.’! Chemical oxida-
tion with iodine yielded 1>7(I5),, suggesting a two-electron
process.?l Thus, 1 would react similarly to 1,2,4,5-tetrakis(di-
methylamino)benzene (2), which also forms a dication upon
oxidation.”! Recently, slow two-electron oxidations were
described for 3,6-bis(dimethylamino)durene (3) and 9,10-
bis(dimethylamino)anthracene (4).°! Several other amino-
substituted benzenes and related compounds behave differ-
ently: N,N,N',N'-tetramethyl-p-phenylenediamine (5),¥! 1,3-
bis(diarylamino)benzenes,”! 1,3,5-tris(diisopropylamino)ben-
zene (6),[' as well as other triamino benzene derivatives,!!!'-14
hexaaminobenzene (7),I"] hexaazaoctadecahydrocoronene
(HOC, 8).,%!7 and bis- and tetrakis(dimethylamino)dibenzo-
thiophenes with an appropriate substituent pattern,['! all
undergo successive one-electron oxidation steps with clearly
separated potentials.

Two reports have appeared which also describe the primary
oxidation of 1 as a one-electron process. At fast experimental
time scales and 7= —50°C in CH,CI, or liquid SO,, Dietrich
and Heinze observed “monocation” formation at 4+0.66 V vs.
Ag/AgClL™ much more positive than described in the earlier
report.’l Chemical oxidation in the presence of acid and
irreversible electrochemical oxidation (cyclic voltammetry,
first oxidation potential at +0.50 V vs. a saturated calomel
electrode, ~+0.54V vs. Ag/AgCl) yielded a “radical cat-
ion”."1 On the other hand, in solution in CH,Cl, or 1,1,1,3,3,3-
hexafluoropropan-2-ol after the oxidation of 1 with TI™
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trifluoroacetate or 2,3-dichloro-5,6-dicyano-1,4-benzoqui-
none (DDQ), no ESR signal that could unequivocally be
assigned to the corresponding radical cation has yet been
detected.? In view of these not necessarily consistent results,
a first goal of the present study was to define the electron
stoichiometry of the primary oxidation step of 1. We also
attempted to complement such results by an electrochemical
characterization of the oxidation product.

Recently, the possibility of two-electron redox processes
involving organic compounds was debated,?'3] in particular
for cases where considerable structural changes during
electron transfer (ET) are expected. In this regard, we also
became interested in detailed mechanistic information for the

Abstract in German: Hexakis(dimethylamino)benzol wird
anodisch in einem langsamen Zweielektronenprozef3 zu sei-
nem chemisch stabilen Dikation oxidiert. Dieser Redoxprozef3
wurde durch Cyclovoltammetrie, Chronoampero- und Chro-
nocoulometrie sowie die priparative Elektrolyse charakteri-
siert, die zur Isolierung des Bis(hexafluorophosphats) des
Dikations fiihrte. Die Kristallstruktur des Dikationsalzes zeigt
in Ubereinstimmung mit fritheren Ergebnissen fiir das Bis-
(triiodid) erhebliche Strukturverzerrungen. Die Verlangsa-
mung des Elektronentransfers steht im Zusammenhang mit
strukturellen Verdnderungen wihrend der Oxidation (Bildung
zweier nicht-koplanarer Polymethinsysteme, die iiber zwei
lange C- C-Einfachbindungen miteinander verkniipft sind).
Die Thermodynamik der Oxidation zeichnet sich durch
Potentialinversion und Disproportionierung eines hypotheti-
schen Radikalkations aus. Im Gegensatz zu fritheren Arbeiten
wird keine ausgeprigte Destabilisierung des Dikations ange-
nommen. Die weitere Oxidation des Dikations verliuft iiber
ein Tri- zu einem Tetrakation in zwei getrennten Schritten. Das
Tri- und das Tetrakation gehen chemische Folgereaktionen ein.

Chem. Eur. J. 1998, 4, No. 2
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electrochemical oxidation of 1. Changes of molecular struc-
ture occurring in concert with an ET reaction may result in
large inner reorganisation energies A;,%* with a concomitant
decrease of the ET rate constant. Thus, the apparent positive
shift of the HDMAB oxidation peak potential may possibly
be controlled by kinetic properties and be due to a slow
(quasireversible) ET reaction rather than to a thermodynami-
cally unfavorable process. Several organic compounds bearing
amino nitrogen substituents show slow ET due to large
2,.162124271 Moreover, in the case of two-electron processes
with structural changes, inversion of potentials®! is known to
occur if the transfer of the second electron is thermodynami-
cally easier than that of the first. The present paper will
provide electrochemical evidence for kinetic control of the
HDMAB oxidation (quasireversible ET) and inversion of
potentials. It will also show that at least two further oxidation
states can be formed by electrochemical oxidation processes,
and will thus give a detailed mechanistic characterization of
the electrochemical oxidation of HDMAB.

Results and Discussion

Cyclic voltammetry (CV) of 1: HDMAB (1) is soluble in
CH;CN only in small concentrations. Cyclic voltammetric
signals in this solvent were weak. On the other hand, the
compound is easily soluble in CH,Cl,, but cyclic voltammo-
grams in dichloromethane electrolytes showed appreciable
effects of adsorption at the electrode (Figure 1). This is

20|
10F
< -
3 L
S of
8 L
g L
=

3 l-
»le

TN T B 0 A A B

-1.5 -1.0 -0.5 0.0 0.5 1.0

potential, E/V

Figure 1. Cyclic voltammogram of hexakis(dimethylamino)benzene 1 in
CH,Cl,/0.1m NBu,PF,,v=1.0 Vs, ¢ =0.18 mM at a Pt tip electrode and at
ambient temperature.

probably due to the low solubility of the primary oxidation
product of 1 in CH,Cl,. Since adsorption would severely
hamper the detailed analysis of the cyclic voltammograms, we
settled on a 1:1 (v/v) mixture of CH;CN and CH,CI, as the
solvent for most of the ensuing experiments. In electrolytes
based on this mixture, after background subtraction, excellent
cyclic voltammetric signals could be obtained in which
interference of adsorption effects was minimized.

Cyclic voltammograms of 1 in CH;CN/CH,Cl/0.1m
NBu,PF, spanning the accessible potential window in the
positive potential region at various scan rates v and concen-
trations ¢ give an overview of the redox chemistry of the
starting compound (Figure 2a—c). The oxidation of 1 under
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of E} is observed with increasing ¢ (Table 1). The behavior of

10—
- E? (see Table 1 and discussion below) shows that this can not
sE be due to effects of uncompensated resistance. The half-peak
B width |E]—E},| is independent of ¢, but increases with v,
< r . . .
3 .r consistent with the hypothesis of a slow ET.
g
g sk . . .
© L Table 1. Peak potential features in cyclic voltammograms of 1.
TNV N I OV R A B R I v/IVs! E, IV |E)—E}, |/VE E} VR ES Vi
-1.5 -1.0 -0.5 0.0 0.5 1.0 ¢c=0.06 0.12 0.24mMm
0.02 -0.190 -0.182 -0.175 0.066 +0.361 +0.578
0.05 -0.177 -0.167 —0.150 0.067 +0.362 +0.589
N 3 b) 0.1 —-0.167 —0.154 —0.147 0.069 +0.360 +0.592
25+ 0.2 -0153 —-0.143 -0.129 0.073 +0.360  +0.600
B 0.5 -0137 -0.123 -0.109 0.067 +0.362 +0.613
< L 1.0 —-0.128 —-0.108 —0.092 0.077 +0.361 +0.616
2 I 2.0 —-0.103 —-0.092 —0.068 0.083 +0.363 +0.616
o 0 | 5.12 —-0.075 -0.063 —0.033 0.092 +0.364 +0.628
«E - 10.24 —-0.052 -0.039 -0.009 0.098 +0.371  +0.627
3 i 20.48 —-0.032  —-0.009 +0.025 0.105 +0383 40.635
_25’_| PN T O T S I vIVs! AE%/S [Vl AE?/"‘ [Vl EZ; A%
-1.5 -1.0 -0.5 0.0 0.5 1.0 ¢c=0.06 0.12 0.24mm
0.02 0.075 —[o] —0.522 —0.526 —0.541
r 0.05 0.080 —[o] —0.546 —0.555 —0.583
100 23N\ O 0.1 0.062 ] —0567 —0581  —0.597
B 1 0.2 0.063 —[o] —0.578 —0.590 —0.615
B 0.5 0.061 —[o] —0.597 —0.608 —0.632
< B 1.0 0.061 0.090 —0.607 —0.622 —0.651
2o JAVA: 2.0 0.063 0.082 —0.625 —0.635 —0.677
= r 6 5 5.12 0.075 0.077 —0.650 —0.659 —0.708
é i 10.24 0.078 0.076 —0.676 —0.679 —0.731
3 i 7 20.48 0.092 0.084 —0.702 —0.709 —0.753
100 T T T T A [a] Independent of ¢, mean values over data at ¢=0.06, 0.12, 0.24mm. [b] Not
-1.5 -1.0 -0.5 0.0 0.5 1.0

potential, E/V

Figure 2. Cyclic voltammograms of hexakis(dimethylamino)benzene 1 in
CH;CN/CH,Cl, (1:1, v/v)/0.1m NBu,PF,, variation of scan rate v and
concentration ¢. a) v=0.1Vs™, ¢=024mm, E =+0.166 (—), +0.466
(++++),+0.866 (----) V;b) v=1.0Vs,¢=0.06(----),0.12(----),0.24mm
(—); ¢) v=20 Vsl ¢=024mwm; Pt tip electrode, ambient temperature.

these conditions is characterized by three peaks, 1-3. An
increase in the concentration does not cause peaks to appear
or disappear (Figure 2b). All peak currents are proportional
to the concentration of 1.

In peak 1 primary oxidation occurs. At high scan rates in
particular, peak 1 broadens compared with peaks 2 and 3 and
decreases in relative height (v=20Vs™!, Figure 2c). This
indicates that electron transfer in peak 1 is relatively slow.
Also at high scan rates, reduction peaks4 and 5 become
clearly visible (related to oxidation signals 3 and 2, respec-
tively; Figure 2 c). For slower time scales (v =0.1 and 1.0 Vs,
Figures 2a and b), peak 4 disappears and peak 5 considerably
decreases in intensity. Simultaneously, reduction peak 6
increases. Reduction signal 7 is intense, but relatively narrow.
Signal 8 is only observed at lower scan rates and after passage
of peak 3. It is thus related to the product formed at more
positive potentials and may be due to some remaining
adsorption process. It is, however, strongly shifted from the
other peaks and does not interfere with their interpretation.

Peak 1 shifts to more positive potentials with increasing v,
as expected for a slow ET. Also, a shift to more positive values

224 ——

observed owing to absence of peak 4.
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Experiments with a switching potential of E,=+0.166V,
that is, one between oxidation peaks 1 and 2 (Figure 2 a, solid
line), reveal that peak 7 has to be assigned to the reduction of
the product generated in peak 1: peaks 1 and 7 form a peak
couple despite their considerably enhanced potential differ-
ence (AE,>04V at v=01Vs! AE,>06V at v=
2.0 Vs~!). The reason for this behavior will be discussed
below. Like E], peak potential E] depends on v and c.

Peak current function i}/\/vc (Table 2) decreases slightly
with increasing scan rate, again consistent with the hypothesis
of a slow ET. Peak current i] is proportional to the square root
of the scan rate for v>0.1 Vs~!, excluding involvement of
adsorption processes (Table 2). Only for small v does i}/\/vc
decrease; we attribute this to the long time delay between
passage of peaks 1 and 7 in these experiments. At small scan
rates a fraction of the primary oxidation product escapes
reduction on the reverse scan due to nonideal edge diffusion
into the bulk solution.

Voltammograms with E;=+0.466 V (Figure 2a, dotted
line) prove that peak 5 corresponds to the reduction of the
oxidation product formed in peak 2. Peak potential E? is
essentially independent of v and ¢, with AE%°=0.066+
0.009 V for scan rates up to v=>5.0 Vs~! (Table 1). Only for
v>5.0 Vs~! do the two peaks shift apart. The peak current
function i}/\/ve = (59 £6) Acm®s">V~"2mol™! (i} referred to
the current decreasing from peak 1; Table 2) is independent of
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Table 2. Peak current features in cyclic voltammograms of 1.

v /Vst NS i1 /vt NN
0.02 116 26 63 8.9
0.05 138 40 59 4.1
0.1 128 75 65 41
0.2 126 77 64 47
0.5 121 81 59 51
1.0 143 83 58 47
2.0 116 84 57 41
512 111 88 56 30
10.24 106 84 58 22
20.48 104 84 59 11

[a] In As"?cm?® V2 mol~!, independent of ¢, mean values over data at ¢ =
0.06, 0.12, 0.24 mM. [b] Determined with extrapolated current from peak 1
as baseline. [c] i§ referred to zero current.

v and c. Peaks 2 and 5 are assigned to oxidation and reduction
of two species related by a one-electron redox process with a
mid-point potential of E¥S = +0.33040.005 V. This process is
reversible at small v, becoming quasireversible at larger v.
Independence of AE%° on ¢ for v<10 Vs~ proves that
uncompensated iR drop may only obscure the voltammetric
curves above this scan rate.

For E;=+0.866 V and after passage through oxidation
peak 3, the remaining reduction peaks 4 and 6 are observed.
At scan rates v > 1.0 Vs, peak 4 is clearly present and again
indicates a one-electron redox step with quasireversibility
being noticeable at v >5.0 Vs~! (shift of E3, Table 1; AEY* ~
0.08 V; E¥*=140.584+£0.010 V). With decreasing scan rate,
peak 4 decreases in intensity and disappears at v<1.0 Vs~
The oxidation product formed in peak 3 undergoes an
irreversible chemical follow-up reaction. The shift of peak 3
to less positive potentials at v < 1.0 V's~! is in accordance with
this hypothesis (Table 1).

The scan rate at which peak 4 disappears is independent of
the substrate concentration. Consequently, the follow-up
reaction must be of first or pseudo-first order. Peak current
i3 in voltammograms of 1 is not further analyzed, since the
errors in separation of the current contribution of the third
electron transfer reaction are large.

The product of the chemical reaction is reduced in peak 6,
whose peak current function increases with a decrease of v
(Table 2). At scan rates below 0.1 Vs~ if/\/vc strongly
decreases. Possibly, a further chemical reaction becomes
dominant on this time scale, and in turn destroys the species
reduced in peak 6. The position of peak 6 depends on c. We
will not further discuss the behavior of peak 6 in detail here.

Chronoamperometry (CA) and chronocoulometry (CC) of 1:
The peak broadening observed for peak 1 precludes compar-
ison of the peak current functions of the oxidation peaks and
derivation of the electron stoichiometry for the oxidation of 1
from cyclic voltammograms. Potential step techniques such as
chronoamperometry and chronocoulometry, on the other
hand, usually investigate the electron transfer at a potential
which is in the mass-transfer limited current region.?®! Thus,
even systems with sluggish electron-transfer steps may be
rendered diffusion-controlled under these conditions because
of the increased driving force for the ET. Effects of

Chem. Eur. J. 1998, 4, No. 2
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quasireversibility become negligible, at least on longer time-
scales, and the relative numbers of electrons transferred in
successive steps can be determined.

CA and CC were used to characterize the oxidation of 1 at
potentials between peaks 1 and 2 (E=+0.166 V), between
peaks 2 and 3 (E=+0.466 V), and at potentials positive of
peak 3 (E=+0.866 V). The time scale was varied through the
pulse width 7. Table 3 gives results for the slope of the Anson
plot, O/ /fc, from CC experiments and the Cottrell constant,

Table 3. Chronocoulometric and chronoamperometric results for oxida-
tion of 1 at different values of E (in V).[2

EIV +0.166 +0.466 +0.866
T/s
01 /i
0.1 0.0515 0.0803 0.104
1.0 0.0522 0.0775 0.101
10.0 0.0576 0.0879 0.107
(OII)(QIVIE) b=t 0166 v
0.1 1.000 1.56 2.02
1.0 1.000 1.48 1.93
10.0 1.000 1.53 1.86
0(27)/Q(7)
0.1 0.40 £0.01 0.45+0.05 0.43 £0.04
1.0 0.42 £0.01 0.43+0.03 0.46 £0.03
10.0 0.49 £0.01 0.51+£0.02 0.59+0.03
il\/iclel 30.0 41.2 54.8
(VIS e 0160y 1.00 1.37 1.83

[a] Mean values from experiments at ¢ =0.06, 0.12, and 0.24mwm. [b] In
Cem®s™"?molL [c] In Acm’®s~?mol~!, mean values from all 7.

ivtce, from CA experiments. Both quantities should be
proportional to the number of electrons transferred,?! n.
Also, results for the ratio Q(27)/Q(r) from CC are shown. For
an ET without follow-up reaction, this ratio is expected to
approach 0.414."

With increasing potential, both the Cottrell constants and
the Anson plot slopes increase. If we divide the data by the
respective result at £E=+0.166 V, the relative values corre-
spond to a ratio of 1:1.48:1.91 (mean values over all 7, and
over CC and CA data). Since numbers of transferred
electrons must be integers, this result indicates that the n
values for the three successive oxidation steps form a ratio of
2:3:4. Hence, in the first electrochemical step two electrons
are transferred. In full accordance with the results of the CV
experiments, in each of the two further steps one electron is
exchanged. Consequently, while in peak 1 a dication 1?* is
produced, a trication 13+ and a tetracation 1** are formed in
peaks 2 and 3, respectively.

The Q(27)/Q() ratios in Table 3 are close to 0.414 for E=
+0.166 and +0.466 V at 7=0.1 and 1.0 s, but increase for £ =
+0.866 V and with increasing 7. This indicates that some
material generated at the potential of peak 3 disappears and
cannot be re-reduced in the second part of the CC experi-
ment. Again, this is in accordance with the CV data, indicating
a follow-up reaction coupled to the ET in peak 3: the
tetracation 1** is not stable at slower time scales. At =10,
some product may once more be lost due to edge diffusion
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into the bulk solution causing Q(27)/Q(7) to deviate from
0.414 even at E=+-0.166 and +0.466 V.

Preparative scale electrolysis and coulometry of 1: HDMAB
was anodically oxidized at potentials between peaks 1 and 2 in
preparative scale electrolysis experiments in both the CH;CN/
CH,Cl, mixture and in CH,Cl,. During electrolysis, the
solution turned from colorless to dark brown. The charge
passed during oxidation corresponded to 2 electrons per
molecule of 1 present in the starting solution, confirming that
a dication was formed.

During electrolysis in CH,Cl, a black solid precipitated. It
was identified as the bis(hexafluorophosphate) of the dica-
tion, 12+(PF;),, by 'H and “C NMR spectroscopic results
(both compared with results for the bis(triiodide) of 1>+2) as
well as elemental analysis. The limited solubility of the
dication in CH,Cl, is probably the reason for the adsorption
effects observed in the voltammograms of 1 in this solvent.

In CH;CN/CH,Cl, no precipitate formed. Peak 1 did not
appear in the CV of the oxidized solution: the starting
compound had completely disappeared (Figure 3). However,

100

current, i / uA

- 5

TN T T O T Y O T Y
-0.5 -0.25 0.0 0.25 0.5 0.75 1.0
potential, E/V

Figure 3. Cyclic voltammogram in solution of 1 in CH;CN/CH,Cl, (1:1,
v/v)/0.1M NBu,PFg, after electrolysis at +0.166 V; ¢(1) = 10mM in starting
solution; v=0.1 Vs™!; Pt tip electrode, T=17°C.

peaks 2 and 3 observed in the voltammogram of 1 were still
present. After the potential had been scanned to values more
negative than peak 7, peak 1 reappeared on the reverse
oxidation scan.

During preparative-scale reduction of the oxidized solution
the deep color disappeared, the precipitate redissolved in
CH,Cl,, and again 2Fmol™ of 1 were transferred. The
potential of the working electrode had to be set to rather
negative potentials (E~— 1.7V in CH,Cl, and ~—1.6V in
CH,CN/CH,CL,) to achieve reduction. In voltammograms,
after such a reduction peak 1 was already present during the
first oxidation scan. On the basis of these bulk electrolysis and
CV experiments we conclude that, while being electrochemi-
cally quasireversible (transfer of at least one electron is slow
compared with diffusional transport), oxidation of 1 to its
dication is chemically reversible, that is, the oxidation product
12+ is stable and can be reduced to the neutral starting
compound.

Crystal structure of 12+(PFy),: X-ray crystallographic results
for the structure of 1** bis(trilodide) have already been
reported.?! Although the structure determination was carried
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out with crystals of only “mediocre”? quality, the main
features of the dication conformation could be described.
However, the data include some large temperature factors,
and the unit cell [a =16.243(5), b = 11.051(4), c =20.358(7) A,
B =112.02(3)°, Z =4] and the space group (P2/c) may not be
consistent. A C-centered cell may be an alternative to the
primitive one.

Since 1?*(PFg), was obtained in good quality crystals, we
reexamined the solid-state dication structure with the product
prepared electrochemically in the present work. As with the
structure described for 12*(I5),,? the benzene ring of the
dication in the bis(hexafluorophosphate) attains a twisted
conformation (Figure 4). The molecule is composed of two

€62

C63
Figure 4. Structure of the hexakis(dimethylamino)benzene dication in
12+(PF5), crystals.

nearly planar delocalized polymethine systemsB” consisting of
three carbon ring atoms and two N(CHj;), groups each. The
central carbon atom of each polymethine chain is substituted
by an additional N(CHj,), group. The angle between these two
systems is 34.37°. The bond distances in the two systems (N11-
C1-C2-C3-N31 and N41-C4-C5-C6-N61) are very similar
(Table 4). Electron delocalization results in considerable
shortening of the C—N bonds involved in the polymethine
systems. In contrast, the bond between one of the central
carbons in the polymethine chain (e.g., C2) and the attached
nitrogen (N21) is clearly longer. The two C—C bonds coupling
the polymethine moieties have single-bond character, as
shown by a C—C distance of 1.519 A. Bond lengths obtained
for the bis(hexafluorophosphate) are in good agreement with
AMI1-calculated distances (Table 4).1%

Table 4. Selected bond lengths in 12*(PF~), compared with X-ray
crystallographic results and AM1-calculated values for the bis(triiodide).?!

1>*(PF;), 12(15),2 caled?!
Cl-N11 1.329(4) 1.34(3) 1.337(0)
Cl-C2 1.411(4) 1.38(3) 1.439(1)
C2-N21 1.400(4) 1.43(3) 1.398(0)
C2-C3 1.435(4)
C3-N31 1.313(4)
C1-C6 1.519(4) 1.57(5) 1.526(2)

0947-6539/98/0402-0226 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 2





Hexakis(dimethylamino)benzene

222-233

o
=)

Table 5). The peak potential E} is independ-
ent of v and ¢ up to v=10.24 Vs~L On the
other hand, Eg shifts to less positive values
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at low v, as observed before when starting
from 1, confirming the effect of a follow-up
reaction of the tetracation. Again, peaks 2—
5 allow the determination of mid-point
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05 1.0 potentials  (E*®=+40329+0.002, F*=

+0.582+0.009 V), which are in excellent
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agreement with those obtained from volt-
ammograms of 1. Only at high scan rates
does quasireversibility show up in both cases
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(indicated by increasing AE, and a shift of
E, above v=10.24 Vs™'). At low scan rates,
peak 4 disappears, again owing to an irre-
versible follow-up reaction of 1.

-1.0 —0.5 0.0 05 1.0 -1.0

potenti-al, E/V

Figure 5. Cyclic voltammograms of 1>+(PFg), in CH;CN/CH,Cl, (1:1, v/v)/0.1m NBu,PF,, c =
0.208mm: a) v=0.02 Vs, b) v=0.1Vsc) v=10Vs! d) v=5.0Vs' (oxidation cycles

to +0.466 V: - - - - to +0.866 V: ----; reduction cycles: —).

Cyclic voltammetry of 1>*(PFy),; oxidation: CV of solutions
of 1?*(PFy), in the CH;CN/CH,CIl, electrolyte (Figure 5)
confirms the mechanistic picture gained so far and gives
additional information. No current is observed in solutions of
the bis(hexafluorophosphate) of 1?* at a starting potential of
+0.166 V. At more positive potentials, the dication is oxidized
in two successive one-electron steps (Figure 5, broken and
dotted lines; AEZ° =0.068 + 0.005 V, AEY* =0.081 £0.017 V;

0.5 0.0
potential, £/ V

Table 5. Peak potential features in cyclic voltammograms of 12*.
vIVs! E}IV |E]—E],|/VEl EYVEL Vi
c=0.08 0.18 0.29mm
0.01 —-0.579 —0.602 —0.602 0.065 +0.361  +0.565
0.02 —-0.59 —0.610 -0.613 0.061 +0362  +0.572
0.05 —-0.609 —0.628 —0.633 0.062 +0364 +0.584
0.1 —0.616 —0.636 —0.643 0.063 +0.364  40.588
0.2 —0.627 —0.650 —0.657 0.063 +0.360  +0.596
0.5 —0.643 —0.662 —0.675 0.062 +0362  +0.604
1.0 —0.653 —0.666 —0.681 0.061 +0.360 4 0.606
2.0 —0.658 —0.676 —0.688 0.060 +0.362  +0.611
512 —-0.677 —0.687 —0.703 0.061 +0.367 +40.618
1024 —0.690 —0.714 —0.741 0.067 +0.372  40.623
2048  —-0.733 —-0.718 —0.734 0.069 +0.379  40.639
512 —-0.766 —0.764 —0.772 0.074 +0.391  40.642
v/Vs! AEYSIVIL AEY4VE EyV
c=0.08 0.8 0.29mm
0.01 0.068 — bl —0.155 —0.164 —0.167
0.02 0.067 — bl —0.139 —0.147 —0.147
0.05 0.070 — [l —0.119 —0.136 —0.122
0.1 0.067 — [l —0.104 —0.112 —0.107
0.2 0.064 — [l —0.087 —0.097 —0.089
0.5 0.068 — [l —0.065 —0.073 —0.068
1.0 0.062 0.074 -0.045 —0.053 —0.052
2.0 0.065 0.072 —0.031 —0.046 —0.039
5.12 0.072 0.068 —0.006 —0.033 —0.017
10.24 0.080 0.070 —0.002 +0.000 +0.014
20.48 0.095 0.095 +0.029 -+0.007 +0.017
512 0.119 0.108 +0.066 -+0.038 +0.070

[a] Independent of ¢, mean values over data at ¢ =0.08, 0.18, and 0.29 mm. [b] Not

observed owing to absence of peak 4.
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From the experiments with both 1 and
1>+(PFg), we calculate E°(1?*/1%) =
+0.330+0.005 V and E'(1P1%+) =
+0.58£0.01 V as the formal potentials of
the two consecutive one-electron transfer
reactions.

The baseline for i; is clearly defined in these voltammo-
grams, and for 0.05<v <10.24 Vs™! the current function i3/
\/ve can be determined to be (53+2) Acm3s"?V~1"2mol~!
(Table 6). From the peak currents i2 we calculated the

0.5 1.0

Table 6. Peak current features in cyclic voltammograms of 12*.

VIVST RN BBt il i )i izl
0.01 63 43 96 14 0.94 0.68
0.02 59 43 94 27 0.88 0.72
0.05 56 42 91 37 0.88 0.76
0.1 54 42 92 39 0.90 0.78
0.2 52 43 92 39 0.96 0.82
0.5 51 45 92 36 1.00 0.88
1.0 52 44 92 32 1.00 0.85
2.0 51 45 93 27 1.05 0.89
5.12 56 46 93 22 1.06 0.82
10.24 53 46 92 19 1.17 0.86
2048 50 45 92 16 1.30 0.90
51.2 46 48 89 14 1.43 1.04

[a] In As"?cm?®V~"2mol~!, independent of ¢, mean values over data at ¢ =
0.08, 0.18, 0.20, 0.21, 0.29mMm. [b] Determined with extrapolated current
from peak 2 as baseline.

diffusion coefficient of 1** in CH;CN/CH,Cl, as D(1?*) =
8.2 x 1076 cm?s~'. The peak current ratio /i3 in voltammo-
grams of 17* with E; = +0.466 V is 1.0 +- 0.1, independent of v
(0.05<v<10.24 Vs™), confirming stability of 1°* on the
timescale used. Peak current i3 can be estimated if we use the
extrapolated current decreasing from peak 2 as the baseline.
A ratio of i3/i2=0.8+0.1 is found, in accordance with the
assumption of two one-electron transfers in peaks 2 and 3.
Oxidative cyclic voltammograms of 12+ were simulated on
the assumption of two quasireversible electron transfers (E)
and an irreversible follow-up chemical (C) reaction (EEC
mechanism) under linear diffusion conditions. Figure 6 shows
simulations with this model and the corresponding experi-
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Figure 6. Experimental and simulated cyclic voltammograms of 1>* (PFg), in CH;CN/CH,Cl, (1:1, v/v)/0.1m
NBu,PF; symbols: experimental data, solid lines: simulated data, E°(1>*/13*) = +0.331 V, E°(13/1*) =+ 0.582 V,
ko,=02cms™, k,=01cms™, a,=a,=0.5, k=15s"!, D=82x10"°cm?s™!; conditions in experiments:
¢=0.08, 0.18, 0.29mwm (left to right), v=0.02, 0.2, 2.0, 20.48 Vs~! (top to bottom), A =0.071 cm?; number of
collocation points N=9, spline collocation,’!! expanding simulation space,”” EEC mechanistic model
(CVSIMPY); additional for curves with v=0.02 Vs~!, broken line: simulation with DigiSim including edge
diffusion®'! and reaction of 1°* [E(C)EC mechanistic model, rate constant for reaction of trication: k=0.07 s7'].

mental curves for three concentrations of the starting dication
and for scan rates varying over three orders of magnitude
(0.02-20.48 Vs).

Considering the wide range of experimental parameters
used, the experiments can be reproduced by the simulations

(Figure 5, solid lines). Peak 7
shifts to more negative, peak 1
to more positive potentials
upon an increase in v (Table 5)
and at the same time peak 1
broadens considerably. Again,
a shift of E] to more negative
potentials with increasing c is
noted. The variation of E with
¢ that was observed in voltam-
mograms of 1, on the other
hand, is smaller under these
conditions. The half-peak po-
tential of peak 7 (Table5) is
almost independent of c¢ as
well as v up to 1024 Vs—L
The peak current function of
peak 7, i)/\/vc, does not de-
pend on v. It is therefore con-
firmed that no adsorption ef-
fects are present under the
conditions employed here. No
decrease of i}/y/vc at small v is
observed. The diffusional loss
of 12+ that we observed start-
ing from 1 at slow scan rates
can no longer occur, since
now 12 is the starting species.
However, now ig, on the re-
verse scan shows
linear dependence on /v at
slow scan rates. Simulations of
the dication reduction voltam-
mograms will be described be-
low.

a non-

Chronoamperometry and chronocoulometry of 12+ (PFg),:
Oxidative CA and CC experiments (Table 7) in solutions of

Table 7. Chronocoulometric and chronoamperometric results for redox
reactions of 1?* at different values of E (in V).l

rather well. Only at small v does edge diffusion tend to EIV +0.466 +0.866 ~1.134
influence the experimental curves. At v=0.02 Vs~! the fit T/s

between experiment and simulation can indeed be increased N

if we consider the contribution of nonlinear diffusion. Still, 0.1 0.022 0.042 0.055
peak 3 in the simulations is too intense compared with the L0 0.023 0.042 0.052
experiments. This indicates a slow reaction of 13*, and as a 10.0 0.027 0.048 0.057
matter of fact, simulations of the E(C)EC mechanistic scheme (O (QINEC) - 0166 v

(rate constant for the reaction of the trication: k=0.07 s7!) 0.1 1.000 1.90 2.49
further improves the fit at the slowest scan rate shown. Thus, 1(1)'8 1'888 1;2 ;gé

at scan rates above 0.02 Vs~! the EEC mechanism with two ’ ’ o '
quasireversible ETs provides a good model for the oxidation Q(ZT)/Qéfl) 462001 066001 051 005
of 1. Atv < 0..02 Vs~!, however, an additional reaction of 1>+ Lo 053 i 00 0:8610:02 029 i 010
has to be considered. 10.0 0.69 +0.04 0.95 +0.04 0.61 +0.08
Cyclic voltammetry of 12*(PFg),; reduction: Initially, peak 1 il\/ic! 10.6 215 223

is not present in cyclic voltammograms of 1>*. After the (iII)(i/1€) - v0166v 1.00 2.03 2.10

reduction occurring in peak 7, however, oxidation of 1 is
observed in peak 1 under cyclic voltammetric conditions
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[a] Mean values from experiments at ¢ =0.08, 0.18, and 0.24mmM. [b] In
Cem®s™"?mol. [c] In Acm’s"?mol~!, mean values from all 7.
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12+ (PFg), are consistent with the stepwise formation of 1+
and 1** during oxidation (the ratio of electrons transferred
was 1:2 for potentials of +0.466 and + 0.866 V, respectively),
including the hypothesis of the follow-up reaction of the
tetracation (increase of Q(27)/Q(r) with 7 for E=+0.866V,
Table 7). Reduction of 1?* also corresponds to the transfer of
two electrons according to the Anson slopes and Cottrell
constants.

Thermodynamic stability of the oxidation products of 1: The
quasireversible two-electron redox process 1="1?*+2e"
occurs in peak 1, and under the conditions employed in this
work the two steps were not separable. Compared with
oxidation peak 1, reduction peak 7, corresponding to the
reverse reaction 1> —1, is strongly shifted to negative
potentials; this suggests inversion of the formal potentials
characterizing the two one-electron processes 1=1"+e"
and 1'" =12 +e~; that is, the one-electron redox potential
of 1, E°(1/1'*), is more positive than E°(17/1>%). In a cyclic
voltammogram starting from 1 (see Figure 2, for example), an
electrode process could only occur if the electrode potential
were positive enough to trigger reaction 1 -1 +e.

We could find no experimental evidence to decide whether
a hypothetical radical cation 1'* is at all stable, since as soon as
it were formed, it would be further oxidized, either hetero-
geneously at the electrode or by homogeneous disproportio-
nation according to Equation (i). This equilibrium is shifted to

217 = 1+12F (i)

the right if inversion of potentials occurs. On the reverse scan,
reduction starts from 1?* and can only be observed if the
electrode potential is negative enough for the step 12*+
e~ —1'" to be feasible. Inversion of potentials results in rather
negative values of E]. Again, either heterogeneous reduction
or disproportionation of the hypothetical radical cation occurs
and yields 1.

Inversion of potentials implies!?’! that the energetic differ-
ence between the first (here radical cation 1'") and the second
oxidation stage (in the present case 12*) is smaller than the
one between the starting compound 1 and 1-". Evans and
Hul?! have related inversion of potentials in the case of
hydrocarbon reduction to the facts that a) both electron-
transfer products (radical anion and dianion in their case) are
stabilized if they attain their own structure as compared with
the situation in which they retain the structure of the neutral
starting compound and b) this effect is much stronger for the
product of the second ET than that of the first. In the present
system, inversion of the redox potentials could be explained
by the fact that 1 undergoes considerable structural changes
during oxidation. Although X-ray analysis of 1>+ (PFg ), yields
the structure of the dication in the solid state only, it has been
shown that at least for the corresponding bis(triiodide) the
dication has a twisted structure in solution t00.?! The solution
NMR spectra of the dication salts are almost identical and it is
thus reasonable to assume the same relation for the solid-state
and solution structures of the bis(hexafluorophosphate) of
1. In such a twisted conformation, stabilization can be
expected as a result of the formation of two polymethine
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systems in the dication,*! which is confirmed in the solid state
by the bond lengths (C; —Ny; and C;— Ny, shortened compared
with C,—N,,) and at least for 12+ (I5), in solution by dynamic
NMR results.?”! Therefore, we propose that stabilization of 1>+
through structural changes makes its formation from 1+
thermodynamically easier than the formation of 1'* from the
neutral starting species 1. As a result, the order of the formal
potentials of successive oxidation states linked by two
sequential ETs (commonly separated by about + 0.4 VB!) is
reversed. This is in direct contrast to the earlier reasoning,!'*
which assumed a destabilization of the dication. Energetic
stabilization of polymethine systems by delocalization has
been characterized as between that of aromatic compounds
and polyenes.©*?!

In accordance with the conclusion from Equation (i)
considering inversion of potentials, an ESR spectrum un-
equivocally assigned to 1" could not yet be detected in
solution.?”! Electronic spectra also confirm a shift of Equili-
brium (i) far over to the right-hand side. The UV/Vis
spectrum (Figure 7) of neutral 1 does not show a maximum

LT

absorption / arb. units

T T.T

| S 1 L 1 Lot
300 400 500 600 700 800 900
A/nm
Figure 7. UV/Vis spectra of 1, ¢c=0.255mm (- - - -), of 1>, ¢=0.136 mm
(+++), and of a mixture of 1 and 1?*, ¢(1) =c(1**)=0.182mm (—), in
CH;CN/CH,CI, (1:1, v/v).

in the accessible range of wavelengths (230 <1 <800 nm) in
CH;CN/CH,(Cl, (1:1), while the dication has a spectrum with
two clearly defined maxima [A,,,, =334 nm, ¢=(1.3+0.1) x
10%; Apax =334 nm, ¢ =(7.24+0.7) x 10°] and a weak shoulder
around 620 nm [e=(1.54+0.2) x 10°]. The spectrum of an
equimolar mixture of 1 and 1>* is an exact superimposition of
the spectra of hexakis(dimethylamino)benzene and its dicat-
ion. At least in the wavelength range investigated, no
additional bands show up. This makes presence of a radical
cation in substantial concentrations rather unlikely.

In this context it is interesting to note that potential
inversion has also been observed to various degrees in the
case of pyridyl-substituted cyclobutanes.*¥ In a 1,3-bismethy-
lenecyclobutane/bicyclo[1.1.0]butane system the redox proc-
ess was characterized as an ECE-type sequence.’¥ In these
cases, however, only a single polymethine unit was contained
in the molecule, while in the present example of 1> two such
units are linked.

In contrast to the case of 1 and 1%+, the stability of 13+ and
14+ follows the normal pattern: oxidation becomes more
difficult with increasing positive charge on the ions. We have
no experimental information on the structure of these higher
oxidation products of 1. Normal ordering of potentials,
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however, suggests that structural changes accompanying these
oxidation steps are of minor importance. Possibly the central
(CH;)N, groups in the two polymethine moieties, which are
not included in the delocalized systems of the dication
(nitrogen atoms N21 and NS51 in Figure 4), now bear the
additional charge(s).

Determination of E°(1/12*): Recently, Hu and Evans?!
showed that the mean value of the E° of an inverted two-
electron system is accessible from potentiometric experi-
ments. The equilibrium potential of an indicator electrode is
determined in the presence of various concentrations of the
two redox partners. In their case, one partner of the redox
couple was used as the starting compound, and the other one
was generated by electrolysis. The amount of product formed
was determined from the charge passed through the electrode.
The resulting E° characterizes the overall thermodynamics of
the two-electron system.

In the case of 1 and 1>*, both redox partners are stable and
can be prepared in pure form. Thus, E°(1/1*") = [E°(1/1") +
E°(1++/1%)]/2 is accessible from equilibrium potential meas-
urements in solutions with various ratios [1]/[1?*], which were
prepared by mixing stock solutions of the two species. Results
are plotted in Figure 8 versus the ratio xp. = [124]/([12*] 4 [1])

L o
0.3 -
Z -0.351-
R B
= I
=1 L
2 04
a L
§ I o
_0‘457\\'\I\l|\\\l|\l\\|\l\\|\
0.0 0.25 0.5 0.75 1.0
xdlumun

Figure 8. Equilibrium potential of a Pt tip electrode in solutions of 1 and
12+ in CH;CN/CH,Cl, (1:1, v/v)/0.1m NBu,PF; as a function of xp.. (see text
for definition); symbols: data from three independent experiments;
theoretical curves for E°(1/1%*) = —0.366 V, solid line: n =2, dotted line:
n=1.

and compared with a theoretical curve (solid line) calculated
according to Equation (1) (derived from the Nernst equation,

RT 1
E=E'1/1*)—— In(—-1.0) 1)
nF X

n=2, T=298 K, R being the gas constant and F the Faraday)
with E%(1/12*) = —0.366 V. Good agreement is found for a
series of independent experiments. A theoretical curve with
n=1 (dotted line) does nor fit the experimental data well.
Only at the extreme limits of small and large xp.. does scatter
of the experimental data occur, probably due to uncertainties
in the concentration of the two redox partners. The results
provide an estimate of the overall redox potential 1—12* +
2e.

Kinetics of electrode reaction 1=1>": The peak potential
difference between peaks 1 and 7 and the dependence of the
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half-peak width |E,—E},| (Tablel) on the scan rate
indicate that, in addition to inversion of the formal potentials,
the overall redox process is kinetically slow. Two fully
reversible ET processes would result in a peak potential
difference of 29 mV with E=E’%1/1**) even if the formal
potentials were inverted, and a half-peak width of 29 mV.
Furthermore, for reversible ETs, the peak potentials E| and
E] were expected to be independent of v.

Sluggish ET may be brought about by a structural change of
the molecule during the redox reaction, concerted with at
least one of the heterogeneous steps.?! This would corre-
spond to a large inner reorganization energy A; during the
oxidation. It has recently been shown that effects of 4; and
those of a bond dissociation concerted with the ET on the
activation barrier are similar for one-electron transfer proc-
esses.’>37 The present case of a two-electron system, how-
ever, is much more complicated due to the larger number of
alternative reaction pathways. For example, the structural
change could be nonconcerted with any of the electron
transfers and happen either at the radical cation or the
dication stage, or it could be concerted with either of the ET
steps. Furthermore, considerable changes in the molecular
structure may occur during both of the two ET processes.
Finally, even the two ETs may be concerted into a single
elementary reaction. A detailed kinetic analysis of the
reaction 1=1** 4+ 2e~ must therefore await further theoret-
ical development.B®!

Simulations for an EE reaction with inversion of potentials,
a fast (diffusion-controlled) homogeneous disproportionation
reaction of 1'*, slow ET kinetics for both steps, and potential-
dependent transfer coefficients a, however, already show that
the overall shape of the voltammograms in the system 1/1**
can be reproduced. Simulations of an ECE process were less
successful. Formulation as an EE reaction implies that
structural changes are concerted with one or both electron
transfers. In particular, the fact that at large scan rates the
half-peak widths of peaks 1 and 7 are different, with peak 1
being more drawn out than peak 7 (see Tables 1 and 5 and
Figure 2c), shows up in the simulations. Also, a concentration-
dependent shift of the peak potentials, probably due to the
influence of the second-order disproportionation, can be seen
in these simulations. Future work will be directed at providing
a more quantitative picture of the two-electron oxidation of 1.

Oxidation mechanism of 1 and comparison with other amino-
benzenes: Hexakis(dimethylamino)benzene 1 was oxidized in
three steps in the CH;CN/CH,Cl, electrolyte, yielding di-, tri-,
and tetracations (Scheme 1). The experimental data prove
oxidation in a quasireversible two-electron step and two
faster, successive separate one-electron steps with follow-up
reactions at the tri- and tetracation stages. The two voltam-
metric peaks corresponding to the primary redox reaction are,
however, separated by more than 0.5V, because of the
combined effects of inversion of the formal potentials
(thermodynamics) and the sluggishness of at least one of the
electron transfers (kinetics).

Dietrich and Heinze also observed a three-step oxidative
cyclic voltammogram of 1 in liquid SO, and CH,Cl,, but at
much more positive potentials than in our work
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Scheme 1. Oxidation mechanism of hexakis(dimethylamino)benzene in
CH;CN/CH,Cl,.

(+0.31, +0.56, and +1.64V vs. fc/fct, recalculated from
values vs. Ag/AgCl with the ferrocene potential given in
ref. [4]). Surprisingly, for increasing E their data correspond
to two separate one-electron transfers followed by a two-
electron process.?” This result can be reconciled with our data
if we assume that in their system 1> was present as the
starting compound (possibly due to oxidation by the solvent
SO,). Indeed, the E° values for their first two steps are almost
identical to the formal potentials for tri- and tetracation
formation determined in the present work. Their third wave
would then correspond to hexacation formation. The poten-
tial of this wave lies outside the potential window accessible in
CH;CN/CH,Cl, under the conditions used in the present
work, precluding formation of such a highly charged species.

N,N,N',N'-Tetramethyl-p-phenylenediamine (5), one of the
best-investigated aromatic amino compounds as regards its
electron transfer properties, is oxidized in the CH;CN/CH,Cl,
electrolyte at E°=—0.292 +0.002 and E°= —0.343 +£0.003 V
in two one-electron steps via its radical cation (Wurster’s
Bluel*l) to its dication [values in pure acetonitrile: —0.206
and +0.378 V,P1 —0.207 and +0.373 V (recalculated vs. fc/fc*
from ref. [7]), —0.27 and +0.33 V;[ for a recent investigation
of solvent effects on E°(5/5"), see ref. [41]]. The mean value
of these two formal potentials, E°(5/5%7) = [E*(5/5") + E*(5*/
5°+)]1/2=+10.026 V, can be compared to E°(1/1>*) = —0.366 V,
since both E° describe an overall two-electron process. 1 is
oxidized considerably more easy than 5.

Another compound suitable for direct comparison with 1
with respect to the oxidation potential is 1,2,4,5-tetrakis(di-
methylamino)benzene (2). The formal potential for the two-
electron oxidation of 2 in acetonitrile is —0.266 V vs. fc/fc*,5!
0.1 V more positive than E°(1/1?*). Comparison of the
oxidation potentials of 1, 2, and 5 reveals that that of 1 is
not unusually high.

It is interesting to note, however, that in contrast to most of
the other dimethylamino-substituted benzenes or their deriv-
atives, 1 shows both inversion of potentials and a small
heterogeneous electron transfer rate. As such its electro-
chemical behavior is indeed different from most similar
compounds, for example 5—8. In the absence of quantitative
kinetic data for the oxidation of 1, the reason for this
difference will be discussed qualitatively here. It does appear
that this behavior is not simply related to the fact that a
structural change occurs at all during oxidation, or that steric
strain occurs in the oxidation product.

One would expect strong steric effects in the HOC dication
8%+ because of the ethano bridges linking the nitrogen atoms
in this coronene derivative. Dication 8%+ is described as having
an essentially planar C,N, core,l'” but forms two polymethine
moieties. The central six-membered ring now consists of two
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C; units with short C—C bonds. The units are connected by
two long C-C single bonds. These structural features are
similiar to 1?*. In contrast to the HDMAB dication, however,
the polymethine systems in 8* are held coplanar by the
ethano framework. In contrast to 8, the C—C bond lengths in
the HOC dication are no longer equal. Consequently, there is
indeed a considerable change of the molecular structure in
going from 8 to 8%+, but confined to the planar core ring. The
cyclic voltammogram of 8 shows four reversible one-electron
peak couples and none of the effects discussed for 1. 1,2.4,5-
Tetrakis(dimethylamino)benzene (2), on the other hand,
shows inversion of potentials: its two-electron oxidation peak
could not be separated into two one-electron signals.P! Tts
voltammogram was not analyzed with regard to the kinetics of
the ET,P but its peak potential separation is clearly increased
above the 29 mV expected for a reversible system, indicating
slow heterogeneous ET.

The main difference between the systems 1/1>* and 2/2** on
the one hand and 8/8 on the other is the fact that the
structural distortion in 1** and 2** (compared with 1 and 2,
respectively) is out-of-plane and that the polymethine systems
are no longer coplanar but tilted relative to each other. We
suggest that this particular feature of the structural change
during ET contributes to stabilization of 1" and 2** compared
with hypothetical dications with a structure not much differ-
ent from the neutral parent (i.e. with parallel polymethine
units), and may be responsible for the effects which we
observe experimentally. In particular, stabilization explains
the inversion of potentials in these cases. Dication 8+ does not
have this stabilizing feature, and its polymethine units must
remain coplanar. Thus, normal ordering of potentials is
observed. This hypothesis could possibly be tested through
detailed analysis of the redox properties of other polyamino-
benzenes with various degrees and types of steric restraints.

In future experiments, we will therefore extend our experi-
ments to HDMAB derivatives with cyclophane-type rings
linking two nitrogen atoms in meta positions to those with a
NH(CH,;) group replacing one dimethylamino substituent,
and to those with two hexaaminobenzene moieties linked by
aliphatic spacer units (see for example ref. [42]).

Experimental Section

General: Hexakis(dimethylamino)benzene was synthesized according to
published procedures from 1,3,5-trichloro-2,4,6-trinitrobenzene via 1,3,5-
triamino-2,4,6-trinitrobenzene and hexaaminobenzene.[*! Elemental anal-
yses were performed in the Chemisches Zentralinstitut (Universitit
Tiibingen). Nuclear magnetic resonance spectra were recorded on a
Bruker AC250 spectrometer.

Solvents and supporting electrolytes: Dichloromethane was predried over
CaCl,. It was distilled from P,Os5 and then K,COj;, and passed through an
AlLO; column (diameter: 2 cm, length: 15 cm; neutral alumina, dried at
140°C and cooled under argon). Acetonitrile was predried over CaCl,. It
was distilled from P,Os, NaH and again P,Os, and passed through an Al,O;
column as described above. Tetra-n-butylammonium hexafluorophosphate,
NBu,PF, was prepared from NBu,Br and NH,PF; or recycled as described
before.*l It was used in a concentration of 0.1M in the respective solvent.
The electrolyte was degassed by three freeze — pump — thaw cycles before it
was transferred into the electrochemical cell under argon.
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Electrochemical experiments: All electrochemical experiments were
performed with a Bioanalytical Systems (BAS, West Lafayette, IN, USA)
100B/W electrochemical workstation controlled by a standard 80486
personal computer (control program version 2.0). For electroanalytical
experiments a Metrohm Pt electrode tip (Filderstadt, Germany) was used
as working electrode. The electroactive area of the Pt disk was determined
from cyclic voltammograms, chronoampero- and chronocoulograms of
ferrocene (fc) in acetonitrile, CH,Cl, and a 1:1 (v/v) mixture of these
solvents to be A =0.071 4+0.007 cm?, with diffusion coefficients D for fc in
CH,;CN (24 x10% em?s )% and CH,Cl, (2.32 x 107% cm?s7!).11 The
value of D in the solvent mixture was calculated as the mean value of the
values in the pure solvents. The counterelectrode was a Pt wire of 1 mm
diameter. A single-unit Haber —Luggin double-reference electrodel*’! was
used. The resulting potential values refer to Ag/Ag* (0.01m in CH;CN/0.1m
NBu,PF;). Ferrocene was used as an external standard. Its potential was
determined by separate cyclic voltammetric experiments in the respective
solvent, and all potentials were then rescaled to E°(fc/fc™) (+0.093 V in
CH,CN, +0.211V in CH,Cl,, and +0.134 V in the CH;CN/CH,Cl,
electrolyte, all vs. Ag/Ag"). All potentials in the present paper are reported
relative to the fc/fc* standard“! in the respective solvent.

For cyclic voltammetry, chronoamperometry, chronocoulometry, and
potentiometry a gas-tight full-glass three-electrode cell was used; its
assembly for the experiments has been described previously.l* The cell was
purged with argon before it was filled with electrolyte. Except for the
potentiometric determinations, background curves were recorded before
adding substrate to the solution. These were later subtracted from the
experimental data with substrate. The automatic BAS 100B/W iR-drop
compensation facility was used for all experiments.

For preparative electrolyses working and counterelectrodes were nets of
Pt/Ir 90/10 (Degussa, Hanau, Germany), separated by a glass frit. The
reference electrode was identical to the one described above. The cell was
fitted with an additional Pt tip electrode (see above) to record cyclic
voltammograms. This cell was also gas-tight and its temperature could be
held constant. It was purged with argon prior to being filled with
electrolyte.

Numerical simulations*! were performed with our CVSIM package® on a
CONVEX C3860 mainframe computer. The programm uses spline
orthogonal collocation®! with the expanding simulation space optionl*
and was extended to accommodate the electrode reaction mechanisms
encountered in the present work. In particular the possibility of using a
potential-dependent transfer coefficient a for quasireversible ET processes
was included, according to Equation (2). Additional simulations to include
edge diffusion (empirical procedure as given in ref. [21]) and trication
reaction used the commercial simulator Digisim.[%!

da
a:aoJF(E*EO)E @

Preparative electrolysis of 1; preparation of 1*(PFg),: A 0.1M solution of
NBu,PF, in CH,Cl, (20 mL) was placed in the working electrode compart-
ment of the electrolysis cell. The counterelectrode compartment was filled
with the same electrolyte. After inserting the double-reference electrode
with the Haber—Luggin capillary and stabilizing the cell temperature at
17°C, 1 (67.4 mg, 0.2 mmol) was dissolved in the electrolyte in the working
electrode compartment and a cyclic voltammogram was recorded with the
tip electrode. Then the solution was electrolyzed at E=-+0.289 V, until the
primary oxidation peak of 1 in the voltammograms had disappeared. A
charge of 39.4 C (expected for n=2:38.6 C) had passed. A precipitate had
formed in the working electrode compartment. It was filtered off and dried
at ambient temperature and 5 x 1072 mbar to yield 52.5 mg 1?*(PFg),
(42%). C\gHseF,N¢P, (626.47): caled C 34.51, H 5.79, N. 13.42, F 36.39;
found C 34.26, H 5.64, N, 12.71, F 37.02; '"H NMR (200 MHz, [Ds]DMSO,
TMS): 6=3.07 (s); '"H NMR (200 MHz, CD,Cl,, TMS): 6=3.15 (s)
(12+(I5),: 3.30 (s) in CD,Cl,, see ref. [2]); *C NMR (200 MHz, [D4]DMSO,
TMS): 6 =44.09 (CH,), 144.05 (ring carbon atoms) (127(I5),: 6 =44.08,
143.92 in [Dg]DMSO, see ref. [2]).

Potentiometric determination of equilibrium potential E°(1/1?*): The
equilibrium potentials®! of solutions containing both 1 and 1+ were
determined as the rest potentials of a Pt electrode in the electrolyte. Typical
experiment: Two stock solutions were prepared, one with 3.91 mg and the
other with 39.48 mg of 1>*, in the electrolyte [CH;CN/CH,Cl,, 1:1 (v/v) with
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0.1m NBu,PF,]. Compound 1 (0.48 mg) was dissolved in the electrolyte
(20 mL). Several portions of the dication solutions were added, and each
time the rest potential was determined with the BAS 100 B/W. Determi-
nations with a fixed concentration ratio of 1 and 1?* were repeated until the
rest potential stayed constant. Between the determinations the solution was
stirred for 2 min. The rest potential was plotted versus the concentration
ratio xp. = [12*])/([12*] + [1]). The value of E°(1/1>*) follows as the point of
inflection of the plot or from comparison with curves calculated from
Equation (1).

UV/Vis spectra: A recording spectral photometer Specord M 500, Zeiss,
Jena (Germany), was used with 1cm pathlength quartz cuvettes. The
reference was the pure solvent and the concentrations were chosen such
that the extinction was between 0.1 and 0.15. The extinction was plotted vs.
the concentration and the extinction coefficient determined from the slope
of the resulting straight line.

Crystal structure determination: Crystals of the dication bis(hexafluor-
ophosphate) were obtained by slow diffusion of diethyl ether into a
solution of the salt in acetonitrile. The X-ray data were collected with an
Enraf—Nonius diffractometer. Crystal data are reported in Table 8. The
data were collected with 6 ranging from 5.6 to 65; there were 4912
reflections, of which 4489 with 1>20 have been used for the structure
determination. The structure was solved by direct methods® and refined

Table 8. Crystal data and structure refinement for 12+,

formula CsH3F,NgP,
M, 626.47

T 293(2) K
Aradiation 1.54056 A/Cug,
crystal system/space group orthorhombic/Pbca
unit cell dimensions:

a 18.972(2)

b 12.6050(14)

c 22.8100(12)

1% 5454.8(9) A3

V4 8

Pealed 1.526 Mg m-?
absorption coefficient 2.408 mm™!
F(000) 2592

0.6 x 0.2 x 0.15 mm
0<h<22, -1<k<14,-23<I1<0

crystal size
index ranges

reflections collected 4912

independent reflections 4489 [R(int) =0.0346]
reflections observed 3285

criterion for observation > 20(1)

absorption correction none

data/restraints/parameters 4489/0/347

by the full-matrix least-squares method.’s! Refinement of the model with
anisotropic temperature parameters and the hydrogen atoms calculated on
ideal positions led to an R value of 0.085, with highly disordered PF; ions.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100296.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: int. code + (44) 1223226-
033; e-mail: deposit@ccdc.cam.ac.uk).
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Dianions and Tetraanions of Bowl-Shaped Fullerene Fragments
Dibenzo[a,g]corannulene and Dibenzo[a,g]cyclopental kl]corannulene

Amir Weitz, Elad Shabtai, Mordecai Rabinovitz,* Matthew S. Bratcher,
Casey C. McComas, Michael D. Best, and Lawrence T. Scott*

Abstract: The C3H,, and C;H,, poly-
cyclic aromatic hydrocarbons diben-
zo[a,g]|corannulene (3) and diben-
zo[a,g]cyclopenta[kl|corannulene  (4)
both contain a central corannulene ring
system fused on two sides by benzene
rings. Hydrocarbon 4 also has a second
five-membered ring in the form of an
etheno bridge on the corannulene. Two-
electron reduction of these corannulene
derivatives with lithium metal produces

dianion of the parent corannulene 1%,
whereas the dianion of dibenzo[a,g]cy-
clopenta[kl]corannulene (4*7) is found
to be diatropic. Analogous results were
obtained when the two-electron reduc-
tion was carried out with potassium
metal. Further reduction of the dianion
with lithium metal gave the correspond-
ing trianion radicals but, in contrast to
the reduction of unsubstituted corannu-
lene with lithium, could not be pushed

beyond that stage to the tetraanions.
However, with potassium metal, which
reduces unsubstituted corannulene only
to the trianion radical, both 3 and 4
could be reduced to tetraanions. The
tetraanion of dibenzo[a,g]corannulene
(3*) was found to be diatropic, though
less so than the tetraanion of corannu-
lene (1*7), whereas the tetraanion of
dibenzo[a,g]cyclopenta[k/]corannulene

(4*) was found to be weakly paratropic.

stable solutions of purple dianions that
are amenable to study by 'H, *C, and
7Li NMR spectroscopy. The dianion of
dibenzo[a,g|corannulene (3?) is found

. - ring currents
to be paratropic, though less so than the &

Introduction

Corannulene (1), with its bowl-shaped equilibrium geometry,
represents the smallest subunit of Cg, that retains a curved
surface. The lowest unoccupied molecular orbital (LUMO) of
corannulene lies unusually low in energy and is doubly
degenerate; this accounts for the ease with which this C,yH,
hydrocarbon can accept up to four electrons.!! Renewed
interest in the bowl-shaped corannulene following the dis-
covery of Cg led to the development of a convenient new
synthesis for corannulene and its derivatives® as well as to
further investigation of their electronic and geometric struc-
ture.’l Our discovery of the tetraanion 1% on lithium
reduction!l and its dimerization® to 2 prompted further

[*] Prof. M. Rabinovitz, A. Weitz, E. Shabtai
Department of Organic Chemistry
The Hebrew University of Jerusalem
Givat Ram, Jerusalem 91904 (Israel)
Fax: Int. code + (972)265-27547
Prof. L. T. Scott, M. S. Bratcher, C. C. McComas, M. D. Best
Department of Chemistry, Boston College

Eugene F. Merkert Chemistry Center
Chestnut Hill, MA 02167 3860 (USA)
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The different &t topologies, charge dis-
tributions, and magnetic properties of
these two large fullerene fragments and
their derived anions are discussed.

diatropism

ot

investigation of the various reduction states.’! Attention
turned to the nature of the dianion, being either para- or
diatropic, since it had not been detected previously. We were
also concerned with the question of the reduction stage in
which the formation of dimers occurs.

Under the right conditions,! the dianion 1>~ was observed
by 'H NMR spectroscopy, in the form of one line at d =
—5.6.51 This significant paratropic shift confirms its annulene
nature.!! A reduction path for corannulene was also suggest-
ed, indicating that the formation of the dimer takes place only
at the tetraanionic stage of the reduction.P!

The questions that arose from our work on the anions of
corannulene (1) and other anions are: a) to what extent does
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aggregation occur in solvated organic anions, and b) does the
reduction to polyanionic species promote the dimerization or
vice versa? Corannulene (1) also behaves differently depend-
ing on whether it is reduced with lithium or potassium. With
Li as the reducing metal it forms a tetraanionic sandwich
compound 2, but reduction with K yields the monomeric
dianion with a minor quantity of a radical trianion, but no
tetraanion, either as the monomer or the dimer. This has led
us to study the reduction of extended corannulenes such as
dibenzo[a,g]corannulene (3)! and dibenzo[a,g]cyclopen-
ta[kl]Jcorannulene (4),! which also have low-lying LUMOs
and can, in principle, accept up to four electrons like
corannulene (1). Both 3 and 4 are extended corannulenes
with extra conjugated five- and/or six-membered rings. These
are larger subunits of Cg with 28 and 30 carbon atoms,
respectively, in which the bowl-type structure is maintained
(Figure 1).

Figure 1. Corannulenes 3 and 4 and the relationship of their ring system to
that of Cg.

We have used the same two alkali metals, lithium and
potassium, for the reduction of 3 and 4. The reduction process
is followed by NMR spectroscopy in order to obtain
information on the nature of the anions, for example the
charge distribution and the magnetic properties of the ions.
Here we describe our study of these two extended corannu-
lenes 3 and 4. The reduction products of these curved Cg,
subunits show a dependence on the reducing metal as well as
on the m array of electrons. With lithium, 3 and 4 are reduced
only to radical trianions, but with potassium we succeeded in
superdoping the extended corannulenes, and both tetraanions
3% and 4* were observed and characterized. This ability of 3
and 4 to store charge when reduced with potassium is
particularly significant with respect to the quest for materials
that can be used, inter alia, for rechargeable organic
batteries.[®

The addition of 2 & and 4 & electrons changes the magnetic
properties of 3 and 4 and, though both are extended

Chem. Eur. J. 1998, 4, No. 2
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corannulenes, their behavior on reduction is different from
that observed on reduction of corannulene (1). The corannu-
lenic or polycyclic character is discussed here.

Results and Discussion

The n topology of the extended corannulenes 3 and 4: The
calculated potential energies (semiempirical AM1 calcula-
tions),” —1.180 and —1.558 ¢V for the LUMOs of 3 and
4, respectively, are even lower than the calculated energy
(—1.028eV) for the LUMO of 1. Because of the high
symmetry of 1 (Cs,), its LUMO is doubly degenerate, and thus
we expected, as was later observed,!l an easy reduction to a
tetraanion. In 3 and 4, the LUMO is not degenerate, but there
is only a small energy gap between the LUMO and the
NLUMO, 0.22 eV and 0.62eV for 3 and 4, respectively. A
small energy gap between the LUMO and NLUMO could still
result in the formation of highly reduced species, as has been
demonstrated by Gerson and Huber.['"]

Hydrocarbon 3 exhibits aromatic character, as seen from its
'H NMR spectrum (Table 1). Based on the mt-topology model
proposed for corannulene™ (an annulene within an annu-
lene), a similar 7t topology is suggested for 3. According to this
model, the central five-membered ring can have six electrons,
thus becoming a cyclopentadienide anion with diatropic
character. The other 22 ; electrons can delocalize around
the rim of the dibenzo[a,g]corannulene (3) giving rise, again,
to diatropic character. It follows, therefore, that we have the
same model for the m topology of 3, an annulene within an
annulene, as we had for 1 (Figure 2). According to this model,
we should observe the same characteristics resulting from the
7t topology in 3 as for 1. On the other hand, calculations
(AMD)P! predict a partial positive charge on the carbons
shared by the two extra benzene rings and the corannulene
moiety. This will result in a diminution of the circumference
delocalization, and thus different behavior is expected for 3
relative to 1 on reduction.

22me/23C

/ Une-/15C
&

6ne-/5C

6me-/5C

Figure 2. Annulene-within-an-annulene m topology of the neutral hydro-
carbons 1, 3, and 4.

If we assume that the & topology of 4 is the same as in 1 and
3, that is, that the central hub of the five-membered ring can
possess 6w electrons, leaving the outer rim with 24 &
electrons, it follows that the hydrocarbon should exhibit an
antiaromatic character in its neutral form. This does not
coincide with the diatropic behavior of the neutral 4 observed
by 'H NMR spectroscopy (Table 1). Therefore, either the two
nt electrons of the etheno bridge do not participate in the
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Table 1. 400 MHz 'H NMR and 100 MHz C NMR parameters of 3 and 4?) and their anions® in [Dg]THF.

Dibenzo[a,g]corannulene (3)

H7/H8 H6/H9 HS5/H10 H4/H11 H3/H12 H2/H13 H1/H14

3 8.38 8.72 7.77 7.76 8.67 8.28 8.00
3*2Li" 2.16 4.16 5.01 5.20 4.15 2.58 1.30
34/4K" 7.05 6.17 7.36 5.60 7.28 6.07 472

C7/C8 C6b/C8a C6a/C8b C6c/C8c C6/C9  C5/C10 C4/C11 C3/C12 C2b/Cl2a C2a/C12b C2c/Cl2c C2/C13 C1/Cl4 Cl4a Cldb
3 1249 129.0 133.6 134.7 125.5 1277 1276 1254 1337 129.2 136.4 1247 1279 130.9 1354
3*-/2Li* 1089 1389 139.7 159.3 123.4 119.8 1258 1213 1431 122.2 154.3 121.0 1022 1475 169.5
AS —-160 +9.9 +6.1 +24.6 -21 -79 -1.8 —41 +94 -7.0 +179 —-37 =257 +16.6 +34.1

Dibenzo[a,g|cyclopenta[kl]corannulene (4)
H8/H9 H7/H10 H6/H11 H5/H12 H4/H13 H3/H14 H1/H2

4 8.08 8.59 7.68 7.68 8.54 7.87 6.60
421" 6.70 7.89 7.00 7.00 7.81 6.15 6.04
42K+ 6.73 7.85 7.03 7.03 7.69 6.02 6.15
444K+ 6.57 4.84 5.01 5.01 5.60 6.10 5.95

C8/C9 C7b/C9a C7a/C9 C7¢/C9c C7/C10 C6/Cll C5/C12 C4/C13 C3b/Cl3a C3a/Cl3b C3c/Cl3c C3/Cl4 C2a/Cl4a C2b C2c Cl/C2
4 126.3 135.6 133.6 1282 125.6  128.0 1281 1253 13438 135.9 139.2 123.9 146.6 1424 1401 1289
4-2Li7 1112 1261 139.4 146.4 1242 122.6 1234 1242 1418 132.0 127.0 105.8 126.2 131.8 1553 985
Ao —-151 -95 +58  +182 -14 -54 -47 -11 470 -39 —-122 —-181 -204 —-10.6 +152 -304
42K+ 111.6 1262 139.4 146.5 1243 1234 1242 1244 1413 130.3 124.6 106.7 124.8 133.8 156.6 108.1
Ao —146 -94 +58 +183 -13 —4.6 -39 -09 +65 -56 —14.6 -172  -218 —-86 +16.5 —20.8

[a] At room temperature. [b] At 210 K.

overall delocalization on the rim of the outer ring (Figure 2),
or the m-topology model suggested for 1 and 3 does not hold in
the case of 4. In either case, we should expect a different
behavior for 4 than that observed for 1 and 3 on reduction.

Reduction with lithiom and the formation of dianions:
Dibenzo|[a,g]corannulene (3) and dibenzo[a,g]cyclopenta[kl]-
corannulene (4) were reduced with lithium metal over a
period of several days, resulting in a series of three color
changes in each case. The first change in the color of the
solutions of both 3 and 4 to green resembles the reduction of
corannulene and was accompanied by loss of the NMR
spectrum. This indicates a high concentration of species with
unpaired electrons in the solution, which were assigned as the
radical anions 37" and 4. A second stage was observed when
the solution changed color to purple. The species present at
this second stage were diamagnetic in nature and exhibited
well-resolved, temperature-dependent 'H NMR and "3C
NMR spectra.

The total change in carbon chemical shifts upon charging
with lithium was XA =+ 50 ppm in 3 and Ao =— 178 ppm
in 4. According to Equation (1) and taking into account the
K (exp) =2ZA0/Agq (1)
two-electron reduction process, we found Kc,, =25 ppm
and — 89 ppm per unit of charge, respectively. These values
are markedly different from that obtained for the corannulene
dianion 1?-, which has a total carbon chemical shift of
+336 ppm and Kc,, =+ 183 ppm/e~. It seems that dianions
3> and 4* are missing the strong paratropic effect that
operates in the dianion of corannulene and leads to very low
field shifts in its carbon spectrum. This is reasonable, since the
magnitude of paramagnetic ring currents is known to be
inversely related to the size of the HOMO-LUMO gap,!!l
and the HOMO -LUMO gaps for these dianions increase in
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the order 1>~ < 3>~ < 4*~. This order follows from the fact that
the LUMO of corannulene (1) is doubly degenerate, so the
HOMO-LUMO gap in 1>~ is only the very small AE
imparted by Jahn-Teller distortion, whereas the HOMO -
LUMO gaps in the extended dianions of lower symmetry 3*-
and 4*~ can be estimated from the AE between the non-
degenerate LUMO and the NLUMO of the corresponding
neutral hydrocarbons (0.22 and 0.62 eV, respectively; vide
supra).’! Kc,, values in the range of +25ppm and
—89 ppm/e~ in 3*~ and 4%~ point to a characteristic feature
of a polycyclic system. From the trend of the sum of the
chemical shifts in the carbon NMR spectra, especially in 3%,
we can infer some annulenic effect of the internal five-
membered ring.

Correlations between the charge and the change in the
chemical shift should be taken with a degree of caution, since
Equation (1) is empirical. In our case, we are dealing with a
new family of polycyclic systems that exhibit some special new
properties, for example the curved structure and a special &
topology. Therefore, we cannot implement the charge —shift
correlation equation insouciantly. For the dibenzo[a,g]coran-
nulene dianion 3%~ we see that the range of *C NMR shifts is
very wide, approximately 70 ppm. This exceptionally wide
range indicates that two effects influence the carbon shifts.
For 3%~ we can divide the '3C NMR shifts into two groups, one
that includes the central hub carbons and a second that
comprises the carbons on the outer rim of the molecule. The
central hub of both dianions 3?~ and 4?- is affected more by
the ring current of the rim than by the charge, and as a result
the lines are shifted to a relatively low field. In other words,
they have an annulenic character for the central hub. The
second group of carbons has shifts to a relatively high field
and thus is more influenced by the charge located on the
carbons, which thus have a polycyclic character. In 4>, the
boundaries of the two groups are more vague, but the
influence of the ring current on the carbons of the central hub
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is remarkable. Therefore, the equation relating the *C NMR
shift displacement and the charge density can be used more
safely for 4%,

In 4%, we find only a small negative charge density in the
benzene rings, whereas the junction carbons shared by the
corannulene ring and the two benzene rings (C9b, C13a, C3b,
and C7a) bear a corresponding amount of positive charge. It
therefore appears that the majority of the extra charge density
in 4%~ is concentrated in the central ethenocorannulene unit,
and the polarizable & electrons in each of the fused benzene
rings respond by shifting slightly away from the ring junction.
High charge density was found on the carbons of the
peripheral corannulene ring. The external five-membered
ring in compound 4>~ exerts a strong charge-withdrawing
effect.

By comparing the difference of the carbon chemical shifts
relative to corannulene dianion 13-, we can draw a number of
conclusions. Firstly, changes of the peripheral m system of
corannulene can affect the electronic properties of this
compound dramatically, and secondly, it can be shown that
the addition of the two benzannelated rings (i.e., 3) exerts a
relatively small distortion on the corannulene m system while
the addition of a five-membered ring (i.e., 4) can change the
annulenic behavior of 1 significantly. Although no single
structural representation can completely reflect all of the
properties of either of these two dianions, 3>~ can probably be
best thought of as a perturbed relative of the corannulene
dianion 12-, which has an aromatic 6 n-electron hub inside an
antiaromatic 16 m-electron annulene rim (Figure 3); the two

8
&b oo

12- 32— 42_
Figure 3. Structural representations that reflect the highly paratropic
nature of the corannulene dianion (12-), the more weakly paratropic nature
of the dibenzo[a,g|corannulene (3*7), and the diatropic nature of the
dibenzo[a,g]cyclopentalk/|corannulene (4%°).

fused benzo rings on 3 partially quench the paramagnetic ring
current of the antiaromatic 16 m-electron annulene rim.
Dianion 47, on the other hand, is probably better represented
as a species with less prominent contributions of the
antiaromatic cycles and relatively isolated fused benzo rings.

Another point which should be considered is that the
carbon framework of compound 4 includes a [5,5]fulvalene
unit. One of the rings of the fulvalene is in the hub of the
corannulene system, and the other one is on the periphery.
This fulvalene unit, which is normally stabilized by charge
alternation, becomes asymmetrically charged in the dianion
4, where the external ring is highly negatively charged. It is
not unreasonable that the tendency to stabilize a dipolar
fulvalene leads to a significant distortion of the corannulene &
system.

Chem. Eur. J. 1998, 4, No. 2
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The centers of gravity in the 'H NMR spectra of 3*7/2Li*
and 4*-/2Li* show paratropic shifts of 4.72 and 0.92 ppm,
respectively. Despite the structural similarity of these two
systems, we find them quite different in their proton chemical
shifts. The explanation for the different behavior of the
charged species can be attributed to two different effects: the
charge on the carbons and the ring current effect. Similar to
the 14 7 electrons of the corannulene rim in its neutral form,
the extended peripheral structure of both 3 and 4 consist of 22
and 24 mt electrons, respectively. In its neutral form 4 has
aromatic characteristics under the influence of a magnetic
field. Thus, the two extra & electrons of the ethene bridge on
cartbons Cl1 and C2 do not participate in the overall
conjugation. On reduction to dianions, 3*~ becomes 4n
antiaromatic and 4*>~ can become a 4n + 2 aromatic system if
the two m electrons of the bridge participate in the overall
delocalization of the m electrons of the rim (Figure 3).
Aromatic systems are expected to sustain a diatropic ring
current that causes a considerable downfield shift of nuclei
located in the molecular plane outside the ring. An upfield,
paratropic, shift is expected in antiaromatic systems. Combin-
ing the ring current effect with the effect due to the extra
charge, we find the 'H NMR lines of 3*~ to be shifted to a
higher field than those of 4*~. It therefore follows that an
opposite effect in the case of tetraanionic species should be
expected, and such is indeed the case when both systems are
doped with 4 7t electrons (vide infra).

Both systems 32~ and 4%~ differ significantly from 1>~ in their
'H and *C NMR spectra, as was described earlier. In 13-, a
very strong paratropic shift of 13.5 ppm was observed,
compared with 4.72 and 0.92 ppm for 3>~ and 4*>-, respectively,
emphasizing the difference between an annulene and a
benzannelated annulene. Here again we see that the magni-
tude of the paratropic ring-current effect diminishes as the
HOMO -LUMO gap increases.

The annulene-within-an-annulene model for the charge
delocalization pattern in 1 can not be fully applied for the
description of the electronic properties of 3 and 4 and their
metal salts. Owing to distortion of the corannulene peripheral
nt system, 3 and 4 behave rather like large conjugated
polycyclic systems with some annulenic features, which are
more pronounced in 3 than in 4 (Figure 3).

The 7Li NMR spectra of dianions 3*~ and 4?~ each exhibit
one single line (0=-0.5 and -2.8, respectively). No
significant changes in the spectral features were observed
between 170 and 300 K. One single line independent of
temperature is consistent with a monomer species at this stage
of charging. However, it should be noted that the formation of
a dimer was observed only in the last stage of the reduction of
1, that is, the reduction to a tetraanion. Both anionic systems
3>~ and 4’ maintain solvent-separated ion-pair (SSIP)
interactions with the lithium cations, and the difference in
lithium chemical shifts can be assigned to an isotropic effect.
Location of the lithium cations above or below the center of
the anionic system, thus forming an ion triplet, is expected to
lead to a chemical shift in the opposite direction to that of the
protons on the rim. The total effect is still small because of the
weak interaction operating between the anion and the
cation.
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Further contact with the lithium metal led to a slow
disappearance of the NMR spectrum, suggesting formation of
another paramagnetic stage, presumably radical trianions 33~
and 4°—. At this stage the reduction of 3 and 4 ceased, and no
further reduction was observed.

Increasing the concentration might promote a dimerization
process, which in turn would promote the formation of a
higher reduction stage. However, no further reduction stage,
to a tetraanion, was observed for several months in several
samples with even higher concentrations. The relatively low
reduction potential of lithium and the inability of the systems
to form dimers, which could stabilize the charged species, are
the two main reasons why a tetraanion was not formed.

Reduction with potassium; supercharged extended corannu-
lenes: The use of a different alkali metal, that is, potassium,
for the reduction offered some surprising results. At first, we
anticipated that employing potassium metal for the reduction
of 3 and 4 would afford the same results observed for 1, that is,
that the highest reduction stage for 3 and 4 would be the
trianion radical stage. However, we encountered totally
different behavior from that observed for 1.

The first reduction stage with potassium yielded a green
solution, as in the reduction with Li. This stage was assigned to
the formation of radical anions 3*~* and 4°, for which no
NMR spectrum can be detected. The second stage afforded a
purple solution and well-resolved temperature-dependent 'H
and C NMR spectra. The 'H and *C chemical shifts for 3*-/
2K™* are identical to those observed for the reduction product
with lithium (3?2-/2Li*). However, there are some differences
in the 'H and *C spectra of the reduction product of 4 with
potassium (4>-/2K*) as compared with 4*-/2Li*. We found the
total changes in the 3C chemical shifts (XAd) to be + 50 and
—160 ppm for 3*-/2K* and 4*/2K¥, respectively. Small
changes in the 'H chemical shifts were also observed for 4>~/
2K+ relative to the 'H NMR of 4?>-/2Li*. For the potassium
salt of 4 (4#/2K*) we observed less negative charge on the
external five-membered ring, and now more charge is
accommodated on the adjacent carbons (C13b, C13c, Cl4a,
C2a, C3a, C3c). The rest of the molecule displayed a similar
charge delocalization pattern to that observed for 4>-/2Li".
We attribute this difference to the tendency of the smaller
lithium cations, which have a higher charge density when
compared to potassium, to lead to some charge localization on
the anionic system.

The formation of new paramagnetic species, the radical
trianions 3*~* and 4°~*, could be followed as the spectra of the
diamagnetic species gradually disappeared. After a while, a
fourth stage was observed with a change in the color of the
solution to brown. This fourth stage exhibited entirely differ-
ent 'H NMR spectra from those observed for the first
diamagnetic stage 3>~ and 4*~. The 'H NMR lines for both
compounds were rather broad even at low temperatures (7 <
200 K). A chemical reaction product (for example protona-
tion) due to the reduction was excluded when a quench
reaction with oxygen yielded only the pure starting materials 3
and 4. Once the possibility of a chemical reaction had been
ruled out, we assumed that these new diamagnetic species
were the tetraanions of 3 and 4 (3*-and 4%, respectively). To
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confirm our assumption we used D,O to quench the reaction
product. Mass spectroscopy of the quenched products shows
that the main products are the tetradeuterio derivatives of
dibenzo|a,g]corannulene (m/e =358) and of dibenzo[a,g]cy-
clopenta[kl]corannulene (m/e =382). Although the 3*C NMR
spectra of these species could not be obtained over a wide
temperature range, the quench with D,0 and the resolved 'H
NMR spectra indicate clearly that tetraanionic species are
formed. Tetraanions 3*~ and 4%, to the best of our knowledge,
are the first known conjugated benzenoid compounds of such
size and shape that bear four charges with potassium as a
countercation.

Despite the additional charge, the center of gravity of the
chemical shifts in the "TH NMR spectrum of 3*- is shifted to a
lower field (Ocenter of graviy = 6.32) than that of 3%~ (Ocenter o graviey =
3.51), indicating the diatropic character of this new species. In
the case of tetraanion 4%~ we see the effect of the extra
negative charge and the ring current effect in this novel 4n
antiaromatic system influence the chemical shifts in the same
direction. Therefore, the center of gravity of the 'H chemical
shifts in the tetraanion 4-4 appears at a higher field (Ocener of
aravity = 5.58) than that of 4%~ (Ocenter of graviy = 0-93), as can be
expected for a 4nm system (antiaromatic).

There is an obvious difference between the behavior of
corannulene (1) and the extended corannulenes 3 and 4 under
the reduction reaction. Potassium is known to be a better
reducing agent in organic solvents. Because of the large
cationic radius of K* compared to Li", it also has a thinner
solvation shell. It therefore follows that potassium forms
tighter ion pairs with the anion in the solution. In general,
these properties give potassium a better chance than Li to
form multicharged systems such as radical trianions.”l In the
case of corannulene (1), we observed the opposite behavior;
lithium was the reducing agent that formed the tetraanion 14~
in significant amounts while potassium did not show reduction
products beyond the radical trianion. The lithium salt 14-/4 Li*
is formed because of the dimerization to 2, which stabilizes the
countercations of the tetraanion. The & systems of 3 and 4 are
probably large enough to accommodate up to four negative
charges and the countercations in their proximity with
minimum Coulomb repulsion, allowing further reduction
yielding supercharged extended corannulenes with the stron-
ger reducing metal, that is, potassium.

Although 3 and 4 are extended corannulenes, it seems that
once reduced with lithium they do not tend to form dimers,
unlike 1, and this accounts for their failure to form a
tetraanion with lithium. One reason for this behavior is the
different charge delocalization patterns of these molecules.
While for 1 we observed a homogeneous charge delocaliza-
tion in an annulene-within-an-annulene pattern, in the case of
3 and 4 the *C NMR spectra of the dianions show that the
conjugated extra benzene rings and the five-membered ring
break this pattern (Figure 3). Complete charge dispersion in
the tetraanions of 3 and 4, where the charge density on the
entire carbon skeleton is smaller than the charge density on
the corannulene tetraanion 14, would lead to less tightly
bound Li cations. Thus in this case the Li cations do not serve
as the glue that the two anionic decks need for dimer
formation. Therefore, the dimerization of 3 or 4, each with
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itself, does not occur when they are reduced with Li, and no
tetraanions are formed. We see that the formation of a dimer
in these systems is essential for the formation of a tetraanion
when Li is the reducing agent. These results are in line with
the reduction mechanism proposed for 15! where the
formation of the sandwich-type structure occurs only at the
last stage of the reaction, that is, the reduction to the
tetraanion, and the formation of the tetraanion is conse-
quently dependent on the formation of a dimer with lithium
cations acting as the glue.

Conclusions

In conclusion, it can be seen that the benzannelation of
corannulenes modifies the m topology, and the charge
delocalization pattern in the coresponding anions is also
changed. It can then be calculated that 3 and 4 have the
characteristics of large polycyclic systems with some annu-
lenic character rather than the more pronounced annulene
character of 1. The ring-current effect of the central five-
membered ring in 4 is smaller, and this may be due to a greater
distortion of the original & topology of corannulene caused by
the additional conjugated five-membered ring.

In general both systems, 3 and 4, behave similarly upon
reduction, although their different  topologies give opposite
characteristics in a magnetic field (i.e., NMR).

The charge density per carbon atom in both systems is
lower than in corannulene, and that causes 3 and 4 to remain
monomers when reduced with lithium. As monomers, 3 and 4
can only be triply charged, and a forth reduction stage that
could be stabilized by dimerization is not observed with
lithium.

The extended corannulenes 3 and 4 undergo a fourth
reduction stage when reduced with potassium. In the quest for
new organic materials for rechargeable organic batteries, the
ability of 3 and 4 to store high amounts of charge with
minimum Coulomb repulsion is a very attractive quality.

Experimental Section

All NMR analyses were performed on Bruker AMX400 and Bruker
DRX400 pulsed FT spectrometers operating at 400.13, 100.62, and
155.51 MHz for 'H, BC, and "Li NMR, respectively. Full structure
assignment was obtained by applying 2D -NMR spectroscopies such as
COSY, NOESY, CH correlation and LRCH correlation.

Materials: Potassium and lithium (Aldrich) were kept in paraffin oil and
were rinsed shortly before use with petroleum ether (b.p. 40-60°C).
[Dg]THF (Aldrich) was dried over potassium —sodium alloy under vacuum.

The reduction process: Lithium wire or potassium mirror was introduced to
the upper part of an extended NMR tube containing the compounds
dissolved in [Dg] THF. The sample was degassed and sealed under vacuum.
The solution was brought into contact with the metal solution by turning
the tube upside down.

Quenching of the anions: All anions were quenched with oxygen or D,0.
The oxygen quenching experiments were carried out by bubbling the gas
into the NMR sample tube under anhydrous conditions. Oxygen gas was
slowly bubbled through a syringe into the cold anion solution, the dark
color disappeared, and the 'H NMR spectrum was recorded. Quench
experiments with D,O were followed by MS analysis.
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New Chiral Bis(dipolar) 6,6'-Disubstituted Binaphthol Derivatives for
Second-Order Nonlinear Optics
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Abstract: Several chiral molecules with
C, symmetry derived from two geome-
tries of the binaphthol (BN) system
substituted with different acceptors have
been synthesized in order to study the
possibility of producing noncentrosym-
metric crystals formed from these chiral
structures. All the molecules possess two
equal donor-—acceptor (D—A) systems
linked together to give a bis(dipolar) V-
shaped system. The dihedral angle 6
between the two connected D—A sys-
tems has been controlled by chemical
methods; this leads to distinct changes in
the optical spectra of the connected D —
A chromophores, primarily changes
caused by effective conjugation of the
D - A system imposed by conformation
constraints. The crystal structure of
chiral (S)-2,2'-diethoxy-1,1"-binaphthyl-
6,0'-dicarbaldehyde (4a) has been eluci-
dated and indicates that the dipoles in

Introduction

The field of nonlinear optics includes studies of second- and
third-order nonlinear optical effects, such as electro-optic and
harmonic generation.l! Owing to their high molecular hyper-

the naphthyl moiety within the overall
noncentrosymmetric crystal can cancel
out exactly despite the noncentrosym-
metry. The crystal structure of racemic
9,14-dicyanodinaphtho[2,1-d:1",2'-f][1,3]-
dioxepin (2b) was found to be centro-
symmetric. The new compounds were
investigated for second-harmonic gener-
ation (including BN derivatives reported
earlier) by the Kurtz—Perry powder test
to evaluate the second-order nonlinear
optical (NLO) properties of polycrystal-
line samples. Although chirality ensures
noncentrosymmetric crystals, only mod-
est (~2-methyl-4-nitroaniline) or no
nonlinearities were observed in the

Keywords: atropisomerism .
binaphthol derivatives crystal
structure - nonlinear optics
second-harmonic generation

powder test. For a representative selec-
tion of the molecules, the first molecular
hyperpolarizabilities 3, were shown to
be very high (up to 888 x 10~* esu for
14a) by electric field induced second
harmonic generation (EFISHG) meas-
urements. Synthetic routes are reported
for optically pure 6,6'-disubstituted-2,2’-
diethoxy-1,1"-binaphthyls 2a, 3a, 6a,
10a, 11a, 14a, 15a [acceptor=CN,

SO,CH,, (E)-CH=CHSO,CH,, (E)-
CH=CH(p-PhCN), (E)-CH=CH(p-Ph-
SO,CH,;),  (E)-CH=CH(p-PhCH=C-

(CN),), (E)-CH=CHCH=C(CN),] and
optically pure 9,14-disubstituted-dinaph-
tho[2,1-d:1",2'-f][1,3]dioxepins 2b, 3b,
10b, 11b, 13b, 14b, 15b [acceptor =CN
(only racemic), SO,CH;, (E)-CH=CH-
(p-PhCN), (E)-CH=CH(p-PhSO,CH,),
(E)-CH=CH(p-PhNO,), (E)-CH=CH-
(p-PhCH=C(CN),), (E)-CH=CH-
CH=C(CN),].

polarizabilities, organic molecular materials and polymers
display a number of significant nonlinear optical properties

and hence are emerging as possible materials for future-
generation telecommunication technologies and optical in-
formation processing and storage.?!

[*] Dr. H.-J. Deussen, Prof. Dr. T. Bjgrnholm

Centre for Interdisciplinary Studies of Molecular Interactions

Department of Chemistry

University of Copenhagen, Symbion, Fruebjergvej 3

DK-2100 Copenhagen @ (Denmark)
Fax: Int. code + (45)3927-1207
e-mail: t.bjornholm@symbion.ki.ku.dk

C. Boutton, Dr. E. Hendrickx, Prof. Dr. A. Persoons
Laboratory of Chemical and Biological Dynamics
Center for Research on Molecular Electronics and Photonics

University of Leuven, Celestijnenlaan 200D
B-3001 Heverlee (Belgium)

Fax: Int. code +(32)1632-7982

e-mail: andre@Icbdiris.fys.kuleuven.ac.be

240 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Dr. N. Thorup

Department of Chemistry

Technical University of Denmark, DTU-207,

Dr. T. Geisler

DK-2800 Lyngby (Denmark)

Institute of Physics, Aalborg University

Pontoppidanstrade 103,
DK-9220 Aalborg @ (Denmark)

Prof. Dr. K. Bechgaard
Department of Solid-State Physics

Risg National Laboratory
DK-4000 Roskilde (Denmark)

0947-6539/98/0402-0240 $ 17.50+.50/0

Chem. Eur. J. 1998, 4, No. 2





240-250

On the microscopic side, it is well established that the
classical conjugated D — A-substituted organic molecules!®
and the more recent octopolarP®! molecules have high sec-
ond-order molecular hyperpolarizabilities. However, for the
observation of second-order nonlinear optical (NLO) phe-
nomena from bulk materials, for example frequency doubling
or electro-optic phase modulation, the material must be
noncentrosymmetrically orientated. One of the strategies
used to obtain noncentrosymmetric structures has explored
the use of a chiral moiety attached to the nonlinear
chromophore, since chiral molecules crystallize, a priori, in a
noncentrosymmetric structure.l'?#>1 If the NLO moiety and
the chiral group are separated by a flexible o bond, the
donor -t —acceptor (D —m— A) units will still be able to align
antiparallel. The noncentrosymmetry is hence limited to the
chiral, linear optical part of the molecules.?**44 Still there are
no accurate means of predicting the molecular packing in the
crystalline state in order to guarantee deviation from anti-
parallel orientation of the dipoles in the bulk material.’!
Linking multiple units of a small chromophore together in
larger macromolecular arrangements is among the new
strategies investigated in NLO for the control of the align-
ment of the NLO chromophores on a molecular and a
macroscopic level.l!

We present the results concerning the generation of non-
centrosymmmetric crystals by the use of bis(dipolar) mole-
cules possessing two one-dimensional molecular units con-
nected together to give a three-dimensional V-shaped molec-
ular structure.”! In the dimeric binaphthol (BN) system, types
a and b (Figure 1) presented here, two monomers of 6-
acceptor-substituted S-naphthol are connected at the 1,1'-
positions. This leads to the 6,6'-diacceptor-substituted BN, a
bis(dipolar) chiral molecule with C, symmetry possessing two
charge-transfer units within a single molecule.l7¢4¢l

In the closed-bridge BN acetals (type b) the dipoles are
forced into the closest possible proximity to each other,
thereby minimizing the cancelation of dipole moments on a
molecular level as the dihedral angle 6 between the naphthol
moieties is mainly determined by the conformational energy
of the heterocyclic ring. In the open BN (type a) the dihedral
angle can vary depending on packing effects in crystals,
solvent polarity, and temperature in solution, as well as on
dipole —dipole interactions in general.’s®l For all these non-
planar molecules, the second-order molecular hyperpolariz-
ability tensor has several significant tensor components. The
model geometry of the coupled dipolar NLO units can be
expressed in terms of the hyperpolarizabilities of the dipolar
monomeric units and the dihedral angle between these
monomers.[®l

In the case of chiral BNs presented here, i electrons instead
of the usually proposed flexible ¢ bonds are involved in the
induction of chirality. The introduction of chirality within the
conjugated path could lead to a higher probability of
obtaining active noncentrosymmetric crystals. Therefore,
new chiral molecules based on this geometry (with strong
acceptors and long conjugation lengths between donor and
acceptor) were synthesized and the macroscopic susceptibil-
ities @ of chiral 2a,b—15ab were estimated by the Kurtz—
Perry powder test.’) The microscopic hyperpolarizabilities

Chem. Eur. J. 1998, 4, No. 2
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type a type b
" BN - diether " " BN - acetal "
2a,2b A = CN
3a,3b A= SO,CH3
4a,4b A= CHO
5a,5b A= (E) CH=CHCN
6a,6b A = (E) CH=CHSO,CH3
7a,7b A= (E) CH=CHCHO
8a,8b A= CH=C(CN),
9a,9b A = (E) CH=C(CN)(COOC;Hs)
10a,10b A= (E) CH=CH(p-PhCN)

11a,11b A= (E) CH=CH(p-PhSO,CHs)

12a,12b A= (E) CH=CH(p-PhCHO)

13a,13b A= (E) CH=CH(p-PhNOy)

14a,14b A= (E) CH=CH(p-PhCHC(CN),)

15a,15b A= (E) CH=CHCH=C(CN) ,

Figure 1. General structures of the chiral bis(dipolar) binaphthol (BN)
dimers (only 2b racemic) and their dipole orientations.

(B,) were additionally determined for the derivatives 10a,b—
12ab, and 13b, 14ab, 15ab by EFISHG measurements['”]
and are shown together with some earlier results.’*] For chiral
4a (A=CHO) and racemic 2b (A=CN) the crystallographic
data were obtained by single-crystal X-ray analysis.

Results and Discussion

Synthesis: We have already reported the syntheses of the
chiral compounds 1a, 1b, 4a, 4b, Sa, Sbh, 6b, 7ab—9ab, 12a,
12b, 13b, 14b, 15a, and 15b.[’<8=!1l Treatment of the dibromo
compounds 1a and 1b with CuCN in boiling N-methylpyrro-
lidone at 202°C for 5h gave the nitriles 2a and 2b
(Scheme 1).1 Using optically pure 1b as the starting
compound, no optical rotation could be detected in the
isolated compound 2b. Thus complete racemization took
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O
OC3Hs
e
Br

CuCN / NMP

1) n-BuLi/ THF

2) CH3SSCH3 / OH-
3) MMPP / CHCl5

Br. | N
= o)
-
Br x

CuCN / NMP

1b

Racemization

H3CO,S

1) n-BuLi/ THF

2) CH3SSCH3 / OH-
3) MMPP / CHClI3
Scheme 1. Synthesis of 2a, 3a, 2b, and 3b.

place during the reaction. However, 2 a showed similar optical
rotation to 1a, indicating that racemization, if it took place,
was only partial. Compounds 1a and 1b were lithiated as
described in ref[7e]. The sulfenylation of the dilithium
compounds with dimethyldisulfide(® gave 6,6'-dimethylsul-
fides, which were not isolated. They were easily oxidized by
means of hydrogenperoxide in acetic acid to give the
corresponding sulfone 3b, or by a large excess of magnesium
monoperphthalatel" in CHCI; to give 3a. The use of the latter
mild oxidant was preferable to that of H,O, in glacial acetic
acid for this compound, as the isolation of the product was
made much easier (Scheme 1).

Compounds 6a, 10a, 10b, 11a, 11b, and 13a were
synthesized by the Horner—Emmons[®l reaction of the
corresponding diethyl phosphonates in dimethoxyethane at
room temperature with sodium hydride as a base. The

240 ——— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

2 b (racemic)

73 %

>
"
H3CO,S

phosphonates used were prepared according to
known procedures.’*!% The configurations of the
double bonds were established in all cases as (E) on
the basis of the vinylic proton—proton coupling
constants J,,,. The aldehydes 7a, 12a, and 12b were
converted to the corresponding dicyanoethylene
derivatives 14a, 15a, and 15b by means of the
Knoevenagel condensation!'” with malononitrile.
The use of a catalytic amount of piperidine as a
base in methylene chloride proved to be the best
choice, as almost no side reactions could be traced
on TLC. Furthermore, the use of the low-boiling
methylene chloride ensured that optically purity
was maintained. The mild conditions required
rather long reaction times, which were necessary
in order to obtain a quantitative conversion of the
aldehydes. Thus the conjugation of the m system
could easily be prolonged whilst simultaneously
introducing a stronger acceptor.

The optical purity of the closed dimers was
tested by 'H NMR (400 MHz) in the presence of
the chiral alcohol (R)-(—)-2,2,2-trifluoro-1-(9-an-
thryl)ethanol ((R)-(—)-TFAE): the methylene hy-
drogen signal of racemic 9,14-dibromodinaph-
tho[2,1-d:1",2'-f][1,3]dioxepin (1b) was split by 4—
5 Hz due to the diastereomeric interaction with a
large excess of (R)-(—)-TFAE.!'s] Only one optical
isomer was found for all compounds tested, except
for 2b. As a higher racemization barrier was found
for open BN derivatives['l their enantiomeric
purity can be deduced (except for 2a) from the
results obtained for the closed BN dimers, indicat-
ing that no racemization took place during the
reactions.

Kurtz — Perry powder test: The Kurtz—Perry pow-
3b der method® at 1064 nm was used to determine the
second-harmonic generation (SHG) efficiency of
the materials in their crystalline forms. Urea,
ammonium dihydrogen phosphate (adp), and 2-
methyl-4-nitroaniline (MNA) were used as refer-
ence materials in the powder test. Given the broad
range of sizes of crystalline particles in the samples
and possible preferential orientation of the grains, the powder
tests were not quantified. It can be seen from the results listed
in Tables 1, and 2 that even though all the compounds (except
2b) are chiral and thus crystallize in a noncentrosymmetric
point group, no or only weak SHG signals were observed for
many of the BN derivatives. The dipole orientation in the
crystals of these compounds must thus be antiparallel or close
to antiparallel. Compounds 5a, 7a, 9a, 10a, and 13a show
SHG effiencies comparable to MNA. Interestingly, racemic
BN derivatives with substituents of comparable acceptor
strengths have been shown to give similar powder efficien-
cies.[7e7dl

Crystal structures: The chiral BNs were difficult to crystallize.
Only crystals of the chiral aldehyde 4a and the racemic nitrile
2b were of sufficient quality to allow structure determination
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Table 1. Dipole moments (Debye), hyperpolarizability tensor components and static hyperpolarizabilities of the type a bis(dipolar) binaphthol derivatives
and their calculated dipolar monomeric units (107 esu, CHCl;, 1064 nm), absorption maxima (nm, CHCl;) and SHG powder efficiencies.

Acceptor Uz ﬂZZZ + ﬁZXX 50 ﬁzzzmono ﬁﬁ,mon(\ /lmax POWder test
(CHCL,)

2a -CN 344 ++ (= urea)
3a -SO,CH; 340 not visible
4ald -CHO 32310 not visible
Sa -CH=CH(CN) 9.4 102 72 3341 +++ (>urea, <13a)
6a -CH=CH(SO,CHj) 329101 not visible
Ta -CH=CH-CHO 34310 +++ (>urea, <5a)
8a -CH=C(CN), 10.4 135 47 95 33 410 not visible
9a -CH=C(CN)(COOE:}) 10.4 103 41 73 29 392 +++ (>urea, ~MNA)
10a -CH=CH-Ph-CN 8.3 64 32 45 22 354 +++ (>urea, ~MNA)
11a -CH=CH-Ph-SO,CH; 10.3 53 37 34910] + weak (~adp)
12a -CH=CH-Ph-CHO 8.2 58 27 41 19 3630 not visible
13a -CH=CH-Ph-NO, 11.0 344 131 243 93 397 +++ (~9a)
14a -CH=CH - Ph- CH=C(CN), 8.7 888 233 628 165 440 visible white light
15a -CH=CH - CH=C(CN), 16.5 283 80 200 56 433 not visible

[a] Crystal structure reported. [b] Shoulder at longer wavelength.

Table 2. Dipole moments (Debye), hyperpolarizability tensor components and static hyperpolarizabilities of the type b bis(dipolar) binaphthol derivatives
and their calculated dipolar monomeric units (1073 esu, CHCl;, 1064 nm), absorption maxima (nm, CHCl;), and SHG powder efficiencies.

Acceptor Uz Bzzz+Bzxx  Bo Buzamono Bo.mono Amax powder test
(CHCl,)
2b [#(racemic) -CN 3110 not visible
3b -SO,CH, 3110 + (~adp)
4b -CHO 2781 (+) very weak
5b -CH=CH(CN) 10.0 34 19 3081 + (<adp)
6b -CH=CH(SO,CHs;) 8.5 45 25 3001 not visible
7b -CH=CH-CHO 316 not visible
8b -CH=C(CN), 123 65 35 37 20 33901 + weak (< < adp)
9b -CH=C(CN)(COOEY) 11.4 58l 32 33 18 3340 + very weak
10b -CH=CH-Ph-CN 4.8 49 27 28 15 33310 not visible
11b -CH=CH-Ph-SO,CH; 5.0 72 41 33210 not visible
12b -CH=CH-Ph-CHO 3.8 33 17 19 10 34601 ++ (<13a)
13b -CH=CH-Ph-NO, 6.5 166 80 94 44 364 0] ++ (=12b)
14b -CH=CH -Ph- CH=C(CN), 9.3 379 126 214 71 415 visible white light
15b -CH=CH - CH=C(CN), 12.6 219 99 123 55 371 not visible

[a] Crystal structure reported. [b] Shoulder at longer wavelength. [c] HRS value from ref. [7¢].

by single-crystal X-ray
diffraction. The huge non-
planar molecular shape of
the large aromatic sys-
tems of the BNs and the
high ground-state dipole
moments seem to be the
reasons for the rather
poor crystal qualities ob- Figure 3. Unit cell of ($)-4a.
tained. This is also re-

flected in the weak

intermolecular contacts tion. For this point group (422), all macroscopic nonlinear

found in the crystal struc- tensor coefficients vanish and y® is equal to zero: a crystallo-

tures. graphic twofold axis runs through the central C—C bond and

The molecular confor- this axis coincides with any molecular dipole moment. In the

Figure 2. Molecular structure of (S)- m.ation of 4a is giv§n in crystalline 'phas'e, the dipole moments along the molecular

4a. Selected torsion angles [°] (symme-  Figure 2, and the unit cell twofold axis will cancel by symmetry, although the space

try transformations used to generate is shown in Figure 3. The group of the optically pure crystal is noncentrosymmetric. The

equivalent atoms: #1 yx,—z): C(10)~  dihedral angle between  macroscopic cancelation of all molecular dipole moments in

CH-CH#F-CAN#E — ~106.2(L0), 0 1y naphthyl rings is the crystal is in full accordance with the negative result in the
C(1)-C@2)-0(1)-C(11)  1777(0.6), ¢ : o0 .

C(2)-0(1)-C(11)~C(12) —79.9(0.8), 106.2(1.0)° corresponding SHG powder test.*”! There are only weak intermolecular

C(6)-C(7)-C(13)-O(2) 169.5(0.9). to a transoid conforma- contacts in the crystal. It can be seen from the torsional angles

Chem. Eur. J. 1998, 4, No. 2 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0402-0243 $ 17.50+.25/0 — 243





FULL PAPER

H.-J. Deussen, T. Bjgrnholm et al.

that the ethoxy donor and the aldehyde acceptor are almost in
plane with the aromatic m system (thus displaying their full
donor strength); this is necessary in order to fulfil the
requirements of a large molecular first hyperpolarizability.
For 2b the molecular conformation is shown in Figure 4 and
the unit cell is shown in Figure 5. Compound 2b is a racemate

Figure 4. Molecular structure of racemic 2b. Selected torsion angles [°]:
C(2)-C(1)-C(12)-C(13) —54.6(0.8), C(1)-C(10)-0O(1)-C(23)
76.5(0.7), C(12)-C(21)-0(2)-C(23) 76.9(0.7), C(10)-O(1)-C(23)-
0O(2) —45.2(0.7), C(21)-0O(2) - C(23) - O(1) —46.5(0.7).

Figure 5. Unit cell of racemic 2b.

(centrosymmetric space group) and can thus not exhibit
macroscopic second-order nonlinearity. The structure consists
of isolated molecules with no particularly close contacts. The
dihedral angle between the two naphthyl rings is 54.6(0.8)°.
Some ring distortion in the naphthol moieties due to the strain
in the heterocyclic ring at C10 and C21 (both bonded to the
O-C-0 bridge) is observed. Furthermore, it can be seen
from the alkoxy —naphthyl torsion angle C1-C10-0O1-C23,
which corresponds to 76.5(0.7)°, that the oxygen lone pairs of
the donor are twisted out of conjugation with the aromatic
system. This loss of donor strength was predicted earlier by
semiempirical calculations. The remaining donor strength was
estimated to be equal to that of a methyl group.!

Linear optical properties: The optical properties of the
compounds listed in Tables1 and 2 follow the expected
tendencies. The wavelengths of the maximum absorptions
shift bathochromically with increasing acceptor strength and
conjugation length. In accordance with results obtained
earlier,’?!l the absorption spectra of the open molecules

244 ———— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

differ significantly from those of the closed compounds with
the same acceptors in the 6,6'-positions. This is shown in
Figure 6 for 8a, 8b, 14a, and 14b. The differences between the
two types of compounds can be explained by the fact (as
shown by X-ray diffraction above for 2b) that for the type b
compounds the plane defined by the oxygen atoms and the

Absorbance

T T ] 1 T
250 300 350 400 450 500 550
Wavelength (nm)

Figure 6. Absorption spectra of 8a, 8b, 14a, and 14b in CHCl;.

carbon atom to which they are both bound does not coincide
with the plane of the aromatic rings. Thus the electron-
donating lone pairs of the oxygen atoms are twisted out of
conjugation with the aromatic system. This loss of donor
strength is reflected in the hypsochromic shift of the
absorption spectra. Furthermore, spectral shifts or splittings
of the absorption bands in these dimeric molecules may
appear for the component moieties owing to exciton splitting
of excited states or intramolecular electronic interactions. As
both are a function of the dihedral angle between the
molecular planes, this will contribute to the observed differ-
ences in the absorption spectra of the a and b type BNs.[?2

Nonlinear optical properties (EFISHG) and dipole moments:
For the determination of the microscopic nonlinear optical
properties of 10ab-12a,b, 13b, 14a, 14b, 15a, and 15b,
EFISHG measurements were performed to obtain uf,.'") The
dipole moments were determined experimentally according
to the procedure outlined in ref. [23]. As the Z axis of the
dimer coincides with the twofold axis, the only component of
the molecular dipole moment will be u,. The results of the
EFISHG measurements (in units of 107 esu, measured at
1064 nm in chloroform) and the dipole moments of the
compounds are listed in Tables 1 and 2.

The ground-state dipole moments of the BN diethers (type
a) and the BN acetals (type b) increase with increasing
acceptor strength and conjugation length. In the closed BN
acetals, the dihedral angle between the naphthol moieties is
fixed and the dipole moments are a function of the donor and
acceptor strength and the conjugation length only (if other
conformational freedoms are neglected). For the open BN
diethers, the rotation around the 1,1'-bond (changing the
dihedral angle between the two naphthol moieties) represents
an additional degree of freedom. The total dipole moment
should therefore reach a maximum (if C,, symmetry is
assumed) when the dipoles of the monomeric units are
pointing in the same direction (6 =0°) and be zero for 6=
180°. Going from the closed BN acetal to the open BN
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diether, the better overlap between the oxygen lone pairs and
the delocalized aromatic it system of the naphthol moieties
will act to increase the total dipole moment, but this is
counteracted by the increase in dihedral angle. Since we
observe an increase in the dipole moment on going from the
BN acetal to the BN diether, the former effect dominates.

The hyperpolarizability tensor of these bis(dipolar) com-
pounds can be estimated by means of a vector model.”s] We
assume that the hyperpolarizability tensor of the dipolar
subunits is dominated by f,,, nono» Where z is along the charge-
transfer axis of the 2,6-naphthol push-pull system. If the Z
axis is chosen parallel to the permanent dipole moment of the
bis(dipolar) molecule, which coincides with the twofold axis,
and the dipolar subunits lie in a plane parallel to the ZX plane,
the four nonzero tensor components of the dimer can be
expressed as shown in Equations (1) and (2). The ratio of the
two independent tensor components is only a function of the
dihedral angle 0 [Eq. (3)]. EFISHG is sensitive to the sum of
the two independent tensor components Equations (4) or (5),
the latter being derived from Equations (2) and (3).

B2z =2(c080/2)’B 1 mono (9]
Baxx = Pxax =Pxxz =2 (sin 0/2)* (c08 0/2) B, mono ()
Baxx!Bzzz = (tan 0/2)? (©)
2Bz =1z(Brzz+ Paxx) (©)
17B2=2147(c08 0/2)B,, mono (©)

In a previous paper, we demonstrated the good accuracy of
this vector model by comparing numerical values for the
tensor components of similar BN derivatives, which were
calculated from independent hyper-Rayleigh scattering
(HRS), and EFISHG measurements.[!

Bazz.mono» Bzzz and fxx were calculated with Equations (3) —
(5), assuming a dihedral angle of 90° for the type a compounds
(obtained from PM 3 calculations) and an angle of 55° (from
crystal structure of 2b) for the type b compounds. Taking a
dihedral angle of 106° for the type a compounds, as indicated
by the crystallographic analysis of 4a, increases f3,,, mono DY
17%. In general, the static hyperpolarizability of D-A-
substituted molecules is calculated by means of the two-level
approximation for B.241%! The resonantly enhanced hyper-
polarizability is given by Equation (6), where f, is the
nonresonant value, and the resonance enhancement factor
R(w) is given by Equation (7), where w, is the wavelength at
which the maximum of the absorption occurs and w corre-
sponds to the wavelength of the laser.

B(w)=R(w)By (6)
b

R(@) = —— ™

(w3 — 0?)(w3 — 40?)

As can be seen in Figure 6, several absorption maxima are
present in the absorption spectra of the bis(dipolar) BN
derivatives. According to the sum-over-states formalism, each
of these transitions contributes to S and the two-level
approximation is no longer valid. However, for the bis(di-
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polar) derivatives where the absorption spectrum is still
dominated by an intense, low-lying charge-transfer transition,
such as 14a and 14b, the static hyperpolarizability of the
dipolar subunits was extrapolated by means of the two-level
model.

Several tendencies can be observed. A strong increase in all
the tensor components can be achieved by increasing the
acceptor strength and the conjugation length. This increase is
accompanied by a bathochromic shift of the absorption
spectra. For the type a compounds, f3,,, mono i 2.4 £0.7 times
larger and By, mono 1S 1.7 £ 0.7 times larger than f3,,, ;on, and
the B ,.2.mono Of the type b compounds, respectively. This can be
attributed to the fact that the electron-donating lone pairs of
the oxygen atoms are twisted out of conjugation with the
aromatic system in the type b compounds. The experimental
fo values of the monomeric units of 8 and 9 derived from
ref. [7¢] are 33 x 107%° and 28 x 10~ esu, respectively. Com-
paring these values with S ,,, nono Of 82 and 9a, and 8b and 9b
supports our theory.

It has been shown that the static first hyperpolarizability of
classic D-m— A molecules can be optimized by adequately
tuning the aromaticity of the conjugated m system.*! The
naphthyl moiety has not found widespread use as a building
block for chromophores for second-order nonlinear optics,
because its resonance energy is too large for optimizing the
hyperpolarizability. As can be seen from Table 3, the resonant
(Bsmono) and two-level?+1%] extrapolated hyperpolarizabili-

Table 3. Resonant (1064 nm) and two-level extrapolated hyperpolariza-
bilities (107 esu) and absorption maxima (nm) of the subunits of
compounds 8a (CHCl;), 13a (CHCl;), and the related benzene (CHCl;)
and stilbene derivatives (CHCl;).

B Amax Bo

/O‘Q_ym 3 el asz el 19
NC

ga 9 410 33

\
/N%m 130l 431 0] a7

\ O NO, 105 (@l a7 (@l 45

13a 243 397 93

\
/Nh’ Q\NOZ ss0b] s24) 138

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

[a] Values from ref. [25a] (CHCL). [b] Value from ref. [25b] (acetone).

ties and absorption maxima of the naphthyl type a derivatives
with an ethoxy donor lie between those of similar benzene
derivatives with methoxy and dimethylamino donors.

The type a bis(dipolar) materials are unique in the sense
that they possess four large tensor components, while the
hyperpolarizability tensor of the classic dipolar compounds is
dominated by a single f3,,, tensor component. Depending on
the symmetry of the macroscopic (bulk) medium and the ratio
Bzxx:Bzzz, the Pzxx =Pxzx =Pxxz tensor components can
either increase, decrease or have no effect on the efficiency of
frequency doubling.
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For crystals, the relevant material parameters for frequency
doubling are the molecular hyperpolarizability tensor, the
symmetry of the crystal lattice, the phase-matching condi-
tions, and the interaction length.?%! For crystal classes 4, 4mm,
6, and 6mm the contribution from the molecular S xx=
Bxzx = Pxxz tensor components cancel, while 5, is directly
proportional to one of the macroscopic susceptibility tensor
components for crystal classes 1(byxx), 2(byxx), #(bxzz),
mm2(bzxx), 4(bxyz), 42m(bxyz), 23(bxyz) and 43m(bxyz)-
Finally, according to ref. [20a], the macroscopic susceptibility
tensor component byyy for crystal classes 3, 32, and 6, and
byyy for 3m and 62m is proportional to S, — 3B,xx(sina)?,
where o is the angle between the molecular plane and the
symmetry axis of the crystal. Therefore, if (sina)’=/fz7/
362xx, both components will cancel. On the other hand, if
Bzz72~ Pzxx and 3(sina)? > 2, the absolute value of the macro-
scopic susceptibility tensor components will increase due to
the presence of f,xx. Hence, depending on the crystal
symmetry class and the orientation of the molecules in the
unit cell, a positive, a negative, or no effect of the ,xx tensor
component on the frequency doubling efficiency can be
observed.

For poled polymer films, the analysis is more straightfor-
ward. The values of the macroscopic susceptibility tensor
components induced by poling in an electric field are given by
Equations (8) and (9), where E is the poling field, N the
molecular number density, and f(w) and f(2w) the local field
correction factors at frequency w and 2w, respectively.['s]

X772 = SKT 8)
2 X (22%z
XFex = 3 )

By expressing the dimer tensor components and the dipole
moment in terms of the dipole moment and the hyper-
polarizability of the monomeric unit and the dihedral angle
Equation (8) can be rewritten as Equation (10).

) AN (0)f(2w ; cos0/2)°E
42 = (@)£(20) KiponoBrzz.mono (€0S6/2) (10)

wz 5kT

If 6/2 < 45°, the susceptibility tensor components of a poled
film containing the bis(dipolar) BNs will be more than twice
as large as the components of a film prepared with twice the
concentration of the dipolar monomer.

Conclusions

The special expression of chirality (C, symmetry, atropisom-
erism) in the synthesized D —ni— A BN derivatives leads to a
relatively easy access towards optically pure molecules (and
thus noncentrosymmetric materials). Although the bulk
second-order nonlinearities of some chiral powders are high,
the use of this stragegy in order to obtain NLO active crystals
proved to be unsatisfactorily fulfilled. The general tendency of
the powder measurements suggests a close to antiparallel
orientation of the D —t— A conjugated systems in the crystals.
In the specific case of the crystal structure of 4a, the dipoles of
the naphthol moieties tend to orient transoid (owing to free
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rotation around the C,—C, bond in the type a compounds)
within the BN molecule, and thus cancel. This antiparallel
dipole orientation on a molecular level should be even more
pronounced in the type a derivatives with higher dipole
moments. Favouring of antiparallel dipole orientation is also
the trend on a macroscopic level as seen in unit cell of 4a (and
racemic 2b). On the other hand in the type b compounds the
dipole orientations with respect to each other within a BN
molecule can be fixed on a molecular level. However, this
leads to a significant loss of donor strength and to distortion of
the aromatic m system and results in different absorption
spectra for type a and type b BNG.

Nevertheless, the measured first hyperpolarizabilities
(EFISHG) of the new compounds were very high (5, up to
233 x 10~ esu, e.g. p-nitroaniline f,= 12 x 107 esu) and
followed the expected tendencies (acceptor strengths, con-
jugations length, donor strength). In comparison to the
diethoxy BNs, the corresponding BN acetals have lower
molecular hyperpolarizabilities. This can again be explained
by the loss of donor strength and the distortion of the
aromatic 7 system.

The high uf, value of compound 14a being 2000 x 10~ esu,
four times higher than for the classical dye disperse red 1,
makes it of great interest for electro-optical (EO) poled
polymers. Since the chromophores have a three-dimensional
V-shaped conformation, the orientational stability of the
induced alignment will be better than for conventional dipolar
molecules in poled polymers. Furthermore, as the conjugated
system is mainly aromatic, many of the compounds have high
decomposition temperatures necessary for the fabrication of
poled polymers with high glass transition temperatures that
have long-term stability.[>l

Experimental Section

'H and C NMR spectra were recorded on a Jeol FX 90Q, a Bruker AM-
250 or a Varian Unity 400 as noted. The chemical shifts, d, are reported
relative to tetramethylsilane as an internal standard. UV-Vis spectra were
recorded on a Perkin—Elmer Lambda9 spectrophotometer. Optical
rotations were measured on a Perkin—Elmer 141 polarimeter at 25°C.
Mass spectra were recorded on a VG Masslab 12-250 and on a Jeol JMS-
HX/HX 110 A Tandem Mass Spectrometer. IR spectra were recorded on a
Perkin—-Elmer FT-IR1760X spectrometer. Elemental analyses were
performed at the Microanalysis Laboratory at the University of Copen-
hagen. Melting points were measured on a Biichi apparatus or on a
homemade heating stage and are corrected. All solvents and reagents were
obtained from commercial sources and used without further purification,
unless otherwise noted. THF was distilled under N, from Na/benzophe-
none, and DME was distilled from CaH,. Dry CH,Cl, and chloroform were
of HPLC grade, as were all solvents used for spetrophotometry. Silica and
TLC plates were from Merck : Kieselgel 60, 0.063-0.200 mm, 70—
230 mesh ASTM, and DC-Aluminiumfolien Kieselgel 60 F,s,, d=
0.2 mm. The optical purity of the closed BN dimers (type b) was tested
by 'H NMR (400 MHz) in the presence of the chiral alcohol (R)-(—)-2,2,2-
trifluoro-1-(9-anthryl)ethanol ((R)-(—)-TFAE, from Aldrich): the methyl-
ene hydrogen signal of racemic 9,14-dibromodinaphtho[2,1-d:1",2"-f][1,3]di-
oxepin (4b) was split by 4 -5 Hz owing to the diastereomer interaction with
a large excess of (R)-(—)-TFAE. Only one optical isomer was found for all
compounds tested (except for 2b).

(5)-2,2'-Diethoxy-1,1'-binaphthyl-6,6'-dicarbonitrile (2a): A stirred mix-
ture of (5)-2,2'diethoxy-6,6'-dibromo-1,1'-binaphthyl (1a, 2.0 g, 4.0 mmol),
CuCN (1.1g, 12.3 mmol), and N-methyl-2-pyrrolidone (60 mL) was
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refluxed for 5 h. The resulting brown mixture was cooled to RT, poured
(residues are conveniently transferred with DMF) into a concentrated
solution of FeCl; in water (100 mL), and stirred overnight. Dilute HCI
(500 mL; 1:1, v/v) was added and the mixture was extracted with toluene
(4 %400 mL). Phase separation was difficult since the interface was
obscured by dark colours. The combined organic layers were washed twice
with diluted HCI (1:1, v/v) and twice with water. The organic layer was
dried over MgSO, and filtered to remove the MgSO, and dark insoluble
matter. After evaporation of the solvent in vacuo a brown oil was obtained,
which was purified by column chromatography (/=15 cm, & =4 cm) with
CH,Cl, as eluting agent. The obtained solid was recrystallized from CHCl,/
petroleum ether 60/80 (freezer) to give 674 mg (43 % )of 2a as fine white
needles. M.p.: 192-193°C; [a]y =—35.2 (c=0.01, CHCl;); 'H NMR
(CDCl;, 400 MHz): 6 =8.25 (d, 2H, ArH®), 8.02 (d, /=9 Hz, 2H, ArH),
752 (d,2H, ArH), 733 (dd, Js;=1.7 Hz, J;,3=9 Hz,2H, ArH"), 712 (d, 2H,
ArH), 411 (m, 4H, ArOCH,), 1.09 (t, 6H, CH;); *C NMR (CDCl;,
100.6 MHz): 6 =156.55, 135.28, 134.26, 130.31, 127.64, 126.67, 125.98,
119.41, 118.97, 116.08, 106.65, 64.69, 14.64; MS (FAB™): m/z =393 [MH"];
IR (KBr): #=2226 cm™' (s, CN); UV-Vis (CHCL): 4.« (£) =258 (90500),
307 (18500), 344 nm (8400); C,sH,N,O, (392.46): caled C 79.57, H 5.14, N
7.14; found C 79.16, H 4.97, N 7.22.

(R,S)-Dinaphtho[2,1-d:1'2'-f][1,3]dioxepin-9,14-dicarbonitrile (2b): A stir-
red mixture of (S5)-9,14-dibromodinaphtho[2,1-d:1’,2’-f][1,3]dioxepin (1b,
2.0 g, 438 mmol), CuCN (1.18 g, 13.2 mmol), and N-methyl-2-pyrrolidone
(60 ml) was refluxed for 5 h. The resulting brown mixture was cooled to RT,
poured (residues are conveniently transferred with DMF) into a concen-
trated solution of FeCl; in water (100 ml) and stirred overnight. Dilute HCI
(500 ml; 1:1, v/v) was added and the mixture was extracted with toluene
(4 x400 mL). Phase separation was difficult since the interface was
obscured by dark colours. The combined organic layers were washed twice
with dilute HCI (1:1, v/v) and twice with water. The organic layer was dried
over MgSO, and filtered to remove the MgSO, and dark insoluble matter.
After evaporation of the solvent in vacuo a brown oil was obtained, which
was purified by column chromatography (/=10 cm, & =4 cm) with CH,Cl,
as eluting agent. The obtained solid was recrystallized from abs. EtOH
(freezer) to give 900 mg (59 %) of 2b as white needles. M.p.: 289-291°C;
'H NMR (CDCl;, 400 MHz): 6 =8.35 (brs, 2H, ArH?), 8.08 (d, /=9 Hz,
2H, ArH), 7.62 (d, 2H, ArH), 745 (brs, 4H, ArH), 5.75 (s, 2H, -CH,-); *C
NMR (CDCl;, 100.6 MHz): 6 =153.82, 134.62, 133.26, 131.35, 130.58,
127.37, 126.86, 125.47, 123.01, 118.68, 108.93, 103.33; MS (EI): m/z =348
[M*]; IR (KBr): 7=2227 cm™! (s, CN); UV-Vis (CHCL): 4. (¢€) =293
(13400), 311 nm (13300); C,;H;,N,O, (348.36): caled C 79.30, H 3.47, N
8.04; found C 79.28, H 3.44, N 8.18.

(S)-2,2'Diethoxy-6,6'-bis(methylsulfonyl)-1,1'binaphthyl (3a): 1a (2.50 g,
5.0 mmol) was dissolved in dry THF (150 mL) under an argon atmosphere.
The magnetically stirred solution was cooled to —78°C and a solution of
nBuLi (10.0 mL, 20.0 mmol) in hexane (2.0M) was added at such a rate in
order to keep the temperature below —70°C. After 6 h of stirring at this
temperature, dimethyl disulfide (2.4 mL, 26.6 mmol) was added whilst the
temperature was maintained. After stirring for 1 h, the cooling bath was
removed and the reaction hydrolyzed with 5% KOH solution (100 mL).
The reaction mixture was diluted with ether, and the organic phase was
separated. The ethereal solution was washed twice with 5% KOH solution
and twice with water. The solution was dried (MgSO,) and filtered, and the
solvent removed under reduced pressure to give (S)-2,2'diethoxy-6,6'-
dimethylthio-1,1'binaphthyl as an oil (1.9 g, 4.4 mmol) which was then
dissolved in CHCI; (200 mL). Magnesium monoperoxyphthalate - 6 H,O
(80%, 62 g, 125.3 mmol) was added, and the mixture was refluxed for 5 h.
After cooling the salt was filtered off on a glass frit and washed with CHCl;
(3 x 150 mL). The combined filtrates were evaporated giving an oil which
was purified by column chromatography (/=20 cm, & =3 cm) on silica gel
with petroleum ether/AcOEt (60-80°C, 1:1, v/v) as eluting agent. A glass
was obtained, which was recrystallized from MeOH/water (freezer) to give
1.45 g (58 %) of 3a as a white powder. M.p.: 125-126°C; [a]y =—8.3 (¢ =
0.01, CHCL;); '"H NMR (CDCl;, 400 MHz): 6 =8.55 (d, 2H, ArH?), 8.13 (d,
J=9Hz, 2H, ArH), 762 (dd, Js;=2.0 Hz, J,3=9 Hz, 2H, ArH’), 7.56 (d,
2H, ArH), 720 (d, 2H, ArH), 4.12 (m, 4H, -OCH,-), 3.09 (s, 6H, SO,Me),
1.10 (t, 6H, -CH;); *C NMR (CDCl;, 100.6 MHz): 6 =156.82, 136.01,
134.87, 131.31, 129.32, 127.42, 126.49, 122.51, 119.13, 116.28, 64.76, 44.49,
14.69; MS (FAB + ): m/z =499 [MH"]; IR (KBr): 1305 (s, -SO,-), 1147 cm™!
(s, -SO,-); UV-Vis (CHCL): A, () =258 (44300), 282 (55300), 329 nm
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(32800); CyHy6S,04 (498.61): caled C 62.63, H 5.26, S 12.86; found C 62.93,
H 5.46, S 12.93.

(5)-9,14-Bis(methylsulfonyl)dinaphtho[2,1-d:1'2'-f][1,3]dioxepin (3b):
Compound 1b (2.50 g ,5.48 mmol) was dissolved in dry THF (100 mL)
under an argon atmosphere. The magnetically stirred solution was cooled
to —78°C and a solution of nBuLi (14 mL, 28.0 mmol) in n-hexane (2.5M)
was added at such a rate as to keep the temperature below —70°C. After
6 h of stirring at this temperature, dimethyl disulfide (2.2 mL, 42.2 mmol)
was added whilst the temperature was maintained. After stirring for 1 h, the
cooling bath was removed and the reaction hydrolyzed with 5% KOH
solution (100 mL). The reaction mixture was diluted with ether, and the
organic phase was separated. The etheral solution was washed twice with
5% KOH solution and twice with water. The solution was dried (MgSO,)
and filtered, and the solvent removed under reduced pressure to give (S)-
9,14-dimethylthiodinaphtho[2,1-d:1",2'-f][1,3]dioxepin (2.27 g, 5.8 mmol) as
an oil, which was then dissolved in boiling AcOH (70 mL). Hydrogen
peroxide (35%, 5.0 g, 97.2 mmol) was added dropwise at this temperature
under stirring and allowed to stir for a further 3 h at RT. The solution was
heated again and water (35 mL) was added to the boiling solution. The
white needles that formed overnight on cooling were filtered off, washed
twice with cold water, and dried under reduced pressure to give 1.83 g
(73%) of 3b. M.p.: 265°C; [a]y =697 (¢ =0.01, CHCl;); '"H NMR (CDCl;,
250 MHz): 6 =8.65 (d, Js;=18Hz, 2H, ArH%), 820 (d, /=9 Hz, 2H,
ArH), 775 (dd, Js;=1.9 Hz, J;3 =9 Hz, 2H, ArH’), 7.66 (d, 2H, ArH), 7.56
(d, 2H, ArH), 5.76 (s, 2H, -CH,-), 3.15 (s, 6 H, SO,Me); *C NMR (CDCl;,
100.6 MHz): 6 =154.04, 136.96, 133.99, 132.32, 130.53, 129.62, 127.96,
125.60, 123.14, 122.72, 103.36, 44.40; MS (EI): m/z =454 [M*]; IR (KBr):
7=1306 (s, -SO,-), 1145 cm™" (s, -SO,-); UV-Vis (CHCL): A, (&) =302
(13800), 340 nm (6300); Cp3H,S,04 (454.52): caled C 60.78, H3.99, S 14.11;
found C 60.90, H 3.92, S 14.15.

(R)-(E, E)-2,2'-Diethoxy-6,6"-bis[ 2-(methylsulfonyl) vinyl]-1,1"-binaphthyl
(6a): Diethyl methylsulfonomethanephosphonate!'®*! (1.60 g, 6.95 mmol)
and (R)-2,2-diethoxy-1,1'-binaphthyl-6,6'-dicarbaldehyde (4a, 1158 mg,
2.91 mmol) were dissolved in dry DME (60 mL) under nitrogen. Sodium
hydride (400 mg, 13.3 mmol) was added in portions at 0°C to the
magnetically stirred mixture. The reaction mixture was slowly allowed to
reach RT and stirred for 3 days. The mixture was cautiously hydrolyzed
with dilute HCl (600 mL) and extracted with CH,Cl, (3 x 250 mL). The
combined organic phases were washed with brine and dried (MgSO,), and
the solvent removed in vacuo after filtration. The compound was
redissolved in a small volume of CH,Cl,, and petroleum ether was added.
The white precipitate that formed was collected on a glass frit and washed
with petroleum ether to give 978 mg (61%) of 6a. M.p.: 169-172°C
(decomp.); [a]3 = —305 (¢=0.01, CHCl;); 'H NMR (CDCl;, 400 MHz):
0=38.00 (d, 2H, ArH), 798 (d, 2H, ArH®), 775 (d, Jius =154 Hz, 2H,
=CH-), 7.46 (d, 2H, ArH), 7.33 (dd, Js; = 1.8 Hz, J;,3=9 Hz, 2H, ArH’), 7.11
(d,J=9 Hz, 2H, ArH), 6.88 (d, Jiuns = 15.4 Hz, 2H, =CH-), 4.09 (m, 4H, -
OCH,-), 3.03 (s, 6H, -SO,Me), 1.09 (t, /=7 Hz, 6H); “C NMR (CDCl;,
100.6 MHz): 6=155.93, 144.09, 135.29, 131.39, 130.40, 128.49, 127.09,
126.18, 124.79, 123.52, 119.71, 115.82, 64.78, 43.37, 14.75; MS (FAB +): m/
z=>551 [MH*]; IR (KBr): 7 =1618 (s, C=C), 1310 (s, -SO,-), 1133 (s, -SO,-),
965 cm™! (m, =C—Hyaps); UV-Vis (CHCL): A, (¢) =258 (44300), 282
(55300), 329 nm (32800); Cs,Hz,04S, (550.69): caled C 65.43, H 5.49, S
11.64; found C 65.79, H 5.59, S, 11.81.

(5)-(E,E)-4,4-[2,2'-(2,2'-Diethoxy-1,1'-binaphthyl-6,6'-diyl)diethenyl ] di-

benzonitrile (10a): Diethyl(4-cyanobenzyl)phosphonate!'! (629 mg,
2.48 mmol) was dissolved in dry 12-dimethoxyethane (monoglyme,
40 mL) under an inert atmosphere. Sodium hydride (80 % in mineral oil,
150 mg, 5.00 mmol) was added at 0°C, and the suspension was stirred
magnetically for 20 min. Compound 4a (450 mg, 1.13 mmol) dissolved in
dry monoglyme (20 mL) was added to the suspension, and the reaction
mixture was stirred for 2 days at RT. The mixture was cautiously hydro-
lyzed with water (300 mL), saturated with NaCl, and extracted with CH,Cl,
(3 x 100 mL). The combined organic phases were washed with water and
dried (MgSO,), and the solvent removed in vacuo after filtration. The solid
obtained was refluxed in EtOH (200 mL) to dissolve impurities. The
insoluble solid was filtered off on a glass frit after cooling to RT, washed
with MeOH, and dried under reduced pressure to give 453 mg (67 %) of
10a. M.p.: 274-275°C; [a]y =611 (¢=0.01, CHCL;); 'H NMR (CDCl;,
400 MHz): 6 =795 (d, /=9 Hz, 2H, ArH), 791 (d, 2H, ArH®), 7.61 (brd,
J=9Hz,4H, ArH), 7.56 (brd, 4H, ArH), 7.46 (dd, ArH", Js; = 1.7 Hz, J ;s =

0947-6539/98/0402-0247 $ 17.50+.25/0 — 247





FULL PAPER

H.-J. Deussen, T. Bjgrnholm et al.

9 Hz, 2H), 744 (d, 2H, ArH), 734 (d, J,uu. = 16.3 Hz, 2H, =CH-), 7.14 (d,
2H, ArH), 7.08 (d, Jyas = 16.3 Hz, 2H, =CH-), 4.07 (m, 4H, -OCH,-), 1.09
(t,J=7 Hz, 6 H, -CH,); '*C NMR (CDCl,, 100.6 MHz): 6 = 155.02, 142.07,
134.19, 132.58, 132.44, 131.48, 129.59, 129.16, 127.85, 126.70, 126.04, 125.92,
123.60, 120.38, 119.05, 116.03, 110.30, 65.07, 14.97; MS (FAB + ): m/z =597
[MH*]; IR (KBr): 7 =2224 (s, CN), 1600 (s, C=C), 965 cm™! (m,=C—H,,s);
UV-Vis (CHCL): A, (£)=302 (36600), 354 nm (49900); C,Hy,N,O,
(596.73): caled C 84.54, H 5.41, N 4.69; found C 84.59, H 5.71,
N, 4.59.

(S)-(E, E)-4,4-[2,2'-(Dinaphtho[2,1-d:1',2'-f][1,3]dioxepin-9,14-diyl) di-
ethenyl]dibenzonitrile (10b): Diethyl (4-cyanobenzyl)phosphonatel!®d
(785 mg, 3.10 mmol) was dissolved in dry monoglyme (40 mL) under an
inert atmosphere. Sodium hydride (80 % in mineral oil, 325 mg, 10.8 mmol)
was added at 0°C and the suspension was stirred magnetically for 30 min.
(8)-Dinaphtho[2,1-d:1’,2'-f][1,3]dioxepin-9,14-dicarbaldehyde (4b, S00 mg,
1.41 mmol) was added to the suspension, and the reaction mixture was
stirred overnight at RT. The mixture was cautiously hydrolyzed with dilute
HCI (300 mL), and the precipitate that formed was collected by filtration
(glass frit) and washed thoroughly with water. The solid obtained was dried
in air, recrystallized from toluene/petroleum ether (80—110°C, freezer).
The fine crystals that formed were filtered off, washed with light petroleum
ether, and dried in air to give 434 mg (56 %) of 10b. M.p.: 336-337°C;
[a]y =1246 (¢=0.01, CHCL); '"H NMR (CDCl;, 400 MHz): 6 =8.00 (d,
J=8Hz, 2H, ArH), 8.00 (d, 2H, ArH?), 7.63 (m, 8H, Ar), 7.57 (dd, J5,=
1.8 Hz, J;,3=9 Hz,2H, ArH’), 7.51 (d, 2H, ArH), 7.50 (d, 2H, ArH), 7.37 (d,
Jyvans = 16.3 Hz, 2H,=CH-), 7.18 (d, J;;sns = 16.3 Hz, 2H,=CH-), 5.72 (s, 2H,
-CH,-); *C NMR (CDCl;, 100.6 MHz): 6 =151.74, 141.59, 132.93, 132.39,
131.95, 131.85, 130.53, 127.96, 127.26, 127.04, 126.73, 125.96, 123.43, 121.62,
118.84, 110.58, 101.13; MS (FAB + ): m/z =553 [MH"]; IR (KBr): 7=2224
(s, CN), 1601 (s, C=C), 963 cm™"' (m, =C—H,,,,); UV-Vis (CHCL): A,
(¢) =333 nm (68200); C3,H,,N,0, (552.63): caled C 84.76, H 4.38, N 5.07;
found: C 84.52, H 4.44, N 4.97.

(S)-(E, E)-2,2'-Diethoxy-6,6"-bis[4-(methylsulfonyl)styryl]-1,1'-binaphthyl
(11a): Diethyl-4-(methylsulfonyl)benzylphosphonate (84 % )¢ (1300 mg,
3.56 mmol) was dissolved in dry monoglyme (60 mL) under an inert
atmosphere. Sodium hydride (80 % in mineral oil, 300 mg, 10.00 mmol) was
added at 0°C, and the suspension was stirred magnetically for 20 min.
Compound 4a (593 mg, 1.49 mmol) was added to the suspension, and the
reaction mixture was stirred for 3 days at RT. The mixture was cautiously
hydrolyzed with water (300 mL) and the precipitate that formed was
collected by filtration (glass frit). The obtained solid was dried in air and
recrystallized from a small volume of CH,Cl,/AcOEt (freezer) to give
827 mg (79 %) of 11a. An analytical sample was obtained after drying at
100°C. M.p.: 335°C; [a]y =517 (¢=0.01, CHCL); 'H NMR (CDCl,,
400 MHz): 6 =797 (d,/ =9 Hz,2H, ArH), 7.93 (d, 2H, ArH®), 791 (m, 4 H,
ArH), 768 (m, 4H, Ar), 747 (dd, J5, = 1.7 Hz, J,3=9 Hz, 2H, ArH"), 745
(d, 2H, ArH), 739 (d, Jyun = 16.3 Hz, 2H, =CH-), 715 (d, 2H, ArH), 713
(d, Jyyans = 16.3 Hz, 2H,=CH-), 4.08 (m, 4H, -OCH,-), 3.06 (s, 6 H, -SO,Me),
1.09 (t,J =7 Hz, 6 H, -CH;); MS (FAB +): m/z =703 [MH*]; IR (KBr): =
1592 (s, C=C), 1303 (s, -SO,-), 1148 (s,-SO,-), 957 cm ! (m,=C —H,;5,s); UV-
Vis (CHCL3): A, (€) =301 (41000), 349 nm (51900); C,,H330,S, (702.88):
caled C 71.77, H 5.45, S 9.13; found C 72.07, H 5.54, S 9.42.

(S)-(E, E)-9,14-Bis[4-(methylsulfonyl)styryl]dinaphtho[2,1-d:1'2'-f][1,3]di-
oxepin (11b): Diethyl-4-(methylsulfonyl)benzylphosphonate (84 % )l
(1043 mg, 2.86 mmol) was dissolved in dry monoglyme (60 mL) under an
inert atmosphere. Sodium hydride (80% in mineral oil, 325mg,
11.30 mmol) was added at 0°C, and the suspension was stirred magnetically
for 30 min. Compound 4b (500 mg, 1.41 mmol) was added to the
suspension, and the reaction mixture was stirred for 3 days at RT. The
mixture was cautiously hydrolyzed with dilute hydrochloric acid (300 mL),
saturated with NaCl and extracted with CH,Cl, (4 x100mL) The
combined organic phases were dried (MgSO,), and the solvent removed
in vacuo after filtration. The obtained solid was dissolved in a small amount
of CH,Cl,, and ether was added. The white precipitate that formed was
collected on a glass frit and washed with ether to give 610 mg (66 %) of 11b
as a fine white powder. M.p.: >340°C decomp.; [a]y =1045 (c¢=0.01,
CHCL,); '"H NMR (CDCl;, 400 MHz): 6 =8.01 (d, 2H, ArH®), 8.01 (d, /=
9Hz, 2H, ArH), 794 (brd, /=9 Hz, 4H, ArH), 7.71 (brd, 4H, ArH), 7.59
(dd, Js;=1.7Hz,J;3=9 Hz,2H, ArH’"), 7.52 (2d, 4H, ArH), 742 (d, J yuns =
16.3 Hz,2H,=CH-), 722 (d, J ;s = 16.3 Hz,2H,=CH-), 5.73 (5,2 H, -CH,-),
3.08 (s, 3H, -SO,Me); MS (FAB + ): m/z =659 [MH"]; IR (KBr): 7=1593

248 ——— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

(s, C=C), 1304 (s, -SO,-), 1148 (s, -SO,-), 959 cm ! (m, =C-H,,,,); UV-Vis
(CHCLy): Apax (€) =292 (44800), 332 nm (80500); CsH;3,O¢S, (658.79):
calcd C 71.10, H 4.59, S 9.73; found C 70.97, H 4.57, S 9.95.

(8)-(E,E)-9,14-bis(4-nitrostyryl)dinaphtho[2,1-d:1',2"-f][1,3]dioxepin
(13b): Diethyl-4-nitrobenzylphosphonatel’! (847 mg, 3.10 mmol) and 4b
(520 mg, 1.47 mmol) were dissolved in dry monoglyme (25 mL) under a
nitrogen atmosphere. Sodium hydride (80% in mineral oil, 180 mg,
6.00 mmol) as suspension in DME (25 mL) was added at 0°C, and the
reaction mixture was stirred magnetically for 30 min at this temperature.
The reaction mixture was stirred further for 16 h at RT and then cautiously
hydrolyzed with dilute HCI (300 mL). The yellow precipitate that formed
was collected on a glass frit and washed thoroughly with water. After drying
in air, the compound was dissolved in boiling CH,Cl,. Ether was added to
the cooled solution and the yellow precipitate that formed (freezer) was
filtered off (glass frit), washed with a small volume of ether, and dried in air
to give 671 mg (77 %) of 13b. M.p.: 302°C; [a]F = 1397 (¢ =0.005, CHCL,);
'HNMR (CDCl;, 400 MHz): 6 =8.24 (m, 4 H, Ar), 8.03 (d, 2H, ArH?), 8.02
(d, J=8Hz, 2H, ArH), 7.67 (m, 4H, Ar), 7.59 (dd, Js;=1.7 Hz, J;3=9 Hz,
2H, ArH’), 7.53 (2d, 4H, ArH), 7.44 (d, J ;.0 = 16.3 Hz, 2H,=CH-), 7.24 (d,
Juas=16.3 Hz, 2H, =CH-), 5.73 (s, 2H, -CH,-); *C NMR (CDCl;,
62.9 MHz): 6=151.90, 146.79, 143.65, 132.89, 132.82, 132.10, 131.89,
130.65, 128.25, 127.36, 126.77, 126.67, 126.01, 124.12, 123.48, 121.72,
103.18; MS (FAB +): m/z =593 [MH*]; IR (KBr): #=1593 (s, C=C),
1342 (s, NO), 962 cm™! (W, =C—Hy4ns); UV-Vis (CHCL): . (¢) =254
(42700), 292 (32000), 364 nm (58800); C3;H,,N,O¢ (592.61): caled C 74.99,
H 4.08, N 4.73; found C 74.88, H 4.21, N 4.61.

(R)-(E,E)-3,3-{4,4'-[2,2'-(2,2'-Diethoxy-1,1'-binaphthyl-6,6'-diyl)diethen-
ylldiphenyl}bis(2-cyanopropenenitrile) (14a): (R)-(E,E)-4,4'-[2,2'-(2,2'-di-
ethoxy-1,1"-binaphthyl-6,6’-diyl)diethenyl]dibenzaldehyde (12a, 518 mg,
0.86 mmol) and malononitrile (170 mg, 2.57 mmol) were dissolved in dry
CH,Cl, (40 mL). One drop of piperidine (7 mg) was added and the reaction
mixture was refluxed under anhydrous conditions (CaCl, tube) for 14 h.
The CH,Cl, was removed in vacuo. After chromatography on silica gel (/=
10 cm, & =4 cm) with CH,Cl, as an eluent, the compound was dissolved in
CH,Cl,, and light petroleum ether was added. An orange powder
preticipated which was filtered off on a glass frit and dried under reduced
pressure to give 467 mg (78 %) of 14a. M.p.: 271-273°C; [a]} = — 1322
(¢=0.001, CHCL;); '"H NMR (CDCl;, 400 MHz): 6 =7.98 (d,J=9 Hz, 2H,
ArH), 7.95 (d, 2H, ArH®), 791 (brd, J=8 Hz, 4H, ArH), 7.70 (s, 2H), 7.65
(brd, 4H, ArH), 748 (dd, Js;=1.7 Hz, J;,3=9 Hz, 2H, ArH), 745 (d, 2H,
ArH), 744 (d, J ;.0 = 16,3 Hz, 2H, ArH), 7.15 (d, 2H, ArH), 7.14 (d, Jiuns =
16,3 Hz,2H,=CH-), 4.09 (m, 4 H, -OCH,-), 1.10 (t,/ =7 Hz, 6 H, -CHj;); 1*C
NMR (CDCl;, 62.9 MHz): 6 = 158.64, 155.07, 144.08, 134.24, 133.53, 131.36,
129.64, 129.04, 128.22, 127.05, 126.00, 125.86, 123.50, 120.22, 115.90, 114.03,
112.92, 80.78, 64.93, 14.83; MS (FAB + ): m/z =699 [MH*]; IR (KBr): 7=
2227 cm™' (m, CN); UV-Vis (CHCL): A, (¢)=322 (35500), 440 nm
(81400); CysH34N,O, (698.83): caled C 82.50, H 4.90, N 8.02; found C 82.62,
H 4.84, N 8.20.

(S)-(E, E)-3,3'-{4,4-[2,2'-(Dinaphtho[2,1-d:1',2"-f][1,3]dioxepin-9,14-diyl)-

diethenyl]diphenyl}bis(2-cyanopropenenitrile) (14b): (S)-(E,E)-4,4'-[2,2'-
(Dinaphtho(2,1-d:1",2'-f][1,3]dioxepin-9,14-diyl)diethenyl]dibenzaldehyde

(12b, 551 mg, 0.99 mmol) and malononitrile (151 mg, 2.29 mmol) were
dissolved in dry CH,Cl, (40 mL). One drop of piperidine (7 mg) was added
and the reaction mixture was refluxed under anhydrous conditions (CaCl,
tube) for 18 h. The CH,Cl, was removed in vacuo. After chromatography
on silica gel (/=12 cm, @ =4 cm) with CH,Cl, as an eluent, the compound
was dissolved in a small volume of CH,Cl,, and light petroleum ether was
added. A bright orange powder precipitated, which was filtered off on a
glass frit and dried under reduced pressure to give 502 mg (77 %) of 14b.
M.p.: 297-300°C; [a]y =1601 (c=0.001, CHCL); 'H NMR (CDCl;,
400 MHz): 6 =8.03 (d, 2H, ArH?), 8.02 (d, /=9 Hz, 2H, ArH), 7.93 (brd,
J=9Hz, 4H, ArH), 772 (s, 2H), 767 (brd, 4H, ArH), 759 (dd, Js,=
1.8 Hz, J.,3=9 Hz,2H, ArH’), 752 (d,2H, ArH), 751 (d, 2H, ArH), 7.47 (d,
Jirans = 16.3 Hz, 2H,=CH-), 722 (d, J,;,ns = 16.3 Hz, 2H,=CH-), 5.73 (s, 2H,
-CH,-); ¥C NMR (CDCl;, 62.9 MHz): 6 =158.59, 151.88, 143.60, 132.89,
132.81, 132.08, 131.85, 131.35, 130.65, 129.86, 128.35, 127.31, 127.19, 127.10,
125.96,123.45,121.70,113.92,112.83,103.15, 81.17; MS (FAB + ): m/z = 655
[MH]; IR (KBr): #=2227 cm~! (m, CN); UV-Vis (CHCL): 4,,,, (¢) =322
(33900), 414 nm (88700); C,sH,N,O, (654.73): caled C 82.55, H 4.00, N
8.56; found C 82.61, H 3.96, N 8.62.
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(R)-(E,E)-5,5'-(2,2'-Diethoxy-1,1"-binaphthyl-6,6"-diyl)bis(2-cyanopenta-2,
4-dienenitrile) (15a): (R)-(E,E)-3,3-(2,2-Diethoxy-1,1"-binaphthyl-6,6"-
diyl)dipropenal (7a, 603 mg, 1.34 mmol) and malononitrile (195 mg,
2.95 mmol) were dissolved in dry CH,Cl, (50 mL). One drop of piperidine
was added and the reaction mixture was refluxed under anhydrous
conditions (CaCl, tube) for 16 h. The CH,Cl, was removed in vacuo. After
chromatography on silica gel (/=11 cm, & =4 cm) with CH,Cl, as an
eluent, the compound was dissolved in CH,Cl,, and light petroleum ether
was added. An orange powder precipitated which was filtered off on a glass
frit and dried in high vacuum to give 505 mg (69 %) of 15a. M.p.: 309—
311°C; [a]y = —3289 (¢ =0.005, CHCL;); 'H NMR (CDCl;, 400 MHz): 6 =
8.04 (d, 2H, ArH®), 8.02 (d, /=9 Hz, 2H, ArH), 761 (d, J=115Hz, 2H,
=CH-), 748 (d, J=9 Hz, 2H, ArH), 744 (dd, Js; =18 Hz, J;,3=9 Hz, 2H,
ArH’), 7.41(d, J s = 15.7 Hz, 2H,=CH-), 7.26 (dd, 2H,=CH-), 7.12 (d, 2 H,
ArH), 412 (m, 4H, -OCH,-), 1.07 (t, 6H, -CH;); C NMR (CDCl;,
100.6 MHz): 6 =159.93, 156.46, 150.56, 135.69, 132.12, 130.86, 129.20,
128.54, 126.30, 123.86, 121.38, 119.59, 115.72, 113.71, 111.86, 81.43, 64.72,
14.65; MS (FAB + ): m/z =547 [MH"]; IR (KBr): ¥ =2225 (s, CN), 1587 (s,
C=C), 981 cm™! (m, =C—Hj,y,); UV-Vis (CHCL): 4., (¢) =321 (34400),
433 nm (62600); C3H,N,O, (546.63): caled C 79.10, H 4.79, N 10.25; found
C 79.08, H 4.76, N 10.39.

EFISHG measurements: EFISHG is a standard technique for the
determination of the first molecular hyperpolarizability. Since a static
electric field is applied to break the centrosymmetry of the solution,
EFISHG measures the second hyperpolarizability y, which can be written
as the sum of an electronic and an orientational contribution Equation (11),
where Yeecironic 15 assumed to be much smaller than the orientational
contribution.

Y = Yelectronic + UzPz/SkT (1)

For the bis(dipolar) compounds, the direction of the dipole moment
coincides with the twofold axis and 8, = 8,77 + Bzxx- Uzz Was measured at
1064 nm and in chloroform. All compounds were checked to ensure that no
or only insignificant absorption at the harmonic wavelength perturbed the
EFISHG measurements. For EFISHG f;, values, the estimated uncertain-
ties are £15%.

Dipole moment measurements: The dipole moments of the molecules were
determined by capacitance measurements according to a procedure
outlined in ref. [23]. All the molecules were dissolved in chloroform.

Kurtz — Perry powder test: The second-harmonic-generation efficiencies of
the BNs were investigated by the Kurtz—Perry powder technique.’l The
powders were densely packed between two glass plates separated by a
spacer ensuring control over the thickness of the powder sample. All the
BN samples were made of ungraded powders. The samples were irradiated
with 1064 nm radiation provided by a 10 nsec Q-switched Nd:YAG laser
(Quanta-Ray, DCR). The beam spot size on the samples was larger than
2 mm. The samples were studied in reflection in order to eliminate effects
of different transparencies of the samples. A filter was employed to avoid
spurious signals due to multiphoton fluorescence. For purpose of calibra-
tion three standard samples were used: MNA, urea, and adp. For the last
two the powder grain size grade was less than 140 pm.

X-ray diffraction: The crystals of 4a and 2b were studied by X-ray
diffraction with an Enraf—Nonius CAD-4 diffractometer. Compound 4a
crystallizes in the tetragonal space group P4,;2,2 with unit cell dimensions
a=b=8.0232(7) and c¢=32.785(3) A. Compound 2b crystallizes in the
monoclinic space group P2,/c with unit cell dimensions a =12.495(2), b=
8.388(1), c=17228(7) A and f=109.42(2)°. The structures were solved
with SHELXS-86 and refined with SHELXL-93.?") Resultant residuals
(R;) were 0.0703 and 0.0696 for 4a and 2b, respectively. Hydrogen atoms
were not included. Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-100673. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: Int.
code + (44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk). Crystal struc-
ture figures were drawn with PLUTO.?¥! For other details see Table 4.
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Table 4. Crystal data and structure refinement of racemic 2b and (S)-4a.

(S)-4a 2b (racemic)
formula CxH»0, C,;H,N, 0,
M, 398.44 348.36
T [K] 293(2) 293(2)
2 [A] 0.71073 1.54184
crystal system tetragonal monoclinic
space group P4;2,.2 P2/c
a[A] 8.0232(7) 12.495(2)
b [A] 8.0232(7) 8.3880(10)
c[A] 32.785(3) 17.228(7)
B 1] £=109.42(2)
V [A3] 2110.4(3) 1702.9(8)
z 4 4
Pearca [gem 3] 1.254 1.359
absorption coefficient [mm~!] 0.084 0.669
crystal size [mm] 0.08 x 0.08 x 0.28  0.35 x 0.10 x 0.005
transmission (min/max) 0.988/0.994 0.906/0.982
6 range for data collection [°] 2.48-29.96 3.75-65.97
scan mode omega omega
index ranges 0<h<11 —14<h<14
0<k<11 0<k<9
—46<1<46 —20<1<20
reflections collected 6892 5934
independent reflections 3071 2964
refinement method full-matrix least-squares on F?
data/restraints/parameters 3071/0/136 2963/0/244
hydrogen atoms ignored ignored

goodness of fit on F? 0.947 1.098

final R indices [I > 20()] R, =0.0703 R, =0.0696
wR,=0.1553 wR,=0.1783

absolute structure parameter —6(7)

largest diff. peak/hole [e A3 0.303/ —0.239 0.495/ — 0.295
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1,2-Disubstituted [ (7°-Arene)Cr(CO);] Complexes by Sequential
Nucleophilic Addition/endo-Hydride Abstraction
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Abstract: Regioselective addition of organolithium compounds at the ortho position
in oxazoline, imine, or hydrazone (#%-arene)tricarbonyl chromium complexes
afforded anionic [(#’-cyclohexadienyl)Cr(CO);] intermediates. A single-crystal X-

ray structure determination of the product of the addition reaction of naphthyllithium
with a phenyl oxazoline complex showed structural characteristics of an aza-enolate
superimposed on the predominant cyclohexadienyl structure. Reaction of the anionic
cyclohexadienyl complex with a trityl salt yielded 1,2-disubstituted [(n°-arene)Cr-

Keywords: arene  complexes -

chromium cyclohexadienyl
complexes - hydride abstraction -
mechanism

(CO);] complexes. Labeling studies, carried out to provide mechanistic details of the
aromatization process, ruled out an isomerization/exo-hydride abstraction sequence
but were in accord with a process involving endo-hydride abstraction.

Introduction

Arenes bound to the electrophilic Cr(CO); group undergo a
variety of regio- and stereoselective transformations that
cannot be realized with the free arene.?! The synthetic
possibilities thus offered have received considerable attention
and, as a result, a substantial amount of effort has been
focused on methods that provide efficient access to substi-
tuted arene complexes. The three approaches that meet the
criteria of selectivity and efficiency are the selective and mild
direct complexation of arenes to the Cr(CO); fragment,-!
the Dotz reaction,® and the regioselective transformations of
complexed arenes. Of the last, the most widely utilized
reaction is the directed lithiation/electrophilic trapping pro-
tocol.?ml Tt makes use of both the directional effects of
substituents and the markedly increased acidity of the arene
ring hydrogens in the complex.[”) Significant new develop-
ments in this field are diastereoselective and enantioselective
lithiations.®! Other arene transformation methods involve
Pd-mediated reactions of complexed haloarenes!” or ipso-
and tele-nucleophilic substitution in arenes bearing leaving
groups. Tele-nucleophilic substitutions are the result of the
addition of a nucleophile to the arene, followed by proto-
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30, Quai Ernst Ansermet, CH-1211 Geneva 4 (Switzerland)
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nation and anti-elimination of a leaving group.l'"') While
attractive in concept, competitive decomplexation of the
labile cyclohexadiene intermediate seriously limits the use-
fulness of this procedure. In the absence of a leaving group,
rearomatization can be achieved by oxidation, the overall
reaction being the formal replacement of a hydride by a C
nucleophile. Although the mechanism of this sequence has
not yet been established, a reasonable sequence involves
metal oxidation followed by intramolecular C(6)-H(endo)
hydride transfer to the metal, and oxidative cleavage of the
metal —arene bond. Attempts to stop this sequence before
arene decomplexation, in order to reuse the activating and the
regio- and stereodirecting effect of the Cr(CO); group, were
not successful. Likewise, the addition of electrophiles to effect
the abstraction of C(6)-H(endo) as a hydride from the (i’-
cyclohexadienyl) intermediate initially failed.'¥ Although
there is some precedent for endo-hydride abstraction in
transition metal 7°-cyclohexadienyl complexes,'*!3 it has
been reported that anionic cyclohexadienyl chromium com-
plexes lacking an exo hydrogen reacted with trityl by
abstraction of the exo carbanion.['}l Removal of C(6)-H(endo)
was believed to be unfavorable due to the difficult approach
of a bulky electrophile from the same side as the metal.['"]

Aromatization of cyclohexadienyl —metal complexes with-
out decomplexation is facile in complexes with C(6)-H(exo).
The trityl cation can be conveniently used to effect exo-
hydride abstraction.?*!

It is now well established that carbanion addition to
[(arene)Cr(CO);] complexes can be readily reversible ¢,
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Displacement of this equilibrium by reaction of the carbanion
with an electrophile provides a ready explanation for the
regeneration of the starting arene complex. We have shown
that, under conditions of irreversible nucleophilic addition,
small electrophiles (H*, primary alkyl halides, allyl- and
propargyl halides) add to the metal. This sequence has led to a
useful procedure for the synthesis of regio- and stereo-
selectively substituted alicyclic molecules (Scheme 1).117]

R’ R R?
R0 R@H{ 0]
| R’
‘crico), Oerco),

, Electrophile (E)

| l l |

E = [Ph,CT*,
E=H* E=H* E = propargyl, R'= imine, oxazoline,
B e.g. R'=0Ph allyl hydrazone

R2 = alkyl, vinyl, aryl

| i |
o o o

‘crco), R Cr(CO),

Scheme 1. Reactions of [(n%-arene)Cr(CO);] complexes with electro-
philes.

This article reports the results of our reinvestigation of the
nucleophilic addition/hydride abstraction sequence!'®], The
reaction of the cyclohexadienyl complexes (analogous to 6)
with the trityl cation results in a new synthesis of o-
disubstituted arene complexes. We also report on the mech-
anism of the transformation and on structural details of the
key intermediate in the reaction.

Results and Discussion

The nucleophilic addition/hydride abstraction sequence:
Following the previously established protocol,['” addition of
the C nucleophiles a—f to the [ (#%-arene)Cr(CO);] complexes
1-4 in THF at —78°C to —40°C (6h) afforded the
corresponding cyclohexadienyl complexes. In THF, reaction
with [Ph;C][PF] gave unidentified mixtures of compounds. A
much cleaner reaction was observed in CH,CL,. In a typical
procedure, the crude cyclohexadienyl complexes, obtained as
orange to brown solids or oils after evaporation of volatiles
under vacuum, were taken up in a minimum of dry dichloro-
methane and, at —78°C, treated with a saturated solution of
[Ph;C][PF,] (2.1-2.2 eqiv, 0.4M). Slow warm-up to room
temperature and subsequent work-up yielded the 1,2-disub-
stituted [ (arene)Cr(CO);] complexes 2—5 (Schemes 2 -4).
Product yields varied between 49-79%. Reactions with
phenyllithium were at the top end of the range, while those
with methyllithium were at the bottom end. Based on the
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Y

N a) RLi, THF, -78°C to -40°C, 6 h CHO
b) [Ph,Cl[PF], CH,Cl,, -78°Cto1t, 12 h

@ ¢) H,0, ether, rt, 30 min.

AN
‘cr(co), CrCO),
1
R = methyl (a) 64% 5a
n-butyl (b} 68% 5b
vinyl (¢) 74% 5¢
phenyl (d) 76% 5d
thiophenyl (e) 52% 5e
furanyl (f) 60% 5f

Scheme 2. Synthesis of 1,2-disubstituted [(#°-arene)Cr(CO);] complexes

from 1.

a) RLi, THF,
O__N

-78°C to -40°C, 6 h
b) [Ph;C][PF¢], CH,Cl,,

@ 78°Ctort, 12 h R

\ AN
R Cr(CO), R Cr(CO),

R=H:2 R = methyt (a) 51% 2a
n-butyl (b) 76%  2b
vinyl (¢) 52% 2c
phenyl (d) 68% 2d
thiophenyl (e) 60% 2e
R'=0OMe:3 R = methyi (a) 49% 3a
n-butyl (b) 66%  3b
vinyl (c) 58% 3c
phenyl (d) 53%  3d

Scheme 3. Synthesis of 1,2-disubstituted [(7%-arene)Cr(CO);] complexes
from 2 and 3.

\N/ \N/
,{l a) RLi, THF, rlq
& -78°C t0 -40°C, 6 h Z
b) [Ph,C][PFg], CH,CI,,
@ 78°Ctort, 12 h @ R
\ \
Cr(CO), Cr(CQO),
4
R = methyl! (a) 50% 4a
n-butyl (b) 78% 4b
vinyl (¢) 57% 4c
phenyl (d) 79% 4ad

Scheme 4. Synthesis of 1,2-disubstituted [(#°-arene)Cr(CO);] complexes
from 4.

observation of color changes during solvent evaporation and
the amount of decomposition, we assume this to reflect in part
the stability of the intermediate 7°-cyclohexadienyl complex.
The 'H and *C NMR spectra of complexes 2a—5f show the
usual upfield shift of the aromatic proton and carbon
resonances with respect to the corresponding free arenes.
Ortho substitution is easily recognized by the signal pattern of
the aromatic proton resonances. The signals are split up into
two doublets and two triplets with couplings between 6 and
7 Hz. Spectra were assigned through a combination of peak
multiplicities, chemical shifts, coupling constant analyses, and
BC-'H two-dimensional correlation experiments. Complete
data are reported in the experimental section.

Intrigued by the one-pot reaction sequence described
above, not only for its synthetic merit but also for the
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mechanistic questions posed, we pursued this research further
by investigating the nature of the intermediates and the
mechanism of the aromatization process.

The nature of the intermediates; structure determination of 6:
Although the structures of several neutral cylohexadienyl
chromium complexes have been published,!!!¢: 2 there is only
one report of a structure determination of an anionic [ (7
cyclohexadienyl)Cr(CO),] complex (7).}l The addition of a

Q! (2 joe
j/b NS o L <

i N
C)crco) ><—O Cr, Cr(CO),
3 OC/ \ ‘CO—Li
CcO
7 6

nucleophile to the oxazoline complex 2 raises an interesting
structural question. Complex 2 contains both a m-bound
[Cr(CO);] and a o-bound oxazoline electrophilic group, so the
question arises as to which one will dominate the structure of
adduct 6. If the former group dominates the reactivity, we
expect a cyclohexadienyl ML; complex with the lithium cation
coordinated to an oxygen of a CO ligand. If the oxazoline
dominates the reactivity, then we expect an aza-enolate with a
N-bound lithium in a N,0O-ketene-acetal structure. The latter
has been proposed as an intermediate in addition reactions of
RLi reagents to naphthyl oxazolines.?!l In the complex, this
structure may exist with the Cr(CO); group bound to both the
endocyclic diene system and the exocyclic double bond. There
are literature precedents of triene Cr(CO); complexes having
this bonding characteristic.??!

Initial attempts to crystallize cyclohexadienyl complexes
derived from 2 failed. Though thermally stable, the highly air-
sensitive products were obtained as orange oils or powders
not suitable for X-ray diffraction. In the event we concen-
trated on product 6, obtained by addition of naphthyllithium
to complex 2. The IR spectrum of 6, as expected for an anionic
complex, showed the bands associated with the CO stretching
modes (v=1900, 1810 cm™!) shifted to lower frequencies
compared to the neutral starting material.’” The C=N
absorption (7=1611 cm™!) appears at a lower field compared
to that in 2 (#=1651 cm™'). Both the 'H and the *C NMR
spectrum agree with those of other anionic [(7°-cyclohex-
adienyl)] complexes.['> 2% Crystals suitable for X-ray diffrac-
tion analysis were obtained by following Semmelhack’s
procedure of dissolving the (7°-cyclohexadienyl) complex in
dioxane at 40°C and then permitting crystallization at room
temperature.l'’] Following a number of unsuccessful attempts,
fine yellow needles were finally obtained by leaving the
mixture in a Schlenk tube connected to a nitrogen manifold
for a period of 10 days. Figures1 and 2 show ORTEP
diagrams of the structure. Details of the structure determi-
nation are given in the experimental section. Selected bond
lengths and angles are listed in Table 1.

At first glance, intermediate 6 shows the usual structural
features of a cyclohexadienyl complex—a three-legged piano-
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Figure 1. ORTEP plots of 6. Thermal ellipsoids at the 50% probability
level.

stool structure, in which the Cr(CO); group adopts an eclipsed
conformation with respect to the cyclohexadienyl carbons and
the M- CO vector underneath the sp3-hybridized C1 carbon.
The C-Cr-C angles of the Cr(CO); group are close to 90°
(Table 1). As in other 7’-bonded cyclohexadienyl structures,
the five sp? carbons are found in a mean plane (with a
maximum deviation of 0.03 A). The interplanar angle be-
tween the five cyclohexadienyl carbons and the C1-C2-C6
plane (41.9°) is a little larger than in 7 but it is still within the
range of values observed for other [(’-cyclohexadienyl)]
complexes.[''¢1320 C— C bond lengths in the dienyl moiety fall
into the range of 1.39 to 1.42 A and do not show a clear
alternation of longer and shorter bond lengths. The Cr atom is
located at 1.236(2) A from the dienyl mean plane. On closer
inspection of the structure, one notes that the angle between
the dienyl and the oxazoline planes is only 23.7(3)°. This is
consistent with significant m-overlap between these two
groups. This is confirmed by the bond distances: the C2-C7
bond in intermediate 6 is notably shorter (1.42(1) A) than that
in the starting complex 2 (1.470(6) A). On the other hand, the
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Figure 2. Crystal structure of 6 showing the intermolecular CO---Li---
OH, --- N(oxazoline) bridge.

C7-N bond is longer in 6 (1.29(1) A) than in 2 (1.260(5) A).0*!
These features are in agreement with a partial aza-enolate
structure. A cyclohexadienyl structure is expected to have the
Li coordinated to a CO ligand oxygen, whereas in an aza-
enolate structure, the lithium is expected to be bound to the
nitrogen.

The tetrahedrally coordinated lithium cation is bound to
one carbonyl oxygen, two oxygens of dioxane and to a water
molecule. Small amounts of water, presumably introduced
with the solvent or by the rubber tubing connecting the
nitrogen manifold to the reaction vessel, were thus crucial for
crystallization. However, it should be pointed out here that
anionic (cyclohexadienyl)chromium complexes are readily
protonated at the metal to form agostic complexes and
ultimately cyclohexadienes."” The Li-O,0, bond length is
1.88(1) A in 6 and matches those found in other structures
containing Li-coordinated water.? Even though the water
hydrogen atoms were not observed in the structure, the
distance of 2.776(8) A between the water oxygen and the
oxazoline nitrogen of a second cyclohexadienyl chromium
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Table 1. Selected bond lengths and angles of 6.

Cr-CQ) 2.259(7) C(22)-Cr-C(23) 90.4(4)
Cr-C@3) 2.171(7) C(22)-Cr-C(24) 96.4(3)
Cr-C(4) 2.180(9) C(23)-Cr-C(24) 83.3(4)
Cr-C(5) 2.204(9) C(2)-C(1)-C(6) 102.8(6)
Cr-C(6) 2.278(8) C(1)-C(2)-C(3) 118.7(8)
Cc(1)-C(2) 1.55(1) C(2)-C(3)-C(4) 119.2(7)
C(1)-C(6) 1.52(1) C(3)-C(4)-C(5) 119.3(8)
C(2)-C(3) 1.42(1) C(4)-C(5)-C(6) 1203(8)
C(3)-C(4) 1.41(1) C(1)-C(6)-C(5) 118.7(6)
C(4)-C(5) 1.41(1)

C(5)-C(6) 1.39(1) C(1)-C(2)-C(7)-N 1(1)
c(1)-C(12)  1.53(1) C(1)-C(2)-C(7)-0(1) 179.3(6)
C(2)-C(7) 1.42(1) C(7)-C(2)-C(3)-C(4) 170.6(7)
C(7)-N 1.29(1) C(1)-C(2)-C(3)-C(4) —24(1)
C(9)-N 1.47(1) C(2)-C(3)-C(4)-C(5) 4(1)
Cr-C(22) 1.78(1) C(3)-C(4)-C(5)-C(6) 3(1)
Cr-C(23) 1.803(9) C(6)-C(1)-C(2)-C(3) 47.4(8)
Cr-C(24) 1.826(8) C(6)-C(1)-C(2)-C(7)  —146.9(7)
0(2)-C(22)  123(1) C(12)-C(1)-C(2)-C3)  —74.5(9)
0(3)-C(23)  1.18(1) C(12)-C(1)-C(2)-C(7) 91.2(9)
o(4)-C(24)  1.17(1) C(2)-C(1)-C(6)-C(5) —49(1)
Li-0(3) 1.92(2) C(12)-C(1)-C(6)-C(5) 76.3(9)
Li-0O(01) 1.88(1)

Li-O(01a) 1.96(2)

Li-O(01b) 1.91(1)

complex clearly points to a O—H---N=C hydrogen bridge.
The intermolecularly bridging water molecules give rise to the
regular chain structure of complex 6 and provides the link
between the two limiting structures. Moreover, the water
molecule is involved in two hydrogen bonds with two dioxane
molecules (O---O=2.687(8) and 3.098(8) A). Overall, the
structural characteristics of 6 are those of an aza-enolate
superimposed on the predominant cyclohexadienyl struc-
ture.l24

Mechanistic considerations: Although we have shown con-
clusively that hydride abstraction from the intermediates
analogous to 6 is feasible, the question of the mechanism of
this aromatization remained open. A study of the literature
indicated that the trityl cation generally reacts with cyclo-
hexadienyl complexes by exo-hydride abstraction. In the
absence of exo-hydrogens, as is the case here, an isomerization
process that interconverts the cyclohexadienyl complex must
be considered.'® ] A possible pathway, initiated by the
presence of a catalytic amount of acid, is shown in Scheme 5
(path B). 1,5-H migrations in neutral protonated (cyclohex-
adienyl)chromium complexes are very fast processes, even at
low temperatures.'” This pathway would provide a ready
explanation for an interconversion to an isomeric cyclohex-
adienyl complex containing a CH, group at the sp® center of
the cyclohexadienyl ligand. This would then be followed by an
exo-hydride abstraction by the trityl cation. The proton, which
is necessary for the initiation of the isomerization sequence,
could come from Ph;CH or from a number of other sources in
the reaction medium.['"]

The question of endo-versus exo-hydride abstraction was
investigated by using deuterium-labeled complexes and
solvents. The requisite labeled benzaldehyde and benzalde-
hydeimine complexes were prepared using previously estab-
lished lithiation/electrophile trapping reactions as shown in
Scheme 6.01% 2]
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Scheme 5. Possible hydride abstraction mechanisms.

Following the usual reaction protocol, the benzaldehyde
imine complex [Ds]1 was treated sequentially with n-butyl-
lithium and [Ph;C][PF] to give [D,]5b in 65% yield. The 'H
NMR spectrum of complex [D,]5b exhibited signals associ-
ated with the aldehyde function (6 =9.31) and with the nBu
substituent, but no signals in the range for complexed
aromatic H. The 3C NMR spectrum clearly displayed four
groups of three signals, characteristic for the deuterated
aromatic carbons. The only other signal associated with an
aromatic C atom is the singlet for the n-butyl-substituted
carbon atom. Signals which could be assigned to aromatic CH
groups were notably absent. The 2H NMR spectrum showed
four resonances at 6 =5.45, 4.68, 4.18, and 4.02. This data
strongly disagrees with the protonation/isomerization/exo-
hydride abstraction mechanism shown in Scheme 6, since this
mode of action would necessitate a C,.,,,—H bond. Further
evidence against this reaction pathway stems from a comple-
mentary experiment in which the sequence of nucleophilic
addition/hydride abstraction was carried out on the non-
deuterated complex 1, with CD,Cl, as the solvent for the

NH
o

D 1) TMPLI

o 5 THF, -78°C, 2 h cHO
@ 2) DMF D. D tquerA‘e, D D
THF,0°C,25h MS 4
D \ P 3) H,O, ether D p 80°C,16h D D
rt, 20 min.
D Cr(CO), D Cr(CO), D Cr(CO),
[Dg] 8 [Ds]5 (96%) [Ds]1 (72%)
MeO.__OMe _ CHO
1) n-Buli, THF, -78°C, 25h M
2) MeOD, THF, -78°C to rt (H)
3) n-Buli, THF, -78°C, 2.5 h
4y MeOD, THF, -78°C to rt 9
5) HC, Ether, it, 12 h crico),

Cr(CO),
[Dp]5 + (D415 (ca. 1 : 1) (45%)

Scheme 6. Synthesis of deuterium-labeled complexes for mechanistic
investigations.
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second step. 'H NMR, 2H NMR, "3C NMR, and mass
spectroscopy clearly show that complex 1b was formed
without incorporation of deuterium into any of the aromatic
positions of the coordinated arene ring.

Finally, the sequence (nBuLi addition/reaction with
[Ph;C][PF¢]) was also carried out with the ortho-deuterated
imine complex (50% [D,]1, 50% [D,]1) to afford 5b as a
mixture of 75% [D;]5b and 25% [Dy]5b. NMR and MS
analysis also showed the formation of deuterated triphenyl-
methane in this reaction.

The above experiments rule out the protonation/isomer-
ization/exo-hydride mechanism and, while not providing
positive evidence for an endo-hydride abstraction as shown
in Scheme 6 (path a), are fully consistent with this pathway.

Conclusion

The sequence described in this paper provides a preparatively
useful route to [(ortho-substituted arene)Cr(CO);] com-
plexes. The X-ray structure of 6 gives an unconventional
answer to the question of the effect of the two electrophilic
activating groups and to the nature of the intermediate
cyclohexadienyl complex. The detailed study of the re-
aromatization process strongly argues for an endo-hydride
abstraction pathway. However, the question as to the origin of
the high efficiency of this endo-H abstraction still remains
open. The X-ray structure of 6 does not appear to deviate
markedly from other cyclohexadienyl structures. The C(1)-
H(endo) is not more accessible to the trityl reagent than in
similar compounds where this step does not occur. We can
therefore contemplate the possible role of the imine, oxazo-
line, or hydrazone substituent in this process. We have
previously argued! that the lone pair on nitrogen coordi-
nates the incoming organolithium reagent prior to nucleo-
philic ortho addition. It is tempting to invoke once again the
role of the nitrogen lone pair in precoordinating the trityl
cation and thus assisting in the hydride removal. This might
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not only consist of a proximity effect, but may possibly also
change the geometry of the intermediate so that it promotes
the abstraction of the endo-hydride.

With regard to the use of this sequence in synthesis, we have
already demonstrated a diastereoselective reaction with a
SAMP hydrazone complex.['®2l These studies have been
extended to enantioselective synthesis of planar chiral 1,2-
disubstituted [(%-arene)Cr(CO);] complexes by the title
reaction sequence, making use of the addition of nucleophiles
which are chirally modified in situ.l'®®! Details of these
reactions and of further applications of planar chiral com-
plexes in organic synthesis will be the subjects of forthcoming
publications.

Experimental Section

General: Reactions and manipulations involving organometallic com-
pounds were carried out under an atmosphere of purified nitrogen using an
inert gas/vacuum double manifold and standard Schlenk techniques.’]
Flash column chromatography was carried out in air by the method
described by Still*®! (silica gel: Merck 60).

All NMR spectra (*H: 200 or 400 MHz; C: 50.3 or 100.5 MHz) were
recorded at RT on a Varian XL-200 spectrometer or a Bruker 400 MHz
spectrometer as indicated. Chemical shifts (0) are reported relative to
tetramethylsilane as the internal standard and referenced to the proton
signal for the residual solvent (C4Dg, 6 =7.15 for 'H, and 6 = 128.0 for 13C).
Mass spectra were obtained on a Varian CH4 or SM1 spectrometer,
relative intensities are given in parentheses. High-resolution mass spectra
were measured on a VG analytical 7070 E instrument (data system 11250,
resolution 7000). IR spectra were recorded in NaCl cells on a Perkin—
Elmer 1650 FT-IR spectrometer. Melting points were determined on a
Biichi 510 apparatus and are not corrected. Elemental analyses were
performed by H. Eder, Service de Microchimie, Institut de Chimie
Pharmaceutique, Université de Geneve.

THF and diethylether were dried and distilled from sodium/benzophenone
ketyl under N, before use. Dichloromethane was freshly distilled from
CaH, under N,. Hexane was distilled before use. nBuLi (Fluka, 1.7m),
MeLi (Fluka, 1.6M), and PhLi (Fluka, 1.6M) were titrated before use.*”]
Tetravinyltin (Aldrich) and [Ph;C][PF;] (Fluka) were used as received
except for the mechanistic studies, for which the trityl salt was recrystallized
from acetonitrile prior to use. All other chemicals were purchased from
Aldrich or Fluka and were purified following standard literature proce-
dures.tl

General procedure for the nucleophilic addition/hydride abstraction with
complex 1: A solution of RLi (1.2 equiv) was added dropwise by syringe to
a solution of the imine complex 1 (0.2 to 0.25m in THF) at —78°C. The
resulting orange solution was warmed to —40°C over a period of 2 h,
stirred at this temperature for an additional 4 h, and then evaporated to
dryness under vacuum. The red-brown oily residue was taken up in a
minimum of dry CH,Cl,. The solution was cooled to —78°C and a solution
of 2.2 equiv of [Ph;C][PF] (0.4 M in CH,Cl,) was quickly added by syringe.
The dark red reaction mixture was allowed to warm to room temperature
overnight, volatiles were removed under vacuum and the black residue was
taken up in ether (10 mL). Deoxygenated water (10 mL) was added and the
two-phase system (pH =2 -3) was stirred vigorously at room temperature
for 30 min. After separation of the phases and extraction with ether (5 x
10 mL), the combined ether phases were filtered over MgSO,/Celite and
the solvent was evaporated. The crude aldehyde complexes were purified
by flash column chromatography on silica gel with hexane/ether (9:1 to 4:1)
as the eluent. Solids were additionally recrystallized from hexane/ether 1:2.

[ (7°-(2-Methyl)benzaldehyde)Cr(CO);] (5a): Prepared from the imine
complex 1 (323 mg, 1.00 mmol). Yield: 164 mg (64 % ), red solid; m.p. 76°C;
IR (toluene): 7=1980, 1910, 1695 cm~'; 'H NMR (200 MHz, C;Dy): 6 =
9.79 (s, 1H, CHO), 6.04 (dd, 3J(H,H) = 6.6 Hz, “J(H,H) =1.2 Hz 1 H, arom
CH), 5.71 (ddd, 3J(H,H) = 6.2 Hz, *J(H,H) = 6.2 Hz, */(H,H) = 1.2 Hz, 1 H,
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arom CH), 5.21 (dd, *J(H,H) =6.2 Hz, 3J(H,H) =6.2 Hz, 1H, arom CH),
5.02 (d, 3J(H,H) =6.4 Hz, 1H, arom CH), 2.51 (s, 3H, CH;); MS (70 eV,
EI): m/z (%): 256 [M*] (18), 200 [M*+ —2(C=0)], 52 [Cr*] (100).

[ (7°-(2-n-Butyl)benzaldehyde)Cr(CO);] (5b): Prepared from the imine
complex 1 (323 mg, 1.00 mmol). Yield: 203 mg (68%), red oil; IR
(toluene): 7=1981, 1912, 1687 cm~'; '"H NMR (200 MHz, C;Dy): 6 =9.26
(s, 1H, CHO), 5.43 (dd, 3/(H,H)=6.5 Hz, */(H,H)=1.1 Hz, 1H, arom
CH), 4.66 (ddd, 3/(H,H) = 6.5 Hz, 3J(H,H) = 6.5 Hz, */(H,H) = 1.1 Hz, 1 H,
arom CH), 4.15 (dd, 3/(H,H) = 6.5 Hz, 3J(H,H) = 6.5 Hz, 1H, arom CH),
3.98 (dd, *J(H,H) = 6.5 Hz, */(H,H) = 0.8 Hz, 1H, arom CH), 2.75 (m, 1H,
CH,), 1.83 (m, 1H, CH,), 1.30 (m, 4H, CH,), 0.73 (t, *J(H,H) =7.0 Hz, 3H,
CH;); MS (70 eV, EI): m/z (%): 298 [M*] (2), 214 [M" —3(C=0)] (17), 52
[Cr] (100).

[ (37°-(2-Vinyl)benzaldehyde) Cr(CO);] (5¢): Vinyllithium (1.20 mmol) was
prepared by adding a solution of MeLi (1.60M, 2.25 mL, 3.60 mmol) to a
solution of tetravinyltin (219 uL, 1.20 mmol) in THF (1.0 mL) at —78°C.
The solution was stirred at this temperature for 1 h before being added to a
THEF solution (5.0 mL, — 78 °C) of the imine complex 1 (323 mg, 1.00 mmol)
at —78°C. Yield: 198 mg (74 %), red solid; m.p. 70°C; IR (toluene): 7=
1982, 1918, 1690 cm~'; 'H NMR (400 MHz, C,Dy): 6 =9.33 (s, 1H, CHO),
6.59 (dd, 3J(H,H) =173 Hz, 3J(H,H)=11.1 Hz, 1H, vinyl CH), 543 (d,
3J(H,H) =6.6 Hz, 1H, arom CH), 5.11 (d, 3J(H,H) =173 Hz, 1H, vinyl
CH,), 4.99 (d, 3J(H,H)=10.6 Hz, 1H, vinyl CH,), 4.66 (dd, 3J(H,H) =
6.2 Hz, *J(H,H) =6.2 Hz, 1H, arom CH), 4.39 (d, 3J(H,H) =6.6 Hz, 1H,
arom CH), 4.19 (d, *J(H,H) = 6.2 Hz,3J(H,H) = 6.2 Hz, 1 H, arom CH); MS
(70 eV, EI): m/z (%): 268 [M*] (6), 184 [M* — 3(C=0)] (91), 52 [Cr*] (100);
HR-MS for C,HgO,Cr: caled 267.9827, found 267.9808.

[ (7°-(2-Phenyl)benzaldehyde)Cr(CO);] (5d): Prepared from the imine
complex 1 (323 mg, 1.00 mmol). Yield: 241 mg (76 %), red solid; m.p.
112°C; IR (toluene): 7 = 1980, 1918, 1680 cm~!; "H NMR (200 MHz, C;Dj):
0=9.38 (s, 1H, CHO), 6.90 (m, 2H), 710 (m, 3H), 5.80 (dd, *J(H,H) =
6.3 Hz, “J(H,H)=1.0Hz, 1H, arom CH), 4.62 (ddd, 3/(H,H)=6.3 Hz,
3J(H,H) =63 Hz, */(H,H)=1.0 Hz, 1H, arom CH), 4.40 (dd, */(HH) =
6.3 Hz, /(HH)=10Hz, 1H, arom CH), 4.23 (dd, 3/(H,H)=6.3 Hz,
3J(H,H) =6.3 Hz, 1 H, arom CH); MS (70 eV, EI): m/z (%): 318 [M*] (15),
234 [M*+—3(C=0)] (100).

[ (17°-(2-Thiophenyl)benzaldehyde)Cr(CO);] (5e): 1-Lithium thiophene
(1.20 mmol) was prepared by adding freshly distilled thiophene (123 pL,
1.56 mmol) to a solution of nBuLi (1.70M, 705 pL, 1.20 mmol) in THF
(1.5 mL) at —10°C. The solution was stirred at 0—20°C for 30 min before
being added to a THF solution (5.0 mL, —78°C) of the imine complex 1
(323 mg, 1.00 mmol). Yield: 194 mg (60%), red solid; m.p. 91°C; IR
(toluene): 7=1983, 1919, 1687 cm~'; 'H NMR (200 MHz, C;D¢): 6 =9.52
(s, 1H, CHO), 6.75 (dd, 3/(H,H) =5.1 Hz, */J(H,H) =1.2 Hz, 1H, thioph
CH), 6.62 (dd, 3/(H,H) =3.6 Hz, /(H,H) =12 Hz, 1H, thioph CH), 6.51
(dd, 3J(HH)=5.1Hz, 3(HH)=3.6Hz, 1H, thioph CH), 5.73 (dd,
3J(HH) =6.5 Hz, ¥(H,H) =1.0 Hz, 1H, arom CH), 4.56 (m, 2H, arom
CH), 4.17 (m, 1H, arom CH); ¥C NMR (100.5 MHz, C,Dg): 6 =230.1
(C=0), 186.1 (C=0), 135.3, 131.0, 127.6, 127.8, 109.3, 95.8, 93.4, 92.0, 91.3,
89.2; MS (70 eV, EI): m/z (%): 324 [M*] (7), 240 [M* — 3(C=0)], 52 (100);
C,HgCrO,S (324.21): caled C 51.86, H 2.49; found C 54.96, H 2.62.

[ (7°-(2-Furanyl)benzaldehyde)Cr(CO);] (51): 1-Lithium furan
(1.20 mmol) was prepared by adding freshly distilled furan (113 pL,
1.56 mmol) to nBuLi (1.70M, 705 pL, 1.20 mmol) in THF (1.5mL) at
—10°C. The solution was stirred at 0—20°C for 30 min and subsequently
added to a THF solution (5.0 mL, —78°C) of the imine complex 1 (323 mg,
1.00 mmol). Yield: 160 mg (52 %), red solid; m.p. 87°C; IR (toluene): 7=
1979, 1918, 1682 cm™!; 'H NMR (200 MHz, C;Dy): 6 =9.72 (s, 1 H, CHO),
6.88 (dd, *J(H,H) = 1.8 Hz, */(H,H) = 0.8 Hz, 1 H, furanyl. CH), 6.05 (dd,
3J(H,H) =3.5 Hz, *J(H,H) = 0.7 Hz, 1 H, furanyl. CH), 5.93 (dd, %/(H,H) =
3.5Hz, 3(HH) =19 Hz, 1H, furanyl. CH), 5.81 (dd, ¥/(H.H)=6.8 Hz,
4J(HH) =19 Hz, 1H, arom CH), 4.67 (m, 2H, arom CH), 4.21 (m, 1H,
arom CH); ®C NMR (50 MHz, C,Dy): ¢ = 231.4 (C=0), 187.3 (C=0), 1477,
145.2, 113.4, 112.2, 104.4, 94.6, 94.5, 92.4, 89.0, 88.3; MS 308 [M*] (5), 224
[M*+—3(C=0)], 52 [Cr*] (100); C,,HsCrOs (308.21): calcd C 54.56, H 2.62;
found C 54.75, H 2.68.

General procedure for the nucleophilic addition/hydride abstraction on
complexes 2—-4: A solution of RLi (1.2 equiv) was added dropwise by
syringe to a solution of complex 2, 3, or 4 (0.2—-0.25m in THF) at —78°C.
The resulting orange solution was warmed to —40°C over a period of 2 h
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and stirred at this temperature for an additional 4 h, and the reaction
mixture evaporated to dryness under vacuum. The red-brown, oily residue
was taken up in a minimum of dry CH,Cl,. The solution was cooled to
—78°C and a solution of 2.2 equiv [Ph;C][PF] (0.4m) in CH,Cl, was
quickly added by syringe. The dark red reaction mixture was allowed to
warm to RT overnight, volatiles were removed under vacuum, and the
black residue was taken up in ether (10 mL). A deoxygenated, saturated
solution of ag. NaHCO; (10 mL) was added and the two-phase system was
stirred vigorously at room temperature for 10 min. After separation of the
phases, and extraction with ether (5x 10mL), the combined etherous
phases were filtered over MgSO,/Celite and the solvent was evaporated.
The crude product was purified by flash column chromatography on silica
gel with hexane/ether (9:1 to 2:1) as the eluent. Solids were additionally
recrystallized from hexane/ether 1:3.

[ (4,4-Dimethyl-2-(37°-(2-methyl)phenyl)-4,5-dihydro-oxazole) Cr(CO);]
(2a): Prepared from the oxazoline complex 2 (311 mg, 1.00 mmol). Yield:
169 mg (51 %), orange solid; m.p. 105°C; IR (toluene): #=3020, 1972,
1902, 1648, 1456, 738, 696 cm~!; 'TH NMR (400 MHz, C¢Dy): 6 =5.86 (d,
3J(H,H) =6.6 Hz, 1H, arom CH), 4.58 (dd, *J(H,H)=6.2 Hz, 3J(HH) =
6.2 Hz, 1H, arom CH), 4.30 (m, 2H, arom CH), 3.59 (d, 2/(H,H) = 8.0 Hz,
1H, OCH,), 3.54 (d, 2J(H,H) =8.0 Hz, 1H, OCH,), 2.38 (s, 3H, CHj;), 1.10
(s, 6H, CH;); *C NMR (100.5 MHz, C(D): 6 =232.6 (C=0), 159.8, 110.6,
95.4,94.3,92.8, 91.4, 88.3, 78.4 (OCH,), 68.4, 28.2 (CH;), 28.0 (CH5), 21.4
(CH,); MS (70 eV, EI): m/z (%): 325 [M*] (8), 241 [M* —2(C=0)] (16), 52
[Crf] (100); HR-MS for C;sH;sCrNO,: calcd 325.0406, found 325.0413;
C,5sH;5CrNO, (325.04): caled C 55.72, H 4.63, N 4.14; found C 55.39, H 4.65,
N 4.31.

[ (4,4-Dimethyl-2-(1%-(2-n-butyl)phenyl)-4,5-dihydro-oxazole) Cr(CO);]
(2b): Prepared from the oxazoline complex 2 (311 mg, 1.00 mmol). Yield:
187 mg (51 %), orange oil; IR (toluene): ¥ =2963, 1972, 1903, 1648, 1495,
737, 698 cm~!; 'TH NMR (200 MHz, C4Dg): 6 =5.81 (d, *J(H,H) =6.2 Hz,
1H, arom CH), 4.60 (dd, *J(H,H)=6.1 Hz, 3J(H,H) =6.1 Hz, 1H, arom
CH), 4.32 (m, 2H, arom CH), 3.46 (d, */(H,H) =8.0 Hz, 1H, OCH,), 3.62
(d, 2/(H,H) =8.0 Hz, 1H, OCH,), 2.08 (m, 1H, CH,), 1.60 (m, 1H, CH,)
1.30 (m, 4H, CH,), 1.08 (s, 3H, CH;), 1.07 (s, 3H, CH;), 0.88 (t, 3H,
*J(H,H) =71 Hz, CH;); *C NMR (100.5 MHz, C¢Dy,): 6 =232.7 (C=0),
159.5,115.1, 95.5, 94.4, 92.3,91.4 , 88.8, 78.4 (OCH,), 68.3, 34.1 (CH,) 28.4
(CH,), 279 (CH;), 22.8 (CH,), 13.9 (CH;); MS (70 eV, EI): m/z (%): 367
[M*] (5), 283 [M*—3(C=0)], 52 [Cr*] (100); HR-MS for C;sH,,CrNO,:
calcd 367.0875, found 367.0890.

[ (4,4-Dimethyl-2-(37%(2-vinyl) phenyl)-4,5-dihydro-oxazole) Cr(CO);] (2¢):
Prepared from the oxazoline complex 2 (311 mg, 1.00 mmol). Yield: 169 mg
(52%), orange solid; m.p. 89°C; IR (toluene): 7=23014, 2926, 1975, 1907,
1647, 1494, 726 cm~'; '"H NMR (400 MHz, C;Dg): 6 =7.76 (dd, 3J(H,H) =
17.3 Hz, 3J(H,H) =10.6 Hz, 1H vinyl CH), 5.80 (d, 3*J(H,H) =6.6 Hz, 1H,
arom CH), 5.29 (d, 3/(H,H) =173 Hz, 1H vinyl CH,), 5.11 (d, 3/(H,H) =
11.1 Hz, 1H, vinyl CH,), 4.85 (d, 3/(H,H) =6.6 Hz, 1H, arom CH), 4.59
(dd, 3J(HH)=62Hz, *J(HH)=62Hz, 1H, arom CH), 440 (dd,
3J(HH) =6.6 Hz, *J(H,H) =6.6 Hz, 1H, arom CH), 3.60 (d, 2J(H,H)=
8.4 Hz, 1H, OCH,), 3.55 (d, 2J(H,H)=8.4Hz, 1H, OCH,), 1.11 (s, 6H,
CHj;); BC NMR (100.5 MHz, C¢Dy): 6 =232.3 (C=0), 159.8, 134.2, 117.0
(vinyl CH,), 107.3 (vinyl CH), 94.0, 93.0, 91.1, 89.7, 88.5, 78.5 (OCH,), 68.4,
28.2 (CHj;), 28.0 (CH;); MS (70 eV, EI): m/z (%): 337 [M*] (8), 253 [M* —
2(C=0)] (84), 52 [Cr'] (100); HR-MS for C;¢H;;CrNO,: calcd 337.0406,
found 337.0412; C,H,sCrNO, (325.04): caled C 56.98, H 4.48, N 4.25; found
C 5720, H 4.54, N 4.07.

[ (4,4-Dimethyl-2-(37°(2-phenyl)phenyl)-4,5-dihydro-oxazole) Cr(CO);]
(2d): Prepared from the oxazoline complex 2 (311 mg, 1.00 mmol). Yield:
225 mg (68 % ), orange solid; m.p. 99°C; IR (toluene): ¥ =2919, 1975, 1907,
1644, 1494, 737 cm~'; "TH NMR (400 MHz, C;Dg): 6 =7.35 (m, 2H), 7.10 (m,
3H), 5.75 (d, 3/(H,H) =6.2 Hz, 1H, aromH), 4.71 (d, */(H,H) =6.2 Hz,
1H, arom CH), 4.51 (dd, 3/(H,H)=6.2 Hz, 3J(H,H) =6.2 Hz, 1H, arom
CH), 4.43 (d, 3J(H,H) =6.2 Hz, 3J(H,H) = 6.2 Hz, 1H, arom CH), 3.49 (d,
2J(H,H) =8.0 Hz, 1H, OCH,), 3.41 (d, */(H,H) =8.0 Hz, 1H, OCH,), 1.06
(s, 6H, CH;); C NMR (100.5 MHz, C;Dy): 6 =232.5 (C=0), 160.9, 137.5,
129.1, 128.6, 128.0, 113.8, 94.4, 94.3, 93.6, 91.6, 90.5, 79.5 (OCH,) 67.8, 27.8
(CHs;), 277 (CH3); MS (70 eV, El): m/z (%): 387 [M*] (1), 331 [M*—
2(C=0)] (10), 303 [M* —3(C=0)] (100); HR-MS for C;xH,,CrNO, [M* —
2(C=0)]: caled 331.0664, found 331.0624; C,H,;,CrNO, (325.04): calcd C
62.02, H 4.42, N 3.61; found C 61.96, H 4.36, N 3.53.
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[ (4,4-Dimethyl-2-(3°-(2-thiophenyl)phenyl)-4,5-dihydro-oxazole)Cr-
(CO);] (2e): Prepared from the oxazoline complex 2 (311 mg, 1.00 mmol).
Yield: 235 mg (60 %), red solid; m.p. 108°C; IR (toluene): 7 = 3014, 1976,
1909, 726 cm~!; 'H NMR (200 MHz, C,Dy, 25°C): 6 =7.08 (dd, 3J(H,H) =
3.5Hz, “J(HH)=13Hz, 1H, thioph CH), 6.83 (dd, *J(H,H)=4.9 Hz,
4J(H,H) =0.9 Hz, 1H, thioph CH), 6.67 (dd, 3/(H,H) =4.9 Hz), 3J(H,H) =
3.5Hz, 1H, thioph CH), 5.62 (dd, *J(H,H) =6.6 Hz, */(H,H) =1.32 Hz,
1H, arom CH), 4.84 (dd, 3J(H,H) =6.2 Hz, */(H,H) =0.9 Hz, arom CH),
4.41 (ddd, *J(H,H) = 6.2 Hz, *J(H,H) = 6.2 Hz, */(H,H) = 0.9 Hz, 1 H, arom
CH), 4.35 (ddd, *J(H,H) =6.2 Hz, 3J(H,H) = 6.2 Hz, “J(H,H) = 0.9 Hz, 1 H,
arom CH), 3.58 (d, 2/(H,H) =8.0 Hz, 1H, OCH,), 3.46 (d, 1H, 2/(H,H) =
8.0 Hz, OCH,), 1.11 (s, 6H, CH,); ®C NMR (100.5 MHz, C¢Ds, 25°C): 6 =
2322 (C=0), 160.6, 139.2, 129.8, 128.9, 126.7, 104.9, 95.5, 94.4, 93.3, 91.0,
90.5, 79.7 (OCH,), 68.0, 28.1 (CHs;), 27.7 (CH3); MS (70 eV, EI): m/z (%):
393 [M*] (1), 309 [M* —2(C=0)] (100); HR-MS for C,;H,5;CrNO,S [M* —
2(C=0)]: caled 337.0228, found 337.0215.

[ (4,4-Dimethyl-2-(7°-(2-methyl-4-methoxy)phenyl)-4,5-dihydro-oxazole)-
Cr(CO);] (3a): Prepared from the para-anisyloxazoline complex 3 (342 mg,
1.00 mmol). Yield: 191 mg (64 %), yellow oil; IR (toluene): ¥ = 3020, 1969,
1896, 1493, 738 cm™!; 'H NMR (200 MHz, C(Dy): 6 =6.08 (d, 3J(H,H) =
7.1 Hz, 1H, arom CH), 4.55 (d, *J(H,H) = 1.8 Hz, 1 H, arom CH), 4.32 (dd,
3J(HH)=7.1Hz, “J(HH)=2.0Hz, 1H, arom CH), 3.59 (d, 2/(H,H)=
8.0 Hz, 1H, OCH,), 3.54 (d, 2/(H,H)=8.0 Hz, 1H, OCH,), 2.97 (s, 3H,
CH;), 249 (s, 3H, CH;); BC NMR (100.5MHz, C.Dy): 0=232.7
(C=0), 159.4, 143.5, 111.2, 95.9, 86.3, 81.0, 78.3 (OCH,), 75.0, 68.3, 55.1
(OCH,), 28.1 (CH;), 27.9 (CHs;), 21.7 (CH;); MS (70 eV, EI): m/z (%):
355 [M*] (2), 299 [M* —2(C=0)] (20), 271 [M* —3(C=0)] (98), 52 [Cr']
(100); HR-MS for C,;H,,CrNO; [M* —2(C=0)]: calcd 299.0613, found
299.0611.

[ (4,4-Dimethyl-2-(#°-(2-n-butyl-4-methoxy)phenyl)-4,5-dihydro-oxazole)-
Cr(CO);] (3b): Prepared from the para-anisyloxazoline complex 3 (342 mg,
1.00 mmol). Yield: 262 mg (66 %), yellow oil; IR (toluene): 7= 3022, 1968,
1896, 1495, 737 cm™!; 'TH NMR (400 MHz, C,Dy): 6 =6.08 (d, *J(H,H) =
7.1 Hz, 1H, arom CH), 4.70 (d, “/(H,H) =2.2 Hz, 1 H, arom CH), 4.35 (dd,
3J(H,H) =71 Hz,*J(H,H) = 2.2 Hz, 1H, arom CH), 3.74 (m, 1 H, CH,), 3.59
(d, 1H, J(H,H) =8.0 Hz, OCH,), 3.54 (d, */(H,H) =8.0 Hz, 1H, OCH,),
3.02 (s, 3H, OCH3;), 2.14 (m, 1H, CH,), 1.71 (m, 1H, CH,), 1.39 (m, 3H,
CH,), 1.09 (s, 6H,CH,), 0.93 (m, 3H, CH;); *C NMR (100.5 MHz, C,D,
25°C): 6 =232.7 (C=0), 159.1, 143.3, 115.8, 96.2, 85.9, 80.3, 78.3 (OCH,),
74.9,68.2,55.1 (OCH;), 34.4 (CH,), 34.2 (CH,), 28.1 (CH,), 27.8 (CH3;), 22.9
(CH,), 14.1 CH;); MS (70 eV, EI): m/z (%): 397 [M*] (1), 341 [M+—
2(C=0)] (12), 313 [M* —3(C=0)] (100); HR-MS for C;yH»;CrNOs: caled
397.0981, found 397.0970.

[ (4,4-Dimethyl-2-(#°-(2-vinyl-4-methoxy)phenyl)-4,5-dihydro-oxazo-
le)Cr(CO);] (3¢): Prepared from the para-anisyloxazoline complex 3
(342 mg, 1.00 mmol). Yield: 212 mg (58 %), orange solid; m.p. 86°C; IR
(toluene): 7=1970, 1901, 1647, 1538, 1279, 1014, 661 cm~'; 'H NMR
(200 MHz, C¢Dy): 6 =790 (d, 3J(H,H)=10.9 Hz, 1H, vinyl CH), 6.08 (d,
3J(HH) =72 Hz, 1H, arom CH), 5.30 (d, */(H,H) =173 Hz, 1H, vinyl
CH,), 5.14 (d,*J(H,H) = 11.2 Hz, 1 H, vinyl CH,), 5.03 (d, */(H,H) =2.3 Hz,
arom CH), 4.35 (dd, 3J(H,H) =72 Hz, */J(H,H) =2.3 Hz, 1H, arom CH),
3.57 (d, )(H,H)=8.0Hz, 1H, OCH,), 3.51 (d, */(H,H)=8.0Hz, 1H,
OCH,), 2.04 (s, 3H, OCH,), 1.08 (s, 3H, CH3), 1.07 (s, 3H, CH;); *C NMR
(50 MHz, CsDg): 0=232.7 (C=0), 159.4, 143.6, 134.5 (vinyl CH), 117.7
(vinyl CH,), 108.6, 95.7, 85.5, 78.5 (OCH,), 76.1, 75.0, 68.5, 55.2 (OCH,),
28.1 (CH3), 28.02 (CH;); MS (70 eV, EI): m/z (%): 367 [M*] (1), 311 (12),
283 [M+—3(C=0)] (90), 52 [Cr*] (100); HR-MS for C;sH,;CrNO; [M* —
2(C=0)]: caled 311.0613, found 311.0632.

[ (4,4-Dimethyl-2-(37°-(4-methoxy-2-phenyl)phenyl)-4,5-dihydro-oxazole)-
Cr(CO);] (3d): Prepared from the para-anisyloxazoline complex 3 (342 mg,
1.00 mmol). Yield: 266 mg (64 %), yellow oil; IR (toluene): ¥ =3019, 1974,
1906, 1496, 726, 690 cm~'; H NMR (200 MHz, C¢Dy): 6 =7.46 (m, 2H), 7.13
(m, 3H), 6.08 (d, 3/(H,H)=7.0Hz, 1H, arom CH), 490 (d, “/(H,H)=
2.2 Hz, 1H, arom CH), 4.37 (dd, 3/(H,H) =6.9 Hz, “/(H,H) =22 Hz, 1H,
arom CH), 3.48 (d, 2/(H,H)=8.0 Hz, 1H, OCH,), 3.24 (d, 2/(HH)=
8.0 Hz, 1H, OCH,), 2.94 (s, 3H, OCH,), 1.09 (s, 3H, CH;), 1.07 (s, 3H,
CH,;); °C NMR (100.5 MHz, C,Dy): 6 =232.7 (C=0), 160.6, 142.5, 1374,
129.8, 129.7, 128.6, 115.1, 95.8, 87.8, 81.2, 79.4(OCH,), 75.9, 67.8, 552
(OCH,), 27.8 (CH3), 272 (CH;); MS (70 eV, EI): m/z (%): 417 [M*] (1), 361
[M+—=2(C=0)] (7), 333 [M*—3(C=0)] (100); HR-MS for C,,H,,CrNO,
[M*— (C=0)]: caled 389.0719, found 389.0715.
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[ (N,N-Dimethyl-N'-(37°-(2-methyl)-benzylidene)-hydrazone) Cr(CO);]
(4a): Prepared from the hydrazone complex 4 (284 mg, 1.00 mmol). Yield:
149 mg (50 %), yellow solid; m.p. 76 °C; IR (toluene): 7= 3025, 2910, 1962,
1889, 1494, 727, 700 cm~'; '"H NMR (400 MHz, CiDy): 6=6.52 (s, 1H,
CHN), 6.04 (dd, 3J(H,H) =6.8 Hz, */(H,H) =1.3 Hz, 1H, arom CH), 4.93
(d, 3J(H,H) =5.75 Hz, 1H, arom CH), 4.55 (m, 1H, arom CH), 4.53 (d,
3J(H,H) =5.75 Hz, 1H, arom CH), 2.48 (s, 6 H, CHs), 1.82 (s, 3H, CH,); 1*C
NMR (100.5 MHz, C¢Dy, 25°C): 6 =234.3 (C=0), 123.2 (C=N), 105.1, 94.4,
91.9, 91.0, 90.5, 89.3, 42.0 (CHy), 18.4 (CH,); MS (70 eV, EI): m/z (%): 298
[M*] (10), 242 [M*—2(C=0)] (6), 52 [Cr'] (100); HR-MS for
C3H4CrN,O;: calcd 298.0409, found 298.0378.

[ (V,N-Dimethyl-N'-(37°-(2-butyl)-benzylidene)-hydrazone) Cr(CO);] (4b):
Prepared from the hydrazone complex 4 (284 mg, 1.00 mmol). Yield:
265 mg (78 %), orange oil; IR (toluene): ¥ =3026, 2913, 1961, 1890, 1494,
727,700 cm~'; '"H NMR (400 MHz, C¢Dy): 6 =6.03 (d, *J(H,H) =6.63 Hz,
1H, arom CH), 4.62 (m, 3H, arom CH), 2.58 (m, 1H, CH,), 2.54 (s, 3H,
CHs;), 2.09 (m, 1H, CH2), 1.30 (m, 2H, CH2), 1.27 (m, 2H, CH,), 0.80 (t,
*J(HH)=75Hz, 3H, CH;); *C NMR (100.5 MHz, C¢Dy): 6 =234.3
(C=0), 123.4 (C=N), 109.8, 105.1, 93.9, 91.9, 91.6, 90.4, 42.0 (CH,), 33.2
(CH,), 32.3 (CH,), 22.6 (CH,), 13.9 (CH;); MS (70 eV, EI): m/z (%): 340
[M*] (17), 284 [M+ —2(C=0)] (6), 256 [M* — 2(C=0)] (20), 52 [Cr*] (100);
HR-MS for C;sH,iCrN,O;: calcd 340.0879, found 340.0894.

[ (V,N-Dimethyl-N'-(37°-(2-vinyl)-benzylidene)-hydrazone) Cr(CO);] (4c):
Prepared from the hydrazone complex 4 (284 mg, 1.00 mmol). Yield:
176 mg (57 %), orange solid; m.p. 125°C; IR (toluene): 7=3024, 1964,
1894, 1494, 730 cm~'; 'H NMR (200 MHz, C¢D¢): 6 =6.63 (s, 1H, CHN),
6.47 (dd, 3J(H,H) =173 Hz, */(H,H) =10.5 Hz, 1H, vinyl CH), 5.94 (dd,
3J(HH)=6.8 Hz, */(H,H) =1.1 Hz, 1H, arom CH), 5.31 (dd, 3J/(H,H) =
173 Hz, 2J(H,H)=0.8 Hz, 1H, vinyl CH,), 5.05 (dd, 1H, */(HH)=
102 Hz, %/(HH)=0.8Hz, vinyl CH,), 493 (dd, */(H,H)=6.6 Hz,
4J(H,H) =1.1 Hz, 1H, arom CH), 4.66 (m, 1H, arom CH), 4.49 (m, 1H,
arom CH), 2.44 (s, 6H, CH;); *C NMR (100.5 MHz, C¢Dg): 6 =233.8
(C=0), 131.6 (C=N), 122.8 (vinyl CH,), 117.9 (vinyl CH,), 105.3,103.2,92.4,
90.9, 90.4, 88.9, 42.0 (CH3); MS (70 eV, EI): m/z (%): 310 [M*] (17), 226
[M*—=3(C=0)] (23), 52 [Cr*] (100); HR-MS for C,H;,CrN,O;: calcd
310.0410, found 310.0420.

[ (N,N-Dimethyl-N'-(57°-(2-phenyl)-benzylidene)-hydrazone) Cr(CO);]
(4d): Prepared from the hydrazone complex 4 (284 mg, 1.00 mmol). Yield:
284 mg (79 %), red solid; m.p. 122°C; IR (toluene): 7#=2919, 1964, 1893,
1563, 1496, 727,699 cm~'; "H NMR (200 MHz, CDy): 6 =7.39 (m, 2H), 7.06
(m, 3H), 6.61 (s, 1H, CHN), 6.02 (dd, *J(H,H) = 6.8 Hz, */(H,H) = 1.3 Hz,
1H, arom CH), 4.93 (dd, 3J/(H,H)=6.4 Hz, /(H,H) =1.1 Hz, 1H, arom
CH), 4.78 (m, 1H, arom CH), 4.40 (dd, 1H, 3/(H,H) =6.2 Hz, */(H,H) =
1.2 Hz, arom CH), 2.35 (s, 6H, (CH;); *C NMR (100.5 MHz, C;Dy): 6 =
233.9 (C=0), 131.0 (C=N), 129.8,128.6, 128.3, 124.6,110.6 , 107.2, 96.8, 94.2,
88.8, 87.0, 41.9 (CH,); MS (70 eV, EI): m/z (%): 360 [M*] (1), 276 [M* —
3(C=0)] (19), 52 [Cr*] (100); HR-MS for C;sH;cCrN,Os: caled 360.0566,
found 360.0544.

Preparation of the anionic cyclohexadienyl complex 6: a-Bromonaphtha-
lene (528 mL, 2.50 mmol) was added dropwise at —78°C to a solution of
nBuLi (2.00Mm, 1.38 mL, 2.77 mmol) in THF (2mL). The light yellow
suspension was stirred at — 50 °C for an additional 15 min, diluted with THF
(8 mL) and a solution of oxazoline complex 2 (622 mg, 2.00 mmol) in THF
(6 mL) was added slowly by syringe at —78°C. The reaction mixture was
allowed to warm to —40°C over 2 h, was stirred at this temperature for a
further 4 h before it was taken to dyness in vacuo. Towards the end of the
evaporation, the cooling bath was replaced by a water bath at 40°C. The
orange-brown solid was washed with small portions of ether and dried
under vacuum. The yellow solid thus obtained was taken up in dioxane at
40°C and filtered over Celite. The orange to brown solution was left in a
Schlenk tube connected to a nitrogen manifold. After 10 days at room
temperature, complex 6 crystallized in the form of fine yellow needles
which were separated and analyzed by X-ray diffraction. IR (DMSO): 7=
1900, 1810, 1777, 1611 cm~'; 'H NMR (400 MHz, C¢Dy): 6=8.13 (d,
3J(H,H) = 8.4 Hz, 1 H, naphth. CH), 7.81 (d, *J(H,H) = 7.6 Hz, naphth. CH),
7.56 (d, 3J(H,H)=8.0 Hz, 1H, naphth. CH), 750 (t, 3/(H,H)="72 Hz,
naphth.CH), 744 (t, 3/(H,H) =72 Hz, 1H, naphthyl. CH), 727 (t, 1H,
3J(H,H) =7.6 Hz, naphthyl. CH), 6.84 (d, 1H, 3/(H,H) =72 Hz, naphth.
CH), 5.64 (d, 3J(H,H) =5.6 Hz, 1H, HC-3), 4.99 (t, *J(H,H) = 6.0 Hz, 1H,
HC-4), 476 (d, 3J/(H,H) =5.6 Hz, HC-6), 4.41 (t, 3/(H,H)=5.0Hz, 1H,
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HC-5), 3.58 (d, */(H,H)=8.0 Hz, 1H, OCH,) 3.74 (d, 3/(H,H) =8.0 Hz,
1H, OCH,), 337 (m, 1H, CH), 1.07 (s, 6H, CH,).

Crystal structure of 6: [Cr(C,,H,NO,)]|Li*-4.5(C;H;0,) - (H,0); M,=
859.9; u=2.758 mm~!, F(000) =1824 , p..cq = 1.33 gem =, monoclinic, P2,/
¢, Z=4, a=20.830(6), b=10.578(1), c=20.422(4) A, =107.78(1)°, V=
4285(1) A3, from 20 reflections (40° <26 < 59°), yellow prism 0.10 x 0.20 x
0.50 mm mounted on a quartz fiber with RS3000 oil. Cell dimensions and
intensities were measured at 180 K on a Nonius CAD 4 diffractometer with
graphite-monochromated Cuy, radiation (A =1.5418 A), w — 26 scans, scan
width 1.2°+0.25 tg#, and scan speed 0.14°s~!. Two reference reflections
measured every 45 min showed variation less than 3.5 ¢ (f). —22<h <22 ;
0<k<11;0<1<21;6486 measured reflections, 5369 unique reflections of
which 3794 were observed [ | F, |>40(F,)]; R, for equivalent reflections:
0.046. Data were corrected for Lorentz and polarization effects and for
absorption®!l (A* min, max =1.334, 3.158). The structure was solved by
direct methods using MULTANS&7/3 all other calculations used the
XTALP system and ORTEP programs. Atomic scattering factors and
anomalous dispersion terms were taken from ref. [35]. Full-matrix least-
squares refinement based on | F| and a weight of 1 gave final values R=
wR=0.077,and S =2.75 for 700 variables and 3794 contributing reflections.
The maximum shift/error on the last cycle was 0.105. Hydrogen atoms were
refined with restraints on bond lengths and angles. The final difference
electron density map showed a maximum of + 1.05 (near the Cr atom) and
a minimum of —0.70 ¢ A-3. Four dioxane molecules are located in general
positions and one in special position (2a) about a center of inversion.

Crystallographic data (excluding structure factors) have been deposited
with the Cambridge Crystallographic Data Center as supplementary
publication no. CCDC-100564. Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB21EZ,
UK (Fax: Int. code + (44) 1223336-033; E-mail: deposit@ccdc.cam.ac.uk).

Synthesis of [(5°[Ds]benzaldehyde)Cr(CO);] ([Ds]5): A solution of
nBuLi (1.56M, 5.64 mL, 8.80 mmol) was added at —78°C to a solution of
of 2,2,6,6-tetramethylpiperidine (1.36 mL, 8.80 mmol) in THF (40 mL).
After 30 min at this temperature, a solution of (7°-[D¢]benzene)chromium-
tricarbonyl ([Dg]8, 1.76 g, 8.00 mmol) in THF (10 mL) was added slowly.
The yellow reaction mixture was stirred at —78 °C for an additional 3 h. A
yellow suspension was obtained. DMF (3.00 mL, 24.0 mmol) was added
and the resulting yellow solution was stirred at 0 °C for 2 h. The solvent was
evaporated, the residue was dissolved in ether (20 mL), and hydrolysis was
carried out by stirring vigorously with H,O (20 mL). Aqueous and ethereal
layer were separated, the aqueous phase was extracted with ether (3 x
10 mL), and the combined organic phases were dried over MgSO, and
filtered. After evaporation of the solvent [Ds]5 (1.89 g) was obtained as a
red powder in 96 % yield. IR (toluene): 7 = 1981, 1926, 1692 cm~'; 'H NMR
(400 MHz, CsDg): 6 =8.74 (s, 1H, CHO); ’H NMR (400 MHz, CsH): 6 =
5.04 (s, 2H), 4.48 (s, 1H), 4.08 (s, 2H).

Synthesis  of  [(7°-[Ds]phenylmethylene)cyclohexanamine)Cr(CO);]
([Ds]1): [(%-[Ds]Benzaldehyde)Cr(CO);] ([Ds]5, 1.80 g, 7.30 mmol), cy-
clohexylamine (912 pL, 8.03 mmol), and molecular sieves (3.65 g, 4 A) in
toluene (15 mL) were heated to 85°C for 18 h (the course of the reaction
was followed by IR spectroscopy). After filtration over Celite and
evaporation of the solvent, the product was purified by recrystallization
from hexane/ether (1:1). Imine complex [Ds]1 (1.72 g) was obtained as fine,
orange needles in 72 % yield. IR (toluene): 7 =2922,1973, 1903, 1719 cm™;
"H NMR (400 MHz, CsDg): 6 =7.24 (s, 1H, CHN), 2.97 (m, 1H), 1.58, 1.33 -
1.21 (m, 10H); 2H NMR (400 MHz, CsHg): 6 =5.31 (s, 2H), 4.44 (s, 3H);
BC NMR (100.5 MHz, C¢Dg): 6 =232.6 (C=0), 154.2(C=N), 101.0, {92.6,
92.3, 92.0}, {92.5, 92.2, 92.0}, {91.2, 90.9, 90.7}, 69.4 (CH), 34.7 (CH,), 25.9
(CH,), 24.7 (CH,); MS (70 eV, EI): m/z (%): 328 [M*] (2), 272 [M*—
2(C=0)] (10), 52 (100); HR-MS for C,H,,CrD;O;N: calcd 328.0937, found
328.0927.

[ (7°-(n-butyl)[D,]benzaldehyde)Cr(CO);] ([D,]5b): Imine complex [Ds]1
(131 mg, 0.40 mmol) was treated with nBuLi (1.75M, 285 uL, 0.5 mmol)
following the general reaction procedure for nucleophilic addition/hydride
abstraction. After purification by flash column chromatography, aldehyde
complex [D4]5b (78.5 mg) was isolated in 65 % yield. 'H NMR (400 MHz,
C¢Dg): 0=9.31 (s, 1H, CHO), 2.77 (m, 1H, CH,), 1.87 (m, 1H, (CH,),
1.22-1.06 (m, 4H, CH,), 0.76 (t, 3H, 3/(H,H) =72 Hz, CH;); ’H NMR
(400 MHz, C4Hg): 6 =5.45, 4.69, 4.18, 4.02; 3C NMR (100.5 MHz, C,Dy):
0=231.2(C=0), 186.7(C=N), 116.4, {95.3,95.1, 94.8}, {95.0, 94.7, 94.5}, 93.9,
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{90.6, 90.3, 90.0}, {87.9, 87.6, 874}, 34.5 (CH,), 31.6 (CH,), 22.5 (CH,), 13.8
(CH,); MS (70 eV, EI): m/z (%): 302 [M*] (14), 246 [M* — 2(C=0)] (4),218
[M+—3(C=0)] (88), 52(100); HR-MS for C,,H,,CrD,0,: calcd 302.0548,
found 302.0544.
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Abstract: In this paper we report on the
synthesis and photophysical properties
of the energy-transfer system 2a, in
which a quinquethiophene bridge is
terminally linked to the 5-position of a
porphyrin and to the 9-position of an
anthracene group. The photoexcited-

quinquethiophene and porphyrin results
in localized excited states, which are
seen in UV/Vis absorption spectra. In
2a, a highly selective excitation of the
anthracene donor leads to quantitative
intramolecular energy transfer to the
emitting porphyrin acceptor via the

of energy transfer and the fluorescence
properties are both independent of the
length of the oligothiophene chain, as
demonstrated by comparison with the
model compounds 1. Various explana-
tions for the mechanism of intramolec-
ular energy transfer are discussed. In-

state properties were studied by
steady-state fluorescence and picosec-
ond time-resolved fluorescence meas-
urements as well as fluorescence excita-
tion spectroscopy. The weak electronic
interaction of the subunits anthracene,

Introduction

The transfer of electronic excitation energy within and
between molecules plays an important role in organic photo-
chemistry and photophysics.['? In photosynthesis, the initial
steps are the collection of light energy and energy transfer to
the photosynthetic reaction centre.’! In the last few years,
numerous synthetic model compounds and supramolecular
assemblies containing porphyrins as chlorophyll analogues
have been studied.[** Such model systems not only contribute
to our understanding of photosynthesis, but also provide an
entry to molecular electronics and molecular optics,[-l which
could enable us to realize transport of information on a
molecular level by ultrafast energy- and electron-transfer
processes.[']

Synthetic light-harvesting systems are normally designed as
mimics of the natural photosynthetic pigments with a wide
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quinquethiophene bridge. The efficiency

Keywords: chromophores -
harvesting system - molecular devi-
ces - oligothiophenes -

troduction of additional anthrylquin-
quethienyl units into the porphyrin ring
results in an increase in the intensity of
the characteristic absorption bands and
fluorescence nearly proportional to the
number of chromophores.

light-

porphyrins

frequency range.’e!% Model systems with chromophores
which select a small frequency range have been synthesized
and investigated, especially by Lindsey et al.l'®-<!1 In these
systems metalloporphyrin donor chromophores (antennae)
are linked to free base emitting porphyrin acceptors via
conjugated m systems. In a supermolecule of this type, for
example, an intramolecular energy transfer with high effi-
ciency has been detected.[''? The peripheral metalloporphyrin
absorption at 547 nm is 7.4 times that of the central free base
porphyrin, proving frequency selection in the visible region.!'!]
The energy transfer is slowed down by reducing the copla-
narity between linker and porphyrin, and is therefore assumed
to proceed through bond.['

In a recent publication!'?l we described the intramolecular
energy-transfer properties of the trichromophoric supermo-
lecules 1a,b containing the anthracene donor, the porphyrin
acceptor and a conjugated oligothiophene bridge. This type of
light-conversion molecular device (J.-M. Lehn®!) operates in
a three-step mode: absorption —energy transfer —emission
(Figure 1). The anthracene acts as an antenna and transfers
the energy of absorbed light via the oligothiophene 7 bridge
to the porphyrin acceptor.

Although the three conjugated subunits are directly at-
tached, a highly selective excitation of the anthracene at
254nm (up to 90%) is possible because of the torsion
between the planes of the anthracene and the oligothiophene
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Figure 1. Schematic illustration of the light-conversion molecular device.

unit. We were able to prove quantitative intramolecular
energy transfer via the oligothiophene chain to the emitting
porphyrin acceptor.'Zl Oligothiophenes have become an
increasingly important class of molecules in material science.
They function not only as structurally defined model com-
pounds for electrically conducting polythiophenes!'*!*l but
also as stable molecular materials for optical and electronic
devices.["! Recently, photoswitchable molecular wires based
on oligothiophenes have been synthesized and studied.!'!
Extending our research in the field of oligothiophenes as
mediators (molecular photonic wires) between photoactive
donor/acceptor end-groups,'’”! we wanted to enlarge the
donor/acceptor distance by incorporation of longer oligothio-

1la(n=0)
b(n=1)
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phenes and to study their influence on the intramolecular
energy transfer.

In the present paper we report on the synthesis and the
photophysical properties of the new model compound 2 a with
a quinquethiophene bridge. To enhance the solubility, pentyl
chains had to be incorporated into the oligothiophene and
porphyrin subunits. In addition, the optical properties of the 7
bridge 3 as well as of the bichromophoric units donor/bridge
4a and bridge/acceptor Sa are discussed in this paper. The
comparison of oligothiophenes with the previously studied
polyenes!'’l as sz bridges in energy-transfer systems with
respect to dependence on chain length is of particular interest.
Furthermore, we have investigated the introduction of two,
three and four anthrylquinquethienyl units into one porphy-
rin. The anthrylquinquethienylporphyrin 2e, in which the
porphyrin is substituted with the maximum of four anthracene
antennae (Scheme 2), should result in a maximum of UV
light-harvesting effect.

Results and Discussion

Synthesis: The synthetic strategy developed for the prepara-
tion of the trichromophoric system anthracene/quinquethio-
phene/porphyrin 2a should also serve for the bichromophores
anthracene/quinquethiophene 4a and quinquethiophene/por-
phyrin 5a, which are required as reference compounds for the
photophysical investigations. Consequently, the quinquethio-
phene unit should be prepared first and subsequently the
respective donor or acceptor component should be linked.
Pentyl groups are incorporated into both the porphyrin end-
group, as in compounds lab, and the quinquethiophene
bridge to provide readily soluble chromophores Sa and 2a,
respectively. The synthetic approach to the model compounds
2a, 3,4a, and 5a from 2-bromo-3-pentylthiophene 6 and 5,5"-
dibromoterthiophene 7 is illustrated in Scheme 1.

We have described the synthesis of dipentylquinquethio-
phene 3 by Kumada cross-coupling reaction in a previous
paper.['®! Lithiation of 3 with nBuLi in diethyl ether at room
temperature and subsequent reaction with anthrone 8 at
—78°C gave the desired 9-anthryl-substituted dipentylquin-
quethiophene 4a after acid treatment in 51 % yield. The
dianthryl compound 4b, formed as a by-product in 6 % yield,
could be separated by MPLC on silica gel with n-hexane/
dichloromethane (15:1) as eluent.

In analogy to the preparation of 5-formyldipentylquinque-
thiophene 9 by Vilsmeier— Haack formylation (Scheme 1),1'8]
the corresponding 9-anthryl-substituted aldehyde 10 was
synthesized. The formylation agent was generated from
DMF and phosphoryl chloride in dichloromethane and added
in about 4.5-fold excess at 40°C to a solution of 4a in
dichloromethane to give compound 10. After separation of
unconverted starting material 4a by chromatography on silica
gel, 10 was isolated in 79% yield. Only traces of the
diformylated product, with a second formyl group in the 10
position of anthracene, could be detected by 'H NMR
spectroscopy.

As in the synthesis of compounds 1 already published,'?
the porphyrins 2a and Sa were prepared by acid-catalyzed
condensation of pyrrole and a mixture of aldehyde 9 or 10 and
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transfer system 2a and the bichro-
mophoric systems 4a and Sa could
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(HPLC >99%) and were charac-
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9 \\ 1) pyrrole, hexanal, CF,CO,H, CHZCI:/ 51 0 spectroscopy.
2) p-chtoranil . The fourfold anthrylquinque-
2 : RIZR2-AT, R=RACH,, g O thienyl-substituted porphyrin 2e,
€ : R'=R%=AT, ;R2=R4=C,H, not detected by HPLC-UV when
d: R'=Re=R3=AT; ;R*=CqHy R R/ A= % trifluoroacetic acid was used as

5b : R1=R2=T, ;RO=RI=C,H,,
€ : R1=R3=T, ;RP=R*C;H,,
d : R'=Re=Re=T, ;R*=C;H,, i

catalyst, was formed by reaction
of aldehyde 10 with pyrrole in a
molar ratio 1:1 under BF;/etha-
nol® catalysis (Scheme 2). After
repeated purification by MPLC on
nitrophenylpropyl-modified silica

11 : R1=R2=R*=R¢=C,H, 2a.d or 5a-¢, 11

Scheme 1. Synthesis of the model compounds 2-5.

1-hexanal (ratio 1:3) in dichloromethane and subsequent
oxidation of the porphyrinogen mixture with p-chloranil
according to the procedure developed by Lindsey et al.l'”] In
the case of the condensation reaction of the aromatic
aldehyde 9 with hexanal we chose a total concentration of
2.5 x 10> molL~!, which caused a deceleration of the con-
densation reaction in comparison to literature data.l'>!”] An
excess of trifluoroacetic acid was necessary. After 28 hours the
reaction mixture was oxidized with p-chloranil. Despite an

gel, 2e was isolated in 3.5% yield with high purity (HPLC
>98%). Compound 2e was characterized by '"H NMR and
different methods of optical spectroscopy as well as by matrix-
assisted laser desorption/ionisation mass spectrometry
(MALDI). Because of the presence of the pentyl groups, 2e
is readily soluble in nonpolar solvents.

Photophysical properties—absorption spectra: In the energy-
transfer systems a weak electronic coupling of anthracene,

aldehyde concentration of 4 x 10~ molL~!
in the case of compound 10, the reaction
rate is comparable to that with 9. The
oxidation was initiated after 24 hours.
Noncyclized compounds as well as un-
reacted aldehydes 9 and 10 were separated
by chromatography on silica gel. Compound
9 could be reisolated in 23 % yield, 10 in
51% yield. The synthesis of the porphyrins J
2a and 5a was accompanied by the forma-
tion of tetrapentylporphyrin (11) as well as
the other anthrylquinquethienylpentylpor-
phyrins 2b—d and quinquethienylpentyl-
porphyrins Sb-d, respectively. The corre-
sponding fourfold aryl-substituted porphyr- J
ins, for example 2e, could not be detected 5
by HPLC-UWV. In both cases the separation =
of the products was possible by MPLC on
nitrophenylpropyl-modified silica gel on the )
basis of the different aryl contribution. The \\s 7S O
=

isomers Sb/c were isolated as a mixture and, C
Cry .

as 5d, were only analyzed by HPLC-UV
Scheme 2. Synthesis of the light-harvesting system 2e.

1) pyrrole, BF; Et,O/EtOH o
rt., 22h

2) p-chloranil
reflux, 2.5 h ™

detection. The yields of the porphyrins Sa—
¢ are consistent with the expected statistical
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Table 1. UV/Vis absorption maxima of anthrylquinquethienylporphyrin (2a),
quinquethiophene (3), anthrylquinquethiophene (4a) and quinquethienylpor-
phyrin (5a) in comparison with the model chromophores anthracene and
tetrapentylporphyrin (11) in n-hexane at 20°C.

oligothiophene and porphyrin is required to address selec-
tively both the donor and the acceptor terminal group.
Figure 2 shows the absorption spectrum of 2a compared
with the individual subunits anthracene, dipentylquinque-

Amax> NM (&, M~'em™)

thiophene 3 and porphyrin, as well as the spectra of the

. . . . Anthracene Anthracene Porphyrin Porphyrin
bichromophoric systems 4a and 5a. The trichromophoric (So-S5) (So=S)/ (So=S,) (So=S)
system 2a exhibits the typical anthracene S; absorption in oligothiophene/
the UV region (230-260 nm) where quinquethiophene and porphyrin
the porphyrin group hardly absorb. The contributions of the  anthracene 246 (112000) ) 323 (2800)

252 (220000) 339 (5500)
356 (8500)
Afnm 374 (8500)
800 600 400 300 3 252 (14500) 1 401 (41800)
22 4a 254 (114000) 406 (48800)
300 - L 1 239 (11400)® 300 (10800) 416 (370000) 519 (14300)
398 (73000) 551 (11400)
200 B 602 (4300)
100 i 662 (7100)
Sa 254 (24000) 1 303 (17400) 419 (285200) 519 (17300)
0 L 353 (23800) 555 (15000)
HELELALL AN BN AL BLALELELES BLELELELE NLALELELE BLEL LA 601 (4700)
659 (7400)
i 2a 254 (129600) 301 (18700) 419 (283600) 519 (17700)

351 (33600)
368 (46300)

555 (15300)
601 (4600)

L 659 (7200)

- [a] Shoulder. [b] Absorption in the range of the anthracene S; band.

- estimated to be 82 %. For compounds 1a and 1b, with shorter
thiophene chains, selectivities of 88 % (for 1a) and 86 % (for
1b) were estimated.[']

In the electronic ground state communication between the
anthracene donor and the porphyrin acceptor moieties
becomes obvious from the absorption spectra of 2a and Sa
(Figure 2). In both systems, intensity and position of the
porphyrin absorption bands are identical. However, in the
energy-transfer system 2 a the porphyrin Soret band is slightly
broadened, indicating the weak electronic influence of the
anthracene donor on the porphyrin acceptor.

The comparison of the absorption spectra of quinquethio-
phene-bridged compound 2a (10 conjugated double bonds)
with the corresponding polyene-bridged compound 12al'”]
(nine conjugated double bonds) is of particular interest
(Figure 3). As can be seen from the figure, the considerable
electronic interaction between the chromophores in 12a
results in highly broadened bands with reduced extinction

.
et TSNS TS -

L L S LR |
30000 40000
v/em™

T T T
20000

Figure 2. Absorption spectra (n-hexane, 7=295 K). Top: anthrylquinque-

thienylporphyrin (2a); middle: anthrylquinquethiophene (4a) and quin-

quethienylporphyrin (5a); bottom: anthracene, dipentylquinquethiophene
(3) and tetrapentylporphyrin (11).

quinquethiophene absorption and the anthracene S, absorp-
tion dominate at 300—400 nm. The characteristic features of
porphyrin are the intensive Soret band at 419 nm as well as the
Q-bands in the absorption range between 450 to 700 nm. The
weak electronic interaction between the terminal groups and
the oligothiophene bridge caused by steric distorsion is
evident in the slight broadening and red shift of the bands
with reduced extinction coefficients (Table 1). However, the
characteristic absorption bands of the bichromophores 4a and

5a and of the trichromophoric system 2a can be ascribed to 800 600 400 Ao 300

the individual molecular subunits. Obviously the supermole- 300 ' 2Ia : :

cules exhibit localized excited states. Bands which originate = 250 12a

from electronic transitions between mixed molecular levels of _'° 200 - ez "

the subunits are not observed. = 150 b=t
The localization results from the sterically induced torsion T 1004

between the anthryl moiety and the oligothiophene bridge of w 53:

about 90°, confirmed by AM1 calculations,?"! and caused by

the linkage of anthracene in the 9 position. Thus, an intensive
anthracene-type UV absorption at 254 nm is maintained in the
energy-transfer systems. From the extinction coefficients of
2a and Sa at 254 nm the selectivity of anthryl excitation is
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Figure 3. Absorption spectra (n-hexane, T=295 K) of anthrylpolyenyl-
porphyrin (12a, 9 conjugated double bonds) and anthrylquinquethienyl-

porphyrin (2a, 10 conjugated double bonds).
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coefficients. Between 400—700 nm additional bands appear,
which can be ascribed to mixed electronic states.['”"!

Altogether, the greater torsion between the chromophores
in the anthryloligothienylporphyrins as well as the well-
chosen linkage of the i systems anthracene, oligothiophene
and porphyrin provides a supermolecule with retention of the
identity of individual electronic levels and highly selective
anthryl excitation.

The similarity of the UV/Vis spectra of the unsubstituted
quinquethiophene with those of dipentylquinquethiophene 3
indicates that, as expected, the electronic and steric influence
of the pentyl chains is negligible.??l Consequently, unfavour-
able effects on the mediator properties of the oligothiophene
did not occur.

Fluorescence spectra: The fluorescence spectra of tetrapen-
tylporphyrin 11, quinquethienylporphyrin Sa and anthryl-
quinquethienylporphyrin 2a are shown in Figure 4. The

A/nm
800 600 4?0 300
1 1

absorption / a.u.

20000 | 80000 40000
viem™

Figure 4. Fluorescence (----), fluorescence excitation (—) and absorption
spectra (- - - -) (n-hexane, 295 K, arbitrary units [a.u.]). Top: tetrapentyl-
porphyrin (11); middle: quinquethienylporphyrin (5a); bottom: anthryl-
quinquethienylporphyrin (2a). Fluorescence spectra are independent of
the excitation wavelength, fluorescence excitation spectra independent of
the detection wavelength. All spectra are normalized to the same

maximum intensity.

spectra are normalized to the same maximum intensity.
Porphyrin 11 exhibits the two typical porphyrin emission
bands (Qf g, Q%) in the region between 650 and 800 nm.['?
The emission spectra of 2a and 5a are nearly identical and
reveal, in comparison with 11, the characteristic fluorescence
of the porphyrin end-group. However, the emission bands of
2a and 5a are broadened and slightly red-shifted because of
the reduced symmetry of the porphyrin and its weak coupling
to the oligothiophene chain. The fluorescence spectra are

264 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

independent of the excitation wavelength. It is remarkable
that in 2a even excitation of the intensive anthracene
transition leads to typical emission of the porphyrin end-
group. Neither anthracene-type nor anthrylquinquethienyl-
type emission could be detected, although these subunits
possess high fluorescence quantum yields.?’l This fluores-
cence behaviour indicates that all the excitation energy is
transferred to the porphyrin end-group.

Excitation spectra: Figure 4 also shows the fluorescence
excitation spectra of compounds 11, 5a, and 2a, together
with the absorption spectra. By excitation spectroscopy, the
dependence of the intensity of the porphyrin emission on the
excitation wavelength is detected (detection energy 714 nm).
All compounds show very good correspondence of absorption
and excitation spectra. Besides the transitions characteristic
for the porphyrin group, the excitation spectrum of 2a shows
an intense absorption band in the region between 230-
280 nm that clearly corresponds to the anthracene S,-—S;
absorption. Therefore, excitation of the anthryl group at
254 nm leads to the typical fluorescence of the porphyrin
group as a result of intramolecular energy transfer within the
supermolecule.

The efficiency of energy transfer can be determined by
comparison of excitation and absorption spectra.l'”! Absorp-
tion and excitation spectra in 2a are nearly identical. Thus the
energy-transfer efficiency from the anthracene to the por-
phyrin group is estimated to be at least 98 %. This is also the
case in the energy-transfer systems 1a and 1b. Overall, in
supermolecules containing a bithiophene, terthiophene or
quinquethiophene bridge, the intramolecular energy transfer
is independent of the chain length and nearly quantitative in
all cases.

In contrast to the oligothiophene compounds, the previ-
ously studied energy transfer in the polyene-bridged systems
could not be quantified unambiguously. Competing radiation-
less deactivation processes within the polyene chain are
mainly responsible for the low correspondence of absorption
and excitation spectra.['7¢24

Fluorescence quantum yields, fluorescence lifetimes and
time-resolved measurements: The fluorescence quantum
yields in n-hexane solutions are shown in Table 2. Tetrapen-
tylporphyrin 11 possesses a fluorescence quantum yield of
about 10%. The energy-transfer system 2a as well as the
shorter systems 1 show, within experimental error, the same
fluorescence quantum yield as 11 at 295 and 180 K. We
conclude that in the oligothiophene compounds the fluores-
cence quantum yields are independent of the chain length.
In the anthrylpolyenylporphyrins 12 studied previously, the
fluorescence quantum yields decrease rapidly with increasing
chain length of the polyenel'7*?!l (Table 2). A high radiation-
less deactivation through the polyene chain leads to deacti-
vation of the entire system. Furthermore, reversible energy
transfer between the porphyrin group and the polyene can
result in quenching of the porphyrin fluorescence. Similar
findings are described by Gust and Moore et al.l as well as
by Osuka et al.?! for polyene (carotenoid)—porphyrin dyads.
These quenching processes are not observed in the anthryl-
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Table 2. Fluorescence quantum yields of tetrapentylporphyrin (11), quin-
quethienylporphyrin (5a) and anthryloligothienylporphyrins 1ab, 2a in
comparison with tetraphenylporphyrin (TPP), polyenylporphyrin (P,-TPP)
and anthrylpolyenylporphyrins 12 with different polyene chain length in
n-hexane solution at 295 K.

Oligothiophenes Polyenes
D (%) [a] D (%) [a]
180 K 295 K 180 K 295 K
11 13 10 TPP 13 10
1la 12 9 12¢ [b] 35 -
1b [c] 12 9 12b 1.5 -
2a [c] 13 10 12a <0.1 -
S5a - 10 P,-TPP [d] <0.1 -

[a] Experimental errors +20%. [b] 1-(9-Anthryl)-4-methyl-6-(5,10,15,20-
tetraphenylporphyrin-2-yl)-hexatriene. [c] In  dichloromethane. [d]
3,8,11,16-Tetramethyl-1-(5,10,15,20-tetraphenylporphyrin-2-y1)-1,3,5,7,9,
11,13,15,17-nonadecanonaene.

oligothienylporphyrins. They are obvious particularly when
comparing supermolecule 2a, with 10 conjugated double
bonds, and the corresponding polyene 12a, with nine double
bonds, which differ dramatically in fluorescence quantum
yields (Table 2).

Fluorescence lifetimes were determined from the mono-
exponential decay at 295 K. The lifetime of tetrapentylpor-
phyrin 11 amounts to 11.2 ns, while the lifetime of the energy-
transfer system 2a decreases to 3.5 ns, compared to 4.4 and
3.6ns for 1a and 1b, respectively. The lifetimes of the
porphyrin-type fluorescences are obviously independent of
the chain length. Time-resolved fluorescence measurements
of 2a at different time intervals (early: 0—200 ps, late: 200 -
50000 ps) after ps laser excitation at 366 nm correspond to the
stationary spectrum at 295 K (see Figure 4). The rate of
energy transfer was also deduced from time-resolved meas-
urements. The fluorescence signal appears instantaneously
(<10 ps) with the pulse response of the apparatus, indicating
an ultrafast energy transfer (faster than 10 ps).

Intramolecular energy transfer: The photophysical investiga-
tions reveal a nearly quantitative and extremely fast energy
transfer in the supermolecules 1a,bl"? and 2a. The energy
transfer is indubitably due to an intramolecular mechanism.
Reabsorption (trivial mechanism) and intermolecular energy-
transfer processes can be excluded, since the measured
transfer efficiencies are independent of concentration. The
perfect correspondence of absorption and excitation spectra
in the whole spectral range between 200 and 800 nm indicates
that singlet—singlet energy transfer to the porphyrin end-
group is the only important quenching process after excita-
tion, especially after selective excitation of the anthracene
donor.

With a known fluorescence lifetime 7, of the separated
donor molecule and measured transfer efficiency Q, the rate
kerof the intramolecular energy transfer and thus the energy-
transfer time 7 can be calculated according to Equation (1).

ker=(1/7)=Q/[rp (1 - Q)] o)

Transfer efficiencies >98% (Q >0.98) result in transfer
times 7 <8 ps in model compound 2a with anthrylquinque-
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thiophene as donor unit (tp=370ps). With a transfer
efficiency of 99.9 %, for example, a transfer time of 0.5 ps is
evaluated. These estimated values of energy-transfer times
agree with the experimental finding for a rise time of the
fluorescence signal <10 ps (the detection limit of the appa-
ratus, see above).

In the following, the mechanism of intramolecular energy
transfer!'? is discussed in terms of a) the Forster mechanism
(dipole —dipole interaction),”” b) the Dexter mecha-
nism,?’¢428] and ¢) intramolecular relaxation.['*?)

The Forster mechanism describes the energy transfer between
donor and acceptor substituents through space via Coulombic
interaction, and therefore direct contact between both
substituents is not required. Forster’s theory is applicable to
supermolecules such as 2a, considering that donor and
acceptor group retain their spectroscopic identity owing to a
weak electronic coupling between the molecular subunits. For
the calculation of Forster radii, the spectral overlap of donor
emission and acceptor absorption bands and the fluorescence
quantum yield of the corresponding donor must be consid-
ered. Furthermore, the distance between donor and acceptor
group as well as the orientation of the chromophores, that is,
the orientation of transition dipole moments, are critical
parameters. For the anthracene/porphyrin pair in 2a, a
Forster radius R, of about 50 A was calculated with the
assumption of a mean orientation of the chromophore
dipoles. A parallel orientation of the dipoles leads to a
Forster radius of about 70 A. If the bichromophoric anthryl-
quinquethiophene unit in 2a is considered as donor, the
Forster radii for the anthrylquinquethiophene/porphyrin pair
are 24-29 A.

The distance between anthracene and porphyrin in 2a was
estimated by molecular modelling® to be 26 A in the
energetically optimized conformation (Figure 5), while a
maximum bend of the oligothiophene chain leads to a
distance of 15 A. Consideration of the anthrylquinquethio-
phene unit as donor gave distances of 7-12 A. Despite
variable distances and independent of whether the donor is
considered to be anthracene or anthrylquinquethiophene,
Forster transfer efficiencies Qr of 99% are calculated from

: L)
4
i o
, distance anthracene-porphyrin 26 A
I

Figure 5. Structure of compound 2a obtained by molecular modelling.
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Equation (2). These results, as well as literature data,!'!
demonstrate that the small electronic interaction between
anthracene, oligothiophene and porphyrin in supermolecules
1 and 2a allows an energy transfer of Forster type.

1

O wiRy ©

The Dexter mechanism describes energy transfer by ex-
change interactions, that is, the excited electron, localized on
the donor group, is exchanged with an electron of the acceptor
group. Therefore, the Dexter transfer requires direct contact
between donor and acceptor electronic orbitals. In the
supermolecules 1 and 2a a Dexter transfer mediated by the
oligothiophene orbitals might be possible either by super-
exchange or by through-bond interaction (Dexter cascade).B!!

Intramolecular relaxation: If the electronic interaction be-
tween the subunits in the energy-transfer systems is high
enough, the energy could also be transferred by electronic
vibronic coupling. This energy transfer by unidirectional
intramolecular relaxation is illustrated schematically in Fig-
ure 6. After selective excitation of the anthracene donor,

Anthracene
Ss
Anthracene N
S " , —s— Porphyrin
Oligothiophene (T,) 3 :
—+— Porphyrin
Excitation S,
Fluorescence
S v
o
Anthracene 7 - Chain Porphyrin

Figure 6. Schematic illustration of the unidirectional intramolecular
energy transfer by intramolecular relaxation (the relative energetic
position of T, actually depends on the chain length n).

intramolecular relaxation takes place via excited states of the
oligothiophene to the lowest excited state of the molecule that
is localized on the porphyrin end-group. Intramolecular
relaxation was also considered for the mechanism of the
energy transfer in anthrylpolyenylporphyrins.['??% The esti-
mated energy transfer of these systems in the femtosecond
(fs) range corresponds well with the temporal appearance of
the porphyrin emission in anthryloligothienylporphyrins.

Thus, each of the mechanisms discussed is sufficient to
explain the intramolecular energy transfer. From the optical
investigations of anthryloligothienylporphyrins no unequiv-
ocal statement about the actual most effective mechanism can
be made.

Light-harvesting systems: The porphyrins 2 are also of
particular interest as synthetic organic light-harvesting sys-
tems. The absorption spectra of compounds 2a—e with
increasing numbers of anthrylquinquethienyl substituents
are summarized in Figure 7. As can be seen from the figure,
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Figure 7. Absorption spectra (CH,Cl,, 7=295 K) of anthrylquinquethie-
nylporphyrins 2a—e. At A=257nm the extinction coefficients &
(Lmol~'cm™') are 140000 for 2a, 244000 for 2b/e, 367000 for 2d and
466000 for 2e.

the intensity of the characteristic absorption bands changes
nearly in proportion to the chromophoric ratio. This quanti-
tative relationship is expressed very clearly through the
dependence of the intensity of the anthracene S; absorption
(230-280 nm) on the number of anthryl groups. At 257 nm
the extinction coefficients increase continuously from
140000 Lmol~'cm™! in 2a to 466000 Lmol~'cm~! in 2e. The
selectivity of anthryl excitation in 2e amounts to about 90 %
compared with 82 % in 2a. The porphyrin bands (Soret band
400-500 nm, Q-bands >500 nm), however, show increasing
red shift and broadening from 2a to 2e. This effect can be
ascribed not only to overlapping oligothiophene absorption
but also to an enhanced electronic coupling of porphyrin. The
Q-bands between 550 and 650 nm in 2e appear broad and
structureless.

Figure 8 shows fluorescence and excitation spectra of the
light-harvesting systems 2a—e. All compounds 2 exhibit the
typical porphyrin emission band (600 —800 nm) which appears
as a structured band in the case of 2a only (Figure 8). In the
range of the intense anthracene S; absorption, the excitation
and absorption spectra of 2a—e correspond very well,
indicating a nearly quantitative energy transfer in these
compounds from the anthracene antennae to the porphyrin
acceptor. The intensity of porphyrin fluorescence increases in
proportion to the number of absorbing anthracene antennae.

Conclusions

Terminally donor/acceptor-substituted oligothiophenes rep-
resent excellent candidates for molecular photonic wires
designed to transfer excitation energy in a given direction.
The individual molecular subunits anthracene, oligothiophene
and porphyrin, although attached in conjugation, essentially
maintain their spectroscopic identity in the supermolecules.
The anthracene donor represents a UV antenna and can be
excited with high selectivity (up to 90 % ). After excitation we
could prove a quantitative intramolecular energy transfer
(>98 %) from the anthracene donor to the emitting porphyrin
acceptor through the oligothiophene bridge. In contrast to
previously studied polyenes, in the oligothiophenes neither
radiationless deactivation of the excitation energy through the
conjugated chain nor quenching of the acceptor emission
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Figure 8. Absorption (- - - -), excitation (—) (detected at the maximum of
the fluorescence band) and fluorescence spectra (----) (CH,Cl,, T=295 K,

arbitrary units [a.u.]) of porphyrins 2a—e.

could be observed. As a result, the fluorescence quantum
yields of the porphyrin emission are high and independent of
the oligothiophene chain length.

The mechanism of the ultrafast (<10 ps) intramolecular
singlet —singlet energy transfer can be explained with differ-
ent theories like Forster’s, Dexter’s, superexchange or intra-
molecular relaxation. However, from our experimental results
no clear distinction can be made. In continuing this research
we shall focus our investigations on the interruption of the &
conjugation in oligothiophenes by incorporating saturated
spacer molecules in order to control the mechanism of energy
transfer.

Experimental Section

General methods: Melting points were determined on a Biichi SMP-20
apparatus and are uncorrected. '"H NMR spectra were recorded on a
Bruker AC250F (250 MHz) with TMS as internal standard; signals with an
asterisk cannot be assigned unambiguously. Preparative column chroma-
tography was carried out on glass columns of different size packed with
silica gel S (Riedel-de Haen, grain size 0.032-0.063 mm). Medium-
pressure liquid chromatography (MPLC) was performed at 5—10 bar on
glass columns (50 cm x 4 cm) packed with Nucleosil 1525 NO, (Macherey
Nagel, grain size 10 + 15 pm; N = 1895, S =3.2) and a Pharmacia LKB 2141
Variable Wavelength Monitor. HPLC was performed on a Waters 600E
System with a Waters 991 Array Detector using a Nucleosil 5-NO,, 200/8/4
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analytical column (Macherey Nagel) and n-hexane/dichloromethane
mixtures as eluent. Mass spectral analyses were performed in the fast-
atom bombardment (FAB) mode on a Finnigan MAT 95 spectrometer
(20 kV caesium, NBA matrix). All solvents were dried and distilled. The
reactions were carried out under argon atmosphere in dried glassware. The
following compounds were prepared according to known procedures: 2-
bromo-3-pentylthiophene (6) and 5,5”-dibromo-2,2":5',2"-terthiophene
(7),018321 3 3" -dipentyl-2,2":5',2":5",2"":5"" 2"""-quinquethiophene (3) and 5-
formyl-3,3""-dipentyl-2,2":5',2": 5,2":5"" 2""-quinquethiophene (9).'*!

Optical measurements: Optical spectra were measured in the indicated
solvents at concentrations of 10~ to 10" mol L~ in order to maintain low
optical densities and to exclude intermolecular interactions. The solvents
(Merck Uvasol) were used as purchased. Absorption spectra were recorded
on a Perkin—Elmer Lambda 7 spectrophotometer at 293 K. For fluores-
cence, fluorescence excitation, and time-resolved fluorescence measure-
ments the solutions were degassed by repeated freeze — pump —thaw cycles
to remove oxygen. The cw-fluorescence and fluorescence excitation spectra
were performed by standard techniques: 450 W Xenon lamp and 0.25 m
double monochromator as excitation source (bandwidth 2 nm FWHM),
1 m double monochromator (bandwidth 1 nm FWHM), and cooled photo-
multiplier with photon counting as detection setup.

The time-resolved emission spectra were recorded with time-correlated
single photon counting after ps laser excitation at 25000, 27300 and
37594 cm~'. By means of fitting the transients deconvoluted with the
response of the detection system the time-resolution is about 10 ps. A
detailed description is given in the literature.[¥l All spectra were corrected
for the spectral responses of the experimental setups. Fluorescence
quantum yields were measured relative to anthracene in n-hexane (@;=
0.30 at 295 KP4).

5-(9-Anthryl)-3,3""-dipentyl-2,2":5',2":5",2"":5"",2"""-quinquethiophene
(4a): A 1.6M solution of nBuLi in n-hexane (0.41 mL, 0.65 mmol) was
added dropwise to a solution of 3 (300 mg, 0.54 mmol) in dry diethyl ether
(10 mL) through a syringe over 10 min under Ar atmosphere. After stirring
at room temperature for 1 h, the suspension was cooled to —78°C. A cold
(—78°C) solution of 8 (84.84 mg, 0.44 mmol) in dry diethyl ether (20 mL)
was added dropwise through a syringe to the suspension over 20 min,
followed by dry diethyl ether (10 mL). The reaction mixture was stirred at
—78°C for 2.5 h, and then allowed to warm to room temperature (16 h).
The mixture was poured into ice-cold water/HCI (5:1, 50 mL) and stirred
for 1 h. The organic phase was separated and the aqueous phase extracted
three times with CH,Cl, (50 mL each). The combined extracts were
concentrated in vacuo and taken up in MeOH/toluene (1:1, 40 mL). Conc.
HCI (5 mL) was added and the reaction mixture was heated to 85°C for
30 min. After addition of CH,Cl, (150 mL), the mixture was hydrolyzed
with ice (150 g). The organic phase was separated and the aqueous phase
extracted with CH,Cl, (50 mL). The combined extracts were washed with a
solution of sodium hydrogencarbonate and water, dried (Na,SO,) and
concentrated. To remove unreacted 8 the residue was chromatographed on
silica gel with CH,Cl, as eluent followed by n-hexane/CH,Cl, (5:1).
Compounds 3, 4a and 4b were separated by MPLC on silica gel with n-
hexane/CH,Cl, (15:1) (flow 30 mLmin~!, detection wavelength 260 and
430 nm) to give 95 mg (24 %) 4a as an orange solid and 14.3 mg (3% ) 4b as
a red solid.

Monoanthryl unit 4a: M.p. 110-112°C; '"H NMR (250 MHz, CDCl;): 6 =
0.91, 0.93 (each t,/ =7.0 Hz, 6 H, H-e), 1.34-1.50 (m, 8 H, H-c,d), 1.67, 1.79
(each tt, /=77 Hz, 4H, H-b), 2.78, 2.94 (each t, / =7.8 Hz, 4H, H-a), 6.94
(d,J=52Hz, 1H, H4""), 702 (s, 1 H, H4), 703* (d, J=3.7 Hz, 1 H), 710 -
7.14* (m, 4H), 7.17* (d, J=3.5Hz, 1H), 718 (d, /=5.0 Hz, 1H, H5""),
742-752 (m, 4H, anthracene H2,3,6,7), 8.02-8.05 (m, 4H, anthracene
H1,4,5,8), 8.53 (s, 1 H, anthracene H10); C;yHySs (729.1): caled C 72.48, H
5.53, S 21.99; found C 72.67, H 5.71, S 21.55.

Dianthryl unit 4b: 'H NMR (250 MHz, CDCl;): 6 =0.94 (t,/=7.2 Hz, 6 H,
H-e), 1.33-1.50 (m, 8H, H-c,d), 1.80 (tt, J=7.5 Hz, 4H, H-b), 2.94 (t, /=
7.7 Hz, 4H, H-a), 7.03 (s, 2H, H4,4""), 714 (d, J=4.1 Hz, 2H, H3' 4""), 7.15
(s, 2H, H3"4"), 718 (d, J=3.8Hz, 2H, H4'3"), 743-753 (m, 8H,
anthracene H2,3,6,7), 8.02-8.06 (m, 8 H, anthracene H1,4,5,8), 8.53 (s, 2H,
anthracene H10); MS(FAB): m/z 904.1 [M **].

5""-(9-Anthryl)-5-formyl-3,3""-dipentyl-2,2':5',2":5",2"":5" ,2"""-quinque-
thiophene (10): A solution of 4a (0.55 g, 0.76 mmol) in CH,Cl, (6 mL) was
heated to reflux and a solution of the Vilsmeier reagent (2.5 mL, 1 mL ~
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0.8 mmol) [prepared by addition of phosphoryl chloride (3.29 g,
21.46 mmol) to DMF (1.7 g, 23.26 mmol) in dry CH,Cl, (25 mL) at room
temperature and stirring for 2 h!'*!] was added, followed by another 1.5 mL
after 3 h. After stirring for a further 3.5 h, a solution of sodium hydro-
gencarbonate (Im) was added, and the reaction mixture stirred for 2 h.
After dilution with water, the organic phase was separated and the aqueous
phase extracted several times with CH,Cl,. The combined extracts were
washed with water, dried (Na,SO,) and concentrated. The residue was
chromatographed twice on silica gel with CH,Cl, to give 10 as effervescent
oil that was powdered and dried under high vacuum over paraffin: yield
0.45 g (79%); "H NMR (250 MHz, CDCl;):  =0.93 (d, J=6.9 Hz, 6H, H-
e), 1.37-1.45 (m, 8H, H-c,d), 1.65-1.83 (m, 4H, H-b), 2.83, 2.94 (each t,
J=178Hz,4H, H-a), 703 (s, 1 H, H4""), 7.14* (2d, ] = 3.9 Hz, 2H), 7.16* (d,
J=39Hz,1H),717 (d,J=3.8 Hz, 1H, H4), 7.19* (d, J=3.9 Hz, 1H), 722
(d, J=3.8 Hz, 1H, H3'), 742-7.52 (m, 4H, anthracene H2,3,6,7), 7.60 (s,
1H, H4), 8.01-8.06 (m, 4H, anthracene H1,4,5,8), 8.53 (s, 1 H, anthracene
H10), 9.83 (s, 1H, CHO); C;sH,,OSs (757.1): caled C 71.39, H 5.32, S 21.18;
found C 71.34, H 5.33, S 20.23; MS(FAB): m/z 757.5 [M + H].

General procedure for the synthesis of porphyrins 2 and 5 following
ref. [12]: A solution of pyrrole, 1-hexanal and aldehyde 9 or 10 in dry
CH,CI, was stirred for 15—30 min under an Ar atmosphere in the absence
of light. Trifluoroacetic acid was added through a syringe, and the reaction
mixture stirred for 24.5 h (2a) or 26 h (5a) (monitored by observation of
the porphyrin band by UV/Vis). The oxidation was initiated by addition of
p-chloranil, and the reaction mixture refluxed for 2 h. After cooling to
room temperature, the reaction mixture was neutralized with sodium
carbonate and Florisil® (Fluka) and stirred for 14 h (2a) or 1 h (5a). The
solution was filtered, concentrated and worked up as described.
5-[5""-(9-Anthryl)-3,3""-dipentyl-2,2':5',2":5",2"":5" 2" -quinquethienyl-5-
y11-10,15,20-tripentylporphyrin (2a): Prepared as described from 10 (0.56 g,
0.74 mmol), 1-hexanal (0.22 g, 2.21 mmol), pyrrole (0.20 g, 2.98 mmol),
trifluoroacetic acid (0.84 g, 7.37 mmol), p-chloranil (0.54 g, 2.21 mmol) and
CH,Cl, (750 mL); initiation of condensation by addition of 1 equiv
trifluoroacetic acid followed by 0.5 equiv each after 2.5, 7 and 20.5 h;
neutralization and filtration through a Florisil column (8 x 10 cm), which
was subsequently treated several times with CH,Cl, and CH,Cl,/MeOH
(1:1), concentration of the combined filtrates and chromatography on silica
gel with CH,Cl, to separate unreacted 10 (yield 287 mg, 51 % ); separation
of the porphyrin mixture by MPLC (Nucleosil 1525 NO,, flow 30 mL min~',
n-hexane/CH,Cl, (gradient from 80:20 to 75:25 for separation of 11, 67:33
to 50:50 for separation of 2a)), repurification of the porphyrin fractions by
chromatography on silica gel with CH,Cl,, subsequent MPLC and
recrystallization from acetone/MeOH to give 68 mg (7.3 %) 2a as a bright
blue-violet solid; m.p. 115°C (sintering >84°C); HPLC purity 99.8%; 'H
NMR (250 MHz, CDCl,): 6 = —2.58 (brs,2H, NH), 0.92-1.04 (m, 15H, H-
e), 1.37-1.65 (m, 14H, H-c,d), 1.72-1.84 (m, 8H, H-b,c), 1.93-2.02 (tt,J =
73 Hz,2H, H-b),2.46-2.58 (m, 6 H, H-b), 2.96, 3.15 (each t,/ =7.7 Hz, 4H,
H-a), 4.90-5.00 (m, 6H, H-a), 7.04 (s, 1H, H4""), 7.15* (d, J=3.8 Hz, 1H,
H4"), 717* (d, J=3.8 Hz, 1H, H4"), 719* (m, J=3.7 Hz, 2H, H3".3"),
725% (d, J=3.6 Hz, 1H, H4'), 731 (d, J=3.9 Hz, 1H, H3'), 743-7.52 (m,
4H, anthracene H2,3,6,7), 7.71 (s, 1 H, H4), 8.02—-8.06 (m, 4 H, anthracene
H14.,5,8), 8.53 (s, 1 H, anthracene H10), 9.19 (d, J=4.9 Hz, 2H, porphyrin
H3,7), 9.41 (d, J=4.9 Hz, 2H, porphyrin H2,8), 9.48 (AB system, m, J =
49 Hz, 2H, porphyrin H12,18), 9.52 (AB system, m, /=49 Hz, 2H,
porphyrin H13,17); C;yHg,N,Ss (1247.9): caled C 76.04, H 6.62, N 4.49, S
12.85; found C 76.03, H 6.75, N 4.51, S 12.69.

Mixture of 2b/c: Yield 43 mg (3.0%) as a blue-violet solid; 'H NMR
(250 MHz, CDCl;): 6 = —2.60, —2.54 (2s,2H, NH), 0.87-1.05 (m, 18 H, H-
e), 1.25-1.84 (m, 28H, H-b,c,d), 1.96-2.02 (m, 4H, H-b), 2.53-2.59 (m,
4H, H-b), 2.96, 3.14 (each t,/ =77 Hz, 8H, H-a), 4.94-5.00 (m, 4H, H-a),
703, 704 (2s, 2H, H4""), 714-733 (m, J=35-38Hz, 12H,
H3'4'3"4" 3" 4"), 744-751 (m, 8H, anthracene H2,3,6,7), 7.73 (s, 2H,
H4), 8.02-8.06 (m, 8 H, anthracene H1,4,5,8), 8.53 (s, 2 H, anthracene H10),
9.19* (s, 1 H, porphyrin H), 9.22-9.26* (m, J=4.9 Hz, 3H, porphyrin H),
9.43-9.47*% (m, J=5.4 Hz, 3H, porphyrin H), 9.52* (s, 1H, porphyrin H);
MS(FAB): m/z 1903.2 [M — H].

Porphyrin 2d: Yield 9 mg (0.5%) as a blue-violet solid.
5-(3,3""-Dipentyl-2,2":5',2":5",2"":5" ,2""""-quinquethienyl-5-y1)-10,15,20-tri-
pentylporphyrin (5a): Prepared as described from 9 (0.27 g, 0.47 mmol), 1-
hexanal (0.14 g, 1.40 mmol), pyrrole (0.13 g, 1.94 mmol), trifluoroacetic
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acid (0.53 g, 4.68 mmol), p-chloranil (0.34 g, 1.40 mmol) and CH,Cl,
(750 mL); initiation of condensation by addition of 1 equiv trifluoroacetic
acid followed by F. Effenberger, 0.5 equiv each after 3.5, 7.5 and 23.5 h;
neutralization and concentration of the filtrate followed by uptake in
CH,(l,, treatment with Florisil for 15 min, filtration and concentration;
after chromatography on silica gel with CH,Cl, to separate unreacted 9
(yield 63 mg, 23 %) separation of the porphyrins by MPLC (Nucleosil 1525
NO,, flow 30 mLmin~!, n-hexane/CH,Cl, (gradient from 80:20 to 75:25)),
repurification of the porphyrin fractions as described above for 2a to give
19 mg (3.8%) 5a as a bright blue-violet solid. M.p. 123-124°C (sintering
>115°C); HPLC purity >99.3%; 'H NMR (250 MHz, CDCl,): § = —2.58
(brs, 2H, NH), 0.92-1.04 (m, 15H, H-e), 1.25-1.85 (m, 22H, H-b,c,d),
1.93-2.02 (tt, J=76 Hz, 2H, H-b), 2.46-2.59 (m, 6H, H-b), 2.80, 3.14
(each t, /=78 Hz, 4H, H-a), 4.89-5.00 (m, 6 H, H-a), 6.95 (d, J=5.2 Hz,
1H, H4""), 7.04* (d, J=3.7 Hz, 1H, H4"), 714* (d, /=3.9 Hz, 1H, H4"),
7.16* (d,J=3.9 Hz, 1H, H3"), 7.18* (d, J=3.8 Hz, 1 H, H3"), 7.19 (d, J =
5.2 Hz, 1H, H5""), 724* (d, J=3.8 Hz, 1H, H4'), 7.30 (d, J=3.9 Hz, 1H,
H3'),7.70 (s, 1H, H4), 9.19 (d, J = 4.9 Hz, 2H, porphyrin H3,7),9.41 (d, /=
49 Hz, 2H, porphyrin H238), 9.47 (AB system, m, J=49Hz, 2H,
porphyrin H12,18), 9.51 (AB system, m, J=4.9 Hz, 2H, porphyrin
H13,17); C¢sH7uN,Ss (1071.6): caled C 72.85, H 6.96, N 5.23, S 14.96; found
C 7293, H 698, N 5.18, S 14.72.
5,10,15,20-Tetrakis[5""-(9-anthryl)-3,3""-dipentyl-2,2':5',2":5",2"":5"" 2"~
quinquethienyl-5-yl]porphyrin (2e): A solution of 10 (205 mg, 0.27 mmol)
in dry CH,Cl, (70 mL), pyrrole (18 mg, 0.27 mmol) and ethanol (0.5 mL)
was stirred at room temperature for 30 min under Ar atmosphere in the
absence of light. The condensation was initiated by addition of BF; - Et,O in
CH,Cl, (0.25m, 0.37mL) followed by addition of further BF;-Et,O
(0.3 mL) and CH,Cl, (200 mL) after 8 h. After total of 22 h, p-chloranil
(49 mg, 0.2 mmol) was added, and the reaction mixture heated under reflux
for 2.5 h. After addition of triethylamine (18 mg, 0.18 mmol), the reaction
mixture was stirred for 45 min, concentrated and chromatographed on
silica gel with CH,Cl,. The porphyrin fraction was purified by MPLC
(Nucleosil 1525 NO,, flow 30 mLmin~!) with n-hexane/CH,Cl, (66:34).
Crystallization of 2e was induced by addition of acetone to a satd solution
of 2e in CH,Cl, to give 7.6 mg (3.5%) as blue-violet solid. M.p. sintering
>89°C; HPLC purity >98 %; 'H NMR (250 MHz, CDCl;): 6 =9.24-9.26*
(m, 6H, porphyrin), 9.08* (d, J=5.2Hz, 2H, porphyrin), 8.52 (s, 4H,
anthracene H10), 8.02-8.06 (m, 16 H, anthracene H1,4,5,8), 7.79 (m, 4H,
H4), 743-752 (m, 16H, anthracene H2,3,6,7), 7.14-721 (m, J=3.8 Hz,
H4'3"4",3".4"),704 (s,4H, H4""), 3.16, 2.95 (each t, /] =7.5 Hz, 16 H, H-
a), 1.37-2.03 (m, 48H, H-b,c,d), 0.92-1.03 (m, J=7.1Hz, 24H, H-e),
—2.51 (s, 2H, NH); MALDI-MS (matrix: sinapic acid): caled for
Co6H167N,S,0 [M+H*] 3215.8; found 3215.9.
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Photophysical Properties of Three Methanofullerene Derivatives
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Abstract: The [6,6]-ring bridged meth-
anofullerenes 61,61-bis[4-tert-butylben-
zoate]-1,2-dihydro-1,2-methanofuller-
ene[60] (1), 61,61-bis[4-(tert-butyldiphe-
nylsilyloxymethyl)phenyl]-1,2-dihydro-
1,2-methanofullerene[60] (2), and 61-
[ (ethoxycarbonyl)methylcarboxylate]-
1,2-dihydro-1,2-methanofullerene[60]
(3) were synthesized by the Diederich
method (3) or the Wudl method via
tosylhydrazone salts (1 and 2). Ground-
state absorption spectra of the metha-
nofullerenes in toluene and cyclohexane
solutions are presented and possible
assignments discussed. The sharp,
430 nm transition is associated with the
existence of less than 60 m electrons,
whereas a broad band peaking at 495 nm
as well as weak features in the 700 nm
region could be related to forbidden
transitions of Cg. The allowed transi-

tions of C4 in the UV region are
modified relatively little in the metha-
nofullerenes. Laser flash photolysis and
pulse radiolysis techniques were used to
obtain triplet —triplet absorption spectra
between 400 and 1100 nm and deter-
mine photophysical properties. The
three methanofullerenes have very sim-
ilar T-T spectra, with a strong peak at
720 nm whose molar absorption coeffi-
cient is of the order of 14000M~'cm™!,
somewhat lower than the 20200M~!cm™!
measured for the corresponding 750 nm
band of C4. Values near unity were
determined for @,, the quantum yield

Keywords: fullerenes photo-
chemistry synthetic methods -
triplet-state properties
UV/Vis spectroscopy

for 'O,('A,) production by energy trans-
fer from the triplet state of the three
methanofullerenes, implying that the
quantum yield of triplet production of
each is = 1. The results indicate that it is
possible for the spectroscopic and pho-
tophysical properties of methanofuller-
enes to vary little with the nature of the
methano adduct and to undergo only
slight modifications with respect to the
corresponding properties of Cg. Up to
now, this has been found valid only when
the functionalization does not involve an
electron donor. The biological photo-
sensitization efficiencies of these meth-
anofullerenes are therefore expected to
be similar to those of Cy, but with their
hydrophobicity and intracellular site
delivery modulated by the nature of
the methano-adduct.
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The first synthesis of a methanofullerenel'! has been followed
by other related functionalizations.>! Certain such modified
fullerenes have been shown to exhibit photosensitizing
properties towards living cells, enzymes, viruses, and DNA,
including photoinduced DNA cleavage!® by singlet oxygen
production.

To help quantify the efficiencies of such photoprocesses for
modified fullerenes, we have synthesized three methanoful-
lerenes, using Diederich™ and Wudl methods,®! and deter-
mined their spectroscopic and photophysical properties.
These three methanofullerenes are: 61,61-bis[4-tert-butylben-
zoate]-1,2-dihydro-1,2-methanofullerene[60] (1), 61,61-bis[4-
(tert-butyldiphenylsilyloxymethyl)phenyl]-1,2-dihydro-1,2-
methanofullerene[60] (2), and 61-[ (ethoxycarbonyl)methyl-
carboxylate]-1,2-dihydro-1,2-methanofullerene[60] (3), the
[6,6]-closed structures of which are shown here. For such
molecules, bridging can occur at either [6,6]- or [6,5]-ring
junctions. In [6,6] structures, an originally double bond of Cy,
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is bridged, whereas an originally single bond is bridged in [6,5]
structures. The two most stable isomers are the [6,6]-closed
and [6,5]-open. Upon heating, the mixture of [6,6]-closed
and [6,5]-open isomers formed together in the course of the

Abstract in French: Nous avons synthetisé par la methode de
Diederich ou de Wudl trois methanofullerenes de type [6,6]
ferme: le 61,61-bis[4-tert-butylbenzoate]-1,2-dihydro-1,2-me-
thanofullerene[60] (1), le 61,61-bis[4-(tert-butyldiphenylsilyl-
oxymethyl)phenyl]-1,2-dihydro-1,2-methanofullerene[60] (2)
et le 61-[(ethoxycarbonyl)methylcarboxylate] - 1,2-dihydro-
1,2-methanofullerene[60] (3). Les spectres d’absorption a l’etat
fondamental de ces methanofullerenes en solution dans le
toluene et le cyclohexane sont présentes et les attributions des
bandes sont discutées. La bande etroite a 430 nm est associee a
un defaut d’electrons m par rapport au Cyy, tandis que la bande
large centrée a 495 nm ainsi que les faibles bandes dans la
region de 700 nm pourraient étre dues a des transitions qui sont
interdites dans le cas du Cgy. Les transitions permises du Cg,
dans l'ultra-violet sont relativement peu modifices dans les
methanofullerénes. Les techniques de photolyse par eclair et de
radiolyse pulsée ont permis d’obtenir les spectres d’absorption
de etat triplet entre 400 et 1100 nm, caracterises pour les trois
methanofullerenes par un coefficient molaire d’absorption de
Pordre de 14000M~ cm™" au maximum d’absorption a 720 nm,
inferieur a celui du Cg (20200M~ ecm™ au maximum d’ab-
sorption a 750 nm). Pour les trois molecules etudices, le
rendement quantique, D ,, de production d’oxygene singulet,
10,('4,), est proche de l'unité, ce qui implique un rendement
quantique de formation de letat triplet ®@; voisin de 1. Ces
resultats indiquent que les proprietes spectroscopiques et
photophysiques de nos methanofullerénes varient peu avec la
nature des substituants du pont methano et ne presentent pas de
modifications importantes par rapport au Cg. Ceci ne reste
vrai que si la fonctionalisation n’introduit pas de donneur
d’électron. Les methanofullerenes, du type etudie¢ dans le
present travail, devraient conserver une efficacite’ de photo-
sensibilisateur proches de celle du Cg. Des modifications
appropriees des substituants du pont methano devraient
modifier leur lipophilie et de ce fait moduler leur repartition
entre differents sites intracellulaires.
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synthesis are converted exclusively to the [6,6]-closed, most
stable, isomer.l>71]

We studied the ground-state and triplet excited-state
absorption spectra of the three methanofullerenes 1, 2, and
3. The samples contained exclusively the [6,6]-closed isomer.
Using Cq, as reference, we determined the quantum yield for
the sensitized formation of singlet oxygen, @,, the triplet
quantum yield of formation, @, and the triplet molar
absorption coefficient, ey, for the three Cy; derivatives.

Results and Discussion

Methanofullerene syntheses: The methanofullerenes 1 and 2
have been prepared by the reaction of tosylhydrazone salts,”]
formed in situ, with C4,. The different steps in methanofuller-
ene 1 synthesis are described in Scheme 1. Starting from p-
dimethylbenzophenone, compound 4 was prepared with a
60% crude yield.'! The white powder thus obtained is
contaminated with terephthalic acid as by-product of the

o o
KMnO,; KOH m
l P | =
HO & o, CO,H
4

PClg TolueneA

Pyridine A

o o
joget joget
= =
t-BuO,C CO,t-Bu cloc cocl
6 5

t-BuOH

EtOH | TsNHNH, A

H
N/N_SO
| %

7 NaH, ODCB
Ceo
A

Scheme 1. The synthesis of methanofullerene 1.

reaction (about 50 % ). Compound 4 was converted into 5 by
phosphorus pentachloride, and pure 5 was obtained by
fractional crystallization (corrected yield 72 % ). Compound
5 was esterified by fert-butanol in the presence of pyridine,
giving 6 (77.8% yield), which was converted to 7 by
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tosylhydrazide in boiling ethanol (83 % yield). Molecule 7
reacts with Cg, in 1,2-dichlorobenzene (ODCB) and in the
presence of NaH, to give methanofullerene 1 (47.6% yield,
single isomer after equilibration and satisfactory structure
determination).["’]

The steps of the synthesis of methanofullerene 2 are
depicted in Scheme 2. Compound 8, prepared from p-
dimethylbenzophenone,'! was hydrolyzed to 9 with the

/O Hg(ClOy), /0
BrH,C HOH,C
DME/H,0
2 30-40°C 2
8 9
DMAP | t-BuPh,SiCl
NEt; THF
0>
/s——< >—
Reflux
Toluene /O
<~ [Phyt-BuSIOH,C
P TSNHNH,
Ph,t-BuSi 2
11 2 10
OSit-BuPh,

Ceo
NaH
A
OoDCB

Scheme 2. The synthesis of methanofullerene 2.

OSit-BuPh,

assistance of mercuric ions™ in dimethoxyethane/water
(72 % yield). Derivative 9 was protected by fert-butyldiphen-
ylsilylchloride!'® (71 % yield), then converted to 11 (87 %
yield) with tosylhydrazide in boiling toluene. Tosyl hydrazone
11 reacts with Cy, in 1,2-dichlorobenzene and in the presence
of NaH, to give methanofullerene 2 in 64 % yield (corrected;
25% of starting Cy recovered), as a single isomer.

Methanofullerene 3 was synthesized according to Isaacs
and Diederich!®! and converted into the most stable isomer,**
the [6,6]-closed form, by heating. The characterization results
were consistent with those previously obtained by these
authors.

The purity of the [6,6]-ring bridged methanofullerenes 1, 2,
and 3 was verified by chromatography, mass, infrared, 'H and
13C NMR spectroscopies. Complete details of the syntheses
and characterization of the [6,6]-ring bridged methanofuller-
enes 1, 2, and 3 and of intermediate compounds are described
in the Experimental Section.
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Absorption spectra of the ground singlet state of the Cg;
derivatives

General characteristics: Room-temperature absorption spec-
tra of the three methanofullerenes 1, 2 and 3 in toluene and
cyclohexane are shown in Figures l1a and 1b, respectively.
In the visible region, the absorption spectra of the Cg
methanofullerenes exhibit three distinct features whose
principal peaks and molar absorption coefficients in toluene
(Figure 1a) are:

for 1: a sharp band at 432 nm (2410M~'cm™'), a broad band
peaking at 492 nm (1520M~'cm™!), and a group of weak
structures in the 650—700 nm region whose strongest feature
is at 694 nm (219M'cm™);

for 2: similar features at 433 nm (2660M~'cm™'), 490 nm
(1910m~'em™') and 698 nm (215m~'cm™1);

for 3: similar features at 429 nm (2620M~'cm™!), 492 nm
(1510M'cm~') and 691 nm (195M'cm™).

a 05.
0.4} Q
=4
8
@ 03] 2
2 < :
[+
S 02} i 0430 440
8 i Wavelength / nm
<
0.1}
0.0 . i
400 500 600 700
b 04,
; 8 10 Sy
0.3} g Y \'/2
; 5 §
§ | § 0.51 \\/‘
8 0.2; 0.0l
£ 2 200 360 400
3 Wavelength / nm
<
0.1L
0.0 . . Y,
400 500 600 700

Wavelength / nm

Figure 1. Ground-state absorption spectra, recorded at room temperature,
of methanofullerenes 1, 2, and 3: a) in toluene, 10~*m, 400750 nm (inset:
detail of 380-450 nm region); b) in cyclohexane, 10~*m, 400-750 nm
(inset: 10~>M, detail of 200—450 nm region).

In the aliphatic solvent cyclohexane, the corresponding
band features are blue-shifted by 2—-3 nm, and their absorp-
tion coefficients are slightly modified. The values for 3, for
example, are 426 nm (2900M~!cm™'), 491 nm (1530Mm~'cm™?)
and 689 nm (252M~'cm™).

These three new bands, not present in Cg,, are very similar
to those reported for several other methanofullerenes.™! The
sharp band at ~430 nm has been considered as characteristic
of [6,6]-closed ring bridged methanofullerenes,” and is also
present in dihydrofullerene'”! and cyclohexyl-fused pseudo-
dihydrofullerenes.'’!") This 430 nm peak is absent in [6,5]

0947-6539/98/0402-0272 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 2





Methanofullerene

270-278

fulleroid structures."2!) The broad band peaking at around
500 nm is observed in [6,6]-closed ring fullerene structures
where the adduct is linked to the fullerene by a A bridge (e.g.,
C4O™ and the closed-ring isomer of CyH,!) and is not
exhibited in cyclohexyl-fused pseudo-dihydrofullerenes.['-""]
The longest wavelength absorption, around 700 nm for all
methanofullerenes, is also present in cyclohexyl-fused pseu-
do-dihydrofullerenes.'’¥) Complex functional group effects
on the spectra have been reported by Cardullo et al.?* for
multigrafted C, with cyclopropyl- and cyclohexyl-fused
functionalization.

It is striking that the sharp bands in the 400410 nm region,
which are characteristic structural features of Cg,, are
broadened and attenuated to become mere shoulders in the
spectra of 1, 2, and 3 (Figure 1a, insert). Furthermore, in the
latter the two sets of broad bands with maxima at ~ 550 and
~ 600 nm that are prominent in Cg, spectra do not appear.
Thus, these methanofullerene spectra are distinctively differ-
ent from those of [6,5] ring-open methanofulleroids®? for
which spectral features similar to those of Cg, are clearly
observed in the visible spectral region.

On the other hand, the UV spectra of 1, 2, and 3 in
cyclohexane (Figure 1b, insert) exhibit strong bands which are
very similar to the strong features observed for Cg, in this
spectral region in n-hexane and at the same wavelengths and
with similar absorption coefficients in cyclohexane.?s! The
values for the three Cy; derivatives are given in Table 1, where

Table 1. Ground-state absorption of Cg and the methanofullerenes 1, 2,
and 3 in cyclohexane: peak wavelengths A (nm) and absorption coefficients
e (M'em™).

Ceo 1 2 3
A € A £ A € A €
257 158000 256 130000 258 110000 258 122000
329 49500 327 38000 326 33600 326 37000

they are compared with the corresponding bands of C4y. Each
of these compounds also has a strong band in the 210 nm
region. Its absorption coefficient cannot be measured as
accurately as for the other bands because of increased solvent
absorption close to 200 nm. Note that the UV peak absorption
coefficients of 1, 2, and 3 in cyclohexane are smaller than
those of Cq, in n-hexane or cyclohexane. The diminished value
is consistent with loss of two m-type electrons in going from
Ceo (60 m-type electrons) to the [6,6] closed-ring methanoful-
lerenes (58 mt-type electrons).

These results suggest that the adduct strongly perturbs the
numerous forbidden transitions of Cg, that occur in the visible,
and possibly gives rise to some new states (see later), whereas
the allowed transitions in the ultraviolet are relatively less
affected, in energy and in transition strength, by interaction of
the adduct with the quasi-m system of electrons of the
fullerene cage.

Towards specific assignments: After these general consider-
ations, we now examine in more detail the perturbations
induced by the adducts, in order to interpret the features
observed in the visible-region spectra.

Chem. Eur. J. 1998, 4, No. 2
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In Cq, the allowed T),—'A, transitions, which occur in the
UV below 400 nm, arise by excitation from the HOMO
(symmetry A,) to the second excited configuration, LUMO+1
(tig), as well as from HOMO -1 (h,) to LUMO (t,)
excitations.”! The visible-region forbidden transitions, in-
duced by Herzberg —Teller vibronic interactions, occur by the
lower-energy excitation from HOMO (h,) to LUMO.

Let us consider how the orbitals, electronic states, and
transitions of Cg, are transformed in going to methanofuller-
enes and methanofulleroids. In C, the t;, LUMO is triply
degenerate. Arias et al.?!l have deduced from electrochemical
studies that this triple degeneracy appears to be approxi-
mately valid in methanofulleroid LUMOs, whereas in 58 -
electron methanofullerenes, the LUMO is approximately
doubly degenerate. Indeed, methanofulleroids, which retain
60 mt-type electrons, are considered to be isoelectronic with
C60.[10]

Further relevant information is provided by density-func-
tional calculations carried out by Curioni et al.’”) on the
structure and electronic properties of the two isomers
(methanofullerene and fulleroid) of C¢H, using the local-
density approximation. Their results show that although
symmetry is lowered in CyH, relative to (1) Cg, transitions
to the LUMO-derived states remain dipole-forbidden be-
cause the character of the corresponding orbitals is hardly
changed. This is consistent with the general weakness of the
transitions observed in the visible region of methanofuller-
enes in our work. A particularly interesting result of the
density functional calculations is that, in C4H,, the admixture
of new states localized on the methylene group occurs at
energies above that of states issuing from the LUMO-+1
configuration. In the methanofullerene isomer, but not in the
methanofulleroid variant, a new state occurs which has a large
amplitude on the methylene group. This state could be
responsible for the sharp band observed at ~430 nm in CyH,
and analogously in other methanofullerenes which contain a
bridge apex carbon. This assignment requires confirmation, in
particular by many-body calculations of the excited molecular
states.

We further note that a band at about 430 nm is not limited
to methano-bridged methanofullerene compounds, since a
similar band is also observed in di- and tetrahydrofullerenes
and in pseudo-dihydrofullerene derivatives resulting from
cycloadditions.'?'8281 Tf there is a common electronic struc-
tural origin to this band in the different derivatives, which is
not certain, it would probably be related to the existence of
less than 60 m-type electrons on the carbon cages in each of
these cases. In this connection, we note that the 430 nm band
is not seen in methanofulleroids, which retain the 60 w-type
electrons in an expanded fullerene system where the adduct
hardly modifies the conjugated system of the C, moiety.
Further theoretical work is required in order to clarify the
430 nm band assignment.

Having examined the possible origin of the sharp band at
~ 430 nm, we now consider interpretation of the broad band
at ~495 nm. As discussed above, the adducts to C4 mainly
perturb the orbitals giving rise to Herzberg—Teller-induced
forbidden transitions in the visible. Calculations show that the
HOMO-LUMO gap in the prototype methanofullerene
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Cq H, is not modified by more than 0.2 eV
with respect to Cq.””! We therefore suggest
that the 495 nm band in the methanofuller-
enes is derived from one or more of the
transitions corresponding to the y and o
bands in the 500 - 620 nm region for Cy,, that
is, the 1'Ty,-1'A,, 1'Tp—1'A,, 1'Ty—
1'A and possibly the 1'G,—1'A?!

0.04 \\ / ",

o

transitions of the 7, molecule. a T

The group of weak features close to
700 nm could also be derived from one of
these orbitally forbidden transitions in Cg.
An alternative possibility is that the 700 nm
features arise from a spin- (and possibly
orbitally) forbidden transition to the lowest
triplet state. A similar assignment has been
proposed for the very much weaker bands of
Cyoin this region,?®l as well as, on the basis of
theoretical calculations, for the similar but
stronger bands observed in Cq,—anthracene
Diels— Alder adducts of CgP? and in
CoH,.'1 Tt is our intention to eventually
test this possible assignment experimentally.
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Finally, it is of interest that oxo- and 500

methylene-bridged C,, dimers have an es-
sentially featureless absorption spectrum in
the 400-700 nm visible region.! In these
dimers, carbon—carbon bonds link two C,
molecules, and the oxygen atom or the
carbon of the methylene group forms the apex of a bridge
between these two cages. Although it is clear that this
structure severely perturbs the LUMO and the states issuing
from it, the dimer absorption spectra in the 200-400 nm
region show that perturbation of the configurations giving
rise to the allowed transitions mainly affects their relative
dipole oscillator strengths, but hardly effects their energies at
all.

Triplet absorption spectra: Figure 2a shows the triplet-minus-
singlet difference absorption spectra of 1 and 2 obtained by
laser flash photolysis of simple ~10~*m solutions of the
methanofullerenes in toluene; Figure 2b shows the same
spectra, including that of 3, obtained after pulse radiolysis of
~10~*m solutions of the methanofullerenes in benzene in the
added presence of 10~!m biphenyl as triplet sensitizer.

It can be seen that the absorption profiles of all three
methanofullerenes are identical within experimental error,
with a maximum located at ~720 nm. The shape of this
720 nm absorption band is similar to that of the 750 nm
absorption of Cy, except that for the methanofullerenes there
is an additional shoulder around 820 nm. This blue shift by
30 nm of the triplet absorption maximum as compared to the
750 nm A,,, of Cg, triplet absorption is also observed for other
methanofullerenes, including Cg,(COOEt),.* The blue shift
is slightly larger for double and triple cyclopropanation of C,,
giving A, at 690 nm and 650 nm, respectively.’**! For a
number of pseudo-dihydrofullerenes, including cyclohexyl-
fused and fulleroproline derivatives, the triplet absorption
maximum is located at =700 nm.[71836-3]
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The energies of the observed triplet—triplet absorption
bands of Cg, in the 300—800 nm region fit reasonably well with
calculated values of allowed *H,—1’T,, and °G,«— 1°T,
transitions.*’] In particular, the strong 750 nm band can be
assigned to the 2°G, « 13T, transition. It appears likely that
the 720 and 820 nm triplet —triplet absorption features of the
three methanofullerenes are related to the 2°G, — 1°T,, and
2’H,«— 1T, transitions of Cg, which are predicted to give
rise to bands at 740 and 820 nm,[*” respectively, in this parent
fullerene.

Determination of the quantum yield of singlet oxygen
production: Methanofullerene-sensitized production of sin-
glet oxygen, assessed by the amplitude of 'O,('A,) phosphor-
escence at 1270 nm, was compared with that obtained for Cy,.
The data for 1 given in Figure 3 allowed us to determine the
ratio of the slope ak of 'O, production sensitized by 1 as a
function of pulse energy, to that determined for 'O, produc-
tion sensitized by Cg, chosen as standard, a%. The quantum
yield @}of singlet oxygen production by the methanofuller-
ene was then calculated from the slope ratio after correction
for the corresponding absorbances Ass;, of the solutions at
532 nm, the laser excitation wavelength [Eq. (1)].
@i = (ak/a) x (Af,/ALy) x P} 1)

The quantum yield of singlet oxygen production for Cg,, @%,
being near unity,[*"*] Equation (1) enabled us to determine a
@, value for the three Cq; fullerene derivatives of near unity
(see Table 2), with a maximum error of 20 % . Moreover, as @,
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Figure 2. Triplet-minus-singlet difference absorption spectra of: a) 1 and 2 in toluene obtained by
laser flash photolysis; and b) 1, 2, and 3 in benzene obtained by pulse radiolysis.
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Figure 3. Photosensitized singlet oxygen production in oxygen-saturated
perdeuterated toluene measured at its maximum concentration after the
laser pulse and sensitized by the triplet of a) 1 (m), b) Cq, (@) plotted as a
function of laser pulse energy. (As;»=0.20 and 0.24 for 1 and C,
respectively, in a 1-cm cell).

Table 2. Quantum yield of methanofullerene-photosensitized production
of '0,(®,) and molar absorption coefficients (er in M~'cm™') at the
methanofullerene triplet maxima.

Methanofullerene @, erat 720 nm

laser flash photolysis pulse radiolysis

1 1.04 14600 14000
2 0.96 13800 12000
3 0.95 - 15100

can only be smaller or equal to the quantum yield of triplet
formation @, the @ of the three Cg; derivatives must also be
near unity.

These high @ and @, values are similar to those observed
for bis(carboethoxy)[61]fullerene, 1,2-epoxy[60]fullerene,*!
and cyclohexyl-fused [60]fullerenes.'>*! It should be empha-
sized that functionalized fullerenes containing an electron-
donating moiety can undergo a photoinduced intramolecular
electron transfer process in polar solvents and exhibit a large
decrease of singlet —triplet intersystem crossing.?%3]

Determination of the triplet molar absorption coefficient

By laser flash photolysis: Using the comparative method,[#-4]
it is possible to estimate the molar extinction coefficients of
the C4 fullerene derivative triplets. The concentration of
triplet molecules formed in the methanofullerene solution,
with unknown triplet molar absorbance coefficient & but
known @ (~ 1), is compared with the concentration of triplet
formed in a solution of Cg, chosen as standard with known &5
(20200Mmtecm~) at its 750 nm peak*! and known @t of near
unity.*42l The maximum transient absorbance AA%} of the
triplet of unknown molar absorption coefficient, and of the
standard, AAY, are plotted as a function of laser pulse energy
(see Figure 4 for 1). The slopes of these plots, a} and a, are
satisfactory straight lines. Furthermore, in the range of
laser pulse energies used, the depletion of the ground state
spans 1% to 10%; thus, we have favorable conditions for
using the comparative method.*#1 For solutions such
that the ground state absorbance at 532 nm is A! for the
unknown, and A® for the standard, it can be easily
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Figure 4. Maximum transient absorbances, AA1, (m), 720 nm and AAS,
(@), 750 nm, plotted as a function of laser pulse energy. (As;, = 0.17 and 0.11
for 1 and C, respectively, in a 1-cm cell).

shown[* that Equation (2) holds, where ¢ is the molar
(er— ) 1=(PY/PY) x (at/at) x &f x (AYAT) @

absorption coefficient of the molecule in its ground state.
From Equation (2) and the data shown in Figure 4, a triplet
molar absorption coefficient of 14600+3000M'cm™! at
720 nm was obtained for methanofullerene 1, the ground-
state absorption at this wavelength being negligible (see
Figure 1). In an analogous manner, an &y of 13000+
2600M~'cm~! at 720 nm was obtained for 2.

By pulse radiolysis: Independent estimates of the molar

absorption coefficients of 1, 2, and 3 were obtained using the

energy transfer method*#7] and pulse radiolytic excitation.

The lowest triplet of each methanofullerene in benzene was

produced by energy transfer from the triplet excited state of

another solute, biphenyl, with a well-characterized e of

27100M 'cm ! at 365 nm,[*"l present in greater concentration

(10~'m versus (1-2) x 10~*m). Three reactions must be taken

into account in this system:

1) Decay of the donor triplet 3B to its ground state Bg:
*B=-Bg:

2) the energy-transfer reaction 3B+C6LE>BG+3C61;

3) decay of the acceptor triplet 3Cg, to its ground state while it
is being formed: 3Cmﬁ»Cm.

Typical values of the rate constants obtained for methano-
fullerene 1 were k;=4.3x10*s™!, k,=k+k,[Cq]=1.12 x
10°s7!, and k;=3.34 x 10* s~

The maximum absorbance of 3Cg; at 720 nm reached at the
end of the energy-transfer reaction, corrected for decay of the
donor triplet *B by routes other than energy transfer, is given
by Equation (3), and the maximum absorbance of 3Cg
corrected for decay of 3Cy; during its formation is given by
Equation (4). The correction for decay of the 3B state by

Azgcor = Ao X [kl (ky — k1) 3)

A cor = A0 X €Xp [(In Ko/ k3)/ (Kol ks — 1)] 4

routes other than energy transfer was typically ~4 %, and
that for decay of ’Cy during its formation was typically
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~ 11 % . The resulting estimate for methanofullerene 1is given
in Equation (5). This value is in good agreement with

er(’Cqy) at 720 nm =g (°B) at 365 nm x A5,(’Cg;)/As45(°B)
= 14000+ 1400M"cm"! 5)

the corresponding molar absorption coefficient obtained in
the above laser flash photolysis determination. The corre-
sponding & values obtained by pulse radiolysis for 2 and 3 are
collected in Table 2.

This decrease of the triplet molar absorption coefficient
compared with that of C4, has been observed for a number of
Cy derivatives such as hydrofullerenes!'”! and cyclohexyl-
fused pseudo-dihydrofullerenes.['%363]

Conclusion

Functionalization of Cy, by different methanofullerene syn-
theses leads to molecules which might have very different
chemical, mechanical, or solvatochromic properties.?l How-
ever, as the electrochemical studies of Boudon et al.
showed,™! the sp* C atoms in the methano bridges of
methanofullerenes can act as insulators and greatly reduce
the effects of the nature of substituents. Our results on three
very different functionalizations enable us to confirm that the
photophysical properties of methanofullerenes could be
rather similar in certain cases, at least when the functional-
ization does not involve an electron donor.’””l The sharp
band at ~430 nm in the S, « S, absorption spectrum could be
linked to the existence of less than 60 mt-type electrons on the
carbon cages, since a similar band is observed in di- and
tetrahydrofullerenes and in pseudo-dihydrofullerene deriva-
tives resulting from cycloadditions,'?!8] but not in methano-
fulleroids; the latter retain the 60 m-type electrons in an
expanded fullerene system. We further observe that the
triplets of the three methanofullerenes we have studied have
common general characteristics, namely: a) a triplet inter-
system crossing efficiency @1 and a corresponding quantum
yield of singlet oxygen production, ®,, near unity;b) a 30 nm
hypsochromic shift of the main visible triplet absorption band
as compared to the 750 nm main band of *C, in toluene or
benzene, lower than the 50 nm shift of a number of pseudo-
dihydrofullerenes, including cyclohexyl-fused and fulleropro-
line derivatives;[?183¢31 and c) a lower (by ~25%) triplet
molar absorption coefficient than that of 3Cy,.

The fact that our methanofullerenes have similar quantum
yields for singlet oxygen formation as does Cg itself suggests
that such derivatization, avoiding a coupling with an electron
donor, will not lower their biological photosensitization
efficiency were they to be used, for example, in photodynamic
therapy.[*”l For such an application, appropriate adducts could
be chromophores absorbing in the red spectral region of
highest tissue transparency. Moreover, the possibility of
varying the adduct provides the opportunity to modify the
methanofullerene lipophilicity and consequently the site of
intracellular delivery.
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Experimental Section

Materials: Reagents used were the best available commercially. Cyy was
purchased from Technocarbo, Les Cyclades, Chemin de Camperousse, F-
06130 Plan de Grasse (France). Tetrahydrofuran and toluene were distilled
over sodium/benzophenone, 1,2-dichlorobenzene over calcium hydride,
pyridine over potassium hydroxide, and fert-butanol over sodium. All other
solvents were used as supplied (minimum purity 99 % ).

Characterization: IR spectra were obtained on a Nicolet—Impact 400D
FTIR spectrometer. 'H and *C NMR spectra were measured on a Bruker
AC200 (250 MHz) instrument for the intermediate compounds and a
Bruker Avance DRX 400 (400 MHz) instrument for the methanofullerenes.
Mass spectra were recorded on a Nermag R 10-10S spectrometer [electron
impact (EI) or chemical ionization by CH, or NH;]. Chromatographic
analysis was performed on a C18 Interchrom (150 x 4.6)-type ODS2
column and a Waters 600 E system controller equipped with a Waters 991
photodiode array detector (190-800 nm). Data were collected on a NEC
Powermate SX/16 computer. Melting points were recorded on a Biichi 535
instrument. A Kontron model Uvikon 940 spectrophotometer was
employed for spectral measurements of the ground-state Cg; derivatives
(bandwidth 0.3 nm, data interval 0.1 nm). The sources of solvents were:
Prolabo RP, France (toluene); SDS, France (perdeuterated toluene); and
Fluka, Switzerland (cyclohexane, solvent for luminescence spectroscopy).

Time-resolved spectroscopic methods: For the determination of the Cg
fullerene triplet properties, we used the complementary time-resolved
techniques of laser flash photolysis and pulse radiolysis. In the photolysis
experiments we used frequency-doubled, 532 nm, 6 ns pulses emitted by a
Nd:YAG laser (Quantel YG58510G, France), at a frequency of 10 Hz. The
detector for the triplet—triplet absorption was an OMA3 built by
Princeton Applied Research with detector interface model 1461, gated
diode array model 1455BHQ and pulse amplifier model 1304, interfaced
with a Hewlett—Packard 9000 computer. The laser pulse energy was
measured in mJ by a laser monitor (model 900) built by Laser
Instrumentation. The detector for the 'O, phosphorescence emission with
Amax @t 1.27 pm was a 3-mm diameter Judson J16 germanium photodiode,
the resulting voltage being applied to a Judson amplifier and fed to a
Nicolet model 206 digital oscilloscope. Each transient spectrum resulted
from an accumulation of spectra produced by 100 laser shots. The solvent
used for the 'O, measurements was [Dg|toluene, since the detection of 'O,
in this solvent is facilitated by its relatively long intrinsic lifetime (=
320 ps). In the radiolysis measurements we used single 20—-100 ns pulses
of 9-12MeV electrons delivered by a Vickers linear accelerator.3!]
Analyzing light from a xenon lamp was passed through a Kratos
monochromator onto an EMI 9558Q photomultiplier for wavelengths
between 350 and 780 nm, and a UDT PIN 10 photodiode between 780 and
1080 nm. Changes in absorbance with time were recorded with a Tektronix
7612 AD digitizer fitted with a DAN 486 DX 33 computer. Solutions of the
methanofullerenes in benzene (Romil, super purity solvent) were con-
tained in spectrosil quartz cells of 2.5 cm optical path length.

Bis(4-tert-butylbenzoate)methanone (6): Compound 5 (4.32 g, 14.1 mmol),
anhydrous fert-butanol (6.6 mL), and anhydrous pyridine (5.4 mL) were
refluxed under argon for 25 hours. After cooling, pyridinium hydrochloride
was filtered off, and the filtrate was extracted with dichloromethane
(100 mL) and washed with aqueous hydrochloric acid (0.1m, 50 mL) and
then water (50 mL). The organic extract was dried over sodium sulfate, and
the solvents were evaporated off. Subsequent recrystallization from hexane
afforded 6 as pure white crystals (4.175 g, 77.7%, m.p. 122°C). '"H NMR
(CDCLy): =791 (d, 4H, J=825Hz), 762 (d, 4H, J=825Hz), 143 (s,
18H); ¥C NMR (CDCl,): 6 =195.46 (s), 164.71 (s), 140.15 (s), 135.46 (s),
129.64 (CH), 129.34 (CH), 81.76 (O -C), 28.07 (:Bu); IR (KBr): 7 =2999.1,
29719, 2931.6, 2869.9, 1710.8, 1658.7, 1502.5, 1477.4, 1460.0, 1406.0, 1392.5,
1367.4, 1313.4, 1298.0, 1253.7, 1163.0, 1120.6, 1016.4, 929.6, 873.7, 848.6,
721.3 cm™'; MS (NHs): m/z (%) =400 (100) [M+NH,]*, 383 (85) [M+H]*,
327 [M — tBu+2]*, 309 (40); R;=0.66 (hexane/ethyl acetate:4/1).

Bis(4-tert-butylbenzoate)methanotosylhydrazone (7): Diester 6 (2.31g,
6.05 mmol, 1equiv) in ethanol (80 mL) was refluxed under argon with
tosylhydrazide (2.25 g, 12.1 mmol, 2 equiv) for 3 hours, then stirred at room
temperature overnight. Ethanol was evaporated off, and crude 7 was
purified by flash chromatography on silica gel with CH,Cl, as eluant. After
evaporation, pure 7 was obtained as white crystals (2.73 g, 82 % ). 'H NMR
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(CDCL,): 6 =799 peaks (2p, 2H), 772 (m, 4H), 748 (s, 1 H), 731 (2p, 2H),
72 (2p,2H), 705 (2p, 2H), 2.29 (s, 3H), 1.45 (2p, 18 H); BC NMR (CDCl,):
0=165.06, 164.51, 152.18, 144.39, 139.45, 135.21, 134.56, 133.79, 133.04,
130.86, 129.72, 129.3, 128.23, 127.87, 127.11, 81.85, 81.32, 28.09, 21.6; IR
(KBr): 7=3158.1, 2977.7, 2931.4, 1710.7, 1596.9, 14773, 1458.0, 1405.9,
1368.3, 1351.0, 1311.4, 1298.9, 1256.5, 1185.1, 1168.7, 1121.5, 1054.9, 1018.3,
974.9, 882.3, 862.1, 846.6, 814.8, 782.0, 705.9, 681.8, 557.4, 549.6 cm~!; MS
(NH,): m/z (%) =551 (100) [M+1]*; R;=0.37 (hexane/ethyl acetate:4/1).

61,61-Bis[4-tert-butylbenzoate]-1,2-dihydro-1,2-methanofullerene[60] (1):
Cg (0.885 g, 1.23 mmol, 1 equiv) was dissolved in anhydrous degassed 1,2-
dichlorobenzene (250 mL), after which sodium hydride (60% in oil,
0.249 g) and 7 (0.686 g, 1.25 mmol, 1 equiv) were introduced. The mixture
was heated stepwise (1 h at 50°C, 2 h at 80°C, 1 h at 100°C, 1 h at 120°C,
1h at 140°C, and 1 h at 160°C) under argon. After cooling, the reaction
mixture was quenched with water (150 mL), stirred for 5 min, and filtered
on Celite®. The organic layer was decanted, washed with brine, and dried
over sodium sulfate, and the solvents were evaporated off. Crude 1 was
purified by flash chromatography on silica gel and eluted by hexane/
toluene (4/6). After evaporation, pure 7 was obtained as a brown powder.
The isomeric mixture was dissolved in chlorobenzene (100 mL) and
refluxed for 2 days under argon. Chlorobenzene was evaporated, and 1
(single isomer) was obtained after chromatography as a brown powder
(0.635 g, 47.6%). '"H NMR (CDClLy): 6=8.17 (d, 4H, J=8.5 Hz), 8.10(d,
4H, J=8.5Hz), 159 (s, 18H); *C NMR (CDCL): 6=165.10, 147.42,
145.24, 145.21, 145.14, 144.73, 144.66, 144.54, 144.35, 143.81, 143.02, 142.96,
142.64, 142.14, 142.10, 140.98, 138.12, 132.02, 130.81, 130.06, 81.36, 78.22,
57.05, 28.19; IR (KBr): #=2971.4, 1713.7, 1611.9, 1291.1, 1168.9, 1118.0,
720.8, 5273 cm™'; MS (NH;): m/z (%)=975 (1) [M]*, 887 (10) [M—
2(COxBu)*, 720 (25) [CglT, 224 (100); HPLC: f,=3 min (toluene/
acetonitrile: 45/55), t,=14.8 min (toluene/acetonitrile: 35/65); UV/Vis
(CH,CL): Anux(e) =223 (128482), 259 (136168), A,..(€) =223 (128000),
259 (136000), 329 nm (38000M~'cm™).

Bis[4-(hydroxymethyl)phenyl]methanone (9): Mercuric oxide!"” (6.55 g,
0.0302 mol, 2.09 equiv) was introduced into dimethoxyethane (79 mL), and
then perchloric acid (70%) (5.6 mL, 9.352 g, 0.093 mol, 6.46 equiv) and
water (2mL) were added. The mixture was stirred for 20 min at a
temperature between 40 and 60 °C. Distilled water (10 mL) and 8 (5.60 g,
0.0144 mol, 1 equiv) were then introduced. The mixture was stirred at 40—
60°C for 1 h. Water (100 mL), potassium chloride (10 g), and ethyl acetate
(100 mL) were then introduced, and the mixture was stirred for a few
minutes. Potassium perchlorate was filtered off and rinsed with ethyl
acetate (20 mL). The mixture was then further extracted with ethyl acetate
(2x 100 mL). Organic extracts were pooled and washed with saturated
aqueous potassium carbonate solution (50 mL), and the mercuric carbo-
nate was filtered off. The organic layer was washed with brine (50 mL) and
dried over sodium sulfate. The solution was then evaporated, and the
resultant crude 9 was purified by flash chromatography on silica gel
(hexane/ethyl acetate (1/1), then ethyl acetate). Solvents were evaporated,
and pure 9 was obtained as a white solid (2.51g, 72%). 'H NMR
([Ds]DMSO): 6 =775 (d,2H, J=8.1 Hz), 7.54 (d, 2H, J=8.1 Hz), 4.76 (d,
2H, J=5.75Hz), 444 (t, 1H, J=775Hz), 2.84 (s, 3H); 3C NMR
([Ds]DMSO): 6 =195.6, 147.9, 136.0, 129.92, 126.94, 62.78; IR (KBr): 7=
3333.2, 3244.5, 2912.7, 2858.7, 16473, 1608.7, 1412.0, 1311.7, 1288.5, 1145.5,
1114.9, 1087.9, 1045.5, 1014.6, 929.7, 856.4, 821.7, 748.4, 686.7, 628.8 cm™;
MS (NH;): m/z (%) =260 (10) [M+18]*, 243 (100) [M+1]*, 135 (35).

Bis[4-(tert-butyldiphenylsilyloxymethyl)phenylJmethanone (10): Diol 9
(1.78 g, 7.36 mmol, 1 equiv) was dissolved in anhydrous tetrahydrofuran
(25 mL), and then triethylamine (1.637 g, 16.18 mmol, 2.2 equiv) and 4-
dimethylaminopyridine (0.090 g, 0.736 mmol, 0.1 equiv) were introduced.
The mixture was stirred for a few seconds at 0° C. tert-Butyldiphenylsilyl-
chloridel'®l (4.448 g, 16.18 mmol, 2.2 equiv) was introduced, and the
temperature was maintained at 0°C for 2 h. The mixture was then stirred
overnight at RT. Triethylammonium chloride was filtered off and washed
with diethyl ether. Solvents were evaporated, and the resultant crude 10
was purified by flash chromatography on silica gel (hexane/ethyl acetate:
95/5, or pure toluene). Pure 10 was thus obtained as a colorless, very viscous
oil (3.59 g, 71%). 'H NMR (CDCl;): 6 =7.68 (m, 4H), 7.59 (m, 8H), 7.11
(m, 16H),4.74 (s,4H), 1.01 (s, 18 H); *C NMR (CDCL): 6 =196.27, 145.77,
136.42, 135.53, 133.20, 130.15, 129.80, 127.79, 125.54, 65.14, 26.81, 19.3; IR
(NaCl) 7=3070.5, 3049.3, 2958.6, 2931.6, 2891.1, 2858.3, 1656.8, 1608.75,
1471.6, 14272, 1375.2, 1361.7, 1309.6, 1278.7, 1207.4, 1111.1, 929.7, 825.6,
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744.6,702.1, 609.5 cm=1; MS (NH,): m/z (%) =736 (20) [M+18]*, 720 (65)
[M+2]*, 719 (100) [M+1]*, 274 (80); R;=0.59 (SiO,/toluene).

Bis[4-(tert-butyldiphenylsilyloxymethyl) phenyl Imethanotosylhydrazone
(11): Compound 10 (2.824 g, 3.9 mmol, 1 equiv), p-toluenesulfonylhydra-
zide (0.904 g, 4.8 mmol, 1.2 equiv) and toluene (100 ml) were refluxed for
2 days under argon. Toluene was evaporated off under reduced pressure
down to 5 mL, and crude 11 was purified by flash chromatography on silica
gel (toluene) to yield pure 11 as a colorless, very viscous oil (2.2 g, 87 %),
which solidified on standing. "H NMR (CDCl;): 6 =8.04 (2p, 2H), 7.87 (m,
8H), 7.56 (m, 20H), 7.24 (2p, 2H), 5.01 (s, 2H), 4.92 (s, 2H), 1.31 (s, 9H),
1.25 (s, 9H); C NMR (CDCly): 6 =154.35, 144.07, 143.29, 143.04, 135.58,
135.51, 135.20, 133.32, 133.14, 129.87, 129.74, 129.66, 129.57, 128.19, 127.91,
127.82, 12774, 127.57, 127.08, 125.64, 65.12, 64.97, 26.66, 26.80, 21.61, 19.30;
IR (KBr): 7=3436, 3217, 3070, 2957, 2930, 2889, 2857, 1653, 1616, 1595,
1472, 1432, 1381, 1349, 1169, 1122, 1091, 825, 741, 715, 664, 610, 554,
512 cm™'; MS (NHa;): m/z (%) =887 (75) [M+1]*, 274 (25), 206 (25), 204
(30), 190 (50), 189 (45), 174 (100), 156 (10); R;=0.29 (hexane/ethyl acetate
9:1) or 0.25 (toluene).

61,61-Bis[4-(tert-butyldiphenylsilyloxymethyl)phenyl]-1,2-dihydro-1,2-me-
thanofullerene[60] (2): Cq, (0.2 g,0.277 mmol, 1 equiv) was dissolved under
argon in anhydrous, degassed 1,2-dichlorobenzene (50 mL), after which 11
(0.26 g, 0.293 mmol, 1.3 equiv) and sodium hydride (60% in oil, 0.041 g,
1.03 mmol) were added. The mixture was heated stepwise (1.5 h at 50°C,
2h at 80°C, 1 h at 100°C, 1 h at 120°C, 1 h at 140°C and 1 h at 160°C)
under argon. After cooling, the reaction mixture was quenched with water
(150 mL), stirred for 5 min and filtered on Celite®. The organic layer was
decanted, washed with brine, and dried over sodium sulfate, and the
solvents were evaporated off. Crude 2 was purified by flash chromatog-
raphy on silica gel and eluted by hexane/toluene (4/1) to obtain pure 2
(single isomer shown by HPLC, confirmed by NMR) as a brown powder
(0.395 g,25 % of starting Cq, recovered, 64 % yield). 'H NMR (CDCl,): 6 =
8.125 (2p,4H), 7.75 (m, 8H), 745 (m, 16 H), 4.89 (s, 4H), 1.18 (s, 18 H); °C
NMR (CDCl;): 6 =148.42, 145.41, 145.17, 145.08, 144.69, 144.64, 144.61,
144.24, 143.84, 143.00 (Cy), 142.91, 142.27, 142.11, 141.00, 140.84, 138.20,
137.64, 135.59, 133.29, 130.75, 129.75, 129.03, 128.22, 127.74, 126.16, 79.18,
65.18, 58.03, 26.91, 19.34; IR (KBr): 7=3067, 3046, 3024, 2955, 2928.34,
2886.15, 2854.58, 1510, 1462, 1426, 1373, 1208, 1184, 1110.1, 1085.6, 1018,
823,739, 701.3, 606, 575, 555, 526, 505 cm~'; MS (NH;): m/z (%) = 1441 (75)
[M+NH,]*, 1424 (20) [M+1]", 1383 (10) [M —40]*, 720 (30), 272 (50), 216
(100); HPLC: t,=7.17 min (toluene/acetonitrile: 45/55).

61-[ (Ethoxycarbonyl)methylcarboxylate]-1,2-dihydro-1,2-methanofuller-
ene [60] (3): This compound was synthesized according to the method of
Isaacs and Diederich.l¥! The characterization results were consistent with
those previously obtained by these authors.
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Abstract: The novel tetracobalt cluster
complexes [Co,(CO)e(7>-CHy) (us-
GH;)] (8) and [Co,(CO)4(1*-CHg) (-
CgHg)] (9), which contain facial C,H,
ligands, were obtained in high yield from
[Co4(CO);,] (5) and cycloheptatriene or
cyclooctatetraene, respectively, in boil-
ing n-heptane. Treatment of 9 with
[Fe(CO);s], cyclohexadiene or 6,6-diphe-
nylfulvene gave the derivatives [Co4
(CON(L)(us-CsHy)], 10 [L=(CO),], 11

CsH,CPh,). The crystal structures of
8-11 were determined. The facial
(face-capping) C;H; ligand in 8 adopts
a us-n?:n*1p® coordination mode to a Cos
face of the tetracobalt cluster. The
coordination geometry of the facial
CgHg ligands in 9-11 can be viewed as

Keywords: carbocycles - clusters -
cobalt - facial ligands -
bonds

within a continuum limited by u;-
>y and ps-n® %3, In solution, 8-
12 are highly fluxional (rapid reorienta-
tion of the u;-C,H,, ligands, rapid hapto-
tropic shifts involving the apical C,H,
ligand in 9). The crystal packing of §—11
has been examined in detail; the hydro-
gen atoms of the cycloheptatrienyl and
cyclooctatetraene ligands take part in

(L=9n*C¢Hg), and 12 (L=n*

Introduction

The cyclic m-perimeters C,H, have been popular ligands in
transition metal complexes right from the start of modern-day
organometallic chemistry. Complexes with such ligands, for
example [(CsHs),Fe], [(C¢Hg),Cr], and [(CgHg),U], are
among the milestones of organo transition metal chemistry.
The intermediate-sized C,H, rings (n=5-8) are not only
capable of bonding to a single metal, but are also able to
bridge metal —metal-bonded M, or Mj; entities. Complexes
where a Mj; triangle is capped by the C,H, ligand are
important test cases for the postulated analogy between
(metal) surfaces and molecular (metal) clusters,!! since this
type of facial coordination is thought to resemble the
adsorption states of such ligands on metal surfaces.’! Tt is
somewhat surprising that up to now significant molecular
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e e intra- and intermolecular hydrogen
yeros bonding interactions of the C—H---O
type.

chemistry of such species (i.e. u3-C,H, cluster complexes)
exists only for us;-arenes (n = 6), and that it has emerged only
in the last ten years or so.l!l In contrast to a considerable
number of dinuclear u,-arene complexes with quite diverse
structures and chemistry, there are still only two major types
of cluster complexes with us-arene ligands.”! These are
complexes based on M;, Ms, and Mg (M =Ru, Os) metal
carbonyl clusters®! on the one hand and systems with a
[(7-CsHs)M]; (M= Co, Rh) skeleton on the other.[ This
mismatch is even more pronounced with cyclopentadienyl
(n=5), cycloheptatrienyl (n="7) and cyclooctatetraene (cot,
n=238). Many mononuclear and a considerable number of
dinuclear complexes are known with these ligands,® but
reports of triply bridged oligonuclear species have been very
sparse.’!!l For n=35, 7, and 8, only one example of each has
been characterized structurally: [{(7-CsHs)Rh};(us-H)-
(us-CsHs)] (1), [{(CO)Ru}s(us-StBu)(us-C;H;)] (2),/' and
[{(CO)Ni}3{us-(CF;),Co}(us-CsHy) | (3).I') The CgH ligand in
[{(CO),Co};(us-CPh)(us-CgHg) ] (4) is also face-capping; how-
ever, only six carbon atoms of the Cg ring are bonded to the
metal cluster.[']

As an extension to our studies on us-arene clusters,!’] we
have been searching for synthetic routes to cluster complexes
with facial (u;-coordinated) conjugated unsaturated hydro-
carbon ligands other than arenes. Recent reports in the
literature on the complex surface chemistry of cyclopolyenes,
especially cot,l'*] sparked our interest in the possible
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coordination modes of the ligands C,H,, in which n> 6, to
molecular metal clusters. Here we report on a very simple
synthetic route to tetra-
cobalt carbonyl clusters
with facial C;H; and
CsHg ligands.

Another impetus
stems from the possible
participation of the
face-capping carbacy-
cles in intramolecular
and intermolecular in-
teractions. Now that the
issue of crystal engi-
neering is attracting so
much attention under
the general appeal of
supramolecular and ma-
terials chemistry, it is
recognized that organo-
metallic crystals may
possess important new
properties arising from 0 0

. cC ¢
the external interac-
tions of the ligands.l""! /
For example, the CO /C?
ligand has been shown / ;
AN
4

6

0. %
C
to act as a Lewis base \é\\

with respect to C-H c
donors in crystalline or- oC
gano transition metal
carbonyl complexes.['"]
Carbon monoxide pro-
vides hydrogen-bond- 10
ing acceptor sites of
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tunable basicity because its coordination mode with metal
centers in polymetallic systems can be varied. The order of
basicity is u;-CO > u,-CO > terminal CO and is reflected, in
the solid state, in an increase in the same direction of the
(C)H --- O distances.['®l The importance of such interactions of
varying strength in crystals of small organometallic clusters
has recently been demonstrated.'”) The class of compounds
discussed in this article combines the presence of CO ligands
in their different bonding modes with the presence of many
potential C—H donors. The roles played by C—H--- O bonds
and ring - ring interactions will be examined.

Results and Discussion

Preparation: The reaction of [Co,(CO);,] (5) with a number
olefins was previously studied by Kitamura and Joh.? With
cycloheptatriene in boiling n-hexane, these authors obtained
two products formulated as [Co,(CO)o(C;Hg)] (6) and [Co,-
(CO)¢(C;Hy),]. On the basis of 'H NMR data, an apically #°-
coordinated cycloheptatriene ligand was suggested for 6. No
detailed structure was suggested for the latter complex,
because of its alleged instability in solution, which was
claimed to preclude even NMR spectroscopy. In the same
investigation, a dinuclear complex, [Co,(CO),(CsHg)] (7), was
obtained in 2% yield as the only isolable product of the
reaction of 5 with cot in refluxing benzene.

H o H
H
H
Clo Clq
Oc/ \\co 0c”7 \\ 0
Oc @ cO oc. € O\ €
UL o
\/Co/ \,Co/
ot oc

Oc

[
7N\
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In the course of our reinvestigation of this work, we found
that 5 readily reacted with cycloheptatriene and cot in boiling
n-heptane to give the tetranuclear u;-C,H,, derivatives 8 and 9,
respectively. The dark green (8) and dark brown complexes
(9) precipitated from the reaction mixtures and were isolated
in 65% and 95% yield. During the formation of 8, the IR
bands of 6 are observed in the reaction mixture. The latter
complex is presumably formed in the first step of the reaction.
As judged from the relative intensities of the IR bands, its
stationary concentration is quite low under our reaction
conditions. A second, short-lived intermediate could be a
cluster complex with two cycloheptatriene ligands, which
would then undergo intramolecular hydrogen transfer to give
8. We were unable to detect such an intermediate in the
reaction mixture. It is also obvious that Kitamura and Joh’s
alleged [Coy(CO)4(C;Hy),] is no such intermediate. A com-
parison of the published IR data® with those of 8 clearly
shows that their product was in fact contaminated 8.

Complex 9 slowly decomposed in solution to give, in
addition to other products not yet identified, another cluster
complex with a face-capping cot ligand, [Co,(CO)g(us-CgHs) |
(10). Complex 10 was isolated in about 15% yield after
heating a solution of 9 in toluene at 80 °C. Much better yields
(about 80%) of 10 were obtained when 9 was heated with
[Fe(CO)s] in toluene at 80°C. Here the iron carbonyl
simultaneously serves as a source of carbon monoxide and
as an acceptor for the cot ligand (the complex [ (CO);Fe(cot)]
was identified as one of the products). In an atmosphere of
CO, 9 was readily degraded to [Co,(CO);]. During this
reaction, 10 was detected as an intermediate. With an excess
of cyclooctatetraene, 10 was converted back into the bis(cy-
clooctatetraene) derivative 9. This reaction crucially depends
on the solvent. In n-heptane, where the solubility of both 9
and 10 is low, clean conversion is effected at 100°C.

From the above observations it appears reasonable to
assume that cycloheptatriene first enters the tetracobalt
carbonyl cluster in an apical position to give 6. A second
molecule of cycloheptatriene encounters a sterically unfavor-
able situation as it becomes attached to a second apex of
the Co, cluster (necessarily adjacent to the Co(n°-C;Hy)
moiety). Therefore, migration of the cyclopolyene into the
Co; face-capping position may occur, accompanied or fol-
lowed by transfer of a hydrogen atomP! to the apical
cycloheptatriene ligand. It is even possible that a species
in which both C;Hg molecules are apically coordinated to
the cluster in the 7%mode may actually never be involved at
all.

For the cyclooctatetraene tetracobalt cluster complexes the
situation is less clear-cut. For obvious reasons, some tetraco-
balt mono-cot derivative must be formed in the first step of
the reaction. Indeed, complex 10 with only one (face-capping)
cot ligand was detected along with 9 in the precipitate if the
reaction was quenched after a short time. We cannot,
however, rule out the formation of 10 by the reaction of 9
with CO, which is, of course, present in the reaction mixture.
Therefore, it is not quite clear if the first cot ligand enters the
Co, cluster directly at the facial coordination site (to give 10),
or if an as yet undetected intermediate with an apical CgHy
ligand is involved. Such a primary species could either lose
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CO and take up a second cot ligand, which would then go into
the facial position, or else rearrange to give 10.

In the tricobalt alkylidyne cluster complex [Co;(CO)q(us-
CPh)], substitution of CO by cot results in a facially
coordinated us-n?:m>:m>-CsHg ligand (complex 4), whereas
with arenes, only products with an apical #7°-coordinated
benzene derivative are formed.['? Furthermore, the latter
species were found to react with cot to give the u;-CgHg
derivative 4, that is, the apical n%-arene is replaced by the
facial us-n>:mp*.>-CsHg. Hence, it appears that cyclooctate-
traene exhibits a preference for the facial coordination site in
cobalt carbonyl cluster complexes.

When treated with 1,3-cyclohexadiene or 6,6-diphenylful-
vene, the apical #*-cot ligand in 9 was selectively substituted.
Red 11 and red-purple 12 were isolated in 62% and 27 %
yield. The more reactive 6,6-dimethylfulvene caused degra-
dation of the Co, cluster, and did not result in a simple
substitution product. In line with the above arguments, the
selective substitution reactions also point to an inherently
greater stability of the facial (u;) compared to the apical r*-
coordination mode of cyclooctatetraene on the Co, cluster.

Table 1. Selected bond lengths [A] for the complexes [Co,(CO)(*-
CHy)(usn* 7 1p-C;H7) ] (8) and [Coy(CO)o(17*-CyHy) (s> 117 17°-CsHy) |
9.

8 9
Co(1)-Co(2) 2.4440(11) 2.466(2)
Co(1)-Co(3) 2.6268(12) 2.462(2)
Co(1) - Co(4) 2.4841(11) 2.526(2)
Co(2)-Co(3) 2.4622(14) 2.540(2)
Co(2) - Co(4) 2.4942(12) 2.507(2)
Co(3)-Co(4) 2.4796(13) 2.522(3)
Co(1)-C(14) 2.200(4)

Co(1)-C(15) 2.070(4) 2.246(5)
Co(1)-C(16) 2.094(4) 2.027(5)
Co(1)-C(17) 2.081(4) 2.021(5)
Co(1)-C(18) 2.142(4) 2.188(5)
Co(2)-C(1) 2.089(4) 2.086(5)
Co(2)-C(2) 2.083(4) 2.105(5)
Co(3)-C(3) 2.257(4) 2.364(5)
Co(3)-C(4) 2.066(4) 2.054(5)
Co(3)-C(5) 2.467(4) 2.181(5)
Co(4)-C(5) 2.430(4)

Co(4)-C(6) 2.032(4) 2.239(5)
Co(4)-C(7) 2.223(4) 2.057(5)
Co(4)-C(8) 2.386(5)
C(1)-C(2) 1.425(6) 1.411(8)
C(1)-C(7) 1.422(6)

C(1)-C(8) 1.414(8)
C(2)-C(3) 1.428(6) 1.417(7)
C(3)-C(4) 1.405(7) 1.415(7)
C(4)-C(5) 1.427(7) 1.416(7)
C(5)-C(6) 1.404(7) 1.417(8)
C(6)-C(7) 1.409(6) 1.402(7)
C(7)-C(8) 1.408(7)
C(14)-C(15) 1.390(6)

C(14) - C(20) 1.505(6)

C(15)-C(16) 1.412(6) 1.432(7)
C(15)-C(22) 1.433(7)
C(16)-C(17) 1.424(6) 1.395(7)
C(17)-C(18) 1.412(5) 1.424(7)
C(18)-C(19) 1.488(6) 1.428(7)
C(19) - C(20) 1.508(7) 1.357(7)
C(20)-C(21) 1.423(8)
C(21)-C(22) 1.346(7)
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Crystal structure analyses: X-ray structure analyses were
carried out with single crystals of 8—11. Crystal details are
given in the experimental section. There are two independent
molecules in the asymmetric units of 10 and 11. Those of 10
are quite similar, while there are differences in the orientation
of the us-cot ligands with respect to the rest of the molecules in
11.%2 Important bond lengths are summarized in Tables 1
and 2.

Table 2. Selected bond lengths [A] for the complexes [Co,(CO)g(us
i’ ap-CgHg) | (10) and [Coy(CO)o(17*-CoHy) (us7> 17 :1°-CsHy) | (11).17

10 1
Co(1/5)-Co(2/6) 2405(2) 2407(2)  24373(13) 2.5354(14)
Co(1/5) - Co(3/7) 2496(2) 2.528(2)  2.4408(12) 2.4389(13)
Co(1/5) - Co(4/8) 2.604(2) 2575(2)  2.5408(14) 2.4479(12)
Co(2/6)—Co(3/7) 2537(2) 2530(2)  2.5376(13) 2.5241(14)
Co(2/6) - Co(4/8) 2.538(2) 2.534(2)  2.5258(13) 2.5289(13)
Co(3/7)—Co(4/8) 2518(2) 2.518(2)  2.5225(13)  2.5238(12)
Co(1/5)-C(15/35) 2.097(4)  2.102(4)
Co(1/5) - C(16/36) 2.020(4)  2.024(3)
Co(1/5)-C(17/37) 2.024(3)  2.031(3)
Co(1/5) - C(18/38) 2.106(4)  2.121(3)
Co(2/6)-C(1/21) 2069(7) 2.068(6)  2.137(4)  2.077(4)
Co(2/6)-C(2/22) 2.083(6) 2.116(6)  2.064(4)  2.152(4)
Co(3/7)-C(3/23) 2399(6) 2318(6)  2.460(4)  2.292(4)
Co(3/7) - C(4/24) 2.059(6) 2.068(6)  2.061(4)  2.052(4)
Co(3/7)-C(5/25) 2.186(6) 2243(6)  2.155(4)  2.263(4)
Co(4/8) - C(6/26) 2200(6) 2.162(6)  2274(4)  2.166(4)
Co(4/8) - C(7/27) 2071(7)  2.090(6)  2.060(4)  2.060(4)
Co(4/8) - C(8/28) 2429(7)  2491(6)  2.300(4)  2.479(4)
C(1/21)-C(2/22) 1.406(9) 1.400(9)  1.409(5)  1.418(6)
C(1/21) - C(8/28) 1427(10) 1.420(8)  1.419(5)  1.402(6)
C(2/22)-C(3123) 1413(9) 1431(9)  1420(5)  1.426(6)
C(3/23) - C(4/24) 1415(8) 1.41009)  1416(5)  1.418(6)
C(4/24) - C(5/25) 1412(8)  1.407(9)  1416(5)  1.403(6)
C(5/25) - C(6/26) 1431(8) 1422(8)  1.430(5)  1.406(5)
C(6/26) - C(7/27) 1399(9) 1414(8)  1.402(5)  1.407(5)

C(7127) - C(8/28) 1417(10) 1.407(8)  1417(5)  1.418(5)
C(15/35) - C(16/36) 1410(5)  1.414(5)
C(15/35) - C(20/40) 1.5106)  1.505(5)
C(16/36) - C(17/37) 1417(5)  1.414(5)
C(17/37) - C(18/38) 1396(5)  1.405(5)
C(18/38) - C(19/39) 1512(5)  1.504(5)
C(19/39) - C(20/40) 1.532(6)  1.533(5)

[a] For each complex, the two values given in each line correspond to
equivalent distances in the two independent molecules.

The approximately tetrahedral Co, cluster cores have one
Co; facel®! capped by a u3-C;H, (8) or u;-CgHg (9-11) ligand
(Figures 1-4). An apical %’-cycloheptadienyl (8) or 7*-cot (9)
or n*-cyclohexadiene (11) ligand or two terminal carbonyls
(10), respectively, are coordinated to the fourth cobalt atom of
each cluster. The face-capping C,H, ligands are slightly
puckered towards a chair conformation (fold angles are 6-
14°). However, the best planes through all ring carbons are
still parallel to the basal Co; plane. Carbon-carbon bond
lengths and endocyclic bond angles are largely equalized
(1.40-1.43 A, 125-130° in 8; 1.40-1.42 A, 132-137° in 9,
1.40-1.43 A, 132-137° in 10, 1.40-1.43 A, 132-137° in 11).

The facial C;H; ligand in 8 is bonded to the Co, cluster in
the us-n*:1p°:p° fashion through all its carbon atoms. The two
n-enyl systems in the u3-C; ring share one carbon atom
[C(5)], which is also bonded to two cobalt atoms [Co(3) and
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Figure 1. Molecular structure of 8.

Figure 2. Molecular structure of 9.

Figure 3. Molecular structure of 10. Only one of the two crystallograph-
ically independent molecules is shown.

Co(4)]. Although these bonds are very long [2.430(4) A and
2.467(4) A], such a situation is not without precedent. In the
literature there are a few complexes where cobalt—carbon
distances longer than 2.4 A have been described as bonding.
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Figure 4. Molecular structure of 11. Only one of the two crystallograph-
ically independent molecules is shown.

A clear example of this is found in [{P(OMe)s};Co(n*-
benzyl)]?! where the distance Co—C,,,, is 2.408(3) A and
must be assumed to be bonding because of the diamagnetism
of the molecule. The bonding interaction between C(5) and
Co(3), Co(4) in 8 is also reflected in a shift of C(5) from the
mean plane of the C;-ring towards these two cobalt atoms.
There is a similar 1-3-7:3-5-%° coordination of a 1,3-dienyl
system (within a six-membered ring) to two atoms of a Co,
cluster in the cations [{(37-CsHs)Co};(u-benzyl)]*.>! The
coordination geometry of the facial C;H; ring to the Ru;
cluster in 2 is also similar.l"]

The coordination geometry of the facial CgHy ring, with
respect to the metal cluster in 9-11, may be described as
within a continuum between the us-n*1°:° and us-n:n’ap°
bonding modes. Only a slight reorientation (essentially a
rotation by 7.5°) is in fact necessary to convert these two
extremes into one another. Quite significantly, in crystalline
11 two independent molecules with somewhat different
arrangements of the u;-CgHy rings with respect to the basal
Co; plane are found. This is a clear indication of the presence
of several energy minima of comparable depth. From the
NMR spectra in solution (vide infra) it is obvious that the
energy barriers associated with the rotation of the facial C,H,
rings must be very small. Interestingly, the ellipsoids which
represent the anisotropic displacement parameters of the y;-
C,H,, ring carbons are only slightly elongated in the direction
tangential to the ring (Figures 1-4). In addition, we did not
observe evidence for a rotational disorder of the face-capping
C,H, rings, which appear to occupy fairly well defined
positions in the solid.

In the complexes 9-11, every u;-ring carbon is essentially
connected to one cobalt atom only; this results in a separation
of the two 7°-enyl systems within that ring by a carbon - car-
bon bond. However, the relative arrangement of the Co; and
C; rings is less symmetric in some cases, approaching the pu;-
73:n°17° bonding mode. This is most pronounced in one of the
two independent molecules of 11 (Figure 5), in which C(3) is
only slightly further away from Co(2) [2.505(4) A] than from
Co(3) [2.460(4) A]. A similar but somewhat more symmet-
rical us-17%:3°:p° coordination of a facial cot ligand was found
in the trinickel cluster complex 3.1

Chem. Eur. J. 1998, 4, No. 2
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Figure 5. Superposition of the two crystallographically independent mol-
ecules of 11.

Three terminal and three face-capping carbonyl ligands
complete the coordination sphere of the Co, clusters. The
nearly linear terminal CO ligands are bent away from the
basal Co; plane of the cluster, towards the unique cobalt atom
[(Co(1) and Co(5), respectively]. Such a distortion is not
usually found in metal carbonyl cluster complexes with
facially coordinated us-benzene ligands.[* It is, however, also
present in 2 and 3, and is probably caused by the larger size of
the C; and Cg rings.

Crystal packing and hydrogen bonding: In the solid state,
neutral transition metal cluster molecules aggregate in typical
van der Waals fashion.['] Tt was previously shown that orga-
nometallic complexes and clusters also afford hydrogen-bond
acceptors and hydrogen-bond donors.'”®! For instance, sp*
hybridized carbons in cyclopentadienyl or arene ligands
behave as good H donors if acceptors such as carbon
monoxide are present.'82° The cluster complexes discussed
here carry carbocyclic rings and CO ligands in different
bonding modes. Furthermore, these complexes are highly
fluxional in solution with respect to reorientation of the
carbocycles in their respective coordination sites. Therefore,
the crystalline environment could have considerable influence
on the structural features that are observed by crystallo-
graphic or spectroscopic techniques.

It is worth recalling that in terms of molecular interlocking
and crystal packing cohesion, these derivatives do not differ
from other carbonyl arene clusters discussed previously,“!
that is in the simultaneous presence of flat and cylindrical
ligands, and the m-ring ligands and the carbonyl groups with
their specific spatial requirements pose a specific problem of
recognition and interlocking optimization.

Indeed, all four structurally characterized complexes show
networks of hydrogen-bonding interactions (Table 3). The ;-
coordinated ligands are the most involved, both the rings and
the carbonyls. The facial C;H; or CgHg ligands participate with
three to six hydrogens in intermolecular bonding interactions.
But the apical ligands also join in these intermolecular H--- O
networks (1-3H). As expected, us-carbonyls are preferred.
Besides, the apical rings also form intramolecular H bonds to
the us;-carbonyl groups. In this way, the apical ring ligands are
fixed in a symmetrical position relative to the carbonyls; this
allows effective H--- O interactions.
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Table 3. Geometric characteristics of the C—H - O hydrogen bonds in the crystals of

[Co4(CO)o(r*-C:Ho) (us-1* 1 :1*-C;H;) ] (8) and [Co,(CO)s(L) (uz-17:17%1*-CsHg)] 9 (L =
7*-CgHy), 10 (L = (CO),) and 11 (L = 5*-CH).

- - F o
Type Atoms involved C---O[A] H:--O[A] C-H-O [°’] H-O-C[°] /G'L.O

i

Complex 8 )
intra C(15)-H(15)--0(4)  3.05 243 1152 88.0 1o
intra C(17)-H(17)--0(5)  3.04 2.55 106.3 90.1 7
intra C(18)-H(18)--O(5)  3.10 2.55 110.3 85.1 4 oo
CH, C(3)-H(3)---0(1) 333 2.57 126.6 153.6
CH, C(4)-H(4)---O(4) 343 2.53 140.1 160.8 '
CH, C(5)-H(5)---0(3) 3.18 245 1233 131.0
CH, C(7)-H(7)--- O(6) 333 249 134.0 117.3
CH, C(16)-H(16)---O(1)  3.32 2.50 1323 138.6
CH, C(17)-C(17)---O(1) 3.35 258 128.1 100.3 Figure 6. The bifurcated C—H--- O interactions in crystalline 9.
Complex 9
intra C(15)-H@5)--0(5)  3.16 2.40 1257 74.1 ‘ ‘ _
intra C(18)-H(18)---O(6)  3.05 2.24 1303 76.7 of the crystal packing of 9 with the bifurcated O --- H(7)/
#5-CgHy C(1)-H(1)---O(5) 3.65 2.60 164.3 136.9 H(8) interaction linking molecules in chains along the b
#yCsHy C(2)-H(2)--0(3) 3.52 247 162.6 1212 axis of the crystal. It is worth noting how the interaction
us-sHg C(7)-H(7)---04) 332 2.57 1259 161.4 bet th 1 1 f t d th f
1 CoH, C(8)-H(8) - O(4) 335 554 1311 1143 etween the cyclopolyene fragments and the presence o
7-CyHy C(20)~H(20) -+ O(1) 3.40 260 130.6 977 C—H:---O bonds are reconciled. Figure 7 shows the
Complex 10 graphitic-type interactions involving
CgHg M1)  C(1)-H(1)---O(16) 3.26 2.37 138.9 1322 the cot ligands: each u;-cot faces an
GHy M1) - C3)-H(3)--0(15) 325 249 126.1 1163 apical cot, thus forming molecular
CH, (M1)  C(4)-H(4)--- O(15) 3.18 238 129.0 157.6 rods alone the @ axis. This face-to-
CH (M1)  C(5)-H(5)--- O(14) 329 245 134.3 149.6 g - ;
CHy (M1)  C(7)—H(7)-O(11) 351 2.60 1417 122.6 face arrangement of. cyclic m-ligands
CgHg (M2)  C(22)-H(22)---O(5) 329 2.46 132.6 114.0 has been observed in a number of
GHg (M2)  C(23)-H(23)--O(5)  3.32 2.50 131.8 140.5 crystalline bisarene cluster complex-
CH, (M2) C(25)-H(25)---O(4) 3.6 226 153.4 125.0 esll The most representative exam-
CH, (M2) C(26)-H(26)---0(2)  3.48 251 150.0 1232 le is o by the i . - of
CH, (M2) C(Q7)-H(27)-0(6) 320 2.44 126.7 140.5 pie 1s given by the 1somerc pair o
CeH,y (M2)  C(28)-H(28)--O(6) 327 261 1193 109.2 bisbenzene clusters [Ru,C-
Complex 11 (CO)11(us-17*m*m*-CsHe) (17°-CeHg) |
intra C(16)-H(16)--O(5)  3.07 2.58 106.7 85.4 and [Ru,C(CO); (7°-CeHg),] P In
intra C(19)-H(19a)---O(4) ~ 3.09 2.52 111.7 97.2 both crystals the benzene ligands face
intra C(20)-H(20a)--- O(4) ~ 3.13 239 110.4 946 each other forming molecular snakes
intra C(36)-H(36)--O(16)  3.05 2.58 105.4 853 ng -
intra C(39)-H(39a)---O(15) 3.15 2.59 110.9 95.7 and rods, r?SPeCt“’elY- . Figure 7. The in-
CH; (M1)  C(3)-H(3)--- O(4) 3.38 2.58 130.4 126.7 A complicated network of intermo-  teractions ~ be-
CgHg (M1) C(4)-H(4)---O(4) 3.28 2.52 126.4 166.5 lecular H:---O bonds is present in tween facial and
CgHg (M1)  C(5)-H(5)---O(3) 3.37 2.57 129.8 139.1 crystalline [Co,(CO)y(us-CH,) (17 apical cot ligands
CHy (M1)  C(5)-H(5)--- O(14) 335 2.55 129.9 130.7 CH 8) Four hvd f the incrystalline 9.
CHy (M1)  C(6)—H(6) - O(3) 3.40 2.61 129.9 88.7 7 9)], ( ) our hydrogens ot the
CHy (M1)  C(6)—H(6) -+ O(5) 346 2.60 1363 1165 face-bridging and two of the apical C,
CiHs (M2)  C(25)-H(25)---O(15)  3.52 2.60 142.2 1222 ligand participate in intermolecular interactions with
CHy (M2)  C(27)-H(27)---O(16) ~ 3.29 242 136.0 171.9 four different carbonyl groups. Altogether, one mole-
GiHly (M2) - C(28)-H(28)--O(13) 348 239 139.9 100.8 cule is connected to eight neighbors. The carbonyl
CH; (M) C(17)-H(17)--O(11) 324 2.51 1235 1175 >Cl g 18 o bony
CH, (M1) C(18)-H(18)-0(12)  3.15 .40 125.6 154.7 oxygen O(1) is involved in a trifurcated interaction as
CeHg (M2) C(37)-H(37)---O(3)  3.15 237 127.7 149.1 shown in Figure 8. Dimers held together by two O(1) ---

In the crystal of [Co,(CO)¢(CgHy),] (9), layers are formed

by four different H bonds involving the face-bridging cot
ligand. Each molecule is connected to four neighbors within
these layers, which can also be described by a crossed-chain
motif: one chain formed by H(1)---O(5) and H(2)---O(3)
interactions in the [101] direction, the other formed by
O(4)---H(7)/H(8) links along the b axis of the crystal. The
layers are connected in the crystal by two types of interaction.
On the one hand, there are additional H --- O links [H(20) -
O(1)] including the apical cot ligand in the H network. In this
way two molecules in a centrosymmetric orientation are
connected to dimers by two H bonds. Figure 6 shows one view
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H(3) interactions are additionally linked (O(1) --- H(16)/

H(17)) to two other molecules related by a center of

symmetry.
In crystalline [Co,(CO)g(cot)] (10), on the other hand, the
two independent molecules (M1, M2) present in the asym-
metric unit are tightly linked by a total of eleven C-H---O
interactions (<2.6 A), as shown in Figure 9. Each molecule
M1 is connected with three molecules M2 (with the cot ligand
exposed in opposite direction) and vice versa.

As in the case of 9, the molecules also establish ring —ring
interactions (see Figure 10). The mono-cot clusters form
dimers of molecules generated by a center of inversion (M1 -
M1, M2-M2'). The separation between the best planes
through the carbon rings is comparable to that in graphite
(<35A).
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Figure 10. The ring—ring interactions in crystalline 10.

The two independent molecules (M1, M2) of crystalline
[Co,(CO)e(us-CsHg)(C¢Hg)] (11) form twelve C—-H:-- O in-
teractions involving seven cot hydrogens and three cyclo-
hexadiene hydrogens. Each molecule M1 or M2 is connected
to five neighboring molecules. Figure 11 shows how the

Figure 11. The ring-ring interactions in crystalline 11.

molecules are arranged in pairs obtained by cot—cot juxtap-
position. Indeed, this example lends further support to the
general idea that the crystal packing of transition metal
clusters possessing both flat cyclopolyene and tubular CO
ligands is best coped with by packing together the fragments
with similar shape.

Spectroscopic investigations: There is only one 'H and 3C
resonance each at comparatively high field for the u;-C,;H,
and u;-CgHg ligands in 8-12. Low-temperature 'H and 3C
NMR data were acquired for 8 and 9. The spectra were
independent of the temperature down to 200 K. This indicates
highly dynamic structures in solution. The barriers to rotation
for the us;-coordinated rings in 8, 9, and probably also the
other derivatives 10—12 must be considerably lower than
those observed»4¢ 13l for face-capping benzene. Surprisingly,
the (averaged) chemical shifts [60('"H, C;H, C,Dg)=3.09,
o(BC, C;H,) =61.5; 6(*H, cot, CsDy) =3.5-3.7, 6(**C, cot) =
70-71] fall in the same region as those of some u,-bridging
CH, and CgHg ligands, respectively.?®?! This is a major
difference from 2, [{(CO),Ru},(C;Ho)Ru(us-S)(us-C;H;)],
and [{(CO),Ru};(us-S)(us-CsHg)], which show much larger
13C coordination shifts of the wus-ligands [0(C,H;) =39,
O(CgHg) = 48].101

The 'H and '3C NMR resonances of the terminally bound 1-
5-n-cycloheptadienyl, 1-4-5-cyclohexadiene, and 1-4-y-diphe-
nylfulvene ligands correspond to the twofold symmetry
usually observed for these ligands. In contrast, all eight
protons and *C nuclei of the apical CgHg ligand in 9 are
isochronous, even at 220 K. This is indicative of an equilibra-
tion of all eight CH groups, caused by rapid haptotropic shifts
of the 1-4-5* coordinated polyolefin.

Due to limited solubility of the complexes, the BC
resonances of the carbonyl ligands could be detected only
for 8, 11, and 12 at ambient temperature. In these cases, two
resonances were found, consistent with sets of isochronous
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terminal (6~200) and face-capping CO ligands (6 ~260).
Hence, no scrambling of terminal and bridging carbonyls
takes place on the NMR timescale.

Conclusion

The results presented in this paper clearly illustrate that facial
coordination of a C,H, m-perimeter to a molecular metal
cluster is by no means restricted to the arenes (7 =6). On the
contrary, it appears that cycloheptatriene and cyclooctate-
traene can be forced into a facial coordination site more easily
than benzene, probably owing to their polyolefinic character.
However, the apical or edge-bridging coordination modes of
these ligands still appear to be preferred, if such coordination
sites are accessible. This is illustrated by the formation of
[Rus(CO)e(p4o-CH;) (17°-C;Ho) |20 and [Rus(CO)4(ur-
CgH),]BY from [Ruy(CO),,] with cycloheptatriene and cyclo-
octatetraene, respectively. In trinuclear systems like these, an
apical and a facial C,H,, ligand cannot both be accommodated
for obvious steric reasons. A general strategy for facial
coordination of C,H, hydrocarbons may be devised, which
involves blocking of apical coordination sites by large ligands
(which may be the C,H,, substrate itself), thus forcing a second
C,H, ligand into the facial position. We are currently
investigating this scheme, which is not restricted to tetranu-
clear systems. We predict that a rich chemistry of us;-cyclo-
polyenes will develop in the near future.

Experimental Section

General procedures: All operations were carried out under an atmosphere
of purified nitrogen (BASFR3-11 catalyst) by Schlenk techniques. Solvents
were dried by conventional methods. NMR spectra were obtained on a
Bruker AC200 instrument (200.1 MHz for 'H, 50.3 MHz for 1*C). 'H and
3C chemical shifts are reported against SiMe, and were determined by
reference to internal SiMe, or residual solvent peaks. The multiplicities of
the BC resonances were determined by the DEPT technique. Mass spectra
were measured in the field desorption (FD) ionization mode on a Finnegan
MAT 8230 spectrometer. Infrared spectra were recorded in the v region
in CaF, cells with a Bruker IFS-28 Fourier transform spectrometer (optical
resolution: 0.5 cm™'). Elemental analyses were performed locally by the
microanalytical laboratory of the Organisch-chemisches Institut der
Universitat Heidelberg and by Mikroanalytisches Labor Beller, Gottingen.
[Coi(CO)e(17°-C/Hy) (u3-C;Hy) ] (8): A sample of [Co,(CO)y] (5, 3.89 g,
6.8 mmol) and cycloheptatriene (5SmL) were refluxed in n-heptane
(200 mL). When the IR bands of 5 were no longer detectable, the mixture
was cooled to room temperature. The black precipitate was collected and
washed with n-pentane to give pure polycrystalline 8 (2.52 g, 63%). 'H
NMR (in C4Dy): 6 =0.61 (m, 2H, CH,-H.,,), 2.35 (m, 2H, CH,-H,,4,), 3.09
(s, 7H, C;H;), 5.09 (m, 4H, H-1/5, H-2/4), 6.80 (m, 1H, H-3); (in CD,Cl,):
6=133 (m, 2H, CH,-H,,,), 2.73 (m, 2H, CH,-H.,4,), 3-89 (s, 7H, C;H,),
5.30 (m, 2H, H-1/5 or H-2/ 4), 5.46 (m, 2H, H-2/4 or H-1/5),7.47 (m, 1 H, H-
3); BC{'H} NMR (in C4Dg): 6 =33.9 (CH,), 61.6 (C;H;), 95.3 (CH), 98.4
(CH), 1075 (CH), 200.0 (CO), 256.6 (CO); IR (CH,CL,): v¢o = : 2008 (sh),
1981 (vs, br), 1762 (sh), 1729 (s, br) cm™!; anal. calcd for C,)H;,C0,0¢: C
40.85, H 2.74; found C 40.98, H 2.73.

[Co4(CO)4(1*-CsHy) (13-CsHg) 1 (9): Following the above procedure, 9
(6.08 g, 96%) was obtained as black microcrystals from 5 (5.94 ¢,
10.4 mmol) and cyclooctatetraene (6 mL). After recrystallization
(CH,Cl,/n-hexane, 5:1 or CH,Cl,/toluene, 5:1) the yield of 9 was below
50%, due to partial decomposition and formation of 10. 'H NMR (in
C4Dg): 6 =3.65 (s), 5.63 (s); (in CD,Cl,): 0 =4.43 (s), 5.76 (s); *C{'H} NMR
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(in CiDg): 6=70.2 (us3-CgHg), 108.3 (*-CgHg), carbonyl carbons not
detected; IR (CH,Cl,): vco=2017 (sh), 1995 (vs), 1724 (s, br) cm~!; anal.
calcd for C,,H;;Co,0O¢: C 43.17, H 2.63; found C 43.25, H 2.71.

[Coy(CO)4(u3-CsHg)] (10): A mixture of 9 (900 mg, 1.5 mmol) and
[Fe(CO)s] (0.5mL, 3.7 mmol) in toluene (150 mL) was heated at 80°C
for 5 h. After cooling to room temperature, a small amount of precipitate
was removed by fitration. All volatiles were removed from the filtrate in
vacuo, and the residue was washed with n-hexane until nearly colorless.
Yield: 640 mg (77 %) dark red microcrystalline 10. In the hexane solution,
[(CO);Fe(cot) ] was detected by IR spectroscopy. 'H NMR (in C,Dy):
0 =347 (s, CgHg); *C{'H} NMR (in C;D): 6 =71.2 (carbonyl carbons not
detected); IR (toluene): vco=2065 (s), 2021 (vs), 1998 (sh), 1762 (s,
br) ecm~'; anal. caled for C,;HgCo,Oq: C 34.08, H 1.43; found C 33.84, H
1.68.

[Co4(CO)¢(*-C¢Hy) (u3-CsgHg) ] (11): Following the above procedure, deep
red 11 (280 mg, 62 %) was obtained from 8 (440 mg, 0.77 mmol) and 1,3-
cyclohexadiene (0.5 mL). Reaction conditions: 80 °C, 2 h. Recrystallization
from toluene. 'H NMR (in C¢Dg): 6 =0.66 (m, 2H, CH,-H,,, or CH,-H.4,),
1.83 (m, 2H, CH,-H,,4, or CH,-H,,), 3.74 (s, 8H, CgHy), 4.09 (m, 2H, H-1/
4), 5.77 (m, 2H, H-2/3); (in CD,Cl,): 6 =1.18 (m, 2H, CH,-H,,, or CH,-
H.n0), 1.86 (m, 2H, CH,-H,,, or CH,-H.,,), 4.14 (m, 2H, H-1/4), 4.46 (s,
8H, CHy), 5.98 (m, 2H, H-2/3); BC{'H} NMR (in C;Dg): 6 =24.0 (CH,),
70.0 (CgHy), 80.3 (CH), 100.8 (CH), 201.1 (CO), 262.7 (CO); IR (toluene):
Voo = 2010 (sh), 1987 (vs), 1752 (sh), 1734 (s), 1725 (s) cm™!; FD-MS: 588
(100 %, [M*]); anal. calcd for C,)H;4Co,04: C 40.85, H 2.74; found C 40.90,
H 2.82.

[Co4(CO)(17*-6,6-Ph,C;H,) (u3-CsHy) ] (12): Following the above proce-
dure, crystalline purple-red 12 (200 mg, 27 % ) was obtained from 9 (600 mg,
1.0 mmol) and 6,6-diphenylfulvene (230 mg, 1.0 mmol). Reaction condi-
tions: 80°C, 3 h. Recrystallization from toluene. '"H NMR (in C,D): 6 =
3.68 (s, 8H, CgHy), 5.18 (m, 2H, H-1/4), 5.97 (m, 2H, H-2/3), 6.97 (m, 1H,
Ph), 7.25 (m, 2H, Ph), 741 (m, 2H, Ph); BC{'H} NMR (in CsD¢): 6 =712
(C4Hg), 86.3 (CH), 97.9 (CH), 127.6 (Ph-CH), 129.4 (C-6), 131.7 (Ph-CH),
141.1 (Ph-C-ipso), 196.1 (CO), 257.2 (CO); IR (toluene): vco=2013 (sh),

Table 4. Details of the crystal structure determinations of the complexes

[Coi(COYo(1’-C:Ho) (s’ *-C;Hy)] - (8)  and  [Coy(CO)(*-CsHy) (ua-
n*apap-CyHy) ] (9).
8 9
formula C,H,,C0,04 C,,H;Co0,O¢
crystal size [mm] 0.70 x 0.35 x 0.04 0.35 x 0.30-0.06
crystal system monoclinic monoclinic
space group P2)/c P2i/n
a[A] 12.748(6) 9.165(8)
b [A] 9.782(5) 15.11(2)
c[A] 15.186(8) 14.343(13)
A1 93.55(3) 90.63(7)
V [A3] 1890(2) 1986(3)
zZ 4 4
M, 588.05 612.07
Peated [gem™] 2.067 2.047
Fow 1168 1216
u (Mog,) [mm~!] 3.49 3.32
2 [A] Moy, graphite monochromated, 0.71069
T [K] 203 203
260, [°] 52 50
hkl range —15/15, 0/12, 0/18 —10/10, 0/17, 0/17
measured reflns 3716 3486
unique reflns 3716 3486
observed reflns [/ >20(1)] 3335 2699
absorption correction empirical empirical
parameters refined 336 353
GoF 1.104 1.026
R (obs. reflns only) 0.036 0.034
wR2 (all reflns) 0.101 0.086
(w=1[c*(F%)+ (A-P)’> + B-P])
A, B 0.062, 1.55 0.0419, 1.63
P [max(F2 0) + 2F2]/3
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Table 5. Details of the crystal structure determinations of the complexes
[Cou(CO)s(usn*s17:1°-CsHy) | (10) and [Coy(CO)o(17*-CoHy) (s> 117> 117-CsHy) |

11).

10 11
formula C,HgCo,04 C,H,4C0,04
crystal size [mm] 0.50 x 0.45-0.20 0.65-0.50-0.15
crystal system monoclinic triclinic
space group C2lc Pl
a[A] 24.33(2) 9.824(5)
b [A] 13.448(10) 10.990(6)
c[A] 21.92(2) 17.852(9)
al® 90 82.64(3)
b [°] 103.21(6) 86.74(3)
g[°] 90 82.24(3)
V [A3] 6983(9) 1893(2)
V4 16 4
M, 563.94 588.05
Peatca [gem 3] 2.146 2.064
Fop 4416 1168
u (Mog,,) [mm~1] 3.78 3.48
A2 [A] Mok, graphite monochromated, 0.71069
7T, [K] 203 203
20 [°] 50 50
hkl range —28/28, 0/15, 0/26 —11/11, —12/13, 0/21
measured reflns 6134 6669
unique reflns 6134 6668
observed reflns [/>20([)] 4796 5678
absorption correction empirical empirical
parameters refined 569 670
GoF 1.081 1.054
R (obs. reflns only) 0.043 0.029
wR2 (all reflns) 0.116 0.074
(w=1[o (F3)+(A-P)*+B-P])
A,B 0.0626, 9.48 0.0466, 0.41
P [max(F2 0) + 2F2]/3

1994 (vs), 1757 (sh), 1726 (s) cm~; anal. caled for C;,H,,Co0,04: C 52.06, H
3.00; found C 52.05, H 3.26.

Crystal structure determinations: Single crystals were grown by slowly
cooling hot (80°C) toluene solutions. Intensity data were collected on a
Siemens-Stoe AED2 four-circle diffractometer at low temperature and
corrected for Lorentz, polarization, and absorption effects (Tables 4, 5).
The structures were solved by direct methods, and refined by full-matrix
least-squares on F? with all measured unique reflections. All non-hydrogen
atoms were given anisotropic displacement parameters. All hydrogen
atoms were localized in difference Fourier syntheses and refined isotropi-
cally.®™! The calculations were performed with the programs SHELXS-86
and SHELXL-93.3 Graphical representations were drawn with ORTEP-
1% and SCHAKAL-92.5 Ellipsoids are drawn on the 40% probability
level. For the analysis of the geometric features of the intra- and
intermolecular hydrogen-bonding networks the refined coordinates of
the hydrogen atoms were normalized by extending the CH distances along
the C—H vectors to the typical neutron-derived value of 1.08 A.57
Selection criteria have been based on C(H)--- O interatomic separations
<2.6 A. The computer program PLATONES! was used to analyze the
metrical features of the hydrogen-bonding pattern.
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Abstract: The u,-peroxotetracopper(in
complexes [Cuy(L"),(0,)(OMe),(ClO,) ]-
ClO,-MeOH 1), [Cu,(L?)5(0,)-
(OMe),(Cl0,)]ClO,-MeOH (2), [Cu,-
(L*),(0,)(OMe),(C10,)]CIO, - MeOH

(3) and the u4-oxotetracopper(i) com-
plex [Cuy(L'),(O)(OH),(MeOH),-
(Cl10,),] (4) were synthesized (HL'=
2,6-bis(pyrrolidinomethyl)-4-methyl-

phenol, HL?=2,6-bis(piperidinometh-
yl)-4-methylphenol, HL?=2,6-bis(mor-
pholinomethyl)-4-methylphenol). The
molecular structures of 1 and 4 were
established by single-crystal X-ray
crystallography. 1 crystallizes in the

tion mass spectra of 1 and 4 in dichloro-
methane solution confirm that the tetra-
nuclear structure is maintained in this
solvent. The UV/Vis spectra of 1-3 in
dichloromethane are dominated by a
very strong absorption at about 390 nm
with a shoulder around 420-440 nm
interpreted as a superposition of a
peroxo —Cu!! and a phenolate —Cul!
charge-transfer transition. A band at
about 580 nm may be a superposition
of d—d transitions and a second, less
intense peroxo —Cu' charge transfer.
The frequencies of the O - O stretching
vibrations of 1-3 were determined by
FT Raman and resonance Raman ex-

888 cm, respectively. A frequency shift
to 841 cm™! is observed upon '®O sub-
stitution in 1. The tetranuclear copper(11)
complexes 1 and 4 are strongly antifer-
romagnetically coupled. They possess
S$=0 ground states separated from a
triplet state by 510 and 720 cm™!, re-
spectively. Good fits result from a reg-
ular spin Hamiltonian as well as from
the Bleaney-Bowers equation, which
shows that only the two lowest-lying
states are notably thermally populated.
Magnetostructural correlations estab-
lished for dimeric complexes are not
easily transferable to these kinds of

monoclinic space group P2/n, with
a=14.797(8), b=11.007(7), c=
15.434(10) A, f=11829°, V=2214 A3
(150 K) and Z=2. Complex 4 crystal-
lizes in the monoclinic space group P2,/
n, with a=11.498(2), b=13.311(3), c=
14.794(3) A, B=93.56(3)°, V=2259.9 A3
(213 K) and Z =2. Electrospray ioniza-

properties

complexes

Introduction

In the field of copper coordination chemistry the synthesis
and characterization of peroxo complexes is of particular
interest and is the subject of intensive research.ll Copper—
dioxygen complexes are suggested as key intermediates not
only in enzymatic reactions, but also in catalytic synthetic
oxidation reactions. On the one hand, peroxocopper(ir)
complexes may serve as bioinorganic model compounds for
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periments and found to be 878, 898 and

Keywords: copper
peroxo complexes
Raman spectroscopy - tetranuclear
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tetrameric complexes. Investigations in
methanolic solution provide evidence
that a tetranuclear u4-oxocopper()
complex analogous to 4 can be convert-
ed into a tetranuclear u,-peroxocopper-
(1) complex analogous to 1.

magnetic

the active sites of dioxygen-binding and dioxygen-activating
copper proteins. On the other hand, they can contribute to the
development of efficient low-molecular weight catalysts for
the oxidation of organic substances by O,.

Since the beginning of the 1980s considerable progress has
been made in modelling and in the characterization of discrete
CuO, and Cu,0, adducts.>>! This includes detailed descrip-
tions of the kinetics and thermodynamics of their formation,
as well as of their spectroscopic and structural properties.
Most copper—dioxygen adducts have to be characterized as
solution species in aprotic solvents at low temperatures and
are thermally unstable. Only one X-ray structure of a
mononuclear side-on superoxocopper(if) complexP! and two
of dinuclear u-peroxocopper(il) complexes are available. The
complex synthesized by Karlin et al. consists of two
mononuclear copper(ll) units bridged by a trans-u-1,2-peroxo
ligand, while that synthesized by Kitajima et al.’l contains a
planar u-n?:p*-peroxo group simulating the spectroscopic,

0947-6539/98/0402-0289 $ 17.50+.25/0 — 289





FULL PAPER

B. Krebs et al.

magnetic and structural properties of
oxyhemocyanin.l’! Only a few papers
report peroxocopper complexes showing
considerable stability at ambient temper-
ature.’]

Herein we report the synthesis and
characterization of a novel structural

Table 1. Crystallographic data and experimental details of the structure determinations for

compounds 1 and 4.

1

4

formula

Mr

crystal dimensions (mm)
crystal shape and colour

C5HeCLCuN,O;5
1125.95

0.20 x 0.12 x 0.10
dark green prism

C3HgoCLCuN,O; 5
1113.94

0.30 x 0.25 x 0.10
dark green plate

; | h crystal system monoclinic monoclinic
type o per().xocop.per(II) colmp ex where space group Pn P2/n
the peroxo ligand is bound in an unusual a(A) 14.797(8) 11.498(2)
us-(7")s coordination mode. The com- b (A) 11.007(7) 13.311(3)
plexes are extraordinarily stable and can 2((/0\)) 1?;‘;‘9‘&?) ;g';z‘(‘g)
be generated and isolated at room tem- V(A 214 2250.9
perature. Furthermore we describe the 7 2 5
synthesis and characterization of a tetra- Peatea (2cm ) 1.689 1.637
nuclear u,-oxo precursor complex. Parts 2054 () 54.12 50.00
of these results have been communicated T (K) ) 150 213
. 1.8l measured reflections 5041 13784
previousty. unique reflections 4857 3941
observed reflections [(/>20()] 2924 2018
refined reflections 4856 3840
Results and Discussion parameters 290 290

R values [(I>20(I)] 1
R values (all data) ]
weighting scheme, w! ]
residual electron density 0.52 0.61

Syntheses: The tridentate amino alcohol
ligands 2,6-bis(pyrrolidinomethyl)-4-

R1=0.0357, wR2=0.0675 R1=0.0720, wR2 =0.1399
=0.0763, wR2=0.0760 R1=0.1721, wR2=0.2015
[0*(F2) + (0.0246P)] [0*(F2) + (0.0377P)? + 18.4203P]

methylphenol (HL!), 2,6-bis(piperidino-
methyl)-4-methylphenol (HL?) and 2,6-
bis(morpholinomethyl)-4-methylphenol
(HL?) are readily available by means of a
Mannich reaction according to a literature method.”) On
addition of either hydrogen peroxide or 3,5-di-tert-butylcate-
chol (3,5-DTBC) to a methanolic solution containing the

S A
SIS EC GO R®

HL'

la] RI=Z|F,|—-

ligand HL', two equivalents of copper(i1) perchlorate and an
excess of triethylamine dark green crystals of [Cuy(L'),-
(0,)(OMe),(Cl0O,4)]CIO, - MeOH (1) are formed . Whereas in
the former case hydrogen peroxide itself is the peroxide
source, in the latter case peroxide is formed in situ by the
reduction of O, catalyzed by the copper(il) complex present.
The detailed reaction mechanism for this complex two-
electron reduction remains to be identified. Alternatively, 1
can be made by reaction of copper(i) perchlorate with HL!
under argon in basic methanol followed by exposure to air.
The latter method has the disadvantage that the initially
formed copper(1) complex is unstable and decomposes rapidly.
Complexes [Cu,(L?),(0,)(OMe),(Cl0,)]CIO,-MeOH (2)
and [Cuy(L?),(0,)(OMe),(ClO,)]ClO, - MeOH (3) are acces-
sible by analogous syntheses. Complex [Cuy(L'),(O)(OH),-
(MeOH),(ClO,),] (4) crystallizes upon treatment of two
equivalents of [Cu(ClO,),]-6H,0 with HL! from a concen-
trated basic methanolic solution. Details of the crystallo-
graphic measurements of 1 and 4 are given in Table 1.
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| Fel]/Z]

E,|, wR2=[Sw(F2 ~ F2PISw(F2)]'2. [b] P=(F3+2F2)03.

Crystal structure of 1: The cation of 1 is shown in Figure 1
together with the atomic labelling system; selected inter-

Figure 1. Molecular structure and atomic numbering scheme for the cation
of 1 showing 50% probability thermal ellipsoids. Hydrogen atoms are
omitted for clarity.

atomic distances and angles are given in Table 2. The
molecule lies on a twofold crystallographic axis passing
through the O2 - 02a peroxo group and Cl1 of the coordinat-
ing perchlorate anion. The peroxo ligand is bound end-on in a
ts-(7Y), coordination mode to four copper(1i) ions that form a
nearly planar rectangle. The peroxide is located above this
rectangle resulting in a roof-like Cu,O, geometry. The
calculated distances of the peroxo group to the best Cu,
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Table 2. Selected interatomic distances (A) and angles (°) for 1.4

Cul --- Cu2 2.994(2) Cul ---Cu2a 3.030(2)
Cul ---Cula 4.184(3) Cu2---Cu2a 4.317(2)
Cul-01 1.939(2) Cu2-01 1.941(3)
Cul-02 1.961(2) Cu2-02 1.939(2)
Cul-03a 1.932(2) Cu2-03 1.920(3)
Cul-011 2.411(3) Cu2-0Olla 2.693(3)
Cul-N1 2.006(3) Cu2-N2 1.986(3)
02-02a 1.453(4)

Cul-01-Cu2 101.0(1) Cul-02-Cu2 100.3(1)
01-Cul-02 76.2(1) 01-Cu2-02 76.6(1)
01-Cul-O3a 164.5(1) 01-Cu2-03 161.3(1)
01-Cul-011 96.0(1) 01-Cu2-O11a  91.1(1)
01-Cul-N1 94.8(1) 01-Cu2-N2 93.9(1)
02-Cul-O3a 88.9(1) 02-Cu2-03 91.3(1)
02-Cul-011 96.8(1) 02-Cu2-Olla 90.3(1)
02-Cul-N1 167.2(1) 02-Cu2-N2 162.4(1)
03a-Cul-0O11 81.5(1) 03-Cu2-Olla  74.5(1)
03a-Cul-N1 100.6(1) 03-Cu2-N2 101.2(1)
011-Cul-N1 93.2(1) O11a-Cu2-N2  104.8(1)
Cul-02-02a 113.7(2) Cu2-02-02a 113.8(2)

[a] Symmetry transformation for equivalent atoms: —x + 0.5, y, —z +0.5.

plane are 1.008(2) and 1.078(2) A for O2 and O2a, respec-
tively. Cul and Cu2 (as well as Cula and Cu2a) are bridged by
the phenoxo group of the deprotonated ligand (L!)~ and are
each terminally coordinated by the pyrrolidine groups of the
ligand. Cul and Cu2a (as well as Cu2 and Cula) are bridged
by a methanolato group. Below the Cu, rectangle a perchlo-
rate group is bound to all four metal centres through O11 (to
Cul and Cu2a) and O11a (to Cu2 and Cula). The perchlorate
oxygen atoms occupy the apices of the square-pyramidal
Jahn-Teller distorted coordination spheres of the copper
centres.

The u, coordination mode is very unusual and has been
observed only in  [Fes(0),(0,)(0,CPh),,(OH,),] M
Ky[M0,015(0,),]," [Feg(0),(0,);(OAc),] 1 and [(o-Tol,-
Sb0),(0,),].[*1 While in the case of the first-mentioned
example the peroxide is bound in plane with the metals, in 1 as
well as in the other three compounds the O3~ group lies above
the corresponding M, plane. The #,-O3 unit is discussed as a
potential intermediate in the oxidation of water to O, by the
tetranuclear Mn complex of photosystem IL! This structural
motif is also under discussion for the catalytic dismutation of
H,0, by a tetranuclear Mn complex[™®! and for the thermal
decomposition of dinuclear u-peroxodiiron(iir) complexes.[']

Crystal structure of 4: The molecular structure of 4 is depicted
in Figure 2 along with the atomic numbering scheme. Figure 3
shows thermal ellipsoids of the asymmetric unit. Relevant
interatomic distances and angles are given in Table 3. The
complex consists of a rectangle of four Cu'' atoms coordinat-
ing to a central u4-oxygen atom lying on a crystallographic
inversion centre. Thus, for symmetry reasons the central Cu,O
core is exactly planar. Each of two opposite sides are bridged
by a hydroxo group (Cul-Cu2a, Cu2-Cula) and a u-
phenoxo group (Cul - Cu2, Cula-Cu2a) of the deprotonated
ligand (L')~. Each metal is coordinated by a pyrrolidine
nitrogen atom of the ligand (L')~, which completes the basal
planes of the copper coordination spheres. The hydroxo-
bridged copper units are further bridged by two axially
coordinating ligands, one perchlorate anion and a disordered

Chem. Eur. J. 1998, 4, No. 2

Figure 2. Molecular structure and atomic numbering scheme for 4.
Hydrogen atoms are omitted for clarity.

Ecue)

cust
c<17)

ol ()

Figure 3. Asymmetric unit of 4 showing 50 % probability thermal ellip-

soids.

Table 3. Selected interatomic distances (A) and angles (°) for 4.1!

Cul ---Cu2
Cul-01
Cul-02
Cul-03
Cul-04

Cul -O4'
Cul-Olla
Cul -N1
Cul-O1-Cu2
Cul-02-Cu2a
Cu2-02-Cu2a
Cul-O4-Cu2a
01-Cul-O3
0O1-Cul-O4
0O1-Cul-N1
02-Cul-O4
02-Cul-Olla
03-Cul-O4
03-Cul-Olla
04-Cul-Olla
04'-Cul-Olla
O11a-Cul-N1
01-Cu2-02
02-Cu2-O3a
03a-Cu2-N2

2.862(2)
1.880(6)
2.002(1)
1.879(7)
2.686(15)
2.694(28)
2.808(9)
2.084(8)
97.5(3)
87.7(1)
180.0
59.9(3)
169.7(3)
86.4(9)
93.4(3)
74.9(4)
86.3(2)
76.2(5)
82.0(3)
151.7(5)
177.1(7)
101.0(3)
85.4(2)
89.3(2)
96.2(3)

Cul ---Cu2a
Cu2-01
Cu2-02
Cu2-03a
Cu2-04a

Cu2---012
Cu2-N2
Cul-0O2-Cula
Cul-02-Cu2
Cul-0O3-Cu2a
01-Cul-02
01-Cul-O4
0O1-Cul-Olla
02-Cul-03
02-Cul-04
02-Cul-N1
03-Cul-04
03-Cul-N1
04-Cul-N1
04'-Cul-N1
01-Cu2-0O3a
0O1-Cu2-N2
02-Cu2-N2

2.749(2)
1.927(6)
1.945(1)
1.881(6)
2.819(19)

3.295(12)
1.958(7)
180.0
92.3(1)
94.0(3)
84.5(2)
107.2(5)
91.5(3)
87.1(2)
92.7(9)
172.5(2)
99.9(10)
95.7(3)
99.0(5)
80.0(9)
164.3(3)
92.2(3)
167.2(2)
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[a] Symmetry transformation for equivalent atoms: —x, —y, —z+ 1.
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methanol molecule. However, in the less occupied site the
methanol serves as a terminal ligand (through O4’) to Cul.
The Cu-O bond lengths in the wu-hydroxo bridges are
remarkably short (see Table 3), while all other equatorial
bond lengths have normal values.

The structures of 1 and 4 are closely related. Complex 4 can
be regarded as the precursor complex for the synthesis of 1
(vide infra). Compound 4 contains an oxo anion instead of the
peroxo group and hydroxo instead of methanolato bridges.
Whereas the peroxo ligand in 1 is positioned above the Cu,
rectangle, the oxo ligand in 4 is located in the plane with the
metal centres; this causes a shortening of the metal —metal
distances. The yu-phenoxo-bridged copper atoms move togeth-
er from 2.994(2) to 2.862(2) A, for the u-hydroxo-bridged
copper centres this effect is even more drastic with a reduction
from 3.030(2) to 2.749(2) A. To our knowledge, besides
compound 4 only one other complex has been reported with
an exactly planar Cu,(u,-O) unit. In the heteronuclear
complex [Cu,Zr,05(0iPr),;] the isopropylato bridged copper
centres exhibit similiar short Cu-Cu distances of
2.781(8) A.'7 The structure of the complex [Cuy(u,-OH)LA*
(L*=macrocyclic Schiff-base ligand) is very similiar to that of
4, but instead of an oxo anion a (disordered) hydroxide is
located on the inversion centre.['®! However, on deprotonation
of the hydroxide in aprotic solvents dimerization to the
octanuclear complex [{Cu,(us-O)L*(ClO,)},]*" is observed, in
which the O~ is displaced from the central Cu, plane towards
the additionally coordinated copper.['l The Cu~ Cu distances
within the tetranuclear subunit lie in the same range as in 4:
the alkoxo-bridged metal centres have interatomic distances
of 2.85 A (averaged), the phenoxo-bridged centres 2.90 A
(averaged).

While tetranuclear copper(if) complexes involving a planar
1y-O% unit are rare, numerous copper(i) complexes contain-
ing a (distorted) u,-oxo bridge have been described.! In the
presence of coordinating anions such as halides or carbox-
ylates tetrahedral u,-oxocopper(i) complexes are the prefer-
red products when tridentate amino alcohol ligands of the
type used in this work are employed.['*<! In these compounds
the copper centres of each dinuclear subunit are bridged
unsymmetrically giving rise to one short equatorial and one
long axial Cu-X bond length (X = halide, carboxylate); the
metal —metal bond lengths range from 3.15 to 3.38 A. In the
synthesis of 4 only hydroxide or methanolate ions are
available to serve as coordinating anions. Their bite distance
is probably too short for the described bridging mode and
therefore they are not able to stabilize the tetrahedral
arrangement of the four copper ions around the central oxo
anion.

UV/Vis spectroscopic properties: The spectra of complexes
1-4 were recorded in dichloromethane in the range 250-
1000 nm. The concentrations used were 10~* molL~!, except
for 3, for which a 6 x 10~ molL~! solution was prepared on
account of its poor solubility. Dichloromethane is a very
weakly coordinating solvent, so the tetranuclear structures of
the complexes are maintained in dichloromethane solution, as
is indicated by electrospray ionization mass spectrometry
(vide infra). Figure 4 displays the UV/Vis spectra of 1 and 4 in
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Figure 4. UV/Vis spectra of 1 (solid line) and 4 (dashed line) in dichloro-

methane (¢ =10"* molL™").

T ————
300 400

the range 300—800 nm and Table 4 contains the exact data for
all of the complexes.

Table 4. UV/Vis data of complexes 1-4.

A(nm) e(M'em™) A (nm) eM'em™) A (nm) e M 'cm™!)
1 284 15900 384 9700 587 610
2 287 16200 389 9500 586 580
3 287 16600 391 9300 565 770
4 270-280 (sh) — 320-440 (sh) — 645 340

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

The bands near 290 nm are attributed to ;T —m* transitions
within the ligands. As expected, all three peroxo complexes
exhibit similar band structures. The spectra are dominated by
a very strong absorption at about 390 nm with a shoulder
around 420-440 nm. In this region no distinct band is
observed for 4, but there is a broad shoulder in the range
320-440 nm attached to the inner ligand band. This is
attributed to a phenolate —Cu'' charge-transfer transition.
Hence, the band structure in the spectra of the peroxo
compounds can be interpreted as a superposition of a
peroxo —Cu'! and a phenolate —Cu'' charge-transfer transi-
tion. The band at about 580 nm seems to be too high in energy
for pure d—d transitions and may be superposed on a second,
less intense peroxo —Cu!! charge transfer (even for a simple
mononuclear peroxocopper(l) complex two peroxo —Cull
charge-transfer transitions are predicted?). The maximum
of the d—d bands of 4 is located at 645 nm as expected for
square-pyramidal copper (i) ions.?!]

Electrospray ionization mass spectrometry (ESI-MS): ESI-
MS spectra of solutions of 1 and 4 in dichloromethane were
recorded. Besides some minor peaks, the mass spectrum of
the solution of 4 essentially contains one peak pattern with the
intensity maximum at m/z 949. Since the theoretical isotopic
pattern is in excellent agreement with the experimental one
these peaks can be assigned to the cation [Cu,(L'),(O)-
(OH),J**(ClO,)~. The spectrum of the solution of 1 shows six
peak patterns in the range m/z 900-1000 with intensity
maxima at m/z 915, 930, 949, 965, 979 and 993. On the basis of
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the theoretical isotope distributions the latter pattern indi-
cates the presence of [Cuy(L!),(O,)(OCH,),]**(ClO,)~. The
peaks at m/z 979 and 965 can be assigned if a consecutive
exchange of methanolate by hydroxide is assumed, and leads
to the formulae [Cuy(L'),(0,)(OCH;)(OH)**(ClO,)~ and
[Cuy(L1),(0,)(OH),]>+(C10,), respectively. The peak at m/z
915 can be assigned to species such as [Cuy(L'),(O,)-
(OCH;)(OH),(H,0)]* or [Cuy(L'),(0,)(OH);(CH;0H)]*.
Also in these cases the theoretical isotopic patterns in the
mass spectra are in accordance with the experimental ones.
The water present in the dichloromethane solvent as a
contaminant can exchange with the less polar methanol in
the complex. The peak pattern at m/z 949 in the ESI mass
spectrum of the solution of 1 corresponds to that of 4, so 4 is
most probably present as an impurity in the sample of 1. The
peak at m/z 930 cannot be definitively ascribed to one
particular species.

Vibrational spectroscopy: The identification of #(O-0) of
peroxocopper(l)) complexes is of major interest. For this
purpose 1 was also prepared with '80,, yielding an isotopic
labelled derivative 1-80. Besides routine IR spectra, peroxo
complexes 1, 1-80, 2 and 3 were studied by FT Raman and
resonance Raman spectroscopy. The FT Raman spectra were
recorded at room temperature, while the resonance Raman
experiments were performed at low temperature with laser
excitation from 514.5 to 454.5nm. Figure5 shows the
resonance Raman spectra of 1 and 1-'%0, Figure 6 depicts

347

intensity
(<]
~
[+

353

i L o ———
1000 900 800 700 600 500 400 300 200
wavenumber/cm’’

Figure 5. Resonance Raman spectra of 1 (4579 nm, 10K) and 1-%0
(454.5 nm, 80 K).
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Figure 6. FT Raman spectra (950—600 cm™!') of 1 (solid line) and 1-%0
(dashed line).
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the respective FT Raman spectra and Table 5 gives a summary
of the observed frequency shifts of complex 1 upon O
substitution in various experiments.

Table 5. Observed frequency shifts (cm™!) of 1 upon '®O substitution in
resonance Raman (RR), Raman (R) and IR spectroscopic (IR) inves-
tigations.

1 1-%0 Observed in
878 841 RR/R

823 817 R

388 384 IR

353 347 RR/R/IR
331 329 IR

316 306 IR

The resonance Raman spectra of 1 and 1-"®*0 each contain
two strong bands at 878 and 353 cm~!, and 841 and 347 cm™,
respectively; the spectra were recorded with excitation at
4579 and 454.5 nm , respectively. Measurements performed
with excitation up to 514.5 nm were very similar. In the FT
Raman spectra, shifts of three bands are observed upon
isotopic substitution. The bands at 878, 823 and 353 cm~! shift
to 841, 817 and 347 cm™, respectively. The IR spectra (4000 —
450 cm™) of 1 and 1-¥0 are identical, but in the FIR region
significant shifts are noted (listed in Table 5). The band at
878 cm~! can be assigned definitively to #(O-0) while
the 353 cm™' band is attributed to a Cu—O peroxide vibra-
tion. If the peroxo group is considered as a harmonic
diatomic oscillator, theoretical values for the isotopic
labelled compound of 828 and 338 cm~' are expected.
Obviously, the observed frequencies deviate significantly,
revealing clear nonharmonic behaviour. A further indication
of vibrational couplings within the central Cu, core is the
shift of the band at 823 to 817cm™' in the FT Raman
spectrum.

In the resonance Raman spectra of 2 and 3 two character-
istic Raman features are also found which are correspondingly
assigned to the O-O stretching vibration and a Cu-O
peroxide vibration. Whereas the frequencies of the metal—
donor vibrations are essentially identical (353, 352 and
353 cm™! in 1, 2 and 3, respectively) for all three peroxo
complexes, the peroxide vibrations differ remarkably (878,
898 and 888 cm~! in 1, 2 and 3, respectively).

Table 6 contains O-O stretching vibrations and O-0O
bond lengths of structurally and/or spectroscopically charac-
terized peroxocopper(il) complexes, of type 3 copper proteins
and of yu,-peroxoiron(iil) complexes. It is evident that the
stretching vibrations of peroxocopper(il) complexes and
proteins can be classified into three groups: compounds
containing u-n*:17? bound peroxide exhibit the lowest values
for #(0O-0) (731-755 cm™"),[56¢222] tetranuclear complexes
1-3 featuring the u,-coordinated peroxide have the highest
values (878-898 cm™!) whereas the trans-u-1,2 complex24
and the complex with the terminal peroxide! give values in
between (832 and 803 cm™!, respectively). Hence, the com-
paratively high O-O stretching frequencies of the u,-
peroxocopper(1) complexes are unique and can be considered
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Table 6. O-O stretching vibration frequencies and O-O bond lengths of 1600 - 1.0
selected peroxo compounds. [
1400

coordination #(O-0) d(O-0O) ref. [

mode (em™)  (A) e 1200 [
[Cu{HB(3,5-Me;pz)5}]|,(0) ¥ w-ip?unp? 731 [22] S 1000 [
[Cu(HB(3,5-iPr,pz);],(0,) u-na? 741 1.412(12) [3] E [
[Cu(HB(3,5-Phypz);],(0,) ey 759 [5] “g 800 -
oxyHc u-nrn? 742752 [6¢c,23a—€] © s
oxyTyr u-nra? 755 [231] wo 600 ~
[Cuy,(XYL-0-)(0,)]* terminal 803 [25] h b
[{Cu(tpa)},(0,) >+ trans-u-1,2 832 1.432(6)  [4,24] w 400F
1 Uy 878 1.453(4)  this work [
2 e 898 this work 200 &
3 Uy 888 this work o L
[Fe.(0),(0,)(O.CPh)(OH),] 1 8 148002) [10) A A A At
[Feg(0)1(0,)5(OAcC)]~ Uy 844 1.47209)  [12] TIK]

[a] pz=pyrazolyl.

% [10® cm®/ mol Je

as a spectroscopic characteristic of this class of compounds.
The O-0O stretching vibrations of the copper compounds
correlate nicely with the observed O-O bond lengths
(Table 6). However, the #(O-0) values of the u,-peroxo-
iron(ir) complexes!'®!?l do not fit into this scheme. Despite the
iron complexes having the same coordination mode, the O - O
bonds are longer and the 7(O — O) values are lower than in the
corresponding copper complexes.

Magnetic properties: Magnetic susceptibility measurements
on polycrystalline samples of 1 and 4 were made in the
temperature range 6.0-411.2 K for 1 and 4.3-401.8 K for 4.
The magnetic moments of both complexes decrease with
decreasing temperature whereas the magnetic susceptibilities
show minima at 80 K (1) and 170 K (4). The room-temper-
ature values for u. per copper centre are 0.80 up for 1 and
0.65 ug for 4. These values are lower than the spin-only value
of 1.73 ug for a copper(11) ion; this means that both complexes
are strongly antiferromagnetically coupled. In Figures 7 and 8
plots of the susceptibilities and the effective magnetic mo-
ments versus temperature are shown.

350
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Figure 7. Molar susceptibility and effective magnetic moment per copper
atom of 1. Lower curve in each plot: fit with Equation (3); upper curve in
each plot: fit with Equation (8).
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Figure 8. Molar susceptibility and effective magnetic moment per copper
atom of 4. Lower curve in each plot: fit with Equation (3); upper curve in
each plot: fit with Equation (4).

For theoretical calculations an isotropic Heisenberg ap-
proach can be used based on the common spin-exchange
Hamiltonian [Eq. (1)].

H=-2)"I;SS, 1)
ij

As a result of the the C; sym- S S,
metry of complex 4 three differ- C“(l) Cu(2)
ent coupling constants Jy,, J3,
and J,, have to be taken into Tia
account (Scheme 1). The Hamil- Cu(2a) Cu(la)
tonian of the tetranuclear system S, S,
in this case is given in Equa- Scheme 1. Exchange cou-
tion (2). pling model for 1 and 4.
H= *ylz('§1§2+§3§4) - 2’13('§1§3 +8,8) - 2’14(§1§4 +5.5) (2)

Because of the C, symmetry of complex 1 a correct model
of this arrangement of spin centres must have four different
coupling constants. However, since the chemical conditions of
the two diagonal pathways are identical, the coupling scheme
used for compound 4 should be valid [Eq. (2)].

Diagonalization of the spin matrix with the basis set
(S1,534,5| leads to an analytical expression for the energy
eigenvalues that can be inserted into van Vleck’s equation.
The resulting expression for the temperature dependence of
the magnetic susceptibility is given in Equation (3); Xra» Ximps
A and B are defined in Equations (4-7), respectively, S =1/2
and Ny, ug, h, k, c and g have their usual meaning and Xy, is
the percentage of susceptibility caused by paramagnetic
impurity.

1(T) = (1 = Ximp) X Xietral T) + 4Ximpimp(T) + 4N (3)
Nag’ug A
(D)= 2 4
Leetra(T) 3kT B (4)
NAgui
im; = 5
T =25 ©)
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A= 30exp(4

kT kT

(=J—Jys _J”)hcj+6exp(— (Jip +J35 _J14)hcj+6exp(— Vi —J13+J14)h6)+66xp(— (=Jn+Jy +J14)h5)

(_le“le_Jla)hC]+3exp(_ o +J'3—J”)hc)+3exp(— (JIZ_J]3+J14)hCJ+3exp(— (_J12+J13+J14)h5)

kT

B= Sexp[—

kT kT

kT

[ (J12+J13+J142\/‘]122""]123"']124_leJla_leJu_Jn‘]m)hc] [ (
+exp| — +exp| ~

For a quantitative description of the magnetic properties of
the tetranuclear compounds examined the data were fitted for
molar susceptibility versus temperature by means of Equa-
tion (3). Unfortunately, for both systems a satisfying fit could
not be obtained. Particularly in the temperature region
between 50 and 250 K, the fits are not good when the
estimated values of diamagnetic susceptibility and the stand-
ard value of 60 x 10~ cm®*mol~! for N, are used. Owing to the
strong antiferromagnetic coupling, the absolute values of the
molar susceptibility are very low. In this case the estimation of
the diamagnetic correction becomes very important. Assum-
ing a maximal error of estimation of 10 %, the influence of this
parameter on the overall susceptibility and on the fits is
remarkable. A variation of temperature-independent para-
magnetism (TIP) has the same effect on susceptibility. There-
fore fits with variable TIP were made. The results, which were
much more satisfying, are shown in Figures 7 and 8.

A fit for complex 1 with Equation (3) leads to g=2.07,
Ximp=0.11% and N,=35x 10" cm’mol~". Surprisingly, this
fit does not lead to reproducible values for any of the three J;;.
As a consequence of the strong antiferromagnetic coupling
only the S=1 first excited state, besides the S=0 ground
state, is thermally accessible at temperatures up to =400 K.
Consequently the tetrameric complex can be described
magnetically by a two-energy-state model with nearly the
same level of accuracy. Therefore Equation (2) was substi-
tuted by the well-known Bleaney-Bowers equation [Eq.
(8)].°! This treatment leads to a nearly identical fit (upper
curves in Figure 7) with 2/=—510420 cm™!, which is good
confirmation that in magnetic susceptibility measurements
only the first singlet—triplet gap is accessible.

27
- Ny P (ﬁ)

kT 27
1+3exp(—
p(kT)

All the facts described above are valid for compound 4 too.
This complex is very strongly antiferromagnetically coupled;
the fitting procedure with the Bleaney—Bowers equation
results in 2/=—7204+60 cm~'. In Figure 8 the upper lines
belong to the best fit of Equation (8), while the lower lines
represent the best fit of Equation (3) with g=2.19, x;,,,=
0.47% and N,=98 x 10~® cm*mol .

For dinuclear Cu®! complexes a number of magnetostruc-
tural correlations have been established in the last 20 year-
s.[92.2728] A]] these correlations show a strong linear depend-
ency of the exchange integral on the bridging angle at the
diamagnetic oxygen atom. In all cases the bridging angle at
the point where the sign of the exchange interaction changes
is nearly the same, namely 975+ 1.0°. For smaller angles,
ferromagnetic interactions are found. In 1 the Cu-O-Cu

®
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angles are larger than 100.0°. Therefore, if magnetostructural
correlations made for square-planar dinuclear copper(i)
complexes can be applied to this kind of tetranuclear
complex, antiferromagnetic interactions would be expected.
A prediction of the interaction through the peroxo bridge is
much more complicated. No correlation exists for this
structural unit. A comparable structural motif is present in
the trans-u-1,2-peroxocopper (i) complex [{Cu(tpa)},(O,) .1
In spite of the large Cu---Cu interatomic distance of
4.359(1) A, which is similar to the 425 A (averaged) in 1, a
strong antiferromagnetic exchange coupling including the
copper d,. orbitals of —2J > 600 cm! is found.?’!

In the case of 4 most bridging angles are smaller than 97.5°;
thus ferromagnetic interaction could be expected. However,
the measured susceptibilities show clearly that for this kind of
tetrameric complex a simple transfer of the known correla-
tions for dimeric complexes is not possible. Contrary to the
predictions at least one of the nondiagonal interactions is
strongly antiferromagnetic. It should be noted that all
predictions and correlations are based upon a superexchange
mechanism. Owing to the very short copper —copper distances
in this complex (2.75 and 2.86 A) direct exchange should also
be taken into account as it would enforce the observed
antiferromagnetic interaction. For both complexes an unam-
biguous assignment of exchange parameters to structure units
is difficult to formulate.

Investigation of the system in solution: The u,-peroxo
complexes 1-3 can be synthesized in methanol on treatment
of the corresponding tridentate ligand HL!, HL? or HL? with
two equivalents of copper(i) perchlorate, triethylamine and
hydrogen peroxide or 3,5-DTBC/O,. Two dinuclear Cu,(L)**
units (L= (L")~, (L?~, (L®") need to dimerize to give the
tetranuclear species with additional coordination of one
peroxide group, two methanolate groups and one perchlorate
anion. To achieve further insight into this complex reaction
system we studied the species in solution by UV/Vis spectro-
scopy.

A methanolic solution containing the ligand HL' (2 x
10#molL~") and copper(i) perchlorate hexahydrate (4 x
10~* mol L") (simplified as Cu,L' with ¢=2 x 10~* molL™")
was titrated with NEt; spectrophotometrically. A uniform
increase of the bands in the UV/Vis spectrum on addition of
the first three equivalents (per Cu,L!) suggests quantitative
formation of the complex from the ligand and metal ions,
where the base may be used for deprotonation of the
endogenous phenol bridging group and an exogenous bridg-
ing solvent molecule. The maximum of the d-d bands is
observed at about 685 nm with e =230mM'cm™! (per Cu,L}).
Further addition of base leads to a change of the form of the
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spectrum. The practical end-point of the titration is reached
after addition of about 30 equivalents of NEt;. The d —d bands
shift to 650 nm with concomitant decrease of intensity (e =
170m~'em~! per Cu,L'). The spectrum obtained is very similar
to that of 4 in dichloromethane (see Figure 4) and nearly
identical to that of 4 recorded in methanol. In this basic
medium a reaction is proposed whereby a tetranuclear u,-0xo
species is formed, with a structure analogous to 4 in the solid
state.

A solution of Cu,L! (2 x 10~* mol L") in methanol to which
30 equivalents of NEt; have been added was titrated with
hydrogen peroxide. The recorded spectra are depicted in
Figure 9. In the course of the titration a new charge-transfer
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Figure 9. UV/Vis spectra from the titration of Cu,L' (2 x 10~* molL~! in
methanol) + 30 equivalents of triethylamine with 0.25, 0.5, 0.75, 1.0, 1.25
and 1.5 equivalents of H,0,.

T T T T T T T T T T

band with a maximum at 383 nm develops. Two isosbestic
points at 325 and 363 nm indicate an equilibrium between two
complexes; the maximum of the d—d bands shifts from about
650 to 620 nm. The end of the transformation is reached after
addition of 1.5 equivalents per Cu,L! and 3 equivalents per
tetranuclear unit. The similarity of the obtained UV/Vis
spectrum to that of the u,-peroxocopper(il) complex 1 in
dichloromethane is apparent. Both spectra have a maximum
at nearly the same wavelength in the charge-transfer region
(384 nm (1) and 383 nm). However, the extinction coefficients
differ significantly with ¢=9700m'cm™! (1) and &=
6200m~tecm™! (per Cu, unit). A further difference is seen in
the visible region of the spectra. For 1 the maximum is found
at 587 nm (¢ =610M~'cm™"); for the complex formed in the
titration the band is located at 620 nm (e =450M~'cm™! per
Cu, unit).

It is evident that in basic methanolic solution a tetranuclear
us-oxocopper (i) complex can be converted into a tetranuclear
us-peroxocopper(l) complex by addition of H,O, or 3,5-
DTBC/O, (Scheme 2). The differences in the spectra of the in
situ synthesized peroxo complex in methanol and of the
dissolved crystalline peroxo complex 1 in dichloromethane
are probably a result of solvent effects. Whereas methanol is a
strongly coordinating solvent, dichloromethane has only
weakly coordinating properties. Thus additional coordination
of the solvent molecules may influence the charge-transfer
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Scheme 2. Reaction of Cu,L! to form tetranculear u,-oxo and u,-peroxo
complex species (R =-H, -CHj,).

transitions. In methanol, hydrogen bonds may be formed with
the bound peroxide group influencing the charge-transfer
transitions indirectly. A combination of both effects may
cause different coordination geometries of the peroxo com-
plexes in different solvents, which would directly influence the
03~ charge-transfer transitions.

Experimental Section

Physical measurements: 'H NMR spectra were recorded on a Bruker
'WH 300 instrument; all chemical shifts are reported relative to an internal
standard of tetramethylsilane. Elemental analyses were performed on a
Heraeus CHN-O-RAPID instrument. Electronic spectra were recorded on
a Shimadzu UV-3100 spectrophotometer. The ESI-MS measurements were
performed on a Finnigan MAT 95 double-focussing apparatus (BE config-
uration) equipped with an API II electrospray ion source (Finnigan) and on
a HP 5989 Engine (single quadrupole analyzer, Hewlett — Packard) equip-
ped with an Analytica Branford II electrospray ion source. The samples
were dissolved in CH,Cl, (ca. 0.5 mg mL~') and ion optics were adjusted to
minimize the presence of doubly charged species. IR (solids in KBr, oils
between NaCl plates) and FIR spectra (in polyethylene) were recorded on
a Bruker IF 113 v spectrometer. FT Raman spectra were recorded at room
temperature with pure samples on a Bruker IFS 66 FT Raman interfer-
ometer with a Nd-YAG laser excitation of 1064 nm (Adlas). Resonance
Raman spectra were performed on a multichannel spectrometer XY
(Dilor) and on a U 1000 Raman spectrometer (Instruments S.A.) excited
with Kr™ and Ar" lasers (Spectra Physics models 2025 and 165). The
samples were diluted in a KBr matrix and fixed on a rotating steel disk; the
spectra were measured at 10, 20 or 80 K. Magnetic susceptibilities of
powdered samples of 1 and 4 were recorded on a Faraday-type magneto-
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meter with a Cahn RG electrobalance in the temperature range 4.3 -300 K.
A similar balance was used for the temperature range 300-411.2 K. The
applied magnetic field was about 1.5 T in the low temperature and about
1.2 T in the higher temperature range. Details of the apparatus have been
described elsewere.””%l The experimental susceptibility data were correct-
ed for diamagnetism in the usual manner with Pascal’s constants.’!l
Corrections for diamagnetism were estimated as —556.5x 107% and
—574.9 x 10~ cm*mol~! for 1 and 4, respectively.

Reagents: All reagents were purchased from commercial sources and used
as received. If necessary solvents were dried by standard procedures. The
gas 0, (95-98% '®0) was obtained from Cambridge Isotope Laborato-
ries and used without further purification.

Synthesis of 2,6-bis(pyrrolidinomethyl)-4-methylphenol (HL!): p-Cresol
(5.41 g, 50 mmol) and pyrrolidine (7.82 g, 9.1 mL, 110 mmol) were dis-
solved in ethanol (60 mL). The solution was treated with 36% form-
aldehyde solution (8.8 mL, 115 mmol), stirred for 24 h under reflux and
then evaporated to dryness under vacuum. The residue was washed with
sodium carbonate solution (10 %, 40 mL). This solution was extracted three
times with ether and the combined organic phases were subsequently dried
over sodium sulfate. The ether was removed under vacuum to give a light
yellow oil. Yield: 11.4 g (83%); '"H NMR (300 MHz, CDCl;, TMS): 6 =
1.80 (m, 8H), 2.59 (m, 8H), 3.70 (s, 4H), 6.85 (s, 2H); C;;H;xN,O (274.41):
caled C 74.41, H 9.55, N 10.21; found C 73.88, H 9.71, N 10.60.

Synthesis of 2,6-bis(piperidinomethyl)-4-methylphenol (HL?): p-Cresol
(5.41 g, S0 mmol) and piperidine (9.37g, 10.9mL, 110 mmol) were
dissolved in dioxane (50 mL). Paraformaldehyde (3.30 g, 110 mmol) was
added to this solution and the mixture was refluxed for 24 h. After
evaporation of the solvent the residue was treated with sodium carbonate
solution (10 %, 40 mL). The solution was extracted three times with ether
and the combined organic phases were dried over sodium sulfate. The ether
was removed under vacuum. The resulting colourless oil crystallized slowly
upon standing in a refrigerator. Yield: 13.20 g (88 % ); 'H NMR (300 MHz,
CDCl;, TMS): 6 =1.46 (m, 4H), 1.58 (m, 8H), 2.22 (s, 3H), 2.47 (m, 8H),
3.55 (s, 4H), 6.83 (s, 2H); C;gH3N,O (302.46): caled C 75.45, H 10.00, N
9.26; found C 75.50, H 10.47, N 9.48.

Synthesis of 2,6-bis(morpholinomethyl)-4-methylphenol (HL3): Morpho-
line (11.8 g, 11.8 mL, 135 mmol) was added to a solution of p-cresol (6.48 g,
60 mmol) in dioxane (30 mL). The mixture was stirred and a solution of
formaldehyde (36 %, 9.9 mL, 130 mmol) was added. The solution was then
heated to reflux and kept at this temperature for 2 h, after which the solvent
was evaporated under vacuum. The crude solid was recrystallized from
toluene. Yield: 4.68 g (26%); m.p. 118°C; 'H NMR (300 MHz, [DgJace-
tone, TMS): 0 =2.23 (s, 3H), 2.53 (t, 8H), 3.59 (s, 4H), 3.73 (t, 8H), 6.86 (s,
2H); C;;HyN,0; (306.40): caled C 66.67, H 8.50, N 9.15; found C 67.20, H
8.80, N 9.04.

Synthesis of [Cuy(L"),(0,)(OMe),(C10,)]C10,-MeOH (1): [Cu(CIO,),]-
6H,0 (185 mg, 0.50 mmol) was dissolved in methanol (30 mL). The
solution was stirred and the ligand HL! (69 mg, 0.25 mmol) was added.
After addition of NEt; (0.4mL) and H,O, solution (30%, 13 uL,
0.125 mmol), or alternatively 3,5-DTBC (56 mg, 0.25 mmol), dark green
crystals of 1 were formed within a few hours. Yield: 60 mg (42%);
Cy3;HgN,CL,CuyOy5 (1125.95): caled C 39.47, H 5.37, N 4.98; found C 40.01,
H 523, N 5.25.

Synthesis of [Cuy(L?),(0,)(OMe),(C10,)]C10,-MeOH (2): [Cu(CIO,),]-
6H,0 (185 mg, 0.50 mmol) was dissolved in methanol (20 mL). The
solution was stirred and the ligand HL? (76 mg, 0.25 mmol) was added.
After addition of NEt; (0.4 mL) and 3,5-DTBC (56 mg, 0.25 mmol) 2 was
obtained as a dark green microcrystalline product. Yield: 75 mg (50%);
C;HggN,CL,Cu, Oy (1182.11): caled C 41.66, H 5.80, N 4.74; found C 41.93,
H 6.00, N 4.66.

Synthesis of [Cuy(L*),(0,)(OMe),(C10,)]C10,-MeOH (3): [Cu(CIO,),]-
6H,0 (93 mg, 0.25 mmol) was dissolved in methanol (15 mL). The solution
was stirred and HL? (38 mg, 0.125 mmol) was added. After addition of a
few drops of NEt; and 3,5-DTBC (56 mg, 0.25 mmol) 3 was obtained as a
dark green microcrystalline  product. Yield: 40mg (54%);
Cy;HgN,CLCu,Oy9 (1189.95): caled C 37.35, H 5.08, N 4.71; found C
36.38, H 5.05, N 4.72.

Synthesis of [Cuy(L'),(0)(OH),(MeOH),(C10,),] (4): [Cu(ClO,),] - 6H,O
(371 mg, 1.00 mmol) was dissolved in methanol (5mL). HL! (137 mg,
0.50 mmol) was added in small portions under stirring. NEt; (1 mL) was
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added and the mixture was allowed to stand for one day, after which small
amounts of precipitate were filtered off. NaClO, (200 mg, 1.63 mmol) was
added to this solution. Dark green crystals were formed after a few hours.
Yield: 80 mg (29 % ); C3HgoN,C1,Cu,O,5 (1113.94): caled C 38.83, H5.43, N
5.03; found C 38.33, H 5.30, N 5.15.

Crystal structure determination: Intensity data of complex 1 were collected
on a Syntex P2, four-circle diffractometer (Moy,, 4 =0.71073 A, graphite
monochromator) with the w-scan technique with a variable scan rate of
2.93-29.30°min"". The intensities of two reflections were monitored; no
significant crystal deterioration was observed. Intensity data of complex 4
were collected on a STOE IPDS diffractometer (Moy,, 4=0.71073 A,
graphite monochromator) with a sample-to-plate distance of 70 mm and a
scan range from 0 to 180° with an exposure time of 3 min per 3° increment.
A combined absorption and decay correction was applied (program
DECAY®™). Further data collection parameters are summarized in
Table 1. The structures were solved by Patterson syntheses (program
XSP). A series of full-matrix least-squares refinement cycles on F?
(program SHELXL 93534) followed by Fourier syntheses gave all remaining
atoms. The hydrogen atoms were placed at calculated positions and were
constrained to ride on the atom to which they are attached. The isotropic
thermal parameters for the methyl and hydroxyl protons were refined with
1.5 times the U, value of the corresponding atom and for all other
hydrogen atoms with 1.2 times U,,. The non-hydrogen atoms were refined
with anisotropic thermal parameters. In 1 the oxygen atom of the
disordered methanol molecule (C19-04) was refined with an occupancy
factor of 0.5 because the bound carbon atom is located on a twofold axis. In
4 occupancy factors of 0.69(3) for O4 and 0.31(3) for (O4’) were found for
the disordered methanol molecule. Hydrogen atoms for C18 — O4’ were not
calculated.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100661.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (Fax: Int. code + (44) 1223 336-
033; e-mail: deposit@ccdc.cam.ac.uk).

Spectrophotometric titrations: A solution containing HL' (2 x
10#molL") and [Cu(ClO,),]-6H,0 (4 x10~*molL!) in methanol
(2 mL) was titrated with a solution of NEt; (0.1m) in methanol. After each
addition thermodynamic equilibrium was reached instantaneously. The
UV/Vis spectra were corrected for volume changes.

A solution of triethylamine (0.1m, 120 pL, 30 equivalents with respect to
Cu, unit) in methanol was added to a solution containing HL' (2 x
10#molL") and [Cu(ClO,),]-6H,0 (4 x10~*molL") in methanol
(2 mL). This solution was titrated with a solution of H,0, (0.01m). After
each addition thermodynamic equilibrium was reached instantaneously. No
decomposition of H,0, was observed, the spectra of each titration step
remained constant for at least one hour. The UV/Vis spectra were
corrected for volume changes.
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Abstract: Cyclobis(paraquat-1,5-naph-
thalene) has been prepared by a tem-
plate-directed synthesis. As a result of
the presence of the two chiral planes
generated by its 1,5-disubstituted naph-
thalene residues, this compound can
exist in three different stereoisomeric
forms, an achiral (RS) form and two
chiral forms, (RR) and (SS). Although
the racemic modification could not be
separated from the meso isomer, dy-
namic NMR spectroscopy together with
molecular modeling indicate a diaster-
eoisomeric ratio of 3:1 in favor of the

polyethers bis-p-phenylene[34]crown-10
(BPP34C10) or bis-1/5-dinaphtho[38]-
crown-10 (1/5DN38C10) self-assemble
with diastereoselectivities in the range
50-60%. Relative stereochemical as-
signments for the different stereoiso-
meric forms have been achieved by
dynamic NMR spectroscopy. In both
[2]catenanes, the diastereoisomers in
which the tetracationic cyclophanes
have local D, symmetry predominate.
When the dynamic processes occurring
within the [2]catenane containing the
1/5DN38C10 macrocycle are slow on the

NMR timescale, a third element of
planar chirality can be observed. This
element is associated with the inside 1,5-
dioxynaphthalene residue belonging to
the crown ether and is orthogonal to the
two chiral planes already present within
the skeleton of the tetracationic cyclo-
phane component. After repeated frac-
tional crystallizations, single crystals
were obtained, and one was subjected
to X-ray crystallography. The 1,5-disub-
stituted naphthalene residues in both
the cyclobis(paraquat-1,5-naphthalene)
and the 1/5SDN38C10 components were

(RR/SS) form. In addition, a couple of
[2]catenanes in which the m-electron-
deficient  cyclobis(paraquat-1,5-naph-
thalene) component is interlocked with
one of the m-electron-rich macrocyclic
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found to have (SS) chirality; that is,
the [2]catenane undergoes spontaneous

chirality - resolution on crystallization.

Introduction

There are numerous ways[!! of introducing chirality into
cyclophanes and hence into catenanes, in which they are
incorporated as components. Here, we describe the introduc-
tion of elements of planar chirality® into cyclobis(paraquat-p-
phenylene)P! 14+ (Figure 1) and show how this chirality can be
incorporated into the [2]catenanes!*l 2*+ and 3**.
Cyclobis(paraquat-1,5-naphthalene) 4**, in which the two
p-phenylene spacers present in 14+ have been replaced by 1,5-
disubstituted naphthalene spacers (as elements of planar
chirality), can exist in three different stereoisomeric forms
(Figure 2): an achiral (RS) form with C,, symmetry in which
the naphthalene spacers are eclipsed with respect to each
other, and chiral (RR) and (SS) forms with D, symmetry in
which the naphthalene spacers are staggered with respect to
each other. The rotation of the naphthalene spacers around an
axis defined by their ring-junction carbon atoms allows
interconversion between the different diastereoisomers and
inversion between the enantiomers. From an inspection of
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Figure 1. Introducing elements of planar chirality into the tetracationic
cyclophane 1** and into the [2]catenanes 2** and 3**.
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Figure 2. The different stereochemical forms of cyclobis(paraquat-1,5-
naphthalene) 4*+.

CPK space-filling molecular models (vide infra, molecular
modeling) such a process, however, appears not to be possible
because of the unfavorable steric interactions that would
occur between the H-4/8 protons of the naphthalene spacers
and the bipyridinium units in the tetracationic cyclophane

300 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

during the interconversion between the different diaster-
eoisomers.P!

We report how this tetracationic cyclophane can be self-
assembled in the presence of either bis-p-phenylene[34]-
crown-10 (BPP34C10) or bis-1,5-dinaphtho[38]crown-10
(1/5DN38C10) to afford the [2]catenanes 5* and 6** with
two and four planes of chirality, respectively.

Results and Discussion

Synthesis and complexation studies: Reaction of excess 4,4'-
bipyridine with 1,5-bis(bromomethyl)naphthalenel® (7) in
MeCN yielded the pure dicationic salt 8-2PF, in 30 % yield,
after purification by column chromatography and counterion
exchange. Cyclobis(paraquat-1,5-naphthalene) 4-4PF; was
obtained by reacting approximately equimolar amounts of 7
and 8-2PF; in the presence of excess (6 mol equiv) template
1,5-bis[2-(2-hydroxyethoxy)ethoxy]naphthalene!”! (BHEEN),
Scheme 1. The cyclophane, which was isolated in 64 % yield
after chromatography and counterion exchange, was not
obtained when the reaction was repeated under exactly the

0 O OH
» QO
Q 0 oH N 8
BHEEN (] N
MeCN / RT .
2) NH4PFg / HoO )
* () 4PFg
N
404PFg

1) BPP34C10

Y ERYERYER
N 8 0000 O
(] +
® - MeCN / RT 8
et
g 2) NH4PFg / H,0 ? %
? il ) Rf 4PFg

S54PFg o\_/o\_/o\_/o\_/o

SR YR YERYER
Br + 00000
N Br 1) 1/5DN38C10 ® N

8
. + MeCN / RT ©© .
—
8\ 2) NH4PFg / H,0 () @@
0) T e @

® 66% 8 N, e
. 6
8 N7 64PFs 00 0 0 O
8'2PF6 A T —

Scheme 1. Template-directed syntheses of the tetracationic cyclophane
4-4PF, and the [2]catenanes 5-4PF, and 6 -4 PF,.
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same conditions but without the template. When BPP34C10
and 1/5DN38C10 were present in threefold molar excess in
separate reaction mixtures containing 7 and 8-2PF, the
[2]catenanes 5-4PF; and 6 -4 PF, were subsequently isolated
in yields of 14 and 66 %, respectively. The remarkable
difference in these yields might reflect, in part at least, the
much better binding of BHEEN than of 1,4-bis{2-(2-hydrox-
yethoxy)ethoxy|benzenel*! (BHEEB) by the tetracationic
cyclophane 4-4PF,. See Scheme 2 for the association con-
stants (K,) and the derived AG® values. Similar differences
have also been noted?! for cyclobis(paraquat-p-phenylene)
(1*), where the K, value (>5000M~") for the 1:1 complex
with BHEEN is considerably higher than that (K, =2220M™")
for the 1:1 complex with BHEEB. Further evidence for
complexation between i) BHEEB or ii) BHEEN with
4-4PF, comes from X-ray crystallography carried out on
complexes with 1:1 and 2:1 stoichiometries, respectively.

Solid-state structures of complexes with cyclobis(paraquat-
1,5-naphthalene): Single crystals suitable for X-ray structural
analysis of the [2]pseudorotaxane containing BHEEB were
grown by vapor diffusion of iPr,O into a solution containing
4-4PF; (6 x 10-*m) and BHEEB (10~2m) in MeCN. The X-
ray analysis of the complex (Figure 3) shows the structure of
the tetracationic component to be disordered, with each 1,5-
disubstituted naphthalene spacer exhibiting a C,-flipping
about an axis passing through the two methylene substituents.
As the complex crystallizes in the uniquely determinable
centrosymmetric space group P2,/c, the average distribution
of atoms throughout the unit cell must have C; symmetry. The
occupancies of the two orientations of the 1,5-disubstituted
naphthalene units are each 50 % ; therefore it is not possible to
establish whether we have a superimposition of the two
enantiomeric forms of the tetracationic cyclophane, or a C,
disorder of the achiral form (about an axis passing through

Figure 3. The structure of 4-4PF,- BHEEB in the solid state.

the centers of the two bipyridinium unit), or a contribution of
all three. There is only one orientation observed for the
hydroquinone ring of BHEEB, which is sandwiched sym-
metrically between the two bipyridinium units (which exhibit
twist and bow distortions each of 28°) with a mean interplanar
separation of ca. 3.62 A between the m-electron-rich and -
electron-deficient components. The OC,H,O axis of the
thread is inclined by 51° with respect to the mean plane of
the tetracationic cyclophane. Secondary complex stabilization
is achieved by weak C-H-:--O hydrogen bonds between
diametrically opposite S-pyridinium hydrogen atoms and the
proximal central oxygen atom of each polyether chain (C--- O,
H--- O distances, and C-H---O angle of 3.13, 2.43 A, and
129°, respectively). The only dominant intercomplex inter-
action is a face-to-face m-stacking of the 1,5-disubstituted
naphthalene spacers of the tetracationic cyclophanes (mean

interplanar separation 3.42 A) of lattice-trans-

lated complexes. There are no major hydrogen-

bonding interactions involving the terminal

N 36 on =1030M*t -+ @OmOﬁOH hydroxyl groups of BHEEB. The only approach
[ . 1 (U NS i to this oxygen atom is an intermolecular contact
[) . ) @ of 2.63 A to one of the methylene hydrogen

) AGT=4 1l kel keal mol* R @) atoms of the tetracationic cyclophane.

o . ' @ ? Single crystals suitable for X-ray structural
N+ Q O OH  MeCN/25°C —" analysis of the [2]pseudorotaxane containing
4PFs " Q_Q _PH BHEEN were grown by vapor diffusion of iPr,O

4+4PFg BHEEB 4+4PF¢BHEEB into a solution containing 4-4PF, (6 x 10~*m)

and BHEEN (102m) in MeCN. The X-ray
analysis of the complex reveals the formation
of a 1:2 complex between 4** and BHEEN

. —r—  Ka =6440 M1 . &8 o . Xt
8 °® O O OH 8 , (Figure 4), a stoichiometry analogous to that
) NN g observed! for the complexation of 1,5-dioxy-
e . O AG® = -5.20 keal molt ©© naphthalene acyclic polyethers by the tetracat-

R @ 2P . _

+N ® e +N () ionic cyclophane 1** in the solid state. The two
° N O O OH MeCN/25°C 8 N or,” 1nFlepen<i.ent BHEEN threads are orientated
\ ) - with their 1,5-dioxynaphthalene ring systems
e QR PH positioned on crystallographically independent
4+4PFg BHEEN 4+4PFgeBHEEN inversion centers. As in the case of the 1:1

Scheme 2. Complexation of BHEEB and of BHEEN by the tetracationic cyclophane

4-4PF,

Chem. Eur. J. 1998, 4, No. 2
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complex formed between 4** and BHEEB, 4**
exhibits rotational disorder of its two 1,5-disub-
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Figure 4. The 1:2 complex formed between 4-4PF¢ and BHEEN in the
solid state.

stituted naphthalene spacers, thereby precluding the resolu-
tion of the isomers present (only one of the possible isomeric
forms is illustrated in Figure 4). The twisting and bowing
parameters of the bipyridinium units are 9° and 17°, respec-
tively. The OC,(H4O axes of the 1,5-dioxynaphthalene rings of
the inside and alongside BHEEN threads are inclined by 63°
and 41°, respectively, with respect to the mean plane of the
tetracationic cyclophane. The mean interplanar separation
between the inside 1,5-dioxynaphthalene ring system and the
bipyridinium units of the tetracationic cyclophane is 3.44 A.
As the alongside 1,5-dioxynaphthalene ring system is posi-
tioned on an inversion center, it is sandwiched (7t -t stacked)
symmetrically between symmetry-related tetracationic cyclo-
phanes (mean interplanar separation 3.42 A). The 1:2 com-
plex is stabilized further by i) C—H---O hydrogen bonds
between one of the a-pyridinium hydrogen atoms and the
terminal hydroxyl oxygen atom of the inside BHEEN (C--- O,
H--- O distances, and C-H---O angle of 3.16, 2.25 A, and
159° respectively), and ii) inter-thread O-H---O hydrogen
bonds from the hydroxyl group of the inside BHEEN to the
central oxygen atom of the polyether chain of the alongside
BHEEN (O:--O, H---O distances and O-H---O angle of
2.68, 1.95A, and 148°, respectively). The effect of the
combined m-donor-m-acceptor stacking and intercomponent
O-H"--O hydrogen bonding is to create an overall pseudo-
polyrotaxane chain (Figure 5). Adjacent hydrogen-bonded
pseudopolyrotaxane chains are aligned with the 1,5-disubsti-
tuted naphthalene spacers of the tetracationic cyclophane
components parallel but slightly off set with respect to that of
the next (mean interplanar separation and centroid — centroid
distance between the 1,5-disubstituted naphthalene ring
systems of 3.34 and 4.60 A).

IH NMR spectroscopic investigation of the cyclophane and of
the [2]catenanes: The 'H NMR spectrum (400 MHz) of
4-4PF, in CD;COCD; at 304 K (Figure 6) reveals the
presence of two sets of resonances in a 3:1 ratio corresponding
to the diastereoisomers shown in Figure 2. The separate
signals for these diastereoisomers are clearly evident only in

302 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Figure 5. The hydrogen-bonded pseudopolyrotaxane chain formed by
4-4PF; and BHEEN in the solid state.

23
1/@\4
Ho XN 5

8
HB]% 76 gf
Ho HpB +R %
8 Ny

H-4/8 | H-2/6 H-377 4PFg

J CH,N*

.

)

9.5 9.0 8.5 8.0 7.5 7.0 65 3
Figure 6. The 'H NMR spectrum of 4-4PF recorded at 30°C (400 MHz)
in CD;COCD;.

the case of the H-4/8 protons on the naphthalene spacers of
the tetracationic cyclophane. They seem to be the most
sensitive to the geometrical differences that characterize the
achiral and chiral forms.®l The ratio between the two separate
sets of signals remains virtually unchanged over a wide range
(210K to 333 K) of temperatures suggesting that the inter-
conversion between the isomers (i.e., the rotation of one or
both naphthalene spacers around an axis defined by their
ring-junction carbon atoms in positions 4a and 8a) does not
occur on the '"H NMR timescale below 333 K. By contrast,
since only one set of signals is observed for the a-CH and (-
CH bipyridinium protons, the rotation of the bipyridinium
units about their N---N axis is, presumably, fast on the 'H
NMR timescale.

The 'H NMR spectrum (400 MHz) of 5:-4PF showed
temperature-dependent behavior in CD;COCD;. At 298 K
(Figure 7a), two sets of resonances are present in a 4:1 ratio
corresponding to the chiral and achiral forms of the [2]cat-
enane, which incorporate the (RR/SS) and the (RS) forms of
the tetracationic cyclophane component, respectively. The
exchange of the inside and alongside hydroquinone rings of
the m-electron-rich macrocycle (Process 1) can occur as a
result of the circumrotation of the crown ether through the
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a)

298 K

« ‘Alongside”
OCgH,40
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10.0 9.0 8.0 7.0 6.0 5

Figure 7. Comparison of the 'H NMR spectra recorded at a) 298 K and
b) 253K for a solution of the [2]catenane 5-4PF; (400 MHz) in
CD;COCD:;.

cavity of the tetracationic cyclophane. Similarly, the exchange
of the inside and alongside bipyridinium units of the mn-
electron-deficient macrocycle (Process 2) can occur as a result
of the circumrotation of the tetracationic cyclophane through
the cavity of the crown ether. At 253 K (Figure 7b), distinct
alongside and inside resonances for the hydroquinone ring
protons of the crown ether BPP34C10 could be identified” in
the spectrum of the [2]catenane at 0=6.30 and 3.15,
respectively. A value for the

ergy barrier could be calculated (AGZ =9.6 kcalmol~!) by
means of the approximate coalescence treatment.['!]

The [2]catenane 6-4PF, incorporates two 1,5-dioxynaph-
thalene rings within the macrocyclic polyether component
and two 1,5-disubstituted naphthalene spacers within the
tetracationic cyclophane component; thus it possesses a total
of four elements of planar chirality (Figure 8). Each element
of planar chirality can adopt (R) or (S) forms, and as a result
the sixteen combinations listed in the matrix shown in
Figure 8 are possible. However, the elements of planar
chirality A and B are related by local reflection symmetry
when they exhibit different chiralities, that is, when one is (R)
and the other is (S) or vice versa. Thus, the diastereoisomers 0
and ¢, as well as their enantiomers ¢’ and ', can each be
described by two different lines of the matrix. In summary, 6-
4PF, can exist as a mixture of six diastereoisomeric pairs of
enantiomers, a total of twelve stereoisomers. Interconversion
of these isomers can occur, in principle, after the reversal of
the local chiralities associated with the four elements of planar
chirality A-D, that is, after the rotation of the naphthalene
rings around an axis defined by their ring-junction carbon
atoms in positions 4a and 8a. As an example, interconversion
of a into its enantiomer «' can be achieved, at least in
principle, by flipping all naphthalene rings from the (R) to the
(S) chirality. Alternatively, interconversion between two
diastereoisomers (but not between two enantiomers) can be
effected after the circumrotation of the macrocyclic polyether
through the cavity of the tetracationic cyclophane (Process 1).
Indeed, Process 1 exchanges the elements of planar chirality
C and D and when these possess different chiralities—one is
(R) while the other is (S)—the interconversion between two
diastereoisomers possessing the same form of the tetracat-
ionic cyclophane and the (RS) or (SR) forms of the macro-
cyclic polyether can be achieved. Similarly, Process2 ex-
changes the elements of planar chirality A and B. However,
since these are related by symmetry when possessing different
chiralities (i.e., when one is (R) the other (S)) in all cases, the

energy  barrier (AG7? =

14.3 kcalmol')  associated Elements of
with Process 1 could be ob- planar chirality
tained by means of the ap- A B C D
proximate coalescence treat- —  FElementof fa R R R R
ment.'%""l When a sample of planar chirality - A B R R R S
the [2]catenane in |Exchanged by Process 2' Y 2 g 2 g
CD;COCD; was cooled to 5 8L s R R R
240 K, two sets of resonances Element of ’—> e R R S S
arising from the a-CH bipyr- planar chirality - B ¢ _[R S R S
idinium protons, as well as Pairs of D S_.R_R_S.
two sets of resonances attrib- T T gnantiomers ¢ —[g 2 z g
uted to the -CH bipyridin- Element of Element of £ S S R R
ium protons, could be ob- planar chirality - C  planar chirality - D R S S s
served. This indicates that > < oL S R S s
either the rotation of the [Exchanged by Process 1) Yy S S R s
bipyridinium units about their S s S R
N---N axis or Process2 has oS S SsS

been slowed down on the 'H
NMR timescale at this tem-

perature. The associated en- high activation barrier.

Chem. Eur. J. 1998, 4, No. 2
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Figure 8. Spelling out the elements of planar chirality in the [2]catenane 6-4PF,. Although certain diaster-
eoisomers can interconvert with relative ease, inversion of enantiomers would be a process associated with a very
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rotation of the tetracationic cyclophane through the cavity of
the macrocyclic polyether is a degenerate process, affording
the original isomer (compare, for example, the two matrix
lines describing the same enantiomer O before and after
exchanging the elements of planar chirality A and B). In
summary, interconversion of two enantiomers can be
achieved only after the reversal of the local chiralities
associated with the four elements of planar chirality A-D,
while interconversion of two diastereoisomers can occur by
the reversal of the local chiralities and/or the circumrotation
of the macrocyclic polyether through the cavity of the
tetracationic cyclophane component.

At 300 K in CD;COCD;, Process 1 is slow on the 'TH NMR
timescale and one of the 1,5-dioxynaphthalene residues of the
neutral macrocyclic polyether may be considered to reside
inside the cavity of the tetracationic cyclophane. However,
there is no differentiation between the inside and alongside
environments for the tetracationic cyclophane because Proc-
ess 2 remains fast on the 'H NMR timescale. Furthermore, at
this temperature reversal of the local chiralities associated
with the elements of planar chirality A —C does not occur on
the 'TH NMR timescale, as suggested by the variable-temper-
ature 'H NMR spectroscopic investigations of 4-4PF; (vide
supra) and of the [2]catenane 3-4PF,*! By contrast, the
flipping of the alongside 1,5-dioxynaphthalene ring (the
reversal of the local chirality associated with the element of
planar chirality D) is fast on the '"H NMR timescale. As a
result, the fourth column of the matrix shown in Figure 8 can
be neglected reducing the number of isomers to six, namely
the three pairs of enantiomers I-III shown in Figure 9.

The partial 'H NMR spectrum (400 MHz) of 6-4PF;,
recorded in CD;COCD; at 300 K, is shown in Figure 10. The
resonances arising from all of the local symmetry-related

(e}
(e}

Figure 9. The three pairs of enantiomers associated with the [2]catenane 6-4PF; at low temperatures.
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Figure 10. Partial representation of the 'H NMR spectrum of the
[2]catenane 6-4PF, in CD,;COCD; at 300 K, showing the resonances
associated with protons attached to the 1,5-disubstituted naphthalene
spacers in the tetracationic cyclophane.

H-2/6, H-3/7 and H-4/8 protons on the naphthalene spacers of
the tetracationic cyclophane component appear as different
sets of doublets as a result of their intrinsic positions away
from the oxygen and close to the oxygen of the inside 1,5-
dioxynaphthalene residue of the 1/5SDN38C10 component.
The 'H NMR spectrum (Figure 10)
depicts only two sets of signals in a
3:1 ratio,l'”l presumably, because II
and III give rise to isochronous
resonances. Similarly, two sets of
resonances, again in a 3:1 ratio, are
observed for the H-2/6 protons of the
inside dioxynaphthalene residue at
300 K (Figure 11). However, on cool-
ing the solution down to 220K,
Process 2 becomes slow on the 'H
NMR timescale and the less intense
set of resonances separates into two
equally intense signals. Indeed, while
the H-2/6 protons of the inside dioxy-

Elements of naphthalene residue in II and III are
P""‘Xa’ Ch”agty homotopic, in I they become diaster-
eotopic once the circumrotation of
::l g g g the tetracationic cyclophane through
R S R the cavity of the macrocyclic poly-

. - 1
Parsof | L - S R R ether becomes slow on the 'H NMR
enantiomers | {R S s timescale. Thus, at 220 K the H-2/6
S R S proton resonances for the inside 1,5-
::l 2 2 g dioxynaphthalene residue appear as

one doublet centered on d =5.82 for
II and III—the major species in
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Figure 11. Partial representation of the 'H NMR spectrum of the
[2]catenane 6-4PF in CD,COCD; showing the resonances associated
with the H-2/6 protons of the inside 1,5-dioxynaphthalene units at a) 300
and b) 220 K.

solution—while they are separated into two doublets centered
on 0=5.56 and 5.97 in I (Figure 11). A ('"H-'H)NOESY
experiment at 220 K in CD;COCD; showed exchange be-
tween the two minor peaks, but not between them and the
major one. Furthermore, they integrate correctly in a 1:6:1
ratio. The same pattern emerges for the symmetry-related H-
3/7 and H-4/8 protons associated with the inside dioxynaph-
thalene residues.3!

Whereas recrystallizations by vapor diffusion of iPr,O in
MeCN solutions of 4-4PF, and of 5-4PF, did not improve
their diastereoisomeric ratios, 'H NMR spectroscopy revealed
that three recrystallizations of 6-4PF, by the same method
afforded a diastereoisomeric mixture in which the pair of
enantiomers I was present only in trace amounts (7%). A
fourth recrystallization, with the same procedure, produced
single crystals suitable for X-ray structural analysis.

Solid-state structures of the two [2]catenanes: Single crystals
of 5-4PF; were grown by vapor diffusion of PhH into a
MeNO, solution containing a 4:1 mixture of the diastereoiso-
meric forms of the [2]catenane. X-ray structural analysis
shows that 5-4PF, (Figure 12) crystallizes in the centrosym-
metric space group P2,/c. Thus, the crystals contain equal
numbers of molecules of opposite chiralities. The tetracationic
cyclophane possesses an open conformation with local non-
crystallographic D, symmetry. The length and breadth of the
tetracationic cyclophane are 7.3 and 10.4 A" respectively,
and the 1,5-disubstituted naphthalene spacers are essentially
planar. The BPP34C10 macrocycle is threaded through the
center of the tetracationic cyclophane so that the m-electron-
rich hydroquinone ring is sandwiched between the two m-
electron-deficient bipyridinium units with its -OC:H,O- axis
inclined by 38° to the mean plane of the tetracation defined by
the four methylene carbon atoms, which are coplanar to
within 0.34 A.['5] The separation between the inside hydro-
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Figure 12. The structure of the [2]catenane 5-4PF; in the solid state.

quinone ring and the inside bipyridinium unit is 3.71 A, while
its corresponding distance from the alongside bipyridinium
unit is 3.61 A. The inside hydroquinone ring is located
approximately at the center of the tetracationic cyclophane
with its phenoxymethylene bonds adopting an anti geometry.
The alongside hydroquinone ring (which is located at 3.95 A
from the inside bipyridinium unit) is markedly offset from the
vector defined by the centers of the bonds linking the
pyridinium rings of each bipyridinium unit,' with its
phenoxymethylene bonds adopting a syn geometry. In addi-
tion to the m—m stacking interactions between the bipyridi-
nium components of the cyclophane and the m-electron-rich
units of the BPP34C10 macrocycle, the [2]catenane is
stabilized by both C-H--x and C-H---O interactions.
The former is associated with T-type edge-to-face interactions
between the inside hydroquinone ring and the two 1,5-
disubstituted naphthalene spacers with C—H --- t distances of
2.74 and 2.85 A. The latter is associated with diametrically-
opposite a-CH groups of the inside bipyridinium unit and
oxygen atoms on the polyether chains (C---O, O---H
distances and C—H---O angles 3.19 A, 2.35 A, 145° and
323 A, 2.36 A, 150°, respectively). There is also a strong
C-H---O hydrogen bond between one of the hydrogen
atoms on one of the methylene carbon atoms attached to the
inside bipyridinium unit and one of the oxygen atoms of the
polyether linkage (C---O, O---H distances and C-H---O
angle 3.19 A, 2.25 A, and 167°, respectively).

Inspection of the packing of the [2]catenane (Figure 13)
reveals that Cj-related molecules form m-stacked dimer pairs
involving the overlap of just one of the 1,5-disubstituted
naphthalene spacers of the tetracationic cyclophane (cen-
troid—centroid distance of 3.38 A and mean interplanar
separation of 3.59 A). These dimer pairs then form weakly
associated polar stacks; the alongside hydroquinone ring of
one molecule overlays one of the alongside pyridinium rings
of the next with a centroid—centroid separation of 4.12 A.
There are no significant approaches to the other 1,5-disub-
stituted naphthalene spacers of the tetracationic cyclophane.
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Figure 13. Packing of the [2]catenane 5-4PFj.

The X-ray structural analysis of 6-4PF, shows that the
[2]catenane crystallizes in the noncentrosymmetric space
group P1 with only one molecule in the unit cell (Figure 14).

Figure 14. The structure of the [2]catenane 6-4PF; in the solid state.

Thus the crystal contains molecules of one chirality only,
spontaneous resolution having occurred upon crystalliza-
tion.l'’l The tetracationic cyclophane adopts an open con-
formation!'8! with local noncrystallographic D, symmetry. The
planar chirality associated with both 1,5-disubstituted naph-
thalene rings is (S). A noticeable feature of the geometry of
the tetracationic cyclophane [cf that of cyclobis(paraquat-p-
phenylene) ] is a marked reduction in both the twisting and
bowing of the bipyridinium spacers.?l The largest deforma-
tions are in the 1,5-disubstituted naphthalene spacers where
the CH,- C,;H; bonds within each of the spacers form angles
of ca. 20°. The introduction of these 1,5-disubstituted naph-
thalene spacers produces only a very small skewing distortion
of the cyclophane; the N --- N axes of each bipyridinium unit is
inclined by only ca. 7°. The 1/SDN38C10 macrocycle is
threaded through the center of the tetracationic cyclophane
such that the m-electron-rich 1,5-dioxynaphthalene residue is
sandwiched between the two m-electron-deficient bipyridin-
ium units with its OC;,H¢O axis inclined by 53° to the mean
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plane of the tetracation as defined by the four methylene
carbon atoms, which are coplanar to within 0.33 A. The
separation between the inside 1,5-dioxynaphthalene residue
and the inside bipyridinum unit is 3.46 A, while the corre-
sponding distance to the alongside bipyridinium unit is 3.42 A.
The alongside 1,5-dioxynaphthalene residue is positioned
alongside the inside bipyridinium unit at a distance of 3.44 A.
The OC,H4O axis of the alongside 1,5-dioxynaphthalene
residue is inclined by only 6° to the N--- N axis of the inside
bipyridinium unit. The 1/5SDN38C10 macrocycle also has
molecular D, symmetry and one of its C, axes (that linking the
center of the two naphthalene rings) is coincident with one of
the C, axes of the tetracationic cyclophane (that passing
through the centers of the bonds linking the pyridinium rings
of each bipyridinium unit) resulting in C, symmetry for the
[2]catenane as a whole. Again, the planar chirality associated
with both 1,5-dioxynaphthalene rings is (S). In addition to the
n—m interactions described above, the [2]catenane is stabi-
lized by both C—H --- 7w interactions and C—H --- O hydrogen
bonds. The former are associated with the T-type edge-to-face
interactions between the inside 1,5-dioxynaphthalene residue
of 1/5DN38C10 and the two 1,5-disubstituted naphthalene
spacers of the tetracation with C—H --- &t distances of 2.68 and
2.70 A. The latter occur between diametrically opposite a-CH
groups on the inside bipyridinium unit and the central oxygen
atom of the polyether linkages (C--- O, O --- H distances, and
C-H--O angles 329 A, 238 A, 159° and 337 A, 2.45 A,
159°, respectively). There are also C—H --- O hydrogen bonds
between one of the hydrogen atoms at each corner methylene
carbon atom attached to the inside bipyridinium unit and the
oxygen atoms in the polyether linkages (C:--O, O---H
distances and C—H--O angles 3.20 A, 2.44 A, 136° and
3.13 A, 2.27 A, 150°, respectively).

Inspection of the packing of the [2]catenanes (Figure 15)
reveals the formation of bidirectional polar stacks. In one
direction (up the page) the molecules are arranged to produce
---DADADA - stacks (where D and A represent st-donors
and m-acceptors, respectively) with the alongside bipyridin-

Figure 15. Part of the continuous two-dimensional mosaic formed by the
[2]catenane 6 -4 PF, in the crystal.
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ium unit in one molecule aligned with the alongside 1,5-
dioxynaphthalene residue of the next (ring—ring separation
339 A). In the other direction (across the page) the 1,5-
disubstituted naphthalene spacers of one molecule are
stacked adjacent to those in the next with a mean interplanar
separation of 3.44 A. The combination of these two types of
stacking interactions produces mosaic-like sheets of mole-
cules as illustrated in Figure 15.

Molecular modeling: The tetracationic cyclophane 4-4PF;
exists in solution as a mixture of two diastereoisomeric forms
(Figure 2) in a ratio of 3:1, as revealed by 'H NMR
spectroscopy. In order to assess the relative stabilities
of the two diastereoisomeric forms, a conformational search
was performed employing the Monte Carlo method.?!
The molecular mechanics calculations revealed an energy
difference of 1.3 kcalmol™' in favor of the chiral (RR) and
(8S) forms with respect to the achiral (RS) form. In addition,
the energy of the tetracationic cyclophane 4-4PF, was
calculated as a function of the dihedral angle around the
bond linking one of the methylene groups and the adjacent
naphthalene spacer.’?l Energy barriers of 21.7 and
23.0 kcalmol~! for the interconversion of the achiral into
the chiral form and vice versa were derived from these
calculations.

In order to compare the relative stabilities of the diaster-
eoisomers a—¢ (Figure 8) of 6-4PF,, each diastereoisomer
was subjected to a Monte Carlo conformational search.
Comparison of the calculated energies (— E, kcalmol™),
associated with the lowest energy state for each diaster-
eoisomer, shows that the stabilties of the diasterecoisomers
decreases as follows: (RR,SS)-¢ (108.6) > (RR,RR)-a
(107.2) > (RS,RR)-6 (107.1) > (RR,RS)-f (105.9) > (RR,SR)-y
(104.5) > (RS,RS)-¢ (102.3). Thus, the diastereoisomers that
incorporate the (RS) or (SR) forms of the macrocyclic
polyether are less stable than those with the (SS) or (RR)
forms. Similarly, the diastereoisomers that incorporate the
(RS) or (SR) forms of the tetracationic cyclophane are less
stable than those with the (RR) or (SS) forms. These
observations are consistent with the 'H NMR spectroscopic
investigation (vide supra) which revealed (Figures 9-11) that
the pairs of enantiomers II are III are more abundant than the
pair of enantiomers I in solution.

Conclusions

It has been established that planar chirality can be introduced
into [2]catenanes and that the self-assembly of the resulting
diastereoisomers can occur with diastereoselectivities in
excess of at least 50%. In the case of 6-4PF, spontaneous
resolution occurs on crystallization, affording the (SS,SS)
form. Considering that the 1,5-dioxynaphthalene rings present
in the crown ether 1/5SDN38C10 are also capable of supporting
planes of chirality, there are twelve possible stereoisomeric
forms (six diastereoisomeric pairs of enantiomers) of 6 - 4 PF;.
However, only one stereoisomer was present in the single
crystal examined by X-ray diffraction. The chiral [2]catenane
molecules form a two-dimensional supramolecular array in
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which the molecules are orientated simultaneously in a polar
manner in two different directions that are approximately
orthogonal to each other.

Experimental Section

General methods: Chemicals were purchased from Aldrich and used as
received. Solvents were dried according to procedures described in the
literature (DMF over CaH,, MeCN over P,0;).)l The compounds 1,5-
bis(bromomethyl)naphthalene (7),1)! BHEEB,l BHEEN,"! BPP34C10,1*
and 1/5DN38C101*! were prepared according to literature procedures.
Thin-layer chromatography (TLC) was carried out with aluminum sheets
precoated with silica gel 60 F (Merck 5554). The plates were inspected by
UV light and developed with iodine vapor. Column chromatography was
carried out with silica gel 60 F (Merck 9385, 230 -400 mesh). Melting points
were determined on an Electrothermal 9200 apparatus and are not
corrected. UV/Vis spectra were recorded on a Perkin—Elmer Lambda 2
with HPLC quality solvents. 'H Nuclear magnetic resonance spectra were
recorded either on a Bruker AC300 (300 MHz) or on a Bruker AMX400
(400 MHz) spectrometer with either the solvent or TMS as internal
standards. ®C NMR spectra were recorded on either a Bruker AC300
(75.5 MHz) or a Bruker AMX400 (100.6 MHz) spectrometer, with either
the solvent or TMS as internal standards. All chemical shifts are quoted on
the o0 scale. Low-resolution mass spectra were performed with a Kratos
Profile spectrometer, operating in electron impact (EIMS) mode. Fast atom
bombardment mass spectra (FABMS) were recorded on a Kratos MS 80
spectrometer operating at 8 keV with a xenon primary atom beam. The
matrix used was 3-nitrobenzyl alcohol (NBA). High-resolution mass
spectra (HRMS) were obtained on a VG ZabSpec instrument with a
liquid secondary ion (LSIMS) technique at a resolution of 7500 with NBA
as the matrix and a poly(ethylene glycol) reference. Microanalyses were
performed by the University of North London Microanalytical Service.
1,1'-[1,5-Naphthalenebis(methylene) ]-bis(4,4'-bipyridinium)-bis(hexa-
fluorophosphate) (8-2PF): A solution of 1,5-bis(bromomethyl)naphtha-
lene 7 (100 mg, 0.31 mmol) in dry MeCN (20 mL) was added dropwise to a
refluxing solution of 4,4"-bipyridine (247 mg, 1.58 mmol) in MeCN (30 mL)
over a 6 h period. Heating under reflux was continued for another 18 h. The
solvent was then removed in vacuo, and the residue purified by column
chromatography (SiO,: eluent MeOH(2 ™ aq.)/NH,CI/MeNO,, 7:2:1). The
solvent from product-containing fractions was removed in vacuo, the
residue was dissolved in H,O, and a saturated solution of NH,PF, in H,O
was added until no further precipitation occurred. The precipitate was
filtered off and air-dried to yield 8- 2 PF as a white solid (70 mg, 30 % ). 'H
NMR (300 MHz, CD;COCD;, 25°C): 6=9.39 (d, J=7Hz, 4H, a-CH
pyridinium), 8.90 (d, J=7 Hz, 4H, a-CH pyridyl), 8.72 (d, /=7 Hz, 4H, -
CH pyridinium), 8.45 (d, /=8 Hz, 2H, naphthalene-H-4/8), 8.03 (d, /=
7 Hz, 4H, -CH pyridyl), 793 (d, J = 8 Hz, 2 H, naphthalene-H-2/6), 7.78 (t,
J=8Hz, 2H, naphthalene-H-3/7), 6.74 (s, 4H, -CH,N*-); BC NMR
(75 MHz, CD;COCD;, 25°C): 6 =155.9, 152.2, 145.9, 142.1, 132.6, 131.2,
130.3, 128.5, 127.3, 126.5, 122.9, 62.8; MS (FAB): m/z =611 [M — PF,]*;
HRMS (LSIMS) C3,HyF¢N,P;: [M — PF4]* caled 611.1799, found 611.1795.

Cyclobis(paraquat-1,5-naphthalene) (4-4PF,): Compounds 7 (49 mg,
0.16 mmol) and 8-2PF, (100 mg, 0.13 mmol), and the template BHEEN
(500 mg, 1.48 mmol) were dissolved in dry MeCN (30 mL), and the reaction
mixture was stirred for 14 d at room temperature. The solvent was then
removed in vacuo, and the residue dissolved in a mixture of MeOH and
H,O, before being purified by column chromatography (SiO,: eluent
MeOH(2M aq.)/NH,Cl/MeNO,, 7:2:1). The solvent from the product-
containing fractions was removed in vacuo, the residue was dissolved in
H,O0, and a saturated solution of NH,PF, in H,O was added until no further
precipitation occurred. The precipitate was filtered off and air-dried to
yield 4-4PF; as a yellow solid (102 mg, 64%). M.p.: > 250°C; 'H NMR
(400 MHz, CD;COCD:;, 31°C): O[ (RR/SS) form only] =9.35 (d, /=7 Hz,
8H, a-CH bipyridinium), 8.61 (d, /=8 Hz, 4H, naphthalene-H-4/8), 8.42
(d, J=7Hz, 8H, 5-CH bipyridinium), 8.16 (d, /=8 Hz, 2H, naphthalene-
H-2/6), 771 (t, /=7 Hz, 2H, naphthalene-H-3/7), 6.98 (d, /=13 Hz, 4H,
-CH,N*-), 636 (d, /J=13Hz, 4H, -CH,N*-); ®C NMR (400 MHz,
CD;COCD:;, 31°C): S[(RR/SS) form only] =154.4, 150.7, 136.6, 136.5,
136.2,133.1,132.3,130.8, 67.5; MS (FAB): m/z = 1055 [M — PF¢]*, 910 [M —
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2PF,J*, 765 [M —3PF,]*; HRMS (LSIMS) C,HiF,N,P,: [M — 2PFJ*
caled 910.2224, found 910.2192.

[2]Catenane 5-4PF;: Compounds 7 (16 mg, 0.05mmol) and 8-2PF;
(31 mg, 0.04 mmol), and the crown ether BPP34C10 (56 mg, 0.10 mmol)
were dissolved in dry MeCN (30 mL), and the reaction mixture was stirred
for 14 d at room temperature. The solvent was then removed in vacuo, and
the residue dissolved in a mixture of MeOH and H,O, before being purified
by column chromatography (SiO,: eluent MeOH(2M aq.)/NH,Cl/MeNO,,
7:2:1). The solvent from the product-containing fractions was removed in
vacuo, the residue was dissolved in H,O and a saturated solution of NH,PF¢
in H,O was added until no further precipitation occurred. The precipitate
was filtered off and air-dried to yield 5-4PF; as a purple solid (13 mg,
17%). M.p.: > 250°C; '"H NMR (300 MHz, CD;COCD;, 25°C): S[(RR/
SS) form only] =9.35 (d, /=7 Hz, 8H, a-CH bipyridinium), 8.75 (d, J=
8 Hz, 4H, naphthalene-H-4/8), 8.34 (d, /=8 Hz, 4H, naphthalene-H-2/6),
791 (t, J=8 Hz, 4H, naphthalene-H-3/7), 786 (d, J=7Hz, 8H, -CH
bipyridinium), 6.90 (d, /=14 Hz, 4H, -CH,N*-), 6.32 (d, /=14 Hz, 4H,
-CH,N*-), 6.25 (brs, 4H, alongside hydroquinone), 4.1-3.4 (m, 32H,
-CH,0-), 3.2 (brs, 4H, inside hydroquinone); C NMR (300 MHz,
CD;COCD;, 31°C): O[(RR/SS) form only] =1477, 146.2, 132.9, 132.0,
131.6, 128.7, 126.6, 126.5, 126.4, 126.2, 71.8, 71.7,70.5, 70.4, 63.0; MS (FAB):
m/z=1591 [M —PF4]*, 1446 [M —2PF4*, 1301 [M —3PF*; HRMS
(LSIMS) C;,Hy4FgNP;O;4: [M — PFg]* caled 1591.4487, found 1591.4543.

[2]Catenane 6-4PF,: Compounds 7 (25mg, 0.08 mmol) and 8-2PF;
(50 mg, 0.07 mmol), and the crown ether 1/5-DN38C10 (126 mg,
0.20 mmol) were dissolved in dry MeCN (30 mL), and the reaction mixture
was stirred for 14 d at room temperature. The solvent was then removed in
vacuo, and the residue dissolved in a mixture of MeOH and H,O, before
being purified by column chromatography (SiO,: eluent MeOH(2Mm aq.)/
NH,CI/MeNO,, 7:2:1). The solvent from the product-containing fractions
was removed in vacuo, the residue was dissolved in H,O, and a saturated
solution of NH,PF, in H,O was added until no further precipitation
occurred. The precipitate was filtered off and air-dried to yield 6 -4 PFg as a
purple solid (80 mg, 66%). M.p.: > 250°C; 'H NMR (400 MHz,
CD;COCD:;, 25°C): O[(RR/SS) form only] =9.20-8.95 (m, 10H, a-CH

bipyridinium and naphthalene-H-4/8), 8.90 (d, J =8 Hz, 2H, naphthalene-
H-4/8), 8.62 (d, /=8 Hz, 2H, naphthalene-H-2/6), 8.40 (d, J=8 Hz, 2H,
naphthalene-H-2/6), 8.18 (t, /=8 Hz, 2H, naphthalene-H-3/7), 8.10 (t,
J =8 Hz, 2H, naphthalene-H-3/7), 7.33 (brs, 2H, alongside 1,5-dioxynaph-
thalene-H-2/6), 7.18 (m, 2 H, alongside 1,5-dioxynaphthalene-H-3/7), 6.98 —
6.85 (m, 8H, B-CH bipyridinium), 6.55-6.30 (m, 10H, -CH,N*- and
alongside 1,5-dioxynaphthalene-H-4/8), 5.92 (d, 2H, inside 1,5-dioxynaph-
thalene-H-2/6), 430-3.85 (m, 32H, -CH,0-), 3.75 (t, 2H, inside 1,5-
dioxynaphthalene-H-3/7),2.60 (d, 2H, inside 1,5-dioxynaphthalene-H-4/8).
At room temperature, the exchange of the 1,5-dioxynaphthalene residues
of the crown ether between the inside and alongside environments of the
tetracationic cyclophane is already slow on the NMR timescale. Addition-
ally, the twofold symmetry imposed upon the cyclophane by the inside 1,5-
dioxynaphthalene residue results in a separation of the resonances of the
naphthalene spacers in the cyclophane into inwards and outwards environ-
ments. See text for details. These proton assignments were made by a
combination of double irradiation techniques including NOE and satu-
ration transfer experiments carried out at 25°C. C NMR (400 MHz,
CD;CN, 31°C): O[(RR/SS) form only] =145.8, 145.2, 132.5, 131.5, 129.7,
128.9, 127.1, 126.7, 126.5, 125.0, 124.5, 119.2, 114.7, 109.6, 106.5, 104.4, 72.4,
72.3, 72.1, 71.4, 70.6, 70.4, 68.6, 63.7, 62.8; MS (FAB): m/z =1691 [M —
PF(]", 1546 [M —2PF,]", 1401 [M —3PF]*; CgHgF,,N,P,O,, (18374):
caled C 52.29, H 4.36, N 3.05; found C 52.26, H 4.40, N 2.96.

Method for the determination of the association constants by UV/Vis
spectroscopy with the titration methodology:*!l A series of solutions with a
fixed concentration (3 x 10~*M) of cyclobis(paraquat-p-phenylene) and
containing different amounts of BHEEB and BHEEN (10~*-10"'m) in
MeCN were prepared. The absorbance at the wavelength (4,,,) corre-
sponding to the maximum of the charge-transfer band for the 1:1 complex
was measured for all the solutions at 25°C. The correlation between the
absorbance and the guest concentration was used to evaluate the
association constant (K,) in a non-linear curve-fitting program (Ultrafit,
Biosoft, Cambridge, 1992), run on an Apple Macintosh personal computer.
X-Ray crystallography: Table 1 provides a summary of the crystal data,

data collection, and refinement parameters for the [2]catenanes 5-4PFg
and 6-4PF, as well as for the complexes 4-4PF¢- BHEEB and 4-4PF;-

Table 1. Crystal data, data collection, and refinement parameters for 4-4PF,- BHEEB, 4-4PF,-2BHEEN, 5-4PF, and 6 - 4 PF.l*l

4-4PF,-BHEEB 4-4PF,-2BHEEN 5-4PF, 6-4PF,
formula CssHssN,Oq - 4 PF CsHgoN,Og - CsH O - 4 PF C;,H6N,Oy - 4PF, CygoHgoN,Oy- 4 PF,
solvent 6MeCN 7MeCN 1.5Me,CO -2H,0 - PhH 7MeCN
M, 17333 2160.8 1938.5 2124.7
color, habit orange/red prisms red blocks red blocks red prisms
crystal size (mm) 0.83 x0.30 x 0.15 0.47 x 0.30 x 0.23 0.47 x 0.27 x 0.23 0.30 x 0.30 x 0.17
lattice type monoclinic triclinic monoclinic triclinic
space group, number P2/c, 14 P1,2 P2/c, 14 P11
T (K) 203 203 203 193
a (A) 14.261(1) 14.127(1) 14.850(2) 13.891(1)
b (A) 14.105(1) 14.337(1) 21.726(4) 14.289(3)
c(A) 20.101(1) 14.482(1) 28.167(4) 14.452(1)
a (°) - 67.41(1) - 66.11(1)
£ () 102.06(1) 84.16(1) 93.95(1) 72.75(1)
y (°) - 72.40(1) - 88.42(1)
V (A% 3954.3(5) 2581.1(2) 9066(3) 2490.8(5)
V4 2101 1001 4 1
D, (gem™3) 1.456 1.390 1.420 1.416
F(000) 1780 1118 4008 1098
u (mm™') 1.89 1.61 1.75 1.64
0 range (°) 3.2-64.0 3.3-60.0 2.6-56.0 3.4-62.6
no. of unique reflections
measured 6562 7385 11692 7756
observed, | F,|>40(|F,]|) 4180 6418 6574 6396
no. of variables 647 832 1202 1297
Ry 0.070 0.088 0.116 0.086
wR, 0.158 0.250 0.312 0.231
weighting factors a, bl 0.070, 3.313 0.159, 3.596 0.260, 3.540 0.181, 1.856
largest difference peak, hole (eAf-‘) 0.29, —0.36 0.60, —0.50 0.98, —0.54 0.65, —0.38

[a] Details in common: graphite-monochromated radiation, w-scans, Siemens P4 rotating anode diffractometer, Cug, radiation, refinement based on F.
[b] The molecule has crystallographic C; symmetry. [c] R, =2 ||F,|—|F.||/Z|F,|. [d] wR,=/{Z[w(F? — F2*)IZ[w(F?)?]}. [e] w' =0*(F2)+ (aP)*+ bP.
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2BHEEN. All four structures were solved by direct methods and were
refined by full-matrix least-squares based on F2. In each case, the major
occupancy non-hydrogen atoms and the hexafluorophosphate counterions
were refined anisotropically. In both 4-4PF;-BHEEB and 4-4PF,-
2BHEEN, 50:50 disorder was found in the orientations of the unique 1,5-
disubstituted naphthalene spacers of the centrosymmetric pseudorotax-
anes. In all cases, one of the PF, anions was found to be disordered over two
partial occupancy sites (50:50, 65:35, 65:35, and 50:50 for 5-4PFg, 6 - 4 PF,,
4-4PF,- BHEEB, 4-4PF,-2BHEEN, respectively). In 4- 4 PF,-2BHEEN,
50:50 disorder was found in the position of the terminal hydroxyl oxygen
atom of the adjacent thread molecule; both orientations were treated
anisotropically. The seven MeCN solvent molecules in the crystals of 6-
4PF, were found to be disordered over six full and two half-occupancy sites,
and all of the non-hydrogen atoms of these eight sites were refined
anisotropically. In 5-4PF, the Me,CO molecules were found in two sites,
one of full occupancy and one of 50 % occupancy; only the non-hydrogen
atoms of the full occupancy site were treated anisotropically. The two H,O
molecules were distributed over six partial occupancy sites, all of which
were refined isotropically. The full-occupancy, ordered PhH molecule was
refined anisotropically. The seven MeCN molecules in the centrosymmetric
pseudorotaxane 4-4PF¢-2BHEEN were located over three full and one
half-occupancy sites, all of which were treated anisotropically. In 4 -4 PF,-
BHEESB, the three unique MeCN molecules were located at three full
occupancy sites and were refined anisotropically. The CH hydrogen atoms
in all four structures were placed in calculated positions, assigned isotropic
thermal parameters U(H)=1.2U(C) [U(H)=15U.(C-Me)], and al-
lowed to ride on their parent atoms. The hydroxyl hydrogen atoms in 4-
4PF,-2BHEEN were located from AF maps, optimised, assigned isotropic
thermal parameters U(H) = 1.5U,4(O), and allowed to ride on their parent
atoms. The hydrogen atoms of the H,O molecules in 5-4PF, and of the
unique hydroxyl group in 4-4PF,- BHEEB could not be located. Compu-
tations were carried out with the SHELXTL PC program system.?’l
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-101016.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: Int. code + (44)1223336-
033; e-mail: deposit@ccdc.cam.ac.uk).

Molecular modeling: The tetracationic cyclophane 4 -4 PF, was constructed
within the input mode of Macromodel 5.0.?!) The geometry was optimized
by an energy minimization performed employing the Polak—Ribiere
conjugate gradient (PRCG) method?, and the resulting structure was
subjected to a Monte Carlo conformational search®’! for which the default
settings of Macromodel 5.0 were employed. In both calculations, the
AMBER* forcefield?® and the generalized-Born surface-accessible (GB/
SA) solvation model® for H,O were employed as implemented in
Macromodel 5.0. The change of the energy of 4-4PF, was monitored by
variation the dihedral angle around the bond linking one of the methylene
groups and the adjacent naphthalene spacer by means of the monodimen-
sional angle-drive routine of Macromodel 5.0 in conjunction with the
AMBER* forcefield, the PRCG method, and the GB/SA solvation model
for H,O.

The six diastereoisomers a—¢ (Figure 8) of the [2]catenane 6 -4 PF, were
constructed within the input mode of Macromodel 5.0. Each diasteremoer
was subjected individually to PRCG energy minimization and then to a
Monte Carlo conformational search for which the default settings of
Macromodel 5.0 were employed. In both calculations, the AMBER*
forcefield and the GB/SA solvation model for H,O were employed as
implemented in Macromodel 5.0.
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The H-2/6 proton resonances of the tetracationic cyclophane were
located by means of an inverse heteronuclear multiple bond corre-
lation experiment. The delay which allows the evolution of the long-
range coupling was optimized for a coupling constant of 5 Hz. The '"H
doublet at d =8.15 has a cross-peak to the methylene carbon atom *C
resonance at 0 =67.5. This cross-peak must be attributed to a 3/
coupling constant (a 2/ is clearly impossible and a %/ is very small and
will not correlate), therefore this doublet was assigned to the H-2/6
proton resonances. Accordingly, the doublet at 6 =8.74 must be
attributed to the H-4/8 proton resonances.

The position of the inside hydroquinone ring proton resonance was
located by means of a saturation transfer experiment by irradiating
the alongside hydroquinone ring proton resonance at d = 6.30.

The kinetic and thermodynamic data were calculated by means of the
coalescence method, in which values for the rate constant k. at the
coalescence temperature (7,) were calculated (I. O. Sutherland,
Annu. Rep. NMR Spectrosc. 1971, 4, 71-235) from the approximate
expression k,=mt(A7)/(2)"2, where Av is the limiting chemical shift
difference (Hz) between the coalescing signals in the absence of
exchange. The Eyring equation was employed subsequently to
calculate AG? values at T, from the k. values.

The kinetic and thermodynamic parameters for Process 1 are as
follows: probe protons, C¢H,O; T.=323K; Av=1260 Hz; k.=
2798 Hz; AG? =14.3 £0.2 kcalmol~". The kinetic and thermodynam-
ic parameters for either the rotation of the bipyridinium units about
their N --- N axis or Process 2 in the [2]catenane 5 - 4 PF, are as follows:
probe protons, CH,N; 7,=200 K; Av=56 Hz; k.=124 Hz; AG? =
9.6 £0.2 kcalmol .

Although the diastereoisomers could not be separated by column
chromatography or HPLC, no change in the diastereoisomeric ratio
was observed on heating a solution of the 3:1 mixture of 6-4PF in
CD;SOCD; at 90°C for 18 h.

The resonances associated with the H-2/6 protons of the inside 1,5-
dioxynaphthalene residue should appear, at low temperature, as two
doublets associated with the pair of enantiomers I and two doublets
associated with the pairs of enantiomers II and III. The failure to
observe such a pattern could be attributed to the presence at low
temperature of only two of these three pairs of enantiomers, or to the
fact that in two of them the probe protons are, accidentally,
isochronous. This latter situation is not an unreasonable one when
we consider that II and III, for example, differ only in that the
alongside 1,5-dioxynaphthalene residues are located alongside differ-
ent bipyridinium units. The '"H NMR environment experienced by the
probe protons attached to the inside 1,5-dioxynaphthalene residue
and shielded by the surrounding tetracationic cyclophane should be
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very similar. The complexity of the spectrum of the [2]catenane
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Enantioselective Synthesis of Protected Isotetronic Acids

Dieter Enders,* Hubert Dyker, and Frederik R. Leusink

Dedicated to Professor Waldemar Adam on the occasion of his 60th birthday

Abstract: Isotetronic acids are subunits of a number of natural products. They are of
interest in agricultural and pharmaceutical research and are important synthetic
intermediates. This paper describes the first highly diastereo- and enantioselective

synthesis of isotetronic acids in 4 to 5 steps (de, ee > 98 % ). Key steps in the reaction
sequence are the diastereoselective aldol reaction of the 2-oxoesters 5 as their SAEP
hydrazones (S)-6 with aldehydes, followed by base-promoted lactonization to the

Keywords: aldol reactions .
asymmetric synthesis - hydrazones
- isotetronic acids - pyruvate

hydrazonolactones 8. Subsequent oxidative cleavage of the hydrazone moiety
afforded the enantiomerically pure O-protected isotetronic acids (R)-/(S)-9.

Introduction

Tetronic acids and isotetronic acids are frequently found in
nature and have been isolated from a variety of natural
sources. Due to the wide range of its biological activity, this
class of compounds has received considerable attention in
agricultural and pharmaceutical research. The common
structural feature of these compounds is the central 2-(SH)-
furanone unit A, substituted with hydroxy or alkoxy groups at
position 3 or 4. To our knowledge, the bis-substituted
functionality of A, with hydroxy groups at both the 3- and
4-positions, occurs only in vitamin C (L-ascorbic acid) and in
the macrolide antibiotic chlorothricin.l'l Importantly, in this
class of compounds the synthetic 4-(4-chlorophenyl)-2-hy-
droxytetronic acid (CHTA)P*®! and the recently reported
enantiomerically pure 4-aryl-2-hydroxytetronic acids®I have
been shown to be potent inhibitors of platelet aggregation as
well as inhibitors of cyclooxygenase and 5-lipoxygenase.

Isotetronic acids, the subject of this work, have been
isolated from a number of different natural sources and are of
major interest as valuable building blocks.’! Four examples
of naturally occurring isotetronic acids may demonstrate the
importance of this class of compounds.

[*] Prof. Dr. D. Enders, Dr. F. R. Leusink
Institut fiir Organische Chemie der Technischen Hochschule
Professor-Pirlet-Str. 1, D-52074 Aachen (Germany)
Fax: Int. code + (49)2418888-127
E-mail: enders@rwth-aachen.de
Dr. H. Dyker
Bayer AG, Zentrale Forschung, Geb. Q18
D-51368 Leverkusen (Germany)
Fax: Int. code +(49)21430-56656
E-mail: hubert.dyker.hd@bayer-ag.de
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HO,C

Sotolon (1)Plis a very important volatile aroma component
isolated from raw sugarcane, botrytized wine, flor sherry, and
a variety of foods, and is also found in roasted tobacco
volatiles. It has been identified only in its racemic form.

Serpenone (2)I°l was isolated as a metabolite of the higher
fungus Hypoxylon serpens. Serpenone and synthetic ana-
logues are potentially useful for the treatment of diabetic
neuropathy. WF-3681 (3), another fungal metabolite, was
isolated from Chaetomella raphigera. It has been reported to
have aldose reductase inhibitory activity.’! Recently, a
Japanese group reported the isolation of the more complex
isotetronic acid 4 from the fungi Aspergillus terreum and
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demonstrated that 4 exhibits promising antitumor activity in
mice FM3A tumor cells.!

Although there are numerous reports in the literature on
the synthesis of racemic mixtures of isotetronic acids, the
synthesis of enantiomerically pure isotetronic acids! is based
on the vast array of naturally occurring building blocks (ex-
chiral-pool synthesis) such as carbohydrates,”! ascorbic acid,
hydroxycarboxylic acids,”® and hydroxyamino acids.’8! An
attempt to synthesize sotolon by means of a chemoenzymati-
cally assisted reaction starting from a racemic precursor gave
virtually racemic material.l’)

Here we report a highly enantioselective and flexible
approach to isotetronic acids by an asymmetric synthesis
based on our well-established hydrazone methodology.

Results and Discussion

The retrosynthetic analysis of isotetronic acids by cleavage of
the lactone functionality and of the C-3/C-4 bond leads to the
anionic d>-synthon B and the cationic synthon C (Scheme 1).

O

P R! i OA R o
r
R A~oH —— \e)j\f * 1©
0
R1
B c
H,C, C,H,

3 R (0]
N \f
N
RWOR H

Scheme 1. Retrosynthetic analysis of isotetronic acids.

Stereoselective aldol reaction of the corresponding azaeno-
late of synthon B with aldehydes promoted by the chiral
auxiliary, and subsequent lactonization and functional group
manipulation of the hydrazone unit, would then permit access
to the isotetronic acids.

Imitation of the synthetic principle used by nature for the
biosynthesis of ulosonic and sialic acids led us to a chemical
equivalent for phosphoenol pyruvate (PEP) and its homo-
logues, which we recently reported!'” and which serves as
anionic synthon B.

The O-silyl-protected isotetronic acids 9 have been synthe-
sized efficiently in a four- to five-step sequence starting from
the 2-oxocarboxylic esters 5§ with a sterically blocked ester
functionality (Schemes 2 and 3). Key steps are the diaster-
eoselective aldol reaction of the hydrazones (S)-6 with
aldehydes and subsequent lactonization. As depicted in
Scheme 2, the starting 2-oxoesters 5 were readily prepared
in excellent yields on a large scale by a simple two-step
process: esterification of ethyl oxalyl chloride with the lithium
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Scheme 2. Synthesis of the 2-oxoester 5. R!=H, Me, Ph; Ar=2,6-di-tert-
butyl-4-methoxyphenyl. Reagents and conditions: a) nBuLi, THF, 0°C;
b) EtO,COCI; ¢) R!CH,MgBr, Et,0, —78°C.

enantioselective aldol addition
via hydrazones and lactonization
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29-65% R*\# ~0SiMe,tBu

1
s
a l

E
Hscz CZHS o
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Scheme 3. Enantioselective synthesis of O-rfBuMe,Si-protected isotetronic
acids (5)-/(R)-9 by asymmetric aldol reaction of 2-oxocarboxylic esters 5
via the SAEP hydrazone (S)-6 (Ar = 2,6-di-tert-butyl-4-methoxyphenyl; for
substituents R! and R? see Table 1.). Reagents and conditions: a) SAEP, c-
hexane, reflux, 75-83%. For (S)-6a (R=H): b) i) LDA, LiBr, THF,
—78°C; ii) RCHO, —90°C— —78°C; iii) saturated NH,F solution;
c) tBuLi or rBuOK, THF, —78°C — —10°C; d) i) O;, CH,Cl,, —78°C;
ii) rtBuMe,SiCl, imidazole, CH,Cl,. For (S)-6b,c (R=Me, Ph): b/c) i)
LDA, LiBr, THF/DMPU (30-50%), —78°C; ii) RCHO, —90°C—
—10°C, iii) saturated NH,F solution; d) as described above.

salt of 2,6-di-tert-butyl-4-methoxyphenol, followed by chemo-
selective addition of Grignard reagents to the unsymmetrical
oxalic acid ester at low temperatures furnished the desired 2-
oxoesters Sa—c in excellent yield (86-96% overall in
2 steps).

The chiral auxiliary is then introduced in the first step of the
asymmetric reaction sequence by condensation of the 2-
oxoesters Sa—c with the chiral hydrazine (§)-1-amino-2-(1-
ethyl-1-methoxypropyl)pyrrolidine (SAEP).' The hydra-
zones were obtained exclusively as E isomers in the form of
pale yellow oils [(S)-6a,b: 83 %, (S)-6¢: 75%]. In order to
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achieve high diastereoselectivities in the aldol step, we found
it necessary to introduce the sterically more demanding
auxiliary SAEP instead of SAMPI'®! Depending on the
hydrazones (S)-6a (R'=H) or (S)-6b/6¢ (R'=Me, Ph) the
metalation conditions had to be modified and optimized. In
the case of the hydrazone of pyruvic acid ester ((S)-6a),
complete formation of the azaenolate was possible when LDA
was used as base in the presence of one equivalent of lithium
bromide in THE['®< 12 The base is readily prepared by
treating diisopropylamine hydrobromide with two equivalents
of n-butyllithium. Self-condensation of the highly reactive
azaenolate ester was prevented by sterically blocking the ester
reactivity as the 2,6-di-fert-butyl-4-methoxyphenyl ester.[0%<
Reaction of the metalated hydrazone with a variety of
aldehydes at —90°C furnished the aldol products (S,R)-/
(8,5)-7a—e in a clean reaction (Table 1). The products were
isolated by flash chromatography and obtained in excellent
yields with high diastereomeric excesses (84—96 %, de = 88—
98%). Only in the case of the protected (R)-O-cyclohexyli-
dene glyceraldehyde was the aldol product (S,S,R)-7 e isolated
in significantly lower yield. In this case, the hydrazonolactone
(8,5, R)-8 e was isolated, along with the aldol product, owing to
rapid lactonization of the intermediate lithium alkoxide ester
[47% (S,S,R)-7e and 45% (S,S,R)-10e, de>98%]. It is
remarkable that virtually complete asymmetric induction
was obtained with a methyl ketone as methylene component
in a stereochemical situation which is difficult to control in
aldol and aldol-type reactions.!3]

After some experimentation, we found that lactonization of
the aldol products 7 and concomitant removal of the ester-
protecting group is best achieved by treating 7 with ters-butyl
lithium or potassium fert-butoxide in THF at low temperature.
After flash chromatography, the hydrazonolactones (S,R)-/
(5,5)-8a—e were obtained diastereomerically pure in good to

excellent yields (72-92 %, de >98 %). The protecting group,
2,6-di-tert-butyl-4-methoxyphenol, can be recycled. The met-
alation and aldol addition of the homologous hydrazones (S)-
6b,c (R'=Me, Ph) required the addition of the cosolvent
N,N'-dimethylpropylurea (DMPU, 30-50%) to the base
LDA/LiBr. The metalation as described above without
cosolvent or the use of the complex Lochmann- Schlosser
base (tBuOK/nBuL.i), which worked well for the alkylation of
the homologous hydrazones,/'® proved unsuccessful in this
case. These three reactions (metalation/aldol addition/cycli-
zation) can also be performed as a tandem reaction to the
desired hydrazonolactones 8 f—h without prior isolation of
the aldol product. In this case, the reaction mixture is simply
warmed to —10°C after addition of the aldehyde. The
intermediate lithium alkoxide ester cyclizes under these
conditions to the hydrazonolactones 8 f—h. The hydrazones
8f and 8 g were obtained as a diastereomeric mixture (S,S,S)/
(5,R,S) and used as such in the subsequent reaction (8f:
diastereomeric ratio =21:1, 8h: diastereomeric ratio =4:3).
NMR spectroscopic analysis revealed that the newly formed
stereogenic center at the hydroxy group was fully induced.
Since the cleavage of the hydrazone moiety would remove the
C-2 center by tautomerism, the moderate diastereoselectiv-
ities did not present a problem. In the case of the hydrazone
8h, the diastereomers (S,R,R) and (S§,S,R) were separated
from the (S,S,5)-isomer in 63% yield by simple flash
chromatography before further reaction (diastereomeric
ratio=10:2.6:1).

Cleavage of the hydrazones in the last step of the reaction
sequence was best achieved by ozonolysis at low temperature.
However, it was difficult to isolate the pure isotetronic acids
without protection of the hydroxy group. The tert-butyldime-
thylsilyl group proved to be the most effective protecting
group. The silyl group was introduced under standard

Table 1. Highly enantiomerically enriched isotetronic acids (S)-/(R)-9 synthesized by enantioselective aldol addition and lactonization from the 2-oxoesters

5 via the SAEP hydrazones (5)-6.

7/8/9 R R2  Yield 7[%] de7(%]* Yield 8 [%] de8[%]® Yield9[%] ee[%]”  [al] (c,CHCl;)  Config.
a H Bu 84 93 87 >98 72 >98 -8.0(0.85) (R
b H iBu 94 88 80 >98 58 >98 2.0 (0.98) R
¢ H  4-McPh 9 >98 n >98 81 >98 -31.6(1.04) ©)
d H Ph 86 >98 7 >98 83 98 .4 -38.4 (0.91) S)

e H 6\/ 474 >98 92 >98 77 >08 -47.5(0.94) SR
o

f Me 4-MePh nd. n.d. 54 91 65 961 -88.8 (0.97) R

g Ph  4-MePh nd. n.d. 88 14 65 oglfl -43.3(1.04) ®

h Ph iBu n.d. nd. 63 501 72 >96 -36.8 (0.95) (R)

[a] Determined by '*C NMR spectroscopy. [b] Based on the de of hydrazones 8 determined by '*C NMR spectroscopy. [c] Determined by GC on a chiral
cyclodextrin phase. [d] Along with the aldol product 7e, 45 % of 10e was isolated. [e] Diastereomeric ratios by NMR: 8 f: (S,5,5)/(S,R,S) =21:1, 8g: (S,S.,S)/
(S,R,S) =4:3, 8h: yield for the (S,R,R)/(S,S,R)-mixture (S,R,R)/(S,S,R)/(S,S,S) =10:2.6:1. [f] Determined by Pirkle shift experiments. n.d. =not determined.
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conditions (BuMe,SiCl, imidazole, CH,Cl,) and without
racemization in a one-pot reaction immediately after ozonol-
ysis and allowed the isolation of the final products (R)-/(S)-9.
Protection with the acetyl function (Ac,0, NEt;, or DMAP)
caused epimerization at the aldol center.

The values given for the enantiomeric excesses of the
products (R)-/(S)-9 refer to the diastereomeric excesses of the
hydrazones 8, which were determined by 'H and “C NMR
spectroscopy. The enantiomeric excess of (R)-9d was deter-
mined to be ee =98.4 % by capillary gas chromatography on a
chiral cyclodextrin phase. This value is in accordance with the
diastereomeric excess of the corresponding hydrazone (S,R)-
8d (de =98 %), and thus proves that the introduction of the
O-protecting group and the subsequent cleavage of the
hydrazone proceed without racemization. The enantiomeric
excesses of 9 fund 9g were determined by NMR spectroscopy
from Pirkle shift experiments with (—)-(R)-(9-anthranyl)-
2,2 2-trifluoroethanol (ee =96 % and ee =98 %).

The stereochemical assignments given in the schemes and
in the table are based on the X-ray crystal structure analysis of
the aldol product (S,R)-7b with the hydroxy function pro-
tected by a benzyloxymethyl(BOM) group (Figure 1).151 A

H.C, C.H, HC, C,H,
OCH,
N\
HQC HO N a \
H,C J\)\)H(OAr 93 %
[o]
(S,R)7b (S H)-10b

Figure 1. Synthesis of (S§,R)-10b and the X-ray structure of one of the two
independent molecules of (S,R)-10b (Schakal plot). Ar=2,6-di-tert-butyl-
4-methoxyphenyl. Reagents and conditions: a) PhCH,OCH,Cl, iPr,NEt,
nBu,NI, CH,Cl,, reflux 15 h.

similar reaction mechanism for the chiral PEP equivalent and
its homologues is assumed. The BOM group was introduced
by reaction of the aldol product with excess benzyloxyme-
thylchloride in the presence of Hiinig’s base to give (S,R)-10b

314 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

(93%). The crystal structure analysis proved unambigously a
(R)-configuration at the newly generated stereogenic aldol
center. This result is in agreement with previous results
observed by our research group for aldol reactions with
SAMP/RAMP hydrazones.!'¥

Conclusion

The method described in this paper for the synthesis of
protected, highly enantiomerically enriched isotetronic acids
is, to our knowledge, the first asymmetric synthesis of this
interesting class of compounds. By choosing different alde-
hydes and 2-oxocarboxylic esters as starting materials, it is
possible to introduce a wide range of substituents for R! and
R2. The isotetronic acids described here should be of interest
as chiral intermediates and as biologically active compounds.

Experimental Section

General: Solvents were dried immediately prior to use. Dry tetrahydrofur-
an (THF) was distilled from potassium/benzophenone under Ar. Dichloro-
methane and Hiinig’s base (iPr,NEt) were distilled from CaH, and stored
under Ar. Ether and petroleum ether were distilled prior to use. All
reactions were monitored by thin-layer chromatography (tlc) carried out
on analytical silica gel tlc plates purchased from Merck (Darmstadt) and
visualized with UV light, 7% ethanolic phosphomolybdic acid, and heat.
Commercial reagents were used directly as received. All reactions were
carried out under anhydrous conditions under Ar, unless otherwise stated.
Yields refer to chromatographically and spectroscopically homogenous
materials.

Optical rotations were measured on a Perkin — Elmer P241 polarimeter and
with solvents of UVASOL quality (Merck). Microanalyses were obtained
with a CHN-O-RAPID elemental analyser. '"H and *C NMR spectra were
recorded on a Varian VXR 300, Gemini300 (300 and 75 MHz) or Varian
Unity 500 (500 and 125 MHz) with TMS as the internal standard. IR spectra
of evaporated films were recorded on a Beckman Acculab4 and a Perkin—
Elmer FT/IR spectrophotometer. Mass spectra were obtained on a Varian
MAT?212, EI 70 eV (relative intensities in parentheses). High-resolution
mass spectra were recorded on a Finnigan MAT 95. Melting points were
measured on a Biichi apparatus and are uncorrected.

SAEP hydrazones (S)-6; general procedure: A solution of the 2-oxoester 5,
1.1equiv  SAEP and 5mol% p-toluenesulfonic acid in c-hexane
(2 mLmmol~') were heated under reflux in a Dean-Stark trap until tlc
indicated complete reaction. The solvent was removed in vacuo and the
residue dissolved in ethyl acetate. The solution was washed with a saturated
sodium chloride solution, dried over MgSO,, and concentrated in vacuo.
The hydrazones (S)-6 were purified by flash chromatography (silica gel,
petroleum ether/diethyl ether) and were obtained as highly viscous yellow
oils.
(8)-(+)-1-[1-(2,6-Di-tert-butyl-4-methoxy-1-phenoxycarbonyl)-1-ethylide-
neamino]-2-(1-methoxy-1-ethylpropyl)pyrrolidine ((S)-6a): According to
the general procedure, 2,6-di-tert-butyl-4-methoxyphenyl 2-oxopropionate
[(S)-5a, 7.66 g, 25.0 mmol] was reacted with SAEP (5.03 g, 27 mmol) in
cyclohexane for 20 h. After work-up, purification of the crude product by
flash column chromatography (silica gel, petroleum ether/ether 4:1)
afforded the hydrazone (S)-6a as a pale yellow viscous oil (9.90 g, 83%);
[a]E =+844.3 (¢ =1.0, CHCL;); '"H NMR (300 MHz, CDCl,): 6 =0.85, 0.89
(t,2 x 3H; C(CH,CH,),), 1.60, 1.64 (s, 18 H; 2C(CHs;)5), 1.40-2.08 (m, 8 H;
C(CH,CH;),, NCH,CH,CH,), 2.18 (s, 3H, CH;C=N), 3.02 (m, 1H;
NCHH), 331 (s, 3H; OCH;), 3.71 (m, 1H; NCHH), 3.79 (m, 1H;
ArOCHj;), 3.98 (m, 1H; NCH), 6.86 (m, 2H; 2arom H); C NMR
(75 MHz, CDCL): 6=195, 8.16 (C(CH,CH,),), 16.72 (CH;C=N), 23.49
(NCHCH,), 24.10, 25.22 (C(CH,CHs;),), 26.96 (NCH,CH,), 31.23, 31.42
(2C(CHy3)3), 35.60, 35.64 (2C(CHs);), 50.41 (ArOCHs;), 56.90 (NCH,),
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72.66 (NCH), 80.14 (C(CH,CHa;),), 111.45, 111.53 (2arom CH), 136.57
(CO,Ar); IR (film): 7 = 2966, 2879, 2831, 1719, 1589, 1456, 1449, 1431, 1420,
1365, 1300, 1252, 1219, 1187, 1143, 1099, 1066 cm™!; C,3H,N,O, (474.7):
caled. C 70.85, H 9.77, N 5.90; found C 70.80, 9.81, N 6.08.
(8)-(+)-1-[1-(2,6-Di-tert-butyl-4-methoxy-1-phenoxycarbonyl)-1-propyli-
deneamino]-2-(1-methoxy-1-ethylpropyl)pyrrolidine ((S)-6b): According
to the general procedure, 2,6-di-tert-butyl-4-methoxyphenyl 2-oxobutyrate
[(S)-5b, 9.60 g, 30 mmol] and SAEP (5.7 g, 31 mmol) were reacted in
cyclohexane for 20 h. After work-up, purification of the crude product by
flash column chromatography (silica gel, petroleum ether/ether 5:1)
afforded the hydrazone (S)-6b as a pale yellow viscous oil (12.15g,
83%); [a]E =+696.6 (c=1.07, CHCL); '"H NMR (300 MHz, CDCl;): 6 =
0.84, 0.89 (t, J=75Hz, 6H; C(CH,CH,),), 1.16 (t, J=71Hz, 3H;
C=NCH,CHs), 1.32, 1.35 (s, 18 H; 2 C(CH5;);), 1.50-2.05 (m, 8H; CH,CH,,
2CH,CH;), 2.56 (qt, J=71Hz, J=75Hz; 1H), 2.71 (qt, J=71Hz, J=
75 Hz; 1H), 3.05-3.12 (m, 1H; NCHHCH,), 3.28 (s, 3H; OCHj;), 3.70—
3.78 (m, 1H; NCHHCH,), 3.80 (s, 3H; ArOCH;), 3.92-3.98 (m, 1H;
NCHCH,), 6.86, 6.88 (d, /=3 Hz, 1H; 2arom CH); *C NMR (75 MHz,
CDCly): 6 =793, 8.20 (2CH,CH3;), 12.31 (CH;CH,C=N), 22.68 (CH,C=N),
23.51, 24.05 (C(CH,CHj;),), 25.21 (NCHCH,), 26.88 (NCH,CH,), 31.13,
31.48 (C(CHj);), 35.57, 35.66 (C(CH,)3), 50.38 (COCH3), 55.20 (ArOCH,),
56.58 (NCH,), 75.53 (NCH), 80.33 (COCHs;), 111.42 (2arom CH), 111.46
(2arom CH), 138.82 (s, C=N), 142.47 (arom C-0OCO), 143.61, 143.65
(arom C-C(CHjs)s), 155.96 (arom C—OCH;), 166.90 (CO,Ar); MS (70 eV,
EI): m/z (%): 488 (1.8) [M*], 387 (72), 274 (56), 253 (100), 225 (20), 221
(11), 138 (48), 101 (23), 69 (50), 57 (78); IR (CHCIl,): 7 =2967, 1714, 1589,
1458, 1430, 1306, 1243, 1187, 1113 cm™!; CyyH,sN,0, (488.7): caled C 71.27,
H 9.90, N 5.73; found C 70.94, H 9.63, N 5.93.
(8)-(+)-1-[1-(2,6-Di-tert-butyl-4-methoxy-1-phenoxycarbonyl)-1-(2-phen-
yl)ethylideneamino]-2-(1-methoxy-1-ethylpropyl)pyrrolidine ((S)-6¢): Ac-
cording to the general procedure, 2,6-di-fert-butyl-4-methoxyphenyl 2-oxo-
3-phenylpropionate [(S)-5¢, 9.60 g, 30 mmol] and SAEP (5.7 g, 31 mmol)
were reacted in cyclohexane for 10 d. After work-up, purification of the
crude product by flash column chromatography (silica gel, petroleum ether/
ether 5:1) afforded the hydrazone (S)-6¢ as a pale yellow viscous oil
(1237g, 75%); [a]f =+599.0 (¢=1.02, CHCL;); 'H NMR (300 MHz,
CDCly): 6=0.84, 0.85 (t, /=74 Hz, 6H; C(CH,CH,),), 1.26, 1.35 (s, 18 H;
2C(CH;)3), 1.40-2.00 (m, 8H; CH,CH,, 2CH,CH;), 3.09 (s, 3H), 3.05-
3.10 (m, 1H; NCH,CH,), 3.60-3.70 (m, 1H; NCH,CH,), 3.78 (s, 3H;
ArOCHj;), 3.94-4.00 (m, 1H; NCHCH,), 4.0 (d, /=16.2 Hz, 1 H), 4.19 (d,
J=16.2Hz, 1H), 6.85 (s,2H; 2arom CH (Ar)), 7.20-7.24 (m, 5H; 5arom
CH (Ph)); C NMR (75 MHz, CDCl;): 6 =8.53, 8.75 (2CH,CH,), 23.94,
24.48 (C(CH,CH,),), 25.69 (NCHCH,), 27.57 (NCH,CH,), 31.74, 32.01
(C(CH,)3), 35.29 (CH,C=N), 36.21, 36.23 (C(CH,)3), 50.94 (COCH3;), 55.83
(ArOCH,), 56.22 (NCH,), 73.35 (NCH), 80.94 (COCH3;), 112.07 (2arom
CH), 126.78, 128.94, 129.13, 133.38 (C=N), 139.03, 143.21 (arom C-0OCO),
144.20, 144.30 (arom C—C(CHj;)5), 156.57 (arom C-OCHj;), 167.98 (C=0);
IR (film): 7 =2967, 1711, 1560, 1454, 1251, 1217, 1171, 879, 667 cm~!; MS
(70 eV, El): m/z (%) =550 (2.5) [M*], 449 (90), 315 (100), 287 (19), 138
(30), 57 (42); C3,H5oN,0, (550.8): caled C 74.14, H 9.15, N 5.09; found C
74.42, H 9.04, N 5.58.

Aldol reaction of the SAEP hydrazone (S)-6a (R = H); general procedure:
A solution of LDA/LiBr was prepared by addition of n-butyllithium in n-
hexane (1.6M solution, 4.2 mL, 6.7 mmol) to a suspension of diisopropyl-
amine hydrobromide (0.60 g, 3.3 mmol) in anhydrous THF (10 mL) at 0°C
under Ar. A solution of the hydrazone (S)-6a (3 mmol) in anhydrous THF
(10 mL) was slowly added to the LDA/LiBr solution (3.3 mL, 3.3 mmol) at
—78°C. The reaction mixture was stirred at this temperature for 1 -2 h. The
resulting solution was cooled to —90°C, and the aldehyde (3.1 mmol),
dissolved in THF (2 mL), was added dropwise. The solution was kept at
—90°C for 1-2 h, warmed to — 78 °C, kept for 1 h, and then hydrolyzed by
addition of a saturated NH,F solution (2 mL). The mixture was warmed to
room temperature and diluted with ether (200 mL). The organic layer was
washed with water, buffer solution (pH 7) and saturated NaCl solution
(15 mL each), and dried with MgSO,. The solvent was removed in vacuo
and the aldol product purified by flash chromatography (silica gel,
petroleum ether/ethyl acetate 4:1).

(8, R)-(+)-1-[3-Hydroxy-1-(2,6-di-tert-butyl-4-methoxy-1-phenoxycarbon-
yD)-1-heptylideneamino]-2-(1-ethyl-1-methoxypropyl)pyrrolidine  ((S,R)-
7a): Hydrazone (S)-6a (0.95 g, 2.0 mmol) was metalated with LDA/LiBr
and reacted with n-pentanal (0.19 g, 2.2 mmol) as outlined above.
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Purification by flash chromatography (silica gel, petroleum ether/ethyl
acetate 9:1) afforded the aldol product (S,R)-7a as a highly viscous yellow
oil (0.94¢g, 84%); de=93% ('H and ®C NMR); [a]® =+533.0 (c=1,
CHCL); 'H NMR (300 MHz, CDCly): 6 =0.85, 0.87, 0.88 (3t, 3 x 3H;
C(CH,CH,),),CH;), 1.10-2.07 (complex, 14H; C(CH,CH,),), (CH,);CHs,
NCH,CH,CH,), 1.32, 1.36 (25,2 x 9H; C(CH,)s), 2.73 (dd, J = 14.9 Hz, ] =
43Hz, 1H; CHHC=N), 2.85 (m, 1H; OH), 2.86 (dd, J=14.7Hz, J=
8.2 Hz, 1H; CHHC=N), 3.26 (s, 3H; OCHj;), 3.37 (m, 1H; NCHH), 3.65
(m, 1H; NCHH), 3.78 (s, 3H; ArOCHj;), 3.97 (complex, 2H; CHOH,
NCH), 6.86 (m,2H;2arom CH); 3*C NMR (75 MHz, CDCl;): 6 =7.96, 8.19
(2C(CH,CHS),), 14.05 (CH,), 22.67 (CH,CHS),), 23.72 (NCHCH,), 24.11,
25.27 (2C(CH,CHs;),), 26.88 (NCH,CH,), 28.06 (CH,CH,CH,), 31.08, 31.40
(2C(CH;);), 35.60, 35.70 (2C(CH,);), 3763 (CH,CHOH), 38.11
(CH,C=N), 50.30 (OCH,), 55.15 (ArOCH,), 56.76 (NCH,), 69.20 (CHOH),
72.91 (NCH), 80.35 (COCHS), 111.44, 111.52 (2arom CH), 133.59 (CO,Ar),
142.39 (arom C-0CO), 143.53, 143.67 (2arom C - C(CH,);), 156.06 (arom
C-O0CH;), 168.19 (C=N); IR (CHCl,): 7=23444, 2960, 2874, 1714, 1589,
1566, 1458, 1430, 1420, 1364, 1303, 1252, 1218, 1173, 1115, 1070, 1021, 923,
879 em; Cy3H, N, O; (560.8): caled € 70.68, H 10.06, N 5.00; found C 70.49,
H 10.22, N 5.00.

(S, R)-(+)-1-[3-Hydroxy-5-methyl-1-(2,6-di-tert-butyl-4-methoxy-1-phe-
noxycarbonyl)-1-hexylideneamino]-2-(1-ethyl-1-methoxypropyl)pyrroli-
dine ((S,R)-7b): Hydrazone (S)-6a (0.95 g, 2.0 mmol) was metalated with
LDA/LiBr and reacted with 3-methylbutanal (0.19 g, 2.2 mmol) as outlined
above. Purification by flash chromatography (silica gel, petroleum ether/
ethyl acetate 4:1) afforded the aldol product (S,R)-7b as a highly viscous
yellow oil (1.05g, 94%); de=88% (‘H NMR and “C NMR); [a]¥ =
+579.2 (¢=1, CHCL); 'H NMR (300 MHz, CDCl;): 6=0.88 (m, 12H;
CH(CH;),), 2CH,CH;), 114-2.10 (complex, 7H; CH(CH;),,
CH,CH(CH;),, NCH,CH,CH,), 1.32, 1.36 (s, 2 x 9H; C(CHy;)5), 1.53, 1.76
(q,2x2H;2CH,CHj;), 2.60 (m, 1H; OH), 2.70 (dd, /=14.8 Hz, J=4 Hz,
1H; CHHC=N), 2.87 (dd, /=14.8 Hz, J=4 Hz, 1H; CHHC=N), 3.26 (s,
3H; OCH;), 3.26 (m, 1H; NCHH), 3.63 (m, 1H; NCHH), 3.79 (s, 3H;
ArOCH;), 3.98 (m, 1H; NCH), 4.11 (m, 1 H; CHOH), 6.87 (m, 2H; 2 arom
H); BC NMR (75 MHz, CDCL,): 6 =799, 8.21 (2CH,CHj;), 21.86, 23.49
(CH(CH;),), 23.79, 2412 (2CH,CH;), 24.62 (CH(CHs),), 2529
(NCHCH,), 26.87 (NCH,CH,), 31.10, 31.56 (2C(CH,);), 35.60, 35.75
(2C(CH,)s), 38.55 (CH,C=N), 4716 (CH,CHOH), 50.33 (OCHj;), 55.20
(ArOCHj;), 56.69 (NCH,), 67.15 (CHOH), 72.98 (NCH), 80.39 (COCHj;),
111.48, 111.56 (2arom CH), 133.59 (CO,Ar), 142.37 (arom C-0OCO),
143.53, 143.70 (2arom C-C(CHj;);), 156.06 (arom C-OCH;), 168.22
(C=N); IR (film): 7= 3450, 3004, 2966, 1703, 1589, 1561, 1467, 1450, 1430,
1366, 1304, 1217, 1185, 1174, 1142, 1068 cm~'; C;3Hs6N,O5 (560.8): caled C
70.68, H 10.06, N 5.00; found C 70.65, H 9.81, N 5.09.

(S,5)-(+)-1-[3-Hydroxy-1-(2,6-di-tert-butyl-4-methoxy-1-phenoxycarbon-
yl)-3-(4-methylphenyl)-1-propylideneamino]-2-(1-ethyl-1-methoxyprop-
yDpyrrolidine ((S,S)-7c¢): Hydrazone (S)-6a (0.95 g, 2.0 mmol) was meta-
lated with LDA/LiBr and reacted with 4-methylbenzaldehyde (0.26 g,
2.2 mmol) as outlined above. Purification by flash chromatography (silica
gel, pentane/ethyl acetate 4:1) afforded the aldol product (S,R)-7¢ as a
yellow highly viscous oil (1.09 g, 92%); de>98% (‘H and '*C NMR);
[a]B =+478.0 (c=1, CHCl;); '"H NMR (500 MHz, CDCL;): 6 =0.83, 0.85
(2t, 2 x3H; C(CH,CH;),), 1.35, 1.38 (2s, 2 x 9H; C(CH,);), 1.46-2.04
(complex, 8H; C(CH,CH;),), NCH,CH,CH,), 2.31 (s, 3H; PhCH,), 2.91
(dd, J=15.0 Hz and J =3.7 Hz, 1H; CHHC=N), 3.10 (dd, J=15.0 Hz, J =
5.2 Hz, 1H; CHHC=N), 2.85 (m, 1 H; OH), 3.18 (m, 1H; NCHH), 3.19 (s,
3H; OCH,), 3.56 (m, 2H; NCH, NCHH), 3.79 (s, 3H; ArOCH};), 3.95 (m,
1H; CHOH), 5.10 (m, 1H; OH), 6.89 (m,2H; 2arom H (Ar)), 718 (m,4H;
4arom CH (pMePh)); ®C NMR (125MHz, CDCL): 6=799, 8.14
(2C(CH,CHs;),), 21.08 (C¢H,CH;), 23.61 (NCHCH,), 23.94, 2520
(2C(CH,CH,),), 26.88 (NCH,CH,), 31.13, 31.54 (2C(CH,);), 35.59, 35.76
(2C(CHy)3), 39.94 (CH,C=N), 50.32 (OCHj;), 55.18 (ArOCH;), 56.11
(NCH,), 71.30 (CHOH), 72.85 (NCH), 80.45 (COCHj;), 11148, 111.54
(2arom CH (Ar)), 125.58 (2arom o-CH (pMePh)), 129.07 (2arom m-CH
(pMePh)), 130.73 (CO,Ar), 141.83 (arom C-OCO), 142.46 (arom C-
CHOH), 143.58, 143.74 (2arom C-C(CHj;);), 156.06 (arom C-OCH,),
168.67 (C=N); IR (CHCly): #=23425, 2966, 2879, 1711, 1590, 1430, 1420,
1395, 1304, 1170, 1107, 1077, 939, 919, 878 cm~'; C3sHs,N,O5 (594.8): caled C
72.69, H 9.15, N 4.71; found C 72.69, H 9.26, N 4.78.

(S,9)-(+)-1-[3-Hydroxy-1-(2,6-di- tert-butyl-4-methoxy-1-phenoxycarbon-
yl)-3-phenyl-1-propylideneamino]-2-(1-ethyl-1-methoxypropyl)pyrrolidine
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((S,8)-7d): Hydrazone (S)-6a (0.95 g, 2.0 mmol) was metalated with LDA/
LiBr and reacted with benzaldehyde (0.23 g, 2.2 mmol) as outlined above.
Purification by flash chromatography (silica gel, pentane/ethyl acetate
85:15) afforded the aldol product (S,R)-7d as a highly viscous yellow oil
(1.10 g,95%); de > 98% ('H and *C NMR); [a]3 = +470.7 (c = 1, CHCL,);
"H NMR (500 MHz, CDCl;): 6 =0.83, 0.86 (2t, 2 x 3H; C(CH,CHj),), 1.35,
138 (2s, 2x9H; C(CHs);), 1.40-2.08 (complex, 8H; C(CH,CH,),),
NCH,CH,CH,), 2.91 (dd, J=15.0Hz, J=3.7 Hz, 1H; CHHC=N), 3.10
(dd,J=15.0 Hz,J=5.2 Hz, | H; CHHC=N), 3.18 (m, 1 H; NCHH), 3.19 (s,
3H; OCHS,), 3.56 (m, 2H; NCH, NCHH), 3.79 (s, 3H; ArOCH,), 3.95 (m,
1H; CHOH), 5.10 (m, 1H; OH), 6.89 (m, 2H; 2arom CH (Ar)), 7.30 (m,
5H; 5arom CH (Ph)); *C NMR (125 MHz, CDCL): 6=238.00, 8.18
(2C(CH,CH,),), 23.73 (NCHCH,), 23.99, 2522 (2C(CH,CH,),), 26.87
(NCH,CH,), 31.15, 31.55 (2C(CH,),), 35.68, 35.78 (2C(CH,),), 36.97
(CH,C=N), 50.34 (OCHS), 55.23 (ArOCH,), 56.17 (NCH,), 71.51 (CHOH),
72.91 (NCH), 80.45 (COCH3), 111.52, 111.58 (2arom CH (Ar)), 125.61
(2arom o-CH (Ph)), 127.41 (arom p-CH (Ph)), 128.43 (arom m-CH (Ph)),
130.70 (CO,Ar), 142.43 (arom C-OCO), 143.58, 14375 (2arom C-
C(CH,),), 14472 (arom C-CHOH), 156.09 (arom C-OCH,), 168.77
(C=N); IR (CHCLy): 7=23441, 2969, 2881, 1700, 1589, 1455, 1430, 1420,
1302, 1184, 1172, 1107, 1088, 1070, 702 cm™"; CysHy,N,O5 (580.8): caled C
72.38, H 9.02, N 4.82; found C 72.38, H 9.05, N 4.82.

(S,S,R)-(+)-[4,5]-O-Cyclohexylidene-3,4,5-trihydroxy-1-(2,6-di-tert-butyl-
4-methoxy-1-phenoxycarbonyl)-1-pentylideneamino]-2-(1-ethyl-1-meth-
oxypropyl)pyrrolidine ((S,S,R)-7e): Hydrazone (S)-6a (1.80 g, 3.92 mmol)
was metalated and reacted with 2,3-O-cyclohexylidene-2,3-dihydroxy
aldehyde (0.77 g, 4.50 mmol) as outlined above. Purification by flash
chromatography afforded the aldol product (S,S,R)-7e (1.15g,47%) asaa
yellow foam along with the furanone (S,S,R)-8e (0.69 g, 45%).
(S,S,R)-Te: de>98% ('H NMR and *C NMR); [a]F =+503.0 (c=1,
CHCL;); '"H NMR (500 MHz, CDCl;): 4=0.85, 0.86 (t, /=73 Hz, 6H,
C(CH,CH3;),), 1.32, 1.36 (s, 18H; 2C(CH,);), 1.50-2.10 (complex, 18H;
NCH,CH,, 2C(CH,CH;),), 5CH, (c-hexyl)), 2.75 (dd, J=153Hz, J=
9.5Hz,1H; CHHC=N), 3.12 (dd,J =15.3 Hz,J =2.44 Hz, 1H; CHHC=N),
3.26 (s,3H; OCHs;), 3.39-3.41 (m, 1H; NCH,CH,), 3.50 (s, 1 H; OH), 3.80
(s, 3H; ArOCHj;), 3.80-3.83 (m, 1H; NCH,CH,), 3.99-4.01 (m, 3H;
NCH, OCH,CHO), 4.09 (dd, J=8.3 Hz, J=6.1 Hz, 1H; OCHCH,C=N),
6.86, 6.88 (d, /=3 Hz, 2H; 2arom CH); “C NMR (125 MHz, CDCl,): 6 =
799, 8.25 (2C(CH,CHs;),), 23.78 (CH,, c-hexyl), 23.89, 24.02 (2 CH,CH,),
25.17 (NCHCH,), 25.19 (CH,, c-hexyl), 26.82 (NCH,CH,), 31.15, 31.48
(2C(CH,)3), 34.24 (CH,C=N), 34.62 (t), 35.61, 35.76 (s, C(CH3);), 36.34
(CH,, c-hexyl), 50.40 (COCH,;), 55.23 (ArOCH;), 56.17 (NCH,), 66.52
(OCH,CHO), 71.07 (CHOH), 72.93 (NCH), 78.37 (OCH), 80.49 (COCH,),
109.79 (OCO), 111.55, 111.63 (2arom CH), 131.62 (CO,Ar), 142.32 (arom
C-0CO), 143.60, 143.73 (arom C-C(CHs;);), 156.19 (arom C-OCH,;),
169.65 (C=N); MS (70 eV, El): m/z (%) =543 (19), 377 (16), 307 (22), 141
(63), 127 (100), 99 (17), 85 (14), 81 (31); IR (film): ¥=3500, 2939, 1707,
1509, 1479, 1448, 1303, 1183, 1171, 1086, 679 cm™'; Cy;;HyN,O; (644.9):
caled C 68.90, H 9.38, N 4.35; found C 68.41, H 9.40, N 4.16.

Lactonization of the SAEP hydrazones 7a—e to the hydrazonolactones
8a-—e; general procedure: For the lactonization, the hydrazones 7a—e
(2 mmol) were dissolved in anhydrous THF (20 mL) under Ar. The
solution was cooled to —78°C and a solution of ferz-butyllithium (1.6 ™) in
n-hexane (1.25 mL, 2.0 mmol) or fBuOK (0.224 g, 2.0 mmol) was added.
The reaction mixture was warmed to — 10 °C and stirred at this temperature
until tlc indicated complete reaction. The solution was hydrolyzed by the
addition of saturated NH,Cl solution (10 mL) and then diluted with ether
(100 mL). The organic layer was washed with water, saturated NaCl
solution, and dried with MgSO,. After removal of the solvent in vacuo, the
hydrazonolactones 8a—e were isolated by flash chromatography (silica gel,
petroleum ether/ether 1:1).

(S, R)-(+)-5-Butyl-N-[2-(1-ethyl-1-methoxypropyl)pyrrolidine ]-3-iminodi-
hydro-2-furanone ((S,R)-8a): The aldol product (S,R)-7a (124g,
2.20 mmol) was cyclized with fBuLi as the base as outlined above. After
column chromatography, the furanone (S,R)-8a was isolated as a white
solid (0.60 g, 84 %). M.p. 72-73°C. Some starting aldol product (S,R)-7a
was recovered (0.14 g, 10%). [a]F =+ 1017 (c=1, CHCL); de >98% ('H
and *C NMR); '"H NMR (500 MHz, CDCl,): 6 =0.86, 0.89 (t, J=7.6 Hz,
6H; C(CH,CH;),), 0.92 (t, J=70Hz, 3H; CH,CH,CH,), 1.35-1.53 (m,
4H; CH,CH,CH;), 1.60-1.75 (m, 6H; 2 CH,CH;, CH,CH,CH,), 1.75-2.10
(m,4H; CH,CH,),2.77 (dd,/ =171 Hz,J = 6.4 Hz, 1H; CHCH,C=N), 3.02
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(dd, J=171Hz, J=763Hz, 1H; CHCH,C=N), 3.17-320 (m, 1H;
NCH,CH,), 327 (s, 3H; OCH), 3.70-3.74 (m, 1H; NCH,CH,), 4.0-4.3
(m, 1H; NCHCH,), 4.48—4.50 (m, 1 H; OCHCH,); *C NMR (125 MHz,
CDCL): 6=8.00, 826 (2CH,CH,), 1395 (H,CCH,CH,), 22.44
(H,CCH,CH,), 2391, 24.02 (2CCH,CH,), 2475 (NCHCH,), 26.50
(NCH,CH,), 2686 (H,CCH,CH,), 3429 (t, CH,C=N), 3638
(CH,CH,CH,), 50.50 (COCH,), 53.75 (NCH,), 71.81 (NCH), 76.17
(OCH), 80.47 (COCH,), 12748 (C=N), 168.85 (C=0); MS (70 eV, EI):
miz (%) =324 (0.91) [M*], 223 (69), 179 (11), 111 (14), 101 (48), 70 (100),
45 (17), 41 (24); IR (film): 7=2890, 1752, 1588, 1346, 1247, 1203, 1088,
1005 em; C,sHaN,0; (324): caled C 66.63, H 9.94, N 8.64; found C 66.67,
H 10.12, N 8.69.

(S, R)-(+)-N-[2-(1-Ethyl-1-methoxypropyl)pyrrolidine ]-3-imino-5-(2-me-
thylpropyl)dihydro-2-furanone ((S,R)-8b): The aldol product (S,R)-7b
(1.33 g, 2.37 mmol) was cyclized with fBuOK as base, as outlined above.
After column chromatography, the furanone (S,R)-8b was isolated as a
yellow foam (0.61 g, 80%). [a]E =+902 (¢ =0.99, CHCL,). de >98% ('H
and *C NMR); 'H NMR (500 MHz, CDCl;): 6 =0.87, 0.89 (t, J=7.4 Hz,
6H; C(CH,CH),), 0.96 (d,/=6.9 Hz, 3H), 0.98 (d,/=6.9 Hz; 3H), 1.35—
1.48 (m, 3H), 1.52-1.72 (m, 6 H), 1.80-1.90 (m, 3H; CH,CH,, CH(CHs),),
19-22 (m, 2H; CH,CH,), 2.76 (dd, J=17Hz, J=6.64Hz, 1H;
CHHC=N), 3.06 (dd, /J=17Hz, J=74Hz, 1H; CHHC=N), 3.20-3.25
(m, 1H; NCHHCH,), 3.27 (s, 3H; OCH;), 3.71-3.74 (m, 1 H; NCHHCH,),
3.98-4.00 (m, 1H; NCHCH,), 4.48-4.50 (m, 1H; OCHCH,); *C NMR
(75 MHz, CDCLy): 6="1798, 823 (2CH,CH,), 22.13, 22.98 (CH(CHs),),
23.86, 23.99 (2CH,CH;), 24.57 (CH(CH;),), 24.70 (NCHCH,), 26.45
(NCH,CH,), 34.77 (CH,C=N), 45.92 ((H;C),CHCH,), 50.41 (COCH,),
53.69 (NCH,), 71.70 (NCH), 74.71 (OCH), 80.36 (COCH3;), 127.36 (C=N),
168.76 (C=0); MS (70 eV, EI): m/z (%) =324 (0.91) [M*], 295 (11), 223
(100), 168 (10); IR (film): 7= 2961, 1760, 1582, 1213, 1185, 1150, 1079 cm~;
C3H3,N,0; (324): caled C 66.63, H 9.94, N 8.64; found C 66.38, H 10.22, N
9.04.

(S,9)-(+)-N-[2-(1-Ethyl-1-methoxypropyl)pyrrolidine]-3-imino-5-(4-meth-
ylphenyl)-dihydro-2-furanone ((S,5)-8c): The aldol product (S,R)-7¢
(1.19 g, 2.00 mmol) was cyclized with tBuLi as the base, as outlined above.
After column chromatography, the furanone (S,R)-8¢ was isolated as a
yellow foam (0.52 g, 72%). Some starting aldol product (S,R)-7¢ was
recovered (0.09 g, 7.5%). [a]k =+845 (c=1, CHCL); de >98% (‘H and
3C NMR); '"H NMR (300 MHz, CDCl;): 6 =0.89, 0.92 (t, /=74 Hz, 6H;
C(CH,CH,),), 1.40-1.80 (m, 4H; 2 CH,CH,), 1.8-2.1 (m, 4H; CH,CH,),
2.36 (s, 3H; PhCHs;), 3.07 (dd, /=17 Hz, J=6.9 Hz, 1H; CHCH,C=N),
3.18-3.30 (m, 1H; NCH,CH,), 3.27 (s, 3H; OCH,;), 3.37 (dd, /=17 Hz,J =
797 Hz, 1H; CHCH,C=N), 3.67-3.69 (m, 1H; NCH,CH,), 4.00-4.10 (m,
1H; NCHCH,), 5.64 (dd, /=797 Hz, ] = 6.9 Hz, 1H; OCHCH,), 719, 7.23
(d, /=83 Hz, 4H; C¢H,); BC NMR (75 MHz, CDCl;): 6=8.00, 8.29
(2CH,CH,), 21.16 (ArCHj;), 23.95, 23.98 (2 CH,CHj;), 24.65 (NCHCH,),
26.48 (NCH,CH,), 37.04 (CH,C=N), 50.49 (COCHs;), 53.59 (NCH,), 71.72
(NCH), 7168 (OCH), 80.47 (COCHj;), 125.33 (2arom m-CH (pMePh)),
125.96 (C=N), 129.48 (2arom o-CH (pMePh)), 137.38 (arom p-C (pMePh)),
138.35 (arom C (pMePh)), 168.64 (C=0); MS (70 eV, EI): m/z (%) =358
(0.51) [M*], 257 (72), 213 (33), 144 (17), 117 (13), 105 (36), 101 (52), 70
(100), 45 (19), 41 (15); IR (CHCLy): 7=2942, 1757, 1577, 1459, 1322, 1214,
1179, 1084, 1022, 821, 755 cm™!; C,;H3N,0; (358.5): caled C 70.36, H 8.44,
N 7.82; found C 70.48, H 8.50, N 7.98.

($,5)-(+)-N-[2-(1-Ethyl-1-methoxypropyl)pyrrolidine]-3-imino-5-phenyl-

dihydro-2-furanone ((S,S)-8d): The aldol product (S,R)-7d (1.70 g,
2.93 mmol) was cyclized with rBuLi as the base, as outlined above. After
column chromatography, the furanone (S,5)-8d was isolated as a yellow
foam (0.72 g, 72%). Some starting aldol product (S,R)-7d was recovered
(017 g, 10%). [a]E =4857 (¢=0.99, CHCL); de>98% ('H and "3C
NMR); 'H NMR (300 MHz, CDCL): 6=0.88, 0.92 (t, /=74 Hz, 6H;
C(CH,CH),), 1.45-1.80 (m, 4H; 2CH,CH;), 1.8-2.0 (m, 4H; CH,CH,),
3.08 (dd, J=17Hz, J=69Hz, 1H; CHCH,C=N), 3.12-3.20 (m, 1H;
NCHHCH,), 3.28 (s, 3H; OCH,), 3.41 (dd, /=17 Hz, J=824 Hz, 1H;
CHCH,C=N), 3.67-3.70 (m, 1H; NCHHCH,), 3.95-4.05 (m, 1H;
NCHCH,), 547 (dd, J=824Hz, /=69 Hz, 1H; OCHCH,), 7.36 (m,
SH; C4Hs); BC NMR (75 MHz, CDCL,): ¢ =8.00, 8.29 (2CH,CHj), 23.91,
23.95 (2 CH,CH;), 24.59 (NCHCH,), 26.46 (NCH,CH,), 36.91 (CH,C=N),
5045 (COCH;), 53.51 (NCH,), 71.64 (NCH), 76.62 (OCH), 80.40
(COCHs;), 125.30 (2arom m-CH), 125.49 (C=0), 128.44 (arom p-CH),
128.82 (2 arom 0-CH), 140.40 (arom C), 168.55 (C=N); MS (70 eV, EI): m/z
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(%) =328 (0.88) [M*], 199 (37), 125 (6.4), 111 (10), 101 (19), 73 (20), 61
(23), 57 (14), 43 (100); IR (film): #=2883, 1754, 1575, 1457, 1216, 1029,
757 em!; C,0HpsN,05 (344.5): caled C 69.74, H 8.19, N 8.13; found: C 69.98,
H 8.20, N 8.04.

(8,8, R)-(+)-5-0-Cyclohexylidenedioxyethyl-N-[ 2-(1-ethyl-1-methoxy-
propyl)-pyrrolidine]-3-iminodihydro-2-furanone ((S,S,R)-8¢): The aldol
product (S,S,R)-7e (720 mg, 1.11 mmol) was cyclized with rBuLi as the
base, as outlined above. After column chromatography, the furanone
(S,5,R)-8¢ was isolated as a yellow foam (0.38¢, 92%); de>98% ('H
NMR and ®C NMR); [¢]§ =+575 (c=1, CHCL); 'H NMR (500 MHz,
CDCly): 6=0.87, 0.90 (t, J=73 Hz, 6H; C(CH,CH,),), 1.4-1.7 (m, 14H,
2CH,CHj;, 5CH, (cyclohexyl), 1.8-2.1 (m, 4H; CH,CH,), 3.02 (dd, J=
174 Hz, /=79 Hz, 1H; CHCH,C=N), 3.14 (dd, /=174 Hz, /=52 Hz,
1H; CHCH,C=N), 3.25-3.27 (m, 1H; NCH,CH,), 3.26 (s, 3H; OCHj),
3.76-3.82 (m, 1H;NCH,CH,), 3.96-4.02 (m,2H; NCHCH,, OCH,CHO),
4.13-4.16 (m, 2H; OCH,CHO), 4.39 (m, 1H; OCHCH,C=N); C NMR
(125 MHz, CDCly): 6 =798, 8.29 (2CH,CHj), 23.71 (CH,, c-hexyl), 23.94
(CH,, c-hexyl), 23.98, 24.01 (2 CH,CHs;), 24.65 (NCHCH,), 25.08 (CH,, c-
hexyl), 26.48 (NCH,CH,), 30.56 (CH,, c-hexyl), 34.45 (CH,C=N), 36.55
(CH,, c-hexyl), 50.49 (COCH,;), 53.52 (NCH,), 66.51 (OCH,CHO), 71.72
(NCH), 75.58(0OCH,CHO), 77.00 (OCH), 80.48 (COCHs;), 110.64 (OCO),
124.98 (C=N), 168.26 (C=0); MS (70 eV, El): m/z (%) =409 (1.17) [M*],
377 (61), 307 (70), 236 (27), 168 (11), 138 (21), 127 (32), 91 (26), 81 (26), 55
(49); IR (CHCL): #=2939, 1761, 1578, 1214, 1181, 1163, 1097, 925,
756 cm~!; C,,H3N,O5 (408.5): caled C 64.68, H 8.89, N 6.86; found: C 64.51,
H 8.73 N 6.70.

Aldol reaction and lactonization of the SAEP hydrazone (S)-6b (R =Me)
and (S)-6 ¢ (R =Ph); general procedure: The metalation and aldol addition
of the hydrazones (S5)-6b and (S)-6¢ were performed under the same
conditions as described above for the hydrazone(S)-6a, except that 30—
50% DMPU were added as a cosolvent. After the aldol addition, the aldol
products were not isolated, but cyclized in situ by warming the reaction
mixture after 0.5h from —78°C to —10°C. The solution was stirred at
—10°C until the reaction was complete (3—4 h), as indicated by tlc, and
then hydrolyzed by addition of saturated NH,Cl solution. The hydrazono-
lactones 8 f—h were purified by flash chromatography.
(S,S,5)-N-[2-(1-Ethyl-1-methoxypropyl) pyrrolidine]-3-imino-4-methyl-5-
(4-methylphenyl)dihydro-2-furanone ((S,S,5)-8 f): As outlined above, the
hydrazone (S)-6b (0.30 g, 0.61 mmol) was metalated with LDA/LiBr
(0.79 mmol) in anhydrous THF (5 mL)/DMPU (2.5 mL) and then reacted
with 4-methylbenzaldehyde (0.10 g, 0.8 mmol). Purification of the crude
product by flash chromatography (silica gel, petroleum ether/diethyl ether
1:1) afforded the furanone (S,S,S)-8 f as mixture of the (S,S,S)-isomer (syn)
and the (S,R,S)-isomer (anti) (0.12 g, 54 %; ratio (S,S,5)/(S,R,S) 21:1).
(S,8,8)-8 f: 'H NMR (500 MHz, CDCl;): 6 =0.88, 0.91 (t, /=7.6 Hz, 6H;
C(CH,CH,),), 1.33 (d, /=702 Hz, 3H; H;,CCHC=N), 1.40-1.70 (m, 4H;
2CH,CH,), 1.85-2.08 (m, 4H; CH,CH,), 2.34 (s, 3H; C;H,-CHs;), 2.90—
298 (m, 1H; NCHHCH,), 3.17 (qd, J=702Hz, J=245Hz, 1H;
H;CCHC=N), 3.24 (s, 3H; OCH;), 3.49-3.53 (m, 1H; NCHHCH,),
4.00-4.07 (m, 1H; NCHCH,), 5.10 (d, J=2.45Hz, 1H; CH-CH,), 7.18,
719 (d, J=8.5 Hz, 4H; o,m arom CH); *C NMR (75 MHz, CDCL;): 6 =
797,827 (2CH,CH,), 18.30 (H;CCHC=N), 21.49 (H;C-C,H,), 23.69, 23.95,
(C(CH,CHs;),), 24.62 (NCHCH,), 26.63 (NCH,CH,), 42.03 (H;CCHC=N),
50.46 (COCHj;), 53.78 (NCH,), 72.39 (NCH), 80.63 (COCH;), 83.96
(OCH), 125.10 (2arom o-CH), 130.0 (2arom m-CH), 130.19 (C=0),
137.74 (arom C—CHj;), 138.40 (arom C), 168.42 (C=N); MS (70 eV, EI): m/z
(%) =372 (1.6) [M*], 271 (100), 253 (18), 227 (15), 158 (11), 101 (31), 91
(8.9), 70 (69), 58 (6); IR (CHCL;): 7=2970, 1757, 1576, 1452, 1244, 1212,
1184, 1077, 819, 757 cm™'; C,H;,N,0; (372.1): C 70.93, H 8.66, N 7.52;
found: C 70.96, H 8.82, N 721.

(S,R,S)- and (S,5,5)-N-[2-(1-Ethyl-1-methoxypropyl)pyrrolidine]-3-imino-
4-phenyl-5-(4-methylphenyl)-dihydro-2-furanone ((S,5,5)-8g): As outlined
above, the hydrazone (S)-6¢ (0.32 g, 0.65 mmol) was metalated with LDA/
LiBr (0.77 mmol) in anhydrous THF (4 mL)/DMPU (1.5 mL) and reacted
with 4-methylbenzaldehyde (0.10 g, 0.8 mmol). Purification of the crude
product by flash chromatography (silica gel, petroleum ether/diethyl ether
1:1) afforded the furanone 8g as a mixture of the (S,S,S)-isomer (syn) and
the (S,R,S)-isomer (anti) (0.25 g, 88 %; ratio (S,S,S)/(S,R,S) 4:3).
(S,S,5)-8¢g: '"H NMR (500 MHz, CDCl;): 6 =0.75, 0.82 (t, /=74 Hz, 6H;
C(CH,CHs;),), 1.40-1.90 (m, 8H; CH,CH,, 2CH,CHj;), 2.37 (s, 3H;
ArCHs;),2.70 (s,3H; OCH,), 3.00-3.18 (m, 2H; NCH,CH,), 3.95-4.00 (m,
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1H; NCHCH,), 4.24 (d,J=3.97 Hz, 1 H; PhCH), 5.25 (d, /=3.97 Hz, 1H;
pMePhCH), 7.19 (s, SH; Sarom CH (Ph)), 7.32, 7.35 (d, /=7.6 Hz, 4H;
4arom om-CH (pMePh)); *C NMR (75 MHz, CDCly): 6=792, 7.94
(2CH,CH,), 21.19 (H,CPh), 22.85 (NCHCH,), 23.68, 24.42 (2 CH,CH,),
26.96 (NCH,CH,), 50.19 (COCHS,), 53.84 (NCH,), 54.04 (PhCH), 72.40
(NCH), 80.42 (COCHs;), 85.16 (d, OCH), 125.19 (2arom m-CH (pMePh)),
125.76 (C=0), 12735 (2arom o-CH (pMePh)), 127.94 (arom p-CH (Ph)),
129.51 (2arom m-CH (Ph)), 129.66 (2arom o-CH (Ph)), 13745 (arom C-
CH (Ph)), 138.45 (arom C-CHj;), 140.41 (arom C-CH (pMePh)), 168.83
(C=N); 3C NMR (75 MHz, CDCL): 6=8.06, 839 (2CH,CH,), 21.08
(H,CPh), 23.70 (NCHCH,), 24.16, 24.40 (2 CH,CH,), 26.51 (NCH,CH,),
50.54 (COCHs;), 5128 (PhCH), 52.80 (NCH,), 71.15 (NCH), 80.90
(COCH,), 82.23 (OCH), 12556 (C=0), 126.18 (2arom m-CH (Ph)),
127.00 (2arom p-CH (Ph)), 128.34 (2 arom m-CH (pMePh)), 128.48 (2arom
0-CH (Ph)), 128.63 (2 arom o-CH (pMePh)), 132.65 (arom C (Ph)), 138.48
(arom C-CHj3), 139.38 (arom C-CH (pMePh)), 170.15 (C=N); MS (70 eV,
ED): m/z (%) =434 (0.86) [M'], 333 (100), 218 (13), 194 (15), 178 (11), 116
(18), 70 (69); IR (film): 7 =2966, 1741, 1655, 1558 (br), 1518, 1493, 1453,
1319, 1214, 1175, 1078, 1009, 826, 812, 725, 702 cm™!; C,;H3,N,0; (434.6): C
74.62, H 7.89, N 6.45; found: C 74.31, H 7.93, N 6.48.

(S,R,S)-8¢g: '"H NMR (500 MHz, CDCl,): 6 =0.90, 0.96 (t, /=73 Hz, 6H;
C(CH,CH,),), 1.40-1.90 (m, 8H; CH,CH,, 2CH,CHz), 2.19 (s, 3H;
ArCH,),3.10-3.16 (m, 1 H; NCH,CH,), 3.29 (s, 3H; OCH,), 3.50~3.54 (m,
1H; NCH,CH,), 3.95-4.00 (m, 1H; NCHCH,), 451 (d, /=64 Hz, 1H;
PhCH), 5.68 (d, J=6.4 Hz, 1H; pMePhCH), 6.78-6.80 (m, 2H; 2arom o-
CH (Ph)), 6.81, 6.87 (d, J =79 Hz, 4arom m,o-CH (pMePh), 7.02 (m, 3H;
3arom m,p-CH (Ph)).

(S,R,R)- and (S,S,R)-N-[2-(1-Ethyl-1-methoxypropyl)pyrrolidine]-3-imi-
no-5-(2-methylethyl)-4-phenyldihydro-2-furanone ((S,R,R)-/(S,S,R)-8h):
As outlined above, the hydrazone (S)-6¢ (1.10 g, 2.0 mmol) was metalated
with LDA/LiBr (2.2 mmol) in anhydrous THF (12 mL)/DMPU (4.5 mL)
and then reacted with 3-methylbutyric aldehyde (0.22 g, 2.5 mmol).
Purification of the crude product by flash chromatography (silica gel,
petroleum ether/diethyl ether 4:1) afforded the furanone 8h as mixture of
the anti (S,R,R)-, syn (S,S,R)- and anti (S,S,S)-isomer [(S,R,R)-8h: 400 mg,
50%; (S,S,R)-8h: 100 mg, 13%; (S,S,S)-8h: 40 mg, 5%; ratio (S,R,R)/
(S,R,9)/(S,S,S) 10:2.6:1].

(S,R,R)-8h: '"H NMR (300 MHz, CDCL;): 6 =0.72, 0.80 (t,/=7.7 Hz, 6 H;
C(CH,CH,),), 0.90, 092 (d, J =7.5 Hz, 6H; C(CH,;),), 1.30-1.98 (m, 11H;
CH,CH,, 2CH,CH;, CH,CH(CH,),), 2.67 (s, 3H; OCHs;), 3.05-3.25 (m,
2H; NCH,CH,), 3.90-4.00 (m, 1H; NCHCH,), 3.97 (d, /=3.84 Hz, 1H;
PhCH), 4.30-4.40 (m, 1H; OCHCH,), 717 (d, J=7.3 Hz, 2H; 2arom o-
CH), 722-735 (m, 3H; 3arom m/p-CH); 3C NMR (75 MHz, CDCl;): 6 =
8.41, 8.48 (2CH,CH,), 22.43, 23.62 ((H;C,CH), 23.26, 24.24 (2CH,CH,),
25.08 (NCHCH,), 25.08 ((H;C),CH), 2752 (NCH,CH,), 46.21
((H;C),CHCH,), 50.71 (HCPh), 51.94 (COCH,;), 54.49 (NCH,), 73.01
(NCH), 80.90 (OCH), 83.67 (COCHj;), 127.66 (C=0), 127.76 (2arom m-
CH), 128.30 (arom p-CH), 129.85 (2arom o-CH), 140.88 (arom C-CH),
169.21 (C=N).

(S,S,R)-8h: 'H NMR (300 MHz, CDCL): 6=0.80, 1.00 (m, 12H;
C(CH,CH,),), 1.48-1.98 (m, 11H; CH,CH,, 2CH,CH;, CH,CH(CHy,),),
2.89-2.92 (m, 1H; NCH,CH,), 3.27 (s, 3H; OCH,), 3.50-3.60 (m, 1H;
NCH,CH,), 3.90-4.00 (m, 1H, NCHCH,; 4.26), 4.24 (d, /=632 Hz, 1H;
PhCH), 4.66-4.70 (m, 1H; OCHCH,), 7.10 (d, J="7.7 Hz, 2H; 2arom o-
CH), 720-7.35 (m, 3H; 3arom m/p-CH); 3C NMR (75 MHz, CDCL,): 6 =
8.51, 8.87 (2CH,CH,), 22.40, 23.79 ((H;C),CH), 24.13, 24.56 (2 CH,CH,),
2494 (NCHCH,), 2529 ((H;C),CH), 2701 (NCH,CH,), 41.26
((H;C),CHCH,), 49.64 (HCPh), 50.94 (COCH;), 53.76 (NCH,), 71.69
(NCH), 79.52 (OCH), 81.22 (COCHs;), 127.37 (C=0), 127.91 (arom p-CH),
128.80 (2arom m-CH), 129.34 (2 arom 0-CH), 140.52 (arom C - CH), 170.60
(C=N); MS (70 eV, EI): m/z (%) =400 (0.75) [M*], 299 (77), 146 (24), 117
(18), 70 (100), 44 (21), 41 (17); IR (film): ¥ =2960, 1751, 1567, 1465, 1455,
1217, 1181, 1088, 756 cm™~!; C,H;N,O; (400.6): caled C 71.96, H 9.06, N
7.00; found C 71.90, H 9.25, N 6.81.

Ozonolysis of the hydrazones 8 and introduction of the fBuMeSi protecting
group; general procedure: For the cleavage of the chiral auxiliary, the
hydrazones 8 (1 mmol) were dissolved in CH,Cl, (50 mL) and cooled to
—78°C. Ozone was passed through the solution at this temperature until
the reaction was complete (tlc). Excess ozone was removed by purging with
a stream of Ar. For the introduction of the silyl protecting group, t-
butyldimethylsilyl chloride (0.30 g, 2.0 mmol) and imidazole (0.15 g,
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3.0 mmol) were added and the solution was warmed to room temperature.
After complete reaction, the solution was concentrated and the products 9
purified by flash chromatography (silica gel, petroleum ether/ether 4:1).

(R)-(—)-5-Butyl-3-t-butyldimethysilyloxy-2(SH)-furanone ((R)-9a): The
hydrazone (S,R)-8a (0.320 g, 1.02 mmol) was treated with ozone and fert-
butyldimethylsilyl chloride, as described above. After column chromatog-
raphy, the furanone (R)-9a was obtained as a colorless crystalline solid
(0.20 g, 72%). M.p. 44.5-45.0°C; [a]E = — 8 (¢ =0.85, CH,Cl,); '"H NMR
(300 MHz, CDCL): 6=0.25 (s, 6H; Si(CH;),), 0.91 (t, J=6.9 Hz, 3H;
CH,CH,CHs), 0.97 (s, 9H; SiC(CH,);), 1.3-1.45 (m, 4H; CH;CH,CH,),
1.6-1.75 (m, 2H; CH,CH,CH), 4.87 (td, /= 62Hz, /= 19Hz, 1H;
CH,CHOC=0), 624 (d, /J=19Hz, 1H; CHCH=COSi); *C NMR
(75 MHz, CDCl,): 6 =4.82 (Si(CHs;),), 13.88 (H;CCH,), 18.32 (SiC(CHs);),
2245 (H;CCH,), 2549 (SiC(CH;);), 26.82 (H;CCH,CH,), 34.02
(CH,CH,CH,), 77.98 (OCHCH=C), 124.84 (CHCH=CO), 142.66 (COSi),
169.49 (C=0); MS (70 eV, EI): m/z (%) =270 (0.92) [M*], 213 (67), 169
(15), 157 (100), 75 (21); IR (film): ¥=2930, 1757, 1647, 1261, 1148, 1128,
1030, 849, 787 cm™!; C,H,05Si (270.4): caled C 62.18, H 9.69; found: C
62.40, H 10.03.

(R)-(—)-3-tert-Butyldimethysilyloxy-5-(2-methylpropyl)-2(SH)-furanone
((R)-9b): The hydrazone (S,R)-8b (0.240 g, 0.747 mmol) was treated with
ozone and tert-butyldimethylsilyl chloride, as described above. After
column chromatography, the furanone (R)-9b was obtained as a colorless
crystalline solid (0.20g, 72%). M.p. 40-41°C; [a]E=—-2 (¢=0.98,
CH,Cl,); '"H NMR (300 MHz, CDCl;): 6 =0.25 (s, 6 H; Si(CHs),), 0.97 (s,
9H; SiC(CH;);), 1.50 (m, 6H; CH(CH;),), 1.88 (sept, J=6.7Hz, 1H;
CH(CHs;),), 4.92 (td, J=6.7Hz, J=2.1 Hz, 1H; CHOC=0), 6.23 (d, /=
2.1Hz, 1H; CHCH=COSi); “C NMR (75MHz, CDCl): 6=-4.82
(Si(CH3;),), 1832 (SiC(CHs);), 22.23 (CH(CH,;),), 23.09 (CH(CHs),),
25.00 (CH(CH;),), 25.48 (SiC(CH;);), 43.60 (OCHCH,CH), 76.65
(OCHCH=C), 125.19 (CHCH=CO), 142.49 (COSi), 169.45 (C=0); MS
(70 eV, EI): ml/z (%)=213 (19), 157 (100), 73 (15), 75 (26), 41 (21); IR
(film): 7=2850, 1762, 1651, 1261, 1142, 1129, 890, 856, 844, 758 cm™;
C,,H,505Si (270.4): caled C 62.18, H 9.69; found: C 62.16, H 9.81.

(S)-(3)-tert-Butyldimethylsilyloxy-5-(4-methylphenyl)-2(5SH)-furanone
(($)-9¢): The hydrazone (S.,5)-8¢ (0.21 g, 0.61 mmol) was treated with
ozone and tert-butyldimethylsilyl chloride, as described above. After
column chromatography, the furanone (S)-9¢ was obtained as a colorless
crystalline solid (0.15g, 81%). M.p. 68-69°C; [a]y =—-31.6 (c=1.04,
CH,Cl,); '"H NMR (300 MHz, CDCl;): 6 =0.27 (s, 6 H; Si(CHs),), 0.98 (s,
9H; SiC(CH;)3), 2.35 (s, 3H; H;CAr), 581 (d, /= 19Hz, 1H; ArCH-
0C=0), 6.30 (d, /=19 Hz, 1H; CHCH=COSi), 7.16 (d, /=8.5Hz, 2H;
2arom m-CH), 7.17 (d, J =8.5 Hz, 2H; 2arom 0-CH); 3C NMR (75 MHz,
CDCLy): 6 =—4.77 (Si(CHs),), 18.34 (SiC(CHj;);), 21.22 (H;CAr), 25.49
(SiC(CH5;);3), 79.10 (OCHCH=C), 124.38 (CHCH=CO), 126.74 (2arom m-
CH), 129.57 (2arom 0-CH), 132.74 (H;CAr), 137.38 (arom C), 139.22 (arom
C), 142.59 (COSi), 169.48 (C=0); MS (70 eV, EI): m/z (%) =303 (1) [M*],
247 (100), 203 (69), 129 (39), 75 (28); IR (film): 7 =2950, 1774, 1646, 1254,
1064, 820 cm™'; C;;H,,0;Si (303.5): caled C 67.06, H 7.95; found C 67.36, H
8.10.

(S)-(—)-3-tert-Butyldimethylsilyloxy-5-phenyl-2(SH)-furanone  ((S)-9d):
The hydrazone (S,S)-8d (0.41 g, 1.20 mmol) was treated with ozone and
tert-butyldimethylsilyl chloride, as described above. After column chroma-
tography, the furanone (S5)-9d was obtained as a colorless crystalline solid
(020 g, 72%). M.p. 61.5-62.5°C; ee=98.4% (GC: column 7-CD per-
methylated, 25 m T profile 100-10-198); [a]¥ = —38.4 (¢=0.91, CH,CL,);
'H NMR (300 MHz, CDCl,): 6 =0.27, 0.28 (s, 6 H; 2SiCH,), 0.98 (s, 9H;
SiC(CHs3);),5.83 (d,/= 2.2 Hz, 1H; PhACHOC=0), 6.33 (d, /=22 Hz, 1H;
CHCH=COSi), 726 -7.29 (m, 2H; 2arom 0-CH), 7.34-7.38 (m, 3H; 3arom
mlp-CH); *C NMR (75MHz, CDCL): 6=-4.79 (Si(CH;),), 18.30
(SiC(CHs;)3), 25.46 (SiC(CHj;)s), 79.10 (OCHCH=C), 124.39 (CHCH=CO),
126.67 (2arom o-CH), 128.89 (2arom m-CH), 129.17 (arom p-CH), 135.79
(arom C), 142.52 (COSi), 169.38 (C=0); MS (70 eV, EI): m/z (%) =275
(1.97), 233 (100), 189 (76), 115 (56), 103 (25), 75 (31), 59 (11); IR (film): v =
3102, 2860, 1769, 1649, 1361, 1287, 1261, 1243, 1133, 1054, 972, 874, 848,
790 cm™!; C;sH,, 0,81 (290.4): C 66.16, H 7.64; found: C 66.13, H 7.75.

(8, R)-(—)-3-tert-Butyldimethylsilyloxy-5-O-cyclohexylidenedioxyethyl-2-
(5H)-furanone ((S,R)-9e¢): The hydrazone (S.S,R)-8¢ (0.42 g, 1.02 mmol)
was treated with ozone and tert-butyldimethylsilyl chloride, as described
above. After column chromatography, the furanone (S.,S,R)-9e was
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obtained as a colorless oil (0.24 g, 77%); [a]5 = — 475 (¢ =0.94, CH,CL,);
'H NMR (500 MHz, CDCl;): 6=0.23 (s, 6H; Si(CH;),), 0.94 (s, 9H;
SiC(CHs;);), 1.32-1.64 (m, 10H; 5CH, (c-hexyl)), 3.82-3.84 (m, 1H;
OCH,CHO), 4.01 (dd, /=9 Hz, /=4 Hz, 1H; OCH,CHO), 4.08 (dd, /=
9Hz, J=6Hz, 1H; OCH,CHO), 4.66 (dd, /J=8Hz, J=2.1Hz, 1H;
CHOC=0), 6.35 (d, /=2.1 Hz, 1H; CHCH=COSi); C NMR (75 MHz,
CDCly): 0=-4.82, 479 (Si(CH,),), 18.26 (SiC(CHjs);), 23.69 (CH, (c-
hexyl)), 24.00 (CH, (c-hexyl)), 25.02 (CH, (c-hexyl)), 25.43 (SiC(CHs);),
34.41 (CH, (c-hexyl)), 36.53 (CH, (c-hexyl)), 66.35 (OCH,CHO), 76.79
(OCH,CHO), 77.83 (OCHCH=C), 110.84 (OCO), 122.91 (CHCH=CO),
143.51 (COSi), 168.88 (s, C=0); MS (70 eV, EI): m/z (%) =354 (0.92) [M*],
311 (17),297 (16), 199 (91), 155 (81), 141 (100), 127 (18), 75 (33), 55 (16); IR
(film): 7=2973, 1769, 1650, 1472, 1385, 1367, 1285, 1244, 1167, 1122, 847,
789 cm™!; CsH3,05Si (354.5): caled C 60.98, H 8.53; found: C 61.16, H 8.43.
(R)-(—)-3-tert-Butyldimethylsilyloxy-4-methyl-5-(4-methylphenyl)-2(SH)-
furanone ((R)-9f): The hydrazone (S.S,5)-8f (0.20 g, 0.53 mmol) was
treated with ozone and fert-butyldimethylsilyl chloride, as described above.
After column chromatography, the furanone (R)-9f was obtained as a
colorless oil (0.11 g, 65%); ee >95% ('"H NMR Pirkle shift experiment);
[a]E =—88.8 (¢=0.97, CHCl;); '"H NMR (300 MHz, CDCl;): 6=0.29 (s,
6H; Si(CH,;),), 1.00 (s, 9H; SiC(CH,);), 1.72 (s, 3H; H,CC=CO), 2.35 (s,
3H, CH;Ar), 5.56 (s, 1H; ArCHOC=0), 7.10,7.19 (d,J =794 Hz, 4 H; Ar);
BC NMR (75MHz, CDCL): 6=-3.71, —3.67 (Si(CH;),), 10.62
(H,CC=CO), 18.81 (SiC(CH,);), 21.80 (H;CAr), 26.17 (SiC(CH,);), 82.75
(OCHCH=C), 12754 (2arom m-CH), 130.20 (2arom o-CH), 132.73
(H;CAr), 13838 (H;CC=CO), 138.64 (arom C), 139.84 (COSi), 170.28
(C=0); MS (70 eV, EI): m/z (%) =261 (37), 217 (100), 143 (96), 128 (13),
115 (10), 91 (11)75 (32), 59 (17); IR (film): 7= 2930, 1767, 1687, 1464, 1393,
1341, 1253, 1222, 1138, 888, 843, 821, 788 cm~'; C,3H,,0,Si (318.5): caled C
67.88, H 8.23; found: C 67.89, H 8.23.
(R)-3-tert-Butyldimethylsilyloxy-5-(4-methylphenyl)-4-phenyl-2(5H)-fura-
none ((R)-9g): The hydrazone (S,S,S)-/(S,R,S)-8¢g (0.35 g, 0.80 mmol) was
treated with ozone and fert-butyldimethylsilyl chloride, as described above.
After column chromatography, the furanone (S)-9d was obtained as a
colorless crystalline solid (0.20 g, 65%). M.p. 128—-130°C; ee >98% ('H
NMR Pirkle shift experiment); [a]f = —43.3 (c=1.04, CHCl;); 'H NMR
(300 MHz, CDCl): 6=0.30, 039 (s, 6H; Si(CHs),), 1.01 (s, 9H;
SiC(CHs;);), 2.32 (s, 3H; PhCH,), 6.15 (s, 1H; ArCHOC=0), 7.15, 7.21 (d,
J="17Hz, 4H; arom o/m-CH (pMePh)), 7.20-730 (m, 3H; 3arom m/p-
CH (Ph)), 7.26 (d, J=8.2 Hz, 2H; 2arom o-CH (Ph)); *C NMR (75 MHz,
CDCly): 6 =—3.35, —3.18 (Si(CH;),), 19.05 (SiC(CH,);), 21.84 (PhCH,),
26.34 (SiC(CHs;);), 81.15 (OCHCPh=C), 128.34 (2arom m-CH (pMePh)),
128.98 (2arom o-CH (pMePh)), 129.58 (arom p-CH (Ph)), 130.28 (2arom
0-CH (Ph)), 130.86 (arom C-CHj;), 133.47 (H;CC=CO), 135.06 (arom C
(Ph)), 138.84 (arom C (pMePh)), 140.03 (COSi), 169.84 (C=0); MS (70 eV,
EI): miz (%) =379 (0.24([M*], 323 (52), 279 (100), 263 (5), 205 (32), 193
(4), 178 (8), 91 (4), 75 (17), 59 (9); IR (film): ¥ =2954, 1743, 1649, 1464,
1373, 1252, 1167, 1091, 902, 874, 847, 764 cm~'; Cy3H,;,0;Si (379.6): caled C
2.78, H 7.17; found C 72.77, H 7.34.
(R)-3-tert-Butyldimethylsilyloxy-5-(2-methylpropyl)-4-phenyl-2(5H)-fura-
none ((R)-9h): The hydrazone (S,R,R)-/(S,S,R)-8h (80 mg, 0.2 mmol) was
treated with ozone and fert-butyldimethylsilyl chloride, as described above.
After column chromatography, the furanone (R)-9h was obtained as a
colorless oil (50mg, 72%); [a]k =—36.8 (¢c=0.95, CHCl;); 'H NMR
(300 MHz, CDCl;): 6 =0.18, 0.36 (s, 6 H; Si(CH;),), 0.74 (d,/ = 6.6 Hz, 3H;
CHCH;), 0.78 (s, 9H; SiC(CHs);), 0.86 (d, J=6.6 Hz, 3H; CHCH,), 1.38
(ddd, 1H, J=14.56 Hz, / =10.44 Hz, / =3.03 Hz; CHCH,) 1.67 (ddd, 1H,
J=1456 Hz, J=9.62Hz, J=22Hz; CHCH,), 1.96-210 (m, 1H;
CHCH,), 5.36 (dd, 1H; J=10.44 Hz, J=2.2 Hz; CH,CHOC=0), 7.34-
746 (m, 3H; 3arom m/p-CH), 7.58 (d, J=8.2 Hz, 2H; 2 arom o-CH); 1*C
NMR (75 MHz, CDCly): 6 = —3.62, —3.21 (Si(CHj;),), 18.93 (SiC(CHs);),
22.15, 24.09 (CH(CH,;),), 26.27 (SiC(CH,;);), 44.16 (CHCH,), 77.79
(OCHCPh=C), 128.07 (2arom o-CH), 129.20 (2arom m-CH), 129.61
(arom p-CH), 130.96 (H;CC=CO), 137.55 (arom C), 137.62 (COSi), 170.05
(C=0); MS (70 eV, EI): m/z (%) = 347 (0.03) [M*+1],289 (36), 275 (2), 249
(2), 233 (100), 147 (13), 131 (8), 105 (45), 77 (11), 75 (10); IR (film): 7=
2957, 1763, 1650, 1470, 1375, 1255, 1169, 1089, 908, 845, 764 cm™';
CyH;305Si (346.5): caled C 69.32, H 8.73; found: C 69.77, H 9.20.

(S, R)-(+)-1-[3-O-Benzyloxymethyl-3-hydroxy-5-methyl-1-(2,6-di-tert-but-
yl-4-methoxyphenoxycarbonyl)-1-hexylideneamino ]-2-(1-ethyl-1-methoxy-
propyl)pyrrolidine ((S,R)-10b): To a solution of (S,R)-(0.49 g, 0.87 mmol)
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in anhydrous CH,Cl, (5mL) was added iPr,NEt (0.45g, 3.5 mmol),
benzylchloromethyl ether (0.41 g, 2.6 mmol), and n-tetrabutylammonium
iodide (73 mg, 0.1 mmol) and the mixture was refluxed for 15 h. Methanol
(2 mL) was added and the solution was stirred for another 2 h. The solvent
was evaporated and the residue dissolved in ether (150 mL). The solution
was washed with saturated NaCl solution and dried with MgSO,. After
evaporation of the solvent, the product was isolated by column chroma-
tography (silica gel, petroleum ether/ethyl acetate 4:1). (S,R)-10b was
obtained as a highly viscous yellow oil which solidified on standing (0.54 g,
93 %). M.p. 57-59°C. Single crystals for the X-ray structure analysis were
obtained by crystallization from methanol at 2°C. [a]F =+359.0 (c=1,
CHCL); de >98% (‘H and *C NMR); 'H NMR (300 MHz, CDCl;): 6 =
0.80-0.93 (d, t, 12H; 2CH,CH;, CH(CH,),), 1.19-2.10 (complex, 11 H;
2CH,CH,, (CH,CH(CH,),, NCH,CH,CH,), 131, 136 (2s, 2x9H;
2C(CH,)y), 273 (dd, J=149 Hz, J=43Hz; 1H, CHHC=N), 2.85 (m,
1H; OH), 2.65 (dd, J=74 Hz, J=13.8 Hz, 1 H; CHHC=N), 3.10 (dd, J =
6.0 Hz, 13.8 Hz, 1H; CHHC=N), 3.26 (s, 3H; OCHy,), 3.45, 3.70, 3.95 (m,
3 x 1H; NCH, NCH,), 4.15 (m, 1H; CHOCH,), 4.50-4.90 (complex, 4H;
OCH,OCH,C,Hs), 6.86 (m, 2H; 2arom H), 7.30 (m, SH; C¢Hs); *C NMR
(75 MHz, CDCL,): 6 =794, 825 (2C(CH,CHS,),), 21.99, 23.56 (CH(CH),),
23.63 (NCHCH,), 23.85, 25.26 (2C(CH,CHS,),), 26.95 (NCH,CH,), 31.10,
3171 (2C(CH,),), 35.57, 35.75 (2C(CH,);), 3624 (CH,C=N), 4542
(CH,CH(CH,),), 50.46 (OCH,), 55.17 (ArOCHL,), 56.38 (NCH,), 69.62
(CH,C¢Hy), 73.02 (NCH), 74.92 (CHOCH,), 8036 (COCHj), 94.30
(OCH,0), 111.44, 11152 (2arom CH), 12738 (arom p-CH (Ph)), 128.23
(2arom m-CH (Ph)), 130.80 (CO,Ar), 138.12 (arom C - CH,), 142.39 (arom
C-0CO), 143.60, 143.62 (2arom C-C(CHs,),), 155.99 (arom C-OCH,),
16721 (C=N); IR (CHCl): %=3090, 3065, 2959, 2880, 1713, 1589, 1566,
1497, 1455, 1420, 1304, 1280, 1251, 1218, 1186, 1169, 1125, 1106, 1069, 1040,
1028 cm'; Cy Hg,N, O, (681.0): caled C 72.32, H 9.47, N 4.11; found C 72.26,
H 9.41, N 4.07.

Acknowledgments: This work was supported by the Fonds der Chemischen
Industrie, the Deutsche Forschungsgemeinschaft (Leibniz Price), Degussa,
BASF, Bayer, Hoechst, and Wacker Chemie (donation of chemicals). H.D.
thanks the Fonds der Chemischen Industrie for a Kekulé fellowship.

Received: July 4, 1997 [F753]

[1] a) J. Berdy, in Handbook of Antibiotic Compounds, Vol. 2, CRC,
Boca Raton, 1980, p.415; b) R. E. Ireland, M. D. Varney, J. Org.
Chem. 1986, 51, 635.

[2] a) D.T. Witiak, S.K. Kim, A.K. Tehim, K.D. Sternitzke, R.L.
McCreery, S. U. Kim, D. R. Feller, K. J. Romstedt, V. S. Kamanna,
H. A. 1. Newman, J. Med. Chem. 1988, 31,1437;b) D. T. Witiak, A. K.
Tehim, J. Org. Chem. 1990, 55, 1112; ¢) D. T. Witiak, A. T. Hopper,
USP 5504108, 1996; Chem. Abstr. 1996, 124, 342990.

Selected references until 1990: a) H. Schinz, M. Hinder, Helv. Chim.
Acta 1947, 39, 1347; b) C. G. Wermuth, Bull. Soc. Chim. Fr. 1966,
1435; ¢) G. M. Ksander, J. E. McMurry, Tetrahedron Lett. 1976, 17,
4691; d) R.D. A. Graham, A. R. Johnston, R. Kazlauskas, H. Tran,
Aust. J. Chem. 1983, 36, 977; e¢) H. Alper, H. Arzoumanian, J.-F.
Petrignani, M. Saldana-Maldonado, J. Chem. Soc. Chem. Commun.
1985, 340; f) C. Lindeg, J. Prakt. Chem. 1986, 328, 682; g) H. Stach,
W. Huggeberg, M. Hesse, Helv. Chim. Acta 1987, 70, 369; h) K.
Furuhata, S. Sato, K. Anazawa, M. Gato, H. Tukayanagi, H. Ogura,
Chem. Pharm. Bull. 1987, 35, 3609; i) R. Metternich, W. Liidi,
Tetrahedron Lett. 1988, 29, 3923; j) S. Sato, K. Furuhata, H. Ogura,
Chem. Pharm. Bull. 1988, 36, 4678; k) H. Itoh, T. Kaneko, K. Tanami,
K. Yoda, Bull. Chem. Soc. Jpn. 1988, 61, 3356;1) G. H. Labib, M. A.
Rahman, Y. El-Kilany, A. I. El-Massry, E. S. H. El Ashry, ibid. 1988,
61, 4427, m) H. Kohn, S. Abuzar, J. Org. Chem. 1988, 53, 2769;
n) E.R. Koft, P. Dorff, R. Kullnig, ibid. 1989, 54, 2936; o) R. W.
Saalfrank, T. Lutz, Angew. Chem. 1990, 102, 1064; Angew. Chem. Int.
Ed. Engl. 1990,29,1041;p) Y. Yu, G. Chen, J. Zhu, X. Zhang, S. Chen,
H. Tang, P. Zhang, J. Chem. Soc. Perkin Trans. 1 1990, 2239; q) L
Tapia, V. Alcazar, J. R. Moran, C. Caballero, M. Grande, Chem. Lett.
1990, 697.

Selected references since 1991: a) J. Katsuki, J. Inanga, Tetrahedron
Lett. 1991, 32,4963; b) 1. Shimizu, T. Maruyama, H. Hasegawa, Chem.
Lett. 1991, 1349; ¢) X.S. Zhang, J. Zhu, P. Zhang, Chin. Chem. Lett.

[3

—_

[4

—

Chem. Eur. J. 1998, 4, No. 2

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

1992, 3, 955; d) A. Zask, J. Org. Chem. 1992, 57, 4558; ¢) G. Fronza,

C. Fuganti, P. Grasselli, Tetrahedron Lett. 1992, 33, 5625; f) F. W.

Lichtenthaler, R. Klimesch, Liebigs Ann. Chem. 1993, 975; g) G.

Frater, U. Mueller, Tetrahedron Lett. 1993, 34,2753;h) H.Zimmer, R.

Palmer-Sungail, D. Ho, A. Amer, J. Heterocycl. Chem. 1993, 30, 161;

i) J. A. Baldwin, M. R. Spyvee, R. C. Whitehead, Tetrahedron Lett.

1994, 35, 6575; j) T. K. M. Shing, Tetrahedron: Asymmetry 1994, 5,

2405; k) M. Murakami, M. Hayashi, Y. Ito, J. Org. Chem. 1994, 59,

7910; 1) T. Hatsui, T. Kitashima, H. Takeshita, Bull. Chem. Soc. Jpn.

1994, 67,293; m) A.T. Hopper, D. T. Witiak, J. Org. Chem. 1995, 60,

3334; n) Y. Kato, Y. Asano, A. L. J. Cooper, Tetrahedron Lett. 1995,

36, 4809; 0) C. Ochoa de Echagiien, R. M. Ortuno, ibid. 1995, 36, 49;

p) C. DiNardo, L. O. Jeroncic, R. M. de Lederkremer, O. Varela, J.

Org. Chem. 1996, 61, 4007.

a) H. Sulser, J. de Pizzol, W. Biichi, J. Food Sci. 1967 32, 611; b) A.

Kobayashi, in Flavour Chemistry—Trends and Developments (Eds.:

R. Teranishi, R. G. Buttery, F. Shahidi), ACS Symp. Ser. 388, 1989, 49;

¢) J. Lee, K. Yoshihara, Chem. Express 1991, 6,313; d) G. Fronza, C.

Fuganti, P. Grasselli, G. Pedrocchi-Fantoni, S. Servi, Tetrahedron Lett.

1992, 33,5625; ¢) E. Guichard, P. Etiévant, R. Henry, A. Mosandl, Z.

Lebensm.-Unters. Forsch. 1992, 195, 540; f) G. Frater, U. Miiller,

Tetrahedron Lett. 1993, 34, 2753; g) 1. Blank, J. Lin, R. Fumeaux,

D. H. Welti, B. L. Fay, J. Agric. Chem. 1996, 44, 1851.

[6] J. R. Anderson, R. L. Edwards, A. J. S. Whalley, J. Chem. Soc. Perkin
Trans. 1 1982, 215.

[7] a) L. Ushida, Y. Itoh, T. Namiki, M. Nishikawa, M. Hashimoto,

Tetrahedron Lett. 1986, 27, 2015; b) T. Namiki, Y. Suzuki, K. Sawada,

Y. Itoh, T. Oku, Y. Kitaura, M. Hashimoto, Chem. Pharm. Bull. 1987,

35,2594; ¢) T. Namiki, M. Nishikawa, Y. Itoh, I. Uchida, J. Antibiot.

1987, 40, 1400; d) T. Namiki, Y. Baba, Y. Suzuki, M. Nishikawa, K.

Sawada, Y. Itoh, T. Oku, K. Yoshiko, M. Hashimoto, Chem. Pharm.

Bull. 1988, 36, 1404; ¢) M. Nishikawa, K. Yoshida, M. Okamoto, M.

Kohsaka, J. Antibiot. 1990, 43, 1186; f) M. Nishikawa, K. Yoshida, M.

Okamoto, Y. Itoh, M. Kohsaka, ibid. 1990, 43, 1186; g) A. Zask, J.

Org. Chem. 1992, 57, 4558.

H. Morishima, K. Fujita, M. Nakano, S. Atsumi, M. Ookubo, M.

Kitagawa, H. Matsumoto, A. Okuyama, T. Okabe, JP 0610045, 1994;

Chem. Abstr. 1994, 121, 50090.

a) A.G. M. Barrett, H. G. Sheth, J. Org. Chem. 1983, 48, 5017,

b) S. V. Attwood, A. G. M. Barrett, J. Chem. Soc. Perkin Trans. 1

1984, 1315; c¢) G. Stork, S. D. Rychnovsky, J. Am. Chem. Soc. 1987,

109, 1564; d) R. R. Schmidt, A. Esswein, Angew. Chem. 1988, 100,

1234; Angew. Chem. Int. Ed. Engl. 1988, 27,1178;¢) J. D. White, R. A.

Badger, H. S. Kezar I1I, A. J. Pallenberger, G. A. Schiehser, Tetrahe-

dron 1989, 45, 6631; f) A. Esswein, R. Betz, R. R. Schmidt, Helv.

Chim. Acta 1989,72, 213; g) A. Enhsen, R. R. Schmidt, Liebigs Ann.

Chem. 1989, 69; h) R.1. Vlahof, P.I. Vlahova, R.R. Schmidt,

Tetrahedron Lett. 1992, 33, 7503; i) K. Matsumoto, T. Ebata, K.

Koseki, H. Kiwakami, Heterocycles 1992, 34, 363; j) J. Bigorra, J.

Font, C. Ochoa de Echagiien, R. M. Ortuno, Tetrahedron 1993, 49,

6717.

[10] a) D. Enders, H. Dyker, G. Raabe, Angew. Chem. 1992, 104, 649;
Angew. Chem. Int. Ed. Engl. 1992, 31,618;b) D. Enders, H. Dyker, G.
Raabe, J. Runsink, Synlett 1992, 901; c¢) D. Enders, H. Dyker, G.
Raabe, Angew. Chem. 1993, 105, 420; Angew. Chem. Int. Ed. Engl.
1993, 32, 421; d) D. Enders, B. Bockstiegel, H. Dyker, U. Jegelka, H.
Kipphardt, D. Kownatka, H. Kuhlmann, D. Mannes, J. Tiebes, K.
Papadopoulos, Dechema Monographie, Band 129, VCH, Weinheim,
1993, 129, p. 209; ¢) D. Enders, W. Bettray, Pure & Appl. Chem. 1996,
68, 569.

[11] D. Enders, H. Kipphardt, P. Gerdes, L. J. Brefia-Valle, V. Bhushan,
Bull. Soc. Chim. Belg. 1988, 97, 691.

[12] a) D.R. Williams, J. W. Benbow, J. Org. Chem. 1990, 31, 5881; b) M.
Murakata, M. Nakajima, K. Koga, J. Chem. Soc. Chem. Commun.
1990, 1657; ¢) N. DeKimpe, L. D’Hondt, E. Stanoeva, Tetrahedron
Lett. 1991, 32, 3879.

[13] M. Braun, Angew. Chem. 1987, 99, 24; Angew. Chem. Int. Ed. Engl.
1987, 26, 24.

[14] a) H. Eichenauer, E. Friedrich, W. Lutz, D. Enders, Angew. Chem.
1978, 90, 219; Angew. Chem. Int. Ed. Engl. 1978, 17,206;b) D. Enders,
H. Eichenauer, R. Pieter, Chem. Ber. 1979, 112, 3703; c) D. Enders,
Chem. Scr. 1985, 25, 139.

5

[

8

[t

[9

—

0947-6539/98/0402-0319 $ 17.50+.25/0 — 319





FULL PAPER

[15]

320 ——

D. Enders et al.

Suitable crystals for X-ray analysis were obtained by crystallization
from methanol at 2 °C. Monoclinic; space group P2,(4); a =10.940(1),
b=15.822(2), c=23.817(4) A; $=92.42(1)°. From the cell volume of
4118.9 A3, two independent molecules in the asymmetric unit, and
M,=680.98 a density of p.,.=1.098 gcm~ can be calculated. Total
electron count per unit cell F(000)=1.488. Enraf-Nonius CAD4
four-circle diffractometer, graphite monochromator, /26 scans,
—50°C, Cug, irradiation (1=1.54179 A), u=>542cm . A total of
7218 independent reflections (+h,+ k,+1), of which 6518 were
observed. The structure solution was obtained by direct methods
(SHELXS-86)!"l and the refinement performed by application of the
routines of the SDP program package.'”! The two independent
molecules differ considerably in the conformation of the substituents
at C3,p of the five-membered ring. For the phenyl groups C12, 53—
C17 g, the ideal positions were calculated because of disorder in the

[16]

(17]

atoms Cl4,5-Cl16,5 and the substituents refined isotropically as
rigid groups. Hydrogen atoms were calculated. For the refinement
783 parameters were used, R = 0.089 (R,, = 0.120). Isotropic extinction
coefficient a =2.2 x 10-°. Residual electron density is largely localized
in the region of the phenyl groups C12,5—C17, 3, maximum value:
0.45 ¢ A-3. Further details of the crystal structure investigation may be
obtained from the Fachinformationszentrum Karlsruhe, D-76344
Eggenstein-Leopoldshafen (Germany), on quoting the depository
number CSD-56 869.

G. M. Sheldrick in Crystallographic Computing 3 (Eds.: G. M. Shel-
drick, C. Kriiger, R. Goddard), Oxford University Press, 1985,
pp- 175-189.

Structure Determination Package (VAX SDP), B. A. Frenz, College
Station, TX 77840 (USA), and Enraf—Nonius, Delft (The Nether-
lands).
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Vibrational Analysis of the van der Waals Complex between Cyclopropane
and Boron Trifluoride in Liquefied Inert Gases

Gert P. Everaert, Wouter A. Herrebout, Benjamin J. van der Veken,* Jan Lundell, and

Markku Rasianen

Abstract: The mid-infrared (4000-400 cm™') spectra of mixtures of cyclopropane
and boron trifluoride, dissolved in liquid argon (93 — 125 K) or in liquid nitrogen (80—
118 K), are discussed. In all the spectra, the formation of a 1:1 van der Waals

complex, c-C;Hg - BF;, was observed. From spectra recorded between 95 and 125 K,
the complexation enthalpy in liquid argon was determined to be —7.8(6) kImol~'.
Using an SCRF/SCIPCM scheme to correct for the solvent influences and applying van der
statistical thermodynamics to account for the zero-point vibrational and thermal

Keywords: ab initio calculations -
IR spectroscopy - Lewis acids -
Waals molecules
vibrational analysis

influences, we calculated the gas-phase complexation energy AES® from the liquid-
phase AH° to be —12.0(6) kJmol~'. The analysis was completed by carrying out ab

initio calculations at the MP2/6-31+G(d) level.

Introduction

Strong Lewis acids such as HX and BX; (X =F, Cl, Br, I) are
effective catalysts for a variety of inorganic and organic
reactions.'*] One system which has received considerable
attention in this regard is the isomerization of cyclopropane,
c-C3Hg, to propene.!] Stimson!® originally postulated that
the catalysis proceeds through a polar transition state with a
1 —2 internal shift of a hydrogen atom. Recent studies!'>'#l
using high-resolution molecular-beam and matrix-isolation
spectroscopy have demonstrated the stability of hydrogen-
bonded complexes of cyclopropane, denoted here as c-C;Hg -
HX, with the same Brgnsted acids that are effective as
catalysts. These results suggest that complex formation may
be the first step in the acid-catalyzed reaction, and that the
reaction proceeds through a stable intermediate rather than
through a polar transition state.

Molecular complexes of the boron trihalides with a variety
of Lewis bases have been known for many years!'>* and have
been well characterized in different media. In the spectra of
solid argon matrices containing both cyclopropane and BF;,

[*] Prof. Dr. B.J. van der Veken, Dr. W. A. Herrebout, G. P. Everaert
Department of Chemistry, Universitair Centrum Antwerpen
Groenenborgerlaan 171, B-2020 Antwerpen (Belgium)
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Prof. Dr. M. Risinen, Dr. J. Lundell

Laboratory of Physical Chemistry, Department of Chemistry
P. O. Box 55 (A. L. Virtasen aukio 1)

FIN-00014 University of Helsinki (Finland)
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BCl;, or BBr;,[*1 however, no indications of the occurrence of
such species were found. In contrast, various c-C;Hg- HX
complexes have been identified®'¥ in solid Ar. This result is
surprising since BCl; and BBr; are more effective than the
hydrogen halides at catalyzing the isomerization of cyclo-
propane, and the stabilization of a 1:1 complex is known to
correlate with the catalytic activity. Moreover, the boron
halides are relatively strong Lewis acids, and have been shown
to form stable complexes with both stronger and weaker bases
than cyclopropane. Furthermore, cyclopropane and its methyl
derivatives readily form 1:1 complexes®! with the molecular
halogens, particularly Cl,, Br,, and CIF, all of which are Lewis
acids of moderate strength. It is, therefore, difficult to imagine
that complex formation between c-C;Hy and BF; could not
occur under an appropriate set of conditions; rather, the solid
matrices may not be the ideal medium for formation of such
adducts.

Over the last few years, spectroscopy in cryosolutions has
emerged as a powerful tool for the study of weak molecular
complexes.[*41 As for the solid matrices, the observation of
weak molecular complexes in these solutions is strongly
facilitated by the low temperatures and by the great inertness
of the surrounding noble gas atoms. In contrast to the
matrices, however, the liquid cryogenic systems are charac-
terized by a thermodynamic equilibrium.

In the course of a study of the weak interactions between
unsaturated hydrocarbons and electron-acceptor molecules,
we have recently reported™®! the infrared spectra of ethene/
BF; and propene/BF; mixtures dissolved in liquid argon
(LAr) and in liquid nitrogen (LN,). In all spectra, evidence
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was found for the occurrence of a 1:1 bonded species, in which
BF; binds to the m-system of the Lewis base. The complex-
ation enthalpies AH° were determined to be
—10.0(2) kJmol~! for ethene-BF; and —11.8(2) kJmol!
for propene - BF;. These results clearly demonstrate that for
Lewis bases involving a m-system, relatively strong adducts
with BF; can be formed.

For cyclopropane a substantial electron density is predicted
beyond the immediate vicinity of the lines connecting the
carbon nuclei. Therefore, the c-C;H¢ moiety is regarded as a
pseudo-mt system. In analogy to ethene/BF; mixtures, the
formation of a complex species may be expected for cyclo-
propane/BF; mixtures in cryosolutions also. Because of the
considerable interest in van der Waals molecules, we have
embarked upon an investigation of the complexes between
these two compounds. In this paper, the mid-infrared spectra
of cyclopropane/BF; mixtures dissolved in LAr and in LN, are
reported. To complete the analysis, structural and spectral
information on the complex was obtained from ab initio
calculations at the MP2/6-31+G(d) level.

Results and Discussion

Vibrational spectra:

Monomers: The vibrational spectra of boron trifluoride
dissolved in liquefied inert gases have been described in
detail elsewhere.[*'*8] For the infrared region, active funda-
mentals appear between 0 cm™' (v, E') and 6 cm™' (vg, E')
below their gas-phase value, and between 0 cm™' (v, E’) and
11em™! (v, A)) above their matrix value. Hence, from
literature datal'®*] on gas-phase and matrix-isolation infrared
spectra of cyclopropane, the bands in cryosolution are easily
assigned and need not be discussed here.

c-C;H/BF; mixtures: The solubility of BF; in liquid argon is
limited to about 2 x 103 molL-1[! In solutions containing
such concentrations of BF; and ¢-C;Hg, complex bands can
hardly be detected. Therefore, a large excess of ¢-C;Hg was
used, leading to a concentration typically higher than that of
BF; by a factor of 20. In the spectra of these solutions, new
bands indicating the presence of a complex were observed for
both the BF; antisymmetric stretching (v57) and the BF; out-
of-plane deformation (v5%).

In Figure 1, the 1500-1400 cm™' region of a solution
containing 0.8 x 10> molL~! BF; and 16 x 10> molL~" c¢-
C;Hg, and that of a solution containing only ¢-C;Hg or BF;,
are compared. Next to the v5% bands at 1494 and 1444 cm™!
and the ¢-C;Hg band at 1435 cm™!, new bands are observed at
1489 and 1439 cm~! for the mixture, proving the presence of a
complex between c-C;Hg and BF;. These bands are assigned
to the 9B and ''B antisymmetric BF; stretches of the complex.
No direct information relating to the stoichiometry of the
complex was obtained in this study. However, on statistical
grounds, the 1:1 complex c-C;Hg- BF; is the most probable
candidate, and we have therefore assigned the complex bands
described above, and all the others observed, to this species.

322 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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Figure 1. The v5™ region of the IR spectrum of a ¢-CsH¢/BF; mixture

dissolved in liquid argon (top), of a solution containing only BF; (middle),
and of a solution containing only c-C;H (bottom).

The v5™ region of a solution in LAr containing both BF;
and c-C;Hg at different temperatures between 103 and 119 K
is shown in Figure 2. The bands at 709 and 681 cm™' are
assigned! to v,®"™ and
v,B%, and the new band
at 661 cm™! is attributed to
the corresponding mode in
c-C;Hg - ''BF;. Thus, upon
complexation with cyclo-
propane, the '"BF; out-of-
plane deformation red-
shifts by approximately
20cm~!. A similar band
should be observed for
the °B isotopomer at ap-
proximately 709 —20= . ‘
689 cm~!. However, no 720 700 680 660
such band was observed,
because of the presence of
an intense monomer band
at 681 cm~!.

Splittings indicating the
presence of a complex
were also observed for
some of the combination bands and overtones involving v5F
or v, On the low-frequency side of the bands at 2375 and
2325 cm~! assigned to the vP% + 5% combination in ’BF; and
BF;, as shown in Figure 3, new bands due to the corre-
sponding modes in the complex are observed at 2367 and
2318 cm™!, respectively. For the v®™ 4+ v2% mode as well, a
small red shift, from 1358 to 1353 cm~!, is observed upon
complexation with cyclopropane.

The complexation shifts of v5% and v5%, —20 and —5 cm™,
respectively, take place in the same direction as in ethene -
BF;, but the shifts for the latter, —30 and —7cm™,
respectively, are substantially larger. Hence, it seems likely
that the interaction energy of c-C;Hg - BF; will be smaller than
that of C,H, - BF;.

The relative intensity of the complex bands in Figures 1 and
2 suggest that only a minor fraction of the BF; is complexed.
As c-C;Hg was used in a 20-fold excess, complex bands

Absorbance

v/ cm™
Figure 2. The BF; out-of-plane
bending mode (v5%) of a c¢-C;Hy/
BF; mixture dissolved in liquid ar-
gon. From top to bottom, the tem-
perature of the solution increases
from 103 to 119 K.
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Absorbance

L 1 | L 1

2380 2360 2340 2320

v/cm™
Figure 3. The v{™ + v2% region of a c-C;H¢/BF; mixture dissolved in liquid

argon (top), of a solution containing only BF; (middle), and of a solution
containing only ¢-C;Hg (bottom).

localized in the c-C;Hg moiety are necessarily very weak
compared with the corresponding monomer bands. Also, ab
initio results (discussed below) show that the complexation
shifts for the allowed fundamentals are mostly quite small.
Moreover, for the more intense fundamentals, because of the
high concentrations used, the absorption near the band
maximum is saturated over a significant frequency range.
The combination of these facts explains why most of the
complex bands localized in the ¢-C;Hg moiety escape detec-
tion. The exception is v{;“"¢, one of whose components in the
complex is predicted to blue-shift by 15.6 cm™! (see below).
The spectral region involved is displayed in Figure 4. Low-

Absorbance

1 L i 1 1 I

1050 1040 1030 1020 1010

J/cm’!

Figure 4. The v$;%" region of a c-C;H¢/BF; mixture in liquid argon (top),
an argon solution containing only ¢-C;H, (middle), and crystalline ¢-C;Hj,
recorded at 10 K (bottom).

ering the temperature of the solution increases the fraction of
the complex present and narrows the bands in the spectrum,
increasing the detectability of complex bands. However, with
the concentrations of c-C;Hg used, at the lowest temperatures
precipitation of the ¢-C;Hg starts, giving rise to bands in the
spectrum due to crystalline solid. Therefore, in Figure 4 the
spectrum of crystalline c-C;Hjg, obtained at 10 K, is also given.
Comparison shows that the shoulders at 1029.5 and
1021.5 cm™' in the spectrum of the mixed solution, recorded
at 90 K, are due to precipitated c-C;Hg. The fact that the
frequencies of these shoulders do not precisely match those of
the crystalline spectrum is attributed to the temperature
difference between the two spectra. The spectrum of crystal-
line ¢-C;H, shows no absorption band near 1040 cm~!, and no
bands can be detected in this region for a solution containing

Chem. Eur. J. 1998, 4, No. 2
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only ¢-C;H,. This proves that the weak band at 1039 cm™' in
the spectrum of the mixture must be due to the complex. Its
shift, +14 cm™, is in very good agreement with the predicted
value, +15.6 cm~L. The assignment is further confirmed by the
fact that similar complex bands have been assigned in matrix
spectra of c-C;Hy complexes with halogens, hydrogen halides,
and water.l'*8] Tn the latter studies a complexation shift of
approximately 10 cm~! for the v{3' out-of-plane deformation
mode at 864 cm~! was also reported. In the spectra of the LAr
solutions, no indication of the presence of this band was
found, probably because it is strongly overlapped by both the
v§;5%8 and v¢"%He monomer bands.

In the spectra of ethene/BF; mixtures in LAr, a weak band
due to the BF; symmetric stretch, v5%, was observed near
878 cm~!, and a weak band due to the C ~ C stretch, VZCZm, in
the complex was observed at 1621 cm~L. These bands are IR-
inactive in the monomers and appear in the complex because
the symmetry decreases during the complexation. For c-
C;H - BF;, similar bands may be expected. However, no band
due to v®% in ¢-C;Hy - BF; was observed, maybe because it is
overlapped by the intense ¢-C;Hg band at 866 cm~!. Also, no
complex bands due to modes that are symmetry-forbidden in
the ¢-C;Hy monomer were observed.

To complete the analysis of the ¢-C;Hg- BF; complex, we
also investigated the mid-infrared spectra of c-C;Hy/BF;
mixtures dissolved in liquid nitrogen. The occurrence of a
1:1 complex was again deduced from the appearance of new
bands close to the BF; or the c-C;H, monomer bands. Because
of the similarity with the argon solutions, no detailed
description of these bands is given here. In LN,, the BF;
molecules are linked by van der Waals bonds to N, solvent
molecules,* that is, they occur as N, - BF; - N, or N, - BF;. This
interaction strongly stabilizes monomeric BF;, and conse-
quently causes a substantial destabilization of the complex in
the solution. When equal concentrations of ¢-C;Hy and BF;
are used, the intensities of the ¢-C;H - BF; bands observed in
LN, solutions are indeed much weaker than those observed in
LAr.

Relative stability of c-C;H¢- BF;: The complexation enthalpy
AH" for the complex was derived from a van’t Hoff curve’]
constructed by plotting the logarithm of the intensity ratio /..
cenr (Lecym, X Ipr,), measured at different temperatures,
versus 1/7. The slope of the curve, corrected for the thermal
expansion of the solution,” equals — AH°/R. For the present
study, solutions containing ¢-C;Hg (16.0 x 10-> molL~!) and
BF; (0.8 x 1073 mol L") were recorded at 14 different temper-
atures between 93 and 125 K. The intensities for the complex,
I.cq,.5r,, and for monomeric BF;, Iy, were taken from a
least-squares band fitting, by means of Gauss/Lorentz sum
functions, of the v5F region. Because the bands of ¢-C;Hg
strongly overlap with the corresponding modes in c¢-C;Hg-
BF;, an accurate determination of Iy, is rather difficult.
However, it was argued above that only a very minor
proportion of the ¢-C;Hg molecules are involved in complex-
ation. Therefore, as Iy, we have used the integrated
intensity of a monomeric ¢-C;Hy band, without correcting
for the presence of a complex band. To avoid problems with
saturation in the fundamentals, the integrated intensities of
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the overtones at 2863 and 1765 cm™! have been used. Both
result in very similar van’t Hoff plots, one of which is shown in
Figure 5. From these plots the complexation enthalpy of c-
C;H; - BF; was then calculated to be —7.8(6) kJ mol~!, which,
as expected from the vibrational spectra, is smaller than that
of C,H,-BF; (—10.0(2) kJmol™).

1.0

-1.5F

1000K /T

-2.0 L
8.0 8.5 9.0 9.5 10.0

Figure 5. The van’t Hoff plot for ¢-C;H, - BF; in liquid argon.

For ethene and propene, the BF; complex has a complex-
ation enthalpy 2-3 kJmol~! higher than that of the corre-
sponding HCl complex. Analogous results are obtained for
complexes involving the Lewis bases CO,*!] CH;F,* ethyne,
and propyne.Pl Therefore, a similar increase might be
expected for the complexes with cyclopropane. The AH® for
¢c-C;H¢ - BF;, however, is almost identical to that obtained for
the c-C;H, - HCI complex, — 7.5 (3) kI mol . This is thought
to be due to the steric hindrance exerted on the BF; moiety by
the C—H bonds of the cyclopropane ring.

The complexation enthalpy obtained in LAr is not a
measure of the stability of the isolated complex, because of
solvent influences.’® These were estimated for both the
monomeric and complex species from ab initio reaction field
calculations, by a procedure outlined previously.! In a first
step, the liquid-phase AH° is transformed into a gas-phase
AH® by applying solvation corrections obtained from SCRF/
SCIPCM calculations. In the second step, straightforward
statistical thermodynamics® is applied to transform the gas-
phase AH® into a complexation energy, so that comparisons
can be made with the ab initio results. The solvation energies
were calculated at the RHF/6-314+-G(d) level, and were found
to be 0.59, 4.13, and 2.91 kJmol~! for c-C;Hg, BF;, and the 1:1
complex, respectively. Equating these energies to solvent
enthalpies, as before,™ it follows that in liquid argon the
complex is destabilized by 1.83 kJ mol~'. Conversely, the gas-
phase AH® is calculated to be —9.6(6) kJmol~'. The transla-
tional and rotational thermal contributions to AH,, were
calculated in the classical limit, and the thermal and zero-
point vibrations were calculated from the harmonic MP2/6-
314+G(d) ab initio frequencies discussed below. The resultant
gas-phase complexation energy, AE#*, was then found to be
—12.0(6) kImol-".

Ab initio calculations: Information on the geometry of the
complex was obtained from ab initio calculations at the MP2/
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6-31+G(d) level. In Figure 6, the resulting equilibrium
geometry for c¢-C;Hg-BF; is shown. The structure of the
complex was described with reference to the threefold
symmetry axis of monomeric ¢-C;Hg. This axis was defined

Figure 6. The MP2/6-31+G(d) equilibrium structure for c-C;Hy - BF;.

by dummy atoms X; and X,, with X, situated in the plane of
the ring. The dummy atoms have also been indicated in
Figure 6. In addition, the structural parameters for c-C;Hg-
BF; and those for the constituent molecules are collected in
Table 1.

In the complex a van der Waals bond is formed between the
boron atom and the center of a C—-C bond, with the boron
atom slightly above the plane of the cyclopropane ring. As
BF; interacts with electron-rich regions, this structure is in
agreement with the pseudo-m description of the C-C
bonds;>> it is also analogous to the structure of the HX
complexes of cyclopropane.l'’>!3 The small shift of the boron
atom out of the plane of the carbon atoms is attributed to the
higher steric hindrance on the opposite side of the plane.

As can be seen in Table 1, the complexation slightly
weakens the C—C bond involved in the van der Waals bond,
increasing its length from 1.505 to 1.514 A. In contrast, the
other C—C bond lengths show a small decrease, from 1.505 to
1.503 A, that is, they are slightly strengthened by complex-
ation. The complexation leads to small deviations from
planarity for the BF; molecule in the complex: the B-F
bonds make an angle of 1.26° with the plane perpendicular to
the symmetry axis of the BF; moiety. The BF; moiety shows a
positive tilt of 3.49° with respect to the van der Waals bond,
R, 4w, defined as the distance between the boron atom and the
midpoint of the C4—-C5 bond. This tilt is also attributed to the
steric hindrance between the fluorine atoms out of the
symmetry plane and the opposing hydrogen atoms.

The B-F bonds in the complex are slightly longer than
those in the monomer. However, the average B-F bond
length in ¢-C;Hg- BF; is slightly smaller than that in C,H,-
BF;. This suggests that the ¢-C;Hy complex is the weaker one,
which is confirmed by the MP2/6-31+G(d) complexation
energies, AE® Mo obtained before and after the correction
for basis set superposition error (BSSE). The values are
summarized in Table 2; for instance, the uncorrected values
decrease from —1732kJmol! for C,H,-BF; to
—15.76 kJmol~! for ¢-C;Hg: BF;. It is clear that, for each
complex, the experimental gas-phase complexation energy
obtained as described above agrees better with the uncor-
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Table 1. MP2/6-31+G(d) structural parameters (bond lengths in A, bond
angles in degrees) for ¢-C;Hg- BF;, for ¢-C;Hg and for BF;.

¢-CiHy-BF;  ¢-C3H, BF,
r (X, X,) 1.0000 1.0000
r (X, Cy) 0.8617 0.8691
r (X, Cy) 0.8739 0.8691
r (X, Cs) 0.8739 0.8691
r (C5—Cy) 1.5030 1.5053
r (C5—Cs) 1.5030 1.5053
r (C4—Cs) 1.5136 1.5053
r (Cy—Hg) 1.0849 1.0851
r (Cs—H,) 1.0849 1.0851
r (C,—Hg) 1.0854 1.0851
r (C4—Hy) 1.0851 1.0851
r (Cs—H,) 1.0854 1.0851
r (Cs—H,;) 1.0851 1.0851
r (X, Byy) 3.4148
r (B—Fp3) 1.3294 1.3278
r (B—Fp) 1.3292 1.3278
r (Byy—Fis) 1.3292 1.3278
RvdW [ 2.9790
¥ (XX, Cy) 90.000
X (XX, Cy) 90.000
X (XX, Cs) 90.000
X (CCi-Cs) 59.766 60.000
% (CCsCy) 59.766 60.000
¥ (C+Cs-Cs) 60.467 60.000
X (HeCs-X,) 122.722 122.797
X (HrCs-X,) 122.705 122.797
X (HgCy-X,) 122.656 122.797
X (Hy-Cy-X,) 122.765 122.797
X (Hy-Cs - X5) 122.656 122.797
¥ (Hy-Cs - X,) 122.765 122.797
X BpXo- X)) 85.775
¥ (Fi-Bi - Xy) 87.154
X (Fi-Bip - Xy) 93.318
X (Fis-Bip - X,) 93.318
T(Cy Xy X, -+ Cy) 120.00 120.00
7(Cs- Xy X, - Cy) —120.00 —120.00

T (Hy-Cyo X, Xy) 0.00 0.00

T (H-Cyo - Xo - X)) 180.00 180.00
T (HeCyo - Xo - Xy) —0.65 0.00
T (Hy- Gy Xs - Xy) 180.53 180.00
T (HyCs X, X,) 0.65 0.00
T (Hy-C5- X5+ X)) 179.47 180.00
T (B X, X, - Cy) 180.00
T (FisBp X+ Xy) 0.00
7 (FuBp X Xy) 119.88
T (FisBp X Xy) —119.88

dipole moment /Debye 0.56 0.00 0.00
energy /Hartree —441.268823 —117.458671 —323.804151

rected ab initio complexation energy than with the BSSE-
corrected value. The poorer agreement with the BSSE-
corrected values was noted previously and was attributed to
the counterbalancing effect of the basis set incompleteness
error (BSIE) when a small, truncated basis set such as 6-
31+G(d) is used.[***7 As the BSIE is not accounted for during
the counterpoise correction, the results obtained above again
confirm that, for a comparison with experimental data, the
uncorrected AE® e must be preferred.

Both the BSSE and the BSIE should decrease when the
basis set is saturated. In this study, for both C,H,- BF; and c-
C;H, - BF; the complexation energies AE nito were calcu-
lated by carrying out MP2/6-311++G(2d, 2p) single-point
computations with the MP2/6-314+G(d) geometries described
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Table 2. Complexation energies (kJ mol~') for C,H, - BF; and ¢-C;H, - BF;.

C,H, - BF;k ¢-C;Hg - BF;
MP2/6-31+G(d)
AE -17.32 —15.76
Epsse™ -9.85 —8.48
AE — 747 —728
MP2/6-311++G(2d, 2p)
AE —17.89 —18.86
Epsse!® —825 -9.31
AE . —9.64 —9.58
MP 2/6-311++G(3df, 2p)
AE —17.61 —17.69
Epssg!™ —6.61 —-6.77
AE ., —11.00 —10.92
experimental values
AHY ,, —10.0£0.2 —7.8+0.6
AH —11.8+£0.2 -9.6+£0.6
AEgs[ —143+02 —12.0+0.6

[a] Taken from ref. [43]. [b] Obtained by means of the full counterpoise
correction described by Boys and Bernardi (ref. [61]). [c] Including the
solvent destabilization calculated with SCRF/SCIPCM calculations at the
RHF/6-31+G(d) level. [d] Including both zero-point vibrational and
thermal influences.

above. Moreover, to obtain information on the influence of
basis functions of higher angular momentum, the MP2/6-
311++G(3df, 2p) interaction energies were also calculated.
The results of these calculations are collected in Table 2. It can
be seen that, for both C,H,-BF; and c-C;Hy- BF;, enlarge-
ment of the basis set decreases the BSSE. However, the data
clearly suggest that in order to suppress the BSSE fully for
species of this kind, unreasonably large basis sets would be
required. No such calculations have been attempted. Inspec-
tion of the calculated energies indicates that the slow
convergence of the BSSE seen in Table 2 is almost completely
due to the BF; moiety, its contribution varying between 66 and
79 %. The data in Table 2 further show that enlargement of
the basis set improves the agreement of the experimental
values with the BSSE-corrected ones, while the agreement
with the uncorrected value deteriorates. However, even for
the largest basis set used, the BSSE-corrected complexation
energies are still underestimates of the experimental values.
Also, the difference in complexation energy between C,H,-
BF; and ¢-C;H - BF; remains very small. This contrasts with
the experimental data, where from C,H, - BF; to ¢-C;H - BF;
the complexation energy AE#® decreases from —14.3(2) to
—12.0(6) kImol .

The equilibrium geometry of c¢-C;Hg-BF; includes a
dihedral angle 7, ¥ (F;3—By, - X, - X;), equal to 0°. Calcu-
lations in which 7 was systematically varied yielded a sixfold
barrier to internal rotation of a mere 0.2 kJmol~'. Thus, the
BF; internal rotation must be regarded as quasi-free.

To complete the theoretical analysis, the vibrational
frequencies and infrared intensities were also calculated by
means of harmonic ab initio force fields. The results of these
calculations are summarized in Table 3. Upon complexation,
the BF; out-of-plane deformation (v5%) and the BF; anti-
symmetric stretches (v5%) red-shift by —5.0 and —34.7 cm™!
respectively. These shifts compare favorably with the exper-
imental results described above. The overall symmetry of the
complex is C,. Hence, it is expected that the BF; antisym-
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Table 3. MP2/6-31+G(d) vibrational frequencies (cm™), infrared intensities (kmmol~') and complexation shifts for ¢-C;Hg- BF;, c-C;Hg and BF;.

Assignmentl?! ¢-C3H, - ''BF; ¢-C3H, - ''BF; c-C3Hq 1BF, UBF,
7 Int. AV 7 Int. AV 7 Int. 7 Int. 2 Int.
cyclopropane submolecule
A v$"GHe  CH, sym. stretch 3211.7 0.9 0.7 3211.7 1.0 0.7 32110 -
v5 S CH, scissoring 15733 02 -31 15734 0.5 -3.0 1576.4 -
v§GHe sym. ring deformation  1256.5 01 21 1256.5 0.1 -21 12586 -
A} v Gl CH, twist 1201.5 0.0 9.4 1201.5 0.0 9.4 11921 -
A, v& Gl CH, wagging 1126.3 0.0 8.7 1126.3 0.0 8.7 11176 -
A, v GHs CH, asym. stretch 33103 122 2.6 3310.4 12.3 2.7 3307.7 219
v & CH, rocking 892.8 0.9 29 892.8 0.9 2.9 8899 0.8
E v Gle  CH, sym. stretch 32037 121 1.6 3203.7 12.1 1.6 3202.1 169
3203.2 8.6 1.1 3203.2 8.7 1.1
vgGHs  CH, scissoring 1519.6 1.7 -17 1519.7 39 —-1.6 15213 1.0
1518.8 33 =25 1519.1 12.3 -22
v & CH, wagging 11209  20.9 15.6 1120.9 20.5 15.6 1105.3 155
1100.8 262 —45 1100.8 25.6 —4.5
v S asym. ring deformation 9283 21.5 5.4 928.3 215 5.4 9229 252
9163 163 —63 916.6 14.3 -63
E” v§;GM  CH, asym. stretch 3293.1 0.0 3.6 3293.1 0.0 3.6 32895 -
3293.0 0.1 35 3293.1 0.2 3.6
v$;&H CH, rocking 1251.5 35 4.7 1251.6 2.8 4.8 1246.8 -
1245.9 00 -09 1245.9 0.0 -09
v & CH, twist 789.6 0.2 14.4 789.6 0.21 4.4 7752 -
787.6 0.0 12.4 787.6 0.0 12.4
BF; submolecule
A} ypls BF; sym. stretch 867.3 29 -51 867.4 33 -50 8724 - 8724 -
Aj y5h BF; out-of-plane bend 663.0 2253 -—326 689.4 2453 —347 695.6 118.0 7241 127.8
E 2 BF; asym. stretch 14363 3951 —-63 1488.9 4268 -6.7 1442.6 483.1 14956 524.0
14355 3738 —-7.1 14879 -17.7 3973
E yBh BF; in-plane bend 4713 117  -06 4732 11.4 —0.6 4720 152 473.8 148
470.6 109 —14 472.4 10.6 —-14
low-energy deformation modes
106.8 0.0 106.8 0.0
101.6 0.2 101.7 0.2
89.4 0.8 89.7 0.8
78.7 0.2 78.8 0.2
733 0.0 733 0.0
21.6 0.0 21.6 0.0

[a] Symmetry species and mode numbers belonging to the respective monomer species.

metric stretch in the complex will give rise to two non-
degenerate vibrational modes. Indeed, a splitting of approx-
imately 1 cm™! was calculated. However, as described above,
it was found that the barrier hindering internal rotation is
extremely low. In such a potential, the majority of the
molecules contributing to the observed contour of the
antisymmetric stretches are thermally excited to levels above
the barrier. As a consequence, and taking into account the
relatively small splitting calculated in the harmonic approx-
imation, a single band must be expected for the BF;
antisymmetric stretches. This is observed experimentally.

Finally, the results in Table 3 show that, as stated above, the
fundamentals localized in the c-C;Hy moiety, with the
exception of v$;“H are only marginally disturbed by the
complexation.

Experimental Section

Cyclopropane (>99% pure) and boron trifluoride (CP grade) were
purchased from Aldrich and Union Carbide, respectively, and were used
without further purification. The solvent gases, argon and nitrogen, were
supplied by L’Air Liquide and have a stated purity of 99.9999 %.
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The infrared spectra were recorded on Bruker IFS 66v and Bruker 113v
Fourier Transform spectrometers using a Globar source in combination
with a Ge/KBr beamsplitter and a broadband MCT detector. The
interferograms were averaged over 200 scans, Happ—Genzel apodized,
and Fourier transformed with a zero filling factor of 4, to yield spectra at a
resolution of 0.5 cm~!. A detailed description of the liquid-noble-gas setup
was given previously.[*’]

Solid-state spectra of c-C;Hg and BF; were obtained by condensing a small
amount of the compound onto a CsI window cooled to 10 K with a Leybold
Heraeus ROK 10-300 cooling system, then annealing the sample until no
further changes were observed in its IR spectrum.

Ab initio calculations were performed with the Gaussian 94 package. For
all calculations, the second-order perturbation theory (MP2), including all
electrons, was used. A 6-314+G(d) basis set was used, as this computation-
ally economical basis set has been regarded as a flexible and powerful
approach for intermolecular interactions.>%l

The interaction energies of the weak complexes were calculated by
subtracting the calculated energies of the monomers from that of the
complex in the dimer-centered basis set. This corresponds to the counter-
poise correction method described by Boys and Bernardi,*! accounting for
the BSSE. For all equilibrium geometries, the vibrational frequencies and
the corresponding infrared intensities were calculated with standard
harmonic force fields.

The calculations were carried out on a Cray C94 supercomputer at the CSC
Center for Scientific Computing Ltd., Espoo (Finland), and on an IBM RS/
6000 RISC workstation.
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Synthesis and Chiroptical Properties of Enantiomerically Pure Bis- and
Trisadducts of Cy, with an Inherent Chiral Addition Pattern

Francis Djojo and Andreas Hirsch*

Abstract: In this paper we describe
facile access to enantiomerically pure
bis- and trisadducts of C, with four
different inherent chiral addition pat-
terns, namely /C- and fA-LIT* (trans-2),
/C- and JA-LIIT* (trans-3), /C- and /A-

subsequent chromatographic separation
of the corresponding diastereomers on
achiral stationary phases. The CD spec-
tra of the related pairs of diastereomers,
whose addition patterns represent pairs
of enantiomers, reveal pronounced Cot-

ton effects and mirror-image behavior. It
is the chiral arrangement of the conju-
gated m-electron system within the full-
erene core itself that predominantly
determines the chiroptical properties.
We show that the magnitude of the

LIIT* II1*  (¢rans-3,trans-3,trans-3) and
fC- and fA-LeLell (eee), obtained by
cyclopropanation of [6,6] double bonds
with C,-symmetrical bisoxazolines and

Introduction

The I, symmetry of Cy, is reduced if one or several addends
are connected to the cage, for example, by cycloadditions to
[6,6] bonds.ll The addition pattern of the resulting adducts
always corresponds to a subgroup of the I, point group.
Among the possible subgroups of [, several, for example the
D;, C;, C,, and C,; point groups, are chiral. An addition pattern
of a Cg, adduct is inherently chiral®®? if it belongs to one of
these point groups (Figure 1). When we investigated the
regioselectivity of multiple nucleophilic cyclopropanations of
Cy>® we isolated the chiral adducts 1-5, with the inherent
chiral addition patterns A —E (Figure 1) as racemic mixtures.
For the following reasons it is challenging to look for methods
that allow synthesis and isolation of enantiomerically pure
adducts of C4, with an inherent chiral addition pattern: 1) The
Cy core is a unique tecton for the construction of fascinating
new molecular structures including dendrimers!®! and novel
carbon allotropesl® and the use of core units with an addition
pattern related to those shown in Figure 1 would provide axial
chirality as an additional architecture principle. 2) The
chiroptical properties of fullerene derivatives with an inherent
chiral addition pattern, which are expected to depend on the
structure of the conjugated m system (addition pattern),
should be remarkable and comparable to those of helicenes,
since the conjugated chromophore itself is responsible for the

[*] Prof. Dr. A. Hirsch, Dipl.-Chem. F. Djojo
Institut fiir Organische Chemie
Henkestr. 42, 91054 Erlangen (Germany)
Fax: Int. code + (49) 9131 856-864
E-mail: hirsch@organik.uni-erlangen.de
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Cotton effects strongly depends on the
extent of chiral distortion of the -
electron system within the fullerene
cage.

chirality -

chirality. 3) Such bulky building blocks with axial chirality
could find applications as new auxiliaries in enantioselective
synthesis.

I
trans-2
CZ

L
trans-3,trans-3 trans-3

Figure 1. Schematic representations of inherent chiral addition patterns
within bisadducts and trisadducts of Cg, as pairs of enantiomers. The bold
black lines denote the [6,6] bonds carrying addends and the grey motifs
represent C,- or Cs;-symmetrical substructures with the C, and C; axes as
symmetry elements.
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First efforts in this direction by the groups of Diederich!”]
and Nakamural'll provided access to enantiomerically pure
adducts with the C, symmetrical addition pattern C (Figure 1)
by diastereoselective tether-controlled bisadditions. Enantio-
merically pure adducts of C,, with inherent chiral addition
patterns were isolated by Diederich and coworkers!'l by the
addition of chiral addends and the subsequent separation of
the diastereomeric adducts. Recently, we succeeded in
enantiomer separation of 3—-5 and other chiral Cq, adducts

by HPLC using the chiral Welk-O1 phase on a semiprepar-
ative scale.['*] In this work we describe the facile access to bis-
and trisadducts with the inherent chiral addition patterns A,
B, D and E (Figure 1) as well as to other enantiomerically
pure Cg, derivatives by cyclopropanation with C,-symmetrical
bisoxazolines!'l and subsequent chromatographic separation
on achiral stationary phases, for example silica gel and
alumina. We show that the magnitude of the Cotton effects
strongly depends on the extent of chiral distortion of the -
electron system within the fullerene cage.

Results and Discussion

If one considers chiral addends connected to Cy,, one can see
that the stereoisomers of an adduct with an inherent chiral
addition pattern are not a pair of enantiomers but a pair of
diastereomers.I'’] It should thus be possible to isolate enan-
tiomerically pure compounds cheaply and easily in large
quantities, since chromatography on conventional stationary
phases could be used. However, this is only guaranteed if the
corresponding addition reaction proceeds in comparatively

Chem. Eur. J. 1998, 4, No. 2
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good yields and the diastereomeric adducts separate well
because of their structure and polarity. After surveying
various types of reactions and addends, including cyclopropa-
nations with optically active bromopropanedioates used by
Diederich et al. to isolate chiral C,,['"? and C,(['®! derivatives,
we found that the best results were obtained for nucleophilic
cyclopropanations with the C,-symmetrical bisoxazolines 6
(Scheme 1). The bisoxazolines, which are easily accessible

Ph Ph

e
D T

T ——
‘.ﬂ DBU / CBry,
—=>

toluene, RT
Ph Ph
cr b
oA
6b
8b
Ph pn Ph Ph
NN z
P <\ NN
o) o J\(\\o
Br Br
7a 7b

Scheme 1. Cyclopropanation of Cg, with C,-symmetrical bisoxazolines.

from the corresponding amino acids,*l are masked malonates
and can therefore be used analogously for cyclopropanations
of the strained [6,6] double bonds of C4,. As we have already
shown for a variety of cyclopropanation reactions,'"! it is not
necessary to isolate the bromomalonates!®! prior to the
reaction with Cy,. One-pot reactions in which the bromomal-
onates are prepared in situ from the corresponding unsub-
stituted malonates proceed in at least the same yield and
avoid a time-consuming separation step. The in situ gener-
ation of 7 with CBr,/DBU and the subsequent DBU-
promoted deprotonation/cyclopropanation in one step allows
the isolation of 8a and 8b with R R and §,S configuration of
the two stereogenic centers in 50% yield, respectively
(Scheme 1). Starting from 7 instead of 6 does not lead to an
enhancement of the yield of 8.

The subsequent cyclopropanation of 8a with 6a under the
same reaction conditions afforded a mixture of the I,I*
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bisadduct 9, the bisadducts (+)-10 and (—)-10 (inherent chiral
fC-LII*- and fA-LII*-addition pattern), the bisadducts (+)-11
and (—)-11 (inherent chiral C-IIII*- and /A-1,III*-addition
pattern), the L,IV* bisadduct 12, and the IeI bisadduct 13 with

Ph

A1l

the relative positional relationships trans-1, trans-2, trans-3,
trans-4, and e of the addends, respectively.l'”) Next to 9-13,
three additional, more polar bisadducts, presumably those
with the addition patterns LIV, /C-LIII, and A-LIII were
formed in traces (analytical HPLC on silica gel; toluene/ethyl
acetate/triethylamine (95:4.8:0.2)). The order of elution with
increasing polarity of the bisadducts is 9, (—)-10, (+)-10, 13,

346 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

(-H)-11, (—)-11, 12, showing that the equatorial adduct 13 has
an R; value between those of the trans-2 and trans-3 adducts.
The same retention behavior was observed for the ¢’ adduct in
the series of mixed bisadducts Cg(anisyl),(COOEt),.! Iso-
lation of 9-13 from the reaction mixture was achieved by
flash chromatography on silica gel with toluene/ethyl acetate/
triethylamine (95:4.8:0.2) (preseparation of four fractions
consisting of 9, (—)-10, (+)-10, of pure 13, of pure (+)-11 and
of (—)-11, 12, respectively) followed by preparative HPLC.
The relative yield of the trans-1, trans-2, trans-3, trans-4, and e
isomers 9-13 is 3.7:12.5:23.5:13.0:47.2, demonstrating the
typical regioselective preference for additions to e- and trans-
3 bonds (Figure 2). The formation of the bisadducts 10 and 11
is only weakly diastereoselective with de values of 9.2% and
5.4% (Figure 2).

50

40 -

30

20

retative yield [%]

T 9 90 3 o

i EE E§ &

= 33 3: 8
TEx ZTx

Figure 2. Relative yields of the isolated regioisomeric and diastereoiso-
meric bisadducts 9 (trans-I), 10 (trans-2), 11 (trans-3), 12 (trans-4), and 13

(e).

The D;-symmetrical /C-LIIT* IIT* and fA-ILIII*IIT* trisad-
ducts 14 were obtained by another cyclopropanation of (+)-11
and (—)-11. Since in each precursor molecule (+)-11 and (—)-
11 only one [6,6] double bond in the trans-3 position relative
to both the I and III* bonds is available, /C-LIII* III* can be
formed only out of C-LIII* and fA-LIII*III* only out fA-
LIIT*. Products (4)-14 and (—)-14 elute as the second product
fraction on silica gel with toluene/ethyl acetate/triethylamine
(86:13.8:0.2) as eluent. Their isolation was achieved by
preparative HPLC. The relative yield of (+)-14 and (—)-14
is 17 % demonstrating the expected regioselective preference
of an attack into a trans-3 position relative to the addends
already bound.47]

Cyclopropanation of 13 with 7a yielded the C;-symmetrical
diastereomeric trisadducts (+)-15 and (—)-15 with /C- and 7A-
Lel,ell addition patterns. The combined relative yield of (+)-
15 and (—)-15 is 41.2 %, which shows that the regioselectivity
of their formation is even higher than that of 14 from 11. This
regioselectivity is comparable to that already observed for the
corresponding diethoxycarbonylmethylene adducts.’! The

0947-6539/98/0402-0346 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 2





Chiral Fullerene Adducts

344-356

diastereomers (+4)-15 and (—)-15 elute as the two least polar
product fractions from silica gel.>*7] Their isolation was
achieved by preparative HPLC on silica gel with a mixture of
toluene, ethyl acetate, and triethylamine in the ratio of
93:6.8:0.2 as eluent. Interestingly, both (+)-15 and (—)-15 are
less polar than the two diastereomers of 14. This is in contrast
to the behavior of 4 and 5, where the bisadducts 5 are the less
polar compounds.F!

In order to investigate the influence of the nature of the
addend on the chiroptical properties and to gain access to
isolated pairs of enantiomers, we synthesized a series of mixed
Lel,ell trisadducts, which contain one chiral bisoxazoline as
well as two achiral malonate addends. For this purpose 8a and
8b were first monocyclopropanated with diethyl bromomal-
onate in the presence of NaH. Among the various optically
active bisadducts (R,R)-LI* (16), (S,S)-LI* (17), (R R)-Lel
(18), (S,9)-Lel (19), (R,R)-Lell (20), and (S,S)-Lell (21) could
be isolated by preparative HPLC. (R) and (S) species with the

Chem. Eur. J. 1998, 4, No. 2
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same addition pattern represent pairs of enantiomers.
The subsequent cyclopropanation of 18 or 20 yielded the
diastereomers (+)-22 and (—)-23 and that of 19 or 21 the
diastereomers (—)-22 and (+)-23 (Scheme 2). Since each
reaction mixture contained a pair of chromatographi-
cally separable diastereomers (Figure 3) with an inher-
ent chiral Lel,ell addition pattern, all of the four
stereoisomers 22 and 23 were obtained in an enantio-
merically pure form. Derivatives (4)-22 and (—)-22 as
well as (+)-23 and (—)-23 are pairs of isolated enan-
tiomers.
All the new compounds 8-23 were characterized by
'H NMR, C NMR, FT-IR, and UV/Vis spectroscopy
and by mass spectrometry. The addition pattern of each
compound could be unambiguously assigned on the basis
of 1) the symmetry deduced from the NMR spectra
(Tables 1 and 2), 2) the number of diastereomers (one
for adducts with an achiral addition pattern and two for
adducts with a chiral addition pattern), 3) the UV/Vis
spectra, which are characteristic for an addition pattern
and independent of the nature of the substituents on the
methylene bridges (Figure 4),) and 4) the order of
elution. Moreover, the nature of follow-up products
provides another proof for the correct structure assign-
ment, since, for example, D;-symmetrical (+)-14 and
(—)-14, which represent the only possible addition
pattern of trisadducts with D; symmetry, can only be
formed out of (+)-11 and (—)-11.
In the 'TH NMR spectra (Figure 5) of the monoadducts 8a,b
two doublets of doublets (/ =8.8 and 10.2 Hz) at 6 =5.6 and
5.0 appear for the H* and H° protons, one pseudotriplet (J =
8.8 Hz) at 4.5 for the H® protons and one multiplet at § =7.4
for the corresponding phenyl protons. The assignment of the
peaks was confirmed by the analysis of the corresponding
NOESY spectra. The *C NMR spectra of 8 show 18 resolved
lines for the sp? fullerene C atoms between ¢ =146.5 and
138.8 and one signal at 0 =72 for the sp® cage atoms. This
small number of signals (30 signals expected for the depicted
C, symmetry) reflects the local C,, symmetry within the cage

f
(RR, A)-lelell

f
(RR, C)-lelell

(RR)-eell +22

20

Absorbance

-23

e

10 20 30
Figure 3. HPLC profile of the separation of the optically active trisadducts
(+)-22 and (—)-23 obtained by reaction of 20 with diethyl malonate in the
presence of DBU. Conditions: SiO,, toluene/ethyl acetate/triethylamine
(96:3.8:0.2), flow rate 18 mL min~!, detection at =340 nm.

min
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20 (R.R, A)-lelell enantiomers

(5,5, A)lLelell

(-)-22, (+)23
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Scheme 2. Cyclopropanation of the equatorial mixed bisadducts 18 —21 to give the enantiomerically pure mixed trisadducts (+)-22, (—)-22, (+)-23, and (—)-

23. i) Diethyl bromomalonate, NaH, toluene, RT, 24 h.

Table 1. Number of addends, addition patterns, symmetries, and expected and experimentally observed numbers of magnetically equivalent sets of H?, HP,

and H¢ protons of the adducts 8—23.

Adduct No. of addends  Addition patternl® No. of different ~Symmetry N [ Ny, ©
addends
8a 1 (R)-1 (mono) 0 G, 1 1
8b 1 (8)-I (mono) 0 C, 1 1
9 2 (R)-LI* (trans-1)14 0 D, 1 1
(+)-10 2 (R)-LII* (trans-2)l 0 G, 2 2
(-)-10 2 (R)-LIT* (trans-2)1 0 G, 2 2
(+)-11 2 (R)-LIII* (trans-3)1 0 G, 2 2
(-)-1 2 (R)-LIII* (trans-3)14 0 G, 2 2
12 2 (R)-LIV* (trans-4)4 0 G 4 4
13 2 (R)-Lel (e)ld 0 G 4 4
(+)-14 3 (R)-LIII* IIT* (trans-3, trans-3, trans-3)14 0 D, 1 1
(-)-14 3 (R)-LIII* III* (trans-3, trans-3, trans-3)19 0 D, 1 1
(+)-15 3 (R)-LeLell (ee,e)ld 0 C, 2 2
(-)-15 3 (R)-LeLell (¢,e,e)! 0 c, 2 2
16 2 (R)-LI* (trans-1)l4 1 G 1 1
17 2 (S)-LI* (trans-1)14 1 G 1 1
18 2 (R)-Lel (¢l 1 G 2 2
19 2 (S)-Lel (&) 1 G 2 2
20 2 (R)-Lell (¢")4 1 G 2 2
21 2 (S)-Lell (&) 1 G 2 2
(+)-22 3 (R)-LeLell (e,e,e) 1 C, 2 2
(-)-22 3 (S)-LeLell (e,e.e)d 1 G 2 2
(-)-23 3 (R)-LeLell (ee.e)d! 1 G 2 2
(+)-23 3 (S)-LeLell (e,e.e) 1 C, 2 2

[a] R or S denote the absolute configuration of each stereogenic center within the bisoxazoline addends. [b] Expected number of magnetically equivalent sets
of H?, HP, and H* protons. [c] Experimentally observed number of multiplets for H?, H®, H¢ protons. [d] Relative positional relationship.

of 8. Also, only one doublet of doublets for the H*, H® and one
pseudotriplet for the H¢ protons of the bisoxazoline addends
appear in the '"H NMR spectra of D,-9, D;-(+)-14 (Figure 5c¢),
C,-16, and C,-17. In all other cases the H?, H?, and H* protons
of the corresponding oxazoline subunits are no longer
magnetically equivalent. For example, two multiplets each

348 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

appear for the two sets of protons H?, H, and H® in C,-(+)-11
(Figure 5b) and C,-(—)-11 or C;-(+)-15 and C;-(—)-15 (Figure
5a) and a complex multiplet for the four different sets of such
protons in the spectrum of 12 (Figure 5f) and 13 (Figure 5d).
The same symmetry considerations are true for the phenyl
protons of the oxazoline rings. The dependence of the number
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Table 2. Symmetry and expected as well as experimentally observed (*C NMR) numbers of sp? C atoms, sp® C atoms, and CN groups of the adducts 8 and

10-23.
Adduct Symmetry sp? C atomsl® sp® C atomsl®! -CN groups!®!
molecule addition pattern expected observed expected observed expected observed

8a C, C,, 29 18 1 1 1 1
8b C, C,, 29 18 1 1 1 1
(+)-10 G, G, 28 24 2 2 2 2
(-)-10 G, G, 28 26 2 2 2 2
(+)-11 c G 28 27 2 2 2 2
(-)-11 G, G, 28 28 2 2 2 2
12 C, C, 56 36 4 4 4 3
13 C, C, 56 37 4 3 4 3
(+)-14 D, D; 9 9 1 1 1 1
(+)-15 (N C; 18 15 2 2 2 2
(-)-15 G, G, 18 18 2 2 2 2
16 G, D,, 28 14 2 2 1 1
17 G, D,, 28 14 2 2 1 1
18 C, C, 56 36 4 3 2 2
19 C, C, 56 35 4 3 2 2
20 C, C, 56 38 4 3 2 1
21 C, C, 56 38 4 3 2 1
(+)-22 C, C; 54 38 6 5 2 2
(-)-22 C, C; 54 38 6 5 2 2
(-)-23 C, C; 54 39 6 6 2 2
(+)-23 C, C; 54 39 6 6 2 2

[a] Number of magnetically inequivalent sp? C atoms of the fullerene cage. [b] Number of magnetically inequivalent sp> C atoms of the fullerene cage. [c]
Number of magnetically inequivalent C atoms within the -C=N moieties of the addend.

Absorbance

400 500 600 700 800

Wavelength (nm)

Figure 4. Comparable electronic absorption spectra (CH,Cl,) of the
diastereomers (—)-11 and (+)-11 as well as of the racemic mixture of 2.

of multiplets due to the protons H?, H® and H® on the number
of addends, the addition pattern, and the depicted symmetry is
listed in Table 1.

Another important source of information concerning the
local cage symmetry of the adducts 8-23 is provided by C
NMR spectroscopy (Figure 6, Table 2). In many cases, the
number of resolved signals for the sp? and sp? C atoms of the
fullerene cage is lower than expected for the depicted
symmetry. For example, 56 signals between 0 =138-148 are

Chem. Eur. J. 1998, 4, No. 2
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expected for C,-symmetrical 18 but only 35 are resolved, and
three signals at & =70.44, 71.57 and 72.47 appear for the sp> C
atoms. This reveals a local pseudo-C, symmetry of the cage
associated with the Iel-addition pattern. A pseudo-C,,
instead of a C, symmetry emerges for 16 and 17, since only
14 sharp signals for fullerene sp? C atoms are resolved
between d =139 and 146. The *C NMR spectra of the most
symmetrical adducts 14 (with a LIIT* III*-addition pattern, D5
symmetry) shows the expected number of only 9 signals for
the sp? cage atoms and one signal at d =72.29 for the six
magnetically equivalent sp® cage atoms (Figure 6). Also only
one set of signals appears for the three magnetically
equivalent bisoxazoline addends. In the diastereomers 14
the local cage symmetry is identical with the depicted
symmetry of the whole molecule. This is always the case for
adducts with C,-symetrical addends and an inherent chiral
addition pattern. The close stereochemical relationship within
pairs of diastereomers like (+)-10/(—)-10, (+)-11/(-)-11, (+)-
14/(—)-14, (+)-15/(—)-15, (+)-22/(—)-23, and (—)-22/(+)-23,
in which the corresponding addition pattern represent pairs of
enantiomers, is nicely reflected by the similarity of the 3C
NMR spectra. For example, the 3C NMR spectra of (+)-11
and (—)-11 are almost identical expect for the narrow region
between 0 =146.5 and 147.5 (Figure 6). It is reasonable to
assume that the signals in this region are due to resonances of
sp? C atoms located in close proximity to the bound addends.
The UV/Vis spectra of all newly synthesized adducts 9-23 are
always almost identical with those of the corresponding
regioisomers within related series of adducts like
C(COOEL),, Ci(COOEL), or Cg(anisyl),(COOEL), that
we synthesized and characterized previously.’*” This again
demonstrates that the electronic properties of a given
regioisomer depend mostly on the addition pattern itself
and not on the nature of the addend.
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Figure 5. '"HNMR spectra (400 MHz, CDCL;) of a) 8a, b) (+)-11, ¢) (+)-14, d) 13, ¢) (—)-15, and f) 12. The peaks marked with an asterisk are due to a CH,Cl,

impurity.

The fact that compounds (+)-10/(—)-10, (+)-11/(—)-11,
(+)-14/(—)-14, (+)-15/(—)-15, (+)-22/(—)-23, and (—)-22/(+)-
23 form pairs of diastereomers whose inherently chiral
addition patterns have an enantiomeric relationship is clearly
demonstrated in their circular dichroism (CD) spectra (Fig-
ure 7). The [a]p values lie in the range between =+ 1200 and
£3500. The CD spectra of each pair of diastereomers closely
resemble those expected for enantiomers, since almost perfect
mirror-image behavior is observed. This shows that the chiral
bisoxazoline addends do not significantly contribute to the
chiroptical properties, which are essentially due to the
distorted m system of the Cg, adducts with the inherently
chiral addition patterns LII*, LIIT*, LIIT*III* and ILelell.
This is also clearly demonstrated by the fact that all three
isolated pairs of diastereomers (4)-15/(—)-15, (+)-22/(—)-23,
and (—)-22/(+)-23 having a Lel.ell addition pattern but
different combinations of addends give rise to the same
mirror-image CD spectra. Moreover, the CD spectra of (+)-
15/(—)-15 are identical to those of (+)-4/(—)-4 with ILel,ell
addition patterns and the same is true for the two pairs of
diastereomers (+)-14/(—)-14 and (+)-5/(—)-5 with LIIT* IIT*

350 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

addition patterns.¥] A comparable situation was observed by
Diederich and coworkers!'?! for pairs of diastereomers of C,
derivatives with an inherent chiral addition pattern. It is
interesting to note that the Cotton effects of the C,-sym-
metrical bisadducts 10 and 11 are significantly larger than
those of the C;-symmetrical trisadducts 15 and the Ds-
symmetrical trisadducts 14 (Figure 7, p. 352) but are compa-
rable to those of the C,-symmetrical bisadduct 3 measured by
Diederich and coworkers.['") We explain this behavior with the
higher symmetry of the trisadducts, which cause a
less pronounced distortion of the conjugated m system within
the Cy chromophore. This explanation is also corroborated
by the fact that the maximum Ae values for enantiomerically
pure C, derivatives are up to twice as large as those for
10 and 110 D,-C, is an inherently chiral fullerene,
whose m-electron system is arranged within a double helical
structure motif, similar to that of helicenes. In com-
parison with this helical arrangement, the chiral distor-
tion of the m-electron system within Cy derivatives
with an inherent chiral addition pattern 1is less
pronounced and the distortion decreases with increasing
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with identical addends we have shown that
mixed adducts are also easily accessible. In
this respect, mixed C;-symmetrical hexaad-
ducts like 24, for example, are interesting

(+-1
162 160 M8 146 144 142 140 138 120
(-1
162 160 48 146 144 142 140 138 120 1271 718 6 41 30

P o uhm

synthetic targets. Such compounds should
be easily accessible in high yields from
precursor adducts with an incomplete octa-
hedral addition pattern by our template-
mediation method.P! Such hexaadducts,
whose remaining [6,6] double bonds are
comparatively inert towards further addi-
tion reactions, could be interesting catalysts
for all those enantioselective reactions that
are catalyzed by bisoxazolines them-
selves,228 since in addition to the local C,
symmetry of the chiral addends their screw-
like C;-symmetrical arrangement within 24
provides a further effective scenario for

162 160 148 146 144 142 140 138 120 127 78

Figure 6. '*C NMR spectra (100 MHz, CDCL;) of (+)-11, (—)-11, and (+)-14.

symmetry of the addition pattern, for example, going from C,
to C; or Dj.

Conclusion and Outlook

Multiple additions of chiral C,-symmetrical bisoxazolines to
[6,6] bonds of the fullerene cage by nucleophilic cyclopropa-
nation provide facile access to enantiomerically pure bis- and
trisadducts of Cg, with the inherent chiral addition patterns
C-LII*, C-LIII*, Ds-LII* III*, and Cs-l,el,ell. The inves-
tigations reported here complement our previous studies on
the synthesis and isolation of stereochemically defined multi-
ple adducts of Cy.B® The CD spectra of the corresponding
pairs of diastereomers, whose addition patterns are pairs of
enantiomers, reveal pronounced Cotton effects and mirror-
image behavior. It is therefore predominantly the chiral
arrangement of the conjugated m-electron system within the
fullerene core itself which determines the chiroptical proper-
ties. Adducts with a C,-symmetrical addition pattern show
significantly larger Cotton effects than those with more
symmetrical addition patterns (C;, Ds). Besides derivatives
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8 41 3 6 chiral discrimination. Next to their role as

protecting groups for the fullerene surface

against addition reactions the addends A,

which could be long-chain molecules,!'”)

dendrimer!® or peptide derivatives,®! can
also be used to modify the solubility properties of 24 or to
direct the substrate to the chiral regions of new types of
potential chemzymes. Investigations with this aim are cur-
rently underway.

Experimental Procedure

'H and BC NMR: JEOL JNMEX 400 and JEOL JNMGX 400; MS:
Micromass ZabSpec (FAB); IR: Bruker Vektor 22; UV/Vis: Shimadzu UV
3102PC; HPLC preparative: Shimadzu SIL10A, SPD10A, CBM10A,
LC8A, FRC10A (Grom-Sil 100 Si, NP1, 5 um, 25 m x 4.6 mm), TLC
(Riedel —de Haén, silica gel F,s, and Macherey — Nagel, aluminum oxide N/
UV,s,), CD: JASCO J-710. Reagents were prepared according to common
procedures. Materials and solvents were obtained from commercial
suppliers and were used without further purification. All reactions were
carried out under nitrogen. Products were isolated where possible by flash
column chromatography (silica gel 60, particle size 0.04-0.063 nm, Merck
or aluminum oxide activated, neutral, Brockmann I, STD grade, ca. 150
mesh, 58 A, Aldrich). [a], values were measured at 25°C.

Adducts 8: To a solution of Cg, (1 g, 1.39 mmol) in dry toluene (600 mL),
bisoxazoline 6 (511 mg, 1.2 equiv) in dry methylene chloride (100 mL) was
added through a dropping funnel. Subsequently, under vigorous stirring
first CBr, (553 mg, 1.2 equiv) in CH,Cl, (25 mL) and then DBU (498 uL,
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Figure 7. CD spectra (CH,Cl,) of the pairs of diastereomers of a) (—)-10
(=), (H)-10(- - - ), b) (5)-11 (=), (H)-11(- - - -), and ¢) (+)-15(—), (-)-
15(-- - ).

2.4 equiv) were added to the solution. After 24 h the solution was
concentrated at room temperature and fractionated by column chroma-
tography (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2). Yield:
711 mg (50 %).

Monoadduct 8a: R; (SiO,, toluene/ethyl acetate/triethylamine
95:4.8:0.2:0.39; 'H NMR (400 MHz, CDCl;, 25°C): 0=4.52 (dd,
J(H,H) =8.8 Hz, 2H, Oxaz CH,), 5.02 (dd, J(H,H) =10.2 Hz, 8.8 Hz, 2H,
Oxaz CH,), 5.63 (dd, J(H,H) =10.2 Hz, 8.8 Hz, 2H, Oxaz CH), 7.1 -7.5 (m,
10H, Ph); BC NMR (100 MHz, CDCl;, 25°C): 6 =41.46 (1C, methylene
C), 70.60 (2C, Oxaz CH), 72.43 (2C, sp®), 75.94 (2C, Oxaz CH,), 127.03
(4C,Ph C),127.94 (2C,Ph C),128.84 (4C,Ph C), 13732 (2C,Ph C), 138.85,
138.89, 140.90, 141.26, 142.01, 142.07, 142.18, 142.98, 143.04, 143.89, 144.70,
144.88, 145.23, 145.30, 145.45, 145.48, 146.31, 146.43, 160.67 (2C, CN); IR
(KBr): 7 =3024, 2949, 2890, 1744, 1646 (C=N), 1492, 1467, 1453, 1360, 1268,
1235, 752, 696, 584, 560, 525 cm~'; UV/Vis (CH,CL,): A,,,x (¢) =258 (81000),
327 (25100), 428 (1500), 490 (900), 532 (700) nm; MS (FAB/3-NBA): m/z =
1025 ([M*+H], 45%), 720 (C&, 100 %), 2C;yH4N,O, calcd 1024.1.
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Monoadduct 8b: R; (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2):
0.39; 'H NMR (400 MHz, CDCl;, 25°C): 6 =4.52 (dd, J(H,H)=8.8 Hz,
2H, Oxaz CH,), 5.02 (dd, J(H,H) =10.2 Hz, 8.8 Hz, 2H, Oxaz CH,), 5.63
(dd, J(HH) =10.2 Hz, 8.8 Hz, 2H, Oxaz CH), 7.1-7.5 (m, 10H, Ph); *C
NMR (100 MHz, CDCl;, 25°C): 0 =41.46 (1 C, methylene C), 70.60 (2C,
Oxaz CH), 72.43 (2C, sp®), 75.94 (2 C, Oxaz CH,), 127.03 (4 C, Ph C), 127.94
(2C, Ph C), 128.84 (4C, Ph C), 137.32 (2C, Ph C), 138.85, 138.89, 140.90,
141.26, 142.01, 142.07, 142.18, 142.98, 143.04, 143.89, 144.70, 144.88, 145.23,
145.30, 145.45, 145.48, 146.31, 146.43, 160.67 (2C, CN); IR (KBr): 7 = 3024,
2949, 2890, 1744, 1646 (C=N), 1492, 1467, 1453, 1360, 1268, 1235, 752, 696,
584, 560, 525 cm~!; UV/Vis (CH,CL): A, (€) =258 (81000), 327 (25100),
428 (1500), 490 (900), 532 (700) nm; MS (FAB/3-NBA): m/z=1025
([M*+H], 43%), 720 (C{, 100 %), 2C;H (N,O, caled 1024.1.

Adducts 9-13: Bisoxazoline 6a (447 mg, 1.5 equiv) in dry methylene
chloride (100 mL), CBr, (485 mg, 1.5 equiv) in dry methylene chloride
(50 mL), and DBU (437 pL, 3 equiv) were added to a solution of 8a (1 g,
0.976 mmol) in dry toluene (400 mL). After being stirred for 24 h the
solvent was evaporated and fractionated by column chromatography (SiO,,
toluene/ethyl acetate/triethylamine 95:4.8:0.2). Fractions containing pure
recovered 8a, a mixture of 9, (—)-10 and (+)-10, pure 13, pure (+)-11,and a
mixture of (—)-11 and 12 were obtained. A final separation of 9, (—)-10 and
(+)-10 was achieved by preparative HPLC (toluene/ethyl acetate/triethyl-
amine 95:4.8:0.2). Compounds (—)-11 and 12 were isolated by chromatog-
raphy on alumina as stationary phase (toluene/ethyl acetate 95:5). The
relative yields (HPLC) of the bisadducts are: 9 (3.7%), (—)-10 (5.7 %), (+)-
10 (6.8%),13 (472%), (+)-11 (124 %), (—)-11 (11.1%), 12 (13.0%).
Bisadduct 9: R; (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2):0.20;
k' (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2): 4.10; 'H NMR
(400 MHz, CDCl;, 25°C): 6 =4.52 (dd, J(H,H) =8.6 Hz, 4H, Oxaz CH,),
5.03 (dd, J(H,H) =10 Hz, 8.6 Hz, 4H, Oxaz CH,), 5.63 (dd, J(H,H) =
10 Hz, 8.6 Hz, 4H, Oxaz CH), 72-7.5 (m, 20H, Ph); IR (KBr): #= 3057,
3027, 2958, 2895, 1745, 1660 (CN), 1492, 1452, 1429, 1351, 1271, 1235, 1094,
736, 698, 592, 520 cm™!; UV/Vis (CH,CL): A, (¢) =262 (82000), 324
(40000), 412 (6000), 440 (4200), 472 (5000); MS (FAB/3-NBA): m/z =1328
(M*,30%), 720 (C, 100 %), 2CogHz,N,O, caled 1328.2.

Bisadduct (—)-10: R; (SiO,, toluene/ethyl acetate/triethylamine
95:4.8:0.2):0.19; k' (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2):
9.57; 'H NMR (400 MHz, CDCl;, 25°C): 6 =4.47 (dd, J(H,H)=8.5 Hz,
2H, Oxaz CH,), 4.67 (dd, J(H,H)=8.6 Hz, 2H, Oxaz CH,), 4.98 (dd,
J(HH)=10Hz, 8.8 Hz, 2H, Oxaz CH,), 5.16 (dd, J(H,H)=10.3 Hz,
8.3 Hz, 2 H, Oxaz CH,), 5.58 (dd, J(H,H) = 10.2 Hz, 8.3 Hz, 2 H, Oxaz CH),
5.78 (dd, J(H,H) =10 Hz, 8.8 Hz, 2H, Oxaz CH), 7.1-7.7 (m, 20 H, Ph); *C
NMR (100 MHz, CDCl;, 25°C): 6 =39.09 (2 C, methylene C), 70.50 (2C,
Oxaz CH), 70.73 (2C, Oxaz CH), 71.69 (2 sp> C), 72.28 (2 sp* C), 75.85 (2C,
Oxaz CH,), 76.06 (2C, Oxaz CH,), 126.96 (4C, Ph C), 127.14 (4C, Ph C),
12796 (2C,Ph C), 127.85 (2C, Ph C), 128.74 (4 C, Ph C), 128.87 (4 C, Ph C),
137.31 (2C, Ph C), 13746 (2C, Ph C), 140.04, 140.59, 141.21, 141.40, 141.70,
141.94, 142.06, 142.25, 142.38, 142.64, 143.19, 143.70, 143.90, 144.01, 144.23,
144.42, 144.98, 145.15, 145.30, 145.48, 145.69, 146.06, 146.24, 146.41, 147.23,
149.09, 160.95 (2C, CN), 160.69 (2C, CN); IR (KBr): 7#=3058, 3026, 2958,
2895, 1744, 1660 (CN), 1492, 1420, 1452, 1427, 1350, 1271, 1235, 1191, 754,
698, 592, 526 cm™!; UV/Vis (CH,CL): A, (£) =234 (79000), 262 (78900),
320 (27900), 382 (6700), 405 (3500), 432 (2500), 491 (1400), 634 (400), 700
(200) nm; CD (CH,O0H) =260 (A& =70), 299 (— 83), 329 (30), 343 (22), 381
(—17),408 (—19), 432 (—47), 507 (36), 599 (—20), 650 (—6), 682 (—6), 708
(7) nm; [a]p (¢ =2 mg/100 mL, CH;Cl) = —3500°; MS (FAB/3-NBA): m/
z7=1328 (M*,32%), 720 (C&, 100 %), '>CosH;,N,O, calcd 1328.2.
Bisadduct (+)-10: R; (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2):
0.18; k' (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2): 11.1; 'H
NMR (400 MHz, CDCl;, 25°C): 6 =4.46 (dd, J(H,H) =8.8 Hz, 2H, Oxaz
CH,), 4.65 (dd, J(H,H)=8.8 Hz, 2H, Oxaz CH,), 498 (dd, J(HH)=
10.3 Hz, 8.3 Hz, 2H, Oxaz CH,), 5.17 (dd, J(H,H)=10.3 Hz, 8.8 Hz, 2H,
Oxaz CH,), 5.58 (dd, J(H,H) =10.2 Hz, 8.8 Hz, 2H, Oxaz CH), 5.78 (dd,
J(H,H) =10.3 Hz, 8.3 Hz, 2H, Oxaz CH), 7.2-7.7 (m, 20H, Ph); *C NMR
(100 MHz, CDCl;, 25°C): 6 =39.14 (2C, methylene C), 70.57 (2C, Oxaz
CH), 70.79 (2C, Oxaz CH), 71.70 (2 C, sp® C), 72.29 (2C, sp* C), 75.89 (2C,
Oxaz CH,), 79.09 (2C, Oxaz CH,), 127.00 (4C, Ph C), 127.19 (4C, Ph C),
127.88 (2C, Ph C), 128.00 (2C, Ph C), 128.77 (4C, Ph C), 128.91 (4C, Ph C),
137.38 (2C, Ph C), 13747 (2C, Ph C), 140.13, 140.60, 141.25, 141.43, 141.75,
142.09, 142.25, 142.46, 142.59. 143.73, 144.09, 144.27, 144.47, 144.89, 145.18,
145.35, 145.50, 145.76, 146.06, 146.30, 146.52, 147.26, 149.00, 160.74 (2C,
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CN), 160.98 (2C, CN); IR (KBr): #=23058, 3026, 2957, 2921, 2897, 2851,
1716, 1661 (CN), 1492, 1453, 1348, 1262, 1189, 753, 698, 593, 526 cm~!; UV/
Vis (CH,Cl,): A (€) =234 (70800), 262 (66500), 320 (25200), 383 (6400),
405 (3600), 431 (2600), 492 (1500), 634 (300), 700 (180) nm; CD
(CH;0H) =260 (Ae=—100), 297 (72), 329 (—40), 347 (—30), 381 (17),
408 (19), 432 (51), 510 (—38), 597 (21), 682 (6), 710 (—8) nm; [a]p (c=
2 mg/100 mL, CH,Cl,)=+3150°; MS (FAB/3-NBA): m/z=1328 (M*,
25%), 720 (C, 100% ), 2CysH3,N,O, calcd 1328.2.

Bisadduct (+)-11: R; (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2):
0.06; '"H NMR (400 MHz, CDCl;, 25°C): 6 =4.41 (dd, J(H,H) =83 Hz,
2H, Oxaz CH,), 4.52 (dd, J(H,H)=8.8 Hz, 2H, Oxaz CH,), 4.92 (dd,
J(H,H) =8.8 Hz, 8.4 Hz,2H, Oxaz CH,), 5.05 (dd, J(H,H) = 8.3 Hz, 8.3 Hz,
2H, Oxaz CH,), 5.52 (dd, J(H,H) = 8.8 Hz, 8.3 Hz,2H, Oxaz CH), 5.68 (dd,
J(H,H) =10 Hz, 8.3 Hz, 2H, Oxaz CH), 7.1-7.7 (m, 20H, Ph); C NMR
(100 MHz, CDCl;, 25°C): 6 =40.76 (2C, methylene C), 70.41 (2C, Oxaz
CH), 70.61 (2C, Oxaz CH), 72.04 (2C, sp* C), 72.51 (2C, sp* C), 75.82 (2C,
Oxaz CH,), 75.95 (2C, Oxaz CH,), 126.91 (4C, Ph C), 127.07 (4C, Ph C),
127.82 (2C,Ph C), 127.92 (2C, Ph C), 128.72 (4C, Ph C), 128.83 (4C, Ph C),
138.41 (2C, Ph C), 138.95 (2C, Ph C), 140.41, 141.20, 141.34, 141.73, 141.79,
142.05, 142.17, 142.47, 143.25, 143.40, 143.48, 143.84, 143.99, 144.13, 144.40,
144.61, 145.33, 145.98, 146.42, 146.54, 146.59, 146.98, 146.72, 147.04, 147.09,
14756, 147.57,160.66 (2C, CN), 160.60 (2C, CN); IR (KBr): 7 = 3059, 3026,
2958, 2896, 1661 (C=N), 1492, 1470, 1452, 1429, 1351, 1267, 1224, 754, 698,
586, 570, 528 cm™!; UV/Vis (CH,Cly): Aoy (€) =248 (90000), 318 (29000),
380 (7500), 412 (3300), 425 (2700), 484 (2200), 576 (990), 633 (400); CD
(CH;0H) =289 (Ae =—179), 347 (—44), 393 (21), 497 (18), 447 (36), 525
(—23), 590 (13), 637 (1), 694 (9) nm; [a]p (c=2mg/100 mL, CH,Cl)=
+1250°; MS (FAB/3 —NBA): m/z=1328 (M, 64%), 720 (Cg,, 100%),
12CysH3,N,O, calcd 1328.2.

Bisadduct (—)-11: R; (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2):
0.05; R; (Al,Os, toluene/ethyl acetate 95:5): 0.26; 'H NMR (400 MHz,
CDCl;,25°C): 0 =4.42 (dd, J(H,H) =8.5 Hz, 2H, CH,), 4.55 (dd, J(H.H) =
8.2 Hz, 2H, CH,), 4.93 (dd, J(H,H) =8.8 Hz, 8.9 Hz, 2H, CH,), 5.05 (dd,
J(H.H)=8.6 Hz, 10.4 Hz, 2H, CH), 5.53 (dd, J(H,H)=10.1 Hz, 8.3 Hz,
2H, CH), 7.2 —7.7 (m, 20H, Ph); *C NMR (100 MHz, CDCl;, 25°C): 6 =
40.73 (2 C, methyleneC), 70.44 (2C, Oxaz CH), 70.62 (2 C, Oxaz CH), 72.04
(2C,sp?C), 72.51 (2C, sp* C), 75.82 (2 C, Oxaz CH,), 75.94 (2 C, Oxaz CH,),
126.94 (4C, Ph C), 127.10 (4C, Ph C), 127.84 (2C, Ph C), 127.92 (2C, Ph C),
128.74 (4C,Ph C), 128.83 (4C, Ph C), 138.33 (2C, Ph C), 138.95 (2C,Ph C),
140.44, 141.17, 141.30, 141.67, 141.78, 142.09, 142.20, 142.49, 143.20, 143.43,
143.49, 143.89, 144.04, 144.13, 144.42, 144.60, 145.37, 145.98, 146.36, 146.41,
146.56, 146.71, 146.77, 146.95, 147.04, 147.23, 14751, 147.59, 160.61 (2C, CN),
160.68 (2C, CN); IR (KBr): #=3058, 3026, 2958, 2895, 1801, 1660 (C=N),
1492, 1470, 1452, 1429, 1351, 1267, 1224, 754, 698, 586, 570, 528 cm~'; UV/
Vis (CH,CL,): A, (€) =248 (76000), 319 (23000), 380 (6100), 413 (2600),
414 (2500), 424 (2200), 483 (1800), 577 (700), 634 (300); CD (CH;0H) =
289 (Ae=72), 348 (46), 393 (—22), 406 (—19), 447 (—38), 525 (25), 584
(—12), 618 (3), 693 (9) nm; [a]p (¢ =2 mg/100 mL, CH,Cl,) = —1400°; MS
(FAB/3-NBA): m/z=1328 (M*, 67%), 720 (C, 100%), 2CysH3,N,0,
caled 1328.2.

Bisadduct 12: R; (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2):
0.04; R; (Al,O;, toluene/ethyl acetate 95:5): 0.14; 'H NMR (400 MHz,
CDCl;, 25°C): 6 =4.38 (m, 2H, Oxaz CH,), 4.50 (m, 2H, Oxaz CH,), 4.93
(m, 2H, Oxaz CH,), 5.01 (m, 2H, Oxaz CH,), 5.53 (m, 2H, Oxaz CH), 5.61
(m, 2H, Oxaz CH), 71-7.6 (m, 20H, Ph); *C NMR (100 MHz, CDCl;,
25°C): 6=39.35 (1C, methylene C), 39.44 (1C, methylene C), 70.41 (2C,
Oxaz CH), 70.53 (2C, Oxaz CH), 71.49 (1C, sp* C), 71.53 (1 C, sp? C), 71.90
(1C,sp*C),71.98 (1C, sp* C), 75.87 (2 C, Oxaz CH,), 75.88 (2 C, Oxaz CH,),
126.87 (2C,Ph C), 126.91 (2C, Ph C), 127.05 (4C, Ph C), 127.78 (1C,Ph C),
12779 (1C,Ph C), 12790 (2C, Ph C), 128.69 (2C, Ph C), 128.75 (2C, Ph C),
128.83 (4C,Ph C), 135.40 (1C,Ph C),135.65 (1C,Ph C), 138.28 (2C, Ph C),
138.75, 138.86, 140.29, 140.55, 140.94, 141.32, 141.53, 141.65, 141.99, 142.03,
142.19, 142.22, 142.75, 142.96, 143.09, 143.10, 143.28, 143.67, 143.81, 144.22,
144.95, 144.96, 145.07, 145.28, 145.37, 145.38, 145.60, 145.69, 145.74, 146.09,
146.12, 146.31, 146.38, 146.60, 147.06, 148.29, 160.77 (2C, CN), 160.96 (1C,
CN), 161.07 (1C, CN); IR (KBr): #=3059, 3026, 2959, 2921, 2899, 2852,
1661 (C=N), 1492, 1453, 1350, 1262, 1183, 754, 697, 590, 528 cm~'; UV/Vis
(CH,CL): A (€) =240 (97000), 268 (77000), 321 (35000), 477 (2200), 637
(400) nm; MS (FAB/3-NBA): m/z=1328 (M*, 63%), 720 (C{, 100%),
2CysH;,N,O, caled 1328.2.

Bisadduct 13: R; (SiO,, toluene/ethyl acetate/triethylamine 95:4.8:0.2):
0.15; 'TH NMR (400 MHz, CDCl;, 25°C): d =4.3-4.5 (m, 4H, Oxaz CH,),
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4.8-5.0 (m, 4H, Oxaz CH,), 5.4-5.6 (m, 4H, Oxaz CH), 7.2-7.5 (m, 20H,
Ph); C NMR (100 MHz, CDCls, 25°C): 0 =40.41 (2C, methylene), 70.26
(1C, Oxaz CH), 70.49 (2C, Oxaz CH), 70.52 (1 C, Oxaz CH), 72.40 (2C, sp®
C), 7243 (1C, sp* C), 72.52 (1C, sp* C), 75.72 (1C, Oxaz CH,), 75.80 (1C,
Oxaz CH,), 75.85 (1C, Oxaz CH,), 76.04 (1C, Oxaz CH,), 126.91 (2C, Ph
(), 126.99 (6 C, Ph C), 127.79 (1 C, Ph C), 127.85 (2C, Ph C), 127.89 (1 C, Ph
(),128.78 (4C, Ph C), 128.81 (2C, Ph C), 128.84 (2C, Ph C), 138.69 (2C, Ph
), 13878 (1C, Ph C), 138.82 (1C, Ph C), 141.23, 141.30, 141.35, 141.56,
141.61, 141.68, 141.73, 141.78, 141.81, 142.26, 142.29, 142.87, 143.02, 143.40,
143.64, 143.67, 143.90, 143.93, 143.99, 144.33, 144.37, 144.54, 144.72, 144.75,
144.98, 145.33, 145.36, 145.40, 145.46, 145.51, 145.60, 146.10, 146.34, 146.39,
146.54, 14733, 148.61, 160.40 (1 C, CN), 160.49 (2 C, CN), 160.58 (1C, CN);
IR (KBr): 7=3059, 3027, 2958, 2897, 1662 (C=N), 1493, 1471, 1453, 1425,
1351, 1271, 1227, 755, 698, 591, 542, 525 cm~"; UV/Vis (CH,CL): Appay (6) =
254 (57000), 313 (22000), 362 (8000), 401 (2000), 423 (1300), 483
(1600) nm; MS (FAB/3-NBA): m/z =1328 (M*, 20%), 720 (Cg, 100%),
120, H;,N,O, caled 1328.2.

Trisadduct (+)-14: Bisoxazoline 6a (17 mg, 1.5 equiv) in dry CH,CI,
(25 mL) was added through a dropping funnel to a solution of (+)-11
(60 mg, 0.037 mmol) in dry toluene (50 mL). Under vigorous stirring CBr,
(18 mg, 1.5 equiv) in dry CH,CL, (10 mL) and DBU (16 uL, 3 equiv) were
added to the reaction mixture. After stirring for 24 h the reaction mixture
was concentrated and fractionated by preparative HPLC (SiO,, toluene/
ethyl acetate/triethylamine 86:13.8:0.2). Relative yield: 17%. k' (SiO,,
toluene/ethyl acetate/triethylamine 86:13.8:0.2): 8.73; '"H NMR (400 MHz,
CDCl;, 25°C): 6=4.43 (dd, J(H.H) =8.6 Hz, 6H, Oxaz CH,), 4.95 (dd,
J(H,H) =10 Hz, 8.5 Hz, 6 H, Oxaz CH,), 5.55 (dd, J(H,H) =10 Hz, 8.2 Hz,
Oxaz CH), 72-7.5 (m, 30 H, Ph); *C NMR (100 MHz, CDCl;, 25°C): 6 =
40.05 (3C, methylene C), 70.44 (6 C, Oxaz CH), 72.29 (6C, sp* C), 75.88
(6C, Oxaz C), 126.99 (12C, Ph C), 127.84 (6 C, Ph C), 128.75 (12C, Ph C),
141.32 (6C, Ph C), 141.78, 142.38, 142.47, 143.32, 145.83, 14738, 14792,
148.00, 148.68, 160.68 (6 C, CN); IR (KBr): 7= 3058, 3027, 2958, 2895, 1801,
1661 (CN), 1493, 1470, 1452, 1429, 1351, 1267, 1223, 750, 696, 586, 570,
528 cm™!; UV/Vis (CH,ClL): An. (8) =242 (62000), 296 (27000), 326
(15000), 372 (4400), 487 (2100), 573 (900) nm; CD (CH;OH) =245 (Ae =
30), 289 (—13), 304 (—4), 346 (—10), 398 (3), 468 (8), 528 (—4), 618
(=2) nm; [a]p (¢=0.7 mg/14 mL, CH;Cl) = +100°; MS (FAB/3-NBA): m/
z=1634 ([M*+H], 13%), 720 (Cg, 100 % ), 2C,;5*CHxNOj calcd 1633.4.

Adducts 15: Bisoxazoline 6a (75 mg, 1.2 equiv) in dry CH,Cl, (100 mL)
solution was added to a solution of 13 (270 mg, 0.204 mmol) in dry toluene
(200 mL) through a dropping funnel. Under vigorous stirring CBr, (84 mg,
1.2 equiv) in dry CH,Cl, (20 mL) and DBU (77.4 pL, 2.4 equiv) were added
successively to the solution. After 24 h at RT the mixture was concentrated
and separated by preparative HPLC (SiO,, toluene/ethyl acetate/
triethylamine = 93:6.8:0.2). Relative yield (HPLC): (+)-15 (21.9%) and
(—)-15 (192%).

Trisadduct (+)-15: R; (SiO,, toluene/ethyl acetate/triethylamine
95:4.8:0.2): 0.25; 'H NMR (400 MHz, CDCl;, 25°C): 0=4.30 (dd,
J(H,H) =83 Hz, 3H, Oxaz CH,), 4.35 (dd, J(H,H)=8.3 Hz, 3H, Oxaz
CH,), 4.82 (dd, J(H,H)=10.2Hz, 8.8Hz, 3H, Oxaz CH,), 4.84 (dd,
J(H,H)=10.3 Hz, 8.3 Hz, 3H, Oxaz CH,), 5.43 (dd, J(H,H)=10.2 Hz,
8.3 Hz, 3H, Oxaz CH), 5.49 (dd, J(H,H) =10.3 Hz, 8.8 Hz, 3H, Oxaz CH),
72-75 (m, 30H, Ph); *C NMR (100 MHz, CDCl;, 25°C): § =42.12 (3C,
methylene C), 70.24 (3 C, Oxaz CH), 70.44 (3 C, Oxaz CH), 71.06 (3 C, sp?
C), 7177 (3C, sp® C), 75.65 (3 C, Oxaz CH,), 75.89 (3 C, Oxaz CH,), 126.94
(6C, Ph C), 127.01 (6 C, Ph C), 127.72 (3C, Ph C), 127.85 (3C, Ph C), 128.78
(12C, Ph C), 140.99 (6C, Ph C), 141.34, 141.37, 141.90, 142.34, 143.07,
143.62, 143.95, 144.22, 144.73, 144.81, 145.63, 146.74, 146.65, 146.89, 146.93,
160.28 (3C, CN), 160.61 (3C, CN); IR (KBr): 7=23059, 3027, 2958, 2898,
1661 (CN), 1493, 1471, 1453, 1454, 1263, 1229, 1189, 753, 698, 589, 526 cm™;
UV/Vis (CH,ClLy): Anax (€) =252 (60500), 283 (40300), 353 (8700), 380
(3700), 483 (2900) nm; CD (CH;OH) =254 (Ae =—32), 277 (4), 291 (4),
301 (—39), 314 (13), 329 (—7), 357 (24), 383 (—18), 396 (—26), 459 (—9),
488 (—9), 517 (6), 569 (20) nm; [a]p (¢ =1 mg/10 mL, CH;Cl) =+1180°;
MS (FAB/3-NBA): m/z=1634 ([M*+H], 15%), 720 (C&, 100%),
12C, 16 CHgN¢Og calcd 1633.4.

Trisadduct (—)-15: R; (SiO,, toluene/ethyl acetate/triethylamine
95:4.8:0.2): 0.21; 'H NMR (400 MHz, CDCl;, 25°C): 6=4.28 (dd,
J(H,H)=8.2 Hz, 3H, Oxaz CH,), 438 (dd, J(H,H)=8.3 Hz, 3H, Oxaz
CH,), 479 (dd, J(H,H)=9.9Hz, 83Hz, 3H, Oxaz CH,), 4.89 (dd,
J(H,H)=9.9Hz, 83Hz, 3H, Oxaz CH,), 544 (dd, J(H,H)=9.9 Hz,
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8.8 Hz, 3H, Oxaz CH), 5.49 (dd, J(H,H) =9.9 Hz, 8.8 Hz, 3H, Oxaz CH),
72-75 (m, 30H, Ph); 3C NMR (100 MHz, CDCl,, 25°C): 6 =42.15 (3C,
methylene C), 70.15 (3 C, Oxaz CH), 70.46 (3C, Oxaz CH), 71.08 (3C, sp?
C), 7164 (3C, sp* C), 75.72 (3C, Oxaz CH,), 75.83 (3C, Oxaz CH,), 126.91
(6C, Ph C), 12702 (6C, Ph C), 12772 (3C, Ph C), 12784 (3C, Ph C), 128.75
(6C, Ph C), 128.81 (6C, Ph C), 141.03 (6C, Ph C), 141.32, 141.41, 141.75,
142.41, 142.97, 143.58, 143.98, 144.25, 144.66, 144.98, 145.63, 146.28, 146.53,
146.62, 146.68, 146.75, 146.86, 148.29, 160.55 (3C, CN), 160.48 (3 C,CN); IR
(KBr): 7=3059, 3027, 2958, 2898, 1661, 1493, 1471, 1453, 1454, 1263, 1229,
1189, 753, 698, 589, 526 cm~'; UV/Vis (CH,CL,): Ay (€) =252 (62000), 283
(42500), 353 (8500), 381 (4200}, 483 (4000) nm; CD (CH,OH) =254 (Ae =
22),276 (—12),291 (—13), 302 (22), 313 (—20), 330 (3), 356 (— 26), 382 (14),
396 (21), 461 (6), 491 (7), 520 (—7), 567 (—22) nm; [a]p (c=1 mg/10 mL,
CH,Cl)=—520°; MS (FAB/3-NBA): m/z=1634 ([M*+H], 14%), 720
(Céys 100%), 12C15*CH,N,Oy caled 1633.4.

Adducts 16-21: Diethyl bromomalonate (95 mg, 1.2 equiv) and NaH
(79.2 mg, 10 equiv) were added to a solution of (340 mg, 0.33 mmol) 8a in
dry toluene (200 mL). After stirring for 24 h at RT the remaining NaH was
destroyed by the addition of H,SO, (5 mL, 2N). The reaction mixture was
concentrated and separated with preparative HPLC (SiO,, toluene/ethyl
acetate = 97:3). The relative yields (HPLC) of the bisadducts are: 16 or 17
1.70%, 18 or 19 14.23 %, 20 or 21 14.64 %.

Bisadduct 16: k' (SiO,, toluene/ethyl acetate 97:3): 13.21; 'H NMR
(400 MHz, CDCL,, 25°C): 6 = 1.57 (t, J(H,H) =74 Hz, 6 H, CH,), 4.61 (dd,
J(H,H) =84 Hz, 2H, Oxaz CH,), 4.67 (q, J(H,H) =74 Hz, 4H, CH,), 5.12
(dd, J(H,H) = 10.3 Hz, 8.3 Hz, 2H, Oxaz CH,), 5.72 (dd, J(H,H) = 10.3 Hz,
8.3 Hz, 2H, Oxaz CH), 72-7.6 (m, 10H, Ph); *C NMR (100 MHz, CDCl,,
25°C): 0=14.32 (2C, CH,;), 35.25 (1C, Oxaz methylene C), 53.41 (1C,
methylene C), 63.47 (2C, CH,), 70.17 (2C, sp* C), 70.72 (2C, Oxaz CH),
70.82 (2C, Oxaz sp* C), 76.04 (2C, Oxaz CH,), 127.11 (4C, Ph C), 127.96
(2C, Ph C), 128.86 (4C, Ph C), 139.03 (2C, Ph C), 139.07, 139.16, 141.24,
141.38, 143.42, 143.69, 143.70, 144.34, 144.48, 144.89, 145.27, 145.42, 145.54,
145.57,161.19 (2C, CN), 164.18 (2C, CO); IR (KBr): # = 3059, 3026, 2975,
2925, 2896, 1743 (C=0), 1660 (C=N), 1492, 1451, 1365, 1242, 1094, 737, 697,
580, 551, 525 cm™%; UV/Vis (CH,CL,): Ay (£) =262 (180000), 324 (72000),
412 (9500), 440 (6600), 472 (8100) nm; MS (FAB/3-NBA): m/z=1183
([M*+H], 47%), 720 (Céy, 100% ), ?CyeHa6N,0, caled 1182.2.

Bisadduct 17: k' (HPLC, toluene/ethyl acetate 97:3): 13.21; 'H NMR
(400 MHz, CDCL,, 25°C): 6 = 1.57 (t, J(H,H) = 74 Hz, 6 H, CH,), 4.61 (dd,
J(H,H) =84 Hz, 2H, Oxaz CH,), 4.67 (q, J(H,H) =74 Hz, 4H, CH,), 5.12
(dd, J(H,H) = 10.3 Hz, 8.3 Hz, 2H, Oxaz CH,), 5.72 (dd, J(H,H) = 10.3 Hz,
8.3 Hz, 2H, Oxaz CH), 72-7.6 (m, 10H, Ph); *C NMR (100 MHz, CDCl;,
25°C): 0=14.32 (2C, CH,;), 35.25 (1C, Oxaz methylene C), 53.41 (1C,
methylene C), 63.47 (2C, CH,), 70.17 (2C, sp® C), 70.72 (2C, Oxaz CH),
70.82 (2C, Oxaz sp* C), 76.04 (2C, Oxaz CH,), 127.11 (4C, Ph C), 127.96
(2C, Ph C), 128.86 (4C, Ph C), 139.03 (2C, Ph C), 139.07, 139.16, 141.24,
141.38, 143.42, 143.69, 143.75, 144.34, 14448, 144.89, 145.27, 145.31,
145.42, 14554, 145.57, 161.19 (2C, CN), 164.18 (2C, CO); IR (KBr): 7=
3059, 3026, 2975, 2925, 2896, 1743 (C=0), 1660 (C=N), 1492, 1451, 1365,
1242, 1094, 737, 697, 580, 551, 525 cm™"; UV/Vis (CH,CL): Ay, () =262
(180000), 324 (72000, 412 (9500), 440 (6600), 472 (8100) nm; MS (FAB/3-
NBA): m/z = 1183 ([M*+H], 45%), 720 (Cé, 100% ), CysH,N,O, caled
1182.2.

Bisadduct 18: k' (SiO,, toluene/ethyl acetate 97:3): 22.71; 'H NMR
(400 MHz, CDCl,, 25°C): 6=1.43 (tt, J(H,H) = 7.8 Hz, 6H, CH,), 4.35—
455 (m, 6H, Oxaz CH, and CH,), 4.91 (dd, J(H,H) =10.2 Hz, 8.8 Hz, 1 H,
Oxaz CH,), 4.95 (dd, J(H,H) = 10.2 Hz, 8.8 Hz, 1 H, Oxaz CH,), 5.53 (dd,
J(HH)=102Hz, 83 Hz, 1H, Oxaz CH), 5.56 (dd, J(H,H)=10.2 Hz,
8.8 Hz, 1 H, Oxaz CH), 72-75 (m, 10H, Ph); *C NMR (100 MHz, CDCl,,
25°C): 6=14.20 (2C, CH,), 42.70 (1C, Oxaz methylene C), 5125 (1C,
methylene C), 63.24 (2C, CH,), 70.33 (1C, Oxaz CH), 70.44 (2C, sp* C),
70.50 (1 C, Oxaz CH), 71.57 (1 C, Oxaz sp* C), 72.47 (1 C, Oxaz sp® C), 75.79
(2C, Oxaz CH,), 126.99 (2C, Ph C), 127.03 (2C, Ph C), 127.80 (1C, Ph C),
12789 (1C, Ph C), 128.75 (2C, Ph C), 128.80 (2C, Ph C), 138.58 (1C, Ph C),
138.60 (1C, Ph C), 138.83, 138.91, 141.30, 141.54, 141.63, 141.77, 142.25,
142.43,142.65, 142.78, 142.89, 143.24, 143.42, 143.66, 143.82, 143.88, 143.95,
144.00, 144.41, 144.57, 144.68, 144.94, 145.21, 145.32, 145.41, 145.48, 145.54,
145.59, 146.09, 146.12, 146.51, 146.54, 146.76, 147.27, 147.55, 160.52 (1C,
CN), 160.67 (1C, CN), 163.45 (2C, CO); IR (KBr): 7= 3085, 3060, 3027,
2976, 2958, 2931, 2931, 1745 (C=0), 1663 (C=N), 1493, 1454, 1366, 1296,
1235, 1098, 755, 699, 590, 543, 526 cm™"; UV/Vis (CH,CL): Ay () =252
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(85000, 311 (32000, 359 (12000), 421 (2100), 482 (2500) nm; MS (FAB/3-
NBA): m/z=1183 ([M*+H], 90%), 720 (Cé, 100% ), 2CysH,sN,Oy caled
1182.2.

Bisadduct 19: k' (SiO,, toluene/ethyl acetate 97:3): 22.71; 'H NMR
(400 MHz, CDCl,, 25°C): 6 =143 (tt, J(H,H) =7.8 Hz, 6H, CH,), 4.35—
4.55 (m, 6H, Oxaz CH, and CH,), 4.91 (dd, J(H,H)=10.2 Hz, 8.8 Hz, 1 H,
Oxaz CH,), 4.95 (dd, J(H,H) =10.2 Hz, 8.8 Hz, 1H, Oxaz CH,), 5.53 (dd,
J(HH)=102Hz, 83Hz, 1H, Oxaz CH), 556 (dd, J(H,H)=10.2 Hz,
8.8 Hz, 1H, Oxaz CH), 7.2-7.5 (m, 10H, Ph); *C NMR (100 MHz, CDCl,,
25°C): 6=14.20 (2C, CHj;), 42.70 (1C, Oxaz methylene C), 51.25 (1C,
methylene C), 63.24 (2C, CH,), 70.33 (1C, Oxaz CH), 70.44 (2C, sp® C),
70.50 (1 C, Oxaz CH), 71.57 (1 C, Oxaz sp® C), 72.47 (1 C, Oxaz sp> C), 75.79
(2C, Oxaz CH,), 126.99 (2C, Ph C), 127.03 (2C, Ph C), 127.80 (1C, Ph C),
127.89 (1C, Ph C), 128.75 (2C, Ph C), 128.80 (2C, Ph C), 138.58 (1C, Ph C),
138.60 (1C, Ph C), 138.83, 138.91, 141.30, 141.54, 141.63, 141.77, 142.25,
142.43,142.65, 142.78, 142.89, 143.24, 143.42, 143.66, 143.82, 143.88, 143.95,
144.00, 144.41, 144.57, 144.68, 144.94, 145.21, 145.32, 145.41, 145.48, 145.54,
145.59, 146.09, 146.12, 146.51, 146.54, 146.76, 147.27, 147.55, 160.52 (1C,
CN), 160.67 (1C, CN), 163.45 (2C, CO); IR (KBr): #=3085, 3060, 3027,
2976, 2958, 2931, 2931, 1745 (C=0), 1663 (C=N), 1493, 1454, 1366, 1296,
1235, 1098, 755, 699, 590, 543, 526 cm~!; UV/Vis (CH,CL): A, (€) =252
(85000), 311 (32000), 359 (12000), 421 (2100), 482 (2500) nm; MS (FAB/3-
NBA): miz=1183 ([M*+H], 70%), 720 (Ci, 100% ), 2CH,N,Oy caled
1182.2.

Bisadduct 20: k' (HPLC, toluene/ethyl acetate 97:3): 31.89; 'H NMR
(400 MHz, CDCl,, 25°C): 6 =1.39 (t, J(H,H) =74 Hz, 3H, CH,), 1.43 (t,
J(H,H) =74 Hz, 3H, CH,), 4.40-4.56 (m, 6H, Oxaz CH, and CH,), 4.91
(dd, J(H,H) = 4.4 Hz, 8.3 Hz, 1H, Oxaz CH,), 4.94 (dd, J(H,H) = 4.4 Hz,
8.3 Hz, 1 H, Oxaz CH,), 5.54 (dd, J(H,H) = 9.8 Hz, 8.8 Hz, 2 H, Oxaz CH),
72-75 (m, 10H, Ph); *C NMR (100 MHz, CDCl,, 25°C): 6 =14.07 (1C,
CH;), 14.16 (1C, CHj), 40.51 (1C, Oxaz methylene C), 5341 (1C,
methylene C), 63.17 (1C, CH,), 63.20 (1C, CH,), 70.50 (2C, sp* C), 71.19
(2C, Oxaz CH), 71.63 (1 C, Oxaz sp® C), 72.40 (1 C, Oxaz sp® C), 75.79 (2C,
Oxaz CH,), 126.99 (4C, Ph C), 127.83 (2C, Ph C), 128.75 (4C, Ph C), 138.74
(2C, Ph C), 138.80, 138.92, 141.21, 141.26, 141.56, 141.59, 141.70, 141.76,
141.87, 141.90, 142.25, 142.30, 142.87, 143.27, 143.36, 143.73, 143.82, 144.04,
144.13, 144.17, 144.22, 144.33, 144.57, 144.77, 144.81, 145.03, 145.17, 145.36,
145.41, 145.56, 146.09, 146.40, 146.43, 146.47, 146.54, 147.29, 148.65, 148.72,
160.49 (2C, CN), 163.23 (1C, CO), 163.61 (1C,CO); IR (KBr): 7= 3060,
3027, 2975, 2925, 2899, 1743 (C=0), 1660 (C=N), 1493, 1452, 1366, 1296,
1238, 1094, 756, 740, 698, 582, 542, 524 cm~'; UV/Vis (CH,CL,): A (€) =
251 (79000), 311 (30000), 356 (11000), 399 (3200), 423 (1900), 481
(2300) nm; MS (FAB/3-NBA): m/z=1183 ([M*+H], 47%), 720 (Cé.
100% ), 12CyHoN, O, caled 1182.2.

Bisadduct 21: k' (HPLC, toluene/ethyl acetate 97:3): 31.89; 'H NMR
(400 MHz, CDCly, 25°C): 6 = 1.39 (t, J(H,H) =7.4 Hz, 3H, CH,), 1.43 (t,
J(H,H) =74 Hz, 3H, CH,), 4.40-4.56 (m, 6H, Oxaz CH, and CH,), 4.91
(dd, J(H,H) =4.4 Hz, 8.3 Hz, 1H, Oxaz CH,), 4.94 (dd, J(H,H) =4.4 Hz,
8.3 Hz, 1H, Oxaz CH,), 5.54 (dd, J(H,H) =9.8 Hz, 8.8 Hz, 2H, Oxaz CH),
72-75 (m, 10H, Ph); ®C NMR (100 MHz, CDCl,, 25°C): 6 =14.07 (1C,
CH,), 14.16 (1C, CHs), 40.51 (1C, Oxaz methylene C), 53.41 (1C,
methylene C), 63.17 (1C, CH,), 63.20 (1C, CH,), 70.50 (2C, sp* C), 71.19
(2C, Oxaz CH), 71.63 (1 C, Oxaz sp* C), 72.40 (1 C, Oxaz sp® C), 75.79 (2C,
Oxaz CH,), 126.99 (4C, Ph C), 127.83 (2C, Ph C), 128.75 (4 C, Ph C), 138.74
(2C, Ph C), 138.80, 138.92, 141.21, 141.26, 141.56, 141.59, 141.70, 141.76,
141.87, 141.90, 142.25, 142.30, 142.87, 143.27, 143.36, 143.73, 143.82, 144.04,
144.13, 144.17, 144.22, 144.33, 144.57, 144.77, 144.81, 145.03, 145.17, 145.36,
145.41, 145.56, 146.09, 146.40, 146.43, 146.47, 146.54, 147.29, 148.65, 148.72,
160.49 (2C, CN), 163.23 (1C, CO), 163.61 (1C, CO); IR (KBr): # = 3060,
3027, 2975, 2925, 2899, 1743 (C=0), 1660 (C=N), 1493, 1452, 1366, 1296,
1238, 1094, 756, 740, 698, 582, 542, 524 cm™"; UV/Vis (CH,CL): Ay (£) =
251 (79000), 311 (30000), 356 (11000), 399 (3200), 423 (1900), 481
(2300) nm; MS (FAB/3-NBA): m/z=1183 ([M*+H], 67%), 720 (Ci.
100% ), 12CgHoN, O, caled 1182.2.

Adducts 22-23: Diethyl bromomalonate (40 puL, 1.1 equiv) and NaH
(50 mg, 10 equiv) were added to a solution of 18 (or 19, 20, 21; 250 mg,
0.21 mmol) in dry toluene (200 mL). After stirring for 24 h at RT the excess
NaH was destroyed with H,SO, (5mL, 2N). The reaction mixture was
concentrated and separated with preparative HPLC (SiO,, toluene/ethyl
acetate/triethylamine 96:3.8:0.2). Relative yield: (+)-22 (22%), (—)-23
21%), (-)-22 (21%), (—)-23 (22%).
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Trisadduct (+)-22: R; (SiO,, toluene/ethyl acetate/triethylamine
96:3.8:0.2): 23.84; '"H NMR (400 MHz, CDCl;, 25°C): 6=13-14 (m,
12H, CH,), 4.25-4.45 (m, 10H, Oxaz CH, and CH,), 4.82 (dd, J(H,H) =
10.3 Hz, 8.8 Hz, 1H, Oxaz CH,), 4.86 (dd, J(H,H)=10.3 Hz, 8.8 Hz, 1H,
Oxaz CH,), 5.44 (dd, J(H,H) =10.3 Hz, 8.3 Hz, 1H, Oxaz CH), 5.48 (dd,
J(H,H) =10.2 Hz, 8.8 Hz, 1H, Oxaz CH), 72-7.4 (m, 10H, Ph); *C NMR
(100 MHz, CDCl;, 25°C): 6 =14.02 (1 C, CH,), 14.07 (2C, CH;), 14.14 (1C,
CH3,), 42.03 (1C, Oxaz methylene C), 52.75 (1 C, methylene C), 52.90 (1C,
methylene C), 63.02 (2C, CH,), 63.06 (2C, CH,), 70.07 (1C, sp* C), 70.15
(1C, sp® C), 70.24 (1C, Oxaz CH), 70.42 (1 C, Oxaz CH), 70.82 (1C, Oxaz
sp® C), 70.90 (2C, sp* C), 71.68 (1C, Oxaz sp* C), 75.67 (1C, Oxaz CH,),
75.72 (1C, Oxaz CH,), 126.99 (2C, Ph C), 127.03 (2C, Ph C), 127.71 (1C, Ph
C), 12781 (1C,Ph C), 128.67 (2C,Ph C), 128.73 (2C, Ph C), 140.81 (1 C, Ph
C), 140.92 (1C, Ph C), 140.95, 141.30, 141.67, 141.74, 141.88, 141.92, 142.25,
142.40, 142.47, 142.74, 142.93, 143.38, 143.44, 143.55, 143.91, 144.17, 144.22,
144.28, 144.53, 144.73, 144.94, 145.03, 145.16, 145.50, 145.56, 145.61, 146.18,
146.27, 146.38, 146.43, 146.51, 146.62, 146.65, 146.69, 146.78, 146.85, 147.02,
147.20, 160.38 (1 C, CN), 160. 49 (1C, CN), 163.04 (1C, CO), 163.39 (2C,
CO), 163.40 (1C, CO); IR (KBr): 7=3060, 3027, 2977, 2926, 2901, 1874,
1744 (C=0), 1661 (C=N), 1493, 1453, 1388, 1366, 1296, 1270, 1241, 1214,
1101, 742, 700, 527 cm~; UV/Vis (CH,CL): A, (¢) =252 (60000), 283
(42500), 352 (8750), 380 (3600), 483 (3100) nm; CD (CH;0H) =242 (Ae =
7), 251 (—19), 270 (6), 286 (—6), 300 (—34), 312 (11), 327 (- 5), 354 (19),
381 (—16), 395 (—21), 457 (—6), 489 (—6), 516 (5), 564 (16) nm; [a]p (c =
1mg/10 mL, CH;Cl)=+1800°; MS (FAB/3-NBA): m/z=1340 (M+,
100 %), 720 (C§, 100 %), >Co;H;sN,0, calcd 1340.2.

Trisadduct (—)-22: R; (SiO,, toluene/ethyl acetate/triethylamine
96:3.8:0.2): 23.84; '"H NMR (400 MHz, CDCl;, 25°C): 6=13-14 (m,
12H, CH;), 4.25-4.45 (m, 10H, Oxaz CH, and CH,), 4.82 (dd, J(H,H) =
10.3 Hz, 8.8 Hz, 1H, Oxaz CH,), 4.86 (dd, J(H,H)=10.3 Hz, 8.8 Hz, 1H,
Oxaz CH,), 5.44 (dd, J(H,H) =10.3 Hz, 8.3 Hz, 1H, Oxaz CH), 5.48 (dd,
J(H,H) =10.2 Hz, 8.8 Hz, 1H, Oxaz CH), 7.2-74 (m, 10H, Ph); *C NMR
(100 MHz, CDCl;, 25°C): 6 =14.02 (1 C, CH3;), 14.07 (2C, CH3;), 14.14 (1C,
CHs;), 42.03 (1 C, Oxaz methylene C), 52.75 (1 C, methylene C), 52.90 (1C,
methylene C), 63.02 (2C, CH,), 63.06 (2C, CH,), 70.07 (1C, sp? C), 70.15
(1C, sp? C), 70.24 (1C, Oxaz CH), 70.42 (1 C, Oxaz CH), 70.82 (1C, Oxaz
sp® C), 70.90 (2C, sp® C), 71.68 (1 C, Oxaz sp® C), 75.67 (1C, Oxaz CH,),
75.72 (1C, Oxaz CH,), 126.99 (2C, Ph C), 127.03 (2C, Ph C), 12771 (1C, Ph
C), 12781 (1C,Ph C), 128.67 (2C, Ph C), 128.73 (2C, Ph C), 140.81 (1C, Ph
C), 140.92 (1C, Ph C), 140.95, 141.30, 141.67, 141.74, 141.88, 141.92, 142.25,
142.40, 142.47, 142.74, 142.93, 143.38, 143.44, 143.55, 143.91, 144.17, 144.22,
144.28,144.53, 144.73, 144.94, 145.03, 145.16, 145.50, 145.56, 145.61, 146.18,
146.27, 146.38, 146.43, 146.51, 146.62, 146.65, 146.69, 146.78, 146.85, 147.02,
147.20, 160.38 (1C, CN), 160. 49 (1C, CN), 163.04 (1C, CO), 163.39 (2C,
CO), 163.40 (1C, CO); IR (KBr): #=23060, 3027, 2977, 2926, 2901, 1874,
1744 (C=0), 1661 (C=N), 1493, 1453, 1388, 1366, 1296, 1270, 1241, 1214,
1101, 742, 700, 527 cm™~!; UV/Vis (CH,CL): An. (€) =252 (61000), 283
(43000), 352 (8900), 380 (3600), 483 (3000) nm; CD (CH;O0H) =253 (Ae =
30), 278 (—9), 291 (—8), 302 (36), 314 (—17), 329 (4), 356 (—27), 383 (17),
397 (26), 458 (9), 490 (11), 518 (—8), 568 (—22) nm; [a]p (c=4.16 mg/
100 mL, CH,Cl,)=—1930°; MS (FAB/3-NBA): m/z=1340 (M-, 90%),
720 (Cy, 100 %), 12Cy3H36N,0, caled 1340.2.

Trisadduct (+)-23: R; (SiO,, toluene/ethyl acetate/triethylamine
96:3.8:0.2): 32.162; 'H NMR (400 MHz, CDCl;, 25°C): 6=1.33 (it,
J(H,H)=73 Hz, 6H, CH,), 138 (tt, J(H,H)=73 Hz, 6H, CH,), 425
4.50 (m, 10H, Oxaz CH, and CH,), 4.81 (dd, J(H,H)=10.3 Hz, 8.8 Hz,
1H, Oxaz CH,), 4.87 (dd, J(H,H) =10.2 Hz, 8.3 Hz, 1 H, Oxaz CH,), 5.44
(dd, J(H,H) =10.3 Hz, 8.8 Hz, 1 H, Oxaz CH), 5.48 (dd, J(H,H) =10.2 Hz,
8.8 Hz, 1 H, Oxaz CH), 7.2-74 (m, 10H, Ph); *C NMR (100 MHz, CDCl;,
25°C): 6=14.02 (1C, CHj;), 14.07 (2C, CH;), 14.14 (1 C, CH3;), 42.01 (1C,
Oxaz methylene C), 52.75 (1C, methylene C), 52.90 (1C, methylene C),
62.99 (2C, CH,), 63.06 (2C, CH,), 70.09 (1 C, sp* C), 70.13 (1 C, sp? C), 70.22
(1C, Oxaz CH), 70.44 (1C, Oxaz CH), 70.81 (1C, Oxaz sp’® C), 70.86 (1C,
sp® C), 70.92 (1C, sp* C), 71.65 (1 C, Oxaz sp* C), 75.67 (2C, Oxaz CH,),
127.01 (4C, Ph C), 12771 (1C, Ph C), 127.81 (1C, Ph C), 128.67 (2C, Ph C),
128.73 (2C, Ph C), 140.84 (1C, Ph C), 140.92 (1C, Ph C), 141.24, 141.32,
141.63, 141.76, 141.85, 141.88, 142.41, 142.52, 142.82, 142.96, 143.09, 143.38,
143.49, 143.69, 144.17, 144.26, 144.31, 144.61, 144.83, 144.92, 144.99, 145.16,
145.47, 145.56, 145.58, 145.62, 145.65, 146.21, 146.27, 146.38, 146.49, 146.56.
146.62, 146.67, 146.76, 146.84, 146.93, 14722, 148.33, 160.38 (1C, CN),
160.49 (1C, CN), 163.04 (1C, CO), 163.37 (1C, CO), 163.41(2C,CO); IR
(KBr): 7=33061, 3028, 2960, 2924, 2853, 1744 (C=0), 1663 (C=N), 1493,
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1454, 1367, 1243, 1215, 1100, 742, 700, 527 cm~!; UV/Vis (CH,CL): A
() =252 (60500), 283 (42700), 353 (9000), 381 (3800), 483 (3100) nm; CD
(CH;0H) =254 (Ae=—29), 277 (10), 291 (9), 302 (—33), 314 (18), 329
(=7), 383 (—18), 397 (—27), 458 (—9), 490 (—11), 519 (—7), 568 (23) nm;
[a]s (c =4.16 mg/100 mL, CH,Cl,) =2020°; MS (FAB/3-NBA): m/z = 1340
(M*, 80%), 720 (Cé, 100% ), 2CysH,sN, 05, caled 1340.2.

Trisadduct (—)-23: R; (SiO,, toluene/ethyl acetate/triethylamine
96:3.8:0.2): 32.162; 'H NMR (400 MHz, CDCl;, 25°C): 6=1.33 (tt,
J(HH)=73Hz, 6H, CH,), 138 (tt, J(H,H) =73 Hz, 6H, CH,), 4.25-
4.50 (m, 10H, Oxaz CH, and CH,), 4.81 (dd, J(H,H)=10.3 Hz, 8.8 Hz,
1H, Oxaz CH,), 4.87 (dd, J(H,H) =10.2 Hz, 8.3 Hz, 1H, Oxaz CH,), 5.44
(dd, J(H,H) =10.3 Hz, 8.8 Hz, 1 H, Oxaz CH), 5.48 (dd, J(H,H) =10.2 Hz,
8.8 Hz, 1H, Oxaz CH), 7.2-7.4 (m, 10H, Ph); *C NMR (100 MHz, CDCl,,
25°C): 6=14.02 (1C, CH,), 14.07 (2C, CH3), 14.14 (1C, CH,), 42.01 (1C,
Oxaz methylene C), 52.75 (1C, methylene C), 52.90 (1C, methylene C),
62.99 (2C, CH,), 63.06 (2C, CH,), 70.09 (1C, sp* C), 70.13 (1C, sp* C), 70.22
(1C, Oxaz CH), 70.44 (1C, Oxaz CH), 70.81 (1C, Oxaz sp’® C), 70.86 (1C,
sp® C), 70.92 (1C, sp* C), 71.65 (1C, Oxaz sp* C), 75.67 (2C, Oxaz CH,),
12701 (4C, Ph C), 12771 (1C, Ph C), 12781 (1 C, Ph C), 128.67 (2C, Ph C),
12873 (2C, Ph C), 140.84 (1C, Ph C), 140.92 (1C, Ph C), 141.24, 141.32,
141.63, 141.76, 141.85, 141.88, 142.41, 142.52, 142.82, 142.96, 143.09, 143.38,
143.49, 143.69, 144.17, 144.26, 144.31, 144.61, 144.83, 144.92, 144.99, 145.16,
145.47,145.56, 145.58, 145.62, 145.65, 146.21, 146.27, 146.38, 146.49, 146.56.
146.62, 146.67, 146.76, 146.84, 146.93, 147.22, 148.33, 160.38 (1C, CN),
160.49 (1C, CN), 163.04 (1C, CO), 163.37 (1C, CO), 163.41 (2C, CO); IR
(KBr): #=33061, 3028, 2960, 2924, 2853, 1744 (C=0), 1663 (C=N), 1493,
1454, 1367, 1243, 1215, 1100, 742, 700, 527 cm™'; UV/Vis (CH,CL): Apa
() =252 (61000), 283 (42000), 353 (7500), 381 (3800), 483 (3400) nm; CD
(CH,OH) =230 (Az =23), 242 (—16), 253 (28), 273 (—18), 289 (—9), 300
(39), 312 (— 19), 327 (5), 354 (—32), 380 (17), 394 (27), 456 (8), 489 (8), 516
(~10), 564 (—25); [a]p (c=1mg/10 mL, CH,Cl) = —2200°; MS (FAB/3-
NBA): m/z=1340 (M*, 75%), 720 (Céy, 100%), 2Co;HsN,O,, caled
1340.2.

Acknowledgements: This work was supported by the BMBF and Hoechst.
We are indebted to Iris Berger and Dr. R. Waibel from the Institut fiir
Pharmazie der Universitdt Erlangen for recording the CD spectra.

Received: June 27, 1997 [F740]

[1] a) A. Hirsch, The Chemistry of the Fullerenes, Thieme, Stuttgart,
1994; b) F. Diederich, C. Thilgen, Science 1996, 271.

[2] F. Diederich, C. Thilgen, C. Herrmann, Nachr. Chem. Tech. Lab. 1996,
44, 9.

[3] A. Hirsch, I. Lamparth, H. R. Karfunkel, Angew. Chem. 1994, 106,
453; Angew. Chem. Int. Ed. Engl. 1994, 33, 437.

[4] A. Hirsch, I. Lamparth, T. Grésser, H. R. Karfunkel, J. Am. Chem.
Soc. 1994, 116, 9385.

[5] I. Lamparth, C. Maichle-Mossmer, A. Hirsch, Angew. Chem. 1995,
107, 1755; Angew. Chem. Int. Ed. Engl. 1995, 34, 1607.

[6] I. Lamparth, A. Herzog, A. Hirsch, Tetrahedron 1996, 52, 5065.

[7] E. Djojo, A. Herzog, I. Lamparth, F. Hampel, A. Hirsch, Chem. Eur. J.
1996, 2, 1537.

[8] X. Camps, H. Schonberger, A. Hirsch, Chem. Eur. J. 1997, 3, 561.

[9] a) L.Isaacs, R. F. Haldimann, F. Diederich, Angew. Chem. 1994, 106,
2434; Angew. Chem. Int. Ed. Engl. 1994, 33, 2439; b) L. Isaacs, R. F.
Haldimann, F. Diederich, Angew. Chem. 1995, 107, 1636; Angew.
Chem. Int. Ed. Engl. 1995, 34, 1466.

[10] E F. Nierengarten, V. Gramlich, F. Cardullo, F. Diederich, Angew.
Chem. 1996, 108, 2242; Angew. Chem. Int. Ed. Engl. 1996, 35, 2101.

[11] E. Nakamura, H. Isobe, H. Tokuyama, M. Sawamura, Chem.
Commun. 1996, 1747.

[12] A.Herrmann, M. Riittimann, C. Thilgen, F. Diederich, Helv. Chim.
Acta 1995, 78, 1673.

[13] B. Gross, V. Schurig, I. Lamparth, A. Herzog, F. Djojo, A. Hirsch,
Chem. Commun. 1997, 1117.

[14] T. G. Grant, A. 1. Meyers, Tetrahedron 1994, 50, 2297.

[15] For an early study on kinetic resolution of diastereomers see: J. M.
Hawkins, A. Meyer, M. Nambu, J. Am. Chem. Soc. 1993, 115, 9844.

0947-6539/98/0402-0355 $ 17.50+.25/0 — 355





FULL PAPER

A. Hirsch and F. Djojo

16] A. Herrmann, F. Diederich, Helv. Chim. Acta. 1996, 79, 1741.

17] X. Camps, A. Hirsch, J. Chem. Soc. Perkin Trans. 1 1997, 1595.

18] C. Bingel, Chem. Ber. 1993, 126, 1957.

19] For the nomenclature and bond labeling of chiral fullerene derivatives
see: a) C. Thilgen, A. Herrmann, F. Diederich, Helv. Chim. Acta 1997,
80,183;b) A. Hirsch, I. Lamparth, G. Schick, Liebigs Ann. 1996, 1725.

[20] C. Bolm, Angew. Chem. 1991, 103, 556; Angew. Chem. Int. Ed. Engl.

1991, 30, 542.

[21] A. Pfaltz, Acc. Chem. Res. 1993, 26, 339.

[22] D. A. Evans, M. M. Faul, M. T. Bilodeau, J. Am. Chem. Soc. 1994, 116,

2742.

[
[
[
[

[23] R. E. Lowenthal, S. Masamune, Tetrahedron 1991, 32, 7373.

[24] A.S. Gokhale, A. B. E. Minidis, A. Pfaltz, Tetrahedron Lett. 1995, 36,
1831.

[25] M. B. Andrus, A. B. Argade, X. Chen, M. Pamment, Tetrahedron Lett.
1995, 36, 2945.

[26] S.E. Denmark, N. Nakajiama, O.J. C. Nicaise, J. Am. Chem. Soc.
1994, 116, 8797.

[27] E.J. Corey, K. Ishihara, Tetrahedron Lett. 1992, 33, 6307.

[28] D. A. Evans, S. J. Miller, T. Lectka, J. Am. Chem. Soc. 1993, 115, 6460.

[29] E. Novello, M. Prato, T. Da Ros, M. De Amici, A. Bianco, C. Toniolo,
M. Maggini, Chem. Commun. 1996, 903.

356 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

0947-6539/98/0402-0356 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 2






FULL PAPER

Metalloporphyrin Oligomers with Collapsible Cavities: Characterisation and

Recognition Properties of Individual Atropisomers

Nick Bampos, Valérie Marvaud, and Jeremy K. M. Sanders*

Abstract: Hydrogenation of a buta-
diyne-linked cyclic porphyrin dimer
and trimer leads to new tetramethy-
lene-linked [-(CH,),-] hosts. The flexible
linkers give rise to multiple exchanging
atropisomers of the trimer, and cavities
that are collapsible. NMR spectroscopy
has been used to characterise the equi-
libration and recognition properties of
two of these individual trimer atrop-
isomers: competition experiments with
other trimers show that the all-cis isomer
binds to s-tri(4-pyridyl)triazine with an

affinity in CDCIl; solution of 10°-
10"m~1; its cavity responds to the in-
cluded ligand, to produce the optimum
geometry for three simultaneous pyri-
dine — Zn interactions. The trans,trans,cis
isomer recognises 1,4-diazabicy-
clo[2.2.2]octane (DABCO) very effi-
ciently by cofacial binding of two por-

Keywords: atropisomerism - metal-
loporphyrins - molecular recogni-
tion - porphyrinoids - zinc

phyrin units, forcing the third unit into a
perpendicular geometry that leads to
characteristic chemical shift effects ex-
tending over many Angstroms. In each
case, the added ligand binds sufficiently
strongly to shift the atropisomer distri-
bution quite dramatically. The corre-
sponding dimer appears to be intramo-
lecularly aggregated, significantly inhib-
iting intracavity binding; only DABCO
is bound strongly within the cavity.

Introduction

One of the key aims of supramolecular chemistry is to create
enzyme mimics capable of recognition and catalysis.'l A key
step of our research in this area was the controlled synthesis of
the butadiyne-linked trimer [Zn;(1)] and related dimers and
tetramers by means of templated Glaser—Hay coupling of
preformed porphyrin monomers, Equation (1).12?

Porph—C=C—H + H-C=C—Porph —Porph—C=C—C=C—Porph 1)

This trimer has proved to be a versatile object for molecular
recognition: it has well-defined ligand-binding properties,
stereoselectively accelerates an exo-Diels— Alder reaction,
and also catalyses an acyl transfer.’! However, it has been an
important part of our strategy to create a series of receptors
using the same fundamental Zn-N recognition event, but
with a range of cavity shapes and sizes, and preferably using
the same diarylporphyrin monomer as a building block. In this
paper we describe how the hydrogenation of the butadiyne
linkers in trimer [Zn;(1)] and dimer [Zn,(2)] generates the

[*] Prof. J. K. M. Sanders, N. Bampos, V. Marvaud
Cambridge Centre for Molecular Recognition
University Chemical Laboratory
Lensfield Road, Cambridge CB21EW (UK)
Fax: Int. code + (44)1223336017
e-mail: jkms@cam.ac.uk
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tetramethylene-linked floppy trimer [Zns(3)] and floppy
dimer [Zn,(4)]. Unlike its parent [Zn;(1)], the new trimer is
ineffective at accelerating our Diels— Alder reaction because
the Diels — Alder transition state is very well defined and so is
sensitive to any changes in the geometry. As is often the case,
these new hosts are shown to have cavities with geometrical
and ligand-binding properties radically different from those of
their parents that might have not been anticipated in the early
stages of planning.[’]

Results and Discussion

Synthesis and characterisation of the nonrigid trimer: Hydro-
genation of the (analytically pure) parent host [Zn,(1)] with
Pd/C in THF gave the new tetramethylene-linked host
[Zn4(3)] in good yield (>75%). Characterisation by mass
spectrometry was straightforward and loss of the butadiyne
UV absorptions at 41=315-335nm was also diagnostic.
However, the 'H NMR spectrum was extremely complex
(Figure 1a), displaying a number of signals around ¢ =10
where a single meso resonance was expected. The spectrum of
the free base Hy(3) was similar. The large number of signals
and their differing intensities rule out the presence of only two
conformers. This complexity persisted through many rounds
of attempted purification by chromatography and recrystal-
lisation, and we were eventually forced to accept that it is an
intrinsic property of the pure compound. Furthermore,
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Figure 1. 'TH NMR spectrum (400 MHz, CDCl;, 298 K) of a) [Zn;(3)];
b) the same sample after addition of 1 equivalent of Py;T.

neither the number nor the relative intensities of the signals
were significantly dependent on temperature (320 to 220 K in
CDCl;) or concentration (1073 to 10~°m). The explanation
must therefore lie in the presence of slowly exchanging
atropisomers that differ in the cis/trans arrangement of the
tetramethylene linkers.*81 This is confirmed by the simplifi-
cation of the spectrum upon addition of the trifunctional
ligand s-tri(4-pyridyl)triazine (Py,T, Figure 1b). Scheme 1
shows three of the four possible conformational isomers,

336 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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together with the major complexes with Py,;T and DABCO,
which are described in more detail below.

COSY spectroscopy defined coupled sequences of protons
in the '"H NMR spectrum of ligand-free [Zns(3)]. Tight
overlapping spin systems were identified in the aromatic
region between  =7.5 and 8.0, while more dispersed coupled
partners were identified in the aliphatic region between
0=19 and 4.5 for the CH,CH, fragments of the por-
phyrin ester side chains, in addition to the CH, groups
of the tetramethylene linkers (0~3.0 and 2.1). As many
as six ester side-chain CH,CH, pairs were assigned in
the COSY spectrum, but could not be connected through
spin coupling with the six isolated meso resonances. Other
coupled spin systems might also have been present, but
the low intensity of some resonances made identification
of diagnostic cross-peaks in heavily congested regions diffi-
cult.

The NOESY spectrum was even more complicated but
correspondingly more informative. Beginning with the reso-
nances in the meso region, a series of porphyrin units were
constructed from the NOE connectivities between meso
resonance(s), the ester side chain(s), the methyl groups, the
linker and aromatic protons (Scheme 2). In the case of a
spatially symmetrical trimer, only resonances attributed to
one such porphyrin unit might be expected, characterised by a
single meso proton. For nonsymmetrical trimers, more than
one porphyrin unit (and consequently more than one meso
proton) would be expected for each cyclic oligomer, each unit
connected to the others by the NOEs transmitted through the
connecting tetramethylene linkers.

In the NOESY spectra of these large molecules, true NOE
cross-peaks and those arising from chemical or conforma-
tional exchange appear with the same negative phase;
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Scheme 1. Conformational isomers of [Zn;(3)] in solution and their major Py;T and DABCO complexes. The isomerism is defined by the relative orientation
of the alkyl chains linking any two porphyrins relative to the plane of the assigned porphyrin.

Scheme 2. Some intramolecular NOEs used to construct connectivities
around a porphyrin ring.

however in ROESY spectra it proved easy to distinguish
negative exchange peaks due to intermolecular exchange
between specific meso protons of the various conformational
forms from through-space NOE cross-peaks.’! Similar ex-
change peaks were identified in the aromatic region and for
sets of methyl and methoxy singlets in the aliphatic region.
Inspection of the remote meso region of the ROESY (or
NOESY) spectrum (Figure 2) shows exchange only between
certain resonances. The resonance at 0 =9.88, which had
exchange cross-peaks only to the resonances at 0 =9.93 and
9.66 (intensity ratio 2:1 respectively), was assigned to the open
[Zn4(3)] form, on the basis that it displayed the simplest
connectivity pattern to other resonances in the spectrum and
its similarity to the [Zn;(3)(pyst)] complex, described below.

The interconversion of the different forms of [Zn;(3)]
requires that one porphyrin —aromatic bond is allowed to flip

Chem. Eur. J. 1998, 4, No. 2
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PPM 10.0 9.8 9.6
Fa

Figure 2. Meso region of the NOESY spectrum of [Zn;(3)] (500 MHz,
CDCl;, 300 K, 7,, =900 ms), showing exchange peaks between atropisom-
ers.

by 180°. Rotating one such bond of the cis,cis,cis (ccc) isomer
will result in one trans porphyrin unit, while the other two will
remain cis, forming the trans,cis,cis (tcc) conformer. This fcc
atropisomer should give two meso resonances in the ratio 2:1,
consistent with the experimental observation described
above; this mechanism does not give rise to direct exchange
peaks between inequivalent positions of the same isomer and,
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significantly, no cross-peak was observed between the signals
of the tcc atropisomer at 6 =9.93 and 9.66.

In the NOESY spectrum, the two peaks attributed to the tcc
atropisomer exhibit exchange peaks to the ccc atropisomer, in
addition to resonances at 0 =10.19 and 9.63 (ratio 1:2). No
exchange peaks were identified between the two meso peaks
at 0 =10.19 and 9.63 and the ccc meso resonance at & =9.88,
or between the peaks at 0 =10.19 and 9.63. This implies
interconversion of a second cis porphyrin in the fcc form, into
the trans geometry and a resulting trans,trans,cis (ttc) atro-
pisomer. Both meso resonances of the ttc form exhibit
exchange cross-peaks to the two peaks of the tcc atropisomer
in addition to a small singlet at d =9.69, which shows no cross-
peak to any other meso peaks. It follows that the 6 =9.69 peak
be assigned to the all-trans (ttr) form. Relative intensities of
the well-separated singlets give a ccc:tcc:ttc:ttt distribution of
~22:25:9:4, rather than the statistical 1:3:3:1 which would be
expected in the absence of any strain. The fcc isomer is slightly
more abundant than expected and ccc is the most favoured,
while the #fc and ttt are clearly disfavoured to a small extent.

A similar series of exchange peaks were identified for the
methoxy methyl and pyrrolic methyl resonances (to which
indirect NOEs were recorded from the meso protons), which
also helped in the assignment of many of the resonances of
this complicated spectrum, and confirmed the presence of the
various atropisomeric forms.

NMR titrations: tri-, bi- and monodentate nitrogen-based
ligands

Characterisation of the Py;T complex: The dramatically
simpler spectrum (Figure 1b) of the [Zn;(3)(pyst) ] complex is
similar to that of the rigid trimer [Zns(1)] and its Py,T
complex;Pl it also confirmed the purity of [Zn;(3)]. At room
temperature, all signals associated with the Py;T complex
appear sharp; bound Py;T signals appear at 0 =5.77 (H,) and
2.08 (H,), significantly shifted to high field as a result of the
porphyrin ring current. The complex is in slow exchange with
excess ligand resonating at 6 = 8.56 and 8.93. Significantly, the
bound Py;T signals for the floppy trimer [Zn;(3)] were
recorded at slightly higher field (by ~0.1 and 0.3 ppm for Hy
and H,, respectively) relative to the [Zn;(1)] complex, owing
to an increased ring current effect. This implies that the
nonrigid trimer can contract into its own cavity so as to bind
the Py;T molecule more effectively. This result is consistent
with modelling and experimentall'”) studies, which indicate
that Py, T is slightly too small for the rigid [Zn;(1)] analogue,
and with the competition experiments described below.
COSY and NOESY spectra provided further structural
characterisation of the [Zn;(1)(pyst)] complex; Scheme 3
summarises the key host—guest cross-peaks observed in the
NOESY spectrum. The C NMR spectrum of [Zn;(3)(pyst) ]
also became simplified and sharpened upon addition of Py,T.

UV/Vis conformational analysis: The UV/Vis spectrum of
[Zn5(3)] contains a broad Soret band at A =411 nm (W, ~
17 nm) in contrast to the corresponding peak for the rigid
trimer [Zn;(1)] at A =409 nm (W,,,~ 10 nm). The breadth of
the [Zn3(3)] Soret band may be due in part to the overlap of
inequivalent bands from the various atropisomers and in part
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Scheme 3. Schematic representation of a fragment of the [Zn;(3)(pyst)]
complex, showing significant through-space connectivities from NOESY
spectroscopy (7, = 1.2 s), in addition to those shown in Scheme 2.

to exciton coupling between individual porphyrin units within
some of the isomers;'! the flexible linkers would allow
favourable i —m-interactions and close porphyrin proximity as
seen in some of our earlier systems.'?l Titration of a Py;T/
CH,(l, solution resulted in a lack of isosbesticity, but finally
led to a sharp band, red-shifted by approximately 7 nm.
Unfortunately, the complications of time-dependent atropi-
somerism and nonisosbesticity precluded any meaningful
determination of binding constants.

In order to probe the binding interaction in more detail, a
millimolar Py;T/CH,CI, solution (up to one equivalent) was
added to a micromolar solution of [Zn;(3)] and the appear-
ance of the Soret band in the UV/Vis spectrum was monitored
as a function of time (spectrum recorded within four seconds
of ligand addition, every second for up to two minutes). The
intention was to observe slight changes in the appearance of
the broad Soret band in the early stages after addition that
might suggest a perturbation in the equilibrium of the
atropisomers, but the changes at UV concentrations, if any,
proved difficult to detect.

In a series of NMR competition experiments, the Py;T
complex of one trimer was formed (i.e. floppy [Zns(3)] or
rigid [Zn;(1)]), and then an amount between 0.5 equiv and an
excess of the other trimer added. In the '"H NMR spectrum,
the bound Py,;T Hgprotons of the two complexes
[Zn;(1)(pyst)] and [Zn;(3)(pyst)], appearing at 6 =5.87 and
5.77, respectively, were the most useful probe. After some
hours, equilibrium was reached, with Py,T distributed be-
tween [Zns(1)] and [Zn3(3) ] in a ratio of approximately 35:65.
When the same experiments were repeated in the presence of
three equivalents of pyridine, the final equilibrium—again
reached after some hours—favoured the [Zn;(3)(pyst)] com-
plex over the [Zn;(1)(pyst)] complex by 7:1; selected spectra
from the titration are shown in Figure 3. These experiments
show a) that Py,T has an intrinsic binding constant for ccc-
[Zn4(3)] that is larger than for the rigid [Zn;(1)] (=~ 10°M71);
b) that interconversion between the atropisomers followed
by trapping of ccc with Py;T is a slow process, taking some
hours to reach equilibrium; ¢) that in the absence of added
pyridine, there are probably intramolecular 7 — w-interactions
within some of the atropisomers, reducing the affinity for free
ligands."”l The large affinity of ccc-[Zn3(3)] for Py;T, deduced
from these competition experiments, is consistent with the
cavity contraction and close porphyrin-ligand approach
indicated by the chemical shifts of the bound ligand. On
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Figure 3. '"H NMR spectrum (400 MHz, CDCl;, 298 K) of a) 1 equiv Py;T
added to a 2.2.2 rigid trimer [Zn;(1)] solution; b) 3 equiv pyridine added to
1 equiv of the floppy trimer [Zn;(3)]; ¢) the spectrum resulting from the
addition of b) to a). The sample was monitored over two weeks, showing
little change in appearance relative to that acquired soon after addition.

addition of the rigid trizinc trinitro- or hexanitro trimers to a
solution of [Zn;(3)(py,t)], the ligand migrated exclusively to
the strongly-binding nitro trimers, so its affinity for [Zn;(3)] is
less than ~10"m~1.21

Characterisation of the 1:1 DABCO complex: A DABCO
solution (millimolar in CDCl;) was titrated into a [Zn;(3)]
solution and changes in the appearance of the 'H NMR
spectrum were recorded. Less than one added equivalent
afforded a sharp resonance at d =—5.25, diagnostic of the
bidentate guest doubly bound inside the cavity and, as a result,
experiencing the ring current of two neighbouring porphyrin
rings.'”) While the aliphatic region of the spectrum was
simplified relative to the initial [Zn;(3)] spectrum, a number
of meso resonances were still observed in the lowfield region,
with the aromatic region containing a complex overlay of
signals extending to 0=6.9. One equivalent of added
DABCO gave a sharp meso peak at 0 =9.43 and two low
intensity, broad resonances at 6 =10.4 and 9.9, with only a
slight further simplification in the appearance of the aromatic
and aliphatic regions. The signal at 6 =9.4 is characteristic of
the mutual upfield shift experienced by two porphyrins bound
to a single DABCO molecule.['?]

Addition of up to four equivalents of DABCO to the
[Zn5(3)] solution produced a sharp and radically different

Chem. Eur. J. 1998, 4, No. 2
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spectrum. While the high-field resonance at é=-15.25
broadened significantly, sharp aromatic resonances were
identified, particularly at 6 =6.84 (d), 6.73 (d) and 6.31 (dd).
The meso region contained three identifiable resonances: two
singlets at 0=10.27 and 9.48 in a ratio 1:2, which are
attributed to a single trimer molecule, plus a less intense
singlet at 6 =9.87, attributed to a symmetrical trimer. The first
and major species incorporates a DABCO molecule bound
between two porphyrin rings, with a second ligand bound on
the exterior face of the third porphyrin (Scheme 1) acting as a
monodentate ligand capping the third porphyrin, or as a
bidentate ligand bringing together two 1:1 complexes to form
a dimer of trimers (overall 2 meso signals in ratio 1:2 would be
expected). The minor symmetrical species is attributed to
[ccc - (dabeo);], with a monodentate ligand at each porphyrin
ring. The many other different DABCO-bound oligomers that
may be envisaged are present in concentrations too low to be
significant.

The 1:1 DABCO —trimer sandwich complex has one free
binding site. Addition of quinuclidine (one equivalent) gave
rise to two additional broad peaks at 6=—0.4 and —2.7;
these shifts are similar to those obtained from NMR titrations
of quinuclidine with the monomer [Zn(5)], and are consistent
with binding to the exterior face of the third porphyrin.

When a large excess of DABCO was added (> 10 equiv),
the symmetrical [ccc - (dabco);] increased in abundance, and
small peaks appeared at  =9.64 and 9.23 (ratio 1:2), due to a
new species that was not further characterised, but the
sandwich complex remained dominant. This demonstrates
the large effective molarity for intramolecular binding that is
possible when the linkages are flexible.

Structural characterisation of the [Zn;(3)(dabco)] com-
plexes required the use of two-dimensional NMR spectro-
scopy. COSY, NOESY and ROESY spectra were acquired of
a [Zn;(3)] solution containing four equivalents of DABCO, as
the resonances, particularly the aromatic resonances between
0 =28.2 and 6.3, were sharp enough to resolve couplings, while
the two complexes present were observed in spectroscopically
measurable quantities. In addition, the unprecedented dis-
persion of the aromatic region allowed complete assignment
of the spin-coupled systems by means of DQF COSY.
Figure 4 shows a portion of the COSY spectrum con-
taining the coupled protons of three unique aromatic rings
of the dominant complex, while other coupled resonances
were identified in the aliphatic region for methylene pro-
tons of the side chains and the methylene protons of the
linkers.

NOESY and ROESY spectra allowed the identification of
numerous NOEs and exchange peaks, leading to complete
assignment of a number of species in solution. Diagnostic
regions of the NOESY spectrum are shown in Figure 5. Some
of the key connections illustrated in Scheme 4, together with
model building, confirmed that the #tc complex is the major
species in solution (assignment of resonances is summarised in
Table 1): the shift to unusually high field of the two aromatic
doublets [0=6.84 (HY) and 6.73 (HY)] and doublet of
doublets [0 =6.31 (HY)] are due to the ring current of the
third porphyrin ring. In addition to NOESY cross-peaks, H!

gives exchange cross-peaks to H} and HI", indicating fast
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Figure 4. Aromatic region of the gradient-COSY spectrum (500 MHz,
CDCl,, 300 K, magnitude mode) of the [Zn;(3)(dabco)] complex.

Table 1. Assignment of the proton resonances (0) of the [Zn;(3)(dabco)]
complex shown in Scheme 4.

Fragment I Fragment II Fragment IIT
meso-H 9.48 9.48 10.27
-Me 2.15 1.87 2.63
-OMe 3.44 3.40 3.74
-CH,CH,COOMe 2.72 2.68 3.30
-CH,CH,COOMe 4.05 3.90 4.50
-H2 7.11 7.40 7.87
-H4 7.52 6.84 7.65
-HS 7.62 6.31 7.76
-H6 7.69 6.73 8.17
Ph-CH,CH,- 2.89 2.73 3.05
Ph-CH,CH,- 1.93 1.89 1.88

conformational exchange of the 1:1 complex on the T
timescale. A similar series of NOESY and exchange cross-
peaks can be assigned for each of the other aromatic protons,
the methyl and methoxy singlets. The DABCO resonance at
d=-—15 is significantly exchange-broadened and no cross-
peaks can be identified between it and the sharp resonances of
the host. The third porphyrin may use an additional DABCO
molecule to bind to a second ftc - dabco trimer complex. The
spectra also confirmed the structure of the minor [ccc - (dab-
c0);] complex to be similar to the Py;T complex.

Other monodentate and bidentate ligands: Addition of up to
3 equiv pyridine or quinuclidine to a CDCI; solution of
[Zn3(3)] resulted in a slight change in the appearance of the
spectrum, although a complex meso region was still observed.
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Figure 5. Selected region of the NOESY spectrum (500 MHz, CDCl;,
300 K, 7,, = 900 ms) for the [Zn;(3)(dabco) | complex (ratio 1:4). Significant
cross-peaks (through space) are observed between the 4!' aromatic proton
and 2, Me'" and 2",

o 3"

Scheme 4. Through-space connectivities for the [Zn;(3)(dabco)] complex
observed in the NOESY spectrum (500 MHz, CDCl;, 300 K, 7,, = 900 ms).

Broad resonances for bound pyridine appeared at 6 =6.3 (H,,
A6=-13) and 5.6 (H; Ad=-1.6) as expected, while the
most dramatically affected third resonance (6 = H,, Ad ~— 6)
was buried in the congested aliphatic region. Binding
quinuclidine to each monomer of the trimer, gave identifiable
highfield resonances at 6 =—3.35 (A0 =—6.19) and —0.59
(A60=-2.11), in addition to a resonance in the aliphatic
region at 6 = 1.60 (A6 =— 0.13). This behaviour parallels that
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for the addition of ligands to monomers. More than three
equivalents of added ligand gave resonances for the ligand as
an average between the bound and unbound chemical shifts,
but the meso region remains complicated with at least four
identifiable resonances. It appears, therefore, that monoden-
tate ligands are unable to change the atropisomeric equili-
brium dramatically.

A series of bidentate guests was also investigated: 4,4'-
bipyridyl, BiPy; 1,2-bis(4-pyridyl)ethane, Py,Et; 1,3-bis(4-
pyridyl)propane, Py,Pr; and 4'-phenyl-4,2".6',4"-terpyridyl,
Py,Py. To varying degrees, these behaved in ways that were
intermediate between monodentate ligands and Py;T. In no
case was it possible to characterise precise geometries.

Synthesis and characterisation of the floppy dimer: The 'H
NMR spectrum of the rigid dimer [Zn,(2)] exhibits sharp
resonances for all the proton environments over a range of
temperatures and solvents, while the UV spectrum gives a
sharp Soret band at A =410 nm.””) Hydrogenation of the bis-
acetylene linkers gave a product ([Zn,(4)]) in high yields (>
85 %) and which was pure by tlc; the 'TH NMR spectrum gave
broad aromatic and aliphatic resonances and a meso reso-
nance that was too broad to define, while in the UV/Vis
spectrum the Soret band was blue-shifted to A =406 nm.
These properties are characteristic of intramolecularly -
stacked porphyrins.'1?l Changing the solvent or the temper-
ature at which spectra were acquired had no significant effect
on the appearance of the NMR spectrum. Demetallation of
[Zn,(4)] (by treatment with 5% TFA in methanol) afforded a
sharp 'H NMR spectrum for H,(4), with a single meso
resonance at = 8.95. Spectra acquired at temperatures as low
as 210 K in CDCI; were highly broadened and resembled
those of the metallated analogues at ambient temperature.
This behaviour is entirely consistent with the greater -
stacking tendency of metallated porphyrins.'] The dimer does
not have sufficient flexibility to exhibit atroposomerism, and
has therefore a simpler complexation chemistry.

NMR titrations with amines: Addition of less than one
equivalent of quinuclidine or pyridine to a solution of [Zn,(4)]
in no produced no significant sharpening of the porphyrin
resonances, and resulted in the appearance of bound ligand
signals, as usual. When more than one equivalent of ligand
was added, the porphyrin signals sharpened and were
simplified considerably, while the ligand resonances broad-
ened into the baseline. This behaviour is similar to that of

—
==

earlier floppy dimers exhibiting intramolecular aggrega-
tion.'”! The meso resonance appeared at d~9.6, upfield
shifted by ~0.4 ppm due to intramolecular ring current
effects. This effect of neighbouring porphyrins is confirmed by
careful addition of [Zn(5)] to a DABCO solution. When one
equivalent of monomer was added, the meso proton shifts
from 6 =10.21 to 10.08, while addition of a second equivalent
of the monomer shifts the meso resonance further upfield
(0~9.7) due to the formation of the ternary complex
(Scheme 5, (a)). In this case, the porphyrin—porphyrin
distance is dependent on the ligand and the natural nitro-
gen—zinc bond length, with no additional structural con-
straints inherent in both cyclic dimer hosts. Similar shift
effects are apparent in the DABCO and BiPy complexes of
[Zn,(4)] and [Zn,(2)] and [Zn,(6)] 13 (Scheme 5).

NMR competition experiments between [Zn,(4)] and
[Zn,(2)] with various ligands gave results which are consistent
with the guest binding to the best-fit host. Addition of one
equivalent of the nonrigid host [Zn,(4)] to a solution of the
[Zn,(2)(bipy)] complex afforded no change in the appearance
of the spectrum, while addition of [Zn,(4)] to a 1:1 mixture of
[Zn,(2)] and DABCO resulted in the formation of the
[Zn,(4)(dabco)] complex with free [Zn,(2)]. Furthermore,
addition of DABCO or BiPy to a 1:1 mixture of dimers
[Zny(2)] and [Zn,(4)] gave exclusively spectra for the
[Zn,(4)(dabco)] and [Zn,(2)(bipy)] complexes, respectively,
with the accompanying free host.

Conclusions

The design strategy leading to porphyrin trimer [Zns(1)]
called for rigid linkers to separate the various ligand binding
sites and create large open cavities.>?] This strategy was
partially the result of earlier experiences with the collapsed
cavities of flexibly-linked cofacial porphyrin dimers.'” In this
paper we have shown that hydrogenation of the rigid
butadiyne linkages in [Zn;(1)] leads to a situation that can
be portrayed either as hopelessly complex or as extremely rich
in information. Using modern NMR techniques to probe the
processes occurring in an equilibrium mixture, we have
characterised the structures and dynamic interconversion of
several atropisomers and demonstrated the very different
molecular recognition properties of two of these isomers. The
all-cis isomer binds to Py;T with an affinity that exceeds the
10°M~! of [Zn;(1)] but is less than 10"M~!; its cavity responds

Scheme 5. Comparative chemical shifts for DABCO and BiPy complexes of [Zn(5)] (a), [Zn,(6)] (b), [Zn,(4)] (c, d) and [Zn,(2)] (e).
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to the included ligand, giving the optimum geometry for three
simultaneous pyridine—Zn interactions. In contrast, the
trans,trans,cis isomer recognises DABCO very efficiently by
cofacial binding of two porphyrin units, forcing the third unit
into a perpendicular geometry that leads to characteristic
chemical shift effects extending over many Angstroms. In
each case, the added ligand binds sufficiently strongly to shift
the atropisomer distribution quite dramatically. The corre-
sponding floppy dimer [Zn,(4)] appears to be intramolecu-
larly aggregated to a considerable extent, significantly inhib-
iting intracavity binding; only DABCO possesses the correct
geometry and binding strength to be bound strongly within
the cavity.

Experimental Section

"H NMR spectra were recorded on Bruker DPX 250 MHz, AM 400 MHz
or DRX 500 MHz spectrometers. Unless otherwise stated, spectra were
acquired in CDCl; at 300 K and referenced relative to solvent residuals
(60 =125 for CHCI,). For NMR titrations, the porphyrin solutions, typically
~1073M in porphyrin, were acquired with spectral widths large enough to
accommodate highfield resonances due to bound ligands. The chloroform
used was passed through a short alumina column to remove water, but
otherwise used as purchased.

UV/Vis spectra were recorded on a Hewlett Packard 8452 A diode array
spectrometer with temperature-regulated cell holders. Porphyrin solutions
were prepared in dry CH,Cl, (refluxed over K,COs;) and concentrations
were typically ~10-°M in porphyrin.

Two-dimensional spectra (gradient DQFCOSY, NOESY with 900 ms
mixing time and ROESY with a 600 ms spinlock pulse, from standard
Bruker pulse programs) were acquired at 300 K with a relaxation delay of
2s and 2048 data points in t,. Typically, 16 scans were accumulated for
640 increments in ¢,. Prior to FT, zero filling was applied to both ¢, and ¢,
(1K) and the data multiplied by a shifted sine-bell function in both
domains.

DABCO, quinuclidine, BiPy, Py,Et and Py,Pr were purchased from Aldrich
and sublimed prior to use. Py,Pyl'l and Py, Tl were prepared according
to reported methods. Liquid ligands were used as purchased, while
protonated solvents were distilled over a suitable drying agent prior to
use. CDCl; was passed through a short alumina plug to remove moisture
and traces of acid.

Floppy dimer [Zn,(4) ]: The rigid dimer [Zn,(2)] (150 mg, 0.077 mmol) was
dissolved in dry THF (400 mL, sparingly soluble), Pd/C catalyst added
(0.7 g) and the mixture stirred overnight under H, (three pump/H, cycles).
The mixture was filtered (Celite) and the solvent evaporated. The red
product was chromatographed on silica gel with CHCI; and subsequently
recrystallised from CHCL/MeOH. Yield 135mg (89%). 'H NMR
(400 MHz, [Ds]pyridine): 6 =1.77 (brt, 8H, -CH,CH,Ph), 2.24 (s, 24H,
pyrrole CH;), 271 (brt, 8H, -CH,CH,Ph), 288 (t, 16H,
-CH,CH,COOCH;), 3.43 (s, 24H, -CH,CH,COOCH;), 4,08-3.99 (m,
16H, -CH,CH,COOCH,), 6.93 (s,4H, aryl CH,), 7.51 (d, 4H, aryl CH), 7.57
(t, 4H, aryl CH), 8.01 (d, 4H, aryl CH), 9.65 (s, 4H, meso-H); 3C NMR
(100 MHz, [Ds]pyridine): 6 =14.9 (CHj;), 21.6 (side-chain CH,), 31.1, 35.4
(linker CH,), 36.9 (side-chain CH,), 51.3 (OCHy;), 96.2 (meso-CH), 118.9
(meso-C), 127.0,127.8,130.3, 133.4, 141.8, 143.5 (aryl C), 138.4,140.4, 145.2,
1472 (pyrrole C), 173.4 (CO); FAB calcd for C;;,H;;,NgO;6Zn, 1961 [M*],
found 1959; UV/Vis (CH,Cl,): A,,.x =407 (Soret), 544, 577 (Q bands), 335
(broad) nm.

Floppy dimer H,(4): [Zn,(4)] (150 mg, 0.0765 mmol) was dissolved in
CH,Cl, (150mL) and treated with trifluoroacetic acid (2 x 100 mL,
methanolic solution). The resulting green solution was washed with water
(5 x 300 mL), dried (over K,COs), filtered and the solvent evaporated. The
red product was chromatographed on silica gel with CHCI; and recrystal-
lized from CHCly/MeOH. Yield 122 mg (87%). '"H NMR (250 MHz,
CDCl;): 6 =—3.19 (s, 4H, inner protons), 2.01 (brt, 8H, -CH,CH,Ph), 2.29
(s, 24H, pyrrole CH,), 2.70 (t, 16H, -CH,CH,COOCH;), 2.95 (brt, 8H,
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CH,CH,Ph), 3.53 (s, 24H, -CH,CH,COOCH), 3.59-3.41 (dg, 16H, -
CH,CH,COOCH,), 7.80-7.38 (m, 16 H, aryl CH), 8.95 (s, 4H, meso-H);
FAB calcd for C,,H N3O 1834.2 [M*], found 1834; UV/Vis (CH,CL,):
Amax =402 (Soret), 507, 540, 575 (Q bands) nm.

Typical floppy dimer complex: The preparation of complexes of [Zn,(4)],
involved the titration of a ligand solution of known concentration into an
NMR tube containing the porphyrin (CDCl;) solution, also of known
concentration. The '"H NMR data for the BiPy complex presented below
differs only slightly in the chemical shifts from the data for other bidentate
guest —host complexes. Changes in the chemical shift of the 1:1 complex
and the solution containing an excess of ligand are diagnostic for the
change in the shape of the cavity and the influence of the resulting ring
currents.

1:1 Complex: 'H NMR (400 MHz, CDCl;): 6 =1.33 (m, 8 H, -CH,CH,Ph),
2.27 (m, 8H, -CH,CH,Ph), 2.33 (s, 24H, pyrrole CH;), 2.92 (m, 16H,
-CH,CH,COOCH;), 3.51 (s, 36 H, -CH,CH,COOCHj;), 3.97,4.19 (m, 16 H,
-CH,CH,COOCH;), 5.92 (brs, 4H, aryl CH2), 7.38 (d, J(H4, H5) =8.3 Hz,
4H, aryl CH4),7.61 (dd, J(HS, H6) =8.3 Hz, 4H, aryl CHS), 8.45 (brd, 4H,
aromatic CH6), 9.69 (s, 4H, meso-H). Bound BiPy resonances not
identified.

Excess ligand: 'H NMR (400 MHz, CDCl;): d =1.46 (m, 8H, -CH,CH,Ph),
2.32 (s, 24H, pyrrole CH;), 2.42 (m, 8H, -CH,CH,Ph), 2.92 (m, 16H,
-CH,CH,COOCH;), 3.49 (s, 36 H, -CH,CH,COOCH,), 3.96, 4.12 (m, 16 H,
-CH,CH,COOCH;), 6.28 (s, 4H, aryl CH2), 743 (d, J(H4, H5)=8.3 Hz,
4H, aryl CH4), 761 (dd, J(HS, H6) =8.3 Hz, 4H, aryl CH5), 8.45 (d, 4H,
aryl CH6), 9.64 (s, 4H, meso-H). Bound BiPy resonances not identified.

Floppy trimer, [Zn;(3)]: The rigid trimer [Zn;(1) ] (44 mg, 0.015 mmol) was
dissolved in dry THF (150 mL). Pd/C catalyst was added (0.3 g) and the
mixture stirred overnight under H, (three pump/H, cycles). The solution
was filtered (Celite) and the solvent evaporated. The pink product was
chromatographed on silica gel with CHCl; and subsequently recrystallised
from CHCl;/MeOH. Yield 35 mg (79 % ). Characterised as the Py,T adduct:
'H NMR (400 MHz, CDCL,): 6 =2.09 (d, 6H, Py,T H,), 2.15 (brt, 12H, -
CH,CH,Ph), 2.42 (s, 36 H, pyrrole CHs), 2.95 (t, 24 H, -CH,CH,COOCH;),
3.05 (brt, 12H, -CH,CH,Ph), 3.51 (s, 36 H, -CH,CH,COOCHj), 4.18 (m,
24H, -CH,CH,COOCH,), 5.79 (d, 6H, Py;T-Hp), 7.65 (m, 18 H, aryl CH),
8.01 (s, 6H, aryl CH), 9.82 (s, 6 H, meso-H); *C NMR (100 MHz, CDCl,):
0=15.0 (CHj3), 22.0 (side-chain CH,), 33.0, 36.6 (linker CH,), 37.0 (side-
chain CH,), 51.5 (OCHj), 96.3 (meso-CH), 119.4 (meso-C), 119.9 (Py;T-Cy),
127.6,128.5, 130.7, 133.3 (aryl CH), 138.5 (pyrrole C), 140.1 (Py;T C), 140.8
(pyrrole C), 141.8 (aryl C), 143.7 (Py,T C), 143.9 (aryl C), 145.5, 1475
(pyrrole C), 168.6 (Py;T C), 173.6 (CO); FAB calcd for C,H;74N,0,4Zn;
2941.5 [M*], found 2940; UV/Vis (CH,CL): A, =411 (Soret), 541, 575
(Q bands), 332 (broad) nm.
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Theoretical Study of the [2+2] Cycloaddition of Thioketenes with Imines

To Form f-Thiolactams

Ramon Lépez, Dimas Suarez, Tomas L. Sordo,* and Manuel F. Ruiz-Lopez

Abstract: The cycloaddition reaction of
thioketene with formaldimine was in-
vestigated by ab initio (HF/6-31 G* and
MP2/6-31G*) and DFT (B3LYP/6-
31 G*) methods. The electrostatic effect
of solvent was taken into account at the
HF/6-31G* and MP2/6-31 G*//HF/6-
31 G* SCREF levels of theory. In the gas
phase, three mechanisms were found at
each level of theory, while in solution
four mechanisms were obtained. The
most favorable mechanisms, both in the

in the stepwise mechanisms for this
process. The calculated free-energy bar-
rier in the gas phase was 33.0 kcal mol !,
while in solution the corresponding
values were 28.9 and 26.8 kcalmol~! for
anisole (¢ =4.33) and N,N-dimethylform-
amide (e =37.0) solvents, respectively. In
agreement with experimental findings,
our calculations showed that the rate of
this reaction is not very sensitive to
solvent polarity. According to MP2/6-
31 G*//HF/6-31 G* calculations, the ef-
fect of monosubstitution in thioketene

(R=O0H, CHs;, or CHO) was in accord-
ance with the torquoelectronic rule
defined by Houk, which predicts that
donor and acceptor substituents favor
the outward and inward orientations,
respectively. In order to model the
experimental systems more closely, the
reaction of isopropyl-tert-butylthio-
ketene with N-(benzylidene)methyla-
mine, Me —N=CH(Ph) was investigated
at the HF/6-31 G*//HF/3-21G* level. In
contrast to previous interpretations

gas phase and in solution, correspond to
two- and three-step processes which
have in common a conrotatory electro-
cyclic closure to give the 2-thioazetidin-
one. Gauche and trans zwitterionic

) . effects -
intermediates play a fundamental role

Introduction

The [2+2] cycloaddition reactions are a useful method for the
synthesis of cyclic compounds.l'! Among the most interesting
reactions of this type are those involving ketenes as one of the
2 components. Two examples of this class of cycloadditions
are the reactions of ketene with alkenes and imines to give
cyclobutanones and f-lactams, respectively.?!

The [2+2] cycloaddition of thioketenes with azomethines
has been reported as a synthetic route to f-thiolactams.!
Recently, the conversion of the [-thiolactams to the bio-
logically and clinically interesting -lactams has been shown
to be a simple procedure in most cases.! This constitutes a

[*] Dr. T. L. Sordo, Dr. R. Lépez, Dr. D. Sudrez
Departamento de Quimica Fisica y Analitica, Universidad de Oviedo
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Fax: Int. code + (34)98510-3125
e-mail: tsg@dwarfl.quimica.uniovi.es
Dr. M. F. Ruiz-Lépez
Laboratoire de Chimie Théorique, URA CNRS 510, Université Henri
Poincaré Nancy I
BP 239, F-54506 Vandoeuvre-les-Nancy (France)
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Keywords: ab initio calculations -
cycloadditions - lactams -

torquoelectronic effects

based on steric effects, our results ex-
plain the most favorable trans relation-
ship of the two most bulky substituents
in the product in terms of electronic
effects.

solvent

novel route to 3-lactams and has led to renewed interest in the
chemistry of S-thiolactams.

Experimental results have shown that reactions of unsym-
metrically substituted thioketenes are only poorly stereo-
selective. Two mechanisms are considered possible for this
reaction: a synchronous concerted process and a stepwise
process via a dipolar intermediate. Kinetic measurements
have revealed no significant solvent dependence of the rate of
cycloaddition, in contrast to the reaction between ketenes and
azomethines, and the analysis of products revealed no 2:1
adduct corresponding to a 1,4-dipolar cycloaddition of the
reactants to the hypothetical intermediate. In spite of this
evidence, a concerted mechanism for this reaction is not
regarded as conclusively proven, since the cancellation of
enthalpic and entropic factors, as well as steric hindrance,
could hide the presence of the dipolar intermediate, which, on
the other hand, would allow some experimental findings to be
rationalized.?!

The stepwise mechanisms of the ketene—imine [2+2]
cycloaddition reaction have been supported by theoretical
and experimental evidence. Recent theoretical studies?®!
indicate that ketenes and imines react in a nonconcerted
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process, with formation of a zwitterionic intermediate, which
undergoes an electrocyclic conrotatory closure to give the
final S-lactams. However, to our knowledge, theoretical
studies of the reactions between thioketenes and imines have
not been reported. Therefore, we undertook a theoretical
study of the mechanism of the [2+42] cycloaddition of
thioketenes and imines in order to investigate the existence
of an intermediate and to clarify its role in the reaction
mechanism. The effect of solvents of various polarities and of
substitution in thioketene and formaldimine were taken into
account.

Methods of Calculation

Quantum-chemical calculations were carried out with the Gaussian 92/
DFT system of programs!”! with addition of extra links for the treatment of
solvent effects.’! In the gas phase, stable structures were fully optimized
and transition structures were located by Schlegel algorithm! at the HF,
MP2 and DFT (B3LYP!) levels by using the 6-31G* basis set.l']
Harmonic vibrational frequencies were calculated at all theory levels to
characterize the critical points and to evaluate the zero-point vibrational
energies (ZPVE). Single-point MP4SDTQ(FC)/6-31 G* calculations were
carried out on MP2(FC)/6-31 G* geometries.

Enthalpy, entropy, and free-energy values were calculated to obtain results
more readily comparable with experiment. These quantities were com-
puted within the ideal-gas, rigid-rotor, and harmonic-oscillator approx-
imations.l'"”) A temperature of 298.15 K and a pressure of 1 atm were used in
the calculations.

In solution, full-geometry optimizations were carried out at the HF/6-31 G*
level, and single-point MP2/6-31 G* calculations were performed on the
HF geometries. A general SCRF model proposed for quantum-chemical
computations on solvated molecules was used.!'¥ The solvent is represented
by a continuum that is characterized by its relative static dielectric
permittivity e. The solute, which is located in a cavity created in the
continuum by the release of cavitational energy, polarizes the continuum,
and this in turn creates an electric field inside the cavity. Once equilibrium
is reached, the electrostatic part of the free energy of the solvation process
is obtained by a monocentric multipolar expansion of the molecular charge
distribution.'"¥) The SCRF continuum model employed assumes a general
cavity shape, which is obtained by using solute atomic

spheres whose van der Waals radii are modified to fulfil

the volume condition (1.3084 r,4y).I'** Relative permit-

The first mechanism is concerted and passes through a
highly asynchronous [2s,2a] transition state TSy with an
energy barrier of 36.8 kcalmol~!. This is analogous to the
disrotatory mechanism described previously for the reactions
of ketenel’ and fluoroketenel’!! with imines. However, the

-S| H [2s,2a] cycloaddition reaction
G- N
”__.——'C'H
H n H
trans intermediate
H, H
:C\
S- H
H -
= H
H, - bt
c=Cc=§ H H
H S H

N
trans attack

2-thioazetidinone

S- conrotatory
H, b H closure
L£=C=8 Z N+
H
—  u W

LC=N_ gauche intermediate

gauche attack

Scheme 1. Three different mechanisms for the cycloaddition of thioketene
with formaldimine.

corresponding transition states exhibit some differences. On
the one hand, C(thioketene)—N bond formation in TS, (see
Figure 2) is more advanced than in the analogous transition
states for the disrotatory addition of ketene to imine and the
anti addition of fluoroketene to imine. On the other hand,
although the C(thioketene)—N distance in TS, is similar to

tivity values of 4.33 and 37.0 were considered to 210
simulate anisole and N,N-dimethylformamide, respec-
tively, which were used as solvents in the experimental 180 |~ I (-2.5) ® €@— <«— reactants|
work.P! TS, (5.6)
150
. . TS, (6.7
Results and Discussion 1201—
TS, (8.4)
. . . . ¢ ool - reactants
Reaction mechanisms in vacuo: Three differ-
ent ‘rpechamsr.ns were fqund for th.e ?yclo- ol TS, (36.8)
addition of thioketene with formaldimine at TS, (16.7)
all the theory levels used in this work (see ol
Scheme 1 and Figure 1). The geometries of
the critical structures located are displayed in ol
Figure 2. The relative energies for these P (37.0)
structures at the different theory levels are 30 | | ! | | | |

collected in Table 1. Unless otherwise stated
the energies referred to in the text are those
corresponding to the highest theory level
used in the present work, MP4/6-31G*//
MP2/6-31 G*, without the ZPVE correction.

Chem. Eur. J. 1998, 4, No. 2
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1.5 1.6 1.7 1.8 1.9 2.0 s

Distance C(thioketene)-N (A)

Figure 1. Projection of the energy profiles corresponding to the three different mechanisms for
the thioketene —imine [2+2] cycloaddition reaction in vacuo. In parentheses: MP4/6-31 G*//
MP2/6-31 G* relative energies [kcalmol™']. ¢ =dihedral angle C-N(imine)-C-C(thioketene).
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Figure 2. Optimized geometries of the most important structures located in the gas
phase and in solution for the [2+2] cycloaddition reaction of thioketene with imine.
Distances in A, bold: MP2; italic: B3LYP; Roman: HF; in parentheses: HF SCRF
&£=4.33; in square brackets: HF SCRF ¢=237.0.
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that in the transition state for the disrotatory closure in
the syn addition of fluoroketene to imine, TS, corre-
sponds to a concerted process according to intrinsic
reaction cocordinate calculations.'" Interestingly, TSy
is the structure most sensitive to the theory level used.
With the DFT method this transition state presents a
more asynchronous structure and a lower energy
barrier compared to the other methods. Nevertheless,
the concerted mechanism is the least favorable accord-
ing to all the methods employed (see Table 1).

The second mechanism is a three-step process that
corresponds to the nucleophilic trans attack of form-
aldimine on thioketene. This reaction path passes
through a planar transition state TS,, with an energy
barrier of 5.6 kcalmol~!, and leads to a planar zwitter-
ionic intermediate I, which is 2.5 kcalmol~! more
stable than the reactants. Intermediate I, evolves by
internal rotation about the C(thioketene)-N bond
(see Figure2) through a transition state TS,
9.2 kcalmol~! higher in energy, to give intermediate
I, which is 4.5kcalmol™ less stable than I, and
2.0 kcalmol~! less stable than the reactants. Finally, a
transition state TS,, corresponding to the conrotatory
electrocyclic closure of I, and 19.2 kcal mol " less stable
than I, leads to the product, 2-thioazetidinone. This
third step has the highest energy barrier.

The third mechanism is a two-step process that first
passes through a gauche transition state TS,, which is
8.4 kcalmol ! less stable than the reactants, and leads
to the gauche intermediate I,, which gives the final
product via TS,, which lies 16.7 kcalmol~! above the
reactants. This third mechanism has the conrotatory
electrocyclic closure of I, in common with the
second mechanism. The energy of reaction is
—37.1 kcalmol™!, similar to that of the Staudinger
reaction.P?

Both ab initio and B3LYP methods give the same
topology for this gas-phase potential energy surface.
The trans and gauche intermediates occur as stable
structures on this potential energy surface, in contrast
with the ketene-imine cycloaddition reaction, for
which only the frans intermediate was located.*>
The strong donor—acceptor interaction between frag-
ments in these intermediates is reflected in the
C(thioketene)—N distances (1.47-1.48 A), which are
close to typical C—N bond lengths. A configurational
analysis!'”! shows that in the case of thioketene, local
excitation from the next HOMO to the antibonding
orbital of the C=S bond is much more important than
in ketene, P> which reflects the greater polarizability
of the former and explains then the higher stability of
the corresponding zwitterionic intermediates. The
MP2 and B3LYP geometries and relative energies
are very similar, except for the concerted mechanism,
for which the energy barrier is 34.0 and 29.7 kcalmol~!
according to MP2 and B3LYP methods, respectively.
Single-point MP 4 calculations on the MP2 geometries
give relative energies 3—4 kcalmol~! above the MP2
values (see Table 1).
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Table 1. Relative energies (kcalmol™) for the chemically important structures in the thioketene —formaldimine cycloaddition reaction in a vacuum at the

various theory levels used in this work.

Structures HF/6-31 G*[? MP2/6-31 G*// HF/6-31G*  MP2/6-31 G*Il MP4/6-31 G*// MP2/6-31G*  B3LYP/6-31 G*l2
intermediates
I, —2.1(53) —49 —53(4.4) -25 —6.7 (4.4)
1, —26(51) - 0.6 —1.0 (43) 2.0 —29(43)
transition states
TS, 11.7 (2.6) 5.0 47 (2.2) 56 43 (2.2)
TS, 14.0 (2.5) 77 73 (22) 8.4 62 (2.2)
TS, 5.9 (4.7) 4.0 3.8 (4.0) 6.7 37 (38)
TS, 293 (4.2) 133 13.4 (3.7) 16.7 13.7 3.7)
TS, 433 (32) 356 34.0 (2.7) 36.8 297 (3.1)
product
2-thioazetidinone —39.9 (6.3) -8 — 421 (6.1) —37.1 —38.1(5.9)
[a] ZPVE correction to relative energies in parentheses.
Table 2 summarizes the various contributions to AG for the " trans intermediate
above three mechanisms in the gas phase. The energy barriers N=C| s H
are augmented by an entropic contribution in all cases. H\H\ A
. =
Intermediates I, and I, are 14.3 and 18.5 kcalmol ' less stable H \ — ! E"
than the reactants on the free energy PES. The two- and three- =S
step mechanisms are equally favorable since the rate-deter-  trans attack
mining step in both cases is conrotatory electrocyclic closure, )
. . 1 disrotatory
with a free-energy barrier of 33.0 kcalmol~'. The concerted closure
mechanism is again the least favorable, with a free-energy s
barrier of 51.8 kcalmol~!. The free energy of reaction is — H\C:C:S H% H s N,H
18.6 kcalmol . H . j‘:
H
H™ T H
) H 2-thioazetidinone
Reaction mechanisms in solution: Figure 2 also shows the e=N gauche intermediate
geometrical parameters of the HF/6-31 G* SCRF optimized H H conrotatory
closure

structures for the addition of thioketene to imine in anisole
and N,N-dimethylformamide. Table 2 lists the corresponding
relative electrostatic free energies of solvation and free
energies in solution. The inclusion of solvent effects leads to
four different reaction mechanisms (see Scheme 2). Two
approaches (trans and gauche) of the reactants are possible,
and these converge into the gauche intermediate I, This
gauche intermediate can evolve through conrotatory or
disrotatory closure to give the product.

In solution TS, and TS, have a longer C(thioketene)-N
bond (by about 0.1 A) than in the gas phase, while the
geometries of intermediates I; and I, and the transition state

gauche attack

Scheme 2. The inclusion of solvent effects results in two possible closure
mechanisms for the gauche intermediate.

TS, are less sensitive to the electrostatic effect of solvent and
exhibit a moderately shorter C(thioketene)—N distance (by
0.01-0.02 A) compared to the analogous gas-phase structures
(see Figure 2). In general the presence of solvent stabilizes all
the structures along the reaction mechanisms with respect to
reactants; the greater the polarity of solvent the greater the
stabilization (Table 2). A preferential stabilization takes place

Table 2. Relative thermodynamic energies (kcalmol™') for the chemically important structures in the thioketene —formaldimine cycloaddition reaction.
Relative electrostatic free energies (kcalmol™') of solvation (JAGESS) in anisole (e =4.33) and N,N-dimethylformamide (¢ =37.0) solvents are also shown.

solv

Structures AH® TAS® AGgsphase  OAGEE £ =433 OAGEsel] ¢ =37.0 AGHFl ¢=433 AGI £¢=37.0
intermediates

I, 1.6 —12.7 14.3 —-82(-10.5) —-122 (-15.0) 6.1 2.1
I, 6.2 —-123 18.5 -89 (-11.9) —-132 (-17.0) 9.6 53
transition states

TS, 7.9 —-11.7 19.6 —-14(-23) —-1.7(-2.9) 18.2 17.9
TS, 10.8 —114 222 —-15(-2.8) —-1.9(-3.6) 20.7 20.3
TS, 10.2 —13.0 232 —-9.7(—12.1) —-72(-173) 13.5 16.0
TS, 19.9 —13.1 33.0 -41(-6.9) —-62(-9.9) 28.9 26.8
TS, 394 —124 51.8 —-1.9(-6.5) -37(-9.7) 49.9 48.1
product

2-thioazetidinone —31.5 —-12.9 —18.6 —-14(-22) —-21(-32) —20.0 —20.7

[a] 298.15 K, 1 atm. Thermal and ZPVE energies were obtained from the MP2/6-31 G* frequencies, while electronic contributions were derived from the
MP4/6-31 G*//MP2/6-31 G* single-point calculations. [b] MP2/6-31 G*//HF/6-31 G* SCRF calculations (HF/6-31 G* SCRF values in parentheses).

[c] AG apase + OAGESS (MP2//HF).
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in the case of the zwitterionic structures I, I, and TS,, and to a
lesser extent for TS, and TS,. According to the free energy in
solution, the trans and gauche approaches that lead to the final
product through a conrotatory closure are the most favorable.
They have in common the rate-determining step of the
process TS,, with an energy barrier of 28.9 and 26.8 kcalmol~!
for anisole and N,N-dimethylformamide, respectively. The
disrotatory mechanismbP'l connecting the gauche intermediate
with 2-thioazetidinone has a free energy barrier of 49.9 and
48.1 kcal mol~!, respectively, for the two solvents. According
to our calculations, the free energy of reaction is —20.0 and
—20.7 kcalmol™" in anisole and N,N-dimethylformamide,
respectively.

It has been reported that the rate of this reaction is not very
sensitive to solvent polarity.®l This trend is reflected in our
calculations, since for the thioketene—imine addition the
highest energy barrier is lowered by 3.0 kcalmol~! at the HF/
6-31G* SCRF level on changing from anisole to N,N-
dimethylformamide, whereas at the MP2/6-31 G*//HF/6-
31G* SCRF level the corresponding decrease is
2.1 kcalmol~!. Furthermore, the presence of substituents
tends to attenuate the effect of solvent polarity (see below).

Effect of substituents: In order to understand the effect of
substituents on the rate-determining transition state for
conrotatory closure to give the p-thiolactam product, we
studied the influence of three substituents (OH, CH; and
CHO) in thioketene and the reaction between isopropyl-tert-
butylthioketene and N-(benzylidene)methylamine.

The stereochemical role of monosubstitution in thioketene
was investigated at the MP 2/6-31 G*//HF/6-31 G* level in the
gas phase and in solution. Table 3 presents the corresponding
relative energies between the outward and inward transition
states. These results are in agreement with the torquoelec-
tronic effect defined by Houk,['"® according to which an
inwardly oriented, filled substituent donor orbital would
overlap with the occ MO of the newly forming C—C bond to
give a destabilizing cyclic four-electron interaction, whereas in

Table 3. Relative energies (kcalmol™') between the inward and outward
transition structures corresponding to the conrotatory electrocyclic closure
step in the cycloaddition reaction between formaldimine and substituted
thioketenes. Structures were optimized at the HF/6-31 G* theory level in gas
phase and at the HF/6-31 G* SCREF level in solution.

g s
I A— 7 HH Va
'/f\lf:_\ P '/N—c\ P
4 Clommmmannd C
H Hl 7 Rl
7. OUTWARD TS. INWARD

HF/6-31G* ZPVEW

MP2/6-31 G*//HF/6-31 G*

gas-phase  gas-phase gas-phase  solution solution

£=4.33 e=37.0
R=O0OH 23.4 -0.8 21.2 20.5 19.9
R=CH; 9.2 0.3 8.3 7.8 7.6
R=CHO 0.3 0.4 -3.0 -3.0 -34

[a] ZPVE correction from HF/6-31 G* frequencies.
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outward orientation it would overlap with the antibonding o
MO through a two-electron stabilizing interaction. Converse-
ly, an inwardly oriented, vacant substituent acceptor orbital
would undergo a stabilizing interaction with the oo MO. With
the strongest donor substituent (R = OH), the most favorable
transition state corresponds to outward electrocylic closure,
with a considerable energy difference of 21.2 kcalmol~! (see
Table 3). With a milder donor (R=CH;), the outward
orientation remains more favorable than the inward one,
but the difference between them is reduced to 8.3 kcalmol~.
Finally, the role of a mild acceptor substituent was studied by
using the CHO group in which the oxygen atom resides in a
syn orientation with respect to the hydrogen substituent of the
terminal C atom of thioketene. MP2/6-31 G*//HF/6-31 G*
calculations in the gas phase predict that the inward transition
state is favored by 3.0 kcal mol L.

The electrostatic effect of solvent on the calculated
torquoselectivity consists of a slight diminution of the energy
difference between inward and outward structures for the
donor substituents. Remarkably, these energy differences are
scarcely sensitive to solvent polarity. On passing from a
dielectric constant of 4.33 to 37.0, the energy difference
between the inward and outward transition states changes by
only 0.6, 0.2, and — 0.4 kcalmol~! for the OH-, CH;-, and
CHO-substituted structures, respectively (see Table 3).

In order to model more closely the systems studied
experimentally, the stereoselectivity of this class of reactions
was investigated by optimizing the conrotatory transition
states for the reaction of isopropyl-tert-butylthioketene with
N-(benzylidene)methylamine. Given the size of these systems,
single-point calculations were carried out at the HF/6-31 G*
and B3LYP/6-31 G* theory levels in the gas phase and at the
HF/6-31 G* SCREF level in solution on the HF/6-31 G* geo-
metries. The four stereoisomers of the transition state are
shown in Figure 3, which includes the relative energies with
respect to the most favorable transition state.

In the gas phase the most favorable structure is TS2, in
which the tert-butyl and phenyl substituents are in outward
orientation. This TS2 presents the most advanced formation
of the new C-C bond. Transition states TS1 and TS4, in
which the phenyl and fert-butyl groups have a cis arrangement
are 5.4 and 5.2 kcal mol~! less stable than TS 2, respectively. In
TS 1 the tert-butyl group is outwardly oriented, while in TS 4 it
is in inward orientation. The least stable transition state is TS3
(13.2 kcalmol ! less stable than TS 2) in spite of its having the
two bulkiest substituents in a trans arrangement. Both bulky
substituents (terz-butyl and phenyl) are in inward orientation.
The relative stability of TS1-TS4 can be rationalized in
terms of electronic effects. Thus, in accordance with the
torquoselectivity concept, the most stable transition state,
TS 2, has the donor groups in outward orientations, whereas
the least stable, TS 3, has these groups in inward orientations.
The transition states of intermediate stability have one of the
donor groups in inward orientation and the other in outward
orientation.

The electrostatic effect of solvent on the stability of TS1—
TS4 is moderate, the most remarkable feature being the
reduction of the energy difference between TS2 and TS4 to
3.2 kcalmol~! (Figure 3). The inclusion of correlation energy
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Figure 3. HF/6-31 G* optimized structures of the conrotatory transition states for the reaction of isopropyl-tert-
butylthioketene with N-(benzylidene)methylamine. Distances in A; relative energies in kcalmol~!; Roman HF/

solution, are two- and three-

step processes, which have in

common a conrotatory elec-
»/ trocyclic closure to give the 2-
thioazetidinone as the rate-
determining step. According
to our calculations, zwitterion-
ic intermediates play a funda-
mental role in the mechanisms
of this process. As expected,
the electrostatic effect of sol-
vent consists of a preferential
stabilization of the zwitterion-
ic structures I, I, and TS,. In
agreement with experimental
findings, our calculations show
that the rate of this reaction is
not very sensitive to solvent
polarity. The effect of substitu-
ents is dominated by the tor-
quoelectronic effect, so that, in
contrast to previous interpre-
tations, electronic effects are
more important than steric
effects.

6-31 G*; in parentheses HF/6-31 G* SCRF &=4.33; in square brackets HF/6-31 G* SCRF &=37.0; bold:

B3LYP/6-31 G*.

at the B3LYP/6-31G* level tends to lower this energy
difference even further to 1.2 kcalmol~! (Figure 3). Thus
although TS2 remains the most stable transition state in
solution, the energy difference between TS2 and TS4 is not
large. This is in agreement with the experimental finding that
the major product has the bulkiest groups in a trans arrange-
ment, and that the reaction is only poorly stereoselective.!
However, in contrast with previous interpretations, which
explain these results in terms of steric effects, our calculations
reveal electronic effects to be the most important factor
determining the stereoselectivity. The energy barrier corre-
sponding to TS2 of 48.2 kcalmol~! in the gas phase decreases
to 45.0 (¢ =4.33) and 42.8 kcalmol~! (¢ =37.0) in solution. So
the effect of solvent polarity in this case is a reduction in the
rate-determining energy barrier of only 2.2 kcalmol~! at the
HF level. The kinetic data reported by Schaumann for the
cycloaddition of di-tert-butylthioketene and 3,4-dihydroiso-
quinolinef! at 120°C imply a difference in activation energy of
about 0.5 kcalmol™' on passing from anisole to N,N-di-
methylformamide. As already discussed in the unsubstituted
system, the inclusion of correlation energy is expected to
bring our theoretical results even closer to the experimental
data. Thus our calculations model the behavior of this type of
system reasonably well.

Summary

The most favorable mechanisms found for the cycloaddition
of thioketene with formaldimine, both in the gas phase and in

Chem. Eur. J. 1998, 4, No. 2
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