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CONCEPTS

On the Trail of CrO,Cl, in Its Reactions with Organic Compounds

Christian Limberg*!?!

@ 0

Abstract: The simple metal oxo compound chromyl
chloride, CrO,Cl,, displays a very complex reactivity
with respect to alkanes, olefins, alcohols, and epoxides.
Synergetic investigations applying various techniques and
methods have only recently led to an understanding of
the key steps in the corresponding mechanisms, which are
representative for more complex systems. Product for-
mation seems to be largely determined by radical
reactions initiated by this d’-metal compound.

Keywords: chromium - epoxides - oxidations - radicals
K. reaction mechanisms )

Introduction

Transition metal oxides and their complexes play pivotal roles
in numerous important biological and nonbiological stoichio-
metric and catalytic processes by which oxo functionalities are
transferred to organic substrates.'*! For instance, simple
metal oxo compounds and oxometal halides such as
CrO,Cl, 1 0OsO,,® 1 MnO, [1*12] are applied extensively in
conversions where oxygen is inserted into a C—H linkage or
added to an olefin double bond. The widespread practical use
of such reagents has spurred considerable interest into the
underlying activation mechanisms,'*# 319 with kinetic studies
dating back to the 1940s. However, although intense research
in this area has provided a broad synthetic, structural, and
mechanistic basis, many of the key steps remained unknown,
some of the reasons being high and complex reactivities,
diverse reaction pathways, and the heterogeneity of the
inorganic reduction products, which therefore elude charac-
terization. In the past 4 -5 years investigations concerning the
reaction mechanisms of simple metal oxides and oxometal
halides have been reintensified,['’>! as it was recognized that
the combination of methods available today (elaborate
quantum-mechanical calculations, matrix-isolation and gas-
phase techniques, and sophisticated kinetic studies) allows
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deeper insights into these systems, which in turn can be
regarded as models?!! for more complex metal —oxo moieties
such as those occurring in enzymes.

This concept highlights the progress that has been made
within the past few years in understanding the reactivity
principles of a representative, classical oxidising agent,
chromyl chloride, as well as the conceptional and methodo-
logical approaches which made this progression possible,
leading to a new way of thinking about d’-metal oxo
compounds in general.

Discussion

C—H bond activation: The oxidation of hydrocarbons by
chromyl chloride, CrO,Cl,, is known as the Etard reaction*!
and was developed as early as 1877. Despite the recognition
this reaction has achieved in the meantime, its course and the
nature of its intermediates remained unknown until more
than 100 years later J. M. Mayer etal. provided strong
evidence—mainly by kinetic studies and trapping experi-
ments—that in reactions of alkanes with CrO,Cl, the first step
consists of a proton-coupled electron transfer: the addition of
an electron to the Cr=0 st* orbital significantly increases the
basicity of the oxo group and—conversely—protonation of
the oxo ligand makes the complex a much stronger electron
acceptor. Consequently the Cr=0 functions of CrO,CL['®! are
capable of abstracting alkylic H atoms (as had previously been
suggested by K.B. WibergP!) thereby generating organic
radicals, which then give rise to the various organic oxidation
products in subsequent reaction with CrO,Cl, (Scheme 1).

H-R

Cly(0)crV'=0
0,CrVcl  0,CrV'Cly K
U Cly(0)CrY-OH

R: = R3R2HC-CHR!

RCI R \ 1 2R3
Clp(0)CrV'=0 Cl(0)crV'=0 Cly(O)Cr¥(0=CR*CHR*R")
- Cly(0)CrV-OH Cro,Clp
H,0
R3R2C=CHR! = l

O=CRICHR?2R3

V.
Cl,(0)CrV-OR %

l Cro,Cly
ROH

epoxides, chlorohydrins,
ketones, aldehydes, dichlorides

Scheme 1. Product formation during the oxidation of hydrocarbons with
CrO,Cl,.
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The finding of simple alcohols among the products required
the assumption of an additional important step: radicals
resulting from the primary hydrogen abstraction were pro-
posed? to add to Cr=0 groups of excessive CrO,Cl, to yield
CrV alkoxides (framed in Scheme 1), which should then
release the alcohols during aqueous work-up.['s Only recently
we have achieved the isolation and characterization of such a
species for the first time (vide infra).B!

Traditionally H-atom transfer onto oxometal species had
been rationalized in terms of assumptions based on an
analogy with organic radical chemistry, that is unpaired
electron density was thought to be transferred to the oxygen
atoms of the metal compounds, which are then ready to enter
into radical reactions.®! The studies mentioned, however,
established that CrO,Cl,—a d° system without unpaired spin
density—can in fact abstract hydrogen atoms from saturated
organic systems, primarily because of the strength of the OH
bond formed in [CL(O)CrOH]. Its reactivity is therefore
reminiscent of oxygen radicals, even though it is not a radical,
and a progression has occurred from thinking about radicals
and spin density to an approach based on the thermochem-
istry of the H-atom transfer step.?”) More work is needed to
test the generality and the predictive power of this “bond
strength approach” to metal-mediated hydrogen atom ab-
straction reactions.

Ocxidation of unsaturated systems: For the olefin oxidation by
CrO,Cl, complex mechanisms have been put forward in the
pastl'®32] that attempted to explain the great variety of
products obtained (like dichlorides, chlorohydrins and epox-
ides) on the basis of intermediates such as chromaoxetanes,
chromium alkoxides, and epoxide complexes. However, due
to the aggregation of the actual intermediates (forming the
heterogeneous “Etard complex”) none of the proposed
species was ever really identified as such in the reaction
mixtures and they also eluded synthesis by alternative routes.
On the other hand, it was neither possible to show that they
are not formed or existent, so that the reaction mechanism
was left to discussion for quite some time. In addition to the
aforementioned products carbonyl compounds were often
obtained, too, but these were considered as secondary rather
than primary products and proposed to follow from subse-
quent reactions of the epoxides or chlorohydrins during
workup.? 331 However, recently a hint to the relevance of
intermediate chromium complexes also for the formation of
the carbonyl products was provided: H. Schwarz, D. Schroder

Abstract in German: Die einfache Oxometall-Verbindung
Chromylchlorid, CrO,Cl,, zeigt eine sehr komplexe Reaktivitit
in Bezug auf Alkane, Olefine, Alkohole und Epoxide. In
jiinster Vergangenheit konnten durch synergetische Studien
unter Einsatz verschiedenster Arbeitstechniken und Methoden
grofe Fortschritte in Bezug auf das Verstindnis der jeweiligen
Schliisselschritte gemacht werden, die wiederum reprasentativ
fiir komplexere Oxometall-Verbindungen sein sollten. Die
Produktbildung scheint zu einem grofien Anteil von Radikalre-
aktionen bestimmt zu werden, die erstaunlicherweise von der
d’-Metall-Verbindung CrO,Cl, ausgeldst werden.
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et al. showed that the CrO,* ion—that is a Cr" oxide—reacts
with ethylene in the gas phase to yield O=Cr*--- O=CH-
CH,P*l and (more relevant to the present problem as a d°
system is considered) VO," oxidizes ethylene to form
O=V+..- O=CHCH,;.B*!

In an attempt to investigate the ethylene oxidation by
CrO,Cl, at an early stage at very low temperatures and to
thereby obtain direct information about occurring primary
and secondary intermediates we have successfully employed
matrix isolation techniques: if the activation energy necessary
to trigger the reaction in argon at 10 K is provided by means of
irradiation, the species O=CrCl,---O=CHCH,; (1) and
O=CrCl,--- OCH,CH, (2) [Eq. (1)] are formed.?> %!

10K, Ar CI\ %O Cl\ %O

Ch. O I prrpe. CI/Cr“\O=\+ C|/Cr‘*~oj
1 2

CI/Cr\O (1)

The extension of this matrix study to substituted olefins!?’]
yielded additional mechanistic information: i) epoxidation
proceeds stereoselectively as a cis-addition reaction and ii)
carbonylation occurs regioselectively at the least substituted
C atom. Furthermore an increase of the degree of methylation
at the olefinic bond appeared to decrease the yield of the
corresponding carbonyl compound relative to the epoxide,
and hence the oxidation of tetramethylethylene yields selec-
tively the epoxide complex 3 [Eq. (2)].%¥ The fact that the

cl _O
10K, Ar, 411 nm Cr-..

cl” o, @)
YT

epoxide complexes were found to be photolytically stable
excludes that the complexes of the carbonyl compounds were
generated by rearrangement of the former, that is both types
of species are generated by independent routes. In principle,
they can be envisaged to form via a common primary product
such as a cycloadduct. Recent results by T. Ziegler et al.,?
who studied the thermally activated reaction of ethylene with
chromyl chloride independently by means of density func-
tional theory (DFT) calculations, showed, that—analogously
to the OsO/H,C=CH, system®l—the [2+3] addition of
ethylene to the metal —oxygen bonds in chromyl chloride is
favored over the [2+2] cycloaddition both kinetically and
thermodynamically (Scheme 2). However, since the [243]
cycloadduct 4 is more stable®! than 2, 4 cannot represent an
essential intermediate in the matrix reaction without being
observed itself and there was not hint to it in the IR spectra.?’]
Alternative reaction routes therefore have to be considered.
One possibility certainly is a direct oxo transfer from a Cr=0
function onto the olefinic bond as shown in Scheme 2
(Route (i)), explaining the retention of stereochemistry
observed for the epoxidation. In a competing reaction route
((it) in Scheme 2) chromyl chloride could be imagined to react
with olefins under homolysis of the m bond (that is, in a
fashion comparable to the one found for the thermal alkane

Cl /O
Cr\
cl” o
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Scheme 2. Mechanisms for the thermal and photolytical reaction of CrO,Cl, with ethylene.

oxidation where it homolytically splits C-H o bonds (vide
supra)) leading to radical intermediates or transition states as
shown in Scheme 2. These are reminiscent of the species
discussed as intermediates for olefin oxidations with
O=M(salen) (salen = N,N'-bis(salicylidene)ehtylenediamine
dianion and O=M(porphyrin) (M =Mn, Fe) complexes,*!
and they should yield the observed complexes of carbonyl
compounds after a 1,2-H migration (the activation barriers for
this process can be easily crossed under the photolytic
conditions). On employment of higher olefins, the most stable
radicals should be formed initially, explaining the regioselec-
tivity found for the carbonylations.?? The kinetics calculated
by Ziegler et al.?*l are not valid for the matrix experiments as
they involve CrO,(l, in its excited states and consequently
under these conditions the formation of chromaoxetanes in
the first step cannot be excluded. The necessary condition
would be a completely kinetically controlled reaction in this
direction (the barriers to the [2+3] cycloadducts would have
to be very high) and making several additional assumptions
concerning their photolytic decomposition, which are difficult
to ascertain, formation of 1 and/or 2 in the matrices could in
principle be explained starting from such chromaoxetanes,
too.

The discussion in the preceeding paragraph shows already
that the photochemical process investigated in the matrix
studies has to be distinguished from the thermal process
considered in the calculations. However, the potential energy
surfaces of both systems may have common areas and it can
be claimed that the species isolated in the matrix experiments
are minima within these regions. This hypothesis is very nicely
supported by most recent results of T. Ziegler et al. who
performed calculations concerning the progress of the ther-
mally activated reaction after the formation of 4. This
investigation was inspired by the fact that the hydrolysis
products of [Cr]JOCR,CR,0O moieties, diols, are not isolated
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after aqueous work-up of olefin oxidations with CrO,Cl,, so
that the diolate intermediates (like 4) must undergo further
transformations. The calculations showed®! that 4 is indeed
sufficiently flexible to allow a facile rearrangement to yield 2
via a modest barrier. Compound 2 and its methylated
derivatives, which had been suggested as short-lived species
during olefin oxidations with CrO,Cl, for the first time by
K. B. Sharpless'*l and which we have been able to isolate and
characterize in the course of the above studies, therefore seem
to represent intermediates of the processes under thermal
conditions, indeed (Scheme 2). This on the other hand
suggests that the same is true for the O=CrCl, complexes of
the carbonyl compounds (e.g. 1, Scheme 2) which form
simultaneously to the epoxide complexes in the matrix
experiments and which could nicely serve to explain why
many authors reported the occurrence of carbonyl com-
pounds among the products of olefin oxidations with CrO,Cl,
in the past.[> ¢ 32 While no chlorinated products are generated
under photolytic matrix conditions, further products of
thermally activated oxidations are, as mentioned above,
chlorohydrins and dichlorides, which were observed to
principally form in the course of formal cis-additions of
HOCI and Cl, to olefins.'3 According to the DFT results of
Ziegler et al. this can be rationalized by [2+3] additions of the
olefin to the O=Cr—Cl and Cl—Cr—Cl moieties of CrO,Cl,,
respectively.™ Dichlorination was computed to be thermo-
dynamically far less favourable than either epoxidation or
oxychlorination, explaining why the yields for the dichlorides
are always comparatively low.'¥ Sharpless’s observation that
a small fraction of the chlorohydrins obtained had formed in
the course of a formal trans-addition of HOCI remains to be
explained, and an attempt is made below (see Epoxide
cleavage).

The mechanism shown in Scheme 2 is further supported by
the results obtained in experiments where alkynes and allene
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were used as substrates: photolytically activated, matrix-
isolated CrO,Cl, reacts with alkynes to yield complexes of the
type O=CrCl,(n'-O=C=CR,) (R =H, Me) featuring ketene
ligands in a hitherto (in structurally characterised com-
pounds) unprecedented 7'-coordination mode,*®) and the
oxidation of allene yields a corresponding cyclopropanone
complex O=CrCl,(5!-O= CCHZCHZ) (5, in Scheme 3).F% The

CI\C gy . CI\CrfO
cr k cr o=
5

H H
Scheme 3. Photoreaction of CrO,Cl, with allene at 10 K.

formation of 5 supports the hypothesis of a m-bond homolysis
initiated by the attack of CrO,Cl, at the unsaturated bond
leading to radical intermediates or transition states in the
matrices. A similar type of reaction under thermal conditions
is, however, not likely as it would lead to a significant loss of
stereoselectivity.

Although a giant step forward has been made in under-
standing the reactions of chromyl chloride with olefins,
several questions remain to be answered. For instance, the
role of the solvent (in acetone a-chloro carbonyl compounds
become mayor products)®! remains unclear and more im-
portantly the present investigations do not explain why diols
are absent as products in the reactions between CrO,Cl, and
olefins, whereas the corresponding reactions between OsO,
and olefins generate exclusively diols with little epoxide as a
product.P’! To answer this question one would have to consider
the diolates formed from the [2+3] addition of ethylene to
CrO,(Cl, and OsQ,, respectively, and compare their rate of
hydroxylation with water to their rate of rearrangements to
epoxides. The exothermic character of the [2+3] cycloaddi-
tion of ethylene to CrO,Cl, to give 4 (—13 kcalmol )2+ 3
further raises the question whether such a diolate can be
isolated and studied under certain conditions—the corre-
sponding esters of OsO, are well known.!

Only if all these points are understood will it be possible to
predict the mechanism of oxidation for a given substrate.

Epoxide cleavage and alcohol oxidation: Epoxides are very
reactive synthons and after their formation during olefin
oxidations with CrO,Cl, subsequent reactions, for example
with unreacted CrO,Cl,, can be expected. The investigation of
the behaviour of epoxides in the presence of CrO,Cl, by
means of low-temperature NMR spectroscopy allowed us to
observe ring-opening reactions leading to thermally labile
Cr¥! alkoxides such as 7 (Scheme 4).*7] Starting from the
epoxide complex 6, which is produced initially in the reaction
of CrO,Cl, with oxirane, various mechanistic possibilities can

C‘:I Cl e} o
i O, o] @ewwe o o o] e el
C|/ \ 1 O//\\ <| CI/Cr\O

7

Scheme 4. Oxirane cleavage with CrO,Cl,.
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be envisaged for the formation of 7, which became the subject
of further investigations: the consumption of 6 was deter-
mined to obey a second-order rate law, suggesting a bimo-
lecular rate-determining step in which two of those molecules
collide forming a energetically high-lying complex weakly
stabilised by u-Cl bridges (Scheme 5).538] Subsequently one CI

o/>/\ Cl

Cl Y\
2 ci¢ o ] 0-¢ "C""'c‘: -© 2@ e®
—Cr— . ALl . :
O//\\ o~ \r\CI’ \r\O c” ~o
0 & Cl_\ P ;

Scheme 5. Possible mechanism for the formation of 7.

ligand at the first Cr center could attack the backside of an
epoxide molecule complexed at the second Cr center and the
resulting dinuclear alkoxide dissociates thereby re-establish-
ing low coordination numbers at the small Cr¥! centers. The
hypothesis of formation of a dimeric complex in the rate-
determining step, where all of the epoxide bonds are still
basically intact, is supported by the lack of regioselectivity
observed when unsymmetrical epoxides are reacted® 3! and
the trans-opening of the epoxides was proved by determining
the configuration of the alkoxide ligands in the products
obtained from cis- and trans-dimethyloxirane.>!

These results may have an impact on the finding of K. B.
Sharpless et al. (vide supra) that in olefin oxidations with
chromyl chloride, chlorohydrins are not exclusively formed in
formal cis-additions of HOCI but also—to a minor extent—in
trans-additions (Scheme 6).1%1 Sharpless “felt that [under the

Main Products

Cl o Cl

Ry __R?

I Cro,Cly H,0 R‘J@H . R‘/%R\? ., RYXRT

-78°C, CH,Cl,
RY R4 R3” R4 R3” “R? RS R
anti-Markownikow

) cis-Addition

Side Product CI\Cr/O

RL__R? 2 c” o

OH R
)\ H,0 ocro,cl
cl
RY R* R R4

anti-Markownikow
trans-Addition

Scheme 6. Mechanisms calculated for the MeOH oxidation with
CrO,Cl,.>"

conditions of these reactions] epoxides [formed initially]
undergo sufficient trans opening [by chloride] to chlorohy-
drins to completely account for the trans addition of HOCI1
observed in olefin oxidations” leaving open how this epoxide
opening is supposed to proceed.’] As he also found that
“epoxides are completely stable to the reagent [CrO,Cl,] itself
under the reaction conditions [—80°C]”, he coupled the
epoxide cleavage to a simultaneously proceeding olefin
oxidation process, that is to HCl or reduced chromium species
generated thereby. Our results show that indeed no reactions
involving epoxides (apart from complexation) occur at
—80°C, but on quenching with water the olefin oxidation
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mixtures will eventually reach temperatures where trans-
cleavages of epoxides by CrO,Cl, are triggered, which can
then proceed until hydrolysis becomes effective.

The epoxide cleavage studies described are important also
in so far as they allowed the characterisation of the first
representatives of chromate esters bearing oa-hydrogen
atoms* 3 (e. g. 7, Scheme 5) closely resembling those species
which were proved later on to occur intermediately during
alcohol oxidations with CrO,Cl,.

In organic text books the oxidation of primary and
secondary alcohols by Cr¥! oxo compounds is offered as one
method for the synthesis of carbonyl compounds but the
secret of its success remained speculative. A series of
intermediates had been suggested over the years to explain,
for instance, the role of CrO,Cl, in the oxidation of CH;OH
leading to CH,=O. Calculations by W. A. Goddard et al.*! as
well as more recent calculations by T. Ziegler et al.’”! both
identified CL,CrO(OH)(OCHj;) and CICrO,(OCHs;) as poten-
tial intermediates (Scheme 7). Ziegler et al. concluded?’ that

a2 . on
1 0-H o |

i Cf_ iy — L Cr  _H
0. c~o-ccH cro-CL

O...Cl, B, H H

0" > cl HO'C\H (i)

-HCI\ O\ _OH, /H O\Cr/OH y

i ' — g .

o No" cr’ o=cl,

Scheme 7. Products of olefin oxidation with CrO,Cl,.

CICrO,(OCHs;) (Route (ii)), while lower in energy, was not an
active intermediate on the basis of the substantial endother-
micity they calculated for its dissociation into CH,O, HCI, and
CrO,. However, in 1998 B. Ault showed that this species is not
only formed if CrO,Cl, and MeOH are photolysed in noble
gas matrixes, but was also able to trap it from the room-
temperature gas-phase reaction with the aid of a matrix
apparatus;?® thus, this is another example of a reaction where
the thermal and photochemical potential energy surfaces have
common minima as suggested above for the olefin oxidation.
CICrO,(OCHj;) must therefore definitely be part of the
methanol oxidation with chromyl chloride, but the experi-
ments of Ault supported the endothermicity calculated for its
decomposition to give CH,OP™! (temperatures of ca. 150°C
were reported to be required in the gas phase) posing the
question, why then do the carbonyl products of CrO,Cl,
reactions with primary and secondary alcohols form already
at ambient temperatures.

In contrast to these findings the alkoxide ClICrO,(OCH,-
CH,CIl) (7, Scheme5), being closely related to CICrO,-
(OCHj;), had proved to be very sensitive, decomposing at
temperatures above —30°C to give paramagnetic complexes,
whose aqueous work-up provided the desired carbonyl
compounds.?> 3! This fact supports the idea that—even if
they are relatively stable in the gas phase—alkoxides of the
type CICrO,(OR) are indeed the intermediates, which lead to
the ketones and aldehydes formed in alcohol oxidations with
CrO,Cl, and the apparent contradiction with regard to the
stabilities of these species in different states of aggregation is

Chem. Eur. J. 2000, 6, No. 12
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resolved if bimolecular decomposition pathways are assumed.
Theoretical work in this direction or kinetic studies might
provide deeper insights. Further research aimed at synthesiz-
ing isolable CICrO,(OR) derivatives appears promising as
such species can be expected to be more selective oxidants
than CrO,Cl,.

Radical trapping: The employment of tetraalkyl- or tetraaryl-
substituted epoxides in reactions with CrO,Cl, results in the
CrVl-catalyzed isomerization of the former to give the
corresponding ketones. Analogously bisadamantylidene ep-
oxide rearranges after its complexation to CrO,Cl, to give the
spiro-ketone complex 8 (Scheme 8).F!1 However, in this very

8
J
Cle v L Cl
O + =9 \Vo-Ccr=Cl —
a0 : o ~O-cicy
56
H

Cl\. -0
— [0=CrVCI,0H] CI/Cr\\O

7 ""C\(V‘CI ?I
fofRe) ~O-cic
It/
.v

Scheme 8. Trapping of an organic radical with CrO,Cl,.

special case the rigid framework of the ketone forces the
complex to adopt an arrangement in which a Cr=0 group of
CrO,Cl, comes to lie in close proximity to a comparatively
weak a-keto C—H bond, as can be seen in a DFT-optimised
structure for 8 (Figure 1). This enables—already at very low

Figure 1. Segment of the structure of 8 as optimized by DFT methods
(B3LYP, LANL2DZ).

temperatures—a facile chelation-assisted intracomplex
H-atom transfer resulting in a radical coordinated at the
reduced metal species HOCrV(O)Cl,. As the latter is ineffi-
cient as a radical trap!"®! it must be quickly exchanged (maybe
only formally in a redox reaction) by CrO,Cl,, and the
reaction proceeds with the addition of the radical to a CrV'=0
function of excessive CrO,Cl, yielding a stable CrV alkoxide
which could be isolated and investigated by X-ray analysis.!
Its identification, which became possible owing to the special
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advantageous electronic and geometric conditions of the
substrate, provides forthright evidence on a molecular level
for a fundamental type of reaction, which had frequently been
proposed to rationalize experimental findings in alkane
oxidations with oxo metal compounds (including CrO,Cl,
itself; see above section on C—H bond activation): The
trapping of organic radicals by terminal d’-metal oxo bonds.
According to the results of Wiberg et al.bl and Stephenson
et al.*!, who found predominant retention of stereochemistry
on oxidation of chiral tertiary C—H bonds, the rate of radical
trapping must be very high (close to the diffusion limit['®!).
The mechanism of such CrO,Cl, oxidations is therefore in
principle comparable to that proposed for cytochrome P-450
oxidations of C—H bonds, the “oxygen rebound” path of
hydrogen atom abstraction followed by rapid trapping of the
carbon radical,l> 7> %2 which is considered in most recent
mechanistic descriptions as part of a complex multistate
reactivity paradigm.?!l The findings summarized in Scheme 8

Cla ™

T c!

HOL X <2 CL(0)CV-0- N == A

crV! = Cro,Cl,

l crv! T - OCrY(OH)Cl,

/\ + CrO,Cl,

SR

Cl_ CI cl,_ cici, cici o ci 0 o 0
Q- el —— of of &
o ©O o 0 O\ OO0 cCclo cicl Cl
AT PP
‘Cfv' leo —
(0]
o o N/ leo

O O
N\ g N4
Cr—Cl cCr-Cl
g aq ¢ o HO Cl HO cCl
l y
O Cl O Cl
\

Scheme 9. Proposal for the product formation in the propene oxidation
with CrO,Cl, (propylene oxide is only formed in insignificant amounts).

demonstrate that even for a reagent as reactive as CrO,Cl, the
selectivity can be significantly enhanced if the substrate is
preorganized in close proximity. This principle, which is also
the basis of enzyme reactivity, suggests further research
should be aimed towards incorporating high-valent oxo metal
centers into a ligand environment that can direct incoming
substrates. Such ligand spheres might also help to prevent the
aggregation of the reduced metal species after the oxidation
step, thereby setting a basis for the establishment of catalytic
cycles.

Conclusions

The results presented suggest that the reactions of chromyl
chloride—alkane, olefin, and alcohol oxidation as well as

2088
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epoxide cleavage—are closely interconnected, which explains
the products obtained especially when olefins and hydro-
carbons are oxidized. If, for instance, propylene is treated with
this reagent, all these processes occur in one and the same
experiment leading to ten products,®! which are all accounted
for by the results given in this article (summarized in
Scheme 9). An improvement in the understanding of the
mechanism of one of these reactions automatically leads to an
increased knowledge about the others, and this is precisely
what has occurred for chromyl chloride in a very pronounced
fashion over the past few years, as several researchers set out
at the same time to reinvestigate its reactivity from diverse
viewpoints applying different methodologies.

It becomes apparent that the synergetic application of all
the current knowledge and of all methods available to study
details of oxidation reactions will ultimately lead to a situation
where the reactivity of high-valent metal oxo compounds does
not appear strange anymore.
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Catalytic Antibodies as Magic Bullets

Christoph Rader and Benjamin List**!
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Abstract: A reagent capable of detecting and selectively
destroying tumor cells while leaving healthy cells intact
would be a powerful tool for cancer therapy. This concept
of the magic bullet has been approached by a number of
strategies. Here we present a recent approach based on
catalytic antibodies.

Keywords: antibody catalysis - bifunctional antibodies -
\cancer therapy - prodrugs - selective chemotherapy )

Magic bullets

Based on the development of monoclonal antibody technol-
ogy by Koéhler and Milstein in the 1970s,[l and rapid advances
in antibody engineering technology since then,?! antibodies
have gained importance for the treatment of a variety of
diseases as reflected by an analysis of pharmaceuticals in the
biotechnology R&D pipeline.?! In particular in cancer
therapy, which is today mainly based on a triangle of surgery,
radiotherapy, and chemotherapy, antibodies have demon-
strated their potential as key tools in the anticancer arsenal.
The potential of antibodies was first recognized by Ehrlich in
the early twentieth century,™ who suggested the role of the
immune system in the defense against cancer. Ehrlich also
coined the term magic bullet (“Zauberkugel”), a reagent
capable of detecting and selectively destroying tumor cells.
Here we consider a few of the features that make the antibody
molecule well suited as a magic bullet for cancer therapy.
Successful clinical trials have led to the recent approval of two
antibodies for cancer therapy by the US Food and Drug
Administration,?! that is Rituxan from IDEC Pharmaceut-
icals for the treatment of non-Hodgkin’s lymphoma and
Herceptin from Genentech for the treatment of breast cancer.
These approvals were in concert with the German approval of
antibody 17-1A that has been developed by Riethmiiller and
co-workers for the treatment of colon cancer.’! While the
number of clinical trials involving antibodies is on the rise, a
new generation of antibodies and antibody conjugates under

[a] Prof. B. List, Prof. C. Rader
Department of Molecular Biology
The Scripps Research Institute
10550 North Torrey Pines Road, La Jolla, CA 92037 (USA)
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development already scores promising preclinical results in
vitro and in vivo.

The concept of the magic bullet is based on the conjugation
of a targeting moiety to a cytotoxic moiety. While the
targeting moiety is usually an antibody (alternative peptidic
and nonpeptidic formats are under development), a broad
variety of molecules have been used as cytotoxic moieties.
Avoiding the severe side effects of conventional chemo-
therapy, the conjugation of a targeting molecule to a cytotoxic
molecule allows for the selective destruction of cells express-
ing the target molecule on their surface. In cancer therapy, the
target molecule is an antigen that is selectively expressed by
tumor cells or the vascular cells that support tumor growth.

The targeting moiety

Our ability to engineer antibodies has not only facilitated the
generation of antibodies to virtually any antigen of interest
but also their improvement in terms of affinity, specificity, and
immunogenicity.”) Nonhuman antibodies are highly immuno-
genic in humans thereby limiting their potential use for
therapeutic applications, especially when repeated adminis-
tration is necessary. In order to reduce their immunogenicity,
nonhuman antibodies have been humanized using strategies
that are based on rational design, in vitro evolution, or a
combination of both.’l An alternative route is the direct
generation of human antibodies from transgenic mice con-
taining human immunoglobulin loci or by selection from
human antibody libraries displayed on phage.P!

The cytotoxic moiety

Without further conjugation, antibodies themselves can exert
cytotoxic effects by interfering with ligand—receptor inter-
actions required for tumor survival or by evoking effector
functions including cell-mediated and complement-mediated
cytotoxicity. In fact, Rituxan and Herceptin as well as the
majority of antibodies in advanced clinical trials are “naked”
antibodies. However, for most tumor antigens, antibody
binding is not sufficient to mediate cytotoxicity, and a number
of approaches have been made to conjugate antibodies to
more efficient cytotoxic moieties.[) Interleukin-2 (IL-2),
which enhances the proliferation and cytotoxic activity of
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cytotoxic T cells and natural killer cells, and other cytokines
have been combined with antibodies to potentiate their
cytotoxic effect. Alternative cytotoxic moieties that have been
conjugated to antibodies include radioisotopes, such as the -
emitter *'T and Y, as well as chemotherapeutic drugs like
doxorubicin. In immunotoxins, antibodies are coupled to toxic
proteins, such as Pseudomonas exotoxin A, a bacterial toxin.
Another approach is the use of bifunctional antibodies that
are specific for both a tumor antigen and an effector cell
antigen that acts to recruit cytotoxic effector cells to the tumor
site.

Toward selective chemotherapy

In yet another strategy, antibodies are conjugated to enzymes
capable of activating nontoxic prodrugs to toxic drugs. This
approach is based on a two-step administration in which an
antibody —enzyme conjugate (Figure 1A) is given first. Bind-
ing to a tumor antigen results in the accumulation of the
antibody —enzyme conjugate at the tumor site. Subsequently,
a prodrug is administered and activated by the targeted
enzyme. This strategy toward selective chemotherapy has
been termed antibody-directed enzyme prodrug therapy,
ADEPT.! In addition to selectivity, stoichiometry is a key
feature of this approach. One molecule of enzyme catalyzes
the activation of many molecules of prodrug, achieving high
drug concentrations at the tumor site. The ideal prodrug is
nontoxic and, thus, can be administered in higher doses than
drugs used in conventional chemotherapy. One example that
has demonstrated the feasibility of this approach in pilot scale
clinical trials utilizes the bacterial enzyme carboxypeptidase
G2 (CPG2) conjugated to an antibody to carcinoembryonic
antigen.’! The prodrug 1 was a L-glutamyl amide of an
alkylating nitrogen mustard derived from 4-amino benzoic
acid. CPG2 specifically cleaves the amide bond of prodrug 1
to release the more toxic drug 2 (Scheme 1). Despite its
elegance, these studies shed light on the main drawbacks of
the ADEPT concept. The nonhuman conjugate led to severe
immunogenicity in the patients, which complicated repeated
administrations. In fact, the requirements for the enzyme
component in the ADEPT system are difficult to achieve. On
the one hand, enzymes of nonhuman origin are highly
immunogenic. On the other hand, the use of human enzymes
is limited due to unselective prodrug activation by endoge-
nous enzymes in blood and normal tissue of the patient.

Catalytic antibodies

To overcome these limitations, it has been suggested that the
enzyme component might be replaced by a catalytic anti-

Abstract in German: Ein Reagenz, das in der Lage ist,
Tumorzellen selektiv zu erkennnen und zu zerstoren, wire fiir
die Krebstherapie dusserst niitzlich. Verschiedene Strategien zu
diesem Konzept, der sog. Zauberkugel, wurden bereits be-
schrieben. Wir prisentieren hier einen neuen Ansatz, der auf
Antikorper-Katalysatoren beruht.
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A
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)
prodrug
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Figure 1. Constructs used for selective chemotherapy. A) Antibody—en-
zyme conjugate. The antibody component, here shown as bivalent
Immunoglobulin G (IgG) molecule, localizes the conjugate at the target
site where the enzyme component catalyzes the activation of a prodrug.
Antibody and enzyme can be conjugated chemically or genetically.
Alternatively, a bifunctional antibody consisting of an antigen-binding
and an enzyme-binding site can be used for a noncovalent conjugation of
the enzyme to the antibody. B) Bifunctional antibody that integrates a
targeting antibody and a catalytic antibody. The catalytic antibody replaces
the enzyme component in the original concept. The bifunctional antibody is
shown as an IgG molecule. This and alternative formats of different size
and valency can be readily engineered chemically or genetically!®l.

body."'!] The potential of catalytic antibodies for selective
chemotherapy is indeed compelling; both, reactions that are
not catalyzed by human enzymes and low immunogenicity
through antibody humanization are feasible. In this concept, a
humanized bifunctional antibody consisting of a catalytic and
an antigen-binding site (Figure 1B) replaces the antibody-—
enzyme conjugate.

Examples of antibody-mediated prodrug activation have
been reported in the literature.’"'!l All of these reports use
tetrahedral phosphonates as stable transition state analogues
for antibody generation. Prodrug activation, that is release of
the free drug, was achieved by hydrolysis of an ester or
hydrolysis of an aromatic carbamate. Relatively low rate
accelerations (10°-10* over background hydrolysis) and
potential catalysis by human enzymes has limited the
application of these antibodies. Furthermore, immunization
with transition state analogues generates antibodies that are
generally highly specific for their designed substrates. There-
fore, this approach is usually limited to the activation of a
single prodrug. In addition, kinetic constrains have to be
considered. The chemistry of the drug-release step is limited
to low-background reactions. Rate accelerations (k.,/kuncar)
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Scheme 1. Carboxypeptidase G2 catalyzed amide hydrolysis of L-glutamyl amide prodrug 1 to release active

drug 2.

should be as high as possible and k.,’s should be in the range
of 1 s~LI'"I While rates of this magnitude have been achieved
with a few catalytic antibodies, rate accelerations higher than
10° are rather rare.

The highest catalytic proficiencies have been observed with
aldolase antibodies 38C2 and 33F12 and the recently discov-
ered antibodies 84G3 and 93F3 that exhibit antipodal
reactivity.l'> 13l These antibodies were generated by Barbas,
Lerner, and co-workers using their reactive immunization
technology and mechanistically mimic natural aldolase en-
zymes (Figure 2). The chemistry of these antibodies is unusual

4_

7

Figure 2. The active site of aldolase antibody 33F12.1%° Through a reactive
lysine (position 93 of the variable domain of the heavy chain) buried in a
hydrophobic pocket at the base of the substrate binding site, 33F12
catalyzes aldol and retro-aldol reactions using the enamine mechanism of
natural aldolases. The active site is conserved in aldolase antibody 38C2.

in many ways. First they are very efficient catalysts with rates
(up to 2 s7!) similar to natural aldolases. Further, their rate
accelerations (K /kynear = 107—10% fold) and catalytic profi-
ciencies (K /kyncar® Ky up to 10M~') are the highest ever
observed with catalytic antibodies. The second unusual
feature of these antibodies is their orthogonality to natural
aldolase enzymes. Typically, aldolases use highly polar phos-
phorylated sugar derivatives, whereas most antibody sub-

Chem. Eur. J. 2000, 6, No. 12
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MSO\/\N been demonstrated to be excel-
lent substrates for aldolase anti-

2 body 38C2 are not used by

iy natural enzymes.'”! Tt is likely

that substrates common for
both aldolase antibodies and
endogenous aldolases do not
exist. Because the aldolase anti-
bodies were generated using reactive immunization, they are
very broad in scope and accept hundreds of different
substrates.'> 3 This substrate tolerance is another attractive
feature that eventually could lead to a multi-prodrug ap-
proach in analogy to already existing multi-drug cancer
treatments. Despite efficiency, metabolic orthogonality and
scope, the main drawback for the use of aldolase antibodies in
this concept has been their limitation to aldol and retro-aldol
reactions. A more general applicable chemistry would be
strongly desirable. A breakthrough was achieved when it was
discovered that the aldolase antibodies also catalyze the fj-
elimination (or retro-Michael reaction) of 3-heterosubstitut-
ed ketones and aldehydes [Scheme 2, (1)].'Y] While this

(o] o
Ab 38C2
)]\/\ . = + X—H 1)
X
o OH retro- retro-
aldol Michael X—H
X S > (]
o o
A Az

X = OR, SR, OCONHR

Scheme 2. The antibody-catalyzed p-elimination of S-heterosubstituted
ketones (1) and the antibody-catalyzed tandem-retro-aldol-f-elimination

@.

reaction itself has a relatively high background, it can be
linked to the retro-aldol reaction in a tandem process
[Scheme 2, (2)].I"] This reaction sequence has proven to be
well suited for drug-release chemistries and a number of
heterosubstituted drugs, with modified amino, hydroxyl or
sulfhydryl groups can be activated in this way. This chemistry
has been successfully applied to anticancer drugs doxorubicin
(5) and camptothecin (6) (Scheme 3),l'%! both efficient top-
oisomerase inhibitors that are in clinical use. First, the drugs
were chemically converted into their carbamate and ester
prodrugs 3 and 4, respectively, by treatment with readily
available linkers 7 and 8. It was then demonstrated that the
rather nontoxic prodrugs are substrates for 38C2 and are
converted into their parent toxic drugs 5 and 6.1 The
reactions are effectively inhibited by the mechanism-based
inhibitor 2,4-pentandione, which demonstrates that catalysis
proceeds via involvement of a lysine amino group in the active
site of the antibody (Figure 2). The rates of these reactions are
relatively slow (k. <1 min~!). However, a low Ky value
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OH (0]
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injection into mice and that sera
from untreated mice are not
catalytically active.

With these experiments, anti-
body 38C2 has clearly demon-
strated its potential to become a
useful tool in selective chemo-
therapy. Its advantages are
a) its orthogonal chemistry to
natural enzymes, b) the feasi-
bility of its immunosilencing by
humanization, c¢)its broad
scope, d)its high efficiency,
and e) the low background of
the reactions it catalyzes. Fu-
ture work will concentrate on
engineering humanized bifunc-
tional 38C2 constructs and the
design and synthesis of novel
and even more efficient pro-
drugs. Although great challeng-
es and obstacles can be fore-
seen on our way toward these
goals, this work may ultimately
lead to a novel selective chemo-
therapy against cancer that
would truly deserve the name
“magic bullet therapy”.
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Figure 3. Inhibition of cancer cell growth by a combination of prodrug 3
(“prodoxorubicin”), and 38C2 IgG.l'") Cells in quadruplicate wells were
lysed 120 h after drug addition, and the activity of the cytoplasmic enzyme
lactate dehydrogenase released from the cells was detected by using a
colorimetric assay. The intensity of the red color correlates with the number
of surviving cells in the well. The combination of prodrug 3 and 38C2
(middle) strongly inhibits cell growth, whereas the prodrug alone (top) is
far less potent. Antibody 38C2 alone has no effect (bottom). Top lane: 5um
prodoxorubicin, middle lane: Sum prodoxorubicin+0.5um 38C2 IgG,
bottom lane: 0.5um 38C2 IgG.
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Antibody 38C2 catalyzed retro-aldol reactions are generally highly
enantioselective. However, at 37 °C the enantioselectivity is lowered.
With substrates 3 and 4 (which are diasteromeric mixtures) this allows
for complete conversion.
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Multiple Processing/Expression of Molecular Information
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Abstract: Programmed chemical systems rest on the
structural information stored in a molecular framework
and on its reading and processing through non-covalent
interactional algorithms to yield specific supramolecular
entities. Beyond single-code self-assembly, which gener-
ates exclusively a single, specific superstructure, several
codes may be implemented in the same overall program,
thus opening the possibility to perform multiprogram-
ming. Furthermore, the reading and processing of the
same structural information through different interac-
tional algorithms may lead to several different output
entities, amounting to multiple expression of molecular
information. Such features are revealed in the formation
of double helicates, the assembly of metallosupramolec-
ular architectures, and the differential reading of hydro-
gen bonding patterns in a molecular strand. They open
novel perspectives within the framework of programmed
chemical systems, concerning multiple processing capaci-
ty, and have intriguing implications from the biological
point of view.

Keywords: molecular information - molecular recogni-
tion - programmed chemical systems - self-assembly -
Cupramolecular chemistry )

Introduction

One of the major lines of development of chemical science
resides in the ever clearer perception, deeper analysis, and
more deliberate application of information features in the
elaboration and transformation of matter, thus tracing the
path from merely condensed matter to more and more highly
organized matter, towards systems of increasing complexity.
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Programmed Chemical Systems

Supramolecular chemistry has paved the way towards per-
ceiving chemistry as an information science. Its most far-
reaching contribution to chemical science is the introduction
and implementation of the concept of molecular information
and its corollaries, with the aim of gaining control over the
organization of matter. Through the appropriate manipula-
tion of intermolecular non-covalent interactions, it has
developed progressively into a chemistry of molecular in-
formation that involves the storage of information at the
molecular level, in the structural features, and its retrieval,
transfer, and processing at the supramolecular level, through
specific interactional algorithms, which operate through
molecular recognition events based on interaction patterns
(hydrogen bonding arrays, sequences of donor and acceptor
interactions, ion coordination sites).

Systems presenting such features may be considered as
programmed supramolecular systems.'3] They involve the
explicit application of molecular recognition as a means of
controlling the evolution of supramolecular species, assem-
blies, and devices as they build up from their components
through self-processes (self-assembly, self-organization, self-
recognition...).l> 2 They are based on the incorporation into
molecular components of suitable instructions for the sponta-
neous but directed generation of well-defined supramolecular
entities. Depending on the design of the interaction patterns
between the components, more or less strict programming of
the output species will be achieved. The program is molecular,
the information being contained in the covalent structural
framework; its operation through non-covalent, intermolec-
ular recognition algorithms is supramolecular.

In correspondence with their external behavior, as mem-
bers of an assembly, the internal scene of molecular species
can be ruled by means of patterns of non-bonded interactions
that operate at the intramolecular level and may be put to use
for enforcing specific molecular geometries, such as helicity.[*

Combining both the molecular and the supramolecular
levels defines programmed chemical systems in their general-
ity. An important feature of such systems is their robustness.
In a robust system the instructions are strong enough for
ensuring the stability of the process, that is, the self-assembly
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is stable towards modifications of parameters such as con-
centrations and stoichiometries of the components, presence
of foreign species, and so forth. Conversely, when the
assembly only occurs in a narrow range of parameter values,
the system is unstable and presents a singularity; it may also
display a bifurcation or a switching point between different
assemblies.

The generation of a given superstructure results, in its
simplest form, from the operation of a single-code self-
assembly program. A step beyond consists in exploring the
possibility to devise systems of higher complexity that would
operate in multimode fashion and present multiple-program-
ming features, based on the implementation of several codes
within the same overall program. Specifically, the system may
then behave either as a linear combination of the subroutines,
each yielding its predetermined substructure, or as a cross-
combination with interference between the subprograms.

We shall here analyze briefly some recent advances towards
such systems, try to identify the concepts that they suggest,
and speculate about the perspectives these may open. No
exhaustive description of the surrounding research panorama
will be given, but only ad hoc presentations will be cited which
serve the purpose. The discussion will be based mainly on
inorganic systems, but other types of interactions may be
considered as well.

Inorganic self-assembly® 331 involves the generation of
well-defined metallo-supramolecular architectures from suit-
ably designed organic ligands and specific metal ions. It is
directed by the structural information stored in the ligands
and the coordination algorithm defined by a given set of metal
ions. It has allowed the generation of a variety of entities of
high structural complexity, such as linear and circular
helicates,>>$ cage compounds,°!! grid-type arrays,? >4
and so on.

Two Different Helicates from the Same Ligand
Strand

Linear sequences of discrete metal-ion binding sites may
serve as molecular strands which contain information that
may be read out and processed
by metal-ion complexation.
Thus, linear ligands containing
repeating bidentate complexa-
tion units such as bipyridine
(B), or terpyridine (T) separat-
ed into discrete sites by a suit-
able spacer, combine with met-
al ions of tetrahedral (e.g., Cul,
Agh) or octahedral (e.g., Fe')
coordination geometry respec-
tively, to produce homostrand
double-helical metal complexes, duplex helicates. ® ) Hetero-
duplex helicates are assembled for instance from tritopic BBB
and TTT strands by means of the five-coordinate Cu" ions.™!
Considering the formation of the DNA double helix from
complementary polynucleotide strands, the nucleotide com-
ponents and the base pairing by hydrogen bonding find their
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correspondence in the ligand binding sites and the metal-ion
coordination, respectively.

An important further step is represented by linear ligands
that contain a given sequence of binding subunits which
undergo self-assembly into heterosite homo- or heteroduplex
complexes with identical or different metal ions (homo- or
heterometallic). This is the case for instance with the mixed-
site strands BTB and TBT, and Cu!, Cu", or Fe!' metal ions,
which generate the corresponding double helicates (Figure 1).
One may note that the [(BTB)Cu'Cu'Cu"}(TBT)] combina-
tion amounts to the translation of one strand into the other
one by virtue of the Bn—T correspondence established by the
five-coordinate Cu" ions."%!

Of direct relevance to the present purpose is the case of a
BBT strand, which may generate two different homoduplexes
when two different sets of metal-ion coordination geometries
are brought into operation: a head-to-head double helicate
with [2(tetrahedral) + 1(octahedral)] and a head-to-tail ar-
rangement with [1(tetrahedral) + 2(pentacoordinated)] (Fig-
ure 1). Thus, the same ligand instructions lead to dif-
ferent products depending on the way in which they are
processed. This feature has wide implications as has been
pointed out earlier!'” and as will be discussed more exten-
sively below.

Two Different Metallomacrocycles from the Same
Ligand Strand

Beyond systems operating on a single-code program that
governs the self-assembly of a specific superstructure, such as
a double helicate, a cage complex, a grid-type array, etc., it
may be possible to combine several such codes as subroutines
of an overall program.

This has been realized with ligands 1 and 2, which contain
two types of complexation subunits that code for the assembly
of different structures, double-helicate and [2 x 2]-grid struc-
tures, respectively, with given metal ions, thus implementing
“double subroutine self-assembly” processes. They may
produce an inorganic architecture of either type A or B,
depending on whether the processing of the two sets of

- 7\ - 7\ -

TN\ TN 4 “ N N
MO\Q_Q YN NS mm
- N NN N#

T
2

instructions occurs in independent or in combined fashion,
respectively (Figure 2). Binding by ligand 1 of Cu! ions of
tetrahedral coordination geometry was found to give only
structure B.I'l However, the instructions in ligand 1 do not
allow a univocal control of the self-assembly process at the
outset.
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Figure 1. Schematic representation of the self-assembly of linear tritopic ligands (left) containing a defined sequence of binding subunits with specific metal
ions (center) to yield predetermined double helicates (right). The ligands are designated as (from top to bottom): BTB, TBT, BTB, TBT, and BBT. The last
example (bottom) represents a case in which the reading of the same instructions (binding subunits) by different interaction algorithms (sets of metal ions of
different coordination geometry) yield different outputs (double helicates). The bidentate and tridentate binding subunits, represented here as bipyridine B

and terpyridine T, respectively, may of course be in principle of other types.F]
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Figure 2. Schematic representation of the coordination architectures
potentially accessible from double-subroutine-type ligands such as 1 and
2, depending on whether the subprograms operate independently (A, C) or
in a combined fashion (B, D). Architectures C and D result from the
enforced processing of the binding information in ligand 2 by two different
sets of metal ions of specific coordination geometries; squares, pentagons,
and hexagons represent tetra-, penta-, and hexacoordinated metal ions,
respectively.
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To achieve this, it is necessary to design a ligand strand
whose self-assembly with a given set of metal-ions enforces a
unique output architecture. Furthermore, in such a case, if
different output superstructures are in principle accessible,
the processing of the same structural and binding information
through different coordination algorithms, that is, with differ-
ent sets of metal ions, may allow the directed generation of
different, specific, and predictable self-organized architec-
tures. This is realized with ligand 2 whose properties are
described in detail in the following article.l'’] It generates the
architectures C or D (Figure 2) depending on the set of metal
ions put into operation: the formation of C requires one
equivalent of an ion of octahedral coordination such as Fell,
Co'l, Ni'! and two equivalents of Cu! per ligand, whereas D
requires two equivalents of a pentacoordinated ion, such as
Cu' and one equivalent of Cu' per ligand molecule.

Two Different Hydrogen-Bonded Assemblies from
the Same Molecular Strand

Multiple expression of molecular information is of course not
limited to systems based on metal-ion coordination, but can
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also occur with other types of processing interactions such as
hydrogen bonding. Thus, a given linear sequence of H-bond
donor(D)/acceptor(A) patterns may adopt, in principle,
different geometries and generate different supramolecular
assemblies upon interaction with different complementary
templates, exemplifying that the information contained in the
patterns may be expressed differently depending on how it is
read through a given interactional algorithm.

In the case of the conformationally flexible receptor strand
3, which contains a linear sequence of four DAD H-bonding
subunits (Figure 3), a dynamic library of numerous different
conformers is obtained by rotation around the various
bonds.? The outcome of a selection within this library and
the nature of the assembly generated through binding of an
effector, depend on the arrangement of the hydrogen-bonding
sites in the template employed. With an ADA imide template,
one would expect a linear readout of the strand to give a
mixture of the different conformers of the supramolecular
entity thus formed (Figure 3, bottom). In contrast, upon the
binding of a double-faced, Janus type, ADA/ADA cyanurate
template, curvature is introduced into the backbone of the
strand 3, so that binding of two effector units may generate
three conformers of C, S, and helical shape (Figure 3, top).
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Figure 3. Hydrogen-bonded template-dependent expression of the information stored in the receptor strand 3 as
a function of the processing mode through the recognition algorithm of the effector: angular reading/curved
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The primary recognition event leads to the effector-induced
generation of a coiled object, which thereafter undergoes self-
assembly into helicoidal columns. This sequence of events
represents a hierarchical self-organization process.'”>?1 On a
general level, one may note that such sequential self-assembly
displays a conditional behavior and amounts to an IF logic
gate, a given assembly being able to form only if the previous
one has been generated.

Consequently, selection from the dynamic library of
possible conformational isomers of 3 occurs differentially
depending on how the receptor is read. The initial H-bond
mediated substrate — receptor interaction may also be viewed
as the deconvolution of a virtual dynamic library® of
conformers to give a discrete supramolecular object that
promotes a subsequent or “second level” self-assembly
event.

Conjectures—Implications—Perspectives

From a general point of view, the results discussed here lead
to conjectures which may have far-reaching implications
and open novel perspectives within the general framework
of programmed chemical sys-
tems.[- 2!

1) The processes involving
ligands 1 and 2 correspond to
double subroutine self-assem-
bly, the ligand strand containing
two subunits which code for
different structures. The output
architectures generated depend
on whether the two sets of
instructions are processed inde-
pendently or in a combined
fashion. In more general terms,
multisubroutine  self-assembly
may be considered to display
three types of behavior: a) it
may be robust, each sub-pro-

Helical

Q
o}
oi
>N*8
NH O HHH N
N

NH (O

—

g 8;%*1‘31 gram running independently to
X = NC1oHz1 generate its own encoded out-
put; self-recognition® > is a
related process; b) it may pres-
RoRe ent crossover, when the subpro-

grams operate in a combined
fashion; c) it may also be of
dominant/recessive type, one of
the subprograms imposing its
own output over the other
one(s).

2) The three self-assembly
processes analyzed above dem-
onstrate that the processing of
the same ligand information by
different coordination algo-
rithms (through the use of dif-
ferent sets of metal ions or of
different H-bonding effectors)
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allows the controlled generation of different output architec-
tures. This can be generalized to and should hold for any type
of molecular information and interaction (metal-ion coordi-
nation, hydrogen bonding, donor-acceptor, van der Waals).
Thus, the information stored in a molecular framework does
not necessarily code for a single species only, but may
generate different entities depending on how it is read out
and processed. The output is not fully determined by the
information stored. In such a case, the information may be
termed degenerate, the degeneracy being lifted by the
processing. The operation of different reading algorithms
leads to multiple expression of molecular information, yielding
different output entities in a controlled fashion, through post-
informational or post-instructional (post-genomic!) process-
ing events. As a corollary, multiple processing of a single set of
instructions allows the generation of diversity, since multiple
outputs may either coexist, or be potentially accessible
(virtual diversity).??l It thus meets dynamic combinatorial
chemistry®? through the interaction-controlled reversible
generation of a set of output entities.

3) Multiple processing capacity represents a further step in
the design of programmed chemical systems of increasing
complexity. One may expect that it will be possible to devise
molecular programs of more and more complex architecture,
capable of producing a variety of outputs under the strict
control of the interactional recognition algorithms. As is
already implicit in the cases considered above, such develop-
ments lead to the introduction of parallel processing into
programmed chemical systems,?¥ extending eventually to
massively parallel systems in which numerous self-assembly
processes would operate in parallel towards the generation a
single entity or of several different ones. Thus, beyond the
combination of the same, single receptor/ligand with different
effectors/ions, one may consider the simultaneous implemen-
tation of several different receptors with different effectors
(as is the case for self-selection in helicate formation).?3"!
Conversely, such chemical systems also open perspectives for
information science itself, inasmuch as they raise the question
of going beyond the usual one to one correspondence,
established by a given program, between the input information
and a single type of output, towards multiple outputs generated
by different modes of processing the same information.

4) The combination of different recognition/instruction
features in a molecular program opens a door to the design of
self-assembling systems capable of performing molecular
computation. Recent studies described the use of biomole-
cules and of DNA-based protocols to solve computational
problems.? There is no reason why an approach making use
of specifically designed non-natural components should not
be feasible, with possibly higher diversity, better resistance to
fatigue, and more compact/smaller size. It has been argued,
that computing through self-assembly may provide a powerful
alternative to conventional models.?®l Such potential may be
perceived in the coordination-controlled assembly of the
double helicates and of metallosupramolecular architectures,
as well as in the differential-folding processes induced by
effector H-bonding. discussed above. Numerous types of
interactions and of recognition units, be they of inorganic or
organic nature, are available for exploring these avenues.
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5) From the biological point of view, the above processes
would amount, for instance, to the generation of different
products or the induction of different functions by alternate
sensing of the same information through different interaction
patterns. This could, in particular, involve different pairing
schemes between natural and artificial nucleobases,?” so that
alternate modes of reading DNA or RNA sequences would
lead to different DNA to RNA transcription or RNA to
protein translation events, respectively, to yield, for instance,
different proteins depending on the processing algorithm,
defined by specific sets of interaction arrays between the
partners. For instance, pairing patterns other than the Watson-
Crick A=T, G=C ones,” such as “wobble” pairs G=U and
I=U, or involving non-natural code letters,” could yield
different messenger RNAs from the same DNA, or different
proteins from the same mRNA by reading the codons with
different tRNAs that contain alternate anticodons for a same
codon. Multiple reading would also result from the use of
doublet and quadruplet codons in addition to the actual
triplets. This corresponds to epigenetic variability/diversity
within the general genetic framework. In some ways, point
deletions leading to a frameshift amount to reading the
remainder of the information in a different way and yield
different products.

Multiple reading and expression of molecular information
might in particular be relevant for processes involving
protein —protein interactions, such as the synthesis of struc-
turally very diverse peptides by multifunctional protein
complexes according to the nonribosomal code.?! Detailed
studies of the proteomel” might reveal such features. The
binding of different effectors to the same allosteric receptor
site of functional proteins, or of the same effector to different
receptors may result in different activities. One may thus be
lead to consider, in addition to the one code/one output mode
a one code/several outputs scheme.

The combination of multiple expression and diversity
generation, brought about through differential processing,
with reversible build up of binding sites, opens perspectives
towards a rather intriguing facet of an emerging adaptive
chemistry (which becomes evolutive if the features gained
remain acquired):'’] the notion of dynamic information
generation and processing, defining adaptive/evolutive pro-
grammed systems.3!]
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Multiple Expression of Molecular Information: Enforced Generation
of Different Supramolecular Inorganic Architectures by Processing
of the Same Ligand Information through Specific Coordination Algorithms

Daniel P. Funeriu,'*! Jean-Marie Lehn,*?! Katharina M. Fromm,”! and Dieter Fenske!"!

Dedicated to the memory of Professor John A. Osborn

Abstract: The multisubunit ligand 2
combines two complexation substruc-
tures known to undergo, with specific
metal ions, distinct self-assembly pro-
cesses to form a double-helical and a
grid-type structure, respectively. The
binding information contained in this
molecular strand may be expected to
generate, in a strictly predetermined and
univocal fashion, two different, well-
defined output inorganic architectures
depending on the set of metal ions, that
is, on the coordination algorithm used.
Indeed, as predicted, the self-assembly
of 2 with eight Cu™ and four Cu' yields
the intertwined structure D1. It results

from a crossover of the two assembly
subprograms and has been fully charac-
terized by crystal structure determina-
tion. On the other hand, when the
instructions of strand 2 are read out
with a set of eight Cu' and four M (M =
Fe, Co, Ni, Cu) ions, the architectures
C1-C4, resulting from a linear combi-
nation of the two subprograms, are
obtained, as indicated by the available
physico-chemical and spectral data. Re-

Keywords: bipyridines - metal com-
plexes - self-assembly - supramolec-
ular chemistry - terpyridines

dox interconversion of D1 and C4 has
been achieved. These results indicate
that the same molecular information
may yield different output structures
depending on how it is processed, that
is, depending on the interactional (coor-
dination) algorithm used to read it. They
have wide implications for the design
and implementation of programmed
chemical systems, pointing towards mul-
tiprocessing capacity, in a one code/
several outputs scheme, of potential
significance for molecular computation
processes and possibly even with respect
to information processing in biology.

Introduction

Self-assembly through metal-ion coordination has provided
routes for the spontaneous but directed generation of highly
complex molecular architectures, practically inaccessible by
other means. A variety of discrete and highly organized
species has been obtained by means of ligands designed to
produce, with given metal ions, a well-defined architecture of
a single type.l'4

We recently reported a “double subroutine self-assembly”
process involving the coordination properties of a ligand (1)
(Figure 1) that combines two complexation subunits known to
yield specific and different structures of double-helical and of
grid type, respectively, with tetrahedral metal ionsPl. This
ligand complexes Cu', generating in almost quantitative yield
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a large highly intertwined architecture derived from four
ligand molecules and twelve metal ions (Figure 1).

The reading of the binding instructions encoded in the
structure of ligand 1, through a tetrahedral coordination
algorithm was expected to produce an inorganic architecture
of either type A or B, depending on whether the processing of
the two sets of instructions occurs in independent or in
combined fashion, respectively. In fact, only structure B was
obtained. Although this outcome made sense from a coordi-
nation point of view, the instructions in ligand 1 did not allow
a univocal control of the self-assembly process at the outset.

It was therefore of much interest to try to design a ligand
strand whose self-assembly with a given set of metal ions
would lead to a unique output architecture. Furthermore, it
was of even greater interest to demonstrate that the process-
ing of the same structural and binding information through
different coordination algorithms, that is, with different sets of
metal ions, may allow the directed generation of different,
specific and predictable self-organized architectures. This
would also make possible a precise positioning within the
same structure of two or several different metal cations in a
well-defined manner, each of them displaying its own com-
plexation features.
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We present here such a case:
ligand 2 may be expected to i
generate architectures of either
type C or type D (Figure 2)
depending on the set of metal
ions put into operation.

It has been established that
ligands of type 3, when treated
with ions that display octahedral
coordination (such as Co", Ni!,
Cull, Zn"), yield a square [2 x 2]
grid-type complex, 4.1 On the
other hand, ligand 5a when
treated with ions of tetrahedral
coordination (such as Cu' and
Agl) forms a double-helical
structure, the dihelicate 6.1

i

(4
Abstract in French: Le ligand 2 Cr
contient plusieurs sites de com- :u:
plexation groupés en deux sous- [:"h
unites connues pour donner lieu [:E
a deux processus d’autoassem- )
blages distincts avec des ions -
metalliques specifiques, resultant ";_' 1200
en une structure en double helice 4 :.:.,': -
ou en grille respectivement. L’in- ["' .
formation interactionnelle conte- il
nue dans ce brin moleculaire doit [":j
conduire de facon strictement I
prédeterminee et univoque a L

deux differentes architectures

r-{_'b__:ﬁr

oY

inorganiques dependant de I’en- T
semble d’ions metalliques, c.d. d. LI
de 'algorithme de coordination, 1

mis en oeuvre. Effectivement,
Pautoassemblage de 2 avec
8 Cu' et 4 Cu! fournit la structure
entrelacée D1. Elle resulte de
loperation combinée des deux sous-programmes d’assembla-
ge, et a ete caracterisée en detail par determination de sa
structure cristalline. D’un autre cote, quand les instructions du
ligand 2 sont lues par un ensemble de 8 Cu' et 4 M (M = Fe,
Co, Ni, Cu), les architectures C1—-C4, résultant d’une combi-
naison linéaire des deux sous-programmes, sont obtenues,
comme l'indiquent les données physico-chimiques et spectrales
disponibles. L’interconversion électrochimique de C4 et D1 a
ete realisee par oxydoréduction. Ces resultats indiquent que la
méme information moléculaire peut conduire a differentes
structures finales dependant de la facon dont elle est traitee,
c.a. d. dependant de I'algorithme d’interaction (coordination)
utilisé pour la lire. Ils ont de vastes implications pour la mise en
oeuvre de systemes chimiques programmes, revelant des
capacites de traitement multiple, en une correspondance un /
plusieurs produits (sorties), potentiellement de grande portee
dans le cadre de processus de calcul moleculaire et éventuel-
lement méme en rapport avec le traitement de l'information en
biologie.
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Figure 1. Self-assembly modes of ligand 1 (top) and formation reaction of the circular complex of type B
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One therefore predicts that the formation of the architec-
ture C requires one equivalent of an octahedral coordination
ion such as Fe, Co, Ni'' and two equivalents of Cul
per ligand, whereas D requires two equivalents of a penta-
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Figure 2. Self-assembly modes of ligand 2 and metal ions with different coordination geometries represented by a hexagon (octahedral hexacoordination), a
pentagon (trigonal bipyramidal pentacoordination) and a square (tetrahedral tetracoordination). Left: linear combination architectures C with eight Cu' and
four Fe' (C1) or four Co" (C2) or four Ni"' (C3) or four Cu'" (C4) ions. Right: crossover architecture D with four Cu' and eight Cu" ions (D1).

coordinated ion, such as Cu',”l and one equivalent of Cu! per
ligand.

A related case is that of the formation of two different
trinuclear helicates from the same ligand strand by using two
different sets of metal ions.[! As has been pointed out,! such
processes demonstrate that the operation of different reading/
coordination algorithms on the same program/ligand allows
the generation of different outputs/superstructures.

Results and Discussion

Ligand design: In the light of the above considerations we

designed ligand 2, which presents several special features:

1) it combines, within the same molecule, two ligand units
that, independently taken, yield with two different types of
cations two different inorganic architectures;

2) it possesses both bidentate and terdentate binding sites,
which can be exploited for the complexation of hexacoor-
dinate, tetracoordinate and/or pentacoordinate ions; this
makes possible a more subtle control over the complex-
ation event than in the case

in which only one type of @
metal ion is complexed by Ny D o Ny
the ligand, as was the case NN

for ligand 1 previously in- \I;

vestigated;

3) the oxomethylene bridge
that connects the different
binding groups of the ligand
has proved to be a good
compromise between rigidi-

Chem. Eur. J. 2000, 6, No. 12

8 R=OMe
b)l:
)E 9 R=OH
C

10 R=CI

Scheme 1. Synthesis of ligand 2. a) [Pd(PPh;),], toluene, 6-methoxy-2-(tributylstannyl)pyridine; b) HBr/AcOH;
¢) POCl;, 73% (over two steps); d) [Pd(PPH,),], toluene, 2-[tri(n-butyl)stannyl]-5-hydroxymethyl-(2-tetrahy-
dropyranyl)pyridine; ¢) HCI/MeOH, 55% (over two steps); f) Sb, NaH, THF, 72 %.
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ty (which is a crucial factor for preorganisation) and
flexibility, such that the complexation units can wrap
around each other in a helical fashion.®!

Treatment of ligand 2 with a mixture of ions presenting
octahedral and tetrahedral coordination in a 1:1:2 stoichiom-
etry is expected to yield a linear combination of the structures
4 and 6, namely structure C (Figure 2). A more complex
situation holds when the same ligand 2 is treated in 1:2:1 ratio
with ions displaying pentacoordinate and tetracoordinate
geometries, such as Cu' and Cu!, respectively. In this case, a
crossover structure should be formed, resulting from a cross-
operation of the two coordination routines. Species D (Fig-
ure 2) represents an entity of this type incorporating four
ligands.

Synthesis of ligand 2: Ligand 2 was obtained by treating diol
3e with NaH in excess followed by two equivalents of the
bisbipyridine monobromide 5b!'% in THF at reflux (72-75 %
yield). The diol 3e itself was synthesized as shown in
Scheme 1.

3d R=OTHP
LI
3e R=OH
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The dichloropyrimidine 7' was coupled with 6-methoxy-2-
(tributylstannyl)pyridine in toluene using [Pd(PPhs),] as a
catalyst to produce compound 8 in 87 % yield. Deprotection
of 8 with HBr to 9, followed by treatement with POCI; gave
the dichloro compound 10 in 73 % overal yield. Coupling of 10
in toluene in the presence of [Pd(PPhs),] with 2-[tri(n-
butyl)stannyl]-5-hydroxymethyl-(2-tetrahydropyranyl)pyri-
dine gave 3d, which by deprotection with HCI/MeOH
afforded the diol 3e in 55 % yield. Experimental details about
the synthesis of ligand 2 as well as of a series of other related
ligands will be published elsewhere.

Complexation properties of ligand 2

Formation and spectrometric properties of complex D I: The
perchlorate salt of complex D1 was obtained by treating a
suspension of 2 in acetonitrile with one equivalent of
[Cu(CH;CN),JClIO, and two equivalents of Cu(ClO,),:
6H,0O at reflux under Ar for 14 hours. The counteranion
could be exchanged by adding dropwise the resulting brown
solution to a concentrated aqueous solution of NH,PF,. The
precipitate which formed was centrifuged, washed abundantly
with water, followed by methanol and diethyl ether, and dried.

In order to characterize species containing paramagnetic
ions that do not display an informative NMR spectrum,
electrospray mass spectrometry (ESMS) is of particular
interest. In the case of the ClO, salt of the complex D1,
the ESM spectrum (Figure 3) displays a set of peaks that
correspond to the successive loss of ClO,™ ions from a complex
of composition [Cuy,(2),][(ClO,)5]. The signals obtained
range from [Cup(2),][(ClO,),]*" to [Cupn(2),][(ClO4).]™,
thus indicating unambiguously that the composition of the
complex corresponds to four ligands, four Cu' ions, and eight
Cu" ions.

D17+

993.4
100

p1e+| D1 L
856.9

3+
1812.3 D1
2449.6
0 - hl M.‘AAJL»-._____.H\ J'L_f‘,l
T T T T T T T T 1 m/z
400 800 1200 1600 2000 2400

Figure 3. Electrospray mass spectrum of complex D 1.

The electronic absorption spectrum (in acetonitrile) shows
a metal-to-ligand charge transfer (MLCT) band in the visible
region at 1 =445nm (¢=21000M'cm™") in line with what
one may expect for a molecule containing four Cu' ions, each
complexed to two bipyridines in a tetrahedral fashion. The
corresponding data for a dihelicate containing two [Cul-
(bipy),] sites are 449 nm (¢ =9800M~'cm!).[¥] A weak band at
687 nm (¢ =920M~'cm~') may be assigned to a d—d absorp-
tion, corresponding to the eight Cu' ions in a pentacoordi-
nated (bipy, terpy) environment, to be compared with 636 nm
(e=91m'cm™) for [Cu(bipy)(terpy)].

The data obtained in solution agree with the complex
having structure D1 in which the Cu" ions are pentacoordi-
nated and the Cu' ions have tetrahedral coordination. In
this way, following the principle of full site occupation,!'?
all the coordination sites provided by the ligand are ex-
ploited by the Cu! and Cu! ions. The formation of D1
corresponds therefore to the self-organization process shown
in Figure 4. Its structure was confirmed by X-ray crystallog-
raphy.

Cu'a,

Figure 4. Self-organization of the inorganic architecture D1 from ligand 2 and [8 Cu" + 4 Cu'] metal cations.
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Figure 5. Front view (left) and side-view (right) of the crystal structure of complex cation [Cuy,(2),]*** of D 1in a space-filling representation. The four ligand
molecules are represented in four different colors (yellow, green, red, and blue); the copper atoms are in orange.

Crystal structure of complex D I: Single crystals of compound
D1 as the PF;~ salt were grown by diffusion of benzene into a
3 mgmL~' solution of the complex in CH;NO,/CH;CN 1:1;
the crystal structure was determined. The compound consists
of a large complex ion [Cuy,(2),]*+ (Figure 5) of saddle shape,
with an overall diameter of 31 A (including the Van der Waals
radii).

The structure of this cation is strongly curved, probably
because of the fact that the distance between the two
bipyridine sites (within the same ligand) is shorter than the
distance between the terdentate unit and the neighboring
bipyridine site. This forces the molecule to bend in order for
the terminal bipyridine unit of one ligand to match the
“complementary” (with respect to Cu) coordination site
defined by one of the terpyridine-like subunits placed in the
central part of the second ligand. This bending can be seen (in
relation to the structure of proteins) as a tertiary structure,
resulting from factors expressed in the primary (subunits of
the ligands) and secondary (helical arrangement of the
ligands) structures.

The ligand strands are wrapped around each other as
schematically represented by structure D, forming four linked
double-helical sections and with twelve crossing points. There
are two types of duplexes in D of opposite (+) and (—) helicity
and these are arranged alternately around the ring so that the
structure is an achiral, meso form with two planes of symmetry
through the middle of the pyrimidine ring of the central
components 3e. As in the previously reported nanocycle,’!
this structure of D,, symmetry presents the unusual feature of
combining four chiral double-helical elements into an achiral
object. Structure D also corresponds to the intertwining of two
pairs of strings into a “perpendicular braid”.

The distances between the copper ions are listed in Table 1.
The Cu' and Cu' ions have tetra- and pentacoordination,

Chem. Eur. J. 2000, 6, No. 12
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Table 1. Distances [A] between the copper ions in complex D 1.2

Cu'A  Cu"B Cu'C Cu'D Cu'"E Cu'B Cu'C

Cul'A - 6.33 16.16 18.44 14.89 1747 1522
Cu'B 6.33 - 13.12 15.85 13.29 1464  17.50
Cu'A 11.50 7.06 6.88 11.43 15.22 13.13 1855

respectively. The bite angles of the bipyridine units complex-
ing Cu' are 81.8(3)° on average, whereas the interbipyridine
angles vary between 121.9(4)° and 128.4(5)°, leading to a
distorted tetrahedral coordination sphere. The average bite
angles of the bipyridine ligands at the pentacoordinated Cu"
ions are 83.5(3)°, while those of the terpyridine-type units are
smaller, about 79.5(3)°. The N-Cu-N angles between the
bipyridine and terpyridine groups vary from 100.0(2)° to
128.4(5)°, yielding a severely distorted trigonal bipyramidal
coordination geometry for the Cu'' ions, with the bipyridine
nitrogens and the central nitrogen of the terpyridine-like unit
in equatorial location and the two outer N atoms of the latter
in axial position, with an average N-Cu-N angle of 155°. The
Cu-N distances lie in the 2.018(8) A to 2.033(9) A range,
while those for Cu~N vary between 1.918(6) A and
2.142(4) A. A related pentacoordination geometry is found
for the central Cu!® site in a tris-Cu" double helicate.l

The previously reported nanocycle B (Figure 1)F! was
found to contain four PF,~ anions that tightly filled up its
central cavity (Figure 6). In contrast, complex D1 does not
appear to include any counterion or solvent molecule within
the central cavity, as a result of the bending previously
discussed, which leaves virtually no empty space within the
structure. However, four PF,~ ions are “pinched” between
two pyridines of two opposite bis-terdentate sites as shown in
Figure 7. The remaining PF,~ anions are found in between the
cationic units, together with the solvent molecules.
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Figure 6. Front view (space-filling representation, left) and side-view (stick representation, right) of the crystal structure of complex B containing 4 PF¢~
anions and 4 C;H, molecules; the latter are omitted on the left for clarity. The four ligand molecules are represented in four different colors (left: yellow,

green, red, and blue) or in the same color (right, blue).

Figure 7. Front view (left) and side-view (right) of the crystal structure of complex cation of D1 with 4PF,~ (light green) anions, in space-filling
representation. The four ligand molecules are represented in four different colors (yellow, green, red, and blue); the copper atoms are in orange.

In the lattice, the complexes are positionned with respect to
each other as shown in Figure 8.

Formation and characterization of complexes CI1-C4:
When the ligand 2 was refluxed in CH;CN for 14 hours
with a mixture of ClO,” salts of Cu' and M"Y (M =Fe,
Co, Ni, Cu) in a ratio 2/Cu/M"=1:2:1, in each case a
complex was yielded possessing the composition
[M,Cuq(2),](ClO,),s as indicated by ESMS. Indeed, the
mass spectra contain a clear pattern of peaks correspond-
ing to the successive loss of four to nine perchlorate anions
from the parent entity (see Figure 9 for M =Fe!', Co!!, and
Cu').

2108
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Only highly shifted broad resonances were observed by
proton NMR spectroscopy owing to the magnetic properties
of the complexes,'¥l so that no structural information could be
obtained from these spectra.

UV/Vis studies in CH;CN revealed, in the case of the
species obtained by reaction of 2 with a Cu'/Cu' mixture,
transitions corresponding to eight Cu' ions complexed each to
two bipyridine units and four Cu" (Ng) sites. For this
[Cu',Culy(2),]'** complex, an MLCT transition is observed
at 445 nm (¢ =37000M'cm™!) as compared with 449 nm (¢ =
9800M~'cm™!) for a dihelicate containing two [Cu!(bipy),]
sites;®! in addition a weak Cu" d—d absorption is found at
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Figure 8. Two views of the arrangement of D 1 molecules within the crystal
lattice.

711 nm(e =430M~'cm™'), to be compared with 687 nm (¢ =
100M~'em!) or 693 nm (¢ =70Mm~'cm™!) for hexacoordinated
[Cu"(terpy),] sites.”® The shift towards longer wavelength
and the higher absorption for the Cu'' sites in the present case
is in line with coordination to the central pyrimidine group of
the ligand. For the [Fe',Culy(2),]'** complex two bands are
observed at 447 nm (¢ =35000M'cm~!) and at 630 nm (e =
10000Mm~'cm™!) for the Cu' and Fe! sites, respectively; two
differently substituted Fe, [2 x 2] grid complexes of type 4
have absorptions at 585 nm (¢ =17000M'cm™") and 622 nm
(e=9900Mm'cm~1).[14

All the spectrometric results obtained agree with the
formation of complexes with four M (Ny) sites and eight
Cu' (bipy), sites. Together with the earlier data on the
formation of helicates!®! and of [2 x 2] grids,! they lead us to
propose for these species the general structure C, which
combines a central [2 x 2] grid (of type 4) and four dihelicate
units (of type 6), located at the corners of the grid, as
represented schematically in Figure 10. This probably holds
for all four cases C1-C4 involving Fe!, Co", Ni!, and Cu"!

Chem. Eur. J. 2000, 6, No. 12
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Figure 9. Electrospray mass spectra of the complexes [M,Cug(2),](ClO,)4:
top C1 (M =Fe"), center C2 (M = Co''), bottom C4 (M = Cu"). The peaks
observed correspond to the successive loss of four to nine perchlorate
anions from the parent complex.

ions, respectively. In order to confirm the structure in the solid
state, crystallization experiments are being pursued. All the
crystals obtained so far were of unsuitable quality. Perhaps the
less compact structure of a complex of type C with respect to
the circular structure D is the source of the crystallization
difficulties encountered.

Electrochemically induced interconversion of complexes D1
and C4: It should in principle be possible to electrochemically
interconvert the complexes C4 and D1, containing [4 Cul,,
8 Cu'] and [8 Cu", 4 Cu'] ions, respectively, by exchange of four
electrons. Indeed, preliminary experiments of coulometric
oxidation and reduction (in acetonitrile) of C4 and D1,
respectively, followed by refluxing the solutions for about ten
hours, yielded complexes that displayed the expected ESMS
and electronic absorption spectral features; this indicated that
the interconversion between the C4 and D1 structures
(Figure 11) had been achieved.

These results indicate that the C4/D1 pair represents a
bistable system undergoing an electrochemically induced
switching by multielectronic exchange, which corresponds to
the interconversion of two highly complex inorganic archi-
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Q =Fe', co" N" cu"

i =cu

Figure 10. Representation of the structure of the complexes C1-C4.

i =

\Y

4 o

& =cum # - cum

Figure 11. Scheme for the reversible electrochemically induced intercon-
version between the complexes C4 [4 Cu'!, 8Cu'] and D1 [8 Cu", 4 Cu'] by
exchange of four electrons (see text).

Hier

B = cullp B =ty

tectures. The processes are expected to be kinetically very
slow due to the deeply intertwined nature of these structures.
Further electrochemical and kinetic investigations are re-
quired in order to more quantitatively assess these trans-
formations.

Conclusion

The combination within a ligand strand of different coordi-
nation subunits of specific complexation properties with given
metal ions has prooved to be a powerful method for
generating, in a spontaneous but controlled manner through
self-organisation, large supramolecular architectures virtually
impossible to create in stepwise fashion. Thus, ligand 2,
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containing bidentate and ter-
dentate coordination units ca-
pable of discriminating be-
tween different cations based
on their coordination abilities,
has enabled us to place Cu' and
MU (M = Fe, Co, Ni, Cu) ions at
H= predictable, well-defined sites
within a specific structure. One

,-Ju can take advantage of this ap-

proach for introducing specific
ions at desired positions in a
complex supramolecular archi-
tecture in order to finely tune
its physical properties. A range
of ligands containing other
combinations of coordination
units may be envisaged. A
number of them have been
synthesized and their ion bind-
ing properties have been stud-
ied. These results will be descri-
bed in future reports.

The functionalization of the
ligands at well-defined positions
would generate complexes
bearing functional groups in
precise locations with respect
to each other, a feature of much
interest for instance for gener-
ating specific arrays of com-
plexes through recognition events, for interaction with surfa-
ces, or for binding to biologically relevant molecules. Such self-
organization processes present, in principle, much potential for
nanotechnology, since highly complex architectures become
spontaneously accessible in a controlled fashion, thus offering
means of bypassing intricate nanofabrication procedures.

The formation pathway of these highly intertwined archi-
tectures presents analogies with the protein folding problem
and is being investigated.

Finally, and probably most importantly, a deeper analysis of
the generation of two different inorganic architectures from
the same ligand by means of two different sets of metal ions
shows that the process has wide implications within the
general framework of programmed chemical systems:[' 1]

1) it corresponds to a case of double subroutine self-assembly
involving a ligand strand containing two subunits that code
for different structures, one of grid-type and one of double-
helicate type;

2) it demonstrates that the processing of the same ligand

information by different coordination algorithms (through

the use of different sets of metal ions) allows the controlled
generation of different output architectures;

it indicates that molecular information is, in principle,

pluripotent, inasmuch as its reading through different

interactional algorithms generates different output enti-
ties, thus opening perspectives towards the operation of
artificial or biological systems with multiple processing
capacity, by which a given code may yield several products.

3

~
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Experimental Section

General techniques: NH,PF, was purchased from Aldrich. The metal salts
for the complexation experiments were used as obtained from Strem
Chemicals. [Cu(CH;CN),]ClO, was prepared according to the procedure in
ref. [16]. Solvents were used as purchased, except acetonitrile which was
distilled over CaH,. The electrospray mass spectra were recorded on a VG
BioQ triple quadrupole mass spectrometer (Micromass, Manchester)
upgraded to Quattro II performance. UV spectra were obtained on a
Cary 3 spectrometer. The synthesis of the ligands used in this work will be
described in detail elsewhere.

Preparation of the complexes C1-C4: A typical complexation experiment
was run as follows. Ligand 2 (16.2 mg, 0.0132 mmol) was suspended in
acetonitrile (4 mL) at room temperature under Ar. Addition of M(ClO,), -
6H,0 (1 equiv, M =Fe, Co, Ni, Cu) and [Cu(CH;CN),]CIO, (2 equiv) led
to solubilization and formation of highly colored solutions. The solution
was stirred under reflux for 14 hours, and the small amount of insoluble
material (less than 2% of mass balance) was separated by centrifugation.
All the measurements described in this work were performed on the
materials obtained by this method, without further purification. Anion
exchange was performed as described for D1 hereafter.

Preparation of the complex D1: A typical complexation experiment was
run as follows. Ligand 2 (14.6 mg, 0.0119 mmol) was suspended in
acetonitrile (3.5 mL) at room temperature. Addition of [Cu(CH;CN),]CIO,
(1 equiv, 444mg) and of Cu(ClO,),-6H,0 (2equiv, 8.63mg) led to
solubilization and to a change in color from green to brown. The solution
was stirred under reflux for 14 hours, and a small amount of insoluble
material (removed by centrifugation) was observed (less than 2% of mass
balance). ESMS was performed on this sample without further purification.
In order to perform anion-exchange, the brown solution obtained was
added dropwise to a concentrated aqueous solution of NH,PF,. The
precipitate was filtered, washed abundantly with water, methanol and
diethyl ether to give a brown powder (96% mass recovery). X-ray
structural analysis was performed on a crystal grown from this sample
without further purification.

Crystal structure data for D1: Formula: [Cu,(C;sHg,N,O,),] - 20 PF-
12C4Hg - 4 CH;NO, - 8 CH;CN; diffractometer and data collection: STOE
IPDS (—70°C), graphite-monochromated Moy, radiation (4 =0.71073 A),
tetragonal, space group I4(1)/a, a=b=45.775(7), c=23.580(5) A, V=
49408(14) A3, Z=4, ©1=0.659 mm~!, F(000)=19144, p=1.282 mgm3,
20, =48.4°. Structure solution and refinement: primary structure sol-
ution by direct methods (SHELXS-92).'M Anisotropic refinement for all
non-hydrogen atoms of the cationic complex except for one terminal
bipyridine unit for which disorder was observed and which was refined on
two split positions (SHELXL-93).'8] 74519 measured reflections, 18479
independent [R(int) =0.1273] of which 18475 were used to refine 1063
parameters. The solvent and anionic structure part show multifold disorder.
Therefore atoms of solvent and PF¢~ anions were refined isotropically on
split positions. The structure was refined against F? (full-matrix least-
squares). R1=0.1337 (for 5506 reflections with F>40F) [R1=10.2882 (all
data)] and wR2=0.3294 [wR2=0.5073 (all data)]. GooF on F?=S=
0.976; max./min. residual density +1.05/—0.59 ¢ A3, 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- CCDC-138813. Copies of the data

can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).
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Hydrogen-Bonding Clusters Leading to Formation of
Supramolecular Dimers of Metalloporphyrin Receptors:
Modulation of Lewis Acidity by w—nx Interactions

Moshe Nakash,'”! Zoe Clyde-Watson,!?! Neil Feeder,®! Simon J. Teat,™ and

Jeremy K. M. Sanders*?!

Abstract: Two remarkable crystal structures are reported of a cyclic receptor 1,
containing two metalloporphyrin units. The overall crystal structure of 1 provides the

first direct evidence that m-stacking between two metalloporphyrins reduces the
Lewis acidity of the metal ion and thereby dramatically reduces the affinity of zinc for
external ligands; this effect was previously suggested indirectly by solution state
binding studies. In addition, crystallising 1 from a different combination of solvents
and the ability of 1 to distort its structure leads to the remarkable observation of a

Keywords: hydrogen bonds - metal-
loporphyrins pi interactions
structure elucidation - supramolec-
ular chemistry

supramolecular dimer of inter-penetrating macrocycles, 4, held together by clusters

of hydrogen-bonded methanol molecules.

Introduction

We report here on two remarkable crystal structures of the
macrocyclic receptor 1 which was prepared as part of our
larger study of porphyrin-accelerated Diels—Alder reac-
tions.['! We hope that by correlating the solid-state geometries
revealed by X-ray crystal structures with solution-state kinetic
and binding properties we will be able to construct a complete
structure — activity relationship. However, unexpected bonus-
es from the structure determinations described here are the
observations of a) reduction in the affinity of zinc porphyrins
for external ligands due to mw—m interaction, leading in this
symmetrical macrocyclic receptor to methanol binding by
only one of the two porphyrin moieties and b) a dimer of
macrocycles held together by clusters of hydrogen-bonded
methanol molecules.

Results and Discussion

Macrocycle 1 was synthesised as shown in Scheme 1.2
Coupling the porphyrin monomer 2 to terephthaloyl chloride
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yielded the linear species 3; deprotection and Glaser cyclisa-
tion gave 1 in overall yield of 16 %. Small crystals of 1 were
grown separately from a toluene/methanol mixture and from
a dichloromethane/hexane/methanol mixture, and the struc-
tures were determined at station 9.8 on the synchrotron
source at Daresbury (UK).

Macrocycle 1 (Figure 1) crystallises from a toluene/meth-
anol mixture in the triclinic P1 space group. The two
porphyrin units in 1 are slightly domedP! and are rotated by
30.0° with respect to each other (see Figure 1 top, left side).
This rotation is likely to be facilitated, or required, by the
relatively long diester chain linkage in 1. The Zn—Zn distance
in 11is 12.045(2) A. Only one of the two porphyrin units in 1
binds a methanol molecule. The intermolecular Zn—O bond
length between the coordinating methanol molecule and the
zinc atom in 1 is 2.18(4) A (Figure 1). The zinc atom lies at a
mean distance of 0.22(1) A, above the N, plane (which is
nearly coplanar, maximum deviation 0.002 A) towards the
oxygen atom. One more molecule of methanol is found in the
cavity of 1 and is hydrogen-bonded to the zinc-coordinated
methanol. The O+ O distance of 2.68(1) A, and the O ---H
distance between these two MeOH molecules are in the range
typical for hydrogen bonding of the O—H:-- O type.l* 3 For
the non-coordinated porphyrin unit we detect, within exper-
imental error, no displacement of the zinc atom from the N,
plane. In addition, two molecules of toluene are trapped, one
outside the cavity (filling some of the space between the
various macrocycles in the crystal) and one inside the cavity
(Figure 1).167

Two enantiomeric receptors (due to twisting,®! see above
and Figures 1 and 2) are found in the unit cell of 1 and are
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Scheme 1. Synthetic route to macrocycle 1.

related to each other by inversion symmetry, forming an
achiral crystal. One of the hexyl substituents on one of the
porphyrin units (not shown) in 1 penetrates the cavity of an
adjacent cyclic receptor (in the unit cell), while the other
hexyl chains are accommodated in the gaps between the
columns that run along the a axis in the unit cell (Figure 2).
The porphyrin units in 1 do not penetrate the cavity of an
adjacent receptor in the unit cell but their close proximity
might account for the rotation, about the meso carbon axis, of
the uncoordinated porphyrin unit in 1 (see Figures 1 and 2),
creating a dihedral angle between the two N, planes of
17.9(1)°.

The overall crystal structure is composed of infinite
columns which run along the a axis of the unit cell, in which
each of the uncoordinated zinc porphyrin units forms an
attractive m—m interaction with an adjacent receptor (see
Figure 2 and Figure 3). Strong attractive interactions between
the two porphyrin units lead to aggregation in solution.l’ Both
in solution and crystals the two porphyrins generally adopt a
cofacial arrangement with their centres offset.['® This geom-
etry may be summarised as follows: 1) The &t systems of two
neighbouring porphyrins are parallel, with an interplanar
separation of 3.4—3.6 A; 2) the m-stacked porphyrins are not
rotated relative to one another, that is, their nitrogen —nitro-
gen axes are parallel; 3) one porphyrin is offset relative to the
other by 3—4 A along the nitrogen — nitrogen axis.['] Figures 2

Chem. Eur. J. 2000, 6, No. 12
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OEO
o O

and 3 show the m-stacking rela-
tionships found in the crystal of
1; the distance between the two
N, planes of the two m-m
interacting porphyrin units is
3.46(1) A2l and the relative
orientation and offset are as
expected for a strong attractive
interaction.['% 2] The fact that
methanol is coordinated in 1 to
only the zinc porphyrin unit
which is not involved in m—x
interaction, (see Figure 2), pro-
vides the first direct evidence
that s stacking between two
metalloporphyrins reduces the
Lewis acidity of the metal ion
and therefore dramatically re-
duces the affinity of zinc for
external ligands, as was previ-
ously suggested from binding
studies in solution.l'® This re-
duction in Lewis acidity could
be the result of a weak electro-
static interaction between the
positive charge on the Zn
atom,™™ in one porphyrin unit,
and the & electrons in the other
porphyrin unit.l''s 41 This effect
could account for the observa-
tion that one MeOH molecule
found in the cavity of 1 prefers
to form an intermolecular hy-
drogen bond with the Zn-coordinated MeOH molecule rather
than to coordinate to the ’free’ zinc atom in the porphyrin unit
that is involved in the - interaction. In effect, this crystal
structure appears to be the result of a competition between
Zn-MeOH coordination and st— interaction. For compar-
ison, in the X-ray structure of complex 4 (see below and
Figure 5), for which no m-m-interactions were found between
porphyrin units of different complexes (see below and
Figure 7), molecules of methanol are bound to both zinc
atoms in both macrocycles 1a and 1b (Figure 4), that together
form the complex 4.

Macrocycle 1 crystallises from dichloromethane/hexane/
methanol mixture in the orthorhombic P2,2,2, space group,
and in two closely related but not identical structural forms,
1a and 1b (see Figure 4), which together form the inter-
penetrated supramolecular dimer complex 4 (Figure 5). In
both 1a and 1b one of the porphyrin units has a qualitatively
planar structure, while the second porphyrin unit has a
distorted saddle structure.®! The two porphyrin moieties in 1a
and 1b are rotated by 5.0° and 10.8° with respect to each other
(see Figure 4 top, left side and right side, respectively) and are
translated with respect to each other, due to a significant
bending of the butadiyne linkage (see Figure 4 top and
Figure 5 top). This molecular distortion results from a
remarkable interpenetration of the pair of macrocycles to
form complex 4, which is stabilised by two hydrogen bonding

1. TBAF/CH,Cl,

2. CuCl, TMEDA,
CH20|2
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Figure 1. The molecular structure of 1, side views (bottom and top left) and top view (top right). The coordinating MeOH molecule is shown together with
the hydrogen bonded MeOH molecule and the trapped toluene molecule which are found in the cavity of 1. The hexyl chains and the toluene molecule

trapped outside the cavity have been omitted for clarity.

Figure 2. The relative arrangement of macrocycles 1 in the unit cell clearly
showing the m-m interactions between the porphyrins (drawn in a
perpendicular orientation with respect to the paper plane) in the columns
that run along the a axis. The alkyl substituents on the porphyrins, the
hydrogen atoms and the toluene molecules trapped outside the cavity of
macrocycle 1 have been omitted for clarity.

arrays (see Figures 5 and 6) that connect the two macrocycles
(1a and 1b). This translation is likely to be facilitated by the
relatively long diester linkage in 1. The Zn—Z7n distances in 1a
and 1b are 11.808(3) A and 11.898(3) A, respectively, and are

2114 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 3. Side view of the m—m-interacting porphyrin pairs (in Figure 2),
showing their relative orientation and offset. The alkyl substituents on the
porphyrins and hydrogen atoms have been omitted for clarity.

similar to that found in 1, 12.045(2) A (Figure 1).19) The
intermolecular Zn—O bond lengths between the coordinating
methanol molecules and the zinc atoms Znl, Zn2, Zn3 and
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Figure 4. The molecular structure of the two structural forms of 1 (1a and 1b; bottom: side view and top: top view) which together form the complex 4
(Figure 5). The coordinating MeOH molecules are also shown together with the hydrogen-bonded MeOH molecules which are found in the cavity of
macrocycles 1a and 1b. The hexyl chains have been omitted for clarity. Macrocycle 1b is drawn as shown in the complex 4 (Figure 5 bottom), while 1a is
rotated twice by 90° in two perpendicular motions, with respect to the way it is drawn in complex 4 (Figure 5 bottom).

Zn4 (Figure 4) are 220(2) A, 220(2) A, 220(2) A and
2.22(2) A, respectively. The zinc atoms Znl, Zn2, Zn3 and
Zn4 (Figure 4) lie at a mean distance of 0.23(1) A, 0.21(1) A,
0.22(1) A and 0.22(1) A, respectively, above the N, plane
(which are nearly coplanar, maximum deviation 0.058 A (left
ring in 1a), 0.018 A (right ring in 1a), 0.019 A (left ring in 1b)
and 0.057 A (right ring in 1b)) towards the oxygen atom. The
intermolecular Zn—O bonds lengths and the location of the
Zn atom above the porphyrins N, planes in 4 are similar to
those found in 1. Macrocycles 1a and 1b differ in their
structure also in the dihedral angles between the two N,

Chem. Eur. J. 2000, 6, No. 12
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planes (in each of these receptors), having angle values of
16.8(5)° and 20.9(5)°, respectively.

The formation of complex 4 in the solid state is facilitated
by the flexibility of the framework, demonstrated by the
marked deviation from twofold symmetry (in 1a and 1b)
clearly seen in the relative orientations and translations of the
porphyrin units in Figures 4 and 5. Complex 4 (Figure 5)
consists of two interpenetrating cyclic metalloporphyrin
receptors and seven hydrogen bonded methanol molecules,
of which four are coordinated to the zinc porphyrins. Two of
the hexyl substituents (not shown) on each of the two inner
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Figure 5. Side view (bottom) and top view (top) of the molecular structure
of complex 4. The alkyl substituents on the porphyrins and the hydrogen
atoms have been omitted for clarity. pl, p2, p3 and p4 are symbols
corresponding to the four porphyrin units in complex 4.

Figure 6. The two homodromic hydrogen-bonded arrays found in 4. The four MeOH array (left) and the three
MeOH array (right) lie in the space between porphyrins p1l and p3 and porphyrins p2 and p4, respectively (see
Figure 5 top). The oxygen-—oxygen distances are: O1—-02 2.58(2), 02—03 2.66(2), O3—04 2.70(2), 04—0O1
2.89(3), 05-06 3.20(3), 06—07 2.77(3), and O7—05 2.82(3) A. The oxygen atoms that are bound to the Zn-

porphyrin units in complex 4 are: O1, O3, OS5, and O7.

2116 ——
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’planar’ porphyrin units, p2 and p3 (Figure 5), in complex 4
penetrate the cavity of the adjacent macrocycle (in the
complex). Both 1a and 1b are chiral (due to bending and
twisting,®l see above and Figures 4 top and 5 top) and together
form the supramolecular chiral complex 4, which crystallises
as a chiral crystal in the P2,2,2, space group.['’]

Hydrogen bonding clearly provides the driving force for the
formation of complex 4. Both 1a and 1b bind two methanol
molecules intermolecularly (to the zinc porphyrin), one inside
and one outside the cavity. These, in addition to the three
other methanol molecules found in the complex, form two
hydrogen-bonded arrays of four and three MeOH molecules
in the space between porphyrins pl and p3 and porphyrins p2
and p4, respectively (see Figure 5), and which hold the two
macrocycles together. The O---H and O --- O distances in the
two hydrogen-bonded arrays in Figure 6 are in the range
known for hydrogen bonding of the O—H --- O type.[* 18 I The
two hydrogen-bonded arrays (Figure 6) are oriented in a
homodromic manner, in which all the hydrogen bonds have
the same circular direction. This orientation, which has also
been found in other crystal structures,?! is calculated to be
lower in energy than the antidromic arrangement.?!l The
higher relative rotation of the two porphyrins in 1b (com-
pared with 1a) with respect to each other, see above, and the
dihedral angle between the N, planes in porphyrins p2 and p3,
2.3(5)°, imposes a smaller free space between porphyrins p2
and p4 than in the case of porphyrins p1 and p3 (see Figure 5
top). This is reflected in a shorter Zn—Zn distance between
porphyrins p2 and p4 versus porphyrins p1 and P3, 6.334(3) A
versus 6.973(3) A, respectively. This might account for the
observation that there are four methanol molecules in the
space between porphyrins pl and p3 while there are only
three between porphyrins p2 and p4. The thermodynamic
strength of a hydrogen bond is extremely variable, and for
neutral molecules it normally lies in the range of 2-
5 kcalmol .21 The two hydrogen-bonded arrays (Figures 5
and 6) are likely to be the dominant factor controlling the
formation of complex 4. We
have previously detected clus-
ters of hydrogen-bonded alco-
hols in the cavities of capped
porphyrins in solution but not in
crystals.??l Tt is well known that
the stronger hydrogen-bond
motifs found in organic systems
can be used to direct the syn-
thesis of supramolecular com-
plexes, for example in crystal
engineering.>? It is also
known that hydrogen bonds be-
tween solvent and solute mole-
cules facilitate the retention of
organic solvents in crystals.?’]

The two planar porphyrins p2
and p3 in complex 4 (see
Figure 5) are almost parallel,
with interplanar separation of
3.5 AP and are just slightly
rotated (1.2°) relative to one
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another, as expected for ;t— interaction between porphyrins
(see above).l1% 12.27l However, porphyrins p2 and p3 are 7.5 A
offset relative to one another, mainly along the meso carbons
axis. This offset is expected to significantly reduce the
favourable m—m interaction between the two porphyrin
units,''?l p2 and p3. Therefore, the possible weak m—m
interaction between porphyrins p2 and p3 (if it exists at all,
given the geometrical relationship) is not expected to stabilise
the complex significantly. The formation of complex 4 is likely
to be driven by the seven hydrogen bonds (see Figures 5 and
6) which give a maximum of less than about 20 -35 kcalmol~!
of stability to the complex. However, as complex 4 consists of
some nine molecules the entropic penalty for its assembly in
solution will be very large: the equilibrium constant for
dimerization will therefore be too small to observe exper-
imentally in solution at accessible concentrations but is clearly
enough to control the mode of crystallisation.

The overall crystal structure of complex 4 is composed of
layers of inter-penetrating dimers of cyclic zinc-porphyrin
receptors parallel to the plane defined by the a and ¢ axes of
the unit cell. These layers reveal that each complex is
surrounded by another six dimeric complexes and that there
are no m— 7 interactions between porphyrin units of different
complexes, so each complex is an ’autonomic’ unit (Figure 7).
As the crystal of complex 4 is chiral, a side view of these layers
show ’spiral columns’ that have the same directionality. Large
channels run between the layers throughout the crystal
parallel to the a axis, which accommodate most of the hexyl
substituents on the porphyrin units.

By comparison with conventional small molecule crystal-
lography, the R factors associated with structures 1 and 4 are

rather large. This is hardly surprising: the large unit cell and
lack of heavy atoms ensure that the X-ray scattering power of
the crystals will be very low,! while the four solubilising
hexyl chains per porphyrin unit tend to be disordered;
furthermore, solvent molecules are often included within
and between molecules in the lattice. In general therefore, we
have needed recourse to synchrotron sources of X-rays. It is
important to note that although the large R factors associated
with this kind of system inevitably limit the precision with
which one can determine bond lengths and angles, they do not
detract from our ability to draw conclusions about intermo-
lecular interactions or large scale molecular distortions.

Conclusion

The results presented here show that macrocycle 1 is rather
flexible and able to respond to weak interactions and ligands
by distorting the porphyrin framework and by torsion around
the butadiyne linkage. The efficiency of 1 in accelerating the
recently studied Diels — Alder reaction!'®! will be tested as part
of a structure—activity relationships study for a series of
different but closely related macrocycles that are now being
prepared in our laboratory. The overall crystal structure of 1
gives the first direct evidence that s stacking between two
metalloporphyrins reduces the Lewis acidity of the metal ion
and therefore dramatically reducing the affinity of zinc for
external ligands, as was previously suggested from binding
studies.'® In addition, crystallising 1 from a different
combination of solvents and the ability of 1 to distort its
structure (as seen in 1la and 1b) leads to the remarkable

Figure 7. The relative arrangement of the dimeric complexes 4 in the crystal layers, parallel to the plane defined by the a and ¢ axes of the unit cell. The alkyl
substituents on the porphyrins and the hydrogen atoms have been omitted for clarity.
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observation of a supramolecular dimer of inter-penetrating
metalloporphyrin macrocycles, 4, held together by clusters of
hydrogen-bonded methanol molecules.

Experimental Section

General: 'H NMR spectra (250 MHz) were recorded on Bruker AC-250
spectrometers. *C NMR spectra were obtained on a Bruker AC-250
operating at 62.5 MHz. All NMR measurements were carried out at room
temperature in deuterochloroform. MALDI-TOF mass spectra were
recorded on a Kratos Analytical Ltd, Kompact MALDI IV mass
spectrometer. A nitrogen laser (337 nm, 85 kW peak laser power, 3 ns
pulse width) was used to desorb the sample ions, and the instrument was
operated in linear time of flight mode with an accelerating potential of
20kV. Results from 50 laser shots were signal averaged to give one
spectrum. An aliquot (1 uL) of a saturated solution of the matrix (sinapinic
acid) was deposited on the sample plate surface. Before the matrix
completely dried, a small volume (1 pL) of analytes (dissolved in dichloro-
methane/chloroform at 1 mgmL~') was layered on the top of the matrix
and allowed to air-dry.

Spectroscopic data for 1: Receptor 1 was prepared from monomer 2
according to the general procedurel? with an overall yield of 16 %. 'H NMR
(250 MHz, CDCl;): 6 =0.75-0.82 (m, 24 H; hexyl Me), 1.13-1.42 (m, 32 H;
hexyl CH,), 1.51-1.66 (m, 16 H; hexyl CH, ), 1.97 (m, 16 H; hexyl CH,),
2.27-2.34 (m, 24 H; ring Me), 3.75 (m, 16 H; CH,-Por), 5.51 (s, 4H; benzyl
CH,), 7.55 (s, 2H; aryl-H), 7.63-7.88 (m, 12H; aryl-H), 8.19 (m, 2H; aryl-
H), 8.37 (d, *J(H, H) =73 Hz, 2H; aryl-H) 9.88 (s, 4 H; meso-H); 3C NMR
(62.5 MHz, CDCl;, APT): 6 =13.95, 15.17, 15.56 (Me), 22.59, 26.57, 29.86,
31.79, 33.15 (hexyl CH,), 67.67 (benzyl CH,), 74.46, 83.26 (C=C), 97.16
(meso), 116.90, 118.07, 120.88, 133.69, 134.54, 137.11, 137.33, 143.23, 143.35,
144.42, 144.72, 146.10, 146.12, 147.12, 147.32 (quaternary pyrrole and aryl
carbons), 127.05, 127.32, 128.45, 129.42( x 3), 133.26, 133.47, 139.74 (aryl-H),
165.75 (ester C=0); MALDI-TOF MS (C;3H;,N3O,Zn,) calculated:
2073.114, found: 2073.1.

X-ray crystallography: After much effort, only small crystals of 1 and 4
could be grown. These proved to be weakly diffracting with a laboratory
X-ray source. In order to determine the structure it was necessary to exploit
the high intensity of a synchrotron radiation source. Data were collected at
the Daresbury SRS (UK), Station 9.8 3 using a Bruker AXS Smart CCD
area-detector diffractometer, in narrow frame mode. Intensities were
integrated®!! from several series of exposures. For 1 each exposure covered
0.3%in w, with an exposure time of 1 s and the total data set was more than a
hemisphere. For 4 each exposure covered 0.2° in w, with an exposure time
of 10s and the total data set was more than a quadrant. Data were
corrected for absorption and incident beam decay.’?l The unit cell
parameters were refined using LSCELL.

Even using a synchrotron radiation source, these crystals were found to be
weakly diffracting because of extensive disorder of the n-hexyl chains. This
resulted in relatively high R1 values. Experience with this type of
structurel* ! has shown that the particular refinement stratagem em-
ployed to model the chains depends on the degree of disorder and the
quality of the diffraction data.

In both structures it was possible to locate two separate conformations for
many of the n-hexyl chains. The relative occupancy of the two conforma-
tions was determined by first fixing the temperature factors of the atoms
concerned to some reasonable value. Their site occupancy values were then
refined, with common values for the atoms within one conformation, but
constrained such that the sum between the two conformations was equal to
1. The occupancy of the chains was then fixed at those values and the
carbon atoms allowed to refine with isotropic temperature factors. For the
structure 4 the data was particularly weak and the disorder severe. In this
case, carbon atoms at the same position in each chain were refined with
common isotropic temperature factors. The data collected from the crystal
of 1 was of slightly better quality and it was possible to allow the isotropic
temperature factors of the atoms in the chains to refine independently.
For all the n-hexyl chains, it was necessary to impose some restraints on the
1,2 and 1,3 C—C bond lengths in order to produce groups with a sensible
geometry. The two toluene molecules located in the structure 1 were both
disordered. One molecule was disordered about an inversion center. The

2118 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

second was modelled over two overlapping sites, with occupancies of 0.6
and 0.4 respectively. 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-119695 (for 1) and CCDC-116960 (for 4). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44) 1223 336-033; e-mail: deposit@
ccde.cam.ac.uk).

Crystal data for 1: C,45H;,6NgO¢Zn,, M,=2275.69, crystal dimensions
0.24 x 0.18 x 0.10 mm, triclinic, space group P1 (no. 2) a=18.8040(10), b =
18.8570(10), ¢=20.6530(10) A a=92.560(10), B=115.680(10), y=
104.280(10)°, V=6299.0(6) A3, Z=2, peuea=1200Mgm=3, u=
0.440 mm~", 0, =29.49°, Moy,, A=0.6884 A, T=150(2) K. A total of
60337 measured reflections of which 32382 were independent [R(int) =
0.0615]. Final residuals (32382 included reflections, 1381 parameters)
R1[I>20(1)]=0.0922, wR2=0.2197, S§=1.090, w=1[c*F2+
(0.0835 P)>+12.875 P] where P=(F2+2F?)/3)). Largest peak and hole
in the difference map —1.067 and — 0.649 e A=3, respectively. The structure
was solved by direct methods using SIR-921] and refined with SHELXL-
97.137)

Crystal data for complex 4: C,3;50H,,(N3O;5Zn,, M,=2185.55, crystal
dimensions 0.10 x 0.06 x 0.04 mm. Orthorhombic, space group P2,2,2,(no.
19) a=19.2330(10), b = 33.403(2), c =37.607(2) A, V=24160(2) A3, Z=38,
Peated = 1.202 Mgm3, 4 = 0.457 mm~', 20max = 45.2°, synchrotron radiation
2=0.6887 A, T=150(2) K. A total of 52108 measured reflections of which
34001 were independent [R,, = 0.0742]. Final residuals (34001 included
reflections; 1229 parameters) R1[/>20(/)]=0.1673, wR2=0.3872, S=
1.160, (w=1/[c’F2+ (0.161 P)>+223.264 P] where P=(F2+2F?)/3)).
Largest peak and hole in the difference map 1.654 and —1.164 e A3,
respectively. The structure was solved by direct methods using SIR-9203¢]
and refined with SHELXL-97. 7]
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Evidence for a Dinuclear Mechanism in Alkyne Hydrogenations Catalyzed by
Pyrazolate-Bridged Diiridium Complexes

Francisco Torres, Eduardo Sola, Anabel Elduque, Ana P. Martinez,
Fernando J. Lahoz, and Luis A. Oro*!?!

Abstract: The products obtained from
the sequential reaction of [Ir,(u-H)-
(u-Pz),H;(NCCH,;)(PiPr;),] (1) with di-
phenylacetylene and their subsequent
reactions with hydrogen have been in-
vestigated in order to deduce the mech-
anisms operating in the hydrogenation
reactions catalyzed by 1. The reaction of
1 with an excess of diphenylacetylene
gives cis-stilbene and [Ir,(u-H)(u-Pz),-
{11-CoH.-2-["-(2)-C=CHPh]}{(Z)-C(Ph)
=CHPh}(NCCH,)(PiPr3;),] (2), the struc-
ture of which has been determined by

and  [Ir(u-H)(u-Pz),H{n'-CiH,-2-[n'-
(Z)-C=CHPh])(NCCH,)(PiPr)),]  (5),
which have been isolated and character-
ized. These three complexes react with
hydrogen to give cis-stilbene and 1 and
are possible intermediates of the diphe-
nylacetylene hydrogenation under cata-
lytic conditions. Nevertheless, the rate of
formation of § is very slow compared
with the rate of catalytic hydrogenation,
which excludes its participation during
catalysis. Compound 2 also reacts with
hydrogen in benzene, but in this case the

hydrogenation gives 1,2-diphenylethane
as the sole organic product. The course
of this reaction in acetone has been
investigated, and deuteration experi-
ments were carried out. The formation
of [Iry(u-H)(u-Pz),H{n'-CiH,-2-[n'-(Z)-
C=CHPh]}(OC(CDs),)(PiPr3),] (6) and
(Ir,(u-H) (u-Pz),H{n'-CeH,-2-['-(2)-

C=CHPh]}(NCCH,)(PiPr;),] (7) was ob-
served under these conditions. The ex-
perimental evidence obtained supports
two alternative mechanisms for the
alkyne hydrogenation catalyzed by 1,

X-ray diffraction. The formation of 2
involves the intermediate species [Ir,(u-
H)(u-Pz),H,{(Z)-C(Ph)=CHPh}(NCCHy;)-
(PiPr;),]  (3), [Iry(u-H)(u-Pz),H{(Z)-
C(Ph)=CHPh},(NCCH,)(PiPr3),] (4),

effects -

Introduction

The peculiar chemical behavior that may result from the
proximity of metal centers in polynuclear complexes is a
challenging research topic, which can be also of technological
importance in the field of homogeneous catalysis.l In fact,
during the last decades a variety of compounds have been
prepared in which intermetallic cooperation or synergetic
effects lead to enhanced catalytic properties.’! Also, intrigu-
ing examples of substrate activations simultaneously per-
formed by two or more metal atoms have been reported.?!
Unfortunately, the complexity of these systems often pre-
cludes their detailed mechanistic study, and, therefore, the
performance of such polynuclear species and the reasons for

[a] Prof. Dr. L. A. Oro, F. Torres, Dr. E. Sola, Dr. A. Elduque
A. P. Martinez, Dr. F. J. Lahoz
Departamento de Quimica Inorgédnica
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one of them being dinuclear and the
other mononuclear. The experimental

cooperative -
data suggest that the former is favored.

the observed catalytic enhancements remain unclear. Then,
the necessary information required for a rational design of
catalysts based on this kind of cooperative effects is still not
available.

Recently, we reported the synthesis of the pyrazolate-
bridged diiridium(i) complex [Ir,(u-H)(u-Pz),H;(NCCHj;)-
(PiPr;),] (1), which displays noticeable substrate activation
capabilities and catalyzes alkene hydrogenation./! This com-
pound and its derivatives constitute rather simple and
valuable models for the study of intermetallic relationships
in dinuclear species; this has allowed us to recognize aspects
relevant to dinuclear catalysis such as ligand migrations and
the transmission of trans effects along the dinuclear skeletons.
In the course of these investigations, we observed peculiar
structures and reactivities for the intermediates of ethene
hydrogenation, suggesting that this catalytic reaction could
involve a novel dinuclear mechanism. Aimed at the identi-
fication of such a mechanism, we describe here a detailed
study on the intermediates involved in the hydrogenation of
diphenylacetylene by complex 1. Interestingly, the dinuclear
pathway followed by this reaction seems to operate even in
the presence of an alternative mononuclear mechanism.
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Results

Sequential reactions of complex 1 with diphenylacetylene:
The reaction of complex 1 with an excess of diphenylacetylene
in toluene affords, after 24 h at room temperature, [Ir,(u-
H) (u-P2),{n'-CyH,-2-[-(Z)-C=CHPh]}{(2)-C(Ph)=CHPh}-

(NCCH;)(PiPr3),] (2) together with one equivalent of cis-
stilbene [Eq. 1]. The molecular structure of 2 determined by

PhC=CPh
N excess

He L.
I N7~ NCCHs
BT THTR ;

PiPr3 prsP H Ph/_\Ph PiPr3 iPrgPp =\
. 2 Ph Ph

r-. r—NCCH
"H"[.___ 3 (1)

X-ray diffraction is shown in Figure 1. Important bond lengths
and angles are given in Table 1.

Ca)

Figure 1. Molecular structure of complex 2.

Complex 2 is an asymmetric species that contains two
organic fragments derived from diphenylacetylene: a (Z)-
diphenylvinyl ligand and its ortho-metallated derivative,
which forms a four-membered metallacycle. The coordination
environment of Ir(2) is nearly a perfect octahedron, whereas
the environment of Ir(1) is strongly distorted due to the
position of the bridging hydride and the geometry of the
ortho-metallated vinyl ligand. The latter chelates the metal
with a bite angle of 65.74(18)°, which is in the range found for
related chelating ligands such as #3-allyl or acetate.’] As a
result of this small bite angle, the angles around C(6), the
central carbon of the chelate, strongly deviate from the sp?
ideal values, as also found in other complexes containing
related ortho-metallated ligands. [

The hydride ligand was located in the difference Fourier
maps, bridging the iridium atoms with remarkably different
distances of 1.52(4) and 1.99(4) A. Although the hydride
positions must be interpreted with some caution, the location
of H(1) agrees with the observed NMR spectra of 2. Thus, the
hydrido bridge of 2 appears, in the 'THNMR spectrum in
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Table 1. Selected bond lengths [A] and angles [°] for complex 2.

Ir(1)-H(1) 1.99(4) Ir(2)-H(1) 1.52(4)
Ir(1)-N(1) 2115(4)  Ir(2)-N(2) 2.095(4)
Ir(1)-N(3) 2101(3)  Ir(2)-N(4) 2.110(4)
Ir(1)-P(1) 2.3208(12) Ir(2)-P(2) 2.3353(12)
Ir(1)-C(1) 2.076(4)  Ir(2)-C(36) 2.093(5)
Ir(1)-C(7) 2.036(4)  Ir(2)-N(5) 2.051(4)
C(7)-C(8) 1337(6)  C(36)-C(37) 1.345(6)
H(-Ir(1)-N(1)  78.7(12) H(1)-Ir2)-N(2)  84.2(16)
H()-Ir(1)-N@3)  753(12) H(1)-Ir(2)-N(4)  81.1(15)
H(1)-Ir(1)-P(1)  1032(12) H(1)-Ir(2)-P(2) 96.3(16)
H(-Ir()-C(1)  112.0(12) H(1)-Ir(2)-C(36)  93.7(15)
H()-Ir(1)-C(7)  162.3(12) H(1)-Ir2)-N(5)  168.3(16)
N()-Ir(1)-N3)  8557(13)  N(2)-Ir(2)-N(4)  82.66(14)
N(1)-Ir(1)-P(1) 96.43(10)  N(2)-Ir2)-P(2)  174.82(10)
N()-Ir(1)-C(1)  166.10(16)  N(2)-Ir(2)-C(36)  90.65(16)
N()-Ir(1)-C(7)  101.31(16)  N(2)-Ir(2)-N(5)  85.30(14)
N@)-Ir(1)-P(1)  177.28(10)  N(4)-Ir(2)-P(2) 92.33(10)
N@)Ir(1)-C(1)  8857(15)  N(4)-Ir(2)-C(36)  171.90(16)
N@)-Ir(1)-C(7)  86.99(16)  N(4)-Ir(2)-N(5)  92.37(14)
P(1)-Ir(1)-C(1) 89.87(12)  P(2)-Ir(2)-C(36)  94.44(13)
P(1)-Ir(1)-C(7) 94.41(13)  P(2)-Ir(2)-N(5) 93.62(11)
C(1)-Ir(1)-C(7) 65.74(18)  C(36)-Ir(2)-N(5)  91.62(16)
Ir(1)-C(1)-C(6) 96.1(3) Ir(2)-C(36)-C(35)  117.3(3)/117.4(3)
Tr(1)-C(7)-C(6) 95.7(3) Ir(2)-C(36)-C(37)  122.5(4)
C()-C(6)-C(7)  102.5(4) Ir(2)-N(5)-C(53)  170.4(4)

N(5)-C(53)-C(54) 177.6(5)

[a] Atom C(35) is involved in phenyl disorder (see Experimental Section).

CDC(l; at 293 K, as a doublet of doublets at 6 = —23.16, with
J(H,P) coupling constants of 13.2 and 2.1 Hz. Since the
relative position of the bridging hydride with respect to both
phosphane ligands is cis, the different coupling constants
would indicate different Ir—H bond lengths, showing that the
asymmetric position found in the solid state is maintained in
solution. As in other cases in which an asymmetric bridging
hydride has been found,”®! the asymmetry can be attributed
to the different trans influences of the ligands trans to the
bridge, a vinyl moiety and an acetonitrile in this case.

The Ir—N(5) bond length 2.051(4) A is shorter than those
found for other labile acetonitrile ligands trans to terminal
hydrides (2.13-2.15 A),>° but similar is to that found in
complex 1 (2.04(2) A) in which the dissociation of acetonitrile
with low activation energies is still possible.¥! In agreement
with this observation, the acetonitrile ligand of 2 is readily
substituted by [D;]acetonitrile in benzene at room temper-
ature.

The formation of complex 2 requires three equivalents of
diphenylacetylene and involves several individual processes,
such as alkyne insertions into Ir—H bonds, C—H reductive
eliminations, and C—H bond activations. The spectroscopic
observation of the course of this reaction revealed the
participation of at least three intermediate species, com-
pounds 35, which were isolated and characterized. Scheme 1
shows the structures deduced for these intermediates together
with their reactions with hydrogen, which will be described in
detail in the next section.

The compound [Ir,(u-H)(u-Pz),H,{(Z)-C(Ph)=CHPh}-
(NCCH5;)(PiPr3),] (3) can be isolated as a yellow solid after
treatment of 1 with one equivalent of diphenylacetylene in
toluene. Figure 2 shows the high-field region of the "HNMR
spectrum of 3 in [Dg]toluene at room temperature, which
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Figure 2. High-field region of the 'H and 'H{*'P} NMR spectra of complex
3 in [Dg]toluene at different temperatures.

\W’V 243 K

displays three signals corresponding to three nonequivalent
hydrides. The broadening observed for the hydride signal at
highest field also affects the resonances corresponding to one
phosphane and the vinyl moiety. Most likely, this is the result
of the large steric requirements of these ligands hindering
their fast rotation in solution. This interpretation is consistent
with the observed low-temperature '"HNMR spectra, which,
below 250 K, show decoalescence of each hydride signal to
give two sets of similar signals in a about 0.7:0.3 molar ratio.
Each set of signals may correspond to a conformational
minimum.

On raising the temperature to 333 K, the broad 'HNMR
hydride signal of 3 resolves into a ddd signal that displays two
different J(H,P) coupling constants of 13.2 and 6.0 Hz and a
J(H,H) of 4.2 Hz (Figure 2). As for 2, the two different H-P
couplings suggest an asymmetric bridging position of this
hydride. The remaining J(H,H) coupling is due to the terminal
hydride that gives the dd signal at lowest field. The 'H
NOESY spectrum shows the existence of NOE effects
between the bridging hydride and both terminal ones, in
agreement with the cis arrangement of these three hydrides.
In the low-field part of the proton spectrum at 333 K, both
resonances due to the hydrogens in the 4-position of the
pyrazolate bridges are doublets of triplets, containing J(H,P)
coupling constants of about 2 Hz. This indicates that each
pyrazolate has one trans triisopropylphosphane ligand,* or, in
other words, that the arrangement of the phosphanes in the
dinuclear framework is transoid. The 3'P{'H} NMR spectrum
at 333 K displays two singlets at 6 =12.93 and 3.22, which
under off resonance conditions split into two doublets of
doublets. This splitting indicates that each metal coordinates
both a terminal and a bridging hydride.

The aforementioned spectroscopic data of 3 are in agree-
ment with the structure depicted in Scheme 1 although,
unfortunately, these data are not informative about the Z or E
configuration of the vinyl ligand. Nevertheless, the treatment
of 3 with hydrogen in C¢D4 at room temperature and
atmospheric pressure readily yields compound 1 together
with cis stilbene; this suggests that, as for 2, the configuration
of the vinyl ligand is Z.
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The solutions of 3 react with a second equivalent of
diphenylacetylene to give the yellow dihydrido complex
[Ir,(u-H)(u-Pz),H{(Z)-C(Ph)=CHPh},(NCCH;)(PiPr;),] (4).
Similarly to what happens for 3, most of the signals of the
room temperature NMR spectra of 4 are slightly broad.
Nevertheless, with the exception of those corresponding to
one phosphane ligand, the other signals are resolved enough
to allow observation of the coupling constants in the room
temperature spectra.

The high-field region of the "TH NMR spectrum of 4 in C;D,
shows two resonances: a doublet at 6 =—21.31 (J(H,P)=
21.6 Hz) and a doublet of doublets at 6 = —24.42 (J(H,P) =
12.6 and 2.4 Hz). Again, the pattern of the latter signal points
to an asymmetric hydrido bridge. The low-field part of the
proton spectrum is consistent with the presence of two
nonequivalent vinyl ligands and also indicates a transoid
arrangement of the triisopropylphosphanes. The *C{'H} NMR
spectrum contains two doublets at 6 =126.80 (J(C,P) =72 Hz)
and 133.35 (J(C,P) =7.8 Hz) corresponding to the two vinylic
a-carbons, which bind the iridium atoms in positions cis relative
to the phosphanes. The 3'P{'H} spectrum shows two singlets at
0=4.74 and —10.15. Under off resonance conditions the
former signal shows a large J(P,H) coupling due to a terminal
hydride (21.6 Hz) and a small one due to the hydrido bridge
(2.4 Hz). The high-field signal splits into a doublet with a
J(H,P) constant of 12.6 Hz. As for compound 1 and its
derivatives 2 and 3, the acetonitrile ligand of 4 is labile, being
readily substituted by [D;]acetonitrile in solution at room
temperature. This observation strongly suggests the trans
position of the labile acetonitrile with respect to the bridging
hydride. The structure for 4 depicted in Scheme 1 is the only
one that rationalizes all the above spectroscopic observations
and assumes a Z configuration of both vinyl ligands.

Complex 4 does not react directly with diphenylacetylene,
but in solution at room temperature it slowly generates cis-
stilbene to give the new complex [Ir,(u-H)(u-Pz),H{n'-C.H,-
2-[#'-(Z)-C=CHPh]}(NCCH,)(PiPr3),] (5). The pseudo-first-
order rate constant for this 4 to § transformation has been
determined by *'P{'H} NMR spectroscopy as 1.2 x 10~*s71, in
[Dg]toluene at 293 K. The spectroscopic data collected for 5
again indicate the presence of two hydrides (a terminal and an
asymmetric bridging one) and two phosphanes in transoid
arrangement. In addition, the 'H and “*C{'H} NMR spectra
show complex low-field regions, consistent with the presence
of an ortho-metallated vinyl ligand. In the ¥*C{'H} spectrum,
two signals due to quaternary carbons at 6 =112.12 and 119.42
with J(C,P) couplings of 5.8 and 8.7 Hz, respectively, indicate
that the carbons bonded to the iridium center are both cis to
the phosphane ligand. Taking into account the proposed Z
configuration of both vinyl ligands of 4, the aromatic C—H
activation leading to 5 should result in a four-membered
iridacycle. Although the relative orientation of this iridacycle
cannot be determined spectroscopically, the structure of 4
depicted in Scheme 1 maintains the orientation found for
complex 2, which is obtained after the treatment of 5 with a
new equivalent of diphenylacetylene.

Reactions with hydrogen: As mentioned above, the reaction
of 3 with hydrogen at room temperature and atmospheric
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pressure gives, after few minutes, cis-stilbene and complex 1.
In the absence of hydrogen, the cis-stilbene is slowly
isomerized to the trans isomer, which is the only detectable
organic product in the mixture after 8 h at room temperature.
This slow isomerization is consistent with the previously
observed reactions of 1 with ethylene, in which products of
alkene coordination and insertion were observed.! Also in
agreement with the latter, in the presence of hydrogen,
complex 1 hydrogenates the stilbenes to 1,2-diphenylethane,
although completion of this reaction requires several hours.

Complex 4 also reacts with hydrogen at room temperature
to give after few minutes cis-stilbene and 3. In this respect,
compounds 3 and 4 represent intermediates in the catalytic
hydrogenation of diphenylacetylene by complex 1 (cycles A
and B in Scheme 1). The catalytic runs for this hydrogenation

/ - /(\/ph PhC=CPh
H I \<

Ph\)/ '\H \ Ph
PiPrg /Pr3P H

$ I~
PiPr3 jpraP H

/\
1 %\ Ph  Ph
e ph @

Ha
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PlPrg IPr P H

ph ™\~ Ph ( >\PhC-CPh
N
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PIPI'3 "—""3':’ /——\

2
Scheme 1.

show the selective formation of cis-stilbene (>90%) at low
conversions, although, in agreement with the stoichiometric
behavior described above, significant formation of trans-
stilbene and 1,2-diphenylethane is observed as the conversion
increases.

The pseudo-first-order rate constant for the -catalytic
hydrogenation, in benzene at 293 K and with using 1 as
catalyst precursor, has been determined as 1.7 x 1072s™!
Comparison of this rate with that determined under similar
conditions for the formation of compound 5 (1.2 x 10~*s71),
excludes the participation of this intermediate in the catalytic
transformations, since its formation is about hundred times
slower than the catalytic hydrogenation. In any case, complex
5 can slowly regenerate 1 upon treatment with hydrogen,
giving cis-stilbene as reaction product.

Although the above considerations also exclude any
significant participation of complex 2 under catalytic con-

Chem. Eur. J. 2000, 6, No. 12

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

ditions, its reaction with hydrogen allows interesting obser-
vations to be made. Bubbling of hydrogen through solutions
of 2 in CsDy or CDCl; at 278 K over a period of about one
minute results in the formation of complex 5 together with 1,2-
diphenylethane (Scheme 1). Remarkably, the expected or-
ganic product of the reaction, cis-stilbene, cannot be detected
by NMR spectroscopy even when the reactions are performed
at very low temperatures. In contrast, when the reactions are
carried out in [Dg]acetone at 273 K, stilbenes (cis and trans)
are the main reaction products, which are accompanied by the
formation of a new complex 6 (Scheme 2). Along with these
major products, significant amounts of 5 and 1,2-diphenyl-
ethane are formed (about 20 % of the reaction products).

Ho Ph Ph (»()
[Dglacetone \ ,N NN ’> NCCH3 \ lN WN\—?
r

e, /H —_— . —
T’ T HT Ilr }H,IIr H

NCCHg PiPr3 pr,p OC(CD3)2 PiPr3 pr,p 'NCCH3
stilbenes 6
(cis and trans) 7
Scheme 2.

The intermediate 6 can be maintained in solution at low
temperature for long periods, allowing its spectroscopic study.
However, our attempts to isolate 6 from its acetone solutions
were unsuccessful. On the basis of its NMR spectra, compound
6 can be formulated as the [Dg]acetone complex [Ir,(u-H)-
(u-Pz),H{n'-CeH,;-2-[1'-(Z)-C=CHPh]}(OC(CD53),)(PiPrs),].

The most intriguing feature of 6 is the mutually trans
arrangement of the terminal and bridging hydrides, which can
be deduced from their mutual coupling constant of 13.8 Hz in
the 'THNMR spectrum (Figure 3). The spectroscopic data for

MO

-11.'0 -11:2 -11:4 -16:2 -16‘.4 -16‘.6
Figure 3. High-field region of the '"H NMR spectrum of complex 6 (above)
and the isotopomeric mixture 6/[D]6 (below) in [D4]acetone at 263 K.

6 are also in agreement with the presence of a remaining four-
membered metallacycle and with the transoid arrangement of
the phosphanes; this leads to the structural proposal depicted
in Scheme 2. The presence of a [Dg]acetone ligand is inferred
from the BC{'H} NMR spectrum at 263 K, which shows a
singlet at 0 =224.98 attributable to the ketonic carbon of the
coordinated solvent. As in the previous compounds, the
'"HNMR signal of 6 corresponding to the bridging hydride
displays two different J(H,P) coupling constants (13.5 and
7.2 Hz), which indicate the asymmetry of the bridge. In this
case, since the expected trans influences of both groups trans
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to the bridge (hydride and vinyl) are large, the assignment of a
qualitative position for this bridge is not evident. The
structural proposal of Scheme 2, which shows a shorter bond
trans to hydride, is based on the magnitude of the J(H,H)
coupling constant (13.8 Hz), which is rather large relative to
those found in 1 (3.9 Hz[) and other related compounds.[”!
Nevertheless, such proposal should be regarded with caution.

Treatment of 2 with D,, also in [Dg]acetone at 253 K,
produces complex 6 together with its isotopomer [D]6, which
is selectively deuterated at the terminal hydrido position. The
proportion of each isotopomer in the mixture is close to 50 %.
The deuteration of the terminal hydride results in down-field
isotopic shifts of different magnitude in the two 3P{'"H} NMR
signals of [D]6 with respect to those of 6 (the two singlets at
0=1753 and 728 are shifted by 0.110 and 0.044 ppm,
respectively). Also, the resonance due to the bridging hydride
shifts toward lower field by 0.103 ppm (Figure 3). The
magnitude of this shift is larger than those found for
equivalent isotopic substitutions in related complexes.*”]
No H/D scrambling between the terminal and bridging
position is observed, but, at temperatures above 273 K, fast
H/D scrambling between the terminal hydride and the
phosphane methyl groups takes place. The incorporation of
deuterium to the phosphane can be observed in the 2H NMR
spectrum of a sample generated in acetone, whereas the H/D
exchange at the hydride terminal position can be followed in
the proton NMR spectrum.

The organic products of the reaction of 2 with D, are mono-
and di-deuterated stilbenes (cis and trans), as can be seen in
both the 'H and 2HNMR spectra. The formation during this
reaction of two isotopomers of both the stilbenes and complex
6 strongly suggests the participation of alkyl intermediates, as
will be discussed in detail below. The observed H/D scram-
bling between the terminal hydride and the phosphane could
involve the formation of an agostic species, since precedents
for such exchanges have been reported.!'”!

The presumably labile acetone ligand of 6 is slowly replaced
by acetonitrile when the solutions of 6 in [Dg4]acetone are
warmed up to room temperature. Completion of this replace-
ment requires three hours and results in the formation of
complex  [Ir,(u-H)(u-Pz),H{n'-C,H,-2-[5'-(Z)-C=CHPh]}-
(NCCH;)(PiPr3),] (7), an isomer of 5, which retains the trans
arrangement of the hydrides (Scheme 2). In spite of the fact
that 7 is stable in solution, we could not separate it from the
other components of the reaction solution in an analytically
pure form.

In contrast to the behavior of 5, its isomer 7 does not react
with hydrogen or diphenylacetylene. Also, the treatment of 7
with [Ds]acetonitrile does not lead to substitution of the
coordinated acetonitrile. This observations suggest that the
acetonitrile coordinated trans to a pyrazolate nitrogen is not
labile enough to provide a coordination vacancy.

Discussion

In line with the last observation of the previous section, two
kinds of coordination sites in these type of hydrido-bridged
dimers can be distinguished: the sites trans to the pyrazolate
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bridges and those trans to the hydrido bridge. As illustrated by
the behavior of the isomers S and 7, only the sites trans to the
bridging hydride are labilized enough to afford coordination
vacancies by dissociation of a weakly coordinating ligand.
This observation will be important to understand the mech-
anisms of the hydrogenation catalyzed by these complexes.

A second important observation arises from the analysis of
the structure deduced for complex 3. In this dinuclear species,
the vinyl ligand derived from the incoming alkyne and the
labile acetonitrile ligand coordinate to different metal centers.
Assuming that the formation of 3 is initiated by acetonitrile
dissociation from 1 and alkyne coordination (as found for
other substitution reactions involving substrates such as CO
or ethylene),l the structure of 3 implies that the coordination
vacancy generated by the insertion of the alkyne into the Ir—H
bond migrates from one metal center to the other before the
unsaturated intermediate is stabilized by the coordination of
the acetonitrile. The vacancy migration process could take
place through hydride exchange between the metallic centers,
as suggested by some previously reported reactions of 1. Thus,
the treatment of 1 with D, results in the statistical deuteration
of all hydrido positions and, furthermore, the dihydrogen
complex [Ir,(u-H)(u-Pz),H;(n7*-H,)(PiPr;),] derived from 1
displays a unique 'HNMR hydride signal at room temper-
ature, as a result of the fast hydride exchange.!!

The two aforementioned observations suggest that alkyne
hydrogenation of complex 3 may take place through the
intermediates shown in Scheme 3. Thus, hydrogen coordina-

, e /”\l NESN NN \P“ NCCHs
< r > Ir ;
T» HH/sr H I':-,_'-/<\——Ph /s§r "H/III:-,,_/ Ph T’
NCCHz  PiPrg prgp H PPr3 jprp H o i
Scheme 3.

tion to the vacancy generated by acetonitrile dissociation is
followed by the reductive elimination of stilbene from the
other metallic center and the rearrangement of the hydrides.
The stilbene ligand so formed is bonded to a labile position
and can be subsequently dissociated to regenerate 1. This
mechanism implies the efficient use of both labile positions of
the dinuclear species, driven by the hydride exchange between
iridium centers.

In favor of this mechanism, the treatment of 3 with D, in
C¢Dg results in the formation of cis-stilbene (non-deuterated)
and deuterated isotopomers of 1. This strongly suggests that
D, coordination and stilbene formation occur at different
metal centers, also showing that stilbene is formed before the
H/D exchange reaches the second metal center. Other
possible reaction sequences, such as those initiated by
reductive elimination of stilbene, seem to be ruled out by
the reaction leading to 4.

The ortho-metallation of the diphenylvinyl ligand blocks
one of the labile positions of the dinuclear compound,
providing an excellent system to compare the above described
dinuclear behavior with the reactivity due to a single metal

0947-6539/00/0612-2124 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 12





Dinuclear Mechanism in Alkyne Hydrogenations

2120-2128

center. As shown in Scheme 1, the still available labile
position of compound 5 can be used for alkyne insertion to
give 2 and subsequent reaction with hydrogen. Then, the
catalytic hydrogenation using a single metal center is possible,
following cycle C of Scheme 1. However, this catalytic
reaction in benzene produces selectively 1,2-diphenylethane,
in contrast with the dinuclear cycle A which yields cis-stilbene.
Scheme 4 describes a more detailed proposal for the reaction

[Dglacetone

6 I A
<7—— s \H/;r%
P Ph

stilbenes
(cis and trans)
Hgl

5 + alkane
Scheme 4.

of hydrogen with 2, which rationalizes the observed selectiv-
ity, the reaction intermediates observed in acetone, and the
deuteration experiments performed in this mononuclear
hydrogenation.

The key proposal to explain the observed selectivity is that,
after the concerted reaction between the hydrogen and the
vinyl, the resulting stilbene ligand occupies a nonlabile
coordination position (trans to pyrazolate), from which it
cannot be simply released. The stilbene complex so formed
would be coordinatively saturated, although it could generate
a coordination vacancy by insertion, to form an unsaturated
alkyl complex. This alkyl intermediate can explain a number
of experimental facts. Thus, its reaction with hydrogen would
give the alkane, explaining the observed selectivity. In the
presence of a solvent like acetone, coordination of the solvent
to a nonlabile position of the alkyl intermediate can result in
the fS-elimination to give complex 6 and both cis and trans
stilbenes, in agreement with our experiments. Moreover,
when the alkyl contains two deuterium atoms, the S-elimi-
nation can generate either the isotopomer [D]6 or 6, and in
consequence the mono- or di-deuterated stilbenes.

The occurrence of an insertion step can explain how
substitution of the stilbene coordinated to a non-labile
position may take place with retention of the trans arrange-
ment of the hydrides. Also, such a process could account for
the slow substitution of the [Dg]acetone of 6 by acetonitrile to
give 7, through the formation of an alkoxy intermediate.l'?
However, at present, we have not got evidence for the
formation of such intermediate, and acetone hydrogenation
was also not observed.
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The connection existing between cycles A and C prevents
the evaluation of their individual hydrogenation rates, and,
therefore, the quantitative comparison between the activities
of the two catalytic mechanisms is not possible. Nevertheless,
qualitative conclusions can be obtained from the behavior of
complex 4, in which the mononuclear and the dinuclear
mechanism can compete. In this respect, the observation that
only cis-stilbene is formed from the reaction between 4 and
hydrogen strongly supports the conclusion that the dinuclear
mechanism is favored.

The activity and selectivity of the catalytic reactions remain
unaffected when any of the complexes 2 to 5 is used instead of
1 as catalyst precursor; this shows that the same active species
is formed under catalytic conditions. These conditions (large
excess of alkyne) are those favoring complex 4, which is most
likely the main responsible for catalysis, through cycle B.
Then, the catalytic alkyne hydrogenation in a sequential way
is a consequence of the preponderance of the dinuclear
mechanism over the mononuclear.

Conclusion

The studies reported in this article support the formulation of
a new dinuclear mechanistic route for alkyne to alkene
hydrogenation, which operates in pyrazolate-bridged diiridi-
um complexes that contain a bridging hydride. Given that
each metal center of these dinuclear compounds has only one
labile coordination site, the novelty of this mechanism lies in
the fact that the two labile positions of the dinuclear species
are used for reactant coordination and product release in a
concerted way. The necessary communication between the
metal centers is established by hydride migrations.

Further support for the occurrence of such dinuclear
hydrogenation process is provided by the observation of an
alternative mononuclear route. The latter is the only one
possible after ortho-metallation of one diphenylvinyl ligand,
which blocks one labile position of the dinuclear species.
Under such conditions, alkyne hydrogenation is still possible
but the release of the alkene is hindered and, in consequence,
the reaction product is the alkane. For reaction intermediates
where the two mechanisms can compete, the selectivity
observed strongly suggests that the dinuclear pathway is
favored.

Experimental Section

Physical Measurements: Infrared spectra were recorded as Nujol mulls on
polyethylene sheets with a Nicolet 550 spectrometer. C, H, and N analyses
were carried out with a Perkin-Elmer 2400 CHNS/O analyzer. NMR
spectra were recorded on a Varian UNITY, a Varian Gemini 2000 or a
Bruker ARX 300 MHz spectrometer. 'H, ?H, and 3C chemical shifts were
measured relative to partially deuterated (or protonated) solvent peaks but
are reported in ppm relative to tetramethylsilane. 3'P chemical shifts were
measured relative to H;PO, (85 % ). Coupling constants are given in Hertz.
Generally, spectral assignments were achieved by '"H COSY and NOESY,
and BC DEPT experiments. MS data were recorded on a VG Autospec
double-focusing mass spectrometer operating in the positive mode; ions
were produced with the Cs™ gun at about 30 kV, and NBA was used as the
matrix.
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Synthesis: All reactions were carried out with exclusion of air by using
standard Schlenk techniques. Solvents were dried by known procedures
and distilled under argon prior to use. The complex [Ir,(u-H)(u-
Pz),H;(NCCHj;)(PiPr3),] (1) was prepared as described in ref. [4].

Preparation  of  [Ir,(z-H)(u-Pz),{n'-C¢H,-2-[n'-(Z)-C=CHPh]}{(Z)-
C(Ph)=CHPh}(NCCH;)(PiPr;),] (2): A solution of 1 (230 mg, 0.26 mmol)
in toluene (5 mL) was treated with diphenylacetylene (236 mg, 1.30 mmol)
and stirred for 24 h at room temperature. The solvent was removed and the
residue treated with methanol to give a yellow solid. This was decanted,
washed with methanol, and dried in vacuo. Yield: 279 mg (87%); IR
(Nujol): #=1716 (Ir-H-Ir), 1595, 1556 cm~! (C=C); 'HNMR (300 MHz,
CDCl;, 293 K): 6 =—23.16 (dd, J(H,P) =13.2,2.1 Hz, 1 H; IrHIr), 1.01 (dd,
J(H,P)=12.6 Hz, J(H,H)=72Hz, 9H; PCHCH,), 1.09 (dd, J(H,P)=
13.5Hz, J(H.H)=75Hz, 9H; PCHCH;), 1.18 (dd, J(H,P)=13.2 Hz,
J(HH)=75Hz, 9H; PCHCH;), 134 (dd, J(H,P)=12.6 Hz, JHH)=
75 Hz, 9H; PCHCH), 1.76 (s, 3H; NCCHS,), 2.7 (m, 6 H; PCHCHS,), 5.74
(dt, JH,P)=J(HH)=15Hz, 1H; CH), 594 (dt, J(H,P)=J(H,H)=
1.5Hz, 1H; CH), 6.21 (s, 1H; CH), 6.47 (t, J(H.H)=75Hz, 1H; CH),
6.52 (d, J(HH)=75Hz, 2H; CH), 6.70 (t, J(H,H) =7.5 Hz, 1H; CH), 6.74
(d, J(H,H) =75 Hz, 1 H; CH), 6.78 (s, 1 H; CH), 6.82 (d, J(H,H) =7.5 Hz,
1H; CH), 6.92 (t,/J(H,H) =75 Hz, 2H; CH), 6.96 (d, J(H,H) = 1.5 Hz, 1 H;
CH), 7.02-732 (m, 11H; all CH), 747 (d, J(HH) =75 Hz, 2H; CH), 7.83
(m, 1H; CH); ¥P{'H} NMR (121 MHz, CDCl;, 293 K): 6 =—5.61 (s),
—6.85 (s); ®*CNMR (75 MHz, CDCl;, 293 K): 6 =1.30 (s, NCCHj), 19.39
(d,J(C,P)=2.1 Hz, PCHCH3,), 19.65,20.04,20.24 (all s, PCHCH}), 23.93 (d,
J(C.,P)=28.0 Hz, PCHCH,;), 25.32 (d, J(C,P) =279 Hz, PCHCH,;), 103.27
(d, J(CP)=3.0Hz, CH), 103.35 (d, J(C,P)=3.0Hz, CH), 104.12 (d,
J(C,P)=6.6 Hz, C), 117.15 (s, CH), 117.47 (s, NCCH3), 119.32, 119.57 (both
s, CH), 119.64 (d, J(C,P) =6.2 Hz, C), 123.50, 123.61, 124.58, 124.80, 127.28,
127.71, 127.89, 12793 (all s, CH), 133.28 (d, J(C,P) =77 Hz, C), 134.03 (d,
J(C,P)=3.0Hz, CH), 134.88 (s, CH), 136.27 (d, J(C,P)=2.8 Hz, CH),
136.92 (d, J(C,P)=3.0 Hz, CH), 138.13 (d, J(C,P) =4.1 Hz, CH), 139.61,
141.46 (both s, C), 141.58 (s, CH), 152.88 (s, C), 164.45 (d, J(C,P) =1.0 Hz,
C); elemental analysis calcd (%) for CssH,3NsIr,P, (1238.6): C 52.36, H
5.94, N 5.65; found C 52.26, H 5.84, N 5.63.

Preparation of [Ir,(u-H)(u-Pz),H,{(Z)-C(Ph)=CHPh}(NCCH,)(PiPr;),]
(3): A solution of 1 (230 mg, 0.26 mmol) in toluene (10 mL) at 273 K was
treated with diphenylacetylene (46 mg, 0.26 mmol). After 15 min, the
yellow solution was evaporated to dryness and treated with diethyl ether to
give a pale yellow solid, which was decanted, washed with diethyl ether, and
dried in vacuo. Yield: 197 mg (71 %); 'HNMR (300 MHz, C¢Dy, 293 K):
0=—25.93 (br, 1H; IrHIr), —21.93 (d, J(H,P) = 21.6 Hz, 1H; IrH), —20.38
(dd, J(H,P) = 18.0 Hz, J(H,H) = 4.2 Hz, 1H; IrH), 0.52 (br, 3H; NCCH,),
0.70 (br, 9H; PCHCH,), 0.90 (dd, J(H,P) =13.2 Hz, J(H,H) =7.8 Hz, 9H;
PCHCH;), 1.02 (dd, J(H,P)=12.9 Hz, J(H,H) =72 Hz, 9H; PCHCH,),
1.25 brdd, J(H,P) = 12.9 Hz, J(H,H) = 6.9 Hz, 9H; PCHCH,), 2.13 (m, 3H;
PCHCH;), 2.39 (br, 3H; PCHCH;), 6.11 (br, 1H; CH), 6.40 (br, 1H; CH),
6.87 (t,J(H,H) = 6.6 Hz, 1H; CH), 7.0-7.27 (m, 9H; all CH), 7.68 (br, 2H;
CH), 7.70 (s, 1H; CH), 8.20 (br, 1 H; CH), 8.49 (br, 1H; CH); 3'P{'H} NMR
(121 MHz, C¢Dg, 293 K): 6 =12.99 (s), 3.17 (br); elemental analysis calcd
(%) for C4HgsNsIr,P, (1062.3): C 45.22, H 6.16, N 6.59; found C 45.48, H
5.97,N 6.15.

Preparation of [Ir,(u-H)(u-Pz),H{(Z)-C(Ph)=CHPh},(NCCH;)(PiPr;),]
(4): A solution of 3 (130 mg, 0.12 mmol) in toluene (10 mL) at 273 K was
treated with diphenylacetylene (40 mg, 0.22 mmol). After 30 min, the
yellow solution was evaporated to dryness and treated with hexane to give a
yellow solid, which was decanted, washed with hexane, and dried in vacuo.
Yield: 132 mg (87 %); IR (Nujol): 7=2208 (Ir—H), 1688 (Ir-H-Ir), 1593,
1549 cm™! (C=C); 'HNMR (300 MHz, CiDg, 293 K): 0 =—24.42 (dd,
J(H,P)=12.6, 2.4 Hz, 1H; IrHIr), —21.31 (d, J(H,P) =21.6 Hz, 1 H; ItH),
0.58 (s, 3H; NCCH;), 0.76 (brdd, 9H; PCHCH,;), 1.09 (dd, J(H,P)=
123 Hz, JHH)=72Hz, 9H; PCHCH;), 114 (dd, J(H,P)=12.6 Hz,
J(H,H)=75Hz, 9H; PCHCH,), 1.38 (br, 9H; PCHCH,), 2.48 (m, 3H;
PCHCH;), 2.59 (br, 3H; PCHCH;), 5.96 (dt, J(H,P)=J(H,H)=1.8 Hz,
1H; CH), 6.35 (dt, J(H,P) =J(H,H) =1.8 Hz, 1H; CH), 6.80-6.88 (m, 3H;
CH), 6.88 (s, 1H; CH), 6.97-720 (m, 17H; all CH), 7.37 (m, 1 H; CH), 7.68
(br, 2H; CH), 8.14 (d, J(H,H)=18 Hz, 1H; CH), 8.53 (m, 1H; CH);
SIP{'H} NMR (121 MHz, C;Dg, 293 K):  =4.74 (s), —10.15 (s); *CNMR
(75 MHz, CiDy, 293 K): 6 =1.14 (s, NCCHj;), 19.63, 19.75, 21.20 (all s,
PCHCH;), 24.04 (d, J(C,P)=270Hz, PCHCH;), 24.1 (br, PCHCH,;),
103.19 (d, J(C,P) =3.1 Hz, CH), 104.52 (d, J(C,P) =2.8 Hz, CH), 119.32 (s,
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NCCH,), 124.06, 124.15, 124.45, 125.06 (all s, CH), 126.80 (d, J(C,P)=
72 Hz, C), 12791, 128.19, 128.45, 128.53, 128.63, 128.76, 130.99, 131.09,
132.71 (all s, CH), 133.35 (d, J(C,P) = 7.8 Hz, C), 136.33 (d, J(C,P) = 4.0 Hz,
CH), 136.73 (d, J(C,P)=32Hz, CH), 13704 (d, J(C,P)=4.0 Hz, CH),
138.17 (d, J(C,P)=2.5Hz, CH), 140.58, 141.49 (both s, C), 141.82 (d,
J(C,P)=1.0 Hz, CH), 152.43, 15741 (both s, C); elemental analysis calcd
(%) for Cs,H;sNsIr,P, (1240.6): C 52.28, H 6.09, N 5.64; found C 52.17, H
5.93, N 5.55.

Preparation of [Ir,(u-H) (u-Pz),H{n'-C;H,-2-[7'-(Z)-C=CHPh]}(NCCH,)-
(PiPr;),] (5): A solution of 4 (130 mg, 0.10 mmol) in toluene (5 mL) was
stirred at 318 K for 2 h. The resulting solution was evaporated to dryness
and treated with hexane to give a yellow solid, which was decanted, washed
with hexane, and dried in vacuo. Yield: 100 mg (90 % ); IR (Nujol): # =2174
(Ir—H), 1726 cm ! (Ir-H-Ir) ; '"H NMR (300 MHz, C,Dy, 293 K): 6 = —24.59
(ddd, J(H,P)=13.5, 3.9 Hz, J(H,H)=4.2Hz, 1H; IrHIr), —20.04 (dd,
J(H,P)=19.8 Hz, J(H,H) =4.2 Hz, 1H; IrH), 0.62 (s, 3H; NCCH;), 0.93
(dd, J(H,P) = 13.2 Hz, J(H,H) = 6.9 Hz, 9H; PCHCH,), 1.14 (dd, J(H,P) =
12.6 Hz, J(HH)=75Hz, 9H; PCHCH,), 1.15 (dd, J(H,P)=132 Hz,
J(HH)=72Hz, 9H; PCHCH,), 1.31 (dd, J(H,P)=12.9 Hz, J(HH)=
72Hz, 9H; PCHCH,), 228 (m, 6H; PCHCH,), 601 (dt, J(HP)=
J(HH)=1.5Hz, 1H; CH), 621 (dt, J(H,P) =J(H,H) = 1.5 Hz, 1 H; CH),
6.63 (s, 1H; =CH), 6.82 (t, J(H,H) =75 Hz, 1H; CH), 705 (t, J(H,H)=
7.5 Hz, 1H; CH), 715 (t, J(HH)=75Hz, 1H; CH), 728 (d, J(H.H) =
7.5 Hz, 1H; CH), 729 (d, J(H,H)=75Hz, 1H; CH), 7.33 (t, JHH)=
75 Hz, 2H; CH), 7.63 (m, 2H; CH), 7.81 (d, J(H,H)=2.1 Hz, 1H; CH),
783 (d, J(H,H)=75Hz, 2H; CH), 788 (m, 1H; CH); *P{'H} NMR
(121 MHz, C4Dg, 293 K): 6 =12.99 (s), —4.15 (s); B'CNMR (75 MHz, C(Dj,
293 K): 0 =1.11 (s, NCCHj;), 18.88, 19.21, 19.55, 20.05 (all s, PCHCHj;),
2558 (d, J(C,P)=279Hz, PCHCH,), 26.71 (d, J(C,P)=29.8 Hz,
PCHCH;), 103.32 (d, J(C,P)=2.1 Hz, CH), 104.13 (d, J(C,P)=2.0 Hz,
CH), 112.13 (d, J(C,P)=5.8 Hz, C), 11795 (s, NCCH;), 118.21 (s, CH),
119.42 (d, J(C,P) =8.7 Hz, C), 120.47, 121.07, 124.99, 126.08, 128.55, 132.84
(all s, CH), 134.22 (d, J(C,P)=2.0 Hz, CH), 13543 (d, J(C,P)=2.5Hz,
CH), 136.79 (d, J(C,P)=3.3 Hz, CH), 138.07 (d, J(C,P)=4.0 Hz, CH),
141.03, 165.82 (both s, C); elemental analysis calcd (%) for C,HgNsIr,P,
(1060.3): C 45.31, H 5.99, N 6.60; found C 45.33, H 5.86, N 6.55.

[Iry(u-H) (u-P2),H{p'-C;H-2-['-(Z)-C=CHPh]}(OC(CD5),) (PiPrs),] (6)
and  [Iry,(u-H)(u-Pz),H{n'-C;H,-2-[5'-(Z)-C=CHPh]}(NCCH;)(PiPr;),]
(7): In an NMR tube, a slow stream of hydrogen was bubbled through a
suspension of complex 2 (50 mg, 0.04 mmol) in [Dg]acetone (0.5 mL) at
273 K. After about 1 min, when the solid was completely dissolved, argon
was bubbled through the solution for 2 min in order to remove the excess of
dissolved hydrogen. The spectroscopic analysis of the resulting solution at
263 K shows the presence of the organic products 1,2-diphenylethane, cis-
stilbene, and frans-stilbene (molar ratio: 21:42:37) and the organometallic
species 5, 6, and 7 in molar ratio: 20:75:5 (traces of complex 3 were also
observed). At room temperature, compound 6 slowly transforms into 7,
and, after 3 h, the solution contains the complexes 5 and 7 in about
20:80 molar ratio.

Data for 6: 'HNMR (300 MHz, [D¢]acetone, 263 K): 6 =—16.42 (dd,
J(H,P)=19.2 Hz, J(H,H) = 13.8 Hz, 1 H; IrH), — 11.16 (ddd, J(H,P) = 13.5,
72 Hz, J(H,H) = 13.8 Hz, 1 H; IrHIr), 1.06 (dd, J(H,P) = 13.8 Hz, J(H,H) =
72 Hz, 9H; PCHCH,), 1.10 (dd, J(H,P) = 14.4 Hz, J(H,H) =75 Hz, 9H;
PCHCH,), 1.26 (dd, J(H,P)=13.8 Hz, J(H,H) =72 Hz, 9H; PCHCH,),
1.30 (dd, J(H,P)=14.1 Hz, J(H,H)=6.9 Hz, 9H; PCHCH,), 2.34, 2.47
(both m, 3H; PCHCH,;), 5.43 (dt, J(H,P)=18 Hz, J(H,H)=2.1 Hz, 1H;
CH), 5.79 (dt, J(H,P)=J(H,H)=1.8 Hz, 1H; CH), 6.34, 6.54 (both td,
J(HH) =75, 1.2 Hz, 1H; CH), 6.66 (dd, J(H,H)="75, 1.2 Hz, 1H; CH),
6.67 (d,J(H,H)=1.8 Hz,1H; CH), 6.77 (s, 1H; CH), 7.11 (m, 1 H; CH), 7.16
(dd, J(H,H) =75, 1.2 Hz, 1H; CH), 727 (m, 3H; CH), 738 (d, J(H,H) =
2.1 Hz, 1H; CH), 7.52 (dd, J(H,H) =75, 1.1 Hz, 2H; CH), 775 (m, 1H;
CH); 3'P{'H} NMR (121 MHz, [Dg4Jacetone, 263 K): 6 =17.53 (s), 728 (s);
BCNMR (75 MHz, [Dglacetone, 263 K): 6 =—19.37, 19.49, 20.18 (all s,
PCHCH;), 24.34 (d, J(C,P)=29.2Hz, PCHCH;), 26.32 (d, J(C,P)=
28.9 Hz, PCHCH3;), 103.95 (d, J(C,P)=2.3 Hz, CH), 105.08 (d, J(C,P) =
3.0 Hz, CH), 118.19, 119.26 (both s, CH), 121.53 (d, J(C,P) =7.7 Hz, C),
122.50 (s, CH), 123.53 (d, J(C,P) = 6.8 Hz, C), 124.58, 124.86, 128.10 (all s,
CH), 133.79 (d, J(C,P)=3.0 Hz, CH), 134.71 (s, CH), 138.45 (d, J(C,P) =
4.5 Hz, CH), 143.12 (d, J(C,P)=3.8 Hz, CH), 143.62 (s, C), 143.83 (d,
J(C,P)=5.0 Hz, CH), 167.09 (s, C), 224.98(s, OC(CD3),).
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Data for 7: 'HNMR (300 MHz, [Dglacetone, 293 K): 0 =—16.35 (dd,
J(H,P)=18.9 Hz, J(H,H) = 14.4 Hz, 1 H; IrH), — 12.49 (ddd, J(H,P) = 13.8,
6.6 Hz, J(H,H) =14.4 Hz, 1H; IrHIr), 1.11, 1.16 (both dd, J(H,P) = 14.7 Hz,
J(H,H)=6.9 Hz, 9H; PCHCH,), 132, 136 (both dd, J(H,P)=12.9 Hz,
J(H,H) =72 Hz,9H; PCHCH,), 2.33, 2.43 (both m, 3H; PCHCH,), 2.56 (s,
3H; NCCHj;), 5.51 (dt, J(H,P)=J(H,H)=2.1Hz, 1H; CH), 5.83 (dt,
J(H,P)=J(HH)=18Hz, 1H; CH), 6.35, 6.51 (both td, J(HH)=175,
1.2 Hz,1H; CH), 6.71 (dd, J(H,H) =7.5,1.2 Hz, 1 H; CH), 6.75 (s, 1 H; CH),
6.83 (d,J(H,H) =18 Hz, 1H; CH), 7.08 (dd, J(H,H) =7.5,1.2 Hz, 1H; CH),
715 (td, J(HH) =75, 1.2 Hz, 1H; CH), 7.16 (m, 1H; CH), 7.26 (m, 3H;
CH), 752 (dd, J(H,H) =75, 1.1 Hz, 2H; CH), 7.71 (m, 1H; CH); 3'P{'H}
NMR (121 MHz, [Dglacetone, 293 K): 6 =20.16 (s), 6.79 (s); P*CNMR
(75 MHz, [D¢lacetone, 293 K): 0 =3.30 (s, NCCHj;), 19.49 (d, J(C,P)=
1.4 Hz, PCHCH,;), 19.69, 20.03 (both s, PCHCH;), 20.54 (d, J(C,P)=
1.0Hz, PCHCH;), 24.75 (d, J(C,P)=29.9Hz, PCHCH,;), 26.53 (d,
J(C,P)=28.5 Hz, PCHCH,), 104.12, 105.18 (both d, J(C,P) =3.2 Hz, CH),
118.61 (s, CH), 119.28 (s, NCCHs;), 119.66 (s, CH), 121.28 (d, J(C,P)=
8.7Hz, C), 122.14 (d, J(C,P)=6.4 Hz, C), 122.95, 124.91, 125.25, 128.48,
128.79 (all s, CH), 134.17 (d, J(C,P) =3.2 Hz, CH), 135.08 (s, CH), 138.50
(d, J(CP)=4.6Hz, CH), 143.11 (d, J(C,P)=3.7Hz, CH), 143.36 (d,
J(C,P)=5.1Hz, CH), 143.87 (s, C), 167.39 (s, C); MS (FAB"): m/z (%):
1060 (45) [M]*.

Catalytic reactions and kinetic analysis: The catalytic reactions were
carried out in a conventional glass hydrogenation apparatus equipped with
a shaker. The reaction conditions were as follows: solvent benzene (8 mL);
[1]=7 x10~*m; [PhC=CPh]=0.35m; T=293K; P(H,)=1atm. The
course of the catalytic reaction was followed by GC in a HP 5890 series II
gas chromatograph with a HP-Innowax cross-linked polyethylenglicol
column (30 m x 0.53 mm x 1.0 um) at 493 K. The pseudo-first-order rate
constants for these hydrogenations were obtained from gas-uptake
measurements during the initial part of the catalytic reactions (ca. 20%).
The kinetics of the transformation of 4 into 5 were measured in 0.05M
solutions of 4 in [Dg]toluene. The decrease of the intensity of the 3'P{'H}
NMR signals of 4 were measured automatically at intervals in a Varian
Gemini 2000 spectrometer. The pseudo-first-order rate constants were
obtained by fitting the data to an exponential decay function, with the
routine programs of the spectrometer.

Crystal structure determination of 2: Suitable crystals for X-ray diffraction
were obtained from a saturated solution in acetone stored at 273 K over a
number of days. A summary of crystal data and refinement parameters is
reported in Table 2. Intensity data were collected at 160 K on a CCD
Bruker AXS-SMART diffractometer equipped with graphite-monochro-
mated Mo, radiation (4 =0.71073), and by using w rotations with narrow
frames (0.3°; 2.9<260<56.9°). Instrument and crystal stability were
evaluated from the measurement of equivalent reflections at different
measuring times and no decay was observed. Data were corrected for
Lorentz and polarization effects, and a semiempirical absorption correction

Table 2. Crystallographic data and structure refinement for 2.

formula Cs,H31r,NsP,.2(CH;),CO
M, 1354.67

T [K] 160(2)
space group P1

a[A] 11.9322(10)
b[A] 15.2124(12)
c[A] 17.4017(14)
a ] 95.650(2)
B 95.029(2)

7 [°] 111.530(2)
V [A3] 2897.8(4)
z 2

Peiea [gem™] 1.553
u(Moy,) [mm~'] 4.688

R(F) [F*>20(F?)]™ 0.0337
wR(F?)P! [all data] 0.0679

Skl [all data] 1.036

[a] R(F)=Z(|F,|—| F.|)/Z| F,| for 9962 observed reflections. [b] wR(F?) =
Ew(FS - F2Zw(FS)'™. [c] S=[Z[w(F3 - F2)?)/(n — p)]'*; (n=number
of reflections, p = number of parameters).
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was applied (min. and max. transmission factors 0.500 and 0.603).13! The
structure was solved by standard Patterson and difference Fourier
methods.'¥l High thermal parameters identified the presence of static
disorder in a phenyl group. The disorder was modeled with the splitting of
the C(30)—C(35) atoms, and refined initially with geometrical constrains
(AFIX command). Anisotropic thermal parameters were applied for all
nondisordered non-hydrogen atoms. Geometric constraints were elimi-
nated in the final steps of refinement. The bridging hydride, H(1), and the
vinylic hydrogens, H(8) and H(37), were included in the refinement from
observed positions and refined as free isotropic atoms. All the remaining
hydrogen atoms were included from calculated positions and refined with
riding positional and displacement parameters. Two molecules of acetone
were detected as crystallization solvent and included in the model.
Refinements were carried out by full-matrix least-squares on F?
(SHELXL-97).Il Residual peaks in the final difference map were 1.23
and —1.20eA-3. Atomic scattering factors, corrected for anomalous
dispersion, were used as implemented in the refinement programs.
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-136606.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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Chiroptical Properties of an Optically Pure Dicopper() Trefoil Knot and
Its Enantioselectivity in Luminescence Quenching Reactions

Stefan C. J. Meskers,!”! Harry P. J. M. Dekkers,**! Gwénaél Rapenne,™ ¢! and

Jean-Pierre Sauvage*!?]

Abstract: Chiroptical spectroscopy is
used to investigate the properties of an
optically pure dinuclear copper() trefoil
knot. For the metal-to-ligand charge
tranfer (MLCT) transition in the visible
region (520 nm), the electric and mag-
netic transition dipole moments are
determined from absorption and circu-

0.02 Debye and 0.003 pg. The large dif-
ference between the moments in ab-
sorption and emission shows that the
emission observed does not originate
directly from the 'MLCT state. Given
the low probability for radiative decay
we assign the long-lived emitting excited
state to a MLCT state. The copper(1)

trefoil knot is found to quench the
emission from Tb™ and Eu'(dpa);*-
(dpa = pyridine-2,6-dicarboxylate) with
a bimolecular rate constant of 3.2 and
33 x10"m~'s7!, respectively, at room
temperature in water—acetonitrile (1:1
by volume). Experimental results indi-
cate that the (A)-knot preferentially

lar dichroism spectra: 2.8 Debye and
0.5 Bohr magneton (). Circular polar-
ization in the luminescence (CPL) of the
knot is determined and this allows the
electric and magnetic transition dipole
moments in emission to be calculated:

chroism
cence
trefoil knot

Introduction

A trefoil knot is a fascinating chiral object since it is
topologically chiral. Contrary to Euclidian chirality,!'! which
is described by distances and angles, topological chirality is a
higher level of description and implies that the molecular
graph of a topologically chiral object is nonplanar.?! Made of a
single knotted closed ring, the trefoil knot, which requires a
minimum of three crossing points for its representation in a
two-dimensional space, is an unconditionally topologically
chiral object?? and its two topological enantiomers are
represented in Figure 1. It should be noted that two topo-
logical enantiomers can not be interconverted by continuous
deformation, therefore totally excluding racemization as long
as no bond in their organic backbone is broken.

[a] Prof. Dr. J.-P. Sauvage, Dr. G. Rapenne
Laboratoire de Chimie Organo-Minérale, CNRS UMR 7513
Université Louis Pasteur
4 rue Blaise Pascal, 67070 Strasbourg (France)
Fax: (+33)388-60-73-12
E-mail: sauvage@chimie.u-strasbg.fr
[b] Dr. H. P.J. M. Dekkers, Dr. S. C. J. Meskers
Gorlaeus Laboratories, Department of Chemistry, Leiden University,
Postbox 9502, 2300 RA Leiden (The Netherlands)

[c] Dr. G. Rapenne
Present address: CEMES/CNRS, Groupe d’électronique moléculaire
BP 4347, 29 rue Jeanne Marvig, 31055 Toulouse Cedex (France)

Chem. Eur. J. 2000, 6, No. 12

Keywords: chirality
lanthanides
- supramolecular chemistry -

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

quenches the A enantiomer of the
lanthanide complex with an enantiose-
lectivity (ratio of quenching rate con-
stants for A and A: kq¥/kq®) of 1.012 +
0.002 for Eu and 1.018 +£0.003 for
THIL,

circular di-
lumines-

Left-handed trefoil knot Right-handed trefoil knot

& &

0 00

Figure 1. The two topological enantiomers of a trefoil knot. The top and
bottom representations are obviously very different but they correspond to
topologically identical objects (isotopic species).

The first theoretical discussion on molecular trefoil knots
appeared in the chemical literature in 1961.41 At that time,
knots were considered as exotic and highly hypothetical
species. Nevertheless, the trefoil knot has exerted a real
fascination on several research groups,” sometimes in rela-
tion with chirality. In this context, an interesting discussion on
the putative chiroptical properties of the theoretical trefoil
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knot consisting of 66 methylene groups was published long
ago, in which a very small rotation was predicted for simple
hydrocarbon knots.[!

The introduction of template strategies for making cate-
nanes (interlocking ring systems) and knots turned out to be
determining.’! The first report on the synthesis of a trefoil
knot using synthetic chemistryl® was followed by the descrip-
tion of single-stranded DNA displaying knotted topologies.!
Very recently, aromatic donor—acceptor complexes have also
been used as precursors to knotted cycles.['")

Since the first reported synthesis of a trefoil knot,?!
significant synthetic improvements have allowed their gram-
scale preparation.'] The dicopper(i) trefoil knot presented in
Figure 2 had been resolved earlier!'” by the formation of
diastereomers. To this end, an optically pure anion, 1,1’-

Figure 2. The dicopper(l) trefoil knot used in this study: (+)-K-2Cu-
2PF,.

Abstract in French: Les proprietés chiroptiques d'un neeud
optiquement pur de cuivre() ont eté etudiees par spectrosco-
pies. Pour la transition de transfert de charge du metal vers le
ligand dans le visible (520 nm), les moments dipolaires
electriques et magnetiques de transition sont determines a
partir des spectres d'absorption et de dichroisme circulaire:
2,8 Debye et 0,5 magneton de Bohr (up) respectivement. La
polarisation circulaire de I'émission mesurée sur le neceud a
d'autre part permis de determiner les moments dipolaires
électrique et magnetique de transition en émission: 0,02 Debye
et 0,003 ug respectivement. La difference importante entre les
moments dipolaires en absorption et en émission montre que
I'eémission observeée ne provient pas directement de ['etat
IMLCT. Etant donnée la faible probabilit¢ de la décroissance
de l'émission, ['etat excité emetteur a ete attribue a un etat
SMLCT. Dans une seconde partie, il a ét€ montré que le neeud
de cuivre()) piege ['émission des complexes de Tb" et
Eu''(dpa);~ (dpa=pyridine-2,6-dicarboxylate) avec une
constante bimoléculaire de piégeage de 3,2 et 3,3 x 107m 157!
respectivement, a temperature ambiante dans un melange eau-
acetonitrile (1:1 en volume). Les résultats indiquent que le
neeud de configuration absolue A piege preferentiellement
I'emission de I'eénantiomere A du complexe de lanthanide avec
une enantiosélectivite (ratio des constantes de vitesse de
piegeage pour A et A: kq/kq?) de 1,012+ 0,002 pour Eu'" et
1,018 40,003 pour Th™.
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binaphthyl-2,2’-diylphosphate, was associated to the dicop-
per( knot ((+)-K-2Cu-2PF,) and the two diastereomers
formed were separated by diastereoselective crystallization.
The chiral auxiliary was easily replaced by PF,~ in order to
obtain the pure enantiomers.

In the present study we report the chiroptical properties of
the dicopper(i) trefoil knot. For this compound, the topolog-
ical chirality is associated with helicity in the central copper(1)
bisphenanthroline core of the molecule resulting in circular
dichroism (CD) of the metal-to-ligand charge transfer
(MLCT) electronic transitions. The chirality of the molecule
in the excited state is reflected by a difference in intensity of
the left and right circularly polarized components of lumines-
cence light.

An interesting property of molecules with topological
chirality® is that racemization, which for these compounds
requires the breaking and reforming of a covalent bond, can
be excluded under nondestructive conditions. This makes
topologically chiral molecules interesting as potential enan-
tioselective catalysts or auxiliary reagents in chemical reac-
tions. Furthermore, the thermal and photochemical stability
of the dicopper(l) knot makes it a potentially useful enantio-
selective energy quencher.'¥ In the second part of this study
we investigate the behavior of (+)-K-2Cu-2PF; in this
respect.

In the last decade a large number of studies have been
devoted to enantioselectivity in quenching of the lumines-
cence of chiral lanthanide complexes by chiral, resolved
transition metal complexes and bioinorganic compounds.!'*1 Tt
has been shown that small alterations in the structure of the
quencher molecule (e.g. the replacement of a hydrogen atom
capable of forming a hydrogen bond by a methyl group) can
have a large effect on the chiral discrimination.’™ In a first
attempt to characterize the chirality of the copper(l) knot by
the enantioselectivity displayed in interactions with other
chiral molecules, we investigated the enantioselective quench-
ing of terbium(11r) and europium (i) tris(dpa) (dpa = pyridine-
2,6-dicarboxylate) luminescence.

Results and Discussion

Circular polarization in absorption and emission: The ab-
sorption spectrum of K-2Cu-2PF; is depicted in Figure 3.
Circular dichroism spectra of both enantiomers are shown in
Figure 4.

In the absorption spectrum of the knot a band of moderate
intensity in the visible range of the spectrum can be observed.
This band, which also occurs in Cu(phen),” complexes, has
been assigned to an MLCT transition. Interestingly the
transition is also circular dichroic (Figure 4). The dissymmetry
ratio (g..s = A¢/€) is practically constant over the entire visible
band. This is a good indication that the broad band including a
shoulder at about 590 nm derives its oscillator strength from a
single electronic transition. By fitting to gaussian curves the
experimental absorption spectrum in the range from 480 to
800 nm and numerical integration area under the fitted
curves, we found using Equation (1) (see Methods in the
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Figure 3. UV/Vis spectrum of K-2Cu-2PF; (8.7 x 10-°m in CH,CL,).
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Figure 4. CD spectra (CH,Cl,) of (+)-K -2 Cu-2PF; (continuous line) and
(—)-K-2Cu-2PF, (dashed line).
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Experimental Section) an electric transition dipole moment of
nw=2.8 Debye.

From X-ray diffration on crystals of the knot it is known
that the symmetry of the knot is D,.['?l In this symmetry group
electric and magnetic transition dipole moments are always
parallel (©,;=0). Taking g,,=0.007 we obtain, using Equa-
tion (2), the magnetic dipole moment of the transition: m =
0.5 pg. Matrix elements of the magnetic dipole moment
operator m = %(I:—s-gﬁ) contain an orbital (L) and a spin (S)
part but in practice only transitions with AS=0 contribute
significantly. For transitions involving d orbitals the contribu-
tion from the L operator is limited to about 2 pg. Since the
experimental magnetic moment is close to this theoretical
limit we conclude that the visible transition is almost fully
magnetic-dipole allowed.

This result is surprising since in previous reports on
spectroscopic properties of D,g-symmetric Cu(phen),” com-
plexes, a long wavelength shoulder (near 550 nm) and the
main band (480 nm) were distinguished and interpreted as
arising from different electronic transitions (A, and 'B, in D,y
symmetry).'®l The linear polarization of these two bands was
found to be along the same direction, and a lowering of the
symmetry of the chromophore from D,4 to D, was proposed to

Chem. Eur. J. 2000, 6, No. 12
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account for the intensity of the formally electric-dipole
forbidden (but magnetic dipole allowed) 'A,~'A, transition:
the two transitions are now characterized by the same
irreducible representation ('B,). For chiral Cu' bisphenan-
throline complexes, CD of opposite sign is observed for the
main MLCT band and the long wavelength shoulder.'’ In the
absorption spectrum of the knot a long wavelength shoulder
can also be distinguished (ca. 590 nm). With CD spectroscopy,
which is also sensitive towards magnetic dipole transitions, it
is not possible to distinguish more than one electronic
transition.

As reported previously,'®! K-2Cu-2PF; also shows lumi-
nescence which was assigned to an MLCT transition (Fig-
ure 5). We found the luminescence from the enantiopure knot
to be circularly polarized, the degree of circular polarization
of the luminescence (g,,,) being practically constant and of
the same order of magnitude as g, (Tables1 and 2).

100 —
80 -
60 —

40

Arbitrary Units

20

0 — T T
600 650 700 750

A (nm)

Figure 5. Luminescence spectrum of K-2Cu-2PF, (excitation: 520 nm,
7,=200ns, ®=9 x 107%).

1
800

Table 1. Location and properties of the bands observed in the CD spectrum of
(+)-K-2Cu-2PF; and (—)-K-2Cu-2PF,.

CD spectra Features Ae e Gavs X 10°
type wavelength [nm] [M~tem™!] [M~tem™!]

(+HK (-)XK (K (K (+)or(-)K (+)K (-)K
shoulder 244 245 —154 4155 115105 —134 +1.35
extremum 266 267 —-306 +306 96243 —3.18 +3.18
extremum 302 302 —180 +179 62600 —2.88 +2.86
extremum 336 335 +640 —640 64792 9.88 —9.88
extremum 508 507 +20.8 —20.7 2945 7.06 —7.03

Table 2. Absorption and emission dissymmetry factors measured at the
maximum and on both sides of the MLCT band for (+)-K-2 Cu-2PF, and
(=)-K-2Cu-2PF, (all experiments were performed at 20°C in CH,Cl,).

A [nm]
Emission 680 720 760
Gium (x 10°) (+)-K-2Cu - 2PF, 44 5.1 4.4
(—)-K-2Cu-2PF; —45 -52 —4.4
Absorption 470 510 550
Zans (X 10°) (+)-K-2Cu-2PF; 7.1 7.1 6.5
(—)-K-2Cu-2PF; -7.0 -7.0 -6.3

From the reported emission lifetime (200 ns) and quantum
yield (9 x 10~#) of the luminescence a radiative lifetime of
0.2 ms is derived,!™¥ and from this number we calculate an
electric transition dipole moment of about 0.02 Debye and a
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magnetic moment of 0.003 pg. These numbers are more than
an order of magnitude smaller than those determined from
absorption and circular dichroism data. Therefore it seems
highly unlikely that the long-lived excited state is the 'MLCT.
Given its long radiative lifetime it has to be assigned to a
triplet state.

In a first approximation, the lowest triplet state (77) is
expected to be based on the same orbital configuration as the
lowest excited singlet state (5;). In D, symmetry however this
triplet state will not contain a sublevel of the same symmetry
as the S, state and hence the T - §, transition cannot "borrow’
intensity from the S,—S; transition since mixing of 7 and S, is
forbidden by symmetry. Still the values for g,,, and g, are
very similar. A possible explanation for the observed chirop-
tical effect in emission is that the lowest triplet state borrows
its intensity from a higher excited state. Looking at Table 1 the
state associated with the 336 nm absorption band is a likely
candidate.

Another possible explanation, which is supported by
previous measurements of the temperature dependence of
the emission lifetime and bandshape of bis(4,4',6,6'-tetra-
methyl-2,2"-bipyridine)Cu' and bis (2,9-dimethyl-1,10-phe-
nanthroline)Cu! complexes,['! is that the emission originates
from the lowest excited singlet state which is populated by
thermal excitation from the triplet state. This requires a small
(<1000 cm™!) energy difference between singlet and triplet
state.

Enantioselectivity in luminescence quenching: To see wheth-
er the chirality of the knot also expresses itself in enantiose-
lectivity in bimolecular reactions with a chiral reaction
partner, we have investigated the energy transfer reaction
between photoexcited lanthanide chelates (donor) and the
knot (acceptor). Experiments with racemic K-2Cu-2PF;
show that the compound is indeed able to quench the
luminescence of [Eu(dpa);]*~ and [Tb"(dpa);]*~ and we
ascribed this quenching to energy transfer.

The decay constant of the lanthanide luminescence (reverse
of the lifetime) depends linearly on the knot concentration
(Figure 6), indicating a bimolecular reaction mechanism
involving the formation of encounter complexes of photo-
excited lanthanide chelate and knot by diffusional motion.
The quenching rate constants have been determined (Ta-
ble 3).

1.2 9
1.0

0.8 p

(ms™)

0.6

0.4

k-k

0.2

T T T T T T 1
0 5 10 15 20 25 30 35
[K-2 Cu-2PF_]x 10°M
Figure 6. Quenching experiment of [Tb(dpa);]*~ (continuous line) and
[Eu(dpa);]*~ (dashed line) by (+)-K-2Cu-2PF,. For conditions, see
Table 3.
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Table 3. Stern— Volmer parameters for the quenching by (+)-K-2Cu-
2PF, of [Tb(dpa);]*~ (543 nm, 40mm) and [Eu(dpa);]*~ (615 nm, 40mwm)
in MeCN —water (1:1).

ko [M1s71] Standard deviation
[Tb(dpa)s*~ 32 %107 0.1x 107
[Eu(dpa),]*- 33 %107 0.1x 107

The mechanism of energy transfer from these lanthanide
complexes is not very well known but there are contributions
from the Forster mechanism (dipole—dipole mechanism,
transfer at long distance) and the Dexter mechanism (transfer
at short distance, requiring orbital overlap) in proportions
which we cannot clearly quantify. Using the optically resolved
knot (+)-K -2 Cu -2 PF; as quencher, we measured the circular
polarization of the luminescence from [Eu(dpa);]*~ (0.4 mm
in a 1:1 (v/v) water—acetonitrile mixture) partially quenched
by (+)-K-2Cu-2PF; (23 um). The photophysical processes
are detailed in Figure 7.

A-Ln*(dpa)33" - A—Ln*(dpa)33’

A-Cu(D)?* A-Cu@*
-k A hv hv -k A
* q q *
A-Cu™ (D)% A-Cu” (@)%
lo) —l 3 (o] - 1 3
INT [
\ L 0,C CO, /... /“\o o
o/| \020:3 C:co /L‘"To o
N N=
Ef\‘(o RN
o

Figure 7. After irradiation of a racemic mixture of the Ln™ complex (Ln=

Eu or Tb), the excited state is quenched by the optically pure dicop-
per(1) trefoil knot. The diastereomeric interactions between the A and A
stereoisomers of the Ln complexes and the /A stereoisomer of the
quencher are responsible for the different rate constants. k,* and k" being
different, the emission of the lanthanide complex is now circularly
polarized.

The degree of circular polarization amounts to: gfw, =
—(1.3£0.2) x 103 (wavelength of detection 595 nm, optical
bandwidth 4 nm). In this measurement the optical pathlength
of the Eu' luminescence through the solution was kept small
(<1mm) in order to avoid artificial induction of circular
polarization of the Eu luminescence by circular dichroic
absorption of the resolved knot. Under these conditions the
average decay constant of the Eu! luminescence is 1.1 ms™.
In the absence of quencher we found k,=0.585 ms~!. From
Equation (10), using gii,, = +0.45, we calculate E;=(—6+1)
x 1073 which corresponds to a difference in the quenching rate
constant of (1.2+0.2) %.

For a sample solution of [Tb"(dpa);]*~ (0.4mm) and (+)-
K-2Cu-2PF, (37 um, 1:1 (v/v) water—acetonitrile) we have
measured k,=0.485 ms~, k*=1.565 ms~! and g% =(—124+
0.2) x 107 (543 nm, 2 nm bandwidth). With these values we
found E,=(—9+2) x 107 and consequently a difference in
the quenching rate constant of (1.8 +0.3) %, which is com-
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parable to the amplitude measured with the europium
complex. The sign of gf¥ allowed us to assign the excess of
emission to one enantiomer of the lanthanide complex. In the
case of europium(iil) and terbium(im), the sign of gg¥, is
negative which corresponds to an excess of luminescence of
the A enantiomers. Therefore the /1 enantiomers are found to
be preferentially quenched by the A enantiomer of the knot.

In summary, circular dichroism and circular polarization of
the luminescence are presented for the resolved dicopper()
trefoil knot. The observation of enantioselectivity in the
quenching of chiral lanthanide chelates by the dicopper()
trefoil knot indicates that the knot can exert chiral discrim-
ination in bimolecular reactions. The dextrorotatory knot was
found to quench preferentially the emission of the lanthanide
complexes with A configuration. Therefore, the homochiral
interaction (A-A) of the two actors (donor and acceptor)
seems to be privileged against the heterochiral interaction
(A-A). In terms of enantiomeric excess of luminescence we
found 1.2 % in the case of the Eu'" complex and 1.8 % for the
Tb™ compound. This low enantioselectivity could be attrib-
uted to the fact that energy quenching can occur without
contact between the species (Forster long-distance mecha-
nism). If the contribution of this mechanism is significant, no
diastereomeric interactions are available to induce a differ-
ence in the quenching rate constants. Besides, if we consider
the Dexter short-distance mechanism, non-recognition of the
double-helix copper core of the knot by the triple-helical
lanthanide complex could account for a weak interaction
between the two partners, yielding again the observed low
enantioselectivity. Further studies using triple helices as
acceptors should clarify this point.

Experimental Section

Materials: Synthesis and resolution of the dicopper(l) trefoil knot have
been reported earlier.'?l Lanthanide complexes were prepared by mixing
aqueous solutions of ligand (Janssen Chimica) and lanthanide trischloride
salt (Aldrich).

Measurements: CD spectra were recorded on a Jobin-Yvon CD6 dichro-
graph, absorption spectra on a Varian Cary 3 spectrometer. CPL and
lanthanide emission lifetimes were recorded on a home-built instrument
described earlier.["]

Methods

Circular polarization in absorption and emission: Values for electric and
magnetic dipole moments can be obtained from quantitative analysis of
absorption and circular dichroism spectra using Equations (1) and (2).]
According to Equation (1), integration of the molar decadic extinction
coefficient over a particular absorption band yields the dipole strength (D)
of the corresponding transition between states initial (i) and final (f), where
u is the electric dipole operator (in units of Debye) and n the refractive
index of the solvent.

. . » n £
Dyl <ilulf>[=920 <10 o [ v )
The circular dichroism depends on the relative magnitude and orientation
of the electric and magnetic transition dipole moment. In the case where
the dissymmetry ratio g, is constant throughout the absorption band, g,
depends on the electric and magnetic transition dipole moments as given by
Equation (2).21

Ae < 3n )Rahs 4( 3n )(mﬁ/108) cos (Oy)
S = =N 2) D 12 g

@
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Here n is the refractive index of the solvent, m; the magnetic transition
dipole moment (in units of pg, the electronic Bohr magneton) and ©; the
angle between the electric and magnetic transition dipole moment. The
rotational strength (R) is obtained from integration of the circular
dichroism over a particular band. For certain classes of molecular symmetry
(e.g. groups C, or D,) however, electric and magnetic dipole moments of a
particular transition are always parallel and for molecules belonging to
these symmetry groups, the magnitude of electric and magnetic transition
dipole moments can therefore be calculated from the absorption and CD
spectra.

For emissive transitions, the value of the electric transition moment (u';)
can be calculated from the radiative lifetime and the emission band shape
using the Strickler—Berg equation.”! To obtain values for the magnetic
transition dipole moment (m';) one has to resort to CPL measurements.
The degree of circular polarization in emission is defined by Equation (3),
where I; (Iy) denotes the intensity of left (right) circularly polarized light.

2(1L—1R)N4< 3n )Rlum 4< 3n )(m&/lOS) cos (0%)
w2 +2)Dyy \H2+2 Uy

©)

glumzi—

(L +1Ig)
When the electric moment in emission u'; is known from combined
emission lifetime and quantum efficiency measurements, the magnetic
dipole moment in emission (m';) may be calculated from g, measure-
ments.

If the nuclear geometry of the molecule in the excited state is not distorted
with respect to the ground state geometry, one expects the values for
electric and magnetic transition dipole moments and the degree of circular
polarization to be the same for the absorptive and emissive transition.

Enantioselectivity in luminescence quenching: Enantiomerically resolved
chiral molecules with low-lying excited states can act as enantioselective
quenchers of the luminescence from racemic tris chelates. Well studied is
the quenching of Eu and [Tb(dpa);]*~ by Co™ tris-cyclohexane-1,2-diamine
complexes?’! and Ru"" tris-1,10-phenanthroline.? In these experiments a
small quantity of quencher was added to a racemic solution of the
lanthanide complex. The quenching reactions may be written according to
Equations (4) and (5), where Ln stands for the lanthanide complex with its
chirality (A or A) and Q stands for the chiral quencher. Species in an
electronically excited state are labelled with an asterisk. In Equations (4)
and (5), k" and k" denote the quenching rate constants for the lanthanide
enantiomers with A and A chirality, respectively.
A
(A)-Ln*+Q == (A)-Ln+Q* )

K

(A)-Ln*+Q == (A)-Ln+Q* )
The excited state population of a single Ln enantiomer, Ln*, is expected to
decay strictly exponentially (=exp(— kt)) with a decay constant given by
Equation (6) and (7), where k, is the decay constant in the absence of
quencher.

kA = kot k AQ] (6)
k1 = kotk[Q] ™

By symmetry considerations k, is the same for both enantiomers. In the
presence of Q, the quenching rate constants k! and k,* may be different
corresponding to different lifetimes of /1-Ln* and A-Ln*. The enantiose-
lectivity in the quenching is usually expressed by Equation (8); the
parameter E, varies between —1 and +1, where the boundary values
apply when the reaction is completely enantioselective.

E, = (ks — k" (k k™) 8)

For very small levels of enantioselectivity in the quenching, measurement
of g in a continuous-wave (cw) fashion provides a sensitive method to
detect enantioselectivity in the quenching; Equation (9) describes this
phenomenon, and can be rewritten as Equation (10).

8him(A) = 8ium (D) (k" — kgD QN 2ko+(ky+kg)[Q]) ©)

i) = Eqiim (MK )/ (KA k" = 2k,) = Egglim(W)(K™)/(K™ = ko) (10)
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Here the parameter gil,, denotes the degree of circular polarisation of the
pure A enantiomer of the lanthanide chelate. Values for this quantity have
been determined previously: git,, =+0.45 for [Eu(dpa);]*~ luminescence,
wavelength selection 595 nm (bandwidth 4 nm) 261 and g{l,, = +0.30 for
[Tb(dpa);]*~ luminescence at 543 nm (bandwidth 2nm). The decay
constants k* and k' can be found from time resolved emission measure-
ment. Note that it is sufficient to determine the average decay constant
k*™(=1/2(k*+k")) which, in cases of small enantioselectivity, can be done
by fitting a monoexponential decay function to the experimental data.
From k* the average quenching rate constant k,** can be calculated (k™ =
kot+k,*[Q]). Given the values for ky, k¥ and gf,, are known, E, can be
calculated from gg¥, (4).

Generally, enantioselectivity in the quenching can arise from a difference in
the stability of the two possible diastereomeric encounter complexes
formed between the luminophore and quencher, in combination with a
difference in the rates for energy transfer within these two encounter
complexes. In the case of quenching by vitamin By, it could be shown that
both these factors contribute to the enantioselectivity but that the chiral
discrimination in the encounter complex formation is the major factor.’!
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Rigidified Calixarenes Bearing Four Carbamoylmethylphosphineoxide or
Carbamoylmethylphosphoryl Functions at the Wide Rim

Arturo Arduini,'! Volker Bohmer,*!?! Laetitia Delmau,'*! Jean-Francois Desreux,*"! Jean-
Francois Dozol,*! M. Alejandro Garcia Carrera,*! Bernard Lambert,!
Christian Musigmann,!?! Andrea Pochini,!! Alexander Shivanyuk,!*! and Franco Ugozzoli!*!

Abstract: Conformationally rigidified
tetraCMPO derivatives have been pre-
pared from calix[4]arene bis(crown
ether) 4a in which adjacent oxygens
are bridged at the narrow rim by two
diethylene glycol links. Acylation of the
tetraamine 4c¢ with the CMPO-active
ester Sb gave the tetraphosphine oxide
6a, while the tetraphosphinate 6b and
the tetraphosphonate 6¢ were obtained
by Arbuzov reaction of tetrabromo-
acetamido derivative 7 with PhP(OEt),
or P(OEt);. The extraction ability of
these CMPO derivatives was checked
for selected lanthanides and actinides
and compared with the analogous com-
pounds 1b, 10b and 10d derived from
calix[4]arene tetrapentyl ether. All ri-
gidified bis(crown ether) ligands are
more effective extractants than their
pentyl ether counterparts and require

only 1/10 of the concentration (¢ =
10~*m) to obtain the same distribution
coefficients, while with CMPO itself a
2000-fold concentration is necessary.
This could be a consequence of a better
preorganisation of the ligating functions
owing to the rigidity which on the other
hand did not change the observed selec-
tivity for americium (Dpy/Dg,=9-19)
and for light lanthanides over heavy
ones. NMR relaxivity titration curves
show that the complex of Gd** with
ligand 6a is highly oligomerised in
anhydrous acetonitrile over a large
range of ligand:metal concentration ra-
tios. Nuclear magnetic relaxation disper-

Keywords: actinides - calixarenes -
complexation - extraction - lantha-
nides - NMR spectroscopy

[a] Dr. V. Bohmer, Dr. C. Musigmann, Dr. A. Shivanyuk
Fachbereich Chemie und Pharmazie, Abteilung Lehramt Chemie

sion (NMRD) profiles also showed that
large oligomers were formed, and their
mean tumbling times were deduced
from the Solomon-Bloembergen—
Morgan equations. The NMR spectra
of dia- and paramagnetic lanthanide
complexes with 6a agreed with the
presence of two conformers with an
elongated calix[4]arene skeleton in
which the distances between opposite
methylene groups are different. Contra-
ry to what was observed with ligand 2a,
the addition of nitrate ions does not
labilize the metal complexes, presuma-
bly because of the rigidification effect of
the ether bridges. Single-crystal X-ray
structures were obtained for the active
ester 5b and for diphenylphosphoryl-
acetic acid 5a.
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Calixarenes are macrocyclic compounds in which several
phenolic rings are connected by methylene bridges. The ease
of their preparation and chemical modification makes them
ideal starting materials for the construction of more elaborate
molecules.'l. The calix[4]arene especially has been frequently
used as a molecular platform on which to assemble various
ligating groups in order to design cationic, anionicP! or even
bifunctional receptors.! Preorganisation of such functional
groups at the wide or narrow rim of the calix[4]arene resulted
in strong binding, predominantly at the cost of the complex-
ation entropy. For example, calix[4]arene acetamides (e.g.,
1a), acetates (e.g., 1b) and acetic acids (e.g., 1¢), or analogous
compounds with mixed functionalities, are effective and
selective receptors for sodium,F! calcium,®! lanthanides,”]
actinium,® uranium(vi) and thorium(tv).”!

In order to obtain selective extractants for lanthanides and
actinides in the separation and decontamination of nuclear
waste streams, the calix[4]arene tetraethers 2 have been
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prepared in which four CMPO-like (CMPO = carbamoyl-
methylphosphineoxide or carbamoylmethylphosphoryl) func-
tions are attached to the wide rim.['% 'l In fact, compounds 2
are considerably more effective as extractants for the
lanthanides and actinides than CMPO 312 itself, which is
used in the TRUEX process.'¥] Higher extraction values are
reached with concentrations of 1/100 or less under various
conditions. Furthermore, the wide-rim CMPO calixarenes 2
exhibit a remarkable size selectivity within the series of
lanthanide cations.'! This selectivity is not observed in
calix[4]arenes with four CMPO groups attached to the narrow
rim,®! although these compounds are still much more
efficient than CMPO.

Thus the combination of four ligating functions of the
CMPO type is not the only factor that determines the
complexation properties. Evidently their mutual orientation
and the flexibility of their linkage also has an important
influence. It can be assumed that an appropriate balance
between rigidity and flexibility of the basic skeleton may also
be crucial for an effective coordination.') We recently
showed that replacement of alkoxy groups, which cannot pass
the annulus (e.g., propyl), with methoxy groups significantly
changes the extraction properties of 2. Although not under-
stood in detail, this must be ascribed to differences in the
conformational mobility of the molecules.'’] In the present

o™

o™y
e = e

g

1) HNO, / acetic acid

1)) H,NNH, / Raney-Ni
1)} 5a / toluene, Et;N
Iv) CH,Br-CO-Cl / K,CO,

V) P(OEt),Ph or P(OEt),

Scheme 1.
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paper we report the synthesis of several conformationally
rigidified calixarene tetraCMPO derivatives in which the
oxygens in the 1,2- and 3,4-positions are connected by two
diethylene glycol links. As shown by an X-ray structure, this
leads to a nearly regular cone conformation of the calix[4]-
arene skeleton.!'’]

Results and Discussion

Synthesis: The rigidified ligands 6 were prepared as outlined
in Scheme 1 by starting with the fert-butylcalix[4]bis(crown
ether) 4a.l'8l Reaction of 4a with fuming HNO; in boiling
acetic acid gave the tetranitro derivative 4b (42% yield),
which directly precipitated from the reaction mixture in an
analytically pure form. This ipso-nitration gave better (more
reproducible) results than the nitration of the corresponding
calix[4]bis(crown ether) with free p-positions.['’] The catalytic
reduction (Raney Ni) of the nitro groups with hydrazine in
ethanol afforded the tetraamine 4¢ in 70 % yield, which upon
acylation with the active ester 5 (toluene, Et;N, RT) led to the
tetraphosphinoxide 6a in 62 % yield as described for less rigid
wide-rim CMPO calixarenes. On the other hand, Schotten—
Baumann acylation of 4¢ with bromoacetylchloride (K,CO;,
EtOAc/H,0) readily gave the tetrabromoacetamide 7, which
was converted into the tetraphosphinate 6b and the tetra-
phosphonate 6¢ by Arbuzov reaction with P(OEt),Ph or
P(OEt);, respectively. Conformationally mobile calix[4]arene
tetraphosphonates 10a-c¢ and tetraphosphinates 10d,e were
prepared analogously for comparison. Their structure and
composition were proved by NMR spectroscopy, mass
spectrometry and elemental analysis. For two examples
(10b,e) it was demonstrated that the corresponding acids
11ab are obtainable by reaction with SiMe;Br followed by
methanolysis (Scheme 2).

The 'H NMR spectrum of compound 6a measured in
[D¢]DMSO shows one singlet for the amide protons, two

o™ o™
e et e oo
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Br Br
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Teorer)

NH NH 2 NH NH 2
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1) CH,Br-CO-Cl/ K,CO, b Y=CgH, R=OEt b R=0H

)  P(OEt),Ph or P(OEt),

1) 1.) BrSiMe3 2.) MeOH

Scheme 2.

meta-coupled doublets for the protons of the calixarene aryl
rings, two pairs of doublets for the methylene bridges and one
doublet for the methylene protons of the CMPO fragments.
This pattern is entirely consistent with the expected C,,-
symmetrical structure. Surprisingly, the '"H NMR spectrum of
6a measured in CDCIl; was broad and featureless, most
probably because of association through hydrogen bonds. The
self-association of 6a can be attributed to its rigid structure,
since the nonbridged tetraCMPO calixarenes 2 exhibit sharp
and well-resolved spectra both in CDCl; and in [Dg]DMSO.
Due to the pinching of the cone conformation,?” the two
opposite CMPO moieties of 2 can form intramolecular
hydrogen bonds in nonpolar CDCl,,?! while in the case of
the bridged compound 6a the cone conformation cannot be
pinched and therefore the CMPO arms must form intermo-
lecular hydrogen bonds; this causes the self-association. It is
important to note that the 'TH NMR spectra of compounds 6b
and 6 ¢ are sharp, both in CDCI; and in [Dg]DMSO. This could
be explained by the formation of intramolecular hydrogen
bonds N-H--- O=P in the case of the sterically less-hindered
phosphonate and phosphinate fragments.

The 400 MHz 'H NMR spectrum of tetraphosphinate 6b
measured in [Dg]DMSO contains three singlets for the
protons of amide groups and three signals for the aromatic
protons of the calixarene in the ratio 1:2:1, while the rest of
the spectrum is rather complicated. This can be explained by
the presence of four chiral phosphorus atoms in the tetra-
phosphinate 6b. As a consequence, diastereomers are possi-
ble (five in this special case), which makes the 'H NMR
spectrum more complicated.

The chirality of the phosphorus atoms results in two singlets
for the protons of the calixarene aryl rings, along with one
broadened singlet for the amide protons in the 'H NMR
spectrum (CDCl;, 400 MHz) of the more symmetrical tetra-
phosphinates 10d,e. However, in the case of corresponding
tetraacid 11a, only one sharp signal was observed for the
aromatic protons of the calixarene skeleton in CD;OD, most
probably due to the fast proton exchange (HO—P=0O —
O=P—OH), which makes the phosphorus achiral on the
NMR timescale.

Chem. Eur. J. 2000, 6, No. 12
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€ Y=Cy,H, R=OEt
d Y=CiH,

e Y=CgH, R=Ph

Extraction studies: The extraction ability of 6a was prelimi-
narily established for some lanthanides in the chloroform/(4m
NaNO3/0.0lm HNO;) system. This immediately showed that
6a is much more efficient than 2b, which was used for
comparison. As shown in Table 1, essentially the same
distribution coefficients D were obtained for c¢(6a) = 10~*m
as for ¢(2b) =10-3m. The extremely low concentration of 6a is
best illustrated by the fact that a more than 2000-fold
concentration of CMPO is required to reach D values of
nearly the same magnitude.

Table 1. Distribution coefficients D for the extraction of lanthanides from
an aqueous phase (c¢(Ln) =10"°m in 4M NaNO;; 0.01m HNO;) by CMPO 3
and CMPO-substituted calixarenes in chloroform.

Pm Eu Gd Tb Ho Er
c(3)=02m 0.44 0.62 0.5 - 0.51 0.34
¢(2b)=10"*m 15.2 52 24 0.8 04 0.22
c(6a)=10"*m 14.6 4.7 2.7 1.5

This high extraction efficiency for compounds 6 makes
comparative studies with similar ligands under standard
conditions difficult, since either the distribution coefficients
are in an extremely high (and less reliable) region or the
ligand concentration must be so low that it is no longer in
large excess with respect to the extracted cations.

Since many studies on CMPO-substituted calixarenes have
been done with o-nitrophenylhexylether (NPHE), an organic
solvent that is also suitable as an organic phase in supported
liquid membranes, NPHE was used for all further studies with
compounds 6 and 10 with different concentrations of HNO; as
the aqueous phase.

As usual for ligands of the CMPO type, they are effective in
strongly acidic solution. As an example, Figure 1 shows the
distribution coefficient of 6b for various cations as a function
of the HNO; concentration. A similar maximum around
c¢(HNO;) =2—3m is also observed for compounds of type 2,
while it is less pronounced for 6¢, for which the distribution
coefficients reach a plateau for the higher concentrations of
nitric acid.

0947-6539/00/0612-2137 $ 17.50+.50/0 2137
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500 4 —— Am

c(HNO;) / M

Figure 1. Distribution coefficient D for the extraction of different cations
by 6b in NPHE (¢, =1073m) as a function of the concentration of nitric
acid.

Figure 2 compares, for the same cations, the distribution
coefficients D (at ¢c(HNO;)=3M) of the three rigidified
calix[4]arenes 6 a—c with those of 2b as a standard model. For
all cations, D decreases in the order 6a > 6b > 6¢, which is in
agreement with the decreasing basicity of the phosphoryl
groups. It was previously found that phosphine oxides that
display the highest basicity are better extractants than
phosphinates, while phosphonates are even less effective.??!
The standard carbamoylmethylphosphineoxide calix[4]arene
2b is always a slightly weaker extractant, than the rigid
carbamoylmethylphosphinate 6b.

LN
BESE

asialaaiai

Lai M 8m Eii Lo
Figure 2. Extraction of different cations from 3m HNO; (¢, =107 M) by
calixarenes 6a—c compared with 2b, in NPHE. For Eu and Am, extremely
high values were obtained for the distribution coefficient (D > 1000) which
are no longer reliable.

Table 2 compares (as an example) the extraction of Eu by
the rigidified bis(crown ether) derivatives and by their
tetrapentyl ether analogues at various concentrations of nitric
acid. The results may be generalised by stating that the rigid
compounds are more efficient by a factor of ten than the
corresponding “normal” tetraether derivatives. This is true for
all the cations studied, which also implies that the selectivities
observed for 2 or 10 are kept in the analogous derivative 6.

In order to study the most efficient extractant 6a in more
detail, a series of extraction experiments were carried out with
different (lower) concentrations of this ligand. These results
are collected for ! Am and ***Cm in Table 3, in which values
for 2Eu are included for comparison. Due to the high

2138

Table 2. Comparison of the rigid bis-crown ether derivatives 6a—c with
the corresponding pentylether derivatives 2b, 10d and 10b. Distribution
coefficients of Eu for different concentrations of nitric acid; ¢, =1073m.

c(HNO;) [m]

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0.01 0.1 1 2 3 4
2b 0.2 2 30 56 45 29
10d 0.02 0.06 2 4 6 4
10b <0.1
6a 1 93 > 500
6b 0.04 2 29 61 48 18
6¢ 0.3 0.3 0.5 1 2 2

Table 3. Distribution coefficients of Am, Cm and Eu for different
concentrations of nitric acid and different concentrations of the ligand 6a.

¢(HNO;3) [m]

¢ [M] cation  0.01 0.1 1 2 3 4

1073 Am 13 397 > 1000
Cm 5 >100
Eu 1.1 93 >1000

3x10% Am 4 40 87 103 146 116

Cm 2 32 84 69 90 65
Eu 0.35 7.1 67 59 68 35

10+ Am 0.02 1.4 70 36 19 8.9
Cm 0.02 0.7 21 22 12 9.0
Eu 0 0.12 3.7 4.1 2.7 1.5

extraction efficiency of this ligand, the distribution coeffi-
cients determined for the lowest ¢; seem to be more reliable.
Here, the separation factor D,,/Dg, decreases from 19 at
c¢(HNO;) = 1M to about 6 for c(HNO;) =4wMm, which roughly
corresponds to the separation factors found for 2b when
chloroform is used as the organic phase.

Finally, the results of competitive extractions of selected
lanthanides and americium are shown in Figure 3 for various
concentrations of nitric acid. Under these conditions (¢, =
10-*M), a very strong extraction of lanthanum occurs and (in

N,

oA

Figure 3. Extraction of light lanthanides [¢(Ln)=10"°Mm] and americium
(at trace level) by 6a in NPHE (¢, =10"*m).
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contrast to 2b, which is not shown) also of cerium. The
distribution coefficients (showing a maximum for c(HNO;) =
1.5M) decrease with increasing atomic number and, already,
for europium they are lower than those for americium (see
also Table 3), as observed earlier for 2b in extractions with
chloroform. Evidently this selectivity is levelled at higher
ligand concentrations (see Figure 3) by the excellent extrac-
tion efficiency of 6a.

It should be noted that the apparent distribution coeffi-
cients strongly decrease if the concentration of the lantha-
nides is increased by a factor of ten. This is most likely due to
the competition between cations for the relatively lower
capacity of the extractant. However, the selectivity is approx-
imately maintained and would still be sufficient to separate
Am from the preferentially extracted La and Ce and the
poorly extracted Eu and Sm. On the other hand, for cation
concentrations of ¢(Ln) =10°M, the distribution coefficients
are relatively independent of ¢(HNO,) in the range of 1-4wm,
while they show a strong decrease for higher acid concen-
trations (Figure 3) for ¢(Ln)=10"%M. At these low concen-
trations of lanthanides the competitive extraction of nitric
acid is probably not negligible.

NMR spectroscopic studies: NMR spectroscopy has proved
extremely valuable for unravelling the solution structures of
paramagnetic lanthanide chelates with a variety of ligands.?!
Of particular relevance are the very large NMR shifts induced
by Yb**+ and the significant reduction of the relaxation times
of the solvent brought about by Gd**. The former are directly
related to the solution conformation of the complexes, while
the latter yields information on their solution dynamics. A
detailed study of the conformation and the dynamic behav-
iour of the lanthanide complexes with various calix[4]arenes
in anhydrous acetonitrile was reported in an earlier paper.¥
It was shown that the encapsulation of Gd** is accompanied
by an increase of the T relaxation time of the solvent, because
solvent molecules are removed from the first coordination
sphere of the metal ion and are allowed to relax independ-
ently of the paramagnetic centres. The relaxivity 1/7, ex-
pressed in s~! per mM of metal ion therefore decreases until a
plateau is reached when the metal complex is fully formed.
This behaviour is presented in Figure4 in the case of
tetraamide calix[4]arene 1a dissolved in anhydrous acetoni-
trile, the measurements were performed at a fixed frequency
of 20 MHz.*Yl As shown previously, the relaxation titration
curve recorded for tetracarbamoylmethylphosphineoxide
calix[4]arene 2a does not exhibit the expected break at a 1:1
ligand:Gd*" ratio. Instead of decreasing, the relaxivity reaches
a maximum that is followed by a slow decrease until a plateau
appears for a threefold excess of ligand. This unusual
behaviour has been ascribed to the formation of oligomers.?
Indeed, the relaxivity of a solution is dominated by the
smallest of three correlation times, namely 7,,, the solvent
mean residence time, 7,, the mean rotation time of the Gd**
complex, and 7., the electronic relaxation time of the metal
ion. Small complexes rapidly rotate, and the relaxivity of their
solutions remains relatively small and essentially dependent
on the 7, value. In contrast, the relaxivity of solutions of slowly
tumbling macromolecules can be very high because the
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Figure 4. Plots of the observed relaxivity (longitudinal relaxation rates
VT, in s"'mMm! at 25°C and 20 MHz) of anhydrous acetonitrile solutions
vs. the ligand/Gd** concentration ratio. (a: ligand 1a; e: ligand 2a; m:
ligand 6a).

electronic relaxation time 7, and the exchange time 7, become
the dominant factors. As 7, is frequency dependent, a
relaxivity maximum appears at about 20 MHz,?> 2 that is,
under the conditions already used for the experiments
presented in Figure 4. It therfore seems that the increase in
relaxivity owing to the slow rotation of oligomeric Gd**-2a
species overcomes the relaxivity decrease caused by the
release of solvent molecules. At high ligand:metal ratios, the
relaxivity of the solutions of the Gd** complexes with 1a and
2a are comparable, and essentially monomeric species are
assumed to be present in solutions in both cases.?*! This
interpretation agrees with small-angle neutron-scattering
studies?®! of Pr3* complexes with simple carbamoylmethyl-
phosphineoxide ligands and also with a recently reported
crystallographic analysis of the dimeric structure [Eus2a,-
(NO3);5] - 2H,0, in which one of the metal ions is coordinated
to two carbamoylphosphineoxide arms belonging to different
calixarene units.’’l As is clearly shown in Figure 4, the
relaxivity titration curve of 6a significantly differs from that
of 2a. A relaxivity maximum is reached for a ligand 6a: metal
ratio of about two and is followed by a plateau at a much
higher relaxivity than in the case of calixarenes 2a and 1a. It
thus seems that the more rigid skeleton of 6a favours the
formation of oligomeric species even in the presence of a large
excess of ligand.

This finding is corroborated by the nuclear magnetic
relaxation dispersion (NMRD) curves recorded for two
6a:Gd*t ratios and reproduced in Figure 5. As reported
earlier,? the NMRD curves of uncomplexed Gd** and of its
rapidly tumbling complex with ligand 1a display the expected
S shape with an inflection point between 5 and 10 MHz.[2% 3]
The relaxivity of the Gd** - 1a species is lower than that of the
uncomplexed ion simply because the solvation of the latter by
acetonitrile is much higher. By contrast, the marked relaxivity
maxima at about 25 MHz in the NMRD curves indicate that
the Gd*-2a and Gd*"-6a complexes are highly oligomer-
ised, and that especially large assemblies are formed in the
latter case. The shape of the NMRD curves is accounted for
by the Solomon —Bloembergen —Morgan equations 21 and
depends essentially on the correlation times 7., 7, and Tz,
mentioned above. These parameters have been estimated by a
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Figure 5. Nuclear magnetic relaxation dispersion curves of anhydrous
solutions of uncomplexed Gd** (solid line), 1:1 mixtures of Gd** with
ligands 1a (dashed line) and 2a (dotted line), 1:1 and 1:2 mixtures with
ligand 6a (e and A, respectively) at 25°C in anhydrous acetonitrile. The
data presented for free Gd**, Gd* -1a and Gd*'-2a are taken from
ref. [25] and the experimental points are excluded for clarity. The lines
through the data points result from a least-square treatment of the
Solomon —Bloembergen —Morgan equations.

best fit treatment®! of the relaxivity data reproduced in
Figure 5 by using the only 7, value reported so far for
uncomplexed Gd** in acetonitrile®) (z,,=200 ps). The ap-
proximate minimum values of 7, were calculated as 483 and
889 ps for the 1:1 and 1:2 mixtures of Gd** and ligand 6a,
respectively. These values should be compared with rotational
correlation times of 649, 193 and 51 ps for Gd**-2a, Gd**-1a
and free Gd**, respectively.?! It is noteworthy that high
molecular weight (61.8 kD) fifth-generation dendrimers sub-
stituted with Gd3* chelates have a 7, of about 870 ps in
water.’ One can thus assume that Gd*'-6a is highly
oligomerised especially since

the viscosity of acetonitrile is

lower than that of water. It has Yb HH
been suggested that the lantha-

nide complexes with simple lin- y
ear carbamoylmethylphos-

phineoxide ligands form long %
polymeric chains (length from

150-500 A) in benzene, and a

s
&

(vide infra). In the present case, a higher stability of the
complexes seems to be accompanied by a higher oligomerisa-
tion in a wider range of ligand:metal ratios as already
reported for linear ligands.??! It should probably be emphas-
ised that nuclear magnetic relaxation dispersion appears to be
a very interesting, but as yet largely unexplored, area of
research in solvent extraction studies. More accurate infor-
mation will be extracted from the NMRD curves once some of
the correlation times have been determined independently.

A detailed study of the solution conformation of the
complexes formed between ligand 2a and anhydrous lantha-
nide perchlorate salts in acetonitrile has shown that the
encapsulation of a lanthanide ion lowers the apparent C,,
symmetry of free ligand 2a to C,, as evidenced by the
observation of two meta-coupled NMR peaks for the aromatic
protons in the calix and of four doublets for the bridging
methylene groups. Twice as many peaks are observed for the
calix group in the 'H spectra of both La’*"-6a and Yb**-6a
(Figure 6) although an analysis of the complete spectra is
impossible because of the overlap of numerous peaks. A
doubling of the *C peaks of La3*-6a also takes place. In
addition, the COSY patterns in the spectrum of La’*-6a are
in keeping with the presence of eight different protons in the
CH, bridging groups that are coupled together in pairs. These
protons are divided into two groups with peaks of relative
areas 1:1 and 3:7 in the case of La’t-6a and Yb’*-6a,
respectively. These spectral features are in accord with the
coexistence of two conformers in solution. The relative
population of the conformers depends on the ionic radius of
the metal ion. As no exchange peaks could be found in the
EXSY spectra of La**-6a and Yb** - 6a, one is led to assume
that the exchange between the conformers is too slow to be
observed at 400 MHz.

La

JLM

similar process is probably tak-
ing place in the case of the
calixarenes 2a and 6a.

These studies do not yet HH
permit firm conclusions to be
drawn as to why the ether
bridges of 6a favour the forma-
tion of oligomers in a large
range of ligand:metal ratios,
but it is tempting to associate
this phenomenon with the very
high affinity of 6a for lantha-
nides in extraction systems and
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with the better resistance of
Yb3*-6a to the competition of
nitrate ions and water for the
complexation of metal ions
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ke
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Figure 6. '"H NMR spectra (details) of the La** (center and rlght) and Yb3’* complexes (left) with calixarenes 2a
(upper part) and 6a (lower part). The schematic presentation characterizes the elongated conformation of the
calixarene skeleton in the lanthanide complexes with ligand 2a and shows the two possibilities for 6a.
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The origin of the twofold symmetry of the

Table 4. Summary of crystal data,l* data collection, and structure solution and refinement.

complexes with 2a could not be established with

Sa 5b

certainty, but is probably due to an elongation of formula

C,H,,0,P C,H,(NO,P - C,H,NO,

the calix skeleton brought about by the steric ~ »/ 260.23 520.43
requirements of the coordination sphere of the  crystal system triclinic triclinic
lanthanide ions.?Y Under this assumption, the  space group p-1 P-1
lanthanide complexes of 6a should adopt two T [K] 295 29
i0id f . hich differ in the di . alA] 12.353(3) 13.127(3)
rigid con orm'fmonsw 1ich differ 1n.t e direction b[A] 12.846(2) 11.315(2)
of the elongation that takes place either towards ¢ [4] 9.501(2) 9.222(2)
the ether bridges or in the perpendicular direc-  a[°] 111.38(2) 103.82(2)
tion, as illustrated in Figure 6. In each con- B L] 105.73(2) 73.75(2)
former, there are two magnetically non-equiv-  / [l 99.442) 108.39(2)

» g y Quv= y Ay 1291.9(6) 1230.7(5)
alent environments for the aromatic protons in 7 4 2
the calix unit and four different locations for the  p_ [gem™?] 1.338 1.404
protons in the bridging methylene groups; this ~ £(000) 544 540

. . 1
explains the number of resonances found in the ggm t] . 158‘76 AED E'Mf Nonius CADA
34 1IIractometer iemens nral-INonius

NMR sp'ectra. One conformer of the Yb scan type 0126 01260
complex is less abundant than the other, pre-  scan speed [Pmin'] 3 0.053

sumably because of the rigidification effect of  scan width [°]

the ether bridges. A semi-quantitative analysis ;;diatio“
of the solution conformation of Yb**-2a based .~ ""¢¢ [l
index range

on the dipolar equations was possible after full
assignment of all the "H peaks. Such an analysis
is not feasible in the case of 6a because of the
poor resolution of parts of the spectrum.

All the above measurements were performed
with anhydrous solutions. Nitrate ions and/or

parameters

reflns. measured
unique reflns. [/ >20(1)]

max A/o on last cycle
R=3|AF|/Z|F,|

WR=3w2| AF|/Sw'?| F, |
GOF = [Zw!?| AF |%/(n — p) ]2l

[0 —0.6],[0 + 0.6 + ALL"tgh]
Cuy, (1.54178 A)

[0-0.6].[60 4 0.6 + AiLtg 6]
Cuy, (1.54178 A)

6-140 6-140

+h, £k, +1 +h,+k, +1
4875 4671

4173 4046

429 418

0.07 0.07

0.057 0.051

0.057 0.051

0.82 0.72

water can be added in order to more closely
resemble the experimental conditions used in
solvent extraction processes. The addition of
tetramethylammonium nitrate to an anhydrous
solution of Yb* -2a (1:1 ligand:metal ratio) significantly
modifies the '"H NMR spectrum: all resonances become broad
and cover a much smaller shift range (ca. 10 ppm instead of
60 ppm). The NO;~ ion is thus able to compete with ligand 2a
and to coordinate directly to Yb**. The resulting complexes
are much less rigid, which explains the broad poorly shifted
peaks. Adding an excess of tetramethylammonium nitrate to a
1:1 mixture of Yb*" and ligand 6a also leads to a broadening
of the resonances, but the induced paramagnetic shifts are
barely altered. Ligand 6a thus forms more stable lanthanide
complexes than calixarene 2a and its higher extraction
efficiency is not surprising. Similar results are obtained after
addition of water. Presumably, the two ether bridges help to
better define a cavity for the coordination of the metal ions.

Single-crystal X-ray analysis: Single crystals could be ob-
tained for the diphenylphosphoryl acetic acid 5a from
methylene chloride/ethanol and for the active ester Sh, by
slow recrystallization of the crude p-nitrophenol-containing
material from CH,Cl,/hexane.

Two crystallographically independent molecules are found
for the acid Sa in the crystalline state. They are arranged
around a centre of symmetry to form cyclic tetramers
(Figure 7 top) by intermolecular C(O)O—H --- O=P hydrogen
bonds. The crystallographic analysis revealed that §b forms a
crystalline 1:1 complex with p-nitrophenol, which is bound to
the phosphoryl group by a strong O—H --- O=P hydrogen bond
(Figure 7 bottom). This structure provides an explanation for
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[a] Unit cell parameters were obtained by least-squares analysis of the setting angles of 30
carefully centered reflections found in a random search on the reciprocal space. [b] n=
number of observed reflections, p = number of parameters.

why 5b is difficult to purify by recrystallization, since the 1:1
complex crystallizes much more readily than the pure active
ester Sh. We therefore have started to use the 1:1 complex in
preparative acylations instead of the pure active ester Sh.
Bond lengths and bond angles in both structures (Table 5
contains some selected values) are in the expected range.

Conclusion

The fixation of the calix[4]arene skeleton in a nearly ideal
fourfold symmetry by two short crown ether bridges in
compounds 6 leads to a strong increase of their extraction
ability relative to the analogous compounds 2 or 10. A similar
effect was observed for the complexation of amino acids and
ammonium cations by peptidocalix[4]arenes substituted at the
wide rim by four L-alanyl residues.’!! It may be explained in
both cases by intramolecular (cross cavity) hydrogen bonds
between NH and O=C or O=P functions; this leads to a
“closed cavity” and competes with the complexation of the
guest. On the other hand, the more pronounced preorganisa-
tion of the CMPO functions in ligands 6 does not change the
extraction selectivity significantly, as one might expect for a
size selective binding of cations in a 1:1 complex. It was shown
earlier, however, that CMPO-like substituents on the wide
rim of calix[4]arenes are involved in oligomeric structures.
The relaxivity data reported here clearly show that the
lanthanide complexes with the bridged ligand form partic-
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Figure 7. Top: Molecular conformation of 5a and arrangement of hydro-
gen bonded tetramers around a center of symmetry. [Hydrogen-bond
parameters of the two symmetry-independent hydrogen bonds: Donor—
H - Acceptor O2A—H - O1B 172(6)°, O2A—H 1.07(6) A, O2A---O1B
2.573(3) A, H---O1B 151(6) A; O3B—H:-O1AA 160(4)°, O3B-H
0.96(4) A, O3B---O1AA 2572(3) A, H---O1AA 1.65(4) A]. Bottom:
Molecular conformation and hydrogen bonding in Sb-p-nitrophenol.
[Hydrogen bond parameters: Donor—H--- Acceptor O3DA-H:---O1
172(4)°, O3DA—H 0.88(3) A, O3DA --- 01 2.642(3) A, H--- 01 1.77(4) A].

Table 5. Selected bond lengths [A] and angles [°] for compounds
S5a and Sh.

5a (molecule A) 5a (molecule B) 5b
P1-O1 1.500(3) 1.497(2) 1.494(3)
P1-ClA 1.794(4) 1.783(5) 1.797(4)
P1-CIB 1.796(4) 1.792(4) 1.794(3)
P1-Cl 1.807(5) 1.809(4) 1.807(4)
c1-C2 1.506(5) 1.504(5) 1.488(4)
02 1.190(6) 1.212(5) 1.191(4)
C2-03 1.305(5) 1.320(6) 1.360(3)
0O3—-C1C 1.399(3)
C1A-P1-CIB 107.2(2) 106.6(2) 106.2(1)
C1-P1-C1B 109.2(2) 105.8(2) 104.9(1)
01-P1-C1B 112.1(2) 111.5(2) 112.1(1)
O1-P1-C1A 110.7(2) 113.4(2) 108.4(2)
01-P1-C1 110.6(2) 110.5(2) 112.7(2)
P1-C1-C2 117.1(3) 109.0(3) 115.3(2)
03-C2-C1 113.3(3) 112.6(3) 111.4(2)
02-C2-C1 123.5(4) 123.0(4) 125.4(3)
02-C2-03 123.1(4) 124.4(4) 1232(3)
2-03-C1 117.4(2)

ularly large oligomers. Competition NMR experiments (ni-
trate, water) also indicate, that the ether bridges rigidify the
geometry of the complexes, and this may contribute to the
extraction efficiency of 6a in comparison with 2. However, it
must be stated, that the exact composition and shape of the
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extracted complex is not yet known. Many results indicate
that several species may be involved and further experiments
are necessary to understand the excellent extraction proper-
ties of CMPO calixarenes 2 and especially 6 in detail.

Experimental Section
Synthesis
Reagents and methods: Melting points were determined with a MEL
TEMP 2 capillary melting point apparatus and are uncorrected. The
routine 'H and C NMR spectra were measured with Bruker AC200 and
Bruker AM400 spectrometers. FD mass spectra were recorded with a
Finnigan MAT 90 (5kV/10 mA min').

Tetranitro calixarene 4b: The bis(crown ether) 4a (1.0 g, 1.27 mmol) was
dissolved in glacial acetic acid (25 mL) by heating to about 100°C. HNO,
(100%, 3 mL) was added in one portion to this solution. An immediate
reaction occurred (caution!) and a colourless precipitate formed within 3 -
5 min. After 10—20 min of stirring, the precipitate was filtered off, washed
with glacial acetic acid (2 x 5 mL) and methanol (5 mL) and dried in vacuo.
In order to remove traces of acetic acid, the crude product was treated with
hot toluene, and the solvent was evaporated in vacuo. This procedure was
repeated three times, after which the slightly yellowish solid product 4b was
dried under vacuum at 60°C for 2-3h. Yield 0.4 ¢, (42%); m.p. 299—
300 °C (decomp., no clear melting; ref. [18] m.p. 275 °C); NMR data were as
reported in the literature.

Tetraamino calixarene 4¢: Hydrazine hydrate (2 mL) was added to a
suspension of the tetranitro compound 4b (0.3 g, 0.4 mmol) and Raney Ni
(1 g) in EtOH (30 mL). The mixture was heated at reflux for 6 h with
further additions of hydrazine hydrate (2 mL every 2 h). After about 4 h,
the material was completely dissolved. The solution was evaporated in
vacuo. The residue was dissolved again in EtOH/toluene (1:1, 10 mL) and
evaporated; this was repeated three times to remove water and EtOH.
Finally the product was precipitated from ethanol/hexane. White solid;
yield 0.2 g (80%); '"H NMR (400 MHz, [D{]DMSO): 6 =6.21 (brs, 4H; Ar-
H), 6.20 (brs, 4H; ArH), 4.68 (d, /=114 Hz, 2H; CH,), 440-3.95 (m,
22H; OCH,, NH,, CH,), 3.55-3.45 (m, 4H; OCH,), 2.85, 2.78 (2d, J=
11.4 Hz, each 2H; CH,).

Tetraphosphineoxide 6a: Triethylamine (3 mL) and the active ester 5b
(0.7 g, 1.8 mmol) were dissolved in warm toluene (15 mL) and added to a
suspension of the tetraamine 4¢ (0.2 g, 0.32 mmol) in dry toluene (15 mL).
After about 0.5 min, an oily precipitate was formed. The solution was
removed and the precipitate was dissolved in CH,Cl, (5 mL) and both
solutions were combined again. The reaction mixture was stirred at RT for
10 h, CH,Cl, (50 mL) was added and the solution was washed with aqueous
NaOH (1m) until the aqueous layer was colourless (3 x 50 mL) and then
with water (2 x 50 mL). After evaporation in vacuo, water was removed
azeotropically using a mixture of EtOH and toluene. The crystalline
product thus obtained was dissolved in CH,Cl, and reprecipitated with
hexane (twice). Yield 0.3 g (62%); yellowish solid; m.p. 211-213°C;
'"HNMR (400 MHz, [D¢]DMSO): 6 =9.77 (s, 4H; NH), 7.85-7.75 (m, 16 H;
ArH), 7.60-7.46 (m, 24 H; ArH), 7.07 (brs,4H; ArH), 7.02 (brs, 4H; ArH),
4.88 (d, J=12.2 Hz, 2H; CH,), 435 (d, J=11.8 Hz, 2H; CH,), 4.22- 4.07
(m, 12H; OCH,), 3.68 (d, Jyp=14.0 Hz, 8H; CH,), 3.60-3.51 (m, 4H ,
OCH,), 3.09 (d,/=11.5Hz, 2H; CH,), 3.01 (d, /=11.8 Hz, 2H; CH,); MS
(FD): m/z (%): 1593.6 (23) [M]*.

Tetrabromoacetamino calixarene 7: An aqueous solution of K,CO; (2M,
20 mL) was added to a solution of the tetraamino calixarene 4¢ (0.4 g,
0.64 mmol) in a mixture of THF (S5mL) and ethylacetate (10 mL).
Bromoacetylchloride (6 mL) was then added in three portions to the
vigorously stirred mixture. The reaction mixture was stirred for 2 h at room
temperature and ethylacetate (50 mL) was then added. The organic layer
was separated, washed with water (3 x 50 mL), dried with Na,SO, and
evaporated in vacuo, to give a white solid (0.6 g, 86 % ). M.p. 249-251°C
(decomp); 'H NMR (400 MHz, CDCl,/[D¢]DMSO, 10:1): 6 =9.47 (s, 4H;
NH), 7.05,7.03 (2brs, each 4H; ArH), 4.79,4.22 (2d,J=12.0 Hz, each 2H;
CH,), 4.10-3.40 (m, 16H; OCH,), 3.00, 2.95 (2d, J=12.0 Hz, each 2H;
CH,); MS (FD): m/z (%): 1108.2 (100) [M]*.

Tetraphosphinate 6b: PhP(OEt), (10 mL) was added to a solution of the
tetrabromoacetamide 7 (0.2 g, 0.18 mmol) in THF (10 mL) and the reaction
mixture was stirred at 70 °C for 48 h under nitrogen. The solution was then
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poured into hexane (100 mL), and the precipitate formed was filtered off
and washed with hexane. Two precipitations from THF/hexane gave 0.15 g
(58 %) of analytically pure 6b as a white solid. M.p. 157-162°C; '"H NMR
(400 MHz, [D4]DMSO): 6 =9.75-9.68 (m, 4H; NH), 7.85-7.42 (m, 20H;
ArH), 7.10, 7.05, 7.00 (3brs, 8H; ArH (calix)), 4.91,4.36 (2brd, J=11.3 Hz,
each 2H; CH,), 4.25-4.08 (m, 12H; CH,), 4.05-3.93 (m, 4H; CH,), 3.92 -
3.81 (m, 4H), 3.63-3.53 (m, 4H), 3.26-3.16 (m, 8H; CH,), 3.11, 3.04
(2brd, J=11.3 Hz, 2H each, CH,), 1.23-1.15 (m, 12H; CH;); MS (FD):
miz (%): 1465.2 (18) [M]*.

Tetraphosphonate 6¢: A solution of the tetrabromoacetamide 7 (0.2 g,
0.18 mmol) in P(OEt); (10 mL) was stirred at 70 °C for 64 h under nitrogen
and then poured into hexane (50 mL) with stirring. The white precipitate
that formed was filtered off and washed with hexane. The crude product,
which contained P(OEt);, was additionally purified by precipitation from a
CH,(], solution by hexane to give a white solid (0.16 g, 67 %). M.p. 140—
142°C; '"H NMR (200 MHz, [D¢]DMSO): 6 =9.76 (s, 4H; NH), 7.19, 7.15
(2d,/=2.0 Hz, each 4H; ArH), 4.96,4.42 (2d,J =119 Hz, each 2H; CH,),
4.30-3.86 (m, 28H; OCH,), 3.72-3.50 (m, 4H; OCH,), 3.16, 3.09 (2d, /=
13.2 Hz, each 2H), 2.98 (d, J =21.4 Hz, 8H; CH,), 1.20 (t, /= 7.0 Hz, 24 H;
CH,); MS (FD): m/z (%): 1338.4 (17) [M]*, 1360.3 (100) [M+Na]*, 1376.3
(16) [M+K]".

General procedure for the preparation of tetrabromoacetamino calixar-
enes 9: A solution of the tetraamino calixarene 8 (2 g) in ethyl acetate
(100 mL) and an aqueous solution of K,CO; (2M, 100 mL) were vigorously
stirred. Bromoacetylchloride (5—7 mL) was added in two portions to the
emulsion. After 20 min at RT, the organic layer was separated, washed with
water (4 x200mL), dried over Mg,SO, and evaporated in vacuo. The
residue was dissolved in the minimum amount of THF and reprecipitated
with hexane to give analytically pure tetrabromoacetamide 9 as a white
solid, which in all cases decomposed upon heating in the range 180-190°C.
Solutions of the tetrabromoacetamides in pure [Dg]DMSO were unstable.

Compound 9a: Yield 68 %; '"H NMR (200 MHz, CDCly/[Ds]DMSO, 20:1):
0=9.30(s,4H; NH) 6.86 (s, 8H; ArH), 4.27 (d,/ =13.2 Hz, 4H; CH,), 3.87
(s, 8H), 3.81 (t, /=72 Hz, 8H; CH,), 3.13 (d, J=13.3 Hz, 4H; CH,), 1.91
(m, 8H; CH,), 0.98 (t,/=7.2 Hz, 12H; CHj;); *C NMR (100 MHz, CDCl,/
[Dg]DMSO, 10:1): 6 =163.44, 152.50, 134.07, 131.34, 119.47, 75.94, 30.39,
29.21,22.09, 9.35; MS (FD): m/z (%): 1136.6 (100) [M]*, 1160.5 [M+Na]*;
elemental analysis calcd (%) for C,sHsN,OgBr,: C 50.72, H 4.97, N 4.93;
found C 51.05, H 5.34, N 4.73.

Compound 9b: Yield 72 %; '"H NMR (400 MHz, CDCly/[Ds]DMSO, 20:1):
5=9.29 (s, 4H; NH), 6.85 (s, 8H; ArH), 4.42 (d, J=13.3 Hz, 4H; CH,),
3.87 (s, 8H; CH,), 3.84 (t, J=8.1 Hz, 8H; CH,), 3.15 (d, J=13.3 Hz, 4H;
CH,), 1.87 (m, 8H; CH,), 1.36 (m, 16H; CH,), 0.94 (t, J=6.9 Hz, 12H;
CH,); ®C NMR (100 MHz, CDCL/[D(]DMSO, 10:1): 6=163.9, 1532,
134.6,131.4,120.2, 74.8, 30.8, 29.5, 29.2, 27.8,22.7,13.6; MS (FD): m/z (%):
1249.0 (100) [M]*; elemental analysis caled (%) for CsH7,N,OgBr,: C
53.86, H 5.81, N 4.50; found C 53.38, H 5.81, N 4.24.

Compound 9¢: Yield 70 %; '"H NMR (200 MHz, CDCly/[Ds]DMSO, 20:1):
5=929 (s, 4H; NH), 6.85 (s, $H; ArH), 4.41 (d, J=13.3 Hz, 4H; CH,),
3.87 (s, SH; CH,), 3.83 (t, /=75 Hz, 8H; CH,), 3.13 (d, /=133 Hz, 4H;
CH,), 1.89 (m, 8H; CH,), 1.30 (m, 56H; CH,), 0.88 (1, /= 6.6 Hz, 12H;
CH;); MS (FD): m/z (%): 1529.9 [M]*; elemental analysis calcd (%) for
CyeH,,N,O4Br,: C 59.69, H 738, N 3.66; found C 59.70, H 742, N 3.65.

General procedure for the Arbuzov reaction of 9 with P(OEt);: The
bromoacetamide 9 (1.0 g) was dissolved or suspended in P(OEt); (20—
25 mL) and the mixture was stirred for 2-3 days at 60°C under an inert
atmosphere. The reaction mixture was poured into hexane (100 mL) and
the precipitate formed was filtered off. In order to remove traces of
P(OEt);, the crude product was precipitated from CH,Cl, by hexane.

Tetraphosphonate 10a: Yield 77 %; m.p. 188-191°C; 'H NMR (200 MHz,
CDCl;): 6 =8.64 (s, 4H; NH), 6.63 (s, 8H; ArH), 4.34 (d, /=13.4 Hz, 4H;
CH,),4.13 (m, 16H; CH,), 3.77 (t, /=73 Hz,8H), 3.05 (d,/ =13.4 Hz, 4H;
CH,),3.00 (d, J=21.2 Hz, 8H; CH,), 1.84 (m, 8H), 1.34 (t,/ =7.1 Hz, 24 H;
CH,),0.93 (t,/ =74 Hz, 12H; CH;); MS (FD): m/z (%): 1366.2 (100) [M]*;
elemental analysis calcd (%) for CgHosN,O,P,-3H,0: C 54.16, H 7.24, N
3.95; found C 53.88, H 7.18, N 4.00.

Tetraphosphonate 10b: Yield 76 %; m.p. 167-170°C; '"H NMR (200 MHz,
CDCl;): 6=38.68 (s, 4H; NH), 6.65 (s, 8H; ArH), 4.36 (d, /=13.4 Hz,
4H; CH,), 4.14 (m, 16H; CH,), 3.82 (t, /=72 Hz, 8H; CH,), 3.08 (d, J =
13.4 Hz, 4H; CH,), 3.00 (d, /=212 Hz, 8H; CH,), 1.81 (m, 8H; CH,),
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1.20-1.47 (m, 28H), 0.93 (t, J=6.3 Hz, 12H; CH;); *C NMR (50 MHz,
CDCly): 6 =162.5,153.7, 135.0, 131.3, 121.5, 75.1, 69.7, 36.2 (d, J =130 Hz),
31.3,29.9, 28.3, 22.6, 16.3, 14.0; MS (FD): m/z (%): 1518.3 (100) [M+K]*;
elemental analysis calcd (%) for C,,H,;,N,O,,P,-2H,0: C57.13, H, 7.72,N
3.70; found C 57.20, H 7.63, N 3.77.

Tetraphosphonate 10¢: Yield 75 %; m.p. 122-125°C; 'H NMR (200 MHz,
CDCl): 6 =8.68 (s,4H; NH), 6.64 (s, 8H; ArH), 4.35 (d, /=13.4 Hz, 4H;,
CH,), 4.15 (m, 24H; CH,), 3.05 (d, /=13.4 Hz, 4H; CH,), 3.00 (d, /=
212 Hz, 8H; CH,), 1.84 (m, 8H; CH,), 1.35 (m, 68H), 0.88 (t, /=6.5 Hz,
12H; CH;); MS (FD): m/z (%): 1760.3 (100) [M]"; elemental analysis calcd
(%) for Co,H;44uN,O,P,- 7TH,0: C 58.90, H 8.49, N 2.99; found C, 59.06, H
8.43, N 2.90.

General procedure for the Arbuzov reaction of 9 with PhP(OEt),: The
tetraphosphinates 10d,e were prepared by the reaction of the correspond-
ing tetrabromacetamide with PhP(OEt), (1:15 molar ratio) in the same way
as the tetraphosphonates 10a—c.

Tetraphosphinate 10d: Yield 65 %; m.p. 151-154°C; 'H NMR (400 MHz,
CDCl;): 0 =8.66 (s, 4H; NH), 7.30-7.88 (m, 20H; ArH), 6.61 and 6.68 (2s,
8H; ArH), 434 (d,/=13.4 Hz, 4H; CH,), 3.85-4.17 (m, 8H), 3.77 (t, /=
73 Hz, 8H), 3.23-2.98 (m, 12H), 1.84 (m, 8H; CH,), 1.26 (t, /=7.0 Hz,
12H), 0.92 (t, J=7.6 Hz, 12H; CHj;); “C NMR (50 MHz, CDCL): 6 =
162.5, 153.91, 136.75, 132.91, 131.60, 131.31, 129.06, 128.80, 121.72, 76.76,
61.72, 39.70 (d, J =89.0 Hz), 31.14, 23.10, 16.39, 10.26; MS (FD): m/z (%):
1494.2 (100) [M]*; elemental analysis calcd (%) for CgyHogN,O P, -2H,0:
C 62.82, H 6.59, N 3.66; found C 62.66, H 6.81, N 3.74.

Tetraphosphinate 10e: Yield 67 %; m.p. 135-139°C; 'H NMR (400 MHz,
CDCl;): 6 =8.64 (s, 4H; NH), 7.32-7.89 (m, 20H; ArH), 6.64 and 6.68 (2s,
8H; ArH), 4.34 (d, J=13.4 Hz, 4H; CH,), 3.90-4.17 (m, 8H), 3.82 (t, /=
73 Hz, 8H), 3.12 (m, 12H), 1.84 (m, 8H; CH,), 1.29 (m, 28H), 0.92 (t,J =
6.6 Hz, 12H; CHj;); C NMR (50 MHz, CDCl;): 6 =162.5, 154.0, 135.1,
132.9,131.7,131.2, 129.5, 128.8, 121.8, 75.1, 61.8, 39.5 (d, J=89.0 Hz), 31.1,
29.7,28.3,22.8, 16.5, 14.0. MS (FD): m/z (%): 1607.1 (100) [M]*.

Tetraphosphinic acid 11a: Me;SiBr (0.25 mL, 2.0 mmol) was added to a
solution of the phosphinate 10e (0.4 g, 0.25 mmol) in dry CH,Cl, (15 mL)
and the reaction mixture was stirred at RT for 24 h under nitrogen. The
solvent was evaporated in vacuo, and the residue was dried in vacuo to
remove traces of SiMe;Br. The solid trimethylsilyl ester was dissolved in
absolute MeOH (15mL), and the solution was stirred at RT for 12 h.
Evaporation of methanol gave quantitatively the tetraphosphinic acid as a
white solid. M.p. 150°C (decomp); 'H NMR (200 MHz, CD;OD): 6 =
7.38-8.00 (m, 20H; ArH), 6.78 (s, 8H; ArH), 4.44 (d, J=13.0 Hz, 4H;
CH,),3.91 (t,/ =7.0 Hz, 8H; CH,), 3.14 (m, 12H; CH,), 1.98 (m, 8 H; CH,),
1.46 (m, 16H; CH,), 1.01 (t, J=6.4 Hz, 12H; CH;); MS (FD): m/z (%):
1495.7 (100) [M]*.

Tetraphosphonic acid 11b: This compound was prepared in the same way
as 11a by reacting the tetraphosphonate 10b (0.4 g, 0.27 mmol) with
SiMe;Br (0.5 g, 4 mmol) and methanol (15 mL). White solid; m.p. 150°C
(decomp); '"H NMR (200 MHz, CD;OD/[D¢]DMSO, 5:1): 0 =6.81 (s, 8H;
ArH), 4.38 (d,/J=13.4 Hz, 4H; CH,), 3.83 (t,/ =7.0 Hz, 8H; CH,), 3.00 (d,
J=13.4Hz, 4H; CH,), 2.88 (d, J=22.7 Hz, 8H; CHy,), 1.88 (m, 8 H; CH,),
1.38 (m, 16 H; CHy,), 0.93 (t, /=7.0 Hz, 12H; CH,).

NMR spectroscopic studies: All NMR spectra were recorded on an Avance
DRX400 Bruker spectrometer equipped with a temperature controller.
The 1D spectra were obtained by using a 90° pulse (7.5-9 ps) with 8 or 16K
points. The COSY 2D spectra were typically recorded with 1024 data points
int, and 512 data points in #; with a bandwidth of 3-25 kHz. A zero-degree-
shifted sine-bell apodization function was applied in both dimensions prior
to the Fourier transformation. The EXSY experiments were performed by
using the phase-sensitive pulse sequence (90° —¢,—90° -, —90° - AQ) with
20481, x 2048t,. Both dimensions were apodized by a shifted sin bell
without zero-filling. The mixing time ¢, was 20 ms for the paramagnetic
Yb3** complexes. A 500 ms mixing time was used in the ROESY experi-
ments with spin-locking and with a 1024 x 512 data set. Zero-filling was
applied to obtain a 1024 x 1024 size. Exchange and nOe cross peaks were
distinguished by their sign, which was identical to or opposite to the sign of
the diagonal peaks, respectively. Longitudinal relaxation times were
collected at 20 MHz on a Minispec 120 (Bruker) at 25°C and nuclear
magnetic relaxation dispersion curves were recorded at the University of
Mons-Hainaut (Belgium) on a field-cycling relaxometer described else-
where.?l. The anhydrous lanthanide perchlorate salts were prepared as
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reported previously and all chemicals were handled under argon in a
Jacomex glove box (Livry-Gargan, France). CAUTION: lanthanide
perchlorates are potentially explosive when brought into contact with
organic materials. It is advisable to use only small amounts of metal salt at a
time with proper care and in a glove box.

Crystal structure determination: Single crystals of about 0.3 x 0.3 x 0.5 mm
(5a) and 0.2 x 0.3 x 0.4 mm (5b) suitable for X-ray analysis were mounted
on glass rods of 0.1 mm. The crystal data and the most relevant
experimental parameters used in the X-ray measurements and in the
crystal structure analyses are reported in Table 4. For both compounds the
intensities were calculated from profile analyses according to the Lehmann
and Larsen method.”® During the data collections, one standard reflection
for each compound, collected every 100 scans, showed no significant
fluctuations. The intensities were corrected for Lorentz and polarisation
effects. Absorption effects were corrected by using ABSORBP* (max. and
min. transmission factors: 1.15, 0.87 and 1.12, 0.86 for 5a and S5b,
respectively). The two structures were solved by direct methods with
SIR925! and then completed by Fourier AF map and refined by blocked
full-matrix least-squares methods on F by using SHELX76.5% In compound
5a two independent molecules linked by hydrogen bonds were found in the
asymmetric unit. For both compounds, the parameters refined were: the
overall scale factor, the atomic coordinates and anisotropic atomic
displacements for all the non-hydrogen atoms. The hydrogen atoms were
located in the final Fourier AF maps and included at the last stages of the
refinements with isotropic atomic displacements. The atomic-scattering
factors of the non-hydrogen atoms were taken from Cromer and Waber,?’]
the values of Af and Af’ were those of Cromer and Ibers.! The
geometrical calculations were obtained by PARST.?! All the calculations
were carried out on the Gould Encore91 of the Centro di Studio per la
Strutturistica Diffrattometrica of C.N.R., Parma. Crystallographic data
(excluding structure factors) have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
111834 (5a) and CCDC-111833 (5b). Copies of the data can be obtained
free of charge on application to the Director, CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; deposit@chemecrys.
cam.ac.uk).
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Ab Initio Study of Bonding Trends among Cyanamidophosphates

([PO,(NCN),_,I*") and Related Systems

Pekka Pyykko+a!

Abstract: Ab initio calculations on the experimentally known anions
[PO,(NCN),_,]*~ are used to show that intramolecular forces are sufficient to
determine their existence and structure. Structures are predicted for the analogous
cyanamidosulphates and perchlorates. If one of the oxygens of the XO,? group is
replaced by nitrogen or fluorine, further new anions are obtained. An example is
NSO,*". Remarkably, the NArO;~ anion is predicted to have strong inner bonding

Keywords: ab initio calculations-
cyanamide - oxygen - phosphates -
pseudochalcogens - sulphates

and is, together with ArO,, a candidate for an argon species.

Introduction

New, simple inorganic species can still be found. Predictions
for them can be obtained from ab initio calculations for
systematic, isoelectronic sequences. Furthermore, the pseu-
dohalogen or pseudochalcogen concepts provide useful ways
of thinking on possible extensions. We have already carried
out such studies for multiply bonded chains, from diatomic to
penta-atomic ones!! and several of the predicted species,
notably N5t 3 and OCNCO*™ have later been synthesized as
ions in the solid state.

We consider here two such series. The sulphate isoelec-
tronic series PO2~, SO,2-, ClO, has already been expanded
up to ArO,P! and the high-lying local minimum has survived
later theoretical scrutiny.[) We now consider a number of
lower symmetry systems in which one O atom is replaced by
the isoelectronic N~ or F*. Four such species, NCIO;?",
FPOs*~, FSO,~ and FClO;, are experimentally known and
more may exist.

Secondly we consider the substitution of the O atoms in
these tetrahedral groups by one particular pseudochalcogen,
namely cyanamide, NCN.Il The entire series of such substi-
tutions, [PO,_,(NCN),]*~ (n =0-4) was achieved""! notably
by the late Helmut Kohler,'? but little structural informa-
tion and no previous ab initio studies exist. This substitu-
tion would also seem to have considerable potential for
extension. For the latest review on pseudochalcogens, see
ref. [10].

[a] Prof. P. Pyykko
Department of Chemistry, University of Helsinki
P.O.B. 55 (A.L Virtasen aukio 1), FIN-00014 Helsinki (Finland)
Fax: (+358)9-191-40169
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Results and Discussion

The X0, series: These geometries are given in Table 1. It is
seen that both the calculated and the experimental X—O bond
lengths decrease along the series X=P, S, Cl, (Ar). Lindh
et al.l’ found a bond-length minimum at X = Cl and obtained
a value of 1246 kJmol~' for the heat of formation of argon
tetroxide.

Fluorine substitution: Several species, obtained by substitu-
tion of one oxygen by a neighbouring atom, are included in
Table 1. A complete map of the possible species with 3rd-row
X and 2nd-row Y is shown in Figure 1. The trends of the X—O
and X—N bond lengths are shown in Figures2 and 3,
respectively, as function of the central atom X. The structures
of the FXO;? species can be compared with experimental data
in three cases. There are crystal data for several compounds of
monofluorophosphate, FPO;2~.l") Note that the F—X bond
lengths are longer than the X—O ones. Numerous compounds
of fluorosulphate, FSO;~, are also known.?!] As the sum of the
F and S covalent radii® is 64 + 104 = 168 pm, the F—S bond
has little multiple character. The third case is gaseous FClIO;,
a very stable compound.?! As seen from Table 1, the agree-
ment between theory and experiment is good and it is
improved by the larger basis set b (see Computational
Methods).

The vibrational frequencies of the FXO5? species are given
in Table 2. A large amount of data exist for fluorosulphate
compounds. The present calculations support the experimen-
tal assignments in refs. [21, 29, 30] The comparison with the
gas-phase spectra of FClO; is also very satisfactory. The
agreement with the experimental assignment of Kirillov
et al.?l for monofluorophosphate is also acceptable, while
that with Nelson and Williamson! is less clear.
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Table 1. Optimized geometries for the penta-atomic species Y,XO,_,.
Bond lengths in picometers, angles in degrees. MP2 level, unless otherwise
stated.

Species Basis X-O X-Y Y-X—O Comments

setle!
SiO+ a 173.0 173.0
162 162 expt!t
PO~ a 160.0 160.0
151 151 exptl3]
SO a 152.2 152.2
149 149 expt!?
ClO,~ a 148.3 148.3
b 146.6 146.6 CCSD(T)
143 143 expt!?
ArO, a 147.7 147.7 this work and ref. [5]
b 144.6 144.6
a 1560 1560 CCSD(T)
b 149.6 149.6 CCSD(T)
147.6 147.6 BCCD(T)/ANOI
NPO;*~ a 168.3 163.4 114.93
NSO;? a 159.6 152.8 114.95
NCIOs> a 156.1 146.6 115.04
average 153(7) expt!4l
NArO? a 157.2 144.0 115.25
a 168.2 151.2 115.28 CCSD(T)
b 153.3 142.3 115.22
b 160.2 146.2 115.25 CCSD(T)
FPO;*- a 154.0 171.9 101.87
b 152.8 170.9 101.84
150.9 158.7 104.45 HF!)
150 157 expt!]
149.3 160.6 103.1 exptl®)
FSO;~ a 147.1 166.8 101.98
145.6 164.5 102.0
a 143.6 160.2 102.4 HFUs: 1]
TZV 1471 168.9 101.80 ECP-QCISD(T)R
144 157 106 exptl®
FCIO,; a 1443 168.5 101.89
b 141.8 164.9 101.85
1404(2) 161.9(4) 1008  expt@
FArO;* a 144.9 1771 101.62
b 1419 172.6 101.36
NeClO;* b 143.2 284.4 90.07
WO~  a 175.6
170- expt!"

[a] a=6-31g* basis set, b=cc-pVTZ basis set. [b] In -Na,PO;F (aver-
age).l') [c] In CsSOF (average).?!!

If more than one oxygen atom is substituted by fluorine,
one obtains, for instance, the valence isoelectronic series

Abstract in Finnish: Anionisarjalle [PO,(NCN),_,J°~ suorite-
tut kvanttikemialliset ab initio-laskut osoittavat molekyylinsi-
sdisten voimien riittivin selittamidn ndiden kokeellisesti
tunnettujen anionien olemassaolon ja rakenteen. Analogisten
syanamidosulfaattien ja perkloraattien kokeellisesti tuntemat-
tomat rakenteet on myos laskettu. Mahdollisia uusia anioneja
saadaan myos korvaamalla XO j-ryhmien happiatomi typelli
tai fluorilla. Esimerkki tillaisesta ionista olisi NSO;~. Yllit-
tien timd trendi jatkuu jalokaasu argoniin asti; anionilla
NArO;~ on voimakkaat sisdiset sidokset. Aiemmin ehdotetun
argontetroksidin ohella se tarjoaa uusia mahdollisuuksia
valmistaa ensimmdinen kiintein olomuodon argonyhdiste.
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NePO;” NeSO; NeClO;*

FSi0,* FPO,> FSO, FCIO; |[FArC,"

S
sio,¥ Po,* so,” clo, |ArO,
.5 4- 3- 24 -
NSiO;” NPO,* NSO,> NCIO;>|NArO;
13 14 15 16 17 18 19

Zx
Figure 1. A complete map of the YXO57 species with 2nd-row ligands, Y,

and 3rd-row central atoms, X. The “island of stability” of experimentally
known species is framed.

180 FXO,?

175 X X0yl - -
ro__. ae

170 \ NXO5" ---¥

165

160

Ry o/pm

155
150
145

140

Si P S Cl Ar

Figure 2. The trends of the calculated X—O bond lengths at the MP2/6-
31g* level for the species indicated. X is the central atom.

180 NXO; —+—
175 (NCN)XO5% ===~
170 (NCN)X? ===+
165
160

Ry.n/pm

155
150

145

140

Si P S Cl Ar
X

Figure 3. The trends of the calculated X—N bond lengths at the MP2/6-
31g* level for the species indicated. X is the central atom.

FCl0;, F,SO,, F;PO, F,Si used by Lindh et al.l¥ for discussing
the heats of formation.

Nitrogen substitution: In contrast with fluorine substitution, if
one oxygen is replaced by N, the resulting N—S bond length is
shorter than the S—O one and much shorter than the sum of
(single) covalent radii, 70 + 104 =174 pm. At the same time
the remaining X—O bond becomes longer compared with the
tetrahedral XO,7 case.

The only experimentally known member of the nitrogen-
substituted, NXO;? species is the perchlorylimide anion,
NCIO;?". Its thermally stable but explosive potassium salt
was reported in 1958.5'1 The infrared spectrum of this
potassium salt has been reported,’! see Table 2. The agree-
ment with the calculated frequencies is excellent for the
higher frequencies. The doubts of Karelin et al.’>! on their
assignment of the lower frequencies are also supported by the
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Table 2. Calculated vibrational frequencies [cm~!] for the YXO5¢ species. MP2 unless otherwise stated. No scaling factors were applied. Note that in the
tetrahedral case of ArO, t,=e + a;. The calculated IR intensities [kmmol~'] are given in brackets.

Species Basis e e a a, e a Comments
setll t, t,
NSO5*- a 417 562 596 819l 902 1192110
NCIO2~ a 420 563 599 833 922 13131
[0.09] [9.6] [17] [127] [426] [343]
(625) (597) (597) 829 893 1267 exptl®!
NArO; — a 385 522 550 754l¢l 859 13571
a 291 384 393 450 597 976 CCSD(T)
b 419 550 581 805 877 133511
OArO; a 399 573 573 955 1098 1098
a 308 444 444 587 801 801 CCSD(T)
b 439 608 608 996 1148 1148
b 680 CCSD(T)
477 377 377 725 918 918 large-basis BCCD(T)!
FPO,*- a 347 526 494 67811 1181 966!l
380 530 713-795 1000 1130-1230 exptlel
379 520 520 79511 1136 10021 exptl
FSO;~ a 372 529 561 743 1328 1071
1412 1161 HF!
410 584 563 743 1272 1083 exptl!
FCIO; a 362 548 507 710 1360 1104
b 391 576 533 69311 1383 1116
405 589 549 715 1315 1061 exptldl
FArO;* a 293 489 442 61111 1308 1114
b 340 526 474 61411 1347 1120

[a] a=6-31g*, b=cc-pVTZ. [b] In K,(NCIO;).”] Assignments in parentheses uncertain. [c] BCCD(T) results from ref. [6]. [d] Ref. [27]. [e] X—O stretch.
[f] X=Y stretch. [g] In solid Na,PO;F and in aqueous solution.”®! [h] Ref. [26]. [i] In solid (NF,)(FSO;) (averaged).?”!

present calculations. Note that the calculated intensity of the
lowest e vibration (see Table 2) is very small so it may have
been missed in the experiment.?” The structures of the K, Sr
and Ba salts of this anion and of CaNClO;-nH,0O have been
studied, but only an average of 153(7) pm for the CI-N and
CI-O bond lengths is reported.') At high temperatures
(above 360°C), the predominant disintegration reaction of
BaNClO; is the solid-state one [Eq. (1)].*?

2BaNClO; — Ba(NO;),+ BaCl, (1)

The other nitrogen-containing species appear to be so far
unknown. A conspicuous fingerprint for them would again be
the X—N and X—O stretch vibrations. Perhaps the best
candidate would be the nitridosulphate [NSO;]*~. The
nitridotrisulphate,  [N(SO;);]*-, and imidodisulphate,
[HN(SOs),)*, are known.?*! The nitridosulphate also could
be seen as deprotonated sulphamate, [H,NSO;]~. As the
sulphamic acid is a strong acid, further deprotonation of its
anion may be possible.

Argon compounds: Argon compounds in bulk are so far
unknown, apart from clathrates. In addition to the previously
studied ArO,,> ¢ we here find short bond lengths and clearly
positive vibrational frequencies (see Table 1 and Table 2) for
the NArO;~ anion. It could possibly be made by firing neutral
or ionized argon at crystalline nitrates or frozen nitrate
solutions, followed by subsequent sputtering or thawing, or
possibly in situ observation. For the anions, this would be the
inverse of reaction given in Equation (1). The energies for
such a purely hypothetical Ar+ NO;~ symmetrical reaction

Chem. Eur. J. 2000, 6, No. 12
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path are shown in Figure 4. It suggests that about 1 au of
energy is needed to pass the head-on barrier between the two
minima and that the higher lying minimum would be about
0.2 au below that maximum. The calculated MP2/cc-pVTZ
energy of NArO;~ lies 0.66545 au above Ar+NO;™.

-805.6 |
-805.8 |
5
s -806 |
&
[a™
3 -806.2 }
55
-806.4 |
R C;, path
8066 Ar+NO; NArO; +
: Ar.NO; X |

20 40 60 80 100 120
N-Ar-O angle/degrees
Figure 4. The calculated MP2/6-31g* energies for an Ar—NO;" system as
function of the N-Ar-O angle along the path with C;, symmetry. The weak
complex between an argon atom and nitrate is on the left-hand side and the
quasitetrahedral NArO;~ on the right-hand side.

A further risk for the existence of NArO;~ would be the
triplet states. Exploratory HF-level calculations show the
triplet to lie 0.15 and 0.13 au above the singlet for cc-pVTZ
and 6-31g* basis sets, respectively, at their MP2 geometries.
Anyway, as discussed in the case of Ns*,[!l the crystal field can
stabilize the singlet state, even if it were higher than the triplet
state for the free ion. Note that the NArO;  anion only
contains “air”.
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The other new argon-containing molecule, FArO;*, is a
local minimum at the MP2 level with both basis sets a and b
(see Computational Methods), but disintegrates at CCSD(T)/
6-31g* level. For NeClO;", only a weak complex with a long
NeCl distance of 284 pm was found.

Highly ionized argon species, such as Ar,N>*, have been
discussed theoretically, as well as the monocations ArCN* and
ArCCH*.33 The diatomic ArN* (X32-, D,=2.16(10) eV) has
been observed experimentally.’*35) However, the present
neutral or anionic, polyatomic argon nitride species with short
and strong Ar—N bonds seem to be new. In addition to the
sulphate isoelectronic analogues, the SO, analogue ArN, and
the SO; analogues OArN, and ArN;~ present themselves. All
are local minima at the lower MP2 level of theory. At the
higher CCSD(T)/cc-pVTZ level only the last survives, see
Table 3. The energy of ArN;™ lies 0.6900 and 0.6893 au above

Ar+ N; at the two levels, respectively. Recall the 0.6654 au at
MP2 level for NArO;~ compared with Ar+ NOj;™.

Cyanamide substitution: After this preamble we now discuss
the title compounds. The calculated structures of the species,
in which one or more O atoms are replaced by NCN groups,
are given in Table 4 and their X—O and X—N bond lengths are
included in Figure 2 and Figure 3. The vibrational frequencies
of cyanamidophosphate are given in Table 5. A first observa-
tion drawn from Figure 2 is that the X—O bond lengths of the
NCN-substituted species pass from the fluorine-substituted
curve to the all-oxygen curve for increasing Zy. Thus one
could surmise that, as a ligand, cyanamide should be placed
between fluorine and oxygen. Support for this proximity of
cyanamide and oxygen is obtained from the ESCA (electron
spectroscopy for chemical analysis) spectra of the sodium and

Table 3. Results for three- and four-atom argon species. A cc-pVTZ basis is used. Bond lengths in pm, angles in degrees, frequencies in cm™.

System Symmetry Method Ar—N Ar—-O Angle Comments

AN, Cy, MP2 158.4 - 136.9
CCSD(T) >186 - 168 breaks up

OAIN, Cy, MP2 153.0 153.8 112.86M a, 414, 728, 919, b, 440, b, 520, 1034
CCSD(T) >207 186 122 breaks up

AIN; — Dy, MP2 156.6 - (120)f a; 704, a; 466, ¢’ 463, 1088
CCSD(T) 162.7 - - -

[a] N-Ar-N. [b] O-Ar-N.

Table 4. Optimized MP2 geometries for the O;X(N,CN,) and X(N,CN,), species.

System Basis set X-0 X—N; N,—C C-N, O—X-N Comments
O;P(NCN)? a 155.7 176.7 125.3 124.6 105.16 C,, assumed
a 155.9 179.8 127.7 123.7 102.2 C, assumed
b 154.7 178.6 126.4 123.0 102.44 C, assumed
2 x 106.66
151.7-152.8 167.2 129.2 117.4 104.2 expttH]
O;S(NCN)* a 149.8 160.9 126.1 122.0 106.98 C;, assumed
a 149.6 167.8 130.9 120.9 103.04 C, assumed
2 x150.1 2x112.2
b 148.0, 167.0 129.8 120.0 103.05, C, assumed
2 x148.3 2 x 108.52
O;CI(NCN)- a 147.6 151.2 128.2 120.0 108.77 C,, assumed
a 146.7 164.1 134.0 1194 102.77 C, assumed
2 x147.7 2 x 110.29
b 144.2, 162.2 133.0 118.3 102.91 C, assumed
2x145.1 2 x110.11
O;Ar(NCN) a 148.8 145.5 131.2 119.2 110.70 C,, assumed
b C, N—Ar bond breaks
O;W(NCN)*~ a 173.9 184.0 128.2 121.3 110.09 C;, assumed
P(NCN) 2~ a 160.4 126.7 121.6 T, assumed
S(NCN),*~ a 153.0 127.7 120.4 T4 assumed
CI(NCN),~ a 149.0 129.2 119.7 T4 assumed
Ar(NCN), a 151.5 130.7 120.1 T, assumed
[a] a=6-31g* b=cc-pVTZ. [b] In Na;PO;NCN - 7H,0, expt N-C-N angle 175.2°.
Table 5. Calculated MP2/6-31g* frequencies [cm™'] for (NCN)XO4¢ for the C, structure in Figure 5b.
X Low frequency High frequency
P caled 21, 116, 338, 340, 416, 518, 520, 603, 615, 686 926" 1113, 11131, 12791, 225014
exptl?] 620, 722, 794, 9751, 1061, 1276, 215014
S caled 40, 151, 379, 385, 487, 548, 556, 586, 655, 781 1022, 1203, 1214, 1238, 2137
exptle] 600, 610, 805 1120, 124011, 13701, 21504
Cl caled 59, 159, 367, 388, 470, 517, 543, 558, 658, 764 1042, 1137, 1192, 1224, 2180

[a] In Na;PO;NCN - 7H,0.5 [b] »(X=0). [c] »,(NCN). [d] v,((NCN). [e] In Na,[SO;(NCN)]-2H,0.t")
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B} 0 silver cyanamidophosphates.*l
}" The decreasing electronic

LAL-L ¥ charge of the individual cyan-
0 amides upon increasing substi-

tution, »n, was noticed in a
b . CNDO interpretation of these
&, i ESCA spectra of sodium cyan-
, p amidophosphates (n=0-4).5
é_""L‘r‘ﬁ'ﬁ A detail that should be men-
. -5' L tioned is that the C;, species
L (Figure 5a) have an imaginary
Figure 5. The caleulated MP2/ o yiprational frequency that
6-31g* structures of O;P(NCNY~ becomes real when the system
assuming a) Cs, or b) C, symme-
try. is bent to C, symmetry (Fig-
ure 5b). The resulting energy
change is very  small,
—0.00513 au for (NCN)PO,*~ at the MP2/6-31g* level. There-
fore, the system is very floppy and the crystal forces could
easily “wag” or straighten the NCN tail. The experimental
OPO and OPN angles in solids are nearly tetrahedral.'!l The
P—N bond length in solids (167.2 pm) is somewhat shorter
than the calculated one at MP2/6-31g* level (177 pm) without
any counterion effects. The experimental P—N bond length
was taken as evidence for a bond order of about 1.5.'" The
interesting aspect about the bonding in the title species is the
cumulated chain of multiple bonds in the X=N=C=N chain.
At this point it is interesting to quote the experimental, bent
cumulene structure of Ph;P=C=C=X, X=0,S. The bond
angle at C is 145.5° and 168° for ketene and thioketene,
respectively. Notice the large variation. The C—C and C-O
bond lengths are 121.0 and 118.5 pm, respectively.[*)) Thus the
two pseudochalcogens, cyanamide and (thio)ketene, exhibit
similar bonding to four-coordinated PY. For X =P, which has
the longest X—N bond length, the two N—C bond lengths
inside the cyanamide are still almost equal. As the X—N, bond
length decreases, the nearest N;—C bond length grows and the
peripheral C—N, bond length shrinks, see Table 3. The more
strongly the cyanamide bonds to the central atom X, the more
it distorts itself. The X(NCN),/ species have shorter X—N
bond lengths than the monosubstituted species. Apart from
the substituted phosphates, all of which are known, the
sodium salts of mono- and dicyanamidosulphates, and their
IR spectra have been reported.?”] None of the other systems
in Table 4 seem to be known. Perhaps the best candidates for
new species would be the nearest neighbours, that is, the
corresponding perchlorates, [ClIO,(NCN),_,]". Finally it
should be said that oxygens in many other groups can be
replaced by cyanamide. Some examples are cyanate
(CNO~ — NCNCN"), carbonate (CO5?>~ — CO(NCN),?>7), ni-
trate (O,N(NCN)-, see ref. [41]), carboxylate (RCO, —
RC(O)NCN~) and sulphonate (RSO;~ — RSO,NCN~). All
of these have been quoted by Kohler et al.l> 1]

Substituted oxotungstates: The exploratory calculation on the
monosubstituted tetraoxotungstate, (NCN)WO,2~ reveals a
stable C;, geometry; this is in contrast to the main-group
oxoanions, which tend to bend.

Substituted uranyl: One oxygen of the uranyl ion, OUO*,
could be replaced by an NCN group at Hartree — Fock level,
see Table 6. The U—N bond length of 172.3 pm is longer than
the U—O one of 162.8 pm, and the latter is shortened from the
uranyl value of 163.6 pm. This monosubstituted uranyl,
OUNCN?*, is linear.

Table 6. Calculated bond lengths for uranyls [pm].

System U-O0 U-N Comments
ouo* 163.6 - HF
OU(NCN)* 162.8 172.3 HF
OUN* 169.0 161.5 HF

176.1 172.5 MP2

This effect of the NCN substitution on the remaining U-O
bond length is similar to that in Figure 2, and again suggests
that cyanamide is more electronegative than oxygen itself.
Recall that the nitride (N) substitution has the opposite effect,
both in Figure 2 and in the triatomic OUN" predicted in
ref. [42] and prepared in ref. [43].

The limits of the pseudochalcogen analogy: The limits of the
pseudochalcogen analogy become evident if further cyan-
amide analogues of common oxygen compounds are consid-
ered.

The oxygen molecule, O,, would have as its analogue an
(NCN), molecule. This molecule actually reorganizes itself to
a trans-dicarbonitrile N=SC-N=N—C=N. Its infrared spectrum
is experimentally known* and is compared with calculated
ones in Table 7. Note that while O, has a &} 7t} *X ground state,
the non-linear (NCN), has a singlet ground state. The
calculated N=C, C—N and N=N bond lengths are 118.8,
137.4 and 128.9 pm, respectively, and the C-N-C angle 111.41°.

Similarly, the analogue of the linear carbon dioxide,
O=C=0, becomes the bent, trans N=C—(N=C=N)—C=N, with
N=C, C-N and N=C bond lengths of 118.8, 133.4 and
122.8 pm, respectively, at MP2/6-31g* level. The dihedral
angle of the C, structure is 95.19°, the C-N-C angle is 135.59°.
If only one oxygen is substituted, we obtain the planar
NCNCO, which again is both experimentally and theoretically
known. [46 4]

The analogue of carbon monooxide (C)O is CNCN, an
experimentally known, linear isomer of cyanogen.[*’! The
“water” analogue H-(NCN)—H is the known carbodiimide
form of cyanamide.

Table 7. Calculated MP2/6 -31g* and experimental* IR frequencies for trans-azodicarbonitrile, N=SC-N=N—C=N.

a, b, a, b, a, a, b, b, a, a, a, b,
caled 125 138 266 352 564 572 583 999 1037 1400 2139 2164
exptl® 133 b, 108 282 - 741 574 596 904, 982 1002 1422 2176 2204

[a] Ref. [44].
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Conclusion

1. The present calculations support the interpretation of the
title species [PO,(NCN),_,]>~ as phosphates in which the
oxygens are substituted by the pseudochalcogen cyan-
amide. The calculated structure of the free [PO;(NCN) >~
anion resembles that in the one known crystal structure.
The —NCN tail is very floppy. Both the short P-N bond and
the vibrational spectra are reproduced.

2. The electronegativity of the cyanamide group is between
that of fluorine and oxygen itself.

3. The analogous cyanamidosilicates or -perchlorates seem to
be unknown. Two cyanamidosulphates are known, but only
the vibrational spectra are available. The structures for
these three ions are predicted.

4. If one oxygen atom in the XO,9 is replaced by a single-
atom substituent, namely F or N, a number of penta-atomic
species YXO4? is obtained. Eight of them are already
known, including the four tetrahedral ones. The possible
new species include NSO;*~, NArO;~ and the previously
theoretically studied ArO,.

5. Among other high-energy argon nitride species consid-
ered, the ArN;™ anion is bound at all levels of approx-
imation.

6. The limits of the picture of NCN as a pseudo-oxygen atom
are studied in a number of simple cases and these
analogues sometimes correspond to already known com-
pounds.

Computational Methods

The Gaussian 98 packagel*’l was used. The lighter elements were treated by
using the 6-31g* or cc-pVTZ basis sets. The 14-valence-electron (VE)
quasi-relativistic (QR) pseudopotential (PP) of Andrael*”) was used for W.
One f-type polarisation function®! was added. Uranium was handled by
using the 14-VE PP of Hay et al.!l

The basis-set convergence can be tested on ArO, at the CCSD(T) level
against the results of Lindh et al.l’! We used two basis sets with a) double-
zeta plus polarization and b) triple-zeta. For the third-row elements like
argon, these correspond to (4s3pld) and (5s4p2d1f), respectively. Lindh
et al. used a (5s4p3d2f) “ANO” basis set. From Tables 1 and 2 it is seen how
the present results approach those of Lindh et al.

Many of the present species carry large negative charges (q < — 1). We tried
to model them in condensed matter, in which all occupied orbitals are
bound. Therefore normal basis sets (without the diffuse functions needed
to treat gas-phase anions) are appropriate. The quantitative deviations of
such free-anion calculations from structural data for crystals have been
discussed by Pyykké and Zhao.[?l It was concluded that for anions with
strong multiple bonds (e.g., the triatomic A=B=C series including
cyanamide, NCN?"), the results remain close to experiment down to about
q = —4. The systems with weaker internal bonds distort or dissociate much
earlier.
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Catalytic Oxidation with a Non-Heme Iron Complex That Generates a
Low-Spin Fe™OOH Intermediate

Gerard Roelfes,?! Marcel Lubben,'*! Ronald Hage,!”! Lawrence Que, Jr.,*!! and

Ben L. Feringa*/?l

Abstract: The antitumor drug bleomy-
cin (BLM) is proposed to act via a low-
spin iron(i) hydroperoxide intermedi-
ate called “activated bleomycin”. To
gain more insight into the mechanistic
aspects of catalytic oxidation by these
intermediates we have studied the reac-
tivity of [(N4Py)Fe(CH,;CN)](ClO,),
(1) (N4Py = N,N-bis(2-pyridylmethyl)-
N-bis(2-pyridyl)methylamine) with ex-
cess H,O,. Under these conditions a
transient purple species is generated,
[(N4Py)FeOOH]** (2) , which has spec-
troscopic features and reactivity strongly
reminiscent of activated bleomycin. The
catalytic oxidation of alkanes such as
cyclohexane, cyclooctane, and adaman-
tane by 1 with H,O, gave the corre-

31% yield. It was concluded, from the
O, sensitivity of the oxidation reactions,
the formation of brominated products in
the presence of methylene bromide, and
the nonstereospecificity of the oxidation
of cis- or trans-dimethylcyclohexane,
that long-lived alkyl radicals were
formed during the oxidations. Oxidation
of alkenes did not afford the corre-
sponding epoxides in good yields but
resulted instead in allylic oxidation
products in the case of cyclohexene,
and cleavage of the double bond in the
case of styrene. Addition of hydroxyl

Keywords: homogeneous catalysis -
iron « N ligands - O-O activation -
oxidations

radical traps, such as benzene and ace-
tone, led to only partial quenching of the
reactivity. The kinetic isotope effects for
cyclohexanol formation, ranging from
1.5 in acetonitrile to 2.7 in acetone with
slow addition of H,O,, suggested the
involvement of a more selective oxidiz-
ing species in addition to hydroxyl
radicals. Monitoring the UV/Vis absorp-
tion of 2 during the catalytic reaction
showed that 2 was the precursor for the
active species. On the basis of these
results it is proposed that 2 reacts
through homolysis of the O—O bond to
afford two reactive radical species:
[(N4Py)Fe™OJ]** and *OH. The compa-
rable reactivity of 1 and Fe — BLM raises
the possibility that they react through

sponding alcohols and ketones in up to

Introduction

Iron-peroxo species are invoked in the mechanisms of
several iron-requiring biological oxidation catalysts.!] Such
intermediates have been observed for non-heme diiron
enzymes such as methane monooxygenase,? ribonucleotide
reductase,? and stearoyl acyl carrier protein A’-desaturase.[
These peroxo intermediates serve as precursors for high-
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similar mechanistic pathways.

valent iron—oxo species that effect substrate oxidation.P! In
the case of cytochrome P450, an iron(III) - peroxo species is
assumed to be formed when the key second electron is
injected into oxy-P450 (Fe™ - O,~). Due to the apparently low
oxidative reactivity of Fe''—#2-O, species, it is proposed that
this moiety, if formed in the P450 active site, must be
protonated to form an Fe'"OOH species before its conversion
to a high-valent iron - oxo species.[!

A low-spin Fe™OOH species has been characterized for
“activated BLM”,! the active form of the antitumor drug
bleomycin (BLM), which is a metalloglycopeptide.[®] Activat-
ed BLM is formed by the reaction of the Fe!! form, O,, and a
one-electron reductant to form a metastable Fe'OOH
species, of which the formulation has been established by
electrospray ionization mass spectrometry.”®! The decompo-
sition of this intermediate is thought to be responsible for the
drug’s ability to cleave DNA by an oxidative mechanism.l’]
The accepted mechanism for bleomycin action™ ! involves
hydrogen abstraction by activated BLM at the deoxyribose
unit of a nucleotide to form a C4’ carbon radical whose fate is
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determined by two subsequent pathways, one that requires
additional O, and another that does not. Besides DNA
cleavage, activated BLM is also capable of the epoxidation of
styrene,l'¥ the oxidation of stilbene to give the corresponding
epoxide and other oxidation products such as benzoin and
benzaldehyde,['] the hydroxylation of naphthalene and ani-
sole,” and the demethylation of N,N-dimethylaniline
(DMA).l21

How the low-spin Fe™OOH moiety of activated BLM is
involved in its oxidative reactions has been the subject of
considerable debate. Three pathways can be considered. First,
following the heme enzyme precedent, the iron hydroper-
oxide intermediate may undergo O—O bond heterolysis to
give rise to a (formally) FeV=0 species,®l analogous to heme
peroxidase (Scheme 1).1% 13 This is supported by the observa-

BLM-Fe''-OOH

heterolV \h:molytic

BLM-FeV=0 + "OH BLM-Fe'V=0 + -OH
Scheme 1. Possible O—O bond cleavage pathways for activated bleomycin.

tion of olefin epoxidation activity of Fe!' - BLM with oxygen
atom donors such as iodosylbenzene,'> 4] but it is weakened
by the fact that iodosylbenzene can also be activated by
redox-inactive Lewis-acidic metal centers.>] A second path-
way is the homolytic scission of the O—O bond to give an
FeV=0 species and ‘OH, which would generate a highly
reactive oxidant with low discrimination. Thirdly, the
Fe!"OOH intermediate itself could be involved in substrate
oxidation. This option has the advantage of invoking an
oxidant with more moderate reactivity and thus greater
selectivity, and is considered to rationalize the reactivity of
certain heme enzymes.['"]

There has been much effort to improve understanding of
the chemistry of Fe—BLM through the use of model
complexes. To date, the 2-(2',5'-diazapentyl)-5-bromopyrimi-
dine-6-carboxylic acid N-[2-(4'-imidazolyl)ethyl]amide anion
(pma) ligand designed by Mascharak and co-workers and the
N-[6-({[ (S)-2-amino-2-carbamoylethyl]amino}methyl)pyri-
dine-2-carbonyl]-L-histidine (pyml) ligand most closely re-
produce the iron coordination environment of BLM. Indeed,
like Fe'-BLM, Fe'-pma and Fe!'-pyml react with O, to
give rise to intermediates with EPR parameters similar to
those of activated BLM.[' However, the Fe"OOH formula-
tion has not been established in these cases. More recently, a
number of synthetic iron complexes have been found to react
with H,O, or alkyl hydroperoxides to give low-spin
Fe"OOH! and Fe™OOR intermediates!!”) analogous to
activated BLM. Several of these complexes have been found
to be good catalysts for hydrocarbon oxidation. From a
detailed mechanistic study, it has been established that the
[{Fe(tpa)(H,0)},0](Cl0,),/BuOOH system (tpa = tris(2-pyr-
idylmethyl)amine) generates a low-spin Fe™OOR intermedi-
ate which reacts by O—O bond homolysis giving Fe'™Y=0 and
‘OrBu.”’ The *OrBu radical reacts with the substrate to give a
substrate radical which can then be trapped by the Fel=0

Chem. Eur. J. 2000, 6, No. 12
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moiety to give alcohol or undergo a radical chain autoxidation
reaction with O, to generate equimolar amounts of alcohol
and ketone. On the other hand, [Fe(tpa)(CH;CN),](CIO,),
and [Fe(bpmen)(CH;CN),](ClO,), (bpmen = N,N’-dimethyl-
N,N'-bis(2-pyridylmethyl)ethylene-1,2-diamine) are capable
of stereospecific oxidation of alkanes and alkenes with H,O,,
results that are inconsistent with free radical chemistry.['8¢ 211

We previously reported the synthesis and characterization
of iron complexes of the ligand N,N-bis(2-pyridylmethyl)-N-
bis(2-pyridyl)methylamine (N4Py).['82 221 [ike BLM, N4Py
can act as a pentadentate ligand, leaving one available
coordination site in the corresponding iron complex. We have
demonstrated by X-ray crystallography that this site can be
occupied by CH;CN or CI- in Fe!' complexes and by CH;0~
or O* in Fe complexes. Reaction of [Fe(N4Py)(CH;CN)]-
(Cl0Oy), (1) with H,O, resulted in the formation of a transient
purple species which has been characterized spectroscopically
(UV/Vis, EPR, resonance Raman®! and ESI-MS) as
[Fe'(N4Py)OOH]** (2) (Scheme 2).[18

. 0
N
05 N NN
[N4PyFe(CH3CN)?* ———  [N4PyFeOOH?*
= &
]
~N N |

1 2
Scheme 2. Reaction of the N4Py —iron(i1) complex 1 with H,O, to generate
the Fe"OOH intermediate 2 and (inset) the ligand N4Py.

Here we report on a detailed study of the reactivity of the
[Fe(N4Py)(CH;CN)](Cl0O,),/H,0, system in catalytic oxida-
tions, giving a mechanistic interpretation of the results and
discussing the relevance of these results to an understanding
of the chemistry of Fe—BLM.

Results and Discussion

Catalytic oxidations with 1 were examined, focusing on:
i) parameters that affect the oxidation pathway; and ii) the
reactivity of the key peroxide complex 2. To determine
whether 2 reacts by homolysis or heterolysis, catalytic
oxidations in acetonitrile were investigated. Studies with
hydroxyl radical traps such as acetone and benzene and
mechanistic probes such as kinetic isotope effects, tertiary/
secondary (3°/2°) ratios in adamantane oxidation, and stereo-
selectivity in the oxidation of cis- and trans-1,2-dimethylcy-
clohexane led to a proposed mechanism entailing homolysis
of the O—O bond of 2, affording two active oxidizing species:
[(N4Py)Fe™OJ]** and "OH.

Scheme 3 summarizes the reactions catalyzed by 1. They
include oxidation of alkanes, alkenes, alcohols, benzene, and
N,N-dimethylaniline (DMA). All reactions were carried out
under an argon atmosphere, unless noted otherwise, at 25°C.
The reaction was started by adding 100 equivalents of H,O, to
a solution containing the catalyst and 1000 equivalents of
substrate. Acetonitrile and acetone were each used as solvent
for the catalytic oxidation reactions; samples for GC analysis
were taken after 30 min (acetone) or 90 min (acetonitrile). We
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(0]
e
OH cyclohexenev benzyl alcohol o

cyclohexane [(N4PV)F9(CH3CN)](C|O4)2 styrene

JE—

O
@ benzene )AN\N dimethylaniline

Scheme 3. Overview of reactions catalyzed by 1 and H,0,.

have shown previously that 2 is formed in either acetone or
acetonitrile, although the intermediate is formed quantita-
tively only in acetone.??

Oxidations in acetonitrile: Under the conditions mentioned
above, the oxidation of alkanes gave considerable yields of the
corresponding alcohols and ketones. In the case of cyclo-
hexane, cyclohexanol and cyclohexanone were formed in
31% combined yield (based on hydrogen peroxide) in
acetonitrile (Table 1, entry 1). The large yields observed make
1 among the most reactive and efficient non-heme iron
oxidation catalysts. Cyclohexanol was the main product, with
an alcohol/ketone (A/K) ratio of 1.4, when the reaction was
carried out under Ar (Table 1, entry 1). A/K decreased to
nearly 1 when the reaction was in air (Table 1, entry 2) and

Table 2. Catalytic oxidation of other substrates.

HzOz o)

Table 1. Catalytic oxidation of cyclohexane to cyclohexanol and cyclo-
hexanone.

Entry  Additive Alcoholl®l  Ketonell  A/K  kylky
acetonitrile
1 18.5 12.9 14 15
2 air 14.9 15.6 096 -
3 syringe pump (200 min)  17.5 9.1 1.9 -
4 CH,Br, (2500 equiv) 13.4 9.3 - -
4.0 (RBr)
5 benzene (10 % v/v) 16.7 8.4 2.0 -
6 benzene (50 % v/v) 10.5 4.0 2.6 1.7
acetone
7 16.9 6.6 26 23
8 air 13.4 14.9 09 -
9 syringe pump (70 min)  17.7 4.8 37 -
10 syringe pump (200 min) 12.4 2.4 52 27
11 CH,Br, (2500 equiv) 11.4 53 - -
7.9 (RBr)
[Dglacetone
12 20.0 9.4 2.1 1.9

[a] Turnover number (TON) = mol product per mol catalyst.

increased to 1.9 upon syringe-pump addition of H,O, under
argon (entry 3), suggesting the involvement of O, that
propagates a radical chain autoxidation process.?’]
Experiments were performed under a vigorous argon purge
in an attempt to remove all traces of dioxygen and block the
radical chain reaction. Since cyclohexane is too volatile for
this purpose, cyclooctane was used as substrate. Under the
standard reaction conditions in acetonitrile both cyclooctanol
and cyclooctanone were produced (Table 2, entry 1), but in
this case the ketone proved to be the main product (A/K=
0.3). A similar shift in alcohol/ketone selectivity on going
from cyclohexane to cyclooctane as substrate was observed

Entry Substrate Products TON in CH;CN TON in acetone Remarks
1l cyclooctane cyclooctanol 2.7 - A/K=0.3
cyclooctanone 9.0
2lalib] cyclooctane cyclooctanol 1.1 - A/K=04
cyclooctanone 3.0
3 cis-1,2-dimethylcyclohexane cis-1,2-dimethylcyclohexanol 1.4 2.3 cis/trans 1.8 (CH;CN)
trans-1,2-dimethylcyclohexanol 0.8 12 1.9 (acetone)
4 trans-1,2-dimethylcyclohexane cis-1,2-dimethylcyclohexanol 1.1 1.7 cis/trans 1.4 (CH;CN)
trans-1,2-dimethylcyclohexanol 0.8 0.9 1.9 (acetone)
5 adamantanel®) 1-adamantanol 83 - 3°/2°=3.1
2-adamantanol 49
2-adamantanone 3.1
6l adamantanel 1-adamantanol 8.9 - 3°/2°=3.3
2-adamantanol 4.6
2-adamantanone 34
7 cyclohexene cyclohexenol 27.8 23.1 -
cyclohexenone 7.0 54
cyclohexene oxide 1.3 0.9
8 cyclooctene many products - - -
9 styrene benzaldehyde 21.3 25.6 -
styrene oxide 6.7 1.6
10 benzene phenol 16.6 2.4(3.4)kl -
11 cyclohexanol cyclohexanone 13.6 10.6 -
12 benzyl alcohol benzaldehyde 54.9 64.4 -
13 N,N-dimethylaniline N-methyl aniline 153 -
N-methylformanilide 16.7

[a] 50 equivalents of H,O, used. [b] Ar purge. [c] 100 equivalents of substrate were suspended in the solvent. [d] Under air. [e] In [Dg]acetone.

2154
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with the [Fe,O(bpy),(H,0),](ClO,),/H,0, system (bpy =2,2'-
bipyridine).?*! Under argon purge, the yields of both alcohol
and ketone were strongly decreased (Table2, entry?2),
proving that trace amounts of O, play an important role
during the reaction.

The behavior of 1/H,0, towards alkane substrates can be
compared with several groups of non-heme iron catalysts:
a) the Gif family of catalysts, which afford mainly ketone
products;®! b) catalysts with A/K~1 such as [Fe,O(OAc),-
(bpy),]Cl,, [Fe,O(OAc)(tmima),](ClO,); (tmima = tris[ (1-meth-
ylimidazol-2-yl)methyl]amine),?!  [Fe(pma)](ClO,),,?" and
[Fe,O(bpy),(H,0),](ClO,),;? and c) catalysts with large A/K
ratios such as [Fe(bpmen)(CH;CN),](ClO,), (A/K = 6.3)?1 and
[Fe(tpa)(CH;CN),](ClO,), (A/K=4.3).1%! Thus the A/K ratio
found for 1/H,O, corresponds most closely to those associated
with the catalysts in group b. An A/K ratio of approximately 1 is
symptomatic of the presence of free alkyl radical intermediates,
which react rapidly with O, to initiate a radical chain autox-
idation.?™! In support, significant amounts of cyclohexyl bromide
were formed in the presence of excess methylene bromide
(Table 1, entries 4 and 11), which serves as an excellent trap for
free alkyl radicals.”®] These radicals can then be trapped by
dioxygen to form alkylperoxy radicals that afford equimolar
amounts of ketone and alcohol in a Russell termination
reaction! or by Fe!VO species to give alcohols.%!

The behavior of 1/H,0, with olefins supports mechanistic
conclusions derived from the alkane oxidation experiments.
Styrene was converted to styrene oxide and benzaldehyde
(Table 2, entry 9), whereas cyclohexene oxidation afforded
the corresponding allylic alcohol and ketone, and very little
epoxide (Table 2, entry 7). With cyclooctene, which is less
susceptible to allylic oxidation,® many different oxidation
products were found, each accounting for less than one
turnover (Table 2, entry 8). These observations contrast with
those for [Fe(tpa)(CH;CN),](ClO,),!"* and [Fe(cyclam)]-
(CF,S03), (cyclam = 1,4,8,11-tetraazacyclotetradecane),*”! non-
heme iron complexes which catalyze the stereospecific
epoxidation of olefins with H,O, as oxidant. The observations
that the [Fe(N4Py)(CH;CN)](ClO,),/H,0, oxidation of cy-
clohexene gives mainly allylic oxidation products and that the
oxidation of styrene gives benzaldehyde as the major product
point to the involvement of a radical oxidant. The formation
of small amounts of styrene oxide might implicate a two-
electron oxidant, but the absence of significant amounts of
epoxide in the oxidation of cyclohexene and cyclooctene
suggests that the styrene oxide observed is more likely to be
the result of a radical addition to the double bond followed by
ring closure, as proposed for the epoxidation of styrene by
[ (tmp)Fe™O](tmp = tetramesitylporphyrin dianion).(*!!

The 1/H,O, system also catalyzed efficient oxidation of
cyclohexanol to cyclohexanone and benzyl alcohol to benzal-
dehyde (Table2, entries11 and 12) as well as the N-
demethylation of N,N-dimethylaniline (Table 2, entry 13).
However, since such oxidations are not unique for a particular
oxidizing agent, little mechanistic insight can be drawn from
these results.

Effect of hydroxyl radical traps on alkane oxidation: The
alkane hydroxylation mechanism was further elucidated with
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benzene and acetone as hydroxyl radical traps. The use of
benzene as a substrate under standard conditions resulted in
the formation of phenol (Table 2, entry 10), and no diphenyl
was detected. Although this oxidation may occur with a
metal-based oxidant, the pronounced effect of the solvent
strongly suggests the attack of *OH radicals.’? In acetonitrile
17 turnovers of benzene to phenol were found, but in acetone
only 2.6 turnovers were obtained, a decrease in activity of
more than sixfold. These observations may be rationalized by
the fact that acetone is a good trap for *OH radicals as well,*]
thus reducing the turnover number (TON) of benzene to
phenol in that solvent. Since a ky/ky, ratio of approximately 2
has been reported for hydrogen abstraction from acetone by
‘OH,! the use of [Dglacetone as solvent should lead to
increased yields of oxidized products; indeed the turnover
number for phenol increased to 3.4. The presence of benzene
during cyclohexane oxidation decreased the yields of the
oxidation products. With 10% (v/v) benzene, the turnover
numbers for cyclohexanol and cyclohexanone were 16.7 and
8.4, respectively (Table 1, entry 5); they decreased further, to
10.5 and 4.0, respectively, in 50% v/v benzene (Table 1,
entry 6), presumably because of the trapping of hydroxyl
radicals. Furthermore, the A/K ratios observed increased
steadily from 1.4 in pure acetonitrile to 2.0 in 10% (v/v)
benzene and 2.6 in 50 % (v/v) benzene. These results strongly
suggest the involvement of other oxidation mechanisms.

Alkane hydroxylation experiments in acetone as solvent
support the possible participation of other mechanisms of
cyclohexane oxidation. The oxidation of cyclohexane in
acetone afforded 16 turnovers of alcohol and 6 of ketone
(Table 1, entry7), a 35% decrease in turnover number
relative to that in acetonitrile, consistent with the trapping
of hydroxyl radicals. In support, the turnover numbers in
[Dg]acetone increased to 20.0 and 9.4 for cyclohexanol and
cyclohexanone (Table 1, entry 12), respectively; these are
comparable with those found in acetonitrile. As in the case of
benzene, the A/K ratio increased from 1.4 in acetonitrile to 2.1
in [Dglacetone and 2.6 in acetone, but the latter value
decreased to 0.9 for the reaction in air (Table 1, entry 8),
demonstrating that free alkyl radicals were formed in the
reaction and trapped by O,. However the A/K ratios
increased to 3.7 and 5.2 when the H,0, was introduced by
syringe pump over 70 and 200 min periods, respectively
(Table 1, entries 9 and 10). These results strongly suggest that
*OH radicals do play a role in the oxidation reaction catalyzed
by 1, particularly in acetonitrile. However, trapping of ‘OH
radicals by acetone or benzene leads to only partial quenching
of cyclohexane oxidation. In the presence of these traps, the
A/K ratio can jump from 1.3 to as much as 5.2, suggesting that
the radical chain autoxidation pathway can be suppressed.
These observations raise the possibility that a second oxidiz-
ing species may be involved.

Mechanistic probes of alkane hydroxylation: The ky/kp, ratios
for the formation of cyclohexanol were determined in
competition experiments between cyclohexane and [Dy,]cy-
clohexane. In acetonitrile the value of 1.5 (Table 1, entry 1)
approached that associated with hydroxyl radicals.”¥ As the
reaction conditions were modified to trap hydroxyl radicals,
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the ky/kp ratio rose (Table 1, entries 6, 7, and 12), and it could
be further increased to 2.7 by syringe-pump addition of H,O,
in acetone over a 200 min period (Table 1, entry 10). Values
of 1-2, generally associated with radical chain autoxida-
tions,*] have been reported for many systems, for example,
Fe(Cl0O,);- 6 H,O (1.5),2° [Fe,O(OAc),(bpy),]Cl, (1.4),2% and
[Fe,O(bpy),(H,0),](C10,), (2.1).24 Larger ky/kp ratios have
been found for hydrogen abstraction by stereospecific alkane
hydroxylation catalysts such as [Fe(tpa)(CH;CN),|(ClO,),
(3.5)1%4) and iron porphyrins (10—24).131 B The increase in
ku/kp under conditions that diminish the effect of hydroxyl
radicals supports the deduction from the radical trap experi-
ments that an oxidant more selective than the hydroxyl radical
is also involved in the oxidation.

With adamantane as substrate, oxidation occurred at both
secondary and tertiary carbon centers (Table 2, entries 5 and
6), but there was selectivity for oxidation at the tertiary
position (3°/2° 3.1-3.3, normalized on a per-hydrogen basis).
For comparison: 3°/2° ratios of 2.7, on average, have been
found for Gif-type oxidations,”] about 2 for the oxidation of
alkanes by "OH,P™ 3.5 for oxidations with [Fe,O(OAc),-
(bpy),]CL/H,0,,29 9.5-10 for oxidations with [Fe,O(bpy),-
(H,0),](C10,),/BuOOH or [FeCl,(tpa)](ClO,)/i BuOOH, !
and 11-48 for oxidations with PhIO catalyzed by P450
mimics.’”) Thus the oxidant involved in [Fe(N4Py)-
(CH;CN)](Cl0,),/H,0, is not as reactive as hydroxyl radicals,
but only slightly less so.

The stereoselectivity of the alkane hydroxylation reaction
was examined with cis- and frans-1,2-dimethylcyclohexane as
substrates (Table 2, entries3 and 4). Both isomeric 1,2-
dimethylcyclohexanols were formed, with cis/trans ratios of
1.4—1.9. These ratios were in sharp contrast with the stereo-
specificity found for [Fe(tpa)(CH;CN),](ClO,),/H,0,,!sd
[Fe(bpmen)(CH,CN),](C10,),/H,0,,21 and cytochrome
P450 models,*! but were more in the range of the cis/trans
ratios found for catalytic autoxidation reactions (1.1-1.3).141
Again, this indicates the formation of alkyl radicals with a
lifetime sufficient to allow epimerization at the radical site.

Nature of the key oxidizing species: The fact that 1 reacts with
H,0, to form the Fe™OOH intermediate 2 raises the question
of its involvement in the oxidation reaction, either as the
oxidant or as its precursor by cleavage of the O—O bond. The
530 nm absorption of 2 in acetone was monitored concom-
itantly with the oxidation of cyclohexane to cyclohexanol and
cyclohexanone. Figure 1 shows that the reaction is essentially
complete after 15 min, coincident with the disappearance of
the characteristic visible absorption of the intermediate, and
demonstrates that the intermediate is indeed involved in the
catalytic oxidation. However, the lifetime of the intermediate
was not affected when [D,,]cyclohexane was used as substrate,
despite a kinetic isotope effect (KIE) of 2.3 for cyclohexane
oxidation. It thus appears likely that the Fe'OOH inter-
mediate itself is not the active oxidant, but serves as the
precursor for the active species.

Decay of the FeOOH intermediate to form the active
oxidant can occur through O—O bond homolysis or hetero-
lysis. From the results described above it is clear that the
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Figure 1. Catalytic oxidation, in acetone at 25°C, of cyclohexane and
[Dy,]cyclohexane and UV/Vis absorption monitored over time: A total
TON; @ absorption at 530 nm with cyclohexane as substrate; o absorption
at 530 nm with [Dj,]cyclohexane as substrate.

reactivity of the 1/H,0, system can be explained only in terms

of one-electron oxidation and not by the involvement of a

two-electron oxidant such as the (formally) FeVO species

proposed for cytochrome P450. The arguments for a radical-
type oxidation are:

i) The oxygen sensitivity of the oxidation of cyclohexane
and cyclooctane and the formation of cyclohexyl bromide
in the presence of methylene bromide reveals the involve-
ment of free alkyl radicals, which is further supported by
the lack of stereoselectivity in the oxidation of dimethyl-
cyclohexane. This indicates hydrogen abstraction by a
radical species and not by an FeVO species followed by
oxygen rebound as proposed for cytochrome P450 and
P450 model compounds.> 3! Furthermore, addition of
radical scavengers resulted in partial quenching of the
reactivity towards cyclohexane.

i) The KIE values of approximately 2 are in the range for
radical-type oxidations. Oxidation by two-electron oxi-
dants typically results in much higher KIE values.

iii) The observed C3/C2 ratio of approximately 3 in adaman-
tane oxidation is comparable with that found for radical-
type oxidations, whereas cytochrome P450 mimics give
higher selectivity for tertiary positions.

iv) Complex 1 is unable to catalyze epoxidation, a typical
two-electron oxidation process. Although the oxidation of
styrene yielded the oxide in significant amounts, this result
can also be explained in terms of radical addition to the
double bond followed by ring closure. Furthermore, the
formation of large amounts of benzaldehyde during
styrene oxidation indicates a radical-type oxidation.

Hence it can be concluded that the Fe™OOH intermediate
does not react through heterolysis of the O—O bond to give a
(formally) FeVO species, which would be a two-electron
oxidant. All the evidence points to one-electron oxidants and
strongly suggests that 2 reacts by homolysis to give two radical
species: [(N4Py)FeVO]** and "*OH (Scheme 4).

The involvement of *OH radicals is evident from the results
with acetonitrile as solvent: a low A/K ratio in the oxidation
of cyclohexane, a low KIE for cyclohexanol formation and
significant hydroxylation of benzene to phenol. Furthermore,
the turnover numbers for the last of these reactions decreases
drastically in the presence of a radical trap such as acetone.
These observations lead to the conclusion that at least part of
the observed reactivity results from free radical chemistry
initiated by hydroxyl radicals.
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R D —— products

Scheme 4. Possible mechanism for oxidation by 2.

Whether the [(N4Py)Fe™VOJ** species itself is (re)active is
more difficult to solve. In heme chemistry oxidative trans-
formations by the Fe'YO moiety, such as the oxygenation of
triphenylphosphine to triphenylphosphine oxide!*? and the
nonstereospecific epoxidation of olefins,?"%! have been
reported. Recently, the intramolecular hydroxylation of an
aromatic ring has been observed for a non-heme FeVO
moiety also.*! No examples of hydrogen abstraction from
saturated alkanes by Fe'VO moieties have been reported, to
our knowledge. However, an important difference between
heme systems and 1 is that the porphyrin ligands have a
double negative charge and N4Py is a neutral ligand. There-
fore a more electronegative Fe'VO species will be formed in
the homolysis of 2, making hydrogen abstraction from
saturated alkanes more likely. Several observations support
the idea that [(N4Py)FeVO]** may be involved in oxidations
catalyzed by 1. First, trapping of *OH radicals by added radical
traps such as acetone leads to only a minor reduction in
turnover numbers, strongly suggesting that the "OH radical is
not the sole species responsible for oxidation. Indeed, the only
catalytic reaction that is significantly affected by the use of
acetone as solvent is the hydroxylation of benzene, which is
typically carried out by *OH radicals. Furthermore, the use of
*OH radical traps leads to an increase in the A/K ratio in
cyclohexane oxidation, a result inconsistent with radical chain
autoxidation chemistry. Most convincing, however, are the
KIE values obtained for cyclohexane oxidation. The low value
in acetonitrile indicates large contribution of ‘OH radicals.
Trapping of "OH radicals by benzene or acetone leads to an
increase in ky/kp to 2.3. With slow addition of H,0,, to
decrease the effect of radical chain autoxidations, ky/kp
increases further to 2.7, which is significantly beyond the
range normally observed for "OH oxidations. This strongly
suggests the involvement of a more selective oxidizing species,
for example metal-based. On the basis of these observations
we propose that the iron hydroperoxide intermediate 2 reacts
through homolysis of the O-O bond and that the resulting
species, [(N4Py)Fe™VO]** and ‘OH, are both capable of
effecting hydrogen bond abstraction of organic substrates.

Comparison with other systems: Comparison of the chemistry
of the low-spin Fe™OOH intermediates involved in the
present system with that of those in oxidations catalyzed by
[Fe(tpa)(CH;CN),](ClO,), and Fe—BLM reveals marked
differences, which appear to be related to the number of
coordinating N atoms in the ligand. The systems (1 and Fe -
BLM) with pentadentate ligands show similar reactivity to a
number of substrates. In both systems epoxidation of styrene
is accompanied by formation of benzaldehyde, hydroxylation
of aromatic compounds, and demethylation of DMA. Fur-
thermore, the observation that 1/H,O, reacts with alkanes to
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form long-lived alkyl radicals
which react mainly with O, to
give the products corresponds
with the proposed mechanism
for DNA degradation by Fe-—
BLM,® according to which hy-
drogen abstraction occurs at the
C4' position of the deoxyribose
ring to generate a long-lived alkyl radical that can trap
dioxygen to form a peroxy radical intermediate that degrades
further to cause DNA strand cleavage (the oxygen-dependent
route). These observations suggest that Fe — BLM and 1 react
through similar mechanistic pathways, through homolysis of
the O—O bond of the Fe™OOH intermediate. The alternative
mechanism, which involves a (formally) FeVO species derived
from O—O bond heterolysis, has been considered for Fe—
BLM, mainly on the basis of the observed reactivity of Fe—
BLM with iodosylbenzene. As discussed in the literature,['”]
the interpretation of these results is complicated by the fact
that iodosylbenzene can also be activated by redox-inactive
Lewis acids, so the involvement of an FeVYO moiety is not
established. Therefore our analysis of the cumulative data
presented here on the reactivity of 2, an intermediate strongly
reminiscent of activated bleomycin, provides strong support
for a mechanism for Fe - BLM involving homolytic scission of
the O—O bond in activated bleomycin, giving [BLM -Fe!VO]
and "OH.

The oxidation chemistry of the [Fe(tpa)(CH;CN),](CIO,),
system['89] differs from those observed for 1 and Fe—BLM,
even though an Fe™OOH intermediate very similar to 2 and
activated BLM is observed.”! The tpa-based catalysts are
capable of stereospecific epoxidation of olefins and hydrox-
ylation of alkanes with H,O,. This could suggest heterolysis of
the O—0 bond of the [Fe(tpa)OOH]** (3) intermediate to give
(formally) [(tpa)FeYOP**. Evidence in support of this hy-
pothesis was provided recently for the Fe[(bpmen)-
(CH;CN),|(C10,), system.?! Incorporation of O in the
product in the presence of H,'"®O suggested the involvement
of an oxidant that could undergo solvent exchange.

Since resonance Raman spectroscopy showed that the O—O
bonds in 2 and 3 were of comparable strength (v(O-0O) 790
and 789 cm™!, respectively)®! it is difficult to imagine why 2
would react through homolysis of the O—O bond and 3
through heterolysis. Therefore there appears to be a more
important factor controlling the decomposition pathway of
the Fe™OOH intermediate.

The explanation may be that tpa is a tetradentate ligand,
leaving two “open” coordination sites in the iron complex, in
contrast to the pentadentate N4Py (and BLM). Whereas 2
reacts through homolysis of the O—O bond of the z'-
coordinated hydroperoxide as described above, [Fe(tpa)(n'-
OOH) |** (3) may react through a transition state in which the
hydroperoxide is bound in an #? fashion (Figure 2), analo-
gously to proposed mechanisms for other peroxide-utilizing
transition metal catalysts such as the Sharpless epoxidation
catalyst®! and MeReO;.*! The Fe''-(5>-O0H) complex
could then react through heterolysis of the O—O bond to give
a (formally) FeVO species that elicits stereospecific oxidation
of a substrate. Whether this difference in peroxide coordina-
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2 3

Figure 2. Coordination modes for the hydroperoxide ligand in intermedi-
ates 2 and 3.

tion mode is the reason for the difference in reactivity remains
to be elucidated.

Conclusion

We have shown that the N4Py—Fe system is one of the most
reactive non-heme iron catalysts known to date, capable of
oxidizing a wide range of organic substrates including alkanes,
alkenes, alcohols, benzene, and DMA. Complex 1 reacts with
H,0, to give the well characterized [(N4Py)Fe'OOH]**
intermediate 2, with properties strongly reminiscent of
activated BLM. Intermediate 2 reacts through homolysis of
the O-O bond, affording two species: [ (N4Py)FeVO]** and
‘OH. Although °‘OH radicals are involved in substrate
oxidation, the results obtained cannot be explained solely by
the action of "OH radicals. Therefore we propose that the
Fe™O species also plays a prominent role in oxidation of the
substrate. The involvement of this species and the nature of
the oxidizing complex need to be elucidated further. The
formation of a low-spin iron(i11) intermediate by both 1 and
Fe-BLM, and their similar oxidation chemistry, lead to the
attractive hypothesis that 1 and Fe—BLM react through the
same mechanistic pathways. In view of the results described
above, the chemistry of Fe—BLM should be considered in
terms of homolysis of the O—O bond in activated bleomycin.

Experimental Section

Instrumentation and materials: UV/Vis spectra were recorded on a
Hewlett Packard 8453 UV - Visible Spectrophotometer. GC analyses were
performed on a Hewlett Packard 6890 Gas Chromatograph using an HP-1
dimethyl polysiloxane column, an HP-5 5% phenyl methyl siloxane
column, or a CP-wax 52 CB column. Retention times of oxidation products
were compared with commercial or independently prepared samples.
Complex 1 was prepared according to published procedures.!'s* I Caution:
Perchlorate salts are potentially explosive and should be handled with care.

Catalytic oxidations: All experiments were carried out under argon, unless
noted otherwise, in a water bath thermostatted at 25°C.

In a typical procedure, cyclohexane (0.38 mL, 1000 equiv) was added to a
solution of 1 (8.75 x 10~*M, 4 mL) and a known amount of bromobenzene
(internal standard) in acetone. The reaction was started by addition of 30 %
H,0, (35 pL). After 30 min an aliquot (1 mL) was taken from the reaction
and filtered over a small silica column. The silica was washed thoroughly
with diethyl ether or diethyl ether/10% methanol. The sample was
concentrated to 2 mL by passing an argon stream over the solution, then
analyzed by GC.
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Kinetic isotope effect determination: In essentially the procedure descri-
bed above, a cyclohexane/[Dy,]cyclohexane (1:1) mixture was used. The
KIE was determined by comparing the turnover numbers for cyclohexanol
and [D,,|cyclohexanol (determined by GC with the CP-wax 52 CB column)
and corrected for the relative concentrations of cyclohexane and [D,]cy-
clohexane.
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The Carbenoid Approach to Peptide Synthesis

Richard T. Buck,!®! Paul A. Clarke,?! Diane M. Coe,™ Martin J. Drysdale,”! Leigh Ferris,!!
David Haigh,!Y! Christopher J. Moody,*!?! Neil D. Pearson,!?! and Elizabeth Swann!*!

Abstract: A different approach to the
synthesis of dipeptides is described
based on the formation of the
NHCHR!CONH—CHR?CO bond by
carbenoid N—H insertion, rather than
the formation of the peptide bond itself.
Thus decomposition of triethyl diazo-
phosphonoacetate catalysed by rhod-
ium(ir) acetate in the presence of N-pro-

phosphonates 9. Subsequent Wads-
worth— Emmons reaction of 9 with al-
dehydes in the presence of DBU gives
dehydro dipeptides 10. The reaction has
been extended to a simple two-step
procedure, without the isolation of the

Keywords: amino acids - carbenoids
rhodium

intermediate phosphonate, for conver-
sion of a range of amino acid amides 11
into dehydro dipeptides 12 and to an N-
methylamide 11h, and for conversion of
a dipeptide to tripeptide (13 — 14). Di-
rect conversion, by using methyl diazo-
phenylacetate, of amino acid amides to
phenylglycine-containing dipeptides 19
proceeds in good chemical yield, but

tected amino acid amides 8 gives the

Introduction

Peptides and proteins play a central role in all living
organisms, and hence the synthesis of such compounds has
emerged as a subject in its own right.ll In fact, peptide
synthesis is so highly developed that chemists rarely, if ever,
consider any approach other than the formation of the amide
bond (Scheme 1, disconnection 1). We now report a new
approach to peptide synthesis that involves the formation of
the CONH—CHRCO bond by a metal-carbene N—H insertion
reaction (Scheme 1, disconnection 2), and its application in
synthesis.

The N—H insertion reactions of metallocarbenoids have
been known for some time. Early work by Yates involved the
copper/bronze-catalysed decomposition of diazoacetophe-
none in the presence of aniline or piperidine to give a-
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with poor diastereoselectivity.

® peptide bond formation

[\)\%ﬁfﬁk )

@ carbene N-H insertion
Scheme 1. Alternative disconnections for dipeptides.

anilinoacetophenone and a-piperidinoacetophenone in 33 %
and 80% yield, respectively.?l Further copper-mediated
intermolecular N—H carbenoid insertion reactions followed,
but it was the 1974 report by Paulissen and co-workers, that
rhodium(ir) acetate was an effective catalyst for N—H
insertion reactions of carbenoids, which stimulated much of
the subsequent work in this area.’! In particular, following the
original report from the Merck group in 19784 the intra-
molecular rhodium-carbenoid insertion into a f-lactam N—H
bond has become a standard synthetic route to a range of
bicyclic S-lactams.!

We have recently described the application of carbenoid
N—H insertion reactions in the preparation of a-amino acids,
a-aminophosphonates and phosphonoglycines (Scheme 2),1% 7]
and therefore were attracted by the possibility of using such
N-H insertions in a synthesis of dipeptides which, unusually,
does not rely on formation of the peptide bond itself.

Two approaches that start from readily available N-
protected amino acid amides 1 were considered (Scheme 3,
Pg = protecting group). The first was the use of diazoesters,
which would lead directly to dipeptides 2 (Scheme 3, path a).
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H
Ph \[(COzMe RIRNH, cat. [Rha(OAC)4] Ph CO.Me
N 64-83% NR'R2
. H
Ph \ﬂ/ PO(OMe); R'NHj, cat. [Rha(OAC)4] Ph PO(OMe),
N2 13-95% NHR!

EtO,C PO(OEt);

H
R'NH,, cat. [Rhp(OAC)4] EtOZC\k PO(OEt),

il

N2 40-81% NHR!
Scheme 2. Rhodium carbenoid N—H insertion reactions in the synthesis of

amino acid and aminophosphonate derivatives.

NH, 2
PgHN
1 N COR
PgHN
No COR
o) PO(OR);
PO(OR); 3
base,
R3cHO
R1
Ho, catalyst H
N COsR
R?=CHR®) <-remecmonnn. PgHN ]/
2 o)
R3

4

Scheme 3. Possible approaches to dipeptides using rhodium carbenoid
N—H insertion reactions.

The second involves diazophosphonoacetate as the carbenoid
precursor, to give the phosphonates 3, Wadsworth — Emmons
reaction of which leads to the dehydro dipeptide 4 (Scheme 3,
path b). Stereoselective hydrogenation of dehydro dipeptide 4
would, of course, provide an alternative route to the dipeptide
2 (R2=CH,R?).

Our initial work on the N—H insertion reactions of amino
acid amides employed methyl 2-diazo-3-oxobutanoate as the
carbenoid precursor. This resulted in a regioselective N—H
insertion reaction to give the dipeptides S, which were
subsequently dehydrated to the oxazoles 6 (Scheme 4).15°
In addition to our own work in the area, there is another
reported example of this approach that resulted in the
synthesis of the dipeptide Z-Phe-f,5,5-trifluoroAla-OMe 7
by reaction of N-Z-phenylalaninamide with methyl 2-diazo-

Chem. Eur. J. 2000, 6, No. 12

NH;
PgHN

NZYCOZR R1
H
H
2 N COR CF3
R 2 _ N
PgHN)\H/ \I/ . NH, ZHN \{
68%
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CO,Me

COMe

30-74%

R
H
N CO,Me
PgHN
o
(o] Me
5

PhsP, I, EtsN
R
PgHNJ\’//N o
C e
o\/k :

Me
6

CO,Me
Ph Ph

CO,Me

o) o CF3

7
Scheme 4. Carbenoid insertions into the N—H bond of primary amides.

3,3,3-trifluoropropionate catalysed by rhodium(i) acetate
(Scheme 4).1'% We now report the details of our new approach
to peptide synthesis,['!! concentrating on the preparation of
dehydro dipeptides 4 (Scheme 3b).

Results and Discussion

A range of N-protected a-amino acid amides was prepared
from the corresponding acids by using standard techniques;
the subsequent insertion reactions were initially carried out
on amino acids with simple alkyl side chains to prevent
competing carbenoid reactions. The key N—H insertion
reaction was carried out by treating a mixture of the
N-protected amino acid amide 8 and triethyl diazophospho-
noacetate with a catalytic amount of rhodium(ir) acetate in
toluene, and resulted in the formation of the phosphonates 9.
Initial reactions were carried out in toluene under reflux, and
gave the phosphonates 9 in good yield (Table 1). However, at
these temperatures decomposition of the diazophosphonate
appears to compete with N—H insertion, and although the
product phosphonates 9 gave satisfactory spectroscopic data
they could never be obtained analytically pure. The N—H
insertion reaction was completely regioselective in that no
products resulting from insertion into the carbamate N—H
bond or C—H bonds were observed. Although related
phosphonates have been prepared by the synthesis of
the corresponding a-aminophosphonate, H,NCH(CO,R)-
PO(OR'),, followed by standard peptide coupling['> 3 this
new method has the advantage of simplicity.

To complete the synthesis of dehydro dipeptides, the
phosphonates 9 were subjected to the Wadsworth - Emmons
reaction with aldehydes. Although various protocols have
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Table 1. Formation of phosphonates 9 from amides 8.

N, CO,Et
R! R'
R NH, PO(CE): LN N N COEt
’I;’lg Pg
o [Rh(0QAC)4] o PO(OEt),
toluene, heat
8 9

Starting Amide Pg R R! Phosphonate  Yield

amino acid [% ]

Gly 8a Z H H 9a 81

Ala 8h Boc H Me 9b 88

Ala 8c Z H Me 9¢ 80

Val 8d Boc H iPr 9d 80

Leu 8e Boc H iBu 9e 82

Pro 8f Z —(CH,)s— 9f 80

[a] The phosphonates 9 could not be obtained analytically pure; yield refers
to material that is homogeneous by TLC and that gave satisfactory
spectroscopic data.

been developed for the synthesis of dehydro amino acid
derivatives by using the Wadsworth—Emmons reaction, we
used the Schmidt method with 1,8-diazabicyclo[5.4.0Jundec-7-
ene (DBU) as base.['"¥ This is highly Z selective, and gave the
corresponding Z-dehydro dipeptides 10 in good yield
(Table 2) with benzaldehyde, isobutyraldehyde, or N-Boc-
indole-3-carboxaldehyde as the carbonyl component.

There is no need to purify the phosphonates before carrying
out the subsequent olefination reaction. If the N—H insertion
reaction with trimethyl diazophosphonoacetate is carried out
over a longer period of time at a lower temperature
(dichloromethane, reflux), a cleaner reaction mixture ensues.
After a brief aqueous work-up, the N—H insertion product can
be used directly in the Wadsworth — Emmons reaction. In this
way, a range of amides 11 derived from Leu, Phe, Ser, Tyr and
Trp were converted into dehydro dipeptides 12 by using
benzaldehyde, isobutyraldehyde, N-Boc-indole-3-carboxalde-
hyde, acetaldehyde or acetone as the carbonyl component
(Table 3). In the case of Ser and Tyr, the side chain OH groups
had to be protected; without this O-protection the insertion
reaction was more complex, presumably as a result of
competing O—H insertion.” No competing attack of the

Table 3. Formation of dehydro dipeptides 12 from amides 11.

Table 2. Formation of dehydrodipeptides 10 from phosphonates 9.

R R'

H H

N CO,Et DBU, R2CHO N CO,Et
PgHN ,  PgHN ]/

(e} PO(OEt), o R2

9 10
Phos- Pg R' R? Dehydro-dipeptide Yield
phonate [%]
9a V4 H Ph Z-Gly-APhe-OEt 10a 82
9b Boc Me Ph Boc-Ala-APhe-OEt 10b 88
9e Boc iBu Ph Boc-Leu-APhe-OEt 10c 88
9e Boc iBu iPr Boc-Leu-ALeu-OEt 10d 80
9e Boc iBu ArlY  Boc-Leu-ATrp(Boc)-OEt 10e 79

[a] Ar= N-Boc-indol-3-yl.

rhodium carbenoid on the aromatic rings of Phe, Tyr or Trp
was observed. However, in the case of Trp, indole-N-
protection was necessary to achieve a high yield in the
Wadsworth—Emmons reaction. Use of N-Boc-methionin-
amide failed to give any N—H insertion product; the reaction
mixture immediately turned purple, presumably due to
catalyst poisoning.

The reaction sequence could be extended to include N-
methyl amides such as 11h, which gave the dehydro dipeptide
12h of an N-methyl amino acid (Scheme 5). Finally, in order
to demonstrate the selectivity of the carbenoid N—H insertion
reaction, the dipeptide amide Boc-Ala-Leu-NH, (13) was
treated with trimethyl diazophosphonoacetate to give an
N—H insertion product, which was immediately subjected to
Wadsworth - Emmons reaction with benzaldehyde to give the
tripeptide Boc-Ala-Leu-APhe-OMe (14) in 50% yield over
the two steps (Scheme 5).

The carbenoid approach to dipeptides was applied to the
synthesis of the dehydro dipeptide fragment of Mm-2 15
(Ar! =3,4-dihydroxyphenyl), a blood pigment of the tunicate
Molgula manhattensis.') Although this compound has been
synthesized previously,') the projected disconnection
(Scheme 6) to the protected dehydro dipeptide 16 (Ar’=
3,4-dibenzyloxyphenyl) differs from the published strategy.
The phosphonate 17, prepared from N-Boc-leucinamide (8e)

Ny CO,Me
1
R ) & H
" i PO(OMe), N_ _come
PgHN ? > PobiN |
[Rha(OAc)4] o}
o] CHCly, heat R?" "R®

1 i) R%R3C=0, DBU 12
Starting Amide Pg R! R? R3 Dehydrodipeptide Yield [%]
amino acid
Leu 11a z iBu Ph H Z-Leu-APhe-OMe 12a 65
Leu 11b Ac iBu Ph H Ac-Leu-APhe-OMe 12b 37
Phe 11c Boc CH,Ph iPr H Boc-Phe-ALeu-OMe 12¢ 60
Ser 11d Boc CH,OTBSE Arl] H Boc-Ser(TBS)-ATrp(Boc)-OMe 12d 77
Ser 11d Boc CH,OTBS Me Me Boc-Ser(TBS)-AVal-OMe 12e 30
Tyr 11e Boc CH,-C,H,-OTBS iPr H Boc-Tyr(TBS)-ALeu-OMe 12f 61
Trp 11f Boc CH, A~ Me H Boc-Trp(Boc)-AAbu-OMell 12¢ 86

[a] TBS = tert-butyldimethylsilyl. [b] Ar= N-Boc-indol-3-yl. [c] Abu =2-aminobutanoic acid.
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CO2MS
N2
i) PO(OM
NHMe (OMe)2
ZHN — ZHN
ii) iPrCHO, DBU

46% (2 steps)

Z-Leu-AMelLeu-OMe
12h

CO,Me

i) PhCHO, DBU

50% (2 steps)

Ph
:< o}
) N ]\
! PO(OMe)
Boc-Ala-Leu-NH; 2, BocHN ; N CO,Me
13 8 H

Boc—AIa-Le‘luiAPhe—OMe

Scheme 5. N—H Insertion/Wadsworth — Emmons reaction sequence.
HoN I\’/ BocHN r‘/
_ H S AR
Ar1/\/ ;‘ HO

O

AP

o
>

15

LiOH,
aq. THF
(95%)

BocHN BocHN

I\’/ DBU, CH,Cl, I\(
o - © NH
APCHO
(68%)

NH
Meo\w/k PO(OMe),
O
17

Scheme 6. Synthesis of the dehydro dipeptide fragment 16 of Mm-2.

and trimethyl phosphonoacetate in exactly the same way as its
triethyl analogue 9e, reacted readily with 3,4-dibenzyloxy-
benzaldehyde to give the required dipeptide 18 (Ar?=34-
dibenzyloxyphenyl) as a single Z diastereomer. Hydrolysis of
ester 18 gave the required acid 16 in 95 % yield (Scheme 6).

Having established the carbenoid-based route to dehydro
dipeptides (Scheme 3b), we briefly investigated the alterna-
tive route to dipeptides (Scheme 3a). Thus, N-Boc-Ala-NH,
(8b) and the valine-derived analogue 8d were treated with
methyl 2-diazophenylacetate in the presence of rhodium(in)
acetate. The N—H insertion reaction proceeded chemoselec-
tively and gave the expected dipeptides—N-Boc-alanyl-
phenylglycine methyl ester 19a and its valine analogue
19b—in 55% and 66 % yield, respectively (Scheme 7). The
dipeptides 19 were formed as mixtures of diastereomers as
evidenced by the presence of two sets of signals in their
'H NMR spectra. By integration of the methyl ester singlets in
the 'H NMR spectra it was possible to determine the

Chem. Eur. J. 2000, 6, No. 12
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diastereoselectivity of the inser-
tion reaction for the formation
of 19a and 19b as 24% and

M
No_ _COpMe .
20% de, respectively. Hence,

o) this preliminary study shows

that, perhaps not surprisingly,
the existing stereocentre in the
amino acid amide 8 causes little
asymmetric induction in the
insertion reaction. This clearly
raises the question of the use of
chiral catalysts in the N—H in-
sertion reaction. We and others
have explored a wide range of
chiral copper- and rhodium-
based catalysts for carbenoid
transformations, and although
to date there is only the report-
ed example of an intramolecu-
lar N—H insertion reaction with
a chiral catalyst,!'] we are pursuing the use of such catalysts to
increase the stereoselectivity of the N—H insertion reactions
that lead directly to dipeptides (Scheme 3a and Scheme 7).

COoMe
R Ny R
H
NH» Ph N COgMe

BocHN = BocHN \{
0 cat. [Rho(OAC)4] O  Ph

8b R=Me 19a R=Me

8d R=/Pr 19b R=/Pr

Scheme 7. Synthesis of Boc-Ala-Phg-OMe and Boc-Val-Phg-OMe dipep-
tides.

In summary, we have shown that carbenoid N—H insertion
reactions can be applied in a different approach to peptides
that does not involve the formation of the peptide bond itself;
whilst the method is unlikely to supplant traditional peptide
chemistry, we believe that it may find use in the synthesis of
peptide sequences that incorporate non-coded amino acids
such as N-methyl and dehydro derivatives.['®]

Experimental Section

Commercially available reagents were used throughout without further
purification; solvents were dried by standard procedures. Light petroleum
refers to the fraction with b.p. 40-60°C and ether refers to diethyl ether.
Reactions were routinely carried out under a nitrogen atmosphere.
Analytical thin-layer chromatography was carried out by using alumi-
nium-backed plates coated with Merck Kieselgel 60 GF,s,. Plates were
visualized under UV light (at 254 and/or 360 nm). Flash chromatography
was carried out using Merck Kieselgel 60 H silica or Matrex silica 60.
Fully characterized compounds were chromatographically homogeneous.
IR spectra were recorded in the range 4000-600 cm~' using a Nicolet
Magna FT-550 spectrometer. 'H and '3C NMR spectra were recorded using
Bruker 250, 300 and 400 MHz instruments ("H frequencies, corresponding
BC frequencies are 63, 75 and 100 MHz). High- and low-resolution mass
spectra were recorded on a Kratos HV3 instrument, or at the EPSRC Mass
Spectrometry Service (Swansea). Rotations were recorded on an Optical
Activity POIAAR 2001 polarimeter.
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N-Protected amino acid amides: These were prepared by published
methods for the racemization-free conversion of N-protected amino acids
into the corresponding amides.!'*2!]

N—H insertion reactions of N-protected amino acid amides: A solution of
triethyl diazophosphonoacetate (1.4 mmol) and the N-protected amino
acid amide 8 (1.4 mmol) in dry toluene (5 mL) was treated with rhodium(i1)
acetate (2mol%). The mixture was heated under reflux for 2h and
evaporated, and the residue chromatographed on silica gel (ethyl acetate/
ether) to give the insertion product.

Ethyl  2-[ (benzyloxycarbonyl )acetyl] >-2-(diethoxyphosphor-
yl)acetate (9a): This compound was prepared in 81 % yield from Z-Gly-
NH, 8a/® as a waxy solid. IR (CHCl,): 7#=2983, 1739, 1698, 1694, 1265,
1047 cm~!; '"H NMR (250 MHz, CDCl;): 6 =7.37-7.34 (m, 5H; ArH), 6.82
(br, 1H; NHCH), 541 (s, 1H; NH), 5.14 (s, 2H; PhCH,), 5.13 (dd, /=
21.8 Hz, 9.0 Hz, 1H; CHP), 4.11-4.10 (m, 6H; OCH,), 3.97 (d, J=5.7 Hz,
2H; NHCH,), 1.39-1.29 (m, 9H; CH,Me); 3C NMR (100 MHz, CDCl,):
0=169.3, 166.4, 156.5, 136.3, 128.3, 127.9, 1278, 66.7, 63.8 (d, /=6.8 Hz,
CH,OP), 63.7 (d, J=6.8 Hz, CH,OP), 62.1, 50.5 (d, /=141.6 Hz, CHP),
44.0,16.2 (d, J=6.7 Hz, MeCH,OP), 13.9; 3'P NMR (101.3 MHz, CDCl;):
0=171; MS (EI): m/z (%): 430 (1) [M]*, 127 (10), 107 (28), 91 (59), 44
(100); (found: 430.1505 [M]*+; CisHy;N,OgP caled 430.1528).

Ethyl 2-[ (S)-(2-tert-butoxycarbonylamino)propanoyl]Jamino-2-(diethoxy-
phosphoryl)acetate (9b): Compound 9b was prepared in 88 % yield from
Boc-Ala-NH, 8bP'l as a yellow waxy solid. [¢]% —13.9 (c=1in CHCl;); IR
(CHCL): 7=2980, 1732, 1694, 1674, 1250, 1167, 1024 cm™!; 'H NMR
(400 MHz, CDCl;): 0 =6.91 (brs, 1H; NH), 5.22 (brs, 1H; CHP), 4.17-
4.03 (m, 7H; CH, OCH,), 1.33 (s, 9H; Boc), 1.27-1.13 (m, 12H; CH,Me
and CHMe); NH not observed; C NMR (100 MHz, CDCl;): 6 =173.8,
164.6, 153.6, 78.1, 674, 61.8 (d, /=70 Hz, CH,0OP), 61.7 (d, J=7.0Hz,
CH,OP), 53.5, 50.5 (d, J=140.6 Hz, CHP), 26.3, 16.6 (d, J=6.0 Hz,
MeCH,OP), 14.3, 12.1; 3P NMR (101.3 MHz, CDCl;): 6 =16.9; MS (EI):
miz (%): 411 (18) [M+H]*, 327 (8), 301 (10), 266 (13), 224 (89), 197 (15),
152 (18), 88 (22), 57 (93), 44 (100); (found: 410.1827 [M]*; C;sH3N,OgP
calcd 410.1818).

Ethyl  2-[(S)-(2-benzyloxycarbonylamino)propanoyl]amino-2-(diethoxy-
phosphoryl)acetate (9c¢): Compound 9¢ was prepared in 80% yield from
Z-Ala-NH, 8¢ as a waxy solid. [a]} —11.0 (c=1 in CHCL;); IR (CHCL):
7=2982, 1741, 1682, 1674, 1252, 1047 cm~!; '"H NMR (400 MHz, CDCl,):
0=1736 (s, 5H; ArH), 6.90 (brs, 1 H; NH), 5.30 (s, 1 H; NH), 5.15 (dd, /=
212 Hz, 8.7Hz, 1H; CHP), 5.12 (s, 2H; PhCH,), 419-4.08 (m, 7H;
NHCH, OCH,), 141 (d, J=70Hz, 3H; CHMe), 1.37-123 (m, 9H;
CH,Me); *C NMR (100 MHz, CDCl,): 6 =172.8, 166.3, 155.7, 136.3, 128.2,
127.8, 1277, 66.5, 63.6 (d, J=6.8 Hz, CH,OP), 63.5, 50.9 (d, J=139.2 Hz,
CHP), 493, 186, 16.1 (d, J=6.8Hz, MeCH,OP), 13.8; 3'P NMR
(101.3 MHz, CDCl,): 6 =16.8; MS (EI): m/z (%): 444 (6) [M]*, 266 (9),
224 (49), 197 (10), 155 (12), 91 (100); (found: 444.1665 [M]*; C;yHN,OgP
calcd 444.1661).

Ethyl 2-[(S)-2-tert-butoxycarbonylamino-3-methylbutanoyl]amino-2-(di-
ethoxyphosphoryl)acetate (9d): Compound 9d was prepared in 80 % yield
from Boc-Val-NH, 8d?’! as a colourless solid. [a]} —9.2 (c=1 in CHCly);
IR (CHCL): #=1712, 1673, 1670, 1249, 1169, 1023 cm~'; 'H NMR
(400 MHz, CDCl,): 0 =6.75 (brs, 1H; NH), 5.22 (dd, /=21.1 Hz, 8.6 Hz,
1H; CHP), 5.05 (brs, 1H; NH), 4.28—-4.09 (m, 6 H; OCH,), 3.95 (brs, 1H;
NHCH), 2.04 (sept, J =6.7 Hz, 1H; CHMe,) 1.44 (s, 9H; Boc), 1.35-1.23
(m, 9H; CH,Me), 1.00-0.92 (m, 6H; CHMe,); *C NMR (100 MHz,
CDCl,): 0 =173.7,165.1, 154.6, 77.1, 67.3, 61.7 (d, = 6.8 Hz, CH,OP), 61.6
(d, J=6.8 Hz, CH,OP), 53.5, 50.5 (d, J=140.9 Hz, CHP), 38.4, 26.4, 22.9,
16.6 (d, J=6.7 Hz, MeCH,OP), 14.2, 12.1; 3'P NMR (101.3 MHz, CDCl,):
0=17.0; MS (EI): m/z (%): 438 (18) [M]*, 327 (8), 301 (10), 266 (13), 224
(89), 197 (15), 152 (18), 88 (22), 57 (93), 44 (100); (found: 438.2129 [M]*;
C,sH;3sN,O4P calcd 438.2131).

Ethyl 2-[ (S)-2-tert-butoxycarbonylamino-4-methylpentanoyl]amino-2-(di-
ethoxyphosphoryl)acetate (9¢): Compound 9e was prepared in 82 % yield
from Boc-Leu-NH, 8e/?” as a yellow oil. [a]F —18.7 (c=1 in CHCL); IR
(CHCL): 7=2980, 1749, 1717, 1683, 1253, 1167, 1027 cm~'; 'H NMR
(400 MHz, CDCl;): 6 =6.48 (brs, 1H; NH), 6.05 (brs, 1H; NH), 5.15 (dd,
J=22.1Hz,10.4 Hz, 1H; CHP), 4.27-4.14 (m, 7H; NHCH, OCH,), 1.64 -
1.61 (m, 2H; CH,CHMe,), 1.51-1.49 (m, 1H; CHMe), 1.35 (s, 9H; Boc),
1.34-1.29 (m, 9H; CH,Me), 0.96-0.93 (m, 6H; CHMe,); *C NMR
(100 MHz, CDCl;): 6 =173.9,167.9,157.1, 81.2, 65.1 (d, J = 7.4 Hz, CH,OP),
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65.0 (d, J=6.7 Hz, CH,OP), 63.0, 54.5, 51.9 (d, J=133.6 Hz, CHP), 42.6,
29.5, 26.0, 24.2, 23.1, 17.5 (d, J =5.1 Hz, MeCH,OP), 15.3, 14.7; 3P NMR
(101.3 MHz, CDCl,): 6 =16.9; MS (EI): m/z (%): 453 (100) [M+H]*, 397
(42), 353 (10), 131 (47), 86 (49); (found: 453.2366 [M+H]"; C;sH3;sN,OxP
calcd 453.2366).

Ethyl 2-[ (S)-2-(1-benzyloxycarbonylpyrrolidin-2-yl)carbonylJamino-2-(di-
ethoxyphosphoryl)acetate (9 f): Compound 9 f was prepared in 80 % yield
from Z-Pro-NH, 8 f*l as a colourless waxy solid (80%). [a]F —57.2 (c=1
in CHCLy); IR (CHCL): #=2981, 1735, 1697, 1677, 1241, 1177, 1029 cm™!;
'"H NMR (400 MHz, CDCl,): 6 =7.37-7.30 (m, 5H; ArH), 5.17-5.16 (m,
2H; PhCH,), 5.11 (dd, J=21.2 Hz, 8.8 Hz, 1H; CHP), 427-4.11 (m, 6H;
OCH,Me), 3.54 (brs, 1H; NH), 3.47 (brs, 1H; NCH), 2.21 (m, 1H; CH),
1.98-1.90 (m, 2H; CH), 1.58-1.56 (m, 3H; CH), 1.38-1.28 (m, 9H;
CH,Me); *C NMR (100 MHz, CDCl,): 6 =171.5, 166.4, 155.8, 136.4, 128.4,
1279, 1277, 67.1, 63.7 (d, J=6.7 Hz, CH,OP), 60.4, 50.7 (d, J=145.6 Hz,
CHP), 46.9, 31.1, 28.7, 24.4,16.3 (d, J = 6.7 Hz, MeCH,OP), 13.9; 3'P NMR
(101.3 MHz, CDCl,): 6 =16.95; MS (EI) m/z (% ): 470 (4) [M]+,335 (8),231
(6), 204 (10), 160 (32), 91 (100), 70 (12), 44 (11); (found: 470.1827 [M]";
C,,H;,N,O4P calcd 470.1825).

General procedure for Wadsworth— Emmons reactions: A solution of the
appropriate triethyl aminophosphonoacetate 9 (0.66 mmol) and DBU
(0.1 mL, 0.66 mmol) in anhydrous dichloromethane was treated with the
appropriate aldehyde (1.3 mmol). The reaction mixture was stirred over-
night and evaporated, and the residue was purified by chromatography on
silica gel (ether/light petroleum) to give the dehydrodipeptide 10.

Z-Gly-APhe-OEt (10a): Dipeptide 10a was prepared in 82 % yield from 9a
and benzaldehyde as a yellow oil. IR (CHCL): #=1710, 1685, 1643,
1262 cm~!; 'H NMR (250 MHz, CDCl,): 6 =7.90 (s, 1 H; CH=C), 7.36-7.16
(m, 11H; ArH, NH), 5.75 (s, 1H; NH), 4.97 (s, 2H; PhCH,), 412 (q, /=
7.0 Hz, 2H; OCH,), 3.85 (s, 2H; CH,), 1.20 (t, J=70Hz, 3H; CH,Me);
BC NMR (63 MHz, CDCl;): 6 =168.4, 165.0, 156.9, 136.2, 133.0, 129.9,
129.7, 128.6, 128.3, 1279, 1277, 125.9, 124.0, 67.2, 61.8, 44.8, 14.2; MS (EI):
mlz (%): 383 (82) [M+H]*, 292 (51), 275 (39), 249 (100), 191 (21), 108 (19);
(found: 383.1610 [M+H]"; C,;H,;N,0O5 calcd 383.1607).

Boc-Ala-APhe-OEt (10b): Dipeptide 10b was prepared in 88 % yield from
9b and benzaldehyde as a yellow oil. [a]y —21.7 (c=1 in CHCL); IR
(CHCLy): 7=2981, 1715, 1690, 1645, 1265cm™!; 'H NMR (250 MHz,
CDCl;): 0=8.04 (s, 1H; CH=C), 7.41-7.38 (m, 2H; ArH), 729-721 (m,
4H; ArH,NH), 5.31 (s, 1H; NH), 4.31 (m, 1 H; NHCH), 4.14 (q,/ = 7.3 Hz,
2H; OCH,), 1.32 (s, 9H; Boc), 1.22 (t,/ =7.3 Hz, 3H; CH,Me), 1.14 (d, J =
70 Hz, 3H; CHMe); C NMR (63 MHz, CDCL;):  =171.9, 165.1, 155.7,
132.9, 132.6, 129.8, 129.4, 128.8, 124.3, 80.1, 61.7, 50.3, 28.3, 18.2, 14.2; MS
(EI): mlz (%): (100) [M+H]*, 307 (55), 263 (27); (found: 363.1920
[M+H]"; CigHy;N,O5 caled 369.1920).

Boc-Leu-APhe-OEt (10 ¢): Dipeptide 10 ¢ was prepared in 88 % yield from
9e and benzaldehyde as a yellow oil. [a]y —18.8 (c=1 in CHCL); IR
(CHCL): #=2960, 1735, 1709, 1677, 1265cm~'; 'H NMR (250 MHz,
CDCl): 6 =766 (s, 1H; CH=C), 7.50-7.48 (m, 2H; ArH), 7.40-731 (m,
4H; ArH,NH), 4.84 (s, 1H;NH), 4.29 (q,/ =70 Hz, 2H; OCH,), 4.23 (brs,
1H;NHCH), 1.79-1.72 (m, 2H; CH,CHMe,), 1.55 (m, 1 H; CHMe,), 1.47
(s,9H; Boc), 1.34 (t,J=7.0 Hz, 3H; CH,Me), 0.99-0.94 (m, 6 H; CHMe,);
BC NMR (63 MHz, CDCly): 6 =171.7, 165.1, 155.9, 133.7, 132.6, 129.9,
129.4,128.6, 124.4, 80.2, 61.7, 53.3, 40.9, 28.4,24.7,22.9, 22.1, 14.3; MS (EI):
miz (%): 405 (69) [M+H]*, 349 (85), 305 (100), 259 (15), 191 (30), 131 (15),
86 (55); (found: 405.2389 [M+H]"; C,,H3;N,O5 caled 405.2389).
Boc-Leu-ALeu-OEt (10d): Dipeptide 10d was prepared in 80 % yield from
9e and isobutyraldehyde as a yellow oil. [¢]® —18.3 (¢=0.5 in CHCl;); IR
(CHCLy): 7=2976, 1725, 1685, 1645, 1245cm~'; 'H NMR (250 MHz,
CDCl,): 6 =734 (s, 1H;NH), 6.50 (d, /=10.5 Hz, 1H; CH=C), 4.85 (s, 1 H;
NH), 4.21 (q, /=73 Hz, 2H; OCH,), 4.18 (s, 1 H; NHCH), 2.59 (m, 1H;
CHMe,), 1.79-1.74 (m, 3H; CHMe,, CH,CHMe,), 1.46 (s, 9H; Boc), 1.29
(t,J=73 Hz,3H; CH,Me), 1.06—1.03 (m, 6 H; CHMe,), 0.99-0.95 (m, 6 H;
CHMe,); *C NMR (63 MHz, CDCl;): 6 =171.6, 164.6, 155.8, 145.1, 123 4,
80.1, 61.1, 53.1, 52.9, 40.8, 28.1, 27.7, 24.6, 22.8, 21.9, 21.8, 14.0; MS (EI): m/z
(%): 371 (100) [M+H]", 315 (85), 297 (70), 271 (61), 225 (12), 157 (13), 86
(52); (found: 371.2546 [M+H]*; C;yH3sN,Os5 caled 371.2546).
Boc-Leu-ATrp(Boc)-OEt (10 e): Dipeptide 10e was prepared in 79 % yield
from 9e and N-tert-butoxycarbonylindole-3-carboxaldehyde as a yellow oil.
[a]s —11.3 (¢=0.5 in CHCL); IR (CHCLy): #=2991, 1725, 1695, 1665,
1235 cm~!; 'H NMR (250 MHz, CDCl): 6 =8.12 (d, / =7.6 Hz, 1 H; indole
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7-H), 7.81(s, 1H; NH), 7.79 (s, 1H; indole 2-H), 7.70 (d, /=8.7 Hz, 1H;
indole 4-H), 7.35-7.22 (m, 3H; indole 5/6-H, CH=C), 4.81 (s, 1 H; NH), 4.32
(q, J=70Hz, 2H; OCH,), 426 (m, 1H; NHCH), 1.76 (m, 2H;
CH,CHMe,), 1.68 (m, 1H; CHMe,), 1.64 (s, 9H; Boc), 1.32 (s, 9H; Boc),
137 (t, J=70Hz, 3H; CH,Me), 097 (m, 6H; CHMe,); “C NMR
(100 MHz, CDCly): 6=1714, 165.0, 155.9, 149.3, 134.8, 129.6, 1279,
125.0, 123.7, 123.4, 123.1, 119.0, 115.3, 114.1, 84.5, 80.2, 61.6, 53.4, 40.7,
283,282, 24.8, 232, 21.8, 14.3; MS (EI): m/z (%): 544 (49) [M+H]*, 488
(19), 444 (100), 388 (15), 344 (22), 231 (10), 131 (31), 86 (54); (found:
544.3023 [M+H]*; C,0Hy; N30, caled 544.3023).

General procedure for the N—H insertion—Wadsworth — Emmons reaction
sequence: A solution of trimethyl diazophosphonoacetate (125 mg,
0.6 mmol) in dichloromethane (2.5 mL) was added over 10 min, under
nitrogen, to a stirred solution of N-protected amino acid amide 11
(0.43 mmol) and rhodium(t) acetate (23 mg, 10 mol % with respect to the
diazo compound) in dichloromethane (3 mL), which was heated at reflux.
After 24 h the mixture was cooled to room temperature and diluted with
ethyl acetate. The solution was washed in turn with water, saturated sodium
bicarbonate solution and brine. The organic layer was then dried with
magnesium sulfate and evaporated to yield the crude insertion product. A
solution of DBU (140 mg, 1 mmol) in dichloromethane (1 mL) was then
added to a stirred solution of the crude insertion product (ca. 0.43 mmol) in
dichloromethane (0.5 mL), under nitrogen. After 10 min, a solution of
aldehyde or ketone (0.78 mmol) in dichloromethane (0.5 mL) was added to
the reaction mixture. The reaction was followed by TLC (ethyl acetate),
and when complete the mixture was diluted with ethyl acetate. The solution
was washed in turn with water, saturated sodium bicarbonate solution and
brine. The organic layer was dried with magnesium sulfate and evaporated
to yield the crude product, which was purified by flash column chromatog-
raphy (mixtures of ethyl acetate/hexane).

Z-Leu-APhe-OMe (12a): Peptide 12a was prepared in 65 % overall yield
starting from Z-Leu-NH, 11a*!l and benzaldehyde. [a]¥ —13.4 (¢ =2.36 in
CHCl;); IR (CHCly): 7 =3430, 2959, 1717, 1645, 1505, 1438, 1266, 1106,
1045, 909 cm~!; 'H NMR (400 MHz, CDCl,): 6 =7.62 (s, 1 H; CH=C), 7.48 -
742 (m,3H; ArH and NH), 7.36-7.29 (m, 8H; ArH), 5.14 (brs, 3H; PhCH,
and NH), 4.32 (brd,/=5.1 Hz, 1H; NHCH), 3.80 (s, 3H; OMe), 1.78 - 1.70
(m, 2H; CH,CHMe,), 1.55 (m, 1H; CHMe,), 0.96 (m, J=6.4 Hz, 6H;
CHMe,); *C NMR (100 MHz, CDCl,): 6 =170.6, 165.4, 156.4, 136.0, 133.6,
132.8,129.7,129.5, 128.6, 128.4, 128.3, 128.1, 123.4, 67.3, 53.8, 52.6, 40.6, 24.7,
22.8,21.9; MS (EL): m/z (%): 424 (1) [M]*, 316 (63), 228 (82), 203 (60), 177
(40), 131 (52), 117 (100), 91 (85); (found: 424.2568 [M]*; C,;H,sN,O; caled
424.1998).

Ac-Leu-APhe-OMe (12b): Peptide 12b was prepared in 37 % overall yield
starting from Ac-Leu-NH, 11b* and benzaldehyde. [a]F —25.7 (¢ =0.54
in CHCl;); IR (CHCL,): ¥ =2959, 2361, 1718, 1700, 1666, 1601, 1506, 1437,
1370, 1266, 1202, 929 cm~!; 'H NMR (400 MHz, CDCl;): 6 =8.37 (brs, 1 H;
CH=C), 7.44 (d, J = 5.6 Hz, 2H; ArH), 734-727 (m, 3H; ArH), 6.56 (d,
J=8.0Hz, 1H; NH), 4.73 (dd, /=8.2 Hz, 14.2 Hz, 1H; NHCH), 3.80 (m,
1H; NH), 3.76 (s, 3H; OMe), 1.85 (s, 3H; Ac), 1.78-1.65 (m, 2H;
CH,CHMe,), 1.53 (m, 1H; CHMe,), 0.93 (m, 6H; CHMe,); °C NMR
(100 MHz, CDCl,): 6 =171.5, 170.7, 165.3, 133.4, 133.2, 129.8, 129.5, 128.5,
124.3,52.5,51.7,40.7, 247, 22.8, 22.7,22.4; MS (EI): m/z (%): 332 (4) [M]*,
301 (9), 271 (22), 191 (25), 177 (100), 117 (63), 91 (41); (found: 332.1730
[M]*; CisHoN,O, caled 332.1736).

Boc-Phe-ALeu-OMe (12 ¢): Peptide 12 ¢ was prepared in 60 % overall yield
starting from Boc-Phe-NH, 11¢?" and isobutyraldehyde. [a]¥ —16.2 (c=
2.00 in CHCLy); IR (CHCl,): 7 =3421, 2968, 1716, 1698, 1495, 1438, 1368,
1255, 1160, 1029, 929 cm~'; '"H NMR (400 MHz, CDCl,): 6 =745 (brs, 1 H;
NH), 729-7.19 (m, SH; ArH), 6.47 (d, J = 10.4 Hz, 1 H; CH=C), 5.18 (d,
J=82Hz, 1 H; NH), 4.48 (m, 1 H; NHCH), 3.70 (s, 3H; OMe), 3.15 (dd,
J=6.7Hz, 13.9Hz, 1H; PhCHH), 3.05 (dd, J=72Hz, 13.9Hz, 1H;
PhCHH), 2.40 (m, 1 H; CHMe,), 1.38 (s, 9H; Boc), 0.98 (d, J = 6.6 Hz, 3H;
=CHCHMeMe), 0.96 (d, J=6.7Hz, 3H; =CHCHMeMe); “C NMR
(100 MHz, CDCl;): 6=170.4, 164.9, 155.6, 145.9, 136.6, 129.4, 128.6,
122.9, 802, 55.9, 52.2, 38.0, 28.2, 277, 21.6, 21.5; MS (EI): m/z (%): 391 (1)
[M]*+, 335 (32), 303 (32), 241 (31), 164 (62), 142 (73), 120 (96), 91 (38), 57
(100); (found: 391.2246 [M]*; C,;H;N,Os5 caled 391.2238).

Boc-Ser(TBS)-ATrp(Boc)-OMe (12d): Peptide 12d was prepared in 77 %
overall yield starting from Boc-Ser(TBS)-NH, 11d and N-tert-butoxycar-
bonylindole-3-carboxaldehyde; [a]¥ +3.9 (¢c=4.04 in CHCL); IR
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(CHCL,): 7=3410, 2982, 2954, 2931, 2859, 1719, 1695, 1644, 1483, 1371,
1255, 1154, 1088, 1020, 839 cm~!; 'H NMR (400 MHz, CDCl;): 6 =8.41
(brs, 1H; NH), 8.14 (d, J=8.0 Hz, 1H; indole 7-H), 7.88 (s, 1 H; indole
2-H), 7.71 (s, 1H; CH=C), 7.68 (d, J=7.3 Hz, 1H; indole 4-H), 7.38-7.26
(m, 2H; indole 5-H, 6-H), 4.47 (brs, 1H; NH), 431 (m, 1H; NHCH), 4.12
(dd, J=4.4Hz, 9.9 Hz, 1H; CHHOSI), 3.86 (s, 3H; OMe), 3.79 (dd, /=
7.7 Hz, 9.9 Hz, 1 H; CHHOS:I), 1.68 (s, 9H; Boc), 1.45 (s, 9H; Boc), 0.85 (s,
9H; rBuSi), 0.13 (s, 3H; MeSi), 0.095 (s, 3H; MeSi); *C NMR (100 MHz,
CDCly): 0 =169.1,165.1, 155.6, 149.1, 134.9, 129.4, 127.7, 125.0, 124.0, 123.2,
122.9, 118.9, 115.3, 113.9, 84.5, 80.1, 62.8, 55.8, 52.5, 28.3, 28.2, 25.8, 18.0,
—5.4, —5.6; MS (FAB): m/z (%): 618 (30) [M+H]", 518 (55), 216 (77), 174
(100); (found: 618.3193 [M+H]"; C5;H,sN;O4Si caled 618.3211).
Boc-Ser(TBS)-AVal-OMe (12e): Peptide 12 e was prepared in 30 % overall
yield starting from Boc-Ser(TBS)-NH, 11d and acetone. [a]¥ +13.9 (c=
1.04 in CHCl;); IR (CHCL,): 7 = 3421, 2945, 2852, 1710, 1680, 1485, 1367,
1163, 1081, 937, 841 cm~'; "H NMR (400 MHz, CDCl;): 6 =773 (brs, 1H;
NH), 5.37 (brs, 1H; NH), 4.19 (brs, 1H; NHCH), 4.04 (dd, J=4.0 Hz,
9.8 Hz, 1 H; CHHOSI), 3.70 (s, 3H; OMe), 3.69 (m, 1 H; CHHOSI), 2.15 (s,
3H;=CMe), 1.81 (s,3H;=CMe), 1.44 (s, 9H; Boc), 0.88 (s, 9H; tBuSi), 0.09
(s, 3H; MeSi), 0.08 (s, 3H; MeSi); 3C NMR (100 MHz, CDCl;): § =169.2,
164, 155.5,146.1, 120.6, 80.1, 63.1, 55.5, 51.7, 28.3,25.8, 22.5,21.2,18.1, - 5.5,
—5.6; MS (FAB): m/z (%): 431 (42) [M+H]*, 375 (54), 331 (63), 174 (64);
(found: 430.2506 [M]*; C,yH3sN,O4Si caled 430.2499).
Boc-Tyr(TBS)-ALeu-OMe (12 f): Peptide 12 f was prepared in 61 % overall
yield starting from Boc-Tyr(TBS)-NH, 11e and isobutyraldehyde. [a]%
—8.4 (¢=2.76 in CHCL); IR (CHCL): 7=3677, 3411, 3027, 2965, 2929,
2858, 1716, 1700, 1608, 1516, 1475, 1419, 1260, 1209, 1014, 927, 794, 737,
661 cm™'; 'TH NMR (400 MHz, CDCl;): 6 =721 (brs, 1H; NH), 7.10 (d, J =
8.5Hz,2H; ArH), 6.76 (d,/=8.5Hz, 2H; ArH), 6.72 (d, /=10.4 Hz, 1H;
CH=C), 5.01 (brs, 1H; NH), 4.39 (br, X of ABX system, 1H; NHCH), 3.73
(s, 3H; OMe), 3.11-2.99 (AB of ABX, /J=14.0Hz, 6.9 Hz, 70 Hz, 2H;
CH,Ar), 2.45 (m, 1H; CHMe,), 1.42 (s, 9H; Boc), 1.01 (d, J=6.5 Hz, 3H;
=CHCHMeMe), 0.99 (d, J=6.5Hz, 3H; =CHCHMeMe), 0.97 (s, 9H;
BuSi), 0.18 (s, 6H; MeSi); *C NMR (100 MHz, CDCl;): 6 =170.3, 164.9,
155.5, 154.7, 145.8, 130.3, 129.1, 122.8, 120.2, 80.2, 56.1, 52.3, 37.1, 28.2, 27.8,
25.6,21.6, 182, —4.5; MS (CI): m/z (%): 521 (65) [M+H]*, 465 (20), 250
(25), 223 (28), 146 (55), 144 (100), 132 (32), 86 (42), 72 (58); (found:
521.3056 [M+H]*; C;;H,sN,O¢Si caled 521.3047).
Boc-Trp(Boc)-AAbu-OMe (12g): Peptide 12g was prepared in 86%
overall yield starting from Boc-Trp(Boc)-NH, 11f and acetaldehyde;
[a]® —74 (c=3.70in CHCl;); IR (CHCL): 7 = 3684, 3418, 3018,2984, 1723,
1690, 1602, 1505, 1438, 1453, 1370, 1212, 1159, 1088, 1018, 928, 909, 749,
669 cm™'; '"H NMR (400 MHz, CDCl;): 6=8.13 (brd, J=82Hz, 1H;
indole 7-H), 7.61 (d, J=7.7 Hz, 1H; indole 4-H), 7.48 (s, 1 H; indole 2-H),
740 (s, 1H; NH), 7.35-7.20 (m, 2H; indole 5-H, 6-H), 6.77 (q, J=7.2 Hz,
1H; CH=C), 5.18 (brs, 1H; NH), 4.59 (brd, J=5.0 Hz, 1H; NHCH), 3.69
(s,3H; OMe), 3.26 (dd, J=6.9 Hz, 14.8 Hz, 1 H; CHHindole), 3.19 (dd, / =
6.3 Hz, 14.8 Hz, 1H; CHHindole), 1.67 (d, /=72 Hz, 3H; =CMe), 1.65 (s,
9H; Boc), 1.42 (s, 9H; Boc); *C NMR (100 MHz, CDCl;): 6 =169.7, 164.5,
155.5, 149.5, 135.6, 134.4, 130.3, 125.8, 124.6, 124.4, 122.7,119.0, 115.3, 83.6,
80.4,54.7,52.2,28.2,28.1,27.8,14.5; MS (FAB): m/z (%): 502 (20) [M+H]*,
390 (14), 284 (20), 203 (30), 170 (25), 159 (32), 130 (100), 116 (41); (found:
502.2554 [M+H]*; CysH3N;0; caled 502.2553).

Z-Leu-AMeLeu-OMe (12h): Peptide 12h was prepared in 46 % overall
yield (as a mixture of amide bond rotamers and double bond isomers)
starting from Z-Leu-NHMe 11g? and isobutyraldehyde; IR (CHCL): 7=
3684, 3400, 3018, 2960, 2871, 1731, 1704, 1658, 1525, 1438, 1309, 1217, 1092,
1027, 928, 749, 668 cm~'; 'H NMR (400 MHz, CDCl;) (all signals reported;
mixture of isomers/rotamers): 6 =7.35-7.25 (m, 20H; ArH), 6.64 (brs, 1 H;
NH), 6.54 (brs, 1H; NH), 6.35 (brd, /J=4.2 Hz, 1H; NH), 6.29 (brd, J=
48 Hz, 1H; NH), 6.25 (d, J=10.0 Hz, 1H; CH=C), 6.21 (d, J=11.5 Hz,
1H; CH=C), 5.71 (d, J=10.4 Hz, 1H; CH=C), 5.59 (d, J=10.5 Hz, 1H;
CH=C), 5.25-5.08 (m, 8H; PhCH,), 426-4.05 (m, 4H; NHCH), 3.71 (s,
3H; OMe), 3.66 (s, 3H; OMe), 3.63 (s, 3H; OMe), 3.59 (s, 3H; OMe),
2.70-2.68 (m, 6H; NMe), 2.63-2.61 (m, 6H; NMe), 1.70-1.49 (m, 16H;
CH,CHMe,), 1.06-0.78 (m, 48H; CHMe,); *C NMR (100 MHz, CDCl,):
0=174.9, 174.8, 174.7, 163.4, 163.1, 162.8, 162.5, 149.9, 149.4, 148.7, 148.3,
139.5,137.4,137.3,137.2,136.7, 136.6, 136.4, 136.3, 136.2, 136.5, 128.5, 128.4,
128.3, 128.1, 1279, 127.7, 1275, 127.3, 70.9, 70.8, 70.1, 69.9, 57.6, 57.5, 57.4,
52.1,51.7,43.7,43.6,43.5,279,26.2,25.8,25.7,25.6,25.5,24.7,24.6, 23.6, 23.06,
23.5,23.4,22.5, 21.8, 21.7, 21.6, 21.5; MS (EI): m/z (%): 404 (1) [M]*, 347

0947-6539/00/0612-2165 $ 17.50+.50/0 2165





FULL PAPER

C.J. Moody et al.

(100), 171 (74), 114 (74), 91 (73), 57 (61); (found: 404.2328 [M]*;
C,,H3,N,O5 caled 404.2311).

Boc-Ala-Leu-APhe-OMe (14): Peptide 14 was prepared in 50 % overall
yield starting from Boc-Ala-Leu-NH, (13)?"1 and benzaldehyde. [a]}
—44.1 (¢=2.00 in CHCL); IR (CHCL;): 7= 3421, 3303, 2955, 1705, 1490,
1424,1357,1270,1152,927 cm~'; "H NMR (400 MHz, CDCl;): 6 =8.15 (brs,
1H;NH), 7.48-743 (brd, /= 6.7 Hz, 2H; ArH), 7.37 (s, 1 H; CH=C), 7.32 -
726 (m, 3H; ArH), 6.91 (brd, J=6.0 Hz, 1H; NH), 5.15 (brd, J=4.6 Hz,
1H;NH), 4.61 (ddd,J=5.6 Hz, 8.9 Hz, 14.2 Hz, 1H; NHCH), 4.17 (br, 1 H;
NHCH), 3.78 (s, 3H; OMe), 1.81-1.54 (m, 3H; CH,CHMe,), 1.38 (s, 9H;
Boc), 1.31 (d, /=70 Hz, 3H; CHMe), 0.92 (m, 6H; CHMe,); C NMR
(100 MHz, CDCl;): 6 =173.1, 170.9, 165.4, 155.7, 133.6, 133.4, 129.9, 129.5,
128.5,124.2,80.4,52.5,51.9,50.3,40.2,28.2,24.7,22.9,21.9,17.9; MS (FAB):
miz (%): 462 (75) [M+H]*, 406 (12), 285 (20), 229 (100), 201 (44), 178 (31);
(found: 461.2531 [M]*; C,,H3sN;Og caled 461.2526).

Methyl  2-[ (S)-2-tert-butoxycarbonylamino-4-methylpentanoylamino]-2-
(dimethoxyphosphoryl)acetate (17): Trimethyl diazophosphonoacetate
(0.88 g, 4.2 mmol) in toluene (5 mL) was added dropwise over a period
of 10 min to a stirred solution of amide 8e (0.89 g, 3.9 mmol) and
rhodium(t1) acetate (0.17 g, 0.039 mmol) in boiling toluene (50 mL). The
reaction was monitored by TLC and had gone to completion within 1 h.
The solvent was evaporated and the residue purified by column chroma-
tography (1:1 ethyl acetate/light petroleum elution) to yield a colourless oil
(0.89 g, 56 %) (ref. [13] foam). [a]y —28.6 (c=1.16 in CHCL;); IR (film):
7= 3440, 3306, 3063, 2955, 1755, 1694 cm~'; 'TH NMR (300 MHz, CDCl,):
6=709 (m, 1H; NH), 5.19 (m, 1H; CHP), 4.96 (m, 1 H; NHCH), 4.20 (brs,
1H; NH), 3.78 (m, 9H; OMe), 1.66 (m, 2H; CH,CHMe,), 1.47 (m, 1H;
CHMe,), 1.43 (s, 9H; Boc), 0.93 (m, 6H; CHMe,); *C NMR (100 MHz,
CDCl;): 6 =172.4,166.8, 155.5, 80.2, 54.6, 54.2 (d, /= 6.0 Hz, MeOP), 54.1
(d, J=5.5Hz, MeOP), 53.3, 52.3, 50.0 (d, /=146.7 Hz, CHP), 40.9, 28.2,
24.7,22.9,21.8; MS (EI): m/z (%): 410 (2) [M]", 367 (4), 337 (8), 182 (43),
130 (45), 86 (100).

Methyl 3-(3,4-dibenzyloxyphenyl)-2-[ (S)-2-tert-butoxycarbonylamino-4-
methylpentanoylamino]propenoate (18): DBU (1.06 g, 7.0 mmol) was
added to a solution of phosphonate 17 (1.37 g, 3.3 mmol) in dichloro-
methane (14 mL), and the mixture was stirred at room temperature for
10 min. 3,4-Dibenzyloxybenzaldehyde (1.17 g, 3.7 mmol) was added in one
portion, and the reaction was stirred for 2 h. The solvent was evaporated,
and the residue purified by column chromatography (ethyl acetate elution)
and recrystallized (ethyl acetate/light petroleum) to yield the 18 as
colourless crystals (1.51 g, 75%). M.p. 65-67°C; [a]® +6.3 (c=0.95 in
CHCL); IR (CHCL): 7=3292, 2955, 2874, 1728, 1681 cm™!; '"H NMR
(300 MHz, CDCl;): 6 =7.72 (s, 1 H; NH), 747 -7.28 (m, ArH, 11 H; CH=C),
716-712 (m, 2H; ArH), 6.89 (d, /=83 Hz, 1H; ArH), 5.16 (s, 2H;
PhCH,), 5.14 (s, 2H; PhCH,), 492 (brd, J=7.1Hz, 1H; NH), 4.28 (brs,
1H;NHCH), 3.80 (s, 3H; OMe), 1.77-1.74 (m, 2H; CH,CHMe,), 1.51 (m,
1H; CHMe,), 143 (s, 9H; Boc), 0.95 (m, 6H; CHMe,); ¥C NMR
(100 MHz, CDCl;): 6 =171.5, 165.7, 155.8, 150.4, 148.6, 137.1, 136.9, 133.3,
128.5, 128.4, 1279, 1278, 1274, 1273, 126.9, 124.3, 122.1, 116.8, 114.2, 80.3,
71.4,70.9, 53.5, 52.5, 40.7, 28.3, 24.7, 23.0, 21.9; MS (EI): m/z (%): 603 (27)
[M+H]T, 602 (6) [M]*, 548 (14), 547 (33), 503 (52), 131 (52), 108 (94), 106
(58), 86 (100); (found: 603.3070 [M+H]*; C;sH,;3N,O; caled 603.3070);
elemental analysis calcd (%) for C;sH,;3N,O,: C 69.7, H 7.0, N 4.7; found C
69.7, H7.0, N 4.8.

3-(3,4-Dibenzyloxyphenyl)-2-[ (S)-2-tert-butoxycarbonylamino-4-methyl-
pentanoylamino]prop acid (16): A solution of lithium hydroxide
(0.22 g, 9.2 mmol) in water (25 mL) was added to a stirred solution of ester
18 (1.1g, 1.84 mmol) in THF (75 mL). The mixture was stirred for 4 h, and
then acidified with 3M hydrochloric acid. Ammonium chloride solution was
added,and the acid was extracted into ethyl acetate. The organic layer was
dried (Na,SO,) and concentrated. The crude material was purified by
column chromatography (ethyl acetate elution) and recrystallized (ethyl
acetate/light petroleum) to yield the 16 as a colourless crystalline solid
(1.03 g, 95%). M.p. 124-126°C; [a]y —30.5 (¢=1.09 in CHCL); IR
(CH,CL,): 7=3407, 3270, 3059, 2993, 2960, 1690, 1518 cm~!; 'H NMR
(300 MHz, CDCl;): 6 =8.95 (brs, 1H; CO,H), 7.94 (s, 1H; NH), 7.50-7.27
(m, ArH, 11H; CH=C), 7.14-712 (m, 2H; ArH), 6.87 (d, /=83 Hz, 1 H;
ArH), 5.13 (brs, 5SH; PhCH, NH), 4.38 (brs, 1H; NHCH), 1.73 (m, 2H;
CH,CHMe,), 1.52 (m, 1H; CHMe,), 143 (s, 9H; Boc), 0.94 (m, 6H;
CHMe,); BC NMR (100 MHz, CDCl;): 6 =171.9, 156.2, 150.2, 148.5, 137.2,
136.9, 128.4, 128.3, 1277, 127.5, 1272, 124.4, 116.7, 114.0, 80.2, 71.3, 70.8,

2166 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

53.4,40.8, 28.3, 24.7, 23.2, 21.6; the signals for 2 ArCH and 3 quaternary C
atoms were not observed as discrete non-overlapped signals; MS (FAB):
miz (%): 612 (43) [M+H+Na]*, 611 (100) [M+Na]*, 589 (19) [M+H]*,
588 (34) [M]*, 512 (36), 511 (92), 376 (27), 284 (39), 107 (76); (found:
611.2741 [M+Na]*; C3H,N,0;-Na caled 611.2733); elemental analysis
caled (%) for C3,HyN,0;-1.5H,0: C66.3,H 7.0, N 4.5; found C 66.6, H 6.6,
N 4.5.

Boc-Ala-Phg-OMe (19a): Boc-Ala-NH, 8b (58.8 mg, 0.31 mmol) followed
by rhodium(11) acetate (2 mol % ) was added to a stirred solution of methyl
2-(diazo)phenylethanoate (50 mg, 0.28 mmol) in dry dichloromethane
(4 mL) under a nitrogen atmosphere. After stirring for 1h, the solvent
was removed under reduced pressure to yield a green oil. This crude
product was then subjected to flash silica-gel chromatography with light
petroleum and ethyl acetate (7:3) as eluant to yield an inseparable
diastereomeric mixture (24 % de by NMR) of the 19a as a colourless oil
(52 mg, 55%). IR (film): ¥ = 3423, 3321, 3055, 2979, 1744, 1710, 1677, 1538,
1505, 1456, 1067, 742 cm™!'; "TH NMR (400 MHz, CDCl;): 6 =736 (brs, 1H;
NH), 7.34 (m, 5H; ArH), 5.55 (m, 1 H; NHCH), 5.05 (m, 1H; NH), 4.24 (m,
1H; NHCH), 3.71 and 3.70 (s, 3H; OMe; ratio 62:38), 1.43 (s, 9H; Boc),
1.35 (d, J=4.4 Hz, 3H; CHMe); *C NMR (100 MHz, CDCl;): 6 =172.1,
171.1, 155.6, 136.3, 128.9, 128.5, 1272, 80.2, 56.4, 52.7, 49.9, 28.3, 17.9; MS
(EX): m/z (%): 336 (42) [M]", 281 (77), 237 (42),221 (29), 203 (26), 144 (71),
132 (30), 121 (55), 106 (100), 88 (76), 77 (37), 57 (95); (found: 336.1684
[M]7; C;H4N,O5 caled 336.1685).

Boc-Val-Phg-OMe (19b): Boc-Val-NH, 8e (67.5 mg, 0.31 mmol) followed
by rhodium(t1) acetate (2 mol % ) was added to a stirred solution of methyl
2-(diazo)phenylethanoate (50 mg, 0.28 mmol) in dry chloroform (4 mL)
under a nitrogen atmosphere. After stirring for 1 h the solvent was removed
under reduced pressure to yield a green oil. This crude product was then
subjected to flash silica-gel chromatography with light petroleum and ethyl
acetate (4:1) as eluant to yield an inseparable diastereomeric mixture (20 %
de by NMR) of the 19b as a colourless oil (67 mg, 66%). IR (film): 7=
3423, 3321, 3055, 2979, 1744, 1711, 1677, 1537, 1506, 1456, 1017, 738 cm™';
'H NMR (400 MHz, CDCl;): 6 =7.33 (m, 5H; ArH), 7.03 (brs, 1H; NH),
5.55 (m, 1H; NHCH), 5.06 (brs, 1H; NH), 3.98 (m, 1 H; NHCH), 3.72 and
3.71 (s, 3H; OMe; ratio 60:40), 2.15 (m, 1H; CHMe,), 1.42 (s, 9H; Boc),
0.90 (d, J=6.8 Hz, 3H; CHMe), 0.86 (d,/ = 6.8 Hz, 3H; CHMe); *C NMR
(100 MHz, CDCl;): 6 =171.1, 171.0, 155.8, 136.3, 128.9, 128.4, 127.2, 80.0,
59.7,56.5, 52.7, 30.9, 28.3, 19.2, 17.7; MS (CI): m/z (%): 365 (65) [M+H]",
309 (46), 265 (58), 172 (9), 116 (25), 106 (37), 91 (11), 72 (100), 57 (80);
(found: 365.2070 [M+H]*; C;4H,N,Os5 calcd 365.2076).
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Synthesis of Unsymmetrically Substituted Subphthalocyanines

Christian G. Claessens and Tomas Torres*[2!

Abstract: A series of new unsymmetri-
cally substituted subphthalocyanines
containing iodo or octylthioether sub-
stituents on the outer aromatic rings
have been synthesized. The statistical

presence of boron trichloride in 1-
chloronaphthalene yielded in both cases
all the possible expected unsymmetri-
cally substituted subphthalocyanines,
which were separated by column chro-

matography on silica gel. All com-
pounds were identified by FAB mass
spectrometry and then characterized by
HR-LSIMS spectrometry. The unambig-
uous characterization of each constitu-

reaction of one equivalent of 1,2-dicya-
no-3-iodobenzene whether with two
equivalents of 1,2-dicyano-4-octylthio-
benzene or with two equivalents of 1,2-
dicyano-4,5-dioctylthiobenzene in the

tions -

Introduction

Subphthalocyanines (SubPcs),l! comprising three N-fused
diiminoisoindoline units around a boron core, have a cone-
shaped trigonal structurel? (Figure 1) which does not prevent
them from possessing an aromatic nature.’] Their curved

T o '

g
"W ﬁ
J

Figure 1. Representations of chloro(subphthalocyaninato) boron(iii).

molecular surface make them attractive candidates for the
construction of three-dimensional cage compounds in the
same way as CTVs, fullerene segments,! or related topo-
logical systems./! Furthermore, their C; symmetry axis gives
rise, upon appropriate substitution, to chirality.

On the other hand, SubPcs are also precursors of unsym-
metrical substituted phthalocyanines (Pcs) through ring
expansion reactions.”! For these reasons the synthesis of
adequately functionalized regioisomerically pure SubPcs is an
important goal to be pursued. The design and preparation of

[a] Prof. T. Torres, Dr. C. G. Claessens
Departamento de Quimica Organica (C-1)
Universidad Auténoma de Madrid
Cantoblanco, 28049-Madrid (Spain)
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Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.
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tional isomer was made possible by
careful examination of the symmetry
environment experienced by each pro-
ton on their 'TH-NMR spectra.

cyclotrimeriza-
sub-

appropiately substituted SubPcs is also extremely important
in the field of nonlinear optics in which this class of
compounds have shown very interesting second-order proper-
ties of octupolar character.l®!

Until now, only two reports on pure trisubstituted re-
gioisomers have been published? and only SubPcs bearing
identical peripheral substituents have been described. > 7-10]

In this article, we report (Schemes 1 and 2) on the synthesis
of the first unsymmetrically substituted SubPcs 1-4, and the
separation of their regioisomers 1a—d, 2a—d, 3, and 4a—c by
preparative column chromatography. The choice of starting
materials 5, 6, and 7 bearing iodo and octylthio substituents,
with similar reactivities towards BCl;, was made taking into
account our previous experience in SubPc synthesis and also
their ability to undergo further functionalization once in-
corporated within the SubPc framework.['"]

Results and Discussion

Synthesis: The synthesis of 1,2-dicyano-3-iodobenzenel'!l (5),
1,2-dicyano-4-octylthiobenzenel®! (6), and 1,2-dicyano-4,5-
dioctylthiobenzenel®! (7) was achieved according to literature
procedures. SubPcs 1-2, 8—9 were prepared as a mixture
(Scheme 1) by slowly introducing previously condensed BCl,
into a solution of compounds § and 6, in a 1:2 ratio, in
1-chloronaphthalene at 150 °C. The overall yield for SubPc 1-
2,8-9 formation was 17 % . Similarly, SubPcs 3-4, 9—-10 were
obtained (Scheme 2), starting from a 1:2 ratio of dicyano
compounds 5 and 7, in a 21 % overall yield.

SubPcs 1-4, 8—10 were separated and purified by succes-
sive column chromatographies on silica gel using different

0947-6539/00/0612-2168 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 12
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Scheme 1. Synthesis of subphthalocyanines 1-2, 8—9.

BCl3

CN SCeHi7
+ m 34,910
CN SCeHiy

1-chlorongphthalene

Scheme 2. Synthesis of subphthalocyanines 3—4, 9-10.
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solvent systems when necessary as described in the exper-
imental section.

The constitutional isomers 8a and 8b, previously described
as their statistical mixturel3 7% (in a 1:3 ratio), were isolated
and characterized in yields of 0.3 and 0.7 %, respectively. The
SubPcs 1 comprising two thioether- and one iodo-containing
isoindole units were also isolated as 1a (2.3%), 1b (0.8 %),
and a 1:1 mixture of 1¢ and 1d (combined yield 4.5%).
SubPcs 2 comprising one thioether- and two iodo-containing
isoindole units were also isolated as 2a (0.1%), 2b (0.2%),
and a 1:1 mixture of 2¢ and 2d (0.3 % ). SubPc 9 was isolated
only as its asymmetric isomer 9b in 1% yield.™

SubPc 3 was obtained in a 0.7% yield and SubPcs 4a—c¢
were obtained in 1.1, 0.4, and 0.9 % yield, respectively. When
starting from a 1:2 ratio of 5 and 6, the theoretical statistical
ratio of SubPc formation in the case all starting materials and
the intermediate compounds possess the same reactivity, is 30,
44,22, and 4% for SubPcs 1, 2, 8, and 9, respectively. These
theoretical results are to be compared with the experimental
ones, calculated from the data described before, which are 7,
78, 11, and 4%, respectively. In the case of the reaction
between dicyano compounds 5 and 7, the theoretical values
for SubPcs 3, 4, 9, and 10 formation are 44, 22, 4, and 30 %,
respectively, to be compared with 31, 17, 23, and 29%
obtained experimentally.

Characterization: All compounds were identified by FAB-MS
and further characterized by HR-LSIMS. 'H-NMR spectra of
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SubPcs 1-4, 8—10 show characteristic low field signals at 6 =
7.8-9.0, attributables to the aromatic protons resonances,
which are in agreement with the expected patterns corre-
sponding to their respective symmetries. Schemes 3 -5 givel'”
a schematic representation of the 'H-NMR spectra obtained
experimentally.

The spectra of isomers 8a and 8b (Scheme 1) are very
similar, they differ only in the signals corresponding to
protons Hj, H,y, and H;; which appear as a doublet in the case
of C; symmetric SubPc 8a and as a more complex multiplet in
the case of asymmetric SubPc 8b.

The 'H-NMR spectrum of SubPc 1a reveals (Scheme 3) the
presence of expected resonances at 0=7.6, 8.4, and 8.9
corresponding to the protons Hy;, Hys, and Hyg, respectively.

HaHe
Hﬁ_ﬂfm 1a
Hig Hie HHio  Hiy
|
HyHe
o
Ho— | | <—H
1b g
Hig Hig H Fhy
L | | -
Hy*, Hy Hg*
il HHHe  1cand1d()
e I
H1B,H1B_’§\ l-hﬂl-hﬁ* W"‘B"\ﬁlbﬂw* Hiz,Hi7*

il
77 75
3

L
8(9 r 87 85 8{3 81 79

Scheme 3. Schematic representation of a portion of the 'H-NMR spectra
(300 MHz, CDCl;) of subphtalocyanines 1a—d.

Two sets of two doublets at 6 =7.81 and 7.82 for H, and H,,,
and at 8.71 and 8.76 for H; and H,; characterize the
asymmetric environment experienced by the protons close
to the iodo-containing isoindole unit of the SubPc.

The spectrum of SubPc 1b shows (Scheme 3) virtually the
same pattern as observed for SubPc 1a for the resonances
corresponding to the protons Hy¢, Hy;, and H,4 belonging to
the iodo-containing isoindole unit. As expected in this case,
the effect of the asymmetry brought by the iodine-containing
unit resides only in the splitting of the singlet corresponding to
the protons H; and Hy; into two singlets at 0 =8.70 and 8.73,
respectively.

The 'H-NMR spectrum of the 1:1 mixture of SubPcs 1¢ and
1d shows (Scheme 3) the expected splitting of the protons
corresponding to the iodo-containing isoindole unit. In this
case, the characteristic region at about 0 =8.7 reveals the
presence of a singlet at 6 =8.70 corresponding to protons H,*,
H,, and Hg*, another singlet at 8.73 corresponding to proton
H,,, a doublet at 6 =8.71 associated with protons H;, Hs*, and
H;, and finally a doublet at  =8.76 corresponding to proton
H;,*.

The spectrum of SubPc 2a reveals (Scheme 4) the expected
symmetrical pattern in which there is a slight splitting of the
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Scheme 4. Schematic representation of a portion of the 'H-NMR spectra
(300 MHz, CDCl;) of subphtalocyanines 2a—d.

signals corresponding to the protons of the iodo-containing
isoindole unit.

The 'H-NMR spectrum of SubPc 2b is (Scheme 4) very
similar to that of SubPc 2a. It differs only in the deshielding of
the protons H;s and Hyg from 6 =8.71 to 8.73 and from 8.73 to
8.77, respectively, as a consequence of the proximity of the
iodine atom.

The spectrum of the 1:1 mixture of SubPcs 2¢ and 2d
reveals (Scheme 4) a very strong asymmetrization of the
signals brought by the relative positions of the iodine atoms.
Therefore, protons H;* and Hy appear as one triplet slightly
deshielded at 0 =7.63, whereas protons H, and H,y* give rise
to two triplets at 6 =7.60 and 7.61, respectively. The same
phenomenon is observed in the case of protons Hj, Hy*, Hy,
and H,*.

The 'H-NMR spectrum of SubPc 3 shows (Scheme 5) the
asymmetrization brought by the iodo-containing isoindole
unit on the signals corresponding to protons Hg and H,g that
appear as two singlets at 0 =8.62 and 8.66, respectively.

The spectrum of SubPc 4a reveals (Scheme 5) a slight
splitting (0.01 ppm) of the signals corresponding to the iodo-
containing isoindole unit protons H, 4 and Hy_;;. Protons Hjs
and Hyg, as in the case of SubPc 3, gave rise to two singlets at
0 =28.63 and 8.67, respectively.
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o 05 Hy Ho
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HisHig 4b
Hy,Hiy Hp,Hio
SN 1Y
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HaHe | He Hho HeHo
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Scheme 5. Schematic representation of a portion of the 'H-NMR spectra
(300 MHz, CDCl,) of subphtalocyanines 3, 4a—c.
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The 'H-NMR spectra of SubPcs 4b and 4c¢ reveals
(Scheme 5) very simple patterns in accordance with the C,
symmetry of the molecules.

UV/Vis spectrophotometry shows that the position of the
Q-band is blueshifted as the number of iodine atoms increase
within the SubPc molecule: 4,,,(8) = 588 nm >1,,(1) =
584 nm > 4,,(2) = 581 nm > 4,,,,(9)®) = 577 nm for 9a and
579 nm for 9b. Similarly, 1,,,(10) = 602 nm>4,,(3) =
594 nm > 4,,,(4) = 586-587 nm > ,,,,(9)® = 577 nm for
9a and 579 nm for 9b. It is very important to be able to fine-
tune the Q-band position as far as the nonlinear optical
properties of the SubPcs are concerned.[®

Conclusion

In summary, we have described for the first time the
preparation of unsymmetrically substituted SubPcs that are
relevant for both their potential synthetic applications and
physical properties. Furthermore, the presence of one or two
iodine atom within the framework of compounds 1a—-d, 2a—
d, 3, and 4a—c together with their curved-like structures
render them very attractive for their potential use as building
blocks for the construction of higher order molecular
assemblies using for example cross coupling metal mediated
methodologies with appropriate alkyne derivatives.['’]

Experimental Section

UV/Visible and infrared measurements were carried out on Perkin — Elmer
Model Lambda 6 and Philips PU-9716, respectively. FAB-MS and HRMS
spectra were determined on a VG AutoSpec instrument. NMR spectra
were recorded with a Bruker AC-300 (300 MHz) spectrometer. Column
chromatographies were performed on silica gel Merck-60 (230 —400 mesh,
60 A), and TLC on aluminum sheets precoated with silica gel 60 Fys, (E.
Merck) using the indicated solvents. All dry solvents were freshly distilled
under argon over an appropriate drying agent before use.

Compounds 1a, 1b, 1¢, 1d, 2a, 2b, 2¢, 2d, 8a, 8b, and 9b: BCl; (0.2 mL),
previously condensed at —78°C, was added through a cannula to a
magnetically stirred solution of 1,2-dicyano-3-iodobenzene (5) (160 mg,
0.62 mmol) and 1,2-dicyano-4-octylthiobenzene (6) (344 mg, 1.26 mmol) in
dry 1-chloronaphthalene (1.0 mL) under Ar. The mixture was stirred at
room temperature for 15 min, warmed up to 150°C and kept at that
temperature for 5 h. The resulting purple mixture was cooled down to room
temperature. The solid residue was washed with hexane (50 mL) and was
purified by successive column chromatographies on silica gel using solvent
systems indicated below. After the first column, subphthalocyanine
compounds (54 mg) were collected, that corresponds to 17% yield of
subphthalocyanine formation (based on a statistical distribution of com-
pounds). All compounds are dark purple in the solid state and intense
violet in chloroform solutions.

Chloro(3,9-dioctylthio-15-iodosubphthalocyaninato)boron(in (1a):
122 mg (2.3%); m.p.>200°C; '"H NMR (300 MHz, CDCL;): 6 =0.81—
091 (m, 6H), 1.20-1.40 (m, 20H), 1.75-1.86 (m, 4H), 3.14-3.30 (m,
4H), 761 (t, /=8 Hz, 1H), 7.81 (dd, 3/ =8 Hz, /=1 Hz, 1H), 7.82 (dd,
3J=8Hz,“J=1Hz, 1H), 8.38 (dd, 3/ =8 Hz, /=1 Hz, 1H), 8.70 (s, 2H),
8.71 (dd, *J=8 Hz, /=1 Hz, 1H), 8.76 (dd, 3>/ =8 Hz, */ =1 Hz, 1H), 8.90
(dd, 3/ =8 Hz, */ =1 Hz, 1H); FAB-MS: m/z: 844 [M]*, 845 [M+H]*; UV/
Vis (CHCl,): A, (log ¢/dm® mol~ cm™") =260 (4.6), 287 (4.5), 367 (sh), 397
(sh), 537 (sh), 584 nm (4.6); IR (KBr, cm™'): 7=2924, 2852, 1652, 1636,
1605, 1385, 1261, 1133, 1096, 1072, 1045, 806, 786; HR-LSIMS calcd for
C,oHy3NgIS,BCl: [M]*: m/z: 844.1817, found: 844.1857; TLC: R;: 0.81 (ethyl
acetate/hexane 1:4), R;: 0.33 (toluene/hexane 2:3).
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Chloro(2,10-dioctylthio-15-iodosubphthalocyaninato)boron (1) (b):
4.4 mg (0.8%); m.p.>200°C; '"H NMR (300 MHz, CDCl;): 6 =0.81-0.93
(m, 6H), 1.20-1.41 (m, 20H), 1.75-1.86 (m, 4H), 3.14-3.30 (m, 4 H), 7.60
(t, 37 =8Hz, 1H), 7.81 (dd, 3/ =8 Hz, / =1 Hz, 1H), 8.38 (dd, 3/ =8 Hz,
4=1Hz, 1H), 8.70 (s, 1H), 8.71 (d, 3/ =8 Hz, 2H), 8.73 (s, 1 H), 8.90 (dd,
3] =8 Hz, “J=1Hz, 1H); FAB-MS: m/z: 844 [M]*, 845 [M+H]*; UV/Vis
(CHCL): Ay (log &/dm?® mol~! em~') =289 (4.6), 365 (3.9), 409 (sh), 540
(sh), 584 nm (4.6); IR (KBr, cm™): 7 =2957, 2924, 2853, 1636, 1604, 1457,
1437, 1187, 1099, 969, 787, 750, 705; HR-LSIMS calcd for C,,H,;NIS,BCl:
[M]*: miz: 844.1817, found: 844.1837; TLC: R;: 0.73 (ethyl acetate/hexane
1:4).

Chloro(3,10-dioctylthio-15-iodosubphthalocyaninato)boron@i (1c) and
chloro(2,9-dioctylthio-15-iodosubphthalocyaninato)boron() (1d): com-
bined 23.6 mg (4.5%); m.p.>200°C; 'H NMR (300 MHz, CDCl;): 6 =
0.81-0.91 (m, 12H), 1.20-1.40 (m, 40H), 1.75-1.86 (m, 8H), 3.14-3.30
(m, 8H), 7.60 (t, 3/ =8 Hz, 1H), 7.61 (t, 3/ =8 Hz, 1 H), 7.69-7.83 (m, 4H),
8.36-8.40 (m, 2H), 8.70 (s, 3H), 8.71 (d, 3/ =8 Hz, 3H), 8.73 (s, 1 H), 8.76
(d, 3/=8Hz, 1H), 8.88-8.91 (m, 2H); FAB-MS: m/z: 844 [M]*, 845
[M+H]*; UV/Vis (CHCL): A, (log &/dm?mol~!cm~')=291 (4.5), 366
(3.9), 401 (sh), 539 (sh), 584 nm (4.6); IR (KBr, cm™'): 7 = 2924, 2852, 1604,
1458, 1437, 1385, 1259, 1187, 1134, 1097, 1073, 1047, 967, 805, 783, 752, 703;
HR-LSIMS caled for C,HguNGIS,BCl: [M]*: m/z: 844.1817, found:
844.1833; TLC: R;: 0.64 (ethyl acetate/hexane 1:4).

Chloro(4,8-diiodo-16-octylthiosubphthalocyaninato)boron( (2a): 1.0 mg
(0.1%); m.p.>200°C; 'H NMR (300 MHz, CDCl;): 6 =0.80-0.93 (m,
3H), 1.20-1.43 (m, 10H), 1.75-1.85 (m, 2H), 3.18-3.28 (m, 2H), 7.61 (2t,
3J=8Hz, 2H), 7.83 (dd, /=8 Hz, */ =1 Hz, 1H), 8.42 (dd, 3/ =8 Hz, / =
1Hz, 2H), 8.71 (s, 1H), 8.73 (dd, 3J=8 Hz, /=1 Hz, 1H), 8.90 (dd, 3/ =
8 Hz, */=1Hz, 2H); FAB-MS: m/z: 826 [M]*, 827 [M+H]"; UV/Vis
(CHCl,): A (Iog e/dm® mol~' ecm~') =578 (4.8), 562 (sh), 538 (sh), 283 nm
(4.8); IR (KBr, cm™'): 7=2964, 2924, 2853, 1636, 1262, 1095, 1032, 803;
HR-LSIMS caled for Ci;,Hy NI, SBCl: [M]*: m/z: 825.9811, found:
825.9817; TLC: R;: 0.43 (ethyl acetate/hexane 1:4), R;: 0.38 (acetone/
hexane 2:3).

Chloro(1,11-diiodo-16-octylthiosubphthalocyaninato)boron (i) (2b):
1.7 mg (0.2%); m.p.>200°C; 'H NMR (300 MHz, CDCL): 6 =0.81-0.92
(m, 3H), 1.19-1.42 (m, 10H), 1.75—1.86 (m, 2H), 3.17-3.24 (m, 2H), 7.62
(t,3] =8 Hz, 1H), 7.63 (t, 3 =8 Hz, 1 H), 7.83 (dd, */ =8 Hz, */ =1 Hz, L H),
8.40 (dd, /=8 Hz, 4/=1Hz, 2H), 8.73 (s, 1 H), 8.77 (dd, ) =8 Hz, 4=
1Hz, 1H), 891 (dd, %/ =8 Hz, /=1 Hz, 2H); FAB-MS: m/z: 826 [M]*,
827 [M+H]"; UV/Vis (CHCL): Aa,(log ¢/dm® mol~! cm~1) =288 (4.7), 405
(sh), 536 (sh), 563 (sh), 581 nm (4.8); IR (KBr, cm™!): 7 =2923, 2852, 1718,
1637, 1604, 1458, 1432, 1389, 1271, 1241, 1182, 1132, 1095, 1037, 966, 787, 751,
702; HR-LSIMS caled for C,HpN¢(LSBCI: [M]*: m/z: 825.9811, found:
825.9813; TLC: R;: 0.52 (ethyl acetate/hexane 1:4).

Chloro(4,11-diiodo-16-octylthiosubphthalocyaninato)boron(@) (2c¢) and
chloro(1,8-diiodo-16-octylthiosubphthalocyaninato)boron() (2d): 2.7 mg
(0.3%); m.p.>200°C; 'H NMR (300 MHz, CDCl;): 6=0.81-0.92 (m,
6H), 1.19-1.41 (m, 20H), 1.76-1.87 (m, 4H), 3.17-3.27 (m, 4H), 7.60 (t,
3J=8Hz, 1H), 761 (t, 3/ =8 Hz, 1H), 7.63 (2t, 3’J=8 Hz, 2H), 7.82 (dd,
3J=8Hz, *J=1Hz, 2H), 8.40 (dd, 3/ =8 Hz, */ =1 Hz, 1 H), 8.41 (dd, 3/ =
8 Hz, /=1Hz, 1H), 842 (2dd, 3/=8 Hz, 4/ =1 Hz, 2H), 8.70-8.75 (m,
4H), 8.89 (dd, /=8 Hz,*J=1Hz,2H), 8.92 (dd, 3/ =8 Hz, */ =1 Hz, 1 H),
8.95 (dd, 3/ =8 Hz, /=1 Hz, 1H); FAB-MS: m/z: 826 [M]*, 827 [M+H]*;
UV/Vis (CHCL): A (log e/dm® mol~ ecm~') =287 (4.7), 400 (sh), 539 (sh),
563 (sh), 581 nm (4.8); IR (KBr, cm™'): 7=2959, 2924, 2853, 1458, 1258,
1190, 1098, 1069, 966, 804, 784, 752, 703; HR-LSIMS caled for
C;,HysNLSBCIL: [M]*: m/z: 8259811, found: 825.9832; TLC: R;: 0.52
(ethyl acetate/hexane 1:4), R;: 0.44 (acetone/hexane 2:3).

Chloro(2,9,16-trioctylthiosubphthalocyaninato)boron() (8a): 1.0 mg
(0.3%); m.p.>200°C; 'H NMR (300 MHz, CDCL,): 6 =0.81-0.92 (m,
9H), 1.19—1.41 (m, 30H), 1.75-1.86 (m, 6 H), 3.14-3.30 (m, 6 H), 7.80 (dd,
3J=8Hz, ¥/ =1Hz, 3H), 8.70 (s, 3H), 8.71 (d, 3J=7 Hz, 3H); FAB-MS:
milz: 862 [M]*, 863 [M+H]*; UV/Vis (CHCL): A, (log &/
dm® mol~! em~!) =588 (4.6), 540 (sh), 366 (4.2), 292 nm (4.6); IR (KBr,
cm~t): 7=2958, 2925, 2853, 1447, 1262, 1099, 1070, 1034, 797; HR-LSIMS
caled for CygHgNgS;BCl: [M]*: m/z: 862.3823, found: 862.3839; TLC: R;:
0.88 (ethyl acetate/hexane 1:4).

Chloro(2,9,17-trioctylthiosubphthalocyaninato)boron@n (8b): 2.5mg
(0.7%); m.p.:>200°C; 'H NMR (300 MHz, CDCl;): 6 =0.82-0.92 (m,
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9H), 1.20 - 1.41 (m, 30H), 1.75-1.85 (m, 6 H), 3.16 - 3.30 (m, 6 H), 7.78 - 7.82
(m, 3H),8.70 (s, 3H), 8.71 (d, *J =7 Hz, 3H); FAB-MS: m/z: 862 [M]*, 863
[M+H]*; UV/Vis (CHCL): A, (log &/dm’®mol-! cm~')=585 (4.6), 540
(sh), 366 (4.2), 349 (4.2), 291 nm (4.6); IR (KBr, cm™): # = 2963, 2925, 2854,
1734, 1636, 1464, 1262, 1034, 802; HR-LSIMS calcd for C,sHyN,S:BCl:
[M]*: m/z: 862.3823, found: 862.3798; TLC: R;: 0.81 (ethyl acetate/hexane
1:4), R;: 0.25 (toluene/hexane 2:3).

Chloro(1,8,18-triiodosubphthalocyaninato)boron@i (9b): 2.0 mg (1%);
compound possessing identical physical data as described previously.["!

Compounds 3, 4a, 4b, 4¢,9b, and 10: BCI; (0.2 mL), previously condensed
at —78 °C, was added through a cannula to a magnetically stirred solution
of 1,2-dicyano-3-iodobenzene (5, 101 mg, 0.40 mmol) and 1,2-dicyano-4,5-
dioctylthiobenzene (7, 331 mg, 0.80 mmol) in dry 1-chloronaphthalene
(1.0 mL) under Ar. The mixture was stirred at room temperature for
15 min, warmed up to 150°C and kept at that temperature for 5 h. The
resulting purple mixture was cooled down to room temperature. The solid
residue was washed with hexane (50 mL) and was purified by successive
column chromatographies on silica gel using solvent systems indicated
below. After the first column, the subphthalocyanine compounds (91 mg)
were collected, which corresponds to a 21 % yield of subphthalocyanine
(based on a statistical distribution of compounds). Compounds 3, 4a—c and
9b were obtained as dark purple solids, and compound 10 was obtained as a
green solid.

Chloro(1-iodo-9,10,16,17-tetraoctylthiosubphthalocyaninato)boron () (3):
3.1 mg (0.7 %); m.p. >200°C; 'H NMR (300 MHz, CDCl;): 6 =0.79-0.95
(m, 12H), 1.21-1.48 (m, 40H), 1.69-1.95 (m, 8 H), 3.19-3.34 (m, 8 H), 7.60
(t,3J =8 Hz, 1H), 8.38 (d, %/ =8 Hz, 1 H), 8.62 (s, 1 H), 8.63 (s, 2H), 8.66 (s,
1H), 8.90 (d,*/ =8 Hz, 1H); FAB-MS: m/z: 1132 [M]*, 1133 [M+H]*; UV/
Vis (CHCL): Apa(log e/dm® mol~! cm™') =594 (4.6), 577(sh), 555(sh), 420
(4.2), 357 (4.2), 304 (4.6), 242 (4.5); IR (KBr, cm™!): 7=2925, 2389, 1637,
1619, 1044; HR-LSIMS calcd for CssHsN(IS,BCl: [M]*: m/z: 1132.3762,
found: 1132.3769; TLC: R;: 0.86 (ethyl acetate/hexane 1:4).

Chloro(1,8-diiodo-16,17-dioctylthiosubphthalocyaninato)boron(i)  (4a):
2.2mg (1.1%); m.p.>200°C; '"H NMR (300 MHz, CDCl;): 6 =0.80-0.96
(m, 6H), 1.20-1.46 (m, 20H), 1.66-1.92 (m, 4H), 3.18-3.34 (m, 4 H), 7.62
(t,3/=8 Hz, 1H), 7.63 (t, 3/ =8 Hz, 1H), 8.36-8.44 (m, 2H), 8.63 (s, 1H),
8.67 (s, 1H), 891 (d, 3/ =8 Hz, 1 H), 8.96 (d, >/ =8 Hz, 1 H); FAB-MS: m/z:
970 [M]*, 971 [M+H]*; UV/Vis (CHCl,): A, (log e/dm® mol~! cm~!) = 586
(4.7), 569(sh), 544(sh), 430 (4.2), 299 (4.6), 242 (4.6); IR (KBr, cm™'): 7=
2924, 1638, 1618, 1100; HR-LSIMS calcd for C,H,,NILS,BCl: [M]*: m/z:
978.0783, found: 970.0785; TLC: R;: 0.76 (ethyl acetate/hexane 1:4).

Chloro(4,8-diiodo-16,17-dioctylthiosubphthalocyaninato)boron() (4b):
0.9 mg (0.4%); m.p.>200°C; '"H NMR (300 MHz, CDCl;): 6 =0.79-0.92
(m, 6H), 1.21-1.42 (m, 20H), 1.65-1.92 (m, 4H), 3.19-3.35 (m, 4H), 7.61
(t,3/=8 Hz, 2H), 8.43 (d, 2H), 8.64 (s,2H), 8.90 (d, 3/ =8 Hz, 2H); FAB-
MS: m/z: 970 [M]*, 971 [M+H]*; UV/Vis (CHCL): Ap.(log ¢
dm3 mol~' em™') =587 (4.7), 570(sh), 545(sh), 420(sh), 288 (4.7), 242
(4.7); IR (KBr, cm™): 7=2925, 1638, 1618, 1385, 1096; HR-LSIMS calcd
for C,H;,NgLS,BCl: [M]*: m/z: 970.0783, found: 970.0780; TLC: R;: 0.70
(ethyl acetate/hexane 1:4).

Chloro(1,11-iodo-16,17-dioctylthiosubphthalocyaninato)boron(1) (4c):
1.7 mg (0.9%); m.p. >200°C; '"H NMR (300 MHz, CDCl;): 6 =0.80-0.92
(m, 6H), 1.23-1.42 (m, 20H), 1.65-1.93 (m, 4H), 3.19-3.34 (m, 4H), 7.63
(t,3J=8 Hz, 2H), 8.40 (d, 2H), 8.66 (s,2H), 8.91 (d, >J=8 Hz, 2H); FAB-
MS: miz: 970 [M]*, 971 [M+H]*; UV/Vis (CHCL): Ap.(log &/
dm® mol~' ecm™') =586 (4.7), 570(sh), 548(sh), 434 (4.2), 297 (4.6), 243
(4.6); IR (KBr, cm™!): 7=2924, 1637, 1402, 1096; HR-LSIMS calcd for
CyHpuNGLS,BCL: [M]*: m/z: 970.0783, found: 970.0788; TLC: R;: 0.58
(ethyl acetate/hexane 1:4).

Chloro(1,8,18-triiodosubphthalocyaninato)boron() (9b): 2.9 mg (2.7%);
compound possessing identical physical data as described previously.!
Chloro(2,3,9,10,16,17-hexaoctylthiosubphthalocyaninato)boron@y)  (10):
6.0 mg (1.7%); compound possessing identical physical data as described
previously.$]
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Crystalline Self-Assembly into Monolayers of Folded Oligomers at the

Air- Water Interface

Kay Lederer,”! Adelheid Godt,** Paul B. Howes,!! Kristian Kjaer,*! Jens Als-Nielsen,!!
Meir Lahav,?! Gerhard Wegner, Leslie Leiserowitz,*?! and Isabelle Weissbuch*!?]

Abstract: Insertion of the 1,3-bis(ethy-
nylene)benzene unit as a rigid spacer
into a linear alkyl chain, thus separating
the two resulting stems by 9 A, induces
chain folding at the air—water interface.

Three distinct molecular shapes, of the
types U, inverted U, and M, were
obtained in the two-dimensional crystal-
line state, depending upon the number
of spacer units, and the number and

position of the hydrophilic groups in the
molecule. The molecules form ribbons
with a higher crystal coherence in the
direction of stacking between the mo-
lecular ribbons, and a lower coherence

These folded molecules self-assemble
into crystalline monolayers at this inter-
face, with the plane of the folding unit
almost perpendicular to the water sur-
face, as determined by synchrotron
grazing-incidence X-ray diffraction.

- monolayers
self-assembly

Introduction

Chain folding is an important feature in the crystallization of
many natural’ and synthetic® 3 macromolecules. Numerous
experiments,*! as well as molecular dynamics simulations,>"!
on ethylene oligomers have been carried out to show that
chain folding is a function of its length. The required length
for folding to occur in such oligomers is about 100 to 150
carbon atoms, depending mainly on the crystallization con-
ditions.®!l However, chains of such a length are barely
soluble in conventional organic solvents. Our aim was to
design sufficiently soluble molecules that can fold and pack
into two-dimensional crystals at the air—water interface.'>°!
Monolayers of folded molecules, as an example for supra-
molecular design, are of interest as model systems for the
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along the ribbon direction. A similar
molecule, but with a spacer unit that
imposes a 5 A separation between alkyl
chains, yields the conventional herring-

oligomers -
bone arrangement.

early stages of molecular self-organization and crystallization,
and as model systems for biological membranes.

The central idea of our molecular design was to obtain
folded oligomers by linking linear, aliphatic chains of similar
or equal length by evenly spaced, rigid structural units that
promote chain folding and
packing in crystalline monolay-
ers at the air—water interface.

We chose 1,3-bis(ethynylene)- G A
benzene (Figure 1) as the rigid Cmfh e
spacer unit, because its dimen- ~ Figure 1. The 13-bis(ethynyl-
sions, which correspond to an ene)benzene unit.
intramolecular separation be-

tween the chains of about 9 A, would preclude van der Waals
contacts between them. This separation by 9 A is approx-
imately twice the normal van der Waals distance between
aliphatic chains in crystals, and it would be stabilized by
intermolecular contacts leading to the formation of a close-
packed crystalline monolayer containing folded molecules.
We have previously reported on compound 2 a (Figure 2) that
contains the 1,3-bis(ethynylene)benzene unit and self-assem-
bles into crystalline monolayers at the air—water interface by
adopting an inverted U shape.['”]

Here we present the synthesis of a variety of structurally
related molecules and the investigation of their two-dimen-
sional crystallization['s 1% behavior at the air—water interface,
to demonstrate the general feasibility of our concept. The
crystalline packing arrangements of the Langmuir monolayers
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X
Ha! CHs P - Ha HsG CHa
2
S Z
OH HO OH H,C CHs OH HO
1 2: X=H 3 4
2a: X=OTHP

Figure 2. Schematic representation of compounds 1-5 in the conformations they adopt at the air—water

interface.

were determined by grazing-incidence X-ray diffraction (GIXD)
with synchrotron radiation.””) Additional information on the
average thickness of some of the monolayer systems was
obtained either by specular X-ray reflectivity measure-
ments®! or from topography images of the films, transferred
onto solid support, by scanning force microscopy (SFM).

Results and Discussion

The five different molecules 1-5 investigated in this work are
shown schematically in Figure 2. Three of them, 1, 2 and 3,
have a central 1,3-bis(ethynylene)benzene unit (Figure 1) and
differ mainly in the number and position of their polar groups,
which can induce favorable interactions with the water sub-
phase. These molecules each have the potential to fold about
the 1,3-bis(ethynylene)benzene unit. For comparison with the
molecules 1-3, we synthesized and investigated molecule 4 as
an example of a conventional two-chain amphiphile,?!l since
its central spacer unit, the benzene ring, lacks the two triple
bonds. Finally, compound S with—potentially—three folds
was synthesized according to the molecular design concept of
1-3, and its two-dimensional crystallization behavior at the
air—water interface was studied.

Synthesis: The key step in the synthesis of compounds 1, 2, 3,
and 5 is an aryl —alkynyl coupling catalyzed by [Pd(PPh;),Cl,]
and Cul.?? Compound 3 and compounds 8a—e¢, the precur-
sors for compounds 9a, 1, and 2, respectively (Scheme 1),

X

@\ + 2= (CHaY L
I |
6a-c Ta-c
CHZ 3, Sac ( Hz”
1.2, 9a-]

6| X 71 Y n X Y n
a| H a| OTBDMS 19 8a| H OTBDMS 19
b| OTHP b|CH, 21 8b| OTHP CH, 21
c| CH; c| OTBDMS 23 8c| H OTBDMS 23
. 9a| H OH 19
2% 1 |OH CH, 21
8c—r 2 2 | H OH 23
3 | CH, CH, 21

Scheme 1. i) [Pd(PPh;),Cl,], Cul, THF, piperidine, RT, 16 h; ii) for 8b:
dioxane, MeOH, TosOH, RT, 1 h; for 8a, ¢: n-BuNF,, THF, RT, 1 h.

2174

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

were obtained by the coupling
of 1,3-diiodobenzenes 6 with
1-alkynes 7. Subsequent depro-
tection of the OH groups of the
precursors 8a-c yielded the
compounds 9a, 1, and 2. Com-
pound 9a is one of the starting
materials for the synthesis of
compound 5 (Scheme 2). The
a,w-diol 9a was transformed
5 into the a,w-diyne 9¢ via the
intermediate a,w-dibromide
9b. The a,w-diyne 9¢ was cou-
pled with the 3-alkynyliodoben-

OH

(CH2(©\CH2)19

H

| (V)
\
jCHz)za (CH2\©/CH2)1 9

Scheme 2. i) PPh;, Br,, imidazole, CHZCIZ, RT, 8 h; ii) LICEC-TMS, THF,
1,3-dimethyl-3,4,5,6-tetrahydro-2-pyrimidone, RT, 16 h; iii) n-BuNF,, THF,
2h, RT; iv)[Pd(PPh;),Cl,], Cul, THF, piperidine, RT, 16h;
v) [Pd(PPh;),Cl,], Cul, THF, piperidine, RT, 16 h; vi) n-BuNF,, THF, 1 h,
RT.

:]() Y 6a + 7c
(") iv)
9a:Y = OH ("')
9b: Y =Br "
! N
CH CH 10 CHy)
( 2)19 219§ l 2 TBOMS

(CHy),
N

zene 10 (Scheme 2) to give, after desilylation, compound 5.
Coupling partner 10 was obtained as the main product by the
reaction of 1,3-diiodobenzene 6¢ with one equivalent of the
O-protected alkynol 7¢ and was easily isolated by column
chromatography. Compound 4 was synthesized by a
[Ni(dppp)Cl,]-catalyzed coupling reaction of Grignard re-
agent 12 with the O-protected 3,5-dichlorophenol 11,7
followed by desilylation of the coupling product (Scheme 3).

TBDMS H
(@), (i)
+ 26 CHa_(CH2)21_MgBI' I
C Cl

(CH2)21 (CH2)24
11 12 Hg ZLCH3

Scheme 3. i) [Ni(dppp)CL,], diethyl ether, reflux, 5 days; ii) n-BuNF,,
THE, 2 h, RT.

Self-assembled crystalline monolayers at the air— water inter-
face: The surface pressure—area (IT-A) isotherms of com-
pounds 1-5 are shown in Figure 3. The isotherms of
compounds 1-4 each display a steep rise in surface pressure
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Figure 3. I1- A isotherms of compounds 1-5 at the air—water interface.

at a nominal molecular area (defined as the Langmuir trough
area divided by the number of spread molecules) of 30— 50 A2,
For compound 5, the surface pressure rises steeply and yields
an area per molecule of approximately 80 A2 This value
already indicates that molecules of 5 self-assemble and adopt
a conformation in which the four alkyl chains of one molecule
are oriented almost perpendicularly to the water surface.

Compound I: The structure of the film of 1 was characterized
by GIXD measurements performed at various points along
the isotherm; the measurement started at low monolayer
coverage. The GIXD patterns measured at a nominal
molecular area of 100 and 50 A are presented in Figure 4 as

(1,13, + {1,-1},

&

{1+ {11,
02 04 06 08 10
q, 1A

ey

(1, +1,1),

1(9,,,9.) [cts]

(11, + {11,

02 04 06 08 10
a. (A

Figure 4. Two-dimensional surface (left) and contour (right) plots of the

scattered intensity /(¢,,.q,) as a function of the horizontal (g,) and the

vertical (g,) components of the scattering vector ¢ from a monolayer of

compound 1 at nominal molecular areas of: a) 100 A2 and b) 50 A2

two-dimensional surface and contour plots of the scattered
intensity /(q,,.q,) as a function of both the horizontal (g,,) and
the vertical (g,) components of the scattering vector. We
observed that a crystalline monolayer is formed already at a
nominal molecular area of 100 A2, corresponding to 40 %
surface coverage, as the four Bragg peaks in Figure 4a show.
These Bragg peaks are interpreted in terms of two crystalline
phases, a and . The diffraction peaks are assigned {4,k} Miller
indices, which yields two rectangular “subcells” (ay, b,) that,
according to their area, each contain two alkyl chains
(Table 1). The main difference between the two crystalline

Chem. Eur. J. 2000, 6, No. 12
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Table 1. Assignment of the GIXD data measured for the monolayer of
compound 1, calculated unit-cell parameters and crystalline coherence
lengths L.

{h.k} Miller index a phase S phase

for subcelll* Ay A G [AY] 4 [AT] G [AT]
{0.2) 1.445 0 1.516 0
{L1}+{1,-1) 1.205 0.90 1.445 0.73

a, [A] 6.52 5.11

b, [A] 8.70 8.29

y [ 90 90

£ [°]®! 43 (along a) 30.7 (along a)

A i [A2] 28.4 212

Aproj [A2] 20.7 182

L[A] Ly, =110, Ly, =200 Ly, =70, Ly, =180
a=a,[A] 6.52 5.11
b=2b,[A] 17.40 16.58

[a] The calculated parameters a,, b, and y belong to the subcells containing
two chains, but not a true unit cell repeat, in view of the molecular
structure. The parameters a, b and y belong to the true unit cell which
contain two molecules. [b] #=molecular tilt angle. [c] A, =area per
chain = 0.5a,b,. [d] A,,,; = projected area per chain =0.5a,b,=0.5abcost.

phases a and f is in their molecular tilt angles from the surface
normal, 43° and 31°, respectively, in the direction of the a
axis; this was deduced from the g, maxima of the Bragg rod
intensity profiles. We shall present a detailed analysis only of
the packing arrangement of the a-phase.

The subcell of the a phase is centered, since the {0,1} and
{1,0} reflections were not observed. The length of the b, axis,
which is 8.7 A, corresponds approximately to the distance
between the ends of the two triple bonds in the 1,3-
bis(ethynylene)benzene unit (Figure 1), which separates the
two chains of the molecule. Thus a molecule is arranged in the
subcell of the a-phase with its central spacer unit aligned
parallel to the b, axis at (x,y) positions (0,0) and (0,1) and
tilted along the a, axis (Figure 5a). Therefore, in view of the

a) b)
o1
pré—ped
b, b=2b,
0,0) & (< c('
tilt
direction 0.0} C(
a=a

Figure 5. Schematic representation of the packing of molecules of 1 in the
crystalline monolayer of the a phase, shown for: a) the subcell and b) the
true unit cell.

structural requirement, the b, axis must be doubled to give the
true unit cell repeat as b =2b, (Figure 5b and Table 1). Along
the a, axis, the unit cell repeat remains unchanged, a = a,. For
this ab unit cell, which contains two molecules, the Miller
indices of the {0,2} and {1,1}+{1, — 1} Bragg peaks must be
reassigned to {0,4} and {1,2}+{1,—2}, respectively. Conse-
quently, molecules in adjacent ribbons are placed with their
chains at (x,y) positions (0,0) and (0,0.5), and (0.5,0.25) and
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surface normal

FULL PAPER

1. Weissbuch, A. Godt, L. Leiserowitz et al.

(0.5,0.75) as shown in Figure 5b. This arrangement yields
intermolecular distances with favorable van der Waals con-
tacts. Structural considerations require positional disorder of
adjacent ribbons that may be offset randomly along the b
direction by +0.5b. In this way, equidistant separation
between chains along directions 0.5(a & 0.5b) can be obtained
by virtue of symmetry; this also results directly in the
appearance of a rectangular unit cell.

We performed X-ray structure-factor calculations®! by use
of an atomic-coordinate molecular model constructed with
the Cerius? computer program.?’! Calculations based upon the
assumption of an ordered packing arrangement as in Fig-
ure 5b yielded relatively strong {0,1} and {1,1}+{1, — 1} Bragg
rods; the latter do not agree with observation.”! These
calculated intensities can arise only from the contribution of
the 1,3-bis(ethynylene)benzene unit in an ordered arrange-
ment. The best fit between the measured and calculated Bragg
rod intensity profiles (Figure 6a, b) was obtained for mole-

a) b) c)
i 120 #

> 300

2

£ 200 A

2 R

©

®

Figure 6. a) and b): Measured (x) and fitted (line) intensity profiles 1(q,)
of the two Bragg rods {0,4} and {12}+{1,—2} corresponding to the
crystalline a phase. ¢)—e) The two-dimensional packing arrangement of
compound 1in the crystalline a phase viewed along: ¢) the chain axis, d) the
a axis, and e) the b axis. For clarity, hydrogen atoms are omitted in d) and
e). Adjacent molecular ribbons are labeled 1 and 2. The unit cell
dimensions projected down the chain axis, a, and b,, are given by a,=
ascost and b, = b,, where ¢ is the chain tilt.

cules tilted by 45° along the a axis in the packing arrangement
shown in Figure 6¢c—e. For clarity, only the ordered arrange-
ment in the ab unit cell is presented. Note that the calculated
Bragg rods of the {0,4} and {1,2}4+{1, — 2} reflections shown in
Figure 6a,b are the same for the ordered and disordered
arrangements. We assume that the absolute orientation of the
molecule is fixed by the affinity of the hydrophilic OH groups
for the water surface,””! which results in a U-shape molecular
conformation of 1.

2176 ——
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The GIXD pattern obtained from the monolayer com-
pressed to a nominal molecular area of 50 Az (Figure 4b)
shows that the {0,2} Bragg peaks of the a and f crystalline
phases coalesce, yet the system remains dimorphic, retaining
essentially the same packing arrangements.

Compound 2: The role played by the position and number of
the hydrophilic OH groups was investigated by studying the
monolayer of molecule 2, which is complementary to 1, since
its 1,3-bis(ethynylene)benzene unit is hydrophobic, whereas
the chain ends are hydrophilic (Figure2). We expected
molecule 2 to self-assemble into a monolayer by adopting
an inverted U-shape, as a result of the affinity of the OH
groups for water. Molecule 2 is related to the previously
reported!!” inverted U-shape molecule 2 a, but lacks the bulky
OTHP group at the spacer unit.

The GIXD pattern measured for 2 spread on water at a
nominal molecular area of 100 A2 (Figure 7) is very similar to
that previously observed for molecule 2a.l'! For the mono-

~ {01},

NW{Q\\\Q’U,O}B

Ca)
{11+ {11

02 04 06 08 10 12
q, 1A

Figure 7. Two-dimensional surface (left) and contour (right) plots of the
scattered intensity /(q,y, ¢,) from a monolayer of compound 2 at a nominal
molecular area of 100 A2,

layer of 2, we found the same dimorphism as for 2a, that is,
coexistence of a rectangular and an oblique two-dimensional
subcell (Table 2). The subcell dimensions and the molecular-
chain tilt of the two crystalline phases of 2 are very similar to
the corresponding phases reported for 2a, as are, by
consequence, their two-dimensional crystalline packing ar-
rangements (Figure 8). These results demonstrate a) the
negligible effect of the bulky group OTHP of the spacer unit
on the self-assembly of inverted U-shape molecules at the
air—water interface and b) the reproducibility of our results.

GIXD measurements (not shown) of the monolayer of 2
compressed to a nominal molecular area of 50 A2 revealed
that the crystalline a-phase remains unchanged, whereas the
B-phase underwent a transition from a pseudo-rectangular to
a rectangular unit cell of similar dimensions.

Compound 3: The question arose whether a molecule linked
by the 1,3-bis(ethynylene)benzene spacer unit, such as
molecules 1, 2, and 2a, but which lacks hydrophilic groups,
would still self-assemble into crystalline monolayers at the
air—water interface. For this purpose, compound 3 was
synthesized. Indeed, our concept held for compound 3 at
low surface coverage (70 A2 per molecule, i.e., 55% cover-
age), according to the GIXD pattern (Figure 9). Only one
crystalline phase is formed. The derived subcell dimensions
(a,=501 A, b,=757A, y=90°) indicate a herringbone
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Table 2. Assignment of the GIXD data measured for the monolayer of
compound 2, calculated unit-cell parameters and crystalline coherence
lengths L.

{h.k} Miller index a phase S phase

of subcelll®l rectangular subcell oblique subcell
Ty [AT] Grmax [AT] Gy [A1] Trmax [A71]

(0,2} 1.440 0.00 - -

(L1+{1,-1), 1220 0.90 - -

{1,- 1) - - 1.505 0.07

{0,1) - - 1.480 0.76

(1,04 - - 1385 0.82

a, [A] 6.38 5.08

b [A] 8.73 475

7 [] 90 116.8

£ [°]® 42 (along a) 33 (along a)

A [A2] 27.9 21.5

Aoy [A2]) 20.7 18.0

L[A] L, =100, Ly, = 200 L,,=40, Ly, =70, L, ;=160

a=a,[A] 6.38 5.16

b=2b,[A] 17.46 16.75L!

v [°] 90 96.5l¢!

[a] The calculated parameters a,, by, and y, belong to subcells containing
two chains but not a true unit cell repeat, in view of the molecular structure.
The parameters a, b and y belong to the true unit cells which contain two
molecules. [b] t=tilt angle. [c] A, =area per chain. [d] A, = projected
area per chain. [e] Note that for the oblique  phase, a, and b, were
converted into the pseudo-rectangular unit cell dimensions a = (a, + b,) and
b=2(b,—a,).""

a)

surface normal

surface normal

Figure 8. The packing arrangement of compound 2 in the crystalline a- (a)
and /3 (b) phases viewed along the a axis (left) and the b axis (right).

packing of vertically aligned alkyl chains.'8! The crystalline
film thickness, determined from the full width at half
maximum (FWHM(q,)) of the Bragg rod intensity profiles,
is about 29 A, indicative of a monolayer of folded molecules.
We may construct the two-dimensional crystalline packing of
molecule 3 in three possible ways, shown schematically in
Figure 10. The two chains of one molecule are placed at the
lattice points (0,0) and (1,1) separated by 9.1 A, a distance
corresponding to the span of the 1,3-bis(ethynylene)benzene

Chem. Eur. J. 2000, 6, No. 12
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{1,1} +{1,-1}

00 02 04 06
g, [A7]

Figure 9. Two-dimensional surface (left) and contour (right) plots of the

scattered intensity /(qy, ¢,) from a monolayer of molecules of 3 at a

nominal molecular area of 70 A2,

A
v

b,

s

o S N

Figure 10. Schematic representation of the three possible ways (a—c) of
packing molecules of 3 in the crystalline monolayer with the alkyl chains
arranged in a herringbone motif. Top (left) and side (right) views of the
molecular chains. The curved line represents the spacer unit.

unit (Figure 10a). This packing arrangement would, in all
likelihood, lead to spatial hindrance between the rigid spacer
unit and chains of adjacent molecules. Such poor contacts may
be circumvented in the arrangement shown in Figure 10b, in
which the two chains of a molecule are placed at positions
(0,0) and (1.5,0.5). The intramolecular chain —chain distance is
8.4 A. In principle, we may also consider the formation of an
interdigitated arrangement (Figure 10c) in order to avoid the
poor contacts of Figure 10a, but this packing is less probable,
since it would embody a rougher film —water interface.
Specular X-ray reflectivity measurements of the film at the
air—water interface provided additional information on the
average film thickness. The calculated reflectivity curve in
Figure 11 involved a two-box model based on the molecular
structure of 2—the first box contained the alkyl chains and the
second the spacer units—with the parameters shown in
Table 3. In the fitting procedure, the number of electrons in
each box, calculated from the molecular structure of 2, the
area occupied by the molecule, determined from the GIXD
data, and the surface coverage of the monolayer, calculated
from the number of molecules spread on the water surface,
were kept fixed (Table 3). The length of the two boxes and the
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Figure 11. Measured (x) and calculated (line) specular X-ray reflectivity
curve for a monolayer of compound 3 at a nominal molecular area of 50 A2.

Table 3. Fitted parametersi®! of the two-box model of electron density
corresponding to the calculated reflectivity curve for the monolayer of
compound 3.

no. of % cov A £1/Py L, 02/ Ppw L, Ly o
boxes [A  [A] [A] [A] [A]
2 80 395 1.02 263 1.01 55 318 3.0

[a] % cov is the surface coverage of the monolayer; A is the area occupied
by one molecule; pyw=0.334eA~3 is the electron density of the water
subphase; p; (N, is the number of electrons = 354) and p, (N, =72) are the
electron densities of boxes 1 and 2 respectively, where p;=N/AL; and L,
L, are the length of the boxes, respectively; the total length is Lr=L; + L,;
o is the surface roughness parameter.

surface roughness were refined to the values given in Table 3,
so that an average film thickness of about 32 A was obtained:
this value is close to the thickness of the crystalline part of the
monolayer determined by GIXD.

On the basis of all the above results, we can dismiss any

{11} +{1,-1}

02 04 06 08 10
q.[A7]

-
J
o
o

©
a
o

1(@,,,q;) [cts]

o

Figure 12. Two-dimensional surface (left) and contour (right) plots of the
scattered intensity /(qy,, g,) from a monolayer of compound 4 at nominal
molecular areas of: a) 70 A2, b) 50 A2, and c) 38 A2 The dashed lines in the
contour plot of ¢) represent lines of g, = (gx,*+¢,%)"* = constant. Note that
the unassigned Bragg peak in b) is marked with an asterisk.

Table 4. Assignment of the GIXD data measured for the monolayer of compound 4

and calculated unit cell parameters of the crystalline a phase.

arrangement in which one of the chains of 3 is closely packed  {A,k} Miller 70 A2 per 50 A2 per 38 A2 per
normal to the water surface and the other disordered, with the ~ index _molecule _molecule _molecule
molecule unfolded‘ dxy [Ail] qz,max[Ail] Axy [Ail] qzmax[Ail] Axy [A71] QZ.max[Ail]
{0,2} 1.455 0.74 1.466 0.72 1.570 0.50
Compound 4: To give an experimental illustration of a LI+, — 1) 1445 0.35 1448 0.36 1.480 0.25
molecular fold promoted by a moiety other than the 1,3- a(a,) [é] 5.03 (5.03) 5.03 (5.03) 5.00 (5.00)
bis(ethynylene)benzene unit, we investigated compound 4.  (bp) [A] 8.64 (7.76) 8.57 (7.70) 8.00 (7.61)
) ; : N 90 90 90

This molecule is structurally derived from 1, but lacks the two t

. . t[°]e 26 (along b) 26 (along b) 18 (along b)
triple bonds attached to the benzene ring that may act as a4 [Azm 2173 21.55 20.00
spacer preventing intramolecular van der Waals contacts A, [A]« 19.52 19.37 19.05

between the chains during the self-assembly process. There- [a] 1= tilt angle. [b] Ay — area per chain. [c] A, — projected area per chain.

fore, the two-dimensional crystallization behavior of molecule
4, as an example for a conventional two-chain amphiphile,
should be different from that of 1 and 2. The benzene ring of 4
separates the stems of its two alkane chains by approximately
5 A, a value that is close to the distance between nearest-
neighbor chains in n-alkane crystals.’®! Consequently, intra-
molecular van der Waals contacts between the chains should
be energetically favored during the self-assembly into two-
dimensional crystallites at the air—water interface.

The GIXD pattern measured at a nominal molecular area
of 70 A? (Figure 12a) shows the formation of a self-assembled
crystalline monolayer at about 62% surface coverage. The
two Bragg peaks are interpreted in terms of a rectangular unit
cell (Table 4) with the molecular chains tilted by about 26°
with respect to the surface normal. In contrast to all the
systems described above, in this crystalline monolayer the
molecules are tilted in the direction of the unit cell axis b, as

2178
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determined from the g, maxima of the two Bragg rod intensity
profiles.

On compression of the film to 50 A% per molecule, the
intensity of the two Bragg rods (Figure 12a) increase (Fig-
ure 12b); at the same time a weak peak at g,, =1.35 A-'and
¢,=0.66 A~!, which belongs to an additional crystalline phase,
appears.?’l Further compression to 38 A2 per molecule yields
a GIXD pattern (Figure 12¢) in which the two Bragg rods
belonging to the initial phase have their g, maxima at lower g,
values. The unit cell dimensions of this phase decrease slightly,
since the molecular chain tilt is reduced by 8° (Table 4). The
GIXD pattern in Figure 12¢ shows additional Bragg peaks at
Gy =149 A-"and 1.66 A1, g,=0 A-1; these are skewed along
lines of g,=(g.’+q,”)">=constant. These skewed peaks
yield a rectangular unit cell of dimensions 5.1 A x 7.6 A; this
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corresponds to herringbone packing of vertically aligned alkyl
chains. The skewing behavior may be interpreted in terms of
monolayer bending, which occurs on compression of the
film.[13. 301

We now discuss the packing arrangement of the self-
assembled dominant crystalline phase observed for molecule
4. The unit cell dimensions (a, and b,) of this phase projected
down the molecular chain axis are given by a,=a and b,=
bcost, for which ¢ is the chain tilt angle with respect to the
surface normal. The values of g, and b, (Table 4) are almost
the same (aP:S.OA and b,=77 A) for the different com-
pression states of the monolayer and are evidence for a
herringbone packing of the alkyl chains. In contrast, the
projected unit cells of the crystalline phases of 1 and 2 (e.g.,
a,=as,cost=4.8 A and b,=b=8.7 A for the a-phase of 1 in
which the chain tilt is along the a axis) are clearly different
from that observed for the herringbone motif.

We performed X-ray structure factor computations, using
an atomic coordinate model, to fit the Bragg rod intensity
profiles of the dominant phase in Figure 12b. The model,
which contains chains of 20 CH, groups tilted by 27° from the
surface normal along the b axis, yielded the calculated Bragg
rod intensity profiles shown in Figure 13a and b. However,

a) b)

B 800 200 |
3 %
2
2 400
g 100 f§
£
o X
2 x
K] x ’5):
[}

0—' ey op* |

01 03 05 06 08 1.0
q, (A1 q, [A7]

o

Figure 13. a) Measured (x) and b) calculated (line) intensity profiles of
the {0,2} and the {1,1}+{1, — 1} Bragg rods obtained from the monolayer of
compound 4; c¢) and d): Herringbone packing arrangement depicting the
two possible spacer linkages.

there is an ambiguity as to whether the chain linkage is
oriented along the a axis (Figure 13d) or along the unit cell
diagonal 0.5(a+b) (Figure 13c). We favor the arrangement in
Figure 13d, since the dimensions of the linkage are unaffected
by the change in the molecular tilt angle ¢, which occurs upon
film compression (see Table 4). A positional disorder in this
molecular packing arrangement is caused by the fact that
adjacent molecules along the b direction may be randomly
offset by +0.5a.
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Molecule 5: Finally, we extended our studies towards an
oligomer that can be described as being built up of two
inverted U-shape molecules, similar to 2, linked by the 1,3-
bis(ethynylene)benzene spacer unit. This molecule was de-
signed to fold three times into an M-shape, promoted by the
affinity of the two hydrophilic OH end groups to water
(Figure 2).

Indeed, molecule 5 self-assembles on water at a surface
coverage as low as 30% (nominal molecular area of 260 A2).
The GIXD pattern, shown in Figure 14 for a nominal

:(0.2)

{1,1}+{1,-1}

02 04 06 08 10 12
CALY
Figure 14. Two-dimensional contour plot of the scattered intensity /(g

q,) from a monolayer of molecules of 5 at a nominal molecular area of
200 A2,

molecular area of 200 A2 displays two broad peaks that
correspond to a centered, rectangular subcell of dimensions
a,=50A, b,=87A. The molecules are tilted along the a;
axis by 25° with respect to the surface normal. These cell
dimensions and the tilt direction of the chains appear now to
be fingerprint evidence for the packing of all amphiphilic
molecules containing the 1,3-bis(ethynylene)benzene unit as a
spacer and which are aligned in ribbons parallel to the b, axis.
In this arrangement, the chains of one molecule are separated
by an average distance of about 8.7 A. Consequently, b, is a
subcell dimension and must be multiplied by four to give the
true unit cell repeat as b =4b, =34.8 A. Along the a axis, the
unit cell repeatisa=a,=5.0 A. As this unit cell contains two
molecules, each with four chains, the {0,2} and {1,1}+{1, — 1}
Bragg peaks must be reassigned Miller indices of {0,8} and
{1,4}+{1, — 4}, respectively. The molecular ribbons are stabi-
lized by intermolecular van der Waals contacts with mole-
cules in adjacent ribbons related by translation symmetry.

The crystalline film thickness of about 14 A, as determined
from the FWHM(q,) of the two Bragg rods, indicates that
chains with 12-13 CH, groups contribute to the diffraction
signal. The two Bragg peaks in the GIXD pattern (Figure 14)
partially overlap. The corresponding Bragg rods were sepa-
rated by least-squares fitting the sum of two Gaussian profiles
to the observed profile (Figure 15a), for X-ray structure factor
calculations to be performed.

These computations, with the use of an atomic coordinate
molecular model, yielded a good fit to the measured Bragg
rods when chains of only 12 CH, groups were considered
(Figure 15b,c). We interpret this result as indicating crystalline
registry of only the central 12 CH, groups of the chains of the
molecule 5. The rest of the molecule does not contribute to
the diffraction signal, because the regions close to the folds
are not in registry. Figure 16a shows the packing arrangement
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Figure 15. a) Separation of the measured Bragg rod intensity profile 1(q,)
(x) into two intensity profiles (dashed lines). b) and c): Measured
(separated) (x) and calculated (line) intensity profiles I(q,) for the two
Bragg rods, {0,8} and {1,4}-+{1, — 4}, assuming that chains of only 12 CH,
groups contribute to the diffraction signal.

a)

surface normal

[T

Figure 16. a) The atomic coordinate model of the chains of 12 CH, groups
(full circles) superimposed on a molecular model of compound 5 (open
circles) in the triply folded conformation viewed along the a axis. b) The
two-dimensional crystalline packing arrangement of 5 viewed along the
chain axis.

of the chains of 12 CH, groups superimposed on the
molecular model of 5 in a triply folded conformation, as
viewed along the a axis. In analogy to the monolayers of
molecules 1 and 2, those of 5 are arranged in molecular
ribbons along the b axis (Figure 16b). The absence of
reflections corresponding to the repeat spacings 0.5b and b
indicates crystalline disorder, involving molecular ribbons
parallel to b that may be randomly offset in steps of +0.25b.

The crystalline coherence length, L, along the a axis, as
determined from L, =60 A, corresponds to about 24 molec-
ular ribbons. We found Lz to be 70 A in the b direction; this
corresponds to two molecules (2b=69.7 A) in registry. The
GIXD pattern of this crystalline monolayer remains un-
changed upon film compression to a nominal molecular area
of 80 A? (complete surface coverage).

In order to image the monolayer topography by SFM, films
of compound 5 were transfered onto freshly cleaved mica by
means of the horizontal-deposition technique. The SFM
images shown in Figure 17 reveal different types of domain
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Figure 17. SFM topography images and height profiles of monolayers of
molecule 5 transferred from the water surface onto freshly cleaved mica
support; different domain morphologies are shown on the left and the right.

morphology, all with an average thickness of 20—30 A. This
value corresponds to a monolayer of compound 5 in the
M-shape conformation. The surface roughness of about 6 A is
most likely caused by monolayer-surface disorder.

Conclusion

This work describes the use of the 1,3-bis(ethynylene)benzene
unit for the induction of folding in oligomers at the air—water
interface and to bring about self-assembled crystalline mono-
layers. This unit acts as a spacer, separating the stems of two
linear alkyl chains in a molecule by about 9 A. This distance is
too large to allow intramolecular contacts between the
relatively short chains during self-assembly, as observed for
conventional two-chain amphiphiles such as 4 or phospholi-
pids.231:32 Nevertheless, a separation of 9 A is twice the
van der Waals distance between aliphatic chains in crystals.
Therefore, only intermolecular van der Waals interactions can
stabilize the molecules in a folded conformation in order to
achieve close packing. Furthermore, the spacer unit confers
good solubility in organic solvents, an essential requirement
for the preparation of ordered monolayers on the water
surface. The conformation and layer packing arrangement of
this class of molecules was further confirmed by the three-
dimensional crystal structure determination of a shorter
analogue of molecule 2, which contained chains of eleven
carbon atoms.’¥ Such a crystal is arranged as a centrosym-
metric bilayer with two independent molecules within the
layer; each molecule adopts the expected conformation and
their chains are packed in a pseudo-herringbone motif.

Finally, our molecular design approach provides a tool for
the preparation of polymers that would self-assemble into
crystalline monolayers which expose a regular array of
functional groups.

Experimental Section

Synthesis: The diiodobenzenes 6b and 6¢ were synthesized as previously
described.?*" The 1-alkynes 7a and 7c¢ were obtained by a procedure
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reported by Shaw,*! with subsequent silylation.*l All reactions were
carried out under argon. For column chromatography, Merck silica gel
(40-63 pm) was used. The abbreviation PE stands for petroleum ether
with a boiling range of 30—40°C. Diethyl ether and THF were freshly
distilled from sodium/benzophenone. 1,3-Dimethyl-3,4,5,6-tetrahydro-2-
pyrimidone (DMPU) was dried over CaH,. NMR spectra were recorded on
a BRUKER AMX300 at room temperature in CDCl;, unless stated
otherwise. The carbon multiplicity was determined with the DEPT
experiment. Prior to elemental analysis and monolayer investigations,
every sample was recrystallized from CH,Cl, to remove dust particles or
grease.

Compounds 1-3 and 9a: Cul (2 mol%) and [Pd(PPh;),CL] (1 mol%)
were added at room temperature to a degassed solution of 3,5-diiodoben-
zene (6) and 1-alkyne 7 (2.1 mol equiv) in THF (10 mL mmol~! of 6) and
piperidine (5 mL mmol~! of 6). After being stirred for 16 h, the suspension
was poured into diethyl ether, and the organic phase was washed with 2N
HCI. The combined aqueous phases were extracted with diethyl ether. The
combined organic phases were washed with water and dried (MgSO,), and
the solvent was removed. Column chromatography (PE) followed by
recrystallization in CH,Cl, gave 3 (1.60 g, 78 %) as a colorless solid.

Desilylation of crude 8 a and 8 ¢ was carried out in THF with a solution of n-
Bu,NF in THF (1M, 1 mol equiv relative to 7, for 1 h at room temperature).
After removal of the solvent in vacuo the residue was purified by column
chromatography. The impurities were eluted with PE/diethyl ether (5:2 v/
v). Subsequent elution with diethyl ether yielded 2 (0.19 g, 85%) and 9a
(3.05 g, 79%), respectively, as colorless solids.

Crude 8b was deprotected by being stirred for 1h in dioxane/MeOH/
toluene sulfonic acid monohydrate (0.4 g, 2.1 mmol) at room temperature.
Chromatography with PE/CH,CI, (2:1 v/v) led to the isolation of 1 (0.92 g,
80%) as a colorless solid.

Compound 1: '"H NMR: 6=0.86 (t, /=6.7 Hz, 6H), 1.15-1.48 (m, 76 H),
1.48-1.63 (m, 4H), 2.35 (t, J=7.0 Hz, 4H), 4.67 (brs, 1H), 6.74 (d, J=
1.3 Hz, 2H), 7.00 (t, J=1.3 Hz, 1H); C NMR: 0 =14.1 (CH;), 19.4, 22.7
(2CH,), 28.7-29.7 (19 signals, CH,), 79.7 (C), 91.0 (C), 117.8 (CH), 125.4
(C), 127.7 (CH), 155.0 (COH); elemental analysis calcd (%) for Cs,Ho,O
(759.346): C 85.41, H 12.48; found C 85.06, H 12.57.

Compound 2: 'H NMR (35°C): 6=1.15-148 (m, 76H), 1.48-1.63 (m,
8H), 2.36 (t, J=7.0 Hz, 4H), 3.62 (t, J =6.6 Hz, 4H), 713-7.18 (m, 1H),
724-727 (m, 2H), 740 (m, 1 H); 3C NMR (35°C): 6 =19.4,25.7 (2CH,),
28.7-29.7 (19 signals, CH,), 32.8, 63.1 (2 CH,), 80.0, 90.9, 124.2 (3C), 128.1,
130.5, 134.6 (3 CH); elemental analysis calcd (% ) for CssHgO, (803.400): C
83.72, H 12.30; found C 83.51, H 12.20.

Compound 3: 'H NMR: 6 =0.86 (t,/=6.7 Hz, 6H), 1.15-1.48 (m, 76 H),
1.56 (m, 4H), 2.24 (s, 3H), 2.35 (t, /=70 Hz, 4H), 7.09 (brs, 2H), 7.21 (brt,
1H); ¥C NMR: d =14.1 (CH,), 19.4 (CH,), 21.0 (CHj;), 22.7 (CH,), 28.8—
29.7 (18 signals, (CH,)), 31.9 (CH,), 80.1, 90.4, 124.0 (3C), 131.4, 131.7
(2CH), 137.8 (C); elemental analysis calcd (%) for CssHy (757.373): C
8722, H 12.78; found C 87.20, H 12.54.

Compound 9a: 'H NMR (35°C): 6=1.15-1.48 (m, 60H), 1.48-1.63 (m,
8H), 2.37 (t, /=70 Hz, 4H), 3.62 (t, /J=6.6 Hz, 4H), 7.13-7.18 (m, 1H),
7.24-727 (m,2H), 740 (m, 1 H) ;I BCNMR (35°C): 6 =19.4,25.8 (2CH,),
28.7-29.7 (15 signals, CH,), 32.9, 63.1 (2CH,), 80.0, 90.9, 124.3 (3C), 128.1,
130.5, 134.6 (3 CH); elemental analysis caled (% ) for C,sHg,O, (691.184): C
83.41, H 11.96; found C 83.35, H 12.02.

Synthesis of compound 5: Br, (0.66 mL, 12.9 mmol) was added at 0°C to a
solution of triphenylphosphine (3.37 g, 12.9 mmol) in CH,Cl, (30 mL).
After the reaction mixture was stirred for 30 min at room temperature,
imidazole (0.92 g, 13.5 mmol) and 9a (3.07 g, 4.4 mmol) were added. The
resultant mixture was stirred for 4h at room temperature. It was
hydrolyzed with water, and the organic phase was washed with saturated
aqueous Na,S,0;, dried (MgSO,), and concentrated in vacuo. The residue
was purified by chromatography (PE/dicthyl ether, 2:1 v/v) to give 9b as a
colorless solid (2.81 g, 78 % ).

n-BuLi in n-hexane (1.6 M, 4.32 mL, 6.91 mmol) was slowly added to a
solution of trimethylsilylacetylene (0.74 g, 7.53 mmol) in THF (20 mL) at
—80°C. After addition of DMPU (20 mL) and 9b (2.57 g, 3.14 mmol), the
temperature was allowed to rise slowly to room temperature. Stirring for
16 h at room temperature, aqueous workup, followed by drying (MgSO,),
deprotection in THF with n-Bu,NF (5.5 mL, 1M solution in THF), removal
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of the solvent in vacuo, and subsequent column chromatography (PE/
dichloromethane, 7/1 v/v) gave 9¢ (1.62 g, 80 %) as a colorless solid.

The procedure for the aryl-alkyne coupling reaction as described for
compounds 8a—c and 3 was followed for the coupling of 1,3-diiodobenzene
(6a, 3.90 g, 11.8 mmol) with 7b (5.00 g, 11.8 mmol) to give, after column
chromatography (PE/diethyl ether, 5/1 v/v), compound 10 (5.54 g, 75%) as
a colorless solid.

The procedure for the aryl-—alkyne coupling reaction as described for
compounds 8a-c and 3 was followed for the coupling of 9¢ (0.35g,
0.5 mmol) with 10 (0.67 g, 1.0 mmol) to give, after chromatography (PE,
PE:CH,Cl, =70:9 v/v, PE:diethyl ether = 5:2 v/v), the silylated compound 5
(0.6 g, 67%). Part of this material (0.28 g) was desilylated in THF with n-
BuNF, (0.5 mL, 1M solution in THF). Removal of the solvent, followed by
chromatography (diethyl ether) yielded 5 (0.19 g, 68 %) as a colorless solid.

Compound 9b: 'H NMR: § =1.15-1.48 (m, 60H), 1.57 (m, 4H), 1.83 (m,
4H), 2.36 (t, J="70 Hz, 4H), 3.39 (t, J=6.9 Hz, 4H), 713-7.18 (m, 1H),
724-727 (m, 2H), 740 (m, 1 H);1¥" ®*C NMR: 6 =19.4, 28.2 (2CH,), 28.7 -
29.7 (15 signals, CH,), 32.9, 34.0 (2CH,), 80.0, 90.9, 124.2 (3C), 128.1, 130.5,
134.6 (3 CH); elemental analysis calcd (% ) for CysHgyBr, (816.968): C 70.57,
H 9.87; found C 70.21, H 9.98.

Compound 9¢: '"H NMR: 6 =1.15-1.48 (m, 60H), 1.48-1.63 (m, 8H), 1.92
(t,J=2.6 Hz,2H), 2.16 (dt, J,=2.6 Hz, J,=7.0 Hz, 4H), 2.36 (t,/ =70 Hz,
4H),7.13-718 (m, 1 H), 724727 (m, 2H), 740 (m, 1 H);¥"1 3C NMR: 6 =
18.4,19.4, 28.5 (3CH,), 28.7-29.7 (16 signals, CH,), 68.0 (CH), 80.0 (C),
84.8 (C), 90.8 (C), 124.2 (C), 128.1, 130.5, 134.6 (3CH);* elemental
analysis calcd (%) for Cs,Hy, (707.228): C 88.31, H 11.69; found C 88.41, H
11.71.

Compound 10: 'H NMR: ¢ =0.03 (s, 6 H), 0.88 (s, 9H), 1.15-1.63 (m, 42 H),
2.36 (t,J/=70Hz,2H), 3.58 (t,/ =6.6 Hz, 2H), 6.98 (t,/ = 7.8 Hz, 1 H), 7.31
(td, J,=1.6 Hz, J,=78 Hz, 1 H), 7.56 (td, J,=1.6 Hz, J, =78 Hz, 1H), 7.73
(t, J=1.6 Hz, 1H); *C NMR: 6=-53 (CH;Si), 184 (C), 194, 25.8
(2CH,), 26.0 (CH,), 28.6-29.7 (19 signals, CH,), 32.9, 63.3 (2CH,), 79.0
and 92.1 (2 C), 93.6 (CI), 126.3 (C), 129.6, 130.7, 136.5,140.2 (4CH);
elemental analysis calcd (%) for Cy;;HgOISi (680.917): C 65.27, H 9.62;
found C 65.38, H 9.62.

Compound 5: '"H NMR (35°C): 6 =1.15-1.35 (m, 138H), 1.48-1.63 (m,
16H), 2.36 (t,/=7.0 Hz, 12H), 3.62 (t, /= 6.6 Hz, 4H), 7.13-7.18 (m, 1 H),
7.24-727 (m,2H), 740 (m, 1 H);*I BCNMR (35°C): 6 =19.4,25.8 (2CH,),
28.7-29.7 (20 signals, CH,), 63.1 (CH,), 80.0, 90.9, 124.3 (3 C), 128.1, 130.5,
134.6 (3CH); elemental analysis calcd (%) for C,;,H;s,0, (1584.710): C
86.40, H 11.58; found C 86.07, H 11.54.

Synthesis of compound 4: Docosyl bromide (4.58 g, 11.8 mmol) was slowly
added to Mg (0.34 g, 14.1 mmol) in diethyl ether (30 mL). After being
refluxed for 16 h, docosyl magnesium bromide 12 was added to a solution of
11 (1.25 g, 4.5 mmol) and [Ni(dppp)CL,] (0.025 g, 0.045 mmol) in diethyl
ether (20 mL). After being refluxed for 5 days, the reaction mixture was
poured onto ice. The organic phase was washed with 2 N HCI. The aqueous
phase was extracted with diethyl ether. The combined organic phases were
washed with saturated aqueous Na,CO; and dried (MgSO,), to give crude,
O-silylated 4. Deprotection in THF with n-BuNF, (2.5 mL, 1M solution in
THF) for 2 h at room temperature, and subsequent column chromatog-
raphy, elution first with PE/dichloromethane (7:1 v/v), then with PE/diethyl
ether (1:1 v/v), yielded compound 4 (1.80 g, 56 %) as a colorless solid.

Compound 4: '"H NMR: 6 =0.87 (t,/=6.7 Hz, 6H), 1.15-1.40 (m, 76 H),
1.50-1.65 (m, 4H), 2.50 (t, J=7.7 Hz, 4H), 4.48 (s, 1H), 6.45 (brd, /=
1.1 Hz, 2H), 6.56 (brt, 1H); *C NMR: 6 =14.1 (CH;), 22.7 (CH,), 29.4 -
29.7 (17 signals, CH,), 31.3, 31.9, 35.9 (3CH,), 112.5, 121.3 (2CH), 144.6,
155.4 (2C); elemental analysis caled (% ) for C5,Ho,O (711.302): C 84.43, H
13.32; found C 84.30, H 13.40.

IT- A isotherms: The surface-pressure —area (—A) isotherms were meas-
ured with a computer-controlled Lauda film balance placed in a laminar
hood. The sample solutions in CHCl; (2.5-6.0 x 10~#m) were spread on the
water subphase at 20°C and the system was allowed to equilibrate for
30 min at 5 °C. The water used had been purified by a Millipore purification
system to give a resistance of 18 MQ cm.

SFM measurements: For SFM measurements, the monolayers were
transferred onto freshly cleaved mica by the horizontal-deposition
technique. The mica pieces (1 x 1cm) were placed on a stainless steel
mesh inside a specially designed teflon trough.*! The trough was filled with
water and the sample solutions were spread on the water surface at 20°C.
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After the system was equilibrated for 30 min at 5°C, the resulting Langmuir
monolayers were deposited on the mica by slow removal of the water with a
motor-driven syringe. After the samples were dried in air, the SFM
measurements were carried out with a Topometrix TMX 2010 stage with
integrated Si;N, pyramidal tips on cantilevers, with force constants between
0.03-0.40 Nm~". The applied contact force during imaging exceeded the
equilibrium force by 2—5 nN and had been recorded before the contact was
made.

GIXD measurements: Grazing incidence X-ray diffraction (GIXD), a
surface-sensitive, in situ analytical method for the investigation of
Langmuir monolayers, is described in detail elsewhere.””) The GIXD
experiments were carried out at the beamline BW1 with the liquid surface
diffractometer at Hasylab synchrotron source, DESY, Hamburg. The
sample solutions (2.5-6.0 x 10~#M) were spread on the water subphase at
20°C. The trough, mounted on the diffractometer and equipped with a
Wilhelmy balance, was sealed, flushed with helium, and equilibrated at 5°C
for 1 h. A monochromatic X-ray beam was adjusted to strike the water
surface at an incident angle «;~0.85¢, (where a, is the critical angle for
total external reflection of X-rays for the air—water interface). The
dimensions of the footprint of the incoming X-ray beam on the water
surface are approximately 2 x 50 or 5 x 50 mm? The measurements were
performed by scanning over a range along the horizontal component of the
X-ray scattering vector, g, ~ (47/A)sin (20,,/2), in which 26, is the angle
between the projections onto the horizontal plane of the incident and the
diffracted beams. The scattered intensity was detected by a position-
sensitive detector (PSD), which resolves the vertical component of the
X-ray scattering vector, q,~ (27/A)sina; (where a; is the vertical angle
between the diffracted beam and the horizon), in the g, range 0.00 to
1.40 A-'. The diffraction data may be presented in three ways: i) the GIXD
pattern as a two-dimensional intensity distribution (g, ¢,) in a surface or
contour plot; ii) the GIXD pattern I(q,,) obtained by integrating over the
whole g, window of the PSD, which yields the Bragg peaks; iii) the Bragg
rod intensity profiles, which are the scattered intensity /(g,) recorded in
channels along the PSD integrated across the g,, range of each Bragg peak.
Several different types of information were extracted from the measured
GIXD pattern. The 26, (or q,,) positions of the Bragg peaks are used for
the calculation of the lattice repeat distances d = 27t/q,,, and when these are
assigned {A,k} Miller indices, the unit cell parameters a and b are obtained.
The vertical full width at half maximum, FWHM(q,), of the Bragg rod
intensity profiles gives an estimate of the thickness: d = 0.9(2z/FWHM(q,))
of the crystalline film on the water surface. The horizontal full width at half
maximum of the Bragg peaks FWHM(q,,) yields the crystalline coherence
lengths Ly, ~0.9(27/FWHM(q,,)). For long, linear molecules (or for the
more complicated molecules that consist mainly of long, straight, parallel
hydrocarbon segments), to a first approximation, the tilt angle ¢ of the
molecular axis with respect to the normal to the interface and the
horizontal azimuthal direction of the tilt can be determined! from the set
of equations: cosyy tant=q, ./ | (gu) |, in which, for each (h,k) Bragg
rod, yy, is the azimuthal angle between the molecular tilt direction
projected onto the xy plane and the reciprocal lattice vector g, and g, . is
the peak position along the Bragg rod. For more quantitative purposes, the
intensity at each g, value in a Bragg rod intensity profile is of course given
by the square of the molecular structure factor F(g,). Thus, X-ray
structure factor calculations were performed with the use of atomic
coordinate models, to yield /(g,) values that fit the measured Bragg rod
intensity profiles.?*!

Specular X-ray reflectivity:*! Specular X-ray reflectivity measurements of
a film at the air—water interface may be inverted to give the vertical density
profile across the interface; this profile is laterally averaged over all of the
film and not just the crystalline part of it. The information gained includes
the thickness and the surface roughness of the film. The measurements
were carried out with the same liquid-surface diffractometer used for the
GIXD experiments. The X-ray reflectivity was performed on the film of
molecule 3 at a nominal molecular area of 50 A? by scanning the incident
beam angle ¢; (equal to the reflected beam angle ;) from 0.5¢, to 42a... The
reflected radiation was measured by a Nal scintillation counter. The
measured reflectivity is presented in the form of normalized X-ray
reflectivity R/Rp (Rg is the Fresnel reflectivity calculated for a perfect,
sharp interface) as a function of the normalized vertical scattering vector g,/
q., where g, = (47/A)sin a, and q. is the scattering vector at the critical angle
of incidence a., g.= (47/A)sina,.
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Selective Electrolytic Removal of Bis(alkoxycarbonyl)methano Addends
from Cg, Bis-adducts and Electrochemical Stability of C,, Derivatives

Roland Kessinger,®! Nicolette S. Fender,”! Lourdes E. Echegoyen,”! Carlo Thilgen,'?!
Luis Echegoyen,*™ and Francois Diederich**!

Abstract: The novel mixed bis-adducts
of Cq, (£)-4-(£)-8 and 9, with a
bis(ethoxycarbonyl)methano  addend
(Bingel addend) and a second addend
([1,2]benzeno, but[2]eno, methanimino-
methano, or diarylmethano) bridging
6,6-closed bonds of the carbon sphere
were synthesized in two-step reactions.
Each bis-adduct was exhaustively elec-

ducts, which were isolated in yields of
over 60%. These results open up the
possibility of using the Bingel addend as
a temporary protecting and directing
group in the construction of multiple
adducts of C, with unusual addition
patterns. The Bingel-type mono-adduct
of C;, 10 and the constitutionally iso-
meric bis-adducts 11, (£)-12, and (+)-13

were also included in this investigation.
A large difference in the electrochem-
ical behavior between C,, bis-adducts
and the corresponding Cq, derivatives
was observed. Thus, the intramolecular
“walk-on-the-sphere” isomerization
which occurs readily with Bingel-type
bis-adducts of C4, under the conditions
of two-electron controlled potential

trolyzed at the potential of the second
fullerene-centered reduction step, re-
sulting in the selective removal of the
Bingel addend (retro-Bingel reaction) to
produce the corresponding mono-ad-

trolysis -

Introduction

Among the various protocols developed for the covalent
functionalization of fullerenes,!-! the Bingel reaction® and
the azomethine ylide dipolar cycloaddition”! are the most
widely used methods. The original Bingel reaction and its
modifications®®1% generally proceed in good yield, and the
bis(alkoxycarbonyl)methano addends (Bingel addends) in-
troduced at 6,6-bonds of the carbon spheres are of high
thermal and chemical stability. The macrocyclization of the
carbon sphere by double Bingel addition of tethered bis-
malonates represents a highly effective method for precisely
positioning organic chromophores such as crown ethers and
porphyrins in close proximity to the fullerene surface, thus
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electrolysis (CPE) is only a minor reac-
tion pathway in the series of Cy, deriv-
atives. The latter preferentially undergo

. protecting . ,
retro-Bingel reaction.

offering the potential for inducing profound changes in the
properties of the molecular carbon allotrope.l'!l The Bingel
reaction has also been heavily applied in supramolecular
construction involving fullerene components.?!

Regioselective multiple functionalization of fullerenes
often requires the temporary introduction of an addend
which protects reactive bonds, directs new incoming addends
into specific positions, and after completion of these tasks, can
be readily removed. Three protocols have been mainly
applied in the past for this purpose. The first one consists of
Diels — Alder additions of 9,10-dimethylanthracene, which are
thermally readily reversible.I'¥] The second one is an elegant
multistep protocol which was developed for the removal of
the more stable cyclohexene rings fused to the carbon sphere
by Diels— Alder addition with buta-1,3-dienes.l'* ' The third
method consists of the fusion of isoxazoline rings to the
fullerene by dipolar cycloaddition with nitrile oxides and
removal of the addend with [Mo(CO),] or diisobutylalumi-
num hydride (DIBAL-H).['!

During investigations of the electrochemical stability of
anions of bis(ethoxycarbonyl)methano-functionalized fuller-
enes such as 1,71 we discovered that this addend can be
electrochemically removed in high yield by exhaustive
electrolytic reduction at constant potential.['¥l We named this
novel procedure the retro-Bingel reaction (Scheme 1).°1 A
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retro-Bingel reaction

Bingel reaction

753
Y
Scheme 1. The Bingel and retro-Bingel reactions.

first major application of the Bingel-retro-Bingel strategy was
the preparation of pure constitutional isomers of higher
fullerenes, such as C,,— Cy['™ and a new Cg, isomer,?! and,
gratifyingly, of enantiomerically pure chiral higher fullerenes
such as C- and fA-C,["®l and C- and 'A-Cg, .l

While investigating the retro-Bingel reaction, we also
discovered an isomerization reaction, the ‘“walk-on-the-
sphere” rearrangement, where two bis(ethoxycarbonyl)-
methano addends intramolecularly change their positions on
the Cg sphere.’l This rearrangement occurs when the
electrolytic reduction is interrupted after only two electron-
equivalents have been transferred (Scheme 2).

o]
< gEt 1) 2-e CPE
CH2C|2, BuyNPFg
e and other

2) Re-oxidation

cis-3 trans-2

Scheme 2. The intramolecular “walk-on-the-sphere” rearrangement ob-
served during two-electron controlled potential electrolysis (CPE).

Preliminary electrochemical investigations with the mixed
bis-adduct 2 obtained by tether-directed remote functionali-
zation® suggested that the chemoselective electrochemical
removal of a Bingel addend from the fullerene sphere in the
presence of a different addend might be possible
(Scheme 3).[% The reaction was very sluggish, and only traces

o O

i

MeO

1) 5-e~ CPE
CH2C|2, BusNPFg

2) Re-oxidation

Scheme 3. First observation of the electrochemical retro-Bingel reaction
of a mixed bis-adduct.*!

of benzyl alcohol 3 could be isolated. Whereas the unambig-
uous identification of the product was impossible due to low
yield and difficult workup, its UV/Vis spectrum clearly

Chem. Eur. J. 2000, 6, No. 12
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showed the characteristic bands around 435 and 700 nm of a
Diels — Alder mono-adduct.

Inspired by these preliminary results, we undertook a more
comprehensive investigation of the synthetic scope of the
electrochemical retro-Bingel reaction and the possible use of
the Bingel addend as a protecting and directing group. For this
purpose, a series of mixed Cg, bis-adducts (+)-4—(+)-8 and 9
were synthesized and subjected to the electrochemical retro-
Bingel reaction. In addition, we report here investigations on

MeQ OMe
(*)-4
AcO OAc
trans-3 —
l\|/|e
@ "
MeO. OMe
#)-7 \©>\©/
MeQ OMe
(1)-8

the retro-Bingel reaction and “walk-on-the-sphere” rear-
rangement of the C;, mono-adduct 10 and the three constitu-
tionally isomeric bis-adducts 11, (+)-12, and (+)-13, and
compare the results with those obtained for analogous
derivatives of C,.

Results and Discussion

Synthesis: The C,, mono-adduct 101! and the constitutionally
isomeric bis-adducts 11, (£)-12, and (&)-13[*2] were pre-
pared as previously reported. Starting from the known Cg,
derivatives 14,115,116, and 17,2’ respectively, the mixed
trans-3 bis-adducts (+)-4, (£)-5, (£)-6, and (+)-7 were
obtained by Bingel cyclopropanation and isolated in 7-
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14 % yield after extremely tedious column chromatographic
separation from the other regioisomers formed (Scheme 4).
Since the “walk-on-the-sphere” rearrangement of bis(alkoxy-
carbonyl)methano addends in C4 derivatives leads to a
scrambling of the regioisomers during the retro-Bingel
reaction,?! the scope of the latter reaction can be fully
investigated starting from only one of the possible” regio-
isomeric bis-adducts. Only in the Bingel cyclopropanation of

MeQ OMe
14 _ | (1)4 (14%) + 9 (10%)
AcO OAc
15 H D @5 W)
I\I/Ie
16 <N7 A (+)6 (13%)
MeO OMe
17 @ D @7 @)
N

MeQ OMe

BrAQ—Br

Bu,NI, PhMe, A

()-8 (2%)

Scheme 4. Synthesis of the mixed Cg, bis-adducts. a) EtO,CCH,CO,Et, I,
DBU (1,8-diazabicyclo[5.4.0Jundec-7-ene), PhMe/CH,Cl,; b) EtO,CCHBI1-
CO,Et, DBU, PhMe.

2186 —
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14 could the e isomer 9 be isolated in pure form (10 % yield)
by simple column chromatography. Among the two possible e
isomers,?? 9 was isolated exclusively according to 'H and
3C NMR spectroscopy. Bis-adduct (4)-8 was obtained by
Diels— Alder addition to 1 following a previously described?*l
protocol. The low yield of 2% in this reaction is due to
extreme difficulties in the isolation of the pure isomer and not
due to an inherently problematic synthetic pathway. For
analytical purposes and full characterization, all bis-adducts
were completely purified by preparative HPLC (high per-
formance liquid chromatography).*) The trans-3 isomers used
in the preparative electrochemical experiments contained
small amounts of other regioisomers (trans-2, trans-4, e; a
total of less than 10 %) which did not change the outcome of
the retro-Bingel reactions in view of the above-mentioned
scrambling of the regioisomers by the “walk-on-the-sphere”
rearrangement.

Electrochemical investigations of Cg, derivatives: All experi-
ments were performed using a home-made cell as previously
described.B! Constant potential electrolysis (CPE) was car-
ried out under high vacuum in CH,Cl, with Bu,NPF; (0.1m) as
supporting electrolyte (see Experimental Section for details).
To determine the potential to be applied, the cyclic voltammo-
grams (CV) of the compounds were recorded. The applied
potential for CPE was typically chosen 100 mV more negative
than the second reduction peak potential. After electrolysis,
the solutions were exhaustively re-oxidized at 0V before
product analysis.

The retro-Bingel reaction occurs at the second reduction
potential of bis(ethoxycarbonyl)methano[60]fullerenes. In the
case of 1872 (Scheme 5), with only one carboxylic group

2,

1) 4-e~ CPE f’
cHzclz, BuyNPFg ‘?

2) Re-oxidation !\'

<=

@,

35%

1) 6-e~ CPE
CH2C|2, BU4NPF5
no apparent change
2) Re-oxidation

1) 1-e~ CPE
CH2C|2, BusNPFg

decomposition
2) Re-oxidation

19

Scheme 5. Experiments demonstrating that efficient retro-Bingel reac-
tions require two electron-withdrawing groups at the methano bridge.

0947-6539/00/0612-2186 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 12





Bis-adducts of Cy,

2184-2192

directly attached to the cyclopropane ring, the dianion is
stable under bulk electrolysis conditions. However, when
electrolyzed at the third reduction potential, cleavage of the
methano bridge is induced. In this case, the yield of the parent
fullerene, Cq, drops remarkably (35 % ) compared to the yield
obtained in the electrolysis of 1 (Scheme 1), which is typically
higher than 80 %.0'! Electrochemical cleavage of the cyclo-
propane ring also occurs when two cyano™™! groups are
attached. Thus, the presence of two strongly electron-with-
drawing groups (EWG) attached to the cyclopropane ring is
apparently necessary for efficient electrolytic removal of the
addend.

In order to further test this hypothesis, mono-adducts 17
and 1953 were submitted to the conditions of the retro-Bingel
reaction. In the case of 17, which lacks electron-withdrawing
groups at the methano bridge, it is not possible to cleave the
cyclopropane ring electrochemically within the limits of the
potential window of the solvent. Mono-adduct 19, with two
weakly electron-withdrawing (trimethylsilyl)ethynyl groups
attached to the methano bridge, decomposes to an insoluble
solid after reduction to the mono-anion. This decomposition is
faster than a possible cyclopropane ring cleavage, and indeed,
no Cy, was detected in the reaction mixture after re-oxidation.

To demonstrate the stability in the reduced state of the
other Cg4 mono-adducts (which lack Bingel addends), com-
pounds 14-16 were subjected to CPE up to at least the tri-
anionic stage. Upon re-oxidation to the neutral state, only
starting material was present, confirming their stability.

Having established that the mono-adducts 14—17 are stable
under the electrochemical conditions of the retro-Bingel
reaction, we turned our attention to the selective removal of a
Bingel addend from fullerenes in the presence of other
addends. Thus, the five trans-3 bis-adducts (+)-4—(+)-8 were
subjected to the retro-Bingel reaction. The electrochemical
reaction to the corresponding mono-adducts 14—17 and 2024
proceeded in most cases with yields over 60% (Table 1).
These yields are encouraging for the use of the Bingel addend
as a temporary protecting and directing group in fullerene
chemistry, since two of the most commonly used addends,
fused pyrrolidinel” 3! and cyclohexene rings®> *! are perfectly
stable under the conditions of the retro-Bingel reaction.

To study the effect of the retro-Bingel reaction on different
regioisomers, the trans-3 and e derivatives (+)-4 and 9 were
electrolyzed under similar conditions. The difference in their
electrochemical behavior is only marginal, and the yield of
mono-adduct 14 is practically the same in both conversions,
considering the possible errors introduced during the manip-
ulation of the small quantities of compounds used for the
electrolysis experiments (2-3 mg). In view of the scrambling
caused by the “walk-on-the-sphere” rearrangement during
electrolysis, it is reasonable to assume that the same results
may be obtained for the regioisomers of all the other
compounds investigated here.

Throughout our studies of the retro-Bingel reaction, the
cleaved addend has never been recovered due to its difficult
separation from the electrolyte material. However, its recov-
ery and characterization could be crucial in establishing the
mechanism of the reaction. For this reason, (+)-21 was
synthesized by the Bingel macrocyclization reaction between

Chem. Eur. J. 2000, 6, No. 12
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Table 1. Selective removal of bis(ethoxycarbonyl)methano addends in mixed

Cg bis-adducts by the retro-Bingel reaction.

1) 5-e- CPE
CH2C|2, BusNPFg

2) Re-oxidation

MeQ OMe
(£)-4 14 (67%)
AcO OAcC
*)5 H 15 (43%)
l\|/|e
N
(x)-6 ( 7 16 (63%)
MeO. P OMe
)7 q - \ 17 (60%)
MeOQ OMe
(+)-8 20 (61%)
MeQ OMe
9 (e isomer) 14 (65%)

C¢ and 1,1'-(ethane-1,2-diyl) 3,3'-diethyl bis(malonate) and
electrolyzed non-exhaustively at the second reduction poten-
tial. The electrolysis was stopped after 2.5 electrons per
molecule were transferred. After exhaustive re-oxidation at
0V, the mixture obtained was separated by column chroma-
tography. Analysis of the isolated material showed that in
addition to recovering some of the starting material, both Cg,
and 22 were also produced (Scheme 6). This is a clear
indication that the leaving malonate remains intact during
the cleavage of the cyclopropane ring.

Electrochemical investigations of C,, derivatives: The C,,
mono-adduct 10, similar to the Cy, analogue 1, shows chemical

€O
{ ey D) - CPE
CHZCI2, BU4NPF6

+ Cgo (25%
2) Re-oxidation 60 (25%)

+ (£)-21 (18%)

22 (17%)

Scheme 6. Experiment showing that the malonate residue remains intact
in the cleavage of the cyclopropane ring during the retro-Bingel reaction.
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reversibility for the first and second reduction steps on the CV
time scale of 100 mVs~%. This behavior is different from the
CV response of the previously studied bis{[(ethoxy)car-
bonyl]methyl}  1,2-methano[70]fullerene-71,71-dicarboxyl-
ate,l'’s 81 which displayed an electrochemically irreversible
second reduction. The fact that the latter mono-adduct with
four ester groups in the side chains of the methano addend
undergoes decomposition in the di-anionic state much more
readily than its diester counterpart 10 further strengthens our
hypothesis that the retro-Bingel reaction is enhanced by
increasing the electron-withdrawing character of the substitu-
ents at the methano bridge.

CPE carried out on 10 at the second reduction potential
(—1.44V vs. Fc/Fc™) was interrupted when charge corre-
sponding to two electrons had been transferred. The solution
was then re-oxidized at 0 V (25 % charge recovered). Analysis
of the product mixture showed that the retro-Bingel reaction
had occurred, producing C;, in 64 % yield with 21 % of the
starting material remaining unreacted (Scheme 7). CPE at the

1) 2-e~ CPE
CH2C|2, BU4NPF5

2) Re-oxidation

10 (64%)

Scheme 7. Retro-Bingel reaction of C;, mono-adduct 10.

first reduction potential and between the first and second
reduction potentials transferring 1 and 1.5 electron-equiva-
lents, respectively, resulted in the production of only ~1%
Cy. Interestingly, the chromatograms (HPLC) of the products
of these reactions also revealed the presence of traces of the
three constitutional bis-adducts of C,, 11, (£)-12, and (£)-13.
Such evidence of an intermolecular reaction process was not
observed in similar experiments with bis[bis(dialkoxycar-
bonyl)methano] adducts of Cg,.[8 2!l

The bis-adducts, 11, (+)-12, and (+)-13 were subjected to
similar electrochemical conditions as was 10. Recall that
under these conditions, the analogous bis-adducts of Cg,
isomerize by the “walk-on-the-sphere” rearrangement
(Scheme 2).PU It was thus interesting to learn whether a
two-electron CPE of C,, bis-adducts would also lead to
isomerization, or would it induce addend removal via the
retro-Bingel reaction. The former would possibly provide a
route for the preparation of otherwise unattainable Bingel-
type bis-adducts with addends
across f3, & or even k bonds
(Scheme 8).[+37)

The results of the electro-
chemical transformations of
10, 11, (£)-12, and (+)-13 by
two-electron CPE, followed by
re-oxidation, are presented in
Table 2. It is evident that 11
undergoes only minimal con-

Scheme 8. The four different
types of 6,6-bonds in C.[4 ]

2188
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Table 2. Distribution of products obtained by coulometric CPE of C
mono- and bis-adducts in CH,Cl, (+0.1M Bu,NPF) and re-oxidation.

2-electron CPE

Starting material Products [%]

Cy 10 11 (+)-12 (+)-13
10 64 21 <1 <1 <1
1 <1 3 92 <1 <1
(+)-12 2 27 4 31 6
(+)-13 5 39 - 1 28
1.5-electron CPE
Starting material Products [%]

Cy 10 1 (+)-12 (+)-13
10 1 81 <1 <1 <1
11 <1 <1 94 <1 <1
()12 - 7 3 71 4
(+)-13 1 5 4 20 32

version, producing 3% mono-adduct and practically no
isomerization to other bis-adducts. Compound (+)-13, on
the other hand, forms the mono-adduct as the major product
in 39% yield and, similar to 11, shows nearly no tendency to
isomerize. The third constitutional isomer (4)-12, again
behaves differently. The main reaction pathway of the dianion
of ()-12 is the retro-Bingel reaction, but a small portion also
isomerizes to the dianions of 11 and (%)-13. Whether the
dianion of (+)-12 looses directly an addend or isomerizes
preferentially to the dianion of (4)-13 which then undergoes
the retro-Bingel reaction could not be decided by our
experiments so far.

When these results are compared to those obtained with the
corresponding Cg, bis-adducts,!'® 2! it becomes obvious that
the electrochemistry of the C;, bis-adducts is quite different.
Either the dianions of the bis-adducts of C,, are stable or the
retro-Bingel reaction is much faster than isomerization.
Isomerization plays only a minor role in the electrochemical
reactions of the dianions of the C,, bis-adducts, whereas it is
the major reaction of the dianions of the Bingel-type bis-
adducts of C.

The observation that the dianion of bis-adduct 11 is more
stable than the di-anions of its isomers (£)-12 and (+)-13 is in
full agreement with the results of our previous CV-studies.['”l
There, it was shown that only the Bingel-type C,, bis-adduct
with an addition pattern corresponding to 11 (but slightly
different malonate addends) has a reversible second reduc-
tion wave, whereas the bis-adducts with addition patterns
corresponding to (£)-12 and (£)-13, respectively, showed an
irreversible second electron transfer on the CV time scale.

Since the retro-Bingel reaction predominates over the
“walk-on-the-sphere” rearrangement under the conditions of
two-electron CPE, it was presumed that in order to effect
isomerization, a lower number of electrons should be trans-
ferred. Thus, the C;, bis-adducts were subjected to coulo-
metrically controlled 1.5-electron-per-molecule electrolysis
(Table 2). Whereas the behavior of 11 did not reflect the
change in conditions, (+)-12 underwent retro-Bingel reaction
to a small extent, while still producing only very small
amounts of the two other constitutional isomers. Isomer (+)-
13, on the other hand, displayed the most striking example of
rearrangement occurring on the C, spheroid with the
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generation of (+)-12 in 20 % yield. Further variations of the
number of electrons transferred per molecule of (4)-13
confirmed that at room temperature (298 K) the ideal
condition for isomerization of (+)-13 is 1.5-electron CPE.

The 1.5-electron CPE results may be explained using the
known stability of the dianions from the previous experi-
ments. It is assumed that the small quantities of mono-adduct
10 formed during 1.5-electron CPE of (£)-12 and (+)-13
result from the decomposition of the corresponding dianions.
The dianion of (4)-12 is also responsible for the formation of
the rearranged bis-adducts 11 and (+)-13in 3% and 4 % yield,
respectively. On the other hand, the mono-anion of (4)-12
seems to be stable on the time scale of CPE. The same can be
said for the mono-anion of bis-adduct 11. Compound (+)-13
shows again a different behavior. As already pointed out, it
isomerizes to (+)-12 under 1.5-electron CPE in 20 % yield.
Since the dianion of (+)-13 undergoes preferentially the
retro-Bingel reaction, it must be the mono-anion that isomer-
izes slowly to the mono-anion of (4)-12. Once this mono-
anion is formed, it is stable and does not further isomerize.
This behavior of the mono-anion of (+)-13 explains the fact
that only traces of 11 are formed under these conditions,
which was further confirmed by conducting a 1-electron CPE
on isomer (+)-13. In this case, part of the starting material
isomerized to (+)-12 (4 %), and another small part rearranged
to 11 (1%), whereas nearly no retro-Bingel reaction to the
mono-adduct 10 took place (1%). Most of the starting
material (29 %) was recovered unchanged.

It must be remarked that the HPLC analysis of the
electrolysis products of 11, (£)-12, and (+)-13 showed addi-
tional peaks that do not correspond to C; or its known
Bingel-type mono- and bis-adducts. These peaks correspond
to as yet uncharacterized species. Intensive efforts are now
underway to isolate and characterize these compounds, which
we are hoping could be the first examples of Bingel bis-
adducts with addends at f3-, ¢-, or k-type 6,6-bonds. The
different reactivity of the anions of Bingel-type bis-adducts of
Cg and C; in coulometric CPE adds another example to the
increasing number of experiments in which substantial differ-
ences in the chemical behavior between the two fullerenes
have become apparent.[> 33401

Conclusion

The results presented in this study clearly demonstrate that it
is possible to electrochemically remove in high yields a
bis(ethoxycarbonyl)methano addend from the Cg, sphere in
the presence of a variety of other addends, including cyclo-
hexene, pyrrolidine, and benzocyclobutene rings fused to 6,6-
bonds. This investigation establishes the bis(alkoxycarbonyl)-
methano addend (Bingel addend) as a versatile new protect-
ing and directing group in fullerene chemistry which is readily
introduced and removed. This protecting/directing group
strategy, coupled with tether-directed remote functionaliza-
tion, should provide access to many new Cy, multiple adducts
featuring novel addition patterns and functions.['*> 3]

The experiments reported in this paper revealed not only
substantial differences in the electrochemical reactivity of
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three constitutionally isomeric Bingel-type bis-adducts of Cy.
They also showed that the retro-Bingel reaction and the
“walk-on-the-sphere” rearrangement during coulometric
CPE do not necessarily occur along the same pathway for
Bingel bis-adducts of Cg, and C,. Thus, this study provides
another interesting example of the differences in chemical
behavior between the two most abundant fullerenes.

Experimental Section

General methods: Reagents and solvents were purchased reagent-grade
and used without further purification. Cy, (purity: >99 %) was purchased
from Southern Chemical Group, LLC, Tucker, GA 30085-0527, USA.
Compounds 1161, (£)-763%1 141261 15271 16281, 171 and 4,4'-dimethoxy-
benzophenone N-tosylhydrazonel*l were synthesized according to liter-
ature procedures. All reactions were performed in standard glassware
under N,. Evaporation and concentration in vacuo were done at water
aspirator pressure, and compounds were dried at 1072 Torr. Column
chromatography: SiO, 60 (230—-400 mesh, 0.040-0.063 mm) from E.
Merck and SiO,-H from Fluka. TLC glass plates coated with SiO, 60 F254
from E. Merck; visualization by UV light. Preparative and analytical
HPLC of C¢ and C;, bis-adducts: Knauer HPLC Pump 64 with preparative
pump head and vacuum on-line degasser, electrical injection valve AA
A0619, and variable wavelength monitor from Knauer; all chromatograms
recorded at ambient temperature with a fixed detector wavelength at 1 =
310 nm; preparative HPLC-column: Macherey-Nagel Nucleosil 100-7 silica
gel (7 um, 250 x 21 mm 1.D.); analytical HPLC-column: Macherey-Nagel
Nucleosil 100-7 silica gel (5 um, 250 mm x 4 mm [.D.). Analytical HPLC of
electrolysis samples: Waters instrument equipped with a 515 pump and a
476 tunable UV absorbance detector using a Lichrosorb Si 60 (5 um, 250 x
4 mm 1.D.) column with toluene as eluent. Melting points: Biichi Melting
Point B-540, uncorrected. UV/Vis spectra: Varian Cary-5 spectrophotom-
eter. IR spectra: Perkin Elmer 1600-FTIR. NMR spectra: Bruker AM 500
at 298 K, with solvent peaks as reference. FAB-MS: VG ZAB 2SEQ
instrument, 3-nitrobenzyl alcohol as matrix. Elemental analyses were
performed by the Mikrolabor at the Laboratorium fiir Organische Chemie,
ETH-Ziirich.

(+)-Diethyl 65,66-dimethoxy-1,2-([1,2]benzeno)-33,50-methano[60]fuller-
ene-61,61-dicarboxylate ((+)-4) and diethyl 65,66-dimethoxy-1,2-
([1,2]benzeno)-18,36-methano[60]fullerene-61,61-dicarboxylate (9): To a
solution of 14 (150 mg, 0.175 mmol), diethyl malonate (0.08 mL, 0.5 mmol),
and I, (189 mg, 0.75 mmol) in PhMe/CH,Cl, (600 mL/100 mL), DBU
(0.2 mL, 2.0 mmol) was slowly added and the mixture was stirred for 12 h.
Plug filtration (SiO,; CH,Cl,) and column chromatography (SiO,; CH,Cl,)
afforded (£)-4 (25 mg, 14%) and 9 (20 mg, 10%). Preparative HPLC
yielded analytically pure (+)-4 (eluent PhMe, injection volume 500 pL (¢ =
2.1 mgmL~"'), flow rate 8.0 mL min~!, retention time 38 min) and 9 (eluent
PhMe, injection volume 500 uL (¢ =2 mg mL™'), flow rate 8.0 mLmin",
retention time 56 min).

(+)-4: Analytical HPLC purity control (eluent PhMe, flow rate
2.0 mLmin~!, retention time 6.5 min); m.p. >250°C; UV/Vis (CH,CL,):
Amax  (€)=702 (sh, 300), 622 (sh, 700), 479 (2500), 251nm
(120000 mol'dm*cm~'); IR (KBr): #=2978, 2922, 1745, 1478, 1281,
1044, 522 cm™!; 'H NMR (500 MHz, CDCl;): 6 =7.59 (s, 1H), 740 (s, 1H),
4.61-4.57 (m, 2H), 4.45 (q, /=7.1 Hz, 2H), 4.13 (s, 3H), 4.05 (s, 3H), 1.51
(t,J=71Hz, 3H), 1.14 (t,/=7.1 Hz, 3H); 3C NMR (125.8 MHz, CDCl;):
0=163.57, 163.53, 15716, 156.23, 156.14, 155.95, 151.81, 151.77, 148.26,
147.99, 14790, 147.78, 147.74, 147.32, 14727, 147.25, 14722, 147.17, 14712,
146.91, 146.75, 146.33, 146.18, 146.06, 145.95, 145.58, 145.32, 145.30, 145.22,
125.17, 145.02, 144.88, 144.58, 144.34, 144.31, 144.09, 144.08, 144.03, 144.02,
143.73, 143.53, 143.38, 143.34, 143.31, 143.24, 143.04, 142.82, 142.39, 142.37,
142.03, 141.84, 141.72, 141.59, 141.28, 141.11, 141.02, 140.62, 139.65, 139.52,
138.87,138.76, 138.71, 106.80, 106.75, 71.43, 71.12, 63.55, 63.35, 63.28, 63.22,
63.16,56.58,56.51,51.12,14.28,14.14; MS (FAB): m/z (% ): 1015 ([M*], 57),
720 (Cgt, 100).

9: Analytical HPLC purity control (eluent PhMe, flow rate 2.0 mLmin~!,
retention time 9.8 min); m.p. >250°C; UV/Vis (CH,CL): A, (&) =462
(5000), 255 nm (50000 mol~'dm?*cm™"); IR (KBr): 7#=2967, 2922, 1744,
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1477, 1455, 1238, 1094, 1044, 522 cm~'; '"H NMR (500 MHz, CDCl;): 6 =
736 (s,2H), 4.41 (q, J=7.1 Hz, 4H), 4.04 (s, 6H), 1.37 (t, /=71 Hz, 6H);
3C NMR (125.8 MHz, CDCl;): 6 =163.21, 154.30, 154.07, 151.68, 148.48,
14790, 147.81, 147.23, 146.93, 146.85, 146.56, 146.51, 146.33, 145.18, 145.17,
144.80, 144.76, 144.56, 144.45, 143.89, 143.80, 143.55, 143.16, 142.90, 142.84,
142.58, 142.46, 141.62, 141.02, 140.27, 139.05, 137.66, 106.55, 77.88, 71.68,
70.30, 63.11, 56.50, 50.81, 14.14; MS (FAB): m/z (%): 1014 ([M*], 57), 720
(Ce*, 100).

(+)-Diethyl 63,64-bis[ (acetoxy)methyl]-1,2-(but[2]eno)-33,50-meth-
ano[60]fullerene-61,61-dicarboxylate ((£)-5): To a solution of 15 (420 mg,
0.46 mmol) and diethyl 2-bromomalonate (0.11 mL, 0.69 mmol) in PhMe
(350 mL), DBU (0.13 mL, 0.92 mmol) was added and the solution was
stirred for 2 h. Plug filtration (SiO,; CH,Cl, — CH,Cl,/MeOH 95:5) and
column chromatography (SiO,; CH,ClL,/MeOH 98:2) gave (+)-5 (35 mg,
7%) as the second fraction. Preparative HPLC yielded analytically pure
(£)-5 (eluent PhMe/AcOEt 49:1, injection volume 500puL (c=
2.1 mgmL™'), flow rate 8.0 mLmin~!, retention time 17 min). Analytical
HPLC purity control (eluent CH,Cl,, flow rate 2.0 mLmin~!, retention
time 7.9 min); m.p. >250°C; UV/Vis (CH,CL,): 4,,.x (€) =701 (sh, 290), 630
(sh, 650), 475 (3150), 244 nm (125000 mol~!dm? cm~!); IR (KBr): 7#=2977,
2922, 1741, 1367, 1229, 1016, 522 cm~'; '"H NMR (500 MHz, CDCl;): 6 =
5.24 (brs,2H),5.15 (brs,2H), 4.61-4.57 (m, 2H), 4.45-4.38 (m, 2H), 4.16
(d, J=142Hz, 1H), 410 (d, /=142 Hz, 1H), 3.94 (d, /=13.9 Hz, 1H),
3.88 (d,/=13.9 Hz, 1H), 2.10 (s, 3H), 1.94 (s, 3H), 1.51 (t, /=71 Hz, 3H),
1.38 (t, /=71 Hz, 3H); *C NMR (125.8 MHz, CDCl,): 6 =170.93, 170.79,
163.52, 163.47, 148.72, 148.30, 148.28, 148.15, 148.02, 147.59 (2 x ), 147.56,
14753 (2 x ), 14747, 147.39, 146.79, 146.74, 146.21, 146.05, 145.95, 145.77,
145.49, 145.20, 144.85, 144.47, 144.36, 144.34, 144.20 (2 x ), 144.14, 144.11,
143.94, 143.81, 143.65, 143.25, 143.10, 143.05, 142.44, 142.00, 141.83, 141.70,
141.54, 141.49, 141.25, 140.76, 139.50, 138.78, 137.62, 136.38 (2 x ), 71.10,
70.93, 65.76, 65.24,63.33, 63.15, 62.38, 62.30, 50.90, 43.21, 42.05, 20.09, 20.72,
14.82,14.11; MS (FAB): m/z (%): 1077 ([M*], 48), 720 (Cgy*, 97); C;7H,,04
(1077.0): caled: C 85.87, H 2.25; found: C 85.90, H 2.42.

(£)-Diethyl 63-methyl-1,2-(methaniminomethano)-33,50-methano[60]
fullerene-61,61-dicarboxylate ((+)-6): To a solution of 16 (260 mg,
0.33 mmol), diethyl malonate (0.06 mL, 0.4 mmol), and I, (126 mg,
0.5 mmol) in PhMe/CH,Cl, (250 mL/200 mL), DBU (0.15 mL, 1.0 mmol)
was slowly added. After 2 h, diethyl malonate (0.12mL, 0.8 mmol), I,
(252 mg, 1.0 mmol), and DBU (0.3 mL, 2.0 mmol) were added again and
the solution was stirred for another 2 h. Plug filtration (SiO,; CH,Cl, —
CH,Cl,/MeOH 9:1) and column chromatography (SiO,; CH,Cl,) provided
(£)-6 (40 mg, 13%). Preparative HPLC yielded analytically pure (+)-4
(eluent PhMe, injection volume 500 uL (c=1.9 mgmL™!), flow rate
8.0 mLmin, retention time 75 min). Analytical HPLC purity control
(eluent PhMe/AcOEt 9:1, flow rate 1.0 mLmin~!, retention time
4.7 min); m.p. >250°C; UV/Vis (CH,CL,): A4 (€) 700 (sh, 290), 620 (sh,
700), 473 (2500), 247 nm (105000 mol~' dm?*cm™'); IR (KBr): 7=2968,
2922,2773,1743,1229, 526 cm~!; 'TH NMR (500 MHz, CDCl;): 6 =4.62-4.58
(m, 2H), 4.42 (dq, J =7.1 Hz, 1.5 Hz, 2H), 4.41 (d,J =9.2 Hz, 1 H), 435 (d,
J=92Hz, 1H), 423 (d, J=9.3 Hz, 1 H), 4.17 (d, J=9.3 Hz, 1H), 2.94 (s,
3H),1.51 (t,/=71Hz,3H), 1.38 (t,/ =71 Hz, 3H); *C NMR (125.8 MHz,
CDCl;): 6=163.53 (2 x), 156.87, 155.82, 155.63, 148.44, 148.09, 148.06,
148.01, 147.98, 147.88, 14748, 147.46, 14740 (2 x ), 14730, 147.19, 146.47,
146.31, 146.29, 146.15, 146.03, 145.88, 145.46, 145.29, 145.14, 144.99, 144.64,
144.55, 144.39, 144.28, 144.20, 144.16, 144.15, 143.91, 143.82, 143.71, 143.37
(2 x), 143.16, 143.10, 143.06, 143.02, 142.50, 142.00, 141.77, 141.69, 141.48,
141.46, 140.80, 139.90, 139.73, 139.47, 139.06, 138.80, 137.91, 136.75, 135.94,
71.10, 70.59, 70.15, 69.46, 63.31, 63.15, 56.57, 51.04, 41.61, 14.27, 14.12; MS
(FAB): m/z (%): 936 ([M~], 35), 720 (Cg*, 50).

(+)-Diethyl  64,65-dimethoxy-1,2-methano-33,50-(methano[1,2]benzeno
methano)[60]fullerene-69,69-dicarboxylate ((+)-8): To a solution of 1
(470 mg, 0.54 mmol) in PhMe (300 mL), 1,2-bis(bromomethyl)-4,5-dimeth-
oxybenzene (230 mg, 0.71 mmol) and Bu,/NI (580 mg, 1.57 mmol) were
added and the mixture was heated to reflux for 16 h. After cooling to 20°C,
the mixture was washed with water (3 x ) and the organic phase dried
(MgSO,). Column chromatography (SiO,; PhMe/CH,Cl, 2:1) afforded five
fractions of which the second contained (+)-8 (12 mg, 2%). Preparative
HPLC yielded analytically pure (+)-8 (eluent PhMe, injection volume
500 uL (¢=2.0 mg mL™"), flow rate 8.0 mLmin~!, retention time 37 min).
Analytical HPLC purity control (eluent PhMe, flow rate 2.0 mLmin~},
retention time 9.8 min); m.p. >250°C; UV/Vis (CH,CL,): A,,,x (¢) =700 (sh,
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250), 620 (sh, 700), 475 (3000), 242 nm (142000 mol~!dm?cm~'); IR (KBr):
7=2922, 1745, 1505, 1450, 1280, 1111, 1022, 522 cm~'; 'H NMR (500 MHz,
CLDCCDC(l,, 80°C): d =719 (brs, 1 H), 7.05 (brs, 1 H), 4.58 —4.45 (m, 2H),
4.58 (brq,J=71Hz, 2H),4.35-4.25 (m,2H) 4.34 (q,/=7.1 Hz, 2H), 3.97
(s, 3H), 3.90 (s, 3H), 1.57 (br t, J=71Hz, 3H), 1.31 (t, /=7.1 Hz, 3H);
3C NMR (125.8 MHz, CDCly): 6 =163.56 (2 x ), 159.00, 157.69, 157.68,
148.71, 148.64 (2 x ), 148.27, 148.14, 147.57 (2 x ), 14748, 146.80, 146.72,
146.00, 145.76, 145.73, 145.47, 145.21, 144.86, 144.48, 144.34 (2 x ), 144.13
(2 x), 143.92, 143.82, 143.63, 143.22, 143.01, 142.53, 142.42, 142.38, 141.82,
141.69, 141.52, 141.44, 140.78, 138.83, 130.07, 129.02, 128.21, 111.53, 71.03,
70.88, 66.07, 65.62, 63.30, 63.13, 56.28, 56.24, 50.81, 45.20, 14.27, 14.11; MS
(FAB): m/z (%): 1043 ([M*], 65), 720 (Cg*, 55).

Tetraethyl 1,2:41,58-bis(methano)[70]fullerene-71,71,72,72-tetracarboxy-
late (11), (£)-tetraethyl 1,2:56,57-bis(methano)[70]fullerene-71,71,72,72-
tetracarboxylate ((£)-12), and (+)-tetraethyl 1,2:67,68-bis(methano)[70]-
fullerene-71,71,72,72-tetracarboxylate ((£)-13): The bis-adduct mixture 11,
(£)-12, and (£)-13 was prepared according to the literature.®®! After
isolation of the mono-adduct fraction from the crude reaction mixture by
column chromatography (SiO,; PhMe), the regioisomeric bis-adducts were
separated by column chromatography (SiO,-H; PhMe/hexane 8:2) to yield,
in the order of elution: 11 (11 %), (£)-12 (47 %), and (+)-13 (13 %). The
purity of each fraction was checked by HPLC (SiO,, PhMe, flow rate
1.0 mLmin™").

61,61-Bis(p-methoxyphenyl)-1,2-methano[ 60 ]fullerene (17): Compound 17
was synthesized by a slightly modified literature procedure.BF® Cg, (1.2 g,
1.58 mmol) was dissolved in PhMe (600 mL), then BuLi (1.75mL 1.6m
solution in hexane, 2.8 mmol) was added. A solution of 4,4'-dimethoxy-
benzophenone N-tosylhydrazone in PhMe (100 mL) was added, and the
mixture was heated to reflux for 1 h. After cooling to 20°C, plug filtration
(SiO,; PhMe) yielded the crude product which was further purified by
column chromatography (SiO,; PhMe/hexane 3:2—2:1). The mono-
adduct fraction that contained a mixture of the 6,6-closed and 6,5-open
mono-adducts was dissolved in PhMe (200 mL) and heated to reflux for
10 h. Finally, the solution was evaporated to dryness, dissolved in CH,Cl,,
and re-precipitated with hexane to yield pure 17 (550 mg, 37 % ). Analytical
data are in agreement with the literature.l’*]

1,1'-(Ethane-1,2-diyl) 3,3’-diethyl bis(malonate): Ethane-1,2-diol (250 mg,
4.03 mmol), ethyl 3-chloro-3-oxopropanoate (1.8 g, 12.1 mmol), and CsHsN
(0.96 g, 12.1 mmol) were mixed in CH,CL/THF (60 mL/10 mL), and the
solution was stirred for 12h at 20°C. The mixture was washed with
saturated aqueous NH,Cl solution (2 x ), dried (MgSO,), and evaporated
to dryness. Column chromatography (SiO,; CH,Cl,/AcOEt 3:1) yielded the
desired product (1.013 g, 87 %) as a colorless oil. IR (film): 7 =2985, 1754,
1733, 1446, 1410, 1328, 1271, 1189, 1151, 1035, 979, 867, 841, 787, 681 cm™;
'"H NMR (200 MHz, CDCl;): 6 =4.31 (s, 4H), 4.14 (q,J=7.5 Hz, 4H), 3.34
(s, 4H), 1.22 (t, J=75Hz, 6H); *C NMR (50 MHz, CDCl;): 6 =165.90,
165.77, 62.28, 61.11, 40.82, 13.55; MS (EI): m/z (%): 291 [MH*]; C;,H,30¢
(290.3): caled: C 49.65, H 6.25; found: C 49.42, H 6.03.
(+)-endo,endo-61,62-(Ethane-1,2-diyl) 61,62-diethyl 1,2:16,17-bis(meth-
ano)[60]fullerene-61,61,62,62-tetracarboxylate ((£)-21): To a solution of
Cy (300 mg, 0.416 mmol), 1,1'-(ethane-1,2-diyl) 3,3'-diethyl bis(malonate)
(145 mg, 0.5 mmol), and 1, (264 mg, 1.04 mmol) in PhMe (600 mL), DBU
(0.4 mL, 2.5 mmol) was slowly added under N, at 20°C and the mixture was
stirred for 12 h. Plug filtration (SiO,; CH,Cl,) and column chromatography
(SiO,; CH,CL,) yielded (+)-21 (60 mg, 16%) as red-brown solid. M.p.
>250°C; UV/Vis (CH,Cly): A (€) =699 (260), 634 (sh, 480), 459 (2140),
314 (34700), 253 nm (99300 mol! dm?® cm™'); IR (film): 7=2967, 1745,
1439, 1362, 1230, 1097, 1050, 751, 525 cm~'; 'H NMR (200 MHz, CDCl;):
0=527 (br d, J=112 Hz, 2H), 452 (q, /J=71Hz, 4H), 426 (br d, /=
11.2 Hz, 2H), 1.47 (t, J=7.1 Hz, 6H); *C NMR (125.8 MHz, CDCL;): 6 =
163.91, 163.24, 146.71, 146.58, 145.58, 145.56, 145.55, 145.50, 145.43, 145.13,
144.96, 144.90, 144.56, 144.41, 144.14, 143.91, 143.65, 143.36, 142.49, 142.46,
142.45, 141.96, 141.07, 141.06, 140.87, 140.83, 140.55, 135.31, 128.75, 71.80,
68.56, 63.93, 63.57,49.80, 14.22; (FAB): m/z (% ): 1006 ([M "], 75), 720 (Cq,",
100).

Electrochemistry: Fullerene mono- and bis-adducts (2—-3 mg) and sup-
porting electrolyte Bu,NPF; (0.6 g) were added into a home-built two-
compartment electrolysis cell (for full description, see ref. [31]). The cell
was degassed and pumped to 10-° mm Hg. The solvent, CH,Cl, (14 mL),
which had also been degassed and pumped to the same pressure, was then
vapor-transferred into the cell, directly from P,Os. Prior to CPE, cyclic

0947-6539/00/0612-2190 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 12





Bis-adducts of Cy,

2184-2192

voltammetry was performed using a glassy carbon- or a Pt-disk working
electrode to obtain the reduction potentials versus a Ag wire pseudo-
reference electrode. The latter was separated from the bulk solution using a
vycor tip. Unless otherwise specified, exhaustive CPE was conducted at
293 K on a Pt mesh (100 mesh, 6.5 cm?) working electrode at 100 mV more
negative than the second reduction peak potential. The solution was then
exhaustively re-oxidized at 0 V. The electrolyte was removed by evapo-
ration of the solvent followed by product extraction with toluene. The
product mixture was then passed through a short column of SiO, and eluted
with either toluene or carbon disulfide. TLC, HPLC, '"H NMR, and/or UV/
VIS spectroscopy were used to identify the products.
1,1'-(Ethane-1,2-diyl) 3,3'-diethyl 2,2-([60]fullerene-1,2-diyl)bis(malonate)
(22): Bis-adduct (£)-21 (19.5 mg, 0.019 mmol) was electrolyzed at the first
reduction potential and 1.8 C were transferred to the solution. In a second
reduction step at the second reduction potential, another 2.8 C were
transferred to the solution. After exhaustive re-oxidation at 0 V, 1.9 C were
recovered. Column chromatography (SiO,-H, CH,Cl,) yielded Cq, (25%),
(£)-21 (18%), and 22 (17%). 22: M.p. >250 °C; UV/Vis (CH,ClL): A.x
()=686 (280), 484 (2100), 426 (2700), 325 (41000), 259 nm
(141000 mol~'dm?® cm™'); IR (KBr): 7#=2967, 1746, 1233, 526 cm™;
'H NMR (500 MHz, CDCl,): 6 =4.73-4.71 (m, 2H), 4.57 (q, /=71 Hz,
2H), 456-4.54 (m, 2H), 421 (q, /=71 Hz, 2H), 1.49 (t, /=71 Hz, 3H),
1.30 (t, /=71 Hz, 3H); *C NMR (125.8 MHz, CDCl,): 6 =166.36, 166.10,
163.47, 163.29, 145.29, 145.21, 145.20, 145.13, 145.10, 145.02, 144.92, 144.83,
144.70, 144.69, 144.65, 144.58, 143.90, 143.87, 143.10 (2 x ), 143.04, 143.03,
142.96, 142.21, 142.19, 141.88, 141.86, 140.97 (2 x ), 139.37, 138.81, 71.38,
64.39, 63.58, 62.69, 61.73, 51.84, 41.28, 14.22, 14.11; MS (FAB): m/z (%):
1008 ([M*], 38), 720 (Cgy*, 97); C;,H 4O (1008.9): caled: C 85.72, H 1.60;
found: C 85.49, H 1.47.
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An Unsymmetrical Tripodal Ligand with an N,0S Donor Set: Coordination
Chemistry with Nickel(@) Ions and Aerial Oxidation to the Sulfinate Complex

Christian Ochs,”! F. Ekkehardt Hahn,*!?! and Roland Frohlich!®!

Abstract: The synthesis of the previous-
ly unknown tripodal ligand H,-1 is report-
ed. The tetradentate ligand is equipped
with a completely unsymmetrical N,OS
donor set. It reacts with Ni(OAc),-
4H,0 or Ni(ClO,),-6H,0 to give the
multinuclear nickel(i1) complexes [Ni(H-
1-Imin)(OAc)], (2) (which contains a

H,0, to yield [Ni(H,-1-sulfinate)],-
2MeOH (4). The molecular structures
of 2—-4 have been determined by X-ray
diffraction. Complex 2 exhibits a strongly
distorted, octahedral coordination ge-
ometry around each nickel(t1) ion. The
primary amino group of the ligand in this
case reacted with the solvent acetone to

to the metal center. The molecular
structure of the trinuclear complex cat-
ion in 3 consists of two subunits: a nickel
atom with a square-planar N,S, coordi-
nation geometry and two other nickel
atoms with a trigonal-bipyramidal
N,O,S coordination environment. The
dinuclear complex 4 shows distorted

coordinated Schiff base obtained by
reation of the primary amine with the
acetone solvent) and [Niz(H;-1)(H,-1),]-
ClO,-H,0-3MeCN (3), respectively. A
solution of 3 in DMF is readily oxidized

. elucidation
upon exposure to air or by aqueous

Introduction

The coordination environment of metal ions in metallopro-
teins is dominated by nitrogen, oxygen, and sulfur donor
atoms of the amino acid side chains. The redox chemistry of
coordinated thiol and thiolate ligands plays a key role in many
biochemical processes.!!l In contrast to the aerial oxidation of
thiols and thiolates which yields disulfides via thiyl radicals, it
is well known that transition metals catalyze the formation of
sulfenates A, sulfinates B, and sulfonates (Scheme 1) from
such groups. For example, such reactions are part of the metal-
catalyzed oxidative degradation of cysteine.” In addition,
similar oxidation processes are discussed as important proc-
esses in the deactivation of sulfur-rich enzymes by air. The air
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yield a Schiff base which is coordinated  octahedral geometry around each
nickel(i) ion. The thiolato groups of
Keywords: N ligands - nickel « S the ligands are oxidized to sulfinato

groups which are O,0-bound to the
nickel center. This coordination mode is
unusual for nickel sulfinate complexes.

o

Il

S S

7N/ N\
Ni

N

Scheme 1.

oxidation of thiolates has been modeled with various nickel
and palladium complexes of the type [M(N,S,)] using linear
N,S ligands. In these complexes the oxidation of the coordi-
nated thiolato groups with peroxides or air resulted in the
formation of sulfenato or sulfinato groups.*!

In all of these complexes the oxidized thiolate is coordi-
nated through the lone pair of electrons of the sulfur atom.
For nickel no example of O-bound sulfenate and sulfinate
ligands is known to date. However, very recently the
formation of an O-sulfinato iron complex was reported.[®!
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Tripodal ligands have proven useful in the modeling of the
active centers of metalloproteins. Besides tris(pyrazolyl)bo-
rates”! many tetradentate ligands of the type N[CH,-(CH,),-
X]5(n=1: X =SH,®I SR, NH, ">l NHMe, NMe, "'l OH;'
n=2: X=NH,®l) have been used as well as a few related
derivatives with phosphorus as the central backbone atom.['¥
Most recently the synthesis and coordination chemistry of
unsymmetrical tripodal amine ligands with ethyl and propyl
arms has been presented.['”) However, the substitution of all
three ligand arms with three different donor groups has not
yet been demonstrated, although such derivatives are of parti-
cular interest for the modeling of unsymmetrically coordinated
active centers in metalloproteins such as nitrile hydratasel®']
and horse liver alcohol dehydrogenase (HLADH).['7]

Tripodal ligands of the type CH;C[ (CH,X)(CH,Y)(CH,Z)]
(X, Y, Z=PR,, PR), NR,, SR, and OR) have been reported
by Huttner etal. and Liu et al.l'"®! However, these ligands,
some of which were prepared enantioselectively, rarely form
mononuclear chelate complexes with all donor groups coor-
dinated to the same metal center owing to the steric demand
and small size of the carbon backbone.

Here we report the tripodal ligand H,-1, which contains
three differently substituted ligand arms (see Scheme 2) and
an inflated (ethyl and propyl ligand arms) nitrogen-containing
backbone. This ligand was developed for the preparation of
chelate complexes in which all donor groups of one ligand
molecule coordinate to the same metal center. In addition, we
describe the coordination chemistry of H,-1 with nickel(ir)
ions and the oxidation of the coordinated ligand with air to
yield a nickel sulfinate complex with an unusual coordination
of the sulfinato group.

Results and Discussion

Ligand synthesis: Our strategy for the synthesis of the
previously unknown tetradentate tripodal ligand H,-1 in-
volved five reaction steps as depicted in Scheme 2. The

o)
HO/\/NHZ _A> /\/J\O/\
HO™ NN
H
ls
o) o)
/\/ /\/J\O/\ C /\/ O/\
cl N -~ i N
—cN “H

Q /\/OJ\O/\ <\ N A\
/*s/\/N¥CN e, HaN

SH HO

NNOS2,3,2

Hq-1
Scheme 2. Preparation of ligand H,-1. Selected synthetic details. A: ethyl
acrylate, 8 h, ambient temperature. B: 1. SOCI,, toluene, 80°C; 2. K,COs.
C: 1. Na,S,05; 2. CH,0, 1 h; 3. KCN, 0°C. D: KSAc, DMF, 45 min., 60°C.
E: AlH;, THE.
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Michael addition of one equivalent of ethyl acrylate to
ethanolamine (step A) resulted in the formation of a
secondary, 5-hydroxylated ethylamine which was chlorinated
by use of thionyl chloride (step B). Cyanomethylation of the
secondary amine by a Strecker synthesis (step C) and
subsequent substitution of the chlorine atom by a thiol ester
(step D) yielded a suitable precursor for the ligand. Finally all
protected donor groups were simultaneously liberated by
reduction with AlH; (step E), leading directly to the free
ligand H,-1.

Ligand H,-1 contains three differently substituted ligand
arms in addition to the central nitrogen donor atom.
Furthermore, the ligand possesses an unsymmetrical topology
with regard to the three alkyl chains, containing two ethyl and
one propyl arm. This allows the formation of both five- and
six-membered chelate rings upon complex formation. Owing
to the flexibility and lengths of the alkyl arms, the ligand is
capable of providing a N,OS coordination environment for
one metal ion without any steric hinderance. Ligand H,-1 is
the first example of a saturated, sterically nonhindered,
tripodal, tetradentate amine ligand with a completely unsym-
metrical donor set, which potentially could lead to chiral
mononuclear complexes upon coordination.

Coordination chemistry: The reaction of [HNEt;]"[H;-1]-
with an equimolar amount of Ni(OAc), - 4H,O in acetonitrile
yielded a dark brown solution from which emerald cubes
precipitated when acetone was added (Scheme 3). The X-ray
crystal structure analysis proves the unexpected formation of
the complex [Ni(H-1-1 min)(OAc)], (2) (Figure 1).

The dinuclear complex 2 resides on a crystallographic
inversion center. Each nickel(1) ion is coordinated by two
acetate oxygen atoms, two nitrogen atoms, and two bridging
thiolate sulfur atoms of the ligand (Figure 1). Complex 2
exhibits a strongly distorted, octahedral N,O,S, coordination
environment around the nickel atoms. The Ni,S, core shows a
negligible rhombic distortion. The core angle S-Ni-S* is
87.49(10)°, which is near the ideal value of 90° expected for a
perfect octahedron. The Ni—S and Ni—S* bond lengths differ
only slightly (Ni—S 2.418(3) and Ni—S* 2.388(3) A). Thus the
bridges are quite symmetrical.

As depicted in Figure 1, complex 2 contains two coordi-
nated Schiff base groups. The Schiff bases must have formed
from the complex obtained from H,-1 and the nickel
precursor in acetonitrile upon addition of acetone. This is
remarkable, and indicates that in the preliminary complex
formed in acetonitrile the amino group was only weakly
coordinated to the metal center. Furthermore the hydroxy-
propyl arm is not capable of successfully competing with the
acetate ion for a coordination site at the metal center. Thus
each H;-1 ligand anion uses only three of the four donor
groups, while the hydroxypropyl arm is not coordinated and
remains protonated.

Complex 2 is readily soluble in organic solvents as well as in
water and exhibits an interesting solvatochromic behavior.
While 2 dissolves in CH,Cl, to give an intense green solution,
the aqueous solution is cherry red. This change is also
reflected in the UV/Vis spectra of 2, in which both the number
and the positions of the absorption bands change. In CH,Cl,
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Ni(OAc)2.4H20

acetone SH

Ni(ClO4)-6H,0
CH3CN

HO
Hs-1
3
0 //\ N
AL,

NN

Scheme 3. Preparation of complexes 2-4.

o1

Figure 1. ORTEP plot of one molecule of 2. Selected bond lengths [A] and
angles [°]: Ni-N1 2.094(9), Ni-N2 2.143(10), Ni—02 2.210(7), Ni—03
2.140(8), Ni-S 2.418(3), Ni—S* 2.388(3); NI1-Ni-N2 81.2(4), NI-Ni-S
86.1(3), N1-Ni-S* 103.2(2), N1-Ni-O2 93.8(3), N1-Ni-O3 154.4(3), O2-Ni-
03 60.5(3), S-Ni-S* 87.49(10), Ni-S-Ni* 92.51(10). Symmetry code: (*)
1—x,—y —z.

three absorption maxima (400, 670, and 1060 nm) and, owing
to the spin-forbidden transition *A,,—'E,, a shoulder at
about 500 nm are observed, which is typical for an octahe-
drally coordinated nickel(i1) ion. In contrast, in water only one
discrete absorption maximum at 508 nm and a shoulder at
360 nm was detected. Both the red color and the shape of the
spectrum strongly indicate that the coordination geometry
changes from octahedral to square planar when 2 is dissolved
in water. We assume that this behavior is caused by
dissociation of the acetate anions from complex 2 in water,
resulting in the formation of a dinuclear complex dication
with two square-planar coordinated nickel(t1) ions. The red
color of 2 in aqueous solution, which is typical for square-

Chem. Eur. J. 2000, 6, No. 12
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planar nickel(i) ions,!'” corroborates this assumption. In less
polar solvents such as CH,Cl, such a process does not take
place, and thus the green octahedral species is observed.
The deprotonated ligand [Hs-1]- reacts with Ni(ClO,),-
6H,0O in acetonitrile to give complex 3 as a dark brown
crystalline solid (Scheme 3). In the course of the reaction
various purple and green intermediates were observed. The
FAB mass spectrum (positive ions) indicates a multinuclear
complex (m/z 705 and 469). The X-ray structure analysis with
single crystals revealed the presence of the trinuclear complex
[Ni;(H;-1)(H,-1),]ClO, (3) (Figure 2).

Figure 2. SCHAKAL plot of one complex cation of 3 (the asymmetric unit
contains two nearly identical molecules; perchlorate anions and solvent
molecules not shown for clarity). Selected bond lengths [A] and angles [°]:
Nill-N11 2.102(5), Nill-N14 2.046(5), Nil1-020 1.985(3), Nil—O30
1.993(4), Nill-S17 2.292(2), Nil2-N21 2.140(5), Nil2—N24 2.048(5),
Nil2—020 2.017(4), Nil2—030 1.913(4), Nil2—S27 2.336(2), Nil3—N31
1.944(5), Ni13—N34 1.945(5), Ni13—S27 2.184(2), Ni13—S37 2.150(2); N11-
Nil1-N14 84.1(2), N11-Nil11-020 95.5(2), N11-Nil1-S17 87.8(2), N11-Nil1-
030 171.5(2), 020-Nil11-S17 133.3(1), N21-Nil2-N24 83.9(2), N21-Nil2-
020 96.7(2), N21-Nil12-S27 87.8(1), N21-Ni12-030 173.8(2), O30-Ni12-S27
128.50(15), N31-Nil13-N34 87.1(2), N31-Nil3-S27 172.5(2), N31-Nil3-S37
89.7(2), S37-Nil3-N34 169.7(2).
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The molecular structure of the trinuclar complex 3 consists
of two subunits. In the square-planar unit around Nil3 the
ligand [H;-1]~ again uses only three of the four donor atoms to
coordinate to the metal center. The hydroxyl-oxygen atom of
the ligand (O40) does not take part in the coordination, which
once again is an indication for the low stability of the six-
membered hydroxypropyl chelate ring. Similar behavior of
the tripodal tetramine ligands tren and trpn has recently been
reported, where it was shown that the stability of the copper
complex of the ligand trpn, which exclusively contains six-
membered chelate rings, is about 10° times lower than the
stability of the corresponding tren complex that contains only
five-membered chelate rings.!'>]

The fourth coordination site in the square-planar ligand
arrangement around Nil3 is occupied by the thiolato-sulfur
atom S27. Sulfur atom S27 belongs to a ligand coordinated to
nickel Ni112. The nickel atoms Nill and Nil2 form a dinuclear,
oyxgen-bridged subunit [Niy(H,-1),] in which each nickel(11)
ion is coordinated by two nitrogen atoms, one thiolato group,
and two bridging alkoxy groups in a distorted trigonal-
bipyramidal fashion. The coordination geometry around Nill
und Nil2 is best assigned by use of the 7-criterion?’ (7 = 0.640
(Nill) and t=0.757 (Nil2)). The trigonal-bipyramidal coor-
dination environment around Nill and Nil2 is unusual
especially when compared to the situation at Nil3, which is
coordinated by the same ligand. A trigonal-bipyramidal
coordination environment at nickel ions is normally enforced
by the introduction of bulky groups at the terminal donor
groups of a tripodal ligand.”! For a sterically nonhindered
ligand like H,-1 an octahedral (as in 2) or a square-planar (like
around Nil3 in 3) coordination geometry would be expected.
Furthermore, it is remarkable that the nickel atoms Nil2 and
Nil3 are oxygen-bridged by the deprotonated hydroxypropyl
arms of the ligand, and not, as one would expect, by the
sulfur atoms of the thiolato groups. Apparently, the u,-
coordination of the alkoxy groups strongly contributes to the
stabilization of the usually less stable six-membered chelate
rings.'!]

For the three nickel centers in 3 the bond lengths for
comparable bonds are very similar. The Ni—O distances vary
in a small range (Nil1-020 1.985(3), N11-030 1.993(4),
Ni12—-0202.017(4), Ni12—030 1.913(4) A), whereas the Ni-N
bonds are slightly shorter in the square-planar subunit
(1.944(5)-1.945(5) A) than in the dimeric unit with penta-
coordinate nickel atoms (2.046(5)—2.140(5) A). Differences
are more evident for the Ni—S bond lengths: They are
significantly shorter in the square-planar unit (Nil3—S37
2.150(2), Ni13—S27 2.184(2) A) than for the two nickel atoms
the oxygen-bridged subunit (Nil1-S17 2.292(2), N12—S27
2.336(2) A). Consequently, the u,-sulfur bridge between Nill
and Nil2 is also unsymmetrical.

In the cathodic direction the cyclic voltammogram of 3
displays one irreversible reduction peak (E,.=—1530 mV vs.
Ag/AgCl in acetonitrile) corresponding to the process Ni' +
e~ —Nil It is remarkable that all three nickel centers are
reduced at the same potential. This changes upon application
of a positive potential, where three hardly resolved, irrever-
sible oxidation events are observed (E,, =400, 1040, and
1600 mV). The corresponding broad wave seems to be the
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overlapping of several redox processes that could not be
resolved at different scan rates (10 to 1000 mVs™).

Solid 3 is stable in air; however, in solutions in DMF aerial
oxidation of 3 takes place within one or two days to give the
green complex [Ni(H,-1-sulfinate)],-2MeOH (4). With an
equimolar amount of hydrogen peroxide (1% in water) this
reaction occurs instantaneously (Scheme 3). Complex 4
crystallizes as green cubes from a mixture of methanol/THF.
The X-ray crystal structure analysis of 4 shows that the
thiolato groups in 3 were oxidized to sulfinato groups to give a
Ur-alkoxo-bridged, inversion symmetric, dinuclear complex
(Figure 3).

Figure 3. SCHAKAL plot of complex 4. Selected bond lengths [A] and
angles [°]: Ni-N1 2.1527(11), Ni-N7 2.0614(12), Ni—O1 2.1281(10) Ni—02
2.2315(10), Ni—O11 2.0075(9), Ni—O11* 2.0274(10); N1-Ni-N7 84.68(5),
N1-Ni-O1 87.63(4), N1-Ni-O2 90.47(4), N1-Ni-O11 90.93(4), N1-Ni-O11*
173.67(4), 01-Ni-02 66.98(4), O11-Ni-O11* 83.42(4), Ni-O11-Ni* 96.58(4).
Symmetry code: (*) —x,1—y, 1—z.

Both nickel(11) ions in 4 reside in the center of a distorted
octahedron with an N,O, coordination environment. The
Ni,O, core shows a small rhombic distortion and the N—O
bonds are nearly equal in length (Ni—O11 2.0075(9), Ni—O11*
2.0274(10) A). The Ni—O distances involving sulfinate oxygen
atoms are slightly longer (2.1281(10) and 2.2315(10) A). The
Ni—N bond lengths vary in a small range between 2.0614(12)
and 2.1527(11) A; the shorter distance is found for the
primary amino group.

The sulfinato groups in 4 are bound through an oxygen
atom. This is unusual considering the fact that all nickel
sulfinate complexes reported contain S-bound sulfinato
groups which coordinate to the metal through the lone pair
of electrons on the sulfur atom.B-%! Furthermore, the coordi-
nation of both oxygen atoms of the sulfinato groups as in 4
leads to highly strained four-membered Ni-O-S-O chelate
rings. Thus O,0-bonding is not favored and one would expect
that a rearrangement and formation of S-bound sufinato
groups would occur in order to attain less strained and more
stable five-membered chelate rings; however, this was not
observed. The situation in 4 differs from that found in the
recently described iron O-sulfinato complex, in which only
one of the oxygen atoms is coordinated to the iron atom.[!

We do not know the reason for the unusual coordination of
the sulfinato groups in 4. However, together with the striking
reactivity of Ni-coordinated [H,-1]*9~ (reaction with ace-
tone to a Shiff base, oxidation by air), it appears to be one of
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the fascinating characteristics that makes unsymmetrically
substituted tripodal ligands of the type H,-1 so interesting for
the modeling of the coordination sphere of unsymmetrically
coordinated (N,OS coordination) metal centers in metal-
loproteins. Further investigations will show to what extent
such ligands can contribute to the catalytic oxidation of
mercaptans.

Experimental Section

General remarks: All manipulations were carried out in an argon
atmosphere. Solvents were purified by standard methods, freshly distilled
and degassed prior to use. Infrared spectra were recorded in KBr using a
Perkin-Elmer IR 983 spectrometer. NMR spectra were recorded on a
Bruker AM 250 spectrometer. Elemental analyses (C, H, N, S) were
performed on a Vario EL Elemental Analyzer. EI and positive ion FAB
mass spectra were recorded on Finnigan MAT 112 or Finnigan MAT 711
instruments. UV/Vis spectra were taken on a Perkin-Elmer Lambda 9 UV/
Vis/NIR-Spectrophotometer. Cyclic voltammetry experiments were car-
ried out with a Bank High Power Potentiostat Wenking HP 72 and a Bank
Scan Generator Wenking Model VSG 83 using a three-electrode cell
configuration (working electrode: Pt; auxiliary electrode: Pt; reference
electrode: Ag/AgCl/3m KCl; Egyr, =435mV). The experiments were
performed with 0.1m tBu,NPF; as the supporting electrolyte in acetonitrile
with scan rates of 100 mVs.

Ligand synthesis: A) Ethyl N-(2-hydroxyethyl)-3-aminopropionate: For
reaction step A in the synthesis H,-1, ethyl acrylate (80.096 g, 0.8 mol,
freshly destilled) was added to ethanolamine (48.864 g, 0.8 mol; freshly
destilled) while cooling the reaction mixture with ice. The mixture was
stirred at room temperature overnight to yield a white waxlike solid
(128.96 g; 100%) of sufficient purity for further reactions. 'H NMR
(250 MHz, CDCL): 6=4.05 (q, 2H; OCH,CH;), 3.76 (t, 2H;
NCH,CH,0H), 2.84 (t, 4H; NCH,CH,COO +NH + OH), 2.64 (t, 2H;
CH,0OH), 2.44 (t, 2H; CH,COO), 1.18 (t, 3H; CH;); “C{'H} NMR
(62.90 MHz, CDCl;,): 6=172.56 (COO), 60.49 (OCH,CH;), 60.32
(NCH,CH,0OH), 50.82 (NCH,CH,OH), 44.47 (NCH,CH,COO), 34.45
(CH,COO), 14.00 (CH;).

B) N-(2-chloroethyl)-3-aminopropionic acid ethyl ester hydrochloride:
SOCI, (3.57 g, 0.03 mol) was added dropwise to a solution of ethyl N-(2-
hydroxyethyl)-3-aminopropionate (3.224 g, 0.02mol) in dry toluene
(50 mL). The mixture was then heated to 80°C until SO, evolution ceased.
Upon cooling of the brown solution to room temperature a colorless solid
precipitated. Recrystallization of this precipitate from acetone yielded
bright white needles of the hydrochloride (2.635g; 61%). 'H NMR
(250 MHz, CDCl,,): 6 =9.86 (s, 2H; R,NH,), 4.20 (q, 2H; OCH,CHj), 4.01
(t, 2H; CH,Cl); 3.44 (t+t, 4H; NCH,CH,Cl + NCH,CH,COO), 3.06 (t,
2H; CH,COO0), 1.28 (t, 3H; CH;); 3C{'H} NMR (62.90 MHz, CDCl,,):
0=170.63 (COO), 61.65 (OCH,CHj;), 49.19 (NCH,CH,CIl), 43.65
(NCH,CH,COO), 38.51 (CH,CI), 30.35 (CH,COO), 14.04 (CH;). The
ammonium salt was deprotonated with dilute K,COj; solution and extracted
with diethyl ether. After removal of the solvent in vacuo the free amine was
obtained as a colorless and quickly degenerating oil. CAUTION: f-
Chlorinated ethylamines are nitrogen derivatives of mustard gas which are
known to be extremely cancerogenic.

C) Ethyl N-(2-chloroethyl)-N-(cyanomethyl)-3-aminopropionate: To a
solution of sodium pyrosulfite (11.406 g, 0.06 mol) in water (15 mL) were
added formaldehyde (4.870 g, 0.06 mol; 37% in water), ethyl N-(2-
chlorethyl)-3-aminopropionate (8.982 g, 0.05mol), DMF (8 mL), and
KCN (3.907 g, 0.06 mol) dissolved in water (8 mL). During the addition
the temperature was not allowed to rise above 0°C. The resulting clear
solution was stirred overnight at room temperature. During this period an
oil had separated, which was extracted with chloroform (3 x 50 mL). The
organic phases were combined, all solvents were removed in vacuo, and the
oily residue dissolved in diethyl ether (30 mL). The diethyl ether phase was
washed three times with a small amount of water (1% acetic acid) and
dried over anhydrous MgSO,. Removal of the solvent yielded a pale yellow
oil (2.87g; 22%). 'H NMR (250 MHz, CDCL): 6=4.14 (q, 2H:
OCH,CH,;), 3.68 (s, 2H; CH,CN), 3.52 (t, 2H, CH,Cl), 2.94 (t+t, 4H;
NCH,CH,Cl + NCH,CH,C00), 2.52 (t,2H; CH,COO0), 1.28 (t,3H; CH;);
BC{'H} NMR (62.90 MHz, CDCl,): 6 =171.45 (COO), 114.96 (CN), 60.70
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(OCH,CHS), 55.62 (NCH,CH,Cl), 49.68(NCH,CH,COO), 42.43 (CH,CN),
41.29 (CH,CI), 33.08 (CH,COO), 14.12 (CH,).

D) Ethyl N-[(2-acetylthio)ethyl)-N-(cyanomethyl)-3-aminopropionate:
Ethyl  N-(2-chloroethyl)-N-(cyanomethyl)-3-aminopropionate (5.7 g,
26 mmol) and potassium thioacetate (3.654 g, 32 mmol) were dissolved in
dry DMF (20 mL). The solution was stirred for 30 min at room temperature
and for an additional 45 min at 45°C. During that period a precipitate of
KCI formed. All solvents were removed in vacuo and the residue was
extracted three times with chloroform. Removal of the solvent yielded an
air-sensitive and colorless oil (6.58 g; 98 %). 'H NMR (250 MHz, CDCl;):
0=4.14 (q, 2H; OCH,CH;), 3.62 (s, 2H; CH,CN), 297 (t, 2H;
NCH,CH,COO0), 2.90 (t, 2H; NCH,CH,S), 2.57 (t, 2H; CH,COO), 2.49
(t, 2H; CH,S), 2.34 (s, 3H; SC(O)CHs), 1.28 (t, 3H; CH;); BC{'H} NMR
(62.90 MHz, CDCl;): 6=195.41 (C(O)S), 171.48 (COO), 114.99 (CN),
60.62 (OCH,CH;), 53.45 (NCH,CH,S), 49.37 (NCH,CH,COO), 42.09
(CH,CN), 33.05 (CH,COO), 30.52 (SC(O)CH;), 26.83 (CH,S), 14.15
(CHy).

E) 3-Hydroxy-N-(2-aminoethyl)-N-(2-mercaptoethyl)-propylamine (H,-
1): All functional groups in ethyl N-[(2-acetylthio)ethyl)-N-(cyanometh-
yl)-3-aminopropionate were reduced simultaneously by use of AIH;. The
AlH; was prepared from lithium aluminum hydride (LAH) (2.733 g,
72 mmol) and H,SO, (3.065 g, 30 mmol; 96%) in dry THF (100 mL) as
described.'?! The ester (2.58 g, 10 mmol dissolved in THF (30 mL) was
added dropwise to the vigorously stirred AIH; suspension. The reaction
mixture was stirred for 48 h at ambient temperature, and residual AIH; was
carefully hydrolyzed with degassed water (4.2 mL, 23 mmol). All solids
were removed by filtration and washed with aqueous THF (5% water; S x
50 mL). The organic layers were combined, and all solvents removed in
vacuo. Ligand H,-1 was obtained as a white, air-sensitive solid (1.51 g;
84.8 % ). Elemental analysis calcd for C;H;3sN,OS (178.29): C 47.16, H 10.18,
N 15.71, S 17.98; found: C 4725, H 10.15, N 15.56, S 1737. '"H NMR
(250 MHz, CDCl3): 6 =3.74 (s, 2H; CH,0OH), 2.84 (t, 2H; CH,NH,), 2.60
(m, 6H; NCH,CH,CH,0OH+NCH,CH,SH + CH,SH), 2.50 (t, 2H;
NCH,CH,NH,), 224 (s, br, 4H; OH+NH,+SH), 1.68 (m, 2H;
CH,CH,CH,); BC{'H} NMR (62.90 MHz, CDCl;): 6 =62.52 (CH,OH),
5735 (NCH,CH,SH), 56.54 (NCH,CH,NH,), 53.00 (NCH,CH,CH,0OH),
39.66 (CH,NH,), 28.86 (CH,CH,CH,), 22.36 (CH,SH); MS (EI) m/z (%):
177 (43.69) [M — H]*, 148 (100) [M — CH,NH,]*, 131 (29.88) [M — H,SH]*,
102 (36.66), 88 (30.78), 61 (27.01), 44 (65.57).

Preparation of nickel complexes: 2: H,-1 (326 mg, 1.83 mmol) and triethyl-
amine (182 mg, 1.8 mmol) were dissolved in acetonitrile (20 mL). This
mixture was added dropwise to a solution of Ni(OAc),-4H,0O (448 mg,
1.8 mmol) in acetonitrile (20 mL). The solution immediately turned dark
and a brown precipitate separated. The solid was collected by filtration and
dissolved in methanol (5 mL). About 10 min after the addition of acetone
(20 mL) to this solution, complex 2 separated as emerald cubes. Yield
460 mg (76.4 % ); elemental analysis calcd for C,,HsN,O¢S,Ni, (670.20): C
43.01, H 722, N 8.36, S 9.57; found: C 42.95, H 7.16, N 8.26, S 9.76; MS
(+FAB, 3-nitrobenzyl alcohol/DMSO) m/z (%): 549 (57.1) [M +H]*, 332
(11), 275 (100), 217 (49). IR (KBr): # [em~'] = 3311 (s, OH), 2939, 2906,
2856 (s, C-H), 1651 (s, C=N), 1558 (s, C=0), 1041 (m, C-0O), UV/Vis
(CH,Cl,): Ay [nm] = 400, 500 (sh), 670, 1060.

3: H;1 (326 mg, 1.83 mmol) was mixed with triethylamine (182 mg,
1.8 mmol). The mixture was added dropwise to a warm (40°C) solution
of Ni(ClOy), - 6 H,O (658 mg, 1.8 mmol) in acetonitrile (15 mL) resulting in
the formation of purple and subsequently a green reaction product. Upon
cooling of the solution to 3°C a microcrystalline precipitate formed. The
solid was separated by filtration. Slow recrystallization from warm
acetonitrile yielded dark brown crystals (245 mg; 50.7%) that readily
decomposed to give a fine powder when dried in vacuo. Elemental analysis
caled for C,;HyN4¢O,S;CINi; (805.36): C 31.32, H 6.13, N 10.44, S 11.94;
found: C 31.59, H 6.22, N 10.68, S 11.37; MS (+ FAB, 3-nitrobenzyl alcohol/
DMSO) m/z (%): 705 (7.6) [M]*, 469 (21); IR (KBr); #[cm~'] = 3337, 3283
(s, OH and NH,), 2920, 2849 (s, C-H), 1461 (m, C—H), 1095 (vs, ClO,), 623
(s, Cl1O,); UV/Vis (CH;0H): A,y [nm] & [10°cm?mol—3] =470 (sh, 189.3),
625 (sh, 61.2), 1075 (32.2). CAUTION: Perchlorate salts are potentially
explosive. They should be handled in small amounts and with caution.

4: a) Oxidation with hydrogen peroxide: For this oxidation 3 (80.5 mg,
0.1 mmol) was dissolved in methanol and treated with one equivalent of
hydrogen peroxide (1% in water). The brown solution immediately turned
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Table 1. Summary of the crystallographic data for 2—4.

2 3 4
formula C,,H,sN,OS;Ni, CsH 09N 5CLNiO 5S¢ C,H;,NNi,OS, - 2 CH;0H
2 equiv 3-3CH,;CN - H,O
M, 670.20 1752.03 598.06
T [K] 293(2) 198(2) 198(2)
cryst. size [mm] 0.20 x 0.20 x 0.20 0.60 x 0.25 x 0.10 0.60 x 0.40 x 0.30
a[A] 11.202(1) 12.254(1) 7.662(1)
b [A] 12.252(1) 13.229(1) 8.324(1)
c[A] 12.352(1) 23.481(1) 10.085(1)
a [ 90.0 89.73(1) 96.66(1)
A I°] 112.05(1) 79.76(1) 106.34(1)
v [°] 90.0 81.58(1) 94.08(1)
V[AY 1571.2(3) 3704.6(4) 609.4(1)
V4 2 2 1
space group P2,/c (no. 14) P1 (no. 2) P1 (no. 2)
Pealea [& cM~3] 1.417 1.571 1.764
Untoka [Mm™'] 1.373 1.802 1.764
diffractometer Enraf Nonius CAD-4 Enraf Nonius Kappa CCD
1 [A] 0.71073 0.71073 0.71073
26 range [°] 2.4<20<25.0 2.94<260<30.54 2.97<260<30.48
index range +h k1 +h, +k, 1 +h, £k, +1
unique data 2026 21896 3618
obsd data
[1>20(D)] 984 15490 3514
R 0.066 0.085 0.024
wR? 0.107 0.230 0.063
no. of variables 172 735 155
largest diff. 0.36/ — 0.42 2.97/—2.49 0.40/ —0.49

peak/hole [e A3 near disordered ClO,~

green upon addition of the hydrogen peroxide. Slow diffusion of diethyl
ether into the reaction solution yielded green cubes of 4.

b) Oxidation with air: A stream of air was bubbled through a solution of 3
(80.5 mg, 0.1 mmol) in DMF (5 mL). Within 24 h the color of the solution
changed to green. Evaporation of the solvent and drying in vacuo yielded a
green powder. Elemental analysis calcd for C,H3;,N,O4S,Ni, (533.93): C
31.49, H 6.04, N 10.49, S 12.01; found: C 30.98, H 5.96, N 10.65, S 13.04; MS
MS (+FAB, 3-nitrobenzyl alcohol/DMSO) m/z (%): 533 (2.6) [M +H]*,
267 (11).

X-ray structure analyses: Crystallographic data for complexes 2—4 are
presented in Table 1. Crystals of 2 are air-stable. Diffraction data were
collected at room temperature on an Enraf Nonius CAD-4 diffractometer.
No absorption correction was applied. All non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms were added
at geometrically idealized positions and were refined by using a riding
model. Complexes 3 and 4 rapidly degenerate in air under loss of
cocrystallized solvent. Suitable specimens were mounted at 198 K on a
Nonius Kappa CCD diffractometer with a rotating anode generator.
Diffraction data were collected at 198 K. Absorption corrections by
SORTAV were applied to the raw data (0.411 < 7<0.840 for 3; 0.418 <
T<0.620 for 4). Two equivalents of 3 crystallize together with three
molecules of acetonitrile and one molecule of water in the asymmetric unit.
Both perchlorate anions and the acetonitrile molecules are disordered and
were refined with geometric constraints and isotropic thermal parameters.
All other non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were added at geometrically idealized
positions and were refined by using a riding model. No hydrogen atoms
were localized for the water molecule. Complex 4 resides on an inversion
center in the unit cell. Non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were added at geometrically
idealized positions and were refined by using a riding model. The following
programs were used: Data collection EXPRESS and COLLECT, data
reduction MolEN and DENZO-SMN, absorption correction for CCD data
SORTAYV, structure solution SHELXS-86 and SHELXS-97, structure
refinement SHELXL-97, graphical presentation ZORTEP and SCHA-
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KAL-92. 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-
133073, CCDC-133074, and CCDC-133075. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).
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Highly Chemoselective Hydrogenation with Retention of the Epoxide
Function Using a Heterogeneous Pd/C — Ethylenediamine Catalyst and THF

Hironao Sajiki,* Kazuyuki Hattori, and Kosaku Hirota*[?!

Abstract: In general, palladium - car-
bon (Pd/C) catalyzed hydrogenation of
epoxides affords the corresponding pri-
mary and secondary alcohols as a mix-

a mild and chemoselective method for
the hydrogenation of olefin, nitro, and
azide functions with retention of the
epoxide function. The chemoselectivity

was accomplished by using a combina-
tion of 5% Pd/C(en) and THF as
solvent. A significant drop in the chemo-
selectivity of the hydrogenation is ob-

ture. It has been found that the catalytic
activity of a Pd/C-ethylenediamine
complex catalyst [Pd/C(en)] in the hy-
drogenolysis of epoxide functions is
drastically reduced. Herein we describe

ides
hydrogenations

Introduction

Manipulation of functional groups is a fundamental process in
synthetic organic chemistry and, hence, the development of
new chemoselective transformations remains of great inter-
est.l The highly strained epoxy function is easily ring-opened
under reductive conditions.’! Consequently, it is extremely
difficult to keep the epoxide function intact during synthetic
processes involving reduction steps, such as hydrogenation,
and hydride reduction, though epoxides are important and
widely used intermediates in organic synthesis as precursors
of alcohols. Among the very few examples of chemoselective
catalytic hydrogenations that distinguish the epoxide func-
tion, their functionality is intrinsically specific and applicable
to only the following functions: acetylene (Lindlar catalyst),!
olefin with sterically hindered epoxide (Pt),l epoxy conju-
gated olefin ([{(rtBu,Ph)PdPrBu,},] or [Ir(COD)(PPhs)-
(PhCN)|BF,)P!, and a,8-unsaturated ester (Mg/MeOH).[%!
We recently found that a system comprising palladium/
carbon (Pd/C) and added amine is an excellent catalyst for the
chemoselective hydrogenation of many reducible function-
alities in the presence of an O-benzyl protective group.” In
addition, Pd/C formed an isolable complex with ethylenedi-
amine, and its complex catalyst [Pd/C(en)] chemoselectively

[a] Assoc. Prof. Dr. H. Sajiki, Prof. Dr. K. Hirota, K. Hattori

Laboratory of Medicinal Chemistry
Gifu Pharmaceutical University
Mitahora-higashi, Gifu 5028585 (Japan)
Fax: (+81)58-237-5979
E-mail: sajiki@gifu-pu.ac.jp

Q Supporting information for this article is available on the WWW under
http://www.wiley-vch.de/home/chemistry/ or from the author.
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served with 5% Pd/C(en) in MeOH.
These results reinforce the utility of
epoxides as important precursors of
alcohols in synthetic chemistry.

hydrogenated a variety of reducible functionalities with
retention of O-benzyl and N-Cbz protective groups and
benzyl alcohol grous under mild conditions.®!

Results and Discussion

During our efforts to extend the applicability of Pd/C(en), we
observed that Pd/C(en) shows very low catalytic activity
towards the hydrogenolysis of epoxides, compared with Pd/C.
The hydrogenation of epoxydecane (2b) catalyzed by 5% Pd/
C(en) resulted in very poor conversion to the alcohol (3b,
19%),"1 and 81 % of the unchanged epoxide (2b) remained
even after hydrogenation in MeOH for 48 h at ordinary
pressure (balloon)(Table 1). On the other hand, the use of 5%
Pd/C as catalyst resulted in the hydrogenation of 2b to give
the corresponding alcohols (3b and 4b) within only 6 h.
Further fine-tuning of reaction conditions indicated that THF
is a highly effective solvent for 5% Pd/C(en)-catalyzed
chemoselective hydrogenation in the presence of an epoxy
function.

To explore the scope of this method, the hydrogenation of a
number of substrates (1) was investigated (Table 2). The
results shown in entries 1-9 demonstrated that the chemo-
selective hydrogenation could be accomplished by employing
epoxy compounds with terminal and internal C—C double
bonds. The hydrogenation almost entirely tolerates epoxides.
Although the resulting products were contaminated by trace
amounts of over-reduction products (3 and 4) in some cases
(entries 1, 2, 3, and 8), the alcoholic contaminants (3 and 4)
could be removed easily by simple flash column chromatog-
raphy.l'% Nitro and azide moieties were also successfully
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Table 1. Influence of catalysts and solvents.[! Although purification of gly-
OH . .

o Catalyst cidyl 4-aminobenzoate (2Kk),

M’Q = + /‘M\/OH 3-aminobenzyl glycidyl ether

6 RT, H, (balloon) 6 6 (21), and 4-aminophenyl gly-

2 3b 4b cidyl ether (2m) from the re-

action mixture has proved to be

difficult by column chromatog-

Relative yield [% ]!

Catalyst Solvent t [h] 2b 3b 4b . o
raphy because of their lability

5% Pd/C MeOH 6 0 82 18 -1 .

5% Pd/C(en) MeOH A8 81 19 0 on silica g.ell (entries 1(1)—13),

5% Pd/C(en) THF 48 100 0 0 the selectivity (93-95%) of

the formation of the desired
amino epoxides (2k—m) is suf-
ficiently high for the direct use
of the crude products in the
transformed into an amino group without ring cleavage of the following reactions. The catalyst could be recovered almost
epoxy function under these conditions (entries 10-14). quantitatively after simple filtration and it could be reused.

[a] The hydrogenation was carried out using 1 mmol of the substrate in MeOH (1 mL) or THF (1 mL) with
catalyst (10 % of the weight of the substrate). [b] Determined by 'H NMR spectroscopy.

Table 2. 5% Pd/C(en)-THF catalyzed hydrogenation.!?]

(0] (o]
- 5% Pd/C(en) , Hy OH g3 OH
4
R2 RT, THF Rt R R

more hindered alcohol less hindered alcohol

1 2 3 4
Entry Substrate 1 t[h] Major product 2 Yield of 2 [%] Product ratio
2 3 4
1 1a AN 3 Y [0} 96 0 4
(0] [¢]
2 1b A Y NY! 3 YN 85 97 0 3
0 ° 2.5 0 ° (b} 98 2 0
3 1 .
¢ A~ <] PNy
4 1d /\/\/\o/\<(lj 3 /\/\/\o/\<(l) 92 100 0 0
5 1le )j( o \/<c'> 3 )m/ o \/<c,> 94 100 0 0

6 1f A S 3 98 100 0 0
©/\/\ O/\<<|) ©/\/\ 0/\<(|)
7 1g @ﬂo/\q 9 Oﬂo/\q) 87 100 0 0

8 1h 24€] 93 97 3)
(0] (0]
9 1i 12 86 100 0 0
(0] (0] OH
A OH
10 1j o 18 o 100 100 0 0
/@)‘\ O/\/\{é /O)\ o/\/\<|0
O,N HoN
11 1k o 8 o 9914l 96 4 0

12 11 O2N 14 HzN 100 93 7 0
\@Ao/\q) \©ﬁo/\<(|)

13 1m o 3 o 941d] 95 5 0

14 1n Cb\/\/\/\/\ 19 0|>\/\/\/\/\ 97 100 0 0
N3 NH;

[a] Unless otherwise specified, the reaction was carried out using 0.5 mmol of the substrate in THF (1 mL) with 5% Pd/C(en) (10% of the weight of the
substrate) under a hydrogen atmosphere (balloon) for the given reaction time. [b] Because of the low boiling point of the products, the quantitative
conversion was observed by NMR spectroscopy in [Dg]THF. [c] Reaction was performed under 5 atm of hydrogen using Ishii medium-pressure hydrogenator
CHA-E. [d] The yield was indicated as a crude mixture since the isolation of the product (2k, 21, or 2m) from the reaction mixture by column
chromatography was difficult because of their lability on silica gel.
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The recovered 5% Pd/C(en) was also effective in the second
and third reactions, and the yields and selectivity of the second
and third runs were comparable to those of the first run. A
limitation of this methodology is that epoxides derived from
styrene derivatives would be easily converted into primary
alcohols with the ring-cleavage of the epoxide (e. g., phe-
nethyl alcohol).l']

At present, detailed mechanistic studies have not been
undertaken and the exact process that leads to the chemo-
selectivity is unclear. It is likely that a large excess of THF
oxygen atoms occupies the surface of the palladium of 5 % Pd/
C(en) instead of the epoxide oxygen atoms. This process
results in a blocking of the hydrogenolysis of epoxides. It may
be noted that the hydrogenation of the unsaturated terminal
epoxide 1a or 1b gave a small amount of a saturated primary
alcohol (4a or 4b) as a by-product together with the desired
saturated epoxide (2a or 2b) (Table 1, entries 1 and 2), while
the hydrogenolysis of the saturated terminal epoxide 2b using
5% Pd/C(en) in MeOH only gave the corresponding secon-
dary alcohol (2-decanol, 3b) together with unchanged 2b
(Table 1).1 These observations would be explained by the
continuous isomerization of the olefin moiety during the
catalysis [Eq. (1), see also Supporting Information].['? 13 The
competition between the hydrogenation and the isomeriza-

Q)
M — g — M o
n O nw n

4a, 4b

1la:n=3
1b:n=5

2a, 2b

tion characterizes the product ratio. In addition, by replacing
a methylene moiety between the epoxide and olefin functions
of 1a or 1b with an oxygen atom to inhibit the isomerization,
the formation of the corresponding saturated primary alcohol
(4) as a by-product was not observed under the same
conditions (Table 1, entries 3, 4, 6 and 7).

Conclusion

We have developed a mild and chemoselective hydrogenation
method using a 5% Pd/C(en)-THF system, which is widely
applicable to the selective hydrogenation of a variety of
olefins and nitro and azide groups leaving intact the epoxide
functions. These findings reinforce the utility of epoxides as
important precursors of alcohols.

Experimental Section

General: 'H NMR and *C NMR spectroscopy: JEOL JNM GX-270 and
JEOL JNM EX-400 (‘H NMR: 270 MHz and 400 MHz; “C NMR:
100 MHz); MS: JMS-SX 102A; TLC (thin-layer chromatography):
0.25 mm silica gel 60 F,s, plates (Art 5715, Merck) using UV light as a
visualizing agent and 7% ethanolic phosphomolybdic acid or p-anisalde-
hyde solution, and heat as developing agent; column chromatography:
silica gel 60 (230-400 mesh, Merck). Melting points were determined on a
Yanagimoto melting point apparatus and were uncorrected. THF was
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distilled from sodium benzophenone ketyl immediately prior to use.
Medium-pressure (5 atm) hydrogenation was performed using an Ishii
hydrogenator CHA-E. 1,2-Epoxy-7-octene (1a), 1,2-epoxy-9-decene (1b),
allyl glycidyl ether (1c¢), glycidyl methacryrate (1e), 9,10-epoxy-1,5-cyclo-
dodecadiene (1h), and 1,2-epoxy-3-(4-nitrophenoxy)propane (1m) were
purchased from Tokyo Kasei Kogyo Co. (TCI), Kanto Chemical Co., Wako
Pure Chemical Industries or Acros Organics and used without further
purification. 2,3-Epoxygeraniol (1i) was prepared according to the
previously outlined procedure.!¥

Glycidyl 5-hexenyl ether (1d): 5-Hexene-1-ol (1.00 g, 10.00 mmol) was
added to a solution of epichlorohydrin (5 mL) and tetrabutylammmonium
hydrogensulfate (0.34 g, 1.00 mmol) in 50% NaOH aqueous solution
(5 mL). The mixture was stirred at room temperature (RT) for 9 h. The
reaction mixture was poured into water (15 mL) and extracted with Et,O
(15 mL). The ethereal layer was washed with water (15 mL) and brine
(15mL) and dried over anhydrous magnesium sulfate. The solvent was
evaporated to dryness. Flash column chromatography (hexane/ Et,O 50:1)
yielded 1d (1.18 g, 75%) as a colorless oil. 'H NMR (400 MHz, RT,
CDCly): 0=1.42-1.64 (m, 4H), 2.07 (q, /=72 Hz, 2H), 2.61 (dd, J=2.9
and 4.6 Hz, 1H), 2.79 (t,J=4.6 Hz, 1H), 3.12-3.16 (m, 1H), 3.38 (dd, /=
5.6and 11.6 Hz, 1H),3.44-3.55 (m,2H), 3.70 (dd,J=2.9 and 11.6 Hz, 1 H),
4.94-5.03 (m, 1H), 5.76-5.86 (m, 1H); *C NMR (100 MHz, RT, CDCL):
0=2525,28.99, 33.35, 44.08, 50.72, 71.28, 71.31, 114.38, 138.50; elemental
analysis calcd (%) for CoH 0, 1/5H,0: C 67.63, H 10.34; found: C 67.59,
H 10.05. The existence of water in this product was confirmed by 'H NMR
analysis.

Cinnamyl glycidyl ether (1 f): Preparation of 1 f was performed analogously
to the procedure described for 1d with cinnamyl alcohol (3.83 mL,
29.60 mmol). Yield: 84% (4.75g);
'H NMR (400 MHz, RT, CDCly): 6 =
2.64 (dd, J=2.7 and 4.8 Hz, 1 H), 2.82
(t,J=4.8Hz,1H),3.18-3.22 (m, 1H),
3.45(dd,J=5.9 and 11.6 Hz, 1 H), 3.78
(dd, J=3.2 and 11.6 Hz, 1H) 4.17-
427 (m, 2H), 6.26-6.33 (m, 1H),
6.62 (d, J=16.1Hz, 1H), 723-741
(m, 5H); BC NMR (100 MHz, RT,
CDCly): 6 =44.23,50.74, 70.67, 71.79, 125.54, 126.41, 127.66, 128.46, 132.69,
136.51; HRMS (EI) calcd for C,,H,,0, [M*] 190.0994, found 190.0998.
1-(Glycidoxymethyl)-3-cyclohexene (1g): Preparation of 1g was per-
formed analogously to the procedure described for 1d with 3-cyclo-
hexene-1-methanol (2.00 mL, 17.00 mmol). Yield: 53% (1.50 g); '"H NMR
(400 MHz, RT, CDCL;): 6 =1.23-1.33 (m, 1H), 1.69-1.84 (m, 2H), 1.88 -
1.96 (m, 1H), 2.04-2.14 (m, 3H), 2.61 (dd, J=2.9 and 4.4 Hz, 1H), 2.79
(dd, J=4.4 and 5.1 Hz, 1H), 3.13-3.17 (m, 1H), 3.35-3.44 (m, 3H), 3.72
(dd, J=1.5 and 3.2 Hz, 1 H), 5.63-5.70 (m, 2H); *C NMR (100 MHz, RT,
CDCly): 0 =24.24,25.26,28.13, 33.64, 43.68, 43.79, 50.50, 50.56, 71.37, 76.07,
76.10, 125.61, 126.69; elemental analysis calcd (%) for C,,H;0, - 1/10H,0:
C 70.64, H 9.60; found: C 70.68, H 9.65. The existence of water in this
product was confirmed by '"H NMR analysis.

Glycidyl 3-nitrobenzyl ether (11): Preparation of 11 was performed
analogously to the procedure described for 1d with 3-nitrobenzyl alcohol
(0.77 g, 5.00 mmol). Yield: 90 % (0.94 g); 'H NMR (270 MHz, RT, CDCl,):
0=2.65(dd,/=2.5and 4.8 Hz, 1H),2.84 (t,/ =4.8 Hz, 1H), 3.20-3.26 (m,
1H), 3.46 (dd, J=6.1 and 11.5 Hz, 1H), 3.90 (dd, /=2.7 and 11.5 Hz, 1 H),
4.65 and 4.72 (d, J=12.5 Hz, each 1H), 7.53 (t,/=8.1 Hz, 1H), 7.69 (d, J =
8.1 Hz,1H),8.16 (d,/ =8.1 Hz,1H), 8.23 (s, 1H); *C NMR (100 MHz, RT,
CDCly): 6 =43.31, 50.10, 70.97, 71.13, 121.37, 121.79, 128.79, 132.80, 139.98,
147.67; MS (FAB: NBA): m/z (%): 210 (5) [M™+H].

1,2-Epoxypentyl 4-nitrobenzoate (1j): 4-Nitrobenzoyl chloride (1.85¢g,
10.00 mmol) was added to a solution of 4-penten-1-ol (1.03 g, 12.00 mmol),
triethylamine (2.09 mL, 15.00 mmol), and 4-(dimethylamino)pyridine
(DMAP) (0.12 g, 1.00 mmol) in THF (10 mL). The mixture was stirred at
room temperature for 3 h. The reaction mixture was poured into water
(50 mL) and extracted with ethyl acetate (50 mL). The organic layer was
washed with water (30 mL), saturated aqueous NaHCO; (30 mL), water
(30 mL), 10% NaHSO, solution (30 mL), water (30 mL), and brine
(30 mL), and dried over anhydrous magnesium sulfate. The solvents were
evaporated to dryness. Flash column chromatography (hexane/Et,O 100:1)
yielded 4-pentenyl 4-nitrobenzoate (1.09 g, 47 %) as a yellow oil. 'H NMR
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(270 MHz, RT, CDCL): 6 =191 (p, J=6.2Hz, 2H), 2.24 (q, /=62 Hz,
2H), 440 (t, J=62Hz, 2H), 5.02-5.13 (m, 2H), 5.78-5.93 (m, 1H);
13C NMR (100 MHz, RT, CDCLy): 6=27.70, 30.00, 65.26, 115.49, 123.45,
130.58, 135.70, 137.09, 150.46, 164.60; HRMS (FAB) calcd for C;,H,,0,N
[M*+H] 236.0923, found 236.0918.

4-Pentenyl 4-nitrobenzoate (1.00 g, 4.25 mmol) in CH,Cl, (20 mL) was
added to a solution of 70 % m-chloroperbenzoic acid (1.15 g, 4.68 mmol) in
CH,CIl, (30 mL) at such a rate as to keep the temperature about 25°C for
10 min. The mixture was stirred at room temperature for 7 h. The reaction
mixture was poured into water (50 mL) and extracted with CHCl,
(100 mL). The organic layer was washed with water (30 mL) and brine
(30 mL) and dried over anhydrous magnesium sulfate. The solvents were
evaporated to dryness. Flash column chromatography (hexane/Et,O 2:1)
yielded 1j (0.91 g, 86 %) as a yellow oil. 'H NMR (270 MHz, RT, CDCl;):
0=1.62-1.77 (m, 1H), 1.78-1.86 (m, 1H), 1.86-2.07 (m, 2H), 2.53 (dd,
J=2.7and 4.8 Hz, 1H),2.80 (t,/=4.8 Hz, 1H), 2.97-3.03 (m, 1H), 4.44 (t,
J=63Hz, 2H), 821 and 830 (each d, /=93 Hz, 2H); “C NMR
(100 MHz, RT, CDCly): 6=24.62, 28.45, 46.11, 50.94, 64.82, 122.85,
130.00, 135.05, 149.86, 163.81; HRMS (FAB) calcd for C,,H;,OsN [M*+H]
252.0872, found 252.0866.

Glycidyl 4-nitrobenzoate (1k): 4-Nitrobenzoyl chloride (1.85g,
10.00 mmol) was added to a solution of glycidol (0.80 mL, 12.00 mmol),
triethylamine (2.09 mL, 15.00 mmol), and 4-(dimethylamino)pyridine
(0.12 g, 1.00 mmol) in THF (10 mL). The mixture was stirred at room
temperature for 15 h. The reaction mixture was poured into water (50 mL)
and extracted with ethyl acetate (50 mL). The organic layer was washed
with water (30 mL), saturated aqueous NaHCOj; (30 mL), water (30 mL),
10% NaHSO, solution (30 mL), water (30 mL), and brine (30 mL) and
dried over anhydrous magnesium sulfate. After filtration, the solvents were
evaporated to afford 1k (423 mg, 19 %) as a white solid. M. p. 55-56°C;
'HNMR (400 MHz, RT, CDCl,): 6 =2.75 (dd, J =2.4 and 4.4 Hz, 1H), 2.93
(t,J= 44 Hz 1H), 3.36-3.39 (m, 1 H), 4.20 (dd, J=6.8 and 12.2 Hz, 1 H),
4.74 (dd, J = 2.9 and 12.2 Hz, 1H), 8.25 and 8.31 (each d, /=9.3 Hz, 2H);
3C NMR (100 MHz, RT, CDCl,): ¢ =44.67, 49.17, 66.43, 123.60, 130.90,
135.03, 150.76, 164.40; MS (FAB: NBA) m/z (%) 224 (40) [M*+H];
elemental analysis calcd (% ) for C;(H,OsN: C 53.82, H 4.06, N 6.28; found:
C 53.72, H 4.03, N 6.36.

1-Azido-9,10-epoxydecane (1n): Methanesulfonyl chloride (0.85 mL,
11.00 mmol) was added dropwise to a cooled (—10°C) solution of
9-decen-1-ol (1.56 g, 20.00 mmol) and triethylamine (1.50 mL, 11.00 mmol)
in CH,Cl, (50 mL) under an Ar atmosphere. The reaction mixture was
stirred at room temperature for 12 h and quenched with ice water (30 mL).
The organic layer was washed with 5% KHSO, solution (30 mL), water
(30 mL), 5% Na,COj solution (30 mL), and brine (30 mL), then dried over
anhydrous magnesium sulfate. After filtration, the solvent was evaporated
to afford a pale yellow oil that was used in the next reaction without further
purification (1.98 g, 85%). "H NMR (270 MHz, RT, CDCl,): 6 =1.31-1.43
(m, 10H), 1.75 (pen, J=6.6 Hz, 2H), 2.04 (q, J=7.0 Hz, 2H), 2.96 (s, 3H),
4.22 (t,J=6.6 Hz,2H), 4.91-5.03 (m, 2H), 5.73-5.88 (m, 1 H); MS (FAB:
NBA): m/z (%): 235 (32%) [M*+H].

To a solution of the above mesylate (2.27 g, 9.70 mmol) in anhydrous DMF
(15 mL) was added NaNj (0.95 g, 14.55 mmol). The reaction mixture was
stirred at 50°C for 22 h. The solvent was evaporated and the residue was
partitioned between ethyl acetate (50 mL) and water (50 mL). The organic
layer was washed with water (50 mL) and brine (50 mL) and dried over
anhydrous magnesium sulfate. After filtration, the solvent was evaporated
to afford 1-azido-9-decene as a colorless oil, which was used in the next
reaction without further purification (1.60 g, 91%). '"H NMR (270 MHz,
RT, CDCL): 6=131-152 (m, 10H), 1.52-1.65 (m, 2H), 2.04 (q, /=
70 Hz, 2H), 3.26 (t, J=6.8 Hz, 2H), 4.91-5.04 (m, 2H), 5.74-5.89 (m,
1H).

1-Azido-9-decene (0.91 g, 5.00 mmol) in CH,Cl, (10 mL) was added to a
solution of 70 % m-chloroperbenzoic acid (1.36 g, 5.50 mmol) in CH,Cl,
(10 mL) at such a rate as to keep the temperature at about 25 °C for 10 min.
The mixture was stirred at RT for 7 h. The reaction mixture was poured into
water (20 mL) and extracted with CHCl; (50 mL). The organic layer was
washed with water (20 mL) and brine (20 mL) and dried over anhydrous
magnesium sulfate. After filtration, the solvent was evaporated to afford 1n
(0.96 g, 98 %) as a pale yellow oil. 'H NMR (270 MHz, RT, CDCl;): 6 =
1.33-1.63 (m, 14H),2.46 (dd,/ = 2.9 and 4.9 Hz, 1H),2.74 (dd,/= 3.9 and
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49 Hz, 1H), 2.87-2.94 (m, 1H), 3.26 (t, /= 6.8 Hz, 2H); “C NMR
(100 MHz, RT, CDCl;): 6 =25.65, 26.40, 28.56, 28.76, 29.03, 29.09, 32.18,
46.64, 51.16, 51.93; HRMS (FAB) calcd for C;(H,,ON; [M*+H] 198.1606,
found 198.1611.

General procedure for 5% Pd/C(en)-THF catalyzed hydrogenation
(Table 2): Unless otherwise specified, the reaction was carried out as
follows. After two vacuum/H, cycles to remove air from the reaction tube,
the stirred mixture of the substrate 1 (0.5 mmol) and 5% Pd/C(en) (10 % of
the weight of 1) in THF (1 mL) was hydrogenated at ambient pressure
(balloon) and temperature (ca. 20°C) for the appropriate time (see
Table 2). The reaction mixture was filtered by using a celite cake or a
membrane filter (Millipore Dimex-13, 0.22 um) and the filtrate was
concentrated in vacuo. The quantitative conversion of 1 and the product
ratio of 2, 3, and 4 were confirmed by 'H NMR spectroscopy of the crude
mixture in CDCl;. The crude mixture was purified by flash silica gel column
chromatography, if necessary.

1,2-Epoxyoctane (2a) and 1-octanol (4a): Because of the low boiling point
of the products(2a and 4a), the reaction was carried out using [Dg]THF as a
solvent and the quantitative conversion of 1a and the ratio of 2a and 4a
(96:4) were confirmed by '"H NMR spectroscopy of the reaction mixture.
The products (2a and 4a) were identical with the samples commercially
purchased (TCI).

1,2-Epoxydecane (2b) and 1-decanol (4b): The products (2b and 4b) were
obtained from 1b as a crude mixture (2b:4b = 97:3), which were identical
with the samples commercially purchased (TCI). The product 2b was
isolated by flash silica gel column chromatography (hexane/Et,O 5:1) in
85 % yield as a colorless oil.

Glycidyl propyl ether (2¢)['") and 1-propoxy-2-propanol (3¢): Because of
the low boiling point of the products, the reaction was carried out using
[Dg]THEF as a solvent, and the quantitative conversion of 1¢ was confirmed
by 'H NMR spectroscopy of the reaction mixture. The product ratio of 2¢
and 3¢ (98:2) was determined on the basis of the integration ratio of the
epoxide-ring protons of 2¢ (0 =2.63, 2.81 and 3.15-3.19) and the methyl
proton (3-position) of 3¢ (0 =122, d. J=6.4 Hz). The product 3¢ was
identical with the sample commercially purchased (Aldrich). 2¢: 'H NMR
(400 MHz, RT, [Dg]THF): 6 =1.09 (t, /= 7.3 Hz, 3H), 1.73 (m, 2H), 2.63
(dd, J=2.4 and 5.4 Hz, 1H), 2.81 (dd, J=3.9 and 5.4 Hz, 1H), 3.15-3.19
(m, 1H), 3.46 (dd, J=5.8 and 11.6 Hz, 1H), 3.52-3.63 (m, 2H), 3.78 (dd,
J=3.2and 11.6 Hz, 1H); ®*C NMR (100 MHz, RT, CDCl,): 6 =10.45,22.87,
44.32, 50.89, 71.40, 73.27.

Glycidyl hexyl ether (2d): The product 2d was afforded as the sole product
in 92% yield from 1d as a colorless oil. '"H NMR (400 MHz, RT, CDCL,):
0=0.89(t,/J=6.8 Hz,3H), 1.29-1.36 (m, 4H), 1.55-1.60 (m,4 H), 2.61 (dd,
J=2.7 and 4.8 Hz, 1H), 2.80 (t, /=4.8 Hz, 1H), 3.13-3.17 (m, 1H), 3.38
(dd, J=5.9 and 11.4 Hz, 1H), 3.43-3.54 (m, 2H), 3.70 (dd, /=32 and
11.4 Hz, 1H); BC NMR (100 MHz, RT, CDClL): 6 =14.02, 22.59, 25.74,
29.65, 31.66, 44.34, 50.90, 71.46, 71.73; elemental analysis calcd (%) for
CyH 30, 1/4H,0: C 66.42, H 11.46; found: C 66.30, H 11.23(volatile). The
existence of water in this product was confirmed by 'H NMR analysis.

Glycidyl isobutyrate (2e): The product 2 e was afforded as the sole product
in 94 % yield from 1e as a colorless oil . 'H NMR (270 MHz, RT, CDCL,):
0=119(d,J=6.8 Hz, 6H),2.61 (m, 1 H), 2.65 (dd, /=2.7 and 4.8 Hz, 1H),
2.84 (t, J=4.8 Hz, 1H), 3.18-3.24 (m, 1H), 3.93 (dd, J=6.3 and 12.4 Hz,
1H), 4.41 (dd, J=3.2 and 12.4 Hz, 1 H); *C NMR (100 MHz, RT, CDCl):
0 =18.83,33.77,44.45,49.31, 64.58, 176.69; elemental analysis calcd (% ) for
C;H,,0;5-1/2H,0: C 54.89, H 8.55; found: C 55.07, H 8.12(volatile). The
existence of water in this product was confirmed by 'H NMR analysis.

1-Glycidoxy-3-phenylpropane (2f): The product 2f was afforded as the
sole product in 98 % yield from 1f as a colorless oil. 'H NMR (400 MHz,
RT, CDCL,): 6 =1.88-1.95 (m, 2H), 2.61 (dd, J=2.7 and 5.1 Hz, 1 H), 2.70
(t, /=78 Hz, 2H), 2.80 (dd, J=4.2 and 5.1 Hz, 1H), 3.13-3.17 (m, 1H),
3.38 (dd,/=5.9 and 11.4 Hz, 1 H), 3.45-3.56 (m, 2H), 3.71 (dd, J=3.2 and
11.4 Hz, 1H), 7.16-7.20 (m, 3H), 7.25-7.30 (m, 2H); *C NMR (100 MHz,
RT, CDCL): 6=3121, 32.21, 44.28, 50.83, 70.64, 71.48, 125.76, 128.30,
128.43, 141.83; MS (FAB: NBA): m/z (%): 193 (10) [M™+H]; elemental
analysis calcd for C,,H;s0,-1/12H,0: C 74.39, H 8.41; found: C 74.38, H
8.45. The existence of water in this product was confirmed by 'H NMR
analysis.

Cyclohexylmethyl glycidyl ether (2g): The product 2g was afforded as the
sole product in 87 % yield from 1g as a colorless oil. '"H NMR (400 MHz,
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RT, CDCl;): 6=0.89-0.98 (m, 2H), 1.11-1.29 (m, 2H), 1.55-1.63 (m,
1H), 1.66-1.77 (m, 6H), 2.60 (dd, J=2.9 and 4.6 Hz, 1H), 2.79 (t, /=
4.6 Hz, 1H), 3.12-3.16 (m, 1H), 3.25-3.33 (m, 2H), 3.38 (dd, / =5.6 and
11.5 Hz, 1H), 3.69 (dd, J=3.1 and 11.5 Hz, 1 H); *C NMR (100 MHz, RT,
CDCl;): 6 =25.81, 26.58, 29.98, 38.05, 44.26, 50.92, 71.59, 77.46; MS (FAB:
NBA) m/z (%) 171 (80) [M*+H]; elemental analysis caled (%) for
C,0H30,-1/4H,0: C 68.73, H 10.67; found: C 68.60, H 10.40. The existence
of water in this product was confirmed by 'H NMR analysis.

1,2-Epoxycyclododecane (2h): The products (2h and 3h (= 4h)) were
afforded from 1h as a crude mixture (2h:3h=97:3), which were identical
with the samples commercially purchased (TCI). The product 2h was
isolated by flash silica gel column chromatography (hexane/ether 5:1) in
93 % yield as a colorless oil.

2,3-Epoxy-3,7-dimethyl-1-octanol (2i): The product 2i was afforded as the
sole product in 86 % yield from 1i as a colorless oil. '"H NMR (270 MHz,
RT, CDCl;): 6 =0.86 and 0.89 (each s, 3H), 1.16-1.69 (m, 7H), 1.29 (s, 3H)
2.97 (dd, J=4.4 and 6.3 Hz, 1H), 3.69 (dd, J=6.3 and 12.3 Hz, 1H), 3.85
(dd, J=4.4 and 12.3 Hz, 1H); HRMS (FAB) calcd for C,(H,,0, [M*+H]:
173.1541, found: 173.1555.

1,2-Epoxypentyl 4-aminobenzoate (2j): The product 2j was afforded as the
sole product in 100% yield from 1j as a pale yellow oil. 'H NMR
(400 MHz, RT, CDCl): 6 =1.66—1.74 (m, 2H), 1.87-1.94 (m, 2H), 2.51
(dd, J=2.9 and 4.5 Hz, 1H), 2.77 (t, /] =4.5 Hz, 1H), 2.96-2.99 (m, 1H),
4.05 (brs, 2H), 4.30-4.33 (m, 2H), 6.64 and 7.85 (each d, J=8.6 Hz, 2H);
3C NMR (100 MHz, RT, CDCl;): 6 =25.36, 29.20, 47.04, 51.80, 63.76,
113.76, 119.79, 131.57, 150.85, 166.58; HRMS (FAB) calcd. for C;,H;cO;N
[M*+H]: 222.1130, found: 222.1120.

Glycidyl 4-aminobenzoate (2k) and 2-hydroxypropyl 4-aminobenzoate
(3k): The products (2k and 3k) were otained from 1k as a crude mixture (a
pale yellow oily solid, 99 % yield as a mixture), since the isolation of 2k
from the mixture by column chromatography was difficult because of the
lability of the components of the mixture on silica gel. The quantitative
conversion of 1k was confirmed by 'H NMR spectroscopy of the crude
mixture. The product ratio of 2k and 3k (96:4) was determined on the basis
of the integration ratio of the epoxide-ring protons of 2k (0 =2.72, 2.88,
and 3.31-3.33) and the methyl proton of 3k (6 =1.27, d, J=6.4 Hz). The
mixture was triturated with diethyl ether (5 mL) to give a small amount of
the pure 2Kk as a pale yellow powder. M. p. 83-84°C; 'H NMR (400 MHz,
RT, CDCly): 6 =2.72 (dd, J=2.4 and 4.8 Hz, 1 H), 2.88 (t, /=4.8 Hz, 1H),
3.31-3.33 (m, 1H), 4.08 (brs, 2H), 4.12 (dd, J=6.4 and 12.3 Hz, 1H), 4.31
(dd, J=3.2 and 12.3Hz, 1H), 6.64 and 788 (each d, /J=8.8 Hz, 2H);
3C NMR (100 MHz, RT, CDCly): 6 =44.72, 49.70, 64.78, 113.76, 119.12,
131.83, 151.09, 166.25; MS (FAB: NBA): m/z 194 (%): (40) [M*+H];
elemental analysis calcd (%) for C,0H;;O;N: C 62.17, H 5.74, N 7.25; found:
C 61.89, H 5.74, N, 7.20.

3-Aminobenzyl glycidyl ether (21) and 3-aminobenzyl 2-hydroxypropyl
ether (31): The products (21 and 31) were obtained from 11 as a crude
mixture (a pale yellow oil, 100 % yield as a mixture), since the isolation of
21 from the mixture by column chromatography was difficult because of the
lability of the components of the mixture on silica gel. The quantitative
conversion of 11 was confirmed by 'H NMR spectroscopy of the crude
mixture. The product ratio of 21 and 31 (93:7) was determined on the basis
of the integration ratio of the epoxide-ring protons of 21 (6 =2.62, 2.80, and
3.16-3.20) and the methyl and methine protons of 31 (6=1.13, d, J=
6.4Hz and 0=3.96-4.03, m, respectively). 'H NMR (400 MHz, RT,
CDCl;): 6=2.62 (dd, J=2.7 and 4.8 Hz, 1H), 2.80 (t, J=4.8 Hz, 1H),
3.16-3.20 (m, 1H), 3.43 (dd, J=5.9 and 11.5 Hz, 1 H), 3.67 (brs, 2H), 3.75
(dd, J=2.9 and 11.5 Hz, 1H), 4.47 and 4.53 (each d, /=12.0 Hz, 1 H), 6.61
(d,J=78Hz,1H), 6.70 (s, 1H), 6.72 (d, /=78 Hz, 1 H), 7.12 (t, /] =78 Hz,
1H); *C NMR (100 MHz, RT, CDCl;): 6 =44.32, 50.89, 70.73, 73.31,
114.29, 114.51, 11795, 129.36, 139.14, 146.59; HRMS (FAB) calcd. for
C,H,,0,N [M*+H]: 180.1025, found: 180.1018.

4-Aminophenyl glycidyl ether (2m) and 4-aminophenyl 2-hydroxypropyl
ether (3m): The products (2m and 3m) were afforded from 1m as a crude
mixture (a pale yellow oil, 94 % yield as a mixture), since the isolation of
2m from the mixture by column chromatography was difficult because of
the lability of the components of the mixture on silica gel. The quantitative
conversion of 1m was confirmed by 'H NMR spectroscopy of the crude

mixture. The product ratio of 2m and 3m (95:5) was determined on the
basis of the integration ratio of the epoxide-ring protons of 2m (6 =2.72,
2.87, and 3.29-3.33) and the methyl proton of 3m (6 =1.25, d, /= 6.4 Hz).
'"H NMR (400 MHz, RT, CDCl;): 6 =2.72 (dd, J =2.4 and 4.5 Hz, 1 H), 2.87
(t,J=4.5Hz, 1H), 3.29-3.33 (m, 1 H), 3.40 (brs, 2H), 3.88 (dd, /=5.9 and
11.1 Hz, 1H), 4.12 (dd, J=3.1 and 11.1 Hz, 1 H), 6.62 and 6.75 (each d, /=
8.8 Hz, 2H); *C NMR (100 MHz, RT, CDCl,): 6 =44.67, 50.25, 69.58,
115.92, 116.25, 140.53, 151.60; HRMS (FAB) calcd for C,H;,O,N [M*+H]:
166.0868, found: 166.0874.

1-Amino-9,10-epoxydecane (2n): The product 2n was obtained in 97 %
yield from 1n as a pale yellow oil. 'H NMR (400 MHz, RT, CDCl;): 6 =
1.23-1.58 (m, 14H), 2.46 (dd, J=2.7 and 4.8 Hz, 1H), 2.68 (t, /=71 Hz,
2H),2.74 (t,J =4.8 Hz, 1H), 2.88-2.95 (m, 1 H); ®*C NMR (100 MHz, RT,
CDCl,): 6 =25.90, 26.80, 29.32,29.40, 29.45, 32.43, 33.64, 42.13, 47.04, 52.33;
HRMS (FAB) calcd. for C(H,,ON [M™+H]: 172.1701, found: 172.1705.
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Detection of Nitrobenzene, DNT, and TNT Vapors by Quenching of Porous
Silicon Photoluminescence

Stéphane Content, William C. Trogler,* and Michael J. Sailor*?!

Abstract: The detection of nitroaromat-
ic molecules in air by the quenching of
the photoluminescence of porous silicon
(porous Si) films has been explored.
Detection is achieved by monitoring the
photoluminescence (PL) of a nanocrys-
talline porous Si film on exposure to the
analyte of interest in a flowing air
stream. The photoluminescence is
quenched on exposure to the nitroaro-

2,4-dinitrotoluene (DNT), and 2,4,6-tri-
nitrotoluene (TNT), respectively (expo-
sure times of 5min for each, in air).
Specificity for detection is achieved by
catalytic oxidation of the nitroaromatic
compound. A platinum oxide (PtO,) or
palladium oxide (PdO) catalyst at
250°C, placed in the carrier gas line

Keywords: IR spectroscopy - nitro-

upstream of the porous Si detector,
causes oxidation of all the nitroaromatic
compounds studied. The catalyst does
not oxidize benzene vapor, and control
experiments show no difference in the
extent of PL quenching by benzene with
or without an upstream catalyst. The PL
quenching by NO,, released in the
catalytic oxidation of nitroaromatic
compounds, is less efficient than the

matic, presumably by an electron-trans-
fer mechanism. Detection limits of
500 parts-per-billion (ppb), 2 ppb, and
1 ppb were observed for nitrobenzene,

icon

Introduction

A device capable of rapidly detecting volatile chemical
emissions from explosives is highly desirable since there are
about 120 million unexploded land mines worldwide.l] Metal
detectors are becoming increasingly unreliable because the
amount of metal used in modern land mines is becoming very
small and the amount of spurious metal debris in suspect areas
can be quite large. Detection of vapor signatures of the
explosive, such as 2,4,6-trinitrotoluene (TNT) or its degrada-
tion product dinitrotoluene (DNT), is an attractive alterna-
tive. Dogs can be trained to detect these vapor signatures;
however, dogs are expensive to train and are easily tired.?!
Approaches involving the detection of the specific explosive
or its signature vapors include gas chromatography coupled to
a mass spectrometer, neutron activation analysis, and electron
capture detection.['l These techniques are highly selective, but
they are cumbersome and not easily fielded in a small, low-
power package. The detection of nitroaromatic compounds
based on adsorption into chemoselective polymers has also
been reported. For example, a chemically selective silicone

[a] W. C. Trogler, M. J. Sailor, S. Content
Department of Chemistry and Biochemistry, University of California at
San Diego
La Jolla, CA 92093-0358 (USA)
Fax: (+1)858-534-5383
E-mail: msailor@ucsd.edu
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quenching of the intact nitroaromatic
compound. This provides a means to
discriminate nitro-containing molecules
from other organic species.

photolumi-

polymer layer on a SAW (surface acoustic wave) device has
been shown to provide a detection limit of 235 ppt for DNT.F!
Quenching of the fluorescence in a chemoselective polymer
has been used to detect DNT and TNT under static (no flow)
conditions with a detection limit in the parts-per-billion (ppb)
range for exposure times of less than ten seconds.! Finally,
cyclic voltammetry that uses a gold microelectrode covered
with a small volume of a nonvolatile electrolyte, has been used
to detect TNT-saturated air (7 ppb).”! Such simple techniques
are promising because they can be incorporated into inex-
pensive and portable microelectronic devices. The work
described herein represents an attempt to develop an inex-
pensive solid-state sensor that can provide a sensitive and
selective response to nitroaromatic compounds. The sensor is
based on photoluminescence quenching of nanocrystalline
porous silicon (porous Si).

Porous silicon is a high surface area network of Si nano-
crystallites which is produced by an electrochemical etch of
single-crystal Si wafers.)) The nanocrystallites in porous Si
exhibit quantum confinement effects, and emit visible photo-
luminescence (PL) with an external quantum efficiency of up
to 5%. Previous work has shown that the intensity of PL
depends on the presence of surface adsorbates.*'"! For
example, molecules capable of acting as energy or charge
acceptors can quench the PL of porous Si at diffusion-
controlled rates.® 12l In addition, corrosive molecules, such as
NO,, can quench luminescence by introducing nonradiative
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defects on the surface of the silicon nanocrystallites.'> 14
Introduction of a very small number of defects can have a
dramatic effect on luminescence; in the case of NO,,
detectable changes are observed with exposures as low as
70 ppb.[=3l

Nitroaromatic molecules have two features that are rele-
vant to the detection methods outlined above. First, they are
good electron acceptors and the quenching of PL from porous
Si by an electron transfer process has been demonstrated for a
variety of nitro-substituted molecules, in particular dinitro-
benzene.['”! This can be considered to be a “direct detection”
method. The second feature of interest is that nitro com-
pounds can be catalytically oxidized to CO,, H,0O, and NO, at
temperatures lower than those needed to oxidize most other
potential organic interferents. This second feature allows the
discrimination of nitro- and non-nitro-containing organic
compounds. It is shown in this work that NO, does not
quench PL from porous Si as efficiently as DNT or TNT. By
incorporating a catalyst (PtO, or PdO at 250°C) upstream of
the detector, discrimination of the nitroaromatic molecules
from benzene is achieved. A detection scheme is demon-
strated that couples selective catalytic oxidation to a sensitive
porous Si detector to achieve both sensitivity and selectivity.

Experimental Section

Sample preparation: Luminescent porous Si samples were prepared by an
electrochemical etch of n-type Si (phosphorous-doped, (100) orientation,
International Wafer Service) of resistivity between 0.75 and 0.95 Q cm. The
etching solution was prepared by the addition of an equal volume of pure
ethanol (Quantum Chemicals) to an aqueous solution of HF (48% by
weight; Fisher Scientific). The etching cell was constructed of Teflon and
was open to air. Silicon wafers were cut into squares with a diamond scribe
and mounted in the bottom of the Teflon cell with a Viton O-ring seal,
exposing 0.2 cm? of the Si surface. Electrical contact was made to the
backside of the Si wafer with a strip of heavy Al foil. A loop of Pt wire was
used as a counter electrode. The exposed Si was illuminated with
~120 mW cm2 of white light from a 300 W tungsten lamp for the duration
of the etch. Etching was carried out as a two-electrode galvanostatic
procedure at an anodic current density of 50 mAcm~2 for 5 min. After
etching, the samples were rinsed in ethanol and dried under a stream of N,.
The porous Si chip was then placed in a chamber where it was exposed to a
flow of the carrier gas under consideration.

Photoluminescence measurements: Steady-state photoluminescence spec-
tra were obtained with an Ocean Optics S2000 spectrometer fitted with a
fiber optic probe. The excitation source was a blue LED (4,,,, =480 nm)
focused on the sample (at a 45° angle to the normal of the surface) by
means of a separate fiber optic and lens assembly. Light was collected along
the axis normal to the front surface of the porous Si sample with a
microscope objective lens and focused onto a fiber optic. A 520 nm cut-off
filter placed in front of the detection fiber optic prevented the excitation
light from entering the emission detection optics. Spectra were recorded
with a CCD-detector in the wavelength range of 400 to 900 nm. Throughout
this paper, values of percent quenching are reported as (I, — )/1,, where I,
is the intensity of the luminescence of porous Si, integrated between 400
and 900 nm, in the absence of quencher and [ is the integrated intensity of
luminescence of porous Si in the presence of a quencher at a given
concentration. Values reported as the ratio ///; use the same definition of /
and [, given above. Five experiments were performed for each analyte
studied. The error (95 % confidence level) in all percent quenching and 7/,
values reported in this paper are less than 6 % of the values quoted.

Infrared spectroscopic measurements: Fourier-transform infrared spectra
(FTIR) were collected with a Nicolet Magna550 infrared spectrometer
operating in the transmission mode. Spectral resolution was 4 cm~!, and
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typically 32 interferograms per spectrum were acquired. The sample
chamber was purged with nitrogen during spectral acquisition. Gas-phase
reactants and products were analyzed with a Nicolet SI0FTIR spectrom-
eter fitted with a liquid-nitrogen-cooled MCT (mercury cadmium telluride)
detector optimized for the 800-4000 cm™! region.

Preparation of gas samples: For the nitrobenzene and benzene exposure
studies, air that was saturated with nitrobenzene (99%, Aldrich) or
benzene (99.9%, Aldrich) by means of a fritted glass gas bubbler, was
diluted with dry synthetic air (80% N,, 20% O,) in a specially designed
flowmeter/mixer. The flow rates were adjusted independently to obtain the
different concentrations used in the study. For the 2,4-dinitrotoluene
(DNT) (97 %, Aldrich) and 2,4,6-trinitrotoluene (TNT) studies, the solid
dispersed on glass beads was introduced into a glass tube and placed in one
arm of the flowmeter/mixer apparatus. This was then exposed to a flow of
dry synthetic air (80% N,, 20% O,, 100 mLmin~'). All the experiments
were performed at atmospheric pressure, under a controlled flow of the
appropriately dosed air. In order to determine the limits of detection for
DNT and TNT, the saturated vapor of each substance in an electropolished
stainless steel bottle was diluted by the addition of high-pressure dry air.
Further expansion —repressurization cycles were performed to obtain the
desired dilution. NO, (99.5 %, Aldrich) was used as received and diluted by
means of the above procedures. 2,4,6-TNT was synthesized as described
elsewherel’”l and purified by recrystallization twice from methanol and
dried overnight in a vacuum. Purity was confirmed by NMR spectroscopy.

Preparation and treatment of the catalyst: Platinum(iv) oxide and
palladium() oxide (Aldrich, 99.9%) were dispersed on glass beads
(2 mm diameter) and placed in a glass tube in the flow stream of the
desired gas, upstream of the porous Si detector. The tube containing the
catalyst was wrapped with heating tape and the temperature was monitored
with a thermocouple which was in direct contact with the outside surface of
the tube. The gas was passed through a 30 cm loop of glass tubing in a room-
temperature water bath in order to cool it before it reached the sample
chamber which contained the porous Si.

Results and Discussion

Direct detection of nitroaromatic compounds by photolumi-
nescence quenching

Photoluminescence quenching by benzene and nitrobenzene:
The intensity of the photoluminescence from freshly etched
porous Si is reduced upon exposure to benzenel'!! or nitro-
benzene in air, and reaches steady-state values within a few
minutes. The percentage of PL intensity lost after 5 min of
exposure to 420 ppm of analyte is 55 % for nitrobenzene and
8% for the same concentration of benzene. Quenching of PL
is totally reversible with benzene, but only partially reversible
with nitrobenzene. Thus only 45 % of the initial PL intensity
was recovered after 30 min in a stream of pure air when the
sample had been exposed to 420 ppm of nitrobenzene in air
for 5 min. FTIR spectra taken of the porous Si samples before
and after exposure to either benzene or nitrobenzene showed
no change in the Si—O, Si—H, and C-H stretching regions.
This indicated that there was no appreciable irreversible
adsorption or oxidation of the sample. However, when a
porous Si sample was exposed to 420 ppm of nitrobenzene in
air for an extended period of time (1 h), the FTIR spectrum
showed that the porous Si sample was slightly oxidized
(Figure 1). In addition to the Vi), V(simy, and Vius
absorptions at 2091, 2116, and 2141 cm™!, respectively (ob-
served on the freshly etched porous Si surface), the sample
exposed to nitrobenzene displayed a new feature assigned to
Visioy centered at 1061 cm ™!, which is characteristic of surface
oxide and suboxide species. Moreover, the two strongest IR
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Figure 1. FTIR spectra of a freshly etched porous Si chip (A) and after a
1 h exposure to nitrobenzene in air followed by a 30 min flush in pure air

(B).

absorptions of nitrobenzene were detectable (at 1550 and
1360 cm~!) on the surface of the porous Si sample. These
bands that are associated with nitrobenzene do not disappear
after exposure to flowing air for 30 min; however, they do
disappear if the sample is rinsed with ethanol. Up to 85 % of
the initial PL intensity is irreversibly quenched and a 20 nm
red shift in A,,,, of PL occurs under the above conditions.

The same nitrobenzene exposure experiment was carried
out in nitrogen instead of air as the carrier gas. Traces of oxide
on the surface of the porous Si chip were observed in the
FTIR spectrum after 4 h of exposure. This data indicates that
nitrobenzene is able to oxidize porous Si in the absence of
oxygen, although to a lesser extent. The percent PL quenching
is slightly less (80 % ) under anaerobic conditions.

Photoluminescence quenching by DNT and TNT: The
intensity of PL of freshly etched porous Si is reduced upon
exposure to DNT or TNT. Figure 2 shows the PL spectra of a
sample exposed to 4 ppb of TNT in an air stream. The
decrease in PL intensity with increasing time of exposure to
TNT, DNT, and pure air is given in Figure 3. After 5 min, the
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Figure 2. Steady-state photoluminescence spectra of n-type porous Si
showing the quenching of photoluminescence that occurs on exposure to
TNT (=4 ppb in air) for the indicated times. The photoluminescence was
stable in pure air for 1 h.
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exposure to different gas mixtures. /, is defined as the integrated intensity
of porous Si photoluminescence in air before exposure (t=0), and [ is
defined as the integrated intensity of photoluminescence in the analyte
stream after a given exposure time.

percentage of quenching for DNT-saturated air (vapor
pressure = 200 ppb at 25°Cl'%1) was 12 %, and 4 % in the case
of TNT-saturated air (vapor pressure =4 ppb at 25°C [1]). As
a control experiment, the intensity of photoluminescence of a
porous Si sample was found to be completely stable for one
hour under a flow of pure air. The value of the slope of the
curve of I/l as a function of time for DNT is 3.5 times greater
than for TNT. The slope of the curve for TNT is thus
significantly larger than that expected from the relative vapor
pressures of these two gases (which differ by a factor of 50).
This enhanced sensitivity towards TNT is ascribed to a larger
electron transfer quenching rate and a larger adsorbate
binding constant for TNT, as discussed below.

As was observed for nitrobenzene above, PL quenching by
the nitroaromatic compounds TNT and DNT was found to be
only partially reversible. After exposure to the relevant
analyte, exposure to a flow of pure air for 30 min resulted in
the recovery of only 60 % of the original PL intensity for DNT
and only 35% for samples exposed to TNT. If either of the
samples were rinsed with ethanol at this point, then 85% of
the original PL intensity was recovered.

Long-term exposure of porous Si to DNT or TNT in air
resulted in irreversible oxidation of the sample. The FTIR
spectrum of porous Si exposed to 200 ppb of DNT for 16 h
displayed bands characteristic of surface oxidation (Figure 4).
In addition to the v s, Vi), and Vs 3 bands at 2091,
2116, and 2141 cm™!, respectively, present on the freshly
etched porous Si surface, the sample exposed to DNT
displayed a large new (Si—O) band centered at 1061 cm™~!,
assigned to surface oxide and suboxide species. Features
assigned to v os; 1y are observed at 2255 and 2195 cm™". These
higher energy Si—H, vibrations are characteristic of Si—-H
species that have oxygen atoms bound to the Si atom.l7]
Figure 4 also shows that the loss in intensity of the vy
band is offset by increased intensity in the vy band.
Traces of surface-adsorbed DNT are also detected in the
FTIR spectrum as absorptions at 1550 and 1340 cm~!, which
resemble those in the FTIR spectrum in a KBr pellet sample
of DNT. The adsorbed DNT observed by FTIR spectroscopy
can also be removed with an ethanol rinse. After the 16 h
DNT exposure, 95% of the PL intensity was quenched. The
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Figure 4. FTIR spectra of a freshly etched porous Si chip (A) and after
exposure to a flow of DNT overnight showing the formation of Si—O bonds
and the vy of adsorbed DNT (B).

PL intensity recovered to 75 % of the original value after the
ethanol rinse.

The behavior of TNT was qualitatively similar to that of
DNT. Exposure of a porous Si sample to a flowing stream of
4ppb of TNT in air for 16 h resulted in a luminescence
quenching of 65 %, which is somewhat less than the percent-
age observed in the experiment with a higher concentration of
DNT for the same time period. No trace of adsorbed TNT was
observed on the surface of the sample by FTIR analysis,
although a significant absorption of silicon oxide was ob-
served.

The purity of the TNT sample was found to be important in
order to obtain reproducible results. The results presented
above were obtained after two successive recrystallizations of
the TNT from methanol. A third recrystallization produced
the same result as with the twice-recrystallized material.
When the quenching experiment was undertaken without
recrystallization of TNT (synthesized by nitration of dinitro-
toluene)™! higher (ca. 10 x ) quenching percentages were
observed. Presumably, impurities with higher vapor pressures
or higher quenching efficiencies are present in the as-
synthesized TNT. Alternatively, the vapor pressure of the
TNT crystals may be increased by the presence of impurities,
leading to a lower quenching efficiency with the pure
material.

Quenching response to multiple analyte exposure cycles: The
intensity of PL from porous Si samples was also recorded in a
flow stream in which the gas composition was alternated
between pure air and a nitroaromatic vapor in air (Figure 5).
In each experiment, the sample chip was exposed to a flow of
one of the nitroaromatic compounds (nitrobenzene, DNT, or
TNT) in air for a fixed amount of time and then the flow
stream was switched to pure air for the same amount of time.
The experiment was performed for six analyte/air cycles over
a total time period of 6 h. Each experiment was conducted
with a saturated concentration of the analyte in air (nitro-
benzene, DNT, and TNT concentrations of 420 ppm, 200 ppb,
and 4 ppb, respectively).
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Figure 5. Variation of /1, for n-type porous Si samples as a function of
time, alternating between exposures to nitrobenzene, DNT, TNT, and pure
air mixtures. Oxidation of the sample leads to incomplete recovery of
photoluminescence after each successive exposure to the nitroaromatic.
The control experiment for air exposure is also shown. /; is defined as the
integrated intensity of porous Si photoluminescence in air before exposure
(t=0), and I is defined as the integrated intensity of photoluminescence in
the analyte stream after a given exposure time.

A control experiment performed with pure air shows no
significant change in PL intensity over 6 h. As has been
described above, exposure to a nitroaromatic vapor resulted
in significant quenching of PL which was not completely
recovered during the air-flushing cycle. With each subsequent
exposure to the analyte, the intensity of PL decreased further.
The most efficient quenching was observed with nitroben-
zene, for which the vapor pressure was the highest; DNT is
less efficient, and TNT, with the lowest vapor pressure, is the
least efficient.

Limits of detection: The detection limits for DNT and TNT
were determined for a 5 min exposure of the relevant gas in a
flowing air stream. The quenching of photoluminescence from
porous Si as a function of analyte concentration is presented
in Figure 6. A detection criterion of 2% quenching, corre-
sponding to five times the noise level of the spectrometer
system (spectral integration time of 800 ms), was applied.
Under these conditions, the detection limit was 2 ppb for
DNT and 1 ppb for TNT. Photoluminescence quenching was
always greater for TNT than for DNT at equivalent concen-
trations.
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Figure 6. Variation of the percentage of quenching for n-type porous Si
samples as a function of the logarithm of the concentration of the gas.
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Effect of illumination on irreversible quenching: In order to
test whether the irreversible quenching process originates
from a photochemical reaction, quenching runs were run in
the dark and under continuous irradiation with the 480 nm
LED excitation source. For the dark runs, the sample was only
illuminated during spectral acquisition, typically 5s. The
decay of photoluminescence was monitored over a period of
20 min for samples exposed to 200 ppb of DNT in a flowing air
stream. Quenching of 40% was observed for both the
irradiated sample and the one held in the dark. This indicated
that the quenching mechanism is not highly photosensitive. As
a control, the PL of porous Si in a flowing air stream was
monitored with continuous 480 nm irradiation. No significant
change in PL intensity was observed over the same 20 min
time period.

Mechanism of irreversible quenching of photoluminescence:
For all the nitroaromatic molecules studied, PL. quenching is
only partially reversible. The data provide a clear indication
that the porous Si surface is oxidized upon exposure to the
nitroaromatic compounds, either in the presence or absence
of O,. Prolonged exposure to either nitrobenzene, DNT or
TNT was found to result in the appearance of oxide-related
absorptions in the infrared spectra of the porous Si samples
(Figure 1 and Figure 4). The irreversibility of PL quenching is
attributed to this oxidation reaction. Nitrobenzene, DNT, or
TNT, are proposed to react with porous Si according to
Equation (1).

Porous Si

The integrated area of the bands associated with Si—-H
stretching modes in the FTIR spectrum did not change
appreciably upon oxidation by the nitroaromatic (Figure 1
and Figure 4). This is consistent with the proposed oxidation
mechanism, in which oxygen is inserted into a Si—Si surface
bond. A similar reaction mechanism has been proposed for
the oxidation of porous Si by dimethyl sulfoxide, which results
in oxidized porous Si and dimethyl sulfide.'®! In the present
case, the initial organic product is proposed to be a nitroso
aromatic. Nitroaromatics have been shown to act as oxygen
atom donors in some solid-state reactions. For example,
nitrobenzene reacts with cobalt aluminum oxides to insert an
oxygen atom into the lattice. That reaction results in a mixture
of organic products, although the principle product is nitro-
sobenzene.[)]

Several experiments designed to identify the organic
products of the silicon oxidation reaction were performed.
A freshly etched porous Si chip was exposed to a solution of
nitrobenzene for several days and the sample and solution
were analyzed. The FTIR spectrum of the chip showed the
appearance of a new peak attributed to Si—O bonds; however,
no change was detected in the nitrobenzene solution either by
UV/Vis spectroscopy or gas chromatographic —mass spectro-
metric analysis. Another freshly etched porous Si chip was
exposed to a solution of [Ds]nitrobenzene for the same
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amount of time. The NMR spectrum was identical to that of a
solution which was not in contact with any porous Si. No
organic by-products of the surface modification process were
detected in any of the experiments.

The irreversible quenching of photoluminescence is pro-
posed to arise from a combination of the surface oxidation
reaction and strongly physisorbed organic molecules that are
not removed under a flow of air. Although silicon oxide
generally acts as a passivating layer on silicon in MOSFET
circuitry, there are many examples of defective oxides or
suboxides that serve to decrease the overall quantum
efficiency of emission from Si nanoparticles. The slow growth
of the oxide layer is thought to be responsible for the net
decrease in photoluminescence intensity observed with each
additional exposure cycle (Figure 5). The fact that some of the
photoluminescence intensity can be recovered at the end of
the experiment by rinsing the sample with ethanol supports
the hypothesis that an additional contributor to the observed
irreversible quenching comes from strongly physisorbed
molecules. It is the less strongly physisorbed molecules that
are thought to be responsible for the reversible quenching of
photoluminescence, which is discussed in more detail below.

Mechanism of reversible quenching of photoluminescence: A
variety of photoluminescence quenching mechanisms have
been shown to be accessible to porous Si. The mechanisms can
be separated into four basic categories: interfacial charge
transfer, interfacial energy transfer, introduction of non-
radiative surface traps, and dielectric
medium effects. Interfacial charge
transfer can occur when a molecular
electron donor or acceptor of the
appropriate energy comes in contact
with an excited silicon nanocrystal-
lite in the porous Si matrix.l'> 2 Likewise, interfacial energy
transfer can occur if the molecular quencher has accessible
singlet or triplet energy levels.®:2-2 Nonradiative surface
traps can be introduced by a chemical reaction at the porous
Si surface that generates mid-gap defects.' 141524 Finally, it
has been shown that the dielectric constant of the medium
surrounding the nanocrystallites in porous Si modifies the
efficiency of geminate recombination,! which results in a
loss of photoluminescence upon immersion of porous Si into
any liquid dielectric medium.['% 11:25.261 The first three modes
of quenching can occur with very low concentrations of
quencher (typically ppm or lower), while the dielectric effect
occurs at relatively high surface coverages, corresponding to
large concentrations of quencher (parts per thousand or
greater). Fauchet and McLendon have previously studied the
quenching of luminescence of porous Si by nitroaromatic
compounds, and the mechanism of quenching was attributed
to an electron transfer pathway based on the observed
correlation with reduction potentials. Data in this work
support the interpretation given in Equation (2).

NO, NO,

+ € (conduction band) —> @ (2)
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Fauchet and McLendon have shown that the conduction
band of porous Si is negative with respect to the reduction
potential of 1,4-dinitrobenzene (—0.8 V vs. NHE).['l There-
fore, electron transfer is expected to be exergonic (negative
free energy) for the nitroaromatic molecules DNT and TNT,
based on their similar reduction potentials (—0.9 and — 0.7 vs
NHE, respectively).! We have also observed that nitro-
benzene is an effective quenching agent. The quenching
efficiency is expected to arise from a combination of three
factors: the partial pressure of the nitroaromatic vapor, the
free energy (AG°) of the electron transfer, and the binding
constant between the gas and porous Si. Assuming Arrhenius-
type behavior, the relationship between the quenching con-
stant (K,), the vapor pressure (v,), the free energy (AG®) and
the binding constant (K;) can be approximated by Equa-
tion (3), where A is a constant. This relationship has also been
used in the interpretation of oxidative quenching of PL from
conjugated polymers by nitroaromatic compounds!*l.

K xv,(Aexp — AG")K, 3)

The quenching of porous Si photoluminescence is more
efficient with TNT than with DNT at comparable pressures of
analyte. The reduction potential of TNT is less negative than
that of DNT, so TNT has a larger driving force for electron
transfer than DNT. Nitrobenzene, which has the most
negative reduction potential (—1.15 V vs NHE) of the three
nitro-containing analytes studied, exhibits the lowest quench-
ing at a similar partial pressure. Thus the simple Arrhenius
relationship of Equation (3) qualitatively predicts the relative
efficiencies of quenching that were experimentally observed
for TNT, DNT, and nitrobenzene.

Infrared measurements indicate that nitrobenzene (Fig-
ure 1) and DNT (Figure 4) persist on the porous Si surface
even after extensive flushing of the sample chamber with pure
air. Thus the analytes strongly adsorb to the surface of porous
Si. Adsorption will also influence the efficiency of electron
transfer quenching because it determines the surface concen-
tration of the quencher, as indicated in Equation (3). The
relative binding affinities of nitrobenzene, DNT, and TNT
have not been determined, so a more quantitative analysis of
quenching rates is precluded at this point.

Indirect detection of nitroaromatic compounds by catalytic
decomposition

The large number of quenching pathways accessible to porous
Si makes the development of chemically specific sensors a
challenge. Quenching by the dielectric medium mechanism
can occur with any adsorbate,™ although the greater
efficiency of quenching seen for energy transfer and charge
transfer quenching suggests that molecules without the
appropriate redox or electronic states only become interfer-
ents at high concentrations. This is borne out by the benzene
results in the present work; detectable PL. quenching only
occurred at benzene concentrations above 400 ppm, while
DNT and TNT were detectable at ppb levels. In an attempt to
improve the chemical specificity for nitro-containing com-
pounds, a method which uses selective catalytic oxidation
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upstream of the porous Si detector was attempted. We
anticipated that each nitro group would be released as NO,
during catalytic oxidation over catalysts, such as palladium
and platinum oxides, that are commonly used to oxidize
organic substances.”’?! Although PL from porous Si was
quenched by NO,, ¥l the process was less efficient than
quenching by DNT or TNT. Thus, catalytic combustion can be
used to determine the presence of nitroaromatic compounds
in the analyte stream. By the use of two porous Si detectors,
one with catalyst and one without, a differential signal specific
to each NO,-containing species can presumably be achieved.

Catalytic oxidation of nitrobenzene to NO,: Initial studies
focused on the development of the catalytic reaction with
nitrobenzene. A dry air stream that contained 420 ppm of
nitrobenzene vapor (a simple model for TNT, DNT and other
nitroaromatic explosives) was passed through a glass tube that
contained glass beads coated with a platinum oxide or
palladium oxide catalyst. The outflow from the catalyst was
passed into an IR cell (pathlength 10 cm) and the spectral
signatures of CO,, H,O and NO, were observed. A decrease
in nitrobenzene concentration was evident in the difference-
FTIR spectrum (Figure 7, symmetric and asymmetric stretch-
es of the nitro group at 1551 and 1357 cm™, respectively),
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Figure 7. Difference FTIR spectrum of the products formed and reactants
consumed when air saturated with nitrobenzene vapor is passed over PtO,-
coated glass beads at 250 °C. Rotational lines from overlapping water vapor
(also a product) were removed by subtraction to show only the behavior of
the nitrobenzene reactants (negative peaks) and nitrogen dioxide products
(positive peaks).

while a concomitant increase in the FTIR signature of free
NO, was observed (Figure 7, double peak from rotational fine
structure centered at 1620 cm™!). Lower oxides of nitrogen
(NO and N,0) were not observed. The efficiency of decom-
position of nitrobenzene was similar with either the platinum
or the palladium catalyst. About 90 % of the nitrobenzene was
oxidized at a catalyst temperature of 200 °C while 100 % was
oxidized at 250°C. This indicates the stoichiometry of the
combustion reaction as given in Equation (4).

2CH,NO, +14.50, — 12CO, +5H,0 +2NO, @)
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When a flowing stream of nitrobenzene (420 ppm) in air
was passed through the apparatus in the absence of catalyst,
the efficiency of the decomposition of nitrobenzene was much
weaker. As a control experiment, nitrogen was used as a
carrier gas instead of air. In this case, there was no detectable
decomposition of the nitrobenzene below 400°C.

As a comparison, the same experiments were performed
with benzene. In the presence of either catalyst heated to
250°C, traces of CO, and H,O were detected; however, the
FTIR signal from benzene did not diminish noticeably. At
catalyst temperatures of 400°C, approximately 5% of the
benzene in the air stream was observed to disappear. The
ability to selectively catalyze the low-temperature combustion
of nitrobenzene is unexpected. Electron-withdrawing sub-
stituents generally deactivate an organic compound towards
oxidation, and nitrobenzene is even less reactive than
chlorobenzene in catalytic solution oxidation processes.[*!
The unexpectedly efficient heterogeneous catalytic oxidation
of nitroaromatic compounds is useful, because many potential
organic interferents will not be oxidized at low catalyst
temperatures. Furthermore, the reaction products (CO, and
H,0) from the oxidation of simple organics, exhibit weak
quenching of PL on porous Si, and therefore offer little
interference. One possible reason for the high reactivity of
nitrobenzene and other nitroaromatic compounds under
conditions of heterogeneous catalytic oxidation, is the inher-
ent high reactivity observed between nitroaromatic com-
pounds and metal oxide surfaces.'>-31 This has been most
often observed in the context of the reduction of nitro-
aromatic compounds; however, the surface binding/activation
processes apparently also facilitate oxidation when dioxygen
is present in excess. The efficient heterogeneous catalytic
oxidation observed here for NB, DNT, and TNT is noteworthy
given the interest in remediation of these compounds, when
they are found as environmental pollutants.?2-38]

Detection of nitrobenzene using an upstream catalyst: The
rate of quenching of the luminescence of porous Si by
nitrobenzene was slower when a catalyst was inserted up-
stream. After 5 min in the flowing nitrobenzene/air stream,
the quenching efficiency was about 40 % with a catalyst, and
55% without a catalyst. In either case, quenching was
predominantly irreversible since only 70 % of the initial PL
intensity was recovered after a 30 min air purge. There is no
detectable change in the FTIR spectrum of the chips
compared to freshly etched porous Si. As a control experi-
ment, the quenching of PL was recorded in nitrogen instead of
air with a catalyst (held at 250°C) and without a catalyst
upstream of the porous Si detector. Under these conditions,
there is no change in the efficiency of quenching. The
behavior was the same with the catalyst held at 400 °C. There
was also no change in the PL intensity when wet air was used
with a catalyst held at 250°C.

Although the oxide was not detectable after short (5 min)
exposures, evidence for oxidation was apparent on porous Si
chips exposed to nitrobenzene/air mixtures for longer time
periods. The FTIR spectrum obtained after a 1 h exposure of a
chip to a nitrobenzene/air mixture in the presence of an
upstream catalyst, followed by a 30 min air flush, displayed a
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new (Si—O) band centered at 1061 cm~', that is characteristic
of surface oxide and suboxide species. The extent of oxidation
(as determined by the area of the v o, vibrational band) is
not as great when the same experiment is performed in the
absence of catalyst. The samples that have been exposed to
nitrobenzene/air for longer times also displayed a greater loss
in PL intensity. After 1h in the flowing nitrobenzene/air
stream, the quenching efficiency was close to 100 % both with
or without a catalyst (no detectable PL spectrum was
observed above the baseline under the conditions used for
acquisition).

The irreversibility of PL quenching for the experiments
with an upstream catalyst was attributed to the generation of a
small number of surface oxide defects upon reaction with the
NO, produced according to Equation (3), as has been
previously postulated.l'3) Surface defects can act as highly
efficient nonradiative electron-hole recombination centers.
At short exposure times, the oxide defects are at a concen-
tration too low to be detectable by FTIR, although they are
detected at longer exposure times.

The efficiency of quenching of PL by nitrobenzene in the
absence of a catalyst (without catalytic oxidation to NO,) is
unexpected. The measured detection limit for nitrobenzene in
air without a catalyst is 500 ppb. A comparison was made of
the quenching of porous Si obtained after 10 min of exposure
to nitrobenzene/air without an upstream catalyst, 10 min of
exposure to nitrobenzene/air with an upstream catalyst (at
250°C), and 10 min of exposure to NO,/air. At comparable
analyte concentrations, the efficiency of quenching was within
the error limits for all three. In all three cases the efficient
irreversible quenching could be attributed to the oxidation of
the porous Si surface. Thus, for the purpose of detecting
nitrobenzene, there is no advantage in the use of an upstream
catalyst. In contrast, the use of a catalyst is worthwhile in the
detection of TNT and DNT because it provides specificity, as
discussed below.

Detection of DNT and TNT with an upstream catalyst:
Quenching of PL from porous Si by a flow of DNT/air or
TNT/air passed through a catalyst at 250 °C was monitored by
the use of the same experimental protocol as that used for the
nitrobenzene/air experiments discussed above. The efficiency
of PL quenching by DNT and TNT was significantly higher
than for their catalytic combustion products NO,, CO,, and
H,O. The percent quenching of 200 ppb of DNT in the
absence of the catalyst was 12%. In the presence of the
catalyst, the percent quenching by the DNT/air mixture was
only 2 %. Complete combustion of the DNT would produce a
concentration of 400 ppb of NO,. Separate experiments with
500 ppb of NO, in air showed the percent quenching of NO, to
be 5%, consistent with the results of catalytic combustion.
For 4 ppb of TNT in air, no detectable quenching (<1%)
was observed with the upstream catalyst at 250 °C, while 4 %
PL quenching was observed either with no catalyst or with the
upstream catalyst held at room temperature (no catalytic
reaction). The concentration of NO, expected to be produced
by the active catalyst (12 ppb) was well below the detection
limit for NO,.['3 Similar responses were observed with the
upstream catalyst (either PtO, or PdO) held at either 250°C

0947-6539/00/0612-2211 $ 17.50+.50/0 2211





FULL PAPER

W. C. Trogler, M. J. Sailor, and S. Content

or 400°C, which indicated that combustion was complete at
catalyst temperatures as low as 250 °C. The vapor pressures of
DNT and TNT were so low that the NO,, CO,, and H,O
combustion products were not detectable by FTIR as they
were in the nitrobenzene experiments.

Mechanism for selective detection of DNT and TNT with an
upstream catalyst: Figure 8 summarizes the results obtained
with and without a catalyst at 250 °C. The quenching of PL was
clearly more efficient in the absence of the catalytic reaction.
This demonstrates the high sensitivity of porous Si to electron

b a A —e -TNT
07 F . ‘A — & -DNT +CAT
r N A --a--NB
F . A - NB + CAT
06 [ S ‘A A +
A\‘A~‘ .
05 | A\‘A'\A
L TTO--a--
0.4 C | 1 P IR S B | 1 PR B |
0 50 100 150 200 250 300 350 400
time / s

Figure 8. Variation of 1/, for n-type porous Si samples as a function of
time after exposure to nitrobenzene (NB), DNT and TNT gas mixtures, to
illustrate the sensitivity differences between direct and indirect detection.
In a control experiment, the air flow for the duration of the experiment,
gave a stable signal. /; is defined as the integrated intensity of porous Si
photoluminescence in air before exposure (r=0), and / is defined as the
integrated intensity of photoluminescence in the analyte stream after a
given exposure time.

transfer quenching by nitroaromatic compounds. The data
also show that selective detection of TNT and DNT can be
achieved by comparison of the catalytic and noncatalytic
responses from the porous Si detector. When a catalyst is
used, the nitroaromatic compound is decomposed to NO,,
H,O and CO, as shown in Equation (4) for nitrobenzene. It
has been shown that CO, and H,O have no significant
influence on the quenching efficiency of porous Si, so the
observed quenching resulted only from the NO, produced.['?!
Nitrobenzene quenched the PL with roughly the same
efficiency as NO,; thus no discrimination could be obtained
by the use of a catalyst with this analyte. Because PL
quenching by DNT and TNT was so much more efficient than
by NO,, the catalytic reaction allows discrimination of these
analytes. It has also been demonstrated that oxygen is needed
for the catalyst to work, since no reaction was observed by
FTIR when nitrobenzene in nitrogen was used as the carrier
gas.

In order to explore the specificity of the catalyst for the
oxidation of nitroaromatic compounds, potential interferent
gases were tested. A flow of benzene (80 Torr), hexane
(110 Torr), toluene (28 Torr), isooctane (48 Torr), and iso-
prene (400 Torr) vapor/air mixtures were independently
passed through a catalyst held at 250°C. These gases were
chosen because they are typical organics found in the
atmosphere, since they are present in automotive fuels.

2212
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Isoprene is a natural hydrocarbon emitted by plants that has
significant atmospheric concentrations.[*!

The reactivity of the different gases was recorded in the
absence and presence of the catalyst held at 250°C. No new
signals were detected in the FTIR spectrum of the gas stream
when a catalyst was employed, although the absorption
assigned to CO, increased slightly. A slight increase in the
background CO, was also observed in the carrier stream
without added organics; this was attributed to outgassing from
the heated apparatus. The intensity of PL from a downstream
sample of porous Si was also monitored. The percentage of
quenching was the same in the absence or presence of a
catalyst when benzene, hexane, toluene, isooctane, and
isoprene were present in the carrier gas.

The reactivity of nonaromatic nitro compounds nitrome-
thane (36 Torr) and nitropropane (7.5 Torr) in the carrier gas
were also investigated. FTIR measurements indicated that the
catalyst at 250°C completely decomposed these compounds
into NO,, CO, and H,O. The quenching of PL from porous Si
was also monitored in the absence and presence of the
catalyst. In the absence of a catalyst the extent of PL
quenching reached 80 % after 25 s for these gases, whereas in
the presence of a catalyst, it took only 5s to reach a steady
state in which 80% of the PL was quenched. This behavior
indicates that nitromethane and nitropropane are not detect-
ed with as high a sensitivity as TNT or DNT, presumably
because they quench the luminescence of porous silicon by
adsorption rather than by electron transfer quenching.? 26 401
Catalytic oxidation produces NO,, however, which can be
detected with greater sensitivity. A similar increase in
quenching efficiency after oxidation was observed for simple
amines, such as aniline. FTIR studies showed that catalytic
oxidation also yielded NO, for these nonaromatic nitro
compounds. Among the likely interferents examined, DNT
and TNT are unique because their catalytic oxidation results
in a strong decrease in the efficiency of the luminescence
quenching of porous silicon and they can be detected at very
low concentrations.

Conclusions

Sensitive direct detection of DNT, TNT, and nitrobenzene in a
flowing air stream has been achieved by means of photo-
luminescence quenching of porous Si. The mechanism of
quenching is attributed to reversible electron transfer quench-
ing of quantum-sized nanocrystallites in the porous Si matrix,
although there is also a contribution from chemical oxidation
of porous Si by the nitroaromatic compounds that leads to an
irreversible response at long exposure times (>5 min). The
use of an oxidation catalyst specific for nitroaromatic com-
pounds allows the selective decomposition into NO,, CO, and
H,O at low temperatures. Since the PL of porous Si is less
sensitive to these combustion products than to DNT or TNT,
selectivity for these analytes can be achieved by comparison
of the relative response between two porous Si chips, one with
and one without an upstream catalyst. The catalyst provides
discrimination between the nitroaromatic compounds and
several common atmospheric interferents: benzene, hexane,
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toluene, isooctane and isoprene. The limits of detection for
DNT and TNT are 2 ppb and 1 ppb, respectively.
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Reactive-Site Design in Folded-Polypeptide Catalysts—The Leaving Group
pK, of Reactive Esters Sets the Stage for Cooperativity in Nucleophilic and

General-Acid Catalysis

Jonas Nilsson!®! and Lars Baltzer*!2]

Abstract: The second-order rate con-
stants for the hydrolysis of nitrophenyl
esters catalysed by a number of folded
designed polypeptides have been deter-
mined, and 1900-fold rate enhancements
over those of the 4-methylimidazole-
catalysed reactions have been observed.
The rate enhancements are much larger
than those expected from the pK, de-
pression of the nucleophilic His residues
alone. Kinetic solvent isotope effects

leaving group is predominantly proto-
nated. In contrast, no isotope effects
were observed at pH values above the
pK, of the leaving group. A Hammett p
value of 1.4 has been determined for the
peptide-catalysed hydrolysis reaction by
variation of the substituents of the leav-
ing phenol. The corresponding values
for the imidazole-catalysed reaction is
0.8 and for phenol dissociation is 2.2.
There is therefore, very approximately,

half a negative charge localised on the
phenolate oxygen in the transition state
in agreement with the conclusion that
transition-state hydrogen-bond forma-
tion may contribute to the observed
catalysis. The elucidation at a molecular
level of the principles that control coop-
erativity in the biocatalysed ester-hy-
drolysis reaction represents the first step
towards a level of understanding of the
concept of cooperativity that may even-

were observed at pH values lower than
the pK, values of the leaving groups and
suggests that general-acid catalysis con-
tributes in the pH range where the

Introduction

The design of folded-polypeptide catalysts provides a new
approach to the study of enzymes, and opens up new routes to
engineered non-natural biocatalysts with tailored specificities.
Natural enzymes function through a wide range of catalytic
mechanisms and show unrivalled selectivities and efficiencies,
in spite of the fact that their structure and function is due, in
principle, to amino acids of only modest chemical reactivity.
One of the hallmarks of native enzymes is the concept of
cooperativity. A necessary step towards the understanding of
how to design new catalysts is therefore to elucidate the
principles that govern the formation of powerful cooperative
catalysts from the twenty common amino acid residues. The
elucidation of the complex relationship between structure and
function is, however, very difficult in natural enzymes where
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tually allow us to design tailor-made
enzymes for chemical reactions not
catalysed by nature.

de novo de-
histidine

essentially every residue has multiple functions, and more
virgin model proteins are clearly needed. Recently complex
scaffolds or templates have become available where reactive-
site geometries can be systematically altered through the
developments in the field of de novo protein design.[>2 A
number of proteins with non-natural sequences and well-
defined tertiary structures are now available, for example
four-helix bundles,P> a triple-helix bundle,) monomeric
triple-stranded S sheets*® and Bpa motifs> ' and high-
resolution NMR structures have been reported for most of
them.*7 % 1% Instead of using a single-chain primary structure
the template-assembled synthetic protein (TASP) concept!'!l
provides a promising alternative strategy to the design of
stable polypeptide structures with protein-like proper-
ties.'> B] The engineering of reactive sites in a large variety
of model proteins, with or without bound cofactors, is
therefore now possible.

Structure determination of folded motifs provide the
opportunity for correlating structure at the atomic level with
function, but designed polypeptides that do not fold into well-
ordered structures have also demonstrated catalytic efficiency
in the decarboxylation'! and peptide-ligation reactions.!'’]
The introduction of the cofactor pyridoxamine into a protein
scaffold!'® and into a designed 23-residue peptidel'”! has been
shown to lead to catalysis of the transamination reaction, a
key step in the biosynthesis of amino acids. We have focussed
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on the implementation of catalytic functions into folded four-
helix bundle catalysts and demonstrated the catalysis of
hydrolysis, transesterification,'®! amidation, decarboxyla-
tion? and transamination reactions.?'l We have emphasised
detailed structural and reaction-mechanistic studies in the
design of new biocatalysts with a particular focus on the
structure of the reactive sites!'®! and their complexes, and on
the implementation of cooperative mechanisms in catalysis.[*?!

The hydrolysis of reactive esters, such as p-nitrophenyl
acetate (I) , was catalysed by the 42-residue peptide KO-42
with rate enhancements of more than three orders of

N02 N02
O O
1, AT A
(U] m (1

magnitude over that of the 4-methylimidazole-catalysed
reaction. KO-42 was designed to fold into a helix-loop-helix
motif that dimerises to form a four-helix bundle and was
suggested after kinetic investigations to follow a reaction
mechanism that includes cooperative nucleophilic and gen-
eral-acid catalysis.'¥! Structures and pK, values are given in
Figure 1 and Table 1. The design of the reactive sites was
based on the concept of bringing together unprotonated and
protonated histidine residues in close proximity since the
imidazoyl side chain is a good nucleophile in aqueous solution
at around neutral pH, and protonated His side chains are
known to provide strong hydrogen bonds in enzymatic
catalysis. The evidence in favour of cooperative catalysis
was mainly the pH dependence of the second-order rate

Abstract in Swedish: Andra ordningens hastighetskonstanter
for hydrolys av nitrofenylestrar katalyserade av designade
polypeptider har bestimts och visats vara upp till 1900 ganger
storre dn de for motsvarande 4-metylimidazol katalyserade
reaktioner. Hastighetsokningarna dr mycket storre dn vad som
kan forvintas av pK, sinkningarna av de nukleofila histidi-
nerna. Kinetiska losningsmedelsisotopieffekter observerades
vid pH virden ligre dn pK, for de limnande grupperna, vilket
antyder att generell syrakatalys bidrar i pH intervallet diir den
limnande gruppen huvudsakligen ir protonerad. A andra
sidan observerades inga isotopieffekter vid pH over pK, for
den limnande gruppen. Ett Hammett p viirde pd 1.4 bestimdes
for den peptidkatalyserade hydrolysreaktionen genom att
variera substituenterna pd den limnande fenolen. Det mot-
svarande virdet for den imidazolkatalyserade reaktionen dr 0.8
och for fenoldissociation dr virdet 2.2. Mycket approximativt
dr det dirfor en halv negativ laddning lokaliserat pd fenolatsy-
ret i Gvergangstillstandet vilket dverensstimmer med slutsatsen
att bildning av en vitebindning i dvergangstillstandet bidrar till
den observerade katalysen. Klargérandet pd en molekylir niva
utav principerna som styr kooperativitet i biokatalyserad ester
hydrolys reaktion representerar det forsta steget mot en
forstaelse av koncepetet kooperativitet, som sa smaningom
kan gora det mojligt for oss att designa skriddarsydda enzymer
for kemiska reaktioner som inte katalyseras i naturen.
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Figure 1. The modelled and primary structure of JN, the peptide that JNI,
JNII, JNIIRO and JNIII are based upon. By replacing one of the three
histidines in JN with “inactive” residues, JNI, INII and JNIII were created.
For JNI residue 34 is alanine and for JNII and JNIIRO residue 26 is
glutamine. In addition, JNIIRO has arginine and ornithine residues in
positions 11 and 15, respectively, in order to provide interhelical binding to
anionic substrates. For JNIII residue 30 is glutamine. The catalytically
active polypeptide is the dimer, but only the monomer is displayed for
reasons of clarity. The residues that are varied are shown in bold.

Table 1. The histidine pK, values and amino acid substitutions for the
peptides investigated and referred to in this study. Positions not shown are
the same as in Figure 1. The Footnotes indicate the references where the
peptides first appeared.

Peptide 11 15 19 26 30 34
SA-420 A H(65) K Q Q A
KO-42"  H(69) H(54) H((70) H(72) H(G3) H(G2)
INTE A Q K H(69) HG6) A
INTIE A Q K Q H(5.6) H(5.6)
JNIIROM  Orn R K Q H H
INTITE A Q K H(68) Q H (5.4)

[a] Reference [25]. [b] Reference [18]. [c] Reference [22]. [d] Reference
[24].

constant and the observation of a kinetic solvent isotope
effect of 2.0l

The 42-residue peptides JNI, JNII and JNIII, based on the
same structural template as KO-42 but with histidine residues
only in positions 26 and 30 (JNI), 30 and 34 (JNII), and 26 and
34 (JNIII), were subsequently used to examine the mecha-
nism of hydrolysis and transesterification of mono-p-nitro-
phenyl fumarate and p-nitrophenyl acetate (I)?? first dem-
onstrated in KO-42. JNI and JNII both have two histidine
residues separated by four residues within a helix in the helix-
loop-helix motif. The pK, values of JNI were measured and
found to be 6.9 and 5.6 for His 26 and 30, respectively. For
JNII both His 30 and 34 had pK, values of 5.6, and JNII is a
factor of 5.5 more efficient than JNI in the hydrolysis of
mono-p-nitrophenyl fumarate at pH 5.1 and 290 K.?2 A
model to explain this difference in reactivity based on
cooperative nucleophilic [Eq. (1)] and general-acid catalysis
[Eq. (2)] was proposed, based on the Brgnsted equations,
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where k, is the second-order rate constant and the coefficients
a and S describe the sensitivity of the rate constants to
changes in pK, of the catalysts. Close proximity and depressed
pK, values of the histidine residues were crucial for efficient
catalysis to occur and the underlying argument is described in
the following paragraph.

log k, = A+fpK, )

log k,=A — apkK, 2)

The Brgnsted coefficient is 0.8 for imidazole-catalysed
hydrolysis of Ll At a pH below its pK, a nucleophilic
histidine residue with a lower pK, is a more reactive
nucleophile than one with a higher pK,, since the decrease
in the concentration of reactive unprotonated His at low pH is
directly related to pK, whereas the decrease in the reactivity
of the unprotonated His residue is related to pK, multiplied
by 0.8. In other words the decrease in reactivity with pK, is
overcompensated for by the increase in the concentration of
unprotonated nucleophile. Also, a protonated histidine resi-
due with a low pK, is a better general-acid catalyst than one
with a higher pK, provided that both are protonated to large
extents. JNII (His-30, His-34) is thus suggested to be more
efficient than JNI (His-26, His-30) because His-30 is as
efficient a nucleophile as His-34, as they have identical pK,
values, but His-34 is a more efficient general-acid catalyst than
His-26 because it has a lower pK,. The proposed reaction
mechanism for the hydrolysis of p-nitrophenyl esters cata-
lysed by the HisH™ - His pair of JNII is outlined in Scheme 1.
The catalytic efficiency is thus due to pK, depressions of the
catalytic residues as well as to the formation of hydrogen
bonds. Using the Brgnsted coefficient of 0.8 and the degree of
protonation at pH 5.1 JNII can be calculated to be a factor of
24 more efficient as a catalyst in the hydrolysis of I than a
hypothetical imidazole with the same pK,, and this is most
likely owing to general-acid catalysis by the flanking proto-
nated HisH* residue.

However, the need for general-acid catalysis may seem
surprising since the p-nitrophenolate anion is a very good
leaving group. Since the question of whether general-acid
catalysis contributes to the observed reactivity is an important
one in understanding cooperativity as well as transition state
structure, we have now further investigated under what
conditions this mechanism contributes to the observed
catalysis. The pH profiles, kinetic solvent isotope effects and
the Hammett p value for nitrophenyl leaving groups have
been determined and these results demonstrate what the
requirements are for general-acid catalysis to contribute to

- HOONOZ

the hydrolysis of reactive esters by HisH*—His pairs in
folded-polypeptide and protein catalysts. This is a first step
towards the understanding of how to introduce cooperative
reaction mechanisms in designed catalysts.

Results

We have determined the reactivity of the designed polypep-
tides JNII and JNIIRO (Figure 1) towards the highly reactive
substrate 2,4-dinitrophenyl acetate (II) and towards the less
reactive m-nitrophenyl acetate (II) to gain further knowl-
edge of the mechanism of polypeptide-catalysed hydrolysis of
activated esters by comparison with their reactivities towards
L

The design and characterisation of the peptides used in this
work have been described previously.?>24 In short the
sequences are based on those of the template peptide SA-
421 and the derived catalyst KO-42'8! that were designed,
and found to form helix-loop-helix motifs that dimerise into
four-helix bundles. SA-42 and KO-42 were thoroughly
examined by NMR and CD spectroscopy and by equilibrium
sedimentation ultracentrifugation. The reported mean residue
ellipticities at 222 nm were — 25000 & 1000 degcm?dmol~! for
SA-42 and —24000+ 1000 degcm?dmol! for KO-42, and
correspond to helical contents of 60—70 %.2% 27 The peptides
in this study differ from SA-42 or KO-42 in five positions or
less and they also exhibit CD spectra typical of a-helical
structures with minima at 222 and 208 nm and mean residue
ellipticities of —20000 to —25000 + 1000 degcm?dmol~! at
222 nm. It is therefore assumed that they also form four-helix
bundles. The pH and concentration dependencies of the mean
residue ellipticities at 222 nm have now been examined for
JNII and JNIIRO, and have been shown to vary between
—18000 and —25000 41000 degcm?dmol~! between pH 3.1
and pH 8.0, with concentrations in the range from 0.1 mM to
0.4mmM. The lower values were found for the lower pH. The
dimer structures thus remain relatively constant throughout
the range of experimental conditions and rate differences
should not depend on structural changes to a large extent. The
fact that the observed reactivity is linear with the concen-
tration of peptide shows that the dimer is the catalytic species.
The peptide JNIIRO loses a substantial fraction of its helical
content at pH 3.1 where the mean residue ellipticity is only
—12000 degcm?dmol~, a behaviour that was also previously
observed for KO-42.

The second-order rate constants for the hydrolysis of I and
III catalysed by the peptides JNII and JNIIRO at pH 5.1 and
290 K have been determined and are presented in Table 2.
The second-order rate constants of 7.3 and 7.2m~'s™! for the

H
N N
< G

(e}
N’u\ o N o)
H[N/> . > H[H> HO)I\

Scheme 1. The proposed reaction mechanism for cooperative nucleophilic and general-acid catalysis of activated esters by the HisH" —His reactive site.
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Table 2. Second-order rate constants for the hydrolysis of ester substrates
I, II and III, catalysed by designed peptides and 4-Melm in aqueous
solution at pH 5.1 and 290 K.

Catalyst k, (I) k, (IT) k, (III)
[M—l sfl] [M—l sfl] [Mfls—l]

JNI - 22 -

JNII 0.0481 73 -

JNIIRO 0.056!! 72 0.013

JNIIT - 104 -

4-MelIm 0.00072 0.0081 42 x 10~

[a] Reference [22]. [b] Reference [24].

hydrolysis of Il at pH 5.1 are three orders of magnitude larger
than the 4-methylimidazole-catalysed reaction. The rates of
hydrolysis of II catalysed by 4-methylimidazole (pK, 7.9),
imidazole (pK, 6.95), 4-hydroxyimidazole (pK, 6.45) and
benzimidazole (pK, 5.4) at pH 5.1 and 290 K were deter-
mined, and a Brgnsted f value of 0.45 was calculated for the
reaction (Figure 2). From the JNII pK, values of 5.6 and the 8

log k, / fract. unprot.

Figure 2. Brgnsted plot for imidazoyl-catalysed hydrolysis of IT at pH 5.1
and 290 K.

value of 0.45 it was calculated that the JNII-catalysed
hydrolysis of II is a factor of 68 more efficient than that of a
hypothetical imidazole with a pK, of 5.6 at pH 5.1 and 290 K.
The Brgnsted 3 value of 0.8 for the hydrolysis of Il was
confirmed in the present investigation at pH 5.1 and 290 K
using the same nucleophiles (data not shown). The kinetic
solvent isotope effects for the hydrolysis of II catalysed by
JNII and JNIIRO at pH 3.1 and 5.1 at 290 K were determined
(Table 3). At pH 5.1 no effect was found and at pH 3.1 the
kinetic isotope effects were found to be 1.5 and 2.5 for
JNIIRO and JNII, respectively. The second-order rate con-
stants for the hydrolysis of I, I and III at pH 5.1 and 290 K
catalysed by JNIIRO (Table 2) were used to determine a
Hammett p value for the reaction at pHS5.1 and 290 K
(Figure 3). The second-order rate constant for the hydrolysis
of I by JNII was measured in the pH range from 3.1 to 6.5 at
290 K (Figure 4) to determine the pH dependence for the

Table 3. The second-order rate constants for the hydrolysis of II at pH 3.1 and 5.1 in aqueous, deuturated and

trifluoroethanol (TFE) solutions at 320 K.

2214-2220
1 -
0 JNIIRO
<N
o 1
o
- imidazole
2 -
-3 +
T T T T T
4 5 6 7 8
PK,

Figure 3. Hammett plot for the reaction of JNIIRO and imidazole with
24-dinitrophenyl acetate (II), p-nitrophenyl acetate (I) and m-nitrophenyl
acetate (III) at pH 5.1 and 290 K. The pK, values of the phenols are 3.96,
7.15 and 8.28, respectively.

20
15

+
2 104

= .

& 5

0- - T T T

3 4 5 6

pH

Figure 4. The pH profile for JNII-catalysed hydrolysis of II at 290 K. The
function describing the dissociation of a monoprotonic acid with a pK, of
5.6 is fitted to the experimental data.

reaction. A function describing the dissociation of a monop-
rotonic acid was fitted to the experimental data and the pK,
was found to be 5.6. Also, the second-order rate constant for
the JNIIRO-catalysed hydrolysis of II was determined in the
presence of 5 vol % trifluoroethanol at pH 5.1 and 290 K. It
was the same as that of the corresponding reaction in aqueous
solution within experimental error.

Discussion

Our ability to engineer new biocatalysts depends on the
design of catalytic functions that work cooperatively. In
contrast to most catalysts that are currently in use in organic
chemistry, biocatalysis is based on the use of only mildly
reactive residues that become powerful when combined. The
establishment of the principles
that govern cooperative cataly-
sis is therefore of intense inter-
est and importance in catalyst

Catalyst k, (pH 3.1) k, (pD 3.1) ky (pH 5.1) k, (pD 5.1) ky (PH5.1,5% TFE)  design, and ultimately, in the

s ['s] (s s (s engineering of new enzymes.
INII 0.18 0.084 73 - - We have previously reported
INLRO 0.049 0.032 7.2 78 65 on histidine-based four-helix
4-MelIm 9.9x 1073 - 0.0081 - -

Chem. Eur. J. 2000, 6, No. 12
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bundle catalysts that are capa-
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ble of catalysing the hydrolysis of reactive esters with second-
order rate constants that are more than three orders of
magnitude larger than those of the uncatalysed reactions.['s In
addition, it was demonstrated that the catalysts were capable
of substrate binding, substrate discrimination and to a modest
degree chiral recognition.?®l The reactivity could be explained
by a model based on cooperative nucleophilic and general-
acid catalysis, but the concept of cooperative catalysis is such
an important one that further investigations were warranted.
The questions of why and under what circumstances general-
acid catalysis becomes important in the hydrolysis of very
reactive substrates such as p-nitrophenyl esters, are of
particular relevance. We have therefore determined the
reactivity of the four-helix bundle catalysts towards a more
reactive substrate than I and towards a less reactive substrate
than L, to probe the importance of the pK, value of the leaving
group and to provide a role for general acids in the hydrolysis
reaction. The catalytic power is substantial as the second-
order rate constant of the peptide-catalysed reaction is almost
a factor of 2000 larger than that of the 4-methylimidazole-
catalysed one at pH 3.1, partly owing to pK, depression of the
His nucleophile but mainly owing to other factors.

In the JNII-catalysed hydrolysis of the more reactive
substrate II the second-order rate constant was found to be
72m7's™ at pH 5.1 and 290 K (Table 2) which is almost three
orders of magnitude larger than that of the 4-methylimida-
zole-catalysed reaction. The JNI-catalysed second-order rate
constant for the hydrolysis of II was found to be 2.34M~'s™ a
factor of three smaller than that of the JNII catalyst. The
model proposed in previous workP? for the catalytic effi-
ciency of JNII relative to JNI appears to be valid also in the
hydrolysis of II even if the effect is not as pronounced. The
Brgnsted coefficient S for the hydrolysis of II catalysed by
imidazole derivatives at pH 5.1 and 290 K was determined to
investigate whether general-acid catalysis contributed also to
the observed rate enhancements for the more reactive
substrate. The measured value was 045 (Figure 2),
and the rate acceleration for the JNII-catalysed hydrolysis
of II was therefore a factor of 68 larger than that of a
hypothetical imidazole derivative with a pK, value of 5.6.
The catalytic efficiency in the absence of effects on pK, is
larger for the more reactive substrate and contributions from
factors other than nucleophilic catalysis are therefore sub-
stantial.

The second-order constants for JNII-catalysed hydrolysis of
IT were determined (Figure 4) at several pH values, and at
pH 4.1 and 290 K the second-order rate constant is a factor of
1600 larger than that of the 4-methylimidazole-catalysed
reaction. The pH dependence shows that the catalysis is
dependent on an unprotonated species with a pK, of 5.6, the
value found for both of the histidine residues. The catalysis
therefore depends on the presence of an unprotonated His
residue, but the rate enhancement is larger than what is
expected from a single nucleophilic His residue. The question
of whether general-acid catalysis contributed was therefore
further investigated using isotopic solvents.

The kinetic solvent isotope effect was measured for the
JNIIRO-catalysed hydrolysis of II at pHS5.1 and 290K
(Table 3). No effect was observed in contrast to what was
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found in the JNII-catalysed hydrolysis of I where a value of 1.5
was obtained at pH 5.1.2) The catalytic efficiency of the
peptides towards the highly reactive substrate II at pH 5.1 in
the absence of pK, effects was calculated to be larger than that
towards I, and larger than that calculated for nucleophilic
catalysis by unprotonated His residues of similar reactivities.
From the absence of kinetic solvent effects under the
experimental conditions one can conclude that although
considerable catalytic efficiency is provided by the catalysts,
it does not include that by general acids at that pH.

There is a change in reaction mechanism as the substrates
are changed, and the most obvious difference between the two
substrates are the pK, values of the leaving groups, the pK, of
p-nitrophenol is 7.15 whereas that of 2,4-dinitrophenol is 3.96.
There is thus no need for the latter when expelled to abstract a
proton at pH 5.1, whereas the p-nitrophenolate ion will to a
large extent become protonated in aqueous solution. At
pH 3.1 the kinetic solvent isotope effects in the INIIRO- and
JNII-catalysed hydrolysis of II were measured and found to
be 1.5 and 2.5, respectively, and at pH 3.1 the rate enhance-
ment was almost a factor of 2000 over that of the 4-methyl-
imidazole-catalysed reaction. The pK, of 2,4-dinitrophenol is
3.96 and at pH 5.1 it exists predominantly in solution in its
unprotonated form, whereas at pH 3.1 it is mainly protonated.
The observation of a kinetic solvent isotope effect at a pH
below the pK, of the leaving group is therefore strong
evidence for the participation of general-acid catalysis at that
pH. At a pH where the leaving group is protonated, the need
for general-acid catalysis arises.

In order for this comparison to be valid there must not be a
change in the rate-limiting step as the substrate is changed to a
more reactive one. In enzymatic catalysis there are classic
examples of how changes in rate-limiting step occurs when the
reactivity of the substrate is changed, for example in the
chymotrypsin-catalysed hydrolysis of amides and esters.”’]
The pH dependence of the second-order rate constant,
Figure 4, clearly shows that catalysis depends on the unproto-
nated form of a His residue, in agreement with a mechanism
for the hydrolysis of I, that involves the rate-limiting
formation of an acyl intermediate. To ensure that the
introduction of the 2,4-dinitrophenyl leaving group does not
give rise to a change in rate-limiting step, the second-order
rate constant was determined in the presence of an efficient
nucleophile, trifluoroethanol. The transesterification reaction
of II catalysed by JNIIRO in 5 vol % trifluoroethanol to form
the trifluoroethyl ester showed no rate enhancement over that
of the hydrolysis reaction in aqueous solution. If the rate-
limiting step is the breakdown, rather than the formation, of
the acyl intermediate the reaction rate should increase with
the addition of the nucleophile trifluoroethanol. Since this is
not observed we conclude that the rate-limiting step in the
hydrolysis of the reactive ester II, as in the hydrolysis of L, is
the formation of the acyl intermediate. The absence of a
kinetic solvent isotope effect at pH 5.1 is therefore not owing
to a change in rate-limiting step. It is therefore most likely that
the hydrolysis of I and II follow similar reaction mechanisms
but with different pH dependencies. At a pH below their pK,s
there is cooperative nucleophilic general-acid catalysis but at
a pH above their pK, nucleophilic catalysis dominates with
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little or no contribution to catalysis from the flanking,
protonated HisH* residue.

A Hammett plot for the JNIIRO-catalysed hydrolysis of
the substrates I, IT and III was obtained (Figure 3) and a slope
of —0.6 was found, corresponding to a p value of 1.4. In
addition, the p value for the hydrolysis by 4-methylimidazole,
imidazole and 4-hydroxymethylimidazole was measured and
found to be 0.8. The degree of charge localisation on the
developing phenolate oxygen is considerably less than that on
a phenolate ion, the p value for phenol dissociation is 2.23.12
There is thus a substantial charge localised on the phenolate
oxygen in the transition state of the peptide-catalysed
reaction which provides a rationale for why hydrogen bonding
contributes to the rate enhancement. It stabilises the partial
negative charge on the oxygen by a hydrogen bond.

Since the hydrolysis of II also appears to follow the two-step
mechanism that is predominant in imidazole-catalysed reac-
tions of active esters, the localisation of what is considerably
less than a negative charge on the phenolate oxygen strongly
supports the formation of a tetrahedral transition state on the
reaction pathway in the peptide-catalysed reaction. The
question of whether there is a tetrahedral intermediate, and
if the formation of the intermediate or its breakdown is rate
limiting has not been addressed, so far, and does not affect the
conclusions drawn here.

The second-order rate constants for the JNIIRO and JNII-
catalysed hydrolyses of II were measured at pH 5.1 and 290 K
(Table 2) and were found to be the same within experimental
error. The histidine residues of both peptides have identical
pK, values and in contrast to what was observed for the
hydrolysis of L? no extra binding energy arises from
introducing negatively charged residues in the helix. It
appears that there is little charge on the carbonyl oxygen
and that therefore the putative tetrahedral intermediate may
not occur along the reaction pathway. We have, however, not
investigated this particular feature in detail and the conclu-
sion is clearly preliminary. An alternative interpretation might
be that the structure of the transition state is different from
those of the hydrolyses of p-nitrophenyl esters and that
therefore the developing oxyanion is not directed towards the
flanking groups.

Interestingly the hydrolysis of II using JNIII was the most
efficient with a second-order rate constant of 10.3mM s~ at
pH 5.1 and 290 K. This peptide has previously been shown to
catalyse the hydrolysis of p-nitrophenyl valerate with a
second-order rate constant of 0.097M~!s~, whereas mono-p-
nitrophenyl fumarate was hydrolysed with a k, of only
0.007m~!s™. For JNIII the nucleophilic catalysis by the low
pK, histidine residue in position 34 is probably accompanied
by transition state binding of the hydrophobic substrate
substituents or by binding of the substrate by hydrophobic
interactions to provide a proximity effect. Substrate binding in
the mMm range has previously been observed in the hydrolysis
of mono-p-nitrophenyl fumarate by a designed helix-loop-
helix motif.?*!

The observation of a large catalytic efficiency by JNIII in
the hydrolysis of II (Table 2) although no general-acid
mechanism can operate suggests that in this reaction, like in
the hydrolysis of p-nitrophenyl valerate by JNIII, there is

Chem. Eur. J. 2000, 6, No. 12
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binding of the substituents of the substrate by the peptide, in
the transition state or in a precomplexation. It is suggested
that such binding is the source of catalysis in the hydrolysis of
II at pH 5.1 where no general-acid catalysis is observed.

An important consequence of identifying cooperative
nucleophilic general-acid catalysis is that the structure of the
transition state becomes considerably less difficult to predict
and thus to model. In nucleophilic catalysis a covalent bond is
formed, or being formed, and the distance between the
nucleophilic nitrogen and the carbonyl carbon of the substrate
is well defined. Unfortunately, in the absence of other bonds
between catalyst and substrate a large number of conforma-
tions are still possible, which makes it very difficult to predict
the location of the substituents and introduce binding
interactions. In terms of the chemistry, the catalyst is also
less likely to be capable of significant amounts of selectivity. If
nucleophilic catalysis is supplemented with general-acid
catalysis by a residue that has a very well-defined spatial
location relative to the nucleophile, a second bond is formed
between catalyst and substrate, and the positions of all
substituents are more restricted in space. The introduction of
cooperativity in reactive sites is therefore important for
selectivity as well as for efficiency and a necessary step in the
design of new enzymes. Although we are still far from being
able to design tailor-made enzymes the foundations for this
important endeavour are now being laid, and the elucidation
of the rules that govern cooperativity is one of them.

The implications of the results obtained here are that a
prerequisite for general-acid catalysis to occur is that the
leaving group should have a pK, that is higher than the pH at
which the reaction is carried out, but also that general-acid
catalysis becomes important even for reactive esters under
these conditions. The observation that the catalytic efficiency
decreases with increasing pK, of the leaving group is
surprising but may reflect the fact that the hydrogen-bond
strength depends at least partly on the difference in pK, of the
hydrogen-bond donor and that of the acceptor. The fact that
we are now learning the “rules” for designing efficient and
selective biocatalysts for chemical reactions of reactive
substrates clearly means that in the future we will be able to
apply these concepts to less reactive, and more interesting
substrates.

Experimental Section

The peptides were synthesised and purified as described previously.?> 24
The kinetic experiments were performed using Varian Cary 100 or 500
spectrophotometers equipped with Varian temperature controllers. Pep-
tide stock solutions were prepared by weighing, by assuming a water
content of 25 %, at concentrations of 0.3 or 0.4 mmM. After the kinetic runs
the concentrations of the stock solutions were determined by quantitative
amino acid analysis and found to agree within £10% with the estimated
values. The pH was adjusted and readjusted after centrifugation if
necessary, and peptide solutions for kinetic measurements were prepared
by diluting the stock solution with buffer. 4-Methylimidazole, imidazole
and 4-hydroxymethylimidazole solutions with typical concentrations of 50,
100 and 150 mm were prepared in a similar way. Due to the low solubility of
benzimidazole this derivative was used at concentrations of 5-15mm.

The buffers used were phosphate (100mMm, pH 3.1), acetate (100mm,
pH 4.1-5.85) and Bis-Tris (50mM, pH 6.5). The reaction solutions (270 uL)
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were transferred to 1 mm cuvettes and temperature equilibrated at 290 K
for twenty minutes in the cell compartment of the spectrophotometer. The
substrate (5 pl, 7.15mm in acetonitrile) was added to give typically a
substrate concentration of 0.13mm. The substrates used were the commer-
cially available 2,4-dinitrophenyl acetate and p-nitrophenyl acetate, and m-
nitrophenyl acetate which was synthesised by a standard ester formation
procedure by reacting equimolar amounts of m-nitrophenol and acetic
anhydride. The release of the 2.4-dinitrophenolate ion was followed at
360 nm and that of p-nitrophenol was followed at 320 nm. The rate of
disappearance of m-nitrophenyl acetate was followed at 255 nm.

The pseudo-first-order rate constants were obtained by fitting a single-
exponential function to the experimental data using Igor Pro software and
plotted as a function of peptide or imidazole concentration to provide the
second-order rate constants from linear regression analysis. The error limits
for the second-order rate constants are estimated to be +10% due to the
combined errors in the amino acid analysis and in the linear regression
analysis.

Kinetic solvent isotope effects were measured using a standard pH
electrode to determine uncorrected pH values under the usual assumption
that the isotope effect on the dissociation constants of the histidine side
chain cancels that on the reading of the pH meter.
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Oligomerisation of Ethylene by Bis(imino)pyridyliron and -cobalt Complexes
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Abstract: A series of bis(imino)pyridy-
liron and -cobalt complexes [{2,6-
(CR=NAr),C;H;NJMX,] (R=H, Me;
M=Fe, Co; X=Cl, Br) 8-16 contain-
ing imino-aryl rings (Ar) with at least
one small ortho substituent, as well as
Ar=biphenyl and Ar=naphthyl, has

solid state. These complexes, in combi-
nation with methyl aluminoxane
(MAOQO), are active catalysts for the
oligomerisation of ethylene, yielding
>99% linear a-olefin mixtures that
follow a Schulz—Flory distribution. Iron
ketimine (R =Me) precatalysts give the

highest activities and a greater a-value
than their aldimine (R =H) analogues.
Cobalt precatalysts follow a similar
trend, though their activities are almost
two orders of magnitude lower than
those of the corresponding iron cata-
lysts. Ethylene pressure studies on co-

been synthesised. Crystallographic anal-
yses of complexes 9 (Ar=2,3-dimethyl-
phenyl), 13 and 14 (Ar = biphenyl; X =
Cl or Br, respectively) reveal a distorted
trigonal-bipyramidal geometry in the

Introduction

The oligomerisation of ethylene presents one of the major
industrial processes for the production of linear a-olefins in
the range C¢-Cy. Such linear oligomers are extensively used
for the preparation of detergents, plasticizers and as como-
nomers in the polymerisation of ethylene to give linear low-
density polyethylene (LLDPE). Originally linear a-olefins
were manufactured by the Ziegler (Alfen) process which
consists of a controlled ethylene growth reaction in the
presence of triethylaluminium at 90—120°C and at an ethyl-
ene pressure of 100 bar. a-Olefins are released from the
aluminium centre at more elevated temperatures and lower
pressures. Catalysts currently used in industry are either
alkylaluminium compounds, a combination of alkylalumini-
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balt precatalyst 15 reveal a first-order
dependence on ethylene for both the
rate of propagation and the rate of chain
transfer, and a pressure independence of
the a value.

um compounds with early transition metal compounds (e.g.
titanium tetrachloride) or nickel(if) complexes with bidentate
monoanionic [P,0] ligands (the SHOP process).I 2
Nickel(11)-based catalysts with monoanionic [P,O] ligands
(A, Figure 1) for the oligomerisation of ethylene have been
extensively studied,? ") most notably by Keim et al.. Over the
years many other monoanionic ligands have been investigated
by Keim et al. and also by Cavell et al., for example [As,O],1']
[N,0],171 [0,0],1'® [S,0](" 2 and [S,S]I" 23] derivatives. In
general, these monoanionic ligands result in neutral catalyti-
cally active alkyl or hydride species and require high reaction

Ph. _Ph Qo
Ph N_ X
J: Ni I M. M=Ni,Pd
2B NN
Ph” 0O PPhy RN X
Ar
A B

Figure 1. Examples of late transition metal oligomerisation catalysts.
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temperatures and pressure for the oligomerisation of ethyl-
ene; for example, the SHOP process operates at 80—120°C
and 70-140 bar.

Later, it was found that neutral [P,O] ligands, which afford
cationic nickel complexes, oligomerise ethylene at much
lower temperatures and pressures and similar cationic
palladium complexes dimerize ethylene to butene.”! Recent-
ly various other neutral chelating ligands such as diimine
[N,N] (B, Figure 1), pyridylimine [N,N],?*3 diamine
[N,N]B4 and iminophosphine [P,N]?! ligands have provided
highly active nickel- and palladium-based oligomerisation
catalysts.

In contrast to the high catalytic activity of Group 10
complexes as ethylene oligomerisation catalysts, very few
active Group 8 or Group 9 oligomerisation catalysts have
been reported. In the early days of homogeneous catalysis
simple transition metal salts like RuCl; and RhCl; were
reported to catalyse the dimerisation of ethylene under rather
extreme conditions.?%37 Alkylaluminium activators and do-
nor ligands were, however, found to improve the activity.[®!
For the catalyst system [Co(acac);]/AlEt; (acac = acetylace-
tone) a selectivity for 1-butene of more than 99.5% was
reported.’?) As the development of organometallic chemistry
proceeded, hydrido*#! and o-alkyl* transition metal com-
plexes were employed, but still only dimers were obtained,
indicating that in these catalyst systems the chain transfer
process is very fast. The first oligomerisation of ethylene
using a Group 8 metal complex was reported by Braca and
Sbrana in 1974, employing [(7°-CsHs5)Ru(CO);Cl] as a
catalyst (C, Figure 1). Ethylene was converted at 150 bar/
180°C to C,—Cy, olefins, albeit with low activity.

Recently ourselves, and Brookhart and Small have descri-
bed highly active ethylene oligomerisation catalysts based on
iron.[*o 471 The catalyst precursors

Results

Synthesis and characterisation of ligands and complexes

Pyridyldiimine ligands 1-7 are conveniently prepared by
condensation of 2,6-diacetylpyridine or 2,6-diformylpyridine
with the corresponding aniline (Scheme 1).

Iron and cobalt complexes 8—17 of these ligands were
prepared by dissolving anhydrous FeCl, or CoCl, in n-butanol
at 80°C, followed by addition of one equivalent of the ligand.
After washing with diethyl ether, complexes 8-17 are
obtained in good yield and in high purity.

Compared to analogous complexes with bulky substituents,
these compounds with their smaller aryl substituents are
significantly less soluble in hydrocarbon and polar solvents.
The concentrations of saturated solutions in dichloromethane
are too low for NMR spectroscopy.’”? However, some
compounds could be recrystallised from hot acetonitrile. All
of the compounds 8-17 are paramagnetic with magnetic
moments for Fe typically between 4.9-5.5 uz and for Co
about 4.6 g, indicating quintet (25 + 1 =5) and quartet (25 +
1=4) ground states, respectively. All complexes have been
further characterised by FAB-MS and microanalysis. For
compounds 9, 13 and 14 X-ray structure analyses have been
carried out, in the case of 9 using high flux synchrotron
radiation due to the small size of the crystals.

The 2,3-dimethylphenylketimineiron complex 9 possesses a
structure with approximate C; symmetry about a plane
containing the iron atom, the two chloro ligands and the
pyridyl nitrogen atom (Figure 2). The solid-state structure is
seen to be disordered with both “up” and “down” orientations
of the two 2,3-dimethylphenyl rings (Figure 3), the dominant
(ca. 75%) conformer being that illustrated in Figure 2. The

contain neutral tridentate pyri- N
dyldiimine ligands with small R! ' N R! R R R® R* RS
substituents in the ortho-aryl po- o o 1| Me Me H H H
sition (D, Figure 1). Larger sub- i) 2| Me Me H Me H
stituents result in the polymer- * 2 xe mz : : 'I\-::e
isation of ethylene!*’-? and pro- R2 5 | H 1-Naphthyl
pylene.P3->3] . 6|/H Ph H H H
. . 2 HxN R 7|H Ph Ph H H
Herein we report a full discus-
sion of our studies on this new R®
oligomerisation system, demon-
strating the differences between 5
iron and cobalt precatalysts as
well as the effects of different
substituents on the aryl groups R* RS
and the ligand backbone. Reac- M_R R R R* R® X
tion parameters, such as pressure, 8 | Fe Me Me H H H C
temperature and co-catalyst con- 9 | Fe Me Me H Me H Cl
per: ¥s! 10(Fe Me Me H H Me Cl
centration have also been inves- 11| Fe H Me H H H Cl
tigated and their effect on activ- 12 Fe H  1-Naphthyl cl
it li distributi d 13| Fe H Ph H H H Cl
ity, oligomer distribution an 4l Fe H Ph H H H Br
termination mechanism will be 15( Co Me Me H H H Cl
discussed. These results are com- 16| Co H Me H H H O
17| Fe H Ph Ph H H Cl
plementary to those recently re- R* RS
ported by Brookhart and 12
Small.[46- 5] Scheme 1.
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Bis(imino)pyridyliron and -cobalt Complexes 2221-2231
Table 1. Selected bond lengths [A] and angles [°] for 9.
Fe(1)-N(1) 22166(17)  Fe(1)-N(2) 2.0995(16)
Fe(1)-N(3) 22148(17)  Fe(1)~CI(1) 2.3018(7)
Fe(1)-Cl(2) 22741(7)  N(1)-C(2) 1.280(3)
N(3)-C(8) 1.278(3)
N(2)-Fe(1)-N(1) 73.55(6) N(3)-Fe(1)-N(1)  146.88(6)
N(1)-Fe(1)-CI(1)  97.84(5) N(1)-Fe(1)-CI(2) 99.61(5)
N(2)-Fe(1)-N(3) 73.33(6) NQ@)Fe()-CI(1)  117.24(5)
NQ)-Fe(1)-CI2)  12627(5) N(3)-Fe(1)-CI(1) 97.47(5)
N(3)-Fe(1)-Cl(2) 99.52(5) Cl(2)-Fe(1)-CI(1)  116.49(2)

Figure 2. The molecular structure of the dominant conformation present
in the crystals of 9.

Ci2) -~

cun

Figure 3. The “up”/“down” disorder of the 2,3-dimethylphenyl rings in the
structure of 9.

two dimethylphenyl rings are oriented almost orthogonally
(ca. 81°) to the pyridyldiimine plane. The atoms comprising
this latter plane are coplanar to within 0.021 A, the iron atom
deviating by only 0.022 A from this plane (Figure 4). Within

Figure 4. Parallel projection down the N(1) --- N(3) vector of the tridentate
ligand in 9 showing the in-plane location of the iron atom.

the ligand there is no evidence of any bond delocalisation
involving the imines, the two C=N bonds having clear double-
bond character (1.278(3) and 1.280(3) A). The geometry at the
iron centre is probably best described as distorted trigonal
bipyramidal with the pyridyl nitrogen atom and the two
chloro ligands forming the equatorial plane. The equatorial
angles range between 116.49(2) and 126.27(5)° and the two
axial Fe—N bonds subtend an angle of 146.88(6)°, a distortion
that is a consequence of satisfying the tridentate chelating
constraints of the ligand (Table 1). The two axial Fe—N bond
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lengths, 2.217(2) and 2.215(2) A are, as expected, longer than
those to the pyridyl nitrogen atom (2.100(2) A), a geometry
similar to that observed in the bis(2,6-diisopropylphenylimi-
no)pyridyl derivatives,*” 2l but with a significant shortening of
the two axial bonds commensurate with the in-plane position-
ing of the iron atom, see, for example, the out of plane
geometry observed in the 2,6-diisopropyl analogue. There is a
significant asymmetry in the two Fe—Cl linkages, with that to
CI(1) being about 0.028 A longer than that to CI(2), a
difference virtually identical to that seen in the 2,6-diisopropyl
complex. In this latter complex, the difference was attributed
to the pseudo-square-pyramidal geometry where the longer
Fe—Cl bond was associated with the apical site. A similar
argument could be applied to 9 since the largest departure
from trigonal-bipyramidal geometry is associated with the
N(2)-Fe(1)-Cl(2) angle (126.3(1)°), which would make CI(1)
the apical atom of a very severely distorted square based
pyramid. There are no noteworthy intermolecular packing
interactions.

The FeCl, and FeBr, 2-biphenylaldimine complexes, 13 and
14, respectively, are isomorphous, both having approximate C,
symmetry about a plane containing the two halogens, the
pyridyl nitrogen atom and the metal centre (Figure 5). As the

Figure 5. The molecular structure of 13 (that of 14 is isomorphous).

only significant difference between the two complexes is in
the iron-halogen distances (vide infra), we will restrict our
discussion to the chloride complex, giving the values for the
bromide complex in parentheses; selected bond lengths and
angles are collected in Table 2. The pyridyldiimine unit is
coplanar to within 0.036 A (0.049 A), the iron atom lying only
0.049 A (0.057 A) out of this plane (Figure 6). The two imino
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Table 2. Selected bond lengths [A] and angles [°] for 13 and 14.

13 (X=Cl) 14 (X=Br) 13 [X=CI] 14 (X=Br)
Fe-N(1) 2.108(5)  2.108(7) Fe-N(7) 2263(5)  2243(8)
Fe-N(8) 2266(5)  2265(8) Fe-X(1) 2304(2)  2451(2)
Fe-X(2) 2273(2)  24142) C(7)-N(7) 1279(8)  1.292(12)
C(8)-N(8) 1.282(8)  1.266(12)
N(1)-Fe-N(7)  73.4(2) 734(3)  N(1)-Fe-N(8) 732(2) 733(3)
N(1)-Fe-X(1) 1194(2)  11732)  N(1)-Fe-X(2) 124022)  1255(2)
N(7)-Fe-N(8) 146.5(2)  1464(3)  N(7)-Fe-X(1) 98.4(2) 98.2(2)
N(7)-Fe-X(2)  99.0(2) 98.4(2)  N(8)-Fe-X(1) 1003(2)  100.4(2)
N(@8)-Fe-X(2) 97.2(2) 97.72)  X(1)-Fe-X(2) 116.56(9)  117.19(7)

Figure 6. Side view of the structure of 13 viewed down the N(7)---N(8)
vector, showing the in-plane geometry of the iron centre.

C=N double bonds have distinctive double-bond character
with C—N distances of 1.279(8) and 1.282(8) A (1.266(12) and
1.292(12) A). The phenyl rings A and B are rotated by 58 and
55° (55 and 55°) respectively out of the plane of the ligand
backbone, and each biphenyl unit has a distinctly twisted
conformation with a twist angle of 56° (54°) associated with
the unit containing ring A, and 64° (64°) with that containing
ring B. The geometry at iron is distorted trigonal bipyramidal
with equatorial angles ranging between 116.6(1) and 124.0(2)°
(117.2(1) and 125.5(2)°) and the “axial” Fe—N bonds subtend

Table 3. Ethylene oligomerisation results from precatalysts 8—16.1%

an angle of 146.5(2)° (146.4(3)°). As in 9, the two axial bond
lengths are the same, both being longer than that to the
pyridyl nitrogen atom. There is also a similar asymmetry in
the iron-halide distances with that to X(1) in the pseudo apical
position of the severely distorted square-based pyramid (vide
supra) being longer by about 0.031 A (0.037 A) than that to
the “basal” halogen X(2). Inspection of the packing of the
molecules does not reveal any intermolecular interactions of
note other than normal van der Waals.

Oligomerisation results

General: The catalytic activity of precatalysts 8 —16 presented
in Scheme 1 for the oligomerisation of ethylene has been
evaluated employing methylaluminoxane (MAO) as co-
catalyst. The catalysts display similar activation characteristics
to those observed for the analogous polymerization sys-
tems,"2l that is an immediate exotherm results with no
induction period. During the oligomerisation reaction (1 h)
a decrease in activity is noticed, the final activity being
typically 10-20% of the initial activity.

Oligomerisation conditions and results are presented in
Table 3. Iron catalysts were tested at 5 bar ethylene pressure
and 50°C for 1 h, using 100 equivalents of MAO as the co-
catalyst and 900 equivalents of MAO as the scavenger. Cobalt
catalysts (15 and 16) displayed relatively low activities under
these conditions (see run 6, Table 3). For this reason, cobalt
catalysts were tested at 10 bar of ethylene pressure, while
keeping catalyst and co-catalyst concentrations the same as
for the Fe catalysts. Catalyst activities were calculated from
the GC traces, using extrapolated values for C,—C; (see
Experimental Section).

Ligand and metal effects: All of the iron complexes, except
the ortho-phenyl aldimine derivatives 13 and 14, are highly
active for the oligomerisation of ethylene. Iron ketimine
catalysts 8 —10 gave the highest activities, generally exceeding
1000 gmmol~'h~'bar~! under the conditions employed here.
Methyl substituents in meta and para positions on the aryl
rings affect the activities significantly (see runs 1-3 in
Table 3), whereby the meta methyl-substituted precatalyst 9

Run Precat. MAO P T Yield! Activity a B M, M M /M4
[pmol] [equiv] [bar] [°C] [g] [gmmol~'h~'bar~!]

1 8 (6) 1000 5 50 38.9 1300 0.79 0.26 700 1500 2.1
2 9 (6) 1000 5 50 772 2570 0.79 0.27 600 2700 4.7
3 10 (6) 1000 5 50 31.3 1040 0.78 0.29 700 1900 2.8
4 11 (6) 1000 5 50 14.4 480 0.50 1.00
5 12 (6) 1000 5 50 6.88 230 0.63 0.58
6 15 (6) 1000 5 50 0.69 23 0.67 0.48
7 15 (6) 1000 10 50 1.56 26 0.63 0.60
8 15 (6) 1000 15 50 4.47 50 0.66 0.51
9 15 (6) 1000 10 35 1.79 30 0.72 0.39

10 15 (6) 1000 10 70 0.76 13 0.53 0.87

11 16 (6) 1000 10 50 0.43 7 0.74 0.35

1200 8(2) 100 5 50 20.1 2010 0.73 0.37

1300 9(2) 100 5 50 41.7 4170 0.77 0.29

1400 10 (2) 100 5 50 26.6 2660 0.70 0.42

[a] Isobutane solvent, reaction time 1 h; MAO scavenger (900 equiv). [b] Triisobutylaluminium scavenger (2 mmol, 1000 equiv). [c] Determined from GC,
using extrapolated values for C,— C;. [d] Toluene-insoluble fraction, determined by GPC at 135°C.
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shows the highest activity (2570 gmmol-'h-'bar~'). Similar
trends are seen under slightly different conditions, that is
lower catalyst and MAO concentrations and triisobutylalu-
minium as the scavenger (runs 12-14, Table 3), though
interestingly, under these conditions higher catalyst activities
are found. In addition to the toluene-soluble fraction of
oligomers, catalysts 8—10 also yield a toluene-insoluble PE
fraction, which was shown by GPC and NMR spectroscopy to
consist of higher molecular weight (> Cs,) a-olefins (M, =700
corresponds to Cs;). The activity of the cobalt ketimine
complex 15 is substantially less than for its iron analogue 8
(compare runs 1 and 6 in Table 3), a trend that parallels the
behaviour of iron versus cobalt ethylene polymerisation
catalysts, though the difference is more pronounced for the
oligomerisation systems.*% 4% 32

The activity of the ortho-methyl iron aldimine catalyst 11 is
approximately one third of the activity of its ketimine
counterpart 8, in keeping with the trends observed for
ketimine versus aldimine polymerisation catalysts. Iron aldi-
mine catalyst 12 with 1-naphthyl substituents gave a further
reduction in activity, while iron aldimine complexes 13
(dichloride) and 14 (dibromide), containing 2-biphenyl sub-
stituents, only yielded trace amounts of oligomers under the
conditions used here. The crystal structures of complexes 13
and 14 do not reveal any obvious explanations for their
anomalous behaviour. Significantly, complex 17, with two
ortho-phenyl substituents also gives an unusually low activity
as a polymerisation catalyst. The reason for the different
effect of ortho-aryl versus ortho-alkyl substituents is unclear
at this stage but may involve deactivation of the catalyst by
intramolecular C—H activation of the ortho-phenyl substitu-
ents. The cobalt aldimine complex 16, with an activity of only
7 gmmol~'h~'bar~' follows the general trend in activity seen
for iron versus cobalt and ketimine versus aldimine catalysts.

In all cases the catalysts give a Schulz - Flory distribution of
oligomers, which can be quantified by the a value. The a value
represents the probability of chain propagation and is
experimentally determined by the mole ratio of two oligomer
fractions, C,4 and Cy, in this case [Eq. (1)].

rate of propagation moles of C,,

o= =
rate of propagation + rate of chain transfer =~ moles of C,

()

rate of chain transfer 1—a
= = (@)

" rate of propagation a

An illustration of the differing oligomer distributions is
shown in Figure 7, the yield of each fraction being plotted
against the carbon number for the iron ketimine (8) versus
aldimine (11) catalysts. From Figure 7 it can be seen that for
an a value of 0.8 the weight fraction is at a maximum for Gy,
and for a=0.5 the weight maximum is at C,. The a and
values characteristic for the distribution of oligomers ob-
tained with precatalysts 8 —16 are given in Table 3.

Unlike the differences in activity observed for iron
ketimine complexes 810, additional methyl groups in the
meta and para position on the aryl ring substituents have very
little effect on the a value (runs 1-3, Table 3). Whereas the
differences in activity are most likely due to an electronic
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Figure 7. Oligomer distribution: yield of each oligomer fraction versus
carbon number.

effect, the a value seems to be more sensitive to steric effects.
This is also seen when comparing ketimine catalysts with the
less sterically hindered aldimine catalysts. Aldimine precata-
lyst 11 with o-methylphenyl substituents gives an o value of
0.50 for the oligomer distribution (run 4, Table 3, in this case
B = rate,,/rate,,,, = 1.00), whereas aldimine precatalyst 12,
with the larger 1-naphthyl substituents gives an a value of
0.63. The effect of different ligands and metal centres on the a
value is illustrated in Figure 8, which shows the In mol %
versus the carbon number of the oligomers for complexes 8,
11 and 15 (runs 1, 4 and 6, Table 3). The less active cobalt

5
e 8(Run1,K=0.79)
= 11 (Run 4, K=0.50)
41 A 15(Run6,K=0.67)
------ Regression
3 Regression
— — — -Regression

In mol%

4

Figure 8. Schulz-Flory distribution: In mol% of each fraction versus
carbon number.

ketimine catalyst 15 gives a lower a value of 0.67 compared
with 0.79 for the analogous iron complex under these
conditions. The value of 0.70 for the cobalt aldimine catalyst
16 is somewhat inconsistent, but this value is subject to a large
error due to the very low activity observed for this catalyst
(only 0.43 g oligomers in 400 mL toluene).

Overall, the trends in oligomerisation activities and
oligomer distributions observed with the various types of
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catalysts studied here, that is iron and cobalt with ketimine
and aldimine ligands, parallel the trends observed in the
ethylene polymerisation systems. Iron ketimine precatalysts
give the highest a values and highest activities, followed by
the aldimine analogues which give lower molecular weight
products and about half the activity. The cobalt systems are at
least an order of magnitude less active and molecular weights
and a values are intermediate between those obtained for iron
ketimine and aldimine systems.

Discussion

The role of the aryl substituents: During the past five years an
interesting significance has emerged for ligands containing
bulky aryl substituents. In olefin polymerisation catalysis,
monodentate, bidentate and tridentate ligands containing
bulky aryl substituents have been used across the transition
series, resulting in the formation of high molecular weight
polyolefins. Examples of this kind can be found for dianionic
bidentatel®% and tridentatel®>%) diamide ligands in Group 4
metal catalysts, monoanionic bidentate ligands for Groups 4
and 6,771 and neutral bidentate ligands for Group 10 metal
catalysts.3! 72771

In some cases, the molecular weight of the resulting
polymer product was found to be related to the steric bulk
of the aryl substituents, whereby increased size results in
higher molecular weight polyolefins.[®> 727678 Such correla-
tion also appears for iron and cobalt pyridyldiimine systems.
The steric and electronic properties of substituents on the aryl
rings, as well as the number and the position (ortho, meta or
para) of these substituents can have a dramatic effect on the
catalytic activity of the precatalysts and the properties of the
polymer/oligomer product. In particular, substituents in the
ligand backbone and the ortho position of the aryl rings have a
marked effect on the molecular weight of the product and the
catalytic activity. As reported previously, substituents in both
ortho aryl positions result in the formation of high molecular
weight polyethylene, and the PE molecular weight is depend-
ent upon the size of these substituents.>

Comparing precatalysts containing one versus two ortho
substituents, as shown in Figure 9, we see even larger
variations in the molecular weight of the polyethylene
products and also the activity of the catalysts. From Table 4
it can be seen that the two ketimine sets [1] [2-methyl (8) and
2,6-dimethyl (18)] and [2] [2,4-dimethyl (10) and 2.4.6-

1M[H Me H H
[3]
19 H Me Me H
4 13|H Ph O H H
177|H Ph Ph H

Figure 9. Four sets of precatalysts with one and two ortho substituents.

trimethyl (20)] show a dramatic increase in molecular weight
and activity, when going from one to two ortho methyl
substituents. A similar increase in molecular weight is
observed for the aldimine set [3] [2-methyl (11) versus 2,6-
dimethyl (19)], although the effect on activity is less
pronounced. The ortho-phenyl aldimine precatalysts, 13 and
17 in set [4] give significantly lower productivities, and the 2,6-
diphenyl derivative affords low molecular weight polyethy-
lene. The activity of the ortho phenyl-substituted aldimine
catalyst 13 was too low to allow meaningful product analysis.
However, given the lower molecular weight product of the
diphenyl-substituted derivative 17, 13 is expected to give very
low molecular weight oligomers under optimised conditions.
Opverall, activities for mono-substituted derivatives are gen-
erally lower, and oligomeric products are obtained instead of
polymer. We can summarize by arranging the mono-ortho
substituted precatalysts in the following series, whereby the
molecular weight and the activity reduces in the order:
BuP? > iPrl*l > Me > Ph and ketimine > aldimine. Interest-
ingly, this order correlates well with a pattern observed by
McConville and co-workers for related pyridyldiamidozirco-
nium complexes.” Rotation around the nitrogen —aryl bond
in a series of zirconium complexes containing substituents in
the ortho-aryl position, was studied by using variable-temper-
ature NMR techniques, and was found to decrease in the
order fBu>Me >Ph. Brookhart and Small have already
shownP?! that a similar restricted rotation occurs in pyridyl-
diimine ligands and we conclude that in iron and cobalt
pyridyldiimine complexes restricted rotation around the
nitrogen—aryl bond is the key factor responsible for high
molecular weight product. Unfortunately, the paramagnetic
nature of these iron and cobalt complexes precludes a detailed
NMR investigation of the barriers to aryl group rotation.

Table 4. Comparative study between precatalysts containing one and two ortho substituents.

Set Run Precat. MAO P T Yield! Activity a B M, M MM,
[umol] [equiv] [bar] [°C] [g] [gmmol~'h~!bar~!]

[1] 1 8 (6) 1000 5 50 38.9 1300 0.79 0.26 700 1500 2.1

[1] 15[ 18 (0.6) 1000 10 50 56.5 9340 9600 242000 253

[2] 3 10 (6) 1000 5 50 31.3 1040 0.78 0.29 700 1900 2.8

[2] 160 20 (0.6) 1000 10 50 123.5 20600 14000 148000 10.7

3] 4 11 (6) 1000 5 50 14.4 480 050 100

[3] 17 19 (6) 1000 5 50 18.2 610 1500 31000 214

[4] 18 13 (6) 1000 5 50 trace <1

[4] 19 17 (6) 1000 5 50 1.25 42 690 1200 1.8

[a] Isobutane solvent, reaction time 1 h; MAO scavenger. [b] Triisobutylaluminium scavenger. [c] Determined by GPC at 135°C.
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Pressure and temperature effects: Pressure variation studies
on ethylene polymerisation catalysts such as the 2,6-diisopro-
pylphenyl ketimine iron and cobalt precatalysts have shown in
both cases a first-order dependence of the productivity on
ethylene pressure.’? In addition, the polymer molecular
weight was found to be invariant with respect to ethylene
pressure. These findings are explained by a first-order
dependence on ethylene concentration both for the rate of
propagation and the rate of chain transfer by S-hydrogen
transfer. Brookhart and Small have shown for the ortho-
methyl ketimine iron complex 8 a first-order dependence of
the rate of propagation on ethylene concentration and the a
value was found to be invariant with ethylene pressure,
indicating also that chain transfer is first order in ethylene.[*l
The effect of ethylene pressure on the activity and oligomer
distribution has been studied here for the structurally
analogous cobalt precatalyst 15. A similar first order depend-
ence for the rate of propagation is observed, although at
higher pressure some deviation is observed (runs 6-8,
Table 3), which may be explained by the larger error in the
activity determination. The o value remains fairly constant
during these runs, indicating an ethylene pressure independ-
ence of a for cobalt complex 15. We can therefore quite
confidently conclude that, within the conditions employed, for
all iron and cobalt pyridyldiimine catalysts studied so far, both
oligomerisation and polymerisation catalysts, the rate of
propagation and the rate of §-H transfer are first order in
ethylene.

Experiments in which the temperature of the polymer-
ization reaction was varied for cobalt precatalyst 15 (runs 9, 7
and 10, Table 3) reveal that an increase in temperature results
in a decrease in productivity and the o factor. Elevated
temperatures are expected to result in overall higher prop-
agation and transfer rates and therefore higher productivities.
As the dependence of a with temperature indicates, the rate
of chain transfer increases more than the rate of propagation
which is expected to afford lower molecular weight products.
However, there are two counter-effects to this that are likely
to be operating. Firstly, a decrease in ethylene solubility at
higher temperatures®-®l (i.e. lower monomer concentra-
tions) will lead to reduced productivity, and secondly higher
temperatures can result in higher rates of catalyst deactiva-
tion. It is a combination of these effects that is likely to
account for the observed temperature dependence of the
productivity. The decrease of the a value at higher temper-
ature is consistent with the observations made for iron
complex 8 by Brookhart and Small“l and for nickel() a-
diimine oligomerisation catalysts.?’]

Chain transfer mechanism: Analysis by GC/MS of the
oligomerisation products reveal product selectivities for
linear a-olefins, under the conditions used here, greater than
99% in all cases. Neither branched oligomers nor isomer-
isation to internal olefins is observed. This high selectivity,
combined with a Schulz—Flory oligomer distribution, is
consistent with an oligomerisation mechanism starting from
an alkyl species, which is formed from the dichloro precatalyst
and the co-catalyst MAO, followed by several insertions of
ethylene (propagation) and a chain transfer process. Chain
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propagation proceeds by coordination and migratory inser-
tion of ethylene into the metal —alkyl bond and is first order in
ethylene. After a number of insertions (generally less than 15)
a transfer process will eliminate the a-olefin product from the
metal centre and regenerate the active species. Unlike the
polymerisation of ethylene, the formation of rather short
oligomer chains means that the rate of chain transfer has
become competitive with the rate of chain propagation (see
run 4 in Table 3, where a=0.50 and f =rate,,,Jrate,,, =
1.00). From experiments presented here and results by
Brookhart on complex 8, the « factor is pressure independent,
indicating that also the chain transfer process is first order in
ethylene. Similar results have been obtained for the related
ethylene polymerisation systems, where the polymer molec-
ular weight is pressure independent.?

For late transition metal ethylene oligomerisation catalysts,
chain transfer generally implies a 3-hydrogen transfer process
and the formation of an a-olefin. For iron and cobalt
oligomerisation catalysts we have established a first-order
ethylene dependence of the rate of chain transfer. Four
different transfer processes are considered in Scheme 2. From
a cationic alkyl species, chain transfer may occur through an
associative displacement mechanism (A), in which the fj-
hydrogen atom is transferred to the metal, generating a metal
hydride species. This process is also referred to as monomer-
assisted B-hydrogen elimination. An alternative pathway,
kinetically indistinguishable from A (both pathways are first
order in ethylene) is f-hydrogen transfer to monomer (B) in
which the f-hydrogen atom is directly transferred onto the
incoming monomer, without any interaction with the metal.
This alternative process has been postulated previously for
metallocene polymerisation catalysts®>% and calculations
suggest its involvement in late transition metal systems,®!
though experimental verification has not been obtained to
date. A third possible termination process, mentioned here
for completeness, is by o-bond metathesis (pathway C,
Scheme 2). This transfer mechanism involves transfer of a
hydrogen atom of the monomer, ethylene in this case, to the
growing polymer chain and the generation of an iron-vinyl
species, which can restart chain growth. The vinyl end-
group is in this case introduced at the beginning of the
polymer chain. The involvement of o-bond metathesis as a
possible transfer mechanism has been observed for Group
48791 and Group 3 metallocenesP*? and constrained geom-
etry catalyst systems.”>°¥l Either A, B or C is the dominant
chain transfer pathway in these iron and cobalt oligomerisa-
tion systems.

For iron-based polymerisation systems an additional trans-
fer process, chain transfer to aluminium (D in Scheme 2) is
observed, in particular at low ethylene pressure (1 bar).’2 At
lower ethylene concentrations, the rate of the B-hydrogen
transfer process is reduced and this chain transfer to
aluminium process becomes competitive, yielding besides
vinyl end-capped polymer also saturated polymer chains.
These saturated products arise from a chain transfer process
with trimethylaluminium, present in MAO which is used as
the co-catalyst. However, chain transfer to aluminium is not
observed with any of the oligomerisation systems studied
here. An oligomerisation run at 1 bar ethylene pressure, using
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precatalyst 11 and 1000 equivalents of MAO, yielded no
saturated alkane products. For these oligomerisation systems,
the higher -hydrogen transfer rate ensures that S-hydrogen
transfer is the dominant transfer process, even in the presence
of a relatively high concentration of alkyl aluminium. Alter-
natively, one could conclude that chain transfer to aluminium
occurs more readily with catalysts that contain more sterically
demanding ligands.

Noteworthy, some catalyst systems are deactivated in the
presence of a large excess of certain alkylaluminium reagents
used as scavengers. For example, iron aldimine precatalyst 11
and the cobalt complexes 15 and 16 are deactivated when
triisobutylaluminium (900 equiv) is used as a scavenger. These
results seem to indicate that catalytic intermediates formed
from precursors containing pyridyldiimine ligands lacking
sufficient steric bulk in the ortho-aryl position and the ligand
backbone, are more easily deactivated through an interaction
or reaction with the alkylaluminium reagent.

Conclusion

We have shown that iron and cobalt bis(imino)pyridyl
complexes containing imino-aryl rings with one small ortho
substituent, especially methyl, can be activated with MAO to
give ethylene oligomerisation catalysts. The activity is strong-
ly affected by the metal centre and to a lesser extent by the
ligand backbone, resulting in the following activity order of
merit: Fe/ketimine > Fe/aldimine > Co/ketimine > Co/aldi-
mine. This order parallels the general trend observed for
related polymerisation systems. The oligomer distribution
factor a is more sensitive to the ligand architecture (ketimine
vs. aldimine) than to the metal centre (iron vs. cobalt).
Additional methyl substituents in the meta- or para-positions
of the aryl rings increase the activity, but have very little effect
on the a-value. a-Naphthyl and biphenyl substituents on the
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imino nitrogen donor also result in oligomerisation systems,
the latter with very low activity. Significantly, the iron and
cobalt oligomerisation systems presented here are highly
selective for the formation of linear a-olefins with no
branching or isomerisation to internal olefins being observed.
This remarkable selectivity implies that the only chain
transfer process operating with these systems is §-H transfer.
Although some of the oligomerisation systems described have
shown a sensitivity towards certain alkylaluminium reagents,
no chain transfer to aluminium is observed, in contrast to
related polymerisation systems. In conclusion, these results
reinforce the importance of ligand architecture in bis(imino)-
pyridyliron and -cobalt catalysts, in particular the role of steric
effects at the ortho-aryl and imine carbon positions. Studies
into the effects of varying the electronic nature of substituents
attached to the aryl rings are presently in progress and will be
reported in due course.

Experimental Section

General: All manipulations were carried out under an atmosphere of
nitrogen using standard Schlenk and cannula techniques or in a conven-
tional nitrogen-filled glove-box. Solvents were refluxed over an appropri-
ate drying agent, and distilled and degassed prior to use. Elemental
analyses were performed by the microanalytical services of the Department
of Chemistry at Imperial College and Medac Ltd. NMR spectra were
recorded on a Bruker spectrometer at 250 MHz ('H), and 62.9 MHz (**C)
at 293 K; chemical shifts are referenced to the residual protio impurity of
the deuterated solvent. Mass spectra were obtained using either fast atom
bombardment (FAB), electron ionisation (EI) or chemical ionization (CI).
Magnetic Susceptibility studies were performed using an Evans balance.
Oligomer products were analysed by GC/MS, using a 25m BPX-5 column,
injector temperature 240°C and the following temperature programme:
100°C/10 min, 100-320°C/12 °Cmin~", 320 °C/10 min. The individual prod-
ucts were identified by MS (Micromass Autospec-Q) and integrated, using
n-heptane as internal standard.

Materials: 2,6-Pyridinedicarboxaldehyde!®!, 2.6-diphenylanilinel® and
precatalysts 18, 19 and 20?1 were prepared according to established
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procedures, while 2,6-diacetylpyridine, MAO (10% solution in toluene)
and all other anilines were purchased from Aldrich Chemical Co. All other
chemicals were obtained commercially and used as received unless stated
otherwise.

Synthesis of ligands

2,6-bis[1-(2-methylphenylimino)ethyl]pyridine (1): o-Toluidine (1.23 g,
2.5equiv) was added to a solution of 26-diacetylpyridine (0.54 g,
3.31 mmol) in absolute ethanol (20 mL). After the addition of two drops
of acetic acid (glacial) the solution was refluxed overnight. Upon cooling to
room temperature the product crystallised from ethanol. The product was
filtered, washed with cold ethanol and dried in a vacuum oven (50°C)
overnight. Yield: 33%. 'H NMR (CDCl;):  =8.48 (d, 2H; pyrH), 7.91 (t,
1H; pyrH), 728 (m,4H; ArH), 7.10 (m,2H; ArH), 6.75 (m, 2H; ArH), 2.42
(s, 6H; ArCH;), 2.20 (s, 6H; N=CCHj;); *C NMR (CDCl;): 6 =166.82,
155.40, 149.94, 136.79, 130.41, 127.08, 126.41, 123.59, 122.26, 118.14, 17.77
(ArCHj;), 16.29 (N=CCHj;); elemental analysis calcd for C,3Hy3N;: C 80.90,
H 6.79, N 12.30; found: C 81.16, H 6.80, N 12.35.

2,6-bis[1-(2,3-dimethylphenylimino)ethyl]pyridine (2): Procedure as for 1.
Yield: 80%. 'H NMR (CDCl;): 6 =8.41 (d, 2H; pyrH), 7.89 (t, 1 H; pyrH),
710, 6.94, 6.55, (m, 6H; ArH, pyrH), 2.33 (s, 12H; N=CCH; and ArCH,),
2.05 (s, 6H; ArCHj;); °C NMR (CDCly): 6 =166.70, 155.44, 149.85, 137.51,
136.76, 125.73, 125.57, 125.17, 122.18, 115.99, 20.27 (m-CHj3), 1629 (N=
CCHj;), 13.79 (0-CH,;); mass spectrum: m/z : 369 [M]*; elemental analysis
caled for C,sH,;N;: C 81.30, H 7.32, N 11.38; found: C 81.71, H 7.67,
N 11.11.

2,6-bis[1-(2,4-dimethylphenylimino)ethyl]pyridine (3): Procedure as for 1.
Yield: 75%. '"H NMR (CDCly): 6=8.42 (d, 2H; pyrH®), 7.89 (t, 1H;
pyrH*), 7.05 (m, 4H; ArH), 6.62 (d, 2H; ArH), 2.37 (s, 6 H; N=CCH3,), 2.36
(s, 6H; p-CHs), 2.13 (s, 6 H; 0-CHj;); 3C NMR (CDCl3): 0 = 166.86, 155.52,
147.38, 136.71, 132.93, 131.11, 127.07, 126.89, 122.15, 118.11, 20.83 (p-CHs),
1773 (0-CHj;), 16.23 (N=CCH,;); mass spectrum: m/z: 369 [M]*; elemental
analysis calcd for C,sH,;N;: C 81.30, H 7.32, N 11.38; found: C 82.01, H 7.79,
N 11.05.

2,6-bis[ (2-methylphenylimino)methyl]pyridine (4): o-Toluidine (7.73 g,
2.5equiv) was added to a solution of 2,6-diformylpyridine (3.90 g;
29 mmol) in absolute ethanol (20 mL) at room temperature. The product
precipitated immediately and the mixture was stirred at room temperature
for one hour. The product was filtered, washed with cold ethanol and dried
in a vacuum oven (50°C) overnight. Beige solid; yield: 70%. '"H NMR
(CDCly): 6 =8.60 (s, 2H; N=CH), 8.35 (d, 2H; pyrH?), 7.95 (t, 1 H; pyrH*),
7.26-7.05 (m, 8H; ArH), 2.43 (s, 6H; ArCHj;); C NMR (CDCl;): 159.37,
154.82, 149.87, 137.21, 132.45, 130.45, 126.84, 126.57, 122.89, 117.54, 17.89
(ArCHj;); elemental analysis calcd for C,;HoN;3: C 80.48, H 6.11, N 13.40;
found: C 80.61, H 6.14, N 13.48.

2,6-bis[ (1-naphthylimino)methyl]pyridine (5): Procedure as described for
1. Yellow solid; yield: 80%. 'H NMR (CDCl;): 6 =8.81 (s, 2H; N=CH),
8.52 (d, 2H; pyrH?), 8.43 (m, ArH), 8.04 (t, 1H; pyrH*), 791-720 (m,
ArH); 3C NMR (CDCl;): 6 =160.30, 154.83, 148.03, 137.36, 133.99, 128.90,
127.74, 126.82, 126.54, 126.05, 125.99, 123.85, 123.35, 112.92.

2,6-bis[ (1-biphenylimino)methyl]pyridine (6): Procedure as for 1. Off-
white solid; yield: 90 %. '"H NMR (CDCl;):  =10.18 (s, 2H; N=CH), 8.19
(d, 2H; pyrH?), 8.09 (t, 1 H; pyrH*), 7.63-7.17 (m, 18 H; ArH); elemental
analysis caled for C;H,3N;: C 85.10, H 5.30, N 9.60; found: C 84.52, H5.21,
N 9.48.

2,6-bis[ (2,6-diphenylphenylimino)methyl]pyridine (7): Procedure as de-
scribed for 4. Yellow solid; yield: 86 %. '"H NMR (CDCl;): 6 =9.96 (s, 2H;
N=CH), 8.13-6.87 (m, 29H; ArH); *C NMR (CDCL): 6 =164.8, 153.9,
139.7, 1375, 136.8, 133.2, 130.1, 129.8, 129.3, 128.9, 127.9, 127.3, 126.8, 126.6,
125.3, 125.0, 122.8, 122.3, 118.1; mass spectrum (EI): m/z: 598 ([M*], 90),
256 (CH=NATr", 100).

Synthesis of complexes
2,6-bis[1-(2-methylphenylimino)ethyl]pyridyliron@) chloride (8): FeCl,
(0.137 g, 1.08 mmol) was dissolved in hot n-butanol (20 mL) at 80°C. A
suspension of 2,6-bis[1-(2-methylphenylimino)ethyl]pyridine  (0.37 g;
1.08 mmol) in n-butanol was added dropwise at 80 °C. The reaction mixture
turned dark blue. After stirring at 80°C for 15 min, the reaction mixture
was allowed to cool to room temperature and stirred overnight. The
reaction volume was reduced to a few mL and diethyl ether was added to
preciptate the product as a blue powder, which was subsequently washed
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three times with diethyl ether (10 mL) and dried in vacuo. Dark blue solid;
yield: 0.39¢g (77%). Mass spectrum: m/z: 467 [M]*, 432 [M —Cl]*;
elemental analysis calcd for C,;H;N;FeCl,-0.25H,0: C 58.44, H 5.01, N
8.89; found: C 58.47, H 5.03, N 8.05; tt.;=15.16 pg.
2,6-bis[1-(2,3-dimethylphenylimino)ethylIpyridyliron(@x) chloride (9): Pro-
cedure as for 8. Blue solid; yield: 83 %. Mass spectrum: m/z: 496 [M]*, 461
[M — Cl]*, 425 [M — 2Cl]*; elemental analysis caled for C,sH,;N;FeCl,: C
60.48, H 5.44, N 8.47; found: C 60.01, H 5.02, N 8.10; pt.;=>5.53 pp. X-ray
quality crystals were grown from a saturated acetonitrile solution.
2,6-bis[1-(2,4-dimethylphenylimino)ethyl]pyridyliron@) chloride (10):
Procedure as for 8. Dark blue solid; yield: 75%. Mass spectrum: m/z:
496 [M]*+, 461 [M —Cl]*, 425 [M —2CI]*; elemental analysis calcd for
C,sHyN;FeCly: C 60.48, H 5.44, N 8.47; found: C 59.98, H 5.11, N 8.11;
Uit =5.39 pg.

2,6-bis[ (2-methylphenylimino)methyl]pyridyliron@) chloride (11): Proce-
dure as for 8. Black solid; yield: 93 %. Mass spectrum: m/z: 404 [M — CI]*,
369 [M —2Cl]*; elemental analysis calcd for C,;H;(N;FeCl,: C 5731, H
4.35, N 9.54; found: C 5727, H 4.48, N 9.39; per=15.22 pip.

2,6-bis[ (1-naphthylimino)methyl]pyridyliron() chloride (12): Procedure
as for 8. Brown solid; yield: 71 %. Mass spectrum: m/z: 511 [M]*+, 476 [M —
Cl]*, 441 [M — 2 Cl]*; elemental analysis calcd for C,;H,(N;FeCl,: C 63.31,
H 3.74, N 8.20; found: C 63.37, H 3.89, N 8.03; sty =5.07 pg.

2,6-bis[ (2-biphenylimino)methyl]pyridyliron(@) chloride (13): Procedure
as for 8. Green-brown solid. Mass spectrum: m/z: 563 ([M*], 40), 528
(M -]+, 100), 493 ([M —2Cl]*, 28); elemental analysis calcd for
C;Hy3N3FeCly: C 6598, H 4.11, N 7.45; found: C 65.26, H 4.00, N 7.06;
Uy =5.28 pg. X-ray quality crystals were grown from a saturated acetoni-
trile solution.

2,6-bis[ (2-biphenylimino)methyl]pyridyliron() bromide (14): Procedure
as for 8. Green-brown solid. Elemental analysis calcd for C;;Hy;N;FeBr,: C
57.00, H 3.55, N 6.43; found: C 56.46, H 3.45, N 6.07. X-ray quality crystals
were grown from a saturated acetonitrile solution.
2,6-bis[1-(2-methylphenylimino)ethyl]pyridylcobalt(@) chloride (15): Pro-
cedure as for 8. Green solid; yield: 88 %. Mass spectrum: m/z: 470 [M]*,
435 [M—-CI]*, 400 [M-2Cl]"; elemental analysis caled for
Cy3Hy3N;CoCly: C 58.62; H 4.92; N 8.91; found: C 58.33, H 5.25, N 8.40;
Uett =405 [ig.

2,6-bis[ (2-methylphenylimino)methyl]pyridylcobalt(y) chloride (16): Pro-
cedure as for 8. Brown solid; yield: 82 %. Mass spectrum (FAB): m/z: 407
[M —C1]*, 372 [M — 2Cl]*; elemental analysis calcd for C,;H;(N;CoCl,: C
56.91, H 4.32, N 9.48; found: C 56.65, H 4.47, N 9.22; u.;=4.63 .
2,6-bis[ (2,6-diphenylphenylimino)methyl]pyridyliron@) chloride (17):
Procedure as for 8. Green-brown solid; yield 59%. Mass spectrum
(FAB): m/z: 716 ([M], 5), 680 ([M — CI7], 40), 256 (CH=NAr", 100);
elemental analysis calcd for C,;H;N;FeCl,: C 72.08, H 4.36, N 5.86; found:
C 7217, H 4.54, N 5.63. ttoq;=4.94 ug.

Oligomerisation procedure

a) High-pressure tests: A 1-litre stainless steel reactor was baked out under
a nitrogen flow for at least 1 h at >85°C and subsequently cooled to the
temperature of oligomerisation. Isobutane (0.5 L) and MAO (runs 1-11,
Table 3) or triisobutylaluminium (runs 12-14, Table 3) were introduced
into the reactor and stirred at reaction temperature for at least 1h.
Ethylene was introduced into the reactor by back pressure of nitrogen. The
catalyst solution in toluene was then injected under nitrogen. The reactor
pressure was maintained constant throughout the oligomerisation run by
computer controlled addition of ethylene. The oligomerisation time was
60 min. Runs were terminated by venting off volatiles and the reactor
contents was extracted with toluene (400 mL). The toluene solution was
washed with dilute hydrochloric acid (1M) and water, dried over MgSO,
and filtered. Quantitative GC analysis of this solution was performed using
a weighed aliquot of this solution with a weighed amount of a standard (-
heptane).

b) Schlenk-line 1bar ethylene tests: The precatalyst was dissolved in
toluene (40 mL) and MAO (10 wt % in toluene) was added to produce an
orange solution. The Schlenk tube was placed in a water bath, purged with
ethylene and the contents magnetically stirred and maintained under
ethylene (1 bar) for the duration of the oligomerisation. The oligomerisa-
tion was terminated by the addition of aqueous hydrogen chloride. Work-
up was analogous to that used for the high-pressure tests.

0947-6539/00/0612-2229 $ 17.50+.50/0 2229





FULL PAPER

V. C. Gibson et al.

X-ray crystal structure determinations of 9, 13 and 14.

Crystal data for 9: C,;H;N,Cl,Fe, M,=537.3, monoclinic, P2,/n (no. 14),
a=13.461(2), b=14.948(2), c=13.7792) A, B=106.64(1)°, V=
2656.6(7) A3, Z =4, peyea=1.343 gem3, 1 =791 cm~1, F(000) =1120, T=
160 K; pale blue plates, 0.24 x 0.10 x 0.02 mm, Daresbury SRS Station 9.8
(1=0.6878 A) with Bruker SMART CCD diffractometer, 0.25° frames
with w scans, 7176 independent reflections. The structure was solved by
direct methods and the non-hydrogen atoms were refined anisotropically
using full-matrix least-squares based on F? to give R, =0.045, wR,=0.110
for 5356 independent observed absorption corrected reflections [| F,|>
40(| F,|), 260 <58°] and 464 parameters. Restraints were applied to the
geometry and anisotropic displacement parameters in the disordered 2,3-
dimethylphenyl rings.

Crystal data for 13: CyH,N,CL,Fe, M,=564.3, triclinic, P1 (no.2), a=
9.288(2), b=12.311(1), ¢ =14.004(1) A, a=108.90(1), B=104.40(1), y =
101.36(1)°, V=13983(3) A3, Z=2, peuea=1.340gcm3, u(Cug,)=
62.7 cm~!, F(000) =580, T=293 K; deep red platy prisms, 0.27 x 0.23 x
0.07 mm, Siemens P4/PC diffractometer, w scans, 3719 independent
reflections. The structure was solved by direct methods and the non-
hydrogen atoms were refined anisotropically using full matrix least-
squares based on F? to give R, =0.070, wR,=0.176 for 2645 independent
observed absorption corrected reflections [| F, |>40(| F, | ), 20 <120°] and
311 parameters.

Crystal data for 14: C;H,;N;Br,Fe, M,=653.2, triclinic, P1 (no. 2), a=
9.482(1), b=12.500(1), ¢ =14.030(1) A, a=109.53(1), B=103.74(1), y =
104.12(1)°, V=1424302) A3, Z=2, pea=1523gem>, u(Cuyg,)=
771 em™!, F(000) =652, T=293 K; deep red platy prisms, 0.23 x 0.20 x
0.05 mm, Siemens P4/PC diffractometer, o scans, 3731 independent
reflections. The structure was solved by direct methods and the non-
hydrogen atoms were refined anisotropically using full-matrix least-squares
based on F? to give R, =0.067, wR, =0.160 for 2511 independent observed
absorption corrected reflections [|F,|>40(|F,|), 20>120°] and 311
parameters. Crystallographic data (excluding structure factors) for the
structures 9, 13 and 14 have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-139061 (9),
CCDC-139062 (13) and CCDC-139063 (14). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@
ccde.cam.ac.uk).
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Abstract: A pulsed beam of Co*(°F,)
crosses a pulsed beam of C;Hg or C;Dg
gas under single collision conditions at
collision energies of 0.01 eV and 0.21 eV.
After a variable time delay #,,,=1-8 ps,
a fast high voltage pulse extracts product
ions into a field-free flight tube for mass
analysis. Consistent with earlier work,
we observe prompt CoC;H¢"+H, elim-
ination products in 3:1 excess over
CoC,H,"+CH, products at 0.21 eV on a
2-10 ps time scale. Long-lived CoC;Hg"
complexes fragment predominantly

elimination products on a 6—24 ps time
scale. Density functional theory
(B3LYP) calculations provide energies,
geometries, and harmonic vibrational
frequencies at key stationary points for
use in a statistical rate model of the
reaction. By adjusting two key multi-

Keywords: alkanes - density func-
tional calculations - gas-phase chem-
istry - reaction mechanisms - stat-
istical rate models - transition met-

center transition state (MCTS) energies
downward by 4-7 kcalmol~!, we obtain
good agreement with our decay time
results and with the cross section versus
collision energy of Armentrout and co-
workers from 0.1-1.0 eV. B3LYP theory
succeeds in finding relative energies of
the MCTSs leading to CH, and H, in the
proper order to explain the different
product branching ratio for Co* (which
favors H, over CH,) compared with its
nearest neighbors Fe™ and Ni™ (which
favor CH, over H,).

als
back to Co™+C;H; reactants and to H,

Introduction

Gas-phase transition metal cations have long been intriguing
for their ability to readily break the strong CH and CC bonds
of alkanes at room temperature, leading to elimination of H,
and smaller alkane fragments.['-3] Recently the combination of
ever more incisive experimental techniques with density
functional electronic structure theory (DFT), which can
treat quite large systems, is revealing subtle and surprising
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mechanistic details for these reactions.>*! Computational
studies of the reactions of Fe*, Co", and Ni* with small
alkanes using DFT in its B3LYP formulation have examined
all important stationary points on the ground state sur-
face.» >l They find that the rate-limiting steps involve not
initial C—H or C—C bond insertion, as believed earlier, but
rather passage over multicenter transition states (MCTSs)[14 1]
at which several bonds rearrange in concert.

The information from theory permits construction of fairly
rigorous statistical rate models of the decay of long-lived
[M*(alkane)]| complexes. By tuning the energies of the key
MCTSs to fit a wide variety of experimental data, we can
provide a critical assessment of the accuracy of transition state
energies from B3LYP theory.’71 The key data include
Armentrout’s reaction cross sections versus collision ener-
gy,['6 17l deuterium isotope effects, and our own time-resolved
branching fraction measurements. We have now completed
such studies of Ni*+propanel> ¢ and Ni*+n-butane.P! In both
cases, it is necessary to decrease the calculated MCTS energies
by 4-7 kcalmol™" to achieve good semiquantitative agree-
ment with experiment. Very similar mechanisms describe
both reactions very well. This allowed us to make educated
guesses of the important mechanisms in the Co*+n-butane
and Co*+isobutane reactions,® neither of which has yet been
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studied by theory. A unified picture of M*+alkane reactions is
thus emerging.

In this work we apply the same combination of techniques
to the Co'+propane reaction. Significantly, we find that
B3LYP theory reverses the energy order of the two key
MCTSs in the case of Co™ compared with Fe™ and Ni™, in
accord with the experimental branching. Our crossed-beam
experiment provides time-resolved branching fractions meas-
ured under carefully controlled reaction conditions for
calibration of the statistical rate theory. As is well known
from earlier work,['>?!l at low collision energy Co*+propane
produces predominantly H, elimination products in prefer-
ence to CH, elimination products. This contrasts sharply with
the behavior of Fe* and Ni, its two nearest neighbors, both of
which produce predominantly CH, in preference to
H,.16:16: 2051 Once again, the modeling indicates that angular
momentum conservation plays a key role in the non-
exponential decay of the long-lived complexes and in subtle-
ties of the product branching.

Experimental Section

Crossed-beam measurements

The crossed-beam apparatus and its usual operating param-
eters have been described previously.[>?+ 2 In the source

Abstract in German: Ein gepulster Co*(°F,)-Strahl kreuzt
einen gepulsten C;Hg- bzw. C;Dg-Strahl unter Einzelstof3be-
dingungen bei Kollisionsenergien von 0.01 eV und 0.21 éV.
Nach einer variablen Verzogerung t,,=1-8 us werden Pro-
dukt-lonen durch einen Hochspannungspuls in ein feldfreies
Flugrohr zur Massenanalyse extrahiert. In Ubereinstimmung
mit fritheren Arbeiten wird auf einer Zeitskala von 210 us
0.21 eV die spontane Bildung der Eliminierungsprodukte
CoC;Hg +H, in einem 3:1 Uberschuf3 gegeniiber den Pro-
dukten CoC,H ;/+CH,beobachtet. Auf einer Zeitskala von 6 —
24 us fragmentieren langlebige CoC;Hgt Komplexe hauptsdch-
lich zuriick zu den Edukten Cot+C;Hg sowie zu H,-Elimi-
nierungsprodukten. Energien, Geometrien und harmonische
Schwingungsfrequenzen auf der Grundlage von Dichtefunk-
tionalrechnungen (B3LYP) werden zur statistischen Modellie-
rung der Reaktionskinetik verwendet. Nach Verminderung der
berechneten Energien der beiden zentralen konzertierten
Ubergangsstrukturen um 4—7 kcalmol™' ergibt sich eine gute
Ubereinstimmung unserer aus Abklingzeiten erhaltenen Er-
gebnisse mit denen von Armentrout und Mitarbeitern, die aus
Messungen von Stofiquerschnitt vs. Kollisionsenergie zwischen
0.1-1.0 eV erhalten wurden. Das B3LYP-Niveau erweist sich
als sehr erfolgreich bei der Beschreibung der Reihenfolge der
relativen Energien der konzertierten Ubergangsstrukturen, die
zur Eliminierung von CH, und H, fiihren. Das gewdhlite
theoretische Niveau beschreibt die unterschiedlichen Produkt-
verteilungsverhdaltnisse fiir Co™ (H,-Bildung gegeniiber der
CH Bildung bevorzugt) und seine beiden ndchsten Nachbarn
Fet und Ni* (beide bevorzugen die CH ,Eliminierung vor der
von H,) korrekt.
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chamber, gas-phase cobalt atoms are produced in a laser
ablation source!?”! and seeded into an argon beam, which is
skimmed, collimated and stripped of ions before entering the
reaction chamber. The Co/Ar beam meets a second, pulsed
expansion of propane gas at the center of the interaction
region. The reaction begins with the arrival of an ionizing dye
laser pulse at the center of this region, creating Co* ions in
their ground electronic state. The Co* ions react with propane
molecules in field-free space by bimolecular ion—molecule
collisions. After a suitable reaction delay, a high-voltage pulse
accelerates reactant and product ions toward a microchannel
plate detector. The experiment runs in the single-collision
regime.

A frequency-doubled dye laser beam (10 ns fwhm, 312 nm,
<250 W per pulse) intersects the atomic beam and resonantly
photoionizes Co by way of the y*GY, < a'Fy, transition at
32028 cm~L181 Absorption of two such photons creates Co*t
exclusively in the ground spin-orbit level (°F,). The two-
photon energy lies 491 cm~! above the ionization energy (IE)
of 63565 cm .12l The nearest Co* excited state is °F; at
951 cm~! above the IE. A log-log plot of Co* ion yield versus
laser pulse energy is linear with a slope of unity, consistent
with a two-photon process whose first step is saturated. The
metal ion velocity is that of the neutral beam, (5.8 £0.5) x
10* cmsL

The packet of Co* (2000-7000 ions/shot) intersects the
reagent beam in the extraction region of a Wiley—McLaren
time-of-flight mass spectrometer.’” Neat propane gas (Math-
eson >99.9 %) expands from a second 0.5 mm pulsed nozzle
and is pseudo-skimmed (i.e., not differentially pumped) by a
set of home-built rectangular knife edges. The mean propane
beam velocity measured with a fast ion gauge is (7.6 = 1.0) x
10* cms~!. We see no evidence of heavier products that might
indicate the presence of a significant fraction of dimers in the
propane beam. In addition, plots of product yield versus
reagent backing pressure are linear from 20-120 Torr for
both gases, indicating that single-collision conditions are
obtained at 60 Torr and further suggesting that the beams
consist primarily of monomers. Based on the work of Fenn
and co-workers,P!I we estimate the internal temperature of the
propane beam to be approximately 50 K.

By changing the angle between the Co*t and reagent beams,
we can vary the collision energy in coarse steps. We have
conducted experiments at two such geometries, 20° and 145°.
The corresponding collision energies are 0.01 £0.01 eV (0.2 +
0.2 kcalmol~!) and 0214+0.09 eV (4.8 +2.1 kcalmol™?), re-
spectively. The estimated uncertainties reflect worst-case
analyses of the metal and hydrocarbon velocities, the small
additional velocity imparted to the metal ions by space charge
effects, and the range of angles of intersection of the two
velocity vectors.

The 10 ns laser pulse initiates ion—molecule collisions at a
sharply defined starting time. After a variable delay time that
allows collisions to occur, reactant and product ions are
extracted at time f,,, after the laser pulse into the time-of-
flight mass spectrometer for analysis. We can obtain useful
signals for extraction times in the range 0.5 ps <f., < 8 us. At
I, high-voltage pulses (1-1.5kV) are applied to the ion
extraction plates, accelerating reactant and product ions
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towards the detector. The voltage pulses rise to 90 % of their
plateau values in 20 ns; the analogous rise time of the electric
field in the first extraction region is about 13 ns. The mass
resolution (m/Am) is >250 for products near 100 amu. Ions
are detected with a micro-channel plate detector (Galileo
FTD-2003) operated at 2 x 107 gain. The detector output
current drops over the 50-Q load on a LeCroy 9400 digital
oscilloscope without further amplification. We estimate
detector mass discrimination effects at less than 10%.5%
Since the detector dynamic range cannot simultaneously
accommodate the Co™ ion signal and the much smaller
product ion signals, a small set of electrodes mounted in the
drift region is pulsed at the appropriate time to deflect Co*
ions away from the detector.

Under single-collision conditions, total product signal
should rise linearly with Co* number density, propane
number density, and f.,, which we have experimentally
verified. Moreover, the reaction should be insensitive to
argon backing pressure. We have run the experiment at twice
and half the normal argon backing pressure of 1.7 atm with
t.« =8 us and observe no changes in branching fractions or
product yield relative to Co* ion signal.

It is important to distinguish clearly two different time
scales. The first is the experimental time window during which
the Co* and propane beams are “in contact” and collisions at
a well defined energy may occur. This is the time between the
ionizing laser pulse and the ion extraction pulse at f.. The
second, which we simply call ¢, refers to the time since a long-
lived complex was formed in a bimolecular collision. Because
our experiment is firmly in the single-collision limit, to a good
approximation we create collision complexes with a uniform
distribution of initiation times over a time window of width
t.«.- When we sample the fate of this collection of complexes at
a particular real experimental time after the ionizing laser
pulse, as in a time-of-flight mass spectrum, we sample
complexes that have evolved over a corresponding distribu-
tion of times ¢ after the initiation of the collision. This is the
range of times referred to in subsequent tables of time-
dependent product branching fractions.

Analysis of metastable decay by retarding potential method

Under our controlled reaction conditions, the product mass
spectra reveal long-lived collision complexes. Such complexes
have survived extraction intact, since they arrive at the
detector at the appropriate time for the adduct ion. These
complexes are metastable. They have sufficient energy to
fragment either to Co*+C;H, reactants or to CoC,H,*+CH,
or CoC;Hg™+H, exothermic elimination products. The time
during which the complex accelerates in the extraction fields
is about 2 ps for the typical ion extraction energy of 1380 eV.
For t.,,=8 ps, complexes that survive t=2-25 ps after they
are formed may fragment in the field-free drift region of the
mass spectrometer. Even longer lived complexes will reach
the detector intact.

Such metastable decay can be analyzed by applying a
retarding potential in the flight tube between the extraction
region and the detector, as described previously.?*3] The
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retarding potential device alters arrival times in a mass-
dependent fashion by first decelerating and then accelerating
the ions back to their original drift velocity. In the examples
presented below, we are able to distinguish long-lived com-
plexes that survive the entire flight path intact and complexes
that fragment in the first field-free region F1 (Figure 2 of
reference [6]) before entering the retarding field.

Experimental Results

In Figure 1, we show product time-of-flight mass spectra taken
at nominal 0.01 eV and 0.21 eV collision energy with 7., =8 ps.
At the lower collision energy, the dominant product (82 £
2%) is the long-lived complex CoC;Hgt. We also see 2.0 +
0.5% of the CH, elimination product, CoC,H,", and 16 £2 %

T T rrr o
CoC3Hg

Cot + C3H8

- 0.01eV .

- CoCHg" -

- CoCpH," .

ION CURRENT

'21. - I22. - I23. - I24. -
TIME OF FLIGHT (us)

Figure 1. Product region of mass spectrum for #.,, =8 us at collision energy
0.01 eV (top) and 0.21 eV (bottom).

of the H, elimination product, CoC;H4". At the higher
collision energy of 0.21eV and ., =8 us, we observe the
same product ions but with elimination products in higher
proportion. The branching fractions are 43+9% CoC;Hg",
15+4% CoC,H,", and 42+5% CoC;Hs". The CH/H,
branching ratio increases from 0.13 to 0.36 as collision energy
increases. At 0.21 eV collision energy, we estimate that the
reaction efficiency to form all observed products, both
adducts and elimination products, is 6 +3 % of the Langevin
cross section.* This agrees well with the value 8% at 0.2 eV
from earlier ion beam+gas experiments by Armentrout and
co-workers.’”l The simple TOF-MS with 7., =8 ps in effect
samples the decay kinetics of collision complexes over a
uniform distribution of times in the window t=2-10 ps. The
resulting prompt product branching fractions including ad-
ducts are summarized for two collision energies in Table 1. In
preliminary results at internal energy E,=0.03eV, CH,
elimination accounts for 4%, H, elimination for 14 %, and
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Table 1. Branching fractions for Co™+C;Hg and Co™+C;Dg including long-
lived complexes, t=2-10 ps after initiation of collision.[?!

CoC,H,* CoC;Hg! CoC;Hg!
Reaction E [eV] (CoC,Dy") (CoCsDg") (CoCsDg")
Co*+C;Hj 0.01 2405 1641 82+1
Co*+C;Hg 0.21 15+4 42+5 43+9
Co*+C;Dg 0.21 241 5+1 93+2

[a] Data for f.,, = 8 ps, U, = 1380 eV, which places the time since initiation
of Co*+C;Hj in the range 2-10 ps.

adducts for 82 % of the products. The elimination products are
behaving as if there is an energetic barrier to their formation.

The CoC;Hg" adduct peaks in Figure 1 are clearly broad-
ened compared to the prompt elimination product peaks. The
broadening is especially evident at 0.21 eV, where the peaks
have tails toward shorter TOF. At nominal 0.01 eV, a partially
resolved peak toward shorter arrival time is clearly visible as
well. This broadening and tailing occur in the simple TOF
mass spectra because some collision complexes have frag-
mented in the drift region of the mass spectrometer. The
strong electric field at the detector, 1300 Vem™! acting over
only the last 2 cm of the flight path, causes the asymmetric
tailing toward shorter TOF. The lighter fragment ions suffer a
larger acceleration than the intact adduct ions and thus arrive
slightly earlier in time. Parents and fragments are only
partially resolved by this final electric field.

The metastable decay of these long-lived CoC;Hgt com-
plexes was probed with the retarding field method. The
purpose of the retarding field measurement is to separate all
CoC;Hg™ complexes that survive extraction into two groups,
those that fragment at ¢ <25 ps and those that do not. For
t.n=8 us and E,=0.01eV, mass spectra such as those in
Figure 2 sample the decay kinetics of collision complexes over

LA BLELELELE B IR ILELIL L B I
CoC3Hg" Co* + C3Hg
CoC3Hg' 0.01 eV
CoCoH,"
ov /
= Co*(F1)
o N(F1) /
o
o
Zz | 400V \,
9 A
Co*(R) CoC3Hg'
(F1)
N(F1)
S RS RS RS EEE R SR

21 22 23 24 25 26
TIME OF FLIGHT (us)

Figure 2. Product region of mass spectrum for ¢, = 8 us at collision energy
0.01 eV versus retarding potential V,=0-1000 V as shown. N(F1) denotes
neutral fragments born in first field-free region F1; Co*(F1) and
CoC;Hg*(F1) are ionic fragments born in F1. Co*(R) are ionic fragments
born in retarding region itself. See Figure 2 of reference [6] for details.
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a uniform distribution of times in the window t=6-24 us
since initiation of a collision, as explained in detail earlier. The
spectrum at retarding potential V,=0 again shows the sharp
peaks due to prompt CH, and H, elimination products formed
before ion extraction and the broader adduct ion peak. For an
ion extraction energy U,,=1380¢V, a retarding potential
V.=400V can separate the CoC;Hg" peak into very long-
lived adducts (lifetime >25 ps) and metastable fragmentation
channel, Co"+C;Hg. At the highest retarding potential
shown, V,=1000 V, we see a small peak to the right of the
adduct ion peak that is assigned to delayed fragmentation to
CoC;Hy* (+ H,) formed in the drift region of the mass
spectrometer. At 0.01 eV, about 48% of the long-lived
complexes fragment after extraction and before exiting the
retarding potential device (Table 2). Of those fragmentation

Table 2. CoC;Hg" fragmentation pattern, t =6—24 ps after collision.[?!

Fraction Fragment branching/®
E, [eV] dissociation/® Co* CoC,H,* CoC,H¢+
0.01 48+5 64+9 <20l 34+3
0.21 69+ 12 72+15 <20l 27+3

[a] Data for f.,=8 ps, U.,=1380eV. Fragmentation of those ions that
survive extraction as adducts but fragment before the retarding field, which
places the time since initiation of Co*+C;Hy collisions in the range 6—
24 ps. Fraction dissociated is the fraction of metastable complexes that have
fragmented before reaching the detector. Fragment branching gives the
product ratios for those fragments. [b] Upper bound only.

products, 64 % are Co*+C;Hg, 34% are CoC;Hg*+H, and
less than 2% are CoC,H,"+CH,. With V.>1000V, all
fragments are sufficiently retarded that the CoC;Hg" peak
becomes narrow, indicating that a substantial fraction of
adduct ions have not yet fragmented when they reach the
detector.

We have acquired similar retarding field mass spectra at the
higher collision energy of 0.21 eV. They are qualitatively the
same as the 0.01 eV spectra. In particular, the fraction of long-
lived complexes returning back to Co*+C;Hg increases from
48 % to 69 % at the higher energy. Branching fractions from
this “delayed” fragmentation are summarized for the two
collision energies in Table 2.

For Co™+C;Dyg at 0.21 eV, the average lifetime of adducts is
substantially longer. The fraction of adducts in the simple
TOF-MS increases from 43 +9% to 93+2 % upon deutera-
tion. The prompt product branching fractions for [Dg]propane
with £, =8 ps are 2+1% CD,, 5+1% D,, and 93+2%
adducts. For both [Hg]propane and [Dg]propane, hydrogen
elimination is favored over methane elimination by about a
factor of 3. These branching fractions are included in Table 1.
Preliminary retarding potential measurements for Co™+[Dg]-
propane indicate that Co™(C;Dg) complexes mostly return
back to reactants.

We can compare this new data with previous experimental
results.["-21: 37421 Table 3 presents the branching ratio between
CH, and H, elimination products from our experiment with
that observed in earlier work using a variety of techniques. In
contrast to the behavior of Nit+C;Hg, the branching ratio is
quite sensitive to collision energy or other experimental
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Table 3. Comparison of elimination product branching fractions.

E [eV]  Techniquel?  CoCH,*+CH, CoCH*+H, Ref.

0.01 CBl 11 89 this work
0.21 CBU 26 74 this work
~1 1B+ G 41 59 (38 13
~0.5 IB+G 25 75 140]

<0.2 IB+G 19 81 137)

<0.1 IB+G 33 67 21

0.05 IB+G 23 73 1]

TEM! ICR 31 69 20]

TE FR 24 76 142]

TE ™S 4 96 1]

TE TMS 18 82 18]

TE TMSle! 53 47 18]

[a] CB =crossed beams; IB+G=ion beam plus gas cell; ICR=ion
cyclotron resonance; FR = flow reactor at 0.75 Torr of He buffer; TMS =
tandem mass spectrometry. [b] Thermal energy distributions near 300 K.
[c] Ground state Co*(a’F, 3d®) created by resonant two-photon ionization.
[d] Ground state Co*(a’F, 3d®) selected by ion chromatography. [e] Excited
state Co*(aF, b’F, 4s3d’) selected by ion chromatography.

variables. This sensitivity might be partly due to the differ-
ences in internal electronic and vibrational energy of
Co"+C;Hg reactants. As mentioned earlier, the resonant
two-photon ionization process employed in our experiment
creates the lower energy °F, spin-orbit level of Co* exclu-
sively. van Koppen et al.l'¥l measured state-specific branching
ratios at thermal energy (x0.04 V) using ion chromatogra-
phy and reported CH,/H, branching ratio of 18/82 for ground
state Co* (a’F) and 53/47 for
the Co* (a’F, bF). Their
branching ratio for ground state
Co™ lies between our a’F-state-
specific branching ratios of 11/
89 at nominal 0.01 eV and 26/74
at 0.21 eV.

Some of the early studies
mention detection of the long-
lived collision complexes that
form the bulk of the products
observed in this work. Tolbert
and Beauchamp!®l reported
39% adduct ions at E,=0.5eV
when colliding a Co* beam with
C;H;g gas in a collision cell at
1.5 mTorr. Tonkyn, Ronan, and
Weisshaarl®?l performed their
work in a fast flow reactor
under multicollision conditions at 0.75 Torr of He with a
300 K Boltzmann distribution of collision energies. They
found 95 % intact CoC;Hg" collision complexes, quite similar
to our t=2-10 pus branching results at 0.01 eV (Table 1). On
the basis of simple third-body stabilization kinetics with the
strong collision assumption, they deduced that the metastable
CoC;Hg" collision complexes lived at least 0.6 ps. In an ion
beam+-collision cell experiment, Armentrout and co-work-
ersl*!l estimated the lifetime of collision complexes formed at
collision energy E,=0.05¢eV from the increase in CoC;Hg"
signal with propane pressure in the cell. From a Stern-
Volmer model they obtained a lifetime of 0.45 ps. In the
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direct complex decay measurements presented here, we
observe elimination products on a sub-pus time scale but also
on much longer time scales. The Stern- Volmer models did
not account for the distribution of time scales arising from the
angular momentum effects modeled in detail below.

Recently, van Koppen et al.[*'! measured the kinetic energy
release distributions (KERDs) of the metastable decay
products from CoC;Hg" parents. The CoC;Hg"™ parent ions
are gently extracted from an electron impact ionization source
of Co* containing 10~3 Torr C;Hy at 300 K. They have spent
0-50 ps in the source region and an additional 6 —14 ps prior
to fragmentation in the second field-free region of a tandem
mass spectrometer. Thus the range of times since complex
formation is roughly 6—64 ps. Analysis of the fragments from
nascent complexes reveals 32 % Co*, 3% CoC,H,", and 65 %
CoGC;Hg". This is a much higher yield of elimination fragments
than we observe for t=6-24 ps at either collision energy
(Table 2). Some of van Koppen’s complexes likely suffer one
or two stabilizing collisions in the source prior to extraction
into high vacuum, which would discriminate against dissoci-
ation back to reactants.

Electronic Structure Calculations

For the C—C and C—H activation pathways in the Co*+C;H;
system we found a mechanism!! (cf. Scheme 1) fully in line
with earlier experience with Co™+C,H,, Fe™+C,Hy and C;Hg,

H3C - ---H
1 Pid I
H3C-Co*-CoHs — Clo*‘/ (':H2—> Co*(CyHyg) + CHy
Neny
c-C MCTSCH4

Co* + C3Hg — C0+(C3H8)

2°C-H
Ho---H
1

200

H-Co*-iso-CgH7 —» ' 7 !
é 3h7 Co*  CH,
\CIH/

CH3

MCTS,,(2°)

—_— C0+(C3H6) + H2

Scheme 1. Schematic reaction mechanism describing decay of long-lived CoC;Hg" complexes. All CH,
elimination arises from initial C—C bond insertion and all H, elimination arises from initial secondary C—H
bond insertion by the metal ion.

and Ni*+C,H, and C;Hg reactions.” *!! In the present study
we only give the key stationary points whose properties are
needed for statistical modeling under this mechanism. Those
are the complex Co(C;Hg)* and three multicentered transi-
tion states MCTScy,, MCTSy,(2°), and MCTSy,(1°). Our
computational approach follows that of an earlier study of
Co*+C,H;.[' Briefly, we use the B3LYP hybrid function-
all*¢ 47 as implemented in Gaussian98. (8] This functional was
combined with the standard D95** polarized, double-¢ basis
set for carbon and hydrogen. For cobalt, the (14s9p5d)
primitive set of Wachters!*! is supplemented with one diffuse
p-function (a=0.1219) and one diffuse d-function according
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to Hay,P% ! resulting in a (621111133121 |411) — [8s5p3d]
contraction. The transition states reported here were located
by unconstrained geometry optimization using analytical
gradients. The character (minimum or transition structure)
of stationary points was determined by analytic evaluation of
the force-constant matrix. Computed energies were corrected
to AU at 0 K (equivalent to AH or AG at this temperature) by
inclusion of zero-point vibrational energies.

As discussed in detail earlier,'”] the B3LYP ansatz gives the
correct ordering for the Co* atomic states, with 3d®, °F below
3d’4s, °F, but the excitation energy to the quintet excited state
is overestimated by 5.2 kcalmol~!. Energies of the CoC;Hg*
system are given relative to the asymptote Co*(3d%,°F)+C;Hj,
using the atomic wavefunction resulting in integral orbital
occupation pattern according to Hay.[’? In tests against
experimental bond dissociation energies of Co* with ethane,
ethylene, hydrogen, and alkyl groups, B3LYP tends to over-
estimate D, by 5-8 kcalmol~!. The correction of Ricca and
Bauschlicher® based on interpolation of the metal 3d
populations does not improve the agreement and is not
applied here.

The B3LYP results with this initial basis set are summarized
in Table 4 under the heading “Model 1”. Harmonic vibra-
tional frequencies and rotational constants at the key sta-
tionary points (Table 5 and Table 6) will be used directly in the

Table 4. Energetics [kcalmol '] for models 1-3.[2

Species Model 1! Model 2l Model 3
CoC;Hg! —-322 —38.8, —29.0l —38.8, —29.0l
MCTScy, +1.9 —-2.0 —-2.0
MCTS,(2°) 11 ~63 —47
MCTS,(1°)8 195 - -

[a] Energies in kcalmol ' relative to reactants, including AZPEy; correc-
tions appropriate to Co*(d®°F)+C;Hg. [b] From B3LYP density functional
theory with the smaller basis set; see text for details. [c] Restriction on J
imposed by the centrifugal barriers in exit channels. See text. [d] No
restriction on J in exit channels. See text. [e] Two entries illustrate the range
of energies for the collision complex that can produce complex decay time
scales that match experiment, depending on the model used for internal
rotational motions. See text. [f] This elimination path is not included in
models 2 and 3.

statistical rate calculations. B3LYP finds the Co(C;Hg)"
complex at —32.2 kcalmol~'. This lies in good agreement
with collision-induced dissociation experiments that find
Dy(Co™—C;Hg) =30.9 & 1.4 kcalmol 1.1 For comparison, a
similar level of theory finds the Ni(C;Hg)™ complex at
—35.6 kcalmol L. The relative energies of the MCTSs along
the lowest energy pathways to the three observed elimination
products lie in qualitative accord with the experimental
branching ratios. The lowest barrier is MCTSy,(1°) at
+1.1 kcalmol~!, which involves secondary CH insertion
followed by f-hydrogen migration leading to H, elimination,
the predominant product. The second lowest barrier is
MCTScy, at +1.9 kcalmol ™!, which involves C—C insertion
followed by -hydrogen migration leading to CH, elimination,
the minority product. The location of MCTSy(2°) at
+9.5 kcalmol™! allows us to rule out this pathway to H,
elimination at the low energies under study here. In addition,
B3LYP has consistently found high barriers to S-methyl
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Table 5. Harmonic vibrational frequencies [cm~!] for Co*+C;Hg reaction
from B3LYP theory with smaller basis set.

CoC;Hy* MCTS o, MCTS,,,(2°) MCTSy,,(1°)
3145 3207 3218 3207
3128 3166 3184 3166
3126 3144 3168 3144
3090 3103 3119 3103
2930 3074 3101 3074
2926 3064 2483 3064
2881 1872 1928 1872
2867 1709 1824 1709
1513 1517 1520 1517
1508 1488 1497 1488
1494 1470 1462 1470
1481 1450 1421 1450
1475 1417 1363 1417
1384 1350 1255 1350
1360 1202 1187 1202
1347 1145 1162 1145
1295 1062 1100 1062
1185 961 1042 961
1107 949 934 949
1049 901 926 901
893 740 839 740
875 622 620 622
871 541 544 541
752 480 449 480
506 383 418 383
445 374 372 374
352 290 360 290
203 191 277 191
203 122 26 122
130

Table 6. Rotational constants [cm~!] for Co*+C;Hg reaction from B3LYP
theory with smaller basis set.

CoC,Hy* MCTSy, MCTS,;,(2°) MCTS,;,(1°)
0.281 0.375 0252 0.337
0.112 0.113 0.159 0.096
0.084 0.094 0.110 0.084

migration in Fe*, Co*, and Ni* reactions with alkanes,’ %11 43
so we rule out such pathways to CH, elimination.

The optimized geometries of the three MCTSs are shown in
Figure 3. In the statistical modeling, the B3LYP energies for
MCTSy,(2°) and MCTScy, will be lowered substantially
(models 2 and 3) to obtain quantitative agreement between
statistical rate theory and experiment. This is just another
manifestation of the fact that the asymptote involving
transition metal atoms is most problematic to describe for
the computational procedure applied, whereas relative en-
ergies of similarly bound species are computed with much
better consistency.'’) However, the calculations are qualita-
tively correct in predicting that MCTSy,(2°) lies below
MCTScy, in Co*+C;Hg, while the reverse occurred in
Nit+C;H;.[ Accordingly, the ratio of H,/CH, elimination
reverses from about 3:1 for Co™ to about 1:4 for Ni*.

In order to allow for a direct comparison of structures and
relative energies of the key transition structures for Fe*, Co™,
and Ni* in the reaction with propane, we carried out
additional B3LYP calculations with larger basis sets for
MCTS,(2°) and MCTS¢y, for all three metals. The basis sets
included 6-311++(2d,2p) on carbon and hydrogen plus
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P l:;!i . —— geometry for the Fet-based species but all attempts directly
: '-.-‘ . ...|-=.’:"- L5 led back to the original MCTS,(2°) geometries. Differences
# ’Er:" . : . among the three metals will be discussed below.
2 ?h{lué_ Frpg= 1 290
Statistical Model for Decay of Co(C;Hg)"
i ' Complexes
MCT Sy
We apply the same statistical rate model that was successful
for the Ni*+C;Hg and Nit4n-C,H,, reactions>% to the
kinetics model of Scheme 1. The decay of Co(C;Hg)* com-
fow plexes 1 includes three parallel channels: dissociation back to
reactants (kg,); facile C—C bond insertion to intermediate 2,
leading to eventual CH, elimination (kcy); and facile
secondary CH bond insertion to intermediate 3, leading to
eventual H, elimination (ky,). Each elimination path involves
MACTS17] sequential passage over first a bond insertion barrier and then
Figure 3. Geometries of multicenter transition states from B3LYP theory. a multicenter transition state (MCTS). The general solution of
See text. this kinetics model exhibits multiexponential decay. However,
we assume that as in Fe*+C;Hg and Nit+C;H,™ 'l each
insertion well is shallow compared with complex 1 and the
6-311+G on cobalt (which is the Gaussian98 nomenclature for corresponding insertion transition state lies at least sev-
a modified Wachters-Hay all-electron basis contracted ac- eral kcalmol~! below the MCTS. In this limit, we have shown
cording to (6111111111]5111111|3111) — [10s7p4d] on the that a simple steady-state approximation applies to each
metal atoms).*»52 1 Again the geometries were optimized elimination channel and the overall decay of the complex
and vibrational frequencies checked for a single imaginary becomes exponential with rate constant [Eq. (1)].
value. The results are collected in Table 7. For the larger basis
set, B3LYP theory finds MCTS; (2°) below MCTScy, by ko(EJ) = kas(E,J) + kew(E,J) + ku (E,J) 1
1.9 kcalmol~! for Co* and MCTSy(2°) above MCTSy, by
1.8 kcalmol! for Fe* and by 0.9kcalmol™! for Ni*, in In the steady-state limit, kcy, is given by Equation (2),

qualitative accord with the experimental branching ratios. where W/(MCTScy,) is the sum of states at MCTScy, and p(1)
For all three metals, the larger basis sets differentially stabilize

MCTS;,,(2°) relative to MCTS,(2°) by about 1 kcalmol™! kCHA:w 0))
compared with the results using the smaller basis set. bo(1)

Interestingly, in the case of Fe* we found two transition is the density of states for the collision complex 1. This
structures following secondary CH insertion and $-hydrogen expression is like an RRKM rate constant®*-"] for a single
migration, which we call MCTS,(2°) and MCTSy,,(2°). Using step in which the collision complex 1 reacts by crossing
the larger basis set, the former lies 1.6 kcalmol~! lower in MCTSy, directly without intervening steps. The reason is that
energy. These two transition structures differ primarily in the the shallow C—C insertion intermediate 2 has negligible effect
orientation of the f-methyl group. In MCTSy,(2°), the fS- on the rate under the steady-state approximation. An
methyl group is involved in an agostic bond to Fe while in analogous expression holds for ky, in the steady-state limit.
MCTSy,(2°)" it is not. We searched for analogues of In this limit, the statistical model needs only the properties of

MCTS,(2°)" for Co* and Ni' starting from the optimized the Co(C;Hg)" complex, MCTScy,, and MCTSy,(2°).

Table 7. Comparison of Fe*, Co*, and Ni* MCTSs.[?

M+ MCTS Energy Imag.Freq. Distances [A]®
[kcal mol'] [cm~!] CH c=C M*-H,, —CH,-H,, CH,-H,,
(methyl) (alkene) H-H,,

Fe* MCTScy, —-6.2 3961 1.100 1.432 1.646 1.281 2.220
Fe* MCTS,,,(2°) —4.4 10391 1.144 1.415 1.614 1.415 1.483
Fe* MCTS,,(2°) —-28 929i 1.092 1.420 1.617 1.356 1.553
Co* MCTScy, +4.8 7791 1.098 1.430 1.611 1.274 2272
Co* MCTS,(2°) +2.9 863i 1.157 1.413 1.562 1.418 1.672
Nit MCTS¢y, +3.7 338i 1.096 1.416 1.507 1.354 2.317
Nit MCTS,,,(2°) +4.5 7551 1.154 1.419 1.550 1.361 1.639

[a] B3LYP-optimized transition state energies and geometries using larger basis set (see text). Energies in kcalmol™! relative to reactants including AZPE
corrections. Calculated reactant asymptotes used are: Fe* (d%,°D), Co*(d%’F), Ni*(d’,’D). For Fe™, the calculated d%,’D state lies 5.0 kcalmol~! above d’,*F
whereas experiment finds d’,*F below d%,°D by 5.6 kcalmol~'. [b] CH methyl refers to the longest CH bond within the methyl rotor placed « relative to
MCTSy, or f relative to MCTSy,(2°) or MCTSy,(2°)’; C=C refers to the incipient alkene CC bond; H,, refers to the hydrogen migrating to meet methyl in
MCTSy, or the other hydrogen in MCTSy,(2°) or MCTSy,(2°)’.
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The details of the RRKM calculations were previously
described.[” Each RRKM rate constant is given by Equa-
tion (3), where n is the reaction path degeneracy, W' is the

pn WIE—E E) \
ED = e By @

sum of vibration —rotation states at the transition state, and p
is the density of vibration-rotation states for the reactant.
The Beyer—Swinehart direct count algorithmP® >1 is used to
evaluate the density and sum of states. We define E as the
total reactant energy including collision energy, any electronic
energy of Co*, and any internal energy of C;Hg. E; is the
activation energy. E.(J) and E}(J) are inactive rotational
energies of reactant and transition state unavailable for
passage over the barrier. The amount of energy tied up in
overall rotation of the complex changes as the reaction
proceeds because the moments of inertia change. We approx-
imate the total angular momentum J of the complex as equal
to the orbital angular momentum / brought to the complex by
the ion—molecule collision, which is appropriate for inter-
nally cold reactants. Lacking information about excited state
surfaces, we assume the reaction occurs entirely on the
adiabatic ground electronic state.

The treatment of methyl torsions in the initial collision
complex and MCTSs directly affects state-counting and the
reaction path degeneracy. We prefer the same treatment that
was most successful for the Ni*+C;Hjg reaction.”l All methyl
torsions are treated as free rotation except for the two methyl
torsions at the orbiting transition state in the entrance
channel, for which the total energy is not much larger than
the torsional energy barriers of about 3 kcalmol~!. The
resulting reaction path degeneracies are 9 for kg 6 for kcy,
and 6 for ky,. Tables 5 and 6 list B3LYP vibrational
frequencies and rotational constants for the initial collision
complex and MCTSs used in RRKM calculations. Alterna-
tively, we can treat the methyl rotors of the complex as
threefold degenerate harmonic vibrations, which substantially
alters p(1). In this latter treatment, we are forced to raise the
energy of the complex 1 in order to match the experimental
lifetime, as described below.

In an attempt to understand the possible effects of a high
exit-channel centrifugal barrier on the detailed dynamics of
H, elimination, we employ two different models. As suggested
by van Koppen and co-workers,'> !l the low mass and small
polarizability of H, could make centrifugal effects particularly
important in the exit channel of H, elimination path. In model
2, we assume that J=I/=/ where J is the total angular
momentum of the complex, / is the initial orbital angular
momentum of collision, and /' is the orbital angular momen-
tum in the exit channel for H, elimination. That is, we have
assumed no rotational excitation of the molecular products
Co(C;Hg)"™+H,. Thus complexes with J larger than I,
dissociate to H, in model 2, where [, is the largest /' that
can cross the centrifugal barrier in the exit channel. For the
CH, elimination channel, the analogous exit-channel effects
are present only at higher collision energy due to the heavier
reduced mass and larger polarizability.
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However, simple kinematics suggests that much of the
angular momentum present as overall rotation of the complex
likely remains as rotation of the Co(C;H,)* fragment, since
the center of mass of the complex and that of the Co(C;Hg)*
fragment nearly coincide. Thus in model 3 we write J=/=
lﬂ’+j7 . In this vector equation, non-zero j' (rotation of frag-
ment) can allow high-/ complexes to dissociate to H, over
relatively low centrifugal barriers (low /'), with j’ absorbing
much of the total angular momentum,”’! as occurs in phase
space theory. Our model 3 assumes no centrifugal effects in
the exit channel for H, elimination (I’ = 0). All complexes with
J<Jnw can form H,, where J,, is the largest angular
momentum that can cross the relevant MCTS. Thus models
2 and 3 are extreme cases; phase space theory would lie
somewhere in between. The same assumption is applied to the
CH, elimination channel in model 3.

Adjustment of model parameters

Model 1 uses the B3LYP energetics without adjustment
(Table 4). These energies cannot fit experiment at all. The
absolute elimination cross section is negligible compared with
experiment even at 0.21 eV and the CH,/H, branching ratio
comes out 1.1, in contrast to the experimental value of 0.36. To
fit the absolute reaction efficiency of 6% at 0.21 eV, it is
necessary to lower MCTSy,(2°) to a value of near
—6.3 kcalmol~!, which is 74 kcalmol' below the result
obtained with B3LYP (+41.1kcalmol™'). To fit the 1:3
branching ratio of CH,:H, elimination, we must then lower
MCTScy, to —2.0 kcalmol~!, which is 3.9 kcalmol~! below the
B3LYP result of + 1.9 kcalmol~. These adjustments, which we
call model 2, assume j'=0 so that [}, sets the cutoff on the
total angular momentum that can produce H,. In model 3, we
assume that all J that cross MCTSy,(2°) produce H, (/' =0, no
exit-channel effects). This allows us to raise the energy of
MCTSy,(2°) to —4.7 kcalmol .

Experiment shows that for E,=0.21 eV, a majority of the
initial collision complexes revert to Co*+C;Hg reactants and
substantial decay occurs on a 500 ns—20 ps time scale. The
dual entry for the energy of the complex 1 under models 2 and
3 in Table 4, —38.8 and —29.0 kcalmol~!, shows two very
different values which can bring kg, into good agreement with
experiment. If the two soft bends are treated as harmonic
vibrations with 130 and 203 cm™! frequencies from Table 5,
then the binding energy of the complex must be increased to
—38.8 kcalmol~! to achieve large enough p(1). Alternatively,
if the bending motions of complex 1 are treated as two-
dimensional free internal rotation of C;Hg relative to Co*,
then the binding energy must be decreased to
—29.0 kcalmol~'. These two energies roughly bracket the
physically reasonable limits, quite independent of other
energetic adjustments of the model. Evidently, we cannot
determine the binding energy of complex 1 very accurately
from our lifetime data. Of the two idealized models, we prefer
the free rotor since the internal energy of the complex far
exceeds the methyl rotor barriers of 3 kcalmol~" or less. The
corresponding value of —29.0 kcalmol™! is close to the
estimate of 30.9 kcalmol™! for Co*—C;H; binding energy
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from a threshold collisional activation study.?”l However,
interpretation of those experiments is presumably subject to
much the same modeling uncertainty that we confront here.

Predictions of models 2 and 3

With the energetics of models 2 and 3 constrained using the
experimental reaction efficiency, complex lifetime, and H,/
CH, branching ratios for Co™+C;Hg at 0.21 eV, we can
compare the detailed predictions of both models with other
experimental data. In Figure 4 we display the J dependence of
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Figure 4. Dependence of three parallel decay rates and total decay rate on
J for model 2 parameters at E,=0.21¢eV. Dashed line assumes no
centrifugal effects in the H, exit channel, as in Model 3. See Table 4 and
text.

the three parallel decay rates kg, kcp,,and ky, for model 2 at
0.21 eV. The Langevin cutoff on the maximum J =/ lies at 272
for this energy. The three parallel rates are summed to form
the overall complex decay rate k(EJ) For ky, the dotted
portion of the curve represents the collision complexes that
cannot eliminate H, due to angular momentum constraints in
the exit channel; in model 3 such complexes contribute to the
H, branching fraction. As for Ni*+C;Hg, elimination of CH,
and H, occurs primarily from complexes formed at low J
values (low impact parameters). While k¢, and H, vary over
many decades with J and kg varies over two decades, their
sum k,, varies less than one order of magnitude, from 10’ to
10°s~!. The two parallel decay rates kg, and ky, decrease as J
increases. The cutoffs at high J arise from the differential
effects of the centrifugal potentials; this is purely an effect of
the mass distribution on the sum of states. The centrifugal
barrier at MCTScy, cuts off kcy, at J,,,, =150, which sets the
limit on the largest J that can contribute to the CoC,H,*+CH,
products. For the H, elimination channel, the centrifugal
barrier at MCTSy,(2°) cuts off ky, at J,,,, = 170. However, due
to the small reduced mass of the CoC;Hyt+H, product and
the low polarizability of H,, the high-J cutoff for overall H,
elimination might now occur not at MCTSy,,(2°), but at the
exit channel. In the extreme limit /’=J (model 2) with the
estimate of 15.0 kcalmol™' for the exothermicity,?l the
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centrifugal barrier in the exit channel sets a more stringent
cutoff at J<65 on ky,, as shown in Figure 4. The CH,
elimination channel begins to suffer the same type exit-
channel effects only near E, =1 eV. The J dependence of kg is
opposite that of the elimination rates, that is, kg, increases
with increasing J. As CoC;Hg" dissociates to Co™+C;Hg, mass
moves away from the center of mass, decreasing the centri-
fugal barrier at the orbiting transition state compared with the
complex 1.

Within the steady-state, parallel decay approximations, the
time-resolved, J-averaged formation rate for each decay
channel is given by Equation (4), where i stands for one of

! <d"‘> i":P(J)k(E,/) e )
b dm\ (E)ebu
[CoC3Hg ], \ dt J=0

three channels (dissociation, CH, elimination, or H, elimi-
nation); n; is the number density of the product i; [CoC;Hg'],
is the number density of the complexes at t=0; [, is the
largest orbital angular momentum that can penetrate the
orbiting transition state determined by the Langevin cross
section; and P(J) =2J/I%,,. Direct comparison with the time-
resolved experiments is made by integrating these equations
over various time intervals, as described in detail elsewhere.[”]

In Tables8 and 9, we compare the predictions of the
adjusted models 2 and 3 with experimental time-dependent
branching fractions integrated over the two experimental time

Table 8. Branching ratios versus experiment, t =2—10 ps after collision.[?]

E [eV] CoCH,*+CH, CoC;Hs*+H, CoC;Hy"
experimental®  0.21 15+4 4245 43+9
model 2! 0.21 14 40 46
model 3! 0.21 15 42 43
experimental®  0.01 2.04+0.5 16 +2 82+2
model 2! 0.01 1 33 66
model 3! 0.01 <1 8 92

[a] Experimental averages over this time interval in the kinetics model.
[b] See Table 4 and text.

Table 9. CoC;Hg" fragmentation pattern versus experiment, ¢ =6-24 ps
after collision.[?!

E, (eV) Co"™+CHg CoCH,*+CH, CoC;Hs"+H,
experimental®  0.21 72+£15 <2l 2743
model 20! 0.21 93 7 <1
model 3! 0.21 86 4 10
experimental®  0.01 6449 <2l 3443
model 2! 0.01 5 2 93
model 30 0.01 6 4 90
model 34 0.01 67 3 30

[a] Experimental averages over this time interval in the kinetics model.
[b] See Table 4 and text. [c] Upper bound only. [d] Same as model 3, but
includes 1 kcal mol ! additional internal energy to mimic vibration/rotation
energy in propane reactant.

windows, 2—10 ps and 6-24 ps. We have properly averaged
over the distribution of collision initiation times. The ener-
getics of models 2 and 3 were adjusted to give good agreement
for the 2—10 ps window at 0.21 eV (Table 8). The agreement
for the 624 ps time window at 0.21 eV is substantially better
for model 3 (no exit channel centrifugal effects) than for
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model 2. The latter model produces essentially no delayed H,,
while experiment finds 27 %. Model 3 predicts 10 %.

In Figure 5, we show plots of the three parallel decay rates
and k,, versus J for the lower collision energy, nominal
0.01 eV. Now kyy, is much larger than kg or kcy, for all J. The
total decay rates plummet into the range 10°-10°s~!, which
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Figure 5. Dependence of three parallel decay rates and total decay rate on
J for model 2 parameters at E,=0.01eV. Dashed line assumes no
centrifugal effects in the H, exit channel, as in model 3. See Table 4 and
text.

would be too slow for us to observe extensive complex decay
on the time scale of our experiment. This is qualitatively
consistent with the data of Figure 1, which shows predom-
inantly CoC;Hg" adducts in the 2-10 pus time window at
nominal 0.01 eV and a much larger ratio of H,/CH, at this low
collision energy than at 0.21 eV. The quantitative comparison
is again somewhat better for model 3 (no exit channel effect)
than model 2. The experimental fraction of adducts in the 2 -
10 ps time window increases from 43 % at 0.21 eV to 82% at
0.01 eV. Models 2 and 3 predict 66 % and 92 %, respectively, at
0.01 eV (Table 8). In the longer time window 16-24 ps for
0.01 eV (Table9), neither model captures the observed
dominance of dissociation back to Co*+C;Hg, while both
models obtain sensibly large ratios of H,/CH, elimination. A
similar problem arose in modeling the nominal 0.01 €V data
for Ni*+C;Hg, probably because kg, is extremely sensitive to
internal energy in the complex. If we add 1 kcalmol~! of
internal energy to mimic vibration/rotation energy in the
propane reactant (model 3" in Table 9), the calculated ratio of
Co*:CoC,H,":CoC;H" changes dramatically from 6:4:90 to
67:3:30, in sensible agreement with experiment. Addition of
1 kcalmol='=0.04 eV of collision energy, mimicking imper-
fections in the experimental velocity selection, has a similar
effect.

In Figure 6, we compare the prediction of models 2 and 3 as
a function of collision energy with the absolute experimental
elimination cross-section data (sum of CH, and H,) from
Armentrout and co-workers.’’l The reaction efficiency at
0.05 eV predicted by models 2 and 3 is 12% and 18%,
respectively, in rough agreement with the experimental
reaction efficiency of 8+5%. Discussions with Professor
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Figure 6. Comparison of total H, and CH, elimination efficiency vs E,
between models 2 and 3 and experiment. Solid line is data of Armentrout
and co-workers;P”l diamond is single result from present work.

Armentrout indicate that the reliability of the cross-section
data diminishes rapidly below 0.05 ¢V, so the increase in
reaction efficiency of the models towards lower energy may
be a real effect. The experimental curve shows a hint of the
positive curvature predicted by both models towards higher
energy. For Ni"+C;Hg, both the experimental curve and the
predictions of the best model showed the same strong positive
curvature in the region 0.02-1¢eV.'l Beyond 2eV the
experimental data fall off abruptly, but the model results do
not, probably due to the onset of an endothermic fragmenta-
tion channel missing from the model. The two models differ
substantially at low energy, where H, dominates over CH,,
but converge towards higher collision energy where CH,
elimination becomes much more important. More accurate
cross section data at very low E, would help distinguish among
models of H, exit-channel effects.

Both models 2 and 3 capture the change in elimination
product branching with collision energy quite well (Figure 7).

1.07 |— Expt (ion beam)
O Model2 (J=T1") (0]
O Model 3 (=1 +j) ob

CH, Branching Fraction

Collision Energy, eV

Figure 7. Comparison of CH, elimination branching fraction versus E,
between models 2 and 3 and experiments of Armentrout and co-workers
(solid line, reference [37]).
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In experiment and in both models, the absolute cross section
for dehydrogenation decreases rapidly with collision energy,
while the demethanation cross section decreases more slowly
at first and then reaches a plateau near 0.1 eV. The exper-
imental observations were interpreted as arising from two
pathways to CH, elimination with barriers located at —0.08 4
0.08 eV and + 0.05 +0.04 eV relative to reactants.’’! However,
our models 2 and 3 both lack such a second pathway to CH,
elimination but find the CH, branching fraction increasing
with collision energy in good agreement with experiment. The
reason again lies in the conservation of angular momentum.
MCTScy, and MCTSy,(2°) differ substantially in their mo-
ments of inertia (Table 6). MCTSy,(2°) has the larger rota-
tional constants and thus larger centrifugal barrier for a given
J. Consequently, at higher energy a larger range of J can cross
MCTScy, than MCTS,(2°), causing the growing preference
for CH, elimination over H, elimination at higher energies. In
qualitative agreement with the B3LYP results, it appears that
there is no need to invoke a second CH, elimination pathway,
at least below 1 eV collision energy.

Discussion

Models 2 and 3 achieve good semiquantitative agreement
between statistical rate theory and a wide variety of exper-
imental data by placing MCTS¢y, at —2.0 kcalmol™! and
MCTS,,,(2°) at —6.3 kcalmol ™ (model 2) or MCTS¢y, at
—2.0 kcalmol™ and MCTS,(2°) at —4.7 kcalmol~! (model
3). Within the context of the model and its assumptions, we
estimate that the data constrain the energies of these MCTSs
to +2 kcalmol L It is difficult to assess the possible effects of
anharmonicity and electronic degeneracy. The downward
adjustment of the B3LYP calculated energies by
3.9 kcalmol™! for MCTS¢y, and by 5.8-74 kcalmol™! for
MCTSy,(2°) is quite similar to the adjustments needed in
Nit+C;Hy (MCTSqy, downward by 5.6 kcalmol™ and
MCTS,(2°) downward by 7.2 kcalmol ).l As described in
detail elsewhere,” % for Fe* and Co™*, B3LYP systematically
overestimates binding energies of stable species such as
M+—CH;, M*—C,H;, and M*(C,H,) by 3-7 kcalmol~'. Yet
B3LYP seemingly underestimates the net binding in key
MCTSs by 4-7 kcalmol 1.

This effect is due in part to errors in describing the relative
Co™ atomic d — s excitation energies. As already noted, for
the smaller basis set used here B3LYP overestimates the
promotion energy from the 3d®’F ground state to the 3d’4s,’F
excited state by 5.2 kcalmol~!. With the larger basis set, the
error in the same atomic promotion energy increases to
7.4 kcalmol~'. The energy difference between MCTS¢y, and
MCTS,(2°) stays nearly constant but the energy of both
MCTSs increases by 2-3 kcalmol~! relative to the value for
Co*+C;H; (i.e., the larger basis set results demand an even
larger downward adjustment to achieve agreement with
experiment). Part of this error can probably be related to
the deviations observed for the atomic state splittings, since
the binding in the MCTSs involve partial occupation the 4s
orbital due to s/d-hybridization. One could tentatively argue
then, that the well documented preference of B3LYP to favor
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d" over d"~!s! atomic states leads to too high barriers for the
transition structures, where atomic s/d-hybridization is in-
volved.! This, however, cannot be the complete story,
because in Nit, the analogous error in atomic promotion
energy is only 4.9 kcalmol~' (larger basis set) but it is still
necessary to adjust the MCTS energies downward by 6—
7 kcalmol 1.1 As already alluded to above, errors in the
theoretical description of the atomic asymptote are quite
large, and this is the most problematic region in the potential
energy surface for the theoretical assessment.

Our adjusted model energetics lie in good agreement with
barrier heights inferred from recent threshold collision-
induced dissociation experiments by Armentrout and co-
workers.’”] They examined the forward reaction Co*+C;Hj,
the threshold collisional activation of cold CoC;Hg* com-
plexes, and the reverse of the dehydrogenation and demetha-
nation reactions. From all of this work they infer a rate-
limiting barrier for dehydrogenation at —6.7 2.3 kcalmol !
relative to the Cot+C;Hg asymptote. This stands in very good
agreement with our best adjusted energy of — 6.3 kcalmol~!
for MCTSy,(2°) in model 2 and reasonable agreement with
the value — 4.7 kcal mol~! in model 3. For demethanation, they
inferred two barriers at —1.8+1.8 kcalmol™! and +12+
0.9 kcalmol~! relative to Co*+C;Hg. The location of the
lower barrier agrees very well with the adjusted energy of
—2.0kcalmol™! for MCTSy, (for either model 2 or 3). As
described above, with the help of the statistical model plus
angular momentum conservation we found no need to invoke
a second CH, elimination pathway to explain the CH,/H,
branching versus E,.

In addition, van Koppen, et. all*!l earlier measured kinetic
energy release distributions (KERDs) in both H, and CH,
channels from metastable decay of long-lived CoC;Hg"
complexes formed at thermal energy. From analogous stat-
istical modeling based on the idea that CH bond insertion is
rate-limiting and produces both H, and CH, products, they
placed the rate-limiting barrier at —2.340.7 kcalmol~.
Perhaps coincidentally,'!l this is quite similar to our best
adjusted energy of MCTSy,, which produces only CH, in our
models.

An important assumption in our work is that the key
MCTSs lie well above the initial bond insertion TSs. As
discussed before,! our experiments combined with statistical
modeling cannot distinguish these two possibilities. However,
we strongly prefer placing each MCTS above the correspond-
ing initial insertion TS for three reasons. First, BALYP theory
clearly predicts that the MCTS is the highest potential energy
point along each elimination pathway for closely related
reactions: the same energy order was found in B3LYP
calculations on Fe* and Nit+C;Hg.[» 'l Second, a recent
CASSCEF study of the same Co™+C;H; reaction found the
relevant MCTSs 3-10 kcalmol~! above the corresponding
bond insertion TSs.[l Third, the isotopic labeling experiments
for the Co*+C;Hj, reaction by Armentrout and co-workers?’!
support this conclusion. They studied the two labeled reverse
reactions Cot(C;Hg)+D, and CoC,H,'+CD, to make
Cot+labeled propane in the ion beam apparatus. The reverse
reactions to produce Co't are inefficient but observable.
Importantly, what is not observed is isotopically scrambled
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reactants, for example, Co"(C;HsD)+HD or CoC,H;D* +
CD;H. If, for example, the initial CH insertion TS lay above
then in the Co"(C;H¢)+D, reaction we would expect the long-
lived Co™(C;H,)(D,) to cross and re-cross MCTSy,(2°) many
times before finally managing to cross initial CH insertion TS
to produce Co™(C;H¢D,) and then Co™+C;HD, very ineffi-
ciently. Multiple crossings of MCTSy,(2°) would produce
significant Co™(C;HsD)+HD scrambling product, which is
not observed. The negative observation is easily explained if
MCTS,(2°) lies above the initial CH insertion TS. Similar
arguments hold for the CH, channel.

How generally significant are MCTSs of the kind that
evidently control the reactivity of Fet, Co", and Ni" with
alkanes? It is possible that they are important only for the late
3d series cations. The MCTSs seemingly provide alternatives
to stepwise rearrangement mechanisms that pass through
stable intermediates of the form M*(R)(R’)(alkene), where R
and R’ are hydrogen or an alkyl group. In the 3d series, the
creation of two ¢ bonds to R and R’ involve s/d hybridization
on the metal atom. With seven, eight, and nine valence
electrons (for Fet, Co*, and Ni*) and with the 4p orbitals too
high in energy to contribute, the metal atom has respectively
three, two, and one additional singly occupied 3d orbitals
which could accept charge density to accomplish binding to
the alkene. Evidently a “half-bond” to alkene is not strong
enough to produce a stable intermediate of the form
M*(R)(R’)(alkene). Pairing two electrons in Fet or Co*
could provide an empty acceptor orbital, but the loss of
exchange energy is too expensive in the late 3d series. The
alternative is the concerted pathway over an MCTS to the
exit-channel complex. Armentrout’®l has speculated that in
the 4d series (e.g., Ru" and Rh") spin-pairing and the
traditional stepwise mechanism may provide the lowest
energy pathways due to smaller promotion energies to low-
spin atomic states than in the 3d series. Again on the left-hand
side of the transition metal block where empty d orbitals are
plentiful, the MCTS mechanism may not compete with the
stepwise mechanism. Further electronic structure calculations
are needed to test these qualitative ideas.

It remains unclear why Fe* and Ni* strongly favor CH,
elimination over H, elimination (by 4:1 in both cases) while
Co* favors H, over CH, (by 3:1). The B3LYP calculations
capture the correct trend in MCTS relative energies with both
the smaller (Table 4) and larger (Table 7) basis sets. At our
highest level of theory (Table7), the energy difference
between MCTSy,(2°) and MCTScy, is +1.8 kcalmol™ in
Fet, —1.9 kcalmol! in Co*, and +0.9 kcalmol~! in Ni*, in
qualitative accord with the experimental branching prefer-
ences. In a recent theoretical investigation on Co™+C;H;g by
Fedorov and Gordon!® the MCTS geometries have been
optimized at the complete active space self-consistent field
(CASSCEF) level of theory, whereas final energies have been
obtained using multi-reference second-order perturbation
theory (MRMP2). The picture emerging for the reaction
pathways is qualitatively in accord with our findings, with
MCTS,(2°) and MCTSy, controlling product branching. The
geometries of the key MCTSs in both studies look qualita-
tively similar. In contrast to B3LYP, the MRMP2 results found
MCTS;,,(2°) above MCTSy, by 1.7 kcalmol ™. The basis set
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used in these calculations is, however, rather small for post-
HF theory and this relative energy is probably subject to
changes if larger basis sets, improved active spaces, or other
than CASSCF geometries are used. Overall we have been
quite pleased by the ability of density functional theory to
provide very reasonable relative energies of key transition
states, fully in accord with the trends observed experimentally.

A detailed examination of our MCTS geometries for the
different metals does not provide easy clues to the underlying
causes of the subtle energy differences that control product
branching. A S-methyl agostic interaction®> %! is evident in
MCTSy,(2°) for all three metals. As judged by the S-methyl
CH bond lengths (Table 7), the strength of this interaction
varies only slightly from Fe* to Co" to Ni*. While this
interaction presumably lowers the energy of MCTSy,(2°)
relative to MCTSy,(1°) for all three metals, it does not seem to
explain the special stability of MCTSy,(2°) relative to
MCTScy, in Co*. For all three metals the a-methyl agostic
interaction imaginable in MCTSy, is evidently very weak, if
present at all, judging from the CH bond lengths (cf. Table 7).

Based on the valence electron counts described above, we
might expect Fe* and Co™ to be better suited to make multiple
partial bonds by virtue of their larger number of half-filled d
orbitals. Yet there is no clear evidence of this in the MCTS
geometries optimized with the larger basis set. Instead, the
Fe, Co™, and Ni* variants of both MCTSy;,(2°) and MCTSy,
are remarkably similar in the key bond lengths (Table 7). In
all cases, the M*—H,, distance (where H,, is the migrating
hydrogen atom) is very short, comparable to a full o bond
length. Both MCTS,(2°) and MCTSy, are “early” transition
states (reactant-like) in the sense that the CH,—H,, bond
being broken is nearer a normal o bond length than the
CH;—H,, or H-H,, bond being formed. Based on bond
lengths, to a first approximation the metal atom makes three
single bonds (to H,,, to H or CHj3, and to the alkyl group) in all
cases. The geometry of these three bonds about the metal is
most often nearly planar. The two exceptions are the
MCTScy, geometries for Co™ and Ni*, which are somewhat
pyramidal about the metal (dihedral angle C-M-H,,-C equal
to 42° and 62°, respectively).

For Fe*, but not for Co* or Ni*, we found a second variant
of the transition structure leading to H, elimination, which we
called MCTSy,(2°). Using the larger basis set, it lies
1.6 kcalmol ™! higher than MCTSy,(2°) and differs geometri-
cally only by a rotation of the S-methyl group, such that no
agostic interaction is present. The energy difference can be
taken as a rough indication of the stabilization due to this
interaction. In RRKM modeling of reaction rates, two
transition state isomers separated by a small energy barrier
compared with the internal energy of the molecule should be
treated as a single transition state.

Conclusion

The combination of electronic structure theory, statistical rate
theory, and a variety of experimental measurements provides
a remarkably detailed view of the Co™4C;Hjg reaction. Our
model based on B3LYP calculations can explain the range of
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experimental time scales, the product branching fractions, and
total cross section vs kinetic energy. The basic mechanisms by
which Fet, Co*, and Ni* react with all linear hydrocarbons
now seem quite similar, involving low barriers to C—C or C—H
bond insertion and rate-limiting multicenter transition states.
However, quite subtle differences in electronic structure
among the three metal cations alter the relative energetics of
the key multicenter transition states, leading to dramatic shifts
in branching between H, and CH, elimination. An important
new goal for theory would be to attempt to analyze the
energetic contributions of agostic interactions, partial binding
to the migrating hydrogen atom, and exchange stabilization to
overall MCTS stability.

Once again in Co*+C;Hy, statistical rate theory on a single
potential energy surface (adiabatic reaction dynamics) seems
to provide an adequate description of the reaction dynamics.
The largest remaining issue is the role of angular momentum
conservation in the H, exit channel. Both model 2 (strong
centrifugal barrier effects cutting off H, for high /) and model
3 (no such effects) fit the data reasonably well, although
model 3 is slightly preferred. Highly accurate H, elimination
cross section measurements below 0.1 eV collision energy
might help resolve this issue, but kinetic energy release
distributions (KERDs) for the CoC;Hy"+H, products probe it
more directly.

Bowers and co-workers*!l measured the KERD for both
the CH, and H, channels from metastable decay of long-lived
CoC;Hg" complexes. The KERD for CH, elimination peaked
near zero energy but was colder than the predictions of
unrestricted phase space theory, consistent with orbital
angular momentum constraints at MCTScy,. The KERD for
H, elimination was bimodal with a much larger mean kinetic
energy than statistical theory predicts. The H, KERD thus
seems to contradict the same adiabatic statistical rate models
that can explain so much other data. It is possible that the
measurements included contributions from complexes formed
by excited-state Co* reactants, since an electron impact
source was used. That might explain the hot, bimodal KERD
for H, elimination products.

To test this possibility, we are presently modifying our
crossed-beam experiment to include velocity map imaging of
the ionic products. This will provide KERDs of mass-selected
products formed from electronic-state specific reactants for
Co"+C;H;g and a variety of other interesting ion—molecule
reactions.
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Photomagnetic Properties in a Series of Spin Crossover Compounds
[Fe(PM-L),(NCX),] (X=S, Se) with Substituted 2’-Pyridylmethylene-

4-amino Ligands
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Abstract: The spin crossover (SC) com-
pounds [Fe(PM-AzA),(NCX),] and
[Fe(PM-FIA),(NCX),]  (with PM-
AzA = N-2'-pyridylmethylene-4-(phe-

nylazo)aniline, PM-FIA = N-2'-pyridyl-
methylene-4-(2-amino)fluorene,  and
X =S8, Se) have been prepared. The SC
regimes have been deduced from varia-
ble-temperature magnetic susceptibility
data. The enthalpy and entropy changes
associated with the SC have been eval-
uated from DSC measurements. A co-
operativity factor, C, has been defined,

pounds have been deduced from the
spin crossover curves. At 10 K, the light-
induced excited spin state trapping
(LIESST) effect has been observed
within the cavity of the SQUID magne-
tometer. The critical temperatures
T(LIESST) have been determined for
[Fe(PM-AzA),(NCS),] and [Fe(PM-
FI1A),(NCX),], and the role of coopera-

Keywords: iron - magnetic proper-
ties - photomagnetism - spin cross-
over

tivity has been analyzed. A linear corre-
lation has been found between the
T.(LIESST) and C values. The kinetics
of HS — LS relaxation have been
investigated; a thermally activated
mechanism at elevated temperatures
and a nearly temperature independent
relaxation behavior at low temperatures
have been found. Finally, the magnetic
behavior recorded under light irradia-
tion in the warming and cooling modes
has revealed the occurrence of the light-
induced thermal hysteresis (LITH) ef-

and its values for the different com-

Introduction

High-spin (HS, °T,) = low-spin (LS, 'A,) crossovers in iron(Ir)
compounds have been extensively studied during the last two
decades. In the solid state, the spin crossover (SC) may be
induced by a change of temperature, of pressure, or by light
irradiation.ll. The SC occurs when the enthalpy difference
between HS and LS states, AHy, , is weakly positive. At low
temperature, the thermodynamically stable state is the LS
state. On the other hand, when the temperature, 7, is higher
than T, the HS state becomes the thermodynamically stable
state. Indeed, the entropy difference between the two states,
ASy1, is very large, and TASy; dominates AHy , so that the
Gibbs free energy variation, AGy; , becomes negative. T}, is
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fect.

the inversion temperature for which there is a coexistence of
50% of LS and 50% of HS molecules.”l While the origin of
SCis molecular, the temperature dependence of the HS molar
fraction, yus=1(T), is strongly affected by intermolecular
interactions. The stronger these interactions are, the steeper
the yys=1£(T) curve around T;,. A model was proposed by
Slichter and Drickamer,P! based on a mean-field approxima-
tion, to quantify these intermolecular interactions through an
interaction parameter, I. When I" overcomes a threshold
value equal to 2RT),, a bistability domain appears.! The
temperature of the LS — HS transition in the warming mode,
T.,1, is higher than the temperature of the HS — LS
transition in the cooling mode, Ty, | . Between Ty, T and Ty, |
the system is bistable and its electronic state (LS or HS)
depends on its history, and hence on the information that the
system stores.

Together with industrial partners, one of us investigated two
kinds of displays: rewritable (reversible) and single use
displays.P! It has been proved that SC polymers offer
interesting capabilities such as: i) fine tuning of the temper-
ature working range, including room temperature; ii) wide
thermal hysteresis loops; iii) short addressing time, and
iv) low thermal addressing power. Regarding the last point,
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optical addressing would be an interesting alternative ap-
proach. In 1984, Decurtins et al.l’! demonstrated the possibil-
ity to convert a LS state into a metastable HS state at 20 K by
using a green light irradiation (LIESST effect). Later on,
Hauser!” proved that a red-light switches the system back
from the HS to the LS state. This suggests that SC compounds
could be used as optical switches. The weak point, however, is
that trapping the system in the metastable HS state requires to
work at very low temperature. For all the iron() spin-
crossover compounds exhibiting a LIESST effect, the system
clears the energy barrier between the two spin states above a
certain temperature, T,(LIESST),® ! and relaxes to the LS
state.

Hauser et al.l% determined the relaxation rates and the
quantum yields of all intersystem-crossing processes involved
in the LIESST and reverse-LIESST mechanism. A nearly
temperature independent relaxation behavior at low temper-
atures and a thermally activated relaxation behavior at
elevated temperatures were observed. At low temperatures,
the dynamics were interpreted
on the basis of the non-adiabat-
ic multiphonon relaxation theo-
ry.'!l The crucial parameters in
this relaxation model are the
energy difference, AEY;, be-
tween the lowest vibrational
levels of the HS and the LS
states and the change of the
metal-ligand bond length, Ary; ,
that is the relative vertical and
horizontal displacements of the
two potential wells. In the high-
temperature region, the process
is thermally activated and
strongly influenced by the co-
operativity.'? In pure com-
pounds, the decay curves are
non-exponential, whereas in
doped mixed crystals single-ex-
ponential relaxation curves are
observed. The kinetics of the
sigmoidal decay in pure (non-
doped) SC compounds reflect a

Q&O

[Fe(PM-BiA),(NCS),|

[Fe(PM-AzA),(NCS),|

(see Figure 1). Despite their chemical similarity, these com-
pounds cover the whole spectrum of SC regimes (see Fig-
ure 2): i) [Fe(PM-AzA),(NCS),], cis-bis(thiocyanato)-bis(N-
2'-pyridylmethylene)-4-(phenylazo)aniline iron(i), shows a
gradual SC with T, around 189 K;" ii) [Fe(PM-BiA),-
(NCS),], cis-bis(thiocyanato)-bis(N-2'-pyridylmethylene)-4-
(aminobiphenyl) iron(11), presents two different SC regimes,
depending on the synthetic procedure, namely a gradual spin
conversion (phase II) around 190 K or an exceptionally
abrupt spin transition (phase I) with a very narrow hysteresis
(T\,1=168K and T, T=173 K)¥l; iii) finally, [Fe(PM-
PEA),(NCS),], cis-bis(thiocyanato)bis(N-2'-pyridylmethyle-
ne)-4-(phenylethynyl) aniline iron(i1), presents a very large
hysteresis as well as a relatively high transition temperature;
for a powder sample, T}, | was found as 195K, and Ty, as
255 K.I¥I

This series of compounds offers us the opportunity to
compare the photomagnetic properties of structurally related
materials with different SC regimes. Up to now, only the

N o R P ®
@/ g /N N=C— -X
/NEC/X O Fe
Fel \ N\\\
Ng,

\ “COx With X =8 O X

or Se Q
[Fe(PM-AzA),(NCX),| [Fe(PM-FIA),(NCX),]

e
A

[Fe(PM-PEA),(NCS),]

Figure 1. Schematic representation of the [Fe(PM-L),(NCS),] compounds.

[Fe(PM-BiA),(NCS),| [Fe(PM-PEA),(NCS),|

self-accelerating  relaxation, 1.0+

and the activation energy is a
function of the HS molar frac-
tion. Recently, we compared
the photomagnetic properties
of a series of iron(11) spin-cross-
over compounds and observed
that T,(LIESST) is governed, at
least in part, by the abruptness
of the spin transition.’]

In this paper, we focus on the
series of compounds of general

0.8 |

0.6 -|

Fraction

0.4

THs

0.2 -

0.0

Phase I

formula  [Fe(PM-L),(NCS),] 100
where PM-L stands for a
2'-pyridylmethylene  4-amino

group attached to a L aryl unit
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Figure 2. Temperature dependencies of the HS molar fraction for [Fe(PM-AzA),(NCS),],[% [Fe(PM-
BiA),(NCS),] phase 1#¥l and phase 11" and [Fe(PM-PEA),(NCS),] (powder sample).l'’]
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LIESST properties of [Fe(PM-BiA),(NCS),] in phases I and
II have been reported.®'¥l In this paper, we report the
synthesis, the magnetic properties, and the LIESST effect of
some new members of this [Fe(PM-L),(NCX),] family,
namely [Fe(PM-FlA),(NCS),] with PM-FIA = N-2"-pyridyl-
methylene-4-(2-amino)fluorene, and the selenocyanate deriv-
atives [Fe(PM-AzA),(NCSe),] and [Fe(PM-FIA),(NCSe),].
A special attention will be paid to the influence of cooper-
ativity on the photomagnetic properties, and we will try to
define the conditions which must be fulfilled to increase the
T.(LIESST) values in view of designing optical switches. We
will also report the LITH (Light-Induced Thermal Hystere-
sis®l) experiments carried out on these compounds.

Experimental Section

Syntheses: The [Fe(PM-L),(NCX),] (with X=S or Se) compounds were
prepared using a stochiometric amount of ligand in order to avoid the
problems encountered for [Fe(PM-BiA),(NCS),], where two phases were
obtained.® 'Yl The Schiff base PM-FIA was synthesized from 2-pyridine-
carbaldehyde and 2-aminofluorene.

[Fe(PM-F1A),(NCS),] was prepared as follows. Freshly distilled methanol
(20 mL), iron() sulfate heptahydrate, FeSO,-7H,0 (0.5 g, 1.8 mmol), and
potassium thiocyanate, KNCS (0.4 g, 3.7 mmol) were dissolved under
nitrogen atmosphere and in the presence of some crystals of ascorbic acid
to prevent the iron(i1) oxidation. The colorless solution of Fe(NCS), was
separated from the white precipitate of potassium sulfate by filtration, and
added dropwise to a stochiometric amount of PM-FIA ligand in methanol
(20 mL). After 1h a green precipitate of [Fe(PM-FIA),(NCS),] was
formed. It was filtered off, washed several times with diethyl ether, and
dried in a nitrogen stream. Anal. calcd for FeC ,HxN,S,: C 6742, H3.93, N
11.80, S 8.99, Fe 7.87; found: C 6727, H 3.93, N 11.52, S 8.70, Fe 7.79.

Selenocyanate iron(i) compounds were prepared by using KNCSe instead
of KNCS. Anal. caled for [Fe(PM-AzA),(NCSe),], FeCi;sHyN(Se,: C
54.44,H 3.37, N 16.71, Se 18.34, Fe 6.66; found: C 52.77, H 3.24, N 16.11, Se
1774, Fe 7.04; anal. calcd for [Fe(PM-FIA),(NCSe),], FeC,HyN¢Se,: C
59.57, H3.50, N 10.42, Se 19.58, Fe 6.93; found: C 58.35, H 3.50, N 10.16, Se
18.41, Fe 7.26.

Physical measurements: Elemental analyses were performed by the Service
Central d’Analyse (CNRS) in Vernaison, France. The heat capacities were
measured with a Perkin— Elmer DSC-7 calorimeter; the cell was cooled at
the velocity of 2 Kmin~!. Magnetic susceptibility measurements were
carried out over the temperature range 300 - 80 K by using a Manics DSM-
8 fully automatized Faraday-type magnetometer equipped with a DN-170
Oxford Instruments continuous flow cryostat and a BE 15f Bruker
electromagnet operating at about 0.8 T. Data were corrected for the
magnetization of the sample holder and diamagnetic contributions.

The LIESST experiments were realized by using a Spectra-Physics series
2025 Kr* laser system coupled to the cavity of a MPMS-55 Quantum
Design SQUID magnetometer through an optical fiber. The measurements
were performed on a very thin layer of powder sample. The weight was
estimated by comparing the thermal SC curve with the curve recorded with
an heavier and accurately weighed sample. Irradiation was carried out
using the multi-line, 647.1 and 676.4 nm, of the Kr* laser. The output power
on the panel meter was adjusted to 20 mW and the attenuation factor due to
the optical setup was estimated to be around 50 %.

Results

Magnetic properties and SC regimes: The temperature
dependencies of the high-spin molar fraction, yys, for
[Fe(PM-AzA),(NCS),], [Fe(PM-BiA),(NCS),], and [Fe(PM-
PEA),(NCS),] have already been reported and discussed;

2248

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

they are recalled in Figure2. The results for [Fe(PM-
AzA),(NCSe),] and [Fe(PM-FIA),(NCX),] (with X=S and
Se) are shown in Figure 3. For these three novel compounds,

[Fe(PM-AzA),(NCSe),] [Fe(PM-FIA),(NCX),|

1.0

0.8

0.6 -

s Fraction

0.4

0.2

0.0

100 150 200 250 300 100 150 200 250 300
Temperature / K

Figure 3. Temperature dependencies of the HS molar fraction for [Fe(PM-
AzA),(NCSe),] and [Fe(PM-FIA),(NCX),] with X =S and Se.

no thermal hysteresis was observed. yyg at the temperature T
is deduced from the molar magnetic susceptibility, yu,
through Equation (1), where ()u7)gr is the high-temperature
limit of y\T.

Yus = TG T)ur 1)

The (ymT)yr value is around 3.5 cm® Kmol~!, which corre-
sponds to what is expected for a spin quintet HS state. This
value is reached at about 290 K for the thiocyanate derivatives
and 350 K for the selenocyanate derivatives. Let us note that
for all the compounds, except [Fe(PM-AzA),(NCS),] and
[Fe(PM-BiA),(NCS),], a residual HS molar fraction at low
temperature, fys, is observed, whose value is around 0.1. The
Ty, values for the [Fe(PM-L),(NCX),] compounds as well as
for some other [FeN,(NCX),] compounds? 3 1629 are given in
the first column of Table 1. A notable increase of T, occurs
when sulfur is replaced by selenium.

Heat capacity measurements and cooperativity factors: The
temperature dependence of the heat capacity was recorded
for [Fe(PM-FIA),(NCX),] and [Fe(PM-AzA),(NCX),]. Ta-
ble 1 collects the values of the enthalpy variation, AHy; , and
entropy variation, ASy;, associated with the SC for the
[Fe(PM-L),(NCX),] compounds as well as for some other
[FeN,(NCX),] compounds.? 8 16-20]

The ASy; values in the [Fe(PM-L),(NCS),] family increases
along the sequence [Fe(PM-AzA),(NCS),]< [Fe(PM-
FIA),(NCS),] < [Fe(PM-BiA),(NCS),] (phase I)< [Fe(PM-
PEA),(NCS),]. The electronic contributions, AS,,, are iden-
tical for all the compounds, and equal to RIn(Q2ys/2\s) =
13.38 JK'mol™!, Qs and Q2,5 being the spin degeneracies
in the HS and LS state, respectively. The contributions due to
intramolecular vibrations, ASy; i, correspond mainly to the
changes in Fe—N stretching and N-Fe-N deformation vibra-
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Table 1. Inversion temperature T7), [K], enthalpy variation AHy
[kJmol~!], entropy variation ASy; [JK~' mol™!], and least-squares fitted
cooperativity coefficient C (see text).

Compounds!?! Tin AHy, ASyL C
[Fe(PM-AzA),(NCS),] 189 6.68 35.34 048
[Fe(PM-FIA ),(NCS),] 165 519 31.45 1.00
[Fe(PM-FIA),(NCSe),] 236 6.68 2831 0.76
[Fe(PM-BiA ),(NCS), ]! 1681 10068 5988 116
173l 10.05M 58.09L
[Fe(PM-PEA),(NCS),] 188 8.86 59.65 1.60
255 23.02
[Fe(ptz)o(BE,),] 128.0
134.2
[Fe(phen),(NCS),] 176.291] 860l 4878 1.8
176.0011 7.9011 45.401
[Fe(phen),(NCSe),] 231269 11606 512260 0.83
[Fe(abpt),(NCS),]# 180 5.80 33 0.80
[Fe(abpt),(NCSe), ]! 224 8.60 38
[Fe(bt)(NCS),], - bypm! 1717 9.54 544
180.9
[Fe(bt)(NCSe),], - bpym!™ 2175 9.11 415
2214
[Fe(py)»(phen)(NCS)]-py 10611 300 370 0.86

[a] Abpt=4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole, bt=2,2"-bi-2-thia-
zoline, bypm = 2,2"-bipyrimidine, phen = phenanthroline, ptz = 1-propylte-
trazole, and py=pyridine. [b] Relative to phase I. [c] From ref. [8].
[d] From ref. [16]. [e] Adiabatic calorimetry®?. [f] From ref. [17]. [g] From
ref. [18b]. [h] From ref. [19]. [i] From ref. [20].

tion modes. The crystal structures for [Fe(PM-AzA),(NCS),],
[Fe(PM-BiA),(NCS),] (phase I), and [Fe(PM-PEA),(NCS),]
were solved in the LS and HS states.!'**! They reveal that the
modifications of the FeNy cores (bond lengths and angles)
between HS and LS states are very similar;!® therefore, these
ASivinra contributions may be assumed to be close to each
other. If this was the case, the differences in ASy, values
would reflect the differences in values of the contributions
due to intermolecular vibrations, or phonons, ASner- This
assumption is in line with the two-dimensional character and
the stronger cooperativity for [Fe(PM-BiA),(NCS),] and
[Fe(PM-PEA),(NCS),] with respect to [Fe(PM-AzA),-
(NCS),] 2]

An estimate of the magnitude of the intermolecular
interactions may be obtained, using the mean-field model
proposed by Slichter and Drickamer.”! In this model, the
temperature dependence of yys is given through the implicit
Equation (2):

In < 1—yus )
Yus — fus
where [’ is the intermolecular interaction parameter. When I
is smaller than a threshold value equal to 2RT,,, the
transition is gradual; for I'=2 RT),,, the transition is abrupt,
but without hysteresis; I">2 RT),, results in the occurrence of
a hysteresis. We will define a cooperativity factor as C=
I'2RT,,. Hysteresis may be observed for C > 1. Knowing the
AHyy, ASyur, and fig values, it is possible to determine the I
and C values by least-squares fittings of the curves of Figure 2
and Figure 3. Table 1 collects the C values obtained for the
compounds of the [Fe(PM-L),(NCX),] family and for others
iron(i1) SC compounds. The cooperativity factor is found to

_ AHpy +T'(fys + 1= 2yy) _ ASy

RT R @
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increase along the sequence [Fe(PM-AzA),(NCS),]
< [Fe(PM-FI1A),(NCS),] < [Fe(PM-BiA),(NCS),] (phase I)
< [Fe(PM-PEA),(NCS),].

The thermodynamical parameters gathered in Table 1 allow
us to analyze the role of the S/Se substitution. AHy; is rather
insensitive to this S/Se substitution. This is particularly true
for [Fe(PM-AzA),(NCX),] and [Fe(PM-FIA),(NCX),] com-
pounds. In contrast, ASyy; is significantly affected by the S/Se
substitution; it decreases when passing from the thiocyanate
to the selenocyanate derivative. It is certainly the AS.pintra
contribution which is the most sensitive to the replacement of
sulfur by the much heavier selenium atom at the periphery of
the molecule. The shift in 7;, associated with the S/Se
substitution may be mainly attributed to an entropy change.

LIESST effect: The LIESST experiments were carried out on
powder samples of [Fe(PM-AzA),(NCX),], [Fe(PM-
FIA),(NCX),], and [Fe(PM-PEA),(NCS),]. The experimen-
tal procedure was the same for all the compounds; this
procedure is illustrated in Figure 4 in the case of [Fe(PM-
FIA),(NCS),]. The compound was first slowly cooled from

T(LIESST)
0.8 0.00+
~
[ b)
a) © |
~ '
£-0.05 |
0.6 4 ~ .
(S |
|
] “ 64K
-0.10 .
0.4+ 40 60 80
| Temperature / K
| .
0.2 \\
L .
6 ¢ o ¢ ¢ ¢ o
0.0 - T T T T T T T T ? ? Ql'ﬁ'*
10 20 30 40 50 60 70 80 90

Temperature / K

Figure 4. a) Temperature dependence of the photoinduced HS molar
fraction for [Fe(PM-FIA),(NCS),]: (#) data recorded in the cooling mode
without irradiation; (o) data recorded with irradiation for 1 h at 10 K; (m)
data recorded in the warming mode [0.3 Kmin~!] after the light irradiation
was applied for one hour at 10 K, then turned off. b) Derivative Oyys/0T.
The extreme of this curve is defined as the T.(LIESST) value.

about 100 K down to 10 K and the y,,7 versus T curve was recor-
ded, then transformed into the yyg versus T curve according to
Equation (1). At 10 K, the sample was irradiated for one hour.
The magnetic response of the sample increases rapidly before
reaching a limiting value, (Vs )in. The light irradiation was then
turned off, and the temperature was increased at the rate of
0.3 Kmin~% yyT (hence yys) was found to remain constant
when the temperature is low enough, then to drop within a few
Kelvin. The critical LIESST temperature, T.(LIESST), °I
was determined as the extreme of the Oyys/0T derivative
(see Figure 4). The (yus)im and T.(LIESST) values for the
compounds of the [Fe(PM-L),(NCX),] series and for other
iron(1) SC compounds recently investigated® 182! in the
same way are given in Table 2. No T, (LIESST) value can be
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Table 2. HS molar fraction at 10 K after light irradiation, (yys)m, and
experimental, fitted [Eq. (9)] and calculated [Eq. (10)] T.(LIESST) values
(K].

Compounds (Y18 )tim T(LIESST)
Exptl Fitted Calcd

[Fe(PM-AzA),(NCS),] 0.15 31 31 46

[Fe(PM-FIA),(NCS),] 05 64 64 66

[Fe(PM-FIA),(NCSe),] 0.4 40 40 s3

[Fe(PM-BiA),(NCS),]I 02 78 75 78

[Fe(PM-PEA),(NCS),] ~0.05

[Fe(ptz)s(BF,),] [a] 6010 66 74

[Fe(phen),(NCS),] 0.8 62

[Fe(phen),(NCSe),] 0.4 47

[Fe(abpt),(NCS),] 036 400 35 38

[Fe(abpt),(NCSe),] 0.3 320l

[Fe(bt)(NCS),],- bypm!¥ 0.3 62

[Fe(bt)(NCSe),],-bpym!d 04 46

[Fe(py).(phen)(NCS),] - py 0.3 47

[a] The photoinduced magnetic response at 10 K (4.57 cm*K mol '), which
exceed the value of 3.5 cm*kmol™! expected for a HS state has been
attributed to orientation effects due to a lamellar structurel®l. [b] From
ref. [9]. [c] From ref. [18b]. [d] From ref. [21]. [e] Relative to phase I1¥l.

given for [Fe(PM-AzA),(NCSe),] and [Fe(PM-PEA),-
(NCS),], as only 5% of HS species are obtained through
light irradiation.

The dynamics of the LIESST effect were studied for
[Fe(PM-AzA),(NCS),] and [Fe(PM-FIA),(NCX),] from 6 K
up to the highest temperature above which the relaxation
becomes too fast for our SQUID setup; these upper-limit
temperatures are 45K, 63 K, and 50 K for [Fe(PM-AzA),-
(NCS),], [Fe(PM-FIA),(NCS),] and [Fe(PM-F1A),(NCSe),],
respectively.

Figure 5 shows the decay of the normalized HS molar
fractions, ¥, at 10 K, 30 K, and 50 K. y s is taken equal to
unity at the time =0 for each temperature. An analysis of
these relaxation curves shows a strong deviation from single
exponentials. The yJ}y versus time curves for [Fe(PM-
AzA),(NCS),] and [Fe(PM-FIA),(NCSe),] follow a stretched
exponential law at any temperature, while this behavior is
observed only at temperatures below 50K for [Fe(PM-
F1A),(NCS),]; above 50K, the yJs versus time curves for
this compound follow a sigmoidal behavior.

A stretched exponential corresponds to a deviation from a
single exponential with a fast initial decay and a long tail with
a much slower decay. This behavior was previously reported
for iron(1) SC in various environments, such as a powder
sample of [Fe(otz)s](BF,), (otz=1-n-octyltetrazole),?? a
polymer film of [Fe(mephen);]** (2-mephen =2-methyl-1,10-
phenanthroline),”! and very recently a Langmuir — Blodgett
film of [Fe(Bi-dfod),(NCS),] (Bi-dfod =4-(13,13,14,14,15,15,
16,16,17,17,18,18,18-tridecafluoroocta-decyl)-4'-methyl-2,2"-bi-
pyridine).?4 This deviation from a single exponential may be
attributed to local inhomogeneities of the iron(i) environ-
ment or/and to an inhomogeneous photo-excitation due to the
attenuation of the penetration of light within the sample.
Hauser et al.”® proposed to analyze the 5 versus time curves
as a distribution of relaxation rates k. [Eq. (3)], related to a
repartition of activation energies. At a given temperature, kg
can be obtained by using a Gaussian distribution of activation
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Figure 5. Time dependence at 10, 30, and 50 K of the normalized HS molar
fraction (yJ\s) generated by light irradiation at 10 K for (m) for [Fe(PM-
BiA),(NCS),] (phase 1), (o) for [Fe(PM-FIA),(NCS),], (V) for [Fe(PM-
F1A),(NCSe),] and (@) for [Fe(PM-AzA),(NCS),]. y}s corresponds to a
normalization at the starting value of the decay for each temperature. The
HS — LS relaxation curves follow a stretched exponential and are fitted
with Equation (3).

energies centered at £, with a standard deviation of ¢ and a
preexponential factor k,.

Vs = exp[— kuf] (3

The ki values of [Fe(PM-L),(NCX),] compounds are
reported in Table 3. The yJs versus T curves presented in
Figure 5 are fitted with such a distribution of rate constants.
At 50K, the HS — LS relaxation for [Fe(PM-AzA),(NCS),]
is already too fast to be measured with our SQUID setup.
The sigmoidal behavior encountered for [Fe(PM-
F1A),(NCS),] between 50 and 63 K was already observed
for non-doped compounds exhibiting a cooperative SC.[2]
For diluted SC compounds for which an exponential relaxa-
tion is observed, the energy barrier between the HS and LS
states, E,, is constant, and ky; only depends on the temper-
ature. For pure compounds exhibiting cooperative SC, Hauser
showed that horizontal and vertical displacements of the two
potential wells occur.l?®! This was attributed to an “internal”
pressure resulting from the large difference in metal-ligand
bond lengths between HS and LS states. The height of the
energy barrier is an increasing function of yyg. At the
beginning of the relaxation, yyg is close to unity; the HS state
is stabilized with regard to the LS state. The energy barrier is
then large, and the HS — LS relaxation is slow. At the end of
the relaxation, yys is close to zero; the additional stabilization
of the HS state disappears. The energy barrier is small, and a

0947-6539/00/0612-2250 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 12





Spin Crossover Compounds

2246-2255

Table 3. Gaussian distribution centered around E, [cm~!] with a standard
deviation o [cm™'], a preexponential factor k, [s~!] and a rate constants ky; [s7!]
as a function of the temperatures [K] in a series of [Fe(PM-L),(NCX),]

compounds.
[Fe(PM-AzA),(NCS),] [Fe(PM-FIA),(NCS),] [Fe(PM-FIA),(NCSe),]

T o k. o K o ko

6 7 3x10 18 5x10°8 10 3x10°°

8 10 3x10°* 25 3x10°8 15 3x10°°
10 10 3x10 25 1x107 19 4x10°°
15 17 2x10 43 4x10°8 25 3x10°°
20 17 3x10°* 50 1x107 37 3x10°°
25 18 4x10 37 6x10-°
30 27 5x10* 70 7x107 31 1x10+
35 16 4x10
40 43 1x1073
42 70 1x10°3
43 35 5x1073 37 2x1073
45 57 1x102 105 1x10°°
46 36 3x10°3
50 101 2x1073 27 6x1073

fast relaxation occurs. This can be interpreted as a self-
acceleration of the HS — LS relaxation as yyg decreases. The
relaxation rate, ki, then depends on both yys and T
[Equations (4) and (5)]. The additional activation energy,
E}, reflects the cooperativity. In Equation (5), ky; is the
preexponential factor which corresponds to the relaxation
rate at a given temperature.

Ovus
=— ki 4
ot HL YH;* 4
ki = ky exp (ﬁy&ﬁ) (%)

For [Fe(PM-FIA),(NCS),], the yfs versus time curves were
fitted with a sigmoidal law at 55, 60, and 63 K. The parameters
obtained are 76, 67, and 70 cm~! for £ and 6 x 104, 1 x 1073,
and 3 x 1073 s7! for ky, respectively. The mean additional
activation energy, E*, is therefore found to be about 70 4
6 cm~!. This value can be compared with that of 60 cm™!
reported for [Fe(bptn),(NCS),] (bptn=1,7-bis(2-pyridyl)-
2,6-diazaheptane),” 118 cm™' for [Fe(PM-BiA),(NCS),],"
and 164 cm! for [Fe(ptz)s(BF,),].[%

From the rate constants ky; obtained with stretched
exponential or sigmoidal laws, the activation energy can be
calculated from an Arrhenius behavior. Figure 6 shows the
Inky, versus 1/T plot for [Fe(PM-AzA),(NCS),] and [Fe(PM-
FI1A),(NCX),]. This representation reveals a nearly temper-
ature independent relaxation behavior at low temperatures
(LT region) and a thermally activated relaxation behavior at
high temperatures (HT region). Then, depending on the
temperature range (HT or LT), the activation energy and
preexponential factor are defined by Equation (6) withi =HT

or LT;
Ei 6
o) ©)

In the LT region, that is between 6 K and 20 K, the Inky,
versus 1/T plot is a straight line (see Figure 6). The activation
energies, ELT, listed in Table 4 are unusually small, which

ky =kl exp( -

Chem. Eur. J. 2000, 6, No. 12
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Figure 6. Inkyy; versus 1/7T curve. For T>20 K, a straight line is obtained
with k{7 and EHT as thermally activated parameters. For 5 K < T<20 K,
the Inky; versus 1/T plot also gives a straight line with the corresponding
tunneling parameters (k{7 kLT and ELT).

suggests that tunneling is the predominant mechanism for the
relaxation below 20 K. Table 4 also gathers the rate constants
as Tapproaches the absolute zero, named k™. In the theory of
nonadiabatic multiphonon relaxation,!'!] the low-temperature
tunneling rate depends on both the Huang—Rhys factor, S,
[Equations (7) and (8)], which is a measure of the horizontal
displacement of the potential wells of the HS and LS states,
and the energy gap between the lowest vibronic levels of the
HS and LS states.

e 27 ' SPe-s
kg =% (BuL)* Qs P! (7)
AQ?
S=Wf o with A = V6Ary 8)

where [y is the electronic tunneling matrix element, hw is the
frequency of the breathing vibration of the FeNy core, p =

Table 4. In the tunneling region, ELT [cm™!] is the activation energy, kL'[s™!] is the
preexponential factor, and k{* [s~!] is the rate constant for the HS — LS relaxation
as T approaches the absolute zero. In the thermally activated region, EHT [ecm~!] is
the activation energy, E;* [cm™'] is the additional activation energy associated with
the cooperativity, and k1T [s7!] is the preexponential factor. The term o [cm™!]
corresponds to the standard deviation of the activation energy for stretched

exponential relaxation.

Tunneling region

Thermally activated region

Compounds kLT EFT kT kHT EfT(xo0) EF
[Fe(PM-AzA),(NCS),] 3x10~ 02 3x10* 9x102 100427 0
[Fe(PM-FIA),(NCS),] 6x10% 04 5x108 1.7x10° 870 70
[Fe(PM-FIA),(NCSe),] 3x10° 02 3x10° 7 250 £ 30 0
[Fe(PM-BiA),(NCS),J 4x10- 05 5x10 87x10° 980 118
[Fe(ptz)s(BE,),] 124 1x10° 797 164
[Fe(abpt),(NCS),JI%!  66x104 7  1x104 2 170 0
[Fe(abpt),(NCSe),]$*1 22 x107% 4 1x10

[a] Relative to the phase LI
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AE}; /hw is the reduced energy gap, and S is the Huang—
Rhys factor.

Recently, Hauser et al.l'l observed a correlation between
Ink{T and T, assuming a linear dependence between AEY,
and Ty, for a series of FeNgz SC compounds. Figure 7 shows

15 T T T
] 4s=45
10 ]
] . ]s=s0
| o Je_
5 o > qs=55
] o e
0l L ]s-e0
-5 5O [FePM-AzZA)(NES)] .
< 04 7 o [Fe(PM-BiA}(NCS)] " [Fe(PM-FIA),(NCSe),] .
= }o = e |
59 ©_~ 7,,.é’K'KIFe(PM-FlA)Z(NCS)z] .
. e ]
.20 - i
25 S . . .
100 200 300 400

T,/ K

Figure 7. Plot of In kT versus Ty, for SC compounds with FeNg (0),!!1]
FeP,X, (o) core,? and for the [Fe(PM-L),(NCX),] compounds (e). The
dashed lines are calculated according to Equations (7) and (8), with iw =
250 cm~! and f=10%' cm—3. The estimated S =45, 50, 55, 60 correspond to
an average Arof 0.194 A, 0.205 A, 0.214 A, 0.223 A, respectively.

the Ink{T versus Ty, plots for compounds with FeN'1 or
FeP, X, cores including our [Fe(PM-L),(NCX),] systems. A
Huang - Rhys factor close to 55-60 fits reasonably well the
[Fe(PM-L),(NCX),] data. This situation is probably due to a
large change in Fe—N bond lengths [Eq. (8)]. In fact, the
crystal structures of [Fe(PM-BiA),(NCS),] (phase I) and
[Fe(PM-AzA),(NCS),] revealed an exceptionally large varia-
tion of Fe—N bond lengths, in particular those involving the
PM-L ligands, with an average Ar of 0.218 A and 0.193 A,
respectively.'**] From these Ar values, S factors of 57 and 45,
respectively, are expected. A similar observation can be made
concerning the compounds with the FeP,X, core;% the Fe—P
bond lengths vary of 0.27 A between LS and HS states, with an
average Arvalue of 0.2 A7),

Correlation between T .(LIESST) and C: In the thermally
activated region (7> 20 K), the Inky; versus 1/T plots for the
[Fe(PM-L),(NCX),] compounds are straight lines (see Fig-
ure 6). The preexponential factors, kX, and the activation
energies barriers, E'T, are listed in Table 4. Assuming that
T(LIESST) is mainly governed by the thermal activation, the
values of the parameters listed in Table 4 allow us to simulate
the relaxation curves, and to determine theoretically
T(LIESST). These curves are functions of both time and
temperature. From Equations (3)—(6), yys in the HT range
may be expressed as:

EM 4+ Efyys
VHs:eXP[*k;ITI (77/(T )]
With the assumption that yys is equal to 0.5 at T, (LIESST),
Equation (10) gives the following expression for T.(LIESST):

(C)

2252

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

EM+E[/2
T(LIESST) = —— 2"~ (10)

t kHT
kln{ *]
In2

Let us suppose, as a first approximation, that only the time at a
given temperature is taken into account; ¢ is then equal to
180 s. The calculated T (LIESST) values in this approximation
are given in Table 2. The agreement between experimental
and calculated 7. (LIESST) values is fairly good for strongly
cooperative SC compounds; for these compounds, the photo-
induced HS fraction changes abruptly within a few Kelvin
around T (LIESST). Therefore, it is possible to neglect the
additional decrease of the HS fraction due to the duration of
the experiment.

Let us now take explicitly into account the time factor;
Equation (9) in principle allows a simulation of the relaxation
curves. Figure 8 compares the experimental and simulated yyg

qa «««ul“n...". [Fe(PM-BiA),(NCS),]
o.'.
o8

Fraction

N

Yus
[=]
IS
1

0.2
| [Fe(PM-AzA),(NCS),]

0.0

T ¥ T T T v T T L T T T LN S
20 30 40 50 60 70 80 90
Temperature / K

Figure 8. Experimental and simulated temperature dependencies of the
normalized HS molar fraction for [Fe(PM-AzA),(NCS),], [Fe(PM-
F1A),(NCS),], and [Fe(PM-BiA),(NCS),] (phase I). The simulated curves
are in full lines [see text and Equation(9)].

versus T curves for [Fe(PM-FIA),(NCS),], [Fe(PM-BiA),-
(NCS),], and [Fe(PM-AzA),(NCS),] by using the kT, EHT
and E; parameters of Table 4. The simulated 7 (LIESST)
values are given in Table 2. For [Fe(PM-FIA),(NCS),] and
[Fe(PM-BiA),(NCS),] compounds, the agreement is quite
satisfying. In the case of [Fe(PM-AzA),(NCS),], only an
analysis with a Gaussian distribution of EHT (100 cm™!) with a
standard deviation of 27 cm™! and a preexponential factor of
9.102s7! gives a simulated curve in agreement with the
experimental one.

The expression of T,(LIESST) in Equation (10) suggests
that one way to stabilize the photoinduced HS state is to
maximize the intermolecular interactions. Along this line,
Figure 9 shows the variation of T,(LIESST) as a function of
the cooperativy factor C. A very interesting linear correlation
is observed.

LITH effect: Figure 10 presents the photomagnetic behavior
for [Fe(PM-L),(NCS),] as the light is maintained during both
the warming and cooling of the sample. The yys versus 7 plot
in the warming mode is rather similar to what is observed
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Figure 9. Experimental 7,(LIESST) values (Table 2) as a function of the
cooperative factor C for the spin crossover compounds listed in Table 1.
The full line is the result of a linear regression.

when the light irradiation is switched off after the generation
of the HS species at low temperature (see Figure 8). The yyg
versus T curves in the warming and cooling modes are not
identical, the latter being lower than the former. Under
irradiation, thermal hysteresis loops are obtained; the light
induced thermal hysteresis (LITH) effect reported for the first
time by usl®l is observed. The occurrence of the LITH effect
was further confirmed by magnetic measurements under
irradiation as a function of time (see Figure 10). After

1.0
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Figure 10. Temperature dependencies of the normalized HS molar frac-
tion obtained after one hour of irradiation at 10 K, then keeping the
irradiation both in the warming and cooling modes for [Fe(PM-
FIA),(NCS),] and [Fe(PM-FlA),(NCSe),]. The photo-stationary limit
reached for the two compounds in warming and cooling modes (see text)
are shown in right graph.
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irradiation at 10 K during one hour, the temperature was
slowly increased up to 65K for [Fe(PM-FIA),(NCS),] and
35K for [Fe(PM-FIA),(NCSe),]. Then, the temperature was
kept constant for nearly 3h and the magnetic response
recorded until a photostationary state was reached. The
sample was then warmed up to 99 K without further
irradiation, in order to erase the HS information. From this
point, the temperature was slowly lowered, and adjusted to
65K for [Fe(PM-FIA),(NCS),] and 35K [Fe(PM-FIA),-
(NCSe),]. The temperature was kept constant for 3 h and
the magnetic response recorded under irradiation. A new
photostationary point was then reached. For each compound,
the two photostationary points, in the warming and cooling
modes, are different. This type of photoinduced bistability was
recently reported for [Fe(PM-BiA),(NCS),],® [Fe,Co,_,(btr),-
(NCS),]-H,O, with x=0.3, 0.5, 0.852¥) and [Fe(abpt),-
(NCX),] .l

Discussion

The investigation of the photomagnetic properties for iron(ir)
SC compounds bring new insights on the relaxation processes.
Hauser et al.l' studied a series of doped compounds and
demonstrated a correlation between the tunneling rate, Ink{t?,
at low temperatures and T, on the basis of the nonadiabatic
multiphonon theory.[''l Recently, we reported the T.(LIESST)
values for 22 compounds; T.(LIESST) was found to increase
as T, decreases and as the cooperativity increases.”) In this
work, we first defined the cooperativity factor, C, for a SC
compound as the ratio //2RT,, where I is the interaction
parameter in the Slichter and Drikamer model.’l Then, we
determined the C values for a series of [Fe(PM-L),(NCX),]
compounds from magnetic data (Table 1). For the thiocyanate
derivatives, the cooperativity increases as: [Fe(PM-AzA),-
(NCS),] < [Fe(PM-FIA),(NCS),] < [Fe(PM-BiA),(NCS),]
(phase I).

The main part of this work is devoted to the study of the
photomagnetic properties. The relaxations from the photo-
induced HS state to the LS state were investigated. The
abruptness of the yygs versus 7 relaxation curves varies as
[Fe(PM-AzA),(NCS),] < [Fe(PM-F1A),(NCS),] < [Fe(PM-
BiA),(NCS),] (Phase I). This sequence is the same as that
found for the cooperativity.

The role of cooperativity is also reflected in the dynamics of
the HS — LS relaxation. A non-exponential behavior
governed by a Gaussian distribution of activation energies is
observed for [Fe(PM-AzA),(NCS),] which exhibits a gradual
SC. On the other hand, the relaxation process follows a
sigmoidal law for [Fe(PM-FIA),(NCS),] and [Fe(PM-
BiA),(NCS),] which exhibit more cooperative SC behaviors.
The additional energy activation, E*, increases in the same
way as the cooperativity factor, C.

An expression for T,(LIESST) has been derived [Eq. (10)].
This expression reveals that T.(LIESST) increases as E*
(hence C) increases, which agrees with the experimental
observations. As a matter of fact, the extremely abrupt
thermal SC presented by [Fe(PM-BiA),(NCS),] is associated
with one to the highest T.(LIESST) values recorded to date,
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78 K.[8 9 Unfortunately, the approach consisting in enhancing
further the cooperativity in order to increase 7T,(LIESST) has
some limitations. The most cooperative compound of the
[Fe(PM-L),(NCS),] series is [Fe(PM-PEA),(NCS),]. For this
compound, only 5% of the metastable HS state can be
populated under light irradiation at low temperature. The
photostationary limits reached under light irradiation,
(Yus)im» are listed in Table 2; (vys)im Values much below the
unity may have different origins, namely: i) The opacity of the
sample may prevent the penetration of light, and inhomoge-
neous effects may be observed. If it is so, the photomagnetic
effect mainly occurs at the surface of the sample, while the
SQUID detection is relative to the bulk; ii) The photosta-
tionary point reached at 10 K may correspond to an equili-
brium between photoinduced population of the HS state and
HS — LS relaxation. For most compounds, the lifetime of the
HS state at 10K is very long, and the relaxation is mainly
governed by the tunneling effect. However, it cannot be
excluded that a compound with a small Ary; and/or a high
AEY}; exhibits a fast relaxation, even at 10 K. iii) The zero
field splitting within the HS state may lead to a yy7 value
which is not proportional anymore to yys. iv) Finally, a local
heating of the sample during the irradiation might be
envisaged. In fact, this heating effect may be ruled out as
the magnetic response remains unchanged when the irradi-
ation is turned off. The kinetics of relaxation for all the
compounds are very slow at low temperature, except for
[Fe(PM-AzA),(NCS),]. If this compound is excluded of the
comparison, the (yys);n values smaller than unity cannot be
attributed to the effect ii). Finally, it can be assumed that the
zero field effect iii) is identical for all the compounds. If it is
s0, (Vus)im Seems to be correlated with the cooperativity. More
precisely, (yus)im decreases as C increases. Perhaps, there is a
threshold value for C above which the LIESST effect cannot
be observed anymore. This would explain why the yield of
LIESST is so small for [Fe(PM-PEA),(NCS),].

The mechanism of LIESST and reverse-LIESST effects is
now well understood.*!” On the other hand, the crystal
structure of the photoinduced HS phase remains an open
problem. In 1990, Giitlich and co-workers determined the
lattice deformations accompanying the thermal and light-
induced SC in the case of [Fe(ptz)q](BF,),.?! The interesting
result was that the volume of the unit cell for the “metastable
crystal” was halfway between that of the HS phase (above
130 K) and of the LS phase (below 130 K). Another way to
obtain some insights on the structure of the photoinduced HS
species consists in comparing the relaxation of both thermally
and light-induced metastable HS states. Thermally induced
metastable HS states may be generated in some cases by rapid
cooling of the sample.” For [Fe(bpp),](CF;S0;),- H,O and
[Fe(bpp),](BF,),, Giitlich and GoodwinP'l found that the rate
of the HS — LS relaxation is much faster for HS species
generated by LIESST than by rapid cooling. They postulated
that a phase transition was necessary in order for the HS —
LS relaxation to take place, and therefore the rate of
conversion for thermally generated HS states was a measure
of the rate of the phase transition. Recently, McGarvey
et al.’? reported a X-band ESR study for the Mn**-doped
[Fe(bpp),](CF;S0s),-H,O and [Fe(bpp),|(BF,), compounds.
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They followed the variation of the axial zero-field splitting
parameter of Mn?*, D, along the thermally induced SC, and
found that a phase transition takes place for both compounds.
The D values for the HS species generated by a rapid cooling
at 77 K were very similar to those observed at room temper-
ature, confirming that a phase transition should take place
before the HS — LS transformation begins. In contrast, they
found that the photoinduced HS species have the same
structure as the LS species; there was no change in X-band
EPR spectrum upon irradiation. To sum up, in the case of
thermally induced SC accompanied by a crystallographic
phase transition, the photoinduced HS species have the same
structure neither as the thermodynamically stable HS species,
nor as the HS species trapped by rapid cooling.

For a series of iron(11) spin SC compounds, a linear variation
of T (LIESST) as a function of the cooperativity factor C was
found. This result seems to us to be important. It indicates, or
at least suggests a relation between photo-induced and
thermally induced processes. Perhaps, this linear correlation
is valid because the HS species involved in the two processes
have the same structure. We already know that the SC for
[Fe(PM-AzA),(NCS),],I*" [Fe(PM-BiA),(NCS),]® (Phase
I), and [Fe(Phen),(NCS),]*! occurs without crystallographic
phase transition. On the other hand, the crystal structures of the
other compounds considered in Figure 9 are still unknown.

Conclusion

The comparison between thermally induced SC and photo-
induced HS — LS relaxation provides new information on the
LIESST phenomenon. For a series of related SC compounds,
the thermal process was first investigated, and the coopera-
tivity factors were determined. The photoinduced process was
then studied. An analytical Equation describing quantitative-
ly the HS — LS relaxation, and allowing to determine the
T.(LIESST) values was established. This Equation leads to a
very good simulation of the experimental data. Furthermore,
it points out the role of cooperativity in the relaxation
behavior. A remarkable linear dependence of T (LIESST) as
a function of C was observed. This result suggests a strategy to
increase the temperature range in which the photoinduced
information is retained, which consists in increasing the
intermolecular interactions. The techniques of supramolecu-
lar chemistry allow to work along this line. This strategy,
however, has some limitations. The yield of the LIESST effect
becomes negligibly small as a SC compound becomes very
cooperative.
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A New Route into Single-Crystalline Partially Oxidized Cobalt Compounds:
Reactions with Zintl-Type Hexaselenodistannate (1) K,Sn,Se; as Mild Oxidant

Stefanie Dehnen* and Christian Zimmermann!?!

Abstract: Reactions of K Sn,Ses (1)
with [Cp*CoCl], were investigated in
order to probe the stability of the formal
+3 oxidation state at Sn and possible
ligand properties of heteroatomic zintl-
type anion “Sn,Se®”. From these ex-
periments, we obtained the following
compounds that are oxidized to differ-
ent extent as a result of the reaction with
Sn'™: [Cp5 Co][CL,Co(u,-Cl),Li(thf),] (2),
[(Cp*Co)s(us-Se)o] (3), [(Cp*Co)s(us-
Se),][Cl,Co(u,-Cl),Li(thf),] (4), and

were structurally characterized by sin-
gle-crystal X-ray diffractometry. It
shows that the reaction conditions
strongly affect the type and oxidation
state of the isolated product. Two of the
observed compounds, 3 and 4, are close-
ly related both structurally and elec-
tronically; this is discussed and further

Keywords: binary polyanions - co-
balt - selenium - structure elucida-
tion - tin

illustrated by cyclovoltammetric meas-
urements. The choice of the terminal
Cp* ligand attached to the transition
metal in the reactand complex is as-
sumed to be basically dependent for the
alignment of unexpected structural de-
tails when compared with known com-
pounds of similar compositions. In con-
clusion, 1 is observed to act as mild
oxidant as well as selenide donor, but is
not in the position to keep its Sn—Se
framework under the given reaction

[(Cp*Co)4(us-Se),] (5). These compounds

Introduction

Very little is known about the chemical behavior of binary
zintl polyanions or binary alloys towards transition metal
complexes. Some reactions of Group 15/16 binary species with
transition metal carbonyl complexes or chalcogenolates have
been described that lead to the coordination of binary
aggregates to the metal complexes.'! The complexes are
treated with anions such as As,Ses>~ or P,Seg?~, or with alloys
like As,Se, or P,S;. For reactions of carbonyl complexes with
polyanions, large counterions are usually added to equalize
the introduced charge and to support crystallization. The
coordination of carbonyl complexes by mixed element ligands
can also be provoked by heating the first with binary alloys
under emission of CO. Examples for product complexes are
[Et;NL[W(CO),(As;Ses),] 1> [Ph,P],[Fe,(CO),(PSes),] >
[Ph,P],[W,(u-Se);(AsSes),] 2 or [(CO)sMo(P,S;)].24 In the
first compound cited, the anionic ligand is attached to the
transition metal center through atoms of both main-group
elements. In contrast, either selenium or phosphorus atoms
act as donor centers in the other examples. However,
corresponding experiments that consider Group 14/16 mixed
element anions have not yet been documented.

[a] Dr. S. Dehnen, Dipl.-Chem. C. Zimmermann
Institiut fiir Anorganische Chemie, Universitdt Karlsruhe (TH)
Engesserstr., Geb. 30.45, 76128 Karlsruhe (Germany)
Fax: (+49)721-608-7021
E-mail: dehnen@achibm6.chemie.uni-karlsruhe.de
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conditions.

Recently, we reported the synthesis and crystal structure of
hexaselenodistannate (1) K4Sn,Se, (1).F] Containing a Sn—Sn
single bond, the compound exhibits tin atoms in the formal
oxidation state +3, which is rather uncommon for inorganic
compounds. In order to check the chemical stability of this
oxidation state in the presence of ligated transition metal
centers and to further probe whether 1—or at least its
fragment—is able to act as ligand, we are currently inves-
tigating reactions of 1 with transition metal complexes. Herein
we present the results of experiments that employ 1 and
[Cp*CoCl],, formed in situ from CoCl, and LiCp#*, as starting
compounds (Cp* = pentamethylcyclopentadiene).

Results and Discussion

Depending on the reaction temperature, solvent, or molar
ratio of the reactants, one obtains compounds [Cp3Col-
[CLCo(u,-Cl),Li(thf),] (2), [(Cp*Co)s(us-Se),] (3), [ (Cp*Co)s-
(u3-Se),][CL,Co(u,-Cl),Li(thf),] (4), or [(Cp*Co)a(us-Se).] (5),
which were structurally characterized by single-crystal X-ray
diffractometry.*l Scheme 1 shows an overview of the reactions
that lead to the products 2-5.

An oxidative effect of 1 can be recognized for all
investigated reactions. Although we were not yet in the
position to identify all reaction byproducts with high certainty,
one further hint exists for the reduction of Sn'™ to Sn™ rather
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lower polarity
[Cp"2Co][CLCo(1-Cl),Li(thf),] (2) €————

1) THF, -78°C

2) RT, filtration

3) layering with toluene
4) —40°C, 2 weeks

higher polarity
—————> [(Cp'Co)s(u3-Se)a] (3)

1) THF, -78°C
2) RT, filtration
3) —40°C, 10 days

1) THF,RT,24h

K¢Sn;Ses (1) + CoCl, + LiCp’

2) -78°C, +1

3) 0°C, filtration

4) layering with toluene
5) —40°C, 2 weeks

higher reaction
temperatures

[(Cp"Co)s(us-Se)][ClLCo(u-Cl),Li(thf),] (4) <——

— SnSe, AsSe, ACI (A =Li, K) 1) DME, -78°C

2) —20°C, + THEF, filtration
3) —40°C, 11 weeks
4) RT, 5 weeks

higher
polarity

> [(Cp'Co)u(1s-Se)s] (5)

Scheme 1. Reactions of KsSn,Ses with CoCl, and LiCp* under different reaction conditions.

than for an oxidation to Sn'. Small SnSe* peaks are always
found in the mass spectra of the primary reaction precipitates,
whereas no further Sn products—such as SnCl, or SnSe, or
even SnCl,—are observed in the mass spectrum nor in an
NMR measurement of the reaction solution. Moreover,
unwanted oxidation of Co' by vestiges of oxygen in the
reaction mixture can be excluded as the products are not
formed in reactions with pure selenide donors such as K,Se or
Se(SiMes),. The occurring redox processes are facilitated by
ligation of the Co! centers by Cp*; this decreases the redox
potential for the oxidation to Co'.F! From Scheme 1, one
gathers the importance of the reaction conditions, especially
the polarity of the solvent used. The latter first of all controls
the isolation of ionic or uncharged compounds. Secondly,
fairly good solubility of the products or at least of possible
intermediates give the oxidant 1 the time it needs for
successive oxidation of Co! centers to Co™. A correlation
between reaction time and the Co'™:Co!! ratio is clearly
observed.

Abstract in German: Reaktionen von KySn,Se;, (1) mit
[Cp*CoCl], wurden durchgefiihrt, um die Stabilitit der for-
malen Oxidationsstufe +3 am Zinn sowie potentielle Ligan-
deneigenschaften des heteroatomaren Zintl-Anions ,,Sn,Se =
zu untersuchen. Man erhielt hierbei die folgenden Verbindun-
gen, die infolge der Reaktion mit Sn' unterschiedlich stark
oxidiert sind: [Cp¥Co][CL,Co(u,-Cl),Li(thf),] (2), [ (Cp*Co);-
(us=Se)s] (3), [(Cp*Co)s(usSe),][CLCo(uy,-Cl),Li(thf),] (4)
bzw. [(Cp*Co)(us-Se) ] (5). Verbindungen 1-5 wurden mit
Hilfe der FEinkristall-Rontgenstrukturanalyse charakterisiert.
Es zeigt sich, dass die Reaktionsbedingungen einen entschei-
denden Einfluss auf die Natur und den Oxidationszustand des
zu isolierenden Produkts ausiiben. Zwei der vorgestellten
Verbindungen, 3 und 4, sind strukturell und elektronisch eng
verwandt. Dies wird diskutiert und mittels cyclovoltammetri-
scher Messungen genauer beleuchtet. Die Wahl des Cp*-
Liganden fiihrt ganz offensichtlich zu strukturellen Unter-
schieden im Vergleich zu bekannten Verbindungen dhnlicher
Zusammensetzung. Zusammenfassend lasst sich feststellen,
dass 1 als mildes Oxidationsmittel und als Selenid-Donor
fungiert, dass es jedoch unter den gegebenen Reaktionsbe-
dingungen nicht moglich ist, das Sn-Se-Geriist zu erhalten.

Chem. Eur. J. 2000, 6, No. 12
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Compound 2 does not contain any atomic components of 1,
but is a product of its oxidation effect. Besides the 18 electron
cobaltocene(i) cation [Cp3Co]* species!® compound 2
features a binuclear anion that has not been reported yet
(Figure 1).

Figure 1. Molecular structure of the anion in 2 in the crystal. Selected bond
lengths [pm] and angles [°]: Co(1)—Cl 225.6(2)-232.4(2), Li(1)—Cl
238.2(11)-238.3(9), Li(1)—O 190.8(11)-191.2(12); CIl-Co(1)-Cl 99.49(6) -
113.08(7), (O,Cl)-Li(1)-(O,Cl) 96.2(4) -120.9(5).

The total charge of a primary [CoCL]*~ anion, which is
often observed as counterion in reactions of CoCl, or related
complexes,”) is formally reduced by means of a [Li(thf),]* unit
attached to the complex anion through two of the chlorine
ligands. Both metal centers show slightly distorted tetrahedral
coordination. By sharing one edge formed by the u,-bridging
atoms CI(1) and CI(2), the two tetrahedra are conjoined.

The reactions yielding 3 or 4 also involve redox processes.
However, in contrast to 2, compounds 3 and 4 exhibit Co™ and
Co'! side by side in one molecule. Additionally, they contain
selenide ligands that descend from 1. According to the X-ray
structural analyses, both 3 and 4 contain differently distorted
[CosSe,] trigonal bipyramids that bind one Cp* group per
cobalt atom. The Cp* rings surround the equatorial plane of
the cluster in such a way that the methyl groups interdigitate
with each other as would the teeth of three cogwheels.
Figure 2 shows the molecular structure of 3 that topologically
equals the cluster cation in 4; analogue distances for
compound 4 are given in the figure caption.

Formally, compound 3 exhibits one Co™ and two Co!
centers to be neutral. Thus, the total number of valence
electrons within the cluster amounts to 50. Pursuant the
Wade —Mingos rules,®! one would therefore expect a nido-
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Figure 2. Molecular structure of 3 in the crystal. Selected bond lengths
[pm] and angles [°]: Co(1)—Co(2) 291.5(1), Co(1)—Co(3) 283.9(1),
Co(2)—Co(3) 265.3(1), Co—Se: 229.7(1)-230.7(1); Se-Co-Se 90.32(3) -
90.48(3), Co-Se-Co: 70.52(3)-78.78(3). Analogue bond lengths [pm] and
angles [°] in 4: Co(1)—Co(2) 262.4(3), Co(1)—Co(3) 264.8(2), Co(2)—Co(3)
279.4(3), Co—Se 226.9(2)-228.3(3); Se-Co-Se 93.69(10)-93.91(9), Co-Se-
Co 70.28(8) = 75.94(9).

type cluster core. However, a square pyramid, corresponding
to five cluster atoms, is not formed. The distorted trigonal
bipyramid realized instead rather represents a variant of the
closo-type cage that should be observed for a total electron
number of 48. The equatorial Cos; unit features one short and
two long Co—Co bond lengths. Due to a difference of 7.6 pm
for the long intermetallic distances, an isoceles triangle is not
observed.

In fact, most clusters which contain 50 valence electrons
that were reported in the past are of the type [(L,M)M’,(CO),-
(us-E),] (L = (substituted) Cp group (n=1), PR; (n=2), CO
(n=3); M=Group 8-10 metal or W; M'=Group 8-10
metal; E=S, Se, Te, CO, NO, NR; R =organic group) and
fulfill the normal structural requirements.’”'! In contrast, only
a few 50 electron pentanuclear clusters exhibit a cluster core
similar to that of 3, for example, [(CpCo);(us-S),],!* "
[(CpNi);(us-CO),] ¥ or  [{(CsH,CO,Me)Cols(us-S)(us-
NzBu) |.'¥! Theoretical treatment of M,E; clusters generally
explains the enlargement of M—M distances by the occupation
of antibonding molecular orbitals (MOs) when going from 48
through 49 to 50 valence electrons.” 21 However, the
reason for a preference of either one or the other structural
isomer for both 49 or 50 electron compounds was not been
cleared up yet. From our point of view, for a given u;-bridging
ligand the steric influence of the terminal, non-bridging ligand
is mainly responsible for the experimentally observed struc-
ture type. Considering the known examples, one perceives a
deviation from Wade — Mingos rules—at least for compounds
that contain two or three 3d metal atoms—if sterically
demanding ligands are present. An exception from this
tendency is [(Cp’Co);(us-S),],°! which unlike [(CpCo);(us-
S),] or [ (CpNi);(us-CO),]~ exhibits a square pyramidal cluster
shape despite being ligated by somewhat more bulky Cp’
groups (Cp’ =methylcyclopentadiene). Nevertheless, assum-
ing that apart from any steric restraints caused by its ligands a
50 electron nido-type compound would represent the ther-
modynamically advantaged species, the described trend,
except for [(Cp'Co)s(us-S),], gives evidence for the two
following possible explanations. Either sterical demanding
terminal ligands facilitate the isolation of kinetically con-
trolled reaction products, since a rearrangement that pursues
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“half a Berry-type rotation”®! and thereby forms the
thermodynamically preferred isomer is hindered under the
given reaction conditions, or the energetic order of the
respective pair of isomers is inverted as a result of the forced
enlargement of the interatomic distances due to large ligating
groups. Preliminary results of a comprehensive theoretical
study into this subject,?? evidence the second explanation to
be more likely.

In compound 4, [Cl,Co(u,-Cl),Li(thf),]~ acts as counterion
as in 2; this indicates a close relationship of the reactions that
lead to 2 and 4. Actually, both compounds show the same
Co'":Co"" ratio and are formed within the same reaction time
under slightly differing temperature programs. For electro-
neutrality, the cluster unit in 4 is positively charged. Thus, it
formally contains one Co" and two Co™ centers; this
correlates with a longer reaction time and the larger molar
amount of 1 in the reaction mixture that yields 4 compared
with the time and the 1:CoCl, ratio for the synthesis of 3. Since
the total electron count in compound 4 amounts to 49 valence
electrons, the cage cannot be structurally treated by means of
Wade —Mingos rules. One can only claim those clusters with
an odd electron number to obtain a medium structure that
eventually resembles one of the extremes more than the
other. Accordingly, the cluster core can be viewed as a
“hybrid” that lies between a trigonal bipyramidal and a square
pyramidal arrangement of the five atoms. Which one of the
isomeric structure types is preferred, if a structural tendency
towards one of them is found, should again be closely related
to the steric properties of the ligand sphere. Hence, for
compound 4 ligated by Cp*, a rather trigonal bipyramidal
arrangement is observed. In contrast to 3, compoud 4 exhibits
one longer and two shorter Co—Co contacts in accordance
with one electron less occupying antibonding MOs. Conse-
quently, also the Co—Se bonds are somewhat shorter than in 3.
A comparison of the two Co;Se, cluster cores of 3 or 4 is
illustrated in Figure 3.

Co(1)

291.5 pm 283.9 pm

Co(2) 265.3 pm Co(3)
3 4

Figure 3. Comparison of the Co;Se, cluster cores of 3 or 4 viewed down the
Se—Se axis.

Unlike for the 50 electron species, there are a significant
number of clusters that contain 49 valence electrons whose
pentanuclear structural unit can be derived from a trigonal
bipyramid,’> 1% 20221 and only very few 49 electron com-
pounds that show a structure closer to a square pyramid. For
example, the structure of the dianion in [Ph,P],[{Mn(CO)}s-
(us-Se),]?* is based on a square-pyramidal Mn,Se, aggregate.
As it is ligated by relatively small CO ligands, the compound
again underlines the correlation between steric demand of the
terminal ligands and the observed structure type.
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Vahrenkamp,®! Dahl, and Rauchfuss!!®! have reported
reversible electron transfer processes in pentanuclear cluster
systems containing 48 to 50 valence electrons. Cyclovoltam-
metric measurements of a solution of single crystals of 4 in
THF give similar results (Figure 4).

1/ pA /
6.000 —

4.000 —
2.000 —
0.000 —
-2.000 [~

—4.000 —

—-6.000 | | | | |

400.0 0.0 —400.0 —-800.0 -1200.0 E/mV
Figure 4. Cyclic voltammogram of a solution of 4 in THF. Specification of
the cyclovoltammetric measurement: electrolyte: [nBu/N][PF] (c=
0.1 molL™"); scan rate: 200 mVs™!; measured against standard calomel
electrode (SCE; Escg=560mV); the experiments are referenced to
Cp,Fe/Cp,Fe* (observed: Ep .. =325 mV; correction increment: Egcp —
Erepes =235 mV); Lo/ learc Tatios: 122 or 0.94; AE,, values: 74 or
94 mV.

A reversible? single-electron oxidation and a reversible
single-electron reduction are observed at potential values
+0.132 and —0.538V, respectively. The latter corresponds
with the formation of compounds 3 from 4; the first value
belongs to an oxidation process that produces a 48 valence
electron compound which contains three Co'! centers within
the cluster. However, this compound could not yet be isolated
within the scope of our experiments. Comparing the poten-
tials for the 49 to 48 electron oxidation steps of electrochemi-
cally investigated [(CpCo);(us-S),] (+0.57 V)®! and
[(Cp'Co)s(us5-S),] (+0.52 V), one perceives a slight de-
crease. The continuation of this trend by the presented Cp*
clad species (+0.132 V) illustrates the effect of increasingly
steric demanding CpR groups (CpR=Cp, Cp’, Cp*) on the
oxidation sensibility of the ligated Co" center, in addition to
the effect of substitution of u;-Se for u;-S. By the same token,
further reduction to a—theoretically disadvantaged?—
51 electron cluster that was observed in the above-cited
experiments is evidently suppressed here.

A reaction of 1 with CoCl,/LiCp* carried out in DME
apparently follows the same course, but does not produce
crystalline products over a long period. However, after four
months, black crystals of compound 5 can be isolated. The
molecular structure of 5 is given in Figure 5.

Four Cp*Co units and four us-bridging selenide ligands
form a heterocubane that formally displays exclusively Co'!!
metal centers. The experimental observations reported herein
give evidence for quite a small rate constant for the oxidation
of Cp*-ligated Co!" centers by 1. Hence, in the case of 5, only
good solubility of possible intermediate reaction products
might have enabled 1 to oxidize all Co" centers before
partially oxidized reaction products could precipitate and be
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Figure 5. Molecular structure of 5 in the crystal; only one of the two split
positions is shown for the twofold disordered Cp* group attached to Co(4).
Selected bond lengths [pm] and angles [°]: Co—Se 235.2(3)-239.1(4),
Co—Co 349.6(7)-357.0(6); Se-Co-Se 82.76(1)-84.58(1), Co-Se-Co
94.55(1)-97.16(1).

removed from the reaction mixture. Accordingly, the above
described reactions and their products may be claimed to be
the result of incomplete turnover due to solvents causing
lower solubility.

Heterocubane-type aggregates such as 5 are common for
the combination of numerous transition metal elements (e.g.,
Ti, V, Cr, Group 810 metals) and Group 15 or 16 non-metal
atoms. Famous examples are synthetic analogues of the active
sites in iron-sulfur proteins such as [{(RS)Fe},S,]*> (R=
cysteinyl for biological systems; R = alkyl or aryl for synthetic
analogues).””] Of the multitude of further similar systems, the
following compounds that are related to 5 are given as
examples: [ (CpCo),S,]"* (n=0, 1), [{(Ph;P)Co},Se4],?! and
[{(1BuSe)Co},Se,].BY However, compound 5 is the first
cobalt—selenide heterocubane ligated by a Cp derivate. This
ligand helps the cobalt atoms to achieve an 18 electron con-
figuration. Accordingly, no Co—Co interactions are observed
with Co—Co distances in the range of 349.6(7)—357.0(6) pm.
As expected, the Co—Co distances in [(CpCo),S,] (Co-Co:
323.6(1)-334.2(1) pm) are somewhat shorter due to a smaller
us-bridging ligand. The other quoted compounds show
electron defects to different extents that are frustrated by
formation of an accordant number of intermetallic bonds with
bond lengths in the range of 262—277 pm. Compared with the
equally u;-bridging situation in 3 or 4, one finds an elongation
of the Co—Se bond lengths of about 5-10 pm and somewhat
obtuse Co-Se-Co angles instead of acute ones. This correlates
with the significantly larger Co—Co distances of the four
bridged Co; triangles in 5 (i.e., the faces of the Co,
tetrahedron formally inscribed in the heterocubane) when
compared with the triangles in 3 or 4. The heterocubane unit is
slightly distorted in a trigonal fashion and exhibits somewhat
acute Se-Co-Se angles besides the obtuse angles around Se.
However, the near D;; symmetry of the Co,Se, core is not
realized for the complete molecule owing to the symmetry
and orientation of the Cp* groups.

Conclusion

The presented and discussed experiments and their products
show that compound 1 acts as mild oxidant and Se?~ donor in
the investigated systems. Presupposition or at least facilitation
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for the formation of the reported compounds is a suitable
redox potential of the employed transition metal complex as
well as a strong preference for the formation of metal —sele-
nium bonds compared with the preservation of the Sn—Se
bond in 1. Due to these properties of [Cp*CoCl], under the
given reaction conditions, a pure coordinative ligand activity
of 1is inhibited. The experimental observations give evidence
for a fairly small rate constant for the oxidation of Cp*-ligated
Co centers by 1. Hence, reaction times in the order of
magnitude of weeks or months produce Co™:Co!! ratios of 0.5,
1 or finally oo in the products. The polarity of the solvent also
plays a major role. Firstly, it discriminates the crystallization
of ionic versus neutral products (cf. 2 or 4 vs. 3 or 5,
respectively). Secondly, even a slight increase in the solubility
of possible reaction products leads to significantly larger
reaction times that gives compound 1 the chance to increase
its oxidation turnover (c.f. 5 vs. 3). The choice of the reaction
temperature also seems to be fundamental. An increased rate
constant and thus acceleration of the reaction, besides adverse
crystallization conditions, suppress the isolation of an inter-
mediate or previous product (c.f. 4 vs. 2). By carfully choosing
the reaction conditions, the products with different solubilities
can thus be individually isolated.

Besides variation of the reaction conditions future experi-
ments shall probe whether modification of the transition metal
complex, with regard to both ligands or central atom/ion,
further influences the course and results of reactions with 1.

Experimental Section

General: All reaction steps were carried out under exclusion of air and
moisture either in a dry nitrogen atmosphere or under argon (glovebox).
All solvents were dried and freshly destilled prior to use. For reactions with
1, CoCl, (0.078 g, 0.6 mmol) and LiCp* (0.085 g, 0.6 mmol) were stirred in
THF (2 mL; 2, 3 or 4) or DME (3 mL; 5) for 20 min at room temperature,
resulting in the formation of brownish-black solutions of [Cp*CoCl],.

[Cp3 Co][Cl,Co(u,-Cl),Li(thf),] (2): The [Cp*CoCl], solution was cooled
down to —78°C, whereupon 1 (0.095 g, 0.1 mmol) was added. On warming
to room temperature, the color changed to deep black. After removal of an
insoluble black precipitate the filtrate was layered with toluene (10 mL).
The solution was stored at —40°C and light green, rhombic crystals of 2
were isolated after two weeks. Yield: 0.031g (0.045 mmol, 15%);
elemental analysis calcd (% ) for C,sHyCo,CLLLIO,: C 49.36, H 6.81; found
C49.21, H 6.78.

[(Cp*Co);(u5-Se),] (3): The [Cp*CoCl], solution was cooled down to
—78°C whereupon 1 (0.095 g, 0.1 mmol) was added. On warming to room
temperature, the color changed to deep black. After removal of an
insoluble black precipitate the filtrate was stored at —40°C. Large black
crystals of 3 with a trapezoidal-type shape formed within 10 days. Yield:
0.116 g (0.156 mmol, 78 %); MS (70 eV): m/z (%): 742 (100) [M]*, 605 (8)
[M — Cp*]*, 470 (20) [M —2Cp*]*, 371 (15) [M]*, 335 (20) [M —3Cp*]*;
elemental analysis calcd (%) for C;H,sCosSe,: C 48.67, H 6.13; found
C 48.85, H 6.15.

[ (Cp*Co);(u3-Se),][CL,Co(u,-Cl),Li(thf),] (4): Compound 1 (0.095g,
0.1 mmol) was added to the [Cp*CoCl], solution and the resulting solution
was stirred for 24 h. The deep black reaction mixture was then cooled down
to —78°Cand 1(0.095 g,0.1 mmol) was added again. After warming to 0°C
and removal of an insoluble black precipitate, the filtrate was layered with
toluene (10 mL). The solution was stored at —40°C, and thin black
crystalline needles of 4 were isolated after two weeks. Yield: 0.073 g
(0.068 mmol, 45%); elemental analysis calcd (%) for Cs;HgCo,Cl,-
LiO,Se,: C 41.78, H 5.63; found C 41.66, H 5.59.
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[(Cp*Co),4(us-Se)y] (5): The [Cp*CoCl], solution was cooled down to
—78°C whereupon 1 (0.095 g, 0.1 mmol) was added. After warming to
—20°C, THF (1 mL) was added. An insoluble black precipitate was
removed, and the filtrate was stored at —40°C for 11 weeks. The solution
was stored at room temperature for a further 5 weeks and black crystals of 5
were isolated. Yield: 0.118 g (0.108 mmol, 72%); MS (70 eV): m/z (%):
1094 (83) [M]*+,957 (23) [M — Cp* — 2H]*, 743 (15) [M — 2Cp* — Se — H]*,
604 (10) [M —2Cp* —Co —2Se —2H]*, 546 (32) [M —2H]**; elemental
analysis calcd (%) for CyHgCo,Se,: C 43.98, H 5.54; found C 43.82,
H 5.51.
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Self-Complementary [2]Catenanes and Their Related [3]Catenanes

Beatriz Cabezon,!*! Jianguo Cao,*! Francisco M. Raymo,!* ¢! J. Fraser Stoddart,*!*!
Andrew J. P. White,'”! and David J. Williams*["!

Abstract: Three [3]catenanes with cav-
ities large enough to accommodate ar-
omatic guests have been designed and
synthesized (yields =5-20% ) by means
of kinetically controlled self-assembly
processes. The X-ray structural analysis
of one of three [3]catenanes confirmed
the presence of a rectangular cavity
(dimensions =7 x 11 A) lined by n-elec-
tron-rich recognition sites and hydro-

[3]catenanes also produce, in yields of
2-23%, [2]catenanes incorporating a
1,5-dioxynaphtho[38]crown-10 inter-
locked with a bipyridinium-based tetra-
cationic cyclophane. The X-ray structur-
al analyses of two of these [2]catenanes
revealed that a combination of [t - ]
and [C—H - x] interactions is responsi-
ble for the formation of supramolecular
homodimers in the solid state. 'H NMR

spectroscopic investigations of the four
[2]catenanes demonstrated that supra-
molecular homodimers are also
formed (K,=17-31m7!, T=185K) in
(CD;),CO solutions. Dynamic 'H NMR
spectroscopy revealed that the 1,5-di-
oxynaphtho[38]crown-10 and tetracat-
ionic cyclophane components in the
four [2]catenanes and in the three
[3]catenanes circumrotate (AGF=9-

gen-bond acceptor groups. In spite of
their apparently ideal recognition fea-
tures, none of these [3]catenanes bind
guests incorporating a m-electron-defi-
cient bipyridinium unit. However, the

template-directed syntheses of the ipleite syithiene

Introduction

Recently, we have demonstrated!"?! that appropriately de-
signed [2]catenanesP! are capable of binding! st-electron rich
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14 kcalmol~!) through each other’s cav-
ity in (CD;),CO. Similarly, the 1,5-di-
oxynaphthalene and the bipyridinium
ring systems rotate (AGF=10-
14 kcalmol~!) about their [O--- O] and
[N---N] axes, respectively, in solution.

crystal engi-

tem-

guests. These novel [2]catenane receptors incorporate the
tetracationic cyclophane, cyclobis(paraquat-4,4’-bipheny-
lene),P! interlocked with a macrocyclic polyether containing
either two or three 1,5-dioxynaphthalene ring systems. In
addition to a mechanical bond, the two interlocked rings are
held together by a combination of noncovalent bonds includ-
ing 1) [C-H--- O] hydrogen bondsl®! between the a-bipyridi-
nium hydrogen atoms of the encircled bipyridinium unit and
the polyether oxygen atoms of the crown ether, 2) [ --- ]
stackingl”!l between the m-electron rich 1,5-dioxynaphthalene
ring systems and the m-electron deficient bipyridinium units,
and 3) [C—H - «t] interactions® between the peri hydrogen
atoms on C-4 and C-8 of the encircled 1,5-dioxynaphthalene
ring system and the 4,4’-bitolyl spacers in the tetracationic
cyclophane. Noncovalent bonds of these kinds are also
responsible for the binding, within the vacant receptor site
in these [2]catenanes, of guests containing m-electron-rich
aromatic rings inserted in the middle of acyclic polyether
chains. The ability to design and self-assemble [2]catenanes
with an internal recognition pocket has led® recently to
(Figure 1) the template-directed synthesis of a so-called
[3]rotacatenane in which the [2]catenane comprises 1,5-
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Figure 1. The threading of a mt-electron-rich guest inside the wt-electron-deficient cavity of a [2]catenane host and

the stoppering of the guest to afford a [3]rotacatenane.

dioxynaphtho[38]crown-10 interlocked with cyclobis(para-
quat-4,4’-biphenylene). Following threading of the [2]cate-
nane by a 1,5-dioxynaphthalene-based polyether, stoppering
was achieved by the introductionl® of large triisopropylsilyl
groups onto the primary hydroxy functions at the ends of the
threaded unit. The template-directed synthesis of this rather
exotic interlocked molecular compound provides an interest-
ing example of alternating supramolecular assistance and
covalent modification!'” through two successive cycles.

In a parallel line of research in our laboratories, the 4,4'-
bitolyl spacers in the cyclobis(paraquat-4,4’-biphenylene)
component in these [2]catenane receptors had been elongat-
ed' by inserting between their tolyl units either another
phenylene ring or an acetylenic linkage. These expanded
tetracationic cyclophanes were mechanically interlocked with
two 1,5-dioxynaphtho[38]crown-10 macrocycles, affording
[3]catenanes with m-electron-rich cavities apparently large
enough, in principle, to act as recognition sites for m-electron-
deficient guests. Surprisingly, however, binding (Figure 2) of

— _> +
=X=

ot [

Recognltlon Slte 1:1 Complex Not Formed

Figure 2. The attempted binding of a m-electron-deficient guest inside the
nt-electron-rich cavity of a [3]catenane host.

m-electron-deficient guests by these potential [3]catenane
receptors was not observed."! A detailed computational
investigation indicated™ that the inability of these [3]cate-
nanes to host bipyridinium-based guests might be a result of
their lack of hydrogen-bond acceptors (X) in the vicinity of
the potential recognition sites that are capable of sustaining
[C-H---X] interactions. Thus, in an ‘attempt’ to activate the
potential recognition sites in these [3]catenanes, both disub-
stituted heteroaromatic rings and polyether chains were
inserted into the regions between the two tolyl units in the
4.4'-bitotlyl spacers of the cyclobis(paraquat-4,4’-bipheny-
lene) component. While all our attempts at ‘activating’ the
potential recognition sites in [3]catenanes have so far been
unsuccessful, some of the [2]catenated by-products of the
catenations showed interesting recognition behavior. We
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discovered that they form ho-
modimers and in so doing be-
have as self-complementary
[2]catenanes.l' 13l Here, we re-
port 1) the template-directed
syntheses of four self-comple-
mentary [2]catenanes and of
three [3]catenanes related to
them, 2) the X-ray crystallo-
graphic analyses of two of the
four self-complementary [2]cat-
enanes and of one of the three
[3]catenanes, 3) '"H NMR spec-
troscopic evidence for the homodimerization of the four
[2]catenanes in solution, and 4) variable-temperature
'H NMR spectroscopic investigations of the dynamic proc-
esses involving the ring components of all these catenanes in
solution. It is in the context of self-assembling capsules,'
supramolecular polymers,””! and self-replicating systems['®l
that this new family of self-complementary interlocked
molecules should be viewed as important and worthy of
investigation.

— L

[3]Rotacatenane

Results and Discussion

Synthesis: Bromination of 1 gave (Scheme 1) the dibromide 2
in which a pyridine ring is 2,6-disubstituted by two phenylene
rings. Tosylation of 3, followed by the coupling of the resulting

©/©\©
N
Me 1 Me

NBS / PhCOzH + CCly/A/1d

o
N

Br 2 Br
Scheme 1. The synthesis of the dibromide 2.

tosylate 4 with 5, afforded (Scheme 2) the diester 6. Reduc-
tion of 6, followed by bromination of the diol 7, yielded the
dibromide 8 in which a 2,6-bis(oxymethyl)pyridine unit
bridges the two phenylene rings. Reaction of § with 10 gave
(Scheme 3) the diester 11. Reduction of 11, followed by
bromination of the diol 12, afforded the dibromide 13 in which
a bismethylenedioxy unit bridges the two phenylene rings.
Reaction of 14 with 15 yielded (Scheme 4) 16 which was
brominated to give the dibromide 17 in which a polyether
chain bridges the two phenylene rings. Alkylation of 4,4'-
bipyridine with, in turn, one of the dibromides 2, 9, 13, and 17
yielded (Scheme 5) the corresponding bis(hexafluorophos-
phate) salts 18-2PF,, 19-2PF, 20-2PF,, and 21-2PF,,
respectively, after counterion exchange. Reaction of these
dibromides 2, 9, 13, and 17, respectively, with the bis(hexa-
fluorophosphate) salts 18-2PF,, 19-2PF,, 20-2PF;, and
21-2PF; in turn, in the presence of the macrocyclic polyether
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Scheme 2. The synthesis of the dibromide 8.
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Scheme 3. The synthesis of the dibromide 13.

Me-@—OH + TSO/T\O/T\OTS + HO—@-Me
2

14 15 14
K,COj3 / LiBr/ MeCN + A/3d

we<@-I [ To-@-we 16

NBS / AIBN / CCl, + Al4h

E@OTOIT;O_@_ér 17

Scheme 4. The synthesis of the dibromide 17.

22, afforded (Scheme 6) the corresponding [2]catenanes
23-4PF,, 24-4PF,, 25-4PF, and 26 - 4 PF; in yields ranging
from 2 to 23%. In addition, the [3]catenanes 27-4PF,,
28 -4PF,, and 29-4PF, were also isolated in yields of 20,
7, and 5%, respectively, when the precursors containing
pyridine- or the bismethylene-dioxy-based spacers were

2264
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Scheme 5. The syntheses of the bis(hexafluorophosphate) salts 18 -2 PF;,
19-2PF, 20 -2PF, and 21-2PF;.

employed. However, no [3]catenane was obtained when the
dibromide 17 and the bis(hexafluorophosphate) salt 21 -2 PF,
were employed as substrates under otherwise identical con-
ditions.

Variable-temperature 'H NMR spectroscopic investigation of
the [3]catenanes: The dynamic processes illustrated in
Figures 3 and 4 are associated with the [3]catenanes 27-
4PF¢—29-4PF, in solution. Process I involves the circum-
rotation of the macrocyclic polyether through the cavity of the
tetracationic cyclophane. Process II involves 1) the dislodg-
ment of an ‘inside’ 1,5-dioxynaphthalene ring system from the
cavity of the tetracationic cyclophane, 2) its 180° rotation
around its [O --- O] axis, and 3) its reinsertion inside the cavity.
Process III involves 1) the dislodgment of an ‘inside’ 1,5-
dioxynaphthalene ring system from the cavity of the tetraca-
tionic cyclophane, 2) the rotation of the adjacent bipyridinium
unit around its [N --- N] axis, and 3) the reinsertion of the 1,5-
dioxynaphthalene ring system inside the cavity. When process
I is slow on the 'H NMR time scale, the ‘alongside’ and
‘inside’ 1,5-dioxynaphthalene ring systems can be distinguish-
ed. For example, the '"H NMR spectrum [ (CD5;),CO, 193 K] of
28-4PF, shows (Figure 5a) two signals for the 2,6-protons
aH-2/6 and H-2/6 of the ‘alongside’ and ‘inside’ 1,5-dioxy-
naphthalene ring system, respectively. When the solution is
allowed to warm up, process I becomes fast and the two
signals coalesce (Figures 5b and 5c¢) into one. By employing
the coalescence treatment,!'”) the free energies of activation
(AG;) associated with process I were determined (Table 1)
for the [3]catenanes 27-4PF;-29-4PF; using *“H-2/6 and
H-2/6 as the probe protons. The small differences between the
AG_* values indicate that the nature of the spacers separating
the two bipyridinium units in the tetracationic cyclophane
does not affect significantly the barriers associated with
process 1. The local C,, symmetry associated with the ‘inside’
1,5-dioxynaphthalene ring systems requires that the protons
H, of the bipyridinium units reside (Figure 4) in one of two
different sites (A or B). Thus, two sets of signals are
observed™ for H, when processes II and III are slow. For
example, the 'H NMR spectrum [(CD5),CO, 193 K] of 28-
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a combination of both, were
determined (Table 1) for the
[3]catenanes 28-4PF¢ and 29-
4PF, using H, as the probe
protons. The small differences
between the AG.* values indi-
cate that the nature of the

B R spacers separating the two bi-
-0 o— pyridinium units in the tetraca-
c Vo tionic cyclophane does not af-

fect significantly the barriers
associated with processes II
and III.

X-ray structural analysis of one
[3]catenane: X-ray structural
analysis of the [3]catenane 29-

c D 4PF¢ reveals (Figure 6) the

23+4PF

24+4PF,

crystals to contain two crystal-
lographically independent C;
symmetric molecules, each hav-

2504PF,

26+4PF

A

ing very similar co-conforma-
tions.'”] The interplanar sepa-
rations between the ‘inside’ bi-
pyridinium unit and the ‘inside’
and ‘alongside’ 1,5-dioxynaph-
thalene ring systems range be-
tween 3.30 and 3.41 A in the

c D two crystallographically inde-

27+4PF

28+4PF

pendent molecules. The inter-
planar separations between the
pair of ‘inside’ 1,5-dioxynaph-

29+4PF

30°4PF

Scheme 6. The template-directed syntheses of the [2]catenanes 23 -4 PF,, 24 -4 PF,, 25 - 4PF, and 26 - 4 PF,, and

of the [3]catenanes 27 -4 PF,, 28 - 4PF,, and 29 - 4 PF;.

4 PF, shows two sets of signals for H, which coalesce into one
upon warming the solution up, as processes II and/or III
become fast. By employing the coalescence treatment,'”l the
AG * values associated with either processes II or III, or with

xOgn___paOg¥
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Process |

thalene ring systems are essen-
tially the same (719 and
722 A). The [3]catenanes are
also stabilized by additional
[C-H:--O] and [C—H":- 7] in-
teractions which have not been
analyzed in detail as a result of
the poor resolution of the data.
The crystallographically independent [3]catenanes stack end-
to-end with adjacent 1,5-dioxynaphthalene ring systems
aligned parallel, but offset, such that there is no [m--- ]
overlap.

r\of\\ o™

o X'l,

o ol OJ
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@@
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Figure 3. The dynamic process I involving the circumrotation of one of the two 1,5-dioxynaphtho[38]crown-10 through the cavity of the tetracationic
cyclophane component of a [3]catenane (the symbol * is used in order to differentiate the two 1,5-dioxynaphthalene ring systems of this macrocyclic

polyether).
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Figure 4. The dynamic processes II and III exchanging the bipyridinium
protons H, and H’, between the sites A and B imposed by the local C,,
symmetry associated with the ‘inside’ 1,5-dioxynaphthalene ring system.

o
H-2/6
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Figure 5. Partial '"H NMR spectra of the [3]catenane 28 -4 PF, recorded in
(CD;),CO at (a) 193, (b) 213, and (c) 223 K (the superscripts ‘a’ and ‘i’
stand for ‘alongside’ and ‘inside’, respectively).
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Table 1. Kinetic parametersi®ffor the dynamic processes associated with
the [3]catenanes 27 - 4 PF;—29 - 4 PF, in (CD5;),CO.

Compound  Probe APl ke TM  AG#l Process
protons  [Hz] [s71] [K]  [kcalmol™]
27-4PF, H-2/6 125.7 2793 233 10.9 1
28 -4PF, H-2/6 73.1 162.5 213 10.2 1
H, 74.1 164.7 213 10.2 TI/IIT
29-4PF, H-2/6 1064 2364 232 10.9 1
H, 109.9 244.0 233 11.0 TI/1IT

a

[a] Determined by variable-temperature '"H NMR spectroscopy (400 MHz)
in (CD;),CO. [b] Limiting frequency separation (error==+ 1 Hz). [c] Rate
constant at the coalescence temperature (error ==+ 5 Hz). [d] Coalescence
temperature (error==+1K). [d] Free energy barrier at the coalescence
temperature (error == 0.2 kcalmol!).

Figure 6. Ball-and-stick representations of the two crystallographically
independent molecules of the [3]catenane 29** present in the crystals.

Investigation of the potential binding properties of the
[3]catenanes: In order to explore the possible binding
properties (Figure 2) of 27-4PF;-29-4PF,, 1,1’-bismethyl-
4 4'-bipyridinium bis(hexafluorophosphate) was mixed with
each of the [3]catenanes in (CDj;),CO. However, no chemical
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shift change was observed in a range of temperatures (185 -
300 K) using host:guest ratios of 5:1-1:5. These observations
indicate that the m-electron-deficient bipyridinium salt is not
bound by these [3]catenanes.

X-ray structural analyses of two [2]catenanes: X-ray struc-
tural analysis of the [2]catenane 24-4PF, reveals (Figure 7)
[7t -+ ] stacking interactions between the ‘inside’ bipyridini-
um unit and the sandwiching 1,5-dioxynaphthalene ring
systems (the mean interplanar separations between the
‘inside’ and the ‘alongside’ 1,5-dioxynaphthalene ring systems
and the ‘inside’ bipyridinium unit are 3.37 and 3.32 A,
respectively). There are also a pair of [C—H --- O] hydrogen
bonds between one of the methylene hydrogen atoms

Figure 7. Ball-and-stick representation of the supramolecular homodimer
formed by the [2]catenane 24* in the solid state.

adjacent to the ‘inside’ bipyridinium unit and some of the
polyether oxygen atoms (the [C--- O] and [H--- O] distances
and the [C—H--- O] angles are 3.29, 2.38 A, 158° and 3.30,
2.44 A, 148°, respectively). No significant [C—H --- 7] inter-
actions are observed (the shortest [H:--m] separation is
greater than 3 A). The tetracationic cyclophane adopts an
open conformation with a large
central void between the ‘in-
side’ 1,5-dioxynaphthalene ring
system and the ‘alongside’ bi-
pyridinium unit (the interpla-
nar separation is about 14 A).
As a result, mutual interpene-
tration of centrosymmetrically
related pairs of [2]catenanes
becomes possible, thus enabling
the formation of a supramolec-
ular homodimer which is stabi-
lized by [m--- ;] stacking inter-
actions between 1) the ‘along-
side’ 1,5-dioxynaphthalene ring
system of one [2]catenane and
the ‘alongside’ bipyridinium
unit of the other (the mean  solid state.

Chem. Eur. J. 2000, 6, No. 12
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interplanar separation is 3.42 A) and between 2) one of the
phenoxy rings adjacent to the ‘inside’ bipyridinium unit in one
[2]catenane and one of the pyridyl spacers in the other and
vice versa (the [centroid---centroid] and the interplanar
separation are 3.82 and 3.67 A, respectively). There is also a
[C—H:--x] interaction between one of the peri hydrogen
atoms of the ‘alongside’ 1,5-dioxynaphthalene ring system in
one [2]catenane and one of the phenoxy rings adjacent to the
‘alongside’ bipyridinium unit of the other (the [H:--m@]
distance and the [C—H---7n1] angle are 2.95A and 139°,
respectively). The ‘inside’ pair of 1,5-dioxynaphthalene ring
systems are aligned parallel, but offset, there being no [+ ]
overlap. There are, however, a pair of [C—H --- it] interactions
between one of the f-methylene hydrogen atoms associated
with the ‘inside’ 1,5-dioxynaphthalene ring system of one
[2]catenane and the ‘inside’ 1,5-dioxynaphthalene ring system
of the other and vice versa (the [H:--m] distance and the
[C—H - 7] angle are 2.77 A and 132°, respectively). Pairs of
dimers form stepped stacks with the ‘alongside’ bipyridinium
unit of one dimer positioned parallel, but offset, to its
counterpart in the next. The area of overlap is small but the
interplanar separation short (ca. 3.4 A).

In the solid state, the tetracationic cyclophane component
of the [2]catenane 25* adopts (Figure 8) a distinctly twisted
conformation with approximate C, symmetry about an axis
passing through the ring center and normal to its mean plane
(the [N ---N] axes of the two bipyridinium units are inclined
by 42°). The ‘alongside’ bipyridinium unit has a distinctly
twisted and bowed conformation, the mean twist angle about
the bond linking the two pyridinium rings being 29°, while the
two [N—CH,] bonds are inclined by 26° (the equivalent
parameters in the ‘inside’ bipyridinium unit are 4 and 16°,
respectively). The interplanar separation between the ‘inside’
and ‘alongside’ 1,5-dioxynaphthalene ring systems and the
‘inside’ bipyridinium unit are 3.41 and 3.36 A, respectively. A
feature of this structure is a disorder in the polyether chains
adjacent to the ‘alongside’ 1,5-dioxynaphthalene ring system
which results in two in-plane, but slightly offset, positions of
this unit. In addition to the [m---m] stacking interactions
between the ‘inside’ bipyridinium unit and the two 1,5-
dioxynaphthalene ring systems, there is a [C—H:-- ] inter-

Figure 8. Ball-and-stick representation of the supramolecular homodimer formed by the [2]catenane 25* in the
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action between one of the peri 1,5-dioxynaphthalene hydro-
gen atoms and the adjacent p-phenylene ring in the tetraca-
tionic cyclophane (the [H---xt] distance is 2.77 A and the
[C—H:--x] angle is 151°). The disorder in the polyether
linkages precludes any analysis of probable [C—H:-- O]
hydrogen bonding interactions. Centrosymmetrically related
pairs of [2]catenanes mutually interpenetrate with one of the
pyridinium rings of the ‘alongside’ bipyridinium unit of one
[2]catenane inserted into the cavity of the other and vice
versa. The resulting supramolecular homodimer is stabilized
by [m---m] stacking interactions between the ‘inside’ 1,5-
dioxynaphthalene ring systems and the facing pyridinium
rings (the interplanar separation is 3.34 A). There is also a
[7t--- «t] stacking interaction between one of the phenoxy rings
in one [2]catenane and one of its counterparts in the other
(the interplanar separation is 3.47 A), supplemented by a
[C—H:--x] interaction between one of the hydrogen atoms
ortho to the oxygen atom on the same phenoxy ring and the
adjacent pyridinium ring (the
[H 7] distance is 2.76 A and
the [C—H--- @] angle is 153°).
The separation between the
pair of ‘alongside’ bipyridinium
units is about 775 A and the
central void between them is
filled by MeCN solvent mole-
cules. The homodimeric super-
structure extends in the crystal
as a result of interdimer [t -+ 7]
stacking between the ‘along-
side’ 1,5-dioxynaphthalene ring
systems (the interplanar sepa-
ration between the 1,5-dioxy-
naphthalene ring systems of
adjacent dimers is 3.20 A).

Investigation of the supramolecular homodimerization of the
[2]catenanes in solution: In order to establish if the [2]cate-
nanes 23-4PF;—-26-4PF; form supramolecular homodimers
also in solution, they were investigated by '"H NMR spectro-
scopy. They were dissolved individually in (CD;),CO and the
resulting solutions were diluted from a concentration (c) of
about 1072 to about 10~°*M. The 'H NMR spectra recorded
upon dilution at 185 K showed upfield shifts in all instances,
indicating that the [2]catenanes self-associate in solution.
Chemical shift changes (Ad,) are evident for the signals
associated with protons of both macrocyclic components of
each [2]catenane. However, since the protons *H, of the
‘alongside’ bipyridinium unit give rise to a sharp and well-
resolved doublet in the case of all [2]catenanes, they were
selected as the probe protons for the determination of the
association constants (K,) for the dimerization processes.
Nonlinear curve-fitting of the plots of Ad, against ¢ gavel*!
(Table 2) K, values ranging from 17 to 31m~L. The relatively
small differences between the K, values for the dimerization
of the [2]catenanes indicate that the nature of the spacers
separating the two bipyridinium units in the tetracationic
cyclophane does not affect significantly their self-association.
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Table 2. Association constants® K, and derived free energies of associa-
tion (— AG®) for the dimerization of the [2]catenanes 23 -4 PF—26 - 4 PF; in
(CD;),CO.

Compound Ko M) AG°Fl [kcal mol~1]
23-4PF, 26 1.2
24-4PF, 20 1.1
25-4PF, 31 1.3
26-4PF, 17 1.0

[a] Determined by variable-temperature 'H NMR spectroscopy (400 MHz)
in (CD;),CO at 185 K using “H,, as the probe protons. [b] Error=+2m"".
[c] Error ==+ 0.2 kcal mol .

Variable-temperature 'H NMR spectroscopic investigation of
the [2]catenanes: In addition to the dynamic processes
illustrated in Figures 3 and 4, the circumrotation (process
IV) of the tetracationic cyclophane through the cavity of the
macrocyclic polyether is also a possibility (Figure 9) in the
case of [2]catenanes 23-4PF,-26-4PF, in solution. When

r\of\\

Process v o
+ + N
- @@
(*)
+ + N

&_O O O_)

Figure 9. The dynamic process IV involving the circumrotation of the tetracationic cyclophane component
through the cavity of the 1,5-dioxynaphtho[38]crown-10 of a [2]catenane (the symbol * is used in order to
differentiate the two bipyridinium units of the tetracationic cyclophane).

process I is slow on the 'H NMR time scale, the ‘alongside’
and ‘inside’ 1,5-dioxynaphthalene ring systems can be distin-
guished. For example, the '"H NMR spectrum [(CD;),CO,
185 K] of 24-4PF, shows two signals for the 2,6-protons
“H-2/6 and H-2/6 of the ‘alongside’ and ‘inside’ 1,5-dioxy-
naphthalene ring system, respectively. When the solution is
allowed to warm up, process I becomes fast and the two
signals coalesce into one. By employing the coalescence
treatment, the AG_* values associated with process I were
determined (Table 3) for the [2]catenanes 23 -4 PF,—26 -4 PF,
using *H-2/6 and 'H-2/6 as the probe protons. Interestingly, the
AGF values for 24-4PF¢—26-4PF, are very similar, while
that for 23-4PF, is higher, presumably, as a result of it
containing a more rigid cyclophane component. When process
IV is slow, the ‘alongside’ and ‘inside’ bipyridinium units can
be distinguished. For example, the 'H NMR spectrum
[(CD;),CO, 252 K] of 24-4PF, shows (Figure 10d) two sets
of signals for the a-protons *°H, and ‘H,, of the ‘alongside’ and
‘inside’ bipyridinium units, respectively. When the solution is
allowed to warm up, process IV becomes fast and the two sets
of signals coalesce (Figures 10e-g) into one. By employing
the coalescence treatment,'”! the AG.* values associated with
process IV were determined (Table 3) for the [2]catenanes
23-4PF;-26-4PF, using *H, and 'H, as the probe protons.
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Table 3. Kinetic parametersl? for the dynamic processes associated with
the [2]catenanes 23 -4 PF;—26 -4 PF; in (CD;),CO.

Compound  Probe AVl el T AG#l Process
protons  [Hz]  [s7!] [K]  [kcalmol™!]
23-4PF, H-2/6 95.6 2124 219 10.4 1
H, 714 1586 219 10.5 1/
*H,/H, 1259 279.7 288 13.6 v
24-4PF, H-2/6 36.8 81.7 188 9.2 1
H, 61.8 1373 195 9.3 1/111
*H,/H, 142.8  317.1 288 13.5 v
25-4PF, H-2/6 527 1171 199 9.6 1
H, 67.4 149.7 204 9.8 1/111
“H,H, 1206 2679 280 132 v
26-4PF, H-2/6 522 1160 184 8.9 1
H, 1563 3472 291 13.6 T/111
*H,/H, 36.4 80.1 186 8.9 v

[a] Determined by variable-temperature '"H NMR spectroscopy (400 MHz)
in (CD;),CO. [b] Limiting frequency separation (error =+ 1 Hz). [c] Rate
constant at the coalescence temperature (error =+ 5 Hz). [d] Coalescence
temperature (error=x+1K). [e] Free energy barrier at the coalescence
temperature (error =+ 0.2 kcalmol ™).

Hy + Hy /H',
g) /\
) A, + Hy /HY
___—f\«
e) 3, Hy/H',
I N N
H, Hy /H',
* NN
a
H . .
* H, /H',
c)
aHu
a
H ) )
* Hy / H'y,

a) 5

[ I I T 1
9.7 8 (ppm) 8.9
Figure 10. Partial 'H NMR spectra of the [2]catenane 24 - 4 PF, recorded in
(CD3),CO at (a) 185, (b) 195, (c) 208, (d) 252, (e) 274, (f) 288, and (g) 309 K
(the superscripts ‘a’ and ‘i’ stand for ‘alongside’ and ‘inside’, respectively).

Interestingly, the AG_* values for 23 - 4 PF,—25 - 4 PF are very
similar, while that for 26-4PF; is lower, presumably, as a
result of it containing a more flexible cyclophane component.
The local C,, symmetry associated with the ‘inside’ 1,5-
dioxynaphthalene ring system requires that the protons ‘H, of
the ‘inside’ bipyridinium unit reside (Figure 3) in one of two
different sites (A or B). Thus, two sets of signals are observed
for 'H, when process II and process III are slow. For example,
the '"H NMR spectrum [(CD;),CO, 185 K] of 24 - 4 PF, shows
(Figure 10a) two sets of signals for 'H, which coalesce (Figures
10b-e) into one upon warming the solution up, as process II
and/or process III become fast. By employing the coalescence
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treatment, the AG_* values associated with either process II or
process III, or with a combination of both, were determined
(Table 3) for the [2]catenanes 23 - 4 PF,—26 - 4 PF, using 'H,, as
the probe protons. These AG.* values range from 9.3 to
13.6 kcalmol™' indicating that the nature of the spacers
separating the bipyridinium units in the tetracationic cyclo-
phane component influences the energy barriers associated
with these dynamic processes.

Conclusion

[3]Catenanes having large central voids with n-electron-rich
recognition sites and hydrogen-bond acceptor groups can be
prepared efficiently by interlocking two 1,5-dioxynaph-
tho[38]crown-10 macrocycles with a bipyridinium-based tet-
racationic cyclophane. Despite their potential recognition
properties, these mechanically interlocked molecules cannot
bind n-electron-deficient guests in solution. Related [2]cate-
nanes, incorporating one 1,5-dioxynaphtho[38]crown-10 mac-
rocycle and one bipyridinium-based tetracationic cyclophane,
self-assemble into supramolecular homodimers both in sol-
ution and in the solid state. Their self-association is a result of
a combination of [r--- ] and [C—H --- xt] interactions between
some of the aromatic rings that comprise their macrocyclic
components. The association constants, determined in
(CD;),CO at 185K, for the dimerization processes are not
affected significantly by the nature of the spacers separating
the two bipyridinium units in the tetracationic cyclophane and
range from 17 to 31m~!. The macrocyclic components of the
[2]catenanes and of the [3]catenanes circumrotate through
each other’s cavity in (CD;),CO. The ‘inside’ 1,5-dioxynaph-
thalene and the ‘inside’ bipyridinium ring systems of these
catenanes rotate about their [O---O] and [N---N] axes,
respectively, in (CDj;),CO. In the three [3]catenanes, the
energy barriers (10.2—11.0 kcalmol~') associated with these
dynamic processes are similar. In the four [2]catenanes, the
energy barrier (8.9-10.4 kcalmol!) for the circumrotation of
the neutral through the cavity of the charged macrocyclic
component increases with the rigidity of the tetracationic
cyclophane. The energy barrier (8.9 -13.6 kcalmol~') for the
circumrotation of the charged through the cavity of the
neutral macrocyclic component shows the opposite trend. The
energy barriers (9.3-13.6 kcalmol) for the rotations of the
‘inside’ 1,5-dioxynaphthalene and the ‘inside’ bipyridinium
ring systems change with the distance between the two
bipyridinium units and with the rigidity of the spacers
separating them.

Experimental Section

General methods: Chemicals were purchased from Aldrich and used as
received. Solvents were dried according to literature procedures.?!l The
compounds 12 and 22> were prepared as described previously in the
literature. Thin-layer chromatography (TLC) was carried out on aluminum
sheets coated with silica-gel 60 (Merck 5554). Column chromatography was
performed on silica-gel 60 (Merck 9385, 230400 mesh). Melting points
were determined on an Electrothermal 9200 melting point apparatus and
are uncorrected. Electron impact mass spectra (EIMS) were performed
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using a Kratos Profile spectrometer. Liquid secondary ion mass spectrom-
etry (LSIMS), in conjunction with a 3-nitrobenzyl alcohol or 2-nitro-
phenyloctyl ether matrix, was performed on a VG Zabspec instrument. For
high-resolution LSIMS (HRLSIMS), the instrument was operated at a
resolution of about 6000 by employing narrow-range voltage scanning
along with polyethylene glycol or CsI as reference compounds. 'H and
3C NMR spectra were recorded on a Bruker AMX400 (400 and 100.6 Mhz,
respectively) spectrometer. Elemental analyses were performed by Quan-
titative Technologies Inc.

2,6-Di(p-bromomethylphenyl)pyridine (2): A suspension of 1 (478 mg,
1.74 mmol), N-bromosuccinimide (NBS) (774 mg, 1.35 mmol) and catalytic
amounts of PhCO;H in CCl, (25 mL) was heated under reflux and an
atmosphere of Ar for 1 d. After cooling down to ambient temperature, the
mixture was filtered off and the solid residue was washed with CH,Cl, and
CCl,. The filtrate was concentrated under reduced pressure and the solid
residue was crystallized (CH,Cl,/hexane (1:2.5)) to afford 2 (490 mg, 67 %)
as a white powder. M.p. 120°C (decomp); EIMS: m/z: 417 [M]*, 338 [M —
Br]*, 258 [M —2Br]*; 'H NMR (CDCl;, 25° C): 6=8.12-752 (m, 8H),
7.80 (t, J=72Hz, 1H), 770 (d, /=72 Hz, 2H), 457 (s, 4H); “C NMR
(100.6 MHz, CDCl;, 25° C): 0 = 156.0,139.4,138.5,137.6,129.4,127.3, 118.8,
33.2; anal. calcd for C,oH;sBr,N (417.144): C 54.71, H 3.62, N 3.36; found: C
54.25,H 3.39, N 3.37.

2,6-Pyridinedimethanol di-p-tosylate (4): A solution of p-toluensulfonyl
chloride (68.5g, 0.36 mol) in THF (150 mL) was added dropwise to a
solution of 3 (25.0 g, 0.18 mol) and NaOH (21.6 g, 0.54 mol) in a mixture of
THF (90 mL) and H,O (90 mL) maintained at 0°C. After 12 h, H,O
(300 mL) was added and the mixture was extracted with CH,Cl, (3 x
200 mL). The organic layer was washed with H,O (3 x 250 mL) and dried
(Na,SO,). The solvent was distilled off under reduced pressure to afford 4
(74.8 2,93 %) as a white solid. M.p. 107°C; EIMS: m/z: 447 [M]*,276 [M —
OTs]*; 'H NMR (CDCl;, 25°C): 6=7.80 (d, J=4.6 Hz, 4H), 7.69 (t, /=
43 Hz, 1H), 743-733 (m, 6H), 5.05 (s, 4H), 2.44 (s, 6H); *C NMR
(CDCl;, 25°C): 6 =153.3, 145.0, 137.7, 132.5, 129.8, 127.8, 121.3, 71.2, 22.4;
anal. caled for C,;H,NOgS, (447.532): C 56.36, H 4.73, N 3.13; found: C
56.19, H 4.41. N 2.96.

2,6-Di(p-methoxycarbonylphenoxymethyl)pyridine (6): A suspension of 4
(20.0 g, 0.045 mol), 5 (20.4 g, 0.134 mol) and K,CO; (37.0 g, 0.268 mol) in
MeCN (300 mL) was heated for 1 d at 60°C under an atmosphere of Ar.
After cooling down to ambient temperature, the mixture was filtered and
the solid residue was washed with MeCN. The filtrate was concentrated
under reduced pressure and the solid residue was washed with H,O (1 L)
and dried to yield 6 (18.0 g, 98 %) as a white solid. M.p. 180°C; EIMS: m/z:
407 [M]*; '"H NMR (CDCl;, 25°C): 6 =8.00 (d, J=8.8 Hz, 4H), 7.77 (t,J =
7.7 Hz, 1H), 745 (d, J=7.7 Hz, 2H), 701 (d, /=8.8 Hz, 4H), 5.27 (s, 4H),
3.84 (s, 6H); *C NMR (CDCl;, 25°C): 6 =166.7, 162.0, 156.2, 137.8, 131.7,
123.3,120.5, 114.5,70.6, 51.9; anal. calcd for C,sH 30, (330.336): C 67.80, H
5.20, N 3.44; found: C 67.43, H 4.92, N 3.29.
2,6-Di(p-hydroxymethylphenoxymethyl)pyridine (7): A solution of 6
(2.0 g, 5.0 mmol) in THF (28 mL) was added dropwise to a supension of
LiAlH, (0.56 g, 15.0 mmol) in THF (112 mL) maintained at 0°C and under
an atmosphere Ar. After the mixture was allowed to warm up to ambient
temperature and maintained at this temperature for a further 1d, H,O
(500 mL) was added and the mixture was concentrated under reduced
pressure. The resulting precipitate was filtered off, washed with H,O
(100 mL) and MeOH (100 mL), and extracted in a Soxhlet apparatus with
CHCI, for 2 d. The solvent was distilled off under reduced pressure to yield
7 (1.13 g, 90%) as a white solid. M.p. 152°C; EIMS: m/z: 351 [M]*, 333
[M —H,O]*; 'H NMR (CDCl;, 25°C): 6 =779 (t, J=7.7 Hz, 1 H), 745 (d,
J=17Hz, 2H), 730 (d, J=8.6 Hz, 4H), 7.00 (d, /=8.6 Hz, 4H), 5.22 (s,
4H), 4.62 (brs,4H); anal. calcd for C, H, NO, (351.402): C71.78, H 6.02, N
3.99; found: C 71.52, H 5.98, N 4.00.
2,6-Di(p-bromomethylphenoxymethyl)pyridine ): Br, (1.02 g,
6.40 mmol) was added slowly to a solution of Ph;P (1.68 g, 6.40 mmol) in
MeCN (200 mL) maintained at 0°C. After the mixture was allowed to
warm up to ambient temperature, 7 (1.13 g, 3.20 mmol) was added as a solid
in three portions. After 1d, the solvent was distilled off under reduced
pressure and the solid residue was dissolved in CH,Cl, (500 mL). The
solution was washed with a 2M aqueous solution of K,COj; (2 x 250 mL),
H,0 (2 x 250 mL) and a saturated aqueous solution of NaCl (250 mL). The
organic layer was dried (Na,SO,) and concentrated under reduced pressure
to yield 9 (0.66 g, 43 %) as a white solid. M.p. 139°C; EIMS: m/z: 477 [M]*,
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398 [M — Br]"; 'HNMR (CDCl;, 25°C): 6 =7.76 (t,J = 7.5 Hz, 1 H), 7.45 (d,
J=15Hz, 2H), 7.33 (d, J=8.7 Hz, 4H), 6.95 (d, /=8.7 Hz, 8H), 5.21 (s,
4H), 450 (s, 4H); *C NMR (CDCl;, 25°C): 0 =158.4, 156.5, 137.9, 130.5,
120.3, 115.1, 70.5, 33.7; anal. cald for C, H,,Br,NO, (477.196): C 52.86, H
4.01, N 2.94; found: C 52.91, H 4.03, N 2.95.

1,2-Di(p-methoxycarbonylphenoxy)ethane (11): A suspension of 5
(16.60 g, 109.3 mmol), 10 (13.50 g, 36.4 mmol), and K,CO; (30.20 g,
218.6 mmol) in MeCN (300 mL) was heated for 1d at 60°C under an
atmosphere of Ar. After cooling down to ambient temperature, the mixture
was filtered and the solid residue was washed with CH,Cl,. The filtrate was
concentrated under reduced pressure and the residue was purified by
column cromatography (SiO,, CH,Cl,/CH;O0H (100:1)) to yield 11 (5.20 g,
43 %) as a white solid. M.p. 156 °C; EIMS: m/z:330 [M]*, 299 [M — OMe]*;
'"H NMR (CDCl;, 25°C): 6=238.00 (d, J=8.7 Hz, 4H), 6.95 (d, J=8.7 Hz,
4H), 4.39 (s, 4H), 3.88 (s, 6H); C NMR (CDCl;, 25°C): 6 =166.7, 162.2,
131.4,114.2, 66.4, 51.8; anal.: calc. for C,;sH,304 (330.336): C 65.45, H 5.49;
found: C 65.25, H 5.32.

1,2-Di(p-hydroxymethylphenoxy)ethane (12): A solution of 11 (5.10 g,
15.43 mmol) in THF (100 mL) was added dropwise to a supension of
LiAlH, (1.74 g, 46.29 mmol) in THF (280 mL) maintained at 0°C under an
atmosphere of Ar. After the mixture was allowed to warm up to ambient
temperature and maintained at this temperature for a further 1d, H,O
(500 mL) was added. The mixture was concentrated under reduced
pressure and the resulting precipitate was filtered off and washed with
H,O (100 mL), MeOH (100 mL), and CH,Cl, (100 mL) to yield 12 (3.81 g,
90 %) as a white solid. M.p. 298°C (decomp); EIMS: m/z: 274 [M]*, 256
[M —H,0]*; 'HNMR (CDCl;, 25°C): 6 =731 (d, J=8.7 Hz, 4H), 6.95 (d,
J=8.7Hz, 4H), 4.65 (d, 4H), 4.34 (s, 4H), 3.50 (d, 2H); anal. calcd for
C,6H 30, (274.316): C 70.06, H 6.61; found: C 69.43, H 6.62.

1,2-Di(p-bromomethylphenoxy)ethane (13): Br, (3.40 g, 21.4 mmol) was
added slowly to a solution of Ph;P (5.61 g, 21.4 mmol) in MeCN (150 mL)
maintained at 0°C. After the mixture was allowed to warm up to ambient
temperature, a suspension of 12 (3.00 g, 10.7 mmol) in MeCN (500 mL) was
added dropwise. After 1 d, the mixture was filtered and the solid residue
was washed with Et,0 and crystallized (CH,Cl,/hexane (1:2.5)) to afford 13
(2.88 g, 67 %) as a white solid. M.p. 170°C; EIMS: m/z: 400 [M]*+, 321 [M —
Br]*; 'TH NMR (CDCl;, 25°C): =734 (d, J=8.6 Hz, 4H), 6.90 (d, /=
8.6 Hz, 8H), 4.50 (s, 4H), 4.32 (s, 4H); *C NMR (CDCl;, 25°C): 6 =158.6,
130.5, 114.4, 66.5, 73.8; anal. calcd for C,sH (Br,0, (400.116): C 48.03, H
4.03; found: C 47.61, H 4.07.

1,11-Di(p-methylphenoxy)-3,6,9-trioxaundecane (16): A solution of 15
(12.6 g, 25 mmol) in MeCN (200 mL) was added dropwise to a suspension
of 14 (5.4 g, 50 mmol), and K,CO; (27 g, 200 mmol), and LiBr (0.2 g,
2 mmol) in MeCN (200 mL) maintained at reflux. Heating was continued
for a further 3 d and, after the mixture had been allowed to cool down to
ambient temperature, the solvent was distilled off under reduced pressure.
The residue was purified by column chromatography (SiO,, MeCO,Et/
hexane (2:3)) to yield 16 (7.3 g, 78 %) as a colorless oil. 'H NMR (CDCl;,
25°C): 0="17.05(d,/=8.8 Hz,4H), 6.81-6.79 (m, 4H), 4.09-4.06 (m, 4H),
3.84-3.81 (m, 4H), 3.73-3.71 (m, 4H), 3.70-3.66 (m, 4H), 2.27 (s, 6H);
BCNMR (CDCl;, 25°C): 6 = 156.6, 130.0, 129.8, 114.4, 70.8, 70.6, 69.8, 67.4,
20. 4.

1,2-Di(p-bromomethylphenoxy)-3,6,9-trioxaundecane (17): A solution of
16 (2.0 g, 5.3 mmol), NBS (2.4 g, 13.4 mmol), and AIBN (0.1 g, 0.6 mmol)
in CCl, (250 mL) was heated for 4 h under reflux. After cooling down to
ambient temperature, the mixture was filtered and the filtrate was
concentrated under reduced pressure. The residue was purified by column
chromatography (SiO,, MeCO,Et/hexane (1:1)) to yield 17 (1.5 g, 53 %) as
a yellow oil. EIMS: m/z: 532 [M]*; '"H NMR (CDCl;, 25°C): 6 =7.29-7.26
(m, 4H), 6.84 (d, J=8.4 Hz, 4H), 4.47 (s, 4H), 4.11-4.08 (m, 4H), 3.84 -
3.81 (m, 4H), 3.79-3.61 (m, 4H), 3.68-3.66 (m, 4H); *C NMR (CDCl,,
25°C): 6 =158.8,130.3, 130.0, 129.8, 114.8, 114.4, 70.8, 70.6, 69.8, 67.4, 33.9.

Bis(hexafluorophosphate) salts 18-2PF;, 19-2PF, 20-2PF,, and 21-
2PF,: A solution of 2, 9, 16, or 17 (6.59 mmol) in MeCN (450 mL) was
added dropwise to a solution of 4,4-bipyridine (6.18 g, 39.54 mmol) in
MeCN (40 mL) heated under reflux. The mixture was heated under reflux
for a further 3 d and, after cooling down to ambient temperature, filtered.
The solid residue was washed with Et,0 and CH,Cl, and dissolved in
MeOH/H,0 (1:20, 500 mL). After the addition of NH,PF, a white solid
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precipitated out. It was filtered off and washed with H,O (500 mL) to
afford 18-2PF¢, 19-2PF, 20-2PF,, or 21-2PF, as a white powder.

18- 2PF( (35%): M.p. 120°C (decomp); LSIMS: m/z:714 [M — PF4]*, 569
[M —2PF(]*; 'TH NMR (CD;CN, 25°C): 6 =8.90-8.85 (m, 8H), 8.36-8.26
(m, 8H), 7.97-7.88 (m, 3H), 7.81-7.75 (m, 4H), 7.61 (d, /=83 Hz, 4H),
5.82 (s,4H); B*CNMR (CD;CN, 25°C): 6 =156.3, 155.5,152.1, 145.9, 142.1,
141.4, 139.4, 134.7, 130.6, 128.8, 127.2, 123.0, 120.7, 64.8; anal. calcd for
C3H;3;NsP,Fy, - H,O (877.651): C 53.37, H 3.79, N 7.98; found: C 53.58, H
3.66, N 7.45.

19-2PF; (67 %): M.p. 120°C (decomp); LSIMS: m/z: 774 [M — PF¢]*, 629
[M —2PF¢]*; 'TH NMR (CD;CN, 25°C): 6 =8.83 (d, J=7.0 Hz, 8H), 8.29
(d,J=70Hz, 4H),782-775 (m, 7H), 746 (d, /=8.8 Hz, 4H), 7.10 (d, J =
8.8 Hz,4H),5.69 (s, 4H), 5.18 (s, 4H); *C NMR (CD;CN, 25°C): 6 =160.4,
1572,155.1,151.9, 145.5, 141.9, 138.7, 131.9, 126.9, 126.0, 122.6, 121.7, 116.5,
71.4, 64.5; anal. caled for CyH;3NsO,P,Fy, - H,O (937.703): C 52.52, H 3.98,
N 7.47; found: C 52.30, H 3.61, N 7.19.

20-2PF, (48%): M.p. 119°C (decomp); LSIMS: m/z: 697 [M — PF,]*, 552
[M —2PF(]*; '"H NMR (CD;CN, 25°C): 6 =8.86-8.77 (m, 8H), 8.28 (m,
4H), 7.77 (m, 4H), 745 (d,J=8.7 Hz, 4H), 7.05 (d, J = 8.7 Hz, 4 H), 5.67 (s,
4H), 435 (s, 4H); *C NMR (CD;CN, 25°C): 6 =160.9, 155.3, 152.0, 145.7,
142.3, 1322, 1271, 126.1, 1229, 1164, 677, 64.7, anal. caled for
C3H;,N,O,P,F;, - 1.5H,0 (869.625): C 49.72, H 4.06, N 6.44; found: C
49.87, H 3.72, N 6.05.

21-2PF4 (56%): M.p. 82°C; LSIMS: m/z: 830 [M —PF4]*, 685 [M —
2PF4|*; '"H NMR (CD;CN, 25°C): 6 =8.84-8.78 (m, 8H), 8.29 (d, /=
6.9 Hz, 4H), 7.85 (d, /] =6.9 Hz, 4H), 743 (d, J=8.8 Hz, 4H), 6.97 (d, /=
8.8 Hz, 4H), 5.67 (s, 4H), 4.09-4.07 (m, 4H), 3.76-3.74 (m, 4H), 3.61 -
3.59 (m, 4H), 3.57-3.55 (m, 4H); “C NMR (CD;CN, 25°C): 6 =160.8,
154.5, 150.5, 145.5, 143.6, 131.9, 1271, 125.5, 123.4, 116.1, 71.0, 70.9, 69.9,
68.4, 64.6.

[2]Catenanes 23 - 4 PF, 24 - 4PF, 25 - 4 PF,, and 26 - 4 PF, and [3]catenanes
27-4PF, 28 -4PF, and 29 - 4PF,: A solution of 2, 9, 16, or 17 (0.31 mmol)
and 18-2PF, 19-2PF, 20-2PF,, and 21-2PF, (0.31 mmol), respectively,
and 22 (0.59 g, 0.93 mmol) in MeCN (25 mL) was stirred for 14 d at ambient
temperature. The solvent was distilled off under reduced pressure and the
solid residue was purified by column cromatography (SiO,, 2m NH,Cl,q/
MeOH/MeNO, (7:2:1)) to yield two different products which were
dissolved in H,O. In both instances, the addition of NH,PF, afforded a
red/purple precipitate which was filtered off and washed with H,O to give,
in order of elution, a [3]catenane and a [2]catenane.

23-4PF; (2% ): M.p. 210°C (decomp); LSIMS: m/z: 1866 [M — PF,]*, 1721
[M —2PF]+, 1576 [M — 3PF]*; '"H NMR (CD;CN, 25°C): 6 =8.78 (d, J =
6.6 Hz, 8H), 8.30 (d, /=79 Hz, 8H), 8.15-740 (m, 22H), 6.58 (pt, /=
8.0 Hz, 4H), 6.43 (d, J=8.0 Hz, 4H), 6.36 (d, / =8.0 Hz, 4H), 5.85 (s, 8H),
4.00-3.78 (m, 32H); “C NMR (125.7 MHz, CD;CN, 25°C): 6 =155.1,
153.0, 147.8, 144.9, 138.7, 133.9, 129.9, 127.9, 125.7,125.2, 119.9, 112.9, 105.1,
71.0, 70.8, 69.9, 68.0, 64.4; anal. calcd for Cy,Hg,NsO,P,F,, (2011.548): C
54.93, H 4.11, N 4.18; found: C 54.63, H 4.32, N 4.15.

24-4PF (18%): M.p. 200°C (decomp); LSIMS: m/z: 2018 [M — PF]*,
1872 [M —2PF4]*, 1728 [M —3PF,]*; '"H NMR (CD;CN, 25°C): 6 =8.76
(brs, 8H), 7.80-7.40 (m, 16 H), 7.24 (d, J=7.7 Hz, 4H), 7.10 (brs, 8 H), 6.59
(pt, =79 Hz, 4H), 6.37 (d, /=79 Hz, 8H), 5.72 (s, 8H), 5.09 (s, 8H),
3.90-3.70 (m, 32H); ®C NMR (CDsCN, 25°C): 6 =160.6, 157.1, 154.0,
145.5, 132.9, 132.2, 130.1, 126.7, 126.2, 121.8, 116.7, 113.8, 106.1, 72.0, 71.7,
71.6,70.9, 68.9, 65.3; anal. calcd for CogHosN(O,4P,F,, (2163.738): C 54.40, H
4.57, N 3.88; found: C 54.53, H 4.42, N 3.91; crystal data: [CysHosNO,4][P-
Fel;-4MeCN -2H,0, M,=2373.0, triclinic, space group P1 (no. 2), a=
13.567(1), b=17762(2), c=24.924(3) A, a=74.41(1), f=8772(1), y=
73.23(1)°, V=5534.509) A3, Z=2, pue=1424gecm3, pu(Cug,)=
15.8 cm™!, F(000) =2458, T=193 K; red rhombs, 0.56 x 0.35 x 0.32 mm,
Siemens P4 rotating anode diffractometer, graphite-monochromated Cuy,
radiation, w scans, 16246 independent reflections. The structure was solved
by direct methods and the major occupancy non-hydrogen atoms of the
[2]catenane and of the hexafluorophosphate counterions, as well as the full
occupancy non-hydrogen atoms of the included solvent molecules, were
refined anisotropically (the others isotropically) using full-matrix least-
squares based on F? to give R, =0.096, wR, = 0.243 for 9537 independent
observed reflections (|F,|>40(|F,|), 20 <120°) and 1507 parameters.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
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graphic Data Centre as supplementary publication no. CCDC-132674.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).

25-4PF; (3 %): M.p. 190°C (decomp); LSIMS: m/z: 1865 [M — PF(]*, 1720
[M —2PF¢]*, 1574 [M — 3PF¢]*; '"H NMR (CD;CN, 25°C): 6 =8.70 (d, J =
6.3 Hz, 8H), 7.70-7.30 (m, 16H), 7.05 (d, /=82 Hz, 8H), 6.57 (pt, /=
79 Hz, 4H), 6.45-6.40 (m, 8H), 5.70 (s, 8H), 4.34 (s, 8H), 3.90-3.70 (m,
32H); *CNMR (CD;CN, 25°C): 6 =160.9, 153.8, 145.4, 132.0, 129.9, 126.5,
126.4,126.0, 116.5, 113.8, 105.9, 721.9, 71.6, 70.7, 68.7, 67.9, 65.2; anal. calcd
for CggHyoN,0,4P,F,, (2009.566): C 52.60, H 4.61, N 2.79; found: C 52.41, H
4.53, N 2.77; crystal data: [CgHgN,O,][PFgls-4MeCN-2H,0, M,=
2209.8, triclinic, space group P1 (no. 2), a=13.839(1), b=17.918(1), c=
24.238(3) A, a=86.05(1), f=79.40(1), y =85.66(1)°, V=5881(1) A3, Z=
2, Peaica = 1.248 gem =3, u(Cug,) =14.4 cm~!, F(000)=2288, T=183 K; red
blocks, 0.63 x 0.40 x 0.33 mm, Siemens P4 rotating anode diffractometer,
graphite-monochromated Cuyg, radiation, @ scans, 17039 independent
reflections. The structure was solved by direct methods and the major
occupancy non-hydrogen atoms were refined anisotropically using full-
matrix least-squares based on F? to give R, =0.176, wR, =0.445 for 7330
independent observed reflections (|F,|>40(|F,|), 20 <120°) and 1477
parameters. 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-
137355. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk).

26-4PF, (23%): LSIMS: mv/z: 2129 [M — PF,]*, 1984 [M — 2PF,*, 1839
[M — 3PF,]*; HRLSIMS: m/z calcd. for [M — 2PF]* (Cy00H;0N,O5P;F,) =
1983.9640, m/z found = 1983.9280; "H NMR (CD;CN, 75°C): 6 =8.91-8.70
(m, 8H), 8.31-827 (m, 4H), 776-740 (m, 16H), 7.08-7.04 (m, 10H),
6.68—6.67 (m, 2H), 6.46—6.41 (m, 2H), 5.76-5.71 (m, 10H), 4.13-3.51 (m,
64H).

27-4PF, (20%): M.p. 280°C (decomp); LSIMS: m/z: 2536 [M — PFy]",
2390 [M — 2PF,|*, 2246 [M — 3PF,]"; '"H NMR (CD,CN, 25°C): 6 = 8.64
(d, T=65 Hz, 8H), 839 (d, J=8.2 Hz, 8H), 8.05-7.90 (m, 14H), 6.75 (d,
J=6.5Hz, 8H), 6.49 (pt, J =79 Hz, 8H), 627 (d, J=7.9 Hz, 8H), 6.12 (d,
J=79Hz, 8H), 5.83 (s, 8H), 3.90-3.60 (m, 64H); *C NMR (CD,CN,
25°C): 6=154.9, 1527, 144.1, 143.3, 140.6, 138.4, 134.0, 130.2, 1277, 125.5,
125.0, 123.9, 119.6, 1127, 104.8, 71.0, 70.8, 69.7, 677, 64.4; anal. calcd for
Ci30H 5:NO5P.Fy, - H,O (2698.387): C 57.86, H 5.08, N 3.11; found: C 57.53,
H 4.82, N 2.95.

28-4PF; (7%): M.p. 220°C (decomp); LSIMS: m/z: 2507 [M —2PF(]",
2364 [M — 3PF4]*; '"H NMR (CD;CN, 25°C): 6 =8.57 (d, /=6.7 Hz, 8H),
7.67 (d,J =8.8 Hz,8H), 7.06 (d,/ =8.8 Hz, 8H), 6.95-6.85 (m, 6 H), 6.71 (d,
J=6.9 Hz, 8H), 6.44 (pt, J=8.0 Hz, 8H), 6.24 (d, J=8.0 Hz, 8 H), 6.15 (d,
J=8.0 Hz, 8H), 5.67 (s, 8H), 5.03 (s, 8H), 3.90-3.70 (m, 64H); C NMR
(CDsCN, 25°C): 6=160.4, 156.9, 153.8, 144.8, 144.0, 138.6, 132.2, 127.0,
126.5, 126.0, 124.7, 121.4, 116.7, 113.7, 105.8, 71.9, 71.6, 71.1, 70.7, 68.7, 65.3;
anal. calcd for Cy3,H,,NO,,P,F,, (2800.476): C57.47,H 5.11, N 3.00; found:
C 5777, H4.98, N 2.91.

29-4PF; (5% ): M.p. 266 °C (decomposition); LSIMS: m/z: 2648 [M]*,2503
[M —PF4]*, 2358 [M —2PF,]*, 2213 [M —3PF,*; '"H NMR (CD;CN,
25°C): 6=8.53 (d, J=6.6 Hz, 8H), 7.63 (d, J=8.7 Hz, 8H), 7.09 (d, J=
8.7 Hz, 8H), 6.70 (d, /=6.6 Hz, 8H), 6.44 (brs, 8H), 6.42-6.00 (m, 8H),
5.68 (s, 8H), 4.26 (s, 8H), 3.90-3.69 (m, 64H); 3C NMR (CD;CN, 25°C):
0=161.2, 153.8, 144.8, 132.2, 127.1, 126.5, 126.0, 124.8, 116.8, 113.7, 105.8,
72.0, 71.7, 70.8, 68.7, 682, 65.4; anal. caled for C,H;;N,O,P,F,,
(2710.300): C 56.28, H 5.18, N 2.12; found: C 56.40, H 4.31, N 1.74; crystal
data: [Cyp4H 3N4O4][PFe]s- 2.5MeCN-2.5H,0, M,=2793.9, triclinic,
space group P1 (no. 2), a=14.692(3), b=23.769(8), ¢ =26.634(6) A, a =
63.83(2), B=81.76(2), y =79.20(3)°, V=8180(4) A3, Z=2 (there are two
crystallographically independent C; symmetric molecules in the asymmet-
ric unit), Peeq=1.134 gem=, u(Cug,)=11.8 cm™!, F(000)=2912, T=
183 K; red rhombs, 0.90 x 0.87 x 0.17 mm, Siemens P4 rotating anode
diffractometer, graphite-monochromated Cug, radiation, w scans, 16470
independent reflections. The structure was solved by direct methods and,
on account of a shortage of observed data, only the hexafluorophosphate
counterions and the heteroatoms of the [3]catenane were refined aniso-
tropically (the others isotropically) using full-matrix least-squares based on
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F? to give R;=0.288, wR,=0.636 for 4935 independent observed
reflections (| F,|>40(| F,|), 20 110°) and 870 parameters. The very high
value of R, is a result of a combination of very weak data from a partially
crazed crystal (less than 30 % observed), the enforced isotropic refinement
of all but the heteroatoms of the [3]catenane (as a consequence of the
severe shortage of observed data), the significant disorder associated with
the hexafluorophosphate counterions and to a lesser with the included
solvent molecules (discrete alternate orientations of these units could not
be resolved) and the generally high thermal motion present in the
macrocyclic polyether components. The structure is, however, definitive.
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-137356.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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Abstract: Secondary dialkylammonium
(R,NH,*) ions are bound readily by
dibenzo[24]crown-8 (DB24C8) to form
threaded complexes, namely [2]pseudo-
rotaxanes. The effect of replacing one or
both of the catechol rings in DB24C8
with resorcinol rings upon the crown
ether’s ability to bind R,NH,* ions has
now been investigated. When only one
aromatic ring is changed from catechol
to resorcinol, a crown ether with a
[25]crown-8 constitution is created—
namely benzometaphenylene[25]crown-
8 (BMP25C8). A [2]pseudorotaxane is
formed in the solid state when
BMP25CS8 is co-crystallized with diben-
zylammonium hexafluorophosphate, as
evidenced by its X-ray crystal structure.
Furthermore, this crown ether has been
shown to bind R,NH," ions in solution,
an observation which has been exploited
in the synthesis of the first BMP25CS-
containing [2]rotaxane. The methodol-
ogy employed to generate this [2]rotax-

ane—the reaction of an amine with an
isocyanate to form a urea—was tested
initially on a system incorporating
DB24C8 and was shown to work effi-
ciently. Both [2]rotaxanes have been
fully characterized by 'H and *C NMR
spectroscopies, FAB mass spectrometry
and X-ray crystallography. Interestingly,
the unsymmetrical nature of the dumb-
bell-shaped component in each of the
two [2]rotaxanes renders each face of
the encircling macrocyclic polyether di-
astereotopic, a feature that is apparent
upon inspection of their 'TH NMR spec-
tra. The resonances associated with the
diastereotopic protons on each face of
the macrorings are well enough resolved
to enable the faces of the crown ethers
to be readily identified with respect to
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their protons by 'H NMR spectroscopy.
Unambiguous assignments can be made
as a result of the fact that the protons on
each face of the macrocyclic polyether
experience a unique set of through-
space interactions, as evidenced by
T-ROESY experiments. Additionally,
the two-dimensional NMR analyses are
in agreement with the X-ray crystallo-
graphic studies performed on these
[2]rotaxanes, indicating that the crown
ethers are located intimately around the
NH," centers as expected. Replacement
of both catechol rings in the DB24C8
constitution with resorcinol rings results
in a crown ether with a [26]crown-8
constitution—namely  bismetaphenyl-
ene[26]crown-8 (BMP26CS8). All the
evidence to date points to the fact that
this further change in constitution re-
sults in a crown ether that does not bind
R,NH," ions in either the solution or
solid states.
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For many years, it has been recognized? that crown ethers
are exceptionally versatile hosts for a wide variety of cationic
guests. Amongst the many guests that have been investigated
are substituted ammonium ions, and although initially® the
focus fell upon primary alkylammonium ions (RNH;"), more
recently, secondary dialkylammonium ions (R,NH,") have
received® considerable attention. The discovery? that
R,NH," ions are complexed by dibenzo[24]crown-8
(DB24C8) (1) in a threaded rather than a face-to-face!®
manner, heralded the arrival of a new paradigm for the
construction of 1) discrete interlocked molecules” and 2)
extended interwoven supramolecular arrays.’! Indeed, the
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R,NH," ion/DB24C8 supramolecular synthon has proven to
be extremely effective in the self-assembly!® of many different
kinds of architectures.'”’ However, it is not without its
problems. Our investigations!['!l into the fabrication of higher
order multicomponent aggregates!'?—rich in interlocked and/
or intertwined motifs—necessitates the functionalization of
either the crown ether or the dialkylammonium ion compo-
nents in order to facilitate the formation of more elaborate
threaded host—guest complexes. Formally, monosubstitution
of one of the catechol rings of DB24C8 reduces the local
symmetry of the macrocyclic polyether such that subsequent
incorporation into interlocked molecules may result in the
formation of isomeric compounds. This problem can be
alleviated by the replacement (Figure 1) of either one or
both[™3 of the catechol with resorcinol rings. The fact of the
matter is that substitution at the C-5 position on a resorcinol
ring does not desymmetrize a macrocyclic polyether into
which it has been incorporated. Herein we report our findings
concerning the relative propensities with which DB24C8 (1),
benzometaphenylene[25]crown-8 (BMP25C8) (2), and bis-
metaphenylene[26]crown-8 (BMP26C8) (3) bind R,NH," ions
to generate 1) [2]pseudorotaxanes (Figure 2) and subsequent-
ly 2) [2]rotaxanes, formed by the kinetic trapping of these
supramolecular complexes.

Results and Discussion

Dibenzo[24]crown-8 (DB24CS8)

Background: Substantial evi-
dence has been gathered* "
which demonstrates  that
DB24C8 binds R,NH," ions in {O
the solution, solid, and gas
phases by threading to generate

N
1 (DB24C8)
2 (BMP25C8)

% *
3 (BMP26CS8) *©§ §©>*

Figure 1. A generic crown ether framework—containing eight oxygen
atoms—which incorporates two diametrically opposed aromatic rings
which are derived from catechol or resorcinol. Therefore, the three possible
permutations are 1) catechol/catechol that is, dibenzo[24]crown-8
(DB24C8) 1, 2) catechol/resorcinol that is, benzometaphenylene[25]-
crown-8 (BMP25CS8) 2, and 3) resorcinol/resorcinol that is, bismetaphenyl-
ene[26]crown-8 (BMP26C8) 3. The constitutions of 2 and 3 allow
substitution at the C-5 position (*) of either one or both of the aromatic
units, respectively, without changing the local symmetry of the crown ether.

[2]pseudorotaxanes. Unequivo-
cal proof of such a binding
motif has been established“!
by a ‘stoppering’ approach in
which the ends of a reactive
threadlike component—posi-

o
Oj O Oj
+ ~ o] O
o—@ o 5 o@
|
4HPFg R'=R2=
5HPFg R!=R?= COzMe

tioned through the center of
the crown ether’s macroring—
are allowed to react with a large
capping group, affording (Fig-
ure 3) a [2]rotaxane. Recently,
we communicated’s our pre-
liminary findings of an investi-
gation into the utility of bulky
isocyanates as the reactive
‘stoppering’ reagents and now
present our results, regarding
this new protocol, in detail.

bonding interactions.

ro _‘_

-o‘- —_—

W

[2]Pseudorotaxane

Synthesis: The template-direct-
ed synthesis of the [2]rotaxane
10-H - O,CCF; is illustrated in
Scheme 1. 4-Aminobenzyl-3,5-

to pass to form the 1:1 complex.
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Figure 2. A schematic representation depicting how a generic crown ether can act as a host for substituted
secondary dibenzylammonium ions. The cavity of the crown ether is pierced by the threadlike cation, resulting in
the formation of a [2]pseudorotaxane which is stabilized predominantly by N*—H--- O and C—H --- O hydrogen-

K

o 9

-¢- -—¢- B APEAN:
x 1 QO o/

[2]Rotaxane [2]Semirotaxane

Figure 3. A schematic representation depicting two modifications of the threading-followed-by-stoppering
approach for the synthesis of [2|rotaxanes. Either a) a [2]pseudorotaxane is formed, which is subsequently capped
at both ends with large ‘stopper’ groups, or b) a semirotaxane—which contains a threadlike molecule with one
bulky group already attached—is assembled, which is ‘stoppered’ at the terminus over which the crown ether had
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H /\@\
NH3
67 %

8-H,-2CI
o o}
def CF3CO,
: )
—_—
Ko Hz o
64 % )L
@ 10-H-0,CCF3

Scheme 1. The synthesis of the [2]rotaxane 10-H - O,CCFj;: a) 4-azidoben-
zylamine, C4H,, reflux; b) NaBH,/MeOH, room temperature; c¢) HCI,
CH,CL/Et,O, overall 67%; d) NaOH, H,O/CH,Cl,; e¢) DB24C8 (1),
CF;CO,H, CH,Cl,; f) 2,6-diisopropylphenylisocyanate (9), room temper-
ature, overall 64 %.

di-tert-butylbenzylamine (8) was prepared by NaBH, reduc-
tion of the imine generated from the condensation of 3,5-di-
tert-butylbenzaldehyde (6)!'“! and 4-azidobenzylamine (7).["]
It was isolated as its dihydrochloride salt 8-H,-2Cl in an
overall yield of 67 %. Deprotonation of this salt was followed
by the addition of one equivalent of CF;CO,H which
presumably brought about the monoprotonation of the
diamine 8 at the more basic secondary dibenzylamine site.
As a consequence, an R,NH,* ion is generated which is
capable of recognizing the DB24C8 molecules also present in
the solution. Addition of 2,6-diisopropylphenylisocyanate,
followed by work-up and subsequent chromatographic puri-
fication, afforded the [2]rotaxane 10-H - O,CCF; as the major
product in a 64 % yield. This result supports the hypothesis
that a reactive [2]pseudorotaxane must be formed under the
reaction conditions since the interlocked molecule 10-H -
O,CCF; can only be obtained via the intermediacy of a
threaded 1:1 complex.

NMR spectroscopy: The full assignment of the 'H NMR
spectrum and in-depth analysis of the 3C NMR spectrum (see
Experimental Section) was made possible by two-dimensional
'H-'H correlation (COSY) and 'H-*C correlation (HMQC)
experiments. The unsymmetrical nature of the dumbbell-
shaped component of the [2]rotaxane 10-H - O,CCF; renders
the protons on each face of the encircling macrocycle
heterotopic (Figure 4). When a symmetrical thread/dumbbell
is bound/encircled by a DB24C8 macroring, the resonances
associated with the a- and 8-OCH, protons of the crown ether
appear as narrow multiplets, and the resonance of the y-OCH,
protons gives rise to a singlet. In the case of 10-H - O,CCF;,
there are now two distinct environments for each of these
pairs of protons, respectively, that is, the protons (a!, 8!, and
y1) on the side of the macrocycle facing toward the 3,5-di-tert-
butylphenyl stopper are different from those (¢?, 52, and y?)
facing the 2,6-diisopropylphenyl stopper on the other side of
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a)
H5
a HG
0 )k
8
b) H
H7
al P’z

vﬂf

Figure 4. The structure of the [2]rotaxane 10-H-O,CCF;, showing the
labeling scheme for both a) the dumbbell and b) the crown ether
components, used in describing its NMR spectroscopic properties. The
schematic representation b) highlights the unsymmetrical nature of the
dumbbell. The protons (a!, B, ') on one face of the DB24C8 macrocycle
are oriented toward the 3,5-di-fert-butylphenyl stopper, whereas those
protons (a2, #% y?) on the opposite face of the macrocycle are directed
toward the 2,6-diisopropylphenyl stopper, that is, the protons located on
opposite faces of the crown ether are diastereotopic.

the macrocycle. The facial desymmetrization of the crown
ether is evident and has a profound effect upon the "H NMR
spectrum (Figure 5) of this compound. Although the reso-
nances for the a-OCH, protons overlap, those associated with
the - and y-OCH, protons are separated such that distinct
multiplets are observed for '- and ?>-OCH, and y'- and y?-
OCH, protons. The unambiguous assignment of the super-
scripts ‘1’ and 2’ (denoting the face of the macrocycle on
which a particular proton resides) was made upon inspection
of the T-ROESY spectrum. Two important probe protons on
the dumbbell’s backbone are H-2 and H-3. Should, as
expected,l'¥) the DB24C8 macroring encircle the NH,* center,
in preference to the urea moiety, H-2 and H-3 will flank the
macrocycle. Indeed, this hypothesis is confirmed upon in-
spection of the partial T"-ROESY spectrum shown in Figure 6.
Through-space interactions are observed!'”! between H-2, on
the dumbbell, and all of the OCH, protons (¢!, ' and y') on
only one side of the macrocycle. The corresponding pattern is
observed for H-3, which only correlates to resonances arising
from the a?-, >~ and y>-OCH, protons residing on the
opposite face of the crown ether.

X-ray crystallography: Single crystals, suitable for X-ray
crystallographic analysis, were obtained upon layering a
CH,Cl, solution of the [2]rotaxane 10-H-O,CCF; with
hexanes. The X-ray crystal analysis of the [2]rotaxane shows
the crystals to contain two independent molecules in the
asymmetric unit. In both molecules, it is the NH,* center that
is encircled by the DB24C8 macrocycle with the urea
component hydrogen bonded to the trifluoroacetate counter-
ion. Stabilization in both independent molecules is by a
combination of N*—H---O and C—H--- O hydrogen bonding
interactions (Figure 7). The conformation of the cationic
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1
Me,CH (Me)sC
CHay(@)N  NCHy(b) l— +
‘ (Me),CH
6 1 T T
4.8 46 4.4
NH(@)CO NH(b)CO
6 T 1 1 1 1 1 1 1 1 1 1 T
10.0 9.0 7.7 76 7.5 7.3 7.2 7.1 7.0 6.9 6.8 6.7

Figure 5. The partial '"H NMR spectrum (400 MHz, CD,Cl,) of 10-H - O,CCF;.

Table 1, respectively). Howev-
er, the conformations of the two
independent DB24C8 macrocy-
cles differ, both crown ethers
having an extended geometry,
but with distinctly different ge-
ometries for one of the poly-

0(1+Otz—>

NCHy(b) —

CHy(a)N —

o
é - 4.2

ether linkages. In both inde-

92 pendent molecules, there is an

L 54 apparent overlaying of one of

the catechol rings and the p-

- 3.6 toluidinyl ring of the cationic
dumbbell. The centroid-cent-

o 3.8 roid distances (4.48 A in i and
L0 s 454 A in ii) are, however, too

great for any significant intra-
molecular m—m stacking inter-
actions. There is also a marked
- 4.4 absence of any inter-[2]rotax-
ane interactions, although there
is evidence for a weak intermo-
lecular C—H:--m interaction
(H--m 273 A, C-H -7 angle

- 4.6

- 4.8

Figure 6. The partial T-ROESY spectrum (400 MHz, CD,Cl,) of 10-H - O,CCF;. The most significant probe

148°) between one of the meth-
ylene hydrogen atoms in one of
the polyether chains in mole-
cule ii and one of the catechol

6.8 6.6

protons are H-2 and H-3, which each show a correlation to only one set of protons on only one face of the crown

ether.

dumbbell in both molecules is essentially the same with the
plane of the urea fragment steeply inclined to the plane of the
terminal 2,6-diisopropylphenyl ring but lying close to the
plane of the central p-toluidinyl ring (w and x in Table 1,
respectively). The plane of the all-anti CCH,NH,*CH,C
backbone is steeply inclined to both the central p-toluidinyl
and the 3,5-di-tert-butylphenyl ring systems (y and z in

Chem. Eur. J. 2000, 6, No. 12
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rings of a symmetry-related
[2]rotaxane.

Benzometaphenylene[25]crown-8 (BMP25C8)

Background: Replacement of one of the catechol rings of
DB24C8 with resorcinol—affording a [25]crown-8 deriva-
tive—is desirable in the context of preserving local symmetry
should subsequent functionalization of the crown ether be
desired. However, this strategy is only sustainable if such a
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Figure 7. The molecular structures of the two crystallographically inde-
pendent [2]rotaxanes present in the crystals of 10-H - O,CCF;. Hydrogen
bonding distances and angles [(X---O), (H--- O) distances [A], (X-H---
0O) angles [°]]: for molecule i; a) 2.85, 2.01, 156; b) 2.89, 2.16, 137; ¢) 3.31,
2.36, 171; e) 2.89, 2.03, 159; f) 2.86, 1.98, 164; for molecule ii; a) 2.91, 2.11,
147; b) 3.01,2.23, 145; ¢) 3.41,2.51,157; d) 3.25,2.41, 147; ¢) 2.76, 1.92, 163;
1 291, 2.02, 168. The centroid —centroid distances g) for molecules i and ii
are 4.48 and 4.54 A, respectively.

Table 1. The torsion angles (W, x, y, and z) observed for the DB24C8- and
BMP25C8-containing rotaxanes, 10-H-O,CCF; and 14-H-O,CCF;, re-
spectively. In each structure, there are two crystallographically independent
molecules (i and ii) in the asymmetric unit.

Torsion angles [°]

Structure w X y z
{DB24C8}

10-H - O,CCF; (i) 84 10 86 64
10-H - O,CCF; (ii) 70 16 85 63
{BMP25C8}

14-H - O,CCF; (i) 72 4 75 59
14-H - O,CCF; (ii) 90 3 86 54

modification in the macrocyclic polyether’s backbone does
not hinder significantly its ability to bind R,NH," ions.

Synthesis: The synthetic pathway leading to the formation of
BMP25C8 (2) is depicted in Scheme 2. Tosylation of the
diol"® 11, under standard conditions, afforded the ditosylate

2278
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(\ O/\\ o~ O/\\O

OTs

QOTs

83 %
OK/O\JO‘)

Scheme 2. The synthesis of BMP25C8 (2): a) TsCl, NN-DMAP, Et;N,
CH,Cl,, 64 %; b) catechol (13), Cs,CO;, MeCN, reflux, 83 %.

12. Subsequent macrocyclization of 12 with catechol 13, in the
presence of base, gave the crown ether in good yield. Single
crystals suitable for X-ray crystallographic analysis were
grown from an ethanolic solution upon slow evaporation.

X-ray crystallography: The X-ray analysis of BMP25C8 shows
(Figure 8a) the macrocycle to have an extended geometry

a)
b) Resorcinol
Stack
Catechol
Stack
c)

Figure 8. a) The crystal structure of BMP25C8 2. b) Adjacent molecules
are stacked by virtue of pairs of C—H --- 7t interactions, a) H--- 7t distance
2.85A, C—H---x angle 140°; b) H---m distance 2.79 A, C—H -7t angle
137°, supplemented by m—m stacking interactions between the resorcinol
and catechol moieties, interactions ¢ and d, respectively. ¢) End-on view of
the constricted nanotube formed by the stacking of BMP25C8 macrocycles.
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with a fairly large central pathway through the center of the
macroring. The molecules stack along the crystallographic b
direction and are linked by pairs of C—H --- 7t interactions (a
and b in Figure 8b) involving one of the phenoxymethylene
hydrogen atoms of both the catechol and resorcinol rings and
their adjacent counterparts within the stack. These interac-
tions are supplemented, to a lesser degree, by partial w—mn
overlap between the resorcinol rings and between the
catechol rings (c and d in Figure 8b) of adjacent molecules
(the centroid —centroid and interplanar separations are 5.14,
3.44 A and 5.14, 3.52 A, respectively). The combination of
these intermolecular interactions produces (Figure 8c) con-
stricted nanotubes that extend through the crystal. Adjacent
nanotubes, in one direction in
the crystal, are crosslinked by
an additional C—H --- & interac-

tion between one of the resor- |

cinol phenoxymethylene hydro-

50m~!. Under comparable conditions, the K, value for the
equilibrium between DB24C8 and S5-H:-PF, was deter-
mined® to be 1100M~L. Therefore, BMP25C8 does bind®!
R,NH," salts, though with a substantially lower K, value
(approximately one order of magnitude less) than that
observed with the [24]crown-8 analogue.

X-ray crystallography: Single crystals of the [2]pseudorotax-
ane, suitable for X-ray crystallographic analysis, were ob-
tained from a CD,(l, solution of an equimolar mixture of 2
and 4-H-PF, upon layering with hexanes. The 1:1 complex
formed between the dibenzylammonium cation and
BMP25C8 shows (Figure 9) the ion to be threaded through

gen atoms in one stack and a
catechol ring in the next (the
H---n distance is 2.91 A and
the C—H---  angle 148°).

Mass spectrometry: The FAB
mass spectrum of a 1:1 mixture
of BMP25C8 and 4-H - PF, (Fig-

I_- I b#.:!'-_-lm. T

x_ﬁf:ﬁ;%il ..3-: 3
I a b -

o,

) g

ure2, R'=R?’=H) reveals
that, in the gas phase, a strong
1:1 complex is formed between
these two components. Al-
though the base peak corre-
sponds to the uncomplexed di-
benzylammonium cation 4-HT, a relatively intense signal
(50%) arising from the 1:1 complex [2-4-H]* appears at m/z
646, suggesting"! that the complex has a [2]pseudorotaxane,
rather than a face-to-face, geometry.

NMR spectroscopy: The 'H NMR spectrum of a 1:1 CD,Cl,
solution of BMP25CS8 and 4-H - PF, reveals the occurrence of
complexation. However, the spectrum consists of both broad
and sharp peaks—rather than a series of sharp well-defined
peaks arising from the slow exchange of the free components
and the [2]pseudorotaxane (as is the case with DB24C8)—
indicating that, under the experimental conditions, neither a
slow- nor fast-exchange regime is operating. This behavior
precludes the determination of a stability constant by either
the single-point method™! or dilution/titration?"! techniques.
By employing the bis(4-methoxycarbonylbenzyl)ammonium
ion 5-H*—a threadlike molecule (Figure?2, R!'=R’=
CO,Me) with slightly increased steric bulk at its termini—
we have shown?? that a K, value can be obtained for the
binding of an R,NH,* ion by BMP25C8. 'H NMR spectra of a
1:1 mixture of BMP25C8 and 5-H-PF, in CD;CN solution
were recorded at 243, 258, 273, and 288 K. At these temper-
atures, equilibration between the [2]pseudorotaxane and its
free components is slow on the 'H NMR time scale, allowing
single-point determinations®! of K, values at each one of
these temperatures. Extrapolation of the van’t Hoff plot
obtained using this data gives a value for K, at 300 K of about
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Figure 9. The X-ray crystal superstructure of the [2]pseudorotaxane [2-4-H]* formed between BMP25CS (2) and

the dibenzylammonium cation 4-H*. Hydrogen bonding distances and angles [(N --- O), (H - O) distances [A],
(N—H---O) angles [°]]: a) 2.91, 2.06, 156; b) 2.94, 2.31, 127; ¢) 3.08, 2.21, 162.
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the center of the polyether macrocycle which has an extended
geometry similar to that in its uncomplexed state. The two
phenyl rings in the cation are both fairly steeply inclined (by
41 and 68°, respectively) to the near planar all-anti
CCH,NH,"CH,C backbone. Stabilization of the [2]pseudor-
otaxane is via N*—H--- O hydrogen bonding, supplemented
by a weak m—m stacking interaction (d in Figure 9) between
the catechol ring in the crown ether macrocycle and one of the
phenyl rings of the cation. These two ring systems are inclined
by about 12° and have a centroid —centroid separation of
4.02 A. The [2]pseudorotaxanes are linked by a combination
of m—m and C—H - i interactions to form sheets (Figure 10).
There are no obvious interactions involving the PF,~ ions.

The rotaxane 14-H - O,CCF;

Synthesis: Encouraged by the realization that BMP25C8 (2)
can accommodate an R,NH,* ion within its macrocyclic
cavity, the construction of a [2]rotaxane incorporating this
crown ether was our next goal. By employing the same
methodology as that shown to work for DB24C8 (1), the
BMP25C8-containing [2]rotaxane 14-H-O,CCF; was ob-
tained (Scheme 3) in 36 % yield.

NMR spectroscopy: As in the case of the DB24C8-containing
[2]rotaxane 10-H - O,CCF;, the macrocyclic polyether com-
ponent in 14-H - O,CCF; is also desymmetrized facially as a
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Figure 10. The sheet-like superstructure formed by the [2]pseudorotax-
anes [2-4-H]*. The geometries of the m—m stacking interactions are a)
centroid —centroid distance 4.02 A, rings inclined by 12°; b) centroid—
centroid distance 4.52 A, mean interplanar separation 3.68 A; ¢) cent-
roid - centroid distance 3.99 A, mean interplanar separation 3.71 A. The
C—H - interaction (d) is characterized by an H--- & distance of 2.84 A
and a C—H---  angle of 140°.

consequence of the unsymmetrical nature of the dumbbell-
shaped component. A sharp well-resolved 'H NMR spectrum
(400 MHz, CD,Cl,) was obtained (Figure 11) for 14-H-
O,CCF;. The separation of the resonances arising from the
crown ether’s polyether protons is evident. Additionally, the
spectroscopic characteristics of the BMP25C8 component are
considerably more complex than those of DB24CS8 on account

2 1

4
N a, b, c
Hz/\©\+
_ NH3 >
2Cl
36 %

8-H,-2Cl

14-H-0,CCF3

Scheme 3. The synthesis of the [2]rotaxane 14-H-O,CCF;: a) NaOH,
H,0/CH,Cl,; b) BMP25C8 (2), CF;CO,H, CH,Cl,; f) 2,6-diisopropylphe-
nylisocyanate (9), room temperature, overall 36 %.

of there being six sets of chemically inequivalent OCH,
groups (a, f, v, 0, € and ¢) in each polyether arc in BMP25C8,
as opposed to only three (o, § and y) in the case of DB24CS8.
Once again, a combination of two-dimensional NMR techni-
ques—namely, COSY, T-ROESY and HMQC experiments—
permitted a complete interpretation of the 'H NMR spec-
trum. Each unique face of the macrocycle could be distin-
guished by inspection of the T-ROESY spectrum, wherein, as
before, the resonances arising from the highly diagnostic H-2
and H-3 protons of the dumbbell only correlated (Figure 12)
with the resonances associated with the OCH,, protons located
on the side of the macrocyclic polyether facing them. Several

ol/¢* o o e ¢ BY B2/ 8 /8% 14 19
¢ * (Me),CH
f_&_\
CHa(a)N NCHa(b) | I (Me)sC
+
l l (Me),CH
6 1 T T T T 1 T T T L T T 1 T 1 T ] T 1 T T
4.6 4.4 4.2 4.0 3.8 3.6 3.4 3.2 15 1.3 11
2
NH(a)CO NH(b)CO H
* H5 H3
{ | HE
1 HG/ H11 * l H8 H7 H9 H10
* NH: l l
6 T LI T T T T T T T T T T T T T L T L
10.0 95 9.0 79 7.7 7.5 7.3 71 6.9 6.7 6.5

Figure 11. The partial '"H NMR spectrum (400 MHz, CD,Cl,) of 14-H - O,CCF;.
NMR probe.

2280

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Note that the broad peak at 6 =9.4 is a background signal arising from the
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a)

Figure 12. The structure of the [2]rotaxane 14-H-O,CCF;, showing the
labeling scheme for the protons on both a) the dumbbell and b) the crown
ether components, used in describing its NMR-spectroscopic parameters.
The through-space correlations determined by T-ROESY measurements
are also highlighted in a) by double-headed arrows. The schematic
representation (b) highlights the unsymmetrical nature of the dumbbell.
The protons (a!, 8, y!, 6, €', ¢') on one face of the BMP25C8 macrocycle
are oriented toward the 3,5-di-tert-butylphenyl stopper, whereas those
protons (a2, B, v, &% €, ¢?) on the opposite face of the macrocycle are
directed toward the 2,6-diisopropylphenyl stopper.

through-space correlations were detected in the T-ROESY
experiment: some of the more important ones are indicated in
Figure 12. Perhaps the most notable interaction is that
observed between the H-9 resonance—the isolated aromatic
proton attached to the resorcinol ring present in the
BMP25C8 component—and the two benzylic methylene
groups adjacent to the NH," center of the dumbbell. Such
an interaction is not possible in a DB24C8 system since there
are no protons oriented toward the center of the macrocyclic
cavity. Another interesting feature—also observed in the case
of 10-H - O,CCF;—is the inequivalence of the methyl groups
that constitute the isopropyl moieties on one of the stoppers.
This heterotopicity is manifest in the *C NMR spectrum,
wherein two resonances are observed for the carbon atoms of
the isopropyl methyl groups. On warming up an NMR sample
of 14-H - O,CCF; dissolved in CD;CN/CD;SOCD; (3:1), the
two resonances are observed (Figure 13) to coalescel?
between 312 and 317 K, indicating that the inequivalence
arises as a consequence of a slow bond rotation with an energy
barrier in the range of AG*=15.0—15.2 kcalmol~'. In order to
determine the relative energetics of rotation about the groups
attached to the 2,6-disubstituted stopper, a molecular me-
chanics investigation was undertaken. A Ramachandran-like
plot (Figure 14) was constructed, whereby the torsion angles
of the bonds from the phenyl group to the urea (defined by
atoms C,-C;-N-H, and referred to as #) and to the isopropyl
group (defined by atoms C;-C,-C,-H,, and referred to as ¢)
were rotated by 360° in 10° increments from their initial
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angles of 90° and 0° respective-
ly. All torsion angles were un-
constrained except those being
rotated. After construction of
the model compound within the
INPUT submode of MacroMo-
del 5.5, each set of torsion
angles was varied sequentially,
and the energy was minimized
utilizing MM3*—the Macro-
Model implementation of the
MM3 force field?! by the
PRCG algorithmP! using a
maximum of 10000 iterations
or until the final energy gradi-
ent fell below 0.05 kJ AL Sol-
vation was considered through
use of the GB/SA model? for
chloroform. Each energy value
was scaled relative to the lowest
energy point found on the po-
tential surface. The average
height of the energy barrier
corresponding to rotation of
an isopropyl group is roughly
6.5 kcalmol~!, whereas rotation of the N—Ar bond is signifi-
cantly more hindered, showing an average energy barrier of
14 kcalmol~!, a value which is in good agreement with that
determined experimentally (15.0-15.2 kcalmol™!). The en-
ergy profile is dominated by two large ‘mountains’, corre-
sponding to the direct clashing of the ureido oxygen atom with
the methyl groups of the isopropyl unit, and two smaller
‘mountains’ corresponding to steric interactions between the

MMAWW 337K
wWAWMm 332K
MMMMM 327K
MMWMMM 322K
i i 317 K

v e 312 K
™ mans 307 K

e W g 297 K

T r rrrr

27 25 23 21
d

Figure 13. Partial ¥C NMR
spectra (125 MHz, CD;CN:
CD;SOCD; 3:1), recorded at
various temperatures, showing
the coalescence of the signal
arising from the carbon atom of
the methyl groups that consti-
tute the isopropyl groups.
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S
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Figure 14. A Ramachandran-like plot depicting the energy profile of bond
rotations associated with the 2,6-diisopropylphenyl stopper moiety.
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methyl groups and the ureido hydrogen atom. The rest of the
profile is divided into two broad valleys running parallel to the
axis denoted ¢, reflecting relatively facile rotation of the
isopropyl group with respect to the phenyl ring. These valleys
are lined with fairly high walls in the direction of 0, implying
that rotation of the urea group is hindered more than rotation
of the isopropyl units. The energy barrier to rotation about 6
of 6.5 kcalmol™! is easily surmountable at room temperature,
whereas the 14 kcalmol~! barrier will be significantly less
readily overcome. It is reasonable to assume that the
isopropyl groups are rotating rapidly about the ¢ bond,
whereas rotation about the urea—phenyl bond is rapid on the
NMR time scale only at elevated temperatures, as indicated
by the coalescence between 312 and 317 K of the signal arising
from the methyl carbon atom.

X-ray crystallography: Single crystals, suitable for X-ray
crystallographic analysis, were obtained upon layering a
CH,Cl, solution of the [2]rotaxane 14-H-O,CCF; with
hexanes. The structure (Figure 15) of the [2]rotaxane utilizing

Figure 15. The molecular structures of the two crystallographically inde-
pendent [2]rotaxanes present in the crystals of 14-H - O,CCF;. Hydrogen
bonding distances and angles [(X---O), (H -+ O) distances [A], (X—H -
0O) angles [°]]: for molecule i; a) 2.90, 2.07, 152; b) 2.92, 2.17, 140; c) 3.06,
2.26,149;d) 3.34,2.48,149; ¢) 2.83,1.95, 163; f) 2.88, 2.00, 166; for molecule
ii; @) 2.83,1.94, 170; b) 2.95,2.34, 125; ¢) 3.13, 2.26, 163; d*) 3.30, 2.43, 150;
e)2.93,2.04,170; f) 2.89,2.00, 172; g) 3.22,2.42, 141. The centroid - centroid
distances h for molecules i and ii are 4.22 and 4.29 A, respectively.

BMP25C8 (2) as the encircling macrocycle is very similar to
that of the DB24C8 analog 10-H - O,CCF; in that the crystals
contained two independent molecules in the asymmetric unit.
In both of these molecules, the geometry of the cationic
thread is very similar (Table 1) and differs only slightly from
that observed in 10-H - O,CCF;. The difference between the
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two crystallographically independent molecules of the [2]ro-
taxane 14-H-O,CCF; is in the relative orientations of the
resorcinol ring systems with respect to the macrocycle as a
whole. Stabilization of the [2]rotaxane is by a combination of
N*—H---O and C—H -- O hydrogen bonds between the cation
and the polyether macrocycle. As in 10-H - O,CCF;, the urea
component of the cation is hydrogen bonded to the trifluor-
oacetate anion. Also, in common with this [2]rotaxane, there
is a similar apparent overlap between a catechol ring in the
BMP25C8 macrocycle and the central p-toluidinyl ring of the
cation. In both independent molecules, the two ring systems
are inclined (by 19 and 24° in molecules i and ii, respectively)
and the centroid—centroid separations are fairly long (4.22
and 4.29 A in i and ii, respectively), thus minimizing any
potential - interactions. It is interesting to note that the
geometric relationship observed between these two ring
systems in both independent molecules in 10-H-O,CCF;
and 14-H - O,CCF; is probably a consequence of the adoption
of a ‘preferred’ conformation for the cation and the ensuing
sterically/hydrogen bonded enforced geometric relationship
between the two components. The only inter-[2]rotaxane
feature of note is a C—H---m interaction between H-11 (as
defined in Figure 12) of the resorcinol ring of molecule i and
the 2,6-diisopropylphenyl ring of the cation in molecule ii (the
H --- 7t distance is 2.77 A and the associated C—H -+- 7t angle is
154°).

Bismetaphenylene[26]crown-8 (BMP26C8)

Background: In BMP26C8 (3),*! both of the catechol rings
present in the parent DB24C8 (1) framework, have been
replaced by resorcinol rings, allowing for symmetrical sub-
stitution of both aromatic moieties. However, as in the case of
the [25]crown-8 analogue, this attribute is only useful—in the
context of forming extended threaded arrays—if this partic-
ular crown ether constitution retains an appreciable affinity
for R,NH," ions.

Binding properties: This crown ether’s ability to act as a host
for R,NH," ions has been studied by Gibson and co-work-
ers.l¥l In agreement with our own independent observations,
association in solution of these two components could not be
detected by '"H NMR spectroscopy. However, in contrast to
our observations,”l mass spectrometric studies reported by
Gibson et. al. ¥l revealed the presence of intense signals
corresponding to 1:1 complexes.

Attempted rotaxanation: Our observations indicate that
BMP26C8 (3) does not form threaded complexes with
R,NH," ions, either in the solution or the gas phase. As a
consequence of these results, we predicted that subjecting
BMP26C8 (3) to the rotaxanation protocol—employed suc-
cessfully in the syntheses of DB24C8- and BMP25C8-con-
taining [2]rotaxanes, 10-H-O,CCF; and 14-H - O,CCF;, re-
spectively—should afford no [2]rotaxane. Moreover, analysis
of the crude reaction mixture by FAB mass spectrometry
revealed no signal for the [2]rotaxane. Rather, the major
products were dumbbell-shaped compounds in which either
one or both of the amino functionalities of the diamine 8 had
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reacted with 2,6-diisopropylphenylisocyanate 9. This result is
consistent with our belief that BMP26C8 (3) does not bind
R,NH," ions in a threaded manner.

Conclusion

We have shown that, upon replacing one of the two catechol
rings in the well-known DB24C8 receptor with a resorcinol
moiety, the resulting crown ether—possessing a [25]crown-8
constitution—is still capable of recognizing and binding
R,NH," ions, not only in solution, but also in the gas phase
and in the solid state. However, replacing both catechol with
resorcinol rings perturbs the recognition elements so severely
that R,NH," ion binding is no longer observed in solution. By
utilizing a kinetic stoppering methodology—employing the
reaction of isocyanates with amines to generate ureas—we
have demonstrated, initially with DB24CS8, and then sub-
sequently with BMP25C8, that [2]rotaxanes incorporating
these crown ethers can be made and isolated. Moreover, the
isolation of these compounds is a testament to the binding
ability of the crown ethers employed during the synthesis, that
is, the immediate precursor of the [2]rotaxane must be the
corresponding [2]pseudorotaxane. The fact that no [2]rotax-
ane is generated when BMP26CS is the macrocyclic compo-
nent added to the reaction mixture suggests that this crown
ether does not allow for the threading of R,NH,* ions through
its macrocyclic cavity. In summary, the ability to add
substituents at C-5 on the resorcinol ring, without reducing
the symmetry of the BMP25C8 macrocycle—something that
is not possible with DB24C8—in conjunction with its affinity
for R,NH," ions, suggests that BMP25CS8 is a potentially
useful building block for the construction of interlocked
molecular architectures.

Experimental Section

General: Chemicals—including DB24C8 (1)—were purchased from Al-
drich and used as received unless indicated otherwise. BMP26CS8 (3),*! 4-
H-PF,*! 35-di-ter-butylbenzaldehyde (6)!'*! and 4-azidobenzylamine
(7)151 were prepared according to literature procedures. Anhydrous CH,Cl,
and MeCN were obtained by distillation from CaH, under an inert
atmosphere (N, or Ar). Thin-layer chromatography was carried out using
aluminium sheets precoated with silica gel 60F (Merck 5554). The plates
were inspected by UV light and, if required, developed in I, vapor. Column
chromatography was carried out using silica gel 60F (Merck 9385, 0.040—
0.063 mm). Melting points were determined on an Electrothermal 9100
apparatus and are uncorrected. 'H and *C NMR spectra were recorded on
either a Bruker AC300 (300 and 75 MHz, respectively), Bruker ARX400
(400 and 100 MHz, respectively), or Bruker ARXS500 (500 and 125 MHz,
respectively) spectrometer, using residual solvent as the internal standard.
All chemical shifts are quoted on the 0 scale, and all coupling constants are
expressed in Hertz (Hz). All 2D NMR experiments were recorded with 1 K
data points and 256 time increments in phase sensitive mode using TPPI,
with the sample nonspinning. Double quantum filtered 'H-'H COSY
experimentsP!! were processed in a 1 K x 1 K matrix, and a forward linear
prediction was performed in the F1 dimension. T-ROESY experiments!*?!
were performed with a spin lock mixing time of 300 ms, and processed in a
1 K x 1 K matrix with a forward linear prediction in the F1 dimension. All
samples were degassed immediately before performing the T-ROESY
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experiments by sonicating the solution for approximately 30 min in an
ultrasound bath. 'H-3C correlation by heteronuclear zero and double
quantum coherence (HMQC) experiments®3 were performed using BIRD
sequence for presaturation of protons not attached to '*C nuclei, and
processed in a 1 K x 1K matrix. Fast atom bombardment (FAB) mass
spectra were obtained using a ZAB-SE mass spectrometer, equipped with a
krypton primary atom beam, utilizing a m-nitrobenzyl alcohol matrix.
Cesium iodide or poly(ethylene glycol) were employed as reference
compounds. Microanalyses were performed by either the University of
North London Microanalytical Service (UK) or Quantitative Technologies,

Inc (USA).
Bis(4-methoxycarbonylbenzyl) Hexafluorophosphate (5-H-
PFy): A solution of bis(4-methoxycarbonylbenzyl)amine (5) (1.0 g,
3.2 mmol) in MeOH (50 mL) was treated with 5N HCl (10 mL) and the
solvents were removed in vacuo. The resulting white solid was dissolved in
H,0 (50 mL) and an excess of NH,PF; was added until no further
precipitation occurred. Filtration afforded the title compound as a white
solid (1.35 g, 92%); M.p. 240-242°C; '"H NMR (400 MHz, CD;CN): 6 =
3.88 (s, 6H; CH;),4.31 (s, 4H; CH,-N-CH,), 7.55-7.59 (m, 4H; ArH); 8.04-
8.08 (m, 4H; ArH); ®C NMR (100 MHz, CD;CN): 6 =52.2 (CH,-N-CH,),
53.1 (CH;), 130.9 and 131.5 (aromatic CH), 132.6 and 136.1 (quaternary
aromatic), 167.2 (C=0); MS (FAB): m/z: 314 [M — PF,]"; C;sH,F,NO,P
(459.3): caled C 47.07, H 4.39, N 3.05; found C 47.12, H 4.28, N 2.84.

4-Aminobenzyl-3,5-di-tert-butylbenzylamine dihydrochloride (8-H,-2Cl):
4-Azidobenzylamine 7031 (1.70 g, 11.5 mmol) and 3,5-di-fert-butylbenzal-
dehyde (6)!'" (2.50 g, 11.5 mmol) were dissolved in CgHg (100 mL), and the
reaction mixture was heated to reflux over a 20 h period during which time
the H,O formed in the reaction was collected by means of a Dean — Stark
trap. After the reaction mixture was allowed to cool down to ambient
temperature, MeOH (50 mL) was added to it. The subsequent portionwise
addition of NaBH, (4.35 g, 115 mmol) was completed in 30 min, and the
reaction mixture was left to stir for 4d under ambient conditions.
Hydrochloric acid (5N, 100 mL) was added and the solvents were removed
in vacuo. The residue was partitioned between NaOH (2N, 250 mL) and
CH,C], (250 mL) and, upon separation, the aqueous portion was washed
further with CH,Cl, before the organic extracts were combined, dried
(MgSO,), and evaporated to dryness to afford a thick yellow oil. The oil was
dissolved in CH,Cl, (100 mL) and HCI gas was bubbled through this
solution for 25 min. After stirring for a further 30 min, Et,O (100 mL) was
added and the solution became cloudy. It was reduced in volume to about
100 mL, before adding more Et,0O (100 mL). Filtration afforded the title
compound as a pale yellow solid (3.85 g, 67 %); m.p. >200°C (decomp);
'H NMR (400 MHz, CD;SOCD;): 6 =1.29 (s, 18 H; C(CHj;);), 4.07-4.18
(m, 4H; CH,-N-CH,), 7.35 (d of an AA'BB’, J=8.4 Hz, 2H; ArH), 7.40 (m,
1H; ArH), 7.44 (m, 2H; ArH), 7.65 (d of an AA'BB’,J=8.4 Hz, 2H; ArH),
9.84 (br s, 2H; NH,"); *C NMR (100 MHz, CD,SOCD;): 6 =312 (CH,),
34.6 (C(CHs;);),49.3 and 50.4 (CH,-N-CH,), 122.2, 122.7,124.4, 130.8, 131.1,
131.6, 133.7 and 150.6 (aromatic C); MS (FAB): m/z: 326 [M —2Cl]*;
C,H;3N,Cl, - 0.5H,0 (406.4): caled C 65.01, H 8.68, N 6.89; found C 65.12,
H 8.39, N 6.93.

1,3-Bis(2-{2-[2-(2-p-tolylsulfonyloxy)ethoxy]ethoxy}ethoxy)benzene (12):
1,3-Bis(2-{2-[2-(2-hydroxy)ethoxy]ethoxy}ethoxy)benzene (11)!*! (10.0 g,
26.7 mmol), Et;N (27.0 g, 267 mmol), and a catalytic quantity of DMAP
were dissolved in anhydrous CH,Cl, (100 mL). This solution was cooled
down to 0°C in an ice bath and TsCl (25.5 g, 134 mmol) dissolved in dry
CH,C], (100 mL) was added dropwise over a 3 h period. The reaction
mixture was allowed to warm up to ambient temperature before being
stirred overnight. Hydrochloric acid (5N, 200 mL) was added carefully to
the reaction mixture before the organic phase was recovered and washed
with 2N HCI (200 mL) and saturated brine (200 mL). This solution was
then dried (MgSO,) and the solvents were removed in vacuo to afford a
dark yellow oil, which was purified by chromatography (SiO,: gradient
elution with CH,Cl, to 1:1 CH,CL/EtOAc) to yield the title compound as a
pale yellow oil (11.8 g,64 % ); 'H NMR (300 MHz, CDCL;): 6 =2.42 (s, 6 H;
CHs;), 3.56-3.87 (m, 16H; OCH,), 4.04-4.19 (m, 8H; OCH,), 6.45-6.54
(m, 3H; ArH), 714 (t, /=83 Hz, 1H; ArH), 732 (d of an AA'BB’, /=
8.2 Hz, 4H; tosyl ArH), 7.79 (d of an AA'BB’,J=8.2 Hz, 4H; tosyl ArH);
BC NMR (75 MHz, CDCly): 6 =217 (CH;), 67.5, 68.8, 69.4, 69.9, 70.9
(OCH,), 101.9, 1072, 128.1, 130.0, 133.1, 145.0, 160.1 (aromatic C); MS
(FAB): m/z: 683 [M+H]"; C,H,,0,,S, (682.8): caled C 56.29, H 6.20; found
C56.12, H 6.24.
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Benzometaphenylene[25]crown-8 (2): A solution of the ditosylate 12
(5.0 g, 7.3 mmol) and catechol 13 (0.81 g, 7.3 mmol) in dry MeCN (500 mL)
was added dropwise over a 3 d period to a suspension of Cs,CO; (11.9 g,
36.6 mmol) in refluxing MeCN (500 mL). After 4 d of heating under reflux,
the reaction mixture was allowed to cool down. Subsequently, it was
filtered to remove inorganic salts. The filtrate was evaporated to dryness
and the residue partitioned between CH,Cl, (250 mL) and K,CO; solution
(10% w/v, 250 mL). The organic phase was then washed with a further
aliquot of aqueous K,COs;, before being dried (MgSO,). The solvents were
removed in vacuo and the crude product was subjected to chromatography
(SiO,: EtOAc/Hexane 9:1), yielding BMP25C8 (2) as a white solid (2.73 g,
83%); m.p. 66-68°C; 'H NMR (400 MHz, CDCl;): 6 =3.71-3.75 (m, 8 H;
OCH,), 3.81-3.87 (m, 8H; OCH,), 4.13-4.16 (m, 8H; OCH,), 6.50 (dd, J =
2.4 and 8.0 Hz, 2H; ArH), 6.70 (t,/=2.4 Hz, 1 H; ArH); 6.89-6.92 (m, 4H
catechol ArH), 7.12 (t,J =8.0 Hz, 1 H; ArH); *C NMR (100 MHz, CDCl,):
0=068.1, 69.1, 70.0, 71.0 and 71.1 (OCH,), 102.8, 107.9, 115.3, 121.8, 129.8,
149.1 and 160.1 (aromatic C); MS (FAB): m/z: 449 [M +H]*; C,,H3,04
(448.5): caled C 64.27, H 7.19; found C 64.33, H 7.12.

General procedure for rotaxanation: The dichloride salt 8-H,-2Cl (ca.
1.0 g) was partitioned between CH,Cl, (100 mL) and NaOH (100 mL).
After the mixture had been stirred for 10 min, the organic phase was
collected, dried (MgSO,), and evaporated to dryness. A portion of the
residue (340 mg, 1.05 mmol) was dissolved in anhydrous CH,Cl, and the
crown ether (1, 2 or 3) (1.41 g, 3.15 mmol) was added. Upon dissolution of
the crown ether, trifluoroacetic acid (120 mg, 1.05 mmol) was added, and,
after 5 min, 2,6-diisopropylphenyl isocyanate (1.07 g, 5.25 mmol) was
introduced into the reaction mixture which was stirred under ambient
conditions for a further 5 d. The solvents were removed in vacuo and the
residue subjected to chromatography (SiO,: gradient elution with CH,Cl,/
MeOH, 99:1 to 9:1) affording pure rotaxanes when DB24C8 (1) and
BMP25C8 (2) were employed as the crown ethers. Data for the DB24CS8-
containing [2]rotaxane 10-H-O,CCF;, isolated as an off-white powder
(0.73 g, 64 %); m.p. 117-119°C; '"H NMR (400 MHz, CD,Cl,): 6 =1.19 (s,
30H; C(CH,); and CH(CHs),), 3.32 (sept, J=7.0 Hz, 2H; CH(CHy,),),
3.42-3.47 (m, 4H; H-y"), 3.52-3.58 (m, 4H; H-y?), 3.67-3.73 (m, 4H;
H-f'),3.78-3.85 (m, 4H; H-$?), 4.07-4.17 (m, 8H; H-a'! and H-&?), 4.45 -
4.49 (m, 2H; CH,(b)), 4.68-4.71 (m, 2H; CHy(a)), 6.79-6.85 (m, 4H;
H-7), 6.88-6.95 (m, 4H; H-8), 7.10 (d of an AA'BB’,/=8.5 Hz, 2H; H-3),
714 (d, J=7.5Hz, 2H; H-5), 7.21-726 (m, 1H; H-6), 7.28 (d, J=1.5 Hz,
2H; H-2), 735 (t, J=15Hz, 1H; H-1), 744 (d of an AA'BB’, J=8.5 Hz,
2H; H-4), 7.53 (br s, 2H; NH,"), 8.97 (s, 1H; NH(b)CO), 10.16 (s, 1H;
NH(a)CO); *C NMR (100 MHz, CDCL,): 6 =23.5 and 24.4 (CH(CHS,),),
28.6 (CH(CH;),), 315 (C(CH,);), 349 (C(CHs);), 52.9 (CH,(a)), 53.1
(CH,4(b)), 68.1 (C-a), 70.2 (C-f3), 70.5 (C-y), 112.8 (C-7), 118.4 (C-4), 122.0
(C-8), 122.4 (quaternary aromatic), 122.9 (C-5), 123.3 (C-1), 123.7 (C-2),
1271 (C-6), 129.7 (C-3), 131.6, 133.2, 143.2, 1474, 1476 and 1514
(quaternary aromatic), 155.7 (C=0); MS (FAB): m/z: 976 [M—
0,CCF;]*; CqHgF3N3;04; (1090.3): caled C 67.20, H 7.58, N 3.85; found C
66.68, H 7.55, N 3.58. Data for the BMP25C8-containing [2]rotaxane 14-H -
0O,CCF;, isolated as an off-white powder (0.41 g, 36 %); m.p. 102-105°C;
"H NMR (400 MHz, CD,Cl,): 6 =1.19 (br's, 12H; CH(CH),), 1.24 (s, 18 H;
C(CHs;);) 3.31 (sept, J =7.0 Hz, 2H; CH(CH;),), 3.35-3.70 (m, 12H; H-p,
H-y and H-9), 3.73-3.79 (m, 2H; H-¢'), 3.80-3.86 (m, 2H; H-¢?), 3.91 -
3.98 (m, 2H; H-a'), 4.06-4.13 (m, 2H; H-a?), 415-4.26 (m, 4H; H-¢),
4.27-4.32 (m, 2H; CH,(b)), 4.39-4.45 (m, 2H; CH,(a)), 6.58 (dd, J=2.5
and 8.5 Hz,2H; H'"), 6.64 (t,/ =2.5 Hz, 1 H; H-9), 6.72-6.76 (m,2H; H-7),
6.90-6.95 (m, 2H; H-8), 7.07 (d of an AA'BB’, J=8.5Hz, 2H; H-3), 7.14
(d, J=75Hz, 2H; H-5), 721-727 (m, 2H; H-6 and H-11), 730 (d, /=
1.5Hz, 2H; H-2), 743 (t, /=15Hz, 1H; H-1), 748 (d of an AA'BB’, /=
8.5 Hz, 2H; H-4), 7.73 (br s, 2H; NH,"), 8.94 (s, 1H; NH(b)CO), 10.23 (s,
1H; NH(a)CO); 3C NMR (100 MHz, CDCl;): 6=23.5 and 244
(CH(CH;),), 28.6 (CH(CH,),), 315 (C(CH;);), 35.0 (C(CHs);), 52.7
(CHy(a)), 53.2 (CH,(b)), 679 (C-¢), 68.1 (C-a), 69.7 (C-f), 70.4 (C-¢),
70.7 (C-9), 71.1 (C-y), 103.9 (C-9), 107.6 (C-10), 112.5 (C-7), 118.5 (C-4),
121.3 (quaternary aromatic), 122.3 (C-8), 122.9 (C-5), 123.8 (C-1 and C-2),
1272 (C-6), 129.8 (quaternary aromatic), 130.6 (C-3), 131.0 (C-11), 133.1,
143.5, 146.5, 1475 and 151.8 (quaternary aromatic), 155.6 (C=0), 159.7
(quaternary aromatic); MS (FAB): m/z: 976 [M — O,CCF;]*";
Ce1Hg,FsN;Oy; (1090.3): caled C 6720, H 7.58, N 3.85; found C 67.66, H
7.70, N 3.78. When the crown ether component employed in an attempted
rotaxanation was BMP26C8 (3), no evidence for the formation of the
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corresponding [2]rotaxane could be gathered. However, FAB mass
spectrometric analysis of the crude reaction mixture revealed signals for
1) the dumbbell-shaped compound formed in the reaction between
diamine 8 and 2,6-diisopropylphenyl isocyanate, and 2) the bis-urea
derivative formed upon reaction of both amino groups present in 8 with
the isocyanate.

X-ray crystallography: The X-ray crystal structure of 10-H - O,CCF; has
been discussed briefly in a preliminary communication.!’¢]

Crystal data for 2: C,,H;,04, M, =448.5, monoclinic, space group P2,/c (no.
14), a=17974(2), b=5.140(1), c=24.851(3) A, B=92.93(1)°, V=
2292.8(4) A3, Z=4, peyea=1299 gem3, u(Moy,) =0.97 cm~!, F(000) =
960, T=293 K; clear prismatic needles, 0.83 x 0.40 x 0.27 mm, Siemens
P4/PC diffractometer, graphite-monochromated Moy, radiation, @ scans,
4028 independent reflections. The structure was solved by direct methods
and the non-hydrogen atoms were refined anisotropically. The C-H
hydrogen atoms were placed in calculated positions, assigned isotropic
thermal parameters, U(H) = 1.2U,,(C), and allowed to ride on their parent
atoms. Refinements were by full-matrix least-squares based on F? to give
R, =0.062, wR,=0.151 for 2493 independent observed reflections [| F, | >
40(| F,|), 26 <50°] and 289 parameters. All computations were carried out
using the SHELXTL PC program system.**].

Crystal data for [2 - 4-H][PF]: [C3sHsNOg][PF¢], M, =791.7, triclinic, space
group P (no. 2), a=11.265(1), b=12.853(3), c=14.4952) A, a=
104.12(2), B=102.72(1), y=96.53(2)°, V=1954.1(6) A3, Z=2, peea=
1.346 gem=3, u(Mog,) =1.50 cm™!, F(000) =832, T=293 K; clear prisms,
0.57 x 0.33 x 0.13 mm, Siemens P4/PC diffractometer, graphite-monochro-
mated Moy, radiation, o scans, 5696 independent reflections. The structure
was solved by direct methods. Disorder was found in one of the polyether
arms and this was resolved into two partial occupancy orientations with the
non-hydrogen atoms of the major occupancy orientation being refined
anisotropically (those of the minor occupancy orientation were refined
isotropically). The remaining non-hydrogen atoms were refined anisotropi-
cally. The N—H hydrogen atoms were located from a AF map and allowed
to refine isotropically subject to an N—H distance constraint. The C—H
hydrogen atoms were placed in calculated positions, assigned isotropic
thermal parameters, U(H) = 1.2U,,4(C), and allowed to ride on their parent
atoms. Refinements were by full-matrix least-squares based on F? to give
R, =0.083, wR,=0.201 for 2613 independent observed reflections [| F, | >
40(| F,|), 26 <47°] and 480 parameters. All computations were carried out
using the SHELXTL PC program system.**]

Crystal data for 14-H-O,CCF;: [CsHg,N;04][CF;CO,]-0.25 CH,Cl, -
0.25MeCN, M,=1121.8, triclinic, space group P1 (no. 2), a=14.966(2),
b=22.879(3), ¢=22.915(2) A, a=64.64(1), f=72.82(1), y=76.20(1),
V=6717(2) A3, Z=4 (there are two crystallographically independent
molecules in the asymmetric unit), Peqeq=1.109 gecm=>, u(Cug,)=
8.41 cm™!, F(000) =2400, T=193 K; clear rhombs, 1.00 x 0.37 x 0.13 mm,
Siemens P4/RA diffractometer, graphite-monochromated Cug, radiation,
w scans, 16840 independent reflections. The structure was solved by direct
methods. In each of the independent molecules disorder was found in one
of the polyether arms and in both of the fert-butyl groups; disorder was also
present in one of the CF;CO, ions. In each case this was resolved into two
partial occupancy orientations with the non-hydrogen atoms of the major
occupancy orientations being refined anisotropically (those of the minor
occupancy orientations were refined isotropically). The remaining non-
hydrogen atoms of the [2]rotaxanes and the anions were refined anisotropi-
cally, whilst those of the solvent molecules were refined isotropically. The
N—-H and C—H hydrogen atoms were placed in calculated positions,
assigned isotropic thermal parameters, U(H)=12U.(C/N) [UMH)=
1.5U,,(C-Me)], and allowed to ride on their parent atoms. Refinements
were by full-matrix least-squares based on F? to give R, =0.162, wR,=
0.420 for 7798 independent observed reflections [|F,|>40(|F,|), 20 <
115°] and 1548 parameters. All computations were carried out using the
SHELXTL PC program system.*

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-138348 (10-
H-0,CCF;), CCDC-138346 (2), CCDC-138347 ([2-4-H][PF4]), and
CCDC-138349 (14-H - O,CCF;). Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB21EZ,
UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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cavity of the DB24CS8 ring is not favored sterically as a consequence of
the proximal 2,6-diisopropylphenyl group. Also, this geometry would
result in an unfavorable electrostatic interaction between the carbonyl
oxygen atom on the urea group and the ethereal oxygen atoms lining
the perimeter of the macrocyclic cavity. Indeed, a brief Monte Carlo
conformational search within MacroModel (1000 steps, all variable
torsions considered, Amber* force field, GB/SA CHCl,;, extended
nonbonded cutoffs of 4, 8, and 20 A for van der Waals, hydrogen
bonding and electrostatic interactions, respectively) of the complexes
formed between 2,6-diisopropylcarbanilide and DB24C8 furnished a
global minimum conformation in which the ureido proton closest to
the diisopropylphenyl unit is sterically prevented from participating in
hydrogen bonding interactions by virtue of its proximity to the two
isopropyl moieties. The structure corresponding to the global mini-
mum involves a lone hydrogen bond emanating from the sterically
unhindered ureido proton to an ethereal oxygen atom of the crown

(17]

(18]

(19]

[20]

(21]

[22]

[23]

[24]
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ether, which is encircling the carbanilide derivative with a pseudo-
rotaxane geometry. This phenomenon contrasts with the results of a
similar experiment performed employing carbanilide (N,N-diphenyl-
urea) as the thread compound, in which the global minimum structure
involves the formation of hydrogen bonds from both ureido protons to
one of the ethereal oxygen atoms. The carbonyl oxygen atom of the
urea group constitutes an unfavorable electrostatic interaction, which
repels the crown ether. Thus, in this case, the complete superstructure
involves the crown ether interacting attractively with one side of the
urea moiety, and repulsively with the other side. These results support
the empirical hypothesis—deduced from some observations made on
CPK space-filling molecular models and a consideration of the
relative pK, values—that the crown ether prefers to reside around the
dialkylammonium center, rather than around the urea moiety.
Unfortunately, the resonances arising from ' and a? are isochronous.
Cross-peaks between this multiplet and the signals corresponding to
both H-2 and H-3 are observed. As a consequence of this overlap,
it is impossible to deduce that the H-2 resonance only gives a cross-
peak with the a! resonance, and the H-3 resonance only gives a cross-
peak with the &’ resonance. However, based upon the patterns
observed for the  and y protons, it is not unreasonable to suppose, by
analogy, that selective through-space interactions also occur for the a
protons.

1. J. A. Mertens, R. Wegh, L. W. Jenneskens, E. J. Vlietstra, A. van der
Kerk-van Hoof, J. W. Zwikker, T. J. Cleij, W. J. J. Smeets, N. Veldman,
A. L. Spek, J. Chem. Soc. Perkin Trans. 2 1998, 725-735.

Previously (see ref. [7d] ), mass spectrometric analysis of an equimolar
mixture of DB24C8 and bis(4-tert-butylbenzyl)ammonium hexafluor-
ophosphate revealed the base peak in the spectrum to be that
corresponding to the uncomplexed ammonium compound (m/z 310).
However, a signal arising from the 1:1 complex formed between these
two components was observed at m/z 758, with a relative intensity of
6% . The significance of this result lies in the fact that the bis(4-tert-
butylbenzyl)ammonium cation is too large to thread through the
cavity of DB24C8. This restriction means that any association of these
two components must occur with a face-to-face geometry. In this case,
the peak arising from the 1:1 complex [2-4-H]* (m/z 646) has an
intensity corresponding to 50 % of that observed for 4-H* (the base
peak), implying that there is an interaction more enduring than a
simple face-to-face association, that is, the threading of the cation
through the macroring of DB24C8, resulting in the formation of a
[2]pseudorotaxane in the gas phase.

For leading references related to this method, see: J. C. Adrian, C. S.
Wilcox, J. Am. Chem. Soc. 1991, 113, 678 —680.

For leading references, see: a) K. A. Connors, Binding Constants,
Wiley, New York, 1987 ; b) H. Tsukube, H. Furuta, A. Odani, Y.
Takeda, Y. Kudo, Y. Inoue, Y. Liu, H. Sakamoto, K. Kimura in
Comprehensive Supramolecular Chemistry, Vol. 8 (Eds.: J. L. Atwood,
J. E. D. Davies, D. D. MacNicol, F. Vogtle, J. A. Ripmeester), Perga-
mon, Oxford, 1996, pp. 425-482 and references therein.

P.R. Ashton, R. A. Bartsch, S.J. Cantrill, R. E. Hanes, Jr., S. K.
Hickingbottom, J. N. Lowe, J. A. Preece, J. F. Stoddart, V. S. Talanov,
Z.-H. Wang, Tetrahedron Lett. 1999, 40, 3661 —3664.

However, a report has appeared in the literature (ref. [8¢]) describing
the inability of a derivative of 2 to form a [2]pseudorotaxane in
CD;COCD;/CDCI; (1:1) solution with 4-H - PF,.

The poor signal to noise ratio obtained when recording these *C NMR
spectra preclude the calculation of accurate thermodynamic and
kinetic parameters for this dynamic process. However, assuming that
the coalescence of the two signals—corresponding to the iPr groups—
does occur in the range 312-317 K, estimates for the kinetic and
thermodynamic parameters for this process can be obtained as
described in I. O. Sutherland, Annu. Rep. NMR Spectrosc. 1971, 4,
71-235. The rate constant for this bond rotation (k. at the
coalescence temperature (7.) was calculated by employing the
approximate expression k,=m(Av)/(2)"2, where Av is the limiting
frequency difference (96 Hz) between the coalescing peaks. The
relationship AG# = — RT.In(kA/kyT.)—where R, h and kg corre-
spond, respectively, to the gas, Planck and Boltzmann constants—was
used to determine the free activation barriers (AG.?) of this bond
rotation process at 312 and 317 K, respectively, thus giving the range
15.0-15.2 kcalmol .
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Soc. 1990, 112, 6127-6129.

[29] One of the earliest syntheses of bismetaphenyl-ene[26]crown-8
(sometimes referred to as dibenzo[26]-crown-8 (DB26C8)) was
reported (G. Lindsten, O. Wennerstrom, R. Isaksson, J. Org. Chem.
1987, 52, 547-554) well over 10 years ago now. Subsequently, this
compound was employed in the construction of an ion-selective [31]
electrode for the potentiometric sensing of guanidinium ions. See: [32]
F.N. Assubaie, G.J. Moody, J. D. R. Thomas, Analyst 1989, 114,
1545-1550. However, during the 1990s, three research groups have [33]
independently solved the X-ray crystal structure of this crown ether: [34]
the structural parameters reported by each group are, within
experimental error, the same. See: i)E. Luboch, M. S. Fonar, Y. A.
Siminov, V. K. Bel'sky, J. Biernat, Izv. Akad. Nauk, Ser. Khim. 1995,

2458 - 2464, ii) G. W. Buchanan, M. Lefort, A. Moghimi, C. Bensimon,
J. Mol. Struct. 1997, 415,267 275, and iii) H. W. Gibson et. al. see ref.
[13]. Interestingly, in neither of the latter papers is any mention made
of the earlier X-ray crystallographic analyses. In only one paper,
namely iii), is an earlier report of the synthesis of BMP26CS8
acknowledged!

The FAB mass spectrum of a 1:1 mixture of 3 and 4-H - PF, contains
only signals for the ‘free’ components, that is, the dibenzylammonium
cation 4-H" and BMP26C8. No peaks were observed for any
complexes formed between these two components, suggesting that a
[2]pseudorotaxane does not exist under the conditions employed
during this particular analysis.
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A Molecular Dynamics Study of the Structure and Evolution of the
4,4’ -Bis(diphenylhydroxymethyl)biphenyl/A cetone Host — Guest System

Angelo Gavezzotti*!?!

Abstract: The 4,4'-bis(diphenylhydroxy-
methyl)biphenyl/acetone (DHMB-Ac)
system was studied by NPT molecular
dynamics (MD) calculations; the study
was prompted by the availability of
X-ray single-crystal diffraction and cal-
orimetric data (L. Johnson, L. Nassim-
beni, E. Weber and K. Skobridis, J.
Chem. Soc. Perkin Trans. 2, 1992,
2131). Potential energies were calculat-
ed by using the UNI-FF or the OPLS all-

hydrogen bond are clearly revealed.
Extensive MD runs at variable temper-
ature on the inclusion compound in its
crystalline state allow a description of
the thermal motion and eventual reor-
ientation within its cavity of the acetone
molecule; the host crystalline matrix
does not survive when guests are re-
moved. The dynamic evolution of a slab
of 60 DHMB and 120 acetone mole-
cules, which has the experimental crystal

structure, was also simulated at the
temperature experimentally observed
for guest desorption, and the loss of
solvent molecules was monitored. Crys-
talline order is very quickly lost; then,
guest molecules can easily diffuse away
from the surface without a noticeable
swelling of the material. The molecular
reorganization of the remaining host
liquid back to the crystal structure of
one of the two polymorphs of pure

atom force fields. The kinetics of for-
mation of hydrogen-bonded aggregates
between the DHMB molecule and ace-
tone was sampled, and the persistence

) : dynamics
and fluxionality of the O—H---O=C

Introduction

Molecular dynamics (MD) offers a unique opportunity to
simulate the behaviour of organic phases at a molecular level.
Although phase changes occur over macroscopic times and
amounts of matter, some elementary molecular evolution
steps may involve just a few molecules or a few pico- or
nanoseconds; thus, in spite of orders of magnitude differences
between the overall real and simulated sizes and timescales,
scraps of information can be gathered from relatively
straightforward computational protocols. In our line of
research, aimed at the study of crystal construction and of
the paths through which molecules find their way to crystal
order,'l attempts have been made to use MD to investigate
molecular aggregation in solution? and molecular disaggre-
gation when a crystal melts.?!

Finding a system which at the same time has been charac-
terized by significant experimental data and is computationally
tractable is always a problem. We became recently acquainted
with the multiform solid-state behaviour of the title com-

[a] A. Gavezzotti
Dipartimento di Chimica Strutturale e Stereochimica Inorganica
University of Milano, via Venezian 21, Milano (Italy)
Fax: (+39)02-70635288
E-mail: angelo.gavezzotti@unimi.it
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Keywords: computer chemistry -
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DHMB could not be observed, owing
to the short simulation times and to the
smallness of the computational sample.

© ©
HO @ @ OH

Q) ©

DHMB

pound: pure DHMB crystallizes in two polymorphs. Also it
can incorporate a number of different guest molecules to yield
crystalline inclusion compounds,”) which may revert to the
pure crystal when heated, upon loss of the guests. While X-ray
structural characterizations and thermal analysis give a wealth
of information on the interconversions, the problem is at the
borderline of computational affordability, due to the size and
shape of the DHMB host molecule. With a little adjustment,
however, we found that even such a system could be amenable
to treatment by the OPLS-AA force field.[) Acetone was
chosen as the simplest guest, and also because the host — guest
complex crystallizes in an orthorhombic space group, thus
facilitating the MD treatment. The elementary recognition
step in solution, the hydrogen bonding between host and
guest, and the dynamics of guest reorientation and eventual
escape from the crystal lattice could be simulated for times
long enough to recognize some of the key structural and
energetic aspects of these processes.
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Results and Discussion

Crystal structures and thermodynamic data: The pure host
compound crystallizes in two polymorphic forms,* ; and a,.
The first melts at 186.8°C with an enthalpy of melting of
36.6 kJmol~!, with some differential scanning calorimetry
(DSC) features that may suggest a phase change. a, melts at
180.4°C with an enthalpy of melting of 49.7 kJmol-!. Inter-
estingly, there is no hydrogen bonding in the crystal with the
lower melting enthalpy, while molecules in the a, phase are
held together in hydrogen-bonded dimers. The inclusion
compounds were obtained by simply dissolving the host
crystal into the guest liquid.P! Table 1 has the relevant crystal
data. X-ray studies of acetone, benzophenone, dioxane and p-
xylene inclusion compounds reveal that the host is invariably
hydrogen-bonded to the guests, when these have an acceptor
atom, or are capable, when the guest is p-xylene, of folding the
hydrogen-bonding pattern into host tetramers. Thus, the
system shows a wide range of possible intermolecular
interaction types, thanks also to the conformational flexibility
of the host.

The crystal of the DHMB-Ac inclusion compound has two
acetone molecules in the asymmetric unit,’) with host—guest
O—H---O=C hydrogen-bonding distances of 1.876 and
2.021 A, against 1.879 A for the host—host hydrogen bond
in the pure host crystal (all these distances refer to renormal-
ized H-atom positions). There are no channels in this crystal,
guests being included in cavities. The DSC analysis reveals
that acetone molecules are desorbed at 74 and 94 °C, then the
material undergoes an endothermic process postulated as a
phase change and finally shows an endotherm at the melting
temperature of the pure host crystal. The interpretation of
these features is made more difficult by the fact that the area
of the “phase change” peak is much larger than that of the
“melting” peak.

A standard packing analysis of these compounds was
carried out by using UNI-FF potentials.”l Relaxation of the
crystal structures under the action of the potentials never
changed cell parameters by more than 2%. The lattice
enthalpies are 221 (a,) and 234 kJmol~! (a,), matching the
order of stability and even reproducing exactly (by accident,
no doubt) the difference in melting enthalpies. The calculated
lattice energy for the acetone inclusion compound is
2975 kJmol~!' (or a sublimation enthalpy of 310 kJmol~,
after compensation for the effects of cutoff), and the
acetone desorption enthalpies, or [E(host—guest)—
E(host)]/2 since there are two solvate molecules, are calcu-
lated® as 39 and 32 kJmol~! with respect to each of the two
polymorphs. While no experimental value is accessible, this
result is at least in line with the visual evidence that the area of
the desorption peaks is of the same order of magnitude as that
of the melting peaks.[!

Table 1. Crystal data (cell parameters in A and degrees).

Adaptation of the OPLS force field: There is no well-
established force field for the dynamic simulation of such a
large molecule as DHMB. The UNI force field has been
shown to perform rather well,? but is not entirely satisfactory
as it has been developed on static simulations. The OPLS all-
atom (OPLS-AA) force field® is preferable to the less
accurate UNI force field for small molecules;P! its extension
to larger molecular systems with possibly high intramolecular
strain has not been extensively tested so far. Besides, since the
GROMOSP! molecular dynamics architecture was adopted
(OPLS was developed and used mostly in an AMBER
environment) some modifications had to be introduced.

For the host DHMB molecule, the bond lengths and angles
were taken from the X-ray geometry, as constraints (SHAKE
procedure!) for the bond lengths and as reference values for
angle bending potentials. One improper dihedral was imposed
at each phenyl ring carbon atom (E = 0.051 ¢%or E=0.102 ¢*
over ring and ring fusion carbons, respectively); proper
torsions were imposed over each C-C-C-C group [E=
50(1 —cos2¢)], to further enforce planarity in the phenyl
rings. A proper torsion was also calculated over the central
C—Cbond in the biphenyl system, with £ =10(1 — cos2 ¢) and
over the C-C-O-H group, with E =1.40(1 + cos3 ¢).[1]

The OPLS-AA non-bonded interaction and atomic charge
parameters were employed without modification (Table 2).

Table 2. The non-bonded force-field parameters.[?!

R'[A] ¢ [kImol '] atomic charge [e7]

H(aromatic) 2.42 0.1255 0.115
O(alcohol) 3.12 0.7113 —0.683
C(aromatic) 3.55 0.2929 —0.115
H(alcohol) 0.0 0.0 0.418

C(ring fus.) 3.55 0.3180 0.0

C(OH) 3.50 0.2761 0.265
Ac-methyl 391 0.6694 0.0

Ac—C 3.75 0.4393 0.50

Ac—O 2.96 0.8786 —0.50

[a] Van der Waals intermolecular potential £E=AR 2 — BR™%, where A =
4¢(R%)'2, B=4¢(R"°. Mixed interactions use the geometrical mean for &
and R°.

All atoms within the same phenyl ring were declared excluded
neighbours (no non-bonded energy terms), while for 1-4
interactions the non-bonded energy contribution was halved.
Each phenyl C—H group and the COH group were taken as
GROMOS charge groups. All non-bonded energy summa-
tions were extended to 10—17 A, cutoff problems being
somewhat mitigated by the GROMOS artifice of using
summations over neutral domains.

The minor modifications introduced in the intramolecular
part of the OPLS-AA force field are justified by the resulting
very reasonable intramolecular dynamics at all temperatures.

a b c a B y o [gem™3] space group
DHMB, «, 16.827 15.212 10.708 97.01 - 1.27 Cle, Z=4
DHMB, a, 8.807 10.687 16.263 100.97 91.47 113.02 1.25 Pl,z=2
DHMB-2 Ac 29.169 8.046 15.235 - - 1.18 Pna2,, Z=4
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The intermolecular part was used without modifications, and
its performance on such a large molecular system is validated
by the present results, especially with respect to the repro-
duction of the crystal density at room temperature. Besides,
OPLS-AA had already been used profitably in crystal
calculations.P!

The acetone molecule was treated as a solvent in MD
simulations, hence with rigid geometry (planar, C=0 =
121 A, C—methyl=1.50 A, C-C-C angle 119°). The OPLS
united-atom (OPLS-UA) potentials (see ref. [11] and refer-
ences cited therein) were used, so that the solvent is a four-
atom molecule.

The systems investigated: In simulations of the perfect crystal,
periodic boundary conditions were applied, and in the
resulting NPT ensemble (constant number of particles,
pressure and temperature) T'was fixed by separately coupling
the internal and center-of-mass degrees of freedom to a
thermal bath, while pressure was constrained at 1atm by
isotropic coupling. The temperature and pressure weak-
coupling constants!”) were 0.1 and 0.5 ps, respectively. Since
crystal structures are already at, or very close to, a minimum
in potential energy, their simulations were started abruptly by
assigning Boltzmann velocities at any given temperature
(below 300 K). Periodic boundary conditions were of course
preserved in simulations of molten states arising from the
collapse of the corresponding crystalline system. Other
calculations were done without periodic boundaries, and
suffer from surface tension effects.

The host matrix: A set of calculations was performed on a
crystal made of 60 molecules (15 unit cells) of the host DHMB
alone, assigning velocities at 100 K and then running 120 ps at
330 K, with isotropic periodic boundary conditions. The
starting coordinates were obtained from the crystal structure
of the inclusion compound, by deleting the guest molecules.
The host matrix with empty guest cavities is unstable and
quickly collapses to a semi-liquid, or glassy structure: the
density rises from 1.09 to a steady 1.12 gmL~! after about
80 ps, as empty cavities are filled, while traces of order of the
host molecules are still present. Recrystallization to one of the
two polymorphs of pure DHMB could not be observed, since
boundary conditions do not allow changes in cell shape.
However, this calculation demonstrates that solvent loss must
lead to destruction of the host structure.

Hydrogen-bonding in solution: The host—guest hydrogen-
bonding equilibrium was then studied in solution. A 500 mol-
ecule liquid acetone computational box was equilibrated at
300 K, by using the OPLS-UA force field. One DHMB
molecule was then solvated within the bulk liquid, in a niche
obtained by deleting 17 acetone molecules, and we checked
that no strongly repulsive contacts arose. The simulation was
run for 100 ps, with periodic boundary conditions and a cutoff
of 17 A for the non-bonded contributions. The initial config-
uration had no hydrogen-bonding host —guest contacts.
Figure 1 shows the time evolution of some key energetic
parameters. The solute —solvent interaction energies drop to
more stabilizing values just after the start of the simulation,

2290
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Figure 1. Solute-solvent interaction energies for one DHMB molecule
(solute) in 483 acetone molecules (solvent) at 300 K. Dispersive (a) and
coulomb-type (b) energies add up to the total energy (c).

while the stiffness of the artificial starting box is released and
the first hydrogen bonds form. After a short equilibration
time, the energies level off and the average solute —solvent
non-bonded energy is about 300 kJ mol~!, of which only about
one third is ascribed to electrostatic contributions by the
OPLS force field. Figure 2 confirms that hydrogen-bonding
contacts are formed almost immediately, with a typical
dynamic bond length of 1.7-2.5 A. The DHMB molecule

3.0

25 |

R(O..H)/A

100
time/ps

R(O..H)/A

60 80 100
time/ps
Figure 2. Distance between each of the two donor DHMB hydroxyl
hydrogens (upper and lower frame) and the closest acceptor acetone
oxygen in solution. The hydrogen bond forms almost immediately, but is
fluxional; the acetone partner molecule changes at times denoted by a
vertical bar.
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captures at once two acetone molecules, and remains
H-bonded to the solvent throughout the simulation, although
the partners can change. Even in the relatively short
simulation time, the average life of a hydrogen bond between
DHMB and acetone is seen to go from 5 to 80 ps. Thus, host —
guest hydrogen bonding is extremely persistent, although
fluxional. Figure 3 shows a typical snapshot of the solvated
DHMB molecule.

Figure 3. A snapshot of the DHMB-2Ac complex in solution, with
hydrogen bonding distances of 1.8 and 1.9 A . United-atom methyl groups.

Dynamics of guest molecules: The next set of calculations was
planned in order to probe the dynamic behaviour of guest
molecules within their cavities. A slab of the inclusion com-
pound crystal was obtained by 1 x 3 x 5 repetition of the unit
cell contents (see cell parameters in Table 1), for a total of
60 DHMB and 120 acetone molecules. Periodic boundary
conditions were imposed, and the temperature was increased
in a stepwise manner from 270 to 407 K. A 14 A cutoff was
used. From an MD estimate of the total energy of the DHMB
gas-phase molecule and an estimated equipartition kinetic
energy of a rigid acetone molecule with six degrees of
freedom and E(pot) =0, the estimated enthaply of sublima-
tion at 270 K is 360 kI mol !, against a static UNI-FF estimate
of 310 kJmol~! (see above). The 14 % difference is within the
usual range between force fields that do or do not include
electrostatic terms. At 270 K, the calculated cell volume is
3590 A (experimental 3576 A3 at room temperature).

Figure 4 shows the fundamental energetics of the simula-
tion. The host—guest DHMB-2 Ac cohesive energy in the
crystal, almost entirely owing to two hydrogen bonds, is about
110 kJmol~" at 300 K, compared with 300 kJmol~! for the
solute —solvent (solvation) energy, as from Figure 1. These
data allow a rough partition of the interaction energy in
solution, that is, 55 kJmol™ for the hydrogen bond and
95 kJmol~! for purely non-bonding solvation energy. The
relative importance of coulombic terms is, as expected, much
higher in the hydrogen bond than in the comprehensive host —
guest interaction in solution. Even at the highest temperature
in this simulation, the host matrix is still quite ordered and
host molecules are relatively undistorted.

The solvent (guest) dynamic was then explored. Figure 5
shows the results of UNI-FF potential energy calculations on
a static, undeformed crystal environment.['?l. The bottom of
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Figure 4. Host—guest interaction energy for the ordered crystal of the
inclusion compound (the temperature of the simulation is shown).
Dispersive (a) and coulomb-type (b) energies add up to the total energy
(c). The temperature was increased every 20 ps, as shown.
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Figure 5. Potential energy barriers for the rotation of each of the two
acetone molecules in an undistorted environment within the ordered
crystal of the inclusion compound.

the potential energy well for libration of the guest molecules
around the C=0 axis is very flat, and a £25° libration is within
the RT range at room temperature. Even complete reorienta-
tion jumps are likely, since the barriers calculated with a rigid
crystalline environment without intermolecular cooperation
largely overestimate the true values.'] Details of the energy
curves far from minima do not deserve a special discussion,
being oversensitive to minute changes in the environment,
which was not relaxed here.

The MD simulation allows, however, a deeper insight. In
the analysis of vibrational trajectories, the guest molecular
motion was decomposed into a “swinging” and a “rotation”
component. The first is described by the angle the C=0O bond
vector forms, at any time in the simulation, with the original
C=0 bond vector in the starting crystal structure; the second
is described in the same manner by the vector joining the two
methyl groups (approximately the same rotational coordinate
asin Figure 5). Although these two coordinates are not strictly
orthogonal, the decomposition may serve to give a rough idea
of the main librational modes of the guest molecules in the
crystal. Figure 6a shows a spread of the swinging component
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Figure 6. Distribution of a) “swinging” and b) “rotation” angles (shown in
insets) during the simulation of the crystalline inclusion compound. Both
angles are taken as zero in the X-ray structure of the perfect crystal. Each
distribution curve refers to the temperature shown.

over a 60° range at the highest temperature reached in the
simulation. Figure 6b shows a sudden drop of the population
above 30° and 273 K, in good agreement with the potential
curves in Figure 5; this indicates that UNI-FF and OPLS-AA
intermolecular force fields yield consistent results. At 407 K a
significant number of molecules has performed a complete
rotational jump, as inferred by the height of the peak close to
180° in the angular distribution of Figure 6a.

The comparison between the two frames in Figure 7
illustrates the thermal libration and reorientation of guest
molecules as the temperature rises. At 407 K the orientational
order is almost completely lost, but translational order seems
to be still preserved, since centers of mass of guest molecules
cluster around the original lattice sites and there have been no
real translational displacements. This is plausible since
molecules are closely packed, there are no channels, and all
cavities are occupied. As expected, the average value of the
O ---H hydrogen-bonding distance rises steadily from 1.8 to
2.0 A on going from 300 to 407 K.

Desorption of guest molecules: DSC resultsP show that after
guest desorption the material reorganizes to a crystalline state
and then melts. Hoping to gain some insight into the
molecular detail of this process, a computational system
allowing guest escape from the lattice had to be prepared. The
most obvious choice was a computational box as in perfect
crystal calculations, but without periodic boundary conditions,
at the price of generating a presumably very large surface
tension on the resulting crystalline slab in vacuo, as well as an
exceedingly high surface to bulk ratio. These two approxima-
tions certainly help in speeding up the desorption process,
thus reducing the timescale of the calculations to be per-

Figure 7. The arrangement of guest molecules in a) the X-ray structure and b) the crystal at the end of the 407 K simulation shown in Figure 4. Although
atoms overlap, this picture clearly shows that translational disorder has not set in, since the centers of mass of guest molecules do not show large

displacements.
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formed, while, it is hoped, not altering substantially the
picture of the fundamental molecular desorption process.

The temperature was set at 410 K, intermediate between
desorption and melting temperatures, and a cutoff of 14 A was
imposed in intermolecular summations. The starting point for
this simulation was the ordered crystal structure. Every 10 ps
the simulation was stopped and guest molecules whose center
of mass was at a distance greater than 10 A from the center of
mass of any other molecule in the cluster were considered as
evaporated and manually removed from the computational
box.

Figure 8 shows the energy evolution during the simulation.
The traces show a decrease of the total kinetic energy, due to
the loss of mass, and a rise of the potential energy, due to loss

35000 a
23000

b
17000

11000 d
5000
-1000

W
-7000 - -
0 20 40 60 80

time/ps

Figure 8. Simulation of the crystalline cluster without periodic boundary
conditions. Energies shown are inkJ: a)total configurational, b) total
potential, c) total kinetic, d) coulombic and e) dispersive energies. The last
two terms include both intra- and intermolecular terms. Energies are not
shown per mole because the mass is not constant during the simulation due
to solvent loss. The number of remaining acetone molecules at 0, 20, 40, 60
and 80 ps is 120, 101, 61, 34 and 13, respectively.

of cohesive energy as acetone molecules leave the system. The
spikes in the kinetic energy curves are due to problems!?! with
the distribution of kinetic energies after removal of mass at
each restart, but have no influence here since the guest mass is
much smaller than the mass of the host. Otherwise, the
energetic picture is that of a quick melting of the crystalline
slab, followed by a smooth transition toward the simulation of
a pure DHMB liquid droplet.

Just 10 ps after the start of the simulation the initially
crystalline system has already collapsed to an almost com-
pletely disordered state. This evolution is probably related to
surface tension, but collapse to a liquid was observed also in
simulations of the host matrix with periodic boundaries (see
above). The breaking of the host—guest hydrogen bond at
410 K is almost instantaneous, and more than 50% of such
bonds have been destroyed after just 30 ps. Once the rigid
crystalline structure has been distorted, diffusion of guest
molecules through the slab and eventually out of the surface
seems very easy, 80 ps being sufficient for a nearly complete
removal of guests. Examination of graphical displays shows
that the size of the main nucleus decreases substantially, while
solvent molecules evaporate out. Taken together, the ener-
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getic and structural results provide a reasonable picture of the
desorption process.

During this simulation, five host molecules evaporated out
of the cluster. The dynamics of the 55 remaining DHMB
molecules was then simulated for another 200 ps, cooling the
system down to 370 K. The system, now a 100 % pure DHMB
liquid droplet, did not recover any trace of order, nor could it
reasonably have done so in such a short time, in spite of being
well below the melting temperature of the host crystals. The
simulation yields an approximate vaporization enthalpy of
130 kJmol~!, and a number of hydrogen bonds oscillating
between 30 and 50 (Figure 9). The capability for hydrogen-

-50
d
-150
0 50 100 150 200
time/ps

Figure 9. Top to bottom: a)number of hydrogen bonds, b)coulomb
energy, c) dispersion energy and d) total intermolecular energy during a
simulation of a cluster of 55 host molecules at 370 K with a liquid structure.
Energies in kJ mol .

bonding self-association of the DHMB molecule is remark-
able, in spite of steric hindrance and shielding of the OH
group by the phenyl rings, but the wide variation in the
number of hydrogen bonds in the liquid is probably at the
origin of the possible formation of two crystal structures, one
with and one without hydrogen bonding. The intermolecular
cohesive energy is almost entirely dispersive, in accordance
with the overwhelming hydrocarbon character of the DHMB
molecule.

Conclusion

1) The crystal structure of the host compound and of the
acetone solvate were analyzed, and enthalpies of sublima-
tion and of solvent desorption have been calculated, with
good agreement with available thermochemical data.
Within the usual limitations of molecular dynamics
simulations, it appears that:

2) The host cage is not stable without the included guest.

3) The solvation of the host molecule in an acetone solution
implies a substantial energetic contribution from bulk
attractive solute—solvent intermolecular energies, plus
solute —solvent hydrogen bonds, one for each donor H
atom of DHMB. These bonds are easily formed and are
fluxional, but extremely persistent. Accordingly, the for-
mation of the inclusion compound in the solid state must
be described as the crystallization of hydrogen-bonded
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entities already present in solution. This could explain the
experimental observation that in the crystalline inclusion
compounds all guests with acceptor atoms hydrogen-bond
to the host.

4) While the host scaffold is still ordered up to 400 K, guest
molecules in the crystal have a high librational freedom,
and as the temperature is increased full rotational jumps
around the C=O axis of the acetone molecule are
performed; these jumps have a low activation energy,
and might be detected by solid-state variable-temperature
NMR spectroscopy. Translational diffusion of guests
among different cavities in the fully ordered crystal was
not observed up to 400 K.

5) With the further limitations due to the restricted size of the
model system—a droplet with high surface/bulk ratio and
hence very high surface tension—it further appears that
desorption of guest molecules readily occurs at 410 K and
produces an almost immediate collapse of the host matrix
so that further diffusion and escape of the guest is easy.
Remarkably, guest escape does not require a swelling of
the material, as the droplet is seen to contract during that
process. The pure DHMB liquid resulting at the end of the
simulation, when all the guest material had been removed,
is moderately hydrogen-bonded: this finding is in agree-
ment with the observation of two crystalline polymorphs of
DHMB, one with and one without hydrogen bonding.
More significantly perhaps, it should be noted that the non-
hydrogen-bonded polymorph was crystallized from ethyl
ether (an H-bonding acceptor substance) while the hydro-
gen-bonded polymorph was crystallized from o-xylene.

The picture that MD gives of the molecular recognition in
solution and of the librational motions of the guest molecules
in the crystal below the desorption temperature is consistent
and convincing. Significantly, for some purposes the UNI-FF
force field may compete with more sophisticated force fields
as to the quality of results.

On the other hand, the interpretation of the above results
along with thermal analysis data is not simple. Our simula-
tions clearly suggest that guest desorption is followed by a
liquid state of the host material. The fact that no recrystal-
lization exotherm is observed in DSC after desorption may
contradict this result, but it may be argued that the heat
release as a result of crystallization is simultaneous to, and
masked by, heat intake due to guest desorption. That a
complex reorganization is taking place is indicated by the

rounded shape and indentations of the DSC desorption peaks.
There is no doubt that if a liquid phase is formed, it is
metastable since the temperature of desorption is well below
the melting temperature, so that the material must recrystal-
lize. As usual, the MD simulation cannot indicate if or when a
reorganization to a crystalline state may occur, due to severe
limitations in its time span.

Our results demonstrate, we believe, that even size- and
time-restricted molecular dynamics simulations can give a
substantial help in the interpretation of evolution and phase
changes in crystalline systems. Whether such studies may pave
the way to prediction and control of crystal packing or of
host—guest design remains to be seen. We suggest that for a
better exploitation of the simulation techniques and, even-
tually, for the success of these predictive exercises what is
needed is, rather than a manifold increase in computing
power, a sound choice of the system and a clever design of the
computational experiment.
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