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CONCEPTS

New Catalytic Concepts for the Asymmetric Aldol Reaction

Harald Groger, Erasmus M. Vogl, and Masakatsu Shibasaki*

@ 0

Abstract: Mukaiyama’s classic catalytic asymmetric al-
dol reaction with enolsilanes has been improved upon
over the years; now new approaches to the reaction have
been developed. Those reviewed here are the use of new
transition metal based catalysts for the aldol reaction
using silyl enolates, the use of other O-silylated nucleo-
philes, tin-modified or even unmodified ketones as
substrates, and the use of chiral nonmetallic Lewis acids
or Lewis bases as catalysts.

Keywords: aldol reactions asymmetric catalysis
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Introduction

Without any doubt, the asymmetric aldol reaction constitutes
one of the most important topics in modern catalytic syn-
thesis.l!! Furthermore, the fundamental mechanistic principles
observed for the aldol reaction have had a strong influence on
the work which led to the establishment of asymmetric routes
of many other reaction types. Since the discovery of the
catalytic asymmetric aldol reaction with enolsilanes by
Mukaiyama et al.,”] steady improvements have been
made.? ¥ For this conventional type of aldol reaction a series
of chiral tin and boron catalysts (usually around 20 mol %
catalyst),># which act as Lewis acids activating the aldol
acceptor, have been shown to be quite efficient, even though
until recently some synthetic limitations still remained.P!
During the last few years, however, several new concepts
have been developed, all based on innovative principles,
which have not only led to a more efficient aldol reaction but
which also promise to become fundamental in catalytic
asymmetric synthesis in general. This recent progress includes
work on a) the classic aldol reaction using silyl enolates in the
presence of new transition metal based catalysts, b) the first
aldol reactions which allow the use of other O-silylated
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nucleophiles as well as tin-modified or even unmodified
ketones as starting materials, and c) the first aldol reactions in
the presence of chiral nonmetallic Lewis acids or Lewis bases
as catalysts.

Discussion

A. The classic aldol reaction using silyl enolates in the
presence of new transition metal based catalysts: An impor-
tant development of the asymmetric aldol reaction entirely
based on the principles of conventional Mukaiyama-type
catalysis was realized with chiral titanium(iv) complexes.
Work in this area was reported independently by the groups of
Mikami,! Keck,[l and Carreira,® who successfully applied
different types of BINOL-based titanium(iv) complexes as
highly efficient catalysts (Scheme 1; BINOL =2,2’-dihydroxy-
1,1’-biphenyl). Mikami’s work is impressive in its scope,

BINOL-based Ti(IV) o OH
TMSO o catalysts 2a,b,3
+ )L Rlxj\)\* R2
RIX H R2
high yield
la(X=S) high
1b (X=0) lgh ee
BINOL-Based Titanium(IV) Catalysts
Bu

Eﬂ
s

. N NF
I, e QL o :

oTi T o:Ti"O Br
0" ¢ O O-iPr OO e}
(o] [¢]
Bu
Mikami et al. Keck et al. Carreira et al. Bu
2a (5 mol %) 2b (10 - 20 mo | %) 3(2 -5 mol %)
Scheme 1.

covering a broad range of functionalized aldehydes and
thioester-derived ketene silyl acetals like 1a. Even in the
presence of only 5 mol% catalyst 2a, which was prepared
from Ti(O-iPr),Cl, and (R)-BINOL in the presence of
molecular sieves, ee values up to 96 % have been obtained.[%
Moreover, the Mikami system also served as an efficient
catalyst for a diastereoselective and enantioselective aldol
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reaction of ketone enol silyl ethers with glyoxylates (syn/anti
ratio 99:1; ee (syn) up to >99 % ).l6*!

A similar titanium(v) system 2b (10-20 mol%) was
reported by Keck etal., who used Ti(O-iPr), instead of
Ti(O -iPr),Cl, as the titanium source. With a broad variety of
aldehydes high enantioselectivities between 89 % and > 98 %
ee could be achieved by using the thioester derivatives 1a.]
Although the exact structures of the Ti"V— BINOL catalysts 2a
and 2b have not yet been clarified in detail, observed
nonlinear effects cannot be accomodated on the basis of a
monomeric structure alone.[°! The development of a new
BINOL-based ligand (with an imine functionality incorpo-
rated) by Carreira et al.l’l led to a further extension of the
titanium-catalyzed method allowing the use of O-silyl O-alkyl
ketene acetals 1b. In the presence of only 2—5 mol % of the
corresponding catalyst 3, the reaction proceeded with ex-
cellent enantioselectivities between 94 % and 97 % ee.[%

For the catalytic aldol reaction using enolsilanes, impressive
new members of the catalyst family combined with an
innovative catalytic concept have been presented by Evans
et al.l'! The well-designed Cu'! complexes Cu-4 or related
pybox derivatives can act as effective enantioselective cata-
lysts by activating a-alkyloxy aldehydes and a-keto esters,
respectively, through bidentate coordination. The resulting
aldol adducts were obtained with up to 99% ee and 100 %
yield even in the presence of only 0.5 mol % catalyst (for a
representative example, see Scheme 2).% In addition, the

Cu-4a Me, OHO
- 0 . OTMS (10 mol %) Meow .
\H)LMe /\S-IBU -78°C, THF o
o 96% yield
99% ee

catalyst complex: substrate-catalyst complex:

00 Mesq o Lochs
o 27i0" —O—, ~_ 0
S/Nn ,NJ © LN\CU,__»—N
Cu = o
R R [ORSS —~0 CMe;
Cu-4 Me R
Cul(S, 9 b00](0TN; w ./

4a: R=tBu; 4b: R=B
(4a: R=tBu; 4b " (siface)

Scheme 2.
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reaction is very general with respect to the enolsilane
derivatives. The five-membered catalyst —substrate chelate I
(Scheme 2) is a strict requirement for stereoselectivity, and
the geometry around copper has been shown to be square
planar in case of Cu-4 (and square pyramidal in case of the
related pybox derivatives) on the basis of the experimental
results and ESR spectroscopic experiments.'%% This organ-
izational feature with two substrate oxo groups coordinated to
the center ion (here Cu) was not known for any of the
catalysts previously reported.

An extension of this method to a diastereo- and enantio-
selective synthetic task was introduced by Evans et al. starting
from substituted enolsilanes.'*< Tt was possible to achieve
high syn selectivity (syn/anti ratio up to 98:2) in combination
with excellent enantioselectivities (syn up to 99% ee,
Scheme 3). It is noteworthy that (Z)- and (E)-enolsilane

Me, OH O
Cu-4a MeO.
(10 mol %) B S-Bu

78°C O Me
syn/antiratio: 98:2
syn adduct: 99% ee

[e) OTMS
MeO\H)kMe + %\S—IBU
e} Me

Me, OHQ

Sn-4b MEOWS-Bu
(10 mol %) O Me

-78 °C anti/syn ratio: 92:8
anti adduct: 94% ee

Scheme 3.

isomers react in a stereoconvergent manner. Interestingly,
replacing Cu" by Sn' as center ion in 4 and the related pybox
complexes favored the formation of the anti adducts in
remarkable ees (anti/syn ratio up to 99:1; anti up to 99 %
ee),l™ thereby constituting one of the first examples of a
highly enantioselective, Lewis acid catalyzed anti-aldol reac-
tion (Scheme 3).['l Thus, very efficient diastereo- and enan-
tioselective approaches to syn as well as anti aldol adducts are
accessible by Evans’ catalytic bichelating concept.

Obtaining both enantiomers of the syn adduct by using the
same initial source of chirality may sound impossible. How-
ever, this was recently achieved by Kobayashi et al. by means
of Sn'! complexes with diamine ligands (5 and 6) based on the
L-proline framework as chiral Lewis acids in stoichiometric
amounts.'”] Only by modifying the position of the nitrogen
around the bicyclic system could both syn enantiomers of the
resulting dihydroxythioester derivatives be obtained in high
enantioselectivity (syn/anti ratio up to >99:1; syn up to
>99% ee; Scheme 4).

A catalytic asymmetric aldol reaction of silyl enolates that
is mechanistically different from the above-described Lewis
acid mediated processes was found by Shibasaki et al.['*l In the
presence of isolable air- and moisture-stable Pd"-BINAP-
derived complexes as catalysts [BINAP = (1,1’-dinaphtha-
lene)-2,2'-diylbis(diphenylphosphine) ], the addition of silyl
enol ethers to aldehydes proceeds via a chiral Pd" enolate to
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give the products in good chemical yield and with enantio-
selectivity up to 87 % ee (Scheme 5). This is the first example
of a catalytic asymmetric aldol reaction occurring via a Pd"
metal enolate. In addition, an interesting feature of this aldol
addition is the sensitive role of defined amounts of water in
accelerating the reaction.

OH;

P /
*< TPd%* < 2BFy
OTMS o P" OH, O OH
N « (R)-BINAP or (R)-Tol-BINAP

; Ph
‘ _ H Ph complex (1-5 mol %) O

Scheme 5.

up to 87% ee

B. Aldol-type reactions using alternative nucleophiles: A
proof that the asymmetric Mukaiyama reaction is not limited
to O-silyl enol ethers of ketones, esters, and thioesters but also
proceeds efficiently if O-silyl dienolates are utilized was given
by Carreira etal. (Scheme 6).5* 4 By employing O-silyl
dienolate 7 and 1-3 mol % of the titanium(v) complex 3, a
highly enantioselective direct route to acetoacetate adducts
has been made accessible for the first time with high yields
and ees (up to 94%).

The aldol adducts 8 are interesting precursors for o-
hydroxy-$-keto esters and f3,0-diol esters, which are ubiqui-
tous structural subunits in biologically active natural pro-

Bu

=
0.
o)
(T
;0
o O

ki,

r

Me_ Me B Me, Me
)Ok OXO 3 (1-3 mol %) OH 0" 'O
. BUPSPN
ROH A Aoms 0°C; EO R o
7 yields up to 97%

ee up to 94%

Scheme 6.

Chem. Eur. J. 1998, 4, No. 7

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

ducts.®! Another application of the Carreira catalyst 3 is the
aldol reaction of 2-methoxypropene and derivatives thereof,
which constitutes a further alternative to the classic enantio-
selective Mukaiyama aldol addition with silyl enol ethers. [
Most recently it was shown that the same O-silyl dienolates 7
can also react with aromatic, heteroaromatic, or a,3-unsatu-
rated aldehydes to yield the products 8 with ees up to 95 % in
the presence of a new catalyst system consisting of (5)-Tol -
BINAP, [Cu(OTf),] and (Bu,N)Ph;SiF,."”] According to the
authors, this system, which contains (§)-Tol - BINAP - CuF, as
the active catalytic species, is unprecedented as the catalyst
complex seems to substitute the silyl group of the O-silyl
dienolate 7 before the aldol reaction takes place and does not
act as a Lewis acid.

Recent improvements have also been made in approaches
that allow the use of types of nucleophiles other than classic
silyl enolates. Yamamoto et al. found that tributyltin enolates
are suitable surrogates when a chiral BINAP-containing
silver(l) complex was utilized as catalyst (ee up to 95%).['!
In contrast to previous work involving chiral Lewis acids, the
application of this catalyst system in a diastereo- and
enantioselective synthesis afforded the anti adduct as major
diastereomer in high ee, with (E)-enolates as starting materi-
als (anti/syn ratio up to 93:7; anti up to 96 % ee; Scheme 7).
Using (Z)-enolates, the syn adducts were obtained with syn/
anti ratios of up to >99:1 (syn up to 95% ee). Thus, the
diastereoselectivity depends on the geometry of the enol
stannane, as illustrated by the transition-state structures Ila
and IIb.01°]

(R)-BINAP » AgOTf O OH
OSnBus (1-10 mol %)
X + IR >~ "R8
R1 L2 H™ "R8 -20 °C, THF, 8h R2
yields up to 95%
" . anti/syn ratio up to 93:7
_ transmoi—staie structures: _ anti-adduct: up to 96% ee
* *
P P PR P
NP S
3/T\Rl /ﬁ\g 3/|J-|<R1 ég
R3—"|:g--SnBus R3—=|:5--SnBus
R2 S / H s O/
e © z
H R2
| Ma—ani | | Ilb — syn
Scheme 7.

For the first time even unmodified ketones have been
successfully subjected to a direct asymmetric aldol reaction by
Shibasaki et al.l'’l The direct aldol reaction, which is known
from studies on enzymes, has been realized using the multi-
functional Shibasaki catalyst LLB containing both Lewis
acidity and Brgnsted basicity similar to the corresponding
aldolases. In the presence of (R)-LLB, the desired aldol
adducts are directly accessible at up to 94 % ee, starting from a
variety of aldehydes and unmodified ketones (Scheme 8).
Regarding the mechanism of this conversion, the central
lanthanum (1) ion should function as a Lewis acid, thereby
activating the aldehyde, whereas the lithium binaphthoxide
moiety acts as a Brgnsted base. The synergetic effect of both
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groups (shown in intermediate IIT) appeared to be responsible
for the reaction proceeding without the need for any other
activation of the starting materials, especially the ketone
component.

C. Aldol reactions in the presence of chiral nonmertallic
Lewis acids or Lewis bases as catalysts: Recently Denmark
et al. impressively demonstrated that the presence of catalytic
amounts of transition metals is no prerequisite for successful
asymmetric aldol reaction sequences.”™ 'l In contrast to
previously used chiral Lewis acids such as, for example,
oxazaborolidines,*"! which interact with the aldehyde, this
concept utilizes chiral bases which seem to coordinate
temporarily to the silicon atom of trichlorosilyl enolates like
9 (Scheme 9). Such enolates constitute strongly activated

0O O 6 0
1. (5,5)-10 (10 mol %) : e
(0] R "
MS 4A, CH,Cl, *
+ M
R™ "H
2. sat. aq. NaHCO3 syn-11 anti-11

9 yields up to 98%
syn/anti ratio up to <1:99
anti adduct up to 97% ee

0SiCls

Non-metallic Lewis base
catalyst structure:

ph, ¢ ( OP(NR,);
N, O N e

Transition Structure:

Si
1
pr? NN RITE2 07 g
Me Cl
(8.9-10 v
Scheme 9.

ketones and react spontaneously with a number of aldehydes
at —80°C. The authors first found that in the aldol reaction of
9 catalytic amounts of hexamethyl phosphoramide (HMPA)
led to an acceleration of the rate of reaction. After several
chiral phosphoramides had been screened as catalysts,
10 mol% of (S,5)-10 (Scheme 9) was found to furnish
products in ees up to 97% in nearly quantitative yields. It
should be emphasized that in the absence of catalyst the E-
enolate affords mainly the syn adduct (syn/anti ratio 16:1)
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while in the presence of (S,5)-10 there is a dramatic reversal in
diastereoselectivity and the anti-aldol product is preferential-
ly formed (anti/syn ratio up to >99:1; anti up to 97% ee).
Hypothetically, the hexacoordinate siliconate species I'V has
been suggested to be involved in stereoselection.

As a novel nonmetallic Lewis acid catalyst, the chiral
triarylcarbenium ion 13 was used by Chen etal. in a
Mukaiyama-type reaction leading to enantiomerically en-
riched aldol products (Scheme 10).) Although nonchiral

OH O
OTBS
10-20 1%
PhCHO + _(10-20 mob#) | PhMOEt
OEt CHaCly, -78°C 1
12 yields up to 99%
ee up to 38%
Scheme 10.

trityl salt-mediated catalytic aldol reactions were reported
earlier by Mukaiyama, the construction of a suitable chiral
carbenium ion remained a challenge. The ee now reported for
the conversion of benzaldehyde and 12 into aldol adduct 14 in
the presence of catalytic amounts of the triaryl carbenium ion
13 (10-20mol%) depends on various factors like the
counterion of 13 or the reaction time and does not exceed
40%. However, chiral carbenium ions like 13 may be
modified to increase their enantiodiscriminating potential.
Surely, chiral trityl salts will be of interest for other catalytic
processes as well.

In conclusion, exciting and promising new catalytic con-
cepts for the asymmetric aldol reaction based on different
ideas to achieve high stereoselectivity have been developed
quite recently. It remains to be seen which of the concepts
discussed above will be of broadest generality and which will
prove to be a catalyst for stimulating further research.
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Enantiomeric Analysis of Homologous Series of Secondary Alcohols
by Deuterium NMR Spectroscopy in a Chiral Nematic Liquid Crystal:
Influence of Molecular Geometry on Chiral Discrimination

A. Meddour, D. Atkinson, A. Loewenstein, and J. Courtieu*

Abstract: NMR measurements of the
differential ordering effect (DOE) are
presented for homologous series of 22
chiral secondary aliphatic alcohols dis-
solved in a poly-(y-benzyl-L-glutamate)
(PBLG)/dichloromethane liquid-crys-
talline solvent. The quadrupolar split-
tings of the solutes, which were deuter-
ated at their chiral centres, were meas-

concentration and temperature. The
proton dipolar splittings of the dichloro-
methane in each sample were also
measured and used as a reference. The
results are analysed qualitatively in

Keywords: alcohols - chirality - li-
quid crystals - molecular dissym-
metry + NMR spectroscopy

terms of the structures of the molecules
and their asymmetric (or chiral) charac-
teristics. Emphasis is put on comparative
analysis of the chiral discrimination in
members of each particular homologous
series and on evaluating the limits of the
technique for molecules that have two
very similar groups attached to their
stereogenic centres.

ured as a function of the PBLG

Introduction

We have shown that enantiomeric analysis of chiral com-
pounds could be achieved by measuring their NMR spectra in
a chiral nematic liquid-crystalline solvent.'l The system
employed was a solution of poly-(y-benzyl-L-glutamate)
(PBLG) in various organic solvents.’ The NMR spectra of
different nuclei such as 'H, 2H, “C or “F of the chiral
compounds can be used for the analysis.!

The underlying principle of the method is that R and §
enantiomers of chiral materials orientate differently when
dissolved in a chiral liquid-crystalline solvent. Molecular
orientation in liquid crystals originates from solute —solvent
interactions, the nature and strength of which determine the
degree of solvent-induced orientation. Different orientations
(or order parameters) of the enantiomers imply that different
dipolar couplings or chemical shift anisotropies and, for spins
>1/2, different quadrupolar interactions should be observed
in their NMR spectra.¥l As the quadrupolar interactions are
often the largest, we found that in practice the most
convenient procedure is to measure quadrupolar nuclei such
as deuterium (spin = 1), which is used exclusively in this study.

[*] Prof. J. Courtieu, A. Meddour, D. Atkinson
Laboratoire de Chimie Structurale Organique
Université Paris-Sud, Bat. 410
ICMO-CNRS-URA 1384, F-91405 Orsay Cedex (France)
Fax: (+33)1-69-15-81-05
E-mail: courtieu@icmo.u-psud.fr
A. Loewenstein
Chemistry Department, Technion-Israel Institute of Technology
Haifa 32000 (Israel)
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The 2H NMR spectrum of a racemic mixture of a mono-
deuterated compound dissolved in an achiral liquid crystal
exhibits a doublet resulting from the interaction of the
deuterium quadrupole moment with the electric field gradient
at the nuclear site.’! The spectrum of this racemic mixture
dissolved in the PBLG/CH,CI, system is composed of two
doublets that reflect the different orientation for the R and S
enantiomers. This situation is presented schematically in
Figure 1. The measured difference between the quadrupolar

racemic Vb

Figure 1. Schematic proton-decoupled ?H NMR spectra of a mono-
deuterated racemic molecule dissolved in various solvents: a) Isotropic
solvent. b) Nonchiral nematic solvent; Av, is the quadrupolar splitting.
c) Chiral nematic or cholesteric solvent in which the R and S order
parameters are different; Av, and Avq, are the quadrupolar splittings for
each enantiomer.
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splittings of the enantiomers is called a differential ordering
effect (DOE).

The magnitude of the DOE depends on several factors such
as the composition of the samples (volume fractions of PBLG
and chiral solute), the temperature and, to some extent, the
molecular weight of the PBLG. It also depends on the
chemical nature and molecular shape of the chiral solute. In
order to achieve a better understanding of some of these

factors (mainly the molecular geometry

OH of the chiral compound, volume fraction
(l; _{(CHy)5~H of PBLG and temperature) we have
o~ \(CHz)m_H undertaken a systematic study of various

organic compounds that possess the same
functional group. Another purpose was
to evaluate the discrimination limits of
the method for molecules that have two
very similar groups attached to their
stereogenic centres. We have chosen for
this purpose an homologous series of
secondary alcohols with the general
structural formula given in Figure 2.
This series was chosen because of the
relatively facile synthesis of the deuteri-
um-labelled derivatives and the relatively
large DOE:s that are generally observed
for alcohols. Measurements, at a given solute concentration,
were taken as function of the PBLG concentration and
temperature. The results of these measurements and their
qualitative interpretation are presented in this paper.

Figure 2. General

structure of the
secondary alcohols
studied. The fol-
lowing compounds
were prepared:
ayn=1, m=2, 3,
4, 5,6, 7 12, 14;
b)n=2; m=3, 4,
5,6, 7, 11, 12;
cyn=4, 5, m=
13—n; d)n=3, 4,
56,8, m=n+1.

Results and Discussion

Background: The quadrupolar splitting, Av,, for the R or §
enantiomers is given in Equation (1).4

Avo =312 0p Vep/h (172 (3cos0cp — 1)) 1)

It is assumed that the asymmetry parameter of the electric
field gradient (%) is zero. Here, Oy, is the deuterium quadru-

Abstract in French: La mesure RMN de effet d’orientation
differentielle d’enantiomeéres (DOE) est presentée pour une
serie homologue de 22 alcools aliphatiques chiraux dissous
dans un cristal liquide lyotrope : le poly-(y-benzyl-L-glutama-
te) (PBLG)/ dichloromethane. Les éclatements quadrupolaires
des deuterium attaches sur les centres chiraux ont ete mesures
en fonction de la concentration du PBLG et de la temperature.
L’éclatement dipolaire du chlorure de methylene mesure par
RMN du proton sur chaque eéchantillon est utilise comme
reference. Les résultats sont analyses qualitativement en
fonction des caracteristiques de structure et d’asymetrie mole-
culaire. Une attention particuliére est portée a I’évolution de la
discrimination chirale dans chacune des series homologues et a
lévaluation des limites de cette discrimination dans le cas de
molécules ayant des substituants peu differents attaches sur le
centre steréogenique.
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pole moment, V- is the electric field gradient along the C—D
bond and Scp=(1/2 (3cos’p — 1)) is defined as the order
parameter along the C—D bond. 6, is the angle between the
electric field gradient (directed along the C—D bond) and the
external magnetic field and the ( ) brackets denote the total
average value over the anisotropic molecular reorientations.
The difference between the Av, values for the R and §
enantiomers (the DOE) is essentially due to the difference in
the Scp term, though very small changes in the values of Vp
might also exist. While the quadrupolar interaction can be
positive or negative, only its absolute value can be measured
in a spectrum. This implies that when changes in Av, are
observed, it is not possible to decide in which direction they
occur. Since this problem is yet unsolved, we have assumed
that all the splittings have the same sign. The uniform
behaviour that we observed for measurements in some of
the homologous series supports our assumption.

This work is designed to compare the orientation of
enantiomers of different compounds. It is known that the
phase diagrams of lyotropic liquid-crystalline systems (like
those obtained with PBLG), and consequently their order
parameters, are closely related to the volume fraction of the
compounds in the mixture.[) A solution of a chiral compound
in PBLG/CH,Cl, forms a ternary system. The molecular
weights of the alcohols studied are different (they vary from
75.15 gmol~! for 2-deutero-2-butanol to 271.50 gmol~' for 9-
deutero-9-octadecanol) whereas the densities of the undeu-
terated alcohols are in the range 0.8—0.9. Consequently, we
used equal weights for the chiral solutes and kept the same
ratio between them and the PBLG, since these are the two
important components of our system. Also since the densities
of the monodeuterated alcohols have not been measured, it
was convenient to express the PBLG content of the sample in
weight percent (wt%).

When we wish to compare measurements taken at different
PBLG concentrations, it is necessary to apply a normalisation
factor to the measured DOE:s that will take into account the
variation in the ordering of the liquid crystal. This normal-
isation factor is also expected to minimise the effect of the
solute on the liquid-crystal order parameter; this makes the
DOEs comparable for different compounds. The normal-
isation factor can be derived either from the average
deuterium quadrupolar splittings of the enantiomers or from
the proton dipolar coupling (Dyy) of the dichloromethane.”!
Both quantities are related to the total order prevailing in the
system. We chose to use the latter and measured the dipolar
splittings of the proton doublet of dichloromethane (Avy=
3Dyy) in each sample as a normalising factor.

Effect of PBLG concentration and temperature on chiral
discrimination: All the compounds studied can be represent-
ed by the general structure: R!~CD(OH)-R? in which R!
and R? represent linear aliphatic chains of various lengths. In
order to analyse the dependence of the DOEs upon molecular
dissymmetry, it is convenient to subdivide them into three
groups: C,(or G,)-C,,C,-C,,; and C,-C,5_,, in which C, are
alkyl chains with n carbons and the dash represents the
CD(OH) group. A typical NMR spectrum for one of the
alcohols (C,—Cy) is shown in Figure 3. The two doublets that
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Figure 3. 2H NMR spectrum of CH;—~CD(OH)-(CH,);CHj in a solution
of PBLG/CH,Cl, (18.0 wt% PBLG) at T=302 K.

result from the quadrupolar splittings of the R and S
enantiomers are clearly evident. The quadrupolar splittings
of each solute have been measured as a function of PBLG
concentration between 13 and 26 wt%. Below 13 wt% of
PBLG the system tends to become biphasic, whereas above
26 wt % the viscosity becomes high and the spectral resolution
is too low. An increase in the PBLG concentration invariably
results in the increase of the measured quadrupolar splittings.
This is due to the enhanced ordering of the system.

Table 1 presents the quadrupolar splittings for both enan-
tiomers of the 22 secondary alcohols and their DOEs

Table 1. Quadrupolar splittings, Av,, and Avg,, and their difference (DOE in
Hz) measured for enantiomers of secondary alcohols at 18.0 wt % PBLG and at
T=302 K. Avy is the proton dipolar splitting (in Hz) of the dichloromethane in
the sample. DOEnorm is the ratio DOE/Avy and (Avg, + Avg,)/2Avy is the
normalised average quadrupolar splitting.

Avg, Ave, Avy DOE DOEnorm (Avg, + Avg,)/

2Avy
C -G 244 239 76 5 0.07 3.18
C -G 306 276 79 30 0.38 3.68
C-C, 316 247 81 69 0.85 3.48
C,-GC; 268 182 78 86 1.10 2.88
C -G 285 178 80 107 1.34 2.89
C -G 322 212 81 110 1.36 3.30
C-C, 404 272 85 132 1.55 3.98
C,-C, 389 253 87 136 1.56 3.69
C-G; 394 372 81 22 0.27 4.73
C,-C, 419 358 82 61 0.74 4.74
C,-GC; 445 363 83 82 0.99 4.87
C,-GCg 463 370 80 93 1.16 5.21
C-G 512 410 82 102 1.24 5.62
C,-C, 621 511 84 110 131 6.74
C,-C, 610 500 84 110 131 6.61
Cy—Cy 958 908 87 50 0.58 10.72
Cs—Cg 1004 979 88 25 0.28 11.27
Ce—-C; 989 989 86 0 0.00 11.50
C;-C, 570 530 83 40 0.48 6.63
C,—C;s 733 711 87 22 0.25 8.30
Cs-Cq 854 838 86 16 0.19 9.84
Cs—-Cy 1281 1281 87 0 0.00 14.72

measured at 302 K and at 18.0 wt % PBLG. This table also
includes the ratios of DOE/Avy, which we denote as
DOEnorm, and the normalised average quadrupolar split-
tings [(Avg, + Av,)/2Avy], which reflect the molecular
ordering. Additional data for other concentrations and
temperatures can be found in ref. [8].
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Figure 4 (a and b) shows the dependence of the measured
DOE and DOEnorm values on the PBLG concentration for
the C,—C, series. Similar behaviour is observed for all the
alcohols studied. It is evident from the figures that while the
concentration dependence of the DOE is roughly linear with
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Figure 4. a) Plot of the DOE values vs. the concentration of PBLG for
the C,—C, series at T=302 K. b) Plot of the DOEnorm (=DOE/Avy) vs.
the concentration of PBLG for the same compounds.

PBLG concentration and with different positive slopes for
each compound, these slopes almost disappear when the
normalisation with Avy is applied. However, the remaining
slopes in Figure 4b suggest that these normalisation factors
are not prefect.

The temperature dependence of the DOE was measured
for several samples between 300 and 315 K. Generally, the
quadrupolar splittings decrease with increasing temperature,
following the decrease in the order parameters.[) The relative
changes in the splittings with the temperature for the R and S
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enantiomers are not necessarily identical; this is due to the
functional form of the order parameter given above. How-
ever, the general patterns of the results are not affected by
varying the temperature.

Effect of molecular dissymmetry on chiral discrimination:
The initial aim of this work was to determine the limit of chiral
discrimination by means of the 2H NMR technique in PBLG/
CH,C),. For this purpose, we measured a series of secondary
alcohols bearing the general formula C,—C, ., with n varying
from 1 to 8. It was found that enantiomers were discriminated
till n =5. To our knowledge, this is the first direct observation
of the enantiomers of 6-dodecanol.

The results of the chiral discrimination for this series are
presented in Figure 5 for solutions in 18 wt % PBLG at 302 K.
While the increase in #n results in a decrease in molecular

0.5

DOEnorm
o o
o w

T T

0.1

0 1 2 3 4 5 6 7 8

Figure 5. Plot of the DOEnorm values in the C,—C,,; series vs. n in
solutions of PBLG/CH,CI, (18.0 wt% PBLG) at 7T=302 K.

dissymmetry, the chiral discrimination, as reflected by DOE-
norm, increases till a maximum is reached for n=3 (CGH; -
CD(OH)-C,H,) and thereafter diminishes and disappears at
n = 6. In other words, chiral discrimination does not appear to
have a simple uniform dependence on molecular dissymme-
try.

In order to understand this rather unexpected behaviour,
we undertook the study of other series of secondary alcohols.
We began by examining the results for the C,(or C,)-C,
series: we expected that the DOEs would increase with n,
which would correspond to an enhancement of both the
molecular ordering and the dissimilarity (or volume differ-
ence) between the two alkyl chains. The results, for solutions
of 18.0 wt % of PBLG at 302 K, are shown in Figure 6, which
depicts the DOEnorm as a function of n for the C, - C, series.
The DOE does indeed increase with n, but reaches an
asymptotic value for na11. This means that the chiral
discrimination ceases to be sensitive to a small increase in
the dissimilarity between the two attached chains beyond a
certain value of n. In other words, a small change in the
molecular structure remote from the chiral centre ceases to
have an effect on the measured DOEs. Similar behaviour is
observed for the C,-C, series. In order to estimate the
dissymmetry evolution in these series, we have calculated the
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Figure 6. Plot of the DOEnorm values in the C,—C, series vs. n in
solutions of PBLG/CH,CI, (18.0 wt% PBLG) at T=302 K.

volume (V) of each alcohol and that of both alkyl chains, R!
and R?, using the volumes given by Gavezzotti.’l It was found
that AV/V (where AV is the volume difference between the
two alkyl chains) versus n produces curves similar in shape to
those obtained with DOEnorm versus # in the C,—C, and
C,-C, series. Consequently, it appears that in the C,—C, and
the C,- C, series, chiral discrimination is closely related to the
difference in length of the two alkyl chains. Furthermore, it
should be pointed out that the normalised average quadru-
polar splittings [(Avg; + Avg,)/2 Avy] do not change dramat-
ically (between 2.88 and 3.98 for C, —C, and between 3.18 and
6.61 for C,-C,).

Next we focused our attention on the C,—C;;_, series: all
molecules belonging to this series are expected to have almost
the same length and approximately the same shape. Cerius2
simulations together with MOPAC semiempirical minimisa-
tion calculations of quantum mechanical energy are in
agreement with this. Hence, the ordering of these molecules
should be similar. In practice it was found that this is valid
only for n=4, 5 and 6, where (Avg + Avy,)2Avy lies
between 10.72 and 11.50. The differences in their measured
DOE:s should reflect the dissimilarity (or volume difference)
of the attached C, and C;_, groups. As the chiral centre
moves from the end of the C;, chain to its centre this
dissimilarity decreases and therefore the DOEs are expected
to decrease accordingly. This is indeed the case as seen from
the results given in Figure 7 in which the measured DOEnorm
values are shown as a function of n for solutions of 18.0 wt %
of PBLG at 302 K.

At this point, the results obtained for the C,—C, ., series
(Figure 5) can be interpreted rationally. The behaviour of the
molecular ordering in this series, which is reflected by (Avq, +
Avq,)/2Avy, is shown in Figure 8. It varies from 3.18 to 14.72
for n=1 to n=S8§, respectively. Figure 5 shows the combina-
tion of two effects. The first is an increase in molecular
ordering due to an increase in molecular length. The second is
a decrease of the DOEnorm that is induced by a decrease in
molecular dissymmetry, as observed for the C,-C, or C,-C,
series when n decreases and for the C,—C,;_, series when n
increases. Here, the dissimilarity of C, and C,,; groups
decreases with increasing n. However, the increase in
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Figure 8. Plot of the (Avqg, + Av,)/2Avy values in the C,-C,,, series vs. n
in solutions of PBLG/CH,CI, (18.0 wt % PBLG) at T=302 K.

molecular ordering in the C,—C,,; series appears to be the
dominant factor up to n =3, which results in an increase in the
chiral discrimination. Beyond n =3, the difference in molec-
ular ordering between the two enantiomers approaches zero
and is not compensated by a further increase in the molecular
ordering. Consequently, the chiral discrimination decreases.
Therefore the results shown in Figure 5 present a combination
of the effects deduced from Figures 7 and 8.

Conclusion

Summing up, we offer a qualitative interpretation for the
relative magnitudes of the DOEs in homologous series of
secondary alcohols. It appears that chiral discrimination
increases with molecular dissymmetry only in series where
the molecular ordering is comparable. The DOE is a
composite measure that depends on molecular order param-
eters and on the enantioselective interactions with PBLG. As
far as molecular orderings are comparable, it seems that the
DOE provides a measure of the dissimilarity of the two alkyl
chains attached to the stereogenic centres. Therefore when
the results for different compounds are to be compared, both

1146 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

the overall molecular shapes and the special dissymmetry
features have to be taken into account.

For a more quantitative approach, it is interesting to look
for a possible correlation between our results and the chirality
measurements recently proposed.l'>3] Such attempts at
correlation have indeed failed. We believe that the main
reason for this stems from the fact that the DOE is a measure
of the difference in the orientation of a C—D bond of two
enantiomers, which is related to the nature of their chiral
centres, whereas chirality measurements evaluate the asym-
metry of the entire molecule. As NMR measures local
magnetic properties in molecules, one should think in terms
of the recently proposed atomic chirality("¥ that might be
better related to the measured DOE values.

From the practical point of view, we have observed that the
enantiomers of 6-deutero-6-dodecanol appear to be at the
limit of chiral discrimination in the PBLG/CH,CI, system.

Experimental Section

Synthesis: The deuterated alcohols were prepared by the reduction of the
corresponding ketones with lithium aluminium deuteride (LiAlD,) follow-
ing standard procedures. Those ketones, which were not commercially
available, were synthesised in two steps: the addition of the alkylmagnes-
ium bromide to the appropriate aliphatic aldehydes followed by oxidation
to the desired ketone.

NMR sample preparation: PBLG (100 mg; Sigma, degree of polymer-
isation about 400) and a deuterated alcohol (40 mg) were put in a S mm
(0.d.) NMR tube. Dichloromethane (distilled over calcium chloride) was
added to obtain around 25 wt% PBLG concentration. The sample was
centrifuged in both directions to promote the dissolution of PBLG. The
solution thus obtained is homogeneous. After measuring the NMR
spectrum at this particular concentration, the sample was diluted again
with CH,Cl, in order to obtain the next desired concentration. This
procedure was repeated for all alcohols till the lowest PBLG concentration
(about 13 wt %), which still produces a neat liquid-crystalline phase, was
reached.

NMR measurements: Deuterium NMR measurements were performed on
a Bruker AM250 NMR spectrometer equipped with a selective 5 mm
deuterium probe and operating at 38.39 MHz. The temperature was
controlled with a Bruker BVT-1000 temperature-regulation system and
samples were spun at about 20 Hz. Broad-band proton decoupling was
achieved by applying the WALTZ composite pulse sequence. 100-300
scans were acquired in order to obtain a good signal to noise ratio. Proton
NMR spectra were recorded with the same probe operating at 250.16 MHz.
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Apocytochrome b5, as a Novel Chiral Host Molecule:
The First Enantioselective Reconstitution

Yasuhiro Ishida, Katsuaki Konishi, Takuzo Aida,* and Teruyuki Nagamune

Abstract: Apocytochrome bsg,, a natu-
rally occurring host molecule with an
exceptionally high conformational sta-
bility, recognized the structures of syn-
thetic metalloporphyrins in reconstitu-
tion. Among manganese porphyrins
containing peripheral propionate resi-
dues (2-4), the protoporphyrin IX com-
plex (2), which has two proximal propi-
onate functionalities, was preferred over
the other manganese complexes by a
factor of more than 100 in terms of the

Introduction

In biological systems a variety of potential host molecules
exist that are quite attractive as motifs for in vitro host — guest

association constants K. In reconstitu-
tion with a chiral zinc mesoporphyrin IT
with a 1,4-xylylenediamide strap (5), the
R enantiomer ((R)-5) was highly prefer-
red over (S)-5; the ratio of the associa-
tion constants K /K was as large as 30.
The apoprotein also recognized the

Keywords: chirality - heme proteins
. molecular  recognition
porphyrinoids - reconstitution

absolute configuration of an N,N'-dime-
thylated analogue of 5 (6) (Ki/Ks3=23),
although the association constants were
almost one order of magnitude lower
than those of 5. The high enantioselec-
tivity of the apoprotein permitted the
perfect separation of racemic § in a
competitive one-pot reconstitution. In
sharp contrast, apomyoglobin showed
no enantioselective ability under similar
conditions.

reported to retain most of the conformational characteristics
of the holoprotein (Figure 1right).] Despite such fascinating

chemistry. Apoproteins are candidates for such host
molecules, since they possess a well-defined hydro-

phobic pocket in which multiple coordinating and
hydrogen-bonding functionalities are specifically ar-
ranged.['! However, the rather high susceptibility of
apoproteins to conformational denaturation, com-
pared to the parent holoproteins, considerably limits

their possible applications.

Cytochrome bss, from Escherichia coli is an elec-
tron-transfer hemoprotein with a characteristic four-
helix bundled structure, which accommodates proto-
heme (iron protoporphyrin IX) in a noncovalent
fashion by coordination with histidine 102 and
methionine 7 on the edge of the bundle (Fig-
ure 11left).> ¥ Compared with other apoproteins, such
as apomyoglobin,’!l apocytochrome bs;, is highly
robust towards conformational denaturation over a
wide range of temperature and pH,® and has been

[*] Prof. T. Aida, Y. Ishida, Dr. K. Konishi, Prof. T. Nagamune
Department of Chemistry and Biotechnology, Graduate
School of Engineering, The University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656 (Japan)

Fax: (+81)3-5802-3363
E-mail: aida@macro.t.u-tokyo.ac.jp
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properties, the chemistry of apocytochrome bss, has not yet
been explored because of the low biological abundance of its

Figure 1. The schematic structure of ferricytochrome bsg, (left) and apocytochrome bsq,

(right), as determined by X-ray crystallography*! and NMR spectroscopy,”™ respec-

tively.
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holoprotein. However, cloning and efficient expression of
cytochrome bss, have recently been successful,®l thereby
enabling its large-scale preparation and application in materi-
als science.[’) In the present paper, we report the results of the
first study on the host — guest chemistry of apocytochrome bsg,
in reconstitution with some synthetic metalloporphyrins (1-
6), and highlight its extremely high ability in chiral discrim-
ination.

Results and Discussion

Recognition of peripheral substituents: To evaluate the ability
of apocytochrome bsg, as a host molecule, reconstitution with
manganese(I11) porphyrins with different peripheral substitu-
ents (1-4) was examined . Compared with iron(i1) porphyr-

X VA
74
z Y COy+
Y. Z COs-
Z X
1 X=Y=Z=CHs
3 X=CHs, Y =CH,CO,H, Z=H 2

4 X=Y=CHyCO.H,Z=H

ins, manganese(i1) porphyrins have a much lower tendency to
form u-oxo dimers and have higher solubilities in aqueous
media. Upon titration of a bis-Tris buffer/DMSO (3%)
solution of manganese(i11) octacthylporphyrin (1, 7.0 um) with
an aqueous solution of apocytochrome bss,, the UV/Vis
spectrum of 1 changes to show an isosbestic point at 467 nm.
Plots of the Soret absorbance (477.4 nm) versus [apoprotein]y/
[1], showed a clear inflection point at a mole ratio of unity
(Figure 2a), indicating a stoichiometric interaction of 1 with
the apoprotein. The association constant K, as determined
from this titration curve, was 2.0 x 10’M~! (run 1, Table 1). In
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Figure 2. Spectroscopic titration (20 °C) of bis-Tris buffer (50 mm)/DMSO
(3 %) solutions of manganese(it1) porphyrins 1 [, (a)],2 [e, (b)],3 [, (c)],
and 4 [2, (d)] (70um each) at pH 6.5 with an aqueous solution of
apocytochrome bsg, monitored at 477.4, 482.4, 476.8, and 477.0 nm, respec-
tively. A, represents the observed absorbance, while A, and A, denote
the absorbances of noncomplexed and complexed manganese porphyrins,
respectively.

Table 1. Interactions of metalloporphyrin guests with apocytochrome -
bsey

Run  Metalloporphyrin guest Association constant [K, m~!]®!

1 1 2.0 x 107
2 2 24 %107
3 3 74 % 10°
4 4 ~0

5 (R)-5 4.4 % 10°
6 (S)-5 1.5 % 10°
7 (R)-6 3.4 % 10°
8 (S)-6 1.5 x 10*

[a] For experimental conditions, see Figures 2 and 3. [b] Calculated from
the titration profiles in Figures 2 and 3 by a nonlinear curve-fitting method.

sharp contrast, no reconstitution occurred with a mangan-
ese (1) porphyrin (4) which has four propionate functional-
ities (Figure 2d). On the other hand, in the reconstitution with
manganese complexes containing two propionate function-
alities (2 and 3), apocytochrome bsq, recognized the topology
of the propionates on the porphyrin periphery: The proto-
porphyrin IX complex (2), with two proximal propionate
functionalities (Figure 2b), showed a comparable association
constant (K=2.4x10’Mm~!, run2) to that of manganese
octaethylporphyrin (1), while the complex of mesoporphyr-
in IT (3) with two diagonal propionates (Figure 2¢) showed a
much lower affinity (K =74 x 10*M~!, run 3).

Recognition of chirality: As described above, apocytochro-
me bsg, has a characteristic helix-bundled architecture (Fig-
ure 1right). Quite interestingly, this unique apoprotein showed
a great ability for asymmetric recognition in reconstitution
with a chiral 1,4-xylylenediamide-strapped metalloporphyrin
with molecular asymmetry.l' 'l In this experiment, the zinc
complex (5) was used in place of the manganese complex (5'),
since the spectral change of 5 upon mixing with the
apoprotein was not distinct. Upon addition of the apoprotein
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to an acetate buffer solution of (R)-5 (1.5 um) containing 2 %
DMSO, there was a distinct shift of the Soret band of (R)-5
from 406.2 to 415.8 nm, and the final spectrum was quite
similar to that of § coordinated to 1-methylimidazole in an
aprotic solvent such as CHCl,."?l In contrast, use of (S)-5 as
the substrate in place of (R)-5 for the reconstitution resulted
in a similar but much smaller spectral change: At [apopro-
tein]y/[5], of 1.8, nearly 90% of (R)-5 was bound to the
apoprotein, whereas (§)-5 was trapped in only 23% under
identical conditions (Figures 3a and 3b). The association

1.0

(s~ A) 0.4
(A Ao)

0.2

0 5.0 10.0
[Apocytochrome bsgylo

[5]o or [610
Figure 3. Spectroscopic titration (20 °C) of acetate buffer (200 mm)/DMSO
(2%) solutions of (R)-5 [m, (a)], (S)-5[g, (b)], (R)-6 [e, (c)], and (5)-6 [0,
(d)] (1.5um) at pH 4.6 with an aqueous solution of apocytochrome bsg,
monitored at 415.8 and 416.0 nm for 5 and 6, respectively.

constant for (R)-5 (Ky), as evaluated from the spectroscopic
titration, of 4.4 x 10°m~! (run 5, Table 1), is approximately 30
times larger than that for (5)-5 (Ky=1.5x10°M~!, run 6).
From K and K, AAG of the enantioselective reconstitution
was calculated to be —2.0 kcalmol~!, and the enantiomeric
excess (ee) at an infinitely large [guest]/[host] mole ratio
(e€intinity) Was estimated to be 93 %.["3! Similarly, in reconsti-
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tution with 6, derived from 5 by methylation of the two amide
functionalities of the strap, apocytochrome bs¢, also exhibited
a high enantioselectivity toward the R isomer (Figures 3¢ and
3d); the eejy,y value was 92 %, as estimated from Ky and K
(runs 7 and 8, Table 1).['1 However, it should be also noted
that these association constants were almost one order of
magnitude lower than those for 5 (runs 5 and 6).

One-pot optical resolution of chiral metalloporphyrins: The
excellent enantioselectivity of apocytochrome bsq, towards §
enabled one-pot optical resolution of racemic S. Thus, racemic
5 ([5]y=14.4um) was incubated for 0.5 h with 0.5 equivalent
of the apoprotein in an acetate buffer at pH 4.6, and the
mixture, after centrifugation and dialysis, was treated with
CHCl; to allow complete extraction of 5 into the organic
phase (35% yield!™ of isolated product based on the initial
amount of the apoprotein). The chiral complex (5), thus
isolated, displayed clear circular dichroism (CD) bands with
virtually the same intensities as those of enantiomerically
pure (R)-5 (Figure 4). Even when a substrate (5) enriched

10

(6 x 10*/ N
mdeg cm? dmol! I
-5 | L
L j——(8)5
i
¥
-10 . [ . I .
300 400 500 600

A/ M e

Figure 4. CD spectrum (CHCl;, 20 °C) of 5 extracted from cytochrome bsg,
reconstituted with racemic 5 at a mole ratio [apoprotein]/[5] of 0.5 (5,
solid curve), and those of (R)- and (§)-5 (dotted curves) as optically pure
authentic references. The concentration of 5, for the calculation of [@], was
determined from the absorbance at 407.5nm with ¢g4;5=2.05x
10° cm~ ML

with the unfavorable S enantiomer ([ (R)-5]y/[(S)-5],=1/5.4)
was employed for the reconstitution ([5]y/[apoprotein],=
16.6/3.5 um), the selectivity towards (R)-5 still remained high
([(R)-5)/[(S)-5] =71/29). On the other hand, a competitive
reconstitution of racemic 6 with the apoprotein, under
identical conditions to the above, resulted in a recovery of 6
in only 18 % yield. Although the reaction was again enantio-
selective, the observed R/S ratio (70:30) was lower than that
with 5. Nevertheless, these two examples demonstrate the
high potential of apocytochrome by, in chiral discrimination.
In sharp contrast, apomyoglobin, one of the most extensively
studied apoproteins, showed no enantioselective capability
for § under identical conditions: Reconstitution of apomyo-
globin with racemic 5§ under conditions similar to those with
apocytochrome bsq,, (centrifugation and dialysis, followed by
extraction with CHCI;) allowed the isolation of 5 in 32%
yield. However, the CD spectrum of 5 thus recovered did not
show any sign of optical activity.
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Mechanistic aspects: As a control experiment, reconstitution
with (R)-5 was attempted for cytochrome b5, whose binding
site is occupied by the native guest (iron(ir) protoporphyr-
in IX). However, no spectral change associated with the
reconstitution with (R)-5 was observed. Furthermore, upon
addition of the native guest to the (R)-5—apoprotein assem-
bly, the (R)-5 bound to the apoprotein was completely
liberated, while the holoprotein was formed. From these
observations, the binding of § to the apoprotein is most likely
to occur at the heme pocket. In the reconstitution of
apocytochrome bs;, with 5, we believe that axial
coordination at the zinc atom of 5, presumably with
the imidazole group of a histidine unit in the protein,
and a hydrogen-bonding interaction involving the
strap-amide moieties!!*!8l operate simultaneously in
addition to a hydrophobic interaction. In fact, there
was no indication of any reconstitution if a copper
analogue of 5 without axial coordination ability (5")
or zinc octaethylporphyrin without hydrogen-bond-
ing capability was used as the guest. With respect to
the hydrogen-bonding profile of 5, our previous
studies have shown that the strap-amide function-
alities serve both as proton donor (NH) and acceptor
(C=0) in interaction with Z-amino acids/'® and
synthetic polypeptides.l'’) In the reconstitution with
apocytochrome bsg,, the strap amides of 5 are likely
to operate, at least, as proton acceptors to form
hydrogen bonds with the apoprotein, since the N,N'-
dimethylated analogue (6), which is devoid of any
proton-donating character, is interactive, though
more weakly than 5, with the apoprotein (runs?7
and 8, Table 1).

As already described, the enantiomers of 5 bound to
apocytochrome bs4, all display virtually identical absorption
spectra. However, their CD profiles were found to be
essentially different. For example, (R)-5 in the reconstituted
cytochrome bse,!') showed a monosignated CD band at
416.5 nm (Figure 5a), similarly to the enantiomers of free 5§

100
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Figure 5. CD spectra (acetate buffer [200mm], 20°C) of (R)-5 (a; solid
curve) and (S)-5 (b; dotted curves) bound to apocytochrome bss,. The
concentration of reconstituted cytochrome bsg,, for the calculation of [6],
was determined from the absorbance at 415.5 nm with g,55=1.94 x
10° cm~'m .
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in CHCI; (Figure 4). In sharp contrast, (S)-5 upon reconsti-
tution™! clearly exhibited split Cotton effects at 419 and
429 nm with a considerable enhancement of the CD intensity
(Figure 5b). Such a split CD pattern is quite similar to that of
the strapped zinc porphyrin with a methylated core nitrogen
atom (7) .l On the basis of NMR and CPK model studies, it
has been suggested that the strap phenylene moiety of §
adopts a parallel orientation to the porphyrin ring,['% whereas
that of 7 is tilted,'® thereby allowing intramolecular exciton
coupling between these two chromophores. Thus, the marked

! 0
i I/
C\N/H
é N\H
i J

e N\

E (@]

7 X =0,CCHs

difference in the CD profile of unfavorable (S)-5 from that of
favorable (R)-5 upon reconstitution with apocytochrome bs,
(Figure 5) suggests a conformational deformation of (§)-5
within the heme pocket, possibly due to a steric requirement
from shape mismatching.

Conclusion

We have demonstrated that the apoprotein of cytochrome bsg,
is a new chiral host molecule that is capable of recognizing the
absolute configurations of chiral metalloporphyrins in recon-
stitution. The perfect, one-pot separation of the enantiomers
of 5 is quite interesting, since it could not be achieved by the
use of apomyoglobin, the most extensively studied apoprotein
for reconstitution. Considering the potential of apoproteins to
trap small molecules,” the utilization of this unique helix-
bundled apoprotein as chiral host and catalyst is worthy of
further investigation.

Experimental Section

Materials: Cytochrome bss, was obtained from Escherichia coli (TB-1
harboring pNS 207) and purified as reported previously.®l The chloro-
manganese complex of protoporphyrin IX (2) was purchased from Sigma.
Octaethylporphyrin, mesoporphyrin II dimethyl ester, and coproporphyrin
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tetramethyl ester were prepared according to the literature.?'! Racemic
mesoporphyrin I with a 1,4-xylylenediamide strap was prepared by a
procedure reported previously.") THF was distilled over sodium benzo-
phenone ketyl prior to use. All other chemicals and reagents were used as
received.

Measurements: Absorption (UV/Vis) and CD spectra were recorded on a
JASCO V-560 spectrometer and a JASCO J-720 spectropolarimeter,
respectively. '"H NMR spectra were recorded on a JEOL GSX-270
spectrometer operating at 270 MHz. FAB-MS spectra were recorded on
a JEOL JMS-HX110 spectrometer in a 3-nitrobenzyl alcohol matrix.
HPLC experiments were performed at room temperature on a JASCO 880-
PU equipped with a JASCO 875-UV variable wavelength detector at a flow
rate of 0.5 mLmin~! and monitored at 400 nm.

Preparation of apocytochrome bs,:*?! 1.0n Hydrochloric acid was added at
0°C to an aqueous solution of cytochrome bs4, until the pH of the solution
reached 2.0. An equal volume of 2-butanone chilled at 0°C was added to
this reaction mixture to extract protoheme until the butanone phase
showed no UV/Vis absorptions due to the heme. The aqueous phase was
then separated and subjected to repeated dialysis against water, followed
by centrifugation at 0°C for 10 min (18000 g), to give an aqueous solution
of apocytochrome bsg,, the concentration of which was determined on the
basis of the absorbance at 276 nm!® or by titration with manganese
octaethylporphyrin (1).

Manganese (1) porphyrins (1, 3, and 4): A free-base porphyrin (octaethyl-
porphyrin, mesoporphyrin I dimethyl ester, or coproporphyrin I tetra-
methyl ester) was refluxed with MnCl, in AcOH/Ac,0, and the reaction
mixture was washed twice with water. The organic layer was dried over
Na,SO, and filtered. The filtrate was evaporated under reduced pressure
and the residue recrystallized from CHCly/hexane to give the correspond-
ing chloromanganese (i) complexes 1 and the methyl esters of 3 and 4.%
The latter two were then subjected to acid hydrolysis of the methyl ester
functionalities in a mixture of concentrated hydrogen chloride and 88 %
aqueous HCO,H, followed by recrystallization of the crude products
from EtOH/hexane to give 3 and 4.

1: UV/Vis (CH;0H): A,,,,=365.5, 458.0, 545.0 nm; FAB-MS: m/z: 587
[M-Cl]*.

3: UV/Vis (CH;0H): A,,,,=366.0, 458.0, 542.5 nm; FAB-MS: m/z: 619
(M-I

4: UV/Vis (CH;0H): A,,,,=366.5, 458.5, 543.0 nm; FAB-MS: m/z: 707
[M -1

Zinc complex of mesoporphyrin II with a 1,4-xylylenediamide strap (5): To
a CHCI, solution (10 mL) of racemic 1,4-xylylenediamide-strapped mes-
oporphyrin II (67 mg, 0.1 mmol) was added a saturated methanolic solution
of Zn(OAc), (2mL), and the mixture was stirred for 2 h. The reaction
mixture was washed twice with water, the organic layer dried over
anhydrous Na,SO,, and then filtered. The filtrate was evaporated under
reduced pressure, and the residue recrystallized from CH,Cl,/cyclohexane
to give racemic 5 as purple crystals in quantitative yield. 'H NMR (CDCl;,
25°C): 6=9.52 and 9.48 (2 x s, 4H; meso-H), 4.53 and 4.13 (2 x m, 4H;
diastereotopic porph-CH,CH,CO), 3.87 (q, 4H; porph-CH,CH};), 3.52 and
344 (2xs, 12H; porph-CH;), 2.78 (m, 2H; diastereotopic porph-
CH,CH,CO), 2.60 (t, 2H; CONH), 2.42 and 2.41 (2 x d, 4H; C(H,CH,),
23-21 (m, overlapped, 6H; CH, (4H) and diastereotopic porph-
CH,CH,CO (2H)), 179 (t, 6H; porph-CH,CH;); UV/Vis (CHCL):
Amax =407.5, 5375, 574.5nm; FAB-HRMS: caled for C,H,NO,Zn
([M]7): 728.2817, found 728.2810.

Optical resolution of racemic 5 by chiral HPLC: Separation of the
enantiomers of 5 was performed on a 4.6 x 153 mm HPLC column packed
with silica gel coated with cellulose tris(3,5-dimethylphenylcarbamate) as
the chiral stationary phase (Daicel Chiralcel OD-H). In a typical experi-
ment, a 20 pL portion of a CCl, solution of racemic 5 (3 mg in 2 mL) was
loaded on the column with hexane/ethanol (92:8 v/v) as the eluent, and the
compounds with retention times of 11.7 and 13.4 min were fractionated.
This procedure was repeated several times, and the eluates were then
purified by column chromatography on silica gel (CHCL;) to give the
enantiomers of 5. For the determination of the absolute configurations of
the enantiomers, optically pure 5§ was demetallated to give the free base,
which was methylated at the core nitrogen atom with CH;l, followed by
metallation of the resulting N-methylated porphyrin with Zn(OAc),, to
give a zinc acetate complex (7). By reference to the CD spectral profiles of
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configurationally defined analogous compounds,'® '* the first- and second-
eluted enantiomers of § in chiral HPLC had the R and § configurations,
respectively.

Zinc complex of mesoporphyrin IT with a 1,4-xylylene-N, V'-dimethylamide
strap (6): A solution of (Me;Si),NLi (30 pmol) in THF (0.03 mL) at —78°C
was added under nitrogen to a solution of (R)- or (S)-5 (1.5 umol) in THF
(2.0 mL), and the mixture stirred at 20°C for 30 min. Subsequently, CH;I
(3.2 mmol, 0.2 mL) was added, and the mixture stirred at 20°C for 2.5 h.
Volatile fractions were removed from the reaction mixture under reduced
pressure, and the residue was washed with water, dried over anhydrous
Na,S0O,, and evaporated to give 6 as a purple powder in quantitative yield:
ISITH NMR ([Dg]DMSO, 180°C): 6 =10.02, 9.86 (2 x s, 4H; meso-H), 4.67
(m, 2H; diastereotopic porph-CH,CH,CO), 4.3-3.9 (m, overlapped, 6H;
diastereotopic porph-CH,CH,CO (2H) and porph-CH,CH; (4H)), 3.53
and 3.51 (2 x s, 12H; porph-CHj), 2.83 (br., 4H; porph-CH,CH,CO), 1.75
(m, 6H; porph-CH,CH;), 0.80 (br., 6H; CONCH,); UV/Vis (CHCl;):
Amax =405.0, 537.5, 574.5 nm; FAB-HRMS: calcd for C,,H,sNyO,Zn ([M]*):
756.3130, found 756.3122.

Spectroscopic titrations:

Figures 2a—d: A DMSO solution (230 pm) of manganese porphyrin was
diluted with bis-Tris buffer (50mM, pH 6.5), and mixed with an aqueous
solution of apocytochrome bsg, to give sample solutions with designated
molar ratios of protein:manganese porphyrin (= 7.0um), which were
subjected to UV/Vis spectroscopy.

Figures 3a—d: A DMSO solution (470 um, 40 pL) of zinc porphyrin was
diluted with acetate buffer (200mm, pH 4.6, 0.196 mL), and the mixture
centrifuged (8000 g) for 10 min at 20 °C to remove insoluble fractions. The
resulting supernatant solution was diluted with acetate buffer (200 mm,
pH 4.6) containing 2% DMSO ([zinc porphyrin] = 1.5 um), and titrated
with an aqueous solution of apocytochrome bs;, (90 um) by UV/Vis
spectroscopy, whereby each spectrum was corrected upon consideration
of a decrease in concentration of the guest (100 —83 %) by titration. The
association constants K were obtained from the spectral changes by a
nonlinear curve-fitting analysis.

One-pot optical resolution of racemic 5 and 6 by apoproteins: A DMSO
solution of racemic 5 or 6 (1.8mm, 360 uL) was added to an acetate buffer
solution of apocytochrome bss, or apomyoglobin (3.75 uMm, 8.64 mL), and
the mixture with a [host]/[guest] mole ratio of 0.5 was allowed to stand for
0.5 h at 0°C. The reaction mixture was then centrifuged (8000 g) for 5 min
at 0°C, dialyzed for 3 h against acetate buffer (200mwm, pH 4.6) at 0°C, and
centrifuged again. Extraction of the resulting aqueous solution with CHCl;
(2 x2mL) allowed the isolation of the guest. The yield and the optical
purity of the isolated guest were determined by absorption and CD
spectroscopy, respectively, with reference to those of the optically pure
authentic samples.[®!
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Abstract: We have calculated the ho-
mologous series of monocations
[H,C=XH,]" (X-1a, where X=P, As,
Sb) and their protonated forms [H,C—
XH;)** (X-2a) and [H;C-XH,** (X-
3a) by use of QCISD levels of theory
with pseudopotentials for all X atoms.
Refined energies were obtained in
CCSD(T) single-point calculations on
the QCISD-optimized structures. The
structures of the monocations X-1a are
either planar (X =P) or trans-bent (X =
As, Sb) with short C—X distances at the
QCISD level. Theoretical values for the
gas-phase proton affinities (PA) for all
monocations show that the formation of
either X-site-protonated dications (X-
2a) or C-site-protonated dications (X-
3a) is slightly endothermic for X =P and

charged, as revealed by NBO analyses,
X-site- and C-site-protonated isomers of
X-1a were considered. The X-site-pro-
tonated isomer [H,C-PH;]** (P-2a)
was calculated to be more stable by
3.2 kcalmol~! than the C-site-protonat-
ed form P-3a. For the As- and Sb-
containing dications, the C-site-proto-
nated isomers [H;C-AsH,[>* (As-3a)
and [H;C-SbH,]** (Sb-3a) are prefer-
red. Hydrogen-bridged structures (X-
TS) were found to be transition states
for the 1,2-H migration in all cases with
activation barriers from X to C of about
8-9 kcalmol~'. The C-X fragmenta-
tion of X-2a into CH3" and XHj" is

Keywords: ab initio calculations -
antimony - arsenic - carbocations -

exothermic (about — 30 kcalmol~!), but
hampered by activation barriers in the
range 45 (X =P) and 35 kcalmol~! (X =
Sb). The dissociation of C-site-protonat-
ed X-3a into CHi and the carbene
analogues XHj7 is even more exother-
mic. The activation barriers for this
reaction are considerably lower (18.8
and 8.2 kcalmol! for X=P and Sb,
respectively). NBO analyses show that
charge distributions in all dications are
mainly caused by o charge transfers as a
result of electronegativity differences.
Within the series of the dications, anti-
mony, the most electropositive element,
serves as the most stabilizing a hetero-
atom, whereas among the monocations,
in which m charge donation is very
important, the methylenephosphonium

exothermic for X=As, Sb. Since the

. . phosphorus -
carbon centers in X-la are negatively

Introduction

Superelectrophilic activation is responsible for the greatly
enhanced reactivity of various a-heteroatom-substituted
carbenium ions [H;_,C(X),]* (X =heteroatom or substituent
with a heteroatom in the a position).l'*<] More than thirty
years ago, Olah et al. observed that the acetyl cation MeCO*
and the nitronium ion NOjJ are much more reactive in
superacid media and proposed the formation of the dications
MeCOH?** and NO,H?*, respectively.?! Vol’pin et al. found
that systems like CBr,-2AlBr;, CHBr;-2 AlBr;, CCl,-
2 AlBr;, and CHCI;-2 AlBr; produce superelectrophiles at
—20°C that catalyze cracking, isomerization, and oligomeri-

[*] Prof. Dr. H. Griitzmacher, C. Widauer, G. S. Chen
Inorganic Chemistry Institute, Swiss Federal Institute of Technology
Universititsstrasse 6, CH-8092 Ziirich (Switzerland)
Fax: (+41)1-632-10-90
E-mail: gruetz@inorg.chem.ethz.ch
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ion P-1a is more stable than its higher
homologues As-1a and Sb-1a.

zation of alkanes and cycloalkanes efficiently.’] Carboxonium
ions R,C(OH)™" are also strongly activated in superacid media.
While highly stabilized R,C(OH)" ions do not abstract
hydride from alkanes to form carbenium ions (CR7), reaction
of R,C(OH)" (R =H, Me) with isobutane in presence of HF/
SbF; or HF/BF; leads to the fert-butyl cation CMef.['a0]
Recently, Olah et al. performed a theoretical and experimen-
tal study of the trihalomethyl cations CZ§ (Z=F, Cl, Br, 1)
and their protonated derivatives.**"] They found that the
dications CBr,(BrH)?* and CI,(IH)?** are more stable by 15.5
and 44.7 kcalmol !, respectively, than the monocations CBr#
and CI3. The calculations show that all monoprotonated
trihalocarbenium dications are kinetically protected against
decomposition into CZ3 and H*. Moreover, the stability of
the protonated halomethyl cations increases in the order Z =
F < Cl<Br< 1. High-level ab initio studies on the protona-
tion of trichalcogeno-substituted carbenium ions C(EH)7
(E=S-Te)P**l show that the formation of the dications
C(EH);H*" is even more exothermic. Again, the larger
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exothermicities are found for the heavier chalcogens, sele-
nium and tellurium, and the most stable dication derived by
protonation is C(TeH);H?*. Previously, Radom et al. studied
the ylidic dications [CH,YH]** and [CH,Y]** extensively at
the MP3/6-31G**//HF/6-31G* level in which Y = NH,, OH, F,
PH,, SH and CLIl They considered various dissociation
reactions and found that the fragmentation of the tautomers
[H,C-PH;]** and [H;C-PH,]** into [H,C=PH,]* and H* is
almost thermoneutral.

In traditional views, the thermodynamic stability of a-
heteroatom-substituted carbenium ions, in which the hetero-
atoms are 7t donors, is attributed to effective charge dispersal
by (p-p)m overlap from the nonbonded electron pair of the
heteroelement adjacent to the carbenic center. It was often
assumed that elements from the higher periods are poorer
donors as a result of decreasing overlap in the order 2p(mw) -
2p() > 2p(mt) - 3p(7) > 2p(m) —4p(m) > 2p() - 5p(). How-
ever, this argument is not supported by calculations,” ¢l and
the increasing number of experimental investigations of
carbocations stabilized by a heteroatoms from higher periods
(principal quantum number >2) underlines, in agreement
with extended ab initio studies, that the heavier elements are
at least equally efficient, if not even better, m donors for
formally electron-deficient species.!®!

In order to gain a more detailed insight into the electron
properties of carbocations and superelectrophiles, we inves-
tigated experimentally carbenium ions that are stabilized by a
n-donor element from higher periods. We have already
reported the preparation and isolation of methylenephospho-
nium ions [R,P=CR’,|"[A]" (R=1Bu; R'=SiMe;, aryl; A=
AICl,, SnCl;) by abstraction of chlorine from P-halogenated
ylides, R,CIP=CR’,."*fl Recently, we succeeded in the prep-
aration and isolation of a set of homologous carbenium ions
C(ER){ (E=S, Se, Te; R=24,6-iPr;CiH,) where the -
donating o heteroatom could be varied throughout a group in
the periodic table.’®® This work was supported by quantum
mechanical calculationsP*<! that confirmed that the heavier
elements are not poorer m donors, in accordance with the
work of Bernardi et al.” and Schleyer et al.’! In continu-
ation of these investigations we now report results of system-
atic high-level ab initio studies of the pnictogenocarbenium
ions [H,C=XH,|* (X =P, As, Sb) and their superelectrophilic
activation. For the protonated dications [CH;X]**, we calcu-
lated the structures and energies of the two possible isomers
[H,C—XH;]*" and [H;C - XH,]** with respect to X- and C-site
protonations, as well as the transition states of the isomer-
ization. Additionally, we studied the thermodynamic and
kinetic stability of the dications. Comparison of the energies
of the mono- and dications leads to the proton affinities (PA)
for the monocations [H,P=CH,]", [H,As=CH,]*, and
[H,Sb=CH,]".

Computational Methods

All ab initio calculations were performed with the program package
GAUSSIAN 94.1'I The structures of the monocations [H,C=XH,|* (X =P,
As, Sb) and the dications of [CHsP]** were optimized at the full MP2("'l and
QCISD!™ levels of theory whereas the geometries of the dications of
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[CH;As])** and [CH,Sb]** have been fully optimized at the QCISD(full)
level only. The spin-unrestricted UQCISD formalism was used for the
open-shell species CH3;* and XHj3" (X=P, As, Sb). The vibrational
frequencies were carried out to characterize the structures as minima or
transition states. Relative energies are corrected for vibrational zero-point
energies (V ZPE, not scaled). Refined energies are obtained at the
CCSD(T) level.l®! For C and H the 6-31G* basis set was used.['!] For the
heavier atoms P, As, and Sb effective core potentials (ECP) were used with
a double-§-type valence-electron basis set as described by Bergner et al.l'¥]
and augmented by one set of six Cartesian d-type polarization functions
with the exponents recommended by Huzinaga et al.'! The exponents of
the d functions are 0.340 (P), 0.293 (As), and 0.211 (Sb). The combined
basis set is referred to as 6-31G*SECP. For the phosphorus-containing
compounds various all-electron basis sets were employed. The results are
very similar to those at the QCISD(full)/6-31G*SECP level. Thus, we only
focus our discussion on the results obtained by use of the 6-31G*SECP
basis set. Atomic charges as well as bond orders and orbital occupancies
were obtained at the QCISD(full) level according to Reed and Weinhold’s
NBO analysis,'”! which is implemented in GAUSSIAN 94.11% Selected total
and relative energies of the monocations [CH,X]" and the dications
[CHsX]** with X =P, As, and Sb are presented in Table 1.

Proton affinities: The gas-phase proton affinity (PA) of a molecule B is
defined as the negative reaction enthalpy (PA =-AH$) of the protonation
reaction [Eq. (1)] and can be calculated according to Equation (2).'8]

B +H*—BH* )

AHygs = AESES + AESR + AESS + AESES + A(pV )0 (2)

The electronic energy change for the proton transfer reaction in Equa-
tion (1) (AESkS) was computed by means of ab initio methods as described
above. The vibrational energy differences (AEYR) were derived from
standard statistical mechanical formulae and unscaled vibrational frequen-
cies at the QCISD(full)/6-31G*SECP level. The last three terms in
Equation (2) are calculated classically to be —5RT7/2 for the reaction
shown in Equation (1). All calculations were performed for an ideal gas at a
constant pressure of 1 atm and a temperature of 298.15 K. Thus, the PA
may be written as shown in Equation (3).

PA = — AESks — AESS + SRTI2 3)

In Scheme 1 the relationship between different products as a result of X- or
C-site protonation is shown. The minimum structures of the monocations
[H,C=XH,]" are denoted as X-1a for X =P, As, and Sb. For the minima of
the dications, the X-site-protonated species [H,C - XH;]** are labeled as X-
2a whereas the C-site-protonated species [H;C—XH,]** are labeled as X-
3a for X=P, As, and Sb.

CH,XH,*

) i X-1a
X-site protonation C-site protonation
N
CH,XH;2* CH3XH,2*
X2a Isomerization X-3a

Scheme 1. Schematic presentation of the formation of the two possible
isomers X-2a and X-3a derived from X- and C-site protonation of the
monocation X-1a.

Results and Discussion

Geometry of the monocations [CH,XH,]": In a recent study,
Schleyer et al. investigated [H,C=XH,]" for X =N, P, As, and
Sb at the MP2 level.’?l At this level of theory, all monocations
[H,C=XH,]" prefer planar structures. At the QCISD level,
the global minimum of the methylenephosphonium mono-
cation, [H,C=PH,]*, does indeed correspond to the planar
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Table 1. Total vibrational zero-point and relative energies as well as proton affinities PA,4 for [CH,X]* and [CHsX]** (X =P, As, Sb).l2l

MP2(full)/6-31G*SECP CCSD(T)//QCISD(full)/6-31G*SECP

Sym E VZPE N E. E VZPE  VE,, N E. PA
P-1a G, — 46473664 271 0 0.0 —46512321  26.6 272 0 0.0 -
P-1c C. — 46403510  25.1 1 44.0 — 46448680  25.0 - 1 384 -
P-1d G, — 46308173  25.0 1 103.9 — 46344663 252 - 1 103.8 -
P-2a C. — 46475582 320 0 0.0 — 46517759 314 323 0 0.0 —02
P-2b C. — 46475443 319 1 0.1 46517622 313 31.7 1 0.0 03
P-3a C, — 46475452 319 0 0.1 — 46512789 316 325 0 32 -35
P-3b C. — 46474818 319 1 0.5 46512301 315 320 1 36 —33
P-TS C. — 46462562 31.1 1 82 — 46503835 308 31.1 1 8.1 -77
P-SP1  C. - - - - — 46440024 273 - oMl 447 -
P-SP2  C. - - - - — 46482327 312 - 2l 22.0 -
Asla  C, - - - - — 46146465 255 26.1 0 0.0 -
As-lb G, — 46109195  25.8 0 0.0 —46.145999 252 - 1 0.0 -
Asle  C. —46.056364 255 1 332 —46.100070  23.9 - 1 275 -
Asld G, — 45951957 238 1 96.6 45987178 241 - 1 98.6 -
As2a  C, - - - - — 46162592 30.0 31.0 0 0.0 6.8
As2b  C. - - - - — 46162516 30.0 305 1 0.0 72
As3a  C, - - - - — 46176009 312 322 0 73 14.0
As3b  C. - - - - - 46175924 311 316 1 73 145
AsTS  C. - - - - — 46148161 294 29.9 1 85  —12
AsSP1  C, - - - - —46.091462 262 - 20l 408 -
AsSP2  C, - - - - — 46157330 304 - 21 37 -
Sb-la  C, - - - - 45339927 237 244 0 0.0 -
Sb-1b G, — 45300255  23.9 0 0.0 — 45337243 235 - 1 L5 -
Sb-lc  C. — 45260970  23.0 1 247 — 45304687 222 - 1 20.6 -
Sb-1d G, — 45167075 213 1 83.6 —45202307 227 - 1 85.4 -
Sb-2a  C. - - - - 45373749 277 28.9 0 0.0 182
Sb-2b  C. - - - - — 45373721 27.6 283 1 0.0 18.8
Sb-3a  C. - - - - 45419304 303 316 0 26.0 4.1
Sb-3b  C. - - - - 45419299 303 31.0 1 26.0 447
Sb-TS  C. - - - - — 45358817 272 279 1 9.0 9.8
Sb-SP1  C, - - - - — 45312068 242 - 200 352 -
Sb-SP2  C - - - - — 45404229 290 - 20 17.8 -

P

[a] Total energies in Hartrees. Vibrational zero-point energy (VZPE, not scaled), vibrational energy at 298 K (VE,) and relative energies as well as proton
affinities (PA,q) in kcalmol™'; N: number of imaginary frequencies. [b] The second imaginary frequencies are very small (1.9i cm™! for X =P, 2.3/ cm! for
X = As, and 2.5i cm™! for X = Sb). [c] The second imaginary frequencies are very small (4.5 cm~' for X =P, 6.6i cm~! for X = As, and 6.0i cm~! for X = Sb).

structure P-la. In contrast, the global minima for QCISD level. All optimized monocation structures are shown
[H,C=AsH,]" and [H,C=SbH,|" correspond to the C-sym- in Figure 1.
metric structures As-1a and Sb-1a with trans-bent conforma- The transition states X-1c¢ and X-1d, with X =P, As, and Sb,

tions (Z°(As)=349.6; X°(Sb)=330.5). This result is not in which the XH, groups are rotated by 90°, have constrained
unexpected in view of the Carter—God-
dard — Malrieu - Trinquier (CGMT) model
that correlates the singlet —triplet excitation
energies (AEs_ 1) of the fragments E and E!,
which contain an E=E! double bond, with
the o+ m bond strength (E, ,) of this sys-
tem.['%+-< If the inequality SAEs > 12 E,,,

is fulfilled a trans-bent structure is expected, X=P, As, Sb
whereas a classical-planar structure is pre-
dicted if 2AEg +<1/2E;, . According to 85.6° lo14e
this model, methylenephosphonium ions 120.2° 117.7° gigo 100.5°
should have a planar structure, while the 11545 N3 > 116.5° i, 2L
. . . . 114.8° 119.9° {
increasing stability of the singlet state of the 113.5° 12270 1.606 \

. 1.750 . .
AsH7 and Ssz+ fragments and sm?ultanfa— 1953 gg.zo {gg
ously decreasing E . bond energies will 82.0°
bring the nonclassical structure to the fore. X-1b X-1c X-1d
They are, however, only slightly stabilized, Figure 1. Schematic representation of the structures of the monocations [H,C=XH,]" (X=P,

by 0.02 and 1.5 keal mol-! respectively, com- As, Sb) together with selected bond lengths [A] and angles [°]. The minimum structures X-1a

K ’ ’ are depicted separately in order to show the deviation from planarity in As-1a and Sbh-1a. The
pared with the planar structures As-1b and parameters for the transition states X-1b—X-1d are given in normal letters for X =P, in italic
Sb-1b, which are transition states at the letters for X = As, and in underlined letters for X = Sb.
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C, or C,, symmetry. In the C;-symmetric structures X-1c¢ the
XH, moieties are strongly pyramidalized (¥ CPH =85.6;
2°(P)=254.9; ¥ CAsH=283. 9°; 2°(As)=250.8; ¥ CSbH =
82.0°; X°(Sb)=248.6) and bent in such a way that the
hydrogen atoms adopt semi-bridging positions between the
X and C atoms. They are more stable by 65.5 kcalmol~! for
X =P, 71.1 kcalmol~! for X = As, and 64.8 kcalmol~! for X =
Sb compared with the corresponding C,,-symmetric species P-
1d, As-1d, and Sh-1d, respectively. The phenomenon of
partial transfer of the XH, hydrogens to the carbon center in
the 90°-rotated forms has been previously discussed for
[H,C=PH,|*.%

As we expected, the decrease of electronegativity for the
heavier pnictogens results in an increase of positive charge on
the X-center for the series, P (0.845) < As (0.917) < Sb (1.176).
X —C charge transfer by n and ¢ donation results in a
negative partial charge at the car-

bon atom of —0.664, —0.640, and
118.56°

—0.615 in the singlet ground states e 100.43°
of [H,C=XH,]" (X=P, As, and Sb, 115.96° ~ fooa’
respectively) similiar to halocarbe- C

nium ions [H,C-X]* (X=Cl, Br,

and I) in which the carbon center is 2230
X-2a

also negatively charged, but to a
lesser extent than in X-1a.l The
negative charge on the carbon atom
diminishes slightly in the order P <
As < Sb. If the charges on H¢ and
Hy are taken into account, and the
XH, and CH, group charges listed
in Table2 are considered, little
variation is observed. The group
charges are almost equal for all
three molecules X-1a. The effect of
o charge transfer from the X or C
centers to the hydrogens is seen in

the change of the o population for X-SP1

Table 3. CH,, and XH, group charges (n=2, 3) of the monocations
[H,C=XH,]* (X-1a) and the dications [H,C-XH;]** (X-2a) and [H;C-
XH,** (X-3a).

X-1a X-2a X-3a
X CH, XH, CH, XH, CH, XH,
P -0.056 1.057 0.719 1.281 0.139 1.861
As —-0.054 1.057 0.669 1.331 0.080 1.020
Sb -0.071 1.071 0.556 1.444 0.024 1.976

Protonation of the monocations [CH,XH,]*: The optimized
dication structures are shown in Figure 2. As noted above, the
carbon atoms in [H,C=XH,]* have considerable negative
charges for all pnictogens. Therefore, we calculated X-site-
([H,C-XH;]**) as well as C-site-protonated structures
([H;C-XH,]*"), X-2a and X-3a, respectively.

116.06°
114.78°

f 112.74°
O

T L 59.86°
5353° 2074 6118°
2991° 66.74°

X-TS

X=P, As, Sb

2.512
2.617
3.009

X-SP2

H. and Hy, which increases for
X =P < As < Sb (see Table 3).

Figure 2. Schematic representation of the structures of the dications [CHs;X]** (X =P, As, Sb) together
with selected bond lengths [A] and angles [°]. The parameters for all dications X-2a—X-3b are given in
normal letters for X =P, in italic letters for X = As, and in underlined letters for X = Sb.

Table 2. Atomic charges as well as ¢ and m populations derived from the natural population analysis of the stable conformers of the monocations
[H,C=XH,]* (X-1a) and the dications [H,C-XH;]** (X-2a) and [H;C-XH,]** (X-3a).ll

X=P X=As X =Sb
(o] Charge o 7 Charge o n Charge o 7
X-1a C —-0.667 3.772 0.897 —0.640  3.765 0.876 —0.615 3822 0.794
X 0.845  3.026 1.129 0917  2.984 1.099 1.175  2.789 1.035
Hc 0306  0.694 - 0.293  0.707 - 0272 0.728 -
Hy 0.106  0.894 - 0.068  0.932 - —0.052  1.052 -
X-2a C 0.090  3.830 0.081 0.061  3.867 0.073 —0.020 3.961 0.060
X 0.718  3.160 1.122 0.882  3.068 1.023 1.350  2.750 0.900
Hc 0314  0.686 - 0.304  0.696 - 0288  0.712 -
Hk 0.195  0.805 - 0.155  0.845 - 0.036  0.964 -
H% 0.184  0.816 - 0.147  0.853 - 0.029 0971 -
X-3a C —1.108  3.855 1.254 —1.088  3.762 1.327 —1.031 3.686 1.347
X 1.521 3.191 0.288 1.684  3.147 0.169 2.003 2913 0.084
HE 0.439  0.561 - 0.406  0.594 - 0.358  0.642 -
H% 0.404  0.830 - 0.381  0.882 - 0349 1.014 -
Hy 0.170  0.596 - 0.118  0.619 - —0.018  0.651 -

[a] The NBO analysis were calculated at the QCISD(FULL)/ 6-31G*SECP level. [b] H. denotes the hydrogen connected to C perpendicular to the XH,
plane. Similarly, Hk denotes the hydrogen connected to X perpendicular to the CH, plane.
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If positive hyperconjugation contributes to the stability of
X-2a or X-3a, pyramidalization of the trigonal coordinated C
or X center and narrowing of the HXC or HCX angle that is
perpendicular to the CH, or XH, plane is expected. However,
the carbon centers in the dicationic structures X-2a are
trigonal planar with an angle ¥ XCH of 120.7° for X =P,
121.0° for X =As, and 122.0° for X =Sb, and there is no
significant bond-angle variation within each species. The &
population of the carbon atom in X-2a is almost zero for all X
atoms indicating that there is no significant m charge transfer
in X-2a (see Table 3). In this respect, it is interesting to note
that in neutral ylides H,C - XH; (X =P, As, Sb), which possess
two electrons more, negative hyperconjugation leads to
pyramidalization of the carbon center.?1 In the corresponding
C-site-protonated minimum structures X-3a, the X-center for
X =P is slightly pyramidalized indicated by a dihedral angle
HLCPH of 85.8° for P-3a, whereas the X centers in As-3a and
Sb-3a are planar (HLCAsH =88.2°; H.CSbH = 89.2°) within
the chemical accuracy of the theoretical model (H{ denotes
the H-atom perpendicular to the XH, plane). Additionally,
the H-C bond perpendicular to the XH, plane forms
an H{CP bond angle of 97.0° for P-3a compared with 103.5°
and 104.8° for As-3a and Sb-3a, respectively. Hence, only in
P-3a is a notable hyperconjugative interaction observed. The
loss of hyperconjugation in the higher homologues is also
reflected in the decreasing population of the p(m) orbital on
the X center from 0.288 in P-3a to 0.169 and 0.084 in As-3a
and Sb-3a, respectively (see Table 3). The twisted structures
X-2b and X-3b, in which the CH,-groups are rotated by 90°,
are all transition states and very close in energy to the
corresponding minima. These small energy differences indi-
cate almost free rotation around the C—X bond within the
dications [CHsX]** (X =P, As, Sb) for both isomers X-2a and
X-3a.

As we can see from Table 1, the PA values increase in the
order P < As < Sb regardless of C- or X-site protonation. At
the MP2(full)/6-31G*SECP level P-3a is only 0.1 kcalmol~!
higher in energy than P-2a. Inclusion of electron correlation
increases this energy difference. As a result, PA values for P-
1a of —0.2kcalmol! and of —3.5 kcalmol~! are obtained,
favoring the P-site protonation of [H,C=PH,]" over C-site
protonation by 3.3 kcalmol~!. On the other hand, for the
heavier analogues X = As and Sb, the C-site protonation is
increasingly favored over X-site protonation by 7.2 and
25.9 kcalmol~!, respectively. This can be simply explained by
the differences in the X—H bond energies, which sharply
decrease in the order P > As > Sb.

The charge distributions in the dications have also been
calculated from the NBO analyses. In comparison with X-1a
where the carbon centers are negatively charged (=~— 0.6 ¢),
the total charges of the carbon centers become close to zero in
X-site-protonated X-2a and decrease from 0.09 for X =P, to
0.06 for X=As, and —0.02 for X =Sb. Concomitantly, the
positive charge of X increases from 1.52 for P, to 1.68 for As,
and 2.00 for Sb as expected from the decreasing electro-
negativities. The charge distributions in the C-site-protonated
dications X-3a are unexpected at first glance. The carbon
centers become considerably more negatively charged, when
compared with the monocations X-1a, while the X-centers
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bear highly positive charges that increase in the order X =P <
As < Sb.

However, with the inclusion of the charges residing on the
hydrogen centers in X-la, X-2a, and X-3a, a somewhat
different picture is obtained from comparison of the group
charges (Table 2). The CH, group in X-1a remains negatively
charged while the CH; groups in X-3a bear small positive
charges. The +2 charge in these cations is mainly located on
the X centers. In the X-site-protonated dications X-2a, the
charge is more uniformly distributed over the skeleton, but
the larger portion of the positive charge remains located on
the XH; groups as expected. In summary, the trigonal-planar
CH, units in X-2a bear the most positive charge of the
hydrocarbon units of all cations studied here, and thus may be
designated as activated for nucleophilic attack. In general, in
each homologous series of cations, the positive charges on the
XH, groups increase in the order Sb> As>P as electron
density is accumulated on the corresponding CH,, units (see
Table 2).

Following previous studies by Bernardi et al.” and Schley-
er et al.”l focusing on the stability of the monocations X-1a,
we examined the stabilization energies (SE) of the H;X-
onium-substituted dications X-2a by application of the
isodesmic reaction given in Equation (4). The SE values are
presented in Table 4.

CH,XH(V* + CH, — CH,XH{"?* + CHj @

Table 4. Stabilization energies SE (kcalmol™'), of the monocations
[H,C=XH,]* (X-1a) and the dications [H,C - XHj;]** (X-2a) according to
the isodesmic reaction given in Equation (4).1

X X-1al X-2a

P 57.7 (61.4) 1437
As 49.9 (50.7) —136.9
Sb 45.6 (45.2) ~1243

[a] All calculated energies at the CCSD(T)/6-31G*SECP//QCISD(FULL)/
6-31G*SECP level, inclusive of zero-point energy correction (not scaled).
[b] The values given in brackets for X-1a are taken from ref. [7e].

We re-examined, at the CCSD(T) level, the stabilization
energies for the monocations X-1a, which are positive and
decrease from 57.7 kcalmol~! for PH, over 49.9 kcalmol~! for
AsH, to 45.6 kcalmol~! for SbH,. This is in good agreement
with the methyl stabilization energies calculated by Schleyer
et al.’*l The reduction of the stabilization energies is ration-
alized in terms of the cost of planarization energies of
trigonal-coordinated X centers, which increase in the order
P < As < Sb. This argument can be also used to explain why
[H,C=AsH,|" and [H,C=SbH,]|" prefer the trans-fold struc-
tures As-la and Sb-1a. However, the inversion barriers are
very low in these ions; this indicates effective m charge
transfer in these ions. In contrast, the stabilization energies
are strongly negative for the dications X-2a and show the
inverse trend, that is, they become less exothermic in going
from the phosphonium- to the stibonium-substituted dica-
tions. In other words, the dication [H,C-SbH;]** is thermo-
dynamically more stable than its arsenic and phosphorus

0947-6539/98/0407-1158 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 7





Superelectrophiles

1154-1160

analogues. This is not surprising, since protonation of the
monocation X-1a destroys the m system, and charge transfer
in the dications to the formally electron-deficient carbon
center is solely due to o donation, which is most effective for
the most electropositive substituent.

Scheme 2 represents the examined potential energy surface
of the dications [CHsX]** relative to the X-site-protonated
dications X-2a (X =P, A, Sb). For all three pairs of isomers,
we found the C,-symmetric structures X-TS (X =P, As, Sb) as
transition states for the isomerization of X- and C-site-
protonated species. This is in contrast to the ethyl cation in
which the hydrogen-bridged C,, structure corresponds to the

50 A

f=]
1

relative energy [kcal mol'!]
0
<

CH2.+ + XH;:!,.+

-100 1

Table 5. Reaction energies AHp [kcalmol~!] of the C—X fragmentation
of the dications X-2a the X-3a according to the reaction Equations (5)—
(7).[81

X X-2a X-3a
5 (6) (7)
P 23738 —283(-27.2) — 738 (—65.2)
As 237.2 —30.1 —-79.2
Sb 245.7 —30.4 —74.8

[a] All calculated energies at the (U)CCSD(T)/6-31G*SECP//(U)QCISD-
(Full)/6-31G*SECP level, inclusive of zero-point energy correction (not
scaled). The values in brackets for X =P were obtained at the MP3/6-
31G**//(U)HF/6-31G* level (taken from ref. [6]).

agreement with these findings. It is obvious that
the heterolytic C—X bond cleavage of X-2a
into the fragments CH3" and XH; is highly
endothermic for all X (>230 kcalmol™'). Ho-
molytic C-X bond cleavage of X-2a into the
radical fragments CH3" and XHj3" is calculated
to be exothermic in the range from —28.4 (X =
P) to —30.4kcalmol™' (X=Sb). We were
unable to locate the transition states of the
C-X fragmentation of X-2a. However, second-
order saddle points (X-SP1) were found that
have a second negative frequency of very small
magnitude (less than 3i cm™!), indicating that
the potential-energy surface at the saddle point
of the reaction coordinate of the dissociation is
very flat. This is caused by the very low energy
barrier for the rotation around the C-X bond,
which is even less hindered than in the mini-
mum structures X-2a owing to the much longer

Scheme 2. Schematic energy profile for dissociative processes in the dications [CH;sX]** with

X =P, As, Sb.

global minimum on the energy hypersurface.’?! 1,2-proton
migration starting from the X-site-protonated species X-2a to
the C-site-protonated species X-3a is hampered by an energy
barrier of about 8 —9 kcalmol~! for all X. The energy barrier
for the reverse process, that is, 1,2-proton migration from the
more stable X-3a to X-2a, is rather high for X=As
(15.8 kcalmol~!) and X = Sb (34.9 kcalmol ).

Following a suggestion of a referee, we calculated the
reaction energies AHpg of the C-X bond dissociation
according to the reactions given in Equations (5)-(7) in
order to study the fragmentation processes for the dications
X-2a and X-3a.

[H,C-XH,]** — CH3* + XH, ®)
[H,C-XH,** — CHs + XH;3" (©6)
[H,C-XH,** — CH{ +XH; (7

Previous studies by Radom et al. showed that fragmenta-
tion of [CHsP]** under C-P bond scissions [Eq. (6) and (7)]
are exothermic, but are hampered by substantial activation
barriers.l) Our results presented in Table 5 are in general
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C-X bond distances in X-SP1. Therefore, the
differences of the total energies of X-SP1 and
X-2a can still be taken as a good approximation
for the activation barriers of the fragmentation
reaction Equation (6). Within these limits, dissociation into
the radicals CH5" and XHj" is strongly hindered by activation
barriers of 44.7 kcalmol~! for X =P, 40.8 kcalmol~! for X =
As, and 35.2 kcalmol~! for X = Sb.

Decomposition of the C-site-protonated dications X-3a
into the singlet ground states of the monocationic fragments
CHF and XH7 is exothermic (—73.8 kcalmol™! for X=P,
—79.7 kcalmol~! for X=As, and —74.8 kcalmol~! for X=
Sb). Again, we could only allocate second-order saddle points
X-SP2 with one negative frequency smaller than 7icm™.
Taking X-SP2 as approximate transition states, we find
considerably smaller activation barriers for the fragmentation
in Equation (7) than those for Equation (6), which decrease
from 18.8 kcalmol~! for X =P, to 11.0 kcalmol~! for X = As
and to 8.2 kcalmol~! for X = Sb.

These results show that although the stability of the
dications increase with P < As < Sb, the phosphorus-stabilized
dications P-2a and P-3a are kinetically more persistent
against C-X bond dissociation than their heavier homo-
logues. It must be mentioned that all results are discussed for
the idealized gas phase and might be different in the
condensed phase where electrophilic (protolytic) solvations
would be operative.
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Conclusions

For the a-heteroatom-substituted carbenium ions
[H,C=XH,]" (X-1a; X=P, As, Sb) protonation is almost
thermoneutral for X =P for the formation of dication [H;C -
PH,]** (P-2a), but increasingly exothermic for X = As, Sb for
the formation of dications [H;C— AsH,]** (As-3a) and [H;C -
SbH,]** (Sb-3a) as the more stable isomers. A hydrogen-
bridged cyclic structure was found to be a transition state in all
cases for the 1,2-hydrogen migration converting X- and C-site-
protonated isomers. The charge distribution within the
dications can be mainly understood in terms of electro-
negativity differences and a donation. Thus, it is not surprising
that the antimony-substituted C-site-protonated dication, Sb-
3a, is more stable than its phosphorus analogue, whereas
within the series of the monocations X-la, in which n
donation is important, an inverse ordering of stabilization
(i.e., P> As > Sb) is seen with respect to CHF.®l While the
stabilization of the monocations suffers from the high
planarization energies of the heteroelement center, protona-
tion leading to the dications formally decreases the popula-
tion of the electron lone pairs at X. Thus X —C & charge
transfer becomes unimportant, and the dications are stabi-
lized by a charge transfer, which is largest for the most
electropositive element (i.e., antimony). Among all dications
studied here the C-site-protonated dication Sb-3a is by far the
most stable thermodynamically.

Are the dications stable enough against Coulomb explo-
sions, which result from repulsive interactions of the positive
charges, to be generated experimentally? Obviously, the
heterolytic dissociation of [H,C - XH;]** (X-2a, X =P, As, Sb)
into H,C** and XH; will not be a realistic fragmentation
pathway since the reaction enthalpies are highly endothermic
by more than 230kcalmol™!. The exothermic (—28 to
30 kcalmol~!) homolytic dissociation into the radicals CH3"
and XHj3" is hampered by activation barriers in the range of 35
to 45 kcalmol™. The dissociation of [H;C-XH,]** (X-3a,
X =P, As, Sb) into H;C* and the singlet-carbene analogous
fragments XH31% 81 js even more exothermic by about
—76 kcalmol™! for all X and less hindered by smaller
activation barriers (19 and 8 kcalmol™!). Here, the thermo-
dynamically most stable C-site-protonated dications As-3a
and Sb-3 a are kinetically the most labile. It should be possible,
however, to generate these dications under suitable condi-
tions (i.e., long-lived stable ions!'**!) and use them or their
fragmentation products (i.e., XRj species) as building blocks
that possess either a highly electrophilic carbon or a hetero-
element center. We are currently performing experiments to
verify our theoretical predictions.
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Abstract: Low-energy collision-induc-
ed dissociation (CID) and ion-mole-
cule reactions with 2-methyl-1,3-dioxo-
lane (MD) performed by pentaquadru-
pole (QqQqQ) mass spectrometry were
applied to locate the charge site in
isomeric heteroaromatic cations. The
2-, 3-, and 4-pyridyl cations are indistin-
guishable by CID. However, as suggest-
ed by MS? experiments and ab initio
calculations, the 2-pyridyl cation reacts
extensively with MD by a transacetali-
zation-like mechanism to afford a bicy-
clic dihydrooxazolopyridyl cation. The
3- and 4-pyridyl cations, on the contrary,

acetalization-like mechanism, whereas
proton transfer occurs predominantly
for the 4- and 5-pyrimidyl cations. The
ions thought to be the 2- and 3-furanyl
and 2- and 3-thiophenyl cations show in-
distinguishable CID and ion-molecule
behavior. This is most likely the result of
their inherent instability in the gas phase
and their spontaneous isomerization to
the corresponding butynoyl and butyne-
thioyl cations HC=CHCH,C=0O" and
HC=CHCH,C=S*. These isomeriza-
tions, which are considerably exother-
mic according to G2(MP2) ab initio
calculations, are indicated by a series of

experimental results. The ions dissociate
upon CID by loss of CO or CS and
undergo transacetalization with MD.
Most informative is the participation of
HC=CHCH,C=S" in a transacetaliza-
tion/dissociation sequence with replace-
ment of sulfur by oxygen, which is
structurally diagnostic for thioacylium
ions. It is therefore possible to locate the
charge site of the 2-pyridyl and the three
2-, 4-, and S5-pyrimidyl cations and to
identify the isomeric precursors from
which they are derived. However, rapid
isomerization to the common HC=CH-
CH,-C=0O(S)* ion eliminates character-

react predominantly with MD by proton
transfer, as does the analogous phenyl
cation. The 2-, 4-, and 5-pyrimidyl cati-
ons display characteristic CID behavior.
In addition, the 2-pyrimidyl cation re-
acts extensively with MD by the trans-

cations -

Introduction

Distinction of positional isomers has been a central issue in
mass spectrometry. It is desirable that the mass spectra of the
isomers contain unique structurally diagnostic fragment ions.
If not, then the collision-induced dissociation (CID)! behav-
ior or ion—molecule chemistry? of the molecular ion, the
protonated molecule, or adduct ions of the isomers may be
sufficiently distinct to allow structural elucidation. An alter-
native to these approaches is the analysis by CIDM or ion-
molecule reaction? of the structures of fragment ions that
could retain the positional information of the isomeric ions

[*] M. N. Eberlin, M. Carvalho, F. C. Gozzo, M. A. Mendes, R. Sparrapan,
C. Kascheres
Institute of Chemistry
State University of Campinas
UNICAMP, CP 6154
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istic chemical behavior that could result
from different charge locations in the
heteroaromatic 2- and 3-furanyl and 2-
and 3-thiophenyl cations.

from which they are derived. This possibility exists for
isomeric heteroaromatic compounds. Location of substituents
in different ring positions leads to the generation of isomeric
heteroaromatic cations (Scheme 1) in which information on
substituent position may be re-
tained because of charge local- n —|+- .
ization in sp? o orbitals. Hence, @ R R [@ﬂﬂ
unique dissociation behavior or X X
ion—molecule reactivity might

. . . Scheme 1.
be displayed by isomeric hetero-
aromatic cations due to different locations of the charge site in
the aromatic ring. If the specific position of a substituent in
the precursor ion is revealed by a common fragment ion, then
such a strategy could be applied generally for the whole class
of substituted aromatic compounds.

Here we report a pentaquadrupole (QqQqQ) mass spec-
trometricPl study aimed at exploring the gas-phase chemistry
of the isomeric heteroaromatic pyridyl (1a—c), pyrimidyl
(2a—c), furanyl (3a,b), and thiophenyl (4a,b) cations. Com-
parisons are made with the chemistry of the phenyl cation (5).
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The low-energy CID
and ion-molecule be-
havior of the ions were
investigated with the
aim of finding unique
structural characteris-
tics of the ions that
would reveal the iden-
tity of their isomeric

+
| )

1a 1b 1c

(;} ( ) ( ) precursors. In addition,

ab initio calculations

+ were performed to ad-

O dress relative ion stabil-

ities and to gain insights

5 into the most likely re-
action mechanisms.

Abstract in Portuguese: Dissociacoes induzidas por colisdo
(CID) de baixa energia e reagdes ion/molécula com 2-metil-
-1,3-dioxolano (MD) realizadas atraves de espectrometria de
massas pentaquadrupolar (QqQqQ) foram empregadas com o
objetivo de localizar o sitio de carga de cdtions isémeros
heteroaromadticos. Os cdtions 2-, 3-, e 4-piridila se mostram
indistinguiveis por CID. Porém, experimentos MS’ e cdlculos
ab initio sugerem que o cdtion 2-piridila reage com MD via
um mecanismo tipo transacetalizacdo formando um cdtion
biciclico di-hidrooxazolopiridila. Porém, os cdtions 3- and
4-piridila, semelhantemente ao cdtion fenila, reagem com MD
principalmente por transferéncia de proton. Os cdtions 2-, 4-, e
S-pirimidila apresentam comportamentos dissociativos por
CID bastante distintos. Alem disto, o cdtion 2-pirimidila reage
prontamente com MD via o mecanismo tipo transacetalizagdo,
enquanto que transferéncia de proton predomina para os
cdtions 4- e 5-pirimidila. Os ions postulados como os cdtions
2- e 3- furanila e tiofenila, provavelmente devido as suas
inerentes instabilidades na fase gasosa e isomeriza¢do espon-
tdinea para os cdtions butinoila e butinotioila, ou seja,
HC=CHCH,C=0(S)", apresentam comportamento dissocia-
tivo por CID e reatividade quimica indistinguiveis. Uma serie
de resultados experimentais sugerem a ocorréncia destas
isomerizagoes, as quais sdo substancialmente exotermicas
de acordo com cdlculos ab initio G2(MP2). Os ions
HC=CHCH,C=0(S)" perdem CO e CS por CID, respectiva-
mente, e reagem com MD via transacetalizacdo. Ainda mais
informativa € a participagio de HC=CHCH,C=S* em uma
sequéncia de transacetaliza¢do/dissociagdo, diagnostica para
estruturas idnicas tioacilicas, pela qual se procede a troca de um
dtomo de enxofre por um de oxigénio. E possivel, portanto,
localizar o sitio de carga do cdtion 2-piridila e dos trés cdtions
2-, 4- e 5-pirimidila, e identificar assim os precursores isémeros
dos quais estes ions sdo formados. A rdpida isomerizac¢do
para HC=CH-CH,-CO(S)™ elimina, porem, comportamentos
quimicos distintos que poderiam resultar da localiza¢do da
carga em posigoes diferentes nos ions heteroaromdticos 2- e
3-furanila e 2- e 3-tiofenila.

1162 —

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

Experimental Section

The MS? and MS? experiments were performed with an Extrel pentaqua-
drupole (QqQgQ) mass spectrometer.! The QqQqQ consists of three
mass-analyzing quadrupoles (Q1, Q3, Q5), in which ion-mass selection and
analysis are performed, and two reaction quadrupoles (q2, g4), which are
used to perform either low-energy ion—molecule reactions or CID. For the
two-stage MS? experiments, the ion of interest was generated by
dissociative 70 eV electron ionization (EI) of the following precursors: 1a
(2-chloropyridine), 1b (3-chloropyridine), 1¢ (4-chloropyridine), 2a (2-
chloropyrimidine), 2b (4-methylpyrimidine), 2¢ (5-bromopyrimidine, 3a
(2-bromofuran), 3b (3-bromofuran), 4a (2-bromothiophene), 4b (3-
bromothiophene), and 5 (chlorobenzene). After ion-molecule reactions
with 2-methyl-1,3-dioxolane or CID with argon in g2, Q3 was scanned to
record the product-ion spectrum, while Q5 was operated in the non-mass-
analyzing rf-only mode. The target gas pressures in q2 and q4 corresponded
to a typical beam attenuation of 40-60%, that is, multiple-collision
conditions. However, lower reaction yields but similar product distributions
were always observed at lower pressures in g2, that is, under single-collision
conditions.

For the triple-stage MS® experiments, the reaction product of interest was
selected in Q3 and dissociated by collision with argon in q4, while Q5 was
scanned to record the sequential product spectrum. The collision energies,
calculated as the voltage difference between the ion source and the
collision quadrupole, were typically near 0 eV for ion—molecule reactions
and 15 eV for CID in both MS? and MS? experiments.

Molecular orbital calculations were performed with GAUSSIAN 94.5
Structure optimization and the total energy of the ions were obtained with
the high-accuracy G2(MP2) model® or at the MP2/6-311G(d,p)//6-
311G(d,p) + ZPE level of theory.” The G2(MP2) model achieves high
accuracyl® by adopting a composite procedure based effectively on
QCISD-(T)/6-311G + (3df,2p)//MP2(full)/6-31G(d) energies (evaluated
by making certain additivity assumptions) together with ZPE and isogyric
corrections.

Results and Discussion

CID behavior: The three isomeric pyridyl cations la-c¢
display indistinguishable collisional dissociation behavior, as
shown by their practically identical CID product-ion spectra.
Upon 15 eV collisional activation with argon, 1a—c dissociate
by consecutive loss of HCN and H to give fragment ions of
m/z 51 and 50, respectively, as shown for 1a in Figure 1a. Note
that the same fragments are formed from the analogous
phenyl cation (5) by a similar dissociation route, namely,
consecutive loss of acetylene and H (Figure 1b). That the
fragment ion of m/z 50 (C,H7) is formed (at least in part) by H
from the ion of m/z 51 (C,HY) loss is confirmed by the triple-
stage mass spectrum of the m/z 51 ion (Figure 2).
Characteristic CID behavior is displayed by the three
isomeric pyrimidyl cations 2a—c. Loss of acetylene from 2a
(Figure 3a) yields a unique and abundant fragment of m/z 53.
Ion 2b (Figure 3b) fragments exclusively by HCN loss to
afford the m/z 52 ion, whereas 2¢ (Figure 3c) forms two
fragments of m/z 52 and 51 by consecutive loss of HCN
and H. These characteristic dissociations can be easily
rationalized in terms of the influence of the charge site and
its location on the heteroaromatic pyrimidine ring of 2a—c¢
(Scheme 2). Isomeric C;H,N* ions of m/z 52 are probably
formed from 2b and 2¢, as expected from the structures of
their precursor ions and the dissociation mechanisms depicted
in Scheme 2. The ion of m/z 52 from 2c¢ (Figure 3c) readily
loses a hydrogen atom, whereas that from 2b (Figure 3b) is
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(a) 51
@ ) OAr
50 -8
A
(b) 51 @
50 77

20 30 40 50 60 70 80 90 100
m/z

Figure 1. Double-stage (MS?) 15eV CID product spectra of a) the 2-
pyridyl cation (1a) and b) of the phenyl cation (5). The spectra of the
isomeric ions 1b and 1¢ are practically identical to that of 1a and are not
shown. In the terminology used to describe the type of MS" experiment and
scan mode employed, a filled circle represents a fixed (or selected) mass,
and an open circle, a variable (or scanned) mass. The neutral reagent or
collision gas that causes the mass transitions are shown between the circles.
For more details on this terminology, see J. C. Schwartz, A. P. Wade, C. G.
Enke, R. G. Cooks, Anal. Chem. 1990, 62, 1809.

50
Ar
51
Ar
20 30 40 50 60 70 80

m/z

Figure 2. Triple-stage (MS®) sequential product spectra for the fragment
ion of m/z 78 formed by 70 eV EI of the 2-pyridyl cation (1a).

stable towards further dissociation under the applied collision
conditions. Our suggestions of possible structures for these
fragment ions, which help to rationalize different dissociation
behaviors, are presented in Scheme 2.

The ions thought to be the isomeric 2- (3a, Figure 4a) and 3-
furanyl (3b) cations and the isomeric 2- (4a, Figure 4b) and 3-
thiophenyl (4b) cations display pratically identical CID
behavior and are therefore indistinguishable by low-energy
collisional dissociation. The putative ions 3a, b (m/z 67)
dissociate mainly by loss of C,H, (m/z 41) and CO (m/z 39),
whereas loss of CS (m/z 39) dominates for the ions 4a,b.

It has been shown by experiment!” and theory!'* !l that the
aromatic cyclopropenyl cation and the aliphatic propagyl
cation are the most stable C;Hi isomers. Therefore, the
dissociation pathways depicted in Scheme 3 are proposed for
the loss of CO and CS from 3ab and 4ab, respectively,
by which the corresponding C;H;C=0O" and C;H;C=S" ions
(3¢, d and 4cd, respectively) are formed. Note, however,
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(a) 53 @N 2o

52
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(b) 52

O
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(c) + N 79
52 Q ?Ar
51 O
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Figure 3. Double-stage (MS?) 15 eV CID product spectra of the isomeric
a) 2-pyrimidyl (2a), b) 3-pyrimidyl (2b), and c) 4-pyrimidyl (2¢) cations.

H
@ - CoHp +
« J H—C=N—C=N
G * m/z 53
2a
+
(g 22 omim
H LN) m/z 52
2b .
H
TSN - HCN -H +
@ || H—=—C=N
=
(/ N H b m/z 51
Z mrz 52

Scheme 2.

that isomerization of the primary 2- and 3-furanyl and 2- and
3-thiophenyl cations may either be induced by the collisions
or occur spontaneously prior to collisional dissociation.
Isomerization prior to collisional activation is suggested by
ab initio calculations and the ion—molecule chemistry of the
ions (see below).

Ion—molecule behavior: The position of the charge site in the
heteroaromatic ring may influence considerably the electron-
ic structure and consequently the ion—molecule behavior of
the isomeric heteroaromatic cations. A recent study'? has
shown for 1a, 2a, and 2b that very effective overlap occurs
between the fully occupied sp? nitrogen orbital and the
adjacent and coplanar empty sp? orbital of C*. Such effective
orbital overlap leads to the prevalence of heteroarynel'”
structures for la, 2a, and 2b that are characterized by
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Figure 4. Double-stage (MS?) 15 eV CID product spectra of the putative
a) 2-furanyl (3a) and b) 2-thiophenyl (4a) cations. The spectra of the
corresponding 3-isomers 3b and 4b are practically identical and are not
shown. The ions 3a,b and 4a,b are probably unstable in the gas phase, and
isomerize to the same acylium (3d) and thioacylium (4d) ions (see text).

-CX >
+
X

m/z 39

—

3c; X=0
4c ; X=S

3a,b; X=0 .CcX

4a,b; X=S L H—:—.—CHZ—CEX —_— H—:—CH2+
3d ; X=0 m/z 39
4d ; X=S

Scheme 3.

substantially shorter N—C* bond lengths (1.19-1.23 A) and
extensive resonance stabilization on the order of 18-
28 kcalmol~'. Hence, as predicted by Kauffmann et al.,["¥

1a, 2a, and 2b are most appro-

D) @@ priately regarded as ortho-aza-
i R
O @ i @‘ benzynium ions. No substantial
5@ @ orbital overlap occurs for the 2-
& 4 furanyl (3a) and 2-thiophenyl
1a 2b

(4a) cations.'

In addition, a series of stud-
ies has shown that acylium ions
(RC™=0 <~ RC=0") and their
sulfur analogues, the thioacyli-
um ions (RC'=S«~ RC=S"),
react extensively in the gas phase with cyclic acetals and
ketals by transacetalization!™ (Scheme 4) and ketalization.!'%]
The electronic structure of 1a, as well as those of 2a and 2b,
are similar to those of acylium ions in that a positively charged
carbon atom is adjacent to a heteroatom, so that exten-
sive orbital overlap and therefore resonance stabilization
can occur. Considering this similarity, the ortho-azabenzyni-
um ions la, 2a, and 2b can be expected to react with
cyclic acetals to afford bicyclic dihydrooxazolopyridyl

@+ o

N
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Q
-

o]
Scheme 4.

cations by a transacetalization-like mechanism (Scheme 5).
This reaction is not expected, however, for isomers 1b,c and
2c¢ due to the separation between the charge site and the
nucleophilic heteroatom.

Yy o}
-~ >—CHs |YX  GH, (§ HJL '
kNj o kN ’J\j\ - ) Cg)\o CHs %N ’k
N % \J
=5
1a; X,Y=CH HeC
2a; X=N, Y=CH
2b : X=CH, Y=N
Scheme 5.

The product spectra for the reaction of the isomeric pyridyl
cations la-c¢ with 2-methyl-1,3-dioxolane are shown in
Figure 5. Reactions of 1a (m/z 78, Figure 5a) yield an abun-

(a) g 122
Q* 89 ?EO%CHS
78 O
Al .
9} To-
887 122 O
(©) . 89
| \/ ?EZ)—CHs
N
7“887 122 O
|""'""|""""'|"" '"'|"""'"I!""""I""""'l
ot e
121 O
I l I0 s 1(I)0 150 1:10 1é0

Figure 5. Double-stage (MS?) product spectra for reaction with 2-methyl-
1,3-dioxolane of the isomeric a) 2-pyridyl (1a), b) 3-pyridyl (1b), c) 4-
pyridyl (1¢) cations, and d) of the phenyl cation (5).
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dant product of m/z 122, which corresponds to net addition of
44 u (C,H,0) to the reactant ion. Therefore, transacetaliza-
tion-like reactions!™”! probably took place. The isomeric 1b
(Figure 5b) and 1e¢ (Figure Sc), on the other hand, react
mainly by proton transfer (m/z 89) and to a modest extent
by hydride abstraction (m/z 87). The participation of the
phenyl cation (5) in the transacetalization-like reaction is
limited; it affords a minor product of m/z 121 (Figure 5d).
The ions 1b and 1le¢, as opposed to the ortho-azaben-
zynium ion la, can both be regarded as protonated
forms of ortho-azabenzynes,'Y just as the phenyl cation
can be regarded as the protonated form of ortho-benzyne.
Hence, 1b and 1c are expected to be much more
acidic than la. It is therefore not surprising that 1b
and 1lec react predominantly by proton transfer (m/z 89)
to give the corresponding neutral ortho-azabenzyne
(Scheme 6).

N (0]
1c m/z 89
Scheme 6.

With regard to the isomeric pyrimidyl cations, the ortho-1,3-
diazabenzynium ion 2a (Figure 6a) reacts, as expected,
extensively by the transacetalization-like mechanism to afford

(a) Q
79

73 | o 32 97 O
I

(b) @ 89
! 0
N\ E —CHs
7987 0
52 73 j
45
L |
(c) 73 +E:,\N
| o]
S e
45 79 8789
| I
40 60 80 100 120 140 160
m/z

Figure 6. Double-stage (MS?) product spectra for reaction with 2-methyl-
1,3-dioxolane of the isomeric a) 2-pyrimidyl (2a), b) 4-pyrimidyl (2b), and
¢) 5-pyrimidyl (2¢) cations.
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the dihydrooxazolopyrimidyl cation of m/z 123. Ions 2b
(Figure 6b) and 2 ¢ (Figure 6¢) react mainly by proton transfer
(m/z 89) and hydride abstraction (m/z 87). Given the
extensive reactivity of the analogous ortho-azabenzynium
ions 1a and 2a, it is surprising that the analogous ortho-1,3-
diazabenzynium ion 2b does not react by the transacetaliza-
tion-like mechanism. A likely explanation for the unexpected
behavior of 2b is the ease with which it is fragmented by
collision to give the CH,N' fragment ion of m/z 52
(Figure 3b). The CH,N* fragment, formed preferentially
from 2b even under the mild collision conditions used for
ion—molecule reactions (note its presence in Figure 6b), may
react further with 2-methyl-1,3-dioxolane to afford the pro-
ton-transfer (m/z 89), and hydride- (m/z 87) and methyl-
abstraction (m/z 73) products.

Both positional isomers, that is, the ions thought to be the
2- and 3-furanyl and 2- and 3-thiophenyl cations, react
similarly with 2-methyl-1,3-dioxolane. The putative furanyl
cations 3a (Figure 7a) and 3b undergo, to a moderate
extent, addition of 44u to afford the product ion of

] 87 111
.
89

@ [}
fo= T
O

. P |

b 127
) O
0, 83
ZEOHHS ls7 89
|
40 60 80 100 120 140

mez
Figure 7. Double-stage (MS?) product spectra for reaction of the putative
a) 2-furanyl (3a) and b) 2-thiophenyl (4a) cations with 2-methyl-1,3-
dioxolane. The spectra of the corresponding 3-isomers 3b and 4b are
practically identical and are not shown. The ions 3ab and 4ab are
probably unstable in the gas phase and isomerize to common acylium (3d)
and thioacylium (4d) ions (see text).

m/z 111; the product of such reaction (m/z 127) dominates for
the thiophenyl cations 4a (Figure 7b) and 4b. Transacetaliza-
tion-like mechanisms for these reactions are briefly depicted
in Scheme 7.

An alternative exists for the furanyl and thiophenyl cations.
Their reactions may involve not the primary ions 3ab and
4ab but the isomeric (thio)acylium ions 3e¢,d and 4cd
(Scheme 3). These secondary (thio)acylium ions could then
react by the original transacetalization mechanism[** to afford
the cyclic ionic (thio)ketals shown for 3d and 4d in Scheme 8.
Isomerizations to 3d and 4d are supported by ab initio
calculations and triple-stage mass spectrometric experiments
(see below).
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not excluded, the G2(MP2) prediction of thermodynamically
\ A_Q favorable ring opening to give 3d and 4d suggests that these
X 5 +£X \_/O andror {{ N o) isomerizations are the cause of the identical CID and ion-—
3a,X=0 - L ¥ molecule behavior of the (unstable) 2- and 3-furanyl (3a,b)
43, X=8 H™ "Ch and 2- and 3-thiophenyl (4a,b) cations. One must, however,
also consider the activation energies of the isomerization

0] . .
+ E »—CH, (o] steps. These barriers were not estimated, but apparently they
ﬂ <=£_7 are readily overcome by the internal energies of the nascent

X N 3ab and 4ab.

3:;: ; The transacetalization-like products of 1 a and 2 a: By analogy
Scheme 7. with the cyclic ionic ketals formed in reactions with acylium
ions (Scheme 4), the bicyclic dihydrooxazolopyridyl and
-oxazolopyrimidyl cations depicted in Scheme 5 are expected

o

o - +
CH
s 3

EO>—CH3 to be formed in reactions of 1a and 2a with 2-methyl-1,3-
_ ¥ 0 ,,X dioxolane. However, other alternative products could be
HT=Cr—o=X o = CH2_<‘O+j considered, as exemplified for 1a in Scheme9. To
3d ; X=0 -
4d ; X=§ H” ~CHs

Scheme 8.
|
+

Ab initio calculations: Gas-phase stability of the 2- and 3- \_,0
furanyl and 2- and 3-thiophenyl cations: As discussed above, 6
CID and product-ion spectra suggest that isomerization of 7
3ab and 4ab to the corresponding (thio)acylium ions 3¢,d o) — | A
and 4¢,d may occur prior to EO>_CH3 NT O
or in the course of dissoci- Q 7
[>—CEX + ation and reaction. To eval- ) o
H uate the likelihood of such 1+a H/”\CHg — (::L .
:z ; )):(s) i: ; ifg processes, ab initio calcula- 0\7
’ T tions were performed with 8
the high-accuracy G2(MP2)
model®. The two additional isomeric structures 3e.,f and e Q — Q )H\
4ef were also considered for both C,H;O" and C,H;S* N" o™ 0% “CH,
systems. 9

The G2(MP2) energies (Table 1) show that the butynoyl Scheme 9.
(3d) and butynethioyl (4d) cations are the most stable
isomers in each case; they are far more stable than the
evaluate the likelihood of these processes, an MP2/6-
311G(d,p)//6-311G(d,p) + ZPE ab initio potential energy

Table 1. Total and relative energies from G2(MP2) ab initio calculations. . .
reaction surface diagram for 1a was calculated (Table 2 and

1 2(MP2) E hart Relati kcalmol ! . . L L
on G2(MP2) Energy [hartree] Relative energy [kealmol '] Figure 8). The proposed bicyclic ion 6 is indeed by
3a —228.59123 531 far the most likely and thermodynamically favorable
:lc’ :;gz'gig% 53'; product. Its formation is overall —87.6 kcalmol~! exothermic
3d 27867589 0 (—22.2 kcalmol™! exothermic relative to the adduct).
3e —228.65395 13.8 Such an exothermic reaction to form 6 is in agreement
3f —228.65856 10.9 with the rapid dissociation of the adduct. The processes
4a —551.22860 26.9
4b —351.24198 18:5 Table 2. Total energies from MP2/6-311G(d,p)//6-311G(d,p) + ZPE ab initio cal-
4c —551.26165 6.2 .
culations.
4d —551.27152 0
4e —551.25964 75 Species MP2/6-311G(d,p)// ZPE [hartree]  Total energyl®
4f —551.26050 6.9 6-311G(d,p) [hartree] [hartrees]
1la —246.64905 0.08031 —246.57758
2-methyl-1,3-dioxolane —306.88788 0.12917 —306.77292
. . . adduct —553.64634 0.21536 —553.45467
correspon‘dmg heteroaromatl'c furanyl (3 a,b) and thiophenyl acetaldehyde 15344077 0.05916 15338812
(4a,b) cations. The energy differences in favor of 3d (53.1- — 400.23706 0.15181 — 400.10195
54.7 kcalmol~') and 4d (26.9-18.5 kcalmol~!) are even more 7 —400.17834 0.15050 — 400.04440
pronounced in the case of 3d, most likely due to the greater 8 —400.14558 0.14857 —400.01336
9 —400.18647 0.14634 —400.05623

stability of acylium ions compared to thioacylium ions.['”
Therefore, although formation of isomeric ionic mixtures is [a] ZPE energies were scaled by 0.89.
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Figure 8. Ab initio MP2/6-311G(d,p)//6-311G(d,p) + ZPE potential energy reaction surface
diagram for reaction of the 2-pyridyl cation (1a) with 2-methyl-1,3-dioxolane. Acetaldehyde,

sponding reactant ion of m/z 78 (Figure 9a)
and m/z 79 (Figure 9b). Similar dissociation
to re-form the reactant ion is observed for
the net 44 u addition products of 3ab
(spectra not shown). This dissociation, which
is similar to the hydrolysis of acetals and
ketals to re-form the carbonyl compounds, is
a characteristic of the transacetalization!®]
and ketalization"®! products of acylium ions;
it is also easily rationalized for the trans-
acetalization-like products of 1la and 2a
(Scheme 10).

Contrasting CID behavior is displayed by
the net 44 u addition products of the (un-
stable) thiophenyl cations 4a (Figure 9c)
and 4b (spectrum not shown). Both spectra
are very similar, and show that the pro-
duct ions dissociate to form a fragment of
m/z 67 (Figure 9¢). Generation of an ion of
m/z 67 (C,H;0"), rather than the C,H,S*

which is not indicated in the figure, is the neutral product in all cases.

leading to the other alternative products 7-9 are, on the
contrary, all endothermic relative to the adduct.

MS? experiments: The products of net addition of 44 u to 1a
and 2a in reactions with 2-methyl-1,3-dioxolane are shown by
their triple-stage sequential-product spectra to dissociate
exclusively upon collisional activation to reform the corre-

(a) ?EZHHS (EL/ 122

78

20 40 60 80 100 120 140

m?
Figure 9. Triple-stage (MS®) sequential product spectra for the ionic
products of transacetalization-like reactions of the a) 2-pyridyl (1a), b) 2-
pyrimidyl (2a), and c) the unstable 2-thiophenyl (4a) cation (most likely
4d).
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reactant ion of m/z 83, indicates formal

>

Scheme 10.

replacement of sulfur by oxygen. Such a distinct trans-
acetalization/dissociation sequence recently has been shown
to be a unique characteristic of—and a structurally diag-
nostic test for—thioacylium ions, allowing their gas-phase
conversion into acylium ions.'d By this sequence, the
thioacylium ions react with cyclic acetals to form cyclic
ionic thioacetals, which dissociate on collisional activa-
tion to exclusively afford the analogous and more stable
acylium ions.' Therefore the replacement of sulfur by
oxygen observed for the C,H;S* ions is best rationalized if
one assumes that indeed the ions thought to be the 2- and 3-
thiophenyl cations (4a,b) isomerize to 4d (HC=CHCH,C=S")
prior to reaction (Scheme 11). If the primary thiophenyl
cations 4ab participated in the reaction, their possible
transacetalization-like products (Scheme 7) would not be
expected to lose C,H,S.

EZ)—C Hg

+
[ K +
—» H—=—CH,—C=S < I H:
S

s
= cw—{'\'{;j

ad - CoH,0
4a,b m/iz 127
m/z 83
olol -CoHsS
+ -CO +
H—==—CH, «———  H—==—CH,—C=0
m/z 39 3d
m/z 67
Scheme 11.
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In the case of the putative furanyl cations, the fact that their
transacetalization (or transacetalization-like) products disso-
ciate to re-form the reactant ion cannot be used to support
either the heteroaromatic structure 3ab or the acyclic
structure 3d. However, their CID behavior and ab initio
thermochemistry point to a C;H;O* composition in which the
acylium ion 3d dominates.

Conclusions

The isomeric 2-, 3-, and 4-pyridyl cations are indistinguishable
by low-energy CID. The 2-pyridyl cation is characterized,
however, by its transacetalization-like reactivity with 2-methyl-
1,3-dioxolane, which likely results from activation of the
charge site by the adjacent heteroatom. The three isomeric 2-,
4-, and 5-pyrimidyl cations display quite characteristic dis-
sociation behavior, and are therefore easily distinguished by
CID. In addition, only the 2-pyrimidyl cation participates in
transacetalization-like reactions with 2-methyl-1,3-dioxolane.
It is therefore possible to locate the charge site in the 2-pyridyl
and all three pyrimidyl heteroaromatic cations; hence, the
unique CID behavior or transacetalization-like reactivity of
these common fragment ions can be applied generally to
reveal the position of the substituent in the whole class of
substituted pyridines and pyrimidines. Charge location is not
possible, however, in the 2- and 3-furanyl and 2- and 3-
thiophenyl cations because of their instability in the gas
phase. Rapid isomerization of the nascent furanyl and
thiophenyl cations, most likely to the same (thio)acylium
ion HC=CHCH,C=0(S)", results in identical CID and ion-
molecule behavior.
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The Reaction of the [CpFe(CO),]~ Anion with Pentafluorochlorobenzene:
Nucleophilic Aromatic Substitution by Halogen — Metal Exchange

G. A. Artamkina, P. K. Sazonov, V. A. Ivushkin, I. P. Beletskaya*

Abstract: In the reaction of the
[CpFe(CO),]~ anion with pentafluoro-
chlorobenzene, [CpFe(CO),], and p-
chloroperfluoropolyphenyls CsFs(CF,),-
C¢F,Cl (n=0-3) are formed alongside
the expected chlorine substitution prod-
uct [C¢FsFe(CO),Cp]. The relative yield
of these products depends on the ratio of
initial reactants, solvent (THF, ether,
DMSO, MeCN), counterion (K,
K*18-crown-6, [ (CsHs);P=N=P(C¢Hs);]"
[PPN*]) and temperature. The highest
yield of [C4FsFe(CO),Cp] (~50%) was

pentafluorochlorobenzene added to
[CpFe(CO),]K at room temperature. In
the presence of proton donors tBuOH or
PhCH(Et)CN the reaction does not yield
[C4FsFe(CO),Cp] and p-chloroperfluoro-
polyphenyls at all; instead C¢FsH and
[CpFe(CO),], are formed. This fact and
other data point to the [C¢Fs]~ anion as

Keywords: carbonyl complexes
halogen-—metal exchange - iron -
nucleophilic aromatic substitutions

the key intermediate in all of the ob-
served transformations, among them the
formation of [C4FsFe(CO),Cp]. The evi-
dence from the use of radical traps
(R,PH and PEt;) indicates that free
radicals are not involved in the major
reaction pathway. Halogen—metal ex-
change is proposed as the first step of
the reaction mechanism. The subsequent
competition between the possible reac-
tions of the exchange intermediates,
[CpFe(CO),Cl] and [C4Fs] -, is discussed
to account for the highly variable ratio of

obtained in THF, with a slight excess of

Introduction

Nucleophilic substitution with metal carbonyl anions, carbon-
ylmetallates, may be considered as a model of oxidative
addition of organic halide to transition metal, which is a key
step of various processes catalysed by transition metal
complexes, such as carbonylation or cross-coupling. Only
aliphatic nucleophilic substitution with carbonylmetallates
was studied in detail, the operation of both Sy2 and radical
reaction mechanisms being demonstrated.l! The interaction
of carbonylmetallates with polyfluoroarylhalides, which rep-
resents a well-established synthetic approach to o-polyfluor-
oaryl metal complexes, 3 has not yet received appropriate
mechanistic consideration. However, recent studies have
shown that o-aryl metal carbonyl complexes, especially di-
or poly-metal-substituted aromatics, are of considerable
interest. They can serve as models of intermediates in catalytic
processes, for the study of intramolecular charge transfer and
as a base of new materials possessing unique electronic and
optical properties.]

The reactions of carbonylmetallates as well as other metal-
centred anions with aryl halides possess a number of features

[*] Prof. Dr. I. P. Beletskaya, Dr. G. A. Artamkina, P. K. Sazonov,
V. A. Ivushkin
Moscow State University, Department of Chemistry
119899, Moscow, B-234, Vorob’yovy Gory (CIS)
E-mail: beletska@org.chem.msu.su
Fax: (+7)095-938-18-44
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the final products.

that distinguish them from nucleophilic aromatic substitution
reactions with conventional nucleophiles.>7! These reactions
do not obey one of the basic mechanistic criteria of the
addition —elimination mechanism, the element effect (i.e.
higher reactivity of aryl fluorides as compared to other
haloarenes).[’! Reverse leaving group ability order®>7 (I >
Br>> Cl >F) resembles the reactivity observed in the oxida-
tive addition to unsaturated metal complexes.’! Reduction of
the organic substrate and oxidation of the nucleophile
frequently observed as a side process>>¥ is another point
not consistent with the classical Sy2Ar mechanism. Up to now
no reaction scheme to account for these differences has been
generally accepted.

We have previously studied the kinetics of fluorine
substitution in perfluorinated arenes by carbonylmetallates,
when reduction does not interfere with nucleophilic substitu-
tion.’l An unusual ion-pairing effect has been observed:
close-contact ion pairs were more reactive than free ions and
solvent-separated ion pairs.’! With the primary aim of ration-
alising the nature of the reactivity pattern distinguishing
carbonylmetallates we have now extended our research to the
substrate having both fluorine and chlorine moieties in one
molecule, where competition between several reaction path-
ways is possible. The reaction of pentafluorochlorobenzene
with the dicarbonylcyclopentadienylferrate anion [CpFe-
(CO),]~ chosen as a model in the current study has already
been reported by Bruce and Stone;?? however, the necessary
study of the entire product composition is lacking and certain
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points, such as the formation of proton-containing complex p-
HC,F,Fp (Fp=[CpFe(CO),]) in pure THF, were not con-
firmed in our work.) Moreover, we observed additional
products that were not reported earlier, such as p-chloroper-
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Abstract in Russian:
B peakuun anuona CpFe(CO),~ c neHTagTOpXAOpGEH30AOM HApsAy €

OXHMAAEMEM MMPOAYKTOM HYKAEO(DHABHOrO 3aMellileHHs XAopa ofpasyiorcs
AMep [CpFe(CO)2]2 H n— XA0pnepdrTOPIIOAHEeHHARL,
n—CgFs5{(CgF4)pCsF4Cl {(n=0—3). OTHOCHTEARHHE BEXOAH YKa3aHHHX

TaKkXxe

MPOAYKTOB 3aBUCAT OT COOTHOLIEHHA peareHToB, pactsoputeasn (TT®,
agup, AMCO, MeCN), nporusonosa (K+, K+-18 —kpayr—6, PPN*) u
TemnepaTypsl. Han6oaee pacokuii Berxop CgF5Fe{CO),Cp (50%) noayuen
B TeTparvApodypadie npu AoGaBaeHnH HeGoabmoro nabuTka CgFsCl x
CpFe(CO)2K mpn KomHaTHOH TeMmnepatype. B npucyrcrsum AoHOpOB
nporona, tBuOH u PhCH(Et)CN,
CgF5Fe(CO),Cp Boobuie He OOGHApYXeHH CpEeAM NPOAYKTOB pPeaKIHH,

n—xaopnep@TopioAndeHnAH |

BMecTo HHX obpasylorca Aumep [CpFe(COjq]; m CgFsH. 3tor dakr,
HapsipAy €  ApPYTUMH
MeHTaQTOPPEeHUALHEIN AaHHOH SIBAAETCS KAIOYEBHM HHTEPMEAHATOM BO

npotecce
cBOGOAHBIX pPapMKaAos He

TOAYYeHHEIMH AQHHRMH, [IOKa3uBaeT, qTO

Bcex HaBGAIOAaeMBIX

CgFsFe(CO),Cp. AoByumkn

OpeBpallleHHsAX, B TOM dHCAE B
obGpa3oBaHus
OKa3HBAIOT CYIECTBEHHOrO BAHSIHHA Ha XOA peakiud. O6MeH MeTarr—
raAOreH MPEeAAO’KeH B KavyecTBe I[epBON CTaAuH MeXaHH3Ma peakiMH,
PaccMoTpeHne KOHKYPeHIIHH, BO3MOMXHOH MeXAY PasAHYHHMH [MyTAMH
MOCAGAYIOIMX [peBPallleHHil [POMEXYTOYHHX IPOAYKTOB
[CgFs5] ~ m CpFe(CO),Cl, nospoasier OOGBACHHTH CHABHYIO 3aBHCHMOCTB

obmeHa,

COOTHOLIEHHS KOHeYHHX NPOAYKTOB peaklHH OT yCAOBHﬁ ee [[POBeAeHHA.

[*] Members of the Editorial Board will be introduced to readers with their
first manuscript.
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fluoropolyphenyls, which led us to carry out a comprehensive
examination of the reaction mechanism, including the effects
of radical and carbanionic traps. Considerable attention is
given to various factors controlling the course of the reaction,
such as the reactant ratio, the solvent, counterion and
temperature. Important as it is for the optimisation of reaction
conditions of carbonylmetallates with haloarenes, to the best
of our knowledge no similar investigation has ever been
attempted previously.

Results and Discussion

The course of the reaction: The starting carbonylferrate is
obtained quantitatively in the form of FpK['” by reduction of
the dimer Fp, with sodium/potassium alloy; thus, we were able
to determine not only the relative distribution but also the
absolute yields of the products. Reaction occurred instanta-
neously on the addition of C,FsCl (15-50% excess) to the
solution of carbonylferrate salt,” making direct kinetic
measurements impossible. The basic set of the products

FF FFF F F F

e e LR S
n

F F F FF FF F

n=0,1,2,3

F F F F
+ Fp Fp + F H + FpCl + CI + F~
n
F F F F

n=2,3,4,5

F

[Eq. (1)] was the same in all of the experiments, while the
product distribution changed considerably depending on the
reaction conditions.

In the reactions of carbonylmetallates with activated aryl
halides the higher yields of transition metal ¢-aryl complexes
are usually obtained at lower temperatures (—78°C).[3 11121
In contrast, the yield of the nucleophilic substitution product,
C4FsFp, in the reaction of FpK with C¢FsCl is higher at room
temperature (50—-60 %) than at —50°C (13-20% ), when the
dimer Fp, and other products of the redox process® are
primarily formed (entries 1-3 Table 1). These include chlor-
operfluoropolyphenyls CsFsH and FpCl, though only traces of
the latter were observed. Its presence in the reaction mixtures
was not confirmed by '"H NMR spectra, probably owing to the
overlapping of the Cp-group signals with C¢FsFp. Pentafluoro-
benzene could arise both from proton and hydrogen-atom
abstraction from the solvent or Cp group by the intermediate
pentafluorophenyl anion or radical respectively.

The principal products of the reduction of C.F;Cl were
chloroperfluoropolyphenyls, CsFs(C4F,),C¢F,Cl, never previ-

[a] The rate constant k=2.79-10* Lmol~!'s~! in DMSO has been reported
in the literature.”)

[b] In the context of this work the term redox process corresponds only to
the net result of the transformation, oxidation of Fp~ and reduction of
C4F;Cl, but not to its mechanism.

0947-6539/98/0407-1170 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 7
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Table 1. Temperature, solvent polarity and cation effects on the course of the reaction of FpM with CFsClL.
Entry Reactants and reaction conditions® Relative yields [% ]!
M Solvent T [°C] Ratio v(C¢F;5Cl)/ C¢FsFp Fp, C¢F5(CgF,),CeF,Cl C.FsH
v(Fp~) (n=1-3)
1 K THF -50 1.44 22 78 15 7.5
2 K THF RT 1.47 (49) (30) 8)
3 K THF RT 1.25 57 (43) 43 (32) 11 2.5
4 Lil THF/Et,0Ol! RT 1.36 2 98 50 15.5
5 K THF/DMSOL! RT 1.23 29 (22) 71 (48) 27 (17) 3
6 K/18-crown-6ll THF RT 1.17 17 83 11 3
7 PPN+ THF RT 1.39 19 81 16
8 K THF!! —-50 1.26 19 81 13 4

[a] The initial concentrations of reactants were 0.03 —0.09 M. RT = room temperature. [b] Isolated yields are shown in brackets. Product ratio was determined
by means of 'H and '°F NMR spectroscopy with internal standard ((Me;Si),O or C4H, in 'H, PhCF; or CiF, in '’F NMR). The yields are normalised to 100 %
total yield of Fp-containing products, while the corresponding experimental value varied in the range 75-120%. The yield of chloroperfluoropolyphenyls
was calculated per aromatic ring. [c] The Li salt was used since the K salt is insoluble in ether. [d] The mixture contained =30% THF. [e] The mixture

contained ~30% [Dg]DMSO. [f] v(18-crown-6)/v(FpK) =2. [g] CH;0H (4 equiv) was introduced immediately after the mixing of the reactants.

ously detected in reactions of that type. Mass spectra of the
isolated individual homologues of chloroperfluoropolyphen-
yls (n =0-3) exhibit high-intensity molecular ion peaks, while
the fragmentation is negligible. Small amounts of Fp-substi-
tuted perfluoropolyphenyls, Fp(C¢F,),Fp (n =2-5), were also
detected in the reaction, but the individual components could
not be separated because of their close Ry values. Nevertheless
the 'H NMR spectrum of the mixture displayed a character-
istic set of signals in the Cp region (0=5.1-5.2) with
consecutively decreasing intensity.

Taking into consideration the linear structure of the
phenylene chain in chloroperfluoropolyphenyls, evident from
YF NMR spectra, the most obvious route to their formation
from C¢FsCl appears to consist of a series of nucleophilic
substitution reactions with the [C,Fs]~ anion (Scheme 1,

F F F F F F F F
M s o~
<l -F n
n
o F F FF FF F F F

n=0,1,2,3
F [S]

¢ c F F F F F
F |
¢ | (CeFsl, . F CeFsC
{CeFsT
@ B F a {CeFs]
r F F F

Scheme 1. Possible pathways for p-chloroperfluoropolyphenyl formation.

route 1). It should be mentioned that the reactions of
perfluoroarenes with nucleophiles belong with the classic
examples of nucleophilic aromatic substitution, and could
hardly be regarded as specific C—F bond activation as was
suggested in several recent publications.' The substitution of
the fluorine para to chlorine on the aromatic ring with a
carbon-centred nucleophile agrees well with the predictions
derived from previous studies.” %4 The possibility of tetra-
fluorodehydrobenzene participation in these reactions may be
excluded, as in that case the aromatic rings could not be
concatenated paral"! (Scheme 1, route 2).

To evaluate the rate of the reaction of the [C¢Fs]~ anion
with C4FsCl, methanol was added immediately after the

Chem. Eur. J. 1998, 4, No. 7
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reactants (C4FsCl and FpK) were mixed at —50°C (entry 8,
Table 1). The yields of the products, including C.FsH,
remained the same as in the blank experiment (entry 1,
Table 1). Thus the intermediate [C¢F;s]~ anion must be rapidly
consumed before it could be protonated by methanol.

The stoichiometry of the reaction is also highly suggestive.
Less than one mole of C¢FsCl is consumed for one mole of
Fp~. When Fp, is primarily formed, the reaction balance
approximates to Equation (a), that is, roughly two moles of
FpK per mole of C.FsClL

(2n+2)FpK + (n+2)CFsCl —

(1 +1)Fp, + C4F5(C4F,)aCsF,Cl + (n + 1) KCl + (n + 1) KF @
n=0-3

Solvent and counterion effects: The
ion pairing in the carbonylmetallate
strongly influences the course of the
reaction, revealing an unusual bell-
shaped dependence, the highest yield
of C¢FsFp being observed in the reac-
tion with potassium salt in THF at
room temperature (entries2-3, Ta-
ble 1). Factors increasing the dissocia-
tion of the carbonylmetallate salt, for
example the addition of more polar
solvent (DMSO), crown ether or the
exchange of the K* counterion for the
bulky PPN* cation, reduced the ratio
of C¢FsFp to the products of the redox process (entries 5—7,
Table 1). But a similar yet much greater effect is caused by the
use of Li salts with partial exchange of THF for the less polar
diethyl ether, when stronger ion pairing and aggregation of
carbonylmetallate is expected to take place (entry 4, Table 1).

Data is scarce concerning cation and solvent effects on the
product distribution pattern (redox vs. substitution) in the
reactions of carbonylmetallates with haloarenes bearing
heavier halogens (Cl, Br, I). Certain studies were conducted
only for the reactions of carbonylferrate salts with tricarbo-
nylchromium haloarene complexes, when the use of bulky
cations and low temperatures resulted in higher yields of the
substitution product.l'] We observed similar behaviour

n=2,3,4,5
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Table 2. The effect of anion traps on the course of the reaction of C¢FsCl with Fp~ at room temperature.

Entry Reactants and reaction conditions!®! Relative yields [% ]!
Cation Solvent/Trap Ratio C¢FsFp Fp, C¢Fs(CeF,),CF,Cl  CiFsH  Other products Yields [%]
Mt v(CeFsCl)/v(Fp~) (n=0-3)
1 K THEF (no trap) 1.25 57 43 11 2.5
2 K MeCN/MeCN 1.24 26 67 0 25.5 p-CIC,F,CH,CN 4.5
p-HC.F,Fp 75
3 PPN  MeCN/MeCN 1.31 27 64 0 28 p-CIC,F,CH,CN 9.3
p-HCF,Fp 9
4 K THF/tBuOH (16 equiv) 1.24 0 91 0 44 p-CICF,OrBu 39
0-CIC,F,OrBu 5
p-HCH,0rBu 3
p-HC,F,Fp 9
5 K PhCH(Et)CN (3.5 equiv) 1.17 0 97 0 25 p-CIC,F,C(Et)(Ph)CN 10
p-HC,F,C(Et)(Ph)CN 8.5
p-HCF,Fp 3
6 K THF/C,F5Cl (10 equivl) 9.72 31 69 34 7

[a] The initial concentrations of reactants were 0.03-0.09 M. [b] Concerning the determination and calculation of the product yields see footnote [b] to
Table 1. [c] The solution of FpK was added dropwise to the solution of C¢F;Cl.

F F F
Fp~
F c| ————» F ®@ + RH — F
; -CI", -Fpy
F F F F
RH = MeCN,
PhCH(Et)CN,
tBuOH

FF
-
4 Fp H
-F
FF
F FF F R
. CgFsgH
H + R > H + F H
- F o F F ¥
F F F R
CeFsCl
> R cl o+ F ¢l
F
FoF FF

Scheme 2. Products originating from protonation of the [C¢F;]~ carbanion by alcohol or CH acid.

recently in nucleophilic vinylic substitution reaction between
Fp~ and chlorodifluorostyrene.l'”l Also worth mentioning is
one more work reporting that the use of FpLi in ether/hexane
solution in the reaction with C¢F,Hal, (all isomers, Hal =ClI,
Br) furnishes the monosubstitution products FpC¢F,Hal in
moderate yield,['!l yet nothing is known about the course of
the same reactions in THF. This data is hardly compatible with
our current results, and does not help us in answering the
question why ether and large cations caused similar effects.

The effect of anion scavengers: The results obtained indicate
that aryl carbanions play an important role in the reaction of
FpK with C(FsCl, at least in the reduction of aryl halide.
Carrying out the reaction in the presence of anion scavengers
(proton donors) is likely to provide further evidence of the
[C4Fs]~ anion participating in the process. The solvent MeCN
turned out to be sufficiently acidicl! to protonate the [C4Fs]~
carbanions that are involved in the formation of chloroper-

[c] The acidity of MeCN media may be even higher than reported for
MeCN (pK, =29) in dilute solution in DMSO.['*]
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fluoropolyphenyls, since the latter were not observed in the
reaction carried out in MeCN. The dehalogenation process in
that case yields only proton-containing products, C;FsH and
p-HC(F,Fp. It is noteworthy that the reduction of the C¢F;Cl
becomes the major reaction pathway in MeCN, the ratio
C¢FsFp/Fp, decreasing more than threefold compared with
that in THF (entries 1-3, Table 2), but this effect could be
also caused by the change of medium polarity.

Anion scavengers added to the FpK solution prior to the
addition of CgFsCl prevent the nucleophilic substitution
pathway of the reaction entirely; not even traces of the
product C,FsFp are detected (Scheme 2; entries 4,5, Table 2).
We investigated the effect of both O-H and C-H acids,
choosing for that purpose tBuOH and PhCH(Et)CN, which
are stronger acids than C,FsH (pK,~25["1), but less acidic
than FpH (pK,=19.2P1). (In fact, because of hydrogen
bonding, the acidity of ‘BuOH is heavily concentration-
dependent, varying from pK, = 20 for the neat liquid to pK, =
30 for the dilute solution in DMSO.?Y The pK, value of
PhCH(Et)CN is possibly slightly higher than of PhCH,CN
(pK,=21.3 in DMSOPY). Tt was shown that Fp~ is protonated

0947-6539/98/0407-1172 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 7





Halogen—Metal Exchange

only to a small extent even in
THF/tBuOH (1:1) mixed sol-
vent.??l) The reaction pattern
observed was the same with

both traps, the yield of the oo F
dimer Fp, being near to quanti- o o+ F o _TME
tative and only proton-contain- A
ing products (mainly C¢FsH) F F

being formed from the reduc-
tion of C4F;sCl (entries 4,5, Ta-
ble 2).

The protonation of penta-
fluorophenyl carbanion by
tBuOH or CH acid gave rise to
another anion derived from the
proton donor. These anions en-
ter into nucleophilic substitu-
tion reactions with C4F5Cl and
C¢FsH, displacing fluorine
chiefly in the para position,
though minor amounts of ortho
isomers were also detected
(Scheme 2). This reaction con-
sumes [fBuO]~ anion quantitatively, since the total yields of
the products containing the fBuO group and of the products
derived from the protonation of pentafluorophenyl carbanion
are approximately the same (about 50 % ).l The total yield of
substitution products with [CH,CN]~ and [PhC(Et)CN]~
carbanions is considerably smaller and does not exceed
20 %, indicating the operation of yet another reaction path-
way where carbanions are consumed. The same is true for the
transformations of the [C4Fs]~ carbanion, the observed yield
of chloroperfluoropolyphenyls being usually three to seven
times lower than of Fp, (Table 1), while according to the
reaction balance [Eq. (a)] it should not be less than halfl¢- I of
the yield of Fp,.

Several conclusions may be drawn from the results of anion
scavenging experiments. a) The substitution of chlorine for
the Fp group does not involve direct attack of the carbon-
ylmetallate nucleophile on carbon; this rules out the Sy2Ar
mechanism. Strictly speaking it should not be referred to as a
nucleophilic substitution reaction. b) Pentafluorophenyl car-
banion is proved to be the essential intermediate in the
formation of the chlorine substitution product, C;FsFp. c) The
overall reaction scheme must consist of at least two steps, the
first one, producing [C¢Fs]~ carbanions, the same for all
products formed in the following step(s). Halogen —metal
exchange (HME) as the first step of the reaction (reaction A,
Scheme 3) appears to be the only plausible choice, provided
the alternative of a radical reaction pathway is positively
excluded. It should be pointed out that double electron
transfer could also produce [C¢Fs]~ carbanions.

On the electron-transfer mechanism: Outer-sphere electron

transfer (ET) from FpK to C¢FsCl does not seem feasible

[d] Relative to the amount of FpK entering in the reaction.
[e] For example, if only C.FsCsF,Cl is formed its stoichiometric yield
should be 100 %.
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considering the large difference between the redox potentials
of the reactants (EREcjcpa =—2.02V  En g.=
—1.16 V?!), The ET rate constant (k<10~*Lmol 's™)
calculated from Eberson formulae based on Marcus—Hush
theory®* is strongly underestimated, as the reaction happens
within the time of mixing even at —100°C.

The effect of radical scavengers on the product composition
was carefully examined. Secondary phosphines are good
hydrogen-atom donors and their use is well established in the
detection of the radical steps in various nucleophilic substi-
tution reactions;?! we utilised iPr,PH and /Bu,PH to inter-
cept C¢F; radicals. The product distribution data for these
experiments summarised in Table 3, and the high yield of
C¢FsFp in particular, imply that C4F5 is not involved in the
reaction (entries 2,3, Table 3). It seems somewhat puzzling
that even a slight increase in the yield of C¢FsFp was observed
in comparison with the standard experiment. An increased
amount of C.FsH is also formed while the proportion of
chloroperfluoropolyphenyls is reduced in the presence of the
secondary phosphine (entries 2,3, Table 3); however, it is not
clear whether this results from radical or anion trapping.

The ability of tertiary phosphines to intercept metal
carbonyl radicals, even when they are formed as short-lived
intermediates, arises from facile ligand substitution typical of
these species.”) When the reaction was performed in the
presence of PEt; (entry 4, Table 3) the primary organometal-
lic products remained the same, yet the yield of C;FsFp was
distinctly lower and a variety of additional, presumably
phosphine-substituted products were formed, though each in
trace amount. Judging from 'H, ¥F and ¥P NMR spectra of
the reaction mixture the majority of the new products are not
dimeric iron carbonyls but belong to the [ArgFe(L,)Cp] type.
Taking into account that the starting carbonylmetallate (26 ]
and the reaction products are inert towards phosphine
substitution, we have to admit that Fp- radicals are formed
as intermediates in a certain step of at least one of the reaction

Scheme 3. General mechanism of the reaction.
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Table 3. The effect of radical traps on the course of the reaction of C¢FsCl with FpK in THF at room temperature.

Entry Reactants and reaction conditions® Relative yields [% ]!
Trap Ratio C¢FsFp Fp, C¢F5(C¢F,),CeF,Cl C.FsH
V(CoFsCl)/w(Fp-) (n=0-3)
1 - 1.25 57 43 11 2.5
2 iPr,PH (9 equiv) 1.11 71 29 - 11
3 tBu,PH (13 equiv) 1.40 65 35 3 9
4 Et,Pl (4 equiv) 111 35 48 3 4

[a] The initial concentrations of reactants were 0.03—0.09M. [b] Concerning the determination and calculation of the product yields see footnote [b] to
Table 1. [c] The yield of [{1*-C¢FsCsHs}Fe(CO),PEt;] ~ 5% and the yields of other Cp-containing products ~12%.

pathways. The only isolated and identified product containing
phosphine was [{5*-(C¢F5)CsHs}Fe(CO),PEt;] (yield 5%).
Complexes of this type have recently been obtained with
high yield in the three-component reaction of FpHal, RLi and
R;P?" and adopting the mechanism proposed®! the forma-
tion of the complex in our case is described in Scheme 4. The

Scheme 4. Mechanism of the formation of [7*-(C¢FsCsH;)Fe(CO),PEt;], based on ref. [28]. The oxidant Ox is other

than C¢F;5ClL

detection of such a complex provides extra evidence for HME
in the reaction.

Thus, experiment not having confirmed the hypothesis of a
radical reaction pathway producing [C¢Fs]~ carbanions, the
following discussion will be based on the framework of the
HME mechanism (Scheme 3).

The halogen -metal exchange mechanism: Nucleophilic ar-
omatic substitution by an HME mechanism is rather uncom-
mon; the few examples known are limited to the reactions of
metal-centred nucleophiles with nonactivated halobenzenes,
where the S\2Ar substitution mechanism is unfeasible. Thus,
for the reactions of the Me;Sn~ anion with halobenzenes the
mechanism with halogen transfer in the solvent cage as a key
step was established by Kuivila et al.?]

The effect of MeCN, similar to that observed in our study,
has been reported in the reaction of another metal-centred
nucleophile, [Re(O)(R-C=C-R),]- (R=Et, Ph) with hal-
obenzenes.? Instead of the o-aryl thenium complex observed
in benzene solution, when the reaction was carried out in
MeCN cyanomethyl complex NCCH,-[Re(O)(RC=CR),]
was formed with the equivalent amount of benzene.’ The
authors ascribed the effect to the interception of phenyl
radicals by MeCN.B% Probably these results may be reinter-
preted in favour of phenyl anions being trapped by the
solvent, taking into account the clear evidence obtained on
this point in the current study of a similar reaction.

In reactions of both Me;Sn~ and [Re(O)(R-C=C-R),|"
nucleophiles®- 3 the leaving group effect is the opposite of
that usually observed in nucleophilic aromatic substitution
(F> Cl,Br,I), the reactivity of halobenzenes increasing in

1174 ——

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

parallel with the ease of halogen transfer (I > Br>> Cl > F).BU
The HME mechanism now proposed for the reaction of Fp~
with C4F;5Cl, can apparently be extended to other reactions of
carbonylmetallates with halopolyfluoroaromatics, giving an
insight into the reverse leaving-group effect that hitherto
lacked adequate explanation.>7 It is particularly remark-

able that halopolyfluoroar-

enes are sufficiently activated

CoF, to react according to an

S\2Ar mechanism,® 5 141

@ ox PEts @ Ox (FpCl) @ CEq H though .they can be met.ail-

Fe” T Fe T T “.’F;\ lated with certain halophilic

" Nco co” co oc” \co PEts oc” E:o PEty o 'F\"\PEt3 reagents, such as alkyl-
¢ co lithiums. 15 3101

The question concerning
the origin of specific halophil-
ic reactivity of metal-centred
anions is certainly intriguing, but lies beyond the scope of our
current study. At present one could refer to the HSAB
principlel? predicting the interaction of the soft base with the
soft acid center, in our case the metal-centered anion with the
halogen atoml®? of the aryl halide. The higher energy of
metal—halogen as compared to carbon-metal bonds
may be also taken into consideration.l*® It was shown recently
that even in o-nitroiodobenzene, representative of a
typical Sy2Ar-reactive substrate, soft nucleophiles such as
thiol anions attack not carbon but iodine atoms, the sub-
stitution product being possibly formed through this path-
way.?4

Scheme 3 summarises the reactions that can follow the
initial HME step. It is important to note that in the halogen
transfer process along with pentafluorophenyl carbanions an
equivalent amount of FpCl should be generated. However, no
FpCl was detected in the experiments when pentafluorophen-
yl carbanion was trapped with anion scavengers. Instead Fp,
was formed almost quantitatively. We suppose that FpCl is
formed only as an intermediate, and converted to Fp, in the
rapid reaction with FpK (the reported value of the rate
constant for the reaction of Fp~PPN* with FpCl in MeCN is
10° Lmol's~'B1) which is assumed to follow the electron
transfer (step C in Scheme 3).2%* 33 The reported value of the
rate constant for the reaction of Fp~PPN* with FpCl in MeCN
is 10% Imol~'s .31 In our case Fp* radicals should recombine
predominantly in the solvent cage, since they are not trapped
by triethylphosphine (entry 4, Table 3).

Fp + Fpcl ——> [ Fo* Fp | ——>
Ck

()
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When the pentafluorophenyl carbanion is not captured by
anion scavengers, reaction C competes with its coupling with
FpCl [step B and Egq.(2)], thus decreasing the yield of
C¢F;sFp.

We expected to obtain FpCl as the final product in the
experiment when FpK was added dropwise to the tenfold
excess of C;F5Cl (entry 6, Table 2). The rates of the reactions
of the anions Fp~ and [C.Fs]- with CFsCl (A and D in
Scheme 3) are increased, but the reactions consuming FpCl (B
and C) are not affected. The fact that not even traces of FpCl
could be detected in this experiment forces us to assume that
the increase in the production rate of FpCl is not sufficient to
counterbalance its disappearance. However, the product
composition did change, the ratio of products CsFsFp to Fp,
decreasing almost threefold and the yield of chloroperfluor-
opolyphenyls, especially p-CIC¢F,C¢Fs, considerably increas-
ing (entry 6, Table 2). These results point to the role of C,FsCl
as an anion scavenger. The interception of the pentafluor-
ophenyl anion by C4F;sCl (reaction D, Scheme 3) competes
with the reaction of the anion with FpCl (B). This conclusion
is confirmed by the detection of Fp-substituted perfluoro-
polyphenyls in standard runs because it obviously indicates
that chloroperfluoropolyphenyls are formed in the reaction
when Fp~ is still present, that is, concurrently with CsFsFp.

Thus, the first halogen transfer step of the reaction,
common to all products formed (A in Scheme 3), appears to
be rate-limiting, given the absence of FpCl among the
products. The actual product distribution is determined in
the subsequent rapid steps of the reaction (B, C and D ). Each
of the two exchange products, FpCl and [C,F;s]~, participates
in a side reaction, C or D respectively, giving rise to Fp, and
the reduction products of C,FsCl. The fact that there are two
reactions in competition with the reaction yielding C¢FsFp
(reaction B) suggests a possible explanation of the solvent and
counterion effects on the product ratio. We believe that the
temperature effect has its origin in ion pairing and is related to
the increase of the dielectric constant at lower temperatures
(for THF £=74 at 25°C and 11.6 at —70°CP"). Let us
consider the following arguments: Ion pairing is known to
decrease the reactivity of carbanions in nucleophilic aromatic
substitution.’ %31 On the other hand the reactions of
carbonylmetallates with metal carbonyl halides or corre-
sponding cationic complexes exhibit the reverse reactivity
pattern: tight ion pairs react faster than free ions.?®l No data
is available concerning the effect of ion pairing in the
reactions of carbanions with metal carbonyl halides (B,
Scheme 3); however, let us speculate that it is less dramatic
than in the competitive reactions C and D. As a result of
strong ion pairing in the low-polarity solvent (Et,O/THF) the
reaction of FpCl with Fp~ (C) becomes the fastest in the
competition, consuming almost all the FpCl initially formed.
The fastest process in polar solvent or with bulky cations will
be the interception of [C4Fs]~ anion by C,FsCl (D), where it
prevails over the production of C4FsFp. On the other hand it
may be that in these conditions the reaction of FpCl with
[C¢Fs]~ anion may itself produce a substantial amount of Fp,
instead of C¢FsFp. That the highest yield of C¢FsFp was
obtained in THF indicates that all competitive pathways are
relatively slow in the solvent of medium polarity.

Chem. Eur. J. 1998, 4, No. 7
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Conclusion

In the reaction of pentafluorochlorobenzene with the carbon-
ylferrate anion, nucleophilic substitution of chlorine and aryl
halide reduction are not competing pathways. All of the
observed transformations take place in the framework of a
single mechanism. Halogen transfer between aryl halide and
metal-centred anion, generating pentafluorophenyl carban-
ion, is proposed as the key step of the entire process.
Investigation of the reactions of other carbonylmetallates
([Re(CO)s]~, [Mn(CO)s]~, etc.) with halopolyfluorobenzenes
is currently in progress in an attempt to obtain further
evidence to confirm the halogen-metal exchange mecha-
nism, and to estimate the scope of this unusual reactivity. The
question concerning the mechanism of the reactions of
carbonylmetallates with perfluoroarenes is of particular
interest in the context of the characteristic ion-pairing effect
in these reactions.

Experimental Section

A vacuum-line technique was used for handling carbonylferrate and
carbanion salts. All other air-sensitive compounds, such as neutral metal
carbonyl derivatives, were handled in a vacuum or under argon with
Schlenk techniques. Argon was purified by passage through oxygen
scavenger and 4 A molecular sieve columns.

Solvents and reagents: All solvents were distilled from an appropriate
drying agent. MeCN, [D;]MeCN and [D¢]DMSO were vacuum-transferred
from the sodium salt of 9-benzylfluorene; THF, [Dg]THF and Et,O from
sodium benzophenone ketyl. (Me;Si),0, C¢FsCl, C;HsCF;, 18-crown-6-
ether were fractionally distilled prior to use. Carbonylferrate dimer (Fp,)
was purified according to the previously described method.I'” Bis(diphe-
nylphosphinoiminium) chloride (PPN*CI~) and LiCl were dried in vacuum
(1072 Torr) at 120-140°C for 1.5 h.

Break-seal ampoules were used for the transfer of substances. Volatile
reagents and standards were degassed and vacuum-transferred from the
appropriate drying agent: C,FsCl, CF,, (Me;Si),0, CH,, PEt; and
C¢H;CF; from sodium mirror, iPr,PH and rBu,PH from P,Os, tBuOH
from tBuOK, Ph(Et)CHCN from NaH. The ’F NMR spectrum of C4FsCl
agrees with that reported in the literature.*! Small volumes (< 0.5 mL) of
the reagents were placed in thin-walled glass phials that were evacuated
and flame-sealed. For the low-temperature experiments C4FsCl was dosed
as THF solution.

Spectroscopic methods and reaction mixture analysis: '"H (400 MHz) and
YF (376.3 MHz) NMR spectra were obtained on a Varian VXR-400
spectrometer at room temperature. The chemical shifts 6 for 'TH NMR
spectra were reported relative to TMS and referred to the signals of the
internal reference standards, either (Me;Si),0 (6 =0.05) or CgH (6 =7.27).
YF NMR chemical shifts 0 were reported in ppm downfield from CFCl,
relative to signals of the internal reference standards C4F4 (6 = —162.9) or
C¢H;CF; (6 =—61.5). The routine analysis of the reaction mixtures was
performed by NMR spectroscopy in undeuterated solvents, in which case
'H NMR spectra were recorded using long pulse delay (PD <7 s) and short
impulses (PW =1 ps). We observed that pulse delay variation (1-30 s) has
no impact on the relative integral intensity of the signals in “F NMR
spectra. The yields of the products were calculated separately from 'H and
YF NMR spectra by comparison of the integral intensity of corresponding
signals, Cp groups in particular, to that of the internal standard (one of the
above listed). If no fluorine standard was added, then the signal of C¢Fg
impurity in C4FsCl was used for the chemical shift reference in ’F NMR
spectra and the product yields were calculated relative to that of C.FsFp,
determined from the '"H NMR spectrum.

IR spectra were recorded on a UR-20 spectrophotometer in 0.2 mm CaF,
cell. Mass spectra were recorded on a MS-890 spectrometer operating with
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Table 4. Spectral data for the reaction products.
Fl F2 F! F2 X" 4
X £3 x: Y 2 F4
FI F2 FL F2 F2 F3
Solvent 'HNMR ¢ “F NMR 4l IR 7o MSmi/z
[em™]
Fp, THF  4.82(s) 1791(s),
1960(s),
1999(s)
Fp, MeCN  4.80(s)
FpCl THF 5.12(s)
FpCl MeCN  5.05(s)
X
Fp THF 5.11(s) —105.38(F"), —163.59(F?), 1999(s), 344 [M]*, 316 ([M — CO]*, 288 [M —2CO]+, 268 [M —
—161.18(t,F%) 2042(s)  2CO — HF]*, 232 [CFsCp]™, 213 [C4FsCp — F]*,
Fp MeCN  5.01(s) —105.73(F"), —163.90(F?), 194 [CF;Cp]*, 193 [C4FiCp — H]", 168 [C.FsH] T, 175
—161.34(t, F?) [CeF,Cp]*, 174 [CF,Cp — H]*, 140 [CpFe]*
C¢F,Cl THF —137.52, —137.91, —139.87, 350 [M]*" (100 %)
—161.11(F?), —150.69(t, F?)
(CFy),Cl1 THF —136.85, —136.93, — 137.68, 498 [M]* (100%)
—139.67, —137.16, —160.98(F?),
—150.34(t, F?)
(CgFy);C1 THF —136.85, —136.93, —137.16, 646 [M]+ (100 %)
—137.68, —139.69, —160.98(F?),
—150.34(t, F?)
(CFy),Cl THF —136.58, —136.77, — 137.09, 794 [M]* (100 %)
—137.64, —139.69, —160.96(F?),
—150.26(t, F?)
H THF —138.61(F"), —162.57(F?),
—154.71(t, F?)
[{n*-CsH;}Fe(CO),PEL]®)  THF — 145214 (F'"), —164.13(F?), 1918(s), 462 [M]", 434 ([M — CO]*, 406 [M —2CO]", 344 [M —
—159.84(t, F?) 1976(s)  PEt;]*, 288 [M —2CO — PEt;]", 268 [M —2CO — PEt; —
HF]*, 232 [C.FsCp] ™, 213 [C4FsCp — F]*, 194 [C4F;Cp]™,
193 [C¢F;Cp — H]*, 168 [C¢FsH]*, 175 [CF,Cp] ™, 174
[CsF,Cp — H]", 140 [CpFe]", 118 [PEt;]"
X Y
Fp H THF 5.10 —107.30 (F'), —140.78 (F?)
Fp C¢F.,Fp THF 5.17(s) —106.55 (F'), —141.39 (F?) 1993(s), 650 [M]*, 594 [M —2CO]*, 538 [M —4CO]J", 362
2042(s)  [HC4F,C.F,Cp]*, 298 [HCF,CsFH]*, 186 [FeCp,]*, 121
[FeCp]"
Fp (CeE,).Fp THF 5.20(s) —105.41 (F'), —141.33 (F?)
Fp (C4F,)sFp THF  5.21(s) —105.22 (FY), —141.15 (F2)
Cl CH,CN MeCN —144.06, —147.50
H C(Ph)(Et)CN  THF —137.00 (F'), —137.70 (F?)
Cl C(Ph)(Et)CN  THF —135.89, —140.49
H BuO THF —140.37 (F'), —151.43 (F?)
Cl BuO THF —141.08 (F'), —150.18 (F?)
X" Y’
Cl tBuO THF —140.03 (dd, F'), —158.62,

—162.14 (t, F2, F?), — 148.05 (F*)

[a] All signals are second-order multiplets except where noted otherwise. [b] 3'P NMR chemical shift for [{#*-CsFsCsHs}Fe(CO),PEt;] is 6 =63 relative to

H;PO, (external standard).

electron impact ionisation, 70 €V ionising energy, direct inlet method, with
a source temperature of 150°C.

General procedure for the reaction of Fp~ with C,F;Cl: FpK was obtained
by reducing Fp, with NaK,; alloy in THF according to the literature
procedure;!'”! the resulting anion solution was then filtered through a fine-
pore glass filter. PPN*Fp~ was prepared beforehand and FpLi was obtained
in situ by the exchange reactions of FpK with PPN*Cl-® and LiCl
accordingly. If necessary THF was replaced with another solvent. In the
experiments from which the reaction products were isolated, 0.8 — 1.3 mmol
of Fp~ was allowed to react with 0.9 —2.0 mmol of C,FsCl. When only NMR
analysis was performed smaller amounts of Fp~ (0.11-0.17 mmol) and
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C¢F;5Cl (0.15-0.22 mmol) were used. In all of the experiments the substrate
was in excess (15-50%); the concentration of Fp~ varied in the range of
0.03-0.13 mol L~". Various additives (18-crown-6, radical or anion trap),
C¢FsCl, NMR standard(s) were introduced by breaking thin-walled glass
phials containing these substances (usually in the sequence above). The
solution was rapidly stirred by magnetic stir bar or by manual shaking of the
apparatus at the moment when the substrate was added. The reaction
proceeded instantly; the mixture immediately turned red/black in colour
and turbid. After 10—-20 min about 0.6 -1 mL of the reaction mixture was
filtered through Celite into the NMR sample tube fused to the apparatus,
and deuterated solvent was added to the filtrate (~0.2 mL of [Dg]THF or
CD;CN). The NMR sample tube was then frozen in liquid nitrogen and
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sealed off with flame. The apparatus was filled with argon and in some cases
a sample was withdrawn for analysis by IR spectroscopy. In the
preparative-scale experiments the remaining solution was transferred
under argon pressure through a teflon hose to the column with a Celite
filter. The solution was filtered into a round-bottomed flask and evaporated
with silica gel at reduced pressure.

Isolation of the reaction products: The dry residue from the reaction of
FpK (prepared from 236 mg, 0.667 mmol Fp,) with C¢FsCl (396 mg,
1.96 mmol) in THF (31.2 mL) at RT was subjected to column chromatog-
raphy on silica gel (40/100, L =15 cm, d =1.5 cm). Elution with petroleum
ether produced a colourless band from which a mixture of chloroperfluor-
opolyphenyls (179 mg, ~8%, approximate yield calculated for one
aromatic ring) was obtained. Elution with CH,Cl,/petroleum ether (1:4)
afforded two bright yellow bands. The first band after removal of the
solvent afforded crude C¢FsFp (225 mg, 0.654 mmol, 49%). The second
band consisted primarily of Fp(CsF,),Fp (n=2-5, 10.0 mg, ~2.5%,
approximate yield calculated for one aromatic ring) contaminated with
C¢FsFp. Elution with CH,Cl,/petroleum ether (1:1) gave a purple band
from which Fp, (70.0 mg, 0.396 mmol, 30%) was obtained. Elution with
Et,0 gave a brick-red band from which a red-brown solid (10.4 mg) was
obtained, in which FpCl was found by TLC comparison with an authentic
sample. Isolated substances were dried under vacuum. Individual homo-
logues of chloroperfluoropolyphenyls were isolated and Fp(C¢F,),Fp was
purified by preparative-plate chromatography on Silpearl. Pure C;FsFp was
obtained by crystallisation from C¢H¢/hexane (1:1) at —30°C.

Addition of reagents in reverse order: Solution of FpK (0.216 mmol) in
THF (1.2 mL) was added dropwise (over 5 min) through a capillary to the
rapidly stirred solution of C¢FsCl (2.10 mmol) in THF (3.2 mL). After
complete mixing and addition of the NMR standard, part of the reaction
mixture was transferred to an NMR sample tube. The apparatus was then
filled with argon and a sample for IR spectroscopy was taken.

Product structure assignment: Spectra are presented in Table 4. All
isolated compounds were characterised by 'H and '’F NMR spectroscopy
and mass spectrometry. Metal carbonyl derivatives were also characterised
by IR spectroscopy. The spectral properties of CeFsFp,lH4l p-
FpCeF,CeF,Fp, 14 411 [{5*-C4FsCsHs)Fe(CO),PEL;]?” 42 are in good agree-
ment with the literature data for these or similar compounds.

A number of reaction products were not isolated, but identified as follows.
Signals in ’F NMR spectra of the reaction mixture corresponding to C;FsH
and p-HCGF,Fp were identified by comparison with the spectrum of an
authentic sample of C;FsH and the reported*”] spectrum of p-HC¢F,Fp. The
products resulting from the interaction of carbanions ([CH,CN]-,
[PhC(Et)CN]~) and [BuO]- with C(FsCl or C,FsH were identified
similarly. To recognise their signals in the spectrum of the complex product
mixture obtained in the reaction of FpK with CF;Cl, separate test
experiments were conducted. Carbanion salts were prepared by trans-
metalation of PhACH(Et)CN and MeCN with Ph;CK. An excess of substrate
was added to the carbanion or [{BuO]- solution in the appropriate solvent
(THF or MeCN) and the F NMR spectrum of the resulting solution was
recorded. The signals of the major substitution products observed in the
test experiments coincided with the signals in question to within 0.1 ppm.
These products were assigned structures in accordance with general
regularities of fluorine chemical shifts and coupling constants.* 4]
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Ortho-Carboranyl Glycosides of Glucose, Mannose, Maltose and Lactose for
Cancer Treatment by Boron Neutron-Capture Therapy

Lutz F. Tietze* and Ulrich Bothe

Abstract: Glycosidation of alkynols using the trichloroacetimidate method led to

the alkynyl glycosides 2a,b, 6, 10 and 14 in 53-68 % yield, which by reaction with
decaborane(14) afforded the protected peracetylated o-carboranyl glycosides 3a,b, 7,
11 and 15 in 43-61% yield. Base-catalyzed solvolysis gave the unprotected

glycosides 4a,b, 8, 12 and 16 in 71-97 % yield.

Introduction

The selective treatment of cancer remains one of the unsolved
problems in medicine. A new development in this field, of
growing importance, is boron neutron-capture therapy.l!l
However, successful utilization of this method, which is
based on the cytotoxic boron neutron-capture reaction
[1°B('n,*He)’Li] depends on the selective deposition of large
quantities (20—30 pg boron per g tumor tissue) in the
malignant cells. For selective targeting, conjugates of carbor-
anes with antibodies that bind to tumor-associated antigens
were used;? however, a loss of immunoactivity was frequent-
ly observed owing to the hydrophobicity of the carborane
unit. Additionally, it has been shown that antibody conjugates
bind only to a very small portion of the cancer cells. This
approach seems to be less suitable, since the cytotoxic effect of
the lithium formed from the boron neutron-capture reaction
depends strongly on the proximity to the DNA in the cell.l!

Our approach was to improve the selectivity of cancer
treatment in the utilisation of phenotypic and genetic differ-
ences of normal and cancer cells.! The first approach is based
upon the increased rate of glycolysis in cancer cells under
hyperglycemic conditions. The second approach was based
upon the use of conjugates of enzymes and monoclonal
antibodies which bind to tumor-associated antigens in order to
enzymatically cleave nontoxic prodrugs selectively at cancer
cells with the liberation of a cytotoxic compound.F! This
approach has the advantage that the monoclonal antibody
enzyme conjugate is used in a catalytic way and that the
usually lipophilic toxin formed can be distributed to all cancer

[*] Prof. L. F. Tietze, Dipl.-Chem. U. Bothe
Institut fiir Organische Chemie, Georg-August-Universitdt Gottingen
Tammannstrasse 2, D-37077 Gottingen (Germany)
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cell nuclei. For boron neutron-capture therapy our approach
looks for the use of glycosides of ortho-carborane (1,2-
dicarba-closo-dodecaborane) which do not penetrate the cell
membrane due to their polarity. However, after selective
removal of the sugar moiety by enzymatic hydrolysis by the
antibody enzyme conjugate the lipophilic carboranyl alcohol
should penetrate the cell membrane.

In this paper we describe the stereoselective synthesis of
novel water-soluble glycosidic carboranes.’! It should be
noted that the glycosidation of hydroxyalkylcarboranes by
addition to 3.4,6-tri-O-acetyl-p-glucal has already been de-
scribed;l however, the glycosides thus obtained are not
suitable for our approach since they are formed as mixtures of
anomers and their water solubility is quite low. Since
carboranes are usually prepared by reaction of alkynes and
decaborane(14),®! we first prepared alkynyl glycosides which
were then transformed into the glycosidic carboranes. The
necessary alkynyl glycosides are easily accessible using the
known trichloroimidate glycosidation procedure.]

Results and Discussion

Reaction of glucose trichloroimidate (1) and 3-butyn-1-ol in
the presence of BF;-Et,O afforded butynyl -glucoside (2a)
in 55% yield stereoselectively. In a similar way hexynyl j-
glucoside (2b) could be prepared by reaction of 1 and 5-
hexyn-1-ol in 54 % yield. For the formation of carboranyl
glucoside 3a decaborane(14) was heated in acetonitrile under
reflux for 1 h to give the B;oH;, 2 CH;CN adduct,' which
was treated with 2a in toluene to give the protected
carboranyl glucoside 3a in 61 % yield (Scheme 1). Similarly,
reaction of 2b with the B, H;, -2 CH;CN adduct afforded the
carboranyl glucoside 3b in 51% yield. Solvolysis with
catalytic amounts of sodium methoxide in methanol gave
the desired carboranyl glucosides 4a and 4b in 97 % and 74 %
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yield, respectively. It is well known that ortho-carboranes
(closo form) can readily be converted into the nido form upon
treatment with a base. However, this was not observed during
solvolyis of the peracetylated ortho-carboranyl glycosides
under the described conditions as confirmed by mass spectro-
scopy of the deprotected products.

OAc
OAc
AC/? g&% ) o]
c a AcO
AcO — AcO O\(\/)n//

O\H/CC|3 AcO
1 NH 2a:n=2
2b:n=4
OR
e e
O,
RO ngHm

3a:n=2,R=Ac
C): 4a:n=2,R=H
3b:n=4,R=Ac
L~ 4b:n=4R=H
Scheme 1. Preparation of carboranyl glucosides 4a and 4b. Reagents:
a) 2a: 3-butyn-1-ol, CH,Cl,, BF;- Et,0, 0°C to RT, 55 %; 2b: 5-hexyn-1-ol,
CH,Cl,, BF;- Et,0,0°C to RT, 54 %; b) 3a: B;(H,,, CH;CN, reflux, then 2a
in toluene, reflux, 61%; 3b: B,jH,,, CH;CN, reflux, then 2b in toluene,

reflux, 51 %; c) 4a: NaOMe, MeOH, RT, 97 %; 4b: NaOMe, MeOH, RT,
74%.

For the preparation of carboranyl mannoside 6, mannose
trichloroimidate (5) was treated with 3-butyn-1-ol to afford 6
as the a-anomer in 68% yield (Scheme 2). Reaction with
decaborane(14) gave 7 in 59 % yield; this was deprotected to
afford the desired carboranyl mannoside 8 nearly quantita-
tively.

AcO~— AcO AcO~_ AcO
AcO © a)  AcO -0
AcO —» AcO

O. _CClg o)
5 0 6 >N
NH
RO RO
.0
RO
b) R&‘ﬁ
—
(@]
7:R=A g
. = AC BlOHlO
Ol » giR=H

Scheme 2. Preparation of carboranyl mannoside 8. Reagents: a) 3-butyn-
1-ol, CH,Cl,, BF;- Et,0, 0°C to RT, 68 %; b) B,;H,4, CH;CN, reflux; then 6
in toluene, reflux, 59 %; ¢) NaOMe, MeOH, RT, 91 %.

As already mentioned, the carboranyl glycosides of mono-
saccharides are less suitable since their water solubility is not
sufficient; we therefore also prepared carboranes linked to
disaccharides such as lactose and maltose. Reaction of lactose
trichloroimidate (9, Scheme 3) with propargyl alcohol cata-
lyzed by BF;- Et,O afforded propargyl lactoside (10) in 66 %
yield, which was then converted into the carboranyl lactoside
11 in 43 % yield. Solvolysis of 11 in the usual way afforded 12
in 71 % yield.
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Scheme 3. Preparation of carboranyl lactoside 12. Reagents: a) propargyl

alcohol, CH,Cl,, BF; - Et,0, RT, 66 %; b) B;(H,,, CH;CN, reflux; then 10 in
toluene, reflux, 43 %; ¢) NaOMe, MeOH, RT, 71 %.

For the preparation of carboranyl maltoside 16 the maltose
imidate 13 was treated with propargyl alcohol in the presence
of TMSOTf to afford 14 in 53% yield. Reaction with
decaborane(14) gave carboranyl maltoside 15 in 49 % yield,
which was then deprotected to afford the water-soluble
carboranyl maltoside 16 in 83 % yield (Scheme 4).

OAc OAc
AcO 0 AcO 0
AcO OAC a) AcO OAC
RO — AcO
o o) o) o] o \///
AcO AcO
AcO

o.__ccl AcO
13 \n/ 3 14
NH

OR
RO R
. RO
), RO |

15:R=Ac
9L » 1§ R=H
Scheme 4. Preparation of carboranyl maltoside 16. Reagents: a) propargyl

alcohol, CH,Cl,, TMSOTY, 0°C, 53 %; b) B;(H,4, CH;CN, reflux; then 14 in
toluene, reflux, 49 %; c) NaOMe, MeOH, RT, 83 %.

In toxicity tests!'] on human bronchial carcinoma cells of
line A5490'2 we found that 12 and 16 display almost no
cytotoxicity up to concentrations of 0.40 um.

The structures of the new compounds have been mainly
determined by 'H and '*C NMR spectroscopy. 1-H at the
anomeric centre of the alkynyl glucosides 2a and 2b as well as
of propargyl lactoside (10) and propargyl maltoside (14),
respectively, resonate at 0 =4.5-4.9 as doublets with J=
7.9 Hz indicating the existence of (-glycosides. In contrast,
1-H of butynyl mannoside (6) resonates at  =4.87 as doublet
with J = 1.7 Hz, confirming the a-configuration at the anome-
ric centre. Interestingly, only one doublet at 0 =4.34 with J =
2.4 Hz was found for the diastereotopic protons of the alkynyl
moiety in the lactoside 10 and at 6 =4.35 with J =2.5 Hz in the
maltoside 14, whereas as expected for the monosaccharides
2a,2b and 6 separated triplets of doublets are observed. Thus,
for example, in the spectrum of 2b signals appear at 6 =3.47
with J=10.0/5.9 Hz and at 0 =3.87 with /=9.8/5.4 Hz. The
"H NMR spectra of the carboranyl glycosides all show a very
broad signal at 6 =0.7-3.5, which is typical for the carborane
moiety and counts for the hydrogens at the boron atoms. The
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proton attached to the carbon of the carborane moiety of the
acetylated carboranyl glycosides 3a, 3b, 7, 11, 15 resonates as
a broad singlet at 6 =3.6-3.9 whereas for the deprotected
carboranyl glycosides 4a, 4b, 8, 12 and 16 a downfield shift is
observed with signals at 0 =4.3-4. 8. In contrast to the
spectra of 10 and 14, the diastereotopic protons of the CH,
group of the carboranyl lactosides 11 and 12 as well as of the
carboranyl maltosides 15 and 16 now resonate as separated
doublets with a large coupling constant of /=10.5-12.0 Hz.

Conclusions

To summarize, we prepared several novel glycosidic carbor-
anes which show increased water solubility, especially in the
case of the disaccharides. These are suitable for an antibody-
directed enzymatic prodrug boron neutron-capture therapy,
which is a new approach in the selective treatment of cancer.
The new compounds described will now be tested in animal
treatment studies in cooperation with Prof. Dr. Yoshinori
Yamamoto in Sendai (Japan).

Experimental Section

General: '"H NMR and *C NMR: Varian XL-500 and VXR-200, Bruker
AM-300; multiplicities were determined with an APT pulse sequence. MS:
Varian MAT 311 A. IR: Bruker IFS25. Melting points: Mettler FP61.
Elemental analyses were carried out in the analytical laboratory of the
University of Gottingen. All solvents were distilled prior to use. Reagents
and materials were obtained from commercial suppliers and were used
without further purification. All reactions were carried out under positive
argon pressure and monitored by TLC (Machery —Nagel, Polygram SIL G/
UV,s,). Products were isolated by column chromatography on silica gel
(ICN Silica 63-200, 60 A, ICN Biomedicals). The solvent systems used for
chromatography were A) petroleum ether PE/EtOAc (2:1), B) PE/EtOAc
(1:1), C) EtOAc/MeOH 6:1, D) EtOAc/MeOH 5:1 and E) EtOAc/MeOH
3:1.

General procedure I: Synthesis of alkynyl glycosides: A solution of the
glycosyl trichloroimidate and the alkynol in CH,Cl, containing molecular
sieves (4 A) was stirred in the presence of BF;-Et,0 or TMSOTT at 0°C.
After addition of water the organic layer was separated and washed with
saturated aqueous sodium bicarbonate solution, water, and brine and dried
with Na,SO,. Then the solvent was evaporated in vacuo and the residue
was purified by chromatography on silica gel (solvent system A for alkynyl
glucosides and mannoside, solvent system B for alkynyl maltoside and
lactoside) to afford the alkynyl glycosides as white foams.

3-Butynyl 2,3,4,6-tetra-O-acetyl--D-glucopyranoside (2a): Reaction of
glucose trichloroimidate (1, 1.46 g, 2.96 mmol) and 3-butyn-1-ol (270 mg,
3.85 mmol) according to general procedure I in CH,Cl, (50 mL) with BF;-
Et,0 (0.10 mL, 0.81 mmol) for 75 min at 0°C and 105 min at 20°C gave 2a
after crystallization from Et,O and purification by column chromatography
(651 mg, 1.63 mmol, 55%), m.p. 135-136°C; R;=0.24 (solvent A); [a]}) =
—182 (¢=1.0, MeOH); IR (KBr): 7=3272 cm~' (C=C-H), 2968, 2946,
2926, 2904, 2890, 2840 (C-H), 2124 (C=C), 1740 (C=0), 1380 (OCOCH,),
1224 (C-0); 'H NMR (200 MHz, CDCl,): 6 =1.96 (t,J=2.7 Hz, 1H; 4'-
H), 2.01, 2.03, 2.06, 2.09 (4s, 12H; 4CH,), 2.47 (td, J=6.8,2.6 Hz, 2H; 2'-
H),3.61-3.75 (m,2H;1"-H,, 5-H),3.95 (dt,/ =9.8,6.6 Hz, 1 H; 1'-H,), 4.12
(dd, J=12.0,2.3 Hz, 1H; 6-H,), 4.27 (dd, J=12.3, 4.7 Hz, 1H; 6-H,)), 4.57
(d, J=79Hz, 1H; 1-H), 4.99 (dd, J=9.3, 79 Hz, 1H; 2-H), 5.08 (t, /=
94 Hz, 1H; 4-H), 522 (t, J=9.3Hz, 1H; 3-H); C NMR (50 MHz,
CDCl;): 0 =19.79, 20.55, 20.66, 20.70, 61.83, 67.87, 68.29, 69.50, 71.04, 71.75,
72.65, 80.50, 100.7, 169.3, 169.3, 170.2, 170.6; MS (200 eV, DCI/NH,): m/z
(%) =418 (100) [M+NH,]*; C;sH,,0, (400.4): calcd C 54.00, H 6.04; found
C 5429, H5.78.
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5-Hexynyl 2,3,4,6-tetra-O-acetyl-f-D-glucopyranoside (2b): Reaction of
glucose trichloroimidate (1, 3.80 g, 7.71 mmol) and 5-hexyn-1-ol (834 mg,
8.50 mmol) according to general procedure I with BF;-Et,0O (0.10 mL,
0.81 mmol) in CH,Cl, (50 mL) for 30 min at 0°C and 1 h at 20°C gave 2b
(1.77 g, 413 mmol, 54 %), m.p. 64°C; R;=0.27 (solvent A); [a]¥ =—19.6
(¢=1.0, CHCL,); IR (KBr): 7=3252 cm™! (C=C-H), 2992, 2940, 2916, 2884,
2866, 2798 (C—H), 2126 (C=C), 1746 (C=0), 1384 (OCOCHj,), 1226 (C-O);
'"H NMR (200 MHz, CDCL;): 6 =1.48-1.74 (m, 4H; 2"-H, 3-H), 1.91 (t,J =
2.4 Hz, 1H; 6-H), 1.97, 1.99, 2.01, 2.05 (4s, 12H; 4CH,), 2.16 (td, J = 6.6,
2.4 Hz, 2H; 4-H), 3.47 (dt, J=10.0, 5.9 Hz, 1H; 1"-H,), 3.66 (ddd, J =9.6,
4.7,2.4 Hz,1H; 5-H), 3.87 (dt, /] =9.8,5.4 Hz, 1H; 1'-H,), 4.09 (dd,J =12.2,
2.3 Hz, 1H; 6-H,),4.23 (dd, /] =12.4, 4.5 Hz, 1H; 6-H,), 4.46 (d, /=78 Hz,
1H; 1-H), 4.95 (t, /= 8.9 Hz, 1H; 2-H), 5.04 (t, /] =9.9 Hz, 1H; 4-H), 5.17
(t, J=9.2Hz, 1H; 3-H); C NMR (50 MHz, CDCl;): 6 =1795, 20.55,
20.58, 20.60, 20.70, 24.72, 28.28, 61.89, 68.37, 69.35, 68.53, 71.22, 71.69, 72.76,
83.98, 100.7, 169.2, 169.3, 170.2, 170.6; MS (200 eV, DCI/NH,): m/z (%) =
446 (100) [M+NH,]*; C,H04 (428.4): caled C 56.07, H 6.59; found C
55.84, H 6.29.

3-Butynyl 2,3,4,6-tetra-O-acetyl-a-D-mannopyranoside (6): Reaction of
mannose trichloroimidate (5, 1.88 g, 3.82 mmol) and 3-butyn-1-ol (283 mg,
4.04 mmol) according to general procedure I with BF;-Et,0 (0.10 mL,
0.81 mmol) in CH,Cl, (30 mL) for 3h at 0°C and 14 h at 20°C gave 6
(1.04 g, 2.60 mmol, 68 %), m.p. 62-63°C; R;= 0.29 (solvent A), m.p. 73°C;
[a]y =+48.7 (c=1.0, CHCL); IR (KBr): 7=3312cm™' (C=C-H), 2998,
2956, 2936, 2896 (C—H), 2124 (C=C), 1746 (C=0), 1380 (OCOCH,), 1240
(C-0); '"H NMR (200 MHz, CDCl;): 6 =2.02-2.03 (m, 1H; 4'-H), 2.00,
2.05,2.11,2.16 (4s,12H; 4 CH;),2.53 (td,/ = 6.7, 2.6 Hz, 2H; 2'-H), 3.65 (dt,
J=938, 6.6 HHz, 1H; 1'-H,), 3.81 (dt, J=9.7, 7.0 Hz, 1H; 1'-H,), 4.07-4.16
(m,2H;5-H, 6-H,),4.29 (dd,/=12.5,5.4 Hz, 1H; 6-H,),4.87 (d,/=1.7 Hz,
1H; 1-H), 5.23-5.39 (m, 3H; 2-H, 3-H, 4,-H); *C NMR (50 MHz, CDCl;):
0=19.65, 20.64, 20.85, 62.32, 65.99, 66.40, 68.65, 68.95, 69.44, 69.85, 80.50,
9756, 169.7, 169.8, 169.9, 170.6; MS (200 eV, DCI/NH;): m/z (%) =418
(100) [M+NH,]*; CisH,,0,, (400.4): caled C 54.00, H 6.04; found C 54.24,
H 6.04.

2-Propynyl 2,3,4,6,2',3,6’'-hepta-O-acetyl-f-D-lactopyranoside (10): Reac-
tion of lactose trichloroimidate (9, 7.68 g, 9.83 mmol) and propargyl alcohol
(947 mg, 16.9 mmol) according to general procedurel with BF;-Et,0
(0.10 mL, 0.81 mmol) in CH,Cl, (100 mL) for 23 h at 20°C gave 10 (4.40 g,
6.52 mmol, 66 % ), m.p. 74-75°C; R;=0.17 (solvent A); [a]y = —15.0 (c=
1.0, CHCL); IR (KBr): 7=3280 cm™! (C=C-H), 2966, 2946, 2886 (C-H),
2122 (C=C), 1754 (C=0), 1372 (OCOCH;), 1234 (C-0); 'H NMR
(500 MHz, CDCly): 6 =1.97, 2.05, 2.05, 2.06, 2.07, 2.13, 2.16 (7s, 21H; 7
CHs;), 2.46 (t, J=2.5,1H; 3"-H), 3.64 (ddd, J=9.8, 4.8,2.0 Hz, 1H; 5-H),
3.82(t,/=9.8,1H;4'-H), 3.87 (ddd, /=75, 6.4,1.2 Hz, 5-H), 4.06 - 4.13 (m,
2H; 6-H or 6-H), 4.14 (dd, J=6.4, 48 Hz, 1H; 6-H or 6'-H), 434 (d, /=
2.4Hz,2H; 1"-H), 448 (d, /=79 Hz, 1H; 1-H), 4.51 (dd, /=12.0, 2.2 Hz,
1H;6-Hor 6-H),4.75 (d,/ =79 Hz,1'-H), 4.92 (dd,/=9.5,8.0 Hz, 1H; 2'-
H), 4.96 (dd,J=10.4,3.6 Hz, 1 H; 3-H), 5.11 (dd, J =10.6, 7.9 Hz, 1H; 2-H),
5.23 (t,/=9.3 Hz, 1H; 3-H), 535 (dd, J=3.5, 1.1 Hz, 1 H; 4-H); *C NMR
(50 MHz, CDCl,): 6 =20.47, 20.60, 20.68, 20.75, 20.82, 55.81, 60.76, 61.75,
66.53, 69.00, 70.61, 70.91, 71.22, 72.60, 72.66, 76.05, 75.43, 78.01, 97.78, 100.9,
169.0, 169.7, 170.0, 170.1, 170.3; MS (200 eV, DCI/NH;): m/z (%) =366
(100), 692 (84) [M+NH,]*; CyH;350,5 (674.6): caled C 51.63, H 5.68; found
C 51.36, H 5.76.

2-Propynyl 2,3,4,6,2',3',6'-hepta-O-acetyl-f-D-maltopyranoside (14): Reac-
tion of maltose trichloroimidate (13, 378 mg, 0.48 mmol) and propargyl
alcohol (340 mg, 6.06 mmol) according to general procedurel with
TMSOTf (0.10 mL, 0.55 mmol) in CH,Cl, for 4 h at 0°C gave 14 (173 g,
0.26 mmol, 53 %), m.p. 63°C; R;=0.43 (solvent B); [a]¥ =+39.0 (¢ =1.0,
CHCl,); IR (KBr): #=3278 cm™! (C=C-H), 2962 (C-H), 2122 (C=0),
1754 (C=0), 1372 (OCOCHs;), 1236 (C-0); 'H NMR (200 MHz, CDCl):
0=2.03-2.17 (m, 21H; 7CHs;), 2.46-2.48 (m, 1H; 3"-H), 3.70-3.76 (m,
1H;5-H), 3.92-4.00 (m, 1H; 5-H), 3.98-4.14 (m, 2H; 4-H, 6-H or 6-H),
4.23 (dd, J=12.1,4.7Hz, 1H; 6-H or 6-H), 425 (dd, /=12.2,3.9 Hz, 1H;
6-H or 6'-H), 4.35 (d, /=2.5Hz,2H; 1"-H), 449 (dd, J=12.0, 2.2 Hz, 1H;
6-Hor 6-H),4.77-4.90 (m, 3H; 1'-H, 2-H, 2'-H), 5.05 (t,/=9.7 Hz, 1H;; 4-
H),5.28 (t,/=8.4Hz, 1H;3-H),5.36 (t, /=99 Hz, 1H; 3-H), 5.41 (d, J =
3.4 Hz, 1H; 1-H); C NMR (50 MHz, CDCl;): 6 =20.55, 20.58, 20.64,
20.66, 20.81, 20.87, 55.85, 61.43, 62.58, 67.94, 68.45, 69.26, 69.96, 71.73, 72.20,
72.49,75.29,75.51,78.01, 95.47,97.56, 170.5, 170.4, 170.2, 169.9, 169.7, 169.4;
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MS (200 eV, DCI/NH;): m/z (%)=692 (100) [M+NH,]* —1; C;yH3;04
(674.6): caled C 51.63, H 5.68; found C 51.48, H 5.61.

General procedure II: Synthesis of carboranyl glycosides: A mixture of
decaborane(14) in acetonitrile containing molecular sieves (4 A) was
refluxed for 1h to give the B;;H;,-2CH;CN adduct. Then the alkynyl
glycoside dissolved in toluene was added and the solution was heated under
reflux for 18 h. Methanol (5 mL) was added and the mixture was heated
under reflux for 30 min. After evaporation of the solvents in vacuo the
residue was purified by chromatography on silica gel to afford the
carboranyl glycoside as a white foam (3a and 4: solvent system A; 11
and 15: solvent system B; 3b was purified by crystallization from
methanol).

1-[ (2,3,4,6-Tetra-O-acetyl-f-pD-glucopyranosyl) ethyl]-1,2-dicarba-closo-do-
decaborane (3a): Reaction of decaborane(14) (118 mg, 0.97 mmol),
acetonitrile (10 mL) and butynyl glucoside 2a (259 mg, 0.65 mmol)
according to general procedure II in toluene (10 mL) gave the carboranyl
glucoside 3a (203 mg, 0.39 mmol, 61%), m.p. 123-124°C; R;=0.20
(solvent A); [a]y =+103 (c=1.0, CHCL); IR (KBr): #=3072cm™!
(carborane C-H), 2962 (C-H), 2592 (B-H), 1754 (C=0), 1372
(OCOCH,;), 1234 (C-0); 'H NMR (200 MHz, CDCL,): 6 =2.01, 2.03,
2.08,2.10 (4s,12H;4 CH3;), 2.51-2.58 (m, 2H; 2'-H), 3.55-3.74 (m, 2H; 1"~
H,, 5-H), 3.84-3.88 (brs, 1H; carborane C-H), 3.94 (dt, /=10.2, 5.6 Hz,
1H;1'-H,), 4.15 (dd, J=12.3,2.5 Hz, 1H; 6-H,), 4.24 (dd, J=12.5, 4.6 Hz,
1H; 6-H,),4.48 (d,/ =79 Hz, 1H; 1-H), 4.96 (dd, /=9.4,7.9 Hz, 1H; 2-H),
5.07 (t, J=9.4Hz, 1H; 4-H), 521 (t, J=9.2Hz, 1H; 3-H); “C NMR
(50 MHz, CDCl,): 6 =20.56, 20.71, 20.84, 37.45, 60.11, 61.62, 66.70, 68.12,
70.98, 71.90, 72.46, 72.7, 100.1, 169.3, 169.3, 170.1, 170.5; MS (200 eV, DCI/
NH;): m/z (%) =536 (100) [M+NH,]*; C;sH3,0,,B,, (518.6).

1-[ (2,3,4,6-Tetra-O-acetyl--D-glucopyranosyl)butyl]-1,2-dicarba-closo-do-
decaborane (3b): Reaction of decaborane(14) (485 mg, 3.97 mmol),
acetonitrile (20 mL) and hexynyl glucoside (2b, 1.27 g, 2.96 mmol) in
toluene (20 mL) according to general procedure II for 15 h gave carboranyl
glucoside 3b (834 mg, 1.53 mmol, 51 %) after crystallization from methanol
and washing of the crude product with cold methanol and pentane. M.p.
142-143°C; R;=0.44 (solvent A); [a])=—-18.0 (c=04, CHCL); IR
(KBr): 7=3054 cm™' (carborane C-H), 2964 (C-H), 2596 (B-H), 1758,
1748 (C=0), 1372 (OCOCH3,), 1230 (C-0); '"H NMR (300 MHz, CDCl,):
0=149-1.55 (m, 4H; 2’-H, 3'-H), 1.99, 2.01, 2.03, 2.07 (4s, 12H; 4CH,),
217 (m,2H; 4-H,), 3.45 (m, 1 H; 1'-H,), 3.66 (ddd, J=9.8,4.5,2.7 Hz, 1 H;
5-H), 3.59-3.62 (brs, 1 H; carborane C-H), 3.83 (m, 1H; 1'-H,), 4.12 (dd,
J=122,2.4Hz, 1H; 6-H,), 4.24 (dd, J=12.2, 4.7 Hz, 1H; 6-H,), 4.45 (d, J
=79Hz, 1H; 1-H), 4.94 (dd, /=9.6, 8.1 Hz, 1H; 2-H), 5.06 (t, / =9.6 Hz,
1H; 4-H), 5.18 (t, J=9.4 Hz, 1H; 3-H); *C NMR (75 MHz, CDCl,): 6 =
20.59,20.70, 20.74, 25.99, 28.62, 37.67, 61.22, 61.83, 68.97, 68.34, 71.25, 71.82,
72.71, 75.14, 100.6, 169.3, 169.4, 170.3, 170.6; MS (200 eV, DCI/NH;): m/z
(%) =564 (100) [M-+NH,]*; C,H330,B, (546.6): calcd C 43.95, H 7.01;
found C 43.85, H 7.11.

1-[ (2,3,4,6-Tetra-O-acetyl-a-D-mannopyranosyl)ethyl]-1,2-dicarba-closo-
dodecaborane (7): Reaction of decaborane (352 mg, 2.88 mmol), acetoni-
trile (20 mL) and butynyl mannoside (6, 917 mg, 2.29 mmol) according to
general procedure II in toluene (20 mL) for 19 h gave carboranyl manno-
side 7 (698 mg, 1.35 mmol, 59%), m.p. 129°C; R,=0.28 (solvent A);
[a]® =+440.3 (¢ =1.0, CHCL); IR (KBr): # =3064 cm~' (carborane C-H),
3000, 2962, 2936, 2898, 2810 (C-H), 2596 (B-H), 1746 (C=0), 1372
(OCOCH,), 1244, 1222 (C-0); 'H NMR (500 MHz, CDCl;): 6 =2.01,
2.06,2.11,2.16 (4s, 12H; 4CHs;), 2.56 (t,J = 6.6 Hz, 2H; 2'-H), 3.57 (dt, J =
10.3,6.8 Hz, 1H; 1-H,), 3.71-3.72 (brs, 1 H; carborane C-H), 3.82 (dt, /=
10.2, 6.4 Hz, 1H; 1'-H,), 3.92 (ddd, /=9.0, 5.8, 2.5 Hz, 1H; 5-H), 4.12 (dd,
J=122,2.5Hz, 1H; 6-H,), 4.26 (dd, J=12.2, 5.8 Hz, 1H; 6-H,), 4.80 (d,
J=18Hz, 1H; 1-H), 5.18 (dd, J=2.9, 1.8 Hz, 1H; 2-H), 5.25 (dd, /=9.5,
2.5 Hz, 1H; 3-H), 5.27 (dd, J=10.0, 8.9 Hz, 1H; 4-H); *C NMR (50 MHz,
CDCl;): 0 =20.63,20.66, 20.70, 20.82, 37.15, 60.92, 62.49, 65.86, 68.71, 69.16,
69.16, 65.93, 71.90, 97.53, 169.6, 169.9, 169.9, 170.5; MS (200 eV, DCI/NH,):
mlz (%) =537 (100) [M+NH,]*; C;sH3,0B;, (518.6): caled C 41.69, H
6.61; found C 41.39, H 6.57.

1-[(2,3,4,6,2',3,6'-Hepta-O-acetyl-f-p-lactopyranosyl)methyl]-1,2-dicarba-
closo-dodecaborane (11): Reaction of decaborane(14) (1.19 g, 9.71 mmol),
acetonitrile (11 mL) and propargyl lactoside 10 (4.01 g, 5.94 mmol) in
toluene (12 mL) for 21.5 h gave carboranyl lactoside 11 (2.02 g, 2.55 mmol,
43 %), m.p. 110°C; R;=0.33 (solvent B); [a]} = —14.7 (c=1.0, CHCl;); IR

1182 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

(KBr): #=3070 cm™! (carborane C-H), 2964, 2940 (C-H), 2592 (B-H),
1754 (C=0), 1372 (OCOCHS,), 1230 (C-0); 'H NMR (500 MHz, CDCL,):
0=1.97,2.04, 2.05, 2.06, 2.07, 2.14, 2.15 (7s, 21 H; CH3), 3.59 (ddd, J=9.9,
4.8,2.1 Hz, 1H; 5-H), 3.78 (t,/=9.5 Hz, 1H; 4-H), 3.86-3.90 (m, 2H; 5-
H, carborane C-H), 3.96 (d,/=11.0 Hz, 1H; 1"-H,), 4.05-4.09 (m, 2H; 6-
H or 6'-H),4.13 (dd, J=11.2,6.2 Hz, 1 H; 6-H or 6-H), 4.20 (d,/ = 11.0 Hz,
1H;1"-H,), 445 (d,J = 8.0 Hz, 1 H; 1-H or I'-H), 4.48 (d,J = 8.0 Hz, 1 H; 1-
H or 1'-H), 4.50 (dd, /=72, 2.1 Hz, 1H; 6-H or 6-H), 4.88 (dd, /=9.6,
7.8 Hz, 1H; 2'-H), 4.96 (dd, /=10.3, 3.4 Hz, 1H; 3-H), 5.10 (dd, J=10.5,
8.0 Hz, 1H; 2-H), 5.20 (t, J=9.3 Hz, 1 H; 3-H), 5.35 (dd, J=3.4, 1.2 Hz,
1H;4-H); BC NMR (50 MHz, CDCl;): 6 =20.46, 20.58, 20.70, 20.76, 58.01,
60.69, 61.40, 70.25, 71.54, 66.49, 68.99, 70.68, 70.81, 70.97, 71.91, 72.93, 75.71,
100.3,101.0 (C-1), 169.0, 169.5, 169.5, 169.9, 170.0, 170.1, 170.2; MS (200 eV,
DCUNH,): m/z (%) =812 (100) [M+NH,]*; CoH,5015B1, (792.8).

1-[(2,3,4,6,2',3,6'-Hepta-O-acetyl-f-pD-maltopyranosyl)methyl]-1,2-dicar-
ba-closo-dodecaborane (15): Reaction of decaborane (1.71 g, 14.0 mmol),
acetonitrile (16 mL) and propargyl maltoside (14, 6.37 g, 9.44 mmol)
according to general procedure II in toluene (16 mL) gave carboranyl
maltoside 15 (3.66 g, 4.62 mmol, 49 %), m.p. 91-92°C; R;=0.26 (solven-
tA); [a]y =+370 (c=1.0, CHCL;); IR (KBr): #=3076 cm™! (carborane
C—H), 3026, 2956, 2896, 2824 (C— H), 2608, 2584 (B — H), 1756 (C=0), 1370
(OCOCH;), 1234 (C-0); 'H NMR (300 MHz, CDCL,): 6 =1.97, 1.99, 2.00,
2.01,2.02,2.07,2.12 (7s,21H; 7CH,), 3.63 (ddd, J=9.8, 4.1,2.7 Hz, 1 H; 5-
H), 3.84-3.87 (brs, carborane C-H), 3.89 (m, 1H; 5-H), 3.93 (d, J=
109 Hz, 1H; 1”-H,), 3.94 (t, J=8.6 Hz, 1H; 4-H), 4.02 (dd, /=124,
2.3 Hz, 1H; 6-H or 6-H), 4.15 (dd, /=12.0, 4.6 Hz, 1H; 6-H or 6'-H), 4.19
(d, J=10.5Hz, 1H; 1"-H,), 422 (dd, J=11.3, 4.0 Hz, 1H; 6-H or 6'-H),
4.47 (d,J =8.0 Hz, 1H; 1'-H), 4.45-4.49 (m, 1 H; 6-H or 6'-H), 4.78 (dd, J =
9.6, 78 Hz, 1H; 2-H), 4.82 (dd, /=105, 41 Hz, 1H; 2-H), 5.02 (t, /=
10.0 Hz, 1H; 4-H), 521 (t,J =9.2 Hz, 1 H; 3-H), 5.31 (t,/ = 102 Hz, 1 H; 3-
H), 5.36 (d, J=4.1 Hz, 1 H; 1-H); 3C NMR (75 MHz, CDCL,): 6 =20.51,
20.58, 20.63, 20.67, 20.75, 20.78, 20.83, 58.00, 61.39, 62.64, 67.89, 68.56, 69.17,
69.96, 70.33, 71.47,71.52, 72.29, 72.52, 74.47, 95.57, 100.1, 169.4, 169.6, 169.9,
170.0, 1703, 170.5; MS (200 eV, DCINH,): m/z (%) =811 (100) [M+NH,]*;
CooHy5015B1 (792.8): caled C 43.94, H 6.10; found C 43.76, H 6.31.

General procedure III: Deprotection of the acetylated carboranyl glyco-
sides: Sodium methoxide (5™ solution in methanol) was added to the
acetylated carboranyl glycoside in methanol. The mixture was stirred for
1 h at 20°C, neutralized by addition of ion-exchange resin (Duolite) and the
solvent evaporated in vacuo. Purification by chromatography on silica gel
afforded the free carboranyl glycosides as a white foam.

1-[ (#-D-Glucopyranosyl)ethyl]-1,2-dicarba-closo-dodecaborane (4a): Re-
action of 3a (49 mg, 0.094 mmol) and NaOMe (0.10 mL) in methanol
(5mL) according to general procedure III gave carboranyl glucoside 4a
(32 mg, 0.091 mmol, 97%), solvent system C, m.p. 169°C; R;=0.44
(solvent D); [a]f =—-178 (c=1.0, MeOH); IR (KBr): #=3508 cm™!
(OH), 3088 (carborane C—H), 2966, 2942, 2914, 2880 (C-H), 2592 (B-
H), 1070 (C-0); 'HNMR (200 MHz, CD;0D): 6 =2.53 (t,/ =6.2 Hz,2H;
2'-H), 3.03 (dd, J=9.0,7.9 Hz, 1 H; 2-H), 3.15-3.19 (m, 1 H), 3.52-3.62 (m,
3H),3.78 (dd, J=11.7,1.9 Hz, 1H; 6-H), 3.90 (dt, /=110, )’ =5.9 Hz, 1H;
1'-H,), 4.14 (d, /=79 Hz, 1H; 1-H), 4.62 -4.64 (brs, 1 H; carborane C-H);
13C NMR (CD;OD, 75 MHz): 6 =38.31, 62.50, 62.68, 68.23, 74.92, 71.52,
74.87, 7799, 78.02, 104.1; MS (200 eV, DCI/NH;): m/z (%) =368 (100)
[M+NH,]*; C;(H04B (350.4): caled C 34.28, H 7.48; found C 34.54, H
7.51.

1-[ (8-D-Glucopyranosyl)butyl]-1,2-dicarba-closo-dodecaborane (4b): Re-
action of 3b (445 mg, 0.81 mmol) and sodium methoxide (0.20 mL) in
methanol (20 mL) according to general procedure III gave carboranyl
glucoside 4b (228 mg, 0.60 mmol, 74 %), solvent system C, m.p. 142—
143°C; R;=0.42 (solvent C); [a]f) =—15.8 (c=0.5, MeOH); IR (KBr):
7=3374cm~' (O-H), 3048 (carborane C-H), 2976, 2934, 2878 (C-H),
2582 (B-H), 1078, 1038 (C-0O); '"H NMR (200 MHz, CDCl;): 6 =1.42—
1.57 (m, 4H; 2"-H, 3'-H), 2.17-2.26 (m, 2H; 4-H), 3.07 (dd, J=8.7, 7.8 Hz,
1H;2-H), 3.15-3.26 (m, 3H), 3.42-3.61 (m, 2H), 3.75-3.82 (m, 2H), 4.14
(d, J=75Hz, 1H; 1-H), 4.40-4.50 (brs, 1H; carborane C-H); *C NMR
(50 MHz, CD;0D): 6 =27.16, 29.91, 38.19, 62.72, 63.52, 69.88, 71.61, 75.03,
78.07, 78.07, 77.87, 101.2; MS (200 ¢V, DCI/NH;): m/z (%)=396 (100)
[M+NH,]*; C;H304By, (378.5).

1-[ (¢-pD-Mannopyranosyl)ethyl]-1,2-dicarba-closo-dodecaborane (8): Re-
action of 7 (335 mg, 0.65 mmol) and sodium methoxide (0.10 mL) in
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methanol (10 mL) according to general procedure III gave carboranyl
mannoside 8 (207 mg, 0.59 mmol, 91 %), solvent system D, m.p. 197°C;
R;=0.24 (solvent C); [a]y =+51.8 (c=1.0, MeOH); IR (KBr): v=
3404 cm™! (O-H), 3064 (carborane C—H), 2928 (C-H), 2586 (B-H);
'H NMR (200 MHz, CD;0D): 6 =2.50 (t,J = 6.1 Hz, 2H; 2'-H), 3.39-3.80
(m, 8H), 4.28-4.43 (brs, 1H; carborane C-H) 4.66 (d, J=1.7 Hz, 1H; 1-
H); 3C NMR (50 MHz, CDCl,): ¢ =38.37, 62.61, 63.31, 66.39, 68.30, 71.88,
72.41, 75.02, 74.72, 101.7; MS (200¢eV, DCI/NH;): miz (%)=368
[M+NH,]"; C,iH04B1, (350.4): caled C 34.28, H 7.48; found C 34.31, H
741.

1-[ (8-D-Lactopyranosyl)methyl]-1,2-dicarba-closo-dodecaborane (12): Re-
action of 11 (49 mg, 0.062 mmol) and sodium methoxide (50 pL) in
methanol (5mL) according to general procedure III gave carboranyl
lactoside 12 (22 mg, 0.044 mmol, 71%), solvent system E; R;=0.24
(EtOAc/MeOH 4:1); [a]f=-14.0 (¢=0.5, MeOH); IR (KBr): v=
3384 cm~!' (O-H), 3074 (carborane C—H), 2928, 2890 (C-H), 2590 (B-
H), 1068 (C-0); 'THNMR (300 MHz, CD;0D): 0 =3.25 (t,/=8.4 Hz, 1 H;
4'-H), 3.40 (ddd,J=9.3,3.9,2.4 Hz, 1H; 5-H), 3.45-3.60 (m, 5H), 3.68 (dd,
J=11.3,4.5Hz, 1H; 6-H), 3.75 (d, /=7.5 Hz, 1H; 1-H or 1'-H), 3.78-3.80
(m, 1H; 6-H), 3.83 (dd, J=9.4,42 Hz, 1H; 6'-H), 3.89 (dd, J=12.1,2.3 Hz,
1H; 6-H), 4.12 (d,/=11.7 Hz, 1H; 1"-H,), 4.31-4.34 (m, 2H), 433 (d, /=
11.7 Hz, 1H; 1”-H,), 4.74-4.80 (brs, 1H; carborane C-H); C NMR
(75 MHz, CD;0D): 0 =60.41, 61.67, 62.47, 71.65, 74.52, 70.25, 72.47, 74.40,
74.75, 76.17, 76.63, 77.04, 80.22, 104.3, 105.0; MS (200 eV, DCI/NH,): m/z
(%) =516 (100) [M+NH,]*; C;sH3,0,,By, (498.5).

1-[ (f-D-Maltopyranosyl)methyl]-1,2-dicarba-closo-dodecaborane (16):
Reaction of 15 (52 mg, 0.066 mmol) and sodium methoxide (0.10 mL) in
methanol (5mL) according to general procedure III gave carboranyl
maltoside 16 (27 mg, 0.054 mmol, 83 %) as a white solid, solvent system E,
m.p. 134°C; R;=0.34 (solvent E); [a]f)=+51.3 (c=10, MeOH); IR
(KBr): 7=3384 cm~' (O-H), 3070 (carborane C-H), 2930, 2896 (C-H),
2590 (B—-H); '"H NMR (300 MHz, CD;0D): 6 =3.18 (t, J=8.6 Hz, 1H),
3.26 (t,J=9.2 Hz, 1H), 3.38-3.76 (m, 10H), 4.02 (d, /=12.0 Hz, 1H; 1"-
H,), 420 (d, J=11.6 Hz, 1H; 1"-H,), 422-4.28 (m, 1H), 4.34-4.39 (brs,
1H; carborane C-H), 5.19 (d, J=3.8 Hz, 1H; 1-H); *C NMR (50 MHz,
CD;0D): 6 =60.41, 61.96, 62.66, 71.63, 74.50, 71.39, 74.02, 74.30, 74.73,
74.97, 76.70, 77.51, 80.81, 102.8, 104.4; MS (200 eV, DCI/NH,): m/z (%)=
516 (87) [M+NH,]", 534 (100) [M+NH,+NH;]*; C;sH;,0,,B, (498.5).

Toxicity tests: Adherent cells of a human tumor cell line were sown in
triplicate in 6 multiwell plates at concentrations of 10, 103, 10%, 10° cells per
cavity, and were incubated with freshly prepared solutions of the compound
to be tested at various concentrations. DMSO was used as solubilizing
agent (final concentration 0.2 % ). After cultivation (11 d for 12; 12 d for 16)
at 37°C and 7.5% CO, in air, the medium was removed; the clones were
dried, stained with Loffler’s methylene blue, and counted under a
microscope. The relative clone-forming rate was determined according to
the following formula: relative clone-forming rate [% ] = (number of clones
counted after exposure)/(number of clones counted in the control) x 100.

Cells for the toxicity tests were cultivated at 37°C and 7.5 % CO, in air in
DMEM (Biochrom) supplemented with L-glutamine (4mM, Gibco),
NaHCO; (44mwm, Biochrom), and 10% fetal calf serum (FCS; heat-
inactivated for 30 min at 56 °C, Gibco). During exposure of the cells to the

test substances the medium did not contain any FCS to prevent enzymatic
hydrolysis by glycohydrolases.*"!
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Multistate/Multifunctional Molecular-Level Systems: Light and pH Switching
between the Various Forms of a Synthetic Flavylium Salt
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Abstract: The photochromic properties
of the 4'-hydroxyflavylium ion (AH")
have been investigated in aqueous sol-
ution. This system can be interconverted
between as many as ten different forms
by light excitation and/or pH changes. In
neutral or moderately acidic solution the
thermodynamically stable form of this
compound is trans-2,4'-dihydroxychal-
cone (Ct). Light excitation of Ct in
acidic or neutral solution gives rise to
cis-chalcone Ce (@ =0.04 at 365 nm),
which undergoes slow equilibration with
three other forms, namely hemiacetal B,
flavylium cation AH*, and quinoidal

back to Ct by a slow thermal reaction
(k=4.0 x 105 s7, half-life 27 hours at
25°C, pH =3), whose rate can be accel-
erated by increasing the temperature
(k=18x10"2s! at 75°C, pH=3), and
by exploiting the photochemical conver-
sion of Ce to Ct (@ > 0.16 at 313 nm). At
pH <1, AH" is the thermodynamically
stable form of the system. A pH jump
from 1 to 12 causes the complete con-
version of AH* to the Cc?~ dianion. This
species is relatively stable (half-life
400 hours at pH 12 and 25°C). Its ther-
mal and photochemical reactions (@ =
0.17 at 313 nm) lead to Ct>~, which is the

thermodynamically stable form of the
system in basic solution. Ct*~ does not
undergo any photochemical reaction.
All the observed processes are fully
reversible and accompanied by large
changes in the absorption and emission
spectra. The flavylium salt investigated
represents a multistate/multifunctional
molecular-level system. It has properties
required by optical memory devices with
multiple storage in two different mem-
ory levels and nondestructive readout
capacity through a write—lock—read—-
unlock —erase cycle. Its light- and/or
pH-induced transformations can be tak-

base A. The relative amounts of the
photoproducts depend on pH. At pH <
3 the only product is the colored AH".
In neutral and moderately acidic solu-
tions, the four photoproducts revert

Introduction

Much effort is currently being devoted to the design of
molecular-level switching devices. By reducing the switching
elements to molecular size, the memory density of computers
could be increased by several orders of magnitude and the
power input decreased significantly.l'! Although computation
at the molecular level appears to be far off,?! the design and
construction of molecular-level systems capable of existing in
different forms interconvertible by external stimuli is of great
interest in both basic and applied research.!
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en as a basis for simple logic operations
and create an intricate network of
chemical processes.

infor-

Molecules that can exist in two forms interconvertible by an
external input are rather common. Typical examples are
photochromic compounds, where the input causing the
switching between the two (stable) species is light.['”] From a
logic viewpoint,[ 8 121 such simple systems perform YES/
NO logic functions. Systems capable of existing in more than
two forms (multistate) and that can be interconverted by more
than one type of external stimulus (multifunctional), on the
other hand, are less common.!'> 1 Such multistate/multifunc-
tional systems can behave as complex logic devices. Chemical
systems capable of performing AND,"'l OR," XOR, and
XNORP logic operations have been recently reported.

Like anthocyanins, which are one of the most important
sources of color in flowers and fruits, synthetic flavylium salts
undergo structural transformations in aqueous solution that
follow a previously discussed general scheme.'>') Some of
the structural transformations of the 4'-hydroxyflavylium ion
are illustrated in Scheme 1. Several reports concerning the
thermodynamic as well as the kinetic aspects of the thermal
reactions of flavylium-type compounds have appeared in the
literature.l'>"1 Much less attention has been paid to the
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Scheme 1. Structural transformations of the 4-hydroxyflavylium ion (AH'). For the sake of
simplicity, the monoanionic forms B-, Cc~, and Ct-, which play a marginal role in the

experiments dealt with in this paper, are not represented.

photochemical and photophysical behavior of these com-
pounds except for an interesting paper by von Sperling et al.
on the trans — cis photoisomerization of some flavylium ions*!
and the excited-state twisting of flavylium ions and its
consequences on their fluorescent behavior.?!) We and others
have recently undertaken a systematic investigation in this
field.?? In a previous paper!'!l we illustrated the possibility of
using a photochromic flavylium ion as the basis for an optical
memory device with multiple storage and nondestructive
readout capacity through a write—lock—read — unlock —erase
cycle. Here we report the results of an investigation on the
photochromic behavior of another flavylium compound,
namely the 4’-hydroxyflavylium ion, which can exist in four
different thermodynamically stable forms depending on the
pH of the solution and can be interconverted between as
many as ten forms by using light excitation or changes in pH.

Experimental Section

Materials: Synthetic 4-hydroxyflavylium (AH") perchlorate was prepared
according to a published procedure.”® A useful procedure for preparing a
stock solution of Ct is to dissolve a solid sample of 4'-hydroxyflavylium in
NaOH (0.01n). Under these conditions, AH" is completely converted into
Ct>~ within a few days at 60 °C. Solutions of Ct at the desired pH are then
obtained by addition of the necessary amount of HCIO, and a buffer
(citrate or phosphate buffer, 0.01M). A solution of Ct at ca. pH 7 was also
obtained by dissolving AH* perchlorate at this pH value and keeping the
solution at room temperature for 7 days. The transformation of AH" into
Ct was followed by UV/Vis absorption spectroscopy. The molar fraction
distribution of the various species as a function of pH was calculated as
reported in refs. [22a,b].

Chem. Eur. J. 1998, 4, No. 7
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Photochemical experiments: In continuous irradiation

A experiments, light excitation was performed by a
medium-pressure mercury lamp. Interference filters
(Oriel) were used to select a narrow spectral range with
Amax 365 and 313 nm. The irradiated solution was
contained in a 3mL spectrophotometric cell. The
intensity of the incident light (2.4 x 107 einstein/min
at 365 nm and 1.2 x 1077 einstein/min at 313 nm) was
measured with a ferrioxalate actinometer.’ The
estimated uncertainty in the quantum yields of the
photochemical reactions is 10%. Flash photolysis
experiments were performed according to the proce-
dure described elsewhere.?]

Results and Discussion
Cc? Synthetic flavylium salts in aqueous solution
undergo a series of complex structural trans-
formations that can be driven by pH changes
and light excitation. These complex trans-
formations follow a general scheme previ-
ously discussed for the compounds which
carry a methyl or methoxy group in the 4’
position.['>8] In the case of the 4-hydroxy-
flavylium ion, the scheme is further compli-
cated by the presence of the hydroxyl sub-
stituent and the consequent formation of a
quinoidal base. Altogether, as many as ten
different forms are involved and connected
by a network of processes. As far as the present study is
concerned, the species playing an important role are the seven
shown in Scheme 1. The three species not directly involved in
our discussion, and therefore not shown in the scheme, are the
monoanionic Ct~, C¢~, and B~ forms. As described below, the
thermodynamically stable species are AH*, Ct, Ct~, and Ct>~,
depending on the pH of the solution. The other species can be
transiently obtained by pH jump or flash photolysis. Their
half-lives vary from submilliseconds to months, depending on
the specific species and the experimental conditions.

Ct?

Thermal reactions: The thermal reactions of the 4'-hydroxy-
flavylium ion have been investigated in great detail by
McClelland and McGall.'¥! We re-examined several aspects
of the thermal behavior of this system; our results agree
substantially with those reported by those authors, except for
the values of a pK, and a molar absorption coefficient (vide
infra).

In strongly acidic solution (pH=1), the 4'-hydroxyflavy-
lium ion (AH™) is the thermodynamically stable form of the
system (Scheme 1). This species is yellow, its absorption
spectrum showing an intense band with 1., =435 nm (e=
41000 m~'cm™!). In moderately acidic or neutral solution
(pH 3-7) the thermodynamically stable form is the neutral,
colorless trans-2,4'-dihydroxychalcone (Ct), which exhibits a
moderately intense broad band with 4,,,=350nm (e=
21000 m~'cm™"). In basic solution (pH=12) the thermody-
namically stable form is the pale yellow trans-2,4’-dihydroxy-
chalcone dianion (Ct*~) (A =428 nm, £ =22600 M—'cm™").
The absorption spectra of AH*, Ct, and Ct>~ are shown in
Figure 1a. Since we will discuss the behavior of the system at

0947-6539/98/0407-1185 $ 17.50+.25/0 1185





FULL PAPER

F. Pina, M. Maestri, V. Balzani

pH 1-7 and 12, the spec-
J trum of Ct-, the most

40 . stable form around pH =
€x0® | ] 8, is not relevant to our
Miem’ \ 1 discussion.

20 \ ] Upon addition of base

\ 1 to a solution of AH™ at
0 \I\ : pH1, AH" is converted
L N b into Ct, Ct—, or Ct>~. As is

2o i AHT 1 7 apparent from the formu-
ot F A/ \\ J lae shown in. Scheme 1,
Mem | v 1 such a conversion can on-

L . _

_ ly occur through a com-
1  plex reaction sequence in-
1 volving the formation of
intermediate species,
whose spectra and rate
constants for formation/
disappearance can be ob-
tained by pH-jump, tem-
perature-jump, and/or
flash photolysis techni-
ques.

250 350 450 550
Wavelength/nm

Figure 1. Absorption spectra of the
species derived from 4'-hydroxyflavy-
lium ion in aqueous solution at 25°C:
a) AH*, Ct, and Ct*~; b) A, AH*, Cc?,
and B and Cc mixture at pH="7.

Acidic and neutral solutions: When an aqueous AH™ solution
is subjected to a pH jump from pH 1 to pH 7, the first spectral
change observed is a decrease in absorbance at 435 nm and an
increase at 500 nm. This process, assigned"”! to deprotonation
to form quinoidal base A (Scheme 1), is so rapid that its rate
cannot be measured by stopped-flow analysis. It can, however,
be measured by the technique of temperature jump.['”) The pK
of the equilibrium AH"™= A + H", hereafter indicated by
pK', is 5.53.1Y Therefore at pH 7 practically 100% of the
flavylium cation is converted to the quinoidal base in the first
step. The immediate formation of A is accompanied by a
slower process, readily observable on the stopped-flow time
scale (Figure 2). This process is attributed!"! to the equilibra-
tion of A with species B and C, via AH™. Extrapolation of the
absorbance changes to t =0 provides the spectrum of A shown
in Figure 1b (A, =500 nm, ¢ =44000M ' cm~").] The spec-
trum of the equilibrated mixture of B and Ce at pH 7 (30 min

0ap i T
0 L L L T
0 40 80
Time(min)

Figure 2. Decay of the absorbance at 500 nm after a pH jump of 4'-
hydroxyflavylium (AH") from pH=1 to pH=7 in aqueous solution at
55°C. The inset shows the first part of the decay for a solution at 25°C.

1186 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

after the pH jump) is also shown in Figure 1b. As is always the
case for aromatic derivatives of ethylene,?” the absorption
spectrum of Ce must be less intense and slightly blue-shifted
relative to that of Ct. Compound B has a structure similar to
Cc and is therefore expected to exhibit a similar spectrum.

On a much longer time scale (half-life 10 hours at pH 7) the
system undergoes a third process, leading to Ct, the thermo-
dynamically stable product at this pH value. Figure 2, which
displays the absorbance changes at 500 nm for a solution at
55°C, clearly shows two consecutive decay processes follow-
ing the immediate formation of A.

Upon a pH jump from 1 to 4, the fast deprotonation of AH"
to give the quinoidal base A is incomplete and leaves a
mixture of both compounds, which, on the minute time scale,
equilibrates with B and Ce. This process is then followed by
the slow reaction leading to the thermodynamically stable
product at pH 4, Ct. Similar behavior is observed throughout
the acidic pH range. Figure 3 shows the absorption spectra
obtained 30 minutes after a pH jump from 1 to a series of final
pH values. These spectra are due to the presence of the four

Molar fraction

250 350 450 550
Wavelength/nm

Figure 3. Absorption spectra recorded after 30 min for 4’-hydroxyflavy-
lium (AH") aqueous solution upon a series of pH jumps from pH=1 to
different pH values. The inset shows the molar fraction of AH" as a
function of pH.

species AH™, A, B, and Cc, whose relative amounts depend on
the final pH of the solution. The inset of Figure 3 shows the
molar fraction of AH" as a function of pH, calculated from
the absorbance at 435 nm. A best-fitting procedure on this
plot gives a pK, hereafter indicated by pKY, of 4.4 for the
dissociation equilibrium of AH" to give A, B, and Ce. This
value is somewhat different from that (5.0) reported by
McClelland."!

The percentage of AH' present at the final (thermody-
namic) equilibrium allowed us to calculate the equilibrium
constant between AH* and Ct (pK™ =1.9 at 60 °C). As shown
in Figure 4, the measurements performed in the pH range 4-7
showed a linear dependence of the rate constant of the
reaction leading to Ct on the molar fraction of Ce. This
confirms that the rate-determining step of the conversion of
AHY after the pH jump is the isomerization reaction Ce —Ct.

All the observed reactions follow first-order (or pseudo-
first-order) kinetics. At pH =4 activation energies of 29 and
129 kI mol~! were obtained from the Arrhenius plots for the
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Figure 4. Plot of the first-order rate constant of the reaction leading from
AH/A to Ct as a function of the molar fraction distribution of Ce.

equilibration of AH"™ with A, B, and Cc and the trans-
formation of AH" into Ct, respectively. The experiments at
pH < 3 were carried out only at high temperature because of
the relative inertness of the flavylium cation.

In conclusion, starting from a solution at pH =1, where the
only species present is AH*, and jumping to less acidic or
neutral media, complex behavior is observed due to the
presence of three equilibria [more properly, two pseudoequi-
libria and one real equilibrium, Egs. (1), (2), and (3)] which
are well separated in time allowing the determination of their
pK values.

AH*= A +H' pK'=553at25°C (1)
AH*=A +B+Cc+H" pK"=4.4 at 25°C 2)
AH*=Ct+H* pK"M=19 at 60°C  (3)

Making the reasonable assumption that the value of pK'!'is
not appreciably temperature-dependent, we calculated the
molar fractions of the five species AH™, A, Ct, Ce, and B in
the pH range 0—7 under the pseudoequilibrium and equili-
brium situations at 25 °C from the above pK values (Figure 5).
The thermodynamically stable species are AH" at pH < 1 and
Ct at pH >3, while A, Cc, and B (always present in a 1:2:2
ratio)["”! are transient species.

The behavior of the system under the above experimental
conditions is illustrated in Figure 6, where the relative energy

\ ...... A e A

0.8 | AH AHTL L AHT

Molar Fraction

Figure 5. Molar fraction distribution in aqueous solution at 25°C as a
function of pH. Solid lines refer to the species obtained at the thermody-
namic equilibrium. Thick dotted lines refer to the pseudoequilibrium
reached in the minute time scale after a pH jump on AH" solution or flash
photolysis of Ct solutions. Dashed lines refer to the pseudoequilibrium
reached in the submillisecond time scale after a pH jump on AH" solutions.

Chem. Eur. J. 1998, 4, No. 7
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Figure 6. Energy-level diagram for the species involved in the pH-jump
and flash-photolysis experiments. pH values are indicated in brackets. For
the sake of simplicity the species Ce and B are represented by the same
energy level. The ratio between the concentrations of Ce and B is ~ 1.0

levels of the species involved (including those pertinent to the
experiments in basic solution, vide infra) are indicated.

The technique of pH jump can also be applied in the reverse
direction.l':18 1] Starting from a solution at pH=7 at its
pseudoequilibrium (i.e., when the species present are A, B,
and Cc) a reverse pH jump to pH = 1 shows a very fast process
due to the protonation of the quinoidal base A, a fast process
corresponding to the formation of AH" from B, and a slower
process in which more AH* appears from the conversion of
Cec through B.

Basic solutions: McClelland and McGall*l have shown that
upon a pH jump in an aqueous solution of AH" from pH =1
to pH =12, the behavior is much simpler (Figure 6) because
the deprotonation of AH" and subsequent disappearance of
A are very fast processes. Only one intermediate state is
observed (half-life 400 hours at pH = 12), consisting of mono-
or di-ionized species of cis-chalcone (pK,7.9 and 9.7, respec-
tively).['”) The thermodynamically stable products are the
mono- and dianionic trans-chalcones, which we have found to
have pK, 7.6 and 8.3, respectively. The absorption spectra of
the relevant basic forms, the colored trans-2,4'-dihydroxy-
chalcone dianion (Ct?>~) and the colorless cis-2,4’-dihydrox-
ychalcone dianion (Ce¢?™) (Apax =347 nm, ¢ =19000 M~'cm™")
are shown in Figure 1.

Photochemical reactions: We found that AH* and Ct*~are not
photosensitive, whereas Ct shows interesting photochemical
behavior. The transient species Ce and Ce¢*~are also photo-
sensitive.

Continuous irradiation: Continuous irradiation of Ct with
365 nm light causes spectral variations at all pH values in the
range 1-7. Figure 7 shows the absorbance changes obtained at
pH 4 and 7. These spectral changes are exactly the reverse of
those observed in the thermal reactions following the pH
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jumps of AH* solutions
from pH=1 to the same
pH of the irradiated solu-
tion.

As shown by the flash
photolysis experiments de-
scribed below, the primary
product of the photochem-
ical reaction of Ct is Ce
(Scheme 1), which then
undergoes the previously
discussed thermal reac-
tions leading on a short
time scale (minutes) to its
pseudoequilibrium with B,
AH™* and A. The relative
amounts of the photoprod-
ucts Ce, B, AH", and A are
determined by the pH of
the solution (Figure 5, dot-
ted lines). At pH<3, the
only photoproduct is AH™.
At pH=4, AH" is still the
main photoproduct, but
small amounts of A, B,
and Cc are also formed. At pH 5 and 6 a mixture of AH™,
A, B, and Cc is obtained, while at pH=7 no AH™ is present
in the mixture. As in the thermal reactions described
above, the photochemical products revert to Ct on a long
time scale (hours). At pH <3, when the thermal back reac-
tion is negligibly slow and the only photoproduct is AH™,
the quantum yield of AH' formation is 0.04. This, of
course, is also the quantum yield of the photoisomerization
Ct—Cec.

As stated above, a pH jump experiment from 1 to 7 on an
AH™ solution at pH =7 after 30 minutes leads to an equili-
brated mixture of A, B, and Cc that can be maintained for a
time period sufficiently long to allow the study of its photo-
chemical behavior. Continuous irradiation of this equilibrated
mixture at 313 nm causes an absorbance increase at 350 nm,
indicating the formation of Ct. The apparent photochemical
quantum yield for this reaction, based on the total light
absorbed by the mixture, is ca. 0.16. From the formulae of the
three components of the mixture (Scheme 1), it is clear
that the only species responsible for the photoreaction leading
to Ct is Ce. Since at pH=7 Cc constitutes about 40% of
the mixture and presumably absorbs a comparable frac-
tion of the total absorbed light, it follows that the quantum
yield of the cis —trans photoisomerization is probably close
to 0.4.

A pH jump from 1 to 12 on a solution containing AH" was
found to give an absorption spectrum (Figure 8) identical to
that reported by McClelland and McGall for Ce?>~.1" Con-
tinuous irradiation of this solution at 313 (or 365) nm caused
the spectral changes shown in Figure 8. The final spectrum is
identical to the spectrum of Ct?>~ obtained by a pH jump to 12
on a solution of Ct. The initial quantum yield of the
Cc> —Ct>~ photochemical conversion is 0.17 at 313 nm.
Irradiation at 436, 365, or 313 nm of the final irradiated

200 300 400 500
Wavelength (nm)

Figure 7. Spectral changes observed
by continuous irradiation with
365 nm light of Ct aqueous solutions.
a)pH=4and 2.4 x 10°M; b) pH=7
and 2.9 x 10-5m.
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250 350 450 550
Wavelength/nm

Figure 8. Spectral changes caused by continuous irradiation with 313 nm
light of a 2.0 x 10->M aqueous solution of Ce*~ at pH =12.

solution (or of a Ct solution after pH jump to pH =12) does
not cause any spectral changes.

We found that AH" and Ct*~ show fluorescence emission
(Figure 9) with maxima at 515 and 615 nm, respectively, and
comparable quantum yields (5 x 107*). This is an important
result since AH* and Ct>~, which absorb in the same spectral
region, can be distinguished by fluorescence measurements
(vide infra). The reason why AH" exhibits a Stokes shift much
smaller than Ct?~ is probably related to the rigidity of the
former structure.

480 560 640
Wavelength/nm

Figure 9. Fluorescence emission spectra of AH* (pH=1) and Ct* (pH=
12) aqueous solutions at 25°C (4., =435 nm).

Flash photolysis: Previous investigations!'*> 224 have revealed
that important kinetic information on the conversion of the
various forms of flavylium ions can be obtained by means of a
simple flash photolysis apparatus.?*]

Flash photolysis experiments were performed on aqueous
solutions of Ct at 25°C and pH=4.0 and 7.0. After flash
excitation, absorbance vs. time traces like those depicted in
the insets of Figures 10 and 11 were recorded at several
wavelengths in the spectral region 250-500 nm. From these
traces, the difference spectra at pH=4.0 and 7.0 shown in
Figures 10 and 11 were obtained. At pH =4, the absorbance
changes occurred during the flash (Figure 10, bleaching at
350 nm and no absorption at 435nm for the zero-time
extrapolation) and are consistent with the formation of Ce.
A subsequent process is observed (rate constant 0.22 s~!) that
causes an increase in absorption at 4 >400 nm as expected for
the formation of AH" and A (Figure 1). This process is
attributed to the conversion Ce —B, known from the pH jump
experiments to be the rate-determining step (rate constant
0.27 s H¥1 of the process Ce —~AH* + A. On a longer time
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Figure 10. Difference spectra obtained after flash excitation of a aqueous
solution of Ct (6 x 10-°M) at pH =4. The delay times are 1s (0), 2s (2),
and 5s (e@). The unbroken line is the final difference spectrum obtained
after continuous irradiation. The inset shows the absorbance vs. time trace
obtained at A =435 nm (where Ct shows a minimum and AH* a maximum).
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-0.004
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Figure 11. Difference spectrum obtained 1s after flash excitation of a
solution of Ct (6 x10~°m) at pH=7. No further spectral change was
observed in the second time scale. The unbroken line is the final difference
spectrum obtained after continuous irradiation. The inset shows the
absorbance vs. time traces obtained at 350 nm (where Ct shows a maximum
and AH' a minimum).

scale, back reaction to Ct takes place, as in the pH jump
experiments.

In the flash experiments at pH 7.0 (Figure 11) a fast process
exhibiting the same characteristics discussed above takes
place within the time scale of the flash. This process is again
assigned to the photochemical conversion of Ct to Ce. A
second, much slower, process (rate constant 0.0026 s7!), not
discernible in Figure 11, follows. The spectral changes indicate
that this second process leads to the quinoidal base A. These
results are again in full agreement with those obtained by
McClelland from pH jump experiments!'l which showed that,
at pH 7, the rate-determining step for formation of A from Ce
is the reaction B—~AH™* (rate constant 0.0025 s1).

In conclusion, light excitation of Ct causes a trans —cis
photoisomerization that is followed by thermal equilibration

Chem. Eur. J. 1998, 4, No. 7

of Cc to form B, AH™, and A. In other words, light excitation
of trans-chalcone converts the system from the thermody-
namic equilibrium indicated by the full lines in Figure 5 to the
pseudoequilibrium situation indicated by the dotted lines.
This pseudoequilibrium is maintained for a length of time
which depends on temperature, pH, and light excitation of the
Cc form. At 25°C and pH7 in the absence of light, the
recovery of Ct occurs with a half-life of 22 hours. However, as
can be understood from Figure 6, the products of the Ct —Cc
photoreaction can be a) frozen indefinitely as AH* by
lowering the pH to 1, b) rapidly back-converted to Ct by
increasing the temperature and/or by irradiation with 313 nm
light, ¢) temporarily converted to Ce?~ by increasing the pH to
12. In turn, C¢*= can be thermally or photochemically
converted to the stable Ct*~ form, which can be converted
back to the starting Ct species by lowering the pH to 4.

Properties of the network of chemical processes: As men-
tioned in the introduction, molecular or supramolecular
systems capable of existing in different forms (multistate)
that can be interconverted by different external stimuli
(multifunctional) are interesting for both basic and practical
reasons. The system examined in this paper can exist as four
different thermodynamically stable species depending on the
pH of the solution and can be interconverted between a
number of different forms by two different inputs, namely
light (three reactions can be light-driven) or changes in pH. In
the following discussion on the interconversion processes, the
transient products B and A have been neglected for the sake
of simplicity since they are always in equilibrium with Ce.

A write—lock—read—unlock—erase cycle: It is well known
that photochromic systems represent potential molecular-
level memory devices.'% 134 A number of problems, how-
ever, must be solved for practical applications. A particular
challenge is to find systems with multiple storage and
nondestructive readout capacity, that is, where the record
can be erased when necessary, but is not destroyed by the
readout. The 4’-hydroxyflavy-

lium ion investigated in this THH
paper can be taken as the basis abs, 458 nm l

R read)
for an optical memory system ATI+

with multiple storage and non-
destructive readout capacity
through a write—lock —read —
unlock —erase cycle similar to
that previously described for
another flavylium deriva-
tive.3 This behavior can be
described with reference to
Figures 6 and 12:
a) At pH4-7, the stable or
kinetically inert (depend-

pH
(unle w{)

Ce
heat,
light, 313 nm light, 365 nm
(erase)

(write)

Figure 12. Write —lock —read —
unlock —erase cycle starting
from the Ct form.

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

ing on pH) colorless species Ct can be photochemically
converted (365 nm light) into the thermodynamically
unstable, but relatively inert, form Ce (write);

b) by a second stimulus (addition of acid), Ce can be
converted into the kinetically inert or thermodynamically
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stable (depending on pH) AH" form (lock); if the initial
pH is 1, Cc autolocks as AH™;

¢) AHT" is photochemically inactive and shows an absorption
spectrum clearly distinct from that of Ct (Figure 1), so that
it can be optically detected (read);

d) by addition of base, AH" can be reconverted into Cec
(unlock);

e) Cccan be reconverted to the initial Ct form by a thermal or
a photochemical reaction (erase).

Reading without writing in a write —lock —read — unlock — erase
cycle: A generally overlooked difficulty with photochromic
systems is that the starting form (Ct in the above discussion) is
the photoreactive one, so that

oK it cannot be read by absorp-

tion spectroscopy without
| (read) writing. In our system, this
difficulty can be overcome

starting from AHT, which is

Ct
pH 1 heat;
{unlock) Iight., 313 nm
(write,locld) the thermodynamically sta-
Ct

Ce® ble form at pH =1 (Figures 6
light, 36%\
(erase)

i abs.,435 nm
L flue., 615 nm

and 13). Since this form is not

pH 12 .. .
photosensitive, it can be read

(unlock)

Oscillating absorbance pat-
terns: Another feature of
the investigated system
should be emphasized.
Starting from AHT, alterna-
tion of pH jump and light
excitation causes oscillation
patterns of absorbance at
different wavelengths, as
shown in Figure 15. Such
patterns may be of interest
for signal generation pur-
poses.

Logic operations: Multi-
state/multifunctional molec-
ular-level systems can be
taken as bases for logic
operations.> %% 11121 In the
present system light excita-
tion and pH jumps can be
taken as inputs, and absorb-
ance or fluorescence as out-

1.5 R
A AHY 4= 420 nm AH®
1.0 [
C‘l.

@D —

o L SPam
2.
[
o
0.0 Y
0.8 A = 350 nm
A
04
0.0
A= 283nm

0500  AH* ﬂ o AHY
4 @12
025 | o @
0.00

Figure 15. Absorbance oscillations
caused by alternate pH jump and
light excitation of a 3.3 x107Mm
aqueous solution starting from
AH' at pH=1.

PHI
. ‘ i
|1 abs.,450 nm
¢+ fluo., 515 nm
‘ Y (read)

*AHY

Figure 13. Read—write—lock —1-

by light excitation (that is, by
recording its absorption spec-
trum) without writing. It can
then be unlocked by a pH
jump, which yields the meta-

ead—unlock —erase cycle starting
from the AH* form.

stable Cc¢*~ form. At this
stage, one can write the opti-
cal information obtaining the
stable (locked) Ct>~ form that can then be read. When
necessary, the information stored into Ct>~ can be unlocked by
a pH jump yielding Ct and can then be erased by light
excitation. The same performance can be obtained starting
from Ct>.

Permanent and temporary memories: The human brain
contains shallow and deep memory forms.?”! The network of
processes interconverting the various species (Scheme 1 and
Figure 6) allows the presence of different levels of memory.
Once the permanent (deep) AH" form of memory has been
obtained (write and lock, Figure 14), a jump to pH 12 leads to
the formation of a temporary (shallow) memory state, Cc?>,
whose spontaneous slow erasure to give the deep Ct*-
memory can be accelerated by light. Reset can then be
accomplished by a back pH jump to pH 4.

8 N . +
O *Cd *AH
[y
abs., 435 nm T abs;,350nm abs., 435 nm
fluo., 615 nm lightheSalté m . (read) !| fluo., 515 nm
(read) (e’rase) C& pH12 i (read)
deep 2- + deep
memory Ct xsnhe?nng:)v/ AH memory
pH4-7 pH1

(reset)

light, 365 nm
(write)
_

(lock)

¢

Figure 14. A write—lock —read—unlock —erase cycle with two memory

levels.
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puts. Starting from the non-

emitting Ct and taking the emission of AH" at 515 nm as
output signal, a jump to pH=1 or light excitation alone
cannot generate the output, whereas when these two imputs
are applied in series, the output is obtained (AND logic
function).

Multiple reaction patterns: Some of the species studied in this
work are interconnected by multiple reaction patterns. For
example, in order to go from AH" to Ct three different routes
can be chosen, as represented pictorially in Figure 16: i) jump
to pH 12 with formation of C¢?-, followed by excitation with

iv

Figure 16. The network of processes caused by pH jumps and light
excitations interconnecting the AH" and Ct forms of the investigated
system.

313 nm light to obtain C#*~, and by a jump to pH = 6; ii) jump
to pH =6 to form Cec; at this stage, one can choose between
two sub-routes, namely iia) light excitation with 313 nm light,
or iib) jump to pH 12 to merge into the preceding path which
goes via Cc*~ and Ct>~. Once Ct has been obtained, one can go
back to AH' by two different routes: iii) light excitation at
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365 nm to obtain Ce and subsequent jump to pH =1, or vice
versa: iv) jump to pH=1 and subsequent light excitation at
365 nm. Interestingly, in some cases, for example starting from
Ct at pH 6, one obtains the same result (AH") regardless of
the order in which light excitation (365 nm) and pH jump
(pH =1) are applied. In other cases, however, this is not true.
For example (not shown in Figure 16), starting from AH" at
pH =1, light excitation followed by pH jump to 12 leads to
Cc?-, whereas when the two inputs are applied in the reverse
order one gets Ct*~. Since Cc¢?~ and Ct*~ exhibit very different
spectroscopic properties (for example, Ct>~ exhibits fluores-
cence whereas Cc¢>~ does not), from the state of the system
after the two inputs one can establish in which sequence the
two inputs were applied.

Conclusions

We have described the properties of a chemical system that
can exist in several forms (multistate) that can be intercon-
verted by more than one type of external stimulus (multi-
functional). Such a system exhibits properties required by
optical memory devices, with multiple storage in two different
memory levels and nondestructive readout capacity through a
write —lock —read — unlock — erase cycle. Its light- and/or pH-
induced transformations, which are accompanied by changes
in the absorption and emission spectra, can be taken as a basis
for simple logic operations and create an intricate network of
chemical processes.

In the brain, neurons store, exchange, and retrieve infor-
mation by extremely complicated chemical processes. Simple
multistate/multifunctional systems may play the role of
models for an initial understanding of the chemical basis of
complex biological processes. It is by no means clear whether
wet artificial systems can find real applications, for example in
molecular-scale computers.’! We point out, however, that the
design and construction of molecular or supramolecular
species capable of existing in different forms that can be
interconverted by external stimuli introduces new concepts in
the field of chemistry and stimulates the ingenuity of
researchers engaged in the bottom-up approach to nano-
technology.
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Syntheses, Structures, and Reactions of Highly Strained Dihydro- and
Tetrahydroacepentalene Derivatives
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Butenschon, Timothy Clark, Mathias Noltemeyer, Thomas Haumann, Roland Boese, and

Armin de Meijere*

Dedicated to Professor Klaus Hafner on the occasion of his 70th birthday

Abstract: A versatile approach towards
the highly strained acepentalene 3 via
the readily accessible dipotassium ace-
pentalenediide (10a) and the highly
strained tetraenes 7 is reported. An
unexpected [442] cycloaddition dimer
14 is formed upon protonation of the
dipotassium acepentalenediide (10a) in
93% yield, and the monomeric 4,7-
dihydroacepentalene (7a), as the reac-
tive intermediate, can be trapped with
anthracene to form the corresponding

contrast, the highly strained, but steri-
cally protected monomeric bridge-
head-bridgehead alkenes 7¢,d can be
isolated upon reaction of 10a or 10b
with bulky electrophiles, such as Me;-
SiCl and Me;SnCl, respectively. The X-
ray crystal structure analysis of 7d
exhibits a highly pyramidalized central

Keywords: aromaticity - acepenta-
lene - alkenes - polyquinanes
strained molecules

double bond. The bisstannane 7d is an
ideal precursor for acepentalene (3),
which would be formed by removal of
the two trimethylstannyl substituents. It
can also be transmetallated to give the
pure crystalline dilithium acepentalene-
diide (10b) in 78 % yield. According to
its 'H, Li and C NMR spectra, the
bowl-shaped 12m-dianion in 10b is an
aromatic species, and it undergoes a
rapid bowl-to-bowl inversion at room
temperature.

Diels— Alder adduct 16 in 15 % yield. In

Introduction

Conjugated oligoquinanes have been of experimental and
theoretical interest for a long time.? They offer a real
challenge as synthetic targets due to their highly strained
structures and unusual electronic bonding properties. The first
and only isolable member in the series of fully unsaturated
oligoquinanes is the monocyclic fulvene (1).F!Compound 1
can be isolated at room temperature, but is thermally labile.?
However, many more stable derivatives of 1, including metal
complexes, are known.l Higher members of the series of fully
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always bear the fulvene

unsaturated oligoquinanes
motif with its cross-conju-

gated double bonds, and 1 2

all of them are much less Q @
stable than 1 due to in- AN
creased ring strain and QCO \\ﬁ//
electronic destabilization. 4 5

The bicyclic pentalene (2,

CgHy) is antiaromatic and

can only be generated in a low-temperature matrix.’! How-
ever, a number of stable derivatives of pentalene are known,
such as 1,3,5-tri-tert-butylpentalene,® as well as several metal
complexes.ll The dianion of 2 is also a stable species and its
dilithium derivative has been synthesized and characterized
by X-ray crystallography.®l The high stability of this dianion is
explained by its favourable closed-shell electronic system,
while 2 itself has a triplet ground state.’!l Acepentalene (3,
C,oHp) is the third member in the series of fully unsaturated
oligoquinanes and remained unobserved for a long time. Its
periannelated tricyclic ring system is highly strained and
calculations predict a curved molecular surface. Higher
members with a curved molecular surface, such as dicyclo-
penta[cd,gh]pentalene (4) and the completely ball-shaped
C,y-fullerene (5), are still unknown, although attempts to
synthesise both 41°1 and 5!'% are in progress.

0947-6539/98/0407-1192 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 7





1192-1200

Our interest is focused on acepentalene (3) with its unique
tricyclic structure, its curved molecular surface, and its
interesting electronic properties. According to Hiickel MO
theory, acepentalene should have a triplet ground state;? but
more recent ab initio calculations have shown that the singlet
ground state should be more favourable.l' 2 However, the
prohibitively large strain in the molecule makes it impossible
toisolate 3 at ambient temperature. In contrast, the dianion of
3 is a closed-shell system and therefore electronically more
favourable than the neutral species. In addition, it should be
less strained than 3 due to its delocalized double bonds.

While 2 could be generated from monocyclic precursors,?!
similar approaches to 3 from monocyclic precursors have not
yet been successful.'® Therefore, triquinacene (8) has long
been envisaged as the logical precursor of 3 (Figure 1).04

]
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6
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Figure 1. Strain energies of unsaturated tricyclodecanes.!'"]

Abstract in German: Ein vielseitiger Zugang zum hochge-
spannten Acepentalen (3) tiber das gut zugdngliche Dikalium-
acepentalendiid (10a) und den hochgespannten Tetraenen 7
wird vorgestellt. Ein unerwartetes [4+2]-Cycloadditions-Di-
mer 14 des Dihydroacepentalens 7 a wird durch Protonierung
des Dikaliumacepentalendiids (10a) in 93 % Ausbeute er-
halten. Das monomere 4,7-Dihydroacepentalen (7 a) als reak-
tives Intermediat kann auch mit Anthracen zum korrespondie-
renden Diels— Alder-Addukt 16 in 15 % Ausbeute abgefangen
werden. Dagegen sind die hochgespannten, allerdings sterisch
geschiitzten monomeren Briickenkopf— Briickenkopf-Alkene
7 ¢, d durch Reaktion von 10a oder 10 b mit Elektrophilen wie
Me;SiCl und Me;SnCl isolierbar. Die Rontgen-Kristallstruk-
turanalyse von 7d zeigt eine stark pyramidalisierte zentrale
Doppelbindung. Das Bis(stannan) 7d ist ein idealer Vorliufer
fiir Acepentalen (3), welches durch Entfernen der beiden
Trimethylstannylsubstituenten in einem NRMS-Experiment
erzeugt und nachgewiesen werden kann. Weiterhin kann 7d
transmetalliert werden, wodurch man das reine kristalline
Dilithiumacepentalendiid (10b) in 78 % Ausbeute erhiilt.
Gemiiss den 'H, "Li and 3C-NMR-Spektren ist das nach
Kristallstrukturanalyse schalenformige 12 w-Dianion 10b aro-
matisch und unterliegt in Losung einer schnellen Inversion bei
Raumtemperatur.
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Compound 8 can be readily synthesized by a six- or seven-step
procedure.!™ It incorporates the full tricyclic ring system of 3
and already has three of the five double bonds. For the
stepwise introduction of the two additional double bonds into
8 (Figure 1, 8 —3), two different tetraene intermediates, 6 and
7a, are conceivable. Even simple MMP2 force-field calcu-
lations!'] reveal a significant difference in the strain energies
of 6 and 7a. Among the two potential pathways from 8 to 3
only path 2 appears to have a reasonable chance for realiza-
tion, as an intermediate tetraene of type 7 might be stable
enough for isolation at room temperature and further
elaboration.

As was reported previously, stable tetraenes of type 7,
namely 4,7-bis(dialkylamino)dihydroacepentalenes 7b, can
be obtained by threefold bromination of 8 to form the
tribromide 9 followed by treatment with a secondary amine
which, in a sequence of two consecutive substitution —elimi-
nation reactions and a third elimination (Scheme 1), gives
the tetraenes 7b. However, the attempt to generate 3 by a
single quaternisation of 7b (NR, = diethylamino, piperidinyl)
and subsequent elimination of both amino groups was
unsuccessful.['8]

HNR. Mel
Br Br RT: RoN NR, AgO
47-86% 3

9 Br 7b
Scheme 1. Attempted synthesis of acepentalene (3) from 9 via 7b. NR, =
piperidinyl, morpholinyl, dimethylamino, diethylamino. RT =room tem-
perature.

In this paper the syntheses of some more versatile 4,7-
disubstituted dihydroacepentalenes 7 via the stable acepen-
talenediides 10 (Scheme 2) are reported.'”! This approach

R R 12-
& =0 =&
3 7 10
Scheme 2. Retrosynthesis of 3 from 10 via 7.

allows the introduction of a larger variety of substituents into
tetraenes 7, including relatively weakly bonded ones which, on
removal, would lead to the generation of acepentalene (3).

Results and Discussion

Dipotassium acepentalenediide (10a) was readily synthesized
in a one-pot reaction: triquinacene (8)" was treated with the
strongly basic mixture of zn-butyllithium and potassium-tert-
butoxide in n-hexane (Scheme 3). The original protocol
required a fairly high temperature (70°C for 24 h) and a
large excess of the poorly soluble so-called Lochmann-—
Schlosser base, which could not be completely removed from
the crude product.?!l Over the last few years various new
superbasic cocktails have been developed, and the structures
of the active ingredients have been determined by NMR

0947-6539/98/0407-1193 $ 17.50+.25/0 1193





FULL PAPER

A. de Meijere et al.

&= =&

&"-

13
Scheme 3. One-pot synthesis of dipotassium acepentalenediide (10a).
i) 7 equiv nBuLi, 7 equiv KOrBu, 8 equiv TMEDA, —30—22°C, 40 h,
22 —60°C, 3 h, ultrasonic bath.

spectroscopy and X-ray structure analysis.??l Particular efforts
have been made to improve the solubility of these superbasic
mixtures. In the light of these developments, the disadvan-
tages of the initial dipotassium acepentalenediide synthe-
sis®> 20 could be overcome by addition of TMEDA
(N,N,N',N -tetramethylethylenediamine)? to the reaction
mixture. Furthermore, the use of ultrasonication decreased
the reaction time considerably and led to a much cleaner
product (10a) in a very high yield (93 %), as determined by
the yield of the hydrolysis product (see below). The dipotas-
sium diide 10a can either be isolated as a red, highly
pyrophoric solid or kept as a suspension in n-hexane for
subsequent reactions. Both the solid material and the solution
can be stored for several months under argon at room
temperature. The structure and spectroscopic details of the
dipotassium acepentalenediide (10a) are discussed in detail
together with those of the dilithium acepentalenediide (10b)
(see below). The dipotassium acepentalenediide (10a) thus
prepared is sufficiently pure for most substituton reactions
with electrophiles.

The details of this interesting sequence of three deproto-
nations and one hydride elimination which leads from 8 to 10a
have already been well studied for the tribenzotriquinacene
analogue of 8, and an analogous mechanism is assumed for the
formation of 10a.** %! Stepwise deprotonation of all three
allylic positions in 8 gives intermediates 11, 12, and 13.
Subsequent elimination of the central hydrogen as a hydride
ion generates the diide 10a (Scheme 3). The final elimination
step which may, but must not necessarily be irreversible,
requires elevated temperatures (60°C)P°l and does not occur
if the 1- and 10-positions in triquinacene are substituted.?*!

Treatment of dipotassium acepentalenediide (10a) with
moist ether (1% H,O) gave a single product in high yield
(93%). The complex 'H and *C NMR spectra of this
compound were not consistent with the structure of the
expected Ci-symmetric 4,7-dihydroacepentalene (7a) and the
relative molecular mass of the product (EI-MS) clearly
indicated a dimer of 7a. An X-ray crystal structure analysis
of single crystals, obtained by recrystallisation from n-hexane,
showed the structure to be that of the dimer 14 (Scheme 4,
Figure 2).

This dimer is a [4+2] cycloadduct of two molecules of 7a.
Some interesting structural features are worth mentioning.
While the triquinacene fragment in 14 shows the usual bond
angles and lengths,?! the isotriquinacene moiety is highly
distorted (Figure 2). The rigid framework apparently leads to
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Scheme 4. Synthesis of dimer 14.

Figure 2. Structure of the 4,7-dihydroacepentalene dimer 14 in the crystal.

an unusually long C(1)(sp’)-C(2)(sp®) single bond
(159.7(3) pm) connecting the two halves. A relatively short
C(4)(sp?) - C(5)(sp?) single bond (145.2(2) pm)*I between the
two double bonds in the 1,3-diene unit of the isotriquinacene
fragment is observed. This indicates significant conjugative
electronic interaction in this diene system, in spite of the
pyramidalized bridgehead carbon atom.

The protonation of 10a, which produces the dimeric
product 14, can also be used to monitor the progress of the
formation of diide 10a: aliquots from a reaction mixture were
quenched and subsequently analysed by gas chromatography
to give the relative amounts of substrate 8 and dimer 14
formed from 10a. By use of this monitoring method, the
synthesis of the diide could be significantly improved so that
gram quantities of the dimer 14 became available. In contrast
to 14, the known tribenzodihydroacepentalene dimer is a
[242] cycloadduct across the strained bridgehead-bridge-
head double bond.*>?! The smooth and rapid formation of
the 4,7-dihydroacepentalene dimer 14 also implies that the
highly strained central double bond in 7a is not sufficiently
shielded by the two hydrogens on the other bridgehead
positions in the monomer 7a. The highly reactive monomer
7a could not be observed by NMR spectroscopy, even at
—80°C.P The intermediacy of the monomeric dihydroace-
pentalene 7a in the formation of the dimer 14 was, however,
unambiguously proved by a trapping reaction with various
reactive dienes: the diide 10a was allowed to react with
cyclopentadiene and anthracene to give the respective [4+2]
cycloadducts 15 and 16 (Scheme 5). The best yields were
obtained with cyclopentadiene, which served simultaneously
as the proton source and the diene and could therefore be
used in large excess, whereas anthracene was only used in 10-
fold excess (in the presence of water). Dimer 14 was obtained
as a side product in all cases.
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Scheme 5. Trapping reactions of 10a with reactive dienes.

The anthracene adduct 16 is a stable crystalline solid. An X-
ray crystal structure analysis confirmed its C-symmetrical
structure (Figure 3). The structure analysis also revealed a
significantly elongated C(1)-C(2) single bond (157.4(2) pm).
A similar bond lengthening was observed previously for the
head-to-tail [242] cycloadduct dimer from 4,7-dihydrotriben-
zoacepentalene, which was attributed to a m—o*-orbital
interaction.?!

Figure 3. Structure of the 4,7-dihydroacepentalene —anthracene adduct
(16) in the crystal. The anisotropic displacement parameters depict 50 %
probability levels.

The elongation of the C(1)-C(2) single bond in 16 should
also facilitate the reversal of the Diels— Alder reaction. This
might allow the use of anthracene as a protecting group for
the central double bond in 3. The 9,10-dihydroanthracene
moiety in an adduct of 3, 18, would sterically protect the
remaining tetraene system, and in addition, such a potential
precursor to 3 would have two sp® centres instead of two sp?
centres and thus be far less strained than 3. The reversibility of
the Diels— Alder reaction for the anthracene adduct 16 was
shown by differential scanning calorimetry (DSC). In addition
to the melting peak at 168°C, another endothermic peak at
291°C was observed. In order to prove that this additional
peak is due to a retro Diels— Alder reaction, a small sample of
16 was heated in an ampoule to 350°C. The 'H NMR
spectrum of the crude product clearly indicated the presence
of anthracene, which most likely arose from such a retro
Diels— Alder reaction.

After the introduction of an additional double bond into
the anthracene adduct 16 one would probably be able to
generate 3 by a simple thermolysis reaction and isolate it in a
matrix. Metallation and metal-halide elimination of a dihal-
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ogen derivative 17 might lead to such an anthracene-
protected dihydroacepentalene 18 (Scheme 6).B" Therefore,
16 was treated with excess N-bromosuccinimide (NBS), but

(7 o N A7

A
<= 3

18

Scheme 6. Possible synthesis of anthracene-protected dihydroacepenta-
lene 18.

only the monobromide 19 was observed in the NMR spectrum
of the crude reaction mixture. The attempted purification by
column chromatography (SiO,) gave the corresponding
alcohol 20 in 42% yield (Scheme 7). The steric demand of
the anthracene unit made the bridgehead position in 16
unaccessible for dibromination. Our efforts were then fo-
cussed on 4,7-disubstituted dihydroacepentalenes 7 as poten-
tial precursors for 3.

D N DT

,Q\ oo, /Q\ Br s,
42% over

16 19 o steps 20

Scheme 7. Bromination of 16 to produce 19. Subsequent hydrolysis during
an attempted chromatographic purification gave the alcohol 20.

4,7-Disubstituted dihydroacepentalenes 7 are readily ob-
tained by reaction of the diide 10a with electrophiles
(Scheme 8). Appropriately pure dipotassium acepentalene-
diide (10a) is essential to obtain high yields without tedious

e e R®R

10a 7c: R = SiMe; (89%)
7d: R = SnMe; (61%)

Scheme 8. Reaction of the diide 10a with electrophiles to give 4,7-
disubstituted dihydroacepentalenes 7.

purifications of the highly reactive bridgehead —bridgehead
alkenes 7.2% % With the optimized preparation of dipotassium
acepentalenediide (10a) (see above) the 4,7-bis(trimethyl-
silyl)-4,7-dihydroacepentalene (7¢) was isolated in 89 % yield
after distillation. The bulky trimethylsilyl substituents provide
sufficient steric congestion to protect the highly reactive
central double bond and prevent the molecule from under-
going dimerization. Nevertheless, organic acids readily add to
give 1,4,7-trisubstituted triquinacene derivatives. Alcohols
and water can likewise be added under conditions of acid
catalysis (see below).

In order to obtain 4,7-disubstituted dihydroacepentalenes 7
with substituents labile to homolysis (see Scheme 2), the diide
10a was treated with phenylselenyl chloride and trimethyl-
stannyl chloride. While the 4,7-bis(phenylselenyl)dihydroace-
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pentalene could not be isolated, 4,7-bis(trimethylstannyl)di-
hydroacepentalene (7d) was obtained in 61% yield. The
purification of 7d was impeded by the presence of fert-butyl
trimethylstannyl ether, which came from the LiOrBu impurity
in dianion 10a. By applying the optimized procedure or, if
necessary, after repeated distillation, the highly air- and
moisture-sensitive bisstannane 7d was obtained as a colour-
less crystalline material (m.p. 35°C).

Analogous to the 4,7-bis(trimethylsilyl) derivative 7¢, the
bisstannane 7d is protected against dimerization by the bulky
substituents. In order to determine the degree of pyramidal-
ization of the central double bond in compounds of type 7 in
comparison to other highly strained alkenes,? the structure
of the crystalline bisstannane 7d was determined by X-ray
crystallography (Figure 4). On account of its low melting
point, a suitable single crystal could only be obtained by the
previously described capillary zone melting procedure.

Figure 4. Structure of 7d in the crystal.

The structural data of 7d correlate well with those reported
for the tribenzodihydroacepentalene derivatives;?>? how-
ever, 7d shows the largest out-of-plane deformation (y =
36.8°) of any of the bent double bonds in this series. The
pyramidalization of double bonds has best been characterized
by HaddonP! with the definition of the two angles ¥ and @
(see Figure 5). Angle vy describes the out-of-plane bending

v =43.5°
o

SR

21
Figure 5. Definition of angles v and ¢ for pyramidalized double bonds.*’]

7d

angle of the double bond, and @ is the angle between the
double bond axis and the neighbouring triangles. Since the
double bond in 7d is unsymmetrically tetrasubstituted there
are two different angles @, =43.5° and ®,=34.6°. In 7d P,
is even larger than that reported for dodecahedrene
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21 (@, = D, =42.9°),l% whereas the sum of the angles @, +
@,="78.1° in 7d falls short of @, + @, =85.8" in 21.

The structural analysis of 7d also disclosed a slightly
enlongated C(1)-C(10) double bond (134.8(6) pm),% as
previously observed for the corresponding bond in the
tribenzodihydroacepentalene derivative.?>?! In contrast to
the latter which possess C; symmetry, the C(1)-C(2) and
C(1)-C(9) bond lengths in 7d are different, 144.4(6) and
150.4(7) pm, respectively. Also, the C(4)-C(5) (154.3(6) pm)
and C(6)-C(7) (149.1(7) pm) are unequal in length. This
distortion from symmetry might be due to the differently
oriented trimethylstannyl groups. The tin d orbitals could
interact to a different extent with the neighbouring & orbitals
causing the distortion of the skeleton.

The highly pyramidalized double bonds in 7¢,d are
responsible for their sensitivity towards air. In addition, 7d
is a bisallylstannane and as such extremely sensitive towards
water. It must therefore be handled exclusively under argon.
To explore the reactivity of the central double bond in the
bis(trimethylsilyl) derivative 7¢, it was treated with organic
acids (HOAc and HOBz). Rapid addition occurred at room
temperature, and the corresponding trisubstituted triquina-
cenes 22ab were obtained in yields of 75 and 43 %,
respectively. The regioselectivity of these additions is in
accord with an initial protonation at the central carbon atom
to form the more stable bisallylic cation, which is then trapped
by the respective carboxylate anion (Scheme 9).

Me,Si SiMeg MesSi SiMe, MesSi SiMeg
R-COOH, n-hexane ROH, HCI
RT RT

O?,O 7c OR
R 22a:R=Me (75%) 22¢: R = Me (50%)
22b: R = Ph (43%) 22d: R=H (22%)

Scheme 9. Reaction of 7¢ with organic acids.

Attempts to cleave the trimethylstannyl residues from 7d
homolytically, either by irradiation or heating, and subsequent
matrix isolation of the thus formed 3 (see Scheme 2) were
unsuccessful.’”) Nevertheless, the SnMe; residues of 7d are
cleaved upon chemical ionization (using N,O as the reagent
gas) in the mass spectrometer to generate the anion radical
C,gHg " of 3. Selection of the acepentalene anion radical,
neutralisation and reionisation to the radical cation proved
the existence of the neutral 3, at least for a microsecond, in the
gas phase in this neutralisation —reionisation mass spectro-
metric (NRMS) experiment.[': 3]

The 4,7-bis(trimethylstannyl)dihydroacepentalene (7d) al-
so proved to be perfectly suited for the transformation into
dilithium acepentalenediide (10b). Whereas an attempted
direct transmetallation between 10a and LiBr® did not work,
the bisstannane 7d (prepared from 10a) was cleanly trans-
metallated with salt-free methyllithium to give pure 10b in
high yield (Scheme 10). The lithium derivative 10b can
readily be crystallized at lower temperatures from dimethoxy-
ethane (DME). The low-temperature crystal structure ana-
lysis revealed an interesting dimer—sandwich structure (Fig-
ure 6).141 A similar dimeric structure has been proposed for
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Scheme 10. Transmetallation of 7d to give 10b.

10b

Figure 6. Sandwich structures of 10b, 23 and 24.

the tetralithium corannulenetetraide (23) in solution, al-
though no X-ray data have been reported so far.*!l On the
other hand, the dilithium pentalenediide (24), which can be
considered to be a subunit of 10 b, does not form a dimer,®! but
remains as a monomeric ion triplet®? with the two lithium
ions on opposite sides of the planar hydrocarbon skeleton.

At least in the solid state of 10b, two ion triplets with one
lithium each on the convex and on the concave side are held
together with the convex sides facing each other by two DME
ligands shared by the two sandwiched lithium atoms. These
lithium cations are located off the threefold axis of the carbon
skeleton centered over two different five-membered rings of
each monomer unit in the solid state. But the effect of the
coordinated lithium counterions is minimal as the structural
parameters of the uncoordinated five-membered rings are
basically the same. Therefore the C\Hg¢ fragment in 10b is
essentially C; symmetric, even in the solid state. According to
the NMR spectroscopic data, the compound is C; symmetric
in solution, as there must be a rapid exchange between the
inside and the outside of the sandwich, even if it is dimeric.
The 'Li NMR spectrum shows a singlet, even at —110°C in
[D¢]THF solution, whereas two lines are observed in the solid-
state 'Li CP-MAS NMR spectrum (Table 1).14

NMR spectroscopy and ab initio calculations are two
reliable tools for proving aromaticity in organic molecules.[*!
The '"H NMR chemical shifts are diagnostic for a diamagnetic

Chem. Eur. J. 1998, 4, No. 7

Table 1. Selected chemical shifts [0] of acepentalenediides 10a,b in
[Dg]THF at —60°C or as indicated.

Dianion BC NMR "H NMR Li NMR
Central carbon  a-carbon all protons  7Li shift

10a 158.6 121.3 6.09 (s) -

10b 151.8 116.2 6.16 (s) — 820

[a] At25°C.

ring current by which protons in the plane of the molecule are
deshielded and protons above or below the plane of the
molecule are additionally shielded. Taking into account the
shielding effect of the two negative charges in the diides 10a
and 10b, the 'H chemical shifts d = 6.09 and 6.16, respectively,
suggest an aromatic system. The related dianionic aromatic
hydrocarbon, dilithium pentalenediide (24), shows similar 'H
shifts of 6 =5.73 (t, 2H) and 4.98 (d, 4H).!®! The aromatic
behaviour of 10 becomes even more obvious if one compares
the 7Li chemical shifts of 10b (0 =-—8.2) to that of the
aromatic corannulene 23 (6 = — 8.1).[4'"] In both molecules the
lithium counterions are located in the anisotropic region of
the ring current induced field (see Figure 6). Therefore a
strong highfield shift is observed for the "Li signals.

The fact that 10b has a bowl-shaped negatively charged
carbon skeleton for which only one singlet can be observed in
the 7Li NMR spectrum at

25°C, suggests that it must @ @
undergo a rapid bowl-to-

bowl inversion (Scheme 11). 5@ W %ls
Ab initio calculations at the @ @
B3LYP/6-311 4+ G//B3LYP/6- @

31G+/sp level of theory pre- <>

dict an inversion barrier of
5.4 kcalmol~! for the acepen-
talene dianion in solution and
with the two lithium counter-

©

Scheme 11. Bowl-to-bowl inver-
sion and transition structure of
the acepentalenediide in 10b.

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

ions present this barrier rises

to 9.8 kcalmol.[*l An experimental value for the energy
barrier of such an inversion has been reported for the neutral
corannulene (10.2 4 0.2 kcalmol!).*! Accordingly, the ace-
pentalene dianion must undergo a fast equilibration at room
temperature so that its average geometry appears as if it had a
planar aromatic w-system (Scheme 11).

Experimental Section

General: All reactions were carried out under an atmosphere of argon with
freshly distilled solvents under anhydrous conditions, unless otherwise
noted. Any remaining olefins in commercial n-hexane were removed by
standard procedures prior to drying. Triquinacene (8) was prepared
according to the published procedure.'?! NMR spectra were recorded at
ambient or specified temperatures on Varian VXR 200, Varian VXR 5008,
Bruker AM 250 or Bruker AMX400 instruments and calibrated with the
solvent as the internal reference. The following abbreviations are used to
indicate multiplicities: s singlet; d doublet; t triplet; q quartet; qi quintet; br
broad; m multiplet; m, centered multiplet. The multiplicities of the *C
signals were determined by the DEPT recording technique (DEPT = dis-
tortionless enhancement by polarisation transfer). The following symbols
are used to indicate the DEPT signals: (+) primary or tertiary; (—)
secondary and (C,,) quaternary carbon atoms. Mass spectra were
recorded on Varian 311 A or Finnigan MAT95 equipment. Elemental
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analyses were performed by the Mikroanalytisches Laboratorium of the
Institut fiir Organische Chemie, Universitiat Gottingen (Germany). Melting
points were determined with a Biichi apparatus and are uncorrected.
Analytical gas chromatography (GC) was performed on a Siemens
Sichromat 4 equipped with a 25 m capillary column CP-Sil-5-CB with
hydrogen as the carrier gas. Silica gel (60, particle size 0.040-0.063 mm,
Merck) was used for column chromatography.

Dipotassium acepentalenediide (10a): At room temperature N,N,N',N'-
tetramethylethylenediamine (TMEDA) (1.2 mL, 8.0 mmol) was added
slowly to a stirred suspension of potassium tert-butoxide (784 mg, 7.0 mmol)
in n-hexane (10 mL). The mixture was cooled to —30°C, and a solution of
n-butyllithium in n-hexane (4.38 mL, 7.0 mmol, 1.6M) was slowly added.
The resulting yellow solution was stirred for 5 min, and a solution of
triquinacene (8)!" (130 mg, 1.0 mmol) in n-hexane (1 mL) was added. The
solution turned red and was allowed to warm to room temperature
overnight. The resulting dark red suspension was stirred for 24 h at room
temperature and then heated to 60°C for 3h under sonication in an
ultrasound bath. When the dark red suspension settled, the supernatant
solvent was removed with a syringe. Repeated washing of the reddish
brown solid with n-hexane (3 x 20 mL) and drying at 0.01 Torr for 3 h at
room temperature yielded 226 mg (approx. 95% )% of 10a, containing
complexed TMEDA and some tBuOLi as impurities. 'H NMR (400 MHz,
[Dg]THE, —60°C): 6 =6.09 (s, 6H); signals at 6 =0.93, 2.11, 2.26, 2.34 and
2.70 were assigned to the impurities; *C NMR (126.5 MHz, [Dg]THF,
—60°C, DEPT): 6=109.5 [+, C2(3,5,6,8,9)], 121.3 [Cyua» C1(4,7)], 158.6
(Cquar» C10); signals at 6 =374, 46.4, 51.0, and 58.9 were assigned to the
impurities.
Heptacyclo[11.5.2.012,0>1,0411,0711,0'216]eicosa-3,5,8,14,17,19-hexaene
(14): A suspension of 10a (1.13 g, 5.0 mmol) in n-hexane (50 mL) was
slowly added to a solution of water (450 uL, 25 mmol) in diethyl ether
(50 mL) at —78°C. The reaction mixture was stirred at —78°C for 1 h and
slowly warmed to room temperature, whereupon the colour changed from
red to yellow. The mixture was diluted with ether (50 mL), extracted with
saturated sodium chloride solution (3 x20 mL), dried (MgSO,) and
concentrated in vacuo. Purification by column chromatography (12 g of silica
gel, 0% —5% diethyl ether in n-pentane) yielded 595 mg (93 %) of dimer
14 as a colourless solid, which was recrystallized from n-hexane. M.p. 83°C;
'H NMR (500 MHz, CDCl;, 'H,'H-COSY and long-range 'H,'H-COSY):
0=3.07 (dd,J=3.0,1.5 Hz, 1 H, H2), 3.09 (qi, /= 1.8 Hz, 1 H, H7), 3.14 (qi,
J=2.1Hz, 1H, H13), 3.32 (m,, 1H, H10), 3.41 (qi, J=2.1 Hz, 1H, H16),
5.45 (dt, J=5.5,2.0 Hz, 1H, H9), 5.54 (dd, J=5.8, 2.1 Hz, 1H, H18), 5.57
(d,J=3.0Hz, 1H, H3),5.60 (dd,J=5.8,2.2 Hz, 1H, H17), 5.64 (dt,J =5.8,
2.1Hz, 1H, H14), 5.69 (dt, J=5.8, 2.1 Hz, 1H, H15), 5.71 (dd, J=5.5,
2.2 Hz,1H, H19),5.76 (dt,J =5.5,1.5 Hz, 1H, H8),5.78 (dd, J = 5.5,2.2 Hz,
1H, H20), 6.22 [m,, 2H, H5(6)]; °C NMR [125.7 MHz, CDCl;, DEPT,
'H,"3C-correlation and COLOC (SF1 =500 MHz, SF2=125.7 MHz)]: 6 =
45.7 (+, C10), 52.0 (4, C2), 54.7 (+, C13), 63.5 (4, C16), 65.5 (Cyyar» C1),
66.5 (+, C7), 74.5 (Cquar> C11), 86.9 (Cyue» C12), 118.1 (+, C3), 125.9 (+,
C5), 1289 (+, C8), 131.3 (+, C14), 132.3 (+, C15), 132.6 (+, C18), 133.9
(+, C20), 134.0 (+, C9), 134.6 (+, C19), 1353 (+, C17), 140.7 (+, C6),
156.2 (Cyuai» C4); MS (EI, 70 eV): m/z(%): 256 (64) [M ], 255 (60), 241
(70), 240 (48), 239 (60), 229 (40), 228 (38), 227 (40), 226 (40), 215 (48), 202
(37), 189 (36), 153 (39), 128 (100), 127 (80), 102 (86); anal. caled for Cy\H,4:
256.1252 (correct MS).

Pentacyclo[5.5.2.125.0'5.0%"|pentadeca-3,8,11,13-tetraene (15): A suspen-
sion of 10a (452 mg, 2.0 mmol) in n-hexane (40 mL) was slowly added to
cyclopentadiene (20 mL) at 0°C. The mixture was cooled to —78°C, and
methanol (1 mL) was added. The reaction mixture was allowed to warm to
room temperature. The solvent was evaporated in vacuo and the remaining
residue treated with toluene (20 mL). The extract was washed with
saturated sodium chloride solution (3 x 20 mL), dried (MgSO,) and con-
centrated in vacuo. Purification by column chromatography (10 g of silica
gel, n-pentane) yielded dimer 14 (54 mg, 21 %), R;=0.35, and 15 (245 mg,
63%) as a colourless oil, R;=0.60; IR (film): ¥ =3039, 2985, 2928, 2861,
1615, 1452, 1342, 1325, 1108, 1061, 963, 881, 838, 819, 804, 783, 751, 727, 710,
615 cm™!; 'TH NMR (250 MHz, CDCl,): 6 =1.57 (d, J=8.5 Hz, 1H, H,15),
178 (d,/=8.5Hz, 1H, H,15),2.72 (s, 1 H, HS), 2.76 (s, 1 H, H2),2.96 (s, 1 H,
H7),3.28 (s, 1H, H10), 5.50 (dd, J=5.7, 2.2 Hz, 1 H, H3), 5.54 [dd, J =5.7,
22 Hz,1H, H4),5.67-5.75 [m, 4H, H11(12,13,14)], 6.01 [s, 2H, H8(9)]; *C
NMR (62.9 MHz, CDCl;, DEPT): 6 =45.9 (—, C15), 46.6 (+, C5),49.7 (+,
C2), 58.4 (+, C7), 61.8 (+, C10), 68.9 (Cyua» C6), 79.5 (Cyuar» C1), 132.0,
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132.7,133.5, 134.2, 134.8, 135.5, 135.6, 135.7 [+, C3(4,8,9,11,12,13,14) |; MS
(EI, 70 eV), m/z(%): 195/194 (6/31) [M*], 179 (10), 165 (7), 128 (100)
[M* — CsHg], 102 (8); anal. caled for C;sH,,: 194.1095 (correct MS).
3:4,15:16-Dibenzopentacyclo[5.5.2.225.0'¢.0%!Thexadeca-3,8,11,13,15-pen-
taene (16): A solution of water (2.0 g, 111 mmol) in THF (20 mL) was
added with a syringe pump within 20 h to a stirred suspension of 10a
(1.12 g, 4.75 mmol) and anthracene (5.4 g, 30 mmol) in benzene (50 mL).
The mixture was filtered, the layers separated and the solvent of the
organic layer evaporated in vacuo. The remaining residue was treated with
dichloromethane (10 mL). Undissolved components were removed by
filtration, and the filtrate was concentrated in vacuo to give a crude oil.
Purification by column chromatography (10 g of silica gel, 0% —1 % diethyl
ether in n-pentane) yielded dimer 14 (115 mg, 18 %) and 16 (222 mg, 15 %)
as a colourless solid, which was recrystallized from n-pentane. M.p. 179°C;
R;=0.19 (1% diethyl ether in n-pentane); IR (KBr): 7#=23045, 2922, 2881,
1464, 1436, 1340, 1295, 1227, 1170, 1058, 1022, 963, 835, 820, 759, 721, 712,
684, 636,492 cm~'; 'TH NMR (500 MHz, CDCl,): 6 =3.12 [bs, 2H, H7(10) ],
4.02 (s, 1H, H2), 421 (s, 1H, HS5), 520 [dd, 3/ =5.6, /=1.5Hz, 2H,
H12(13)],5.38 [dd, *J=5.6,%/=2.3 Hz, 2H, H11(14) ], 5.53 [s, 2H, H8(9) ],
6.92-7.19 (m, 8H, aryl-H); *C NMR (125.7 MHz, CDCl;, DEPT): 6 =51.2
(+, C2), 52.6 (4, C5), 60.9 [+, C7(10)], 66.8 (Cyua» C6), 79.9 (Cyua» C1),
124.8 (+, aryl-C), 125.1 (+, aryl-C), 125.3 (+, aryl-C), 125.6 (+, aryl-C),
132.5[+,C8(9)],134.2 [+, C12(13)],135.2 [+, C11(14)], 140.7 (Cyy» aryl-
C), 143.1 (Cyya» aryl-C); MS (EI, 70 eV), m/z (%): 307/306 (5/17) [M*], 179
(15), 178 (100) [anthracene*], 128 (3) [M* — anthracene]; anal. calcd for
C,,H gt 306.1408 (correct MS).

7-Bromo-3:4,15:16-dibenzopentacyclo[5.5.2.2%5.0¢.0%!" hexadeca-3,8,11,
13,15-pentaene (19): To a suspension of 16 (16 mg, 52 umol) and N-
bromosuccinimide (NBS) (15 mg, 84 pmol) in CCl, (0.5 mL) and CDy
(0.1 mL) in an NMR tube was added a small amount of dibenzoylperoxide.
The lower end of the tube was heated to 80°C, while the upper end was
cooled with ice. After 1h the characteristic NMR signals of 16 could no
longer be observed. In addition to 19 the solution contained small amounts
of dissolved succinimide and benzoic acid as impurities. 'H NMR
(250 MHz, CDg¢): 6=3.12 (s, 1H, H10), 4.01 (s, 1H, H2), 4.46 (s, 1H,
HS), 4.95 (dd, J=5.7,2.3 Hz, 1 H, H12), 5.06 (dd, J=5.8, 1.1 Hz, 1H, H13),
5.36 (dd, J=5.6, 2.4 Hz, 1H, H11), 5.43 (d, /=5.7 Hz, 1H, H14), 5.48 (d,
J=5.6Hz, 1H, H9), 5.68 (dd, /=57, 1.4 Hz, 1 H, H8), 6.88-7.44 (m, 8H,
aryl-H); signals at 0 =2.21 (s), 7.98 (dd) were assigned to the impurities; *C
NMR (62.9 MHz, C;Dy, DEPT): 6=51.9 (+), 53.6 (+), 61.0 (+), 70.6
(Cqua)s 76.3 (Cyuar)> 774 (Cyua), 1242 (+), 125.3 (4), 125.4 (+), 125.7 (+),
125.9 (+), 125.9 (+), 1289 (+), 130.6 (+), 131.4 (+), 133.6 (+), 133.9 (+),
134.6 (+),136.3 (+), 1374 (+), 140.2 (Cyua), 141.1 (Cyuar), 143.3 (Cya), 144.1
(Cqua); signals at 6 =284, 85.9, 126.5, 130.1, 133.7 were assigned to the
impurities; MS (EI, 70 eV), m/z (%): 385/383 (40/32) [M* —H], 322 (60),
305 (23) [M* —Br], 178 (100) [anthracene*], 127 (13).
7-Hydroxy-3:4,15:16-dibenzopentacyclo[5.5.2.225.06.0%" hexadeca-3,8,11,
13,15-pentaene (20): The attempt to purify 19 (52 pmol) by column
chromatography (1 g of silica gel, 33 % diethyl ether in n-pentane) yielded
20 (7 mg, 22 umol, 42 %). IR (KBr): 7= 3548, 1653, 1456, 1105, 1078, 1055,
1027,791, 750,728 cm~!; '"H NMR (250 MHz, CDCl;): d =1.72 (s, 1H, OH),
3.28 (m,, 1H, H10), 432 (s, 1H, H2), 4.48 (s, 1H, H5), 5.16 (dd, J=5.6,
2.4 Hz, 1H, H12), 5.32 (dd, /=5.4, 1.4 Hz, 1H, H13), 5.46 (d, /=5.6 Hz,
1H, H11), 5.63-5.76 [m,, 3H, H8(9,14)], 7.05-7.38 (m, 8H, aryl-H); 1*C
NMR (62.9 MHz, CDCl;, DEPT): 6 =49.1 (+), 51.7 (+), 61.4 (+), 64.2
(Cqua)s 68.7 (Cyua)s 75.7 (Cyuar)s 96.5 (+), 124.8 (4), 1252 (+), 1253 (+),
125.5 (+), 125.8 (+), 126.3 (+), 126.4 (+), 133.2 (+), 133.3 (+), 133.4 (+),
134.3 (4),136.2 (+), 137.0 (4), 141.9 (Cyuar)» 142.8 (Cyuar)» 143.2 (Cyuar), 143.9
(Cqua); MS (EI, 70eV), miz(%): 322 (16) [M'], 208 (13), 178 (100)
[anthracenet], 122 (25), 105 (52), 43 (25); anal. calced for C,,H,30: 322.1357
(correct MS).

4,7-Bis(trimethylsilyl)dihydroacepentalene (7c): A suspension of 10a
(226 mg, 1.0 mmol) in n-hexane (10 mL) was added at —78°C to a solution
of chlorotrimethylsilane (634 uL, 5 mmol) in n-hexane (20 mL). The
mixture was stirred at —78°C for 1 h and then slowly warmed to room
temperature, whereupon the colour changed from red to yellow. The
reaction mixture was filtered and the solvent evaporated in vacuo.
Purification of the crude product by bulb to bulb distillation at 103 Torr
yielded 7¢ (242 mg, 89 %) as a colourless oil. IR (film): #=3020, 2960,
2840, 1257, 1096, 1022, 800 cm~'; '"H NMR (250 MHz): 6 =0.15 [s, 18H,
Si(CH3);], 5.71 [s, 2H, H5(6)], 6.46 [d, J=4.5Hz, 2H, H3(8)], 6.58

0947-6539/98/0407-1198 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 7





Acepentalene Derivatives

1192-1200

[d, J=4.5Hz, 2H, H2(9)]; *C NMR (100.7 MHz, CDy): 6=—0.72
[Si(CH,),], 65.39 [C4(7)], 130.75 [C5(6)], 135.53 [C2(9)], 137.76 [C3(8)],
167.67 (C1), 183.71 (C10); MS (EI 70 V), miz (% ): 272 (22) [M*], 257 (10),
184 (14), 169 (12), 128 (13), 89 (5), 76 (24), 73 (100) [Si(CH,),*]; anal. calcd
for Ci¢H,,Si,: 272.1416 (correct MS).

4,7-Bis(trimethylstannyl)dihydroacepentalene (7d): A solution of trime-
thylstannyl chloride (2.0 g, 10 mmol) in diethyl ether (20 mL) was added
slowly at —78°C to a stirred suspension of 10a (1.13 g, 5 mmol) in n-hexane
(50 mL). The mixture was slowly warmed to room temperature and
filtered. The residue was suspended in ether (50 mL) and cooled to —78°C.
The addition of a solution of trimethylstannyl chloride (2.0 g, 10 mmol) in
diethyl ether (20 mL) was repeated and the mixture warmed to room
temperature. After filtration under argon, the solvent was evaporated from
the filtrate in vacuo. Bulb to bulb distillation of the crude brown oil at 50°C
and 10~*Torr yielded 7d (1.39g, 61%) as a colourless oil, which
crystallized slowly when stored under argon. M.p. 35°C; IR (argon matrix):
7=3087, 2992, 2925, 1607, 1450, 1193, 791, 770, 759, 613, 531 cm~'; UV (n-
hexane): An. (Ig €)=232nm (4.06), 323 (3.13); 'H NMR (400 MHz,
[Dg]THF): 6 =0.20 [s, 18 H, Sn(CHs);], 5.79 [bs, 2H, H5(6) ], 6.36 [bs, 2H,
H3(8)], 6.42 [bs, 2H, H2(9) ]; *C NMR (100.7 MHz, [D4] THF, DEPT): 6 =
—8.0 [+, Sn(CHj;);], 68.8 [Cyuar, C4(7)],128.3 [+, C5(6) ], 137.8 [+, C3(8)],
144.1 [+, C2(9)], 162.6 (Cyuy» C1), 191 (Cyuar» C10); MS (EL 70 V), m/
2(%): 454 (8) [M*], 291 (6) [M* — SnMe;], 276 (67), 261 (43), 246 (24), 165
(100) [SnMe;*]. The isotopic pattern of the molecular ion m/z =454
confirmed the molecular formula C,;H,,Sn,.
1-Acetoxy-4,7-bis(trimethylsilyl)triquinacene (22a): A solution of acetic
acid (0.05 mL, 0.88 mmol) in n-hexane (5 mL) was added to a solution of 7¢
(99 mg, 0.36 mmol) in n-hexane (20 mL) and isopropyl alcohol (2 mL). The
solution was stirred for 45 h at room temperature. The reaction mixture was
extracted with saturated NaHCOj solution (2 x 5 mL), dried (MgSO,), and
the solvent evaporated in vacuo. Purification by column chromatography
(11 g of silica gel, 33% diethyl ether in n-pentane) yielded 22a (91 mg,
0.27 mmol, 75 %) as a colourless solid. M.p. 77°C; R;=0.79; IR (KBr): 7=
2955, 1735 (C=0), 1258 (C-Si), 1221, 1044, 972, 868, 842, 791, 752, 731,
712 cm™!; 'TH NMR (250 MHz, CDClL;): 6 =0.03 [s, 18 H, Si(CH3)], 2.00 (s,
3H, CHa), 3.36 (s, 1H, H10), 5.45 [s, 2H, H5(6)], 5.72 [d, *J=5.6 Hz, 2H,
H3(8)], 6.12 [d, 3/ =5.6 Hz, 2H, H2(9)]; *C NMR (62.9 MHz, CDCl;,
DEPT): 6 = -3.2 [+, Si(CH;)5], 21.7 (+, CHj), 57.2 [Cyuar, C4(7)], 60.3 (+,
C10), 108.0 (Cyuu» C1), 129.5 [+, C5(6)], 131.2 [+, C2(9)], 139.2 [+,
C3(8)], 170.6 (Cyyar» C=0); MS (EI, 70 eV): m/z(%): 332 (<1) [M], 317
(1) [M* — CHj5], 200 (100) [M* — OAc — Si(CH,),], 185 (42) [M* — OAc —
Si(CH;); — CH;), 169 (3), 127 (5) [M*—OAc—2Si(CH;);], 73 (30)
[(Si(CH3)3)*]; anal. caled for C3H,50,Si, (332.6): C 65.00, H 8.49; found
C 64.76, H 8.55.

1-Benzoyloxy-4,7-bis(trimethylsilyl)triquinacene (22b): A solution of ben-
zoic acid (264 mg, 2.16 mmol) in isopropyl alcohol (4.5 mL) was added to a
solution of 7¢ (120 mg, 0.44 mmol) in n-hexane (7.5 mL). The solution was
stirred for 3 h at room temperature. The reaction mixture was extracted
with a saturated NaHCOj solution (5 mL), dried (MgSO,) and the solvent
evaporated in vacuo. Purification by column chromatography (11 g of silica
gel, 33% dichloromethane in n-pentane) yielded 22b (74 mg, 0.19 mmol,
43%) as a colourless solid. M.p. 86°C; R;=0.42; IR (KBr): #=2954, 1713
(C=0), 1453, 1317, 1295, 1249 (C-Si), 1230, 1178, 1120, 1043, 1027, 955,
937, 842, 791, 731, 718, 706 cm~'; 'TH NMR (250 MHz, CDCl,): 6 =0.08 [s,
18H, Si(CHs;);], 3.57 (s, 1H, H10), 5.48 [s, 2H, H5(6)], 5.79 [d, 3/ = 5.6 Hz,
2H, H3(8)], 6.28 [d, 3J=5.6 Hz, 2H, H2(9)], 743 (m, 2H, H3'), 7.54 (m,
1H, H4'), 8.03 (m, 2H, H2'); *C NMR (62.9 MHz, CDCl;, DEPT): 6 =
—3.1 [+, Si(CHs)3], 57.3 [Cquai» C4(7)], 60.4 (+, C10), 108.7 (Cyya» C1),
128.3 (+, C3'), 1294 [+, C5(6)], 129.6 (+, C2'), 131.2 [+, C2(9)], 131.4
(Cquar> C1'), 132.5 (+, C4), 139.5 [+, C3(8)], 166.0 (Cyyor» C=0); MS (EI,
70 eV), m/z(%): 394 (11) [M*],379 (42) [M* — CH;], 273 (83) [M* — OBz],
257 (100), 200 (100) [M*—OBz—Si(CH;);], 185 (40) [M*—OBz—
Si(CH;); — CH;), 127 (7) [M*—OBz—-2Si(CH;);], 105 (8), 73 (31)
[(Si(CH3)3)*]; anal. caled for C,3H3,0,Si; (394.7): C 70.00, H 7.66; found
C 69.32, H 7.68.

1-Methoxy-4,7-bis(trimethylsilyl)triquinacene (22c¢): To a solution of 7¢
(135 mg, 495 umol) in methanol (20 mL) was added hydrochloric acid
(1 mL, 0.1m). The solution was stirred for 12 h at room temperature. The
reaction mixture was extracted with a saturated NaHCO; solution (3 x
30 mL), dried (MgSO,) and the solvent evaporated in vacuo. Purification
by column chromatography (10 g of silica gel, 1 % diethyl ether in n-pentane)
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yielded 22¢ (75 mg, 246 umol, 50 %) as a colourless solid. M.p. 39°C; R;=
0.06; 'TH NMR (400 MHz, C;Dy): 6 =0.09 [s, 18 H, Si(CH,),], 3.23 (s, 3H,
OCHs), 3.38 (s, 1H, H10), 5.37 [s, 2H, H5(6)], 5.61 [d, 3J=5.6 Hz, 2H,
H3(8)], 5.71 [d, 3/=5.6 Hz, 2H, H2(9)]; *C NMR (126.5 MHz, C,Dq,
DEPT): 6 = —2.7 [+, Si(CH,);], 52.0 (+, OCHj;), 57.9 (+, C10), 58.4 [Cyyar>
C4(7)], 1071 (Cyua» C1), 1309 [+, C3(8)], 131.3 [+, C5(6)], 1375 [+,
C2(9)].

1-Hydroxy-4,7-bis(trimethylsilyl) triquinacene (22d): To a solution of 7¢
(790 mg, 2.90 mmol) in n-hexane (25 mL) was added hydrochloric acid
(4mL, 0.Im) within 1h. The solution was stirred for 10h at room
temperature. The reaction mixture was extracted with a saturated NaHCO;
solution (3 x 30 mL), dried (MgSO,), and the solvent evaporated in vacuo.
Purification by column chromatography (10 g of silica gel, 10 % diethyl ether
in n-pentane) yielded 22d (190 mg, 0.65 mmol, 22%) as a colourless solid.
M.p. 58°C; R;=0.05;'"H NMR (250 MHz, C,Ds): 6 =0.08 [s, 18 H, Si(CH);],
1.80 (s, 1H, OH), 3.14 (s, 1H, H10), 5.32 [s, 2H, H5(6)], 5.52 [d, 3/ =5.5 Hz,
2H, H3(8)], 5.58 [d, 3/ =5.5Hz, 2H, H2(9)]; *C NMR (62.9 MHz, C(Dj,
DEPT): 6=—-3.0 [+, Si(CHy);], 58.7 [Cyuar» C4(7)], 63.1 (4, C10), 101.3
(Cquar» C1), 1314 [+, C5(6)], 1332 [+, C2(9)], 136.8 [+, C3(8)].
Dilithium acepentalenediide (10b): A freshly prepared solution of salt-free
methyllithium (1.5 mmol, 0.50m) in DME (3 mL) was added to a solution
of 4,7-bis(trimethylstannyl)dihydroacepentalene (7d, 227 mg, 0.50 mmol)
in DME (5 mL) at —78°C. The mixture was allowed to warm to 0°C within
3 h and filtered under argon through a P4 sinter glass. The orange solution
was concentrated in vacuo to a volume of about 1 mL and stored in a
freezer at —30°C for three days. Removal of the supernatant solution
yielded dilithium acepentalenediide (DME complex) 10b (125 mg, 78 %)
as colourless crystals. M.p.>350°C; 'H NMR (500 MHz, [Dg]THF,
—60°C): 0=06.16 (s, 6H); signals at 6 =3.18 and 3.26 were assigned to
complexed DME; *C NMR (126.5 MHz, [Dg]THF, —60°C, DEPT): 6 =
108.5 [+, C2(3,5,6,8,9)], 116.2 [Cyuar» C1(4,7) ], 151.8 (Cyuar, C10); signals at
0 =58.8 and 72.2 were assigned to complexed DME; ’Li NMR (194.4 MHz,
[Dg]THF): 6 =—8.2 (bs); MS (EI, 70 eV), m/z (%) =90 (17) [DME~], 60
(18), 45 (100).

Details of X-ray crystal structure analyses of 14, 16 and 7d:

Crystal data for 14: C,0H,s, M =256.35, space group P2,/c,a=970.4(3),b=
707.1(2), c=1948.7(7) pm, $ =103.45(3)°, V=1.3001(8) nm?, Z=4, pyea =
1.309 gem™3, T=130 K, #=0.07 mm~". Data were collected by the 26/w
method in the range 3° <26 < 50°. Of a total of 3916 reflections, 2319 were
independent and 1942 observed (F, > 40[F]), the largest difference peak
and hole were 260 and —230 em~>, respectively; R(F)=0.0441, R,=
0.0512.

Crystal data for 16: C,;H,3, M =306.38, orthorhombic, space group Pnma,
a=1035.45(10), b=1573.4(2), ¢=990.9(1) pm, V=1.6144(3) nm’, Z=4,
Peaed = 1.261 gem =3, F(000) = 648, T=153(2) K, « =0.071 mm~". Data were
collected by the 2 6/w method in the range 3.85° <26 < 25.05°. Of a total of
5898 reflections, 1482 were independent, the largest difference peak and
hole were 232 and —198 em—, respectively; R1=0.0362 [/>20([)] and
wR2=0.0911 (all data).

Crystal data for 7d: C,H,,Sn,, M =453.75, space group P2,/n, a=785.3(2),
b=24582(7), ¢=925.2(3) pm, f=104.56(2)°, V=1.7285(8) nm®, Z=4,
Peaed = 1.287 gem =3, T=125 K, u=1.46 mm~". Data were collected by the
2 6/w method in the range 3° <260 < 60°. Of a total of 8680 reflections, 5040
were independent, 4699 observed (F, > 4 0[F]), 1-scan absorption correc-
tion, the largest difference peak and hole were 264 and —137 em,
respectively; R(F)=0.0476, R, =0.0617.

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-101086.
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: The heptaphenylcyclohepta-
trienyl cation, C,Ph#, in [C,Ph{]-
[CF;CO;]-2CF;CO,H (1), is the last
species in the series of C,Ph}* (n=3-7)
molecular paddle wheels to be structur-
ally characterized. In the solid state, the
C, central ring of the 6-m-electron per-
phenylated tropylium cation adopts a

the plane containing their attached cen-
tral ring carbon and neighboring ring
atoms. This geometry has been rational-
ized by semiempirical (AM1) calcula-
tions, and represents a compromise
between steric congestion and the frac-

Keywords: aromaticity - chirality -

tional loss in aromaticity as the central
ring distorts from planarity. A correla-
tion of the ¥C NMR chemical shift with
the calculated electron density for
C,H:* and C,Phi* species (n=3 to 7)
yields proportionality factors of approx-
imately 21 and 22ppm per extra
0.1 electron at the central ring carbons,

shallow boat conformation, with the
peripheral phenyl groups possessing an
average dihedral angle of 80° relative to

calculations -

Introduction

Ions or molecules of the type C,Phi* continue to attract
attention, not only for their relevance to the Hiickel 4N +2
rule but also as ligands bonded to organometallic fragments.
One might anticipate that C;Phf, C,Ph3*, C;Phs, CsPh,, and
C,Ph7 should exist as stable, planar aromatic species. Indeed,
the ligands C,Ph, (n=1-6) have all been characterized
crystallographically.!! In the solid state, the ligands or com-
plexes possessing a cyclic array of C,Ph, fragments adopt
propeller-type conformations in which the external phenyls
make a dihedral angle, 6, with the plane of the central ring.
Such a geometry provides a compromise between the
coplanar arrangement, # =0°, which maximizes m overlap
but may induce severe steric strain, and the orthogonal
rotamer, 8 = 90°, in which interactions between bulky groups
are minimized and i conjugation is disrupted. Moreover, for
the series C,Ph, (n =3-7), the angle subtended at the center
of the internal ring by adjacent phenyls (w = 360°/n) decreases
in value from 120°, 90°, 72°, 60°, to 51.4°, respectively.
Although increasing the ring size lengthens the radial distance
of the external phenyls from the center of the molecule, this is
more than compensated for by the diminishing value of w. The
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respectively.

net result of going to a larger ring is to place the phenyls in a
more restricted locale.

Despite the fact that C;Ph7 has been known for almost
three decades,? it is the last species in this series of C,Ph}*
(n=3-7) molecular paddle wheels to be structurally charac-
terized, either as a free ion or molecule, or as an organo-
metallic ligand. The quest to determine the solid-state
structure of this cation has proven to be a formidable
crystallographic challenge, and its solution has revealed an
exceptionally crowded system.

Results and Discussion

Heptaphenylcycloheptatriene, C,Ph;H, originally synthesized
by Battiste in 1961, was structurally characterized only in
1995, as was its precursor, the Diels—Alder adduct of
tetraphenylcyclopentadienone and triphenylcyclopropene.
In accordance with an earlier report,? treatment of C,Ph,H
with bromine yields the salt C,PhiBr-. Hydrolysis (or
methanolysis) and subsequent reaction with HBF /ether gave
crystals of C;PhIBF;. Several X-ray data sets were acquired
for both the bromide and tetrafluoroborate salts but, despite
the determined efforts of a number of crystallographers in
Europe and in North America, no structural information was
forthcoming because of an unresolvable disorder problem.
Later, counterion exchange by slow solvent evaporation from
a solution containing C,PhjBr~ in trifluoroacetic acid pro-
duced crystals of X-ray quality of the trifluoroacetate salt
[C,Phi][CF;CO;]-2CF;CO,H (1).
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Figure 1 depicts the structure of the cation and reveals that
the seven-membered ring is not flat but rather adopts a
shallow boat conformation. The bend angles, y and ¢, are

Figure 1. Structure of cation in 1 (ORTEP, thermal ellipsoids at 20 %
probability) with hydrogen atoms omitted for clarity. Selected bond lengths
[A] and angles [°]: C,-ring [C1-C2 1.404(4), C2-C3 1.412(4), C3-C4
1.411(4), C4-C5 1.415(4), C5-C6 1.411(4), C6-C7 1.414(4), C1-C7
1.414(4); C2-C1-C7 1274(3), C1-C2-C3: 127.7(3), C4-C3-C2 127.5(3), C3-
C4-C5 1271, C6-C5-C4 1271(3), C5-C6-C7 128.5(3), C1-C7-C6 126.8(3)];
typical C,-ring to Ph [C1—Cl11 1.510(4); C1-C2-C21 117.0(3), C3-C2-C21
115.2(3)]. The average interplanar angles for y ([plane 1]/[plane 2]) and ¢
([plane 3]/[plane 2]) are 12.8° and 10.7°, respectively.

most pronounced for the planes containing C(6)-C(7)-C(1)
[plane 1], C(1)-C(2)-C(5)-C(6) [plane 2], and C(2)-C(3)-
C(4)-C(5) [plane 3], and yield values of 13° ([plane 1]/
[plane 2]) and 18° ([plane 2]/[plane 3]), respectively. These
may be compared with the corresponding interplanar angles
in C,Ph;H (or C,Clg), for which y is 55° (52°) and ¢ is 35°
(32°).%31 Thus, C,Ph# retains some vestiges of its boatlike
precursor, C;Ph;H. It is noteworthy that this distortion from
planarity has been previously observed in the molecular
structures of [7]circulenel® and the bis[tris(bicyclo[2.2.2]octe-
no)tropylium]acetylene dication.!”!

The space-filling representation of the cation in 1 in
Figure 2 shows how each peripheral phenyl group is twisted
very markedly out of the plane containing its attached central
ring carbon and neighboring ring atoms. These dihedral angles
are 76 —82° (average 80°), and may be compared to the mean
0 values of 75° (67°) for C4Phg,®+*l approximately 50° for (1°-
CsPh;)ML, complexes,'? approximately 36° (15.3-81.5°)
for various (17*-C,Ph,)ML, complexes,l'® % and approximately
5° for the free C;Phi cation.['!]

The propensity of this system to form well-defined single
crystals can be rationalized in terms of a hydrogen-bonded
network of trifluoroacetates and trifluoroacetic acid mole-
cules which lies between the layers of close-packed disks of

1202 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998

Figure 2. Space-filling representation of a section of a cationic layer,
showing the hexagonal packing of C;Ph7 ions, in 1.

cations and stabilizes the crystalline edifice.l'’”’ This inter-
locking motif between the anion, solvates, and cation can be
seen in Figure 3. It is likely that the relatively strong and
directional O-H--- O interactions between each anion and

Figure 3. View of the unit cell of 1 depicting the alternating layers of
cations and anions/solvates parallel to the (101) plane.

two separate trifluoroacetic acid molecules (2.52 A and
2.60 A) that lie parallel to the (101) plane are responsible
for the cohesion in the molecular salt. It is of interest that
many of the previous X-ray crystallographic determinations
of tropylium salts have been of disordered crystals.'¥] Only
those complexes that involve transannular stabilization of the
tropylium moiety by charge-transfer interactions!'"! or the
encapsulation of C;H7 into the large cavity of a crown ether in
order to fix the ion orientation™ have avoided the structur-
ally unfavorable disorder that seems to be associated with the
tropylium cation and its analogues.
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Braga and Grepioni have emphasised that in crystals of
ionic species, the distribution of anions and cations is
controlled primarily by the relative size and shape of
component ions.'” Bromide and tetrafluoroborate anions
may be likened to molecular ball bearings and, when such
species are introduced into a crystal lattice that contains layers
of disc-shaped C;Ph7 cations, it is reasonable to infer that the
coulombic interactions lack directionality and are insufficient
in providing cohesion. On the other hand, the intermolecular
links afforded by the trifluoroacetate anions and trifluoro-
acetic acid molecules serve to more efficiently fix the discoidal
cations in the crystal lattice, resulting in a discrete, ordered,
low-energy solid-state structure.

In order to ascertain whether the conformational anomalies
observed in the solid-state structure are a response to steric or
electronic factors, we conducted semiempirical MO calcula-
tions using the AM1 Hamiltonian!'® available in the Spartan
computational package.l'”! The general features of the X-ray
structure were reproduced in the ground-state optimized C;
geometry of C,Phf, with average (maximum) interplanar
angles of 9° (12°) and 11° (16°) for y and ¢, respectively. It is
noteworthy that a search of conformational space also yielded
a separate potential minimum corresponding to the Dy,
structure of C,Ph7, which is only 0.2 kcalmol~! higher in
energy than the C, isomer. The existence of two energetically
accessible equilibrium structures, one planar and one non-
planar, implies that the system is conformationally flexible
and that solid-state packing effects may influence the
geometry of the seven-membered ring in C,Phj.

Further calculations (Table 1) revealed that consecutive
replacement of the phenyl substituents with hydrogens results
in a decrease in the dihedral angle between the peripheral
phenyls and the central C; ring (from 88° for C,Ph7 to 42° for
C,PhH{), and an increase in the planarity of the tropylium
ring. For example, in the C,-optimized structure of the 1,2,4,6-
tetraphenyltropylium cation, the central ring is essentially
planar and the phenyl-to-central ring dihedral angles are 58°
and 45° for the two adjacent phenyl moieties, 1 and 2, and
phenyls 4 and 6, respectively. Steric repulsions between the
central C;-ring hydrogens and the ortho-hydrogens of the
phenyl moieties prevent the electronically optimal coplanar

Table 1. Structural features of 1 and its derivatives.

Species Point Mean y Mean ¢ Mean Enthalpy of
Symme- [°] [°] propeller formation
try angle [°]  [kcalmol™!]

C,Ph,HI 55 35 - -

C,Ph,HD! e} 50 35 - 248.01

C,Ph7 1l 11 13 79 -

C,Phi e} 9 11 88 419.52

C,Ph# 1l D, 0 0 90 419.71

12,4,6-C;H,Phi)  C, ~0 ~0 45,58  309.24

12,4,6-CH,Ph; ¢ 3 3 46,56 309.48

1,3,5-C;H,Phj I (o 0 0 46 279.35

C,H Ph+! C 0 0 42 232.52

CMe7 C, 18 2 n.a. 168.53

CMe7 Ca 0 0 n.a. 183.47

1,3,5-C;H,Me7 C, 0 0 n.a. 182.46

[a] Structure data obtained from X-ray crystallographic data. [b] Structure
data obtained from AMI calculations.
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arrangement between the two types of & systems. In fact, one
might surmise that any nonplanar substituent would pucker
the central C, ring, as shown by the average calculated (AMT1)
interplanar angles of 18° (y) and 22° (¢) for the ground-state
C-optimized structure of the permethylated derivative,
C,Me#, which is almost 15 kcalmol™' more stable than its
planar conformer. We are unaware of any synthetic or
crystallographic studies on this latter system. Ultimately,
these results indicate that the geometrical features observed
in the solid-state structure of C,Phi arise because of a
compromise between steric congestion and the fractional loss
in aromaticity one might anticipate as the ring distorts from
planarity.' ¥l  Given the complex interaction between
molecular structure and crystal packing forces, it is plausible
that a planar crystal form of C,Phi may eventually be
realized.

In his pioneering studies, Olah noted that a plot of the *C
NMR chemical shifts of the central ring carbons in the
aromatic species C,H** (n=3-9) established a linear corre-
lation with the local m-electron density at these carbons.*’]
Moreover, these data indicate a >*C NMR shielding of about
14 ppm per extra 0.1 electron at these carbons. At the
semiempirical level (using the AM1 Hamiltonian and Mul-
liken charges for the ring carbons) we have found that this
correlation still holds, but that the proportionality factor is
approximately 21 ppm per extra 0.1 electron. We also ex-
tended this quantitative relationship to the C,Ph** series (n =
3-7), since phenyl substitution is apt to influence the charge
delocalization within each system. In contrast to the earlier
studies,” all calculations were performed on energy-mini-
mized (AM1 Hamiltonian) structures, since for the larger
rings, the peripheral phenyls are clearly not coplanar with the
central ring. Computation of the Mulliken charges in the
perphenylated series again revealed a reasonable correlation,
with a C NMR shielding of approximately 22 ppm per extra
0.1 electron at the central-ring carbons. In improving the level
of theory from simple Hiickel to semiempirical calculations,
the results indicate that a particular change in *C chemical
shift corresponds to a smaller change in total electron density
(m and o inclusive). We emphasize that the NMR data for such
a series of anionic, neutral and cationic species cannot be
acquired in the same solvent medium, a factor which
introduces a degree of uncertainty in the relationship between
BC resonances and electron density.

A further structural attribute of C,Phf* (n=3-7) molec-
ular paddle-wheels that we have not yet addressed is the
ability of the peripheral phenyl substituents to adopt
either clockwise or anticlockwise orientations, a phenomenon
which confers chirality on the system.?!! The interconversion
of enantiomers of the pentaisopropylcobalticenium cation
reported by Astruc et al. is a striking example of metallocenic
chirality.?2 The pursuit of organometallic derivatives of
C,Ph7, a logical extension of the studies conducted so far,
remains an engaging challenge in view of the chiral nature
of the C,Ph; ligand and the severe steric effects in this
highly hindered system. The application of the C,Ph7 ligand
to various facets of organometallic chemistry is a focus of
current research and will be reported in a forthcoming

paper.
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Experimental Section

All syntheses were performed under an atmosphere of dry nitrogen
utilizing conventional benchtop and glovebag techniques. Solvents were
dried and distilled according to standard procedures.” 'H and *C NMR
spectra were recorded on spinning samples, locked to a solvent signal, with
a Bruker Avance DRX-500 spectrometer ('H: 500.13 MHz, BC:
125.76 MHz). F NMR spectra were acquired with a Bruker AC 300
spectrometer (°F: 282.4 MHz). All NMR resonances were referenced to a
residual proton signal of the solvent, to a *C solvent signal, or to an
external trichlorofluoromethane signal. Electrospray ionization (ESI) and
MS/MS spectra were acquired by a Micromass Quattro-LC triple-quadru-
pole mass spectrometer. For pneumatically assisted electrospray, samples
were injected into a mobile phase consisting of 50/50 CH;CN/H,O flowing
at 10 uL min~". Typical experimental conditions included a source temper-
ature of 80°C, an ESI probe voltage of 3.1 kV, and gas flow rates (N, at
100 psi) of approximately 60 Lh~! for the drying gas and 60 Lh~! for the
ESI nebulizing gas. MS/MS experiments were performed with argon as the
target gas, at a pressure of 1.9 x 1073 mbar and a collision energy of 20 eV.
Melting points (uncorrected) were determined on a Thomas Hoover
melting point apparatus.

[C,Ph7][CF;CO5]-2CF;CO,H (1): Bright orange-red needles of
C,Ph{Br~ were prepared from C,Ph;H and bromine in CCl,, followed by
treatment with acetonitrile containing 6% acetone, as outlined in the
literature.l?l Subsequent digestion of C,PhiBr~ (352 mg, 0.50mm) in a
solution of trifluoroacetic acid followed by filtration and slow solvent
evaporation over several days produced red plates of the title compound 1.
Yield: 260 mg (0.27 mmol, 54 %, based on C,PhiBr-); m.p. 160°C; 'H
NMR (CD;CN, 500 MHz, 25°C):  =6.89 (d of d, '/ =8.1 Hz, 2J=1.6 Hz,
14H, H(ortho)), 6.83 (m, 21 H, H(meta) and H(para); *C NMR (CD;CN,
125 MHz, 25°C): 6 =167.2 (C;-ring)), 141.5 (C-ipso)), 130.4 (C-ortho), 127.8
(C-para), 127.5 (C-meta); “F NMR (CD;CN, 282.4 MHz, 25°C): 6 = —76.2
(s); MS (+ESI): m/z (%) = 623.2 (100) [M*]; MS (ESIMS/MS of [M*] ion):
mlz (%) =545.2 (100) [M — CHg]", 533.2 (7) [M — C;H,] ", 467.2 (18) [M —
2 CHq]*,455.2 (8) [M —2C;H,| ", 367.1 (11),343.1 (6),291.1 (8), 166.9 (35);
CssH3FyOy (964.85): caled C 68.47, H 3.86; found C 68.49, H 4.00.

Crystallographic data for [C,Ph; J[CF;CO;]-2CF;CO,H: X-ray crystallo-
graphic data for 1 were obtained from a single crystal sample, which was
mounted on a glass fiber. Data were collected on a P4 Siemens
diffractometer, equipped with a Siemens SMART 1K charge-coupled
device (CCD) area detector (employing the program SMARTP4) and a
rotating anode utilizing graphite-monochromated Mok, radiation (1=
0.71073 A). The crystal-to-detector distance was 39.91 mm, and the data
collection was carried out in 512 x 512 pixel mode, by 2 x 2 pixel binning.
The initial unit cell parameters were determined by a least-squares fit of the
angular settings of the strong reflections, collected by 4.5° scans in
15 frames over three different parts of reciprocal space (45 frames total).
One complete hemisphere of data was collected, to better than 0.8 A
resolution. On completion of the data collection, the first 50 frames were
recollected in order to improve the decay analysis. Processing was carried
out by the program SAINT,»! which applied Lorentz and polarization
corrections to three-dimensionally integrated diffraction spots. The pro-
gram SADABSP® was utilized for the scaling of diffraction data, the
application of a decay correction, and an empirical absorption correction
based on redundant reflections. The structure was solved by use of the
direct method (procedure outlined in the Siemens SHELXTL program
library®”) followed by full-matrix least-squares refinement on F? with
anisotropic thermal parameters for all non-hydrogen atoms. Hydrogen
atoms were added as fixed contributors at calculated positions, with
isotropic thermal parameters based on the atoms to which they were
bonded. (For cell parameters and intensity collection refer to Table 2.)

Rotational disorder of the fluorine atoms F7, F8 and F9 in one of the
CF;CO,H molecules and a conformational disorder involving C82, O3 and
O4 in the other solvate molecule was established by refinement of the
population factors F7, F8, F9 and F7A, F8A, FOA and C82, O3, O4 and
C82A, O3A and O4A, respectively, with a final occupancy ratio of
approximately 50:50. Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-100958. Copies of the data can be obtained free of charge on
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Table 2. Crystallographic data for 1.

1
empirical formula CssH3,FoOq
M, 964.85
description red plate
crystal size 0.22 x 0.17 x 0.06 mm
T [K] 210(2)
1 [A] (Moy,) 0.71073
crystal system monoclinic
space group P2\/n
a[A] 11.3060(2)
b [A] 21.2346(4)
c[A] 20.9158(1)
a [] 90.0
AN 104.773(1)
v [°] 90.0
v [A3] 4855.44(1)
VA 4
Peca [gem™] 1.320
abs coeff [mm™'] 0.108
scan mode ¢ and o scans
F(000) 1984
6 range for collection [°] 1.39-23.00
index ranges —14<h<14
—26<k<24
—26<1<26
no. reflns collected 29358
no. independent reflns 6741
R(int) 0.0719

refinement method
weighting scheme

full-matrix least-squares on F?
w = 1/[0*F2 + (0.0496 P((F2 + 2F2)/3))?

+2.9838((F2 +2F2)13))]
data/restraints/parameters 6696/15/687
goodness-of-fit on F? 1.052
final R indices (I >20(I))®  R1=0.0613; wR2=0.1237
R indices (all data) R1=0.1102; wR2 =0.1483

mean shift/error <0.001

max. shift/error <0.001

rel. trans. (max., min.) 0.9886, 0.8122
extinction coeff 0.0037(3)

largest diff. peak [e A3 0.231
largest diff. hole [e A~ —0.302

[a] RU=2(|| F| = | Fe| V2| F, | s wR2 = [Z[W(F5 — FOPZ[w(FL)]1

application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

Computational methods: All computed structures were geometry-opti-
mized with the restricted Hartree-Fock assumption using the AMI
Hamiltonian"® found in the Spartan computational package.l” Mulliken
point charges were calculated on the resultant wavefunctions and sta-
tionary points were confirmed to be minima by vibrational frequency
analysis. Planar structures were attained for all members of the C,H:* (n=
3-7) and the C,Phi* (n=3-06) series. In the latter systems, all species
possessed a propeller-like arrangement of the peripheral phenyl rings such
that the dihedral angle between the phenyl rings and the central ring of the
molecule increased as the value of n increased. Conformational searches
were conducted for C;H,_,Ph;; (n=1,3,4, and 7) cations, utilizing symmetry
constraints to identify the higher symmetry molecules. Two conformers of
C,Ph3 were located (AH, (C,) =419.52 and AH; (D,) = 419.71 kJ mol )%l
and based on the energy difference between the two stationary points, the
puckered C, structure represents the global minimum on the potential
energy surface for the heptaphenylcycloheptatrienyl cation. Of the two
conformers of 1,2,4,6-C;H;Ph; that were identified (AH; (C,) =309.24 and
AH; (C)) =309.48 kImol™'), the planar configuration is slightly preferred
over the nonplanar form. It is evident from the results pertaining to C;Ph7
and 1,2,4,6-C;H;Ph; that the potential energy surface near each of the
minima is flat, and accordingly, the convergence criteria were altered and
the maximum step size reduced during the geometry optimization in order
to prevent premature identification of the minima. Given the small energy
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differences that separate the equilibrium structures, it should be empha-
sized that the topology of these regions may be sensitive to changes in the
level of calculation.
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Abstract: fert-Butyl isocyanide reacts
with  the  us;-alkylidyne complex
{TiCp*(u-O)ls(us-CH)] (1, Cp* =1’
CsMe;) to give a single insertion into a
us-carbon —titanium bond and the for-
mation of the new derivative [{TiCp*

2,6-Me,C.H; (8), 2,4,6-Me;CH, (9)).
Curiously, when the reactions with 2,6-
Me,C¢H;NC are carried out in a 1:1
molar ratio, diinsertion products 6 or 8,
and unchanged u;-alkylidyne complex 1
or 2, respectively, are detected. From the
mixture of 6 and 1 the monoinsertion

necessary to heat the mixture of 8 and 2
at 130°C for five days to observe some
evolution; this finally leads to the zwit-
terionic compound [{TiCp*(u-O)}s-
- +
{us-m?-CC(Me)N(2,6-Me,CeHy)}] - (11).
Complex 1 also reacts with excess car-

(u-0)}3(us-n*> HCCNBu)| (3). Similar
reactions of 2,6-Me,CcH;NC and 2.4,6-
Me,CH,NC with the complexes
[({TiCp*(u-O)}s(us-CR)] (R=H (1), Me
(2)) in a 1:2 molar ratio at room temper-
ature lead to the double insertion
compounds  [{TiCp*(u-O)}s{us-n*-RC-
(CNAr),}] (R=H, Ar=2,6-Me,CiH,
(6), 2,4,6-Me;CH, (7); R=Me, Ar=

product

Introduction

A few years ago we reported a new class of oxotitanium
complexes, [{TiCp*(u-O)};(u;-CR)] (R =H, Me), which con-
tain a tetrahedral Ti;CR unit supported by oxygen atoms and
pentamethylcyclopentadienyl (Cp*) ligands. The X-ray crys-
tallographic studies of these complexes suggested that the
apical carbon atom may be regarded as a saturated sp?
alkylidyne carbon.ll This point of view is similar to that
proposed by Chisholm et al.”! for the early transition metal
clusters [M;(u;—CR")(OR)y] (M =Mo, W) as an alternative
description of the sp-hybridized alkylidyne carbon of species
such as the [Co;(u3-CR)(CO)o]-type derivatives studied by
Seyferth, Hoffmann, Hall, and co-workers.B

Interestingly, the ps;-alkylidyne, and in particular the
us-ethylidyne groups, are not exclusive to polynuclear organo-

[*] Dr. M. Mena, Dr. R. Andrés, Dr. M. Galakhov, Dr. P. Gémez-Sal,
Dr. A. Martin, Dr. C. Santamaria
Departamento de Quimica Inorganica, Universidad de Alcald
Campus Universitario, 28871 Alcala de Henares-Madrid (Spain)
Fax: (+34)1-8854683
E-mail: mmena@inorg.alcala.es

1206

[{TiCp*(u-O)}s{us-1P>-HCCN-
(2,6-Me,CH3)}] (10) is formed slowly
at room temperature. However, it is

Keywords: alkylidyne complexes -
cyclopentadienes
structure elucidation - titanium
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bon monoxide at room temperature to
produce only compound [{TiCp*(u-
O)k]a(us-L) ] (L =C¢H,0,) (5), in which
the organic ligand L connects two Ti;O;
cores. The molecular structures of com-
plexes 9 and 11 have been determined

insertions by X-ray diffraction analyses.

metallic complexes; they have also been identified on
numerous metal surfaces, thus providing evidence of a close
relationship between organometallic and solid surface sys-
tems.[* !

The chemistry of the u;-alkylidynetrimetal clusters has been
extensively explored.* ¢ Meanwhile, to our knowledge, the
{CrCp(u-C}s(us-CH) ] (Cp=1>-CsHy),  [{TiCp*(u-O)}s
(u-CR) | and [{TiCp*},(us-CH),]® complexes are the only
reported examples of us;-alkylidyne units supported on
trinuclear cores without metal-metal bonds, and their
reactivity is as yet practically unknown.l!

The facile and high-yield synthesis of these [{TiCp*
(u-0)}5(us—CR)] complexes provide us with the opportunity
to investigate the chemistry of these d° us-alkylidyne com-
pounds. This chemistry might be different to that of mono-
nuclear hydrocarbyl complexes which contain metals in the
highest oxidation state, as there may be cooperative effects
between the metal centres and it may imitate the behaviour of
the alkylidyne groups attached to metal or metal oxide
surfaces. Here we report on the reactions of [{TiCp*
(u-0)}5(u-CR)] (R=H, Me) with isocyanides and the
isoelectronic carbon monoxide that give products derived
from the insertion into titanium —carbon(alkylidyne) bonds.
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Scheme 1. Reactivity of complex 1 with /BuNC and CO. [Ti] = Ti(’-CsMes).

Results and Discussion Table 1. Selected NMR data for complexes 3 and 4 in [Dy]benzene at 25 °C.14]

Assignment 3 4

Reaction of a brownish orange solution of [{TiCp*(u-O)}; o(H) o(tC) o(H) 9("0)
(u3-CH)] (1) in toluene with one equivalent of fBuNC at room  CsMe; 2.16,1.94 12.1,11.6 201,212 124,115
temperature led to a dark brown complex characterized as the ~ CsMes 120.1, 120.2 121.6,123.2

. BT 2 HC-C=X 8.40 176.5 8.52 169.5
monoinserted product [{TiCp*(u-O)};(us-n*-HCCNBu)] (3) 7~ 1605 Ha . 1632 Hy
(Scheme l?. Only monoinsertion takes place, even if two or ! ]Z:: 5.7 Hy 1 ]Z:: 8.0 Hz
three equivalents of fBuNC are used under the same HC-c=X 201.7 216.2
experimental conditions, or the mixture is heated at 130°C  Me;C 117 624,308

overnight.
us-Methylidyne 1 reacts slowly (two days in a NMR tube)
with carbon monoxide to give, as the first product, the

[a] Compounds labelled with BC (see the Experimental Section) were used.

monoinsertion complex [{TiCp*(u-O)};(us-7>-HCCO)] (4),
analogous to 3 (see Scheme 1).

The NMR data for 3 and 4 (Table 1) are in agreement with
the proposed structures for a single insertion of tBuNC or CO
into one of the three Ti—CH(methylidyne) bonds of 1.
The C NMR spectra show typical values for direct
BC(sp*)—"3C(sp?)') coupling constants, and shifts to higher
field for the =CH carbon signals with respect to the starting

Abstract in Spanish: El complejo metilidino 1 reacciona con
tert-butil isocianuro para dar la insercion de una molécula de
isocianuro en uno de los tres enlaces Ti—C del grupo
metilidino y formacion del complejo [{TiCp*(u-O)}s(usn’-
HCCNtBu)] (3), mientras que el complejo etilidino 2, en las
mismas condiciones experimentales, no conduce a reaccion
alguna. El tratamiento a temperatura ambiente de ambos
complejos alquilidino con los isocianuros aromdticos 2,6-
Me,CsH;NC y 2,4,6-Me;C,H,NC, en proporcion 1:2, permite
preparar los complejos de diinsercion, [{TiCp*(u-O)}s{us-n*-
RC(CNAr),})] (R=H, Ar=2,6-Me,C,H; (6), 2,4,6-Me;CsH,
(7); R=Me, Ar=2,6-Me,CsH; (8), 2,4,6-Me;C,H, (9)), tanto
en tubo de RMN como a escala preparativa. Cuando la
reaccion se realiza en proporcion 1:1 a temperatura ambiente,
se pueden detectar los alquilidinos de partida 1 o0 2 y los
complejos de diinsercion 6 u 8 respectivamente. En el caso de
la mezcla de 1 y 6, el producto de monoinsercion, [{TiCp*
(u-0)}s{us-n*-HCCN(2,6-Me,C,H;)}] (10), se forma lenta y
gradualmente a temperatura ambiente, mientras que con la

us-methylidyne complex 1: Ad =3(1) — 6(3) =207.3 ppm and
AO=06(1) — 5(4) =214.3 ppm. These strong displacements
are essentially induced by the change in the coordination
mode of the carbon atom from u; to u,, similar to that
reported for the reactions of 1 with [CpM(CO);H] (M =Mo,
W) to give [TisCp*;(u-O)s(ur-CHy) ][ (u-OC)M(CO),Cp]
(A6 =185.1 ppm).['"" We have also observed a doublet at
0 =201.7 (3) and 216.2 (4) corresponding to the iminoacyl and
acyl carbons, respectively (C=X, X=N¢Bu, O). The IR
spectrum of 3 contains a band at ¥=1559 cm~! due to the
C=N stretching of an iminoacyl moiety bonded to a d° early
transition metal.l"]

The reaction of 4 with excess carbon monoxide at room
temperature leads to the formation of [{[TiCp*(u-O)]s},(us-
C¢H,0,)] (5) in high yield, and is independent of the solvent
used (benzene, hexane, toluene, THF). The NMR data for 5§
(Table 2) are consistent with the presence of two organo-
metallic units {TiCp*(u-O)};, with six inequivalent Cp*
ligands, connected through an organic fragment formed by a
combination of four CO molecules and two CH groups. The
proposed bonding in 5 is depicted in Figure 1. Unfortunately,
all attempts to obtain crystals suitable for X-ray diffraction
studies for the confirmation of this proposed structure have
been unsuccessful.

Table 2. Selected NMR data for [{[TiCp*(u—O)]s}(us—CsH,0,)] (5)
[Dg]benzene at 25°C.[2

o(*H) 6(°C)

2.30,2.25,2.18, 2.14, 1.93, 1.81
(s, CsMes) 6.37, 5.27 (AB spin
system, 3/ =4.5 Hz, CH)

126.0, 123.9, 122.8, 122.1, 120.4, 120.3 (CsMes),
13.6,122,12.1,12.0, 11.8, 11.7 (CsMes), 115.1
(J=172.9 Hz), 105.9 (\T =176.6 Hz) (CH),
291.1 (Cy), 156.5 (Cs), 150.3 (C,), 105.8 (C5)

mezcla de la especie etilidino y 8 es preciso calentar a 130°C
durante 5 dias para obteneﬁ el producto zwitterionico
[{TiCp*(u-0)}s{us-*-CC(Me)N (2,6-Me,C;H3)j] - (11).  El
complejo metilidino 1 también reacciona con un exceso de  spin-spin coupling constants (Hz)

CO para dar el compuesto [{TiCp*(u-O)};/»(us-L)] (L= C,-C,(J) 48.3 C-Cs (V) 18.4
C:H,0,) (5) en el que el ligando orgdnico L conecta dos €i=Cs () 527 G-Cs (V) 350
C—C, (1) 452 Co=Cs (1) 69.4

unidades Ti;O;. Las estructuras moleculares de 9 y 11 han sido

. . ) .. C-C, (V) 52.8
determinadas por estudios de difraccion de rayos-X.

[a] Compounds labelled with '*C (see the Experimental Section) were used.
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Figure 1. Structural proposal for compound 5. {Ti} = TiCp*(u-O).

In contrast with the behaviour found for 1, tBuNC did not
react with the us-ethylidyne complex [{TiCp*(u-O)};
(u-CMe)] (2), and carbonylation led only to unidentified
products.

Complexes 1 and 2 were then treated
with aromatic isocyanides, ArNC (Ar=
2,6-Me,C¢Hj;, 2,4,6-Me;CsH,), in 1:1, 1:2
and 1:3 molar ratios under various con-
ditions (Scheme 2).

Treatment of 1 and 2 with both isocya-
nides in 1:2 molar ratio at room temper-
ature gave orange solutions from which
the  products  [{TiCp*(u-O)}s{us-n*-
RC(CNAr),}] (6-9) were isolated in
75-90 % yield as orange microcrystalline
solids (see Scheme 2). They arise from the
insertion of two isocyanide molecules into
the titanium - alkylidyne group connec-
tivity.

The analogous reaction with excess
isocyanide did not lead to the triinsertion
product, instead, only the diinsertion
reaction occurred. Furthermore, we have
observed that the addition of a different

cp*2

R
! ;
A A
r\N / \C N/ r
'.-":_' _:“ : 2ArNC [T,] / i
"- ," ___[T|]__o \‘ H Overnlght /
el N /[Tl]
m—__——m s
1:R=H
6-9 2:R=Me

Scheme 2. Reactivity of complexes

isocyanide to a [D¢]benzene solution of 6-9 gave rise to
deinsertion and consequently a mixture of diinsertion prod-
ucts was detected by NMR spectroscopy.!?! It should be noted
that deinsertion of CO from acyl complexes is a well-known
reaction,l''?] while the analogous process in iminoacyl com-
pounds is not so frequent.['?]

Molecular structure of complex 9: Complex 9 crystallised
from a diluted hexane solution at 4°C and was characterised
in the solid state by an X-ray diffraction study. The molecular
structure and atom-labelling scheme of 9 are shown in
Figure 2 and the relevant geometrical parameters are sum-
marised in Table 3.

Complex 9 has a crystallographic plane of symmetry which
contains Til, O11, C2, C3 and which bisects a Cp* ring. The
structure of this compound may be considered as an organic
fragment, comprising N1, C1, C2, C3, Cla and Nla, supported
on the organometalhc oxide CpiTi;O;5. The C1-C2 distance
of 1.390(12) A is intermediate between a single (sp>—sp?,
1.50 A) and a double bond (sp>—sp?, 1.34 A).[ The N1-C31
bond length of 1.465(13) A is clearly longer than a C—N bond

Cp2a Cp'2

A B

Figure 2. Front (A) and side (B) view of molecular structure of 9. 7°—CsMes and 2,4,6-Me;C.H,
groups are omitted for clarity. Cp* are the centroids of the corresponding CsMe; rings. C31 and C31a
are the ipso-carbon atoms of the 2,4,6-Me,C4H, groups.

N-Ar
: /
c-——c\
R H,
U __m
~115°C, 12h /
[Tr] /
o
1ArNC
Me
|
C‘~\N -Ar
[R=Me, [Ti]
~130°C, 5d. / 7( [TI]
[TI]

1 (R=H) and 2 (R=Me) with ArNC (Ar=2,6-Me,C¢H,, 2,4,6-Me3C6H2). [Ti] = Ti(y>-CsMes). 6: R=H, Ar=2,6-

Me,C¢H;; 7: R=H, Ar=24,6-Me;C,H,; 8: R=Me, Ar=2,6-Me,C¢H;; 9: R=Me, Ar=24,6-Me;C¢H,; 10, 11: Ar=2,6-Me,CsH;.
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Table 3. Selected bond lengths [A] and angles [°] for 9. Cp* are the
centroids of the CsMes rings.

Til-012 1.851(6) Til-Cl 2.273(10)
Til-C2 2.577(14) Til -+ Ti2 2.834(2)
Ti2 - Ti2a 3.428(3) Ti2-012 1.827(6)
Ti2-011 1.889(4) Ti2-N1 2.049(9)
Ti2-C1 2.221(9) N1-Cl1 1.296(12)
N1-C31 1.465(13) Ccl-C2 1.390(12)
-3 1.53(2) Til - Cp*1 2.101
Ti2-Cp*2 2.127

012-Til-O12a 94.6(4) 012a-Til-Cl 124.8(3)
012-Til-C1 82.9(3) C1-Til-Cla 56.4(5)
Ti2-Til-Ti2a 74.45(9) 012-Ti2-011 100.1(3)
O12-Ti2-N1 104.7(3) O11-Ti2-N1 111.9(4)
012-Ti2-C1 84.9(3) O11-Ti2-C1 87.7(4)
N1-Ti2-C1 35.1(3) C1-N1-C31 125.1(9)
C1-N1-Ti2 79.8(6) C31-N1-Ti2 149.0(7)
Ti2-O11-Ti2a 130.3(5) Ti2-O12-Til 100.8(3)
N1-C1-C2 140.9(10) N1-CI-Ti2 65.2(6)
C2-C1-Ti2 145.5(7) N1-C1-Til 132.5(7)
C2-C1-Til 85.8(7) Ti2-C1-Til 782(3)
Cla-C2-Cl 101.3(11) C1-C2-C3 128.6(6)
Cla-C2-Til 61.6(6) C1-C2-Til 61.6(6)
C3-C2-Til 148.7(10) C36-C31-C32 121.1(12)
C36-C31-N1 121.4(11) C32-C31-N1 117.4(11)
Cp*1-Til-012  109.6 Cp*1-Til-C1 123.1
Cp*2-Ti2-012  106.8 Cp*2-Ti2-011 1154
Cp*2-Ti2-N1 116.0 Cp*2-Ti2-C1 150.8

(sp>N, 1.36 A) and close to that reported for methylamine
(sp-N, 1.47 A),i4 while the N1-Cl bond length of
1.296(12) A is in the range of a C=N bond (1.28 A).[1214
The aromatic ring linked to N1 is perpendicular to the plane
formed by the atoms N1, Cl1 and Ti2 (dihedral angle=
92.4(4)°). All this data is consistent with a s electronic
delocalisation along the organic fragment formed by N1, C1,
C2, Cla and N1la with no contribution from the two aromatic
rings joined to the nitrogen atoms.

In the organometallic oxide fragment, Ti2, Ti2a, O12 and
O12a form a plane with O11 located 0.414 A below and Til
1.253 A above that plane. This arrangement represents a very
constrained chair conformation, with a dihedral angle of
86.1(2)° between the [Ti2, Ti2a, O12, O12a] and [Til, O12,
O12a] planes, due to the coordination of Til to C1 and Cla
from the organic fragment.

As regards the connection of both fragments, the Ti2—N1
distance of 2.048(8) A compares well with the Ti—N bond

Ar

lengths in titanium 7*iminoacyl complexes!!!® 1l and is very
similar to those of [Ti'Cp%(NMePh)] (2.054(2) A)!l and
[(CO5)W{C(NMe,)O}TiCp*(NMe,),] (av 2.058 A)['7 in which
a Ti—N single bond with the absence of multiple bonding is
suggested. Moreover, the Ti2—C1 and Til -C1 distances of
2.222(9) A and 2.274(10) A, respectively, are considerably
longer than the titanium-iminoacyl carbon distances in
[TiCp.{7*-(2,6-Me,Ph)NCPh}] (2.096(4) A)'8l and in com-
pounds of the general formula [Ti(ArO),(7*-RCNR’)(R)]
(2.086(6), 2.096(5) A).") And finally, the Til ---C2 distance
(2.577(14) A) is far longer than the previous ones, indicating
non-bonding interactions between both atoms.

On the basis of the structural features, we propose that the
compounds 6-9 can be described by the contribution of the
Lewis structures I and II (Figure 3), in which the iminoacyl

R R

/C\CZN/Ar Ar\N:C/C\
[\

AN k/

N

e

c—N
/ o_[Ti]io '
- N

i]\o/m]

/o——[Til—o

[Ti]\o/m]

Figure 3. Bonding in the compounds 6-9. [Ti] = Ti(3°-CsMes).

carbon atoms are coordinated to two titanium atoms and the
ethylidyne group is orientated away from the Ti;O; core.
The 'H and BC NMR spectra of 6-9 (Table 4) are in
agreement with a C; symmetry for these compounds, which is
in contrast with the C;, symmetry of 1 and 2. The NMR
spectra clearly reveal a very impressive highfield displace-
ment of the =CH [Ad('H) =7.52 (6), 7.36 (7); AS(3C) =305.2
(6), 305.3 (7)] and =CCH; [AO(‘H)=1.64 (8), 1.57 (9);

Table 4. Selected NMR data for compounds 1, 2, 6—9 in [D¢]benzene at 25°C.[2)

Com- J('H) o(BC)
pound
1 1.96 (CsMes); 12.59 (=CH) 119.8, 11.7 (CsMes); 383.8 (/ =138.2, =CH)
6! 1.96, 1.84 (CsMes); 5.07 (HC-C=N) 120.1, 119.5, 12.3, 11.7 (CsMes); 78.6 (d, J=174.9, HC-C=N);
218.3 (d, Joc=44.0, HC-C=N)
2.23,1.69 (2,6-Me,C¢H,); 6.96, 6.87 (2,6-Me,CsH;) 20.0, 19.7 (2,6-Me,CH;); 146.9, 132.3, 131.1, 128.4, 125.4 (2,6-Me,C.Hs)
7 1.99, 1.87 (CsMes); 5.23 (HC-C=N) 120.0, 119.5, 12.4, 11.8 (CsMes); 78.5 (d, J=173.0, HC-C=N); 218.4 (s, HC-C=N)
2.24,2.16, 1.71 (2,4,6-Me;CH,); 6.81, 6.69 (2,4,6-Me;C.H,) 20.8,20.0,19.7 (2,4,6-Me;CH,); 144.2,134.4,132.0,130.8,129.2,129.1 (2,4,6-Me;CH,)
2 1.95 (CsMes); 2.81 (=CMe) 119.5, 11.3 (CsMes); 401.7 (3] = 6.4, =CMe); 39.1 (=CMe)
8 1.97,1.91 (CsMes); 1.17 (MeC-C=N) 120.0, 119.2, 12.1, 11.8 (CsMes); 92.4 (d, 2/ = 5.4, MeC-C=N); 215.5 (s, MeC-C=N)
226, 1.75 (2,6-Me,C¢H;); 6.92, 6.83 (2,6-Me,CcH) 20.3, 19.8 (2,6-Me,CeH3); 147.2, 132.1, 131.9, 127.3, 125.3, (2,6-Me,CsH;)
9 2.00, 1.93 (CsMes); 1.24 (MeC-C=N) 119.9, 119.1, 12.1, 11.8 (CsMes); 92.2 (d, 2/ = 5.4, MeC-C=N); 215.7 (s, MeC-C=N)

2.26,2.14, 1.77 (2,4,6-Me;CgH,); 6.76, 6.66 (2,4,6-Me,CoH,)  20.9,20.3,19.8 (2,4,6-Me,CoH,): 144.5, 134.3,131.5, 131.7,128.8,129.0 (2,4,6-Me,CoH,)

a 1n-spin coupling constants in Z. “C-lapelle erivative 6 was used.
[a] Spin-spin coupling in Hz. [b] *C-labelled derivative 6 d
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AS(1*C)=309.3 (8), 309.5 (9)] resonances with respect to the
starting complexes 1 and 2. The C chemical shifts for the
alkylidyne carbons =CH [0 =78.5 (6, 7)] and =CMe [0 =92.3
(8,9)] and the values of direct carbon - proton [/ =174 Hz (6,
7)] and carbon —carbon [/ =44 Hz (6) ] coupling constants are
typical of organic olefin fragments. These data are in agree-
ment with the insertion of isocyanide molecules into Ti-
C(alkylidyne) bonds and the loss of coordination to any
metal atom for the a-carbon of the ethylidyne group as found
in the X-ray study of 9.

The 3C NMR signals for the iminoacyl groups RC(CNAr),
lie in the range 0=215-219 and the IR spectra show
absorption bands at 7=1548 (6), 1550 (7), 1563 (8) and 1570
(9) cm~! attributable to the C=N stretching, in agreement with
the values found for other 7*iminoacyl complexes.'!l The
NMR spectra of 6—9 indicate the existence of two equivalent
Ar rings without C,, symmetry; this is attributed to the slow
rotation of the bulky Ar groups around the N-C,,,(Ar)
bonds.

All these complexes show
peaks for the molecular ion in
the EI-MS spectra (see the Ex-
perimental Section). In addition,
the consecutive losses of two
isocyanide molecules and forma-
tion of the alkylidyne fragments
[{TiCp*(u-0)}(us-CR)*] [miz =
610 (R=H), 624 (R=Me)] are
observed as a fairly general frag-
mentation pathway.

Reactions  of  [{TiCp*(u-
0)}3(us-CR)] (R=H @),
Me(2)) with (2,6-Me,CH;)NC
in a 1:1 ratio initially proceed in
the same way and the product of
diinsertion (6 or 8), together with
unconverted starting us-alkyli-
dyne complex (1 or 2), were
observed by NMR spectroscopy
at room temperature. From the
mixture of 1 and 6, the formation
of the monoinsertion product
[{TiCp*(u-O)}s{us-n*>HCCN(2,6-Me,C,H;)}] (10) was slow
and gradual at room temperature (see Scheme 2); it was
necessary to heat the mixture at 115°C for 12 hours to
complete the reaction in good yield. The bonding in complex
10, as proposed from the NMR data (see the Experimental
Section), is analogous to that in complexes 3 and 4.

Surprisingly, a mixture of 2 and 8 did not progress to the
monoinsertion product at room temperature, and it was
necessary to heat the mixture at 130°C for five days to obtain
only 11 in high yields (see Scheme 2). The molecular ion
(m/z=755) and the fragment [M* — N(2,6-Me,C¢H;), m/z =
636] were observed in the EI-MS spectrum of 11.

The NMR spectra of complex 11 are consistent with a Cg
symmetry: there are signals for two different Cp* ligands
(1:2), one 2,6-Me,C¢H; aromatic ring with local C,, symmetry
and one =CMe group (for more details see the Experimental
Section).
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The BC NMR spectrum displays two quartets at 6 =179.0
(3J=5.4Hz) and 18.9 (J=127.5 Hz) that are assigned to the
C(sp*)~Me moiety. The “C{!H} NMR spectrum of the 3C-
labelled complex 11 shows a doublet of doublets at § =284.1
(/=183 and 2/ = 19.1 Hz) for the u,-coordinated carbon atom
through carbon-carbon direct and geminal spin coupling
with the BC(sp?)-'*Me group. As in the starting complex 2,
the direct carbon—carbon spin coupling between the ethyl-
idyne carbon atoms is not observed.l?"

In order to clarify the detailed structure of compound 11
and to determine the ethylidyne/isocyanide rearrangement,
we obtained crystals suitable for X-ray diffraction analysis.

Solid-state structure of complex 11: The molecular structure
and atom-labelling scheme of 11 are shown in Figure 4 and
relevant geometrical parameters are summarised in Table 5.

Complex 11 has a crystallographic plane of symmetry which
contains Til, N1, C1, C2, C3, O2, C(41) and which bisects a
CsMe; ring. The structure of 11 shows a us-7>-CC(Me)N(2,6-
Me,C¢H;) ligand supported on a trinuclear organometallic

Figure 4. Molecular structure (A) and a simplified view (B) of 11, as determined by single-crystal X-ray analysis.

Table 5. Selected bond lengths [A] and angles [°] for 11. (Cp* are the
centroids of the CsMejs rings.)

Til-01 1.853(3) Til-N1 2.135(5)
Til-Cl 2.559(7) Til -+ Ti2 2.960(1)
Ti2 - Ti2a 2.757(2) Ti2- 02 1.835(3)
Ti2- 01 1.841(4) Ti2-Cl 2.017(5)
N1-C2 1.334(8) N1-C41 1.436(8)
Cl-C2 1.409(9) -C3 1.511(9)
Til - Cp*1 2.125 Ti2— Cp*2 2.065
01a-Til-O1 113.7(2) O1-Til-N1 107.5(2)
Ti2-Til-Ti2a 55.5(1) 02-Ti2-01 106.9(2)
02-Ti2-Cl 86.9(2) 01-Ti2-Cl 92.2(2)
Ti2a-Ti2-Til 62.2(1) Ti2-O1-Til 106.5(2)
Ti2-02-Ti2a 97.4(2) C2-N1-C41 120.0(6)
C2-N1-Til 102.1(4) C41-N1-Til 137.8(4)
C2-C1-Ti2 132.5(2) Ti2a-C1-Ti2 86.3(3)
N1-C2-Cl 116.9(6) N1-C2-C3 121.2(6)
C1-C2-C3 121.9(6) Cp*1-Til-N1 116.8
Cp*1-Til-O1 105.8 Cp*2-Ti2-01 1173
Cp*2-Ti2-02 118.0 Cp*2-Ti2-Cl 129.4
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oxide. The C1-C2 (1.409(9) A), C2-C3 (1.511(9) A) and N1—
C41 (1.436 (8) A) bond lengths correspond to single bonds,
while the C2—-N1 (1.334(8) A) bond length is longer than the
double bond C=N in imines (1.28 A).1¥l C1 is located
0.277(7) A above the plane formed by Ti2, Ti2a and C2 to
adopt a slightly pyramidal geometry, while C2 and N1 have
planar environments. As can be seen in Figure 4, the plane
formed by N1, C1, C2, C3 and C41 is perpendicular to that
formed by the atoms Ti2, C1, Ti2a and to the 2,6-Me,C¢H;
group. Hence, the organic fragment can be described as the
ionic form proposed to explain the wide and useful reactivity
of the enamines and shown in Scheme 3.2 Furthermore, this
ionic form may be regarded as the transition state of the
rotation about the C=C bond in organic??? and organometal-
lic?3l enamines.

,T. Lk
R R" S
R L
RoN R | b
R

Scheme 3. Ground state and transition state (ionic form) for organic
enamines.

The analysis of the supporting organometallic fragment
reveals an isosceles triangle of titanium atoms with two
distances Til-Ti2 (2.960(1) A) longer than Ti2—Ti2a
(2.757(2) A), and angles Ti2-Til-Ti2a of 55.5(1)° and Til-
Ti2-Ti2a of 62.2(1)°. The Ti-O-Ti angles (av 103.5(2)°) are
clearly smaller than those in [TiCp*Me(u-O)]; (av 132.9°),24!
[TiCp*Cl(u-O)]5 (av 133.9°)2%! and [TiCp*(#'-crotyl)(u-O)];
(av 133.6°),*l but are comparable to those found for
[{TiCp*(u-O)}5(u-CR) ] (R=H, Me; av 100.8°).11

The connection of both fragments show Ti2—C1, Ti2a—-Cl1
bond lengths (2.017(5) A), which are much shorter than those
found for other organotitanium oxides, such as [{TiCp*(u-O)};
(u-CR)] (R=H, 2.10 A; R=Me, av 2.11 A)l [TiCp*Me
u-0)]; (av  2.09 A) 24l [TiCp*(5'-crotyl)(u-O)]; (av
2.13 A),2%l [(Ti,CpiMe,)(u-0)s] (av 2.11(2) A),>! and are
unprecedented for a titanium—carbon single bond.?®l This
possibly denotes double-bond character. Moreover, it is
noteworthy that the Til-N1 distance (2.135(5) A) is very
long compared with that involving the 7?-iminoacyl ligands in
complex 9 (2.048(8) A).

The structure of complex 11 in solution appears to be rigid
on the NMR time scale since no changes are observed in its
NMR spectra between —100°C (11.7 T) and +80°C (7.3 T).
Hence, we propose that the Ti;O; core fixes the geometry and
stabilises the zwitterionic CC(Me)N(2,6-Me,C¢Hs;) ligand by
delocalising the negative and positive charges over the
Ti,(u,-C) and Ti--- NC(Me) systems, respectively.

Conclusions

The us-alkylidyne complexes described provide a very good
system for the investigation of the rich chemistry of alkylidyne
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groups on a trinuclear support without metal — metal bonds.
Unsaturated molecules, such as CO or isocyanides, are
incorporated into the Ti;O; core by insertion into the
alkylidyne units in a quite specific manner and under mild
reaction conditions. The Ti;O; core in such complexes exhibits
chemical and geometrical flexibility, stabilising unexpected
bonding, as found in the complexes [{TiCp*(u-O)}s{us-n*-
RC(CNAr),}] and especially in the zwitterionic derivative
[{TiCp*(u-0) sfus-1P-CC(Me)N(2.6-MesCHy ).

This preliminary study on the reactivity of the trinuclear
organometallic oxide complexes [{TiCp*(u-O)};(u5-CR) ] sug-
gests that its behaviour towards other molecules should be
worthy of further investigation.

Experimental Section

General Procedures: All reactions were carried out under atmosphere of
dry, O,-free, Ar, with Schlenk techniques or in a MBraun glovebox.”"]
Solvents were reagent grade, carefully dried from the appropriate drying
agents (Na/K or Na) and distilled under argon prior to use.
[{TiCp*(u-O)}3(u5-CR) ] (R =H (1), Me (2)) were synthesised according to
the published procedures,!l (2,4,6-Me;CsH,)NC was prepared by the
standard method?! and (2,6-Me,C¢H;)NC and BuNC were purchased
from Aldrich. BCH;l, CH;"*CH,I, BCO (99 %, "*C) were purchased from
Cambridge Isotope Laboratory and CO from SEO (Sociedad Espafiola de
Oxigeno, S.A.).

NMR spectra were recorded on Varian Unity 300 or 500-Plus spectro-
meters. Trace amounts of protonated solvents were used as references, and
chemical shifts are reported relative to TMS. IR spectra were recorded on a
Perkin Elmer 883 spectrophotometer with KBr pellets. Electron Impact
(EI) mass spectra were recorded at 70 eV on a Hewlett Packard 5988
spectrometer. C, H and N microanalyses were performed with a Heraeus
CHN-O-RAPID and/or Perkin Elmer 240-C microanalyzers. Thermal
reactions were carried out in a Roth autoclave model III (300 mL), with
heater model 30S (20-300°C) and temperature regulator model DR 500.
[{TiCp*(u-0)}s(us-*CH) ] ([*C]1): [(**CH;)MgI] in diethyl ether (30 mL)
was prepared by the standard method from '*C—methyl iodide (1.30 mL,
26.19 mmol, 99 % BC) and magnesium turnings (3.00 g). The solution was
filtered onto [{TiCp*Cl(u-O)};]™" 2" (8.30 g, 11.79 mmol) in THF (250 mL)
at 0°C. The reaction mixture was allowed to warm to room temperature,
stirred overnight and dried. The solid residue was extracted three times
with toluene/hexane (50 mL, 1:1), and evaporated to dryness to give a
partially methylated solid (6.20 g). LiMe (7.1 mL, 11.37 mmol, 1.6M in
Et,0) was added to a cold solution (0°C) of this solid in THF (150 mL).
The mixture was stirred overnight at room temperature, evaporated to
dryness and the solid extracted three times with toluene/hexane (50 mL,
1:1). The final solution was evaporated in vacuo to afford [{TiCp*(**Me)(u-
O)}s]. Yield: 5.6 g, 74 %.

A solution of [{TiCp*(**Me)(u-O)};] (1.00 g, 1.55 mmol) in toluene (50 mL)
was sealed in a Carious tube and heated at 205 °C for 10 days. The Carious
tube was opened in a glovebox and the solvent removed in vacuo to yield a
brownish orange solid, identified by 'H and C NMR spectroscopy as
[{TiCp*(u-O)}s(us-*CH)] ([**C]1). Yield: 0.90 g, 95%.
[{TiCp*(u-0)}3(u:-"CPCHy) 1 ([PCJ2): [{TiCp*("CH,CH,)(u-O)};] was
prepared by an analogous method to that described for [{TiCp*('*Me)
(u-0)}5] from CH,BCH,I (0.5 mL, 6.37 mmol, 99 % “C), magnesium turn-
ings (0.15 g, 6.37 mmol), [{TiCp*Cl(u-O)};] **) (1.43 g, 2.04 mmol) and
EtMgCl (0.85 mL, 1.69 mmol, 2.0m in THF). The final solution was filtered,
concentrated and cooled to —40°C, to give [{TiCp*(*CH,CH,)(u-O)};] as
an orange crystalline solid. Yield: 0.65 g, 47 %.

A solution of [{TiCp*(**CH,CH;)(u-O)};] (30 mg, 0.04 mmol) in C¢Dy
(0.6 mL) in a NMR tube was sealed and heated at 200 °C for 12 hours to
give the compound [{TiCp*(u-O)};(us-C3CH;)] ([*C]2) in practically
quantitative yield.
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[{TiCp*(u-0)}3(u5-n*-HCCNrBu) ] (3): tBuNC (81 uL, 8.19 mmol) diluted
in toluene (10 mL) was slowly added to a solution of 1 (0.50 g, 8.19 mmol)
in toluene (40 mL) at 0°C. The reaction mixture was stirred for 2 hours at
room temperature. The solvent was removed to afford 3 as a brown solid.
Yield: 0.55 g, 96 %; IR (KBr): #=2910 (m), 1559 (m), 1436 (s), 1374 (m),
1193 (m), 782 (vs), 715 (m), 680 (m), 606 (m), 418 (m) cm~'; anal. calcd for
Ti;O;NCyHss (M= 693.45): C 62.35, H 7.99,N 2.02; found: C 61.49, H 8.03,
N 1.32.

Reaction of [*C]1 with rBuNC: A solution of [*C]1 (40 mg, 0.06 mmol)
and rBuNC (6.4 pL, 0.06 mmol) in C;Dg (0.60 mL) was sealed in a NMR
tube and kept at room temperature. After 30 min the product [{TiCp*
(u-O)}3(us-*-PCHCNBu)| was identified by 'H and ®C NMR spectro-
scopy.

[{[TiCp*(#-0) Is},(#6-CsH,04) 1 (5): A solution of 1 (0.50 g, 0.82 mmol) in
toluene (50 mL) was placed in a 500-mL Schlenk flask. The solution was
frozen with liquid N, and the argon atmosphere was replaced by CO. The
mixture was allowed to warm to room temperature and stirred for five days.
Then the CO atmosphere and the solvent were removed in vacuo to yield a
crude product (1.00 g, 93%). This was crystallised from THF/hexane to
afford 5 as a brown solid. IR (KBr): #=2913 (s), 2850 (m), 1603 (m), 1437
(m), 1374 (m), 1261 (m), 1192 (m), 1135 (m), 998 (m), 820 (s), 776 (vs), 707
(vs), 650 (s), 606 (s), 420 (m) cm™!; anal. caled for TigO;(CesHoy (M=
1332.68): C 59.48, H 6.96; found: C 58.81, H 7.56.

Reaction of [BC]1 with CO and CO: A solution of [PC]1 (50 mg,
0.08 mmol) in C;D¢ (0.7 mL) was transferred into a NMR tube, placed
under CO atmosphere at —78°C and the tube sealed. The mixture was
allowed to warm to room temperature. After two days the final product was
identified by NMR spectroscopy. The reaction with *CO was carried out in
an analogous manner.

[{TiCp*(u-0)}s{us-1*-RC(CNAr),}] (R =H, Ar=2,6-Me,C¢H; (6), 2,4,6-
Me;CH, (7); R =Me, Ar=2,6-Me,C.H; (8), 2,4,6-Me;CH, (9)): All these
compounds were prepared in the same way by addition of a solution of the
corresponding isocyanide in hexane to a solution of [{TiCp*(u-O)};
(u3-CR)] (R=H (1), Me (2)) in hexane at room temperature. The reaction
mixture was stirred overnight, then concentrated and cooled to 4°C. The
products were obtained in good yield (75-90%) and high purity (>95%
by 'H NMR). The preparation of 6 is reported as an example.
[{TiCp*(u-0)}s{us-n*-HC(2,6-Me,C;H;NC),} (6): 2,6-Me,C,H;NC (0.17 g,
129 mmol) in hexane (S5mL) was added to a solution of 1 (0.40 g,
0.65 mmol) in hexane (50 mL). The reaction was stirred at room temper-
ature overnight. The orange solution was concentrated (30 mL) and cooled
to 4°C to afford microcrystalline 6. Yield: 0.42 g, 74 %; IR (KBr): 7#=2909
(m), 1548 (m), 1488 (s), 1440 (m), 1371 (s), 1024 (s) cm~'; MS (EI): m/z (rel.
int. %): 741 [M* — (2,6-Me,C¢H;NC)] (39), 610 [M* —2(2,6-Me,CcH;NC) |
(21); anal. caled for Ti;O3N,CHy, (M =872.66): C 67.43, H 7.39, N 3.20;
found: C 67.12, H 7.83, N 2.99.
[{TiCp*(u-0)}:{us-n*-HC(2,4,6-Me;CH,NC),}] (7): The reaction of 1
(0.40 g, 0.65 mmol) and 2,4,6-Me;C,H,NC (0.19 g, 1.31 mmol) gave 7 as
an orange microcrystalline solid. Yield: 0.46 g, 78 %; IR (KBr): 7=2911
(m), 1550 (m), 1494 (s), 1440 (m), 1371 (s), 1023 (s) cm~'; MS (EI): m/z (rel.
int. %): 755 [M*—(24,6-Me;CH,NC)] (32), 610 [M*—2(24.6-
Me;C,H,NC)] (57); anal. caled for Ti;O3N,Cs;Hgg (M1=900.71): C 68.00,
H 7.61, N 3.10; found: C 68.58, H 8.19, N 2.91.
[{TiCp*(u-0)}s{us-n*-MeC(2,6-Me,CH;NC),}] (8): The reaction of 2
(0.40 g, 0.64 mmol) and 2,6-Me,C,H;NC (0.18 g, 1.28 mmol) gave orange
crystals of 8. Yield: 0.50 g, 87 %; IR (KBr): % =2908 (m), 1563 (m), 1460 (s),
1440 (m), 1370 (s), 1023 (s) cm™!; MS (EI): m/z (rel. int. %): 755 [M* — (2,6-
Me,CH;NC)| (13), 624 [MT—2(2,6-Me,C,H;NC)] (3); anal. caled for
Ti;O;N,Cs,H;y (M;=2886.69): C 67.72, H 750, N 3.16; found: C 68.09,
H 8.20, N 3.23.

[{TiCp*(u-0)}s{us-n*-MeC(2,4,6-Me;CcH,NC),}] (9): The reaction of
[{TiCp*(u-O)}5(us-CMe)] (2) (0.40 g, 0.64 mmol) and 2.4,6-Me;C(H,NC
(0.18 g, 1.28 mmol) gave 9 as an orange crystalline solid. Yield: 0.52 g, 89 %;
IR (KBr): #=2910 (m), 1570 (m), 1465 (s), 1372 (s), 1022 (s) cm~'; MS (EI):
miz (rel. int. %): 769 [M*—(2,4,6-Me;CqH,NC)] (1); anal. calcd for
Ti;O;N,Cs,H;y (M;=914.74): C 68.27, H 771, N 3.06; found: C 68.70,
H 7.85, N 2.85.

[{TiCp*(u-0)}s{u;-n*>HCCN(2,6-Me,C¢H)}] (10): A solution of 1 (0.40 g,
0.65 mmol) and 2,6-Me,CsH;NC (0.08 g, 0.65 mmol) in toluene (60 mL)
was transferred by cannula into a 150-mL Carious tube and then sealed
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under vacuum by flame. This solution was heated in an autoclave at 115°C
for 12 h. The Carious tube was opened in a glovebox and the solution was
concentrated and cooled to ~—40°C to yield a dark brown solid. Yield:
0.30 g, 63 %; IR (KBr): #=2910 (m), 1547 (m), 1436 (s), 1374 (m), 1025
(s) em™!; 'TH NMR (300 MHz, C(Dy, 20°C): 6 =7.99 (s, 1H, HC-C=N), 6.94
(m, 3H, 2,6-Me,CsHs), 2.01 (s, 15H, CsMes), 1.95 (s, 30H, CsMes), 1.80 (s,
6H, 2,6-Me,C¢H;); *C NMR (75 MHz, C¢Dg, 20°C): 6=204.9 (s, 2J=
3.6 Hz, HC-C=N), 172.5 (d, J=160.3 Hz, HC-C=N), 1472, 132.3, 128.3,
1279, 125.2 (J/=156.9 Hz, 2,6-Me,C¢H;), 121.3, 120.1 (m, CsMes), 19.3 (q,
J=125.6 Hz, 2,6-Me,C.Hs), 11.1, 11.9 (q, J =125.6 Hz, CsMes); anal. calcd
for Ti;OsNC,Hss (M=741.49): C 64.78, H 747, N 1.89; found: C 64.69,
H 772, N 1.95.

Reaction of [BC]1 with 2,6-Me,CH;NC: The compound [{TiCp*
(u-0)}s5{us-n*-HBCCN(2,6-Me,CsH;)}] was prepared similarly to 10 from
[BC]1 (40 mg, 0.06 mmol) and 2,6-Me,C,H;NC (8.59 mg, 0.06 mmol) in
C¢Dg (0.7 mL). The NMR tube was sealed in a vacuum and heated at 115°C
for 12 hours. The product was identified by NMR spectroscopy.

[{TiCp*(u-0)};{u;-n*C C(Me)I(I(Z,6-MezC6H3)}] (11): Compound 11 was
prepared in 92% yield in an analogous manner to 10: The solution was
heated in an autoclave at 130 °C for five days. IR (KBr): #=2909 (s), 1426
(s), 1390 (s), 1373 (s), 1255 (m), 1161 (m), 1089 (m), 1023 w, 1190 (m), 844
(s), 773 (s), 685 (vs), 659 (s), 621(m), 602 (m), 402 (s), 328 (m) cm™;
'"H NMR (500 MHz, CDCl; 20°C): 6 =6.93 (m, 3H, 2,6-Me,C;H;), 2.12 (s,
30H, CsMes), 1.89 (s, 6H, 2,6-Me,CsH;), 1.82 (s, 15H, CsMes), 0.97 (s, 3H,
CC(Me)=N); BC NMR (125 MHz, CDCl;, 20°C): 6 =284.1 (s, CC(Me)=N),
179.0 (q, %/ =5.4 Hz, CC(Me)=N) 144.8, 132.3, 128.0, 125.4 (J=156.6 Hz,
2,6-Me,C¢H,), 122.6, 119.2 (m, CsMes), 22.2 (q, J = 127.5 Hz, 2,6-Me,C¢Hs),
18.9 (q, J=1275 Hz, CC(Me)=N), 11.6, 10.9 (q, J =125.6 Hz, CsMes); MS
(EI): m/z (rel. int. %): 755 [M*] (15), 636 [M* —N(2,6-Me,CH,)] (11);
anal. caled for Ti;OsNC, Hy; (M= 755.52): C 64.80, H 7.43, N 1.72; found:
C 65.17, H 7.60, N 1.85.

Reaction of [BC]2 with 2,6-Me,CH;NC: 2,6-Me,C;H;NC  (8.40 mg,
0.06 mmol) was added to a solution of ["*C]2 (40 mg, 0.06 mmol) in C;Dg
(0.7 mL). The NMR tube was sealed and heated at 130 °C for five days. The
compound [{TiCp*(u-O)};{us-1>-C3C(**Me)N(2,6-Me,CH;)}] was identi-
fied by 'H and '*C NMR spectroscopy.

X-ray structure determination of 9 and 11: Table 6 provides a summary of
the crystal data, data collection and refinement parameters for complexes 9
and 11. Both sets of data were collected on an Enraf Nonius CAD4
diffractometer at room temperature. Intensity measurements were
performed by o scans in the range 2° <26 <50° for 9 (2° <26 <54° for
11). Of the 6230 measured reflections for 9, 5700 were independent;
RI= 0.120 and wR2= 0.336 (for 2249 reflections with F>40(F)).
Of the 8811 measured reflections for 11, 4472 were independent; RI =
0.089 and wR2= 0.261 (for 3213 reflections with F>40(F)). The
values of RI and wR2 are defined RI =%||F,|—|F.||/[2|F,|]; wR2=
{[Ew(F; — F2)?)/ [Ew(F})*]}2 The structures were solved by direct methods
(SHELXS-90)P and refined by least-squares against F> (SHELXL-93).*1

The molecule of 9 showed severe disorder in one of the two located
pentamethylcyclopentadienyl ligands (linked to Ti2) which prevented a
precise solution, presenting two sites (50 % occupancy) for each carbon
atom, except for C23. However, this disorder did not affect the location of
the core of the molecule. All non-hydrogen atoms, except those disordered,
were anisotropically refined and the hydrogen atoms positioned geometri-
cally and refined by use of a riding model in the last cycles of refinement
when possible.

The poor quality of the crystal prevented a precise solution for the
molecule of 11. All non-hydrogen atoms except C14, C15, C16, C26 and
C30, were anisotropically refined and the hydrogen atoms positioned
geometrically and refined by use of a riding model in the last cycles of
refinement.

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-100746.
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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Table 6. Crystal data and structure refinement for 9 and 11.

[8] R. Andrés, P. Gomez-Sal, E de Jesus, A. Martin, M. Mena,

C. Yélamos, Angew. Chem. 1997, 109, 72; Angew. Chem.
Int. Ed. Engl. 1997, 36, 115.

9 1
empirical formula Cs,H;70N,O5Ti; CyHs;NO;Ti
formula weight 914.80 755.58
temperature [K] 293(2) 293(2)

wavelength (Mog,)

crystal system; space group orthorhombic; Pnma

a[A] 11.438(1) 17.345(3)
b [A] 18.324(1) 18.119(4)
c[A] 29.871(1) 12.620(3)
volume [A3]; Z 6260.7(7); 4 3966(2); 4
Peaed [gem™] 0.971 1.265
absorption coefficient [ mm™] 0.406 0.626
F(000) 1944 1600

crystal size [mm)] 0.35 x 0.32 x 0.25
diffractometer
scan mode; 6 range

index ranges

w; 2.21 to 25.01°
0<h<13,0<k<?21,

0<I<35 0<I<16
collected reflections 6230 8811
Independent reflections 5700 (R;, = 0.0001)
observed reflections [F>40(F)] 2249 3213
goodness-of-fit on F? 1.170 1.059

final R indices [F>40(F)]
R indices (all data)
weighting scheme (calcd)

0.71073 A (graphite monochromator)
orthorhombic; Pnma

0.45 x 0.35 x 0.33

Enraf Nonius CAD4

w; 2.25 to 27.03°
0<h<22, -23<k<23,

4472 (R, = 0.0288)

R1=0.1205, wR2=0.3365 R1=0.0889, wR2=0.2609
R1=0.2991, wR2=0.4233 R1=0.1542, wR2 =0.3440
w=1/[0*(F%) + (0.2086 P)* w=1/[0*(F?) + (0.1788 P)? [13] a) See ref. [17] in the paper of A. Pizzano, L. Sanchez, M.

Largest diff. peak and hole [e A=3] 0.795 and —0.433

+0.0000 P]
where P=(F2+2F?%)/3

192043 P

1.059 and —0.821

[9

—

We have already reported some aspects of the reactivity of
the [{TiCp*(u-O)};(us-CR)] derivatives: see ref. [1b], R.
Andrés, M. Galakhov, M. P. GOmez-Sal, A. Martin, M.
Mena, C. Santamaria, XIth FECHEM Conference on
Organometallic Chemistry, Parma (Italy), 1995, 172, and
XIIth FECHEM Conference on Organometallic Chemis-
try, Prague (Czech Republic), 1997, PB118.
[10] J.L. Marshall, Carbon-Carbon and Carbon- Proton
NMR Coupling, Verlag, Florida, 1989.
[11] Review: a) L. D. Durfee, Y. P. Rothwell, Chem. Rev. 1988,
88, 1059. Selected representative examples: b) G. Erker,
M. Mena, C. Kriiger, R. Noe, Organometallics 1991, 10,
1201; c) A. Martin, M. Mena, M. A. Pellinghelli, P. Royo,
R. Serrano, A. Tiripicchio, J. Chem. Soc. Dalton Trans.
1993,2117; d) M. Bendix, M. Grehl, R. Frohlich, G. Erker,
Organometallics 1994, 13, 3366; e¢) P.N. Riley, P.N.
Fanwick, 1. P. Rothwell, J. Chem. Soc. Chem. Commun.
1997, 1109; f) R. L. Huff, S.-Y.S. Wang, K. A. Abboud,
J. M. Boncella, Organometallics 1997, 16, 1779.
[12] The mixture represents one compound with two different
isocyanides inserted into the same molecule, another
compound contains two units of the original isocyanide
and the third contains two units of the added isocyanide.

Altmann, A. Monge, C. Ruiz, E. Carmona, J. Am. Chem.
Soc. 1995, 117, 1759; b) R. Beckhaus, J. Oster, Z. Anorg.
Allg. Chem. 1995, 621, 359.
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Preparation, Characterisation and Performance of Encapsulated
Copper - Ruthenium Bimetallic Catalysts Derived from Molecular Cluster

Carbonyl Precursors

Douglas S. Shephard, Thomas Maschmeyer, Gopinathan Sankar, John Meurig Thomas,*
Dogan Ozkaya, Brian F. G. Johnson,* Robert Raja, Richard D. Oldroyd, and

Robert G. Bell

Abstract: The advantages of producing
high-performance, bimetallic nanoparti-
cle catalysts from their precursor metal-
cluster carbonylates anchored inside the
mesoporous channels of silica (MCM41)
are described. In situ X-ray absorption
and FT-IR spectroscopies as well as ex
situ high-resolution scanning transmis-
sion electron microscopy were used to
chart the progressive conversion, by
gentle thermolysis, of the parent carbon-
ylates to the denuded, bimetallic nano-
particle catalysts. Separate copper and
ruthenium K-edge X-ray absorption

ture of the active, approximately 15 A
diameter catalyst: it is a rosette-shaped
entity in which twelve exposed Ru
atoms are connected to a square base
composed of relatively concealed Cu
atoms. These in turn are anchored by
four oxygen bridges to four Si atoms of
the mesopore lining. The bimetallic
catalysts exhibit no tendency to sinter,

Keywords: bimetallic nanoparticles
- clusters - copper - heterogeneous
catalysis - hydrogenations - ruthe-
nium

aggregate or fragment into their compo-
nent metals during use. The nanoparti-
cles perform well in the catalytic hydro-
genation of hex-1-ene—a detailed kin-
etic study at 373K and 20 bar H, is
presented here (maximum TOF in
[ (MOlypg) (MOl yyger) L h1] 51200, aver-
age TOF 22400)—and also in the hydro-
genations at 65bar H, and 373K of
diphenylacetylene, phenylacetylene,
stilbene, cis-cyclooctene and D-limo-
nene, the average TOFs being 17, 610,
70, 150 and 360, respectively.

spectra yield a detailed structural pic-

Introduction

With the advent of mesoporous materials, the science and
catalytic potential of oxide supports (especially siliceous ones)
has undergone a revolution.!'3 These silicas, the surface areas
of which often exceed 1000 m?>g~!, possess a highly regular
structure composed of channels the diameter of which may be
controllably arranged to fall within the range 15 to 80 A
(Figure 1). The larger pore sizes of these silicas (lined with
pendant silanol groups), in contrast to the smaller ones of
high-silica faujasitic! and UTD-15 ¢! zeolites or metal alumi-
nophosphates like DAF-11 and STA-1,! offer the possibility

[*] Prof. Sir J. M. Thomas, Dr. T. Maschmeyer, Dr. G. Sankar, Dr. R. Raja,
Dr. R. D. Oldroyd, Dr. R. G. Bell
Davy Faraday Research Laboratories
The Royal Institution of Great Britain
21 Albemarle Street, London, W1X 4BS (UK)
Fax: (+44)171-629-3569
Prof. B. F. G. Johnson, Dr. D. S. Shephard, Dr. T. Maschmeyer
The University Chemical Laboratories
Lensfield Road, Cambridge, CB2 1IEW (UK)

Prof. Sir J. M. Thomas, Dr. D. Ozkaya
Department of Materials Science, University of Cambridge
New Museum Site, Cambridge, CB2 3QZ (UK)
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Figure 1. Computer graphic view along the axis of a single mesopore in
MCM-41 silica (pore opening ~30 A). The profusion of pendant silanol
groups lining the pore function as the anchoring points for the adsorbed
species. (Colour code: yellow, silicon; red, oxygen; white, hydrogen).

of creating isolated, catalytically active sites in a struc-
turally well-defined manner®'!l at the inner walls of the
mesopores.
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Bimetallic nanoparticles themselves possess catalytic prop-
erties that differ sharply from those of solid solutions of the
bulk metals. This was one of the key conclusions to emerge
from the early work of Sinfelt,'?l and its veracity has been
repeatedly demonstrated by subsequent workers. Among the
many studies of bimetallic catalysts some are of great
technological importance (e.g. Pt—Re, Pt—Ir and Pt—Rh) in
processes such as the reforming of naptha and the control of
auto emissions.’] Of late, the advantages of using mixed-
metal carbonyl clusters as starting materials for the produc-
tion of efficient bimetallic nanoparticle catalysts have been
appreciated.'*21 For example, in Re-Irl"! and Ag—Rul’
systems, it is possible to follow the gradual conversion of the
cluster precursor to the active catalyst using a variety of in situ
(X-ray absorption and FTIR spectroscopies)?> ] and gravi-
metric techniques.

We are concentrating our discussion in this area on

large carbonyl clusters in which the metals have many
metal —metal connectivities since our aim is to form bi-
metallic particles with uniform size and composition from
such a species. Hence, in our approach, we are deliberately
avoiding the less readily controllable surface-mediated
synthesis, which relies on the aggregation of smaller cluster
precursors as exemplified by the work of, for example,
Gates et al.l'6:17

The current interest in the use of bimetallic catalysts is
largely due to the enhanced activity and selectivity that may
be achieved by two metals working synergistically. However,
despite considerable effort, the preparation of these systems
by metal salt deposition and subsequent calcination followed
by reduction to the active low-valent species is not always
reliable and has many drawbacks, the greatest of which is the
lack of control over size, morphology and homogeneity of the
resulting bimetallic nanoparticle. These factors and the rather
random nature of the support lead to loss of selectivity and/or
activity of the catalyst, thereby rendering it in many instances
inefficient.

When considering the more precise route of depositing and
thermolysing carbonyl clusters for the production of support-
ed nanoparticles, several important criteria concerning the
choice of bimetallic cluster precursor have to be borne in
mind. First, the protective sheath surrounding the organo-
metallic precursor must be readily removable (we find that
mild thermolysis suffices). Second, to ensure a uniform
distribution of the precursor over the surface of the support
the ligand sheath must interact favourably with the functional
groups on the surface, the solvent and the counterion.
Moreover, interactions with the surface must be stronger
than those involved in solvation or between the precursor
species so that aggregation into small molecular crystallites
and subsequent sintering on the surface is suppressed upon
removal of the CO sheath. Anionic cluster carbonyl species,?*!
typified by [RusC(CO),,Cu,Cl,[PPN], and [Ag;Ru,,C,
(CO)xCI[PPN], (PPN = bis(triphenylphosphonyl)immin-
ium), fulfil these criteria as their interaction with the silica
(MCM41) surface is of the Si—OH?"--->-O—-C-M type!!
and intermolecular Coulombic repulsion prevents their ag-
gregation prior to thermolysis. A representation of this
approach is given in Scheme 1.
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Scheme 1. The deposition and thermolysis of carbonyl clusters for the
production of supported nanoparticles.

Over the last few years great progress has been made in the
synthesis of large (>10 metal atoms) bimetallic cluster com-
pounds of Group VIII [Fe,Ru,Os] and XI [Cu,Ag,Au] metals
at the Cambridge laboratories.?) Clusters composed of
different metal ratios (MY/M?=1 to 4) and nuclearities
(M!+M2=38 to 30) have been synthesised. These anionic
molecular cluster species have all been structurally charac-
terised by single-crystal X-ray diffraction and so their precise
nuclearities and metal ratios are known.

Three multicentred mixed-metal molecular cluster carbon-
yls that have recently been used as precursors for heteroge-
neous catalysts are those studied by Nasher et al.'* '] and
Shephard et al.?% In the former instance, where the clusters
were [PtRusC(CO);] and [ResC(CO);s{u-Re(CO)Hu-
Ir(CO),}J?, it was found that in the case of the Re —Ir cluster
the metals segregated into separate entities upon thermolysis,
possibly because of the nature of the oxide support used. In
the case of the Ru-Pd cluster aggregation rather than
segregation occurred, producing relatively uniform particles
(reported as between 8-23 A in size) with bimetallic
composition and a fcc packing arrangment. When the
cluster anion [Ag;Ru,,C,(CO),CI> (1) was used,'”) there
was evidence neither for segregation nor for aggregation/
sintering upon thermolysis, and we believe this to be for three
reasons. First, the mesoporous silica support onto which
the cluster carbonylate is initially anchored is replete with
silanol groups that interact strongly with the carbonylate
anion. Second, the anionic character of the clusters keeps
them apart during the initial stage of deposition. Third, the
relative oxophilicity of the silver atoms makes them an ideal
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bonding centre securing the bimetallic cluster to the oxide
support.

In this paper, extending this latter philosophy, we report the
detailed synthesis of the bimetallic Cu—Ru carbido carbonyl
[RusC(CO);,Cu,Cl],[PPN], (2) and its adsorption onto the
inner walls of well-defined?® >l mesoporous silica specimens
known as MCM41. The resulting Cu—Ru bimetallic system is
found to be potentially a more powerful heterogeneous
catalyst than its Ag—Ru analogue. Apart from gaining deep
insights into the nanostructures and morphology of the
resulting catalysts using a combination of annular dark-field
(ADF) and bright-field (BF) high-resolution scanning trans-
mission electron microscopy,?” 2! we tracked the precise
structural details of the conversion of this precursor material
into its active catalytic state principally by using the in situ X-
ray absorption techniques developed at the Davy Faraday
Research and Daresbury Synchrotron Radiation Laborato-
ries.?> 2329321 We were able to gain accurate local structural
information for the catalyst by the application of these
element-specific techniques (i.e. for Cu and Ru). The X-ray
absorption near-edge structure (XANES) investigation pro-
vides the electronic state and qualitative local structural
information, whereas the extended X-ray absorption fine
structure (EXAFS) study establishes the precise local struc-
tural details, thus revealing the internal structure of the
nanoparticle. Confirmation of the loss of the protective
carbonyl sheath during thermolysis was found by in situ FT-
IR and further corroborative evidence was established by
thermogravimetric analysis.

Results

Catalyst preparation: The bimetallic cluster [RusC(CO);q.
Cu,Cl],[PPN], (2) was synthesised by a similar, but improved,
route to that described in the literature in which the
hexaruthenium carbido carbonylate cluster is reacted with the
Cu! salt [Cu(MeCN),BF,] and subsequently with bis(triphe-
nylphosphonyl)imminium chloride (PPNCI). We found that
direct reaction of an excess of CuCl in refluxing tetrahydro-
furan (THF) gave better yields and was simpler to work up.

The MCM41 silica was loaded with cluster 2 by making a
slurry of the two components in a mixture of ether and a small
amount of a second solvent, dichloromethane (DCM), in
which the cluster salt is highly soluble. This general method
and solvent combination was found to be the most effective of
several different preparative routes. The small amount of
DCM is thought to act as a carrier, ferrying the cluster salt
through the liquid phase to the silica surface, making use of
entropic and enthalpic driving forces for the anions to enter
the channels of the MCM41 by substitution for loosely held
solvent molecules. On contact, the solvation sphere (predom-
inantly of DCM) is substituted by the silanol-rich silica
surface, allowing the diffusion of solvent molecules from the
mesopores, thereby freeing them to solvate more cluster and
to repeat the deposition cycle. We found this method allowed
maximum dispersion (vide infra) as more conventional
approaches yielded blocked pores and/or crystallites of 2.
The loading we selected for the catalysts tested here was
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(molg,/molycnvy) 5:6.35 for [Ruy,C,CuCl(CO)s,][PPN]y/
MCM41 by weight, giving rise to an approximate coverage
of about one cluster per 50000 A2

This catalytic precursor material was characterised by FT-
IR, revealing that the carbonyl cluster was still intact. The IR
spectroscopic profile of the CO stretching vibrations of the
MCM41-contained clusters is considerably more complex
than that of the same clusters in DCM solution (absorp-
tion maxima at 2060, 2021 and 1845cm~! for the
[Ru,C,Cu,ClL(CO)4,J* cluster). Furthermore, the new ab-
sorptions (in both the terminal and bridging sections of the
spectrum) show a shift to lower energy, suggesting interaction
with the surface silanol groups (Figure 2). These observations
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Figure 2. a) Temperature-resolved FT-IR spectra of MCM41-supported
catalyst during thermolysis; b) expansion of carbonyl stretching region.

are consistent with an adsorbed [Ru,;,C,Cu,CL(CO)s,]*~
cluster lying in a siliceous mesopore, in which both bridging
and terminal COs (see crystal structure in Figure 3) are in
contact with the surface. This interaction may be taken to be
the dominant binding force felt by the cluster anions.

In situ studies: The catalyst precursor was activated by
thermolysis under high vacuum (0.01 Torr). Removal of the
protective sheath of carbonyls by this method yields naked
bimetallic nanoclusters which are highly active hydrogenation
catalysts. The process of activation and the associated
structural changes were principally followed by tempera-
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Figure 3. Molecular crystal structure diagram of the precursor carbonyl
cluster anion [Ru,,C,(CO);,Cu,CL]*~, a) including carbonyl ligands,
b) excluding carbonyls.

ture-resolved in situ studies by means of FT-IR spectroscopy
and X-ray absorption techniques (XANES and EXAFS)
using near-identical treatment protocols. The results of these
investigations are discussed below.

a) FT-IR spectroscopy: A pressed pellet was heated inside an
evacuated, purpose-built FT-IR cell®! and its IR spectra
recorded at various temperatures. From the IR trace after
heating for 2h at 200°C we can deduce that there are no
carbonyl species remaining in the material. It is of interest to
note that absorptions due to the phenyl stretching modes of
the PPN cations (ca. 1440 cm™!) may still be identified after
heating at this temperature (vide infra). We can also see a
significant rearrangement of the adsorbed species between 80
and 130°C (as shown in the XANES Cug and Rug spectra,
vide infra). It is tempting to suggest that this transition is the
anchoring process of the bimetallic clusters, wherein Cl
ligands on the Cu atoms are replaced by Si—O groups and
the two Ru octohedra condense over the nascent copper raft.
Futher examination over a range of higher temperatures then
show these cluster condensates being slowly denuded of their
CO sheath. The true nature of these carbonyl-deficient
intermediates is difficult to determine. Indeed, the broad
appearance of the CO stretching absorptions in the latter
stages of the experiment suggests there are different species
present in several stages of decarbonylation. Above 130 °C the
terminal CO region displays a maximum at approximately
1974 cm~'. This shows a shift to lower energy for the CO
stretch as compared to the precursor and may indicate the
electron-rich nature of the condensed bimetallic carbonyl
cluster by increased Mo —mn* donation (Dewer—Chatt—
Duncanson model). During the final stages of decarbon-
ylation of the metal particles the absence of u,-CO species,
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indicated by stretches at ca. 1430—-1390 cm~!, was surpris-
ing.Pl It would appear that these species need an extended
surface or a step site to exist.l*”]

b) X-ray absorption spectroscopy (XAS): A systematic in situ
XAS investigation provided a great deal of information on the
nature of the production of the bimetallic catalyst described
here. The catalyst precursor was heated up to various
temperatures prior to room-temperature XAS measurements.
The results of these investigations are discussed below.

In the system under discussion, two edges (Ru K and Cu K)
are accessible and complementary information can be ob-
tained (Figure 4). The XANES region of the Cu K-edge (cf.
Fig.4a) shows very clear changes upon thermolysis, the most
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Figure 4. a) XANES spectra and b) first derivatives of Cu K-edge data and
c) XANES spectra and d) first derivatives of Ru K-edge data taken during
thermal activation, of i) catalyst as prepared, ii) heated to 80°C, iii) heated
to 130°C and iv) heated to 180°C.

striking feature being a gradual decrease of a peak in the near
edge which is clearly seen in the first derivative shown in
Figure 4b and results from changes in the types of near
neighbours. However, the overall position of the absorption
edge does not differ markedly, indicating no major changes in
the electronic state of copper atoms. The XANES data of the
Ru K-edge reveal only moderate changes upon heating. These
modifications in the XANES region occur at temperatures as
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low as 80°C, possibly indicating alterations in the electronic
structure due to changes in the local environment (which is
more apparent in the EXAFS results) around the copper,
owing to increasingly strong interactions with the surface
silanols.

Examination of the changes in the associated Fourier
transforms (shown in Figure 5) of the corresponding Ru K-
edge EXAFS data corroborates the loss of carbonyls, reveal-
ing profound structural changes even at 80°C (this is also
borne out by the FT-IR studies, vide supra), culminating in the
formation of the metal nanoparticle at 180°C. Interestingly,
the Cu K-edge EXAFS data suggest that its structural
environment undergoes significant modification only between
130°C and 180 °C (Figure 5). Although it is possible to analyse
the EXAFS data recorded at various temperatures, our
primary interest was to gain quantitative information on the
final bimetallic cluster. This was achieved by a detailed
analysis of the EXAFS data in terms of a structural model
based on the structure of the precursor material. The analysis

a) [RugC(CO),Cu,Cl],>/MCM41

Ru K-edge : Mixed-Metal Nanoparticle

/
"\/‘\.\,-f\_m/

LN

Mixed-Metal Molecular
Carbonyi Cluster

heated to

heated to 80 °C

as prepared

precursor

b) [RugC(CO),Cu,Cl1,2 IMCM41

Cu K-edge : Mixed-Metal Nanoparticle

/

heated to 180 °C

was relatively uncomplicated for the Ru K-edge; however, the
Cu K-edge data proved intractable. Although it is possible to
analyse the Cu K-edge EXAFS data by considering a Cu—-O
shell at approximately 1.9 A and either Cu—Cu or Cu—Ru
shell in the range of 2.5 to 2.65 A, both the bond lengths and
coordination numbers obtained after refinements were found
to be considerably lower than what one would expect for
either monometallic (if there is elemental/phase separation)
or bimetallic Cu—Ru systems. This is likely to be caused by
the presence of both types of neighbours (Cu and Ru) around
the central Cu atom, a chemical postulate consistent with our
previously reported study of Ag—Ru nanoparticles.?”! Hence,
the reason for the low coordination number and chemically
unreasonable bond lengths obtained when considering only
one type of Cu—-Cu or Cu-Ru neighbours can be found when
examining the opposing nature of the EXAFS oscillations
generated for these two scattering pairs. In Figure 6 we depict
the EXAFS oscillations resulting from a Cu—Cu and Cu-Ru
pair (Figure 6a,b) and from the addition of these two
(Figure 6¢,d), the last showing a marked de-
crease in amplitude due to phase cancellation.
The detailed analysis of the data taking into
account both Cu—Cu and Cu-Ru neighbours
did indeed yield a superior fit compared with
that obtained using a single Cu—Cu or Cu—Ru
shell. The associated coordination numbers as
well as bond lengths are found to be chemically
much more sensible values, the model being
comprised of coordination environments of
43Ru at approximately 2.66 A and 1.1Cu at
approximately 2.59 A for the Ru K-edge data
and 0.90 at ~1.95A,3.1Cuat ~2.53 A and 2.1
Ru at ~2.59 A for the Cu K-edge data (see
Table 1), demonstrating the bimetallic nature of
the particles. However, in the Cu K-edge data
analysis the heavy scattering of the Ru atoms still
dominated. To overcome potential problems
with correlation effects, we made use of the
recently developed strategy of analysing both
the EXAFS data sets simultaneously. This meth-
odology has several advantages; in particular,
bond lengths of the two scattering pairs (in this
case Cu—Ru from the Cu K-edge and Ru-Cu
from the Ru K-edge) are refined together to
achieve identical values and any distortions in
the coordination numbers resulting from corre-

130 °C

Mixed-Metal Molecular
Carbonyl Cluster

heated to 80 °C

as prepared

precursor

riA

Figure 5. Fourier transforms of EXAFS data taken during thermal activation: a)
data, b) Cu K-edge data.
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lations between closely similar bond lengths can
be resolved. The simultaneous refinement of
both the data sets was performed using XFIT-
(WIN95) and one common local environment
around both Cu and Ru atoms (see Figure 7 and
Table 2 below).

In the model shown above, Cu(0) is an
absorber surrounded by scatterers Ru(0),
Ru(2), Cu(l) and O and Ru(0) is the other
absorber, surrounded by Ru(1) and Cu(0). The
refinement of the environment around either
absorber is performed in turn, but taking ac-
count of both data sets simultaneously. This

Ru K-edge
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Figure 6. Figure 6. EXAFS simulations of single shells: a) ruthenium shell,
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and individual components, broken lines.

Table 1. Individual K-edge analysis.

Absorber  Scatterer N R[A] @ [A? R factor
[%][a]
Ru Ru 43 2.66 0.005 23.27
Cu 1.1 2.59 0.006
Cu (6] 0.9 1.95 0.012 12.69
Cu 3.1 2.53 0.009
Ru 2.1 2.59 0.009

[a] Reliability factor.

improves the ratio of data points to variables, and hence
provides a more conservative approach. The shells were
allowed to vary in terms of occupancy, Debye — Waller factor
and absorber-scatterer distance. Several constraints and
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O

Figure 7. Structural model used in dual edge EXAFS data refinement,
where Ru(0) and Cu(0) are the absorbers.

Table 2. Combined K-edge (Cu and Ru) refinement.

Absorber —scatterer N RI[A] o? [A2]al R factor
Ru(0) - Cu(0) 11 2.59 0.003 16%
Cu(0)-Cu(1) 2.7 2.54 0.003

Cu(0) - Ru(0) 0.9 259 0.003

Ru(0) - Ru(1) 3.9 2.66 0.003

Cu(0)-O 1.4 1.97 0.006

Cu(0)-Ru(2) 14 259 0.003

[a] Held equal for all metals during refinement.

restrains were imposed, such as the Debye—Waller factors
being set equal for Ru(0) and Ru(2) or setting shell
occupancies to lie within the limits of between 1 (£1) to 8
(£1) to minimise any correlation effects between coordina-
tion numbers and Debye — Waller factors during the refine-
ment process. The results obtained by using this approach (fits
and raw data shown in Figure 8) demonstrate and confirm the
bimetallic nature of the particles.

Scanning transmission electron microscopy (STEM) investi-
gations: In order to evaluate the particle size and understand
its morphology, we used a dedicated STEM (probe size =~
0.5 nm).? The key point with high annular dark-field imaging
is that the intensity of the (Rutherford) scattered beams is
directly proportional to Z?%, where Z is the atomic number of
the scattering element. Thus, heavy atoms (such as Ru and
Cu) stand out very clearly on a light background of Si and O.
Analysis by energy dispersive X-ray emission (EDX) further
confirmed the relative average atomic proportions of the
bimetallic particles. Moreover, electron-stimulated X-ray
maps further confirm the uniformity of the supported
bimetallic nanoparticles (compare with the figures in
ref. [20]).

Figure 9 shows the annular dark-field images from the
Cu,Ru;, bimetallic particles (EDX analysis yields a Ru:Cu
ratio of 2.9) before and after an electron exposure of 12 x
10% electronsm~2 respectively. In particular, Figure 9a pres-
ents a MCM41 cylindrical bundle of 4 channels across, curved
at either end. Four distinct particles inside one of the channels
have been marked. In Figure 9b the mesoporous structure of
the MCM41 is vitrified owing to beam damage. However, the
position of the 4 nanoparticles marked in the previous image
has not changed and there is no sign of aggregation, in spite of
the fact that they are very close to one another under an
electron beam so intense as to destroy the structural integrity
of the support. Comparison of the two images shows that this
also holds for the other particles, thus further confirming the
strength of the anchoring on the MCM41 surface of the Cu—
Ru nanoparticles.
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Figure 8. a) Cu K-edge EXAFS data, b) associated Fourier transform,
¢) Ru K-edge data, d) associated Fourier transform; solid lines exper-
imental data, broken lines calculated spectra.

Figure 9c shows a histogram outlining the particle size
distribution of the sample. The particle size is taken as the
FWHM (full width half maximum) intensity in this image.
Although this seems to be a widely used convention in particle
size determination,['l the particle intensities in the image are
very much affected by the differences in defocus, especially so
because of the narrow depth of field in the high-angle annular
dark-field images. This means that the particles that are at
different heights within the sample have different intensity
distributions, that is, different FWHM values. The size of a
particle in the image can be thought of as a convolution of the
main probe intensity profile and the scattering potential of the
particle (a function of Z? and density distribution within the
particle).’8 The effect of the noise further complicates an
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Figure 9. High-angle annular dark-field images of Cu,Ru;, bimetallic
particles inside MCM4 a) before and b) after vitrification due to electron
beam damage; c) histogram of particle size distribution from image (a).

accurate determination. If a first approximate beam-broad-
ening behaviour is considered (for a probe diameter of 5 A
and a beam convergence of 7 mrad on a 200 A thick sample)
the beam broadening is likely to increase the beam size by a
minimum of 7.8 A and the difference is more than 40 %, which
is more than sufficient to explain the variations of FWHM in
Figure 9c. An extensive discussion of these considerations has
been previously published by Ozkaya et al.l*”

Thermogravimetric studies: To determine the weight loss on
heating the sample under activation conditions, the bulk
sample was heated and the weight loss recorded periodically,
giving the results shown in Figure 10. The graph shows two
regions of different but near-constant rates. The first [A to B]
is believed to show the weight loss resulting from the
carbonylate clusters and silanol condensation, whilst the
second part [B to C] is due to silanol condensation alone.
Extrapolation from BC to the ordinate gives the % weight loss
excluding that due to siloxane formation (assuming the rate of
this process is constant at low loading). The figure of 10.5 %
thus obtained is entirely consistent with the weight loss due to
complete decarbonylation of the cluster species, FT-IR and
microanalysis [C, H, N, Cl]. Using this result we assumed that
thermal activation for 2 hours at 190°C gave a 11.5% weight
loss for the purposes of calculation of catalytic turnover
frequencies (TOFs).
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Figure 10. Graph used in the weight-loss extrapolation of gravimetric
measurements.

Catalytic evaluation: The catalytic performance of the
supported bimetallic nanoparticles in the hydrogenation of
unsaturated molecules was tested on a wide variety of
unsaturated species: hex-1-ene, phenylacetylene, diphenyl-
acetylene, trans-stilbene, cis-cyclooctene and p-limonene. The
highly efficient hydrogenation of hex-1-ene was accompanied
by the isomerisation reaction to cis- and trans-hex-2-ene,
which were subsequently hydrogenated (albeit at a much
slower rate) as the reaction continued. Phenylacetylene is
completely converted to ethylbenzene under the reaction
conditions used. No hydrogenation of the phenyl group was
detected. Hydrogenation of diphenylacetylene gave both
stilbene (predominently frans-) and dibenzyl.[*]

Painstaking kinetic studies at 20 bar hydrogen and 373°C
show an induction time of 60 minutes and an overall turnover
frequency of 25700 mol[hex] mol[Cu,Ru,,]"th~L. The kinetic
details are summarised in Figure 11. The observed induction
time has several possible causes, for example in situ activation
of the catalyst particles by further reduction in hydrogen,
diffusion of hydrogen into the mesoporous structure, diffu-
sion-induced lag of product emerging from the mesopores or
effusion of PPNCI. These different aspects are currently being
investigated by varying the silica support structure and by
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Figure 11. Plot of the hydrogenation of hex-1-ene at 20 bar versus time,

showing total conversion, product distributions and hydrogen pressure
variation (1-hexene: 44.7 g, Ru,,Cu,/MCM-41: 20 mg, 7: 373 K).
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conducting competition experiments. The hex-1-ene conver-
sion is practically linear with time after the initial induction
period and the product distribution does not change signifi-
cantly until after about 360 mins. Interestingly, although the
major product (as expected) is n-hexane, significant amounts
of cis- and trans-2-hexene are also formed, with the ratio of
both isomers remaining constant around 1.5:1 for the major
part of the reaction. The increase in selectivity for n-hexane
after 480 mins, is probably a result of the subsequent hydro-
genation of the cis- and trans-hex-2-ene isomers.

The hydrogenation of an internal olefin (cis-cyclooctene)
was also studied at ambient temperature and H, pressure.
Kinetic data obtained for this reaction (Figure 12) shows
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Figure 12. Plot of the hydrogenation of cyclooctene at 1 bar versus time,
showing total conversion.

smooth conversion to cyclooctene. D-limonene, which con-
tains both internal and pendant olefin groups, also readily
underwent hydrogenation, and analysis of the final product
mixture suggested a preference for hydrogen addition at the
pendant olefin.*!! Little or no selectivity over the formation of
cis/trans-1-methyl.4-isopropylcyclohexane (29 % conversion
to the cis and 34 % conversion to trans isomer) could be
observed. This perhaps mirrors the small size of the catalyti-
cally active species, in that double binding of the substrate
might not be possible.

Discussion

The present study introduces a novel method of preparing
bimetallic catalyst anchored to high-surface-area mesoporous
silica (MCM41). The FTIR spectroscopic results identify the
nature of the loss of carbonyl ligands associated with the
thermal activation of the cluster. However, these results alone
cannot provide further information about the nature of the
final bimetallic cluster, and so we turned to the powerful
combination of STEM, XANES and EXAFS studies. Qual-
itatively, both XANES and EXAFS results corroborate the
IR results, in that there are substantial structural modifica-
tions during the thermolysis. The final detailed EXAFS data
analysis of both the Ru and Cu K-edge data, in particular
using the recently developed methodology of simultaneously
refining both K-edge data sets, quantitatively revealed the
presence of bimetallic clusters, with the Ru— Cu distance lying
between those of bulk Ru—-Ru and Cu-Cu.[*?l Neither the
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average Ru—Ru distances nor the Cu-Cu distances are
significantly smaller (as one would expect for small metallic
clusters) than that of twelvefold coordination in the bulk
metal (although the low coordination numbers clearly suggest
the presence of small particles, as does STEM). This is
surprising, but may be explained by the cluster—surface
interaction stretching the structure and/or by the presence of
carbido atoms which would be undetectable by EXAFS. The
argument that the carbido atom remains in the centre of the
Ru octahedron is a strong one, as these structural fragments
are chemically very stable and our activation conditions are
very mild. Iwasawa and Izumi have reported™! the contrac-
tion and expansion (inhaling and exhaling in the presence of
CO) of Ru—Ru bond lengths (corresponding closely to our
data) in ruthenium and rhodium clusters when deprived of, or
exposed to, CO under conditions similar to those employed
here. That there is anchoring of the bimetallic particle to the
surface by the formation of Cu-O bonds is evident from the
EXAFS results, since only one Cu-O shell is present and
there is no direct indication for any Ru- O shells. Consistent
with these results, we may construct a detailed structural
picture of the nanoparticle, the principal characteristic of
which is an exterior dome of twelve Ru atoms, linked by a
base of four Cu atoms which are, in turn, covalently bonded to
oxygens that, by inference, are themselves bound to the
silicons of the support. Hence, we propose the model shown in
Figure 13, derived from EXAFS and incorporating carbido
atoms. On the basis of these arguments, we suggest that the

Figure 13. Energy-minimised model of naked metal particle attached to a
silica surface, based on EXAFS analysis and on the breathing carbido
model of Iwasawa and Izumi, showing the internal structure of the particle
and the Van der Waals radii.

particle is very small (~ 14 A diam.), indeed, too small to use
EXAFS reliably to estimate its size. Further support for the
proposed cluster geometry was provided by computer simu-
lation: A model of the cluster consistent with the EXAFS data
was subjected to an energy-minimisation calculation with the
program Discover™ and the esff forcefield. The minimised
structure is shown in Figure 13. Additionally, using the
minimised model it was possible to simulate a Cu and Ru
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K-edge EXAFS spectrum, the Fourier transform envelope of
which was comparable to the experimentally observed ones in
terms of shape and amplitude.

Annular dark-field electron microscopy is able to pinpoint
the rather uniform spatial distribution of these particles, and
establishes (as does the EXAFS analysis) that there is no
fragmentation or sintering during catalysis, further ration-
alising the remarkable catalytic performance of these bimet-
allic nanoparticles. From a very careful and conservative
analysis of our STEM images we estimate the maximum
particle size to be around 23 A when allowing for an error of
+40% . Thus, the EXAFS structural model (being about 14 A
across), further refined by forcefield minimisations, would be
perfectly consistent with the observeables and with general
chemical considerations.

Together these results demonstrate that our initial strategy
of removing the stabilising CO sheath from a mixed-metal
cluster to produce a well-defined metal nanoparticle and
anchoring the more oxophilic second metal to the MCM-41
surface has met with success. This work also reveals that there
is abundant scope for further exploitation of bimetallic metal-
cluster carbonylates as precursors for other supported nano-
particle catalysts. Moreover, a wide range of catalytic
reactions besides hydrogenation awaits study.

Experimental Section

Materials and methods: All reactions were carried out under exclusion of
air with solvents freshly distilled under an atmosphere of nitrogen or argon.
Solution IR spectra were recorded on a Perkin — Elmer 1600 series FTIR in
CH,(Cl, using NaCl cells or a Nujol mull. Negative fast-ion bombardment
mass spectra were obtained on a Kratos MS 50 TC spectrometer with CsI as
calibrant. Products were separated with Merck thin-layer chromatography
(tlc) plates as supplied; 0.25 mm layer of Kieselgel 60 F254. [Rus(CO),,],
[RusC(CO),4][PPN], and MCM41 were prepared by the literature proce-
dures.l?” 4 4l CuCl was purchased from Aldrich and used without further
purification.

Synthesis of [Ru;,C,Cu,ClL,(CO)5,][PPN],: [RusC(CO),s][PPN], (0.5¢)
was refluxed in THF (20 mL) for 5 h with excess CuCl (1.0 g). The reaction
mixture was cooled and filtered and an excess of PPNCI added. The solvent
was then removed in vacuo and the mixture dissolved in CH,Cl, and
layered with ethanol to give deep red crystals. These were washed with
ethanol and pentane to yield 385 mg of [Ru;,C,Cu,CL(CO)s,][PPN],.
Elemental analysis: 35.60 % C, 1.74 % H, 0.69 % N, 6.89 % Cu (calcd 35.9 %
C, 171% H, 079%N, 718% Cu); +FAB MS: m/z=2997
{[Ru;,C,Cu,Cl,(CO)3,][PPN]}, 2427 {[Ru;,C,Cu,Cl(CO)s] ) IR: Fco =
2059(m), 2021(vs), 2967(sh), 1947(sh), 1855(wsh), 1829(brw) cm~".
Preparation of MCM41/[Ru,,C,Cu,Cl,(CO)3;,][PPN],: The mesoporous
silica [MCM41] (120 mg) was dried under high vacuum (0.01 mmHg) at
473 K for 6 h, then washed with dry solvent and dried again under high
vacuum at 473 K. It was then slurried with dry ether (30 mL) and the
copper —ruthenium cluster salt [Ru;,C,Cu,Cl,(CO)3,|[PPN], (50 mg cluster
for 57 mg MCMA41, ie. 47.0% cluster salt by mass) along with CH,Cl,
(0.1 mL) at ambient temperature in darkness for 72 h. The resulting pink
solid was washed with ether (10 mL) and dried under high vacuum
(0.01 mmHg) at ambient temperature for 4 h. Elemental analysis gave
16.85% C, 2.63% H and 0.2%N (caled 16.8% C, 0.4% H, 0.80% N).
Spectroscopic data for MCM41/[Ru;,C,Cu,CL(CO)3,|[PPN],: IR (Nujol):
Voo =2058(s), 2011(vs),1997(vs), 1981(s), 1912(shm), 1958(w), 1948(w),
1968(wbr), 1835(mbr), 1822(wbr) cm™".

Determination of mass loss on catalyst activation by thermolysis of
MCM41/[Ru,,C,Cu,CL(CO)3;,][PPN],: A precise quantity of the mesopo-
rous silica loaded with the bimetallic cluster was placed into an Al-foil
bucket of known mass, which was loosely crimp-sealed. This was then
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heated in sand (453 K) to ensure even heat transfer under vacuum
(0.01 mmHg) for several periods of time (see graph) and weighed at each
interval after careful cleaning with an air brush. After a combined time of
12 h the sample did not exhibit any bands in the CO stretching region and
was submitted to elemental analysis, which gave 15.76 % C, 2.74 % H and
0.2%N.

Catalyst activation: thermolysis of MCM41/[Ru,,C,Cu,Cl,(CO);,][PPN],:
A precise quantity of MCM41/[Ru,,C,Cu,CL(CO);,][PPN], was loaded
into an Al-foil bucket inside an argon-filled Schlenk tube. The ensemble
was then heated for 2 h at 453 K under vacuum (0.01 mmHg), after which
the apparatus was purged with Ar or H, and the cooled catalyst transfered
to the reaction vessel.

Hydrogenation of hex-1-ene (batch expt.): A 150 mL teflon-lined autoclave
equipped with a magnetic stirrer was charged with catalyst (~ 8 mg), hex-1-
ene (3.0 mL) and H, (64 bar). The ensemble was heated to 373 K for 4 h,
after which the vessel was cooled to ambient temperature and the contents
analysed by 'H NMR to reveal >99% conversion to n-hexane.

Hydrogenation of hex-1-ene (kinetic study): A 150 mL PEEK-lined
autoclave equipped with a magnetic stirrer was charged with catalyst
(10 mg), hex-1-ene (44.6 g, 66.27 mL) and H, (20 bar). The ensemble was
maintained at 373 K for 16 h, after which it was cooled to ambient
temperature. Every 30 min samples were taken at high pressure and
analysed by GC. A typical mass balance shows minimal sample loss: moles
of 1-hexene taken: 0.532, product analysis: moles of n-hexane formed:
0.367, moles of cis-2-hexene formed: 0.122, moles of trans-2-hexene
formed: 0.039, moles of 1-hexene remaining: 0.002, total moles of products:
0.530, loss (moles): 0.002, loss (grams): 0.168 g, loss (%): 0.4%.

Hydrogenation of diphenylacetylene: A 150 mL teflon-lined autoclave
equipped with a magnetic stirrer was charged with of catalyst (7.1 mg),
diphenylacetylene (400 mg), ethanol (1 mL), pentane (10 mL) and H,
(65 atm). The ensemble was heated to 393 K for 6 d, after which the vessel
was cooled to ambient temperature and the contents analysed by 'H NMR
and GC/MS to reveal 66 % conversion to trans-stilbene, > 0.5 % conversion
to cis-stilbene and 33 % conversion to dibenzyl. >0.5% of unconverted
starting material was detected. From these results an overall TOF,,, of
16.8 mol[DPA]mol[Cu,Ru,,]'h~! was calculated.

Hydrogenation of phenylacetylene: A 150 mL teflon-lined autoclave
equipped with a magnetic stirrer was charged with catalyst (12.0 mg),
phenylacetylene (1 mL), pentane (5 mL) and H, (65 atm). The ensemble
was heated to 373 K for 24 h, after which the vessel was cooled to ambient
temperature and the contents analysed by 'H NMR and GC/MS to
reveal >99.9% conversion to ethylbenzene; no unconverted starting
material was detected. From these results an overall TOFy, of
615 mol[PA]mol[Cu,Ru;,]"'h! was calculated (assuming styrene is the
intermediate).

Hydrogenation of trans-stilbene: A 150 mL teflon-lined autoclave equip-
ped with a magnetic stirrer was charged with catalyst (8.0 mg), trans-
stilbene (400 mg), pentane (10 mL), ethanol (1 mL) and H, (65 atm). The
ensemble was heated to 393 K for 48 h, after which the vessel was cooled to
ambient temperature and the contents analysed by 'H NMR and GC/MS to
reveal 79% conversion to dibenzyl. 21% of unconverted starting
material was detected. From these results an overall TOF,,, of
69.5 mol[stil] mol[Cu,Ru,,]'h~! was calculated.

Hydrogenation of cis-cyclooctene: A 250 mL Erlenmeyer flask equipped
with a magnetic stirrer was charged with catalyst (=~ 10 mg), cis-cyclo-
octene (10 mL) and H, (1 atm). The ensemble was kept at 298 K for 72 h,
during which time the contents were analysed by 'H NMR and GC/MS to
reveal a steady conversion to cyclooctane. No unconverted starting
material was detected after 72 h. From these results an overall TOF,,,
of 152 mol[cyclo-C8] mol[Cu Ruy,]'h~! was calculated.

Hydrogenation of D-limonene: A 150 mL teflon-lined autoclave equipped
with a magnetic stirrer was charged with 13.0 mg of catalyst, D-limonene
(1 mL) and H, (65 atm). The ensemble was heated to 393 K for 23 h, after
which it was cooled to ambient temperature and the contents analysed by
'"H NMR and GC/MS to reveal 29% conversion to cis-1-methyl-4-
isopropylcyclohexane, 34 % conversion to trans-1-methyl-4-isopropylcy-
clohexane, >0.5% conversion to 1-methyl-4-isopropenylcyclohexane and
35% conversion to 1-methyl-4-isopropylcyclohex-1-ene. >1% unreacted
starting material was detected. From these results an overall TOF,q,, of
362 mol[p-lim] mol[Cu,Ru,,]"'h~! was calculated.
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EXATFS data collection and refinement: EXAFS data were recorded at the
Daresbury SRS facility on station 9.2. The station was equipped with a
Si(220) monochromator, and data were collected in fluorescence mode
using a thirteen-element Canberra fluorescence detector. A powdered
sample of each catalyst studied was pressed into a self-supporting wafer,
and mounted in a custom-built in situ cell.¥] The EXAFS data were
subsequently analysed with the XFIT (for Windows 95)1*! suite of
programs. In the double-edge refinement the S parameters were taken
from the single-edge refinements and held constant and the ¢? parameters
were constrained to be equal for the copper and ruthenium atoms. Two E;
parameters were included in the model, one for copper and one for
ruthenium. All parameters (i.e. coordination numbers, distances, E, and o>
values) were refined simultaneously. The precise fitting protocol and
theoretical underpinning will be published elsewhere.

High-resolution electron microscopy (HREM): Experiments were con-
ducted with a field emission gun dedicated scanning transmission electron
microscope (VG HB501) with a windowless EDX detector. MCM41
samples were prepared by crushing the particles between two glass slides
and spreading them on a perforated carbon film supported on a Ti grid. The
samples were briefly heated under a light bulb in the specimen preparation
chamber of the STEM prior to their introduction into the microscope.
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Supramolecular Materials: Molecular Packing of
Tetranitrotetrapropoxycalix[4]arene in Highly Stable Films with
Second-Order Nonlinear Optical Properties

Paul J. A. Kenis, Oscar F. J. Noordman, Holger Schonherr, Esther G. Kerver,
Bianca H. M. Snellink-Ruél, Gerrit J. van Hummel, Sybolt Harkema,

Cornelis P. J. M. van der Vorst, Jeff Hare, Stephen J. Picken, Johan F. J. Engbersen,
Niek F. van Hulst, G. Julius Vancso, and David N. Reinhoudt*

Abstract: Highly stable films of tetra-
nitrotetrapropoxycalix[4]arene (9) with
second-order nonlinear optical (NLO)
properties and a noncentrosymmetric
structure were obtained by a novel
crystallization process at 130-140°C in
a dc electric field. The packing of 9 in
these films was elucidated by a combi-
nation of X-ray diffraction, angle-de-
pendent second-harmonic generation,

The experimental results agree well with
solid-state molecular dynamics calcula-
tions for these films. No crystalline
phase was observed for nitrocalix[4]ar-
ene derivatives with longer or branched
alkyl chains; this explains the limited

Keywords: calixarenes - nonlinear
optics - structure elucidation - su-
pramolecular chemistry

NLO stability of films of these calixar-
enes. Scanning force microscopy on the
aligned films of 9 showed two distinct
surface lattice structures: a rectangular
lattice (a=9.3, b=11.7 A) and a pseu-
dohexagonal lattice (d~11.4 A). The
combination of these data with the
interlayer distance of 8.9 A (X-ray dif-
fraction) allowed the packing of mole-
cules of 9 in these structures to be fully

and scanning force microscopy (SFM).

Introduction

Materials with high second-order susceptibilities are impor-
tant because of their possible applications in optical switching,
frequency conversion, and data storage, etc.ll For these
nonlinear optical (NLO) applications, noncentrosymmetric
crystals, such as urea, and inorganic materials, such as quartz
and lithium niobate, are currently used.’! Organic materials
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elucidated at the molecular level.

are of interest due to their good processability. Another
reason for the current interest in organic NLO materials is the
high hyperpolarizabilities of organic molecules that have
electron-donating and -accepting groups connected by con-
jugated m-electron systems.

There are several possibilities for arranging nonlinear
optically (NLO) active molecules to give materials with stable
second-order nonlinear optical activity. The required stable
noncentrosymmetric structure can be obtained by incorpo-
ration of the NLO-active molecules in solid solution films,"*! in
stepwise-constructed multilayers,*3! or in functionalized
polymers.[>7] In these materials the degree of alignment of
the NLO-active molecules is very important as the macro-
scopic NLO activity y® is directly related to the product of the
molecular hyperpolarizability parameter  and the alignment
factor (cos’0), where @ is the average angle of the molecules
with the normal plane of the macroscopic film. A possible way
to obtain aligned noncentrosymmetric structures is the
controlled self-assembly of NLO-active molecules, for exam-
ple by interaction of complementary groups. Such materials
were reported by Marks et al.l¥ and Katz et al.,! but these
NLO-active multilayers are formed in a laborious layer-by-
layer multistep procedure.

Earlier we reported that calix[4]arenes!® with electron-
donating propoxyl and electron-accepting nitro substituents
exhibit promising micro- and macroscopic NLO properties.”’]
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Aligned films of these calix[4]arenes can be obtained by spin
coating and subsequent electric-field poling. These materials
have high nonresonance-enhanced frequency doubling coef-
ficients which remain stable at room temperature for more
than a year after an initial decay of 35-55%.° At high
temperatures (>100°C), however, most of the NLO activity

lix[4]arene derivatives, as determined by hyper-Rayleigh
scattering®l (HRS), show that the influence of most alkyl
substituents on this parameter is also small (Table 1). Only the
calix[4]arene derivative with four bulky isobutoxyl groups 13

Table 1. Measured absolute and normalized fyrs values of tetranitrotetra-
alkoxycalix[4]arene derivatives 9-14, angles of the mn-donor-m-acceptor
systems with respect to the molecular dipole axis as obtained by molecular

in these films is lost.
Here we report the syntheses and properties of neat

films of a number of tetranitrocalix[4]arene derivatives
bearing different alkyl groups at the phenolic oxygen atoms.
The main goal was to elucidate the origin of the unique
high NLO stability of the films of tetranitrotetrapropoxy-
calix[4]arene by X-ray diffraction, angle-dependent second
harmonic generation (SHG), and scanning force microscopy.
Moreover, the conclusions of the experimental results
are supported by solid-state molecular dynamics calculations.

Synthesis

The general route for the synthesis of a series of tetraalkoxy-
tetranitrocalix[4]arenes 9—14 is depicted in Scheme 1. Tetra-
tert-butylcalix[4]arene (1) was alkylated with various alkyl
bromides in DMF at 60 °C with NaH as base to yield 2-5. For
calixarene 6 this one-step alkylation procedure was unsuc-
cessful, and the four isobutyl groups were introduced by first

1 2-7

Scheme 1. Synthetic route to a series of tetranitrocalix[4]arene derivatives. i) NaH, RBr, DMF, 18 h, 60 °C. ii)
TFA, 100 % HNO;, CH,Cl,, 5-20 min, room temperature. R = n-propyl (2, 9); n-butyl (3, 10); n-pentyl (4,

11); n-hexyl (5, 12); 2-methylpropyl (6, 13); 3-methylbutyl (7, 14).

O-alkylation of the distal 1- and 3-phenolic groups in CH;CN
with K,COj; as base.['”! The resulting 1,3-diisobutoxycalix[4]-
arene (8), was further alkylated in DMF with NaH as base to
give 6.l The four nitro groups of 9-14 were introduced in
high yields by ipso nitration? in a mixture of 100% HNO,
and trifluoroacetic acid (TFA) in dichloromethane.['3]

Optical Properties

Molecular optical properties: For a proper evaluation of the
influence of alkyl substituents in the nitrocalix[4]arenes on
the NLO properties in aligned thin films (vide infra), we first
determined the effect of the different alkyl groups on the
molecular optical properties. In solution the different alkyl
groups do not significantly affect the electronic properties of
9-14 as shown by the nearly identical UV spectra with
absorption maxima in the range of 290-292 nm. The data for
the first hyperpolarizabilities!'¥! of the various tetranitroca-
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modeling, and the calculated normalized By, values.

Com- Experimentl®! Molecular modeling

pound Byugrs [107*esu] Bygrs (norm.) angles [°]] Bum (norm.)
9 3145 =1 47.4 7.3 =1

10 31+7 0.96 +0.07 46.7 8.2 1.003

11 3248 1.02+£0.05 45.7 8.4 1.003

12 33+6 1.10 £0.07 45.5 9.6 1.009

13 4149 124 £0.15 37.0 8.8 1.076

14 3448 1.03+0.10 46.8 8.3 1.002

[a] Hyper-Rayleigh scattering (HRS, 1064 nm, Nd:YAG laser) in chloroform.
[b] The angles in these two columns give the orientation of the two distal pairs
of aryl groups with respect to the molecular dipole axis.

has a significantly higher hyperpolarizability (Sygrs=(41+
9) x 107 esu). The steric requirements of the four isobutoxyl
substituents force the four aromatic units of the calix[4]arene
from the usual flattened (or pinched) cone conformation!™!
into the more symmetrical cone
conformation. The higher degree
of alignment of the four m-do-
nor/m-acceptor units of the cal-
ix[4]arene in the cone conforma-
tion corresponds to a higher Sygs
value.

Molecular mechanics calcula-
tions of the structures of calixar-
enes 9-14 in the gas phase in-
deed show this effect of the
isobutoxyl substituents on the
orientation of the aromatic
units.'! Relative hyperpolariza-
bilities (Byy) Were calculated by adding the vectorial con-
tributions of the four p-nitroalkoxyphenyl groups in the
energy-minimized structures and subsequent scaling of the
hyperpolarizability values to the value calculated for 9.1'1 The
normalized Sy, value calculated (Table 1) for 13 is signifi-
cantly larger than those of the other compounds.

Further experimental evidencel'® for the higher degree of
alignment of the aryl rings in 13 was obtained from the single-
crystal X-ray structure, which has orthorhombic symmetry
(space group P2,2,2,) and two calix[4]arene molecules in the
asymmetric unit (Figure 1). The angles of the two distal pairs
of aryl rings with respect to the molecular dipole axis of the
two molecules are 53 and — 13°, and 51 and — 10°, respectively.
These angles are significantly smaller than those of the
propoxyl analogue 9 and indicate better alignment. In the
crystal structure of 9 with one molecule of dichloromethane
per calix[4]arene unit, the angles are 56 and —11°. In an X-
ray structure of crystals of solvent-free 9, angles of 63 and —7°
were found.?!

9-14
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Figure 1. X-ray structure of 13 (stereoview).

Macroscopic nonlinear optical properties: Previously, we
reported that films of neat 9 that were poled at 110 °C exhibit
a fast initial relaxation of their NLO activity ds;.°® The d;;
values measured directly after corona poling?! with an
electric field of about 108 Vm~! decreased by more than 35
or 85% upon storage of the films at room temperature and
100°C, respectively. After this fast initial decay, the residual
NLO activity remained constant for a long period of time
(Figure 2).

dys /pmVl

0+ T T T T —
] 30 60 90 120 150

time /days
Figure 2. Stability of the NLO activity (ds; values at 1064 nm) of films 9
that were poled and stored at different temperatures. Circles (Kelderman
et al.®): poled at 110°C. Squares (this work): poled at 150°C. Solid
symbols: stored at room temperature, open symbols at 80°C.

Here we report the effects of different alkyl groups in the
calix[4]arene and the influence of the poling conditions on the
second-harmonic generation (ds;)?2 properties of thin films of
9-14. We have studied films of neat 9 poled at 150 °C in detail.
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Figure 3. Time dependence of NLO activity (ds; values at 1064 nm) of
films of 9-14 stored at 80°C.
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These films exhibit a high NLO activity (ds;
value) that remains constant immediately
after poling with an electric field of about
10° Vm~'. Most importantly, the ds; value of
these films does not decay at room temper-
ature or at 80°C (Figure 2) over a period of
more than one year. These properties are
unique to films of 9; in films of 10—14, most
of the NLO activity is lost within two days at
80°C (Figure 3).

Morphology of Poled Films

The large difference in NLO stability of films of 9 compared
to those of 10-14 (Figure 3) suggests that the molecular
interactions in films of 9 must be distinctly different. This was
investigated by optical microscopy, differential scanning
calorimetry (DSC), and solid-state 3C NMR spectroscopy.
Unpoled films of 9 which were heated at 110°C for 15 min
showed only a few birefringence spots under the polarizing
microscope, which probably correspond to microcrystals that
are formed during spin coating (Figure 4 top, left). After

E-fiald

E-field
—_—

Figure 4. Polarization microscopy on fi
Heated and poled at 110°C; bottom: Heated and poled at 150°C.

poling of the film at 110°C, triangular, birefringent domains
appear which are about 100 pm? in size (Figure 4 top, right).?’!
An unpoled film that was heated at 150 °C for 15 min showed
a structure completely covered by birefringent crystalline
domains with sizes up to 1500 um? (Figure 4 bottom, left).
After poling at 150°C, these large domains disappear and are
replaced by smaller birefringent domains (<200 um?; Fig-
ure 4 bottom, right); clearly, recrystallization takes place in
the electric field. The poled films of 10-14 show no
birefringence; this indicates the presence of an amorphous
phase. Such an amorphous molecular arrangement would
explain the fast relaxation of the second-order NLO activity.
Apparently, the phase transition between 110 and 150 °C takes
place only in films of 9.

For films of 9 which had been poled at 150 °C no change was
observed in the birefringence pattern (Figure 4 bottom, right)
on heating to 150°C (10 Kmin~!). However, in films poled at
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110°C the growth of several crystalline domains starts at
140°C. Eventually, these films exhibited the same morphology
as unpoled films that were heated at 150°C for 15 min
(Figure 4 bottom, left), and this structure remained un-
changed after cooling to room temperature.

Differential scanning calorimetry (DSC) showed no en-
thalpy change for films of 9 that were poled at 150°C and
for microcrystalline powders of 10—14.2° However, films of 9
that were poled at 110 °C exhibited an enthalpy change that is
indicative of an irreversible endothermic phase transition
between 130 and 140 °C, similar to that observed for unpoled
films and microcrystalline samples of 9.4 In conclusion, the
exceptional stability of films of 9 that were poled at 150°C is
due to a unique molecular packing, which is formed in a phase
transition between 130-140°C in an electric field.?

Optimization of optical properties of poled films: On poling
films of 9, the centrosymmetric, crystalline phase formed by
heating to 150°C recrystallizes to form a new, highly stable
noncentrosymmetric phase consisting of much smaller bire-
fringent domains (Figure 4 bottom). The presence of many
domains, however, will lead to considerable light scattering
when these films are used in optical waveguides. Therefore,
the effect of the poling conditions on the extent of domain
formation in films of 9 was investigated. Instead of slowly
heating the film in 15 min to 150°C and then applying the
poling field (recrystallization), the film was heated to 150°C
within a few seconds in an electric field of 10° Vm~L27 In this
way the phase transition from the amorphous phase to the
crystalline phase (crystallization) takes place in an electric
field. This has a dramatic effect on the size of the domains
(Figure 5). Sharp-edged, birefringent domains with areas of
up to 2.5 x 10* um? are formed. The films with large and small
domains exhibit the same NLO activity and stability. This was
expected as our measurements of the second-harmonic
generation were performed in the vertical direction. How-
ever, the lateral (non)linear optical properties of the film,
which are important for applications, were improved, as the
smaller number of domains dramatically decreases the
amount of scattering.

Figure 5. Effect of different poling conditions on the size of the domains formed in films of 9
(optical microscopy, crossed polarizers). Dimensions of micrographs: 160 x 110 um.
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Molecular Packing in Poled Films of 9

The packing of the molecules of 9 in the domains of films
poled at 150°C was investigated in order to explain the
unusually high NLO stability. These investigations were
performed on large-domain films by a combination of X-ray
diffraction, surface second-harmonic generation, atomic force
microscopy (AFM), and solid-state molecular dynamics
calculations.

An interlayer lattice distance of 8.90+0.05 A was deter-
mined by X-ray diffraction on the films. The position of the
reflection indicates that these layers are not parallel to the
plane of the film.?8! Hence, the symmetry of an aligned film of
9 is lower than that of the unaligned film, which has an
orthorhombic structure.?

The orientation of the molecules in a single domain of the
poled film of 9 was investigated by measuring the second
harmonic intensity as a function of the azimuthal angle of
incidence of the beam ¢.?! The angle-dependent SHG
pattern was measured for all four possible polarization
combinations. By fitting these experimental data with theory,
an orientation of the molecular dipole with respect to the
normal of the film (b axis) of 13+2° (¢ =0°) and —13 £2°
(¢ =180°) was determined.?>3" This indicates a zigzag or
herringbone packing of the calix[4]arene molecules.

From the molecular and macroscopic NLO activities 3, and
dy;, Equation (1) gives an alignment factor cos*0 of 0.85,

(cos*0) = - 1)

where 0 is the angle of the molecular dipole with the normal
vector of the film, N the number density of the molecules in
the film, and F(w) the local field factor.’’3 The high
alignment factor of 0.85 determined by nonlinear optical
measurements implies that the molecules of 9 are almost
perfectly aligned in the film (6 = 15 £ 3°). This angle is in good
agreement with those of +13 and —13° found by angle-
dependent second-harmonic generation. Such an alignment of
the chromophores is considerably better than
in most polymers. When 9 is covalently
incorporated in poled polyimide films, cos’0
is 0.25 (6 =51 +3°)." The alignment of the
NLO-active moieties in these polyimide films
is restricted by their limited mobility and
because application of higher electric fields
during poling leads to ablation of the film.[®

Atomic force microscopy was performed
on single domains of aligned films of 9 to
which the poling field was applied such that
the positively polarized propoxyl groups
pointed towards the outer surface. In the
contact mode, molecular resolution was ob-
tained for these films. The surface lattice
constants of the rectangular structure I (Fig-
ure 6, left) and the pseudohexagonal struc-
ture II (Figure 6, right) are listed in Table 2.
The symmetries of these lattices were de-
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Figure 6. High-resolution AFM images of rectangular structure I (left), and pseudohexagonal structure II (right).

Inserts: autocovariance images (top) and 2D Fourier spectra (bottom).

Table 2. Lattice constants a, b, and angle of registry from the structures
found by AFM.

Symmetry a[A] b [A] Angle []]  Area per
molecule [A?]

Rectangular I 93+03 11.7+£03 90+2 109

Hexagonal IT 11.8+03  109+£03 60+2 114

duced from the autocovariance pattern of the images and
from the pattern symmetry of the two-dimensional Fourier
transfor of the images (inserts in Figure 6).

Films poled with electric fields of opposite sign have the
highly polarizable nitro groups exposed to the surface instead
of the propoxyl groups. Owing to the presence of these highly
polar groups, the imaging force in contact-mode AFM (both

in air and in water) is too

high. As a result it was not

an.n  possible to obtain images

with lattice (molecular) res-

olution. The more hydro-

philic character of these

+20.0 positively poled films com-

pared to films that are poled

with a negative electric field

is evident from the large

difference in the receding

contact angles of water

drops and from the large

o contact angle hysteresis
(Table 3).533

The possible noncentro-

symmetric packings of the

molecules of 9 in the

aligned films were calculat-

ed by solid-state molecular dynamics.? Figure 7 shows the

(010) face (b face) and the (101) face of the monoclinic unit

cell (a=10.94, b=18.49, c=10.67 A; a =y =90, f=95.5°) of

one of the calculated structures. All structures exhibited the

Table 3. Results of contact angle measurements on films of 9 (water drop).

Sample Contact Angle Hysteresisl®!
advancing (£3°) receding (£3°) A-R[’]
Heated only 85 77 8
Positively poled® 83 45 38
Negatively poled!®! 88 75 13

[a] The hysteresis is the difference between advancing (A) and receding
(R) contact angles. [b] Both films are poled using the same conditions
(150°C, optimized poling procedure resulting in large domains).

Figure 7. Calculated noncentrosymmetric packing of molecules of 9. Left: (010) face (b face), 4 x 4 unit cells. Right: (101) face of a single

unit cell.

Chem. Eur. J. 1998, 4, No. 7
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typical zigzag stacking of the calixarenes. The major differ-
ences between the calculated structures lie in the orientation
of the propyl groups. The calculated angles a of the molecular
dipole axis of the molecules of 9 with respect to the b axis are
+14.7 (¢ =0°) and — 14.7° (¢ = 180°). These angles agree well
with the values determined experimentally by angle-depend-
ent SHG measurements (13 +2°, vide supra).

The lattice parameters of the rectangular structure (a=
109 A, b=10.6 A) are also close to the parameters which
were determined experimentally by AFM for the rectangular
lattice I (Table 2). Moreover, the area per molecule in the
(010) face of the calculated structure (116 A2) is close to that
calculated for both the rectangular structure I (109 A?) and
the pseudohexagonal structure II (114 A2, Table 2). Finally,
the value of the calculated b axis (18.4 A) is close to the
interlayer distance found in the X-ray experiments on the
aligned films (2 x 8.9 A).

The area per molecule of the pseudohexagonal structure
measured by AFM points to an orientation of the molecules
as found in the rectangular packing. Translation of every
second row of molecules in the calculated rectangular
structure (Figure 7 left) over a distance of a/2 gives a
pseudohexagonal lattice (Figure 8). The repeat distances of
this lattice (10.9 and 12.0 A) are well within the experimental

Translation
Yoa

rectangular

pseudo-hexagonal

to the contributions of van der Waals forces and accounts for
the unusually high stability of the noncentrosymmetric
packing.

Conclusions

Stable thin films of tetranitrotetrapropoxycalix[4]arene (9)
with a highly ordered molecular packing and second-order
NLO properties were obtained by optimizing the poling
conditions. The highly stable noncentrosymmetric structure of
these films is achieved by a unique (re)crystallization process
in an electric field at 130-140°C. The absence of such a
metastable crystalline phase in nitrocalix[4]arene derivatives
with longer or branched alkyl chains explains the lack of NLO
stability in (amorphous) films of these compounds.

By a combination of X-ray diffraction, angle-dependent
second-harmonic generation, and atomic force microscopy,
and by comparing the experimental results with solid-state
molecular dynamics calculations, the mode of packing of the
molecules of 9 in the films was elucidated. Two surface lattice
structures were observed by AFM and interpreted at the
molecular level. The coexistence of rectangular and pseudo-
hexagonal surface lattice structures is probably due to partial
surface relaxation.

It can be concluded that the unprecedented
high stability of the noncentrosymmetric packing
in this supramolecular material is caused by
attractive electrostatic interactions between the
electronegatively polarized nitro groups of the
molecules in one layer and the electropositively
polarized propoxyl groups of the molecules in
the adjacent layer.

Experimental Section

Figure 8. Schematic representation of a possible pseudohexagonal surface structure arising

from the rectangular structure of the (010) face (Figure 7), as calculated by molecular
dynamics. The crosses denote the nitro groups exposed at the surface, and ellipsoids

represent the molecules of 9 (top view).

error of the values observed for pseudohexagonal structure II
by AFM (Table 2). The coexistence of two different surface
lattice structures can be explained by partial surface relaxa-
tion. A similar relaxation is also observed in unpoled films of
9 [24]

The results obtained with the three experimental techni-
ques, X-ray diffraction, angle-dependent SHG, and AFM, as
well as the solid-state molecular dynamics calculations, are all
consistent with a packing of the molecules of 9 in the aligned
films in a manner similar to the structure shown in Figure 7.
For this particular packing, the size and shape of the
molecules of 9 result in favorable electrostatic interactions
between the negatively polarized nitro groups of the calixar-
ene molecules in one layer and the positively polarized
phenoxyl groups of calixarene molecules in the neighboring
layer (d =4.4—5.0 A). This arrangement can be clearly seen in
the unit cell in Figure 7. This electrostatic lattice energy adds
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Synthesis: Melting points were determined with a Reichert
melting point apparatus and are uncorrected. 'H and *C
NMR spectra were recorded on a Brucker AC 250 spec-
trometer in CDCl; (unless stated otherwise) at room
temperature with residual solvent or Me,Si as internal
reference. Mass spectra were recorded with a Finnigan MAT 90 spectrom-
eter with m-nitrobenzylalcohol (NBA) as matrix. Infrared spectra were
recorded with a Jasco A-100 infrared spectrophotometer. Elemental
analyses were carried out with a Carlo-Erbu Strumentazione model 1106
elemental analyzer. Hexane (petroleum ether, b.p. 60-80°C) and CH,Cl,
were freshly distilled from K,CO;. DMF was dried over molecular sieves
(4 A) for at least 3 d. NaH was used as a 55-65% dispersion in mineral ol
and was washed three times with n-hexane prior to use. Other reagents
were reagent grade and used without further purification. Flash column
chromatography was performed on silica 60 (0.040-0.063 mm, 230-—
400 mesh) from E. Merck. All reactions were carried out under an argon
atmosphere.

General procedure for 3—5 by alkylation of 1: To a well-stirred suspension
of NaH (5 mmol) in DMF (20 mL) was added in small portions 5,11,17,23-
tetra-tert-butylcalix[4]arene (1) (0.65 g, 1 mmol). After 1 h alkyl bromide
(5 mmol) was added slowly. After the formation of foam ceased, the
mixture was heated to 60 °C and stirred for 18 h. The reaction mixture was
allowed to cool to room temperature and then poured into ice/water and
filtered. The residue was dissolved in CH,Cl, (50 mL) and washed with a
saturated ammonium chloride solution (2 x 20 mL) and brine (2 x 20 mL).
After drying over MgSO,, the organic layer was concentrated in vacuo.
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Trituration of the crude product with MeOH (if necessary) afforded the
desired product in high purity. Tetrapropoxytetra-tert-butylcalix[4]arene
(2) was synthesized according to a similar literature procedure.’)

5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetrabutoxycalix[4]arene (3) was ob-
tained in 75 % yield: m.p. 164 -166°C (CH,CL,); '"H NMR: 6 =6.78 (s, 8H,
ArH), 4.42, 3.11 (dd, 2J,s =12.4 Hz, 8H, ArCH,), 3.86 (t, *J=7.6 Hz, 8H,
OCH,), 2.01 (quint, J=7.6 Hz, 8H, CH,CH,CHj;), 1.46 (sext, /=77 Hz,
8H, CH,CH,), 1.08 (s, 36 H, C(CHa);), 1.02 (t, 3/ =73 Hz, 12H, CH,); 1*C
NMR: 6=153.77 (ArCO), 144.12 (ArCrBu), 133.85 (ArCCH,), 124.86
(ArCH), 75.14 (OCH,), 33.80 (C(CH,),), 32.39 (CH,CH,CHj;), 31.47
(C(CHj;)3), 31.06 (CH,Ar), 19.39 (CH,CHs;), 14.16 (CH;); MS (FAB): m/
7=2895.6 [M+Na]*, calcd 895.7; analysis calcd for C4HgO,-0.5H,0: C
81.67, H 10.17; found: C 81.88, H 10.28.

5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetrapentoxycalix[4]arene (4) was
obtained in 86 % yield: m.p. 136-138°C (CH,Cl,); 'H NMR: 6 =6.77 (s,
8H, ArH), 4.41, 3.10 (dd, 2J,g =12.4 Hz, 8H, ArCH,), 3.85 (t, >/ =7.8 Hz,
8H, OCH,), 2.02 (quint, J = 7.5 Hz, 8H, OCH,CH,), 1.4 (m, 16 H, CH,CHj,
CH,CH,CH,), 1.08 (s, 36 H, C(CH,;);), 0.96 (t, *J=6.7 Hz, 12H, CH;); BC
NMR: 6=153.78 (ArCO), 144.12 (ArCtBu), 133.87 (ArCCH,), 124.86
(ArCH), 75.41 (OCH,), 33.81 (C(CHs;);), 31.48 (C(CH,)5), 31.12 (CH,Ar),
30.06 (OCH,CH,), 28.42 (CH,CH,CHs), 22.92 (CH,CHs;), 14.27 (CH;); MS
(FAB): m/z: 928.8 [M*], calcd 928.7; analysis calcd for C¢,HO, - 0.5H,0:
C 81.91, H 10.43; found: C 82.02, H 10.53.

5,11,17,23-Tetra(tert-butyl)-25,26,27,28-tetrahexoxycalix[4]arene (5) was
obtained in 75% yield: m.p. 121-123°C (CH,Cl,); 'H NMR: 6 =6.77 (s,
8H, ArH), 4.41, 3.11 (dd, 2J,z =12.4 Hz, 8H, ArCH,), 3.84 (t, 3/ =7.6 Hz,
8H, OCH,), 2.02 (m, 8H, OCH,CH,), 1.38 (brs, 24H, CH,), 1.08 (s, 36 H,
C(CHs;)3), 0.93 (t, 3/ =6.6 Hz, 12H, CH,); *C NMR: 6 =153.84 (ArCO),
144.15 (ArCrBu), 133.87 (ArCCH,), 124.85 (ArCH), 75.62 (OCH,), 33.80
(C(CH;)3), 32.19 (OCH,CH,), 31.47 (C(CHj;)3), 31.10 (CH,Ar), 30.35, 25.97,
22.92 (CH,CH,CH,CHj;), 14.13 (CH;); MS (FAB) m/z: 1008.8 [M+H]",
calcd 1007.8; analysis calcd for CgH,,0,4: C 82.87, H 10.64; found: C 82.59,
H 10.90.

5,11,17,23-Tetra-tert-butyl-25,27-diisobutoxy-26,28-dihydroxycalix[4]arene
(8)I1 was obtained as a white powder in 57% yield: m.p. 270-272°C
(decomp) (CH,Cl,/hexane); 'H NMR: 0 =7.81 (s, 2H, OH), 7.04, 6.84 (2s,
8H, ArH), 4.29,3.29 (dd, 2/, =12.9 Hz, 8H, ArCH,), 3.74 (d, 2/ = 6.1 Hz,
8H, OCH,), 2.33 (m,4H, CH(CHs;),), 1.28,0.99 (25,36 H, C(CHj);), 1.24 (d,
2J=6.7Hz, 24H, CH,); C NMR: 0=151.02, 149.74 (ArCO), 146.72,
141.18 (ArCrBu), 132.71, 127.55 (ArCCH,), 125.50, 125.03 (ArCH), 83.02
(OCH,), 33.96, 33.80 (C(CHs;);), 31.73, 31.06 (C(CH,);), 31.68 (CH,Ar),
29.41 (CH(CHs;),), 19.51 (CH3); MS (FAB): m/z: 761.1 [M+H]*, calcd
761.5; analysis calced for Cs,H;,0,-0.5H,0: C 81.10, H 9.55; found: C 80.76,
H 9.70.

5,11,17,23-Tetra-fert-butyl-25,26,27,28-tetraisobutoxycalix[4]arene  (6)!'!]
was obtained as a white powder by trituration with MeOH in 26 % yield:
m.p. >310°C (decomp) (MeOH); 'H NMR: 6 =6.76 (s, 8H, ArH), 4.51,
3.14 (dd, %/, =12.4 Hz, 8H, ArCH,), 3.71 (d, 2/ = 6.5 Hz, 8H, OCH,), 2.24
(m, 4H, CH(CHj;),), 1.08 (s, 36 H, C(CH,);), 1.05 (d, 2/ =6.7 Hz, 24H,
CH,); BC NMR: 6 =154.08 (ArCO), 143.66 (ArCrBu), 133.04 (ArCCH,),
125.08 (ArCH), 82.43 (OCH,), 33.77 (C(CH;)3), 31.52 (C(CHs;)s), 31.11
(CH,Ar), 29.04 (CH(CH;),), 20.35 (CH;); MS (FAB): m/z: 873.1 [M*],
calcd 872.7; analysis caled for CgHgO,: C 82.52, H 10.16; found: C 82.64, H
10.22.

5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetraisopentoxycalix[4]arene (7) was
obtained in 97 % yield: m.p. 256-258°C (CH,Cl,); 'H NMR: 6 =6.77 (s,
8H, ArH), 4.41, 3.12 (dd, 2/, = 12.4 Hz, 8H, ArCH,), 3.91 (t, 3/ =7.8 Hz,
8H, OCH,), 193 (quint, J=8Hz, 8H, OCH,CH,), 1.78 (m, 4H,
CH(CH,),), 1.08 (s, 36H, C(CHy)), 0.98 (d, 2/ =6.5 Hz, 24H, CH,); 1*C
NMR: 6=153.74 (ArCO), 144.12 (ArCtBu), 133.87 (ArCCH,), 124.85
(ArCH), 7391 (OCH,), 39.00 (OCH,CH,), 33.80 (C(CH,),), 3147
(C(CH,3)3), 31.16 (CH,Ar), 25.57 (CH(CHs),), 22.94 (CH;); MS (FAB):
mlz=952.1 [M+Na]*, calcd 951.7; analysis calcd for C¢,HoO, - 0.5H,0: C
81.91, H 10.42; found: C 82.14, H 10.59.

General procedure for the ipso nitration of 2 -7 to give 9-14: To a solution
of 2-7 (1 mmol) in CH,Cl, (10 mL) was added trifluoroacetic acid
(15 mmol). Subsequently, 100% nitric acid (20 mmol) was added in
portions, and the mixture turned purple-black. After 5—20 min the reaction
mixture was poured into ice/water, and CH,Cl, (50 mL) was added. The
aqueous layer was extracted with CH,Cl, (2 x 50 mL), and the combined
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organic layers were washed with sodium bicarbonate solution (2 x 20 mL)
and brine (2 x 20 mL), dried over MgSO,, and concentrated under reduced
pressure. Subsequently, the crude product was purified by column
chromatography (CH,Cl,) or passed through a short (2 cm) silica filter
(CH,Cl,) followed by recrystallization or trituration from CH,Cl,/MeOH.
The yields of 10—12 and 14 were not optimized.
5,11,17,23-Tetranitro-25,26,27,28-tetra-n-propoxycalix[4]arene (9) was ob-
tained in 98 % yield. Spectroscopic data were as in ref. [12a].

5,11,17,23-Tetranitro-25,26,27,28-tetra-n-butoxycalix[4]arene (10) was ob-
tained in 59 % yield: m.p. 308 —309 °C (CH,Cl,); 'H NMR: 6 =756 (s, 8H,
ArH), 4.51, 3.39 (dd, 2/, =14 Hz, 8H, ArCH,), 3.99 (t, °J =74 Hz, 8H,
OCH,), 1.86 (quint, J=7.5 Hz, 8H, CH,CH,CHj;), 1.44 (sext, J=7.5Hz,
8H, CH,CHj;), 1.00 (t, 3J=73Hz, 12H, CH;); C NMR: 6=161.70
(ArCO), 142.86 (ArCNQO,), 13545 (ArCCH,), 124.00 (ArCH), 75.97
(OCH,), 32.14 (CH,CH,CH;), 31.11 (CH,Ar), 19.15 (CH,CHj;), 13.91
(CH;); MS (FAB): m/z: 830.0 [M+H]*, calcd 829.4; analysis calcd for
CyHs,N,Oy,: C 63.76, H 6.32, N 6.76; found: C 63.53, H 6.51, N 6.77.
5,11,17,23-Tetranitro-25,26,27,28-tetra-n-pentoxycalix[4]arene (11) was ob-
tained in 63 % yield: m.p. 244-246°C (CH,Cl,); '"H NMR: 6 =7.57 (s, 8H,
ArH), 4.50, 3.39 (dd, 2J,z =14 Hz, 8H, ArCH,), 3.98 (t, 3/ =74 Hz, 8H,
OCH,), 1.87 (quint, J=7.5 Hz, 8H, OCH,CH,), 1.38 (m, 16H, CH,CH;,
CH,CH,CHj;), 0.95 (t, 3/=6.7Hz, 12H, CH,); BC NMR: 0=161.56
(ArCO), 143.10 (ArCNO,), 13542 (ArCCH,), 124.01 (ArCH), 76.21
(OCH,), 31.19 (CH,Ar), 29.83 (OCH,CH,), 29.08 (CH,CH,CHs;), 22.64
(CH,CH;), 14.03 (CH;); MS (FAB): m/z: 8852 [M+H]", calcd 885.4;
analysis calcd for C,gHyN,Oy,: C 65.14, H 6.83, N 6.33; found: C 65.02, H
7.05, N 6.30.

5,11,17,23-Tetranitro-25,26,27,28-tetra-n-hexoxycalix[4]arene (12) was ob-
tained in 67 % yield: m.p. 166—167°C (CH,Cl,); 'H NMR: 6 =757 (s, 8H,
ArH), 4.50, 3.39 (dd, 2J,g =14 Hz, 8H, ArCH,), 3.97 (t, 3/ =74 Hz, 8H,
OCH,), 1.87 (m, 8H, OCH,CH,), 1.36 (brs, 24H, CH,), 0.92 (t,*J = 6.5 Hz,
12H, CH;); C NMR: 6=161.66 (ArCO), 142.90 (ArCNO,), 135.43
(ArCCH,), 124.01 (ArCH), 76.26 (OCH,), 31.83 (OCH,CH,), 31.13
(CH,Ar), 30.15, 25.69, 22.71 (CH,CH,CH,CHj,), 13.98 (CH3); MS (FAB):
miz: 941.6 [M+H]*, caled 941.9; analysis caled for C5,HgN,Oy,: C 66.36, H
7.28, N 5.95; found: C 66.02, H 7.52, N 5.91.

5,11,17,23-Tetranitro-25,26,27,28-tetraisobutoxycalix[4]arene (13) was ob-
tained in 99 % yield: m.p. >310°C (decomp) (CH,Cl,); 'H NMR: 6 =7.55
(s, 8H, ArH), 4.58, 3.44 (dd, 2J,5=14.2 Hz, 8H, ArCH,), 3.85 (d, 2=
6.5 Hz, 8H, OCH,), 2.17 (m, 4H, CH(CH,),), 1.03 (d, 2/ =6.7 Hz, 24H,
CH;); "C NMR: 6 =162.26 (ArCO), 142.50 (ArCNO,), 134.50 (ArCCH,),
124.25 (ArCH), 82.70 (OCH,), 31.27 (CH,Ar), 29.38 (CH(CH,),), 19.72
(CH;); MS (FAB): m/z: 829.3 [M+H]", calcd 829.4; analysis calcd for
Cu,Hs,N,Oy,: C 63.67, H 6.32, N 6.76; found: C 63.40, H 6.47, N 6.66.

5,11,17,23-Tetranitro-25,26,27,28-tetraisopentoxy-calix[4]Jarene (14) was
obtained in 71 % yield: m.p. 300-302°C (CH,Cl,); 'H NMR: 6 =757 (s,
8H, ArH), 4.49, 3.40 (dd, 2J,z = 14.2 Hz, 8H, ArCH,), 4.03 (t, 3/ =72 Hz,
8H, OCH,), 1.75 (m, 12H, OCH,CH,, CH(CHs;),), 0.97 (d, 2J=6.2 Hz,
24H, CH;); BC NMR: 0=161.54 (ArCO), 142.91 (ArCNO,), 135.47
(ArCCH,), 124.02 (ArCH), 74.68 (OCH,), 38.73 (OCH,CH,), 31.14
(CH,Ar), 25.28 (CH(CHs),), 22.64 (CH;); MS (FAB): m/z: 885.8 [M+H]*,
calcd 885.4; analysis calcd for C;gHg,N,O4,: C 65.14, H 6.83, N 6.33; found:
C 65.13, H 6.96, N 6.36.

X-ray diffraction: Single-crystal X-ray diffraction analysis of 13: Data were
collected on an Enraf-Nonius CAD4 diffractometer, w — 260 scan mode,
without absorption correction. The cell parameters were obtained from
reorientation of matrices during measurement. Every 200 reflections 3
standard reflections were monitored. Crystal data: Orthorhombic, space
group P2.2.2,, a=19.461(2), b=21.074(2), c=21368Q2)A, V=
8763(1) A3, Z=8, p=126 gem™=, u= 0.732 cm™'. Data collection: Cuy,
(A=1.5418 A), 6/26 scan; 6=2.5-60°, 13359 measured reflections, 7111
independent reflections, 5897 observed reflections [/ >30(f)], T=140 K,
—21<h<21,0<k<23, 0<1<23, R;,,=0.038. The structure was solved
by direct methods with SIR92% in the Enraf-Nonius software packagel*!
and were refined by full-matrix least-squares methods. Refinement was
performed on |F|. Atomic scattering factors were taken from ref. [37].
The weighting scheme used was w =4 F2/6*(F2) and 6*(F2) = o*(I) + (pF2)?
with p=0.04. R(F)=0.087, wR(F)=0.095, S=4.0, 801 parameters, (A/
) =0.77, AP =0.76 € A3, Yellowish prisms (0.4 x 0.3 x 0.2 mm) were
obtained from dichloromethane/methanol by slow solvent evaporation.

1231

0947-6539/98/0407-1231 § 17.50+.25/0





FULL PAPER

D. N. Reinhoudt et al.

The asymmetric unit consists of two molecules. All atoms were treated
anisotropically. Hydrogen atoms were not included.?!

X-ray diffraction on films: These measurements were performed on a
Philips X-ray powder diffractometer with an X-ray beam from a cobalt
source (A=1.7903 A) incident on the film with an angle 6 with respect to
the plane of the film. The diffracted X-rays were measured at the same
angle 6 in reflection mode.

Film preparation, poling, and characterization: Poled films of 914 were
prepared in a clean room with dust class 100 and 50 % relative humidity. A
solution of 9-14 in chloroform or cyclopentanone (5-10 wt %) was spun
on Pyrex glass (2 s at 200 rpm, >40 s at 1000 -2000 rpm) to give films with
thicknesses in the range of 0.1-0.4 um, as measured with a Sloan
Dektak 3030 or Plasmos ellipsometer. These films were oriented at 110
or 150°C for 15 min (unless stated otherwise) by corona poling®! with a
25 um tungsten wire at a distance of 10 mm, a corona voltage of 9 kVand a
current of 10 pA. Films of tetranitrocalix[4]arene derivatives with melting
points below the desired poling temperature were poled at 10 °C below the
melting point. The films were allowed to cool to room temperature while
the poling voltage was maintained. To determine the minimum electric
field required for domain formation and to avoid surface ablation,*) a
corona poling setup equipped with a wire frame between nine corona
needles and the hot stage was used (triode configuration).*! Silicon wafers
were used as substrate for the films since the Si surface can be regarded as
the ground electrode. At a corona voltage of 12kV and a wire-frame
potential of 100 V some domains were formed; full coverage of the silicon
surface was obtained at a wire-frame potential of 200 V. For films with a
thickness of 0.2 um, the required effective electric field was 0.5-1 kV pm~.
The orientation parameters cos’0 of the films were calculated from
Equation (1).3! The second-order susceptibility of the thin films was
measured with a Maker-fringe setup at a fundamental wavelength of
1064 nm, with a Q-switched Nd:YAG laser and a-quartz as reference (d,; =
0.51 pm V!).22l The hyper-Rayleigh scattering (HRS) measurements were
performed with the same laser by the internal reference method*? with a
setup as described in refs. [29, 43]. Time-resolved measurements with a
femtosecond laser show that the nitrocalix[4]arene derivatives do not
exhibit multiphoton fluoresence.*]

Surface second-harmonic generation: SHG measurements were performed
with a Ti-sapphire laser (80 fs, 82 MHz, 1 =900 nm) positioned at an
incident angle a. The reflected signal was detected with a photon-counting
photomultiplier tube at the same angle a. The incident beam was focused
on a single domain of the film, which was mounted on a rotating stage. The
single domain and the focus of the incident beam were exactly aligned on
the center of rotation. In this way the SHG signal of a single domain could
be measured as a function of the azimuthal angle. Further details are given
in refs. [29, 30].

Atomic force microscopy: AFM measurements were carried out with a
NanoScope II and a NanoScope III multimode AFM (Digital Instruments
(DI), Santa Barbara, CA, USA) in contact mode. The setup was equipped
with a CCD camera that enabled the birefringent domains to be located
prior to scanning. AFM scans were performed in air by using silicon nitride
cantilevers (DI) with nominal spring constants of 0.38 Nm~' and 0.12 Nm~!
(SizNy, DI). The samples were attached to the sample holder disk with a
cyanoacrylate adhesive. All images shown in this work correspond to plane-
fitted raw data. For high-resolution imaging, the AFM setup was allowed to
equilibrate for at least 24 h prior to measurements in air. Digital filtering
was used to eliminate noise in additional images that were used to
determine the lattice parameters (high-pass set to 4, low-pass set to 1). The
lattice periodicities were observed both with and without the filters. The
evaluation of the lattice constants and lattice symmetry has been described
previously.”] Cross-sectional plots of autocovariance patterns of the
images were quantitatively evaluated to obtain the repeat length values.
After correction for the sample height and recalibration of the instru-
ment!“! the values of the repeat distances in corresponding directions of the
observed lattices were averaged. Results are given as mean values including
the standard deviation.

Molecular mechanics: The conformational energies of the structures of 9—
14 were minimized in vacuum at 0 K by using Quanta/CHARMm 3.30%]
with ABNR (adopted basis set Newton—Raphson) until the root mean
square (RMS) on the energy gradient was <0.01 kcalmol~' A-1. Parame-
ters were taken from Quanta 3.3. The molecules were charged to zero with
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a small excess of charge smoothed to nonpolar carbon and hydrogen atoms.
No cutoff for the nonbonding interactions was applied, and a constant
dielectric constant of e =1 was used.

Molecular dynamics: The simulations were carried out with the Discover
program from Molecular Simulations Inc., San Diego, USA. The point
charges of the starting geometry as taken from the single-crystal
structurel’”) were calculated for the entire calix[4]arene moiety by using
the semiempirical molecular orbital program MOPAC.¥l The PM3
Hamiltonian was employed, and the resulting point charges were calcu-
lated with the ESP algorithm.*¥! Electrostatic energies for the periodic
boundary conditions were calculated by the Ewald summation techni-
que.® The packing of dipole-aligned calix[4]arene molecules was achieved
by the following method: Two molecules were graphically placed in either a
stacked or a side-by-side noncentrosymmetric geometry. The orientation of
the propyl groups was originally that of the centrosymmetric crystal
structure. In an annealing simulation of energy minimization by molecular
mechanics, 1 ps of molecular motion at 500 K by molecular dynamics, and
reminimization were performed. The resulting energy and density of the
annealed cell were compared to those of the original structure. For
structures with higher total energy and higher density, the propyl groups
were reoriented graphically so that they were placed symmetrically
between the two molecules of the unit cell, and the annealing process
was reapplied. Three structures with similar densities (1.22-1.25 gem™)
and energies were ultimately obtained by the cell-annealing process. The
centrosymmetric single-crystal structure determined by X-ray diffraction
has a density of 1.42 gcm™ but contains four CH,Cl, solvent molecules. A
correction of the experimental cell volume and mass by the molecular
volume and mass of four solvent molecules yields a density of 1.25 gcm .
After an initial temperature equilibration of the resulting cell at 298.4 K, a
dynamics simulation was run for 30 ps at constant pressure, during which
the cell dimensions were allowed to change.

Other instrumentation: Contact angles were measured with a computer-
controlled Kriiss G10 system, equipped with a CCD camera and video
recorder. The reported angles are the averages of measurements on at least
five drops of water.

DSC experiments were performed with a Perkin Elmer DSC7 calorimeter
with heating rates of 20 or 30°Cmin~".

Solid-state NMR experiments were carried out on a Varian Unity 400WB
NMR spectrometer operating at 100 MHz for “C, equipped with a
Jakobsen-design probehead in combination with a Sorensen heating unit
and a Varian rotor speed control unit. The 5 mm diameter ZrO, spinners
were spun at the magic angle speed of 4 KHz.

Polarization microscopy was performed on an Olympus BH2-UMA
microscope equipped with an C35AD-4 camera.
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Band-Gap Engineering of Donor - Acceptor-Substituted n-Conjugated

Polymers

H. A. M. van Mullekom, J. A. J. M. Vekemans, and E. W. Meijer*

Abstract: Three series of alternating
donor —acceptor-substituted  co-oligo-
mers (with different chain lengths) have
been prepared by application of the Pd-
catalyzed Stille coupling methodology.
They contain pyrrole or thiophene as the
electron-rich unit and quinoxaline or
2,1,3-benzothiadiazole as the electron-
deficient unit. The trimethylstannyl
group is always located on the elec-
tron-rich unit, whereas the bromo sub-
stituent is always located on the elec-

group is used in the synthesis of the
pyrrole-containing oligomers. The incre-
mental bathochromic shift of 1,,,, upon
chain elongation of the three series of
oligomers is less than that of the homo-
oligomers of thiophene and pyrrole; this
decrease is caused by a diminished

Keywords: conducting materials
conjugation - donor—acceptor sys-
tems - oligomers - cross-coupling
reactions

dispersion of the LUMO level upon
chain elongation. This conclusion was
drawn after comparing the oxidation
and reduction behavior of the thio-
phene/benzothiadiazole  co-oligomers
with that of thiophene oligomers. The
incremental bathochromic shift is sim-
ilar for all three series of oligomers and
is used as a tool in the band-gap
engineering of donor- acceptor-substi-
tuted m-conjugated polymers.

tron-deficient one. The tBoc-protecting

Introduction

Since m-conjugated polymers allow virtually endless manip-
ulation of their chemical structure, control of the band gap of
these semiconductors is a research issue of ongoing interest.
This band-gap engineering gives the polymer its desired
electrical and optical properties; reduction of the band gap to
approximately zero is expected to give an intrinsically
conducting polymer.lJ One of the most successful approaches
to these low-band-gap polymers is the application of an
alternating sequence of donor-acceptor (D—A) units in the
m-conjugated polymer chain.” Since the semiconducting
behavior of m-conjugated polymers originates from the
dispersion of the HOMO and LUMO levels of the monomer
into a valence and a conduction band upon chain elonga-
tion, a narrow band gap can indeed be obtained by starting
from a monomer that already has a narrow HOMO -LUMO
energy separation, for example, the D—- A compounds men-
tioned above. However, it is not known whether the
narrowing of the band gap upon chain elongation of
these systems is comparable with that of polymers like

[*] Prof. Dr. E. W. Meijer, Dr. J. A. J. M. Vekemans,
H. A. M. van Mullekom
Laboratory of Organic Chemistry, Eindhoven University of Technol-
ogy
P.O. Box 513, N-5600 MB Eindhoven (The Netherlands)
Fax: (+31)40-2451036
E-mail: tgtobm@chem.tue.nl
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polythiophene and polypyrrole. The question is relevant not
only for the understanding of band-gap engineering, but
also with respect to theoretical considerations that have
revealed the unique electronic properties of the D— A type
systems.P

Numerous examples of polymers belonging to the class of
m-conjugated D — A systems are known that do not show a
lower band gap than that of the traditional low-band-gap
polymer polyisothianaphthene (1 eV).! However, Tanaka
et al. have shown that the application of the electron-releasing
thiophene unit in combination with benzo[1,2-c:4,5¢']-
bis[1,2,5]thiadiazole- or thieno[3,4-b]pyrazine-derived elec-
tron-withdrawing units yields conjugated copolymers that
have the lowest optical absorption gaps reported so far.F

In our search for a low-band-gap conjugated copolymer
consisting of electron-rich pyrrole and electron-deficient
2,1,3-benzothiadiazole units,! we noticed that the incremen-
tal red shift in the absorption spectra upon chain elongation
was smaller than that of polythiophene, although both systems
are completely coplanar. In a recent paper of Meier et al. the
dependence of chain length and absorption maximum for a
large series of homopolymers and their oligomers has been
evaluated systematically.”! In this paper, we report on the
synthesis of three series of D — A oligomers 1-11 (Figure 1),
the investigations of the dependence of the absorption
maximum on chain length, and the formulation of the
consequences for the design of low-band-gap D—A conju-
gated polymers.
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Figure 1. Donor-acceptor oligomers investigated in this study.

Results

Synthesis of pyrrole/2,1,3-benzothiadiazole co-
oligomers: The syntheses of oligomers 1-3 are
outlined in Scheme 1. Stille coupling gives access to
the appropriate oligomers.®l The combination of the
solvent system toluene/Im Na,CO; and the catalyst
[Pd°(PPh;),] has previously proven effective in the
coupling of N-fBoc-2-trimethylstannylpyrroles with

Abstract in Dutch: Drie reeksen co-oligomeren van
verschillende lengtes, met alternerende elektronendo-
nor (pyrrool of thiofeen) en -acceptor (chinoxaline of
2,1,3-benzothiadiazool) eenheden in de hoofdketen,
zijn gesynthetiseerd met behulp van de Pd-gekataly-
seerde Stille koppeling. De waargenomen bathochro-
me verschuiving van A, bij toenemende ketenlengte
in de drie genoemde reeksen is geringer dan die bij
overeenkomstige homo-oligomeren van thiofeen of
pyrrool. Dit kan—zoals de vergelijking van het
oxidatie— en reductiegedrag van de thiofeen/benzo-
thiadiazool co-oligomeren met die van overeenkom-
stige thiofeen homo-oligomeren suggereert—veroor-
zaakt worden door een kleinere dispersie van de
LUMO band bij ketenverlenging. De bathochrome
verschuivingen voor de drie reeksen D —A oligome-
ren zijn onderling nagenoeg gelijk. Dit fenomeen kan
worden gebruikt als een hulpmiddel bij de band-gap
engineering van D — A gesubstitueerde n-geconjugeer-
de polymeren.

1236

aryl bromides!” and is used here in
the synthesis of pyrrole-contain-
\ ing oligomers 1-6. Thus, the bro-
mide 1209 was treated with N-
tBoc-2-trimethylstannylpyrrole
(13) in a boiling two-phase
system of toluene/lMm Na,CO;
= (1:1) under  catalysis  of
o\ N [Pd°(PPh;),] for 48 hours, to give
the Boc-protected precursor 1-
Boc in 78 % yield. This precursor
was deprotected by heating the
solid briefly at 200°C to give 1.2
Analogously, 2-Boc was synthe-
sized in 42% yield from the di-
bromide 14 and trimethylstannyl-
pyrrole 13, and was subsequently
deprotected to afford 2. The syn-
thesis of 3 requires the intermedi-
ate stannyl compound 15 that was
prepared in 57 % yield from 1-Boc
by deprotonation with Li-tetrame-
thylpiperidide (LTMP) in THF at
—80°C, and subsequent quench-
ing with SnMe;Cl. Compound 15
was then treated under the stand-

Scheme 1. Synthesis of pyrrole/2,1,3-benzothiadiazole co-oligomers. Reagents and
conditions: a) [Pd(PPh;),], toluene, 1M Na,CO;, reflux 48 h, 78%; b) [Pd(PPhs),],
toluene, 1M Na,COj, reflux 48 h, 42 %; c) heat, 200°C, 30 min, 95 %; d) heat, 200°C,
30 min, 96 %; e) heat, 0.1 mm Hg, 200°C, 30 min, 100 %; f) [Pd(PPh;),], toluene, 1m
Na,CO;, reflux 72 h, 11 %; g) LTMP, then SnMe;Cl, THF, —80°C, 57%.
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ard conditions with dibromide 14 to give 3-Boc in 11 % yield,
which upon deprotection gave 3. A general trend in the Stille
couplings used here is that with increasing oligomer size the
reaction yields drop; this is presumably as a result of the more
difficult ligand exchange with larger molecules.['*]

Synthesis of pyrrole/quinoxaline co-oligomers: The syntheses
of oligomers 46 are outlined in Scheme 2. The [Pd°(PPh;),]-
catalyzed Stille reactions are again performed in the boiling
two-phase system toluene/1m Na,COj; (1:1).

The bromide 16" was treated with 13 to give 4-Boc in 36 %
yield. Thermal deprotection of this compound then gave 4.
The synthesis of compound 5 differed from that of its
analogue 2. In view of the longer reaction times needed to
complete the Stille coupling with bromoquinoxalines com-
pared with that for bromobenzothiadiazoles (and hence the
greater probability of by-product formation), the intermedi-
ate compound 18 was first isolated (23 % yield) and thereafter
treated again with an additional equivalent of 13 to give the
desired 5-Boc in 75 % yield. Thermal deprotection then gave
5. For the synthesis of 6, the trimethylstannyl compound 19
was prepared first from 4-Boc (analogously to the synthesis of
15 from 1-Boc) in 32% yield. Subsequent reaction with 18
gave 6-Boc in 85 % yield and thermal deprotection then gave
crude 6. During the deprotection process an unidentified by-
product was formed, hence 6 had to be purified by precip-
itation from THF in hexane.

4 - \
N N Boc
N/ rll
Br Meﬁn@
16 13
a)
;300 N\ /N
N
/_ | / Br
18
b) c)
Poc N\ /N
N
|/
4,Boc

e)
4
hy

Scheme 2. Synthesis of pyrrole/quinoxaline co-oligomers. Reagents and conditions: a) [Pd(PPh;),],
toluene, 1M Na,CO;, reflux 72h, 23%; b) [Pd(PPh;),], toluene, 1M Na,CO;, reflux 72h, 36%;
c¢) [Pd(PPh;),], toluene, 1M Na,COs;, reflux 72 h, 75%; d) [Pd(PPh;),], toluene, 1M Na,COj, reflux
72 h, 85 % e) heat, 200 °C, 30 min, 95 %; f) Heat, 200 °C, 30 min, 95 %; g) heat, 0.1 mmHg, 200 °C, 30 min,

90 %; h) LTMP, then SnMe;Cl, THF, —80°C, 32 %.
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As already mentioned, the Stille coupling of bromoqui-
noxalines with trimethylstannylpyrroles proceeds more slowly
than that of bromobenzothiadiazoles. Presumably, the lower
electron-withdrawing power of quinoxaline leads to lower
activation of this substrate compared with benzothiadiazole.
In this context, it is strange that the yields in the synthesis of 5-
Boc and 6-Boc are quite high, since the bromide here is
expected to be even less activated. A lower yield would also
be expected in light of the oligomer size. It seems therefore
that the introduction of the first substituent is more difficult
than the introduction of the second one.

Synthesis of thiophene/benzothiadiazole co-oligomers: The
Stille coupling of 2-tributylstannylthiophene with 4,7-dibro-
mo-2,1,3-benzothiadiazole has previously been described,
with THF as the solvent and [Pd"(PPh,),Cl,] as the catalyst.['’]
However, we found that reaction of 2-trimethylstannylthio-
phene with 4,7-dibromo-2,1,3-benzothiadiazole in dry DMF at
75°C with the [Pd"(PPh;),Cl,] catalyst gave a cleaner reaction
with comparable yields. The synthesis is outlined in Scheme 3.
Thus, 7 was synthesized in 89 % yield from bromobenzothia-
diazole 12 and trimethylstannylthiophene 20, whereas 8 was
synthesized from two equivalents of 20 and dibromobenzo-
thiadiazole 14 in 56 % yield.

In order to investigate the effect of bithiophene as the
electron-releasing unit, compounds 9 and 10 were synthesized
from 2-trimethylstannylbithiophene 21 and (di)bromobenzo-
thiadiazoles 12 and 14 in 75% and
15% yield, respectively. Especially
notable is the low yield of 10, prob-
ably connected with the size of the
oligomer and its low solubility. Fi-
nally, oligomer 11 was synthesized by
17 a [Pd"(PPh;),Cl,]-catalysed oxida-
tive coupling of the trimethylstannyl
compound 22 in the presence of air.
This reaction is often encountered as
a side reaction during a Stille cou-
pling if the reaction mixture is not
adequately deaerated. Other exam-
ples in which this homocoupling is
utilized have recently been descri-
bed.['d]

Compound 8 was monostannylat-
ed to 22 in 99% yield, in the same
way as compounds 1-Boc and 4-Boc,
with LTMP and SnMe;Cl in THF at
—80°C. Subsequently, compound 22
was heated under reflux in toluene
in the presence of air and
/—\ [Pd"(PPh;),CL,] to give 11 in 14%
N\ / N yield. The ESI-MS spectrum showed

/ minor amounts of methyl- and di-

methyl-substituted derivatives of 11,

19 the origin of which is not yet clari-

fied. Compound 11 is insoluble in

most organic solvents, and is very

slightly soluble in solvents like
CHCl; and DMSO.

\
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Scheme 3. Synthesis of thiophene/2,1,3-benzothiadiazole co-oligomers. Reagents
and conditions: a) [Pd(PPh;),CL], DMF, 75°C, 1 h, 89 %; b) [Pd(PPh;),Cl,], DMF,
75°C, 1.5 h, 56 % c) [Pd(PPh;),CL,], DMF, 75°C, 1 h, 75 %; d) LTMP, then SnMe;Cl,

pronounced, as seen by the slope of the lines for
oligopyrroles (3.19 eV on going from 1/n=0to 1/n=1)
and oligothiophenes (3.77 eV) versus the D — A oligom-
ers in Figure2 (P-B: 2.48¢V; P-Q: 2.57¢eV; T-B:
2.44 eV). This behavior is usually found in conjugated

5.0 q
——P-B
4.5 ——P-Q
—x—T-B
4.0 4 -—thiophene
—&—pyrrole
%35
-
w30 1
254
2.0 4.0l
1.5 T T T !
0.1 0.2 04 0.5

0.3
1/n
Figure 2. Chain-length dependence of the absorption maxima of
co-oligomers 1-11 compared with the homo-oligomers of pyrrole
and thiophene, with n = number of aryl units.

THF, —80°C, 99%; e)air, [Pd(PPh;),Cl,], toluene, reflux, 18h,
f) [PA(PPh,),CL], DMF, 75°C, 2 h, 14%.

UV/Vis spectroscopy: The D — A character of the oligomers is
manifested in the UV/Vis spectra (Table 1). The oligomers are
divided into three classes: P—B for the pyrrole- and 2,1,3-

Table 1. Optical properties of compounds 1-11.

Class Compound Amax [nM] E. .. [eV]
P-B 1 442 2.81
2 532 2.33
3 599 2.07
P-Q 4 421 2.95
5 502 2.47
6 535 2.32
T-B 7 390 3.18
8 447 2.77
9 429 2.89
10 502 2.47
11 521 2.38

benzothiadiazole-containing oligomers 1-3, P-Q for the
pyrrole- and quinoxaline-containing oligomers 4-6, and T-B
for the thiophene- and 2,1,3-benzothiadiazole-containing
oligomers 7-11. When the absorption maximum energies
are plotted as a function of the reciprocal number of aryl units
1/n, a deviation in behavior is found for the D — A oligomers
compared with homo-oligomers such as oligothiophenel'”l and
oligopyrrole.> 181

Although the 4., of short D—A oligomers is at much
higher wavelength than the corresponding homo-oligomers,
the incremental red shift upon chain elongation is less

1238 ——

15%;
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oligomers in which the consecutive aryl units are not
coplanar. This is exemplified in Figure 3 for the P-B
oligomers, oligopyrroles, and fert-butoxycarbonyl-pro-
tected oligopyrroles.'s] The latter possess significant steric
hindrance, and hence the slope of the curve for these
oligomers is only 1.21 eV.

5.0 1 —o—P-B

—O— N-Boc-pyrrole
—&—pyrrole

45 4

4.0 A

3.5 1

abs /eV

30"

2.5 4

204 e

1.5 T T T R

0.1 0.2 0.3 04 0.5
1/n

Figure 3. Chain-length dependence of the absorption maxima of com-
pounds 1-3 (P-B series) compared with the homo-oligomers of pyrrole
and N-Boc-pyrrole. n =Number of aryl units.

The P-B as well as the P-Q oligomers are expected to be
completely coplanar by virtue of hydrogen bonding (depicted
in Figure 1 by the dashed lines). In the proton NMR spectra of
compounds 1-6 (CDCl,), the pyrrole N—H signal is found at
low field (Table 2). Moreover, this signal showed no concen-
tration dependence and only a very small temperature
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Table 2. Position of the pyrrole N - H absorption in the "H NMR spectrum
(CDCl;) of compounds 1 - 6.

Compound On_y in CDCl4

10.9
10.9
12.1
11.9
11.9
14.2/11.9

AR NN -

dependence; this is an additional indication for strong intra-
molecular hydrogen bonding.'"" Therefore, the smaller slope
of the D — A oligomers in Figure 2 is not caused by conforma-
tional factors, but rather by electronic factors.

Cyclic voltammetry: The bathochromic shift in the absorption
maximum upon extension of a conjugated m-system originates
from the dispersion of the HOMO and LUMO levels of the
monomeric units into new bands until, in the case of
conjugated polymers, broad valence and conduction bands
have emerged, which give these polymers their semiconduct-
ing properties. The less-pronounced bathochromic shift for
the D-A oligomers should therefore be caused by a
diminished dispersion of the HOMO and/or LUMO level(s)
upon extension of these systems. In order to confirm this
hypothesis, the cyclic voltammograms of compounds 7, 9, and
10 were measured in a 0.Im Bu,NPF{ solution in CH,Cl,
versus a standard calomel electrode (SCE). The data are
summarized in Table 3.

Table 3. Cyclic voltammetry data for compounds 7, 9 and 10 vs. SCE in
0.1m Bu,NPF, in CH,Cl,.

Compound Oxidation EY [V] Reduction EY [V]
7 1.62 —1.60
9 1.30 —1.40
10 0.98 —-1.32

Meerholz et al.?! have investigated the oxidation and
reduction potentials (vs. Ag/AgCl) of oligothiophenes versus
the inverse chain length 1/n. They report Equations (1) and
(2) for the reduction and oxidation, respectively, of thio-
phenes.

EY(N) = (?) — 142 0

EY(N) = (?) +035 V)

In Figure 4, Equations (1) and (2) are plotted together with
the oxidation and reduction data of the T-B oligomers.
Linear regression of the data for the T—B oligomers give
Equations (3) and (4) for their reduction and oxidation,
respectively.

E)(N)= (?) —111 (3)
EY(N)= (%) +0.57 4)

Chem. Eur. J. 1998, 4, No. 7
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Figure 4. Chain-length dependence of oxidation and reduction potentials
for oligothiophenes (—) vs. Ag/AgCl and for T-B oligomer oxidation (- -
x - -) and reduction (- - * - - ) vs. SCE. n =Number of aryl units.

Whereas the dispersion of the HOMO level for the T-B
oligomers upon chain elongation is comparable with that of
oligothiophenes [as concluded from the slopes of Equa-
tions (2) and (4)], the dispersion of the LUMO level for the
T-B oligomers is significantly lower [Eq. (1) and (3)]. The
smaller slope for the D — A oligomers in Figure 2 is therefore
mainly caused by the smaller dispersion of the LUMO level
upon chain elongation compared with homo-oligomers such
as oligothiophenes and oligopyrroles.

Discussion

The degree of dispersion of the HOMO and LUMO levels
depends on the size of the atomic orbital (AO) coefficients
on the coupling positions of the monomers. Preliminary
semiempirical PMO/MNDO calculations?!! on bithiophene
and T-B oligomer 7 reveal that the LUMO AO coefficients
of the latter are indeed smaller, as expected on the basis of the
cyclic voltammetry (CV) results. In the LUMO, the largest
electron density is found in the electron-poor part of the
D-A systems. When this part is located outside the
polymer backbone, the dispersion of the LUMO level is
diminished.

Therefore, it must be kept in mind that when designing low
band-gap D - A conjugated polymers of this type the initial
reduction of the energy separation between HOMO and
LUMO levels cannot be scaled to homopolymers such as
polythiophene, in order to prevent a too optimistic estimation
of the band gap. Preferably, the acceptor unit must have its
electron-accepting part incorporated in the conjugated back-
bone.

When we reconsider Figure 2, it is remarkable that the
slope for all three D— A oligomers is more or less equal at
about 2.5 eV on going from 1/n=0 to 1/n=1. If we assume
that this slope is found for all D - A oligomers, it gives us a
quantitative guideline for the design of D - A-conjugated
polymers with the desired (optical) properties. This is
exemplified in Figure 5 in which the low-band-gap area is
supposed to start with polymers that have an absorption
maximum of <1 eV.
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Figure 5. Application of the universal slope of 2.5 eV on low band-gap D -
A copolymers (for which E,(n=00)=1¢eV is taken) and (possibly
intrinsically conducting) zero band-gap D-A copolymers (for which
E,,(n=00)=0is estimated from E,,(n=00)=0).

Of course, a few limitations hold:

1) The prediction is only valid for alternating D-A-
conjugated copolymers that are completely planar.

2) Figure 5 is based on absorption maxima, not on band
gaps. The intrinsic conductor area in the graph corresponds to
polymers with an absorption maximum of 0 eV. Since the band
gap is always lower in energy than the absorption maximum,
this area may start at higher energy.

3) No experimental data is available to check the assump-
tion that in the low-energy region of Figure 5 the slope of the
curve is still 2.5 eV.

4) For large values of n, it has been found that the linear
relationship between E,,,, and 1/n does not hold anymore.[!
Beyond a certain number of repeat units (referred to as the
effective conjugation length, ngc ) the absorption maximum is
no longer shifted to higher wavelengths, indicating that some
kind of saturation is reached. To account for this effect, the
dotted lines beneath the low band gap and intrinsic conductor
areas are introduced in Figure 5. An effective conjugation
length npe =10 is assumed, which may seem rather low for
these completely planar systems, yet it serves merely to
indicate the boundary case since a conjugation length of 10
repeat units is the minimum for sterically nonhindered
conjugated polymers.

Bearing these limitations in mind, we can now predict that if
a D - A-conjugated copolymer is to be obtained with an
absorption maximum of 1 eV (upper edge of the low-band-
gap area in Figure 5), the corresponding D- A dimer must
show a 4,,,, of > 550 nm (> 620 nm with ngo = 10). A polymer
with an absorption maximum of
0eV must have a corresponding
D-A dimer with an absorption
maximum of >990 nm (> 1240 nm
with nge = 10).

Tanaka et al. recently reported a
D-A cotrimer that exhibits
an absorption maximum of
1345 nm (Figure 6). This value
approaches the value of 1488 nm
that is predicted by the intrinsic
conductor line in Figure5 for a

Figure 6. Donor-accep-
tor cotrimer with 2,
1345 nm, prepared by Ta-
naka et al.

max —
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trimer, and, taking into account the many assumptions, it may
therefore indeed be a monomer candidate for an intrinsically
conducting polymer.

Conclusions

Various push —pull conjugated oligomers with varying chain
length, consisting of pyrrole or thiophene as the electron-rich
subunit and 2,1,3-benzothiadiazole or quinoxaline as the
electron-deficient subunit, can be synthesized in moderate
yields by means of Stille cross-coupling. The incremental
bathochromic shift in the absorption spectra upon chain
elongation of the investigated oligomers—typically ~2.5 eV
on going from 1/n=0 to 1/n=1—is not as large as in
homopolymers such as polythiophene (3.77 eV) and polypyr-
role (3.19 eV). Cyclic voltammetry measurements show that
this is mainly due to the diminished dispersion of the LUMO
level upon chain elongation, which is supported by semi-
empirical calculations that predict small LUMO AO coeffi-
cients on the coupling sites of the D— A monomers. The
incremental bathochromic shift appears to be ~2.5 eV for all
three classes of D — A oligomers. Based on this equity, we can
predict—if some assumptions are made—which requirements
the monomers must meet to yield low-band-gap or even
intrinsically conducting conjugated polymers. For a polymer
with an absorption maximum below 1 eV, the corresponding
D - A codimer must show an absorption maximum > 550 nm,
whereas a polymer with an absorption maximum of 0eV
requires a codimer with an absorption maximum of at least
990 nm. With these guidelines in mind, we are currently
investigating new push —pull oligomers and polymers featur-
ing low band gaps.

Experimental Section

General techniques: All solvents and reagents were reagent grade and used
as received. Tetrahydrofuran (THF) was distilled over Na/benzophenone
prior to use. For column chromatography, Merck silica gel 60 (particle
size 0.063-0.200 mm) or Merck aluminum oxide 90 (neutral; activity I
deactivated with 7 wt % of water) were used. Melting points are uncor-
rected and determined with a Biichi melting point apparatus (Dr. Tottoli).
NMR spectra were recorded on a Bruker AM400 spectrometer at
frequencies of 400.1 and 100.6 MHz for 'H and *C nuclei, respectively,
or on a Varian Gemini spectrometer at frequencies of 300.1 and 75.0 MHz
for 'H and "*C nuclei, respectively. Tetramethylsilane (TMS) was used as an
internal standard for '"H NMR and CDCI; or [Dg]DMSO for *CNMR. UV/
Vis spectra were recorded on a Perkin—Elmer Lambda 3B UV/Vis or
Lambda 900 UV/Vis/NIR spectrometer. Infrared (FT-IR) spectra were
recorded on a Perkin—Elmer 1605 FT-IR spetrophotometer with wave-
numbers between 4400 and 450 cm~!. Elemental analyses were performed
on a Perkin—Elmer 2400 Series II CHN Analyzer. GC/MS measurements
were performed on a Shimadzu GCMS-QP5000. Electrospray-MS (ESI/
MS) measurements were performed on a Perkin-Elmer/Sciex API300
mass spectrometer. Cyclic voltammetry was performed in CH,Cl,/Bu,NPF,
(0.1 molL") at 295 K, scan rate 100 mVs™!, potential vs. SCE calibrated
with Fe/Fc* (0.470 V).

4-(N-tert-Butoxycarbonylpyrrol-2-yl)-2,1,3-benzothiadiazole (1-Boc): In a
50 mL flask, N-tert-butoxycarbonyl-2-trimethylstannylpyrrole (13, 1.04 g,
3.10 mmol) and 4-bromo-2,1,3-benzothiadiazole (12, 0.65 g, 3.00 mmol)
were dissolved in a mixture of toluene and 1M Na,COj; (1:1, 20 mL). This
mixture was deaerated and brought under an argon atmosphere. Then,
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tetrakis(triphenylphosphine)palladium() (2 mol%) was added and the
resulting mixture was heated under reflux for 48 h. Subsequently, the
reaction mixture was allowed to cool to room temperature, and the organic
layer was separated. The aqueous layer was extracted three times with
ether, and the combined organic layers were dried (MgSO,), filtered, and
evaporated to give crude 1-Boc as a brown oil (1.25g). This oil was
subjected to column chromatography on Al,O; (hexane/dichloromethane
5:1 as the eluent) to give pure 1-Boc (0.49 g, 0.00163 mol, 77.8%) as a
fluorescent green-yellow solid. M.p. 71°C, decomp 200°C; 'H NMR
(400 MHz, CDCl,): 6 =795 (dd, J = 8.7, 1.1 Hz, 1 H; H7 benzothiadiazole
(btd)), 7.60 (dd, J =8.7, 6.8 Hz, 1 H; H6 btd), 7.54 (dd, J=6.8, 1.1 Hz, 1 H;
HS5 btd), 7.50 (m, 1 H; HS pyrrole (pyr)), 6.40 (dd,J = 3.3,1.77 Hz, 1H; H3
pyr), 6.33 (m, 1H; H4 pyr), 1.10 (s, 9H; CH; Boc); *C NMR (100 MHz,
CDCl;): 0 =154.7,154.5, 149.0, 130.0, 129.4, 128.5, 127.5, 123.4, 120.5, 115.6,
110.7, 83.18, 27.29; UV/Vis (CHCL): A,,,,=369 nm; IR (KBr): ¥#=2975,
1737, 1312, 1149, 848448 cm™!; C;sH;sN;0,S (301.368): caled C 59.78, H
5.02, N 13.94; found C 60.13, H 5.09, N 13.97.
4-(Pyrrol-2-yl)-2,1,3-benzothiadiazole (1): 1-Boc (6 mg, 0.2 mmol) was put
in a 10 mL flask and heated on an oil bath at 200 °C. Evolution of CO, and
isobutene, and a rapid color change of the solid were observed. After
30 min the flask was allowed to cool to room temperature, in which pure 1
(4 mg, 0.19 mmol, 95 % ) was found as a dark yellow solid. M.p. >200°C; 'H
NMR (400 MHz, CDCl,): 6 =10.9 (s, 1H; NH), 7.78 (dd, J = 7.2, 0.7 Hz,
1H; H7 btd), 774 (dd, / = 8.8, 0.7 Hz, 1H; H6 btd), 7.55 (dd, J/ = 88,
7.2 Hz, 1H; H5 btd), 7.02 (m, 1 H; H3 pyr), 6.89 (m, 1H; H4 pyr), 6.35 (m,
1H; HS5 pyr); *C NMR (100 MHz, CDCl,): 6 =155.5, 151.5, 130.2, 129.2,
124.8, 121.9, 120.3, 117.7, 109.9, 107. 5; UV/Vis (CHCl3): A,,x =442 nm; IR
(KBr): 7=13395, 1481, 1091, 880 - 450 cm~!; MS (70 eV, EI): m/z (% ): 200.85
(100) [M]; C;oH,N5S (201.251): caled C 59.68, H 3.51, N 20.88; found C
59.13, H 3.63, N 20.61.
4,7-Bis(N-Butoxycarbonylpyrrol-2-yl)-2,1,3-benzothiadiazole (2-Boc): This
compound was prepared with the procedure described for 1-Boc by means
of a Stille coupling between dibromo-2,1,3-benzothiadiazole (14, 2.0 g,
6.8 mmol) and 13 (4.5 g, 14 mmol) in a mixture of toluene and 1M Na,CO;
(1:1, 100 mL), and a reaction time of 48 h. Column chromatography of the
crude product (3.53 g) over ALO; with hexane/dichloromethane (5:1)
yielded pure 2-Boc (1.32 g, 2.83 mmol, 41.6%) as a fluorescent orange
solid. 'TH NMR (400 MHz, CDCl;): 6 =7.58 (s, 2H; H5,6 btd), 7.49 (dd, J
= 3.3,1.8 Hz,2H; H2 pyr), 6.41 (dd,J = 3.3,1.8 Hz,2H; H4 pyr), 6.34 (t,J
= 3.3 Hz, 2H; H3 pyr), 1.19 (s, 9H; CH; Boc); *C NMR (100 MHz,
CDCly): 6 =154.8, 149.1, 130.2, 1274, 125.9, 123.4, 115.6, 110.8, 83.4, 27.4;
UV/Vis (CHCLy): A,,,x =401 nm; IR (KBr): # =2976, 1743, 1318, 1138, 846 —
400 cm~t; CyH,6N,O,S (466.560): caled C 61.78, H 5.61, N 12.00; found C
61.17, H 6.05, N 11.82.

4,7-Bis(pyrrol-2-yl)-2,1,3-benzothiadiazole (2): This compound was pre-
pared by the procedure described for 1 from 2-Boc (0.196 g, 0.43 mmol) to
give 2 (0.1084 g, 0.407 mmol, 95.5%) as a deep purple solid. M.p. >200°C;
'"H NMR (400 MHz, CDCl;): 6 =10.9 (s, 1H; NH), 7.84 (s, 1 H; H btd), 7.03
(m, 1H; H3 pyr), 6.88 (m, 1H; H4 pyr), 6.37 (m, 1H; HS5 pyr); C NMR
(100 MHz, CDCl;): 6 =152.5, 129.5, 123.2, 121.4, 120.0, 110.0, 107.0; UV/
Vis (CHCL): A, =532 nm; IR (KBr): 7 =3415, 1481, 1113, 888 —450 cm™!;
GC/MS: 265.95 (100%) [M~*]; C,H(N,S (266.326): C 63.61, H 3.05, N
21.20; found C 63.92, H 3.47, N 21.18.
4-(N-tert-Butoxycarbonyl-2-trimethylstannylpyrrol-5-yl)-2,1,3-benzothia-
diazole (15): In a 50 mL flask, a solution of 2,2,6,6-tetramethylpiperidine
(TMP, 0.1 g, 0.7 mmol) in dry THF (20 mL) was cooled to —80°C and
subsequently treated with a solution of n-butyllithium in hexane (1.6M,
0.44 mL, 0.7 mmol). This mixture was stirred for 15 min at —80°C, warmed
to room temperature, stirred for another 15 min and recooled to —80°C. A
solution of 1-Boc (0.191 g, 0.63 mmol) in THF (5 mL) was added and the
reaction mixture was stirred at — 80 °C for 30 min. The reaction mixture was
then quenched with a solution of SnMe;Cl (0.14 g, 0.7 mmol) in THF
(5 mL) and subsequently warmed to room temperature. The THF was
evaporated and the residue was dissolved in ether/water. The layers were
separated and the aqueous layer was extracted with ether. The combined
organic layers were washed with brine, dried (MgSO,), and evaporated to
give the crude stannyl compound 15 as a dark oil. This oil was dissolved in
hexane and filtered over Al,O; and, after evaporation, gave the pure
stannyl compound 15 (0.169 g, 0.36 mmol, 57 %) as a fluorescent yellow-
green oil. 'H NMR (400 MHz, CDCl;): 6 =793 (dd, J = 88, 1.1 Hz, 1H;
H7 btd), 7.59 (dd, J = 8.8, 6.7 Hz, 1H; H6 btd), 749 (dd, / = 6.7, 1.1 Hz,
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1H; H5 btd), 6.49 (d, J = 3.2 Hz, 1 H; pyr), 6.46 (d,J = 3.1 Hz, 1H; pyr),
0.79 (s, 9H; CH; Boc), 0.32 (s, 9H; SnMe;); *C NMR (100 MHz, CDCl,):
0=154.9, 154.7, 151.0, 139.0, 133.2, 129.7, 129.4, 127.2, 121.3, 120.2, 116.8,
82.75,26.93, —8.0; C;sH3N;0,SnS (464.174): caled C 46.58, H 4.99, N 9.05;
found C 46.90, H 5.31, N 8.66.

4,7-Bis[5-(2,1,3-benzothiadiazol-4-yl)-N-tert-butoxycarbonylpyrrol-2-yl]-
2,1,3-benzothiadiazole (3-Boc): This compound was prepared with the
procedure described for 1-Boc by means of a Stille coupling between 15
(0.169 g, 0.36 mmol) and 14 (0.051 g, 0.17 mmol) in a mixture of toluene
and 1M Na,CO; (1:1, 10 mL), reaction time 72 h. The crude reaction
product (0.22 g) was subjected to column chromatography over Al,O; with
hexane/dichloromethane (3:1) as the eluent to give pure 3-Boc (30 mg,
0.031 mmol, 11.3%) as a fluorescent yellow oil. 'H NMR (400 MHz,
CDCl;): 6=8.00 (dd, J = 8.7, 1.4 Hz, 2H; H7 btd’), 7.79 (s, 2H; H5 btd),
772 (dd,J = 6.9, 1.4 Hz, 2H; HS5 btd’), 7.67 (dd, J = 8.6, 6.8 Hz, 2H; H6
btd’), 6.55 (d, J = 3.4 Hz, 2H; pyr), 6.52 (d, J=3.5 Hz, 2H; pyr), 0.74 (s,
9H; CH; Boc); *C NMR (100 MHz, CDCl,): 6 =154.8, 154.4,154.2, 149.1,
132.4,132.3,129.6, 128.5, 128.1, 127.5, 120.7, 114.3, 114.1, 83.26, 26.94; UV/
Vis (CHCL): A, =412 nm; IR (KBr): #=2976, 1751, 1304, 1146, 872
400 cm™!; C36H30NgO,S; (734.882): caled C 58.84, H 4.11, N 15.24; found C
58.79, H 3.96, N 15.25.

4,7-Bis[5-(2,1,3-benzothiadiazol-4-yl)-pyrrol-2-yl]-2,1,3-benzothiadiazole
(3): This compound was prepared by the procedure described for 1.
However, the deprotection was performed under vacuum for 45 min. Thus
3-Boc (22.9 mg, 0.031 mmol) was deprotected to yield 3 (16.5 mg,
0.031 mmol, 100%) as a deep blue powder. M.p.>200°C; 'H NMR
(400 MHz, CDCl,): 6 =12.1 (s, 2H; NH), 7.94 (s, 2H; H btd), 7.89 (dd, J =
8.0,0.8 Hz,2H; H7 btd'), 7.83 (dd, J = 8.8,0.9 Hz, 2H; H5 btd’), 7.66 (dd, J
= 8.8, 8.1 Hz, 2H; H6 btd’), 7.1 (m, 2H; H3,4 pyr); *C NMR (100 MHz,
CDCly): 6=130.1, 123.5, 122.3, 118.2, 110.0, 109.6 (owing to the poor
solubility of this compound in CDCl;, only the peaks corresponding to
carbon nuclei bearing a proton could be detected); UV/Vis (CHCL): A, =
599 nm; IR (KBr): 7 =3308 (broad), 1475, 1120, 875-450 cm™!; ESI/MS:
miz: 533.9 [M*+H]; C,H,NgS; (534.648):caled C 58.41, H 2.64, N 20.96;
found C 58.26, H 2.70, N 20.34.

5-(N-tert-Butoxycarbonylpyrrol-2-yl)quinoxaline (4-Boc): This compound
was prepared with the procedure described for 1-Boc by means of a Stille
coupling between 5-bromoquinoxaline (16; 0.30 g, 1.44 mmol) and 13
(0.57 g, 1.7 mmol) in a mixture of toluene and 1m Na,CO; (1:1, 20 mL) with
a reaction time of 72 h. Chromatography of the crude product (0.8 g) on
ALO; with hexane/dichloromethane (3:1) as the eluent gave 4-Boc as a
fluorescent yellow solid. '"H NMR (400 MHz, CDCl,): 6 =8.81 (dd, J =4.9,
1.8 Hz, 2H; H2,3 qui), 8.10 (t, J=5.1 Hz, 1H; H7 qui), 7.77 (dd, J=4.7,
0.4 Hz, 2H; H6,7 qui), 7.52 (d, J =2.8 Hz, 1 H; H4 pyr), 6.35 (d, /=2.8 Hz,
2H; H3,5 pyr), 1.02 (s, 9H; CH; Boc); *C NMR (100 MHz, CDCL;): 6 =
149.1, 144.5,144.3,142.7,142.5, 134.8, 130.6, 129.8, 129.5, 129.1, 122.7,115.2,
110.6, 82.72, 27.21; C,;H,;N;0, (295.340): caled C 69.14, H 5.80, N 14.23;
found C 69.13, H 5.89, N 14.09.

5-(Pyrrol-2-yl)quinoxaline (4): This compound was prepared by the
procedure described for 1 from 4-Boc (0.15g, 0.51 mmol) to give 4
(0.11 g, 0.41 mmol, 95.2%) as a dark yellow solid. 'H NMR (300 MHz,
CDCly): 6=11.98 (s, 1H; NH), 8.89 (d, /=1.7 Hz, 1H; H2,3 qui), 8.83 (d,
J=1.8Hz, 1H; H2,3 qui), 8.15 (dd, J = 7.5, 1.3 Hz, 1 H; H5 qui), 7.89 (dd,
J=8.4,13 Hz, 1H; H7 qui), 7.78 (t, /=3.8 Hz, 1H; H6 qui), 7.03 (m, 1H;
H3,4 pyr), 6.93 (m, 1H; H3,4 pyr), 6.35 (m, 1H; H5 pyr); C NMR
(75 MHz, CDCl,): 6 =144.7, 143.8, 142.6, 139.4, 129.8, 130.5, 126.3, 125.3,
119.9, 100.3, 100.0; UV/Vis (CHCL): 4,,,x =421 nm; IR (KBr): ¥=23332,
1493, 1465, 1088, 760, 734 cm~'; MS (70 eV, EI): m/z (%): 195 (100)
[M+].

8-Bromo-5-(N-tert-butoxycarbonylpyrrol-2-yl)quinoxaline (18): This com-
pound was prepared with the procedure described for 1-Boc by means of a
Stille coupling between 5,8-dibromoquinoxaline 17 (1.40 g, 4.7 mmol) and
13 (1.7 g, 5.2 mmol) in a mixture of toluene and 1M Na,CO; (1:1, 40 mL)
with a reaction time of 72 h. Chromatagraphy of the crude product (1.0 g)
over Al,O; with hexane/dichloromethane (2:1) as the eluent gave 18 as a
fluorescent yellow solid (0.40 g, 1.08 mmol, 23%). 'H NMR (300 MHz,
CDCl;): 6=8.84 (d,/ = 1.8 Hz, 1H; H2 qui), 8.75 (d, J=1.7Hz, 1H; H3
qui), 8.01 (d, /=78 Hz, 1H; H7 qui), 7.56 (d, /=77 Hz, 1H; H6 qui), 7.41
(m, 1H; H5 pyr), 6.26 (m, 2H; H3,4 pyr), 1.00 (s, 9H; CH; Boc); 3C NMR
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(75 MHz, CDCl;): 6 =148.9, 146.0, 144.9, 144.8, 143.3, 134.7, 133.6, 133.0,
129.9, 123.3, 122.9, 115.4, 110.7, 83.00, 27.25.

5,8-Bis(/V-tert-butoxycarbonylpyrrol-2-yl)quinoxaline (5-Boc): This com-
pound was prepared with the procedure described for 1-Boc by means of a
Stille coupling between 18 (0.10 g, 0.27 mmol) and 13 (0.10 g, 0.22 mmol) in
a mixture of toluene and 1M Na,COj; (1:1, 20 mL) with a reaction time of
72 h. Chromatography of the crude product (0.6 g) over Al,O; with hexane/
dichloromethane (1:1) as the eluent gave 5-Boc as a fluorescent yellow oil
(0.17 g, 0.17 mmol, 75%). '"H NMR (300 MHz, CDCl,): 6 =8.78 (s, 2H;
H2,3 qui), 7.80 (s, 2H; H5,6 qui), 7.52 (m, 2H; H2 pyr), 6.38 (m, 4H; H3,4
pyr), 1.12 (CH; Boc); *C NMR (75 MHz, CDCl;): 6 =149.8, 144.1, 142.2,
136.4, 131.8, 129.7, 123.4, 115.7, 111.8, 27. 9.

5,8-Bis(pyrrol-2-yl)quinoxaline (5): This compound was prepared by the
procedure described for 1 from 5-Boc (0.10 g, 0.20 mmol) to give 5 as a
dark red solid (0.047 g, 0.18 mmol, 95% ). 'H NMR (300 MHz, CDCL,): 6 =
11.9 (s,2H; NH), 8.87 (s, 2H; H2,3 qui), 8.12 (s,2H; H6,7 qui), 7.01 (m, 2H;
H3 pyr), 6.90 (m, 2H; H4 pyr), 6.35 (m, 2H; HS pyr); *C NMR (75 MHz,
CDCly): 6=142.4, 142.3, 130.6, 126.5, 125.9, 119.6, 109.3, 107.6; UV/Vis
(CHCL): Apa=505nm; IR (KBr): #=3362, 1469, 1107, 1083, 794,
725 cm~; ESUMS: m/z: 261.2 [M*+H].

5-(N-tert-Butoxycarbonyl-2-trimethylstannylpyrrol-5-yl)quinoxaline (19):
This compound was prepared by the procedure described for 15 in dry
THF (20 mL) with TMP (0.11 g, 0.75 mmol), n-BuLi (0.47 mL of a 1.6M
solution in hexane, 0.75 mmol), 4-Boc (0.20 g, 0.68 mmol), and SnMe;Cl
(0.11 g, 0.75 mmol). The crude product was subjected to column chroma-
tography over Al,O; with hexane/dichloromethane (2:1) as the eluent to
give 19 as a yellow oil (0.10 g, 0.22 mmol, 32 % ), which was used in the next
step without further purification. The proton spectrum of 19 is qualitatively
equal to that of 4-Boc, except for the absence of the a-proton of pyrrole and
the appearance of the SnMe; peak at 6 =0.3.

5-[5-(N-tert-Butoxycarbonylpyrrol-2-yl)quinoxalin-8-yl]-2-(quinoxalin-5-

yl)-N-tert-butoxycarbonylpyrrole (6-Boc): This compound was prepared
with the procedure described for 1-Boc by means of a Stille coupling
between 18 (0.09 g, 0.24 mmol) and 19 (0.10 g, 0.22 mmol) in a mixture of
toluene and 1m Na,CO; (1:1, 20 mL) with a reaction time of 72h.
Chromatography of the crude product (0.8 g) over ALO; with hexane/
dichloromethane (1:1) as the eluent gave 6-Boc as a fluorescent yellow
solid (0.12 g, 0.20 mmol, 85%). 'H NMR (400 MHz, CDCl;): 6 =8.81 (d,
J=18Hz,1H;H2 qui), 8.79 (d,/ =1.8 Hz,2H; H3 qui), 8.74 (d,/ = 1.8 Hz,
1H;H2 qui’),8.71 (d,/ =1.8 Hz, 1H; H3 qui’), 8.13 (dd,/=8.5,1.4 Hz, 1 H;
HS8 qui), 8.00 (m, 2H; H6,7 qui), 7.85 (m, 2H; H6,7 qui’), 7.51 (m, 1H; H5
pyr'), 6.49 (s, 2H; H3,4 pyr), 6.37 (m, 2H; H3,4 pyr’), 1.10 (CH; Boc), 0.59
(CH; Boc'); 3C NMR (100 MHz, CDCLy): 6 =149.1, 149.0, 142.3, 142.2,
142.0,141.9, 141.4,141.3,141.2,141.2,131.2, 131.1, 131.0, 130.9, 130.8, 130.5,
130.1, 130.0, 129.9, 129.8, 129.7,122.0, 112.2, 111.5, 110, 81.3, 81.0, 28.8, 28.5.

5-[5-(Pyrrol-2-yl)quinoxalin-8-yl]-2-(quinoxalin-5-yl)pyrrole  (6): This
compound was prepared by the procedure described for 1 from 5-Boc
(0.10 g, 0.17 mmol) to give crude 5 as a purple solid. This solid was
dissolved in THF and precipitated in hexane to give pure 5 as purple
needles (0.058 g, 0.15 mmol, 90%). '"H NMR (400 MHz, CDCl;): 6 =14.2
(s, 1H; NH pyr), 11.9 (s, 1H; NH pyr’), 9.01 (d,/ = 1.7 Hz, 1 H; H3 qui), 8.98
(d, J=1.7 Hz, 1H; H2 qui’), 8.92 (d, J=1.7 Hz, 1H; H2 qui), 8.89 (d, J=
1.6 Hz, 1H; H3 qui’), 8.16 (m, 3H; H6,7 qui’, H6 qui), 790 (dd, J=8.3,
1.1 Hz, 1H; H6 qui), 7.78 (t, /=79 Hz, 1 H; H7 qui), 7.00 (m, 3H; H pyr’,
H4 pyr), 6.37 (m, 1H; H5 pyr’); BC NMR (100 MHz, CDCl;): § =144.7,
143.8,142.7,142.5, 142.3,139.9, 132.2, 131.8, 130.7, 130.4, 130.0, 126.6, 126.4,
126.1, 125.8,125.5, 119.7, 109.7, 109.4, 109.3, 107.8; UV/Vis (CHCL): A, =
535 nm; IR (KBr): 7=2959 (very broad), 1692, 1657, 1589, 1529, 1255,
771.8 cm™!; ESI/MS: m/z: 389.2 [M*+H].

4-(Thien-2-yl)-2,1,3-benzothiadiazole ~ (7): Compound 12 (1.00g,
0.00463 mol) and 2-trimethylstannylthiophene (20, 1.14 g, 0.00463 mol)
were dissolved in dry DMF (25mL). The solution was degassed by
evacuation of the flask with a single-stage vacuum pump (until efferves-
cence of air ceased) followed by the introduction of dry argon gas. After
this cycle was repeated three times, [Pd"(PPh;),Cl,] catalyst (0.03 g,
0.043 mmol) was added and the reaction mixture stirred at 75 °C for 60 min.
The resulting orange solution was diluted with ether and extracted five
times with ice water to remove DMF. The ether layer was dried (MgSOy,)
and evaporated to give crude 7 (1.06 g), which was purified by sublimation
of the solid in a kugelrohr apparatus at approximately 100°C to give 7
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(0.90 g, 0.0041 mol, 89%) as a yellow-green solid. M.p. 46°C; 'H NMR
(400 MHz, CDCl;, 300 MHz): 0 =8.11 (dd, J=3.8, 1.3 Hz, 1 H; H5 thienyl
(th)), 79 (dd,J=8.8,1.1 Hz, 1 H; H4 btd), 7.85 (dd,/ = 7.1, 1.1 Hz, 1 H; H6
btd), 7.6 (dd, /=72, 8.8 Hz, 1H; HS5 btd), 7.5 (dd, J=5.0, 1.1 Hz, 1H; H3
th), 7.21 (dd, J =3.8, 5.0 Hz, 1H; H4 th); *C NMR (100 MHz, CDCL;): d =
155.4, 152.1, 139.2, 132.1, 129.5, 1279, 127.7, 126.7, 125.4, 120.0; UV/Vis
(CHCL;) Ao =390 nm; IR (KBr): #=1589, 1541, 1484, 1427, 1210, 1166,
1046, 852, 820, 804, 753, 688, 504 cm™!; C,(HN,S, (218.302): caled C 55.02,
H 2.77, N 12.83; found C 55.46, H 2.75, N 12.66.
Bis-4,7-(thien-2-yl)-2,1,3-benzothiadiazole (8): Compound 8 was prepared
by the procedure described for 7 from 14 (1.13 g, 0.00384 mol) and 20
(1.90 g, 0.00769 mol) in dry DMF (25 mL) with [Pd"(PPh;),Cl,] catalyst
(0.108 g) with a reaction time of 90 min. The crude product was crystallized
from CHCly/hexane after treatment with active carbon to give 8 as highly
fluorescent orange needles (0.64 g, 0.00213 mol, 55.5%). M.p. 118°C; 'H
NMR (400 MHz, CDCl,): 6 =8.07 (dd, J =3.8, 1.2 Hz, 2H; HS5 th), 7.80 (s,
2H; H5,6 btd), 742 (dd,J=5.1, 1.1 Hz, 2H; H3 th), 7.18 (dd, /= 3.8, 5.1 Hz,
2H; H4 th); ®C NMR (100 MHz, CDCl,): 6 =152.6, 139.3, 128.0, 126.0,
1275, 126.8, 125.8; UV/Vis (CHCL;) A, =447 nm; IR (KBr): 7=1526,
1481, 1422, 1379, 1216, 1073, 1042, 881, 825, 710, 700, 690, 508 cm™;
C,,HgN,S; (300.428): caled C 55.97, H 2.68, N 9.32; found C 55.63, H 2.56, N
9.10.

4-(2,2'-Bithien-5-yl)-2,1,3-benzothiadiazole (9): Compound 9 was prepared
by the procedure described for 7 from 12 (0.50 g, 0.00232 mol) and 2-
thieno-5-trimethylstannylthiophene (21; 0.76 g, 0.00232 mol) in dry DMF
(15 mL) with [Pd"(PPh;),Cl,] catalyst (0.032 g), and a reaction time of
60 min. The crude product was chromatographed on silica gel with a
gradient of dichloromethane/hexane (1:5—1:1) as eluent to give, after
evaporation of the solvent, 9 as fluorescent, orange plates (0.52 g,
0.00173 mol, 74.8%). M.p. 156°C; '"H NMR (300 MHz, CDCl;): 6 =8.04
(dd,J = 3.9,1.1Hz, 1H; H5 th), 79 (dd, /=8.8, 1.1 Hz, 1 H; H7 btd), 7.83
(dd, /=71, 1.1 Hz, 1H; H5 btd), 7.63 (dd, /="7.1, 8.6 Hz, 1 H; H6 btd), 7.3
(m, 3H; H4 th H4',5' th’), 7.07 (dd, J=3.9, 4.9 Hz, 1H; H3 th); ¥C NMR
(75 MHz, CDCl,): 6 =155.1, 152.1, 139.0, 138.5, 137.4, 129.6, 128.5, 128.0,
125.0, 124.6, 124.5, 124.1, 120.0; UV/Vis (CHCl;) A.x =429 nm; IR (KBr):
7=1527, 1479, 1445, 1039, 828, 800, 745, 715, 524, 491 cm~'; C;;HgN,S;
(300.428): caled C 55.97, H 2.68, N 9.32; found C 56.09, H 2.74, N 9.23.
Bis-4,7-(2,2"-bithien-5-yl)-2,1,3-benzothiadiazole (10): Compound 10 was
prepared by the procedure described for 7 from 12 (0.22 g, 0.75 mmol) and
21 (0.50 g, 1.5 mmol) in dry DMF (15 mL) with [Pd"(PPh;),Cl,] catalyst
(0.042 g), and a reaction time of 120 min. The crude product was
crystallized from CHCI; to give 10 as lustrous, copper-like plates (50 mg,
0.108 mmol, 14.4%). M.p. 188°C; '"H NMR (400 MHz, [Ds]DMSO): 6 =
8.17 (s,2H; H5,6 btd), 8.15 (dd, J =3.9, 1.1 Hz, 2H; H5 th), 7.59 (dd, J =5.1,
1.1 Hz,2H; H3 th), 747 (m, 4H; H3,4 th), 7.16 (dd,J = 3.6,5.1 Hz,2H; H4'
th’); UV/Vis (CHCL) A, =505 nm; IR (KBr): 7=1480, 1226, 1064, 840,
796, 698, 683, 527 cm~'; C,H;,N,S5 (464.680): calcd C 56.86, H 2.60, N 6.03;
found C 56.90, H 2.60, N 5.69.
4-(Thien-2-yl)-7-(2-trimethylstannylthien-5-yl)-2,1,3-benzothiadiazole
(22): TMP (0.265 g, 0.0017 mol) was dissolved in dry THF (25 mL) under
an argon atmosphere. The solution was cooled to —78°C on a dry-ice/
acetone bath and n-butyllithium (1.06 mL of a 1.6Mm solution in hexane,
0.0017 mol) was added rapidly. The resulting solution was allowed to warm
to room temperature, was kept at this temperature for 10 min, and
subsequently recooled to —78°C. At this temperature, a solution of 8
(0.40 g, 0.0013 mol) in dry THF (5 mL) was added dropwise. The resulting
deeply colored solution was kept at —78°C for 30 min at which temper-
ature a solution of SnMe;Cl (0.338 g, 0.0017 mol) in dry THF (5 mL) was
added. The reaction mixture was then allowed to warm to room temper-
ature, and mixed with ether. The organic phase was extracted three times
with dilute hydrochloric acid to remove TMP, dried (MgSO,), and
evaporated to give a brown oil. This oil was filtered over aluminum oxide
with hexane as the eluent. Evaporation of the orange hexane filtrate gave
22 as fluorescent orange plates (0.55g, 0.00128 mol, 99%). 'H NMR
(400 MHz, CDCL;): 6 =8.17 (dd, J=3.5, 2.0 Hz, 1H; HS5 th), 8.10 (dd, /=
4.8,2.0 Hz, 1H; H4 th), 7.84 (s, 2H; H5,6 btd), 7.44 (dd, /=4.7,3.6 Hz, 1 H;
H3 th), 729 (dd, J=3.6, 1.5 Hz, 1H; H3 thSn), 720 (dd, J=3.7,1.5 Hz, 1H;
H4 thSn), 0.43 (s, 9H; HSnMe;); *C NMR (100 MHz, CDCl;): 6 =152.6,
145.0,140.2, 139.3, 136.1, 128.5, 128.4, 128.0, 127.5, 127.3, 126.8, 126.6, 125.7,
—8.17; C;H,,N,S;Sn (463.235): caled C 44.07, H 3.48, N 6.04; found C 43.67,
H 3.84, N 5.45.
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Bis-5,5"-(4-thieno-2,1,3-benzothiadiazol-7-yl)-2,2"-bithiophene (11):
[Pd"(PPh;),Cl,] catalyst (0.02 g) was added to a solution of 22 (0.12 g,
0.28 mmol) in of toluene (25 mL), without exclusion of air. The reaction
mixture was then refluxed for 18 h and allowed to cool down to room
temperature, and the black precipitate filtered off. The precipitate (~
0.07 g) was extracted in a soxhlet apparatus with hexane and chloroform.
The intensely red chloroform fraction was evaporated to give 0.06 g of a
black powder. This powder was crystallized from chloroform at —20°C to
give 11 as a black powder (12.5 mg, 0.021 mmol, 14.8%). M. p.>300°C;
UV/Vis (CHCl;) A, =521 nm; IR (KBr): 7= 1479, 1434, 1205, 1046, 881.2,
829.0, 796.1, 695.8, 5132 cm™!; ES/MS: m/z: 598.1 (612.1, 626.2) amu;
CyH 4N,S4 (598.841): caled C 56.16, H 2.36, N 9.36; found C 55.59, H 2.55,
N 8.88.
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Synthesis of Oligosaccharide Dendrimers**
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Spencer, and J. Fraser Stoddart*

Abstract: Two  f-p-glucopyranoside-
based dendrimers, one incorporating
three tetra- and the other three hepta-
saccharide wedges attached to a central
trisfunctionalized nonsaccharide core
component, have been synthesized.
Branching at designated saccharide
units of the tetra- and of the heptasac-
charide wedges arises from (1—2)/
(1—3)/(1 —6) and from (1 —3)/(1—6)

tive primary amino groups at their focal
points located at the termini of spacer
arms connected to the reducing glucose
residues. Amide bond formation be-
tween these amino groups and appro-
priate core components carrying three
carboxylic acid functions afforded two
dendrimers incorporating a total of 12
and 21 monosaccharide units when the
tetra- and the heptasaccharide wedges

were employed, respectively. These
nanosized highly branched macromole-
cules possess molecular diameters of 5—
6 nm and molecular weights of 6195 and
10008 Daltons for the 12-mer and 21-
mer, respectively. The wedges and den-
drimers were characterized and the
intersaccharide connectivity elucidated
by extensive mono- and bidimensional
'H and '3C NMR spectroscopic inves-

intersaccharide linkages, respectively,
with the 1,2-trans configuration at all
anomeric centers. Both oligosaccharide
wedges were constructed by stepwise

R X structures
glycosylation strategies and have reac-

Introduction

The iterative assembly of monodisperse, highly branched,
polyfunctionalized macromolecules in the form of so-called
dendrimers!") that relies upon the use of strictly abiotic
synthetic methods has recently assumed considerable impor-
tance. One of the reasons for this development is that these
synthetic dendrimers can be created in many different forms
with precise molecular structures comparable, in their sizes
and shapes, to biomolecules. On account of their multi-
functionalities, saccharides can be utilized easily as building
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tigations. In addition, LSIMS and MAL-
DI-TOFMS investigations were also
performed and revealed molecular ion
peaks generally as H, Na, or K adducts
for all oligosaccharides.

den-
nano-

blocks for the construction of carbohydrate-containing den-
dritic molecules—so-called glycodendrimers?—giving rise to
new kinds of glycoconjugate derivatives and polysaccharide
mimics. Indeed, the syntheses and the evaluations of the
biological activities of a number of carbohydrate-coated
dendrimers, in which sugar residues are attached to the
termini of noncarbohydrate dendritic skeleton, has been
accomplished by RoyP! and Lindhorst, as well as by
ourselves.’! This research activity is directed at developing
the concept of the multivalent or cluster effect!® exhibited by
multiantennary saccharides in some particular carbohydrate —
protein interactions. However, it is not unreasonable to
speculate that the range of possible applications for carbohy-
drate-containing dendrimers could be much more extensive.
Saccharides can also be considered as suitable building blocks
for controlling various characteristics of dendrimers, such as
their sizes, shapes, topologies, flexibilities, and surface proper-
ties, and are likely to confer biocompatibility upon the
molecules. For example, given certain combinations of sizes
and structures for particular generations, carbohydrate den-
drimers could possess internal void volumes similar to the
cavities present in cyclodextrins!”! or to the channels formed in
some polysaccharides,® and hence be capable of solubilizing
hydrophobic organic molecules in aqueous media. Recently,
we have described two different approaches to the production
of dendrimers coated with carbohydrates on their exterior
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surfaces—namely, a convergent’” and a divergent!'” one.
Here, we report on a synthetic strategy for assembling
carbohydrate dendrimers based on a combination of branched
oligosaccharides as dendritic components and noncarbohy-
drate units as trivalent cores. From the numerous possible
structures of branched oligosaccharides, we have chosen one
based on -D-glucopyranose residues with (1 —3) and (1 —6)
glycosidic linkages. Our synthetic efforts for preparing
branched glucans were inspired by the well-documented
syntheses of both linear (1 —6)-linked!") and (1 —3)-linked!'?
p-D-gluco-oligosaccharides, as well as of (1—3)/(1—6)-
branched™ B-p-gluco-oligosaccharides.

Results and Discussion

Synthesis: The synthesis of carbohydrate dendrimers requires
the preparation of two types of building blocks, namely 1) a
branched oligosaccharide bearing a spacer arm with, at its
terminus, a reactive group which can couple efficiently to2) a
trivalent core component. Thus, our first synthetic target was
a functionalized heptasaccharide containing a 6-aminohexyl
aglycone and appropriate protecting groups. The retrosyn-
thetic analysis of such a heptasaccharide derivative is outlined
in Scheme 1. This scheme relies on an approach which
involves glycosylations at positions 3 and 6 of a monosac-
charide glucosyl acceptor with a 3,6-branched glucotriosyl
donor. In turn, the latter can be constructed by a similar

Ro PROTECTED

HOR% ﬁL

A~ NHZ
/%;é/ o 0 0
RORo OR OR

HEPTASACCHARIDE

WEDGE

OR
ORO o
s
rofio OR
RO Second Glucosyl
Acceptor

Glucosyl First f
Donor
step
1}
Second

step }
RO\ o HO o
OR OH
First f
step

| |
Scheme 1. Retrosynthetic scheme for the assembly of the 3,6-branched
glucoheptaoside, outlining the order of the glycosylation steps, without
specifying the nature of the protecting groups and their precise positions.

Glucosyl
Donor

Glucosyl
Acceptor
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glycosylation route, starting from its monosaccharide compo-
nents. The use of two different leaving groups X and Y which
exhibit different reactivities in coupling reactions allows us to
carry out the direct glycosylation by the trisaccharide without
having to evoke additional steps for the activation of its
reactive anomeric center.'¥

The synthetic route commences with the synthesis of the
disaccharide derivative 3, which was obtained by regioselec-
tive coupling of the diol 1! with the trichloroacetimidate
21130151 ynder conditions previously developed by van
Boom!"*! involving catalysis by TMSOTT at —20°C in CH,Cl,
(Scheme 2). Benzoylation of 3 gave the fully protected

Ph/voo o 1 R0
HO SEt Bz oy
| a

BzO
OH BzO
—_>
BzO b 3 R'=H, R?/R®=CHPh
BzO Q 1_ 2 03
Bz0§: A\ 2 . 4 R'=Bz, R°/R*=CHPh
1_ 2_p3_
Bzoo\n/CCI3 5§ R"=Bz, R°"=R°=H

NH

BzO d
BzO Q
BzO
BzO
Br
6 BzO
BzO

%ﬁ

Scheme 2. Synthesis of the trisaccharide 7. Reagents and conditions:
a) TMSOT{/CH,Cl,, mol. sieves 4 A, —20°C, 1h, 63%; b) BzCl/CsH;sN,
23°C, 24h, 98%; ¢)90% CF;CO,H/CH,Cl,, 23°C, 10min, 80%;
d) AgOTf/mol. sieves 4 A/CH,Cl,, —30 to —5°C, 1h, 79%.

derivative 4,[° which was treated with 90% CF;CO,H in
CH,(l, in order to remove the benzylidene group, affording a
new glucosyl acceptor, the diol 5. On account of the much
higher reactivity of the primary hydroxyl group in 5, it was
possible to carry out 6-O-glucosylation with total regioselec-
tivity. This reaction was carried out between 5 and a slight
excess of the glucosyl bromide 6['! in the presence of AgOTf
as a promoter and molecular sieves 4 A as an acid scavenger,
resulting in the formation of only one glycosylation product,
the trisaccharide derivative 7 in 79 % yield. In the presence of
a base such as collidine, the yield of the glycoside 7 was much
lower as a result of a competing reaction leading to the
formation of a considerable amount of the corresponding
orthoester.

Assuming that we might exploit the different reactivities of
the 2-OH and 3-OH groups of 4,6-O-benzylidene glucosides
in glycosylation reactions, we have identified the glucosyl
acceptor 11 (Scheme 3), similar to the glucosyl acceptor 1. The
monosaccharide residue of the glycosyl acceptor 11 represents
the focal portion of the target dendritic heptasaccharide. Thus,
it should contain a spacer arm, which was introduced when the
glucosyl bromide 6 was coupled with N-benzyloxycarbonyl-

0947-6539/98/0407-1245 $ 17.50+.25/0 1245





FULL PAPER

J. F. Stoddart et al.
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a R0 Q
R%0 OWNHCOZCHQPh

1
HO~~~"NHCO,CHPh  — OR
8

b 9 R'/R?/R*/R*=Bz

10 R'/R?/R*/R*=H
o[

11 R'/R?=H, R*/R*=CHPh
d [; 12 R'=Bz, RZ=H, R®/R*=CHPh
Scheme 3. Synthesis of the spacer-armed glucopyranoside 12. Reagents
and conditions: a) HgBr,/Hg(CN),, mol. sieves 4 A, 23°C, 12 h, 69%;
b) NaOMe/MeOH, 23°C, 5 h, 100 %; ¢) PhCH(OMe),/10-camphorsulfonic
acid/DMF, 50°C, 5 Torr, 4 h, 90%; d) BzCl/Bu,NI/K,CO;/CH,Cl,, 25°C,
3 days, 58 %.

aminohexanol'”! (8) under standard Helferich conditions
(HgBr,/Hg(CN), in CH,Cl,) to give the p-glucoside 9 in
69 % yield. Debenzoylation of 9 (MeONa in MeOH) afforded
quantitatively the tetraol 10, which was converted into the 4,6-
O-benzylidene acetal 11 in 90 % yield by the treatment of 10
with PhnCH(OMe), in the presence of a catalytic amount of
(+)-camphorsulfonic acid.

In order to investigate the possibility of carrying out
regioselective 3-O-glycosylation of the diol 11 with thioglyco-
side donors, we employed a monosaccharide analogue of the
triglycosyl donor 7, namely, ethyl 2,3,4,6-tetra-O-benzoyl-1-
thio-3-p-glucopyranoside.'®! The reaction was carried out in
the presence of the NIS/TfOH catalytic system.['”] However,
no regioselectivity was observed in this case and the isolation
of individual products of the glycosylation was not easy.
Therefore, selective protection of the 2-OH group in 11 was
necessary. This protection was achieved by partial benzoyla-
tion of 11 under phase-transfer conditions®! (BzCl/Bu,NT/
K,CO; in CH,Cl,) which affords the monobenzoate 12 in 58 %
yield. Glycosylation of this compound with the thioglucotrio-
side 7, promoted by NIS/TfOH in CH,Cl, at room temper-
ature, afforded the tetrasaccharide derivative 13 in 39 % yield
(Scheme 4). Debenzylidenation (90% CF;CO,H in CH,Cl,)
of 13 gave the diol 14 (61 % yield), which was once again

BzO |
BzO
Bz0

BzO
BzO Q R20

BzO

13 R'/R?=CHPh
b
[—_> 14 R'/R?=H

c
BzO Q_ HO 0
BzO o] O
OBz 0Bz o
BzO 0, HO
%0 o P O

O\/\/\/\ NHCO,CH,Ph

BZBOZo OBz 0Bz
HO OBz
BZO%O%/O .
B20 d 15 R®=CO,CH,Ph
BzO OBz ; 16 R%=H

Scheme 4. Synthesis of the heptasaccharide wedge 16. Reagents and
conditions: a) TEOH/NIS, 23°C, 5 min, 39%; b) 90% CF;CO,H/CH,Cl,,
23°C, 10 min, 61 %; c¢) TFOH/NIS, 0 to 23°C, 1 h, 28 %; d) H,, 10 % Pd/C,
MeOH/CH,Cl,, 35°C, 18 h, 20 %.
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subjected to condensation with the glycosyl donor 7 under the
same conditions as those used for the glycosylation of 11, but
at a lower temperature (0°C). These conditions allowed us to
accomplish the coupling with an excellent 6-O-regioselectiv-
ity, affording the heptasaccharide 15 in the modest yield of
28 %. Notably, only very small amounts of self-condensation
products of 7 were detected in both reactions (Scheme 4)
when this compound was used as a glycosyl donor despite the
presence of a free 4-OH group in the molecule. Removal of
the Z-protecting group from 15 by conventional hydrogenol-
ysis led to the free amine 16, which could act as a dendron in
the subsequent assembly of a carbohydrate dendrimer.

In addition to the synthesis of the heptasaccharide 16, other
branched oligoglucoside dendrons have been prepared.
Although the iodonium-ion-promoted (NIS/TfOH in CH,Cl,
at 25°C) monoglycosylation of the diol 11 with the perben-
zoylated thioglycoside 17 was completely unsuccessful, the
same reaction carried out with two molar equivalents of the
donor 17, gave the trisaccharide 18 (Scheme 5) in 55 % yield as

Ph e} 1 17 BzO
% 0 Bzoﬂ
HO oWNHCOzCHePh BzO SEt

OH OBz
L !

RO

O\N\/‘ NHCO,CH,Ph

OBz 0Bz
BzO 0Bz

18 R’ /RZ_CHPh
b
L—> 19 R'/R?=H

BzO
c BzO Q
\_> BzO O
OBz
HO Q
B20 o o] O N"NHR?
%o\
3 = OBz Z OBz
d ‘: 20 R” = CO,CH.Ph B0 OBz
21 R = H Bzo OBz

Scheme 5. Synthesis of the tetrasaccharide wedge 21. Reagents and
conditions: a) TFOH/NIS, 23°C, 10 min, 55%; b) 90 % CF,CO,H/CH,Cl,,
23°C, 10 min, 96 %; c) TEFOH/NIS, 23°C, 10 min, 30 %; d) H,, 10% Pd/C,
EtOH/CH,Cl,, 35°C, 4 h.

the major product. Debenzylidenation of 18 (90 % CF;CO,H
in CH,Cl,) afforded the diol 19, which was glycosylated yet
again with the glycosyl donor 17 catalyzed by NIS/TfOH. On
this occasion, the reaction proved to be 6-O-regioselective as
expected, leading to the tetrasaccharide derivative 20. Indeed,
no glycosylation of the unreactive 4-OH group was observed.
The synthesis of the dendron 21 was completed with the
deprotection of the amino group, as described above in the
preparation of the amine 16. Both amines 16 and 21 were used
directly in the final steps to form dendrimers without further
purification.

The target dendrimers containing glucooligosaccharide
wedges were synthesized by employing the approach previ-
ously elaborated® for the construction of some carbohydrate-
coated dendrimers. This approach involves the creation of
three amide bonds between a tricarboxylic acid core and
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saccharide dendrons bearing free amino groups. Thus, the
condensation of 3.3 molar equivalents of the tetrasaccharide
derivative 21 with benzene tricarbonyl trichloride (22) gave
the dendrimer 23 (Scheme 6) incorporating 12 5-D-glucopyr-
anosidic residues in 20% yield after the purification by

a
Cl 0
0Bz
BzO
0. Cl
OBz B20_ 0Bz |
Cl ]
OBz
820" L° Bz0 9Bz 22
O0oH OBz 0
BzO OBz
o) o)
820 o I//r °
2!
(o]
0,
Qo
BzO O o} HN
\/\/\/\ H o 08z
BzO 0 HO

O
B
B20 20 NH OBz
B20 A o d 0 0Bz
BzO B20
OBz OBz
HO o] OBz 0Bz
O 0
° 23

BzO, 0
OBz 820\ © 0Bz
BzO OBz
BzO OBz

Scheme 6. Synthesis of the oligosaccharide dendrimer 23. Reagents and
conditions: a) CH,Cl/Et;N, 23°C,6 h, 20 %.

Bz0O
BzO
OBz
DCC/HOBT Bz0” [ O
| CH,Cl, / DMF
l ’
o}
HO
_Q“ O oH
0 Bz20 BZO
9} o} O
OH Q
N 0
o=8 4 H
OH y o
H
24 K
BzO,
820 OBz o
OB
BzO ? O HN
BzO,
o BzO 0 O=Z d
HO NH
0
BzO
Bz0
Sy/v\;o%
azo/oge/
25

column chromatography on sili-
ca gel.

In contrast, no trace of the
dendrimer incorporating the tri-
substituted core was detected
when the heptasaccharide deriv-
ative 16 was treated with the
trisacid chloride 22. In order to
encourage the formation of a
three-directional dendrimer in
this case, the extended -core
241 had to be employed
(Scheme 7). The reaction of the
bulky heptasaccharide dendron
16 with 24 used the standard
coupling methodology,?! involv-
ing the use of DCC/HOBT. The
pure dendrimer 25 was isolated
in a yield of 8% after extensive
purification by gel permeation
chromatography performed with
THF as the eluant. This purifica-
tion procedure allowed us to
separate 25 from substantial
amounts of 1) a compound in-
corporating two wedges attached
to the core component, 2) the
starting heptasaccharide wedge
16, and 3) low molecular weight
side-products and reagents (Fig-
ure 1).

0 OBz

O OBz
OBz

0Bz
0Bz

OBz
(o}
BzH
BzO OBZ
Bz BzO OBz

a)

10 15 20 25
Time (min)

Figure 1. GPCtracesofa)the
crude reaction mixture and of
b) the pure 21-mer dendrimer
25 after its isolation from the
reaction mixture. Peaks I, I1,
and ITI correspond to tri- (25)
and disubstituted core mole-
cules and the starting hepta-
saccharide 16, respectively.
Peaks IV and V correspond
to unidentified low molecular
weight compounds. GPC was
performed in THF on a Phe-
nogel (500 A) semiprepara-
tive column (30 x 7.8 mm) at-
tached to a Gilson 714 HPLC
system.

OBz
OBz

Scheme 7. Synthesis of the oligosaccharide dendrimer 25. Reagents and conditions: DCC/HOBT/ CH,ClL,/DMF, 23°C,14 days, 8 %.
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Mass spectrometry: For all the compounds reported in this
paper, the mass spectra produced by the liquid secondary ion
(LSI) and the matrix-assisted laser-desorption ionization/
time-of-flight (MALDI-TOF) mass spectrometric techniques
show large peaks for molecular ions, generally as H, Na, or K
adducts. In many cases, the molecular ion is the base peak in
the spectrum, indicating the high stability of these macro-
molecules under the conditions used for mass spectrometry.
The calculated and observed masses of the various saccharide
derivatives are listed in Table 1. The MALDI-TOF technique
was also employed to analyze the reaction mixtures in order
to monitor the progress of the glycosylations. The spectra
produced are dominated by H, Na, and K adducts and are
largely devoid of fragmentation.

Table 1. Mass spectrometric datal®! of the oligosaccharides 3—7,9-16, and
18-21, and of the dendrimers 23 and 25.

Com- Molecular Molecular weight Technique
pound formula caled observed

3 CyHy04,S 890 911 [M+Na] MALDI-TOF<
4 Cs6H5O;5S 994 1017 [M+Na]  LSIMS

5 CyHy0,5S 906 929 [M+Na]  LSIMS

7 Cg;H7,0,,8 1484 1507 [M+Na]  LSIMS

9 CsHy; 0N 829 829 [M] LSIMS

10 CyH; OgN 413 414 [M+H] LSIMS

11 CyH;505N 501 524 [M+Na] LSIMS

12 C3H;3,00N 605 627 [M+Na]  MALDI-TOF<l
13 Cy15H;0s03:N 2027 2051 [M+Na]  LSIMS

14 CsH;0,05N 1939 1963 [M+Na]  LSIMS

15 C3H ;6,05 N 3361 3387 [M+Na]  LSIMS

16 Ci51H;6,055N 3227 3252 [M+Na] MALDI-TOF(d
18 CysHg;O5N 1657 1681 [M+Na]  MALDI-TOF<l
19 CysHg;O5N 1569 1592 [M+Na]  MALDI-TOF!<l
20 CiH;9O3sN 2147 2172 [M+Na]  LSIMS

21 Cy14H;305:N 2013 2039 [M+Na] MALDI-TOFb<
23 Cy5:Hi000,0N5 6195 6230 [M+Na] MALDI-TOFd
25 CsssH,9,017Ng 10008 10042 [M+Na] MALDI-TOFll

[a] The masses given are the centroids of the isotopic distributions.
[b] Gentisic acid was employed as the matrix. [c] Insulin (MW 5734),
gramicidin (MW1142), or lysozyme C (MW 14305) were used for
calibration. [d] trans-3-Indoleacrylic acid was employed as the matrix.
[e] Retinoic acid was employed as the matrix.

H NMR spectroscopy: '"H NMR spectroscopic investigations
were indispensable to the characterization of the oligosac-
charides. The unambiguous assignments of the signals in the
'H NMR spectra were achieved by means of a variety of two-
dimensional NMR spectroscopic methods. Correlation spec-
troscopy experiments (COSY 45) were sufficient to assign the
resonances for all the disaccharides. For systems with larger
numbers of monosaccharide residues, however, the complex-
ity of the spectra increases rapidly, since the protons of the
glucosidic units all resonate characteristically in narrow
regions of the spectra. Hence, for the medium to high
molecular weight saccharides, further, more sophisticated
experiments were needed to delineate fully the spin systems
of the individual monosaccharide residues. To this end, a
combination of double-quantum-filtered correlation spectro-
scopy (dqf-COSY),? two-dimensional nuclear Overhauser
enhancement spectroscopy (NOESY),! homonuclear Hart-
mann-Hahn spectroscopy (HOHAHA)P4 and rotating-
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frame Overhauser enhancement spectroscopy (ROESY)®!
were employed successfully.

In the case of trisaccharide 7, complete assignment of all the
peaks in the spectra was achieved after the analysis of dqf-
COSY and NOESY experiments. The dqf-COSY spectrum
(Figure 2a) enabled the identification of the chemical shifts of
the ring protons in each of the three different D-glucopyr-
anosidic residues. Intersaccharide connectivities were con-
firmed (Figure 2b) by a NOESY experiment. Clear cross-
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5.0 4.5 4.0 [i]
Figure 2. Saccharide region of the 2D-transformed data matrix from
experiments (400 MHz, CDCl; 28°C) conducted on the trisaccharide 7:
a) dqf-COSY experiment with the complete assignment of the glucopyr-
anosidic protons of 7 indicated, and b) NOESY experiment (7 =400 ms),
with the intersaccharide connectivities highlighted. The glucopyranose
residues of 7 are marked A, B, C as illustrated in Table 2.
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peaks, indicating magnetization transfer between the anome-
ric proton of the B unit and the H-3 proton of A, and between
the anomeric proton of C and the H-6 proton of the same A
residue confirm that the three D-glucopyranose rings are
linked in a B(1—3)A and C(1 —6)A fashion. The overall
structure of the trisaccharide can thus be fully established.
The values observed for the vicinal coupling constants
between the protons on H-1 and H-2 associated with the
residues A, B, and C—that is, 3J,, > 8 Hz—confirm 1,2-trans
configurations at all the newly-formed intersaccharide link-
ages.

The dqf-COSY spectrum (Figure 3a) was insufficient to
allow a complete assignment of the intraresidue connectivities
of the tetrasaccharide 21 to be made. An additional HOHA-
HA experiment (Figure 3b) was necessary in order to isolate

2D 1B1C

B e E T T L PP E PP EPEERE

4

?

34
- ‘ (b) F50

: : 118
, " L 4.0
- | 5.0
1  1/2 i §
! & 415
i
g @I,

6.0 50 40 B

Figure 3. Saccharide region of the 2D-transformed data matrices from
experiments (400 MHz, CDClj;, 28 °C) conducted on the tetrasaccharide 20.
a) dqf-COSY experiment illustrating the spin system for the residue D,
along with the anomeric protons of the residues A, B, and C. b) A fragment
of the data from the HOHAHA experiment (zmm = 150 ms) centered on the
anomeric proton of residue D. The mode of the A/B/C/D assignment of the
D-glucopyranose residues in 20 is as illustrated in Table 2.

the contributing individual spin systems for the four bD-
glucopyranosidic residues. The dqf-COSY spectrum could
then be used to delineate the coupled pairs of vicinal and
geminal protons within each residue. The intraresidue con-
nectivities were thus established by a joint analysis following
both experiments. Interresidue connectivities could be deci-
phered unambiguously by analysis of the NOESY experiment
confirming the B(1 —2)A/C(1 —3)A/D(1 —6)A connections.

In the case of the final heptasaccharide 16, the '"H NMR
spectrum is exceptionally complex. Experiments were con-
ducted in an effort to distinguish the protons associated with

Chem. Eur. J. 1998, 4, No. 7
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the six glycosidic linkages, as these were considered the most
relevant in relation to a complete structural analysis. Studies
of the dqf-COSY and HOHAHA spectra and, in particular, a
'H/BC gradient selected heteronuclear multiple quantum
correlation (HMQC)P9 experiment (Figure 4b), enabled the
assignment of all of the anomeric protons, as well as of the H-3
and H-6 protons of the internal D-glucopyranosidic residues.
The anomeric protons of the four residues located at the

1G1E1D 1B
+1F*SB+10+ n

v e

L 6.0
F 100
¢ ' (b) :-102

I

4.0 3.0 8
Figure 4. Saccharide region of the 2D-transformed data matrices from
experiments conducted on the heptasaccharide 15 (400 MHz, 100 MHz,
CDCl;, 28°C). a) A ROESY experiment (spin-lock field 2 kHz) illustrating
the intersaccharide connectivities. b) The anomeric region (wl) of the
gradient-selected HMQC revealing the seven 'H/**C anomeric connectiv-
ities.

periphery of the heptasaccharide (i.e., those bearing four
benzoyl protecting groups) could be readily distinguished
from those of the partially deprotected internal monobenzoy-
lated bisglycosylated residues and from the one at the
reducing end by considerations of their relative chemical
shifts. Specifically, all the protons on the fully protected
peripheral monosaccharide residues are expected to resonate
at lower field with respect to those on the internal residues.
Unlike previous examples, NOESY experiments performed
using a number of mixing intervals (300—-900 ms) proved
ineffective at defining the interresidue connectivities in this
instance. Numerous antiphase cross peaks, arising as a result
of zero quantum coherence between J coupled pairs, were
observed in the matrix, even at very extended mixing times.
Thus, the unambiguous distinction of the expected in-phase
cross-peaks arising from dipolar coupled pairs (i.e., nOe) was
not possible. In this case, the use of a different experiment—
namely a ROESY experiment (Figure 4a)—was necessary to
establish the connectivities across the glycosidic linkages. The
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Table 2. Chemical shifts (6 values) and coupling constants (/ in Hz) of the glucopyranosidic protons in the '"H NMR spectra (CDCl;, 25 °C) of compounds
3-5,7 9,12, 14, and 18-20. The individual D-glucopyranose residues in the frameworks of the oligosaccharides are identified below.

o o G

10} Q
O, O
0 Q
S o4z G,
o]

3-5 7 14 18,19 20

Compound Residue H-1 (J,,) H-2 (/,3) H-3 (J54) H-4 (J,5) H-5 H-6a (Jse,) H-6b (/545 Jea60)
3 A 4.36d (10.0) 3.36-3.54m 3.86pt (9.0) 3.70pt (9.0) 3.36-6.54m 3.66-3.83m 426-4.33m

B 5.19d (7.5) 5.50pt (7.5) 591dd (10.0)  5.69pt (10.0) 3.89-3.97m 426-4.33m 4.48dd (3.5, 12.0)
4 A 4.56d (10.0) 5.35dd (9.0) 4.22pt (9.0) 3.91pt (9.0) 3.55-3.60m 3.79-3.87m 4.38dd (4.5, 11.0)

B 5.02d (8.0) 5.46dd (9.5) 5.70pt (9.5) 5.59pt (9.5) 3.79-3.87m 427dd (4.0) 4.48dd (4.0, 12.0)
5 A 4.46d (10.0) 5.20dd (9.0) 3.87pt (9.0) 3.73pt (9.0) 3.39-3.47m 3.79dd (6.0) 3.97dd (3.5, 12.0)

B 4.92d (3.0) 5.52dd (10.0)  5.82pt (10.0) 5.58pt (10.0) 420-4.28m 4.40dd (6.5) 4.80dd (3.5, 12.5)
7 A 4.26d (10.0) 4.99dd (9.0) 3.72pt (9.0) 3.54pt (9.0) 3.40-3.48m 429-4.40m 3.82dd (6.5, 12.0)

B 4.84d (8.0) 5.52dd (10.0)  5.80pt (10.0) 5.55pt (10.0) 4.19-4.24m 429-4.40m 4.79dd (3.0, 12.5)

c 5.02d (8.0) 5.59dd (10.0)  5.91pt (10.0) 5.70pt (10.0) 4.10-4.18m 4.48dd (6.0) 4.65dd (4.0, 12.0)
9 4.84d (8.0) 5.55dd (9.5) 5.93pt (9.5) 5.70pt (9.5) 4.12-421m 4.51dd (5.0) 4.65dd (3.0, 12.0)
12 4.62d (8.0) 5.19dd (10.0)  4.02dpt (10.0)  3.64pt (10.0) 3.48-3.54m 3.82pt (10.0) 4.38dd (5.0, 10.0)
14 A 4.30d (8.0) 4.93dd (10.0) 3.55-3.63m 3.55-3.63m 3.32-3.38m 3.77-3.98m 3.77-3.98m

B 4.47d (8.0) 5.00dd (10.0)  3.55-3.63m 3.43pt (10.0) 3.55-3.63m 3.77-3.98m 4.19-4.25m

c 4.66d (8.0) 539dd (10.0)  5.66pt (10.0) 5.52pt (10.0)  4.07-4.13m 429-435m 4.69-4.75m

D 5.20d (8.0) 5.57dd (10.0)  5.94pt (10.0) 571pt (10.0)  4.19-4.25m 4.48-4.52m 4.69-4.75m
18 A 4.39d (8.0) 3.95dd (9.0) 3.60pt (9.0) 3.80pt (9.0) 3.43-3.53m 3.65-3.76m 3.65-3.76m

B 4.86d (8.0) 5.44dd (9.0) 5.80pt (9.0) 5.45-5.53m 2.66-2.82m 4.16-4.36m 4.16-4.36m

C 4.75d (8.0) 5.58dd (9.0) 5.82pt (9.0) 545-5.53m 325-3.35m 4.16-4.36m 4.16-4.36m
19 A 427d (7.5) 3.64dd (9.0) 3.55pt (9.0) 3.47pt (9.0) 3.09-3.25m 3.66-3.76m 3.87dd (3.5, 12.0)

B 4.64d (8.0) 5.38-5.59m 5.64pt (10.0) 5.38-5.59m 2.39-2.49m 4.09-4.25m 4.09-4.25m

C 4.52d (8.0) 5.38-5.59m 5.80pt (10.0) 5.38-5.59m 2.65-2.75m 4.09-4.25m 4.39dd (2.5, 12.5)
20 A 4.06d (8.0) 3.50-3.56m 3.45pt (9.0) 3.24-3.28m 3.67-3.74m 3.24-3.28m 4.22-4.28m

B 4.62d (8.0) 5.38-5.47m 5.63pt (10.0) 5.38-5.47m 2.46-2.52m 4.09-4.18m 4.22-4.28m

C 4.50d (8.0) 5.53dd (10.0)  5.79pt (10.0) 538-5.47m 2.69-2.75m 4.09-4.18m 437dd (3.5, 12.5)

D 5.00d (8.0) 5.55dd (10.0) 5.88pt (10.0) 5.69pt (10.0) 4.09-4.18m 4.47dd (5.0) 4.64dd (3.5, 12.0)

assignment of the protons of the D-glucopyranosidic residues
of a number of key intermediate compounds is presented in
Tables 2 and 3.

Table 3. Chemical shifts (0 values) and coupling constants (/ in Hz) of the
anomeric protons in the '"H NMR spectrum (400 MHz, CDCl;, 25°C) of the
heptasaccharide 15.

BzO
e BzO
G BzO
OBz 15
E —> Bz O HQ
Bzg&/
F —> BZO
BzO O\/\/\/‘NHZ
OBz
= BZO (o] HO
D BzO <:B
A B C D E F G
H-1 3.89 4.29 4.34 4.61 4.81 4.98 5.05
Jis 9.0 8.0 8.0 8.0 8.0 8.0 8.0

Molecular modeling: In order to visualize the three-dimen-
sional structures associated with the 12-mer and the 21-mer
dendrimers 23 and 25, respectively, a computational inves-
tigation was carried out on these highly branched molecules.
They were constructed within the input mode of Macro-
model5.0C7 and their geometries were optimized by energy
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minimization. The resulting structures were subjected to
simulated annealing employing the AMBER* forcefield,?!
the generalized Born surface-area solvation model®! for
CHCl;, and the Polak-Ribiere conjugate gradient algo-
rithmP to afford the global minima shown in Figures 5 and
6. The approximate maximum radius (the maximum distance
measured between the ring centroid of the core and the
surface of the dendrimer) correspond to 25 and 28 A for 23

Figure 5. Computer-generated space-filling representation of the global
minimum found for the 12-mer dendrimer 23.
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Figure 6. Computer-generated space-filling representation of the global
minimum found for the 21-mer dendrimer 25.

and 25, respectively. Larger differences are observed in the
total molecular van der Waals surfaces (6143 and 9845 A? for
23 and 25, respectively), as well as in the molecular volumes
(4537 and 7270 A3 for 23 and 25, respectively).

Conclusion

The syntheses of 23 and 25, representatives of a new class of
carbohydrate-containing dendritic molecule, have been real-
ized. The distinctive feature of this class of glycodendrimers is
that it incorporates branched oligosaccharides as dendritic
components (dendrons) into their structures. In the case of the
dendrimer 23, such dendrons are exemplified by the glucote-
traoside having glycosidic linkages at positions 2, 3, and 6 of
the branching residue. The larger dendrimer 25 contains three
heptasaccharide dendrons composed of glucopyranose resi-
dues, interconnected by S-(1 —3)- and S-(1 —6)-glycosidic
bonds. The principles involved in assembling these carbohy-
drate dendrimers are similar to those reported earlier! for the
construction of glycodendrimers possessing monosacharide
units only on their peripheries. This approach involves the
attachment of three dendrons to a central core component as
the final step in the synthesis. The oligosaccharide dendrons
were obtained using a combination of various glycosylation
techniques in a stepwise manner. In the case of the con-
struction of the branched heptasaccharide components of the
larger dendrimer, a convergent scheme utilizing trisaccharide
building blocks and repetitive 3-O- and 6-O-glycosylation has
been developed. Further extensions of this general synthetic
approach for constructing much more complex glycoden-
drimers are possible.

Experimental Section

General methods: Chemicals were purchased from Aldrich and used as
received. Solvents were dried according to literature procedures.*! 1,8-
Diazabicyclo[5.4.0Jundec-7-ene, dicyclohexylcarbodiimide, 1-hydroxyben-
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zotriazole, N-iodosuccinimide, trifluoromethanesulfonic acid, and trime-
thylsilyl trifluoromethanesulfonate are indicated by the acronyms DBU,
DCC, HOBT, NIS, TfOH, and TMSOTT, respectively. The benzoyl and
benzyloxycarbonyl groups are identified by the abbreviations Bz and Z,
respectively. Yields refer to chromatographically pure products. Thin-layer
chromatography (TLC) was carried out on aluminum sheets coated with
silica gel 60 (Merck 5554). Column chromatography and medium-pressure
liquid chromatography were performed on silica gel 60 (Merck, 40—63 nm)
and (Merck, 15-40 nm), respectively. Gel permeation chromatography
(GPC) was carried out on a Phenogel semipreparative column (500 A,
300 x 7.80 mm, Phenomenex, England) attached to a Gilson 714 high-
performance liquid chromatographic system in THF (GPC grade, Fisons)
using a variable UV detector set at 260 nm. Melting points were
determined on an Electrothermal 9200 melting point apparatus. Micro-
analyses were performed by the University of North London Micro-
analytical Services. LSIMS were recorded on a VG ZabSpec mass
spectrometer equipped with a cesium ion source using m-nitrobenzyl
alcohol containing a trace amount of NaOAc. For accurate mass measure-
ments using high-resolution LSIMS (HRLSIMS), the instrument was
operated at a resolution of ca. 6000 by narrow-range voltage scanning along
with polyethylene glycol or CslI as reference compounds. MALDI-TOF MS
was performed on a Kratos Kompact MALDI-III instrument, with either
gentisic acid, trans-3-indoleacrylic acid, or retinoic acid as matrices. Optical
rotation measurements were measured at 23°C on a Perkin—Elmer 457
polarimeter. '"H NMR spectra were recorded on either a Bruker AC300
(300 MHz) or a Bruker AMX400 (400 MHz) spectrometer. *C NMR
spectra were recorded on either a Bruker AC300 (75.5 MHz) spectrometer
or a Bruker AMX400 (100.6 MHz) spectrometer. All NMR experiments
were carried out in CDCI; solution (with the exception of compound 10
which was analyzed in D,O solution), at room temperature with the
residual CHCI; (or HOD in the case of 10) as an internal standard. All 2D
experiments were recorded with the sample nonspinning. NMR spectro-
scopic data processing was carried out on a Bruker ASPECT station 1
offline processing facility with standard UXNMR software. HOHAHAP4
spectra were obtained by means of a MLEV-17 sequence for isotropic
mixing and in-phase sensitive mode using time-proportional phase
incrementation (TPPI). A 10kHz spin-lock was used and 438-512
increments of 2 K data points were acquired. dqf-COSY,??l ROESY,*!
and NOESY®! spectra were obtained with similar spectral widths and
digitization to those described above for the HOHAHA experiments. For
NOESY experiments, a range of mixing times covering 300—900 ms was
explored. For ROESY, a CW spin-lock field of 2 kHz was used and
512 increments of 2 K data points were acquired. The chemical shift values
are expressed as O values and the coupling constant values (/) are in Hertz.
The following abbreviations are used for the signal multiplicities or
characteristics: s, singlet; d, doublet; dd, double doublet; t, triplet; pt,
pseudotriplet; dpt, double pseudotriplet; m, multiplet; br, broad.

Ethyl  2-O-benzoyl-3-0-(2,3,4,6-tetra-O-benzoyl-f-D-glucopyranosyl)-1-
thio-f-D-glucopyranoside (5): A solution of 4 (1.40 g, 1.4 mmol) in CH,Cl,
(100 mL) was treated with 90% aqueous CF;CO,H (13mL) at room
temperature (RT) for 10 min, after which time TLC analysis (SiO,:PhMe/
EtOAc 3:2) showed the reaction to be complete. The solution was then
washed with saturated aqueous NaHCO; (3 x 100 mL) and H,O (3 x
100 mL), dried, and concentrated. The residue was purified by column
chromatography (SiO,:PhMe/EtOAc, 7:3) to give the title compound 5
(1.00 g, 80%). M.p. 215-216°C; [a]p = —5.5 (¢ =1 in CHCl;); LSIMS: m/
z=929 [M+Na]*; '"H NMR (CDCl;, 25°C): 6=1.13 (t, 3H, J=7.5 Hz),
2.55-2.69 (m, 2H), 3.39-3.47 (m, 1H), 3.73 (pt, 1 H, J=9.0 Hz), 3.79 (dd,
1H, J=6.0, 12.0 Hz), 3.87 (pt, 1H, J=9.0Hz), 3.97 (dd, 1H, J=3.5,
12.0 Hz), 4.20-4.28 (m, 1 H), 4.40 (dd, 1H, J=6.5, 12.5 Hz), 4.46 (d, 1H,
J=10.0 Hz), 4.80 (dd, 1H, J=3.5, 12.5 Hz), 492 (d, 1H, J=8.0 Hz), 5.20
(dd, 1H,J=9.0, 10.0 Hz), 5.52 (dd, 1H, J=8.0, 10.0 Hz), 5.58 (pt, 1H, /=
10.0), 5.82 (pt, 1H, J=10.0 Hz), 7.18-8.18 (m, 25H); *C NMR (CDCl;,
25°C): 6=14.7, 23.9, 62.8, 63.1, 69.4, 69.8, 70.8, 71.6, 72.6, 72.7, 80.1, 83.7,
86.8, 101.8, 128.1-133.7, 164.5, 165.0, 165.1, 165.7, 166.2; C,oH,,0,5S: calcd
C 64.89, H 5.11, S 3.53; found C 64.95, H 5.13.

Ethyl 2-O-benzoyl-3,6-di-O-(2,3,4,6-tetra-O-benzoyl-f-D-glucopyranosyl)-
1-thio-f-D-glucopyranoside (7): A solution of AgOTf (390 mg, 1.50 mmol)
in freshly distilled PhMe (30 mL) was added dropwise over 30 min to a
stirred mixture of the diol 5 (980 mg, 1.10 mmol), 2,3,4,6-O-tetrabenzoyl-a-
p-glucopyranosyl bromide"® (6; 990 mg, 1.50 mmol) and ground 4 A
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molecular sieves (2 g) in dry CH,Cl, (50 mL) under Ar at —30°C. After
30 min, another portion of AgOTf (390 mg, 1.50 mmol) in PhMe (30 mL)
was added, following the same procedure. The temperature was then
allowed to rise to —5°C over 1 h and the reaction mixture was neutralized
with CsH;N and filtered through Celite®. The residue was washed with
CH,(C], (50 mL) and the combined filtrates were washed with 10 % aqueous
Na,S,0; (2 x 100 mL), H,O (1 x 100 mL), H,SO, (1M, 2 x 100 mL), and
aqueous NaHCO; (2 x 100mL). The organic solution was dried and
concentrated to give a residue which was subjected to medium-pressure
liquid chromatography (SiO,:PhMe/EtOAc, 95:5 to 9:1) to afforded 7
(127 g, 79%). [a]p=+1 (¢ =2 in CHCl;); LSIMS: m/z =1507 [M+Na]*;
'"H NMR (CDCl;, 25°C): 6 =0.96 (t, 3H, J =75 Hz), 2.20-2.39 (m, 2H),
3.40-3.48 (m, 1H), 3.54 (pt, 1H,J=9.0 Hz), 3.72 (pt, 1 H, /=9.0 Hz), 3.82
(dd, 1H,J=6.5,12.0 Hz), 4.10-4.18 (m, 1 H), 4.19-4.24 (m, 1H), 4.26 (d,
1H, J=10.0 Hz), 429-4.40 (m, 2H), 4.48 (dd, 1H, J=6.0, 12.0 Hz), 4.65
(dd, 1H, J=4.0, 12.0 Hz), 4.79 (dd, 1H, J=3.0, 12.5 Hz), 4.84 (d, 1H, /=
8.0 Hz), 4.99 (dd, 1H, J=9.0, 10.0 Hz), 5.02 (d, 1H, J=8.0 Hz), 5.52 (dd,
1H, J=8.0, 10.0 Hz), 5.55 (pt, 1H, J=10.0 Hz), 5.59 (dd, 1H, J=8.0,
10.0 Hz), 5.70 (pt, 1H, J=10.0Hz), 5.80 (pt, 1H, J=10.0Hz), 591
(pt, 1H, J=10.0 Hz), 7.06-8.15 (m, 45H); *C NMR (CDCl;, 25°C): 6 =
14.4, 233, 62.6, 62.9, 68.5, 69.0, 69.3, 70.4, 71.3, 71.8, 72.0, 72.4, 72.5,
72.9, 79.7, 83.1, 86.7, 101.5, 128.0-133.5, 164.2, 164.8, 164.9, 1654,
165.5, 165.7, 166.0; Cg;H,,0,,S: caled C 6711, H 4.89, S 2.16; found C
67.19, H 4.93.

6-Benzyloxycarbonylaminohexyl 2,3,4,6-tetra-O-benzoyl-f-pD-glucopyra-
noside (9): A solution of 8 (3.36 g, 13.4 mmol), HgBr, (2.60 g, 7.20 mmol),
Hg(CN), (3.40 g, 13.5 mmol), and ground 4 A molecular sieves (20 g) in dry
CH,CI, (50 mL) was stirred for 2 h at RT under N,. Next, a solution of the
glycosyl bromide 6 (9.20 g, 13.9 mmol) in dry CH,Cl, (40 mL) was added
dropwise over 30 min and the mixture was stirred for a further 12 h until
TLC analysis (SiO,:hexane/EtOAc, 3:2) showed an almost complete
conversion of the starting bromide 6 to products. The mixture was filtered
through a layer of Celite and the residue was washed with CH,Cl,
(100 mL). The washings were combined with the filtrate. The solution
was then washed with 10% aqueous NaBr (3 x 100 mL) and H,O (3 x
100 mL), dried and concentrated. Column chromatography (SiO,:hexane/
EtOAcC, 4:1) of the residue gave the title compound 9 (7.60 g, 69 %). [a]p, =
+15 (c=1 in CHCL;); LSIMS: m/z =829 [M]*, 852 [M+Na]*; 'H NMR
(CDCl,, 25°C): 6 =1.05-1.38 (brm, 6 H), 1.40—1.61 (brm, 2H), 2.95-3.06
(brm, 2H), 3.47-3.58 (m, 1H), 3.86-3.96 (m, 1H), 4.12-4.21 (m, 1H),
4.51 (dd, 1H,J=5.0, 12.0 Hz), 4.65 (dd, 1H, J=3.0, 12.0 Hz), 4.84 (d, 1H,
J=8.0Hz), 5.10 (s, 2H), 5.55 (dd, 1H, J=8.0, 9.5 Hz), 5.70 (pt, 1H, J=
9.5 Hz), 5.93 (pt, 1H, J=9.5 Hz), 721-8.07 (m, 25H); *C NMR (CDCl;,
25°C): 0=25.5,26.2,29.2,29.7,40.9, 63.2, 66.5, 69.9, 70.2, 72.0, 72.2, 73.0,
101.3,128.1-133.5, 165.1, 165.2, 165.9, 166.2; C,sH,;0,N: caled C 69.47, H
5.71, N 1.69; found C 69.83, H 5.52, N 1.59.

6-Benzyloxycarbonylaminohexyl #-D-glucopyranoside (10): A solution of
the protected glucoside 9 (5.47 g, 6.60 mmol) in dry MeOH (50 mL) was
treated with NaOMe (1m) in MeOH (0.2 mmol) at RT until TLC
(SiO,:hexane/EtOAc, 3:2) showed that the reaction was complete (5 h).
The mixture was neutralized with Amberlyst 15 (H* form), filtered and
concentrated to give compound 10 as a white solid (2.73 g, 100%). M.p.
110-112°C; [a]p=—11 (c=1 in H,0); LSIMS: m/z =414 [M+H]*, 436
[M+Na]*; 'H NMR (D,0, 25°C): 6=0.95-1.50 (brm, 8H), 2.75-2.95
(brm, 2H), 3.16—-3.48 (m, SH), 3.50 (s, 2H), 3.62—-3.84 (m, 3H), 4.26 (d,
1H, J=8.0 Hz), 6.91-7.10 (m, 5H); *C NMR (D,0, 25°C): 6 =277, 28.8,
31.7, 32.0, 43.3, 54.6, 63.5, 68.8, 72.2, 72.8, 75.8, 78.5, 105.1, 130.3, 130.9,
131.9, 139.3, 159.9; HRLSIMS: caled for CyyH; NNaOg [M+Na]* 436.1947,
observed m/z =436.1948.

6-Benzyloxycarbonylaminohexyl 4,6-O-benzylidene-f-D-glucopyranoside
(11): A catalytic amount of 10-camphorsulfonic acid was added to a
solution of the deprotected glucoside 10 (2.40g, 5.8 mmol) and
PhCH(OMe), (1.2 mL, 7.7 mmol) in dry DMF (20 mL) and the mixture
was stirred under reduced pressure (~ 5 Torr) for 4 h at 50°C until no trace
of the starting material was detected by TLC (SiO,:PhMe/EtOAc, 1:1). The
reaction mixture was then neutralized with Et;N and solvent was removed
by evaporation in vacuo. The residue was dissolved in EtOAc (150 mL) and
washed with aqueous NaHCO; (3 x 100 mL) and H,O (2 x 100 mL), and
the organic layer was dried and concentrated. Column chromatography
(SiO,:PhMe/EtOAc, 1:1) of the residue gave compound 11 (2.60 g, 90 % ).
[a]p=—30(c=1, CHCl;); LSIMS: m/z =524 [M+Na]*; 'HNMR (CDCl,,
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25°C): 6=1.29-1.70 (brm, 8H), 2.87 (s, 1H), 2.98 (s, 1H), 3.12-3.24 (m,
2H), 3.40-3.57 (m, 4H), 3.74-3.82 (m, 2H), 3.85-3.92 (m, 1 H), 4.32 (dd,
1H,J=5.0,11.0 Hz), 437 (d, 1H, J=8.0 Hz), 4.78 (brs, 1 H), 5.09 (s, 2H),
5.51 (s, 1H), 7.25-7.55 (m, 10H); *C NMR (CDCl;, 25°C): 6 =25.4,26.2,
29.3, 29.7, 40.7, 66.4, 66.7, 63.7, 70.3, 73.2, 74.6, 80.6, 101.9, 103.2, 126.3 -
129.3,136.8,137.0, 156.0; C,;H;5s0O4N: caled C 64.66, H 7.03, N 2.79; found C
64.52, H 717, N 2.62.

6-Benzyloxycarbonylaminohexyl 2-0-benzoyl-4,6-O-benzylidene-f-p-glu-
copyranoside (12): n-Bu,NI (550 mg, 1.5 mmol) and dry K,CO; (690 mg,
5.00 mmol) were added to a stirred solution of the diol 11 (503 mg,
1.00 mmol) in dry CH,Cl, (6 mL), followed by slow addition of a solution of
benzoyl chloride (140 uL, 1.20 mmol) in dry CH,Cl, (1 mL). The mixture
was stirred for 3 days at 25 °C and diluted with CH,Cl, (55 mL) before the
precepitate was removed by filtration and the solution was washed with
H,0 (5x25mL), dried, and concentrated. Subjecting the residue to
medium-pressure liquid chromatography (SiO,:PhMe/EtOAc, 7:3) gave 12
(351 mg, 58%). [a]p=—28 (¢=0.6 in CHCl;); MALDI-TOF: m/z =627
[M+Na]*, 642 [M+K]*; '"H NMR (CDCl;, 25°C): §=1.02-1.23 (brm,
6H), 1.36-1.57 (m, 2H),2.92-3.00 (m, 2H), 3.11 (d, 1H,/=3.5 Hz),3.42 -
3.48 (m, 1H), 3.49-3.52 (m, 1H), 3.64 (pt, 1H, J=10.0 Hz), 3.82 (pt, 1H,
J=10.0 Hz), 3.84-3.91 (m, 1H), 4.02 (dpt, 1H, J=3.5, 10.0 Hz), 4.38 (dd,
1H,J=5.0,10.0 Hz), 4.62 (d, 1H, J=8.0 Hz), 4.71 (brs, 1 H), 5.07 (s, 2H),
5.19 (dd, 1H, J=8.0, 10.0 Hz), 5.29 (s, 1 H), 7.25-8.10 (m, 15H); *C NMR
(CDCl;, 25°C): 6 =255, 26.2, 29.3, 29.7, 40.9, 66.3, 66.6, 68.7, 70.2, 72.3,
74.9, 81.0, 101.7, 101.9, 126.4-133.3, 136.7, 137.0, 156.4, 165.8; C;,H3NO,:
caled C 67.42, H 6.49, N 2.31; found C 67.43, H 6.49, N 2.17.

6-Benzyloxycarbonylaminohexyl 2-O-benzoyl-4,6-O-benzylidene-3-O-[2-
0-benzoyl-3,6-di-0-(2,3,4,6-tetra-O-benzoyl-#-p-gluco-pyranosyl)-f-p-gl-
ucopyranosyl]-f-pD-glucopyranoside (13): A catalytic amount of TfOH
(7 pL, 0.07 mmol) was added very slowly to a stirred mixture of 12 (112 mg,
0.18 mmol), 7 (316 mg, 0.20 mmol) and NIS (90 mg, 0.4 mmol) in dry
CH,Cl, (20 mL) under an atmosphere of N, at RT. After 5 min, the reaction
mixture was neutralized with CsH;N, diluted with CH,Cl, (50 mL), and
washed with 10% aqueous NaS,0; (2 x 50 mL), aqueous NaHCO; (2 x
50mL), and H,O (1 x50 mL) before the organic layer was dried and
concentrated. Medium-pressure liquid chromatography (SiO,:PhMe/
EtOAc, 7:1) of the residue afforded the pure tetrasaccharide 13 (135 mg,
39%). [a]p=—2 (c=1in CHCl;); LSIMS: m/z =2051 [M+Na]*; 'H NMR
(CDCl;, 25°C): 6 =0.96-1.48 (m, 8H), 2.91-3.04 (m, 2H), 3.25-3.32 (m,
1H),3.38-3.58 (m, 5H), 3.69-4.02 (m, 8H), 4.05-4.13 (m, 1H), 4.20-4.32
(m, 2H), 4.28 (d, 1H, J=10.0 Hz), 4.48-4.55 (m, 1H), 4.56 (d, 1H, J=
8.0 Hz), 4.62 (d, 1H, J=8.0 Hz), 4.72—4.80 (m, 2H), 5.08 (s, 2H), 5.12 (d,
1H,J=9.0 Hz),5.36 (pt, 1H,/=10.0 Hz), 5.39-5.47 (m, 1 H), 5.51 (pt, 1 H,
J=10.0 Hz), 5.63 (s, 1H), 5.64 (pt, 1H, J=10.0 Hz), 5.70 (pt, 1 H, 10.0 Hz),
5.84 (pt, 1H, 10.0 Hz), 7.01 -8.12 (m, 60H); *C NMR (CDCl;, 25°C): d =
252,253,259, 29.3, 40.6, 61.6, 62.2, 66.2, 66.4, 67.8, 68.4, 68.6, 68.7, 69.0,
69.7,71.0, 71.1,72.0, 72.3 72.9, 73.5, 76.3, 77.0, 79.1, 85.4, 100.2, 100.3, 100.7,
101.4, 125.6-137.2, 163.6, 163.8, 164.4, 164.7, 164.8, 165.1, 165.4, 165.8,
165.9; HRLSIMS: caled for C;;5sH,(;sNNaO;; [M+Na]* 2050.6467, observed
mlz =2050.6488.

6-Benzyloxycarbonylaminohexyl 2-O-benzoyl-3-O-[2-O-benzoyl-3,6-di-O-
(2,3,4,6-tetra-O-benzoyl-f-D-glucopyranosyl)-$-D-gluco-pyranosyl]-f-p-gl-
ucopyranoside (14): A solution of the tetrasaccharide 13 (161 mg,
0.08 mmol) in dry CH,Cl, (5 mL) was treated with 90 % aqueous CF,CO,H
(0.5mL) at RT. After 10 min, TLC monitoring (SiO,:PhMe/EtOAc, 1:1)
showed that the reaction had almost gone to completion. The mixture was
diluted with CH,Cl, (40 mL) and then washed with aqueous NaHCO; (3 x
30 mL), and H,O (2 x 30 mL), after which the organic layer was dried and
concentrated to give a crude product, which was subjected to medium-
pressure liquid chromatography (SiO,:PhMe/EtOAc, 7:3 to 1:1), affording
the title compound 14 (93 mg, 61 % ). [a]p =9 (c =2 in CHCl;); LSIMS: m/
z=1963 [M +Na]*; '"H NMR (CDCl;, 25°C):  =0.94-1.37 (m, 8H), 1.80
(brs, 1H), 2.50 (brs, 1H), 2.89-2.96 (m, 2H), 3.22-3.30 (m, 1H), 3.32-
3.38 (m, 1H), 3.43 (pt, 1H, J=10.0 Hz), 3.55-3.63 (m, 4H), 3.70-3.76 (m,
1H), 3.77-3.98 (m, 3H), 4.07-4.13 (m, 1H), 4.19-4.25 (m, 2H), 4.30 (d,
1H,J=8.0 Hz),4.29-4.35 (m, 1H), 4.47 (d,1H,J =8.0 Hz), 4.48-4.52 (m,
1H), 4.60 (brs, 1H), 4.66 (d, 1H, J=8.0 Hz), 4.69-4.75 (m, 2H), 4.93 (dd,
1H, J=8.0, 10.0 Hz), 5.00 (dd, 1H, J=8.0, 10.0 Hz), 5.07 (s, 2H), 5.20 (d,
1H, J=8.0 Hz), 5.39 (dd, 1H, /=8.0, 10.0 Hz), 5.52 (pt, 1H, J =10.0 Hz),
5.57 (dd, 1H, J=8.0, 10.0 Hz), 5.66 (pt, 1H, /=10 Hz), 5.71 (pt, 1H, J=
10.0 Hz), 5.94 (pt, 1H, J=10.0 Hz), 6.95-8.09 (m, 55H); *C NMR
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(CDCl;,25°C): 6 =25.3,26.0,29.0,29.4,40.7,62.5, 62.7,66.4, 68.9, 69.1, 69.4,
71.2,71.8,72.2,72.4,72.8,75.6, 84.1, 84.9, 101.2, 128.0-133.4, 163.7, 163.9,
164.8, 165.1, 165.5, 166.0; HRLSIMS: calcd for C,ysH,(;NNaOs; [M+Na]*
1962.6154; observed m/z =1962.6172.

6-Benzyloxycarbonylaminohexyl 2-O-benzoyl-3,6-di-O-[2-O-benzoyl-3,6-
di-0-(2,3,4,6-tetra-O-benzoyl-#-D-glucopyranosyl)-f-D-gluco-pyranosyl]-
p-D-glucopyranoside (15): A catalytic amount of TfOH (1.6 uL,
0.017 mmol) was added to a mixture of the tetrasaccharide 14 (93 mg,
0.048 mmol), the trisaccharide 7 (83 mg, 0.052 mmol), and NIS (23 mg,
0.104 mmol) in dry CH,Cl, (5 mL) under an atmosphere of N, at 0°C. The
reaction micture was allowed to warm up to RT, before being neutralized
with C;HsN and worked up as described for the preparation of 13.
Repeated medium-pressure liquid chromatography (SiO,:PhMe/EtOAc,
85:15) on the crude product afforded the pure heptasaccharide 15 (56 mg,
28%). [alp= —75 (¢ = 2 in CHCL;); LSIMS: m/z =3387 [M+Na|*; '"H
NMR (CDCl;, 25°C): 6 =3.89 (d, /=9.0 Hz), 4.29 (d, /=8.0 Hz), 4.34 (d,
J=8.0Hz), 4.61 (d, J=8.0 Hz), 4.81 (d, /=8.0 Hz), 498 (d, /=8.0 Hz),
5.05(d,/=8.0 Hz); B'CNMR (CDCl;,25°C): 6 =24.3,25.2,28.0,28.5, 28.8,
39.8,59.4,61.6,62.0,65.5,67.2,67.4,67.7,68.2,68.4, 68.5, 68.9, 69.4, 69.7,70.3,
70.4, 70.9, 71.0, 71.1, 71.2, 71.5, 71.6, 71.5, 71.9, 72.0, 73.6, 74.3, 74.5, 82.7,
84.1, 84.8, 99.6, 99.8, 100.1, 100.4, 100.7, 100.8, 126.2-133.0, 136.8, 155.3,
162.7,162.8, 163.1, 163.9, 164.0, 164.1, 164.2, 164.3, 164.6, 164.8, 165.0, 165.1,
165.2; HRLSIMS: calcd for C4H,,;NNaOs; [M+Na]* 3385.0098; observed
m/z =3385.0103.

6-Benzyloxycarbonylaminohexyl 4,6-O-benzylidene-2,3-di-O-(2,3,4,6-tet-
ra-0-benzoyl-f-pD-glucopyranosyl)-f-D-glucopyranoside (18): A catalytic
amount of TfOH (105 uL, 1.2 mmol) was added slowly to a solution of the
diol 11 (740 mg, 1.48 mmol), and the thioglycoside 17 (2.23 g, 3.58 mmol)
and NIS (1.6 g, 7.1 mmol) in dry CH,Cl, (80 mL) under a N, atmosphere at
RT. The reaction mixture was neutralized after 10 min with CsHsN before
being worked up as described for the tetrasaccharide derivative 13. The
trisaccharide 18 was isolated (1.35 g, 55%) following medium-pressure
liquid chromatography (SiO,:PhMe/EtOAc 95:5 to 88:12). [a]p=+33 (c=
1in CHCL;); MALDI-TOF: m/z = 1681 [M+Na]*,1696 [M+K]*; '"H NMR
(CDCl;, 25°C): 0 =1.20-1.55 (brm, 8H), 2.66-2.82 (m, 2H), 3.13-3.24
(m, 2H), 3.25-3.35 (m, 1H), 3.43-3.53 (m, 1H), 3.60 (pt, 1H, /=9.0 Hz),
3.65-3.76 (m, 2H), 3.80 (pt, 1H,J=9.0 Hz), 3.95 (dd, 1H, /= 8.0, 9.0 Hz),
4.16-4.36 (m, 5H), 4.39 (d, 1H, J=8.0 Hz), 4.75 (d, 1H, J=8.0 Hz), 4.86
(d, 1H, J=8.0Hz), 5.08 (s, 2H), 5.19 (brs, 1H), 5.44 (dd, 1H, J=38.0,
9.0 Hz), 5.45-5.53 (m, 3H), 5.58 (dd, 1H, J=8.0, 9.0 Hz), 5.80 (pt, 1 H,J =
9.0 Hz), 5.82 (pt, 1H, J=9.0 Hz), 7.12-8.28 (m, 50H); *C NMR (CDCl;,
25°C): 6=25.7, 26.5, 29.4, 30.0, 41.1, 63.0, 63.4, 66.0. 66.6, 68.7, 69.7, 70.0,
70.1, 71.1, 72.3, 72.5, 72.6, 72.9, 78.4, 78.7, 80.0, 99.8, 100.0, 101.1, 101.8,
1252-1372, 1564, 164.9, 165.0, 165.1, 165.2, 165.7, 165.8, 165.9;
CysHgNO,q: caled C 68.79, H 5.29, N 0.84; found C 68.79, H 5.26,
N 0.67.

6-Benzyloxycarbonylaminohexyl  2,3-di-O-(2,3,4,6-tetra-O-benzoyl-f-D-
glucopyranosyl)-f-p-glucopyranoside (19): The trisaccharide derivative
18 (1.35 g, 0.81 mmol) was treated with 90 % aqueous CF;CO,H (5 mL) in
CH,CIl, (25 mL) for 10 min at RT. The reaction mixture was then diluted
with CH,Cl, (75 mL), washed with an aqueous NaHCO; (3 x 75 mL) and
H,0 (2 x50 mL) before the organic layer was dried and concentrated.
Column chromatography of the residue (SiO,:PhMe/EtOAc, 7:3 to 6:4)
afforded the diol 19 (1.23 g, 96 %). [a]p =+59 (c=1 in CHCl;); MALDI-
TOF: m/z =1592 [M+Na]*,1607 [M+K]*; "H NMR (CDCl;, 25°C): 0 =
1.12-1.55 (brm, 8H), 2.39-2.49 (m, 1H), 2.65-2.75 (m, 1H), 3.09-3.25
(brm, 3H), 3.39-3.45 (m, 1H), 3.47 (pt, 1H, /=9.0 Hz), 3.55 (pt, 1H, /=
9.0 Hz), 3.64 (dd, 1H,J=175,9.0 Hz), 3.66-3.76 (m,2H), 3.87 (dd, 1H, J =
3.5,12.0 Hz), 4.09-4.25 (m, 3H), 4.27 (d, 1H,J=7.5 Hz),4.39 (dd, 1 H,J =
2.5,12.5 Hz),4.52 (d, 1H,/=8.0 Hz), 4.64 (d, 1H, J=8.0 Hz), 5.08 (s, 2H),
5.14 (brs, 1H), 5.38-5.59 (m, 4H), 5.64 (pt, 1H, J=10.0 Hz), 5.80 (pt, 1 H,
J=10.0 Hz), 7.22-8.33 (m, 45H); “C NMR (CDCl;, 25°C):  =25.9, 26.7,
29.6, 30.2, 41.4, 62.3, 63.0, 63.1, 66.5, 69.3, 69.7, 69.9, 71.3, 72.3, 72.8, 73.3,
75.5, 78.0, 85.7, 100.2, 100.4, 101.5, 128.1-137.1, 156.8, 165.0, 165.2, 165.4,
166.0, 166.1; CgsHg;NO,4: caled C 67.30, H 5.33, N 0.89; found C 67.13, H
5.32, N 0.63.

6-Benzyloxycarbonylaminohexyl 2,3,6-tri-O-(2,3,4,6-tetra-O-benzoyl-fi-D-
glucopyranosyl)-$-D-glucopyranoside (20): A catalytic amount of TfOH
(15 uL, 0.17 mmol) was added to a solution of the diol 19 (330 mg,
0.21 mmol), the thioglycoside 12 (314 mg, 0.50 mmol), and NIS (225 mg,
1.00 mmol) in dry CH,Cl, (30 mL) under an atmosphere of N, at RT. After
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10 min, the reaction mixture was neutralized with CsH;N, diluted with
CH,Cl, (20mL) and worked up according to the procedure already
described for 13. Purification of the crude product by medium-pressure
liquid chromatography (SiO,:PhMe/EtOAc, 9:1-85:15) gave the tetrasac-
charide 20 (135 mg, 30%). [a]pb=+43 (c=1 in CHCL;); LSIMS: m/z =
2172 [M+Na]*; 'H NMR (CDCl;, 25°C): 6 =1.15-1.55 (brm, 8H), 2.46 -
2.52 (m, 1H), 2.69-2.75 (m, 1H), 3.15-3.21 (m, 3H), 3.24-3.28 (m, 2H),
3.45 (pt, 1H, J=9.0 Hz), 3.50-3.56 (m, 2H), 3.67-3.74 (m, 1H), 4.06 (d,
1H,J=8.0 Hz), 4.09-4.18 (m, 3H), 422-4.28 (m, 2H), 437 (dd, 1H, J =
3.5,12.5 Hz), 447 (dd, 1H, J=5.0, 12.0 Hz), 4.50 (d, 1H, J=8.0 Hz), 4.62
(d,1H,J=8.0 Hz), 4.64 (dd, 1H,J =3.5,12.0 Hz), 5.00 (d, 1 H, J=8.0 Hz),
5.07 (s, 2H), 5.28 (brs, 1H), 5.38-5.47 (m, 3H), 5.53 (dd, 1H, J=38.0,
10.0 Hz), 5.55 (dd, 1H,J=8.0,10.0 Hz), 5.63 (pt, 1 H,J =10.0 Hz), 5.69 (pt,
1H, J=10.0 Hz), 5.79 (pt, 1H, J =10.0 Hz), 5.88 (pt, 1H, J=10.0 Hz),
714-8.31 (m, 65H); 3C NMR (CDCl;, 25°C): 6 =25.8, 26.5, 29.3, 30.0,
41.2, 62.0, 63.0, 68.5, 69.1, 69.2, 69.6, 69.7, 70.9, 72.0, 72.1, 72.5, 73.0, 75.3,
773, 85.5, 99.9, 100.1, 101.0, 101.7, 127.9-136.9, 156.5, 164.7, 164.9, 165.0,
165.2, 165.7, 165.8, 165.9, 166.1; HRLSIMS: calcd for C»H,;0sNNaOj;s
[M+Na]* 2170.6678; observed m/z =2170.6789.

Dendrimer 23: The N-benzyloxycarbonyl derivative 20 (93 mg,
0.043 mmol) was subjected to hydrogenolysis over 10% Pd/C (25 mg) in
EtOH/CH,Cl,, 2:1 (25 mL) at 35°C for 4 days. The catalyst was filtered off
through a layer of Celite and the filtrate was concentrated to afford 21
(73 mg, 84 %), a portion of which (46 mg, 0.023 mmol) was then added to a
solution of 1,3,5-benzenetricarbonyl chloride (22; 1.9 mg, 0.007 mmol) and
Et;N (3.3 pL, 0.023 mmol) in CH,Cl, (5 mL) under an atmosphere of N,.
The reaction mixture was stirred at RT for 6 h and then subjected to column
chromatography (SiO,:PhMe/EtOAc, 7:3) to afford the dendrimer 23
(9 mg, 20%). MALDI-TOF m/z=6230 [M+Na]*; '"H NMR (CDCl;,
25°C): 6 =1.05-1.70 (brm, 24H), 2.47-2.53 (m, 3H), 2.66-2.72 (m, 3H),
3.12-3.16 (m, 3H), 3.24-3.28 (m, 12H), 3.44 (pt, 3H, J=9.0 Hz), 3.48—
3.55 (m, 6H), 3.67-3.72 (m, 3H), 4.07 (d, 3H, J=8.0 Hz), 4.10-4.18 (m,
9H), 4.22-4.28 (m, 6H), 4.36 (dd, 3H, J=3.5, 12.5 Hz), 4.46 (pt, 3H, J =
5.0 Hz), 4.49 (d,3H,J=8.0 Hz), 4.61 (d, 3H, J=8.0 Hz), 4.63 (dd, 3H, J =
3.5,12.0 Hz),4.99 (d, 3H, J=8.0 Hz), 5.30 (s, 3H), 5.38 —5.44 (m, 9H), 5.52
(dd, 3H, J=8.0, 10.0 Hz), 5.54 (dd, 3H, J=8.0, 10.0 Hz), 5.62 (pt, 3H, /=
10.0 Hz), 5.67 (pt, 3H, J=10.0Hz), 5.77 (pt, 3H, J=10.0 Hz), 5.87
(pt, 3H, J=10.0Hz), 713-8.01 (m, 180H), 8.23 (t, 3H, J=8.0 Hz),
8.29 (s, 3H).

Dendrimer 25: Hydrogenolysis of the heptasaccharide 15 (56 mg,
0.017 mmol) in the presence of 10% Pd/C (50 mg) in MeOH/CH,Cl,, 2:1
(30 mL) at 35°C over 18 hours afforded the amine 16 (42 mg, 77 %,
MALDI-TOF: m/z =3252 [M+Na]*), which was isolated as described for
21. Compound 16 (42 mg, 0.013 mmol) was then added to a solution of
DCC (2.62 mg, 0.013 mmol), HOBT (1.71 mg 0.013 mmol), and 24
(1.51 mg, 0.004 mmol) in CH,CL/DMEF, 2:1 (30 mL) under an atmosphere
of N, at RT. After 14 days, the solvent was evaporated in vacuo and the
residue was subjected to GPC (Phenomenex column, THF); this resulted in
isolation of three compounds (Figure 1): I) the 21-mer 25 (10.1 mg, 8 %),
GPC retention time 15.0 min, IT) the product corresponding to bisfunc-
tionalization of the core, GPC retention time 16.1 min, and IIT) the starting
compound 16, GPC retention time 17.7 min. Dendrimer 25: MALDI-TOF:
mlz =10042 [M+Na]*; '"H NMR (CDCl;, 25°C): 6 =3.90 (d, J=9.0 Hz),
4.29 (d, J=8.0 Hz), 4.35 (d, J=8.0 Hz), 4.61 (d, /=8.0 Hz), 482 (d, J=
8.0 Hz), 4.98 (d, /=8.0 Hz), 5.06 (d, J=8.0 Hz). Bisfunctionalized core
derivative: MALDI-TOF: m/z = 6833 [M+Na]"; the starting compound 16
MALDI-TOF: m/z = 3268 [M+Nal*.

Molecular modeling: The 12-mer and 21-mer dendrimers 23 and 25,
respectively, were constructed individually within the input mode of
Macromodel 5.0.%7] Subsequently, the geometries were optimized by energy
minimization performed on each structure using the Polak- Ribiere
conjugate gradient (PRCG) algorithm,*"! the AMBER* forcefield,” and
the generalized Born surface area (GB/SA) solvation model?” for CHCl,,
as implemented in Macromodel 5.0. Then the lowest energy conformations
were searched for by molecular dynamics with stepwise simulated
annealing performed on each individual structure in one step of 10 ps,
followed by two steps of 20 ps in conjunction with the PRCG method, the
AMBERF¥ forcefield, and the GB/SA for CHCl;. The simulated temper-
ature was decreased from 300 to 150, and finally to 50 K, with a bath
constant of 5.0 ps applied at all steps. The time step was maintained at 1.5 fs
in the first two steps and increased to 2.0 fs in the final step.
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Abstract: The reaction of iron(l) per-
chlorate with the tetraazamacrocyclic
ligand  N,N’-dimethyl-2,11-diaza[3.3]-
(2,6)pyridinophane (L-N,Me,) and 3,5-
di-tert-butyl-1,2-benzoquinone in 96 %
ethanol yields the blue compound
[Fe(L-N,Me,)(dbsq)](ClO,),-2.5H,0

(3a, dbsq™ =3,5-di-tert-butyl-1,2-benzo-
semiquinonate). On the basis of struc-
tural, Mossbauer spectroscopic, and
magnetic evidence, this compound was
identified as a low-spin iron(il) semi-
quinonate complex, the first of its kind,
in which the unpaired electron of the
coordinated semiquinonate radical is
strongly antiferromagnetically coupled
with the unpaired electron of the low-
spin iron(111) ion. In acetonitrile solution,
[Fe(L-N,Me,)(dbsq) J** (3) is in equili-
brium with uncoordinated dbq and with
the low-spin iron(i)) complex [Fe(L-
N,Me,)(MeCN),]** (5), as demonstrated

by NMR, Mossbauer, and UV/Vis spec-
troscopic data, as well as by the electro-
chemical results. The equilibrium con-
stant for the reaction 3+2MeCN=
dbq+5 was determined to be 7.97 x
10-°m~! at 25°C, and the pseudo-first-
order rate constant for the forward
reaction k=k/[MeCN]* to be 2.85s7!
by NMR spectroscopy and electrochem-
ical methods, respectively. This equili-
brium constant and the redox potentials,
determined for the involved species,
were used to calculate the formation
constants for the complexation of dbsq~
and 3,5-di-tert-butylcatecholate (dbc?)
by [Fe(L-N,Me,)(MeCN),]**3* ions.
Solutions of complex 3 in acetonitrile

Keywords: iron - macrocyclic li-
gands - radical ions - redox chem-
istry - semiquinonate ligands

are found to be stable towards molecular
oxygen. In addition, the reaction of the
iron(11)) semiquinonate complex 3 with
superoxide quantitatively yields the cor-
responding iron(1) catecholate complex
[Fe(L-N,Me,)(dbc) ]t (2). Therefore, the
reactivity of 3 with molecular oxygen
and with superoxide demonstrates that
the correct oxidation states of both the
metal ion and the coordinated dioxolene
unit are required for the occurrence of
the well-established cleavage of the
intradiol C-C bond of 3,5-di-tert-butyl-
catecholate ligand coordinated to the
iron(111) ion in 2 by molecular oxygen
and that the cleavage reaction does not
occur through an initial electron-trans-
fer step, resulting in the formation of an
iron(111) semiquinonate as intermediate,
but instead by the direct attack of the
oxygen molecule on the iron(iir) cate-
cholate moiety.

Introduction

Ligand radicals coordinated to metal ions are gaining in
importance within the discussion of the reactivity and
structural and electronic features of active sites in metal-
loproteins; recently it was recognized that the mononuclear
copper site in the oxidized form of the enzyme galactose
oxidase consists of a copper(il) center coordinated to a
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Fax: (+ 49)40-41232893
E-mail: krueger@xray.chemie.uni-hamburg.de
Dr. V. Schiinemann, Michael Gerdan, Prof. Dr. A. X. Trautwein
Institut fiir Physik
der Medizinischen Universitit zu Liibeck (Germany)
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phenoxyl radical and not a copper(ii) ion as had been
previously presumed.! Since that discovery substantial effort
has focussed on investigating the coordination of phenoxyl
radicals to metal ions.”l It has already been established that
the formally pentavalent iron ion in the active sites of
cytochrome P450 and horseradish peroxidase is actually an
iron(iv) oxo species bound to a cationic porphyrin radical.?!
Furthermore, the unusual reactivity of molecular oxygen with
the iron(ii)) catecholate complex of intradiol-cleaving cat-
echol dioxygenases has been attributed to a partial transfer of
electron density from the coordinated catecholate to the
metal ion, whereby the active site is endowed with a partial
iron(i1) semiquinonate character, which is thought to be
responsible for the reactivity.[*

We have recently reported® on the synthesis and reactivity
of the iron(im) catecholate (cat’”) and 3,5-di-fert-butylcate-
cholate (dbc?>”) complexes 1 and 2, which contain the
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tetraazamacrocycle N,N'-dimethyl-2,11-diaza[3.3](2,6)pyridi-
nophane (L-N,Me,) as a coligand. In the reaction with
molecular oxygen, the aromatic ring of the coordinated

= +
[Fe(L-NsMep)(cat)]
.
N 1
MeN NMe [Fe(L—N,Me,)(dbc)]
N
= 2
A [Fa(L—N Me)(dbsq)P*
L-N;Me, 3

catecholate moiety in these complexes was shown to be
oxidatively cleaved at the intradiol C—C bond in quantitative
yields. In addition to the stoichiometric reaction, complex 2
acts as an efficient catalyst in the conversion of dbcH, to 3,5-
di-tert-butylmuconic anhydride. Thus, with complex 2, we
introduced a well-defined, stoichiometrically functioning, and
highly catalytic biomimetic model system for the reactivity of
intradiol-cleaving catechol dioxygenases.

By virtue of belonging to the class of dioxolenes, coordi-
nated catecholates are prone to behave like non-innocent
ligands,[ a property which may, as previously mentioned, be
pertinent to the reactivity of catechol dioxygenases. Since in
most complexes the metal d orbital and the m-molecular
orbital of the dioxolene are of comparable energies, valence
tautomerism can occur. Thus, if the concept of formal oxidation
states is used—although it may not always be appropriate—
the electron distribution in a given metal — dioxolene complex
could be described by any one of the three depicted redox
isomers: a catecholate, a semiquinonate, or a quinone
complex. Which of these redox states is actually the most

/O /o~, /O
M2 M. 2 M
N N\ 2 N\
(@] [¢] ¢]

applicable description for a coordinated dioxolene unit, is
determined by the covalency of the metal —oxygen bonds—
which again depends on the relative energies, the symmetries,
and the overlap of the involved metal d orbitals and the -
molecular orbitals on the dioxolene unit. Since redox
reactions can involve the metal ion as well as the ligand, a
rich redox chemistry is associated with this class of complexes.

Within the context of our studies on functional biomimetic
complexes that model the reactivity of intradiol-cleaving
catechol dioxygenases, we were also interested in the complex
[Fe(L-N,Me,)(dbsq) ]** (3; dbsq~ = 3,5-di-tert-butyl-1,2-ben-
zosemiquinonate), which is the one-electron oxidation prod-
uct of 2. The finding that the reaction of complex 2 with
molecular oxygen indeed affords high yields of intradiol-
cleavage products, and the previously mentioned working
hypothesis that the coordinated dioxolene unit in 2 needs
some semiquinonate radical character in order to be reactive
with molecular oxygen, prompted us to investigate the
reaction chemistry of the radical ligand 3,5-di-tert-butylsemi-
quinonate coordinated to a (diazapyridinophane)iron(iir)
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fragment. Here we report on the structural and electronic
properties as well as the reactivity of 3, which, to our
knowledge, is the first low-spin iron(i11) semiquinonate com-
plex ever reported.

Results and Discussion

Synthesis and structure: Analogous to the preparation of
previously reported iron(i) semiquinonate complexes,!’]
[Fe(L-N,Me,)(dbsq)](ClO,),-2.5H,0 (3a) was synthesized
by addition of 3,5-di-tert-butyl-1,2-benzoquinone (dbq) to an
ethanolic solution containing equivalent amounts of ferrous
perchlorate and the tetraazamacrocyclic ligand L-N,Me,. The
presence of 2.5 molecules of water per molecule of complex is
supported by elemental analysis as well as by an X-ray
structure determination of single crystals obtained by recrys-
tallization of the dark blue compound from hot 96 % ethanol.
Unfortunately the quality of the single crystals of 3a was poor
due to some severe disorder in the crystal lattice; therefore,
for the sole purpose of obtaining suitable crystals, the complex
was additionally prepared as the hexafluorophosphate salt
[Fe(L-N,Me)(dbsq) ](PFe), (3b).

A perspective view of 3 with the atom numbering scheme is
shown in Figure 1. A comparison of some selected distances

Ci2
C28)  Cr9

BB

Figure 1. Perspective view of the structure of [Fe(L-N,Me,)(dbsq) |** in 3a
showing thermal ellipsoids at 50 % probability and the atom-numbering
scheme.

and angles of the complex with those of the ferric catecholate
complexes 1 and 268 is given in Table 1.

As in the iron(in) catecholate complexes, a distorted cis
octahedral coordination geometry is also found around the
iron ion in 3; the dioxolene moiety is coordinated in the
equatorial plane to the metal ion in a bidentate fashion. The
average Fe — N, and Fe —N,,, bond lengths of 2.026 £ 0.004
and 1.894+£0.002 A, respectively, are considerably shorter
than those found in the iron(i) catecholate complexes or in
all previously investigated octahedral high-spin iron(i) com-
plexes with L-N,Me, in their ligand spheres (Fe—N,i.:
2.223-2.243 A and Fe-N,,: 2.106-2.152 A).1>*) Compared
to the commonly observed Fe—N bond lengths in octahedral
high-spin iron(111) complexes, the substantial difference in the
bond lengths (about 0.2 A) could indicate that upon addition
of o-benzoquinone to the iron(if) complex either the metal ion
is oxidized by two electrons to an iron(1v) ion, or a low-spin
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Table 1. Selected bond lengths [A] and angles [°] in 1-3.

1 2 3
Fe(1)-O(1) 1.903(3) 1.895(5) 1.883(3)
Fe(1)-0(2) 1.915(3) 1.911(5) 1.885(3)
Fe(1)-N(1) 2.222(3) 2.241(6) 2.022(4)
Fe(1)-N(2) 2.105(3) 2.121(6) 1.892(4)
Fe(1)-N(3) 2.223(3) 2.235(6) 2.030(4)
Fe(1)-N(4) 2.106(3) 2.115(6) 1.895(4)
0(1)-C(17) 1.353(5) 1.344(8) 1.284(5)
0(2)-C(18) 1.329(5) 1.368(8) 1.296(5)
C(17)-C(18) 1.415(7) 1.411(10) 1.450(7)
C(17)-C(22) 1.385(7) 1.380(10) 1.403(7)
C(18)-C(19) 1.394(6) 1.409(10) 1.425(7)
C(19)- C(20) 1.369(8) 1.396(10) 1.370(7)
C(20)-C(21) 1.369(9) 1.399(10) 1.438(7)
C(21)-C(22) 1.427(8) 1.393(10) 1.360(7)
O(1)-Fe(1)-0(2) 85.6(1) 85.1(2) 83.7(1)
O(1)-Fe(1)-N(1) 97.7(1) 105.1(2) 97.4(2)
O(1)-Fe(1)-N(2) 100.4(1) 95.4(2) 89.7(2)
O(1)-Fe(1)-N(3) 107.3(1) 98.3(2) 99.0(2)
O(1)-Fe(1)-N(4) 174.7(1) 174.1(2) 176.0(2)
0(2)-Fe(1)-N(1) 103.7(1) 104.4(2) 100.1(2)
0(2)-Fe(1)-N(2) 173.7(1) 1782(2) 1733(2)
0(2)-Fe(1)-N(3) 99.0(1) 100.8(2) 96.6(2)
O(2)-Fe(1)-N(4) 93.0(1) 99.5(2) 92.3(2)
N(1)-Fe(1)-N(2) 77.4(1) 772(2) 81.3(2)
N(1)-Fe(1)-N(3) 147.3(1) 146.8(2) 157.7(2)
N(1)-Fe(1)-N(4) 77.6(1) 77.6(2) 832(2)
N(2)-Fe(1)-N(3) 77.6(1) 77.4(2) 83.7(2)
N(2)-Fe(1)-N(4) 81.1(1) 79.9(2) 94.4(2)
N(3)-Fe(1)-N(4) 77.9(1) 773(2) 81.5(2)

iron(11) ion is present in complex 3. The first possibility, which
would have been unprecedented in the literature, can be
excluded on the basis of the structural parameters of the
coordinated dioxolene ligand and on the basis of the spectro-
scopic evidence (vide infra). In fact the Fe — N bonds are quite
similar to those in [Fe(L-N,Me,)(bipy) ]**, which also contains
a low-spin iron(ii)) ion (Fe—N,pi: 2.044 A and Fe—-N,,:
1.902 A).1

A comparison of the C—O and C—C bond lengths (Table 1)
with those of the iron(ill) catecholate complexes clearly
attributes semiquinonato character to the dioxolene ligand.
Thus, upon oxidation of 2, the C— O bond lengths significantly
decrease to 1.284 and 1.296 A, thereby falling into the range
commonly observed for coordinated semiquinonato radi-
cals.l> % 19 While the more or less equal lengths of the C-C
bonds within the catecholate ligands of 1 and 2 are consistent
with an aromatic ring system with delocalized m bonds, an
inspection of the C—C bonds in 3 reveals the more localized
n-bonding pattern of an ortho-semiquinone. Therefore, short
bond lengths of 1.36—1.37 A are observed for the C(19)—C(20)
and C(21) - C(22) bonds. On the other hand, the C(17) — C(18)
and C(20)-C(21) bonds are considerably lengthened (1.44 -
1.45 A). Considering that the dioxolene moiety can be
unambiguously identified as a semiquinonate, the short Fe—N
bonds must therefore result from the low-spin state of the
iron(i11) ion. The effect of the low-spin state is also expressed
in the extremely short Fe—O bonds (1.883 and 1.885 A),
whereas all reported high-spin iron(i11) semiquinonate com-
plexes display Fe — O bond lengths between 2.0 and 2.1 A.[" 1]
A theoretically possible assignment of complex 3 as a low-spin
iron(11) quinone complex was excluded from further consid-
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eration on the basis of the C-O bond lengths and, more
importantly, on the basis of the Mdssbauer data (vide infra).

Compared to high-spin iron(ir) complexes with the ligand
L-N,Me,, the unusually short Fe—N bonds cause the metal
ion to be drawn into the cavity of the macrocycle to a larger
extent, thereby increasing the N,pi.-Fe-Nyni.. and the
N,,-Fe-N,, angles from 147° to 158° and from 80° to 94°. As
in all complexes with L-N,Me, ligands,!!] the interplanar
angle included by the least-squares planes of the pyridine
rings is smaller than the N,-M-N, angle; however, in 3 this
angle is 82°, which is one of the largest observed in complexes
containing L-N,Me,. Thus, the metal ion is considerably less
displaced from the least-squares planes of the pyridine rings.
These findings serve as evidence that the tetraazamacrocyclic
ligand still provides sufficient flexibility to accommodate the
individual electronic requirements of the respective coordi-
nated iron ion, in spite of the steric rigidity induced by the
pyridine rings.

Properties of the iron(i1)) semiquinonate complex in the solid
state: The Mossbauer spectrum (Figure 2) of solid 3a,
recorded at 4.2 K, consists of a doublet with an isomer shift

1.00 + ;

0.98

0.96 -

0.94

092

Relative Transmission

0.98

Velocity (mm g™)

Figure 2. Mdssbauer spectra (recorded at 4.2 K) of [Fe(L-N,Me,)(dbsq) |**
as a solid (top), [*Fe(L-N,Me,)(dbsq) ]** electrochemically generated in
acetonitrile solution (2mM, middle), and [Fe(L-N,Me,)(MeCN),]** (bot-
tom), generated in situ, in acetonitrile.

0 =0.18 mms~! and a quadrupole splitting AE,=2.32 mms~".
Compared to the wusually observed range of 0=0.4-
0.6 mms~! for other six-coordinate high-spin iron(ir) com-
plexes containing this tetraazamacrocyclic ligand, the present
value for 0 is significantly reduced. Also taking into account
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the relatively high value for AE,, the Mossbauer data confirm
the low-spin Fe!!l state which was established earlier by the X-
ray structure analysis. An additional measurement of 3a at
4.2 K with an applied field of 6.1 T Ly (not shown) clearly
attributes a diamagnetic ground state to the complex.
Furthermore, it reveals a negative sign for the electric field
gradient. The diamagnetism of the complex indicates a strong
intramolecular antiferromagnetic coupling between the §; =
1/2 spin of the low-spin iron(i) ion and the S,=1/2 spin
located on the coordinated semiquinone radical. By using a
spin Hamiltonian H=—2JS,S, for the interaction between
the two electron spins S; and S,, a magnetic exchange
coupling constant of |—J|>250 cm™! can be estimated from
the measurements of the magnetic susceptibility of solid 3a in
the temperature range 2K < 7<293K by using a SQUID
magnetometer. It is noteworthy that complex 3 is, to our
knowledge, the first low-spin iron(iir) semiquinonate complex
ever isolated and structurally characterized; all other pre-
viously reported iron(i11) semiquinonate complexes contain a
high-spin iron(irr) ion.[* 1%

Properties of dissolved iron(ii)) semiquinonate complexes:
The spectroscopic and the electrochemical properties of 3 in
acetonitrile were investigated. These properties were com-
pared with those of an analogous complex [Fe(L-N,Me,)
(sq)J** (4), which contains the unsubstituted o-benzosemi-
quinonate (sq~) ligand. Complex 4 was generated electro-
chemically from 1 in acetonitrile, these solutions were
generally handled only at low temperatures because of the
instability 4.

NMR spectroscopic investigations: "H NMR spectra of 10mm
solutions of 3a were recorded at different temperatures in
deuterated acetonitrile. The NMR signals lie between 1 and
9ppm and display small linewidths at low temperatures,
which indicates that only diamagnetic compounds are present.
As the temperature was increased, some of the signals
broadened and shifted. This could result from the appearance
of a paramagnetic species at higher temperatures or it could
be caused by some dynamic process(es).

From the changing intensities of the signals with varying
temperature, it is concluded that the overall NMR spectrum
originates from three different compounds: these have been
unambiguously identified as 3, [Fe(L-N,Me,)(MeCN),]** (5),
and unbound dbq. Analogously, the NMR signals in the
spectrum of an electrochemically generated sample of 4 are
attributed to uncoordinated 1,2-benzoquinone (q) and to
complexes 4 and 5. The spectrum of 3a in acetonitrile
(recorded at —30°C) is displayed in Figure 3, and the
assignments of the individual NMR signals in the spectra of
3 and 4 in acetonitrile are listed in Table 2.

The subspectrum corresponding to 3 is consistent with the
S§ =0 spin state, which has been previously discussed for the
solid ferric semiquinonate complex. As in the spectra of other
diamagnetic complexes containing the ligand L-N,Me, "l the
low-field shift of the 'H NMR signals of the pyridine protons
(compared to those of unbound ligand) and the appearance of
the characteristic AB coupling pattern for the diastereotopic
methylene protons show that, as the complex 3 dissolves, the
tetraazamacrocyclic ligand continues to be coordinated
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Figure 3. '"H NMR spectrum of 3a in deuterated acetonitrile (recorded at
—30°C with [3a], = 10mwm). The individual NMR signals corresponding to
3, 5, dbq, deuterated acetonitrile (S), and water (W) are marked.

Table 2. '"H NMR data (360 MHz) of dbq, 3-5, and 1,2-benzoquinone (q)
in deuterated acetonitrile.

Com- Tempera- Chemical shift [ppm]
pound ture [°C]

dbq 25

1.22 (s, 9H, C(CHa);), 1.25 (s, 9H, C(CHs);), 6.16 (d,
1H, ArH, 2.3 Hz), 7.01 (d, 1H, ArH, 2.3 Hz).

1.25 (s, 9H, C(CHs;);), 1.32 (s, 6H, NCHj,), 1.41 (s, 9H,
C(CH;);), 4.45 (d, 2H, -CH,-, A-part of the first AB
system, 17.0 Hz), 4.47 (d, 2H, -CH,-, A-part of the
second AB system, 17.1 Hz), 4.81 (d, 2H, -CH,-, B-part
of the second AB system, 17.1 Hz), 4.90 (d, 2H, -CH,-,
B-part of the first AB system, 17.0 Hz), 7.48 (s, 1 H,
ArH), 7.69 (two d, 4H, 3,5-py-H, 7.9 Hz), 8.15 (t, 1H,
4-pyH, 7.9 Hz), 8.16 (t, 1 H, 4-pyH, 7.9 Hz), 8.95 (s,
1H, ArH).

1.32 (s, 6H, NCH,), 4.45 (d, 4H, -CH,-, A-part of a AB
system, 16.9 Hz), 5.01 (d, 4H, -CH,-, B-part of a AB
system, 16.9 Hz), 7.71 (d, 4H, 3,5-py-H, 7.6 Hz), 7.82
(m, 2H, ArH, AA'BB’ system, Jo» =1.6 Hz, J,5 =
7.7 Hz, Jog =2.9 Hz), 8.16 (t,2H, 4-pyH, 7.6 Hz), 9.23
(m, 2H, ArH, AA'BB’ system, Jgg =1.6 Hz, J,5 =
7.7 Hz, J,5=2.9 Hz).

2.45 (s, 6H, NCH;), 4.02 (s, 8H, -CH,-), 7.19 (d, 4H,
3,5-py-H, 7.7 Hz), 7.67 (t, 2H, 4-pyH, 7.7 Hz)

25 2.63 (s, 6H, NCH,;), 4.03 (d, 4H, -CH,-, A-part of a AB
system, 16.5 Hz), 4.18 (d, 4H, -CH,-, B-part of a AB
system, 16.5 Hz), 7.30 (d, 4H, 3,5-py-H, 7.8 Hz), 7.70
(t,2H, 4-pyH, 7.8 Hz).

6.35 (m, 2H, ArH, AA'BB’ system, J,, =1.8 Hz,

Jag =88 Hz,Joy =3.1Hz),7.12 (m,2H, ArH, AA'BB’
system, Jgg = 1.8 Hz, J,5 =8.8 Hz, J,5 =3.1 Hz).

3 -30

through all four nitrogen donor atoms to the iron ion. A
similar conclusion is reached for the coordination mode of the
macrocyclic ligand in 4. The introduction of two fert-butyl
substituents at the 3- and S-positions of the semiquinonate
ring reduces the symmetry of the complex from C,, in 4 to C;
in 3. Thus, in contrast to 4, where only one AB signal is
observed in the 'H NMR spectrum, the presence of two
slightly different AB signals in the spectrum of 3 reflects the
lower symmetry of the coordinated dbsq~ moiety.

Based on the low-field shifts of the NMR signals of the
pyridine protons, the subspectrum attributed to complex 5
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(Table 2) reveals that the iron ion is coordinated to the
tetraazamacrocyclic ligand L-N,Me,. At —30°C, only a
singlet at 4.03 ppm is observed for the diastereotopic meth-
ylene protons. However, when the temperature is raised, this
accidental isochronicity of both protons is lifted and the
expected AB signal appears. This provides unambiguous
proof that the L-N,Me, in this complex is also bound to the
metal ion by all four nitrogen donor atoms. The relatively
narrow linewidths at —30°C and the occurrence of the NMR
signals between 1 and 9 ppm indicate that this iron complex is
diamagnetic. At higher temperatures, however, the signals
shift considerably and the linewidths increase to some extent.
The NMR spectra of an equimolar mixture of ferrous
perchlorate and L-N,Me, in acetonitrile over the entire
investigated temperature range showed identical chemical
shifts and linewidths very similar to those observed in the
subspectra corresponding to complex 5. In contrast to acetoni-
trile solutions, the NMR spectrum of an equimolar mixture of
ferrous perchlorate and the macrocyclic ligand in methanol
indicates the formation of a paramagnetic complex. From this
evidence, and taking into account that L-N,Me, has a decisive
tendency to form octahedral complexes, the composition of
complex 5 is deduced to be [Fe(L-NMe,)(MeCN),]**, in
which, in addition to the macrocycle, two acetonitrile
molecules are coordinated to a low-spin iron(i1) ion. While,
at —30°Cin acetonitrile, complex 5 is essentially diamagnetic,
the noticeable shifting of the NMR signals serves as evidence
that, although the §=0 spin state still predominates, a small
paramagnetic contribution, presumably due to the onset of a
spin-crossover, is present at higher temperatures.

The third component in the mixture resulting from the
dissolution of solid 3a in acetonitrile is unequivocally
identified as dbq by comparison of the NMR spectrum
with that of an authentic sample in acetonitrile. Accordingly,
in an electrochemically prepared solution of 4, un-

bound o-benzoquinone (q) is found in addition to complexes
4 and 5.

5 dbq

At all temperatures, compounds dbq and 5 are present in
stoichiometrically equal amounts. From this it is inferred that
3 exists in an equilibrium with dbq and 5 [Eq. (1)]. From the
intensities of the NMR signals, the equilibrium constant K is
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determined to be 1.38 x 10~®m~! and 7.19 x 10-*m~! at —30°C
and at 20°C, respectively. The temperature dependence of K;
suggests that this reaction is endothermic and, from the
stoichiometry of the reaction, a decrease in entropy is
expected. Assuming that AH and AS are constant within the
investigated temperature range (243 to 313K in 10K
intervals), a plot of InK; against 1/T yields AH, =
+20.0 kJmol~! and AS; = —30.5 JK~! mol~! for Equation (1).
At 25°C, an equilibrium contant of K; =797 x 10-m~! was
calculated.

As previously stated, the NMR signals attributed to 5 are
shifted considerably when the temperature is changed. In
contrast, the positions of the NMR signals of complex 3 are
only slightly dependent on the temperature. The linewidths of
the NMR signals of pure 5 and of 5 in the equilibrium mixture
are very similar; therefore the noticeable line broadening of
the NMR signals of 3 at higher temperatures (>50°C) is
judged to be due almost exclusively to the increasing para-
magnetic contribution of 5 and not to a dynamic effect
connected with the equilibrium reaction.

Since distinctive NMR signals are observed for each species
at all temperatures, the intermolecular exchange processes of
the protons due to the reaction in Equation (1) are in the slow
exchange domain, which permits an estimate on the upper
limit for the pseudo-first order rate constant k=k/
[MeCN]? <20 s7%. The occurrence of an equilibrium reaction
is demonstrated further by two-dimensional exchange spec-
troscopy (EXSY) (not shown), with a mixing time #,; of 0.2 s at
room temperature. The resulting spectrum not only gives
further evidence for the correct assignment of the NMR
signals, but also yields an approximate estimate for the rate
constant k=0.5-5s7".

For the electrochemically generated solution of 4, an
analogous equilibrium reaction is detected. Considering the
well-known pervasive tendency of 1,2-benzoquinone to de-
compose at room temperature, this equilibrium reaction
explains the difficulties experienced and the failure to
synthesize and isolate 4 as a pure compound.

Méssbauer spectroscopic investigations: Maossbauer
measurements were performed on solutions of 3a in
acetonitrile with initial concentrations between 0.4 and
20mM as well as on a solution of 4 which was
electrochemically generated from a 1.9mwm solution of
¢y  1in acetonitrile. Figure 2 shows a comparison of the
spectrum of a solution of 3a (2mm) with that of solid
3a, and that of § generated in situ in acetonitrile. The
experimental results are listed in Table 3. The spectra
tBu  confirm that an equilibrium reaction occurs in solutions
containing the iron(i1r) semiquinonate complexes. The
rather similar Mossbauer parameters of 3 and 4
indicate similar structures for both complexes.

As expected, as the initial concentration of 3a
decreases, the equilibrium shifts to the side of the
dissociation products. The equilibrium constant K; for

the reaction in Equation (1), determined by Maossbauer
spectroscopy, is slightly smaller than that obtained from the
NMR data at 25°C. This is undoubtedly due to the fact that,
during the short time required to rapidly freeze the samples,
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Table 3. Mossbauer parameters for 3a, 4, and 5.

Compound 0 [mms~1] AEy [mms™] I72 [mms™']
solid 3a
0.18 2.32 0.13
3albel 0.22 2.32 0.18 (43.3%)
0.44 0.30 0.14 (56.7%)
4iod 0.17 2.34 0.17 (34.6%)
0.42 0.30 0.13 (65.4%)
sibl 0.43 0.30 0.14

[a] I72=half-width of the lines. [b] As frozen solution in acetonitrile. [c]
[3a],=2.0mm. [d] [4],=1.9mMm.

the temperature of the solutions decreased before the frozen
state was reached and, therefore, the established equilibria
actually reflect temperature conditions lower than room
temperature. The Modssbauer parameters for 5, 6=
0.42 mms~! and AE,=0.30 mms~!, are consistent with a
low-spin iron(11) ion. In addition, the S=0 spin state was
confirmed experimentally by a measurement at 4 K with an
applied field of 6.1 T L y (not shown).

Electronic absorption spectroscopy: Due to the equilibrium in
Equation (1), the UV/Vis spectrum of a solution of 3a in
acetonitrile is composed of the electronic absorption spectra
of three contributing species. Therefore, in order to obtain the
electronic absorption spectrum corresponding exclusively to
3, the molar extinction coefficients were determined of
solutions of 5 (prepared in situ) and dbq in acetonitrile. The
molar extinction coefficients obtained (listed in Table 4), the
initial concentration of 3a, and the equilibrium constant for

Table 4. Electronic absorption data for the complexes 3 and 5 as well as for
dbq in acetonitrile.

Com-  Absorption maxima A,,,, [nm] (&y)

pound

3 351 (7620), 380 (sh, 5070), 600 (9360)

5 357 (4420), 381 (4510), 410 (sh, 2690), 475 (sh, 480), 580 (sh, 77.7)

dbq 401 (1730), 570 (45.8)

Equation (1) at 25°C (K,;=797 x10°m~!) were used to
calculate the electronic absorption spectrum of pure 3
(Table 4). The resulting molar extinction coefficients of pure
3, obtained from measurements at two different initial
concentrations of 3a (10 and 1mwm), correspond closely to
one another.

The spectrum shown in Figure 4 displays two intense
absorption bands at 600 and 351 nm and a shoulder at
380 nm. The almost identical appearance of the spectrum of
dissolved 3 to that of a solid sample supports the notion,
already suggested by Mossbauer spectroscopic results, that
the overall structure of the iron complex found in the solid
state is preserved in solution. The position of the dominating
transition at 600 nm does not show any marked solvent
dependency [A=611nm (solid state), 600 nm (MeCN),
595 nm (acetone), 604 nm (CH,Cl,), and 590 nm (EtOH)].
Because of the rather high intensity and the shift of this band
to 550 nm in the absorption spectrum of 4 in acetonitrile, this
band is tentatively assigned to a LMCT-transition. The rather
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Figure 4. Electronic absorption spectra of 3, 6, and dbq in acetonitrile.

broad linewidth of approximately 5180 cm~! indicates the
occurrence of extensive vibrations in the excited state, which
is consistent with the large reorganization energy associated
with the strong CT character of the band. The resonance
Raman spectrum of solid 3a (excitation by a laser beam at A =
514 nm), reveals strong features at v=>576, 604, 1373, and
1412 cm™!, of which the first two are tentatively attributed to
Fe - O stretching modes coupled to deformation vibrations of
a five-membered chelate ring,' and the latter two to C-O
and C-C stretching vibrations within the dioxolene moie-
ty.l?2. 131 This result supports the involvement of a dioxolene
ligand orbital in the CT transition at 600 nm.

UV/Vis spectra of iron(i1)-3,5-di-tert-butylsemiquinonate
complexes with a N,O, coordination environment are rare
and, to our knowledge, the only other case reported is that of
the electrochemically generated complex [Fe(SS-CTH)-
(dbsq)]** (6; SS-CTH=(S,5)-5,5,7,12,12,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane).'! Complex 6 does not
show an absorption band at around 600 nm; instead, an
absorption band was observed at 877 nm (ey =~ 1700M'cm™).
This transition has been attributed to an overlap of a CT
transition and an internal ligand n-rt*-transition (electronic
absorption bands at rather similar energies have been
observed for other metal complexes of the general stoichi-
ometry [M(SS-CTH)(dbsq)]** (with M = Ni**, Zn**, etc.)l"’]
as well as for electrochemically generated uncoordinated 3,5-
di-tert-butylsemiquinonate).'! For complex 3, no such tran-
sition could be discerned at around 880 nm. Unfortunately,
the spin state of 6 was not reported. However, we would like
to speculate that these surprising dissimilarities in the
absorption spectra of 3 and 6 might be the result of different
spin states of the iron ions in these complexes and that 6
actually contains a high-spin iron(i11) ion. In contrast, a quite
intense absorption band at a rather similar position has
been observed for [Ru(bipy),(dbq)]** (A=668 nm, &=
14100Mtem )7 and [Os(bipy),(dbsq) ** (4 =7558 nm).!!8!
Since a low-spin osmium(i1) ion is thought to be coordinated
to a semiquinonate in the osmium complex, the absorption
band was assigned to a LMCT transition. In contrast, based on
the fact that the ruthenium complex is regarded as containing
a low-spin ruthenium() ion coordinated to a benzoquinone,
the band at 668 nm was assigned to a MLCT transition.
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However, the astounding similarities between the electronic
absorption spectra of all three complexes with related N,O,
coordination spheres suggest that the transitions at around
600 nm may have the same origin. In default of a structure
determination, the assignments of the oxidation states of the
dioxolene ligand moiety and the ruthenium ion are, in our
opinion, still uncertain.

Electrochemical investigation: At the outset, the electro-
chemical properties of uncoordinated dbq and of complex 5 in
acetonitrile were determined by cyclic voltammetry. As
shown in Equation (2), free 3,5-di-tert-butylbenzoquinone is
reduced to the corresponding semiquinonate at a potential of
E,,=—-0.51V vs. SCE, which is consistent with a previous
investigation.') The cyclic voltammogram of complex 5,
generated in situ, demonstrates that an electrochemically
reversible oxidation occurs at the rather high potential of
E,,=+1.06 V vs. SCE (Equation (3)).

Eyp=—051V

— dbsq )

dbgq + e

Eip=+1.06V

[Fe(L-N Meo(MeCN)o** + & m———= [Fe(L-N,Me)(MeCN),** (3)
Cyclic voltammograms of 3a dissolved in acetonitrile are
presented in Figure 5. The existence of 5 as a consequence of
the equilibrium in Equation (1) is demonstrated by the

1.03

I 0.29

0.39
c)
0.70
0.0
0.27
0.41
d)
0.63
-0.03
0.34

Figure 5. Cyclic voltammograms (50 mV s™!) of 3a at a Pt-foil electrode in
acetonitrile a) with [3a],=15mm (25°C), b) with [3a],=1.5mm before
(solid line) and after (dotted line) the addition of dbq ([dbq],=15mm
(25°C)), c) with [3a],=10mm (25°C), d) with [3a],=1.5mm (-30°C);
peak potentials in V vs. SCE are indicated.
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appearance of the oxidative response at £, =1.06 V (Figure
5a). Upon reduction, [Fe(L-N,Me,)(dbsq)]** is converted
into [Fe(L-N,Me,)(dbc)]* at a redox potential E;,, =0.35 V vs.
SCE (Figure 5b). A scan to even lower potentials revealed a
further peak potential at E;,=—0.53 V (not shown), which
corresponds to the reduction of uncoordinated dbq to dbsq.
With [3a],=1.5mM, a current ratio |i,/i,| of 0.63 was
observed for the redox couple [Fe(L-N,Me,)(dbsq) [**/[Fe(L-
N Me,)(dbc)]". As predicted by the equilibrium in Equa-
tion (1), the relative concentration of 3 in the equilibrium
mixture and with it the current ratio rises as uncoordinated
dbq is added to the reaction mixture or as the initial
concentration [3a], is increased. Thus, with [3a],=1.5mm
and [dbq],=15mwm (Figure 5b) and with [3a],=10mm (Fig-
ure 5c¢), the current ratios |i,/i, | are found to be 0.95 and
0.84, respectively. In agreement with the temperature depend-
ency of the equilibrium in Equation (1), already established
by NMR spectroscopy, the current ratio |iy/i,,| is also
increased as the temperature is lowered (Figure 5d). Similar
cyclic voltammograms are obtained for the redox reaction
of the redox couple of [Fe(L-N,Me,)(dbsq)]**/[Fe(L-
N, Me,)(dbc) ]* starting from 2 (see Figure 6).

s
@ o AN O

i (nA)

600 500 400 300 200

E (mV vs. SCE)

Figure 6. Experimental (solid line) and simulated (dotted line) cyclic
voltammograms of [Fe(L-N,Me,)(dbc)|(BPh,) (1.53mMm) at a Pt-disc
electrode (area=33.9 mm?) in acetonitrile at 25°C (scan rate from top to
bottom: 0.1-2.0 Vs1).

Cyclic voltammograms of 2 and 3a with different initial
concentrations and at various scan rates were simulated,
assuming identical diffusion coefficients for 2 and 3. The
diffusion coefficients of 2, dbq, and 5 were determined by
chronoamperometry.
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In Figure 6, a selection of cyclic voltammograms and their
corresponding simulations are displayed for the oxidation of
2. They show that the redox kinetics are consistent with the
E,C, mechanism shown by the reaction in Equation (4). Thus,

Eyp=+0.35V

[—
_—

[Fe(L—N4Mep)(dbe)]* [Fe(L-NsMe,)(dbsq)I?* + &~

- 2MeCN + 2MeCN @

[Fe(L-N4Me,)(MeCN)J** + dbq

by increasing the scan rate v in the cyclic voltammetric
experiment, the time scale of the experiment changes from a
domain in which the chemical reaction is fast with respect to
the electron transfer step (e.g. at v=0.1 Vs7!) to a range in
which the chemical reaction is comparatively slow; therefore,
the electron transfer reaction dominates the cyclic voltam-
metric response (e.g. at v>2Vs™). An optimal match
between simulated and experimental data is obtained by
using the pseudo-first-order rate constant for the chemical
reaction k = k/[MeCNJ>*=2.85s7!, which agrees with those
estimates acquired by NMR spectroscopy.

Electrolysis of complex 2 in acetonitrile at an applied
potential of 0.47 V consumed 0.97 electrons per molecule;
immediate re-reduction at 0.10 V, however, only accounted
for 94 % of the originally transferred charge. The addition of a
tenfold excess of dbq to the oxidized solution improved the
yields in re-reduction to 99 %. This finding is interpreted to
mean that the rate of electrolysis slowed considerably as the
reduction progressed because the rate of the electron
transfer depends on the actual number of molecules of
[Fe(L-N,Me,)(dbsq) >+ available at the electrode surface, and
because the back-reaction of the involved reversible chemical
reaction is bimolecular. Addition of a tenfold excess of free
dbq pushed the equilibrium of Equation (1) towards the side
of the iron(i11) semiquinonate complex, and, more important-
ly, thereby increased the rate of the back-reaction; therefore,
the reduction is more complete within a reasonable electrol-
ysis time.

Upon oxidation of 1 in acetonitrile at an applied potential
of 0.62V vs. SCE at —40°C, a small residual current was
observed after the passage of one electron per molecule. This
indicates the presence of some redox-active compound,
presumably generated by some decomposition reactions of
the unsubstituted 1,2-benzoquinone, which is known for its
instability. Immediate re-reduction of the solution oxidized by
exactly one electron per molecule of 1 resulted in the recovery
of 88 % of the originally transferred charge.

Determination of formation constants: The free energies (AG)
and formation constants (K) for the complexation reactions of
dbsq~ and dbc?~ by the iron(i) and iron(i) complexes [Fe
(L-N,Me,)(MeCN),]"* (n=2, 3) in acetonitrile can be calcu-
lated and are listed in Table 5. Thus, the redox potentials of
Equations (2) and (3) and the equilibrium constant of
Equation (1) can be used to determine the free energy

1262
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Table 5. Thermodynamic data for various reactions in acetonitrile at 25°C.

Reactionl?! AG [kImol™] K

1 29.1 7.97 x 10-°m~!
5 —180.6 4.37 x 10°'m

6 —1121 4.36 x 10M

9 —322.4 3.04 x 10%°m
10 —160.3 1.21 x 10%m

[a] Each of the given reactions refers to that in the corresponding Equation
in the text.

AG=-180.6kJmol~! and the corresponding forma-
tion constant K =4.37 x10%m for the reaction given
in Equation (5) in acetonitrile at 25°C. The major driving
force for this reaction appears to be the large difference
in redox potentials of the reactions in Equations (2)
and (3).

[Fe(L—N4Me2)(MeCN)2]3+ + dbsqm —= [Fe(L—N4Me2)(dbsq)]2+ +2 MeCN

[Fe(L—N4Me2)(MeCN)2]2++ dbsq” =————== [Fe(L-NsMe,)(dbc)]*+ 2 MeCN

Eip=—1.12V

dbsq” + & =——== dbc®"

Eip=-062V

[Fe(L-NsMey)(dbe)]* + &7 =—=~ [Fe(L-NsMep)(dbc)]

[Fe(L-NMeo)(MeCN),[** + dbc?™ =m==—=—=== [Fe(L-N,Meo)(dbc)]* + 2 MeCN

[Fe(L-N4Me,)(dbc)] + 2 MeCN

The free energy of the reaction in Equation (6) can be
calculated with the potentials for the [Fe(L-N,Me,)(dbsq) ]**/
[Fe(L-N,Me,)(dbc)]* (E;,=035V vs. SCE) and [Fe
(L-N,Me,)(MeCN),]**?* redox pairs. It is interesting to note
that the formation constants for the complexation of dbsq~ by
the iron(i) and iron(1n) complexes [Fe(L-N,Me,)(MeCN),]"**
(n=2, 3) in acetonitrile are several orders larger than those
determined for several hydrated di- and trivalent metal ions in
dimethylformamide.['"!

The cyclic voltammogram of dbq in acetonitrile reveals that
the reduction of dbsq~ to dbc®~ [Eq. (7)] is electrochemically
irreversible with a peak potential at — 1.30 V.I'® Therefore, an
exact half-potential is not available. However, the reduction is
electrochemically reversible in tetrahydrofuran.["”] Assuming
that the separation between the potentials for the dbg/dbsq~
and the dbsq~/dbc?~ redox couples stays approximately the
same in acetonitrile and tetrahydrofuran, the redox potential
for Equation (7) can be estimated to be —1.12 V vs SCE. With
this value and the redox potential for the reduction of [Fe(L-
N:Me,)(dbo)]* to [Fe(L-N,Me,)(dbe)]  [Eq. (8), Eyp=
—0.62 V vs. SCE],®! the thermodynamics for the complex-
ation of dbc*~ by [Fe(L-N,Me,)(MeCN),]*"(n=2, 3) ions
[Egs. (9) and (10)] can be evaluated.

The equilibrium constants for the reactions in Equa-
tions (6) and (9) indicate that the catecholate ligand of
complex 2 remains coordinated in solution. This finding
suggests that neither uncoordinated dbsq~ nor uncoordinated
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dbc?~ are very likely to play any significant role in
the intradiol cleavage reaction of 2 with molecular
oxygen. The thermodynamic data presented here,

tBu—|2+

/o
(L-NMe,)Fe".
AN

by
.

however, provide no insight into the question of {Bu 5 B
how easily the monodentate coordination mode of /0 s 2
the dioxolene moiety can be achieved in solution, (L—N4M92)Fe"'\ + Op 0 -1+
that is whether an open coordination site at the o tBu /0 tBu
octahedral iron ion is accessible so that a direct (L—N4Me2)Fe“'\.
attack of an oxygen molecule on the iron site is Oe

tBu

possible.

Reactivity with molecular oxygen and superoxide: Upon
exposing a solution of 3a in acetonitrile to air, the intensity
of the absorption band attributed to the iron(iil) semiquino-
nate species decreases to about 90 % of its original intensity
within the first 24 h and then stays approximately constant.
This behavior indicates that the semiquinonate coordinated to
an iron(111) ion, by itself, does not react with molecular oxygen,
while the reaction of complex 2 with air is essentially complete
within 3 h. On the other hand, the iron(11) catecholate complex
[Fe(L-N,Me,)(dbc)] obtained by the reduction of 2 reacts
immediately with air.[®l The electronic absorption spectrum of
the solution resulting from the reaction of the iron(i1) complex
[Fe(L-N,Me,)(dbc)] with oxygen reveals the immediate
formation of complex 2 in 47 % yield. It is noteworthy that,
in contrast to a recently reported iron(i1) monohydrogenca-
techolate complex by Que et al.,?% the iron(ii1) catecholate
complex 2 is not formed in 100% yield. These results
demonstrate that particular oxidation states of both the metal
ion and the coordinated dioxolene unit are crucial for the
occurrence of any cleavage of the intradiol C—C bond by
molecular oxygen.

In a further experiment, the addition of equivalent amounts
of potassium superoxide to a solution of the iron(i1) semi-
quinonate 3 in acetonitrile, through which a stream of
nitrogen is vigorously bubbled to expel any generated oxygen
in solution, afforded complex 2 in quantitative yields (based
on the electronic absorption spectrum). As expected on the
basis of the redox potentials (E;,(0,/O,”)=—0.87 V), the
equilibrium of the electron transfer in Equation (11) lies on

[Fe(L—NiMex)(dbs)2* + Oyf ———= [Fe(L-N Me)(dbo)]™ + O, (11)

the side of the iron(i11) catecholate complex 2 and molecular
oxygen. A similar reduction of an iron(iil) semiquinonate
complex by a superoxide anion has been observed for the
complexes [Fe(salen)(dbsq)] (H,salen = ethylenebis(salicy-
laldimine)) and [Fe(L)(dbsq)] (H,L = N,N'-bis((3-tert-
butyl-2-hydroxy-5-methylphenyl)methyl)-N,N'-bismethyl-1,2-
diaminoethane)!'®; however, it should be pointed out that, in
contrast to complex 2, the resulting iron(ii) catecholate
complexes [Fe(salen)(dbc) ]~ and [Fe(L)(dbc) ]~ do not react
at all with molecular oxygen.”

Thus, this finding provides evidence that the well-estab-
lished intradiol ring cleavage reaction of 2 with molecular
oxygenP! does not occur by an initial electron transfer step
[reverse of Equation (11)] to produce iron(i11) semiquinonate
3 or a ternary semiquinonato superoxo iron(Iir) complex as the
intermediate [Eq. (12) ], but instead by the direct attack of the
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oxygen molecule onto the iron(iin) catecholate moiety. This
conclusion is also supported by the finding that the spectro-
photometric investigation of the reaction of 2 with molecular
oxygen does not provide any indication for an absorption
band originating from an intermediary formation of 3. On the
other hand, under an anaerobic atmosphere, complex 3 and
the reaction in Equation (1) may be integral parts in a
mechanism for the iron-mediated oxidation of catechol
derivatives to o-benzoquinones by electron-oxidants.

Conclusion

We have synthesized and isolated the first (to the best of our
knowledge) low-spin iron(i1) semiquinonate complex [Fe(L-
N,Me,)(dbsq) ]** (3) in which the iron ion is bound to the
tetraazamacrocycle L-N,;Me, and to the bidentate 3,5-di-tert-
butylsemiquinonate radical in a pseudo-octahedral coordina-
tion geometry. The oxidation and spin states of the iron ion
and the dioxolene moiety were unambiguously established by
structural and Mossbauer spectroscopic evidence. The com-
plex is characterized by a strong antiferromagnetic coupling
between the §=1/2 spin of the coordinated semiquinonate
radical and the S =1/2 spin state of the low-spin iron(11) ion,
which yields a diamagnetic ground state. In acetonitrile,
complex 3 reacts within a reversible equilibrium to the low-
spin bis(acetonitrile)iron(i1) complex 5§ and uncoordinated 3,5-
di-tert-butylbenzoquinone [Eq. (1)]. The thermodynamics
and kinetics of this equilibrium reaction were thoroughly
investigated by NMR and electrochemical methods. The
determination of the equilibrium constant of Equation (1)
allows the calculation of the free energies for the complex-
ation reactions of dbsq~ and dbc> by [Fe(L-N,Me,)
(MeCN),]** 3+ ions. The reactivity studies of complex 3 with
molecular oxygen and with superoxide, respectively, show
that complex 3 is not involved in the reaction mechanism of
the respective iron(ii1) catecholate 2 with molecular oxygen,
and that the correct oxidation states of both the iron ion and
the dioxolene moiety are required in order for the biomimetic
oxygenation reaction of the coordinated catecholate to occur.

Experimental Section

Physical methods: 'H NMR: Bruker AM360; UV/Vis: Varian Cary 5E;
IR: Perkin—Elmer 1700 X FT-IR and Perkin-Elmer 1720 FT-IR; reso-
nance Raman: Jobin Yvon Ramanon U1000. The spectra were recorded
with a rotating device at room temperature on ring-shaped powder pellets
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of the sample in a sodium sulfate matrix. The frequencies were calibrated
against the 992 cm~! Raman line arising from sodium sulfate. Mdssbauer
spectra were recorded with a conventional spectrometer in the constant
acceleration mode. Isomer shifts are given relative to a-Fe at room
temperature. The spectra obtained at low fields (20 mT) were measured in
a He bath cryostat (Oxford Instruments, HD 306), equipped with a pair of
circular permanent magnets. For high-field spectra a cryostat with a
superconducting magnet was used (Oxford Instrument). The spectra were
analyzed by least-squares fits and a Lorentzian line shape. Electrochem-
istry: PAR Model 270 Research Electrochemistry Software controlled
Potentiostat/Galvanostat 273A with the electrochemical cell placed in a
glovebox. Electrochemical experiments were performed on 1-2mm
acetonitrile solutions containing 0.2m (Bu,N)CIO, as the supporting
electrolyte; a higher than normal electrolyte concentration was applied
to minimize solution resistance. All potentials were measured vs. a SCE
reference electrode at 25 °C. The potentials were not corrected for junction
potentials. A Pt-foil electrode was employed as the working electrode.
Under these conditions, the potential for the ferrocene/ferrocenium ion
couple was 0.43 V. Coulometric experiments were performed with a Pt-
gauze electrode. The electrolyses at low temperatures were carried out in a
double-jacketed electrolysis cell connected to a Lauda Ultrakryomat
RUK90. Simulated cyclic voltammograms were calculated with the
program DigiSim 2.1. Magnetic susceptibilities: SQUID magnetometer
(MPMS, Quantum Design) at 2-295K in an applied field of 1T. The
values for the diamagnetic susceptibilities of the ligand L-N,Me, and of the
other components of the complexes were taken from the literature.?!]

Preparation of compounds: The tetraazamacrocyclic ligand L-N,Me, was
synthesized according to published procedures, but with some slight
modifications.”?l  The iron(i) catecholate complexes [Fe(L-N,Me,)
(cat)](BPh,) (1-BPh,) and [Fe(L-N,Me,)(dbc)](BPh,) (2-BPh,) were
prepared as described.F’! All other chemicals were obtained from commer-
cial sources and used without further purification. Acetonitrile was dried
over CaH, and freshly distilled prior to use in electrochemical experiments.

[Fe(L-N,Me,)(dbsq) ](C10,), - 2.5H,0 (3a): Under an atmosphere of pure
N,, a solution of L-N,Me, (134 mg, 0.5 mmol) in 96 % ethanol (20 mL) was
treated with an ethanolic solution (10 mL) of [Fe(H,0):](ClO,), (181 mg,
0.5 mmol). The mixture was heated to reflux temperatures and then cooled
again to room temperature to afford a yellow solution. Dropwise addition
of 3,5-di-tert-butyl-1,2-benzoquinone (110 mg, 0.5 mmol) in ethanol
(15mL) resulted in the immediate formation of a blue solution, which
was heated to reflux temperatures and then slowly cooled to room
temperature. The crystalline material obtained by storage of the solution at
—30°C for 1 d was collected under N, by filtration and then washed with
ether and dried in vacuo to give an analytically pure product. Yield: 331 mg
(78 %), dark blue crystals; IR (KBr) (strong bands only): 7=2961, 2871,
1663, 1606, 1583, 1478, 1447, 1424, 1375, 1278, 1242, 1095, 1028, 1000, 980,
876, 800, 760, 637, 626 cm™!; C3H,sCLFeN,O,,5 (788.46): caled C 45.70, H
5.75,N 711. found: C 45.73, H 5.74, N 7.15.

Warning: Perchlorate salts are potentially explosive and should be handled
with care.l?’!

[ (L-N,Me,)Fe(dbsq) ](PF), (3b): Compound 3b was prepared by a slightly
modified procedure starting with a methanolic solution of iron(i)
hexafluorophosphate, which was obtained by treatment of a solution of
FeCl,-4H,0 in methanol with silver hexafluorophosphate (2 equiv) under
exclusion of light and subsequent filtration of the resulting solution. To this
iron(11) hexafluorophosphate solution was added 3,5-di-fert-butylbenzoqui-
none, and the volume of the blue solution was then reduced. Subsequent
storage of the solution at —30°C afforded single crystals suitable for X-ray
structural investigations.

Preparation of the *’Fe-enriched samples: ’Fe,0; was converted to ¥FeCl; -
x H,O by treatment with concentrated HCI and subsequent evaporation to
dryness. “’Fe-enriched complex 3 was electrochemically prepared in
acetonitrile by oxidation of [*Fe(L-N,Me,)(dbc)](BPh,) (prepared from
SFeCl; - x H,O according to published procedures).!

Solutions of [Fe(L-N,Me,)(sq)]>** (4) in acetonitrile: Complex 4 was
prepared at —30 °C by electrochemical oxidation of a solution of 1-BPh, at
an applied potential of £E=0.62V vs. SCE. Solutions of “Fe-enriched 4
were analogously prepared from ’Fe-enriched 1-BPh,.

Crystal data of 3b: Formula C;H,F,FeN,O,P,; M, =834.45; crystal
dimensions: 0.1 x 0.1 x 0.6 mm; crystal system monoclinic; space group
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P2,/c (No.14); cell dimensions: a=14.868(4), b=10.117(2), c=
23.673(3) A, B=98.08(1)°; V=3526(1) A%; peyea=1.572gcm™3; Z=4;
F(000) = 1712, graphite-monochromated Cuy, radiation (1=1.54178 A);
u=>5192 cm™!; T=153 K; Enraf-Nonius CAD4 diffractometer; w-26
scans in the range 6 <26 <120°; 5235 unique reflections (3454 reflections
with F,>40(F,)); 594 variables (336 restraints); GooF on F? (F,>
40(F,))=1.150; extinction coefficient=0.00004(2); R (F,>40(F,))=
498% with R=X||F,|—|F.||/Z|F,|; wR? (F,>40(F,))=10.27% with
wR? = {Z[w(F? — F2)*|/IZ[w(F2)?]}"?; largest peak (hole) =0.32
(—0.33) e A-3. Empirical absorption correction on the data set was
performed with the program XEMP. The positions of the non-hydrogen
atoms were determined by SHELXS 86 and by Fourier difference maps
by the program SHELXL-93.2Y The structural parameters were refined
with the program SHELXL-93, which used F? of all symmetry-independent
reflections except those with very negative F? values. All non-hydrogen
atoms were refined anisotropically. The two hexafluorophosphate anions
are severely disordered and were modeled by two separate molecules for
each site. The P-F and F-F distances were restrained to yield ideal
octahedral geometries for these anions. Hydrogen atoms were assigned
idealized locations and their isotropic temperature factors were refined.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-100827.
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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Photohomolysis and Photoionization of Substituted Tetraphenylethanes and
C - C Fragmentation of 1,1,2,2-Tetra(p-R-phenyl)ethane Radical Cations

(R=H, CH,, OCH,, C)

Joaquim L. Faria, Robert A. McClelland, and Steen Steenken*

Abstract: On photolysis of a series of
tetraphenylethanes in 2,22-trifluoro-
ethanol (TFE) solution with 248 nm
light, homolysis of the central C-C
bond occurs to yield the corresponding

radical cation, which subsequently un-
dergoes efficient C—C scission of the
aliphatic central bond to yield the rad-
ical and carbocation fragments. Photo-
ionization and photohomolysis are the

preferred processes of excited state
deactivation in the solvents acetonitrile,
TFE, and 1,1,1,3,3,3-hexafluoroisopro-
panol. The lifetime of the radical cation
could be directly determined by follow-

substituted diphenylmethyl radicals, in a
process requiring one quantum of light.
A second process takes place under
conditions of high photon fluxes, namely
biphotonic photoionization to produce a

Introduction

Photoionization of organic substrates in solution leads to the
formation of the corresponding radical cations. For aromatic
molecules with an aliphatic side chain, weakening of the side-
chain C,— C; 0 bond occurs,'! and it has been found that upon
electron removal the strength of the C—C bond is decreased
by as much as 20 kcalmol 1. Subsequently, the weakened
bond may cleave rapidly leading to radical and cation
fragments (separation of charge from spin).

The most widely used route to effect oxidative C—C bond
cleavage is through photoinduced electron transfer,>*) with
electron-deficient aromatic compounds as electron acceptors.
However, under these conditions one important reaction
which competes with fragmentation is back electron transfer
from the reduced acceptor.

When the radical cations are generated in polar solvents by
photoionization, back electron transfer is no longer impor-
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D-45470 Miilheim (Germany)
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ing the formation rates of the fragments
in solution. The cations were character-
ized by their UV absorption spectra and
electrophilic reactivities.

photo-
- radicals -

tant, since the photoejected electron is readily solvated. In this
case C-C bond cleavage only has to compete with the usual
reactions of deprotonation,[>' adduct formation or re-
arrangements.l” In spite of these advantages, the method of
generating aromatic radical cations by photoionization has up
to now not found widespread use.l' ! 21 One of the reasons
for this is that photoionization is not easy to achieve. It
depends strongly on the ionization potential of the substrate
and on the nature of the solvent. Obviously, for photoioniza-
tion to be possible in solution, the energy of the interacting
photons plus the energy of solvation of the resulting species
(the electron and the radical cation) must overcome the gas-
phase ionization potential of the substrate.

The tetraarylethanes which are the target of this study
(Scheme 1) do meet these energetic requirements. The
interest in these systems stems from the possibility that if
photoionization-induced side-chain fragmentation occurs, this
should be an efficient route to generate the corresponding
diphenylmethyl-substituted cations in solution. The interest in
the characterization and reactivity of carbocations is one field
of very activel™ research owing to their importance as
intermediates in many organic reactions. Diarylmethyl cations
have been previously generated in different solvents in several
different ways, for example in acetonitrile by photoheterolysis
of the corresponding halides,['* > and by photoionization of
the corresponding radicals,'® 7 in acetonitrile/water and in
trifluoroethanol by photoheterolysis of acetates and 4-cyano-
phenyl ethers,[* in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP)
by photoprotonation of the carbinol' and in various
alcohols by the protonation of a photogenerated diarylcar-
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Scheme 1. The tetraarylethanes studied.

bene.™ As shown in this paper, photoionization of tetraryl-
ethanes does indeed provide an additional method for
obtaining these important cationic intermediates. One of the
novel features of this work is that the precursor cation radical
can actually be observed on the nanosecond time scale, and
rate constants can be directly measured for the fragmentation
to diarylmethyl cation and radical.

Results and Discussion
Laser photolysis (248 nm) of 1,1,2,2-tetraarylethanes:

Photolysis in TFE: The spectrum shown in Figure 1 (solid
circles), measured at 160 ns after photolysis of a deoxygenated
TFE solution of 1,1,2,2-tetra(4-methylphenyl)ethane
(0.11mm) with a 100 mJ pulse of 248 nm light, displayed a
strong peak at 340 nm and a symmetrical band at 460 nm.
Below 240 nm, the bleaching of the parent compound was
clearly visible. This bleaching persisted even after complete
decay of the 460 nm band (Figure 1: spectrum at 154 s, open
squares), which indicates that the parent is not regenerated by

0.10 —
a 8% 10re

21 A g /335 =

Z 2 Poronny 2 L nm S ast 460 nm

< Oy, 2850M < O a z

% - 0
Al ® L e iy

0.05 Time, 200 ns/div, Time, 200 ns/div

<
<
o] )
.005 1 1 1
200 300 400 500 600
Alnm

Figure 1. Time-resolved spectrum recorded upon laser photolysis (248 nm)
of a TFE solution of a 0.11mm 1,1,22-tetra(4-methylphenyl)ethane
degassed with Ar, taken at 160 ns (@), 1.4 us (0) and 154 ps (o). Insets:
a) kinetic traces monitored at 340 nm for the above solution; b) kinetic
traces monitored at 460 nm for an identical solution saturated with oxygen.
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the decay of the 460 nm species. The decay of the absorption
peaking at 340 nm was found to follow second-order kinetics,
and it was accelerated when O, was admitted to the solution.
This peak has previously been identified as resulting from the
di(4-methylphenyl)methyl radical, which was produced in
CH;CN by photohomolysis of the corresponding di(4-meth-
ylphenyl)methyl halide.'¥] The decay of the 460 nm absorp-
tion was found to follow first-order kinetics with an observed
rate constant of 5.5 x 10*s™! (Table 1), and not to be depend-

Table 1. Absorption characteristics of the intermediates genereated upon
laser photolysis of the teraarylethanes 1-4 in solution(CH;CN and TFE)
under argon; decay rates of the species.?!

Substrate  Solvent Intermediate Amax [nM] ko [s71]
1 CH,CN Ph,CH"* 330 bl
Ph,CH* 436 1.5 x 108
TFE Ph,CH* 330 b]
Ph,CH* 436 2.5 x10°
3.2 x 100l 4l
2 CH,;CN (p-CH,;C4H,),CH" 340 b]
(p-CH,;C4H,),CH* 466 1.6 x 10°
TFE (p-CH,;C4H,),CH* 340 [b]
(p-CH,C¢H,),CH* 460 5.5x10*
2.4 x 10*
3 CH,;CN (p-CH;C4H,),CH* 347 b]
(p-CH,;C4H,),CH* 500 b]
TFE (p-CH,CH,),CH* 347 lal
14l
(p-CH;C¢H,),CH* 500 b]
4 CH,CN (p-CIC,H,),CH" 340 b]
(p-CIC,H,),CH* 470 1.6 x 10°

[a] In the case of the cations, the first-order processes are due to reaction
with solvent. The more stabilized cations, however, react by combining with
anions (second-order kinetics).'”! [b] Second order. [c]See ref. [13a].
[d] Same number also for diphenylcarbene in TFE.['$]

ent on the presence of O,, which means that this band is not
due to a triplet or to a neutral radical. This band has also
previously been identified as resulting from the di(4-methyl-
phenyl)methyl cation, produced in CH;CN by photoheterol-
ysis of the corresponding di(4-methylphenyl)methyl halide,'!
and in trifluoroethanol by photoheterolysis of the 4-cyano-
phenyl ether.[13]

The spectrum at the shortest time in Figure 1 was recorded
160 ns after the laser pulse. Immediately after the laser pulse,
there was a much smaller absorbance for the radical at
335 nm, and no absorbance for the cation. There was an
additional weak absorption band in the region 250-300 nm.
Over the initial 100 ns following the laser pulse, the absorb-
ance at 250-300 nm decayed (inset a, Figure 1), and the
radical (inset b, Figure 1) and the cation (inset ¢, Figure 1)
grew in, all three processes with comparable rate constants.
These facts suggest that the species at 250-300 nm is a
common precursor of both radical and cation. As can be
clearly seen, radical formation (inset b, Figure 1) arises from
two separate processes. After some initial emission, there is a
fast jump that is complete within the time of the laser pulse;
this is then followed by delayed build-up. Cation formation,
however, occurs by a single process which has the same rate as
that of the delayed build-up of the radical.
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The 248 nm photons have an energy (5 eV) well above the
bond dissociation energy of the central C—C bond of the
studied tetraphenylethanes (2.07 eV for 1,1,2,2-tetraphenyl-
ethane). % 11 On this basis it is not surprising that the primary
photoprocess in solution is photohomolysis (to give the
corresponding radicals), reaction (1). In addition, a bipho-
tonic photoionization takes place in which the radical cation is
produced, reaction (2).

ArCHCHAr, % 2 Ar,CH )
Ar,CHCHAr, 2 Ar,CHCHAr," + ey 2)

The radical cation undergoes side-chain fragmentation to
yield (more) radicals and cations,? reaction (3), whereas the
radicals produced in reaction (1) decay by a second-order
process (as mentioned above) resulting from radical —radical
reaction (4). The electron formed in reaction 2 is probably
trapped by the solvent (see below).

Ar,CHCHAr;* —Ar,CH" + Ar,CH* 3)
2 Ar,CH* —combination and disproportionation products “4)

In order to obtain a more detailed picture of the formation
mechanism of the photolysis products, the dependence of the
yield of both radical and cation on the energy of the laser
pulse was determined in the solvent TFE for the diarylethane
2. In the case of the di(4-methylphenyl)methyl radical, the
dependence of its yield (measured at 340 nm) was determined
for both processes, that is, the initial jump and the delayed
build-up. The results are shown in Figure 2.

3 340 nm, initial 340 nm, delayed 466 nm
a T b T c
T 2 E; - 5 -
< © @
1 G | a |
<
(] :5 3
o) 0 1 | L 0 | ! !
0O 20 40 60 80 0 10 20 30 40 0 10 20 30 40
Energy / mJ Energy / mJ Energy / mJ

Figure 2. Dependence on laser power of the yield of the intermediates
obtained upon photolysis (248 nm) of a solution containing 0.22 mm 1,1,2,2-
tetra(4-methylphenyl)ethane in TFE. Radical formation: a) for the initial
jump measured at 340 nm; b) for the delayed build-up at 340 nm. Cation
formation: c) at 466 nm in a TFE solution deoxygenated with Ar.

A linear dependence is clearly seen in the first process (i.e.,
the initial jump, Figure 2a), indicating that the radical is
formed in a monophotonic process. As the extinction
coefficients for the radicals under study are known in
CH,;CN,!! the quantum yields for radical formation in the
first step can be determined (Table 2) with the assumption
that the extinction coefficients are not significantly different
in TFE.

From reaction 1 it is evident that one photon gives rise to
two diarylmethyl radicals. Thus the quantum yield for
homolytic scission is half of the quantum yield of radical
formation (@gap1), as given in Table 2.

Chem. Eur. J. 1998, 4, No. 7
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Table 2. Quantum yields for radical formation by reaction (1) (@rap,) and
quantum yields (at 40 mJpulse) for cation formation (@cap)? in TFE
solutions.

Substrate Drapi DPepar= Pran2
1 0.045 0.040

2 0.038 0.102

3 0.028 0.109

5 0.190 ol

[a] This yield is same as that for formation of the corresponding radical
from the delayed process (Prapy), cf. reactions (2) and (4). [b] See Figure 4
and text.

For the second process of radical formation, AA values were
determined as the difference between the absorbance A at the
end of the initial jump and that at the end of the delayed
formation. The AA versus laser energy dependence in this case
is curved upwards in a parabolic way. As shown in Figure 2b,
the plot of AA/(laser energy) versus (laser energy) is linear
with a zero intercept. This means that the delayed process
leading to additional radical formation requires two photons
(i.e., it is biphotonic).

Like the delayed process of formation of the radical, the
yield of formation of the di(4-methylphenyl)methyl cation
measured at 466 nm is curved upwards with increasing laser
power (Figure 2¢).?!! Since the dependence is not linear, no
absolute quantum yields can be determined. However,
knowing the extinction coefficient for the cations in CH;CN
and using a similar approach as in the case of the radical, we
can obtain a yield at a given laser power (Table 2). In this way
it is possible to characterize the effect produced by introduc-
ing an electron-donating substituent at the para position of
the phenyl ring. The conclusion is that the yield of cation
production is enhanced by the presence of such groups.

Looking at the kinetics, numerical evaluation of the first-
order build-up of radicals (delayed process only) and of
cations (see insets b and c in Figure 1) leads to the same value,
2.7 x 10°s7, for these processes (Table 3). The observation of

Table 3. Kinetics of delayed formation for the cation and radical measured
at their maximal absorption.

Substrate Solvent Kops [s7!]
1 CH;CN 2.0 x 10°
TFE >3.0 x 107
2 CH;CN 7.5 x10°
TFE 2.7 x 10°
3 CH;CN 0.9 x 10°
TFE 2.1 x10°

a similar rate for the build-up of both intermediates supports
the contention that cation and radical are generated from a
common precursor. The common precursor is the radical
cation produced upon ionization of the parent substrate
[reaction (2)].

The involvement of a radical cation precursor has previ-
ously been reported, but under conditions where a sensitizer
was used to oxidize the substrate.>” It is reasonable to
assume that the introduction of electron-donating or -with-
drawing groups changes the ionization potential of the parent
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1,1,2,2-tetraphenylethane without strongly affecting the dis-
sociation energy of the central bond, and therefore reac-
tions (1) - (4) can be expected also for systems 1-4. The para-
methyl and para-methoxy groups will stabilize both the parent
radical cation and the products, especially the cationic
product. The observation that the lifetime of the radical
cation increases with increased electron donation shows that
the effect on the radical cation is more important. Similar
observations were made for the other substrates, the tran-
sients formed being identified by comparison with the spectra
in CH,;CN from the literature.!'4]

In the case of 1,1,2,2,-tetraphenylethane the spectrum
recorded in TFE at 90 ns after the 248 nm pulse showed a
strong peak at 330 nm, a shoulder at 350 nm, and a sym-
metrical band at 436 nm. Some emission in the 280-300 nm
range and above 520 nm was also visible. At 195 ns after the
pulse, the shoulder and the emission disappeared completely,
and the remaining peak and band increased to their maximum
amplitude. Emission at shorter wavelengths was very intense,
occurring within 100 ns. The decay of the shoulder and of the
emission were found to follow first-order kinetics and to be
independent of the wavelength, suggesting that they belong to
the same species. In fact the emission spectrum was identical
to the fluorescence of the electronically excited diphenyl-
methyl radical,?? which is known to absorb in the 350 nm
range.[1°]

Photolysis in CH;CN: In order to substantiate our assign-
ments, we also performed experiments in CH;CN. From
analysis of the kinetic traces it can be concluded that on
248 nm photolysis in CH;CN, the tetraarylethanes undergo
efficient homolysis and photoionization by the same process
as in TFE [reactions (1)-(5)]. Again, the decay of the
radicals follows second-order kinetics, while the cation decay
follows first-order kinetics. These first-order decay rates are
comparable in CH;CN and TFE (Table 1); these solvents
have similar nucleophilicities, although in general acetonitrile
is slightly more reactive.’!

As to the formation of the radical cation, only in the case of
the more stabilized tetraarylethanes 2 and 3 were we able to
see a weak absorption which we attribute to this species (see
Figure 1). Two bands with maxima at 260 and 420 nm could be
observed after the 248 nm photolysis of 3. In the case of 2
(maxima at 260 and 360 nm) it was more difficult to observe
such bands as they are weak and overlap with the radical and
cation bands. In both cases these bands decay at the same rate
as the formation of the radical and the cation, which supports
their assignment as resulting from the radical cation precur-
sors. These bands are not influenced by the presence of O,,
which further supports this identification.

The rate constants for radical cation fragmentation depend
on the structure of the substrate and the fact that they are
solvent-dependent. The radical cation is longer-lived in
CH;CN (e =38) than in TFE (¢ =27). This may result from
the fact that the former is more polar. The fragmentation
involves a migration of the positive charge within the
molecule, and thus it will also involve a rearrangement of
the solvation shell of the positive charge. This effect will be
more important in the more polar solvent.
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Finally, concerning the e~ released in the ionization
reaction (2), in acetonitrile e~ is efficiently trapped by the
solvent, forming a dimer radical anion (CH;CN);~, which has
a very faint broad absorption between 400 and 700 nm,?* and
therefore is very difficult to observe.

Photolysis in HFIP: Reactive cations, including the diphe-
nylmethyl cation, can be generated and observed in the acidic
and very weakly nucleophilic solvent HFIP®! (¢ =17). Com-
pound 1 was photolyzed in Ar-saturated solution, and both
radical and cation were formed, judged by their characteristic
absorption spectra, with 1.,,, at 330 and 436 nm, respectively.
The nature of these intermediates was confirmed by introduc-
ing selective scavengers. The band at 330 nm was efficiently
quenched by the introduction of O,, which supports the
radical nature of this intermediate. On the other hand the
decay at 436 nm was faster when a nucleophile such as MeOH
was present, which agrees with the cationic nature of this
intermediate. It was found that the formation of the diphe-
nylmethyl cation requires two photons. This is in agreement
with the idea that the cation is produced via the radical cation
of the parent. However, the delayed build-up was almost
imperceptible, suggesting that the radical cation precursor is
very short-lived.

Reactivity of the carbocations: The substituted diphenyl-
methyl cations formed on photolysis of the tetraarylethanes
react rapidly with typical nucleophiles, Nu. The second-order
rate constants for reaction with Nu were measured as
functions of the nucleophile concentration, monitoring the
decay of the cation. The rate constants obtained are collected
in Table 4.

Table 4. Rate constants for reaction of the diphenylmethyl cations with
nucleophiles in TFE solutions (kM~'s™1).

Nucleophile ~ Ph,CH* (p-CH;C,H,),CH* (p-CH;0C¢H,),CH"
water 1.1 x 108 fa] fa]

dioxane 1.3 x 10° - -

isopropanol 7.8 x 10° - -

methanol 1.0 x 107 1.6 x 10° fa]

ethanol 1.3 x 107 1.6 x 10° fa]

N; 5.5 x10° 42 x10° 9.9 x 108

Cl- 1.9 x 10° 8.1x108 [b]

Br- 6.5 x 10° 2.3 x10° [b]

1 7.5 x10° 9.2 x 10° [b]

[a] kqps Vs concentration plot is curved upwards. [b] Reaction is reversible.

The dependence of the rate constants on cation structure is
as expected on the basis of the electronic effect of the
substituents. In the case of the diphenylmethyl cation the rate
constants for reaction with the halides and with azide are very
high and close to diffusion control, whereas the values for the
more stabilized cations are lower, suggesting activation
control for these reactions. In the case of the very stable
di(4-methoxyphenyl)methyl cation, there is a noticeable lack
of reactivity with the halides in TFE. The explanation is
probably that the addition reaction to halide is reversible, and
followed by solvolysis of the resulting halide, as previously
observed in the case of trityl cation.['**! In this case there is no
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observable dependence of the rate on the concentration of
halide.

Another observation concerns the reaction of the less
reactive substituted diphenylmethyl cations with weaker
nucleophiles such as the alcohols. In these cases the plot of
ks versus [Nu] was curved upwards with a strong adherence
to a quadratic dependence (Figure 3). This observation has
precedents!? 26l in cases where either the attacking species has
a low nucleophilicity or the cation is quite unreactive.

1.5
CH,OH
1.0}
»
5
&
= os|
C,H;OH
0 1 1 1
4] 0.5 1 1.5 2
Conc. /m

Figure 3. Dependence on [CH;OH] and [C,H;OH] of k,, for decay of
(p-CHO;C4H,),CH* in TFE.

Laser photolysis of 1,2-dimethoxy-1,1,2,2-tetraphenylethane:
Our study was extended to a tetraphenylethane with an
alkoxyl-substituted C-C central bond, namely 1,2-dime-
thoxy-1,1,2,2-tetraphenylethane. On photolysis with 248 nm
light, in TFE solution deoxygenated with Ar, the absorption
spectrum observed (Figure 4) is dominated by a very intense
peak at 336 nm, with a faint band in the 470-550 nm range.
The slow decay of the absorptions (by second-order kinetics,
inset Figure 4) was found to be independent of the wavelength
in both A ranges, and drastically accelerated in the presence of
O,. The conclusion is thus that the peaks belong to only one

1.2 —
0.5 a 0.5 b
< [° 335mm
150 ns 3
09 |
RN
Time, 8us/div
T 06}
03 |
o} e o Te e e e .0
200 300 400 500 600 700

Figure 4. Time-resolved spectra recorded upon laser photolysis (248 nm)
of a 1.1mm solution of 1,2-dimethoxy-1,1,2,2-tetraphenylethane in TFE
degassed with N,O, taken at 150 ns (0), 7 pus (@) and 67 ps (o). Insets:
a) kinetic traces monitored at 336 nm for the above solution; b) dependence
of the yield of radical formation (at 336 nm) in deoxygenated TFE solution
as function of the laser power (248 nm pulse); c) detail of the time-resolved
spectrum showing the peak at 490 nm due to the absorption of the
diphenyl(methoxy)methyl cation.
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species. The 336 nm and the 470-550 nm peaks have pre-
viously been identified as resulting from the diphenyl(me-
thoxy)methyl radical, produced®” in CH;CN. The formation
of the radical was complete within the laser pulse (20 ns). The
dependence of the yield of the diphenyl(methoxy)methyl
radical (measured at 336 nm) on the intensity of the 248 nm
laser light is clearly linear (Inset b, Figure 4). The conclusion
is that only one quantum of light is needed to produce the
corresponding radical; this conclusion supports homolytic
scission of the parent compound.

In contrast to the results for the substrates 1—-4, there was
no prominent band visible in the range expected for the
cation. However, close inspection of the absorption spectrum
shows a band with a maximum at 490 nm, on the top of the
radical shoulder (Figure 4). This absorption was completely
absent in the presence of sodium azide, which is evidence for
its cationic nature.”®! The signal was not strong enough to
permit a good kinetic characterization.

The observations reported suggest that the primary process
on photoexcitation of 1,2-dimethoxy-1,1,2,2-tetraphenyl-
ethane is homolysis, reaction (5).

Ph,C(CH,0)C(OCH,)Ph, %% 2Ph,C*(OCHS,) ®)

The absorption measured just after the laser pulse was used
to determine the quantum yield of homolysis, assuming that
the molar decadic absorption coefficient ¢ (M~'cm™) of the
radical is 30000 (this is in fact the number given for ¢ of the
Ph,C*(OH) radical®). The value obtained for the photo-
homolysis, taking into account the stoichiometry of the
reaction, is 0.095.

Similar experiments carried out in CH;CN and HFIP
produced time-resolved spectra very similar to that in TFE
(except for a small shift in the peak absorption observed in
HFIP), indicating photohomolysis rather than photoioniza-
tion in these solvents. The reason is probably the stabilization
of the benzhydryl radicals by the a-methoxy groups.

Experimental Section

Substituted tetraphenylethanes and compound 5 are known compounds,
and were prepared following standard literature methods.> 6 16!

Substituted tetraphenylethanes in solution were photolyzed with 20 ns laser
pulses of 248 nm light (KrF* excimer). The intermediates produced in the
laser flash photolysis experiments were detected by their optical signals in
the UV/visible region, as previously described.'®! The laser energy
indicated in the text and figures was measured at the cell position. Stock
solutions were prepared dissolving the appropriate substrate in CH,Cl,,
and injecting a few pL of this solution into the desired solvent, such as TFE,
CH;CN or HFIP. The final concentration of the organic substrate was
typically 10°-1073m and the content of CH,Cl, was less than 1% (v/v).
The ground-state spectrum of the compounds is not very favorable for
absorption of the 248 nm light owing to the fact that at 248 there is a
minimum. The solutions had an A value of 0.1-0.6 cm™' at 248 nm, and
they were made to flow through a 2 mm (in the direction of the laser beam)
by 4 mm (in the direction of the analyzing light) Suprasil quartz cell.

For determination of the photonities and quantum yields for excitation
with the 248 nm light, the dependence of the yield of the intermediates
measured at or close to their maxima on the intensity of the laser light was
determined by attenuation of the light with neutral density filters.
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Actinometry was performed with a SO;~ actinometer,?” using a method
previously described.']
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Bis- and Oligo(trifluoromethyl)benzenes: Hydrogen/Metal Exchange Rates

and Gas-Phase Acidities
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Abstract: The proton mobilities (kinet-
ic acidities) of bis- and tris(trifluoro-
methyl)benzene are dictated to a large
extent by steric factors; the trifluoro-
methyl group is a fairly bulky substituent

with methyllithium in the presence of
potassium fert-butoxide, a slim version
of the standard superbase. The rates of
deprotonation under irreversible condi-
tions do not parallel the thermodynamic

(equilibrium) acidities. Substituent ef-
fects on the deprotonation energies in
the gas phase appear to be additive:
each trifluoromethyl group lowers it by
13 kcalmol~! when located ortho with

that can seriously impede the approach
of the metalating reagent. Most satisfac-

respect to the carbanion, and by
10 kcalmol~! when located in a meta or

. s in £ vield 4 Keywords: acidity fluorine i
Ory Tesulls i terms ot ylelds an kinetics lithiation substituent para posttion.
selectivities have been achieved with effects

lithium 2,2,6,6-tetramethylpiperidide or

Introduction

Our efforts to metalate 1,24-tris(trifluoromethyl)benzene
have led to unexpected observations.!l In order to gain
further insight, we have embarked on a systematic investiga-
tion of the kinetic and thermodynamic acidities of all bis- and
tris(trifluoromethyl)benzenes. For comparison, (trifluorome-
thyl)benzene (benzotrifluoride, a,a,a-trifluorotoluene) and
1,2,4,5-tetrakis(trifluoromethyl)benzene were also included in
the study.

Results and Discussion

Preparative runs and products: The metalation of (trifluoro-
methyl)benzene was first accomplished with butyllithium in
refluxing diethyl ether to afford 24 %, 9 % and 0.2 % of 2-, 3-,
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Institut de Chimie organique de I'Université, Batiment de chimie
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CH-1015 Lausanne-Dorigny (Switzerland)
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ul. Kasprzaka 44/52, PL-01°224 Warszawa 42 (Poland)
H. H. Biiker, N. M. M. Nibbering
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Nieuwe Achtergracht 129, NL-1018 WS Amsterdam (The Netherlands)

Chem. Eur. J. 1998, 4, No. 7

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

and 4-(trifluoromethyl)benzoic acid (1a, 1b and 1¢), respec-
tively.?l A repetition of this work with modern analytical
equipment confirmed the data.’! By the use of N,N,N',N" ,N"-
pentamethyldiethylenetriamine (PMDTA)-activated sec-bu-
tyllithium (in tetrahydrofuran at —75°C) as a more energetic
base (LIS-PMDTA), we were able to improve the yields, but
could not secure product homogeneity (47% 1a contami-
nated with 25% 1b and 6% 1c¢). Selectivity, in the sense of
clean ortho-metalation, was only achieved with butyllithium
in the presence of potassium tert-butoxide (LIC-KOR)(1a:
94% by gas chromatography,™ 67% crystallized).’!l As we
have found in the meantime, another superbasic mixed-metal
reagent, potassium fert-butoxide activated methyllithium
(“LIM-KOR”), gave an even superior result (83 % of analyti-
cally pure acid 1a).

CFy CFy CF3 CFy
@ 1. Base @,COOH @\
—_ + +
2 €0 COOH
3. H®
1a 1b 1c COOH

The regioselectivity was lost again when we turned to 1,2-
bis(trifluoromethyl)benzene as the next substrate. With LIS-
PMDTA in tetrahydrofuran at —75°C, a 1:1 mixture (71 %) of
2,3- and 3,4-bis(trifluoromethyl)benzoic acid (2a and 2b) was
obtained. Too weak to cope with (trifluoromethyl)ben-
zene, the amide base, lithium 2,2,6,6-tetramethylpiperidide
(LITMP), performed the deprotonation this time efficacious-
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ly in tetrahydrofuran at —75°C, but gave a 2:1 mixture (80 %)
of the acids 2a and 2b. Even the superbasic LIM-KOR
reagent (in diethyl ether at —75°C) was not regioselectively
perfect; it gave a 9:1 mixture of 2a and 2b. Moreover, the
yield was poor (8 %).

CF

3
F3C© 1. Base F3C©/COOH Fy \©\
2co, COOH

3. H®

With 1,4-bis(trifluoromethyl)benzene, any structural ambi-
guity is precluded. The only remaining question is how fast
and how complete this substrate undergoes the hydrogen/

metal exchange. As it turned

CF; CFy out, the acid 3 was formed
I Base COOH almost quantitatively, inde-
2. €0, 3 pendent of whether LITMP
CFy > M¢ CFy or LIM-KOR (both in tetra-

hydrofuran at
used.

The meta isomer 1,3-bis(trifluoromethyl)benzene already
has an established reputation as a capricious substrate.* ° It
reacts with the superbasic mixture (LIC-KOR) of butyllithi-
um (LIC) and potassium tert-butoxide (KOR) exclusively at
the 2-position: 78 % of acid 4a after carboxylation, but with
tert-butyllithium in tetrahydropyran at — 20 °C with equal ease
at the 4- and S-position (39 and 42% of acids 4b and 4c,
respectively).l Lithiation at the 4-position prevails with LIS-
PMDTA in tetrahydrofuran at —75°C (after 10 h of metal-
ation time: 56 % of 4b and 8 % of 4¢; after 2 h: 38 % of 4b and
14% of 4¢). When employed in excess (2.0 equiv) and in

—75°C) was

CRy CFy

@\ l Base COOH Q
CFy 2 C"z CFy HOOC CF,

4a COOH

Abstract in German: Die Protonbeweglichkeiten (kinetischen
Acidititen) von Bis- und Tris(trifluoromethyl)benzolen wer-
den in hohem Mafle von sterischen Faktoren beherrscht. Die
Trifluoromethyl-Gruppe erweist sich somit als ein ziemlich
sperriger Substituent, der die Anniherung eines Metallierungs-
reagenzes offenbar erheblich behindern kann. Die besten
Ergebnisse im Hinblick auf Ausbeuten und Selektivititen
wurden mit Lithium-2,2,6,6-tetramethylpiperidid oder mit Me-
thyllithium in Gegenwart von Kalium-tert-butylalkoholat er-
zielt (wobei das letztgenannte Gemisch als schlanke Spielart
der iiblichen Superbase aufzufassen ist). Die Deprotonierungs-
geschwindigkeiten unter irreveriblen Bedingungen dndern sich
nicht gleichlaufend mit den thermodynamischen (unter Gleich-
wichtsbedingungen bestimmten) Acidititen. Der Substituen-
teneinfluf3 auf die Deprotonierungsenergien in der Gasphase
scheint sich additiv zu verhalten, wobei jede Trifluormethyl-
Gruppe eine Verminderung um 13 kcal mol™ bewirkt, wenn sie
in einer ortho-Stellung beziiglich des carbanionischen Zen-
trums untergebracht ist, und um 10 kcal mol™, wenn sie eine
meta- oder para-Stellung besetzt.
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diethyl ether at —25°C, LITMP again produced a mixture of
regioisomers (39 % of 4b and 14% of 4c¢). However, in the
presence of 10% lithium azetidide, a slim base added to
catalyze acid - base equilibration, and in glycol dimethyl ether
as the solvent, LITMP generated only the 2-lithio species
(44% of acid 4a). Neat deprotonation at the 2-position also
occurred with either LITMP or methyllithium, both in the
presence of potassium tert-butoxide in tetrahydrofuran (94 %
and 92 % of acid 4a).

All attempts to submit 1,2,3-tris(trifluoromethyl)benzene
to a controlled hydrogen/metal exchange failed. Most of the
material decomposed, presumably in a process triggered by a
single-electron transfer. Only trace amounts (<3 %) of acids
could be identified and the assignment (structures 5a and 5b)

CF3

remains speculative.
CF3 1 gase HOOC\@CFa /@[CFB
CFy 2 zco, CF; HOOC CF,

33 ne

In contrast, the isomeric 1,3,5-tris(trifluoromethyl)benzene
reacted smoothly with LIM-KOR in tetrahydrofuran at
—75°C or LITMP (2.0 equiv) in diethyl ether at —25°C.
The only possible product, acid 6, was isolated in high yield
(74 % and 94 %, respectively). In tetrahydrofuran there was

an abundant formation of CF, CF,

tar, even at —75°C. @ 1. Base Jij[COOH
Extensive decomposition FiC oF, 2. €0, FiC cF

also occurred when 1,2,4- 3 HO

6
tris(trifluoromethyl)benzene

was treated with LIS, LIM-

KOR, or LIC-KOR. However, metalation with LITMP made
the acids 7b and 7c¢ accessible in excellent yields (94 % and
92%). The ratios varied between 1:25 or 1:8, depending on
whether diethyl ether (at —25°C; 2.0 equiv base) or tetrahy-
drofuran (at —75°C) were used as the solvent. The isomer 7a,
in which the carboxyl group is flanked by two trifluoromethyl
moieties, was not detected at all.

CFy CFy CF,
@L 1 Bose @iCOOH HOOC
2 CO *
Ryl oo CFy HOOC’i\C% )\,:\cp
CFy R CF, CF,

7a 7b 7¢c

{not formed)

The findings reported so far are surprising in more than one
respect. Evidently, there are two clearly distinguishable
structural features that can compromise metalation. In 1,3-
bis(trifluoromethyl)benzene and 1,24-tris(trifluoromethyl)-
benzene the attack of the base at the position flanked by two
acidifying, but bulky substituents is impeded and only
potassium-containing mixed-metal reagents are capable of
overcoming this obstacle. In addition, a buttressing effectl’]
must be operating in 1,.2-bis(trifluoromethyl)benzene and
1,2,3-tris(fluoromethyl)benzene that retards or prevents any
reaction by not allowing the substituent to step back and to
make way for the reagent.

0947-6539/98/0407-1282 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 7





Proton Mobilities in (Trifluoromethyl)benzenes

1281-1286

Competition experiments and relative rates: The reactions
reported in the preceding section were preparation-oriented.
All efforts were made to elaborate protocols that would allow
the substitution of bis- and tris(trifluoromethyl)benzenes in a
rational way by performing site-selective metalation/electro-
philic trapping sequences. Moreover, the identity of the
products, their purity, and yields had to be established.

Nevertheless, the kinetic dimension did not pass unnoticed.
The rates of metalation appeared to be dictated by steric
rather than electronic factors; the activation provided by the
electronegativity of a given trifluoromethyl moiety was often
outweighed by its bulkiness. For example, 1,3-bis- and 1,2,4-
tris(trifluoromethyl)benzene, let alone the 1,2,3-isomer, were
found to be far less reactive than expected on the basis of the
rate increase when going from benzene to (trifluoromethyl)-
benzene and 1,4-bis(trifluoromethyl)benzene.

In order to quantify the differences in reactivity, we have
carried out competition experiments to probe the affinity of a
lithiation reagent added in substoichiometric quantities, for

either of two simultaneously present substrates. The data
(summarized in Table 1) do indeed give an idea of to what
extent steric hindrance can affect deprotonation rates and site
selectivities.

A simultaneous comparison of the kinetic and thermody-
namic acidities of the various members of the fluoroarene and

Table 2. Gas-phase acidity of benzenel>®l and several trifluoromethyl-
substituted congeners: free energies of deprotonation [kcalmol~!], abso-
lute numbers (AGy), and relative to (trifluoromethyl)benzene (AAGy), and
relative dissociation constants [ApK,]| at 330 K.

CF; substituents AG, AAG, ApK,
Zero 391 +13 +9.6
mono 378 0 0

1,2-bis 369 -10 —-6.4
1,3-bis 365 -13 -87
1,4-bis 367 -12 -76
1,2,3-tris 357 -22 —143
1,2,4-tris 355 -23 —151
1,3,5-tris 354 —-24 —159
1,2,4,5-tetrakis 341 -38 —25.0

Table 1. Relative lithiation rates® of benzene, (trifluoromethyl)benzene, 1,2-, 1,4-,

and 1,3-bis(trifluoromethyl)benzene, as well as 1,2,3-, 1,3,5-, and 1,2,4-tris(tri-

fluoromethyl)benzene with a variety of bases.["!

(trifluoromethyl)arene families is most revealing. (Tri-
fluoromethyl)benzene is, at least in the gas phase (see

Substrate Site LIM-KOR LIS LITMP LITMP

(THF, —75°C) (THF, —75°C) (THF, —75°C) (DEE, —25°C)

Table 2), slightly more acidic than fluorobenzene.l"]
On the other hand, strong organometallic or amide

© x - 2x10 3 % 10414
X
Chy
@ X 1x10° 1x10° 1x10° 1x10°
y A CFy x - 3x 10! 4% 10’ 5% 10!
@[C% y - 3% 10! 2% 10! 2% 10!
X
CF.
@ Px oax1e 1% 102 3% 102 1% 102
FC
FC o e X 2x 104 [d] [d] [d]
y© y 2% 10° 7% 10° 3% 107
z z @ 7% 10 8 x 10° 1 x 107
y A CFy
_ — [e] le]
[; ICF3 xy
CFy
R CFs ’
@ X 3x10° - 5% 10° 6% 10°
CFa
x _ — [d] [d]
FC o ¥ R
@ y - - 8 x 10° 2% 10°
G - 1x10° 5% 102

bases deprotonate fluorobenzene roughly ten times
faster than (trifluoromethyl)benzene. The relative
inertness of the latter substrate may be attributed to
the steric hindrance exerted by the fairly bulky
trifluoromethyl substituent. 1,4-Bis(trifluoromethyl)-
benzene underwent the hydrogen/metal exchange
(metalation) considerably faster than 1,4-difluoroben-
zenel'”), This time, steric effects were outweighed by
the particularly long-ranging acidifying effect of the
trifluoromethyl group. A second trifluoromethyl group
at the ortho position, with respect to the metalation
site, still appreciably accelerated the LIMKOR-pro-
moted metalation, as demonstrated by a comparison
between (trifluoromethyl)benzene (k. =1 x 10°), 1,3-
bis(trifluoromethyl)benzene (k=2 x 10%), and 1,3,5-
tris(trifluoromethyl)benzene (k=3 x 10*). However,
a cumulation of trifluoromethyl groups did not neces-
sarily enhance the metalation rate when lithium
2,2,6,6-tetramethylpiperidide (LITMP) or other lith-
ium bases were employed. In fact, proton abstraction
from the doubly activated position flanked by two
trifluoromethyl groups only occurred with 1,3,5-tris(-
trifluoromethyl)benzene, whereas in 1,3-bis(trifluoro-
methyl)benzene and 1,2,4-tris(trifluoromethyl)ben-
zene the more readily accessible positions were
attacked. No reaction at all was observed with 1,2 3-

[a] The numbers indicated are statistically corrected for equivalent positions in the
substrate. The rate ratios were determined as described in the Experimental Section,
and the dashes indicate that the experiment was not executed. [b] LIM-KOR =
methyllithium in the presence of potassium tert-butoxide; LIS =sec-butyllithium;
LITMP = lithium 2,2,6,6-tetramethylpiperidide ; DEE = diethyl ether. [c] The com-
petition experiment was performed at +25°C and gave a k,, of 3 x1073 The
selectivity is estimated to increase by one power of ten (at least) when the
temperature is lowered to —75°C. [d] Below the threshold of detection. [e] Ex-
tensive decomposition; no straightforward reaction products were isolated.
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tris(trifluoromethyl)benzene; apparently a conse-
quence of a pronounced buttressing effect.

The compiled data is highly approximate. In ex-
treme cases, the error may almost reach a power of ten.
The reason for this inaccuracy is clear: competition
kinetics provide reliable data only when the individual
reactivities of the rivaling components do not differ by
more than a factor of 20. The substrate couples
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examined in the framework of the present study often
considerably exceeded this threshold value.

There was another point of concern. Did the organolithium
species generated with LITMP really originate from irrever-
sible deprotonation processes or did they merely reflect
equilibrium states? The reversibility of LITMP-promoted
lithiations has been demonstrated with a variety of dihaloar-
ene substrates.l”) In the present case, however, such artefacts
can be ruled out. The proportions of 2,4-bis- and 3,5-
bis(trifluoromethyl)phenyllithium in the mixtures obtained
(see above) did not vary with time, although the latter
component must be significantly more basic than the former,
and both of them, without doubt, much more basic than 2,6-
bis(trifluoromethyl)phenyllithium.

Gas-phase studies and equilibrium acidities: The determina-
tion of the relative stabilities of all possible trifluoromethy-
lated aryllithium species can be envisaged by equilibrating
them pairwise together with bromo- or iodo-substituted
counterparts. The equilibrium establishing halogen/metal
permutation is known to be a fast process in tetrahydrofuran,
even at —75°C. However, the same problems in the accuracy
will be encounted whenever the basicities of two competing
organolithium species differ by significantly more than one
pK unit.

Such limitations can be easily overcome if the gas-phase
acidities are measured, since the gap between two strongly
diverging acids can always be bridged by reference com-
pounds that fit in between the extremes (bracketing method).
Therefore, we have determined the gas-phase acidities of
(trifluoromethyl)benzene, of all the three bis- and tris(tri-
fluoromethyl)benzenes, and of one tetra(trifluoromethyl)-
benzene, in a low-pressure mass spectrometer (see Table 2).

As the data unequivocally reveal, steric effects play only a
minor role, if any, in the gas phase. The acidity steeply
increases with each extra trifluoromethyl substituent. As in
the previously investigated family of fluoroarenes,'”) cumu-
lated substituent effects appear to be additive. In contrast to
the fluoroarene series,'”l the distance dependence of substi-
tutent effects is much more attenuated with trifluoromethyl
arenes. The experimental gas-phase deprotonation energies
can be reproduced with amazingly good agreement if a
charge-stabilizing effect of 13, 10, and 10 kcalmol™! is
attributed to each trifluoromethyl group located at the ortho,
meta and para position of a phenyl anion, respectively.

Experimental Section

General: For laboratory routine and abbreviations, see related publica-
tions.> "'l The "H NMR and F NMR spectra were recorded at 400 and
376 MHz, respectively, unless stated otherwise.

Starting materials (trifluoromethylated arenes): (trifluoromethyl)benzene,
1,3- and 1,4-bis(trifluoromethyl)benzene, and 1,3,5-tris(trifluoromethyl)-
benzene are commercially available. 1,2-Bis(trifluoromethyl)benzene,!'?]
1,2,3-tris(trifluoromethyl)benzene,'*l and 1,2,4,5-tetrakis(trifluoromethyl)-
benzenel'¥l were prepared according to published procedures.

1,2,4-Tris(trifluioromethyl)benzene:['”! At —10°C, a 1L stainless steel
autoclave was filled with trimellitic anhydride (1,2,4-benzenetricarboxylic
anhydride; 0.26 kg, 1.4 mol) and anhydrous hydrogen fluoride (0.30 L,
0.30 kg, 15mol). The autoclave was cooled to —75°C, evacuated
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(2mmHg), and sulfur tetrafluoride (1.10 L, 0.58 kg, 5.4 mol) then con-
densed into it. The autoclave was placed in a rocking muffle furnace, heated
to 180°C, and shaken for 10 h. When cooled to 25°C, gaseous products (in
particular, thionyl fluoride and unconsumed sulfur tetrafluoride and
hydrogen fluoride) were evaporated and the liquid residue was dissolved
in diethyl ether (0.20L). The organic phase was washed with a 10%
aqueous solution of potassium hydroxide (3 x 50 mL) and dried. Distil-
lation afforded a colorless liquid. Yield: 0.35 kg (89%); b.p. 140-142°C;
'H NMR (200 MHz): 6 =8.12 (1H, s), 8.0 (2H, m); °F NMR (188 MHz):
0=064.0 (s, 3F), 60 (m, 6F).

Preparative reactions and products: As a rule, three different lithiation
protocols were tested. Not all reactions were performed, but only the best
results are reported under the product headings below. As an exception, all
data collected with 1,3-bis(trifluoromethyl)benzene are listed at the end of
this Section (Table 3).

Method A with LIM-KOR/THF: At —75°C, a suspension of potassium tert-
butoxide (2.8 g, 25 mmol) in a mixture of tetrahydrofuran (50 mL) and
diethyl ether (20 mL), which contained methyllithium (25 mmol), was
vigorously stirred until homogeneity was achieved. The trifluoromethy-
lated substrate (25 mmol) was added and the clear solution was kept at
—75°C for 2 h. The mixture was poured onto an excess of freshly crushed
dry ice, evaporated to dryness, and the residue dissolved in aqueous sodium
hydroxide (50 mL, 2m). The aqueous layer was washed with diethyl ether
(2 x 10 mL), acidified with concentrated hydrochloric acid to pH 1, and
then extracted with dichloromethane (3 x20mL). Crystallization or
sublimation gave an analytically pure product.

Method B with LITMP/THF: Alternatively, lithium 2,2,6,6-tetramethylpi-
peridide was prepared at —75°C by the rapid addition of 2,2,6,6-
tetramethylpiperidine (4.2 mL, 3.5 g, 25 mmol) in precooled tetrahydro-
furan (25 mL) to butyllithium (25 mmol), from which the commercial
solvent (hexane) had already been removed. Then the substrate (25 mmol)
was treated with this mixture at —75°C for 2 h before the reaction was
stopped by carboxylation.

Method C with LITMP/DEE: When lithium 2,2,6,6-tetramethylpiperidide
was applied in diethyl ether, it was generated in the same way as described
above, but was employed in a twofold excess (50 mmol in 25 mL of the
solvent). The lithiation time was still 2 h, but the temperature was raised to
—25°C.

2-(Trifluoromethyl)benzoic acid (1a) was prepared from (trifluorome-
thyl)benzene and LIM-KOR. Yield: 83%; m.p. 110-112°C (literature
value: m.p. 110-113°C). The 3- and 4-isomers (1b and 1¢), obtained with
LIS-PMDTA, were identified by gas chromatography.
2,3-Bis(trifluoromethyl)benzoic acid (2a) was prepared from 1,2-bis(tri-
fluoromethyl)benzene and LITMP in tetrahydrofuran. Recrystallized twice
from hexane. Yield: 44 %; m.p. 111-113°C (literature value:" m.p. 110-
112°C). The 3,4-isomer 2b!'®l was enriched in the mother liquors and was
identified by 'H NMR spectroscopy.

2,5-Bis(trifluoromethyl)benzoic acid (3) was prepared from 1,4-bis(tri-
fluoromethyl)benzene with LIM-KOR (85%) or LITMP (93%) in
tetrahydrofuran. M.p. 78 -80°C (literature value:'’ m.p. 78—-80°C).
2,6-Bis(trifluoromethyl)benzoic acid (4a) was prepared from 1,3-bis(tri-
fluoromethyl)benzene with either LITMP or methyllithium in tetrahydro-
furan at —75°C in the presence of one molar equivalent of potassium tert-
butoxide. Yield: 92%; m.p. 133-135°C (literature value:¥ m.p. 133 -
135°C).

2-Iodo-1,3-bis(trifluoromethyl)benzene was prepared analogously with
either LIDA-KOR (lithium diisopropylamide activated with potassium
tert-butoxide)!'®l or LIC-KOR as the base and iodine as the electrophile in
tetrahydrofuran at —75°C for 2 h. Yellowish crystals. Yield: 78 %; m.p.
71-73°C;'HNMR:6=79 (2H,d,/J=8.1),7.71 (1H, t,/ =8.1); anal. calcd
for CgH;F¢I (340.01): C 28.26, H 0.89; found C 28.07, H 0.97.
2,4-Bis(trifluoromethyl)benzoic acid (4b) was prepared from 1,3-bis(tri-
fluoromethyl)benzene with LITMP in tetrahydrofuran. Yield: 94 %; m.p.
109-111°C (literature value:* m.p. 109-111°C).
2,4,6-Tris(trifluoromethyl)benzoic acid (6) was prepared from 1,3,5-tris
(trifluoromethyl)benzene and LITMP (2.0 equiv) in diethyl ether. Yield:
94%; m.p. 118 -120°C (literature value:!'"l m.p. 118 -120°C).
2,4,5-Tris(trifluoromethyl)benzoic acid (7¢) was prepared from 124-
tris(trifluoromethyl)benzene with LITMP in tetrahydrofuran. Yield: 92 %
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(crude), 71% (pure); m.p. 132-133°C (recrystallized twice from toluene;
literature value:l'! m.p. 132-133°C); 'H NMR: 6 =10.12 (s, broad), 8.36
(1H, s), 823 (1H, s); “F NMR: = —60.3 (q, J=76), —60.4 (q, J=76),
—60.6 (s). If the reaction was carried out in diethyl ether at —25°C, 2,3,5-
tris(trifluoromethyl)benzoic acid (7b) was formed in considerable amounts
as a by-product and was identified in the mother liquors (after crystal-
lization of 7¢) spectroscopically. 'H NMR: d =824 (1H, s), 8.16 (1H, s);
YE NMR: 6 = —55.7 (q, J = 15.3), —59.3 (q, J=15.3), —64.1 (s).

Table 3. Lithiation of 1,3-bis(trifluoromethyl)benzene and subsequent
carboxylation to 4a, 4b, and 4c: total yield of acids and product
distribution.

Reagentl?! Solvent!®! Time [h], 34 [%] Ratio
Temp. [°C] ab:e
LIC-KORM THF 3, =75 78 100:0:0
LIS-PMDTA ¥ THF 10h, =75 56 0:87:13
LITH THP 1, -20 39 0:48:52
LIS-PMDTA THF 2, =75 52 0:73:27
LITMPU DEE 2,-25 53 0:73:27
LITMP THF 2,75 94 0:99:1
LITMP-LIAZEl EGE 2,-25 44 100:0:0
LITMP-KOR THF 2,-75 94 100:0:0
LIM-KOR THF 2, =75 92 100:0:0

[a] LIM = methyllithium; LIC =butyllithium; LIS =sec-butyllithium;
LIT = tert-butyllithium; LITMP =lithium 2,2,6,6-tetramethylpiperidide;
LIAZE =lithium azetidide; PMDTA = N,N,N',N" ,N"-pentamethyldiethyl-
enetriamine; KOR = potassium fert-butoxide. [b] THF = tetrahydrofuran,
THP = tetrahydropyran, EGE = (mono)ethylene glycol dimethyl ether
(1,2-dimethoxyethane). [c] Duration of the exposure of the substrate to
the action of the base (before carboxylation). [d] When in DEE, 2.0 molar
equivalents. [e] Used in stoichiometric and catalytic amounts (LITMP and
LIAZE: 1.0 and 0.10 equiv, respectively).

Competition kinetics: Two trifluoromethylated arenes (10 mmol each) and
decane (approximately 1 mL, 5 mmol) were dissolved in tetrahydrofuran
or diethyl ether (10 mL) and the concentrations of the two substrates were
determined by comparing the peak areas in the gas chromatograms with
that of the internal standard decane [2m, 5% C-20M, 30°C (8 min)
—220°C; 2m, 5% Ap-L, 30°C (10 min) —215°C). The base (LIM-KOR
or LIS or LITMP, 10 mmol in each case), dissolved in tetrahydrofuran or
diethyl ether, was added to this mixture. After 2 h at —75°C (or —25°C, see
Tables 1 and 3), the reaction mixture was poured onto freshly crushed dry
ice, diluted with 10% aqueous sodium hydroxide (10 mL), and extracted
with diethyl ether (3 x 10 mL). The organic phase was analyzed by gas
chromatography (see above) for residual substrate concentrations. The rate
ratios were calculated by applying the standard logarithmic formula.? 2!l

Gas-phase acidity measurements: The experiments were performed in a
homemade Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometer, equipped with a 1.4 T electromagnet and a cubic inch cell.
Details of the instrument and experimental procedures have been
described previously.?> 23]

The ICR cell contained NH; at a pressure of 4.0 x 10~7 mbar (as indicated
by an ion-gauge manometer), the trifluoromethyl-bearing arene under
investigation (H-A,,), and the reference acid (H-A,) at partial
pressures of between 1.0 and 3.0 x 10~ mbar; the total pressure was
between 8.0 and 9.0 x 10~7 mbar. The primary ions, NH;, were generated
from NH; at 4.0-4.5eV by dissociative electron capture during an
ionization time interval of 175 ms. The anions Alcry, and Ay; were
generated by NH;-mediated proton abstraction from the appropriate
conjugate acids during a subsequent reaction time interval of usually 1.0 s.
Subsequently, these anions were isolated by ejection of all the other ions
from the FT-ICR cell by applying suitable radiofrequency pulses to the
excitation plates of the cell. Then a variable reaction time of between 1.0
and 4.0 s followed, after which a mass spectrum was acquired of all the ions
formed after this time interval.

The proton transfer from H-Ar,, to Ay and from H-A, to A{c,), Was
studied by monitoring the reactions of the mass-selected anions as a
function of the reaction time until the equilibrium was achieved, in general
3 to 4. Relative acidities [kcalmol™'] were calculated as AAG; = —RT-
InK, where R is the gas constant, 7" the absolute temperature, and K the
proton-transfer ~equilibrium  constant (K = [Acp,), [[H-Aef/[Are][H-
A(cry,]- The required equilibrium ion-abundance ratios ([Agcr,) 1/[Ax])
were taken directly from the peak intensities in the reaction mixture.

The ratios of the concentration of the neutrals ([H-A,J/[H-A(,,]) are
equal to the partial pressure ratios, which were calculated from the partial

Table 4. Calculated and experimental polarizabilities a/?’ and relative ion-
gauge manometer sensitivities R,.[*?!

Compound Calcd o Exptl Calcd R, Exptl
C¢H;sF 10.01 9.86 3.85 -
C¢H;CF, 11.47 - 4.43 -
C¢H,(CF;), 13.18 - 5.04 -
C¢H;(CF); 15.08 - 5.73 -
C¢H,(CF;), 17.06 - 6.44 -
H;CCN 442 - 1.89 1.99
H,C;0H 6.95 6.77 2.80 2.60
(H;C),CHOH 6.95 - 2.80 2.86
p-FCiH,NH, 11.15 11.51 4.44 -
m-FC¢H,NH, 11.15 - 4.44 -
H;CCOOH 5.26 5.15 2.19 1.54

pressures read by the ionization-gauge manometer and corrected for the
ion-gauge sensitivities R, (Table 4) relative to N, (R,=1.00). For all
reference acids employed, with the exception of fluorobenzene and m- and
p-fluoroaniline, experimental values for R, are available from the
literature.”!l The relative sensitivities R, of all other acids followed from
the relationship R,=0.36a + 0.3.24 The polarizabilities a were calculat-
ed®! if experimental values!®! were unavailable.

The relative acidities, AAG,, were converted into the free energies of gas-
phase deprotonation AG, (listed in Table 5) by correlating them with the
established free deprotonation energies of the reference acids employed

Table 5. Mono-, bis-, tris-, and tetrakis(trifluoromethyl)benzenes: free energies (AG,) and enthalpies (AH,) of gas-phase deprotonation [in kcalmol™'], as

determined by means of reference acids at 330 K.

Reference acid AGy (H-A

(Trifluoromethyl)arene

AG; (H-Acry, ) AH; (H-Acry, )

CH/F 379.1 C,H,CF, 378.11 386.21d
(H,C),CHOH 368.8 1,2-CH,(CF;), 368.5 376.7
H,CCN 365.2 1,3-C,H,(CF;), 365.0 3726
H,C;0H 369.5 1,4-C.H,(CF;), 366.6 3752
4-FC,H,NH, 357.1 1,2,3-C4Hy(CF,), 356.6 364.7
4-FC,H,NH, 357.1 1,2,4-C.H;(CF,), 3554 363.0
3-FC,H,NH, 354.0 1,3,5-C{H,(CF,), 3542 362.6
H,CCOOH 3415 1,2,4,5-C4H,(CFy), 341.4 349.7

[a] Standard error: +2.0 kcalmol~!, except for fluorobenzene!” (+5.0 kcalmol~'). [b] Standard errors: +2.8-3.1 kcalmol~!, except for (trifluoromethyl)-
benzenel® (£6.1 kcalmol ™). [c] Ref. [7]: 379.1 (£5.0) kcalmol~". [d] Ref. [8]: 387.1 (£2.0) kcalmol .
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(Table 5). The deprotonation enthalpies AH; (Table 5) were calculated in
the usual way® by adding to the free energies, AG; a term TA, which
comprises the effect of the entropy change due to proton detachment
(7.7 kcalmol ') and due to the change in rotational symmetry (calculated as
the logarithmic ratio of the symmetry numbers of external rotations of
H-A(cr,, and Ay, , multiplied by RT).

The range of error of the partial pressures read from the ionization-gauge
manometer is £20% due to instabilities during the measurement. In the
case of compounds for which experimental R, values are known with an
accuracy of +8% (Table4), the overall uncertainty of the pressure
determination should be less than 30%. If R, has to be computed, the
accuracy of the pressure determination depends on the validity of the
equation R,=0.36«+0.3. In most cases this approximation worked well
with deviations of less than 20 %, but in a few cases errors up to 40 % were
observed.?! Unfortunately, there is no experimental data available for
halogenated aromatic compounds, except chlorobenzene, for which the
deviation is 2.7 % .4

However, since the limits of error are between 10 and 30% for many
aromatic hydrocarbons, as well as for polyfluoroalkanes and polychloro-
alkanes,? it can be assumed that the uncertainty in the determination of
the partial pressure lies between —50% and +200% for all the
(trifluoromethyl)arenes investigated. By taking into account the +10%
uncertainty®> > in the determination of the ion abundances, the limits of
error for the equilibrium constant K should not exceed —80% and
+500%.

A further source of error is the temperature in the instrument. The
calculation of the relative free deprotonation energies AAG,, was based on
330 K, the ordinary temperature of the ion-trapping plate situated opposite
the filament. However, the real temperature may lie between 300 and
330 K, since the temperature of the inlet system is about 25°C. This
uncertainty adds to the inaccuracy with which the equilibrium constant K
has been assessed and it increases the error from approximately 1.0 to
approximately 1.1 kcalmol~".

The error estimate reported for the free deprotonation energies AG, of the
reference acids (in general, 2.0 kcalmol~') has to be combined with the
inaccuracy of the determination of the relative gas-phase acidities AAG,.
Thus, the total standard deviation of the AG, values, as specified above for
the (trifluoromethyl)arenes, should average 3.0 kcalmol .
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Kinetic and Thermodynamic Analysis of Induced-Fit Molecular Recognition
between Tetraarylporphyrin and Ubiquinone Analogues

Takashi Hayashi,* Tomohito Asai, Frieder M. Borgmeier, Hirohisa Hokazono, and

Hisanobu Ogoshi *

Abstract: meso-Tetrakis(2-hydroxy-4-

nonylphenyl)porphyrin (1), which was
prepared as a host molecule for ubiq-
uinone analogues, comprises four atro-
pisomers, aaaa, aaaf, aaff, and afap,
in a statistical ratio of 1:4:2:1, respec-
tively. The atropisomerization is due to
internal rotation about the C(aryl)-
C(porphyrin) bonds and is observed
even at room temperature. A rate con-
stant for the rotation was determined
(k=1.73x107s7! in CHCl; at 25°C).
UV/visible spectrophotometric titration
of tetramethoxy-p-benzoquinone (3)
against 1,,,, or 1,,, in CHCl; at 25°C
showed 1:1 complexation with associa-
tion constants of (9.4+0.1) x 10° and

addition of 3 to a solution of 1in CDCl;,
the proportion of 1, in the atropiso-
meric mixture increased and that of the
other three isomers decreased over
500 h. At equilibrium the proportion of
1, Teached 78 % in the presence of 3
(3 equiv); this showed that atropisome-
rization is induced by complexation with
3. An atropisomeric shift to 1,,,, was
also observed upon addition of 2,3-
dimethoxy-p-benzoquinone (4); howev-
er, the proportion of 1,,,,, was only 30 %
at equilibrium, since the difference in

Keywords: atropisomerism - molec-
ular recognition - porphyrinoids -

binding affinities between 1,,,,—4 and
1,..,s—4 complexes is relatively small
compared with that between 1,,,,-3
and 1,,,5—3 complexes. Nickel and zinc
porphyrins, 1-Ni and 1-Zn, also showed
induced-fit interaction with 3. The atro-
pisomeric shift to 1,,,,-Ni upon addi-
tion of 3 was completed within 1h,
whereas guest-induced atropisomeriza-
tion in 1-Zn was much slower than in
free base 1. The observed changes in the
relative amounts of the four atropisom-
ers are identical with the simulated
changes calculated from multiple equi-
librium systems by use of kinetic and
thermodynamic parameters. This system
is a suitable model for induced-fit mo-

(3.5£0.1) x 102 M7, respectively. Upon quinones

Introduction

Over the last two decades a number of chemists have
investigated synthetic host—guest systems in order to clarify
the behavior of specific protein—ligand binding in biological
systems. These model studies have indicated that host
molecules with rigid, preorganized structures have good
affinity and specificity for guest molecules, owing to the
minimal entropy loss of the host molecule upon binding
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lecular recognition in flexible enzymes.

(Scheme 1a).["1 However, structural changes in biological
receptors and/or substrates are often required for signal
transfer to an active site in proteins, or to initiate catalytic
reactions in enzymes. Koshland has suggested that in flexible
enzymes the conformational changes induced by substrate
binding play an important role in the proper alignment of
catalytic active sites with the substrate.’] This concept was
supported by X-ray crystallographic analysis of enzymes,
which indicated that internal rotation about a specific bond in
the protein molecule took place upon binding between
protein and ligand.®! Thus it is particularly important to
evaluate the guest-induced structural changes in flexible
biomolecules by use of a variety of artificial receptors
(Scheme 1b).14

As an example of a new host—guest system capable of
induced-fit molecular recognition, we have focused on the
atropisomerization of meso-tetrakis(2-hydroxy-4-nonylphe-
nyl)porphyrin (1) as a host molecule for ubiquinone ana-
logues.’! In this host, atropisomeric interconversion results
from internal rotation about four C(aryl)-C(porphyrin)
bonds, even at room temperature.[>7] Consequently, four
atropisomers, 1,,qq, Logaps Luags, and 1,4,4, are formed in the
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Scheme 1. a) Preorganization and b) postorganization mech-
anisms in host —guest complexation.

statistical ratio of 1:4:2:1 at equilibrium, where o
and f represent the location of the ortho-substitu-
ent above and below the plane of the porphyrin
ring, respectively (Scheme 2).7 Previously, por-
phyrin 1 had not been regarded as a suitable host
molecule for quinone derivatives, because of its

Abstract in Japanese:

AJF S HZX 2-eFOFL A4/ ZNTZI) KILT 1 1)
CIBERNT AV RETIVNEBORE-REZEFERETHT 2
LR EETIRE. 4507 O TEMEEKIITEIRE T1:4:20
OETHEELTWSD, ZOFRTHRICKLT ¢ U BUIH L TKER
EF TR TR-FRICAR T dacco-tk. —D DKBEEFREL /-
aafFIEEhEFNT FSA b Sp N2 H /2 E9.4 x 10° W
BU3.5 x 102N (25°C, CHCI3) #1874, 4 DOEMEI FERE
THEETA7O00FRNVLTRICX/CEFMTEE. BEEEDIC
BMGHEOTIEFRS . 500 BFREEICoano-—tEH 1% b 578%
(ZHML., BRYUDIDOEMFOREYSBICHEI L TWBZ &N
NR HIEA SEBO SN, —ARILT 1 U LIZIL THESHDEEW
2,3-UARFIp AN XL FRVEERE. ccco-tEKEEDKE
CHMIBREAYT. COBSRERISLDRLT 1V X/
CEDOHEERICHS I ARETEROECFRINBIZENHLGL &
ol EBICRNT VO y AL RU TSR EBO TR
DRBEFT-EZ A Z v T IERD BSocao-EADED TR
WA R S5 h., BRBEDOES ITacoo- AN DEMEIIECS
ODEDREG T —N—ZL)BEHTEBNZ EHFHEBLAE, &
RSEFRITUIRILT ) ORBEEEEICRBL TS,
ZOBNBHERE I M ThORESTEHRLAEREEREHANT Y
FaL—Y3 LR ERECEHTRV—ENFRESh. KL
T4 U D7 bOTRMIEEHESIBERTLII X/ COBEICHE &
h. BLEELoceo-EAETHFThE I ErRENT,

Chem. Eur. J. 1998, 4, No. 7

- atropisomerization

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

Scheme 2. The atropisomeric interconversion of porphyrin 1 and the mechanism of the
shift in equilibrium to 1,,,, upon addition of quinone 3.

flexible framework. However, we found a dynamic recogni-
tion event between 1 and tetramethoxy-p-benzoquinone (3),
in which the equilibrium of the four atropisomers of
porphyrin 1 was shifted to the 1,,,, isomer as shown in
Scheme 2.1 In 1980, Elliot and Lindsey separately reported
the atropisomerization of meso-tetrakis(2-aminophenyl)por-
phyrin on silica gel. This substrate converted a mixture of
atropisomers to the aaaa-isomer in 60-70% yield.*'% To
our knowledge, the present system is the first example of
atropisomeric interconversion to the aaao-isomer by in-
duced-fit molecular recognition in homogeneous solution.[® 1]
Here, we wish to report the dynamic process of molecular
recognition between 1 or its metal complexes and ubiquinone
derivatives. The atropisomerization of host porphyrin induced
by the quinone molecule can be completely described with
two parameters, a rate constant for internal rotation and an
association constant between host and guest. This system is
potentially a useful model for investigating quantitatively the
rearrangement (post-organization) of the host molecule
consequent upon host—guest pairing as shown in Scheme 1b.

Results and Discussion

Host molecule: The synthetic route to porphyrin 1 is shown in
Scheme 3. To increase the solubility of 1 in organic solvents,

0947-6539/98/0407-1267 $ 17.50+.25/0 1267





FULL PAPER

T. Hayashi, H. Ogoshi et al.

MeO MeO
a
Br ——» CgH19
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Scheme 3. Synthesis of porphyrin 1 from 3-bromoanisole; reagents and
conditions: a) n-CoH;(MgBr, NiCl,(dppp); b) CLCHOCH;, TiCly;
c) pyrrole, BF;-OEt,; d) 2,3-dichloro-5,6-dicyano-1,4-benzoquinone;
e) BBr;.

four long alkyl chains were substituted at the para-position of
the aryl groups by a cross-coupling reaction in the presence of
[1,3-bis(diphenylphosphino)propane]nickel(i1) dichloride as a
catalyst.['”l Condensation of pyrrole with 2-methoxy-4-non-
ylbenzaldehyde, followed by deprotection of the four methyl
groups by BBr3, led to a mixture of the four atropisomers of 1.
Atropisomerization of 1 occurred rapidly through rotation
about the C(aryl)—C(porphyrin) bonds and the relative
amounts of the four atropisomers, 1, (10.5%), 1,
(54.0%), 1,445 (24.0%), and 15,5 (11.5%), were determined
by analytical HPLC (Figure 1). Although pure atropisomers

T T T T T
0 10 20
retention time (min)

Figure 1. HPLC analysis of a mixture of atropisomers 1 at equilibrium.
YMC-packed column AQ-312 (reversed phase); eluent, MeOH/iso-
PrOH =65:35-20:80 (1 mLmin~!), monitored by UV/vis spectroscopy
(420 nm). The relative amounts of the four atropisomers and the respective
retention times are as follows: 1,,,, 10.5% (24.8 min); 1., 54.0%
(12.6 min); 1,43, 24.0% (10.0 min); 1,4,4, 11.6 % (7.95 min).

could not be isolated at room temperature, the most polar
isomer, 1,,,,, was isolated by preparative TLC at 4°C. The
rate of isomerization of 1,,,, to the other isomers through
rotation of the aryl ring is depicted in Figure 2. The decay of
1,,.. followed first-order kinetics. The rate constant for
rotation about one C(aryl)—C(porphyrin) bond was deter-
mined from least-squares fitting; k = (1.73 £0.04) x 105 s~ in
CHCl, at 25°C.1¥
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proportion of each isomer (%)

time (hour)

Figure 2. Kinetics of atropisomerization from 1,,,, to the other three
isomers in CHCl, at 25°C, monitored by HPLC. 1., (@), Ly (2), Liuss
(), Lopap (m).

Intermolecular interaction between porphyrin 1 and quinone:
Titrimetric measurement by UV/visible absorption spectro-
scopy demonstrated simple 1:1 complexation between 1,,,,
and 3 or 1, and 3 with several isosbestic points. The
interaction features in the porphyrin —quinone complex were
also monitored by 'H NMR spectroscopy. Addition of 3
(4 equiv) to a solution of 1,,,, or 1,,,; in CDCI, resulted in a
1.7-1.9 ppm downfield shift of the signal from the OH
protons, owing to hydrogen bonding, whereas the signal from
the MeO protons in 3 shifted upfield slightly (ca. —0.16 ppm),
owing to the diamagnetic ring current of the aromatic host 1.
These results are consistent with previous data on the binding
between meso-aaaa-tetrakis(2-hydroxy-1-naphthyl)porphyr-
in (2) and 3.5V It is clear that hosts 1,,,,, and 1, form cofacial
complexes with 3 through hydrogen bonding.

The association constants and thermodynamic parameters
for the porphyrin —quinone complexes are shown in Table 1.
The host porphyrins 1,,,, and 1,,.; have four and three OH

Table 1. Association constants and thermodynamic parameters for 1-3
and 1-4 complexes in CHCl; at 25°C.1

Tetramethoxy-p-benzoquinone (3)

1 1

aaaa aaap

K, MY (9.4+0.1) x 10° (3.5+0.1) x 10
AG" [kcalmol ] —54+0.1 —35+01
AH [kcalmol ] ~10.6+03 ~9.0+03
TAS® [kcalmol '] ~52+03 ~55+03

2,3-dimethoxy-p-benzoquinone (4)

i Louap
K, M (6.7+£0.1) x 10° (1.80.1) x 102
AG" [kcalmol ] —39+0.1 —31+01
AH [kealmol ] —9.1+02 —8.0+0.1
TAS® [kealmol ] 52402 —49+0.1

[a] Association constants were determined from UV/vis titrimetric meas-
urements. Thermodynamic parameters were calculated from van’t Hoff
plots in the range 4-35°C.

groups available for hydrogen bonding, respectively, and
guests 3 and 2,3-dimethoxy-p-benzoquinone (4) can form at
most four and three hydrogen bonds with host porphyrins,
respectively, as shown in Scheme 4. Consequently, in the
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Scheme 4. Modes of interaction between porphyrin 1 and quinones 3 and
4.

complexation of 1,,,, with 3, large negative free energy and
enthalpy changes were observed with a large association
constant of K, 3=(9.44+0.1) x 10° m~" in CHCl, at 25°C,
indicating the formation of multiple hydrogen bonds.'¥l In
contrast, the binding affinities of 1,,,,,—4, 1,ues—3 and 1,,,5—4
are smaller than for the 1,,,,,— 3 complex, because the number
of interaction sites is less. Therefore, the ratio of the two
association constants K,,,,.-3 and K,q,,,3 is larger than that
of Kyt,y a0 Kot )5 Katuur3y Ka(urs) = 26.9 and Ky

w4y Ka(1,uusy = 3.7. 1t is noteworthy that the binding behavior
depends strictly on the number of hydrogen-bonded sites.['”]

Induced-fit molecular recognition between 1 and quinone:
The atropisomeric interconversion initiated by addition of 3
to 1 was monitored by IR and 'H NMR spectroscopy. In the
presence of 3.2 equivalents of 3, the IR spectrum of 1 showed
OH bands at 3552 cm™, attributable to a free OH stretching
vibration, and at 3464 cm™!, assignable to a hydrogen-bonded
OH vibration, as shown in Figure 3. After addition of 3, the
intensity of the latter band increased and that of the former
decreased, suggesting that the hydrogen-bonded 1-3 com-
plex gradually forms in the solution.

Figure 4 shows the 'H NMR spectrum of 1 in CDCI; in the
absence and presence of 3. Signals from one of the phenyl
protons (H,) appeared at 6 =7.62-7.97 and, in the absence of
3, were not assignable to any atropisomer (Figure 4-Ia). Upon
addition of a slight excess of 3 to a solution of 1, six doublet
signals assignable to the H, protons appeared separately
(Figure 4-Ib). One of these doublets gradually increased and
other five decreased in intensity over a period of several days
(Figure 4-Ic and d). At equilibrium, the strongest doublet
peak remaining is identical to that obtained from a mixture of
the isolated 1,,,, and 3 (Figure 4-Ie). In the region of the two
meta-phenyl protons at 6 =706-7.23 (H,, and H,,), one

Chem. Eur. J. 1998, 4, No. 7
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Figure 3. Time-dependent changes in the transmittance 7 in the IR
spectrum of the OH bands of porphyrin 1 in the presence of quinone 3.
t=0.05, 4.1, 9.1, 15.1, 21.3, 32.1, 84.3, 145.1 h after the addition of 3. [1]=
1.0mM, [3]=3.2mM in CDCI; at 298 K.

doublet—doublet and one doublet signal were observed at
equilibrium. These peaks are also assignable to 1., protons
upon complexation with 3. OH signals from 1 are shown in
Figure 4-11. Although OH protons gave one broad resonance
peak, the addition of 3 resulted in peak splitting, attributable
to each atropisomer (Figure 4-1Ib).l') Only one signal in-
creased in intensity with time. The sharp signal observed at
0=16.62, is also assignable to OH protons from 1,,,,. The
spectra of the NH protons from the pyrrole residues in 1 also
revealed the same behavior as described above (Figure 4-I11).
Furthermore, we confirmed that each proton signal assigned
to 1,4 after addition of 3 is consistent with the spectrum
obtained from a mixture of isolated 1,,,; and 3. Unlike the
other three atropisomers, this complex exhibits three different
sets of resonances for the meso aryl protons and OH protons,
owing to the lower symmetry of 1,,,s.1""

The changes in the relative amounts of each atropisomer in
the presence of 3 are illustrated in Figure 5. Upon addition of
3 (3 equiv) to a solution of 1in CDCI, at 25 °C, the proportion
of 1,,,., Which is a measure of the total amount of free and
complexed host,™! increased from 11% to 78 %. In contrast,
the proportion of 1,,,; reached a peak of approximately 60 %
after 8 hours and then decreased to 17% thereafter. The
proportions of the other two isomers, 1,,,55 and 1,4, gradually
decreased with the increase of 1,.,,. These results clearly
demonstrate the dynamic process of induced-fit molecular
recognition between the flexible host 1 and guest molecule 3.

Figure 6a shows the temperature-dependent interconver-
sion to 1,,,,,. At 43°C, the addition of 1 equivalent of 3 to the
porphyrin solution induced rapid atropisomerization to 1,,,,,;
however, the proportion at equilibrium was only 39%. The
total amount of 1,,,, at equilibrium increased with decreasing
temperature. Furthermore, the interconversion of 1,,,, also
depended on the concentration of quinone as shown in
Figure 6b. The proportion of 1,,,, at equilibrium increased
with increasing concentration of 3. At 25°C the addition of
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protons; a) before addition of 3, b) 0.4 h, ¢) 23 h, and d) 479 h after addition of 3; [1] =2.4mM, [3] =7.2mMm; e) '"H NMR spectrum of a mixture of isolated 1,,,,,
and 3.
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Figure 6. Comparison of the relative amounts of 1,,,, on addition of 3 in
CDCl;; a) at 43°C (a), at 23°C (o) and at 9°C (e), [1] =[3] =2.4mm; b) at
25°C and [1]=2.4mwMm, [3]=24mM (A), [3]=72mM (0) and [3]=2.4mm

Figure 5. Kinetics of formation and decay of the four atropisomers of 1 (®)-
upon addition of 3 in CDCl; at 25°C; 1,440 (@), Laaas 25 Luags (), Lopep W Loao
[1]=2.4mmMm, [3]=72mmM.
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0.5, 1, and 5 equivalents of 3 yielded 36 %, 58 % and 80% of
1,44, TESPectively, at equilibrium in CDCl;.

Comparisons of the relative amounts of the four atro-
pisomers at equilibrium in the presence of 3 or 4 are shown in
Figure 7. Addition of 4 to the porphyrin solution also changed
the proportions of each isomer, but the drastic enhancement
of the total amount of 1,,,,,, obtained with a mixture of 1 and 3

N
(=3

[\
(=]

was not observed. These sharp differences are reflected in the
binding affinities for the 1,,,,—quinone and 1,,,;—quinone
complexes. Thus, the total amount of 1,,,, at equilibrium is
clearly controlled by the thermodynamic stability of the 1-
quinone complex.
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Figure 7. Comparison of the relative amounts of atropisomers 1,4q4, Loass
1,43, and 1,4, on addition of 3 or 4 after reaching equilibrium at 25°C in
CDClL;. [1]=[3]=[4] =2.4mMm.
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Mechanism of induced-fit molecular recognition: A plausible
mechanism for the guest-induced structural changes in the
host 1 is shown in Scheme 5. Since the relative amounts of the
four atropisomers of 1 in the absence of quinone are close to
the statistical ratio (1uuuaducepLaagsilapes=1:4:2:1), each
kinetic process for atropisomeric interconversion is defined
by k, 2k, or 4k (Scheme5), where k represents the rate

quinone 3
aocwx (1(1(1(!

4-point interaction
k T 4k

0“1015 ; aaaB -3 f

3- 1 int 1
4k 44/ " ) \4k -point interaction

laaBﬁ ; laBaB

Scheme 5. Proposed mechanism of induced-fit molecular recognition
between porphyrin 1 and tetramethoxy-p-benzoquinone 3.

constant for internal rotation about one C(aryl) — C(porphyr-
in) bond. Assuming that the affinities of 1,,4;—quinone and
1,5,5—quinone pairs are negligibly small, the kinetic and
equilibrium equations which represent the induced-fitting
process are defined in Equations (1) — (6), where Q is quinone,

d([1nae] + Magaa— QI)/dt = — 4k [14000] + K [Liaas] 1)
A([Laap] + Maaap— QN/dt = 4k ([1000] — Macas] + Maaps] Hlasas]) 2)
d([Leaps])/dt = — 4k [1uap5] + 2k [Luag] (3)
d([Lupap])/dt = — 4 [Lopap] + K [Luaas] 4)
Kt 0) = M= QU (M [QD) ®)
Kit-0) = Maaap = QU ([N [QD) (6)

and [1,,,,—Q] and [1,,,5— Q] represent the concentration of
1,00a—Q and 1,,,5—Q complexes, respectively. The dynamic
process derived from the computer-generated curves based on
Equations (1) —(6) with several parameters, k, K,, and initial
proportions of each isomer, is consistent with the observed
data, as shown in Figures 8 and 9.1 Thus, these results
demonstrate that induced-fit molecular recognition occurs
through the combination of multiple equilibria associated
with host - guest complexation and internal rotation.

Chem. Eur. J. 1998, 4, No. 7
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proportion of atropisomers (%)
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Figure 8. Experimental and simulated results for the atropisomerization of
1 upon addition of 3. The lines represent the simulation curves calculated
from Equations (1)—(6). [1] =2.4mwm, [3] =7.2mMm in CDCl; at 25°C. 1,
(@), Loaap (2), Logsp (), Lypas (m).
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Figure 9. Experimental and simulated results for the atropisomerization of
1 upon addition of 4. The lines represent the simulation curves calculated
from Equations (1)—(6). [1] =2.4mwm, [4] =7.2mM in CDC; at 25°C. 1,4,
(), Luap (2)s Luggp (), Lopap (m).

Interaction between metalloporphyrin and quinone: To
investigate the effect of internal rotation on the induced
fitting, molecular recognition behavior, we selected two
metalloporphyrin derivatives of 1. The rate constants of
internal rotation about one C(aryl)— C(porphyrin) bond for
the nickel and zinc complexes 1-Ni and 1-Zn were deter-
mined by NMR spectroscopy and HPLC analysis, respective-
ly. Atropisomerization of 1-Zn is slower than that of free base
1. Decay of 1,,,, - Zn was monitored by analytical HPLC and
took place with a rate constant of (6.9+0.4) x 10~7s7! at
25°C. In contrast, the internal rotation about the C(aryl)-
C(porphyrin) bond in 1 - Ni was too fast for analysis of the rate
of atropisomerization by the same method, so the rate
constant for 1-Ni was estimated to be >1x103s7! by
variable-temperature NMR spectroscopy. These results indi-
cate that the atropisomerization of 1-Ni occurs more rapidly
than that of free base 1 and the slowest rate is found for 1-Zn;
thus the internal rotation depends on the metal substituent in
the center of the porphyrin core. According to X-ray
crystallographic analysis for several metalloporphyrins, the
porphyrin core, which contains four pyrrole nitrogen atoms, is
planar for the zinc complex, whereas nickel porphyrin adopts
a puckered conformation.?> 21 If the atropisomerization due
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to internal rotation about porphyrin—aryl bonds proceeds
through the nonplanar, puckered conformation as a reaction
intermediate, the rotational energy barrier for 1- Ni should be
smaller than that for 1-Zn. The dependence of the internal
rotation on the metal observed here is consistent with
previous work reported by Whitten and Freitag.??]

The affinities of 1-Zn and 1- Ni for 3 are shown in Table 2.
Association constants of 1,,,,-Zn and 1,,,;- Zn complexes
with 3 were determined by UV/visible titrimetric analysis of
the isolated atropisomers. In the case of 1-Ni, we estimated
the association constants from the peak areas for each
atropisomer and quinone in the 'H NMR spectrum. The
association constants of 1,,,,-Zn and 1,,,,-Ni complexes
with 3 are larger than those for 1,,,;-Zn and 1, Ni
respectively, but are slightly smaller than that for free base
1,000 With 3.

Table 2. Association constants K, of porphyrins for quinone 3 at 25°C in
CHCl;.

K, [m]

aaaa-isomer aaaf-isomer

free base 10
zinc complex 1-Znl?
nickel complex 1-Nil’]

(9.4+0.1) x 10°
(32+0.1) x 10°
(2.7+£0.6) x 10°

(3.5+0.1) x 102
(1.6+£0.1) x 102
(1.6£0.4) x 10

[a] Determined by UV/vis titration. [b] Determined by 'H NMR analysis;
assuming that the complex formations of 1,,;-3 and 1,,-3 are
negligible, the concentrations of 1 and 1-3 are estimated from comparison
of each isomer’s peak area in OH protons.

The changes in the relative amounts of each atropisomer of
1-Niand 1-Zn in the presence of 3 were also monitored by 'H
NMR spectroscopy and the results are plotted in Figure 10.

(a)

40

20

proportion of aoca-isomer (%)

0 1 1 1 1 0 1 N ] . 1

0 20 40 60 80 0 100 200 300
time {min) time (hour)

Figure 10. Changes in the relative amounts of atropisomers 1, - Ni (m),
1,000 (@), and 1,,,, - Zn () with time, upon addition of 3 in CDCI; at 25 °C.
[1-Ni]=[1]=[1-Zn] =2.4mMm, [3]=72mM.

Surprisingly, the increase of 1,,,, - Ni was extremely rapid and
the proportion of the aaaa-atropisomer reached 60 % within
10 min after the addition of 3 to a solution of 1-Ni in CDCl;.
In contrast, the atropisomerization of 1-Zn was quite slow
compared with that of free base 1 or 1-Ni. These sharp
differences demonstrate that the atropisomerization induced
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by quinone is governed by the rate of rotation about the
C(aryl) — C(porphyrin) bonds.

Although the rate constant for internal rotation and the two
association constants, K,q,,.~i3 and Ky, ,~i3), cannot be
completely determined for 1-Ni complexes by the direct
methods employed for free base 1 because of difficulties
inherent in isolating each atropisomer, least-squares optimi-
zation of the experimental data with the damped Gauss-
Newton algorithm leads to these parameters. The four curves
calculated from Equations (1)-(4) (Figure 11) fit the data

70

l I
50
40

30

proportion of atropisomers (%)

time (hour)

Figure 11. Comparisons of best fits to Equations (1) — (4) with experimen-
tal data for the atropisomerization of 1-Ni upon addition of 3. [1-Ni] =
2.4mwm, [3]=72mm in CDCl; at 25°C. 1,4, " Ni (@), 1,445 Ni (2), 1,455 - Ni
(+), 1,545 Ni (m). Initial isomer contents are 12.5, 50.0, 25.0, and 12.5%,
respectively.

well and give the following kinetic and thermodynamic
parameters: k=(4.9+02)x107s", K,y .~n3=023%
0.1) x 10° ™" and K,q,,,~i3 = (1.2£0.1) x 10> M~". The asso-
ciation constants obtained from the fitting are consistent with
those estimated from 'H NMR spectroscopy (Table 2). The
agreement between the observed data and the curve fitting
indicates that the atropisomerization of 1-Ni in the presence
of 3 follows the route described in Scheme 5, and the rapid
isomerization to 1,,,, - Ni derives from the large rate constant
for internal rotation in nickel porphyrin. However, the
proportion of 1,,,, - Ni at equilibrium is only 60 %, suggesting
that the ratio of association constants K,
is relatively small compared with that in free base 1; Ky, .ni-3)/
K,pnisy =192, whereas K,q,,,.-3 and K,q =26.9.

aaap=3) T

~iy and K, onis)

aaad

Conclusions

These results indicate that the atropisomerization of porphyr-
in to the aaaa-form is induced by binding of the guest
molecule to the host porphyrin through hydrogen bonds.
Simulation of the dynamic process based on the multiple
equilibrium system in Scheme 5 with the kinetic and thermo-
dynamic parameters k and K, is consistent with the observed
data. It supports the view that: a) the driving force for
induced-fitting behavior is the difference between K, o)
and K,q,,,,o) and b) the rate of conversion to the aaaa-form
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is dominated by the inherent rate of internal rotation about
C(aryl) — C(porphyrin) bonds.

It is known that the ligand-induced internal rotation about a
chemical bond in an enzyme framework is quite an important
factor in the rearrangement of interaction sites upon ligand
binding, as shown in Scheme 1b. This may be the initiation
step in enzymatic reactions and/or signal transformation. In
the present study, we have demonstrated the existence of a
dynamic molecular recognition process upon binding between
host and guest molecules, with internal rotation about a C-C
bond. In this system, induced-fit molecular recognition can be
quantitatively analyzed using kinetic and thermodynamic
parameters. This analysis helps our understanding of the
rearrangement of functional groups resulting from binding
between an enzyme and ligand.

Experimental Section

Instrumentation: 'H and '*C NMR spectra were obtained by means of
JEOL A-500, GX-400 or FX-90Q spectrometers and chemical shifts were
reported relative to residual CHCl; at 6 = 7.24. Mass spectra were measured
in FAB mode with a JEOL JMS-SX102A spectrometer. UV/visible spectra
were recorded on a Hitachi U-3410 spectrophotometer or a Hewlett—
Packard 8452A diode array spectrophotometer with a cell compartment
kept at constant temperature. IR spectra were measured with a Perkin—
Elmer 2000 FT-IR spectrometer.

Materials: Analytical TLC was performed on precoated silica gel Merck
60F,s;. [D]Chloroform was purchased from Aldrich and used without
further purification. The chloroform used for recording the UV/visible
spectra was Aldrich ACS HPLC grade and contained 2-methyl-2-butene as
a stabilizer.'¥ Quinones 3 and 4 were prepared as described previous-
ly.2.24]

3-Nonylanisole (5): A solution of n-nonylmagnesium bromide (ca.
0.09 mol) in Et,0 (100 mL) was added dropwise to a solution of 3-
bromoanisole (10 mL, 0.079 mol) and 1,3-bis(diphenylphosphino)propane
nickel(11) chloride (214 mg, 0.395 mmol) in anhydrous Et,O (20 mL) under
N, at 0°C. The reaction mixture was refluxed for 6 h and stirred at room
temperature for 12 h. After the reaction had been quenched with 1N HCI
(480 mL) at 0°C, the organic layer was separated and the aqueous layer was
extracted with Et,0. The combined organic layer was washed sequentially
with H,O, saturated NaHCOj;(aq) solution, and H,O. The solution was then
dried over anhydrous MgSO,. After removal of the solvent, the yellow
residue was purified by distillation under reduced pressure (0.15 mmHg,
107-115°C) to afford 15.9 g (67.7 mmol, 86 %) of 5. 'H NMR (90 MHz,
CDCl,): 6=0.90 (t,/ =6 Hz,3H), 1.0-2.8 (m, 14H), 2.63 (t,/ =7 Hz), 3.80
(s, 3H), 6.6-73 (m, 4H).

2-Methoxy-4-nonylbenzaldehyde (6): A solution of dichloromethyl methyl
ether (5.0mL, 55mmol) in anhydrous CH,Cl, (150 mL) was added
dropwise over 6h to a solution of 5 (4.64g, 19.8 mmol) and TiCl,
(8.7 mL, 79 mmol) in anhydrous CH,Cl, at —78°C. After reaching room
temperature, the reaction mixture was poured into ice-cold water and the
organic layer was separated. The aqueous layer was extracted with CH,Cl,,
and the combined organic layer was washed with H,O, saturated
NaHCO;(aq) solution, and saturated NaCl(aq) solution. The product was
dried over anhydrous MgSQ,, filtered, and concentrated under reduced
pressure. The remaining yellow liquid was purified by column chromatog-
raphy on silica gel (hexane:benzene =2:1) to afford 2.06 g (7.85 mmol,
40%) of 6. 'H NMR (90 MHz, CDCl;): 6 =0.90 (t, /=6 Hz, 3H), 1.3-1.7
(m, 14H), 2.67 (t, J=7 Hz), 3.93 (s, 3H), 6.86 (d, /=7 Hz, 1H), 6.89 (s,
1H), 7.73 (d, J=7 Hz, 1H), 10.40 (s, 1H).
meso-Tetrakis(2-methoxy-4-nonylphenyl)porphyrin (7): Pyrrole (530 uL,
0.77 mmol), boron trifluoride diethyl etherate (310 pL, 2.5 mmol), and
anhydrous ethanol (5.8 uL) were added successively to a solution of 6
(2.02 g, 0.77 mmol) in anhydrous toluene (770 mL) at room temperature.
After the reaction mixture had been stirred at room temperature for 2.5 h,
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (1.73 g, 7.63 mmol) was added
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and the mixture was stirred at room temperature for 2 h. The solution was
then neutralized by addition of triethylamine (360 pL, 2.6 mmol). After
removal of the solvent under reduced pressure, the crude product was
purified by column chromatography on basic alumina (toluene) to afford
751 mg (0.606 mmol, 32%) of an atropisomeric mixture of 7. TLC: R;
(hexane:ethyl acetate =5:1) =0.21, 0.42, 0.56 and 0.64. 'H NMR spectro-
scopy of a mixture of the four atropisomers (400 MHz, CDCl;): 6 = —2.63
(brs, 2H), 0.92 (t, /=7.0 Hz, 12H), 1.26-1.58 (m, 48H), 1.90 (quintet, J =
7.6 Hz, 8H), 2.92 (t,J=7.8 Hz, 8H), 3.52, 3.55 and 3.58 (s, total 12H), 7.1 -
72 (m, 8H), 7.81, 782, 786 and 791 (d, /=72, 73, 7.3 and 7.5 Hz,
respectively, total 4H), 8.72 (m, 8H).

meso-Tetrakis(2-hydroxy-4-nonylphenyl)porphyrin (1): The atropisomeric
mixture of 7 (0.78 g, 0.63 mmol) was dissolved in anhydrous CH,CI,
(40 mL) and the solution was cooled to 0°C under N,. A solution of
BBr; (0.1m, 6.3 mL) in CH,Cl, was added dropwise, and the reaction
mixture was stirred at 0°C for 3 h and then at room temperature for 16 h.
The reaction was quenched by addition of ice-cold water at 0°C and the
organic layer was separated. The aqueous layer was extracted with CH,Cl,
and the combined organic layer was washed with H,O, saturated
NaHCOj3(aq) and saturated NaCl(aq) solutions. After drying over anhy-
drous Na,SO,, the solution was filtered, and concentrated under reduced
pressure to give a crude, purple product. The residue was purified by
column chromatography on silica gel (hexane:ethyl acetate =4:1) to afford
700 mg (0.587 mmol, 94%) of an atropisomeric mixture of 8. TLC:
Ry(hexane-ethyl acetate =4:1) =0.11 for 1, 0.52 for 1,,,; and 0.73 for
1,.45 and 1,4,5. '"H NMR spectroscopy of a mixture of the four atropisomers
(400 MHz, CDCl;): 6 =—2.75 (s, 2H), 0.92 (t, J=6.9 Hz, 12H), 1.25-1.58
(m, 48H), 1.90 (m, 8H), 2.90 (t, J=7.7 Hz, 8H), 4.84 (brs, 4H), 7.14-7.17
(m, 8H), 7.81-7.85 (m, 4H), 8.91 (s, 8H); *C NMR spectroscopy of a
mixture of the four atropisomers (125 MHz, CDCl,):1>> 201 § =14.16, 22.76,
29.44,29.55, 29.67,29.68, 30.09, 31.34, 31.98, 36.08, 113.56-113.69, 115.22 -
115.34, 119.89-119.96, 124.64-124.57, 134.75-134.91, 146.00-146.06,
155.14-155.22; MS-FAB*: m/z =1183 [M*+1]; HRMS-FAB*: calcd for
CygoH,oN,O, [M+] 1182.7901, found 1182.7930.

Isolation of 1,,,, and 1,,,s: The atropisomeric mixture of 1 (ca. 5 mg) was
dissolved in CHCI;, placed on a TLC plate and developed with hexane/
ethyl acetate (3:1) as the eluent at 4°C over 20 min. The aaaa-
atropisomer, 1,,,,, which was the most polar isomer, was easily separated
from the other three atropisomers. The fractions corresponding to 1,,,,
were combined and eluted with ethyl acetate. The eluent was evaporated
immediately over an ice-bath under reduced pressure. The isomer 1,5 was
obtained using the same procedure. The purities of the isolated isomers
were determined by reversed-phase HPLC to be 95% and 90%,
respectively. 'H NMR spectroscopy of 1., in the presence of 3
(500 MHz, CDCl;): 6 =—3.075 (s, 2H), 0.918 (t, /=71 Hz, 12H), 1.216-
1.583 (m, 8H), 1.879-1.940 (m, 8 H), 2.903 (t,/ = 7.7 Hz, 8 H), 6.644 (s, 4H),
7072 (dd, J=1.7 Hz, 74 Hz, 4H), 7219 (d, J=1.7 Hz, 4H), 7720 (d, J =
7.4 Hz, 4H), 8.904 (s, 8H); '"H NMR spectroscopy of 1,4 in the presence of
3 (500 MHz, CDCl,): 6 =—3.02 (s, 2H), 0.92 (t, /=72 Hz, 12H), 12-1.6
(m, 8H), 1.83-1.97 (m, 8H), 2.91 (t, /=75 Hz, 8H), 4.78 (s, 1H), 6.35 (s,
1H), 6.48 (s, 2H), 705 (dd, J=1.7 Hz, 7.6 Hz, 1H), 7.11 (dd, /=17 Hz,
7.7 Hz, 2H), 716 (m, 1H), 718 (dd, J=1.7 Hz, 7.6 Hz, 1H), 720-7.22 (m,
3H), 761 (d, J=7.6 Hz, 1H), 7.86 (d, /=7.6 Hz, 2H), 7.98 (d, /=7.6 Hz,
1H), 8.88-8.94 (m, 8H).

meso-Tetrakis(2-hydroxy-4-nonylphenyl)porphyrin zinc@) complex (1-
Zn): A solution of Zn(OAc),-2H,0 (28 mg, 0.13 mmol) in MeOH
(3mL) was added to a solution of 1 (91 mg, 0.077 mmol) in CHCl,
(14 mL). The mixture was refluxed for 20 min, cooled to room temperature,
and poured into H,O. The organic layer was separated and the aqueous
layer was extracted with Et,O. The combined organic layer was washed
with H,O and dried over anhydrous Na,SO,. The solution was filtered and
concentrated under reduced pressure to give 95.5 mg (quant) of 1-Zn. 'H
NMR spectroscopy of a mixture of the four atropisomers (500 MHz,
CDCly): 6=0.923 (t, J=6.7 Hz, 12H), 1.27-1.59 (m, 48H), 1.83-1.95 (m,
8H),2.80-2.94 (m, 8H), 4.36, 4.62, 4.67,4.76, 4.81 and 4.85 (brs, total 4H),
6.65-7.16 (m, 8H), 7.72-7.86 (a mixture of doublets, 4H), 8.76-8.97 (a
mixture of ABq and singlet, 8H); '*C NMR spectroscopy of a mixture of
the four atropisomers (125 MHz, CDCl,):°l ¢ =14.176, 22.776, 29.47,29.63,
29.70, 29.72, 31.35, 32.01, 32.01, 113.68-114.41, 114.76-114.98, 119.74—
119.80, 124.97-125.31, 132.14-132.42, 134.64-134.88, 145.42-145.65,
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150.39-150.88, 154.39-154.80; MS-FAB*: 1245 [M*]; HRMS-FAB™: calcd
for CgoH;oN,O,4Zn [M+] 1244.7036, found 1244.6968.
meso-Tetrakis(2-hydroxy-4-nonylphenyl)porphyrin nickel(II) complex (1-
Ni): A solution of Ni(OAc),-4H,0 (48 mg, 0.19 mmol) in MeOH (4 mL)
was added to a solution of 1 (90 mg, 0.076 mmol) in CHCl; (20 mL). The
mixture was refluxed for 45 min, cooled to room temperature, and poured
into H,O. The organic layer was separated and the aqueous layer was
extracted with Et,0. The combined organic layer was washed with H,O and
dried over anhydrous Na,SO,. The solution was filtered and concentrated
under reduced pressure to give 90 mg (0.073 mmol, 92%) of 1-Ni. 'H
NMR spectroscopy of a mixture of the four atropisomers (500 MHz,
CDCl;): 6=0.906 (t, /=70 Hz, 12H), 1.26-1.64 (m, 48H), 1.81-1.89 (m,
8H),2.83-2.86 (m, 8H), 4.72,4.73,4.74, 4.75, 4.77,4.77 (s, total 4H), 7.07 -
7.13 (m, 8H), 7.64-7.68 (a mixture of doublets, total 4H), 8.81 (s, 8H); 1*C
NMR spectroscopy of a mixture of the four atropisomers (125 MHz,
CDCL):P1 § =14.18, 22.78, 29.47, 29.64, 29.70, 29.72, 31.35, 32.01, 36.08,
113.56-113.98, 114.07-114.95, 119.71-119.82, 124.91-125.36, 132.06—
132.46, 134.51-134.87, 145.19-145.62, 150.24-150.85, 153.38-154.75;
MS-FAB*: 1239 [M*]; HRMS-FAB*: caled for CgH;oN,O,®Ni [M~*]
1238.7098, found 1238.7114.

Binding studies: All UV/visible binding studies were carried out on a
Hewlett—Packard 8452A diode array spectrophotometer with CHCI,
containing 2-methyl-2-butene as a stabilizer. Initially, a porphyrin solution
(2.0 mL, [porphyrin] =10-°-10"*M) was poured into a 1 cm quartz cell.
The UV/visible spectrum of the pure host solution was recorded, and some
of the stock quinone solution (e.g. 10 uL) was transferred into the cell with
a syringe. The spectrum was recorded and the process was repeated until
the desired guest-to-host ratio was obtained. The parameters from the
changes in monitored absorbance were calculated using a nonlinear curve-
fitting procedure based on the damped Gauss—Newton method.

Determination of the relative amounts of each atropisomer: All NMR
spectroscopy studies were carried out on a JEOL A-500 NMR spectrom-
eter using CDCl; without further purification. A solution of porphyrin and
quinone was placed in a 5 mm NMR spectroscopy tube under Ar and
sealed. The tube was maintained in a bath held at constant temperature (£
1°C) and measurements were taken at regular time intervals.
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Alkylating Properties of Antimalarial Artemisinin Derivatives and Synthetic
Trioxanes when Activated by a Reduced Heme Model

Anne Robert and Bernard Meunier*

Abstract: Three potent antimalarial
drugs bearing a trioxane function, arte-
misinin, S-artemether, and a synthetic
analogue BO7, were found to behave as
alkylating agents towards a heme model,
meso-tetraphenylporphyrin. The cova-
lent chlorin—drug adducts obtained be-
tween these drugs and the macrocycle
were completely characterized. These

adducts resulted from a C-alkylation of a
p-pyrrolic position of the porphyrin
macrocycle by a C-centered radical
produced by the reductive homolytic
cleavage of the peroxide bridge of

Keywords: alkylation - artemisinin
- malaria - porphyrin - trioxane

artemisinin or its analogues. The results
indicate that the alkylating properties of
artemisinin, which are considered to be
responsible for the death of the parasite,
are not limited to this natural com-
pound, but are a common feature prob-
ably required for the antimalarial activ-
ity of endoperoxide-containing drugs.

Introduction

Malaria is one of the world’s worst health
problems. More than 40% of the world’s
population live in areas where malaria is
endemic or spreading. Each year, severe
malaria infections cause up to two million
deaths, most of them concerning children. The
incidence of malaria is dramatically increasing,
since many Plasmodium falciparum strains are
now resistant to widely used drugs like chlor-
oquine, a classical and cheap antimalarial drug.
The alarming spread of drug resistance has led the World
Health Organization (WHO) to predict that in the absence of
new antimalarial strategies the number of people suffering
from malaria will double by the year 2010. Thus, to circumvent
the phenomenon of drug resistance, it is imperative that novel
drugs should be developed.

Among the possible drugs, artemisinin (1) and related
hemisynthetic and synthetic trioxanes (see Figure1 for
structures) are obvious candidates, since these molecules are
highly active toward the different strains of Plasmodium at
nanomolar concentrations.['!

The antimalarial activity of 1 has been attributed to the
interaction of the peroxide entity with the intraparasitic heme,

[*] Dr. B. Meunier, Dr. A. Robert
Laboratoire de Chimie de Coordination du CNRS
205 route de Narbonne
F-31077 Toulouse cedex 4 (France)
Fax: (+33)5-61-55-30-03
E-mail: bmeunier@lcc-toulouse.fr
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B-Artemether BO7

Figure 1. Structures of three antimalarial drugs with a trioxane structure: artemisinin (1),
pB-artemether, and BO7.

which results from the digestion of hemoglobin by Plasmo-
dium 31 Tt has recently been proposed that 1 behaves as a
single oxygen-atom donor with respect to the heme iron that
would lead to a high-valent metal — oxo species responsible for
oxidative damage within parasitic cells.*¥! However, perox-
ides are known to be poor oxygen-atom donors with respect to
metalloporphyrins or nonheme metal complexes.” 11 Recent-
ly, we decided to investigate the possibility of generating
manganese(Iv) —oxo or manganese(V)—oxo species from 1
and a synthetic manganese tetraarylporphyrin.l'!l Several
attempts to epoxidize cyclohexene with 1 (2 equiv vs. the
substrate) in the presence of catalytic amounts of
[Mn'"(TMP)CI] or [Mn"{(Cl,TMP)CI]"?l (5mol% with
respect to the olefin and where TMP is 5,10,15,20-tetramesityl
porphyrinate and (CI,TMP) is 5,10,15,20-tetrakis(3-chloro-
2,4,6-trimethylphenyl)-S-octachloroporphyrinate) were per-
formed with the expectation that cyclohexene epoxide might
be produced by a high-valent manganese—oxo compound
generated in situ by 1, which would act as an oxygen-atom
donor. These experiments were unsuccessful: there was no
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olefin conversion and no traces of epoxide after 30 min at
room temperature, suggesting that no metal — oxo species was
generated by 1. This has also been pointed out by Jefford
etal.l®l from investigations with synthetic 1,2,4-trioxane
derivatives!'"! and iron(ir) chloride. (However, it must be
noted that even with good oxygen-atom donors like PhIO,
NaOCl, or KHSO;, no oxygen-atom transfer reaction,
hydroxylation, or epoxidation, was efficiently catalyzed by
simple iron salts. Only porphyrins or Schiff-base ligands
provide a suitable coordination sphere around manganese or
iron to obtain oxygenation catalysts.”'*)) These data con-
firmed that 1 is not an oxygen-atom donor with respect to
manganese(I11) porphyrin complexes.

A more reasonable hypothesis for the mechanism of action
of 1 is the reductive activation of its peroxide function by
Fe'-heme, which would lead to dioxygen derived radicals
that are responsible for an oxidative stress!*! within infected
erythrocytes or to C-centered radicals that can act as
alkylating agents.> 17181 Alkylation of hemel™! and specific
parasite proteins®! by 1 was supposed to be more pharmaco-
logically significant than the oxidative stress,>2! but no
molecular structure of an artemisinin biologically relevant
molecule had been described up to now. We therefore decided
to investigate the possibility of the formation of a covalent
adduct formed between a synthetic metalloporphyrin and 1.
In this article, we report the synthesis and characterization of
a one-to-one covalent adduct between 1 and a heme model
based on meso-tetraphenylporphyrin (for a preliminary
communication, see ref. [22]). The isolated chlorin-type
adduct results from a C-alkylation of a S-pyrrolic position of
the porphyrin macrocycle by a C-centered radical, which is
produced after the reductive homolytic cleavage of the
peroxide bridge of 1. In similar conditions, we observed the
same alkylating behavior of f-artemether, a modified ana-
logue of 1, that induced a similar chlorin-type covalent adduct
between the macrocycle and a modified artemether skeleton.
We also found that using the antimalarial-active synthetic
trioxane BO7!8] can also lead to a chlorin-type covalent
adduct after reductive activation. These results are of major
interest, since they indicate that the alkylating ability of 1,

Abstract in French: Trois molecules antipaludiques compor-
tant une fonction 1,2,4-trioxane, I’artémisinine, le 3-artemether,
ainsi qu’'un analogue synthetique, le BO7, se comportent
comme des agents alkylants vis-a-vis d’un modéle d’héme, la
meso-tetraphenylporphyrine de manganése. Les adduits cova-
lents obtenus entre ces composes et le macrocycle porphyri-
nique ont ét¢ complétement caracterises. Quel que soit la
molecule antipaludique utilisee, ces adduits sont de type
chlorine; ils resultent d’une C-alkylation d’une position [3-
pyrrolique du macrocycle porphyrinique par un radical alkyle
produit par la coupure homolytique du pont peroxydique de
lartémisinine ou de ses analogues. Ces resultats montrent que
le caractére alkylant de I’artemisinine, qui est considere comme
responsable de son effet parasiticide, n’est pas limite a ce
composé naturel, mais est probablement requis pour une bonne
activite antipaludique des composés possédant un endopero-
xyde.

1288

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

which is responsible for the death of the parasite, is not limited
to this naturally occurring product, but is a general feature
probably required for the antimalarial activity of endo-
peroxide-containing drugs.

Results and Discussion

The digestion of hemoglobin by Plasmodium in infected
erythrocytes produces free heme. In order to avoid potentially
toxic redox reactions, a polymerase activity involving a
histidine-rich protein 3 produces an inert crystalline poly-
meric form of heme within the digestive vacuole: the malaric
pigment or hemozoin.?*?! The inhibition of hemozoin
formation by 1 was recently proposed,?® but this fact is still
controversial.’’] Nevertheless, the study of reactions resulting
from the reductive activation of 1 by heme is probably a key
point in the understanding of the mechanism of action of
endoperoxide-based antimalarial drugs. To obtain details
about the reaction between a reduced heme (intracellular
glutathion concentration is 1-5mm) and 1, we decided to use
a hydrophobic heme model [M"TPP] (M = Fe or Mn and TPP
is the dianion of the meso-tetraphenylporphyrin), generated
in situ by borohydride reduction of [M™TPP]. This synthetic
analogue of heme is easy to demetalate compared with heme
itself and it provides a limited number of regioisomers
because of its four-fold symmetry. It has to be mentioned
that 1 itself is insoluble in water and that among the
derivatives of 1 or synthetic trioxanes the hydrophobic
compounds are usually more active against Plasmodium than
highly water-soluble endoperoxide derivatives.?!

C-Alkylation of the tetraphenylporphyrin ligand by 1: A
metalated chlorin-type covalent adduct was detected from the
reaction of [Fe™(TPP)CI] with 1 in the presence of borohy-
dride. Unfortunately, the strong paramagnetism of this iron
(1) complex did not allow a complete characterization of this
drug —macrocycle adduct. Removal of iron from porphyrin or
chlorin ligands requires drastic conditions that might denature
the adduct structure. Consequently, we decided to use the
manganese analogue [Mn'"'(TPP)CI] that can, after reduction
to manganese(i), be demetalated under milder conditions."!
After incubation of 1 with [Mn""TPP] generated by tetra-n-
butylammonium borohydride in dichloromethane, the man-
ganese(11) macrocycle —1 adduct was demetalated in situ by
acidic treatment under nitrogen.

After work-up, the pure adduct 4 was recovered in 25%
yield (Scheme 1). The UV/Vis spectrum of this compound
indicated a chlorin-type structure with a ratio absgs,/abs, ;=
0.15. This structure was confirmed by the 'H NMR spectrum
in which the two intracyclic NH protons were detected at 6 =
—1.50 (compared with —2.83 in the case of H,TPP); this lower
shielding is in agreement with a lower ring current of the
macrocycle.? Three dihydropyrrole protons were detected at
0=4.70 (H2'a), 4.37 (H3'a), and 3.98 (H3'f3) with typical
coupling constants for this structure [2/(H,H) =19 Hz, 3J(cis-
H,H) =9 Hz, 3J(trans-H,H) <1 Hz]. The loss of C, symmetry
was also detected in the aromatic region of the spectrum, by
the shape of six (not eight) S-pyrrole proton resonances
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demetallation
H+
air

4-Mn-12a-OAc 4-Mn
minor product major product
M=935 M=893

(0=8.60, 8.58, 8.41, and 8.22). These NMR data are consistent
with a chlorin macrocycle monosubstituted by an alkyl chain
on one f3-position of the dihydropyrrole ring, thus providing
confirmation of the C-alkylation by 1 and the reduction of one
pyrrole rings of the starting porphyrin ligand. The proton of
the linked artemisinin that are close to the macrocycle are
significantly shielded compared with corresponding protons
in free artemisinin (1): A6 =—0.89 (H5a), —0.71 and —0.60
(H,C4), —0.35 (H6) and —0.30 (H;C-C6). The signals of
protons H12 and H;C-C3 (6 =5.85 and 1.42, respectively, in
1) disappeared. The presence of two protons at 6 =3.79 and
4.10 [2J(H,H)) = 13 Hz] indicates the reduction at carbon C12;
the proton corresponding to the signal at 0 =4.10 is coupled
with the OH function at the 12a position (6 =0.95). The other
signals of the artemisinin moiety were not greatly modified;
H9 was present at 6 =3.09 (compared with 3.31 in 1) attesting
the presence of the lactone function that was also confirmed
by IR spectroscopy (¥c_o = 1734 cm™!). The mass spectrum of
4 exhibited two intense peaks at m/z =841 [MH"] and 823
[M — 18+H™] that correspond to the loss of a water molecule
without other fragmentations.

When the reaction mixture ([MnTPP], 1, and borohydride)
was exposed to air after incubation, but without any acidic
treatment, a dark green compound containing the mangane-
se(111) — chlorin adduct was precipitated by addition of diethyl-
ether. Intense peaks were observed at m/z =876 (70), 894

Chem. Eur. J. 1998, 4, No. 7
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(100), and 936 (20) in the mass
spectrum (DCI/NH{f) of this
crude metal complex. The mo-
lecular mass of the metalated
major adduct 4-Mn (M =893)
had 53 mass units more than the
demetalated adduct 4 (M = 840);
this indicates the presence of
manganese. These data con-
firmed that demetalation did
not induce other chemical
changes than the removal of
manganese.

Mechanism of adduct formation:
The formation of the alkylation
product 4 can be explained by the
mechanism proposed in
Scheme 1. The reductive activa-
tion of the peroxide bond of 1 by
the manganese(l) porphyrin in-
duces the homolytic cleavage of
the O -0 bond; the RO" radical
is formed either on O1 or O2.
The resulting alkoxyl radicals
isomerizes quickly to carbon-—
centered radicals that may be
responsible for the modification
of parasitic protein.' 1 The RO*
radical 2 isomerize quickly by
homolytic cleavage of the C3-—
C4 bond to produce the nonsteri-
cally hindered C-centered radical
3 (formation of RO1" should induce, after a 1,5-H shift, a more
hindered secondary alkyl radical at position 4).

The addition of radical 3 to a S-pyrrolic position C2’ of the
metalloporphyrin allows the formation of an alkyl radical on
the adjacent position C3’ and, after an intramolecular electron
transfer from this radical to the manganese(i1n), the generation
of a carbocation at C3'. Such an intramolecular electron
transfer has already been evidenced after addition of the
trichloromethyl radical to a vinyl group of the prosthetic heme
of myoglobin under reductive conditions.””! The cation
intermediate may be trapped by nucleophiles rather than
undergoing proton loss to regenerate the double bond. In the
present case, the attack of borohydride at this position gave
the dihydropyrrole ring. It should be noted that both (2'R) and
(2'S) stereoisomeric configurations at C2’ can be obtained
(only the 2'S stereoisomer is depicted in Scheme 1). Boro-
hydride also mediates the reductive elimination at C12 of
the artemisinin fragment of the acetate residue to afford
the metalated adduct 4-Mn.

The introduction of two H atoms from borohydride (at C3’
and C12) into the covalent adduct 4 has been confirmed by the
use of tetra-n-butylammonium borodeuteride. In this case, the
mass spectrum of the deuterated tetraphenylchlorin-1 adduct
([D,]4) exhibits a [MH*] peak at m/z =843 as expected. The
position of the two deuterium atoms was confirmed by 'H
NMR spectroscopy (see Figure2): proton H3'a (0 =4.37)

yield = 25%
M=840

Scheme 1. Mechanism of alkylation of the heme model [Mn''TPP] by 1 in the presence of borohydride.
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Figure 2. 'H NMR spectra of 4 and [D,]4 (region of the dihydropyrrolic and H,C12 protons).

disappeared and was quantitatively replaced by deuterium.
This fact indicates that reduction occurrs in the trans position
with respect to the artemisinin alkylation. In contrast, the
H12a and H124 intensities were both 50 % of the expected
intensity for one proton. The introduction of one deuterium
atom at this C12 position with loss of stereochemistry can be
explained by the hydrolysis, catalyzed by base traces (due to
borohydride), of the acetoxy ester at position 12 of the initial
adduct 4-Mn-12-OAc, followed by lactone ring opening,
reduction of the intermediate aldehyde at C12 (both faces
being equally accessible to H or D), and cyclization to
regenerate the lactone ring with two C—H bonds at C12
[Scheme 2, route (a)]. The mass spectrum of the metalated
covalent adduct obtained in the presence of BD,~ was found
at m/z =896, instead of 894 when the reaction was performed
with BH, . These data confirm that the deuterated analogue

route (a)

4-Mn-12-OAc

route (b)

of 4-Mn already contained two deuterium atoms and was
therefore reduced at position 12 before demetalation.

In the DCI/NH{ mass spectrum of the crude metalated
product, a minor product was also detected at m/z =936. A
probable structure for this complex is depicted as 4-Mn-12a-
OAc (M =935) in Scheme 1. The formation of this adduct
may be explained by migration of the acetate of 4-Mn-12-OAc
from position 12 to position 12a, probably through a five-
membered ring intermediate, followed by the same sequence
(opening of the lactone, reduction of the intermediate
aldehyde, and recyclization) as in the case of 4-Mn, but with
retention of the ester at position 12a [Scheme 2, route (b)].
When BDy was used instead of BHy, this minor product was
found at m/z =938 [MH"] in the mass spectrum (instead of
936) indicating that it also contained two deuterium atoms.
After demetalation, the corresponding adduct 4-12a-OAc was

CH,

H+
— 4
(D)H M =840
i CH;,
4-Mn, major product
M =893 (M = 895) (CH,CO),0

DMAP

H+
— 4-12a-OAc
M =882
CHy m/z = 883

o]
4-Mn-12a-OAc

minor product
M=935 (M=937)

Scheme 2. Mechanism of the reductive elimination of the acetate group at carbon 12 of the artemisinin moiety during the alkylation of [Mn"TPP].
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isolated from the reaction mixture. Unfortunately, the
yield was too low for NMR spectroscopic character-
ization. In order to support the proposed structure of 4-
12a-OAc, it was compared with the product of acetyla-
tion by acetic anhydride in the presence of 4-dimethy-
laminopyridine (DMAP) of the hydroxyl function at
position 12a of the characterized adduct 4. These two
compounds were found to have the same TLC behavior
and the same mass spectrum (DCI/NHj : m/z: 883 (22)
[MH*], 823 (100) [MH* — CH;COOH]), compatible for
the proposed structure for 4-12a-OAc

Dehydrogenation of 4 by quinone: The dihydropyrrole
ring of 4 can be dehydrogenated with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) to afford the corre-
sponding porphyrin adduct 5 (Scheme 3a). The product

8.72
Vyjp= 1.8 Hz

{

recovered after chromatography exhibited a typical J
UV/Vis spectrum for a free base tetraphenylporphyrin
(Amax at 418 nm, no absorption at 650 nm). The NMR
spectrum of this compound confirmed the porphyrin
structure with NH resonances at 6 = —2.85. The region
0=3.5-5 was clear of signals except for the two protons of
the position 12 of the artemisinin moiety (6 =4.42 and 4.17,
2J(H,H)=13 Hz). In the aromatic region, seven pyrrolic
protons were easily identified; one of them (6 =38.72; H3')
appeared as a broad singlet (v,,=3.1 Hz; Figure 3). The 4-
CH, of the artemisinin fragment, which is linked to an

Scheme 3. Oxidation of a) 4 and b) [D,]4 with DDQ.

Chem. Eur. J. 1998, 4, No. 7

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998
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Figure 3. 'H NMR spectrum of 5 (region of the -pyrrolic protons).

aromatic structure, was detected as a triplet at 6 =2.96, which
is strongly deshielded compared with the two signals at 6 =
1.46 and 1.69 for 4-CH, of the chlorin derivative 4. The
irradiation of the signal at 6 =2.96 significantly reduced the
width of the signal attributed to H3' (from 3.1 to 1.8 Hz,
Figure 3). This confirmed the characterization of the porphyr-
in ring substituted at one $3-
pyrrolic position by a -CH,-
R residue. Other protons of
5 were present with correct
integral values, attesting
that no other modifications
occurred during the dihy-
dropyrrole oxidation.
When the deuterated
chlorin [D,]4 was oxidized
with DDQ in the same way
as previously described for
4 (Scheme 3b), the area of
the NMR signal for proton
H3’ was half of that expect-
ed for one proton. This
suggested that the obtained
porphyrin contained only
50% deuterium at position
3'. Starting from [D,]4, with
a deuterium at 3'-trans with
respect to the alkyl sub-
stituent, this result indi-
cates that the quinone-de-
hydrogenation is unexpect-
edly performed without
face selectivity, giving rise
to an equimolar mixture of
porphyrins in which the
removed protons were ei-
ther H2'a and D3'a (in a cis
elimination) or H2'a and
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H3'S (in a trans elimination). Furthermore, the mass spectrum
of this mixture ([D5]5) was exactly consistent with a 50/50
mixture of compounds with M =839 ([D,]5) and 840 ([D,]5)
(Scheme 3b). The dehydrogenation of a dihydroaromatic
compound AH, with a quinone Q usually proceeds with
predominant cis-elimination, as previously described for cis-
1,2-dideuteroacenaphthene.?! Contribution of a trans-elimi-
nation supposes a rapid dissociation into free ions of the pair
(AH", QH") generated by the transfer of a hydride ion from
the chlorin to the quinone. In the present case, such a
dissociation is not probable, due to the strong stacking
interactions between the chlorin macrocycle and the quinone
derivative. A possible explanation for the formation of cis-
and trans-dehydrogenation products is depicted in Figure 4:
when chlorin and quinone are present in the reaction mixture
at a preparative concentration (2—-10 mm) the molecules of
both species are probably alternately stacked. Aggregation
through interactions of the porphyrin m-electron core with

Figure 4. Mechanism of oxidation of the [D,]4 by a quinone (Q = quinone, Art = arte-

misinin-derived fragment).

other m-electron systems such as quinones is well known*!
(for the description of strong Van der Waals interactions
between porphyrins and quinones, see also ref. [33]). These
n— g interactions between 4 and DDQ were effectively visible
to the naked eye, the solution being green, instead of the usual
dark red color of free base porphyrins or chlorins (however
dilution of the reaction mixture in order to record the UV/Vis
spectrum gave only the spectrum of a tetraphenylporphyrin
derivative). After removal of a hydride ion at C2’ position of
the chlorin derivative by the quinone, giving rise to a cation at
C2, H" or D" could be removed from the C3’ position
according to the reaction with the semiquinone anion that lies
above or below the macrocycle under consideration. There-
fore, the statistical removal of H* or D" leads to a mixture of
porphyrin molecules bearing either one hydrogen or one
deuterium atom at position 3'.
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C-Alkylation of the tetraphenylporphyrin ligand by the
synthetic trioxane BO7: Because of the strong activity of
BO7 against a wide spectrum of drug-resistant P. falciparum
strains, its possible oral administration, and its very low
toxicity, this molecule can be considered as a good candidate
for an eventual use as a therapeutic agent to treat infections
with polyresistant malaria.[? The mechanism of action of this
drug and possible similarities with the mechanism of action of
1 are therefore of particular interest.

In the presence of the synthetic heme model [Mn""TPP],
generated in situ by borohydride and in the same conditions
described above for 1 (except for a longer reaction time), a
covalent adduct of BO7 and the porphyrin macrocyle is
formed (Scheme 4). This alkylation adduct results from the
reductive activation of the peroxide bond of BO7 and the
subsequent homolytic cleavage of the adjacent C3 - C8 bond,
as described for 1 (this similar behavior was also suggested by
Jefford et al. in ref. [14]). The resulting radical center at C8 is
able to alkylate a S-pyrrolic position of the porphyr-
in and, after a borohydride induced reduction, leads
to the alkylated chlorin derivative 6a. However, this
primary product is unstable because of its allylic
ester function, thus the acid 6, resulting from the
hydrolysis of 6a, was the product isolated from the
alkylation of the tetrapyrrolic macrocycle activated
by BO7. Compound 6 was characterized both by
mass spectrometry ([MH*]=717) and 'H NMR
spectroscopy. In the latter case, the signals due to
the three protons of the substituted dihydropyrrole
ring and the six S-pyrrolic protons were exactly the
same as those in 1 and unambiguously characteristic
of a monoalkylated tetraphenylchlorin structure.
H This compound was dehydrogenated by DDQ to
afford the corresponding porphyrin analogue 7,
which displays seven S-pyrrolic protons with the
H3’ signal of the porphyrin cycle (6 =8.69) coupled
with the H-C8 of the BO7-derived moiety, and thus
attests to the covalent coupling of BO7 with the
macrocycle. Unfortunately, neither compound 6 nor
7 could be obtained as pure samples. In each
preparation (four independent syntheses) they were
contaminated by 20-40 mol % of the by-product 10
produced by the hydrolysis of the allylic ester 6a
(for a characterization of 10, see ref. [14]). The obtained acid
derivatives 6 and 7 were therefore esterified with methanol to
produce the methyl esters 8 and 9, respectively (Scheme 4).
These products could be obtained as pure samples, and were
completely characterized by 'TH NMR spectroscopy.

It is pointed out in the experimental section that the chlorin
adduct resulting from the addition of BO7 to the TPP
marcocycle was contaminated by 15-25 mol % (according to
the experimental conditions) of the analogue porphyrin
adduct. In fact, the homolytic cleavage of the peroxide bond
produced both an RO" radical (at O1, the case depicted in
Scheme 4) and an RO~ ion (at O2). This alcoholate anion
might be able to abstract a proton at the C3’ position of the
chlorin moiety, presumably by an intramolecular process,
allowing the rearomatization of the dihydropyrrole ring in a
minor reaction pathway (Scheme 4).
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CeH4F

Mn"TPP

Scheme 4. Mechanism of alkylation of [Mn""TPP] by the synthetic trioxane BO7 in the presence of borohydride.

C-Alkylation of the tetraphenylporphyrin ligand by f-arte-
mether: This hemisynthetic analogue is the most widely
used derivative of 1. It is currently available in more
than 20 countries in Asia and Africa in which malaria is
endemic. In December 1995, the WHO included artemether
in its Model List of Essential Drugs as a curative treat-
ment for severe malaria due to P. falciparum, or when
resistance to other antimalarial drugs (i.e., quinine) is
suspected.

When [Mn'(TPP)] was incubated with f-artemether, a
covalent adduct was formed between tetraphenylchlorin and
p-artemether. Unfortunately, the demetalation procedure
used for the adducts with 1 or BO7 could not be applied in
this case, owing to the lability of the B ring of S-artemether
itself under strongly acidic conditions. The work-up was
optimized by changing the demetalation method. The princi-
ple is to carry out the transmetalation of the Mn!" - chlorin -

1) Mn"TPP / BH,
—_—
2) cd"(NO,),

H OCH,

B-Artemether

artemether adduct to its cadmium(i)-metalated analogue,
followed by the demetalation of the cadmium(ir) adduct in
mild conditions. The transmetalation of porphyrin complexes
with Cd", Pb", or Hg'" has already been used to incorporate
other divalent ions of the first-row transition metals, espe-
cially Mn!, into hydrosoluble porphyrin ligands at room
temperature.3-7]

In the present case, an excess of cadmium(ii) nitrate was
added in the crude reaction mixture containing the manga-
nese(1) complex of the chlorin-—f-artemether adduct. The
cadmium(i) adduct was yielded after a few minutes and was
characterized by UV/Vis spectroscopy (Apx=436nm in
dichloromethane). Subsequent washing of the organic phase
with a diluted aqueous acetic acid solution allowed the
complete demetalation of the cadmium macrocycle. After
work-up, the pure tetraphenylchlorin-g-artemether adduct 11
was recovered in 26 % yield (Scheme 5).

Scheme 5. Mechanism of alkylation of [Mn"TPP] by S-artemether in the presence of borohydride.

Chem. Eur. J. 1998, 4, No. 7

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

0947-6539/98/0407-1293 $ 17.50+.25/0

1293





FULL PAPER

B. Meunier and A. Robert

The chlorin-type structure of this adduct was confirmed by
UV/Vis (absgs,/absy, =0.16) and 'H NMR spectroscopy (NH
protons were detected at = — 1.51). The three protons of the
dihydropyrrole ring [6 =4.78 (H2'a), 4.41 (H3'a) and 3.98
(H3'8)] and the coupling between H2'a of the chlorin
fragment and H,C4 protons (1.4 and 1.6 ppm) of the §-
artemether moiety attested the monosubstitution of the
chlorin macrocycle by a C-alkylating species derived from (-
artemether. The 'H NMR spectrum of 11 indicated also that
the pB-artemether fragment was not extensively modified
during the reaction: the presence of the two H-C-CH;
patterns at positions 6 and 9 (H9 coupled with H10), and
the resonance of the function H-C10-OCH; (6 =4.25 and
3.10) were clearly a sign of the integrity of the S-artemether
moiety. H12 was detected at 6 =5.69, and the acetoxy ester at
position 12, which resulted from the cleavage of the C3-C4
bond, was also retained in the adduct; its methyl group was
detected at = —0.75. This unusual high-field chemical shift is
due to the probable position of this substituent in the shielding
zone of the tetraphenylchlorin core (for 'H NMR of such
shielded porphyrin substituents, see ref. [38]). The chemical
shifts of protons at positions 5, 5a, 7, 8, and 8a were similar to
those identified in the 4.

The dehydrogenation of the chlorin adduct 11 by DDQ was
performed to afford the corresponding porphyrin derivative
12 (Scheme 5). The seven S-pyrrolic protons were detected
with a similar shape as already described for the other
substituted porphyrin derivatives 5, 7, and 9. On the (-
artemether fragment, the most affected protons by the
oxidation of the chlorin ring were, as expected, H,C4 (6 =
3.04-2.72) and H,CS. The protons H12, H;C-CO-O-C12, and
HO-Cl12a (A0=+0.61, +2.65, and +0.62, respectively)
were also strongly deshielded. The other protons were
affected to a lesser extent: Ad=+0.35 (H5a), +0.37 (H6),
+0.27 (H9), and +0.33 (H and O - CHj at position 10).

This C-alkylation of a porphyrin cycle by an artemether-
derived radical indicated that, under these experimental
conditions, the alkylating properties of 1 and artemether are
very similar.

Conclusion

The results reported here clearly indicate that one of the
major modes of reactivity of 1 is the reductive activation and
the homolytic cleavage of its peroxide bond. One of the
resulting alkoxyl radicals undergoes a f-bond cleavage to
afford a nonsterically hindered C-centered radical, which acts
as a powerful alkylating agent. This feature is not restricted to
1 itself (or its hemi-synthetic analogue fS-artemether), but is
also a major mode of reactivity of a synthetic antimalarial
trioxane such as BO7.

These 1-type adducts confirm that in vivo these radicals
derived from endoperoxide-based antimalarial compounds
are probably able to alkylate either heme itself or parasitic
proteins. This alkylation process, which has been supposed to
occur at a pharmacologically relevant concentration of
drug,? would inhibit the proteases responsible for the
digestion of the hemoglobin of infected erythrocytes, thus
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starving the parasite of essential amino-acids. The alkylation
and inactivation of proteins involved in the heme polymer-
ization, namely the histidine-rich protein, would poison the
parasite with redox-active heme molecules (high heme
concentrations are supposed to be responsible for oxidant
stress within the cell, inducing a disruption of membranes and
have also been shown to inhibit a parasitic hemoglobinase).]
A heme species alkylated by a drug-derived radical may also
be the direct cause of death of the parasite through the
accumulation of a nonpolymerizable redox-active heme
adducts, or it could also behave as a suicide substrate for the
heme-polymerization enzymes.

Finally, the characterization of these covalent adducts,
which result from a C-alkylation of a heme model by radicals
derived either from 1, artemether, or a synthetic trioxane,
would be useful for the interpretation of mass spectra of
parasitic proteins alkylated by 1 and related derivatives. It will
also contribute to give better molecular bases for the rational
design of new synthetic antimalarial compounds that have an
endoperoxide function.

Experimental Section

Materials: Artemisinin was purchased from Aldrich. Dichloromethane
(stabilized with amylene) and hexane were supplied by Fluka had a low
content of evaporation residue (<0.0005%). All other commercially
available compounds and solvents were from Aldrich or Fluka. §-
artemether (Paluther®) was a gift from Rhone-Poulenc Rorer; BO7
((4aRS,7'aRS)-6',7'a-bis(4-fluorophenyl-4'a,7'a-dihydrospiro[cyclopen-
tane-1,3"-7'H-cyclopenta[1,2-e]-[1,2,4-trioxine], Fenozan-F50) was a gift
from Charles W. Jefford (University of Geneva). The tetra-n-butylammo-
nium borodeuteride was prepared by reaction of tetra-n-butylammonium
chloride with sodium borodeuteride 98 % D: NaBD; (100 mg, 2.4 mmol,
1.5 equiv) and NaOH (4 mg) were dissolved in deuterated water (1 mL).
This solution was mixed with a solution containing nBu,N*Cl~(443 mg,
1.6 mmol, 1 equiv) in D,O (1 mL), and stirred for 1 min. The resulting tetra-
n-butylammonium borodeuteride was extracted with dichloromethane
(5 mL). The organic layer was dried over sodium sulfate, and the product
was recovered by evaporation of the solvent to dryness (yield: 80%).
[IR(KBr) #=1756, 1721, 1681 cm~! (BD;)]. [Mn'"Y(TPP)Cl] was prepared
by metalation of chlorin-free H,TPP with Mn''(OAc),-4H,0 in DMF, in
the presence of 2.4,6-collidine.'”l Aluminium oxide 90, 70-230 mesh,
activity II-III (Merck) and silica 60, 70 -200 pum (SDS, France) were used
for column chromatography.

Instrumentation: FT-NMR spectra were recorded on Bruker spectrometers
AC200, AM 250, and AMX400. Chemical shifts are given with respect to
tetramethylsilane as an external standard and coupling constants are in
hertz. 6'H—0"C GE-HMQC (') and long-range HMBC (°J) proton-—
carbon correlations were used for complete attribution of the spectrum of
compound 4. UV/Vis measurements were carried out on a Hewlett—
Packard HP 8452A spectrophotometer. FT-IR spectra were recorded with
a Perkin—Elmer 1725X spectrometer. Mass spectra were recorded on a
Nermag R10-10H spectrometer. Optical rotation was measured with a
Perkin - Elmer 241 polarimeter with a 1 dm length optic pathway cell.

Synthesis of the tetraphenylchlorin-1 adduct (4): [Mn"(TPP)CI] (50 mg,
71 umol, 1equiv) and 1 (60 mg, 213 umol, 3 equiv) were dissolved in
dichloromethane (10 mL). This solution was carefully degassed and kept
under a nitrogen atmosphere. Tetra-n-butylammonium borohydride
(183 mg, 712 umol, 10 equiv) was then added as a solid. The mixture was
stirred at room temperature under nitrogen. The reaction was monitored
by UV/Vis spectroscopy from aliquots of the reaction mixture diluted in
CH,(Cl, under air. The spectrum with absorbances at 376, 472, and 646 nm
(relative intensities: 96/100/25) was typical of the Mn'"-chlorin type adduct.
After 80 min, the manganese(l) macrocyclic complex was demetalated in
situ. For this purpose, the reaction mixture was cooled with an ice bath and
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a previously degassed mixture of acetic acid and hydrochloric acid (95:5
v/v) was introduced with a syringe under N,. The stirring was continued for
30 min at room temperature to ensure a complete demetalation. Water
(20 mL) was added under air, the organic layer was extracted, washed with
water, dried over sodium sulfate, and evaporated to dryness. The covalent
adduct 4 was purified by chromatography on alumina with a dichloro-
methane/methanol mixture (99:1, v/v). (Yield=25% with respect to
metalloporphyrin. Under the same conditions, but with a molar ratio
metalloporphyrin/1 equal to 1:2, the yield of purified adduct was reduced to
17%). UV/Vis (dichloromethane): 4,,,, (rel. intensity) = 408 (sh), 418 (100,
Soret), 520 (11), 546 (8), 596 (7), 654 nm (15). The ratio absgs,/abs, 3 =0.15
is characteristic of a chlorin macrocycle; [a]s;s=—1110 (c=49 x 10 in
CH,Cl,); MS (DCI/NHZ): m/z (%): 843 (20), 842 (65), 841 (100) [MH"],
825 (5), 824 (8), 823 (13) [M — 18+H"]; 'H NMR (400.14 MHz, CD,Cl,):
0=28.58 and 8.60 (2 x d, 2H; pyr), 8.41 (s, 2H; pyr), 8.22 (m, 4H; pyr, Ph),
8.20 (d, 1H; Ph), 8.12 (d, 1 H; Ph), 8.02 (dd, 2H; Ph), 7.90 (m, 1 H; Ph), 7.7 -
78 (m, 13H; Ph), 4.70 (dd, 3J(H2'a,H3'a) =9 Hz, 3J(H2'a,HC4) =8 Hz,
1H; H2'a), 437 (dd, 2J(H3'a,H3'8) =19 Hz, 3J/(H3a,H2'a) =9 Hz, 1H;
H3'a),3.98 (d,2J(H38,H3'a) =19 Hz, 1H; H3'f), 1.46 and 1.69 (2 x m, 2 H;
H,C4), 1.00 and 1.25 (2 x m, 2H; H,C5), 0.52 (m, 1H; H5a), 1.06 (m, 1H;
H6), 0.69 (d, 3J(CH;,H)=6 Hz, 3H; H,C-C6), 0.80 and 1.52 (2 x 1H;
H,C7),1.30 and 1.69 (2 xm , 2 x 1H; H,C8), 1.30 (m, 1H; H8a), 3.09 (m,
1H; H9), 1.05 (d, 3/(CH;H) =7 Hz, 3H; H;C-C9), 3.79 and 4.10 (2 x d,
2J(H,H)=13 Hz, 2 x 1H; H,C12), 0.95 (s, 1H; HO-C12a), —1.50 (brs,
2H; NH); BC NMR (100.62 Mhz): 6 =169.1-111.9 (C1',C4'-20’, C-Ph),
44.70 (C2'), 41.65 (C3'), 35.46 (C4), 23.25 (C5), 53.20 (C5a), 34.31 (C6),
19.78 (H,C-C6), 33.48 (C7), 23.33 (C8), 47.18 (C8a), 33.37 (C9), 12.06
(H;C-C9), 172.66 (C10), 71.95 (C12), 72.13 (C12a); IR (KBr pellet): 7=
1734 cm™' (lactone).

Synthesis of the tetraphenylporphyrin-1 adduct (5): The chlorin adduct 4
(2.5 mg, 3 pmol) was heated at reflux with DDQ (2.3 mg, 10 pmol) in
dichloromethane (1 mL) for 30 min. The resulting product was purified by
column chromatography on silica gel (dichloromethane/methanol, 99:1, v/
v). The solution was evaporated to dryness to yield, quantitatively, the
porphyrin adduct. UV/Vis (dichloromethane): 4, (rel. intensity) =418
(100, Soret), 514 (4), 590 nm (< 1); MS (DCI/NH3): m/z (% ): 841 (22), 840
(64), 839 (100) [MH*], 822 (7), 821 (11) [M—18+H"]; 'H NMR
(250.13 MHz, CD,Cl,): 6 =8.89 and 8.87 (2 x d, 2H; H12', H13"), 8.82 (d,
3J(HH)=4.9Hz,1H; H7'),8.76 and 8.77 (2 x d, *J(H,H) =4.9 Hz,2 x 1 H;
H&,H17'),8.72 (brs, v;,=3.1 Hz, 1H; H3'), 8.63 (d, *J(H,H) =4.9 Hz, 1 H;
H18'),8.22 (m, 6H; Ph), 8.11 (m, 2H; Ph), 7.79 (m, 12H; Ph), 2.96 (dd, 2H;
H,C4),2.17 and 1.96 (2 x m, 2H; H,C5), 1.02 (m, 1H; H5a), 1.05 (m, 1H;
H6),0.89 (d,3/(CH;,H) =6 Hz,3H; H;C-C6), 1.81 and 1.5 (1.5 overlapped
with water signal, 2 x 1H; H,C7), 1.81 and 1.35 (2 x m, 2 x 1 H; H,C8), 1.35
(m, 1H; H8a), 3.22 (m, 1H; H9), 1.14 (d, 3J(CH;,H) =7 Hz, 3H; H;C-C9),
4.42 and 4.17 (2 x d, 2J(H,H) =13 Hz, 2 x 1H; H,C12), 1.24 (s, 1H; HO -
Cl12a), —2.85 (brs, 2H; NH). The resonances of H6, H,C7, H,C8, and H8a
were assigned by comparison with the spectrum of 4. In 1-dimensional
homonuclear-decoupling experiments, irradiation of the signal at 6 =2.96
produced a decrease of the width of the signal of H3' (6 =8.72, v,,=1.8 Hz,
instead of 3.1 Hz).

Synthesis of the deuterated tetraphenylchlorin-1 adduct ([D,]4): The
synthesis and work-up were the same as for 4, but with tetra-n-
butylammonium borodeuteride as reducing agent: [Mn"(TPP)CI]
(32 mg, 45 umol, 1equiv), 1 (42 mg, 150 pmol, 3 equiv), and tetra-n-
butylammonium borodeuteride (116 mg, 450 pmol, 10 equiv) in dichloro-
methane (10 mL); yield of [D,]4: 19% with respect to metalloporphyrin.
MS (DCI/NHY): m/z (%): 845 (25), 844 (64), 843 (100) [MH"], 826 (14),
825 (22) [M —18+H"]; '"H NMR (200.13 MHz, CD,Cl,): Signals were the
same as for 4 except for the following: 6 =4.70 (d, 3J(H2'a,HC4) =8 Hz,
1H; H2'a), 3.96 (s, 1H; H3'$), 4.03 and 3.75 (2 x s, 2 x 0.5H; HD-C12).
The signal at 4.37 (H3'a) disappeared.

Synthesis of the deuterated tetraphenylporphyrin-1 adduct ([D,s]5): This
compound was obtained in the same way as 5, but starting from the
deuterated chlorin derivative [D,]4 instead of 4. UV/Vis (dichlorome-
thane): A, (rel. intensity) =418 (100, Soret), 514 (5), 548 (2), 588 (2),
644 nm (1); MS (DCI/NHY): m/z (%): 843 (17), 842 (52), 841 (100), 840
(66), 839 (9); 'H NMR (250.13, CD,Cl,): Signals were the same as for §
except for the following: 6 =8.72 (brs, vy, =3.1 Hz, 0.5H; H3'), 4.33 and
413 (2 x5s,2x0.5H; HD-C12).
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Synthesis of the tetraphenylchlorin-BO7 adduct (6): [Mn!'(TPP)CI]
(20.1 mg, 28.6 umol, 1equiv) and BO7 (24.7 mg, 66.8 umol, 2.3 equiv)
were dissolved in dichloromethane (4 mL). This solution was degassed and
kept under nitrogen. Tetra-n-butylammonium borohydride (86 mg,
336 pmol, 12 equiv) was then added as a solid. The mixture was stirred at
room temperature for 6 h. After cooling the reaction mixture with an ice
bath, the manganese(i1) chlorin adduct was demetalated in situ by addition,
under N,, of a degassed mixture of acetic acid and hydrochloric acid (95:5,
v/v). The demetalation was continued for 30 min at room temperature.
Water was then added under air, the organic layer was decanted, washed
with water, dried over sodium sulfate, filtered, and evaporated to dryness.
The product was passed through a column of silica gel and eluted with a
mixture dichloromethane/methanol (99:1, v/v). Yield=45%. It has to be
noted that the recovered chlorin adduct 6 always contained 15 mol % of the
porphyrin analogue 7. When the reaction was performed at 40 °C instead of
room temperature, the molar ratio of chlorin/porphyrin adducts was 75:25.
UV/Vis (dichloromethane): 4,,,.(rel. intensity) =406 (sh), 418 (100, Soret),
516 (7), 546 (5), 596 (3), 650 nm (11); MS (DCINH3): m/z (%): 719 (14),
718 (49), 717 (100) [MH"] for 6, 716 (50), 715 (38) [MH*] for 7,714 (10), 288
(71) [M~] for 10, 271 (56); 'H NMR (250.13 MHz, CD,Cl,): 6 =8.57 and
8.59 (2 xd, 2H; Pyr), 8.40 (s, 2H; Pyr), 8.22 (2 x d, 2H; pyr), 8.20-7.70
(20H; Ph), 4.74 (dd, 3/(H2'a,H3'a) =9 Hz, 3J(H2'a,HC8)=8 Hz, 1H;
H2'a), 4.42 (dd, 2J(H3'a,H3') =19 Hz, 3J(H3'a,H2'a) =9 Hz, 1H; H3'a),
3.90 (dd, 2J(H3'8, H3'a) =19 Hz, 3/(H3', H2'a) =1 Hz, 1H; H3'p), 1.95,
1.60, 1.43, 1.14 (H,C8, H,C9, H,C10, H,C11), —1.54 (brs, 2H; NH). The
signals due to the porphyrin analogue 7 (see below for the characterization)
and the side product 10 (6 =7.45-7.55,7.02-7.12,6.11 (1H),4.90 (1H), 3.15
(2H))" were also present.

Synthesis of the tetraphenylporphyrin-BO7 adduct (7): The crude chlorin
adduct 6 (6.2mg, 9 umol) was heated at reflux with DDQ (7.0 mg,
31 mmol) in dichloromethane (5 mL) for 30 min. The resulting solution was
purified by chromatography on a silica gel column (dichloromethane/
methanol, 98:2, v/v). The solution was evaporated to dryness to afford the
porphyrin-BO7 adduct 7. UV/Vis (dichloromethane): 4, (rel. intensity) =
418 (100, Soret), 514 nm (5); MS (DCI/NHZ) = m/z (%): 717 (17), 716 (58),
715 (100) [MH*], 288 (52) [M*] for 10, 271 (29); '"H NMR (250.13 MHz,
CD,Cl,): 6 =8.90 (AB, 2H; H12', H13'), 8.81 (d, 1H; H7'), 8.75 (2 x d, 2 x
1H; H8, H17'), 8.69 (brs, v,,=2.6 Hz, 1H; H3'), 8.63 (d, 1H; H18), 8.21
(m, 6H; Ph), 8.12 (m, 2H; Ph), 7.77 (m; Ph), 2.87 (m, 2H; H,C8), 1.86 (m,
2H; H,C9), 1.57 (m, 2H; H,C10), 2.30 (t, 2H; H,C11), —2.85 (brs, 2H;
NH).

Synthesis of the tetraphenylchlorin-BO7 methyl ester adduct (8): The
crude product 6 (15mg, 21 pmol) was dissolved in dichloromethane
(0.5 mL), and methanol (2 mL) and concentrated sulfuric acid (10 drops)
were added. The mixture was heated at 60°C for 3h and stirred
magnetically. Stirring was continued at room temperature for 16 h and at
60°C for a further 4 h. After cooling, the reaction mixture was diluted with
water and neutralized with aqueous sodium hydroxide. The mixture was
concentrated under vacuum in order to eliminate methanol and then
extracted with dichloromethane. The organic layer was dried over sodium
sulfate and evaporated to dryness. Purification was performed by
chromatography over silica gel with a hexane/dichloromethane mixture
(gradient from 100:0 to 18:82, v/v). The methyl ester 8 was recovered by
evaporation of the solvent. UV/Vis (dichloromethane): A, (rel. in-
tensity) =370 (17), 410 (sh), 420 (100, Soret), 520 (8), 546 (6), 596 (4),
650 nm (17); MS (DCI/NHY) =m/z (%): 733 (15), 732 (52), 731 (100)
[MH*]; 'TH NMR (250.15 MHz, CD,Cl,): 6 =8.59 (2 x d, 2H; pyr), 8.41 (s,
2H; pyr), 8.22 (2 x d, 2H; pyr), 8.20-8.16 (m, 3H; Ph), 8.10 (d, 1H; Ph),
8.02 (dd, 2H; Ph), 7.90 (m, 1H; Ph), 7.7-7.8 (m, 13H; Ph), 4.74 (dd, *J
(H2a,H3a)=9Hz, */ (H2'a,H8)=7Hz, 1H; H2a), 442 (dd, *J
(H3a,H3'$)=19Hz, °] (H3a,H2'a)=9 Hz, 1H; H3'a), 3.88 (dd, %J
(H3BH3a)=19 Hz, *J (H3pH2a)=1Hz, 1H; H3'p), 3.47 (s, 3H; -
COOCH;), 191 (t, 2H; H,C11), —1.54 (brs, 2H; NH). The signals due to
H,C8, H,C9 and H,C10 were not identified, due to solvent impurities in the
region 0 =1.1-1.6

Synthesis of the tetraphenylporphyrin-BO7 methyl ester adduct (9): The
oxidation of compound 8 with DDQ was carried out as described above for
compound 7. The resulting porphyrin derivative was purified by chroma-
tography over silica gel with dichloromethane/methanol (99:1, v/v). The
pure product 9 was recovered by evaporation of the solvent. UV/Vis
(dichloromethane): 1,,,, (rel. intensity) =418 (100, Soret), 514 (5), 548 (2),
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588 (2), 644 nm (1); MS (DCINHY): m/z (%): 732 (3), 731 (16), 730 (56),
729 (100) [MH*], 728 (20) [M*]; '"H NMR (250.13 MHz, CD,Cl,): 6 =8.89
(AB, 2H; H12', H13'), 8.81 (d, %/ (H,H)=4.8 Hz, 1H; H7'), 8.75 (d, °J
(H,H)=4.8 Hz, 2H; H8', H17'), 8.68 (brs, v;,=2.5 Hz, 1H; H3'), 8.63 (d,
3J (H,H)=4.8 Hz, 1 H; H18), 8.22 (m, 6H; Ph), 8.12 (m, 2H; Ph), 7.7-7.8
(m, 12H; Ph), 3.62 (s, 3H; COOCHS), 2.86 (m, 2H; H,C8), 2.26 (t, 2H;
H,C11), 1.83 (m, 2H; H,C9), 1.57 (m, overlapped with water signal;
H,C10), —2.85 (brs, 2H; NH). Irradiation of the signal at 6=2.86
produced a decrease of the width of the signal of H3' (6 =8.68, v,, =1.1 Hz
instead of 2.5 Hz).

Synthesis of the tetraphenylchlorin-artemether adduct (11): [Mn'"/(TPP)Cl]
(23.6 mg, 33.6 umol, 1equiv) and p-artemether (29.3 mg, 98.3 umol,
2.9 equiv) were dissolved in dichloromethane (4 mL). This solution was
degassed and kept under nitrogen. Tetra-n-butylammonium borohydride
(69.2 mg, 269 umol, 8 equiv) was then added as a solid, and the stirring was
continued for 1 h at room temperature under nitrogen. A degassed solution
of Cd(NOs),-4H,0 (267 mg, 867 umol, 26 equiv) in dimethylformamide
(1.5 mL) was then added to the reaction mixture and stirring was continued
for 30 min. Water (10 mL) was then added under air, the organic layer was
extracted, washed with an aqueous solution of acetic acid (10 vol %) and
then with water, dried over magnesium sulfate, and evaporated to dryness.
Compound 11 was purified by chromatography over alumina with
dichloromethane/hexane as eluent (80:20, v/v) (yield: 26 % with respect
to the metalloporphyrin). UV/Vis (dichloromethane): A, (rel. in-
tensity) =370 (19), 408 (sh), 420 (100, Soret), 520 (8), 546 (6), 598 (3),
652 (16); [a]s;3=—2130 (¢=45x%107% in dichloromethane); MS (DCIU/
NHy): m/z (%): 917 (3), 916 (7), 915 (9) [MH*], 858 (7), 857 (28), 856 (71),
855 (100) [MH* — CH;COOH]; 'H NMR (250.13 MHz, CD,Cl,): 6 =8.57
and 8.59 (2 x d, 2H; pyr), 8.40 (s, 2H; pyr), 8.23 (d, 2H; pyr), 8.19 (d, 2H;
Ph), 8.13 (m, 1H; Ph), 8.08 (d, 1H; Ph), 8.01 (m, 3H; Ph), 7.77-7.65 (m,
13H; Ph), 478 (dd, 1H; H2a), 441 (dd, Y(H3'a,H3'5)=175 Hz,
SJ(H3a,H2a)=9.3Hz, 1H; H3'a), 3.98 (dd, 2J/(H3'f,H3a)=175 Hz,
3J(H3BH2a)=12Hz, 1H; H3B), 1.4 and 1.6 (2xm, 2H; H,C4), 1.5
and 0.85 (2 x 1H; H,C5), 0.50 (m, 1H; H5a), 1.02 (m, 1H; H6), 0.74 (d,
3J(CH;,H) =6.4 Hz, 3H; H;C-C6), 1.5 and 0.85 (2 x 1H; H,C7), 1.3 and
0.63 (2x1H; H,C8), 1.3 (1H; H8a), 2.18 (m, 1H; HY9), 0.71 (d,
3J(CH;H)=173Hz, 3H; H;C-C9), 425 (d, 3/(H10,H9)=3.7Hz, 1H;
H10), 3.10 (s, 3H; H;C-0-C10), 5.69 (s, 1H; H12), —0.75 (s, 3H; H;C-
CO-0-C12), 2.06 (s, 1H; HO-Cl12a), —1.51 (brs, 2H; NH). The
resonances of H,C5, H5a, H,C7, H,C8, and H8a were assigned by
comparison with the spectrum of adduct 4.

Synthesis of the tetraphenylporphyrin-artemether adduct (12): Compound
11 was heated at reflux in dichloromethane with DDQ (3 equiv) as
previously described for compound 5. The crude solution was chromato-
graphed on neutral alumina (dichloromethane/methanol, 97:3, v/v). The
resulting solution was washed with a diluted aqueous solution of sodium
hydroxide (pH =7), then with water, and dried over magnesium sulfate.
The pure adduct 12 was recovered by evaporation of the solvent under
vacuum. UV/Vis (dichloromethane): 1,,,, (rel. intensity) =418 (100, Soret),
514 (5), 548 (1), 588 (1), 642 nm (< 0.5); MS (ES*): m/z (%): 913.5 (21)
[MH*], 853.4 (100) [MH* — CH;COOH]. By analysis in DCI/NH{, only
the m/z =853 (with correct isotopic pattern) was detected; 'H NMR
(250.13 MHz, CD,Cl,): 6 =8.89 (AB, 2H; H12', H13'), 8.81, 8.76, 8.69, and
8.63 (4 x d,*J(HH)=4.7 Hz, 4 x 1H; H7', H8, H17, H18'), 8.75 (brs, 1 H;
H3'), 8.22 (m, 6H; Ph), 8.07 (m, 2H; Ph), 7.80-7.75 (m, 12H; Ph), 6.30 (s,
1H; H12), 4.58 (d, 3/(H10,H9) =3.7 Hz, 1H, H10), 3.43 (s, 3H; H;C-O-
C10), 3.04-2.72 (m, 3H; H,C4, HCS), 2.68 (s, 1H; HO-C12a), 2.45 (m,
1H; H9), 1.90 (s, 3H; H;C-CO-0-C12), 1.84-1.71 (3 xm, 3H), 1.60—
1.55 (2H), 1.39 (m, 1H; H6), 1.00-0.95 (2H), 0.91 (d, *J(CH;,H) =73 Hz,
3H; H;C-C9), 0.84 (d, 3J(CH;H) =63 Hz, 3H; H;C-C6), —2.84 (brs,
2H; NH).
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The Self-Assembly of Inorganic Mimics of Copper Oxidases and Oxygenases:

A Theoretical Study

Attila Bérces*

Abstract: We applied gradient-correct-
ed density-functional and continuum-
dielectric theories to calculate the for-
mation energy of [L,Cu,O,]"" clusters
{L = N-permethyl-(1R,2R)-cyclohexene-
diamine; n=1, 2, 3, 4} by self-assembly
reaction in the gas phase and in CH,Cl,
solution. The calculated gas-phase ener-
gies of formation of the mono-, bi-, tri-
and tetranuclear clusters are — 117, — 74,
—10 and +171 kJmol™!, respectively,
relative to one mole of mononuclear
Cu'L complex. The solvation energy
contributions to the same reactions in
CH,Cl, are -6, —70, —149 and
—220 kJmol~!, while total energies of
formation in CH,Cl, are —123, —144,

Under these conditions the trinuclear
product is the most stable, consistent
with the recent discovery of the Cu;0,
cluster (A.P. Cole et al. Science 1996,
273, 1849). The electronic structure of
L;Cu;03* has a °E’ ground state, in the
idealised highest symmetry Dj, confor-
mation, that is subject to Jahn-Teller
distortion with two isoenergetic C,,
components of the A, and 3B, electron-
ic states. The experimentally character-
ised structure is consistent with the 3B,

Keywords: bioinorganic chemistry -
copper density  functional
calculations - multicopper oxidases -
solvent effects

(®°B under C, symmetry) electronic state
with one pair of short and two pairs of
long Cu-O bonds. The L;Cus(u-n*:1°-
O,) isomer also has a stable structure,
but it is 162 kJmol~! higher in energy
than its oxo analogue. Bidentate ligands
are found to be more favourable than
tridentate ones for the energetics of
Cu, - O, clusters; this is consistent with
a structural reorganisation of the oxy-
hemocyanin active site upon oxygen
binding. On the basis of these results,
the trinuclear Cu;0, clusters are unlike-
ly to be formed under biological con-
ditions in multicopper oxidases as stable
intermediates. The formation of the
Cu;0, in the self-assembly reaction is

—159 and —49 kJmol™!, respectively.

Introduction

The self-assembly approach to the synthesis of Cu,-0O,
clusters from monomeric LCu' complexes and O, has recently
lead to the discovery of inorganic clusters with Cu,(u-1%:5?-
0,)-, Cuy(u-0),- and Cusz(u-O),-core structures, which resem-
ble experimentally characterised or hypothetical intermedi-
ates in the copper-catalysed biological activation of dioxygen
(Scheme 1). The binuclear enzymes oxyhemocyanin!'! and
oxytyrosinase? with Cu,(u-1?:7>0,) active sites carry and
activate dioxygen, respectively, through a two-electron reduc-
tion of O, to peroxide. Inorganic mimics of the oxyhemocya-
nin, [L,Cu,(u-n*:n*-0,)]** with L=14,7-triisopropyl-1,4,7-
triazacyclononane (1A) and hydrotris(3,5-diisopropyl-1-pyr-
azolyl)borate (2), have recently been synthesised with the
self-assembly approach by Tolman etal.Pl and Kitajima

[*] Dr. A. Bérces
Steacie Institute for Molecular Sciences
National Research Council of Canada
100 Sussex Drive, Ottawa, Ontario, K1A 0R6 (Canada)
Fax: (+1)613-954-5242
E-mail: attila.berces@nrc.ca
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controlled by solvation effects.

etal.lll| respectively. Tolman and co-workers found that
whereas 1A was obtained in dichloromethane, its
Cuy(u-0O),-core isomer (1B) was formed in THF. Further,
the two isomers readily interconverted upon changing the
solvent.’l The experimentally observed interconversion be-
tween the Cu,(u-7*:1?-0,)- and Cu,(u-O),-core isomers sup-
ports previous suggestions that such isomerisation is the key
step in the biological evolution and activation of the O-0O
bond.[

Most recently, Cole et al. reported the self-assembly syn-
thesis of a trinuclear copper—dioxo cluster, [L;Cu;O,]** {L =
N-permethyl-(1R,2R)-cyclohexenediamine} (3) with a Cus(u-
0), core.ll Although such an intermediate has never been
observed, the active site of the fully reduced form of ascorbate
oxidase contains a trinuclear copper centre with an average
Cu-Cu distance of 4.5 A that is structurally suitable to
accommodate an intermediate with a Cu;O,-core. Multi-
copper oxidases, laccase, celluroplasmin and ascorbate oxi-
dase all have a trinuclear copper active site to catalyse the
four-electron reduction of O, to H,O.l Although these
enzymes have been structurally characterised,” the inter-
mediates of dioxygen reduction are not well understood.!']
The synthesis of 3 makes it possible to characterise the Cu;0,
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Scheme 1. The possible products of the self-assembly reaction between
Cu'L and O,.

chromophore and assist in the identification and detection of
such transient forms in biological systems if they exist.
Besides its biological relevance, 3 represents the first
example of 3:1 (metal:0,) stoichometry in reactions between
metal complexes and dioxygen; these normally proceed with
1:1, 2:1 and 4:1 (metal:O,) stoichometry. To understand the
driving forces of the self-assembly reaction that yielded this
cluster with an unusual composition, we carried out density-
functional calculations for the binding energy of the novel,
experimentally observed, trinuclear cluster [L;Cus(u-O),]**
{L = N-permethyl-(1R,2R)-cyclohexene-diamine} (3) and its
mono-, bi- and tetranuclear analogues [LCuO,]" (4),
[L,Cu,0,)** (5) and [L,Cu,O,]*" (6), respectively. The present
calculations are based on density-functional theory (DFT) at
generalised gradient approximation (GGA) level and include
scalar relativistic corrections in the Hamiltonian (see Com-
putational Details), which have proved to be successful for the
calculation of the energetics, structures and spectroscopic
properties of transition metal systems.'!! We applied this

1298 ——
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method to calculate the electronic structure, energetics and
properties of inorganic mimics and models of the binuclear
copper active site of oxyhemocyanin and oxytyrosinase.['”
Since experimental evidence shows the importance of solva-
tion effects, we augmented the electronic structure calcula-
tions with solvation energy calculations based on continuum-
dielectric theory.

We were also interested in the qualitative molecular orbital
structure of the Cu;O, chromophore that can be best studied
with the model system [{Cu(NH,),};(u-O),]** (7). Model
compounds, such as 7, can accurately reproduce structural and
spectral properties of the Cu,O, chromophore of larger
inorganic or biological systems and they provide a basis for
selecting the ground electronic state.'” For the accurate
calculation of binding energetics the ligands have to be taken
into account explicitly; this makes it necessary to optimise the
geometry of 3, 5§ and 6 with 107, 72 and 142 atoms and 282, 192
and 372 valence electrons, respectively. Such demanding
calculations were made possible by efficient algorithms
implemented in the Amsterdam Density-Functional (ADF)
program, custom-modified geometry optimisation and paral-
lel computer technology (see Computational Details). The
decomposition of the dioxygen binding energy into ligand
strain, orbital interaction and steric repulsion components
makes it possible to understand the different contributions to
the energetics, and to extend some of the conclusions to
related biological systems.

Computational Details

DFT calculations: The reported calculations were carried out with the
ADF program system, version 2.3, derived from the work of Baerends
et al.l'" and developed at the Free University of Amsterdam!**! and at the
University of Calgary.l') All optimised geometries calculated in this study
are based on the local density approximation!'’! (LDA) augmented with
gradient corrections to the exchangel'®®! and correlation potentials.['*]
These calculations also include quasirelativistic corrections to the Hamil-
tonian introduced by Snijders et al.l'¥ Schreckenbach et al. have imple-
mented the analytical energy gradients based on quasi-relativistic DFT
methods.['”) The optimisations were carried out by the direct inversion of
iterative subspace for geometry (GDIIS) technique®! with natural internal
coordinates.”!l We have combined the ADF and GDIIS programs®! and
implemented the skeletal internal coordinates.”” The internal coordinates
were generated by the INTC program®! and augmented by hand.

The atomic orbitals for copper were described by an uncontracted triple-§
STO basis set,®! while a double-& STO basis set was used for carbon,
nitrogen, oxygen and hydrogen; a single-{ polarisation function was used
on all atoms. The 1s? configuration of carbon, nitrogen and oxygen as well
as the 1s22s2p® configuration of copper were assigned to the core and
treated by the frozen-core approximation.”! A set of auxiliary s, p, d, f, g
and h STO functions, centred on all nuclei, was used in order to fit the
molecular density and represent the Coulomb and exchange potentials
accurately in each SCF cycle.?]

The numerical integration-accuracy parameter that approximately repre-
sents the number of significant digits for the scalar matrix elements was
gradually increased to 4.5 until convergence with respect to integration
accuracy was reached. This numerical accuracy is sufficient to determine
energies within a fraction of a kimol-! and bond distances within 0.001 A
(which is more accurate than predicted by the definition of the numerical
integration-accuracy parameter). The scalable numerical accuracy imple-
mented in the ADF program makes it possible to significantly reduce the
computational cost at the initial stages of geometry optimisation when the
gradient is still large. These calculations were carried out on a multi-
processor SGI Origin 2000 workstation.
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We did not take into account some effects such as finite temperature, zero-
point energy corrections and basis-set superposition error. Most of the
error in the final results should be related to these neglected effects and not
to error in the DFT energies. Gradient-corrected DFT calculations have
repeatedly been shown to provide exceptionally good energetics for
transition metal systems.??”!

Solvation energy calculations: We fitted a set of point charges to reproduce
the electrostatic potential from the density-functional calculations using
the total net charge and the dipole moment as constraints with a modified
version of the CHELPG program by Breneman and Wiberg.?® The fitted
points lay on a cubic grid between the van der Waals radius and the outer
atomic radius with a spacing of 0.2 A. The outer radii for all atoms are 5 A,
whereas the van der Waals radii for copper, carbon, nitrogen, oxygen and
hydrogen are 1.5, 1.7, 1.55, 1.4 and 1.2 A, respectively. The solvent-reaction
field potential due to the fitted ESP charges was calculated by solving the
Poisson —Boltzmann equation with the Macroscopic Electrostatics with
Atomic Detail (MEAD) program developed by Bashford.™ In the
solvation-energy calculations, the solute molecule within the interior
region was assigned a dielectric constant of ¢ =1, while the outside region
was assigned the experimental dielectric constant of the solvent. The solute
interior was defined as the region inaccessible to any part of a probe sphere
with a radius r=2.8 A, rolling on the molecular surface of the atomic
spheres.

Results

Electronic structure of L;Cu;03": Based on formal electron-
counting, the three CulL fragments of complexes 3 and 7
donate a total of four electrons to O,; this gives rise to one d®
and two d’ copper centres. The d® centre is expected to be low
spin, whereas the two d° centres can interact either ferro-
magnetically or antiferromagnetically to yield a triplet or a
singlet state, respectively. Depending on the strength of the
antiferromagnetic interaction, the unpaired electrons of the d’
copper centres can either be localised or delocalised. The
localised state can be studied within the single-determinant
formalism by the broken symmetry (BS) method combined
with spin-projection techniques introduced by Noodleman.*%
We have studied the singlet, triplet and BS states of the Dj,
and C,, symmetry conformations of 7. The BS calculations
with Ci-symmetry restriction on the wavefunction and C,,- or
D, -symmetry restriction on the geometry initially gave a
wavefunction with broken symmetry, but the Cu- Cu distance
fell below the bifurcation point during the optimisation, and
resulted in a delocalised electronic structure at the optimised
geometry.

The discussion of the electronic structure of 7 and the
Cu;0, chromophore is most conveniently carried out by
consideration of the highest Dy, symmetry structure; this
enables us to correlate the MOs with the o, 0%, m and m*
orbitals of the O, fragment. Each Cu'L, fragment with 14
valence electrons has an occupied high-energy frontier orbital
of b, symmetryP! that forms a combination of an a; and a
degenerate pair of e” orbitals in the D3, conformation of
(Cul,,); (Figure 1). The a} and e” orbitals can interact with the
o* and mt* orbitals, respectively, of the O, fragment. The
density contour plots of the bonding (6a7) and antibonding
(7a5) combinations between the o* O, orbital and the a5 CuL-
fragment orbitals are shown in Figures 2a and 2b, respectively.
The two degenerate components of the 8e” orbitals (Fig-
ures 3a and 3b) are mainly antibonding between the CulL-
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Cu302L63+ 02

Figure 1. Orbital correlation diagram for L;Cu;O3".

Figure 2. Orbital contour plots of: a) Bonding 6 a; orbital; b) antibonding
7 a, orbital.

Figure 3. Orbital contour plots of the two degenerate components of the
8e” orbital: a) b, symmetry component; b) a, symmetry component in C,,
point group.

fragment and the m* O, orbitals, with anisotropic Cu-0O
interactions between the individual components. The 8¢” and
the 7a; molecular orbitals are close in energy, which gives rise
to four different states with small energy separations. The
lowest energy E’ state arises from the occupation of the 7ay
orbital by one electron, and one electron shared between the
two components of the 8e” orbital. The next lowest energy
state is the >Aj with both unpaired electrons residing on the
8e” orbital. In the lowest energy singlet state (S;), the 7a)
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orbital is doubly occupied and the 8e” level is empty. A higher
energy singlet state (S,) arises from the double occupation of
the 8e” level and an unoccupied 7a; level.

The fractional occupation of the 8¢” level in the 3E’ state
makes this lowest energy electron configuration Jahn - Teller
unstable. Two isoenergetic C,,-symmetric Jahn-Teller com-
ponents of the A, and *B, electronic states arise from the
occupation of the b, (Figure 3a) and the a, (Figure 3b)
components of 8e” orbital. The b, component is strongly
antibonding between the symmetry-unique copper (Cu2) and
the oxygens, whereas it is nonbonding between the two
symmetry-related copper atoms (Cul and Cul’) and the
oxygens; this explains why this state prefers a geometry with
one pair of long and two pairs of short Cu—O bonds. The a,
orbital is strongly antibonding between the symmetry-related
copper atoms (Cul and Cul’) and the oxygens. The inter-
action between the symmetry-unique copper (Cu2) and the
oxygens is also antibonding, but it is much weaker due to the
smaller overlap between the parallel d- and m-type orbitals.
The population of the a, component yields a preferred
geometry with one pair of short and two pairs of long Cu-
O bonds.

We carried out calculations on the hypothetical Cus(u-7*:1°-
O,)-core isomers of 3 and 7, which have similar orbital
interactions to the Cu;(u-O), chromophore. The difference
between the electronic structures of the Cus(u-1%:%?-0,) and
Cu;(u-O), chromophores is analogous to the difference found
between their binuclear equivalents Cu,(u-7?>:7>-O,) and
Cu,(u-O),-core.’ The o* orbital of the peroxide and the
corresponding 7a5 antibonding orbital are higher in energy
than the corresponding levels of the oxo isomer; this leaves
the 7a; level unoccupied and yields a Jahn - Teller stable 3A
ground state.

Core geometries of L,Cu, 05" clusters: The optimised bond
lengths of different electronic states and conformational
isomers of 7 are listed in Table 1. With D;, symmetry the
Cu-0O bond lengths lie between 1.95 and 1.96 A for the
different electron configurations. The Cu - Cu distances differ
more substantially among the different states. The double
occupation of the 7 a5 orbital in the S, state yields the longest
Cu-Cu bond length of 2.71 A, while the shortest Cu—Cu
bond of 2.64 A arises from the occupation of the 8¢’ orbitals
of the S, state. The O —O bond lengths of different states of 7
vary between 2.36 and 2.44 A, while the Cu—N bond lengths
lie between 2.02 and 2.06 A. The two C,,-symmetric Jahn -
Teller components of the *E'’ state of 7 have short and long sets
of Cu-Cu, Cu-0O and Cu-N bonds. These distances fall
within the range found for the D, conformers with the
exception of the Cu- O bonds. For the inorganic system 3 we
optimised the geometry of the B and °E’ electronic states in
the C,- and D;-point groups. In order to study the possible
energetic differences between the two Jahn-Teller compo-
nents in the reduced C, symmetry, we introduced an
intermediate model between 3 and 7, in which the methyl
groups of 3 were replaced by hydrogen atoms (8). Table 2
includes the calculated geometries of 3 in °B and *E’ states and
those of 8 in 3B and 3A states.

1300 —

Table 1. Relative energies [kJmol~'], geometrical parameters [A], partial
charges, spin densities and Hirshfeld charges of [{Cu(NH;),};(0,) **.

Exp. Cy, Dy,
electronic state - B, A, E 3A S, S,
E [kJmol™!] - 0.000  0.004 0.068 0309 0.391 0.718
Cul-Cu2 2.705 2761 2715 2725 2.678 2730 2.665
Cul -Cul’ 2.641 2.700 2.780 - - - -
Cul-0O 2.01 1.998 1.921 1.952 1.947 1956 1.946
Cul-0O 1.98 1.998 1.921 1.952 1.947 1956 1.946
Cu2-0O 1.83 1.895 2.024 - - - -
O0-0 2.37 2293 2295 2309 2366 2315 2383
Cul -NI1 2.01 2.029  2.002 2.015 2.027 1.998 2.029
Cul’-=N1’ 2.04 2.029  2.002 2.015 2.027 1.998 2.029
Cu2-N2 1.95 1.986  2.039 - - - -
qCul - 0.77  0.88 083 083 083 083
qCu2 - 096  0.75 - - - -
qO - -072 -072 =072 -072 -0.72 —0.73
QapCul - 038  0.16 026 031 - -
apCu2 - 002 044 - - - -
QapO - 047 048 048 028 - -
Hirshfeld
qCul - 049 046 048 048 048 047
qCu2 - 046 051 - - -
qO - -029 -0.29 -029 -029 -032 —-029

Table 2. Geometrical parameters [A], partial charges, spin densities and
Hirshfeld charges of [{CuL};(O,)]**, L = N-permethyl-(1R,2R)-cyclohex-
enediamine (3), L = (1R,2R)-cyclohexenediamine (8).

Exp.l 3,C 3, D, 8, G, 8, G,
electronic state  — B E ‘B SA
Cul -Cu2 2.705 2.654 2.701 2.736 2.675
Cul -Cul’ 2.641 2.684 - 2.639 2.727
Cul-0O 2.01 1.974 1.955 1.981 1.918
Cul-0O 1.98 1.973 - 1.987 1.918
Cu2-0 1.83 1.911 - 1.888 2.009
0-0 2.37 2.405 2.359 2.335 2.341
Cul -N1 2.01 2.063 2.045 2.033 2.006
Cul’-N1 2.04 2.060 - 2.034 2.002
Cu2-N2 1.95 2.050 - 1.990 2.045
qCul - 0.67 0.70 0.69 0.78
qCu2 - 0.74 0.70 0.85 0.67
qO - —-0.77 —-0.75 -0.73 —-0.73
qapCul - 0.32 0.25 0.35 0.17
QapyCu2 - 0.17 0.25 0.07 0.43
QapyO - 0.26 0.40 0.45 0.45
Hirshfeld
qCul - 0.45 0.46 0.43 0.45
qCu2 - 0.46 0.46 0.47 0.42
qO - —-0.31 —-0.31 —-0.33 —-0.33
[a] Ref. [8].

We selected the ground electronic states and the most

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

stable core isomers of the mono-, bi-, tetranuclear analogues
of 3 on the basis of small model systems containing ammonia
ligands and optimised only the ground state of the most stable
conformers of 4, 5 and 6. The mononuclear LCuO3 complex 4
has a *B ground state in C, symmetry and the O, group is
coordinated side-on. The bis-peroxo form of the binuclear
cluster 5 in D, symmetry has a singlet ground state. The
tetranuclear complex 6 with Cu,(u-O),-core has a Jahn-—
Teller unstable *E ground state in the D,-symmetric con-
formation that distorts into D, symmetry. Calculations on the
model complex [{Cu(NH;),},(u-O),]** (9) showed that the
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Jahn-Teller stabilisation is about 10 kJmol-!, although it
involves significant changes in the Cu-Cu distances. We
optimised the geometry of 6 in D, symmetry, since the benefit
from doing the calculations in D, symmetry would not justify
the cost. The most important structural parameters for 4, §
and 6 are listed in Table 3.

Table 3. Geometrical parameters [A] of [{CuL},(O,)]"*, L = N-permethyl-
(1R,2R)-cyclohexenediamine} n=1, 2, and 4 ; (4, 5, and 6, respectively).

4 5 6
coordination mode  side-on peroxo 0X0
symmetry G, D, D,
electronic state B A E
Cul -Cu2 - 3.529 2.572
Cul-0 1.986 1.923 2.140
0-0 1.327 1.527 2.256

Population and charge analysis of L;Cu;03": The partial
charges and net spin populations of copper and oxygen atoms
from a Mulliken type population analysis of 7 are listed in
Table 1. In addition we carried out a Hirshfeld charge analysis,
which is a more realistic representation of the charge
distribution in the molecule. The charges in the Hirshfeld
analysis are weighted by the density of the contributing atoms
or fragments.’¥ This analysis allows one to calculate the net
charge transferred between reactants by carrying out the
analysis with the reactants as fragments. Applying this
analysis to the B state of 3 in C, symmetry, the symmetry-
unique and the symmetry-equivalent LCu! fragments donate
0.53 and 0.34 electrons per fragment, respectively, with the
total of 1.2 electrons transferred to the O,.

The Mulliken and the Hirshfeld charges on the oxygen of 7
are —0.72 and —0.29, respectively, and they are mostly
independent of the electronic state. The Mulliken charges on
the copper centres of 7 are between 0.77 and 0.96, while the
Hirshfeld charges lie in a narrow range of 0.47 to 0.51. The
spin population analysis shows that the net spin density is
almost equally divided between the Cu and the O atoms in the
triplet state. In the two C,,-symmetric Jahn - Teller structures
the symmetry-unique and the symmetry-equivalent copper
atoms have distinctly different spin populations. In the °B,
state the spin population of the symmetry-unique atom is
zero, while the symmetry-equivalent coppers have a net spin

Table 4. Binding energy decomposition [kJmol~'].l2l

of 0.38. On the other hand, in the *A; state the symmetry-
unique copper has a large spin density of 0.44, whereas the
symmetry-related copper atoms have a smaller spin density of
0.16.

Binding energy decomposition of L,Cu,0%, L;Cu;03" and
L,Cu,0%": More insight into the bonding can be gained
through a bond analysis developed by Ziegler and Rauk[3¥
based on a breakdown of the binding energy into different
components. Jacobsen et al. applied this approach successfully
to other bridged metal complexes. Although this procedure
is quite mathematical, the aim is to explain bonding in three
simple terms: orbital interaction energies (AE,), steric
interaction (AE") and preparation energy (AE,.,) [Eq. (1)].

AEbinding = AE‘e] +AE"+ AE‘prep (1)

The binding energy (AE;,q,) in our calculations represents
the reaction energy of dioxygen addition to one, two, three or
four Cu'L fragments; the corresponding results are summar-
ised in Table 4. The term AE,, represents the main features of
the common theory by Parr and Pearson in which the binding
energy is related to the differences in electronegativity and
hardness between interacting fragments.’) The electronic
contributions in our system arise from the donation of copper
d electrons into the w* and o* orbitals on the oxygen. The
steric interaction term arises from the competing attractive
Coulomb electrostatic and the dominating repulsive Pauli
interactions. The preparation energy reflects the rigidity of
the ligands. This energy is required for the deformation of the
separated fragments from their initial equilibrium position to
the conformation in the final complex. The deformation
energy includes the energetic cost of stretching the O-O
bond of dioxygen to the O—O distance in the final complex;
we have included this separately from the ligand deformation
energy in Table 4.

In Table 4, we listed the important contributions to the
binding energies of mono-, bi- tri-, and tetranuclear L,Cu, O%"
clusters including two isomers of a binuclear cluster with
triazacyclononane-supporting ligands (10A and 10B) from
previous calculations.'¥] The ligand preparation energy rep-
resents a relatively small contribution to the total binding
energy; this means that the ligands are already constrained in
the reactants to a conformation close to that found in the

4 10A 5 10B 3 7 6
symmetry & C D, Ca Ds Ds D,
ligand coordination bidentate tridentate bidentate tridentate bidentate bidentate bidentate
O, coordination peroxo peroxo peroxo (u-0), (u-0), (u-0), (u-0),
AE,,, ligand 9 17 24 60 18 N/A 41
AE,., O, 22 100 147 - 616 634 597
Electronic contributions (AE,)
0% ¥ —-310 - 610 — 827 —1601 —2007 — 1896 —2233
Steric interactions (AE’)
Pauli repulsion 398 812 1073 1778 1877 1797 1625
Coulomb electrostatic —252 —291 —369 —800 —258 —282 192

[a] AE corresponding to nCu'L + O, —L,Cu,O,. Only the terms discussed in the text are listed. Calculations on 10 A and 10 B from ref. [13]. See Schemes 1

and 2 for numbering of systems.

Chem. Eur. J. 1998, 4, No. 7
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products. The same is not true for model systems with
ammonia ligands, which lack the proper geometrical con-
straint to represent the ligand conformation energies, but are
successful in reproducing the other energy terms. The O,
preparation energy is significantly higher for the oxo isomers
than for the peroxo isomers; this indicates that it takes more
energy to break the O—O bond of dioxygen than to elongate
it to a peroxide bond length. As we have previously shown,
with the examples of 10 A and 10B, the (#-O), isomers have
more attractive orbital interactions than the (u-1%:7>-O,)
isomer. These interactions are offset by the energetic cost of
breaking the O—-O bond and by the more repulsive steric
interactions of the (u-O), isomer.[' The formation of the (u-
0), clusters requires the breaking of the O-O bond by
electron donation into the o* orbital, whereas the o*
interaction energy of the (u-7*:1*-0,) isomer is insignificant.
In order to study trends with respect to cluster size one has to
treat the peroxo and the oxo isomers separately; this limits the
comparison to two pairs, the mono- and binuclear peroxo
complexes, and the tri- and tetranuclear oxo complexes.
Within this limited sample the orbital interaction energies are
somewhat more attractive, but the steric interaction energies
are more repulsive with increasing cluster size. Both the Pauli
and Coulomb interactions become more repulsive (or less
attractive) as the number of copper atoms in the coordination
sphere increases.

To calculate the relative stabilities of different cluster sizes,
we need to calculate reaction energies relative to a given
amount of limiting reagent, the Cu'L complex. Accordingly,
the overall reaction energies of Cu'L +1/n O, —1/nL,Cu,O,
reactions for the mono-, bi-, tri- and tetranuclear clusters 4, 5,
3 and 6 are —117, —74, —10 and + 171 kJ mol~}, respectively.
The reaction energy of the (u-1*:7>-O,) isomer of 3 is
162 kJmol~! above that of the (u-O), isomer.

Solvation energies and relative stabilities: We calculated the
solvation energies of the reactants and the products of the
self-assembly reactions using a dielectric constant of 9.2 and a
probe radius of 2.8 A in the dielectric-continuum calculations,
which correspond to the CH,Cl, solvent of the experiment
that yielded 3.81 The calculated solvation energies of the
reactant 11, and the mono- bi-, tri- and tetranuclear products
4, 5, 3, and 6) are —166, —172, —472 —946 and
—1544 kJmol~!, respectively. The contribution from the
solvation energy to the reaction energy for the formation 4,
5, 3 and 6, from one mole of mononuclear complex 11, is — 6,
—70, —149 and —220 kJ, respectively. The combined quan-
tum-mechanical binding and solvation energies of formation
of 4, 5,3 and 6 and are — 123, — 144, —159 and —49 kJmol !,
respectively, relative to one mole of mononuclear complex.

The two Jahn —Teller components of 7 and 3 have different
charge distributions, which may lead to different solvation
energies. The calculated solvation energies of the B and A
Jahn-Teller components of model complex [L;Cu;O,]**
(L=(1R2R)-cyclohexene-diamine, 8) were 1057 and
1062 kI mol~!, respectively. While solvation makes the 3A
state lower in energy by 5 kJmol!, the gas-phase bonding
energy favours the *B state by only 0.5 kJ mol~L

1302
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Discussion

The calculated core geometry of the various conformations
and states of 7 can be compared with the experimentally
determined X-ray structure of 3 (Table 1). One of the C,,-
symmetric Jahn-Teller components of the lowest energy
state, the *B, state, has a geometry with a pair of short and two
pairs of long Cu-O bonds that corresponds to the observed
core structure of 3.

The two calculated symmetry-inequivalent Cu—O bond
lengths are close to the experimental values, although the
calculation underestimates the anisotropy. The differences in
the inequivalent Cu— O bond distances are 0.17 and 0.10 A in
the observed and calculated structures, respectively.

The calculated and experimental distances of the shorter
Cu-0 bond are 1.83 and 1.90 A, respectively. Such short Cu—
O bond lengths have been found in solid-state materials, such
as KCuO,, and recently in the Cu,(u-O),-core isomer of 1
(1B). The oxidation state of copper in such complexes has
been characterised as Cu'. The longer Cu—O bonds are
2.00 A as determined both by experiment and calculations;
this is a typical bond length for Cu'-O systems. One may
conclude from these structural data that 7 and 3 are mixed-
valent compounds, with CuCu'’Cu" oxidation states.!®! The
Mulliken charges on the symmetry-unique and the symmetry-
related copper atoms of the B, state of 7 and that of the
isolated Cu'L fragment are 0.96, 0.77 and 0.55, respectively.
Accordingly, twice as much charge is transferred to the
symmetry-unique copper atom than to the symmetry-equiv-
alent ones.

The Hirshfeld analysis of the 3B state of 3 supports the
anisotropic charge transfer of 0.53 and 0.34 electrons from the
symmetry-unique and the symmetry-equivalent LCu! frag-
ments, respectively. The net spin population of the symmetry-
unique copper in the 3B, state is almost zero and that of the
two other coppers is 0.4. These findings are consistent with the
previous characterisation of 3 as a mixed-valence CuCu'*
Cu! cluster in a triplet state due to the parallel alignment of
the spins of the symmetry-related copper atoms.[’] However,
one should not read too much significance into these
qualitative descriptions based on integer oxidation numbers
or conclude that the fourth electron is supplied by the
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symmetry-unique Cu™ atom. The other Jahn - Teller compo-

nent of the same system could not be properly described with
integers for the oxidation states of copper. The larger charge
transfer from the symmetry-unique atom of the 3B, state of 7
is a consequence of Jahn —Teller distortion. These calculations
predict that the Jahn-Teller stabilisation energy is only
6 kJmol~!, thus the two Jahn-Teller components are in
equilibrium in solution. The calculation indicates a high
degree of covalency between copper and oxygen for both
isomers, and thus explains why the formal oxidation states and
calculated charges are so different. Therefore, 7 and 3 are best
described as Jahn-Teller distorted, average valence, highly
polarised, covalent compounds.

Our calculations on the model system 8, in which the methyl
groups are replaced by hydrogens, predict that the energies of
the two Jahn-Teller components are within 0.5 kJmol~' in
favour of the °B state, whereas solvation energy favours the
3A state by 5 kJmol~. It is not contradictory that the crystal
geometry preferred is the 3B state, since crystal packing forces
can make a significant energetic difference between the two
isomers.

The self-assembly synthesis of M, O, complexes can yield a
variety of different cluster sizes and core isomers depending
on the coordinating ligand and the solvent. The substituted
tridentate 1,4,7-triazacyclononane (tacn) and pyrazolyl borate
[HB(pz)] ligands yielded the binuclear products, 1 and 2, on
coordination to Cu'l»+3l (represented by 10 and 12 in the
calculations!'”) whereas coordination of the bidentate 1,2-
cyclohexanediammine (1,2-CHDA) ligand preferentially pro-
duced the trinuclear compound 3.1 The reaction yielding 3
was very sensitive to temperature and solvent. Similarly,
solvation effects determined which of the core isomers of 1
was formed (Scheme 1). To understand these factors we first
discuss the gas-phase binding energies of binuclear and
trinuclear clusters studied here and in our previous work.
The most strongly bound binuclear complex is 12 with the
HB(pz); ligand (— 90 kJmol) followed by 5 (—74 kI mol ™),
10 A (—30 kJmol™') and then the least strongly bound cluster
3 (— 10 kI mol™!) relative to one mole of Cu'L. We explained
the increased stability of 12 by charge stabilisation of the
negatively charged hydride. On the other hand 5 and 10 A,
which are both binuclear, peroxo-coordinated and have
neutral ligands, differ only in their ligand-coordination modes.
The orbital interactions of 5 with bidentate ligands are
stronger (— 827 kJmol™') than those of 10 A with tridentate
ligands (—610 kJmol~'). Although this effect is partially
compensated by the stronger steric repulsion, the bidentate
supporting ligand is more energetically favourable than the
tridentate one.

Some structural data from enzymes and their mimics are
consistent with a preferred bidentate coordination in
Cu,0O,N¢-coordinated clusters. The apical Cu—N bonds of
Cu,O,N systems are always longer than equatorial Cu—N
bonds, an indication that the third apical ligand is less strongly
bound than the equatorial ones. Upon dioxygen binding, the
apical Cu-N distance of the active site of oxyhemocyanin
increases from 2.2 to 2.7 A, which essentially switches the
tridentate to bidentate coordination.l 2 In biological systems
the coordination of three N donors to copper is versatile and
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the apical ligand can be used for fine-tuning the energetic
balance of O, binding.

Comparison of the mono-, bi-, tri- and tetranuclear clusters
4, 5, 3 and 6 shows that the gas-phase stability decreases with
increasing size. When solvation-energy contributions are
added to the gas-phase binding energies the energetic order-
ing changes in favour of the trinuclear cluster. The preference
for the formation of the trinuclear cluster is controlled
entirely by solvation effects that compensate for the unfav-
ourable electronic and steric effects. The strong solvation
effects can be predicted based on the Born formula of
solvation free energy [Eq. (2)].

2
AGuy -2 (1 - l) @
2R N

From Equation (2) it can be seen that solvation effects will
be much more favourable for increased cluster size when the
metal centres are charged. As a consequence, the solvation
energies can compensate for the loss of binding energy as the
size of the cluster increases.

Considering the experimentally found inorganic Cu;0,
cluster and the hypothetical trinuclear intermediate in
ascorbate oxidase, these two systems differ both in ligand
coordination and solvation effects. Two of the three copper
atoms at the active site of ascorbate oxidase have tridentate
coordination, and we found that bidentate coordination was
preferred in binuclear clusters and this, most likely, is also true
for trinuclear analogues. The active site of these enzymes is
accessible to a few water molecules, but the protein shields the
active site from continuum solvation effects. How water
coordination changes the energetics could not be derived
from the present results. Another factor to consider is the
availability of protons that may prevent the formation of the
trinuclear oxo complex in favour of the analogous hydroxo
product. When traces of water are present in the reaction
yielding 3, the thermodynamic product is the binuclear
hydroxo compound.’l Based on the present results it is
unlikely that the Cu;O, core is a stable intermediate in
biological systems, which may explain why it has not been
observed.

Conclusions

The electronic structure of the Cus(u-O), chromophore can be
best described as a Jahn-Teller distorted, average valence,
highly polarised, covalent system. The two Jahn-Teller
components are predicted to be in equilibrium in solution,
separated by only a modest 6 kJ mol~! barrier. The preference
for the 3B state in the crystal structure must be related to
crystal packing forces, which are beyond the capability of our
molecular modelling tools. The formation energy of Cu,-0,
clusters in the gas phase decreases significantly with increas-
ing cluster size, but solvation energy has the opposite trend of
similar magnitude. As a consequence of these competing
effects, the relative stabilities of clusters with mono-, bi- and
trinuclear cores differ only by a few tens of kJmol! in
CH,CIl,. The self-assembly formation of the Cu;O, cluster
under experimental conditions is controlled entirely by
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solvation effects, and the mono- or binuclear analogue would
be favoured in the gas phase or in a low-dielectric solvent.
These calculations demonstrate that the thermodynamic
product of charged clusters in solution is determined by two
large, competing effects: solvation and binding energies. Since
the protein environment of the enzyme shields the active site
from continuum solvation effects, the relevance of the
thermodynamic products of solution chemistry in biological
systems remains to be established.
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Abstract: Reactions of bis-1,3-dicar-
bonyl compounds H,L (1) with metal
dichlorides of cadmium, manganese and  the
calcium in the presence of aqueous coronates
ammonia affords octanuclear supra-
molecular  coordination = complexes
[MgLg]-4Y (2-5), whereas reaction
with magnesium dichloride yields
an adamantanoid tetranuclear cluster
[(4NH,) N (Mg, L2)] (6). Treatment of

metallacycles

Introduction

There is considerable interest in the design of metallo-
supramolecular oligomers that contain a defined number of
metal ions in determined spatial arrangements. Therefore
metal-directed multicomponent self-assembly is currently
attracting great attention as a strategy for the synthesis of
polynuclear metal complexes, in order to develop new
materials with novel properties and structural features.[!
Over the last few years we have devised and described a
versatile procedure for the synthesis of numerous bis-,?
tris-,l¥ tetra-,[* hexa-P and octanuclear!> ¢l chelate complexes.
The metal-directed self-assembly of polydentate ligands with
transition metal ions leads to metalla-crown ethers,” which
are topological analogues of crown ethers.!l Based on the
cavity size of the metalla-crown ethers and the radii of the ions
to be encapsulated, they display cation-binding selectivities
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copper dichloride with diethyl ketipi-
nate 1a and sodium hydroxide furnishes
double-/triple-decker
[{[Na c (Cu,L3)BF,]- THF -
H,0l] (7) and [{NacC(CusL3)BF,};-

Keywords: metal(ll) compounds -
self-assembly
structure elucidation -
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2 THF] (8) with an encapsulated sodium
ion. Since the 'H and C NMR spectra
of diamagnetic 2 and 5 and paramagnet-
ic 4, 7 and 8 do not unambiguously
establish the exact structure of these
compounds, exemplary X-ray diffraction
analyses of 4, 7 and 8 were carried out.

metalla-

tetraketones

similar to those known for the classical crown ethers. The
readiness of metalla-crown ethers of copper(i) and dialkyl-
ketipinate dianions to coronate is highlighted in the formation
of metalla-coronates” and metalla-crown ether sandwich
complexes.[” 1% A few of our notable advances in this area are
detailed below. Herein we describe a convenient procedure
for the synthesis of dialkyl ketipinates and tetraketones H,L
11" and we also outline the potential of L>~ as tetradentate
binucleating ligands for various metal(i1) ions; this leads to
octanuclear complexes [MgLg]-4Y (2-5), tetrahemisphera-
plex [(4NH,) N (Mg,L%)] (6), and double/triple-decker metal-
la-coronates [{[Na C (Cu;L3)BF,]- THF-H,0},] (7) and
[{Na c (Cu;L3)BF,};-2THF] (8).

Results and Discussion

Claisen condensation of alkyl acetates or methyl ketones with
dialkyl oxalates followed by acidic workup yields the ketipi-
nates and tetraketones H,L 1.''] Reaction of 1 with cadmium
or manganese dichloride in methanol in the presence of
aqueous ammonia affords the octanuclear complexes
[MsLg]-4H,O 2 and 3 (M=Cd, Mn) (Scheme1). The
cadmium complexes 2 were obtained as yellow microcrystals,
the manganese complexes 3 as orange ones. The 'H and *C
NMR spectra of the diamagnetic cadmium compounds
2 (S, symmetry, e.g., 2¢: nine 'H and twenty *C NMR signals)!'?!
indicate that in each case four ligands in these complexes are
identical and the two halves of each ligand have to be in
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H—0  O=H 1.MCl,/EtOH K\
omow, (/.3:5
R 1:H,L R [MgLg]-4Y

(0] (0]
= ap
R L R

o =m" 0=mMmly
Scheme 1. Reaction scheme for the formation of [Mgl4]|-4Y: la—e: R=
OEt, OrBu, Me, CHs, C;H;; 2a—e: M= Cd*", Y=H,O, R = OEt, OrBu,
Me, C,H;, C;H;, respectively; 3a—e: M =Mn?*, Y =H,0, R = OEt, OrBu,
Me, C¢Hs, C;H,, respectively; 4: M=Mn?>*, Y =HOPr, R=O0Et; Sa-c:
M = Ca*", R=OEt, Y=HOEt, HO:Pr, HOBu, respectively.

different magnetic environments. For unambiguous character-
isation of the molecular structure of these octanuclear metal
chelates, we tried to grow single crystals suitable for X-ray
analysis. This proved to be extremely difficult, but we
were successful in crystallising the manganese complex
[MngL3] -4 H,O (3a) from hot propanol. This leads to complete
exchange of the coordinated water molecules by propanol and
the formation of dark yellow single crystals of 4 suitable for
X-ray analysis. The results show that 4 exists in the crystal
as an octanuclear manganese(il) chelate complex [MngL4]-
4HOPr with four coordinated propanol molecules (Figure 1).
Each of the eight manganese ions form the corners of one of
two squares of different sizes, but with the same centre. The
smaller square is turned 45° relative to the larger one. The
four outer manganese ions are linked in a u; fashion through
the two ester carbonyl oxygen atoms of a set of four ketipinic
acid diester dianions dy,_o=220.1 pm), which lie almost in a
plane (E"). The two keto oxygen atoms of these four ligands
are u,-bound and bridge inner and outer manganese ions.
Furthermore, a propanol molecule is coordinated to each of
the four outer manganese ions dy, o =224.4 pm) alternately
above and below E'. In two sets of parallel planes above and
below E' and perpendicular to it lie four ligands, which are

Abstract in German: Die Umsetzung von Bis-1,3-dicarbonyl-
verbindungen H,L 1 mit Cadmium-, Mangan- und Calcium-
dichlorid liefert in Gegenwart von Ammoniakwasser acht-
kernige supramolekulare Komplexe [Mglg]-4Y (2-5), wih-
rend man mit Magnesiumdichlorid den adamantanoiden
Cluster [(4NH,) N (Mg,L%)] (6) erhilt. Im Gegensatz
dazu entstehen bei der Umsetzung von Kupferdichlorid mit
Ketipinsdurediethylester 1a und Natriumhydroxid die Dop-
pel-/Tripeldecker metalla-Coronate [{[Na C (Cu;L4)BF,]-
THF-H,0},] (7) und [{NaC (Cu;L$)BF,};-2THF] (8) mit
eingeschlossenem Natriumion. Da die exakten Strukturen der
diamagnetischen Komplexe 2 und 5 bzw. der paramagneti-
schen Komplexe 4, 7 und 8 durch 'H- und *C-NMR Spektro-
skopie nicht eindeutig zu losen waren, wurden exemplarisch
von 4, 7 und 8 rontgenographische Kristallstrukturanalysen
angefertigt.
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shifted in pairs relative to each other such that [(E?|| E®) L
(E*|| E®)]. These four ketipinic acid diester dianions are each
bound in a u; fashion through the ester-carbonyl oxygen
atoms to one outer and one inner manganese ion dy, o=
228.7 pm). One of the keto oxygen atoms forms a u, bridge
between two inner manganese ions, and the other forms a u;
bridge to two inner and an outer manganese ion. Thus all eight
manganese ions are sevenfold coordinated.

Deprotonation of diethyl ketipinate H,L.* 1a with aqueous
ammonia in ethanol in the presence of calcium chloride
furnishes the octanuclear calcium chelate [Cagli]-4HOEt
(5a), which is isostructural to the cadmium and manganese
complexes mentioned above. The coordinated ethanol in Sa is
exchanged on crystallisation from hot alcohols to give
[CagLi]-4Y (5b and 5¢; Y=HOIiPr, HO/Bu, respectively),
the formation of which can be easily monitored by NMR
spectroscopy. The 'H NMR spectrum of 5b exhibits a
quadruple set of peaks indicating two different groups of
ketipinic acid diethylester dianion ligands, with the two halves
of each ligand in a different magnetic environment. Thus four
singlets at d =5.05, 5.11, 5.21 and 5.35 are recorded for the
sixteen chelate CH groups. In addition, the coordinated
isopropanol accounts for peaks at 0 =1.02 (d, CH;), 1.80
(d, -OH) and 3.86 (sept, CH).["?!

Tetranuclear adamantanoid chelate complexes are formed
in a one-pot reaction from dimethyl malonate, methyllithium,
metal(1) chlorides and oxalylchloride at —78°C in tetrahy-
drofuran (THF) and subsequent workup with aqueous
ammonium chloride.) However, this methodology does not
work in the case of ethyl acetate and oxalylchloride. Instead,
double deprotonation of free H,L* (1a) with methyllithium at
—78°C in THF and addition of magnesium chloride, followed
by workup with aqueous ammonium chloride, furnishes
the tetrahemispheraplex [(4NH,) N (Mg,L2)] (6, Scheme 2).
Evidence for the formation of complex 6 stems from an
intense peak at m/z =1537 in the FAB-MS spectrum (FAB =
fast atom bombardment). This hypothesis is confirmed by the
BC NMR spectrum of 6,21 which is almost superimposable
with the spectra of similar magnesium complexes previously
synthesized in our laboratory.! Compound 6 is not a salt in
the usual sense, but a tetrahemispheraplex. This is confirmed
by X-ray crystal structures of analogous complexes and by the
downfield shift of the ammonium protons in the 'H NMR
spectrum of 6. On each face of the imaginary tetrahedron
constituted by the four magnesium ions, three oxygen atoms
are in ideal positions to bind an ammonium ion through three
hydrogen bonds./!

Recently we pointed out the structural analogy between the
classical crown ethers, cryptands, spherands and their inclu-
sion complexes, and the class of topologically analogous
metalla-crown ethers (MC),” ! metalla-cryptands,” and
metalla-spherands™ and their inclusion compounds. If one
applies the knowledge about crown ethers to the chemistry of
metalla-crown ethers, then the complexation of different sized
cations by metalla-crown ethers should lead to metalla-
coronates of different structures. Since the ionic radii of
alkaline and alkaline earth metal cations differ remarkably in
size, whereas the diameter of a given metalla-crown ether
essentially remains the same, the inclusion of small cations
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Figure 1. Structure of [MngL{]-4HOPr (4) in the crystal. u;-bound ester carbonyl atoms shown open, u,-
bound keto oxygen atoms hatched, u;-bound oxygen atoms double hatched, manganese ions dotted. For

clarity the H atoms are omitted.

H=0 o—H 1. Meli/THF
7\ 2MgCl, ( k
m 3. NH CI/HZO /
EtO a OFEt
1a: HL

\ J = |__a O =
Scheme 2. Reaction scheme for the formation of [(4NH,) N (Mg,L%)] (6).

such as Na*® or Ca’" leads to metalla-coronates with 1:1
stoichiometry. In contrast, encapsulation of the larger K* ion
leads to the formation of a metalla-crown ether sandwich
complex (K*:MC=1:2).

Double deprotonation of diethyl ketipinate 1a with potas-
sium hydroxide in a methanolic sodium tetrafluoroborate
solution (0.1M) and treatment with copper(i1) chloride dihy-
drate leads to a dark green crude product. Based on the
microanalytical data and FAB-MS spectra (m/z =898) the
product isolated is a trinuclear copper-crown ether with an
encapsulated sodium ion, of the general composition
[Na C (CusL3)BF,]. For unambiguous characterization of this
metalla-coronate we grew single crystals suitable for X-ray
analysis from THF and isolated two types of crystals:

Chem. Eur. J. 1998, 4, No. 7
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the double-decker metalla-coronate
[{[Na C (CusL$)BF,]- THF - H,0},] (7)
and the triple-decker metalla-crown
ether complex [{NaC (Cu;L3)BF,};-
2THF] (8) (Scheme 3).

A common feature of 7 and 8 is the
neutral, 15-membered tri-metalla-
crown-6 (15-MC-6) building block
(Figure 2, left). Formal replacement
of the three copper(i) centres in the
15-MC-6 fragments of 7 or 8 by
ethano bridges leads to the topolog-
ically equivalent crown ether 18-C-6.
The three copper(1l) atoms in the 15-
MC-6 fragments are linked across the
triangular edges by bis(bidentate)
diethyl ketipinate dianions L?*-
(dcu.o=193.2 pm). A sodium ion is
encapsulated in the centre of the 15-
MC-6 fragment (dy, o=256.4 pm)
and charge neutrality is achieved by
BF; counterions (dy, = 223.5 pm).

In order to accomplish eightfold
coordination of the sodium ions, ag-
gregation of the [NacC (CusLd)]*
monomers furnishes double- and tri-
ple-decker metalla-coronates 7 and 8.
The stacking features are governed by
the coordination of water molecules.
The coordination of water leads to the
formation of the dimeric complex 7.
In 7 both sides of the stack are totally
coordinatively blocked by solvent
molecules (THF, H,O) or counterions
(BF;) (Figure 2, right). However,
without coordination of water, the most suitable ligation
around copper(11) and sodium is achieved by the formation of
the triple-decker metalla-coronate 8 (Figure 3).

H—0 O—H
7\
EtO a OFt
1a: H,L
1. CuCl,+2H,0 / NaBF,
2. 2M NaOH
lTHF / Et,0 lTHF / Et,0

009 éO_.——)

o=

- <
7 8

O=ci’ @=Na _ =1L

Scheme 3. Reaction scheme for the formation of [{[NaC (Cu;L3)BF,]-
THEF - H,0},] (7) and [{Na C (Cu;L3)BF,};-2THF] (8).
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Figure 2. Left: Structure of one 15-membered tri-metalla-crown-6 unit of double-decker metalla-coronate 7, including the encapsulated sodium ion, the BF;
counterion and the coordinated solvent molecules, water and THF. Right: Structure of double-decker metalla-coronate 7 (side view with counterions and

solvent molecules; dy, () o@3a) =258.1 pm).

by NMR. For unambiguous determina-
tion of the structures of 2—-5, we carried
out an exemplary X-ray crystallographic
analysis of the manganese complex 4.
The results testify that the reaction of 1>~
with metal(i1) ions with similar ion radii
and coordination mode such as Ca, Mn
and Cd furnishes isostructural supramo-
lecular assemblies. However, L>~ and
magnesium ions, which prefer octahedral
coordination, yield the adamantanoid
exohedral tetraammonium tetra-
magnesate(4 — ) chelate 6. There is still
a long way to go in order to be able to
predict supramolecular structures, as
shown by the unforeseen formation of 7
and 8 starting from H,L* 1la, copper
dichloride and sodium hydroxide.

Experimental Section

Figure 3. Structure of triple-decker metalla-coronate 8 (side view with counterions and solvent

molecules;  dy,1)0=256.9pm, dy,oy0=2553pm, dy,z,0=2573pm,
dya@)-oe1) = 248.8 pm, dy,2)-os1) = 248.2 pm, dya@)-os1) = 266.9 pm).

Conclusions

The dianions of 1,3-dicarbonyl compounds H,L 1 are powerful
binucleating ligands for the synthesis of polynuclear metal
complexes from divalent metal ions in one-pot reactions by
spontaneous self-assembly. Cadmium-, manganese- or calci-
um dichloride and L?- yield supramolecular architectures
[MgLg]-4Y (2-5) of octameric nuclearity. The diamagnetic
complexes of cadmium 2 and calcium 5 can be characterized

1308 ——

dya1)-oa1)=258.7 pm,
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Materials and methods: All preparations were
carried out under an atmosphere of dry nitrogen.
All common reagents and solvents were pur-
chased from commercial suppliers and used with-
out further purification unless otherwise indicated. Melting points were
determined on a Wagner—Munz apparatus and are uncorrected. Infrared
spectra were recorded on a Beckman Acculab or on a Perkin-Elmer
1420 Ratio Recording Infrared Spectrophotometer. "H NMR spectra were
recorded on JEOL JNM-PMX-60 (60 MHz) or INM-GX-400 (400 MHz)
spectrometers. *C NMR spectra were recorded on a JEOL JNM-GX-400
(100 MHz) spectrometer. The assignment of the carbon atoms was
achieved by DEPT technique. All chemical shifts are based on the o scale
with TMS as an internal standard. Mass spectra were recorded on a Varian
MAT311 A (EIMS) or on a Finnigan MATTSQ70 spectrometer (m/z <
1500; ion source temperature: 50°C; ion desorption from m-nitrobenzyl
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alcohol matrix: 10keV Xenon atoms, FAB-MS) or on a Finnigan
MAT 711 A (AMD Intectra modified, m/z > 1500, ion source temperature:
35°C, ion desorption: 12 keV Cs* ions, LSIMS).

General procedure for the synthesis of dialkyl ketipinates 1a and 1b: Ethyl
acetate (2.3 mL, 24 mmol) or fert-butyl acetate (3.2 mL, 24 mmol) and the
corresponding dialkyl oxalate (1.6 mL, 2.4 g, 12 mmol) in dry THF (50 mL)
were placed in a three-necked, round-bottom flask fitted with a condenser.
The solution was agitated with a magnetic stirrer, while sodium or
potassium alkoxide (1.6 g or 2.9 g, respectively, 24 mmol) was added slowly.
Stirring at 20 °C was continued for 30 min and the suspension was refluxed
gently for 3-6 h, then cooled. To achieve complete precipitation of the
yellow alkali salt, petroleum ether (200 mL) was added. The salt was
collected by filtration, washed with petroleum ether (3 x 25 mL), dried
under vacuum (oil pump) and added to hydrochloric acid (1N, 50 mL,
20°C). Thereafter the product was collected by filtration, washed with
water (50 mL, 20°C), dried under vacuum and crystallized from ethanol.
Diethyl ketipinate (1a): Yield: 0.50 g (18 %) yellow needles from ethanol;
m.p. 76°C; 'H NMR (400 MHz, CDCl;, 25°C): 6=132 (t, 3/(HH)=
7.0 Hz, 6H; 2CHj), 4.26 (q, *J(H,H) =7.0 Hz, 4H; 20CH,), 5.86 (s, 2H;
2=CH), 11.73 (s, 2H; 2=C-0OH); *C NMR (100.5 MHz, CDCl;, 25°C):
0=14.16 (2CHj;), 6091 (20CH,), 9221 (2=CH), 163.32 (2=C-OH),
172.45 (2C=0); IR (CHBr;): 7=3480 (OH), 2970 (CH), 1660 (C=0),
1630 cm™! (C=C); MS (70 eV, EI): m/z (%): 230 (20) [M*].

Di-tert-butyl ketipinate (1b): The '"H NMR spectrum indicates the presence
of three keto—enol tautomers. Herein we describe only the main tautomer
(50%), the bis(keto—enol) system. Yield: 0.30 g (9 %) colourless needles
from ethanol; m.p. 120°C; '"H NMR (400 MHz, CDCl;, 25°C): 6 =1.52 (s,
18H; 6CH;), 5.75 (s, 2H; 2=CH), 11.84 (s, 2H; 2=C-0OH); C NMR
(100.5 MHz, CDCl;, 25°C): 6=28.17 (6CHj;), 4593 (2Me;C-), 93.36
(2=CH), 163.11 (2=C-0OH), 172.26 (2C=0); IR (CHBr;): 7= 3390 (OH),
2995 (CH), 1650 (C=0), 1590 cm~' (C=C); MS (70 eV, EI): m/z (%): 286 (4)
[(M+].

General procedure for the synthesis of tetraketones 1c—e:

A suspension of sodium ethoxide (3.0 g, 44 mmol) in dry diethyl ether
(50 mL) was stirred at 20°C in a three-necked, round-bottom flask fitted
with a condenser and a dropping funnel. A mixture of diethyl oxalate
(3.0 mL, 22 mmol), acetone, acetophenone or 4-methyl-acetophenone
(32mL, 52mL or 59mL, respectively, 44 mmol) was then added
dropwise. After stirring the reaction mixture for 3 d, the precipitated
sodium salt was collected by filtration, washed with petroleum ether (3 x
50 mL), dried under vacuum, added to acetic acid (15 %, 50 mL), collected
by filtration and crystallized.

Octane-2,4,5,7-tetraone (1c): Yield: 0.38 g (10%) colourless needles from
methanol; m.p. 116 °C; 'H NMR (400 MHz, CDCl;, 25°C): 6 =2.26 (s, 6 H;
2CH,;), 6.35 (s, 2H; 2=CH), 14.57 (br s, 2H; 2=C-OH); 3C NMR
(100.5 MHz, CDCl;, 25°C): 0=28.01 (2CHj;), 99.66 (2=CH), 170.59
(2=C-0H), 200.71 (2C=0); IR (CHBr;): #=23430 (OH), 2920 (CH),
1595 (C=0), 1570 cm~' (C=C); MS (70 eV, EI): m/z (%): 170 (8) [M*].
1,6-Bisphenyl-1,3,4,6-hexanetetraone (1d): Yield: 3.50¢ (54%) yellow
needles from chloroform; m.p. 180°C; 'H NMR (400 MHz, CDCl;,
25°C): 0=1715 (s, 2H; =CH), 7.52 (t, *J(H,H) =73 Hz, 4H; 3,5-Ph- CH),
761 (t, 3(H,H) =73 Hz, 2H; 4-Ph—CH), 8.04 (d, 3/(H,H) =73 Hz, 4H;
2,6-Ph—CH), 15.61 (s, 2H; 2=C-OH); *C NMR (100.5 MHz, CDCl,,
25°C): 6 =95.52 (2=CH), 12793, 128.86, 133.57,135.54 (6 C; Ph- C), 173.86
(2=C-0H), 19136 (2C=0); IR (CHBr;): #=3420 (OH), 3120 (=CH),
1550 (C=0), 1590 cm™! (C=C); MS (70 eV, EI): m/z (%): 294 (8) [M*].
1,6-Bis(4-methylphenyl)-1,3,4,6-hexanetetraone (1e): Yield: 440 g (62%)
yellow needles from 1,2-dimethylbenzene; m.p. 200°C; 'H NMR
(400 MHz, CDCl;, 25°C): 6 =2.44 (s, 6H; 2CH;), 711 (s, 2H; 2=CH)),
730 (d, *J(H,H) =8.0 Hz, 4H; 2,6-Ar- CH), 7.94 (d, 3J(H,H) =8.0 Hz, 4H;
3,5-Ar-CH), 15.69 (s, 2H; 2=C-OH); C NMR (100.5 MHz, CDCl;,
25°C): 0 =21.78 (2 CHj;), 95.35 (2=CH), 128.04, 129.57, 132.99, 144.64 (6 C;
Ar-C), 173.45 (2=C-0OH), 191.32 (2C=0); IR (CHBr;): 7=3440 (OH),
2920 (CH), 1660 (C=0), 1590 cm~! (C=C); MS (70 eV, EI): m/z (%): 322
(20) [M].

General procedure for the synthesis of octameric cadmium- (2a-e)
manganese- (3a—e, 4) and calcium complexes (5a-c): Aqueous ammonia
(2mL, 12%) was added dropwise to a stirred solution of cadmium,
manganese(11) or calcium chloride (184 mg, 126 mg or 111 mg, respectively,
1.0 mmol) and the appropriate bis-1,3-dioxo-ligand 1 (1.0 mmol) in ethanol
(100 mL). Thereafter water (100 mL) was added to achieve complete
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precipitation of the products, which were filtered off, dried under vacuum
(oil pump) and crystallized.

[CdgL$]-4H,0 (2a): Yield: 290 mg (84 %) yellow needles from ethanol;
m.p. 210°C (decomp); 'H NMR (400 MHz, CDCl;, 25°C): 6 =1.11, 1.19,
1.28, 1.39 (t, 3J(H,H) =72 Hz, each 12H; 4CH,), 2.47 (brs, 8H; 4 H,0),
3.80 (q, *J(H,H) =72 Hz, 8H; 4 OCH,), 3.94-4.07 (m, 8H; 4OCH,), 4.21
(q,*J(H,H) =6.9 Hz, 8H;40CH,), 4.07-4.27 (m, 8H; 4OCH,), 4.95, 5.10,
5.30, 5.43 (s, each 4H; 4=CH); C NMR (100.5 MHz, CDCl;, 25°C): 6 =
14.20, 14.32, 14.54, 14.63 (16 CH3;), 59.27, 59.38, 59.60, 59.96 (16 OCH,),
83.75, 84.92, 88.34, 88.74 (16=CH), 172.47, 173.16, 173.84, 174.26, 175.21,
177.06,177.99 (32 C=0, two signals overlap); IR (KBr): 7 = 3400 (OH), 2975
(CH), 1620 (C=0), 1515cm™! (C=C); MS (FAB): m/z (%): 2724 (20)
[M* —4H,0].

[CdgL}]-4H,0 (2b): Yield: 252 mg (62 %) colourless microcrystals from
ethanol; m.p. 230°C (decomp); 'H NMR (400 MHz, CDCl;, 25°C): d =
1.26,1.32, 1.4, 1.58 (s, each 36 H; 18 CHs), 2.36 (brs, 8H; 4 H,0), 5.10, 5.25,
5.40, 5.75 (s, each 4H; 4=CH); C NMR (100.5 MHz, CDCl;, 25°C): 6 =
28.12, 28.21, 28.30, 28.68 (48 CHs;), 78.51, 78.78, 79.36, 79.95 (16 C; CMe;),
85.12, 85.91, 89.83, 90.09 (16=CH), 172.56, 173.27, 173.51, 173.87, 173.97,
175.37,177.13,177.38 (32 C=0); IR (KBr): 7 = 3450 (OH), 2995 (CH), 1635
(C=0), 1540 cm™! (C=C); MS (FAB): m/z (%): 3173 (40) [M* —4H,0].
[CdgL§]-4H,0 (2¢): Yield: 125mg (43%) yellow microcrystals from
ethanol; m.p. 245°C (decomp); 'H NMR (400 MHz, CD;0D, 25°C): 6 =
1.90, 1.95, 2.10, 2,19 (s, each 12H; 4 CH,), 3.28 (s, 8H; 4 H,0), 5.53, 5.64,
5.90, 6.05 (s, each 4H; 4=CH); *C NMR (100.5 MHz, CDCl;, 25°C): 6 =
29.62, 29.67, 29.73, 29.78, 29.82, 29.89, 30.09, 30.15 (eight signals caused by
slight distortion of the S, symmetry, 16 CH;), 96.37, 97.60, 100.23, 100.58
(16=CH), 176.58, 177.29, 180.53, 180.80, 200.07, 200.53, 201.48, 201.65
(32C=0); IR (CHBr;): ¥ = 3400 (OH), 2950 (CH), 1590 (C=0), 1480 cm!
(C=C); MS (FAB): m/z (%): 2247 (100) [M* —4H,0].

[CdgL¢]-4H,0 (2d): Yield: 400 mg (97 %) yellow microcrystals from
ethanol; m.p. 165°C (decomp); 'H NMR (400 MHz, CDCl;, 25°C): 6 =
2.58 (brs, 8H; 4 H,0), 6.08, 6.39, 6.65, 6.85 (s, each 4H; 4=CH), 7.04, 7.18,
7.52, 755 (t, *J(H,H) =7.7 Hz, each 8H; Ar-H), 7.33-759 (m, 16H; Ar-
H), 741, 7.56, 8.02, 8.14 (d, 3J(H,H) =7.7 Hz, each 8H; Ar-H); *C NMR
(100.5 MHz, CDCl;, 25°C): 6 =94.01, 94.48, 97.15, 97.27 (16=CH), 125.20,
127.93, 128.10, 128.18, 128.28, 128.38, 128.59, 128.78 (32C; Ar-C), 131.67,
131.99, 132.22, 132.25 (16 C; Ar-C), 139.44, 139.93, 141.17, 141.26 (16C;
Ar-C), 17749, 178.78, 180.96, 191.96, 192.43, 192.75, 193.33 (32 C=0, two
signals overlap); IR (CHBr3): 7#=3420 (OH), 3050 (=CH), 1590 (C=0),
1480 cm™! (C=C); MS (FAB): m/z (%): 3237 (100) [M* — 4H,0].
[CdgL§]-4H,0 (2e): Yield: 315mg (71%) yellow microcrystals from
ethanol; m.p. 165°C (decomp); 'H NMR (400 MHz, CDCl;, 25°C): d =
1.93 (brs, 8H; 4 H,0), 2.25,2.32,2.42,2.44 (s, each 12H; 4 CH3), 5.95, 6.21,
6.50, 6.72 (s, each 4H; 4=CH), 6.77, 6.90, 7.15, 7.23 (d, 3J(H,H) =7.8 Hz,
each 8H; Ar—H), 7.27, 7.40, 7.88, 8.02 (d, *J(H,H) =7.8 Hz, each 8H; Ar—
H); C NMR (100.5 MHz, CDCl;, 25°C): 6 =22.14, 22.19, (8 CH;, each
two signals overlap), 93.95, 94.30, 96.93, 97.26 (16=CH), 128.47, 128.63,
128.70, 128.76, 129.05, 129.23, 129.29, 129.45 (32C; Ar-C), 137.29, 13735,
13791, 139.19 (16 C; Ar-C), 139.28, 141.73, 142.15, 142.42 (16 C; Ar-C),
17778, 178.89, 180.88, 181.16, 191.61, 191.95, 192.21, 192.94 (32 C=0); IR
(CHBr;): 7=3430 (OH), 2920 (CH), 1595 (C=0), 1470 cm~! (C=C); MS
(FAB): m/z (%): 3462 (40) [M* — 4H,0].

[MngL$] -4 H,0 (3a): Yield: 190 mg (59 %) orange microcrystals obtained
by filtration; m.p. 275°C (decomp); IR (KBr): # =3440 (OH), 2970 (CH),
1660 (C=0), 1540 cm~! (C=C); MS (FAB): m/z (%): 2265 (100) [M* —
4H,0].

[MngL}]-4H,0 (3b): Yield: 91 mg (26 %) orange microcrystals obtained
by filtration; m.p. 245°C (decomp); IR (CHBr;): #=3380 (OH), 2970
(CH), 1595 (C=0), 1520 cm™! (C=C); MS (FAB): m/z (%): 2714 (40)
[M* —4H,0].

[MngL§]-4H,0 (3c¢): Yield: 125 mg (43 %) orange microcrystals obtained
by filtration; m.p. 245°C (decomp); IR (CHBr;): 7#=3400 (OH), 2950
(CH), 1590 (C=0), 1480 cm~' (C=0); MS (FAB): m/z (%): 1785 (40)
[M+—4H,0].

[MngL¢] -4 H,0 (3d): Yield: 320 mg (90 % ) orange microcrystals obtained
by filtration; m.p. 283 °C (decomp); IR (KBr): 7 =3420 (OH), 3060 (=CH),
1595 (C=0), 1470 cm™! (C=C); MS (FAB): m/z (%): 2777 (100) [M+ —
4H,0].

[MngL§]-4H,0 (3e): Yield: 264 mg (69 %) orange microcrystals obtained
by filtration; m.p. 310°C (decomp); IR (KBr): 7#=3420 (OH), 2970 (CH),
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1560 (C=0), 1475 cm™! (C=C); MS (FAB): m/z (%): 3001 (60) [M*—
4H,0].

[MngL$]-4HOPr (4): Crystallization of [MngL3]-4H,0 3a from hot
propanol leads to the complete exchange of the coordinated water
molecules and the formation of dark yellow single crystals.]
[CagL$]-4EtOH (5a): Yield: 280 mg (96%) colourless needles from
ethanol; m.p. >300°C (decomp); '"H NMR (400 MHz, CDCl;, 25°C): 6 =
1.06 (t, 3/(H,H) = 6.9 Hz, 12H; 4 CH5/EtOH), 1.14, 1.15, 1.25, 1.27 (t, each
12H;4CH,), 2.10 (brs, 4H; 4 OH/EtOH), 3.48 (quintett, *J(H,H) = 6.9 Hz,
8H;40OCH,/EtOH), 3.92, 3.98, 4.02, 4.05, 4.13, 4.15,4.17,4.19 (q, each 4H;
20CH,), 5.06, 5.13, 5.22, 5.34 (s, each 4H; 4=CH); *C NMR (100.5 MHz,
CDCl;, 25°C): 0 =14.27, 14.31, 14.67, 14.73 (16 CH,), 17.48 (4 CH,/EtOH),
58.63, 58.89, 59.14, 59.29, 59.63 (16 OCH, and 4 OCH,/EtOH), 82.84, 84.15,
87.24, 88.06 (16=CH), 171.52, 172.25, 172.34, 172.54, 175.94, 178.84, 179.19,
179.37 (32C=0); IR (KBr): 7=3400 (OH), 2980 (CH), 1675 (C=0),
1550 cm™!' (C=C); MS (FAB): m/z (%): 2145 (25) [M*+H — 4H,0].
[CagL$]-4iPrOH (5b): Yield: 150 mg (50%) yellow needles from iso-
propanol; m.p. >350°C (decomp); '"H NMR (400 MHz, CDCl;, 25°C): 6 =
1.02 (d, 3J(H,H) = 5.8 Hz, 24 H; 8 CH,/iPrOH), 1.14, 1.15, 1.25, 1.26 (t, each
12H; 4CHs;), 1.79 (d, 3J(H,H) =5.8 Hz, 4H; 4 OH/iPrOH), 2.71 (brs, 2H;
H,0), 3.86 (sept, J=5.8 Hz, 4H; 4Me,CH-/iPrOH), 3.91, 3.94, 3.98, 4.02,
4.05,4.13,4.15,4.17 (q, each4H; 20CH,), 5.05, 5.11,5.21,5.35 (s, each 4 H;
4=CH); C NMR (100.5 MHz, CDCl;, 25°C):  =14.31, 14.71 (16 CHs,
each two signals overlap), 24.43 (8 CH,/iPrOH), 58.37, 58.79, 59.09, 59.62
(16 0CH,), 65.70 (4Me,CH/i-PrOH), 82.69, 84.08, 87.57, 87.95 (16=CH),
171.50, 172.10, 172.30, 172.43, 176.07, 178.72, 179.10, 179.34 (32 C=0); IR
(KBr): 7=3444 (OH), 2977 (CH), 1651 (C=0), 1537 cm™!' (C=C); MS
(FAB): m/z (%): 2144 (100) [M* — 4iPrOH].

[CagL$] -4tBuOH (5¢): Yield: 150 mg (49 %) colourless microcrystals from
tert-butanol; m.p. > 350°C (decomp); '"H NMR (400 MHz, CDCl;, 25°C):
0=116 (s, 36H; 12CH,/tBuOH), 1.13, 1.15, 1.24, 126 (t, each 36H;
12CHs;), 1.81 (brs,4H; 4OH/tBuOH), 2.70 (brs, 2H; H,0), 3.89-4.22 (m,,
32H; 160CH,), 5.06, 5.11, 5.21, 535 (s, each 4H; 4=CH); *C NMR
(100.5 MHz, CDCl;, 25°C): 6 =14.21, 14.32, 14.69, 14.73 (16 CH;), 30.55
(12CH,/tBuOH), 58.61, 58.79, 59.05, 59.62 (160CH,), 70.80
(4(CH;);COH), 82.82, 84.32, 8799, 88.06 (16=CH), 171.46, 172.18,
172.23, 172.43, 176.10, 178.61, 179.34, 179.45 (32C=0); IR (KBr): v=
3410 (OH), 2950 (CH), 1635 (C=0), 1520 cm~' (C=C); MS (FAB): m/z
(%): 2144 (100) [M*+ — 4rBuOH].

Synthesis of [(4NH,) N (Mg,L#)] (6): Methyllithium solution (1.25 mL,
1.6M in diethyl ether, 2 mmol) diluted with dry THF (25 mL) was added
dropwise to a solution of diethyl ketipinate 1a (230 mg, 1 mmol) in dry
THF (50 mL, N,, —78°C) over 30 min. The mixture was stirred for 1 h at
—78°C and magnesium chloride (64 mg, 0.67 mmol) was added. The
mixture was then warmed to 20°C during 18 h and the resulting clear
yellow solution was treated with saturated aqueous ammonium chloride
solution (50 mL). The two phases were separated, the aqueous layer
extracted with trichloromethane (3 x 50 mL) and the combined organic
phases dried over anhydrous sodium sulfate. After concentration to a small
volume (5 mL), the reaction product was crystallized by addition of hexane
(50 mL, 0°C). Occasionally yellow microcrystals are formed. Yield: 300 mg
(78%) yellow microcrystals from chloroform/hexane; m.p. 120°C (de-
comp); 'H NMR (400 MHz, CDCl;, 25°C): 6 =123 (t, 3J(H,H) =7.1 Hz,
36H; 12CHs;), 4.09 (brs, 24H; 120CH,), 5.30 (s, 12H; 12=CH), 7.56 (brs,
16H; 4NH;); 3C NMR (100.5 MHz, CDCl;, 25°C): 6 =14.40 (12CH,),
59.43 (120CH,), 84.17 (12=CH), 172.96, 180.71 (24 C=0); IR (KBr): =
3350 (NH), 1640 (C=0), 1590 cm~! (C=C); MS (FAB): m/z (%): 1537 (45)
[M*+—2H].

General procedure for the synthesis of olig ic metalla-coronates (7 and
8): Aqueous sodium hydroxide (2mL, 2N) was added dropwise to a
solution of copper(i1) chloride dihydrate (1.0 mmol, 171 mg) and diethyl
ketipinate 1a (1.0 mmol, 230 mg) in a methanolic solution of NaBF,
(100 mL, 0.1m). To achieve complete precipitation of the products, water
(100 mL) was added. The crude product was filtered off, dried under
vacuum (oil pump) and crystallized.

[{[Na C (Cu;L%)BF,]- THF - H,0},] (7): Yield (crude product): 265 mg
(84%) green microcrystals from moist THF/diethyl ether; m.p. 230°C
(decomp); IR (CHBr;): 7= 3596 (OH), 2985 (CH), 1605 (C=0), 1546 cm™!
(C=C); MS (FAB): m/z (%): 898 (100) [Na(CusL3)]".

[{Na C (Cu;L4)BF,};-2THF] (8): Yield (crude product): 265 mg (84 %)
green microcrystals from water free THF/diethyl ether; m.p. 220°C
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(decomp); IR (CHBr;): #=2975 (CH), 1615 (C=0), 1554 cm~! (C=C);
MS (FAB): m/z (%): 898 (100) [Na(CusL3)]*.

Crystal structure determination of compound 4: Cy,H ,sMngOs,, M, =
2505.46, triclinic, space group P1, a=16173(2) pm, b =1720.8(3) pm, c =
2201.8(2) pm, «a=8737(1)°, p=7751(2)°, y=6853(1)°, V=
5.5638(13) nm?, Z =2, pyeq = 1.496 Mgm=3, F(000) =2592, 1 =71.073 pm,
T=133(2) K, u(Mog,)=0.970 mm~!, min/max transmission: 0.698/0.794,
crystal dimensions 0.40 x 0.35 x 0.25 mm?, 3.28° <260 <52.74°; 119230
measured reflections of which 22616 were independent (R;,=0.0516)
and employed in the structure refinement (1630 parameters, 677 restraints).
The R values are R1=X|F,—F.|/|F,|=0.0543 (I 20(I)) and wR2=
[Zw(F? — F2)YZwFi]"?=0.1300 (all data); min/max residual electron
density: 1384/1118 enm~>. The hydrogen atoms of the hydroxyl groups
were refined freely with isotropic displacement parameters. OH distances
were restrained to a fixed value. The hydrogen atom bound to the minor
part of the disordered n-propanol could not be located in the difference
Fourier synthesis. Two ethyl and one propyl group of the n-propanol
molecules are disordered over two sites. Two methyl and two ethyl groups
and the parts of the ligands containing C(21) - C(27) and C(74) - C(79) are
disordered over two sites.

Crystal structure determination of compound 7: CiHo,B,CusFgNa,O,-
CH,O, M,=2150.32+74.12, monoclinic, space group C2/c, a=
1789.2(3) pm, b=1894.7(3) pm, c¢=2624.3(1) pm, [=96.03(2)°, V=
8.847(2) nm?, Z=4, pyqa=1.670 Mgm=3, F(000) =4560, 1=71.073 pm,
T=133(2) K, u(Mog,)=1.535 mm~!, min/max transmission: 0.579/0.700,
crystal dimensions 0.40 x 0.30 x 0.25 mm?, 4.26° <26 <52.32°; 27244
measured reflections of which 8044 were independent (R;, =0.0307) and
employed in the structure refinement (675 parameters, 282 restraints). The
R values were R1 =0.0330 (/> 20(/)) and wR2 = 0.0768 (all data); min/max
residual electron density: 575/293 enm~>. The tetrafluoroborate anion is
disordered over two sites. The diethyl ether solvent molecule in 7 is
disordered around a twofold axis. The hydrogen atoms of the water
molecule were refined freely with isotropic displacement parameters. OH
distances were restrained to a fixed value.

Crystal structure determination of compound 8: CyH,,,B;CuyF;Na;Ox-
2.75CH,,0 - 1.25 C,HO, M, =3099.32 +2.75 x 74.12 4+ 1.25 x 72.11, mono-
clinic, space group C2/c, a=6139.3(8) pm, b=1556.0(2) pm, c=
3220.2(2) pm, B=109.08(3)°, V=29.072(6) nm’, Z=8, pPaua=
1.551 Mgm=, F(000)=13940, A=71.073 pm, T=133(2)K, u(Mog,)=
1.403 mm~!, min/max transmission: 0.440/0.873, crystal dimensions 0.70 x
0.30 x 0.10 mm?, 3.86° <20 < 46.52°; 77485 measured reflections of which
20723 were independent (R;,,=0.0631) and employed in the structure
refinement (2218 parameters, 1836 restraints). The R values are R1=
0.0827 (I>20(l)) and wR2 =0.1934 (all data); min/max residual electron
density: 788/787 enm~. The uncoordinated tetrafluoroborate, two methyl
and three ethyl groups and the part of the ligand containing C(23)—C(29)
are disordered over two sites. Three solvent molecule positions are
disordered. One site is occupied by diethyl ether at two positions, a second
by a mixture of diethyl ether and tetrahydrofuran disordered around a
twofold axis and a third by tetrahydrofuran at two positions and by diethyl
ether at the third position.

Crystallographic data for 4, 7 and 8 were collected on a Stoe—Siemens—
Huber four circle diffractometer with Siemens CCD area detector by use of
@ and w scans on a shock cooled crystal in an oil drop.['¥l Data integration
was performed with the program SAINT. A semiempirical absorption
correction was applied. The structures were solved by direct methods
(SHELXS-97)l'l and refined against F? by least-squares.’>! All non-
hydrogen atoms were refined anisotropically. For the hydrogen atoms a
riding model was employed. Ligand as well as solvent molecule disorder
was successfully modelled by employing 1,2- and 1,3-distance- and ADP-
similarity restraints. 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-101000. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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the Novel High-Silica Large-Pore Zeolite SSZ-42
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Abstract: The novel high-silica zeolite
SSZ-42 was synthesized and character-
ized by X-ray diffraction, scanning elec-
tron micrographs, transmission electron
micrographs, argon and hydrocarbon
adsorption, elemental analysis, *C
MAS NMR, FTIR, and catalytic reac-
tions. The framework topology of SSZ-

single crystal (15 x 15 x 35 um) and re-
fined from powder diffraction data. The
crystalline architecture is characterized
by an undulating, one-dimensional 12-
membered T-atom ring (12-MR) chan-
nel system. This configuration is a sur-

Keywords: structure elucidation

prise given that the measured adsorp-
tion capacity is much higher than ex-
pected for a one-dimensional channel
system. The material is stable up to at
least 800°C under thermal and hydro-
thermal conditions, and exhibits many
interesting characteristics and promises
to be a useful catalyst for hydrocarbon

42 has been determined from X-ray
diffraction data taken from a small

Introduction

The widespread use of zeolites as catalysts, adsorbents, and
ion exchangers has had a remarkable impact on many
industrial processes. The significant catalytic activity and
selectivity of zeolite materials are attributed to the large
internal surface area and highly distributed active sites that
are accessible through uniformly sized pores. An important
feature is that these pores are of the same molecular
dimension as the reacting organic molecules. The use of
organo-cation template molecules to provide structure direc-
tion has given rise to a number of novel high-silica zeolites in
recent years, leading to breakthroughs in zeolite science and
providing an impetus in developing new process chemistry.[!
As a consequence, the understanding of zeolite structures and
the structure — property relationships has become not only of
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processing.

basic academic interest but also one of the most critical tasks
in bringing the industrial applications of these materials to
successful fruition.

Typical hydrothermal conditions for zeolite synthesis usu-
ally do not yield sufficiently large crystals for the direct
determination of the structure using single-crystal X-ray
diffraction.””! Several exciting new molecular sieve structures
such as EU-1,P! beta, ZSM-18,5] NU-87,°] SSZ.-26/SSZ-33,["]
MCM-22,81 RUB-3,°1 UTD-1,1!l VPI-8,'l VPI-9,/*l and SSZ-
3131 have been solved with a combination of several
techniques, such as X-ray powder diffraction, high-resolution
electron microscopy, electron diffraction, *Si MAS NMR
spectroscopy, and a knowledge of the material’s porosity and
its relationship to framework density. This information is
combined with computational techniques to generate models,
from which trial structures are then compared to experimental
diffraction data by a Rietveld refinement. Clearly, synthesiz-
ing sufficiently large, high-quality crystals and developing
suitable structure models remain a considerable but beneficial
challenge.

In this paper we report the discovery, synthesis, crystalline
structure, physicochemical and catalytic characterization of a
novel zeolite designated as SSZ-42.'+ 1 This is the first
reported solution of a high-silica large-pore zeolite structure
based on single-crystal data. The outcome represents quite a
surprise from the indications given by each of the individual
techniques cited above (vide infra). These analytical tools
hinted at a multidimensional pore system with at least one 10-
and one 12-membered T-atom ring (12-MR), as has been
observed for SSZ-33.7)
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Experimental Section

Synthesis: The SSZ-42 materials were synthesized by using N-benzyl-1,4-
diazabicyclo[2.2.2]octane cation, R*, as the template molecule (see
Table 1).') The borosilicate versions used here for the structure
analysis were prepared with synthesis mixtures of composition
0.150R,0:0.018 Na,0:0.037 B,0;:Si0,:43.3H,0. The synthesis procedure
for the powder sample (~1-2 um) is outlined as follows: An aqueous
ROH solution (18.11 g, 0.9 mol L") was used to dissolve sodium tetrabo-
rate decahydrate (0.38 g) (Na,B,0;-10H,0, Aldrich) in H,O (27.5 g). Then
Cab-O-Sil M-5 silica (Cabot) (3.26 g) was stirred into the resulting solution.
The reaction mixture was further stirred at room temperature for 1 hour.
Finally the resulting synthesis gel was heated in a Teflon-lined stainless
steel autoclave under static conditions at 150°C for 17 days. The solid
products were recovered by filtration, washed with deionized water, and
dried in air at room temperature.

In one batch we were fortunate to find single crystals of uniform size (ca.
15 x 15 x 35 um). For this synthesis we used boric acid (H;BO;, Mallinck-
rodt) (0.25 g) and NaOH (EM Sciences) (0.08 g) as sources of boron and
sodium, and the synthesis gel was heated under otherwise identical
conditions for 10 days.

To remove the occluded template molecules, the as-synthesized powder
sample was calcined in a steady stream of nitrogen containing just a slight
bleed of air. The stages were as follows: first from room temperature to
125°C at 50°Ch~! and hold for two hours, then to 540°C at 50°Ch~! and
hold for four hours, subsequently to 600 °C at 50 °Ch~! with a final hold for
four hours.

The synthesis procedures of other zeolites used here for comparison studies
in physisorption have been described in early works.

X-ray diffraction: To identify the crystallized phases and to test for phase
purity, the X-ray powder diffraction patterns (for both powder and single-
crystal samples) were collected by using Cuyg, radiation on a in-house
Siemens D500 diffractometer equipped with a graphite monochromator
and scintillation detector.

To solve the framework arrangement of SSZ-42, single-crystal data for a
sample containing the occluded template molecules were collected with a
CCD camera in the Applications Laboratory of Siemens Energy and
Automation, Inc. in Madison, Wisconsin, USA. This single crystal (ca. 15 x
15 x 35 um), has a scattering power equal to about 4 x 10", which is nearly
three orders of magnitude smaller than typical crystals used in the usual
experiment with a laboratory, sealed source. This scattering power is
defined as 0’V A%, where p is the average electron density, V is the volume
of the crystal, and 4 is the wavelength of the experiment. Despite the small
size of the crystal, and a data collection that was not particularly optimized
for low scattering power, 50% of the observations to a resolution of 1.0 A
have F?>20(F?); however, this crystal size is clearly close to the lower
limit for this type of instrument. The data from this very small SSZ-42
crystal were sufficient to locate the framework atoms by using
direct methods in SHELXTL (version 5.03)['7 to generate a very good
trial model, but not precise enough to get good bond lengths and angles.
The crystal system is monoclinic, and the diffraction pattern is consistent
with space group C2/m. There are four topologically distinct T-atoms
(T =tetrahedrally coordinated) and 10 O atoms.

To refine the SSZ-42 structure determined by the single-crystal analysis,
full powder patterns for both calcined and as-synthesized powder samples
(crystal size ca. 1-2 pum) were collected at high-resolution beamline X7A
of the National Synchrotron Light Source (NSLS) with the samples sealed
in a capillary and rotated about the capillary axis. The calcined sample used
for the powder diffraction was prepared by heating the calcined material at
350°C for several hours in a glass capillary under vacuum, to remove as
much of the adsorbed species as possible, and then sealing. The synchrotron
radiation from the bending magnet source was monochromatized with a
channel-cut Si 220 crystal, and the wavelength and diffractometer zero
were calibrated with a standard silicon sample. The values of the
wavelengths were 1.15207 and 1.14833 A for the calcined and as-synthe-
sized samples, respectively. Maximal resolution was ensured by the use of a
germanium 200 analyzer crystal.l'¥! Instrumental parameters were deter-
mined by using the structure-independent intensity extraction method of
Le Bail et al. [l as suggested by Cox." Fixed backgrounds were selected in
the regions where no reflections occurred, and the asymmetric profile
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function of Finger et al.,”!l which properly accounts for axial divergence,
was employed by using the computer program GSAS.”?l Refined in this
stage were two Lorentzian and one Gaussian profile parameters, two
asymmetry parameters, the lattice constants, and the diffractometer zero.
After convergence, the slope of the normal probability plot?’l was used as a
multiplier for the estimated standard deviations of the measured data. In
both cases, the esds of the count data had been underestimated by a factor
of 1.3 to 2. In final convergence, y? for the Le Bail fit was essentially unity
for both samples. At this stage, the profile parameters were fixed and the
structural refinement begun with the atomic positions determined from the
direct methods solution. For both samples, the final cycle of refinement
included the lattice constants, the profile coefficients, preferred orientation
parameters,?! and the structural parameters with isotropic temperature
factors for all atoms. Backgrounds determined in the initial stage were fixed
in the final refinement.

Electron microscopy: The scanning electron micrographs (SEM) were
obtained on a Hitachi S-570 scanning electron microscope.

The initial electron diffraction and imaging analysis were conducted on a
JEOL 100CX transmission electron microscope. Detailed high-resolution
transmission electron microscopy (HREM) were performed on a JEOL
4000 EX transmission electron microscope operating at 400 kV with a
point-to-point resolution of 2.2 A at Arizona State University. The
specimens used in the HREM experiments were prepared by crushing
the calcined SSZ-42 and dispersing the thin sections over a holey carbon
film supported on a copper grid.

Physisorption: Argon physisorption measurements were made in an
Omnisorp 100CX instrument from Coulter. Adsorption isotherms were
measured at — 186 °C by both static and continuous flow techniques, after
the samples were degassed in vacuum (< 10~° Torr) at 300 °C for two hours.
With continuous flow, about 1000 data points were obtained for argon
pressures between 107 and 550 Torr. Sample sizes were about 100 mg and
the argon flow was slow enough that it took one to two hours to admit
enough argon to fill the samples’ micropores. With static adsorption,
equilibration times were ten minutes for each data point. Doses were small
enough that five to ten hours were required to admit enough argon to fill
the micropores. Micropore volumes and external areas were estimated
from alpha-plot analyses of the adsorption isotherms, using alpha values
obtained from a silica standard (CPG-75).

The adsorption capacities of zeolites for vapor phase hydrocarbons were
measured at room temperature using a Cahn C-2000 balance coupled with
a computer through an ATI-Cahn digital interface.” The adsorbates
studied were n-hexane, 2,2-dimethylbutane, cyclohexane, 1,2,4-, and 1,3,5-
triisopropylbenzene. The vapor of the adsorbate was delivered from the
liquid phase. The relative vapor pressure p/p, was maintained at about 0.3
by controlling the temperature of the liquid adsorbate using a cooling
circulator. Prior to the adsorption experiments, the calcined zeolites were
dehydrated at about 350°C under a vacuum of 103 Torr for 5h. The
adsorption capacities are reported in milliliters of liquid per gram of dry
zeolite, under the assumption that the adsorbated adsorbate has the same
density as the bulk liquid.

Additional physicochemical characterization: The elemental analyses were
performed by Galbraith Laboratories (Knoxville, TN, USA).

Solid-state "H NMR spectra of as-synthesized SSZ-42 powder sample were
acquired at 7.0 T and 300 MHz. The Bruker 300 AM spectrometer was
equipped with high power amplifiers and magic angle spinning (MAS)
probes for high resolution. *C MAS NMR spectra were acquired using the
six-pulse version of the TOSS sequence to suppress spinning sidebands
following the creation of coherent magnetization by cross-polarization
(CP).I The sample spinning rate was 4.0 kHz, the cross-polarization time
was 2 ms, the decoupling field strength was 60 kHz, and the recycle delay
was 2s. *C MAS NMR spectra were also acquired after a brief period,
28.5 ms, with no 'H-decoupling. This dipolar-dephasing experiment was
used to discriminate between mobile and rigid components of the NMR
spectrum. 27

The IR spectra of zeolites were measured in a Nicolet Magna 550 FTIR
spectrometer equipped with a KBr beamsplitter, a diamond ATR cell from
ASI, and a DTGS detector. The ATR cell had a KRS-5 crystal that gave
useful spectra down to 350 cm™'.

Catalysis: The catalytic test reactions were conducted according to the
procedures reported elsewhere.['% 28-31]
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Results and Discussion

Synthesis: We synthesized SSZ-42 and recognized it as a new
zeolite material several years ago while trying to solve a
particular zeolite synthesis problem. We had had good success
in synthesizing zeolite SSZ-16P? using templates based upon
linking 1-azabicyclo[2.2.2]octane units with a methylene
chain, particularly with three to five methylene groups.[*!
An improvement was the finding that the isostructural
diazabicyclo[2.2.2]octane also works.?¥ The latter is often
characterized in the organic chemistry literature as DABCO
and is available as a very large commodity chemical (used as a
catalyst in the production of polyurethanes). In a given
synthesis problem we also wanted to use the latter diquater-
nary ammonium compound (or template) to make Al-rich
beta zeolite. But the SSZ-16 zeolite also began to form as an
impurity in some reaction attempts, as the Al content
increased in the synthesis gels. The two zeolites have very
different structures (Figure 1) and catalytic properties. We

SSz-16
Figure 1. Crystalline structures of SSZ-16 and beta.

beta

thought that a bent configuration, off the DABCO nitrogen
center, would still allow us to form the multichannel beta
zeolite but would eliminate the large cavity-dominated
crystallization of SSZ-16. We chose to try a benzyl derivative,
namely, N-benzyl-1,4-diazabicyclo[2.2.2]octane cation (Ta-
ble 1, entry 6).

The strategy proved successful with the DABCO deriva-
tives. As one moved to higher and higher SiO,/Al,O; values in
the synthesis gel, the beta zeolite was replaced by either
mordenite or eventually ZSM-12 at the highest ranges. We
recently described this change in product with changing lattice
substitution for polycyclic template molecules with regard to
both aluminosilicate and borosilicate systems.? The DABCO
derivative described above for use in making both beta zeolite
and SSZ-16 had also been found to be a particularly good
template for preparing beta zeolite in its weakly acidic
borosilicate form, removing any need for Al in the syn-
thesis.’! Thus the next question to consider was would this
newer benzyl derivative also make beta zeolite as a boro-
silicate? The answer is that the novel SSZ-42 appeared
instead.l") While structurally different from beta zeolite, SSZ-
42 also shows some indications as to why the two might be

1314 ——

Table 1. Organic templates and the resulting zeolites.

Entry  Organic template Zeolite at Zeolite at
high lattice moderate
substitutionl®! lattice sub-

stitution®!
+
1 Me;NH, CHNiMe, SSZ-16 (Al) -
I 4+ +
2 T/\/\/Tg SSZ-16 (Al) -
CH, CH,
- S

3 ﬂN/V\/Nt SSZ-16 (Al) MTW (Al)

4 @ﬁ/\/\,@ S$SZ-16 (Al) MTW (Al)

5 @ﬁ/\/\/@ SSZ-16/beta (Al) MTW (Al)

N N—GH
6 2 beta (Al)/SSZ-42 (B) SSZ-42 (B)
O
7 SSZ-42 (B) SSZ-42 (B)
H
T
8 b SSZ-42 (B) SSZ-42 (B)
CH—N N—GH
9 SN } 2 kenyaite kenyaite
W
T
10 amorphous (B) MTW (B)
A >
N ;f— H,
11 b amorphous (B) MTW (B)
A
+
N—CH.
12 \_/ : amorphous (B) MTW (B)
CH,
13 amorphous (B) MTW (B)

[a] Si0,/B,0; or SiO,/ALO, < 30. [b] Si0,/B,0; or SiOy/ALO, > 40.
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grouped together as part of a family of structures resulting
from similar synthesis chemistry.

Once the parameters for making the SSZ-42 as a borosi-
licate were well-defined, we moved on to looking at related
template derivatives, many of which are shown in Table 1. The
template proved to be quite spatially selective as we learned
once the zeolite structure became known, as well as from the
results of template synthesis studies. Thus, it appears that the
various ring-substituted benzyl derivatives we were able to
make (Table 1, entries 10— 13) all increased the size too much
in terms of a critical fit or packing sector of the zeolite. Most
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of these derivatives made ZSM-12 instead, extending them-
selves down a linear channel. Using the isostructural quinu-
clidine for DABCO worked fine (Table 1, entry 7) and this
latter template has been also successfully used to make the
aluminosilicate zeolite MCM-58P"1 and more recently the
pure-silica zeolite ITQ-4.81 According to the Structure
Commission of the International Zeolite Association, these
two zeolites are isostructural to SSZ-42. We also were
successful with the quinuclidinol derivative (Table 1, entry
8). Thus, it appears that changes to the bicyclo[2.2.2]octane
segment are less critical than derivatives of the benzyl
substituent (vide infra for 3C MAS NMR results).

SEM and optical microscopy: Figure 2 shows the morpholo-
gies and sizes of two as-synthesized SSZ-42 samples studied
here. The sample shown in Figure 2a was made up of large
single crystals of very uniform size (ca. 15 x 15 x 35 um). No
twinned crystals were observed in this sample. When exam-
ined under a high-resolution optical microscope, the single
crystal extinguished uniformly under crossed polarizers,
indicating they were truly single crystals. The orientation of
the optic axes of these single crystals is consistent with the
monoclinic symmetry determined from the X-ray diffraction
data (vide infra). The sample shown in Figure 2b had a
uniform crystal size of about 1-2 pm. As shown in Figure 3,
the X-ray diffraction (XRD) patterns of both samples
contained peaks characteristic of SSZ-42. The peak intensities
of single-crystal SSZ-42 were affected by texture because the
sample no longer had a random distribution of particles due to
the large size of the crystal (15 x 15 x 35 pum).

Details of structure: The unit cell parameters of both as-
synthesized and calcined samples are shown in Table 2. They
were determined based on the full powder patterns (crystal
size ca. 1-2 pum) collected at high-resolution beamline X7A
of the National Synchrotron Light Source, Brookhaven
National Laboratory. Calcination results in a contraction of
the unit cell in a and c¢ directions but expansion in the b
direction. The resulting contraction of unit cell from 1851.12

C1629-02-3A 1.5K

n single crystal
M UJL_A.J\«_AJ\_A.A._.A.AA.M N

powder

N
2 6 10 14 18 22 26 30 34 38 42
20/°
Figure 3. Conventional X-ray powder diffraction patterns of the two as-
synthesized SSZ-42 samples described in Figure 2 (taken on in-house
Siemens D500 diffractometer).

Table 2. Unit cell parameters for SSZ-42.

a[A] b[A] c[A] B V[AY)

as-synthesized 18.6309(9) 13.3359(1) 7.61731(3) 102.017(1) 1851.12(1)
calcined 184991(2) 13.4078(1) 7.57548(2) 101.471(1) 1841.49(2)

to 1841.49 A% implies, together with the relationships between
template geometry and zeolite structure discussed above (see
Table 1), that the template molecules are tightly packed in the
channel system of SSZ-42, and the zeolite framework is
relaxed upon removal of the occluded template molecules
(vide infra for ®*C MAS NMR results).

For the refinement of the powder data from the calcined
sample, which contains only the framework atoms, conver-
gence was accomplished without difficulty by using the
program GSAS. Difference electron density slices through
the channel cross-section showed no residual electron density.
The refinement led to residuals of wR,=0.066, R,=0.050,

Figure 2. SEM images showing morphologies and sizes of two as-synthesized SSZ-42 samples studied here: a) single crystal (ca.

15 x 15 x 35 um); b) powder (ca. 1 -2 pm).

Chem. Eur. J. 1998, 4, No. 7
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and Ry, = 0.061 with y>=1.02. The Rietveld difference plot
in Figure 4 shows that the observed and calculated powder
patterns of the calcined sample agree very well. The atomic
coordinates and selected bond lengths and angles for the
calcined form are listed in Tables 3 and 4, respectively.

| | | I 1 1 1 1 1
10.0 200 300 40.0 50.0 60.0  70.0 80.0 90.0

20/°

Figure 4. Results of Rietveld refinement of calcined SSZ-42 powder
sample.

Table 3. Atomic coordinates and isotropic temperature parameter U, for
calcined SSZ-42.

x y z 100%U,, [A?]
Sil 0.9876(3) 0.6151(4) 0.6972(7) 2.6(2)
si2 0.1471(3) 0.6159(4) 0.9006(7) 3.002)
Si3 0.7516(3) 0.6122(4) 0.3779(8) 2.90)
Si4 0.8393(3) 0.7045(4) 0.7280(8) 32(2)
o1 0.0625(8) 0.6427(7) 0.8284(15)  3.9(4)
02 0.9241(6) 0.6860(7) 0.7350(13)  1.9(3)
03 0.1769(6) 0.6785(7) 0.0793(14) 2.6(4)
04 0 0.6250(14) 0.5 6.5(7)
05 0.7902(6) 0.6327(8) 05818(16)  4.1(4)
06 0.1944(6) 0.6372(9) 0.7491(15)  6.3(5)
07 0.9689(8) 0.5 07246(21)  4.1(6)
08 0.6801(5) 0.6819(7) 03206(14)  2.1(3)
09 0.1561(7) 0.5 0957921)  5.8(7)
010 0.7219(7) 0.5 0.3540(18)  2.8(5)

Table 4. Selected bond lengths [A] and angles [°] for calcined SSZ-42.

Sil-01 1.582(8) Si3-05 1.595(9)
Sil-02 1.583(8) Si3-06 1.554(9)
Sil-04 1.562(4) Si3-08 1.606(7)
Sil-07 1.606(5) Si3-010 1.599(5)
mean Sil-O 1.583 mean Si3-O 1.588

Si2-01 1.593(8) Si4-02 1.576(8)
Si2-03 1.597(8) Si4-03 1.587(8)
Si2-06 1.602(9) Si4-05 1.604(8)
Si2-09 1.614(4) Si4-08 1.590(7)
mean Si2-0O 1.602 mean Si4-O 1.589

Si1-01-Si2 147.1(5) Si2-06-Si3 156.1(7)
Si1-02-Si4 149.1(6) Si1-07-Sil 148.2(9)
Si2-03-Si4 143.0(6) Si3-08-Si4 139.2(5)
Si1-04-Sil 170.3(13) Si2-09-Si3 148.6(9)
Si3-05-Si4 148.7(6) Si3-010-Si3 140.2(7)

The framework structure, viewed along the 12-membered
T-atom ring (12-MR) channel (Figure 5), is characterized by
an undulating, one-dimensional channel system with pores
comprised of 12 T-atoms. The basic building unit can be
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Figure 5. SSZ-42 framework viewed along [001].

considered to be a polyhedron containing 16 T-atoms which
form five 4-MR, four 5-MR and two 6-MR (Figure 6). Each
unit cell consists of two polyhedrons and contains, therefore,

Figure 6. Basic building unit of SSZ-42 structure.

32 T-atoms. The framework density is 17.4 T per 1000 A3, The
pore diameter at the narrowest point in the xz projection is
about 6.4 A. The cage at the widest point is about 10 A. As
shown by the xz projection in Figure 7, the channel exhibits
side pockets which are reminiscent of those in beta and SSZ-
3307 zeolites formed by the intersection of channels. In SSZ-
42, however, there are no intersecting channels. In the
perpendicular projection (yz) there are no undulations and
the pore diameter is about 6.7 A. An xy projection of the unit
cell is shown in Figure 8. As demonstrated by the numbered T-
atoms in Figure 8, it is clear that the 12-MR is considerably
distorted, giving the smaller than expected pore size. At first
glance it appears to be a 10-MR (vide infra). The propensity
for a high 4-MR population in a high-silica zeolite structure, in
relation to the necessity for lattice substitution (boron for
silicon, in this instance), has been discussed by Zones and
Santilli.?]

Additionally, Camblor et al. have very recently reported
the structure determination of the pure-silica zeolite ITQ-4.14]
Their reported structure for the pure-silica ITQ-4 and our
structure solution for the borosilicate SSZ-42 are in very good
agreement.
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Figure 7. xz projection of SSZ-42 framework showing minimized location
of template molecules.

Figure 8. xy projection of the unit cell and 12-MR pore of SSZ-42.

Computer modeling: The powder diffraction data from the as-
synthesized sample, which still contains the template used in
synthesis, displays considerable electron density in the
channel. The diffraction pattern displays only diffraction
maxima consistent with a C-centered lattice; therefore, the
template molecules must be disordered for space group C2/m.
Results from elemental analyses indicate two template
molecules per unit cell. A possible location for the template
molecules was generated by molecular modeling in the Insight
computational environment*! (see Figure 7). The template
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molecule spans the volume from one side pocket diagonally to
the next. The stabilization energy (SE) was —263.8 kcal per
template molecule calculated with a single template molecule
in the pore. With four templates packed in a pore channel,
four unit cell repeats in length, the SE was —123.1 kcal per
template molecule. The reduction in SE with four template
molecules is due to template —template interactions. If the
template molecules had long-range ordering in the channels,
the symmetry would be reduced relative to that of the
framework. The extra peaks corresponding to this reduction
are not observed; therefore, we assume that the template
molecules are disordered. Because the symmetry of the
framework would result in four equivalent positions for the
molecules, we assume that each has 1/4 occupancy. The
difference electron density in the channels is reduced by this
model; however, there are still considerable discrepancies in
the calculated structure factors. Figure 7 shows templates in a
head to tail orientation. Rotation of a template molecule
about the twofold axis at 1/2, y, 1/2 results in equivalent
orientations with respect to the framework but with head to
head and tail to tail orientations with respect to other
templates. Modeling suggests that these all have similar
energies. Because the template molecule has lower symmetry
than the framework, these equivalent orientations could
result in considerable disorder for the Rietveld structural
model. Further studies on the structure refinement based on
the as-synthesized synchrotron powder XRD pattern are in
progress.

This structure confirms once again the effective use of
organo cations as guest molecules in developing the host
molecular sieve architecture. The fact that the relatively linear
guest molecule does not reside parallel to the pore in this
structure is a relatively unusual occurrence in zeolite crystal-
lization. Rather, the molecule resides in a sequence of bulging
cages formed at a fixed off-pore axis direction from the main
channel.

13C MAS NMR spectroscopy: The 3C MAS NMR spectra are
shown in Figure 9 for as-synthesized SSZ-42 powder sample.
The spectral assignments of the intact template molecules are
shown in the spectrum in Figure 9.1 The mobility of the
template molecule occluded inside the zeolite was investigat-
ed by dipolar-dephasing (DD).?* 2" This experiment detects
the coherent magnetization after a brief period without high-
power proton decoupling. Parts of the molecule that experi-
ence rapid molecular reorientation (with respect to the
magnetic field) that effectively average the heteronuclear
dipolar coupling still appear in the NMR spectrum. The
resonances that arise from more rigid parts of the molecule
will not be able to average the strong dipolar coupling and will
become dephased, that is, absent in the NMR spectrum. The
result of the DD experiment for the template molecules
occluded in SSZ-42 is shown in the spectrum in Figure 9b. The
methylene resonance 3 and resonances 5, 6 from the phenyl
ring are absent from the spectrum, indicating that this end of
the template molecule is not undergoing molecular reorien-
tation (faster than 10° s). The difference spectrum (Figure 9¢)
is also shown for clarity. The methylene carbon atoms in the
DABCO end of the template molecule undergo significant
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Figure 9. a) 3C CP/MAS NMR spectrum of as-synthesized SSZ-42 powder
sample; spinning sidebands have been suppressed with the TOSS pulse
sequence. The C6 and C6' resonances overlap in this spectrum. b) The
dipolar-dephasing spectrum is shown for the same sample; 'H-decoupling
was turned off during the first delay of the TOSS sequence, 28.5 psec. ¢) The
difference between spectra a and b is shown; the spectral intensity
represents the fraction of magnetization that dephased without proton-
decoupling.

molecular reorientation on the ms time-scale, which is most
likely a twisting motion about the C, axis. This is evident since
the majority of the '3C spectral intensity survives the dipolar-
dephasing period (Figure b). Resonance 4, the quaternary
carbon of the phenyl ring, also survives the DD experiment,
because it has no directly bonded protons. Variable contact
time cross-polarization (CP) experiments (not shown) show a
weak 'H-3C dipolar coupling consistent with the major source
of CP magnetization being the mobile DABCO protons. The
BC CP/MAS NMR results supports the picture (from single-
crystal X-ray and computer simulations) that the template
molecules are oriented with respect to the zeolite channel
system. The lack of rapid molecular reorientation for the
benzyl end of the template molecule also implies that there is
a tight fit between the organic molecule and the zeolite
framework, as also evi-
denced by the results dis-
cussed above (see Table 1).

HREM: Eleven distinct se-
lected area zone axis elec-
tron diffraction patterns
were collected from ap-
proximately 15 different
crystals. Figure 10 shows
two diffraction patterns lat-
er identified as the [100]
(left) and [001] (right) ori-
entations. We were able to
index all the electron dif-
fraction patterns by using
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Figure 10. Electron diffraction patterns from small crystals of SSZ-42 in
[100] (left) and [001] orientations (right), respectively.

the unit cell model constructed from the X-ray diffraction
data. All the diffraction spots in the electron diffraction
patterns were sharp. No streaking was observed in any of the
orientations. This indicates that there are no stacking faults in
SSZ-42 and suggests that only one polymorph of the material
is present.

A low-dose HREM image recorded from a wedge-shaped
crystal in the [001] projection is shown in Figure 11 left . The
characteristic large white dot contrast shows that a main
channel runs along the [001] direction in the crystal. The
digital diffractogram from this image (Figure 11 right) shows
that the image, though noisy, contained information out to at
least 2.2 A. Figure 12 left is a processed unit cell motif
obtained by applying real space noise reduction techniques of
Pan and Crozier® to Figure 11 left. Initial measurements
from the processed image suggested that the channel circum-
ference was approximately 29 A. Assuming that the Si—O
bond length and angles are in the range of 1.55-1.64 A and
140-170°, respectively, a 10-MR of Si atoms has a circum-
ference of 29-32 A. This initial analysis led us to the
preliminary proposal that the main channel shown in Fig-
ure 12 left may correspond to the projection of an untilted 10-
MR running along the [001] direction; however, we were
unable to come up with a structure that would yield a good fit
between the simulated and experimental image. Although, if
we use the atomic coordinates derived from the XRD data, we
obtain an excellent match between the simulated and
experimental HREM data (see Figure 12 middle).

Figure 11. Left: Low-dose high resolution image from SSZ-42 crystal in [001] orientation. The image was recorded from
a wedge-shaped crystal resulting in a gradation of the image intensity from left to right. Right: Digital diffractogram of
Figure 11 left showing information out to 2.2 A.
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Figure 12. Left: Spatially averaged imaged motif generated from Figure 11 left showing structure information in zeolite unit cells. Middle: Simulated image
of the determined SSZ-42 structure in the [001] projection. The image was calculated using multislice techniques for a crystal 40 A in thickness and the
objective lens set to Scherzer defocus (—490 A). Right: Projection of the determined structure along the [001] direction.

Low-dose high-resolution electron microscopy (HREM)
has proven to be a useful technique for elucidating the
structure of zeolites, as demonstrated for SSZ-33,"1 VPI-8,['1]
and SSZ-31.131 In those cases, HREM helped in providing the
first guess of the structure model and later took on the role of
a stringent test in verifying the eventual model. In the current
case of SSZ-42, the unusual nature of the undulating channel
causes the 12-MR to appear as a 10-MR ring in [001]
projection (see Figure 12 right). This points out that great care
must be exercised when interpreting data from HREM in
terms of crystal structural units. Nonetheless, the comparison
between the experimental and simulated images is still clearly
a stringent test of the accuracy of the proposed structure
model.

Physisorption: Table 5 lists the zeolites studied in this work
for argon adsorption, together with their pore size and
dimensionality. SSZ-42 was compared with 1) SSZ-26/SSZ-
33 and beta (multidimensional 10/12- or 12/12-MR channel

Table 5. Zeolites studied in this work for argon adsorption and their pore
structures.

Zeolite Pore structure

SSZ-42 1D undulating channel, distorted 12-MR
SSZ-26/SSZ7-33 3D channel, 10-/12-/12-MR
Beta 3D channel, 12-MR

SSZ-24 1D straight channel, 12-MR

SSZ-31 1D straight channel, 12-MR

ZSM-12 1D straight channel, distorted 12-MR

L 1D straight channel 12-MR, with small side pocket
EU-1 1D, 10-MR, with side pocket

SS8Z-25 2D, 10-MR, with cage

SSZ-37 2D, 10-MR, with cage

SS§Z-32 1D straight channel, 10-MR

system), 2) SSZ-24, SSZ-31, ZSM-12 and L (one-dimensional
12-MR channel system), 3) EU-1, SSZ-25 and SSZ-37 (10-MR
channel system with side pocket/cage), and 4) SSZ-32 (one-
dimensional 10-MR channel system). The adsorption results
are depicted in Figure 13. Argon adsorbed in the micropores
of SSZ-42 over a broad pressure range, from about 10 ubar to
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about 1000 pbar, even during static experiments with ade-
quate time for equilibration. Equilibrium micropore-filling
steps for most other zeolites occurred over much narrower
ranges. The only other zeolites that we have found to have
such broad micropore-filling transitions are SSZ-26, SSZ-33,
and beta (Figure 13). Adsorption isotherms for SSZ-42 and
SSZ-26 are very close to one another in the micropore-filling
region (Figure 14), although they diverge at higher pressures
due to a large external surface area for SSZ-26. The micropore
volume accessible to argon in SSZ-42 is 0.20 mLg~!, about
10% lower than that for SSZ-26. Its external area is about
10 m?g~%. Detailed discussion on the above argon adsorption
results will be reported later.

The existence of large pores in SSZ-42 was also exper-
imentally confirmed by the adsorption of a series of molecules
with varying dimensions. Fast adsorption was observed with
both 1,2,4- and 1,3,5-triisopropylbenzene (larger than the
1,2,4-isomer) in zeolite UTD-1 (10 A pore) as well as with
1,2 4-triisopropylbenzene in zeolite Y (7.3 A pore), while the
adsorption of 1,3,5-triisopropylbenzene in zeolite Y proceed-
ed extremely slowly.*! Within the experimental errors, no
uptake of 1,3,5-triisopropylbenzene in SSZ-42 was detected.
However, the adsorption capacity of SSZ-42 for the less bulky
1,2,4-triisopropylbenzene reached about 0.07 mL g~! after five
days, indicating a strongly hindered diffusion of this molecule
through the distorted 12-MR openings. Similar to argon
adsorption, all smaller adsorbates screened such as N,, n-
hexane, 2,2-dimethylbutane, and cyclohexane had a high
adsorption capacity of about 0.20 mLg! in SSZ-42, which is
close to the adsorption data obtained in SSZ-33 and beta, both
of which possess intersecting 10/12- or 12/12-MR channels.
Based on the above results from argon, nitrogen, and hydro-
carbon adsorption, one could easily come to the incorrect
conclusion that the framework architecture of this new
material consists of an intersecting 10/12- or 12/12-MR
channel system. In fact, the large adsorption capacity of
SSZ-42 is due to large cages rather than to an intersecting
channel system. The high adsorption capacity exhibited here
is exceptional for a large-pore zeolite with a one-dimensional
channel system. This is the first reported zeolite structure with
such features.
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Figure 13. Derivatives of argon physisorption isotherms for various zeolites. Solid lines: static measurements; + : dynamic measurements.

characterization:

The IR

conditions, it can be prepared with a wide range of Brgnsted

Additional physicochemical
spectrum of SSZ-42 (Figure 15) in the 350cm™! to
1700 cm™! region was unique among the spectra of 150
zeolite and zeolite-like materials that we have tested. The
closest match among our other zeolite spectra was that of

acidity and, therefore, can be converted to different catalysts
for a body of chemical reactions, including hydrocracking,
catalytic cracking, isomerization, alkylation of aromatic com-
pounds, and reforming. In the light of its unusual topological

SSZ-26.

Catalysis: SSZ-42 is very stable up to at least 800°C even
under hydrothermal conditions. By manipulation of synthesis
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structure and exceptional pore volume, this new material
exhibits many interesting catalytic characteristics and, as we
reported previously,'> %lgenerates a series of catalysts for
several industrial processes.
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Figure 14. Argon physisorption isotherms for SSZ-42 (solid line) and SSZ-
26 (dotted line). Continuous flow measurements at — 186 °C with a dosing
rate that filled the micropores in one and one-half hours.
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Figure 15. IR spectrum of calcined SSZ-42 obtained with a diamond ATR
cell.

An aluminum-containing SSZ-42 sample was prepared by
substituting aluminum for most of the boron in B-SSZ-42 by
using aqueous aluminum nitrate solution!'® and was charac-
terized by the constraint index (CI). The CI is widely used to
characterize the effective pore size of acidic zeolites and is
determined based on a comparison of the rates of acid-
catalyzed cracking of n-hexane and 3-methylpentane with an
equimolar mixture of these two hydrocarbons as feed.?! The
Al-SSZ-42 sample studied here had a CI value of 0.65 which is
typical of the 12-MR (or larger pore) zeolites.

Al-SSZ-42 was also studied for ethylbenzene disproportio-
nation. This reaction was used as a test reaction for the rapid
discrimination between 12- and 10-MR zeolites.””! According
to Weitkamp et al., an induction period is characteristic of the
12-MR zeolites (e.g., Y and ZSM-12), namely, the ethyl-
benzene conversion increases with the time-on-stream at the
onset of the reaction. It is followed by a stationary or quasi-
stationary stage during which the conversion remains constant
or decreases slowly. With 10-MR zeolites, there is no
induction period and the catalyst deactivation is considerably
faster. Pronounced differences are encountered between the
distributions of the diethylbenzene isomers formed on 12- and
10-MR zeolites: 1) with 12-MR zeolites, in the quasi-sta-
tionary stage the isomer distributions are essentially inde-
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pendent of the time-on-stream and close to the thermody-
namic equilibrium; 2) with 10-MR zeolites, the selectivity for
1,2-diethylbenzene is very low and the isomer distributions
change significantly with the time-on-stream in favor of the
para-selectivity (1,4-diethylbenzene). In addition, the differ-
ence between the yields (Y) of benzene and diethylbenzenes
is also pronounced although equal molar yields of benzene
and diethylbenzenes are expected based on stoichiometry: on
12-MR zeolites, the molar ratio of Ypgp,/Ys, typically
amounts to 0.9 as compared to 0.75 on 10-MR zeolites.

The time-on-stream behavior of SSZ-42 during ethylben-
zene disproportionation is depicted in Figure 16. No induction
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Figure 16. Top: Conversion of ethylbenzene (Xg.g,) and yields of benzene
(Yg,) and diethylbenzenes (Ypg.p,) over SSZ-42. Bottom: Distributions of
the diethylbenzene isomers over SSZ-42. The full symbols (single points)
represent calculated values for the thermodynamic equilibrium at 250 °C.[**]
W/Fg g, stands for the modified residence time, where W is the mass of the
dry catalyst and Fg g, is the molar flux of ethylbenzene at the reactor inlet.

period was observed and the deactivation was considerable,
implying that SSZ-42 appears to be a 10-MR zeolites.
However, the molar Ypg,/Ys, ratio was close to 0.9, which
suggests, together with the distributions of the diethylbenzene
isomers shown in Figure 16 bottom, that SSZ-42 is a 12-MR
zeolite. This less straightforward picture obtained from SSZ-
42 is most likely related to the unusual framework structure of
this novel zeolite. Further work is in progress in our
laboratory with SSZ-26/SSZ-33, beta, L, and other zeolites
to investigate the relationships between their structures and
catalytic behaviors in ethylbenzene disproportionation.
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Furthermore, the AI-SSZ-42 material was loaded with
0.27 wt. % Pd and the resulting Pd/Al-SSZ-42 was character-
ized by using the Spaciousness Index (SI). The SI is defined as
the yield ratio of isobutane and »n-butane in hydrocracking of a
C,, cycloalkane such as n-butylcyclohexane over bifunctional
zeolites or other molecular sieve materials.”?> 3!l The ratio
increases with increasing pore size and is proven to be a useful
tool for characterizing the shape-selective properties of
molecular sieve materials. Based on our results, SSZ-42 has
an SI of 15. In Figure 17, the SI of SSZ-42 is compared to those
of various reported zeolites. According to the above results,
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the effective void size of SSZ-42 is smaller than the effective
diameter of the largest voids in Y, ZSM-20, beta, and L but
larger than those of other one-dimensional 12-MR zeolites.
Apparently, the SI data are consistent with the SSZ-42
structure discussed in this study.

Conclusion

This paper describes the discovery, synthesis, structure
determination, physicochemical and catalytic characterization
of the novel zeolite SSZ-42. This material could well be
suitable for commercial applications because it is stable up to
at least 800°C under thermal and hydrothermal condi-
tions. Preliminary testing showed that it exhibits many
interesting characteristics concerning a body of chemical
reactions and promises to be a useful catalyst for hydrocarbon
processing.

The crystalline architecture of SSZ-42 is characterized by
an undulating, one-dimensional 12-MR channel system. This
configuration is a surprise given that the measured adsorption
capacity is much higher than expected for a one-dimensional
system and that the early HREM results suggested it was a
one-dimensional 10-MR system. This work clearly points out
the importance of using a collaborative multitechnique,
interdisciplinary approach for the structural solution.
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First Glycosylation of Decarestrictine B and D:

A Route to Hybrid Antibiotics

Gerald Driger, Alfons Garming, Corinna Maul, Mathias Noltemeyer, Ralf Thiericke,

Marion Zerlin, and Andreas Kirschning*

Abstract: The naturally occurring ten-membered lactones decarestrictine B (4) and
D (5), which lower cholesterol levels, were glycosylated with deoxygenated 2-seleno-
glycosyl acetates 7a, 7b, and glycal 10 (obtained from D-glucose), and glycal 13

(obtained from L-rhamnose). Depending on the glycosylation method employed, the
triol decarestrictine D was glycosylated with a high degree of regioselectivity. A
set of hybrid structures were yielded by O-deblocking and in most cases
reductive removal of a halogen or a phenylselenyl group from C-2 of the glycosides

Keywords: antibiotics - DNA rec-
ognition - glycosides - glycosyla-
tions - macrocycles

14a-f, 20a, 20b, and 24. These hybrids were subjected to preliminary biological
tests in which the novel glycoconjugates 15d and 15e displayed DNA-binding

properties.

Introduction

The frequency of resistance to commonly utilized antiinfec-
tive drugs in bacterial pathogens is increasing at an alarming
rate.ll The construction of hybrid or composite antibiotics,
among other strategies, is regarded as an important approach
for the development of new therapeutic reagents. This
concept is based upon the combination of structural fragments
commonly found in different antibiotics within one mole-
cule. Apart from the traditional method of chemical syn-
thesis,®! various research groups have recently employed
genetically engineered hybrid organisms with modified bio-
synthetic genes to achieve this goal.[*l

As part of ongoing synthetic and biosynthetic studies on
glycoconjugatesl! we envisaged constructs that are composed
of a biologically active nonglycosylated secondary metabolite
(aglycons) and a deoxygenated glycan unit. As interesting
sugar moieties we employed D-olivose (2,6-dideoxy-p-arabi-
no-pyranose, 1, R=H), L-rhodinose (2,3,6-trideoxy-L-threo-

[*] Dr. A. Kirschning, Dr. G. Dréger, Prof. Dr. A. Garming
Institut fiir Organische Chemie der Technischen Universitét Clausthal
Leibnizstrasse 6, 38678 Clausthal-Zellerfeld (Germany)
Fax: (+49)5323-72-2858
E-mail: andreas.kirschning@tu-clausthal.de
C. Maul, Dr. R. Thiericke, Dr. M. Zerlin
Hans-Knoll-Institut fiir Naturstofforschung e. V.
Beutenbergstrasse 11, 07745 Jena (Germany)

Dr. M. Noltemeyer
Institut fiir Anorganische Chemie, Universitdt Gottingen
Tammannstrasse 4, 37077 Gottingen (Germany)
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pyranose, 2, R=H), and the disaccharide 3, which is
composed of 1 and 2 (Figure 1). These and other rare sugars
are commonly found as constituents of angucycline anti-
biotics,[%! and to a lesser extent in macrolide antibiotics and

OR OR
Me Me7~~0 Me Mew
(o]
T e e Y
OR
HO OH HO o
1 2 3

Me O
9707 1
T 43
HO 'oH
OH

decarestrictine B 4 decarestrictine D 5

Figure 1. Deoxygenated glycosides derived from p-olivose and L-rhodi-
nose and the ten-membered lactones decarestrictine B and D.

anthracycline cytostatics. In all these examples the carbohy-
drate units are essential for biological activity.”! Apart from
governing the pharmacokinetics of a drug, deoxygenated
sugars also serve as recognition elements for the DNA binding
of natural products.>? In fact, the contribution of these
oligosaccharides to the energetics and sequence specificity of
preferentially minor-groove DNA binding are only beginning
to be explored.!'”)
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As aglycons we chose the ten-membered
lactones decarestrictine B (4) and D (5). These
are important new members of the growing
class of ten-membered lactones of natural
origin isolated from the fermentation broth of
Penicillium species.'! In particular 5 is the most
potent in vivo inhibitor of the de novo choles-
terol biosynthesis.'?l Although they have struc-
tural resemblance to aglycons with 12- and 14-
membered macrolide antibiotics like methymy-
cin and erythromycin A, the decarestrictines
do not exhibit antibacterial, antifungal, or
antiviral activity. Therefore, combination of
the ten-membered lactone moiety of the de-
carestrictines, which serves as an aglycon, with
deoxygenated sugars would lead to hybrid
antibiotics. Glycosylated structures derived
from 4 and § are appealing, as a combination
of two components of natural products from a
bacterial and fungal source is achieved.

Me

BsO"

Results and Discussion

Synthesis of glycosyl donors: In the first phase

of the project, deoxysugars 1-3 had to be

provided in sufficient amounts in an activated form. Glycals
such as 6 and 8, are ideally suited for this purpose as they can
either be directly employed in glycosylation reactions to
preferentially give a glycosides, or they may be transformed
into alternative glycosyl donors that can give access to f§
glycosides.'> ] As shown in Scheme 1, the fert-butyldime-
thylsilyl-protected (TBS) 6-deoxy-D-glucal 6 was prepared
from glucose by a known synthetic sequence.'! To obtain a
glycosyl donor suitable for the synthesis of S-glycosylated D-
olivose, 6 was transformed into the seleno acetates 7a and b
following the procedure of Perez and Beau.l'”! The isomers
were isolated as a mixture (4:1 ratio) and were difficult to
separate. As the 'TH NMR spectrum of the minor component
7a showed a similar size for the diagnostic coupling constant
Ji, as 7b (5.8 Hz compared with 6.0 Hz), the mixture was
coupled with benzyl alcohol in the presence of trimethylsilyl
trifluoromethanesulfonate (TMSOTY) (yield: 85%). At this

Abstract in German: Die natiirlich vorkommenden, den
Cholesterinspiegel senkenden zehngliedrigen Lactone Decare-
strictin B (4) und D (5) wurden mit den aus D-Glucose bzw. L-
Rhamnose erhiiltlichen desoxygenierten 2-Seleno-glycosylace-
taten 7a,b sowie mit den Glycalen 10 und 13 glycosidisch
verkniipft. In Abhingigkeit von der gewdihlten Glycosylie-
rungsmethode konnte das Triol Decarestrictin D mit hoher
Positionsselektivitdit glycosyliert werden. Nach Abspaltung der
Schutzgruppen und in vielen Fillen reduktiver Entfernung von
Halogen oder der Phenylselenyl-Gruppe an C-2 der Glycoside
14a-f 20a,b und 24 wurden verschiedene Hybridstrukturen
erhalten, die ersten biologischen Tests unterzogen wurden. Fiir
die Bisglycoside 15d und 15 e wurde DNA-Affinitiit gefunden.
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AgOAc
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OAc
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7a 1:4 7b
Me7 =07 TMSOT,
-78°C, Et,0,
8 OH 21%
Me, _oO
Me o OI,.-'O
. + 6
1" "y
R= TBS 11b TBSO X (52%)
R=H 12b oTBS
Ph3SnH, AIBN 9 X=SePh
51% 10 X=H

Scheme 1. Preparation of glycosyl donors 6, 7, 9, and 10.

stage both stereoisomers 11a and b were separated and
desilylated (Bu,NF, THF) to afford benzyl glycosides 12a
(94 %) and 12b (85 %), respectively. With the large protective
groups now removed, both isomers adopt a *C,(D) conforma-
tion that helped to unequivocally assign the configurations at
C-1 and C-2. Coupling of 7a and 7b (4:1 mixture) with glycal
861 at —78°C with catalytic amounts of TMSOTf provided
the labile disaccharide 9 in 21 % yield along with 52% of
glycal 6, an indication of the well known reversibility for the
addition of PhSeX to glycals.'”l In addition, the following
observations are noteworthy. Only the S-isomer 7b was
glycosylated under the conditions employed. 7a did not react
and was reisolated in high purity. The acetoxy group in
glycosyl acetate 7b can be activated in the presence of another
potential glycosyl donor group, such as the enolether double
bond in 8. The deselenylation of 9 by use of Ph;SnH and
azobisisobutyronitrile (AIBN) in refluxing toluene to gener-
ate the desired glycal 10.

Glycosylation of decarestrictine D: In order to gain access to
a diverse number of glycosylated products for pharmacolog-
ical evaluation, and to assess the relative reactivity of hydroxy
groups in polyhydroxylated decanolides, we employed un-
protected decarestrictine D (5) for glycosylation reactions.
The N-iodosuccinimide (NIS) method,!'” with 5, 4-O-benzoy-
lated L-thodinal 13, and NIS in acetonitrile, afforded a
mixture of mono- and bisglycosylated decanolides 14a—f
(11:2.2:4.5:4.5:1:1, 74 % ) with the expected preference for the
o anomers (Scheme 2 and Figure 2). The ratio between
monoglycosides 14a—c and bisglycosides 14d—-f could be
manipulated by changing of the molar ratio of 13 and 5. The
ratio of the isolated monoglycosylated products 14a, 14b, and
14c¢ (5:1:2) allowed us to deduce the relative reactivity and
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Figure 2. Bisglycosylated ten-membered lactones derived from decarestrictine D.

accessibility of the hydroxy groups of § in acetonitrile as 7-
OH > 3-OH > 4-OH. The same relative reactivity was also
reflected in the formation of bisglycosides 14d—f. Surpris-
ingly, 1,2-cis-a-configurated adducts were exclusively found
in rhodinosyl units of 14b (‘H NMR: 3/(1,2) =2.8, 3J(2,3a) =
13.2 Hz) and 14f ("H NMR: 3J(1,2) =2.8, 3J(2,3a) = 13.6 Hz),
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which are both attached to
3-O of 5. This result implies
an anchimeric assistance by
the lactone carbonyl group
during the glycosylation
process. Kessler et al. ob-
served formation of these
unexpected  glycosylation
products in the NIS-pro-
moted synthesis of O-glyco-
peptides,'®! and encoun-
tered the high electron-do-
nating power of benzyl-
protecting groups in the gly-
cal employed that favors the
ring opening of the inter-
mediate iodonium cation.

In contrast to Kessler’s
results, the benzoyl group
should have an opposite
effect here. Indeed, we
could not detect any 3-O-
1,2-trans-f-glycosides  that
would have further support-
ed their explanation.
Bu;SnH-promoted deiodi-
nation of the regioisomer
14c¢ yielded 16. In contrast,
reductive exchange of io-
dine by hydrogen in 14a
led to stereoselective 5-
exo-trigonal addition of the
intermediate radical onto
the olefinic double bond,
thereby forming the highly
substituted tetrahydrofuran
18 in excellent yield (88 %,
Scheme 3).% Also, utiliza-
tion of the reducing system
NiCl, - (H,0)¢/NaBH, could
not suppress this ring clo-
sure. Debenzoylation of
14d-f and 16 was achieved
without substantial cleavage
of the lactone ring under
mildly basic reaction condi-
tions to afford 15d-f and
17d.

In order to overcome
these problems and to get a
more efficient access to a
wide number of glycosylat-
ed decarestrictines we

turned our attention to a proton-induced glycosylation
method.?! Thus, activation of 13 by triphenylphosphane
hydrobromide (TPHB), coupling with 5 in CH,Cl, (71%
yield), followed by debenzoylation furnished three monogly-
cosylated adducts 17a-c¢ and one bisglycoside 17e
(14:5.4:1:2) (Scheme 2).2'1 Regioisomer 17d was not detect-

Chem. Eur. J. 1998, 4, No. 7
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Scheme 3. Radical-induced cyclization of 14a.

ed. This result clearly disclosed a reversed preference for the
3- and 4-OH groups in § compared with the NIS-method. This
observation is further verified by formation of bisglycoside
17e. The difference in regioselectivity can be rationalized
on the basis of the difference of hydrogen-bonding capabil-
ities and dielectric constants of the solvents employed.
From conformational studies of 5 in crystalline form®
as well as in solution it was concluded that the 3-OH
group forms a strong hydrogen bond with the lactone
carbonyl. This is reflected in the reactivity pattern of the
proton-induced glycosylation procedure with CH,Cl, as the
solvent. In contrast, under iodonium induced glycosylation
conditions the conformation of the half of the molecule
containing the 3-OH group of 5 is altered, and the strong
hydrogen bond was not detected; this can be rationalized in
view of the larger polarity of acetonitrile compared with
CH,Cl,.

The structures of all glycosylated products including 18
were comprehensively confirmed by detailed NMR experi-
ments (COSY, HETCOR, NOESY, HMBC, and DQS).
Acetylation of the remaining hydroxy groups followed by
the study of the downfield shifts of adjacent C-bound protons
in the 'H NMR spectra further helped to locate the positions
of glycosylation. Additional structural data were obtained by
recording electrospray mass spectra (ESI-MS). Finally, by X-
ray crystallographic analysis of 197 the absolute configura-
tion of the naturally occuring decarestrictine D was unequiv-
ocally established (Figure 3).24

Glycosylation of decarestrictine B: Decarestrictine B (4)
possesses several structural features such as the oxirane ring
and the acid—base sensitive f-ketoester functionality that

have to be taken into consideration with respect to the
glycosylation and subsequent deblocking reactions. From

0Bz

Figure 3. Structure of glycoside 19 in the crystal.
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preliminary studies we knew that the benzoyl
group, such as in 13, cannot be removed from a
sugar moiety that is attached to 4 without degra-
dation of the decanolide framework.! To restrict
the number of glycosylation products, we did not
apply the NIS-methodology in this case. Instead,
we used two glycosylation methods that are
complementary as far as stereocontrol is con-
cerned. Thus, when a 1:3 mixture of O-silylated
glycals 7a and 7b was treated with 1.1 equiv of 4
(0.2 equiv, TMSOTT, — 78 °C) the corresponding 2-
phenylseleno-g-glycoside 20a (89 % with reference to 7b),
along with unreacted 7a and 4, was isolated (Scheme 4).
Reductive removal of the phenylseleno substituent in 20a
under radical conditions provided 21a in excellent yield.
Finally, desilylation with tetrabutyl ammonium fluoride
(TBAF) in dry THF afforded the desired hybrid structure
22a. Likewise, pure 7a (vide supra) was glycosylated with 4 at
—25°Cwith TMSOT{ as promoter to afford 20b in 92 % yield.
The target glycoside 22b was eventually obtained in a two step
sequence through the TBS-protected olivoside 21b. In con-
trast, disaccharide 10 was coupled with 4 in the presence of a
catalytic amount of Ph;PHBr. The primary coupling product
24 turned out to be very labile and was immediately
deblocked to generate glycoconjugate 25. The synthetic
strategy could not be reversed. When 9 was subjected to the
glycosylation conditions in the presence of 4 the desired
adduct 23 was detected by HRMS (caled 842.3359, found
842.3359) in the crude product, but it completely decomposed
upon attempted isolation.

Biological properties: Preliminary testing for the evaluation
of the biological activity of these hybrids was conducted, and
revealed DNA-binding activity for § and its bisglycosylated
derivatives 15d and 15e by means of a new DNA-binding
assay.?l This assay works by the application of homogenized
salmon sperma DNA [4 pg] and the test substance [5 ug] on an
RP18 thin-layer chromatography (TLC) plate and determi-
nation of the altered R; value after development of the
chromatogram. The DNA binding of the substance is ex-
pressed as the quotient of the R;in the presence of DNA (Ry))
and without DNA (Ry,); this results in R;;/R;, =0.1 for 5 and
15d and Ry/Ry, =0.13 for 15e. All other glycosides including 4
showed no alterations in their R; values under the influence of
DNA. To further validate these results, we measured DNA
melting curves of § and
15d. The shift of the
DNA melting points of
5(AT,=0.7°C) and 15d
(AT,=0.8°C) proved
DNA affinity and the
stabilizing effect on
DNA. In this context, it
is worth noting that
Schreiber et al.?l pro-
posed that the iodine
group in the calicheamy-
cin yl oligosaccharide
binds to the exocyclic
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Scheme 4. Glycosylations of decarestrictine B.

amino group of guanine residues in duplex DNA; this was
confirmed recently.> 2l In addition, Crothers et al. observed
enhanced DNA affinity of daunomycin analogues that con-
tain an iodo substituent in the sugar ring. Their data showed
that much of the activity lost upon removing the charged
amino group from the carbodrate framework can be compen-
sated by an iodo substituent at C-2.?"! Further investigations
on the DNA binding properties of decarestrictine D glyco-
sides with a biosensor system®” are in progress.

Experimental Section

General techniques: All temperatures quoted are uncorrected. Optical
rotations: Perkin-Elmer 243b polarimeter. CD-spectra: Jasco J500A
(given in °cm?x107'mol™!). 'H NMR, BC NMR spectra: Bruker
AMX 300, ARX400, and Varian VXR 500 spectrometer. *C NMR multi-
plicities: DEPT 135 method. Mass spectra: Finnigan MAT 95, 70 eV (EI-
MS), and 200 eV (DCI-MS; NHj;). Unless otherwise stated, all reactions
were run under a nitrogen atmosphere. All solvents used were of reagent
grade and were further dried. Reactions were monitored by TLC on silica
gel 60PF>* (E. Merck, Darmstadt) and detected either by UV-absorption
or by staining with H,SO,/4-methoxybenzaldehyde in ethanol. Preparative
Column Chromatography: silica gel 60 (E. Merck, Darmstadt). Preparative
HPLC: Abimed/Gilson. Glycal 6 was synthesized according to the
literature,!'*! while 8 and 13 have already been reported.['®]
1-O-Acetyl-3,4-bis-O- (tert-butyldimethylsilyl)-2,6-dideoxy-2-phenylsele-
no-a-D-manno-pyranose (7a) and 1-O-Acetyl-3,4-bis-O-(tert-butyldime-
thylsilyl)-2,6-dideoxy-2-phenylseleno-$-D-gluco-pyranose (7b): A solution
of 6 (1.0 g, 2.79 mmol) in toluene (30 mL) was stirred at RT, and a small
portion of powdered molecular sieves (4 A), phenylselenyl chloride (0.69 g,
3.6 mmol), and silver(I) acetate (0.7 g, 4.2 mmol) was added. Stirring was

1328 ——
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continued at RT for 12 h and the reaction mixture was
filtered. The resulting solution was concentrated in
vacuo and purified by column chromatography (petro-
leum ether/EtOAc 6:1) to provide a 1:4 mixture of
7a and 7b (1.04 g, 1.81 mmol, 78 %) as a colorless oil:
Compound 7a: physical and spectroscopic data are
given below.

Compound 7b: 'H NMR (300 MHz, CDCl;, 25°C,
TMS): 6 =763-758 (m, 5H), 6.19 (d, /J=6.0 Hz, 1H),
4.16 (dd, J=4.4, 2.8 Hz, 1H), 3.94 (dq, /=22, 7.0 Hz,
1H), 3.59 (dd, J=4.4, 2.2 Hz, 1H), 3.25 (dd, J=6.0,
2.8 Hz, 1H), 1.88 (s, 3H), 1.39 (d, J=7.0 Hz, 3H), 0.95,
0.92 (2s,18H), 0.11, 0.10, 0.08 (3s, 12H); LRMS (DCI):
m/z (%): 592.3 (1) [M+NH{], 532.3 (19), 515.2 (100);
C,H,605Si,Se: caled C 54.43, H 8.08; found C 54.81, H
7.89.

Benzyl 3,4-bis-O- (tert-butyldimethylsilyl)-2,6-dideoxy-
2-phenylseleno-a-D-manno-pyranoside (11a) and Ben-
zyl  3,4-bis-O-(tert-butyldimethylsilyl)-2,6-dideoxy-2-
phenylseleno-f-D-gluco-pyranoside (11b): Freshly dis-
tilled benzyl alcohol (0.2 mL) was added to a solution
of a 1:4 mixture of 7a and 7b (92 mg, 0.16 mmol) in
diethyl ether (15mL) at —78°C, which was stirred.
After 15 min, TMSOTf (43 puL, 1.5 equiv) in diethyl
ether (1.5 mL) was added in small portions, and the
reaction mixture was allowed to slowly warm to —25°C
until TLC (petroleum ether/EtOAc 20:1; R;=0.32)
showed no further reaction. For the workup, saturated
NH,CI solution was added, the phases were separated,
and the aqueous phase extracted three times with
CH,Cl,. The combined organic layers were dried
(MgSO,) and concentrated in vacuo. Flash chromatog-
raphy (petroleum ether/EtOAc 30:1) gave two frac-
tions:

First fraction: 11a (17.9 mg, 0.03 mmol, 18%); color-
less oil; [a]y =+41.8 (¢=1.01 in CHCL); '"H NMR
(300 MHz, CDCl;, 25°C, TMS): 6 =7.53-7.17 (m, 10H), 4.93 (d,/ = 4.0 Hz,
1H), 4.71, 4.45 (2d, J=12.0 Hz, 2H), 4.15 (dd, J=6.0, 3.6 Hz, 1H), 3.77
(dq, /=70, 6.4 Hz, 1H), 3.70 (dd, J=4.0, 3.6 Hz, 1H), 3.49 (dd, /=70,
6.0 Hz, 1H), 1.29 (d, /=6.4 Hz, 3H), 0.93, 0.89 (2s, 18 H), 0.16, 0.12, 0.11,
0.10 (4s, 12H); BC NMR (50 MHz, CDCl;): 6 =137.9, 133.6, 128.9, 128.4,
128.2,127.8,1274,127.1,99.5,75.8,74.1,70.8, 69.4, 50.8, 26.3, 26.0, 18.7, 18.4,
18.0, —3.2, —3.5, —4.1, —4.4; HRMS (EI) caled for C;H;0,Si,Se
622.2412, found 622.2412.

Second fraction: 11b (67.6 mg, 0.11 mmol, 67%); colorless oil; [a]} =
—17.0 (¢=1.00 in CHCl;); '"H NMR (300 MHz, CDCl;, 25°C, TMS): 0 =
7.59-7.15 (m, 10H), 4.99 (d, J=7.0 Hz, 1H), 4.90, 4.57 (2d, J=11.8 Hz,
2H), 4.20 (dd, J=4.4,2.4 Hz, 1H), 3.79 (dq, J=2.0, 6.8 Hz, 1 H), 3.56 (dd,
J=4.4,2.0Hz, 1H),3.23 (dd, /=70, 2.4 Hz, 1H), 1.42 (d, ] =6.8 Hz, 3H),
0.92, 0.87 (2s, 18 H), 0.07, 0.06, 0.03 (3s, 12H); *C NMR (50 MHz, CDCL,):
0=1377,133.5,131.5, 128.8, 128.0, 127.9, 127.3, 129.6, 102.0, 77.5, 76.7, 74.7,
70.6, 49.6, 26.0, 25.9, 20.2, 18.1, 18.1, —4.2, —4.3, —4.4, —4.5; HRMS (EI)
calcd for C;H5,0O,S1,Se 622.2412, found 622.2412.

Benzyl 2,6-dideoxy-2-phenylseleno-a-D-manno-pyranoside (12a): TBAF -
3H,0 (39.8 mg, 0.13 mmol) was added to a solution of 11a (8.9 mg,
0.014 mmol) in dry THF (2.0 mL) at RT. After 12 h, the reaction mixture
was concentrated in vacuo. The semisolid residue was taken up with water
and extracted three times with CH,Cl,. The combined organic extracts
were dried (MgSO,) and concentrated in vacuo. Flash chromatography
(petroleum ether/EtOAc 4:1) afforded 12a (5.3 mg, 0.013 mmol, 94 %) as a
colorless oil. [a]y =+14.5° (¢=0.22 in CHCl;); '"H NMR (300 MHz,
CDCl;, 25°C, TMS): 6 =7.57-7.24 (m, 10H), 5.31 (brs, 1H), 4.69, 4.47 (2d,
J=11.6 Hz, 2H), 4.05 (brddd, /=9.6, 9.4, 48 Hz, 1H), 3.77 (dq, /=9.0,
6.2 Hz,1H), 3.68 (dd, /=4.8,1.2 Hz, 1H), 3.17 (brdd, J=9.4,9.0 Hz, 1H),
2.49 (brd, J=9.6 Hz, 1H, exchangeable), 2.49 (brs, 1H, exchangeable),
1.32(d,J=6.2 Hz,3H); ®*C NMR (50 MHz, CDCl;): 6 =137.2,133.6,129.8,
129.4,128.5,1279, 1279, 1278, 100.7, 76.3, 70.4, 68.3, 69.4, 55.7,17.6; HRMS
(EI) caled for CoH,,0,Se 394.0683, found 394.0683; C;,H,,0,Se: calcd C
58.02, H 5.64; found C 58.11, H 5.79.

Benzyl 2,6-dideoxy-2-phenylseleno-f-D-gluco-pyranoside (12b): TBAF -
3H,0 (43.5mg, 0.14 mmol) was added to a solution of 11b (28.4 mg,

PhaSnH,
AIBN, 94%
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0.046 mmol) in dry THF (3 mL) at RT. After 30 min, the reaction mixture
was worked up by the procedure described for 12a. Flash chromatography
(petroleum ether/EtOAc 10:1) afforded 12b (15.3 mg, 0.039 mmol, 85%)
as a colorless oil. [a]F = —26.7° (¢=0.89 in CHCL;); 'H NMR (300 MHz,
CDCly, 25°C, TMS): 6 =752-713 (m, 10H), 4.91, 4.63 (d, J=12.0 Hz,
1H), 439 (d, /=9.0 Hz, 1H), 3.34-3.20 (m, 3H), 2.99 (dd, J=10.7,9.0 Hz,
1H), 3.77 (dq, J=9.0, 62 Hz, 1H), 3.68 (dd, J=4.8, 12 Hz, 1H), 3.17
(brdd, J=9.4,9.0 Hz, 1H), 2.49 (brd, J=9.4 Hz, 1 H, exchangeable), 2.49
(brs, 1H, exchangeable), 1.32 (d, /=6.2 Hz, 3H); C NMR (50 MHz,
CDCly): 6 =137.2, 133.6, 129.8, 129.4, 128.5, 127.9, 127.9, 127.8, 100.7, 76.3,
70.4,68.3, 69.4, 55.7,17.6; HRMS (EI) caled for C,,H,,0,Se 394.0683, found
394.0683; C,,H,,0,Se: calcd C 58.02, H 5.64; found C 57.95, H 5.81.

4-0-[3,4-Bis-O- (tert-butyldimethylsilyl)-2,6-dideoxy-2-phenylseleno-£-D-

gluco-pyranosyl]-1,5-anhydro-2,3,6-trideoxy-L-threo-hex-1-enitol (9): A
solution of a 1:3 mixture of 7a and 7b (220 mg, 0.383 mmol) in diethyl
ether (15 mL) at — 78 °C was stirred and 8 (~ 70 mg, 0.61 mmol, in CH,Cl,)
was added. After 15 min, TMSOTf (14 puL, 0.2 equiv) in diethyl ether
(0.3 mL) was added and the solution was stirred for a further 5 min at
ambient temperature. For the workup, saturated NH,Cl solution was
added, the phases separated, and the aqueous phase extratced three times
with CH,Cl,. The combined organic layers were dried (MgSO,) and
concentrated in vacuo. Flash chromatography (petroleum ether/EtOAc
20:1 followed by a second chromatographic step with petroleum ether/
toluene 1:1) afforded 6 (60 mg, 0.2 mmol, 52%) and 9 (51 mg, 0.081 mmol,
21%) as colorless oils. [a] Oy70um=13400°, @10 4m=12900°, @374 1=
16200°, O 0n0m=—12100°, O3495 4 = —362° (¢ =0.0466mm in CH;OH,
24°C); '"H NMR (300 MHz, CDCl;, 25°C, TMS): (olivosyl) 6 =7.69-7.64
and 7.31-724 (m, 5H), 5.05 (d, /=7.0 Hz, 1H), 4.23 (dd, /=4.4, 3.0 Hz,
1H),3.82 (dq, /=22, 6.8 Hz, 1H), 3.59 (dd, /=4.4,2.2 Hz, 1H), 3.24 (dd,
J=10,3.0Hz,1H), 1.47 (d,J=6.8 Hz, 3H), 0.99, 0.92 (2s, 18 H), 0.15, 0.12,
0.10 (3s, 12H); (rhodinal) 0 = 6.25 (ddd, J =6.0, 2.0, 2.0 Hz, 1H), 4.62 (ddd,
J=6.0,4.4,32Hz, 1H), 413 (ddq, /=3.6, 1.0, 6.6 Hz, 1H), 4.0 (ddd, /=
7.8, 5.8,3.6 Hz, 1H), 2.34 (ddddd, /=16.8, 5.8, 4.4, 2.0, 1.0 Hz, 1H), 2.18
(dddd, J=16.8, 7.8, 3.2, 2.0 Hz, 1H), 1.23 (d, J=6.6 Hz, 3H); *C NMR
(50 MHz, CDCI,): (olivosyl) 6 =133.0, 131.7, 128.8, 126.9, 102.8, 77.7, 76.7,
74.7,49.8,26.0,25.9,20.3,18.1, 18.0, —4.2, — 4.3, — 4.4; (thodinal) 6 = 141.4,
97.6, 73.2, 70.9, 25.3, 13.3; HRMS (EI) calcd for C;Hs,0;Si,Se 628.2518,
found 628.2518; C;,H;,0;5Si,Se: calcd C 57.39, H 8.35; found C 57.31, H 8.45.

4-0-[3,4-Bis-O- (tert-butyldimethylsilyl)-2,6-dideoxy-f-D-arabino-pyrano-
syl]-1,5-anhydro-2,3,6-trideoxy-L-threo-hex-1-enitol (10): Compound 9
(21.5 mg, 0.034 mmol) and triphenyltin hydride (18 mg, 0.051 mmol) were
mixed and dried in vacuo for 1h. Dry toluene (4 mL) and a catalytic
amount of AIBN were added, and the reaction mixture was refluxed in a
preheated oil bath at 120 °C. This temperature was maintained for 2 h, then
the mixture was cooled to RT and evaporated in vacuo. Flash chromato-
graphy (petroleum ether/CH,Cl, 1:1) afforded 10 (8.3 mg, 0.018 mmol,
51%) as a labile, colorless oil. [a] @395 0m = —110°, Ousp6,m=25.7° (c=
0.0402mwm in CH;OH, 23°C); 'H NMR (300 MHz, CDCl;, 25°C, TMS):
(olivosyl) 6 =4.53 (dd, /=9.8, 2.0 Hz, 1H), 3.60 (ddd, J=11.4, 7.8, 5.0 Hz,
1H), 3.20 (dq, /=8.8,6.0 Hz, 1H), 3.14 (dd, J = 8.8, 7.8 Hz, 1 H), 2.13 (ddd,
J=128,5.0,2.0 Hz, 1H), 1.64 (ddd, J=12.6, 11.4,9.8 Hz, 1H), 1.23 (d, /=
6.6 Hz, 3H), 0.90, 0.89 (2s, 18 H), 0.09, 0.08, 0.07 (3s, 12H); (rhodinal) 6 =
6.28 (ddd, J=6.0, 2.0, 2.0 Hz, 1 H), 4.61 (ddd, J =6.0, 3.6, 3.6 Hz, 1 H), 4.08
(dq,J=2.8,6.6 Hz, 1H), 3.89 (ddd, J =5.6, 5.6, 2.8 Hz, 1 H), 2.40-2.14 (m,
2H), 1.23 (d, J=6.0 Hz, 3H); ¥C NMR (50 MHz, CDCl,): (olivosyl) 6 =
97.8,717,73.2,72.7,41.0, 26.3, 26.1, 18.7, 18.3, 18.0, — 2.7, = 3.0, — 3.9, —4.1;
(rhodinal) 0 =142.1, 100.1, 73.6, 71.3, 26.1, 14.6; LRMS (DCI): m/z (%):
490.4 (100) [M+NH{], 376.4 (76).

NIS-promoted glycosylation of decarestrictine D: A suspension of 5
(577 mg, 2.67 mmol), 13 (388 mg, 1.780 mmol), and molecular sieves
(3 A, 0.2 g) in dry acetonitrile (50 mL) at 0°C in the dark was stirred and
three portions of NIS (521 mg, 2.314 mmol; freshly recrystallized from
dioxane/CCl,) were added over a period of 6 h. The reaction mixture was
allowed to warm to RT within the next 12 h. For the workup, saturated
Na,S,0; solution was added, the phases separated, and the aqueous phase
extracted four times with EtOAc. The combined organic layers were dried
(Na,SO,) and concentrated in vacuo. Gradient column chromatography
(silica gel, petroleum ether/EtOAc 10:1 to EtOAc) afforded three fractions
(R;=0.66, R;=0.38-0.28, R;=0.15; petroleum ether/EtOAc 1:1). The first
fraction was purified again by column chromatography (toluene/EtOAc
6:1)to afford 14d—14f as pure materials. Likewise, the second fraction
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yielded 14a and 14b (toluene/EtOAc 1.5:1), while the third fraction gave
14 ¢ (toluene/EtOAc 2:1) after column chromatography. The total yield of
all isolated products was 74 %.
7-(4-O-Benzoyl-2-iodo-2,3,6-trideoxy-a-L-lyxo-pyranosyloxy)-decarestric-
tine D (14 a): (337 mg, 0.601 mmol, 34 %) amorphous, colorless solid, m.p.
74°C; R;=0.38 (silica gel, petroleum ether/EtOAc 1:1); [a]®?® = —122.0°
(¢=1.08 in CHCL;); '"H NMR (400 MHz, CDCl;, 25°C, TMS): (aglycon)
0=5.95(dd,J=15.8,2.5 Hz, 1H), 5.81 (ddd, J=15.8,9.7,1.3 Hz, 1H), 5.30
(ddq, /=94, 3.6, 6.2 Hz, 1H), 4.65 (brd, J=8.4 Hz, 1 H, exchangeable),
4.47 (m, 1H), 415 (ddd, J=9.7,7.6, 2.4 Hz, 1 H), 4.07 (m, 1H), 2.65 (dd, J =
14.2, 1.8 Hz, 1H), 2.42 (brs, 1H, exchangeable), 2.41 (dd, J=14.2, 6.1 Hz,
1H), 1.97-1.88 (m, 2H), 1.27 (d, J=6.2 Hz, 3H); (rhodinosyl) 6 =8.24 -
744 (m, 5H), 5.16 (brs, 1H), 5.13 (ddd, J =4.6, 3.6, 2.2 Hz, 1H), 4.21 (dq,
J=22,6.6 Hz, 1H), 4.07 (m, 1H), 2.82 (ddd, J=15.8,4.6, 4.6 Hz, 1H), 2.51
(ddd, J=15.8, 3.6, 3.6 Hz, 1H), 128 (d, J=6.6 Hz, 3H); “C NMR
(100 MHz, CDCl,): (aglycon) 6 =174.9, 133.3, 130.5, 75.4, 73.7, 72.2, 68.0,
41.2, 33.1, 21.2; (rhodinosyl) 0 =166.0, 133.1, 130.3, 128.6, 128.3, 97.0, 67.9,
65.2,31.9,17.5,16.2; LRMS (ES): m/z (%): 560.8 (88) [M+H"].
3-(4-O-Benzoyl-2-iodo-2,3,6-trideoxy-a-L-xylo-pyranosyloxy)-decarestric-
tine D (14b): (65 mg, 0.116 mmol, 6.5% ) semisolid; R;=0.28 (silica gel,
petroleum ether/EtOAc 1:1); 'H NMR (400 MHz, CDCl;, 25°C, TMS):
(aglycon) 6 =5.92 (ddd, J=16.4, 8.8 Hz, 1H), 5.84 (dd, J=16.4, 4.8 Hz,
1H), 5.19 (ddq, J=11.2, 1.4, 6.4 Hz, 1H), 4.34 (m, 1H), 4.21 (ddd, J =112,
8.8, 3.4 Hz, 1H), 3.92 (ddd, /=94, 6.8, 3.4 Hz, 1H), 2.86 (dd, J=14.0,
3.4 Hz, 1H), 2.36 (dd, J=14.0, 9.4 Hz, 1H), 1.87 (brs, 1 H, exchangeable),
1.86 (ddd, J=14.0, 3.4, 1.4 Hz, 1H), 1.70 (brs, 1H, exchangeable), 1.75
(ddd, J=14.0,11.2,11.2 Hz, 1H), 1.23 (d, J = 6.4 Hz, 3H); (thodinosyl) 6 =
8.08-7.44 (m,5H),5.11 (d,/=2.8 Hz,1H), 5.0 (m, 1 H), 4.49 (ddd,J=13.2,
4.4,2.8 Hz,1H),4.43 (brq,/ =6.6 Hz, 1H),2.76 (ddd, J =14.0, 13.2,2.4 Hz,
1H), 2.49 (ddd, J=14.0, 4.4, 2.8 Hz, 1H), 1.11 (d, J=6.6 Hz, 3H); 1*C
NMR (100 MHz, CDCl;): (aglycon) 0 =169.9, 137.6, 126.7, 84.4, 72.8, 71.1,
68.3, 42.0, 37.0, 21.5; (rhodinosyl) 6 =165.7, 133.4, 129.8, 128.5, 100.6, 72.3,
65.4,35.7,22.3, 16.7; LRMS (ES): m/z (%):560.8 (27) [M+H*].
3-(4-O-Benzoyl-2-iodo-2,3,6-trideoxy-a-L-lyxo-pyranosyloxy)-decarestric-
tine D (14 ¢): (136 mg, 0.243 mmol, 14 %); colorless solid, m.p. 82°C; R;=
0.15 (silica gel, petroleum ether/EtOAc 1:1); [a]y = —60.5° (¢c=1.02 in
CHCL); [a] @p120m=—11900% Oypp5um=+932°, Opg951m=—2290" (c=
0.0621mm in MeOH, 25°C); 'H NMR (400 MHz, CDCl;, 25°C, TMS):
(aglycon) 6 =5.92 (ddd, J=16.3,9.2,1.0 Hz, 1 H), 5.79 (dd, / = 16.3,4.2 Hz,
1H), 5.18 (ddq, J=11.0, 1.8, 6.4 Hz, 1 H), 4.24 (brdd, /=6.6, 42 Hz, 1 H),
4.21(ddd,/J=11.0,9.2,3.4 Hz, 1 H), 3.96 (ddd, J = 8.6, 6.6, 3.6 Hz, 1 H), 2.83
(dd, J=14.2, 3.6 Hz, 1 H), 2.67 (brs, 1 H, exchangeable), 2.36 (dd, J =14.2,
8.6 Hz, 1H), 2.10 (brs, 1H, exchangeable), 1.89 (ddd, J =14.0, 3.4, 3.4 Hz,
1H), 177 (ddd, J=14.0, 11.0, 11.0 Hz, 1H), 1.25 (d, /=6.4 Hz, 3H);
(rhodinosyl) 6 =8.19-7.16 (m, 5H), 5.38 (d,/=3.4 Hz, 1H), 5.20 (ddd, / =
5.8, 4.8,2.8 Hz, 1H), 4.53 (dq, J=2.8, 6.6 Hz, 1H), 4.18 (ddd, /=5.8, 4.8,
3.4Hz, 1H), 2.88 (ddd, /=15.3, 4.8, 48 Hz, 1H), 2.49 (ddd, /=153, 5.8,
5.8Hz, 1H), 129 (d, J=6.6Hz, 3H); “C NMR (100 MHz, CDCL):
(aglycon) 6=170.1, 1372, 1270, 82.3, 72.7, 71.0, 68.1, 42.2, 36.9, 21.5;
(rhodinosyl) 6 =165.9, 133.2, 130.0, 128.4, 125.3, 103.6, 68.7, 66.1, 33.0, 18.2,
15.6; LRMS (ES): m/z (%): 1143.1 (42) [2M+H"], 582.9 (98) [M+Na*],
560.8 (17) [M+H"].
3,7-Bis-(4-O-benzoyl-2-iodo-2,3,6-trideoxy-a-L-lyxo-pyranosyloxy)-decar-
estrictine D (14 d): (102 mg, 0.113 mmol, 13 %) colorless solid, m.p. 95°C;
R;=0.38 (silica gel, toluene/EtOAc 6:1); [a] @4164mm = —9170°, Ori30mm =
+469°, @50 =—21100° (c=0.0359mm in MeOH, 25°C); 'H NMR
(400 MHz, CDCl;, 25°C, TMS): (aglycon) 6 =5.93 (dd, J=16.0, 3.8 Hz,
1H), 5.79 (ddd, J=16.0, 9.2, 0.8 Hz, 1H), 5.27-5.19 (m, 2H), 4.32 (brdd,
J=6.7,3.8 Hz, 1H), 4.20 (m, 1H), 3.98 (ddd, /=84, 6.0, 3.4 Hz, 1H), 2.80
(dd, /=14.0, 3.4 Hz, 1H), 2.40 (dd, /=14.0, 8.4 Hz, 1H), 2.0 (brs, 1H,
exchangeable), 1.90-1.82 (m, 2H), 1.26 (d, /= 6.4 Hz, 3H); (thodinosyl A)
0=3824-716 (m, 5SH), 5.19 (d, J=3.2Hz, 1H), 527-5.19 (m, 1H), 4.57
(dq,J=2.8,6.6 Hz, 1H), 4.18 (ddd, J=5.2,5.2,3.2 Hz, 1H), 2.89 (ddd, / =
152, 4.6, 4.6 Hz, 1H), 2.54-2.49 (m, 1H), 1.29 (d, J=6.6 Hz, 3H);
(rhodinosyl B) 6 =8.24-7.16 (m, 5H), 5.19 (d, J=2.2 Hz, 1H), 5.15 (ddd,
J=4.4,34,28Hz, 1H), 422 (dq, J=2.4, 6.6 Hz, 1H), 4.06 (ddd, / =4.6,
3.8,2.2Hz, 1H), 2.82 (ddd, J=15.8, 5.2, 4.4 Hz, 1 H), 2.54-2.49 (m, 1H),
1.29 (d,J=6.6 Hz, 3H); *C NMR (100 MHz, CDCl,): (aglycon) 6 =170.3,
133.4,131.0, 82.1, 76.0, 71.4, 68.9, 40.8, 36.5, 21.7; (rhodinosyl A) 6 =166.1,
133.3-125.5, 104.0, 68.2, 66.2, 33.1, 18.0, 16.0; (thodinosyl B) 6 =166.1,
133.3-125.5, 97.6, 68.1, 65.4 32.2, 174, 16.5.
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3-(4-O-Benzoyl-2-iodo-2,3,6-trideoxy-a-L-xylo-pyranosyloxy)-7-(4-O-ben-

zoyl-2-iodo-2,3,6-trideoxy-f-L-lyxo-pyranosyloxy)-decarestrictine D (14e):
(25 mg, 0.028 mmol, 3.1 %) amorphous, colorless solid; R; = 0.27 (silica gel,
toluene/EtOAc 6:1); 'H NMR (400 MHz, CDCl;, 25°C, TMS): (aglycon)
0=6.02 (dd, J=16.0, 9.4 Hz, 1H), 5.83 (dd, /=16.0, 4.0 Hz, 1H), 5.21
(ddq, /=112, 1.0, 6.8 Hz, 1 H), 4.25 (brdd, J=6.5, 4.0 Hz, 1 H), 4.24 (ddd,
J=11.2,9.4,2.6 Hz, 1H), 3.97 (ddd, /=8.6, 6.5, 3.5 Hz, 1H), 2.82 (dd, /=
142, 3.5 Hz, 1H), 2.37 (dd, J =142, 8.7 Hz, 1H), 2.20 (brs, 1 H; exchang-
able), 2.05 (ddd, J =14.0, 2.6, 1.0 Hz, 1 H), 1.87 (ddd, / =14.0, 11.2, 11.2 Hz,
1H), 1.27 (d, J=6.8 Hz, 3H); (rhodinosyl at 7-O) 6 =8.15-7.43 (m, 1H),
4.87 (ddd, J=3.0, 3.0, 0.8 Hz, 1H), 4.56 (d, J=9.0 Hz, 1H), 4.18 (ddd, J =
13.2,9.0,4.5 Hz, 1H), 3.91 (dq,J=0.8, 6.4 Hz, 1 H), 2.78 (ddd, J =14.8, 4.5,
3.0 Hz, 1H), 2.42 (ddd, J=14.8,13.2,3.0 Hz, 1H), 1.21 (d, J= 6.4 Hz, 3H);
(rhodinosyl at 3-O) 6 =8.15-7.43 (m, 1H), 5.39 (d, J=3.3 Hz, 1H), 5.19
(ddd, J=5.6,4.9,2.8 Hz, 1H), 4.54 (dq, J=2.8, 6.4 Hz, 1H), 419 (ddd, J =
5.6, 4.9, 3.3 Hz, 1H), 2.88 (ddd, J=15.6, 4.9, 49 Hz, 1H), 2.50 (ddd, J=
15.6, 5.6, 5.6 Hz, 1H), 1.29 (d, /=6.4 Hz, 3H); “C NMR (100 MHz,
CDCl): (aglycon) 6 =170.1, 135.4, 127.5, 81.9, 81.1, 71.2, 68.0, 39.7, 370,
21.6; (rthodinosyl at 7-O) 6 = 165.9, 133.4-128.4, 103.6, 73.7, 71.5, 41.7, 24.8,
17.0; (rhodinosyl at 3-O) 6 =165.9, 133.4-128.4, 103.1, 68.7, 66.1, 32.9, 18.0,
15.7.

3-(4-O-Benzoyl-2-iodo-2,3,6-trideoxy-o-L-xylo-pyranosyloxy)-7-(4-O-ben-
zoyl-2-iodo-2,3,6-trideoxy-a-L-lyxo-pyranosyloxy)-decarestrictine D (14.f):
(24 mg, 0.026 mmol, 3.0 %) semisolid; R;=0.42 (silica gel, toluene/EtOAc
6:1); '"H NMR (400 MHz, CDCl;, 25°C, TMS): (aglycon) 6 =5.99 (dd, J =
15.8,4.0 Hz, 1H), 5.83 (dd, J=15.8, 9.4 Hz, 1H), 5.25 (m, 1 H), 4.46 (brdd,
J=6.6,4.0Hz, 1H), 4.23 (m, 1H), 3.96 (ddd, J=8.6, 6.6, 3.2 Hz, 1 H), 2.86
(dd, /=14.0, 3.2 Hz, 1 H), 2.74 (brs, 1 H; exchangable), 2.41 (dd, J =14.0,
8.6 Hz, 1H), 1.90-1.85 (m, 2H), 1.27 (d, /= 6.6 Hz, 3H); (rhodinosyl at 7-
0) 6=825-741 (m, 10H), 5.21 (brs, 1H), 5.14 (brdd, J=6.2,3.8 Hz, 1 H),
4.23 (dq,J=2.0,6.8 Hz, 1H), 4.05 (ddd, J=4.4,3.8,2.0 Hz, 1 H), 2.82 (ddd,
J=154, 44, 3.8 Hz, 1H), 2.55-2.48 (m, 2H), 1.29 (d, /J=6.8 Hz, 3H);
(rhodinosyl at 3-O) 6 =8.25-741 (m, 10H), 5.12 (brd, J=2.8 Hz, 1H),
5.04 (m, 1H), 4.55 (brq, J=6.6 Hz, 1H), 4.51 (ddd, J=13.6, 4.6, 2.8 Hz,
1H), 2.81 (ddd, J=13.6, 13.6, 2.6 Hz, 1H), 2.55-2.48 (m, 1H), 1.14 (d, J =
6.6 Hz, 3H); C NMR (100 MHz, CDCl;): (aglycon) 6 =170.0, 130.3,
129.0, 83.7, 75.9, 71.1, 68.1, 40.5, 36.4, 22.2; (rhodinosyl at 7-O) 6 =166.0,
133.4-125.3, 974, 68.1, 65.4, 32.0, 17.3, 16.3; (thodinosyl at 3-O) 0 =165.7,
133.4-125.3,100.8, 72.4, 65.2, 35.7, 21.5, 16.7.

3-(4-0O-Benzoyl-2,3,6-trideoxy-a-L-threo-pyranosyloxy)-decarestrictine D
(16): A catalytic amount of AIBN was added to a solution of 14¢ (121 mg,
0.216 mmol) and tributyltin hydride (65 pL, 0.241 mmol) in toluene
(50 mL), which was stirred, and the reaction mixture was heated at 50°C
for 19 h. After cooling, the reaction mixture was evaporated in vacuo and
purified by column chromatography (petroleum ether/EtOAc 1:1) to afford
16 (73 mg, 0.168 mmol, 78 %) as an oil. R;=0.13 (silica gel, petroleum
ether/EtOAc 1:1); '"H NMR (400 MHz, CDCl;, 25°C, TMS): (aglycon) 6 =
5.90 (dd, /=16.3, 8.7 Hz, 1H), 5.82 (dd, /=16.3, 4.1 Hz, 1H), 5.19 (ddq,
J=10.8,1.5, 6.4 Hz, 1H), 4.22 (ddd, J=10.8, 8.7, 3.6 Hz, 1H), 419 (dd, J =
6.6, 4.1 Hz, 1H), 3.98 (ddd, /=8.8, 6.6, 3.6 Hz, 1H), 2.86 (dd, J=13.8,
3.6 Hz, 1H), 2.36 (dd, J=13.8, 8.8 Hz, 1H), 2.32, 1.84 (brs, 2H; exchang-
able), 1.89 (ddd, J=13.7,3.6, 1.5 Hz, 1H), 1.77 (ddd, /=13.7, 11.0, 11.0 Hz,
1H), 1.24 (d, /=6.4 Hz, 3H); (rhodinosyl) 6 =8.12-7.44 (m, 5H; OBz),
5.16 (m, 1H), 5.09 (brs, 1H), 4.36 (brq, J=6.4 Hz, 1H), 2.23 (dddd, J =
13.6,13.6, 4.0, 2.8 Hz, 1 H), 2.06 (dddd, / =13.8, 13.8, 4.0, 4.0 Hz, 1H), 1.97
(dddd, J=13.6,3.1,3.1,3.1 Hz, 1H), 1.69 (brddd, /=13.8, 3.0, 3.0 Hz, 1 H),
1.17 (d, J=6.4 Hz, 3H); BC NMR (100 MHz, CDCL,): (aglycon) 6 =170.3,
1370, 127.3, 82.1, 72.8, 71.1, 67.9, 42.2, 37.0, 21.5; (rhodinosyl) 6 =166.1,
133.0-128.4,99.5, 70.0, 66.0, 24.8, 23.0, 17.2; LRMS (DCI): m/z (%): 452.5
(100) [M+NH{], 234.2 (14), 220.3 (25).

(1aR, 28, 38, 4aR, 4bR, 65, 7S, 11R, 12aS)-3-Benzoyloxy-6,7-dihydrox-
2,11-dimethyl-dodecahydro-1,13-dioxacyclodeca[alinden-9-one  (18): A
catalytic amount of AIBN was added to a solution of 14a (393 mg,
0.701 mmol) and tributyltin hydride (213 pL, 0.77 mmol) in toluene
(50 mL), which was stirred, and the reaction mixture was heated at 50°C
for 19 h. After cooling, the reaction mixture was evaporated in vacuo and
washed twice with petroleum ether. Purification by column chromato-
graphy (petroleum ether/EtOAc 3.5:1) afforded 18 (267 mg, 0.614 mmol,
88 %) as a colorless solid. M.p. 81°C; R;=0.17 (silica gel, petroleum ether/
EtOAc 1:1); [a] Oxganm=—390°, Ou3m=—1230° (c=0.087mMm in
MeOH, 22°C); 'H NMR (400 MHz, CDCl;, 25°C, TMS): (decanolide)
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8=5.11(ddq, J =11.6,2.0,6.0 Hz, 1 H), 425 (ddd, J = 11.6, 4.6, 3.6 Hz, 1 H),
3.56 (m, 1H), 3.44 (ddd, J=10.8,5.2,2.0 Hz, 1 H), 2.85 (dd, J = 16.4, 3.6 Hz,
1H), 2.36 (dd, J=16.4, 11.6 Hz, 1 H), 2.19 (ddd, J =14.0, 2.0, 2.0 Hz, 1H),
2.15 and 1.95 (2brs, 2H, exchangeable), 1.96 (m, 2H), 1.91 (ddd, J =14.0,
11.6,10.8 Hz, 1 H), 1.32 (d, J = 6.0 Hz, 3H), 1.23 (m, 1 H); (pyran) 0 = 8.08
743 (m, SH), 5.21 (d, J =4.1 Hz, 1H), 5.07 (ddd, J=4.8, 3.0, 1.6 Hz, 1H),
4.22 (dq, J=1.6, 6.4 Hz, 1H), 2.31 (ddd, J=14.0, 6.2, 4.8 Hz, 1H), 2.08
(dddd, J=10.8, 6.2, 4.1, 1.5 Hz, 1 H), 1.82 (ddd, J = 14.0, 10.8, 3.0 Hz, 1 H),
1.23 (d, J=6.4 Hz, 3H); 3C NMR (100 MHz, CDCL;): (decanolide) 6 =
169.4, 81.1, 74.7, 70.1, 68.6, 45.2, 43.2, 40.4, 37.5, 21.0; (pyran) 6 =166.2,
133.2,130.1, 129.7, 128.5, 99.0, 69.2, 67.3, 40.5, 30.2, 16.7; C,3H;,Oy (434.49):
caled C 63.58, H 6.96; found C 63.60, H 6.89.

3-(2,3,6-Trideoxy-a-L-threo-pyranosyloxy)-decarestrictine D  (17d): De-
benzoylation of 16 (73 mg, 0.168 mmol) under standard conditions (NaOH,
MeOH, molecular sieves 3 A, RT, 24 h) afforded 17d (53 mg, 0.160 mmol,
95%) as a colorless solid. M.p. 56°C; R;=0.09 (silica gel, EtOAc); [a]
2000 0m = +2050°, Opp39,m=—406° (¢c=0.176mm in MeOH, 23°C); 'H
NMR (400 MHz, CDCl;, 25°C, TMS): (aglycon) 6 =5.89 (dd, 16.3, 8.8 Hz,
1H), 5.80 (dd, /=16.3, 41 Hz, 1H), 5.17 (ddq, /=112, 1.5, 6.4 Hz, 1H),
4.21(ddd,J=12.0,8.7,3.6 Hz, 1H),4.16 (dd,J = 6.8, 4.1 Hz, 1 H), 3.93 (ddd,
J=9.1, 638, 3.6 Hz, 1H), 2.84 (dd, /=137, 3.6 Hz, 1H), 2.32 (dd, J=13.7,
9.1 Hz, 1H), 2.24 (brs, 1H, exchangeable), 1.88 (ddd, /=13.8, 3.6, 1.5 Hz,
1H), 1.84 (ddd, J=13.8,12.0, 11.2 Hz, 1H), 1.85-1.55 (brs, 1 H, exchange-
able), 1.24 (d, J=6.4 Hz, 3H); (rhodinosyl) 6 =5.04 (brd, J=2.0 Hz, 1H),
4.18 (brq, J=6.6 Hz, 1H), 3.63 (m, 1H), 2.09 (dddd, J=13.8, 13.8, 3.8,
2.4 Hz,1H), 1.99 (dddd, J=13.8,13.8,3.8,3.8 Hz, 1 H), 1.85 (m, 1 H), 1.85 -
1.55 (brs, 1H, exchangeable), 1.61 (m, 1H), 1.17 (d, J=6.6 Hz, 3H); 3C
NMR (100 MHz, CDCL;): (aglycon) 6 =170.4, 137.1, 127.3, 82.0, 72.9, 71.1,
68.0, 42.2,37.0, 21.6; (rhodinosyl) 6 =99.6, 67.3, 66.9, 25.7, 24.0, 17.1; LRMS
(ES): m/z (%): 1139.0 (9.2), 1008.3 (29), 678.0 (49), 348.0 (100).

3,7-(2-1odo-2,3,6-trideoxy-a-L-xylo-pyranosyloxy)-decarestrictine D
(15d): Debenzoylation of 14d (100 mg, 0.111 mmol) under standard
conditions (NaOH, MeOH, molecular sieves 3 A, RT, 24 h) afforded 15d
(57 mg, 0.082 mmol, 74 %) as a colorless solid. M.p. 66 °C; R;=0.74 (silica
gel, CH,CL/CH;0H 1:9); [a] Oy30um=—+24300° O um=—660°,
Or4460m=—+115° (¢c=0.144mm in MeOH, 21°C); '"H NMR (400 MHz,
CDCl;, 25°C, TMS): (aglycon) 6 =5.89 (dd, /=16.1, 3.9 Hz, 1H), 5.76
(ddd, J=16.1, 9.4, 0.9 Hz, 1H), 5.20 (ddq, /=129, 2.7, 6.5 Hz, 1H), 425
(ddd,J=6.0,3.9,0.9 Hz, 1H), 4.15 (ddd, J =9.4,9.4,5.0 Hz, 1 H), 3.95 (ddd,
J=8.8,6.0,3.2 Hz, 1H), 2.78 (dd, J =14.0, 3.2 Hz, 1 H), 2.40-2.33 (m, 1 H),
1.84-1.78 (m, 2H), 1.24 (d,J = 6.5 Hz, 3H); (thodinosyl at 3-O) d =5.33 (d,
J=2.8Hz,1H),4.36 (dq,J/ =6.6,2.4 Hz,1H), 4.12 (ddd, J =5.0,4.8,2.8 Hz,
1H), 3.86 (ddd, J=4.8, 4.8, 2.4 Hz, 1H), 2.74 (ddd, J=15.2, 4.8, 4.8 Hz,
1H), 2.40-2.33 (m, 1H), 1.27 (d, J = 6.6 Hz, 3H); (rhodinosyl at 7-O) 6 =
5.11 (brs, 1H), 4.03 (dq, J=2.6, 6.6 Hz, 1 H), 3.99 (ddd, J=4.6, 3.5, 0.9 Hz,
1H), 3.77 (ddd, J=4.5, 3.9, 2.4 Hz, 1H), 2.67 (ddd, J=15.6, 4.5, 4.5 Hz,
1H), 2.40-2.33 (m, 1H), 1.26 (d, J=6.6 Hz, 3H); 3C NMR (100 MHz,
CDCl,): (aglycon) 6 =170.1, 133.6, 130.7, 81.4, 75.8, 71.0, 67.9, 40.5, 36.3,
21.5; (rthodinosyl at 3-O) 6 =103.2, 67.6, 67.6, 35.1,20.2, 16.2; (rhodinosyl at
7-0) 6 =973, 674, 66.7,34.1,20.0, 15.6; LRMS (DCI): m/z (%): 714.3 (100)
[M+NH{], 474.2 (17), 242.1 (37), 234.2 (14).

3-(2-Iodo-2,3,6-trideoxy-a-L-xylo-pyranosyloxy)-7-(2-iodo-2,3,6-trideoxy-

p-L-xylo-pyranosyloxy)-decarestrictine D (15e): Debenzoylation of 14e
(24.5 mg, 0.027 mmol) under standard conditions (NaOH, MeOH, molec-
ular sieves 3 A, RT, 24 h) afforded 15e (13.5 mg, 0.019 mmol, 72%) as a
colorless solid. M.p. 98.5°C; R;=0.47 (silica gel, EtOAc); [a] @y98um=
—13700°, Os446nm=—+282°, Oyes6mm=—3820° (c=0.038mm in MeOH,
25°C); 'H NMR (300 MHz, CDCl,, 25°C, TMS): (aglycon) 6 =5.95 (ddd,
J=16.1,9.4,0.8 Hz, 1H),5.78 (dd,J = 16.1, 4.1 Hz, 1 H), 5.17 (ddq, J = 11.1,
1.7,6.4 Hz, 1H), 4.21 (ddd, J=6.4,4.1,0.8 Hz, 1H), 4.17 (ddd, J=11.1,9.4,
3.0 Hz, 1H), 3.94 (ddd, J =8.6, 6.4, 3.4 Hz, 1H), 2.78 (dd, J=14.1, 3.4 Hz,
1H), 2.33 (dd, J=14.1, 8.6 Hz, 1 H), 2.01 (ddd, J=14.1, 3.0, 1.7 Hz, 1H),
1.82 (ddd, J=14.1,11.0, 11.0 Hz, 1 H), 1.25 (d, J = 6.4 Hz, 3H); (thodinosyl
at 7-0) 6=4.50 (d, J=9.0 Hz, 1H), 4.15 (ddd, J=13.3, 9.0, 4.9 Hz, 1 H),
372 (dq,J=0.9, 6.4 Hz, 1 H), 3.38 (ddd, J = 3.2, 3.2, 0.9 Hz, 1 H), 2.66 (ddd,
J=14.0,4.9,3.2 Hz, 1H), 2.24 (ddd, J=14.0, 13.3,2.8 Hz, 1H), 1.21 (d, /=
6.4 Hz, 3H); (rhodinosyl at 3-O) 6 =5.32 (d, /=2.8 Hz, 1H), 4.33 (dq, J =
2.5,6.6 Hz, 1H), 4.13 (ddd, J=4.9, 4.4,2.8 Hz, 1H), 3.85 (ddd, J =4.9, 4.5,
2.5 Hz, 1H), 2.72 (ddd, J=15.0, 4.5, 4.5 Hz, 1H), 2.36 (ddd, /=15.0, 4.9,
49Hz, 1H), 127 (d, J=6.6 Hz, 3H); C NMR (50 MHz, CDCL):
(aglycon) 6=170.2, 135.4, 1275, 81.7, 80.8, 71.2, 68.0, 39.7, 36.7, 21.5;
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(rhodinosyl at 7-O) 6 103.5, 74.8, 70.1, 44.5, 24.6, 16.9; (rhodinosyl at 3-O)
0=103.2, 677, 67.6, 35.0, 20.1, 15.6; LRMS (DCI): m/z (%): 714.3 (98)
[M+NH{], 474.2 (13), 242.1 (40), 234.2 (11).
3-(2-Iodo-2,3,6-trideoxy-a-L-xylo-pyranosyloxy)-7-(2-iodo-2,3,6-trideoxy-
a-L-lyxo-pyranosyloxy)-decarestrictine D (15f): Debenzoylation of 14f
(23.5 mg, 0.026 mmol) under standard conditions (NaOH, MeOH, molec-
ular sieves 3 A, RT, 24 h) afforded 15 f (13.6 mg, 0.02 mmol, 75%) as an
amorphous, colorless solid. R;=0.51 (silica gel, EtOAc); [a] @1 mm=
+9350°, Opgam=—3140°, Onsg5um=+1390°, Ous10pm=+1790° (c=
0.144mm in MeOH, 22°C); '"H NMR (400 MHz, CDCl;, 25°C, TMS):
(aglycon) 6 =5.94 (dd,/=16.2,42 Hz, 1H),5.79 (dd,/=16.2,9.2 Hz, 1 H),
5.22(ddq,J=8.8,4.0,6.4 Hz, 1H), 4.37 (brdd, J=6.6,4.2 Hz, 1H),4.17 (m,
1H), 3.90 (ddd, J=9.0, 6.0, 3.5 Hz, 1H), 2.86 (dd, /=13.8, 3.4 Hz, 1H),
2.40-2.33 (m, 1H), 1.86-1.78 (m, 2H), 125 (d, /=64Hz, 3H);
(rhodinosyl at 7-O) 6 =5.13 (brs, 1H), 4.04 (dq, J=2.0, 6.6 Hz, 1H), 3.98
(ddd, J=4.6, 3.6, 2.0 Hz, 1H), 3.77 (brdd, J=4.8, 4.4 Hz, 1H), 2.70 (ddd,
J=154, 4.8, 44 Hz, 1H), 2.40-2.33 (m, 2H), 1.28 (d, /=6.6 Hz, 3H);
(rhodinosyl at 3-O) 0=5.02 (brd, J=3.0, 1H), 4.56 (ddd, J=13.4, 4.6,
3.0 Hz, 1H), 4.32 (brq, J= 6.6 Hz, 1H), 3.60 (ddd, J =3.8, 2.6, 2.0 Hz, 1 H),
2.64 (ddd, J=13.4, 13.4, 2.6 Hz, 1H), 2.40-2.33 (m, 1H), 1.14 (d, /=
6.6 Hz, 3H); *C NMR (100 MHz, CDCly): (aglycon) 6 =170.0, 134.3,
130.0, 83.4,76.1,71.3, 68.1, 40.5, 29.7, 21.6; (rhodinosyl at 7-O) 6 =97.5, 674,
66.8, 34.2, 19.9, 16.2; (rhodinosyl at 3-O) 6 =100.8, 70.4, 66.3, 38.7, 22.6,
16.6; LRMS (DCI): m/z (% ): 714.3 (100) [M+NH{], 474.2 (23), 242.1 (31),
2342 (19).

PPh;HBr-promoted glycosylation of decarestrictine D: A catalytic amount
(5 mol %) of triphenylphosphane hydrobromide was added to a solution of
5 (252 mg, 1.17 mmol) and 13 (130 mg, 0.60 mmol) in dry dichloromethane
(6 mL), and the reaction mixture was stirred for 3 h at RT. For the workup,
it was washed with saturated NaHCO; solution (3 mL) and brine (3 mL),
and the combined aqueous layers were extracted twice with CH,Cl,. The
combined organic layers were dried (MgSO,) and concentrated in vacuo.
Gradient column chromatography (silica gel, petroleum ether/EtOAc 4:1
to 1:1) afforded four fractions (R;=0.62, R;=0.36, R;=0.25, R;=0.15;
petroleum ether/EtOAc 1:1). The total yield of all isolated products (19)
was 71 %. The four compounds were purified to high purity and directly
debenzoylated (17). This was achieved by employing Zemplén conditions
(NaOMe/MeOH).B!
7-(4-O-Benzoyl-2,3,6-trideoxy-a-L-threo-pyranosyloxy)-decarestrictine D
(19): colorless solid, m.p. 84°C; R;=0.36 (silica gel, petroleum ether/
EtOAc 1:1); [a] @napum=—707", Ongpnm=5420°, O533m=—831° (c=
0.130mm in MeOH, 22°C); 'H NMR (400 MHz, CDCl;, 25°C, TMS):
(aglycon) 6 =5.95 (dd, J=16.0,2.8 Hz, 1 H), 5.76 (ddd, J = 16.0, 9.6, 1.0 Hz,
1H), 532 (ddq, /=122, 0.8, 6.5Hz, 1H), 4.62 (brd, /=88 Hz, 1H;
exchangable), 4.46 (dddd, J=4.0, 3.4, 2.8, 1.0 Hz, 1H), 4.17 (ddd, J=9.6,
6.4,82 Hz, 1H), 4.05 (dddd, J=8.8,4.0,6.5,1.4 Hz, 1 H), 2.64 (dd, J =14.2,
1.4 Hz, 1H),2.41 (dd,J=14.2,6.5 Hz, 1H), 1.94-1.90 (m, 2H), 1.77 (d, / =
3.4 Hz, 1H; exchangable), 1.28 (d, J=6.6 Hz, 3H); (rhodinosyl) 6 =8.10—
740 (m, 5H), 5.05 (m, 1H), 4.98 (brd, /=2.6 Hz, 1H), 4.08 (dq, /=1.0,
6.6 Hz, 1H), 2.15 (dddd, /=134, 134, 4.0, 3.0 Hz, 1H), 2.02 (dddd, J=
13.6,13.4,3.8,3.8 Hz, 1H), 1.94-1.90 (m, 1H), 1.52 (brd, J=13.6 Hz, 1H),
1.19 (d, J=6.6 Hz, 3H); C NMR (100 MHz, CDCL,): (aglycon) 6 =174.9,
132.6, 132.3, 74.6, 73.8, 72.4, 68.4, 41.5, 33.2, 21.3; (rhodinosyl) 0 =166.2,
133.1,130.2, 129.8, 128.4, 92.6, 70.0, 65.5, 24.1, 23.0, 17.3; C,;H;,O5 (434.49):
caled C 63.58, H 6.96; found C 63.73, H 6.79; Crystal structure data:’
crystal dimensions 0.4 x 0.4 x 0.4 mm, tetragonal, space group P4,2,2, a=
10.552(10), ¢=40.902(6) A, Z=8, V=4554.2(9) A®, peyeq=1.267 gcm™3,
Moy, radiation, (A=71.073 pm), T=153(2) K, 3382 reflections, 2966
symmetry-independent reflections, 20, =45°, program SHELXTL, pa-
rameters =284, R’ =0.0848 (I >20) and wR?>=0.1562.

7-(2,3,6-Trideoxy-a-L-threo-pyranosyloxy)-decarestrictine D (17a): De-
benzoylation of the second fraction (R;=0.36 vide supra, 116.3 mg,
0.268 mmol) under standard conditionsP! afforded 17a (66.1 mg,
0.20 mmol, 75%) after flash chromatography (CH,CL/CH;O0H 9:1) as a
colorless solid. M.p. 41°C; R;=0.08 (silica gel, CH,Cl,/CH;O0H 9:1); [«]
Os150m = +539°, @291 0m=0° Oyig3,m=—585° (¢=0.303mm in MeOH,
21°C); '"H NMR (400 MHz, CDCl;, 25°C, TMS): (aglycon) 6 =5.90 (dd,
J=15.8,2.8 Hz,1H),5.73 (ddd,J=15.8,9.6,1.2 Hz, 1 H), 5.28 (ddq, / = 9.6,
3.2,6.4 Hz, 1 H), 4.63 (brs, 1 H; exchangable), 4.11 (ddd, J=9.6, 9.6, 5.2 Hz,
1H),4.03 (ddd,J=6.4,4.0,1.8 Hz, 1H), 2.62 (dd,/ =14.2,1.8 Hz, 1H),2.41
(brs, 1 H; exchangable), 2.39 (dd, J =14.2, 6.4 Hz, 1 H), 1.90-1.86 (m, 2H),
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1.26 (d, J=6.4 Hz, 3H); (rhodinosyl) 6 =4.84 (brd, /J=2.0 Hz, 1H), 3.92
(brq, J=6.8 Hz, 1H), 3.57 (m, 1H), 1.98 (dddd, J=13.4, 134, 3.8, 2.6 Hz,
1H), 1.96 (brs, 1H; exchangable), 1.91 (dddd, /=134, 134, 3.8, 3.8 Hz,
1H), 1.74 (m, 1H), 143 (m, 1H), 118 (d, J=6.8 Hz, 3H); “C NMR
(100 MHz, CDCL,): (aglycon) 6 =174.9, 132.1, 131.4, 74.6, 73.8, 72.3, 68.4,
41.4,33.3,21.3; (thodinosyl) 6 =92.7, 67.4, 66.4,25.7,23.3,17.2; LRMS (ES):
m/z (%): 678.0 (36), 348.0 (100).

4-(2,3,6-Trideoxy-a-L-threo-pyranosyloxy)-decarestrictine D (17b): De-
benzoylation of the third fraction (R;=0.25 vide supra, 44.1 mg,
0.102 mmol) under standard conditions?*! afforded 17b (14.7 mg, 0.2 mmol,
44 %; contaminated with ~30% of the 7-3-anomer, which could not be
separated) after flash chromatography (EtOAc) as a semisolid oil. R;=0.13
(silica gel, EtOAc); 'H NMR (400 MHz, CDCl;, 25°C, TMS): (aglycon)
0=5.91(ddd,J=15.8,9.2,0.8 Hz, 1H), 5.81 (dd, /=15.8,2.8 Hz, 1H), 5.27
(ddq, J=11.0, 1.6, 6.4 Hz, 1 H), 4.61 (brs, 1 H; exchangable), 4.37 (ddd, J =
4.0,2.8,0.8 Hz, 1H), 4.18 (ddd, J =10.6, 9.2, 3.8 Hz, 1 H), 4.06 (m, 1 H), 2.56
(dd, J=142, 1.8 Hz, 1H), 2.39 (dd, /=142, 6.3 Hz, 1H), 1.93 (ddd, J =
14.0, 3.8, 1.6 Hz, 1H), 1.90-1.50 (brs, 1H; exchangable), 1.83 (ddd, J=
14.0, 11.0, 11.0 Hz, 1H), 1.25 (d, J=6.4 Hz, 3H); (rhodinosyl) 6 =4.93
(brd,J=2.8 Hz, 1H), 3.95 (brq, /= 6.6 Hz, 1H), 3.59 (m, 1H), 2.08 (dddd,
J=13.8,13.8, 4.0, 2.6 Hz, 1 H), 1.99 (dddd, J=13.8, 13.8, 3.8, 3.8 Hz, 1H),
1.90-1.50 (brs, 1H; exchangable), 1.79 (m, 1H), 1.56 (m, 1H), 1.12 (d, /=
6.6 Hz, 3H); °C NMR (100 MHz, CDCl;): (aglycon) 6 =174.9, 134.2,
128.2,74.8,72.7,71.5, 68.2, 42.0, 33.5, 21.3; (rhodinosyl) 6 =95.6, 67.2, 66.9,
25.8,23.6, 17.1; LRMS (ES): m/z (%):678.0 (21), 348.0 (100).

4-(2,3,6-Trideoxy-[3-L-threo-pyranosyloxy)-decarestrictine D (17 ¢): Deben-
zoylation of the fourth fraction (R;=0.15 vide supra, 8.2 mg, 0.019 mmol)
under standard conditions®!] and chromatographic purification (CH,CL,/
CH;OH 1:9) afforded 17¢ (5.3 mg, 0.016 mmol, 84 %) as a semisolid oil.
R;=0.18 (silica gel, EtOAc); '"H NMR (400 MHz, CDCl;, 25°C, TMS):
(aglycon) 6 =5.81 (ddd,J=15.8,8.8,0.6 Hz, 1H), 5.73 (dd, /= 15.8,2.4 Hz,
1H), 526 (ddq, /=110, 1.6, 6.2 Hz, 1H), 4.66 (brd, J=6.0Hz, 1H;
exchangable), 4.45 (m, 1H), 4.20 (m, 1H), 4.19 (ddd, J=11.0, 8.8, 3.8 Hz,
1H), 2.55 (dd, J=14.4, 1.8 Hz, 1H), 2.39 (dd, /=14.4, 6.6 Hz, 1H), 1.91
(ddd, /=138, 2.8, 1.6 Hz, 1H), 1.82 (ddd, /=13.8, 11.0, 11.0 Hz, 1H),
1.76-1.62 (brs, 1H; exchangable), 1.25 (d, J=6.2 Hz, 3H); (rhodinosyl)
0=4.45 (dd, J=170, 4.6 Hz, 1H), 3.57 (dq, J=0.6, 6.4 Hz, 1H), 3.48 (m,
1H), 2.00 (dddd, /=134, 2.8, 2.6, 2.6 Hz, 1H), 1.76-1.62 (m, 4H; 1H
exchangable), 1.23 (d, /J=6.4 Hz, 3H); *C NMR (100 MHz, CDCL):
(aglycon) 6=174.0, 134.7, 1277, 777, 73.2, 72.6, 68.0, 43.1, 33.9, 21.3;
(rhodinosyl) 0 =101.0, 74.0, 66.6, 29.8, 25.5, 17.1; LRMS (ES): m/z (%):
1139.0 (5.3), 1008.3 (33), 678.0 (51), 348.0 (100).

4,7-Bis-(2,3,6-trideoxy-a-L-threo-pyranosyloxy)-decarestrictine D~ (17 e):
Debenzoylation of the first fraction (R;=0.62 vide supra, 25.5 mg,
0.039 mmol) under standard conditions?®'! and chromatographic purifica-
tion with EtOAc afforded 17e (15.5 mg, 0.035 mmol, 89 %) as a colorless
solid. M.p. 76 °C; R;=0.10 (silica gel, EtOAc); '"H NMR (400 MHz, CDCl;,
25°C, TMS): (aglycon) 6 =5.88 (dd, J=15.8, 3.0 Hz, 1H), 5.72 (ddd, J =
15.8, 9.6, 1.0 Hz, 1H), 5.31 (ddq, / =12.0, 4.0, 6.4 Hz, 1H), 4.61 (brs, 1H;
exchangable), 4.34 (ddd, J=4.0, 3.0, 1.0 Hz, 1H), 4.10 (m, 1H), 4.01 (m,
1H), 2.57 (dd, /=142, 1.8 Hz, 1H), 2.40 (dd, J=14.2, 6.2 Hz, 1H), 1.91 -
1.86 (m, 2H), 1.27 (d, J=6.4 Hz, 3H); (rhodinosyl at 7-O) ¢ =4.80 (brs,
1H), 3.93 (brq, J=6.6 Hz, 1H), 3.58-3.55 (m, 1H), 2.09-2.00 (m, 1H),
2.00-1.91 (m, 2H; 1H exchangable), 1.82-1.76 (m, 1H), 1.42-1.37 (m,
1H), 1.19 (d, J=6.6 Hz, 3H); (rhodinosyl at 4-O) 6 =4.84 (brs, 1H), 3.92
(brq, J=6.6 Hz, 1H), 3.58-3.55 (m, 1H), 2.09-2.00 (m, 1H), 2.00-1.91
(m, 2H; 1 H exchangable), 1.82-1.76 (m, 1H), 1.59-1.54 (m, 1H), 1.09 (d,
J=6.6 Hz, 3H); *C NMR (100 MHz, CDCl;): (aglycon) 6 =175.0, 132.0,
130.6, 75.9, 74.5, 71.9, 68.4, 41.4, 33.5, 21.3; (rhodinosyl at 7-O) 6 =92.6,
673, 66.3,25.9, 23.6, 17.2; (rhodinosyl at 4-O) 0 =96.5, 67.4, 67.0, 25.7, 23.4,
17.0; LRMS (DCI): m/z (%): 462.5 (100) [M-+NH}].

5-[3,4-Bis-O-(tert-butyldimethylsilyl)-2,6-dideoxy-2-phenylseleno-f-p-glu-
co-pyranosyloxy]-decarestrictine B (20a): A 1:3 mixture of 7a and 7b
(162 mg, 0.282 mmol) was added to a solution of decarestrictine B (4)
(67 mg, 0.313 mmol) in dry diethyl ether (10 mL) at —78°C and the
reaction was stirred. After 15 min TMSOTS (11.3 pL, 0.2 equiv) in diethyl
ether (0.2 mL) was added and stirring was continued for 5 min at ambient
temperature. For the workup, the reaction mixture was hydrolyzed with a
saturated NH,Cl solution and allowed to warm to RT. After washing three
times with CH,Cl,, the combined organic phases were dried (MgSO,) and
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evaporated in vacuo. Flash chromatography (toluene/EtOAc 20:1) gave
three fractions:

First fraction: 4 (25.4 mg, 0.119 mmol, 38 % with reference to starting 4).[']
Second fraction: 7a (33.3 mg; 0.058 mmol); colorless oil; [a]3° =+172
(¢c=1in CHCL); 'H NMR (300 MHz, CDCl;, 25°C, TMS): 6 =7.60-7.54
(m, 2H), 7.33-7.24 (m, 3H), 6.17 (d, J=5.8 Hz, 1H), 4.14 (dd, J=5.0,
3.4 Hz, 1H), 3.83 (dq, /=6.2, 6.6 Hz, 1H), 3.68 (dd, /=5.8, 3.4 Hz, 1H),
3.53 (dd, /=6.2, 5.0 Hz, 1H), 1.92 (s, 3H), 1.34 (d, J=6.6 Hz, 3H), 0.94,
0.90 (2s, 18H), 0.16, 0.13, 0.12, 0.10 (4s, 12H); *C NMR (50 MHz, CDCL,):
0=169.5,133.8,129.0, 127.4,93.6, 74.9, 74.6, 73.5, 48.6, 26.1, 25.9, 21.0, 18.3,
18.2, 18.0, —3.6, —3.6, —4.31, —4.6; HRMS (EI) calcd for C,sH,,OsSi,Se
574.2049, found 574.2048.

3rd fraction: 20a (136.6 mg, 0.188 mmol, 89 % with reference to starting
7b) colorless oil; [a] @zp40nm=—12800°, Or3754m=+14800°, Oys515m=
126°, Oug060m=—14500° (c=0.0314mm in MeOH, 24°C); 'H NMR
(300 MHz, CDCl;, 25°C, TMS): (aglycon) 6 =5.11 (ddq, /=114, 0.8,
6.4 Hz, 1H), 3.93 (ddd, /=8.8, 5.4, 3.4 Hz, 1H), 3.49 (d, /=14.2 Hz, 1H),
3.38 (d, /=14.8 Hz, 1H), 3.07 (dd, J=14.0, 3.4 Hz, 1H), 3.05-2.95 (m,
2H), 2.82 (dd, J=14.0, 5.4 Hz, 1H), 2.31 (ddd, J=14.6, 4.0, 0.8 Hz, 1H),
1.51 (ddd, J=14.6, 11.4, 10.2 Hz, 1H), 1.35 (d, /= 6.4 Hz, 3H); (olivosyl)
0="1775-720 (m, 5H), 5.35 (d, J=7.0 Hz, 1H), 4.19 (dd, J=4.6, 3.0 Hz,
1H) 3.82 (dq, J=2.8, 6.8 Hz, 1H), 3.58 (dd, J=4.6, 2.8 Hz, 1H), 3.18 (dd,
J=170,3.0 Hz, 1H), 1.39 (d, /= 6.8 Hz, 3H), 0.97, 0.89 (2s, 18 H), 0.11, 0.10,
0.07,0.04 (4s, 12H); *C NMR (50 MHz, CDCl;): (aglycon) 0 =199.6, 165.3,
74.0, 69.0, 59.3, 53.3, 52.1, 46.9, 36.8, 20.6; (olivosyl) 6 =131.3, 128.6, 127.0,
104.2, 101.7, 77.6, 76.2, 75.1, 50.2, 25.9, 25.8, 20.2, 18.1, —4.0, —4.2, —4.3,
—4.3; HRMS (EI) calcd for C3,Hs04Si,Se 728.2679, found 728.2678.
5-[3,4-Bis-O-(tert-butyldimethylsilyl)-2,6-dideoxy-2-phenylseleno-a-p-m-
anno-pyranosyloxy]-decarestrictine B (20b): Compound 7a (100 mg;
0.174 mmol)was added to a solution of decarestrictine B (4) (41 mg,
0.19 mmol) in dry diethyl ether (10 mL) at — 78 °C, which was stirred. After
15 min, TMSOTT (47 pL, 1.5 equiv) in diethyl ether (1 mL) was added and
stirring was continued for 30 min at —25°C. Workup in the usual manner
and purification by flash chromatography (toluene/EtOAc 20:1) gave 20b
(117 mg, 0.16 mmol, 92%) as a colorless oil. [a] Oygz0um=—14900°,
O35 0m = +2010°, O 60y = —5670° (¢ =0.0221 mm in MeOH, 24°C); 'H
NMR (300 MHz, CDCl;, 25°C, TMS): (aglycon) 6 =5.11 (ddq,/=11.4,0.8,
6.4 Hz, 1H),3.78 (ddd, J=9.2,4.8,3.2 Hz, 1H), 3.44 (s,2H), 3.10 (ddd, J =
10.2, 4.0, 4.0 Hz, 1H), 2.97 (dd, /=92, 4.0 Hz, 1H), 2.84 (dd, /=14.0,
48Hz, 1H), 2.64 (brdd, J=14.0, 3.2 Hz, 1H), 2.35 (ddd, J=14.6, 4.0,
0.8 Hz, 1H), 1.57 (ddd,J=14.6,11.4,10.2 Hz, 1H), 1.35 (d,/ = 6.4 Hz, 3H);
(olivosyl) 6 =7.64—-7.20 (m, 5H), 5.26 (d, J=4.8 Hz, 1 H), 4.14 (dd, /= 5.0,
3.4 Hz, 1H), 3.93 (dq, /=72, 6.4 Hz, 1H), 3.66 (dd, /=4.8, 3.4 Hz, 1H),
3.52(dd, J=72,5.0 Hz, 1H), 1.32 (d, / = 6.4 Hz, 3H), 1.04, 0.92 (2s, 18 H),
0.21, 0.17, 0.12, 0.12 (4s, 12H); 3C NMR (50 MHz, CDCl,): (aglycon) 6 =
199.6, 165.5, 72.3, 69.0, 58.8, 54.4, 51.9, 47.3, 36.6, 20.6; (olivosyl) 0 =133.2,
130.3, 128.9, 126.9, 98.0, 76.1, 75.0, 70.7, 50.5, 26.2, 26.0, 18.8, 18.3, 18.0,
—3.5, —4.2, —4.4; HRMS (EI) calcd for C3Hs405Si,Se 728.2679, found
728.2678.
5-[3,4-Bis-O-(tert-butyldimethylsilyl)-2,6-dideoxy-f-p-arabino-pyranosy-
loxy]-decarestrictine B (21a): 20a (30.8 mg, 0.042 mmol) was treated with
triphenyltin hydride (22.3 mg, 0.064 mmol) and a catalytic amount of
AIBN as described before for 16. Flash chromatography (toluene/EtOAc
15:1) afforded 21a (22.7 mg, 0.04 mmol, 94%) as a colorless oil. [«]
Os1480m = —11600°, Ory650m = —1450°, O30 pm = — 3490°, O346 oy = — 4897,
O8mm=—061° (¢=0.0302m™M in MeOH, 25°C); 'H NMR (300 MHz,
CDCl;, 25°C, TMS): (aglycon) 6 =5.10 (ddq, J=11.7,0.8, 6.4 Hz, 1 H), 3.89
(ddd, J=838, 5.4, 3.6 Hz, 1H), 348 (d, /=144Hz, 1H), 340 (d, /=
14.4 Hz, 1H), 3.05 (dd, /=138, 3.6 Hz, 1H), 3.04-2.98 (m, 2H), 2.83
(dd, J=13.8, 5.4 Hz, 1H), 2.33 (ddd, / =14.6, 4.0, 0.8 Hz, 1H), 1.50 (ddd,
J=14.6,11.4,10.4 Hz, 1H), 1.34 (d, J = 6.4 Hz, 3H); (olivosyl) 6 =4.81 (dd,
J = 9.8,2.0 Hz, 1H), 3.63 (ddd, J=11.6, 7.8, 4.8 Hz, 1 H), 3.24 (dq, /=8.8,
6.0 Hz, 1H), 3.15 (dd, /=8.8, 7.8 Hz, 1H), 2.16 (ddd, J=12.6, 4.8, 2.0 Hz,
1H), 1.61 (ddd, J=12.6, 11.6, 9.8 Hz, 1H), 1.26 (d, /=6.0 Hz, 3H), 0.90,
0.89 (2s, 18H), 0.09, 0.08, 0.07 (3s, 12H); *C NMR (50 MHz, CDCl):
(aglycon) 0=199.6, 165.4, 72.8, 69.0, 59.5, 53.7, 52.1, 471, 36.8, 20.6;
(olivosyl) 0=98.8, 77.8, 73.6, 73.1, 41.0, 26.3, 26.1, 18.8, 18.3, 18.0, —2.7,
—-3.0, 3.9, —4.1; LRMS (DCI): m/z (%): 590.4 (100) [M+NH{], 392.3
(10), 376.3 (38), 359.3 (8), 232.1 (22).
5-[3,4-Bis-O-(tert-butyldimethylsilyl)-2,6-dideoxy-a-D-arabino-pyranosy-
loxy]-decarestrictine B (21b): Compound 20b (54 mg, 0.074 mmol) was
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treated with triphenyltin hydride (39 mg, 0.111 mmol) and a catalytic
amount of AIBN as described for 16. Flash chromatography (toluene/
EtOAc 20:1) afforded 21b (40.2 mg, 0.07 mmol, 94 % ) as a colorless oil. [a]
9216,0 am=—10 600°, @244.8 nm = 15907, @284.0 am = — 5910, @341.0 am = — 1237,
Ougom=+751° (c=0.0337mmM in MeOH, 25°C); 'H NMR (300 MHz,
CDCl;, 25°C, TMS): (aglycon) 6 =5.09 (brdq, /=114, 6.2 Hz, 1H), 3.73
(ddd, J=9.0,4.4,3.2 Hz, 1H), 3.42 (s, 2H), 3.08 (ddd, J=10.2, 4.2, 3.8 Hz,
1H),2.99 (dd,J=9.0,3.8 Hz, 1H), 2.94 (dd, J =14.0, 4.4 Hz, 1 H), 2.58 (dd,
J=14.0,3.2 Hz, 1H), 2.36 (brdd, J = 14.6, 4.4 Hz, 1 H), 1.53 (ddd, / = 14.6,
11.4, 10.2 Hz, 1H), 1.32 (d, J=6.2 Hz, 3H); (olivosyl) 6 =5.11 (brd, J =
3.8 Hz, 1H), 3.93 (ddd, J=10.8, 8.0, 4.8 Hz, 1H), 3.85 (dq, J=9.0, 6.2 Hz,
1H),3.14 (dd,J=9.0,8.0 Hz, 1H), 2.03 (ddd, J=13.2,4.8,1.2 Hz, 1 H), 1.70
(ddd, J=13.2, 11.0, 3.8 Hz, 1H), 1.17 (d, J=6.2 Hz, 3H), 0.89, 0.89 (2s,
18H), 0.09, 0.07 (2s, 12H); C NMR (50 MHz, CDCl,): (aglycon) 6 =
199.6, 165.6, 71.4, 69.0, 58.8, 54.2, 51.9, 47.8, 36.7, 20.7; (olivosyl) 6 =94.8,
78.3, 70.5, 68.8, 39.7, 26.3, 26.1, 18.5, 18.3, 18.1, —2.8, —3.1, —4.0, —4.4;
LRMS (DCI): m/z (%): 590.4 (100) [M+NH;], 392.3 (7), 376.2 (40), 359.3
(8),232.1 (11).

5-(2,6-Dideoxy-f-D-arabino-pyranosyloxy)-decarestrictine B (22a): Com-
pound 21a (61.2 mg, 0.107 mmol) was treated with anhydrous TBAF
(112 mg, 0.428 mmol, 4 equiv) in dry THF (SmL) for 2 h at 0°C. Flash
chromatography (silica gel, EtOAc) of the concentrated solution followed
by a second chromatogaphic purification (CH,Cl,/MeOH 9:1) afforded 22a
(31.8 mg, 0.092 mmol, 87%) as a colorless oil. [a] Oy45um=—8950°,
Oniganm =—265°, Oxsgnm = —2270°, Os45 0 =135, Opispm = —298° (c =
0.0947 mm in MeOH, 23°C); '"H NMR (500 MHz, CDCl;, 25°C, TMS): =
5.11 (ddq, /=114, 1.2, 6.2 Hz, 1H), 4.86 (dd, J=9.6, 2.0 Hz, 1H), 3.88
(ddd, J=9.0,5.2,3.6 Hz, 1 H), 3.61 (ddd, J=11.6, 8.8, 5.0 Hz, 1 H), 3.48 (d,
J=14.4Hz, 1H), 3.42 (d, /=144 Hz, 1H), 3.31 (dq, J=9.0, 6.0 Hz, 1 H),
3.13(dd,/=9.0,8.8 Hz, 1H), 3.04 (ddd, J=10.4, 4.0, 4.0 Hz, 1 H), 3.03 (dd,
J=13.8, 3.6 Hz, 1H), 3.01 (dd, J=9.0 40Hz, 1H), 2.85 (dd, J=13.8,
5.2 Hz, 1H), 2.34 (ddd, J=14.8, 4.0, 1.2 Hz, 1H), 2.28 (ddd, /=124, 5.0,
2.0 Hz, 1H), 1.65 (ddd, J =12.4, 11.6, 9.6 Hz, 1H), 1.51 (ddd, J =14.8, 11.4,
10.4 Hz, 1H), 1.35 (d, /=62 Hz, 3H), 1.34 (d, J=6.0 Hz, 3H); C NMR
(50 MHz, CDCl;): 6 =199.8,165.4,99.1,77.3,74.0,71.8,71.6, 69.1, 59.5, 53.8,
52.1, 470, 39.1, 36.6, 20.6, 17.8; LRMS (DCI): m/z (%): 706.5 (10)
[2M+NH{], 362.3 (100) [M+NH{].

5-(2,6-Dideoxy-a-D-arabino-pyranosyloxy)-decarestrictine B (22b): Com-
pound 21b (33.5mg, 0.058 mmol) was treated with anhydrous TBAF
(76 mg, 0.29 mmol) in dry THF (3 mL) for 12 h at RT. For the workup, the
solution was purified directly by flash chromatography (EtOAc, followed
by a second chromatographic purification CH,Cl,/MeOH 9:1) to afford the
starting material 21b (4.7 mg, 8.0 pmol) and 22b (11.0 mg, 0.032 mmol,
55%) as a colorless 0il. [a] @150 4m = —8340°, Ory751m = — 114°, Og6 4 1m =
—4280°, O340 0m = 120°, O gy3.60m = —425° (¢ =0.0848 mm in MeOH, 23°C);
"H NMR (500 MHz, CDCls, 25°C, TMS): (aglycon) 6 =5.10 (ddq, J =11.4,
1.0, 6.2 Hz, 1 H), 3.76 (ddd, J =9.2, 4.6, 3.2 Hz, 1 H), 3.44 (s, 2H), 3.09 (ddd,
J=10.4, 4.4, 4.0 Hz, 1H), 2.99 (dd, J=9.2, 4.0 Hz, 1H), 2.96 (dd, J=14.0,
4.6 Hz, 1H), 2.60 (dd, J = 14.0, 3.2 Hz, 1 H), 2.45 (ddd, J = 14.6, 4.4, 1.0 Hz,
1H), 1.51 (ddd, J=14.6, 114, 10.4 Hz, 1H), 133 (d, /=62 Hz, 3H);
(olivosyl) 6=5.22 (brd, J=3.6 Hz, 1H), 3.95 (ddd, J=11.6, 8.8, 5.0 Hz,
1H),3.92 (dq,/=9.6,6.2,1H),3.12 (dd, /=9.6, 8.8 Hz, 1H), 2.13 (ddd, / =
13.0, 5.0, 0.8 Hz, 1H), 2.05 (brs, 1H, exchangeable), 1.77 (ddd, J=13.0,
11.5, 3.6 Hz, 1H), 1.58 (brs, 1H, exchangeable), 1.26 (d, J=6.2 Hz, 3H);
BCNMR (50 MHz, CDCl,): (aglycon) 6 =200.2, 165.5,70.9, 69.1, 58.7, 54.4,
51.9, 474, 36.6, 20.7; (olivosyl) 0 =94.5, 78.1, 69.1, 67.6, 37.6, 17.6; LRMS
(DCI): m/z (%): 706.5 (1) [2M+NH{], 362.3 (100) [M+NH7].

5-{4-0-[3,4-bis- O- (tert-butyldimethylsilyl)-2,6-dideoxy-f-D-arabino-pyra-

nosyl]-2,3,6-trideoxy-a-L-threo-pyranosyl}-decarestrictine B (24): A cata-
lytic amount of Ph;PHBr was added to a solution of decarestrictine B (4)
(1.8 mg, 8.3 umol) and 10 (3.3 mg, 6.9 umol) in dry CH,Cl, (0.5 mL) at 0°C,
and the reaction mixture was stirred for 2 h. For the workup, the reaction
mixture was hydrolyzed with a saturated NaHCO; solution and additional
water (5mL). After washing three times with CH,Cl,, the combined
organic phases were dried (MgSO,) and evaporated in vacuo. Flash
chromatography (CH,Cl,/MeOH 20:1) afforded 24 (3.2 mg, 4.7 pmol,
68 %) as a colorless oil. [a] @y50um=—9290° Osig4mm=—311°, Org64m =
—4490°, O350 nm = — 160°, O 4494 = 658°, O 4399 nm = — 83.7° (¢ =0.0313 mm
in MeOH, 24°C); 'H NMR (300 MHz, CDCl;, 25°C, TMS): (aglycon) 6 =
5.10 (ddq,/=11.4,1.0,6.2 Hz, 1H),3.91 (ddd, /=8.8,4.4,3.8 Hz, 1 H), 3.43
(s, 2H), 3.03-2.97 (m, 2H), 2.87 (dd, J=13.6, 44 Hz, 1H), 2.65 (dd, /=
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13.6, 3.8 Hz, 1H), 2.31 (ddd, J = 14.4, 4.0, 1.0 Hz, 1H), 1.64-1.50 (m, 1H),
1.33 (d, J=6.2 Hz, 3H); (thodinosyl) 6 =5.21 (brd, J=3.0 Hz, 1H), 4.08
(dq, J=1.0, 6.4 Hz, 1H), 3.56 (m, 1H), 2.11-1.97 (m, 2H), 1.96 (m, 1H),
1.64-1.50 (m, 1H), 1.19 (d, J = 6.4 Hz, 3H); (olivosyl) 6 = 4.4 (dd, J =92,
1.8 Hz1H), 3.60 (ddd, /=114, 7.8, 5.0 Hz, 1H), 3.18 (dq, /=8.8, 5.8 Hz,
1H),3.16-3.11 (m, 1 H), 2.20 (ddd, J = 12.6, 5.0, 1.8 Hz, 1 H), 1.67 (ddd, J =
12.6, 11.6, 9.8 Hz, 1 H), 1.24 (d, J = 5.8 Hz, 3H), 0.90, 0.89 (2s, 18H), 0.10,
0.09, 0.08, 0.07 (4s, 12H); LRMS (DCI): m/z (%): 704.6 (100) [M+NH{].
5-[4-0-(2,6-dideoxy-f3-D-arabino-pyranosyl)-2,3,6-trideoxy-a-L-threo-pyr-
anosyl]-decarestrictine B (25): Compound 24 (3.1 mg, 4.5 umol) was
treated with anhydrous TBAF (4.7 mg, 18 pmol) in THF (0.5 mL) at 0°C
for 2 h. For the workup, the solution was purified directly by double flash
chromatography (CH,Cl,/MeOH 9:1) to afford 25 (1.5 mg, 3.7 umol, 73 %)
as a colorless oil. [a] @14 um = —5300°, @43 nm =627, Org751m = — 1880,
Osioanm =739, @ is.0um = — 484° (c = 0.0318 mym in MeOH, 24°C); 'H NMR
(500 MHz, CDCl;, 25°C, TMS): (aglycon) 6 =5.10 (ddq, /=114, 6.2,
1.0 Hz, 1H), 3.91 (ddd, J =8.8,4.4,3.8 Hz, 1H), 3.43 (s, 2H), 3.02-2.98 (m,
2H), 2.87 (dd, J=13.6, 4.4 Hz, 1H), 2.65 (dd, J=13.6, 3.8 Hz, 1H), 2.31
(ddd,J =14.8,4.0,1.2 Hz, 1 H), 1.62-1.51 (m, 1H), 1.33 (d,J = 6.2 Hz, 3H);
(thodinosyl) 6 =521 (brd, J=3.2Hz, 1H), 4.09 (dq, J=1.0, 6.4 Hz, 1 H),
3.52 (m, 1H), 2.09-2.03 (m, 1H), 1.97-1.93 (m, 2H), 1.62- 151 (m, 1H),
1.18 (d, J= 6.4 Hz, 3H); (olivosyl)  =4.52 (dd, J=9.6, 1.9 Hz, 1H), 3.59
(ddd, J=11.8, 8.6, 5.0 Hz, 1 H), 3.26 (dq, J = 8.0, 6.0 Hz, 1 H), 3.12 (dd, J =
9.0, 8.6 Hz, 1H), 2.31 (ddd, J=124, 5.0, 1.9 Hz, 1H), 2.16 (brs, 1H,
exchangeable), 2.03 (brs, 1H, exchangeable), 1.72 (ddd, J=12.4, 11.8,
9.6 Hz, 1H), 1.32 (d, J=6.0 Hz, 3H); LRMS (DCL): m/z (%): 476.5 (100)
[M+NH{].
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